
Material Science and Applied Chemistry 
 

________________________________________________________________________________________________2013 / 28 

73 

 

New Nanocomposite Materials on the Basis 
of Dielectric Porous Matrices  

Alexey Filimonov1, Andrey Rudskoy2, Aleksandr Naberezhnov3, Sergey Vakhrushev4, Ekaterina Koroleva5,  
Igor Golosovsky6, Yury Kumzerov7 

1-5,7St. Petersburg State Polytechnical University, 3-5,7 Ioffe Physical-Technical Institute, 
 6 St. Petersburg Nuclear Physics Institute 

Abstract. The correlations between physical properties and 
structure for various types of nanocomposite magnetic and 
ferroelectric materials on the basis of natural and artificial 
porous matrices have been studied by different experimental 
methods. The temperature evolution of structure, order 
parameter and dielectric response has been studied as a function 
of characteristic size of nanoparticles. The research has shown 
the existence of crossover of phase transition (PT) from the first 
order to the second one for ultra-small ferroelectric and magnetic 
particles.  
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I. INTRODUCTION 

The physical properties of nanostructured materials are one 
of the “hot” points of modern solid state physics and are not 
only of fundamental interest but also of practical importance. 
Indeed, it is shown that finite-size effects result in drastic 
changes of physical properties of ultra-dispersed materials. 
The observed phenomena become especially significant if the 
characteristic size of the dispersed particles becomes 
comparable with the correlation length of the order parameter 
critical fluctuations and the development of new 
nanotechnologies stimulates strongly the studies of various 
nanostructured and ultra-dispersed substances.  

The experimental implementation of new effects in the 
physics of nanostructures relies upon our ability to create new 
types of structures and devices. Our understanding of material 
processing in the pursuit of ultra-small structures is steadily 
advancing. Epitaxial growth and lateral microstructuring 
techniques have made it possible to create low-dimensional 
electronic systems with quantum-confined structures, i.e., 
quantum wells, quantum wires, and quantum dots. 

There are many methods for the preparation of such 
dispersed substances, and one of them is the intrusion of 
materials into artificial or natural porous matrices.  

The embedding of substances into various porous matrices 
has some advantages over other methods: 
- This method gives a possibility to produce nanostructures 

with a large range of controlled characteristic sizes from ~ 1 
nm to ~300 nm. 

- It is possible to prepare nanostructures with various 
geometry and topology: three-dimensional (3D) dendrite and 
regular structures, 2D film-like structures, 1D nanowires or 
0D small nanoparticles. 

- One can produce nanoparticles of various substances and 
compounds: metals, ferroelectrics, dielectrics, insulators, 
semiconductors, superconductors, magnetic materials and so 
on. 

- It is possible to prepare a very large amount (up to several 
cubic centimeters) of nanocomposite materials (NCMs) (or 
materials in a restricted geometry). This enables us to use 
some experimental methods that require a large amount of 
nanostructures (for example neutron scattering, heat capacity 
measurements etc.).  
Such NCMs have been extensively studied in recent years, 

and it has been shown that the reduction of physical size from 
the microscopic scale down to the meso- and nanoscopic 
scales results in a change of the majority of physical properties 
of NCMs, such as temperature and type of phase transitions 
(PT) [1–6], dielectric permittivity [7-9], atomic mobility of 
constituent ions [10-12], flowing of liquids in a confined 
geometry [12,13] and so on. One of the important aspects of 
NCMs is phase stability as a function of spatial dimension, 
geometry, topology and size of nanoparticles. The properties 
of NCMs and, in particular, of various types of PT 
(superconducting [14-16], superfluid [17,18], melting-freezing 
[6, 19-24], and other PTs [4, 7, 25-33] in different NCMs) 
have been extensively studied by calorimetry [19,21, 32], 
NMR [23,33-34], ultrasonic [35] and dielectric [7-9, 25] 
measurements, Raman [36,37], x-ray [26,28,30,38] and 
neutron scattering [4,6,11,39, 40-48], differential thermal 
analysis [49], etc. It has been shown that NCMs can form 
either a system of isolated particles [6] or a net of 
interconnected dendrite clusters [44,45], and their physical 
properties differ drastically from those in the corresponding 
bulk samples and strongly depend on different characteristics 
of porous matrices and embedded substances, such as pore 
size and geometry, wetting ability, surface tension, interaction 
between NCM and the surface of the host matrix, and so on. 

This paper presents a review of properties and structure 
peculiarities of magnetic and ferroelectric nanocomposite 
materials on the basis of various artificial and natural porous 
matrices, such as porous glasses (3D dendrite interconnected 
net of nanochannels), artificial opals (3D regular net of 
nanocaverns), chrysotile asbestos (quasi-1D nanowires), 
MCM-41 and SBA-15. 

