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ВВЕДЕНИЕ 

Сборник содержит материалы докладов участников 24 Международной конфе-
ренции по релаксационным явлениям в твердых телах (RPS - 24). Организаторами кон-
ференции являются Российская академия наук и Воронежский государственный техни-
ческий университет. 

Представленные материалы отражают полученные за последние четыре года ос-
новные результаты теоретических и экспериментальных исследований механизмов ре-
лаксационных процессов в металлах, полупроводниках, сегнетоэлектриках, магнети-
ках, полимерных материалах и гетероструктурах. В работе конференции заявлено уча-
стие представителей российских образовательных и научных организаций из Белгоро-
да, Благовещенска, Волгограда, Волжска, Воронежа, Екатеринбурга, Иркутска, Крас-
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ции, а также ученые зарубежных стран — Азербайджана, Польши, Украины, Германии, 
Китая, Франции, Египта и др. стран. 

Наряду с механической релаксацией, результаты исследований которой обсуждают-
ся традиционно подробно, на данной конференции в значительном объеме представле-
ны работы, посвященные анализу механизмов, диэлектрической и магнитной релакса-
ции, а также акустической спектроскопии. Особое внимание уделено релаксационным 
процессам в неоднородных и наноразмерных системах. 

Предлагаемое вниманию читателей издание содержит материалы, показывающие 
состояние вопроса и перспективы развития одного из актуальных разделов физики 
твердого тела — теории и экспериментального изучения механизмов механической, 
диэлектрической и магнитной релаксации. Полученные результаты весьма важны для 
современного материаловедения, поскольку позволяют прогнозировать поведение ма-
териалов при различных температурно-силовых условиях эксплуатации, при воздей-
ствии различных сред, а также анализировать, происходящие в них структурные изме-
нения. 

Сборник публикуемых статей включает следующие разделы: I. Вопросы теории ре-
лаксационных явлений; II. Механическая релаксация; III. Диэлектрическая релаксация; 
IV. Магнитная релаксация. V. Релаксация в наносистемах. VI. Разное. VII. Акустиче-
ская спектроскопия и ее приложения.
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STRESS-RELIEF CONCEPTS AND HETEROPHASE STRUCTURES 

IN PEROVSKITE-TYPE FERROELECTRIC SOLID SOLUTIONS 

V.Yu. Topolov

Professor, vutopolov@sfedu.ru 

FGAOU VO “Southern Federal University”, Rostov-on-Don, Russia

In the present review, results of the study on heterophase ferroelectric solid solutions with the 

perovskite-type structure are described and systematised. ‘Unit-cell parameters – domain structures –
heterophase structures’ relations are discussed in the context of stress-relief conditions for various

regions where either two or three phases coexist. 

Keywords: ferroelectric solid solution, domain structure, heterophase structure, stress relief, 

interface.  

Ferroelectric solid solutions with the perovskite-type structure are of great interest as 

materials that undergo structural phase transitions (polymorphic, field-induced or mor-

photropic, mainly the first-order phase transitions) and have complicated non-180 domain (or

twin) and heterophase structures, important physical properties etc. [1]. These materials are 

also regarded as modern active materials, and their properties can be analysed within the 

framework of the well-known ‘composition
 – 

structure
 – properties’ triangle. The perovskite-

type solid solutions are of interest due to the vast isomorphism of their crystal structure and 

due to a considerable dependence of the physical properties on modifying ions, domain and 

phase contents, domain-wall mobility, and so on. Studies on the perovskite-type solid solu-

tions show that jumps of the spontaneous polarisation and unit-cell parameters at the first-

order phase transition lead to internal mechanical stress fields that influence phase coexist-

ence to a large extent [1], and a stress-relief path may shed light on the phase-transition kinet-

ics and physical properties in polydomain/heterophase samples. The present review report is 

devoted to various heterophase states and related structures in the perovskite-type ferroelectric 

solid solutions and to stress-relief conditions that are considered in some temperature and mo-

lar-concentration ranges. 

The crystallographic algorithm and matrix approach are developed and applied to in-

terpret experimental data on the complicated heterophase structures and phase contents in 

terms of unit-cell distortions of domain types in the coexisting phases [1]. Orientations of pla-

nar stress-free interfaces between the polydomain (twinned) phases at their elastic matching 

are found by taking into account conditions for the complete stress relief at every interface 

such as a non-charged domain wall, a domain boundary that separates polydomain regions, 

and an interphase boundary.  

Specifics of the unit-cell behaviour in the phase-transition region and non-180 do-

main types (mechanical twins) in the coexisting ferroelectric phases are described within the 

framework of the matrix approach [1] that is suitable for various polydomain/heterophase 

samples and for coexisting ferroelectric phases from various symmetry classes. This matrix 

approach is applied, for instance, when analysing a link between the unit-cell parameters and 

heterophase structures in wide temperature and/or molar-concentration ranges. ‘Domain vol-

ume fractions
 – phase contents’ diagrams are put forward to interpret the heterophase states

and role of several domain types in forming the heterophase structures and phase contents un-

der the stress-relief conditions, especially near the morphotropic phase boundary [1].  

Our study is concerned with both lead-containing (group 1) and lead-free ferroelectric 

solid solutions (group 2), and the most important representatives are  

(i) Pb(Zr1-xTix)O3, (1
 – 

y)Pb(A1/3Nb2/3)O3
 – 

yPbTiO3, where A = Mg or Zn (group 1),

and 
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(ii) (1
 – 

w)(Na1/2Bi1/2)TiO3
 – 

wBaTiO3 and Ba(Ti1-zMz)TiO3, where M = Ce, Hf, Sn, or

Zr (group 2). 

It is shown that the complete stress relief is achieved in the overwhelming majority of 

the aforementioned ferroelectric solid solutions with compositions chosen near the 

morphotropic phase boundaries. Reasons for the incomplete stress relief are analysed for a 

few specific cases of the phase coexistence and non-180 domain structures in the adjacent

ferroelectric phases.  

Of independent interest are three-phase states near the morphotropic phase boundary. 

For these three-phase states, model concepts are put forward, and related stress-relief 

conditions are analysed for adjacent polydomain/heterophase regions. Hereby the active role 

of an intermediate phase in the stress relief is analysed by taking into account specifics of the 

perovskite unit-cell behaviour in the coexisting phases [1]. 

Results of the present study on the heterophase states, domain structures and phase 

contents are consistent with known experimental data on the ferroelectric solid solutions from 

the groups 1 and 2.  
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This paper is devoted to Brillouin study of the influence of different regimes of electric field 

application on the temperature behavior of a quasi-longitudinal acoustic phonon and quasielastic light 

scattering in the temperature range from 77 to 300 K in  PbMg1/3Nb2/3O3  (PMN) crystal. 

Keywords: relaxor ferroelectrics, acoustic phonon, quasielastic light scattering, phase transi-

tion. 

PbMg1/3Nb2/3O3 (PMN) is a model compound for studies of properties of a large fami-

ly of relaxor ferroelectrics with the general formula AB B O3. The PMN crystal lattice dy-

namics is characterized by a frequency-dependent anomaly of the dielectric response extended 

for hundreds of degrees which is not related to a structural phase transition. The crystal sym-

metry remains cubic up to helium temperatures. The electric field application leads to a 

change in the dynamics of phase transformations, i.e., a ferroelectric structural phase transi-

tion occurs in PMN. The results of PMN investigations under an applied electric field are 

clearly visualized in phase diagrams [1]. It is well known that relaxor properties depend on 

the applied field regimes. For example, Brillouin light scattering studies of the PMN proper-

ties in E ≠ 0 revealed the electroacoustic effect which manifested itself in the dependence of 
the behavior of the quasi-longitudinal acoustic (QLA) phonon velocity on the magnitude and 

direction of the applied field  [2].  

The goal of our studies reported here was to understand how the applied electric field 

regimes (E = 5 kV/cm) affect the behaviors of the QLA phonon with a wave vector q||[110] 

and quasielastic light scattering in the temperature range from 77 to 300 K. The following re-

gimes of electric field application were used: (i) Cooling in E = 0 (ZFC), the field application 

at the liquid nitrogen temperature, and then heating in the field (FH); (ii) Cooling (FC) and 

heating in the field (FH); and (iii) Cooling in the field (FC), removal of the field at the liquid 

nitrogen temperature and then heating in E = 0 (ZFH). The objects of the experiments were 

PMN samples 5x3x1 mm
3
 in size with the largest faces on which electrodes were deposited

perpendicular to the crystallographic [111], [110] and [100] directions. The measurements 

were carried out by Fabry-Perot tandem interferometer in a 180-degree scattering geometry. 

The light source was a laser with a wavelength of 514.5 nm. It was found that the behaviors of 

the QLA phonon and quasielastic light scattering exhibited anomalies that depended on the 
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applied field regimes and direction of applied field. The results are discussed within the 

framework of existing phase E-T diagrams and modern concepts of the physics of relaxor fer-

roelectrics. 
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Current literature presents quite a few facts evidencing that the energy barriers, which 

control various relaxation processes in metallic glasses, are determined by the unrelaxed shear 

modulus. This idea is put into the basis of the Interstitialcy theory of condensed matter states 

assuming that relaxation phenomena in metallic glasses are governed by structural “defects”, 
which by their properties are similar to dumbbell interstitials in crystalline metals. The for-

mation enthalpy of these defects is proportional to the shear modulus while the latter deter-

mines their concentration. Thus, precision measurements of the shear modulus allow monitor-

ing the defect concentration, which reflects the kinetics of relaxation phenomena in metallic 

glasses.  

This approach is being developed by the present authors during a few past years and 

found to be quite fruitful. It was shown that various relaxation phenomena occurring upon 

structural relaxation and crystallization of metallic glasses can be quantitatively explained 

within the framework of this approach. This applies first of all to numerous examples of the 

interrelationship between the relaxation of the shear elasticity and the heat effects (heat re-

lease or heat absorption). It was found that the excess internal energy of the non-crystalline 

state with respect to the maternal crystalline state is mostly determined by the elastic energy 

of the interstitial-type defects frozen-in upon glass production. This energy dissipates as heat 

upon crystallization of glass so that the heat of crystallization approximately equals to the 

elastic energy of these defects, which is controlled by the macroscopic shear modulus. The 

same approach allowed explanation of the relationship between the enthalpies of structural 

relaxation and crystallization of metallic glass with the melting enthalpy of the maternal crys-

tal. It was found that the excess enthalpy of metallic glass determined by the macroscopic 

shear modulus also controls the height of the low temperature boson heat capacity peak of 

metallic glasses. 

This presentation is devoted to a review of the above approach, which clearly demon-

strates a genetic relationship of the relaxation of the shear elasticity with various relaxation 

phenomena in metallic glasses. 
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The high-resolution mechanical spectroscopy, HRMS, was developed in a time span 

from 2011 [1] to 2019 in Kraków, Poland. In this lecture we present the multi-scale high-

resolution characterization of dissipation of mechanical energy in solids for low-frequency 

mechanical spectroscopy. The high-resolution mechanical spectrometer is a very sensitive tor-

sion pendulum characterized by an extremely low internal friction background, tan  2  10
-

5
, in the frequency range from 0.001 to 5 Hz. The sinusoidal external stress signal and the 

symbiotic strain response signal are acquired with a resolution of 24 bits at a sampling rate of 

around 10 kHz. The stress signal (harmonic or linear ramp) is generated by a 20-bit DAC. 

Stress and strain signals are subjected to simultaneous coherent sampling. 
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Progress in our ability to control and record low-noise stress and strain signals pave 

the way to high-resolution measurements of complex mechanical susceptibility: extremely 

small magnitudes of mechanical loss tangent, tan, high-resolution fine variations in shear 

modulus, and, thus, very low internal friction background. It should be emphasized that high-

quality stress and strain signals are subjected to on-line Signal Quality Test, which involves 

complementary and supplementary analysis of the signals in both the frequency and time do-

main. Experimental and computational tools exist to address both domains with high precision 

such as interpolated discrete Fourier transform (IpDFT) and Hilbert transform, and computa-

tion of ‘true envelope’ [2]. Thereby, the stress and strain signals can be analyzed at each step 
of the experimental procedure: (1) simulations carried out on synthetic signals, (2) analysis of 

the reference harmonic signal and (3) output signal from a bipolar amplifier, (4) strain signal 

acquired from a laser triangulation system, (5) signals’ deterioration caused by noise, (6) slow 

drifts of the base line of strain signal (zero-point drift, ZPD), and (7) standard signal analysis. 

The performance of computational methods and algorithms is also optimized. Recent experi-

mental results indicate that the mean background level in the high-resolution mechanical 

spectrometer ranges from 1 to 2  10
-5

 in the frequency range from 10
-3

 to 5 Hz. Moreover,

the dispersion of experimental points is negligible: from ±1  10
-5

 to ±2.5  10
-5

. It can be

safely concluded that the overall performance of the high-resolution mechanical spectrometer, 

HRMS, is more than one order of magnitude higher than current spectrometers (forced  tor-

sion pendula). As of writing this text, new high-resolution mechanical loss spectra are being 

measured; recent results are demonstrated, and new challenges and perspectives for the reso-

nant and subresonant mode are advocated. Furthermore, stochastic nature of investigated ma-

terial and imprecision in measurements are also tackled.  

It is noteworthy that commercially available DMA analyzers suffer from high back-

ground (tan  5  10
-3

) and low resolution, which drastically limits practical applications of

DMA instruments. 

Devised novel IpDFT methods provide precise estimation of the logarithmic decre-

ment, , and resonant frequency of exponentially damped sinusoidal signals embedded in ad-

ditive white Gaussian noise and corrupted by time-dependent zero-point drift (ZPD). As antic-

ipated, classical methods for determining the logarithmic decrement and frequency, for the 

same input data, yield incorrect results, and these inaccuracies are quantitatively assessed. In 

this context, we discuss the performance of the: (1) reference-resolution (RR) method de-

signed for ZPD-free exponentially damped sinusoidal signals embedded in additive noise, and 

(2) high-resolution (HR) method designed for exponentially damped sinusoidal signals em-

bedded in additive noise and corrupted by ZPD is illustrated and discussed. Hitherto unattain-

ably high-resolution estimations of the logarithmic decrement and resonant frequency are suc-

cessfully obtained. The devised methods and algorithms can be used in a wide range of damp-

ing magnitudes, that is, for logarithmic decrement ranging from 1×10
-9

 to 0.5.
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In this paper, the kinetic theory of orientation and absorption processes in flexible-chain pol-

ymer systems on solid substrates is depeloped in the mean field approximation. Kinetic equation for 

the order parameter was derived; its solution was obtained for two types of relaxation behavior during 

transitions to the state of chains completely torn off from the surface and the chains fully adsorbed on 

the substrate surface. 

Keywords: mean field approximation, flexible-chain polymer systems, orientational order pa-

rameter, absorption, relaxation times, critical slowdown. 

The investigation of physico-chemical properties of surface polymer structures: films, 

layers, membranes, etc. has not only theoretical, but also practical meaning associated with 

their unique characteristics important for use, for example, as protective coatings for sheet 

metal [1, 2]. The solution of the problem of adsorption of macromolecules is nessecary for 

constructing a theory of adhesion of polymers at interphase boundaries [2, 3]. 

For first order phase transitions of classical low-molecular systems, the description of 

both phases and the study of equilibrium and dynamic effects associated with the finite size of 

the system is a very difficult task [4]; it is achieved only by means of numerical calculations 

and computer simulation methods. 

In this paper, the critical behavior and dynamics of the orientation and absorption pro-

cesses of partially adsorbed polymer chains under the action of intermolecular orientational 

interactions with elongated sections of other chains were studied in the effective mean field 

approximation for the multichain version [5] of the “sticky tape” model [3]. 

Figure. The “sticky tape” model [3]: the schematic drawing of the polymer chain adsorbed on a plane 

surface (a) and the chain nearly completely peeled-off from it (b) at small and great intermolecular 

interactions correspondingly. The multichain version [5] of the “sticky tape” model: an adsorbed  

flexible macromolecule placed in mean field created by other chains (c). The energetic constants  

and V describe accordingly interactions with the surface and other chains  

(they are shown by dashed lines) 
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It is shown that the system has a first-order phase transition, accompanied by an in-

crease in fluctuations of the order parameter and adgesion degree, the presence of metastable 

states, and jumps in the degree of elongation and heat capacity of the chains at the transition 

point. Two transitions with different relaxation behavior were found: to the state of chains 

completely cut off from the surface and the state of fully adsorbed chains. At the transition 
point, a “critical slowing down” effect is obsered [6], which consistsin a sharp increase 
in the relaxation times to the mentioned states. 
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In the framework of the Landau – Khalatnikov theory, the spectrum of relaxation frequencies 

and it temperature dependences in the near of the second-order phase transition point in a thin ferroe-

lectric film were determined depending on the film thickness and degree of polarization fixation on the 

film surface. 

Keywords: soft mode, ferroelectric film, phase transition. 

