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QUASI-PERIODIC OSCILLATIONS IN SCHWARZSCHILD-LIKE SPACETIME
Annotation

In this work, we have investigated the dynamical aspects of particles moving in the vicinity of GUP-structured Schw. massive
astronomical compact object. We have analyzed the ISCO in the vicinity of massive astronomical compact object; explored its
implications for different microquasars. Additionally, we have shown that the Kerr black hole mimics the S-GUP black hole after
some tuning of parameters. Finally, considering the S-GUP black hole as a microquasar source, we have studied quasi-periodic
oscillations (QPOs). Further, utilizing the available observational data of a few microquasars, we have obtained constraints on the
GUP parameter € as well.

Key words: Generalized Uncertainty Principle (GUP), Schwarzschild black hole, S-GUP metric, ISCO, quasi-periodic oscillations
(QPO), microquasars, Kerr black hole, observational constraints.

KBA3BUIIEPUOJUYECKHUE KOJEFAHUSA B TIPOCTPAHCTBE-BPEMEHH, IOJOBHOM HIBAPHIINWJIBAY
AnHOTaLUA

B nanHoii paboTe HcciIenoBaHbl JUHAMUYECKHE aCIIeKTHI IBHKEHHS YacTHUIl BOKPYT YepHOi AbIpsI LlIBapIimmibaa ¢ monpaBKkaMu
0006u1eHHOTO NprHIMNIa HeonpeaeiaeHHocTH (S-GUP). Paccuntana BHyTpeHHsIs rpaHuIa ycTOWYnBOH Kpyrosoii opouts (ISCO)
BOKPYT UepHOH IBIPHI M M3YUCHHI €€ MOCIEACTBHS A Pa3INIHBIX MHKPOKBa3apoB. Kpome Toro, mokasaHo, 94To 4epHas JIbIpa
Keppa nmutnpyer gepnyto mpipy S-GUP mocne cooTBeTCTBYrOIIEH HACTPOHKH mapaMeTpoB. HakoHel, paccMaTpuBas 4epHYIO
nmeipy S-GUP B kayecTBe MCTOYHMKA MHUKpPOKBaszapa, M3ydeHbl kBazumnepuoandeckue ocmmuninun (QPO). Takxke, mecnoib3ys
JIOCTYITHBIE HaOJI0JaTeNbHbIE JaHHBIE HEKOTOPBIX MUKPOKBA3apoB, MOTydeHbI orpanmdenus Ha mapameTp GUP e.
Kniouessie ciioBa: O606ménnstii mpuHmun Heonpenenéunoct (GUP), uépnas mpipa LlIBapummnbaa, merpuka S-GUP, ISCO,
kBasuneproanueckue konedanus (QPO), mukpoksasapsl, uépHas nipa Keppa, HaGmogaTensHble OrpaHHYeHYs .

SCHWARZSCHILLD-GA O‘XSHASH FAZOVIY-VAQT DAVOMIDA KVAZIPERIODIK TEBRANISHLAR
Annotatsiya

Ushbu ishda GUP bilan tuzatilgan Shvartsild (S-GUP) gora tuynugi atrofida harakatlanayotgan zarralarning dinamik jihatlari
o‘rganildi. Qora tuynuk atrofidagi eng ichki bargaror aylana orbita (ISCO) hisoblanib, uning turli mikrokvazarlar uchun natijalari
tahlil qilindi. Bundan tashqari, Kerra qora tuynug‘i ba’zi parametrlarning sozlanishidan so‘ng S-GUP qora tuynug‘ini taqlid qilishi
ko‘rsatildi. Nihoyat, S-GUP gora tuynug‘ini mikrokvazar manbai sifatida ko‘rib chiqib, kvaziperiodik tebranishlar (QPO) tadqiq
etildi. Shuningdek, ayrim mikrokvazarlarning mavjud kuzatuv ma’lumotlaridan foydalanib, GUP parametri € uchun cheklovlar
aniglandi.

Kalit so‘zlar: Umumlashtirilgan noaniglik prinsipi (GUP), Shvartsild qora tuynugi, S-GUP metrikasi, 1SCO, kvaziperiodik
tebranishlar (QPO), mikrokvazarlar, Kerra qora tuynugi, kuzatuv cheklovlari.

Introduction. In theoretical physics, unifying quantum mechanics and gravity remains a major challenge. One approach
involves black hole (BH) thermodynamics, as BHs have both gravitational and quantum properties. This makes them useful for
testing quantum gravity theories.

The Generalized Uncertainty Principle (GUP) helps address the limits of general relativity (GR). It modifies the position-
momentum uncertainty relation with nonlinear terms inspired by string theory and loop quantum gravity. GUP suggests a minimum
length scale at the Planck level, which removes singularities predicted by GR. Researchers have explored its implications, including
its effects on black holes, accretion disks, and exotic objects like wormholes.

We have studied quasi-periodic oscillations (QPOs) around such BHs. Using observational data from quasars, we placed
constraints on a free parameter in the S-GUP spacetime.

Particle behavior in schwarzschild spacetime modified by generalized uncertainty principle (GUP). In this section, we
analyze the behavior of test particles near a massive compact astronomical object with GUP structure. In simplified coordinates,
the S-GUP metric is expressed as [8]:
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ds? = —f(r),dt?> + f(r)~1,dr? + r?(d6? + sin? 9, d¢?) €))

where
S L 2
fr) = e 2

where € is characteristic parameter of GUP correction. Rather, it is proposed by previous authors to lowest order in € as a
test metric to understand the GUP effects in Schwarzschild spacetime. The behavior of these test particles is described by the
following Lagrangian:

1 "
L, = Emgm,x"x" 3)
where m represents the particle's mass, and dot denotes differentiation with respect to proper time 7. The path of a particle
in spacetime is parameterized by its proper time t, with the four-velocity defined as u#* = dd—x:. The relation between total energy

E and angular momentum L can be expressed as:
E=u,ét =—f(nt
And now for particle with significant mass:

LZ
2= — 14+——-— 6
7 f(r)< +r25in26> (6)
For a stationary and spherically symmetric spacetime, the particle begins its movement in the equatorial plane, it will

remain confined to that plane throughout its trajectory. By limiting the motion to the plane where 8 = /2 and § = 0, the equation
of the radial motion can be expressed in the form:

72 = E2 = Vegp, ™
Where the effective potential is:
LZ
Vegr = f (1) <1 + m) . ()

A. Innermost stable circular orbits. As stated in the previous paragraphs, the ISCO is the foundation at the point where
the specific energy of the angular momentum reaches a minimum. This condition can be expressed as £, = 0 or L. = 0 or in the
explicit form as:

M?(3e—4 1
MG,
73 (11
Z = M3(—8 + 9¢ — 2¢€2) + /M%€2(5 — 9¢ + 4€2).
We illustrate dependency of ISCO radius rg-, on e. Fig. (1), displays the dependency of ISCO radius on the spin a/M

Tisco = 2M +

Ticol M
S

Kerr
2 p==== Schwarschild GUP

0.0 0.2 0.4 0.6 0.8 1.0
e, a/M

FIG. 1: These graphs depict the relationship between ISCO positions, spin parameter a/M and e, respectively(left panel) and the
degeneracy between Kerr and S-GUP metric parameters which provide the same ISCO radius.

Fundamental frequencies around S-GUP spacetime. In this section, we look at the basic frequencies that control the
movement of a particle of vicinity of massive compact astrophysical object in given spacetime. We focus on the frequencies related
to circular orbits, as well as the radial and vertical swings of the particle's path. These frequencies are important for studying models
of quasi-periodic oscillations (QPOs).

A. Keplerian frequencies. The angular velocity of the particles vicinity of the massive object is referred as the orbital

frequency Q, defined as Qg = %. By using this definition, we can get following equation for orbital frequency in this spacetime

(91,

—0rGtt _ f'() (12)

Also, to express the frequencies in Hertz (Hz) we use the following equation:
c® M(r—Me)
Vo T omeM 12 13
B. Harmonic oscillations. By considering a particle perturbation along the radial, angular, and vertical axes within its
stable orbit vicinity of a massive object situated in the equatorial plane, resulting from minor deviations from
these orbits as r, + &r and 6, + 56, where 8, = /2. The frequencies of radial and vertical oscillations, observable by a distant
observer, rewritten:

.Q¢,=

d2sr dzs0
F‘I’Q,«(YTZO,W‘FQB(SBZO (14)
where
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1
0?2 = a Voge(1, 6 | 15
TS T et (T, 0) ” n/Z (15)

1
0 = — 55 Ve, 0)| 16)
Yoo 6= 7r/2
These are the frequencies for the radial and vertical oscnlatlons. Using the equations, we can rewrite the formulas for the
frequencies in the spacetime as follows:

JMr2(r — 6M) — 4€2M? + 9eM3r
2nGM r3 ’
Astrophysical Applications. This section examines the potential Frequencies of Twin Peak QPOs vicinity of a Schw.
BH with modifications from the GUP. We use QPO models to analyze these frequencies, focusing on compact object in
microquasars such as GRO J1655-40, GRS 1915+105, XTE 1550-564, and XTE.
We study upper and lower frequency values using models of twin-peak High-Frequency QPOs (HF QPOs). These
models describe particle motion around compact objects: Relativistic Precession (RP) Model, Epicyclic Resonance (ER)
Model, Warped Disc (WD) Model.

RS 19754105

Vv =

16

WMo

NTE S1550—564 NTE J1559+226

MM
MM

*Jo 05 oo o's ro 1o o5 oo 0.5 ro

FIG. 2: Estimated Mass of the centeral BHs in the heart of microquasars through QPOs in RP models as a function of GUP
parameter €.

0
GRO J1655—40 GRS 1915+105

: )
XTE J1550-564 XTE J1859+226
5

FIG. 3: Dependency of location of radiation on parameter € under RP models for different BHs at the center of different
microquasars.

Fig. (2) shows the possible relationship between BH's mass and e for different BH candidates. Conversely, the higher mass
prediction is valid for the case of GRS 1915-105.

Conclusion. This work primarily focuses on comparing the gravitational effects on particles motions vicinity of Schw. and
GUP astrophysical massive object. We discussed the ISCO, decrease with increasing €. Importantly, it is worth noticing that the
behavior of both quantities revert to Schwarzschild case when e = 0. We further discussed the spin parameter a/M of rotating
Kerr BH mimics the e of S-GUP BH. The effect of e parameter can be figured out as a Kerr BH with smaller spin coefficient. It is
evident that the assumptions of mass for the massive object at the focus of the microquasar, known as GRO J1655-40, can assume
smaller values. Conversely, the highest prediction for mass is applicable to the case of GRS 1915-105. Generally, for all BH
candidates considered, the mass increases with an increase in e.
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SPINNING PARTICLES MOTION AROUND THE REISSNER-NORDSTROM-LIKE BLACK HOLE
Annotation

In this study, we examine the motion of a spinning particle around a RN-like massive astronomical object. The dynamics of spinning
test particles are analyzed using the Mathisson-Papapetrou-Dixon (MPD) equations. The effective potential is derived, and its
dependence on the parameters of the Reissner-Nordstrom-like black hole is explored. The impact of spin of particle on the
innermost stable circular orbit (ISCO), as well as the angular momentum and energy, is analyzed for various configurations of
black holes.
Key words: charged black holes, spinning particle, MPD equations, innermost stable circular orbits, effective potential.

JBAKEHUE BPAIIAIOIUXCS YACTHUILL BOKPYT YEPHOM JABIPBI, IOJOBHOM PEMCCHEPA -
HOPJCTPEMA
AnHOTaLUA

B nmaHHOM HcClie[OBaHUH paccMaTpUBASTCs IBH)KEHHE BpAIIAIOIIeiicsl YaCTUIIBI BOKPYT YepHOH IBIPBI, HOJX00HOM YepHOU ObIpe
Pelicuepa—Hopacrpema. /lnHamMuKa Bpalarolixcsi TECTOBBIX YAaCTHUI] aHAIU3UPYETCS € UCIIOIb30BaHUEM ypaBHEeHU MaTuccoHa—
INananerpy—/Iukcona (MPD). BeiBoaurcs 3¢ deKTHBHBIN NOTEHINAT U HCCIIENyeTCsl ero 3aBUCHMOCTh OT ITapaMeTpOB YepHOIt
IIBIPEL, IOZ00HOM Peiicnepa—Hopncrpemy. M3ydaercs BiansHIE CIIMHA YaCTUIIBI HA BHYTPEHHIOKO TPAHUILY YCTOWYMBOI KPYroBOH
op6utsl (ISCO), a Takxke yAeNbHBIN yTII0BOi MOMEHT 1 dHeprust Ha ISCO 1u1s1 pa3iudHBIX TapaMeTPOB «BOJIOCATHIX) YEPHBIX IBIP.
KuroueBble ci1oBa: 3apskeHHbIE YEpHBIE JBIPHI, Bpallalomascs yacTuua, ypasHenuss MPD, BHyTpeHHss rpaHuIa yCTOMUMBOM
KPYTOBOH OpOUTEL, 3pPEeKTHBHBIN TOTEHIIHATL.

