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SL(3,C)-GROUP ELEMENT SPLUTION
OF THE PRINCIPAL CHIRAL FIELD PROBLEM

M.A. MUKHTAROV
Institute of Mathematics and Mechanics
370602 Baku, F. Agaev str.9, A erbaijan

The group element solutions of the principal chiral field problem are constructed by means of discrete symmetry transformations for the
algebra SL(3,C).

1. The problem of constructing the exact solutions of nonlinear evolution equations in the explicit form remains important
for the present time. Among these so called integrable system the four dimensional self-dual Yang Mills (SDYM) equations
plays the central role being the universal integrable system from which the systems in lower than four dimensions can be
obtained by symmetry reduction or by imposing constrains on Yang Mills potentials. The problem of integration of SDYM
has successfully solved only for the case of SL(2,C) algebra and for instanton number not greater than two. The famous
ADHM ansatz [1] gives the qualitative description of instanton solution but not its explicit form. Two effective methods of
integration of SDYM for arbitrary semisimple algebra have been proposed in series of papers [2]. Another, the discrete
symmetry transformation approach has been suggested [3] that allows to generate new solutions from the old ones. This
method has been applied to many cases, for instance, the exact solutions of principal chiral field problem were obtained in [4]
for the case of SL(2,C) algebra and in [5] for SL(3,C) and the rest semisimple algebras of the rank greater than two.

This work must be considered as a continuation of the paper [5]. The purpose of the present paper is to do the same for the
group-valued element what is important for applications.

2. Let us remind the basic statements from [5].

Equations of the principal chiral field problem are the systems of equations for the element f , taking values in the

semisimple algebra,

0’ o o©
b,-0) L | LTI )
Ox,0x; | Ox; Ox;
In the case of two-dimensional space: 0,=1, 0,=-1, x, =&, x, =v .
For the case of a semisimple Lie algebra and for an element f being a solution of (1), the following statement takes

place:
There exists such an element S taking values in a gauge group that

S‘S—S:% SL,XL —eiaiéX,& @)
X; _ X; X;

Here X ;1 is the element of the algebra corresponding to its maximal root divided by its norm, i.e.,

+

[xi, x| = &, 1, x| = 22x* .

~

— f_ -is the coefficient function in the decomposition of 7 of the element corresponding to the minimal root of the algebra,

f = ofo ' and where o is an automorfism of the algebra, changing the positive and negative roots.
In the case of algebra SL(3,C) we’ll consider the case of three dimensional representation of algebra and the following

0 0 1
formof o = 0 1 0
-1 0 0

The discrete symmetry transformation, producing new solutions from the known ones, is as follows:

O_F = Sig—l +0, 8_S
Ox, Ox, ox,

1 1 1
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Using the equations of the principal chiral field problem for the group-valued element

0,(g), g7 =(f),

i i

the relations (3) can be rewritten as

0,(5,0¢,), (S,08,)" =(/,.),

So we see that the group valued elements g,,,; and g, are connected by the relation

gn+1 = Sncgn

(6)

3. Let's represent the explicit formulae of the recurrent procedure of obtaining the group-valued element solutions of the

self-duality equations in the case of SL(3,C) algebra .
At every step, as it shown in [5], S is upper triangular matrix and can be represented in the following form:

s, = exp(p,),x: exp(B,.) X, exp(B.), X exp(B,),H

where H=h;+h, and for g, we use the following parameterization:

g, = expln;),x; expln;.) xi. exelni),x: expl(e.),n + (c.),h.) x
x expln; ), x; expln; ) %, expn: ), x;

with

+

9o = eXp(ﬂf)on exp(nj,z)oxl,z eXp(n;)OX; eXp((tz)ohz + (t2)0h2)

as an initial solution.

Hereafter, X li , X j , X ;L ,>h1, h; are the generators of SL(3,C) algebra.

Following the general scheme from [5] and using (2) we have at

(0)-step:
—1_ + S R + L -1,0 .
(ti)y =1, =V, ,M;)y =0,,1=12,M;,), =0, ;
(1)-step:
-1,0 0,-1
1,2 . 1,2
(tz)z = Vv, + 1In - 0,0 ’ (t2)1 = Vv, + In - 0,0 ’
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Here, a{, o ; , allzj - chains of solutions of principle chiral field probleué determined by formulae (9-12) fr(l-n [5].
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ROLES OF SUBSTRATE INHIBITION AND ENZYME ISOMERIZATION IN KINETICS OF
BIOCHEMICAL OSCILLATIONS
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Azerbaijan Medical University, 370022, Bakikhanov str.23, Baku, Azerbaijan.
E-mail: shahinru@yahoo.com

The chemical kinetic model is investigated to determine the condition under which a substrate inhibition and enzyme isomerization can
lead to biochemical oscillation. A kinetic model for the two-center enzyme which under certain conditions allows the existence of oscillatory
behavior is suggested. The main kinetic requirements for the existence of oscillatory regimes in biochemical reaction systems are

distinguished.
Key words: enzyme oscillations
INTRODUCTION

Oscillatory behavior has been observed in many enzyme
reaction systems [l1]. Many investigators of biochemical
oscillations believe that its chemical kinetic source has been
generally attributed to an autocatalytic reaction mechanism.
Even there is an opinion of necessity of autocatalysis for the
oscillatory phenomena in enzyme reaction systems [2]. On
the other hand, in number of studies it is suggested that
substrate inhibition kinetics can also be a source of
oscillatory behavior in chemical systems, particularly enzyme
reactions. Spangler and Snell [3,4] studied a two-enzyme
model system in which the product of one enzyme-catalyzed
reaction acts as inhibitor for the other enzyme. This two-
enzyme model was shown to exhibit bistability and sustained
oscillations. Sel’kov [5] investigated a single enzyme model
involving both substrate inhibition and product activation and
observed oscillatory phenomena. The oscillations observed
were attributed to the substrate inhibition kinetics, but no
proof of this assertion was given. Seelig [6] investigated a
model involving a single enzyme with substrate inhibition
kinetics only (no product activation) and observed
oscillations. However, this model involves two substrates,
only one of which is an inhibitor. It is not clear whether the
existence of multiple substrates is the necessary condition for
oscillatory behavior in a system governed by substrate
inhibition. Goldstein and Ivanova [7] considered a model of
enzyme reaction system with both substrate inhibition and the
enzyme isomerization and observed oscillatory phenomena.
This model involves the double substrate inhibition, i.e. the
substrate inhibits two conformational changed (isomerized)
enzyme forms. Shen and Larter [8] investigated a model
involving substrate inhibition and autocatalysis. Their
investigation shows that though oscillatory behavior is
observed in this system, it is caused by either autocatalytic
properties of the mechanism or substrate inhibition coupled
with product inhibition. They concluded that only substrate
inhibition is insufficient for oscillatory phenomena in this
mechanism. Several examples exit in the literature [9,10,11],
but they comprise only evidence of sufficient conditions for
oscillatory behavior, but which are not necessary. As it is
obvious from the mentioned above, the autocatalysis
mechanism is not necessary condition for the oscillatory
phenomena in biochemical reaction networks, as well. Then
the principle question arises about necessity of additional

conditions for oscillations in chemical reaction systems,
particularly enzyme reactions. In this paper we show that (1)
neither autocatalysis, nor any other concrete reaction
mechanism or its combinations (such as, substrate inhibition,
product inhibition etc.) is not necessary condition for the
oscillations; (2) for the oscillation phenomena it is necessary
the existence of so called “critical reaction fragments”.

THE METHOD OF ANALYSIS

Our analysis of non-linear kinetics of chemical reaction
networks was carried out on the base of double-barrel graph
theory [12,13,14]. The method connects structure of the
kinetic schemes with the critical phenomena arising in it
(multiplicity of stationary states, self-oscillations). It is
known, that the kinetic behavior of system is determined by a
characteristic polynomial of linearized systems of the kinetic
equations:

P=\"+a " +a,\"" +..+a (1)

m

If in a stationary state even one of the coefficients in (1)
has a negative sign this state becomes unstable and in the
system there can be multiple steady states or self-oscillations.
Ivanova [12] proved, that if the lower non-zero coefficient
(a,,) was negative and there were no steady-state points at the
border of the polyhedron of invariance determined by the
material balance equations in the phase space, then there
should be several steady-state points inside the polyhedron
(multiple steady-states).

If a,,>0 at any concentration, then there is a single steady-
state point (if the boundary conditions are fulfilled). In this
case, if another coefficient a,,<0, then a single steady-state
point can be unstable. A stable limited cycle i.e. self-
oscillations occurs in the vicinity of this single unstable
steady-state point.

This means that oscillations can arise if in the graph of
common reaction network there is a critical fragment of
lower order. This allows searching for the reason of
oscillations in critical fragments of the lowered order. Such
fragments in various reaction mechanisms can arise. They
may be both autocatalytic and non-autocatalytic mechanisms,
although, the number of such reaction mechanism is not large
[15]. Therefore this shows, that neither autocatalysis, nor any
other concrete reaction mechanism or its combinations is not
the necessary condition for the oscillation phenomena.
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The existence of lowered order of critical subgraph
(reaction fragment) is the necessary condition, but un-
sufficient for the arising of oscillatory behavior. Our
structural-kinetic analysis allows us to support some
additional requirements, which can lead to sustained
oscillations. (1) From our careful study of the oscillatory
kinetic models we have shown that the presence of the flow
terms for the substrate (and/or other non-balanced
compounds) is crucial for oscillatory behavior. (2) The rates
of reaction stages, which consist of the critical fragment,
could be sufficiently larger than the other reaction rates. In
this case, if the sum of contributions of high-ordered
subgrpahs remains positively, then oscillatory behavior is
possible.

THE ROLE OF THE ENZYME ISOMERIZATION IN
BIOCHEMICAL OSCILLATIONS

It is well-known, that enzymes in a solution exist in
several (usually in two) isomerized forms [16]. Transitions
between the conformers have essential significance for the
oscillation behavior. Conformers of the enzyme, as a rule,
have various affinities to substrate. In solutions these enzyme
conformers interact with one substrate and thus create
competition between these two forms of enzyme. It leads to
the occurrence in the graph of two negative ways sequence,
which enters into an even cycle and together with catalytic
cycle forms the critical fragment. Thus there is an
opportunity for existence of an oscillatory mode. To illustrate
the role of enzyme isomerization in oscillation phenomena
we had chosen the Guinoprotein Glucose Dehydrogenase
enzyme (GDH), as an example. Experimental data show the
biphasic cooperativity containing two sets of apparent kinetic
parameters. The data allow to suggest, that GDH have two
subunits in the two states of mutual interactions and the two
catalytic cycles of GDH have different rate limiting steps
[17]. Summarizing the literary data it is possible to present
the basic scheme of reactions, catalyzed by the GDH, as
follows:

1. E+ A—EA; EA+ S —> EAS; EAS— EBP;
EBP— E'B+P; E'B—>E" + B;

22E+S<ES

3.E*>F

4. E'+ A>EA; E¥A+ S — E'AS; E'AS— E*BP;
E*BP— E'B+P; E'B— E +B.

Here E and E* are the different isomerized forms of free
enzyme, A is the coenzyme, S is the substrate, B is the
oxidized coenzyme and P is the product. As in other
dehydrogenase reactions, in this scheme the linkage stage of
a substrate to enzyme-coenzyme complex and the stage of
isomerization of enzyme are rate limiting stages [16,17].
Stopping at slow stages of the reaction catalyzed by GDH, it
is possible to present reaction in the following sequence: the
substrate (S) contacts with the first catalytic center of enzyme
(E). The first catalytic act occurs and enzyme passes to
another isomerized form (E*) at which catalytic center of the
second subunits becomes accessible for the substrate. It is a
new isomerized form of enzyme, which has other affinity to a
substrate, and is catalytic active, too. It can form active
enzyme - substrate complex (E'AS) and create a product (P).

As well the conformation transition of the second isomerized
form of enzyme into the first can be occurred (E*>E). Thus,
as a result of two catalytic acts in the system there will be a
biphase accumulation of a product with different parameters.
Besides, this scheme permits the substrate inhibition: one can
assume, that it occurs at linkage of the substrate to the second
active center in the first conformation of enzyme and forms
the inactive enzyme-substrate complex (ES), which is in a
good agreement with experimental data [16]. Thus, stopping
at slowly-stages, it can be written:

1 .
1. E+A+S —JE + B+P;
. 2
2. F HE;
* 3 *
3 E+A+S—E'AS
4 E+S —2> ES

* 5 *
5. E'AS —J E'+B+P
6.ES—2 > E+S

Consider a possibility of the arising of oscillation
behavior in the suggested scheme of reaction. Five variable
concentrations participate in the system. We shall denote
their dimensionless quantities as:

C]ZS/S(), CZZE*/E(), C3:E/E0, C4:ES/E0, C5:E*S/E(),

there, S, is the stationary concentration of the substrate, E; is
the total concentration of enzyme (the sum of all enzyme and
enzyme complexes). These variables are connected with a
balance ratio:

crt ezt eyt es=1

Hence, only four variables are independent and therefore,
the characteristic polynomial of system will be of the 4-th
order:

P=L\ +a )M +a,M’ +a,\ +a, ()

The sign of smallest nonzero coefficient a, of the
characteristic polynomial for the given system is determined
by the critical fragment of the 4-th order. If a, >0 for any c;
in invariant area, i.e. in area where

¢; >0, et c3t eyt =1, ¢/ Cans

then the stationary point is unique. Thus it is taken into
account, that on a border of invariant polyhedron there are no
stationary points. If, besides the inequality a; <0 in a unique
point, then this unique stationary point is unstable and is
carried out around this point there is a steady limited cycle.

Stationary rates of reactions are connected by means of
the following equality:

L=V, V3=Vs5, L4=Vg LY=L 1VL3.

Thus, from 12 stationary rates and concentrations seven
are independent. Using a method of calculation of the
characteristic polynomial coefficients [13,14] we obtain the
expressions for the coefficients of characteristic polynomial
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a;, a, az and a, The coefficients a; and a, are positive for
any positive values of independent variables. An analysis of
expression for a; shows, that in the field of self-oscillations
the quantities v,=vs should be small enough. Therefore
neglecting the members containing v, and ve in the
expression for a; one obtains more simple expression for a;
as:

L,U;

a, = ®2®3—g)+05@2+2g)}

C1C,C5C5

1,005

0,995
0,99
0,985

0,98 - f f f

C)

021 D)
0,19 +
0,18 -
0,17 +

0,16 +

250 500 750

Fig. 1. A time dependence of relative concentrations of the
reaction scheme, considered above: A) substrate
concentration (c;); B) Free enzyme concentration
(c3); C) concentration of isomerized enzyme (c3); D)
concentration of £°4S (c5). Curves are obtained for
the following values of relative concentrations and
rate constants: ¢; =1, ¢,=0.024, c¢3 = 0.002, c5=0.15,
k=200, k=200, k;=40, k,~0.001, ks=300, ks=0.4.

From this expression it is seen, that for occurrence of
oscillations it is necessary, that c¢; < c¢s. Therefore we shall
consider below the area of concentration value, where this
condition is satisfied. The expression for the coefficient a,
has the form:

L,L L
a, = 240 {02(03—cs)+05(62+203+c4)}
€[C,C5C4Cs

For existence of self-oscillations, it is enough, that

Vs(c, +2¢;)<v,(c; —c;)
vs(c,+2¢c;+c,)>v,(c5—c;)

It is possible to combine these inequalities and as a

result a sufficient condition for self-oscillations is obtained in
a final form:

If this condition is not fulfilled in the system there will be
no self-oscillations, and there will be places of bistability in
considered reaction system. Results of numerical
calculations, which lead to non-damping self-oscillations, are
shown in figure 1.

CONCLUSION

We have continued a study of substrate inhibition scheme
originally done by Degn [19] to determine whether
oscillatory behavior can be supported by it. Our calculation
shows, that oscillatory behavior cannot be sustained only by
such a mechanism. The application of double barrel graph
theory allows us to support the main requirements, which
lead to oscillation behavior: For the existence of oscillations
in the system consisting of # reagents, at least m-order critical
fragments must be: m=n-f-1. Here f is the number of the
balance equations (i.e., the number of mass conservation
laws). On the other hand we conclude, that the presence of
the flow terms for the non-balanced reagents is necessary for
the oscillation phenomena. Our third requirement is the
existence of considerable difference of reaction rates between
critical and non-critical fragments of common reaction
networks. Obtained results also allow to predict from a
general class of enzymes those that may be good candidates
for the generation of oscillatory behavior. We find that
soluble two-center dehydrogenases can lead to oscillations.
Our model studies of oscillatory conditions for the two-center
in the presence of substrate inhibition and the conformation
transition may be a convenient basis for the investigation of
more complex oscillatory events in biology. For example, in
[20] it have been found that glucose stimulation of pancreatic
B cells induces oscillations of the membrane potential,
cytosolie Ca®', and insulin secretion. Each of those events
depends on glucose metabolism. Both intrinsic oscillations of
metabolism and repetitive activation of mitochondrial
dehydrogenases by Ca’" have been suggested by authors to
decisive for this oscillatory behavior.
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SUBSTRAT iNHIBIR9SININ VO FERMENT iZOMERIZASIiYASININ BiOKiMY@Vi R9QSL3RIN
KINETIKASINDA ROLU

Biokimyavi ragslerin yaranma sartlarini tayin etmak lgln, substrat inhibiresi ve ferment izomerizasiyasi olan fermentativ
reaksiyalarin kimyavi modellerinin kinetikasi tedqiq edilmisdir. Periodik aximin mévcudluguna imkan veran, iki-markazli ferment
reaksiyasl modeli toklif edilmisdir. Biokimyavi reaksiya sistemlarinds periodik rejimlarin mévcudlugu Uglin asas kinetik telablor

ayarlanmisdir.

H1.K. Baiipamos

POJIA CYBCTPATHOI'O HHTUBUPOBAHUA U U3OMEPU3ALIMA PEPMEHTA B KUHETHUKE
BUOXUMHNYECKHNX KOJIEBAHUU

Jlnst onipeneneHys yCIoBUsl BOSHUKHOBEHHSI OMOXMMHUYECKHUX KOJIeOaHui HccieoBaHa KHHETHKA XUMUUYECKON MoenH (hepMEHTaTUBHOM
peakuuu ¢ uoMepusanueil pepMeHTa u cyOCTpaTHbIM MHIMOUMpOBaHHEM, I[IpeuioxkeHa KMHETHYEeCKas MOJENb PEaKLUU IBYX-LIEHTPOBOTO
(depMeHTa, KOTOpast IMO3BOMSET CYNIECTBOBAHHWE KOJICOATENPHOTO IIOBEICHHSA. BEIgEeTeHB! OCHOBHBIE KHHETHYECKHE TPEeOOBAHHS IS
CYIIECTBOBAHMS KOJIEOATEIbHBIX PEXUMOB B OMOXHMHIECKHX PEAKIIMOHHBIX CHCTEMAaX.
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RELAXOR PROPERTIES OF TIInS; CRYSTALS DOPED BY Fe

R.M. SARDARLI, O.A. SAMEDOYV, 1.Sh. SADIGOV, L.I. ASLANOYV,
A.P. ABDULLAEV

Institute of Radiation Problems of Azerbaijan National Academy of Sciences
H.Javid ave., 31a, Baku, 370143

J.H. JABBAROV
Baku State University
Z.Khalilov St., 23, Baku, 370143

It is shown that T1InS, crystals doped by Fe show all peculiarities that are typical to the relaxor ferroelectrics. The temperature
region of the microdomain (relaxor) state as well as the temperature of the transition to the macrodomain state have been determined.

The analysis of temperature dependences of the dielectric
constant ¢(7) in the phase transitions region of TlInS, crystal
showed that it has a different form for the samples that were
taken from various technological batches. Authors of [1]
determined that the different form of (7) curves is connected
with the fact that TlInS, crystal belongs to the class of
compounds (berthollides) in which the rearrangement of
composition occurs during the growth process. However this
peculiarity does not lead to the smearing of the phase
transitions and the dependence ¢”(T) obeys Curie-Weise law
with the constant approximately equal to 10~ beginning from
the submillimetric spectral regions up to the measurements of
&(T) in the kilohertz region [2, 3]. It was established by the
neutron-diffraction research that TlInS, compound is an
improper ferroelectric with an incommensurate phase [4].

The temperature region, in which instability of TlnS,
crystal lattice is observed is a very sensitive to the trivalent
cationic impurities that have different ionic radii and the
coordination numbers. Moreover, the increase of phase
transition temperatures is observed for some impurities while
the decrease of phase transition temperatures is observed for
others impurities (the results of this research are in
preparation for publication). There is an interest to investigate
the nature of these processes in TlInS, crystals. The transition
metals of iron group being the multicharged impure ions can
form the deep centers of strong localization that capable to
the strong interaction with high-polarizable TlInS, crystal lattice.

The investigation results of dielectric, polarization and
pyroelectric properties of TlInS,<Fe> crystals are given in this

paper.
EXPERIMENTAL TECHNIQUE.

TlnS, crystals have been grown by Bridgman-
Stockbarger modified method. The anisotropy of dielectric
properties in the plane of layer is not observed. The
measurements have been carried out from the crystal faces
cut out perpendicular to the polar axis. The crystal faces have
been planished, polished and then covered by a silver paste.
The dielectric constant € and the dielectric loss tangent tgd
have been measured by the alternating current bridge E7-8 at
the frequency 1 kHz and E7-12 at the frequency 1 MHz in the
temperature region 150 - 250K. The velocity of temperature
scanning was equal to 0.1 K/min. The dielectric-hysteresis
loops were studied at the frequency 50 Hz by Soyer-Tauer

modified scheme. The pyroeffect has been investigated by the
quasistatic method using universal voltmeter V7-30.

RESULTS AND DISCUSSION.

The temperature dependence of the dielectric constant
g(T) of both TlInS, (curves 1, 2) and TlnS,<Fe> crystals
(curves 3, 4, 5) in the cooling (curves 1, 3, 5) and heating
regimes (curves 2, 4) are shown in figure 1. The
measurement frequency to the curves 1, 2, 3 and 4 is equal to
1 kHz. The curve number 5 presents the results of
measurement of g(T) to TlInS,<Fe> crystal at the frequency 1
MHz. As it is seen from figure 1, the known sequence of the
phase transitions [3] is observed to TlInS, crystals (curves 1,
2). It is observed also the transitions from the paraelectric to
the commensurate phase at 216K, as well as two transitions at
204 and 200K. The nature of these transitions was widely
discussed in [5] and most likely it is connected with
rearrangement of the modulated structure. The final transition
to the polar phase occurs at 196K.
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Fig.1. The temperature dependences of the dielectric constant
g(T). Curves 1, 2 - the dependences (7) of TlInS,crystal
(1 - cooling; 2 - heating); Curves 3, 4, 5 -the dependences
g(T) of TlInS,<Fe> crystal (3, 5 - cooling; 4 - heating).
The measurement frequencies are 1 kHz (to the curves 1,
2, 3 and 4) and 1MHz (to the curve 5).



RELAXOR PROPERTIES OF TlInS, CRYSTALS DOPED BY Fe

The dependence ¢(7) is described by Curie-Weis law with
Curie constant C'=53-10°K in the temperature region 7-
T,(216)<50". The anomaly at 196K appears during the crystal
cooling and all peaks are strongly pronounced without the
signatures of the smearing. As it is obvious from figure, the
dielectric hysteresis for TlInS, crystals is observed only at the
temperature about 196K, while the hysteresis to the doped
samples at the temperature 7,, (it is a maximum temperature
of &(T) curve) is about 2K (curves 3 and 4 in fig.1).

The nature of the dielectric constant in the same
temperature region for (TlInS,);(Fe)x crystals, where x =
0.001, is essentially distinctive namely the dependence ¢&(7)
is strongly blurred. The displacement of phase transitions to
the low temperature region in 10K and the widening of
region of existence of the incommensurate phase with
conservation of two anomalies at 190K and 290K have been
observed. In this case the natural question arises regarding
the reason of such radical rearrangement of the dependence
g(T) at doping 0.1-mol % of Fe.

As it is known, the composition fluctuation is a main
reason of the smearing of phase transition temperatures [6, 7].
However, not any increasing in the defect concentration can
be a reason to the smearing. According to [8] the defects
having dipole moments are the reasons for such smearing and
these defects create the electric fields in adjoining crystal
regions. Besides as TIInS, is a semiconductor, the doping of
impurities creates the corresponding centers of charge carrier
localization, which can create the local electric fields that
stimulate the initiation of the induced polarization near the
phase transitions [9-11]. Important peculiarity of the
ferroelectrics with smearing phase transitions is the fact that
the dielectric polarization higher than 7,, changes not by
Curie-Weis law (e )'= C'(T-T;) and by the law (€ )'=4+B(T- T,)".
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Fig. 2. The dependence £””to TlInS,<Fe> crystal. The measurements

are carried out at the frequency 1MHz.The dielectric-
hysteresis loops to TlInS,<Fe> crystal are given in the
insertions to the figure: 1 - the measurements are carried
out at 180K;; 2 - the measurements are carried out at 140K.

The dependence &*(T) for TlInS,<Fe> is shown in fig. 2.
This dependence line crosses the temperature axis at 164K
from the side of high-temperature phase. It corresponds to the
maximum value of low-temperature pyrocoefficient (fig. 3).
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The investigations of polarization properties of TIInS,<Fe>
showed that the dielectric-hysteresis loops are observed
below 164K and the maximum value of spontaneous
polarization (P,) for such loops reaches up to 7.5-10%
Coulomb/sm®. The value of P; to the undoped TlInS, crystals
is equal to 1.8 107 Coulomb/sm®. The value of P, in the
temperature region from 164 to 190K is 1.510*
Coulomb/sm?. The dielectric-hysteresis loops for TlInS,<Fe>
crystals are given in the insertions to the fig.2. The first
insertion to the figure reflects the observed loop in the
temperature region 164 - 190K. As it is obvious from figure
the loop is narrow and elongated that is a typical to the
relaxor ferroelectrics. The form of dielectric-hysteresis loop
below 164K has been given in the second insertion of the
figure. It is obvious that the loop becomes saturated and it is a
typical for the ferroelectric.

The investigations of frequency dispersion have been
carried out at measurement frequencies f- 1 KHz and 1 MHz.
The displacement of 7,, maximums of &(7) curve with
increasing frequency f in TlInS, crystals is not observed
while the displacement of the smearing maximum of &(7) to
TlnS,<Fe> crystals is equal to 3K (figure 1, curves 3 and 5).

The temperature dependences of the pyroelectric
coefficient y(7) for the pure TlInS, crystal (curve 1) and for
the doped by Fe (curve 2) are given in the fig.3. The
measurements were carried out in the quasistatic regime and
the pyroelectric coefficient was calculated using the
following equation: y=J/AydT/dt, where J is a pyroelectric
current, 4, is an area of electrodes, d7/dt is a heating rate.
The measurements were carried out using the samples, which
were preliminary polarized in the external electric field. As it
is obvious from figure, one peak with maximum value of the
pyroelectric coefficient 1.4 10”7 Coulomb/Ksm” in the curve
y(T) is observed to the pure TIInS, crystal at 196K. Two
anomalies at 7,=190K and T,+164K in the curve y(7) are
observed to TlInS,<Fe> crystal. Besides, the weak current is
observed in the temperature region higher than 190K, i.e. in
the region of existence of the incommensurate phase.
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Fig.3. The temperature dependence of the pyroelectric coefficient

y(T). Curve 1- TlInS, crystal. Curve 2- TlInS,<Fe> crystal.

The analysis of the curves are given in the figures 1-3
allows to state that TlInS,<Fe> crystals show all peculiarities
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that are typical to the relaxation ferroelectrics namely the
doping of TlInS, crystal by Fe** cations leads to the smearing
of phase transitions as well as the frequency dispersion of the
dielectric constant is observed. Moreover, the elongated
dielectric-hysteresis loop is detected in the region of the
smearing of phase transition and the temperature dependence
of the dielectric constant from the side of high-temperature
phase is described not by Curie-Weis law and according to
the law (g )'= A + B(T - T)™.

