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INFLUENCE OF SOME SALTS ON BINODALINE OF BIPHASIC SYSTEMS
FORMED BY NONIONIC POLYMERS
A.A. HASANOV, X.T. HASANOVA, S.R. BAGIROVA
Institute for Physical Problems,
Baku State University, Z. Khalilov 23, Baku, AZ 1148, Azerbaijcan
E-mail: xaverhasanova2019@rambler.ru
The effect of salts KSCN, KI, KBr, KCI, KClO4., KF, K2SO, and NH4CI, LiCI, NaCl, KCI, CsCl on the binodials of
the phase diagrams for aqueous biphasic dextran-polyvinylpyrrolidonel and dextran-polyethylene glycol systems was studied.
It is established that the K-salts present at the concentrations of 0.1 and 0.5 mol/kg alter the binodials of the phase diagrams
for the above systems. The effect of a salt is found to be related to the lyotropy of the salt quantified by the salt molal surface
tension increment. It is assumed that phase separation in an aqueous polymer biphasic system is affected by the presence of a
salt mainly due to the effect of the salt on the structure and/or state of water in the system.
Keywords: Phase systems; phase separation; inorganic salts; lyotropic series; partition technique, polymers.
PACS: 61.20.Ne,66.20.+d,82.60.Lf,61.25.Hq.

KSCN, KI, KBr, KCI, KNO3, KF, K,SO, NH.CI,
CsCI, LICI, NaCl – were of analytical grade; water
was double distilled in quartz.

INTRODUCTION
Aqueous polymer biphasic systems are used
successfully for the separation of biological cells, cell
organelles and macromolecules [1,2] as well as for
their analytical study [3,4]. Partition behaviour of
solutes and biological colloids is known to be strongly
dependent on the type, molecular weight and
concentration of the phase polymers and on the type
centration of salt added to the system [1,4-6].
The most commonly u sed phase systems contain
dextran and polyethylene glycol (PEG) [1-6] or
dextran and ficoll [4,7]. A great deal of experimental
data collected about these systems seems to be
incomplete for the understanding of general factors
determining partition of solutes and particles in
aqueous polymer biphasic systems. We believe that
for better understanding of these factors a comparative
study of physico-chemical properties of a series of
aqueous biphasic systems is called for. The series
which we have recently begun to study includes
dextran polyvinylpyrrolidone (PVP), dextran polyvinyl alcohol (PVA), dextran-ficoll and dextran PEG. In order to simplify the comparison intended
one of the phas epolymers used in all the above
systems is dextran. The purpose of the present work
was to investigate the effects of different inorganic
salts on the separation of phases in the above aqueous
biphasic systems formed by nonionic polymers.

Methods
Phase diagrams were determined by preparing a
number of biphasic systems of various concentrations
of the two polymers. The upper and lower phases were
analyzed for their contents of the phase polymers. The
relative volumes of the two coexisting phases were
measured using graduated tubes. The densities of the
phases were determined by pycnometry. All the phase
diagrams were determined at 23-25°C.
Dextran-PEG system
The systems were centrifuged for 20 min at 4400
g to speed phase settling. The dextran concentrations
in both phases were determined by polarimetry and
those of PEG refractometrically as described
elsewhere [1]. In the presence of a salt the PEGconcentration in the bottom dextran-rich phase was
determined using the I2 binding assay [8]. The salt
concentration in the bottom phase was calculated from
the refractive index measurements and from the
dextran and PEG content of the phase. The PEG and
salt concentrations in the upper PEG-rich phase were
calculated from the total composition of the system
and from that of the dextran-rich phase. Some points
on the central part of the binodial curve were
determined by turbidimetric titration [1].

MATERIALS AND METHODS
Materials
The polymers used are Dextran-70(M=57,200;
M,=28,700; Minmedprom, Moscow, USSR; Lot
680480), Polyvinylpyrroli- Done (PVP) (Mw =
12,700; Minmedprom, Moscow, USSR; Lot 135-84),
Polyvinyl alcohol (PVA) (Mw = 55,000; 1.3 % of
acetate Groups; Minchimprom, Moscow, USSR;
1246-83), PEG (M. = 6,000; Serva Fine Biochemicals;
Heidelberg, G.F.R.; Lot 419- 80), and Ficoll-400 (Mw
400,000; Pharmacia Fine Chemicals, Uppsala,
Sweden; Lot HH-26371). The inorganic salts used
131, H.Javid ave, AZ-1143, Baku
ANAS, Institute of Physics
E-mail: jophphysics@gmail.com

Dextran-PVP system
The phases of the biphasic system were allowed
to settle for 21- 24 h. The dextran concentrations in
both phases were determined by polarimetry. The PVP
concentrations in the phases without any salt added
were calculated from the dry weight measurements
[1]. In the presence of a salt the PVP concentrations in
both phases were determined from the intersections of
the tie line joining the point representing the total
3
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composition of the system and the lines representing
the dextran concentrations in the phases with
consideration for that the ratio of the segments of the
tie line must be equal to that of the weights of the
phases [1]. Some points on the central part of the
binodial curve were determined by turbidimetric
titration.

concentrations in the two phases were calculated from
the optical rotation measurements with consideration
for the relative weights of the phases as described
above for the dextran-PVP system. The above method
of the isoionic dilution was used in the presence of a
salt added at the fixed ficoll/dextran concentrations
ratio of 1.14.
The critical points of the phase diagrams studied
were determined as described elsewhere [1].

Dextran-PVA system
The systems were centrifuged for 15 min at 4400
g and allowed to settle for 21-24 h. The dextran
concentrations in both phases were determined by
polarimetry. The PVA-concentration in the bottom
dextran-rich phase was determined using the Izbinding assay [8]. The PVA concentration in the upper
PVA-rich phase was calculated from the dry weight
measurements. The binodials of the phase diagrams
for the systems in the presence of salts were
determined using the technique described above for
the dextran-PVP system. Some points on the central
part of the binodial curve were determined using the
isoionic dilution of the system of a given polymer and
ionic composition and measuring the weight of a
system after each step-by-step dilution. The polymer
composition of the biphasic system (above binodial
curve) and that of the corresponding one-phase system
(below binodial curve) was determined. The results
were plotted on the graph and the binodial curve was
determined [1]

RESULTS
Figure 1 shows the binodials of the phase
diagrams for aqueous Dextran-PVP, Dextran-Ficoll,
Dextran- PEG and Dextran-PVA systems. The
binodials are different depending upon the type of the
phase polymers.
Several typical binodials of the phase diagrams
for the Dextrans-PVP systems with 0.10 mol/kg of a
salt and without any salt added are shown in Figure 2.
It can be seen that the binodial of the aqueous
Dextran- PVP system is appreciably changed in the
presence of a salt additive at the concentration of 0.10
mol/kg.
Figure 3 shows the binodials of the phase
diagrams for the Dextran-PEG systems with 0.25
mol/kg of K2SO4 and without any salt. The binodials
for the systems containing the other salts at the
concentrations up to 0.50 mol/kg and without any salt
are so close to each other that only one line can be
drawn.
Figure 4 indicates several typical binodials of the
phase diagrams for the Dextran-PVA systems with
KSCN, K2SO4 and without any salt added. It appears
that the binodial for the Dextran-PVA system is
affected by the presence of a salt additive similarly to
that for the Dextran-PVP system although the effects
observed in the former case are less pronounced.

Dextran-Ficoll system
The phases of the biphasic system were allowed
to settle for 21- 24 h. The polymers concentrations in
both phases were determined by measuring optical
rotation and refractive index of the phases [1] with
consideration for the total composition of a given
system. In the presence of salts the polymers

Fig.1. Phase diagrams of aqueous biphasic systems Dextran-PVP [1],Dextran-Ficoll[2], Dextran-PEG[3] and Dextran
PVA[4] Ci denotes concentration of PVP, Ficoll, PEG or PVA.
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Fig.2. Phase diagrams of aqueous biphasic systems of Dextran and PVP with 0.10 mol/kg KSCN[1], with no salt
added [2], and with 0.10 mol/kg K2SO4 [3].

Fig.3. Phase diagrams of aqueous biphasic system of Dextran and PEG with no salt added [1] and with 0.25 mol/kg
K2SO4 [2].

Fig.4. Phase diagrams of aqueous biphasic system of Dextran and PVA with 0.50 mol/kg KSCN [1], with no salt
added [2], and with 0.10 mol/kg K2SO4 [3].
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The effects of the salts on the binodial of the
phase diagram for the Dextran-Ficoll system were
studied at the fixed Ficoll/Dextran concentrations ratio
of 1.14 corresponding to the critical point of the
system in water and at the salts concentrations of 0.10

and 0.50 mol/kg. The results obtained are listed in
Table 1. The concentrations of the phase polymers
representing the critical points of the binodials of the
phase diagrams for the systems studied with and
without salt additives are listed in table 1.
Table 1.
Compozisition of the systems corresponding to the critical points of the dextran-PVP-H20-salt (0.10mol/kg),
dextran-PVA-H2O salt(0.50mol/kg)systems, concentrations of dextran and Fikoll required for phase separation
in the dextran-fikoll-H2O system in the presence of 0.10 mol/kg) and 0.50mol/kg) of a salt additive and molal
surface tension increments () of the salts.
Salt

Cdex

Cpvp

Cdex

Cpva

Cdexa)

Cfikolla)

Cdexb)

Cfikollb)


KSCN
KL
KBr
KNO3
KCl
KF
K2SO4
CsCl
NaCl
LiCl
NH4Cl

9.50
14,00
13.80
12.50
10.00
9.50
8.10
10.00
10.80
10.00
9.80

12.10
15,50
15.50
14.30
13.40
11.30
10.10
12.40
12.60
12.30
12.20

3.05
3,35
3.00
2.63
2.68
1.75
2.25
2.40
2.45
2.55

2.45
2,70
3.00
3.08
2.25
2.65
3.00
2.55
2.65
3.15

9.96
11,28
11.08
10.31
10.20
10.18
9.81
9.04
9.94
9.96
9.96
10.08

11.35
12,86
12.63
11.75
11,62
11.61
11.18
10.31
11.33
1.35
11.35
11.49

9.96
12,02
11.47
10.38
9,96
9.94
8.94
9.51
9.96
9.96
10.19

11.05
13,70
13.08
11.83
11.35
11.33
10.19
10,85
11.35
11.35
11.62

103
dyng/cmmol
0,45
0.84
1.31
1.67
1.88
2.35
2.58
1.85
1.75
1.65
1.39

(positive Ci- values) as well as a decrease (negative
Ci-values) in the polymers’ compatibility depending
on the type of the salt. It can also be seen from the
relationships plotted in figure 5 that the salt
susceptibility of the systems under study decreases as
follows: Dextran-PVP (0.1 mol/kg salt) > DextranFicoll (0.1 mol/kg salt) > Dextran-Ficoll (0.5 mol/kg
salt) > Dextran-PVA (0.5 mol/kg salt) > Dextran-PEG
(0.5 mol/kg salt). It should be noted, however, that the
above conclusion seems to hold for the case of the Ksalts. The addition of the 1:1 chlorides studied to the
above systems has little or no effect upon the
binodials of the phase diagrams for the systems under
consideration (see Table).
The effects of the 1:1 chlorides on the DextranPVA system (see inset in Fig. 5) follow the relation
similar to those observed in the case of the K-salts. It
should be noted also that the data given in Figure 5 for
the Dextran-Ficoll system seem to indicate that the
studied effect of salts is concentration-dependent. This
observation and particularly that the lines representing
the effects of 0.10 mol/kg salt and those of 0.50
mol/kg salt in Figure 5 are intersected is hard to
explain and further experimental study seems to be
called for. The effects of salts on the intrinsic
viscosity, cloud point, swelling and solubility of
various nonionic polymers in aqueous media have
been reported in the literature [10-12]. These effects
are usually in line with Hofmeister’s lyotropic series
and are attributed either to direct macromolecule-ion
interactions (ion binding to the polar groups of a given
polymer) or to the saltinduced changes in the water
structure [10-12]. The observed effects of both anions
and cations upon the Dextran-PVA biphasic system
seems to disagree with the direct ion-polymer binding
hypothesis.

DISCUSSION
The data listed in Table 1 and the binodials of the
phase diagrams determined indicate that the effect of
an inorganic salt additive on the phase separation in
the systems under study is related to the position of
the salt in the Hofmeister’s lyotropic series [9]. The
lyotropy of a salt can be quantified according to
Melander et al. [9] by the salt molal surface tension
increment . The molal surface tension increments
of the salts used are given in the Table.
To describe the salt-dependent shift in the
binodial of a given phase diagram the concentrations
of the phase polymers required for phase separation
with and without a given salt additive were
determined at the fixed polymersconcentrations ratio
Ci/CDex=1.14 (Ci is the concentration of PVP, Ficoll or
PVA; CDex is the concentration of Dextran). The above
ratio corresponds to the critical point of the DextranFicoll-water biphasic system. It was chosen for all the
systems under consideration to simplify their
comparison, as if the critical points for each of the
systems are considered the data can be presented only
as the three-dimensional plot. The polymers
concentrations providing phase separation at the
chosen constant polymer/Dextran ratio allow to
compare the dependence of Dextran compatibility
with a given polymer (PVA, PVP or Ficoll) on the
nature of the polymer and to study the effect of salts
on the Dextran-polymer compatibility. The difference
between the C; values corresponding to the systems
with and without salt additive (Ci) was used as a
measure of the salt-induced shift of the binodial.
Figure 5 shows that the effect of a salt on the
phase separation in the aqueous Dextran-PVP,
Dextran-ficoll and Dextran-PVA systems is linearly
related to the lyotropy () of the salt. It should be
particularly noted that a salt can induce an increase
6
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Fig. 5. The shift in the compatibility (Ci) of Dextran with PVP [1], Ficoll [2,3] and PVA [4] at the concentrations
ratio of polymer/Dextran=1.14 induced by the presence of 0.10 mol/kg [1,2] and 0.50 mol/kg [3,4] salt:
KSCN, KI, KBr, KNO3 KCl, KF, K2SO4 as a function of the salt lyotropy (). Insert: The shift in the
compatibility of Dextran with PVA induced by the presence of 0.50 mol/kg of KCl, CsCl, NaCl, LiCl, NH4Cl
as a function of the salt lyotropy.

It should be noted also that an analysis of the in the mixture and these effects may be altered in the
Flory-Huggins  interaction parameters for all the presence of a salt additive.
The results presented here indicate that the salts
systems under consideration (Zaslavsky et al., in
preparation) reveals that the ion-polymer binding added to an aqueous polymer biphasic system should
affects the Dextran-PEG but not the other biphasic be considered as the phase forming constituents of the
systems under study. Hence, we suggest that the mixture and not just as the additives affecting partition
effects of inorganic salts upon the phase separation in of solutes and colloids in the system through the
the systems under study are mainly due to the effect of electrostatic interfacial potential difference [1]. It
the salts on the structure and/or state of water in the follows from the results obtained that not only ionic
systems. It is known that the structure and/or but the polymeric composition of the phases of a
thermodynamic state of water is affected by the given aqueous biphasic system can be significantly
presence of macromolecules [13-15] as well as by that altered by the presence of an inorganic salt in the
of inorganic salts [9]. It is possible to assume 1 that system, and this possibility should be taken into
separation of phases in the aqueous biphasic systems account when the steering effect of salts upon the
formed by nonionic polymers is related to the effects partitioning of solutes and biological particles in
of the polymers on the structure and/or state of water aqueous polymer biphasic systems are considered.
__________________________________
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HEAT CAPACITY AND PHASE TRANSITIONS IN A QUASI TWO-DIMENSIONAL
SINGLE CRYSTAL Cu1.04Fe1.12Te1.84
A.I. JABBAROV
Institute of Physics of Azerbaijan NAS
131, H. Javid ave., Baku, AZ-1143
E-mail: ayd. jabb @ list.ru.
The heat capacity of the quasi-dimerous sample Cu1.04Fe1.12Te1.84 (CFT) obtained by the directional crystallization was
experimentally studied in the temperature range 2–306K. On the temperature dependence of the Cp/T, a sharp maximum was
revealed with TG=55K, associated with the contribution of the spin-glass state, and the blurred anomaly was revealed near
TN=65K, due to the phase transition of the antiferromagnetary paramagnetic. The experimental results obtained are explained
within the framework of a well-known model. From the experimental temperature dependence of the heat capacity of Cp(T)
CFT (copper of iron television), the debye temperature is calculated ƟD=176.9 K, as well as the anisotropy coefficient η=0.309
and the two-dimensional temperature of the debt Ɵ2=122.2K.
Keywords: heat capacity, quasi-humid, spin-glass, antiferromagnetik.
PACS:74.25Ha, 75,50Pp

1.

A=3.97±0.004Å, C=6.11±0.004Å and V=96.2991Å3,
spatial group P4/nmm, Z=1, ρ=6.5g/cm3. These data
coincide with [2-8], as well as an identical spatial group
of Fe1 + δ-XCuXTe compounds [9] and Fe1.1-Z CuZTe [10].
To establish the nominal composition of single crystals
and clarifying their crystal structures, an analysis of the
compositions in the EDX type analyzer (Energy
Dispersive X-Ray Analysis) was carried out and
duplicated by analyzing Analyst-800 Perkin Elmer.
Automatically
calculated
atomic
percentages
corresponded to the following values for CFT single
crystals: Cu=18.18 ± 1.85; Fe=17.21 ± 1.86;
Te=64.61±2.27. The crystal structure is a defective
structure of the Cu2Sb type, which is identical to the
Ricarditis structure - Cu2-XTe, but with additional nodes
between Cu/Fe - Tetrahedron (fig. 1).
The structural formula of the chalcopyrite type
single crystals corresponds to: Cu + Fe3+ Te2 (Cu0.04 and
Fe0.12) due to the lack of Tellur Anion (Te0.16) appear
"surplus" atoms Cu2+ and Fe2+ are chaotic located in the
voids of the crystal lattice and behave as impurities
(nanoparticles) [3, 8].
In layered crystals, the interatomic interaction
leads to unusual temperature dependences of heat
capacity with specific fiction laws at low temperatures
[11-13]. The same was observed in anisotropic layered
magnets, where phase transitions are fluctuation in
nature [14-16].
The Cu1.04Fe1.12Te1.84 heat capacity was measured
in the 2-306K intervals on the Quantum Design PPMS
commercial device (Physical Property Measurement
System) [1].
In [1], the dependence of the characteristic
temperature of the Debye ƟD(T) for Cu1.04Fe1.12Te1.84 is
calculated. Analysis of the Debye and Einstein model
theoretical approaches used to describe the lattice part
of the crystal heat capacity. The temperature changes of
the entropy ΔS are calculated.

INTRODUCTION

As a reason for the manifestation of
superconducting properties in iron chalcogenides,
varies from the standard BKSH mechanism to the
magnon mating, which freshen the effect of
antiferromagnetic exchange interactions or the effect of
non-varic fluctuations that suppress magnetic ordering
in the system. Recently, a single opinion is begining to
form about the dominant effect of non-varicing
ordering crystals and its relationship with spin
fluctuations in the FeCh system (S, Se, Te). The study
of the dynamics of the lattice of quasi-minor magnetic
materials gives information that reflects nature and
characterizes changes in intra and interlayer
interactions, based on which various microscopic
models can be built. Below, we consider experimental
tests of the heat capacity of the quasi-duty
antiferromagnetic
compounds
Cu1.04Fe1.12Te1.84≈Cu1.13Fe1.22Te2 (in the long-term
short CFT) temperature areas of spin-glazing
conditions and the magnetic phase transition of the
antiferromagnetary paramagnetic.
The temperature dependence of the heat capacity
of the CFT single crystal was investigated in the
temperature range 2-306K by the authors [1].
The aim of this work is to study the features of the
magnetic, lattice, and phase transitions of the
Cu1.04Fe1.12Te1.84 compounds based on the experimental
data on the specific heat in the temperature range 2306K.
2.

OBJECTS
OF
RESEARCH
EXPERIMENTAL TECHNIQUE

AND

Unsticiometric CFT single crystals were
synthesized and the electrical, magnetic and effect of
Mossbauer in the works [2-8].
X-ray analysis of CFT crystals grown with
tetragonal symmetry with elementary cell parameters

131, H.Javid ave, AZ-1143, Baku
ANAS, Institute of Physics
E-mail: jophphysics@gmail.com
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Fig. 1. Cu and Fe atoms (labeled in red) occupy 2A (0 0 0) nodes, with filling of about 50% for each of these atoms, and
Te atoms (marked with green) nodes 2c (0 1/2 Z). Additional nodes in [2c '- (0 1/2 z')] (marked with pink color)
were partially filled with Cu and Fe atoms with a filled with less than 15% [8]

3.