II. NANOCOMPOSITES WITH MAGNETIC ORDERING 

The magnetic nanoparticles are of great interest because of 
their unique physical properties for practical applications. It 
has been shown that these properties drastically change in the 
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conditions of “restricted or confined geometry”. These 
conditions assume: 
 the number of atoms at the surface of nanoparticles 

becomes comparable with the total number of atoms; 
 particle size is comparable with the length of the magnetic 

and atomic interaction. 
Although the integral methods (e.g., Mössbauer 

spectroscopy, SQUID-measurements and others) have the 
higher luminosity and sensibility in contrast with diffraction, 
the physical interpretation of any experiment is impossible 
without knowledge of detailed magnetic and atomic structure 
of nanoparticles. Obviously, similar information can be 
obtained by the diffraction methods only, because the 
electronic (or other) microscopy does not provide the proper 
accuracy and resolution. 

As host matrices, we used porous glasses with average pore 
diameter 70±3 Å, SBA-15 matrices with channels diameters of 
47–87 Å and MCM-41 matrices with channels diameters of 
24–35 Å. MnO, CoO and Fe2O3 were synthesized by a 
chemical bath deposition method. Manganese oxide was 
selected since the magnetic behaviour of the bulk was well 
studied. This oxide has an antiferromagnetic structure, for 
which the magnetic and nuclear Bragg reflections are well 
separated [50,51]. The magnetic order in bulk MnO occurs by 
a first order transition at 117±1 K [52], accompanied by a 
distortion of the cubic structure [51,53]. 

A. The magnetic Order inside and on the Surface of 
Nanoparticles 

Reduction of magnetic moment. The first neutron 
diffraction experiments with nanoparticles in the condition of 
a “restricted geometry” were performed with the classic 
antiferromagnet MnO embedded into a porous glass [4]. 
Manganese oxide is very suitable for the studies of magnetism 
in the “restricted geometry”. First, the oxide has a simple 
antiferromagnetic structure, for which the magnetic and 
nuclear Bragg reflections are well separated. Secondly, MnO 
is easily synthesized inside the cavities. Thus, it is possible to 
introduce a large quantity of oxide sufficient to perform 
neutron research. And third, manganese has a negative nuclear 
scattering length, while the oxygen has a positive scattering 
length. This provides a good contrast in the neutron diffraction 
that allows the controlling of stoichiometry with a high 
accuracy. At last, ion Mn2+ has a large magnetic moment of 5 
μB/ion. The magnetic order in the bulk MnO occurs by a first 
order transition at ~ 117 K, accompanied by a distortion of the 
cubic structure [53]. Indeed, new Bragg reflections appearing 
below 122 K – Néel temperature – show the onset of the 
correlated magnetic order in the embedded nanoparticles (Fig. 
1).  

The diffraction lines are broadened with respect to the 
instrumental resolution, indicating that the correlation length 
is finite. The observed diffuse background is due to the porous 
silica glass. The indexing of the observed magnetic reflections 
corresponds to antiferromagnetic ordering similar to that for 
the bulk MnO. The shape of the reflections below the Néel 
temperature indicates structural distortions and matches to the 
trigonal distortion of a cubic lattice.  

From the intensity of the magnetic Bragg reflections, the 
ordered magnetic moment at 10 K was found to be 3.84(4) 
μB/ion. This value, averaged over the magnetic region, turns 
out to be noticeably smaller than the experimental value of 
4.892 μB/ion reported for MnO.  

 
Fig. 1. Neutron diffraction patterns of MnO embedded into a porous glass. 

The stripes mark the positions of Bragg reflections corresponding to 
the trigonal distorted lattice. The solid line corresponds to the 
calculated profile. In the inset, the fragment of a typical micrograph of 
pore network in porous glasses is shown. 

 

Moreover, the average size of a magnetic cluster turns out 
to be significantly smaller than the average size of a 
nanoparticle (Fig. 2). In the diffraction experiment, the surface 
spins, disordered on the atomic scale, do not contribute to the 
coherent magnetic Bragg reflections. Therefore, the reduction 
of the net moment can be easily explained by random moment 
canting. The difference between Dmag and Dnucl could be due to 
several factors. It could result from the breakdown of the large 
magnetic aggregates into smaller ones because of necks or 
other irregularities in the porous media. Another explanation 
could come from the random canting of spins at the surface of 
the nanoparticle near the pore walls and the formation of a 
“layer” with spin disorder. As a result, the orientation of the 
surface magnetic moments could be altered from that in the 
core. Such disordering is a well-established phenomenon for 
nanoparticles. 

 
Fig. 2. Temperature dependencies of the volume-averaged diameters of 

magnetic (Dmag) and nuclear (Dnucl) regions, solid and open circles, 
respectively 
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The electron spin resonance (ESR) in the MnO inside 
porous media clearly shows the existence of the local spin 
ordering [54]. The analysis of the ESR signal from confined 
MnO shows two signal components, one corresponds to 
crystallized MnO, while another component is due to MnO in 
an amorphous state. Such an analysis allows us to investigate 
the magnetic behaviour of the crystallized and amorphous 
parts of the embedded MnO separately. 

The ESR signal associated with the crystalline MnO within 
a porous glass shows a behaviour having many similarities to 
the bulk. However, in contrast to the bulk (compare (a) and (c) 
panels in Fig. 3), the strong ESR signal due to disordered 
surface spins is observed below the transition. 

