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LOW-DIMENSIONAL ELECTRON SYSTEMS PROPERTIES
DEPENDING ON DENSITY OF STATE

Sophia R. FIGAROVA, Mehdi M. MAHMUDOV
Baku State University
Z. Khalilov Street, 23, AZ1148, Baku, Azerbaijan
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ABSTRACT

The thermodynamic characteristics, namely entropy, electron heat capacity and magnetization, as well as
the kinetic effect - the thermopower of a two-dimensional electron gas in quantum wells and superlattices are
studied. It is shown that the considered physical characteristics are directly proportional to the density of states
and their behavior is completely determined by this function

Karouesbrie caosa: two-dimensional electron gas, density of states, entropy, magnetization, thermopower
thermopower.

CBOVICTBA HU3KOPA3MEPHBIX D1EKTPOHHBIX CUICTEM 3ABUCSIIIIVE OT II1I0THOCTU
COCTOSIHUS

PE3IOME

ViccaeaosaHbl TepMOAMHaMIYecKyie XapaKTepUCTUKY, a MMEHHO DHTPOIN:, DAeKTPOHHas TeIlA0eMKOCTh U
HaMarHM4eHHOCTh, a TakKXXe TePMODAC ABYMEPHOTO HAEKTPOHHOIO ra3a B KBAaHTOBBIX fIMaX M CBepXpeIleTKax.
IlokasaHo, 4TO paccMarpuBaeMble QU3MIECKMe XaPAKTePUCTUKM IIPSIMO IPONOPLNOHAABHBI IIAOTHOCTHU
COCTOSIHUM U MIX IIOBeAEHMe II0AHOCTBIO OIIPeAeAsIeTC s DTOM dI‘)yHKumeﬁ.

Kaiouesble caoBa: AByMepHBINI A€KTPOHHBIN Ia3, IIAOTHOCTh COCTOSIHMII, DHTPOINNs, HaMarHMYeHHOCTD,
TePMODAC.

ASAGIOLCULU ELEKTRON SISTEMLORININ HAL SIXLIGI FUNKSIYASINDAN ASILI OLAN
XASSOLORI

XULASO

Isde miirakkeb profilli kvant cuxurlarinda ve ifratqafaslerde ikiolgiilii elektron qazinin entropiyasi, elektron
istilik tutumu, magnitlonme amsali kimi termodinamik xarakteristikalar1 vo hamginin termoelektrik harakat
qiivvesi nazari olaraq tadqiq olunmusdur. Gostarilmisdir ki, tapilmis bu fiziki kemiyyatlar hal sixlig1 funksiyasi
ila diiz miitenasib olur ve onlarin fiziki xiisusiyyaetlari tamamils bu funksiya ile miiayyan edilir.

Acar sozlar: ikiolgiilii elektron qazi, hal sixig1 funksiyasi, entropiya, maqgnitlanms, termoelektrik haraket
qlivvaesi.

1. Introduction

The density of states of low dimensional electron systems essentially influences on many
physical characteristics [1-3]. There are physical quantities, which are directly proportional to
the density of states, and their behavior is completely dictated by it, e.g. entropy, heat
capacity, thermopower and magnetization [4-7]. In this work we in detail as an example,
consider a superlattice in a quantized magnetic field and quantum wells. The entropy of a
degenerate two-dimensional electron gas is significantly greater than in the three-
dimensional case [4], and its value is determined by the parameters of the low-dimensional
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electron gas. Depending on the degree of filling of the miniband of the superlattice, the
magnetization changes sign and becomes positive in the strictly two-dimensional case [5].
The thermoelectric power of both the size-quantized film and the superlattice is an
oscillating function in magnetic field [6-8].

2. Two-dimensional electron gas density of state

In this work a two-dimensional electron gas in two cases a quantum well of complex
shape and a superlattice in a strong magnetic field are considered.

As is known, the chief model of rectangular quantum well is a crude approximation: in
real structures spatially separated charges cause an appearance of electrostatic potential, this
in turn results in band edges bending, transforming the rectangular quantum well into the
parabolic type one [9] . In order to find energy levels for the potential profile having a finite
width but no angles, we employ the function [10]:

__ Y
cos®(z/a)

here a is the quantum well width, U, is the potential energy minimum. Quantum well
potential (1) describes wide and narrow quantum wells, includes rectangular and parabolic
potentials, its profile depends on the quantum well width and Fermi level position.

Solving the Schrodinger equation with potential energy (1) gives energy spectrum of
two-dimensional electron gas:

21,2

e(nk,,k,) = Pk, +&, (2)
2m

where k? =k’ + k; , m is the electron effective mass and the form & =g, depends on
the specific type of potential in the z direction.

We considered ¢, in the following form:

2
&n :301(1+2n+ /1+l;—°] 3)
01

here &, = h’z?/8ma’ at n=0 and U, =0, n=0.2,... is the quantum number.

Two model problems, frequently used in quantum mechanics - the spectrum of particle
energy in a rectangular potential well and the spectrum of harmonic oscillator energy - are
particular cases of spectrum (3).

For energy spectrum (3), the density of states of two-dimensional electron gas is [11]:

D 0(c—¢,) (@)

m
h’a

O =

where O(¢ —¢,)- is the step-like Heaviside function. Based on the formula (6), the

dependence of the density of states on the energy (Fig.1), quantum well parameter (Fig.2)
and quantum well width (Fig.3) were constructed. Here m =0,067m,, a =10nm is taken.
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60 ' ' ' ' 80 T T
60 |- —
= 40_ i
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= 20l =
20| —
0 0 | |
0 0 20 40 60
g, eV

x=U,/¢,
Fig.1. Energy ( € ) dependence of the density of states Fig.2. Dependence of the density of states of the quantum
of the quantum well. well on the quantum well parameter.

As can be seen from Fig.1, the graph of the density of states has a stepwise character [3].
Here, the energy dependence of the density of states corresponds to the energy dependence
of the density of states in a rectangular quantum well in [4].

The density of states increases with increasing energy. As can be seen from Fig.2, the
dependence of the density of state on the parameter of the quantum well is stepwise, and as
the parameter of the quantum well increases, the density of state decreases. Examination of
Fig.3 shows that the density of states decreases as the width of the quantum well increases.

30 | |
= 20 ]
>
A
2
%
10 ]
0 |
0 2 4

a, nm

Fig. 3. Dependence of the density of states of the quantum well on the width
(a) of the quantum well.

We employed the energy spectrum of a quasi-two-dimensional electron gas in a
quantizing magnetic field in a superlattice [12]:

e(N,k,) = (2N +1) 1B + £,,(1—cosZ(g)) (5)

where N =012,... is the oscillator quantum number, k, =k, (g,N) is the wave vector
component parallel to the superlattice axis, g=(m,/m )u,, i, =€h/2m, is the Bohr
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magneton, M, is the free electron mass, M, is the electron mass in the layer plane; B is the
magnetic field induction, Z(g)=ak,(s,N)=arccos [Ll- (g, —&/&y,)], &y, is the mini-band
half-width in the K,-direction, &y =(2N +1)uB, a is the lattice constant along the z-axis.

The density of states of the energy spectrum (5) has the form:

_ 1 _e2yY2 _ -1
gB(g) - a(ﬂRB)Z ;(280282 gz) ZSln (ak ) (6)

oz(ﬂR )*

here &, =&(N,k,)—(2N +1)8B, R, = (#/eB)"? is the magnetic length. The density of states
has a singularity at ¢, =2¢,; if ¢, > 2, .

3. Entropy and electron heat capacity

Using the Gibbs method [13], from the grand thermodynamic potential of two-
dimensional electron gas:

O=—

Z@(g g)j(g &) f(e)de, 7)

7zah2

where f (&) is the Fermi distribution function, and from the grand thermodynamic potential

of two-dimensional electron gas in strong magnetic field:

KTV Fdk, (e N) -
=20 R’ ZIN In[1+exp( T D de, (8)

where R, = (71/eB)"? is the magnetic length, we can be obtain expression for entropy by the
B g g p py by

oQ
> = ‘(a—TL ©)

In the first approximation with respect to degeneracy the entropy and electron heat
capacity acquires the form [4,14,15]:

formula:

5,C, =%k§Tg(4F) (10)

where g(¢;) is the density of states at the Fermi level [4],
2p2
e =uB+ 502{1— cos(%ﬂ (11)

here ¢ is the Fermi level in a magnetic field at T =0K, n,, is the concentration of electrons.

In the two-dimensional case, energy is reckoned not from zero but from the first
subband bottom of size quantization, g(S:) is the density of states at the Fermi level. A
similar expression is also obtained for heat capacity of two-dimensional electron gas. As
seen, entropy and heat capacity of degenerate two-dimensional electron gas oscillate with
the thickness and reproduce the density of states behavior at the Fermi level, the ratio of two-
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dimensional electron gas entropy to three-dimensional electron gas one is defined by the
ratio of their densities of states [4]:

Sﬂzgﬂ (12)

3D 3D

here g, is formula (4). The expression for ¢,y is given in [6]. From the formula, it is

obvious that two-dimensional electron gas entropy is larger than that of three-dimensional
electron gas, which is associated with an increase in the density of states of two-dimensional
electron gas in comparison with the density of states of three-dimensional electron gas. That
takes place if the number of degrees of freedom of low dimensional electron gas reduces,
resulting in an increase in the concentration at the given chemical potential [14].

Dependence of entropy on the quantum well parameter is presented in Fig. 4; this
dependence is step-wise and at the specific ratio between the quantum well parameter and
first film level, entropy drastically approaches zero. Entropy drops since the density of states
of two-dimensional electron gas decreases with the Fermi level growth depending on the
quantum well parameter x at the given concentration of electrons.

5.10* I I I |

4.10* —

S(x), eV/K

3-10% —

2-10* | , |

x=U,/¢g,

Fig. 4. Entropy of degenerate two-dimensional electron gas
vs. the quantum well parameter.

Thermodynamic characteristics reproduce the density of states behavior at the Fermi
level. Dependence of thermodynamic characteristics on the concentration and quantum well
parameters is determined by a relationship between the Fermi level, quantum well height
and first film energy level. Features of thermodynamic characteristics are observed when the
Fermi level crosses the size-quantized level. Entropy nonmonotonously depends on the
quantum well height, at the specific ratio of the quantum well height to the first film level
energy, entropy drastically drops. The entropy drop is due to the strong localization of
electrons as the quantum well height becomes significantly larger than the film level energy
and electrons pull into the well, therewithal ordering of the system grows.

It is obvious that entropy of a degenerate quasi-two-dimensional electron gas in a
magnetic field oscillates in accordance with the behaviour of the density of states.

On the basis of numerical calculations by formula is constructed (10) the dependence of
the ratio of entropy of a two-dimensional degenerate electron gas to entropy of a three-

7
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dimensional gas depending on the magnitude a magnetic field (Fig.5) on the degree of band
filling (Fig.6). The parameters a=10nm, m, =0,067m,;, &, =0.1meV for the Ga Al_,As

superlattices are used [4].

2.5 T T T T 30 T T T
2.0
Q 20r
a 1.5 §
N 5
8 1.0 @
S 101
0.5
0.0 L L L L 0 1 1 I
2 4 6 8 10 12 0 1 2 3 4
B(T) Zo
Fig.5. Ratio of entropy of a two-dimensional Fig.6. Ratio of entropy of a two-dimensional degenerate
degenerate electron gas to entropy of a three- electron gas to entropy of a three-dimensional gas vs.
dimensional gas vs. a magnetic field. the degree of band filling.

From the Figures, it is seen that depending on the magnetic field, entropy oscillates and
in the quantum limit, the entropy of a two-dimensional electron gas S becomes larger than
the entropy of a three-dimensional electron gas:

Sip Mo (45
S3D mJ_
where (m,,) " =¢&,a° / h? is the longitudinal component of the effective mass.

This fact, apparently, is connected by the fact that the radius of a cyclotron orbit in a
two-dimensional case is larger (since m,, >m, ). Therefore cyclotron orbits are crossed and
the confusion in a two dimensional gas becomes larger.

4. Magnetization

Magnetization in the case of a degenerate electron gas is directly proportional to the
density of states, too.

The magnetization of the electron gas can be found from the large thermodynamic

potential (8) by the formula [13]
M = i(a_gj (14)
VOB )y,

In the quantum limit (N =0) for the diamagnetic magnetization of a degenerate
electron gas, we have [5]:

M = % sin Z,—2Z,cosZ, —Ectg Z, | (15)
2ar’R2B £

where
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Z, = arccos(l— HB(2N +1) _GVFJ (16)
€02

here ¢ is the Fermi level in a magnetic field at T =0K (see (11)). Based on formulas
(15) and (16), the dependence of the magnetization on the degree of filling and the magnetic
field is plotted Fig.7 and Fig.8. From the Fig.7, it is seen that diamagnetic magnetization of a

50 T T T T

251

M (Zo), A/m

_25 -

-50 ] | | ]

Zo

Fig. 7. Diamagnetic magnetization of a degenerate quasi-two- dimensional electron gas versus
3

23 -
the degree of band filling at the following parameters: & = 1meV,a=10nm, m,=0.1me,n =10 m .

quasi-two-dimensional electron gas depending on the degree of band filling changes the sign

and in the two-dimensional case becomes positive. In a magnetic field, magnetization
oscillates (see Fig.8).

600 1 1 1 1 1
400~ -
2001 ]
=
<
& of
=
=200 7
=400 1 1 1 1 1
0 1 2 3 4 5 6
B(T)

Fig. 8. Diamagnetic magnetization of a degenerate quasi-two- dimensional electron gas versus the magnetic

field at the following parameters: &= 1meV, a =10 nm, m_=0.1mo, n = 10°m”.

Such a behaviour of magnetization in superlattices is explained by existence of a
negative-effective-mass region in the mini-band. Therewith a conduction electron moves in
the direction opposite to the free electron motion. In a magnetic field the conduction electron
rotates in the opposite direction; this fact leads to the positive magnetization [10].

9
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The magnetization also reverses the sign in a magnetic field. The magnetization
oscillates in the magnetic field; frequencies and amplitudes of these oscillations tend to
decrease with a rise in the field. The shape of magnetization oscillations (peak positions,
amplitude and frequency) is determined by the relationship between the Fermi level, Landau
level and mini-band width of the superlattice. The sign change of magnetization in
superlattices was observed in the experimental work [16]. The sign change essentially
influences optical phenomena.

Turning the diamagnetic magnetization into zero at specified values of the degree of
band filling and magnetic field magnitude can be used when experimentally determining
other components of the magnetic susceptibility.

5. Thermopower

Thermopower is determined by entropy from the formula [13]:

o= _S (17)
en,
the behaviour of the thermopower is completely determined by the density of states.
Thermopower of quantum wells and superlattices oscillates in a strong magnetic field [8].
Such a behaviour of thermopower was experimentally confirmed in superlattices of the
GaAlAstype at low temperatures [17]. Using the formula (10) it can be shown that the
thermopower of a two-dimensional electron gas is expressed through the density of states
and is as follows:
2
z~ 1 .,
a=———KT 18
3 en, 920(S) (18)

here 0,,({:) is defined by the formula (4) and (6), accordingly. The density of state

function is a step function, so the thermopower of thin wells changes with a jump and takes
the following form [18]:

2
721 .. m & U
a=-———KT—N0|¢ -, |1+2n+ [1+—2 | | (19
3en, ﬂhzag e —én | [

Based on formulas (18) and (19), the dependence of the magnetization on the degree of
filling, quantum well parameter and the magnetic field is plotted Fig.9, Fig.10 and Fig.11.

10
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0.5 T T T T

ol
. )
S
€
g 051 .
3

-1 L L L L

0 2 4 6 8 10

X= U0/80

Fig. 9. Dependence of the thermoelectric driving force of a degenerat
two-dimensional electron gas on the X quantum well parameter.

40
1

30|~
i
o, | 201

2
10
0] 1 2 3

Zz

Fig. 10. Dependence of thermopower |ai / 0{0| on the degree of zone filling Z :

1 - transverse thermopower; 2- longitudinal thermopower.
It can be seen from Fig.9 that the thermopower decreases to zero when the Fermi level is

located in a localized region. At this time, all the states located below the Fermi level are
localized and the temperatures at the boundaries of the well become equal.

