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FREQUENCY AND AMPLITUDE OF INSTABLE OSCILLATIONS
IN SEMICONDUCTORS WITH TWO TYPES OF CHARGE
CARRIERS IN A CONSTANT ELECTRIC FIELD

E. R. HASANOV12, R.A. HASANOVA? K.N. YUSIFOVA?
Baku State University?
Institute of Physics of ANAS?
Baku / AZERBAIJAN

aygul_islamzade@mail.ru

ABSTRACT

In semiconductors with two types of charge carriers in a constant electric field, a new instability is found with
respect to the relaxation of charge carriers. The frequency and increment of growth in semiconductors are theoretically
calculated under equal values of electrons and holes. For the first time, Van der Paul equation describing an alter-
nating electric field inside semiconductor was obtained. From the solution of the nonlinear Van der Paul equation,
analytical expressions are obtained for the amplitude and frequency of oscillations inside the semiconductor. It is
found that the dependence of amplitude on time is complicated and can grow exponentially for a certain interval
of variation of the external electric field. The oscillation frequency increases when approximation is nonlinear. The
obtained analytical formulas were evaluated through existing experiments and satisfactory agreement was achieved.

Keywords: frequency, amplitude, electron, non-equilibrium oscillations.

SABIT ELEKTRIK SAHOSIND®O IKI TIP KECIRICILTYO MALIK YARIMKECIRICILORDO
YARANAN ROQSLORIN TEZLIYI VO AMPLITUDU

XULASO

Sabit elektrik sahasinda iki tip kegiriciliye malik yarimkegiricilords yiikdasiyicilarin relaksasiyasi naticesinde
yeni dayaniqgsizliq hali miiayysn edilmisdir. Elektronlarin ve desiklorin saylari baraber olan halda yaranan ragslarin
tezliklari va inkrementlari nazari olaraq hesablanmisdir. Yarimkegirici daxilinds dayisen elektrik sahesini 6dayean
Van-der-Pol tenliyi ilk olaraq miiayyen olunmusdur. Qeyri-xatli Van-der-Pol tenliyinin hsllinden ragsin amplitudu
va tezliyi liclin analtik ifadelar alinmigdir. Milsyyan olunmusdur ki, ragsin amplitudu zamandan miirakkeb asilidir
va elektrik sahasinin miiayyan dayisme intervalinda eksponensial dayise bilir. Qeyri xatli yaxmlasmada ragsin
tezliyi yalniz artir. Nazari ifadslar tacriibi malumatlarla giymatlandirilib ve kifaystlandirici oldugu isbat olunub.

Acar sozlar: tezlik, amplituda, elektron, tarazligda olmayan ragsler.

YACTOTA U AMITAUTY AA HEYCTOMUMBBIX KOAEBAHUN B IIOAYIIPOBOAHUKAX C ABYMSI
TUIIAMU HOCUTEAEN 3APSIAA B IIOCTOSIHHOM DAEKTPUYECKOM ITOAE

PE3IOME

B nmoaynposogHuKax ¢ 4ByMs TUIIaMM HOCUTeAell 3apsiJa B IIOCTOSIHHOM DAeKTPMYeCKOM I10/e HalijeHa HoBas
HEeYCTOMYMBOCTD C YUETOM peAaKkcalliy HOCUTeAell 3apsada. TeopeTudeck BEIYMCAEHBI 4aCTOTa U MHKPEMEeHT Ha-
pacTaHms B IOAYIIPOBOAHUKaX IIPY paBHOM 3HaueHMe 91eKTPOHOB U ABIPOK. Briepsrie moayyeno ypasnenue Ban-
aep-Iloas onuckiBaollee IIepeMeHHOe DAeKTPUYeCcKOoe I104€ BHYTPpU MOAYNPOBOAHUKA. VI3 pellenus HeAnHe-
HOTO ypasHeHus1 Ban-gep-Tloas moaydensl aHaauTHdecKre BRIpaskeHUs A4 aMILAUTYABL ¥ 9acTOTHI KOAeOaHMs
BHYTpH IIOAyNpOBOAHMKA. HaligeHa, uTo aMIauTyAa 3aBUCUT OT BpeMeH! CAOKHBIM 00Opa3oM UM MOKeT pacTiu
9KCIIOHEHIIMAAbHO IIPU OIpeAeAéHHOM MHTepBale M3MEeHEeHNs! BHeITHero 91eKTpUJIeckoro 1moas. Yacrora koae-
GaHus yBeANYMBaeTCs IIPpYU HeAuHeliHOM npubarckenny. Iloaydennsre aHaanTideckue GpoOpMyAbl OIIEHEHBI Cy-
LIECTBYIOIIUMU DKCIePUMEeHTaMU U TI0Ay4YeHbl yA40BATBOPUTEAbHbIE COTAACHAL.

Kaxouesbie caoBa: 9acToTa, aMIIANTyJa, DA€KTPOH, HEpaBHOBECHbIE KoaebaHs

In many theoretical and experimental works of recent years it was shown [1-4] that heating
of the electron-hole gas, which occurs in particular, depending on the mobility of the charge
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carriers and on the electric field voltage, under certain conditions can lead to the appearance
of negative differential conductivity. Noticeable decrease in mobility with heating of electrons
and holes by electric field takes place in GaAs compound due to the transition of a part of
electrons (and holes) to additional minimum [2] (for example, the Gunn effect). In these cases,
a negative differential resistance occurs in a spatially homogeneous system. This causes a problem
of the stability or instability of such system. Oscillations of the electric field and charge arise
in the system under instable state. When these oscillations intensify, the system emits energy
with a certain frequency. When electrons and holes participate in the conductivity of semi-
conductor so that

o(E)= 0-(E) + 0+(E) 1)

then under the conditions of dependence of 0- and o + on the strength of the external electric
field, electrical instability can arise in semiconductor. If such a crystal is included in the direct
connect circuit, any fluctuation of one of the conductivity components will change the value
of 0, and, consequently, the electric field voltage and the second conductivity component in
the sample.

In this theoretical work, we investigate instable state of semiconductor with two types of charge
carriers, when the time dependences of o- n o+ conditioned by the change of electric field in the
sample, are of relaxational character [5]. With such a task, we determine the values of frequency
under internal instability of the sample.

From the Van der Paul equation obtained for alternating electric field, we determine the change
in the frequency and amplitude of the oscillation inside a semiconductor with two types of
charge carriers and calculate the amplitudes of the energy release under the conditions of ins-
tability of the abovementioned semiconductor. An experiment will follow to evaluate the ana-
lytical formulas obtained for the frequency and amplitude of the oscillation under instability
conditions, an experiment will follow [5].

Basic equations

In the instable state of the semiconductor, both the carrier concentration and the electric field
in the sample are not distributed homogeneously. Inside the sample, the concentrations of
electrons n-, holes n+ and electric field E are represented as follows:

n_=n2 +n_;n,=n} +n,; E=E;+E ()

where n?, ns, Eoare equilibrium values, a n-, n+', E variable values of the corresponding mag-
nitudes.

Electronic and hole conductivities are presented in the form:
o_.=0_+0_,0, =0, +0, 3)

and under relaxation conditions the variable parts are determined by the following equations

do_ | o_ _ a_B_E

dat +‘r_ o Eg (4)

doy \ or _ 1B+ E

dt +‘r+ T 1, E ®)
_ dina_ . _ dina,

p-= din(E2)’ B+ = din(EZ) (6)
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where (3- u 3+ are constant values t- -the time of electron relaxation and t+ - the time of hole
relaxation. The concentration of electrons and holes is determined from the corresponding

equations of continuity:
on_

] ]
F——(n u_E + D_Vn_) (6); n+ +—(ypE + Dy Vny) 7)

where . - electron mobility, D- - diffusion coefficient of electrons, - - hole mobility, D- - dif-
fusion coefficient of holes. The alternating electric field E 'and charge carrier concentrations
are connected with each other by the Poisson equation:

divE' == (n +n.) (8)
where e- elementary positive electric charge and e- dielectric permeability of the medium.

For the task set, we must solve the system of equations (4-5-6-7-8) together. When the oscilla-
tions of the corresponding quantities occur only inside the crystal (internal instability) and
do not go outside, the oscillation frequency is a substantial value, and the wave vector is a real
value, which is defined as follows:

w=wy+iwg ,K=2Tnm

(L- sample size m=0, +1, +2,+...... integral)

Deviations from the equilibrium values E', n-, n+ can have any values with respect to the equ-
ilibrium values of Eo, n% , no.

We must bring the system of equations (4-8) to one equation, with respect to the alternating
electric field E'.

Theory

Defining n+ from the Poisson equation n), = ﬁ divE' + n_ we obtain the following equations
on'_ a4 _o° o'_ on'_

e axle P Bt EY D] =0

i(—dwE +n) [U+E+ t(Ey+ E") — D_grad. (—dwE +n)]—0

dt \4me

( _ at+1) =a§ﬁ_§—o;(r+%+1)a'+=afﬁ+§—o 9)

In the experiment [6] it was proven that

B- = —IB-] (10)

After simple algebraic calculations, taking into account (10) from (9), we obtain:

o _, 0 020E Ey+Eva. 0Eal]_

at *oxz)|e ax e ox  Ox e|

(2 p B[R EtE o0, | GL0F e o

- (at _6x2)[e ax e 0x e dx 4—1'[e6x2] (11)

Substituting o'+ and ¢'- from (9) in (11) we obtain:

[r+r_ ~+ (1. + 7 ) +1] [JOUE — (0°D, + 0%D_ )_+SD D, 9%ET,

+ [afr’[itr (T+%+ 1) A (T_i+ 1)] [UE' +—(E) ]
+ [D+,8_79 (T+%+ 1) D_B.1° (‘L’ Frls 1)] [(1 + )Zi +§—;Z—i] =0 (12)
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When obtaining (12), it was taken into account that D, k?* << g,

dE _ 9E dx _ O ax . R .
Moreover — = ——=—1U; U = — - the velocity of distribution of the emerging waves
at — ox ot ot at

inside the crystal. We denote the small parameter

D, k? 1 (1+09B,—c2B_
2 g, L (Mot 2
Op T 0o

vy = +T—
U=UotU'
and then from (12) obtain the following equation:

d%E'

2"
F + (UOE = ]/(Fl + FZ) (13)
. o_+en,u_ 9°E  eD_  oy(r_+1,)0E (- +1)(0_+en,u) 0%E  (t_+7t,) ed_ 3*E  o_+en,u_ OF
T Upgk?  axvtz Upgk?  d,k?t_t, Ot Ugk?t_t, otox  t_t,Uyk? 4m 0tox3 Ugk?t_1, 0x
_ D %E _ (04B4T4-0B_T)OE _ (Bro_—p_enyu)og 0E _ _ o%B_t_—enipu Byt 0%E (14)
anT_T4Ugk? 9x3 T_T+k?Dy ot D;k? ox T_T4Ugk? otox
o 0%U'" . 9*E\ t_+t, oy _OU
Fhr=———— | E+U — |- —— -
Uogk?D, \ at? ot? t_t,Uy k?D, 0t
_+1, U oy OF UE o 0B+ —0_fB- UE 0B+ —0_fB-
t_1, Uy k?D, ot t_1,Uyk?D, Uyt_71,k?D, T_T,k?Dy
3 (EN? o.By—o0_p_ U(EY? 0.Byt4 —0_B_T_ U oE L E ou’
EO T_T+U0k2D+ EO T_T+U0k2D+ at ot
_60+B+T+ - G—B—T—Ea_E' _ 04B+T4 —0_B_T_ UIEIa_EI _
T_T,k?D, E, ot t_t, Upgk?D, E, 0Ot
_304BsTs=0 Bt (E)?0U _ jo-Be—enyupo  E OE _ 5 0-B-Ty—enyu Byt E O°F (15)
T_14+Ugk?Dy  Ey Ot k2D4 0 g, ot UpT_T4+k?2 Eo 0tdx

To analyze the internal instability (ie, the linear theory of current oscillation), a linear appro-
ximation is sufficient in Eq. (13), i. e. the nonlinear terms in (13) are equal to zero. Then

9%E'
at?

+ w3E =yF, (16)

Introducing E'~ @t~k from (16) we easily obtain
w§ — w? =yF, (17)

Z+Z+ B+ we obtain the following expressions for

Substituting F1 from (14) into (17)in - <1+

the oscillation frequency w and the growth rate of the oscillation inside the crystal

_ =904 _ Neo-04
w= 1492 7 W1 = 1+¢? (18)
2 2
where 0 = ~ ks 0o (1 4 T) i (enake | £ D) | € KD ob ek (1)
£ U_ 0OpT= T— £ U_ \ 0OgT— 4T 09 T4 4T 0T+ 09T 09T+
- ne 1) _g Mefq 0, 1
0 =enp [B_ (1 + n_ 0'0T+) B+ n_ (1 + o_ ao‘t_)] (20)
_ M  o_teniu_ (21)
Uo g9
From (18-21) is easily seen that when Uy = D, k %
0
i.e. =1
T 21
2 2
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— 2T 9+ . - n- 1
O=—Trh=enu B-(1+=—)
and =Moo ol
2 2
n- 1 2T 04
If en,u_B_(1+ - 00”) > = py (22)

The oscillations inside the crystal are growing with frequency w. The inequality (22) is comp-
letely satisfied under the experimental data [5].

In the experiment [6] T+=4,2-107sek, t=2,7-107sec

n+=n= 10"sm=; p+ ~ 104sm? b-sek ; p- ~ 10°sm?/ b-sec (23)
Substituting the data (23) in (22) it is easy to verify the validity of inequality (22).

Nonlinear theory of current oscillation

All the variable quantities (n'+, n'-, E') inside the crystal due to the relaxation of the charge
carriers change as a function of the coordinates and time as follows:

(', ', E') ~ el ~ cos(wt+0) (24)
0 — initial phase of wave.

For simplicity, we will speak of one variable E . The remaining variables (ie n'+, n'-) are
connected with alternating electric field through the Poisson equation (8). Then we can write

E'= Ei1 cos(wt+0) (25)

In linear approximation, i.e. E'<< E0 in (25) E1 amplitude is a constant value and does not de-
pend on the coordinates and time. In nonlinear approximation, the E1 approximation depends
on the time, and therefore, when solving the equation (13), we should not discard the nonlinear
term F2 from the Van der Paul equation. Solving the Van der Paul equation (13) we determine
the amplitude of the electric field E1 inside the crystal as a function of the coordinates and time,
and defining E1 (x, t), we can determine n'+ and n'- through Poisson's equation and then the
current oscillation

J'=T++7" (26)

where J's — hole current and J- - electron current. Hence the whole problem leads to the defi-
nition of E1 from the Van der Paul equation (13).

The Van der Paul equation with a small parameter y sufficiently describes the oscillations in-
side the abovementioned semiconductor. For y = 0, the oscillations are exclusively harmonic
and E'= E1(0) cos(wt+0). In the nonlinear approximation, y # 0 and the amplitude E1 = E1 (t).
The mathematical method for solving the Van der Paul equation is described in detail in the
book of N.N. Bogolyubov and Yu.A. Metropolskiy (Asymptotic methods in the theory of non
linear oscillations) [6]. We will apply this mathematical method to the equation (13).

dE;(t) y  2m " dE' .
4t = “amacdo PE. st dp (27)
dy y 21  dE'
E = Wqg — 2rwoE, fO (D(E ,E)COSIIJ dl/) (28)

Substituting the function @ in (27) and after integration we obtain:
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E1(0) Lot
@qe 4T
El (t) = L L 701, (29)
@1+Eo(0)pze 4T
t 4 . E; (0
We denote a = L2t = ——; t .. = “=X then from (29) we obtain a = 50,
4T tehar. ' Y 01

El(t) _ ea
E1(0)  1+a(l-e%)

(30)

o_fB_t- eA_k o_(T_+14),
k2D,t_1, 4mUgt_T,wo Dik2t_1,’

Y1 =

_ Ui(o_B-t_—04B+T4)
(pz - T_T+U0k2D+E0 (31)

It can be seen from (30) that when t=0, E'= E1(0) the oscillation of the electric field begins with

a constant amplitude Ei(0). The size of the crystal is an important factor for the analysis of

the further behavior of the amplitude E1 (0). From (31) we easily obtain that for f, = % B_
+

and crystal size

= (12 . 1 Ty1/4 L (L 172
L= G ) (32)
_ o2B_ . _ 940 B_(t4—T) _  Exar
$1= k2D Ty’ P2 = T_T,Ugk?D Ey Eo (33)

Taking into account (33) from (30) we readily obtain
Ei(t) _ eé

= T
EO By
Eo

(34)

When t=0, ?E(t))) = % and the initial amplitude of the electric field oscillation under
1 X

9U0_B_ (14 — 1)

Ei(t) = Eo; E1(0) = E, = T 7, Ugk?D, E,
-Ty +

?—g)) = % the oscillating electric field tends to the initial value and of course the oscil-
1 X

lation is stationary. However, a significant change in the amplitude of the electric field oscil-
lation occurs under the following inequalities:

For t—co

Ex
Eg
electric field Eo. The charge carriers (electrons and holes) do not warm up when the field

1. e > 1, but this equality can be fulfilled for a very small value of the external constant

is very weak and there will be no oscillation.

2. E—xe<1 can be fulfilled and in this case
0

t
Ei(t) = E;(0)etx (35)
oscillations occur exponentially
3. If t=t;, then ?—g)) = HLEX the values of the electric field oscillation E 'depend on the nume-
1 E—e

rical values Eo m Ex.

When % e<1i.t. Eo>eEx
0

noy ¢ and the oscillating part of the electric field is greater than the initial amplitude value.
1
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%e > 1 corresponds to a very low value of the external electric field and this is physically
0

impossible.

Thus, the oscillations of the electric field in the above semiconductor change over time in a
very complicated manner. At t = 0, the oscillation amplitude Ei(0) is a constant value, at t=t«
Ei(t) > E1(0), at t—eo Ei(t) = E1(0) stationary.

Frequency of oscillation

The frequency of oscillation is determined from the Van der Paul equation (13) as follows:

W w=wy— fanD(E —t')cosz,b dy (36)

dt 2nTwoEq

After a simple integration from (36), we obtain:

4 “Uok Uok Upktywg UgkT_wog  UpgkT_wyg Up 4mwot, Uy 4mwgt_ kUgt—wq

_ _ _ _ _ kD_ 1 kD_ 1 —-b_
W= wy— (T b oo _ emsp 4 KD_ & e 1L __of (37)

After a simple calculation taking into account the experiment n- =n [5] from (37) we obtain:

o_Dg T4 2 1 7_ B_ooT+ _
_ = wy
L (2 =52+ |} = w0+ a0 (38)

Uyoyg Zn' T_ 4T T4 4T

w=w0{1+

In the experiment [5] t>1, therefore, Aw > 0 and the frequency of oscillation of the electric field
only increases in course of time. In contrast to the frequency, the amplitude of oscillation
varies difficultly in course of time.

In order to calculate the current density fluctuation
J=J-+]J- (39)

it is necessary to introduce values E'= Ei(t) cos(wt+0) and n'+, n'- into (39) to calculate J' as a
function of time t. This task is easily solved, but it is necessary to perform cumbersome algebra.
An attentive reader can easily accomplish this task. However, the nature of variations in the
alternating electric field does not change.
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ABSTRACT

Electrical and photoelectric characteristics of the anisotype heterojunctions created by direct mounting on
optical contact thin layers of layered p-GaSe and n-InSe semiconductors, doped with holmium (Ho) in various per-
centages (N=10-; 104 10-%; 102and 10" at.%) have been studied experimentally. It is established that p-GaSe<Ho>/
n-InSe<Ho> heterostructures may be promising elements to create converters of the photovoltaic solar energy into
electrical one with controlled parameters by changing the doping level of contacting couples with Ho.

Keywords: heterostructure, doping, holmium, current-voltage characteristics, nature of the diode, optical
contact, photoelectric converter.

OCHOBHBIE ITAPAMETPBI I XAPAKTEPUCTUKU
AHU3OTUITHBIX TETEPOCTPYKTVYP p-GaSe<Ho>/n-InSe<Ho>

PE3IOME

DKCIIepyMeHTaAbHO M3MepeHbI OCHOBHBIE ITapaMeTPhl 1 XapaKTePUCTUKY aHU3OTUITHBIX IeTePOCTPYKTYp, CO3-
AAHHBIX Ha KOHTaKTe TOHKMX CA0eB MOHOKpHCTaAa0B p-GaSe u n-InSe, aermposannbix roasmueM (Ho) ¢ pazandspiM
IIPOIIeHTHBIM cogepsKaHueM (N~10-5; 10-4; 10-%; 102 u 10! aT.%). ITokasaHO MX ITepPCIIEKTUBHOCTD A4S co3AaHus $o-
TODAEKTPUYECKUX ITpeoOpa3oBaTelell COAHeUHO SHepIuM C yIIpaBAseMbIMI ITapaMeTpaMyl U XapaKTepUCTUKaMI,
IIyTeM BapbUPOBaHIsI COAep>KaHUs BBeAeHHOI mpuMecu - Ho.

KaioueBsie caoBa: TeTepOoCTPyKTypa, IIpUMECH, FOALMI/IIZ, BOAbT-aMII€pHaAsl XapaKTePUCTVIKA, BBIIIPSIMAIIO-
H.U/If/l XapakTep, ONTUYECKUI KOHTaKT, aHI/ISOTI/IHHLIIZ, Hpe06pa30BaTeAL CO/AHEYHO DHepIUmn.

ANIZOTIP p-GaSe<Ho>/n-InSe<Ho> HETEROSTRUKTURLARININ
OSAS PARAMETR VO XARAKTERISTIKALARI

XULASO

Tacriibi olaraq miixtslif faiz miqdarinda (N=105; 10+4; 103 102 1 10" at.%) holmiumla (Ho) asqarlanmis p-GaSe
va n-InSe monokristallarinin nazik tebagalarinin kontaktinda yaradilmis anizotip heterostruturlarin ssas parametr
vo xarakteristikalar1 ol¢lilmiisdiir. Bu heterostrukturlarin parametr vo xarakteristikalar: daxil edilen asqarin — Ho
miqdarmi dayismakls idars olunan giines fotoelementlari diizeltmak {iciin perspektivli oldugu gostorilmisdir.

Acar sozlar: heterostruktur, asqar, holmium, volt-amper xarakteristikasi, diizlondirici xarakter, optik kontakt,
anizotip, glinas enerjisi geviricisi.

I. Introduction

Possessing unique physical [1, 2], including photoelectric and contact properties of layered
crystals of gallium monoselenides (GaSe) and indium (InSe) [3, 4] make them promising ma-
terials for photo- and optoelectronics [5]. High photosensitivity at room temperature in all
visible, near UV and the beginning of the near infra-red range (0.30<1<1.20 um) of the optical
spectrum causes interest in these semiconductors as promising materials for the creation of
solar photoelectric converters [6]. After reporting the possibility of creating heterostructures
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based on p-GaSe and n-InSe single crystals by mounting their thin layers on direct optical
contact [7], as well as the purposeful control of the photoelectric parameters and characteristics
of these semiconductors by doping with various lanthanides [8, 9], this problem became even
more urgent. However, the peculiarities of the effect of doping by various impurities, including
lantonoids, have not been thoroughly studied and require additional experimental studies.
In this connection, in the present work we experimentally investigated the main parameters
and characteristics of anisotropic heterostructures created at the contact of thin layers of p-GaSe
and n-InSe single crystals doped with holmium (Ho) with different percentages (N~10-5+10
at.%).

II. Samples and Measurement Mode

Used to create the investigated heterostructures thin films with a thickness d<(50+200) um
along the "C" axis, pure (specially unalloyed) and doped with Ho with different percentage
content (N=105; 510+ 104 51073; 10 102 and 10'at.%) the layers of p-GaSe and n-InSe with
an atomically-mirror surface were scraped from large single-crystal ingots. Their transverse
dimensions along the "C" plane of the crystal were (3+5) x (3+6) mm?. Synthesis of both com-
pounds was carried out by the traditional method of joint fusion in evacuated quartz ampoules
under a special temperature regime of composite (initial) components taken in the stoichiometric
ratio. To obtain a uniform ingot, the method of vibration mixing of the alloy was used. As the
initial components (substances), metal indium (In), gallium (Ga) and granulated selenium (Se)
with a purity of 99.999% were used. As a dopant, chemically pure holmium was used.

The growth of single crystals of both crystal groups (pure and doped with holmium InSe, GaSe)
was performed by a modified Bridgman method [10, 11], and their doping - by introducing
into the charge mixture before the synthesis process in the required amount of crushed Ho [11].

The structure, phase and elemental composition of the obtained ingots and the state of the
surface along the "C" plane of the samples under study were determined by carrying out comp-
lex X-ray diffraction, X-ray diffraction, thermographic, X-ray spectroscopic and microscopic
analyzes. For this purpose modern and quite reliable measuring installations (DSC-910, ADV
NCE-8D, SINTECP 21, DRON-4-07 with CuKa-radiation at step 0.050 and range of angles 8-
135° SEM of the firm Zeiss with energy dispersive analysis) were applied.

It was found that the resulting pure and doped ingots of both semiconductors are homogeneous
and possess a high degree of single crystal structure; the diffractograms of indium monosele-
nide crystals are indexed in the rhombohedral syngony (y-polytype) and refer to the space
group R3m (C;,) with the periods of the unit cell 2~4.003 A, ¢=24.955 A [12]; and the diffraction
patterns of gallium monoselenide crystals are indexed in the hexagonal system () —polyotype)
and belong to the space group D3, (P6) with elementary cell periods a~3.744 A, ¢=15.902 A

[13, 14]; no substitution phases for selenium, oxide and free Ho are detected, and there are no
heterogeneities and extraneous phases phases on their surface. The measurements carried out
to determine the sign of the Hall coefficient showed that under all the conditions considered
by us, the single crystals of indium selenide studied have n-type, and single crystals of gallium
selenide are of p-type conductivity.

Due to the atomically mirror-like surface of the contacting components [15], in their contact
areas are not created a large density of surface states, which usually greatly impair the contact
parameters [16], and the absence of a fused or diffusion layer eliminates all catastrophic
mechanical stresses caused by the difference in the coefficients of thermal expansion [ 16].
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Created outdoors by soldering without flux indium metal current leading contacts were arranged
so, that in addition to the measurement of the current-voltage (I-V) and capacitance-voltage
(C-V) characteristics of the studied structures, if required, could also be illuminated from the
side of the wide-band (p-GaSe) and narrow-band (n-InSe) contacting component. The geo-
metry of the studied structures waschosen so, that in the operating mode the current flow
perpendicular to the natural layers of crystals and the contact plane (Fig. 1). Lighting of the
structure was also carried out in this direction.

Fig. 1. Schematic representation of heterostructures p-GaSe<Ho>/n-InSe<Ho>

Current-conducting
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Measurements were made in the range (77+350) K, at wavelengths and light intensities
0.20=A<1.60 um and ®<5-10?Lk, respectively.

III. Experimental Results

We measured the dark static CVC for p-GaSe<Ho>/n-InSe<Ho> structures with different N
(Fig. 2). It is established that all the investigated structures within the limits of the external
conditions (temperatures, values of the applied external electric voltage, intensities and wave
lengths of light) have diode (rectifying) character, with a forward direction when the positive
polarity of the external electric voltage is applied to the gallium selenide layer. At temperatures
below room temperature and voltages ~ 4 + 5 V, the rectification coefficient is ~ 8+10 for diffe
rent structures, and the straight branch of the dark current-voltage characteristic at relatively
low voltages obeys the dependence [16, 17]:

Izlo{exp /f%‘ } (1)

The parameter B in the expression (1) has the values ~2+5 for different structures. At voltages
U23.0 V the exponential course of the direct branch of the current-voltage characteristic is
replaced by a linear one:

U =Ugy +Ryl - 2)
Here, U is the cutoff voltage, and Ro is the residual resistance of the heterostructure under

consideration. Depending on the amount of impurity introduced N, the values of U. and Ro
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at 200 K are ~ 10*=+ 3-10°Q), respectively. At 300 K, in the first approximation, the value of U
corresponds to the potential barrier height of the (eU . = e€¢,) at the contact. With a decrease

in temperature down to 77 K, the value of Ro sharply rizes.

Fig. 2. CVC of p-GaSe<Ho>/n-InSe<Ho> structures for various N.
N, at. %: 1-0; 2-10°%; 3-101. T =200 K.

Both numerical values and the degree of stability and repeatability of individual electrical
parameters (current cutoff voltage, residual resistance, rectification coefficient, f-parameter
[16, 17]) depend on N. Resistance p-GaSe<Ho> and n-InSe<Ho> components with N varies
non-monotonically. In particular, with the growth of N, first (at N<10+at.%) the resistance of
these materials increases by almost an order of magnitude relative to the initial (taking place
for pure crystals), and then (at N>10? at.%) decreases and at N>10" at.% becomes even less
than the initial one. With a change in N, change non-monotonically (first worsen, and then
improve with respect to the initial state) also the degree of stability and repeatability of the
electrical parameters of the structures studied. It is established that the parameter lo entering
into the expression (1) varies with the temperature according to the law I, ~ exp( ) The va-

lue of Ae found from the plot of the curve Inl, (é) is ~0.40 eV and does not change with N.

£
KT

In the study of the capacitance-voltage characteristic (CVC) of the p-GaSe<Ho>/n-InSe<Ho> struc-
tures it was established that under the conditions considered by us, regardless of the value of
N, it obeys the law 1/C?>~U (Fig. 3). This result indicates that the structures studied by us are
sharp [16, 17]. The total bending of the bands in the heterojunction region determined for the
point of intersection of the straight line 1/C>=f(U) with the U axis is ~ 0.50 eV for almost all the
structures considered.

The photoelectric properties of the p-GaSe<Ho>/n-InSe<Ho> heterostructures have been studied
in the photovoltaic regime. The spectral distribution of the photoelectric effect was registered
(Fig. 4). It turned out that in this case in all the cases considered p-GaSe<Ho> is charged nega-
tively with respect to the second contacting component (n-InSe<Ho>). The measurements were
carried out in a pulsed mode of illumination within the frequency range of 100-150 Hz. Under
other identical conditions, the maximum value of the photovoltage is observed when the struc-
tures under study are illuminated from the p-GaSe<Ho> side. When the illumination of the studied
heterostructures is carried out from the side of narrow-band component of the contacting
pair (from the side of n-InSe<Ho>), the nature of the photosensitivity spectrum is completely
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determined by the absorption in the narrow-band semiconductor component (in n-InSe<Ho>)
and is similar to the spectrum of a photoresist based on it (Fig. 4, curve 1), with the only dif-
ference being that a discontinuity is observed in the short-wavelength region of the spectrum
(at 4<0.50 pum).

Fig. 3. The capacitance-voltage characteristics of p-GaSe<Ho>/n-InSe<Ho> structures
T=200K; N=102at.%
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When the investigated structures are illuminated from the side of wide-band component (from
the p-GaSe<Ho> side), two regions are observed in the photosensitivity spectrum (photo-e.m.f.)
(Fig. 4, curves 2-4). The first of these (the short-wave region) is associated with the absorption
of light in the wide-band component (in p-GaSe<Ho>), and the second (long-wavelength) with
absorption of light in the narrow-band component (in n-InSe<Ho>) of the contacting pairs. Under
optimal conditions, the open-circuit voltage (Ux) and short-circuit current (isc) in the structures
under study are ~0.34 V and ~32 pA/cm?, respectively.