The study of the relaxation time spectrum is necessary for understanding the general 

laws control the physical kinetics of materials, in particular, their thermal and electrical prop-

erties, absorption and damping of various types of waves. In second-order phase transitions, 

the shortest relaxation time in the system is the relaxation time of the order parameter. The 

relaxation of the order parameter in the phase transition under conditions of limited geometry 

and the influence of the environment is significantly different from the relaxation in the bulk 

material. The purpose of this work is to determine the temperature dependences of the lowest 

relaxation frequencies associated with the phase transition in a thin ferroelectric film for dif-

ferent thickness l and the degree of polarization fixation on the film surface. On the base of 

the Landau-Khalatnikov theory we write the dynamic equation, describing the oscillations of 

the polarization vector  0 0P , ,P :

0,
F P

P t

 
  

 
(1) 

where the first term is the variation of free energy F, and  is the damping factor. We expand 

the expression for free energy density [1] in a series near the Curie temperature TC of an ideal 

crystal: 

 22 21 1
,

2 2 2

s

V S

F P P dV P dS
V V

        
   (2) 

where  0 ,
C s

T T    are the volume and surface decomposition coefficients, re-

spectively; 
2

a  is the correlation constant, a is the lattice parameter; V and S are the vol-

ume and surface area of the film, respectively. Substituting expression (2) into (1), and, as-

suming a simple harmonic dependence of polarization on time     i t
P z,t P z e

  , we get

the equation 

     
2

2
0

d P z
i P z

dz
      (3) 

with boundary conditions 

   
0

0
s

z ,l

dP z
P z .

dz


   (4) 

Substituting the solution of equation (3) into the boundary conditions (4), we obtain a homo-

geneous system of linear equations for the integration constants .Equating it’s determinant to 
zero gives a transcendental equation for determining the temperature dependences of relaxa-
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tion frequencies 

 
2 2 2 2

2 2 sin 2 sin 0,
2 2

s s
l l

                   
   
   

(5) 

th s  solution can be obtained only numerically. In fig. shows the dependences of the soft 

mode  0 T for a model TGS crystal with parameters TC=322 , α0=3.92ˑ10-3 –1
[2] for 

different values of the normalized film thickness l/a and parameter αs/a of fixation polariza-

tion on the film planes. 

 

Figure. Temperature dependences of the normalized soft mode 0  of the film for different

normalized thicknesses l/a (a) and parameters αs/a (b) 

From fig. it can be seen that with decreasing temperature, the natural frequency ω0 de-

creases and drops sharply to zero at the point of phase transition. Temperature dependences of 

relaxation frequencies ω1, ω2, within the framework of the task are linear. Apparently, taking 

into account the own electric fields, will reveal the nonlinear character of these frequencies, 

which will give the model more realism. 
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On the base of Landau-Ginzburg theory, the shift of the phase transition temperature in a thin 

ferroelectric film, located between electrodes, are investigated depending on the film thickness and the 

type of polarization fixing on the film planes. 

Keywords: thin ferroelectric film, phase transition temperature. 

As is known, in a bulk ferroelectric at a phase transition (PT) temperature, its sym-

metry changes abruptly. In conditions of restricted geometry, for example in thin ferroelectric 

films (FEF), the PT point shifts, as a rule, down the temperature [1], and the solvability of the 

corresponding boundary value problem will be determined by the Fredholm alternative. In 

this case, both the temperature Tf of the PT and the type of solution near the transition point 

must change, which is associated with relaxation processes in the crystal. The purpose of this 

a) b) 
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work is to determine the temperature shift of the PT in a FEF, placed between two electrodes, 

and the temperature interval of the PT diffused depending on the thickness l of the film and 

the type of polarization fixed on its surface. 

We expand in series, near the Curie point TC, the specific free energy of a FEF with a 

polarization vector  0 0P , ,P , lying in the (x,y) plane, limited to a second powers [2]:

 22 2

2 2 2

s
ext

V S

F P P E P E P dV P dS,
            

   (1) 

where  0 C
T T   and αs are the volume and surface decomposition coefficients, re-

spectively; 
2

a  is the correlation constant, a is the lattice parameter; E and 
ext

E are the 

vectors of own and external electric field strength, respectively;  are contribution to the die-

lectric constant (mainly electronic), not considered using the order parameter; V and S are the 

volume and surface area of the film, respectively From variating of expression (1) we receive 

coordinate dependences 

 

 

1 2 3

1 2 3 4

cos sin ;

4 4
cos sin

P z C z C z C

z
z C z C z C C ,

 

 

 

 
 

    
     

  

   

(2) 

where 4 /     . The electric charges on the film planes are neutralized by the charg-

es of the electrodes; therefore, leakage field do not arise here. The electric field strength from 

the electrodes is represented as 

   0
,

l
h

l

 
 

whence the potential on the top plane is    0l hl    . Assuming for convenience of

calculations, the potential on the lower plane is equal to zero, we attain eventual the system 

for determining the integration constants 1, 2, 3, 4: 

 
 

0

0

0 0

s

z ,l

dP
P ,

dz

,

l hl.




  
 
  


(3) 

Equating the system determinant to zero (3) gives a transcendental equation 

 28
sin 1 cos sin 2 cos 0s

s s s

l
l l l l   

  


        
                       

 (4) 

for finding the first nontrivial solution that determines the temperature Tf of the PT. To 

find the temperature 
h

f
T of the FP in the external field, we use the Kronecker-Capelli theorem 

on the system compatible (3) (fig.). 

The situation, considered in the paper, represents example of anomalous physical phe-

nomena, where an arbitrarily weak external force generates a finite response of the system. 
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Figure. Dependences of the temperature 
h

f
T (a) and shift temperature T (b) of the PT on the  

normalized thickness of the TGS film under the action of an external field 
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Phase transitions and related anelastic effects are examined in Fe-xGa alloys (x = 8-33%) by 

means of in-situ neutron diffraction, vibrating sample magnetometry, dilatometry, and three different 

mechanical spectroscopy techniques: torsion forced pendulum, vibrating reed, and commercial DMA 

Q800. Anelastic transient effects due to ordering-disordering (D03  A2) in Fe-19Ga, and first order 

phase transitions (D03  L12  D019  B2) in Fe-27Ga compositions, are discussed with respect to 

phase and magnetic transitions. 

Keywords: phase transitions, mechanical spectroscopy, Snoek effect, Zener relaxation. 

Amplitude-independent thermally-activated and transient effects in as-cast Fe-(8-

33)%Ga alloys in a temperature range from 0 to 600°C and frequencies from 0.1 to 30 Hz 
were investigated. Activation energies and characteristic relaxation time are evaluated and 

analysed to conclude about the influence of Ga content on Zener relaxation, possible overlap-

ping of Snoek-type relaxation with another, still not well defined, mechanism [1-5]. The tran-

sient effect along with a sharp increase in the modulus is a sensitive tool to detect transition 

from metastable to stable structure in the Fe-Ga alloys. First ever systematic study of anelastic 
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effects in binary as cast Fe-Ga (with Ga < 33 at.%) alloys between 0 and 600°C is carried out 

in this work. The following conclusions can be drawn: 

- Three thermally activated IF effects (P1, P2 and P3 peaks) and a transient effect (PTr)

due to metastable/stable structure transition are recorded in Fe-Ga alloys and analysed. The 

P1 peak is recorded in the alloys with Ga < 30 at.%, the P2 peak e below Ga < 25at.% and the 

P2 peak - in the alloys with Ga > 25 at.%. The transient peak (PTr) is observed in the alloys 

with Ga > 24% and is accompanied by an increase in the elastic modulus. One more thermally 

activated peak (P4) can be distinguished close to the upper temperature limit of our tests 

(600°C), it is not discussed in this paper due to lack of experimental data in this temperature 

range. 

- The relaxation strength of the Zener relaxation in Fe-Ga alloys has a complicated

character: the relaxation strength increases with an increase in gallium content in the disor-

dered alloys with <19%Ga, then the relaxation strength decreases rapidly in the range 19 < Ga 

< 25 at.% due to alloys ordering. This anelastic effect is denoted in the paper as the P3 peak. 

In Fe-Ga alloys with Ga > 25 at.%, the P2 peak height increases with an increase in deviation 

from stoichiometric composition Fe3Al, and it vanishes after transition from the D03  L12 

structure. The values of the relaxation time for both P2 and P3 effects suggest point defect 

relaxation and a smooth decrease in the activation energy on Ga concentration in Fe-Ga al-

loys, which is in agreement with the Zener relaxation and theoretical predictions. 

This work was supported by RFBR grants No. 18-58-52007 ( NT_ ) and No. 18-58-

53032 (GFEN_ ) and also RNF grant No. 19-72-20080. 
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The vibration level in industry can be reduced using various vibro-isolating and vibro-

absorbing devices based on viscoelastic organic materials [1, 2]. However, viscoelastic organ-

ic materials are characterized by low elastic modulus, and application of these materials re-

duces rigidity of the assembly. Also, organic materials cannot be used at elevated (higher than 

200°C) or low (less than -70°C) temperatures, for instance in the satellite systems, where a 
small vibration of the laser beam makes the system useless. It is well-known that vibration, 

acoustic and operating properties of various precision devices can be improved with the help 

of High Damping Metals (HIDAMETs) [3, 4]. 

ADIF (Forced vibrations) 

Fig. 1. Dependence of damping capacity 

on the annealing temperature 

ADIF (Free decay) 

Fig. 2. Dependence of damping capacity 

on the annealing temperature 

Fig. 3. Dependence of max. damping capacity on annealing temperature 
The main structural mechanism of damping for the Fe-Cr alloys is magneto-
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mechanical damping due to irreversible motion of magnetic domain walls (DWs), which also 

leads to a magnetostriction effect. In this investigation, we used cold-rolled (CR) sheets of a 

high-purity Fe-18Cr alloy to find out the correlation between heat treatment and damping ca-

pacity as well as magnetic properties including magnetostriction and grain size. Damping ca-

pacity of the samples was measured in several structural states after different annealing treat-

ments using forced vibrations by means of dynamical mechanical analyzer Q800 TA Instru-

ment and self-made vibrating reed with free-decay of bending vibrations. The results show 

that the optimal properties for Fe-18Cr binary alloy were achieved after 800°C annealing of 
the CR sheets. Slow cooling of the samples after high-temperature heat treatment causes a 

marked decrease of the impact toughness, reduction of damping capacity and increase in the 

coercive force of the Fe-18Cr alloy. This effect is caused by spinodal decomposition of the 

Fe-Cr solid solution and formation of local zones enriched with Cr. Damping capacity results 

are shown in the following Fig. 1, 2 and 3. 

The work was carried out with support from the Ministry of Education and Science of 

the Russian Federation in the framework of increase Competitiveness Program of NUST 

“MISIS”, implemented by a governmental decree dated 16th of March 2013, No 211. This 
work was supported by the RNF project 19-72-20080. 
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One of the reasons for the promise of Magnetostrictive materials in a host of applica-

tions is the development of a new class of structural magnetostrictive materials. Iron–gallium 

alloys (galfenol) exhibit moderate magnetostriction (∼350 ppm) under very low magnetic 

fields 100 Oe (8000 A.m
−1

), have very low hysteresis, and demonstrate high tensile strength

(500 MPa) and limited variation in magnetomechanical properties for temperatures between 

−20 and 80o
C [1]. They have a high Curie temperature [1] and are corrosion resistant [2] and

biodegradable [3]. The raw materials used to produce FeGa alloys are relatively inexpensive

[2].

Several research techniques were used to study structure and phase transitions at heat-

ing and cooling of three Fe-Ga alloys with 25, 27 and 33 at.% Ga. Structure of these alloys in 

the as cast state and after different annealing regimes were characterized by XRD, SEM, 

MFM, HV and low-temperature heat capacity. Using high resolution neutron diffraction, it is 

proved that initial state of the as cast samples has the high temperature BCC-derivative D03 

phase which is metastable at room temperature. Heating of the as cast samples and their sub-

sequent cooling lead to a cascade of phase transitions changing sample’s structure, mechani-

cal and physical properties including damping capacity. The phase transitions were character-

ized by in situ neutron diffraction, internal friction, resistivity, vibrating sample magnetome-

try, dilatometry, and differential scanning calorimetry. Activation energy and relaxation time 

were calculated for thermally-activated relaxation peaks. Transition from metastable D03 to 

stable L12 phase at heating or isothermal annealing leads to significant changes in macro 

(grain size) and micro (atomic ordering) structure, hardness and magnetic properties (magne-

tostriction, magnetization and internal friction). According to our structural studies ND which 

shown in the following figure, composition Fe-25.5 at.% Ga below 600°C belongs to a sin-

gle phase (L12) range in contrast with existing equilibrium phase diagrams. 

Figure. Temperature dependences of the intensities of fundamental diffraction peaks and their first 

derivatives (transformation rate, right upper Y-axe) of different phases during the transition from  

the initial (D03 phase at RT) to the final (A2 phase above 750°C) state of the alloy Fe-25.5Ga (a),  

and of the alloy Fe-26.9Ga as well (b) during heating 

The work was carried out with support from the Ministry of Education and Science of 

the Russian Federation in the framework of Increase Competitiveness Program of NUST 

“MISIS”, implemented by a governmental decree dated 16th
 of March 2013, No 211 and RNF

project no. 19-72-20080. 
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Effect of spinodal decomposition on structure and rerevsible f.c.c.  f.c.t. martensitic trans-

formation in as-quenched Mn-15Cu and Mn-12Cu-3Cr alloys is investigated after different ageing 

treatment. According to the small angle neutron scattering, degree of spinodal decomposition in Mn-

15Cu samples aged for 8 h at 480 ºC is maximal, whereas for samples aged at 440 ºC, degree of spi-

nodal decomposition increases by increasing ageing time up to 120 hrs in agreement with DSC and 

internal friction results.  
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ity, SANS. 

Mn-Cu alloys are well-known materials with a remarkable damping capacity, shape 

memory effect and good mechanical properties [1-3]. Functional properties of Mn-Cu alloys 

are based on the f.c.c.  f.c.t. thermoelastic martensitic transformation (TEMT)  [4, 5]. Mar-

tensitic transformation in Mn-Cu alloys leads to a lattice structure change from the face cen-

tred cubic (f.c.c.) parent phase to the face centred tetragonal (f.c.t. with c/a < 1) martensite 

phase [6-8]. Mn-Cu alloys have a small transformation thermal hysteresis and phase transfor-

mation temperature is strongly affected by Mn content and heat treatment [9]. 

The structure of studied as-quenched from 850 ºC alloys is f.c.c., f.c.t. phases and α-

Mn, while an ageing treatment leads to a change in the volume fraction of co-existing phases 

and in the transition temperatures. The heat flow (DSC) and internal friction (IF) results show 

that the temperatures of the direct and reverse MT in Mn-12Cu-3Cr alloy approximately line-

arly increase by increasing ageing temperature from 400 ºC to 520 ºC at ageing time for 8 h. 
After ageing at 440 ºC from 1 to 8 h, temperatures of MT of as-quenched samples sharply in-
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crease, further long-term ageing leads to a slower increase. During MT, softening of elastic 

modulus is observed. Quenched Mn-12Cu-3Cr samples after ageing at 440 ºC for 5 h have 

enhanced amplitude dependent IF. According to the small angle neutron scattering (SANS), 

the degree of spinodal decomposition in the Mn-15Cu samples aged for 8 h at 480 ºC is max-

imal, whereas in the case of samples aged at 440 ºC, the degree of spinodal decomposition 

increases by increasing ageing time in agreement with DSC and IF results. Variations in tem-

peratures of direct and reverse MT due to ageing of the studied alloys are explained by spi-

nodal decomposition of Mn-Cu solution and formation of sonez enriched by Mn.  Ageing 

temperature and time, i.e. decomposition of the solid solution, have also a pronounced effect 

on the samples hardness.  
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The microstructural changes, volume fraction of co-existent phases, microstrains and 

internal friction of Fe-16Mn-8Cr-2Cr, Fe-22Mn-3Si and Fe-26Mn-4Si (wt.%) alloys have 

been investigated.  

From in situ neutron diffraction tests, we found that microstrains are isotropic in the -

austenite in the samples, whereas microstrains in the -martensite are apparently higher and 

strongly anisotropic. During thermal cycling, the internal friction and DSC peak of Fe-Mn 

based alloys for the direct martensitic transformation shifts in the direction of a lower temper-

ature, for the reverse martensitic transformation shifts to a higher temperature, enhancing the 

thermal hysteresis ΔT. 

Keywords: Fe-Mn based alloys, martensitic transformation, microstructure, in situ 

neutron diffraction, internal friction. 

The Fe-Mn based alloys are known as materials with an excellent combination of high 

strength, high ductility, and enhanced damping capacity [1-4]. They have been extensively 

investigated in recent years, and have even been given a special name HIDAS (high damping 

steels) [5]. 

After thermal cycling between room temperature and 350 ℃ with a 10 min holding 

time at high temperature over the phase transformation, volume fraction of -martensite in the 

annealed Fe-26Mn-4Si samples increases, while volume fraction of -martensite in the cold 

rolled samples decreases.  These results explain the changes in the hardness with thermal cy-

cling by increasing the ratio /  in the annealed samples and by decreasing the ratio /  in the 
cold rolled samples. In situ neutron diffraction tests reveal that microstrains are isotropic in 

the -austenite in the samples, whereas microstrains in the -martensite are pronouncedly 

higher and strongly anisotropic. During thermal cycling, the internal friction and DSC peak of 

Fe-22Mn-3Si alloy for the direct martensitic transformation shifts in the direction of a lower 

temperature, for the reverse martensitic transformation shifts to a higher temperature, enhanc-

ing the thermal hysteresis ΔT (Fig. 1). The transmission electron microscope and neutron dif-

fraction results demonstrate that lattice defects accumulation in the -austenite and -

martensite phases due to the volume difference of the transformed phases. They explain cor-

responding increase in the martensitic transformation hysteresis. Transient peaks height of the 

Fe-16Mn-8Cr-2Cr alloy (Q
-1 

Tr ) are dependent on a function K(Ṫ/f× 0) (Q
-1 

Tr  = 3,5×10-4Ṫ; Q
-1 

Tr  =

7,5×10-4
f
-1

 + 7,3×10-3
; Q

-1 

Tr  = 4,1×10-7-1 

0  + 0,01) during heating for reverse martensitic trans-

formation in accordance with the Wang model. On contrast to Ni-Ti and Mn-Cu alloys, the 

elastic softening does not take place during martensitic transformation in Fe-Mn based alloys. 

a b 
Figure. Effect of thermocycling between 0-350°C on the position and the shape of (a) the internal 
friction peaks (f = 1 Hz, 0 = 3.6 10

–5
, T = 3 K/min, n is cycle number); and (b) the DSC peaks

during martensitic transition in Fe-22Mn-3Si alloy 
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In this paper, the results of simulation of the switching in thin ferroelectric films are demon-

strated. A study of the effect of boundary conditions is presented. The study was conducted using the 

Ising model by the Monte Carlo method. 