The smearing of phase transitions and the peculiarities of
ferroelectric properties in TlInS,<Fe> crystal are unconditionally
connected with the structure disorder that leads to the
appearance of local distortions of both the symmetry and
internal electric field in the wide temperature region. Despite
the fact that the investigations of phase transitions in TlInS,
crystals carried out during long period yet there are no the
satisfactory understanding physical mechanisms of the
processes taking place in the crystals and also the
unambiguous interpretation of the observed phenomena. In
our opinion it can be connected with the fact that during the
investigations of phase transitions in TlnS, crystals not
enough attention was given to the semiconductor properties
of these crystals. Especially it concerns the crystals which are
doped by the cationic impurities. These impurities can form
the capture levels (traps) at the bottom of the conduction
band. Here it is necessary to take into consideration both the
processes of charge carrier localization on the local centers
and their influence on the phase transitions. This issue has
been considered in detail by Mamin in [9-11], where it was
shown that the thermal filling of traps could lead to the
intricate sequence of phase transitions as well as the
appearance of unstable boundary state between the
(incommensurate-commensurate) phases.

As it is seen in the curve y(7) at 164K the peak, which is

not shown in the dependence ¢(7) (please compare fig.land
3) is observed. According to [11] this peculiarity is a typical
for the relaxors. It is connected with the fact that the
oscillation frequency of the induced polarization will be
determined by the characteristic relaxation time not only for
the lattice subsystem as it has a place in usual ferroelectrics
but also and the relaxation time of the electronic subsystem.
Naturally, the characteristic time of change of parameter
order y and the characteristic time of electron concentration
m in the traps strongly differ (z,/7,,<<1). It allowed an author
of [11] to investigate this problem by the separation method
of fast and slow processes. As a result it has been established
that effective temperature of the phase transition 7, will be
displaced below in the temperature scale due to thermal
filling of the capture levels. The phase transition to the state
with spontaneous polarization will occur at the temperature
T.,. This temperature corresponds 164K to the crystals
TlInS,<Fe> (fig.2). As it is seen from figure, below 164K the
loop becomes saturated. As the localized charges create the
local electric fields then the spontaneous polarization in the
weak external fields in the separate microfields will be
directed to the different directions in compliance with space
distribution of the localized charges. Therefore, the hysteresis
loop in the temperature region 164-190K is observed as
narrow and elongated. Besides, according to the same reason,
we did not observe the peculiarities in the dependence &(7)
connecting with phase transition at the temperature 7,

Thus, the doping of TlInS, crystals by Fe leads to the
appearance of the temperature region in which the crystals
show all peculiarities that are typical for the relaxors. The
phase transition from the relaxor (microdomain) to the
macrodomain (ferroelectric) state occurs at the temperature
164K. The jump in the temperature dependence y(7)
corresponds to this transition.
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R.M. Sardarli, 0.9. Semadov, i.S. Sadiqov, i.i. Aslanov, A.P. Abdullayev, C.H. Cabbarov
Fe ASQARLANMIS TlInS, BIRLOSMONIN RELAKSOR XASSOLORI

Mueayyan edilmisdir ki, Tlinl, Fe-la agsqarlandiqda, kristall relaksor segnetoelektriklor G¢lin xarakterik olan xasseler gosterir.
Kristalin mikrodomen (relaksor) halinin varliq temperatur intervali voa makrodomen halina kegid temperaturu ta’yin olunmusdur.

P.M. Capaapasi, O.A. Camenos, U.I1. Caabixos, U.U. Acnanos, A.Il. A6ayanaes, JI.I'. I:xad6apoB
PEJAKCOPHBIE CBOMCTBA TIInS, JETHPOBAHHOT O Fe

ITokazano, uto TlInS,, nerupoBaussii Fe, nposBiisier Bce 0cOOCHHOCTH, XapaKTePHbIE IS PEIaKCOPHBIX CETHETOAICKTPUKOB. Y CTaHOB-
JICHBI TEMIIepaTypHasi 00JIaCTh CYIIECTBOBAHUS MHKPOAOMEHHOTO (PEaKCOPHOTO) COCTOSHHS M TEMIIepaTypa Iepexoja B MaKpOZOMEHHOE

COCTOSHHE.
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PIEZOCOMPOSITES ON THE BASE OF THE TWO-COMPONENT MATRIX
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H. Javid av. 33, Baku, 370143

Electrophysical and piezoelectric properties of composites on the base of two matrix: polar-polar polar-non-polar and non-polar-non-
polar polymers are investigated. It is experimentally shown that by the elaboration of multiphase composites it is better to use the
combination of polar and non-polar polymers than that of only non-polar or only polar polymers.

We showed before that electret, piezo- and pyroelectric
properties of composites depend mainly on conditions of the
injection and stabilization on various charge capture centers
in the polymer phase at the electrothermopolarization [I-3].
Various structural defects, heavy-polar, low-molecular
compounds in the bulk, oxide chains of the macromolecule
and boundaries between amorphous and crystal phase of
polymers might enter the charge capture center[1-4].It is
natural to assume that the value of stabilized charges, which
determines the degree of the domains orientation in
composites, depends on the activation energy of stabilization
centers.

It is known, that the boundaries of incompatible polymers
may be effective charge capture centers (4,5). In this respect,
we used the mixture of two polar and non-polar polymers, in
particular, PE+PP, PE+PVDF, PP+PVDF as a matrix.
Composites on the base of two-component matrixes and the
piezoelectric of various structures are obtained by the method
of the hot pressing.

Piezoceramics of the thombohedral (Rh) and tetragonal
(T) structure are used as a piezoelectric phase and PP, HDPE,
PVDF and F; as a polymer phase. Electrodes of aluminum
foil are applied in the process of the hot pressing.
Temperature-temporary and temperature-pressure regimes of
crystallization are variated with the aim of the polymer phase
receipt with the various supermolecular structures (SMS).
Sizes of electric phase particles are varied in the interval
50100 pm. Piezoelectric parameters of composites are
determined by quasi-static methods.

The matrix compatibility and new phase formation in
composites are determined by the research of the posistor
effect. The research of the posistor effect in indicated
composites allowed to determine the optimal conditions of
polar composites.

Value of piezomodulus d3; and composites
piezosensitivity g;; on the base of two-component matrix
HDPE+PP, dispersional PCR-11 and PZT-2 versus the
volume content of HDPE and PP in the matrix are shown in

the Table I. It is seen, that the polymer composite with the
volume relationship HDPE to PP, equal to 2:3, has the
maximal value d3; and g3;.

The dependence of various composites piezomodulus,
polarized at optimal values of the electric field voltage E, and
the polarization temperature 7, on the volume content F of
the piezoceramics is shown on fig.l. It is seen that the
piezomodulus value at all filler contents grows at the use as a
matrix of the mixture HDPE and PP.
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Fig.1. Piezomodulus dependence on the bulk content of the
Piezoceramics: I- HDPE+PCR-11; II- PP+PCR-11;
I1I- HDPE+PZT-2;1V- PP+PZT-2; V- HDPE+PP+PZT-2;
VI- HDPE+PP+PCR-11.

The dependence of d3; on E, for composites from
polyolefin and PCR-11 is shown on fig.2,a. The maximal
value d;; of HDPE+PP+PCR-11 composite is in 2 times more
than the piezomodulus composite HDPE+PCR-11 and in 1,7
times more, than the piezomodulus PP+PCR-11. The ds;3
composite of HDPE+PP+PZT-2 is approximately in 2 times
more, than dj; composite on the base of one-component
matrix of HDPE+PZT-2.

Table 1.

The value of piezomodulus and composite piezosensitivity on the base of the two-component matrix.

Piezocomposites Volume relationship | Volume content of ds; 233
HDPE:PP piezofillers in % pC/N | V/N
1:4 50 34,7 0,14
2:3 50 50,3 0,12
HDPE+PP+PCR-11 3:2 50 33,8 0,15
4:1 50 31,5 0,13
1:4 50 19,2 | 0,091
2:3 50 30,4 0,145
HDPE+PP+PZT -2 3:2 50 21,6 0,103
4:1 50 17,1 0,081
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The research results of the charge state of the indicated
components show, that at other equal conditions of the
polarization (at the stability of £, T, and ¢, is the polarization
time) the value of stabilized volume charges (Q) in
composites on the base of the two-component polymer matrix
is visually more in comparison with the charge value of
composites on the base of one-component polymer matrix
(Table 2).

Table 2.
The charge value on the thermostimulated depolarization (TSD) and
the composites piezomodulus on the base of one-component and
two-component matrix.

Composites 0,10°C/m*> | dj;, pC/IN
HDPE+PCR — 11 0,65 21
PP+PCR — 11 0,75 33,6
PP+HDPE+PCR— 11 1,9 50,6

It is shown that more favorable conditions for the charge
stabilization are realized in two-component systems.
Obviously, additional centers of the charge stabilization at the
electrothermopolarization occurs from non-polar polymers in
the polymer-ferropiezoelectric system on the base of the
matrix.
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Fig.2. The dependence of piezomodulus dj3 on the electric field
voltage of the polarization E),.
a) I- HDPE+PCR-11; II- PP+PCR-11;
1I- HDPE+PP+PCR-11;
b) I- PP+PCR-I; II- PVDF+PCR-I; III- PP+PVDF+PCR-1.

The dependence of d;; on E, for composites as the matrix,
in which polar polymer PVDF and non-polar polymer PP are
used, is presented on fig. 2,b. The comparison of optimal
values ds; versus ds;=f(E,) shows, that in this case the
piezomodulus increment (Ads;) is more, than for composites
on the base of the matrix from polar or non-polar polymers.
The piezomodulus increment (Ads;) at the transition on the
multicomponent composites was determined by optimal
values of the piezomodulus dependence ds; on E, and by the
comparison of the piezomodulus of two matrix and more
effective one-matrix composites.

Dependences of ds; on E, for composites on the base of
the matrix from the polar fluorine-containing polymers are
shown on fig. 3 (a,b). It is seen, that ds; of the composite on
the base of the matrix PVDF+F; is equal to the composite
piezomodulus on the base of only PVDF (fig. 3,b) or a bit
lesser (fig. 3,a).
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Fig. 3. The dependence of the piezomodulus d;; on the electric
field voltage of the polarization E,. T,= 140° C (o)
1—F3+PZT-19; Il - PVDF+PZT-I9; Il - PVDF+F;+PZT-19
T,=180° C ()
[~ F5+PZT-I9; Il - PVDF+PZT-19; Il - PVDF+ F4+PZT-I9

Therefore, it may be concluded, that at the elaboration of
multiphase composites, it is better to use the combination of
the polar and non-polar polymer, than to use that of only non-
polar or only polar polymers.
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Obtained results, obviously, at first approximation may be
explained with regard of changes of the supermolecular
structure of matrix at their mixture and the composites
receipt, and also by the compatibility of polar and non-polar
polymers.

The SMS change may mainly occur in the transient layer
of polymer phases. And it, in its turn, is determined by the
compatibility of used polymer couples, in particular, PE+PP
or PP+PVDF. As it is known, the thickness of this layer, is
more exactly, the thickness of the segmental solubility layer
makes dozens or hundreds A [6]. The formation of such layer
imposes limitations on the SMS formation in amorphous-
crystal polymers in the direct proximity to the layer.

The thickness of the boundary layers with the changed

SMS and properties on the contact surface of polymers may
reach many hundreds and even thousands 4. Boundary layers
may be additional phase for the change filler in the process of
the composite polarization. Really, as it is seen from the table
2 at identical conditions the electrothermopolarization in the
two-matrix system accumulates more changes, than in one-
matrix composite. The value of the accumulated in the
electrothermopolarization change, as it was proved before,
determines the piezomodulus value of the composite [3].
Obviously, in two-matrix composites on the base of polar
(PVDF) and non-polar (PP) polymers, a new phase, formed
on the contact boundary of polymer segments has an ability

[1] AL Mamedov, S.N. Musayeva,
A.Sh.Gasanov. Fizika, 2001, c.VII, Ne36 p 50-52.

M.M. Kuliyev, S.N. Niftiyev, S.N. Musayeva, 1.A. Farad-
zhzade, M.G.Shakhtakhtinkiy, M.A. Kurbanov. Fizika,
2000,c.VI, Ne4 p.3-5

M.A. Kurbanov. Elektretniye, piezo, pyroelktricheskiye,
varistoroniy 1 pozistorniy effekti v polimernikh

(2]

[3]

to strong accumulate changes at the
electrothermopolarization.
M.A. Kurbanov, kompozitzionnikh dielektrikakh”- Disser. d.f.-m.n.-
Baku, 1985, 477.
[4] B.I Sajin “Elektricheskiyi svoystva polimerov”,

Leningrad, 1986, 224.

V.A. Marikhin, L.P. Myasnikova. ‘Nadmolekularnaya
struktura polimerov”, Leningrad: L:Khimiya, 1977, 230.
Entziklopediya polimerov, Moskva, 1977, v.3, p.433.

M.D. Qurbanov, M.N. Sahtaxtinski, S.N. Musayeva, Q.Q. dliyev, B.M. izzatov

iKIKOMPONENTLiI MATRISA 9SASINDA PYEZOKOMPOZITLSR

Polyar-polyar, polyar-geyri polyar va qgeyri polyar-qeyri polyar polimerler kimi iki matrisa asasinda kompozitlarin elektrofiziki
va pyezoelektrik xassolori tadqgiq edilmisdir. Eksperimental olaraq gostarilmisdir ki, gcoxfazali kompozitler hazirlayarkan yalniz
polyar ve ya yalniz geyri-polyar polimerlardan deyil, matrisa kimi polyar ve geyri-polyar polimer garisidindan istifade etmak

lazimdir.

M.A. Kyp6anos, M.H. Illaxtaxtuncku, C.H. Mycaesa, I'.I'. Anues, .M. U33aToB

NBE30KOMIIO3UTHI HA OCHOBE JIBYXKOMIIOHEHTHOM MATPHUIIbI

HccnenoBansl 2JIeKTPOQU3NIECKAE U IHE30UICKTPUIECKHE CBOWCTBA KOMIIO3UTOB HAa OCHOBE JABYX MATPHIL IOJISPHBIA-NOISPHBIH,
HOJISIPHBIA-HENOJISIPHBIA M HETOJSIPHBIH-HEOJSIPHBIA MTOJMMEpBl. DKCIIEPHMEHTAIbHO I10Ka3aHO, YTO HpH pa3paboTke MHOro(asHbIX
KOMIIO3UTOB CJIEyeT UCIOIb30BaTh COYETAaHUE MOJISIPHBIX U HEMOJSPHBIX IOJIUMEPOB, UM HUCIIOIb30BaTh COYETAaHUE TOJIBKO HEHOJSPHBIX,

WJIN K€ TOJIBKO IOJIAPHBIX ITOJIMMEPOB.
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The similarity of the properties WR (WN) and Of stars have been considered. The possible evolutionary connections between this group
stars are investigated. It is proposed that there may exist nitrogen — rich Of stars. Five criteria for the determination of such objects are
proposed. Nitrogen — rich stars are close to WN7-8 stars at the evolution stage . Observation of nitrogen - rich Of stars is important for the

understanding of Of — WN7-8 evolutionary connection.
1. Statement of the problem.

The Of stars are the most luminous objects among O stars
of early subtypes. More massive O stars are progenitors of Of
stars. Of stars are located at the Main Sequence in the region
corresponding to the highest temperature and luminosity. All
Of stars are more massive stars. The presence of emission
lines with profiles P Cyg in the UV and visible region in the
spectra of the Of stars indicate that these stars lose mass.
From the similarity of spectral properties of Of and Wolf-
Rayet (WR) stars Conti [1] for the first time proposed the
hypothesis that the WR stars had evolved by stellar wind
mass loss from massive Of stars (scenario Conti), although
this statement have not been investigated completely.

In the present paper, the probable evolutionary connections
between Of and WR stars are considered, and some
interesting results have been obtained.

2. The comparison of the spectral properties and
evolutionary connection of Of and WR stars.

The Of stars are those O stars whose optical spectra
display the presence of strong emission lines NIIIAL 4634,
4640,4642 and Hell14686. Other interesting spectral lines in
the visible region in the spectra of the Of stars are CIII
AA4647-4651 and CIIIA5696.

It is known that the WR stars have been divided into three
spectral types [2]: WN stars which exhibit emission lines of
dominantly N (NIII-NV) and He ions with little evidence for
C, have been considered as C-poor objects; WC stars showing
predominantly He and C lines and virtually no evidence for
N, have been considered as N-poor objects; WO stars whose
optical spectra display strong OIV, OV and OVI lines.
According to [3] the spectra of WN WO stars reflect an actual
enhancement of the abundance of oxygen, relatively to the
WC stars. Authors of [3, 4, 5] proposed such an evolution
scheme for the WR types:

WN — WC— WO ()

Therefore the newly formed WR star is a WN star. It is
known that for the spectral classification of stars WN4-9
subtypes were proposed [6]. These WN4-9 subtypes certainly
represent different ionization conditions in the stellar wind of
the WN stars. Various observational properties : luminosity,
age, spectrum, H/He ratio, ionization structure of the
envelope set WN7-8 stars clearly apart from other WR
subclasses [7]. Namely this subtype of WR stars may be
evolved by stellar wind mass loss from Of stars. The

difference between WN7-8 and Of spectra is that in WN7-8
stars the emission spectrum is more developed, and that
WNT-8 stars have higher mass loss rate and greater envelope
density than Of stars. The emission line HelI14686 is present
in the spectra Of and WN7-8 stars, however this line narrower
in Of stars than in WN7-8 stars.

The example for the transition object is star —-67°22 in
the LMC with both WN and Of properties [8]. It is difficult to
classify this star because the broad emission lines and Balmer
series in absorption are visible at the same time. We would
like to stress that the difficulty in classification of such
objects may often be not the disadvantage of the
classification system but rather the fact that one deals with
stars which have only slightly different properties. Because of
similarity of WN and Of stars they both even fitted in same
early classification schemes before.

Although Of'and WN7-8 stars have similar properties there
are also differences between them. We may indicate five
main differences between these stars:

1. In WN7-8 stars the nitrogen overabundance is easily
seen [9]. But this statement has not been revealed for the Of
stars obviously. If some Of stars truly become
WN7-8 stars we must observe much close to WN7-8 the Of
stars — nitrogen rich Of stars (Of — WN7-8 transition objects).
We assume that these stars are more massive Of stars.

2. One of the basic correlations discovered by Beals [10]
was the fact that emission lines in WR stars arising from ions
of high ionization potential had much narrower widths than
those of low ionization potential. This relation is more readily
seen for the WN stars than for the WC stars because of line-
blending.

It is important to verify validity of this correlation for the
Of stars. We assume that this correlation takes place namely
in the transition Of - WN7-8 stars.

3. Another property of WN7-8 stars distinctive from other
stars is the H/He ratio. WN7-8 stars are H — poor objects,
because of loss of H — rich envelope by stellar wind.
Therefore the transition Of — WN7-8 objects must be the H —
poor objects.

4. Another difference between Of and WN7-8 stars is the
mass loss rate. The mass loss rate is higher for the WN7-8
stars than for the Of stars, therefore WN7-8 stars have more
dense envelope.

5. The Hellh4686 is present in the spectra of the Of and
WN7-8 stars. Widths of this line increase with the transition
from Of'to WN7-8 stars.

From 1-5 we may conclude that the spectra of the Of -
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WNT-8 stars transition distinguish from those Of and WN7-8
stars by the degree of emission line strength, they also have

different envelope densities and mass loss rates.

We think

that the evolution from Of type to the WN7-8 is gradual and

not dramatic. Stellar wind mass loss rate and

chemical

mixing can explain such behavior. Therefore we may give
more exact evolution scenario for the evolution of WR stars
subtypes:

O0—>0f>WN7-8>WN early>WC—->WO (2

1.

3. Conclusions

Some massive Of stars by stellar wind mass loss may
gradually evolve into WN7-8 stars.

2. There must be the Of - WN7-8 stars transition with five

properties indicated above. The spectral properties of
these stars must be intermediate between those of Of and WN7-
8 stars.

. Observation and investigation of the Of — WN7-8 stars

transition are important for the understanding of the
evolutionary connection between Of and WR stars.
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C.N. Ristamov, S.Q. Zeynalov

Of - WN KEGID ULDUZLARININ VOLF-RAYE TIiPLi ULDUZLARIN
TOKAMULUNU ANLAMAQ UGUN VACIBLIYi HAQQINDA

Of ve Volf-Raye ulduzlarinin spektral xususiyyatlerinin oxsarligi arasdirnimisdir. Bu ulduzlar arasinda mumkin tekamdil

alagaleri tadgiq olunmusdur. Azotla zangin olan Of — WN7-8 kegid ulduzlarinin mévcudlugu hagqinda hipotez irsli striimusdar.
Bu ulduzlar tekamil ndqteyi nezerince WN7-8 ulduzlarina yaxin olmalidir. Azotla zengin olan Of ulduzlarinin misahidesi Of —
WR takamil alagalerini basa diismak iglin mihim shamiyyat kesb edir.

J.H. Pycramos, C.I'. 3eiinanon

O BA’KHOCTH NIEPEXOJHBIX Of- WN 3BE3]] .
JJIA IIOHUMAHUSA 3BOJIIOIIMHA 3BE3/[ TUIIA BOJIb®A - PAUE

[Tpoananu3upoBano mojodue cnekrpanbHbIx ocobenHnocteit WR(WN) n  Of 3Be3n. MccnenoBaHbl BO3MOYKHBIE IBOJIOLUOHHBIE CBS3U

MEXIy 3TUMHU oObekTamu. [Ipemoixena runore3a 0 BO3MOXKHOCTH cyiiectBoBanusi Of 3Be3x1 ¢ obuieM asora. [Ipeanoxkensl 5 kputeprues
IUTSL BBISIBJICHUS 3TUX OOBEKTOB. DT OOBEKTHI SBOJIIOIMOHHO MOTYT OBITh O3k K WN7-§ 3Be3naMm. BrisiBieHue 3THX 00BEKTOB SBISACTCS
BaXHBIM OOCTOSITENECTBOM U HOHMMAaHHS BOJTIOLMOHHBIX CBs3eil Mexay Of u WN7-8 3Be3nami.
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It is experimentally established that electroacoustic converters of the medical purpose may be created by the change of the polarization
conditions, physico-mechanical characteristics, the configuration and geometric sizes of piezocomposite elements.

The modern medicine is inconceivable without
piezoelectric diagnostic devices, operating in the ultrasound
range [I]. They are necessary for the visuality of deep
structures of body and internal organs for the investigation of
tissues structure and the control of parameters of the moving
medium and structures, for example, at the research of the
blood circulation and heart work. The physiotherapical
ultrasound piezoelectric technique is successfully applied at
various diseases treatment, in particular, breath organs with
the application of the aerosoltherapy method [2]. The main
criterion, determining aerosol penetration in structural
elements of lungs, is the size of aerosol particles [2]. So, for
example, it is experimentally proved that particles with the
radius <5 mcm penetrate the lungs alveolus. The dispersion
of the medicinal substance and its transfer in the
aerodispersional system is realized by piezoelectric sprays.

It is shown in [2], that the radius () of aerosol particles
reduces by the increase of the resonance frequency of the
piezoelectric spray. It is known, that the resonance frequency

9
of the piezoelement is determined as f, = —, where 9 - is
2d

the sound spreading velocity, d is the piezoelement thickness.
In the case of the piezocomposite the element thickness may
be visibly reduced and by that f, may be increased. High
piezoelectric and physico-mechanical properties of composites
allow to obtain on their base piezoeclements of various
configuration and resonance frequency. On principle, such
task is solved even in the case of the piezoceramic elements
application. However, the fragility and high internal mechanic
voltage in piezoceramics do not allow to visibly reduce the
piezoelement thickness. Besides, piezocomposite element may
have because of the high possibility of the thickness
reduction resonance at relatively high frequencies in
comparison with the piezoceramic material. In the given
paper possibilities of piezocomposite materials application as a
piezoelectric resonator for aerosoltherapy devices are
investigated. Composites are obtained on the base of the hot
pressing. The piezoelement thickness is variated from 250 to
1500pm.

Piezoelements are obtained on the base of polyvinylidene-
fluoride and polypropylene (table 1) of lead-zirconate-titonate
family of various structures. Piezoelements are polarized at volta-
ges of the polarization electric field from 1,0 to 16 mV/m and
temperature from 373 to 450 K. The cubic content of the
piezophase in composites is changed in limits from 10 to 70%.

The dependence of piezoelectric characteristics of composites
on conditions are presented on fig.1 and 2. It is seen, that
composites have high piezosensitivity g;and piezomodulus d.
The piezomodulus dependence on the temperature (7,) and
the voltage of the polarization electric field (£,) has extreme
nature, at first by the growth of E, and T, the value ds;
increases and achieve maximum, and then reduces. The value
d;; from the cubic content of piezophase (F) grows quicker,
than by the linear law. And g3; from F' grows at first and 40%
achieve the maximal value. Main parameters of
piezoceramics —PCR-3M and PCR-7M, and also composites
on their base and polymers PVDF, PP are presented in tables
1 and 2.

120y 10,6
Dk | | Ba
H H

t a0t 10,4 {
60 + ]

ol 0% g.
Qo+ 10.2
20F 101
o fo 20 30 o 60

Fig.1 The dependence of d;; and g3; on F of the composition
PP+PCR-3M T,=393K, E, =3mV/m.

Table 1.
The polymer Polypropylene Polyvinylidenefluoride
Name
Thechemical -CH, - CH, - CH; -CH, - CF,
composition |
Of links
The  polymer PP PVDF (F,)
code
Pv (ohm. cm) 1014_1015 2'1014
€ 2.3 13
D33, (pC/N) - 6.3
tand 4.10* 0,017
T,, K 203 233
Ty K 463 473
p, (g/sm) 0,92-0,93 1,76
D5, pC/N - 15
E; ,V.m/N - 0,11
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Fig.2 a. The dependence of d;; on E, of the composition PP+PCR-3M: Tp=373 K, 2- T» =393 K, 3- Tp=413 K, 4 — Tp=433 K.
b. The dependence of g3; on E, of the composition PP+PCR=3M: =373 K, 2- T» =393 K, 3- Tp=413 K, 4 - T=433 K

Piezocomposites, in their turn, have in comparison with
piezoceramics defects (faults), connected with the low
radiation power and capacity. Therefore, it is necessary to
work out piezocomposites with radiation power no lesser
(0,15+5) Pa/V. If in the regime of the acoustic wave receipt
the piezocomposites in comparison with the piezoceramics
are more sensitive, at least to an order (table 2 and 3), then in
the radiation regime they yield to the piezoceramics (table 3).
Therefore it is better to variate physico-mechanical properties
of piezocomposites. So, that in the radiation regime their
efficiency is to be equal and close to the piezoceramics
efficiency. One of the factor of the piezoelectric materials
efficiency is the coefficient of the electromechanical
coupling. If the sample has the shape of the plate with cross
sizes, which is far more than the thickness, and vectors of the

polarization and the voltage of the electric field are directed
perpendicularly to electrodes, then all values, included in the
equation of the direct and inverse piezoeffects, have only one
component and the coefficient of the electromechanical
coupling is determined by the expression:

~ d’ _hzsu_gzgu
e’S"  C° S”

where d-is the piezomodulus, £°, " are dielectric constant at

BZ

6 =0 and u=0, respectively, S” - is the pliability, A-is the
piezocoefficient, g-is the piezosensitivity, C” -is the elasticity

coefficient at D=0.