Magnetic moments in the different crystallographic 
positions in maghemite γ-Fe2O3. Classical ferrimagnetic iron 
oxides, in particular, maghemite (γ-Fe2O3) are widespread in 
nature. They have been known since ancient times and are 
widely applied at present [55]. Neutron diffraction 
experiments with maghemite show that the oxide incorporated 
within porous glass has the spinel structure with unoccupied 
positions, which corresponds to the known structure of 
maghemite [56].  

 
Fig. 3. Intensity (a) and lineshape (b) of the ESR signal from the bulk MnO. 

Intensity (c) and linewidth (d) of the ESR signal from MnO confined to 
a porous glass. Open circles correspond to the signal from crystalline 
MnO and solid circles correspond to the signal from amorphous MnO 

 
The spinel structure contains two types of voids: tetrahedral 

(eightfold A position) and octahedral (16-fold B position). 
Magnetic ions can occupy both positions (Fig. 4). Maghemite 
has the structural formula (Fe3+)[ Fe3+

5/6□1/6]2{O2–}4. In this 
formula, the parentheses and square brackets refer to the 
tetrahedral and octahedral voids, respectively, and the symbol 
□ corresponds to vacancies.  

It appears that the magnetic moments in confinement are 
noticeably different in positions A and B, although Fe3+ does 
not carry the spin moment and the crystal field effect should 
be negligible. Such an effect was not observed in the bulk and 
resulted from the size-effect.  

 

 
Fig. 4. Crystal structure of spinel with tetrahedral (A) position (in black) and 

octahedral (B) position (in grey). 

 
Let us consider the nearest environment of the magnetic 

ions at two positions. The magnetic ion in position A has 4 
neighbours in the same positions with the same moment 
direction and 12 neighbours in position B with the opposite 
spin direction. The ion in octahedral position B has 6 
neighbours with the same spin direction in positions B and 6 
neighbours with the opposite spin direction in positions A. 
Assuming the same spin values in positions A and B, and 
taking into account the spin directions, the exchange integrals 
in positions A and B are proportional to JA = –12JAB + 4JAA 

and JB = –6JBA + 6JBB, respectively. Substituting the exchange 
integrals values known for the bulk (we suppose that they are 
close to those in confinement) maghemite, we obtain JA/JB = 
2.19. Thus, the moment in position B is bound two times more 
weakly by the exchange interaction in respect with position A. 
The more weakly bound spin in position B must evidently be 
more disordered due to the breaking of local symmetry, and, 
consequently, its mean value is lower. 

The coexistence of two magnetic phases because of the 
different constant anisotropy on the surface and in the cores 
of hematite nanoparticles confined to porous glass [57]. The 
bulk hematite has the corundum crystal structure and presents 
two-sublattice antiferromagnet with the Néel temperature of 
950 K. At 260 K hematite undergoes a spin-reorientation 
transition, known as the “Morin transition”. Below the 
transition, the moments in two magnetic sub-lattices are 
exactly antiparallel and aligned along the rhombohedral [111] 
axis (c-axis in the hexagonal setting) (AF phase). Above the 
transition, the moments lie in the basal plane (111) with a 
slight canting resulting in a weak net moment originating from 
Dzyaloshinskii–Moriya anisotropic super-exchange interaction 
(WF phase). The spin flip is related to the competition of two 
terms with different temperature dependencies: the magnetic 
dipolar interaction and the single-ion anisotropy arising from 
higher order spin-orbital effects that lead to the different sign 
of the anisotropy constant.  

It turns out that the magnetic contributions into the neutron 
diffraction patterns in the hematite nanoparticles measured at 
300 K and at 10 K are similar. It means that at least down to 
10 K there is no any phase transition in confined 
nanoparticles, in other words, the “Morin transition” is 
suppressed in the “restricted geometry”.  

The analysis of the observed intensities of the magnetic 
reflections shows that they substantially differ from the 
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intensities, which correspond to the single WF or to the single 
AF phases. The observed patterns can be equally well 
described by two models, which are indistinguishable in the 
frame of the neutron powder diffraction.  

The first model assumes that the resulting moment tilts 
from the rhombohedral axis. The alternative model assumes 
two magnetic phases: in one phase the magnetic moments are 
aligned along the rhombohedral axis, as in the bulk hematite 
below the Morin transition (AF phase), and in the other phase 
the magnetic moments are confined to the perpendicular plane, 
as in the bulk hematite above the Morin transition (WF phase).  

The data analysis of the neutron diffraction taking into 
account the results of Mössbauer spectroscopy supports the 
last model of the two co-existing magnetic phases, 
corresponding to the phases, which in the bulk hematite exist 
separately above and below the Morin transition. In the case of 
nanoparticle one phase exists at the surface, while another one 
exists in the core, because of the difference in the anisotropy 
constants.  

B. Magnetic Phase Transitions in the “Restricted 
Geometry” 

Сontinuous transition in the nanostructured 
nanoparticles. The temperature dependencies of the magnetic 
moment of the embedded nanoparticles MnO and that in bulk 
are shown in Fig. 5 [4]. Fitting the observed magnetic moment 
dependence with a power law m(T) ~(1- T/TN)β yields the Néel 
temperature TN =122.0(2) in contrast with TN of 117 K in the 
bulk.  