Keywords: hysteresis curve, computer simulation, ferroelectric thin films, Monte Carlo meth-

od, depolarizing field, film thickness.  

To study the switching in thin ferroelectric films, we used a modified three-

dimensional Ising model. It is taken into account that under the influence of an internal elec-

tric field caused by spontaneous polarization, free particles move to the outer surfaces of the 

film and create an additional depolarizing field which depends on the value of the long-range 

orientation order in the film. The polarization was calculated by the Monte Carlo method.  

The hysteresis curves were calculated as a function of the frequency and the amplitude 

of the field, the temperature and the film thickness. The influence of the depolarizing field on 

the hysteresis curves for thin ferroelectric films has been investigated. To study this effect, the 

dependences of the area of the hysteresis curves for different values of film were also calcu-

lated. The effect of the depolarizing field weakens with increasing thickness of the film. This 

effect has a negligible influence for the film thickness of greater than 10 unit cells. 

The dependences of the magnitude of the coercive field on the film thickness are pre-

sented. 
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Research, Project № 19-32-50032.

 546.882.821.87

     
  -

. . 1, . . 2

1 . .- . , , gri7287@yandex.ru
2

-  .- . , , asn2@yandex.ru

  «   »

  ,       
       

         
 - .     

          
 . 

 : , , - , 
,  .

      -
          

       .

mailto:olgabaruzdina91@mail.ru
mailto:og62@mail.ru
mailto:sitnikov04@mail.ru


57 

       Ba0.97Sr0.03TiO3  
  La  Ce (0.35  0.60 . % ),   -

    .     
 ,    ,   -

 ,        -
  .      -

  ,        -
 [1].  

,         
       .  

   RLC-  Wayne Kerr 4270.  
     -

   , . .    .  -
  [2]    -   

  ,       
   .      -

     ,     -
 .       , 

     . 
   ,        

         .  -
    RC- ,   ,  
 ,      .  

.      

 (  1, 2, 3)      (  4, 5, 6) 
     :  

1  (1, 4), 10  (2, 5), 100  (3, 6) 

     ,   , 
        [3],  

    R       
 T: 

2
0 0 gb( ) exp( /8 )eR T R e N d kT   , 

 R0 – , e –  , Ne –    -
   , d –    , 0, gb – -

     , k –  -
. 



58 

     lnR–1/ gb    Ne (  
    2.9410

17
 

–2),     .
       .

1. Tsur Y. Crystal and Defect Chemistry of Rare Earth Cations in BaTiO3 / Y. Tsur, T.D.

Dunbar, C.A.Randall  // J. of Electroceram. – 2001. – V. 7. – P. 25–34.

2. Heywang W. Semiconducting Barium Titanate / J. Mater. Sci. – 1971. – V. 6. – P. 1214–
1226. 

3. Zhang F. Investigation of surface acceptor state density and resistivity jump of ytterbium-

doped (Ba, Sr)TiO3 materials / F. Zhang, Z. Zhang, Q. Mi, Z. Tang, P. Zhu // J. Mater. Sci. – 1999. –
V. 34. – P. 5051–5054.

UDC 537.226.83 

PHOTOCHROMIC EFFECT IN THE PZT FERROELECTRIC CERAMICS 

A.I. Burkhanov
1
, Al Walo Walo

2
, S.V. Mednikov

3
, A.S. Ponomarev

4

1
D-r Phys.-Math. Sci., professor, burkhanov@inbox.ru 

2
Master student, alwalowalo@gmail.com 

3
Cand. Phys.-Mat. Sci., Associate Professor, mednikov17@yahoo.com 

4
Chief of the laboratory, alpo5404@gmail.com 

Volgograd State Technical University 

The photochromic effect in unpolarized thin ferroelectric ceramics PZT was investigated. The 

numerical characteristics of the time dependences of the decrease in the optical transmittance during 

the exposure of the samples to the full spectrum of a fluorescent lamp at room temperature, as well as 

the numerical characteristics of the time dependences of the restoration of their optical transmittance 

upon subsequent exposure of the samples under darkened conditions, were obtained. The effect of 

thermal annealing of the exposed samples on the restoration of their initial light transmittance was 

studied. 

Keywords: photochromic effect, ferroelectrics, piezoelectric ceramics, kinetics of photo-

chrome color change, thermal annealing. 

The photochromic effect is understood as a reversible change in the optical properties 

of a substances (transmission, absorption, reflection, luminescence) induced by electromag-

netic radiation [1]. The most attractive type of photochromism is a reversible change in opti-

cal light transmittance. 

The photochromic effect was studied in samples of the PLZT transparent ferroelectric 

system [2-3]. In this work, we investigated the reversible change of optical transmittance in 

thin samples of the PZT ( -19) standard ferroelectric ceramics, which were previously

subjected to prolonged aging under darkened conditions.  

Samples with a thickness of 0.3 mm were irradiated with the full spectrum of a Camel-

lon fluorescent lamp (PESL-SF2 11 W / 865 E14). Registration of the light flux passing 

through the sample was carried out using an SF-4 photo element. Fig. 1A shows the kinetics 

of a decrease in the relative light transmission of samples T (t), in fig. 1B the kinetics of resto-

ration the initial light transmission T (t) after the end of the exposure is shown.  

The kinetics of growth of the photochromic effect is described by the exponential 

function 

,exp)1()( 1

1

1 B
t

Bt 














 



and the kinetics of light transmission restoration after the end of exposure is described by the 

exponential function 
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The obtained values of the constants of these exponents are: 1 = 14.82 ± 3.24 min, B1 

= 0.79 ± 0.04, 2 = 13.10 ± 1.54 min, B2 = 0.78 ± 0.03. 

)          ) 
Figure. A. The kinetics of reducing the light transmittance of samples during exposure; 

B. Kinetics of the restoration of light transmittance of samples after the end of the exposure

In contrast to the results of Caixia Xu et al [3], the kinetics of both processes in the 

PZT-19 ceramics are characterized by the same kinetic parameters of the exponents. 

The initial light transmission of the samples is fully restored after they are exposed in 

air at a temperature of +55 ± 3 °C for 10 minutes. Such small values of both the temperature 

and duration of thermal annealing suggest the physical nature of the photochromic effect in 

the PZT ceramics, which is caused by the presence of small traps in the band structure of lead 

zirconate – titanate. 

The obtained results are considered with using a Dember's photo effect theory for 

structures with point defects. 
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Temperature dependences of dielectric constant for the organic ferroelectric of diisoprop-

ylammonium iodide (C6H16NI) have been investigated. It was found that upon the first heating, only 

one phase transition occurred without the presence of ferroelectric phase. For samples preheated over 
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420 K, two phase transitions at 363 and 378 K appeared in heating process, and the ferroelectric state 

was also observed between them.  

Keywords: diisopropylammonium iodide; organic ferroelectrics; phase transition; dielectric 

properties. 

Diisopropylammonium iodide (C6H16NI) belongs to the family of organic 

ferroelectrics, which have several advantages over the widely used inorganic ferroelectrics in 

relation to light weight and environmental friendliness because of the absence of heavy metals 

in their structure [1-3]. In this regard, the present work is devoted to clarifying dielectric and 

thermal properties of polycrystalline sample of diisopropylammonium iodide.  

In the present work, diisopropylammonium iodide was synthesized through the reac-

tion between diisopropylamine and acidic aqueous solution of hydroiodic acid with mole ratio 

of 1:1. The diisopropylamine (Sigma-Aldrich, 99,95%) and HI (Scharlau chemie S.A., 57.0%) 

were utilized for the preparation process. The reaction mixture was stirred for 30 min and then 

filtered to get a solid residue, which was recrystallized from ethyl alcohol at 350 K. After 

evaporation of the solvent, acicular colorless diisopropylammonium iodide crystals were ob-

tained and then dried in a desiccator with calcium chloride. A crystalline powder formed after 

drying was carefully washed by diethyl ether and dried again in the desiccator with calcium 

chloride. Finally, the synthesized power was compressed into tablets of 12 mm in diameter 

and 1.5 mm in thickness under a pressure of 7500 kg/cm
2
.

The obtained results for temperature dependences of dielectric constant  for samples 

of DIPAI at different frequencies are presented in Fig. 1. Upon the first heating to 390 K, an 

anomaly found at 381 K as seen in Fig. 1 corresponds to the transition from the orthorhombic 

P212121 to monoclinic P21/m phases [2]. Upon cooling, the transition temperature decreased 

and was detected at 361 . For temperature dependences of tg(T), there were two minima at 

381 and 361  observed during heating and cooling, respectively (the inset, Fig. 1). Besides, 

the increase in measuring frequencies led to the reduction of  and tg values, indicating the 

presence of dielectric dispersion. This dependence is in good agreement with the experimental 

data obtained for single crystals of DIPAI [2]. 

300 320 340 360 380
0

10

20

30

40

50

60

3

2

1

340 360 380
0

1

2

3

4

T (K)

tg


'

T (K)

300 320 340 360 380
0

10

20

30

40

50

60

340 360 380
0.0

0.5

1.0

1.5

2.0

T (K)

tg


'

T (K)

Fig. 1. Temperature dependences of dielectric  

constant ' for polycrystalline samples of DIPAI 

upon the first heating/cooling round up to 390 K at 

frequencies of 1 kHz – 1, 10 kHz – 2 and 100 kHz 

– 3. The inset shows temperature dependences of

tg ( ) obtained upon the first heating/cooling

round at 1 kHz 

Fig. 2. Temperature dependences of dielectric 

constant ' for polycrystalline samples of DIPAI 

at 1 kHz upon the first heating/cooling round up 

to 390 K (closed symbols) and after preheating to 

420 K (open symbols). The inset shows  

temperature dependences of tg ( ) obtained upon 

the first heating/cooling round at frequency  

of 1 kHz after preheating to 420 K 

It was found that the heating history strongly affected the sequence of phase transitions 

in polycrystalline samples of DIPAI. Indeed, after preheating samples up to 420 K and higher, 
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two phase transitions at 363 and 378 K appeared upon heating (Fig. 2). Correspondingly, two 

minima at 363 and 378 K in tg(T) dependence were also observed in heating mode. Mean-

while, upon cooling, these phase transition temperatures were slightly different from the heat-

ing ones (within 1 degree) (Fig. 2). 

Thus, the influence of thermal prehistory on the appearance of ferroelectric state in 

polycrystalline samples of DIPAI was clarified. After preheating samples over 420 K, the fer-

roelectric phase was found between 363 and 378 K. During cooling process, the ferroelectric 

state occurred from 361 to 300 K. In the case of keeping samples at room temperature over 

24h, polycrystalline DIPAI was completely converted into the paraelectric phase.  
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This work given results of dielectric and colorimetric researches of ferroelectric composite 

(C6H16NBr)1-x/( TiO3)x. It is shown, that mutual influence of composite components can lead to 

change an order of phase transitions.  

Keywords: organic ferroelectrics, phase transition, ferroelectric composite, dielectric permea-

bility 

When studying of dielectric properties of ferroelectric composite (see [1-3] and refer-

ences therein), it was found that for such systems mutual components influence on both prop-

erties is possible. For composites (KNO3)1-x/(BaTiO3)x, 

(KNO3)1-x/(KNbO3)x expansion of potassium nitrate ferroelectric phase existence was ob-

served [1, 2]. Significant shift of Curie temperature for AgNa(NO2)2 was found in composite 

AgNa(NO2)2]0.9/[BaTiO3]0.1 [3]. 

In recent years, a number of organic compounds with polar point group at room tem-

perature and relatively high melting point (~450K) were discovered. Particularly, such ferroe-

lectrics include diisopropylammonium bromide (C6H16NBr) Ps ~ 23 ~C/cm
2
,  = 426  [4].

Diisopropylammonium bromide has a spontaneous polarization close to that of barium titan-

ate, high Curie temperature and exhibits good piezoelectric response. Experimental results of 

TiO3 particle influence on phase transitions of composite (C6H16NBr)1-x/( TiO3)x for = 

0.05, 0.1 are given in the present work. 

In experiment samples of C6H16NBr and C6H16NBr with TiO3 volume fractions of 

inclusion 5 and 10%. Broadband dielectric spectrometer Novocontrol BDS-80 with frequency 

range from 0,1 Hz to 10 MHz was used to complex dielectric constant measurement. 

As dielectric studies shows (Fig.1), at room temperature C6H16NBr is ferroelectric 

(with P21 symmetry). At frequencies about several Hz spontaneous polarization gives signifi-

cant contribution to dielectric permittivity and minimum (T) corresponds to phase transition 

due to spontaneous polarization equal zero. According colorimetrical and dielectric studies, at 

T=421,6K C6H16NBr converted into paraphrase (with P21/m symmetry), and when cooling 

down lower T=419K shifted back to polar (with P21 symmetry). 

For composite (C6H16NBr)0.9/( TiO3)0.1 (Fig.2) at room temperature realize the ortho-

rhombic phase with space group P212121, which is ferroelectrically inactive. During heating 

above 415K it goes to polar structure with P21 symmetry. This structure exists at range from 

415 to 421K. At temperature, higher than 421K a transition occurs to non-polar monoclinic 

phase P21/m. When cooling down at 418K C6H16NBr structure changes directly from P21/m 

to P21 symmetry). Determination of phase transitions temperatures from the maximum dielec-

tric constant is not accurate because of composite (C6H16NBr)1-x/( TiO3)x maximum temper-

ature depends of frequency and changes from 419,8K at 1Hz to 424,5K at 500 kHz. At the 
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same time according to calorimetric measurements this value is 426,5K. It means that compo-

site present relaxor properties. 

Fig. 1. Dependence ׳(T) for C6H16NBr at heat-

ing and cooling (the inset) 

Fig. 2. Dependence ׳(T) for 

(C6H16NBr)0.9/( TiO3)0.1 at heating 

and cooling (the inset) 

Non-polar phase instead of polar one implementation is connected with the fact that 

composite free system energy includes components energy and the energy of dipole-dipolar 

interaction. In this case dipole-dipolar interaction of TiO3 and C6H16NBr polar particles 

leads to increase of free energy and ferroelectric state will be disadvantageous. 
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In this work, in the framework of the thermodynamic theory of Landau for phase transitions, it 

is shown by an exact numerical solution of a nonlinear system of differential equations that a ferroe-

lastic nanoparticle has a domain structure in the low-temperature phase. This structure depends on the 

size and shape of the particle, as well as on the boundary conditions for the order parameter. 

Keywords: ferroelastic, domain structure, phase transition, nanocomposite. 

Nanoscale materials are of great interest both from the point of view of studying phys-

ical laws in low-dimensional systems and from the practical side - they are associated with the 

search for materials with new properties. The main reason for the difference between the 

properties of nanoscale materials and the properties of bulk analogs is associated with an in-

crease in the proportion of atoms on the surfase of the particle. As a result, the balance of var-

ious contributions to the free energy of a material changes and its ground state may change [1-

3]. In [1-2], it was shown that the ground state of a ferroelectric nanoparticle formed during 

the phase transition from the high-temperature paraphase is inhomogeneous domain-like. The 

heterogeneity of the order parameter refers to a change in the direction (sign) of the order pa-
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rameter, and not a change in the order parameter in magnitude. Such a heterogeneous struc-

ture depends on the temperature, shape and size of the sample, boundary conditions for the 

order parameter, the presence of external fields, etc. The same situation occurs in thin ferroe-

lectric films [3]. But the basic state in magnetic materials, in particular in frustration magnets, 

is most studied [4-7]. 

The purpose of this study is to study the structure of the low-temperature phase in fer-

roelastic nanoparticles. 

The thermodynamic potential of a ferroelastic nanoparticle is the sum of three compo-

nents: the elastic potential, the contribution to the thermodynamic potential associated with 

the order parameter, and the term that takes into account the interaction of the order parameter 

with elastic stresses. 

, (1) 

,           (2) 

,                                              (3) 

where  is the elastic compliance tensor, having the following form in an isotropic elastic 

environment: 

,   , ,   (4) 

where    is two independent components are expressed in terms of the Young modulus 

E and the Poisson’s ratio ,  is the elastic stress tensor, ,  are the Landau coefficients 

of the bulk ferroelastic,  is the correlation constant. 

In addition, when writing expressions (1) - (3), it was assumed that as a result of a 

phase transition in the material there is a spontaneous (plastic) shear deformation , taken 

as a parameter of the order , as in potassium trihydroelenite KH3(SeO3)2. This assumption 

explains the kind of expression for . 

