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Abstract—The structural and magnetic properties of the mesoporous systems based on silicon dioxide with a
regular hexagonal arrangement of pores several microns in length and several nanometers in diameter, which
are filled with iron compound nanofilaments in various chemical states, are studied in detail. The studies are
performed using the following mutually complementary methods: transmission electron microscopy,
SQUID magnetometry, electron spin resonance, Mössbauer spectroscopy, polarized neutron small-angle
diffraction, and synchrotron radiation diffraction. It is shown that the iron nanoparticles in pores are mainly
in the γ phase of Fe2O3 with a small addition of the α phase and atomic iron clusters. The effective magnetic
field acting on a nanofilament from other nanofilaments is 11 mT and has a dipole nature, the ferromagnetic–
paramagnetic transition temperature is in the range 76–94 K depending on the annealing temperature of the
samples, and the temperature that corresponds to the change in the magnetic state of the iron oxide nanofil-
aments is T ≈ 50–60 K at H = 0 and T ≈ 80 K at H = 300 mT. It is also shown that the magnetization reversal
of an array of nanofilaments is caused by the magnetostatic interaction between nanofilaments at the fields
that are lower than the saturation field.
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1. INTRODUCTION

Over the last decades, new magnetic materials,
which make it possible to increase the density of data
recording and storage due to a decrease in the bit size,
have been actively implemented due to the develop-
ment of computation engineering. High-quality nano-
structures with given characteristics are promising
materials for the production of memory devices with
an ultrahigh data recording density [1, 2]. However, a
decrease in the magnetic bit size down to atomic scales
raises new problems. First, the contributions of the
specific surface area and the related excess surface
energy to the physicochemical properties of a system
increase, which leads to an increase in the chemical
activity and the enhancement of nanoparticle aggrega-
tion. Second, nanoparticles exhibit superparamag-
netic behavior, i.e., thermal f luctuations of the mag-
netization vector of a nanoparticle; therefore, it can-
not be used as an information storage bit. Third, the
existence of contacts between magnetic particles
causes rather strong exchange and dipole interactions,

which result in correlated behavior of the magnetic
moments of neighboring grains during magnetization
reversal. To solve these problems, technologists use
the approach related to the formation of nanocompos-
ite materials based on chemically inert matrices,
which makes it possible to separate magnetic particles
from each other mechanically, to avoid the influence
of exchange forces and nanoparticle aggregation, and
to protect them from external actions. One of the
promising chemically inert matrices is represented by
amorphous silicon dioxide SiO2 with a controlled dis-
tribution of pores over the volume and a high specific
porosity. The structure, the pore size, and the pore
distribution in a matrix are controlled by the use of
various templates during synthesis. Several types of
mesoporous matrices synthesized using liquid-crystal
templates are known [3]. Mesoporous systems with a
regular hexagonal distribution of pores several
microns in length and several nanometers in diameter
have the maximum anisotropy constant and can be
considered as one-dimensional (1D) matrices. It is
obvious that, when nanoparticles form in such matri-
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ces, their size and shape are determined by the pore
morphology. Some attempts have been recently made
to synthesize metallic nanowires in a mesoporous sili-
con oxide matrix via the impregnation of SiO2 in metal
salt solutions followed by the reduction of metal cat-
ions [4]. However, these methods turned out to be
improper for the fabrication of filament nanoparticles
because of the high mobility of cations along silanol
groups on the inner pore surface and, hence, nanopar-
ticle formation on the surface of mesoporous silicon
oxide “crystallites.”

To synthesize ordered magnetic iron nanowires
embedded in a mesoporous silicon oxide matrix, a
nonpolar metal complex was introduced into the
hydrophobic part of a mesoporous template/SiO2
composite material [5]. As the nonpolar metal com-
plex, iron pentacarbonyl Fe(CO)5 was chosen since it
can be easily decomposed to elementary iron by sim-
ple ultraviolet irradiation in vacuum or by thermal
decomposition. Samples were additionally annealed
in a hydrogen f low to ensure the crystallization of iron
compounds inside matrix channels. The structural
and magnetic properties of the nanocomposite mate-
rials based on a mesoporous silicon oxide matrix with
embedded iron nanoparticles were analyzed by the fol-
lowing mutually complementary methods: transmis-
sion electron microscopy (TEM), synchrotron radia-
tion diffraction (XRD), Mössbauer spectroscopy,
electron spin resonance (ESR), SQUID magnetome-
try, and small-angle polarized-neutron scattering
(SAPNS). We studied (i) the spatial distribution of
pores in the matrix volume by TEM, SAPNS, and
XRD; (ii) the filling of pores with nanoparticles, the
nanofilament sizes, and the anisotropy parameters by
SAPNS, SQUID magnetometry, TEM; (iii) the crys-
tal structure and the phase composition of the filling
material by XRD, ESR, and Mössbauer spectroscopy;
(iv) the state of the silicon dioxide/iron-containing
nanofilament interface by SAPNS, ESR, and TEM;
and (v) the magnetic properties of iron-containing
nanofilaments as functions of the applied magnetic
field and temperature by SAPNS and SQUID magne-
tometry.

2. SAMPLES

A mesoporous silicon oxide matrix was synthesized
by the polycondensation of a silicon source in the
presence of a template. As the template, we used cet-
yltrimethylammonium bromide C16H33 (TMABr).
The bifunctional molecules of this substance are
amphiphilic; that is, they contain a hydrophilic head
group and a hydrophobic tail. Therefore, micelles,
where hydrophilic head groups form an outer surface
and hydrophobic tails are directed toward the center,
form in an aqueous solution. The degree of micelle
formation and the micelle shape depend on the surfac-
tant concentration. As a silicon source, we used tet-

rasthoxysilane (Si(C2H5O)4, TEOS). The reaction
mixture contained an aqueous solution of surfactant,
TEOS, and ammonia and was stored in a thermostat
at room temperature for several hours. The molar ratio
of the components was 1 M TEOS : 0.152 M CTAB :
2.8 M NH3 : 141.2 M H2O. In this case, mesoporous
silicon oxide forms around surfactant micelles as a
result of the hydrolysis of tetrasthoxysilane. The solu-
tion was then filtered, and the filter cake was washed
by distilled water and dried in air at room temperature.
Iron pentacarbonyl Fe(CO)5 was introduced into the
hydrophobic part of the template/SiO2 composite
material by the impregnation of about 1 g dried meso-
porous silicon oxide with 10 mL liquid iron carbonyl.
The sample was then filtered with a paper filter and
washed with hexane to remove iron carbonyl from the
surface of mesoporous SiO2. All operations were per-
formed in an argon atmosphere. The carbonyl com-
plex was decomposed by ultraviolet (UV) irradiation
in a vacuum of 10–2 mmHg for 10 h (1000-W DRT-
1000 lamp). Iron nanoparticles were crystallized upon
annealing of the sample in a hydrogen f low at a f low
rate of 50–70 mL/min and a temperature T = 250,
300, 350, 375, and 400°C for 3 h. The synthesized
powdered samples were designated as Fe–SiO2–UV
(sample subjected to UV radiation and unannealed),
Fe–SiO2–250, Fe–SiO2–300, Fe–SiO2–350, Fe–
SiO2–375, and Fe–SiO2–400 (number stands for the
annealing temperature).