The linear portion of Cp(T) covers the temperature
range from 65 to 125K (see fig.2 ΔCp(T)), the ΔCp curve
(T) undergoes the breaking at the temperature of the
antiferromagnetic TN=65K and the spin-glazing
conversion TG=55K.
The dependence ΔCp(T) clearly shows when
ΔCp=0 Phase transitions spin-glazing (TG=55K) and
antiferromagnetic paramagnetic (TN=65K).

EXPERIMENTAL RESULTS AND THEIR
DISCUSSION

In fig. 2 shows the results of measuring the
temperature dependence of the heat capacity (Cp) and
the excess component of the heat capacity of CpexsCpD=ΔСр(T), where Cpexs-experimental results and CpDthe calculated lattice value of the heat capacity in the
Debye model [1].

Fig. 2. Temperature dependences of heat capacity: 1- Cp heat capacity and 2-(Cpexs.-CpD) excess component of the heat
capacity of the CFT connection. Cp and Cpexs - experimental importance, and CpD - calculated lattice value of heat
𝜃𝜃𝐷𝐷

𝑇𝑇
𝜃𝜃𝐷𝐷

capacity in the Debye model ( СрD= 9𝑁𝑁𝑁𝑁𝐵𝐵∙𝑇𝑇∙ ( )3 ∫0𝑇𝑇

9

𝑥𝑥 4 𝑒𝑒 𝑥𝑥
(𝑒𝑒 𝑥𝑥 −1)2

dx; 𝑥𝑥= ℏ𝜔𝜔/𝑘𝑘𝐵𝐵𝑇𝑇)
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In [14], the "blurring" of the transformation near
the transition temperature with a slightly different point
of view is discussed. Those. Sets the identity between
phase transitions of the second kind and critical
phenomena. Near the magnetic conversion temperature
due to the development of fluctuations (because the
thermodynamic potentials of both phases are close in
size) there is a bundle of a homogeneous phase into a
large number of "groups" of spins forming a magnetic
dispersion system. As the phase transition is removed
from the point or down, the dispersion decreases, and
the system becomes homogeneous. The presence of this
dispersion in the phase transition region and causes the
"blur" of the maximum on the temperature curve of the
heat capacity. The advantages of the exact use of the
principles of thermodynamic stability are particularly
clearly manifested when analyzing the data obtained
under conditions of low temperatures.

Kinetic energy at low temperatures is small;
therefore, the course of the dependences of Cp(T) and
Cp/T(T) will become completely different. In the field
of low kinetic energy, "blurred" phase transitions are
possible, due to small changes in potential energy,
which are detected when constructing Cp/T from T [15].
The point of view of the work [15] essentially coincides
with the theoretical position of [14], but in an implicit
form it is used by the concept of fluctuations of far
magnetic order [16,17].
Given the unusual character of the magnetic phase
transition to CFT on the basis of the experimental data
of the Cp(T), the temperature dependence of Cp/T was
constructed [17].
Dependence of Cp/T from T fig. 3 shows unusual
(diffusion [14], blurred [15] and fluctuation [16]) the
nature of the phase transition.

Fig. 3. Temperature dependence of the heat capacity of Cp/T from T.

∙K-4, ƟD=176.9 K - Debye temperature at T→0 K
[12]). This suggests that structural anisotropy in the
compound does not affect the behavior of the heat
capacity below 15.1K.
To determine the anisotropy parameter η and a
two-dimensional debit temperature Ɵ2 in CFT, an
equation is used characteristic of layered crystals with
a linear section of temperature dependence [13].

1

In fig. 3a presents the results of the processing of
the experimental data according to the method
described in [13], in the coordinates of Cp/3n0NkBT/ƟD, where n0=4 is the number of atoms in the
molecule of the crystal under study, 3NkB=R is the gas
constant, N is the number of Avogadro, kB-Boltzmann
Constant, ƟD-Debye temperature. In the same figure
(fig. 3b), the dependence of Cp/T from T2 (cubic law
Debye) is within 𝑇𝑇/Ɵ𝐷𝐷

𝐶𝐶lat →𝛽𝛽·𝑇𝑇 =12
3

𝑅𝑅𝜋𝜋4
5

·(𝑇𝑇/𝜃𝜃𝐷𝐷)

3

Cp/R = π2T/θ2(1–η)– η/(1 – η)

(2)

Where

(1)

Ɵ2 = π2 R /3(1– η) ∂Cp /∂T, η = ∆Cp /1+∆Cp

From the experimental data, the Debye temperature
was calculated using the formula ƟD = (1942.7
n0 1/3
) (where n0 = 4 is the number of atoms in the
𝛽𝛽

From fig.3a it is not difficult to estimate η=0.309 and
Ɵ2 =122.2K (Ср/ 3n0kBN = -0.448 at T=0) and η=0.309,
and Ɵ2 =(1-η) ƟD=122.2K.

molecule of the crystal under study, β=1.404mJ∙mol-
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Fig.3a. Dependence of heat capacity from temperature in coordinates Cp/3n0kBN -T/θD.

Fig. 3b. Cp/T from T2 cubic law Debay

4.

The values of heat capacity for Cu1.04Fe1.12Te1.84,
change entropy, enthalpy and the reduced free energy
of Gibbs at a temperature of 298.15K.

CONCLUSION

1. The linear section of the temperature dependence of
the heat capacity in the range 65-125K indicates the
quadratic dispersion law and is mainly due to the
additive contribution of bending and spin waves.
2. Detected
spin-glazing
(TG = 55K) and
antiferromagnetic (TN=65K) Phase transitions are
characterized by a temperature, intake on the Cp/T
dependence on T, which is characteristic of quasihumid materials.
3. Anisotropy parameter η=0.309, Debye temperature
Ɵd=76.9K and 2D-temperature Debye Ɵ2 122.2K.

Т, К
298.15

Ср,
J/ mol K
118.594

ST – S0,
J/ mol K
178.26

HT – H0,
J/ mol
24772

-∆F,
J/ mol K
- 28379

The author is grateful to Z.Y. Seyidov, M.A.
Aldjanova, D. Sultanov and A.M. Abdullayev's
discussion and the provision of experimental results.
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ON THE THEORY OF PARAMETRICAL INTERACTION OF LASER PULSES IN
METAMATERIAL
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A theory of parametric interaction of laser pulses in metamaterials has been developed. Analytic expression
for the spectral density of a backward signal wave is obtained in the presence of group velocity mismatch and
group velocity dispersion. The excited pulse was observed to be splitting out into several peaks at larger nonlinear
lengths or when characteristic lengths corresponding to the group velocity mismatch as well as the group velocity
dispersion are less than the nonlinear length. It is found that upon parametric interaction between forward (pump
and idler) and backward waves, compensation of signal wave losses by the losses of direct waves has allowed the
parametric amplification and generation of the backward wave.
Keywords: Parametric amplification, metamaterials, second order dispersion theory.
PACS: 78.67Pt;42.65k;4260,42.60Hk

1.

executed due to opposite directionality of the Poynting
vector to the wave vector. To pump the nonlinear
crystal of parametrical amplifier the nanosecond pulses
of laser radiation are required. Parametric amplification
of light in nonlinear crystals can be used for
amplification the radiation being used with the aim of
optical stochastic cooling of the relativistic heavy ions
[14] Earlier we have employed constant intensity
approximation to study the stationary optical
parametric amplification [15] in the Fabri-Perrot cavity
filled with dissipative dispersive nonlinear medium.
Here optimization of various parameters such as the
length of the nonlinear medium, wave mismatch,
intensities of the pump and idler waves were considered
to maximize the signal wave gain.
Upon reduction of the pulse duration the
character of interaction of modulated wave
significantly depends on the dispersion properties of a
medium. The frequency conversion for the ultra-short
pulses with running wave was analyzed in [16]. Note
that the growing interest to the non-stationary
interaction of ultra-short pulses of light in nonlinear
medium is related to the development of powerful
sources of light pulses of femtosecond duration. Earlier
in [17] we were studied influence of group velocity
mismatch as well as group velocity dispersion to the
generation of sum frequency of ultra- short pulses in an
external cavity under the phase matching and absence
of linear losses. It was shown that in some cases
efficiency of conversion in the existence of GVM and
GVD can be significantly higher as compared as to the
absence of mismatch and dispersion. Using the
Gaussian pulse with quadratic phase modulation as the
input pulse led to compression of spectrum with
increase in GVM and decrease in GVD. Maximum
energy of conversion was obtained not at group phase
matching, but at the definite characteristic lengths of
group velocity mismatch and group velocity dispersion.

INTRODUCTION

Interaction
of
metamaterials
with
the
electromagnetic waves is distinguished with its specific
features [1,2]. In those materials the interacting waves
possess negative refractivity at different frequency
intervals. Therefore, the energy fluxes of the waves
with a positive sign of refractive index will propagate
in opposite direction to those with frequencies
corresponding to a negative sign of refractive index.
The dynamics of three wave interaction in NIM was
considered for the case of second harmonic generation
in [3]. Results obtained in [4,5] are being used for the
developments the metamaterials in the near IR and
visible ranges of the spectrum. Earlier we have
analyzed the efficiency of energy conversions between
two direct waves with respect to the energy of the
backward signal wave for the case of signal-wave
amplification in metamaterials [6] in the constant
intensity approximation (CIA) [7,8], taking into
account the reverse reaction of excited wave on the
exciting one. By employing the CIA, we have studied
the parametric interaction of optical waves in
metamaterials under low-frequency pumping in the
case of a negative index at a signal wave frequency [9].
The analytic expressions obtained in CIA showed, that
the choice of the optimum parameters for the pump
intensity, total length of the metamaterial and phase
mismatch will facilitate obtaining the regimes of an
effective amplification as well as the generation of
signal wave.
The characteristic processes observed at
parametric interactions of running and counter waves
in metamaterials are the transition processes [10].
Authors [11,12,13] were analyzed the transition
processes by employment the first order dispersion
theory in the medium with quadratic nonlinearity. In
case of counter waves the phase, matching condition is
131, H.Javid ave, AZ-1143, Baku
ANAS, Institute of Physics
E-mail: jophphysics@gmail.com

13

SHAHMARDAN Sh. AMIROV

2.

nonlinear medium from the left (𝑧 = 0) , but the signal
wave from the right (𝑧 = 𝑙) hand side. In such a
consideration the wave vectors of all interacting waves
in a metamaterial propagate in the positive direction of
the z axis. During the wave propagation in a nonlinear
medium as a result of the nonlinear interaction the
energy exchange occurs between the counter wave
packets of two types: direct waves (the idler and pump
waves) and a backward wave (the signal wave); this
leads to the energy transfer from the pump and idler
waves into the signal-wave energy. For the negative
values of the dielectric permittivity and magnetic
permeability at the signal wave frequency 𝜔1 and the
positive values at the frequencies 𝜔2 , 𝜔3 the
parametrical interaction is described by the system of
parametrically coupled equations [1].

DISCUSSIONS AND RESULTS

The second order dispersion theory is employed
to study non-stationary parametric amplification in
metamaterials. We consider the nonlinear crystal of
length 𝑙, and assume that its cross section is much
larger than the input laser beam. The beam axis (which
we term) is normal to the crystal surface, and this is the
direction of the input wave vector. The input surface of
the crystal is at 𝑧 = 𝑙. We assume for definiteness that
for a parametric three-wave interaction in a
metamaterial the medium is “left” at the frequency of
the signal wave only. Here the pump wave is a long
pump pulse with frequency 𝜔3 an idler wave is at
frequency 𝜔2 and a signal wave is at the difference
frequency 𝜔1 = 𝜔3 − 𝜔2 . The geometry of the
problem is so that the pump and idler waves enter the

𝜕
1 𝜕
𝑔1 𝜕 2
( +
−𝑖
+ 𝛿1 ) 𝐴1 = −𝑖𝛾1 𝐴3 𝐴∗2 𝑒 𝑖∆𝑧
𝜕𝑧 𝑢1 𝜕𝑡
2 𝜕𝑡 2
𝜕

1 𝜕

(𝜕𝑧 + 𝑢

2

−𝑖
𝜕𝑡

𝑔2 𝜕2
2 𝜕𝑡 2

+ 𝛿2 ) 𝐴2 = −𝑖𝛾2 𝐴3 𝐴1∗ 𝑒 𝑖∆𝑧

(1)

𝜕
1 𝜕
𝑔3 𝜕 2
( +
−𝑖
+ 𝛿1 ) 𝐴3 = −𝑖𝛾3 𝐴1 𝐴2 𝑒 −𝑖∆𝑧
𝜕𝑧 𝑢3 𝜕𝑡
2 𝜕𝑡 2
expansion around the central frequency 𝜔0 : ∆𝜔 = 𝜔 −
1
𝜔0 , 𝑘𝑛 (𝜔) ≅ 𝑘𝑛 (𝜔0 ) + 𝑘𝑛′ ∆𝜔 + 𝑘𝑛′′ ∆𝜔2 + ⋯) is
2
the dispersion of group velocities and 𝛾1 , 𝛾2 , 𝛾3 ,
are the coefficients of nonlinear coupling.
Assuming pump wave amplitude to be constant
(𝐴3 = 𝐴30 = 𝑐𝑜𝑛𝑠𝑡.) and having put substitution
𝑧
 = 𝑡 − the set of above equations (1) is reduced to

here 𝐴𝑗 (j=1-3) are the corresponding complex
amplitudes of the signal, idler and pump waves
respectively , 𝛿𝑗 are the absorption coefficients of the
medium at frequencies 𝜔𝑗 (j=1-3), 𝑢𝑗 are the group
velocities of the interacting waves, ∆= 𝑘1 − 𝑘2 − 𝑘3
is the phase mismatch between the interacting waves ,
𝑔𝑗 = 𝜕 2 𝑘𝑗 / 𝜕𝜔𝑗2 (the 3-rd term in the Taylor

𝑢1

𝜕
𝑔1 𝜕 2
( −𝑖
+ 𝛿1 ) 𝐴1 (𝑧, ) = −𝑖𝛾1 𝐴30 𝐴∗2 (𝑧, )𝑒 𝑖∆𝑧
2
𝜕𝑧
2 𝜕
𝜕

𝜕

(𝜕𝑧 + 𝜈 𝜕 − 𝑖

𝑔2 𝜕2
2 𝜕 2

+ 𝛿2 ) 𝐴2 (𝑧, ) = −𝑖𝛾2 𝐴30 𝐴1∗ (𝑧, )𝑒 𝑖∆𝑧

(2)

where 𝜈 = 1/𝑢2 − 1/𝑢1 is a group velocity mismatch?
To analyze the system (2) it is convenient to use the inverse Fourier transformation
+∞

𝐴1,2 (𝑧, ) = ∫−∞ 𝐴1,2 (𝑧, 𝜔)𝑒 −𝑖𝜔 𝑑𝜔

(3)

Substituting (3) into (2) yields

𝜕
𝑔1
( + 𝑖 𝜔2 + 𝛿1 ) 𝐴1 (𝑧, 𝜔) = −𝑖𝛾1 𝐴30 𝐴∗2 (𝑧, 𝜔)𝑒 𝑖(𝜔+∆𝑧)
𝜕𝑧
2
𝜕

(𝜕𝑧 + 𝑖

𝑔2
2

𝜔2 − 𝑖𝜈𝜔 + 𝛿2 ) 𝐴2 (𝑧, 𝜔) = −𝑖𝛾2 𝐴30 𝐴1∗ (𝑧, 𝜔)𝑒 𝑖(𝜔+∆𝑧)

(4)

Solving this system in the absence of losses (𝛿𝑖 = 0 ) gives following expression for the amplitude of a signal
wave
𝑖𝛾 𝐴

𝐴

1 30 2
𝐴1 (𝜔, 𝑧) = 𝜆−𝑘𝑡𝑎𝑛𝜆𝑙
(𝑐𝑜𝑠𝜆𝑧 ∙ 𝑡𝑎𝑛𝜆𝑙 − 𝑠𝑖𝑛𝜆𝑧)𝑒 −𝑘𝑧

Where

1𝑙

1 𝑙𝑛𝑙.

λ= 𝑙𝑛𝑙 −1 [(4 𝑙𝑛𝑙 (𝛼 + 1 )𝜔2 𝜏 2 − 2
𝑑.

𝑙𝜈

∆

2

𝜔𝜏 +  ) − 1]1/2 ,
3
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1

𝑙

𝑘 = 𝑙𝑛𝑙 −1 [𝑖(4 (𝛼 − 1 ) 𝑙𝑛𝑙 𝜔2 𝜏 2 −
𝑑.

𝑙𝑛𝑙.
𝑙𝜈

∆

𝜏2

𝑔

𝜏

𝛼 = 𝑔2 , 𝑙𝑑 = 𝑔 , 𝑙𝜈 = 𝜈

𝜔𝜏 +  ) ],
3

1

1

Furthermore, we assume that the input wave is a Gaussian with a quadratic phase modulation.

𝐴2 (𝑡) = 𝐴20 𝑒

−

𝑡2
𝑡2
−𝑖𝛾
2
2
2𝜏

By Fourier transformation for the frequency domain yields

𝐴2 (𝜔) =

𝐴20
2𝜋

2

2

+∞ − 𝑡 2 −𝑖𝛾𝑡 −𝑖𝜔𝑡
2𝑒
2𝜏
𝑑𝑡

∫−∞ 𝑒

(6)

From (6) for the spectral density we obtain

𝑆2 (𝜔) =

𝐴20 𝜏2

1

2𝜋

√1+𝑝

𝑒

−

𝜇2
1+𝑝

(7)

where
𝑝 = 𝛾 2 𝜏 4 and 𝜇 = 𝜔𝜏 are the frequency modulation and phase modulation parameters respectively.
Substituting (7) into (5) for spectral density of a signal wave 𝑆1 (𝜔, 𝑧) = 𝐴1 (𝜔, 𝑧) ∙ 𝐴1∗ (𝜔, 𝑧) results
𝜇2

𝑆1 (𝜔, 𝑧) = 𝐾
where

−
𝑒 1+𝑝 (𝑡𝑎𝑛𝜆𝑙∙𝑐𝑜𝑠𝜆𝑧−𝑠𝑖𝑛𝜆𝑧)2

(𝜆𝑧)2 +(𝑘𝑧)2 𝑡𝑎𝑛2 𝜆𝑙

(8)

𝐾 = 𝑐𝑛𝛾12 𝐼30 𝐼20 𝜏 2 𝑧 2 /16𝜋

As can be seen from (8) the shape of a spectrum of an amplified signal wave is determined not only by the
values of 𝑧, 𝑙𝑛𝑙 , 𝑙𝜈 and 𝑙𝑑 but also with their quotients 𝑧/𝑙𝑛𝑙 , 𝑙𝑛𝑙 /𝑙𝜈 , 𝑙𝑛𝑙 /𝑙𝑑 . Effect of phase modulation of
idler wave onto the spectral density of amplified signal wave also is demonstrated in fig .1

Fig. 1. Dependences of a spectral density 𝑆1 (𝜔, 𝑧) of a signal wave on the phase modulation parameter 𝜔𝜏 for 𝑝 = 0
(curve 1), 𝑝 = 5 (curves 1 − 3) and z / 𝑙𝑛𝑙 = 0,5 , ∆= 0, 𝛿𝑖 = 0 at different values of ratios of characteristic
𝑙
𝑙
𝑙
𝑙
lengths: 1 − 𝑙𝑛𝑙 /𝑙𝜈 = 𝑙𝑛𝑙 /𝑙𝑑 = 3 ; 2 − 𝑛𝑙 = 𝑛𝑙 = 10 ; 3 − 𝑛𝑙 = 𝑛𝑙 = 0 ; 4 − 𝑙𝑛𝑙 /𝑙𝜈 = 𝑙𝑛𝑙 /𝑙𝑑 = 0 ;
𝑙𝜈

𝑙𝑑

𝑙𝜈

As can be seen a spectrum is symmetric when
𝑙𝑛𝑙 /𝑙𝜈 = 0 independently on the value of 𝑙𝑛𝑙 /𝑙𝑑 ratio.
Existence of phase modulation leads to increase in the
width of spectrum of a signal wave. At larger values of
a frequency modulation (𝛾𝜏 2 ≫ 1) the splitting up
occurs in the spectral density of amplified pulse
(curve 2).
In fig. 2 a spectral density is given as a function of
phase modulation at different values of intensity of
idler wave. As can be seen at the same values of input
intensity (curves 1 and 2) increase in frequency
modulation leads to increase in spectral density,

𝑙𝑑

however at equal frequency modulations increase in
intensity decreases the spectral density of an amplified
signal wave (curves 1 and 3).
In fig.3 the dependences of a spectral density
𝑆1 (𝜔, 𝑧) on the phase modulation parameter 𝜔𝜏 are
illustrated at different values of 𝑙𝑛𝑙 /𝑙𝜈 and 𝑙𝑛𝑙 /𝑙𝑑 . As
can be seen, the shape of a spectrum varies with the
change in these ratios, in particular, when 𝑙𝑛𝑙 /𝑙𝜈 = 0
(curve 2), the spectrum becomes symmetric relatively
negative and positive values of phase modulation
parameter.
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Fig. 2. The reduced spectral density 𝑆1 (𝜔, 𝑧) of a signal wave as a function of phase modulation parameter
𝜔𝜏 for z / 𝑙𝑛𝑙 = 0,7 (curves 1 and 2) and z/𝑙𝑛𝑙 = 1 (curve 3), 𝑝 = 0(curve 2), 𝑝 = 5 (curves 1 and 3) and
∆= 0, 𝛿𝑖 = 0

Fig. 3. The reduced spectral density 𝑆1 (𝜔, 𝑧) of a signal wave versus phase modulation parameter 𝜔𝜏 for
𝑝 = 5, z / 𝑙𝑛𝑙 = 0,5, ∆= 0, 𝛿𝑖 = 0; 1 − 𝑙𝑛𝑙 /𝑙𝜈 = 𝑙𝑛𝑙 /𝑙𝑑 = 3; 2 − 𝑙𝑛𝑙 /𝑙𝜈 =0, 𝑙𝑛𝑙 /𝑙𝑑 = 3;
3 − 𝑙𝑛𝑙 /𝑙𝜈 =3, 𝑙𝑛𝑙 /𝑙𝑑 = 0;

When 𝑙𝑛𝑙 /𝑙𝜈 = 0 , the shape of a dependence for
the spectral density becomes symmetric relatively
ordinate axis and this has a maximum at positive values
of phase modulation when 𝑙𝑛𝑙 /𝑙𝑑 = 0. For the ratios of
characteristic lengths differ from zero maxima of
spectral density are obtained not at zero 𝜔𝜏 but at
different values of this parameter. It was found that at
the given ratio of 𝑙𝑛𝑙 /𝑙𝑑 maxima of reduced energy
of signal wave displace toward greater values of phase
mismatch parameter with increase in the 𝑙𝑛𝑙 /𝑙𝜈 .