Table 2.
Characteristics of Composites and dt Eir dt die
compositions and conditions of their 33 &8s 3 BTk
pizoceramics polarization pC/N V.m/N pC/N V.m/N

PP+50% com E, =3 MV/m 16,5 0,072 | 5000 760 0,0108
PCR-TM E,=6 MV/m 23 0,135 | - - -

T,=393 K E,~12 MV/m 40 0,157 | - - -
E,=9 MV/m 45 0212 | - - -

PP+50% com. E,=1 MV/m 28 0,086 400 99 0,028
PCR-3M E,=2 MV/m 59 0,17 - - -
T,=393 K E, =3 MV/m 120 0,339 - - -

E, =5 MV/m 74 0,213 - - -
PVDF+50% com. E,=4,5MV/m 160 0,290 400 99 0,028
PCR-3M
T,=413 K
The square of the electromechanical coupling piezoceramics and piezocomposites with the aim to

coefficient B’ is determined by the piezoconverters
sensitivity at the emission (radiation) and the receipt of
sound waves. We compare the value B’ of the

19

determine the application possibilities of polymer-
piezoceramics composites for the creation of medical
devices radiators. Parameters, included in the formula B’
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and values B’ for various piezoceramics and PVDF+PCR-

3M composite, are presented in the table 3.
Table 3.

Piezomodulus
die . 1012,
C/N

Piezoelectric

materials 12
! S, 107",

mz/N

Elastic pliability

Relative dielectric | Piezosensitivity

constant 2
&ij, B

€33 Vm/ N

250
400
300

PZT-19
ZTPNB -1
\ZTBP-3

14.9+10.4
16.8+14.7
12.2+10.7

1725%326 0,013
0,02

0,016

2,6
3,6
3,0

2250£560
2350+500

Piezocomposite 160+200 160

PVDF+PCR-3M

100£10 0,25 1,6+2,5

150
akln
H

120

L

30

T

1 1 1 L 1 J

i €6 8 fo mrmiy
D —e

Fig. 3. The dependence of ds; of the composite PP+50 %
PCR-5 on the grain diameter of the piezoparticle PCR-5

0 2

It is seen from the table 3, that values p* for high effective
piezoceramics PZT-19, ZTBP and ZTPNB-I and the
composite PVDF+PCR-3M, distinguish a little. So, for
example, values ratio B’ for ZTPNB-I and PVDF+PCR-3M is
equal to ~1,5. Piezoceramics factors (indices) may be
obtained in the radiation regime in composites by the small
growth of the value dj; and the reduction of s, by means of
the variation of the cubic content and the grains size (D)
(fig.3) of the piezofiller in the composite and the
improvement of technical regimes of the composites receipt
and also small increase of the excitation voltage. S,, for
example, the piezomodulus value (ds;) of the composite
PP+50 % PCR-5 may be regulated by the variation of the size
of the piezoparticles (piezophase) grain PCR-5. The grain
diameter (D) is variated by the change of the pressure and
sintering temperature of the piezoceramics PCR-5. It is seen,
that ds; of the composite grows visibly by the increase of D.
The simplicity of the receipt technology, high physico-
mechanical and piezoelectric characteristics, and the
possibility of the piezoelement receipt of the wvarious
configuration make the piezocomposite more effective
piezomaterial for the creation of electroacoustic converters of
the new generation, distinguished by high exploitational
characteristics. We should note, that the research on the
creation of medical devices, in particular, aerosoltherapy
devices on the base of piezocomposites is in present time on
the initial stage. It is necessary to work out the physical
principles of the composite material creation for radiators and
receivers, to calculate optimal constructions of separate

20

converters, to determine configurations and geometric sizes
of the piezocomposite element, and also optimal regimes of
the polarization. It is necessary to especially note, that the
amplitude-frequency characteristic (AFC) and the radiation
power of piezocomposite converters essentially depend on
the configuration of the piezocomposite element (table 4).
Results are obtained at the application to the piezoelement of
10V voltage.

The possibility of the wide variation of the configuration,
what is impossible to obtain in the case of the piezoceramics
capacity and piezomodulus dj;, and, respectively, g;. It gives
the chance of the creation of high effective piezocomposite
radiators of the medical purpose.

Table 4
f,Hz P, Pa, the flat | P, Pa, the domed
(plane) (dome-shape)
element element
T, = Imm
1000 26,0 9,0
1200 6,25 16,0
1300 4,0 24,5
1400 3,0 45
1500 2,82 68
1800 4,0 11,0
2000 1,8 7,5
2500 1,9 2,25
3000 0,1 2,25
4000 0,17 24

Amplitude-frequency characteristics of piezoresonators
from the composite PP+50 % PCR-3M ( the curve 3) and the
piezoceramics PZT-19 (curve 2) are compared on fig. 4.

It is seen that the value of the resonance frequency f, of
the inhaler piezoresonator of the TUMAN-1.1 type may be
increased at the piezocomposite application as a
piezoresonator. The growth of f,, as it has been already
noted, leads to the reduction of the diameter of the medicinal
aerosol particles of the inhaler, and consequently, increases
the efficiency of this device.
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Fig. 4 The amplitude-frequency characteristics of the signal generator in the regime of the inverse piezoelectric effect
1. The regime of the idle run
2. The regime with the use of piezoceramics PZT-19
3. The regime with the use of piezocomposites PP+PCR-3M
The thickness of the piezoceramic element PZT-19 is 1,5 mm
The thickness of the piezocomposite element PP+PCR-3M is 0,5 mm.

Therefore, piezoelectric acoustic converters of the mechanical characteristics, the configuration and geometric
medical purpose may be created by the change of physico-  sizes of the piezocomposite elements receipt.
technological regimes of the polarization condition, physico-

[1] Primineniye ultrazvuka v medizine, edited by Hill,lzd. [4] M.V. Korolev, A.E. Kaprelson. Shirokopolosniye ultra-

“Mir”, Moscow, 1989 zvukoviye piezopreobrazovateli. M: Mashinostroyeniye
[2] S.A. Glukhov, S.1. Eidelshtein. Technicheskoye osnoshe- (Engineering), 1977, p.48

niye aerosolterapiyi. Medizina, 1974 [5]1 L. Bergmann. Ultrazvuk i ego primeneniye v nauke i
[3] Pribori dlya nerazrushayushego kontrolya matarialov i technike. M: Inostran. Liter., 1957, p.726.

izdeliy. Reference book, 11 volume, edited by V. V. Kluyeva.
M.A. Qurbanov, Q.M. Heydarov, T.A. Sliyev, i.F. Hasanov

TiBB MOQSaDLi APARATLAR UGUN PYEZOKOMPOZIT SUALANDIRICILARIN HAZIRLANMA
iMKANLARI HAQQINDA

Tacrlbi olaraq muayyan edilmigdir ki, kizokompozit elementlarin polyarizasiya sertlarini, fiziki-mexaniki xarakteristikalarini,

konfiqurasiyasini ve handasi él¢llarini deyismakla tibbi magsadlar Giglin elektroakustik geviricilar hazirlamag mimkundar.

M.A. Kyp6anos, I''M. I'efinapos, T.A. AnueB, U.®. 'acanos

0 BO3MOXXHOCTH CO3/IAHUS TbE3OKOMIIO3UTHBIX U3JYUYATEJIEA JIJISI AIIIIAPATOB
MEJUIIMHCKOI'O HASHAYEHUA

QKCHCpI/IMeHTaJ'ILHO YCTaHOBJIEHO, YTO HU3MCHsIA YCJIOBUSA NOJIsIpU3allvu, (bI/I3I/IKO-MeXaHI/I‘{eCKI/Ie XapaKTCPUCTUKHU, KOH(bHpraL[I/II/I u
TEOMETPHUUCCKHUE Pa3MEPbl IMBE30KOMIIO3UTHBIX JJICMECHTOB, MOXHO CO34aTh J3JICKTPOAKYCTUYCCKUE npeo6pa3OBaTeJm MCIULUHCKOI'O

Ha3Ha4YCHUA.
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The behavior of some kinetic coefficients depending on n-Ge and n-Si films surface orientation is investigated in the nonquantized
magnetic field. The general solution of transport equation and expressions for the relaxation time at various electron scattering cases are
obtained. Also the expressions for halvanomagnetic and thermomagnetic tensors are obtained at the arbitrary degeneration of electron gas.
The Hall constant and thermopower of n-Ge and n-Si films in a strong and weak transverse magnetic field are calculated.

1. Introduction

At present thin semiconducting films are intensively
investigated in the size-quantized conditions connected with
microelectronics development. When the specimen sizes are
of de Broglie wavelength of the current carriers’ the
quantum-sized effects occur and the wave functions form
changes. Some thermodynamic and kinetic properties of
conducting films with standard zone (simple isotropic model)
have been considered in the works [1-4]. In the work [5] the

electron states in anisotropic size-quantized n-Ge and n-Si |

5 2
e (n, k. k,)= 2771 (%j )
s

where mj| and m; are the longitudinal and transverse
effective electron masses, respectively; d is the film
thickness, s is the ellipsoid number, n=1, 2, 3,... is the sized
quantum number, o is the angle of rotation of a normal to the
[001] film surface around one of the crystallographic axes,
¢s(0) are anisotropy functions characterizing ellipsoids
orientation as regard to the system of reference (see [5]).

To consider some kinetic properties of the system it is
necessary to solve the Boltzmann transport equation in the
external nonquantized magnetic field. The solution of the
same equation for n-Ge and »-Si bulk specimens was
obtained in the works [6,7]. In our case of size-quantized n-
Ge and #n-Si films we have to solve the two-dimensional
transport equation in film’s plane.

If one represents the nonequilibrium distribution
function of electrons in the form:

N

e (\713), )

Ji=

and assumes that the external nonquantized magnetic field is
directed along a normal to the film surface (transverse field)
then the following solution of equation is obtained:

films have been considered and the so-called size-quantized
anisotropy (dependence of physical values on film surface
orientation) was predicted. Evidently, such dependence can
be observed in kinetic properties of n-Ge and n-Si films.

2. Transport equation

The energy spectrum of electrons in the size-quantized n-Ge
and n-Si films takes a form:

2

@ +=—lo .2 @k +7]. (1)
1
[
- 1 (.- Ten (o
P=os {ICDO ot |nt 1(1:@0)]}, )
A1/2
et
where  f; is the Fermi-Dirac function, Vv = —— 5,
C

_ - e —& - .
DO, =—ekF - ;{—T&kOVT , T is the tensor of relaxation
0

. A1 . . .
time, M  is the inverse tensor of electron effective masses,
|f | and |M | are determinants of the relaxation time and

effective masses tensors, respectively.

As we see from (2) and (3) P like nonequilibrium
function depends on components of the relaxation time
tensor. Therefore, to calculate the kinetic coefficients it is
necessary to obtain the relaxation time expression for
different electron scattering cases. In n-Ge and n-Si films

plane Phas two components depending on only one
relaxation time parameter T;.
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The 1, expression for electrons scattering on acoustical As it is seen from (5) 1y depends on energy only through
and non-polar optical phonons, point defects and ionized

. e T n, . Moreover, T, essentially depends on n-Ge and »-Si films
impurities in films plane takes a form:

. . . . [
surface orientation and this dependence vanishes only at the

k)’: k, + (P: (a )ky ky Z >> ] limit when the result for bulk specimen is obtained.

-1
Ty (SS)ZZW' 1 , In th f elect tteri ionized i iti
. BB, 2 4 2 € casc of clectrons scattering on 10nized impurities
B kx+(ps ((X )ky _

@ the 7, analytical expression for arbitrary n_ values is n’t

obtained. However, if we assume that the scattering on

. . .. ionized impurities occurs without the transition between film
where WB' is the probability of electron transition from a p

Bs subbands then the following result for relaxation time is
B, =(ns,kx,ky) state to a f)\ = (n;,k;,k;) state and  obtained:
back. J _J 2
_— : - — € —¢
The exact calcgla‘uons in the cases of electron scattering - ,(8 '): 1,0 -1 (OL no+— s B (6)
on phonons and point defects give us: s s S0 koT
-1
— ] h . .
-1 where g, is the discrete part of the energy spectrum (1).
v (e) =0, (Ot)(”ﬁgj , ) P & spectrum (1

3. Hall constant and thermopower

e,
where n, =

€.
—— | is an integer part of _|—— (the
815 8]5

Having knowledge of the transport equation solution and
expression for the relaxation time one can calculate the
current and the energy stream densities and then we can
average number of film subbands below energy &), €,=¢;  determine components of kinetic tensors. For the o, and By
(n,=1, k=k,=0), 7y is the multiplier that doesn’t depend on  (i,k=1, 2,; i<k) tensors connecting the current and the energy
energy but proportional to the film thickness. stream densities with the electric field and the temperature
gradient the following expressions are obtained:

_Y

, - K, (e,)K, e, )de,
esz( eij—zi (G)ZT(SS € s 685 k( 3) k—z(gs) € ,
C, =5\
O ndn? c e~ s i 1+v7(g,) ’ @
0
0O(gs _gns)(gs _é _ﬁ Kk( S)Kk—i(gs)dss

em eH\ & ‘ T
—_ L =7 s
Bik _ndhgT( ] Z (PA(G)ZJ. ]+V2(8S) > (8)

where 1
Rf - _I’l ec ’ ©)
-2 E_f
K, ZI,KI(SS):TA(SJPS (OL),KZ(SS):TS(SS)’
m, m, where n,is the concentration of electrons in film. Therefore,
in this case Ry doesn’t depend on the film surface orientation,
N=4(n-Ge) and N=6(n-Si). degree of electron gas degeneration and electron scattering

On a base of the general expressions (7) and (8) for mechanisms. But unlike the bulk specimen n, depends on
kinetic tensors we can calculate all kinetic effects in various film thickness and this dependence characterizes the
conditions. Let us show some of them in a strong (v>>1) and ~ quantum-sized effect.

So, for the Hall constant in the strong magnetic field we
obtain: ky B ((x )
o, =———= , (10)
‘ e A(OL)
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where

14Gx

Sfow

s=1

-3 oz A

g[F M)~ F, (n,,s)]}-

ns

e £fn)= [
0

Fermi integrals of t index,

0
aﬁ dxs are the uniparametric
X

s

85 _Sns

a - SHS
k,T

s "7@;}:‘—’11ns::

The analysis of expression (10) for Oy shows us that in

this case thermopower doesn’t depend on scattering
mechanisms and for degenerated electron gas we obtain:

(nko )2 r
3611@/' 81 (a) ’

=23 . o)

electron states in n-Ge and »-Si films [5].

Therefore, the o, behavior in this case is the same like for
the density of electron states near the Fermi energy at the
fixed n,. Otherwise, the thermopower depends on the film
thickness as I/d until the film subband coincides with the

an

S} is the density of

where g a

Fermi energy. In this case o, has a leap and is equal to the
thermopower value in bulk specimen. Therefore, the
thermopower dependence on film thickness has a saw-
toothed character.

In another case of nondegenerated electron gas for o, we
have:

o =Ky p, i, +D®) (12)

T e m k,TC(a) Cla)|

where
N
=z{<ps<a>zexp(— >},
s=1 ns

&
Dlo X . ex =5
@)= 0@ el )} 5, =2

The o, behavior on film thickness in this case differs from
the one for degenerated electrons. The analysis of expression
(12) shows us that for fixed n,. Otherwise, thermopower in
this case also is a nonmonotonous function of film thickness.

When n_ >> 1 limit the result for bulk specimen is obtained

that doesn’t depend on a film thickness.
The same kinetic coefficients in the weak magnetic field

take forms:
1 A(oc')C (oc)’ 03
(@)

n,ec

_ _k_o{D'(ocL {F'(OL)C'(OL)+ B()D'(@) _D(a)C”()

“r= e |d@) '
where
et, , u
= H, A4 =
0 —_ , (OL ) ;

%pf(oc)”(

A SE0)

s)-3 el Vs o)
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F'(O‘):ﬁ: <P53(0€)(a+éj_ZZ[sz(ms)—%Fzm(ﬂm)] >

s=1 ns

[
=0 for phonons and point defects and =2 for ionized In conclusion, we note that kinetic coefficients in size-

impurities. quantized n-Ge and »-Si films essentially depend on film surface
Therefore, in this case unlike the strong field R, depends  orientation. Therefore, they possess the so-called size-quantized
on film surface orientation. Thermopower o, depends on  anisotropy. It is the most particular feature of kinetic quantum-

magnetic field like small correction proportional v j . sized effects in the anisotropic #-Ge and »-Si films.

[11 V.B. Sandomirsky, J. Eksp. I Teor. Fiziki, 52 (1967) 158  [S] B. Kuliev, V. Hajiyev, Turkish J. of Physics, 22 (1998)

(in Russian). 1047.
[2] B.A. Tavger, Physica Status Solidi, 22 (1967) 31. [6] B.M. Askerov, Electron Transport Phenomena in
[3] B.A. Tavger, V.N. Demikhovsky, Uspehi Fiz. Nauk, 96 Semiconductors, World Scientific, Singapore (1994) 210.
(1968) 61 (in Russian). [71 L.I. Baransky, Elektricheskiye 1 Galvanomagnitniye
[4] B.M. Askerov, B.I. Kuliev, R.F. Eminov, Fizika Nizkih Yavleniya v Anizotropikh poluprovodnikaxrs, Naukova
Temp., 33 (1977) 344 (in Russian). Dumka, Kiev (1977) 17 (in Russian).

H.B. ibrahimov, V.M. Haciyev
n-Ge VO n-Si UGUN KVANTLANMIS NAZIK TOBOQOLORDO ELEKTRON KEGIRM3 HADISOLORI

n-Ge ve n-Si nazik tebagalerin sathinden asili olarag kvantlanmamis magnit sahasinds kinetik emsallarin xassaleri tahlil
olunur. Kinetik tanliyin tmumi halli ainmisdir ve mixtslif elektron sepilmalari Gg¢lin relaksasiya zamani hesablanmisdir. Homginin
ixtiyari cirlasmis elektron gazinin qalvanomagqnit ve termomagqnit tenzorlar Ggln ifadsler alinmisdir. Ve nazik tabageslerda gucli
vo zoif enina magnit sahasinda Holl emsall va termol-EHQ hesablanmigdir.

I'. b. U6parumoB, B.M. I'ax:xueB
9JIEKTPOHHBIE SABJIEHUS IEPEHOCA B PABMEPHO-KBAHTOBAHHBIX IIVIEHKAX n-Ge U n-Si

HccnenoBano TOBefeHHE HEKOTOPHIX KHHETHYECKHUX KOI(PQHUIMEHTOB I pa3MEepHO-KBAaHTOBAHHBIX IUICHOK n-Ge u n-Si B
HEKBAaHTOBAHHOM MArHHTHOM IIOJIC¢ B 3aBUCHMOCTH OT OPHMEHTALMM HX IOBEPXHOCTH OTHOCHTEIBHO KpUCTAIOrpaQUyuecKux OcCei.
IMosy4eHo obuiee pelieHUe IS KUHETHYECKOTO YPABHEHMS M BBIPAKCHUS UL BPEMEHH PEJaKCAllMH IIPU Pa3IMYHBIX MEXaHH3Max
paccesiaus. Taxoke MOJTy4YeHbI BBIPAKCHHUS ULl KOMIOHEHT TaJlbBAHOMArHUTHBIX M TEPMOMATrHUTHBIX TEH30POB IIPU IPOM3BOIBHOM BBIPOXK-
JICHUU 3JEKTPOHHOTO ras3a. Beramcnensl koaddunuent Xomna u tepmo-OC mist mieHok n-Ge u #-Si B CHIIBHBIX U CIa0BIX MOTIEPEYHBIX
MAarHUTHBIX HOJISX.

Received: 28,11.02
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CONDITIONS FOR THE TEMPERATURE STABILIZATION OF THE
THERMOELECTROMOTIVE FORCE IN SEMICONDUCTIVE MATERIALS

T.G. OSMANOYV, R.S. MADATOV
The Institute of Radiation Problems of NASA

F.K. ALESKEROV, NN\M. ABDULLAYEYV, S.A. NABIYEVA
NPO *“Selen” at the Institute of Physics NASA

The possibility of the stabilization of the common thermoelectromotive force versus the temperature is observed for materials with the
standard band structure of one-type charge carriers and for those, having the complex construction of the valent band or )and) the conduction
band (two-band model). It is shown, that the stabilization of the common thermoelectromotive force o is possible for the energy spectrum of
the charge carriers corresponding to the two-band model if the width of the forbidden band AE is more than the value of the energy gap 4e

between subbands.

The practical value of the semiconductive substance,
which is applied in various thermal converters is determined
firstly by the average value of the dimensionless parameter
ZT, in which at the given temperature 7' the value of the
thermal efficiency Z, according to the A.F. loffe criterion, is
equal to:

a’c  u

7= ~— (1)
XCOWL Xwat

where o, G, Y.m are the common thermoelectromotive force,
electroconductivity and heat conductivity, respectively, u is
the mobility of the charge carries, Y, is the lattice heat con-
ductivity.

The maximum of Z (Z,,,) at the given temperature 7 [1]
depends on: 1) the reduced Fermi level u*; 2) the dimen-
sionless coefficient:

2(2rn )j’"? u(m* i
B — (K0)7/2_(_J T5/2 (2)

he X, \ m

and 3) the parameter of the charge carriers scattering », where
h is the Planck’s constant, e is the electron charge, k; is the

"

Boltzmann’s constant, (m—J is the effective mass, T is the
mO

temperature.

The dependence of Z T on the reduced Fermi level p* has
maximum, the sharpness and value of which depend on (3 [1]
and respective thermoelectromotive force a and electrocon-
ductivity are optimal - o, and G,

The stabilization of the reduced Fermi level p* in the de-
termined temperature interval corresponding to the value o,
leads to the considerable growth of the parameter Z,, A4 T
and, consequently, to the maximal temperature gradient
AT the maximal cooling coefficient K, and maximal
efficiency (.., in this interval, what has a great value for the
development and practical use of the applied material in vari-
ous cooling and generator devices.

The term “stabilization” means not the expression o(7)
and a(n); a(p)=const, but the change of the value o in deter-
mined limits, usually £5-7% from the value of a,,. At pre-
sent time in the applied thermal material of n and p-type the
value of the thermoelectromotive force o corresponds to the

case of weak electrons and holes degeneration and its value
versus the Fermi level p* is determined as:

o K| (CraS)F () M*} .

e (27”"‘3)Fr+1/2(11*)

where F = J.xr [exp(x —u )+ I]dx is the Fermi inte-
0

gral, the value of which is tabulated in [2], 7-is the scattering
parameter.

The reduced Fermi level u* is connected with the charge
carriers concentration p(n), the effective mass of the state
density m"/m, (electrons and holes) and the temperature 7
through the Fermi integral as:

p(n Nk’
4(2nk,Im" /m, )’’’

It is seen from the formula (2) that at conditions
m"/my(T)=const, r =const, p(n)~T"? the Fermi integral
F(1"), and consequently u* and a, for substances with the
standard parabolic band and one-type charge carriers, do not
depend on the temperature, i.e. they are stabilized.

F]/z(u*) =

(4)

E
1Ty
M {ae
AE
0
N

Fig. 1. Schematic picture of the energy bands of the complex
structure.
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For known semiconductive materials the theory of the
transfer phenomena gives much stronger dependence n(7)
and p(7), and therefore the stabilization of the thermoelec-
tromotive force a(7) is impossible in them. For substance
with the complex band structure, to which Bi,Te; of p and n-
type, Sb,Te; of p-type and etc. refer, it is possible to suppose
the possibility of the condition fulfillment F,(u")=const at
the stability of the common charge carriers concentration in
the subzone (p.,.(T)=const) (fig.1).

At such condition the common thermoelectromotive force is:

o,0,+0,0
o =210,

com

)

()

the common electroconductivity is:
6 =0,+0,

the common charge carriers concentration is:

p=pItp: (6)

n=nj;+n; (7
where indices 1,2 refer to the first and second subzone of the
valent band or the conduction band.

At the primary carriers scattering at the acoustic oscilla-
tion of the lattice (r=-1/2), the partial thermoelectromotive
force, electroconductivity and the carriers concentration in
the subbands have the form:

_ K |2E(wH

®)
e| Fy(p®)
Ky |2F,(n*-Ae
o PROEZ8) e p)| o)
e| Fy(n*-Ag)
2rmyk,T )’’’ m, "
= 2e e, [ 2] o
0
3/2 «\3/2
021:23%%(14*_A)”021 L oay
0
pi(n;))=4(2n m*/m0k0D3/2F1/2(p*) (12)
pa(ny)=4(2n MQ*/mOk0D3/2F1/2(},l*—A) (13)

where uy;, uy, are the mobility of non-degenerated carriers in
the first and second subbands, respectively.

For the analysis of the thermal and concentration depend-
ence of the common thermoelectromotive force a.,,,,, the ratio
of the effective mass of the state density in the subbands

27

*

m,
.

m

U

u,

, the charge carriers mobility , and also the

value of the energy gap 4e, and the width of the forbidden
band AE are usually accepted as constant values, subbands
are parabolic, and the mechanism of the charge carriers scat-
tering is equal. At low temperatures (k7T'« 4¢) the charge car-
riers of the first subband mainly take part in the conduction

process, the second subzone is almost empty and therefore
(formulae 5-7)

0=0];, p=p1; 0= 0
by this

D

D>

»l, G, »G,, O €O 2

and the common thermoelectromotive force o, grows in a
linear fashion with the temperature increase (part 1; fig. 2).

&

T

Fig.2. The temperature dependence of the thermoelectromotive
force for n/n materials of p-type and with AE>Ae.

The redistribution of the charge carriers between sub-
bands occurs with the further temperature growth, the behav-
ior of the thermoelectomotive force a.,, and electroconduc-
tivity o, Will depend on the relation between the thermal
activation energy of the charge carriers AE7 and the width of
the energy gap 4e between subbands. Two cases are possible
by this: 1) 4¢ < AF and 2) de = AE.

1. In the first case the reduction of the carriers concentra-
tion in the low subzone p;(n;) and its growth in the second
Dpa(n;) lead to the increase of the thermoelectromotive force a;
and electroconductivity o, the reduction of the elctroconduc-
tivity o and thermoelectromotive force a,.

By the temperature growth the reduced Fermi level u*
approaches the top of the “heavy” holes subbands; the contri-
bution of its carriers in the transfer process increases and at
the determined 7 (depending on subbands parameters 4¢, AE,

*

and etc.) the product a, o, becomes more than a; o,

*

mpn
and the common thermoelectromotive force o, grows ac-
cording to much stronger law, it follows from the theory for
substances with one-type carriers in the degenerated state
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Ae 2. Ae = AE. In this case the contribution in the common
T ~| — |, the primary contribution of the second subband  thermoelectromotive force a.,, and electrons electroconduc-
0 tivity o, of the conduction band a, and g,, occurs at deter-

carriers is shown in the conduction process mined temperatures, respectively, formulae (5)-(6) have the
form:

a‘cnm z(1‘2’(560m zcj2’]900m zp2 o

9KC

_0,0,+0,6,-0,0,

(14)
G, +GC 2 +GC .
The further increase of the charge carriers concentration
in the second subzone leads to the reduction of the thermoe- Creating solid solutions on the base of the matrix (basic)
lecromotive force a, ( the formula Pissarencko) and in spite  materials, it is possible to obtain optimal values (Ae < AE) at
of the growth of ¢x(T) the product a, o, reduces and the  (Ae = AE) the common electroconductivity o,,,, will increase

common thermoelectromotive force acom, passing through the - it is seen from the formula (13) at the whole temperature
maximum, reduces ( the formula 5) part 4. interval.
The common electroconductivity a,,, falls by this, both From applied in the present time in the thermal converters

in the consuquence of the carriers number growth with the  materials of the complex energy spectrum of the charge carri-
( m j ers, allowing to explain the behavior of kinetic parameters

high effective mass of the state density —2 | and the low Ocom Ocoms Ry versus the temperature and concentration, have
m, mainly tellurides GeTe, SnTe, PbTe [3,4’; SbTe;, Bi,Te

mobility u, and the dependence of u, on the temperature, the ~ [3,0]- In all indicated tellurides the value of the energy gap Ae
exponent «K» in the expression .., = T* as it is more than 18 lesser than the width of the forbidden band AE, i.e they

3/2 by this (at the charge carriers scattering in the second ~Meet the first case and it is possible by means of the solid

subzone on the acoustic oscillation of the lattice 7 = - %). solution creation on their base'to achieve th§ stablhzatlon. of
Therefore, in the observed case the temperature depend- the common thermoelectromotive force o, in the respective

ence aem(T) differs a bit from the value g, and they might  emperature interval.

be concerned stabilized to a required precision. The interval

value AT (its length) depends on the relation Ae and AE.