REISSNER-NORDSTROM-GA O‘XSHASH QORA TUYNUK ATROFIDA AYLANUVCHI ZARRALARNING
HARAKATI
Annotatsiya
Ushbu tadgigotda Reissner-Nordstrom-ga o‘xshash qora tuynuk atrofida aylanayotgan aylanuvchi zarra harakati ko‘rib chigiladi.
Aylanuvchi sinov zarralarining dinamikasi Mathisson-Papapetrou-Dixon (MPD) tenglamalari yordamida tahlil gilinadi. Effektiv
potensial chigarilib, uning Reissner-Nordstrom-ga o‘xshash qora tuynuk parametrlarga bog‘ligligi o‘rganiladi. Zarrachaning
aylanish momentining eng ichki barqaror aylana orbitasi (ISCO) ga ta’siri, shuningdek, "sochli" qora tuynuklarning turli
parametrlari uchun ISCO dagi maxsus burchak momenti va energiyasi tadqgiq etiladi.
Kalit so‘zlar: zaryadlangan qora tuynuklar, aylanuvchi zarra, MPD tenglamalari, eng ichki bargaror aylana orbita, effektiv
potensial.

Introduction. Testing gravity theory is one of the important issues in exploring the theory as a whole. Particularly, it helps
to understand the behavior of the field in different astrophysical scenarios [1-9]. The motivation for exploring modified and
alternative theories of gravity stems from the fact that standard general relativity (GR) encounters several key unresolved issues.
The existence of the singularity, inconsistency with quantum field theory, issues related to cosmology requiring the presence of
dark energy and dark matter are few of them. In order to resolve these issues, one needs to consider the further modifications of
the theory or suggest an alternative way of considering the gravitational interaction. One of the possible ways of modifying the
standard gravity theory is to consider of breaking some symmetries. In particular, Lorentz symmetry is one of the features of the
standard models and it is supported by the current observational and experimental data. In this study, we aim to investigate the
dynamics of spinning particles around a charged Reissner-Nordstrom-like black hole.

Charged Hairy Black Hole. The spacetime metric of the Reissner-Nordstrom-like (RN-like) black hole in Boyer-Lindquist
coordinates is given by

1
ds? = —fdt? + ]—cdrz +1r2d6? + r?sin® d¢p? (€]
where
1 2M+ Q? 5
f_l—l r o (1-1D2r2 @)
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Here, M represents the total mass of the black hole, Q denotes the electric charge, and [ is a dimensionless parameter, whose
value is constrained to be extremely small based on classical gravitational experiments within the Solar System. Notably, when
I = 0, the solution reduces to the standard Reissner-Nordstrom (RN) metric, while setting Q = 0 recovers the Schwarzschild
spacetime.

Now, let us analyze the characteristics of this RN-like black hole, which can be visualized through a graph illustrating the
structure of its horizons. According to the metric (1), the radii of the horizons are determined by the relation:

2
Ti=(1—l) Mi Mz_(lQ——l)3 . (3)

As the parameter [ increases, first panel in Fig. 1 demonstrates that the outer event horizon .. shrinks, whereas the inner Cauchy
horizon r,expands.

Q/M =05

Non-Black Hole Solution

! = O(RN. BH) 1.0
,,,,, 1 =0.1
7 0.1

Black Hole Solution

4 0.0

do o 10 s 2.0 25 3.0 10 0.5 0.0 0.5 1.0

FIG. 1: First panel: Metric function f () for the RN-like solution with varying [ parameter and charge Q. Second panel: The
black hole region for the RN-like solution, where the boundary separates the regions where black holes exist from the empty
region, which contains naked singularities.

The dynamics of a particle. Particularly the equation of motion for a spinning particle, are governed by the Mathisson-
Papapetrou-Dixon (MPD) equations in curved spacetime. These equations describe the motion of a particle with intrinsic spin and
can be expressed as follows:

Dp* 1 DSF
d_pr = —ERgaBu"S“ﬁ, = p®uf — u%p¥, 4)
where p# and u" are the canonical 4-momentum and the kinematical 4-velocity of the test particle, Rz, is the Riemann

tensor, and 7 is affine parameter. S?¥ is the spin tensor that represents a quantity that defines the angular momentum of a test
particle in terms of its spin. It should be noted that S%# in Eq. (4) is an antisymmetric tensor, which means % = —sf2,
To solve Eq. (4), we introduce the the Tulczyjew spin supplementary condition (SSC). This condition states that the spin
of a particle should be measured relative to its center of mass, which given by the relation:
S¥p, =0. 5
It is evident from Eq. (5) that the spin and the canonical momentum of particles constitute two independent invariants,
which are described by the following relations:

SHYS,y = 28%,pkp, = —m? (6)
Given the existence of a Killing vector k, there exists a conserved quantity in the motion of a spinning particle, which is
related by
Ce = Phk, + %S‘“’Vukv %)
Due to the symmetry of the metric, it is evident that the line element in Eq. (1) admits two Killing vector fields. One of
these vector fields corresponds to time translation, while the other is related to rotational symmetry. These Killing vector fields are
expressed as follows:
£ = 68,6 = 55, (®)
In accordance with the conservation of energy E and angular momentum J(J = L + S, L = Lm), respectively, for the first
of these vectors, we find

1 ap 1 tr
Cc =E=-p + Egta,ﬁs =-p:+ Egtt,rs ) €))

1 1
Cp =] =p¢p — §9¢a,55aﬁ =P¢ —§g¢¢,r5¢r- (10)
In astrophysical studies, it's common to consider test particles moving in the equatorial plane, where 8 = /2. In this plane,
the metric functions only depend on the radial coordinate, and p? = 0. As a result, the components of the spin tensor are:
s =0 an
Now, employing the the Tulczyjew spin supplementary condition (SSC) (5), we determine the non-zero components of the
spin tensor:

st = —Prgur (12)
P¢
rp — & tr
5T = —gtr, 13)
Py
From the Eq. (6) we find the radial momentum of the particle:
P = grr(—g"'p? — 9%®p} — m?) (14)

Expressing in terms of Eqgs. (12), (13) and (14), in accordance with the law of conservation of spin Eqg. (6), we can determine
the S;,- component of the spin tensor:
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R A—

t— (15)
v T I9ttGrr9ee
Here, s = S§/m denotes the specific angular momentum, or spin, of the particle. This quantity can be positive or negative,
depending on the direction of pg.

Now this expression can be rewritten as follows:

B _
pi = E(E = Vi) (E = Vezy), (22)
from which
—=0] £/ (6))* — 4B
+ _
Vi = 2 (23)
where y = gJ% — p, and
s2 2
a=gm [1 _ gtt,‘rg¢¢-,'r]
49:t9rr9pg
2
B =—gt+ Szg¢¢(9¢¢1)
49tt9rr 99
2 tt 2
o= g¢¢ + s°g (gtt,r) )
49tt9rr 99
2 2
p= mz [1 _ S .gtt,rgd)qb,r] ]
49tt9rr 99

Before examining the spinning motion of test particles, it is essential to consider another critical factor influenced by the
particle's spin: the superluminal bound on its dynamics. The canonical four-momentum p* and four-velocity u® of a spinning
particle are not necessarily parallel. As a result, the normalization condition u,u®* = —1 does not always hold, although p,p* =
—m? remains satisfied. As the spinning particle approaches the center of spacetime, its four-velocity increases. For certain values
of spin and radius, some components of the four-velocity may grow without limit, causing u,u%to approach +oo. Prior to this
divergence, the particle's motion shifts from a time-like to a space-like trajectory. Since space-like (superluminal) motion is
physically unattainable, real particles cannot cross into the region where u,u® > 0. Therefore, an additional constraint, known as
the superluminal bound, must be imposed, ensuring that u,u® = 0. To ensure that the trajectory of spinning test particles retains
a time-like nature, the following condition must be imposed (on the equatorial plane):

u®u
Gy = 9ee + 9o (W + gy (u?)” <0 32)

02,0 02, QM =0
oM 02,QM = 0.4

02.0M =04 RN, BH.. QM =04 Schw. BH

1

FIG. 2: The radial dependence of the effective potential V. for spinning motion is shown for various values of the metric

parameter [ and charge @, with the total angular momentum fixed at £ = 4.5.
Fig. 2 depicts the radial behavior of the effective potential Vg, for a spinning particle, considering different values of the

parameter [, the charge-to-mass ratio Q/M, and the particle's spin s, while maintaining the total angular momentum £ = 4.5.

Conclusion. This article investigates the motion of spinning particles around a charged black hole. By employing the
Mathisson-Papapetrou-Dixon (MPD) equations and the Tulczyjew condition, we studied how the black hole's properties, charge,
and particle spin affect motion. We analyzed the black hole's metric and found the limits of charge and parameters before it becomes
a naked singularity. The MPD equations helped determine the effective potential, showing that charge and the metric parameter
increase it. The investigate ISCO revealed that increasing charge, spin, or the metric parameter decreases the ISCO radius, angular
momentum, and energy. This research highlights the role of spin, charge, and black hole properties in orbital stability and collisions.
It has applications in modeling accretion disks, jets, and gravitational waves. Future work could explore dynamic black holes or
higher dimensions for a deeper understanding of strong gravitational fields.
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MAGNETRON CHANGLATISH VA VAKUUM YOYI USULLARI BILAN OLINGAN QOPLAMALARNING
MORFOLOGIK VA STRUKTURAVIY XUSUSIYATLARI
Annotatsiya

Mahsulot yuzalariga ishgalanish va korroziyaga chidamlilik xususiyatlarini berish zamonaviy sanoatning asosiy vazifalaridan
biridir. Ushbu ishda magnetron changlatish va vakuum yoyi texnologiyasi bilan goplangan titan nitrid (TiN) goplamalarining
xususiyatlarini har tomonlama tahlil qgilish va giyosiy tagqoslash amalga oshirildi. Ularning strukturaviy xususiyatlarining
o'xshashligiga garamay, goplamalarni sirt bir xilligida sezilarli darajada farq qilishi aniglandi.

Kalit so‘zlari: Titan nitrid, magnetronli changlatish, vakuum yoyi usuli, sirt bir xilligi, korroziyaga chidamlilik, sirt morfologiyasi,
qoplama qalinligi, rentgen nurlari difraksiyasi (XRD), g’adir budirlik tahlili, nano o'lchamdagi qoplamalar, elektr o'tkazuvchanligi,
gaz plazmasi, gaz, qoplama texnologiyalari, inertlik tozalash usullari, korroziyaga chidamli qoplamalar.

MOP®OJIOTHMUYECKHE U CTPYKTYPHBIE CBOMCTBA IOKPBITHIA, TOJYYEHHBIX METOJIAMHA
MAT'HETPOHHOT O PACIIBIJIEHUS U BAKYYMHO-AYI'OBOI'O OCAKJIEHUS
AnHOTaLUA

IIpunanue moBepXHOCTAM M3JeNUil N3HOCOCTOMKOCTH M KOPPO3UOHHOM CTOMKOCTH SBISETCS OJHOM U3 NMPUOPUTETHHIX 3ajad
COBPEMEHHOH IPOMBIIUIEHHOCTH. B HacTosImeM WCCIeJOBaHUN TIPOBEIEH KOMIUIGKCHBI aHAIW3 W CPaBHUTEIHHOE
comocraBneHrne cBoUcTB HUTpuAa TuTana (TiN)-OKpBITHH, 0CaXKIEHHBIX METOJJaMA MAarHETPOHHOTO PACHBUICHHUS W BaKYyMHOH
JYyTOBOM TEXHOJIOTHH. Y CTAHOBIIEHO, YTO, HECMOTPSI Ha QHATOTHIHOCTh X CTPYKTYPHBIX XapaKTEPHCTHK, IIOKPBITHS 3HAUUTEITHHO
Pa3IMYaIOTCS IO OJHOPOAHOCTH MTOBEPXHOCTH.

Knrouessblii cioBa: Hutpua TuTaHa, MarHeTpOHHOE pacIbUIEHHE, METOJA BaKyyMHOH Ayru, OZHOPOJHOCTb IOBEPXHOCTH,
KOpPPO3HMOHHAsi CTOWKOCTb, MOP(OJIOTHs MOBEPXHOCTH, TOJIIMHA IIOKPBITHS, peHTreHoBckas mudpaknus (XRD), anamms
HIEPOXOBATOCTH, HAHOPA3MEPHBIE TOKPBITHS, NEKTpUUecKasi IPOBOAUMOCTb, Fa30Bas [U1a3Ma, TEXHOJIOTHH HaHECEHH TOKPBITHIA,
HUHEPTHBIN ra3, MOHOKPUCTAJIIBI, METOABI OUUCTKU, KOPPO3SUOHHOCTOMKUE MOKPBITHS.