All curves in fig. 1-3 are plotted for the same signs
of the coefficients of dispersion of group velocities.
Note that when 𝑔1 = 𝑔2 , amplification of signal wave
occurs without dispersion of group velocities. The
graphs are plotted for the case when 𝑔2 /𝑔1 = 3.
3.

CONCLUSIONS

An analytical expression for the spectral density a
signal wave in the constant intensity approximation has
been derived. In this approximation values of both
spectral density and energy of a signal wave are
affected by the ratios of characteristic lengths.
_______________________________
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OSCILLATIONS OF CURRENT IN TWO-VALLEY SEMICONDUCTORS IN A
STRONG ELECTRIC FIELD
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For the first time, the Boltzmann kinetic equation was used to study current oscillations in two-valley semiconductors of
the GaAs type. Taking into account the intravalley and intervalley scattering of charge carriers into the Boltzmann equation
does not complicate the solution of this equation. The obtained values of the critical field at which instability begins are in
agreement with Gunn's experiment.
Keywords: Boltzmann equation, nonequilibrium process, valleys, energy spectrum, energy gap, mean free path, instability.
PACS: 78,55, 73.22.CD, 73.22

INTRODUCTION

mechanisms responsible for the onset of instability
reflect one or another specific feature of a solid. Finally,
thirdly, we have here a case when physics came face to
face with the properties of an essentially
nonequilibrium macroscopic system.
In theoretical works [1-4], current oscillations in
two-valley and impurity semiconductors are
investigated. Typical examples of the dependence of
the current density in a spatially homogeneous system
on the field strength under conditions when there is a
falling section on the volt-ampere characteristics are
shown in fig. 1.

Current
fluctuations
(instability)
in
semiconductors are of interest from several points of
view. First, it provides an easy way to convert
electromagnetic energy using semiconductors. From
the point of view of radio engineering, a sample in
which there are resting or moving valleys is a system
with a substantially nonlinear current-voltage
characteristic (CVC). Generation and amplification of
electromagnetic oscillations are possible here,
depending on the experimental conditions. Second, the

Fig.1. a) N-shaped current-voltage characteristic, b) N-shaped current-voltage characteristic.

An essential feature of the characteristic in fig.
1.a. consists in the fact that in a certain range of
currents, the field strength is a multivalued function of

the charge densities differ. A typical example of these
semiconductors is GaAs. In a GaAs compound in 1964,
the English scientist Gunn first observed current
fluctuations (i.e., instability). The physical mechanism
of the Gunn effect was explained in [5-6]. This
mechanism leads to the appearance of a falling section
on the volt-ampere characteristics due to the
peculiarities of the energy spectrum of charge carriers.
The idea is to use an electric field to heat the carriers in
a subband with high mobility, as a result of which they,
having acquired a sufficiently high energy, will pass
into a subband with high energy and low mobility. In
GaAs, the carrier dispersion law is as follows.

the current density. When E = E1 and E = E3 the
differential conductivity is positive, when E = E2 it is
negative. In fig. 1.b. the current density is an
inhomogeneous function E , at E = E p and E = E
the differential conductivity becomes infinite.
We will theoretically investigate the instability in
semiconductors with a characteristic in fig. 1.a. In these
semiconductors, under the influence of external factors
(electric field, magnetic field), valleys appear in which
131, H.Javid ave, AZ-1143, Baku
ANAS, Institute of Physics
E-mail: jophphysics@gmail.com
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Fig. 2. Energy dependence on the wave vector in GaAs.

The dispersion law near the main minimum is
isotropic. The effective masses are as follows
ma = 0,72m0, mб = 1,2m. Energy distance between

the Boltzmann equation would be less suitable for
strong fields than for weak ones, which is usually
considered. We will study the current instability in
semiconductors with a band structure in Fig. 1. applies
the kinetic equations of Boltzmann. It is assumed that
scattering occurs by acoustic phonons. The fact that the
study of the Gunn effect on GaAs samples did not
reveal any orientation dependence suggests that there is
no anisotropy. We assume that for valleys "a"
intervalley scattering prevails in comparison with
intravalley scattering, and for valleys "b" we will
assume that intravalley scattering prevails over
intervalley scattering.
Then the Boltzmann equation for valley "a" can
be written in the form

 = 0,36eV  k0T is minimum. With a sufficiently
strong heating of the electrons, some of them pass into
the upper minimum. The mobility of carriers in valleys
is very different and a  б .
The current density with neglect of the diffusion
current has the form

j = ( ena a + enб б )E = en( E )E ,
( E ) =

na ( E )a ( E ) + nб ( E )б ( E )
,
n

 f a 
 f a 
+ 
=0



 t external  t interdomain

n = na + nб = const .
On the basis of the Gunn effect, generators are
prepared that operate the entire volume of the sample.
In all theoretical works in the literature on the Gunn
effect, it is assumed that intervalley scattering is small
compared to intra-valley scattering. In this theoretical
work, on the basis of solving the Boltzmann kinetic
equation, taking into account intervalley scattering
under the influence of an external electric field, we
calculate the total current in two-valley (GaAs)
semiconductors and determine the critical electric field
at which the current oscillates.

(1)

and for valley “b” it will be written as

 f b 


 t external

 f b 
+ 
=0

 t intradomain

(2)

In [9], it was proved that in a strong electric field
the distribution function can be represented in the form
f = f0 +

BASIC EQUATIONS OF THE PROBLEM

P
f1
p

(3)

On this basis, we represent the functions are
distributed f a and f b in the form

The study of current carriers in a nonequilibrium
state, when they move in a crystal, under the influence
of applied external fields, electric, magnetic and
thermal, is of great theoretical and practical interest.
Such processes are associated with the movement of
charge carriers, i.e., kinetic effects require
mathematical analysis. For the analysis of kinetic
effects, the basic equation is the Boltzmann kinetic
equations. However, the application of this equation to
nonequilibrium processes is not always justified. This
issue was studied in [7-8] and came to the conclusion
that for a simple structure and weak interaction only
with acoustic phonons, the equation of motion of the
density matrix is reduced to the kinetic Boltzmann
equation. Generally speaking, there is no reason why

f a = f0a +

P
P a
f1 , f b = f0b + f1b
p
p

(4)

The distribution function f b was found from
equation (2) in [10]

f0b = Be−b (  − )

2

f0b = −

lb =
19

emb lb f0b
E
p
p

 4  u02
D 2 mb2 k0T

(5)
(6)

(7)
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b =

3D4 mb5 k0T

1


2

k0 − Boltzmann constant
u0 − sound speed

(8)

e2 2 8  2 u0 E 2

−

lb − free path in valley “b”

crystal density

In the presence of external electric and magnetic
fields, equation (1) has the form

D − deformation potential
T − grate temperature

e
1
  f 
V r f +  E + VH  k f  =  
c

  t interdomain

1

Here V =  k  is the speed of the electron,

e

(9)

is its charge,  r and k gradients in the space of coordinates

and wave vector k .
THEORY
The stationary solution of equation (9) has the form

 f a

 t


e
= E p f a ,

external

a
 f a 
a
a
fa
l m
= 1 ,  = a a , eE f + Pf1 = 0, f1a = − ema la E f0


P
P la ma
P
P
 t int erdomain 

(10)

In (10), at u0 q  kT for f0a was obtained the following equation

 
Sk T 
 a
(  + Sk0T ) f0a + 
+ 2 + 0  f0a +
f0 = 0
 
k0T
 k0T
S=
Representing f0 = Ae
a

− a 2

E2
E02

, E0

(6m u k T )
=
2
0 0 0

1

2

, la =

ela



4
3

(11)

 u02
1

D 2 ma 2 mb 2 k0T

from (11) we find:

a =

3D4 m0 ma3 mb k0T

(12)

 2 e2 8  2 u02 E 2

To find the constants A and B, we use the balance equations for the concentration of charge carriers
na + nb = n

(13)

dn
=0
dt

(14)

na and nb concentration of carriers in valleys “a” and “b”. Equation (13) has the form


A e

− a 2

0



dPx dPy dPz

+ B e

( 2 )3

− b (  −  )

2

dPx dPy dPz

0

( 2 )3

=n

(15)

2
2
In the first integral  = P , and in the second integral  −  = P , finding and supplying in (15)

2mb

2ma

P

and

dP we get:
A

( 2ma )
2

3

2 3



1

2 e − a

2

d + B

( 2mb )

0



Introducing the notation  =

2 

1

2

− 
  x ( x − 1) e a

2 2

x

2

dx

1


1

2

− 
  x ( x + 1) e b

2 2

x

dx

0

From (14) and (16) we get:
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3

2 3

2 

 ( −  )
0

1

2 e − b (  −  )

2

d ( −  ) = n

(16)
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3

3

A=

( 2 )2 3 a 4 n

( 2ma )

3

2



3

3
−3

2
2 
1 +  Z  

4

( 2 )2 3 a 4 n

; B=

( 2ma )

3

3



2

4

3
−3

2Z 2 
1 + 


ma

; Z= a
mb
b

=
Also

3
−3
na
1
nb
 2Z 4
=
;
3
n 1 +  −3 2 Z 34  n =
−3
1+ 2Z 4

To study the current fluctuations, we calculate the total current
j = ja + jb


P
e
ja =  eV f1a dk = 2 3
p
4 ma
0

1




0

2e2 nlbb 4
3

3

2

( 2mb )

1


2



3



3

3

2e2 nla a 4 E
 2
=
3
1 
−3
 3
3 ( 2ma ) 2 1 +  2 Z 4    4



f1a p 3 dp

1

jb =

(17)

2

3

Z

E

1+

4

−3

4
3
2Z 4

The total current j will be
1 + t  −1 Z

1

j =  a 4 E

=

1+

−3

1

2

, t=

3

2Z 4

2e2 nla
3 ( 2ma )

1


2



3



3

lb
la

2
4

You can find the mobility of carriers in valleys “a” and “b”
1

ja = ena a E,  a =

2ela a 4
3 ( 2та )

1


2

1

jb = enb b E, b =

 а   mа 
 =

 b   mb 

1

2

2elb b 4
3 ( 2тb )

 а 
 
 b 

1

4

1


2



3



3



3



3

m 
= а 
 mb 

5

2
4

2
4

4

To study current fluctuations (i.e., instability), we represent  in the following form
1



=

2

− 
  x ( x − 1) e a



2 2

x

dx


1


1

  x ( x + 1)

2

e−b 

2 2

x

dx

 xe

1


 xe

− a  2 x 2

dx
 Z −1e− a 

− b  2 x 2

2

dx

0

0

Then the total current has the form

j = RE

1

1 + Ae− a 
2
1 + Be−a 

2

 3D 4 m0 ma3 mb k0T
R = 
 e 2 2 8  2 u 2
0
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1

4
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A = tZ

B =

−3

−1

2Z

2  −1

−1

=

m 
= b 
 ma 

4

Note that if we take in the final formulas ma = mb

mб
;
ma
9

and A = B = 1
Then the instability is removed. This means that
there is no transition of charge carriers from valley "a"
to valley "b".

4

1

Then 𝑗 ∼ 𝐸 2 the instability is removed. This
means that there is no transition of charge carriers from
valley "a" to valley "b".

We introduce the characteristic field Echar
2
Echar
=

3D4 m0 ma3 mb k0T

1.

e2 2 8  2 u02

DISCUSSION OF THE RESULTS
Thus, instability manifests itself for fields of the
𝑉
order ∼ 2800 . In Gunn's experiment, oscillations
𝑠𝑚
were observed at values of the electric field

then

 a 2 =
−

2
Echar

E2

2  103  4  103 V

2
Echar

E2 = 1 −
At E  Echar e

2
Echar
2

current oscillations using the Boltzmann kinetic
equation is quite valid.
We in works [1-4] theoretically conducted
research of current fluctuations in two-valley
semiconductors by applying the continuity equation
and Poisson's equation. In this case, the excited
vibrations inside the sample were analyzed by solving
the obtained dispersion equations. The use of the
kinetic equation for nonequilibrium processes in strong
electric fields is quite justified. Of course, the
Boltzmann equation can also be used for other
scattering of charge carriers. For this, it is necessary to
find criteria for the applicability of the Boltzmann
kinetic equation.

E

dj
= 0 , then we
dE
obtain the following formulas for the critical value of
the electric field, at which the current oscillations
begin, i.e., instability.
Let us calculate by formula (18)

2
2
Ecritical
= 2Echar


A + 2,5
A+1
(19)

If we estimate Ecritical by formula (19), we easily
obtain Ecritical  2800 V

sm . This proves that the study of

sm .
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PHOTON–PHOTON SCATTERING
S.S. RZAYEVA
Institute of Physics of Azerbaijan National Academy of
Sciences, AZ 1143, Baku, G. Javid av.131
In this paper, we will aim to calculate analytically the one-loop helicity scattering amplitude and differential
cross section for the process γγ→ γγ. The computation of this process takes into account non-zero mass of loopfermion. In certain kinematic limits, compact analytic expressions exist and can be quickly obtained. We present
the covariant and helicity amplitudes for this process
Keywords: gauge Models, electroweak interaction, electric charge, photon.
PACS: 12.10. Dm; 12.10.- g; 12.15.-y; 14.80.-Bn; 11.15.-q
INTRODUCTION

Therefore, describes the observation of the light
by light scattering process in Pb + Pb collisions at
√𝑆𝑁𝑁 = 5.02𝑇𝑒𝑉. The investigation is conducted
using a data sample corresponding to an integrated
luminosity of 1.73nb−1. Strong evidence for this process
(59 candidate events are observed for a background
expectation of 12±3 events) in relativistic heavy-ion
collisions at the Large Hadron Collider has been
reported by the ATLAS and CMS collaborations with
observed signiﬁcances of 4.4 and 4.1 standard
deviations, respectively. Exclusive light-by-light
scattering can occur in these collisions at impact
parameters larger than about twice the radius of the
ions. The strong interaction becomes less signiﬁcant
and the electromagnetic interaction becomes more
important in these ultraperipheral collision events.

This article describes the observation of the lightby-light scattering process, γγ → γγ in Pb+Pb
collisions. Light-by-light scattering is a quantummechanical process. In the Standard Model, the γγ →
4
γγ reaction proceeds at one-loop level at order 𝛼𝐸𝑀
via
virtual box diagrams involving electrically charged
fermions or bosons.
Strong evidence for this process in relativistic
heavy ion collisions at the Large Hadron Collider has
been reported by the ATLAS [1] and CMS [2]
collaborations.
İn this work we describe the implementation of
the SM process γγ → γγ through fermion and boson
loops. We discuss diagrams for γγ → γγ process and
covariant amplitude tensor structure.
γγ → γγ scattering is a very rare phenomenon in
which two photons – particles of light – interact,
producing another pair of photons. This process was
among the earliest predictions of quantum
electrodynamics,
the
quantum
theory
of
electromagnetism, and is forbidden by classical physics
theories. It is not only interesting in itself as a
manifestation of an extremely rare QED phenomenon,
but may be sensitive to contributions from particles
beyond the Standard Model. It allows for a new
generation of searches for hypothetical light and neutral
particles.

LIGHT-BY-LIGHT SCATTERING PROCESS
The covariant one-loop amplitude corresponds to
a result of the straightforward standard calculation of
all diagrams contributing to a given process at the oneloop level. Corresponding diagrams start from the oneloop level and in QED there are box diagrams with four
internal fermions of equal mass.
Three topologies -st, su and ut channels are related
by simple permutations of external photons in the
diagram shown in figure 1. At leading order, the
Feynman diagrams are:

Fig.1: st-channel diagram for γγ → γγ process.
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The four moments of incoming photons are
denoted by p1 and p2, of the outgoing ones − by p3 and
p4. The four-momentum conservation law reads: p1 + p2
−p3 −p4 = 0
The Mandelstam variables are

where j is the ﬂux Aγγ→γγ is the covariant amplitude of
the process:

s = (p1 + p2)2 = −2p1p2, u = (p1 −p4)2 = −2p1p4,

For the cross section one gets:

𝑑 4 𝑝3 𝛿((𝑝32 ) 𝑑 4 𝛿(𝑝42 )

dΦ(2) = (2π)4δ(p1 + p2 −p3 −p4)

(2𝜋)3

1

dσγγ→γγ =128𝜋𝜔2 |Aγγ→γγ|2dcos𝜃,

t = −(p1 −p3)2 = −2p1p3, s + t + u = 0

where ω is the photons energy and 𝜃 — the scattering
angle in the center of mass system.
In terms of Lorenz-structures we have:

For these process, the cross section has the form:

𝑑𝜎𝛾𝛾→𝛾𝛾 =

(2𝜋)3

1
|𝐴
|2 𝑑Ф(2)
𝑗 𝛾𝛾→𝛾𝛾
43

𝑓𝑒𝑟𝑚𝑖𝑜𝑛𝑠

𝐴𝛾𝛾→𝛾𝛾 = ∑[𝐹𝑖𝑏𝑜𝑠𝑜𝑛𝑠 (𝑠, 𝑡, 𝑢) + 𝐹𝑖

(𝑠, 𝑡, 𝑢)]𝑇𝑖𝛼𝛽𝜇

𝑖=1

diﬀerent combinations of external particles spin
projections. In this way we can distinguish calculations
of Dirac spinors.
Therefore, at this stage we observe ﬁve
independent helicity amplitudes, while in the case of
zero loop fermion mass one gets only four independent
HAs which are very compact:

The 𝐹𝑖 are normilized by corresponding factors for
fermion and boson parts.
ONE-LOOP HELICITY AMPLITUDE: PROCESS
γγ → γγ
In the helicity amplitudes approach we also derive
tensor structure and Form Factors. The total number of
HAs for this process is equal to 16.This corresponds to
𝑡−𝑢

H++−− = H−−++ = −1 +
H+−+− = H−+−+ = −1−𝑖𝜋

𝑠

𝑡−𝑠

H+−−+ = H−++− = −1−𝑖𝜋

𝑢

[1 + 𝑖𝜋 (

𝑢−𝑠
𝑡

(𝑙𝑢 − 𝑙𝑡 ) −(
𝑡−𝑠
𝑢

𝑡

2

𝑢𝑡

− 𝑠2 ) (𝑡𝑢 𝑙𝑡 + 𝜋 2 )
𝑡2

1

𝑠𝑡

𝑢

2

𝑢2

+ 𝑖𝜋 )]𝑙𝑡 ]𝑙𝑡 −( −

𝑢−𝑠

[1 + 𝑖𝜋 (

1

)+ 2iπ

𝑢2
𝑡

1

) 𝑙𝑡2

𝑠𝑢

]𝑙𝑡 −(2 − 𝑡 2 ) 𝑙𝑢2

Matrix element squared:
1
∗
∗
|𝑀|2 = − 𝑃𝛾⊥ 𝑃𝛾⊥ 𝑅𝑒[𝑒 𝑖(+ −− ) 𝐻++ 𝐻−−
+ 𝑒 𝑖(+ ∓) 𝐻+− 𝐻−+
]
2
Ф± =  ± − 
𝐻−− , 𝐻++ , 𝐻−+ , 𝐻+− are helicity amplitudes.
Finally, putting everything together we find
2

𝐻− + 𝐻−∗ +

𝑢−𝑠
1 𝑠𝑢
𝑡−𝑠
1 𝑠2
=[
𝑙𝑛 + ( − 2 ) 𝑙𝑢2 +
𝑙𝑡 + ( − 2 ) 𝑙𝑡2 ]
𝑡
2 𝑡
𝑢
2 𝑢

2

𝑢2 − 𝑠𝑢 − 𝑡 2 − 𝑠𝑡
𝑢−𝑠
𝑢 2 2
𝑡−𝑠
𝑡 2
+𝜋 [
+(
+ 2 ( ) ) 𝑙𝑢 + (
+ 2 ( ) ) 𝑙𝑡 ]
𝑢𝑡
𝑡
𝑡
𝑢
𝑢
2

∗
𝐻−− 𝐻++
= [2 +

2
𝑡−𝑢
1 𝑡𝑢
(𝑙𝑢 − 𝑙𝑡 ) − ( − 2 ) (𝑙𝑢 𝑙𝑡 − 𝜋 2 )]
𝑠
2 𝑠

∗
∗
∗
Where 𝐻−+ 𝐻+∗ − = 𝐻+− 𝐻−+
and 𝐻−− 𝐻++
= 𝐻++ 𝐻−−
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RESULTS AND COMPARISON

In this paper we presented the one-loop QED
correction to light-by-light scattering by fermion loops
in the ultrarelativistic limit where all kinematic
invariants are much greater than the relevant fermion
masses. Some of the helicity amplitudes remain quite
simple at one loops for tree amplitudes.
Probably the most important application would then be
to compute the electroweak corrections to the W box
contribution to light by light scattering processes, since
that contribution dominates at high energies, where
new physics contributions are most likely to be found.