As an object of study, we consider a paralelepiped nanoparticle, which is a homogene-

ous ferroelastic crystal. Its size is  nm, where  is the thickness (height) of the 

nanoparticle. 

The plastic deformation distribution also has a domain-like structure in a ferroelastic 

nanoparticle below the Curie temperature similarly to the domain-like picture in ferroelectric 

nanoparticles. As it was shown, the cause of the division of ferroelectric particles into do-

mains is depolarizing electric field. In the case of a ferroelastic particle, the elastic fields are 

the cause. At , the phase transition at Curie temperature occurs in a single-domain 

state. At  a two-domain state is observed. For  it is observed 

three and more domains.  

In conclusion, we note that the formation of the domain structure of a ferroelastic na-

noparticle, in addition to the size and shape should certainly be influenced by the following 

parameters. These are the boundary conditions for the order parameter and mobility of the 

boundaries of nanoparticle, the presence of stresses at the nanoparticle boundaries, thermal 

stresses, primarily due to the production technology, the presence and concentration of de-

fects, and others. All this complicates the analysis of such states and is the subject of future 

research. 
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This paper presents an approach for determining the oscillation spectrum of ferroelectric na-

noparticles of different shapes in a dielectric matrix. The spectrum of their oscillations determines 

many important thermodynamic and kinetic characteristics. On the basis of this approach, the influ-

ence of the size, shape and concentration of ferroparticles on the macroscopic properties of the nano-

composite material is determined.  

Keywords: ferroelectric, phase transition, nanocomposite, eigenvalues, polarization relaxation. 

The fluctuations spectrum of a material determines its many important thermodynamic 

and kinetic characteristics, such as heat capacity, thermal conductivity, electrical conductivity, 

acoustic and optical properties, etc. [1]. A fundamental reorganization of the fluctuations 

spectrum occurs in the composite material due to the presence of inclusions of another phase 

in the matrix phase.  The purpose of this work is to study the features of the fluctuations spec-

trum of a ferroelectric-dielectric nanocomposite, necessary to clarify a number of fundamental 

issues of their behavior. 

Consider a representative cell of a composite material, which is a parallelepiped of a 

dielectric with a ferroelectric particle located in its center. For this representative cell, we pro-

ceed from the Lagrangian of the form: 

,          (1) 

where  is the mass coefficient for the fluctuations of polarization,  is 

the vector of polarization, which plays the role of the order parameter in the phase transition; 

 and  are the Landau coefficients in the expansion of free energy [15], 

 is the Curie temperature of homogeneous infinite crystal,  is the current composite tem-

perature,  is the correlation constant,  is the coefficient of the quadratic term characteriz-
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ing the order parameter at the border [2]. The integration is taken over the volume  and the 

surface  of the ferroelectric particle.  

The mass coefficient  for polarization oscillations is estimated as 

 ,    (2) 

where  is the mass of unit cell,  is the number of cells per unit volume. Evalua-

tion of  for TGS (triglycine sulfate) gives:  [3]. 

Varying expression (1), we obtain an equation describing the oscillations of a ferroe-

lectric nanoparticle, and the boundary condition to it: 

(2) 

(3) 

where 

 is the area of the space occupied by the nanoparticle, with the border ;  is the 

derivative of the normal to the surface , external to the region .  

For stationary oscillations  the equation (2) takes the form: 

 . (4) 

The boundary condition (3) does not change. 

The problem of finding the oscillation spectrum of ferroelectric inclusions in a nano-

composite is posed as an eigenvalue problem. 

Equation (4) is the eigenvalue equations for the parameter . Solving 

problem (3) - (4) we obtain the set of eigenfunctions  and eigenvalues . The lowest 

eigenvalue  corresponds to the phase transition and determines the phase transition temper-

ature shift. Higher eigenvalues determine the eigenfrequencies  of the nanoparticle oscilla-

tions:: 

,   (5) 

The eigenfrequencies  depend on the temperature according to (5), on the size and 

shape of nanoparticles. A ferroelectric particle of elliptical shape and particles of the simplest 

geometries (spherical, cylindrical forms) are considered in the work. For particles of spheri-

cal, cylindrical and parallelepiped-shaped, the solution can be obtained in general form 

through Bessel functions. The spectrum of oscillations is analyzed depending on the size, 

shape of particles, and boundary conditions for polarization. 
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The group 2 4model crystal - chlorzincate rubidium Rb2ZnCl4 repolarization process under 

the harmonic electric field action with the amplitude above the coercive field intensity in the domain 

structure freezing temperature vicinity (T*150 K) by the harmonic analysis method was investigated.  

The study of the current density harmonics that arising in the sample under the harmonic field 

action allowed constructing the sample volume unit electric energy cW dependence on the polarization 

cP measured in the dynamics. It is shown that in a relatively small temperature range in the T*vicinity 

there is a significant dependence c cW (P ) potential relief shape change.

Keywords: polarization, phase transition, incommensurate phase, ferroelectrics. 

It is known that the behavior of dielectric and polarization Rb2ZnCl4 crystal properties 

in the ferroelectric phase in the temperature range from the Curie point TC to T*150 K is de-

termined by the dynamics of ferroelectric domain boundaries as solitons, and their contribu-

tions values significantly depend on the crystal background and in particular on the tempera-

ture and samples holding time in the paraelectric and incommensurate phases [1,2].Structural 

changes like phase transition in the domain wall are observed in Rb2ZnCl4 in the vicinity of 

T* 150 K [3, 4], accompanied by a change of the domain wall width. The domain wall width 

decrease results to a sharp decrease in its mobility due to increased interaction with lattice de-

fects, which is accompanied by the coercive field sharp increase with a small polarization 

change [5]. 

In order to remove the soliton structure dynamic contribution to the crystal dielectric 

and polarization properties the experiment was carried out as follows. First, the sample was 

cooled below T* by 20 K, where, as was established in [2], the soliton structure disappears 

almost completely, and thenthe sample was heated to 151 K. Thepolarization harmonics and 

current density components measurements at the sinusoidal electric field amplitudes 
mE  

above the coercive one that was applied to the test sample at itsisothermal exposure in the 

temperature range from 151 K to 159 K were carried out. The study of the current density 

harmonics that arising in the sample under the harmonic field action allowed constructing the 

sample volume unit electric energy
cW dependence on the polarization 

cP measured in the 

dynamics. The dependence 
c cW (P ) measured at the test sample isothermal exposure at a 

temperature T=159 K and application to the test sample plates harmonic electric field with 

amplitude
4

mE =3.2 10 V/m and frequency 
0f =0.3  Hz shown in Fig. 
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Figure. Dependences of thetest sample volume unit electrical energy 
cW on its polarization 

cP

constructed by means of harmonic analysis 

It is found that in a relatively small temperature range in the T* vicinity there is a sig-

nificant dependence 
c cW (P ) potential relief shape change. 
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The group 2 4 model crystal - chlorzincate rubidium Rb2ZnCl4 repolarization process un-

der the harmonic electric field action with the amplitude above the coercive field ( kE ) in the ferroe-

lectric phase (FF) near the ferroelectric phase transition temperature cT was researched by the har-

monic analysis method. The current density harmonics study arising in the sample under the harmonic 

field action allowed constructing the sample unit volume electric energy cW dependence on the polar-

ization cP measured in the dynamics. The dielectric hysteresis loops time evolution after exposure of
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an alternating electric field E with a frequency about 20 kHz and an amplitude higher than 
kE  in the 

FF near 
cT  to the sample was studied in detail by the harmonic analysis method. The temporal evolu-

tion of the dependence c cW (P ) after exposure to the sample E was obtained. It is established that 

there is a significant change of the dependence c cW (P ) potential relief shape during relaxation. 

Keywords: polarization, phase transition, coercive field, electric energy, ferroelectrics. 

On the base of Rb2ZnCl4 crystal samples dielectric and polarization studies it was 

shown [1] that relaxation of nonequilibrium dielectric permittivity (
kε ) above the ferroelec-

tric phase transition temperature (
cT 199.4 K) is associated with the ferroelectric domain 

boundaries (DB) detachment from the stoppers and the subsequent domain structure disap-

pearance in a incommensurate phase. There is a peak of dependence
xε (T) recorded during 

the test sample heating at 
cT temperature. It is noteworthy that in equilibrium conditions in 

the 
cT vicinity in FF there is a temperature-independent behavior of

kE obtained after dielec-

tric hysteresis loops processing measured at a frequency of 0.3 Hz. In [2] it is shown that 

k c 0E =E +E where
cE - the field strength due to losses occurring in the sample, and 

0E - the 

switching field strength. The field strength 
0E is a value that must be added to

cE for main-

taining almost full test sample monodomainisation. In equilibrium conditions in the 
cT vicini-

ty in FF 
0E tends to zero when 

cT approaching, and 
cE increases. It was suggested that in ul-

trapure crystals the value
cE associated with losses will not give a significant contribution to 

kE and
kE will be determined practically by the 

0E value, i.e.
kE will tend to zero when 

cT approaching, as follows from the thermodynamic representations [3].According to the 

Landau-Ginzburg-Devonshire theory, in the case of a uniaxial ferroelectric, it is possible to 

decompose the free energy 
cW into powers of a 

cP single component. The Landau-Ginzburg-

Devonshire theory use for quantitative estimates of the Rb2ZnCl4 crystal polarization proper-

ties measurements results is applicable if the free energy 
cW is decomposed by degrees of a 

single polarization component limited to terms up to the fourteenth degree [4]. Thus, we 

have: 2 4 6 8 10 12 14

c c c c c c c c c

1 1 1 1 1 1 1
W = aP + bP + cP + dP + eP fP + gP -EP

2 4 6 8 10 12 14
, where a, b, c, d, e, f, g - 

coefficients having a certain physical meaning [3], E – the electric field strength. In [4] the 

Rb2ZnCl4 crystal repolarization process under the harmonic electric field action with ampli-

tude higher than the intensity
kE was investigated by the harmonic analysis method.The cur-

rent density time dependence
xJ (t) which occurs in the sample under the harmonic field ac-

tion whose intensity is higher than the coercive has a complex periodic form. The harmonics 

xJ (t) study allowed to construct the sample unit volume electric energy 
cW dependence on 

the polarization 
cP measured in the dynamics, to determine the values of the coefficients a, b, 

c, d, e, f and g. In [1] it was shown that, if E are applied to Rb2ZnCl4 crystal samples in FF 

at isothermal exposure, then after E disconnection 
xε and

kE relaxation are observed. The 

field E influence on the sample leads to a 
kE decrease which confirms the DB releasing 

process from defects. After E  shutdown the reverse process occurs – the DB fixing defects 

process which reveals in an 
kE increase. 

In this paper the dielectric hysteresis loops temporal evolution after E exposure to the 

sample in the FF near 
cT  was studied in detail by harmonic analysis method. The dependence 
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c cW (P ) and expansion coefficients a, b, c, d, e, f, g time evolution is obtained.It is estab-

lished that there is a significant change of the dependence 
c cW (P ) potential relief shape dur-

ing relaxation. 
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The effect of cobalt concentration on the character of the reversive dependences of the dielec-

tric constant '(E=) in the Ba0.95Pb0.05TiO3 ferroelectric ceramics is studied. 

Keywords: ferroelectric ceramics, dielectric constant, reversible dependences. 

Despite the huge number studies of the physical properties of ferroelectric materials 

based on barium titanate, interest in them continues unabated today. The study of the proper-

ties of modified barium titanate and their structure remains an urgent problem of  time stabil-

ity of electrophysical properties (aging) and in the process of cyclically changing loads (dura-

bility of work) and continues to attract the attention of developers of end products [1].  

In this study, the reversible dependence of the dielectric constant '(E=) in ferroelectric 

ceramics (1−x)Ba0.95Pb0.05TiO3+xCo2O3, obtained from high-purity oxides by the 2-step solid-

phase synthesis method with different content of the cobalt modifying additive was studied. 

The dielectric response measurements on plane-parallel samples of size S = 15 mm
2
 (covered

with silver electrodes) and thickness d = 0.5 mm were carried out by the bridge method device 

with a weak alternating field of frequency 1000 Hz and with a stepwise supply of constant 

bias field E= with a step 0.85 kV/cm. 

It was found that in the nominally pure composition Ba0.95Pb0.05TiO3, in addition to the 

maxima '(E=), corresponding to the coercive fields ±Ec, for some values of the bias field 

E=>±Ecat the increasing and decreasing of E=, the local minima of (E=) appears. These

minima of (E=) are most likely due to the effect of piezoelectric clamping of antiparallel

domains (Drougard – Young effect) [2]. The presence of cobalt into ferroelectric ceramics

leads to the fact that in the used interval E= local minima (E=) disappear. At the same time,

the diffusion of the maxima '(E=) in this region of Ec increases with a simultaneous increas-

ing the values Ec.

The behavior of '(E=) at room temperature for x = 0 and x = 0.5 (Figure) indicates that 

the curves are asymmetric with respect to E = 0, which is probably due to the preliminary po-

larization of the structural elements. 
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Figure. Reversive dependences of ( =) in (1−x)Ba0.95Pb0.05TiO3+xCo2O3 

compounds (x = 0 and 0.5 wt%) at T = 25 ˚  

Increasing the cobalt content (Co>0.5 wt%) leads to a significant smearing of the max-

imum ( =) at Ec, which agrees well with the behavior of temperature dependences (T) in 
the region of the ferroelectric phase transition [3]. There was found that modifying by admix-

ture of Co to change substantially the thermal anomalies of dielectric properties and shift the 

ferroelectric phase transition temperature. 

The nature of the dielectric response '(T) in (1−x)Ba0.95Pb0.05TiO3+xCo2O3 composi-

tions have shown that the phase transition at x>0.5 wt% becomes substantially diffused, and 

can be described in the framework of existing approaches to the relaxation of polarisation in 

ferroelectrics with diffuse phase transition. 

The obtained results are interpreted within the framework of the contribution of do-

main and phase boundaries to the processes of polarization and depolarization with different 

arrangement of the structure of the ferroelectric material under study. 

The authors are grateful to A. Kalvane for the synthesis of the samples. 
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Relaxation of the non-equilibrium domain structure of a ferroelectric crystal triglycine sulfate 

(TGS) rejuvenated by a short-term exposure in the paraelectric phase was studied in the temperature 
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range  Δ  = 1  near the Curie point TC. The domain structure had been observed by means of AFM

technique. 

Keywords: triglycine sulfate, Curie point, non-equilibrium domain structure, relaxation, corre-

lation length, scaling. 

Relaxation of the non-equilibrium 180
0
-th domain structure  emergent at the ferroelec-

tric phase transition of the 2-nd order can be described using the ideas developed for the anal-

ysis of the ordering dynamics of two-phase systems described by the scalar order parameter 

[1]. 

In this paper, the relaxation of DS, visualized in ferroelectric crystal TGS by means of 

AFM technique in the temperature interval TC ˗ 1  ≤  < TC was investigated.  Before these

measurements, the aged samples were "rejuvenated" by exposure for 30 min at T = 60 ° C and 
as a result a fine striped domain structure [2] emerged initially in the ferroelectric phase just 

near TC. Over time the enlargement of the domain structure occurs. This process is rather 

complicated and involves the various stages of transformation of the domain pattern. 

Earlier studies were carried out, either by nematic liquid crystals for lenticular domain 

structure [3], or at a much greater distance from the TC [4]. 

A quantitative description of the evolution of two-phase systems is carried out usually 

using a space-time correlation function of the macroscopic order parameter K(r,t) = < (r, t )  

(r , t )>,  from which the characteristic length LC(t) can be determined.  According to [1], the 

dependences LC(t) are power-law: (t) , where α = 0,5 for the non-conserved or-

der parameter and α = 0,3 - for the conserved one. 

As a result of the studies was found the following: 

1) the characteristic length Lc increases with time according to the power law Lc(t) ~ t 
α

(Fig.1); the decrease of the absolute values of the exponent α  on the lowering of a tempera-

ture from TC in the temperature range under study is a consequence of the transition of the 

domain structure during its evolution from the non-conservative state to the conservative one; 

a)                                                                             b) 
Fig. 1. The time dependences of the characteristic length for pure TGS: a) at a temperature 

 along the crystallographic directions [001] and [100]; 

b) the same at a temperature

2) the correlation functions, presented for different time moments as dependences

, have near the temperature of ferroelectric phase transition the 

form  (for 0 ≤ x ≤ 2), which is the universal for ordering kinetics of two-

phase systems with scalar order parameter (Fig.2). 



77 

Fig. 2. Dependences for the time moments from 2 to 80 min for Δ C = 1 , along

the crystallographic direction [001] 
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The influnce of weak static magnetic field on the nominally pure ferroelectric crystal tri-

glycine sulphate (TGS), which depends on the mutual orientation of the vectors of magnetic induction 

and  spontaneous polarization, leads to a long lasting and non-monotonic change of the dielectric per-

mittivity, the tangent of the dielectric loss angle, the coercive field and the spontaneous polarization of 

the crystal. 

Keywords: static magnetic field, ferroelectric tryglycine sulphate crystal. 

The effect of the magnetic field on ferroelectric crystals leads to certain changes in 

their electrophysical properties [1-3], but the insufficiently studied mechanisms of these phe-

nomena are currently unclear, that requires further research. 