3. ANALYSIS OF THE STRUCTURAL 
PROPERTIES OF THE NANOCOMPOSITE 
MATERIALS BASED ON A MESOPOROUS 

SILICON DIOXIDE MATRIX
3.1. Electron Microscopy

Micrographs of the structures of the samples were
taken with a JEOL JEM-2000FXII transmission elec-
tron microscope at an accelerating voltage of 200 kV
and a magnification of 1000–400000. Figure 1 shows
typical TEM micrographs and electron diffraction
patterns of the nanocomposites Fe–SiO2–350
(Fig. 1a), Fe–SiO2–375 (Fig. 1b), and Fe–SiO2–400
(Fig. 1c), which demonstrate a periodic nanopore
structure. The electron diffraction pattern of the
structured silicon oxide matrix in the sample annealed
at 350°C has three orders of diffraction rings, the sam-
ple annealed at 375°C has four orders of diffraction
rings, and that annealed at 400°C has two orders
(insets to Fig. 1). The diffraction rings in the last case
are strongly broadened. This difference can be
explained by, first, the exit of residual carbon atoms,
which formed in SiO2 matrix pores after the decompo-
sition of the pentacarbonyl complex under UV radia-
tion, when the annealing temperature increases from
350 to 375°C, which leads to higher contrast in TEM
micrographs. Second, as the annealing temperature
increases to 400°C, the ordered structure of pores is
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partly broken because of the “melting” of embedded
nanofilaments, which brings about an increase in the
mobility of introduced atoms and, hence, a tendency
toward decreasing the surface energy. In other words,
the morphology of nanofilaments changes from a fila-
ment to a droplike shape [6]. Using the TEM data, we
can determine the structure periodicity in the SiO2
matrix (a0 = 4.4 ± 0.2 nm), the pore diameter (D =
~2 nm), and the filament lengths. These lengths are
several tens of nanometers in the Fe–SiO2–350 and
Fe–SiO2–400 samples and are L > 100 nm in the
Fe‒Fe–SiO2–375 sample (dark bands in Fig. 1).
Apart from the rings corresponding to the ordered
two-dimensional structure of SiO2 matrix pores, the
electron diffraction patterns of the samples also con-
tain point reflections of structured clusters made of
the introduced material. The number of such reflec-
tions increases noticeably with the annealing tempera-
ture.

We have deliberately avoided using the exact name
of the material embedded into matrix pores. Based on
the data analysis of other authors and common sense,
one should proceed from the assumption that both
“crystalline” and “amorphous” phases could be
formed within the pores as a result of the chemical
synthesis and subsequent modification by ultraviolet
and thermal irradiation. Here, the latter phase is most
probable due to insufficiently high annealing tempera-
tures and small pore size. Indeed, the formed nanofil-
aments have a diameter of at most 2 nm. This means
that, at an iron atomic radius of 0.126 nm, about 50%
of the iron atoms are on the nanofilament surface with
broken chemical bonds. As for chemical composition,
both the crystalline and amorphous phases can con-
tain iron (α-Fe) nanoparticles and iron oxide (oxida-
tion level of +3) nanoparticles. The properties of
amorphous (as determined by XRD) Fe2O3 and its
four polymorphic modifications (α, β, γ, ) in bulk
and nanosized samples were described in detail in [7–
13]. α-Fe2O3 (hexagonal structure) and γ-Fe2O3
(cubic structure) are abundant in nature. γ-Fe2O3 and

-Fe2O3 (orthorhombic structure) are ferromagnets,
α-Fe2O3 is an antiferromagnet, and β-Fe2O3 (cubic
structure) is a paramagnet. The magnetic moment of
bulk α-Fe2O3 is very low (about 1 × 4π × 10–3 A m2/kg)
as compared to γ-Fe2O3 (about 430 × 4π × 10–3 A m2/kg)
at room temperature. Below T = 960 K, bulk α-Fe2O3
samples exhibit weak ferromagnetism down to T =
260 K (weak ferromagnet–antiferromagnet Morin
transition) because of the rotation of antiferromagnet-
ically arranged spins by 5°. γ-Fe2O3 nanoparticles also
undergo the Morin transition; however, as the particle
size decreases, the transition temperature decreases
and disappears in particles smaller than 8 nm in diam-
eter [14–16]. Thus, one of the aims of this work is to
determine the phase composition of the introduced
material.

e

e

3.2. Synchrotron Radiation Diffraction
Synchrotron radiation diffraction measurements

were carried out in Swiss–Nerwegian Beamline
BM01A of the European Synchrotron Radiation
Facility (Grenoble, France) using a MAR345 posi-
tion-sensitive detector in in-situ and ex-situ experi-
ments. In the first case, Fe–SiO2–UV samples were

Fig. 1. TEM and the electron diffraction map of nanocom-
posites (a) Fe–SiO2–350, (b) Fe–SiO2–375, and (c) Fe–
SiO2–400.
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placed in a synchrotron radiation beam and were mea-
sured during annealing in a reducing atmosphere to
prevent possible oxidation. In the second case, ready
Fe–SiO2–250, Fe–SiO2–300, Fe–SiO2–350, Fe–
SiO2–375, and Fe–SiO2–400 samples were measured
at room temperature. The X-ray radiation wavelength
was λ = 0.71118 Å and the distance from a sample to
the detector was D = 350 mm. The detector parame-
ters were preliminarily calibrated against the diffrac-
tion spectra of lanthanum hexaboride (NIST standard
600). The measurement time was 3 min. The experi-
mental results were processed with the FIT2D soft-
ware package [17].

Figure 2 shows the synchrotron radiation intensity
versus the transferred momentum for the Fe–SiO2–
UV and Fe–SiO2–375 samples in ex-situ experiments

and for the Fe–SiO2–UV sample annealed in a reduc-
ing atmosphere at 40°C < T < 500°C during in-situ
experiments.

The spectra of the samples consist of diffraction
peaks, which correspond to the ordered structure of
pores in a mesoporous matrix (low values of Q), and a
halo from amorphous silicon oxide at Q ≈ 30 nm–1.
The Bragg peaks in both ex- and in-situ experiments
are strongly broadened. The peak corresponding to
reflection of type 10 is in the range Q < 2 nm–1 (out-
side the region shown in Fig. 2). It is seen that the
annealed samples exhibit faster decay of Bragg peaks
with increasing Q than the unannealed samples do.
For example, diffraction peaks 30 and 22 are very weak
for the samples annealed at temperatures above T =
300°C and are clearly visible for Fe–SiO2–UV. These
facts point to an increase in the disorder in the struc-
ture of the mesoporous matrix in the Fe–SiO2–T
nanocomposites with increasing temperature. As
compared to the unannealed Fe–SiO2–UV sample,
the diffraction peaks shift toward high Q when the
annealing temperature increases, which indicates sin-
tering of the matrix and a decrease in lattice parameter
a0. The parameters of the diffraction peaks were
refined using the Winplotr software package (Table 1)
[18]. A pseudo-Voigt function was used as a model.
The arrangement of the diffraction peaks corresponds
to a two-dimensional hexagonal lattice, which is char-
acterized by the relation

(1)

where h and k are the Miller indices and dhk = 2π/Q is
the structure period.