The differential cross section of γγ → γγ process
in QED has a form:
1

2

𝑑σγγ→γγ = 128𝜋𝜔2 = |𝐴𝛾𝛾→𝛾𝛾 | 𝑑𝑐𝑜𝑠𝜃,

Where ω is the photons frequency, θ is the
scattering angle in CMS and helicity amplitudes are
expressed in terms of FFs. All dependences on
Mandelstam invariants and loop fermion mass, also
from Passarino Veltman functions are included into
these FFs.
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DETERMINATION OF PARAMETERS OF DILY PHASE TRANSITIONS
(T0, a, L0 (T), dL0 /dT) Y0,5Cd0,5Ba2Cu3O7-δ HTSC MATERIAL
V.M. ALIYEV, J.A. RAHIMOV1, G.A. ALIYEVA2
Institute of Physics of the National Academy of Sciences of Azerbaijan,
H. Javid Ave., 131, Baku, AZ 1143
1
Azerbaijan Medical University AZ 1022, Baku, st. Bakikhanov, 23
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Institute INKhP NAS of Azerbaijan AZ 1025, Baku, Khojaly ave., 30
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The effect of substitution of Y for Cd on the mechanism of the formation of excess conductivity in YBa2Cu3O7-δ polycrystals
is investigated. With the substitution of Cd for Y, the resistivity ρ of the Y0,5Cd0,5Ba2Cu3O7-δ sample increases noticeably, and
the value of the critical temperature of the transition to the superconducting state (Tc) decreases.
It is shown that superconducting phase transitions (PTS) in them have a diffuse character. The parameters of the blurring
of the FP are determined: T0, a, L0 (T), and dL0 /dT. It was found that in YBa2Cu3O7-δ HTSC material, partial substitution of Y
for Cd atoms significantly reduces the PT region and increases dL0 /dТ.
Keywords: superconductivity, phase transition, Y0,5Cd0,5Ba2Cu3O7-δ, transition rate
PACS: 74.25. Fy, 74.20. Mn, 74.72. ± h, 74.25. ± q, 74.25. Jb

1. INTRODUCTION

2. EXPERIMENTAL RESULTS AND THEIR
ANALYSIS

Although more than thirty years have passed since
the discovery of high-temperature superconducting
materials, their synthesis is an unsolved problem. The
main disadvantages of traditional methods for
obtaining HTSC materials are low rate, incomplete
completion of the solid-phase reaction, as well as the
complexity of directional formation of the real structure
of the final material, which determines its structuresensitive properties.
The study of phase transitions (PT) is one of the
topical and studied areas of solid-state physics. This is
due to the close connection between PT and many
branches of solid-state physics. One of the topical
issues is to identify the classification of the studied FP,
to what extent it is blurred, and how it is possible to
influence the degree of blurring. For this, it is necessary
to determine the parameters of the phase transition,
which makes it possible to judge the degree of its
blurring. An analysis of the temperature dependences
of the electrical properties of high-temperature
superconductors near and in the region of the phase
transition shows that the phase transitions in them are
of a diffuse nature and this follows from the features of
type-II superconductors. But the study of blurring
issues near and in the FP, region reveals the
mechanisms leading to blurring, with the help of which
one can judge the quality of the object under study. This
1.
is especially true for new modified HTSC materials.
The first studies of PT smearing in HTSCs were
performed for bismuth ceramics and a polycrystalline
sample [1, 2]. The results were interpreted within the
framework of the theory of diffuse phase transitions
[3]; therefore, this work is devoted to the determination
of the parameters of phase transitions blurring in
Y0,5Cd0,5Ba2Cu3O7-δ HTSC material.

131, H.Javid ave, AZ-1143, Baku
ANAS, Institute of Physics
E-mail: jophphysics@gmail.com

The
synthesis
of
YBa2Cu3O7-δ
and
Y0,5Cd0,5Ba2Cu3O7-δ was carried out in two stages [4,
5]. At the first stage, the initial components in a
stoichiometric ratio were mixed and annealed in air at
a temperature of 1120K for 25h. At the second stage,
the resulting compositions were annealed in oxygen
(P=1.2–1.5atm) at a temperature of 1190K for 25h and
slowly cooled to room temperature.
Samples with dimensions 8×4×3 mm were cut
from compressed tablets (diameter 12 mm, thickness 3
mm) of the synthesized polycrystals. The electrical
resistance was measured according to the standard
four-probe scheme. The current contacts were created
by applying a silver paste with the subsequent
connection of silver wires 0.05mm in diameter to the
ends of the polycrystalline to ensure uniform current
spreading over the sample. Potential contacts were also
created, which were located on the surface of the
sample in its middle part. Then, a three-hour annealing
was carried out at a temperature of 200°C in an oxygen
atmosphere. This procedure made it possible to obtain
a contact resistance of less than 1Ohm and to carry out
resistive measurements at transport currents up to
10mA in the ab-plane.
3. RESULTS AND ITS DISCUSSION
The temperature dependences of the resistivity
ρ(Т)=ρab(Т) of the synthesized polycrystals
YBa2Cu3O7-δ (1) and Y0,5Cd0,5Ba2Cu3O7-δ (2) are shown
in fig. 1. The ρ(Т) dependences of the YBa2Cu3O7-δ
sample (fig.1) have a shape characteristic of optimally
doped HTSCs. The linear course of the temperature
dependence of the resistivity of samples Y1 and Y2 in
the normal phase is well extrapolated by the expression
n (T)=(0+  +2) (here B and k are some
constants).
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L0(T)=

1
1 + ехра 0 (Т − Т 0 )

(3)

Taking into account that L0(T) characterizes the relative
fraction of phases in the region of their coexistence, it
can be represented in a simple form
L0 (T ) =

m (T )
m (T ) + m (T )

 m (T ) 
= 1 + 

 m (T ) 

(4)

where mα and mβ are the masses of the α and β phases.
From the joint solution of (3) and (4) it is obtained that
a = (T0-T)-1. ln mα/mβ

Fig. 1. Temperature dependences of the resistivity of
the samples: 1- YBa2Cu3O7-δ,
2- Y0,5Cd0,5Ba2Cu3O7-δ. The straight lines
represent ρn(T), extrapolated to low
temperatures.

Since and is a constant, the factor ln(mα/mβ) in (5) must
be a linear function of temperature. Therefore, from the
temperature dependence of ln(mα/mβ), the temperature
PT=T0 is determined. The most informative is the
derivative L0 (T) with respect to temperature, which
expresses the temperature rate of phase transformations
of each phase:
1
𝜕𝐿⁄ = − 𝑎 ⋅
(6)
𝜕𝑇

As seen from fig.1, the critical temperatures of
samples Y1 and Y2 are Tc1=90.1K and Tc2=84.6K,
respectively. In this case, the resistivity ρ(T) of the Y2
sample in the normal phase at 300 K in comparison
with YBa2Cu3O7-δ increases by almost 14 times. The
critical temperature of samples Y1 and Y2 is
T01=92.58K and T02=91.1K, respectively.
In papers [6-9], the questions of PT smearing in
HTSC are investigated. It is shown that the
determination of the PT parameters contributes to the
identification of the law of the transition of the normal
phase to the SC phase, the degree and region of its
smearing, the influence of the magnetic field and
various types of defects in ceramic samples. This
becomes possible if the exact temperature of the FP-T0,
the temperature constant of the FP-a, the phase
distribution function –L0(T) and the temperature rate of
the FP-dL0/dT are determined from the experimental
data. The method for determining these parameters is
based on the theoretical model of the RFP [3] and is
described and tested in detail in [1, 2, 6-9].
The theory of diffuse phase transitions (RFP) in
condensed systems is based on the introduction of the
switch-on function L(T). It is assumed that if the
thermodynamic potentials of the α and β-phases are
denoted by Фα and Фβ, then the total thermodynamic
potential in the region of coexistence of the phases
Ф(Т) can be represented as:
Ф(Т)= Фα(Т)-ΔФ(Т). L(T)

2

1+𝑐ℎ[𝑎0 (𝑇−𝑇0 )]

To quantitatively characterize the blurring of the PT,
one can the half-width of the dL0/dT curve, i.e.,
temperature range
2ΔТ*= -3,52/a.

(7)

In the case of superconductors, if the normal phase
(n.f.) is taken as one phase, and the superconducting
phase (s.p.f.) is taken as the other, then the proposed
method can be applied to HTSC as well. Then the
corresponding masses will take the value of mn and ms
and they should be determined from the changes in the
physical characteristics in the region of the SP FP. In
this case, they are determined from the data ρ (T). From
the temperature dependence ln (mn/ms), the temperature
FP-T0 (the point of intersection of straight lines with the
abscissa axis) was found, and from the slope
Δln (mn /ms)/ΔT (tangent of the angle) the temperature
constant a (Fig.2). These parameters made it possible to
calculate the temperature dependence L0(T) using
formula (3) (Fig. 3), and using (6) dL0 /dT (Fig. 4). The
results of calculations showed that with partial
substitution of cadmium for yttrium in Y-Ba-Cu-O, the
indicated PT parameters change, i.e., for YBa2Cu3O7-δ
SP material T0 =92.58K, a= -0.7074, L0(T)=0.5 and
dL0/dT=0.128, and for Y0,5Cd0,5Ba2Cu3O7-δ was T0
=91.1K, a = -2.1, L0 (T) = 0.50 dL0 /dT = 0.141. Note
that with the substitution of Cd for Y, the degree of
blurring calculated according to equation (7) decreases
and for Y1 and Y2 is 2.48K and 0.83K, respectively. In
this case, the rate of phase transformations (dL0 /dT) of
sample Y2 in comparison with Y1 increases 1.1 times.
Thus, we can conclude that the quality of yttrium
ceramics improves upon partial substitution of Y atoms
for Cd atoms. It can be assumed that, in this case, the
concentration of defects decreases.

(1)

where its change is ΔФ (Т) = Фα(Т) - Фβ (Т). When FP
occurs in the interval ΔТ =Т2-Т1 (Т2> Т1), the switching
function L must satisfy the conditions

T  T1
0

L0(T)= 0  L  1 T  T  T 

1
2 
1

T

T
2



(5)

(2)

According to the theory of the RFP, for L(T) in the
zeroth approximation it was obtained
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Fig. 2. Temperature dependences ln(mn/ms) for
samples: 1- YBa2Cu3O7-δ, 2- Y0,5Cd0,5Ba2Cu3O7-

Fig. 4. Temperature dependences of the derivative of
the switch-on function dL/dT for samples:
1-YBa2Cu3O7δ, 2-Y0,5Cd0,5Ba2Cu3O7-δ.

δ.

4.

CONCLUSION

Studies and analyzes have shown that the
substitution of Cd for Y leads to a slight decrease in the
critical temperatures of the Y0,5Cd0,5Ba2Cu3O7-δ sample
in comparison with YBa2Cu3O7-δ (respectively,
Tc1=90.1K and Tc2=84K). In this case, the resistivity ρ
(T) of the Y2 sample in the normal phase at 300K in
comparison with YBa2Cu3O7-δ increases by almost 14
times.
It is shown that superconducting phase transitions
(PTs) in them have a diffuse character. The parameters
of the blurring of the FP are determined: T0, a, L0(T),
and dL0/dT. It was found that the degree of smearing
(ΔТ*) of the Y0,5Cd0,5Ba2Cu3O7-δ sample upon the
substitution of Cd for Y in the Y–Ba–Cu–O system
decreases three times.

Fig. 3. Temperature dependences of the switch-on
function L (T) for samples: 1- YBa2Cu3O7-δ,
2-Y0,5Cd0,5Ba2Cu3O7-δ.
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THE GEOMETRIC STRUCTURE AND MAGNETIC PROPERTIES OF
Li ADSORBED ON MONOLAYER GRAPHENE
S.O. MAMMADOVA, S.S. HUSEYNOVA, A.Y. SHARIFLI
Institute of Physics, Azerbaijan National Academy of Sciences,
AZ1143 Baku, Azerbaijan
We report the structural, electronic and magnetic properties of Liα and single Li atom adsorbed on graphene supercell.
The effect of the adsorption states for these atoms on 5×5 graphene supercell and with carbon vacancy on the value of the
magnetic moment is studied. The total magnetic moments of supercells and local magnetic moments formed in the vicinity of
vacancy carbon atoms are calculated. It was found that Li adsorbed on 5×5 graphene supercells with vacancies exhibit
ferromagnetic spin ordering. Using the calculations of the adsorption energy in these structures, its dependence on the
deformation of the graphene cell is investigated.
Keywords: graphene supercells, Li adsorbed graphene, Atomistix ToolKit software package, local spin density
approximation
PACS: 31.15.E.-, 71.15.Nc, 75.50.Gg, 81.05.ue

INTRODUCTION

under such mechanisms. Furthermore, they are
responsible for the semiconductor-metal transitions
after the Liα atoms and single Li atom adsorptions and
the creation of energy gaps in this case.

Graphene has very high mechanical strength [1]
and good thermal [2] and electrical conductivities at
room temperature. These properties make it a potential
candidate for applications in many fields such as
electronics [3], sensors [4], and electrochemical
storage systems [5,6] such as Li-ion batteries.
The vacancy defect can [7] improve energy
barrier, and if a vacancy defect is big enough, lithiumion migrating through the vacancy area from one layer
to another is feasible. The possible applications of
present study include rechargeable lithium-ion
graphene battery and Li storage in carbon material.
The interaction between graphene and Li will provide
a theoretical basis for the future application of
graphene in lithium ion battery [8]. Li adsorption on
defective graphene has been reported using
computational calculations [9,10]. Doping of graphene
with electron-withdrawing elements [11] or electrondonating elements [12] changes the electronic
structure of graphene which, in turn, may affect its
electrochemical properties. Using density functional
theory, interaction of up to two Li atoms with monoand dual-doped graphene including P-doping is
studied by Denis,[13] who concluded that Li
adsorption on doped graphene offers a wide range of
possibilities to fine tune the band gap in doped
graphene systems. For elements like Si, adsorption of
Li opens a band gap, for Al lithium restores the
structure of the Dirac cones and the semimetallic
character at the K-point, while for P it does not alter
the gap at the K-point [13]. Thus, lithium dosage can
be used to fine-tune the band gap in doped
monodoped and dual graphene systems.
In this paper is developed by the first-principles
calculations to explore the feature-rich properties of
the Li-adsorbed graphene systems. The results of
calculations of the properties of graphene also
adsorbed by Liα atoms and single Li atom are
considered; the results of calculations of the
adsorption energy are also presented. That is, all the
calculated results are consistent with one another
131, H.Javid ave, AZ-1143, Baku
ANAS, Institute of Physics
E-mail: jophphysics@gmail.com

COMPUTATIONAL METHODS
To simulate the Liα atoms and single Li atom
adsorption on top of the graphene, we adopt the
structures of 5×5 graphene supercell and 5×5
graphene supercell with vacancy. The electronic and
magnetic properties of this structure are studied
theoretically. The graphene properties were calculated
using the density functional theory (DFT) method
implemented using the Atomistix ToolKit. In addition,
the adsorption energies and structural properties are
investigated for the graphene supercell model.
First-principles calculations of graphene
properties were carried out on the based on the spinpolarized density functional theory. The local spin
density approximation in the Perdew–Zunger (PZ)
parameterization was employed for the exchange–
correlation functional. The kinetic cut-off energy is
150 Ry and the lattice constant of graphene
a=b=12.306Å, c=6.709Å is used. During the
structure relaxation, all atoms are allowed to relax
along the direction of graphene and all parameters are
optimized with force and stress tolerances of
0.05eV/Å and 0.05eV/Å3, respectively. A 5 x 5 x 5 k
point was used for geometry optimization and total
energy calculations.
DISCUSSION
The
adsorption
of
several
adatoms
(Li,Na,K,Ca,Al,Ga, In,Ti,Fe,Co,Mn, etc.) on graphene
is investigated [14-16]. In this research, we considered
the adsorption of Liα atoms and single Li atom on
graphene at bridge sites and studied the resulting
electronic and magnetic properties. We found unusual
properties of graphene can be modiﬁed dramatically
even at low Liα and single Li adatom coverage.
Notably, semimetallic graphene becomes metallized
and attains ﬁnite spin polarization at the Fermi level.
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a)

b)
Fig. 1: The adsorption states for Liα atoms on a) 5×5 graphene supercell, b) 5×5 graphene supercell with
carbon monovacancies.

a)

b)

c)
Fig. 2. Band structure of the a) 5×5 graphene supercell, b) Liα adsorbed on 5×5 graphene supercell c) Liα adsorbed on
5×5 graphene supercell with vacancy.

supercell with vacancy more efficient than Liα
adsorbed on graphene supercell for opening the energy
gap. Defective graphene is associated with the
presence of band gaps and thus, Li adsorptions can be
used to tune these gaps [17].
We have studied magnetic moment in the
adsorption states for Liα atoms and single Li atom on
5×5 graphene supercell and with carbon vacancy. In
this case the Mulliken population analysis gives the
magnetic moments are received different values, as
described in Table 1. The total magnetic moment of

Let us, consider the electronic properties of a
graphene supercell consisting of 50 carbon atoms. For
illustration, Fig.1 presents the electronic band
structure of graphene supercell consisting of 50 carbon
atoms (Fig.1a), Liα adsorbed on graphene supercell
(Fig.1b) and Liα adsorbed on graphene supercell with
vacancy (Fig.1c).
The band structure of adsorbed on graphene
supercells near the Fermi level was determined based
spin-polarized calculations. An analysis of the band
spectra presents that Liα adsorbed on graphene
30
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we determine the height difference Δh =zmax−zmin in
the graphene, where zmax and zmin is the maxima and
minima value of the z coordinate of the carbon atoms
in graphene. The adsorption geometry is received of
the atoms positions after relaxation. The bond length
dLiC is the distance between the lithium and the carbon
atom nearest it in graphene. We have calculated the
distance between the adsorbed Liα atoms and C atom
in graphene supercell. Here the nearest Li51-C35 and
Li50-C24 bond length are 2.157Å, 2.26Å, respectively.
Also the distance between the adsorbed Liα atoms and
C atom in graphene supercell with vacancy is
calculated. Here the nearest Li49-C15 and Li50-C33 bond
length are 2.16Å, 2.175Å, accordingly. The adsorption
energy, defined in the above equation, is listed in
Table 2. Here, the negative (positive) adsorption
energy indicates that it is an exothermic (endothermic)
process.

the graphene supercell by adsorption Liα atoms is
0.703μB. Here the main contribution belongs to two Li
atoms, which the local magnetic moments are
acquired 0.266μB (Li50) and 0.355μB (Li51). The
magnetic moment of Liα atoms adsorbed onto the
graphene supercell with a carbon vacancy is 0.962μB,
and the local magnetic moment around the vacancy is
0.78 μB (C25). In the case of the adsorption of a single
Li atom on graphene supercell with a carbon vacancy
the total magnetic moment is 0.996 μB, and the local
magnetic moment around the vacancy is 0.817μB
(C14).
We have calculated the adsorption energy at
bridge sites, which is defined as follows: Eads=ELi/Gr ELi -EGr, where Eads is the adsorption energy, ELi/Gr is
the total energy of the whole system including the Li
and graphene, ELi is the total energy of adsorbed atom,
and EGr is the total energy of graphene. In order to
represent the structure distortion after the adsorption,

Table1.
The value of magnetic moment
Graphene

total magnetic
moments

magnetic moments around
vacancy

Liα adsorbed on 5×5 graphene

0.703μB

Liα adsorbed on 5×5 graphene with
vacancy
Li adsorbed 5×5 graphene

0.962μB

0.266μB (Li50), 0.355μB
(Li51)
0.78 μB (C25)

0 μB

---

Li adsorbed 5×5
vacancy

0.996 μB

0.769 μB (C24)

graphene with

Table 2.
Adsorption energy and bond length
Method
Liα adsorbed on 5×5 graphene

Ead
(eV)
0.73

dLiC (Å)

Δh (Å)

Literary data

2.157 (Li51-C35),
2.26 (Li50-C24)

0.13,
0.272

0.773 [15]

Liα adsorbed on 5×5 graphene
with vacancy

-1.17

2.188 (Li49-C15),
2.21 (Li50-C33)

0.028
0.026

−1.079eV [18]

Li adsorbed on 5×5 graphene

-0.72

1.81 (Li50-C14)

0.405

0.773 [15]

Li adsorbed on 5×5
with vacancy

-1.83

2.126 (Li49-C24)

0.606

-

graphene

RESULT

graphene supercell in the adsorption states for Liα
atoms belongs to two Li atoms. However, the carbon
vacancy existence of Liα atoms adsorbed onto the
graphene supercell, the value of the magnetic moment
is increased as 0.962 μB. In the presence of carbon
vacancy for the adsorption of a single Li atom on
graphene supercell the magnetic moment is acquired
0.996 μB. In general the adsorption energy decreases
in its absolute value with increasing atomic number
for the adsorption of Li atoms on graphene supercell
with vacancy.