11
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B, T

Fig. 11. Dependence of the thermopower of a degenerate quasi-two-dimensional
electron gas on the magnetic field at é/F < 26‘02.

In a quantum well, the thermopower Increases signiticantly relative to the three-
dimensional gas. The physical reason for the increase in thermopower is explained by the
fact that the temperature and heat energy in the area under consideration is smaller than the
distance between energy and energy that are close to it. Such narrow energy subbands are
equivalent to energy bands, which in turn makes the entropy practically independent of
temperature. On the basis of the formula (18), a numerical calculation was made of the
dependence of the longitudinal and transverse thermoelectric power on the degree of zone
filling at a temperature of T = 4K . The results of the numerical calculation are shown in Fig.10.

The calculation was made for the GaAs/ Al, ;,Ga, ;,AS superlattice parameters with ¢

&y, =12,5meV . The anisotropy of the thermopower was discovered experimentally, and the

longitudinal thermoelectric power in absolute value is much less than the transverse one in
the Si/Ge superlattice.

Such a nonmonotonic behavior of the thermopower in layered systems was first pointed
out in [8]. On Fig.11 dependence of the thermopower on the magnetic field is given. It can be
seen from it that the thermopower oscillates in a strong magnetic field.

It should be noted that the amplitudes of the peaks at different ratios between and differ
greatly. When the condition is met, the absolute value of the thermoelectric power is greater
than when. The periods of oscillations in these cases also differ from each other.

6. Conclusion

In this paper, we consider in detail the dependence of entropy, heat capacity,
magnetization and thermopower on the density of states in quantum wells of various
profiles and in superlattices in a quantizing magnetic field. It is shown that as the electron
gas dimension decreases in a strong magnetic field the entropy increases, which is due to the
strong anisotropy of the effective mass, and also to the fact that the cyclotron orbits intersect
and therefore the chaoticity of the two-dimensional electron gas becomes much greater. It is
found that the superlattice magnetization oscillates and, depending on the degree of filling of
the miniband, becomes positive, which is related to the negative effective mass. The reversal

12
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of the sign of the magnetization of GaAs/AlGaAs superlattices has been observed
experimentally [16]. The thermoelectric power of a two-dimensional electron gas is much

greater than the thermoelectric power of a three-dimensional electron gas and changes its

sign depending on the degree of occupation of the miniband and the position of the Fermi
level relative to the size-quantized levels of the quantum well. The anisotropy of
thermopower was discovered experimentally [6].
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ABSTRACT

In this paper, in the impulsive approximation with distorted waves the capture of nucleon clusters by a
proton is studied. The interaction potential between nucleons is local, short-range. It was assumed that the
scattering matrix does not depend on the value of the transferred momentum and spin variables. It is shown that
at high energies and large transferred momenta it is possible to obtain the wave function of the mutual motion of
the cluster and the residual nucleus.The effective cross section of the process quite accurately describes the
knocking out of nucleon clusters formed on the surface of the nucleus.

Keywords: scattering, momentum approximation, distorted waves, nucleon cluster, effective cross section
3AXBAT HYKAOHHBIX KAACTEPOB ITPOTOHOM
PE3IOME

B pabore B MMIyAbCHOM NPUOAVIKEHMM C MCKa’KeHHBIMIU BOAHAMM MCCAEAYEeTCS 3aXBaT HYKAOHBIX
KAacTepoB HNpoToHOM. IloTeHITMaa B3aMMOAENCTBUA MeXAY HYKAOHaMI AOKaAbHBIN, KOPOTKOAEVCTBYIOIINIA.
IIpeanoaaraaocs, 4TO MaTpuila paccesHUs He 3aBMCUT OT 3HayeHUs IepejaHHbIX MMIIyAbCHOM M CIIMHOBOM
nepemeHHbIX. IToka3aHo, 9TO MpM BLICOKMX DHEPIUAX M OOABIIMX IepeAaHHBIX MMIIyAbCaX MOKHO IOAYYMUTH
BOAHOBYIO (PYHKIIMIO B3aMIMHOTO JABVDKEHMs KJAacTepa U OCTaTOYHOTO sjpa. DPPeKTHUBHOe cedyeHue ITporiecca
AOCTaTOYHO TOYHO OMICHIBaeT BHIOMBaHMe HYKAOHHEBIX KAacTepoB, 00Opa3yIoNnIuXcs Ha IIOBEPXHOCTH AApa.

KaloueBble caoBa: paccesiHMe, MMITyAbCHOe HPUOAVIKEHNe, JICKa’KeHHBIe BOAHBL, KJAacTep HYKAOHOB,
¢ dexTUBHOE CeueHNe.

NUKLON KLASTERLORININ PROTON TOROFINDON ZOBTIi
XULASO

Nuklon klasterlarinin proton terefinden tutulmasi tshrif olunmus dalgalarla impuls yaxinlasmasinda
Oyranilir. Nuklonlar arasinda qarsiliqh tesir potensiali yerli, qisa tesir edandir. Sepilme matrisinin &tiiriilen
impuls va spin dayisenlarinin giymatindan asili olmadig1 gebul edilir. Gosterilmisdir ki, yiiksak enerjilords vo
boytiik impuls 6tiirmalarinds klaster ve son niivenin qarsiliqh harekatinin dalga funksiyasini1 almaq miimkiindiir.
Prosesin effektiv kasiyi niivenin sathinds amale galon nuklon klasterlarinin vurulub ¢ixarilmasini olduqca daqiq
tosvir edir.

Acar sozlar: sopilma, impuls yaxinlagmasi, tohrif olunmus dalgalar, nuklon klasteri, effektiv kasik.

1. Beeaenune

The study of nucleon clusters has led to the accumulation of materials that require
detailed analysis and scientific understanding. For many years, the experience of developing
theoretical concepts about these processes has had and continues to have a significant impact
on the development of the theory of the cluster structure of nuclei and methods for
describing nuclear reactions [1].

The idea of nucleons clustering has a history back to the early thirties of the last century.
By observing alpha decay from nucleus, people speculated that nuclei are made up of alpha
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particles. Bethe in his paper [2, 3r] predicted that nuclei are made of alpha particles and gave
also a geometrical arrangement of alpha particles inside nuclei. He predicted that, for each
new addition of alpha particles, the number of bonds increased is three. At that time, this
was too a big challenge for the clustering models and eventually these models disappeared
from the nuclear structure theories. Clustering is a recurrent feature in light nuclei, from
beryllium to nickel. In light nuclei, the nucleons have been observed to cluster together
forming substructures within the atomic nucleus, for states where the nucleons are only just
bound together. Cluster structures are typically observed as excited states close to the
corresponding decay threshold; the origin of this phenomenon lies in the effective nuclear
interaction, but the detailed mechanism of clustering in nuclei has not yet been fully
understood. If we are taking into account the interaction between nucleons in the model
approach, we can expect the formation of clusters.

In this paper, we consider processes with the capture of a proton of nucleon clusters in
the impulse approximation with distorted waves.

2. Scattering matrix equation

The impulse approximation is often used to describe the scattering of particles by nuclei.
The momentum approximation is applicable if the energy of the incident nucleon is much
greater than the binding energy of individual nucleons in the nucleus. To simplify the many-
particle problem, it is assumed that the incident nucleon interacts with only one nucleon of
the nucleus at a time. In this case, the collision can be regarded as a short impact, during
which the forces binding the impacted nucleon to the nucleus play no role. Thus, during the
time of interaction, the impacted nucleon can be considered "free", and the binding forces in
the nucleus determine only the momentum distribution function of nucleons. In the
momentum approximation, the cross section of any process of interaction of a nucleon with a
nucleus is expressed in terms of the amplitude of the scattering of a nucleon by an individual
nucleon. It is also assumed that the scattering of a nucleon by any nucleon of the target
nucleus is not affected by the presence of other nucleons in the nucleus.

Consider the scattering of a proton p on the nucleus A and the reaction occurs,
A(p, X)B where B=A-X. We will assume that the potential consists of two parts: the

interaction of the proton with all nucleons of the X association and the potential that
determines the interaction of the nucleons of the X association with other nucleons of the
nucleus. The potentials are local, short-range and weakly singular: r?V(r) -0 at r —0.

We choose the wave function of the initial system in the form:
¥=ey(I,M,; M, ), (1)
where K, = p,/7 is the wave number of the proton, and y(J;M; T;M )is the internal
wave function of the target nucleus with total momentum J; and isospinT, .
For the wave function of the final state, we have
Wy =€ o3y My, TeMy )90 My, Tr ) - (2)

Here, p(JxM, T, M )the internal wave function of the cluster X, ¢(J;M, T; )the

wave function of the final nucleus A-X, r, and r, , are the coordinates of the centers of mass

15



Abdulvahabova S.G.

of these nuclei, q is the momentum of the relative motion of the association X and the final
nucleus.

The Schrédinger equation for this system has the form:

2 2
_h A, - h
2m, 2my

Ay +V () +U(ry) |¥(rr) =E¥(nr,), (3)

where

2 2
L SR
2m, 2my

and ¢, is the binding energy of the X association in the initial nucleus A.

We will calculate the matrix element of the process using the method of distorted waves
[4.r]. By the method of distorted waves, which takes into account the finite radius of
interaction between particles, we mean the following method for calculating the matrix
element. When the interactions responsible for the rearrangement of the system from initial
to final are taken the same as in the three-body problem, and the interactions of the initial
and final particles with the corresponding nuclei are described in the optical model
approximation, i.e. in the approximation of the two-body problem. In this case, only elastic
scattering by the complex potential is taken into account.

In the distorted wave approximation, the exact wave function is replaced by \W(I,r,)

1
¥(nr) > —— [[dKdrpg Ny x (ry ), (5)
(27)
rae yy (ry) ommchiBaeT paccesiHue Kaacrepa ¢ UMITyAbcoM Ky, ¢g(r)BoaHOBast QyHKIV

KOHEYHOTO s4pa.

In the approximation of distorted waves, the scattering matrix element has the following
form [5]
_ 1 : J.ei(kp—kB—kx)rp
(27)

we (N (rx ) a(r) (ky |(V (r) +U (], )drdk,dky . (6)

This expression is valid over the entire range of scattering angles and can be considered
as a generalization of the momentum approximation for the scattering amplitude. It can be
expected that the impulse approximation will be the best approximation, since the matrix
element (5) contains a singular interaction. If, as a first approximation, we assume that the
matrix element does not depend on spin variables, then expression (5) can be easily
calculated.

The square of the matrix element (5) with distorted waves has the following form:

do 2z 1 My ——=2 )
_—— — R 5 —_ —_ E _E & ', 7
G dn 1 @y o, RO 90, 0k~ PE DT A, )

where
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ﬂif/\/\’ =<A— X’JfMJFTTf;X‘]X MXTX eiC](rAfx*l’x);A‘]iMiTi>, (8)

is a factor determined by the structure of the nucleus. Integral (7) is nonzero only in the
case when the law of conservation of the moment of quantity is satisfied, namely, the vector
sum of three moments J;, J, and A must be equal to, J, where A is the moment of momen-

tum carried away by the cluster. R(Q) in (6) is a function that characterizes the momentum
distribution of the cluster in the initial core. This is essentially the Fourier component of the
function of the relative motion of the cluster in the initial core, i.e. the association form factor
X in the given nucleus relative to some level | f > of the finite nucleus B .

Formula (6) determines the general scheme for calculating the differential cross section
of the process under consideration. A characteristic feature of the approximation used is the
division of its methodological basis into two main parts. The first part refers to the theory of
nuclear reactions, since it consists in choosing an approximation for (5) that determines the
reaction mechanism. The second part refers to the theory of nuclear structure, which contains
information about the spectrum of the final nucleus.

3. Conclusion

Formula (6) for the reaction cross section A(p, pX)A-X was obtained in the impulse
approximation with distorted waves. It was assumed that the scattering matrix does not
depend on the recoil momentum g and spin variables. But the study showed that taking into
account wave distortions does not change the shape of the impulse distributions. It should be
noted that the most vulnerable from the point of view of theoretical substantiation of the
method of distorted waves is the fact that it is a semi-empirical method. Therefore, within
the framework of this method, it is impossible to predict the values of the reaction cross
sections with a sufficient degree of accuracy.

The processes of knocking out nucleon clusters usually make a relatively small
contribution to the total probability of interaction, but are distinguished by the exceptional
simplicity of the interaction mechanism.
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ABSTRACT

The polarization effects and azimuthal scattering of nucleons at high energies have been studied. The unitarity
condition was used to determine the scattering amplitudes. The amplitude depends on two terms: on the spin-
independent interaction and on the spin-orienting interaction. The polarization effect essentially depends on the relative
value of the amplitude terms. The polarization disappears if one of these terms is zero. An analysis of the azimuthal
symmetry properties makes it possible to obtain a general form of the scattering amplitude and to establish a number of
important features of the scattering process. In particular, the phenomenon of polarization of particles during scattering
finds a fairly complete explanation within the framework of a theoretical consideration based on an analysis of only the
properties of the invariance of the scattering amplitude.

Key words: scattering, polarization, azimuthal symmetry, spin-orbit interaction
MMOASIPUSAIITVIOHHBIE DDDEKTBI 1 ASUMYTAABHASI CUMMETPVS B ITPOLLECCAX PACCESITHUS
PE3IOME

VccaeaoBannr moaspusarionHbie 9pQeKTl 1 asuMyTaAbHOe paccesHue HyKAOHOB ITPY BBICOKMX DHEPIVAX.
Yca0BMe yHMTapHOCTU MCIIOAB30BAAOCh A4Sl OIIpeAeAeHNs] aMILAUTYZ paccesHus. AMIIAUTYAa 3aBUCUT OT ABYX
YAEeHOB: OT CIIVMH-He3aBUCUMOTO B3aIMOJEVICTBMA 1 OT CIMH-OPMEHTHPYIOIIETO B3aMMOAENCTBIS ¥ DPPeKT
HOAAPU3ALMY CyLIeCTBEHHO 3aBMCUT OT OTHOCUTEABHOIO 3HAyeHNs YAeHOB aMILAuTyabl Iloaspusamms mcuesaer,
ecar OAVH U3 DTUX YA€HOB paBeH HyAl0. AHaAM3 CBOVICTB a3MIMyTaAbHON CMMMETPUN IO3BOASET MOAYIUTL OO
BI/, aMILAUTYAbl paccestHUsl ¥ YCTaHOBUTD Pslj, BaXKHBIX OCODEHHOCTel ITpollecca paccesiHus. B JacTHOCTH, siBAeHMe
HOoAApU3aIMM YacTUIl HPM paccesHUM HaXOAUT AOCTaTOYHO II0AHOe OOBsICHeHe B paMKaX TeopeTHYecKOoIo
paccMOTpeHNsl, OCHOBaHHOTO Ha aHA/AM3€ TOABKO CBOVICTB MHBAPMAHTHOCTU aMITAUTYAbI PACCeSHILSL.

Karouessie caoBa: paccestHye, TOASIPU3ALIVI, a3VIMyTaAbHasl CUMMTPIAS, CHI/IH-Op6I/ITaAbHoe B3aIMOAEVICTBI
SOPILMO PROSESLORINDO POLYARIASMA EFFEKTLORI VO AZIMUTAL SIMMETRIYA
XULASO

Yiiksok enerjilords polyarlasma effektlori ve nuklonlarin azimutal sapilmasi tadqiq edilir. Sepilma amplitiidunu
toyin etmoak ticlin unitarliq sertinden istifads edilmisdir. Amplitud iki hadden asilidir: spindan asili olmayan qarsiliqh
tosirden ve spin yoniimlii qarsiligh tesirden ve polyarlasma effekti mahiyyotco amplitudun hadlorinin nisbi
giymetindan asilidir. Bu hadlarden biri sifir olarsa polyarlasma yox olur. Azimutal simmetriyanin tehlili sepilme
amplitudunun {imumi ifadasini alds etmaya vo sapilma prosesinin bir sira miihiim xiisusiyyatlorini toyin etmayo
imkan verir. Xiisusils, sapilme zamani zerraciklarin polyarlasma hadisssi yalniz sepilms amplitudunun invarianthiq
xassalarinin tehliline asaslanan nazeri miilahizs gercivesinds kifayast qodar dolgun izahat tapar.