Figure 3 shows the positions and the integrated
intensities of Bragg peaks Q11, Q20, and Q21 as functions
of the annealing temperature in the range 40°C < T <
500°C. The following two temperature ranges of sig-
nificant changes in the periodicity of the mesoporous
matrix can be distinguished: 100–150°C and 230–
270°C. The first temperature range corresponds to the
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Fig. 2. Synchrotron radiation diffraction vs. transferred
momentum Q for the Fe–SiO2–UV and Fe–SiO2–375
samples at T = 300 K (inset) and the Fe–SiO2–UV sample
annealed in a reducing atmosphere at 40°C < T < 500°C.
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Table 1. Parameters of diffraction peaks and a two-dimensional hexagonal lattice for various samples

Sample hk Q, nm–1 d, nm a0, nm

Fe–SiO2–UV 10 1.59(2) 3.95(2) 4.56(2)
11+20 3.19(2) 1.97(2) 4.55(2)

21 4.20(2) 1.50(2) 4.57(2)
Fe–SiO2–260 10 1.70(2) 3.65(2) 4.27(2)

11+20 3.23(2) 1.95(2) 4.51(2)
21 4.24(2) 1.45(2) 4.53(2)

Fe–SiO2–375 10 1.77(2) 3.57(2) 4.12(2)
11+20 3.45(2) 1.77(2) 4.19(2)

21 4.57(2) 1.37(2) 4.20(2)
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evaporation of physically adsorbed water [19, 20], and
we can conclude that the inner surface of the pores in
the mesoporous SiO2 matrix is hydrophobic. The sec-
ond temperature range is related to the exit of carboxyl
groups and elementary carbon, which form as a result
of the decomposition of the Fe(CO)5 carbonyl com-
plex under UV radiation along with elementary iron
and iron oxides, from the pores.

In diffraction experiments, we did not detect Bragg
peaks of the crystalline α-Fe phase or iron oxide
(α-Fe2O3, γ-Fe2O3, Fe3O4), which can be associated
with a low degree of crystallinity in particles, their
imperfection, and their very small sizes. In addition,
we note a very high background of the amorphous sil-
icon oxide matrix, which is clearly visible in X-ray dif-
fraction patterns and a rather intense diffuse halo
(broad 111 peak of SiO2) is observed in the Q range
where the most intense reflections of iron or iron
oxide nanoparticles (from 12 to 30 nm–1) would be
expected. The absence of such Bragg reflections was
also reported in other works dealing with an investiga-
tion of iron or iron oxide nanoparticles at most 5 nm
on size embedded in the pores of a silicon dioxide
matrix (see, e.g., [21, 22]).

3.3. Mössbauer Spectroscopy
Mössbauer spectroscopy experiments were carried

out according to a standard technique in transmission
geometry at T = 4 and 77 K using a 57Co source on the
spectrometer of Delft University of Technology. Sam-
ples were placed in plexiglass containers and a 25-μm-
thick foil was used for calibration. Figure 4 shows the
γ-radiation absorption spectra of the Fe–SiO2–375
sample at T = (a) 77 and (b) 4.2 K. At T = 77 K, the
spectrum consists of background scattering and a dou-
blet with an isomer shift δ = 0.44 ± 0.03 mm/s with
respect to α-Fe, a quadrupole splitting Δ = 0.92 ±
0.03 mm/s, and an absorption line width Γ = 0.69 ±
0.03 mm/s. Apart from a quadrupole doublet with the
same isomer shift, a smaller quadrupole splitting (Δ =
0.85 ± 0.03 mm/s), and a larger line width (Γ = 0.82 ±
0.03 mm/s), the spectrum at T = 4.2 K also has a sextet
with an isomer shift δ = 0.59 ± 0.03 mm/s, a line width
Γ = 2.33 ± 0.03 mm/s, a hyperfine field HST = 47.3 T,
and peak intensity ratios I2/I1 = 1.29 and I3/I1 = 1.36.

The following conclusions can be drawn from these
spectra. First, the ratio of the peak intensities in the
crystalline state (α-Fe) should be I2/I1 = 0.66 and
I3/I1 = 0.33. The strong deviation from these ratios
observed in our spectra demonstrates the presence of a
strongly disordered phase subjected to relaxation
effects because of the small sizes of iron nanoparticles.
Second, the presence of a disordered iron phase inside
pores is also supported by the fact that the sextet is
only detected at T = 4.2 K and a superparamagnetic
doublet is detected at T = 77 K. Third, if crystalline
iron (α-Fe) formed in pores, the iron spectrum for the

superparamagnetic state would consist of one line with
an isomer shift of about 0.07 mm/s at T = 4.2 and
77 K. Moreover, the spectrum of ferromagnetic crys-
talline iron would consist of a sextet with an isomer
shift of 0.07 mm/s and a hyperfine field HST = 34 T.

The authors of [14–16] used Mössbauer spectros-
copy to study α-Fe2O3 and γ-Fe2O3 nanocomposites
based on an SiO2 matrix with various nanoparticle
sizes. Samples with a particle size smaller than 8 nm
were shown to exhibit superparamagnetic behavior in
the temperature range from 300 to 77 K. The spectra
of the samples consisted of a paramagnetic doublet
with broadened lines, an isomer shift δ = 0.28–
0.50 mm/s, and hyperfine field HST = 46–52 T
depending on the particle size. As the temperature
decreased below 77 K, the samples transformed into a
ferromagnetic state (paramagnetic doublet splits into a
sextet). The temperature at which the integrated dou-
blet area becomes equal to the integrated sextet area
(blocking temperature, when the magnetic anisotropy
energy of a particle is comparable with its heat energy)
was different for samples with different nanoparticle

Fig. 3. Temperature dependences of (a) positions and
(b) integrated intensities of Bragg reflections Q11, Q20,
and Q21.
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sizes. The smaller the nanoparticle size, the lower the
blocking temperature. If a sample has a size dispersion
of nanoparticles, the blocking temperature extends
over a range of 10°–15°, in which the paramagnetic–
ferromagnetic transition occurs first in large particles
and then in small particles (as temperature decreases).
In our measurements, the paramagnetic doublet splits
into a sextet only at T = 4 K, demonstrating superpara-
magnetic behavior of the magnetization of nanoparti-
cles in the temperature range 300–77 K. Thus, the
thermal f luctuations of the magnetization vector of
nanoparticles about 2 nm in diameter are decisive in
the orientation of the atom spin as compared to the
anisotropy energy or temperature. The contributions
of α-Fe2O3 and γ-Fe2O3 cannot be separated because
of the strong broadening of the absorption lines. We
can only assume that, as temperature decreases,
γ-Fe2O3 are more likely to transform into a ferromag-
netic state as compared to α-Fe2O3 particles, since
γ-Fe2O3 in the bulk state is a ferromagnet with a mag-
netic moment of about 430 × 4π × 10–3 A m2/kg and
α-Fe2O3 in the bulk state is an antiferromagnet with a
very low magnetic moment (approximately 1 × 4π ×
10–3 A m2/kg). Thus, an analysis of the Mössbauer

absorption spectra suggests that iron oxide (α or
γ phase) nanoparticles exist in the pores of the silicon
dioxide matrix. These nanoparticles are in a super-
paramagnetic state at T ≥ 77 K and transform into a
ferromagnetic state upon cooling to the liquid-helium
temperature. A more detailed investigation of the
magnetic state of the samples in the temperature range
77–4 K will be performed in ESR experiments
(see Fig. 7 below).