MORPHOLOGICAL AND STRUCTURAL PROPERTIES OF COATINGS OBTAINED BY MAGNETRON
SPUTTERING AND VACUUM ARC METHODS
Annotaiton

Imparting wear-resistant and corrosion-resistant properties to the surfaces of products is one of the main tasks of the modern
economy. In this work, the properties of titanium nitride coatings applied by magnetron sputtering and vacuum arc methods were
studied and compared. The coatings obtained by these two methods are structurally similar; however, their surface uniformity differ
significantly.

Key words: Titanium nitride, magnetron sputtering, vacuum arc method, surface uniformity, corrosion resistance, surface
morphology, coating thickness, XRD (X-ray Diffraction Analysis), roughness analysis, nanosurface coatings, electrical
conductivity, gas plasma, coating technologies, inert gas, single crystals, cleaning methods, corrosion-resistant coatings.

Kirish. Mashina gismlari va mexanizmlarining ishchi yuzalarini mustahkamlash uchun ishlatiladigan karbidlar va
nanokarbon zarralari bilan qattiq qoplamalar asosida yuqori iste’mol xossalariga ega bo‘lgan mahsulotlarni yaratish hozirgi kundagi
igtisodiy muammolardan biri bo‘lib, bu birinchi navbatda mahsulotlarning xizmat qgilish muddatini oshiradi [1]. Monkristallarni
etishtirish texnologiyasida va boshga metallurgiya jarayonlarida bunday qoplamalarni olishda go'shimcha tozalashsiz texnik toza
inert gaz ishlatiladi.

Mavzuga oid adabiyotlar tahlili. Fe-Co-Ni-Cu-Al-Ti tizimining magnit qotishmalarining monokristall chidamli
goplamalarda titan bilan o‘tga chidamli shakllarda qoplama qoplashda qotishmaning uglerod va azot bilan qo‘shimcha to‘yinganligi
sodir bo‘lmaydi. Vakuum-elektr razryad usullari bilan qo‘llaniladigan qoplamalarni quyidagi asosiy belgilarga ko‘ra tasniflash
mumkin:

1.Magsad bo'yicha: ishgalanishga bardoshli [2, 3], yuqori haroratga chidamli [4], korroziyaga qgarshi [5], dekorativ [6] va
boshga goplamalar.
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2.Fizikaviy va kimyoviy Xossalari bo‘yicha: metall [7], metall bo‘lmagan [8], yuqori haroratga chidamli [9], kimyoviy
jihatdan chidamli [10], nur gaytaruvchi [11] va boshqalar.

3.Yuzada hosil bo‘ladigan qoplamalarning fazaviy xususiyatiga ko‘ra: silitsid [12], borid [13], karbid [14] va boshga [15]
goplamalar.

Ti-Nb tizimiga mansub yupga metall goplamalarni ikki magnetron manbadan foydalangan holda metall namunalarni
qoplash orqali hosil qilishga alohida e’tibor qaratiladi. Ushbu manbalar qoplamani qoplash tezligida farq qiladi va namuna
aylantirilishi orgali element nisbatlari keng diapazonda bo‘lgan, qalinligi bir xil bo‘lgan qoplamalar olish imkonini beradi. Asosiy
materialni qoplash jarayonida Nb qo‘shimchasi o-Ti ning yuqori haroratli fazasini barqarorlashtiruvchi ta’sir ko‘rsatadi - niobiy
atomlarining qoplama o‘sishi paytida Ti kubiksimon markazlashgan kristall panjarasiga integratsiyalanadi. Metall qoplamalarning
yuza morfologiyasi qoplama qoplangandan so‘ng hosil bo‘lgan oksidli tuzilmalarning galinligida ham sezilarli darajada farq giladi
va dastlabki metall plyonkalardagi Ti ning atom nisbatiga bog‘liq [16]. Eng yaxshi natija Ti (26 at.%), Si (8,5 at.%), N (65 at.%)
tarkibiga ega bo‘lgan, qattigligi 29 GPa ni tashkil etuvchi goplama tomonidan namoyon etildi. Bu qoplama aylanuvchi taglikning
sovuq yuzasiga, uning potensiali erkin holda ushlab turilgan sharoitda cho‘ktirilgan. Ishda [17] vakuum yoyi usuli bilan qoplangan
goplamaga Ni, Co, Cu va Ti nanozarralari modifikatsiyasi tadgiq etilgan.

Tadgiqot metodologiyasi. Shuningdek, TiN ning elektron o‘tkazuvchanligi titaniumning yarim to‘lg‘angan d-bandiga
bog‘liq [18], optik xususiyatlar esa erkin Ti-d elektroni va N-p — Ti-d o‘tkazuvchilararo o‘tishlar ta’sirida hosil bo‘ladi [19, 20,
21]. Avvalgi tadgigotlarda magnetron changlatish va vakuum yoy razryadi usullari yordamida olingan namunalarning xususiyatlari
va morfologiyasini birgalikda kompleks o‘rganish amalga oshirilmagan. Ushbu ishda esa ushbu ikki usul bilan olingan
namunalarning rentgen diffraksiya (XRD) tahlili va yuzaning notekisligi darajasi o‘rganildi.

Bundan tashqari, ishlar titan nitridining ayrim xususiyatlarini, masalan, uning optik xususiyatlari [18], elektr
o‘tkazuvchanligi [22] va boshqalarni o‘rganilgan. TiN ning elektr o‘tkazuvchanligi titanning yarim bo‘sh D-bandiga bog‘liq [18],
optik xususiyatlar esa erkin o‘tkazuvchi elektronlar Ti-d va tarmoqli o‘tishlari N-p — Ti-d [19 - 21] tufayli hosil bo‘ladi. Ko‘rib
chigilayotgan ishlarda magnetronli changlatish va vakuum yoyi usullari bilan olingan namunalarning xususiyatlari va
morfologiyasi bir vaqtning o‘zida har tomonlama o‘rganish amalga oshirilmagan. Ushbu ishda esa ushbu ikki usul bilan olingan
namunalarning rentgen diffraksiya (XRD) tahlili va yuzaning notekislik darajasi o‘rganildi.

Qoplamalarni qo‘llash asosiga qalinligi 3 mm bo‘lgan shisha olinadi. Namuna avvalo kimyoviy usul va ultratovushli
vannada tozalandi (1-rasm).

1-rasm. Namunani tayyorlash jarayoni va qatlam o‘sishi

Ushbu ishda shisha yuzasi dastlabki kimyoviy va ultratovushli tozalashdan so‘ng, qoplamalar magnetron changlatish va
vakuum-yoy usullari yordamida qoplandi va ularning taggoslama tahlili amalga oshirildi. Dastlab namunalar yuzasiga magnetron
changlatish usuli yordamida titan nitrid (TiN) goplami goplandi. Magnetron changlatish manbaida magnit maydon kuchi 0,8 — 1,0
mTI ni tashkil etdi. Ishchi gaz sifatida argon ishlatildi va u 10%-10-2 Pa oralig‘idagi qoldiq bosimda evakuatsiya gilingan ish
hajmiga uzatildi. Magnetron changlatish qurilmasidagi kuchlanish 300-400 V oralig‘ida bo‘ldi. Namunaning ishchi yuzasiga
goplama goplash jarayoni 20-30 dagiga davom etdi.

Vakuum-yoy razryadi plazmasidan qoplama qoplash jarayonida namunalarni tozalash va changlatish 5-10"* Pa bosim
ostidagi vakuum muhitida amalga oshirildi. Yoy razryadi toki 150-350 A oralig‘ida o‘zgarib turgan, yoy oralig‘ida kuchlanish esa
3040 V ni tashkil etgan. Qoplama qo‘llashning boshlang‘ich bosqichida namunalar yuzasining harorati 473,15-523,15 K
diapazonida bo‘lgan. Bu harorat namuna yuzasining 350 A tokdagi ion bombardimon qilish orgali hosil gilingan. Qayta ishlangan
namunalar yuzasiga qoplama qoplash jarayoni 0,035-10 m/s tezlikda olib borilgan va yotgizilgan qoplama galinligi 1,5-2 mkm
ni tashkil etgan.

Olingan goplamalarning rentgen fazaviy tahlili Shimadzu (Yaponiya) firmasining XRD-6100 qurilmasida CuKa nurlanishi
(A=1,540600 A) yordamida amalga oshirildi. Tahlil 26 burchak diapazonida 10° dan 80° cha, 0,05 daraja gadam bilan va
detektorning doimiy aylanish tezligi 4 daraja/minut bo‘lgan holatda olib borildi. Yuzaning notekislik darajasi esa Agilent 5500
skanerlovchi zondli mikroskop yordamida baholandi.

Tahlil va natijalar. 2-rasmda magnetron changlatish manbaida olingan titan nitrid (TiN) goplamasining difraktogrammasi
keltirilgan.
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2-rasm. Magnetron changlatish manbaida olingan titan nitrid (TiN) goplamasining difraktogrammasi.
2-rasmda keltirilgan difraktogrammada TiN ga tegishli uchta asosiy cho‘qqi (pik) ko‘rinadi, shuningdek, uchta belgilangan
burchak giymatida past intensivlikdagi cho‘qqilar ham gayd etilgan: 20 = 12,48° TiN (110) tekisliklaridan aks ettirilgan nurlar; 20
=49° TiN (111) tekisliklaridan aks ettirish; va 20 = 73,12° TiN (220) tekisliklaridan aks ettirishga mos keladi.
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Bundan tashqari, 3a-rasmda metall yuzasiga goplangan titan nitrid goplamasining 80x80 mkm o‘lchamdagi morfologiyasi
ko‘rsatilgan. Rasmda ko‘rinib turibdiki, yotqizilgan titan nitrid qoplamaning sirt notekisligi 1,6 mkm ni tashkil giladi. Ushbu
tasvirda nitridning o‘sib borayotgan yirik agregatlari va ular o‘zaro qo‘shilib ketgan holatlari kuzatildi. Bu sirtning qo‘shilishi va
yirik titan nitrid agregatlarining shakllanishi vakuum yoy razryadi plazmasining yuzaga ta’siri natijasida yuz beradi.

S|k 50 1020 30 40 50 60 70um pum
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3-rasm. Ikki xil usulda olingan namunalarining AKM (Atom-kuch mikroskopiyasi) tasvirlari: a) vakuum yoy usuli; b) magnetron
usuli
Ushbu ikki xil usulda olingan namunalar yuzasining tasvirlaridan ko‘rinib turibdiki, magnetron changlatish usuli bilan
olingan namuna yuzasi bir xil (homogen) tuzilishga ega. 4b-rasmda esa vakuum yoy razryadi usuli bilan olingan namunada nisbatan
notekis sirt va murakkab relyefli gatlam shakllanganligi kuzatiladi.
Xulosa va takliflar. Ushbu ishda vakuum yoy razryadi va magnetron usullari bilan goplangan titan nitrid goplamalari tahlil
qgilindi. Olingan qoplamalar galinligi 1,6-2 mkm ni tashkil giladi. Magnetron usuli bilan olingan goplamalar nisbatan bir xil
qatlamga ega bo‘lsa, vakuum yoy usuli bilan olingan goplamalarda sirt notekisligi yugorirog. Vakuum yoy razryadi plazmasidan
qoplama qoplash tezligining yuqoriligi sababli, qoplangan atomlarning sirt bilan o‘zaro ta’siri sezilarli darajada kuchayadi, natijada
agregatlashish va goplamaning relyefi ortadi. Aksincha, magnetron usuli bilan qoplangan qoplamalar gomogen bo‘lib, bir xil
yuzaga ega.
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TIBBIYOT UNIVERSITETLARIDA NURLANISHLARINI MODDALAR BILAN O‘ZARO TA’SIRI FANINI
INNOVATSION TEXNOLOGIYALAR ASOSIDA O‘QITISH
Annotatsiya

Magqolada nurlanish qonunlari va ularni amaliyotda qo‘llanilishi hamda yadro fizikasi mavzularini o‘qitish metodikasini zamonaviy
fan va texnologiya yutuglari bilan boyitilib, IT texnologiyalari dasturlari yordamida takomillashtirilib, mavzularni namoyishli
tarzda innovatsion texnologiyalar bilan o‘qitilishi talabalar dunyogarashini zamonga mos holda shakllanishida samarali
bo‘lishini tajriba sinov natijalari bilan asoslab berilgan.
Kalit so‘zlar: Zamonaviy texnologik qurilmalar, massa va energiya, kompyuter texnologiyalari, innovatsion texnologiyalar,
elektron dastur, animatsiyali namoyishlar, slaydlar, yadro jarayonlari, reaktsiyalar, nurlanish.

