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Emergence of Ferromagnetism in Nanoparticles of BeTiO3 Ceramic 
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Abstract—Emergence of ferromagnetism and an increase in the electrical conductance of BeTiO3 beryllium
ceramic with the perovskite structure were discovered experimentally. To explain the reason for appearance
of the metallic properties, models are proposed, and calculations of the electronic structure of nanoclusters
with different short-range order are performed.
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INTRODUCTION
Transition metal oxides show an excellent range of

magnetic, superconducting, and multiferroic phases,
which are of great scientific interest and are candidates
for innovative platforms in power engineering, safety,
electronics, and medical technologies. Atomic-scale
superlattices formed of transition metal oxides are
especially attractive objects for new physics. In super-
lattices, new states can emerge at interfaces where dis-
similar materials come into contact. Ferroelectric
order appears from heterostructures consisting of
oxide components with nominally contradictive
behavior [1].

The current status of research on the properties of
oxide ceramics has the following features: oxide
ceramic products enjoy remarkably wide and con-
stantly increasing practical application. Among the
well-known oxide materials—BeO, Al2O3, MgO, SiO2,
ZrO2, ThO2, etc.—the BeO ceramic should be pointed
out, since it has a thermal conductivity 3 times higher
than that of MgO and 4 to 6 times higher than that of
Al2O3 ceramic. At present, the BeO ceramic is widely
used in the electronics industry for dissipation of heat
liberated during operation of radio-engineering ele-
ments of functional electronics. The high thermal
conductivity, low value of dielectric losses, high elec-
tric strength, and high stability of electrophysical
properties allow applying the BeO ceramic in high-
frequency electronic circuits [2]. The presence of

developed interfaces and intergrain interactions and a
number of other factors related to the surface proper-
ties of BeO can have a significant effect on the physi-
cochemical and performance characteristics of the
composite ceramic based on BeO. One of the additives
capable of considerably changing the conductive and
other properties of the BeO ceramic is titanium diox-
ide TiO2.

It is known that introduction of TiO2 into the BeO
ceramic after thermal treatment in a reducing atmo-
sphere is accompanied by a considerable increase in
density, mechanical strength, electrical conductance,
and capability to absorb electromagnetic radiation in
the microwave spectral range [3, 4].

The mechanism of this effect has not been fully
established so far. In the process of sintering compos-
ite ceramics, beryllium oxide endows TiO2 with
increased density, mechanical strength, and thermal
conductivity [4]. At present, the most efficient mate-
rial showing increased density, mechanical strength,
good thermal conductivity, and capability to absorb
microwave radiation is the composition ВеО + 30 wt %
TiO2 (BT-30), in production of which micron-sized
TiO2 powder is used. Increased values of the mechan-
ical strength, density, electrical conductance, and
thermal conductivity, provided that the absorbing
characteristics remain the same, are of great interest to
the microwave and electronics industry [5–7].
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Fig. 1. Images of different TiO2 powders in scanning elec-
tron microscope: (a) micropowder with rutile structure
and (b) nanopowder.
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In the work, we study the nature of origination and
growth of magnetization and conduction in beryllium
ceramics as a result of agglomeration when TiO2 nano-
powders are added.

MATERIALS AND METHODS
To track the evolution of structural transformations

and other properties of the samples of beryllium oxide
ceramics modified with TiO2 nanopowder, samples
with nanopowder additions of 5, 10, 15, 20, 25, and
30 wt % were obtained.

The experimental samples were prepared by slip
casting in a heated die mold. The preliminarily
annealed starting ВеО powder with a specific surface
area of 11000 cm2/g (crystal size from 3 to 10 μm) was
mixed with the titanium dioxide nanopowder of the rutile
modification (specific surface area of 1.6 × 106 cm2/g) in
an ethyl alcohol medium using a roller mill 3 L in volume
and rotary bodies which were balls of beryllium oxide
ceramic 15 mm in diameter. The ground powder was
chemically purified with the help of a solution of tech-
INORGANIC MATERIALS: APPLIED RESEARCH  Vol.
nical-grade hydrochloric acid. After purification,
chemical analysis for the content of iron and other
impurities was performed. The content of ferromag-
netic impurities did not exceed 0.007 wt %.

RESULTS OF INVESTIGATIONS 
AND THEIR DISCUSSION

Microstructure

Figure 1 shows the micrographs obtained in a scan-
ning electron microscope from the TiO2 powders:
(a) micropowder with the rutile structure and
(b) nanopowder.