Acar sozlar: sopilms, polyarlasma, azimutal simmetriya, spin-orbital qarsiligh tasir

1. Introduction

Due to the spin dependence of the interaction, the scattering cross section can depend
on the polarization of the incident particle and on the polarization of the target.
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A particle with non-zero rest mass and spin | has 2J+1 quantum states corresponding to
the different spin orientations (different values of spin projection onto some direction). The
particle state is a superposition of these states. If the superposition coefficients are
completely determined, then the particle is said to be completely polarized. If the superposi-
tion coefficients are not completely determined, but are given only by some statistical
characteristics, then one speaks of partial polarization. In particular, the particle may be
completely unpolarized; this means that its properties are the same in all directions, like a
spinless (with | = 0) particle. In the general case, the polarization of particles determines the
degree of their symmetry (or asymmetry) in space.

In this article, we will consider the polarization function and azimuthal scattering of
nucleon at high energies.

2. The expression for the polarization function and the azimuthal scattering

Many theoretical and experimental studies have been carried out on the scattering of
both neutrons and protons show that an almost complete polarization of the scattered
particles is observed. The polarization effect is a consequence of the fact that the nuclear
interaction can be represented as a complex spin-dependent potential. When unpolarized
nucleons pass through a nucleus, in directions where the interaction cross section is smaller,
polarization of nucleons will be observed in this direction. The analysis shows that, if
interaction nucleons with nucleus depend on the spin and the polarization of nucleon and
target will be different from each other. As a result of the spin dependence, the scattering
interaction cross section can depend on the polarization of the interacting systems.

The polarization effects usually are used for investigation spin-dependent interactions
in the scattering processes and for checking the used model. Polarization of particles
scattered from unpolarized nuclei can occur due to the spin - orbit interaction between the
incident particle and the nuclei [1]. The theoretical analysis of the polarization effects in the
scattering of hadrons showed that, in addition to the central interactions, must be considered
also a spin-orbit interaction.

Under the assumption that at high energies of incident nucleon, the kinetic energy of
the nucleon is large in comparison with the binding energies of the nucleons, the interaction
of the nucleon with the nucleons of the nucleus can be treated independently. With each
nucleon, the nucleon interacts only once. For the high- energy scattering we will considered
only nuclear potential, and don't consider magnetic interaction. To determine the
polarization, it is necessary to determine the scattering amplitudes using the unitarity
condition.

Particle with a spin ] has 2J+1 quantum states corresponding to different spin
orientations of the particle. The state of a particle is superposition of these states. If the
particle completely polarized to mean superposition coefficients of these states are
completely determined. If the superposition coefficients are specified only by certain
statistical characteristics, then particle has partial polarization. The particle can be completely
unpolarized when these coefficients are not determined.

The scattering amplitude operator has the following general form [2]:

f(E,0) = A(E,0) + B(E,0)(ii - &), (1)

19



LG. Afandiyeva, R.A.Ahmedov

where fis the unit vector of the normal to the scattering plane. In (1), the first term
corresponds to the interaction that does not depend on the spin, and the second term
corresponds to the interaction that causes spin reorientation. The explicit form of the
functions A(E,#) and B(E, #) is determined by the specifics of the interaction.

Taking into account the spin-orbit interaction, in the Born approximation, in the
momentum representation A(E, ) and B(E, 8) has the following form:

, i n2k? . ,
Ak’ k, ) zawsm 0 [drexp[-i(k —Kk)r]Vv(r), (2)
H

. 2
B(k,k’,6) =—£jdr expli(k — k')r(i) 19V (3)
27 mc) r dr

The differential scattering cross section is given by the formula

do * 2 * = 2
Let us assume that the incident particle is in a state with a certain value of the spin
projection mg onto the z axis. In this case, the polarization vector of scattered particles is
equal to
<Y, ‘f*& f“Pm >
P= s s

T - )
<‘I’ms‘f f“I’mS >

Let now different values of ms be represented in the incident beam with the same
probabilities, i.e. the polarization vector of bombarding particles is equal to zero. In this case,
to calculate the polarization vector P of scattered particles, it is necessary to average the
vector Pus, taking into account the equal statistical weights of different projections of the spin
ms in the initial state:

p(©) _ 2Re(A’(E,0)B(E,0)) .
IAE,0) +|B(E,0)

- (6)

So, as a result of the scattering of an initially unpolarized particle with spin s = 1/2 on
spinless nucleus, generally speaking, the particle are polarized. It depends on the particle
energy E and the scattering angle @ . In this case, the polarization vector P is always directed
perpendicular to the scattering plane, and its absolute value depends significantly on the

value of Re (A*(E, 0)B(E,0)). The polarization effect essentially depends on the relative
phase of the amplitudes A(E,0) and B(E,0) and vanishes if one of them is equal to zero.

The scattering of partially polarized particles is azimuthally asymmetric; the condition
for the occurrence of azimuthal asymmetry is the presence of interference between the
scattering amplitudes A(E,0) and B(E,0):

Re|A"(E,0) - B(E,0)|»0. (7)

The spin state of a particle with spin s = 1/2 is characterized by a 2x2 density matrix:
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(1+Pé)

> ®

b=
where & is the spin operator, and P is a numerical vector indicating the mean direction
and mean value of the particle spin vector in the considered state. The module of this vector
P = IPI is the degree of polarization of the particle. Only at P =1 does the density matrix (8)
satisfy the criterion of a pure state, and in this case the spin state of the particle can be
described by some single wave function. In the opposite case, when P = 0, the spin density
matrix (8) is proportional to the identity matrix. Such a density matrix describes an
unpolarized system: no direction in space is singled out with respect to any spin
characteristics of the state. In the intermediate case 0 <P <1, we are dealing with a partially
polarized system. In all cases, except for P=1, the spin state of the particle is mixed.

Let the matrices

1+P 6
. _(1+PJ) )

Pi 5
and
. (@+P;6)
pr=—F—,(10)

characterize the spin state of the particles before and after the collision. According to the
general rules, the density matrix of the final state f can be expressed in terms of the density
matrix of the initial state 7 by the formula

Pt = fA,Oi fr. (11)

It is seen from (11) that the component of the polarization vector of incident particles
lying in the scattering plane does not make any contribution to the scattering.
The differential scattering cross section of particles, regardless of their polarization in
the final state, is given by [3]
9% _spfp £+ (12)
40 el

Concedering (10) and (8)

3—3=|A(E,9|2 +|B(E. 6% + 2Re|A" (E, 6) - B(E, 0)AP,) . (13)
It can be seen from it that the scattering of partially polarized particles is, azimuthally

asymmetric.

The value of the azimuthal scattering symmetry is related to the polarization.
Azimuthal asymmetry is extracted from spin-dependent cross sections. The scattering
azimuthal asymmetry coefficient has the following form:

2Re(A"(E,0)B(E,6)

AE,P)=POPR = > 2 (fR) . (14)
|A(E,0)|" +|B(E, )
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Taking into account the general form of the density matrix (10), we obtain an expression
for the polarization vector of scattered particles:

50 |AE,0)°|F. +[B(E,0)" (1P,)n

‘A(E,9)2‘+|B(E,9)|2
1+ A(E,P)

Py - .(15)

The polarization sign depends on the value of the incident particle energy. Depending
on the energy, there is interference from positive and negative scattering angles and this
affects the sign of polarization. It is of interest to study polarization for individual energy
regions. This can monitor the change in the polarization sign.

3. Conclusion

Polarization effects are important of studying the structure of particles. The studying
shows that studies of nucleon polarization can illuminate some aspects of nuclear structure,
since the polarization depends on the particular nucleus used as a target as well as upon the
form of the interaction.

A qualitative description of the polarization of nucleons is explained by the spin-orbit
interaction. For s=1/2, the particle orientation is completely characterized by the polarization
vector. If the spin s is distributed symmetrically around the z-axis, which is perpendicular to
the reaction plane, the polarization can be expressed in terms of the scattering amplitudes.

The selection of the potential involved in the spin-orbital interaction plays a major role
in the calculation of the effective cross section and also the polarization vector [4]. If the
optical potential is chosen, optical model potential parameters only from the analysis of the
angular distributions of the elastic scattering, in principle, are not feasible because the elastic
scattering of particles is determined not only potential scattering. Therefore, it is necessary to
use more realistic potentials.
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XULASO

Isds, suda dissosiasiya olunmus bir sira duzlarin ionlarmin hidratlasma adadlerinin cominin (hi+hz) sade yolla
toyin olunmasimn faydali oldugunu nazers alaraq, elektrolitlorin duru mshlullarda refraktometrik metodla 111 hithe
kemiyyati hesablanmisdir. Miixtelif ion ciitleri {i¢lin hidratasiya adadi (hi+hz) kationlarm ve anionlarmn radiuslarmdan,
yiiklarinin sathi sixliglarmdan asih olaraq miixtelif qiymatlor alir. Bu natice miixtelif ciit ionlarin hidrofob ve hidrofil
hidratasiya proseslorinds istiraklarimin, suyun strukturu dayisdirmek daracelerinin yekun naticosidir. Eyni zamanda
moalum olmusdur ki, elektrolitlorin suda mahlullarina polimerlor slave etdikde hith2 parametri azalir. Bu yaqin ki,
polimerlorin miixtslif hidrofob ve hidrofil qruplarmin su molekullar: ilo qarsiighi tesirlorin neticesidir ve ionla
polimerlorin su molekullar ilo qarsiliqh tesirlerinin bir-biri ilo reqabetleri il alagadardr.

Acar sozlar: hidratasiya, elektrolitlor, hidratasiya adadi
REFRACTOMETRIC STUDY OF THE HYDRATION PROCESS IN ELECTROLYTES
ABSTRACT

Taking into account that it is useful to determine the sum of the hydration numbers of dissociated ions (h1+h2), as
well as in a simple way, the amount of h1+h2 was calculated by the refractometric method of electrolytes in dilute
solutions. For different ion pairs, the hydration number (h1+h2) takes different values depending on the radii of cations
and anions, surface densities of their charges. This result is the final result of the participation of different pairs of ions
in the hydrophobic and hydrophilic hydration processes, the degrees of changing the structure of water. At the same
time, when adding polymers to water solutions of electrolytes, the parameter h1+h2 decreases. This is probably the
result of interactions of various hydrophobic and hydrophilic groups of polymers with water molecules. It is related to
the competition of interactions between ions and polymers with water molecules.

Keywords: hydration, electrolytes, hydration number
PE®PAKTOMETPUYECKOE UCCAEAOBAHUE ITPOLIECCA TUAPATALINNU B DAEKTPOANUTAX
PE3IOME

Hamu 6p14 IIpeasoskeH ITpocToli, pedppaKTOMETpUYIecKUii MeTOJ OIpeAeAeHNsT CYMMBI 4ducea TVUApaTaliuu
AucconuUpoBaHHBIX B Bode 1OHOB (h1l+h2). Pasauumble 3HaueHNMSI CyMMBI 4mcea TMApaTallMyl VOHOB CBSI3aHBI
BeANUMHON 3apsja, pa3MepoB M IIOBEPXHOCTHOM ITAOTHOCTM 3apsAOB U SBASETCA pe3yATaTOM Pa3AMYHBIX
ruApodOOHBIX U TUAPOPUABHBIX B3aMMOAEVICTBII MIOHOB C BOAOIL

BansHme BBeA€HHBIX B CHCTEMY II0AMMepPOB Ha BeandrHy h1+h2 1osnamuMoMy CBA3aHO ¢ KOHKYpPEHIIVEN FIOHOB
¥ MOAeKyA TIOAVMEPOB BO B3aMOAEIICTBIUIA C BOAOM, C MOAEKYAaMM BOABL.

Karouesble caoBa: ruapararyisl, DAeKTPOANUTD, YICAO IVApaTaLiyin.
Giris

Mslumdur ki, maddslarin suda moahlullarinda bas veran biitiin struktur ve energetik
doayisikliklorin asasinda hidratasiya prosesi durur.
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Tacriibalar gostarir ki, elektrolitlorin suda mahlullarinda dissosiasiyaya ugramis ionlarin
tosiri naticasinda iona ¢ox yaxin olan su molekullarinin translyasion harakatlari (yerdayisma-
lori, ytiriikliiklori) doyisir. Bazi hallarda, ionlarin tebistindan asili olaraq, yiiriikliik artir, bazi
hallarda ise azalir. Sozsiiz ki, har iki halda suyun, iimumilikda strukturu dayisir. Translya-
sion harakatlerin deyisme istiqamati ve daracesi ionun polyarlasdirma qabiliyyati, radiusu
vo yikiiniin sothi sixligr ile miiayyenlasir. Kigik radiuslu, sethi sixlig1 boyiik olan ionlar

(0 = %) Eion-dgipol qarsiliql tasir naticasinds su molekullarmin bir hissasinin ytiriikliiyiinii azal-

dir, miisyyen manada 6ziins baglayir, bu molekullar hidrat tabaqesi adlanan tebaqads yerls-
sirlor. Bu zaman su molekullarimin digar su molekullar: ilo miibadile imkanlar1 azalir, mole-
kulun 6ziiniin tarazliq veziyystinds (yeni tarazliq veziyyati strafinda raqs halinda) yasama
miiddati artir, molekulun sigrayisla diger tarazliq halina ke¢ma ehtimali va kecid tezliyi
azalir, radiusu boytik, yiikiiniin sathi sixlig1 kicik olan ionlar {iciin iss, deyilonlerin aksi olan
dayismaler bas verir — ionatrafi su molekullarmin yiiriikliyli artir, diger molekullarla
miibadilo imkani artir, kegid iiglin lazim olan aktivlesmsa enerjilori azalir, tarazliq otrafinda
yasama miiddati azalir, iondan uzaqda olan su molekullarinin miibadils tezliyi artir. Bu
proseslar, ion-su dipolu garsiliqh tasiri ve ionla ¢ox yaxin masafslords olan su molekullar:
arasinda movcud olan Van der-Vaals caziba qiivvalarinin ionun elektrik sahasinin hidrogen
rabitolori ilo birlosmis su molekullarinin daxilinde elektron buludunun sixligimnin
paylanmasina gosterdiyi tesirler naticasindas bas verir. Belslikls, iki hal mévcuddur:

ArK;sK; 0= g > AE > ; 1> w K; v < Su strukturlagir @)
b)yr »; s>»; 0 K; AE &; T K; w > ; v, > Suyun strukturu dagilir

Burada, q, 1, s, 0, AE, T, w, v}, uygun olaraq ionun yiikii, radiusu, sathinin sahasi, yiikiin
sothi sixl1g1, su molekulunun bir tarazhq veziyyetinden diger tarazliq veziyyetine kegmoak
ticlin aktivlosma enerjisi, tarazliq (raqs) halinda yasama miiddati, kegid ehtimali, kegid
tezliklaridir.