It was established that in both cases (both under illumination from the side of gallium selenide
layer and from the side of the indium selenide layer) in p-GaSe<Ho>/n-InSe<Ho> structures with
N=10% at% at 77 K the magnitude and width of the spectral distribution of the photo-e.m.f.
increase with respect to the p-GaSe/n-InSe structures. With further growth of N, the magnitude
of the photo-e.m.f. and the width of its spectrum decrease, approaching the original one. How
ever, wherein the photoelectric parameters of the studied structures become more stable and
reproducible.

Fig. 4. The photo-e.m.f. spectrum in p-GaSe<Ho>/n-InSe<Ho> structures.
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When illuminated from the p-GaSe<Ho> side, the photosensitivity spectrum of the structures
under study significantly expands, and almost covers the wavelength range from ~0.25 um
up to 1.45 um, depending on the value of N. It should be noted that the largest width of the
spectrum (from ~0.25 pm to 1.45 um) is observed for a structure with N~10? at%, when illu-
minated from the side of gallium selenide. With increasing content of the introduced impurity
to N=10" at.%, the long-wavelength spectral limit shifts to the short-wave side to ~ 1.30 um,
and the short-wave side to ~ 0.35 um.

IV. Discussion of the Results

Going to the discussion of the experimental results obtained by us, it should first of all be noted
that an increase in the reverse current through the investigated structures with an increase in
the content of the introduced impurity-holmium, under other identical conditions, may be
due to the dependence of the degree of disorder of the p-GaSe and n-InSe crystals on N [ 8, 9].

The initial weak growth of the reverse current in the structures under study can be explained
by the contribution of the leakage current in the reverse-biased structures, and the change in
the value of Uo with N can be explained by the dependence of the degree of disorder of the p-
GaSe<Ho> and n-InSe<Ho> single crystals on N [8, 9].

The broadening of the photosensitivity spectrum of the structures under study when illuminated
from the p-GaSe<Ho> side is, to all appearances, related to the "window effect" [16, 17], and the
sharp decrease in photosensitivity from the side of short wavelengths - with a small diffusion
length of the photocarriers in the direction of axis "C", in comparison with the thickness of the
contacting components.

V. Conclusions

The experimental results obtained by us show that the photosensitivity region for holmium-
doped single crystals of indium and gallium selenides during their putting together covers a
very wide and highly energy-absorbing range of solar radiation, and when heterostructures
based on these semiconductors are illuminated with photoactive light even at T>300 K a sig-
nificant photo e.m.f. occurs. All these facts indicate that the p-GaSe<Ho>/n-InSe<Ho> heterost-
ructures are promising functional elements for the creation of photoelectric converters of solar
energy into electrical energy with controlled parameters by varying the doping level of the
contacting pairs.
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ABSTRACT

In this work, the analytical solutions of the radial Schrodinger equation have been studied for the generalized
Wood-Saxon potential by using the Pekeris approximation. The energy eigenvalues and radial wavefunctions were
found for any | - state via the Nikiforov-Uvarov and Asymptotic iteration methods. In this way, the same expressions
were obtained for the energy eigenvalues, and the expression of radial wavefunctions transformed each other was
shown owing to these methods. Furthermore, the bound state energies and the corresponding normalized radial

wavefunctions of the neutrons moving around a *Fe nucleus are also calculated.
Keywords: Generalized Wood-Saxon potential, Nikiforov - Uvarov method, asymptotic iteration method.

UMUMILOSMIS VUD-SAKSON POTENSIALI UCUN SREDINGER TONLiYININ
IXTIYARI | - HALINDA ANALITiK HOLLI

XULASO

Isdo Pekeris yaxinlagmasinin komayile {imumilasmis Vud-Sakson potensiali {i¢iin radial Sredinger tonliyinin
analitik hallori aragdirilmigdir. Ixtiyari | - hal iigiin Nikiforov-Uvarov ve Asimptotik iterasiya metodlarindan
istifade etmoaklo enerjinin maxsusi qiymatlari ve radial dalga funksiyalar: tapilmisdir. Bels ki, bu metodlarin komayila
enerjinin maxsusi giymatloari {i¢lin eyni ifadsler alinmis ve radial dalga funksiyalarinin ifadaslorinin bir-birins keg-

moasi gosterilmigdir. Bundan basqa, % Fe niive sahasindo haroket edon neytronun slagli hallarin enerjisi ve uygun
normalasmis dalga funksiyalar1 hesablanmisdir.

Acar sozlar: Umumilogmis Vud-Sakson potensiali, Nikiforov-Uvarov metodu, asimptotik iterasiya metodu.

AHAAUTUYECKME PEINEHNSI YPABHEHNS INPEAVMHI'EPA C OBOBIIEHHOI'O IIOTEHIINAAA
BYACA-CAKCOHA A/sI TTIPOU3BOABHOTIO | - COCTOSTHUSI

PE3IOME

B pabote ObL4aM M3yUeHbl aHaAUTIYECKIe pellleHNs pajuaabHoro ypasHenns llpeaunrepa 445 000011IeHHOIO
noreHnnada Byaca-Cakcona ¢ momompio anmpoxeumanyest Iekepuca. C ncrioassosanneM Merodos Hukudoposa-
YBapoBa, 1 ACHMIITOTIYECKOI UTepanyuy ObLAN HallgeHbl COOCTBEHHbIe 3HAaUeHIIsI DHePIUM M BOAHOBOM (PYHKITUI
aas1 iponsoapHOro | cocrostaust. Takum 06pa3oM, € IOMOIIBIO DTUX METOAOB OBLAU IIOAYIEHbI OAHM U Te K€ BbI-
paskeHusT 4451 COOCTBEHHbIEe 3HaYeHIIsT DHepruu 1 ObLAY IIOKa3aHbI BHIPAsKEHVII 4451 PaAraAbHBIX BOAHOBBIX (PYHKITVTL,
KOTOPEIe TIePexoAAT APYT K A4pyTy. KpoMe Toro, Ob1AM BEIYIICAEHBI DHEPIUN CBA3aHHBIE COCTOSHIS I COOTBETCTBY-

IOITIIe HOpMaAM30BaHHEIE paAraabHbIe BOAHOBas PYHKIINN HEMITPOHOB, IepeMelaioniXcs B 11o4e sSApa =

Karouaesnie caosa: Obo0miennsre rmotennaja Byaca-Caxcona, metos Hukmndoposa-Ysaposa; MeTo acuMII-
TOTUYECKOI UTePaIiUIL.

I. Giris

Vud-Sakson potensiali ilk defs R.D. Woods va D.S. Sakson terafinden kegan asrin texminan
altimisincr illarinds 20 MeV enerjili protonun orta ve agir niivelarden elastiki sopilmasini izah
etmak tiglin toklif edilmis an miihiim yaxmna tesir potensialidir [1]. Uzun illardir ki, Vud-Sak-
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son potensial1 niivenin bir zarracikli enerji saviyyelarini ve niive—niive qarsiliqh tesirini miiay-
yon etmak {i¢lin an sarfoli modeldir [2]. Vud-Sakson potensiali sahasinds dalga tonliklarinin
(Sredinger, Dirak, Kleyn-Gordon va i.a.) daqiq analitik halli niivenin nuklonlarla garsiliglh ts-
sirinin alagali ve rezonans hallari ti¢lin ¢ox shamiyyatlidir. Vud-Sakson potensialinin modifi-
kasiya formasi hacmi (standart) Vud-Sakson potensiali ilo sath Vud-Sakson potensialin comina
barabardir [3-5]:

r—-Ro

V(y=-——Y __ __We~ (a<<Ry) (1.1)

r—Ro r—Rg 2
l+e 2 {1+e a j

burada V, ve W uygun olaraq hacmi va seth potensial ¢uxurlarin darinliyi, R,-potensialin eni

va ya niivenin radiusu, @ - parametri ise sath tebaqgesinin qalinlig1 va o, ionlagma enerjisinin
tacriibi qiymati ile miiayyen olunur. Umumilegmis Vud-Sakson potensialinda sath hissasi asa-
son satha yaxin oblastda slave potensial ¢uxur yaradir ki, bu da niive reaksiyalarinda elastiki
sopilmalorin izahinda ¢ox shamiyyaetli yer tutur. Bundan basqa seth Vud-Sakson potensialinda
W <0 olduqda bu potensial niiveds rezonans (kvazislagali) hallarin izahinda istifads oluna
bilor. Belo ki, imumilogmis Vud-Sakson potensialinin bir negs xiisusi hallar1 vardir: W =0 ol-
dugda timumilagmis Vud-Sakson potensiali hacmi (standart) Vud-Sakson potensialina [6];
W =0 vo a—0 oldugda niive sathinds potensialin sigramast ilo o sade potensial guxura gevrilir
[6] vo Ry =0 oldugda timumilasmis Vud-Sakson potensiali Rosen-Mors potensialina golir [7].

Dalga funksiyasi kvant sisteminin tam tesvir olunmasi {iclin biitiin vacib informasiyan1 6ziinda
oks etdirir. Ona gore do sistemin izahinda dalga tenliyinin adadi hesablamadan alinan halli-
na nisbaton onun daqiq analitik halli daha maqgsadli ve ¢ox shamiyyatlidir. Bels ki, 1 #0 oldug-
da bir ne¢o potensiallarda, o ctimladon harmonik ossilyator, Kulon, Kratzer va i.a. dalga ton-
liklarinin daqiq helli miimkiindiir [6]. Qeyri-relyativistik kvant mexanikasinda sferik simmet-
rik potensial sahalards dalga tenlklarini hall etmak {igiin bir ¢ox tisullar - polinom usulu [6-
9], Nikiforov-Uvarov (NU) metodu [10], Supersimmetrik Kvant Mexanikas: (SYM)[11], Asimp-
totik iterasiya Metodu (AIM) [12-15] islenib hazirlanmisdir.

Orbital kvant adadinin ixtiyari qiymeti {igtin | # 0 radial Sredinger tonliyi Vud-Sakson poten-
siallar1 iigiin daqiq hall oluna bilmir. Bels ki, S. Flugge | =0 halinda hacmi Vud-Sakson poten-
sial1 sahesindoe radial Sredinger tanliyini analitik hall edarak dalga funksiyasi tigiin daqiq ifade
almus, lakin enerjinin maxsusi qiymstlarini qrafik tisulla tapmisdir [6]. C.Berkdemir ve digar-
lori torofinden orbital kvant adadinin | =0 halinda iimumilagmis Vud-Sakson potensial {igiin
radial Sredinger tonliyinin halli NU metodunun [3] komayile arasdirilmisdir. Lakin, bu isda
onlar NU metodunun tatbiginda sahve yol vermis, bu da diizgiin olmayan naticalors gatirib
cixarmugdir [16]. Belo ki, Vud-Sakson potensiali sahasina Nikiforov-Uvarov va Asimptotik Ite-
rasiya metodlarmnin tetbiqinde sehva yol vermis diger [17-19] islori do gdstermak olar.

Qeyd edak ki, | #0 halinda dalga tenliklerinin toqribi analitik hellini tapmagq {igiin bir nege ya-
xmlagma var ki, onlardan an ¢ox genis istifads ediloni Pekeris torafinden taklif olunan yaxin-
lasmadir [20]. Pekeris yaxinlasmasi markezaqa¢ma ¢oparinin niivaler arasi masafesinden asili
olub, ikinci tertiba qadar haddlasri nazars almaqla eksponensiallara gore siraya ayrilmaya asas-
lanir. Greene va Aldrich [21] terafinden markszaqag¢ma goapari ligiin

o
1 e (1.2)

r (1-e™)?
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yaxinlagmasi toklif olunmugdur. Lakin bu yaxinlasma ekranlasma ¢ parametrinin kigik qiy-
moatlarinda dogrudur.

flk dofo Pekeris yaxinlasmasinda NU metodunun kémayi ilo Vud-Sakson potensiali sahasin-
doe radial Sredinger vo radial Kleyn-Qordon tonlikleri | #0 hali tigiin analitik hall olunmus,
enerjinin maxsusi qiymatlori ve dalga funksiyalar: tapilmisdir [22-24]. Homginin, [25]-do Vud-
Sakson potensiali tigiin D -6l¢iilii Sredinger tonliyi ixtiyari | halinda merkezaqagma potensi-
alina Pekeris yaxinlagsmasini totbiq etmakls analitik hall olunmusdur. Biitiin bu [22-25] islorda

ey
ixtiyari | halinda V,(r) = w moarkazaqa¢gma potensiali {iciin asagidaki approkmaksiya

sxemi — Pekeris yaxinlagmas toklif edilmisdir:

N (1.3)

_,
o;?\,‘H
-
+
@
|
=
TN
-
+
@
&
3
N
S

Burada R, ve a parametrlsrinden asili olan C,, C;, C, kemiyyatlari (1.3) miinasibatinin har
iki tarafini niivenin sathi yaxinliginda - r = R, noqtasi strafinda Teylor sirasina ayirmaqla mii-
qayisaden toyin olunan parametrlordir. Amma, [26]- da ixtiyari | halinda effektiv V4 (r) po-

tensialin r = r;, minimum noqtesi atrafinda miisyyan olunan C,, C,, C, approksimasiya pa-
rametrlari asasinda V,(r) markezaqagma potensialina (1.3) Pekeris yaxinlagmasin totbiq et-
moklo NU vo SYM metodlarinin komayi ilo Vud-Sakson potensiali tiglin D - 6lgiilii Sredinger
tonliyi analinik hall edilmisdir. Burada moalum oldu ki, D=3 vo D=4 olduqda n, =0, 1=0 giy-
matinda sistemin alagpli hallarinin olmamas: standart Vud-Sakson potensialinin sistemi tam
tosvir eds bilmamasi ile baghdir [26]. Bundan ¢ixis yolu kimi ya standard Vud-Sakson poten-
sialinin modifikasiya olunmus formasindan (masalon, imumilosmis Vud-Sakson potensiali)
ya da standard Vud-Sakson potensialinda spin ve pseudospin simmetriyasindan [27, 28] isti-
fada etmakls ola bilor. Ona gora do, timumilesmis Vud-Sakson potensiali sahasinde radial
Sredinger tonliyinin hallerini tadqiq etmak aktualdir ve boyiik maraq kesb edir.

Isde iimumilasmis Vud-Sakson potensiali tiglin radial Sredinger tonliyini analitik hall edarak
enerji spektri vo dalga funksiyas: tapilmigdir. Hesablamalar ixtiyari | halinda (1.1) imumilog-
mis Vud-Sakson potensialin r = r;, minimum noqtesi strafinda miisyyen olunan C,, C,;, C,

approksimasiya parametrlari asasinda V,(r) merkszaqagma potensialina (1.3) Pekeris yaxin-

lagsmasini totbiq etmokla Nikiforov-Uvarov ve Asimptotik iterasiya metodlarinin komaoyi ilo
aparilmisdir.

II. Sredinger tonliyi

Sferik simmetrik V (r) potensiali sahasinda Sredinger tonliyi asagidaki kimidir [8, 9]:

(—hzvz +V(r)—Ejl//(r,9,(p)=0, (21)

2u

burada u - sistemin gotirilmis kiitlasi, & - polyar bucaq, ¢- azimutal bucaq, # - ise Plank sa-

bitidir. Laplas A=V?operatoru radial yz_1 0 [rz K j vo bucaq Yoo __ T hissalorine
"orZorl er r? n*r?

ayrilir, yoni
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gr_ 10 (éji (2.2)

r2or\" or) n*r?
oldugundan (2.1) tenliyinin halli sferik koordinat sisteminda
w(r,0,0) =R(NY(©,9) (2.3)
soklinda axtarila bilar. Verilmis Y (0, ¢) sferik funksiyasi tiglin
L2Y,,,, (0, @)= R*1(1 +1)Y,., (0, p) (2.3)
tonliyi 6denilir, burada | - orbital kvant adadi ve m ise maqnit kvant adadidir.

(2.2), (2.3) vo (2.4) ifadslorini (2.1) tonliyinda yerinoe yazib vo miioyyen ¢evirmalarden sonra
R(r) radial funksiya

4R() , 2 4R() Z[E v - M}R(r) 0, (0<r<w) (2.5)
dr r dr h 2ur

tanliyini Odayir. Yeni u(r) =rR(r) funksiyas: ticiin (2.5) tonliyi

0.5 b

burada Vg (r) - effektiv potensialdir vo

Vi () =V (r)+ 104D 2.7)
2ur?

kimi teyin olunur. (2.6) tenliyi iki miihiim hali ¢gixmagqla bir 6lgiilii hissacik tigiin yazilmis
tonlikls eyni formadadir. Bunlardan birincisi, #°I(l +1) moexsusi giymetlorine uygun olan ef-
fektiv potensialin movcudlugu; ikincisi, radial dalga funksiyasmin u(0)=0 va u(w) =0 sorhad
sortlorinin 6denmasidir. (2.7)-den goriiniir ki, effektiv potensial eksponensial vo orbital mar-
kozaqagma potensiallarinin kombinasiyasindan ibaratdir. Orbital kvant adadinin | #0 qiy-
matinda supersimmetrik kvant mexanikasi, asimptotik iterasiya, Nikiforov-Uvarov ve s. tisul-
lardan istifads etmakls bu potensial {iciin Sredinger tonliyini deqiq hall etmak miimkiin deyil,

buna sabab olan effektiv Ve () potensialin ifadasindoki orbital markazaqagma v () - il *;1)
2ur

potensialidir. Ona gore bu problemi hall etmak {i¢iin daha semarali Pekeris yaxinlasmasindan

istifade edok. Bu magsadlo yeni yx~"~Ro dayisenini daxil edib (r = Ry(L+ x) ) orbital markeze-
RO

gagma V,(r) potensialini, timumilegsmis Vud-Sakson V (r) potensialinin d\(;(r) —0 ekstremum
r

sortinden alinan exp( aR ) exp(ax) = w;xz tonliyini 6dayan x- xmm_amm ;\\2] [r:rm :R0+a|nm xz ]j
minimum noqtasi etrafinda Teylor sirasina ayiraq:

SR+ s 1 3 N VEENE 2.8

Vi = 2ur®  (1+x)? J{(u %) (1+x )? %) L+%,)° ()T rollx=x) )} 28)

7(I +1) W=V, ..

burada ¢ = - dir. Qeyd edak ki, exp(ax) >0 oldugundan exp(ax)= miinasi-

HRS W +V,

batins asasan W >V, ve W <V, alinir. 9ger bu sertlor 6denmazss, imumilesmis Vud-Sakson
V(r) potensialinin minimum noqtesi olmur. Pekeris approksimasiyasina gora V, (r) potensiali
asagidaki kimi gotiralir [22-24]:
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\Z(r):a[c0+ G _, G j (2.9)

1+e”  (1+e™)?

burada a =R;/a -dir. \7,(r) potensialint X=X, (r=r,,) minimum noqtasi strafinda Teylor

sirasina ayiraq:

~ axe e
Vl(X):§|:C0+ G + <, —[ ok, e + 20C,

1+e™  (1+e™)? | (1+e™e)?  (1+e™)?
_[a’Cle™ (1-e™) N a’C,e™e (1—-2e%¢)
2(1+e%)? (1+e™e)*

](x—xe>+ : (2.10)

](X*Xe)2 +0((x~X%,)°)

(2.8) va (2.10) ifadalorinds X - in eyni tortibli uygun hadlsrinin miiqayisesinden C,, C,, C,

sabitlorinin toyini {iglin asagidaki cebri tenliklor sistemini alariq:

¢ , G _ 1
O 14e™ | (L+e®e)? (L+x,)? (2.11)
aCe™  2aC,e™ 2
AV N3 3
(1+e™)” (@A+e™)® (1+X,)
a’Ce™e (1-e™e) N a’C,e™ (1-2e™) 3
2(1+e%e)? (L+e™e)* L+x,)*

(2.11) cabri tanliklar sistemini hall etsak, tapariq:

1 (1+e™)? |e @ -3 3%
L+x)° o™ (1+x,)°| 1+e™  a(l+x,)

2(1+e%e)? 9o _ 30+ e )
ae™ (1+x,)° al+x,)

0

(2.12)

=

c,- O+ % )? {e% 30+ e”‘E)}
o™ (1+%,)° a(l+x,)
Belslikls, yeni effektiv potensial {i¢iin alariq:

Vy +W - 6C; N W +C,

Var (1) = Vi (1) +V (r) = 8C — =2 s
1ve @ (M ?] (213)

Radial Sredinger tonliyinin (2.7) miinasibatils verilmis effektiv Vud-Sakson potensiali V (I)

tiglin hoall etmak avozina Pekeris yaxinlasmasindan alinmis (2.13) miinasibatils tayin olunan
Vg (1) effektiv potensialinda yeni radial Sredinger tonliyini hall edak. Belslikls, Pekeris approk-

simasiyasina asasan (2.6) tonliyinda Vi (r) yerina \7eff (r) yazsagq, alarnq:

TW-&L W+, (2.14)

d2u(r) 2u W(r)=0

V,
ar? +? E-&Co+-2 TR, R \2
l+e @ [1+e a

r—RO -

(2.14) tonliyinda yeni z = [1+ e @ J dayisenina kegsak, alariq (0<z<1):

72(1-2)%u"(2) + z(1- 2)(1- 22)u'(z) + 2;;?2 [E —8C, + (Vo +W —&C))z — (W +éCz)zz]u(z) =0 (2.15)

Olagpli hallarin olmas: tigtin E <0 barabarsizliyi 6denmalidir.

2 2 2
g EEC) o g e Mo W) oo 2w g (2.16)
h h h
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avazlamalari gebul etmakls adsiz kemiyyatlars kegsak, u(z) funksiyasi tigiin

u"(z)+ 1-2z u'(z) + & +pz

2(1-z2) (z@-2))

tonliyi alinar.

27222 u(z)=0, (0<z<1)- (2.17)

III. Radial Sredinger tonliyinin Nikiforov - Uvarov metodu ils halli
NU metoduna asasen (A.1) v (2.17) tenliklarinin miiqayisesi naticasinda
7(2)=1-2z; 0(2) = 2(01—2); 6(2) = —&* + B?z — y?2?

oldugundan 7(z) funksiyas1 asagidaki kimi olar:

7(@2) =& +(k-p2)z—(k—y2)z> . (3.1)

Sabit k parametri, kokalti ifadonin tam kvadrata malik olmasi, yoni onun diskriminantinin
sifira barabar olmasi sertindan tapila bilar. Belalikls, har bir k ti¢iin iki miimkiin 7(z) funk-

siyas1 vardir:
(6‘—1/82 - B2 +y° ]Z —&, oldugdak=p%-26%+2¢e\e?— B2 +y?
(8+\/€2 - B+ )Z—&‘ , oldugda k=% —-2¢2-2s,e* - p2+52.

NU metoduna asasen 7(z) polinomunun dérd miimkiin formasindan elasini segirik ki, bu for-

(3.2)

7(z)==

ma polinom tiglin 7(z) funksiyasinin téromasi meanfidir ve kok (0, 1) intervalinda yerlasir, yo-

ni 7'(z) <0, 0<z<1.Buna goro 7(z) vo 7(z) funksiyalar1 asagidaki formada olur:

2(2) :g—(g+,/gz B+ yzjz (3.3)
7(z) =1+ 23—2[1+g+,/52—ﬂ2+72Jz (3.4)
k=p%-28"-2¢e\e” — p*+y° (3.5)

Onda A=k +7'(z) sabiti

A= =28 =26\ — B+’ —e—Je*— B +) (3.6)
olar. 4, - in diger alternativ toyini olan (A.5) tonliyine ssasen

A=7, =2(g+m)nr +n.(n, +1) (3.7)
olur. (3.6) va (3.7) miinasibatlorin miiqayisesindan alariq:

ﬂ2—282—28\/82—ﬂ2+}/2 —8—\/82—ﬁ2+}/2 =2(8+\/82—,32+}/2)nr +n,(n, +1) (3.8)

Buradan tapariq:

J1+4y? '
g+m+nr+%:% vaya g++e?—f2+y% =n (3.9)

burada
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N =n, +7Vl+4272—1 (3.10)

va n, radial kvant adadidir (n, =0,1,2,...). Belalikls, (3.9) miinasibatinden tapariq:

; :l(n’+'82_72j : 3.11)
2 n’

Olagali hallarin E <0 va dalga funksiyasmin sonlu olmas1 ¢ >0, g2 - p%+y* >0 sortlorinden

n'>0 va | f*-y®|<n'* alinir. Buradan, alariq:

0<n, <1(\/1+ 8a'W + A +Da’C, —1) (3.12)
2 7 R’
%O_hzl(hrl) Cacy< {1(\/“8;@2\/\/ L A(+Dac, _lj_n } (3.13)
AR’ 2ua’| 2 7 R? '
VR =D o e Le) (3.14)
¥

& -nun (2.16) — daki ifadasini (3.11) — da yerine yazsaq enerjinin maxsusi qiymatlori {i¢iin asa-

g1daki analitik ifadeni alariq:

Ept =Co = (Vo +W = &C; )(w] (315)
T zm

Belalikls, &, n’, B vo y -min ifadslerini (3.15) miinasibatinds nazare alsaq enerjinin maxsusi

E, giymati liglin tapariq:

2
2 2 2
Eo_ Vo h I(I+1)(CO+CI+CZJ_ h [1 [\/1+8;za2\N+4l(l+1)a G, _an_l] +

M2 T 2uR2 2 2ua’|16 n? R2
2ua?) R21(1 +1) :
(202 v - 20D, )| (316)
=+ > |-
2
[\/1+8ya22\N L AdsDac, 1}
n R2

9gor (3.12) - (3.14) sartlorinin har {i¢ii 6denirlarss, alagali hallar mévcud olur. Belslikls, (3.16)
enerji spektri mohduddur, yoni enerjinin maxsusi qiymatlari sonlu saya malik olur.

ee o P . P TN . 2
Enerjinin moasxsusi qiymetlori \,, <g , <y, borabersizliyini 6dayir, burada v, :-v0+h2'(' D
v u

0

(Co+C,+Cy)
va V, tmumilagsmis Vud-Sakson potensialin r,, minimum noqtesindas effektiv potensialin

Vo =V (ry=— W +Vo)® | 710+ giymatidir. (3.16) ifadesinden goriiniir ki, enerjinin maxsusi
eff eff \Imin AN 2 2# rz_
mn

giymati potensialin Vy; vo W darinliyinden, potensialin R, enindan ve sathin @ qalinhigindan

asilidir. ©gar n, va V; -a qoyulmus mahdudiyyatlor 6denarss, slagali hallar meydana ¢ixir.
Ona gora deyo bilarik ki, bu potensial daxilinds slagali hallar mévcuddur. (3.14) barabarsizli-
yindan goriiniir ki, | - in verilmis giymatinda potensial ¢uxurun V, darinliyi R, parametri ar-
tanda azalir ve aksina. Qeyd edak ki, umiimilogmis Vud-Sakson potensiali iiglin tapilmis de-
qiq hallor miixtalif kvant mexaniki ve niive toqqusmalar1 problemlarinin dyrenilmasina ¢ox
maraqli slavalar vera bilar.

Umiimilegsmis Vud-Sakson potensiali sahasinds radial dalga funksiyasim tayin etmak ticlin
o0(z), 7(z), n(z) funksiyalarmin ifadslorini (A.4) va (A.6) tanliklorinds nazars alaraq birinci tor-
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tib adi diferensial tonliklari hall etsak, (0, 1) intervalinda sonlu @(z) ve p(z) funksiyalarin ta-
pariq:

D(2)=2°(1-2)" (3.17)
p2) =2 (-2 (3.18)

Coaki funksiyasmin agkar soklini bilerak radial dalga funksiyasinin ikinci hissasini asanligla
tapmagq olar. Bels ki, onu (A.4) Rodriges miinasibatinds nazeras alsaq

yn (Z) — Bn Z—Zg (1_ Z)—Zq 52—,82+y2 (;j_r:|:zn,+25 (l— Z)n,+21 52—ﬂ2+y2 j| (319)
T T Z T

olar, burada B, - normallasma sabiti olub, il ifadasine barabardir [51]. Basqa sozls, Y,(2)
' n

(2)= R 21 22)

re

funksiyasinin Yakobi ¢oxhadlisi Y, ilo verildiyi miiayyon olu-
(a.p) 1 -a -p dn n+a n+f .
nur. Burada P, (1—22)=—|z (1-2) d—n[z (1-2) ]—dll‘.
n: z

Uygun Uu,(z) - radial dalga funksiyalar1

un,l(z ) :Cnrlzg(l_ 7 )\/sz—ﬂzwz Pn(rZs, 2\/62—ﬂ2+72 )(1_ 27 )’ (320)

kimi tapilir, burada C,; normallagma sabitidir ve ortoqonalliq gartinden tapilir:

2

T R, (r)‘2 ridr= T U, (r)‘zdr = aj%dz =1 (3.21)

IV. Radial Sredinger tanliyinin asimptotik

iterasiya metodu ils halli
(2.17) tenliyine asimptotik iterasiya metodunu tatbiq edarek normallasmis dalga funksiyasmi
asagidaki kimi axtaraq:
u(z)=z"(1-2z)" x(z) (4.1)
Qeyd edak ki, radial u(z) dalga funksiyasmin sonluluq sertinden u(0) =u(l) =0 oldugundan
¢>0, >0 almur. (4.1) ifadesini (2.17) tonliyindas yerins yazsaq, alariq:

Sy B ez o ¢ -&’+1p’ —(Zg+l)(§2+f7)]ZJ;[(§+77)2 teot+n-y°I2’ 2(2)=0-
2(1-2) 2°(1-2)

¢ va 1 parametrlarini els segok ki, yuxaridaki tanlik sadalagsin. Ona gors de ¢ va 17 para-
metrlorini ¢2-£2=0 vo g% —(2c+1)(c+7n)=—(c+n)? +c+n—y?] soklinds gotursak, ¢>0, 1>0 sor-
tinde ¢=¢>0, 5=4s®-p%+y? >0 olar. Onda alariq:

22+ 25+1—2(g-9—77+1)zZ,(Z)_(5+77)2 +e+n—y° A2)=0 (4.2)
2(1-2) 2(1-z)

(4.2) vo (B.1) tonliklorinin miiqayisesindan 4y(z) va Sy(z) funksiyalar: tigtin alariq:

P (Z):Z(£+77+1)Z—25—l s (Z):(£+7])2+5+77—72 (43)
° 2(1-z7) P (z(1-2))

(4.3) miinasibatlori ils verilan funksiyalardan istifads edarak (B.7) rekurrent diisturlarina asa-
son 4,(2), A,(2), $,(2), s,(z) funksiyalar tigun tapiriq:
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/Ll(z)zﬂb(;(z)+so(z)+ﬂbg(z):2’2(1—z)’2{2(g+1)(23+1)+[(g+77)2 +te+n—yi—
226 +1)(26+2n7+3)12+ [ e+n) +Xe+n)+y° +6]2%),

s.(2)=s.(2)+5,(2)(2)= 2[(5+77)2 +g+77—2;/2][(gz+77+2)z—(g+l)]

z2°(1-2)

2o(2) = 2(2) +5,(2) + A (2)(2) = 23 (1-2) * - 2(e +1) (26 +1) (26 + 3) + |- 4(e +1)(e + 1) +
+8(2 +1)(@3e +1)(e +17) + A(e +1)7? + 24(2 +1)(2¢ +1) | +[A( + )? - (206 — 4)(e + ) -
—2(40¢ + 2y +15)(e + 1) — &g + 3) 2 —36(2¢ +1) 2 +[A(e +7)° + 24(e + 1) +
+4(y? +10) (e + ) +8(/2 +3) )

$,(2)=5](2) + S, (DA (2) =23(A-2) (e +m)* + &+ - y*12(e +D)(2 +3) (e +7)° -

(e+n)—y? =42 +3)-2(2s +1)(2s + 2+ 3)]z +[3(s +71)* +15(¢ + 1) + * +18]22}

Bu funksiyalarin ifadslarini kvantlanma sartlarinds [23-25, 29]

A () s (%)

=0, k=1,2,3-- (4.4)
A1 (X)) S (X)

6 ()=

yerine yazsagq, alariq:

2 2 2 2
5.8) = (050 (2) - 40 (0, (1) = K+ +g+"’yzil((ffz’;z+l) reen iy 45)
3,(2) =2,(2)8,(2) - 4,(2)s,(2) =
B [(£+77)2+8+77—y2][(£+77+1)2+£+77+1—;/2][(£+77+2)2+£+r]+2—}/2]
T 3@1-2)°

(—1)“11L[[(g+;7+ i) +etn+ioy?]
6 (2) = A4 ()84 (2) = 444 (2)s¢ (2) = =0

z k+1 (1 _ Z) k+1
(4.5) miinasibatlarinden

Ji+4y? -1

Eg +10 =

2
J1+4y2 -3
arhETT T (4.6)
V1+4y% =2k -1
T

voya n=4&’ - % +y* oldugundan timumi halda alarq:

1+4y2 —2n -1
gy + /€|12,_ B2+ :%. 4.7)

burada n, - radial kvant adadidir. Belalikls, (4.7) ifadasinden ¢, tigiin tapariq:

¢ :1[n’+'82_72J (4.8)

o2 n’

2
burada n'=-—n, +7\/1+427—1 - dir.