3.4. Electron Paramagnetic Resonance

ESR spectra were recorded on a standard Thomson
spectrometer using a closed-cycle Oxford helium
cryostat at the Kazan Physical Institute of the Kazan
Federal University (Kazan, Russia). The measure-
ments were carried out at temperatures from 4.2 to
500 K and the generation frequency was 9.4 GHz. Fig-
ure 5 shows the normalized first derivatives of the ESR
spectra of the Fe–SiO2–300, Fe–SiO2–350, and Fe–
SiO2–375 samples measured at T = 300 K.

As noted in Sections 3.1 and 3.2, the sizes of the
nanoparticles containing iron atoms increase with
annealing temperature due to their aggregation and
the removal of volatile synthesis reaction products
from pores. This increase leads to an increase in the
exchange interaction in nanoparticles with simultane-
ous suppression of the dipole–dipole broadening and,
hence, a narrowing of the absorption lines with
increasing annealing temperature (Fig. 5).

According to [23, 24], the Hamiltonian of free spin
6S5/2 of trivalent iron Fe3+ ions without exchange inter-
action is written as

(2)⎡ ⎤= β + − + + −
⎢ ⎥⎣ ⎦

2 2 21 ( 1) ( ),
3z x yH g HS D S S S E S S

Fig. 4. γ radiation absorption spectra of the Fe–SiO2–375
sample at T = (a) 77 and (b) 4.2 K.
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where D and E are the gradients of the electric fields
with axial and orthorhombic symmetry, respectively.
It is well known that the orbital moment of free iron
ions is zero, and the ground state is sixfold degenerate
and splits into three Kramers doublets |±1/2〉, |±3/2〉,

|±5/2〉 in a crystal field. The selection rules allow ESR
transitions in doublet |±1/2〉 with effective values g =
2.0 and 6.0 if D ≠ 0 and E = 0 [25]. In the case of D =
0 and E ≠ 0 or a ratio E/D = 1/3, a doublet with g = 2.0
and 4.29 (last line from Fe3+ ions in a low-symmetry
surrounding [26]) is observed. If D or E is small, an
absorption line of the Fe3+ ions located in a symmetric
octahedral surrounding will be observed at g = 2.

At T = 300 K, the absorption curves in Fig. 5 have
two groups of asymmetric lines with g = 4.3 and 2.
This spectrum is characteristic of trivalent iron oxide
Fe2O3 [27]. The theoretical approximation of the
spectra was performed by the method of least squares
using the derivative of the sum of five Lorentz func-
tions with respect to H with specific parameters (posi-
tion, half-width at half-maximum, intensity). As an

Fig. 6. Temperature dependence of the ESR absorption
spectrum of the Fe–SiO2–375 sample. In parentheses, the
ratio of increasing the spectrum intensity with respect to
the initial value.
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example, Fig. 6 shows the temperature dependence of
the ESR absorption spectrum of the Fe–SiO2–375
sample and the results of approximation at T = 500
and 4 K. As is seen in Fig. 6, the line with g ≈ 2 consists
of a narrow (line 1) and two broad components, which
split at T ≤ 300 K (lines 2, 3). The intensity of the
groups of lines with g ≈ 2 increases with decreasing
temperature. This visual analysis also suggests that the
absorption line at g ≈ 4.3 does not change its position
and grows with decreasing temperature (line 5). The
ESR spectrum also contains a resonance line at g ≈
3.12 (line 4).

The approximation parameters are presented in
Fig. 7. The absorption line width was taken to be the
distance from the maximum to the minimum of its
first derivative (peak-to-peak width), and the shift was
determined as B0 – B0(T), where B0(T) is the reso-
nance field determined as the point where the absorp-
tion derivative equals zero at the temperature T and B0
is the asymptotic resonance field to which B0 tends at
T > 400 K. The error of determining the fitting param-
eters does not exceed the point sizes in the curves.

The following three temperature ranges should be
distinguished in Fig. 7: high-temperature range
300 K ≤ T ≤ 500 K, medium-temperature range
100 K ≲ T ≤ 300 K, and low-temperature range 4 K ≤
T ≲ 100 K. The most pronounced changes in the tem-
perature dependences of the approximation parame-
ters are detected for lines 2 and 3, which are caused by
the trivalent iron ions located at octahedral and tetra-
hedral sites. They exhibit the typical temperature
behavior of many magnetic nanoparticles (e.g., Cu–
Co, α-Fe2O3, γ-Fe2O3, FeOOH, ferritic particles)
embedded in diamagnetic matrices (SiO2, Al2O3,
polyethylene, other polymer matrices) [28–32]. The
behavior of lines 2 and 3 in the high-temperature range
is similar: their positions and intensities almost do not
change, and the line width decreases identically with
decreasing temperature. In the central temperature
range, line 2 continues to broaden significantly when
temperature decreases to T ≈ 100 K, shifts weakly
toward the low-field part of the spectrum, and grows
almost twofold in intensity. In the temperature range
100 K ≲ T ≤ 300 K, line 3, in contrast, tends to narrow
with decreasing temperature and to shift noticeably
toward low magnetic fields at an almost constant
intensity. The decrease in the ESR line width with
increasing temperature is related to the transition of
the nanoparticles into a paramagnetic state (Fig. 7a).
The magnetic particles in macroscopically isotropic
systems are randomly oriented. An applied magnetic
field or the shape anisotropy of particles orients the
magnetic moments of nanoparticles along a certain
direction; however, thermal f luctuations return the
system to a disordered state. As a result, we can see a
paramagnetic narrowing of the resonance spectrum at
high temperatures or a broadening of the spectrum at
low temperatures because of the dipole–dipole inter-

action of particles. However, the widths of lines 2 and
3 in the low-temperature range 4 K ≤ T ≲ 100 K tend
to decrease, their positions do not change, and their
intensities grow significantly (Fig. 7).

An absorption line at g ≈ 3.12 (line 4) is clearly vis-
ible in Fig. 7 in the temperature range 300 K ≤ T ≤
500 K. This line shifts toward low fields with decreas-
ing temperature at the rate that is identical to that of
line 3 (Fig. 7b). Then, intersecting with line 5, it goes
outside of the available range of variation of the exter-
nal magnetic field. An analysis of the temperature
dependence of the ESR spectrum parameters for
lines 2, 3, and 4 demonstrates that two magnetic sub-
systems of iron atoms, which are located in crystal
field of different symmetries, can coexist. The first
subsystem is described by absorption line 2, and the
second subsystem is described by lines 3 and 4, which
correspond to the transverse and longitudinal compo-
nents of the g factor, respectively. The existence of two
subsystems can be related to, first, the geometric
anisotropy of a nanoparticle. As was shown in the
micrographs in Fig. 1, the particles form inside cylindri-
cal pores with an aspect ratio of several tens of units.
Second, the existence of the two subsystems can be
associated with surface effects, where the gradients of
the electric crystal field are different in the particle vol-
ume and on the particle surface because of broken
chemical bonds [31, 33].

Thus, the temperature dependences of the fitting
Lorentzian parameters point to the existence of two
characteristic temperatures near 300 and 100 K
(Fig. 7). At T ≈ 300 K, the width of line 3 passes
through a maximum (Fig. 7a), the intensity of line 2
grows sharply (Fig. 7c), and the shift B0 – B0(T) of
line 3 increases strongly (Fig. 7b). This behavior can
be explained by the lattice distortions induced by the
Morin transition in α-Fe2O3 nanoclusters from an
antiferromagnetic state with fully compensated spins
into a weak ferromagnetic state with incomplete com-
pensation of magnetic moments. At T ≈ 100 K, the
width of line 2 passes through a maximum (Fig. 7a);
the second sharp increase in the line 2 intensity is
observed; a sharp increase in the intensities of lines 1,
3, and 5 takes place (Fig. 7c); and the position of line 3
is stabilized and remains unchanged with decreasing
temperature (Fig. 7b). Note that this temperature
coincides with the temperature of the maximum spe-
cific magnetic susceptibility measured in an applied
magnetic field ha = 10 mT when temperature increases
from 4 to 300 K (Fig. 8c).