Figure 2a illustrates the micrograph obtained in a
scanning electron microscope from the sintered mix-
ture of the TiO2 micro- and nanopowders with beryl-
lium dioxide. Figure 2b gives a magnified fragment of
this image. Figure 2c displays the image of magnetic
contrast from the area illustrated in Fig. 2a. Figure 2d
shows the magnetic contrast obtained at a small mag-
nification of the electron microscope in comparison
with the contrast from the object holder in the top
right corner.

Figure 3 presents the magnetic hysteresis pictures
obtained on a vibration magnetometer at room tem-
perature from the beryllium ceramic sintered with the
titanium dioxide nanopowder.

X-ray Diffraction Analysis

By means of X-ray diffraction, the structure and
phase composition of the beryllium oxide ceramic was
investigated in relation to the content of the TiO2
nanopowder impurity phase. In addition, there was a
success in determination of the crystal-geometry
schemes of oriented intergrowth between TiO2 and
ВеО crystallites leading to formation of an intermedi-
ate layer with the perovskite structure.

By interpretation of the X-ray diffraction patterns,
orientation relationships which make it possible to
reveal an epitaxial connection between TiO2 and ВеО
were established. The (210) TiO2 atomic planes are
close to the (101) ВеО atomic planes, the (301) TiO2
atomic planes are close to the (110) ВеО atomic
planes, the (112) TiO2 atomic planes are close to the
(103) ВеО atomic planes, the (321) TiO2 atomic
planes are close to the (200) ВеО atomic planes, and
the (400) TiO2 atomic planes are close to the (201)
ВеО atomic planes (Table 1).

On the basis of interpretation of the X-ray diffrac-
tion spectra, it became possible to determine the sizes
of octahedral clusters of which the rutile structure is
formed (Fig. 4).

The compounds belonging to perovskite-like mate-
rials are such that their structure preserves the essen-
tial feature of perovskite: skeletons, layers, or rectan-
 12  No. 1  2021
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Fig. 2. Scanning electron microscopy images of sintered mixture of TiO2 micro- and nanopowders with beryllium dioxide:
(a) general view of sample; (b) magnified fragment of image (a); (c, d) magnetic contrast from sample shown in Fig. 2a at different
magnifications.
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Fig. 3. Magnetic hysteresis loops obtained on vibration
magnetometer at room temperature and values of mag-
netic field Н = (a) 10 and (b) 2 kOe.
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gular nets of octahedra, pyramids, or squares are
bonded via vertices [8].

Numerous investigations of perovskite-type com-
pounds with the composition АВО3 demonstrate that
such a structure can result even if there is some devia-
tion from conventional notions. For instance, the per-
ovskite-like structure of the beryllium–titanium oxide
ceramic based on barium oxide, lithium, and titanium
oxide with rhombic distortion, described in [9],
includes elements typical of the crystal lattice of tetrag-
onal tungsten bronzes and features the presence of
voids—structural vacancies in the barium sublattice.

Currently, the MTiO3–LnAlO3 (М = Ва, Sr, Са;
Ln: La, Sm, Nd) ceramics attract attention among
many researchers thanks to the controllable perovskite
structure and superior dielectric properties [10, 11].

In our case, in interaction between two crystal-
lites—titanium dioxide and beryllium oxide—mutual
penetration and redistribution of oxygen atoms
occurs, as a result of which new metal clusters sur-
rounded by oxygen appear.

Comparing the orientation relationships given
above, one may claim that epitaxial growth creates an
interlayer between TiO2 and ВеО in such a way that
the intermediate layer structure corresponds to the
perovskite-type structure shown in Fig. 5.

The ВеО structure exists in the form of a face-cen-
tered cube in which the octahedron is surrounded by
the tetrahedra centered with oxygen, so that an oxygen
tetrahedron forms.
INORGANIC MATERIALS: APPLIED RESEARCH  Vol. 12  No. 1  2021
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Table 1. Interpretation of some lines in X-ray diffraction
spectrum

No. 2θ θ d dTiO2 dBeO Structure

1 43.92 21.96 2.06 2.05 210 2.07 101 BeTiO3

2 69.3 34.9 1.35 1.34 301 1.36 110 BeTiO3

3 77.07 38.54 1.24 1.23 112 1.22 103 BeTiO3

4 82.5 41.25 1.17 1.169 321 1.18 200 BeTiO3

5 84.38 42.19 1.15 1.147 400 1.14 201 BeTiO3
A TiO2 nanoparticle combining with ВеО clusters
creates a perovskite crystal structure differing from the
classical crystal structure. Figure 6 shows different
structural models of the beryllium ceramic—two types
of twelve-vertex polyhedra: cuboctahedron (Fig. 6a)
and icosahedron (Fig. 6b) of oxygen atoms surround-
ing a beryllium atom. We determined an icosahedral
phase from interpretation of the X-ray diffraction
spectra.
INORGANIC MATERIALS: APPLIED RESEARCH  Vol.