In Fig. 5 it is clearly seen that the discontinuous, first order 
transition in the bulk becomes continuous in the “restricted 
geometry”. Rigorously, singularities at phase transitions occur 
in the thermodynamical limit only, when the system is infinite 
along some directions in space [58]. If the system is finite 
along all dimensions, it cannot exhibit a singular behaviour. 
Computer simulation of phase transition in finite-size systems 
confirms this general conclusion.  

 
Fig. 5. Temperature dependence of the scaled magnetic moment of MnO 

embedded in a porous glass (solid circles) and in the bulk MnO (open 
circles). The solid line corresponds to a fit with a power law. The 
moment dependencies on a logarithmic scale are shown in the inset. 

There is extensive literature, which shows that the 
continuity and “smoothing” (“rounding”) of the phase 
transition in the “restricted geometry” are general phenomena 
that follow from the restrictions on the length of the magnetic 
fluctuations by the size of nanoparticles [59,60].  

Indeed, the correlation length ξ when approaching the 
transition from the above can be described by a power law:  

 
Here η is the so-called critical exponent. In the case of a finite 
system the ξ (T) at transition temperature TC is restricted by 
the characteristic size of nanoparticle L,  

 
It immediately follows that TC in confinement should be lower 
than TC in the bulk:  

 
Really, this law is observed in all known cases (see, for 

example, confined CoO [61]). However, the nanostructured 
compounds with Mn2+ ion do not obey this law. Probably, it is 
connected with the specific electronic structure of Mn2+. Up to 
now there is no clear explanation of this phenomenon.  

Evolution of the magnetic phase transition in MnO, 
nanostructured within the channels of MCM matrices. 
Unusual behaviour was observed for nanoparticles of MnO 
nanostructured within the channels of the MCM-41 matrices 
in the form of thin nanoribbons. In Fig. 6 the temperature 
dependencies of the normalized magnetic moment for MnO 
confined to the channels of different diameter are shown. The 
solid line corresponds to a fit with a power law m(T) ~(1- 
T/TN)β. Critical exponent β corresponds to the definite 
theoretical model of the magnetic system. For example, β = 
0.5 corresponds to the so-called mean-field theory, when in a 
three-dimensional system all possible magnetic bonds work.  

From neutron and x-ray powder diffraction it follows that 
the lengths and thinness of the nanoribbons are similar for all 
matrices. Therefore, the channel diameter is the only 
characteristic parameter, which defines the dimension of the 
system. In Fig. 7 the channel dependence of the critical 
exponent β and TN is shown. It is seen that with channel 
decrease the critical exponent β decreases that corresponds to 
a decrease in the dimensionality of magnetic system. In other 
words, with channel decrease the system anisotropy increases 
and magnetic system on nanoparticle becomes more and more 
close to one-dimensional model. 
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Fig. 6. Temperature dependence of the magnetic moment for MnO confined to 

the channels of different diameter. The solid line corresponds to a fit 
with a power law 

 
Nanoparticles confined to the large channels are expected to 

behave as constrained three-dimensional systems. However, 
with a decreasing channel diameter, one expects a crossover to 
one-dimensional behaviour. In this case, the magnetic 
fluctuations should destroy the long-range magnetic order and 
TN should go to zero. However, in our case we see that TN does 
not extrapolate to zero with a decreasing channel diameter 
(Fig. 6).  
 

 
Fig. 7. Dependencies of the Néel temperature TN (a) and exponent β (b) on 

channel diameters from the fitting with a power law 
 

C. “Exchange Biased” Magnetic Moment in the “Core-
shell” Systems  

Such systems present the antiferromagnetic core of MnO 
with a thin layer of ferrimagnetic γ-Mn2O3 [62,63]. 
Remarkably, while the MnO core is found to have TN not far 
from its bulk value (117 K), the magnetic order of the 
ferrimagnetic shell persists far above TC (43 K) of the bulk. In 
Fig. 8 the temperature evolution of the characteristic magnetic 
reflection is displayed. 

 
Fig. 8. Temperature dependence of the intensity of the magnetic peak (shown 

in the insert) with the next contributions from the MnO core: 
reflections: (1/2,1/2,1/2), (1/2,- 1/2,-1/2) and from the γ-Mn2O3 shell: 
reflections (1,0,1) and (- 1,0,1). The contribution from the MnO core 
calculated from the profile analysis is shown by triangles 

 

The magnetic signal, which is proportional to square of the 
ferrimagnetic moment observed above TN and TC, up to the 
room temperature, is clearly seen.  

We attribute the observed stable magnetic moment in the 
ferrimagnetic γ-Mn2O3 shell to the exchange coupling between 
the antiferromagnetic MnO core and the ferrimagnetic shell, as 
has been observed in the film layered systems. This 
phenomenon should be considered a proximity effect, when 
the net ferromagnetic moment due to local violation at the 
surface (interface) of antiferromagnetic core biases the 
ferrimagnetic constituent.  