*

[11 B.M. Holtzmann, V.A. Kudinov, I.A. Smirnov. Polupro- [4] N. Kh. Abrikosov, V.M. Bankina, L.V. Poretzkaya, E.V.

vodnikoviye termoelektricheskiye materiali na osnove Skudnikova, V.F. Chijevskaya. Poluprovodnikoviye
Bi,Te-M. Nauka, 1972, p. 320 khalkogenidi i splavi na ikh osnove, Nauka M., p. 220.
[2] B.M. Askerov. “Kineticheskiye effekti v poluprovodni- [S] A4.4. Andreyeva, I.A. Smirnov, V.A. Kutasov. FTP 10
kakh”. Nauka, L:1970, p. 302. 3000, 1968.
[31 Y.L Ravich, B.A. Yefimov, I.A. Smirnov. “Metodi issle- [6] B.Ronland, O. Beckmann, H. Leby. Z. Phys. Chem. Sol.,
dovaniya poluprovodnikov v primeneniyi k khalkogeni- 26, 1281, 1965.

dam svintza PbTe, PbSe, PbS”, Nauka, M, 1968, p.383.
T.Q. Osmanov, R.S. Madatov, F.K. 9lasgarov, N.M. Abdullayev, S.A. Nabiyeva

YARIMKEGCIRICi MADDSLORD3 TERMO-ELEKTRIK HOR9KST QUVVASININ TEMPERATURDAN
ASILI OLARAQ STABILLOSDIRMS SORTLSRI

Magaleda miirakkab quruluslu kegirici va valent zonaya malik olan va bir név ylkdasiyici, standart zolaglh maddasler Ggln
temperaturdan asili olaraq Umumi T.E.h.g-nin stabillesmasi hali aragdinimisdir. Gésterilmisdir ki, AE gadagan olunmus zolagin
eni Ae - energetik masafanin giymatinden bdyik oldugda yikdasiyicilarinin energetik spektri iki zolagh modula uygun gealen
maddalar Gglin T.E.h.g-nin stabillasdiriimasi mimkuindir.

T.I'. OcmanoBs, P.C. ManaTtoB, ®@.K. Aneckepos, H.M. Adayanaes, C.A. Ha0uepa
YCJOBUS TEMIIEPATYPHOM CTABMJIN3ALIMA TEPMOS/IC B IOJIYIIPOBOJHUKOBBIX
MATEPHUAJIAX

PaccMoTpena BO3MOXKHOCTH cTabmiin3aiuy o0IIed TepMO3/IC B 3aBUCUMOCTH OT TEMIIEPaTypPhl AJIsl MaTepHaioB CO CTAaHAAPTHOM 30HHOM
CTPYKTYypOH C OJHHUM COPTOM HOCHTENEH 3apsija Wid oONafarolIUMH CIOXKHBIM CTPOSHHEM BAJICHTHOW 30HBI M, MM 30HBI MPOBOJUMOCTH
(mByx30HHas Mogens). Iloka3aHo, 4TO AT BEIIECTB C JHEPIETHIESCKHM CIIEKTPOM HOCHUTENEH 3apsia, COOTBETCTBYIOIIUX JABYX-30HHOM
MOJIEIH, BO3MOXKHA CTaOMIIN3aLHs O0LIeH TEPMO3AC oL, €CIM LIMPHUHA 3aMpPeIleHHON 30HbI AE OoJblIe BETUYHHBI SHEPTETUUECKOTO 3a30pa
Ag MEX Iy NOJ30HAMH.

Received: 04.12.02
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THE SHAPER OF MODULATING SQUARE WAVES

CH.0.QAJAR, S.AAMUSAYEYV, .ZMOVSUMOV, M.RMENZELEYEV
Institute of Physics of National Science Academy of Azerbaijan

The displacement of measured value of the resonant frequency of centers of microwave spectral lines of some rotational
and rotationally vibrational transitions of asymmetric top molecules was observed. The shaper of zero-based square-waves
eliminating of such displacements was designed and tested in a hybrid microwave spectrometer.

The Stark modulation in microwave spectroscopy has
many advantages, but sometimes the values of frequency of
spectral lines centers measured by this method were
displaced. The careful analysis of such spectral lines has
shown, that the displacement of their resonant frequencies is
caused by a displacement of zero level of modulating square-
waves. It was confirmed by dependence of the resonant

w
(¢,

frequency of transition s43,-s4,, 28543,079 MHz (ethanol,
gauche form) on magnitude of displacement of zero level of
square-wave (fig. 1). As it follows from this figure, even a
little change of voltage of zero level of zero-based square-
wave displaces measured value of frequency of a spectral line
center on a few megahertz.

w
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Fig.1 A curve of dependence of displacement of resonant frequency of transition s43,-s4,, 28543,079 MHz of spectral line of gauche-
ethanol molecule on magnitude of voltage of displacement of zero level of modulating square wave

The purpose of the present paper was working out the
square-wave shaper with minimum displacement of a zero
level. In well-known analogs of such shaper [1-3] a
displacement of zero level sometimes reaches too high
values, because of use of high-voltage bipolar transistors in
output stages of shaper. Switchover of such transistors into
state of saturation requires the particular shape and power of
controlling impulses with necessity of high-voltage
uncoupling. However even residual voltage of collector -
emitter transition of the bipolar transistors in the opened state
creates a displacement of zero level of square wave.
Therefore special monitoring and compensation of such
displacement is required. The presented shaper of modulating
square waves (SMSW) is constructed on the basis of modern
MOSFET-transistors having low values of resistance of a
conducting drain - source channel in an opened state [4]. The
control of the transistors is carried out by a special chip of
high voltage, high-speed power MOSFET and IGBT drivers
with dependent high and low side referenced output channels [5].

The shaper consists of the following functional blocks (fig. 2):

—T TEl l lRPSSV M
F | To gscillograf
VI R - - e
| ome osD —
| l‘[’o wavegude cell
H ¥ !
|| 100 ™ H—
| :To part
| :
H I

Fig.2. Functional diagram of shaper of modulating square
waves.

O Regulated power source of stabilized voltage
RPSSV;
Internal quartz oscillator 1QO;
Frequency converter FC;
Input and output threshold elements TE1, TE2;
Output shaping device OSD;
Measuring limiter ML.

[ R Wy
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The schematic diagram of SMSW is presented on a fig. 3.
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Fig.3. Schematic diagram of shaper of modulating square waves
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The harmonic signal of external driving generator
incoming to input of the threshold element TE1 is converts to
impulse. The frequency of these impulses sequence is divided
on 2 in the FC constructed on basis of flip-flop circuit (chip
4013). The pulse signal from an exit of a frequency converter
transits into an input of the shaping device consisting of the
half bridge driver U9 (chip IRF2104) [5] and shaping output
switches Q3, Q4, as which the MOSFET transistors with an
isolated gate and 1.4 Ohm resistance of an open channel IRF
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830 is used [4]. The amplitude of output zero-based square
wave is determined by a value of voltage of RPSSV. The exit
of the shaper is in accord with a load (wavequide cell) by
adjusting of a potentiometer R5. The reference signal of
phase-sensitive detector of the registering part of
spectrometer is formed in a frequency converter and through
a threshold element TE2 (Schmidt flip-flop U2B of a chip
4093) comes to the corresponding SMSW exit.
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During the process of testing of the shaper the value of = Moreover, range of operating frequencies has essentially
voltage of zero level displacement was measured by extended, that enables to select an optimum relation of
oscilloscope by instrumentality of amplitude limiter ML (R7, sensitivity and resolution of the measuring equipment at the
R6, D2). record of spectral lines.

The use in the shaper of modern element base has SMSW stably works in a frequency range from 20 Hz up
allowed to reduce a voltage of zero level displacement up to  to 600 kHz and in all range of operating frequencies has the
values, at which its influence to an accuracy of measurement following characteristics:
of spectral lines centers frequencies becomes negligible. It is Amplitude of output impulses 0+100 V;
confirmed by record of spectral line mentioned above (fig. 4). Off-duty factor 2;

Thus, necessity for monitoring and compensation of a Duration of front of impulses, no more than 300 ns;
zero level displacement of modulating impulses for separate Duration of cutoff of impulses, no more than 250 ns;
transitions has disappeared and it enables to realize Loading capacitance, not less than 1000 pF;
continuous record of a spectrum in an automatic mode. Displacement of a zero level, no more than 10 mV.

[ Sy W Wy Wy

[1] Radiospectrometer with electrical molecular modulation.  [4] SMPS MOSFET IRF830A, Data Sheet Noe PD-91878C,

Int. of AS of Azerb. SSR, part of PTMS, 1979, Ne 1 International Rectifier, 05/2000.
pp-100-107. [5] High and low side driver IRF2104(s), Data Sheet Ne PD-
[2] Ch.Townes, A.Shavlov Radiospectroscopy., 1959. p.756. 60046-0, International Rectifier, 02/15/2001.

[3] C.O. Britt. Solit state microwave spectrometer. Rev. Sci.
Instrum , 1967, v. 38, Ne 10, p.1496-1501.

C.0. Qacar, S.A. Musayev, I.Z. Mévsiimov, M.R. Menzeleyev

MODULYASIYAEDICi IMPULSLARIN FORMALASDIRICISI
Asimmetrik firfira tipli molekullarin bazi filanma va ragsi filanma kegidlerinin rezonans tezlikli mikrodalgali spektral
xatlerinin markazlarinin élcllan qgiymatlarinin sirigsmasi migahids olunmusdur. Bu surlismanin yaranma sabablarini aradan

galdifrmada imkan veran modulyasiyaedici unipolyar impulslarn formalansdiran qurgu hazirlanmis ve hibrid spektrometrin
torkibinda sinaqgdan cixariimisdir.

Y.0. Kagxap, C.A. Mycaes, U.3. MoscymoB, M.P. Men3eneeB

®OPMUPOBATEJb MOAYJUPYIOLIIUX UMITYJbCOB
OOHapyKEHO CMEIICHUE M3MEPSeMOro 3HAUCHHs PE30HAHCHON YacTOTHI IICHTPOB MHKPOBOJHOBBIX CIIEKTPAIbHBIX
JIUHUMN HCKOTOPBIX BpallaTC/IbHBIX U BpamaTeano—1<one6aTenLHb1x MEPEXO0J0B MOJICKYJI TUIlIAa ACCUMETPUIHOI'O BOJIYKA. Pas-
pa60TaH, HU3TO0TOBJICH U HCIIBITAH B FI/I6pI/IIlHOM CIICKTPOMETPEC (I)OpMI/II)OBaTeJ'IB MOAYJIUPYIOUIHNX JJICKTPUICCKUX NMITYJILCOB,

YCTpaHHIOIIII/Iﬁ MMPUYNHBI BOSHUKHOBCHUS TaKUX CMGHIGHI/Ifl.

Received: 09.12.02

31



FiZziKA

2002

CiLD VIII Ne 4

THE PHASE TRANSITION SPREADING IN BISMUTH HTSC
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The Institute of Physics, Azerbaijan NAS,
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Results of electric properties of bismuth crystals (2212) and (2223) are interpreted in a framework of the theory of spreaded phase
transitions. Parameters, characterizing the spreading degree of P7, are determined. It is shown, that in bismuth H7SC phase transitions have
strongly spreaded nature and the spreading degree grows to an order under the influence of the magnetic field.

INTRODUCTION

The research of phase transitions is one of the most
studied directions in solid-state physics. This is caused by the
close relation of PT theory with many branches of physics
and has always both the scientific and practical interest.

Irrespective of the PT nature, they are followed by the
jump-shaped changes of electric, segnetoelectric, heat,
magnetic and other properties, which are successfully applied
for the creation of converters of various types. The
information on the rules of investigated effects changes in the
PT region, on the influence of the external factors on these
effects is necessary for the stable work of such converters.
The interest to the PT research in solid states has grown after
the discovery of high-temperature superconductors (H7SC).

One of the actual issues of the given directions is to find
out the rules of the phase coexistence in the PT region.
Theoretical aspects of this issue are observed in papers [1,2].
Experimental data can be found in papers [3,6]. In the paper
[6] results of electric and heat properties of Ag,Te in the PT
region are interpreted in a framework of the theory of
spreaded PT [1,2]. The parameters, determining the spreading
degree of PT, are calculated. It is established, that structural
phase transitions in Ag,Te have the spreaded nature, electric
and magnetic fields, impurities, and also the excess of Te or
Ag do not essentially influence on the spreading degree. It is
shown, that parameters, calculated from heat and electric
properties, are in agreement with data, obtained from
temperature dependences of roentgen reflections intensities
and may be applied to determine the PT parameters.

The analysis of temperature dependences of HTSC
electric properties in the PT region indicates on their
analogous to the second type of superconductors, have
peculiarities, which should be followed by the strong
spreading of PT. Among such peculiarities the unusual
mechanism of the interaction with magnetic, electric fields
can be counted too in consequence of which the strong
spreading of the transition region BT (B,E), the asymmetry
growth relatively to 7, the fracture appearance on B, (7).
Therefore in the present paper the task is to observe the data
of electric properties of bismuth superconductors (Bi (2212)
and Bi (2223)) in the transition region in a framework of the
DPT theory by methods, suggested in [1,2,6], to calculate PT
parameters, determining the spreading degree and the
influence of the magnetic field on it as well as to find
superconductive one.

THE THEORY AND METHODS OF THE DETERMINATION
OF PHASE TRANSITION PARAMETERS

Theoretical aspects of phases coexistence issues and the
DPT parameters determination in solid states are considered

in papers [1,2]. With this aim the theory of the spreaded
phase transitions in condensed systems, based on the
introduction of the switching function L(7) was used. It is
assumed that if thermodynamic potentials of a and B-phase
denote as @, u ®g , then the thermodynamic potential @(7)
in the phases coexistence region may be represented in the
form:

O(T)=®,(T)~AD(T)-L(T), M

where A®(T )= (T)-®(T ).In the case when the phase
transition  occurs in  the  temperature interval
AT =T, -T,(T,)T, )the switching function should fulfill
the conditions:

0 I<T,,
0(L(T T, (1(T,, 2)
I, YT,

L(T)=

According to the DPT theory, the expression obtained for
the function L(7) looks as:

L(T) ={1+exp[-a(T-Ty)]}", ®)

where T) is the temperature, at which masses of both phases
are quantitatively equal, a is the constant, characterizing the
spreading degree of phase transitions and depends on the bulk
of possible fluctuations and also the energy and PT
temperatures. Taking into consideration the fact that the
function L(T) characterizes the relative part of phase in the
region of their coexistence, it may be represented in simple
form:

mOt

mB(T) 1+

L(T):ma(T)+mﬁ(T): m,

(T)| . @

where m, and mg are masses of a and f-phases. Temperatures
Ty may be determined from the temperature dependences

m
In| —= |. We obtain from the joint solution of (3) and (4):
Mgy
1 m

In—=
T,~-T m, ©

o=
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If o is some constant, then the factor lnm—“ should be
g
the line function of the temperature.
No less informative is the derivative of L(7T) with respect
to the temperature:

dL/dT:a- !
2 I+ch(a-(T-T,))

) (6)

expressing the temperature velocity of phase transformations
of each phase.

The possibility of L(7) determination on the base of the
structural research of phase transitions of solid states was
shown in the paper [5,6]. It was supposed by this, that in the
indicated regions of the phases coexistence the temperature
changes of roentgen reflections intensities were caused by the
quantitative changes of phases. In paper 6 assuming, that in
the PT region temperature changes of the differential thermal
analysis (DTA) and electric properties are also caused by
mainly quantitative changes of a-f phases of Ag,Te and a,
To, L(T), dL/dT and other thermodynamic parameters are
determined. It was necessary to achieve the line change of the
temperature near and in the PT region. Then from the
beginning of the transition to the end the interval AT may be
divided on equal periods and corresponding values of the
investigated effect relate to the supposed phases, for example:

mg
AT, =T,,(I-m,[m, )+ AT, P NG

a

The results comparison of a, Ty, L(T), dL/dT and other
thermodynamic parameters, obtained for Ag,Te on data of
roentgen reflections intensities [3,4] with DTA results and
electric properties gave almost coinciding values.

EXPERIMENTAL RESULTS AND THEIR
DISCUSSION

If by the analogy to Ag,Te, we take one phase as normal
and another one as a superconductive (SC), then the
suggested method may be applied for HTSC too. Then
corresponding messes will have values m, and m,.
Dependences p(7T,B) (a) and o(7,B) () for the crystal

sample Bi,Sr,CaCu,0y are represented on fig.1.

mcn

The characteristic dependences Iny(y = ) on T at

mVl

B=0(1) and B=2,2T(2) are represented on fig.2. The
corresponding masses m, and m,, are determined from data
p(T,B)and o(T,B). Nominal temperatures 7, are

determined by the cross point of straight lines with the
abcissa axis. The represented straight lines are described by
the formula:

y=exp[-a (T-Ty)], ®)

33

where the values of o, determined from the straight lines

slope (ZZ—;}) , are temperature constant of the transition. As
it is seen, points of the «untime» reduction of p(7) and o (7)
part are declined from straight lines in the indicated
coordinates. It indicates on the correctness of the applied
method of m,/m, determination for the main PT part. It is
seen, T and o reduce under the influence of the magnetic
field. In spite of the strong stretching of the low-temperature
part of curves p(B,7) and a(B,7) in the magnetic field, they
fully placed on the straight lines. Curves of the switching
function L(7) (at B=0 and B=2,2T), calculated by formulae
4(a) and 3(b) with the data application a and Tj, are
represented on fig.3.

*
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- b
=
a” 20
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0 n = = =
oo 20 a9 a0 {CG
T —— K

= //J«=

W fn g0 TO a'u gg fop ffe 120 130
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Fig.1 Temperature dependences of resistance (a) and thermo
e.m.f. (b) in Bi (2212) B:1-0;2-0,1;3-0,2;4-0,5;5-0,9:6-
2,2T u Bi (2223)(c) naunsie [7] B:1-0;2-0,01;3-0,05;4-
0,1;5-0,2;6-0,5;7-1;8-2;9-3;10-5;11-7;12-9;13-12T
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Fig.2 Temperature dependences of the masses distribution Iny
at various values of the magnetic field for Bi (2212) (1-at
B=0;2-at B=2,2T) and Bi (2223) (3-B=0;4-2T;5-5T;6-
7T;7-127).

0
® 1284 0 4 8 £ 6
aT,K—>
Fig.3 Temperature dependences of the switching function,

calculated by formulae (4) (a) and (3) (b) and its
derivative dL/dT for Bi (2212)

As it is seen, temperature dependences L(7) in separate
parts differ quantitatively. It is connected with values change
Ty and a in the magnetic field, it leads to the L(7) bias on the
temperature. Therefore the L(7) analysis is convenient to
carry out on the formula (3) data. It is seen, that curves /(7)
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approach the zero value at 7= T}, they cross the axis at L=0,5
curves are spreaded by the growth of the magnetic field.

The derivatives L on the temperature dL/dT (1'2") are
represented on fig. 3(b). As it is seen, curves dL/dT (AT) pass
through the maximum at A7, and moreover the maximal

value corresponds to dL/dT :%. As far as B grows, the curve

dL/dT becomes more sloping and the values when AT= 0
reduce proportionally to a.

Let us note, that weak magnetic fields, at which research
for Bi (2212) was carried out, make it difficult to conclude
about PT parameters dependence on the magnetic field with
this aim, the data of authors of paper [7], in which the
detailed research of p(T,B) in crystals
Bi, 7,Pbg 341 §3Ca; 97Cu;3 13010+5 in magnetic fields to 12 T
(fig (1c)) is carried out, are used, These data are useful not
only because of high values of B, but as the another phase Bi
(2223) of bismuth HTSC, having high values 7}. Straight lines
Iny(T) are represented on fig (2-7). In the case of Bi (2223)
high-temperature parts points of curves fell out the straight
lines. It is seen, that values a and T} reduce strongly by the B
growth. Data of a(B) are represented on fig.4, from which it
is seen, that the strong reduction of a occurs at relatively
weak fields (0-1 T). Data of L(AT) (1-5) at various values B
are presented on fig.5. It is seen clearly from data, that L
approaches the zero value at =7, and curves L(7) are
spreaded by the B growth analogous results are obtained from
temperature dependences of derivatives on the temperature
dL/dT (fig.5) (1'-5"). As it is seen, the curve dL/dT at B=0 has
more sharp peak and it losses the velocity as far as it removes
from AT=0, the asymmetry is observed at high sloping form,
cross the curve (dL/dT)p—y and decrease slower. By this the
low-temperature part of curves falls behind from it more,
than high temperature.

It follows from data a (B) and L(7/B), the spreading
degree is inversely proportional to the temperature constant
pT-a. The obtained value a for Bi (2212) and Bi (2223) tells
about the strong spreading of PT in them, moreover the
spreading degree in Bi (2212) is higher, than in Bi (2223).
Estimations show, that the spreading degree is higher in
phase Bi (2001), than in these two phases. The spreading
degree of PT strongly increases in the magnetic field,
especially at relatively weak values B. The temperature
velocity of PT grows as far as the spreading degree reduces,
what leads to more sharp realization of PT.

The points derivation of the premature reduction part p(7)
and a(7) from the straight line (7,B) tells in favor of the fact,
that, actually, the mechanism of SC couples formation and
their uncoupling under the influence of the magnetic field in
the main transition part and high-temperature part distinguish
essentially.

The physical nature of defects, leading to the PT
spreading in the absence of magnetic field, may serve
heterogeneity, connected with the presence of other bismuth
SC phase (2201, 2212 and 2223) in each SC phase, the
derivation from the stechiometry of multicomponent
ingredients, the slightest oxygen lack and other imperfections
[8,9]
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At the further B growth the vortex size and the value of
the magnetic field flow, which they conduct, remain stable,
the vortex number grows, forming alike crystals atoms the
right lattice L in the cross-section of the trigonal shape,
which causes the growth of the spreading degree in them.

Defects, leading to the spreading in the magnetic field are
caused by the vortical state of super conductors of the second
type, in which the vortical currents occurs spontaneously

beginning from very weak fields BC1 ( Bcz ((BC2 ).
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S. A. Sliyev

YTIiK BISMUTDA FAZA KEGCIDININ YAYILMASI

Bismut (2212) ve (2223) kristallarinin elektrik xassalori yayllmis faza kegidleri nazariyyasi gorgivesinds izah edilmigdir.
Faza kegidlerinin yaylima deracesini xarakterize eden parametrler miisyyen edilmisdir. Gosterilmisdir ki, yliksek temperaturlu
ifratkecirici (YTIK) vismutda faza kegidleri glicli yayllma xarakterine malikdir va magnit sahasinin te’siri ile yayilma daracesi bir
tertib artir.

C.A. AnueB

PA3MBITHE ®A30BOI'O IEPEXOJA B BUCMYTOBBIX BTCII

Pesynbrarhl HccenoBaHus ANEKTPHUECKUX CBOHCTB BHCMYTOBBIX KpHCTaLoB (2212) u (2223) mHTEpHIpEeTHPOBAHBI B PaMKaxX TEOPHU
pasmbiTeix OII. OnpeneneHsl mapaMmeTphl, Xapakrepusyromue crerneHb pasmbitas PII. [Tokazano, uro B BucMyToBEIX BTCII hasoBrie
TIepeXOAbl HOCAT CHIIBHO PAa3MBITHIH XapaKkTep M I10]] JeHCTBUEM MarHUTHOTO OJISl CTETICHb Pa3MBITOCTH BO3pPAcTaeT /IO OJHOTO MOPSAKa.
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SHOTTKY FIELD EFFECT TRANSISTOR WITH SUPERHIGH SPEED

F.D. KASIMOV
Azerbaijan National Aerospace Agency, 370106, Baku, ave. Azadlig 159

A.A. MAMEDOV
Azerbaijan Technical University,370073, Baku, H. Javid ave. 25

Field transistors with controlling Shottky type junctions of vertical structures on the basis of SiC/Si material with various length of

channels have been investigated.

It is shown, that increase of fast action in the wide band of temperature (up to 700 °C) is reached under extremely low lengths of the

channel (<100 nm) and thermocorrelated supply voltage.

Field effect transistors (FET) with controlling Shottky
type junctions have some advantages in comparison with
bipolar and MOS-transistors, related with possibility to use
more short channels and providing for higher speed [1].

One of major limitations for minimal length of ShFET is
connected with effect of modulation of channel's length,
which leads to triode character of V-A characteristics [2].

In order to eliminate the modulation of the channel, spe-
cial constructions of normally closed ShFET with vertical
channels of n- and p-type, named as transistors with static
induction (SIT) were developed [3], where the channel was
the area of space charge (ASC) for whole band of working
voltage at the transistor exit leads. Control of the drain cur-
rent I, is carried out through changing of the height of poten-
tial barrier of source-channel, occurred as a result of diverse
level of alloying of source and drains areas (fig. 1).

drain
pe
}
L,| n

y gate
WeA
X 4

n source

y
Fig. 1. Structure of n-channel SIT with Shottky barrier.

Height of the potential barrier is determined by a voltage
gate-source U, and lightly depends on voltage of drain-source
U, due to low thickness of channel by source.

Major factors restricting a wide use of SIT as submicron
elements of superhigh speed integral circuits, are:

- triode character of V-A characteristics of SIT, condi-
tioned by dependence of height of potential barrier in the
channel from voltage gate-source and drain-source, also by
modulation of ASCs width in the channel by voltage U,;

- presence of passive areas of spatial charge between
drain-source contacts and the gate.

Using of silicon carbide as a base material, which ex-
ceeds silicon on major parameters [4]: -wide bandgap, per-
mitted working temperatures, speed of drift of charge carriers
(2,5:10’cm/s) allows to eliminate those shortcomings [5].
Using of heteroelectronic structures SiC/Si broadens the
functional capabilities of the elements and allows technologi-
cal integration of them with elements of integrated circuits [6].
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Fig. 2. Volt-ampere characteristics of ShFET with different
length of channel
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The technology of forming of silicon carbide structures
on the silicon doesn't differ in principle from processes of
forming of silicon films and is carried out on the typical
equipment [7, 8].

Heteroepitaxial layers were grown-up by the method of
vapor-phase epitaxy in the open system: diffusion technology
in two-zone oven was used. Hydrogen was used as gas-
carrier: in first zone the free carbon is associated with hydro-
gen and is carried to the zone of growth of semiconductor
film. The temperature of carbidized pedestal at which hydro-
carbons become decomposed and the silicon substrate is car-
bidized is equal to 1360-1380 °C.

Ohmic contacts for SiC films were formed by method of
thermal deposition of nickel by further pulse type thermo-
processing by non- coherent IR radiation on the technology
described in [9].

t, ns

1,6

1,2

0,8

0,4

| | | | | | |
100 200 300 400 5600 600 700
T.°C
Fig. 3. Dependence of ShFET logic elements switching delay
time on the temperature.

Output characteristics of depleted ShFET with space
charge limited current (SCLC), made on the basis of silicon
carbide with -type channel for values of the channel length
L=30 nm (fig. 2a), L=40 nm (fig. 2b), L=100nm (fig. 2c) and
L=250 nm (fig. 2d) are given in fig. 2. The results of meas-
ures have shown, that on channels length equal to 30-100 nm,
V-A characteristics has a pentode but by increase of the chan-
nel's length up to 250 nm, these characteristics become near

near to linear type ones (fig. 2d). Sharp increase of the drain's
current on L=30 nm (fig. 2a) is conditioned by the tunnel
effect, occurred under minimal length of the channel.

Dependence of time delay of switching of integrated
logic element made on the basis of complementary ShFET
with SCLC from temperature by voltage source U=0,2 V is
given in fig. 3. Increase of switching delay is connected to the
temperature dependence of the carrier's mobility.