In the present work  the influence of weak static magnetic field (permanent magnet, B 

= 0,3 T, exposure time 30 minutes) on the dielectric permittivity , the tangent of dielectric 

loss angle tg , the coercive field, EC, the spontaneous polarization PS of nominally pure tri-

glycine sulfate ( TGS) - chemical formula (NH2CH2COOH)3•H2SO4 -uniaxial ferroelectric 

crystal with the model  second order ferroelectric phase transition at a temperature  TC = 49 
o
C

had been studied. 

Measurements of these parameters were carried out in the temperature range from 20 ° 
C to 47 ° C. The influence of the magnetic field on the value of the Curie temperature TC was 

also studied. 

The following regularities were established. 
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1) The magnetic effect is essentially anisotropic and depends on the mutual orientation

of the vectors B and PS : the effect is completely absent when the vectors B and PS are collin-

ear; it is most strongly expressed when B and PS are mutually orthogonal and the magnetic 

field is oriented along the crystal axis a. The effect is considerably weaker if the magnetic 

field is oriented along the crystal axis c.  

2) The temporal behavior of the studied parameters is non-monotonous after exposure

of the crystal in the magnetic field: after removal of the sample from the magnetic field a sig-

nificant increase of the values of , a small increase of the values of PS and a decrease of the

values of the EC take place initially. After about 30 hours these parameters reach their extreme 

values, and after that a long (tens of hours) restoration of their original values occurs (Figure). 

Figure. Temperature dependences of the dielectric permittivity : 1 – before placing

the sample in a magnetic field; 2 – through t = 0.5 h; 3 – through t =30 h; 4 – through t =168 h after

removal of the sample from the field 

3) At a simultaneous action on a crystal of magnetic field and of electric field E col-

linear to PS (E = 2EC) the observed effects are expressed more strongly in case of the ac elec-

tric field E~ , instead of dc field E= . 

The relaxation nature of the observed effects, as well as the influence of the electric 

field on them, may point to the participation of the charge and defect subsystems of the crystal 

and of its domain structure in the processes under study. 
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In this paper, we investigated the possibility of adjusting the functional parameters of a 

ferroelectric piezoceramic material by changing the technological parameters in the manufacturing 

process. Changing the structure of the ceramic frame of piezoelectric ceramics allows to increase the 

values of its density, piezoelectric modules, mechanical quality factor. 

Keywords: piezoceramic material, technological factor, sintering method, hot pressing, spark 

plasma sintering. 

In the piezoelectric instrument making of great practical interest are ferroelectrically 

hard materials designed to operate in power modes. Ferroelectronic materials are resistant to 

external influences and have a high temperature stability of the parameters, which allows 

them to be used in various devices, including those designed for extreme conditions (accel-

erometers, piezoelectric motors, piezotransformers) [1]. To expand the scope of application of 

existing piezoceramic materials of different compositions (PZT-8, APC-840, APC-841, PCR-

8 [2]) the question of increasing their functional parameters is relevant. This problem can be 

solved not only by creating new chemical compositions, but also by improving the technology 

of manufacturing piezoceramics and optimization of technological factors. Correction of fu-

ture electrophysical parameters of ceramics is possible at the sintering stage, since mechanical 

and electrophysical properties are inextricably linked with each other. 

In the present work we investigated the possibility of varying the functional parame-

ters of PbZr0.44Ti0.44(Mn1/3Nb2/3)0.06(Zn1/3Nb2/3)0.06O3 signature the piezo by changing the 

modes and methods of sintering [3]. 

In the process of the study, various sintering methods were tested: traditional sintering 

in a chamber furnace, hot pressing method, hot sintering with agglomeration in a chamber 

furnace, and the method of spark plasma sintering (SPS). 

The quality of the sintered piezoelectric ceramics was estimated by the results of X-ray 

phase analysis, scanning electron microscopy and density values. 
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The study found that the sintering of piezoceramics by hot pressing and SPS leads to 
an increase in the density by 5% and the piezoelectric module (d31) by 60%. In addition to in-
creasing the values of the main parameters, the hot pressing method allows to reduce the sin-
tering temperature by 70 °C, and the SPS method reduces the sintering temperature by 250 °C 
and reduces the duration of the sintering process up to 50 times! All these advantages of the 
SPS method reduce energy consumption in the manufacture of piezoceramics and reduce its 
cost. 
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РЕЛАКСАЦИЯ ДИЭЛЕКТРИЧЕСКИХ СВОЙСТВ НАНОПОРИСТОГО 
ДИОКСИДА КРЕМНИЯ 

 
С.Д. Миловидова1, О.В. Рогазинская2, Б.М.Даринский3, Е.С. Ничуговская4 

1Канд. физ.-мат. наук, доцент, milovidova@Phys.vsu.ru 
2Канд. физ.-мат. наук, доцент, olamil@mail.ru 

3Д-р. физ.-мат. наук, профессор, darinskii@mail.ru 
4Магистр, nichugovskaya_e@mail.ru  

ФГБОУ ВО «Воронежский государственный университет»  
 

В работе представлены результаты исследования влияния частоты на ε и tgδ  
нанопористого диоксида кремния. Показано уменьшение этих параметров с ростом частоты 
измерительного поля и их рост с увеличением влажности. Обсуждается возможность создания 
сегнетоэлектрического состояния воды в наноразмерном состоянии. 

Ключевые слова: нанопоры, молекулы воды, сегнетоэлектричество. 
 

В работе [1] обнаружено, что свойства нанопористых матриц с сегнетоэлектри-
ками в большой степени зависят от влажности окружающей среды.  
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Рисунок. Зависимость tgδ от температуры образца нанопористого SiO2  

при различных частотах: 1- 0,12; 2-0,5; 3-1,0; 4-10; 5-100 кГц 
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Mossbauer and magnetization studies of 0.5BiFeO3-0.5ATiO3 (A=Pb, Sr) solid solution 

compositions prepared using solid phase reactions route have been carried out. Temperature TN of 

magnetic phase transition for 0.5BiFeO3-0.5PbTiO3 is about 150 K, while for 0.5BiFeO3-0.5SrTiO3 it 

is only ≈ 20 K. This dramatic difference in TN values is ascribed to additional contribution of the 

magnetic superexchange between Fe
3+

 ions via the empty 6p states of Bi
3+

 and Pb
2+ 

ions to the overall 

superexchange in accord with theoretical predictions.  

Keywords: multiferroics, Mossbauer effect, BiFeO3, magnetic superexchange. 

BiFeO3 is the most widely studied multiferroic due to high temperatures of both ferro-

electric and magnetic phase transitions. Recently a possibility of magnetic superexchange be-

tween Fe
3+

 ions in BiFeO3 via the empty 6p states of Bi
3+

 was predicted theoretically [1]. Ear-

lier we showed the role of Pb
2+ 

ions which also possess the empty 6p states, in the enhance-

ment of the magnetic phase transition temperature TN in perovskite Pb1−xAxFe1/2Nb1/2O3 (A= 

Ca, Ba) solid solutions [2, 3]. However this mechanism of magnetic superexchange seems to 

become noticeable only at high enough dilution of the Fe-sublattice, i.e. in solid solutions. 

The 0.5BiFeO3-0.5ATiO3 (A=Pb, Sr) solid solution compositions were prepared using 

solid phase reactions route. The XRD study revealed that the samples are single phase and 

possess the perovskite structure. Room temperature Mossbauer spectra of both compositions 

consist of the quadrupole-split double lines. The main reason of quadrupole splitting in such 

systems is a compositional disorder in B-sublattice. All spectra contain 2 or 3 doublets with 

different values of quadrupole splitting. The isomer shift values of doublets correspond to the 

Fe
3+ 

ions in oxygen octahedron. The presence of 2 or 3 doublets indicates that Fe
3+

 has 2 or 3

different environments in the lattice which may be a fingerprint of B-cations short-range or-

dering or clusterization [4]. To estimate the temperature of magnetic phase transition (TN) we 

performed the measurement of Mossbauer spectrum line intensity Im under subsequent tem-

perature lowering. Near magnetic phase transition the Mossbauer spectrum transforms from 

doublet into sextet and Im decreases dramatically. Mossbauer studies have shown that while 

for 0.5BiFeO3-0.5PbTiO3 the TN value is about 150 K, for  0.5BiFeO3-0.5SrTiO3 it is only ≈ 
20 K. This dramatic difference in TN values seems to be due to additional contribution of the 

superexchange between Fe
3+

 ions via the empty 6p states of Bi
3+

 and Pb
2+ 

ions to the overall

superexchange in accord with predictions of De Sousa et al. for BiFeO3 [1] and the experi-

mental findings for PbFe1/2Nb1/2O3–based solid solutions [2, 3]. 

For both compositions magnetization M studies in the 5 K- 200 K range revealed only 

a maximum at 20-25 K in the zero-field cooling mode. In the field-cooled mode this maxi-

mum was not observed. Such behavior is typical of spin glasses. In PbFe
3+

1/2B
5+

1/2O3
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(B
5+

=Nb, Ta) perovskite multiferroics a spin-glass state is known to coexist at low tempera-

tures with the antiferromagnetic state [2]. The absence of the M(T) anomaly at around 150 K 

for 0.5BiFeO3-0.5PbTiO3 composition seems to be due to the strong diffusion of this anomaly. 

Similar "disappearance" of the M(T) anomaly corresponding to antiferromagnetic phase tran-

sition  was observed, e.g. for some compositions of the  PbFe2/3W1/3O3-PbTiO3 and 

PbFe1/2Nb1/2O3 -PbTiO3 solid solutions [5, 6]. 

This work was supported in part by RFBR project 19-52-53030 GFEN_a and by the 

Ministry of Education and Science of the Russian Federation (research projects 

3.1649.2017/4.6 and 3.5346.2017/BP). 
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This paper presents the results of the influence of rapid thermal annealing (RTA) on the crystal 

structure of lead zirconate titanate (PZT) films formed by the method of high-frequency reactive plas-

а)      б)
Рисунок. Температурная зависимость спонтанной поляризации (а) и коэрцитивного поля (б) 

слоистой тонкопленочной структуры SrTiO3/BaTiO3/SrTiO3

        , 
 № 17-72-20105.
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ma spraying. It is shown that with an increase in the temperature of the RTA from 500 to 700 ° C, the 
number of crystallites growing in the (110) direction increases. 

Keywords: lead zirconate titanate, crystal structure, rapid thermal annealing. 

Thin ferroelectric PZT films of Pb (Zr, Ti)O3 composition were deposited on silicon 

substrates on the “Plasma-80» installation using high-frequency reactive plasma spraying in 

an oxygen atmosphere with a pressure of 0.51 Torr [1, 2]. The thickness of the PZT film ap-

plied to the silicon substrate was 1.0 ± 0.1 m. In the future, the samples were divided into 

several parts. One part of the samples was subjected to rapid thermal annealing (RTA) with 

halogen lamps in the ITO-18 installation at temperatures of 500, 600 and 700 °C and anneal-

ing times of 30 s, and a number of the samples remained without exposure to RTA. 

Using X-ray phase analysis, it was found that the films that did not undergo RTA have 

a PZT phase with a predominant crystallite growth in the (110) and (001) directions. And in 

the films that underwent RTA, the crystal structure changed, namely, the maximum of the 

peak of the perovskite phase (001) shifted towards smaller angles 2 , and the maximum of 

peak (110), conversely, shifted towards larger angles 2 , as shown in the table. These results 

indicate that at higher RTA temperatures (600 and 700 °C), the transformation of the PZT 
crystal lattice towards the predominance of the tetragonal phase is observed. 

This conclusion is also confirmed by an estimate of the crystallite size of the PZT, 

which was produced by the Scherer equation, as well as by the ratio of the intensities of the 

maxima of the I(110) and I(001) peaks, which are presented in the table. The calculation showed 

that there is an increase in the size of crystallites of the crystallographic orientation (110) and 

a decrease in the size of crystallites of orientation (001).  

Energy dispersive analysis of the film structure showed that the ratio of elements in 

the Zr / Ti film is 0.36 / 0.64. This fact, according to the PZT phase diagram [3], also indi-

cates the predominance of the ferroelectric tetragonal phase. 

Table 

The sizes of crystallites PZT 

Sample number Angle 2  for the maximum 

of the PZT peak for orien-

tations 

PZT crystallite size for 

orientations 

Peak intensity 

ratio 

(001) (110) (001) (110) I(110)/I(001) 

PZT 22,22 31,32 51 12.8 1,2 

PZT + RTA 500  22,22 31,32 47 20.1 1,2 

PZT + RTA 600  22,22 31,34 47 30.6 1,3 

PZT + RTA 700  22,18 31,36 17.6 35.2 1,6 

The results were obtained using the equipment of the centers for collective usage “Mi-

crosystem Engineering and Integrated Sensory” and “Nanotechnologies” of Southern Federal 
University.  

Thanks to Pavlenko A. V. and Stryukov D. V. for conducting x-ray phase studies. 
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Dielectric studies of (1-x)NaNbO3 - xGd1/3NbO3 solid solution compositions prepared using 

solid phase reactions route have been carried out in the temperature range 12-700 K. The permittivity–
temperature dependences of the compositions studied were found to change, as x grows, from 

relatively sharp maxima typical of usual antiferroelectrics to the diffused but frequency-independent 

maxima typical of ferroelectrics and antiferroelectrics with diffused phase transition and  then to the 

smeared and frequency-dependent maxima typical of relaxors. 

Keywords: antiferroelectric, diffused phase transition, NaNbO3, relaxor. 

One of the main trends of modern materials science is the replacement of lead-

containing electronic materials with their lead-free analogues. Among the most prospective 

representatives of the new generation of lead-free functional materials are sodium niobate 

NaNbO3 -based solid solutions. Previously the main attention was paid to the ferroelectric 

NaNbO3 - KNbO3 and NaNbO3 - LiNbO3 solid solutions prospective for piezoelectric appli-

cations [1, 2]. Nowadays a far more promising application of NaNbO3 and its derivatives is 

considered to be high energy storage capacitors, where the antiferroelectric nature of the ma-

terial is utilized.[3]. 

Solid solutions of  NaNbO3 may be divided into two groups [4]. In solid solutions of 

the group I ( e.g. NaNbO3 - KNbO3 and NaNbO3 - LiNbO3) high temperature ferroelectric 

(FE) phase appears at small (a few mol.%) content x of the second component, concentration 

dependence of the temperature Tm of dielectric permittivity  maximum  is rather smooth and 
the (T) maxima are sharp. In solid solutions of the group II the antiferroelectric (AFE) phase 

remains stable up to a comparatively high threshold x=x0 value (x0 is usually about 10-15 

mol.% [5]) while in compositions with x>x0 the phase, usually referred to as FE or ferrielec-

tric becomes stable, which is accompanied by an abrupt drop in Tm values and dramatic 

smearing of the (T) maxima. Solid solutions of the group II are most prospective for high 

energy storage applications [3]. Though at room temperature NaNbO3 is an AFE, a sufficient-

ly strong electric field induces in NaNbO3 an othorhombic (space group Pmc21) FE phase Q 

which remains stable after removing the field and it is destroyed only by heating up to high 

temperatures [3]. Recently stabilized antiferroelectricity and superior energy storage proper-

ties were reported for the compositions of the NaNbO3 -based lead-free ceramics with A-site 
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vacancies obtained via a Bi2O3 substitution -solid solution system [5]. The scope of the pre-

sent work was the study of evolution of dielectric properties in the similar solid solution sys-

tem with A-site vacancies (1-x)NaNbO3 - xGd1/3NbO3 .  

Ceramic samples of (1-x)NaNbO3 - xGd1/3NbO3 compositions with x=0, 0.05, 0.10, 

0.15 and 0.20 were prepared using solid phase reactions route.  All the investigated composi-

tions were single-phase and have a structure of the perovskite type. Dielectric studies carried 

out in the 12 K-700 K temperature range have shown that the Tm(x) dependence has an abrupt 

drop at x = x0 ≈ 0.1. While Tm values of compositions with x<x0 do not depend on frequency, 

compositions with x>x0 exhibit a frequency dispersion of (T) and a frequency shift of Tm, i.e. 

the increase of Tm with frequency. The frequency shift of Tm for the compositions with x>x0 is 

well described by the Vogel-Fulcher relation typical of relaxors. Diffusion of the (T) maxi-

mum increases as x grows and the (T) maxima for compositions with x>x0 exhibiting relax-

or-like properties appear to be very smeared. 

Acknowledgment. This study is supported by the Russian Science Foundation (project 

19-12-00205).
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Detailed temperature studies of the dielectric responce, conductivity, Brillouin and Raman 

spectra are presented in this work. Analysis of the obtained data revealed a number of anomalies in the 

phonon dynamics of the relaxor ferroelectric PbNi1/3Nb2/3O3 (PNN), which are not found in typical 

relaxor ferroelectrics, such as PbMg1/3Nb2/3O3  (PMN). 

Keywords: dielectric permittivity, local and bulk conductivity, optical and acoustic phonons, 

quasi-elastic light scattering. 

PbNi1/3Nb2/3O3 – (PNN) single crystals belong to the family of complex perovskites 

with the general formula 1- 3. The physical properties of this family of perovskites are

the subject of intense research, but PNN crystals have been poorly studied, which can be ex-

plained by difficulties in synthesis of ceramics and growth of single crystals. 