Lakin mahlulda hidratasiya prosesi iona yaxmn su molekullarmin iona baglanmas: ile
bitmir. Deyilanler, bazi hallarda gebul edilmasine baxmayaraq korrekt deyil. Hidratasiya
prosesi daha miirokkeb bir prosesdir. ©Ovvela geyd etmok lazimdir ki, iona yaxin
molekullarin translyasion harakatlorinin zsiflomasi ve ya giiclonmasi mahlulda kogiirma
proseslarinin — ozliiliiyiin, diffuziyanin, istilikkegirmanin, elektrik kegiriciliyinin tomiz suda
olan giymatlarindan farqli giymatlarina gatirir. Yeri galmiskan geyd edar ki, bu deyismalar
Nobel miikafati laureatlar1 Bernal vo Faulero |1| elme strukturlu mayelar tiglin ¢ox
miivaffaqiyyatle totbiq olunan “struktur temperaturu” anlayisini daxil etmaye sovq etmisdir.
Digor terafden, hidratasiya prosesi tohlil edildikde yuxarida serh edilon ve “yaxin

hidratasiya” adlanan marhslasi ilo yanast bu prosesin tarkib hissasi olan “uzaq hidratasiya”
adlanan morhals nazerden qacirilmamalidir. Belo ki, ionun elektrik sahasinin su
molekullarinin daxili sahasina tasiri iondan uzaqlasdiqca tadricon azalir. Bu tesirin iondan
hans1 moesafeds aradan qalxmasmi, ns qoader su molekulunu shate etdiyini
milayyanlosdirmak ¢ox miirokkabdir. Ona gora bir ¢ox tadqiqat¢ilarin hidratasiya prosesina
su molekullarmin baglanmas: kimi baxmaq ve hidratasiya adadi ve ya hidratasiya deracesini
iona baglanan molekullarin say1 (bu say kristallokimyada koordinasiya adadi adlanir) kimi
deyil, biitovliikde, hidratasiya prosesini xarakterizo etmoak {i¢lin uonun elektrik sahasinin
tosiri (az va ya ¢ox) altinda olan molekullarin say1 gotiirtilmalidir. Bu kemiyyetin gqiymatinin
miixtalif tadqiqatcilar torafindon, miixtalif metodlarla toyin olunmasi zamarn aksar hallarda
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bir-birinden forqli giymsatlor alinmasi (mes., Na* ionu {igiin 2, 7, 15, 22 vo s. giymatlar
alinmusgdir) tebii olaraq qebul edilmalidir, ¢iinki, hidratasiya adadinin miixtslif metodlarla
tayin olunan giymestlari ionun elektrik sahasinin tasirinin ne¢a molekulu shats etmasindan,
bir s6zls, metodlarda tedqiq olunan fiziki kemiyyetlerin bu tesire hessasliqglarindan asilidir.
Belaliklo, hesab etmak olar ki, ionun suya tesirinini gostaricisi kimi, onu tasiri ilo suyun
biitovliikde strukturunun ve ya termodinamik halmnin deyismasinin gabul edilmasi daha
moaqsadauygundur. Diger terafden iondan uzaq su molekullarin daxili sahasins ionun
elektrik sahosinin tesiri naticosinde molekulun elektron buludunun sixliginin paylanmasi
doyisir, hidrogen rabitslorinin yaranmasi iiclin lazim olan serait dayisir, bu ise suyun
strukturunun biitovliikde deyismesi demakdir. Samoylov 3] suya daxil edilan maddslarin
tosirile suyun strukturunun moéhkemlonmasini, daha da strukturlagsmasini xarakterizo etmoak
tiglin elma “hidrofob hidratasiya” ve ya “miisbat hidratasiya”, maddalarin tesirilo suyun
strukturunda destrukturlagsmasini, dagitmasini xarakterizo etmok tiglin ise “hidrofil
hidratasiya” ve ya “menfi hidratasiya” anlayislarini daxil etmis ve hal-hazirda da genis
istifade olunan hidratasiyanin nazariyyasini vermisdir: Bu nazariyys asasen mayelar {iciin
ilk nazariyye olan Frenkel 4] nazariyyasina asaslanmigdir.

Frenkelo |4 gora, mayelordao istilik haraketi molekullarin sigrayis yolu ils yerdeyisma-
laridir. Bu zamamsn molekul bir tarazliq halindan (1) diger (2) tarazliq halina ke¢mak tigiin
(Qeyd edak ki, tarazliq hali dedikde onun 1 halinda siikunatds olmasindan getmir, bu hal
atrafinda rogs halindan gedir) molekul lazim olan aktivlesma enerjisini (AE) xaotik harokatdo
olan molekullardan alir, onlarla toqqusmadan alir. Bu enerji molekulu 1 halindaki atrafindan
goparmaga, artiq qalan enerji iss onun harakat edarak, is gorarak, 2 halina ke¢masina sarf
olunur. Molekul 2 halina diisdiikde homin enerji ayrilir, oks halda molekul 6z avvalki yerina
qayida biler. Molekulun 1 halindan 2 halma ke¢ms ehtimali, yeni onun toqqusmalar
naticesinds AE-ys berabar ve ondan bdyiik enerji alma ehtimali (W) va 1-halinda yasama
miiddati (1) tiglin Frenkel asagidak: ifadalori almigdir:

oE aE
W~N,~NerT ; T = T erT (2)

N, — 1 cm3-da enerjisi E>AE olan molekullarin say1, N - 1 cm?-da olan biitiin molekullarin
sayl, R — universal qaz sabiti, 7y, T=0 oldugda molekulun tarazliq halinda yasama
miiddatidir, T — temperaturdur.

Frenkel molekulun tarazligda yasama miiddoati ilo mayelorde diffuziya omsal
(istigamatlonmis ve ya macburi diffuziya) arasinda asagidak:

2 2 AE
=T =ewm 3)

6t 6T
miinasibati almis va ozliiliikls diffuziya arasinda asilili1 tesvir eden malum
Eynsteyn tonliyinden 7 = % : % (4)

istifade edarsk struktursuz (molekullar arasinda yalmiz Van-der-Vaals qarsiigh tesir
quivvelari olan) mayelar ti¢lin maghur

diisturunu almigdir. Burada § — qonsu molekullar arasindaki masafadir.

Samoylovun hidratasiya nazeriyyesinds hesab edilir ki, ionun elektrik sahasi tosiri ilo
yuxarida geyd olundugu kimi, ion atrafi su molekullarinin translyasion harakatinin
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zoiflomasi va ya gliclanmasi naticasinds onlarin iondan uzaq masafslards yerlasen (serbast)
su molekullar1 ilo miibadilads olmas: tiglin lazim olan aktivlogsms enerjisi do dayisir. Tomiz
su ti¢lin aktivlosma enerjisini Eo ilo, molekulun tarazliq halinda yasama miiddatini 7 ils, ion
suya daxil edildikde bu parametrlori Ei vo 7 — ilo isare etsok, tomiz vo ion otrafi su
molekullarinin tarazliq halinda yasama miiddatleri tigiin asagidak: ifadsler yazila bilar:

Eo
T = TgerT (6)

Ej
7; = okt (7)
Belslikls, ionun tasiri ilo molekulun tarazliq halinda yasama miiddatlari ve aktivlogsmae
enerjilorinin giymatlari doyisir (5) ve (6)-dan

7 Ei_EO ﬁ
- = e RT =@RT (8)

alariq. Burada iki hal ola bilar.

a)E>Eo;t;>1t; Db)E<Eo;1; <7t (9)

(9 b) sarti gosterir ki, ionu suya daxil etdikde su molekullarmin ionla qarsiliqh tasiri natice-
sinds ionatrafi su molekulunun bir tarazliq veziyyatindon digerine kegid ¢atinlosir 7; >t
olur, yoni ionatrafi su molekulu tarazliq veziyyatinds daha ¢ox miiddatds galir, aktivlesmak
ti¢lin, kegid tiglin aktivlosma enerjisini daha gec alde edir. Bu zaman ionatrafi molekulun
sarbast su molekullar: ile miibadile tezliyi, kecid tezliyi (su molekulunun 6ziiniin raqs tezliyi
ils qarigdirmayaq) temiz su molekullarmin bir-birlari ile miibadils tezliyindan kigik olur:

(Vsu)ion 4_—> (Vsu)o < (Vsu)o 2 (Vsu)o (10)

Bu nov hidratasiya hidrofob ve ya miisbat hidratasiya adlandirilmisdir. Hidrofob
hidratasiya zamani ion suyu strukturlasdirir, ¢linki ionatrafi su strukturlasmis olur, uzaq
molekullar (sarbast su) ise hidrogen rabiteleri vasitesile avvalceden miisyyen struktura
malik olur, ionun elektrik sahasinin tesiri kigik olur ve su biitovliikds strukturlasmis olur.
Bels hidratasiyaya asasen polyarlasdirma qabiliyyeti ve yiikiiniin sathi sixli§1 boyiik olan
ionlar ugrayirlar. Vo aksing, (b) halinda isa

(Vsu)ion : (Vsu)o > (Vsu)ion<_—> (Vsu)o (11)

olur. (9b) sarti 6doandikdo iso, ionatrafi su molekullar ilo sarbast su molekullar1 arasindaki
miibadile zamani hidrogen rabitslari qurilir, ionatrafi su molekullar1 da ionun polyarizeetms
qabiliyyatinin kigik ve yiikiintin sathi sixlig1 kigik olan boytiik 6lgiilii molekullar tarafinden
dagidilmis olduglarindan biitovlitkde suyun strukturu tomiz suya nazeren az strukturlu olur
va hidrofil ve ya manfi hidratasiya hadisesi bas verir.

Tadqiqat metodu

Isda 4] dissosiasiya olunmus ionlarin hidratlasma adadlarinin cominin (hi+h2) teyin
olunmasi, eloce de sade yolla teyin olunmasmin faydali oldugunu nazers alaraq,
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elektrolitlorin duru mahlullarda refraktometrik metodla hi+h2 kemiyyoeti {i¢iin analitik ifads
alinmigdir. Optik tezliklorde dipollarin ve ionlarin elektrik sahssinin deyismasins hassas
olmadiglarini, reaksiya vermadiklarini ve miihitin polyarizalasmasinda asas pay1 elektronlar
verdiyini nezars alaraq, elektrolitlorin suda duru mohlullar1 {iclin Lorents-Lorents
tonliyinden istifade etmokls ve bir sira riyazi amoliyyatlar aparmagqla hg+ + hy- {igiin
asagidaki ifade alinmisdir.

3 3
hyr + hye = KA o0 (T“) _j (TA‘) (12)

PN ap,0 TH,0 TH,0
Burada My4- duzun molekulyar kiitlesi, p - mahlulun sixligi, 7,0 , 7+, 74~ ionlarin ve su
molekulunun radiusu, a - suyun polyarizasiya amsalidir.
1. Alinan naticolar vo miizakirasi

n?-1
n2+2

(12)-yo daxil olan tge -nin giymati — ¢ asililigindan toyin olunmusdur (sakil 1).

0.213
0.212
0.211

0.21
0.209

N2-1/N2+2

0.208
0.207
0.206

0.205
0 1 2 3 4 5 6

C%

Sokill. Stndirma amsalinin n?-1/n?+2 miinasibatinin konsentrasiyadan c asililig

Bir sira geyri-lizvi duzlar tigiin alinan naticalar I a codvalinds sistemlars polimer daxil
etmakls alinan naticalar isa I b codvalinds verilmisdir.

Cadval 1. Bir sira elektrolitlar iigiin hithz parametrlarinin qiymotlori

Moahlul ri+r2 (nm) hi+ho

HCl 233 13.3
LiCl 276 14
NaCl 295 16.3
CsCl 348 20
KCl 319 16.1
KBr 334 24,2
KJ 338 37.3
Na2S04 34.1 448
MgSO4 33.7 330
CuSOs 45.1 335
BaClz 54.8 535
FeCls 76.9 664
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b) Elektrolit moahlullariin slave olunmus PEQ vo PVP-nin hi+h2 parametrlarinoe tosiri

Mehlul hi+hz
KCl+su 16,1
KCI+PEQ ( 0,04ml) 13,54
KCI+PEQ (1,1ml) 5,86
KBr+H:20 24,2
KBr+PEQ6000 (0,3ml) 16,7
KBr+PEQ6000 (0,5ml) 12,6
KBr+PVP12000 (1ml) 13,5
KBr+PVP12000 (2ml) 12,2
K250+ 18,6
KoSO4+PVP12000 (1ml) 11,9
K2SO4+PVP12000 (2ml) 8,6

Cadvaldan gortiniir ki, miixtalif ion ciitlari {i¢iin hidratasiya adadi (hit+hz) kationlarin vo
anionlarin radiuslarindan, ytiklarinin sathi sixhiqlarindan asili olaraq miixtalif giymotlar alir.
Bu natice miixtslif ciit ionlarin hidrofob va hidrofil hidratasiya proseslarindas istiraklarinin,
suyun strukturu dayisdirmak daracelerinin yekun naticasidir. Eyni zamanda elektrolitlorin
suda mohlullarina polimerlar alavs etdikds (I b)-den goriindiiyii kimi hi+ha parametri azalir.
Bu yoqin ki, polimerlorin miixtalif hidrofob ve hidrofil qruplarmmin su molekullar: ile
qarsiligh tesirlorin naticesidir. fonla polimerlorin su molekullar: ilo garsiligh tasirlerinin
raqabeati ile alagadardr.
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PEQ-LIMON TURSUSUNUN NA DUZU-SU IKiFAZALI
SISTEMININ FAZALARININ FiZiKi-KIMYOVI
XASSOLORININ TODQIQI

SAHBAZOVA G.M., OLIYEV E.Z MIRZOZADO A.V.

Baki Dovlat Universiteti, Azarbaycan
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XULASO

Toqdim olunan isde PEQ-limon tursusunun Na duzu-su ikifazali sisteminin fazalarmin fiziki-kimyevi
xassolari todqiq olunmusdur. Bunun iigiin ilk 6nce limon tursusunun natrium duzu mehlulunun struktur
xiisusiyyetlori arasdirilmis (6zli axinin aktivlosme parametrlori, struktur temperaturu) ve ona PEQ-in tesirine
baxilmigdir. Daha sonra baxdigimiz mahlullar ikifazali sistem verdikden sonra onu fazalarina ayirib, asag1 vo
yuxar1 fazadaki moehlullarin kinematik ve dinamik ozliiliiklari, sixliqlar1 dl¢iilmiisdiir. OZlijliiyijn temperatur
asiilgindan istifads edarak 6zlii axinin aktivlesme parametrlari (AG,, , AH, , AS,,), struktur temperaturu (Tsx)
toyin olunmusdur.

Acar sozlor: ikifazali sistemlor, polietilenglikol, limon tursusunun natrium duzu, ozliiliik, aktivlesmoe
parametrlari

STUDY OF THE PHYSICAL-CHEMICAL PROPERTIES OF THE PHASES OF THE PEG-CITRIC
ACID NA SALT-WATER TWO-PHASE SYSTEM

ABSTRACT

In the presented work, the physicochemical properties of the phases of the two-phase system PEG-sodium
citrate-water were studied. For this, first of all, the structural properties of sodium salt solution of citric acid were
investigated (viscous flow activation parameters, structural temperature) and the effect of PEG on it was
examined. Then, after the two-phase system was formed by the solutions we considered, it was separated into its
phases, and the kinematic and dynamic viscosities and densities of the solutions in the lower and upper phases
were measured. The activation parameters of the viscous flow (AG, , AH, , AS,,) and structure temperature (Tst)
were determined from the temperature dependence of viscosity.

Key words: two-phase systems, polyethylene glycol, sodium salt of citric acid, viscosity, activation
parameters

U3YUYEHUE ®U3NKO-XUMUUYECKNX CBOVICTB ®A3 ABYXPA3ZHOV CUCTEMBI
II2r-ANMHASI KUCAOTA HA-COAEHAS BOJA

PE3IOME

B mpeacrasaenHoit pabore mccaesosaHsl GU3MKO-XMMMUYecKne csoiictsa a3 AsyxdasHoil cucremsr [191-
INUTpaT HaTpuUsA-Boja. /a5 DTOTo IpeXJe BCero OBLAM MCCAeAOBaHbI CTPYKTYPHEIE CBOJICTBA pacTBOpa HaTpUeBO
COAM AMMOHHOM KMCAOTHI (IIapaMeTphl aKTUBAI[UU BA3KOTO TeUeHNsI, CTPYKTypHas TeMIlepaTypa) i pacCMOTPeHO
BAMAHME Ha Hero . 3aTeM, Itocae obpa3oBaHMs AByX(pa3HOM CHUCTEMBI U3 PacCMOTPEHHEIX HaMI pacTBOPOB, ee
paszeasan Ha ¢aspl U MU3MePsAAM KMHEMaTUYeCKyl0 M AMHAMMIYECKYIO BA3KOCTM M IIAOTHOCTM PacTBOPOB B
HIDKHeNT u Bepxseil ¢asax. Ilo TemmepaTypHON 3aBMCHMOCTM BS3KOCTU OIIpeAeAsiAM aKTUBAlLIVIOHHEBIE
napameTpsI Baskoro tedenus (AG, , AH, , AS,,) u temneparypy koncrpyxun (Tst).