(2.16) miinasibatlori esasinda (4.8) ifadesindon vo ¢=¢>0, 5=4¢?-%+7* >0 borabersizliklo-

rindan, Nikiforov-Uvarov metodunun kémayils tapilmis | - halinda (3.16) enerjinin maxsusi
giymati va (3.12) - (3.14) berabarsizliklari ils tist-lista diisen ifadaler alinir.
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(4.2) va (B.15) tanliklorinin miiqayisesindan alariq:

2¢

S22l g N=1, me 2_1,w=(g+77)2 tetn—y2. (4.11)

t

(4.11) ifadslarini (B.17) miinasibatlorinds yerins yazsaq, o ve p {iglin tapariq:
o=2¢c+1, p=2¢c+2n+1 (4.12)

(4.11) va (4.12) ifadalarini (B.16) miinasibatinds nazers alaraq ixtiyari | halinda y, (z) funk-
siyasi

I'(2e+n, +1)

@eaD) LE (=N, , 26 +2n+1+n,; 25 +1; 2), (4.13)

X, 1 (Z) = (_1)”, C

olar, burada ,F,(-n,, 26 + 27 +1+n, ; 2¢ +1; z)- Qausun hiperhandosi funksiyasidir vo C mii-

ayyan sabitdir. ¢ = (VA gotiirsok [29], onda (4.13) ifadasi asagidaki sokls diisar:

n,!

I'2e+n, +1)

E (-n, , 2¢6+27+1+n_; 2e+1; z2) =P3¢2D(1-27
nr!F(25+1) 2 1( r 77 r ) n, ( )

X1 (2)=

va naticads radial dalga funksiyas {iciin tapariq:
Un1 (2) =Cp 2°(A—2)" P27 (1-22). (4.14)

Radial Sredinger tonliyi ii¢iin AIM ils alinan (4.14) halli NU metodu il tapilmis (3.20) hallinin
eynidir, burada 5 =,/s? - g2 +,? . Qeyd edok ki, ¢>0, 7>0 borabarsizliklorindon NU meto-

duile V, va n, ii¢lin miiayyen olunmus sortlorin eynisi, yoni (3.12) vo (3.14) barabarsizliklori

alinir.

V. Hesablamalarin naticasi vo miizakirasi

I =0 olduqda (3.16) miinasibatine asasen enerjinin masxsusi qiymatlari ti¢iin alariq:

A, \2
2ua‘V,
72

2
14 82 Wo —2n, —1}

2
2
E':—VJ—L 1[ 1+8‘“;3W0 —2n,—1] n

(3.1)

o
Qeyd edoak ki, (3.1) ifadasi [16] - daki enerjinin masxsusi qiymsatlarinin ifadasi il list-liste diisiir.
Perey va basqgalari [30] terafinden tapilmis tocriibi naticalora r, =1.285 fm, a=0.65 fm asasen Vud-
Sakson potensialinin darinliyi V, parametri V, =(40.5+0.13A)MeV =47.78 MeV vo hadaf *°Fe
niivesinin radiusu R, =r,A* =4.9162 fm kimi hesablanir, burada A niivesinin atom kiitls adad-
idir. *°Fe atom niivesinden m, =56 uva neytronden m, =1.00866 u ibarat sistemin gatirilmis
my -m,
my +m,
potensialin W darinliyinin miixtelif qiymotlerinda V, =47.78 MeV, R;=4.9162 fm, a=0.65 fm

kiitlasi p = =0.990814 u olar. Cadval 1-da radial n, ve orbital | kvant adadlerinin,

oldugda timumilagmis Vud-Sakson potensialin r,,, minimum néqtasi, bu minimum noqtasin-

n

da effektiv potensialin V,; qiymeati, slagsli hallarmn enerjisi ve ona uygun normalasmis dalga

funksiyalar1 verilmisdir.
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Sakil 1. Orbital | kvant adadinin miixtelif giymatlori {iciin normalagnus Un.i (2) dalga funksiyasmmn Z -den asililig:
o7
08
05

u,,(2)

0.4

0.3

0z I=0

0.1

u 02 04 06 0g 1
Z

Cadval 1. — don goriiniir ki, W =100 MeV vo W =200 MeV olduqda orbital kvant adadini uygun

olaraq 0<1<5 vo 0<I<6 qiymotlarinds slaqgali hallar vardir, amma |>6 ve 127 qiymotlarinds
iso olagpli hallar yoxdur. Elace ds ixtiyari | tigiin n 21 olduqda alagsli hallar movcud deyildir.

Orbital I kvant adadi ardiqca olagoli hallarin E , enerjisi do artir. Bu onunla baghdir ki, V,(r)

markazaqa¢gma potensiali hesabina sistemds slava iteloms qiivvesi meydana ¢ixir. Ona gora
da bu potensiali kompensasiya etmak {igiin slagsli hallarmn enerjisi artmalidir [6, 8, 9]. Bela ki,
alagali hallarin enerjisinin artmasi masalon, V, =47.78 MeV , R, =4.9162 fm, a=0.65 fm, n, =0,
W =100 MeV olduqda orbital | kvant adadi boyiiditkco normalasmis dalga funksiyalarimin sa-

kil 1-ds verilmis grafiki tesvirlerinin simmetrik forma almasinda 6ziinii gostarir.

VI. Noatico

Umumilasmis Vud-Sakson potensiali sahasinda ixtiyari | ti¢lin merkezaqagma potensialina
tokmillogmis yaxinlasma sxeminin komayile Sredinger tonliyinin alageli hallarmin enerjisinin
moaxsusi qiymatlari ve uygun moaxsusi funksiyalarin analitik ifadaleri tapilmisdir. Her iki —
Nikiforov—-Uvarov ve asimptotik iterasiya metodlarin kémayils enerjinin maxsusi qiymatlari
ticiin eyni ifadalar alinmis ve radial dalga funksiyalarinin ifadslarinin bir-birine ke¢masi gos-
torilmisdir. Umumilegmis Vud-Sakson potensiali iigiin enerjinin maxsusi giymati V,, W, R;, a
parametrlorinden asili olub mahdud enerji soviyyalorine malikdir, yoni kvant mexanikasi ¢or-
¢ivasinda alaqgoli hallarin tapilmasi zamani potensial parametrlarin tizarina bir sira mahdudiy-
yotlar qoyulur. Enerjinin masxsusi qiymatlori orbital | kvant adedininden asili Vi <E,;, <V,

barabarsizliyini 6dayir. Qeyd edak ki, har iki metodla n, va V, {igiin eyni bir mahdudiyyat sert-
lori almir. Miixtalif potensial sahalar iiglin enerji spektri praktiki maraq kosb etdiyinden ixti-

yari parametra nazaren enerjinin maxsusi giymatlarinin xassalarinin dyranilmasi ¢ox vacib
vo aktualdir. Illiistrasiya magsadils | va n, kvant adadlarinin miisyyen giymatlari {igiin 5Fe

niivasinin alaqpli hallarmn enerjisinin qiymsatlari hesablanmis ve onlarin tahlili aparilmigdir.

151



V.H. Badalov

Cadval 1. Radial n, ve orbital | kvant sdadlerinin, potensialin W derinliyinin miixtolif

giymeotlarinda slagali hallarin enerjisi vo ona uygun normalasmis dalga funksiyalar1
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Olava A. Nikiforov-Uvarov metodu

Nikiforov-Uvorov metodu xiisusi ortoqonal funksiyal II tortib {imumi xotti tonliklarin halli-
no asaslanir. O geyri-relyativistik Sredinger tonliyinin ve Sredinger tonliyine oxsar tonliklarin
hallinds genis istifads olunur. Bir 6l¢iilii Sredinger tonliyi ve ya II tertib adi differensial tenliklar
NU metodundan istifads edilarak asagidaki sokilds yazila bilar [20]:

-0, Al
e Uz(z)l//(z) 0 (A1)

burada o(z) vo &(z) ssason ikinci deraceden boyiik olmayan ¢oxhadliler, 7(z) birinci doro-
codan boyiik olmayan ¢oxhadlidir.

(A.1) tonliyinde

w(z)=2(2)y(z) (A2)
avozlomasini aparsaq,

o(z)y"+7(z)y'+ay =0 (A.3)
sokilli hiperhandaosi tenliyi aliriq. ®(z) funksiyasi

@'(2) _n(2), (A.4)
D(z) o(z)

loqarifmik torame kimi toyin olunur [20], burada 7(z) birinci deracodan boyiik olmayan ¢ox-
hadlidir.
w(z) funksiyasinin digor hissasi y(z) hiperhandesi tip funksiyadir ki, bu da geyd olunmus

n -lor tiglin
B, d"_ | (A.5)
y.(2)= ~L[o"(2)p(2)]
p(z)dz

Rodriges miinasibati ilo verilir, burada B, - normallasma sabitidir, p(z) -¢oki funksiyasidir.

Caki funksiyasi
%(a(z)pu»w(z)p(z) (A6)

Pirson diferensial tonliyini inteqrallamaqla hesablanir [20], burada 7(z)=7(z)+ 27(z) -dir.

Klassik ortogonal polinomlarda p(z)- funksiyasmnin Pirson diferensial tonliyini 6denmosi i¢tiin
7(z) goxhadlisi (a,b) intervalimin bazi noqtelerinds sifra barabar olmasi zeruridir ve bu inter-
valda o(z)>0 tgtn 7(z) goxhadlisinin téromasi manfi olmalidir, yoni 7'(z) < 0. Bu metod

tigtin zaruri olan 7(z) funksiyasi vo A parametri agagidaki sokilde tayin olunur [20]:

7z(Z)=6,2_;i\/(d'_;)z—&+ka, (A7)

2
A=k+7'(z). (A.8)

Digor torofden, K -nmin giymetini tapmagq ti¢lin kvadrat kokiin alindaki ifade miisyyen ¢oxhad-
linin kvadrat: olmalidir. Bu o zaman mumkundiir ki, onun diskriminanti sifir olsun. Belslikls,
Sredinger tanliyi ii¢lin enerjinin maxsusi giymsat tenliyi [20]

A=A :—nr'—ga" L (n=012,..). (A9)

(A.8) va (A.9) miiqayisasindan enerjinin maxsusi qiymoti tapilir.
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Olave B. Asimptotik iterasiya metodu

Asimptotik iterasiya metodunu asagidaki sekilds olan ikinci tertib xatti bircins adi differensial
tonliyin hollins tetbiq edak:

Y () = 20 (X)Y'(X) + 5, () y(x), (B.1)

burada A,(x) # 0, strix X -8 goro toromani ifads edir. sy(X) vo A,(X) funksiyalar: kifayat qodar

diferensiallanan funksiyalardir. Bu tenliyin timumi hallini tapmagq tigiin (B.1) tenliyinden X -o
goro toroms alaq:

y"(X) = 4 (X)y'(X) + s, (x) y(X) (B.2)
burada
A4 (X) = 25 (X) + 5, (X) + 45 (X) (B.3)

$1(X) = 8o (X) + 80 (X) A (X)

va (B.2) tenliyinden X -o gora torams alsaq, tapariq:

Y0 = 2, ()y'(X) + 5, ()Y () (B.4)
burada
Ay (X) = A1 (X) + 81 (X) + Ao (X) 4, (X) (B.5)

$,(X) = 51 (X) + S0 (X) 4, (X)

Beloliklo, (B.1) tonliyinden (k +1) vo (k +2) tortib téromo alsaq (k =1, 2,3, ---)
y D () = 4, () Y'(X) + S, (X)Y(X)

y®2 () = 4, ()Y (%) + 5, (X)y(X)

olar, burada

A (X) = A g (X) + 84 (X) + Ao (¥) A4 (X) (B.7)
S (X) = 841 (X) + 55 (X) 4y 4 (X)

(B.6)

(k +2) vo (k+1) tortib toramslarin nisbatinden tapariq:

s, (X)
A ' .
0 o oy Y200 AOOY00+5, 00y (X){Y(XH A () Y(X)} (B8)
ax Y O e = A Y (0 + 5a (000
YT Ay k-1(X)Y Akl(x){y’(x)ﬂh 81 (%) y(x)}
Ay (X)
Ogor k >0 olarsa, K -nin kifayat qodar boyiik giymatlorinda
(X)) s (%)
5 () = =0, k=1,2,3 - (B.9)
<X A1 (X)) 54(X)
kvantlanma sortinds a(x) {igiin aliriq:
Sk (X) _ Sk—l(X) _a(x) (B.].O)

A0 A (0
(B.10) ifadasini (B.8) miinasibatinde nazars alib ve naticads 4, (x) funksiyalari tigiin aliriq:

A() A +s5 )+ 004,00 A (X)) s (X) + 2y(X)=

i (k+1) _
x |n[y (X)] = lk,l(x) - /’Lk—l(x) - ﬂ'k—l(x) ﬂkfl(x) (Bll)

%ln[ﬂm(x)]m(x) + 25()
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Beloalikls, (B.1) tonliyinin timumi hall1 tigiin tapariq:
YD () = C iy, () expl[ (0 + 2o (01x) (B.12)

burada C; inteqrallama sabitidir. (B.12) —ni (B.6)-da yerine yazsaq, birinci tortib adi diferensial
tonlik aliriq:

e ()Y(X) + 5, (X)Y(X) = C, 2, (x)expl] [ x) + 4, (x)]dx)

B.13
Y'(X)+a(X)Y(X)=C1eXP(J[O!(X)JFﬂo(X)]dX) ( )
Noticada (B.13) tanliyinin timumi hallini tapalir:
y(x) = exp(— Ia(x)dx){cz + Cl_[exp([[/lo () + 2a(x)]dx)dx} (B.14)

AIM —ds asas ideya verilmis potensial iigiin radial Sredinger tonliyini (B.1) tonliyi sokline sal-
maqdir. Sonra A4 (X) ve Sy(X) funksiyalarim toyin edib, (B.7) rekurent miinasibatlorindon is-

tifado edoraq S, (X) ve A, (X) parametrlorini hesablamaqdir. Ogor qoyulmus moasslo deqiq

hall olunandirsa, (B.10) kvantlanma sertindan istifads edarek enerjinin maxsusi giymoti tapilir.

Forz edak ki, imumi sakli

y”(x):Z{ txNH _m+1Jy,(X)_ wxN y09 (B.15)

1—bxN*? X 1—bxN*?

ikinci tortib xatti bircins adi diferensial tonlik kimi olan radial Sredinger tonliyini hall etmak
lazimdir, burada t, m ve w ixtiyar: sabitlardir. (B.15) tenliyin doqiq halli asagidaki kimidir:

Y.(X)=(~1)"C(N +2)"(c), ,F.(=n, p+n; o; bx"?). (B.16)

Burada asagidaki isaralomolarden istifade olunmusdur:

(©), = F(FU(;)n) o= Zm,\TJ,:I;?)' _ (ZTN+1)t2)); 2t . (B.17)
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ABSTRACT

The paper analyzes dependences of kinematic viscosity of water solutions of polyethylene glycols (PEG) of

various molecular weights in the temperature range of 293.15-323.15 K and concentrations range of 1% 5%. The

root-mean-square distance between the ends of the polymer chain is calculated from the values of the intrinsic

viscosity in the @ -solvent. It has been established that the size of the macro-molecule polyethylene glycol depended
on the molecular mass and temperature of polyethylene glycol. Exactly, the size of the macro-molecules of the po-
lyethylene glycol was increasing with increase of the molecular mass of the polymer and decreasing with increase
of the temperature. Furthermore, in water solutions of the polyethylene glycol (PEG) it was possible to measure
the length of water solvent of Kuhn segment at different temperatures. Comparison of the lengths of Kuhn segment
indicated that polyethylene glycols can be thought of as they are polar polymers.

Key words: water solutions, polyethylene glycol, intrinsic viscosity, swelling.

SULU MOHLULLARDA POLIMER MAKROMOLEKULUNUN
OLCULORININ REOLOJi METODLARLA TOYINi

XULASO
i§da molekul kiitlalari 1000, 1500, 3000, 4000 va 6000 olan polietilenglikolun sulu mahlullarmin 293,15-323,15 K
temperatur vo 1- 5% konsentrasiya intervalinda kinematik &zliiliiyii tadqiq edilmisdir. Kinematik zliiliiytin tacriibi

giymatlarins asasan baxilan molekul kiitlali polietilenqglikollarin sulu mahlullarinin tedqiq olunan temperatur in-
tervalinda xarakteristik o6zliiliiyti, @ -halledicids xarakteristik ozliiliiyii, polietilenglikol makromolekulunun yu-
magimnin sisma daracasi, polietilenqlikol zencirinin uclar arasindaki orta kvadratik mesafe hesablanmigdir. Miisyyen
edilmisdir ki, polietilenglikol makromolekulunun &l¢iisti polietilenqlikolun molekul kiitlasinden ve temperaturdan
asilidir. Belo ki, makromolekulun 6lgiisii polimerin molekul kiitlosinin artmasi ile artir, temperaturun artmas ilo
azalir. Homginin, polietilenglikolun sulu mahlulunda miixtslif temperaturlarda Kun seqmentinin uzunlugu teyin
edilmigdir. Kun seqmentinin uzunlugunun qiymatinin miiqayisasi onu gostarir ki, polietilenglikolu miitsharrik
polimerlars aid etmak olar.

Acar sozlar: sulu mahlul, polietilenglikol, xarakteristik 6zliiliik, orta kvadratik masafe, sisma.
OIIPEAEAEHUE PASMEPOB MAKPOMO/AEKY A ITIOANUDTUAEHT ANKO 51
B BOAHBIX PACTBOPAX METO40M BUCKO3VMMETPUSI
PE3IOME

I/ICCAe,Zl,OBaHLI 3aBUICIMOCTY KMTHEMAaTU4IeCKOI BSI3KOCTU BOAHBIX pacTBOpPOB HOAUBTUAEHTAUKOAEN paBAI/I‘IHOIZ

2l 2
MOAeKyAsIpHOII Macchl B MHTepBaje Temriepatyp 293,15 -323,15 K u xonrentparmit 2 55. CpeanexBagpaTiaHOe

-

paccTosHMe MeXAy KOHLIaMU LIeMM IoAMMepa PacCdMTaHO I10 3HAYeHUAMU XapaKTePUCTUIECKON BSI3KOCTU B 0-
pacrtBopuTtese. bpla0 ycTaHOBAEHO, YTO pa3Mep MaKpO-MOAEKYyA IIOAUSTUAEHIAUKOAS 3aBUCUT OT MOAEKYASPHOM
Macchl U TeMIIepaTyphl HOAUDTUACHIAUKOAA. Tak pasMep MaKpo-MOAeKya ITOAUDTUAEHIAUKOAS yBeAUdUBaeTCst
C yBeAMYEeHNEeM MOAEKYASPHOI Macchl IIOAMMEpPa 1 yMEHBIIIAeTCsl C POCTOM TemIleparypbl. KpoMe Toro, B BOAHBIX
pacTBOpax IMOAMDTIAEHIANKOAS OblAa paccanTaHa AAnHa cerMeHTa KyHa rpu pa3anmdsbix Temneparypax. CpasHeHme
3HaueHMit AavH cerMenTa KyHa nokasbisaeT, YTO HOAMDTUAEHIAMKOAN MOTYT OBITh OTHECEHBI K ITMOKIM ITOAMMepaM.

Kalouessnie caoBa: BOAHbBIE PACTBOPBDI, IIOANDTNACHIANKOAD, XapaKTepUCTIIeCKasI BI3KOCTh, Ha6yXaHI/I}I.
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Giris

Polyar qrupa malik olan polimerlar, masoalon, PEQ (HO - (-CH, -CH, -0-), - H ), suda hall oldug-
da, PEQ molekullar1 ils su molekullar1 arasinda yaranan qarsiligh tasir hesabimna ham suyun
xassoalori, ilk novbada suyun strukturu, hom ds polimer makromolekulunun konformasiyasi
va Olgiisii dayisir. Tabiidir ki, mahlulun termodinamik xassalari asasen polimer makromole-
kulunun xassalari ils teyin olunur. Mahlulda makromolekulun struktur xarakteristikalar1 onun
konformasiyasi, zoncirin uclar1 arasindaki orta kvadratik masafs, hidratlagsmasi ve s. ola bilar.
Odobiyyatda miixtalif fraksiyali PEQ-in sulu mahlulunun tadqiqine dair kifayat qodar islor
var [1-10]. Polimerin suda hallolmas: temperaturdan kaskin asilidir. Bels ki, PEQ-in suda hall-
olmasinin temperaturdan asiliifinda hallolmanm yuxar1 (HYKT) ve asag1 (HAKT) kritik tem-
peraturlar1 miisahids olunmusdur [1, 2]. Tedqiqat islarinin akseriyystinda [1-3] PEQ-su siste-
mina baxilmisdir. Bir sira islards [4-6] PEQ-su-duz sistemlarina do baxilmisdir. [4, 5] islorinds
gostorilmisdir ki, PEQ-in sulu mehluluna KF, KCI, KBr duzlarin slave etdikde molekulyar
yumagin hacmi ve @-temperaturu azalir. Hom do duzlarin tesirine gore KBr <KCI<KF ar-
dialligina malik olurlar. [6]-isinde NaF, NaCl, Nal duzlarinin tesirine baxilmigdir. Bu isde
do duzlar tesirine géra Nal <NaCl<NaF ardiailligina malik olurlar. Gosterilen iglorin miial-
liflari aldiglar1 naticalari kationlarin ve anionlarin suya strukturlasdirici tesiri ils izah edirlar.
[7,8] islorinde PEQ-su ve PEQ-su-duz sistemlarinde PEQ makromolekulunun konformasiyasi
va Olclisti todqiq edilmisdir. [9] isinds PEQ-su ve PEQ-su- KOH sistemlorinds mehlulun 6zli
axmiin aktivlesme parametrlarinin PEQ-in konsentrasiyasindan asilii$1 tedqiq edilmisdir.
Gostorilmisdir ki, PEQ ham suya, hoam da su- KOH sistemina strukturlagdiric1 tesir gostorir.
Hamin isin davami olaraq, bu isde magsadimiz PEQ-in molekulyar kiitlesinin, konsentrasiya-
sinin ve temperaturun PEQ makromolekulunun 6lgiistina tasirini aragdirmaq olmusdur.

Noazari hisso

Tarazliqda yerlagan, yoni hayacanlanmamis polimer makromolekulunun 6l¢iisiinii tayin et-
moak tictin @-hslledicids xarakteristik 6zluliiytin qiymatindan istifads olunur. Qeyd edak ki,
0 -halledici el hallediciya deyilir ki, homin halledicids polimerin hallolmast zaman: yaranan
mohlulda miimkiin ola bilacok biitiin qarsiliql tssirler bir-birini kompensasiya etmis olur. &
-halledicida termodinamik tarazliq yaranir ve polimer molekulu hayacanlanmamis halda olur.
Tobiidir ki, bels halledicini praktiki olaraq almagq tigiin lazim olan saraiti (tozyiq, temperatur
va s.) se¢gmak oldugqca ¢atindir. Noazariyyolor isa @-holledicide qurulur [10]. Bels nazariyyolor-
don biri de Flori nazariyyesidir [10]. Flori nazeriyyasine gora @-hslledicido xarakteristik 6z-
liliik ([77]9 ) asagidaki kimi toyin olunur:

—,\3/2
[77]9 =0, (hglv? =K,M v (1)

Burada @ ,-Flori amsalidir, xarakteristik 6zliltik d vahidlori ilo 6lciildiikde @, =2,1-10%°
q

=2 U2
giymsatins malik olur, (hgz)l -zancirin uclar1 arasindaki orta kvadratik masafs, K, -8 -sabiti,

M -polimerin molekulyar kiitlosidir.

(1) ifadesinden goriindiiyii kimi, (ﬁ; )1/2 -n1 tayin etmok ticiin K,-n1 vo ya [77]9 -n1 tapmagq la-

zimdir. Qeyd etdik ki, @-hslledici olmadigindan [77]9 -n1 hesablamaq miimkiin deyil. Lakin

158



Determination of Sizes of Macromolecules of Polyethylene Glycol in Water Solutions by Viscosimetry Method

yaxs1 hoalledicide (masalon su PEQ {igiin yaxs1 halledicidir) xarakteristik ozliiliiyti 6lgmaklo
K, -n1 toyin etmok olar. Yaxs1 halledicide 6zliiliik olgiilorine gors tapilan xarakteristik ozliiliik

[77] ilo K, arasinda slage yaradan goxlu sayda ifadalar var [10]. Masalen, Stokmayer-Fiksman

diisturunda [77] ilo K, arasinda slages asagidak: kimidir:

dnl _ 2
K +0,5180,vVM @

Burada B -uzaga tesir parametridir vo litrls olgiiliir. (2) ifadesindan istifade etmak {igtin veril-

mis temperaturda (masalon 20°C -ds) gotiiriilmiis polimerin (masalon molekulyar kiitlasi

1000_9_ olan polimer) [77] xarakteristik Ozliliiyli tayin olunur. Sonra (2) ifadesine asasen
mol

% _ (v asthlig1 qurulur. Aliman diiz xattin VM -0 ekstrapolyasiyasindan 20°C -da K,-nin
giymeoti tapilir. Bu yolla digar temperaturlarda da K,-nin giymeti tapilir. K,-nin qiymatini

bilarak (1) diisturuna asasen [77]9 Vo sonra (ﬁ; )1/2 hesablanur.

Mbohlulda makromolekulun konformasiyas: sisma (&) ve Kun seqmentinin uzunlugu (A)
kimi parametrlorlo do xarakterizo olunur. Polimerin makromolekulu yaxs: halledicide a qo-
dor sisir. Bu halda xarakteristik 6zliiliik asagidaki kimi tayin olunur [10].

=0, BS 3)

M
(1) vo (3) ifadalorinin miiqayisesinden

s In]
L “

ifadesi alinir.

(2

Makromolekulun miitsharrikliyini arasdirmaq magsadilo Kun seqmentinin uzunlugu hesab-
lanir

N (ﬁ;) =M ﬁ 2/3

nl, Lo,
Burada HHZ -zancirin uclari arasindaki orta kvadratik mesafa (A2), n-makromolekulda olan tok-
rarlanan halgalarin sayi, |,-tokrarlanan halgamn kontur uzunlugudur (A). [12] isinde PEQ
makromolekulunda tekrarlanan —CH, —CH, —O - halqasinin kontur uzunlugu tigtin |, = 2,3614

alinmisdr.

Tacriibi hissa

1§da molekulyar kiitlasi 1000, 1500, 3000, 4000 va 6000 olan PEQ-in sulu mahlulunun 293,15-
323,15 K temperatur vo 1-5 % konsentrasiya intervalinda kinematik ozliiliiyti 6l¢tilmiisdiir.

Istifads olunmus PEQ-lar kimyavi temizdirler ve mahlullar bidistillo olunmus su ils hazirlan-
migdir. Olgiilor diametri 0,54mm olan SMV-2 viskozimetrinda aparilmigdir. Mayenin axma

miiddeti +0,01san daqiglikls tayin edilmisdir. Olgiilon kinematik dzliilityiin qiymatlori cod-
voal 1-ds verilmigdir.
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Cadval 1. Miixtalif molekulyar kiitlali PEQ-in sulu mahlulunun 293,15-323,15 K

2
a4 o . T L
temperatur vo 1 5dI konsentrasiya intervalinda kinematik ozluluyu( " san |

c,%,T,K 293,15 298,15 (303,15 (308,15 313,15 318,15 323,15

0 1,0038 | 0,8928 | 0,8008 |0,7234 | 0,6578 | 0,60 |0,5537
I15I'-1000

1 1,044 | 0,927 | 0,829 | 0,748 | 0,678 | 0,620 | 0,569

2 1,099 | 0974 | 0,868 | 0,781 | 0,703 | 0,641 | 0,589

3 1,158 | 1,027 | 0,907 | 0,816 | 0,732 | 0,668 | 0,610

4 1,240 | 1,095 | 0,964 | 0,862 | 0,768 | 0,697 | 0,635

5 1,330 | 1,168 | 1,020 | 0,911 | 0,804 | 0,729 | 0,662

I12I-1500

1 1,059 | 0,941 | 0,844 | 0,763 | 0,693 | 0,634 | 0,583
2 1,132 | 1,005 | 0,901 | 0,812 | 0,739 | 0,676 | 0,621
3 1,216 | 1,080 | 0,967 | 0,872 | 0,793 | 0,726 | 0,666
4 1,322 | 1,167 | 1,048 | 0,947 | 0,858 | 0,782 | 0,718
5 1,443 | 1,275 | 1,141 | 1,030 | 0,933 | 0,852 | 0,781
I15I'-3000
1 1,081 | 0,961 | 0,862 | 0,778 | 0,707 | 0,647 | 0,595
2 1,174 | 1,044 | 0,937 | 0,843 | 0,765 | 0,701 | 0,644
3 1,294 | 1,150 | 1,020 | 0,925 | 0,839 | 0,760 | 0,698
4 1,415 | 1,259 | 1,129 | 1,011 | 0,914 | 0,838 | 0,769
5 1,574 | 1,395 | 1,246 | 1,115 | 1,008 | 0,919 | 0,843
I121'-4000
1 1,098 | 0,975 | 0,874 | 0,788 | 0,716 | 0,654 | 0,601
2 1,212 | 1,074 | 0,961 | 0,865 | 0,784 | 0,715 | 0,657
3 1,344 | 1,190 | 1,063 | 0,955 | 0,864 | 0,786 | 0,721
4 1,504 | 1,326 | 1,182 | 1,060 | 0,956 | 0,868 | 0,795
5 1,674 | 1,473 | 1,315 | 1,174 | 1,060 | 0,959 | 0,878
I12I-6000
1 1,159 | 1,029 | 0,920 | 0,829 | 0,752 | 0,687 | 0,630
2 1,354 | 1,198 | 1,068 | 0,959 | 0,866 | 0,789 | 0,724
3 1,591 | 1,405 | 1,250 | 1,123 | 1,012 | 0,920 | 0,830
4 1,863 | 1,643 | 1,457 | 1,299 | 1,166 | 1,057 | 0,958
5 2,186 | 1,922 | 1,697 | 1,514 | 1,353 | 1,226 | 1,111

Kinematik ozliiltiyiin codval 1-ds verilon giymatlarine asasen PEQ-in sulu mahlulunun [77]

xarakteristik 0zliiliiyli hesablanmisdir (codval 2).