Narrow line 1 at g ≈ 2 is clearly visible at low tem-
peratures (from 4 to 140 K). The g factor of this narrow
line remains unchanged (g = 2.0020 ± 0.0004) when
temperature changes. This line is assumed to be
caused by ferromagnetic pure iron clusters.
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Line 5 at g ≈ 4.3 corresponds to the trivalent iron
atoms located in strongly deformed orthorhombic
sites. This absorption line is most likely to be generated
by the iron atoms that partly substitute for silicon
atoms in oxygen tetrahedra in the inner pore surfaces
and by the iron atoms that are located on the nanopar-
ticle surfaces. The line position and width are most
likely to remain unchanged when temperature changes
and are g = 4.281 ± 0.002 and ΔBpp = 0.028 ± 0.001 T,
respectively. (The insignificant changes in these
parameters of lines 1 and 5 in the high-temperature
range in Fig. 7 should be attributed to the difficulty of
their determination in low-resolution spectra.)

Thus, we can conclude that the nanoparticles syn-
thesized in the pores of the silicon dioxide matrix con-
sist of trivalent iron oxide (α-Fe2O3, γ-Fe2O3) clusters
and clusters of several exchange-coupled iron ions.

4. MAGNETIC PROPERTIES
OF THE NANOCOMPOSITE MATERIALS 

BASED ON A MESOPOROUS SILICON 
DIOXIDE MATRIX

4.1. SQUID Measurements
To study the integral magnetic properties of the

nanocomposites, we measured the temperature and
field dependences of magnetization at T = 4–300 K
and 0 < H ≤ 1 T. The measurements were carried out
on an S600 superconducting quantum interference
APD cryogenics device (SQUID magnetometer).
ZFC (zero field cooling) magnetization curves were
recorded after the following two manipulations with
an applied field and temperature: (i) when samples
were cooled from 300 to 4 K in a magnetic field H = 0;
(ii) a positive dc magnetic field ha = 10 mT was applied
and the magnetization was measured when tempera-
ture increased from 4 to 300 K. Thus, it is correctly to
call this procedure FH (field heating) after ZFC. Nev-

Fig. 8. Temperature dependences of the specific magnetizations of the composites (a) Fe–SiO2–300, (b) Fe–SiO2–350, (c) Fe–
SiO2–375, and (d) Fe–SiO2–400 (points) and (solid lines) curves calculated in terms of the Preisach model for ZFC and FC
processes at ha = 10 mT.
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ertheless, we will call this procedure ZFC assuming
that this comment is sufficient. When the sample was
then cooled to 4 K in the presence of a magnetic field
(ha = 10 mT), an FC (field cooling) curve was
recorded. Figure 8 shows the temperature depen-
dences of the magnetization M(T) of the nanocom-
posites Fe–SiO2–300, Fe–SiO2–350, Fe–SiO2–375,
and Fe–SiO2–400 during the ZFC and FC processes.

In a macroscopically isotropic system, the mag-
netic anisotropy axes of nanoparticles remain ran-
domly oriented in the ZFC process. The magnetiza-
tion measured in heating of a sample in a low magnetic
field after ZFC exhibits an initial increase in the spe-
cific magnetization to a certain temperature and, then,
a decrease. In the FC process, magnetization vectors
are mainly oriented along the magnetic field vector;
that is, the magnetization increases with decreasing
temperature [28, 34, 35]. As is seen in Fig. 8, the ZFC
curves of the Fe–SiO2–300, Fe–SiO2–350, Fe–
SiO2–375, and Fe–SiO2–400 samples have maxima at
different temperatures. The recorded M(T) depen-
dences are satisfactorily described in terms of the well-
known Preisach model [36], which takes into account
the anisotropy of a particle and the interparticle inter-
action. This model can be used to calculate the mag-
netic moment of the system at an arbitrary sequence of
application and removal of a magnetic field.

According to the Preisach model, all magnetic sys-
tems are divided into a large set of two-level subsys-
tems. Each subsystem is characterized by two states,
which correspond to two discrete magnetic-moment
orientations, and two critical unstable fields, namely,
coercive field hc, which operates as the intrinsic
anisotropy field, and asymmetric field hi, which plays
the role of the local field of interaction of two neigh-
boring subsystems (Fig. 9). When the subsystems are
cooled in a zero magnetic field to T = 0 K, all magnetic
moments are in equiprobable states +1 and –1, and
the average magnetization of the entire system is zero
(Fig. 9a). To induce transitions between two energy
levels, either magnetic field ha or temperature (thermal
field hT) should be applied to the subsystems. Applied

magnetic field ha stabilizes state +1 and destabilizes
state –1, and hT always exerts a destabilizing effect on
both states +1 and –1 (Fig. 9b). In particular, each
system upon heating in a zero magnetic field (ha = 0)
after cooling (ZFC) passes through characteristic tem-
perature TB (blocking temperature) at which hT is
equal to the energy of the potential barrier that is max-
imal among two barriers. At this temperature, thermal
fluctuations exhaust the highest metastable energy
level (state –1 in Fig. 9b with ha = 0), and the subsys-
tems pass to the lowest stable energy level (state +1).

In this case, the subsystem blocking temperature is

(3)

where kB is the Boltzmann constant and ln(t/τ) is the
time-dependent parameter with a standard measure-
ment time t ~ 102–103 s; we assume that the system
under study returns to the unexcited state in time τ ~
10–9 s. At T > TB, the system transforms into a paramag-
netic state with a decreased average magnetization
because of thermal instability and constant reorienta-
tion of the magnetic moments of the subsystems. This
state of the system is characterized by thermal equilib-
rium (probability of existing the system between level
+1 (exp(hi/kBT)) and level –1 (exp(–hi/kBT)))

(4)

If the system is heated from 0 K to temperature
T > TB in a positive dc magnetic field ha > 0, the block-
ing temperature shifts toward low temperatures
(Fig. 9b, ha > 0), and the magnetic moment of each
subsystem is proportional to tanh((ha – hi)/kBT). The
magnetic moment of the entire system is written as the
sum of the moments of the subsystems with the weight
Preisach function

(5)

where σi is the mean deviation of the interaction
between particles hi, the mean is  = 0 because of ran-
dom variations of the nearest surrounding, σc is the
mean deviation of coercive field hc, and  is the mean
value of hc. Thus, the magnetization of the system is

(6)

All field parameters (σi, σc, hT) were normalized by
the mean coercive field; therefore, we have  = 1. The
results of Preisach approximation of the experimental
specific magnetization curves are presented in Fig. 8
and Table 2.

+
=

τ
| |

,
ln( / )
c i

B
B

h h
T

k t

⎛ ⎞− − = ⎜ ⎟+ − ⎝ ⎠

exp( / ) exp( ( / )) tanh .
exp( / ) exp( ( / ))

i B i B i

i B i B B

h k T h k T h
h k T h k T k T

− σ σ=
πσ πσ

2 2 2 2

2 2

exp(( ) /2 )exp( /2 )( , ) ,
2 2

c c c i i
c i

c i

h h hp h h

ih

ch

∞ ∞

−∞

= φ∫ ∫
0

( , ) ( , ) .i c i c i cM dh h h p h h dh

ch

Fig. 9. Diagrams of the energy levels with two local minima
separated by energy barriers (a) hc – hi and hc + hi and
(b) hc – hi – ha + hT and hc + hi + ha + hT.