MNPEINOJABAHUE ATOMHON PAJUAILIMU B BICIHEM MEJUIIUHCKOM OBPA30OBAHUU HA OCHOBE
HUHHOBAIIMOHHBbIX TEXHOJIOT'MI U TOBBILIEHUE AKTUBHOCTH CTYJAEHTOB
AHHOTAIHS

B crathe 000CHOBaHBI pe3yabTaThl SKCICPUMEHTAIBHOU MPOBEPKU TOTO, YTO OOOTaIICHHE METOJMKH MPEIOaBaHUS 3aKOHOB
M3JIyYCHUS M WX MPAKTHUYCCKOTO MPUMCHCHHS, a TaKkKe TEeM SACPHONH (U3UKH COBPEMCHHBIMH HAYYHO-TEXHHUCCKHMHU
JTIOCTIDKCHUSAMHE, COBEPIICHCTBOBAHHE MX C MOMOINIBIO mporpamMMm IT-TeXHOJOrui, mpenojaBaHue TeM B HarIAgHON (opme ¢
WCIIOJIb30BaHUEM WHHOBALIMOHHBIX TeXHONOTWH Oyner 3¢QekTuBHEIM B (HOPMHUPOBAHWK MHPOBO33PEHUS  yUaIIUXCSH,
OTBEYAIONIET0 TPEOOBAaHMSIM BPEMEHH.

KnioueBsbie ci1oBa: CoBpeMeHHBIE TEXHOJIOTHUECKHIE YCTPOUCTBA, Macca ¥ SHEPT s, BEIUMCIUTENbHAS TEXHUKA, HHHOBAIIHOHHBIE
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TEACHING NUCLEAR RADIATION IN HIGHER MEDICAL EDUCATION BASED ON INNOVATIVE TECHNOLOGIES
AND INCREASING STUDENT ACTIVITY
Annotation

The article substantiates the effectiveness of the methods of teaching the laws of radiation and their application in practice, as well
as nuclear physics topics, enriched with modern scientific and technological achievements, improved with the help of IT technology
programs, and teaching the topics in a demonstrative manner with innovative technologies in shaping students' worldview in line
with the times, based on the results of experimental tests.

Key words: Modern technological devices, mass and energy, computer technology, innovative technologies, electronic program,
textbook, animation, slides, nuclear processes, reactions, radiation.

Kirish. Tibbiyot sohasining tezkor rivojlanishi va uning zamonaviy ehtiyojlari oliy ta’lim tizimiga yangi talablar
go‘ymoqda. Bugungi kunda, tibbiyotda yangi ilmiy yondashuvlar, texnologiyalar va metodologiyalarni joriy etishning muhim
ahamiyatga ega bo‘lishi, talabalar va mutaxassislarning yuqori malakali va raqobatbardosh bo‘lishini ta’minlash uchun zarur.
Tibbiyot fanlaridan biri bo‘lgan "Nurlanishlarni moddalar bilan o‘zaro ta’siri" fani, nazariy bilimlar bilan birga, amaliy
ko‘nikmalarni ham o‘z ichiga olgan, aniq va ilg‘or yondashuvlarni talab etadi. Shuning uchun ushbu fanni o‘qitishda
takomillashgan metodlar va o°qitish modelini yaratish bugungi kunning dolzarb vazifasidir."Nurlanishlarni moddalar bilan o°zaro
ta’siri" fani tibbiyotda keng qo‘llaniladi, chunki inson tanasining turli biologik jarayonlari va tibbiy muolajalar nurlanish orqali
amalga oshiriladi. Ushbu fanni o‘qitish talabalarga radiatsiya, elektromagnit nurlanishlar, ultratovush va boshqa turli xil
nurlanishlarni moddalarga ta’sirini tushunishga yordam beradi. Bu jarayonlar tibbiyotning eng ilg‘or va zamonaviy usullarini,
masalan, diagnostika, radioterapiya, rentgen, kompyuter tomografiyasi kabi texnologiyalarni qo‘llashda muhim rol o‘ynaydi [1-2].
Shuningdek, bevosita kuzatish tajribalari qurilmalarini yo‘qligi va murakkabligi, mavzuni tushunishga oid o‘quv materiallari
hajmini kengligi xam yadroviy jarayonlarni idrok etishni qiyinlashtiradi. Aynigsa, AKT yordamida zamon taraqqiyoti bilan bog’liq
mavzularni o‘qitishga bag’ishlangan ishlar deyarli uchramaydi. Shu ma’noda yadro fizikasi bo‘yicha bilimlar sifatini yuqori
darajaga ko‘tarib, yadroviy jarayonlar haqida zamonaviy tasavvurni shakllantirish zarurati bilan yadro fizikasini o‘qitish
metodikasini innovatsion axborot texnologiyalari asosida yetarlicha o‘rganilmaganligi orasidagi tafovutni bartaraf etish yadro
fizikasini o‘qitishdagi muammolardan sanaladi.

Asosiy gism. O‘quv informatsion texnologiyalari resurslari o‘rganilayotgan jarayonlarni modellashtirish va animatsiyali
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tasvirlashga, talabalarni fikrlash qobiliyatlarni tasavvurli tarzda rivojlantirishga, o‘quv ma’lumotlarini namoyishli ifodalashga,
laboratoriya ishlarini komp’yuter eksperimentlari sharoitida o‘tkazishga va eng muhimi real vaziyatni monitorda imitatsiyali
akslantirib, o‘rganishga bo‘lgan giziqishni orttirishga keng imkoniyatlar yaratadi [3]. Bunday imkoniyatlardan foydalanib yadro
fizikasini o‘qitish metodikasini takomillashtirish uchun dastlab o‘quv predmetlari materiallari mazmunini Davlat o‘quv standarti
bilan zamonaviy fan va texnika yutuglarini mos kelishini ta’minlashga erishish, yadro fizikasini o‘quv mazmunini tanlanishida
nazariy bilimlarni asosiy amaliy qo‘llanish sohalarini ko‘rsatish orgali nazariya va amaliyotni bog’lanishini ta’minlash, fizikaviy
ta’limni ekologik tashkil etuvchilarini e’tiborga olish va har bir tushunchalarni fizik mohiyatini idrok etishda, ya’ni fizik hodisa,
fizik kattalik, model, g’oya, nazariya, atom yadrosi, massa defekti, bog’lanish energiyasi, radioaktivlik, ionlashtiruvchi nurlar kabi
tushunchalarni fundamental gonunlarga mos kelishi va ilmiyligini ta’minlanishi lozim. Bunda yadroning alohida xossalarini
ifodalaydigan modellardan foydalanib u yoki bu jarayonni tushunishda kerakli modeldan foydalanishni va har bir modelni qo‘llanish
chegarasi va imkoniyatlarini bevosita komp’yuter dasturlari yordamida namoyishli tarzda ko‘rsatilishi yadro xossalari va tuzilishi
haqidagi yangilanmay qotib qolgan ma’lumotlarni kengaytirishga va yadroning universal modeli yaratilmagani haqida
ma’lumotlarga ega bo‘ladilar. Aytish kerakki, buncha ma’lumotlarni an’anaviy usulda o‘rganish ko‘p vaqt talab etsa, AKTdan
foydalanish vaqtni tejashdan tashqari obrazli tasavvur bilan mohiyatni idrok etishni yengillashtiradi. Shuningdek, yadro fizikasini
muhim savollaridan biri yadro bo‘linishi jarayonini energiya manbai sifatida ifodalashdir. Yadroni bo*linish reaktsiyalari bilan o‘zini
o‘zi tiklab boradigan bo‘linish reaktsiyalar jarayonlarini birgalikda matematik modellarini yaratib neytronlarni ortib borish
jarayonini va yadro reaktsiyalarini rivojlanish yoki so‘nish extimolliklari variantlarini namoyishi orgali tushunish ham yadro
reaktsiyalarini boshgarish mohiyatini to‘laroq tasavvurini shakllantiradi. Markaziy savollardan yana biri talabalar tasavvurida
yadro energetikasini fizik asoslari va radionurlanish xavfi hagida real manzarani shakllantirishdan iborat. Shu o‘rinda aytish
kerakki, har bir mamlakat o‘z tabiiy joylashuviga ko‘ra, qanday turdagi energiya manbai yaratish uchun qulay sharoitga egaligini
o‘rganish orgali o‘zining bargaror va yetarlicha energiya ta‘minotiga erishishi yo‘lida barcha turdagi energiya manba‘larini afzal
va zaif tomonlarini tahlil qilib, qanday turdagi energiya manba‘lari iqtisodiy ijtimoiy rivojlanishda ustivor yo‘nalishga egaligini
belgilaydi. Shuma’noda biz adabiyotlarda yoritilgan barcha turdagi energiya manbalarini afzal va zaif tomonlarini tahlil etib, yadro
energetikasi xarakteristikalari bilan ularni tagqoslashga imkon beruvchi jadval tavsiya etdik. Ushbu jadval talabalarga yadro
energetikasini ijtimoiy hayotdagi o‘rnini baholashlariga imkon yaratadi [5].

Yadro va boshga turdagi zangori energiya manba‘larini ijtimoiy igtisodiy hayotdagi muhim xarakteristikalari.

1-jadval.
= & = = = =
2 Sy S 2 2 X 5 2 =
E 'Sl |& 5 5 =
P = =2 k]
v g <8 | 23 - =2 sx |E = |g&
- s ° X = a X 8 2= Z = s &
Sz I=2 |3 = 5 |53 |28 |2 =2 |8
i i S s S= |5 E =X = < o]
Energiya manba‘si ST |5 g < g =S |2 [ T |2€ |3 g% g
© =] - 3 —
a8 IS5 Ju S |f8 |Rs8 |5¢ IS 28 |53
1 Yadro energetikasi + + v + - L+ o n + n
2 Kichik gidrostantsiyalar \ + + o 2] + + - o +
3 Yirik gidrostantsiyalar + + " + A o - o +
4 [Quyosh energiyasi A + + 5 [+ [+ n N o
5 IShamol energiyasi A + -+ + + + o
6 Geotermal issiglik energiya - [+ + + N o
imanba‘lar
7 Bioenergetik qurilmalar + -+ + +
8 Okeanlar ~ suv  satxi  ogimif- + -+ - + + [+
elektrostantsiyalari
9 WSuv to‘lgini elektrostantsiyalari - + -+ - -+ -+ + - - 2]
Chigindilarni  qayta  ishlashdan|
10 olinadigan energiyalar - + L+ L+

Belgilashlar: “+” yuqori; “ V” o‘rtachadan yuqori; ” o “o‘rtacha; “4”o‘rtachadan past; “—’past.

1-jadvaldan ko‘rinadiki, energiya ta‘minoti bo‘yicha eng muhim ko‘rsatgichlar: barqarorlik, uzoq muddatlilik, yetarli
quvvat bilan ta‘minlay olish, ekologik xavfsizlik kabilar orasida yadro, gidro, shamol, quyosh energiyalari manba‘larini
boshqgalariga nisbatan afzalligi bor. O‘zbekiston sharoitida AESlar nisbatan eng xavfsiz va muxim energetika manba’laridan biri
bo‘lishini ishonarli tarzda talabalarga ko‘rsatib berilishi bugungi yangilangan yadro energetika manba‘laridan foydalanish qulay va
ishonchli ekaniligi hagida zamonaviy tasavvurlarini shakllantirishga katta yordam beradi. Shu bilan birga yadro energetikasi
sohasida milliy mutaxassis kadrlarni Rossiyaning yetakchi oliy ta’lim muassasalarida tayyorlanayotgani ham bu ishonchni
mustaxkamlaydi.Yuqorida ta’kidlangan, nanotexnologiya yutuglari yordamida yaratilgan yangi yadroviy energetik qurilmalarni
yangi avlodi va fan yutuglari ilmiy natijalarini etiborga olgan holda o‘qitishga samarali yordam beradigan turli xildagi mavjud
zamonaviy komp’yuter dasturlari: “TechSmith Camtasia”, “MXSAFlash”, “ActivePresenter”, “EasyQuizzy” va “AutoPlay
MediaStudio” kabilardan va biz tomondan ishlab chiqilgan 1-rasmda keltirilgan “Yadro reaktsiyalari” [6], “Atom energetikasi”
[7], “Zamonaviy atom reaktorlari va ularning ishlash mexanizmlari” kabi elektron darsliklardan foydalanish maqsadga muvofiq
bo‘ladi. Bunda turli kompyuter dasturlari namoyish taqdimotlaridan unumli foydalanishni tashkil etish, ayniqsa, yadro
reaktsiyalarini va energetika qurilmalari ishlash tamoyili dinamikasini kuzatishga va ularda kechadigan jarayonlarga aralashish
imkonini beruvchi dasturlardan foydalanish mavzuni qiziqib o‘zlashtirishga olib keladi.