Cadval 2. Miixtalif molekulyar kiitlali PEQ-in sulu mahlulunun

dl
miixtalif temperaturlarda xarakteristik ozliiliiyii [[77] E] .

T, K |113r-1000 | I19r-1500 | [I3I-3000 | IT3T-4000 | II9I-6000
293,15 | 0,0341 0,0471 0,0675 0,0837 0,1343
298,15 | 10,0331 0,0467 0,0674 0,0824 0,1325
303,15 | 0,0310 0,0466 0,0672 0,0817 0,1299
308,15 | 0,0301 0,0465 0,0670 0,0803 0,1277
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313,15 | 0,0273 0,0463 0,0666 0,0794 0,1257
318,15 | 0,0266 0,0463 0,0665 0,0780 0,1240
323,15 | 0,0255 0,0460 0,0663 0,0774 0,1216

Cadval 2-ds verilon giymatlars asasen (2) ifadasinden istifads edarak, nazari hissads sorh olu-
nan qayda tizra, @-konstant K, hesablanmisdir (cadval 3).

Cadval 3.PEQin sulu mahlulu iiciin & -konstant K o -nin temperaturdan asilihig

T,K 293,15 (298,15 303,15 [308,15 |313,15 [318,15 |323,15

dl
K,-10', = | 6,69 6,48 6,04 5,98 5,24 5,21 5,03

q

K, -nin giymaotini bilorak (1) ifadasinden istifade edarok avvalco @-halledicida [77]9 xarakteris-

tik ozliiliik (cadval 4), sonra (4) ifadasine asason makromolekul yumaginin ¢ sismo doaracasi
(cadval 5) hesabianmisdir.

Cadval 4. @ -holledicido PEQ-in mohlulunun xarakteristik dzliiliiyii ( 7], dy,
q

T,K II27-1000 | IIDI-1500 | IIDI-3000 | IIDI-4000 | IIDI-6000

293,15 0,0212 0,0259 0,0366 0,0423 0,0518
298,15 0,0205 0,0251 0,0355 0,0410 0,0502
303,15 0,0191 0,0234 0,0331 0,0382 0,0468
308,15 0,0189 0,0232 0,0328 0,0378 0,0464
313,15 0,0166 0,0203 0,0287 0,0331 0,0406
318,15 0,0165 0,0202 0,0285 0,0329 0,0404
323,15 0,0159 0,0195 0,0276 0,0318 0,0390

Cadval 5. Mahlulda PEQ makromolekulunun sisma amsali (& )

T,K | 1®r-1000 | Mor-1500 | Mr-3000 | II9T-4000 | IIDT-6000

293,15 1,173 1,220 1,226 1,255 1,373
298,15 1,173 1,230 1,238 1,262 1,382
303,15 1,175 1,258 1,266 1,288 1,405
308,15 1,167 1,261 1,269 1,285 1,402
313,15 1,181 1,317 1,325 1,338 1,458
318,15 1,173 1,319 1,326 1,333 1,454
323,15 1,170 1,331 1,340 1,345 1,461

Cadval 5-den goriindiiyti kimi, temperaturun artmasi ilo makromolekulun sismasi ds artir. Ye-
qin ki, bu onunla slagadardir ki, temperaturun artmasi ile PEQ va su molekullar1 arasindaki
qarsihigh tasir zaiflayir. Naticods makromolekul yumag: daha ¢ox agilir ve su molekullar: on-
dan asan kego bilirlor.

K,-nin giymotlorini bilorok PEQ molekulunun zencirinin uclari arasindaki orta kvadratik
. (T2 W2 . .
masafsi (hHZ)L (1) ifadesinden hesablanmisdir (codval 6).
Cadval 6. Mahlulda PEQ molekulunun zancirinin uclari arasindaki orta kvadratik masafo ((ﬁ; )” 2 A)

T, K | 119r-1000 | II9r-1500 | II5r-3000 | III-2000 | IIDT-6000

293,15 46,5 57,0 80,6 93,1 114,0
298,15 46,0 56,4 79,7 92,1 112,8
303,15 45,0 55,1 77,9 90,0 110,2
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308,15 44,8 54,9 77,7 89,7 109,8
313,15 42,9 52,5 74,3 85,8 105,0
318,15 42,8 52,4 74,1 85,6 104,9
323,15 42,3 51,8 73,3 84,6 103,7

Cadval 6-dan goriindiiyii kimi, temperaturun artmasi ila molekul zancirinin uclar1 arasindaki
mosafe azalir.

Mshlulda polimer makromolekulunun konformasiyasimin miisyyen bir formaya malik olma-
sinda molekul zancirinin sartliyinin ve miiteharrikliyinin boyiik rolu var. Makromolekul zan-
cirinin sartliyini ve miitaharrikliyini xarakterizo edon an vacib parametr Kun seqmentinin
uzunlugudur (A, A). Sgar zencir olduqca miitsharrikdirss, onda Kun seqmentinin uzunlugu
bir halqanin kontur uzunluguna barabar olur, ager zancir olduqca sartdirss, onda zancirin tam
uzunlugu L -a barabar olur. (5) ifadssi ilo hesablanmis Kun seqmentinin uzunlugu cadval 7-
da verilmisdir.

Cadval 7. PEQ-in sulu mohlulunda miixtslif temperaturlarda Kun seqmentinin uzunlugu (A, A)

T,K |293,15 |298,15 303,15 |308,15 |313,15 (318,15 (323,15
A A | 404 | 395 | 377 | 375 | 343 | 342 | 334

Cadval 6-dan goriindiiyii kimi, Kun seqmentinin uzunlugu polimerin molekulyar kiitlssindan
asili deyildir, lakin temparatirin artmas: ile 40,4 A-don 33,4 A-o kimi azalir. PEQ-in sulu moah-
lulunda Kun seqmentinin uzunlugu <100 A kigik oldugundan, PEQ-i miiteharrik polimera
aid etmok olar.
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ABSTRACT
The paper presents the results of an investigation of the current-voltage characteristic in ternary compounds
of the type A"B" C}" and solid solutions TlIn, ,Ln,C}" obtained on their basis, with partial substitution of indium
atoms and lanthanide atoms in the TIInC}' lattice. It was revealed that these crystals have switching properties

with memory, i.e. starting from a certain value of the voltage, the sample jumps from the high-resistance state to
the low-resistance state. Partial substitution of indium atoms lanthanide atoms in the TIInCX' lattice, the threshold

voltage decreases. With decreasing temperature, the threshold value of the voltage increases, and the characteristics
become pronounced S-shaped.

Key words: switching effect, the threshold voltage, Tlin_, Ln C}'solid solutions, S-shaped, current-voltage
characteristics.
BOABTAMITEPHBIE XAPAKTEPUCTUKU CIT1ABOB CICTEM TIInCX' —TILnC;/ !

PE3IOME

B pabote m3aaraiorcst peayabTaThl UCCA€AOBaHMS BOAbTaMIIEPHON XapaKTepUCTUKY B TPOMHBIX COeAVHEHIIAX
tura ABUCY! 1 TBepapIx pactsopax Tlin . LnxC;” , HOAYYEeHHBIX Ha MX OCHOBE, IIPU YaCTMYHOM 3aMeIlleHNM aTo-

MOB MHAYS, aTOMaMI AaHTaHOMAOB B pereTke TIINCz2V.

BrLs1BA€HO, YTO DTU KPUCTAAABl 001a4aI0T IePEKAIOYAIOIIMI CBOVICTBAMIU C IIaMSITBIO, T.e. HAUNMHasI C OIIpe-
A€/eHHOTO 3HaueHNs HaIlpsDKeHs oOpaser] CKauKooOpasHO, ITIePEXOAUT 13 BBICOKOOMHOTO COCTOSIHMSI B HU3KOOM-
Hoe. ITpu yacTMIHOM 3aMeIIeHNy aTOMOB MHAVA aTOMaMU AaHTaHOMAOB, B pemteTrkax TIInC2V! moporosoe Hampsi-
>xeHne yMeHsmaeTcsl. C yMeHbIIIEeHIEeM TeMIlepaTyphl IIOpPOTOBOe 3HaYeHUe HallpsKeHNs YBeANJUBaeTcs, U Xa-
PaKTePUCTVKI CTAaHOBATCSI SIPKOBBIPAsKEHHON S-00pa3HOI POPMBL.

Katouesbie caoBa: 5pexT nepexaiouenns, MoporoBoe HarpssKeHns1, TBepAble pactsopsl Tlin,_ Ln,CY', S-
00pasHoI pOPMBI, BOABTaMIIEPHBIE XapaKTePUCTUKIL.
TlinC}"' —TILnC}" LAYLI SISTEMLORIN VOLT- AMPER XARAKTERISTIKALARI
XULASS

Verilmis isdo AMBUC:2V!tip tigqat birlogsmalorinin ve TIInCzVikristalik gafaslards 3 valentli indium atomlarinin 3
valentli lantanoidlarle qismen avez edilmasi ilo alman TlIn ,LnCY bark mahlullarinin volt — amper xarakteristi-

kalariin tadqiqinin naticaleri verilmisdir.

Askar edilmisdir ki, bu kristallar yaddash ¢evirma xassasine malikdirlar, yoni, gerginliyin miisayyen qiymsatin-
dan etibarean niimunalar sicrayisla yiiksak miiqavimstli haldan asagi miiqavimatli hala kegir. TIInC2"! kristallik
gafaslerinds Indium atomlarmin lantanoidlarle avez edilmasi zamani gevirmenin bas verdiyi astana garginliyi azalir.
Temperaturun azalmasi ile astana garginliyinin qiymeti artir ve xarakteristikalar aydin ifade olunmus S - & banzar
formada almur.

Acar sozlar: cevirmso effekti, astna garginliyi, S - o banzar forma, TlIn LncCY bark moahlullari, volt- amper

xarakteristikalari.

BBeaenue

OrtkpoiTe a¢pPexTa nepekAodeHns B XaAbKOTeHMAHBIX II0AYIIPOBOAHMKAX U pa3dpaboTKa Ha
11X OCHOBe IepeKAI0Jaloiux mpnuoopos [3, 8, 11, 12, 26] 1mocay>kmao TOAYKOM K IleAeHarpas-
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A€HHOMY M3Y4YeHMIO BOAbTaMIIePHBIX XapakTepucTuk (BAX) moaynpoBogHMKOB CAOXKHOTO
cocrasga [5, 10, 15, 16].

Vcnoab3oBanue OAyIIPOBOAHMKOBLIX ITPMOOPOB, ITPMHIUII paOOThI KOTOPHIX CBsI3aH ¢ 9¢Pek-
TOM IlepeKAIOUeHIUs AU NpuOopoB ¢ oTpuniateabHbM conporusaennem (OC), mospoaser
3HAYMTeABHO YIIPOCTUTH CXeMHbIe PellleHIs], Tak Kak oOpaTHasl CBsA3b OCYIIIeCTBASETCs He BHelll-
HIMM 1IeIIIMI, @ cCaMUM ITpuOopoM, H6aarojaps HaAMYMIO BHYTPeHHel IO0A0XKUTeAbHO 00-
paTHoI1 cBsasu. ITosTomy npumenenne rpudopos ¢ OC gaeT BO3MOKHOCTb 3HaUUTeAbHO ITOBBI-
CUTb Haje>XKHOCTb IIPU OAHOBPEMEeHHOM CyIeCTBeHHOM COKpallleH!! radbapuToB, Macchl pa-
AV0DAeKTPOHHOI alrnapaTyphbl ¥ CHVYKeHMs oTpebasemoit MomtHoctu. Hanboaee noanoe
npeumyiectso nproopos ¢ OC mposBASIOTC MPU UCIIOAB30BAHUM UX B MUKPODAEKTPOHMKE.
IToaynposoannkoseie puOopsl ¢ OC sABASIOTCS MO CyIIeCTBY 9A€MeHTapHBIMU TBEPABIMU
(YHKIIMOHAaABHBIMM CXeMaMI, Tak Kak O4arogaps Haanauio OC OHM MOTYT BBIIIOAHATDH (PYHK-
UMM yCUAUTEARI, TeHepaTopoB, IpeoOpa3oBareaeit i T. II. 45 9TOro K HUM OOBIYHO A0CTa-
TOYHO NPUCOeAVHUTD Harpy3Ky U MCTOYHMK nuTanus. Co3jas B O4HOM I1AacTUHE OAYIIPO-
BOJAHMKA HeCKOAbKO mpubopos ¢ OC 1 ocyIecTBUB MeXAy HUMU OOBbeMHYIO CB3b, MOXKHO
110Ay4YHUTh OOAee cA0XKHbIe PYHKIIMOHaAbHbIe cxeMbl [6, 11, 18, 19, 22, 23, 26].

OcHOBHEBIE ITpeNMYIIecTBa NOAYIPOBOAHUKOBBIX IIepeKAIoJaTeaeil cAeAyIome: CuMMeTpud-
HOCTb BAX, 4TO 1103B0AsI€T IPOMU3BOANUTE IIePeKAI0UeH e He3aBICHMO OT ITOASPHOCTY CUTHaAa,
9} PeKT maMATH, T. €. HAXOAUTLCS B AI0OOM 13 ABYX BO3MOXKHBIX COCTOSIHUII HEOTpaHNYeHHO
AOATO P OTKAIOYEHUM OT MCTOYHUKOB nuTaHus. Haanmune nepexarodenns ¢ mamAThiO Om-
peJeAsieTcsl COCTaBOM aKTMBHOTO MaTepuada U 9AeKTPUUeCKUM PesKIMOM IlepeBoja Ipudopa
U3 OAHOTO COCTOSAHMA B Apyroe. HedyBCcTBUTEABHOCTL K YPOBHAM paguialiviy, IIPU KOTOPBIX
OuIoAspHBIe TPUOOPHI BHIXOAAT U3 CTPOSs, IIPOCTOTA KOHCTPYKLIMM ¥ BO3MOKHOCTh COBMe-
IJaTh TeXHOAOTUIO CO3JaHIs IlepeKalouaTeaeil C TeXHOAOTMel TMOPUAHBIX ¥ MOHOAMTHBIX
VHTETPaAbHBIX CXeM BBI3BIBAIOT OOABIION MHTepec K TaKUM IprOOpaM, a OrpaHINYeHHOe 91CA0
IepeKAIOYeHNI SBAsIeTCs O0IIel IIpo0AeMOli TaKOTO Poja YCTPOIICTB M BpeMEeHHBIM IperLiT-
CTBUIEM A5 MACCOBOTO IPUMEHEHNS X B TEXHUKE.

OcoOp1it nHTEepec BhI3bIBaeT DPQeKT IMepeKArUeHs ¢ aMAThIO. Takue repexaroyeHns ycTo-
YYBBI B 3aKPBITOM U OTKPBITOM COCTOSIHUAX ITPU CHATUM C HUX HaIIpsKeHus. VI3roToBaeHHbIN
IIpUOOP HAXOAMUTCS B BICOKOOMHOM COCTOAHUM. DPPeKT POPMOBKM, B OTANYNE OT IIePeKAIO-
garteaeil Oe3 MaMsTH, OTCYTCTBYeT. DPPeKT IepeKAIUeHNs ¢ IIaMAThIO HacTylaeT Py OIpe-
Ae/eHHBIX 3HaUeHIsIX BpeMeH! U aMILAUTYABI IIPOXOASAIIETO Yepe3 DAeMeHT TOKa B OTKPBITOM
COCTOSIHMM, @ €T0 MeXaHM3M CBs3aH C OOpaTHBIM (Pa3OBBIM IIEPEeXOJO0M CTeKAO-KPUCTaAal B TO-
KoBoM KaHaze [1,2,4,5,7,9, 13, 14, 17, 20, 21, 24]. IlosTOMY C L1eAbI0 0OecIiedeHs1 BLICOKO
HaAe>KHOCTU pabOTHI 9A€MEHTOB IIaMATH PeKOMEHAYeTCsl 00ecIIednTh TaKOM pesKIM DKCIIAY-
aTaluy, Koraa peaansyeTcs 6oaee MPOCTOI Ilepexos CTeKA0-KpUcTaaAl. Sueliky maMs Ty, Kak
IIOKa3aHo B [26] IT03BOASIOT HOAHATL paboUyIO TeMIepaTypy, oOecriednTs IposedeHne GpoTo
autorpapuu. Vsyyenne BAX 1ospoasier OHATL IPUYMHBEL PE3KOTO M3MEHEeHUs DAeKTPOIl-
POBOAHOCTH UCCAeAYyEeMbIX OOPa310B IIPU Iepexoe UX U3 COCTOSHMNS BBICOKOTO COIIPOTUBAe-
HILSI B COCTOSIHME BBICOKOM IIPOBOAMMOCTH, a TaK>Ke IMPUYMHBL, IPUBOASIIVE K M3BECTHOIN He-
CTabMABHOCTM TIOPOTOBHIX IIepeKaAiodaTeaell U pa3paboTaTh IHpUOOPHI CO CTaOMABHOCTBHIO
IIOPOTOBOTO HamIpsiKeHMs He XyxXe 1-2%. DTu akryaabHble 3a4a4dyl K HaCTOAILIEMYy BpeMeH!
elle He MMeIOT y40BAETBOPUTEABHOTO PeLIeHNsL.

ITpuGopsr ¢ OC kaaccuuupyiorces 1o popme BOAbTaMIIEPHBIX XapaKTePUCTUK, KOTOpbIe
MOTYT OBITh ABYX BUAOB: a) XapakTepuctuku N-TuIa, yrpasasgeMple HalpsKeHUeM U Heo -
HO3HAYHBIE 110 TOKY; 0) XapaKTepPUCTUKYU S -TUIIA YIPaBAsSeMble TOKOM U HEOAHO3HATHbIE TI0
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HanpspKeHnio. OAHUM 13 O0ABIINX IIpenMylrecTs pudopos ¢ BAX S -tuma sBaseTcs ToO,
94TO OHM 004a4aI0T DKBMBAaA€HTHO peaKTMBHOCTBIO MHAYKTUBHOIO XapakTepa. [TosTroMmy aas
CO34aHMs Pe30HAHCHOM CUCTeMBI K HUM AOCTaTOYHO ITOAKAIOYNTD BHEIITHIOIO €MKOCTh, KOTO-
past MO>XKeT ObITh A€TKO peaan3oBaHa MUKPO3AeKTPOHHEIMU MeTogamu. Kpome ncrnoan3osa-
HIS B KadecTBe (PYHKIIMOHAABHBIX DAeMeHTOB, puoopsl ¢ OC S -Tuma MoxxHO IIPUMEHSATD
KaK JaT4MKU CBeTa, MarHMUTHOIO 10451, AaBAeHus 1 T.4. Yuyactok OC na BAX amoza mosket
00pa3oBaThCsl TOABKO IIPpY HaAWYMY BHYTPpeHHell II0A0KUTeAbHOM 00paTHOM cBa3u. Jas anosa
¢ BAX S -Tuma 10 2045KHa OBITH [OAOKUTEABHAS oOparHasi CBsI3b 110 TOKY. DTO O3HaYaeT, YTO
A1000€e M3MeHeHle TOKa A0AKHO BBI3BIBATD Ja/bHellIIlee 3MeHeHIe ToKa B TOM Ke HallpaB-
AeHU.

B Hacrosiiiee BpeMst BeAyTCsl MHTEHCUBHAS ICCAeA0BaTeAbCKast paboTa I10 BBLSIBAEHIIO HOBBIX
MaTep1aios 001aaoMX IepeKAOYaIOIIIMIL CBOVICTBAMM C ITaMsThIO. Ellle B cepeuiHe rporir-
A0TO CTOAETVsI Ha4aA MHTEHCUBHYIO paboTy IO [TOAYYeHMIO U MICCAeAOBAaHUIO TPOIHBIX CO-
eaunenmii Tura A" B" C)' ¥ BBLABAEHO, UTO 9TU COeAVHEHNS MIMEIOT BBICOKIE KOD(PUIVIEHTHI

Cl)OTO " TEH3049YBCTBUTEADPHOCTH, O6Aa,ZI,aIOT nepeKAro9amIImMm CBOVICTBAMMU C IaMsThiO. B
AaABHEﬁmeM, C YaCTM4YHBIM 3aMeEIleHVEM TPEXBa4A€HTHBIX aTOMOB MHAM B peIleTKax TUIIa

VI .
T||nC2 aToOMaMIl JAaHTaHOMAOB OBLAY MOAy4YeHBI HOBBIN KJAacC MOAYIPOBOAHMKOBBIX MaTe-
puaaos. Tlin_ Ln C,. belan BbIsIBAGHBI, YTO U 9TU MaTepuaabl 004a4al0T IIePeKAIOYaIOIIMU

csoricrBamu [10, 15]. OgHako, mocaeaoBaTeAbHbIE U CUCTEMHbBIE MccAeA0BaHms BAX , B oTux
KpUCTaslalax He IIPOBOAMANCE. B 9Toi cBsA3M HacTosIas paboTa MOCBsIeHa 1CCAe 0BaHNIO
BAX B xpucraaaax Tlin_, Ln.C,.

MeTOAMKa 9KCIIepMMeEeHTa

DKcriepuMeHTaapHble cratideckue BAX criaasos cucremsr Tlin, ,Ln, C, CHMMaAMCh Ha IOCTO-
SIHHOM TOKe IIO CTaHJapTHOM MeToAuke (puc.l), rae El — MCTOYHMK ITIOCTOSIHHOIO TOKa,
R1 — IIOTeHLIOMeTp, Kl — KAIOY AAs1 CMEeHbI HOASIPHOCTY MCTOYHMKA ITOCTOSHHOTO Hamp:s-
SKEHS, K2 — KAIOY KOMMYTalI IIepeMeHHOIO ¥ IIOCTOSIHHOTO HaIIpsI>KeHMI 1 K3 C AUO-

AOM D — A5 110449 CMHYCOMAaAbHOTIO HAIIPsSDDKEHNA Ha CXeMYy MOCTa. Cxema mocra obec-
IIeqmBajda peXuM reHeparopa ToOKa A4 IIepeKAI0YaloIlero 1eMeHTa. COHpOTI/IBAeHI/Ie R
KaAI/I6pOBaHO II0 TOKY I O1Ipegeasier HavaAbHBIN TOK BKAIOYEHIS DAeMeHTa.

IIpn cusaTum cratmaeckont BAX k Bxogy MocTa 1oaKA04aAcs AByX- KOOPAVHATHBIN CAaMOITVICELT.
MeaaeHHBIM HepeMellieHNeM ABVKKa IOTeHIIIOMeTpa R1 TOK uepe3 IIpudop B IIPSIMOM CMe-

IIEeHNN M3MEHSETCA OT HyAsl A0 OIIpeAeA€HHOIO 3Ha9eHMs U O6paTHO, 3aTeM IlepekArydare-

AeM K1 MeHs11ach IOASAPHOCTD E1~ AHa/Z0TM4YHO CHMMaJach oOpartHas BeTBb BAX.

Aast nccaeaoannst BAX criaasos TlIng  Ln,C, B kauecrBe 00pasijoB OblaM MCIIOAB30BAHbI

KPUCTaAABl IPSIMOYTOABHON $popMbl. OMmdeckumy KoHTaktamu cayxuan In, Fe, Al n xon-

TaKThl OBLAYM IIPOBEPEHbI YeThIPeXTOUeUHBIM MeTOAOM, I0cAeJ0BaTeAbHbIM M3MepeHIeM Co-
IIPOTUBAEHM: Ha 0OpasljaX pa3AM4HOi ToAuHel. OOpasisl 004ajaau P — TUIIOM IIPOBO-

AVIMOCTI. DTO OIpejeleHO M3MepeHUsAMHU Kospduiinenta Xoaaa u Tepmo-».4.c. Boapram-
IIepHbIe XapaKTePUCTUKA MCCAA0BAANCH B TeMIIepaTypHOM uHTepBase 77 +400K.
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Puc. 1. IlpuannunmaapHas cxeMa A4s cHATHA BAX B cTaTiaeckoM pexxmMe.

R,

K CAMOTHCITY HITH
oCiHUIorpady

@\

E1

9KCHePI/IMEHTaABHbIe pe3yabpTaTbl 1 IX O6CY)KA€HI/I€

PesyabTaThl MCCA€AOBaHUS BOABTAMIIEPHBIX XapaKT€PUCTUK TPOMHBIX coeauHeHuit TlinSe,
TlinTe, TIGaTe, OpU pa3ANYHBIX TeMIIEpAaTypax IPUBOAUTCS Ha PUC. 2. U TBEPABIX pacTBOPOB
Ha 1X OCHOBe Tlin_, Ln, C, IpeacTaBaeHsl Ha puc.3-6. Kak caeayer us puc.2 445 nccae0BaHHBIX

TPOHBIX COeAVHEeHMII ¢ yBeandeHuem Hanpsokenus I(U) xapakrepucrnka 3atyxada 1 Oblaa
CTPOTO HeAMHeIHo 1 S—o0pa3Hoii popMbl. BrisiBaeHO, uTO B oMIU4ecKkoil o0aacTu TeMIlepa-
Typa oOpaslia OcTaeTcs IIOCTOAHHOI, a B 001aCTy OTpUIjaTeAbHOTO A dpepeHIaabHOro co-
npotusaenst (OAC) yseanunsaeTcs 40 Temiiepatypsl T, 0ObI4HO 00blile, YeM OKpYy>KaloIast
TemIiepaTypa. S-o0pasHas XapaKTepUCTIKa B 004aCTV BBICOKMX TOKOB C Ay4IlIei] BhIPaskeHHOI
004acThI0 OTPHUIIATeABHOIO COIPOTUBAEHMS, CTAHOBUTCS BIIOCAEACTBUM KPUTUYECKMM TOKOM
(moporoseit ToK). Yacts OAC Ha Kpusoit npudopa 0oaee CHMABHO BbIpa’keHa IPU HU3KUX
OKpy>Kalomux Temiieparypax. Ilepexos oT HMBKMX K BBICOKUM 9A€KTPOIPOBOAHOCTSAM Ha
KPMBOI sBAAETCS IOYTU Pe3KUM IIpU HUBKUX TeMmepartypax. B obaactu OAC Ha kpusoit
I(U) usmepsian temnieparypy a4 oopasiia TlGaTez B kaXkA011 TOUke, IOCPeACTBOM TepMOD.1e-
MeHTa IIpMKAaAblBaeMOoro K oopasiry. Jas 9Toil 1eamn ObLAM UCIIOAb30BaHbl TEILAOIPOBOAS-
1as ¥ 9AeKTpUIecK! M30ASA1MOHHAs I1acTa.

\
Ha puc.3-6 npuseaeHbl BOAbTaMIIEpPHBIE XapaKT€PUCTUKM Kpucraaaos Tlin_ Ln C," . Kak

caeayeT 13 pUICYyHKOB 11CCA€A0BaHHbIE KP1ICTaAAbl O6Aa,ZI,aIOT IIepeKAI0Ia0IM MU CBOJVICTBaAMI.

ITpeacraBasercs MOYTU OYEBUAHBIM, UTO IepeKAI04eHIe B MaCCMBHBIX OOpa3liax 13 Kpucraa-
208 Tlin_,Ln C," 0BycaosaeHo TeraoBbiMu ddeKTami, XOTs YMCTO TEILA0Basi MOAEAb He MO-
JKeT TOAHOCTBIO OOBACHUTL HabAIOJaeMble XapaKTePUCTUKM IIepeKAIOYeHUs BAVSHUEM
AYKOyAeBa Terila, OCOOHHO B IIPOBOASAIIeM COCTOSTHII UM HeAb3s ITpeHeOperats. [Ipn saex-
TPOHHO-TePMIYECKOM MeXaHu3Me ddeKTa IepeKA0deHNs IPUHIMaeTCs BO BHUMaHUe COB-
MeCTHOe BO34eCTBIe DAeKTPUYECKOTO I10As U TeMIlepaTyphl Ha IOAYyIIPOBOAHMK, KOTOPLIN
13 BBICOKOOMHOTO COCTOSIHMS IIepeXOAUT B HM3KOOMHOE COCTOsHMe. Tera0Boil MexaHU3M
s dexTa onpeseaseTcss B OCHOBHOM TeILA0eMKOCTBIO, TeILAOIIPOBOAHOCTBHIO U 3aBUCHMOCTBIO

COIIPOTUBAEHMS aKTUBHOM 004acTu 0Opasiia OT TeMIepaTyphl.

I1pu nccaeaoBaHMM KPUCTaAA0B BhIIIeyKa3aHHOTO TUIIa OKa3aA0Ch, UTO TPV HU3KMX HaMpsi-
xernsx | (U) XapaKTepUCTUKM AVHENHBI I COOTBeTCTBEHHO KOHTaKT omudecknii (puc.2). ITpn
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BBICOKMX HAITPSKEHMSIX XapaKTePUCTUKU OKa3aAVch HeAMHEHBIMY 1 004a4aan S —0BpasHoit
dopmoii. Aas Mccae0BaHHBIX KPUCTAaAA0B S —0Opa3Has KpuBast B 061aCTH BBICOKUX TOKOB C
Aydiie BpIpakeHHoN o0aacteio OAC cTaHOBMAACH BIIOCAEACTBUM KPUTUYECKUM (IIOPOTOBBLIM)
TokoM. Yacte OAC na kpusoit |(U) Ooaee BoIpakeHa IIPY HU3KMX OKPY>KaIOIIUX TeMIlepa-

Tyan.
Puc. 2. BoapramnepHsie xapakTepuctuku coeanrenuit T/fnSe, TlIinTe , TIGaTe, IIpy pa3ANYHbIX TeMIIepaTypax:

I(A) I(A) LA

1234 [
4321 0.6 Pl 13 T
03 1JI ; | Il"ll'u
Ity
L | [
: 0.12
0.2 04 .'] ! 1|l \ | ||I',I'||I\
' /| ‘Ii || l':“ |
al !
| - ‘_ﬁ"" ‘% =
i - - . ﬁ:a:"—f—f"’ . 0.06 —
] h] 10 15 0 15 30 0 10 20 3 40
umw U U
a) &) B)

a) TlInSe, (1-T=80K; 2-T=120K; 3-T=220K; 4-T=300K); 6) TlInTe ,(1-T=400K, 2-300K, 3-150K, 4-80K);
B) TIGaTe, ( 1-340K; 2-320K; 3-300K; 4-200K; 5-120K; 6-80K).