+1 state +1 state

+hi

−1
−1

hc hc

E
ne

rg
y

E
ne

rg
y

(a) (b)

−hi −hi − ha + hT

+hi + ha + hT



486

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS  Vol. 124  No. 3  2017

GRIGOR’EVA et al.

The applied magnetic field was the same for all
samples (ha = 10 mT), and mean coercive field was

= 100 mT. The mean deviation of the coercive field
was smaller for the samples annealed at T = 350 and
375°C, which is related to the maximum anisotropy
parameter of magnetic nanoparticles in these samples
and agrees well with the TEM data (Fig. 1) and the
measured magnetization reversal curves (Table 3). In
turn, interparticle interaction f luctuations σi are on
the order of the effective field (11 mT) determined
from the field dependence of the position of the max-
imum in the ZFC M(T) curve (Fig. 10). The different
values of σi in the ZFC and FC measurements of the
same sample are most likely to be associated with the
relaxation of the magnetization vector. The field
dependence of the maximum (Tmax) in the ZFC curves
in Fig. 10 has two specific features. The first specific
feature is the inflection point at ha ≈ 11 mT, which
means that the effective magnetic field on a certain fil-
ament from other nanofilaments becomes negligibly
small as compared to the increasing applied magnetic
field (ha ≫ hi > hc). Indeed, blocking temperature TB
at low applied fields (weak field mode) changes insig-
nificantly, which demonstrates that the interfilament
interaction is higher than the interaction between a fil-
ament and an applied magnetic field. At high mag-
netic fields, TB decreases sharply and indicates a

ch

strong field mode, where the interfilament interaction
is lower than the interaction between a filament and an
applied magnetic field. The second specific feature is
the intersection of the curve with the abscissa at T ≈
80–90 K. This finding means that the nanocomposite
under study undergoes the paramagnetic–ferromag-
netic phase transition when temperature decreases
(ha ≪ hi, ha ≪ hc).

Let us make some notes, which are important from
both theoretical and practical standpoints. First, the
temperatures of the maxima in the ZFC M(T) curves
are not the blocking temperature (Fig. 8). According
to the calculations using the Preisach model, blocking
in our experiments occurs at a temperature TB ≈
22.5 K, where the activation thermal energy becomes
comparable with or higher than the energy barrier
(Fig. 9b). The ZFC maxima in the low-temperature
segment of the M(T) dependence lie significantly
higher than this blocking temperature. The blocking
temperature is thought to be the inflection point in the
M(T) dependence, where the rate of change of magne-
tization dM/dT is maximal. In other words, for low
applied magnetic fields (ha ≪ hc), the change in
dM/dT is maximal at ha + hT = hc, which is the block-
ing condition kBTB ≈ hc/ln(t/τ) [37].

Second, it is necessary to discuss the coercive force
in detail, since it is proportional to the applied mag-
netic field required to decrease the magnetization of
the material to zero. On the one hand, a high coercive
force allows more reliable data storage and makes it
possible to avoid spontaneous magnetization reversal
when storage conditions (temperature, pressure,
humidity) change. On the hand, a low coercive force
can be used to remove old information completely and
to record new information clearly. Thus, conflicting
requirements are imposed on magnetic data storage
systems. At present, the coercivity boundaries of mag-
netic data recording and storage devices are from
30 mT (low-energy devices) to 400 mT (high-energy
devices). The magnetization reversal of a single-
domain magnetic particle from a certain direction of
its magnetization vector to the opposite direction
needs the applied magnetic field that is higher than the
energy barrier (Fig. 9b). Magnetization reversal
depends on the applied magnetic field amplitude, the

Table 2. Parameters of the Preisach approximation of the
magnetization curves

Sample Measurement 
mode

σc, mT σi, mT

Fe–SiO2–300 ZFC 50 9
FC 50 1

Fe–SiO2–350 ZFC 35 25
FC 35 5

Fe–SiO2–375 ZFC 35 25
FC 35 5

Fe–SiO2–400 ZFC 50 12
FC 50 9

Table 3. Magnetic parameters of the nanocomposites

Sample Tmax, K L/D
hc, mT Ms × 4π × 10–3, A m2/kg

4 K 300 K 300 K

Fe–SiO2–260 76 ± 3 16 ± 2 22.0 ± 0.1 2.0 ± 0.2 0.25 ± 0.03
Fe–SiO2–300 80 ± 3 20 ± 2 40.0 ± 0.1 18.0 ± 0.2 0.32 ± 0.03
Fe–SiO2–350 87 ± 3 32 ± 2 46.0 ± 0.1 20.0 ± 0.2 0.53 ± 0.03
Fe–SiO2–375 84 ± 3 45 ± 2 54.0 ± 0.1 22.0 ± 0.2 0.61 ± 0.03
Fe–SiO2–400 84 ± 3 35 ± 2 53.0 ± 0.1 19.0 ± 0.2 0.76 ± 0.03
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time of field action, and the particle shape. Using the
Stoner–Wohlfarth theory [38], we can more correctly
estimate coercive field hc, which acts as the intrinsic
anisotropy field. If magnetic field ha is applied along
the easy magnetization axis of a subsystem, the energy
barrier induced by the intrinsic anisotropy of the sub-
system changes with ha as Ea = (hc/2)[1 + (ha/hc)2];
that is, it grows from the minimum value Ea = hc/2 to
the maximum value Ea = hc. Thus, the Preisach model
overestimates the thermal activation barrier when ha has
a near-critical value, so that the instability criteria based
on the energy diagram in Fig. 9b underestimate the effi-
ciency of thermal fluctuations in inducing phase transi-
tions. This finding explains why σi from Table 2 coin-
cides with the effective magnetic field determined from
Fig. 10 only in an order of magnitude.

Third, we have to reveal the nature of interaction hi
between the subsystems. As noted above, our system
consists of cylindrical 2 × 100 nm pores arranged in a
regular hexagonal manner. Nanoparticles with the
sizes that are comparable with the pore sizes are inside
the pores. The average magnetic moment of each
nanoparticle 〈μ〉 interacts with other average moments
of neighboring nanoparticles through a magnetic
dipole–dipole interaction with the energy

(7)

The crystal field inside each nanoparticle creates
an easy magnetization axis with average magnetic
moment 〈μ〉. Each easy axis is frozen and randomly
oriented in an applied magnetic field at temperatures
lower than certain critical point Tmax. Upon heating,
the interparticle interaction energy increases and the
average magnetic moment of the entire system

〈μ 〉〈μ 〉 − Θ
= =

2

3

(1 3 cos )
.i j ij

i ij
ij

h E
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increases to a certain critical value. Depending on the
magnetization of the subsystem (degree of crystalliza-
tion or homogeneity of nanoparticles), the character-
istic point of interparticle interaction changes its posi-
tion in the temperature scale. The higher the magneti-
zation, the larger the shift toward high temperatures
(Tmax > TB). Depending on the orientations of the
magnetization vectors of the subsystems with respect
to each other, the dipole–dipole interaction turns out
to be ferromagnetic for the particles located in one
pore and to be antiferromagnetic for the particles
located in neighboring pores. The system under study
can exhibit dipole-glass behavior at low temperatures
(T < Tmax), where magnetization vectors are frozen in an
arbitrary order, or in the case of a diluted magnetic sys-
tem, where the interparticle distances are larger than
the radius of action of the dipole interaction forces.