Bu elektron dasturlar zamonaviy kompyuter imkoniyatlaridan foydalangan holda Delphi, Java, C++, Python dasturlash
tillari yordamida yaratildi. Bunda yadro fizikasiga oid termoyadro sintez reaktsiyalari animatsiyasi, yadroni bo‘linish jarayonlari
animatsiyasi, birinchi va zamonaviy atom elektr stantsiyalari - AESlar prezentatsiyasi, ularni xavfsizlik darajasini baholash
mezonlari jadvallari, yadro reaktorlari turlari animatsiyasi, yadroning bo‘linish reaktsiylari prezentatsiyasi va yadroning pronon—
neytron modeli kabi namoyishli dasturlar yadro fizikasini o‘qitish metodikasiga kiritilib takomillashtirildi va Namangan davlat
universitetida o‘quv tajriba sinovlari o‘tkazildi.

Tajriba natijalari va muhokamalar. Tajriba sinov ishlari tayyorgalik, zlanish, shakllantiruvchi bosgichlarda Toshkent
tibbiyot atkademiyasi (TTA), Andijon davlat tibbiyot instituti (ADTI), Farg‘ona Central Asian Medical University (CAMU) va
Samargand davlat tibbiyot universiteti (SamDTU)larining tanlab olingan talabalari o‘rtasida o‘tkazildi. Atom yadrosi va elementar
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zarralar fizikasini innovatsion texnologiyalardan foydalanib o‘qitishga bag’ishlangan mashg’ulotlardan foydalanish holati va dars

jarayonlarida innovatsion texnologiyalardan foydalanish metodlarini qo‘llanishi bo‘yicha mavjud holatni ob’ektiv baholash

magsadida o‘tkazilgan tajriba maydonidagi talabalardan jami 393 ta respondent (2-jadvalga garang) gatnashdi.

Tibbiyot oliy ta’lim muassalarida nurlanishlarni moddalar bilan o‘zaro ta’siri fanini o‘qitishni innovatsion texnologiyalar asosida
takomillashtirish bo‘yicha pedagogik tajriba-sinov ishlarining avvalidagi statistik ko‘rsatkichlari

2-jadval.
Tajriba va sinov (Guruhlar ITalabalar |O°zlashtirish darajalari
lob’ektlari jsoni A’ [Yaxshi  [O‘rta  [Past
IToshkent tibbiyot akademiyasi [Tajriba guruhi 51 9 10 14 18
Nazorat guruhi 53 8 14 21 10
Fergana Central Asian Medical University  [Tajriba guruhi 146 5 9 13 19
Nazorat guruhi 146 5 10 21 10
IAndijon davlat tibbiyot instituti [Tajriba guruhi 4 ] 10 12 18
Nazorat guruhi 149 5 11 13 20
[Samargand davlat tibbiyot universiteti [Tajriba guruhi 51 8 14 14 15
Nazorat guruhi 53 5 13 17 18
[Tajriba guruhi 192 26 U3 53 70
Jami: Nazorat guruhi 201 23 48 72 58

Tajriba guruxlarida jami 192 nafar, nazorat guruxlarida esa 201 nafar talabalar tajriba- sinov ishlarida gatnashdi. Jadvaldagi
natijalarni tahlil qilinib, sinov va nazorat guruhlari natijalari taqqoslandi. Jadvaldan ko‘rinib turibdiki, tajriba va nazorat
guruhlaridagi o‘zlashtirish darajalari orasidagi farqlar sezilarli emas. Bu o‘z navbatida tadqiqot mavzusini dolzarbligini bildiradi.
Tibbiyot oliy ta’lim muassalarida nurlanishlarni moddalar bilan o‘zaro ta’siri fanini o‘gitish metodikasini innovatsion
texnologiyalar asosida takomillashtirish bo‘yicha tajriba-sinov ishlari oldindan tuzilgan rejalar asosida olib borildi va tajriba-sinov
yakunida statistik ko‘rsatkichlar (3- jadvalga garang) keltirildi:

Tibbiyot oliy ta’lim muassalarida nurlanishlarni moddalar bilan o‘zaro ta’siri fanini o‘qitishni innovatsion texnologiyalar asosida
takomillashtirish bo‘yicha pedagogik tajriba-sinov ishlarining so‘ngidagi statistik ko‘rsatkichlar

3-jadval.
Tajriba va sinov Guruhlar [Talabalar O“zlashtirish darajalari
lob’ektlari jsoni IA’lo 'Yaxshi O‘rta_ |Past
Toshkent tibbiyot akademiyasi [Tajriba guruhi 51 16 23 7 5
Nazorat guruhi 53 7 15 22 9
Fergana Central Asian Medical[Tajriba guruhi 146 15 21 6 14
University Nazorat guruhi 46 5 12 24 5
IAndijon davlat tibbiyot instituti [Tajriba guruhi 44 14 23 4 3
Nazorat guruhi 49 6 13 22 8
ISamargand davlat tibbiyot universiteti [Tajriba guruhi 51 17 21 8 5
Nazorat guruhi 53 6 16 23 8
[Tajriba guruhi 192 62 88 125 17
Jami: Nazorat guruhi 201 24 56 91 30

Tibbiyot oliy ta’lim muassalarida nurlanishlarni moddalar bilan o‘zaro ta’siri fanini o‘qitishni innovatsion texnologiyalar
asosida takomillashtirish bo‘yicha pedagogik tajriba-sinov ishlarining yakunida statistik ko‘rsatkichlar (4-jadvalga garang)
tagqgoslandi:

Tibbiyot oliy ta’lim muassalarida nurlanishlarni moddalar bilan o‘zaro ta’siri fanini o‘qitishni innovatsion texnologiyalar asosida
takomillashtirish bo‘yicha pedagogik tajriba-sinov ishlarining yakuniy solishtirma jadvali.

4-jadval.
= Taan? va sinov Ao Yaxshi o Pt -
= ob’ektlari
El TTA 16 3 7 5 51
3 CAMU 15 21 6 4 46
= ADTI 14 3 1 3 u“
SamDTU 7 21 B 5 51
Jami 62 88 25 17 192
5 | e | Al | Yeshi | oma | Pat | ami
s TTA 7 5 2 9 53
2 CAMU 5 7 % 5 3
3 ADTI 6 13 22 8 19
= SamDTU 6 16 3 8 5
Jami 2% 56 91 30 201

Tajriba-sinov natijalari tahliliga ko‘ra, tadqiqot jarayoniga jalb etilgan tajriba guruhidagi talabalarning nazorat guruhi
talabalariga nisbatan bilim, ko‘nikma va malakalari samarali ekanligi aniglandi. Bu holatni obyektiv baholash uchun statistik tahlil
amalga oshiriladi (5-jadvalga garang), aniglangan xulosagina tajriba-sinov ishlarining ilmiy, pedagogik, texnologik va metodik
jihatdan to‘g‘ri samarali olib borilganini tasdiqlaydi.

Tibbiyot oliy ta’lim muassalarida nurlanishlarni moddalar bilan o‘zaro ta’siri fanini o‘qitishni innovatsion texnologiyalar
asosida takomillashtirish bo‘yicha tajriba-sinov natijalarining yakuniy tahlili (son va foizlarda)

5-jadval
Curahlar Talabalar O°zlashtirish natijalari (% da)
soni Allo Yaxshi O'rta Past
= z
Tajriba 192 62 |88 /,/ 25// 17 e
guruhlari -~ > e
- 32 ’// 46 - 13|
Nazorat 201 22 _|se |or |30 7
guruhlari a1z /// 28| 7 as /// 15

Ta’kidlovchi tajriba-sinov davrida ham statistik tahlilni amalga oshirish uchun Styudent va Pirson metodlari tanlandi.
Mazkur metod ikki guruhda qayd etilgan ko‘rsatkichlarni aniqlash va obyektiv baholash imkoniga ega. Matematik statistik
metodning mohiyatiga ko‘ra dastlabki bosqichda tajriba va nazorat guruhlarida qayd etilgan statistik ko‘rsatkichlarni tanlanmalar
sifatida belgilanib, baho ko‘rsatkichlari bo‘yicha variatsion qatorlarni hosil qilish lozim bo‘ldi. Bu diagrammada quyidagi
ko‘rinishni oldi: Diagrammadan ko‘rinib turibdiki, tajriba guruhidagi yuqori va o‘rta ko‘rsatkichlar nazorat guruhi
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ko‘rsatkichlaridan yuqori ekan.Yuqoridagi natijalarga asoslangan holda tajriba yakunida statistik ko rsatkichlarning o‘rta qiymati,
tanlanma dispersiya, variatsiya ko ‘rsatkichlari,

90
80
70
60
so
a0
30 - Yuqori
2 = Yaxshi
° i
Tajriba Nazorat s O'rte
guruhlari guruhlari = Past
= Yuqori 62 24
= Yaxshi ss se
wO'rta 25 o1
- Past 17 30

1-rasm. Tibbiyot oliy ta’lim muassalarida nurlanishlarni moddalar bilan o‘zaro ta’siri fanini o‘qitishni innovatsion texnologiyalar
asosida takomillashtirish bo‘yicha pedagogik tajriba-sinov ishlarining yakuniy diagrammasi
Styudentning tanlanma mezoni, Styudent mezoni asosida erkinlik darajasi, Pirsonning muvofiglik mezoni va ishonchli
chetlanishlari quyidagi jadvalda aks ettirildi (6-jadvalga garang).
Tibbiyot oliy ta’lim muassalarida nurlanishlarni moddalar bilan o‘zaro ta’siri fanini o‘qitishni innovatsion texnologiyalar
asosida takomillashtirish bo‘yicha tajriba-sinov natijalarining statistik ko‘rsatkichlari
6-jadval.

|
~

=~

-

S; S; C G . A

X

4,01 | 3,37 | 0,8099 | 0,7731 | 1,60 | 1,84 | 7,11 | 391 | 64,88 | 0,13 | 0,12

Yuqoridagi natijalarga asoslanib tajriba-sinov ishlarining sifat ko‘rsatgichlari
_(X-A) _4,01-0,13 3,388

—=L11>1;

MO(Y+4,) 3374012 3,49

Bilish darajasini ko'rsatkichi esa:

Kgs =(X=4,)=(Y =4,)=(4,01-0,13)=(3,37-0,12) = 3,88-3,25=0,63 > 0;

Olingan natijalardan o‘qitish samaradorligini baholash mezonini birdan kattaligi bilan va bilish darajasini esa baholash
mezonini noldan kattaligi bilan ko‘rish mumkin. Bundan ma’lumki, tibbiyot oliy ta’limida atom nurlanishlarini innovatsion
texnologiyalar asosida o‘qitish va talabalar faolligini oshirish bo‘yicha tajriba guruhlaridagi o‘zlashtirish nazorat guruhlaridagi
o‘zlashtirishdan yuqori ekan.

Xulosa.Yugoridagi statistik tahlillar asosida tajriba-sinov ishlari samarador ekanligini va nurlanishlarni moddalar bilan
ta’siri fanini o‘qitishda IT texnologiyalarini tatbiq etish orgali talabalar faolligini oshirishda yuqori samaradorlikka erishish
mumkinligini aytishimiz mumkin.
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ANTI-SOLVENT AND GAS-QUENCHING METHODS FOR CONTROL CRYSTALLISATION OF ACTIVE LAYER
IN PEROVSKITE SOLAR CELLS
Annotation

Perovskite solar cells (PSCs) have emerged as a promising photovoltaic technology due to their high power conversion efficiencies
and low-cost fabrication. The crystallisation of the perovskite active layer plays a crucial role in determining the device's efficiency
and stability. This paper comprehensively examines two widely adopted techniques for controlling perovskite crystallisation: anti-
solvent treatment and gas-quenching by checking optic properties. A crucial factor in PSC fabrication is the deposition of the
perovskite absorber layer, as its quality directly influences device performance. Traditionally, antisolvent quenching has been the
primary method for inducing crystallization in perovskite films. However, gas quenching-an alternative approach that utilizes
pressurized gases (typically N2) to supersaturate the perovskite precursor solution has demonstrated substantial advantages.We
explores the advantages in gas quenching for high-quality perovskite film formation, offering a comparative analysis with
antisolvent quenching.

Key words: Anti-solvent, gas-quenching, perovskite solar cell.