The lattice dynamics of the PNN crystal has been studied by dielectric spectroscopy 

[1], Brillouin and Raman light scattering [2,3] earlier. Raman light scattering experiments 

have confirmed the existence of polarized scattering spectra which change with temperature 

[3]. The behavior of low-frequency optical phonon is characterized by anomaly in the vicinity 

of the phase transition from cubic to a ferroelectric rhombohedral phase Tc ≈ 153 K [4]. A 
wide anomalies of the frequency shift (which is proportional to the velocity) and the full 

width at half maximum (FWHM, which is proportional to the attenuation) of longitudinal 

acoustic (LA) phonon are a characteristic features of relaxor ferroelectrics [2]. But in contrast 

to PbMg1/3Nb2/3O3 (PMN) - typical representative of relaxor ferroelectrics, the minimum in 

velocity and the maximum in attenuation in PNN do not correlate with the temperature of 

maximum in the dielectric permittivity Tm, which is equal to Tc. The temperature evolution of 

quasi-elastic light scattering (QELS) in PNN is nontrivial. Thus, in spite of a seeming similar-

ity between the two compounds, PMN and PNN have different lattice dynamics. This moti-
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vated our detailed studies of dielectric, Brilloun and Raman experiments in a wide tempera-

ture range 77-700 K. 

The PNN single crystals were grown by solution in the melt. The dielectric response 

and AC- conductivity were measured by a Good Will LCR-819 impedance-meter at the fre-

quency range 12 Hz -100 kHz and at temperatures 78 -750 K. The DC-conductivity was 

measured by an electrometer with sensitivity up to 1 pA. In our measurements the maximum 

of the real permittivity at a frequency of 1 kHz reaches 'm = 5500 at Tm = 153 K and width of 

maximum is ΔT = 145 K (PMN, for  comparison: 'm=11400, Tm= 265 K and ΔT = 80 K). A 

local conductivity due to the characteristics of the Ni atom was obtained in the temperature 

range 100–200 K. At the temperature above 600 K an appreciable increase in bulk conductivi-

ty was found.  

The temperature investigations of the light scattering spectra were carried out in the 

backscattering geometry by using an advanced Sandercock's (3+3)-tandem interferometer 

(TFP-2) for Brillouin measurements and the T64000 spectrophotometer for Raman study. 

Raman measurements showed the difference in the behavior of optic phonons of PNN and 

PMN crystals. The intensity of Raman spectra of PNN increases with decreasing temperature, 

at the same time new phonon lines appear. The "softening" of the frequency shift, the maxima 

of the intensity and full width at hath maximum (FWHM) of the low-lying optical phonon in 

the region Tc = 153 K are revealed. Unusual temperature dependences of quasi-elastic light 

scattering parameters are found. The maximum intensity of QELS is observed at the room 

temperature, while the anomaly of the FWHM of QELS is shifted to ~ 460 K.  

When we compared the Brillouin spectra of the PNN and PMN crystals,  discrepancies 

were also found. At temperatures above Tc in the PNN crystal, where cubic symmetry is as-

sumed, at backscattering geometry of experiment with phonon wave vector along [001]-

direction according to the selection rules only longitudinal acoustic phonon (LA) should be 

observed, as it was for PMN. However, we found additional transverse acoustic modes (TA) 

in the spectra of PNN, which are forbidden in Brillouin spectra by the selection rules for cubic 

symmetry. It can be assumed that the symmetry of the PNN crystal at these temperatures is 

different from cubic symmetry. It should also be noted, that two additional peaks were found 

in the temperature dependence of the FWHM of the LA phonon at temperatures T1 ~ 560 K 

and T2 ~ 440 K. These anomalies correspond to weak anomalies in the temperature depend-

ence of the frequency shift of this phonon. In the low-temperature region, in the temperature 

range between T3 ~ 212 K and T4 ~ 130 K, there is a noticeable slowdown in the change in 

both the frequency shift and the FWHM of the LA phonon. As a result, their peak anomalies, 

which were expected at T  for PNN crystal, were in fact suppressed. The results of measure-

ments in PNN crystals are discussed in the framework of modern concepts of the physics of 

relaxor ferroelectrics. 
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Tuning of the thin layer thickness and temperature causes coincidence of the critical magnetic 

fields of the two or even three interstate transitions. Double coincidence results in non-monotonic 

single extreme magnetic relaxation, while triple point (coincidence of the three critical fields) causes 

oscillatory magnetic relaxation.  

Keywords: synthetic antiferromagnets, domain walls, perpendicular anisotropy, magnetic 

relaxation, dynamical system, oscillations. 

The spin valves and SAF are the simplest devices of spintronics. They consist of two 

ferromagnetic thin films of different thicknesses (~ 1 nm) and a non-magnetic spacer separat-

ing the films (Figure 1). Deliberately small thickness of the ferromagnetic layers (typically < 

2 nm) provides the interface with a perpendicular anisotropy which dominates the bulk mag-

netic anisotropy. Ferromagnetic layers have either a single domain (at linear size ≤ 10 nm) or 
a multi domain (at linear size > 100 nm) magnetic structure. Large SAFs are required as a 

spin-valve platform for the industry of the magnetic sensors applicable in the medical and bi-

ology analysis. The magnetization reversals and the dynamics of magnetic relaxation affect 

speed and critical field of the spin valve sensors and SAF structures [1, 2]. 

Fig.1. A sketch of the spin valve, with the denoted areas filled by AP+, AP- and P- domains 

In this paper, we present a detailed study of the oscillating magnetic relaxation in the 

synthetic antiferromagnet (SAF) with two ferromagnetic Co layers of different thicknesses 

separated by an Ir spacer. The four stable magnetic states of the SAF are determined by the 

mutual alignment of magnetizations in the layers and are controlled by both the magnetic in-

terlayer exchange interaction and the Zeeman energy. The specific variations in the thickness-

es of the layers and/or temperature allows the existence of a ‘triple point’, which corresponds 

to a coincidence of the critical switching fields for two or three interstate transitions. In this 

case, two or even three different types of magnetization reversals occur simultaneously and 

competitively. The paper is dedicated to the description of the methods and exploration of the 

results of the experimental investigation regarding the reversal of the magnetization per-

formed for that very case. A non-monotonic dependence of the domain wall speed on magnet-

ic field H and an oscillating time dependence of magnetization M in a constant magnetic field 

were observed in a Pt/Co/Ir/Co/Pt synthetic antiferromagnet with perpendicular anisotropy 
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due to interplay between the magnetic nuclei produced by Dzyaloshinskii-Moria Interaction 

(DMI) (Figure 2).  
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Fig. 2. Oscillating magnetic relaxation in Pt(3 nm)/Co(1.05 nm)/Ir(1.5 nm)/Co(0.7 nm)/Pt (3 nm) in 

magnetic field - 1370 Oe at T = 100 K. The solid lines are exact solutions of the dynamical system 

The proximity of two or three (triple point) critical fields of SAF switching is the nec-

essary condition for both a non-monotonic magnetic relaxation and an oscillating time varia-

tions of the magnetization. The dynamical model describing the interaction and subsequent 

evolution of the magnetic nuclei demonstrates that this non-trivial magnetic relaxation obeys 

a simple Schrödinger equation. 
The work was supported by Ministry of Education and Science of the Russian Federa-

tion (grant 3.1992.2017 /4.6). We are grateful to Prof. S.Mangin for fruitful discussions and 

samples presented in our disposal.  
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Temperature (T) and magnetic field (B) dependences of the specific electrical resistivity (ρ) of 

magnetic semiconducting ZnMn2As2 single crystal have been studied below freezing temperature Tf = 

32 K. The ρ(B) dependences recordered below Tf are hysteretic curves of a “butterfly” type. The 
magnetic hysteresis loops resulting in these dependences were recovered. Both the ρ(B) dependences 

and the hysteresis loops demonstrate a ferromagnetic-like temperature behaviour. 

Keywords: magnetic semiconductors, ZnMn2As2, spin-glass-like state, ferromagnetic ordering. 

Magnetic semiconductors are materials that exhibit both semiconducting and magnetic 

response. These materials are promising for various technological applications and interesting 

from basic condensed matter physics point of view [1]. Magnetic properties of the ZnMn2As2 

semiconductor are due to presence of magnetic Mn ions in its crystal lattice. Several phase 

transitions can take place in ZnMn2As2 as follows [2]: (i) ferromagnetic (or ferrimagnetic) 

transition at the Curie temperature TC = 310 K, (ii) antiferromagnetic phase transition at the 

Neel temperature TN = 175 K, (iii) transition into incommensurate phase at Tinc = 118 K, (iv) 

transition into spin-glass-like state occurs at Tf = 32 K. The transition into spin-glass-like state 

is most unusual and interesting to study in detail. The aim of this work is to find and analyze 

the patterns in the temperature and magnetic field behavior of the specific electrical resistivity 

of the ZnMn2As2 single crystal within temperature range corresponding to forming of the 

spin-glass-like state. 

The modified Bridgeman method was applied to grow the ZnMn2As2 single crystal. A 

Mini Cryogen Free Measurements System (Cryogenic Ltd, UK) was used to measure the 

temperature and magnetic field dependences of the specific electrical resistivity. ZnMn2As2 

has disordered layered structure. During the experiments, electrical current was flowed along 

layers containing magnetic Mn ions, whereas magnetic field applied perpendicularly to these 

layers. 

Drastic ρ(T) growth due to variable-range hopping conductivity of the Mott type was 

observed just below Tf. Under external magnetic field, ρ found to be remarkably decreasing 

that is corresponding to negative transverse magnetoresistance. The ρ(B) dependences re-

cordered below Tf are hysteretic curves of a “butterfly” type as is shown in left part of Fig. 
The magnetic hysteresis loops resulting in these dependences were recovered as is shown in 

right part of Fig. The Φ(ρ, B) function, satisfactory to the clear ρ ~ dΦ/dB condition, was 

found by a graphical integrating of the hysteretic ρ(B) dependence. This function can be de-

fined as . 
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Figure. The ρ vs. B (left) and Φ vs. B (right) dependences taken at various temperatures below Tf 

Both the ρ(B) dependences and the hysteresis loops demonstrate a ferromagnetic-like 

temperature behaviour and, hence, can be originated from a ferromagnetic ordering develop-

ing in spin-glass-like state under strong enough magnetic field. So, the properties of both fer-

romagnet and spin glass are seemed to be at the same time combined in ZnMn2As2 below Tf. 

References 

1. J.A. Gaj and J. Kossut, Introduction to the Physics of Diluted Magnetic Semiconductors,

Springer Science & Business Media; 2011. 

2. Mirebau I.Chemical and magnetic order in ZnMn2As2 as studied by neutron diffraction / I.

Mirebau, E. Suard, M. Hennion, M. T. Fernandez-Diaz, A. Daoud-Aladine, and A. Naterpov // 

JMMM. – 1997. - V.175, 290-298. 

 537.62 

    
  Fe73Co12B15 и Fe81,5B13,5Si3C2 

 . . 1, . . 2, . . 3, . . 4
 

1
-  .- . , natek@mail.ru 

2 , prohorbook@mail.ru 
3

-  .- . , natek@mail.ru 
4

- . - . , zubr@api.isu.ru 

  «   » 

       -
   Fe73Co12B15   Fe81,5B13,5Si3C2      -

 ,         
. 

 :    ,   
,   . 

ё     Fe     -
         

      -
.     

         
         

 .  

mailto:prohorbook@mail.ru


134 

       -
         

   Fe73Co12B15  Fe81,5B13,5Si3C2  -
          ё -
 .            

0,05     (9-10)·10-4 .    - (25-30)·10
-6

 .      
     (  MS= 

(1,3÷1,8)·10
6 / ,    S=(20÷35)·10

-6)   -
      .   -

         10-3
 . . .

 30     3000
 -450

0    -
      .     

   = 40 / .     
    (900

, 60
0
, 50

0 )      
   ,    -

    .  
       (  -

 ,  )   Fe73Co12B15   Fe81,5B13,5Si3C2 ,  -
            

     .  

.     Fe73Co12B15    ϭ   500  
        

        Fe73Co12B15, 

      (3200
-360

0 ).   -
        

 .  
       Fe81,5B13,5Si3C2  

    =430
0 .       

Fe81,5B13,5Si3C2      ,    .  
      600

       



135 

  ,      900.    
     . 

      №. 3.1941.2017/  

 537.9 

  ,  
    

 

. . 1, . . 2, . . 3, . . 4, . . 5 

1 . .- . , , semenova_e_m@mail.ru  
2 . .- . , , lahova_m_b@mail.ru   

3 . .- . , , karpenkov_alex@mail.ru 
4 , artem.sinkevich2602@gmail.com 

5
-  .- . , , yupast@mail.ru 

1,2,3,4,5   «   » 
3   «   » . . .  

        
  -     

    .  ,  
        

 ,      .   
   ,    

,            
     .  

 :  , , . 

        
 .       

( )  «   »      
        

.        -
       , 

     ,  
 ,     –  180-  

 [1].  
         

 ,        -
  .       -

     ,   
   .      -

       -
 ,         

 .       -
,  ,  ,       -
    .   -

,        ( ) -

     . 
      ,  -
         -

 .       -
  DyFe11Ti     ~275   

-      «   »  

mailto:semenova_e_m@mail.ru
mailto:lahova_m_b@mail.ru
mailto:karpenkov_alex@mail.ru
mailto:artem.sinkevich2602@gmail.com
mailto:yupast@mail.ru


136 

«    ».    -
    ThMn12,     

 [2,3].  

        
  DyFe11Ti,   -   

( )      (  )   20  
(  ).  

. ,        
DyFe11Ti.   100 100  

 (  ),   ,    -
   ,    -

 .      (  ) -
        .   -

        -
 . 

       (  № 18-

13-00135).

 

1. Hubert A., Schafer R. Magnetic domains: the analysis of magnetic microstructures //

Springer-Verlag Berlin Heidelberg. – 1998. – 686 p. 

2. Pastushenkov Yu.G. The magnetic domain structure of DyFe11Ti single crystals / Yu.G.

Pastushenkov., J. Bartolomé, A. Larrea, K.P. Skokov, T.I. Ivanova, L. Lebedeva, A. Grushichev // J. 

Magn. Magn. Mater. – 2006. – 300. – e514-e517. 

3. Guslienko K.Yu. Magnetic anisotropy and spin-reorientation transitions in RFe11Ti (R =

Nd, Tb, Dy, Er) rare-earth intermetallics / K.Yu. Guslienko, X.C. Kou, R. Grossinger // 

J. Magn. Magn. Mater. –1995. – V.150. – P.383-392.

UDC 538.958 

OPTICAL PROPERTIES AND ELECTRONIC STRUCTURE OF TiO2 

NANOSHEETS DOPED WITH 3d ELEMENTS 

A.I. Lebedev
1
, I.A. Sluchinskaya

2

1
Professor, swan@scon155.phys.msu.ru 

2
Assistant professor, irinasluch@gmail.com 

Lomonosov Moscow State University. 

TiO2 nanosheets having a thickness of one monolayer and doped with 3d-elements (Mn, Fe, 

Co, Ni, Cu) were prepared by chemical methods. Typical lateral dimensions of nanosheets were 0.1–1 

. The optical studies reveal the fundamental absorption edge as well as specific features of the impu-

rity absorption which were different for different impurities. First-principles calculations were used to 

calculate the electronic structure, magnetic state, and local environment of 3d impurities in doped 

nanosheets. 
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Bulk titanium dioxide TiO2 (titania) have attracted considerable attention due to its 

unique physical and chemical properties, in particular the photocatalytic ones. TiO2 doped 

with different impurities is of interest for the hydrogen generation and photocatalytic water 

purification systems activated by solar radiation. Moreover, Co-doped TiO2 was the first 

transparent compound in which the room-temperature ferromagnetism was discovered [1]. 

Such ferromagnetic materials have many potential applications, for example as spin injectors 

in spintronic devices. 

In recent years, TiO2 nanosheets which have a thickness of one monolayer (7 Å) be-

came a subject of intensive studies. These nanosheets can be prepared both as colloidal solu-

tions and thin films. When doped with various 3d elements, they exhibit interesting magnetic 

and photocatalytic properties. For example, TiO2 nanosheets doped with Co and Fe are ferro-

magnets at room temperature [2] and exhibit giant magneto-optical response [3,4]. The physi-

cal nature of these phenomena is not clear. These materials may be of interest to spintronics, 

since insulating ferromagnetic oxides are very rare materials. The photocatalytic properties of 

doped TiO2 nanosheets are of interest, too [5]. 

The purpose of this work was to study the optical properties of TiO2 nanosheets doped 

with 3d elements, to determine the electronic structure, magnetic state of impurity centers 

formed by these impurities, and to establish the relationship between the structure of these 

centers and their properties. 

Titania nanosheets were prepared by delamination of proton-substituted K0.8(Ti2-

xMx)O4+  compound with the layered lepidocrocite structure in a tetrabutylammonium hydrox-

ide solution. The concentration of dopants (M = Mn, Fe, Co, Ni, and Cu) was 20%. 

The obtained samples were colorless or slightly colored colloidal solutions. The lateral 

dimensions of the nanosheets were from 0.1 to several microns as determined by scanning 

electron microscopy. 

The optical absorption studies of colloidal solutions of doped nanosheets revealed a 

fundamental absorption edge at 273–280 nm, whose position weakly depended on the type of

the dopant. A strong shift of the absorption edge with respect to bulk TiO2 is due to the quan-

tum size effect. In samples doped with Mn, Fe, and Co, the tails in the absorption spectra ex-

tended to the visible region and determined the color of colloidal solutions. The tails were in-

dividual for each impurity and in some case could be resolved into a sum of broad bands. For 

Ni and Cu impurities, the absorption tails were much weaker. 