In order to increase fast-response and to widen the tem-
perature band of elements made at the basis of ShFET the
thermocorrelated supply have been used. This means, that in
the process of functioning of IC, the supply voltage was de-
creased in proportion to the temperature change of height of
potential barrier of source-drain. This makes it possible to
curtail the time delay of logic elements switching made on
the basis of ShFET down to parts of nanoseconds, i.e. more,
than 5 times (fig. 4).

t, ns
0,6

0,6
0,4
0,3
0,2

0,1

| | | | | | |
100 200 300 400 500 600 700
T.°C
Fig. 4. Dependence of delay time on temperature under thermo
correlative supply voltage

As a result, the pentode character of V-A characteristics,
the high steepness of transistors, the low values of time de-
lays allow to design super high fast action IC on the basis of
field transistors with controlling Shottky type junctions.
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F.C.Qasimov, 9.A.Mammadov

IFRAT YUKSOSK COLDLIYD MALIK SOTTKi SAH® TRANZISTORLARI
Muxtslif uzunluglu kanalli SiC/Si esasinda vertikal struktura malik idarsedici Sottki kecidli saha tranzistorlar tadgiq
edilmisdir.

Gostarilmisdir ki, genis temperatur diapazonunda (700 °S-ya gadar) caldliyin artirlmasi, kanalin ifrat kigik uzunluglarinda
(<100 nm) va termokorrelyasiya olunmus gida gerginliklari zamani alds edilir.

®@./1. Kacumos, A.A. Mamenosn

MOJIEBBIE TPAH3UCTOPHI IOTTKHA CO CBEPXBbICOKHUM BBICTPOJEMCTBUEM

HccnenoBanbl MONIEBBIE TPAaH3UCTOPHl ¢ ympaBisitomM mnepexomoM IloTTku BepTukambHOW CcTpyKTyphl Ha ocHoBe SiC/Si ¢
Pa3IMYHBIMM JUIMHAMHU KaHAJIOB. [Toka3aHo, YTO MOBBIIIEHHE OBICTPO/ICHCTBHS B IIMPOKOM JauarnasoHe temuepnaryp (1o 70°C) mocturaercs
IIpU CBEpXMaJIbIX JUIMHAX KaHana (<100 HM) 1 TepMOKOPpPEIUPOBAHHOM HAIIPSHKCHUH TUTAHUSL.
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THE ZEEMAN SPLITTING IN KANE TYPE SEMICONDUCTOR WIRE

A.M. BABAYEV
Institute of Physics, Azerbaijan National Academy of Sciences,
370143 Baku, Azerbaijan, e-mail: semic@lan.ab.az

The electronic states of a Kane type semiconductor quantum wire with and without magnetic field are theoretically investigated and
compared with those of a quantum wire of the same size. The eigenstates and eigenvalues of the Kane’s Hamiltonian are obtained. Numerical
calculations are performed for a hard-wall confinement potential and electronic states are obtained as functions of the magnetic field. We
calculated the size dependence of the effective g-values in bare InSb, GaAs and CdSe nanocrystals. It has been seen that the effective g-value
of the electrons is decreased with the increasing of quantum wires radius.

1. Introduction

In recent years, there have been many studies about optic
properties of quantum nanostructures such as quantum dots,
quantum wires, quantum wells and others [1-3]. It is known
that the application of a magnetic field could provide
additional information about the properties of electrons in
solids and in nanostructures. Energy spectrum of carriers in
quantum dots and quantum wires, were considered
theoretically in [4-8]. In [9] in the absence of magnetic field
quantum wire energy spectra and wave functions were
obtained for two band Kane model in the case of zero spin
orbital interaction and zero magnetic field. The electron
energy states were investigated in the uniform magnetic field
directed along the quantum wire [4]. In this study the free
electron model was used. The energy spectrum was
determined as a function of a quantum number m for the
finite and infinite potential cases from the boundary
conditions. The energy spectrum in the dependent of
magnetic field is found to have a minimum for the negative
values of quantum number m.

Magneto-optical properties of quantum dots in
semiconductors have been considered for the model of hard-
wall confinement [6] when the real band structure of InSb-
type materials (narrow energy gap and strong spin-orbital
interaction) was taken into accaunt. The results of [6] are in a
good agreement with the magneto-optical experiments in
InSb quantum dots [10]. The effect of quantum confinement
and the nanocrystal surface on the g-factors are studied in [8]

for the ground and excited electron states in bare CdSe and
ZnO nanocrystals. The calculation was made by using 8x8

and 14x14 band Kane models second-order & . p perturbation

theory. The spin-orbital interaction and the contribution of
the electrons to the g factor were presented in details in
[11,12]. For the calculation of the electron g-values in [11]
the eight-band Kane's model was used where the
nonparabolicity of the electron and light-hole bands and the
complex structure of the valence bands had been taken into
account simultaneously. This model describes the energy
band structure around the I" point of the Brillouin zone very
well. The electron g-factor values for quantum wires and
quantum dots using the parameters of GaAs/Al, Ga; As
hetero-system were calculated by perturbation theory[11]. It
was obtained that the g-factor is anisotropic (g, g,) for
quantum well and isotropic in cylindrical wire [12].

In this work, using three-band Kane's model including the
conduction band, light and spin-orbital hole bands, the
electron spectrum with and without magnetic field and
electron effective g-factor of quantum wire are calculated. In
opposite to [11,lavailable 2] we take the potential of the
quantum wire to be infinitive and consequently the wave
functions to be zero at the boundary.

In the eight-band Kane's Hamiltonian the valence and
conduction bands interaction is taken into account via the
unique matrix element P (so called Kane's parameter). The
system of Kane equations including the nondispersional
heavy hole bands have a from [12, 13]:

-EC, - ‘C +\/7PkC

+ k. =10 (1)
\/_

~EC, - ’C +\/7PkC +
Pk

~C,—(E+E,)C;=0 (3)

V2
2 Pk,
\/;PkZC] —7@ ~(E+E,)C,=0 (4

\Epkzcz Lo s E)C;=0 ()

NG

\/_+C+\/_ZC
fc*f

ke s =0 (2)
\/_
Pk
Tz‘cz—(E+Eg)C6:0 (6)
ZC + =C,—(A+E+E,)C, =0 @)
SER e
Pk Pk

= .C,— = C,~(A+E+E,)Cy=0 (3

NERE
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Here P is the Kane parameter, £, - is the band gap energy, p? ) ]
A - is the value of spin-orbital splitting and k, =k, tik , (-E—/ + JA)C,, =0 (9)
B ' ’ 3 E+E, E+E +A" 77"
k=-iV.

where A; three dimensional Laplacian.

2. Zero magnetic field In cylindrical coordinates the eigenfunction is

Substituting expressions (3)-(8) into formulas (1) and (2) C,,=4,,exp(imd +ik.z )R, ,(p) (10)
we obtain:
It needs | where 4;,is a normalization factor and the radial function
R(p)satisfies
2 2 2
r2 1 d2+ii—m—2—kj}+E R,(p)=0 (11)
3 E+E, E+E,+A"|dp” pdp p ‘

I
The Kane' i i i 2
e Kane's pgrame;ter P is connected with effective mass E(E+Eg)(E+ Eg +A)(3Eg +2A) _ #? z., hzkzz
m, and can be written in a usual way [15]. S o

2
E(E,+A)(3E+3E,+2A) 2m, R° 2m,
, 31 E(E,+A) | a8
P = (12)  where z,, is the p-th root of the m-th Bessel function J(z).
2m, 3E ¢ T 2A Equation (18) determines the energies of electrons, light
holes, and the spin-orbit split-off band of holes. This equation
After substitution of the values of P° from (12), the can be useful for analyzing the influence of nonparabolicity

equation (11) can be rewritten in the form: on the energy spectrum of electrons in a quantum wire.
> 1d m 2m, L : | .
st ot E R,(p)=0 (13) ’ !
dp® pdp p° h ’ !
5+ l —
Rk InSb
where :
at : -
!
o _E(E+E)(E+E +A)(3E,+20) Wk g0 o |
N !
Eg(Eg+A)(3E+3Eg+2A) 2m, ;‘\1
(14) ir N 1
Equation (13) is Bessel's differential equation [16], with r T
the solution bounded at p=0 being

R ,(p)=CJ,(%p) (15) oy

Fig.1. The dependence of the lowest quantum size levels in
InSb quantum wire as function of the quantum wire
radius. (1) for parabolic dispersion law. (2) for Kane’s
dispersion law.

where

2 E(E+E )(E+E +A)(3E.+2A) #K’
x’ = m”( ( / e tA)GE, )— £ In fig.1, the dependencies E(R) for two cases are

n Eg(Eg +A)(E+3 E,+24) 2m, presented: a) electrons with parabolic dispersion law, b)

(16)  electrons with Kane's dispersion law for InSb quantum wire.

According to this figure, with increase of R, the electron

For an infinite wall at radius R, the boundary condition is energy levels in both cases are close to each other. At rather

small sizes of R, the variance electron dispersion laws

become more and more important and therefore, the curves
for E(R) keep away from each other.

R, ,(R) =0, so the eigenvalue equation is

Ju( % R)=0 (17)
3. Applied magnetic field, infinite step

Equations (16) and (17) together show that the radial ) S .
eigenvalue spectrum is The atomic Zeeman splitting is incorporated by adding

1
the terms * Egou gH the diagonal of Kane's Hamiltonian,
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up is the Bohr magneton, g, is the Lande effective factor.

For a uniform magnetic field, H directed along the z axis,
the vector potential may be choosen in the form

E:i[ﬁxF]:(—i,H" ,0]
2 272

and k, have the forms

(19

( 2 1
KA E +E, "E+ E, +A
where L, is a z component of in angular momentum operator

2 2 2 _1
L p"=x"+y and E,=E+—gyugH .
2

If one seeks the solution of equation (22) in cylindrical
coordinates in the form

|m]
C,=4, exp(im(p + ikzz)exp[— %)c‘, quu(&) (23)

W=V + A, L += 73

k, >k, + iéan (20)
where
r.=xtiy, A, :ﬁ 21)
- fic

Substituting expressions (3)-(8) into formulas (1) and (2),
and using the (20), (21) relations we obtain:

1
)_ (E+E E +E, +A

)]C,’2 =0 (22)

|+1- &)d%_auq) 0

d’®
+(m

F’d&

24

Equation (24) is the canonical form of Kummer's equation
2

P
21
is the dimensionless variable. The solution of (24) that is
bounded at p =0 is

for the confluent hypergeometric function. In (23) § =

he obtains for the radial function @) the following (D(ci)z M (OL Iy b,&) (25)
equation | where
1 | m | >, E, (E,+E )(E +E,+A)(3E,+2A) A
a,,= EL L P kz l; - + (26)
2 2 2 2 ho, E,(E,+A)(3E,+3E,+2A) ~ 2(3E,+3E,+2A)
] hic We can find the energy spectrum E(R,m,l, .k, ) from
0, = is th lotron fi =.]— i
¢ m,c 18 e cyCIotron Hequeney, fy eH ' equation (26). It is necessary for this to find o, and a, from
the magnetic length and equation (28) for a given R, azimuthal quantum number m
and /y, and then to substitute them into equation (26). For an
_ |m| ny @7 infinite medium, R — o, equation (28) is replaced by the

are the parameters of the Kummer function in standard
notation. The boundary conditions which correspond to the

infinite potential at p = Rare C;, =0. These lead to the

2

requirement that M be bounded as —- —> oo. This simply
Iy

means that o, ; is a negative integer [16],

eigenvalue equations o,,=-1,1=012,.. (29)
R’
M(az,z’b’_g) =0 (28) leading to the result
il |
E(E,+E )(E,+E_+A)(3E, +2A
(B, + B )(E, + By + )(3E, ):(n—i-i)hmci A hmc+ikjl§hmc (30)
E(E,+A)(3E, +3E,+2A) 2 2(3E,+3E,+2A) 2
with The expression (30) is the same as the expression of the
n=Il+m for m>0 (31) energy spectrums of carriers of bulk Kane type
n=1 form<0. (32) semiconductors in the magnetic field [15].

41

The magnetic field dependencies of electrons energy
spectrum for the lowest sequences of m at the subbands

bottom (k,=0) for InSb quantum wire with R=3004, in which
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the non-parabolicity was taken into account, are shown in
Fig.2 (for g,=0).

02 T T T T T T T

H
magnetic field,| T

Fig.2. Lowest part of the energy spectrum of electrons as a
function of the magnetic field in cylindrical quantum
wires for the InSb.

Gahs

\\_\!

100 200 300 400 500
Y, ;

Fig.3. The electron g factor calculated as a function of the
radius in cylindrical quantum wires for GaAs.

0
|

\ InSb

H,K
Fig.4. The electron g factor calculated as a function of the radius
in cylindrical quantum wires for InSb.

1} 20 40 a0 a0 100

Fig.5. The electron g factor calculated as a function of the radius
in cylindrical quantum wires for CdSe.

The light hole and spin-orbital splitting subbands can be
obtained by the same way for two other roots of equation
(26). As it is seen from fig.1 the magnetic field dependence
of energy has a minimum only for subbands with the negative
m. These results are in good agreement with those given in
[4].
Note that for the quantum wire with the finite length d

k.=C10=123,. (33)
d

.. T
and the minimal value for k, must be taken as — .

The expression for the g-factor obtained in the second
order of £. p perturbation theory has the form [15]

m A
E)=2/1+(1-—"
g(E) ( n%)3E+3Eg+2A

But in magneto-optical experiments, transitions from the
bottom of the subbands take place and the effective g-factor
can be determined from the Zeeman splitting of subbands

(34

(35)
wyH

g(E)=

Here E1 and E| are the electron energy for spin +z and -z
directions, respectively. Note that the g-factor determined by
the equations (34) and (35) are the same if one considers the
bottom of the lowest subband.

Figures 3, 4 and 5 show the electron g-factor dependence
on R calculated by the equation (35) for GaAs, InSb and
CdSe quantum wires for the fixed magnetic field value
H=0.5T, respectively. As seen from fig.3 in GaAs quantum
wire, the electron g factor value changes its sign with a
radius. The following band parameters have been used for
GaAs E, =1.52 eV, A=0.34 eV, 2p.’/m;=28.9 eV (here
Po=mogPlh, my is the free-electron mass) [11]. The
contribution of remote bands is taken into account by adding
the constant Ag=-0.12 to the Kane’s model values of g [12].
This result is also found in [11] for GaAs/Aly;s Gages as
structures in the finite barrier case. It is obvious that the same
will occur in the case of fixed R with increasing of magnetic
field. The figure which shows the g-factor dependence on R
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for CdSe (figure 5) is in good agreement with the reference  electron effective g-factor for quantum wire is calculated. It
[8]. was shown that the effective g-factor of electrons decreases
It should be noted that the obtained results can be applied  with increasing of quantum wires radius and changes its sign
to quantum wires of InAs and zero-gap semiconductor HgTe  for GaAs quantum wires.

and narrow-gap semiconductor Cd;. Hg,Te also. The size dependence of the spectra of electrons in A’B’
and A’B’-type semiconductor cylindrical quantum wires was
4. Conclusion studied. It was taken into account the nonparabolicity of the

In this work using the eight band Kane's model the spectrum of light holes, electrons and spin-orbit splitting
electron spectrum with and without magnetic field and valence band.
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KEYN TIPLI YARIMKECIRICI KVANT MOFTILLORDO ZEYMAN PARCALANMASI

Keyn tipli yarimkegrici kvant moftillorde maqnit sahasindo vo sahonin sifir qgiymetindo elektron hallari tapilmis ve eyni olgiili
yarimkecrici kvant maftillin elektron hallari ilo miiqayise edilmisdir. Keyn hamiltoniani ii¢iin mexsusi giymotlor vo dalga funksiyalar
tapilmisdir. ©dedi hesablamalarla sonsuz mohdudlagdirici potensial {igiin elektronun enerjisinin maqnit sahssinden asilihi
tapilmigdir. InSb, GaAs ve CdSe nanokristallar1 iglin elektronlarin effektiv g-faktorunun sistemin o6lgiisinden asililig
hesablanmigdir. Gostorilmisdir ki, 6l¢ii kigildikco g-faktorun qiymeti artir.

A. M. ba6aeB

3EEMAHOBCKOE PACHIEINIEHUE B KEHHOBCKHUX MOJYIPOBOJJHUKOBBIX KBAHTOBBIX
IPOBOJIOKAX

HaiineHs! 371eKTpOHHBIE COCTOSIHUS B KEHHOBCKUX HOJIyIIPOBOJHHKOBEIX KBAHTOBBIX IIPOBOJOKAX B MAarHUTHOM IIOJ€ U B OTCYTCTBUH
nons. IIpoBeneHs! cpaBHEHUS C OOBIYHON ITOIYHPOBOJHUKOBON KBAHTOBOI IIPOBOJIOKOH TOro ke pa3mepa. IlomydeHb! coOCTBEHHBIE
3HAYCHUs U COOCTBEHHbBIE (YHKIMN KSHHOBCKOTO raMWJIbTOHMAHA. [IpoBeIeHbI YUCIeHHbIE PacueThl JJIsi OECKOHEYHOTO OrpaHUYHBAIOLIEIO
MOTEHIMAJIa W HaMJEeHBl JJEKTPOHHBIE COCTOSHMS B 3aBUCHMOCTH OT MAarHUTHOrO NOJs. PaccunTaHbl BENWYUHBI DJIEKTPOHHOIO
a¢dexTuBHOrO g-hakTopa B 3aBUCHMOCTH OT pa3Mepa B HAHOCTPYKTypax nouynpoBoguuko InSb, GaAs, u CdSe. IToka3zaHo, uTto 3HaueHHe
3¢ dexTHBHOTO g-(haKTopa pacTeT ¢ yMEHbIIEHHEM pa3Mepa KBAHTOBOIT POBOJIOKH.
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PRESSURE AND TEMPERATURE EFFECTS ON ELECTRONIC SPECTRA
OF TlGaSe; TYPE CRYSTALS

K.R. ALLAKHVERDIYEV, T.G. MAMMADOYV, R.A. SULEYMANOV, N.Z. GASANOV
Institute of Physics of the Azerbaijan National Academy of Sciences
H. Javid ave. 33, Baku, 370143

The deformation effects in electronic spectra of ternary layered TlGaS,, T1GaSe, and TlInS, semiconductors are considered. It is shown
that the influence of hydrostatic pressure, thermal expansion, variation of composition in solid solutions on the band gap of investigated
crystals can be described in the framework of one common model of deformation potentials.

This model is close to that in layered semiconductors of A;B¢ group and testifies the fact that the main principles of formation of band

structure in these two groups of layered crystals are the same.

1. Introduction

The ternary T1GaS,, TIGaSe, and TlInS, semiconductors
have layered crystalline structure and according to existing
data [1-5] all three compounds crystallize to the same
monoclinic structure. It’s shown that monoclinic structure of
these crystals is very close to tetragonal, and due to absence
of anisotropy in the layers plane elastic and thermal
properties can be treated even in the framework of hexagonal
structure [6, 7].

The great number of investigations of ternary
compounds concentrates on the phase transitions, which are
observed obviously at least in TIGaSe, and TlInS, [5, 8]. It’s
known, that both of these crystals undergo a phase transitions
with lowering the temperature from paraelectric phase to
incommensurate phase (7=216K in TlInS, and 7'=120K in
TlGaSe,) and then to ferroelectric phase (7,=202K in TlInS,
and 7,=107K in TlGaSe,) with quadrupling of unit cell along
the “C” axes.

The influence of phase transitions on different physical
properties in particular on the electronic spectra near the
absorption edge is studied in various works [8-10]. However,
it’s difficult to interpret the obtained results because of lack
of the model explaining the deformation effects in ternary
layered semiconductors (TLS). The construction of such a
model is a main goal of present work.

2. The model of deformation potential in ternary
layered T1GaS,, TIGaSe, and TlInS, semiconductors.

First of all the results of investigations of deformation
effects in TLS are summarized below.

1. In [11] the unusual behavior of exciton absorption peak
with temperature was observed in TIGaS,: the energy
position of exciton peak (E,..) was shifted to the higher
energies with increasing temperature in 4,2+200K range in
which exciton absorption peak was observed (fig.1).

Because of lack of appropriate deformation potentials it
was not possible to evaluate the contribution of lattice
deformation to the temperature dependence of energy gap
(E,) in TIGaS,. In figs. 1 and 2 the temperature dependences
of exciton positions in TIGaSe,, TIGaS, [11], TlInS, [10],
which reflect the £, (T) dependences, and linear expansion
coefficients parallel (o) and perpendicular (a,) to the layers
plane for all three crystals [7, 12, 13] are shown. As it is seen
from fig.1 the E.,. (T) dependences in T1GaSe, and TlInS, are
quite different from that in TlGaS,. At the same time the
o (T) and o, (7T) dependences are very close, for example, in

T1GaS; and TIInS, in the temperature region far from phase
transition point in TlnS, (fig.2).

255

\

Exciton energy (eV)

P
#n

0 40 a0 120 160 200 240
Temperature (K

Fig.1. Temperature dependences of exciton energies in T1GaS,
(1) [11], TUnS; (2) [10] and T1GaSe, (3) [11].

2. In [8] the influence of hydrostatic pressure on the
absorption edge of all three TLS was investigated at room
temperature — the results are presented in fig.3. At small
pressures (P< 0,5GPa) the behavior of band gap with pressure
is the same in all crystals: baric coefficient, dE/dP, is
negative, which is typical for almost all semiconductors with
layered structure [14]. With increasing of pressure, however,
the behavior of baric coefficients in TLS becomes different.

In TlInS, dE,/dP changes the sign at pressures P>0,59
GPa and remains positive up to P~0,9 GPa. At higher
pressures dE,/dP in TlInS, again changes the sign and
becomes negative but the absolute value of dE,/dP increases:
dE/dP~-22x10"'eVxPa"'  (dE/dP=-8,5x10"'eVxPa"  at
P<0,59GPa). It’s shown in [13, 14], that phase transitions
take place in TlInS, at pressures P~0,59 GPa and P~1,0 GPa.

In TIGaSe, baric coefficient remains negative up to
P~0,92 GPa, dE/dP=-12,5x10"" eVxPa" . At P>0,92 GPa
dEy/dP stays negative, but |dE/dP| increases drastically,
dE/dP=-20x10"" eVxPa™' .

In TIGaS, dE//d ~-7,2x10™"'eVxPa " and remains practically
unchanged in all investigated range of pressures.

Again, because of lack of deformation potentials it was
not possible to interpret the common and different features of
baric coefficients behavior in TLS.
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3. In [17] the influence of uniaxial, perpendicular to the
layers plane, pressure on the exciton absorption peak position

in TIGaS, and TIGaSe, were investigated at low
temperatures, 4,2K<T<100K. Baric coefficients were
appeared to be approximately the same in both crystals:
dE/dP~3x10""eVxPa' in the investigated range of
temperatures.
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Fig.2. Linear expansion coefficients for TIGaS,, TlGaSe, and,
TIInS, parallel (1) and perpendicular (2) to the layers
plane [7, 12, 13].

We tried to explain all results described above on the
basis of a simple model, introducing two deformation
potentials D, and Dj. In this model the dependence of E, on
deformation is: AE,=D,U,+2D|U|, where U) and U,
deformations in the layers plane and in the perpendicular
direction, respectively. Such a model allowed explanation of
all types of deformation phenomena in layered
semiconductors of A3B4 group [14].

For determining the deformation potentials D, and D
the results of at least two independent deformation
experiments are needed. We have chosen the results of
influence of hydrostatic pressure on the optical absorption
spectra (fig.3). The results of uniaxial deformation
experiments which are known for T1GaS, and TIGaSe;, at low
temperatures can not be used because, as it was shown in
A;B¢ group layered crystals, the deformation potential D,
may depend strongly on temperature and pressure.
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Supposing that TlInS, TIGaSe, and TIGaS, have close
deformation potentials and using the results of hydrostatic
pressure influence on E, at low pressures (P<0,5GPa ) the
deformation potentials, D and D, were obtained. The data
for TlInS, and TlGaSe, were used because only for these
crystals the values of elastic constants are known [6] (table
1). By calculating D and D, in TlInS; and TIGaSe, we used
the value of elastic constant C;;=1,5x10'° Pa which is almost
the same in the majority of layered crystals [14]. This elastic
constant was not measured in T1lInS, and T1GaSe, because of
significant experimental difficulties that always appear
measuring this elastic constant in layered crystals. Simple
calculations [14] give the values: Dj=-7,3eV and D,=11,9¢V.
Below we’ll explain the results of other deformation
experiments on the basis of obtained values of Djand D,
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Fig.3. Pressure dependences of energy gaps obtained from
absorption edge behavior with pressure at 300K in
T1GaS,; (1), TlInS, (2) and T1GaSe, (3) [8].

Using the thermal expansion curves (fig.2) the
contribution of thermal expansion to E,(7) dependences can
be obtained for all three crystals:

a) in TIGaS, this contribution gives AE~+20meV in
4.2+100K temperature range;

b) in TlGaSe, this contribution must lead to AE~+25meV
due to small linear expansion in the layers plane, o).

c) the positive shifts of AE, =+25meV with temperature
must be in TlInS, in the same temperature region.

As it is seen from experimentally measured E,.
dependences (fig.1) the results of calculations are appeared to
be true only for TIGaS, - in TIGaSe, and TIInS, E.,.
decreases with temperature. However, it can be shown, that
this discrepancy between calculations and experiment are not
due to the method used for the calculation of D, and D, .
Really, as it was noted above, unlike T1GaS,, both TlGaSe,
and TlInS, are in ferroelectric phase at 4,2-100K due to phase
transitions, which they underwent when temperature became
lower. It is shown in [11] that addition of sulfur into T1GaSe,
in TIGaSe,(;.)Syx solid solutions leads to E,(7) dependences
which are typical for TlGaS, beginning from x=0,1. At the
same time there are no evidences of phase transition typical
for T1GaSe, in solid solutions T1GaSe; (1) Sk at x=0,25 [18].
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Thus, unusual behavior of E,(7T) in TIGaS, and TIGaSey.Sx
with x>0,1 are typical for crystals without phase transitions
and deformation potentials D and D, obtained above are true
for TIGaS, and paraelectric phases of TlInS, and T1GaSe;,
The other type of deformation effects is the change of
band gap in TIGaSe,;.,y Sy solid solutions, where the
changing of lattice parameters can be interpreted as effective
lattice deformation. Using the lattice parameters of TlGaSe,
and T1GaS, (table 1) and deformation potentials D, and D,
the change of E, very close to experimental value can be
found: AE,=450meV. Thus, deformation potentials D and
D, , obtained above, can describe the results of at least four
independent deformation experiments.
Table 1.
Lattice parameters and elastic constants in TIGaS,, TIGaSe, and TlInS,.

Lattice parameters, Values of elastic constants,
Crystals A[1-3] 10'°Pa [6]

a b C Ci Ci Cs; Cay
TlGaS, | 10,29 | 10,29 | 15,28 | - - - -
TlGaSe | 10,77 | 10,77 | 15,64 | 6,42 | 3,88 | 4,37 | 0,5
2
TlInS, 10,95 | 10,95 | 15,14 | 4,49 | 3,05 | 3,99 | 0,5

As it was shown in [14] the deformation potentials
obtained at room temperatures and low pressures cannot be
used determining the energy shifts at low temperatures, and
high pressures in layered crystals of A;Bg group. The same
seems to be true also for TLS. For example, using the D, and
D, obtained above the values dE,/dP~34x10"'eVxPa' for
TlGaSe, and dEg/dP~-41xlO'“erPa’1 for TInS, are
obtained for uniaxial perpendicular to the layers plane
pressures  instead of  experimentally obtained value
dE,/dP~-3x10""eVxPa for low temperatures. To explain the
significant changes of baric coefficients with pressure in
TlInS, and T1GaSe, one must also suppose that deformation
potentials strongly depend on pressure. As in the case of
layered crystals of A;Bs group to explain the discrepancy
between experimental results and calculations, it should be
assumed that deformation potential D,, describing the energy
shifts at deformations perpendicular to the layers plane
decreases (or even changes its sign from positive to negative)
with the lowering of the temperature or pressure increasing.