We performed first-principle calculations
based on DFT to investigate adsorption of Liα and Li
atoms on graphene supercell and with vacancy. These
investigations are performed by using local spin
density approximation method by employing the ATK
program package. In particular, the adsorption energy
and magnetic moments for graphene supercells
adsorbed by Liα and Li atoms differ from each other.
The main contribution of the magnetic moment of the
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SIZE EFFECT OF SUBMICRON BARIUM TITANATE PARTICLES ON THEIR
DIELECTRIC PROPERTIES
A.R. IMAMALIYEV, G.F. GANIZADE
lnstitute of Physics of Azerbaijan National Academy of Sciences,
H.Javid av.13I, Baku, AZ1143, Azerbaijan
E-mail : Rahimoglu @mail.ru
The dielectric properties of a heterogeneous system consisting of submicron barium titanate particles of different sizes
and oleic acid were studied. On the basis of these results the dielectric permittivity and electrical conductivity of the particles
for each size were determined. The dielectric permittivity of 100 nm size particles has the lowest value, which is explained by
the absence of ferroelectricity at these sizes. Particles with a size of 200 nm, on the other hand, have an explicitly high value
of dielectric permittivity, indicating their monodomain structure. The electrical conductivity of barium titanate particles
increases with their size. Qualitative explanations of the obtained results are given.
Keywords: ferroelectrics, barium titanate, dielectric permittivity, dielectric relaxation, conductivity.
PACS: 51.70.+; 52.25Mg, 77.22Gm, 77.84.-s

INTRODUCTION

particles in JOEL JSM-767F shows the sufficiently
monodispersity of powders (Fig. 1a). To prevent strong
aggregation of polarized BaTiO3 particles, the surfaces
of these particles must be coated with suitable
surfactant. For this purpose, the stabilizer oleic acid
was added to the barium titanate powder in a weight
amount of 16% (volume fraction 57%).

Barium titanate (BaTiO3) is a ferroelectric
material from perovskite family with very high
spontaneous polarization (26 µC/cm2 at room
temperature) and is widely used as elements in various
electronic devices: memory elements, nonlinear
capacitors and supercapacitors, infrared sensors,
actuators, ultrasonic generator, voltage sensor, positive
temperature coefficient thermistors, laser frequency
doubler etc. [1-4]. Amorphous barium titanate thin film
improves the light trapping in solar cells [5]. The
constructive combination of the features of submicron
barium titanate particles and nanoparticles and other
functional materials can lead to qualitatively new
effects, which makes it possible to expand their
applications [6,7]. Particularly, barium titanate based
polymer composites and BaTiO3 particles are used in
charge and energy storage devices, multilayer ceramic
capacitors etc. [8-10]. In the last two decades a large
number of papers on liquid crystalline colloids with
barium titanate particles have appeared [11-12]. The
researchers hope that in the future, BaTiO3 particles can
be used in liquid crystal displays, because the addition
of these particles to liquid crystals in small amounts
drastically improves some of the characteristics of
electro-optical effects in the liquid crystal, such as
driving voltage, response time etc. [13-15]. In some
cases, the addition of particles into the liquid crystal has
led to qualitatively new effects, e.g., a memory
electromechanical effect was observed in the isotropic
phase of liquid crysral [16]. To optimize the characteristics of barium titanate based composites and
colloid systems, it is necessary to clarify how the
properties of submicron BaTiO3 particles are changed
in comparison with a bulk sample of a BaTiO3 crystal.
In this work, the dielectric properties of monodisperse
BaTiO3 particles with a size of 100, 200, 300, 400 and
500 nm has been investigated.

Fig. 1. a) SEM photography of 300 nm sized barium titanate
powder; b) micrograph of 300 nm sized barium
titanate – oleic acid mixture in optic microscope
equipped with high resolution camera.

Dielectric measurements of obtained slurry type
mixture were carried out in a special cell consisting of
two parallel plane glass substrates, the inner surfaces of
which are covered with a transparent ITO electrode.
The sample thickness is fixed with a special 30µm
Teflon spacer. An example of micrograph of the thin
layer of 300nm particles BaTiO3-oleic acid taken with
optic microscope Carl Zeiss equipped with 14MP
camera is shown in fig.1b. The capacitance-frequency
of the cell was measured using IET 1920 RLC-meter in
the frequency range from 20Hz to 1MHz. The
amplitude of the test signal was 1V.
RESULTS AND DISCUSSION
Figures 2,3 and 4 show frequency dependences of
the real and imaginary parts of the dielectric
permittivity, as well as conductivity of mixtures of
olive acid and BT particles with different sizes,
espectively.

EXPERIMENT
BaTiO3 particles were purchased from company
US Nano. Scanning electron micrograph of these
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Fig. 2. The frequency dependence of real part of barium
titanate – oleic acid mixture: empty circles–100nm
BaTiO3; filled circles–200nm BaTiO3; triangles–
300nm BaTiO3; squares– 400nm BaTiO3; rhombs–
100nm BaTiO3.
Fig. 4. The frequency dependence of electric conductivity of
barium titanate–oleic acid mixture: empty circles–
100nm BaTiO3; filled circles–200nm BaTiO3;
triangles–300nm BaTiO3; squares–400nm BaTiO3;
rhombs–100nm BaTiO3.

The second and third rows of the table present the
values of dielectric constant and electric conductivity
of mixtures at 2kHz, for each barium titanate particles
size.
For mixtures, corresponding to barium titanata
particle size of 200nm, 400nm and 400nm a dispersion
of dielectric permittivity is observed at frequencies less
than 1MHz (instrument upper frequency limit). The
fourth row of Table 1. shows the frequencies
corresponding to the dielectric absorption maximum.

Fig. 3. The frequency dependence of imaginary part of
barium titanate–oleic acid mixture: empty circles–
100nm BaTiO3; filled circles–200nm BaTiO3;
triangles–300nm BaTiO3; squares–400nm BaTiO3;
rhombs–100n m BaTiO3.

Table 1.
Presents some important data extracted from these dependencies.
Size of particle
Dielectric permittivity at 2 kHz
Electric conductivity at 2 kHz, nS/m
Relaxation frequency, kHz
Dielectric permittivity of particles

100 nm

200 nm

300 nm

400 nm

500 nm

15.9
45,3
24.3

31.3
70,9
700
228.2

24.3
113,3
650
97.2

22.1
116.1
750
69.7

19.2
133.8
43.6

Using the formula for effective dielectric
permittivity of two-component heterogeneous systems
[17]:
3

 eff = f 3  m + (1 − f )3  p

1)

the dielectric permittivity of barium titanate
particles is greatest at 200nm, and gradually
decreases with increasing particle size;
2) the dielectric permittivity dispersion is observed
for particles of 200nm, 300nm, and 400nm; and
for particles of 100nm and 500nm the dispersion
is most likely outside the measurement range of
the instrument (1MHz).
3) the electrical conductivity of the mixture
increases with the size of the BT particles.
The decrease in the size of BT particles is
reflected in their structure, hence in many physical

(1)

We can calculate the dielectric permittivity of BaTiO3
particles with different sizes, which are shown in the
third row of Table 1.
Analysis of the data in the table allows us to
establish:
34

SIZE EFFECT OF SUBMICRON BARIUM TITANATE PARTICLES ON THEIR DIELECTRIC PROPERTIES

properties, including dielectric properties [18].
According to US Nano Database, BT particles with a
size of 100nm have cubic symmetry, so they lack the
ferroelectric property and for them the dielectric
permittivity has a small value.
According to modern concepts, ferroelectric BT
particles are characterized by the core-shell structure
[19, 20]. The non-ferroelectric shell with a thickness of
about 10nm has a cubic structure. The ferroelectric core
has a tetragonal structure. In most cases, the core is in
a polydomain state: it consists of several domains on
the order of 100nm, separated by thin walls. Such sizes
of BT particles are possible when the core consists of a
single domain. This case was first discovered in Wada's
work at the size of BT particles of 140nm and the
colloid with such particles was called superparaelectric
by analogy with superparamagnetics. For some
mixtures there is a dispersion of dielectric permittivity
in the limit of RLC-metra measurement. The fourth line
of Table 1 shows the frequencies corresponding to the
dielectric absorption maximum.
The dielectric dispersion of oleic acid is not observed
between 20Hz and 1MHz (Figure 5). This means that
in mixtures with VT particle sizes of 200, 300 and
400nm the dielectric dispersion is related to these
particles. The reason for this, in our opinion, is the
following. The oscillation of the lattice atoms with
respect to each other in an alternating sinusoidal field
is hampered by permanent (permanent) surface charges
due to the presence of spontaneous polarization.

The electrical conductivity of the mixtures is at
least an order of magnitude greater than that of pure
oleic acid (3.3nS·m). This can be explained on the basis
of two assumptions:
1) BaTiO3 particles play a dominant role in the
electrical conductivity of the mixture;
2) there is a percolation relationship between
these particles. The increase in the electrical
conductivity of mixtures with an increase in the size of
BT particles is associated with a change in the band gap
width [18].
CONCLUSIONS

The structure and physical properties of
submicron particles of BaTiO3 differ from its bulk
samples because of the increased role of the surface.
This is clearly reflected in the values of dielectric
permittivity
and
electrical
conductivity.
Ferroelectricity is not observed in particles with a size
of 100nm. Relatively large particles retain the
ferroelectric property and have a polydomain structure.
200nm sized particles have a monodomain structure.
Consequently, BaTiO3 particles at these sizes have the
highest dielectric permittivity. The smaller the size of
the BT particle, the smaller its electrical conductivity.
This is explained by the increase in the band gap width.
The observed dielectric dispersion of about 700kHz for
particles with a size of 200-400nm, most likely, is
associated with the influence of surface charges arising
from the presence of spontaneous polarization.
____________________________________________
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OPTICAL PROPERTIES OF ERBIUM DOPED ZNO FILMS GROWN
ON DIFFERENT SUBSTRATES
V.F. GREMENOK
State Scientific and Production Association “Scientific-Practical Materials Research Centre
of the National Academy of Sciences of Belarus”,
220072, Minsk, P. Brovka Str. 19, Republic of Belarus
The influence of post-deposition annealing at 600 –900°C on optical properties of ZnO films co-doped with Erbium (Er)
ions has been investigated by UV-V is, photoluminescence (PL) and photoluminescence excitation (PLE) methods. Er-doped
ZnO (ZnO:Er) thin films were grown on fused quartz and p-Si substrates at 25ºC by radio-frequency magnetron sputtering
method. In accordance with the previously reported literature studies, post-growth annealing was required to activate the optical
emission originated from the intra-shell transitions of the Er atoms. Transmission spectra of as-deposited Er-doped ZnO films
contain a wide absorption band in the near-infrared region. It was found that an increase in the annealing temperature leads to
an increase in the photoluminescence intensity in the spectral range of 1.5-3.0eV. PLE spectra of ZnO:Er films contain a band
with a maximum at ~3.40eV which corresponds to the band gap energy of ZnO.
Keywords: ZnO:Er films, magnetron sputtering, optical properstes, PL spectra.
PACS: 61.10.Kw, 68.37.-d, 78.20.-e, 78.30.Fs

1.

INTRODUCTION

characterization of Er-doped ZnO thin films grown on
fused quartz and p-Si substrates by radio-frequency
magnetron sputtering with different dopant
concentrations, as a function of post-growth annealing
temperature at 600–900°C.

Rare-earth (RE) doped wide gap semiconductors
have attracted considerable interest in recent years as a
basis for optoelectronic devices, which combine the
electronic properties of semiconductors with unique
luminescence features of RE ions [1-8]. In recent years,
the interest in preparing ZnO thin films doped with
lanthanide elements (Ln3+) has increased due to the
interesting properties that can be obtained by using 4f
valence electron elements [2, 8]. It is well known that
rare-earth ions (erbium, terbium, europium, thulium,
and so on) are a special kind of photoactive centers with
narrow emission lines and long emission lifetimes in
various semiconductor materials. Erbium ion is one of
the most popular lanthanides due to its radiative
transitions in the green (0.56μm) and the infrared
(1.54μm) being extensively used as an eye-safe source
in the atmosphere, laser radar, medicine, and surgery
[1,6,8]. Erbium acts as an optically active center if it is
surrounded by oxygen forming a pseudo-octahedron
structure. This means that Er replacing Zn in the ZnO
matrix forms Er2O3 and does not act as an optically
active center. Therefore, an annealing treatment of thin
films is required to change local structure of Er,
forming clusters either in the ZnO matrix or at the grain
boundaries.
Thin film growth parameters are largely affected
by the deposition techniques and the process
parameters. There are various deposition techniques
available for preparing ZnO thin film [4, 9, 10]. One of
the methods for ZnO ﬁlm fabrication is radio-frequency
(RF) magnetron sputtering. It results in the formation
of columnar ZnO ﬁlm with a preferred orientation of caxes perpendicularly to the substrate surface. However,
comparison of the results obtained for thin ﬁlms, as far
as we know, sometimes is contradictory. At the same
time, the type of substrate can affect the structure as
well as Er incorporation into ZnO films. Another
important factor is the growth and annealing
temperature for thin film formation.
This study is aimed at the synthesis and the optical
131, H.Javid ave, AZ-1143, Baku
ANAS, Institute of Physics
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2.

EXPERIMENTAL

ZnO:Er thin films were grown by RF magnetron
sputtering of nominally pure Zn and ErCl3-targets in an
argon atmosphere with oxygen (10% Ar and 90%O2) at
a pressure of 5×10–3 Torr on pure Si and fused quartz
substrates at 25°C [11]. We used targets with erbium
composition of 1% and 2% by mass. The power density
applied to the cathode was 2.0W/cm2 and the deposition
time was 60 min. Both types of substrates were placed
on the same sample holder to obtain the layers grown
under the same conditions. The thickness of all ﬁlms
investigated was about 600-700nm. Isochronal (30150min) post-growth annealing was performed at 600,
750, and 900°C in a conventional furnace in nitrogen
ﬂow. Chemical composition and the depth profile of
elements in the films were determined by energy
dispersive X-ray spectroscopy analysis (EDX) and
Auger electron spectroscopy (AES) using a CAMECA
SX-100 and Perkin Elmer Physics Electronic 590,
respectively. The transmittance (T) spectra of the ErZO
thin films onto quartz substrates were measured in the
spectral range of 200–3000nm using a Carry 500 Scan
UV-Vis-NIR (Varian, USA) spectrophotometer.
Photoluminescence (PL) and photoluminescence
excitation (PLE) measurements were carried out by
employing a 1000 W Xe lamp as an excitation source
combined with a grating monochromator (600
grooves/mm, focal length ~0.3m). All measurements
were performed at room temperature.
3.

RESULTS AND DISCUSSION
3.1 Elemental composition of the films

The XRD spectra of the samples with different Ercompositions have peaks, which correspond of
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hexagonal wurtzite ZnO [11]. The absence of Er-oxide
related diffraction peaks indicates that there is no
secondary phase in the films.
The composition of the thin films before and after
the annealing was estimated from the EDX
measurements and appeared to be invariable after the
heat treatment. The chemical composition was
determined by averaging the concentration values from

10 different points on the film surface (Table 1). The
results show that the incorporation coefficient for Er+3
ions is approximately 1.5%. The EDX spectrum of Erdoped films shows the signals of Zn, O, Er, Si, C, and
Ca where the signals of Si, C, Ca are from the
substrates. Elemental mapping of Zn, Er, and O, shows
a homogeneous distribution of all components without
any concentrated places at the surface (not shown here).

Table 1
Chemical composition of as-grown (i-ZnO) and ZnO:Er films fabricated on silicon and fused quartz substrates
Sample

Substrate

i- ZnO
1- ZnO:Er
2- ZnO:Er
3- ZnO:Er
4- ZnO:Er
5- ZnO:Er
6- ZnO:Er

Si
Si
Si
Si
quartz
quartz
quartz

Annealing temperature,
0C
25
25
600
900
25
600
900

A similar elemental composition (Zn, O, Er in
atomic %) of ZnO thin films has been confirmed by
AES method. The spectra were analyzed over a range
of kinetic energies from 100 to 1400eV using the
primary electron beam of energy 5.0keV. The depth
profile of elements for the as-grown and annealed
samples on different substrates is shown homogeneous
distribution of Zn, O, and Er along the depth of ZnO
films. This fact confirmed the high-quality of the
deposited films with nearly ideal stoichiometry of Zn
and O chemical elements. The measurements show that

Zn, at. %

O, at. %

Er, at. %

49.9
48.7
49.1
49.3
49.2
49.5
49.1

50.1
50.5
50.1
50.0
49.3
49.1
49.4

0.8
0.8
0.7
1.5
1.4
1.4

Er atomic concentration in ZnO is not exceeded 1.5 at.
% at magnetron sputtering.
3.2

Optical and photoluminescence study

With the aim of the band gap energy
determination of different ZnO:Er films fabricated on
quartz substrates the measurements of reflectance
spectra at room temperature have been performed.
Figure 1 shows typical transmission spectra of the
ZnO:Er thin films prepared on these substrates.

Fig. 1. Transmission spectra and the dependence of α2 vs hν for ZnO:Er films on quartz substrates.