KaioueBbie caosa: ,ZlByX(l)aSHI)Ie CHCTEMBI, IIOAVMDTUAEHIAMKOAD, HaTpUeBas COAb AVIMOHHOW KIUCAOTHI,
BA3KOCTD, IIapaMeTpPbl aKTUBaLI M.
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Bioloji hissaciklor garisiglarinin komponentlarinin har birinin ayriliqda tedqiq etmak
moaqsadi ila ayrilmasi va tamizlenmasi qarsisinda tibbi ve farmokoloji senayelarin qoydugu
toloblor giin giindon artmaqdadir. Kimyoavi maddaloerin ayrilmasi ve temizlonmosi {iigiin
movcud olan ¢oxlu sayda metodlar bioloji maddslarin temizlenmasi tigiin yaramuir, bioloji
materiallar miixtalif faktorlarin tasiri naticesinde asanliqla 6z bioloji aktivliklerini itirirlar,
denaturasiyaya ugrayirlar. Ona gora do son zamanlar bioloji maddslarin tomizlonmasi tiglin
“yumsaq” miihit tamin olunmagqla bir sira xiisusi metodlar islonib hazirlanmisdir, lakin bu
metodlar boyiik emak taleb edir ve baha basa galir.

Albertson |11 bioloji materiallarin ayrilmasi ve temizlonmasi {i¢iin sads, ucuz ve
somarali metod-maddalerin ikifazali su-polimer sistemlorinds geyri-barabar paylanmasina
asaslanan metodu isloyib hazirlanmigdir. Malumdur ki, kimyeavi xassalari bir-birinden
forglonan iki polimerin vo ya bir polimer vo bozi elektrolitlorin sulu mahlullarinin
qarisiginin, komponentlorin  konsentrasiyasinin miiyyon bir qgiymeatinden bdyiik
giymotlerinds iki fazaya ayrilir. Bels ikifazali sistemin fazalarmin biri polimerin biri, digari
isa ikinci polimerls zangin olur. Fazalarda hoalledici sudur va her iki fazanin asasmi tagkil
edir (~70+95%). Belo sistema bioloji obyektlor (ziilallar, hiiceyralar, viruslar va c.)
qarisig1 daxil edildikds, onlarin har bir novii sistemin bu ve ya diger fazasinda toplanirlar.
Biomateriallarin ~ ikifazali sistemds paylanmasi onlarin fordi xiisusiyyetlorinden,
fazasmsalagetiron komponentlsrinin tebistinden ve konsentrasiyasindan, sistema edilon
alavalarin konsentrasiyasindan va tebistinden asilidir.

Miiasir tasavviirlara gors sistemin fazalarda strukturuna ve termodinamik halina gors
forglenan iki su-polimer strukturu formalasir | 1|. Bu iki fazalar bir birlerindan fiziki-
kimyovi xasselorine goro vo miixtalif paylanan hissaciklors harisliklorine gore forqlenirlar.
hesan edirik ki, homogen-heterogen faza kegidinin bas verma ardicilli§ini izlesak, onlarin
ayriliqda bir sira fiziki-kimyavi xassalerini tadqiq etmak aktualdir.

Ozlii axinin aktivlesmo parametrlari dedikds, baxilan sistemin 6zlii axinin aktivlagma
parametrlarinin - Gibbs sarbest enerjisinin (AG,), entalpiyanin (AH,) ve entropiyanin
dayismasi (AS, ) basa diisiiliir [2, s.32- 35] Ozlii axinin aktivlesmo parametrlarinin (AG, , AH,
, AS, ) miixtalif xarici amillorden (temperatur, konsentrasiya vo s.) asililiglarinin tahlili,
mayelards, o climlodon mahlullarda yaranan struktur deyismolarinin tadqiginde miihiim rol
oynayir [2, 5.32-35]. Mayelorin 6zlii axinin aktivlosma parametrlori, miixtslif xarici amillarin
tosirilo mayelorde yaranan enerji ve struktur dayisikliklerini miisyyan etmays, sulu
mohlullarda hidrogen rabitalerinin smale goalmasi ve qurilmasi haqqinda miisyysn
informasiya olde etmaye imkan verir [3, s.23], [4, s.7185], [5, 5.1457]. Ozlii axinin aktivlesma
Gibbs enerjisi (AG,,) verilmis tozyiq ve temperaturda 1 mol maye molekullarinin axin halina
kegmasine sarf olunan enerjidir. Ozlii axinin aktivlesms entalpiyasi (AH, ) mahlulda yaranan
doyismalari enerji baximindan xarakterizo edir. Belo ki, AH, -mn giymsatinin boyiik olmasi
baxilan sistemin daha mohkem struktura malik olmasini gésterir. Ozlii axinin aktivlesme
entropiyasi (AS, ) ise mayeds movcud nizamliliq haqqinda qiymstli melumatlar verir.

Isds Ispaniyanmin “Panreac” firmasinin istehsal etdiyi molekulyar gokisi Ma=6000 olan
PEQ vo limon tursusunun natrium duzundan istifade edilir. Biitiin tocriibslor kvars
plitelarinda ikiqat distille edilmis su ilo aparilmisdir. PEQ-in ilkin mahlulunu (adaten 39%)
hazirlamagq {i¢iin miiayyen miqdarda polimer tarazids ¢okilmis ve su hamaminda 100°C-da
qizdirilmagla 10-15 daqiga suda hall edilmisdir. Sterilizasiya etmak {igiin polimer mahlulu
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isti halda siiziiliir vo 20 q gablarda soyuducuda saxlanilir. Limon tursusunun natrium
duzunun sulu mohlullar1 (adston 37%) hazirlanmis ve sonra faizlo ifads edilmisdir.
MBahlulun 6zliiliiytinii 6lgmak tigiin SVM3000 Stabinger viskozimetrinden istifads etdik.

Ikifazali sulu polimer sistemlorinin osas xarakteristikalarindan biri onun binodal
ayrisidir (hal diagrami). Ikifazali sulu polimer sistemlarinin binodali dedikda, Cpon Vo Cpon2
asililiginda birfazali oblastdan ikifazali oblasta ke¢on noqtalerin handasi yeri basa diistiliir.
Sokil 1-do sxematik olaraq baxdigimiz PEQ-limon tursusunun Na duzu-su ikifazal
sisteminin tipik hal diaqrami verilmisdir.

35
y = -0.9721x + 24.608
30 .‘ y =-0.9717x + 26.558
25 ° y=-0.9777x + 27.608
-y
20 S y =-0.9787x + 19.556
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Sakil.1-PEQ-limon tursusunun natrium duzu-su ikifazal sisteminin hal diagrami va binodal ayrisi

Sokil 1-do binodal ayrisinden asagidaki oblast birfazali-homogen oblast, yuxaridaki
oblast ise ikifazali-heterogen oblastdir. Basqa sozls, yuxar1 oblastdan gotiirtilmiis istonilon
noqtonin koordinatlarina uygun sistem termodinamik tarazliq halina goldikde iki fazaya
ayrilmis olacaq. Miiasir tesavviirlers gore sistemin fazalarda strukturuna ve termodinamik
halina gora ferqlenan iki su-polimer strukturu formalasir |1 |. Bu iki fazalar bir birlerinden
fiziki-kimyavi xasselorine gore ve miixtelif paylanan hissaciklera harisliklerine gore
forglonirlor. hesan edirik ki, homogeny-heterogen faza kegidinin bas vermoa ardicilligini
izlasok, onlarin ayriliqda bir sira fiziki-kimyevi xassalorini todqiq etmak aktualdir.

Togqdim olunan isdo PEQ-limon tursusunun Na duzu-su ikifazal sisteminin fazalarimin
ayriliqda fiziki-kimyevi xassalari tadqiq olunmugdur . Bunun tigiin ham heterogen oblastda,
ham de homogen oblastdan gotiirdiiytimiiz noqtays uygun msahlul hazirliyib, baxdigimiz
ikifazal sistemi fazalarina ayirib, asag1 ve yuxar1 fazadaki mehlullarin 6zliliiklari, sixliglari,
sindirma amsali, elektrikkeciriciliyi dlgiilmiigdiir. Ozliililyiin temperatur asililgindan istifads
edoarak 0zlii axinin aktivlosma parametrlari (AG, , AH,, , AS,,), struktur temperaturu (Tst)
toyin olunmusdur.

Baxilan sistemlarin normal atmosfer tezyiqinds miixtelif temperaturlarda sixliginimn,
dinamik , kinematik 6zliiliiyiiniin tecriibi qiymatlari cedval 1-2-ds, 6zlii axininin aktivlesme

parametrlarinin ( AG], AH; \C) AS; ) hesablanan giymatlari cadval 3,4-da gostorilmisdir.
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Cadval 1. PEQ-limon tursusunun Na duzu-su ikifazali sistemini fazalara ayirdigdan sonra asag: fazadaki
mohlullarin dinamik, kinematik 6zliiliiklari, sixliglar:

N t, C n, mPa*san v, mm?/s 0, q/sm?
1 25 4.3453 3.5603 1.2205
2 30 3.7592 3.0819 1.2198
3 35 3.2992 2.7176 1.2140
4 40 2.8371 2.3410 1.2119
5 45 2.5623 2.1271 1.2046
6 50 2.2908 1.8997 1.2059
7 55 2.0843 1.7331 1.2026

Cadval 2. PEQ-limon tursusunun Na duzu-su ikifazali sistemini fazalara ayirdigdan sonra yuxari fazadaki
mohlullarin dinamik, kinematik 6zliiliiklari, sixliglar:

N t, C n,mPa*san v, mm?/s 0, g/sm?
1 25 149.72 137.22 1.0911
2 30 124.68 114.60 1.0880
3 35 102.37 94.561 1.0826
4 40 78.743 72.856 1,0808
5 45 73.925 68.670 1,0765
6 50 63.345 59.040 1.0729
7 55 53.642 50.200 1.0686

Cadval 3. PEQ-limon tursusunun Na duzu-su ikifazali sistemini fazalara ayirdigdan sonra yuxar1 fazadaki
moahlullarin miixtalif temperaturlarda 6zlii axininin aktivlosme parametrlori ( AG; , AH; Vo AS;)

T AG AH AS
298.15 1244197 72471.5 242.0706
303.15 1247741 72086.64 236.792
308.15 1245197 68809.54 222.2989
313.15 1223972 62915.66 199.9122
318.15 1243812 54654.66 170.789
323.15 1237213 44253.06 135.9428
328.15 1242414 31916.58 96.26217

Cadval 4. PEQ-limon tursusunun Na duzu-su ikifazali sistemini fazalara ayirdiqdan sonra asag1 fazadaki

mahlullarin miixtelif temperaturlarda 6zlii axininin aktivlesme parametrlari ( AG:]= , AH;= Vo AS;)

T AG AH AS

298.15 367198.7 -9481.05 -32.7996
303.15 365639.9 -9482.02 -32.2783
308.15 365609.8 -9482.96 -31.7738
313.15 359130 -9483.86 -31.2854
318.15 354918.7 -9484.74 -30.8122
323.15 345750.2 -9485.59 -30.3535
328.15 356736.1 -9486.42 -29.9088

Cadvoellarden goriindiiyii kimi, temperatur artdiqca 6zlii axinin aktivlosma entalpiyast
va entropiyast azalir. Baxdigimiz ikifazali sistemds yuxar1 faza PEQ-Is zengin oldugundan,
hamin fazada 6zlii axinin entalpiyasi da boyiik olmalidir. Bu natice da tacriibads tasdiq
olunur.
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Cadval 5-do Su-limon tursusunun Na duzu ve PEQ-su-limon tursusunun Na duzu
sistemlorinin ikifazali system vermadan, ikifazali verdikden sonar sistemin yuxar1 vo asagt
fazalarindaki mahlullarin struktur temperaturu verilmisdir.

Cadval 5. Su-limon tursusunun Na duzu vo PEQ-su-limon tursusunun Na duzu (ikifazali vermadan, ikifazali
sistemin yuxar1 ve agsag1 fazalar1) sisteminin struktur temperaturu

Mohlullar Tstr

Su-limon tursusunun Na duzu-PEQ (yuxar1-PEQ ¢ox olan faza) 177

Su-limon tursusunun Na duzu-PEQ (asagi-limon tursusunun natrium duzu ¢ox olan) fazadaki meahlul | 211
Su-limon tursusunun Na duzu 148

Su-limon turgusunun Na duzu-PEQ (ikifazali vermir) 160

Struktur temperaturu bilavasite mayeds olan strukturlasdirici qarsiliqh tesirlarle
alagodar parametrdir. Bu sebabden do har hansi faktorlarin tesiri ilo mayenin (mahlulun)
strukturunun doayismosi struktur temperaturunun qiymsetini deyisdirocok. Belo ki, sulu
mohlulun struktur temperaturu toemiz suyun struktur temperaturundan boyiikdiirss, suya
alave edilon madds suyu strukturlasdirir. 9ger sulu meahlulun struktur temperaturu tomiz
suyun struktur temperaturundan kigikdirss, suya alave edilon madds suyun strukturunu
dagidur.

Tomiz suyun struktur temperaturu T«=146K oldugundan, deye bilerik ki, limon
tursusunun Na duzu suya neytral tosir edir, lakin PEQ-in tesirilo bu sistem suyu
strukturlagdirir. PEQ-in suyu strukturlagdirdigi mslumdur.ona gors ikifazali sistemin yuxar1
fazasinda PEQ ¢ox oldugundan struktur temperaturu da hemin fazada daha ¢oxdur.
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ABSTRACT

In the present work the electrical conductivity method was used to study the sol-gel phase transition in the
agarose-water system. The 0.1% agarose-water system is used for this purpose; The temperature dependence of
the conductivity of 0,1%, 0.3% and 1% solutions and as well as the influence of hydrophobic (isoamyl alcohol) and
hydrophilic (Na salt of tartaric acid) additives on this dependence were studied.It was shown that the hydrophilic
additive makes the gel more stronger and shifts the gelation (Tg) and melting (Te) temperatures up. The
hydrophobic additive (hydrophobic isoamyl alcohol) on the contrary weakens the gel and shifts the gelation (Tg)
and melting (Te) temperatures downward.

Keywords: polymeric hydrogels, agarose, electrical conductivity, hydrophobic additive, hydrophilic
additive.

AQAROZA-SU SISTEMIND® ZOL-GEL FAZA KECIDININ ELEKTRIK KECIRICILiYi
METODU VASITOSI iLO TODQIQI

XULASO

Isdo aqaroza —su sisteminda zol —gel faza kecidini todqiq etmok magsadi ilo elektrik kegiriciliyi metodundan
istifade edilmisdir. Bu magqsadle aqaroza-su sisteminin 0.1% ; 0.3% ve 1%-li meahlullarinin kegiriciliyinin
temperatur asililigi, eloco do hamin konsentrasiyalara hidrofob ( izoamil spirti) ve hidrofil (caxir tursusunun Na
duzu) tebiatli slavelorin bu asilliliga tesiri Syrenilmisdir. Gosterilmisdir ki, hidrofil tebistli slave geli
mohkamlandirir ve gelin gelomalagalms (Tg) ve arima (Ts) temperaturlarni yuxariya dogru siiriisdiiriir.
Hidrofob tebistli alave (hidrofob izoamil spirti) ise aksine geli zaifladir, yani gelomalogalma (Tg) ve arima (Ta)
temperaturlarin asagiya dogru siirtisdiiriir.

Acar sozlar: polimer hidrogellari, aqaroza, elektrik kegiriciliyi, hidrofob slavs, hidrofil alave

NCCAEAOBAHME ®A30BOI'O ITEPEXOJA 301b-T'E/Ab B CUCTEME ATAPO3A-BOAA
METO/40M DAEKTPOITPOBOAHOCTI
AHHOTANN:A

B aanHOM mMccaesoBaHMM METO/ DAEKTPOIPOBOAHOCTY IPUMEHAACT AAsS M3ydeHms (a3oBOTO Iepexoja
304b-TeAb B CHICTeMe araposa-Boja. J3ydyeHa TeMmepaTypHas 3saBrucumocTh Iposoiumoctu 0,1%, 0,3% u 1%
pacTBOpOB, a TakKe BANSIHUE TIUAPOPOOHON (M30aMMAOBBI cnupT) u rugpoduapHoir (Na coab BMHHOI
KICAOTHI) 400aBOK Ha DTy 3aBMCUMOCTD M ITOKa3aHO, YTO TMApPOpuAbHasA A0DaBKa YIpOJHseT TeAb M CABUTAIOT
BBEpPX TeMmIlepaTyphl reaeobpasosanms (Tg) u maasaenmsa (Te). I'mapodobnas aobaBka (rmApodoOHBIN
M30aMMAOBBIN CIIUPT) HA0OOPOT OcaabAseT Teab U CHIDKAeT TeMIlepaTypsl reaeoOpasosanus (Tg) u maasaeHns
(Te).