The nature of such a behavior of deformation potential
D, is due to peculiarities of the band structure of layered
crystals of A3;Bg group. According to band structure
calculations [14] interlayer interaction leads to splitting of the
top of valence band and bottom of conduction band of layer
crystal. Under deformation when interlayer distances
decrease, splitting increases and leads to decrease of E,. On
the other hand the compression of layers in both directions
leads to increase of E,. Thus the final change of band gap
depends on two competitive parts having opposite signs.
Since the interlayer forces increase faster than intralayer ones
with temperature lowering or pressure increasing the baric
coefficient may decrease by absolute value or even change
the sign from negative to positive with temperature or

pressure. For example, the baric coefficients for direct gaps in
A;Bg group layered crystals change the signs from negative to
positive with temperature lowering (7<77K) and pressure
increasing (P>0,5GPa). At the same time the baric
coefficients for indirect gaps in A3;Bg group crystals do not
change the signs and remain negative but the absolute values
of baric coefficients decrease significantly as described above
for TLS for uniaxial pressures at low temperatures. So, as it’s
seen from obtained results the deformation phenomena in
TLS and layered crystals of A;B¢ group have many common
features.

3. Conclusion

The deformation potentials D and D, obtained above for
TLS TIlGaSe,, TlnS, and TIGaS, have allowed making
following conclusions:

1. Deformation effects in TLS are very close to that observed
in layered semiconductors of A;B¢ group:

a) deformation potentials D, and D, have the opposite
signs, and behavior of band gap E, under pressure depends on
two competitive contributions: positive one due to contraction
of layers and negative one due to contraction of interlayer
distances ;

b) deformation potential D, depends on pressure and
temperature due to different behavior of elastic constants
determining the deformation of layered crystals parallel and
perpendicular to the layers plane.

The similarity of deformation effects in TLS and A;Bg
group crystals leads to the conclusion that the band structures
of these two types of crystals have the following common
feature: E, decreases when the interlayer distances decrease
and E, increases when intralayer distances decreases.

2. At low pressures (P<0,5 GPa) and room temperature all
three investigated crystals have the close band structures and
deformation potentials. The differences in contribution of
thermal expansion to E (7) dependences in TIInS, and
TIGaSe, on one hand, and in T1GaS, on the other hand are
due to phase transitions, which take place in TlInS, and
TlGaSe, with temperature. The different behavior of baric
coefficients with pressure may be due to different degree of
elastic anisotropy and also to the phase transitions in TlInS,
and T1GaSe, at high pressures.

3. It was mentioned above in introduction that according to
the literature phase transitions that take place with
temperature in TIInS; and TlGaSe, have the same natures.
However, as it can be seen from fig.2 the deformation of
lattices with temperature in the layers plane is quite different
and phase transitions reveal itself in different way in TlGaSe,
and TlInS,. The analogous conclusion was made in [19]
investigating the temperature dependences of elastic
constants in TlGaSe, and TIInS,. near phase transition points
the elastic constants in TlInS, and TIGaSe, behave in
somewhat different way. The pressure dependences of baric
coefficients in TIGaSe, and TIlInS, also demonstrate
differences at pressures when  phase transitions in both
crystals take place. Though it's difficult to interpret the nature
of such differences, one can conclude that baric coefficients
behavior with pressure also testifies the differences in the
nature of phase transitions in TlInS, and T1GaSe,.
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K.R. Allahverdiyev, T.Q. Memmadov, R.A. Siileymanov, N.Z. Hesenov

TIGaSe, TIPLI KRISTALLARININ ELEKTRON SPEKTRLORIN® TOZYIQ VO
TEMPERATURUN TOSIRI

TIGaS,, TlGaSe, vo TIInS, ii¢qat layli yarimkegiricilorin elektron spektrlorinde deformasiya effektlorine baxilmis ve gosterilmisdir ki,
hidrostatik tezyiqin, temperatur genislonmasinin ve berk mehlullarmn terkibinin deyisilmesinin tedqiq olunan kristallarin qadagan olunmus
zonasina tosiri deformasiya potensialinin iimumi modeli ¢or¢ivesinde tosvir oluna biler.

Molum olmusdur ki, gdsterilon model A;B, qrupun layli yarimkegiricilori {iciin deformasiya potensiallari modeline yaxindir. Bu ise onu
gostorir ki, har iki qrup layli kristallarin zona strukturlarinin esas formalasmas: prinsipleri eynidir.

K.P. AnnaxBepaues, T.I'. Mamenos, P.A. Cyaeiimanos, H.3. 'acanos

BJIUAHUE JABJIEHUA U TEMITIEPATYPbI HA DJIEKTPOHHBIE CHHEKTPbBI
KPUCTAJIJIOB THUIIA TlGaSe,

Paccmotpens! nedopmanoHuble d(GQOEKTH B JIEKTPOHHBIX CIIEKTPax TPOMHBIX CIOHCTHIX HomynpoBoxHukoB TlGaS,, TlGaSe, n
TlInS, IToka3aHo, 9TO BIMSHHE THAPOCTATHIECKOTO JABJICHUS, TEMIIEPATypHOTO PACIIMPCHNUS, H3MEHEHHS COCTaBa TBEPJBIX PAaCTBOPOB HA
LIMPUHY 3alPEIICHHOH 30HBI HCCIIEAYEMBIX KPUCTAIIOB MOXKET OBITh ONMCAHO B paMKax o0LIel MOJIeH Ae(OpMaLlHOHHBIX TIOTEHIINAJIOB.

Okazainock, 4To yKa3aHHasi MOZIEIIb OJIM3Ka K MOJeNH Je()OPMaMOHHBIX OTSHIMAJIOB IS CIIOUCTHIX ITOJIYyIPOBOJHUKOB Ipynmbl A;Bg.
DTO CBUAETENIBCTBYET O TOM, YTO OCHOBHbIE IPUHIMIBI GOPMHUPOBAHUS 30HHON CTPYKTYPbI 3TUX JBYX I'PYIII CIOUCTBIX KPUCTAIUIOB OJIHU U
TE XKe.
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RESONANT INTERACTION OF ULTRASOUND WAVE WITH ELECTRONS
IN QUANTUM WIRE

G.B. IBRAGIMOV
Institute of Physics of the Azerbaijan National Academy of Sciences
H. Javid av. 33, Baku, 370143

The effects of possible resonance interaction ultrasound wave with electrons in the parabolic quantum well wires have been studied. The
intersubband transition probability of electrons under the influence of the sound wave have been calculated.

In the ultra-thin semiconducting wires (submicron
dimensions) usually called quantum well wires, carriers are ihM = (H ot H 1)4’ (7” N ) (1)
quantized in two transverse directions and move only along ot
the wire and they behave as a quasi-one-dimensional (Q1D)
electron gas. Size quantization of levels of electrons and
holes brings about the splitting of conduction band and p m'on’ y2

with

valence band into the subbands separated by energies of the H,= om' + 2 +H(z),

dimensional quantization. Due to such splitting a number of

physical properties of a Q1D electron gas differ from the 5

property of its three-dimensional analog [1-7]. Magnetophonon H = 1 Vv [ igx oot —igx iwt]r V= ZIEC 5

resonances [2] and effects of resonant intersubband optical- 1= E G te “e c p003 @)
S

phonon scattering [3] in Q1D systems is well developed.

In this communication we present the effects of possible ) o .
of resonant interaction of ultrasound wave with electrons of a Where H) is an unperturbed Hamiltonian of electron in
quantum wire with parabolic wells. We consider a Q1D the quantum wires, o is a frequency of the parabolic
electron gas confined in a wire of sizes L,=L, L,L.. The potential, E; is the deformation potential, / is sound wave
lateral restriction in the y direction is modeled by parabolic ~ intensity, p is a crystal density, ®,=qv;, where g, v, are wave
potential of frequency ® and that in the Z direction with a number and velocity of the sound wave, respectively.

triangular well. We will consider electron densities such that We assume that, the sound wave can cause the transition
of an electron between the first subband (#=1) and the second

0 ] T subband (n=2). Therefore, in the resonant approximation the
direction. The corresponding wave function is denoted by  ¢jsenfunctions W (r,1) of Hamiltonian Hy+H, can be expressed

¥o(2). The electrons are free in the wire direction. as a superposition of wave function for n=1 and n=2 subband
Electron wavefunction depending on time in quantum 8]

wire in the presence of the sound field satisfies the
Schrodinger equation |

only the lowest subband with energy EZO is occupied in the Z

v(O)= [a, (ki , exp(- ’%’) va, (ki exp(—’%”)] )

where electron wave function P, and energy eigenvalue £, in ~ polynomial. Inserting Eq.(3) into Eq.(1), we obtain the
the case of parabolic quantum well wires are well-known [1] following equations for @, u a,:

1. nk’ '
E, = hco(n+5)+ e +E!, ih% = M](k—qx)expfé&i(k)’]
' &)
= JIJLH, (y)e™y (z), 4 * :
v, =\I/LH, (y)e™y,(z) @0y a,(k+q, )exp[——26(k+q, )]
n=12.., ot f
ith
Wo(z)=2(b; /2)" exp(=b,z/ 2), " n’k? m(k-q. )
(L)=3/b, BN T @
Here |a ,|2 and |612|2 are probability of finding electrons in 2o u'? IEfe_u [ LII (u)] ’ (7)

n=1 and »=2 subbands, respectively, H,(y) is a Hermite 4po S3
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21272,

o I?=h/m'®, L’ —Laguerra

where U =¢q

polynomial.
Passing in (5), to new variables o; and o, by the formulae.

i
a, =a, exp(—-&t)

; ®)
a,=a, exp(—gﬁt)
we receive a system of he equations.
oo .
ihn—L+o & =\Na,
ot
ol ©)
ih—2%—a,& =\,
ot

From (9) it follow [8], that if at =0, electron was in n=1
subband, probability of the transition to the n=2 subband
oscillates with time by the formula

2
where € =/§° + A7 . Thus, |a 2| is a periodic function of

time varying from zero up to A’ / e’ with frequency € [h. 1t
means, that in a strong sound field electron makes the
transition between the next subband with frequencyé€ / .

Notice that the at & =0 (exact resonance) the transition
probability

o, | = sinz[%] (11)

varies from zero up to unit with frequencyA /7. Such
character of transitions reflects coherency of interaction of
electrons with a sound field, which shows itself under the
condition that, if the frequency of transitions A surpasses
frequency of collisions electrons1/t, i.e. AT / fi>>1.

For a quantum wire such as GaAs/AlGaAs: E=7 eV,
py=5.37 g/cm3, v=5.3-10° cm/c, qx=1060m’1, at I=1Br/cm’
(quite achievable meaning of sound energy flow [9]) we
receive A= 3:107 eV . Thus, coherency of interaction of
electrons with a sound can expose itself at

1> 10", that is quite real.
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ULTRASSS DALGALARI iL® KVANT NAQILIN ELEKTRONLARININ REZONANS QARSILIQLI T9SIRI

Ultrasas dalgalarn il parabolik guxurlu kvant nagilin elektronlarinin rezonans qarsiligh tesirinin mimkuanltyli goésterilmisdir.
Gluclu ses dalgalari sahasinda elektronlarin qonsu altzonalar arasi kegidin ehtimali hesablanmigdir.

I'.b. U6parumoB

PE3OHAHCHOE B3AMMO/IEVCTBUE YJIbTPA3BYKA C 3JJEKTPOHAMHA KBAHTOBOM ITPOBOJIOKH

IlokazaHa BO3MOXHOCTH PE30HAHCHOTO B3aUMOJICHCTBUS YiIbTpasByKa C SJICKTpOHaAMHU KBaHTOBOM IIPOBOJIOKH C Hapa60J'II/I'-IeCKI/IMI/I
ssMamu. B cuiibHOM 3BYKOBOM I10JI€ BBIYUCJIEHA BEPOATHOCTD IEPEXO/Ja JICKTPOHOB MEKAY COCEAHUMMU ITOA30HaAMMU.
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OPTICAL PROPERTIES OF LiNbO;. PART ONE.

TALAT R. MEHDIYEV
Institute of Physics, National Academy of Sciences of Azerbaijan
370143, Baku, pr. H. Javid, 33

Optical spectrum and spectrum of scattering of lithium niobate of doped 0.03 % by impurity Fe in requirements of impulse excitation by
the second harmonic of radiation (532 nm) the laser are observationally investigated YAG:Nd with the continuous illumination from He-Ne
the laser (632.8 nm). Presumable theoretical interpretation of the obtained experimental outcomes is given.

1. Introduction

Lithium niobate remains one of most attractive materials
with wide spectrum importance technical applications:
holographic storage systems, optic components and devices
for telecommunications, conversations and processing
information, for integrated optics. These applications depend
on the photorefractive effects, that are related to the
occurrence of some impurities or structural defects acting as
donors or acceptors, another words, composition of lithium
niobate has contain large deflection from stoichiometry in the
direction of deficit Li, that lead to increase thermo-,
photorefractive effects. For example, thermal expansions,
band gap, UV-luminescence, OH-vibrational bands in H-
doped crystals and etc. have been found to depend from
Li/Nb ratio. In present time, wide propagation received “Li —
vacancies” and ‘“Nb - vacancies” models, but more
experimental results show, that “Li — vacancies” model is
more preferable.

The photorefractive effect in LiNbO; can drastically to
enhance by doping with transition metals (for example Fe and
Cu being the most widely used ones). While the leading role
of these dopants in this as well as the dominance of
photovoltaic currents over diffusion and drift processes has
been studied intensively, for example in the publications [1].
A detailed description of microscopic mechanisms steering
the photorefractive effect is still pending.

The ground limitation for using of lithium niobate crystals
in holography bound up with lifetime holograms after process
of thermal fixing. In [2,3] was assumed probable methods
optimization parameters of process for crystals with concrete
ionic concentrations and their ratio to receive maximal values
lifetime for high diffraction efficiencies holograms.

In generally, model of process can be describing so:
electrons are exciting with light in the determine regions of
crystal’s volume can be capture on the deep energies levels,
so that in process of recording hologram will have been
fixing the periodic distribution of intensities interference of
waves. We will be receiving “sinusoidal relief” of the
occupation the traps, i.e. so name electronic matrix”.
Following step is process of thermal fixing hologram. It is
bound up with thermal heating of crystal, ion current is began
dominant, screening of “electronic matrix” and arise non-
photosensitive “ionic matrix”. Following cooling of crystal to
initial temperature and illumination with equipartition
intensity light are leaded the process to equalize electronic
occupation.

The problem of gratings dynamics extensively considered
in [4-5]. However, more questions remain now as before
unsolved problems.

The crystal structure of lithium niobate was study in [6-7].
It was determined space group symmetry — R3¢, hexagonal

cell contain six formulas of units and parameters of low-level
cell of crystal: ¢=13.83620.00044; a = 5.14829+0.00002A4.

A model of the transition of lithium niobate from
paraelectric to ferroelectric phase was proposed by [6-8]. In
the phase transition, the sublattices of positive ions of Li and
Nb displaced relative to the sublattice of oxygen anions. The
direction of the displacement of the cations determines the
direction of the spontaneous polarization vector, in the
ferroelectric phase [0001]. In [8] authors have pointed out
that it is position of the metal ions in the structure of the
ferroelectric phase that gives rise to dipole moment. At
temperature Curie point, where may occur two opposite
directions of displacement for metal ions, which correspond
to 180° electrical domains. It has been suggested that
between the positive and negative ends of crystal by means of
etching or from the intensity x-ray reflections. The negative
end its x-ray reflection is less distinct. In order to change the
polarization of single-domain crystals it is necessary to allow
the ions of niobium and lithium to pass through the oxygen
layers. At high (1423) this distance is larger than the sum of
radii of the ions Li and O.

Composition of lithium niobate crystal can be to represent
in form: (LiNbO3)0.041(NbiNbO3)0.0118(VLiNDO3)g 0472, Where
first component is usual lithium niobate, second — antisite
defects and third — cation vacancies. Usually, lithium niobate
crystals are grown with congruent composition Li/Nb ~0.94.
Lattice defects stern from non-stoichiometry composition of
the crystal and caused occupation Li-locations with Nb and
others atoms. Nby; are most probable electron shallow traps
and V|; — are probably hole traps.

One of very importance singularity lithium niobate, which
determine optical properties of crystal, is fact, that bounds
(O*-Nb*") has mainly covalent and (O*-Li") - ionic
characters. Radii of ions Nb°" and Li" are practically equal.
All current models of defects as-grown agree that part of the
Li - sites are filled up by excess Nb°" ions accommodate Li
deficiency. In original models [15] each Nby; antisite
compensated by four Li vacancies, which are potential hole
traps.

Defects of type (Nby; - Nbyg) with d ~ 34 are placed in
direction along C; — axis. Concentration of defects is

approximately 2 10*cm™ and ¢, ~8:10*%cm™. Capture one
Li

of electrons on (Nby; - Nbyg) defects (one-electron

localization) make “small” polaron (Nbﬁ— - Nbi;b) with

optical band absorption near 1.64 eV. Accordingly, capture
two electrons on this defect make Gaitler-London’s bipolaron
with optical band absorption from 1.7 to 4 eV. Authors of
publication showed, that for description optical spectra’s of
absorption in the interval energies higher than 2.5 eV also
need assumption defects of type (Nby; - Nby;), minimal
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distance is 3.76 A, concentration of defects is ~6-10'%cm>.

However, computer simulation of bipolaron state (Nbﬁr-

NbﬁL) showed, that this defects do not contribute into
optical spectrum for energies high 2.3 eV. In other side, four-

N

electron defect , in which on each ions Nb
4+ 4+
Nb i~ Nb Li

accordance one non-degeneration level and Hamiltonian
describe through "four nodes Hamiltonian" in four-electron
basis, well explain and describe singularities optical spectrum
of lithium niobate crystal for energies high 2.5 eV (model Q-
polaron). [19]

Follow type of defects bound up with OH’, which in
LiNbO; may have two forms: impurity complex and
molecular ion. The OH- absorption and Raman-scattering
spectrums of congruent, pure and nearly stoichiometric
LiNbO; crystals investigated in publications [16]. Maximum
by the 3466 cm’ considered to relate to the stretching
vibration of OH™ for protons directly substituted for Li" ions
and located at 3.36A (0-O) bonds in oxygen triangles nearest
to the Li —site. Maximums by the 3481cm™ and 3486 cm™ are
also due to OH" in 3.36A (0-O) bonds, but protons suggested

occupying V|, near Nbﬁr . Two different ions environment

around V[, are cause these two absorption maximums.

Distance (O-H) is near 0.9896A, concentration coy- is
approximately 10'%+10"® cm™, energy of thermal activation is
1.23 eV for LiNbO; and 1.17 eV for LiNbO;: Fe. [20]

The transport properties in crystal LiNbO; are of major
relevance in connection with the hydrogen doping processes,
ionic conductivity, photorefractive fixing etc. Although
proposal was first made about possible OH™-molecular
migration to explain proton diffusion, in [17] had found a
strict proportionality between the proton concentration and
conductivity up a similar temperature. H' ions are occupying
Li-vacancies.

Role donors and traps of electrons in LiNbOj;: Fe is ions
Fe’" and Fe’', respectively, [18] and they are deeper then

NbiﬁiL and Nb ?j with respect to condition band edge.

Summarizing the XSW measurements, the lattice position
for an assumed single — site occupancy of Fe atoms in
LiNbO; structure is determined to be (0.18+0.07) A above
the ferroelectric Li —site in direction of "c" axis of crystal.
However, due to the systematic differences in coherent

fractions for (008) and (ITZ)measurements, spread of

positions in range up to £0.7A is conceivable.

Thermal reduction of lithium niobate with iron used to
change the charge state of the impurity and so adjust the
ration between concentrations Fe’* and Fe’* states. Usually

ratio is C_. /C_.. ~0.05 for case Cp, ~56:10"%cm™ and

C., ~2.510"%m’, wherec,, =c¢

Fe + CFe“ :

FeZ+
2. Optical spectra and spectra of scattering.
Experimental researches of optical spectra of absorption

LiNbOj; published in many works. On fig. 1 our experimental
results are shown only in connection with a context of article.

We shall notice only, that in spectral area in which our
researches (is area of a transmission of a crystal) were carried
out, values of factor of absorption are small.

On fig. 2 plotted spectral dependence of volume photogalvanic
current for LiNbOs.

Curves of two-refraction An changes on diameter of the
area of a crystal covered by light given on fig. 3. With
increase of time of an exposition, the area of changes An
Srows.

Fig. 1 Optical spectra of
absorption LiNbO; for
two  polarizations: 1-
ElightJ-C and 2- ElightHC-

350 400 450 500 550 600 650 700

J10% a

Fig. 2 Spectral dependence
1 of volume photogalvanic
current for LiNbO;
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At achievement of some critical size An=1.7-10° on
dependence An (fig. 4) are observed "jumps" (effect partial
polarization reversal) which quantity is defined by density of
capacity (~8 W/cm?).

#0107
=

s Fig.4 "Jumps" An in
LiNbO; +Fe.
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This result earlier published in article [10] and explained in
authors of paper [14].

Investigations of spectral dependences of Raman-scattering
by frequency o scattering cross-sections, allow studying
time-development of process. As well known, parameter of
line width directly connected with time-delay between
processes absorption and radiation photons. The scattering
cross-section defines from expression:

dyo(kphy i@y ) =
2
| o

244
T c

|M fiMro

]

] (o, £, F

2 2 2
h |_(m1 —0;) +y;

My, and M are matrix elements and t,=1/;.

Therefore, we have two cases: slow |o; - o; [<<y; (depend on
lifetimes) and fast |o; - o>>y; (depend on experimental
conditions) processes. For slow processes:

2
2 Ti
Yi {—exp(——ltJ} t<Tyg
2

](TL)exp[—yi(t—TL)] t>Tp

I(t) ~

For fast processes:

=)

TL

I(t) ~

I(TL)exp|:—2

Here =0 and (=7, are leading edge and trailing edge of
impulse, correspondingly.

Fig. 5 Study lifetime of states in
LiNbOs (here x-axis is t, ps):

Impulse of laser:
a. A=532 nm, 100 ns

b. Case ®; = o;
c. Case ;= oy + 1.2 GHz

d. Case ; = 0y +2.2 GHz

The received results show, that at a resonance with a line of
absorption (case "b") intensity of radiated light slowly grows
(an interval 0<t< T;) and then (in an interval >T;) slowly
decreases with time of attenuation about ~14 ps.

In cases "c" and "d" in intensity of radiated light "slow"
and "fast" components, and amplitude slow components are
well observed is less, than in a case "b".

Time-delay between processes of absorption and radiation
of photons are approximately ten nanoseconds.

These investigations will well be coordinated with
relaxation changes of factor of the absorption, in this case
reflecting recombination processes (see fig. 6). The received
experimental results easily can be approximated function
a(t)=o;(0)exp(t/t,)+a,(0)exp(t/tz) +as(0)exp(t/t;) with parameters
o;(0)=4.13, 1,=0.016 ms; a,0)=0.972, 1,=0.95 ms;
03(0)=2.19 and t; =0.144ms (see fig. 6a). They also can be
approximated with function oy?)=o;(0)exp(t/t;)+o(0)exp(t/t,)
with parameters o,(0)=2.536, 1,=0.3 ms, o,(0)=4.848 and
1,=0.016 ms (see fig. 6b). Points give experimental data.

CIR Fig. 6 (See comments in
the text)

m
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On fig. 6 results of adjustment in experimental dependence
relaxation processes which estimate on change of factor of
absorption, which will be coordinated to results of work [11]
is given. Want to remind, that in [11] was defined light-
induced absorption changes vs time. In same work it is
possible to find the data on dependence of maximum o™ of
light-induce absorption, lifetime <, stretching factor J3
changes from intensity of pump light (see also [12]), and, for
excellent description of the complete evolution of oy(?) is
obtained by function (x,,-(t):al(t:())exp[(t/r)ﬁ]. Here
fKWW(t):exp[[(t/rKWW)ﬁ] is "stretched" exponential function,
known as the Kohlrausch-Williams-Watts relaxation function
[13]. This function applicable only for times long compared
molecular vibration periods. Laplace transform resolves
Sfxww(t) into a linear superposition of simple exponentials

o0
(A)20): fxww = (I)AB (r)exp(— ijdr . Each dynamical
T
region has a simple exponential relaxation (approximately)
with its own characteristic time scale for relaxation.
Boundaries and contents of dynamically distinct regions
change with passage of time. As known, that value of 3
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usually decreases from "=1" to "=1/3". Use by authors [11]
these functions is connected with made by them the
assumption, that during absorption and recombination of
electrons in LiNbO;:Fe properties small polaron are badly
taken into account and dependence of optical absorption
should not have simple monoexponential form. The
investigation of the dynamics of the light-induced absorption
changes in LiNbO; crystals reveals: the recombination of

electrons from small polarons ( Nb ?j ) with deep traps (e.g.,

Fe’* ) follows a stretched-exponential behavior (this result
from the fact that lifetime of an individual polaron depends
on the distance to the next deep trap) and, thus, for all
polarons together, a spectrum of lifetimes instead of a single
time constant is obtained [11].

Excitation and recombination of the electrons for
LiNbOj:Fe can be described by the two-center charge model,
which introduced in [15, 18]. Electrons can be excited from

Fe** by light either into the conduction band or into NbiJir

forming Nb?j{. Direct excitation into Nby; centers requires

that there are always some these centers close to each Fe*".
In this case, because Nby; is an intrinsic defect that occurs in
a very high concentration [16, 17]. The electrons in the

Nb ﬁ' traps can be excited to the conduction band by light or
thermally. The conduction-band electrons can be recombine
either with Fe*" or Nb SLT .

Completely in this model, excitation and recombination of
the electrons describe by the equations:

Fe’* _ [ s + K] ( ] It
o 9 pe? sep T 9 pet s npis (N, ~ Cppts /L ILE pore
+ + : . —¢
(Y s e Y porr spds Eapt M€ pe ~Cpre)
achZf s
=-|B +q .0 [L+y 1+ e (c —C. )
o Nb}F —ch Nb} —cb Nb}F—Fe** ' Fe Fe

S
Captt O g M e St TLC per HCNby, T C g/

S S . .
Here: ¢ Feseb® Tre pl absorption cross-section of

Fe** for absorption and excitation of an electron from Fe*"

into conduction band (cb) and Nb?j, correspondingly;

s : . 4+ .
Ut e ™ absorption cross-section of Nb . for absorption

and excitation of an electron from Nbi;r into conduction

zone; ¢ ,cyp, — are total concentration of Fe and Nby;

Fe

- concentration of Fe*' and

correspondingly; and St
Li

CRe2
Nb?j, correspondingly. I — intensity of the spatially
homogeneous light; Ve sped " coefficient of recombination
of conduction band electrons with Fe®"; v 5 -
cb—>Nby;
coefficient of recombination of conduction band electrons
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. 5+. . .
with Nbj.; Ybd et T coefficient of recombination of

electrons from Nbﬁr with Fe’".; n — density of free electrons

in the conduction band; p -rate of thermal excitation

Nb} —cb
of electrons from Nbii+ into the conduction band. It is

impossible to forget, that in real crystals LiNbOs:Fe as it was
specified above, always there is a concentration of ions Fe’*

and Nbﬁ. In table 1 the experimental values published in

paper [15] which are used quality of initial calculations given
for carrying out have been reduced.