As seen all films have a high value of
transmittance ~70 – 80% in wide spectral range 3702500nm, intensive interference fringes, and a relatively
sharp edge of the intrinsic absorption which starts at

less than 390nm. The sharp decrease in the transmission
spectrum below ~450nm is related to the strong
absorption of the photons in this region. These
experimental data confirmed the high quality of
38

OPTICAL PROPERTIES OF ERBIUM DOPED ZNO FILMS GROWN ON DIFFERENT SUBSTRATES

(𝛼ℎ𝜈) = 𝐴(ℎ𝜈 − 𝐸𝑔 )𝑛 ,
(1)
where A and n are band tailing parameters and index,
respectively.
The n index is 2 for indirect and 1/2 for direct band
gap energy characteristics. The Eq. (1) states that
(𝛼ℎ𝑣)1/n vs. (ℎ𝑣) plot exhibits a linear region in the
strong absorption region. The linear fitted line
intersects the energy axis at the band gap energy value.
The (𝛼ℎ𝑣)2 vs. (ℎ𝑣) plots for ZnO:Er films are shown
in the inset of Fig. 1. Amounts of Eg value are 3.62eV
and 3.22eV for the as-deposited (4-ZnO:Er) and after
annealing (5–ZnO:Er) films, respectively. These values
are consistent with that measured from PLE spectra for
the same samples.
The main attention was concentrated on the
photoluminescence and photoluminescence excitation
measurements of ZnO films prepared on different
substrates. Figure 2 shows the photoluminescence and
photoluminescence excitation spectra of i-ZnO thin
films grown on p-type Si substrate after 30min and
subsequent annealing at temperatures of 600ºC, 750ºC
and 900ºC.

ZnO:Er material grown on quartz substrates. The
shifting of intrinsic band edge in the ultraviolet spectral
region and decreasing transmittance in the nearinfrared region is observed for no annealed films in
contrast to i-ZnO films. The absorption in 1.0 –2.5µm
spectral region and high-energy shift of absorption
edge are indicating strong doping effect of films by Er
atoms. A similar behavior of optical spectra is observed
for n-type highly doped semiconductors such as
ZnO:Al [4, 12]. This phenomenon may be explained by
the Burstein-Moss effect. The annealing at
temperatures higher than 600ºC leads to a low-energy
shift of intrinsic absorption edge and decrease in
infrared absorption.
The transmission spectra were analyzed under the
light of Tauc expression and the derivative
spectroscopy technique. The absorption coefficient (α)
was calculated by the expression of 𝛼 = − 𝑙𝑛/𝑑,
where the ZnO:Er film thickness is d ≈ 700nm. Tauc
formula is related with the band gap energy (Eg) and
the absorption coefficient [13]:
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Fig. 2. PL and PLE spectra of i-ZnO thin films for different annealing temperature.

The PL and PLE spectra were taken at room
temperature. It is clearly seen that PL spectra contain
two broad intense bands with maxima at 2.43eV (green
emission 510nm) and at 1.94eV (yellow emission at
640nm). The experiments show that the relative
intensity of green and yellow emissions increases with
annealing temperature reaching a maximum at 900ºС.
The annealing time in the range from 30 up to 150 min
for each temperature also increases the intensity of the
bands at 2.43eV and 1.94eV. These two bands may be
referred to oxygen vacancy (VO+) and oxygen
interstitial (Oi-) respectively. The changes in the
relative intensity of both bands are observed at
annealing temperature variation. This effect indicates
redistribution of radiative recombination channels of
nonequilibrium charge carriers. Figure 2 shows that the

green-dominant emission at lower annealing
temperature (600ºC and 750ºC) is switched to yellow
emission at higher annealing temperature (900ºC). This
is issued by the competition between the formation of
VO+ and Oi ־defects. A broad PLE band with a
maximum at 3.40eV was observed for all investigated
i-ZnO films. The energy maximum at 3.40eV± 0.05eV
corresponds to the optical band gap energy of ZnO
material [4].
Figure 3 shows the PL and PLE spectra for Erdoped ZnO thin films on Si substrate. The deposited
films were annealed at different temperatures. When
the annealing temperature increased in the range 600–
900ºC high strength deep-level emission in the spectral
region 1.5–3.0eV has been observed.
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Fig. 3. PL and PLE spectra of ZnO:Er thin films for different annealing temperature.

luminescence of Er3+ in films (Fig. 4, 5). It is clearly
seen that ZnO:Er films exhibited 1.54(0.81eV)μm Er3+
photoluminescence [15, 16]. This fact strongly suggests
that Er3+ ions were incorporated in the ZnO lattice
during the magnetron sputtering process. The Er
emission mechanism under indirect excitation is
generally explained using an energy transfer model [2,
8]. In the thin ﬁlm and or bulk counterparts of Er doped
ZnO, the necessity of annealing to obtain the 1.54μm
luminescence is explained by Er site activation. It has
been found that the higher order O coordination around
the Er decreased the PL intensity, which could be
signiﬁcantly improved when the local structure of the
Er–O cluster changed to a pseudo-octahedron with C4v
symmetry [17].
The PLE spectra of the infrared luminescence of
Er-doped ZnO films on different substrates as a
function of excitation wavelength showed that infrared
Er3+ related emission may be excited by the band-toband mechanisms in ZnO material as well as upper
above gap excitation (Fig. 4, 5). The relatively intense
broad band at 3.2eV was detected in the PLE spectra for
the different stages of the annealing.
A more interesting experimental finding is the
efficient excitation of Er3+-related emission near
1.54μm (0.81eV) throughout the band at 3.2eV in
comparing with band-to-band optical transition in PLE
spectra of ZnO:Er thin films. The band at 3.2eV in PLE
spectra (Fig. 4, 5) may be attributed to the transitions
on Er - O defects with relatively shallow energy levels
in thin films [2, 6, 14]. An increase in the intensity of
the PLE band at 3.2eV with increasing annealing
temperature results from the increasing concentration
of structural Er-O defects and the formation of impurity
energy band with shallow levels [6 - 8].

It can be seen that the peak intensity and energy
position of deep-level emission varies with annealing
temperatures. In particular, ZnO:Er films annealed at
900ºС show only one broad PL band. The appearance
of this band may be related to the formation of defects
induced by Er atom incorporation in the ZnO lattice.
The rate of formation point defects is low for ZnO:Er
films annealed at low temperature ~600ºC. More
defects responsible for the radiative transitions
introduce into the films for the temperatures higher than
600ºC. In addition to thermal treatment, doping by Er
atoms play an important role in the mechanism
responsible for the deep-level luminescence as well. It
is notable that the yellow emission decreases with
increasing annealing temperature for Er-doped ZnO
thin films. One cause is most likely due to the formation
of Er -VO bonds in ZnO:Er films. Another possibility
of the variation in the intensity of the yellow band at
~1.94eV can be ascribed to the additional formation of
interstitial oxygen. The probability of the electron
charge transfer from localized impurity states to the
conductive states is increased due to the potential
fluctuation of Er impurities in ZnO films. We must
speculate that both probable mechanisms are
responsible for the increase of green emission. Further
investigations are needed to verify this point of view.
The PLE spectra of films also contain broad band with
a maximum at 3.40±0.05eV which corresponds to the
optical band gap energy of ZnO.
It is well known that Er3+ ions are responsible for
the visible luminescence in the spectral region 500–
600nm (2.07–2.48eV) [2, 6, 14]. We cannot have
detected sharp Er3+ related lines in the green region of
spectra due to high-intensity emission related to
intrinsic point defects such as Oi and VO in ZnO
material. Instead that we detected infrared

40

OPTICAL PROPERTIES OF ERBIUM DOPED ZNO FILMS GROWN ON DIFFERENT SUBSTRATES

ZnO:Er

o

PL Intensity, arb. units

900 C

Eg

on p-type
Si substrate

PL

PLE
Edet~0.81 eV

Eg

o

750 C
Edet~0.81 eV

PL
o

600 C

Edet~0.81 eV

PL

0.7

PLE

Eg
PLE

0.8

3

4

Photon energy, eV
Fig. 4. PL and PLE spectra of ZnO:Er thin films on Si substrates for different annealing temperature.

Fig. 5. PL and PLE spectra of ZnO:Er thin films on quartz substrate for different annealing temperature.

4.

CONCLUSIONS

studied by different experimental techniques. All
investigated films were found by XRD to have a
polycrystalline wurtzite type structure. The doped ZnO
films showed good transmittances (70–80%) in the
spectral range of 370-2500nm. The annealing at

The effect of different atomic contents of Er+3 ions
on optical and photoluminescence properties of ZnO
ﬁlms grown on fused quartz and p-Si substrates was
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temperatures higher than 600ºC in nitrogen ﬂow of element for ZnO films that can be used for application
these films leads to a low-energy shift of intrinsic in thin film solar cells, laser and display technologies.
absorption edge. After post-annealing treatment of
ZnO:Er films green and near 1.54μm PL emission 5. ACKNOWLEDGMENTS
related to intra-4f shell of Er3+ ions are observed. The
relatively intense broad band at 3.2eV has been found
The work has been finased by the Belarusian State
in the PLE spectra for the different stages of the Programme for Research «Physical Material Science,
annealing and may be attributed to the optical New Materials and Technologies». The author of this
transitions on Er-O defects with relatively shallow work is grateful to Affiliate RDC “Belmicrosystems”
energy levels in ZnO:Er material. The PLE spectra of JSC “INTEGRAL”-“INTEGRAL” Holding Managing
ZnO:Er thin films on different substrates also contain Company for EDX study of thin films.
broad band with a maximum of 3.40 ± 0.05eV which
corresponds to the band gap energy of pure ZnO. Our
results indicate that Er3+ ions are an effective co-doping
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DIELECTRIC PROPERTIES OF POLYETHYLENE DOPED WITH BARIUM
TITANATE PARTICLES
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The frequency and temperature dependences of the real part of the dielectric permittivity of high-density polyethylene
with the addition of monodisperse barium titanate particles are studied. The experimental data are compared with the MaxwellGarnett and Brugemann theories.
Key words: barium titanate; high density polyethylene, dielectric permittivity; electric conductivity, composite material.
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INTRODUCTION

dissipation factors below 0.12 [3]. The ratio between
BaTiO3 and resin and the size of BaTiO3 particles, were
investigated and their related mechanisms were
discussed in the work [4]. The BaTiO3 particle size
dependence of the dielectric properties of
BaTiO3/polyvinylidene fluoride composites is
explained by space charge effects at the interface
between BaTiO3 and PVDF, and domain
configurations (single or multi-domain) of the BaTiO3
powders [5].
In the work [6], silane treatment is carried out on
barium titanate powder. Epoxy and polyvinyledene
fluoride (PVDF) polymers are used as matrices for
preparation of the composites. Results indicate that the
dielectric constant and dissipation factor vary between
18-140 and 0.01 to 0.09, respectively as the relative
ratio of polymer and silane modified filler is varied.
The aim of present work is the study of the effect
of monodisperse fraction of barium titanate on
dielectric properties of high density polyethylene.

Polymer-inorganic composite materials with high
dielectric permittivity and low losses, combining the
viscoelastic properties of the binder and the dielectric
properties of the filler, are required to create numerous
devices. One of the most promising materials of this
type is composites based on ferroelectric filler barium
titanate. The review article [1] contains data on the
permittivity of ceramics based on barium titanate with
different grain sizes. When ceramics are prepared with
a grain size as small as 0.5-1μm, dielectric permittivity
become significantly enhanced. It equals to 5000 for
fine grain (0.5μm) material, compared with 1500 for
coarse grain (50μm) ceramics at room temperature. The
value of 1500 for coarse-grain material is readily
understood in terms of an orientational average of the
anisotropic dielectric constants which characterize a
free single crystal. The value of 5000 for fine-grain
microstructures is result of contribution of residual
stresses on individual grains. With further reduction in
grain size below 0.5-1.0μm, the value in the tetragonal
phase was observed to decrease again. The decrease in
dielectric permittivity is explained by changes in
crystal structure (i.e., a "pseudocubic" structure, not
tetragonal structure).
The practical application of polymer based
composites requires fundamental understanding of the
properties of interactions between components that
have a key influence on the macroscopic dielectric
properties of composites.
A number of works have been devoted to the
study of the dielectric properties of polymer composites
based on barium titanate. Particularly, the authors of the
work [2] investigated molecular relaxations in
PVDF/BaTiO3
nanocomposites.
In
dielectric
permittivity study, two relaxation processes are
identified corresponding to the crystalline, glass
transition in the PVDF/BaTiO3 nanocomposites.
Electric modulus formalism is used to analyze the
dielectric relaxations to overcome the conductivity
effects at low frequencies. As a BaTiO3 concentration
in polyvinylpyrrolidone increased from 0 to 85 wt%, its
dielectric constant increased from 7 to 30 with
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EXPERIMENTAL
We used high density polyethylene (HDPE) as a
matrix. Melting and softening points of polymer are
130-135°C and 80-90°C, correspondingly. The barium
titanate particles with sizes of 600nm (US, Research
Nanomaterials, In.) were added into the fine powder of
polyethylene with different concentrations (5 vol. %,
10 vol. %, 20 vol.% and 30 vol.%). Then obtained
mixture was shaken in a vortex mixer for 1 hour at room
temperature, followed by sonication with dispergator
Ultrasonic Cleaner NATO CD-4800 (China) for 4
hours. Disc-shaped samples of composites were
obtained by hot pressing at temperature of 165°C and
pressure of 15MPa. Pressing time after reaching the
selected temperature is 15-20 minutes. The diameter
and thickness of the obtained films were 4cm and 8090μm, respectively. Aluminum electrodes with
diameter of 3 cm and thickness of 10μm are pressed on
both sides of the films.
Dielectric measurements were carried out by the
Precision LCR Meter 1920 (IET Labs. Inc., USA) over
the frequency range of 20Hz–1MHz and at
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temperatures between 22–53°C. In such a case, applied
voltage was 0.5V for both LC molecular orientations.
Electric capacity C and dissipation factor (the loss
tangent) D were recorded by means of this device at
different frequencies f. The magnitudes of dielectric
permittivity ε were defined as:

=

Cd
,
 0S

According to Maxwell–Garnett theory [8], scalar
dielectric permittivity εeff of a medium consisted of
particles with dielectric permittivity εp and the matrix
with dielectric permittivity εm is

 eff =

(1)

 =

1 + D2

,

1 − fv + fv 

(3)

where fv is a volume fraction of the inclusions; β
depends on the shape of the inclusions. If the particles
are spherical, then

where ε0 is the permittivity of free space, d and S are
the thickness and the square of the sample, respectively.
The real ε' and image ε'' parts of dielectric permittivity
and electric conductance σ were calculated by the
expressions:



(1 − f v ) m + f v  p

=

3 m
 p + 2 m

(4)

and (3) reduces to

(2)

 eff

RESULTS AND DISCUSSION
Figure 1 shows the frequency dependences of the
real part of the dielectric permittivity for both pure
polyethylene and the composite with different
concentrations of barium titanate.


  p − m  

3 fv 

  + 2  

p
m

 
=  m 1 +


 1− f   p − m 
v


  p + 2 m  


(5)

Owing to εp »εm then (7) turns into



 eff =  m 1 +


3 fv 

1 − f v 

(6)

As can be seen from the last expression (6), the
effective value of the dielectric permittivity does not
depend on the permittivity of the particle substance.
Note that the Maxwell-Garnett approximation
describes well isolated particles that are completely
isolated from each other by the material of the medium.
Bruggerman proposed the concept of a self-consistent
effective medium. The Bruggemann approximation
better describes the case where the particles are
randomly distributed in the matrix material and
agglomerated. The expression describing the twocomponent system in the Bruggemann approximation
can be written as

fv

 p −  eff
 m −  eff
+ (1 − f v )
= 0 (9)
 p + 2 eff
 m + 2 eff

In order to compare the experimental
concentration dependences of the permittivity with the
theory of Maxwell-Garnett and Bruggeman, we present
them at the frequency of 2kHz as well as theoretical
curves on the same Figure 2.

Fig. 1. Frequency dependences of real part of dielectric
permittivity at 20˚C: (a) pure HDPE, (b) HDPE+5
v.%, (c), HDPE+10 v.%, HDPE+20 v.%,
HDPE+30 v.%,

As can be seen, with an increase in the filler
concentration, the dielectric conductivity increases at
all frequencies. In this case, there is a slight decrease in
the real ε' component of the permittivity with increasing
frequency, which is explained by the delay of dipoles
and a decrease in the number of particles involved in
polarization. The presence of a significant electrical
conductivity of composites at high filler concentrations
also leads to the appearance of near-electrode
polarization at low frequencies, which occurs in the
layer adjacent to the electrode [7]. In this case, an
increase in the permittivity at low frequencies is
observed. This effect is most observed at high
concentrations of barium titanate.

Fig. 2. Comparison of experimental data at frequency of 2kHz
with theories; (a) experimental data, (b) curve
according to the Maxwell-Garnett approximation, (c)
curve according to the Brugemann approximation.
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As can be seen, the experimental values are located
between the theoretical curves corresponding to the
Maxwell-Garnett and Bruggeman theories. This fact
indicates to the partial aggregation of barium titanate
particles in polyethylene.
Figure 3 shows the temperature dependences of
the real part of the dielectric permittivity up to the
softening temperature of polyethylene.
As can be seen, the dielectric permittivity of pure
polyethylene slightly decreases with increasing
temperature. Since polyethylene is a non-polar
dielectric, such a change in the dielectric permittivity is
explained by a decrease in its density and, accordingly,
a decrease in the number of polarized particles. As the
concentration of barium titanate particles increases, the
ferroelectric component contributes to the permittivity.
Therefore, at high filler concentrations, the permittivity
increases with increasing temperature.

Fig. 3. Temperature dependences of real part of dielectric
permittivity at frequency of 2 kHz: (a) pure HDPE, (b)
HDPE+5v.%, (c), HDPE+10v.%, HDPE+20v.%,
HDPE+30v.%.
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THE INVESTIGATION OF THIN SINGLE-CRYSTAL FILMS OF Fe0,75Ga0,25InS3,
MnGaInS4 and Fe0,25Ga0,5In1,25S3 CRYSTALS BY ROTATION ELECTRON
DIFFRACTION PATTERN
M.G. KAZUMOV, S.M. RZAYEVA, L.V. RUSTAMOVA
Institute of Physics of ANAS, AZ 1143, H.Javid, 131, Baku, Azerbaijan
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The new 2H-polytypes with space group Р63mc of Fe0,75Ga0,25InS3 crystals (with lattice parameters a=3,78 Å, c=24,44Å)
and MnGaInS4 crystals (with lattice parameters 3,80Å, c=24,55Å) are identified by electron diffraction patterns obtained by
tilt and further rotation of crystal holder (CH) with single-crystal film (SCF). 3R-polytype of Fe0,25Ga0,5In1,25S3 crystal with
parameters a=3.78Å, с=36.78Å, sp. gr. R3m is also identified. Fe0,75Ga0,25InS3 single-crystal film evenly lies on CH surface
but SCF of MnGaInS4 and Fe0,25Ga0,5In1,25S3 crystals are located under some angle to CH plane. In MnGaInS4 case the scheme
explaining the origin of some reflections located on nonstandard positions (outside ellipse lines) is given. Such scheme can be
used in further electron diffraction structural investigations of nano-objects arbitrarily oriented on CH.
Keywords: electron diffraction, new rotation methods, structure of inorganic compounds.
PACS: 61.05.-a, 61.14.-x, 61.66.Fn.