METO/IbI OXJIAKJIEHUSI AHTUPACTBOPUTEJIEM U I'A30M JIJI51 YIIPABJEHUS KPUCTAJLIASALIMEN
AKTHUBHOI'O CJI04 B IIEPOBCKUTHBIX COJTHEYHBIX 9JIEMEHTAX
AHHOTaALUSA

IlepoBckutHBIe comHeunble dneMeHThl (PSC) cramm mepcrekTHBHOM (OTORIEKTPUIECKONH TEXHOJIOTHEH Oaromaps BBICOKOW
3¢ (eKTHBHOCTH NPeoOpa30BaHUs SHEPTUHN M HU3KOH CTOMMOCTH M3TOTOBIICHNMS. KpHcTammmsams akTHBHOTO CIIOS TIEPOBCKHUTA
UTpaeT pelIaloNlyl0 pojb B OINpeaelieHnH 3(GQEKTUBHOCTH W CTaOMIBHOCTH YCTpoicTBa. B 3Tol cTaThe BcecTOpoHHE
paccMaTpMBAarOTCSl ZiBa IIMPOKO PACHpPOCTPAHEHHBIX MeETOJa KOHTPOJIS KPHCTAUIM3AIMK  MEepOBCKHTAa: 00paboTka
AQHTHPACTBOPUTENIEM U Ta30BOE ralleHHe MMyTeM HMPOBEpKH ONTHYECKUX CBOMCTB. Pemaromum ¢akrtopom B msrotoBnennn PSC
SIBJIIETCSl HAHECCHHE CJIOSI IEPOBCKUTHOTO MOTJIOTUTENS, TOCKOIBKY €r0 KauyecTBO HANpPSIMYIO BIHMSET Ha MPOWU3BOIAMTEIBHOCTH
ycrpoiictBa. TpainIMOHHO, TalleHWE aHTHPACTBOPHUTENEM OBUIO OCHOBHBIM METOAOM JUISi WMHIYKIHMH KPHCTAaJUTH3AL[MU B
MEePOBCKUTHBIX IUIeHKax. OHAKO ra30BO€ ramieHne-albTePHATUBHBIA MOIX0MA, KOTOPBIH HCTIOIB3YeT CKaTble Ta3bl (00bITHO N2)
JUISL IEPECHIIEHNUSI PACTBOPA-TIPEANIECTBEHHHIKA TIEPOBCKUTA MPOJEMOHCTPHPOBAIIO CYMIECTBEHHBIE IPEUMyIIecTBa. MBI H3ydaeM
MpeNMyIIecTBa Fa30BOTO TAIICHUS Il (GOPMUPOBAHUS BEICOKOKAYECTBEHHON IIIIEHKH MEPOBCKHTA, TpeJIaras CpaBHUTEIBHBIIN
aHAJIN3 C TallICHHEM aHTHPACTBOPUTENIEM.

KitioueBble cJIOBa: aHTHPACTBOPUTEIb, TA30BOE - TAIICHNE, TIEPOBCKUTHBIA COIHEYHBIN JIEMEHT.

PEROVSKIT QUYOSH ELEMENTLARIDAGI AKTIVE QATLAMNING KRISTALLANISHINI NAZORAT QILISH
UCHUN ANTISOLVENT VA GAZ BILAN SOVUTISH USULLARI
Annotatsiya

Perovskit quyosh elementlari (PSCs) o‘zlarining yuqori quvvat aylanish samaradorligi (PCE) va arzon ishlab chigarish imkoniyati
sababli so‘nggi yillarda eng istigbolli fotovoltaik texnologiyalardan biri sifatida tanilgan. Qurilma samaradorligi va bargarorligi
asosan perovskitning faol gatlamining kristallanish sifatiga bog‘liq. Ushbu maqolada perovskit kristallanish jarayonini boshgarish
uchun keng go‘llaniladigan ikkita asosiy texnika: anti-solvent usuli va gaz bilan sovitish (gas-quenching) metodlari optik xossalar
asosida batafsil tahlil gilinadi.

Kalit so‘zlar: erituvchiga-garshi, gazli-so‘ndirish, perovskit quyosh elementi.

Introduction. Perovskite solar cells (PSCs) have emerged as a transformative photovoltaic technology, achieving
remarkable advancements in power conversion efficiency (PCE), scalability, and economic viability. Over the past decade, lab-
scale PSC efficiencies have soared from approximately 3.8% to over 26.7% [1]. This remarkable progress stems from the
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exceptional optoelectronic properties of perovskite materials, including high absorption coefficients, long carrier diffusion lengths,
and tunable bandgaps, combined with cost-effective fabrication techniques [2-7]. However, achieving both high efficiency and
long-term stability in PSCs critically depends on the formation of high-quality perovskite films with precise control over
crystallization and morphology. Persistent challenges such as phase segregation and light-induced degradation remain key concerns
[8]. Moreover, the advancement of scalable, large-area fabrication methods is crucial for the successful commercialization of PSC
technology. A major challenge in perovskite film fabrication lies in achieving precise control over crystallization during deposition.
Most PSC research has relied on spin coating and anti-solvent treatment techniques, which have been widely applied to traditional
lead-based perovskites as well as lead-tin mixed and tin-based, lead-free compositions [9-17]. However, the manual nature of these
methods introduces variability due to factors such as deposition height, angle, and speed, compromising reproducibility.
Additionally, scaling these techniques for large-area, environmentally sustainable production remains difficult and often
impractical [15, 16, 18, 19]. To address these limitations, researchers are actively exploring alternative strategies to enhance control
over perovskite film formation and improve scalability. Among these emerging techniques, gas quenching has demonstrated
significant potential for optimizing perovskite crystallization and morphology, offering a more reliable and scalable solution for
the fabrication of high-quality films. Gas quenching, initially introduced during spin coating [20], employs an inert gas (such as
nitrogen or argon) during the wet film deposition stage to rapidly remove residual solvents, facilitating controlled crystallization
of the perovskite layer. As a result, gas quenching produces smooth, pinhole-free films with large grain sizes and enhanced
crystallinity while minimizing solvent consumption.Gas quenching, initially implemented during spin coating [20], employs an
inert gas (such as nitrogen or argon) during the wet film deposition stage to accelerate solvent removal, thereby facilitating
controlled crystallization of the perovskite layer. While highly promising, gas quenching in PSC research remains in its early stages,
with many aspects still requiring thorough investigation. Key areas of ongoing research include optimizing quenching conditions,
elucidating the relationship between gas dynamics and film formation, and assessing its impact on different perovskite compositions
and device architectures. In this study, we precisely engineered the perovskite active layers using gas quenching (GQ) and anti-
solvent (AS) techniques, aiming to evaluate their impact on film quality. Comprehensive characterization was conducted using X-
ray diffraction (XRD), UV-Vis spectroscopy, SEM imaging, photoluminescence (PL), and time-resolved PL (TRPL) to assess
structural, optical, and morphological properties.

Research Methodology. Precursor and Device Preparation. In this structure, ITO(Indium Tin Oxide ) glas were cleaned
by an ultrasonic with Distilled water, acetone, Toluol and IPA(Isopropyl alcohol) and drayed Nitrogen gas. Simple is glass/indium
tin oxide (ITO)/PTAA/MAPDI3. All device preparation steps were performed in a nitrogen-filled glovebox. PTAA solution (Sigma-
Aldrich, 5 mg mL—1 in toluene) was spin-coated dynamically at 6000 rpm for 30 s and afterward annealed at 120 °C for 30 min.As
substrate, a 15 x 20 mm ITO-coated glass is used.For MAPbI3 perovskite, a 1 M solution of PbI2 and MAI with 5% excessive
PbI2 (for passivation ) was prepared with a solvent mixed by NMP/DMF with 3/7 volume ratios. The solutions were spincoated at
3000 (2000 ) rpm for 120 s with an acceleration speed of 300 rpm s—1(for anti-solvent , 5000 rpm for 30 s ,Xlorbenzole dropping
time -9s,14s, 20 s).After various delay times, a continuous nitrogen gas flow with a pressure of 5,5 bars (filtered with 0,6 um PTFE
filter) was aimed (incident angle-90°) at the substrate with a distance of approximately 10 cm to form the intermediate. Afterward,
substrates were immediately transferred to a hotplate and annealed at 100°C for 10 min.

Analysis and results. From Fig-1, Scanning electron microscopy (SEM) analysis revealed that the gas quenching method
produced perovskite grains of significantly larger size compared to those formed via the anti-solvent approach. This observation
underscores fundamental differences in crystallization kinetics, thin-film morphology, and defect formation between the two
methods. Below, we synthesize the implications of these findings, discuss their broader impact on perovskite photovoltaic
technology,and outline future research directions to optimize these fabrication techniques.

While this study compared the gas quenching (GQ) and anti-solvent (AS) methods, the XRD results showed that the
perovskite films formed via gas quenching exhibited significantly higher diffraction intensity at the characteristic 20 angle of
~14.01°, corresponding to the (110) crystallographic plane of the tetragonal MAPbI3 phase,compared to those produced by the
anti-solvent method. This finding underscores the critical role of crystallization kinetics in determining perovskite film quality and
provides insights into the mechanistic advantages of gas quenching(Fig-2).
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Figure-2: Xray of ITO glass/PTAA/MAPbBI3. Gas quenching (GQ) and Anti-
solvent (AS).
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With a focus on UV-vis spectroscopy analysis (Fig-3).The experimental results revealed that perovskite films fabricated
via gas quenching (GQ) exhibit significantly enhanced light absorption across the UV-visible spectral range when compared to
films processed using the anti-solvent (AS) method.Notably, at a wavelength of 550 nm, the absorption coefficient for GQ films
exceeds 1.5, indicating a more efficient light-harvesting capability.In contrast, the AS-processed films display a comparatively
lower absorption coefficient, falling below 1.5 at the same wavelength. This suggests that gas quenching promotes improved film
morphology and optical properties, likely due to more uniform crystal formation and reduced defect densities, making GQ a
promising technique for optimizing the performance of perovskite-based optoelectronic devices.

—— AS-9s

2.5+ ——— AS-15s
—— AS-20s
——— GQ-2000rpm

2.0+ — G Q-3000rpm

Absorption

500 600 700 800 900
Wavelength(nm)

Figure-3: Absorption of ITO glass/PTAA/perovskite. Gas quenching
(GQ) and Anti-solvent (AS).

In Fig-4 the PL measurements shown that the perovskite films formed by gas quenching exhibited significantly lower PL intensity
at the corresponding emission wavelength compared to those prepared via the anti-solvent method.This observed reduction in
steady-state PL intensity for the gas quenched (GQ) perovskite films carries important implications regarding the material's
optoelectronic properties and potential device performance. In the context of photovoltaic applications, a lower PL intensity
generally suggests a more efficient charge extraction process or reduced non-radiative recombination losses. It implies that photo-
generated carriers (electrons and holes) are more effectively separated and collected, rather than recombining radiatively within
the perovskite layer.The gas quenching method, which involves the rapid removal of solvent during the perovskite film formation
by an inert gas flow, appears to facilitate the formation of films with improved crystallinity, fewer defect states, and enhanced
interfacial contact with the underlying PTAA layer. These factors contribute to a reduced probability of radiative recombination
events, hence the observed lower PL signal. On the other hand, the higher PL intensity observed in the anti-solvent (AS) processed
films indicates that a significant fraction of the photo-generated carriers recombine radiatively without being extracted. This could
be due to the presence of a higher density of defects, grain boundaries, and/or sub-optimal contact between the perovskite and the
underlying transport layers, all of which can trap charge carriers and promote radiative recombination.
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Figure-4: Steady-state photoluminescence (PL)
of ITO glass/PTAA/MAPbBI3. Gas quenching
(GQ) and Anti-solvent (AS).

TRPL data was obtained (Fig-5).This data was fitted and the values of 11, 12 were gained. In this model, the faster decay
component tl is attributed to charge carrier trapping involving defects, and slower decay components 12 is assigned to the
bimolecular radiative recombination in the bulk of the perovskite layer.
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Figure-5: Time-resolved photoluminescence (TRPL) spectra
of ITO glass/PTAA/perovskite. Gas quenching (GQ) and
Anti-solvent (AS).

The obtained fitted parameters according to the model used are presented in Table 1. The fast decay component for GQ
(3000, 2000 rpm) and AS (9s, 15s, 20s) is t1 (12.91, 5.81 and 4.93, 4.59, 5.645 ns, respectively) as compared to the bare perovskite
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film (16.6 ns), which indicates the reduced defect density in the perovskite layers. The slower decay component 12 was also
significantly enhanced from 10.95, 19.29,11.69 ns for AS (9s,15s,20s ) to 46.14,42.45 ns for GQ(3000 ,2000 rpm ), suggesting that
optined active layer by gas quenching method reduced recombination losses in the perovskite bulk, which could be attributed to
the enhanced film morphology and increased grain sizes.