Table 1
Quality, unit Value Notes
s 2y 1.0x 10° Light wavelength 532 nm
Ape2t yep > ™ 0 Light wavelength 632.8 nm
s " 5.0x10° Light wavelength 532 nm
qNb‘ﬁ;' Seb ™ 5.2x107 Light wavelength 632.8 nm
s 322x 107 Light wavelength 532 nm,
qu2+ HNbﬁ > 632.8 nm
m>/J
3 1.2x10% C. =c_ . +cC
“Fe- ™ or 5.6x 10% Fe = Vpe2r T Vpeit
. o 1.0x 10
Nby; °
c o Variable; initial
Fe®* > data published in paper
2.5 x 10* for [1]
Cpe =5.6x10%
c /e Variable; Typically ratios in the range
Fe?t ' “Fe* initial data ~0.05 from 0.01 to 1
for
Cre =5.6x10%
c . variable
Nbit
IL, V‘]/In2 Variable IYAG:Nd 5 IHe-Ne
to 3 x 10* (Iyacng)
m¥s 1.65x 10"
¥ ebsFe?
0
3
Veposnpst ™78
1.14x 10™
Y Nb# > Fet
m’/s
1.14 x 107!
Y Nb# > Fe
m’/s
n,m> variable
K 0
B i b S
w, m*/Vs ~7.4 107 Very small value of
mobility of  electrons
specifies that fact, that
electrons in this case cannot
be considered as the free
particles.
13, m/V 10.9x 1072 Electrooptic coefficient,
Light wavelength 632.8 nm
e 28 Dielectric coefficient
ny 2.286 Refractive index. Light
wavelength 632.8 nm

First of all we shall remark, that in this case experiments
were carried out in geometry when impulse radiation from
YAG:Nd with a wave length 532 nm and intensity Iy4s.ys Was
guided under an angle 20° to a surface of a crystal while
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radiation from He-Ne the laser with a wave length 638,8 nm
and intensity Iy.n. has been oriented perpendicularly to the
same surface.

Such experiment allowed observing of a modification of
absorption  stipulated by absorption of transitions

Fe*'—> Nbi;r, Nb?j{ —cb and a recombination of electrons

from a conduction band on levels Nbi;r and Fe*'.

Measuring optically induced modifications of a refractivity
in LiNbO;:Fe at use He-Ne of the laser such as JII'-31 with
wave length of radiation 632,8 nm have shown, that
magnification of exposure time results in propagation of a
refractivity (in particular, see a fig.3. The more a power
density the more strongly a steepness of effect. This outcome
is not new and early described in [10], [14]).

After light transformations, we can write out the kinetic
equations for both cases. However, two-center charge model
basically be not capable to explain the modifications of
absorption factor observed in experiments (for example,
[11]). In paper [21] the data on formation of an electric field
in earlier shined field which magnitude as appeared can
exceed 10° V-cm are published. Such field can reduce in an
electrical breakdown and should be taken into account at
interpretation, for example optical, experiments. The
estimation of a field of a photorefraction on observationally
observable values of a modification of a two-refraction with
the equation of electrooptical effect gives 680 V/cm for 8An
=5 10" and T=300K.

In ferroelectric materials - photoconductors on boundaries
of uniformly irradiated field the space charge is formed. The
modification of spontaneous polarization at illumination of
the crystal, happening as a result of a modification of
concentration of the free carriers [22], calls occurrence of a
depolarization electric field. Due to photoconductivity this
field screens, that is at enough long-lived illumination the
field in the field of a light stain is close to null. Magnitude An
in the field of a light stain, in this case, is determined by the
formula [23]. After removal of illumination there can be
rather fast relaxation of excited states of impurities therefore,
magnitude of spontaneous polarization is returned to an
equilibrium value. Thus there is a modification and
magnitudes An which, however, does not tend to zero. The
space charge on boundaries of irradiated area can be
maintained long enough and after a relaxation of spontaneous
polarization. Therefore, after lockout of light, in earlier
irradiated field there is a built-in field which defines a
quantity An, maintained long enough. This magnitude
essentially depends on the shape of a stain. The modification
An is easy for finding from the equation of electro-optical
effect:

3 * 2 0
n (o [~ -g)e * o 2mN ay
An=——(m + 2MP; ) Py +a fP [N +—
2 In(c+g) n
€]
3 * 2
n ge—1|(a [ -g)e * 0
An=——(m+ 2MP, ) Py +a fP N (2)
2 € In(c+ g)
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where m - the linear electrooptical coefficient, P, -
spontaneous polarization, N — concentration of impurities, o -
polarizability, f~Lorenz’s factor, M electrooptical
coefficient, g — coefficient of deformation potential.

Presence of two relaxation times An, the reference for the
given mechanism photorefractive effect, is well-known from
operations [21, 24-26,]. In the beginning of illumination for
small time, restricted only the velocity of a photo-ionization
of an impurity, mounts magnitude An, defined by expression:

*

ocf2

In(c+g)

3

n (
An =——(m+2MP )
2

0
7g)c 1 —-¢ 0 2N 2]
P, +a R —

N
n

Association n from @ (x) - allocation of light intensity and 7 -
temperatures is determined by the concrete mechanism of
drive of impurities. If under an operation of light there is a
recharge of impurities this association is given by formulas:

0 ' -1 -
N" = SON{(S +S; ) + [WN_ exp(~1 / kT )N;  + Wy N, }

C

where S; =S;W /W, n

N = 2psm)? NN {(N; + Nso)? {(N; - NP so+

2 -1

' 1/
+ 4N, N[S; @ + WN exp(~1 /KT )+ WygN; 13" *

The relaxation time of an excited state is not enough at major
impurity concentrations. Shelf time of space charge, defined
a thermal ejection of electrons from traps and the pickup on
them of the free carriers, is determined by expression:

-1
s RW;N_exp(=1/kT)+Wn

3)

T

When the photoexcitation of an impurity does not reduce in
ionization, concentration of the excited centers in stationary
state can be spotted expression:

0 Nt SO
N

1+1SD

As a rule, the relaxation time of an excited state is not
enough. A unique reason of effect of a photorefraction in this
case is formation of space charge which time of maintenance
is determined by expression (3).

Let's estimate a reference length of shielding of a field 1
that is thickness of a stratum of a space charge. Division of
charges happens due to ionization of impurity centers, the
subsequent electron drift in an electric field and their capture
on the free trap. The area in which the electric field is distinct
from zero less, the energetically more favorable is the
relevant condition. Therefore in the field of the positive space
charge there is the complete ionization of deep impurity
centers, and in the field of the negative - the complete
recharge of traps. Thus, we have p=eN and c=eNI. Guessing,
that the light stain has the homogeneous allocation of
illumination and estimating P as we shall discover, that on an
order of magnitude [=AP/eN=a. fd*~10"cm.
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It is obvious, that allocation An(x) during illumination
noticeably differs from An(x) after removal of illumination,
more precisely, after relaxation of excited states of
impurities. Besides from model follows, that sensitivity
induction of photorefraction should have spectral maxima.
For LiNbO; :Fe such association has been found out in [27].

As well known, small polarons and bipolarons absorb
radiation when a self-trapped carrier is exited from severely
localized state to another well-localized state at an adjacent
site. The widths of the absorption spectra of small polarons
and bipolarons are due to variations of the energy differences
between these well-localized states caused by atomic
displacements. That is, phonon broadening provides the
predominant broadening mechanism for small-polaronic
absorption spectra. Therefore, small-polaronic absorption
spectra are generally temperature depend. Small-polaronic
absorption spectra are generally asymmetric. The absorption
on the low-energy side of the peak is greater than that on the
high-energy side of the peak.

The absorption coefficient per unit density of small polaron
is given by [28, 29]:

3/2 2 2
T et —(ZEb —ho))
exp
! 2
m -®-c-A A

o 2

“4)
"p

where t’ is the intersite electronic transfer energy and the
2

= '

2m a

electronic effective mass is defined by relation ¢ 55

A =\8ELE ; . At low temperature E,; is just the zero-point

ho

vibrational energy , at high enough temperatures for

the vibrational motion to be treated classically, E,;=kpT.
Derivations of (4) presume that E,>>A>t’, this factor
reduces the absorption. This reduction factor occurs because
the transfer related absorption requires the electronic energies
of initial and final sites be within ¢’ of one another while
motion broadens the local energy levels by larger amount A.
The efficacy of the absorption is reduced when the time

h
required for the electronic transfer —
t

interval during which the -electronic energies remain

'

is longer than the time

h t
coincident, —. If E,>>t">A, — should be replace by unity
A A

in (4).

For a small bipolaron, two carriers occupy a common site
since the depth of electronic well that self-traps the carriers at
equilibrium is twice as deep as that for a small polaron, -4E),
rather than -2E;,. The electronic energy of the two self-

trapped carriers is then -2(4E,)+U, where U is the on-site
Coulomb repulsion energy. A small bipolaron is stable with
respect to separation into two separated small polarons, if its
electronic plus deformational energy, -4E,+U, exceeds that
of two separated polarons -2E,. Absorption spectra of small
bipolaron are similar to those of small polarons. But energies
of the absorption maximums small bipolarons tend to be even
higher than those small polarons.

Very small value of mobility of electrons (u~7.4 10°m%Vs) in
LiNDbO; specifies that fact, that electrons in this case cannot
be considered as the free particles, e.g. polarons are strongly
located. Conductivity here carries jump character, i.e. the free
length about the lattice constant can exceed time of a
recombination essentially 10 s.

All aforesaid allows making improvements for two-center
models:

1. to take into account association of cut of an absorption
on an energy of incident photons and on allocation of
intensity of light in the field of a light stain;

2. to take into account singularities of recombination

processes.

On fig.7 results of calculations of change of absorption
after the termination of action of a pulse of light from the
YAG:Nd laser (532 nm) on the modified model which show
the good consent with experiment (see. Fig.6) are submitted
(dashed line is theoretical calculations).
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The long-range development of these operations will be
submitted in the second part of paper.
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LiNbO; OPTIK XUSUSIYYSTLOSRI. BIRINCI HiSS9

YAG:Nd lazerin (532 nm) HeNe lazerinden (632.8 nm) arasikasilmayan sualandirmayla ikinci stialanma harmonikasi ila

impuls oyanmasi seraitinde 0.03% Fe asqgan ile asgarlanmis litium niobatin optik ve yaylma spektrleri eksperimental
arasdinimisdir. Alinan eksperimental naticalerin ehtimal edilecak nazaeri interpretasiyasi verilmisdir.

Tanar P. MexTuen

ONTUYECKHUE CBOMCTBA LiNbO;. YACTh ITEPBAS

DKCIEepPUMEHTAIFHO HCCIICIOBAHbl ONTHYECKUE CIEKTP M CIEKTp paccesHus Huobara sutus nerupoBanHoro 0.03% mpumecsio Fe B
YCIIOBUSAX UMITYJILCHOTO BO30YKAEHHS BTOPOM rapMoHHKoN m3mydeHus (532 nm) naszepa YAG:Nd ¢ HenpepbsIBHOM moncBeTkoii ot He-Ne
naszepa (632.8 nm). [lana npeanoioKUTenbHas TEOPETUUECKast HHTEPIIPETalUs OIyYEeHHBIX SKCIEPUMEHTAIbHBIX PE3yIbTaTOB.
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RECURRENCE RELATIONS TECHNIQUE IN AN
ANTIFERROMAGNETIC SUPERLATTICE

V.A. TANRIVERDIYEYV, V.S. TAGIYEV, S.M. SEYID-RZAEVA
Institute of Physics of the National Academy of Sciences of Azerbaijan
370143, Baku, H. Javid ave.33, E-mail : Physic @Physics ab.az.

General dispersion equation of exchange spin waves propagating in a general direction in an antiferromagnetic superlattice is derived by
the recurrence relations technique. The elementary unit cell of the superlattice under consideration consists of N different antiferromagnetic
layers. The results are illustrated numerically for a particular choice of parameters

Rapid development of modern technologies leads to
superlattices (SLs) wide application, and this causes an
increased interest to their experimental [1-3] and theoretical
investigation [4-6]. The study of spin waves is very useful in
determining the fundamental parameters which characterize
the magnetic systems — anisotropy, exchange coupling,
magnetization, surface effects, impurities, dipolar interactions,
and magnetic structure. [7]. Therefore theoretical studies of
spin-wave excitations in magnetic multilayers, thin films,
metamagnets and SLs have been the focus of considerable
interest for many years, and Green’s function method,
interface rescaling technique, transfer matrix formalism or
recurrence relations technique are used for their studies [8-
12]. There have been numerous investigations of the spin
waves propagating in the SLs composed of two different
ferromagnetic or antiferromagnetic materials [13-15].
Comparatively fewer properties of antiferromagnetic SLs
have been studied. Existing works on antiferromagnetic
multilayers have primarily considered long- wavelength
approximations [9,16] or microscopic periodic SL [17,18].
Some general expressions for excitations in discrete N —
layered ferromagnetic SLs are derived in ref. [19].

In this paper the general dispersion equation of exchange
spin waves (short- wavelength limit, where the exchange
coupling is dominant) for SL with the elementary unit cell
consisting of N (=2,3,...) different simple-cubic Heisenberg
antiferromagnetic materials is derived by the recurrence
relations technique. Recurrence relations technique leads tol

H=3J,(8:8,5, )+ it (Suy Sy )= g, MpHV(SE,

ny.9;; ny

where the first term describes exchange interactions inside
atomic layer, the second term describes exchange interactions
between neighbouring atomic layers and the last two terms
include the Zeeman’s energy and magnetic anisotropy
energy. Here, n is the index of atomic layer, v describes the

position of a lattice site in this layer and SH is the vector of

location of the nearest neighbours in the plane. The axis z of]

a compact expression for the spin-wave dispersion relation of
the SL. The material j (=1,2,...,N) can be characterized by the
following bulk parameters: the exchange integral J; , Lande
factors g; and spin ;. Asindicated in fig.1 the j-th layer
consists of n; atomic layers. The exchange interaction
between atoms of two atomic layers at each interface is
assumed to be antiferromagnetic, but different from the
corresponding bulk couplings. We assume the same lattice
parameter o for all the N materials.

XX XX 0.0 0.0 ® @ @..0....... 2@ 9.0
XX x.x 000..0 ® @ 2.0 2@ 8.

X X x..x 0 0O & [ ® @ &..8 e e 2.3
wi XX XX 00 04 O ® ® 8.08....9 @ 0..8...
et — St
M, n. n .

H,

Fig.1. The elementary unit cell of SL consisting N different
simple-cubic Heisenberg antiferrromagnetic materials.
The same lattice parameter a is assumed for all the
materials. The antiferromagnetic layers consist of n;
(=1,2,...,N) atomic layers. The layers are infinite in the
direction perpendicular to the axes z.

The Hamiltonian of the system can be written in the form

_Sj,vb)_gnuBH()Z(S;,va +Sj,vb) >

(1

the coordinate system is normal to the film interfaces [001]
and external field H, is assumed to be parallel to the z axis.
Using the equation of motion for the spin operators

S;,a(o‘)’kH) and S;b(oo,ku) corresponding to sublattices a

and b one finds the following system of equations

kz Jn,n S;a - Jn,ny (kH )S;b - J}1,71+1 ):r+1,b - Jn,n—] ;—I,b = 0 )
()
}\’1:1 "]n,nSr-:b - Jn,ny (kH )S;,a - Jn,n+1Sr-:—+1,a - Jn,n—ISr-:——l,a = 0 ’
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where 2%, 27 and vy (k) are defined as follows v (k)= 2(cosk.a+cosk,a),

n > "n

Mt =t (o — g up (Hy £ HV )4, (S~ T, (820 = (ST (SE)

| The system of equations (2) can be solved by recurrence
) ] o relations technique [13] to relate the spins at the first and
respectively. Equation (2) are valid in the low-temperature (o004 Ao layer of j-th and (j+I)-th layer of m-th
limit and random-phase-approximation (RPA) elementary unit cell

(8, )=—(S, ,)=(S,) has already been done.

. a b
the upper sign refers to A, and the lower one to A,

S1+,(j+1),m,a S]Jr/ m,a SJJr,_/,m,a
+ + +
SI,(j+1),m,b _ R(‘/"/+1)(R(j) )n/._z 1,j,mb _ T(j) 1,j,mb (3)
S2+,(j+]),m,a S2+j m,a S2+,j,m,a
S;—,(j+1),m,b S2+,j,m,b S2+,j,m,b
the matrices RV and R(7I+ have the form:
0 E ; [-E Y
RV = , R+ —
-E Jj,j+1 rz(lj A rz(zj s
b
(/) = p( ) — p(IIt) —
a > 21 a s 12 P
Ay =v(ky) Mg v(k) Aite, vk
(7‘1;41 tTE X?Jj +8j)+y k)= 7 ]I 1 ~V(k (N + 1) +e ., +e,)
(J.J+l) _
7 Y
Sy k0 M e e ) s e J0 e ey k=02 T
Nt = o —g ms(H, £ HIY))=60 (DT (87).
8] = 1+1<SJ+1>/JJ <S/z> > 8 =1~ JJ+1<S >/J 1+1<S1+1>
and E is twodimensional unit matrix.
The matrix ( R )nj - can be expressed through R/’ using similarity transformation [21].
Cnl—Z 0 Cn]-—j’ 0 - an—3 Cnl—Z
(R(j))”/*z — RV — —
0 Cn/72 0 Cn/73 - Cn/fZ an7]
sin(n 05" )/sin(04") 0 NV
C, =U Uy, U, = )

n; J J :
0 sin(njel(“)/sin(elm) \/E —\/77;
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Here, 91('/ 7 and 92(/‘ ) are defined by the expression sign, respectively. 91('/ / and Gz(j / are discussed in ref. [20,21].
2cos(0 1(/2‘)) =—( kH) + WJ{ 7»1;. with the minus and plus The 4'x4 matrices 7'/ are given by the following
’ expressions
N A . %
(Jj) — J (J) — J J
T]I/ - J _(x‘n -1 Bn —28 j > 7112] - _Sj(x‘nj—Z - an—l 7\’“ >
Joj+l L Jo+l J
, J . A ,
(Jj) — J J (J) —
T]3/ - J a’n + Bn —]81 7\’_]) > T]4j ’
Joj+l L J
a a 2
(j) __"J J g Joj+l
T/ = Y(ku)a . _(7“ i TE +1)' B, 1| teo, 5 |FE 'V(kn)Bn.—z T Q, > |,
nj-1 J J i N J j A JJ j
JJ+l j J JY g
J. AL A 2
(J) — / J s i
T;; 7 gﬂ(ku)anj_z _(7\']+1+81+1)' Sjan—2 X n-1I + X Y(kH)Bn —1+Bn— J 7
Jg+l J ] i+l
J. % ¢ .
(j) _ St
TSS - J _Y( )OL ( ]+1 ]+1)’ an 7\,_b +e an -1 _Sjy (kH)an—J }\‘_b J J n;—1 )
S+l J JY
=l k (2, +e ) l’) + j kB, + i
34 _J —Sj'Y( H)anj,1 j+1 8]+1 ngnjfl 24 n; - Y( H)B an J.J >
Jo+l J J g
T/’ =T{a—b;b—>a}, T =T1/{a—bb—>a}, ng/):TIQ’){a—)b;b—)a}, (5)
TL“zTé”{a—)b;b—)a}, T4(1-’)=T3(2j){a—>b,'b—>a}, T4(2-/)=T3(1j){a—>b,'b—>a},
T\ = T3C,j){a —>b;b—> a}, T} = T3(3j){a —>bb— a} ,
where
— (s’”(” o Si”(”feg'j))) B =0 5(Sin(nj92(“) Si"(”_/ﬂz(“))
o \ m(e(’)) sin(egj)) > nj a \ sin(egj)) sin(el(j)) : (6)

The matrices 7'/’ (G=1,2...N) combine to yield transfer

pNIp(N=1) (1)

matrix 7 = . The matrix elements of

v are obtained from the elements 40f 777 when
j—> N and j+1— 1. The matrices 7¥ (j=1,2...N) and

T fulfill the following conditions

det( TV )=J; [J3., . detT=1,THT)=TrHT"),

™)

j+l

|where Tr(T) and Tr(T ') are the sum of diagonal elements
of T andits inverse matrix, respectively.

The eigenvalue problem for the matrix 7 has the form
+ + +
Y, =n¥0,

following form

and the characteristic equation has the

T+ =-Tr(Tm+1=0, (8
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where

t:TuTzz _T12T21 +T11T33 _T13T31 +T22T33 _T23T32 +TI]T44 _T14T41 +T22T44 _T24T42 +Ts3T44 _T34T43»

nli’. , =exp(£iLQ,.,) are four eigenvalues and ¥ 1%2 are

the corresponding eigenvectors.

N
Here, L= > n La
c=1

S is the periodic distance for the

superlattice under consideration.
In general case three different situations are possible:

6)] Either the eigenvalues n;’r or nzi is complex ,

(i1) Both the eigenvalues n;’r and 112i are complex

B

Both the eigenvalues n]i and 1]2i are real.

(iii)

In every case the following relations are fulfilled

N, +n; 4Ny 4, =Tr(T).
©)
Ny, 4N, = ZCOS(LQJ,-z)
Using (8) and (9) one obtains the general dispersion

equation for exchange spin waves in the superlattices
under consideration

2
Tr(T Tr(T
2cos(LQ, ., )= r( )J_r r(r) —t+2
’ 2 2
. (10)
Equation (10) is the main result of this paper. It can be

verified from equation (10) that when all media are
identical,

J| :Jzz"':JN:Jj,jH EJj;
8§ =& =""=8y=§;;
(§7) =(8) =---=(Sy) =(5});
HY=H"=-.=H"=H"
i

0,, reducesto 0,7

We note that bulk and surface spin waves in finite or
semi-infinite system are described by the eigenvalues of
the transfer matrix [19]. But in the case of
antiferromagnetic structure surface spin waves can not
be characterized by a single propagation constant [20,21].
Equation (10) shows that bulk, acoustic and optic spin
waves in an antiferromagnetic SL are characterized by

two propagation variables @, and @, as an

antiferromagnetic constituent are characterized by 9]” /

and 92” /. The number of these propagation variables does
not depend on the number N of materials consisting of the

| elementary unit cell of SL and the number of atomic layer

n; of the materialj (j=12...N).

g N WK
e N WIS

&

N La

Fig.2.Bulk spin—wave dispersion graphs for [001]
propagation with parameters J, / J;=2,2,=8,;

A z
guph'™ [1,(87) =001

A
gZP‘BHg )/J1<SIZ> =0.03;
a) bulk spin — wave dispersion curves for constituents

1 (lower curve ) and 2 (upper curve);
b) bulk spin — wave dispersion curve for SL when

N=2,n;=n, =6 ;J/J,=05.

Although the expression of cos(Q;,L) is in a
complex form one may find the energy range where
they are real and — 7 < cos(Q,.,L) < I. The bulk solution
corresponds to the complex eigenvalues of the matrix 7T in

the energy range wherehiz‘:l . We write these

eigenvalues in the form exp(+iK_La), where K is the

normal component of wavevector describing wave
propagation in SL. For simple numerical illustration we
choose the case of SL composed of two materials and &, =k, =0.
Fig.2,a shows the bulk spin-wave dispersion curves of
component media 1 and 2 for a particular choice of
parameters, while fig.2,b shows the bulk spin-wave
dispersion curve of SL. The dispersion curves are drawn

in the energy range 0<(0) —gluBHo)/J1<SIZ)<8. In

the energy range 0< ((o - g];,LBHO)/J1<SIZ) <6 both

components media 1 and 2 have bulk spin-waves. In this
energy range the dispersion curve for SL exhibits broad
pass and narrow stop bands. SL spin—wave dispersion
curves and the dispersion curves of the component media 1
and 2 move up with increasing anisotropy field.
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V.. Tanriverdiyev, V.S. Tagiyev, S.M. Seyid-Rzayeva

ANTIFERROMAQNIT iIFRAT Q9F3SD3 REKURRENT SLAQSOLAR METODU

Rekurrent slagaler metodu ile antiferromaqnit ifrat gafasin oxu boyunca yayilan spin dalgalari Gglin Umumi dispersiya tanliyi
tapilib. Baxilan ifrat gefasin elementar 6zayi N sayda mixtslif antiferromaqnit laydan taskil olunub. Alinan naticeler parametrin
secilmis giymatlori G¢lin kemiyyatca tasvir olunub.

B.A. TanpsiBepaues, B.C. Tarues, C.M. Cenn-P3aeBa
TEXHUKA PEKYPPEHTHBIX COOTHOLIEHU B AHTU®EPPOMATHUTHOM CBEPXPELIETKE
Vcnonb3ysi TEeXHUKY PEKyppPEHTHBIX COOTHOIICHHH, MOMy4YeHbl OOIIMe MUCIIEPCHOHHBIC YpaBHEHHUS [UII OOMEHHBIX CIIMHOBBIX BOJH,

pacnopoCTpaHArONUuXCsa BAOJIbL OCH aHTH(l)eppoMaFHHTHOfI CBECPXPCIICTKU. SHCMCHTapHaﬂ sIIeKa paCCManHBaeMOﬁ CBECPXPCUIECTKHA COCTOUT
us3 Npa?:J'II/I‘{HI;IX aHTI/I(beppOMaI‘HI/ITHI)IX CJIOCB. HpI/IBeZ[eHI)I YHCJICHHBIC PE3YJIbTAThI NJIA BI)I6paHHI>IX 3HAYCHUI rnapamMeTpoB.

Received: 14.01.03

61



FiziKA

2002

CiLD VIII Ne 4

CLASSICAL FACTORIZATION METHOD FOR THE NON-STATIONARY SYSTEM

R.G. AGAYEVA
Institute of Physics of the National Academy of Sciences of Azerbaijan
370143, Baku, H.Javid ave.33.

The classical factorization method is constructed for the non-stationary system with the use of quantum integrals of motion.

The classical factorization method (CFM) developed by
Schrodinger [1] and extended by Infeld and his collaborators
[2] allows the eigenfunctions (EF) and eigenvalues (EV) to
be constructed for the stationary problems.

Within the framework of CFM the Hamiltonian for the
harmonic oscillator is known to be represented as

PN | At
hw(a*a +3 , where ® is a frequency, @ , a  are

the Bose rising and lowering operators, respectively. Then
the EV; and the EF; of the Hamiltonian are defined by the
algebraic way provided the energy EV have a lower limit.

To solve the non-stationary problem means to determine
the wavefunctlon . satisfying the wave equation

0 . .
ih—w = Hy , where H is the Hamiltonian of the problem

ot
under consideration. However, the wave function of the non-

stationary problem is not EF of a and, there fore, it is
impossible for the CFM to be extended to the non-stationary
case directly.

The wave function of the non-stationary system might be
determined if this wave function obeys not only the wave
equation but simultaneously is the EF of a certain operator

A

K:2+2_+§ )

e .. .
where A~ are the Bose rising and lowering operators for the

given non-stationary system and the EV of K have the
lower limit. Such a situation is realized provided

{Ié,ihi—ﬁ}:o )
ot

A

i.e. only on condition that K is the quantum integral of
motion.

The aim of the present work is to show, with a harmonic
oscillator with a time-dependent frequency being used as an
example, that the CFM may be developed for the non-
stationary system provided the method of the quantum
motion integrals is used.

There is a further point to be made, in the case of the
non-stationary problem one can solve the EV problem for the

operator K instead of the corresponding wave equation. In
the stationary case this operator transform to the energy
operator.

Let us consider a non-stationary harmonic oscillator
described by the Hamiltonian

A2 2 22
gop mo (t)x 3
2m 2

where x is a usual canonical coordinate, p is its conjugate
momentum, and m is a mass.

It is known that lowering and rising operators for such
system [3] are:

A i (ep . —.
A =——| L ¢ fms
V2r\m ’

N+ l g*ﬁ .k A
A" =- A AN

where the function g(z) is a definite solution of the classical
harmonic oscillator equation

(4)

E+o’(t)e=0. (5)
The following commutation relationship holds
L ar|=1 ©)

It is easy to check that
0 e
ih——H,A" |=0
[y o

i.e. the operators (4) are invariants.
Formulae (5) and (6) give the following equality,

g —ée=2i @®)

which is valid for any moment of the ¢ .

Let us introduce an operator K according to (1) where
A" are given by the expressions (4). If H has the form 3)
it is easy in compliance with (2) to be convinced that K is

the motion integral. This means that K commutes with the

0 A
operator(lha_ -H ] . Hence, these operators have exactly
t

the same set of EF,. Consequently, the wave function of non-
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stationary harmonic oscillator can if be found if the EV

problem for operator K is solved:
Ky =ky ©)
Construct the following motion integrals

X, =4 +47)/42 (10)

and

B =(a—4")/i2 (11)

They are referred to as the operator of the initial
coordinate and the operator of initial impulse, respectively

[4]. Let us express K from (1) in terms of these operators:

R=(%2+P2)2 (12)

A

Xjand F, are the Hermitian operators. Then these

operators have the real EV that places the lower limit of EV
of the expression (12): k > () This enables to apply CFM to
solving the problem (9).