III. FERROELECTRICS IN A RESTRICTED GEOMETRY 

For NCMs with embedded ferroelectrics, very interesting 
and sometimes surprising results have been obtained in recent 
years. In particular, the dielectric measurements of NaNO2, 
KH2PO4 (KDP), KD2PO4 (DKDP), Roshelle salt, KNO3 
within porous glasses and artificial opals have shown the 
unexpected growth of the real and imaginary parts of the 
dielectric susceptibility ε above the temperature TC of the 
ferroelectric PT [7-9, 27, 44, 64]. In such a situation, an 
increase in the imaginary part of ε could be attributed to the 
appearance of conductivity, but in this case the microscopic 
origin of such conductivity was absolutely unclear. The most 
remarkable result was the giant growth of ε (up to 108 at 100 
Hz) upon approaching the bulk melting temperature that was 
observed for NaNO2 embedded in artificial opals.  

These experimental results were the starting point for a 
detailed study of the temperature evolution of structure of 
confined NaNO2. To understand the microscopic nature of the 
observed giant growth of dielectric permittivity in the 
paraelectric phase we have performed the complex study of 
structure and properties of these NCMs, including neutron 
scattering, measurements of heat capacity, NMR, small angle 
neutron scattering (SANS), dielectric measurements, etc. 
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A. Samples  

Sodium nitrite belongs to the order-disorder ferroelectrics 
and undergoes the first order phase transition at TC ≈ 437 K. 
At room temperature (RT) NaNO2 has a body centred 
orthorhombic lattice (a = 3.57 Å, b = 5.578 Å, c = 5.39 Å) 
with two molecules per unit cell, and its space group is Im2m. 
In the low-temperature ferroelectric phase, the spontaneous 
polarization points along the b-axis and appears due to a 
partial alignment of NO2 groups along this axis, accompanied 
by the displacement of sodium ions. At high temperature 
(above TC) a mirror plane perpendicular to the b-axis appears 
and the space group changes to Immm. Bulk sodium nitrite 
melts at 554.1 K.  

KDP and medium deuterated DKDP have a tetragonal 
structure at the ambient temperature and undergo a phase 
transition at about 123 K to ferroelectric phase with space 
group (SG) Fdd2. The high-deuterated DKDP undergoes the 
ferroelectric phase at 223 K. In the bulk KNO3 crystals the 
ferroelectric phase is observed only when cooling at 
atmospheric pressure in the temperature range from 383 K to 
398 K. 

As porous matrices we used porous glasses with average 
pore diameters of 320±20, 46±5, 20±3, 7±1 and 3±0.5 nm, 
artificial opals and chrysotile asbestos with an average 
diameter of channel of 6±1 nm. The samples with 
nanostructured NaNO2 and KNO3 were produced by the 
immersion of empty vacuum dried porous glasses in the 
melted NaNO2 (or KNO3) for several hours. Due to a high 
wetting ability, these salts penetrate the pores and fill about 
22–25% of total sample volume. KDP, DKDP and Rochelle 
salt were prepared from water solutions of salts. The filling in 
this case was about 10% of total sample volume. 

B. Dielectric Data 

In Fig. 9 the temperature dependencies of real ε’ and 
imaginary part ε’’ of dielectric permittivity of NCMs with 
NaNO2 embedded into 7 nm porous glasses are presented. 
 

 
Fig. 9 Temperature dependencies of real ε' and imaginary ε" parts of 

dielectric response for NaNO2 within 7 nm porous glasses at different 
frequencies 

 
At low frequencies, the exponential growth of ε is observed. 

At 0.1 Hz, the value of ε' achieves 108 at 490 K, but we have 
not observed the peak corresponding to the ferroelectric PT in 
the dependencies ε(T). It links with great growth of 

conductivity in the vicinity of PT due to high mobility of 
sodium ions approaching (and above) TC. The anomalies at TC 
are observed on dependency dε"/dT only. From the analysis of 
dispersion curves we have determined the parameters of 
relaxation phenomena and the value of DC (direct current) 
conductivity σ(T) of NCM. This dependency corresponds to 
the Arrhenius law with activation energy of ~ 1 eV. 

C. Structure Evolution and Phase Transitions 

The diffraction patterns at 300 K, 420 K (below TC) and 460 
K (above TC) for sodium nitrite within 7 nm glasses are 
presented in Fig. 10.  

 
Fig. 10. Neutron diffraction patterns at 300 K, 420 K and 460 K. The arrows 

indicate the positions of (022), (132) and (123) Bragg peaks in the 
ferroelectric phase 

 
At all temperatures, the structure of embedded sodium 

nitrite corresponds to the orthorhombic structure of the bulk 
NaNO2, but in addition to normal diffraction peaks a diffuse 
background is also observed due to scattering on porous silica 
glass. The widths of the observed diffraction peaks are larger 
than the instrumental resolution, but clearly smaller than the 
value expected for scattering on isolated 7 nm particles. The 
average size (≈45 nm) of clusters was determined from the 
structure refinement and was found to be practically 
temperature independent up to 460 K. Heating through TC 

results in the decrease in intensity of most of the peaks at large 
scattering angles 2θ, i.e., at large h k l, and this effect is much 
stronger than in the bulk material. Above 523 K, we did not 
observe any diffraction peaks corresponding to the sodium 
nitrite structure, i.e., nanocomposite NaNO2 melted entirely 
below the bulk Tmelt.  