Table-1
T, [ns] Tz [ns]
AS-15s 4.594 19.29
AS-20s 5.645 11.69
AS-9s 4.93 10.95
GQ-3000 12.91 46.14
GQ-2000 5.81 42.45

Recommendations. This study showed that gas quenching promotes improved film morphology and enhanced optical
properties, likely due to more uniform crystal formation, larger grain sizes, and reduced defect densities within the perovskite layer.
Such improvements contribute to more efficient photon absorption and charge carrier transport, which are critical parameters for
the overall performance of optoelectronic devices. The higher absorption coefficient observed in gas-quenched films at 550 nm
further underscores their superior light-harvesting capability, which can directly translate into enhanced power conversion
efficiencies in photovoltaic applications. Therefore, gas quenching stands out as a scalable and effective approach for fabricating
high-quality perovskite films, paving the way for the development of next-generation, high-performance solar cells, photodetectors,
and other optoelectronic devices.
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STUDY OF INTERMOLECULAR INTERACTIONS IN ANILINE-CHLOROFORM SOLUTIONS
Annotation

In this work, when analyzing the vibrational bands of aniline in chloroform solutions using experiment (Raman spectroscopy) and
calculations, a partial red shift was observed in the N-H stretching vibration band and a blue shift in the remaining bands. AIM,
NCI and RDG analyses were performed to determine non-covalent interactions in molecular systems, and accordingly, it was
confirmed that a partial red shift was formed due to the presence of weak H-bonds through the N-H group in aniline-chloroform
complexes. It was determined that mainly Van der Waals bonds were formed through the C-H group, and therefore blue shifts were
observed. Also, molecular electrostatic potentials surface (MEPS) and frontier molecular orbitals (FMO) analyses were performed
for the complexes to characterize chemical bonds in molecular systems and determine the zones where electrons are located.

Key words: aniline, Raman, H-bonding, DFT calculation, topological analyses.

U3YYEHUE MEKMOJEKYJISIPHBIX BSAUMOJEACTBUAMA B PACTBOPAX AHWINH-XJI0OPO®OPM
AHHOTaALIUSA

B nanHo# pabote mpu aHanu3e KoyieGaTeNBHBIX MMOJIOC aHWIMHA B PacTBOpax XJIOpoopMma ¢ HCHONIB30BaHHEM HKCIIEPHMEHTA
(pamMaHOBCKasi CIIEKTPOCKOTIHS) M PACUETOB HAOJFOIAI0OCh YACTUYHOE KPACHOE CMEIIICHUE B TI0JIOCE BaJICHTHBIX Kojiebanuidt N-H u
CHHEE CMEIEeHHE B OCTalbHBIX mosiocax. beumn mpoBenenbl ananussl AIM, NCI u RDG ans onpeneneHuss HEKOBaJICHTHBIX
B3aHMOJICHCTBUI B MOJISKYJISIPHBIX CHCTEMax, M COOTBETCTBEHHO OBLIO IOJATBEPIXKIEHO, YTO YaCTHYHOE KPAacHOE CMEIIeHHE
00pa3zoBasiock M3-3a HAJNMYUS CIa0BIX BOJOPOIHBIX cBszell depe3d rpynmy N-H B kommiekcax aHummH-xiopodopm. bemio
OTIpeNIeNIeHO, YTO B OCHOBHOM cBsi3W BaH-nep-Baanbca oGpazoBammcs depes rpymmy C-H, m mostomy HaGmomanuch cHHHE
cMmenieHue. Takke ObUTH TPOBEACHBI aHANN3HI TOBEPXHOCTH MOJIEKYJIPHBIX AIIEKTPOCTAaTHIeCKUX nmoTeHmainoB (MEPS), anamus
TpaHIUYHBIX MOJIEKYJSIpHBIX opOutaneit (FMO) s KOMIUIEKCOB AJIsi XapaKTEPUCTHKA XUMHYECKHUX CBS3€H B MOJIEKYISIPHBIX
CHCTEMax U ONpeeIeHHs 30H, TJe HaXOIATCS SIEKTPOHEL.

KarwoueBble ciioBa: anwinH, Paman, BoJopoaHbie cBs3H, pacuer DFT, Tomonoruueckuii aHamms.

ANILIN-XLOROFORM ERITMALARIDA MOLEKULARARO TA’SIRLARNI O‘RGANISH
Annotatsiya

Ushbu ishda tajriba (Raman spektroskopiyasi) va hisoblashlar yordamida anilinning chloroform eritmalaridagi tebranish
polosalalari tahlil gilinganda N-H valent tebranish polosasida gisman gizil va qolganpolosalarida ko‘k siljish kuzatildi. Molekulyar
sistemalardagi nokovalent o‘zaro ta'sirlarni, aniqlash uchun AIM, NCI va RDG analizlari o‘tkazildi, shunga ko‘ra anilin-chloform
komplekslarida N-H guruhi orgali kuchsiz H-bog‘lanishlar mavjudligi tufayli qisman qizil siljish hosil bo‘lishi tasdiglandi. C-H
guruhi orqali esa asosan Van der Waals bog‘lanishlar hosil bo‘lishi va shu tufayli ko‘k siljishlar kuzatilishi aniqlandi. Shuningdek
keltirilgan komplekslar uchun molecular electrostatic potentials surface (MEPS), chegara molekulyar orbitallari (FMO) analizlari
o‘tkazildi.

Kalit so‘zlar: anilin, Raman, H-bog’lanish, DFT hisoblash, topologik analizlar.

Introduction. The study of intermolecular interactions and their effect on solutions is of practical importance [1-3]. In
addition to hydrogen bonding, it is also important to study weak van der Waals, NH-z, OH-n, CH-7 and cation-x interactions [4].
Hydrogen bonding through NH vibrations is important in chemistry, biology and materials science. Aniline is a simple amine
representative of aromatic ring substances and is a good module for studying hydrogen bonding using NH vibrations and
spectroscopic methods [5-6]. Also, this substance is of interest to many researchers because it is one of the substances widely used
in materials science, industry and production. The structure of aniline has been studied using three different semi-empirical, ab-
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initio and DFT methods [7]. In [8-10], the eigen vibrational frequencies of aniline have been studied using NIR-FT Raman spectra.
Among other non-covalent bonds, there is also a sticking bond, which is said to be important in the formation of aggregations in
aromatic substances.

In this work, the vibrations of aniline in chloroform solution were analyzed using Raman spectroscopy. Using calculations,
interactions in aniline-chloroform complexes, molecular electrostatic potential surface (MEPS) surface, frontier molecular orbital
(FMO) analysis, atoms in molecules (AIM), quantum chemical parameters such as reduced density gradient (RDG) and non-
covalent interaction (NCI) analysis were performed.

Methods. Raman spectra of aniline and its chloroform solutions were recorded at room temperature on a Renishaw Invia
Raman spectrometer with a diffraction grating with a period of 1200 lines/mm. A laser with a wavelength of 532 nm and a power
of 50 mW was used as the excitation light source. A standard Renishaw CCD Camera detector was used to record the scattered
light. Quantum-chemical calculations were performed using the density functional theory (DFT) method in the Gaussian 09W
program [11]. B3LYP/6-311++G(d.p) was used for the partial complement. The geometric structure of the molecule was described
by MEPS and VMD tools [12]. The topological parameters of AIM and RDG were calculated by the Multiwfn 3.8 bin (Win 64)
program [13].

Results and Discussion

Vibrational analysis

Figure 1 shows the Raman spectra of pure aniline and its chloroform solution. The solutions are given in mole fraction (m.
f.). The maximum of the N-H vibration band involved in hydrogen bonding corresponds to 3359 cm, and at 0.9 m. f. this maximum
(3357 cm™Y) shifted by 2 cmL. However, when the concentration was reduced to 0.7 m. f. and experiments were conducted, a blue-
shift to a higher frequency occurred at 3364 cm™. This indicates that this aniline is bound to chloroform through N-H through weak
H-bonding or van der Waals interaction. In the C-H and CC+NHN vibration bands, a blue-shift to a higher frequency occurred by
2 cm! with a decrease in the concentration of aniline.
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Figure 1. Raman spectra of aniline-chloroform complexes (m.f.=mole fraction).

Similarly, the maximum of the NC+HCC+CCC vibration system corresponds to pure aniline at 1276 cm and a blue shift
of up to 2 cm* (1278 cm™) was observed at a concentration of 0.7 m. f. As the concentration decreased, the CC+CCC+HCC (1028)
bands did not change, and the CC+CCC (996) and HNH+HNCC (817) bands showed a blue shift of 2 cm-L. This suggests that the
aniline-chloroform interaction is weak or due to van der Waals interactions, with blue shift or no shift at all. Quantum-chemical
calculations were performed to confirm these results.

Molecular electrostatic potential surface (MEPS) analysis

Molecular electrostatic potential surface analysis plays an important role in visualizing charge distribution and studying
charge-dependent parameters, electrophilic, nucleophilic reactions, and noncovalent interactions. Electrostatic potential is also used
to identify reactive parts of a molecule. According to the MEPS color code for aniline (PhNH2)+chloroform (TCM)a (n=1-4) shown
in Figure 2, the electrostatic potential increases from red to violet [14]. According to the figure, the MEPS electrostatic potentials
for PANH2+TCM, PhNH2+(TCM)2, PANH2+(TCM)3 and PhNH2+(TCM)4 are given in the range of -4.900e~4.900e eV, -4.952¢"
2~4.952e2 eV, -4.735e2~4.735e2 eV and -4.942e2~4.942¢2 eV, respectively. It can be seen from the figure that the energy value
decreases as the number of TCM molecules increases, and it increases again in PhNH2+(TCM)a. This is because in complexes with
up to three TCMs, the TCM molecules are only bonded through N-H, while in complexes with four TCMs, the TCM molecules
are close to the ring on both sides. Also, according to the figure, no red and yellow areas were observed, and all were green and
blue areas, which mean that all the complexes are bound to each other by weak or van der Waals interactions.

PhNHz+TCM PANHz+(TCM);
49002 HEEE D | 0527
4.900¢ = B |
4.952¢
4 A '
>d ? ‘J‘ )
o' o

- e
PhNHz+(TCM)s PhNHz+(TCM)a
47352 D | o427
4.735¢ | |
4.942¢
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Figure 2. MEP diagram of PhNH2+(TCM)m (m=1-4) complexes

Frontier molecular orbital (FMO) analysis

The electronic properties and reactivity of molecules can be explained by examining the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO). The HOMO is important for electron-donating or nucleophilic
reactions, and a molecule with a high energy HOMO is a good electron donor and can easily participate in oxidation or nucleophilic
reactions. The LUMO represents the next orbital that electrons can occupy, which is an electron-occupied or empty molecular
orbital. Molecules with a low LUMO energy are generally good electron acceptors and can participate in electrophilic reactions
[15]. The energy difference between HOMO-LUMO is an important characteristic of molecular reactivity. A smaller HOMO-
LUMO energy difference (AE) means that the molecule is easily excited and more reactive. Figure 3 shows the HOMO-LUMO
visualization and the bond energy (AE). Table 1 lists the parameters determined by the dipole moment, AE, in PANH2+(TCM)n
(n=1-4) complexes. According to Table 1, the dipole moment of PANH2+(TCM)z3 is larger than the others. As the TCM number
increases, AE also increases, reaching the maximum value for PhNH2+(TCM)2 and then decreasing. The global hardness is
2.488555 eV (PhNH2+TCM), 2.500935 eV (PhNHz+(TCM)z), 2.250735 eV (PhNH2+(TCM)s) and 2.397805 eV
(PhNH2+(TCM)4), and is the largest for PhANH2+(TCM)2. The ionization potential and electrophilicity are the largest for the
PhNH2+(TCM)2 complex in the same order.
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Figure.3. FMO diagrams of PANH2+(TCM)n (n=1-4) complexes
Table 1. Thermodynamical and chemical parameters of title complexes.

‘J’J l'o‘
2 °

PhNH2+(H20)4

Parameters PhNH+TCM PhNHz+(TCM), | PhNHz+(TCM)s PhNH2+(TCM)4
Dipole moment (Debye) 2.805420 3.459178 3.823264 1.201417
Enowmo (eV) -6.24458 -6.40458 -6.31207 -6.45138

Erumo (eV) -1.26747 -1.40271 -1.8106 -1.65577
AE=ELumo—EHomo 4.97711 5.00187 450147 4,79561

Global hardness n=AE /2 2.488555 2.500935 2.250735 2.397805
Chemical potential p=(ELumo+Eromo )/2 -3.75603 -3.90365 -4.06134 -4.05358
Global electrophilic index w=p?2n 2.834521 3.046549 3.664235 3.426357
|E=—EHomo 6.24458 6.40458 6.31207 6.45138

EA= - ELumo 1.26747 1.40271 1.8106 1.65577

Atoms in molecules (AIM) analysis

AIM is used to determine non-covalent interactions in molecular systems, in particular intra- and intermolecular hydrogen
bonds. The formation of critical points (CPs) in the electron density due to the bond path between two interacting atoms means that
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the gradient of its electron density disappears at these points [16]. Figure 4 shows the electron densityp(r), the electron density
Laplacian V2p(r), the energy density H(r), and the Lagrangian kinetic energy density G(r) and potential energy density V(r) for
PhNH2+(TCM)n (n=1-4) complexes in BCPs (Table 2).