The electronic, magnetic, and local structures of TiO2 nanosheets doped with V, Cr, 

Mn, Fe, Co, and Ni impurities were calculated from first principles using the ABINIT pro-

gram in the LDA + U approximation using PAW pseudopotentials. In the calculations it was 

assumed that all impurities are in the charge state of 4+. The magnetic moments of the impuri-

ties were found to be S = 1/2 for V, 1 for Cr, 3/2 for Mn, 1 for Fe, 1/2 for Co, and 0 for Ni. 

For Co and Cu impurities, the complexes with the oxygen vacancy were also studied. For the 

Co impurity, the energy of the complexes containing the impurity and an oxygen vacancy at 

several sites was additionally calculated. The structure with a vacancy located on the surface 

of the nanosheet had the lowest energy. 

The calculations of the electronic structure of doped TiO2 nanosheets predicted the ap-

pearance of deep levels in the forbidden gap, which can be responsible for the observed opti-

cal properties of the nanosheets. 

This work was supported by the RFBR grant No. 17-02-01068. 
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The effect of thermomechanical process (rolling and heat treatment) on the microstructural 

and magnetostriction properties of ternary Fe-Ga-NbC alloy was investigated. As comparison with as 

cast sample, a decrease in magnetostriction strain in rolled samples and then an increase in in magne-

tostriction of heat treated samples was observed. The tendency to formation of Goss texture due to 

heat treatment is proved. 

Keywords: hot-rolled, complex-rolled, annealing, Goss texture, magnetostriction. 

Ferromagnetic Fe-Ga (named as Galfenol) exhibit large magnetostriction at low mag-

netic fields which can be used in acoustic sensors, transducers, generators, linear motors, ac-

tuators, damping devices, torque sensors, positioning devices, speakers, microphones and etc. 

[1, 2]. Due to the anisotropy of magnetostrictive performance of Fe–Ga alloy, the -fiber tex-

ture with 001  grain orientation parallel to the rolling direction (RD) is desired in the sheets, 

such as Goss texture {110} 001  and cubic texture {100} 001  [3]. It is why that texture of 

rolled Galfenol sheet should be align with the magnetic easy axes, <100> directions. There-

fore, the development of strong <100> ǁ RD (RD is rolling direction, ND is normal direction 

to the sheet surface and TD is transverse direction) texture in the rolled sheets is critical in 

order to achieve maximum performance [4]. In addition to this, the dispersion of NbC parti-

cles resulted in promotion of the abnormal grain growth (AGG) of {011} grains in a process 

that is similar to the inhibition of normal grain growth (NGG) in Fe–Si electrical steel which 

occurs due to precipitation of second-phase particles such as AlN and MnS [5, 6].  

Two thermomechanical process were employed to shape an as-cast ingot of a ternary 

(Fe83.4Ga16.6)0.99(NbC)0.01 alloy: (i) hot rolling at 900C from 3.00 mm to 0.50 mm and (ii) 

complex rolling including rolling at 700C from 3.00 mm to 0.85 mm, 400℃ from 0.85 to 

0.84 mm and an intermediate heat treatment at 450C for 30 minutes and finally cold rolling 

from 0.54 mm to 0.5 mm. The recrystallization process for the complex rolled sample starts at 

about 500℃ and it is completed at 600℃. The DSC results revealed that the Curie temperature 

of alloys is around 714℃. In order to measure the magnetostriction strain, a new set-up was 

designed and tests were carried out with sticking sensors on the samples. The parallel ( ǁ) 
magnetostriction for as-cast, rolled and heat treated samples were measured. The magneto-

striction results show 42 ppm, 27 ppm, 24 ppm, 59 ppm and 62 ppm for as cast, hot rolled, 

complex rolled, heat treated after hot rolling and heat treated after complex rolling, respec-

tively. It is shown that the magnetostriction strain firstly drops after rolling, because of inter-

nal stresses which led to pinning of domain walls. Then the heat treatment after rolling leads 

https://aip.scitation.org/author/Ebina%2C+Yasuo
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to stress relaxation in the rolled samples, Goss and cubic texture formation and caused the 

domain walls move more easily. Also heat treatment led to formation of {011} and {001} 

grains. The EBSD and IPF figures proved the formation of the Goss {110}<100> and cubic 

{001}<100> texture after the final heat treatment leading to an increase in magnetostriction 

strain of the samples. Two theories of grain growth phenomena (Coincident Site Lattice 

(CSL) and High Energy Grain Boundary (HEGB)) explain the formation process of the Goss 

and cubic textures. 

Figure. Effect of thermomechanical process on magnetostriction of (Fe83.4Ga16.6)0.99(NbC)0.01 alloy 
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Thin films based on a composite with interlayers of indium oxide In2O3/(Co40Fe40B20) 

34(SiO2)66 were studied. Such a system was obtained by ion beam spraying. X-ray analysis showed that 

the films have a multilayer structure. The introduction of In2O3 interlayers into the 

(Co40Fe40B20)34(SiO2)66 nanocomposite leads to a decrease in the resistivity. All the samples studied 

have magnetoresistance both at 77 K and at room temperature, which is typical for ferromagnetic met-

al-dielectric nanocomposites. 

Keywords: multilayered structures, indium oxide, electrical resistivity, magnetoresistance. 

Nanogranular composites are widely studied both from a fundamental point of view 

and from the point of view of practical applications. Such nanocomposites consist of ferro-

magnetic nanoparticles embedded in semiconductor or dielectric matrix. 

The magnetic and physicochemical properties of these nanocomposites strongly de-

pend on the preparation method, particle size, concentration, and chemical bond between the 

nanoparticles and the matrix. There are significant limitations in the composition of the heter-

ogeneous system, which through self-organization forms a nanocomposite structure. In addi-

tion, from the point of view of practical application of thin-film nanocomposites, it is advisa-

ble to make multilayer nanogranular structures. Therefore, in this work, the effect of the In2O3 

wide-gap oxide semiconductor layer embedded in the composite matrix 

(Co40Fe40B20)34(SiO2)66 on the structure, electrical and magnetoresistance properties of the 

nanocomposite was studied. 

Experimental samples of the system [In2O3/(Co40Fe40B20)34(SiO2)66]92 were obtained 

by the method of ion beam sputtering. 
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The resulting multilayer system had 92 bilayers. Sample thicknesses (h) were meas-

ured using an MII-4 interferometer, and were in the range of 0.20 - 0.60 m. The bilayer 
thickness (h1+h2) changed from 1.6 to 6.3 nm. 

The diffractograms of the I(2Θ) thin-film system of different thicknesses have the ap-

pearance of a wide halo. 

The reason for such a dependence of I(2Θ) is the summation of diffractions from three 

different amorphous phases (metallic granules Co40Fe40B20, α-SiO2  α-In2O3). 

Small angle X-ray diffraction confirmed the presence of a multilayer structure. 

A comparative analysis of the dependences of the resistivity on the thickness (ρ(h)) of 
the In2O3, (Co40Fe40B20)34(SiO2)66 and [In2O3/(Co40Fe40B20)34(SiO2)66]92 films showed that, 

with a decrease in the film thickness, the electrical resistivity of the multilayer structure in-

creases and tends to ρ of the bulk composite, and with increasing thickness, ρ(h) decreases, 
but does not reach the specific electrical resistance of the In2O3 film. The increase in ρ can be 
explained by the small effective thickness of the semiconductor layer of ~ 0.4 - 0.5 nm, which 

is not enough to create a continuous conducting medium. Therefore, the main electrical trans-

fer is carried out in the composite. When the thickness of the semiconductor layer becomes 

sufficient for the formation of a conducting medium, a significant difference with ρ of the 
In2O3 film is associated with the amorphous structure of the phases under consideration rela-

tive to the crystalline structure of the indium oxide film. Thus, it was found that the thickness 

of the In2O3 semiconductor layer affects the value of the electrical resistivity. 

The figure shows the dependences of the magnetoresistance of the investigated thin 

films (MR). 

Figure. The magnetic field dependencies of magnetoresistivity for thin films 

(hbl – 5.52 nm; hIn2O3 = 1.44 nm) 

A negative MR means that the resistivity decreases with increasing magnetic field 

strength. Lowering the temperature from 300 to 77 K leads to an increase in the maximum 

value of the magnetoresistance obtained at 8 kOe. Such field dependences of the magnetore-

sistance for thin films are characteristic of ferromagnetic metal-insulator systems. The intro-

duction of In2O3 semiconductor interlayers and their subsequent increase decreases the mag-

netoresistance for thin films. This may be due to an increase in the distance between the 

Co40Fe40B20 ferromagnetic metal granules in adjacent layers of the (Co40Fe40B20)34(SiO2)66 

composite. 
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Femtosecond laser single pulses can be used for accurate local thinning of the multilayered 

Ta/Pt/Gd21.6Fe67.8Co10.5/IrMn/Pt heterostructures, allowing local control of the ferromagnetic lay-

er. Laser burned craters have perfect round shape with no large defects, cracks and melting traces, if 

the fluence does not exceed a threshold value 12 – 15 mJ/cm2. Indentation tests showed a decrease in 

the elastic modulus inside the crater by 1.2 times. A change in hardness was not detected, although the 

shape of indentation imprints indicates a clear change in plastic properties. These changes can be ex-

plained by impressing of the surface material into the film under external stresses. Local changes of 

the magnetization detected by MOKE and MFM indicate edge demagnetizing field of the crater. The 

laser irradiation as well as mechanical indentation create internal mechanical stresses and structural 

defects affecting magnetization in the crater. Internal mechanical stresses diminish local saturation 

magnetization in the heterostructure, decreases scattering of the switching field. The structural defects 

cause two different switching fields in the crater. The laser treatment can be used for accurate control 

of magnetization, demagnetizing field and surface topology.  

Keywords: magnetic heterostructure, demagnetizing field, femtosecond laser fluence, thin 

films, nanohardness 

The GdFeCo alloys were demonstrated to be good candidates for ultrafast memory de-

vices based on all-optical switching (AOS) of magnetization under  polarized light of femto-

second laser [1]. Thin Gd21.6Fe67.8Co10.5 films are typically amorphous ferrimagnets with 

Curie temperature around 500 K, which can show perpendicular magnetic anisotropy (PMA), 

and low coercivity. Combination of the ultrafast light-induced switching of magnetization 

with convenience of the GdFeCo films for spin valves gives nice opportunity to develop light 

controlled spintronics. The GdFeCo/IrMn heterostructures are usually optimized through the 

variation of concentrations of chemical elements in the layers [2]. In this paper, we have de-

veloped local control of magnetization of the GdFeCo/IrMn film by single ultrashort laser 

pulses. Laser treatment of the thin films is cheaper and faster in comparison with e-beam li-

thography, commonly used for surface nanoengineering. 

Irradiation of the heterostructure glass/Ta/Pt/GdFeCo/IrMn/Pt (Fig. a) by 50 fs ultra-

short laser pulses causes local thinning of the film down to ~ 12 – 30 nm depth.   These pits 

are distinguished by Atomic Force Microscopy (AFM), while their stray magnetic fields were 

detected by Magnetic Force Microscopy (MFM) (Fig. b).  

The crater was formed due to layer- by -layer evaporation of the material. No sign of 

melting was found in the vicinity of the crater at subthreshold laser fluence, but exceeding of 

the threshold caused destruction of the layers. Energy-dispersive X-ray spectroscopy (EDX) 

revealed depletion of Gd, Fe and Co, responsible for magnetic properties of the subthreshold 

crater. The amplitude of the local MOKE signal decreased down to 1.7 times in the irradiated 

area, while thinning of the ferromagnetic layer was 1.1 times. No proportional change of 

magnetization was caused by bias effect of IrMn layer. Decreased elastic modulus was found 

inside the subthreshold crater in the irradiated areas.  

Laser engineering of the surface of GdFeCo thin films opens the way for local control 

of energy balance between magnetic anisotropy, exchange coupling and Zeeman energy. This 

can be used for creation of individual separated sectors on the surface of the magnetic films 

for capture, storage and analysis of the ferromagnetic nanoparticles and magnetically labeled 

biomolecules and cells.  
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Figure. (a) Structure of the sample, (b) MFM profile of crater burned by femtosecond laser 
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Рисунок. Зависимости удельного электросопротивления от температуры (а)  

и магнитосопротивления (б) тонких пленок аморфного углерода в исходном состоянии и после 
термообработки при различных температурах 

Таким образом, термообработка тонких пленок аморфного углерода, получен-
ных методом ионно-лучевого распыления, приводит к смене механизма электропро-
водности от прыжков моттовского типа с переменной длиной прыжка [2] к слабой ло-
кализации и появлению квантовых поправок к проводимости [4]. 
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Multilayered (In2O3/SnO2)69 thin films were obtained by ion-beam sputtering. XRD and TEM 

analysis showed that (In2O3/SnO2)69 samples are multilayered and In2O3 and SnO2 layers are 

amorphous. The results showed that the multilayered samples were thermally stable up to the heat 

treatment temperature T <400°C. An increase in the temperature of heat treatment above 400°C 
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simultaneously leads to the crystallization of the amorphous phase for all values of the bilayer 

thickness and the destruction of the layered structure at bilayer thicknesses hbl > 2.5 nm. 

Key words: multilayered heterostructures, oxide semiconductors, heat treatment, electrical 

resistivity, XRD. 

At present time, multilayered heterostructures consisting of oxide semiconductors lay-

ers attract significant and growing interest for electronics devices application [1-3], gas sen-

sors [4], etc. In most cases, such heterostructures exhibit improved or new physical properties 

and can combine the properties of two different materials. Multilayering is also a tool for reg-

ulating such structural parameters as the band gap width by influencing the structure of one 

layer on the structure of another [5,6]. 

In this paper, we presents results of research influence of thermal treatment on struc-

ture and electrical properties (In2O3/SnO2)69 multilayered heterostructures prepared by ion-

beam sputtering. The structure of the samples was studied by X-ray diffraction methods 

(XRD) on a Bruker D2 Phaser diffractometer ( CuKα1 = 1.54 Å). Heat treatment was provided 

in the vacuum chamber at the pressure is 10
-2

 Torr and in the temperature range 250-600 °C
within 30 minutes. 

XRD analysis showed that (In2O3/SnO2)69 samples are multilayered and In2O3 and 

SnO2 layers are amorphous (showed on figure). The results showed that the multilayered 

samples were thermally stable up to the heat treatment temperature T < 400 °C. An increase 
in the temperature of heat treatment above 400°C simultaneously leads to the crystallization 

of the amorphous phase for all values of the bilayer thickness and the destruction of the lay-

ered structure at bilayer thicknesses hbl > 2.5 nm.  

For samples with both small and large hbl, the conduction mechanism is thermally ac-

tivated, in the temperature range close to room temperature. The results of the estimation of 

the activation energy correspond to the energy levels of oxygen vacancies in single-crystal 

SnO2. 

(a)      (b) 

Figure. XRD patterns for (In2O3/SnO2)69 multilayered thin film sample 

 (bilayer thickness hbl = 2,939 nm) (original and after annealing) 

This work was supported by the Ministry of Education and Science of the Russian 

Federation as the project part of the state task (No 3.1867.2017/4.6). 
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The dissipative properties of a two-layer ferromagnetic-piezoelectric system are taking into 

account to estimate the maximum value of the longitudinal coefficient of the magnetoelectric coupling 

Keywords: longitudinal magnetoelectric effect, dissipative properties of the ferromagnet-

piezoelectric system. 

At the transition from a bulk sample to a film, as a result of the transition to another 

mathematical model — boundary problems for differential equations — the dependence of 

the magnetoelectric (ME) coefficient αE on the geometric dimensions of the system is appear-

ing. However, the restricted geometry consideration [1,2] can’t change the order of effect 
magnitude in resonance condition in the general case. If don’t consider the energy dissipation 
processes in the structure, the response of the system will be abnormally large  E

  . 

Let the two-layer structure of a ferromagnetic-piezoelectric be located in the x0y plane 

perpendicular to the polarization P  and magnetization M  vectors. The equations of motion 

of the ferromagnetic (1) and piezoelectric (2) layers with lm and lp thicknesses have the form 
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where 
       

, ,
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x

j
G u  are the densities, shear modules, internal friction coefficients and 

components of displacement vectors 
      ,

j j j

x z
u u u  for ferromagnetic (1) and piezoelec-

tric (2) layers, respectively; φ is the electric potential of piezolayer; zz, dzxz are the compo-

nents of the permittivity and piezoelectric modules tensors. 

Solutions of equations (1), (2) will be found in the form 
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(3) 

where ω is the frequency of external magnetic field oscillations, applied parallel to the P , 

M  vectors. Substituting functions (3) into equations (1), (2), we obtain the equations for the 

amplitudes of the unknown functions: 
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The results, obtained by formula (5) for the nickel/PZT system, are shown in table. 

Table 

The values of the ME coefficient  max ,V/ cm Oe
E

   at natural oscillations frequencies ,MHz
i

  , 

0, 3i  of the composite at different thicknesses lp of the piezoelectric layer and thickness lm = 1 

mm of the ferromagnetic layer 

Piezolayer 

thickness 

lp, mm 

i=0 i=1 i=2 i=3 

ωi 
max

E
 ωi 

max

E
 ωi 

max

E
 ωi 

max

E


0.5 6.0621 4.418 12.1792 2.199 18.2384 1.468 24.3036 1.102 

1.0 4.5440 125.533 9.0858 62.780 13.6319 41.844 18.1715 31.391 

1.5 3.6346 18.610 7.2413 9.341 10.8919 6.210 14.5011 4.664 

It should be noted that the evaluation method 
max

E
 in the papers [1,2] is not clear,

since the parameters of the dissipative materials are absent in the corresponding formulas. 
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Thin-film amorphous films are widely and successfully used in information recording and 

display systems, solar energy, sensor technology, etc. One of the promising areas for further 

expanding the capabilities of this new class of semiconductors is the creation on their basis of “nano-

crystalline media”, which are compositions of a large number of “crystals” of nano-meter dimensions 

that form in the amorphous matrix at the initial stages of the crystallization process developing in it. 