The obtaining the thin-film preparations is the
important moment of electron diffraction investigations
(from this fact the accuracy and reliability of structural
definition depends on). In our investigations the thin
SCF are obtained by the cleaving of thin plates from
thick crystal with the help of an adhesive tape. The
layered crystal with plane surface is glued on metal
mesh or washer and thin SCF are obtained by the
cleaving from crystal by an adhesive tape. The washers
in which the input hole has the diameter near 0.8–1mm
and output hole has diameter near 2mm, are placed on
crystal holder (CH) surface. The rotation electron
diffraction patterns imitating the electron diffraction
patterns from lamellar and needle-like textures [5-7]
are obtained by tilting and rotating CH under electron
beam in various ways due to the presence of two
sample-rotation axes on the goniometer table (on
electron diffractometers EG-400 and ER-102М). In
order to obtain the electron diffraction patterns with
necessary set of refleсtions the rotation of SCF round
axes lying in the CH plane and perpendicular to it, is
carried out [4-6].
The cases when crystal lattice parameter values of
layered semiconductors lying on basal plane (а
parameter in hexagonal case) in several and sometimes
tens of times less than values of с parameter, are often
met in practices of electron diffraction structural
analysis for layered crystals. Moreover, the
corresponding c axis can be either perpendicular or
oblique with respect to basal plane. Site rows hk (in
which h and k are constants, l is a variable) are much
more distant from each other whereas the sites
themselves are densely located on site rows hk lying
along с* axis. This circumstance allows us to easily
emphasize site rows hk on rotation electron-diffraction
patterns of single crystal that significantly simplifies
the indexation of site rows hk and finally the electron
diffraction pattern interpretation.
Note that there is one circumstance which makes
difficult the electron-diffraction pattern interpretation.
There are cases when the film lies unevenly on CH
surface and the main crystallographic planes are

INTRODUCTION
The composition defects [1] and mixtures [2 -4]
of different polytypes which strongly influence on
crystal physical properties often exist in layered
crystals. In many cases the mixture diffraction patterns
of different polytypes with small values of crystal
lattice parameters с and diffraction patterns of some
polytypes with big parameter values с coincide [3].
This makes difficult the identification of diffraction
patterns. The intensities of reflections from different
polytypes are indistinguishable at simultaneously equal
percentage of each polytype in mixture. That’s why to
establish the correct polytype is impossible. If the
percentages of each polytype in the mixture are very
different, then the intensities of reflections from
different polytypes will also be very different. That’s
why with a more careful analysis of the electron
diffraction pattern one can establish the true polytypes.
If percentages of each polytype in the mixture will be
more different, then reflection intensities from the one
of these polytypes will be insignificant (on the
background level) and this polytype will not be
detected.
The electron diffraction methods are more
effective ones at investigation of layered crystals
especially when they consist from mixture of different
polytypes.
The
development
of
modern
nanotechnologies is impossible without detail
structural information obtained by the different
diffraction methods. The last circumstance stimulates
the development of the new electron-diffraction
methods having the specific advantages comparably
with other diffraction methods for investigation of
nanosamples [5-7].
The investigations given in [2,3] show that only
one polytype modification remains in thin (less than
500Å) single-crystal films (SCF). The usage of new
rotation method in electron diffraction at investigation
of thin SCF significantly simplifies the study of one
polytype phase is also shown in [3]. But if the one phase
is known, then one can easily establish the another one.
131, H.Javid ave, AZ-1143, Baku
ANAS, Institute of Physics
E-mail: jophphysics@gmail.com
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located under some angle to this surface. This question
requires the detail consideration.
The given article is devoted to development of
new schemes of electron-diffraction pattern obtaining
from SCF imitating the lamellar structures and new
rotation schemes of SCF and their use to investigation
of crystal structure of Fe0,75Ga0,25InS3, MnGaInS4 and
Fe0,25Ga0,5In1,25S3 single-crystal films

mixtures (main phase) and partly consist of two-packet
phase. These polytypes belong to structural types of
TOTE. Here T and O indicate two-dimensional layers
consisting of tetrahedra and octahedra respectively, E
corresponds to an empty interlayer gap. The second
phases were in small quantity and from them not more
than 2-3 weak reflections were observed.
The qualitative electron-diffraction patterns from
textures shown in [10] show that Fe0,5Ga0,5InS3 sample
is pure 1T-polytype and Fe0,25Ga0,5In1,25S3 and
Fe0,75Ga0,25InS3 samples are pure 3R- polytypes. In this
part our work refers to precise definition of second
phase in Fe0,75Ga0,25InS3 crystals.
The single-crystal film of Fe0,75Ga0,25InS3
composition is obtained by above mentioned method. It
evenly lies in CH plane. That’s why the sites on hk0
plane of reciprocal lattice (RL) are registered on the
electron-diffraction pattern plane along ellipse minor
axis and other nodes relating to one and the same Laue
zone (LZ) are registered on layer lines parallel to ellipse
minor axis at CH rotation round axis perpendicular to
its plane which is tilted beforehand on φ angle from
perpendicular position to incident electron beam (EB).
The 6 samples of thin single-crystal films
Fe0,75Ga0,25InS3 are obtained. The electron-diffraction
patterns are obtained using the developed earlier
rotation method. As the films by thickness less 50nm
are studied so one can separate one phase from another.
From all samples only one is new two-packet
hexagonal (2H) polytype (Fig.1). The rest samples are
three-packet rhombohedral (3R) polytypes.

EXPERIMENTAL PART AND RESULT
DISCUSSION
The two cases of single-crystal film disposition:
evenly placed on the plane of CH and under some angle
to it, are studied.
1. The single-crystal film is evenly placed on
CH plane.
Electron-diffraction investigation of single-crystal
film Fe0,75Ga0,25InS3.
Some compositions including in Fe-Ga-In-S
system are synthesized by Bridgeman method and
chemical transport reaction (ChTR) with the use of I2
as conveyer and they are studied using X-ray pattern in
[8,9].
It is established that in particular, Ga0,75Fe0,25InS3,
Ga0,25Fe0,25In1,5S3 and Ga0,5Fe0,5InS3 crystals consist of
pure one-packet tetragonal polytypes (1T),
Ga0,5Fe0,25In1,25S3 crystals consists of 3R mixtures
(three-packet rhombohedral-main phase) and partly
one-packet phase, Ga0,25Fe0,75InS3 crystals consist of 3R

Fig.1. The rotation electron-diffraction pattern of Fe0,75Ga0,25InS3(=40°, ω=45°) single crystal of 2H- polytype. The singlecrystal film is evenly placed on CH plane.

The electron-diffraction pattern obtained by rotation on
ω=45° angle of thin SCF round axis perpendicular to
film plane which is tilted beforehand on =40° angle

from perpendicular position to incident electron beam
is shown in fig.1. In contrast to electron-diffraction
patterns of oblique textures where the different series
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ellipse (series 112̄l), the structural type of TOTE (12)
is identified by value l=6 of second strong reflection
(112̄6). The structure of the given polytype is the isostructural analogue of 2H-polytype ZnIn2S4(II)a [13]
and 2H-polytype CdInGaS4 [2,3].

of reflections overlap on each other, in the given case
the electron-diffraction pattern doesn’t cover
symmetrically independent structure part and that’s
why there are no reflections overlapped on each other.
The interpretation of electron-diffraction pattern is
carried out with the help of known formulas for
electron-diffraction patterns of oblique textures [11]:
d100=

3 а /2 = 2Lh/2Rh00,

2. Single-crystal films are located under some angle
to CH plane.
2. Electron-diffraction investigation of MnGaInS4
single-crystal film.

(1)

Dhkl =(R2hkl – R2hk0)1/2,

(2)

D=с* L = (Dhkl –Dhk(l-1)),

(3)

d001=с=1/с*=L/D.

(4)

The
crystal
structure
of
three-packet
rhombohedral polytype (3R) MnGaxIn2-xS4 (0,4x1,6)
with lattice parameters а=3,749Å-3,850Å, с=36,579Å–
37,097Å and sp.gr. R3m is shown in [14]. In this
structure the unit cell consists of twelve layers and unit
packet consists of four layers of sulfur atoms. The
tetrahedral grids are joined to central octahedral one in
both sides in packets. The inter-packet octahedra and
tetrahedra are empty.
The investigation of MnGaInS4 crystal structure
with the help of new electron-diffraction rotation
methods with the aim of the identification of new
polytypes which are typical in the case of layered
semiconductors, is the task of our work.
The crystals for the experiment are taken from
different ampoules and from different parts of the one
and the same ampoule. The definite rectangular parts of
MnGaInS4 crystals are used to obtain thin single-crystal
films suitable for electron-diffraction investigation.
They are obtained by cleaving of thin plates from thick
crystal with the help of adhesive tape.
The electron-diffraction pattern obtained by
rotation of single-crystal film round axis (on angle
ω=70°) perpendicular to film plane which is tilted
beforehand on angle =40° from perpendicular
position to incident electron beam is shown in fig.3. For
the simplicity Miller indexes i are not shown in figure.

Here L is the distance from diffraction point (sample)
up to electron-diffraction pattern,  is wavelength of
incident electrons, h, k, l are Miller indexes, 2R are
distances between reflections on electron-diffraction
pattern, Rhk0 are ellipse minor axes, dhkl is interplanar
space, Dhkl - in scale L and at h,k=const., the distances
between sites hkl and plane hk0 of reciprocal lattice, D
is distance between neighbor sites along с* axis in scale
L, с*is reprocical lattice (RL) parameter. For
simplicity in figure Miller indexes i are not shown. In
given figure l index is emphasized by cursive for the
difference from 1.
The hexagonal type of crystal lattice:
1:√3:2:√7=R100:R110:R200:R210 is defined by relations
of Rhk0 reflections being on ellipse minor axis. The
lattice parameters: a=3,78Å, c=24,44Å are found by
distances of R10l reflections placed on first ellipse
(series 101̄l). Space group P63mc is identified by
reflection extinction. The absence of reflections on
second ellipse (series 112̄l) with l uneven values shows
on the fact that the structure of the given sample
consists of two packets. The packet thickness (12,22Å)
is found by R11l reflection distances located on second

Fig.2. a) The rotation electron-diffraction pattern of MnGaInS4 single crystal of 2H-polytype (= 40°, ω=70°), the singlecrystal film is located under some angle to CH plane; b) the rotation scheme and site registration (and reflections
correspondingly) of reciprocal lattice on Ewald plane. The sites designated by red color are located parallel to 00l axis
of reciprocal lattice and during rotation 01l and 11̄l sites registered on Ewald plane are emphasized by black color. θ is
the angle between SCF and CH planes.
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CH towards with SCF rotate round their axes
perpendicular to CH plane (not to SCF) after previous
(before exposition) tilt on  angle during the diffraction
patterns survey (fig.2). RL sites being in same distances
from c axis and from SCF plane (for example: 10l,
01l,1̄1l,1̄0l,01̄l and 11̄l, l=const.) will be in different
distances from rotation axis and CH plane in the
contrast to case 1 (see above). That’s why because of
Rhkl are the same for the such sites, these sites will move
along circles with different radiuses and different
heights from CH plane at rotation round axis
perpendicular to CH plane.
Sites 015 and 1̄15 (also 016 and 1̄16 nods) being
in the same distances from c axis and from SCF plane
in the contrast to case 1 where they should overlap on
each other, in the given case (case 2) are in different
places of EP (fig.2a,b). As it is seen from fig.2a only
two site rows 1̄15 and 1̄16 will be registered at rotation
from site rows 1̄1l on EP.
The crystal lattice parameters: a=3,80Å, c=24,55
Å are defined by electron-diffraction pattern. Value
c=24,55Å corresponds to thickness of eight closepacked sulfur layers. Thus, unit cell consists of eight
layers and unit packet consists of four layers of sulfur
atoms.
Reflection 112̄6 is the second strong reflection on
second ellipse in fig.2. As it is known [12], the second
strong reflection in 112̄l series is the reflectionindicator defining the structural type. Value (l=6=2х3)
indicates the type of structure. Value 2 corresponds to

packet quantity in polytype per unit cell and number 3
indicates the type of TOTE structure of polytype
packets [12]. The reflections with l≠2n are absent in
112̄l series. The space group of two-packet polytype
Р63mc is identified by reflection extinctions. The
package type of sulfur anions is hhch (h and c are
hexagonal and cubic package correspondingly). The
structure of the given polytype is the isostructural
analogue of 2H-polytype ZnIn2S4(II)a [13] and 2Hpolytype CdInGaS4 [2,3].
2. Electron-diffraction investigation of singlecrystal film Fe0,25Ga0,5In1,25S3.
The
electron-diffraction
pattern
from
Fe0,25Ga0,5In1,25S3, SCF of which makes θ angle with
CH plane (initial tilt), is shown in fig.3. After CH
beforehand tilt (before diffraction exposition) towards
with SCF on  ≈55° angle (prepared tilt), SCF is rotated
by angle ω ≈60° round axis perpendicular to CH plane
(not SCF) during survey of the diffraction.
Site rows hk are obliquely located to CH plane.
RL sites being in the same distances from с* axis and
from hk0 plane of reciprocal lattice will move along
circles with different radiuses and in different heights
from CH plane. Reflections hkl (l is const.) with small
values of h and k are coincide with each other widening
and lengthening at small angles θ (θ < 5) because of
the small difference of heights and circle radiuses.

Fig.3. The rotation electron-diffraction pattern of Fe0,25Ga0,5In1,25S3 (=55°, ω=60°) single crystal of 3R polytype. The
single-crystal film is located under θ angle to CH plane. The reflection tilt 110 on α angle from direction of CH
tilt axis is connected with initial tilt of film on θ angle.
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The reflections located on deformed ellipses and
layer lines are absent are observed on electrondiffraction pattern (fig.3). At visual estimation one can
indicate incorrectly on low crystal lattice symmetry.
Indeed, the reflections are more moving away from
ellipse minor axis and stay outside the ellipse line at the
decrease of reflection heights from ellipse minor axis
(from tilt axis) because of the fact that lengths of radiusvectors of Rhkl sites don’t change.
Knowing R110 value, the values of Rhk0 other
vectors are calculated. Each third reflection is
extinguished in reflection series h–k≠3n (h and k are
constants, l is a variable) and, on the contrary, only each
third reflection is observed in h-k=3n series. This fact
indicates on rhombohedral structure.
The lattice parameters are easily defined by following
formulas:
R100 = R110 /

3,

d110 = 2L / 2R110, d100 =

a = 2d100 /

electron beam. The two cases are observed in the given
work. In Fe0,75Ga0,25InS3 case the single-crystal film is
evenly placed on CH plane and in last two cases SCF is
located under some angle θ to CH plane.
The X-ray investigation of Fe0,75Ga0,25InS3
powders show that they consist of second unknown
phase in small quantity besides the main 3R- polytype.
The new two-packet hexagonal polytype (2H) with
structural module hThOcThE which is the new polytype
in Fe-Ga-In-S system is identified with the help of
single crystal rotation method imitating the plate
structures, developed by authors, where T and O are
two-dimensional layers from tetrahedra and octahedra
correspondingly, E corresponds to an empty interlayer
gap, h and c are hexagonal and cubic package of sulfur
layers.
The electron-diffraction patterns imitating the
lamellar textures are obtained for thin single-crystal
films of MnGaInS4 compound. In this case SCF is
located under some θ angle to CH plane. The electrondiffraction patterns are obtained by the way of SCF tilt
on =400 angle and further rotation by ω=700 angle
round axis perpendicular to CH plane. The new twopacket hexagonal (2H) polytype with structural module
hThOcThE with sp.gr. Р63mc is identified by these
electron-diffraction patterns. In electron-diffraction
patterns the many reflections are located along ellipses
and they are easily indexed. The scheme explaining the
origin of additional reflexes located on not ellipse lines
is given. In principle, these schemes should help in
study of crystal structure of thin films with nano-meter
thickness and film systems, nano-samples, nano-tubes
and etc, in the case of their arbitrary orientation.
The known three-packet rhombohedral 3Rpolytype with sp.gr. R3m is identified by rotation
electron-diffraction patterns of single crystal
Fe0,25Ga0,5In1,25S3. In the given case SCF is located
under some θ angle to CH plane.

3 d110,

3 = 3.783Å,

Dhkl = (R2hkl – R2hk0)1/2, D = с* L = (Dhkl – Dhk(l-1)),
с = d001 = 1/с* = L/D = 36.775Å.
The three-packet rhombohedral 3R- polytype
Fe0,25Ga0,5In1,25S3 with sp.gr. R3m is identified. The
structure of the given polytype is the isostructural
analogue of structure of 3R-polytype ZnIn2S4(III) [13]
and 3R- polytype CdInGaS4 [2].
CONCLUSION

The electron-diffraction patterns from thin singlecrystal films Fe0,75Ga0,25InS3, MnGaInS4 and
Fe0,25Ga0,5In1,25S3 are obtained by rotation on ω  70
angle round axis perpendicular to CH plane which
(before diffraction exposition) is beforehand tilted on
<50 angle from perpendicular position to incident
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DYNAMICS OF THREE-WALLED MIXED-SPIN (1/2, 1 AND 3/2) ISING
NANOTUBE
V.A. TANRIVERDIYEV
Institute of Physics of the National Academy of Sciences of Azerbaijan
Azerbaijan 131, H. Javid ave., Baku, АZ 1143
E-mail: vahid_tanriverdi @yahoo.com
Mean-field approximation and Glauber-type stochastic dynamic approach has been employed to study of three-walled
mixed-spin Ising nanotube with an inner hexagonal vacancy. The effects of different exchange couplings, single-ion
anisotropies, and temperature on the dynamic behavior of mixed spin (1/2,1, 3/2) Ising system under a time dependent
oscillating external magnetic field are attentively discussed. Some different fundamental phases and mixed phases have been
observed in the system, which according to the certain values of Hamiltonian parameters. The results are illustrated numerically
for a particular choice of parameters.
Keywords: Mixed spin (1/2,1, 3/2) Ising system, Mean-field approximation, Glauber-type stochastic dynamic, Dynamic
phase transitions.
PACS: 75.70. Ak

1. INTRODUCTION

The model for different values of spins has been
investigated by exact on honey- comb lattice, as well as
on Bethe lattice, mean-field approximation, effectivefield theory with correlations, cluster variational
theory, renormalization-group technique and MonteCarlo simulation [14-18]. The attention was devoted to
the high order two-sublattice mixed spin ferrimagnetic
systems, and also three -sublattice mixed -spin Ising
sytem in order to constuct their phase diagrams in the
temperature -anisotropy plane and to consuder their
magnetic properties. Bobak and Dely investigated the
effect of single-ion anisotropy on the phase diagram of
the mixed spin-3/2 and spin-2 Ising system by the use
of a mean-field theory based on the Bogoliubov
inequality for the free energy [19]. D. Sabi Takou and
others studied thermodynamic properties of the mixed
spin-3/2 and spin-1/2 Heisenberg model within the
Oguchi approximation in the presence of a random
crystal-field [20].
Considerable efforts have been devoted to the
magnetic nanostructures and their physical and
functional properties [21-26]. Much interest has been
paid to the critical investigations of magnetic nanotubes
with various structures including single-, and/or multiwalled or core-shell structures. From the theoretical
point of view, magnetic properties, for example impact
of the applied field and temperature on the magnetic
properties
counting
the
magnetization,
the
susceptibility, the specific heat, and the thermal energy
of a transverse Ising nanotube with a core-shell
structure are investigated for different cases [27-30].
The present work is motivated by the intense
dynamics of research on magnetic nanotubes. We are
going to investigate dynamical aspect of the mixed
spin-1/2, spin-1 and spin-3/2 Ising system Hamiltonian
with a crystal-field interaction in the presence of a timedependent oscillating external magnetic field. We
employ the Glauber transition rates to construct the set
of mean-field dynamic equations. We investigate the
time variations of average magnetizations to find the
phases in the system. The paper will be organized as
follows: in Section 2, we briefly outline the model and

In the last two decades, the mixed-spin Ising
models belong to the most actively studied latticestatistical models in the solid-state physics as these
systems also supply simple models for the study of
nanostructures, which could be potentially useful
materials for technological applications [1-6]. On the
other hand, these systems have been of interest because
they have less translational symmetry than their singlespin counterparts, since they consist of some
interpenetrating sublattices.
In particular, Ising systems with spins of different
magnitudes are useful models that allow a deeper
understanding of the magnetic behavior of certain
ferrimagnetic materials. In this regard, the study of the
ferrimagnetic behavior of mixed-spin Ising models has
become a very active area of research in the last few
decades [7-9]. Therefore, the synthesis of new
ferrimagnetic material is an active field in material
science. However, despite intensive research, there are
so far only a few examples of exactly solvable mixedspin Ising models. Recently, there have been many
theoretical studies of mixed-spin Ising ferrimagnetic
systems. İn the Ising model, the spins can only lie along
one chosen axis which is often taken to be the 𝑧-axis.
These systems may be relatively easy to deal with when
compared with the Heisenberg model, because the
spins now have freedom to orient themselves in any
three-dimensional space. Many combinations of
mixed-spin Ising systems, such as spins (1/2, 1), spins
(1/2, 3/2), spins (1, 3/2), spins (1, 2), (2, 5/2) etc., have
been studied [10-13]. Half-integer spin systems are
more exciting, because they can show multicritical
behavior or a magnetoelastic transition or instability.
The most well-known and most studied mixed spin
Ising systems are spins (1, 1/2), spins (1/2, 3/2), spins
(1, 3/2), and spins (1, 2). Half-integer mixed-spin Ising
system (1/2, 5/2) has been investigated less than spins
(1/2, 3/2). Another possible semi-integer mixed spin
Ising system (3/2, 5/2) is the highest mixed spin Ising
system and less studied.
131, H.Javid ave, AZ-1143, Baku
ANAS, Institute of Physics
E-mail: jophphysics@gmail.com
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description of the Glauber-type stochastic dynamic
and give the mean-field dynamical equations
describing the dynamic behavior of the system for the
mixed spin that we propose investigating. Finally,
numerical results and discussion are given in Section 3.

central, intermediate and outer nanotubes, respectively.
The 𝐽𝑎𝑏 and 𝐽𝑏𝑐 are exchange interaction parameters
between the two nearest-neighbor particles at centralintermediate and intermediate-outer nanotubes,
respectively, and ℎ(𝑡) = ℎ0 𝑐𝑜𝑠𝜔𝑡 is an oscillating
magnetic field of the form.

