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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:

o the number of atoms at the surface of nanoparticles
becomes comparable with the total number of atoms;

e particle size is comparable with the length of the magnetic
and atomic interaction.

Although the integral methods (e.g., Maossbauer
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 A, SBA-15 matrices with channels diameters of
47-87 A and MCM-41 matrices with channels diameters of
24-35 A. MnO, CoO and Fe,O; 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 1171 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 Mn®" has a large magnetic moment of 5
pg/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.
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From the intensity of the magnetic Bragg reflections, the
ordered magnetic moment at 10 K was found to be 3.84(4)
pg/ion. This value, averaged over the magnetic region, turns
out to be noticeably smaller than the experimental value of
4.892 pp/ion reported for MnO.
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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 Dy e and Dy 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.
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Fig. 2. Temperature dependencies of the volume-averaged diameters of
magnetic (D) and nuclear (Dnu.) 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 y-Fe,0;. Classical ferrimagnetic iron
oxides, in particular, maghemite (y-Fe,O;) 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].
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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 (Fe*")[ Fe*'s01/6],{O* }4. In this
formula, the parentheses and square brackets refer to the
tetrahedral and octahedral voids, respectively, and the symbol
O corresponds to vacancies.

It appears that the magnetic moments in confinement are
noticeably different in positions A and B, although Fe’* 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.

)
AN
v

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 J; = —12J,3 + 4J44
and Jp = —6Jp4 + 6Jpp, respectively. Substituting the exchange
integrals values known for the bulk (we suppose that they are
close to those in confinement) maghemite, we obtain J,/Jz =
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 Mdssbauer 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”
Continuous  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/T, V4 yields the Néel
temperature Ty =122.0(2) in contrast with 7Ty 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.

IS

2 10+ .

g d porous °* . S bulk

= media ¢ o

1) 0.8' ] o

= lg(1-1/T,,)

£ 061 ;ﬁmO‘\:

(] . b

E ) " : -3 \

S 04 1 . 1 g "‘-.

N 1] 12 ‘

S 02|’ - ﬁ

o 1001 0.10 1.00 |

c 0.0 LN L S S R =iy
0.0 0.5 1.0

normalized temperature 7/T,

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.
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There 1is 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 & when approaching the
transition from the above can be described by a power law:

T v
" Teo(bulk) K
Here # is the so-called critical exponent. In the case of a finite

system the & (7) at transition temperature T¢ is restricted by
the characteristic size of nanoparticle L,

(1) =¢0)

c
T(.[_bufk)| '

It immediately follows that 7¢ in confinement should be lower
than T in the bulk:

§(Tc) = L =£(0)[1 —

1/v
]

Really, this law is observed in all known cases (see, for
example, confined CoO [61]). However, the nanostructured
compounds with Mn*" ion do not obey this law. Probably, it is
connected with the specific electronic structure of Mn**. 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(7) ~(1-
T/Ty)’. Critical exponent B corresponds to the definite
theoretical model of the magnetic system. For example, f =
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 f and Ty is shown. It is seen that with channel
decrease the critical exponent S 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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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
Ty should go to zero. However, in our case we see that Ty does
not extrapolate to zero with a decreasing channel diameter

(Fig. 6).
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Fig. 7. Dependencies of the Néel temperature 7y (a) and exponent § (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 y-Mn,O; [62,63].
Remarkably, while the MnO core is found to have T not far
from its bulk value (117 K), the magnetic order of the
ferrimagnetic shell persists far above T¢ (43 K) of the bulk. In
Fig. 8 the temperature evolution of the characteristic magnetic
reflection is displayed.

temperature (K)

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 y-Mn,O; 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 Ty and T, up to the
room temperature, is clearly seen.

We attribute the observed stable magnetic moment in the
ferrimagnetic y-Mn,Oj3 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 NaNO,,
KH,PO, (KDP), KD,PO, (DKDP), Roshelle salt, KNO;
within porous glasses and artificial opals have shown the
unexpected growth of the real and imaginary parts of the
dielectric susceptibility & above the temperature 7. of the
ferroelectric PT [7-9, 27, 44, 64]. In such a situation, an
increase in the imaginary part of & 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 & (up to 10° at 100
Hz) upon approaching the bulk melting temperature that was
observed for NaNO, embedded in artificial opals.