Kalouaesble caoBa: 11oauMepHEbIe THAPOTeAl, araposa, 9AeKTpOIIPOBOAHOCTD, T1ApodoOHOe g00aBKa, IMa-
poduarHOe gobaBKa.

INTRODUCTION

Polymers (and their alloys) can be divided into two types according to their electrical
conductivity: neutral and charged polymers [1,2]. Examples of neutral polymers among the
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natural polymers are gelatin and agarose. Gellan, carrageenan, etc. biopolymers related to
the charged biopolymers [3]. The solution of these biopolymers in water becomes a gel above
a certain concentration (xg) and below a certain temperature (Tg), that is, it retains its shape
(loses fluidity) under small mechanical influences. This feature of the gel is associated with
the presence of a three-dimensional spatial network, in the core of which water is
immobilized, and opens the way to numerous applications [4].

The study of electrical conductivity in polymer gels carries some information about their
structure [5]. In addition, since electrical conductivity around phase transitions undergoes a
significant change, the measurement of electrical conductivity makes it possible to determine
the points of phase transitions with some accuracy. Conductivity studies in such systems
play an important role when choosing a model to study electrical properties of the brain or
the effect of electric fields on the central nervous system [6].

It was mentioned above that agarose, a typical representative of natural polysaccharides,
is an uncharged (neutral) polymer and possesses many useful properties: bioabrasiveness,
biocompatibility, strong thermally reversible gel-forming ability, etc. Due to these properties,
agarose is now successfully used for drug delivery to the target organ [7,8] and in tissue
engineering [9]. When applied, it is necessary to adapt the physical (mechanical, thermal,
electrical, etc.) of the agarose gel to the required values, which is achieved by changing the
agarose concentration and adding additives of different nature to the gel. In fact, this is done
by modifying the gel structure. It was mentioned above that the study of electrical
conductivity plays a role in the study of gel structure. The present work studied the
dependence of agarose gel conductivity on agarose concentration, temperature, and the
influence of hydrophilic and hydrophobic additives on these dependencies.

EXPERIMENT

Agarose is the main component of red algae agar, and its monomer (agarobiose) has the
following chemical structure [9]:

HO OH
(o)
H o 0 OH
OH HO 0
B-D- 3,6-anhydro- n
galactose L-galactose

The agarose gel was prepared as follows [10]. Agarose powder was weighed on ADAM
PW 124 (USA) (accuracy 0.1 mg) and added to bidistilled water. After 1 day of storage
(swelling process), the mixture is heated to 95°C. The samples are poured into a glass bath
containing platinum electrodes in the form of a solution (sol) and cooled to room
temperature. The area of the platinum electrodes is 1 cm2 and the distance between them is
0.2 cm. Isoamyl alcohol ((CHs):CH(CH:):OH) was used as a hydrophobic additive in an
amount of 1% by weight, and Na-salt of tartaric acid (CiHsOsNa2+2H>0) was used as a
hydrophilic additive. The electrical properties of the agarose gel were
measured on an IET 1920 LCR meter (USA) at a frequency of 2 kHz. The measuring voltage
(test signal) applied to the sample was 0.5 V. In an AC circuit, when the liquid dielectric is
poured into a bath with platinum electrodes, it can be considered as a capacitor of capacity C
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and a resistor of resistance R connected in parallel. In this case the electrical conductivity is
calculated by the following formula:
d
RS
Here S is the area of the electrodes, and d is the distance between the electrodes.

Temperature was measured using a chromel-alumel thermocouple. The temperature
generated at the thermocouple outlet was measured with an EHQ B7-21 microvoltmeter

o

(Russia). When the solution is in gel form, measurements are taken after holding for at least
one hour at each temperature because agarose gel takes a long time to reach thermodynamic
equilibrium. Therefore, a GL-100 thermostat (China) was used to ensure temperature
stability during measurements.

RESULTS AND THEIR EXPLANATION

The results of measurements are presented in graphs 1-4. Figure 1 shows the
temperature dependences of the electrical conductivity of the agarose gel at different
concentrations in both the heating and cooling modes. Since the 0.1% agarose solution did
not form a gel, the dependence showed no hysteresis. The critical concentration of agarose
for gel formation is about 0.15% [11]. Although the agarose hydrogel is a thermally reversible
gel, there is a strong thermal hysteresis in its physical properties. That is, when heated and
cooled, the values of the physical quantities characterizing the gel (radiation coefficient, flux
voltage, electric voltage, etc.) do not overlap at the same temperature. Confirmation of this
can be seen in 0.3% and 1% solutions (curves 2 and 3 in Fig. 1). These curves can be
characterized as follows. When the gel is heated from room temperature, its electrical
conductivity increases. At a certain temperature (60-80°C) this increase occurs with a small
jump. Obviously, this is due to the disintegration of the spatial mesh of the gel. This
temperature is called the gel melting temperature or the temperature of the gel-sol phase
transition (Tm). When the resulting solution (sol) cools from 90 to 95 °C, the conductivity
decreases, but the curve goes over the top because the bulk network is not restored.
Recovery of the spatial network occurs at very low temperatures (30-40 “C), which again is
accompanied by a weak jump in the decrease of conductivity. This jump is associated with
the sol-gel phase transition, and the corresponding temperature is called the transition
temperature (Tg). Thus, according to curves 2 and 3, the gel formation temperature is Tg =
35°C for a 0.3% weak agarose gel and Tg=40°C for a 1% strong gel. The melting temperature
of the 0.3% gel T=65°C and the 1% gel T=75°C.
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Fig.1 The dependence of electrical conductivity on temperature for different concentrations of agarose-water systems

Figure 2 shows the dependence of the conductivity of agarose solution on the
concentration of agarose at 25 C. As can be seen, the conductivity decreases with increasing
concentration. The main reason for this is that the mobility of ions decreases with increasing
polymer concentration as a result of increasing solution viscosity. Another reason is the
decrease in ion mobility as a result of the compression of the spatial network nuclei as the
concentration increases, when the solution is in the form of a gel.
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Fig.2 The dependence of agarose gel conductivity on the consentration of agarose-water systems
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Fig. 3 shows temperature dependences of electrical conductivity of 1% agarose gel and
1% gel with hydrophobic and hydrophilic additives. In both cases the gel conductivity
increases. Hydrophobic additive increases the conductivity by 2-3 times, and hydrophilic
additive increases the conductivity by at least one compilation.

— ~+— 1% -+ 1%-+hidrophobic =+ 1%-=hidrophilic
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Fig. 3. The effect of hydrophobic (isoamyl alcohol ) and hydrophilic (Na salt oftartaric acid) additives
on the agarose gel on electrical conductivity.

In addition, hydrophobic and hydrophilic additives shift the gel melting and gelation
temperatures in opposite directions. For example, when 1% isoamyl alcohol (hydrophobic) is
added to 1% agarose gel, the gelation temperature decreases from 40 °C to 36 °C and melting
temperature decreases from 75 °C to 73 °C, so the hydrophobic additive weakens the gel.
Adding 1% sodium salt of tartaric acid to 1% agarose gel, the gelation temperature increases
from 40 °C to 45 °C, and the melting temperature of the gel from 75 "C to 82 °C, so the
hydrophilic additive makes the gel more stronger.

The results for all graphs-the temperature dependence of agarose concentration and the
temperature dependence curve of electrical conductivity at each concentration when the
hydrophobic and hydrophilic additives are added-are summarized in Table 1. It should be
noted that Tz and Tm determined by the coductometric method and this results differ by 1-2
°C with the results of the optical method.

Table 1.
C % | Agarose gel, | Agarose gel, Agarose gel + Agarose gel + Agarose gel + Agarose gel +
ts ("C) tm ("C) hydrophilic hydrophilic hydrophobic hydrophobic
additive ts ("C) | additive tm ("C) | additive tz ("C) | additive tm ("C)
0.1 - - 30 45 - -
0.3 35 58 40 70 31 61
0,5 36 60 39 66 33 58
1 40 75 45 82 36 73
2 41 88 46 90 38 86

Electrical conductivity in the agarose-water system occurred due to the dissociated H*
and OH- ions of water and some ionic additives (charged radicals) due to incomplete
purification of agarose biopolymer. It should be noted that the amount of these ions is very
less, that is why the given porsion of water to the conductivity is more greater.
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TEII1OBOE PACIHIVNPEHMUE, USBOTEPMMWYECKOE
CXKMMAEMOCTU N YIIPYTUX IIAPAMETPOB
COEAVMHEHUM TLGAS: I TLGASE:

KYPBAHOB M. M., TOA’KAEB M. M., MAMME/OB ®. A., CAAIMOBA B.B.

CyMrauTckuii rocyAapCcTBeHHBIN YHUBEPCUTET
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PE3IOME

B 4aHHOM 1CCA€A0BaHIY Ha OCHOBE DKCIIEPVIMEHTAABHBIX 3HaYeHNTT KOO PUIINEHTOB TEILA0BOTO PaCIlPeHIs It
nzoTepmudeckoro ckatist coeaunnennii TlGaS: n TlGaSe: pacdyetnsle sHaueHnst Moayast IOHra, Moayas casura u
koapPurmenta [lyaccona mpuseseHs! B TadAnmuHOI dopme. A pacdeTa 3HaYEHMII ITapaMeTPOB DAACTUYHOCTI
MCITOAB30BAAVCH DMIINPIIECcKUe POPMYABL, UMEIOLIUECs B AUTEPAType.

Oruer 6611 caeaaH B amamnasoHe Temmepatyp 80+-300° K. C moselieHrteM TeMIiepaTyphbl B 0OOMX COeAVHEHILIX
3HaueHMs! KOO PUIMEHTOB TePMIIECKOTO PaCIMPEeHNsl 1 M30TEPMIUECKOIO CKaTIsl YBEeAMIMBAIOTCA, a 3HaueHIs]
Moayas IOHTa 1 MOAyAs cABMTa yMeHbINAIOTCs. 3HadeHne koaddurnenta [TyaccoHa yBeananBaeTcs. Y CTaHOBAEHO,
9TO TaKye M3MEHEHIs], IIPOVCXOAAIIE B TeMIIepaTypPHON 3aBUCHMMOCTY 3HAUeHMII KaK TeIJAOBBIX, TaK M YIIPYIUX
IlapaMeTPOB, CBA3aHBI C V3MEHEHMeM XMMUJECKVX CBA3el MeXJy aToMaMM KPMCTaAANMYecKoil perrerky. Takum
00pa3oM, B 000VX COeAMHEHVIAIX XMMIJIecKas CBA3b MeXAy aToMaMu ocla0eBaeT C IIOBBIIIIeHeM TeMITepaTyphL.

Karouesble ca0Ba: 110AYIIPOBOAHMKM, TEILA0OBOE pacIIipeHye, N30TepMIYeckoe CKIMaeMoCTh, Moayab IOHra,
TeMItepatypa Jebas1, koapPuient ITyaccona, MoAyAb cABNTa, XMITdecKast CBSI3b.

TLGAS: VO TLGASE:BIRLOSMOLORININ ISTILIK GENISLONMOSI, IZOTERMIK SIXILMA QABILIYYOTI
VO ELASTIQIYYOT PARAMETRLORI

XULASO

Bu isde TIGaS: ve TlGaSe: birlosmalarinin istiden genislonme ve izotermik sixilma amsallarmin eksperimental
giymetleri asasmnda Yung modulunun, siiriisme modulunun ve Puasson emsalinin temperaturdan asihiligma dair
hesablanmis qgiymatlori codval soklinda verilmisdir. Elastiklik parametrlorinin giymotlorinin hesablanmasi {igiin
adebiyyatda méveud olan empirik diisturlardan istifade edilmisdir.

Hesabat 80+300° K temperatur intervalinda aparilmigdir. Har iki birloasmada temperaturun artmasi ils istiden
genislonma ve izotermik sxilma amsallarmin giymeti artir, Yunq modulunun ve siirlisme modulunun qiymatlari
azalir. Puasson amsalinin giymeoti ise artir. Hom istilik, hem da elastiklik parametrlorinin qiymsatlarinin temperatur
asilliglarmda bag veran bu ciir deyisikliklerin kristal gafasinds atomlar arasi kimyavi rabitenin deyismaesi ilo alagedar
oldugu miiayyen edilmisdir. Belo ki, har iki birlosmada temperaturun artmasi ils atomlar aras1 kimyavi rabite zeifloyir.

Acar sozlar: yarimkegiricilor, istiden genislonmso, izotermik srxalma, Yunq modulu, Debay temperaturu, Puasson
amsaly, siirtisma modulu, kimyavi rabite.

THERMAL EXPANSION, ISOTHERMAL COMPRESSIBILITY AND ELASTIC PARAMETERS
OF TLGAS2 AND TLGASE2 COMPOUNDS

ABSTRACT

In this work, based on the experimental values of the coefficients of thermal expansion and isothermal
compression of TlGaS: and TlGaSe2 compounds, the calculated values of Young's modulus, shear modulus and
Poisson's ratio are given in tabular form. To calculate the values of elasticity parameters, empirical formulas available in
the literature were used.
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The report was made in the temperature range 80+300° K. With increasing temperature in both compounds, the
values of the coefficients of thermal expansion and isothermal compression increase, and the values of Young's
modulus and shear modulus decrease. The value of Poisson's ratio increases. It has been established that such changes
occurring in the temperature dependence of the values of both thermal and elastic parameters are associated with
changes in the chemical bonds between the atoms of the crystal lattice. Thus, in both compounds, the chemical bond
between the atoms weakens with increasing temperature

Keywords: semiconductors, thermal expansion, isothermal compressibility, Young's modulus, Debye
temperature, Poisson's ratio, shear modulus, chemical bond

BBeaenue

BCeCTOpOHHee nsydeHne Cl)I/ISI/I‘IeCKI/IX CBOVICTB CAOXKHBIX IIOAyIIPpOBOAHIMKOBBIX COeAIHE-
HUI Ba>KHO Kak C TeopequeCKoﬂ, TaK 1 C HpaKTI/I‘IeCKOﬂ TOYKU 3pEeHNL.

DTO M03B0OAsIET, C OAHOV CTOPOHBI, IIPOBEPUTH CYIIEeCTBYIOI/e TeopeTudecKie MoAeAn,
sMOupudeckrie (pOPMyAbl, BKAIOYAIOIIVe TeILA0Bble U YIIPyTHUe IIapaMeTphl, ¥ IOCTPOUTH
HOBbIE MOJeAM, C APYTOl CTOPOHBI, OIIPeACAUTH IPaKTUIeCKOoe IIPYMEHEeHNe TaKUX Coeau-
HEHMUIL.

B aanHOM pabote B BuAe TabAMUI] IIpOBeAEHbI DKCIIepUIMeHTaAbHble AaHHBIe KO3pPuiu-
€HTOB TeIl1I0BOTO paclIMpeHNs (o), M30TepMUYecKol cKuMaeMocTu (XT) M Ha OCHOBE DHTUX
AAHHBIX BBIYMC/AEHHBbIe 3HauyeHMsl XapaKTepUCTHdeckoil TemriepaTypsl Jebas (0), Moayab
IOnra (E), xoa¢dppunument Ilyaccona (o) m moayap casura (H) aast coeaunenuit T1GaS: u
TIGaSeo:.

Oba coeauHeHNs CMHTe3MPOBaHBI IO CyIIIeCTBYIOIell MeTOAMKe,IIpOBeJeH PeHTIeHOT-
paduyecknii aHaAuU3 OIpeJeAHBl TUII CTPYKTypbl U IlapaMeTphl DJ1eMeHTapHBIX sJeek.
Oxkaszaaocp 4TO 00a CoeAMHEeHNII KPUCTaAAU3YIOTCSI B MOHOKAVHHON CMHTOHMM, TTapaMeTphbl
KPUCTaAANYECKON PeIeTKN UMEIOT

a=10,31A° b=10,31 A% c=15,16A°3=99,7° ; n aaa T1GaSe2a=10,76 A% b=10,77 A’ c=15,62A°
(=100,07°.