PesyabraTsl uccaeaosanus BAX kpucraaaos Tlin,_ Gd Se, npusoasrcs Ha puc.3. Kak caeayer
"3 puc.3. 9TU KPUCTaaapl 004a4ai0T IePeKAIYaoINMI CBOJICTBaMU. Beanunna nmoposoro
HaIPSIKeHNUs yBeANYMBAeTCs IPY YaCTUYHOM 3aMeIlleHNI aTOMOB MHAVS aTOMaMM TaA0AU-
Hus B perretke TlInSe, .

Puc. 3. Boapramiiepnas xapakrepucruka kpucraaaos TlIn,  Gd, Se,, rae 1-x=0; 2-x=0.02; 3-x=0.04; 4-x=0.09.
I(A)

0.03

.
40 u(v)

AHaAM3 NOAYYeHHBIX Pe3yAbTaTOB IT0Ka3al, YTO YMEHbIIIeHNe HalPsDKeHUAIIPAMOIO IIepexo-
Aa IpU KakAOM IIOCAeAyIOIIeM IepeKAIOYeHNM U CyIecTBeHHas HeanHeltHOCTb BAX o
IIOPOTOBBIX DAEKTPUYECKIX IT0AX XapaKTepHa 445 BceX HaMM MCCAe A0BaHHBIX KPUCTaAA0B.

CyHepAI/IHeIZHbIIZ y‘{aCTOK BAX XOpOI]_IO OIINChIBaAETCA Tpex‘{AeHHbIM IIOATTHOMOM B BUAe
2 3
| =aU +bU* +cU?’,

rAe 911CAeHHbIe 3Ha4YeHTVI KO9(1)(1)I/ILII/I€HTOB /€rKO OoIIpeAeAsIOTC 1 Pa3ANIHbI A4S pa3ANMIHBIX
COCTaBOB.

OTMeTI/IM, 4qTo Q)opMa [IpeAaCTaBA€HII y9acTKa BAX B AOIIOPOI'OBBIX DACKTPMIECKUX ITOASX B
BI1A€e TPEXYA€HHOIO II0AVTHOMaA SBASETCS BeCbMa HarAsIAHOM pu Cl)I/I3I/I‘~I€CK0171 VHTepIIpeTa-
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OV COCTaBAAIOINUX 1 y,ZI,O6HOI7I B pacCd€TaxX, TaK KaK BANMSIET Ha HOMOIrpaMMy KOSC])(I)I/ILU/IGHTOB
1 TéeM CaMbIM MO>KHO MCKAIOYUTD AOIIOAHUTEAbHbIE DKCIIEPVIMEHTHI 110 CHATUIO BAX. Hean-
HelTHOe M3MeHeHle IIPOBOAVIMOCTIL B AOIIOPOI'OBBIX ITOASX MOZKHO OOBSCHUTD IIponeccom 3a-
IIOAHEHM: T 1 OITyCTOIIIEHVT AOBYIIIEK. Haanaue BKCHepMMEHTaAbHOﬁ 3aBUICMIMOCTI CBUAE-
T€AbCTBYET O KBa3MHEIIPEPLIBHOM DHEPreTM4eCKOM pacripedeJA€Hnn  A0KaAbHBIX ypOBHeﬁ B

sanpemeHHoﬁ 30HE XaAbKOT€HIAHOIO ITIOAYIIPOBOAHIIKA A4AaHHOTO COCTaBa.

ITpu nmepexoge ot ncxoausix coeauuennit TIINC, x TBeparM pacTBOpam Ha X OCHOBE ITOPO-

rOBble 3HAYEHN sl HAIIPSKeHNs YMeHbIIaoTcs (puc.3).

vi
B tBepaspix pacrsopax TlIn,_, Ln,C;" mpu yactuaHOM 3aMelrieHNy aTOMOB MHAVSI aTOMaMu

\
/aHTaHONAOB B peIIeTKe T“nC2 IIpOMNCXOAUT ITOCTENIEHHOE YMEHDBIIIEHIIE IIOPOrOBOIO II€PEK-

A109eHs (puc.4-6). DTo OOBACHAETCS CAeAyIOIIUM 00pa3oM: aTOMBI MHAMS YaCTUIHO 3aMe-
IIJAaIOTCA TeMU aTOMaMMI AaHTaHOUAOB , KOTOpBIe B OTAMYNE OT aTOMOB MHAMS IMEIOT MeHee

3 y
BepOsATHOE CTpeMAeHMe K oOpa3oBaHuio SP° — rmOpMAHON CBA3YM M CIIOCOOCTBYIOT yBeAunye-

HUIO METAaAANYIECKON AOAV XVMIYECKOI CBSI3IL. A 9TO CBsI3aHO C TeM, 9TO IIPM 9aCTIHOM 3a-
MeEIEHNN aTOMOB NHAVISI aTOMaMI 1aHTaHOMAOB YMEHbBIIAETCI CMEIlleH € MaKCIMyMa 9/A€K-
TpOHHOIZ IIA0THOCTH K OCTaBaM aTOMOB Xa/AbKOI€Ha, T.€. YMEHDIIAIOTCI BO3MO>KHOCTI ,ZI,OCTpOIZ—

. o 2 A6
KN BHEITHUX DA€KTPOHHbBIX 000a04YeK aToMa A0 YCTOMYINMBOM KOHCl)I/IIypaLH/H/I S p . B cBsa3u ¢
YTNM, CTeIIeHb MIOHHOCTI XMMMYECKOI CBSI3U YMEHbIIAETCS, T.€. YyMEHbIIIAETCSI CTaTUCTUYIECKU
2 A6 .
Bec S p _KOH(l)I/II'ypaLU/II/I " IIpOMCXOAUT YMEHDIIIEHNVE 3HAUECHNT IIOPOroOBOro HaIIPsI>KEHVLI

\
B Kpucraaaax Tlin,_ Ln C, .

IToaygyennsre BAX mccaeaoBaHHBIX KpycTaaaos Tlin, , Ln, C)' MAeHTUYHBL DTO CBA3aHO C TEM,
4TO KPUCTAaAANYEeCKas CTPYKTypa U TUII XMMUYECKON CBS3M MeXKAYy aTOMaMI MCCAeA0BaHHBIX
KPUCTaAA0B, TakKe Kak 1 ucxoausle TIINC, mpaxruyeckn oAnHaKOBEL B 9TOM CBs3M OrpaHm-
quMcs 00CyKAeHneM pesyabratos nccaegosanus 11INC,. Aas ykasannoit gas B KaXA09 OMU-

geckol1 odaact BAX onpegeseHa 91eKTpOIIpOBOAHOCTD M 3MepeHa TeMIlepaTypa 0Opa3IioB.

Hamn IMOAy4Y€HHbIe pe3yAbTaThbl ITOKa3bIBAIOT, 9TO obaacTh KOHTpoAMpyeMasi TOKOM KOPppeK-
TPOBaHa yBeA4eHIIeM TeMIIEpaTyPbL o6pa3ua. Anaanz Ppe3yapTaTOB I1I0OKa3bIBA€T, YTO C YMEHbD-

IIIeHmneM OKPY)KaIOLL[eﬁI TeMIIepaTyphl IIPONCXOAUT MUTPpaLVIs U nop K BBICOKVM 3Ha4YeHUIM,

a C ypeAnYeHNeM OKpY>Kalollleil TeMIIepaTypsl caa0oe rosBaeHne odbaactn OAC Ha BAX.

Puic.4 BoaT — aMniepHble XapaKTepUCTUKM CILAaBOB CUCTEM
a) TlInixPr«Se2 6)TlIn1xNdxSez, rae 1- x=0.02; 2- 0.04; 3- x=0.06; 4— x=0.08

A
7

L
LA 0.
234

07 r 1234

03

03

2 4 6§ 8 10 UV 2 4 8 12 UV
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Puc.5 BoaT — aMIiepHbIe XapaKTepUCTUKY CIIAaBOB CHCTEM
a) TlInixLaxSe2 6) TlIn1-«CexSez, rae 1- x=0.02; 2- 0.04; 3- x=0.06; 4— x=0.08

Puc.6 BoaT — amriepHble XapaKTepUCTUKH CILAaBOB CICTeM
a) TlIni«SmxSe2 6) TlInixEuxSez, rae 1- x=0.02; 2- 0.04; 3- x=0.06; 4— x=0.08

LA 1 23 4 LA

0.5 =

0.3 1

4 8 12 uv

12 uv

Ot pe3yabTaThl AOKA3bIBAIOT, YTO AGIZCTBI/ITGABHO DAEKTPOTEIIA0BBIE IIPOTECChI OTBETCTBEH-

vi
Hbl B osiBaenuu obaactu OAC 8 kpucraaaax Tling_ Ln C, .

B 91exTpoTenaospix mpolieccax AOIyCKalOTCs Maable A0KaAbHble OTKAOHEHNsI OT O4HOPOAHO-
TO pacripejeAeHNs] HeCOBEePIIIeHCTB, IIPUBOASAIINX K BBICOKMM TOKOBBIM ITAOTHOCTSIM B DTUX
oOaacTsix. Takoe ITOBBIIIEHI€ TOKOBOJ ILIOTHOCTM OOBIYHO COIPOBOXKAAeTCsl (pOPMIUPOBaHIEM
BBICOKOTOKOBOII IIIOTHOCTY HUTH HakKada B oOpasiiax. B 9Tux «kaHaaax» HOBBIIIIEHHAs! TOKO-
Basl ILA0THOCTh pe3yAbTaT yBeAdeHNs DHepIUI paccessHIs IpuBoAsiaIast K JK0oyAeBy Teray.
B cBs13u ¢ yBeanueHneM TeMIiepaTyphl 91€KTPOIIPOBOAHOCTD TOXKe YBeANYMBAeTCs U 4aeT BO3-
MO>KHOCTD ITIPOT€KaHMIO BBICOKOTO TOKA. Y CTOIYMBOE COCTOsIHME DTOTO IoBeJeHus OydeT A0c-
TUTaTbCsI TOTAa, KOTAa TeILA0BOe paccesiHye OyeT paBHO TeILAOBBIM IOTEPSIM.

Ycroiransoe cocrostare BAX 1 ocobennoctu mx odaactyt OAC MOXXHO MHTEPIIPETPOBATD DAEK-
TpoTepMIdecKM IpuoArcKeHyeM. [Ipy HU3KMX TOKOBBIX 3HAYEHISIX DTO COOTBETCTBYeT HOpMaM.

YBeanueHne HarpeBaHIsI BHyTpeHHell yacTy oOpasija IPUBOAUT K ITOBBIIIIEHHOM KOHIIeHTpa-
M1 CBOOOAHBIX HOCUTeAel B TOI 004acTy 13-3a IOAYIIPOBOAHMKOBOTO XapaKTepa KpucTaal-
208 Tlin,_, Ln, C)'. BeicoKast HUTh HaKaaa MOXKeT ObITh CO34aHa BO BHYyTPEeHHel CTOpOHe 0DpasLia.
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IToayuenHsle pe3yabraThl 110 nccaeaosannio BAX criaasos Tlin, ,Ln, C)' MO3BOASIOT caeaaTb

BBIBOJ, O TOM, UTO IIPU CO34aHNN OBICTPOAENCTBYIOIINX IIepeKAIOUaIOINX IPIOOPOB, KaK Dae-
MEHTOB MUKPODAEKTPOHUKN U BBIYMCAUTEABHOM TEXHUKM CAeAyeT IT0AydaTh 0OpasIibl MaAoi
TOAIVIHBI, KOTOpbIe MeHee YyBCTBUTeABHBI K TeMIlepaType U A4 KOTOPBIX IIPaKTUIeCKU OT-
CYTCTBYeT 3aBMCMMOCTb IIOPOTOBOTO HaIpsKeHMs OT TOAIIMHBI aKTMBHOI 004acTy Ilepek-
AIOYaoIero s1eMeHTa.

Taxum obpasom, nccaeays BAX kpucraaaos Tlin, ,Ln, C)' mpu pasAndHBIX yCAOBMAX yCTa-

HOBIMAM, 9TO OCHOBHBIMMN II€PEKAIOYAIOMIVIMI XapPaKTePUCTUKaAMI yKa3aHHBIX c])as MO>KHO
YIIPaBAATh B 3aBMICMIMOCTN OT MaTepliada KOHTAaKTOB, TEMIIEPATypPbl, TEOMETPIMIECKUX pa3Me-
POB 1 OT CcOCTaBa.

XoueTcs 0c000 OTMETUTH, UYTO HaMM IT0Ay4eHHbIe pe3yAbTaThl 110 uccaeaosannio BAX rpoii-
HBIX aHaA0TOB T1Se 1 TBepabIX pacTBOPOB Ha MIX OCHOBE XOPOIIIO COTAacyeTcsi C pe3yAbTaTaMu
pabor [25].

3akaouyeHmne

BrisiBA€HO, 4TO ¢ M3MeHeHneM TeMIlepaTyphl, TeOMeTpUYeCcKIX pa3MepoB 0OpasIioB U cocTaBa
criaasoB Tlin,_, Ln C)' MOXHO yIIpaBAsTh IIOPOTOBEIE ITapaMeTPhl IIepeKAroJaTeelt Ha X OC-

HOB€ B HY>KHYIO CTOPOHY.
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ABSTRACT

The two-photon interband transition rate for a semiconductor quantum well with the modified Poschl-Teller
potential is calculated using second order perturbation theory. The transition rate as a function of two-photon
energy is presented for polarization of the light both parallel and perpendicular to the growth axis of the quantum
well and for various values of the quantum well parameters.

The two-photon transition rate grows continuously with the photon energy and it increases both with the in-
crease in the number of subbands and with the decrease in the quantum well depth for the light polarized in the
plane of the quantum well, whereas it is a nonmonotonic function of the photon energy for light polarized along
the growth axis..

Key words: two-photon transitions, quantum well, modified Pdschl-Teller potential.

ABYX®OTOHHBIE IEPEXOABI B IIOAYIIPOBO AHUKOBOV KBAHTOBOVI SIME
PE3IOME

MeTOA0M TeOpUM BO3MYILIEHNII BEIYUCAEHA BEPOSITHOCT ABYX(POTOHHBIX MEK30HHBIX ITI€PEX0J0B B KBaHTOBOII
saMe ¢ MoAnduIpoBaHHEIM IToTeHnaaoM Iemas-Teasepa. ITpeacraBaeHa 3aBUCHIMOCTD BEPOATHOCTY ITEPEXOA0B
OT DHeprum AByX(POTOHHEIX IIEPEXOA0B 4451 CBeTa, IOAIPM30BAaHHOTO KaK IapaaAeAbHo, TaK U IepIeHANKYAIPHO
OCH poCTa KBAaHTOBOJI SIMBI, a TaK>Ke A5 Pa3AMYHBIX 3HAYEHNUII IIapaMeTPOB KBAaHTOBOJI SIMBI.

BeposTHOCTD ABYyX(POTOHHEIX ITI€PEXOA0B HEITPEPBIBHO PacTeT C yBeAUUeHeN dHepTuy POTOHa, a TaKKe yBe-
AVYMBaAETCS KaK C yBeANYeHVeM U1CcAa ITOA30H TaK U C YMeHbIIIeH/IeM T AyOMHBI KBaHTOBOJI MBI A5 CBETa, IIOAS-
PHM30BaHHOTO B ILA0CKOCTY KBAHTOBOJ SIMBI, TOI4a KaK A5 CBETa, ITOASPU30BaHHOTO BAOAb OCM POCTa OHa SIBASETCA
HEMOHOTOHHOM (pyHKITUel sHepIuy PpOoToHa.

Karouesble caoBa: AByx(POTOHHEIE ITepexXOAbl, KBaHTOBas sMa, MOAUPUIIMPOBaHHEBIN HoTeHIMaA Ileras-
Teaaepa.

YARIMKECIRICi 8SASLI KVANT CUXURUNDA iKiFOTONLU KECIiDLOR
XULASO

Hayoacanlanma nazariyyesi asasinda modifikasiya olunmus Pegle-Teller potensialina malik kvant ¢guxurunda
elektronlarin zonalararasi ikifotonlu kecidlerinin ehtimali hesablanmigdir. i@lq polyarlasmasinin kvant cuxurunun
oxuna parallel vo perpendikulyar oldugu hallarda ve kvant cuxurunun parametrlarinin miixtalif giymatlari tigiin
ikifotonlu kecid ehtimalinin foton enerjisindan asililig1 hesablanmisdir.

Ikifotonlu kecid ehtimali isiq polyarlasmasiin kvant cuxurunun oxuna parallel oldugu halda foton enerjisinin
geyri monoton funksiyasi olur, isiq polyarlasmasi kvant cuxurunun oxuna perpendikulyar oldugu halda ise foton
enerjisinin artmasi ils kasilmaz artir, bu ehtimal altzonalarin saymin artmasi ve kvant ¢uxurunun darinliyinin azal-
masi ila da artir.

Acar sozlar: ikifotonlu kegidlar, kvant cuxuru, modifikasiya olunmus Pegle-Teller potensiali.
1. Introduction

Two-photon processes are important at high intensities of radiation and are useful method for
investigation of electronic properties of solids . Two-photon spectroscopy yields information
not accessible to one-photon processes because the selection rules for these transitions are diffe-
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Two-Photon transitions in Semiconductor Quantum Well

rent. Two-photon absorption in quantum well structures has been extensively studied both
theoretically and experimentally for many years[1-5] and has potential applications in a variety
of optical devices [6]. Most of the previous studies use rectangular quantum well structures. It
is well known that molecular-beam epitaxy growth method is well suited to the fabrication of
structures with various potential profiles. In this paper the interband two-photon transition
rate in semiconductor quantum well with the modified Poschl-Teller potential is calculated
using second order perturbation theory. The calculation is performed within a two-band, isot-
ropic, parabolic band model for semiconductor such CaAs, heavy holes as well as light holes
are considered.

2. Method of calculation

For the confinement potential due to band-gap discontinuity we consider the modified
Poschl-Teller potential[7]:

1 ha?
Uu(z)=U,0-——), U, =
(=Usl-—5) Uy ="

AA+1), A>0,. 1)

The envelope function and energy levels are solutions of the effective mass equation

(PZZ+U(z)j(p(z):g(p(z) @

2m

and can be written as

npoy a(/i—n)l"(Zﬂ—nJrl)% i 3

¢4(z>—( T j P/ (th(c2)) (3)
2 2

e =% G+ -(i-n)). @)
2m

Here P *(th(az)) is associated Legendre polynomial, n=0,1,2,3,...[4],[4]- integer part of
A, Mis the electron effective mass.

The full electronic wave function and energy in the parabolic band approximation are given by

Vo, (1) = U, (N exp(ik, r, ) ¢} (2), ©)
A . 1K
E=g ty “ E=E g 6)

where U, (r) is zone-center Bloch function, k| is the wave vector and r| is the position vector
in the plane of the quantum well, E; is the band gap. We use indices C and V to denote the
conduction band and valence band respectively.

The electron — field interaction Hamiltonian can be expressed as:

H=—""(Ap+A,p) 7)
m,C

0
where P =—i%V is the electron momentum operator, A, and A, are the vector potentials of the

two monochromatic light waves. The vector potentials A, and A, can be taken in the form

A=A exp(iot)§; +cc., (8)
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where &, is the polarization vector of photon, j=1,2 and c.c. indicate the complex conjugate of

the preceding expression.

We consider two-photon processes with the intermediate state in both the conduction band
and the valence band. For such processes the two-photon transition rate can be represented
in second order perturbation theory as

2
/]

2pl 1p?2
Mcv — Z P<:i Piv + Pci IDiv
\E,—E,-how, E -E, -jho,

Here 1 and 2 refer to the two radiation fields of @, and @, respectively, P, or P, is the matrix

(%) (A1A2)222|Mcv|25(Ec - Ev _ha)l - ha)z) (9)

element of the electron momentum between the wave functions (5).

The interband matrix element of momentum can be expressed as

&\vi, ) = EP)di (95 ]01") (10)

<l//r?kL

where p,, = <ug (r)

plu, (r)> , the Kronecker symbol &, ,, expresses the momentum conserva-

tion law in one-photon interband transitions

The intraband matrix elements of momentum have different form for the light polarized in
the plane of quantum well &§ =§(&,,0,0) and for the light polarized in the direction of the growth

axis §=§(0,0,<,) . These matrix elements can be written as

&x Py

m,7
<l//nkL Wn’kl > = ?0 kxé‘kﬂ(L é‘nn' (11)

éZ bZ 52 bZ

m, n
Vi )= B (9

(W, o) (12)

Calculation are performed for the case of equal photon energy 7@ =#®, and equal polarization
vector & =§&,. The independent contributions to the transition rate from the bands associated
to heavy and light holes are considered. Numerical results are obtained for GaAs/ Al Ga,_ As
quantum wells with various concentrations of aluminium X . The difference of the gap energies
as a function of X is modelled by the formula [8] AE, = (1087x + 438x*)mev The values of the
potential well depths U, and U, are 65 and 35% of AE respectively. We use the following

parameters: the band gap of GaAsis E;, =152Imev, m, =0.067m,, m, =0.0905m,, m, =0.377m.

3. Results and Discussion

In Fig.1 the two-photon transition rate in a GaAs/Al,Ga, ,As quantum well with modified
Poschl-Teller potential is shown as a function of the two-photon energy 2% both for the light
polarized perpendicular a),b) and parallel c),d) to the direction of the growth axis.

For the light polarized perpendicular to the direction of the growth axis the possible two-photon
transitions are the transitions of the allowed-forbidden type which occur between valence and
conduction subbands of the same index n. The transition rate grows continuously with photon

174



Two-Photon transitions in Semiconductor Quantum Well

energy what is caused by the linear dependence of the intraband transition matrix elements
on the in-plane wave vector k .

As observed from Fig.1a) the two-photon transition rate increases with an increase in the pa-
rameter A at the same value of Al concentration x. This can be explained by increasing in density
of states with the increase in the parameter A (i.e. number of subbands between which the
transitions occur).

The decrease of the two-photon transition rate with an increase in Al concentration X at the
same A (Fig.1b)) is because of the proportionality W ~ Y ki ~ (ho—E, —&; ~&,) due to the depen-
k\

dence of intraband matrix element on wave vector in (11). The quantum well depths U, and
U,,, the parameters ¢, and &, and ,as seen from (4), the subband energies ¢; and ¢, increase
with the increase in Al concentration X. Therefore when Al concentration increases the dif-

ference (hw—E, —¢&, —¢&,) and the transition rate decrease.

For the light polarized in the direction of the growth axis the matrix elements for intraband
transitions are Kk - independent(12), that leads to the step like density of state features for the
transition rate dependence on photon energy Fig 1c),d). In this case only light holes contribute
to two-photon absorption and the transitions occur between any two subbands quantum
number of which differs by an odd integer.

The threshold for the two-photon absorption is shifted towards lower energies both with the
decrease in Al concentration X and increase in A at the same value of X because of the effective
band qap decrease.

Fig.1 Two-photon transition rate in a GaAs/ Al Ga,_, As quantum well with modified Poschl-Teller potential is

shown as a function of the transition energy. a) and b) Radiation polarized in the plane of the quantum well,
e

4
- S
c) and d) Radiation polarized along the growth axis. The units of the transition rate is 7' = [Ej (AA,)’ ol

The transition rate calculated for Al concentration x=0.32 and for different values of parameter A (a),
c)) and with A =3 for Al concentration x=0.32, 0.36, 0.4 (b), d)).
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4. Conclusion

We have calculated two-photon interband transition rate in quantum well with modified P6schl-
Teller potential. The selection rules obey the condition An =0 for the subband quantum num-
ber and the transition rate increases continuously with photon energy for the light polarized
in the plane of the quantum well, An is equal to odd integer and the transition rate is non-
monotonic function of the photon energy for light polarized along the growth axis. The spectra
shape becomes more structered when the number of subbands increases. For the light polari-
zed perpendicular to the growth axis the two-photon transition rate increases both with the
increase in the number of subbands and decrease in quantum well depth. The threshold for
the two-photon absorption is shifted towards the lower energies both with decrease in Al con-
centration x and increase in number of subbands at the same value of x
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OPTICAL PROPERTIES OF SOLID SOLUTIONS OF TlInS2-T1InSe:
SYSTEM IN FUNDAMENTAL ABSORPTION REGION

R.M. SARDARLY, N.A. ALIYEVA, E.-T. SALMANOYV, A.]. MIKAYILOVA, M.Y.YUSIFOV
Institute of Radiation Problems of ANAS,
Baku/ AZERBAIJAN

ABSTRACT

In spectral area 400-1100 nm for T1GaSe2-TlInS: solid solution sistem transmition and reflection spectra are
investigated. In the field of fundamental optical absorption spectra the energy of direct and indirect transitions for
all crystals of solid solutionsare calculated. It is established, that with growth x, in the field of solubility of a solid
solution, the width of the forbidden zone of crystals grows also.

Key words: absorption spectra, direct and indirect transitions, forbidden zone, solid solution.

FUNDAMENTAL UDMA OBLASTINDA (T1InSe2)1«(T1InS2)x
SISTEMi BORK MOHLULLARININ OPTiK XASSOLORI

XULASO

(TlInSe2)1x(T1InS2)x sistemi bark mahlullarinda otaq temperaturunda 400-1100 nm spektral diapazonunda aks
olunma ve buraxma spektrlarindan diiziine ve copine qadagan olunmus zolagin eninin konsentrasiyadan asililigt
toyin olunmusdur. Miiayyen edilmisdir ki, (TIInSe2)1x(T1InSz)x sistemi bark mohlullarda konsentrasiyanin qiymati
artdig¢a qadagan olunmus zonann eni ds artir.

Acar sozlar: udma spektri, diiziins ve ¢opine kegid, qadagan olunmus zolagin eni, bark mahlul.

OINTUYECKUE CBOMCTBA TBEPABIX PACTBOPOB (TlInSe2)1«(T1InS:)x
B OBAACTU ®YHAAMEHTAABHOTI'O ITOT' 10T EHVSI

PE3IOME

B crrexpaanHoit o6aactu 400-1100 nm mccae 0BaHbI IPOITyCKaHMe U OTpaykeHue CUCTEMBI TBePABIX PacTBOPOB
(TlInSe2)1x(TIInS2)x. B 06aactu pyHAaMEHTaABHOTO ONTUYECKOTO ITOTAOIIEHNs PacCIUTAHBl DHEPIUM MPAMEBIX I
HeIIPSIMBIX TIePeX0J0B A/sI BCeX COCTaBOB TBEPAOTO pacTBOpa. YCTaHOBAEHO, UTO C POCTOM X, B 001aCTU pacTBOPM-
MOCTH TBEPAOTO PacTBOpa, pacTeT U IMMpPUHA 3aIlpeleHHON 30HbI KPMCTaaA0B.

Karouesble ca0Ba: ClleKTphl HOTAOIIEHMs], IIPsIMbIe I HelIpsIMBble IepexoAbl, IIMPUHA 3allpeljeHHOM 30HbI,
TBEPABI pacTBOP.

Introduction

TIInS: crystal which belongs to the family of ATBMC2V compound crystallizes in monoclinic
system and TlInSe: from the same group crystallizes in tetragonal system and lattice periods
for TlInSe: are as a=b= 8,075A, ¢=6,847 A and for TlInS: a=b=10,94 A, c= 15,184, p=100.21,
z=16, space group Co2»-C2/c[ 1, 2].

It should be mentioned that, TIGaSez, TIGaSz, TIInS,, TlInSe2 and TlInTe: crystals allow conduc-
ting replacement between Ga and In cations and among Se, S and Te anions and therefore,
form a continuous series of TlInSza-vSe2, TlInxGai~Sz, TlInxGaixSe2 etc. mixed crystals (solid
solutions) in all concentrations range (0 < x < 1). In these compounds there is observed a change
in lattice parameters depending on x. Also, though the first and last member of the series belong
to different symmetry and space group (e.g. monoclinic TIGaSe:zand tetragonal TlInSe2), tran-
sition from monoclinic phase to tetragonal one occurs in some values of x. Changes in lattice
parameters of T1Ga(S1«Sex)2, TlInSz21x)Se2x crystals which are layered mixtures depending on
the content have been studied in [3,4].
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In the work [5] it has been shown that, the structure of energy band, electric and vibration
spectrum in AMB"C:V compounds have strong anisotropy. Optical and photoelectric proper-
ties of TlInSe2 and TIInS:2 have been studied in [6,7]

The main aim of the research is to study the optical properties of solid solutions of TIInSz1-x) Sex
system in fundamental absorption range within isomorphic, as well as cation-anion replacement.

Experimental details

(TIInSe2)1x(TlInS2)x solid solution samples were grown by the modified Bridgman-Stockbarger
method. The mixture of stoichiometric was put into the quartz ampoule which subsequently
was sealed under a vacuum of 10°mbar. A quartz crucible with carbon coating was used, 10
mm in diameter and about 25 mm in length. The X-ray reflection method was used to test the
crystallinity of the prepared samples. Absorption spectra were measured on freshly cleaved
planes (001) surfaces.

Measurement of emission spectrum has been carried out by means of “specord 210 plus” spec-
trophotometer at 400-1100 nm spectral range and by ELC polarization. The measurements have
been conducted at room temperature. Measurement accuracy of the spectrometer has been
within +3 nm. According to it, Eg is calculated up to +0,0004 eV with better accuracy.

Results and discussion

Using the reference [8], the absorption rate can be written as follows

Lt a-R+[a-Ry +arTf 1)
d 2T

Here R is reflection (0,2605 ??), A-optical density, a-optical absorption rate, and d is the thick
ness of the sample. The optical absorption rate has been determined by using the value of R at
room temperature. Reflection measurements have been carried out in the samples obtained
from natural layers by breaking into pieces and thickness of the samples satisfies ad>>1. In
order to eliminate a number of reflection and interference, we insert the light falling on the
crystal into the crystal at a small angle. The thickness of the samples used in the experiment
has been taken as about d ~ 300 um.

As mentioned above, the fundamental absorption rate in most semiconductors obeys the follo-
wing equation [9]

ohw = B(ho—E,)" )

here afiw is absorption rate, @ = 27 v-angular frequency, n-constant and n index can get the
values of 1/2, 3/2, 2 and 3, the nature of the dependence depends on absorption spectrum of
electronic transition. In high energy spectrum range n=1/2 indicates the direct allowed transi-
tion, n=3/2 — forbidden direct transition, at low energy spectrum range n=2 shows the sidewise
allowed transition and n=3 - forbidden sidewise transition [9].