2. DESCRIPTION OF THE METHOD AND
MODEL
Here, we consider a three-wall Ising hexagonal
nanotube with mixed spins consisting of a central
nanotube that determines the geometry of the other two
adjacent walls. The intermediate nanotube has a spin 1,
while the central and the outer nanotubes have halfinteger 1/2 spin and 3/2 spin, respectively. As shown
from figure 1. the system consisting of three sublattices
A, B and C. The sublattice B are occupied by integer
spin 𝑆𝑗 , which take the spin values of 0, ±1 sublattices,
while A and C are occupied by half-integer spins 𝜎𝑖
and 𝜇𝑙 , which take the spin values of ± 1⁄2 and
± 1⁄2 , ± 3⁄2 , respectively. In B and C site of the
lattice, there is a single-ion anisotropy acting in the
spin-1 and spin -3/2, respectively.
The Hamiltonian of the mixed spin-1/2, spin-1,
and spin-3/2 Ising model with the bilinear (J) nearestneighbor pair interaction and a single-ion potential or
crystal-field interaction (D) in the presence of a timedependent oscillating external magnetic field is
𝐻 = 𝐻𝑎 + 𝐻𝑏 + 𝐻𝑐 + 𝐻𝑖𝑛𝑡

Fig. 1. Schematic representation of a cross section of a mixedspin Ising hexagonal nanotube model. The green
circles denote spin S=1 atoms, while the blue and red
circles denote the decorating spin σ=1/2 and μ=3/2
atoms, respectively. The nanotubes are infinite in the
direction to the axes z.

(1)

H a = − J aa   i i − h(t )   i
 i ,i  

Now, we apply Glauber-type stochastic dynamics
to obtain the mean-field dynamic equation of motion.
For the nanotube depicted in fig.1, there exist one
magnetization (𝑚𝑎 = 𝑚1 ) on sublattice A, two
magnetizations (𝑚𝑏 = 𝑚2, 𝑚𝑏 = 𝑚3 ) on sublattice B
and two magnetizations (𝑚𝑐 = 𝑚5, 𝑚𝑐 = 𝑚6 ) on
sublattice C. Within the framework on Glauber
dynamics and benefit from the master equation, we can
obtain the mean-field dynamical equations describing
the dynamic behavior of the system for these
magnetizations

i 

Hb = − J bb  S j S j − D  S 2j − h(t )  S j
 j , j 

 j

 j

Hc = − J cc  l l − D  l2 − h(t )  l
l ,l 

l 

l 

H int = − J ab   i S j − J bc  S j l
i , j 

′

 j ,l 

′

where < 𝑖, 𝑖 >, < 𝑗, 𝑗 > and < 𝑙, 𝑙 ′ > indicates a
summation over all pairs of nearest-neighboring at







d
1
m1 = −m1 + tanh   ( 4 J aa m1 + J ab ( m2 + 2m3 ) + h ( ) ) 2
d
2

(2)

2sinh   ( J ab m1 + 2 J bb ( m2 + m3 ) + J bc ( m4 + 2m5 ) + h ( ) )
d
(3)
m2 = −m2 +
d
exp ( −  D ) + 2cos h   ( J ab m1 + 2 J bb ( m2 + m3 ) + J bc ( m4 + 2m5 ) + h ( ) )

2sinh   ( 2 J ab m1 + 2 J bb ( m2 + m3 ) + 2 J bc m5 + h ( ) )
d
m3 = −m3 +
d
exp ( −  D ) + 2cos h   ( 2 J ab m1 + 2 J bb ( m2 + m3 ) + 2 J bc m5 + h ( ) )
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3sinh(3 4 ) + exp ( −2  D ) sinh( 4 )
d
m4 = −m4 +
d
2cos h(3 4 ) + 2exp ( −2  D ) cos h( 4 )

(5)

3sinh(3 5 ) + exp ( −2  D ) sinh( 5 )
d
m5 = − m5 +
d
2 cos h(3 5 ) + 2 exp ( −2  D ) cos h( 5 )

(6)



 4 =  ( 2 J cc ( m4 + m5 ) + J bc m2 + h ( ) ) 2


 5 =  ( J cc ( 3m5 + m4 ) + J bc ( m2 + m3 ) + h ( ) ) 2
3. NUMERICAL RESULTS AND DISCUSSION

Glauber dynamics. In order to investigate the behaviors
of time variations of magnetizations, we have to study
the stationary solutions of the set of coupled mean-field
dynamical equations given in Eqs. (2)-(6) when the
parameters T, Jaa, Jbb, Jcc, Jab, Jbc, D and h0 are varied.

We have analyzed the time variations of the
average sublattice magnetizations of the three-walled
mixed-spin (1/2, 1 and 3/2) Ising nanotube using

Fig. 2. Time variations of magnetizations of the three-walled mixed-spin (1/2, 1 and 3/2) Ising nanotube:
a) kBT J aa = 2.8, h0 J aa = 2, D J aa = 0.8, J bb J aa = 1.5 , J cc J aa = 0.5 , J ab J aa = 1.8 , J bc J aa = 2.5 ;
b) kBT J aa = 4.8, h0 J aa = 0.8, D J aa = −0.4, J bb J aa = 1.5 , J cc J aa = 0.8 , J ab J aa = 0.5 , J bc J aa = 0.3 ;

The stationary solutions of these equations will be
periodic functions of ξ with period 2π; that is,
𝑚𝑎 (𝜉) = 𝑚𝑎 (𝜉 + 2𝜋),
𝑚𝑏 (𝜉) = 𝑚𝑏 (𝜉 + 2𝜋) and
𝑚𝑐 (𝜉) = 𝑚𝑐 (𝜉 + 2𝜋). There are some types of
solutions in the system under consideration and
corresponding to these phases are shown in fig. 2, 3
and 4. As seen in fig. 2, we have two fundamental
solutions in the system:
a) Exhibiting
𝑚𝑎 (𝜉) ≠ 0 , 𝑚𝑏 (𝜉) ≠ 0
and
𝑚𝑐 (𝜉) ≠ 0 phase: in this phase, all average
sublattice magnetizations have different values. So
that, 𝑚𝑎 (𝜉) oscillate around ±0.5 values, while
𝑚𝑏 (𝜉) and mc (ξ) oscillates around ±1 and ±1.5
values, respectively.
b) Paramagnetic phase. It corresponds to a disordered
solution. In this solution, the sub-magnetizations
𝑚𝑎 (𝜉), 𝑚𝑏 (𝜉) and 𝑚𝑐 (𝜉) are equal to each other.

They oscillate around zero and are delayed with
respect to the external magnetic field.
Figure 3 shows some of the phases that may be present
in the system, with two sub-magnetizations oscillating
around zero and one sub-magnetizing oscillating
around a different value from zero:
a) Exhibiting
𝑚𝑎 (𝜉) = 𝑚𝑏 (𝜉) = 0,
(𝜉)
𝑚𝑐
= ±1.5 ≠ 0 phase: in this solution,
average sublattice magnetizations 𝑚𝑎 (𝜉) and
𝑚𝑏 (𝜉) are equal to each other and oscillate around
zero values, while 𝑚𝑐 (𝜉) oscillates around ±1.5
values.
b) Exhibiting
𝑚𝑎 (𝜉) = 𝑚𝑐 (𝜉) = 0,
𝑚𝑏 (𝜉) = ±0.5 ≠ 0 phase: in this case, average
sublattice magnetizations 𝑚𝑎 (𝜉) and 𝑚𝑐 (𝜉)
oscillate around zero, but 𝑚𝑏 (𝜉) have different
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values from 𝑚𝑎 (𝜉) and 𝑚𝑐 (𝜉). So that, 𝑚𝑏 (𝜉)
oscillate around ±0.5 values.
c) Exhibiting
𝑚𝑏 (𝜉) = 𝑚𝑐 (𝜉) = 0,
𝑚𝑎 (𝜉) = ±0.5 ≠ 0 phase: in this phase
magnetizations 𝑚𝑏 (𝜉) and 𝑚𝑐 (𝜉) oscillate
around zero values, while 𝑚𝑎 (𝜉) oscillates around
±0.5 values, respectively.
The system may also have phases in which one
sub-magnetization oscillates around zero and two submagnetizations oscillate around a different value from
zero. Such phases are depicted in Figure 4.
a) Exhibiting 𝑚𝑎 (𝜉) = 0, 𝑚𝑏 (𝜉) = ±1 ≠ 0 and
𝑚𝑐 (𝜉) = ±1.5 ≠ 0 phase: this phase corresponds
to 𝑚𝑏 (𝜉) and 𝑚𝑐 (𝜉) oscillate around ±1 and
±1.5 values, respectively, but magnetizations
𝑚𝑎 (𝜉) oscillate around zero.

b) Exhibiting 𝑚𝑎 (𝜉) = 0, 𝑚𝑏 (𝜉) = ±1 ≠ 0 and
𝑚𝑐 (𝜉) = ±0.5 ≠ 0 phase: the average sublattice
magnetizations 𝑚𝑎 (𝜉) oscillate around zero
values, while 𝑚𝑏 (𝜉) and 𝑚𝑐 (𝜉) are oscillate
around nonzero values. So that, magnetizations
𝑚𝑏 (𝜉) and 𝑚𝑐 (𝜉) oscillate around ±1 and ±1/2
values, respectively.
c) Exhibiting 𝑚𝑐 (𝜉) = 0, 𝑚𝑎 (𝜉) = ±0.5 ≠ 0 and
𝑚𝑏 (𝜉) = ±1 ≠ 0 phase: in this case, the
magnetizations 𝑚𝑐 (𝜉) oscillate around zero. But
magnetizations 𝑚𝑎 (𝜉) and 𝑚𝑏 (𝜉) are not equal
zero, they oscillate around ±1/2 and ±1 values,
respectively.

Fig. 3. Time variations of magnetizations of the three-walled mixed-spin (1/2, 1 and 3/2) Ising nanotube:
a) k BT J aa = 8,
h0 J aa = 2, D J aa = 0.4, J bb J aa = 0.5 , J cc J aa = 3.5 , J ab J aa = 1.8 , J bc J aa = 0.4 ;
b) k BT J aa = 8.5,
c) k BT

J bb = 5,

h0 J aa = 2, D J aa = 0.4, J bb J aa = 3.5 , J cc J aa = 0.5 , J ab J aa = 0.8 , J bc J aa = 0.4 ;
h0 J bb = 0.8, D J bb = 0.4, J aa J bb = 6 , J cc J bb = 0.8 , J ab J bb = 0.2 , J bc J bb = 0.3 ;
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Fig. 4. Time variations of magnetizations of the three-walled mixed-spin (1/2, 1 and 3/2) Ising nanotube:

J aa = 3.5, h0 J aa = 0.8, D J aa = 0.4, J bb J aa = 3 , J cc J aa = 1.8 , J ab J aa = 0.2 , J bc J aa = 0.3 ;
b) k BT J aa = 2.8, h0 J aa = 0.8, D J aa = 0.4, J bb J aa = 2.5 , J cc J aa = 0.3 , J ab J aa = 0.1 , J bc J aa = 0.3 ;
a) k B T

c) k B T

J bb = 2.8, h0 J bb = 0.8, D J bb = 0.4, J aa J bb = 3 , J cc J bb = 0.2 , J ab J bb = 1.4 , J bc J bb = 0.1 ;
_____________________________________________
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Bi2Те2,7Sе0,3 CRYSTAL CONDUCTIVITY PECULIARITIES
S.R. AZIMOVA, Sh.S. ISMAYILOV, I. GASIMOGLU, N.M. ABDULLAYEV
Institute of Physics of Azerbaijan NAS
131, H. Javid ave., Baku, Azerbaijan, AZ 1143
е-mail: sevincazimova@82mail.ru
The conductivity of volume layered thermoelectric semiconductor of n-type conduction of Bi2Te2.7Se0.3 intercalated by
nickel ions and influence of crystallites of Van-der-Waals layer surfaces on thermo-e.m.f. and conductivity of material are
investigated.
Keywords: foils, quintet, nano-rods, intercalation, self-organization.
PACS: 62.20Fe,61.72.Cc,61.72.Lk

The doping of Bi2Те2,7Sе0,3 by bismuth for the
compensation of electron excess concentration
significantly decreases the anisotropy of micro- and
macro- electric conductivity. The weakly expressed
tendency to anisotropy increases of electric
conductivity at decrease of electron concentration in
conductivity band takes place [6].
The compensation method realized in work [7]
which is excessive optimal electron concentration in
extrude materials on the base of Bi2Те2,7Sе0,3 by the
way of bismuth doping allows us to obtain the material
with the properties (α, σ) suitable for their use at
preparation of thermoelectric coolers.
The samples which are the foils of Bi2Te2.7Se0.3
intercalated by nickel are obtained. X-ray phase
analysis of the samples shows the composition
crystallinity. Ni1,297Te new phase and Ni-Se-Te chains
are revealed in the composition. The free nickel atoms
aren’t revealed in the composition.
The grains being the coalescence of spherical
form of Ni1.297Te composition, are revealed with the
help of scanning electron microscope in
Bi2Te2.7Se0.3<Ni> samples. The sample spalling on
1µm shows that their maximum sizes correspond to
500-600nm, they are evenly distributed throughout the
volume on stages of layer breaks.
Ni1.297Te grains with minimal sizes corresponding
to 35±5nm with number of atoms n=106. They can
form the nano-rods along one line in layer plane. The
self-organizations in double, triple, fourfold, grains
form the nano-rods with sizes: 70, 100, 130nm.
Ni-Se-Te chains form in Bi2Те2,7Sе0,3 crystal
layers and Ni1,297Te grains form in Van-der-Waals
spaces at intercalation process by nickel ions.
That’s why the investigations of charge transfer
mechanism of layered Bi2Te2.7Se0.3 intercalated by
nickel is of the big scientific and practical interest.
The aim of the present work is the revealing role of Ni
influence on conductivity mechanism of the majority
charge carriers of layered Bi2Te2.7Se0.3.

INTRODUCTION
As it is known, nowadays Bi2Te2.7Se0.3 layered
crystals is the one of the most popular and required
materials in thermoelectricity production.
The problem of thermo-electrics is low efficiency
the value of which is characterized by parameter ZT:

ZT=α2·Т/ρ λ,

(1)

where α is Zeebek coefficient,
ρ is resistivity,
λ is thermal conductivity coefficient,
Т is average temperature.
The nano-structurization is the perspective
method of ZT increase [1].
It is carried out by the way of thermoelectric formation
with ultra-fine-grain polycrystalline structure for
volume materials. Such approach causes λ decrease
because of phonon scattering on grain boundaries.
Besides, the variation of grain sizes in nano-meter scale
gives the additional degrees of freedom for
optimization of other parameters including formula ZT
[2].
The layered thermoelectric semiconductors with
clusters of impurity atoms are of the big scientific and
practice interest. This is connected with possibility of
purposeful control by fundamental parameters of
semiconductor materials and also with revealing of the
unique physical phenomena in such materials allowing
us to form the series of principally new electron devices
on their base [3].
The topological isolators are the example of
another approach to phase classification in physics of
substance condensed state. Being semiconductors
inside the volume, they present themselves new
quantum state of substance, characterizing the specific
edge or surface electron states. The peculiarity is the
fact that their special electron properties are caused by
volume crystal region, but they reveal on its surface in
the form of state band crossing the fundamental
forbidden gap. As a result, the surface of volume
isolator acquires the metallic properties [4].
The
investigations
of
electrophysical
characteristics of cluster microstructure formed by
nickel atoms in silicon structure are carried in work [5].
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EXPERIMENT AND RESULTS
The single-crystal Bi2Те2,7Sе0,3 of n-type
conduction is used as initial material. The investigated
samples for electric measurements are prepared in such
way that external constant electric field is applied
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crosswise to crystal natural layers, i.e., along c axis.
The contact square is 10-2cm2. The tetra-probe method
is used. The contact ohmicity is checked by taking off
VAC and potential distribution along the sample and
vice versa. The argentum paste is used for the
preparation of contacts to the investigated samples
Bi2Те2,7Sе0,3<Ni>.
The introduction of nickel impurity by
intercalation in quantity from 0,127 mass % up to 0,383
mass % in layer Bi2Те2,7Sе0,3 leads to insignificant
decrease of the sample electric conductivity. This is

possibly connected with the fact that introduced nickel
impurity in the ion form taking vacant places of
tellurium in quintet upper layer forms Ni-Se-Te chains.
Simultaneously, nickel ions on defects near Van-derWaals surface form the nano-crystals of Ni1,297Te grain.
The grain disposition in intercrystalline
interlayers in direction of shift planes is caused by weak
bond at big intervals between Те (1)-Те (1) layers and
leads to shunting of isolating layers, i.e., to small
decrease of electric conductivity.

Fig. 1. The temperature dependence of thermo-e.m.f. and conduction for Bi2Те2,7Sе0,3 samples without impurity 4 with
nickel impurity 1 is 0,127%, 2 is 0,383%, 3 is 0,688%.

Fig.2. The mobility of electrons and holes in silicon at 300K [9].
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The insignificant decrease of conductivity value
that is connected with decrease of value of charge
carrier mobility in the sample is observed in the figure.
It is seen that curve of conductivity graph 2, 3 is below
than the curve of pure sample 4.
The introduction of nickel impurity concentration
0,127% mass % in Van-der-Waals spaces Bi2Те2,7Sе0,3
forms Ni-Se-Te chains and nano-wire Ni1,297Te in
crystals, leads to decrease of conduction value up to
σ=680Om-1cm-1 and is accompanied by increase of
thermo-e.m.f. coefficient up to α=320µV/K at Т=320.
The ionization of donor impurity by κΤ heat
energy order in semiconductors leads to electron
transfer in conductivity band or on the level of acceptor
impurity [8].
From the figure of work [9] it is seen that the
mobility of charge carrier decreases with concentration
increase of impurity of acceptors (Na) and holes (Nd) in
crystal.
In Mott work it is shown that the metallic drops
can form at big concentration of electrons and holes in
semiconductors and as a result of their interaction
[8,10]. The impurity diffusion under action of thermal
fields leads to formation of current filament, layer
shunting and conduction decrease.
The maximum values of electric conductivity (σ),
thermo-e.m.f. coefficient (α) electronic thermal
conductivity (χэ) and power (α2σ) are achieved at
temperature 300K for Bi2Те2,7Sе0,3. The doping by
donor-nickel is carried out for the compensation of
acceptor concentration. The thermo-e.m.f. coefficient
increases with the increase of nickel concentration in
the samples.
The nickel impurity 0,383 mass % when from
layer surface form the coalescences of big sizes up to
600nm of Ni1,297Te composition, is the optimal

concentration. The high mobility of charge carriers
with optimal conductivity σ=1200Om -1cm-1 and high
coefficient of thermo-e.m.f. (Zeebek coefficient)
α=320µV/K keep in the samples.
The thermoelectric properties α σ, χэ at 300К are
investigated. Thermal electronic conductivity is
χэ=LσT, [11] where L=A(k0/e)2. Coefficient A is
defined by its dependence from the thermo-e.m.f.
coefficient for the case of scatterimg elastic mechanism
(r=0,5).Thermal electronic conductivity χэ increases
propertionally to conductivity σ. Taking under
consideration the fact that thermal conductivity
decrease in thermo-electrics leads to increase of
efficiency, the obtaining of the doped samples by
intercalation methods which gives the possibility to
control the thermal electric conductivity χэ is possible.
The doping of solid solution Bi2Те2,7Sе0,3 by
nickel allows us to obtain the samples with high
concentration of carriers by n-type conductivity in the
aim of material embedding with ZT high quality factor.
CONCLUSION
Ni-Se-Te chains form in layers of sample
intercalated by Bi2Те2,7Sе0,3 nickel ions. Ni1,297Te
grains which significantly decrease electric
conductivity that is connected with layer shunting form
in Van-der-Wals spaces. The doped sample keeps the
n-type conductivity.
It is established that the most optimal
concentration is the nickel impurity in crystal
Bi2Те2,7Sе0,3 0,383 mass % that allows us to keep the
high mobility of charge carriers at conductivity value
σ=1200Om -1cm-1 and also to support the high thermoe.m.f. coefficient in region α= 320µV/K.
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