In the case of NaNO2, there are two principal distinguishing 
groups of Bragg peaks: the intensity of diffraction peaks is 
proportional to 

|F|2 = F2
real + η2(T) × F2

im, 

where Freal and Fim are the real and imaginary parts of the 
structure factor F, and η is the order parameter for the 
ferroelectric phase. For sodium nitrite, there are two families 
of reflections with different dependencies on η: the first ones, 
where Fim~ 0 or F2

im << F2
real (for example (110), (011), (101) 

and (200)), are independent from the order parameter, and the 
second ones (the part of them marked by arrows in Fig.10), 
where F2

im >> F2
real ((022), (123), (132)). The values of F2

im 
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and F2
real for different reflections in the ferroelectric phase are 

presented in Table 1.  
 

 
Fig. 11. Temperature dependencies of the order parameter for the bulk (black 

squares) [65] and NaNO2 embedded into porous glasses with average 
pore diameters 30 Å (stars), 70 Å (open triangles) and 200 Å (open 
circles) 

 

TABLE 1 

REAL AND IMAGINARY PARTS OF THE STRUCTURE FACTOR FOR SODIUM 

NITRITE IN THE FERROELECTRIC PHASE FOR DIFFERENT REFLECTIONS 

H K L F2
real F2

im 

0 1 1 2.83 0.02 

1 1 0 6.74 0.07 

1 0 1 8.17 0 

2 0 0 8.18 0 

0 2 0 10.82 0.009 

1 1 2 0.006 0.687 

0 2 2 0.254 3.864 

0 1 3 0.01 1.065 

1 3 0 0.36 0.266 

2 2 0 3.81 0.054 

1 3 2 0.054 2.762 

1 2 3 0.3 2.718 

0 4 2 0.028 5.128 

 
It is easy to see that the intensities of these peaks are 

practically proportional to η2. The curves η(T) for NCM (Fig. 
11) can be well fitted by a power law (1- T/TC)β with 
TC=418.5±3.5 and 423.6±2.1 K for the 3 and 7 nm porous 
glasses, respectively. The critical exponent β is equal to 
0.33±0.04 for both NCMs. This value of β is in a good 
agreement with the value (0.362±0.004) obtained for the 3D-
Ising model [66], by computer simulation of finite-size scaling 
for a second order PT. The curve η(T) for NCM for the 20 nm 
porous glass differs principally from those for nanocomposites 
with 3 and 7 nm pores and looks similar to the dependence 
obtained for the bulk [65]. The crossover of PT for small 
nanoparticles from the first order to the second order was 
confirmed by measurements of heat capacity [67].  

 
Fig. 12. Temperature dependencies of the unit cell volume for 3 nm (black 

squares), 7 nm (open squares) and 20 nm (open rhombuses) porous 
glasses and the massive sodium nitrite 

 
In Fig. 12 the temperature dependencies of the unit cell 

volume for all types of NCMs and for the bulk are presented. 
These curves for NCM are visibly different from that for the 
bulk. The appearance of the fast increase in the volume for all 
NCMs is observed at ~380 K, i.e., below TC, and at high 
temperature these values exceed the unit cell volume of bulk 
sodium nitrite in the vicinity of the melting point. Such 
behaviour can be considered evidence of lattice “softening” in 
NCM with 3 and 20 nm pores as it has been proven earlier for 
sodium nitrite within 7 nm glasses. This essential increase in 
unit cell volume of ~8 % (and a decrease in density) must lead 
to a visible change of contrast at SANS. Indeed, it is easy to 
see in Fig. 13 that upon heating throughout TC (~164 C) the 
contrast changes approximately1.5 times at Q ≈ 0.018 Å-1. 

 
Fig. 13. Temperature dependencies of intensity of SANS for NaNO2 within 7 

nm porous glasses. Black line corresponds to scattering on empty 
porous glasses 

 

D. Thermal Vibrations and Pre-melted State 

The analysis of neutron diffraction patterns enables us to 
obtain information concerning the thermal motions of 
constituent ions of sodium nitrite within porous matrices. 
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The results at 420 K (below Tc) and 460 K (above Tc) are 
presented as ellipsoids of 50% probability in Fig. 14 and as 
ellipsoids of 5% probability in Fig. 15 (since oxygen thermal 
displacements are very large for a porous sample). For the 
bulk material, these ellipsoids are close to a sphere at all 
temperatures, and the amplitudes of thermal motion do not 
change practically upon heating throughout TC. For confined 
sodium nitrite below TC, these ellipsoids are clearly 
anisotropic and slightly larger than for the bulk, but upon 
heating through TC the picture changes drastically.   