The resulting nano-crystals are inherently atomic clusters that form not in the crystal lattice, but in an 

amorphous medium. 

Keywords: amorphous films, atomic clusters, germanium monosulfide. 

The purpose of this work was to study the effect of Nd atoms on the optical and elec-

trical properties of amorphous germanium monosulfide films obtained by thermal spraying. 

The absorption spectrum was studied in the region of the absorption threshold, as well as the 

temperature dependence of the electrical conductivity of amorphous GeS and Ge1-xNdxS films 

(x = 0.005; 0.01). It has been established that during thermal spraying a homogeneous solid 

solution of  Nd in GeS is not formed. Addition of Nd causes a tendency to clustering Nd-rich 

regions in the GeS matrix. 

All measurements were performed on samples with a diameter of 10 mm. Ohmic con-

tacts were created by soldering silver acid. Optical measurements were carried out on a set-up 

http://http:%20/%20www.iapws.org/release.html
http://http:%20/%20www.iapws.org/release.html
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assembled base of the aperture monochromator MDR-2. X-ray phase analysis was performed 

on a D8 ADVANCE diffractometer. 

Thermo-optical phenomena are observed in Ge1-xNdxS thin films, their role is en-

hanced with increasing  Nd concentration. As the Nd content increases, the conductivity of 

the films increases, which leads to their Joule heating in an electric field, which causes ther-

mal switching. However, based on the obtained data, it can be argued that the addition of  Nd 

leads to the appearance of new states associated with clusters in the band gap. The same states 

are responsible for the “shoulder” observed in optical absorption. 
Along with the effect on the optical properties, the Nd impurity has a great influence 

on the electrical properties of thermally deposited Ge1-xNdxS films. It was found that the ef-

fect of Nd atoms on the physical properties of thin films is greatly enhanced by thermal an-

nealing. 

Measurements were carried out both when heated to a temperature close to the soften-

ing temperature Td, and during cooling. For amorphous films, the only values of activation 

energy for this technology of 0.75 eV films were given. 

Thus, experiments conducted by us with thin amorphous films, thermal evaporation 

confirm: 

1. Impurity atoms of rare earth elements (in this case, Nd) contribute to the formation

of clusters in the amorphous matrix of germanium monosulfide. 

2. Formed nanocrystals in an amorphous matrix lead to the appearance of new states in

the band gap. 

3. With an increase in the Nd content, the anisotropy of thin films decreases.

4. With an increase in the concentration of impurity atoms Nd, the conductivity of the

films increases, which leads to heating, and ultimately to 

thermal switching thin film. 

5. The amorphous GeS matrix provides “comfortable” conditions for the formation of

practically non-stressed clusters, where these amorphous films are widely used in systems for 

recording and displaying information. 
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Composites consisting of “Bi0.4Sb1.6Te3 (matrix) – SnSe (filler)” with various weight content 
of filler (0, 10 and 20 wt. %) were prepared by spark plasma sintering method. With increasing the 

filler content, ρ was decreasing, whereas S is decreasing. In spite of such ρ and S degrading, thermal 

conductivity of the composites developed can be assumed to be low enough to compensate this 

degrading, resulting in improving in the thermoelectric efficiency. 

Keywords: thermoelectric composite, spark plasma sintering, electrical resistivity, Seebeck 

coefficient. 

Actual problem of material science is developing new semiconductor materials with 

enhanced thermoelectric efficiency, which is characterizing by the thermoelectric figure-of-

merit, ZT. Lower thermal conductivity and specific electrical resistivity and higher Seebeck 

coefficient should be at the same time combined for effective thermoelectric material to reach 

higher ZT value. These thermoelectric properties are intimately but adversely inter-dependent: 

optimizing one often degrades the others. Tin chalcogenides due to their layered structures 

have rather low lattice thermal conductivity and acceptable electronic properties, which 

makes it possible to consider them as ones of the most promising candidates among potential 

high-performance thermoelectrics. But, owing to poor mechanical and high anisotropy in 

physical properties, practical application of these compounds is sufficiently limited. However, 

tin chalcogenides can be applied as fillers with low thermal conductivity to prepare the com-

posites based on conventional thermoelectrics (bismuth telluride and bismuth telluride based 

solid solutions with electron and hole conductivity). The aim of this work is (i) to prepare the 

composites consisting of “Bi0.4Sb1.6Te3 (matrix) – SnSe (filler)” with various weight ratios 
between the matrix and filler, and (ii) to trace the composition effect on the specific electrical 

resistivity and Seebeck coefficient.  

Figure. Temperature dependences of ρ, S and P for the composites with various compositions 

Starting Bi0.4Sb1.6Te3 and SnSe powders were used to prepare the composites corre-

sponding to different contents of filler (0, 10 and 20 wt. %). Spark plasma sintering (SPS) 

method by using a SPS-25/10 system was applied to compact powder mixture at pressure of 

40 MPa, temperature 620 K and sintering time of 5 min and, hence, prepare bulk samples. X-

ray diffraction (XRD) analysis of the bulk samples was performed by a Rigaku Ultima IV dif-

fractometer with CuKα – radiation. The specific electrical resistivity, ρ, and the Seebeck coef-

ficient, S, were measured by using a ZEM-3 system. According to the XRD pattern, the bulk 

samples consist of individual Bi0.4Sb1.6Te3 and SnSe subsystems, that is these samples are re-

ally composites. Besides, all the compositions were found to be highly textured. Due to this 

texturing, strong anisotropy in ρ and S, measured along directions parallel and perpendicular 

to the SPS-pressing direction, was found. These properties were found to be enhanced ones 
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for the parallel orientation. With increasing the filler content, ρ was decreasing, whereas S is 

decreasing within whole temperature range, presented in Fig. Naturally, power factor, P, de-

fined as P=S
2
/ρ is naturally decreasing. ρ is gradually increasing with increasing in measuring

temperature for all the compositions, that is characteristic of degenerate semiconductors. 

Maxima observed in the S(T) curves are originated from a bipolar effect, when electrons and 

holes are simultaneously thermally generated in semiconductor due to intrinsic conductivity. 

In spite of degrading in ρ and S in the composites developed, their thermal conductivi-

ty can be happened to be low enough to compensate this degrading, and, hence, to result in 

improving in the thermoelectric efficiency. The thermal conductivity measurements are in 

progress now.   
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This paper presents the results of a study of the gas-sensitive properties of thin (up to 100 nm) 

ZnO – SnO2 films with respect to carbon monoxide (II). It is shown that the effect of CO molecules 

leads to a change in the chemical composition of the films and the degradation of gas sensitive proper-

ties. 

Keywords: gas sensitive properties, thin films, carbon monoxide (II). 

Binary ZnO–SnO2 (ZTO) thin films with varying SnO2 concentrations were grown on 

glass substrate. The influence of various factors such as synthesis conditions and properties of 

the resulting films was studied. ZTO transparent films were obtained from organic com-

pounds of zinc (II) and tin (IV) by low-temperature pyrolysis. Ii was determined that crystal 

structure formation starts at the temperature of 550 . Ii was found that the film materials

obtained by this method are uniform, dense, distribution occurs over the entire surface. The 

thickness of the one-layer film is about 30 nm. The method allows to obtain films of a given 

thickness by layer-by-layer formation. The study of multilayer films showed that high-quality 

material can be obtained by two to four times the application and the firing temperature of 

500-600 °C.
The properties of the synthesized materials were studied by X-ray (ARL X’TRA dif-

fractometer, CuK1-radiation), surface morphology and elemental microanalysis (scanning 

electron microscope Nova Nanolab 600 with the system of energy-dispersive X-ray microa-

nalysis EDAX GENESIS 6000i). Electrophysical and gas sensitive properties by carbon oxide 

(II) were measured using an automated installation for determining the parameters of gas sen-

sors at the Center for Collective Use "Microsystem Technics and Integral Sensors" [1]. X-ray

photoelectron spectroscopy (XPS) has been used to characterize the elemental and surface

composition of the ZTO surface at a depth of several atomic layers (XPS) [2]. XPS makes it

possible to determine the relaxation of the surface structure of the films as a result of exposure

to CO molecules. The studies were carried out in an ultrahigh vacuum (vacuum level no

worse than 1,8∙10-9
 mbar) K-Alpha ThermoScientific installation with a monochromatic X-

ray source Al-Kalpha with quantum energy hv = 1486.6 eV.

Studies of the gas-sensitive properties of the films were carried out on the structures 

on which V-Cu-Ni contacts were formed. Studies were carried out at a temperature of 300 
o
C.

It was clear that at the first ten CO exposures with a concentration of 50 ppm, the sensor re-

sponse was 34% of the initial resistance level. In further studies, the sensitivity dropped 

sharply to a level of no more than 10% when exposed to 1000 ppm. 

When conducting XPS studies, it was found that in the process of holding the sensors 

in a gaseous environment, the chemical composition of the surface layers of the ZTO film de-

grades due to the chemical adsorption of CO molecules, which leads to the reduction of zinc 

and tin to metals due to the breakdown of metal oxide bonds. This, in turn, leads to the for-

mation of hydroxides and zinc carbonates. In addition, desorption of tin compounds occurs 

from the surface layers of the films. 
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Patterns in changes of the microstructure (grain structure) and the thermoelectric properties of 

the n-type grained Bi1.9Gd0.1Te3 compound, spark-plasma-sintered at different temperatures (TS = 690, 

720, 735, 750, 780, and 810 K), have been studied in detail. All the samples studied were highly 

textured along 001 direction parallel to the pressing direction. The highest value of the thermoelectric 

figure-of-merit equal to ~ 0.73 for the perpendicular measuring orientation was found for the sample 

sintered at 750 K. 

Keywords: thermoelectric properties, Bi1.9Gd0.1Te3 compound, spark plasma sintering. 

Various physical and technological approaches are developing and improving to opti-

mally combine of the Seebeck coefficient (S), the specific electrical resistivity (ρ) and the 

thermal conductivity (k) and, hence, to maximize the thermoelectric figure-of-merit (ZT) of 

the Bi2Te3-based compounds. One of modern technological ways to prepare such compounds 

is spark plasma sintering [1]. The purpose of this paper is to find and analyze the patterns of 

the spark plasma sintering temperature effect on the thermoelectric properties of the n-type 

grained Bi1.9Gd0.1Te3 compounds. 

Microwave-solvothermal synthesis and spark plasma sintering were applied to prepare 

the grained Bi1.9Gd0.1Te3 samples. Spark plasma sintering method by using a SPS-25/10 sys-

tem was applied to compact the synthesized powder at pressure of 40 MPa and sintering time 

of 150 s. Different SPS temperatures, TS, equal to 690, 720, 735, 750, 780, and 810 K were 

used. 

 It was found that all the bulk samples are highly textured along 001 direction parallel 

to the pressing direction. Texturing observed is related to crystal structure features of the 

Bi2Te3-based compounds. Orientation factor characterizing a texturing degree and estimated 

from XRD patterns happened to be weakly TS-dependent. Average grain size measured along 

the SPS pressing direction was far less as compared to that measured in the perpendicular di-

rection. 

A strong anisotropy in the specific electrical resistivity and the total thermal conduc-

tivity at measurements along directions parallel and perpendicular to the SPS-pressing direc-

tion was found. The thermoelectric properties for the perpendicular measuring orientation 

happen to be better as compared to those for the parallel measuring orientation. All the ther-

moelectric properties, measured within 280-620 K range, were found to be TS-dependent. 

With increasing TS, ρ was gradually decreasing, whereas kt is gradually increasing. In addi-

tion, ρ is gradually increasing with increasing measuring temperature for all the samples. This 

behavior is characteristic of metals or degenerate semiconductors. All the k(T) curves were 

found to be rather complicated. The minima located at ~ 430 K can be attributed to changing 

in the thermal conductivity mechanisms. Contributions from crystal lattice, carriers and bipo-

lar conductivity were taken into account to analyze in changing in the k(T) curves for the 

samples sintered at different TS. In contrast to TS-effect on ρ and k, S was nonmonotonically 

changing with increasing TS. Owing to the highest S and the low enough ρ, the highest power 

factor was observed for the sample sintered at 750 K. And vice versa, the sample sintered at 

690 K has the highest ρ and one of the lowest S among all the samples, that in turn results in 

the lowest power factor in this sample. 
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Finally, the ρ, S and k values were used to plot the ZT(T) dependences for the samples 

sintered at different TS (Fig.). 

Figure. Temperature dependences of ZT for different TS 

All the ZT(T) dependences have clear maxima positioned at temperature of ~ 430 K. 

These maxima can be obviously related to onset of the intrinsic conductivity at high tempera-

tures. The intrinsic conductivity is harmful for the thermoelectric efficiency enhancement. 

The TS - effect on the thermoelectric figure-of-merit of the grained Bi1.9Gd0.1Te3 compounds is 

clearly expressed. The highest ZT value equal to ~ 0.73 was observed for the sample SPS-

sintered at TS = 750 K. Although this sample possesses mean thermal conductivity value 

among other samples, its highest power factor is dominant source favoring to the ZT maximi-

zation. 

M.N. Yaprintsev thanks the Ministry of Education and Science of the Russian Founda-

tion for Basic research for the financial support under project No 18-32-00415. 
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Ni-Fe-Ga alloys belong to a family of functional ferromagnetic shape memory alloys. 

Thermal treatment along with composition changes are the simplest means of controlling the 

functional properties of Ni-Fe-Ga alloys. Changes in the degree of atomic order and precipita-

tion of  phase are usually considered as factors determining the properties of Ni-Fe-Ga al-

loys, while the role of point defects, in particular, quenched-in vacancies, is either ignored or 

analyzed in terms of their impact on the ordering process. However, point defects are among 

the main factors affecting the mobility of linear and planar defects and thereby the functional 

properties of alloys. Recently, we have found that quenching of Ni55Fe18Ga27 single crystals 

from an annealing temperature to the martensitic phase leads to a phenomenon of hyperstabi-

lization of the martensitic phase that has been explained by sweeping of quenched-in point 

defects by moving interphase boundaries during reverse transformation [1]. It has been also 

shown that the concentration of vacancies in a Ni-Fe-Ga alloy changes upon thermal treat-

ment in very broad limits and reaches up to 2500 ppm in samples quenched from high tem-

peratures [2]. 

This work is devoted to study of the elastic (effective Young´s modulus) and anelastic
(linear and non-linear internal friction, Young's modulus defect, anelastic strain) properties of 

Ni55Fe18Ga27 alloy, subjected to different heat treatments, by means of resonant piezoelectric 

composite oscillator technique at frequencies around 100 kHz, temperatures of 12-370 K and 

strain amplitudes between 10
-7

 and 10
-4

. Samples were cut from rod-shaped Ni55Fe18Ga27 sin-

gle crystals with [100]A orientation along the rod. After annealing for 20 min. at 970 K, the 

samples were subjected to three different heat treatments: 1) slow cooling in the air; 2) direct 

quenching into room-temperature water; 3) step-quenching (quenching into oil at 390 K fol-

lowed by quenching into room-temperature water). The samples cooled in air were character-

ized by the forward and reverse martensitic transformation temperatures about 330 and 340 K, 

respectively, and the Curie temperature of Tc = 290 K. The samples directly quenched into 

water were in a hyperstabilized state, where a small fraction of martensite exhibited reverse 

transformation near 400 K, while the main fraction required overheating up to a temperature 

about 580 K [1]. The magnetic transformation after quenching becomes smeared and shifts to 

mailto:oksanchik2603@mail.ru
mailto:oksanchik2603@mail.ru
mailto:sitnikov04@mail.ru
mailto:pasternakyg@mail.ru


219 

Tc ≈ 270 K. The martensitic phase of the alloy, as analyzed by TEM, presents at room tem-

perature a mixture of 7-layered (14M) and non-modulated (2M) structures. 

It has been shown that elastic and anelastic properties of the Ni-Fe-Ga alloy depend 

crucially on the thermal treatment because of strong pinning of twin boundaries by quenched-

in point defects. The amplitude dependence of the internal friction, Young's modulus defect 

and amplitude of reversible anelastic strain demonstrates stages corresponding to motion of 

twin boundaries inside extended point defect atmospheres, breaking the twin boundaries 

through the atmospheres and their oscillations outside the atmospheres [3]. It is concluded 

that vacancies form atmospheres near twin boundaries, the density of which (but not their ex-

tension) strongly depend on the concentration of vacancies. Two stages are revealed in the 

temperature dependences of the elastic and anelastic properties of the alloy that can be associ-

ated with pinning/depinning of twin boundaries by/from different point defects, most proba-

bly divacancies and monovacancies. Experimental data evidence that point defect diffusion is 

defect-assisted, proceeding largely within lattice regions adjacent to twin boundaries over the 

entire temperature range under study. Studying the effect of temperature on the amplitude de-

pendence of anelastic properties of the alloy enables us to follow the evolution of the point 

defect distribution in atmospheres around twin boundaries. 
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