As is seen from Table 3, the characteristic point of
the maximum in the temperature dependence of mag-
netization M(T) (second column) shifts toward high
temperatures as the annealing temperature increases.
In other words, the dipole interaction between the
nanoparticles embedded into the diamagnetic silicon
matrix increases with the annealing temperature. The
temperature of the maximum Tmax determined experi-
mentally for the Fe–SiO2–375 sample (see Fig. 10)
differs from the blocking temperature of the system TB
because of the contribution of the magnetic dipole
interaction between nanofilaments.

Fourth, an increase in the specific magnetization at
T ≤ 20 K is clearly visible in Fig. 9. This behavior of
magnetization correlates with the sharp change in the
intensities of the resonance lines in the ESR spectra in
Fig. 7c and corresponds to the transition of the
nanoparticles into a superparamagnetic state.

To determine the saturation magnetization (Ms)
and the coercive force of the nanoparticles, we mea-
sured magnetization reversal curves for all samples at
T = 4 and 300 K. The typical hysteretic M(H) depen-
dences of the Fe–SiO2–375 sample are shown in
Fig. 11. The data in Table 3 demonstrate an increase
in the coercive force with the annealing temperature,
which is related to an increase in the homogeneity
and size of the magnetic nanowires inside pores (as
was noted above).

4.2. Small-Angle Polarized-Neutron Scattering
SAPNS experiments were carried out on the

SANS-2 installation of the research FRG-1 reactor in
Geesthacht, Germany. The schematic diagram of the
experiments is shown in Fig. 12. We used a polarized
neutron beam with a polarization P0 = 0.96, a wave-
length λ = 0.58 nm (Δλ/λ = 0.01) and a divergence of
1.5 mrad. The sample–detector distance was 1 m, and
the momentum-transfer range was 0.1–2 nm–1. In the
case of the powder Fe–SiO2–T, Fe–SiO2–UV, and
SiO2 (mesoporous matrix) samples, the neutron dif-

Fig. 10. Field dependence of the position of the maxi-
mum in the ZFC M(T) dependence of the Fe–SiO2–
375 sample.
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fraction patterns consist of concentric rings, which
mainly result from scattering by pores or embedded
nanofilaments located parallel to the incident neutron
beam (inset to Fig. 13). This is related to the fact that
the coherent volume of neutron scattered by the small
angles is effectively extended along the beam and the
coherent volume of nanofilaments (nanopores) is
extended along a filament (pore). If the axis of fila-
ments (pores) coincides with the beam axis, the scat-
tering efficiency increases by many times (see, e.g.,
[39]). To study the field dependence of the neutron
scattering intensity, we applied a magnetic field H =
0–350 mT (forward run) and H = 350–0 mT (back-
ward run) in the horizontal plane normal to the inci-
dent beam. The sample temperature was changed from
10 to 300 K with an accuracy of 0.5 K. The neutron
scattering cross section is determined by Eq. (8) and
includes the components of nuclear scattering
(Eq. (9)), magnetic scattering (Eq. (10)), and
nuclear–magnetic interference (Eq. (11)). The total
(nuclear and magnetic) neutron scattering was experi-
mentally determined as the sum

and neutron-polarization-dependent scattering was
determined as the difference

between the scattering of neutrons polarized parallel
I(Q, +P0) and antiparallel I(Q, –P0) to an applied
magnetic field,

(8)
where

(9)

(10)

 (11)
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Figure 13 shows the neutron scattering intensity as
a function of the momentum-transfer I(Q) for the
Fe‒SiO2–UV, Fe–SiO2–300, and Fe–SiO2–375
samples. It is seen that the introduction of iron oxide
nanoparticles in silicon matrix pores leads to an
increase in the diffraction peak intensity (Q ≈ 1.6 nm–1)
and a small shift toward high Q. This means that the
filling of matrix pores with iron pentacarbonyl, ultra-
violet irradiation, and annealing of the samples do not
break the matrix: it only insignificantly changes the
lattice parameter of the two-dimensional hexagonal
lattice from a0 = 4.71 ± 0.02 to 4.45 ± 0.02 nm. The
results of determining a0 by SAPNS and synchrotron
radiation diffraction agree well with each other
(Table 1). In the range 0.1 nm–1 < Q < 0.5 nm–1, the
neutron scattering intensity increases for the annealed
samples in comparison with Fe–SiO2–UV, and the
diffuse scattering decreases significantly (which is
clearly visible in the range 0.5 nm–1 < Q < 2.5 nm–1).
The decrease in the diffuse scattering is related to the exit
of the hydrogen-containing volatile components of the
template and iron pentacarbonyl in annealing process.

The intensity of neutron scattering by spatially
ordered powder nanosystems consists of the following
three contributions: scattering by micron-sized powder
particles, scattering by a regular pore structure, and
scattering by individual nanowires or nanotubes [40].
The last contribution to scattering can be represented as
scattering by cylinders of length L and radius R. This
scattering can be presented by the equation

Fig. 11. Magnetization reversal curves of the Fe–SiO2–
375 sample at T = 300 K and T = 4 K.
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(12)

where 2J1(QRsin(θ)) is the Bessel function of the first
kind and θ is the angle between the cylinder axis and
Q. If QL ≫ 1 (Q > 0.1 nm–1 and L > 50 nm), Eq. (12)
is simplified taking into account the fact that

Thus, the form factor is rewritten as

and the scattering intensity is

(13)

The first term in Eq. (13) describes scattering by
micron-sized powder particles (Porod approxima-
tion). The second term, namely, the diffraction peak
with center at Qc and width ω describes scattering by
the structure of a regular pore or nanowire (cylindrical
nanoparticle). The third term describes the additional
scattering that appears in the samples with pores filled
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with magnetic nanoparticles for the case at Q >
0.1 nm–1 and L > 50 nm. The last term Ibg describes the
diffuse scattering related to experimental conditions.
In general, the experimental curves are well described
by the sum of the contributions of the four types of
scattering (Eq. (13)). The approximation of the exper-
imental data demonstrates that the increase in the neu-
tron scattering intensity at small Q (0.1 nm–1 < Q <
0.5 nm–1) for the annealed samples is associated with
scattering by aggregates of radius Rb = 4.68 nm with a
distribution ΔR = 0.9 nm for the Fe–SiO2–375 and
Fe–SiO2–400 samples and with scattering by aggre-
gates of radius Rb ≈ 11.0 nm with small distribution
ΔR = 4.2 nm for the Fe–SiO2–300 and Fe–SiO2–350
samples. Thus, the samples exhibit nonuniform filling
of pores with magnetic nanoparticles in the sample
volume.

Information on the magnetic subsystem of a sam-
ple can be obtained from, first, the I(Q) curves mea-
sured at various applied magnetic fields and tempera-
tures, ΔIH(Q) = I(Q, H) – I(Q, 0) and ΔIT(Q) = I(Q,
T) – I(Q, 300). Here, the scattering intensity is pro-
portional to the magnetic moment of the sample
squared (Eq. (10)). Second, this information can be
obtained from an analysis of the polarization-depen-
dent part of scattering, which is caused by the interfer-
ence of the nuclear and magnetic contributions. In this
case, the scattering intensity is proportional to the
average projection of the magnetic moment vector of a
sample onto the magnetic field direction (Eq. (11)).