 
Fig. 14. Ellipsoids of thermal motions for the bulk (left) and confined within 

7 nm porous glasses (right) NaNO2 below TC 

 
Fig. 15. Ellipsoids of thermal motions for the bulk (left) and confined within 

7 nm porous glasses (right) NaNO2 above TC 

 
In the paraelectric phase (above Tc), the vibrations of Na 

and N form practically the flat disks perpendicular to the b 
direction for Na and the a direction for N as a result of mixed 
rotation around the a and c axes, while oxygen ions form very 
stretched ellipsoids predominantly along the a and c 
directions, as should be expected at increasing rotation around 
the b axis. The values of oxygen thermal displacements along 
the c and a directions at 460 K (above TC) are equal to 1.21 
and 0.93 Е, respectively [i.e., more than 25% of O-O (3.34 Е) 
distance for neighbouring NO2 groups]. These values 
essentially exceed the Lindemann criterion for melting. This 
experimental fact (and the sharp growth of unit cell volume 
upon heating through TC ) allows concluding that above TC 
and up to melting (~525 K) a specific volume pre-melted state 
with high mobility of constituent ions forms in confined 
sodium nitrite more than 100 K below the bulk Tmelt. It is 
necessary to underline that this pre-melted state is not related 
to the spreading surface (we have observed the diffraction 
peaks essentially above TC), but it has a volume character and 
probably originates from some size effect of yet unclear 
nature. Measurements of NMR on 23Na isotope confirm the 
growth (approximately twentyfold) of sodium mobility in this 
NCM upon heating [68]. 

E. Size Effect and Metastable Phases 

The neutron diffraction patterns for high-deuterated DKDP 
show strong broadening of Bragg reflections due to size-effect 
leading to large peak overlapping. Surprisingly, the measured 
patterns at all temperatures appear to be inconsistent with the 
profiles simulated in the orthorhombic 2Fdd  and tetragonal 

dI 24 space groups (SG). From the comparison of the 
obtained diffraction patterns with the simulated ones, 
calculated for different crystal structures reported for DKDP 
(KDP) (see Table 1), it follows that the observed patterns can 
be best fitted by the monoclinic crystal structure with SG 

12P and the unit-cell parameters close to reported in [69] for 

high-deuterated DKDP. Unfortunately, the hydrogen positions 
for this monoclinic structure are unknown. Moreover, due to 
low symmetry and strong peak overlapping it is impossible to 
refine these positions from our data. Therefore, we have 
refined the average diameter (size) of the embedded 
nanoparticles and the unit-cell parameters only in the so-called 
“matching mode” by the FULLPROF program. The 
temperature dependencies of these parameters are shown in 
Fig. 16 and there is no any anomalies in the temperature 
interval of 90–308 K, i.e., the ferroelectric phase transition is 
absent in this temperature span for confined DKDP.  

 
Fig. 16. Temperature dependencies of refined average diameter of 

nanoparticle (a); unit cell parameters for monoclinic cell (b): a (solid 
circles), b/2 (open circles) and c (triangles); monoclinic angle β (c) 
for high-deuterated DKDP embedded into 7 nm porous glasses. 

 
It is shown that the monoclinic modification of the high-

deuterated K(D1-xHx)2PO4 can exist at room temperature 
[70,71] and crystallize from the high-deuterated (≈ 98%) 
aqueous solution only [70], but at ambient conditions this 
modification transforms into the tetragonal form in a few days 
[71]. Our samples with DKDP were also crystallized from the 
aqueous solution and prepared some months before the 
experiment and stored at ambient conditions; therefore, the 
stability of the observed monoclinic phase was surprising. It is 
possible that such stability is associated with the size-effect 
and/or with characteristics of interaction of DKDP with a 
porous matrix. 

Some years ago it was shown that thin films of KNO3 
exhibit ferroelectric properties at room temperature [72]. One 
of the simple ways of producing nano-sized ferroelectrics is to 
introduce them into the porous glass matrices. As it is shown 
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in the paper [64] for KNO3 embedded into porous glasses an 
increase in a pore diameter from 320 nm to 46 nm leads to an 
extended temperature range, where the metastable ferroelectric 
phase exits. In Fig. 17 the temperature dependencies of е' upon 
heating and cooling for KNO3 embedded into 320, 46 and 7 
nm porous glasses are presented. It is easy to see that an 
increase in nanoparticle size leads to smearing of PT and an 
increase in thermal hysteresis. For NCM with 7 nm pores a 
sharp growth of е' due to melting of potassium nitrate within 
pores is observed and Tmelt in this case is essentially smaller 
than in the bulk (600 K).  

 
Fig. 17. Temperature dependencies of real part of dielectric permittivity for 

KNO3 within various porous glasses upon cooling and heating 

IV. CONCLUSIONS 

We have studied the physical properties and crystal 
structure of various ferroelectric and magnetic NCMs on the 
basis of porous matrices with a different average pore 
diameter and, therefore, we can define some common features 
of these materials: 
1. Embedding from wetting melt and chemical embedding 

produce non-spherical clusters with an average diameter 
larger than the pore diameter. 

2. For some NCMs there is the critical size of nanoparticles 
when the crossover of PT type is observed. 

3. Examined ferroelectric NCMs with small particles 
demonstrate the giant dielectric permittivity in the 
paraelectric phase. 

4. A new volume pre-melted state with extremely large 
thermal motions of constituent ions has been recovered for 
sodium nitrite. 