In fig.1, it was shown absorption of spectrum of (TlInSe2)1x(T1InSz)x (x=0+1,0) system at room
temperature. According to experimental results, at 300K temperature the absorption rate is
10 cm™ and 120 cm™ in solids of (TlInSez)1(TlInS2)x (x= 0; 0,05; 0,1; 0,15; 0,2; 0,25) system and
5 cm™ and 80 cm in solids of (T1InSe2)1«(TlInS2)x (x=0,3; 0,4; 0,5; 0,6; 0,7; 0,8; 0,9; 1,0).
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Fig.1. Typical absorption spectra at 300 K for (TlInSez2)1x(TIInSz2)x (x=0+1,0) samples
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For the studied (TlInSez)1x(TlInS2)x solid solution samples it has been determined direct and
sidewise optical absorption energy transition of band gap. These transitions are obtained from
extrapolation of low fragmentary part of direct line to the values of a?=0 and a!?=0 using de-
pendences (a'2-fi@ ) and (a2 fiw ), respectively (fig.2, fig. 3).

Fig.2. The indirect absorption spektra versus photon energy for (TlInSez)1x(TlInS2)x (x=0+1,0) samples
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The values of direct and sidewise energy transitions have been determined for the samples of
(THnSe2)1x(TlInS2)x (x=0; 0,1; 0,2; 0,3; 0,4; 0,6; 0,7; 0,8; 0,9; 1,0) and their change depending on
concentration has been given in table 1. The results are consistent with literature data [3,10].

Fig.3 The direct absorption spektra versus photon energy for (TlInSez)1x(T1InSz)x (x=0+1,0) samples
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Olava olaraq (TlInSe2)1x(T1InS2)x (x= 0; 0,1; 0,2; 0,3; 0,4; 0,6; 0,7; 0,8; 0,9; 1,0) niimunsalari tiglin
gadagan olunmus zolagin eninin konsentrasiyadan asililiq ayrisi qurulmusdur va sakil 5 — da
verilmisdir.

As it is seen from the dependence of absorption rate on photon energy, the linear absorption
varies significantly in mixtures comparing with TlInSe2and TIlInS: in the studied solids.

179



R.M. Sardarly, N.A. Aliyeva, F.T. Salmanov, A.]. Mikayilova, M.Y.Yusifov

Table. Direct and indirect band gap values of (T1InSez)1-x(T1InS2)x (x=0+1,0) samples

Egd Egi
T1InSe: 1,33 1,19
T1InS2(1-x)Seax (x=0,05) 1,34 1,20
TlInSz2¢-x)Se2x (x=0,1) 1,345 | 1,20
T1InS2(1-x)Seax (x=0,15) 1,351 | 1,22
T1InS2(1-x)Se2x (x=0,2) 1,352 | 1,22
TlInSz2¢1-x)Se2x (x=0,25) 1,38 1,24

(
(
(
(
(
T1InS2(1-x)Se2x (x=0,3) 2,025 | 1,98
(
(
(
(
(
(

T1InS2(1-x)Se2x (x=0,4) 2,05 2,01
TlInSz2¢-x)Se2x (x=0,5) 2,08 2,05
TlInSz2¢-x)Se2x (x=0,6) 2,08 2,05
T1InS2(1-x)Se2x (x=0,7) 2,18 2,11
TlInSz2¢-x)Se2x (x=0,8) 2,25 2,2
T1InS21-x)Seax (x=0,9) 2,28 2,23
TIInS: 232 | 2,28

Conclusion

It has been determined the dependence of direct and sidewise band gap width on concentration
from reflection and transmission spectra in 400-1100 nm spectral region at room temperature in
solid solutions of (T1InSez)1x(TlInSz)x system. It has been established that, with increasing con-
centration in solid solutions of (TlInSe2)1«(TlInSz)xsystem the band gap width also increases.
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ABSTRACT

The dates of the discovery of long-period comets have orbital periods longer than 200 years are observed de-
pending on the phase of the 11-year solar activity (SA) cycle. The analysis covers 852 comets observed in the 1-23
SA cycles.According to the opening dates, phases of solar activity are determined and their statistical analysis is
provided. It's established that in this distribution earlier noticed bimodality is confirmed. These maximums corres-
pond the middle cycles of rise and fall of the SA. It was concluded, that long period comets react more to the com-
ponents of the solar radiation, where intensity of some of them have bimodal character within 11-year SA cycle.
There is a need of a separate studying of periodic comets and other comet groups from the analytic point of view.

Key words: solar activity, long-period comets, observed dates.

GUNOS AKTIVLIYININ 11-iLLIK DOVRUNS® GORS UZUN-PERIODLU
KOMETLORIN PARAMETRLORININ TOYINi

XULASO

Bu isda periodu 200 ilden ¢ox olan uzun-periodlu kometlarin Giinas aktivliyinin 11-illik fazasina gore tapil-
mas1 vaxtlarina baxilir. Todqgiqat Giinoas aktivliyinin 1-23 fazasi zamani miisahide olunan 852 kometi shato edir.
Kosf tarixlarine gora Giinas aktivliyinin fazasi miiayyen olunur ve kometlorin statistik analizi aparilir. Kometlarin
kasf tarixlari fazanin avvalcaden geyd olunan iki maksimumlugunu tesdiq edir. Bu maksimumlar Giinas aktivliyi
fazasinin ortasina — qalxma ve enmaya intervallarma uygun golir. Bu naticoye gelinmisdir ki, uzun-periodlu komet-
lor Giinas aktivliyinin 11-illik fazasinin iki maksimum dévriinds daha gox aktivlasirlar. Ciinki, bu dévrde kometlar
daha cox Giinas siialarinin tasirine maruz qalirlar. Digar terefden periodik kometlari va digar qrup kometlari de
bu néqteyi-nazarden dyranmak vacib hesab olunur.

Acar sozlar: giinas aktivliyi, uzun periodlu kometlar, miisahide tarixlori.

PACIIPEAEAEHNA ITIAPAMETPOB AOAT' OIIEPMOANYECKNX KOMETIIO
®A3AM 11-AETHET'O [IIKAA COAHEYHOM AKTUBHOCTU

PE3IOME

PaccMaTtpmBaloTcs 4aThl OTKPBITUS 40ATOIIepUOANYECKIX KOMeT ¢ IlepuoAoM oOparneHus 6oapiie 200 aet B
3aBucuMocTy ot ¢assl 11-2eTHero nykaa coaneyrot aktTusHOCTH (CA). AHaAM3 oxBaThIBaeT 852 KOMeTHI, HabAIO-
Aasrmxcst 3a 1-23 riukaos CA. Tlo gatam oTkpsrtust onpeAeaeHsl ¢pasel CA 1 ITpoBeeH MX CTaTUCTIIEeCKUI aHaA3.
YcraHOBAEHO, B X paclipedeleHI paHee 3aMeueHHas! AByXBepIIMHHOCTD IIOATBepKAaeTcsa. DT MaKCUMYMBI CO-
OTBETCTBYIOT CcepeauHe Iepnoos nogrema 1 craga CA. CaeaaH BEIBOA O TOM, UTO A0ATOIIEPUOAIECKIIe KOMETHI
6o4bIIle pearnpyIoT Ha Te COCTaBASIONe COAHEYHOTO M3Ay4deHNs], MHTeHCUBHOCTh KOTOPBIX MeeT ABYXBEepIITIH-
HBIT XapakTep B TedeHue 11-aetrero nnkaa CA. EcTs He0OX0AMMOCTh OTAEABHOTO M3yJeHUs ITepUOAMIecKIX KO-
MeT U APYTUX KOMETHBIX IPYIII C aHAAOTMYHOM TOUKM 3PEeHMUsI.

Karouesble ca0Ba: coaHeYHAS aKTNBHOCTD, AOATOIIEPUOANIECKIIE KOMETDI, AaThl OTKPBITIISL.
Giris
Kometloarin miisahids olunma saylarindak: artim Giinas aktivliyinin 11-illik dovrii (tsikli) ile
miiayyan qanunauygunluq tagkil edir. Odur ki, Giinasin 6ziinds gedan proseslar vo onun faal

toramalarindan biri olan Giinas lakalarini tadqiq etmak vacib magamlardan sayilir. Giinas lo-
kalori Giinagin an xarakterik faal toromalsrindan biridir. Bunun sebablari ¢oxdur. Har seyden
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avval lakalar Giinasin timumi faalligin1 miisyyen edir. Lakaler Giinas fotosferinds Giinag dis-
kinds amale galirlar. Ovvalca onlar ndqtavi formada olur ve zaman kegdikca boyiiyiir, bir necs
sutkadan bir ne¢o aya goadaq ilk leke amals goalon oblastda loke amalagalms, inkisafetma vo
yox olma prosesi davam edir. Lakalor adatan qrup saklinds yaranirlar. Har qrupda ¢ox vaxt
iki va daha cox lake olur. Qrupun sag tarafindaki laks, yani firlanan Giinag sathinda qarb te-
rofds - irelide gedan loka bas laks, diskin sol terafindaki 1ok, yoni arxada gedan lake quyruq
lake adlanir. Bas ve quyruq lakalarin atrafinda xirda lakalar da olur. Bas lake daha boyiik sa-
haya malik olur ve an axirda yox olur. On boyiik lekenin xatti dlctisii 10° km-» ¢ata bilir. Lake-
lor tiglin asas xarakterik cahat onlarin giiclii maqnit sahasine malik olmasidir. Giinas lokalarin-
do maqnit sahasinin gerginliyi bazan 4500 E-o ¢atir. Halbuki, Giinasin iimumi magqnit sahasi-
nin garginliyi 1 E-dir. Bu gostarir ki, maqnit sahasi Giinasin biitiin derinliklarini shate etmir
— magqnit sahasi Giinasin konvektiv zonasi ilo alagadardir. Miisahidaler gostarir ki, maqgnit sa-
hasi lekenin markazi hissasinda an boyiikdiir, kenarlara dogru sahe zsiflayir. Lokenin fotosok-
linden goriiniir ki, onun markazi hissasi ¢ox tutqun, kanarlar1 iss nisbaten az tutqun ve siia
qurulusludur.

Lakenin an tutqun markazi hissasi lokonin niivasi, az tutqun kenarlar isoyarimkolgesi adlanir.
Lakalar Giinasin ancaq + 40%heliografik enliklar arasindaki zolaglarda miisahids olunur. Lake-
larin XVII yiizilliyin svvellerinden aparilan miisahidalari gostarmisdir ki, onlarin Giinas sat-
hinds goriinmasi miiayyen qanunauygunluga malikdir. Loke amalagelma faaliyyati W -Volf
adadi ils toyin olunur.

W=10g +f

Burada g-lake qruplarinin says, f — biitiin lakslarin timumi sayidir. Odur ki, Giinagds laka yox-
dursa W =0, bir lake varsa, onda W = 11 olar, ¢linki yegana leke ham bir qrup, ham ds lakenin
0zii hesab edilir. Giinagin sathinds iki lake qrupu, qruplardan birinds iki Ieks, digarinds ise
bes loka vars onda W =10 x 2 + 7 = 27 alir1iq. Lake amalagelma faaliyystinds asagidaki ganu-
nauygunluglar vardir.

1.9sri ortalasdirmaya gora miiayyen edilmisdir ki, lokalarin say1 11 illik dévrle dayisir. Gilinas
aktivliyinin minimumunda Giinasds aylarla heg bir lake miisahids olunmaya bilsr, sonra ls-
kalarin say1 va onlarin sahasi artir. 4-5 ilden sonra lekslarin say1 ve sahasi maksimuma gatir
va bu dovr, Giinas aktivliyinin maksimum dovrii adlanir. Aylarla Giines maksimum aktivli-
yinda galir, sonra lakalarin say1 tadricen azalir ve 6-7 ilden sonra yeniden minimum olur. Qra-
fikdo orta illik Volf adadinin 1750 — 2010 cu illar tizre doyismasi gostorilmisdir.

2.Glinas aktivliyinin har yeni dévrii minimum marhaladan baslayir. Har yeni tsiklds loke av-
valca Giines ekvatorundan uzaqda yaranir. Dovr lakalerin an boyiik helioqrafik enliklords +
30°-40° goriinmasi ils baglayir, bundan sonra lakalarin say1 ve sahasi artir, eyni zamanda leka
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amoalagoalma prosesi Giinas ekvatoruna yaxinlasir, lakealorin maksimum say1 adaton + 15°-lik
heliografik enliklarda olur, sonra lekalarin say1 azalir, eyni zamanda leke amalagalma prosesi
ekvatora taraf siiriisiir, ekvator yaxinliginda +5°-dak lekalarin emalagalmasi, aktivliyin mini-
mum dovrii ile tamamlanir, sonra yeni dovr baglayur.

Monthly Averaged Sunspot Numbers
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Komet parametrlorinin Giinas aktivliyi fazasindan, yoni (F)-don asililig1 masalasi uzun bir ta-
rixa malikdir. Birinci dafs bels asililiq Link vo Vanusek [1] kimi miialliflorin islorinde miiza-
kiroolunmusdur. Daha sonra Dobrovolski[2], Sekanin[3] ve digar alimlarin elmi islarinds bu
movzunun islonmasi davam etdirilmigdir. Qeyd etdiyimiz alimler gostermisdir ki, komet pa-
rametrlorinin bazilari ( ilde kosf olunma saylari, miitloq ulduz 6lgiisii, fotometrik gostaricilor
va s.) Giinas aktivliyinin 11-illik fazasinda iki maksimumlu paylanma gostarir. Maksimumlar-
dan biri orta illik Volf adadinin dayisme qrafikinde qalxma ddvriine, ikincisi ise diismaya uy-
gun galir. Ik dafe Quliyev [4]gdstormisdir ki, periodik kometlar olan Yupiter ailasi bu mana-
da forglonirlar. Bu kometlarin parametrlarinin paylanmasi Volf adadine gore bir maksimum-
ludur. Parametrlorin toyini tigiin Quliyev asagidak: diisturdan istifads etmisdir.

9N

2005 2010 2013
CATE

C_Tmax

Pr— agort — Tax >0
F — max 1 (1)

t-T,
—2 s agor t — Trpax <0
TZ_Tmax

Burada t-kometin tapilma tarixi, T1, T2 vo Tmax—11 illik Giinas aktivliyi dévrlerinin maksimum
ve minimum vaxtlaridir. Xatirlatmaq lazimdir ki, Dobrovolskinin ve Sekaninin islarinds daha
sado diisturdan istifados edilmisdir.

F = (t-T1)(T2Th) 2)

183



A. S. Quliyev, H.A. Qasimov, T. Farhadova

Bu diistiirla hesablama aparmaqda osas narahatciligdan biri Giinoas aktivliyi ayrisinin qgeyr-
simmetrikliyi ilo baglidir. Malumdur ki, 11-illik dévr zamani qalxma periodu enma periodun-
dan 1,5 dafe azdir. Bu veziyyetds geyri-simmetriklik tsikldon tsikls dayisir. (2) ifadasi Giinas
aktivliyinin maksimum doévriinii nazars almir. Bu Giinas aktivliyinin maksimum dovriinds
gedan proseslarin tadqgiqinds qeyr-miiayyanlik yaradir.

Quliyev [5] isbat etmilsdir ki, komet saylarmin N(F) fazadan asililiginda bazi maqamlar vardir
ki, onlar toamiz kosmoqonik xarakter dastyirlar. Masalan, periodik kometlarin i¢arisinds els ki-
cik gruplar vardir ki, N(F) asililig1 uzun-periodlu kometlards oldugu kimidir. 9ksine uzun-
periodlu kometlar igerisinda els kicik qruplar miisahids olunur ki, onlarda N(F) asililig perio-
dik kometlarda oldugu kimi bir maksimumludur. Xatirlatmaq lazimdir ki, Quliyevin[5] isle-
rinds Glinas aktivliyinin 0-22 dovriiniin komet moalumatlarindan istifade olunmusdur.

Isin maqgsadi ve tadqiqat obyektlari

Hazirki isds Giinas aktivliyinin 0-23 dovriinde uzun-periodlu kometlarin N(F) asililigin tod-
qiq etmak magsadi qoyulur. N(F) asililiginin iimumi analizinden basqa, bu asililiq tok ve ciit
Giines aktivliyi dovrleri tiglin ds dyranilacak.

Hesablamalar 1755-2009-cu illarde miisahids olunmusg 852 kometi shate edir. Cadvel uygun
olaraq C/1757 R1 kometi ila baslayir ve C/2008 Y3 kometi ilo tamamlanir. Burada yaxin komet-
lor, yoni akiz va ya har hansi bir ailoyo maxsus kometlor hesablamalarda nazere alinmamuigsdir.

Cadval 1. 852 uzun-periodlu kometlarin N(F) asililig1.

interval F
0-0.1 | 0.1-02 | 0.2-03 |03-04 | 04-05 |0506 |06-07 |[07-08 |0.8-09 |0.9-1
N 51 63 81 48 60 97 99 123 116 114

Cadval 1-dan goriiniirki, bir-coxislardeoldugukimiN(F) asililig1 iki maksimumlugu saxlamis-
dir. Intervalin 0.2 — 0.3 arahginda 81 komet, 0.7 — 0.8 intervalinda 123 komettapilmigdir. F-in
interval sarhadlarinidayiseraketraflianalizetdikdagoriiriikki, 0.16 — 0.26 (94 kosf) vo 0.74 — 0.84
(136 kasf) intervallarinda daha ¢ox komet miisahide olunmusdur.

Giinas aktivliyi dovriiniin maksimumundan avval ve sonra kometlarin miisahide ounma say-
lar1 bu cadvelin melumatlarina ssasen bazi tohliller aparilmalidir. 1755 — 2009-cu iller arzinds
Giinas aktivliyi dovriiniin maksimumundan avvalki dovr 97,78 il, maksimumdan sonrak: dovr
156,02 il taskil edir. Bu illarin nisbatleri 1,62 —ya barabardir.

Maksimumdan sonraki dovrs aid raqemlarin miiqayisesi zamani alinan natice bu emsala vu-
rulmalidir. Bu faktin nazars alinmasi maksimumdan sonra tapilan kometlarin say1 maksimum-
dan avvoel tapilan kometlarinden bir az yiiksokdir. (353 kometa qarsi 312 komet).

Giinas aktivliyinin ciit va tok dovrlerinin ayrica analizi boyiik maraq kasb edir. Homin analizin
naticalori cadval 2-da verilmisdir.

Cadval 2. 852 uzun-periodlu kometlarin ciit ve tok dévrlarsa gora N(F) asililiginin tayini.
F 0-01 |(0.1-02 |02-03 |0304 |04-05 |]0506 |06-07 |07-08 |0.8-09 |09-1

Niok 32 38 52 30 40 66 61 79 73 70
Neiit 19 25 29 18 20 31 38 44 43 44

Verilmis codvalden goriintir ki, N(F) asililigin iki maksimumlu paylanmasi tok dovrlerde daha
¢ox miisahida olunur. 0.2 - 0.3 va 0.7 — 0.8 intervalinda iki maksimumluq daha ¢ox miisahids
olunur. (52 ve 79 komet). Tok dovrlardas 0.2-0.3 va 0.7-0.8 intervalinda iki maksimumluq mii-
sahids olunsada ciit dovrlards bu ¢ox zoifdir.
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Noticalar va miizakiralar

Malumdur ki, Gilines aktivliyi yaxin heliosentrik masafalerds daha intensiv hiss olunur. Son
on illiklards uzun-periodlu kometlari daha uzaq masafelards miisahides etmak olur. Buna se-
bab miisahids vasitelarinin va teleskoplarin keyfiyystlorinin artmasidir. Kosmik tadgiqatlarin
yeni marhoalays gadem qoymasi Dobrovolskinin, Sekaninin ve digar miialliflarin islarinda N(F)
asihiligm iki maksimumluq masalasi zsiflomsli ve tamamils itmali idi. Lakin bu masale 6z mov-
geyini qoruyub saxlayir. Bu bize onu gosterir ki, burada xarici faktorlar da 6z rolunu oynayir.
Demali proses tokca kometin fiziki xiisusiyystlari ilo mahdudlagmir. Komet niivaleri Giinas
isiglarma hassasdirlar ve hassashq Giinas aktivliyi dovriiniin iki maksimumda daha da inten-
sivlasir.

Gortindiiyi kimi, bu néqteyi-nazarden baxsaq periodik kometlari do ayrica todqiq etmak ¢ox
miithimdir. Ona gors ki, qisa-periodlu kometlar Giinag sistemina daha yaxin bolgslerden, ma-
salon Kuper-Belt qursagindan galirlar. Bu yaxinlarda Svoren [6] tarafinden nasr olunan isde
bu masals yenidan tedgiqat obyekti olmusdur. Biz névbeti isimizds periodik kometlari bu kon-
teksdon todqiq edacayik.
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ABSTRACT

Ko965Cs0,035NOs monocrystal was cultivated and studied from room temperature to melting temperature by
optical microscopy and high temperature x-ray methods. It has been established that there are two different
polymorphic modifications in the crystal in the study temperature range. For the temperature dependence of the
[T transition rate, the 9=(-0.2863AT+0.5593AT?+0.01003AT?)-102 cm/sec experimental dependence was found
and I 11T transition activation energy (Eu,m = 100.8 kC/ mol) was calculated.

Key words: crystal, monocrystal, polymorphizm, polimorphic transition, modification.
KosesCs00sNOs KRISTALININ RENTGENOQRAFIK VO OPTIiK MiKROSKOPIYA USULLARI iLO TODQIQI
XULASO

Ko,965Cs0,03sNOs monokristallar: yetisdirilorok optik mikroskopiya ve yiiksok temperatur rentgenoqrafiyasi
tisullari ilo otaq temperaturundan arime temperaturuna kimi tadqgiq olunmusdur. Miiayyen olunmusdur ki, homin
temperatur intervalinda tadqiq olunan kristalda iki miixtalif polimorf modifikasiya mévcuddur. II-III ¢evrilma
stiratinin temperatur asililig1 tigin 9=(-0,2863AT+0,5593AT?+0,01003AT?)-102 sm/san empirik asililigr miiayyen olun-
mus va [I1II ¢evrilmanin aktivlosma enerjisi (En_,m=100,8 kC/mol) hesablanmisdir.

Acar sozlar: kristal, monokristal, polimorfizm, polimorf ¢evrilmas, modifikasiya.

MNCCAEAOBAHNSI MOHOKPHUCTA/AAOB Ko,965Cs00sNOsMETO4AMMU
PEHTTEHOTPA®UU OIITUYECKOV MUKPOCKOIINN

PE3IOME

TToayaensr moHOKpUCTaAAbl Ko965Cs0,035NO3 11 METO40M OITHMYECKON MUKPOCKOIINI M BEICOKOTEMIIEPATYpP-
HOI1 peHTTeHOTrpapUUIIPOBeJeHb] ICCAeJ0BaHNsI B MHTepBale OT KOMHATHOM 40 TeMIIepaTyphl I1AaBAeHus. YCTa-
HOB/J€EHa, 9TO B DTOM MHTepBa/e TeMIlepaTyp B MCCAeAyeMBIX KpUCTaAlaxX MMEIOTC ABe pa3ANIHbIX IT0AMMOPQHBIX
Moandukanuit. zmepennem ckopoctu npesparenns II—IllycraHoBaeHO 4TO MeKAy CKOPOCTBIO ITpeBparIeHIs
II-1IIIn Temneparypoii (AT) nmeeTcst SMIMpUdecKas 3aBUCUMOCTD B BIJe:

9=(-0,2863AT+0,5593AT>+0,01003AT?)-102cm/cek. BrramcaeHa SHeprusi akTUBAILIMM IIPOLIECCA MIPEBPALIEHIIS
TI-II(En_,m=100,8 kA>k/M02).

Kaiouesble caoBa: Kpycraal, MOHOKPUCTAAA, TOAMMOpP(HEIe IIpeBpaleHIs], MOANPUKaLIVL.

BBeaenue

Vsyyenue CTpyKTypHBIX IIpeBpallleHNIi B HUTPaTOBBIX COeAVMHEHMIX IIeA0YHBIX MeTaAl0B
1MeeT O4eHb O0ABIIIOe HaydYHOe U MPaKTIUecKoe 3Ha4eHN s, TaK KaK 9TOT IIPOIiecc TeCHOC BOII-
pocaMu TeXHOAOTUM ITOAY4eHMsI MOHOKPMCTaAA0B CMeIleHHOTO COCTaBa, 004alaloiuX I10-
anmopdpusmom. Kpome 5TOro 9T coeAVHEHUSI IPUMEHSIIOTCS B IMPOTEXHIKE, TEXHOAOTUN
B3pBIBYaTBIX BeIllecTs 1 IIPU II0ATOTOBKe AeKapCTBeHHBIX IIpeliapaTos.

Kak n3BecTHO HUTpAT Kaaus U 11e3MsA0T KOMHATHON A0 TeMIlepaTyphl I11aBAeHNs UMEIOT IO
ABe pasanuHele Mogudukanyu. Ipn oxaaxaennn 8 KNOs mexay III u IImoandpukanysamn
MMeeTcs 0AHO HecTab1mAbHasi poMOO9AprdecKast MOAUpUKaIIA.
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CTpyKTypHBIe AaHHbBIE OTAeABHBIX MOAUQpUKAINI 1 TeMIlepaTypHble MHTepBaAbl CyIIleCTBO-
BaHIs MX IpUBeAeHbl B Tabauniie 1.

Ta6awniia 1. [Toanmopdnsle MognpUKauMuUTEMIIepaTypHbI MHTepBaa ux cymecrsosanmss KNOsu CsNOs

g 5
= 3 m
' g% [o] a F‘\ &
2 ITapaMeTpbl KPUCTaAAUIECKOI PELIETKI T e 5 2
[g CuHroHIS % é S &
O g B g9 S
g & | <
o o o ()
a, A | bA | ¢A o = =
OpropoMbuyeckas 441 9.17 6.42 Fnma 300-400 1
KNO;3 Pombosapraeckas 7.41 - 10.71 44035/ R§m 400-610 2
Pombosapuaeckas 4.35 - - 76956/ R§m 383-397 3
CsNO TpuronaasHas 10.87 - 7.76 P3/m 434-687 4
15
’ KyOmueckas 8.98 - - Pa3 Huxe 434 5

Ha ocHOBaHMM ITOAY9Y€HHBIX JaHHBIX O MOP(OAOTUM U1 KMHETUKM ITOANMOP(QHBIX IIpeBpalte-
HUI B HUTpaTe 11e311s BBLIBAEHO CYIleCTBOBaHIe HOBOM X-Mogudukaunu Mexay I n II-moan-
Pukanysmn [6].

51 BBIACHEHNS 3aKOHOMEPHOCTEN TTOAMMOP(HBIX IPeBpaIleHn B TBePAOIl pacTBOpe HIUT-
paTa Lie3us B HUTpaTe KaAus HaMM IIpOBejeHa cepus MUKPOCKOIIMYECKUX U peHTreHorpadpu-
YeCKMX MCCAAOBaHMIA, I1€ABI0O KOTOPBIX SIBASETCs YCTaHOBACHNE BAVSHNA Ha MeXaH3M BTUX
IpeBpallleHNni1 B HUTpaTte KaAus yacTuyHoro 3amelrenns nonos K monamm Cs*. Hacrosmas
padoTa sBAsIeTCs YacThIO 3allAaHUPOBAaHHBIX HAMI cepuit pabot [7, 8, 9] u mocssIeHa peHT-
reHorpapuIeckoMy 11 MUKPOCKOIIMYIECKOMY JCCA€A0BAaHMIO ITOAMMOP(HBIX IIpeBpallleHnii B
DTUX TBEPABIX PaCTBOPax, KOTOpbIe paHee He 1CCAeA0BAAVICD.

MeTO‘ZI,I/IKa 9KCIIepMeHTa 1 1104y A€HHbIe pe3yAbTaTbl

Monoxkpucraaasr II moguduxarum KosesCsossNOs 110aydeHs! 13 BOAHOTO pacTBopa IIpy KOM-
HaTHOV TeMIlepaType MeTOA0M M30TepMIYEeCKONM KpucTaaausanun. /AAas coBepIeHCTBa U
YIICTOTBI HOAYy4eHHBIX MOHOKp1CTaa40B peakTuBbIKNOs 1 CsNOs mapku «XY» rogsepraanch
AOTIO/AHUTEABHOM OYNMCTKe ITyTeM MHOTOKpaTHON Kpucraaausanyu. Jas peHtreHorpaduyec-
KIX JICCAeA0BaHNI 13 BBIpaIlleHHBIX MOHOKPICTAAA0B II0Ay4eHbl 00pa3Iibl B BiAe ITIOPOIIIKA,
TaK KaK peHTreHorpadpuyecke 1ccieloBaHms IpoBeJeHbl Ha IIOPOIIIKOBOM A paKToMeTpe
tuia D8 ADVANCE ¢upwmer «Bruker» npu pexxnme 40 kB, 40MA, CuK,, -uzaydenns (A=1.5406
A), B TemniepatypHoit kamepe Tima TTK 723 K B untepsase temreparyp 77K<T<723K.

Kunerngeckne mccaegoBanns IpoBeAeHbl METOAOM ONTUYECKON MUKPOCKOINM, IIPeAAOKeH-
HbeIM B [10]. VIamepenue ckopoctu pocta kpucraaaa Il moguduxariun mpu npespamenny [I—
III mpoBeadeHO Ha HarpeBaTe€ABHOM CTOAMKE OITUYECKOTO MMKPOCKOIa, oOecIiednBaionemM
I10AHO€e TepMOCTaTHPOBaHHbIE MCCAeAYeMBIX KpUCTaAA0B. TeMIlepaTypa KpucTaaa0B U3Mep-
s1ach TepMOIIapoi, CIlalika KOTOpPOIl HeIloCpeACTBeHHO Kacalach ITOBEPXHOCTU OOpasIloB.
Tounocts nsmepenns remneparypst npu 373K cocrasasao +0,5K.

IToayuennsie 22 audpakumMOHHBIX OTpaxkeHuir npu temnepatype 300K B nnrepsase yraos
10°<20<80°mHANIIPYIOTCS OPTOPOMOIYECKON CUMHIOHIM C IIapaMeTpaMu a=5.4104A, b=6.4267A,
=9.1654A, ripoct. rpymma Pmcn. Tlocae sanmcn AupakIiMOHHBIX OTPasKeHNI IIpy KOMHATHO
TeMIlepaType, IOBBIIIAs TeMIlepaTypy oOpaslja IIpOBOAMANCEH 3anucy depes Kaxabie 10 K.
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Ilepes HauaaoM KaXkKAOil 3aIliCy TeMmIlepaTypa oOpaslia HoaJAepsKMBalach IOCTOSIHHON B
Tedyenne 30 myunyT. [10 M3MeHEeHNAM MHTEHCUBHOCTU Te€X CTPYKTYPHO 4yBCTBUTEABHBIX OTpa-
JKeHIII, KOTOpBle MCYe3aloT IIpU CTPYKTYPHBIX IpeBpallleHusX Oblaa opejeleHa, 4TO IIpu
temneparype T>450K B uccaeayemom Kpucraaae IpOUCXOAUT CTPYKTYPHOE IpeBpalleHIs],
T.e. OpTOpoMONMYecKass MoauduKalus IpespaliaeTcs B IeKCaroHaAbHYIO C IlapameTpamMiu
KPUCTaAAMdecKoit permeTkn a=5.4295A,c=9.7756A, nip. rp. R3m.