Tenaospie mapamerpnsl usMmepsauchk B uHrepsaa temneparyp or 770 K go 300 K na
OCHOBe CylIecTByIomein MeTogukyu. OOpasiibl, MCIIOAb30BaHHBIE A4S M3MEPEHMI, UMeAn
nnAnHApudeckyo gopmy, gaunoi 0,03 m u anamerpom 0,005 M. OTHOCKHTeABHAs OIINOKa
9KcrepuMeHTa cocrasuaa 0,5 %.[1-2]

DKcIlepuMeHTaAbHble 3Ha4eHNs KO(P(PUUEHTOB TEIIA0BOIO pacIIVpeHNs] U U30TepMU-
gyeckoro ckatns coeauHennit TIGaS: n TIGaSe: npuseensr B Ta04. 1.

Ha ocHoBe ®»KcneprMeHTaAbHBIX JaHHBIX TEILAOBOE pacIIMpeHue AAs MCCAeAyeMBIX
COeAMHEHUI 10 DMIUPUIECKON c])opMyAe

_ 1937
(A—V2/3 a)l

paccunThIBaAM XapaKTepUCTUUecKylo Temnepatypy Jebas. 3aech A™— cpeaHss KajapaTud-
Has aTOMHas Macca, V- MOAsSpHBIN o0beM.[ 3]

IToaygyennsle sHaueHMs 445 O 00enx coegMHeHNI IIpUBeAeHBI B TaDAMIIe.

Aas sprancaenns moayaa IOHra
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9 = 1.6818VE

Ml/a dl/e
ucroan3osaH Qpopmyay(2). 3aecy 1eHa E aaerca eamnmiieirl(0° kr/cm?, M- MoasipHas

Macca, d- IIA0THOCTb.

3nauenne M m d Bxogsmme B pacdyeTHble (POPMYABl MMeAVM COOTBETCTBEHHO AAsd
coeaunenuit T1GaS: M=338.223 r/moa ; d=4.22 10 3 kr/m? aast coeaunenuin T1GaSe: M=431.64
r/moa; d=6.21 10 3xr/m?. PedyabTaTel pacueToB IIpuBeAeHEl B Ta0A. 2.

Mcnoarsys snayenns Mmoayas IOunra (E) u Mmogyasa cxarusa (K), Takke paccuntbiBaam
()
cylecTByIomue popmyasr [5].

kosdpurment Ilyaccona n Moayab casura (u). Aas ®TOro MCHOAbB30BAAVCH

_E
3(1-20)

E
H_Z(l—-lwt) ........ (4)

sHaueHws1 K onpegeasiaoc kak K=1/Xr

Tabauma 1
TlGaSz2 TlGaSe2
TO,x a,100 k1 Xr,102m2/u | 6,k | TOx a,100 k1 Xr,102m2/u | O, K
80 4,02 6,59 345 80 4,98 6,52 450
920 4,29 6,60 338 90 7,36 6,56 420
100 4,75 6,61 321 100 7,67 6,58 390
120 5,24 6,68 334 120 8,31 6,61 380
140 6,42 6,71 317 140 7,64 6,63 335
160 6,92 6,73 302 160 7,96 6,65 300
180 7,28 6,75 276 180 8,35 6,68 288
200 9,21 6,78 263 200 19,23 6,72 275
250 9,57 6,79 259 250 10,19 6,75 266
300 10,86 6,82 256 320 11,37 6,85 260
TaGauma 2
T1G.S2 T1GaSe2
T,x | E100u/M? | K10 m? g w10 u/m?* | Tx E,10% 5/m?2 k10°m2 | o u, 101 1/m?
80 6,30 15,22 0,438 2,20 80 10,31 15,31 0,38 3,71
90 6,26 15,15 0,438 2,18 90 9,96 15,23 0,39 3,58
100 6,09 15,12 0,433 2,13 100 9,61 15,12 0,39 3,44
120 6,07 14,90 0,432 2,12 120 9,53 15,11 0,39 3,41
140 6,06 14,89 0,432 2,12 140 9,42 15,09 0,40 3,37
160 5,92 14,81 0,431 2,06 160 8,43 15,07 0,40 2,99
180 5,66 14,70 0,432 1.97 180 8,32 14,93 0,41 3,15
200 | 5,64 14,62 0,446 1.96 200 8,06 14,84 0,41 2,86
250 5,47 14,58 0,447 1.90 250 7,93 14,81 0,41 2,81
300 5,47 14,51 0,448 1.90 300 7,84 14,53 0,42 2,78

PesyabTaThl pacyeToB IIOKas3aay, 4TO 3HaueHIs KO®(PPUIIMEHTOB TeILA0BOIO pacliype-
HIUs U u3oTepmudeckoro ckatusa kak B T1GaS:, Tak u B TlGaSe2 yseanmuusaiorcs ¢ pocToMm
TeMIlepaTyphl.

CkaJok 3HaueHMs DTUX HapamMeTpos B coeanHeHnu T1GaSe: B onipegeaeHHOM MHTepBale
temrreparyp (105-120 K°) cBsA3aH c Iepexo4oM CerHeTO®AeKTpu4ecKoil (pasbl B OOBLIYHBIN
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ANDACKTPUK. B 11e10M MO>KHO CKa3aTb, YTO MI3MEHEHIIe TeMr[epaTypHoﬂ 3aBUCUMOCTI X U XT
IIPOMICXOAUT IIPU ocaabAeHUN XUMUYIECKOV CBSI3U MeX4y aToMaMll B KpMCTEl/l/H/I‘IECKOI;I
pemeTke C IIOBbIIIEHNIEM TEeMIIEPATYPhI.

DTO M3MeHeHNe MOKHO OOBSJCHUTH TeM, YTO C IIOBBIIIEHMEM TeMIlepaTyphl B 000OMX
COeAVHEHMSAX OTHOCUTeAbHas A0As KOBAJeHTHBIX CBS3€il B XMMMYECKONM CBA3U MEXAY
aTOMaMl yMeHBIIIaeTCs, a OTHOCUTeAbHas A0As MeTaAAMYecKUX CBsA3eil yBeAUduBaeTcs.
CpaBHeHMe 3HayeHMIT pacdeTHBIX IIapaMeTpoB yHOpyroctu aast coeauHenmit TlGaS: u
TlGaSe:- co 3HayeHMAMM COOTBETCTBYIOIIUX HapaMeTpos mpu Temmneparype 300 K us
AUTEPATYpPBl 4451 MeTalAa TakXe IIOATBep>XKAaeT yKa3aHHOe BhIIe IIpeAcTaBAeHue.

OtHOocuTeaprHO Ooabmmon Kosdduiment IlyaccoHa B 00OMX cOeAVHEHMUAX MOXKHO
OOBSICHUTL OOABIIeN aHM3O0TPOIMeN MeXaHNYeCKMX CBONCTB Tux coeausenmuir. Caegyer
OTMETUTDb, YTO aHM3O0Tpomus MexaHmdeckux cpoiicts TlGaSe: OGoasmre, yem y TIGaSe.
PasymeeTcsi, Ty MBICAb MOXKHO IIOATBEPAUTDH MPSIMBIM DKCIIEPUMEHTAABHBIM M3MepeHreM
MeXaHMYeCKIX ITapaMeTPOB B pa3HbIX HallpaBAEHIX B OTA@AbHBIX COeAVHEeHMX.

B pesyabTare rnccaeA0BaHNMA MOJKHO caeJaTb BbIBOA, YTO IIpeACTaBA€HHbIE B CTAaTbe
OMIIMpUIECKNe " TeopeTmnmdecKkne (l)OpMYAI)I NpMMEHVMBbL U A4Sl CAOJKHBIX IIOAYIIPO-
BOAHMKOBBIX COGAI/IHGHI/IIZ.
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THERMAL QUENCHING OF PHOTOCURRENT IN CUIN5Ss
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ABSTRACT

Single crystals of the defective semiconductor compound CulnsSs with a “normal” spinel structure were
grown using the method of slow cooling of the melt at a constant temperature gradient. The crystals have high
photosensitivity in the energy range of 1.0..2.0 eV. When the crystal was illuminated with white light in the
temperature range of 150...250 K, thermal quenching of the photocurrent was detected. It is shown that thermal
quenching of the photocurrent is due to a decrease in the lifetime of nonequilibrium current carriers due to the
recharging of donor and acceptor levels created by anion and cation vacancies of the crystal lattice.

Keywords: CulnsSs, photocurrent, donor, acceptor, vacancies, lifetime.
TEPMMNYECKOE I'AIINIEHUE ®OTOTOKA B CUINsSs
PE3IOME

MeToaoM MeAA€HHOTO OXAaXKAEHUs paciidaBa IIpM ITOCTOSHHOM TpajueHTe TeMIlepaTyphl BhIpallieHbl
MOHOKPHUCTaAABl Ae(eKTHOTO II0AYIPOBOAHUKOBOTO coeauHeHuss CulnsSs co CTpyKTypoul «HOpMaAbHOID»
mmuHean. Kpucraaas 064a4aloT BRICOKON (POTOUYBCTBUTEABHOCTHIO B AnartazoHe sHeprym 1,0...2,0 sB. Ilpn
OCBeIlleHNN KplcTaada OeaAbIM CBeTOM B MHTepBade Temiepartypbl 150...250 K oGHapy>keHO TepMmdaeckoe
ramenne ¢otortoka. ITokasaHo, UTO TepMuyeckoe ramreHyne QpoTOTOKa OOYCJAOBAEHO YMEHBIIIEHUEeM BpeMeHU
SKV3HY HepaBHOBECHBIX HOCHTeAell TOKa, 3a CdeT Iepe3apsAaKy JOHOPHBIX M aKIIeIITOPHLIX YPOBHEeN, CO3JaHHbIX
AQHMOHHBIMU ¥ KATMOHHBIMI BaKaHCHSMU KPYCTaAAMYECKON PeIeTKIL.

Karouessle caoBa: CulnsSs, poTOTOK, 40HOPHI, aKLIENTOPH, BAKAHCUY, BpeMsI SKU3HIL.

CUIN;Ss-DO FOTO COROYANIN TERMIK SONMOSI
XULASS

Orintinin sabit temperatur qradiyentli seraitde yavas soyudulmas: iisulu ile “normal” spinel quruluslu
defektli yarimkegirici CulnsSs birlosmasinin monokristallar: yetisdirilmisdir. Kristallar stialanmanin 1,0..2,0 eV
enerji diapazonunda yiiksak fotohassasliga malikdirlar. 150...250 K temperatur diapazonunda kristal1 ag isiqla
isiglandirdiqda, temperaturun artmas: ils fotocersyanin termik sonmasi askar edilmisdir. Gosterilir ki,
qizdirilmagla fotocarayanin termik sénmeasi kristal gafasin anion ve kation vakansiyalarmin yaratdigi donor ve
akseptor saviyyelarinin yiiklonma nisbatlerinin dayismesi hesabina geyri-nfhfpligh yiikdasiyicilarin yasama
miiddstinin azalmasi ilo slagadardir.

Acar sozlar: CulnsSs, fotocarayan, donor, akseptor, vakansiyalar, yasama miiddati.

1. Introduction

The CulnsSs compound crystallizes in the cubic spinel structure (space group O7' or
Fd3m) and belongs to semiconductors with a defect structure. In the cationic sublattice of the
crystal, 25% vacancies are formed, which mainly extinguish the influence of foreign
impurities on the electrical and photoelectric properties of the crystal. Cationic and anionic
vacancies of the crystal lattice in a complex form electrophysical and photoelectric
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properties, which can be controlled by appropriately changing the ratios of the
concentrations of these vacancies [1, p. 6005], [2, p. 157], [3, p. 14], [4, p. 1066].

Anionic lattice vacancies form donor levels in the band gap of the crystal, and cationic
one’s form acceptor levels. In [5, p. 604] determined the band gap of the crystal and the depth
of donor levels with energies of 0.17 meV and 0.193 meV. The band gap of the crystal has a
direct character with an energy of 1.44 eV at temperatures of 10...34 K. Starting from 45 K,
with heating of the crystal to a temperature of 300 K, the band gap linearly decreases to a
value of 1.345 eV. Possessing a high absorption coefficient [6, p. 32] and highly luminescent
property [7, p. 3339] the CulnsSs compound is of great practical interest for optoelectronics
and photonics. However, recently thin films of the CulnsSs compound have increasingly
attracted the attention of researchers involved in the study of photocatalysis in the field of
hydrogen production through the electrolytic decomposition of water [8, p. 7252], [9, p.
124994].

2. Research method

CulnsSs crystals were obtained by slow cooling of the melt (at a rate of 2.6 K/hour) at a
constant temperature gradient. The resulting crystals were subjected to X-ray diffraction
analysis, which revealed that the crystals have a normal spinel structure with lattice
parameters a = 10.674 A. The crystals had n-type conductivity, the concentration of current
carriers was 4,1-10"7 cm ™3 and the mobility of conduction electrons was 120 cm?/V - s.

The photoconductivity of the samples was measured in a stationary mode with constant
illumination of the sample with radiation from a halogen lamp. The kinetics of
photoconductivity was studied when the crystal was excited by pulses of the second
harmonic radiation of an Nd*: YAG laser in the converter synchronization modulation mode
(A =532 nm). The photocurrent pulses were recorded with a La Croy storage oscilloscope.

3. Discussion of research results and conclusions.

The photocurrent spectrum calculated for a single photon of rectangular Culn5S8
samples is presented in Fig. 1. The long-wavelength edge of the photocurrent spectrum has
an exponential character, and the maximum of the spectrum is located at 1.24 eV. This value
corresponds to the energy of transition of electrons from the valence band to donor levels
with a depth of 150 meV. The sum of these two energies is 1.39 eV, which corresponds to the
value of the band gap found in [5, p. 604] and [6, p. 32]. The spectrum covers a wide
radiation region (1...2.0 eV) and coincides with the region of intense radiation from the Sun
on the Earth's surface.

B2 o o o
s 8 8 =
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<
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Fig. 1. Photocurrent spectrum of a CulnsSs crystal at 295 K.
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Thermal Quenching of Photocurrent in CUIN5Ss

The temperature dependence of the photocurrent generated by illuminating the crystal
with white light with an intensity of 350 Lux is shown in Fig. 2. The dependence is complex,
however, in the range of 175...250 K, thermal quenching of photoconductivity clearly occurs
due to recharging of impurity levels. In works [10, p. 57] and [6, p. 32] show that crystals
contain deep and shallow donor and acceptor levels, which, depending on their location in
the band gap, behave as r- and s-centers.
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Fig. 2. Temperature dependence of the photocurrent in the CulnsSs crystals.

Probably, the features of thermal quenching of the photocurrent in CulnsSs are because
of thermal recharging of not two, but several types of r- and s-centers. As a result of
recharging of recombination centers, in this case, with increasing temperature, the lifetime of
nonequilibrium current carriers decreases. The temperature dependences of the carrier
lifetime are expressed by the relations:

T, =1 +x) 'tpand 1, = (1 + ;—r)(l +x.) " 1p

9sCpr N, . . . . .
where, x, = =—F—"- dimensionless quantity, g, and g — recombination rate of r- and s-

Cnrn
centers. The 1, activation mechanism is possible during thermal exchange between s-centers
and the valence band. In this case, it is necessary that the s-centers be located closer to the
valence band than the r-centers and have a sufficient concentration of holes at low
temperatures. Similar conditions are fully ensured in CulnsSs crystals due to the presence
and location in the band gap of donor-acceptor levels caused by cationic and anionic
vacancies of the crystal lattice.

The lifetime of nonequilibrium current carriers created by exposing the crystal to pulses
of laser radiation with a duration of 12 ns and a wavelength of 532 nm was determined by
measuring the kinetics of the photocurrent. Figure 3 shows the photocurrent kinetics curves
in CulnsSs at temperatures of 155 and 250 K. At low temperatures, the Iu(t) dependence is
exponential; the lifetime of nonequilibrium carriers, determined from curve (a), is 25 ps.
With increasing temperature, the nature of photocurrent relaxation changes and a slow
capture of electrons by shallow acceptor levels depleted by laser radiation is observed.
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a) b)

Fig. 2. Kunetnuka ¢potoroka B CulnsSs mpu Temmnepatypax 155(a) 1 250 K (b), mocae Bo3by>kaeHnst
VIMITybCOM Aa3€PHOTO U3AYIeHU AAUTeABHOCTHIO 12 HC.