Fig. 4. (a) Cluster rutile structure and (b) octahedral frag-
ment plotted on basis of interpretation of diffraction of
X-rays. Titanium atoms are shown in gray and oxygen
atoms are shown in black.
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The possibility of such structural transformations is
described in works by V.S. Kraposhin [11]. When pass-
ing from the octahedral to tetrahedral atomic packing,
the volume per atom decreases substantially. The
octahedron transforms into three tetrahedra, with the
volume decreasing by the volume of one tetrahedron.
A structure with the minimum free energy results,
which is a structure with a conductive phase in the
form of a twelve-vertex polyhedron—icosahedron—in
which the electron density is much higher owing to a
decreased volume per atom. In the icosahedral phase,
the electron density on the Fermi level is higher than
that in the phase containing a twelve-vertex polyhe-
dron of the classical perovskite.

Using impedance spectroscopy, for the first time,
the electrical and dielectric characteristics of this
ceramic were studied in the frequency range from
100 Hz to 100 MHz depending on the presence of a
micro- and nanosized TiO2 phase in the composition
of the ВеО ceramic. It is established that the static
resistance of the ceramic with the addition of titanium
oxide nanopowder considerably decreases compared
to the resistance of the initial ceramic with TiO2
micropowder [12].

In [13], the nature of ferromagnetism in BeTiO3
perovskite nanoparticles was associated with a high
density of structural defects.

In [14], space groups and relationships of the
parameters of order and strain (relationships of the
parameters of order in ABX3 perovskite structures)
 12  No. 1  2021

Fig. 5. Crystal structure of dielectric BeTiO3 perovskite
phase: at the center, there is a beryllium atom surrounded
by twelve oxygen atoms.
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Fig. 6. Two types of twelve-vertex polyhedra in BeTiO3
structure: (a) cuboctahedron and (b) icosahedron.
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Fig. 7. Density of electronic states for (a) octahedral clus-
ter and (b) icosahedral cluster.
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were studied. Parametric coupling and possible phase
transitions are described using Landau free-energy
expansions.

Electronic Structure Calculation

Investigations of the magnetic properties of clusters
formed in the structures based on BeTiO3 were con-
ducted from the perspective of the electron density
functional theory (DFT) [15] using a plane wave basis
and ultrasoft pseudopotentials [16]. In calculations,
the Quantum espresso program package was used [17].
The exchange-correlation functional in a generalized
gradient approximation (GGA) was taken in the Per-
dew–Burke–Ernzerhof (РВЕ) form [18, 19]. The cut-
off energy of the plane-wave basis was assumed to be
60 Ry. The electronic structure was calculated by inte-
grating in the Brillouin zone with the use of the k-grid
INORGANIC MATE
4 × 4 × 4 constructed according to the Monkhorst–
Pack method [20]. The chosen parameters of calcula-
tion were determined from investigating the conver-
gence of the total energy and magnetic moment of a
cluster with respect to the value of the plane wave basis
and partitioning of the Brillouin zone.

For investigating the magnetic properties of the
octahedral and icosahedral BeTiO3 phases, a spin-
polarized calculation was performed for isolated BeO6
and BeO12 clusters, which are an octahedron and ico-
sahedron, respectively. A Be atom was placed at the
center of each cluster, and O atoms were arranged at
the vertices. The lengths of the sides for each cluster
were 3.24 Å. As a result of calculation, the magnetic
moment for the icosahedral (BeO6) cluster turned out
to be 8μB. In addition, from the analysis of the density
of electronic states for each of the considered clusters
depicted in Fig. 7, it is seen that appearance of the
RIALS: APPLIED RESEARCH  Vol. 12  No. 1  2021
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magnetic moment is explained by different distribu-
tions of the density of electronic states with opposite
spins.

Hence, the result of calculation explains the exper-
imentally observed growth in magnetization for the
BeTiO3 powders when passing from the octahedral
phase to the icosahedral one. Such a result agrees with
publication [21], in which strong growth in the elec-
tronic states is shown for the icosahedral phase.

CONCLUSIONS
1. The technology of obtaining samples of nano-

composite ceramics with the composition ВеО + TiO2
was developed.

2. The evolution of structural phase transforma-
tions and the physical properties of beryllium oxide
ceramics modified with TiO2 nanopowder were studied.

3. The features of the physical properties of beryl-
lium ceramics are explained by structural transforma-
tions. The icosahedral short-range order creates a high
electron density on the Fermi level, which leads to
appearance and growth of magnetization of the material.
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