5. The confinement can stabilize metastable phases. 
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Aleksejs Fiļimonovs, Andrejs Rudskojs, Aleksandrs Naberežnovs, Sergejs Vahruševs, Jekaterina Koroļova, Igors Golovskis, Jurijs 
Kumžerovs. Jauni nanokompozītu materiāli uz porainas dielektriskas matricas bāzes 
Darbā pētīta mākslīgi ierobežotas ģeometrijas ietekme uz nanokompozītmateriālu makroskopiskajām īpašībām, kristālisko struktūru un fāžu 
pārejām, kas veidoti uz porainas matricas bāzes ar nanometra izmēru kanāliem, un kā pildvielu satur segnetokeramiskos un magnētiskos 
materiālus. Kā porainās matricas izmantoti poraini stikli ar vidējo poru diametru 320±20, 46±5, 20±3, 7±1 un 3±0,5 nm, sintētiskie (mākslīgie) 
opali, hrizotilasbests, matricas SBA-15 ar vidējo poru diametru diapazonā no 47-87 Å un MCM-41 ar poru izmēriem 24 Å, 35 Å, 47 Å, 68 Å 
un 87 Å. Magnētiskie materiāli – MnO, CoO un Fe2O3 tika sintezēti tieši matrices porās, bet segnetoelektriķi porās tika ievadīti no kausējuma 
(NaNO2, KNO3) vai ūdens šķīduma (KH2PO4 (KDP), KD2PO4 (DKDP), segneta sāls). DKDP deiterēšanas pakāpe sasniedza 98%. Pētījumi tika 
veikti ar neitronu difrakcijas un rentgenstarojuma, maza leņķa neitronu izkliedes, elektronu paramagnētiskās rezonanses un dielektriskās 
spektroskopijas metodēm. Parādīts, ka ierobežotas ģeometrijas apstākļos notiek MnO magnētiskā momenta samazināšanās (3.84(4) μV/jon. 
salīdzinot ar 4.892 μV/jon. tilpuma materiālam), bet magnētiskās sakārtotības apgabals kļūst būtiski mazāks par nanodaļiņas kodola izmēriem, 
t.i., uz nanodaļiņas virsmas magnētiskais sakārtojums tiek izjaukts, pie kam MnO nanodaļiņām novērota pāreja no pirmā veida fāžu pārejas uz 
otro. Tāds pats efekts vērojams mazajās porās esošajam segnetoelektriķim NaNO2. Noteikti nanodaļiņu raksturīgie izmēri un uzņemta sakarība 
starp fāžu pārejas temperatūru un nanodaļiņu izmēriem. Parādīts, ka daļai nanokompozītu materiālu, kas satur segnetoelektriķus, vērojams 
straujš efektīvās dielektriskās caurlaidības ε pieaugums augsttemperatūras fāzē, pie kam pie zemām elektriskā lauka frekvencēm ε vērtības 
sasniedz 109. 
 
Алексей Филимонов, Андрей Рудской, Александр Набережнов, Сергей Вахрушев, Екатерина Королева, Игорь Головский, 
Юрий Кумжеров. Новые нанокомпозитные материалы на основе пористой диэлекрической матрицыВ работе рассматривается 
влияние условий искусственно ограниченной геометрии на макроскопические свойства, кристаллическую структуру и фазовые 
переходы в нанокомпозитных материалах на основе пористых матриц с нанометровыми каналами, содержащих внедренные 
сегнетоэлектрические и магнитные материалы. В качестве пористых матриц использовались пористые стекла со средним диаметром 
пор 320±20, 46±5, 20±3, 7±1 и 3±0.5 нм, искусственные опалы, хризотиловые асбесты, матрицы SBA-15 с несколькими средними 
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диаметрами пор в диапазоне 47–87 Å и MCM-41 с порами 24 Å, 35 Å, 47 Å, 68 Å и 87 Å. Магнитные материалы MnO, CoO и Fe2O3 
непосредственно синтезировались в порах матриц, а сегнетоэлектрики вводились в поры либо из расплава (NaNO2, KNO3), либо из 
водного раствора (KH2PO4 (KDP), KD2PO4 (DKDP), сегнетова соль). Степень дейтерирования DKDP достигала 98 %. Исследования 
проводились методами дифракции нейтронов и рентгеновского излучения, малоуглового рассеяния нейтронов, электронного 
парамагнитного резонанса и диэлектрической спектроскопии. Показано, что для MnO в условиях ограниченной геометрии 
происходит уменьшение магнитного момента (3.84(4) μB/ион по сравнению с величиной 4.892 μB/ион для массивного материала), а 
размер области с магнитным упорядочением становится существенно меньше ядерного размера наночастицы, т.е. на поверхности 
наночастицы магнитный порядок оказывается разрушенным. При этом для наночастиц MnO наблюдается изменение рода фазового 
перехода от первого рода ко второму. Такой же эффект наблюдается и для сегнетоэлектрика NaNO2 в малых порах. Определены 
характерные размеры наночастиц и построены зависимости температур фазовых переходов от их размеров. Показано, что для ряда 
нанокомпозитных материалов, содержащих сегнетоэлектрики, наблюдается резкий рост эффективной диэлектрической 
проницаемости ε  в высокотемпературной фазе, при этом ε достигает значений до 109 на низких частотах. 
 
 