However, the lifetime of nonequilibrium carriers can be determined from the decay of

the photocurrent relaxation curve with a small error. At 250 K the lifetime is 120 ns. As can
be seen, in the temperature range 155...250 K, the lifetime of nonequilibrium current carriers
decreases by one order of magnitude. The photocurrent is quenched in the same order in a
given temperature range. Consequently, the quenching of the photocurrent in Culn5S8 is
caused by recharging of impurity levels, which led to a decrease in the lifetime of

nonequilibrium current carriers in the temperature range of 150...250 K.
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Articles are accepted in English.

File format should be compatible with Microsoft Word and must be sent to the electronic mail
(Journal@beu.edu.az) of the Journal. The submitted article should follow the following format:

Article title, author's name and surname

The name of workplace

Mail address

Abstract and key words
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YAZI VO NO9SR QAYDALARI

“Journal of Baku Engineering University” Fizika- oavvallor nasr olunmamus orijinal osorlori vo miiollifin
tadqiqat sahasi iizra yazilmis icmal maqalslari gabul edir.

Maqalalar Ingilis dilinds gobul edilir.

Yazilar Microsoft Word yazi programinda, (journal@beu.edu.az) iinvanina géndorilmslidir. Gondarilon
mogqalolords asagidakilara nozors alinmalidir:

Mogqalonin bagligi, miisllifin adi, soyadi,

s yeri,

Elektron tinvani,

Xiilaso vo agar sozlor.

Mogqalads bashq hor xiilasadan avval ortada, qara vo boyiik horflo xiilasolorin yazildigi hor i¢ dildo
olmalidir.

Xiilasa 100-150 s6z araliginda olmagqla, 9 punto yazi tipi boytikliiyiindo, moqalonin yazildig1 dilde vo bundan
olavo yuxarida gostarilon iki dildo olmalidir. Magalonin har {i¢ dildo yazilmug xiilasasi bir-birinin eyni olmalidir.
Agar sdzlor uygun xiilasalorin sonunda onun yazildig: dilds verilmokls an azi ii¢ s6zden ibarat olmalidir.

Magqalads UOT va PACS kodlar1 gostorilmalidir.

Mogqalos asagidakilardan ibarat olmalidir:

Giris,

Tadqiqat metodu

Tadgiqgat isinin miizakirasi vo onun naticolori,

Istinad adebiyyati rus dilinds oldugu halda orjinal dili mdterze icorisinde gdstarmoklo yalmz Latin olifbasi
ilo verilmolidir.

Sakil, rasm, grafik vo cadvallar ¢apda diizgiin, aydin ¢ixacaq vaziyyatds va moatn igarisindo olmalidir. Sakil,
rosm va grafiklorin yazilari onlarm altinda yazilmalidir. Cadvallards basliq cadvalin iistiinds yazilmalidir.

Manbalar motn igarisindo kvadrat moéterize daxilindo gostorilmoklo mogqalonin sonunda motn daxilindoki
stra ilo diiziilmolidir. Eyni manbays iki vo daha cox istinad edildikds ovvalki sira say1 saxlanmaqla miivafiq
sohifolor gostarilmolidir. Masalon: [7,s0h.15].

BOdobiyyat siyahisinda verilon hor bir istinad haqqinda malumat tam vo doqiq olmalidir. Istinad olunan manbanin
bibliografik tesviri onun ndviindon (monoqrafiya, dorslik, elmi moqalo v s.) asili olaraq verilmolidir. EImi mo-
qalalara, simpozium, konfrans, vo digor niifuzlu elmi todbirlorin materiallarina vo ya tezislorina istinad edorkon
magqalonin, maruzanin va ya tezisin ad1 gostarilmalidir.

a)
b)

c)

Niimunolar:

Mbqals: Demukhamedova S.D., Aliyeva I.N., Godjayev N.M.. Spatial and electronic structure af monomeric
and dimeric complexes of carnosine with zinc, Journal of structural Chemistry, Vol.51, No.5, p.824-832, 2010

Kitab: Christie ohn Geankoplis. Transport Processes and Separation Process Principles. Fourth Edition,
Prentice Hall, 2002

Konfrans: Sadychov F.S., Aydin C., Ahmedov A.1.. Appligation of Information-Communication Technologies in
Science and education. II International Conference. ”Higher Twist Effects In Photon- Proton Collisions”,
Baki, 01-03 Noyabr, 2007, ss 384-391

Maonbolar 9 punto yazi tipi boyiikliiyiinde olmalidir.

10.

11.
12.

Sohifo ol¢iilori: tistdon 2.8 sm, altdan 2.8 sm, soldan 2.5 sm va sagdan 2.5 sm olmalidir. Matn 11 punto yaz: tipi
boyiiklityiinds, Palatino Linotype yazi tipi ilo ve tok simvol araliginda yazilmalidir. Paraqraflar arasinda 6
punto yazi tipi araliginda mosafs olmalidir.

Orijinal tadqiqat asarlorinin tam motni bir qayda olaraq 15 sshifodon artiq olmamalidir.

Mogqalonin nosra toqdimi asagidaki qaydada aparilir:
Hor mogqallo on az1 iki eksperto gondorilir.
Ekspertlorin tdvsiyalorini nazors almaq i¢iin moaqale miollifo géndorilir.

Mogqals, ekspertlorin tonqidi qeydlori miisllif torafindon nozere alindiqdan sonra Jurnalin Redaksiya Heyati
torofindon ¢apa toqdim oluna bilor.
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YAZIM KURALLARI

“Journal of Baku Engineering University-Physics" Onceler yayimlanmamis orijinal ¢aligmalar1 ve yazarin
kendi aragtirma alanin-da yazilmis derleme makaleleri kabul etmektedir.

Makaleler ingilizce kabul edilir.

Makaleler Microsoft Word yazi programinda, (journal@beu.edu.az) adresine gonderilmelidir. Génderilen
makalelerde sunlar dikkate alinmalidir:

Makalenin bagligi, yazarin adi, soyadi,

Is yeri,

E-posta adresi,

Ozet ve anahtar kelimeler.

Ozet 100-150 kelime arasinda olup 9 font biiyiikliigiinde, makalenin yazildig: dilde ve yukarida belirtilen iki
dilde olmalidir. Makalenin her {i¢ dilde yazilmis dzeti birbirinin ayni1 olmalidir. Anahtar kelimeler uygun 6zetin
sonunda onun yazildigi dilde verilmekle en az {i¢ s6zciikten olugmalidir.

Makalede UOT ve PACS tipli kodlar gosterilmelidir.

Makale sunlardan olugmalidir:

Giris,

Arastirma yontemi

Aragtirma

Tartigma ve sonuglar,

Istinat Edebiyati Rusca oldugu halde orjinal dili parantez icerisinde gdstermekle yalniz Latin alfabesi ile ve-
rilmelidir.

Sekil, Resim, Grafik ve Tablolar baskida diizgiin ¢ikacak nitelikte ve metin igerisinde olmalidir. Sekil, Re-
sim ve grafiklerin yazilar1 onlarin alt kisimda yer almalidir. Tablolarda ise baslik, tablonun iist kisminda
bulunmalidir.

Kullanilan kaynaklar, metin dahilinde késeli parantez igerisinde numaralandirilmali, ayn1 sirayla metin so-
nunda gosterilmelidir. Aym kaynaklara tekrar bagvuruldugunda sira muhafaza edilmelidir. Ornegin: [7,seh.15].

Referans verilen her bir kaynagin kiinyesi tam ve kesin olmalidir. Referans gosterilen kaynagin tiirii de eserin tii-
riine (monografi, derslik, ilmi makale vs.) uygun olarak verilmelidir. [lmi makalelere, sempozyum, ve konferanslara
miiracaat ederken makalenin, bildirinin veya bildiri 6zetlerinin ad1 da gésterilmelidir.
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b)

c)

Ornekler:

Makale: Demukhamedova S.D., Aliyeva I.N., Godjayev N.M.. Spatial and Electronic Structure of Monomerik
and Dimeric Conapeetes of Carnosine Uith Zinc, Journal of Structural Chemistry, Vol.51, No.5, p.824-832, 2010
Kitap: Christie ohn Geankoplis. Transport Processes and Separation Process Principles. Fourth Edition, Prentice
Hall, p.386-398, 2002

Kongre: Sadychov F.S., Aydin C., Ahmedov A.I. Appligation of Information-Communication Technologies
in Science and education. 11 International Conference. “Higher Twist Effects In Photon- Proton Collisions”,
Baki, 01-03 Noyabr, 2007, ss 384-391

Kaynaklarin biiytikliigii 9 punto olmalidir.

9.

10.
11.

12.

13.

Sayfa olculeri; tist: 2.8 cm, alt: 2.8 ¢cm, sol: 2.5 cm, sag: 2.5 cm seklinde olmalidir. Metin 11 punto biiyiik-
likte Palatino Linotype fontu ile ve tek aralikta yazilmalidir. Paragraflar arasinda 6 puntoluk yazi mesa-
fesinde olmalidir.

Orijinal arastirma eserlerinin tam metni 15 sayfadan fazla olmamalidir.

Makaleler dergi editoér kurulunun karari ile yayimlanir. Editorler makaleyi diizeltme i¢in yazara geri gonde-
rilebilir.

Makalenin yayina sunusu asagidaki sekilde yapilir:

Her makale en az iki uzmana gonderilir.

Uzmanlarin tavsiyelerini dikkate almak i¢in makale yazara gonderilir.
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ITPABUJIA JIA ABTOPOB

«Journal of Baku Engineering University» - ®u3uka my0IUKyeT OpUTHHAIbHBIC, HAYYHBIC CTATHU U3 00NACTH
HCCIICZIOBaHIUSI ABTOPA U PaHEe HE OMyOINKOBAHHBIC.

Cratbu TIPUHUMAIOTCS Ha AHTJINICKOM SI3BIKE.

PykomuicH TOIKHBI OBITh HaOpaHs! coryiacHo porpammbel Microsoft Word u oTripaBiieHs! Ha 37IEKTPOHHBIH
anpec (Journal@beu.edu.az). OtmpasisemMble CTaThH AOJKHBI YIUTHIBATH CIICAYIOIIKE TPABHIIA:

HazBanue ctatbu, uMs U paMUIKs aBTOPOB
Mecto paboThI

DICKTPOHHBIN a/ipec

AHHOTAIMS 1 KJIFOYEBBIC CIIOBA

3ariaBue CTaThH IIHUIIETCS JIJIA KaXKJI0M aHHOTAaIMU 3arjaBHBIMU 6yKBaMI/I, JKUPHBIMU 6yKBaMI/I U pacrioJjiara-
€TCA TI0 LEHTPY. 3arnaBue u AHHOTAIlMH JOJI?KHBI OBITH TMPEACTABJICHBI HA TPEX SA3BIKAX.

AHHOTAIM, HAIICAaHHAS HA S3bIKE TPEACTaBICHHON CTaThH, NOJKHA coaepkaTh 100-150 cmoB, HaOpaHHBIX
uipudToM 9 punto. Kpome Toro, mpefcTaBisSiOTCs aHHOTAIMK HA BYX JAPYTHX BBINIC YKa3aHHBIX S3bIKAX,
MEPEBOJT KOTOPHIX COOTBETCTBYET COACPIKAHUIO OpUruHaia. KirroueBbie ¢0Ba JOKHBI OBITh MPEICTABICHBI
mocyie KaXKI0i aHHOTAIMK Ha ero S3bIKE U COAEPIKaTh He MEHEe 3-X CIIOB.

B crarbe momxub! ObTh yKa3anbl kol UOT u PACS.

IIpencraBneHHble CTaThbU AOJKHBI COAEPKATh:

Beenenue

MeTton ucciaemoBaHus

OO6cyxneHne pe3yIbTaToOB HCCICOBAHUS H BBIBOIIOB.

Ecmu ccrmmarorcs Ha paboTy Ha pycCcKOM sI3BIKE, TOTJAa OPWUTWHANBHBIA S3BIK YKa3hIBacTCsA B CKOOKax, a
CCBUIKA JJACTCS TOJIBKO Ha JTATHHCKOM ai(aBUTE.

PuCyHKH, KapTHHKH, TpaGUKH ¥ TAOIHMIBI JOJDKHBI ObITH YETKO BBIMOJIHEHBI M Pa3MEIeHbI BHYTPH CTATHH.
INoamucu K pUCyHKaM pa3MEIaloTCsl MO PUCYHKOM, KapTHHKON miu rpadukom. Haseanue TaOIMIIbI MUIIETCS
HaJ TaOJIULEH.

CChUIKH Ha HCTOYHHKH JAI0TCA B TEKCTE IU(POH B KBAIPATHBIX CKOOKAX U PACIIONAraloTcs B KOHIIE CTaThH
B TIOPSIZIKE IUTHPOBAHMUS B TeKCTe. ECITM Ha OJIMH M TOT K€ HCTOYHMK CCBUTAKOTCS JiBa M OoJiee pas, HeoOXo-
JIMMO YKa3aTh COOTBETCTBYIOIIYIO CTPAHHILY, COXPaHAS MOPSAKOBHIM HOMep nuTupoBanus. Hanpumep: [7,
crp.15]. bubmuorpaduueckoe OMMUCaHKUE CCHIITAEMOM JTUTEPATYPHI TOJKHO OBITH POBEIEHO C YUETOM THIIA
UCTOYHKKA (MOHOTpadust, yIeOHHK, HAydHas CTaThs U 1p.). [IpH CCHUTKE HA HAYYHYIO CTaThIO, MaTEPHAIIbI CHM-
No3uyMa, KOH(PEPEHIINH WK IPYTHX 3HAYNMBIX HAYYHBIX MEPOIPHATHH TOJKHBI OBITH YKa3aHbl Ha3BaHUE
CTaThH, JOKJIAJA WK TE3HUCA.

Hanpumep:

Cmampwsa: Demukhamedova S.D., Aliyeva I.N., Godjayev N.M. Spatial and electronic structure of monomeric
and dimeric complexes of carnosine with zinc, Journal of Structural Chemistry, Vol.51, No.5, p.824-832,
2010

Knueza: Christie on Geankoplis. Transport Processes and Separation Process Principles. Fourth Edition,
Prentice Hall, 2002

Kongpepenuua: Sadychov F.S, Fydin C,Ahmedov A.l. Appligation of Information-Communication Nechnologies

in Science and education. Il International Conference. “Higher Twist Effects In Photon-Proton Collision”,
Bak1,01-03 Noyabr, 2007, s5.384-391

Crmcok IMTHPOBaHHOH JIMTEpaTyphl HabupaeTcs mpudTom 9 punto.

10.

11.
12.

Pa3mepbl crpaHunbl: cBepxy 2.8 oM, cHu3y 2.8 cM, creBa 2.5 u cripaBa 2.5. Tekcr nedaraercs wpudrom Pala-
tino Linotype, pasmep mwpudra 11 punto, uHTepBan-oanHapHbii. [laparpadsl T0KHBI OBITH pa3leicHbI
paccTosiHuEM, COOTBETCTBYIOIUM MHTEpBaly 6 punto.

[TonHb1i 00beM OPUTHHAIBLHOM CTaThH, KaK IPaBHIIO, HE JOJDKEH MPEeBHIIIaTh 15 cTpaHuil.

IIpencraBienue cTaThbu K NEYaTH NPOU3BOJUTCS B HUXKE YKA3aHHOM IMOPAJKE:

Kaxnast cTathst mochlIaeTcss HE MEHEe IBYM dKCIIepTaMm.

CraThs MOCHUTACTCS aBTOPY IS yUeTa 3aMedaHuil SKCTIEPTOB.

CraTps, TIOCNE TOTO, KaK aBTOP yd4es 3aME4YaHHs KCIEPTOB, PEIAKIIMOHHON KOJJIETHell KypHama MOXET
OBITh PEKOMEH/IOBaHA K MICYATH.
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