Denote the quantities belonged to the ground state, i. e. to

the lowest EV of the operator K, by subscript "0".Then

Ky, =k, (13)

Let us multiply the equation (13) on the left-hand side by
and make use of the commutation relationship (6) taking into
account (1). Finally, instead of equation (13) we

obtain 1{';1'\4/0 = (k, - Iy, . Since ky is the lowest EV of the

operator K it follows that

Ay =0 (14)
whence

W, = Coexp(iméxz /2h8) (15)
and

is calculated from the normalization for ¥, . By means of

(14) we get from the expression (13) k, =1/ 2.
Let us multiply the equality (13) on the left-hand side by

A" and make use of the expressions (6) and (1). We obtain
I&Aﬁ—l//() Z(ko +])A+l//0, whence v, =C1A+l//0,

k, =k, + 1. Using the mathematical induction method one
- 1

can prove that ¥, = C1A+t/1n_, ,k, = n+—_ The value of
2

C, is given by the normalization conduction. On the whole

we get the wave function of the non-stationary harmonic
oscillator in the form

v, =)y

that exactly coincides with the well known result for the
system under consideration [4].

The author thanks Prof. Gashimzade F.M. for helpful
discussions.
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R.Q. Agayeva

QEYRI STASIONAR SISTEMLOR UGUN KLASSIK FAKTORIZASIYA METODU

Harakatin kvant integrallarinin kdmayi ile geyri stasionar sistemlar li¢iin klassik faktorizasiya metodu islenib.

P.I'.AraeBa

KJIACCUYECKHUI METO]T ®AKTOPU3AIIAHU J1JI1 HECTALIIMOHAPHBIX CUCTEM

C TIOMOIIbIO KBAHTOBBIX UHTETPAJIOB IBUXKCHUS Pa3BUT KJIACCUYECKUN METO.T (l)aKTOpI/BaLII/II/I JUIL HECTALlUOHAPHBIX CHUCTEM.
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REALIZATION OF THE TOMOGRAPHIC PRINCIPLE IN QUANTUM STATE
OF DAMPED OSCILLATOR

E.A. AKHUNDOVA
Institute of Physics of the Azerbaijan National Academy of Sciences
H. Javid av. 33, Baku, 370143

The general principle for the tomographic approach to quantum state reconstruction, which until new has been based on a simple
rotation transformation in the phase space is considered. The realization of the principle in specific example is presented.

1. Introduction

In 1932 Wigner [1] introduced a real function W(q,p)
which is related by Fourier transform with complex density
matrix p(x,x’). The Wigner function has the specific properties
which are similar to properties of a probability distribution
function of classical statistical mechanics. The motivation to
introduce such function was to make the description of
quantum state closer to intuitively more familiar description
of classical state by means of probability distribution on the
phase space. Moyal [2] has formulated evolution equation of
quantum state in terms of Wigner function. The Moyal
formulation of quantum mechanics showed very clearly what
is similarities and differences of the classical and quantum
fluctuations.

Nevertheless the Wigner function can not be considered
as joint probability distribution on phase space. The obvious
reason for this is the fact that the Wigner function can take
negative values for quantum states [3-5]. The Wigner
function is used to study the evolution of quantum systems
[5-8] since it provides a convenient representation similar to
classical picture of the evolution.

Recently, in [9-11] the probability representation of
quantum mechanics was introduced and the new evolution
equation was derived, which was a generalization of the
result obtained in [12], where the role of the Wigner function
was played by the particles position in an ensemble of rotated
and scaled reference frames in the system’s classical phase
space (the classical representation of quantum mechanics
uses the symplectic tomography procedure suggested for
measuring quantum states [13,14]. Tomography is well
known in the field of medicine where it is extensively used
for image reconstruction in diagnostic systems. It is based on
the possibility of recording transmission profiles of the
radiation which has penetrated a living body from various
directions. In quantum optics, one has the opportunity of
measuring all possible, so that tomography can be easily
implemented. In fact Vogel and Risken [ ] pointed out that
the marginal distribution is just the Rodon transform (or
“tomography”) of the Wigner function.

By inverting the Radon transform, one can obtain the
Wigner function and then recover the state, this is the basis of
the method proposed by Smithey et al [15].

The aim of this paper is to consider the tomographic
principle and investigate in a frame of this principle the
quantum system described by the quadratic non-stationary
Hamiltonian.

2. Symplectic tomography
In the usual optic homodyne tomography the observed

quantities are the quadratures X, = gcos¢ + psing obtained

as mixtures of position ¢ and momentum p by means of a
rotation g in phase space

q q cosQ
—8& &= ..
p p - sinQ

The quadrature histograms w(x,¢) also called marginal
distributions are projections (Rodon transformation) of
Wigner function [1]

sin (p} @n

cos@p

wx,p )= j W(qcoso - psing, gsing + pcos )dp
2.2)

On the other hand the resulting marginal distribution
w(x,@) is [13]

w(xo ) =< x,|plxo >=<q/G(2)p G”()q >

where |x¢,> are eigenkets of quadrature operators and G(g) is
the unitary group representation for the transformation g. In
this case

2.4
5 24

A2 2
G(g) = exp) i (”7 + "—j
As was shown in [12] for the generic linear combination
of the position ¢ and momentum p, which a measurable
observable in the phase space
X=ug+vp+9o (2.5)
where , v, § are real parameters, the marginal distribution

o(x,,v) is related to the state of the quantum system
expressed in terms of its Wigner function W(q,p) as follows:

O(xXuy)= Jexp[—ik(x -ng-vp)Wg,p) d(’;‘i‘]jﬂlp

(2.6)

where x=X-6. By means of the Fourier transform of the
function ®, one can then obtain the relation

W(qg.p)=(2r ) 2°® (z,-2q,-zp)  (2.7)
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where —zq, -zp and z are the conjugate variables to p, v and x
respectively and the Fourier transform @ has the property

I
wz,-zq,-Zp)=?m(1,—q,—p) (2.8)

It is worth remarking that in this case the connection
between the Wigner function and the marginal distribution is
simply guaranteed by means of the Fourier transform instead
of the Rodon transform.

The procedure developed 1is called “symplectic
tomography” [13], since in this case the marginal distribution
is obtained by using a symplectic transformation g belonging

to the symplectic group ISp(2,R)
] A0
Sin @ 29)
cos |0 N

q q cosQ
-8 &= ..
p p - sinQ

For this transformation, one has

* n/2 .
Wn(x,l’ = (n/)—l/Z(s_j (7'[82)_1/4 exp ﬁezr(f)xz _
2¢ ¢

w=Xicosp, v =»\'sing,5=0 (2.10)
This, for the realization of the scheme, the element g is
the product of squeezing and rotation operators. This means

that for our scheme the representation operator is

] A2 2 7\‘ . o
G(g) = exp{lcp (% + %ﬂexp[%(q p+p q)} @.11)

3. Marginal distribution for quantum dumped oscillator.

Let us consider a quantum system described by Hermitian
non-stationary Hamiltonian [16]

A= é(”em U rolme %)~ fe s 3.

The wave functions for the Fock states of this system v,
have the form

ﬁ_ﬁg *_i|5|2_
e 4e 4

X+ Re(e *d )

- é [mes 5 *)JHW [T}

where the H,(x) are Hermite polynomials and g(z) is a
complex function satisfying the equation

£+ 2T (1) +o, (t)e =0 (3.3)
and the additional relation
e Vie*g-gE¥=2i (3.4)

(3.2)
and
8(t)=—i[e (1) fiydn
The corresponding Wigner function is as follows:
W,(p.q)=2(-1)' e Ln(4z(t) (3.5

z(t):éhsrpz +|s'|2e4rq2 -2¢”"Reg e¥)gp + 1, (e *3 )p-e’" Im(e *8)q+|8|2 +ie’" Re(e'e*®)

The marginal distribution (2.6) as it was shown above is
expressed in terms of its Wigner function. Then the marginal

o,(x 1V, 0= [expl-ikc-wg-v plW, (g p.v

ldistribution o, (x p,v ) for the Fock states of our system is
as follows

dkdqgdp

) (3.6)

Substituting (3.5) in (3.6) and taking for simplicity f(#)=0 we obtained the exact expression for marginal distribution in the

following form:

1

ONEATRNES
2"nl\nee * (@ +b°)
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2
X 5 X
exp| — H
v 88*(a2+b2)J "Jee*(a’+b)

3.7)
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where

a:%-exp[l“(t)}\/(s *e+ee®)+p ,
g€

-V
b_Ag*.

In the following paper we will obtain the smoothed
Wigner function of our system and its smoothed marginal
distribution and compare both expressions.

I am very grateful to professor V.I. Man’ko for numerous
discussions and suggestions.
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E.A. Axundova

SONMSDS OLAN OSSILYATORUN KVANT HALLARI UGUN TOMOQRAFIK
PRINSIPLORIN HOYATA KEGIRILMaSI

Firlanmanin faza fezasinda sada ceviricisiye asaslanan kvant hallarinin tasviri Ggun tomografik yanasma sisteminin Gmumi
prinsiplari nazardan kegirilib. Bu prinsipin hayata kegirilmasi xlisusi misalda teqdim olunmusdur.

J.A. AXyHJ10Ba

PEAJIM3ALIMSI TOMOTI'PA®UYECKOI'O ITPUHIIATIA JIJISI KBAHTOBBIX COCTOSIHUAM
SATYXAIOHIEI'O OCIIMWJUIATOPA

PaCCMOTpeH 06H_[PII>'I TpUHIOUIT TOMOFpa(bI/I‘IeCKOFO MOAX0/a I ONMHCAHUS KBAHTOBBIX COCTOSHUMN CUCTCMBI, KOTOpLIfI OCHOBAH Ha
IpoCTOM HpeO6pa30BaHI/II/I BpalllCHUs B (1)330BOM IPOCTPAHCTBE. Hpe[[CTaBJ'IeHa peanunsanus 3TOro NpuHIyIa Ha 0coboM InpuMepe.
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ELASTIC AND INELASTIC SCATTERING OF PROTONS
ON ATOMIC NUCLEI

M. M. MIRABUTALYBOYV, S.G. ABDINOVA
Azerbaijan State Oil Academy, Physics Department.

In the frameworks of distorted wave HEA, on the base of three-dimensional formulation the expression for scattering amplitude of
protons of high energies on atomic nuclei was obtained in the analytical form. As a consequence of short range character of a proton-nucleon
interaction, the scattering of protons on nuclei was presented as a sequence of unitary scattering. With a help of the developed mathematical
method the recurrent formula was received what allowed to express the form-factor in the distorted wave in Born,s ones and its derivatives
.As a result of the analysis of experimental cross sections of elastic scattering of protons with energy 1 GeV, the parameters of distribution of
protons and neutrons in spherical nuclei ** Ca, **Ca, *°Zr, *®Pb as well as a width of a surface layer of nucleons, root-mean-square
radii of protons and neutrons were determined. Fermi-function was used for the distribution of nucleons density.

Development of experimental engineering last decade allowed tocarry out numerous experiments on scattering of protons
on nuclei in the range of intermediate energies of striking particles. This area of energies is of a particular interest, because
checking behavior of amplitude of particles scattering on nuclei becomes possible. Different methods for getting obvious
expressions of the amplitude for electrons scattering on nuclei are listed in [1]. The most successful expression of the
amplitude was presented in[2]. Further, this theory was developed in [1], where opportunities and good accuracy for
performance of quantitative studies were shown. Later in [3,4] this method was advanced for elastic and inelastic scattering of
electrons on spherical nuclei and the good results were received. What concerns proton scattering, it appears possible to
receive the amplitudes [S5] fair in the range of small angles. Recently, in [6] on the base of three-dimensional quasiclassics
within the limits of high-energy approach (HEA), the amplitude of protons scattering on nuclei was obtained in the range of
small angles of scattering as well as of large ones. Obviously, this method will find it’s wide application.

The purpose of the present study is to receive the amplitude of scattering in an analytical form to connect it with the theory
of multy-scattering and to develop a method of it’s calculation. Let’s write down a differential section of the process in general
form:

do 1(k) 2J,+1
E_z( ) 2J, +1J§MZN;‘/“ Kok ‘ M

Wave functions of relative motion of the striking and scattered nucleons as the solutions of Schredinger equation produce
the following form:

v (k,r) = exp {i [ krF @®(k,r) } @)

where the distorted member is
o® (k,r)= %!V(r ¥ l?,s) ds 3)

Using property of spherical symmetry of nuclear potential from the static equation we get:
VIV (r) =k (r)=4myp(r) )
The coefficient of expansion of potential is received in form
4n ks V(0
a=|—|vp (0)+°—3(), Q)
3k 3k

where y=0,08.

Here y corresponds to the irrationalized constant of connection, defined from the experiment on nucleon-nucleon scattering [7].

It is possible to neglect the change of nucleons location in the nucleus during a flight of a fast proton through it. The
scattering occurs basically forward on small angles. Scattered nucleon consistently interacts with several nucleons of a nucleus,
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which are met on it’s way. Therefore, as a consequence of short-range nucleon-nucleon interaction, the scattering of nucleon
may be written as a sequence of unitary scattering. Taking it into account, nuclear potential may be represented as the sum of
component interactions of the striking particle with the nucleons of the target nucleus:

V(rEJ ) = J.o Qr - x|)p (XEJ )a’x (6)

As the binding energy of a nucleus is small in comparison with the energy of a striking proton, the nucleons binding may
be neglected and hence, the potential of nucleon-nucleon interaction can be expressed in the amplitudes of scattering on free
nucleons defined from the solution of Schredinger equation

S (klsk) == 27[“07%2 _[e_ik'rro(r') Wk(r') dr’, (7)

. z
K m ,
where 0" (r) = v(r)exp{— ﬂ Ivdz'} is a distorted nucleon-nucleon potential, [l , - equivalent mass, q - momentum
—0

of the particle striking on a nucleon target. Taking into account Fourier transformation in (6), the nuclear potential is received :
h 2
2

(ZTE ) Mo

Here for nucleon-nucleon amplitude a following parameterization is chosen:

v(rg)=- [ £ (@)p (& )dq dx ®)

k p2.2
fNN(q’)=%(l—i80) e ™ /2 ©)

After integration the following expression for differential section is received:

2
do i’ 12J ’ +1 1 2
— = - F , 10
dQ (%Ej 22Ji+1;2L+1‘ (@) 1o
where the form-factor is
Foy (Q) = J.ei[qxw(x)]fNN (qagb )pL (x) Y (’AC) dx (11)
For derivation of this form-factor we obtained the following recurrent formula:
6 6
(m+1) Pl (@)=, 0 FLa®@ + DB wFron® (@), m=1.23,.... (12)
n=0 n=1
4 n 8 ! FL m (q)
FLi@= D0t oFLo® () F" (@)= e (13)
n=0 q

This recurrent formula allows to express the form factor Fi(q,Y ) (11)Born’s form-factor and it’s derivatives.

ELASTIC SCATTERING OF PROTONS ON SPHERICAL NUCLEIL
Analysis of the cross-sections with a help of multy scattering theory of protons of intermediate energies allows to obtain a
quiet exact information about nucleon distribution in nuclei. It is known, that the fast protons have the same sensitivity as

protons and neutrons of a nucleus. Therefore, the data on scattering of protons on nuclei makes it possible to get the
information about izoscalar density, i.e. about the sum of neutron and proton densities.

p (r)=p,(r)+p,(r) (14)
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Distribution of protons and neutrons densities is chosen as Fermi-function

r—c

pi(r)=p,[1+e? | =p,Bllp) i=pin (15)

Experimental data on elastic scattering of protons with energy ~ 1GeV on nuclei * Ca, **Ca, *° Zr and ** Pb [6] are
analyzed within the framework HEA with a use of probe function (14). The best consent with the theoretical cross sections is
achieved at the certain sets of protons and neutrons as it is shown on fig. 1 and 2. The parameters itself are presented in the
table.

)

S

5y

ol

(S

40
70 MEH / CTEe
S

3

5w 5 28

Fig.1. Differential sections of elastic scattering of protons with energy 1 GeV on * Caand * Ca. Points- experimental
data, solid lines- cross sections, derived by a method of distorted waves.

5w B w8
Fig.2. Differential sections of elastic scattering of protons with energy 1 GeV on nuclei *° Zr and *® Pb. Points-
experimental data. Solid lines- cross sections derived by the method of distorted waves.

As it is seen from the table, the good agreement of the cross sections is received at o = o =a, i.e., thickness of a surface
layer of protons and neutrons in the spherical nuclei are not different. It proves once again that the fast protons on the
sur'faces of spherical nuclei are not sensitive to a thin structure. As it is known, the fine structure in distributions of protons
density appears at the account of three-parameter Fermi —functions in elastic scattering of electrons on nuclei.

TABLE.
Parameters describing distribution of density of protons, neutrons and nucleons.
' Ca 0.60 0.6 2.260 3.920 2.662 3.70 1
% Ca 0.64 0.4 2.480 3.590 2.754 3.18 1.023
7 0.40 0.30 2.306 4308 4.207 4.22 1.040
208 0.60 0.3 1.710 5.482 4.982 5.26 1.048
Pb
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To satisfy condition (14) we chose distribution of proton and neutron density in the following general form:

0 ()= 217 B0 B Blr) oty 0, 09

c

Thus the distribution of protons and neutrons density in nuclei accept the following form:

2
P ()= ng(n)(li Wp(n)2r7jﬁ(r) : (17)

where W,;) - parameters, describing the fine structure in distribution of protons and neutrons density, are connected with
each others.

All calculations were carried out using the parameters of elementary amplitudes, according to the data on elastic nucleon-
nucleon scattering [10,11].

Comparing the derived cross sections with experimental ones it can be seen that on the right slopes of diffractional peaks
the consent is good, while on the left slopes and in the area of diffractional minimum some excess of the derived values is
observed.

On fig.3. the diagrams of distribution of protons and neutrons density are presented. Parameters of these distributions are
obtained from the combined analysis of experimental cross sections in the distorted wave HEA of proton and electron
scattering on the appropriate nuclei [9].

s
'PJE

J
E(gm)
Fig. 3. Distributions of density of protons ( solid lines), neutrons (dotted): 1- ** Zr, 2- * Ca, 3- ***Pb
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PREDICATION OF ACTIVITY COEFFICIENTS FOR KI IN
METHANOL SOLUTIONS USING CHEMICAL MODEL (CM) AT 25°C

KARAMAT NASIRZADEH
Department of Chemistry, Azerbaijan University of Tarbiat Moallem, Tabriz, IRAN

E-mail: kn@chemist.com

The osmotic coefficients of potassium iodide in methanol have been measured by the
1sopiestic method at 25 °C. Sodium Iodide was used as isopiestic standard for the calculation
of osmotic coefficients. The molality ranges covered in this study correspond to about 0.1-1
molkg”. Experimental osmotic coefficient data are reliably represented by the chemical
model of Barthel et al. in two forms. The parameters from the fit were used to calculate the
osmotic coefficients.

Keywords: osmotic coefficient, potassium lodide, Barthel model, isopiestic, methanol,

electrolyte solutions.

1. Introduction:

The systematic investigation of non-aqueous solutions is guided by the progress of our
knowledge on solute- solute and solute-solvent interactions. By combination with chemical
models of the solution, valuable results can be obtained which assist the understanding of the
properties of these solutions. For dilute electrolyte solutions consistent and reliable equations
are based on the modern conception of electrochemistry which takes into account both long
and short-range forces between the solute and solvent particles. Solution chemists usually
think of short-range interactions in terms of ion pair formation.

In our previous works the Pitzer and Mayorga model were used for the predication of
activity coefficients and osmotic coefficients of methanol + LiCl, LiBr and +LiCH3COO at
25°C [1]. In this research osmotic coefficients of KI were determined by an improved
isopiestic technique at 25°C. The Sodium lodide solutions were applied as a reference. While
there is limited information for the osmotic coefficient of KI in methanol in the literature,
osmotic coefficients from vapor pressure measurements can be found in the literature for
methanol solutions of KI at 25°C [2]. For the purpose of establishment of correlation between
osmotic coefficient data and salt molality, the chemical model of Barthel et al [3,4] were used.

It allows the use of the classical association concept initially introduced by Bjerrm after some
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refinements concerning the spatial extension and structure of ion pairs and mean force
potentials. The ions in an ion pair retain their individual ionic characters and are liked only by
columbic and short-range forces. The distribution of the ions in the solution depends on the
forces acting between all the particles, ions and solvent molecules.

2. Experimental:

2.1. Apprattus and procedure:

The isopiestic apparatus used in this work is essentially similar to the one used previously
[5,6]. Recently this technique has been used for the measurement of osmotic coefficient of
some lithium salts in methanol and ethanol solutions [1,7]. This apparatus consisted of a five-
leg manifold attached to round-bottom flasks. The five flasks were typically used as follows.
Two flasks contained the standard Nal solutions, two flasks contained the KI solutions, and
the central flask was used as a methanol reservoir. At the beginning of each experiment,
several drops of methanol were placed on the central flask to help sweep out the air in the
vessel during evacuation and to reduce evaporation from the solutions. The apparatus was

held in constant temperature bath for at least 120 h for equilibration at (25.0+0.01)°C.

2.2. Chemicals:
The salts and methanol obtained from Merck. They were all suprapure reagents (Nal, GR
min 99.5%, KI, GR, and min 99%). The salts were used without further purification and were

dried in an electrical oven at about 120°C for 24 h prior to use.

3. Results and discussion:
3-1. Experimental results
Isopiestic equilibrium molalities with reference standard solutions of Nal in methanol as
reported in Table 1 enabled the calculation of the osmotic coefficient, ¢, of the solutions of
potassium iodide in methanol from
vom'
" vm

¢ (1)

where v and v are the sum of stoichiometric numbers of anion and cation, (vs+v.), in the
reference solution and the solution of potassium iodide, respectively, m" is the molality of the
reference standard in isopiestic equilibrium with these solutions, and ¢  is the osmotic
coefficient of the isopiestic reference standard, calculated at m". The necessary ¢  values at

any m  were obtained from the fitted Pitzer and Mayorga equation, including the p® term, as
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described by Zafarani-Moattar and Nasirzadeh.[1] It was shown that,[1] using o(1)=2,
a(2)=1.4, p©=0.40830, p"=1.04430, p?=-0.875 and C*=-0.02224, the osmotic coefficients
of the isopiestic reference standard solutions, ¢ , are reproducible with standard deviation of
0.005 for Nal in methanol solutions in the range (0.02 to 4.33) mol-kg" at 25°C. From the
calculated osmotic coefficient data, the activity of methanol in potassium iodide solutions and
the vapor pressure of methanol over these solutions were determined at isopiestic equilibrium

molalities, with the help of the following thermodynamic relations:

Ina,
d)__vaS @
Ina, :In[g*jJr(B—V;Xp—p*) 3)
p RT

In these equations, as is the activity of solvent, B, V', and p* are second virial coefficient,
molar volume and vapor pressure of pure methanol, respectively. The values of M;=0.032042,
B=-2.075x10" m*mol™, V, = 4.073x10" m*mol" and p’= 16957.7 Pa (taken from ref. [2])
were used at 298.15 K.

A comparison of our vapor pressure data to that of Barthel et al.[4], and Bixon et al.[8] is
shown in Figure 1 for KI in methanol solutions. Figure 1 shows that our data agree well with
vapor pressure data of Barthel et al.[4]. However, the data obtained by Bixon et al.[8] are for
24.9 °C and are somewhat scattered.

Table 1. Experimental isopiestic molalities and osmotic coefficients for KI in methanol at 25 °C

My / mg; / Deyp Dpigzer Dcm Do
(mol- kg™ (mol- kg™
0.0000 0.0000 1.000 1.000 1.000 1.000
0.1295 0.1322 0.816 0.819 0.815 0.814
0.1806 0.1841 0.817 0.816 0.812 0.812
0.2799 0.2884 0.818 0.817 0.811 0.814
0.3128 0.3240 0.818 0.818 0.814 0.814
0.3484 0.3630 0.819 0.819 0.811 0.816
0.3971 0.4174 0.820 0.821 0.818 0.816
0.4532 0.4813 0.822 0.823 0.820 0.818
0.4662 0.4964 0.822 0.823 0.821 0.819
0.5144 0.5527 0.824 0.825 0.824 0.819
0.5690 0.6179 0.826 0.827 0.822
0.5915 0.6451 0.827 0.828 0.825
0.6194 0.6792 0.829 0.829 0.826
0.6558 0.7243 0.830 0.830 0.829
0.6896 0.7666 0.832 0.832 0.830
0.7265 0.8135 0.834 0.834 0.832
0.7382 0.8284 0.835 0.834 0.833
0.7658 0.8640 0.836 0.836 0.834
0.7819 0.8850 0.837 0.837 0.835
0.8532 0.9790 0.841 0.843 0.839
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Figure 1. Comparison of vapor pressure for KI in methanol solutions at 25 °C. (O)

present work; (x) Barthel et al.l, (A) Bixon et al.?
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3.2. Correlation of data

Several models are available in the literature for the correlation of osmotic coefficients as a
function of molalities. The Chemical model of Barthel et al. has been successfully used for
non-aqueous electrolytes in two forms. In low concentrations, m<0.15 molkg” the osmotic

coefficients were fitted to the chemical model using

¢=1+ij7nd1n(ay;) @)
m 0 -

(m)

In connection with the association constants K" in the molal scale

w_l-a yo )
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In equation(4) and (5),1-a is the fraction of oppositely charged ions acting as ion pairs,y- and
v+ are the activity coefficients (molal scale) of ion pairs and free ions. The activity

coefficientsy:” and y- are given by the relationships (dilute solutions):

p
ny+'=——K4 L 1n_—P°  hye Beo.m (6a,b)
1+ kR l+mM,
e’ (6¢.d)
= ik =1600ITgN , (o c,
7= %Te ekT gN 4 (0c)
001
. _ 0.001mp )
l+mM

In this equations, R is the distance parameter of the chemical model up to which oppositely
charged ions are counted as ion-pairs, p and p° are densities of solution and pure solvent in
kg'm>, e is the elementary charge, € is the relative permitivity of the solvent, N, is the
avogadro’s number, k is the Boltzman constant, T is the temperature in K, C is the electrolyte
concentration in mol-dm™, and Mg is the molecular weight of the salt in kg:mol™.The
necessary densities for KI in methanol solution that taken from Barthel et al.[2] and used for
correlation of chemical model.

The association constant of the CM on the molality scale is given by

*

GyqfF 2 2q
A, expl="ldr (7)

K" = 4TIN ,p oexp|

In equation (7), AG4" is the non-columbic part of the Gibbs energy of ion pair formation.

The use of activity coefficients, both for free ions and ion pairs in the calculation of the
association constant, is an extension of the original(low concentration) chemical model(CM1)
where the ion pairs in the solution are considered with ideal behavior, Iny°=0, in contrast to
CM2, where Iny°#0. The extended model CM2 allows the application of the chemical model
to a significantly wider concentration range. The linear form of Iny° is theoretically well

understood. Here we use the coefficient B as an adjustable parameter of the chemical model.
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The CM2 model increases the concentration limit of the CM1 model, which is about 0.15 to
approximately 0.6 molkg'[9]. Figure 2 shows the experimental and theoretical osmotic

coefficients for KI in methanol solutions.

Figure 2: experimental and theoretical osmotic coefficients for KI in methanol solutions.
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The association constants (Barthel model parameters) of KI in methanol solution are reported

in table 2.

Table 2: Association constants of KI in methanol solutions at 25°C.

Salt a™ Ka" B0

KI 0.35 10.55  3.19

4. Conclusions

Experimental data show that the osmotic and activity coefficients of Kl/methanol and
Nal/methanol solutions decrease rapidly at increasing salt concentration. These effects have

several reasons: small ion sizes yielding small volume effects, high association constant or
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weak ion solvation. The advantage of the CM calculation is the use only two parameters
which, furthermore, can be understood from chemical evidence and this parameters have the

physically significant.
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