Figure 14 shows the typical Q dependences of the
magnetic contribution to the neutron scattering,
ΔIH(Q) at T = 300 K and ΔI(Q) at H = 0. These curves
have two clear contributions, namely, small-angle
scattering by aggregates of radius Rb and small-angle
diffraction (Bragg peak) by a regular system of mag-
netic nanofilaments. The position of the diffraction
magnetic peak coincides with the maximum of the
nuclear scattering cross section at momentum-trans-
fer Q = 1.65 nm–1. The ΔIH(Q) dependence is the dif-
ference between the magnetic cross sections of a sam-
ple in the following two states: the fully demagnetized
state at H = 0 and the magnetized state at H ≠ 0.

The temperature dependence of the total intensity
of small-angle neutron diffraction in the region of the
diffraction peak of the Fe–SiO2–375 sample is shown
in Fig. 15a for zero-field heating and cooling in a field
H = 300 mT. These data agree satisfactorily with the
ESR and SQUID magnetometry data (Section 3.4,
Fig. 7; Section 4.1, Fig. 8), which demonstrate that
thermal f luctuations begin to play a key role at T ≥ 50–
60 K in a field H = 0 and at T ≈ 80 K in a field H =
300 mT. As a result, the ferromagnetic state of the sys-
tem transforms into the paramagnetic state.

In all cases, interference contribution ΔI(q) to the
Bragg reflection for the Fe/SiO2–T samples turned
out to be statistically unresolved. Figure 15b shows the

Fig. 13. Q dependences of the total scattering I(Q) of the
Fe–SiO2–UV, Fe–SiO2–300, and Fe–SiO2–375 samples
at H = 300 mT. (inset) Two-dimensional scattering map of
a powdered Fe–SiO2–T sample.
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field dependence of the total intensity of the interfer-
ence contribution for low Q (0.1 nm–1 < Q < 0.5 nm–1).
Since the interference contribution intensity is pro-
portional to the projection of the magnetization vector
on the direction of the applied magnetic field, these
data coincide satisfactorily with the magnetization
reversal curves measured by SQUID magnetometry
(Fig. 11).

The field dependences of the total intensity of neu-
tron scattering in the position of Bragg peak IB for Q =
1.65 nm–1 and T = 300 and 10 K are shown in Fig. 16
in the range from –300 to +300 mT for the Fe–SiO2–
375 sample. It is seen that the behavior of the magnetic
reflection intensity during magnetization reversal at
high (T = 300 K) and low (T = 10 K) temperatures is
the same. Specifically, as the applied magnetic field

increases during magnetization reversal, the reflection
intensity first decreases at |H| < 100 mT and then
increases up to the reversal point at H = 300 mT. As
the applied magnetic field decreases, the reflection
intensity increases sharply at |H| > 100 mT and then
decreases to the initial value when the field approaches
zero. In [41], we comprehensively analyzed the H
dependence of the magnetic contribution into the
neutron scattering by an array of ordered magnetic
nanofilaments embedded in a diamagnetic matrix and
showed that this behavior of the magnetic contribution
intensity during magnetization reversal was caused by
the magnetostatic interaction between nanofilaments
at the fields that were lower than the saturation field.
In that work, we also proposed a theory to describe the
magnetic properties of the arrays of interacting ferro-
magnetic nanofilaments in a magnetic field.

5. CONCLUSIONS
The structural and magnetic properties of the

nanocomposite materials based on a chemically inert
diamagnetic silicon dioxide matrix were studied using

Fig. 14. Q dependence of the magnetization contribution
to the neutron scattering that is calculated as the difference
between (a) the total scattering intensities in field H ≠ 0
and zero field H = 0 (ΔIH(Q) = I(Q, H) – I(Q, 0)) at T =
300 K and (b) the total scattering intensities at T ≠ 300 K
and T = 300 K (ΔIT(Q) = I(Q, T) – I(Q, 300)) at H = 0 for
the Fe–SiO2–375 sample. Circles and squares in (a) cor-
respond to forward run, while triangles correspond to
backward run. 
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Fig. 15. (a) Temperature dependences of the integrated
ZFC and FC (H = 300 mT) small-angle neutron diffrac-
tion intensities for the Fe–SiO2–375 sample. (b) Field
dependence of the integrated intensity of interference con-
tribution ΔI in the transferred momentum range 0.1 nm–1 <
Q < 0.5 nm–1 at T = 300 K.
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a large set of mutually complementary experimental
techniques. The synthesized nanosystems were found
to have a regular spatial pore distribution in the matrix
volume. The filling of pores without breaking a matrix
was shown to be maximal and uniform in Fe–SiO2–
350 and Fe–SiO2–375 samples, and the iron nanopar-
ticles in the pores were mainly in the γ phase of Fe2O3
with a small addition of the α phase and atomic iron
clusters. Some iron atoms substitute for silicon atoms
in the matrix at the matrix/nanofilament interface.

The data obtained allow us to conclude that, after
annealing of the samples at T = 350–375°C, the iron
oxide nanofilaments introduced in mesoporous sili-
con oxide have the optimum sizes and magnetic prop-
erties for using in data recording and storage systems
with an ultrahigh density. The maximum anisotropy
parameter is 45 ± 2, the coercive force is 54 ± 0.1 mT
at T = 4 K and 22.0 ± 0.2 mT at T = 300 K, and
the saturation magnetization is (0.61 ± 0.02) × 4π ×
10–3 A m2/kg at T = 300 K.

To describe the magnetic properties of the nano-
composites with an ordered structure of magnetic
nanofilaments, we used the Preisach model and

obtained satisfactory results, which agreed with the
experimental data obtained by various techniques: the
effective magnetic field acting on a nanofilament from
other nanofilaments is 11 mT and has a dipole charac-
ter, the ferromagnetic–paramagnetic transition tem-
perature is in the range 76–94 K depending on the
annealing temperature, and the magnetization rever-
sal temperature of iron oxide nanofilaments is T ≈ 50–
60 K in a field H = 0 and T ≈ 80 K in a field H =
300 mT.

The magnetic and structural properties of the spa-
tially ordered magnetic nanocomposites were ana-
lyzed by SAPNS, which consists of nuclear and mag-
netic contributions and nuclear–magnetic interfer-
ence. The distinctive attribute of this method is that,
apart from scattering by individual particles (which
gives integrated information for the entire sample),
neutron scattering by a system of spatially ordered
nanoparticles is also detected. In other words, the fol-
lowing two contributions to small-angle scattering are
detected: diffraction by a regular pore structure and
scattering by defects in individual nanoparticles,
which makes it possible to characterize the systems
under study in the area of at most 4–6 nm2. It was
shown that the nanocomposite materials based on a
mesoporous silicon dioxide matrix with embedded
iron oxide nanoparticles exhibited an unusual increase
in the coherence during magnetization reversal in both
positive and negative fields. In magnetic fields H >
100 mT, coherent rotation of the magnetization of
individual nanoparticles as an ensemble takes place. At
H < 100 mT, the magnetization reversal of a system of
magnetic nanofilaments occurs by analogy with a
domain scenario: every nanofilament undergoes the
influence of the effective field from other nanofila-
ments, which has dipole nature.
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