These experimental results were the starting point for a
detailed study of the temperature evolution of structure of
confined NaNO,. 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 7¢ =~ 437 K.
At room temperature (RT) NaNO, has a body centred
orthorhombic lattice (a = 3.57 A, b = 5.578 A, ¢ = 5.39 A)
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 NO, groups along this axis, accompanied
by the displacement of sodium ions. At high temperature
(above T¢) 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 340.5 nm,
artificial opals and chrysotile asbestos with an average
diameter of channel of 6+1 nm. The samples with
nanostructured NaNO, and KNO; were produced by the
immersion of empty vacuum dried porous glasses in the
melted NaNO, (or KNO;) 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 & and
imaginary part €’ of dielectric permittivity of NCMs with
NaNO, embedded into 7 nm porous glasses are presented.

T — T
300 350

T T — T
TK 400 450

Fig. 9 Temperature dependencies of real &' and imaginary €" parts of
dielectric response for NaNO, within 7 nm porous glasses at different
frequencies

At low frequencies, the exponential growth of € is observed.
At 0.1 Hz, the value of €' achieves 10* at 490 K, but we have
not observed the peak corresponding to the ferroelectric PT in
the dependencies &(T). It links with great growth of
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conductivity in the vicinity of PT due to high mobility of
sodium ions approaching (and above) Tc. The anomalies at T¢
are observed on dependency de"/dT only. From the analysis of
dispersion curves we have determined the parameters of
relaxation phenomena and the value of DC (direct current)
conductivity ¢(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 T¢) and 460
K (above T¢) for sodium nitrite within 7 nm glasses are
presented in Fig. 10.
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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
NaNO,, 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 7.
results in the decrease in intensity of most of the peaks at large
scattering angles 20, i.e., at large h k 1, 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 NaNO, melted entirely
below the bulk T

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

F|* = Forea+ 77(T) x F2p,

where F,., and F;, are the real and imaginary parts of the
structure factor F, and # is the order parameter for the
ferroelectric phase. For sodium nitrite, there are two families
of reflections with different dependencies on 1: the first ones,
where Fin~ 0 or F4, << F*,. (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 F%p, >> Fq ((022), (123), (132)). The values of F%y,
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and F?,, for different reflections in the ferroelectric phase are
presented in Table 1. 18y i ‘ ' i ' . '
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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 A (stars), 70 A (open triangles) and 200 A (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 Frea Fin
0 1 1 2.83 0.02
1 1 0 6.74 0.07
1 0 1 8.17 0
2 0 0 3.18 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 03 2718
0 4 2 0.028 5.128

It is easy to see that the intensities of these peaks are
practically proportional to n*. The curves n(T) for NCM (Fig.
11) can be well fitted by a power law (I- T/T) with
Tc=418.543.5 and 423.6+£2.1 K for the 3 and 7 nm porous
glasses, respectively. The critical exponent B is equal to
0.33+£0.04 for both NCMs. This value of B 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 n(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].

T.K

Fig. 12. Temperature dependencies of the unit cell volume for 3 nm (black
squares), 7 nm (open squares) and 20 nm (open rthombuses) 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 T¢, 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 T¢ (~164 C) the
contrast changes approximately1.5 times at Q ~ 0.018 A™.
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Fig. 13. Temperature dependencies of intensity of SANS for NaNO, 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 7¢) and 460 K (above 7Tc) 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 T¢. For confined
sodium nitrite below T, these ellipsoids are clearly
anisotropic and slightly larger than for the bulk, but upon
heating through T the picture changes drastically.

423 K bulk 420 K inss
o T i&;r;::z»::!l:;—.%: .
| | . ‘
$ Lol
| | |
O
L] -8 .
o° ®

Fig. 14. Ellipsoids of thermal motions for the bulk (left) and confined within
7 nm porous glasses (right) NaNO, below T¢

458 K bulk 460 K glass

BE

Fig. 15. Ellipsoids of thermal motions for the bulk (left) and confined within
7 nm porous glasses (right) NaNO, above T¢

In the paraelectric phase (above 7Tc), 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 ¢ axes, while oxygen ions form very
stretched ellipsoids predominantly along the @ and ¢
directions, as should be expected at increasing rotation around
the b axis. The values of oxygen thermal displacements along
the ¢ and a directions at 460 K (above 7¢) are equal to 1.21
and 0.93 E, respectively [i.e., more than 25% of O-O (3.34 E)
distance for neighbouring NO, 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 T¢
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 7. 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 T¢), but it has a volume character and
probably originates from some size effect of yet unclear
nature. Measurements of NMR on **Na isotope confirm the
growth (approximately twentyfold) of sodium mobility in this
NCM upon heating [68].
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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 Fdd?2 and tetragonal

142d 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

P2, 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.