Aaapneiiiee HarpesaHne Kpucraaaos KoossCsoosNOs mokaspiBaloT, YTO 40 TeMIepaTypbl
IAaBAE€HNS YMCAO M MHTEHCHBHOCTD NpMHaJAeXKallyie TeKCaroHaAbHOV PeIleTKe OCTaloTCs
0e3 M3MeHeHNs], T.e. 40 TeMIlepaTyphl I1aBAeHNs odepejHasi CTPYKTypHas IIpeBpallleHns He
Haba104a10TCs. Pacuer audpakrorpam kpucraaaa Ko.ossCsoossNOs s3ammcaHHbIX U pasHBIX
TeMIlepaTypax IpusejeH B TabanIle 2 1 Ha puc.]l mpeAcTaBieHa COOTBETCTBYIOIAs Andpak-
LIMOHHasI KapTUHa.

IIpn oxaaxxaenuu mccaegyemsoiii Kpucraaa npu T<452K Bosspaiaercs B MCXOAHOe COCTOSIHME.
DTO 03HaYaeT, 4TO CTPYKTypHbIe MpeBpallleHls B JaHHOM KpHCTaAAle MMEeIOT SHaHTMOTPOIIHbIN
xapakrep. Takum 0Opa3om 110 pesyabTaTaM 9KCIePUMEeHTaAbHBIX AaHHBIX B KpucTraaae Kooes
Cs0055NOs B nnTepsase temmepatyp 300+-600K mpomcxosat mnoanmop@Hble IpeBpalieHs
TI0 CAeAyIOIIel CXeMe:

OpTopomMbuaeckast I'excaronaapHas
4=5.4104 A T>452 K \
b=6.4267 A N gy
=9.1654 A “« =

T<452 K =
up. rp. Pmcn up. rp. R3m

IIpu cTpyKTypHBIX IpeBpallleHIsX Iepexos MeTa CTaOuABHONM MoguduKanmum B 0oaee cTa-
OMABHYIO CBsI3aH C IIPEOAOAeHNEeM DHEePIeTMIeckoro Oapbepa, KOTOPhIN CyIIeCTBeHHO MEeHbIIIe,
ecan IpeBpalieHus IPOUCXOAUT IOCTENIeHHO, IyTeM 3apOXAeHUs U I10CAeA0BaTeAbHOTO
pocta B Heit 00aacTy HOBON (asbl. A 445 OLIEHKM DHEPreTM4ecKoro Oaprepa HeOOXOAUMO
UMeThb AaHHBbIe O CKOPOCTM POCTa KPUCTAaAA0B IIpU OANMOP¢HEIX Ipespaienusx. Ipexae
4eM M3MepUTh CKOPOCTh pocTa Kpucraaaos llI-moauduxarym ripu npespamenns -1 namu
Op1aa orpeaeseHa Temnieparypa pasHosecyisll u IIT pas (To=45010,5K).

ITpn nsmepennn ckopoctu pocra llI-moaudukanmu npu npesparrennu 1111 B 3aBucumoctn
OT TeMmIlepaTypbl HaMM OBLAM MCIIOAB30BaHBl MOHOKPUCTAAAbl, YAOBAETBOPSAIONINE CAeAYIO-
UM TpeOOBaHMSM:

1.  MaTpuunslit KpUCTaAa 40AKeH ObITh He HaIlPsKeHHBIM U Oe34eeKTHBIM;
2. YcaoBus oAy4eHUs U pa3Mephbl OATHAKOBBIE;

IIpespammenns I-III 404a>keH OBITH THIIa MOHOKPUCTAaAA—>MOHOKPUCTAAA.

Puc. 1. Audpakunonnas kapTrHaKosssCs.03sNOs IIpu pa3ANdHBIX TeMIIepaTypax.
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DKcrepyMeHTaAbHbIe JaHHbIe TIOAy4eHHbIe OT IIecT KpUCTaAl0B 1 o0paboTaHHbIe IO IIPOor-
pamMe «MATLAB» aatoT PpyHKIIMOHAABHYIO 3aBUCHMOCTD cKopocTtu pocta Il -Moanduxarum
oT Temmnepartypsl B Buje: 9=(-0,2863AT+0,5593AT?+0,01003AT?)-102 cm/cek. 3aech AT=Tup-To,
rae Tup-TeMneparypa npespaienns, To-reMIiepaTypa paBHOBECHS.

Tabauma 2. Pacyer gudpaxrorpamMmmsl Kpucraaaa KosesCso.ossNOs 3armmcaHHOM IIpyU pa3HEIX
temneparypax (CuK,usaydenns, A=1.5406 A, 40xB, 40mA)

ToxeK | 20, Tpag doxe, A 1/To, % hkl ITapameTpsl ®1eMeHTapHBIX sST9eeK
19.033 4.65918 8.9 110
23.566 3.77217 45.6 111
23.828 3.73123 427 021
29.047 3.0761 104 121
29.432 3.03238 99 012
32.378 3.0323 58.5 102
32.422 2.7592 21.1 031
33.088 2.7052 16.1 200
33.663 2.6603 46.9 130
33.86 2.6452 65.7 112 Opropombuueckast
34.049 2.631 100 022 1=5.4104 A,
300 41.184 2.19014 56 221 b=6.4267 A,
41.821 2.158271 | 55.3 041 c=9.1654 A,
43.705 2.06948 15.3 202 p. rp. Pmcn
44.161 2.04917 28.2 132
46.772 1.94066 20.4 023
47.093 1.93168 94 231
58.254 1.58254 9.5 014
60.947 1.5189 14.2 114
61.068 1.51619 7.3 024
67.783 1.3814 6.9 204
68.655 1.36597 7.3 214
69.43 1.3526 104 400
18.135 4.8878 44 002
18.858 4.70208 5.7 100
20.948 4.23737 3.6 101
26.279 3.38862 100 102
32.968 2.71474 40.1 110
33.43 2.67827 8.9 103
39.387 2.28586 19.6 201
41.614 2.16849 26.3 104 T'excaronaapHast
452 42.64 2.11868 20.8 202 a=5.4295 1§,
43.347 2.08574 25.6 005 c=9.7756 A,
52.276 1.74855 10.7 211 p. p. R3m
54.928 1.67023 44 122
58.874 1.56736 10 300
64.813 1.43734 6 124
66.099 1.41246 5.1 303
69.151 1.35737 6.8 220
71.711 1.31509 3.6 215
75.371 1.26004 4.8 132

B tabamniie 3 mpuBeeHbl SMIIMpUYECKHe U DKCIIepUMeHTaAbHble gaHHbIe ckopocTu pocta 111
—moandukanuy npu npespaiennn II-III B saBucuMocT OT TeMIlepatypsl, a Ha puc. 2 11o-
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KaszaHbl rpadpuky ckopoctu pocra III —asbr B 3aBMcMMOCTM OT TeMIIepaTyphbl TOCTPOEHHbIe
10 DKCIIePUMEeHTAaAbHbIM AAHHBIM, U I10 AQHHBIM SMIMpuyeckoi ¢popmyanl. Kak suano ns
TabAuily 3 1 U3 puc. 2.c NOBeIIeHNsIM TeMIlepaTypbl CKOPOCTh pocTta Kpucraaaa III -moau-
duKaIuM yBeAndmBaeTcs.

Tabauma 3. 3naueHNs CKOPOCTH pocTa (Joxe U Youn) III MogUPUKaIIUY TTPU TOAUMOPPHOM
npespamenun 1111 B Monokpucrasaax KovssCso.03sNOs.

AT, K 9oxe-102eM/c | Qomn-102cM/c
1 0,215 0,390
2 3,613 2,123
3 4,860 5,195
4 8,640 9,599
5 15,73 15,331
6 21,922 22,386
7 30,482 30,759
8 40,915 40,446
9 52,218 51,440

10 63,123 63,733

Kpowme sToro yacriranoe samerrenn: noHos Krmonamu Cs* Takke yseAnduBaeT CKOPOCTh pocTa
I -moaudukamym npu 1111 npespamenym. Ecan mpu AT=10K Temnepatype ckopocTs poc-Ta
kpucraaaa Il -moandukanun Hutpata kaans 4,68-102 cm/cek, To mpu TaKOI Ke TeMIlepary-
pe B kpuctaaaax KosesCso0sNOs 5TOT ke ckopocTs nMmeet 3HaueHus 62,7810 cm/cex. 3HaumT
samerenns noHos K'nmonamn Cs* mpumepHo 13 pas yseanunsaeT ckopocTs pocta III -moau-
¢puKanmy, 1 CTOABKO Xe YMeHbIIaeT BBICOTY DHepreTIdecKoro bapnepa.

Aas onenku sHeprun akrusauyy npespameHnulI—->1II 8 KovssCso03sNOs Hamu Oblaa ncrioan-
30BaHa Teopermdeckas ¢popmyaa noaydensas I'. ®oasmepom [10] B mpearioaoxeHnu, 94To
POCT AByMEPHBIX 3apO4blIeli, BO3HUKIINX HarpaHu KpucTraada, IIPOMCXOANUT IIyTeM I10cAe-
AOBATEAbHOTO IIPMCOAVHEHNS OTA€ABHBIX MOAEKYA:
k2 k3
v=ke Pe ™7

TAe K2-KOHCTaHTa, YIUThIBAIONIasl SHEPreTmdIecKasl IIOpor 4451 I1epexoga MOAEKYA 13 JKNAKOCTIL
Ha ITOBEPXHOCTD KpucCTalila (B HaIueMm cay4dae BHepreTI/I‘IeCKOﬁI IIOPOT A4 11Iepexoga MOAEKY-

E
ABI U3 OAHOM MOAMQUKAIINI B HU3KYIO) (k, = E’ rae E-sHeprms aktmBaumm paccaMTaHHas

Ha 1 Moa. R-yHuBepcaabHast razoBast IIOCTOsIHHAs), K3- KOHCTaHTa IIPONIOpLIMOHaAbHas paboTe
oOpasoBaHIs AByMepPHOTO 3apoabiiia, AT-niepeoxaakaeHnIo (B HallleM cAydae TeMIieparypa
3agep>kka), To-reMIiepaTypa paBHOBECHSI.

ITpumensia sty popmyay ripu npespareHnio -1 B KoesCsosNOs 4451 9Heprum akTusanum
nporiecca Hamu noaydeno E=100,8 xAx/moa
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Puc. 2. 3aBucumocTs ckopoctu pocta Kpucraaaos moanduxanym III mpn npespamiennnu 11111 ot
TeMIlepaTyphl; A-DKCIlepyMeHTaAbHbIe JaHHbIe, O—JaHHbIE, IT0AyIeHHbIe 13 DMITMPUIECKOi (POPMYADL.
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3akA04YeHue

Taknm oOpa3oMm, SKcriepuMeHTaAbHO YCTaHOBAEHO, uTo B KpucTaade KogwssCsosNOs mpu Tem-
nepatype T>450K nponcxoant II-III noaumopdnsie mpeBpaliieHns MoHa HOCUT SHaHTHOT-
pOIHLbIN XapakTep, T.e. ipu T<452K uccaegyemplii Kpucraaa BO3BpaIlaeTcs B MICXOAHOE COC-
TOSIHMA. DTO HOATBEpPKAaeTcsi MOPPOAOTMIECKMHI MCCAeAOBaHUAMY IIPOBeAeHHBIMY Halll
1104, onTuYeckKnM Mukpockonom [12, 13]. Takxe ycTaHOBA€HO, UTO IIPOMEXYTOYHAs MOAU-
Puxary [3] mexxay III u Il Mogudukanmamu B uccaeAyeMbIX KpyUcTalaax OTCyTCTByeT. Yac-
TUYHOE 3aMellleHNe MOHOB KaAus MOHaMU 1e31sl CIIOCOOCTBYeT yBeAMYEeHUIO TeMIlepaTyphl
CTPYKTYPHBIX IpeBparennii, mpumepHo Ha 50K B nccaeayeMoM KpucTaaae TBEpAOTO pacTBopa.

Kunernueckas mccaeloBaHus MOKa3bIBalOT, 4TO (popmyAay BbiBegeHHas I .doabmepom aas
pocTa KpUCTaAA0B U3 XUAKOTO COCTOSIHIS, MOXKHO YCIIeIITHO HPMMEeHSTh K MCCAeAOBaHIIO
pocTa KpUCTaa40B U3 TBePAOTO COCTOSHUSA Ipu IoAuMopdHOM Ipespaniennn. Ha ocHose
KMHeTUYeCKNX M3MepeHMII MOKHO noaarats, 4To [« npespamenns B KosesCso0:sNOs mpo-
MCXOAMT 10 MeXaHM3My 0Opa3oBaHI: U POCTa AByMEPHBIX 3apOAbIIIIeN.

CIIMCOK AUTEPATYPHI

1.  Edvard D.A. A determination of the complate crystal structure of potassium nitrade,
Z Kristallogr., 1943, v.80, p.154.

2. Tahvonen P.E. X-Ray 1nvestigati0n of Moleculyar Ratation in
Potassium Nitrate Crystal, Ann. Acad. Sci. Fennical., Ser.A, 1947, N.44, p.20.

3. Bridgman P.W. The velocity of polymorphic change between solid.
Proc. Am. Acad. Arts. Sci, 1916, v.52, p.57-88.

4. Finback C., Hassel O., The rotation of anion polyhedra in cubik
structures III nitrates. Zs.Phys.Chem.,1937, v.B35, p.25.

5. Korhonen U. The Crystal Structure of CsNOs, Ann. Acad. Sci. Fennical., Ser.A, 1953, v.1, N.15, pp.1-16.

Azexniepos U.M., Hacupos B.J., Mareppamosa ®.I'., Acagos IO.I'. Mopdoaorus
¥ KMHeTHKa POCTa KpICTaaA0B TPV MTOANMOP(HBIX IpeBpalleHIsAX B MOHOKpIMCTaaAax
RbNOs 1 CsNOs. ITpennpunt, I®AH Azepb., 1996, No4, ¢.38.

7.  NosirovV.i, Bayramov R.B., Nasirov E.V. Ko95Cs0035NOs monokristal-larinda II«<>1II ¢evrilmalarin
morfologiyasi. AAHDM-nin Elmi asarlar, XXIV buraxilis, Baki, 2015, s.99-102.

8.  Nosirov V.I, Bayramov R.B., Nasirov E.V. Ko,9%5Rbo,01sNOs monokristallarinda polimorf
¢evrilmenin kinetikasi. “Meta. Fiz. Miiasir Prob. V Bey. Konf., Baki, 2016, 5.265-266.

191



R.B. Bairamov, V.I. Nasirov, E.V. Nasirov

10.

11.
12.

13.

Nosirov V.1, Bayramov R.B., Nasirov E.V. Ko95Cs0,0i5NOs monokristalinda II<>III
gevrilmalor zamani kristal béytimasinin morfologiyasi. H.8liyevin 93-cii il doniimiine
hasr olunmus Ganc Tad. III Bey. Konf., 2016, s.76-77.

Acagos IO.I'.,, Hacupos B.J. VccaeaosaHne KUHETUKY ITOANMOPQHOTO IIpeBpale s
B MOHOKpHCTaAlax HuTpata Kaans // Kpucraaaorpadms, 1972, seir.17, No5, ¢.991-995.

Volmer M. Kinetik der phasenbildung steincopt // Drezden and Leipzing 1939, v.3, p.38-56.

Nosirov V.1, Bayramov R.B., Nasirov E.V. Ko95Cs001sNOs kristallarinda II«<>III polimorf
¢evrilmoalori.“Fizikanin miiasir problemlori” VII Res. Kon. mat. BDU, Baki, 2014, 5.213-215.

Nasirov V.1, Bairamov R.B. The kinetics of polymorphic transformation in
KixCsxNO:s (x=0,015; 0,035; 0,045) single crystals. AMEA Xabarlor, 2016, v.72, N.1, p.29-33.

192



JOURNAL OF BAKU ENGINEERING UNIVERSITY - PHYSICS

2017. Volume 1, Number 2 Pages 193-198

UOT 541.8: 532.1
PASC: 05.40.-a

THE INVESTIGATION OF WATER SOLUTIONS OF
POLYETHYLENE GLYCOL-6000 BY METHODS OF THE
VISCOUSIMETRY AND THE SPECTROPHOTOMETRY

E.A MASIMOYV, S.Y. OJAGVERDIEVA, Y.KH. SHAKHVERDIYEV, T.O. BAGIROV
Baku State University
Baku / AZERBAIJAN

rsfmo@rambler.ru

ABSRTACT

Dynamic viscosity of aqueous solutions of polyethylene glycol-6000 in rather wide interval of concentration
and temperatures has been measured. Ratios of dependence of solutions” viscosity at various constant temperatures
on PEG concentration in solution have been gained. On a viscosity-temperature dependence the activation energy
of viscous flow of solutions in various concentrations have been calculated. It was found that by increasing PEG
concentration in solution the activation energy of viscous flow increases, and the concentration dependence of ac-
tivation energy of viscous flow is more weakly expressed in the field of rather high concentrations of PEG. Absorp-
tion spectra of aqueous solutions of PEG-6000 in the range of wavelengths of 200-1000 nm have been studied. Two
absorption bands in ultraviolet area have been observed. The equations well describing the dependences of the
optical density of solutions on the PEG concentration at both lengths of waves have been gained.

Key words: solutions, polyethylene glycol, viscosity, absorption spectra.

NCCAEAOBAHME BOAHBIX PACTBOPOB ITIOANDTUAEHT ANKO51-6000
METOAAMM BUCKO3MMETPUN U CITEKTPO®OTOMETPUN

PE3IOME

B cpaBHUTEABHO IMPOKOM MHTEpBale KOHIIEHTpALWIl M TeMIlepaTyp M3MepeHa AMHaMMJYecKas BsA3KOCTh
BOAHBIX PacTBOPOB ITOANSTUAEHTANK0ASI-6000. [ToAydeHBI COOTHOIIEHNS 3aBUCHMOCTHI BA3KOCTY PacTBOPOB IIPU
Pa3ANYHEIX ITOCTOSIHHBIX TeMIlepaTypax oT KoHueHTpanvy I1OI B pactope. ITo 3aBrcHMMOCTH BA3KOCTU OT TeMIIe-
paTypHl BBIYMCAEHa DHEPIs aKTUBALY BA3KOTO TeUEHIsI paCTBOPOB pa3AMYHON KOHIIEHTpaIuu. Y CTaHOBAEHO, YTO
¢ yBeAndeHreM KoHIeHTparuu I19I' B pacTBope SHeprus akTUBaIiuu BsA3KOTO TeYEHMsI BO3pacTaeT, IIpuJyeM KOH-
LIEHTpaLMOHHasl 3aBMCHMOCTb DHEPIMM aKTUBAI[UM BA3KOTO TedeHMs cl1abee BhIpa’keHa B 001aCTV CpaBHUTEABHO
BpICOKMX KOoHIeHTpauuii [1D1. Vzydens! criekTpsl noraomienus BoAHbx pactsopos [19I-6000 B uHTepBade 4auH
BoaH 200-1000 aM. Habar04aeTcst ABe I0A0CHI ITOTA0IIEHNMS B yAbTpaduoaeTosoir odbaactu. IToaydeHs! ypaBHeHMs
XOPOIIO OIMCHIBAIONINE 3aBUCUMOCTY OITUYECKOI IIA0THOCTM PacTBOPOB OT KoHIjeHTpanym 10T mpm obenx
AAVHaX BOAH.

Kaxouesrnie caoBa: PacTBOPBI, HTOAMDTUAECHIAMKOAD, BIZKOCTD, CIIEKTPhI ITOTrA0IIEHVISI.

VISKOZIMETRIYA VO SPEKTROFOTOMETRIYA METODLARI ILO
POLIETILENQLIKOLUN-6000 SULU MOHLULLARININ TODQIQI

XULASO

Kifayat qodar genis qatiliq ve temperatur intervalinda polietilenglikolun-6000 suda mahlullarinin dinamik
ozliliyii olclilmiisdiir. Sabit miixtelif temperaturlarda mahlullarin 6zliiliiklarinin polimerin gatiigindan asililigimi
oks etdiron ifadalor alinmigdir. Ozliiliiyiin temperaturdan asililigindan istifads edatok miixtelif qatiliglt mahlullar
tiglin 6zIii axinin aktivlesma enerjilori hesablanmisdir. Miisyyen olunmusdur ki, polietilenqlikolun qatiligr artiqgda
6zlii axinin aktivlagsma enerjisi artir ve bu artim yiiksak qatiliq oblastinda zaiflayir. Tedqiq olunan mahlullarin 200-
1000 nm dalga uzunluglar1 intervalinda udulma spektrlari toedqiq edilmisdir. Spektrde ultrabandvsayi oblastda iki
udma zolag1 miisahide olunmusdur. Mahlullarin optik sixliginin polimerin qatiigidan asililigini yaxsi ifade eden
tonliklor alinmigdir.

Acar sozlar: mahlullar, polietilenglikol, 6zliilitk, udma spektrlari.
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BBeaenue

Kak 13BectHO, gByX(pasHble CICTEMBI IIOAMMEP-COAb-BOAa IIUPOKO IIPUMEHSIOTCS AAsl pasae-
A€HUS Y OYUCTKM Pa3sAMYHBIX BeIllecTB, B TOM 4lCAe U BelecTB 0110A0T1YeCcKol PUPOADI.
Hecmotps Ha TO, uTO MccaeA0BaHMIO a3OBBIX AMarpaMM BOAHBIX CIICTEM IOAVMEP-COAb I
X HPUMeHeHMIO B OMOTeXHOAOTUM U MeAUIIVHEe IIOCBsAIIaeTCs 40CTaTOYHOoe 4ncao pador [1-
5], pusMKO-XxMMMIECKOMY 1CCAeA0BaHUIO BOAHBIX PacTBOPOB (Pazoo0pas3yIomxX KOMIIOHEeH-
TOB yJeAsieTCs HeAOCTaTOYHOe BHIMaHMe. Mexxay TeM, 445 0o1ee TAyDOKOro IMOHMMaHU Me-
XaHM3Ma pas3deAeHls] CUCTeMBI II0ANMeP-COAb-BOJa Ha ABe BOAHBIe (pas3bl, BAVSHNS pa3dAnd-
HBIX 400aBOK Ha pa3AeAUTeAbHYIO CIIOCOOHOCTD DTUX ABYX(as3HBIX CIICTEM, HEOOXOAUMO U3Y-
JeHIe BOJHBIX PacTBOPOB (Pazo00pas3yIoNX KOMIIOHEHTOB B OTA€ABHOCTY Pa3AMIHBIMU Me-
TogamMu PU3MKO-XMMIIecKoro aHaansa. Cpeau BBICOKOMOAEKYASIPHBIX KOMIIOHEHTOB BOAHBIX
ABYX(a3HBIX CUCTeM MOAUDTUAEHTAUKOAN Pa3ANMIHON MOAEKYASPHON MaccChl SBASIOTCS Ha-
nboaee 4acTo UCI0Ab3yeMbIMI IToauMepamu [6-10].

Matepmaabl 1 METOABI ICCA€A0BaHNSI

Pabota nocssiieHa nccael0BaHIIO BOAHBIX PaCTBOPOB HOANDTUAEHIANKOAA-6000 MeTogaMu
BUCKO3MIMeTpUM U crieKTpodpoTomMeTpun. B cpaBHITEABHO IIMPOKOM MHTepBale KOHIIEHTpa-
umii (0,5-10 Bec %) u Temnepatyp (288,15K — 323,15K) nsmepeHa BsI3KOCTh BOAHBIX pacTBOPOB
IT2I-6000. BsiakocTs pacTBOpoB U3Mepsan Ha BuckozumeTpe SVM 3000/G2 Stabinger Viscometr,
Anton Paar (ABcTpust). DAeKTPOHHBIE CIIEKTPBI IIOTAOIIeHNsI BOAHBIX pacTBopoB [IDI" 6b1an
cuaTH Ha ciiektpodgoromerpe SPEKORD 200 plus B ananazone gaux BoaH — 190-600 um o
ABY/Ay4eBOJl OIITMYECKOI cxeMe B KBapIIeBbIX KIOBeTaX C AAMHOM onTudeckoro mytu 10 mm nipu
25 + 0,1°C. B pabore mcroabzosaan noansTuaeHrankoab-6000 pupmer Panreac (Vlctianms) u
OMANCTUAAMPOBAHHYIO BOAy. PacTBOpHI TOTOBMAN IPaBUMETPUUECKIM MeToA0M. VIzMepeHnst
IIPOBOAMIAM Ha aHAAUTUYECKNX Becax ¢ TOYHOCTBIO + 0,0001 r.

PESYAbTaTbI nccaead0BaHMsI 1 IX OGCY)KAEHI/IQ
P€3yAbTaTbI nccae40BaHN: ITpeACTaBACHbI B BIAE€ COOTBETCTBYIOIIINX rpa(l)I/IKOB u Ta6AI/ILI.

3aBUCUMOCTD BSI3KOCTU BOAHBIX paCTBOPOB OT KOHLEHTpall ITIOANDTUACHIANKOAS ITPU I10C-
TOSIHHOI TeMIIEepaType XOpOIIO OIINMChIBAETCI YpaBHEHMEM!

— BWP
rAe A 1 B xoHcranTsl ypasHerus, a W, -BeCOBOI IIPOLIEHT HOAMSTUAEHIANKOAS B PacTBOpe,

1 -AvtHaM1m4YeckKasl BSI3KOCTh pacTBOpPAa B mlla - c.

Puc.1. 3asucumocts N = (W) a5 BoaHBIX pacTBOpPOB
HoANSTUAEHTIAnK0A:1-6000 mpy pasAM4HBIX TeMIlepaTypax.

g 2] + 288K

1.5 4
B 293K

14

—&— 208K
0.5

303K

05 - w, * 33K

® 323K
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Huxe IIpuUBEA€Hbl KOHCTAHTBI YpaBHEHIII (1), II0Ay4€HHbIE 13 3aBUICUIMOCTU AOFapI/I(l)Ma

BJI3KOCTU In n= f(\NP) Opn pasAM4IHBIX TEMIIepaTypax.

T,K | 288,15 | 293,15 | 298,15 | 303,15 | 313,15 | 323,15
A 1,0898 | 0,9734 | 0,8676 | 0,7819 | 0,6364 | 0,5268
B 0,173 0,170 0,169 0,166 0,162 0,159

Kaxk BIMAHO U3 DTOU Ta6AI/ILU)I 3HaueHMe KOHCTaHThI B caabo 3aBucuT ot TeMIeparypsl, B TO
BpeM:iI KaK KOHCTaHTa A 3aMeTHO U3MEeHSIEeTCSI C TeMHepaTypoﬁ.

M3meHeHne BI3KOCTU pacTBOpPOB ,Zl,aHHOIZ KOHIeHTpanum ¢ M3M€EHEHNEM TeMIIepaTypPhl

XOPOIIIO OIMChIBaeTCsl ypaBHeHreM AppeHnyca-DiipuHra- Ppenkeast.
E

— A@RT
n=Ae 2)

rae A - KoHcTaHTa ypasHeHus (2), E — sHeprus akTuBaliy Bs3KOTro TedeHus pactsopa. Caeayer
OTMeTUTH, 4To 3aBucumocts N7 = f (W), a takxe In7n = f(1/T) xopomuio onuceBalOTCs AN-

HEeHBIMI YPaBHEHISIMIY, BeAMUMHBI 40CTOBepHOCTH anmpokcumanum (R?) koTopeix 64mska
K eAVHIIIE.

Puc.2. 3aBucumocts In 7 = f (1/T) A4 BOAHBIX pacTBOPOB ITOAMDTUAEHTANKOASI-6000

Inn 24
+1%

15 4
2%

ad%

#5%

0.0035 *6%
1T

0.q 33

0.0034

®35%

+10%

W3 3aBucumocTy Aorapudma BsIBKOCTH OT 0OpaTHON TemIlepaTypsl (Kpussle Inn = f(1/T), puc.
2) B yKa3aHHOM MHTepBaJe TeMIlepaTyp OllpeJeAeHbl SHePTUM aKTUBALUN BA3KOTO TeUeHIs
(E) aas pacTBOpOB pa3dAM4YHON KOHLIEHTpaLM. DHEPIUs aKTUBALUM BSI3KOTO TeYEeHMsT pacT-
BOPOB pa3dAM4YHON KOHIIEHTPaluy IIPUBEeAEHbI HIDKe

Wp 0 1 2 4 5 6 8 10
E kAx/morv | 1512 | 1640 | 16,72 | 17,39 | 17,73 | 18,04 | 18,52 | 19,06

Kak BuanHo, sHeprus akTuBanum BSI3KOTO TeYEeHNI BOAHOTO PacTBOPa yBeANIMBACTCS C YBeAN-
YeHreM KOHIEHTPaUWUM HMOAUSTUAEHIAUKOAS, YTO HAXOAUTCS B COTAacUM C pe3yAbTaTaMu
pabotsr [11] aa4 cpaBHUTEABHO pa3baBAeHHBIX BOAHBIX pacTBOpos 110" pasanynoit Moaekya-
apHoy maccel. Ha puc. 3 npeacrasaeHa 3aBMCMMOCTh DHEPIUM aKTUBALN BA3KOIO TeYeHMs
ot KoH1leHTpauyu I12I" B pacTsope.

KoHnenTpaiiionHas 3aBMCMMOCTb SHEPIMM aKTUBalMI BA3KOTO Te4eHNs PacTBOPOB BhIpake-
Ha caa0ee B 004acTy CpaBHUTEABHO BBICOKIX KOHIIeHTpaumii I1OI (= 5 Bec.%), uTo HaxoAMTCS
B XOpOIIIeM COTAachM C BBIBOAaMU BOAIOMOMETpUM 00 0Opa3oBaHMM B HTUX PacTBOpPax OTHO-
CUTeABHO CTaOMABHOI ITPOCTPAaHCTBEHHOM CTPYKTYpPEhI, B KOTOPO¥ MoaeKyabl ITOI" coeauHeHs!
MeXXAy coDoilt 3a cdeT BOAOPOAHBIX CBsI3ell, 00pa3yeMbIX MeXKAy MOAeKyAaMU BOABI 1 KIICAO-
POAOM OKCUDTUABHBIX TPYIIII MOAEKYAbI HOAMDTUAEHIANKOAA [12].
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Pric.3. 3aBMCHMMOCTD SHEpPIMUM aKTUBALIUM BSI3KOTO TeUeHNsI BOAHBIX pacTBOPOB OT KoHIeHTpaunu [19I-6000.
195 -

19 1

185

E vl mone

18 4

175 §

17 1

16.5 4

16 T T T T T |
0 2 4 & 8 10 12

W,

P

CAe,Zl,yeT OTMETNUTD, YTO KpMBasl 3aBUCMOCTL HpI/IBeAeHHOﬂ BSI3BKOCTHM paCTBOPOB OT KOHIIEHT-
panym MOANDTUAECHTIAMKOASL (Kp]/IBbIe 77y olc — f (C) ) MeHsIeT HaK/AOH B 004acTu CpaBHUTEABHBIX

BBICOKVMX KOHIIEHTPALINi1, YTO TaKXKe HAXOAUTCS B XOPOIIIEM COOTBETCTBUU C KOHIIEHTPAIVIOH-
HOJI 3aBICVIMOCTBIO DHeprun akTusayy Bsi3koro tedennst (kpusast E = f(W)). Tor daxr, uto
AVIHEITHAsI 3aBMCUMOCTD IIPUBEAEHHOIT BSI3KOCTY OT KOHIIEHTPAIiy oAnMepa HabAI0AaeTcst
AASL PacTBOPOB CPaBHUTEABHO BBICOKMX KOHIIEHTparuit (40 5 Bec %), 110 BCeil BEPOSITHOCTI
CBsI3aHa C OAHON CTOPOHBI CPABHUTEABHO HEDOABIINM 3HAUYEHMEM MOASPHON MacChl ITOAM-
DTUAEHIAVNKOAS U VICKAIOIUTEABHOI TVIOKOCTBIO KVCAOPOAHBIX CBSI3€TL, COEAVMHSIONIVIX OTAEAb
HbIe 3BeHbsI [I0AVIMEPA, C APYIOIL U KaK CAeACTBIE, OOABIION TMOKOCTHIO MOAEKYADbI IOANDTI-
AEHTAVIKOASI B II€AOM.