= oC =
% E—ZOO '.E Toapat & - - o e, emes
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=
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= 7.6 =
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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 ¢ (triangles); monoclinic angle S (c)
for high-deuterated DKDP embedded into 7 nm porous glasses.

It is shown that the monoclinic modification of the high-
deuterated K(D;Hy),PO4; 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 KNOj;
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 KNO; 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 e' upon
heating and cooling for KNO; 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 e' due to melting of potassium nitrate within
pores is observed and Ty, in this case is essentially smaller
than in the bulk (600 K).

- —320nm heating
320nm cooling
46nm heating

=— 46nm cooling
7nm cooling
7nm heating

KNO, in porous glass
F=90 kHz

T T T T T T T
320 360 400 440 480 520 560
TK

Fig. 17. Temperature dependencies of real part of dielectric permittivity for
KNO; 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 Filimonovs, Andrejs Rudskojs, Aleksandrs NabereZnovs, Sergejs VahrusSevs, Jekaterina Korolova, Igors Golovskis, Jurijs
KumZerovs. Jauni nanokompozitu materiali uz porainas dielektriskas matricas bazes

Darba pétita maksligi ierobeZotas geometrijas ietekme uz nanokompozitmaterialu makroskopiskajam pasibam, kristalisko struktiiru un fazu
parejam, kas veidoti uz porainas matricas bazes ar nanometra izméru kanaliem, un ka pildvielu satur segnetokeramiskos un magnétiskos
materialus. Ka porainas matricas izmantoti poraini stikli ar vidg€jo poru diametru 320+20, 46+5, 20+3, 7+1 un 3+0,5 nm, sintétiskie (maksligie)
opali, hrizotilasbests, matricas SBA-15 ar vid&jo poru diametru diapazona no 47-87 A un MCM-41 ar poru izmériem 24 A, 35 A, 47 A, 68 A
un 87 A. Magnétiskie materiali — MnO, CoO un Fe,0; tika sintez&ti tie§i matrices poras, bet segnetoelektriki poras tika ievaditi no kausgjuma
(NaNO,, KNO;) vai aidens skiduma (KH,PO, (KDP), KD,PO, (DKDP), segneta sals). DKDP deiteré$anas pakape sasniedza 98%. P&tijumi tika
veikti ar neitronu difrakcijas un rentgenstarojuma, maza lepka neitronu izkliedes, elektronu paramagnétiskas rezonanses un dielektriskas
spektroskopijas metodém. Paradits, ka ierobezotas geometrijas apstaklos notick MnO magnétiska momenta samazinasanas (3.84(4) py/jon.
salidzinot ar 4.892 py/jon. tilpuma materialam), bet magnétiskas sakartotibas apgabals klust butiski mazaks par nanodalinas kodola izm@riem,
t.i., uz nanodalinas virsmas magnétiskais sakartojums tiek izjaukts, pie kam MnO nanodalindm nov&rota pareja no pirma veida fazu parejas uz
otro. Tads pats efekts vérojams mazajas poras eso$ajam segnetoelektrikim NaNO,. Noteikti nanodalinu raksturigie izméri un uznemta sakariba
starp fazu parejas temperatiiru un nanodalinu izmériem. Paradits, ka dalai nanokompozitu materialu, kas satur segnetoelektrikus, vérojams
straujs§ efekgﬁva'ls dielektriskas caurlaidibas € pieaugums augsttemperatiiras faz€, pie kam pie zemam elektriska lauka frekvencém e vértibas
sasniedz 10°.

Auexceii ®uinmonoB, Anapeii Pyackoii, Anexcanap HaGepexxnos, Cepreii Baxpymes, Exarepuna KoposeBa, Urops I'onoBckmuii,
KOpuii Kym:kepoB. HoBble HAHOKOMIIO3UTHBIE MATEPUAJIBI HA OCHOBE MOPUCTOI AMAJIeKpUYecKoii MmaTpuubiB padore paccMaTpuBaeTcs
BIIMSHHAE YCIIOBHI MCKYyCCTBEHHO OTPAHMYECHHOM IeOMETPHHM Ha MaKpPOCKOIIMYECKHE CBOHCTBA, KPHCTAJUIMYECKYIO CTPYKTYpy M (ha3oBbIe
repexoibl B HAaHOKOMIIO3UTHBIX MaTepHajaXx Ha OCHOBE IIOPUCTBIX MAaTpUll C HAaHOMETPOBBIMH KaHallaMM, COJCpIKALIUX BHEIPCHHBIC
CETHETORJIEKTPUUYECKUE U MarHUTHbIE MaTepUaibl. B kauecTBe MOPUCTHIX MAaTPHUL] UCIIOJIB30BATIUCH IOPHCThIE CTEKIIA CO CPEAHUM AUAMETPOM
mop 320£20, 4645, 2043, 71 u 3+0.5 HM, UCKYCCTBCHHBIC OMAJIbI, XPU30THUIOBBIC acOecThl, MaTpuilbl SBA-15 ¢ HECKONBKUMH CPETHUMHU
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JiMaMeTpamMu Iop B auanazone 47-87 A u MCM-41 ¢ nopamu 24 A,35A,47 A, 68 A u 87 A. MarnurHble matepuansl MnO, CoO u Fe,04
HETOCPEICTBCHHO CHHTE3UPOBAIIKMCH B MOPAaX MATPHII, & CETHETOICKTPUKH BBOIIINCE B MOPHI b0 u3 pacmaBa (NaNO,, KNOs), nu6o u3
BoxHoro pactsopa (KH,PO, (KDP), KD,PO, (DKDP), cerneroBa cons). Ctenens aeiitepupoanusi DKDP nocturana 98 %. Uccnenoanus
MPOBOAMINCH METOJaMHU IU(PAKIHMU HEHTPOHOB M PEHTICHOBCKOTO H3JIYYCHHS, MAJOYIJIOBOIO PACCEsSHHs HEHTPOHOB, 3JIEKTPOHHOTO
MapaMarHUTHOTO PE30HAaHCAa M JUIJIEKTPUYECKOW crekTpockonuu. [lokazano, uto mans MnO B yCIOBHAX OTpaHUYEHHOH TE€OMETPUH
MIPOMCXOAUT YMEHBIIEHHE MarHUTHOro MoMeHTa (3.84(4) [1p/MOH MO CpaBHEHUIO ¢ BeNMUWHON 4.892 |1p/MOH A1 MAaCCHBHOTO MaTepuaia), a
pa3Mep o0JIaCTH ¢ MarHUTHBIM YIIOPSJOYCHHUEM CTAHOBUTCS CYIIECTBEHHO MEHBIIE SAEPHOTO pa3Mepa HaHOYACTHUIEL, T.€. HAa MOBEPXHOCTH
HAHOYACTHIIBI MAarHUTHBIN MOPAIOK OKa3bIBAaeTCsl pa3pymeHHbIM. [Ipu sToM s Hanogactuy MnO HaGiomaercst u3sMeHeHue pozaa (azoBoro
nepexosa OT HEepBOro poja Ko BTopoMy. Takoil ke d¢dext Habmonaercss u i cerrerodtekTpruka NaNO, B Manbix mopax. OnpeneneHst
XapaKTepHbIe pa3Mepbl HAHOYACTHI[ U ITOCTPOSHBI 3aBUCUMOCTH TeMIlepaTyp (a3oBBIX IEpexoJ0B OT MX pa3MepoB. [lokasaHo, yto mis psaa
HAHOKOMITIO3UTHBIX ~MAaTepUajoB, COACPXKAIIUX CETHETOICKTPHKM, HaOJI0daeTcss pe3kuid pocT J(GGEKTUBHONW AMIICKTPUYECKOM
IPOHHIIAEMOCTH € B BEICOKOTEMIIEPATYPHOIT (ase, IPH STOM & JOCTHraeT 3HaueHHi 10 10° Ha HI3KHX YaCTOTAX.
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