Puc.4. CniekTpbl mportycKaHmsI BOAHBIX pacTBopos I12I-6000 rmpu pa3andHbIX KOHIIEHTpaLsIX moanmepa (puc. A-1, 2,
3, 4, 5 BecoBbIX %), (puc. B- 10, 15, 20 Bec. %). CBepXy BHU3 cogep>kaHue 110" cooTBeTCTBEHHO yBeANIIBaAETCS.

%T
75.00 —
50.00 ﬂ
25.00
0.00
I
T T T T T T T
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Transmittance A
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B mpoxom mHTepsase kKonuenTpauuii (1-20 sec %) OblaM M3ydeHBl DAEKTPOHHbIE CIIEKTPEI
roraomenus BoAHbIx pactsopos [191-6000 B unTepBase gaun Boan 120-1000 HM, KoTOpBIE
IpeAcTaBAeHbl Ha puc. 4.

Puc.5. 3aBcMOCTD ONITUYIECKOI ILAOTHOCTY BOAHBIX pacTBopos I1DI-6000 OoT KOHIIeHTpaliuIL.
D
A
25
D1
2 - * % D2
’ ¥ D12

15
4 D2-2

Linear(D1)

Linear(D2)

--------- Linear (D 1-2)

Linear(D2-2)

We

Habam04aeTcst ABe moaock! ntoraomenus mnpu 223 u 288 um. CaegyeT OTMETUTD, YTO 3aBUCH-
MOCTH OIITHYECKOI ILA0THOCTH BOAHBIX pacTBOPOB OT KoHLeHTparuy [10I mpu obenx gamuax
BOAH MEHSJIOT HaKJAOH B 004acTVl CpaBHUTEABHO BBICOKMX KOHIeHTpanuit (W=5), uto
IIOATBEP>K-4aeT  BBIBOABI  BUCKO3MMeTpum. HaligeHpl KOHCTaHTBI —ypaBHEHMII  ®THUX

3aBUICUMOCTEIL.

Arex = 223 HM 0< W, <5 D=0,0807+ 0,1143 W, (3)
5<W, <20 D=0,0108+ 0,131 W, 4)
Arex = 288 HM 0< W, <5 D=0,0612+ 0,0328 W, (5)
5<W, <20 D=0,0285+0,0412 W, (6)

Kak 06p120 ykazano B padore [11] yseanyenne sHeprum akTUBalMM BA3KOTO TeYEHMS C ITOBBI-
IIIeHreM KOHIIeHTpalluM IoAuMepa CBIUAETeAbCTByeT O 0oAee BBICOKOIN CTeIleHM CTPYKTypu-
pOBaHIs pacTBOPOB IOAMMEPOB 10 CPaBHEHUIO ¢ pacTBopuTeaeM (Bogoir). B pabote [13] yka-
3aHO, YTO B KadyecTse IIpU3HaKa oOpa3oBaHIs B BOAHBIX PacTBOpax He®AeKTPOAUTOB Ooaee
CTPYKTypUPOBaHHBIX 0Opa3oBaHuUil (KBa3UKPUCTAAAMYECKUX CTPYKTYP) MOXKHO BBIACAUTD B
4aCTHOCTY TIOsBAEHME MMHUMYyMa Ha KPMBOJ 3aBMCHMMOCTHU IapIliaAbHOIO MOABHOTO OOLeMa
HeDAeKTPOAUTa OT KOHLIEHTpal I10CAeAHero, 4To XOPOIIO COraacyercs ¢ BbIBogaMy paboTh
[12]. AHaAM3 ITOAYYEHHBIX PEe3yAbTAaTOB U BRIIIEN3A0KEHHBIX IT0A0KEHII II03BOASET 3aKAK0-
4UTh, YTO HaAMYMeE U3MEeHeHVe HaKAOHAa Ha KPUBBIX 3aBUCUMOCTEN SHePIVs aKTUBALN BS3-
Koro Teyenns (kpusas E = f(W,)), IpUBEeAEHHON Bs3KOCTH (Kpusast n,,,. = f(W,) ), a Takxke

OIITIYECKOII IIAOTHOCTH (KpuBast D = f(W,)) OT KOHLIEHTpaLuy MOAMDTUAEHIANKOASL, TAKXKe

MOXKeT CAYy>KUTb IIPU3HAKOM O6paSOBaHI/I}I B pacTBOpax KBa3MKpPUCTAAAMIECKNX CTPYKTYP.
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ABSTRACT

The bound state solution of the modified radial Schrodinger equation is obtained for the Hulthen plus a
ring-shaped like potential by using the improved approximation scheme to the centrifugal potential for arbitrary
| states. The energy levels are worked out and the corresponding normalized eigenfunctions are obtained in terms
of orthogonal polynomials for arbitrary | states. The energy levels and the corresponding normalized eigenfunctions
are represented in terms of the Jacobi polynomials for arbitrary | states. A closed form of the normalization constant
of the wave functions is also found. It is shown that, the energy eigenvalues and eigenfunctions are sensitive to
Ny radial and | orbital quantum numbers.

Keywords: Nikiforov-Uvarov method, Hulthen potential, Ring-Shaped potential.
HULTEN USTOGOL RING-SAPED TiPLi POTENSIAL UCUN SREDINGER TONLIYININ ANALITiK HOLLI
XULASO

Isde markezegagma potensialina yeni yaxinlagma totbiq etmoklo Hiilten {istagal ringg-saped tipli potensial
t¢lin modifiye olunmus radial Sredinger tonliyinin ixtiyari | - hali tigtin analitik halli tapilmigdir. Enerjinin moxsusi
qiymeatlori vo radial dalga funksiyalar: ixtiyari | - hali tictin Yakobi ¢oxhadlisi ilo ifada edilmisdir. Dalga funksi-
yasinin normallanma sabiti {i¢lin kompakt analitik ifade alinmigdir. Gosterilmisdirki, enerjinin maxsusi giymatlari
vo maxsusi funksiyalar1 N, radial ve | orbital kvant adadlsrinin segilmasins hessasdirlar.

Acar sozlar: Nikiforov-Uvarov methodu, Hiilten potentiali, Ring-Shaped potentiali.

AHAAUTUYECKME PEHIEHISI YPABHEHIS INPEAVMHIEPA C IIOTEHLIMAAA
XIOATOHOM IIAKOC PYHI-IITATIEA TUITIOB

PE3IOME

IToaydyeno perenne CBA3aHHOTO COCTOSIHMA MOAMQPUIIMPOBAHHOTO pajuaabHOro ypasHenusa llpeaunrepa
A4Sl TIOTeHIMAaA0B Xi0ATOHa 1a10c Punr-Illenes TUIIOB, UCIIOAB3Ys YAYYIIEHHYIO CXeMY aIllIPOKCMMAaIUU AAs
LIeHTPOBESKHOTO [IOTEHIIMala A4S IIPOU3BOABHOIO | cocTosiHusL. YPpOBHM DHEpPIUU U COOTBETCTBYIOLUE HOPMU-
poBaHHbIe cOOCTBeHHbIe (PYHKIIUY [IPEACTAaBAEHBI B BUAE IIOANHOMOB SIK0OM A4s1 IpousBoAbHbIX | cocrosHuit. B
KOMITaKTHOM (popMe MHOXXUTeAb ITOCTOSHHOI HOPMMPOBKU BOAHOBBIX (PYHKIIMII TakKe HaligeH. ITokasaHo, 94TO
COOCTBEHHBIE 3HAYEHIST DHEPINI U COOCTBEHHbIe (PYHKIINN TyBCTBUTEABHB K Ny paguaabHbeiM 1 | opOuraapHbIM
KBAHTOBBLIM 4MCAaM.

Karouesbre caoBa: Meroa Huxudoposa-Ysaposa, rorenrinaa XioAToHa; IIOTeHIIMaA PUHI-IIIAIIeAa.

I. Introduction

The exact analytical solutions of the wave equations such as Schrodinger, Dirac and Klein-
Fock-Gordon with a physical potential is of paramount importance in quantum physics since
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the wave function and its associated eigenvalues contain all necessary information for full
description of a quantum system. It is well-known that the exact analytical solutions of the
this equations are very important, since a bound states of the wave function is more convenient
than the wave function obtained by numerical calculation in explaining the behavior of the
system under consideration. Note that, along the years, there was a huge amount of research
effort to solve exactly the radial Schrodinger equation for all values of nr and 1 quantum num-
bers. Unfortunately, it could only be possible for a very limited number of potentials such as
harmonic oscillators, Coulomb, Kratzer potentials and so on [6] with a centrifugal term for | #0.

As known, one of the main objectives in theoretical physics since the early years of quantum
mechanics (QM) is to obtain an exact solution of the Schrodinger equation for some special
physically important potentials. Since the wave function contains all necessary information
for full description of a quantum system, an analytical solution of the Schrédinger equation
is of high importance in non-relativistic and relativistic quantum mechanics [1, 2]. There are
few potentials for which the Schrodinger equation can be solved explicitly for all n and 1
quantum states.

The Hulthén potential is one of the important short-range potentials in physics. The potential
has been used in nuclear and particle physics, atomic physics, solid-state physics, and its bound
state and scattering properties have been investigated by a variety of techniques. General
wave functions of this potential have been used in solid-state and atomic physics problems.
It should be noted that, Hulthén potential is a special case of Eckart potential [3].

The Hulthén potential is defined by [4, 5]

Ze*5% ™"
V() =——5— 1.1
0= (11)
where Z is a constant and ¢ is the screening parameter, dimensionless parameters. It should
be noted that, the radial Schrodinger equation for the Hulthén potential can be solved analy-
tically for only the states with zero angular momentum [4-8]. For any | states a number of
methods have been employed to evaluate bound-state energies numerically [9 - 19].

At small values of the radial coordinate r, the Hulthén potential behaves like a Coulomb po-
tential, whereas for large values of r it decreases exponentially so that its influence for bound
state is smaller than, that of Coulomb potential. In contrast to the Hulthén potential, the
Coulomb potential is analytically solvable for any 1 angular momentum. Take into account of
this point will be very interesting and important solving Schroodinger equation for the Hulthén
plus ring-shaped like potential for any 1 states within ordinary quantum mechanics.

In this study, we obtain the energy eigenvalues and corresponding eigenfunctions for arbitrary 1
states by solving the Schrodinger equation for the Hulthén plus ring-shaped like potential using
Nikiforov-Uvarov (NU) method [20].

It is known that, using for this potential the Schrodinger equation can be solved exactly for s-
wave (1 =0) [6].

Unfortunately, for an arbitrary I-states (| =0), the Schrodinger equation does not get an exact
solution. But many papers show the power and simplicity of NU method in solving central
and noncentral potentials [21-26] for arbitrary l-states. This method is based on solving the
second-order linear differential equation by reducing to a generalized equation of hypergeo-
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metric-type which is a second-order type homogeneous differential equation with polynomials
coefficients of degree not exceeding the corresponding order of differentiation.

It would be interesting and an significant to solve the Schrodinger equation for the Hulthén
plus ring-shaped potential for | =0, since it has been extensively used to describe the bound
and continuum states of the interacting systems.

The combined potential considering in this study is obtained by adding Hulthén potential
term to Ring-Shaped potential as:

n? | 2u Zetse™" il Bcosd
V(r,0)=—| ——% — + + . (1-2)
(r.6) 2u| n% 1-e7°"  rZ%sin?6 r?sin%0

The structure of this work is as follows. The Schrodinger equation within Hulthén plus a ring-
shaped like potential is provided in Section II. Bound-state Solution of the radial Schrédinger
equation for Hulthén potential by Nikiforov-Uvarov method is provided in Section III. The
solution of angle-dependent part of the Schrodinger equation is presented in Section IV and,
the numerical results for energy levels and the corresponding normalized eigenfunctions are
presented in Section V. Finally, some concluding remarks are stated in Section VI.

II. The Radial Schrédinger Equation for
Hulthen Plus Ring- Shaped Like Potential
The Schrodinger equation in spherical coordinates is given as

vy +%[E -Vl =o0. 2.1)

Considering this equation, the total wave function is written as
y(r,60,0)=R()Yn(0.0), (2.2)

Thus for radial and azimuthal Schrodinger equation with Hulthen plus ring-shaped like po-
tential are

R"(r)+2R'(r)+2é{E—Ze25eZ}R(r):O, (2.3)

r n 1l-e

©'(0) +c0os 00/ (6) + [— (ﬁ + ﬂzcos‘g) fa- _mzz }@(9) _o, 2.4)
sin“@ sin“ @

respectively.

III. Bound State Solution of the Radial Schrédinger
Equation for Plus Hulthén Plus Ring-Shaped Potential

As we know, Eq.(2.3) is the radial Schrodinger equation for Hulthén potential. The effective
Hulthén potential is:

-or 2
Verr () =V +V, = —262567,5+ Id +1)2h 3.1)
1-e" 2ur

In order to solve Eq.(2.3) for | # 0, we must make an approximation for the centrifugal term.
When ¢ <<1, we use an improved approximation scheme [27-29] to deal with the centrifugal
term,
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1 e’ 3.2
7z52 C el ( * )
r2 |i 0+(1_e—ar)21|
Now, the effective potential becomes

- et DR e (3.3)
Ve (1) =—Ze 51—6"” + 24 (CO + 1-e?)? j

where the parameter Cj = % (Ref. [30]) is a dimensionless constant. However, when C, =0,

the approximation scheme becomes the convectional approximation scheme suggested by
Greene and Aldrich [31]. It should be noted that this approximation, is only valid for small
oF and it breaks down in the high screening region. After using this approximation radial
Schrodinger equation is solvable analytically.

We assume R(r) = 1 x(r) in Eq.(2.3) and the radial Schrodinger equation becomes
r

-or _eﬂ)‘r)z

weoy . 28 A i (R ) e’ _ (3.4)
7"(r)+ 7 {E+Ze 51—e - 2 (CO + @ Hl(r) 0.

In order to transform Eq.(3.4), the equation of the generalized hypergeometric-type which is
in the form [20]

2O+ 22+ Z 1(5)=0, (35)
(o2 O

we use the following ansatz in order to make the differential equation more compact,

2_ 21 2 2uZe? - (3.6)

= o= ,
nio? 5

Hence, we obtain

on 7‘:3) + 52(11_ 7 [e2@-s)? —10+1)(C,(L—3)% +3) + a?s(L-35)|x(s) = 0 (3.7)

Now, we can successfully apply NU method for defining eigenvalues of energy. By com-
paring Eq.(3.7) with Eq.(3.5), we can define the following;:

7(s)=1-s,0(5) =s(1-5), 5(s) =—e*(@—5)* = 1(1 +1)(C, (1 —s)? +3)) + a’s(1—5s). (3.8)
We change A =I(l +1) then we obtain:

o(s)=—e’(1—5s)* —A(C,(1—5)* +58)) +a’s(L—5s). (3.9)
If we take the following factorization,

2(8) = $(s)y(s) (3.10)
for the appropriate function ¢(s), Eq.(3.10) takes the form of the well-known hypergeometric-

type equation. The appropriate ¢(S) function must satisfy the following condition:

$'(s) _ 7(s) (3.11)
#(s) o(s)
where function 7(S) is defined as

o' -7 |(o'=F) - 3.12
7(s) = 5 _\/( 5 j o +ko. ( )
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Finally, the equation, where Y(S) is one of its solutions, takes the form known as hypergeo-

metric-type,

a(s)y"(s) +z(s)y'(s) + 2y(s) = 0, (3.13)
where

A=k+7x (3.14)
and

7(s) =7 (s) +27(s) (3.15)

For our problem, the 7(S) function is written as

7r(s):%SiJsz[a—k]—s[b—k]+c, (3.16)

where the values of the parameters are
a=li +AC, +a?,
4
b=2s? +22C, +a?-2,
c=¢&"+2C,.

The constant parameter k can be found under the condition that the discriminant of the expres-
sion under the square root is equal to zero. Hence, we obtain

k,, =(b—2c)£2y/c* +c(a—h). (3.17)

Now, we can find four possible functions for 7(S):

s [We-vera-bk-vo for k=(b-2c)+2/c? +c(a-h), (3.18)

(s)=—==
g 27 |(Ve+vera—bl-+e for k=(b—2c)—2c? +c(a—b).
According to NU method, from the four possible forms of the polynomial 7(S), we select the
one for which the function 7(S)has the negative derivative. Therefore, the appropriate function
7(s) and 7(S)are

7(s) =_%_[ﬁ+ml (3.19)
() =\E—S[;+\E+«/70+a—b} (3.20)
#(s)=1+2c - 2sl+Jc +Jc+a—b) (3.21)
for

k = (b—2c) — 2,/c? +c(a—b). (3.22)

Also by Eq.(3.14), we can define the constant A as
A=b-2c-2 cz+c(a—b)—[;+\/g+\/c+a—b}. (3.23)

Given a nonnegative integer N, the hypergeometric-type equation has a unique polynomial
solution of degree Nif and only if
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;:Zn :—nr'—@a" n=0,1,2,... (324)

and A, # A, for m=0,1,2,...,n—1[32], then it follows that
/Tm =b—20—2\/c2+c(a—b)—B+ c+\/c+a—b}= 2b+(ﬁ+\/c+a—b)J+n,(nr—1). (3.25)

We can solve Eq.(3.25) explicitly for ¢ and by using the relation € =¢” + AC,, which brings

2

1 1 2 2
o 1+2+(I+2)(2n+1)+2n+n n-a e, (3.26)
2(I+1)+2n +1
2
Finally, we can found fore?:
I 1 2 7
52:{ fhrl @ } ~1(1+1)C,, (3.27)
2 2(l+n+1
We substitute £° into Eq.(3.6) with A = (I +1), which identifies
72 [ 1+n+1 E292 2 152 3.28
Ey=— | N5 i + 2210 +2)C,. (3.28)
2u 2 l+n+1 2u

If we take C, =0 in the Eq.(3.28), then we obtain result [33].

Now, using NU method we can obtain the radial eigenfunctions. After substituting 7(S) and

o(s) into Eq.(3.11) and solving first-order differential equation, it is easy to obtain
#6)=5" -9, (3.29)
where K:%+ c+a—-b=1+1

Furthermore, the other part of the wave function Y(S)is the hypergeometric-type function

whose polynomial solutions are given by Rodrigues relation

_Cn d"[ n 3.30
Y@= " ©)0)] (3.30)

where C | is a normalizing constant and p(5) is the weight function which is the solution of the

Pearson differential equation. The Pearson differential equation and p(S) for our problem is

given as

(op) =1, (3.31)
p(s) = @—s)* s>, (3.32)
respectively.

Substituting Eq.(3.32) in Eq.(3.30) we get
ynr (S) _ Cnr (1_5)172K52\/E d_rI:SZ\/E+FIr (1_5)2K—1+nr j| (333)

ds"r

Then, by using the following definition of the Jacobi polynomials [34]:
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p(ab) gy — GO i 1—g)2*N (14 5)0*" (334)
) n2"(1—s)2(1+s)° ds" [( ) l
we can write

(a,b)q _ — Cn ﬂ a+n g \b+n (335)
Py (1-2s) sa(l—s)b ds”[s @-5s) ]
and

n
;Ln s (1—5)P*N ]: C,s%(1-5)°P&P) (1 - 2s). (3.36)
S

If we use the last equality in Eq.(3.33), we can write
Yig (8) =Cy PRV2KD (1 25), (3.37)

Substituting ¢(s) and Y, (S) into Eq.(3.10), we obtain

oy ©)=Co, 57 (-9 PR D1 25) (339)

Using the following definition of the Jacobi polynomials [34]:

PP (s) =MF[—n,a+b+n+l,l+ a;l_—sj, (3.39)
n'/7(a+1) 21 2

we are able to write Eq.(3.38) in terms of hypergeometric polynomials as

r(n, +2vc +1
T, (8) = Cnrsﬁ(l—s)K Wi(— n,,24/c+2K+n, 1+ 2\/6;5) (3.40)

The normalization constant C, can be found from normalization condition

o0

T 131
£|R(r)|2r2dr — £|;((r)|2dr — g£g|;((s)|2ds —1, (3:41)
by using the following integral formula [34]:

1 ) 2
j(l—s)z(éﬂ)s”l{zlzl(— N, (S+A+1)+n,,24 +:L;s)} dz =
[0}

N, +5+HYn ' (n, +25+2) " (2QA) I (21 +1) (3.42)
N, +S+A+DI' (N, +2A+DI" (S +A+1)+n,)’

for 5 > _73 and A > 0. After simple calculations, we obtain normalization constant as

_In2Jc(n, + K++e)r (2K ++/c)+n,) (3.43)
"\ b(n, +K)(n, +2Jc+D) 7 (n, +2K)

nr

IV. Solution of Azimuthal Angle-Dependent Part of the Schrodinger Equation

We may also derive the eigenvalues and eigenvectors of the azimuthal angle dependent part
of the Schrodinger equation in Eq.(2.4) by using NU method. The boundary condition for Eq.
(2.4), ®(O) require to be taken as a finite value. Introducing a new variable x =cosé, Eq.

(2.4) is brought to the form

Hence, we obtain
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ey 2X 1 2N 2 o _ 4.1)
O"(s) 12 2] (X)+7(1—x2)2 [/1(1 s)-m*—(p8 +/)’x)]@(x) 0.
After the comparison of Eq.(4.1) with Eq.(3.5) we have
7(X) = =2X,0(X) =1— X2, 5(x) =-Ax2 - fx+ (A -m2 - 3). 4.2)
In the NU method the new function 7(X) is calculated for angle-dependent part as
7(X) = /x2 (A —K) + Bx— (A — B’ —m? —K). (4.3)
The constant parameter k can be determined as

2 ’

K ,=2A=m=F U (4.4)

’ 2 2
where y = \/(m? + )2 — 2.
The appropriate function 7 (x) and parameter k are
”(X):_|:X\/m2+2ﬁ"+u +\/m2+2ﬂ'—u} (4.5)
Ko 2A-m-p U (4.6)

2 2

The following track in this selection is to achieve the condition 7’ < 0. Therefore 7(X) becomes

T(x)——zx{lﬂ/mz +2ﬁ'+u}2\/mz+ﬁ'_“. (4.7)

2

We can also write the values A4 =k + z'(s) as

’ 2 2 ’
7-2A-fF-—m u m+pf+u (4.8)
2 2 2

also using Eq.(3.24) we can equate

Ay ZM_E_ }mz""B'_H“':2N|:1+\/m:l+ N(N —1). (4-9)
2 2 2 2

In order to obtain unknown A we can solve Eq.(4.9) explicitly for A =1(l +1)

A—c?—c=2N@1+¢)+ N(N 1. (4.10)
where . _ /w,and

2
A=c?+c+2Ngc+N(N+1) =(N+c)(N+¢g+1)=I1(1+1). (4.11)
then
=N +c. (4.12)

Substitution of this result in Eq.(3.6,3.28) yields the desired energy spectrum, in terms of n_ and

N quantum numbers. Similarly, the wave function of azimuthal angle dependent part of Schro-
dinger equation can be formally derived by a process to the derivation of radial part of Schro-
dinger equation.

p(x) = (1-x)BTD2, (4.13)
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P(X) =A== Q+x)E, (4.14)

y (x)=C, - X)—(B+C) (L+x)°® ddXNN [(1_ X)BCHN (1 4 x) BN ]’ (4.15)

where

2 ’ 2 r_
B M+ +u o _ M +f—u
2 2

From the definition of Jacobi polynomials, we can write

N
:XN [(1_ X)B+C+N L+ X)B—C+N ]: (~DN 2N @ —x)®*C 1+ x)BC P,\(IB+C,B—C) ). (416)

Substitution of Eq.(4.16) into Eq.(4.15) and after long but straightforward calculations we obtain
the following result

®N (X) — CN (1_ X)(B+C)/2 (1+ X)(B—C)/Z PN(B+C,B—C) (X), (4.17)

where C, is the normalization constant. Using orthogonality relation of the Jacobi polynomials

[35] the normalization constant can be found as

_ [ @N+2B+1) I (N+1)/(N+2B+1) (4.18)
2B (N+B+C+1D)I"(N+B—C+1)

N

V. Numerical Results and Discussion

Solution of the Schrodinger equation for the Hulthén potential plus a ring-shaped like potential
are obtained by applying the Nikiforov-Uvarov method in which we used the improved appro-
ximation scheme to the centrifugal potential for arbitrary I states. The energy eigenvalues and
corresponding eigenfunctions are obtained for arbitrary | quantum numbers. Two important
cases must be emphasized in the results of this study. In the first case which g = g’ =0 the

potentials turn to central Hulthén potential. For this case, by using , _ 2. c=|ml and = N +|m|
(N =01,2,...) then | >|m| by substituting this| values in Eq.(3.28) we obtain energy spectrum
for Hulthén potential. The second case is the general situation where g =0 or g’ = 0. By chan-
ging g and g’ we obtain energy values of Hulthén plus different type ring shaped like po-

tentials. It is shown that the our approximation Eq.(3.2) is a good approximation to the cent-
rifugal term for short potential range, i.e. small & .

Finally, we want to deal with some restrictions about bound state solutions of Schrédinger
equation for Hulthén plus ring-shaped like potential. First, it is seen from Eq.(4.4) and expression
from u that in order to obtain real energy values the condition (m? + g’)*> > #? must be

hold. Since the parameters g and p’are real and positive, we can write

m* > (8- B). (5.1)

If g < p’the inequality in Eq.(5.1) is provided automatically. But if g > p’then m becomes
bounded.

If condition in Eq.(5.1) are satisfied simultaneously, the bound states exist. Thus the energy
spectrum equation in Eq.(3.28) as limited, i.e, we have only the finite numbers of energy eigen-
values.
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VI. Conclusion

It is well know that the Hulthén potential is one of the important exponential potential, and
it has been a subject of interest in many fields of physics and chemistry. The main results of this
paper are the explicit and closed form expressions for the energy eigenvalues and the norma-
lized wave functions. The method presented in this paper is a systematic one and in many
cases it is more than the other ones.

Analytical calculations of energy eigenvalues for an arbitrary 1 state and corresponding eigen-
functions in the Hulthén plus a Ring-Shaped like potential is done by using Nikiforov- Uvarov
method in this paper. The energy eigenvalue expression for Hulthén potential plus a ring-
shaped like potential is given by Eq.(3.28). We also obtain some important restrictions on
quantum numbers about bound state solutions of Schrodinger equation. We can conclude
that our results are not only interesting for pure theoretical physicist but also for experimental
physicist, because the results are exact and more general.
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Makaleler ingilizce kabul edilir.

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

Makalenin bagligi, yazarin ad1, 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 ii¢ dilde yazilmis 6zeti birbirinin ayni 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 yazilari onlarin alt kisimda yer almalidir. Tablolarda ise baglik, tablonun {ist kisminda
bulunmalidir.

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

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

a)
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, VVol.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-
lukte Palatino Linotype fontu ile ve tek aralikta yazilmalidir. Paragraflar arasinda 6 puntoluk yazi mesa-
fesinde olmalidur.

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.

Makale, uzmanlarin elestirel notlar1 yazar tarafindan dikkate alindiktan sonra Derginin Yaym Kurulu tarafindan
yayina sunulabilir.

Azerbaycan disindan gonderilen ve yayimlanacak olan makaleler i¢in,(derginin kendilerine gonderilmesi za-
mani posta karsiligi) 30 ABD Dolar1 veya kargiligi TL, T.C. Ziraat Bankasi/Uskiidar-istanbul 0403 0050 5917
No’lu hesaba yatirilmali ve makbuzu iiniversitemize fakslanmalidir.
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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 AHTJINCKOM SI3BIKE.

PykommuicH TOIKHBI OBITh HaOpaHs! coracHo mporpammbel Microsoft Word u oTripasiieHs! Ha 371K TPOHHBIH
anpec (Journal@beu.edu.az). OtmpasisemMble CTaThH AOJKHBI YIUTHIBATH CIICAYIOIIKE TPABHIIA:

HazBanue ctatbu, uMs U paMUIIHs aBTOPOB
Mecto paboThI

DICKTPOHHBIN aipec

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 TPEACTAaBICHHON CTaThH, MOJDKHA comepkaTh 100-150 cmoB, HaOpaHHBIX
uipudToM 9 punto. Kpome Toro, mpefcTaBisSiOTCs aHHOTAIMK HA BYX JAPYTHX BBINIC YKa3aHHBIX S3bIKAX,
MepPeBOJT KOTOPBIX COOTBETCTBYET COJIEP:KaHUIO0 opUruHaia. KitoueBble ciioBa JOJKHBI ObITh MPEACTABIEHBI
mocyie KaXKI0i aHHOTAIMH 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 BEIBOJOB.

Ecmu ccrmmarorcs Ha paboTy Ha pycCKOM sI3BIKE, TOTJAa OPUTHHANBHBIA 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 pa3MEIIAIOTCs MO PUCYHKOM, KapTHHKON Wi rpadukoM. Haseanue TabauIp! MUIIETCS
HaJ TaOJIULEH.

CChUIKH Ha HCTOYHHKH JAI0TCA B TEKCTE IU(POH B KBAIPATHBIX CKOOKAX U PACIIONAraloTcs B KOHIIE CTaThH
B TIOPSIIKE IUTHPOBAHUS B TeKCTe. ECITM Ha OJMH M TOT K€ HCTOYHMK CCBUIAIOTCS JIBa U GoJiee pas, Heo0X0-
JIMMO yKa3aTh COOTBETCTBYIOILYIO CTPAHHILY, COXPaHASA MOPSAKOBBIM HOMep muTHpoBanus. Hanpumep: [7,
crp.15]. bubmuorpaduueckoe OMMUCaHKUE CCHIITAEMOM JTUTEPATYPHI TOJKHO OBITH POBEIEHO C YUETOM THIIA
UCTOYHKKA (MOHOTpadust, yIeOHHK, HAydHas CTaThs U 1p.). [IpH CCBUTKE Ha HAYYHYIO CTaThiO, MaTepHAIbl 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 IMTHPOBaHHOM JIUTEpaTyphl 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 MHTEpBaIy 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 3aMeUaHuil SKCTIEPTOB.

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