Table 2. Topological parameters of PANH2+(TCM)n (n=1-4) complexes

. Lagrangian Potential Energy Laplacian  of | Hydrogen bond
Complex H-bonds Bi?d length Dlentsny of all kinetic energy | energy density | density electron density | energy Ens,
i electrons p(r) | gy v(r) H(r) V2o (r) kealimol
PhNH+TCM 2(H)...17(N) 2.2508 0.01772 0.01086 -0.00944 0.00141 0.04907 5.92
PhNH2+(TCM)2 2(H)...22(N) 2.3966 0.01363 0.00823 -0.00700 0.00123 0.03784 4.39
PhNH2+(TCM)3 27(N)...7(H) 2.3612 0.01435 0.00860 -0.00733 0.00126 0.03945 4.60
PhNH2+(TCM)4 7(H)...32(N) 2.2441 0.01794 0.01096 -0.00956 0.00140 0.04947 6.00

According to Table 2, the electron density Laplacian (V2p(r)) for the PhNH2+(TCM)n (n=1-4) complexes takes positive
values in the range of 0.03784-0.04907 au. Similarly, the energy densities (H(r)) indicate the presence of weak H-bonds at all
points.

PhNH2+TCM PhNHz+(TCM)2
v

v

PhNHz+(TCM)3

Figure 4. The molecular diagrams of PANH2+(TCM)n (n=1-4) complexes

The formula EHB=-V/(r)/2 was used to calculate the hydrogen bond energy. At critical points Hacps<0, the hydrogen bond
has a covalent nature, while Hecrs>0 has an electrostatic nature. According to the table, all bonds are weak hydrogen bonds and
are characteristic of the electrostatic effect. If we look at the bond lengths, all of them have a length of 2.1 A and more, which
confirms the presence of weak mutual H-bonding in all complexes, and such bonds can also be called VVan der Waals interactions.

Reduced density gradient (RDG) and non-covalent interaction (NCI) analyses

RDG and NCI analyses are used to characterize weak intermolecular interactions. The NCI index is used to characterize
intermolecular interactions and assess the nature of weak interactions. RDG is a fundamental dimensionless quantity consisting of
the density and its first derivative, and is expressed by formula (1):

_ 1 Vel

RDG(r) = G oy (€]

Determining the electron density sign(2,)p relative to the RDG provides information about the nature of intermolecular
interactions and the magnitude of these interactions. In molecular systems, blue indicates mutual attraction, while red indicates
repulsion. sign(4,)p<0 indicates repulsion between bonded atoms, while sign(2,)p >0 indicates repulsion between non-bonded
atoms.

»
®dy

PhNH2+(TCM).

Nt
TRl

.ﬁ."@f‘? AL =

PhNH2+(TCM)3 PhNH2+(TCM)3
Figure 5. NCI and RDG analyses for PhNH2+(TCM)a (n=1-4) complexes
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The RDG scattering plot of the complexes is shown on the right side of Figure 5. According to the figure, red color
represents strong repulsive forces (steric or cyclic effect), blue color represents H-bonding, and green color represents the presence
of Van der Waals interactions. According to the results, the red marks between the PhNH: rings indicate the presence of cyclic
effect (Figure 5 a). It can also be seen from the RDG scattering plot on the right side of Figure 5 a) that the scattering mainly occurs
in the range of sign(1,)p, and the value of -0.01-0.00 represents VVan der Waals interactions. According to the left part of Figure
5, all complexes have Van der Waals interactions of the CI-H- - - N type between the NH2z group of PhNHz and the atoms in the CI-
H group of TCM, which corresponds to the range of sign(4,)p in the RDG scattering plot of -0.02-0.01. Accordingly, a blue shift
of PhNH2 was observed. In general, Van der Waals interactions play a dominant role in these complexes.

Conclusion. In this work, vibrational bands were studied using vibrational spectroscopy (Raman) to study the interactions
of aniline and its compounds with chloroform. In this case, a partial red shift and a mainly blue shift were observed in the vibrational
bands in aniline solutions. It was predicted that the cause of such shifts was the formation of mainly VVan der Waals bonds between
aniline and the solvent. This was confirmed when MEPS, FMO, AIM, NCI and RDG analyses were performed to determine the
non-covalent interactions.
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BJMSTHUE MOHOCJIOMHOW AJICOPBEIIAA ATOMOB CS HA QJIEKTPOHHYIO CTPYKTYPY,
SMUCCHOHHBIE 1 ONITUYECKHE CBOVICTBA GAP (111)
AnHOTaNMs

B paGote n3ydeHO BIMSIHHE MOHOCIOWHOTO oOcaxIeHHs aToMoB Cs Ha 3IEKTPOHHYIO CTPYKTYpY (IUIOTHOCTh COCTOSHHS
JJIEKTPOHOB, TapaMeTpsl 30H M ONTHYECKHE CBOWCTBa) MoOHOKpuctammdeckoro GaP(111). HMccmemoBanus poOBOIMINCH
METOJAMH CIIEKTPOCKONHHU (POTOINEKTPOHOB U YIPYTO OTPAKEHHBIX HIEKTPOHOB. [Ioka3aHo, 4T0 padoTa BEIXOJA NIEKTPOHOB
yMmeHbIaercs Ha 1,94 5B, a KBaHTOBBII BBIXOJ] SJIEKTPOHOB YBeNHUMBaeTcs B 5 u OoJee pas.

KumioueBsbie ciioBa: [ToBepXHOCTB, TONIINHA, paboTa BEIX01a, MOHOCIIOH, CTPYKTYpa, MOHOKPHCTAILT, OCaXKICHHE.

EFFECTS OF MONOLAYER ADSORPTION OF CS ATOMS ON THE ELECTRONIC STRUCTURE, EMISSION
AND OPTICAL PROPERTIES OF GAP (111)
Annotation

Using the methods of ultraviolet photoelectron spectroscopy, light absorption spectroscopy and true secondary electrons, the effect
of deposition of Cs atoms with a thickness of 1 monolayer on the density of states of electrons in the valence and conduction bands,
the parameters of the energy band, and the quantum yield of photoelectrons were studied. It was found that when cesium is
deposited on the surface of GaP (111) single crystals with a thickness of 1 monolayer, the value of Eg and the position of the
maxima of the density of states of valence electrons remain virtually unchanged, the work function of photoelectrons decreases to
1.94 eV, and the quantum yield of photoelectrons increases by 5 or more times. Key words: Surface, thickness, work function,
monolayer, structure, single crystal, deposition.

Key words: Surface, thickness, work function, monolayer, structure, single crystal, deposition.

GAP (111) NING ELEKTRON TUZILISHI, EMISSIYASI VA OPTIK XUSUSIYATLARIGA MONOQATLAMLI CS
ATOMLARI ADSORBSIYASINING TA’SIRI
Annotatsiya

Ultrabinafsha fotoelektron spektroskopiyasi, yorug‘lik yutilish spektroskopiyasi va haqiqiy ikkilamchi elektronlar spektroskopiyasi
usullaridan foydalangan holda, 1 monogqatlam qalinligidagi Cs atomlarining changlatilishining valentlik va o‘tkazuvchanlik
zonalaridagi elektronlar holat zichligiga, energiya zona parametrlariga va fotoelektronlarning kvant chiqgishga ta’siri o‘rganildi.
Aniglanishicha, seziy 1 monogatlamli GaP(111) monokristallari yuzasiga changlatilganda Eg ning giymati va valent
elektronlarining holat zichligi maksimumlarining o‘rni amalda o‘zgarmaydi, ammo fotoelektronlarning chiqish ishi 1,94 eV gacha
kamayadi va fotoelektronlarning kvant chiqishi 5 marta yoki undan ko‘proq oshadi.
Kalit so‘zlar: Sirt, galinlik, chigish ishi, monogatlam, tuzilish, monokristall, changlatish.

BBenenne. B rmocnenHue roapl MHOTO  pa0OT IMOCBSIMIEHO IOJIYYEHHMIO KPUCTAUIMYECKMX TOHKHMX —IUICHOK
MOJTYTIPOBOTHUKOBBIX MaTepHaioB, ocodeHHo GaP, m m3ydeHHIo MX cocraBa, CTPYKTYpBl M CBOWCTB [1-6]. PesymbraThl 3THX
WCCIIeIOBaHMH MIPE/ICTABIIOT OOJIBIIOI HHTEpeC PH pa3paboTKe HOBBIX ONTOAIEKTPOHHBIX YCTPOHCTB, B YACTHOCTH COJTHEUHBIX
AIIEMEHTOB, & TAKXXE CBA3aH C €ro IIHPOKUM HCIOJIB30BaHHEM MpHu co3ianuu [7-13]. TIpu NOKPHITHH MOBEPXHOCTH MATEPHAIIOB
Pa3IMYHON MPHUPOIBI IPOUCXOIUT PE3KOE M3MEHEHUE MX COCTaBa U (PU3UKO-XMMHUYECKUX cBOWCTB [14-17]. B wactHOCTH, ITyTeM
UMIUTaHTauuu HoHOB IN B GaP Gbutn copmupoBanbl HanomieHkH GaoslnosP/GaP (111) [15], onpexeneHbl HX SMUCCHOHHbBIE U
ONITHYECKHE TTapaMeTPHl, a TAKXKe MapaMeTphl YHepreTHIecKre 30H. B nanHoif paboTe BriepBble N3ydIeHBI BIUSHIE MOHOCIOWHOM
ascopOumn atoMoB CS Ha SIIEMEHTHBIM XUMHUYECKHUI COCTaB M 3JIEKTPOHHYIO CTpyKTypy GaP (111).

MeToanka 3KcnepuMeHTa. DKCIIEPUMEHThI IPOBOAMINCE Ha YHUBepcanbHOH CBB ycranoske YCVY-2. MOHOKpUCTAIIIBI
GaP(111) obesrasxkuBanuch npu Bakyyme P = 1077 Ila), temneparype T = 900 K npumepso 4 uaca. Ilepen nansuienuem CS Ha
MOBEPXHOCTh MOHOKpucTaiuioB GaP(111) co3maBanu oaHOpOAHbBIE 3apo bl GoMOapaupoBKkoi nonamu Art ¢ Eo = 1 kaB. Hamu
YCTaHOBJIEHO, 4TO TIpH 03¢ D = 5.10'° cM™? KpUCTANIMYHOCTL TOBEPXHOCTH 3aMETHO HE MEHSETCS, 0OpasyloTcs 3apojIblilu
(nedexTHBIE TIEHTPHI) C MOBEPXHOCTHRIMU aAuaMerpamu 1-1,5 um. [ momydenust aromoB CS HMCTIONB30BaM KPUCTAILIBI COU
xnopuaa uesust. [Tocie nporpesa CSCl mpu T = 1000 K artombr CS BIAEISUTUCH W3 MCTOYHMKA M TOMANaId HA TMOBEPXHOCTD
GaP(111). HccnenoBaHuss HPOBOMMINCH C HCIOJBb30BAaHHEM METOMOB (DOTORJIEKTpOHHOM crekTpockonun ¢ hv=10,8 3B,
criektpockoruu Oxe - 2JIeKTPOHOB. 3aBUCHMOCTB K03 duinenTa nponyckanus ceera T ot v cHUMaack Ha criekTpodoTomeTpe
UV-1280.

Pe3yabTaThl u ux o0cyxaenne. Ha puc. | npuBeneHbl Ha4albHbIE YacTH OXe- creKTpoB uucroro GaP u GaP ¢ mieHkoi
Cs rommuuuoi# 1 mMoHocnoi. 3xmeck 3a 1 MoHOCHO# mpuHsaTa TommumHa CS mpu KOTOpoM (OTO3IEKTpOHHAs paborta Bbixoga @
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yYMEHbBIIAaeTCsl 10 MUHUMYMaA. B oxxe cnektpe uncroro GaP ob6napyxwusatorcs muku Ga ¢ sHeprusimu 54 5B (MiMsV) u 79 »B
(M3MsV), a taxxe muk P ¢ sueprueii 121 3B (LsM23V). ITocne nambuieHus Cs ¢ § = 1 mMc amrututyaa nukoB Ga yMeHbLIACTCS
U3MCHSAIOTCA MX nosiokeHus. Ilomoxenne nuka ¢ocdopa npu E=121 3B He MeHseTcs, OIHAKO €ro MHTEHCHBHOCTH DPE3KO
yMeHblLIaeTcsi, nosiisiercst cnadeiii muk Cs mpu E=49 3B. Omnupasice Ha pe3ynbraTsl padboTsl [18] moxHo mokasars, yro CS B
OCHOBHOM OcakaaeTcsi Ha aroMbl Ga 1 00pa3yroTcst MOBEPXHOCTHBIE KBa3uMolekynbsl CS+Ga, mpu 3ToM atombl CS OTHAIOT CBOH
3NeKTpOHbI atoMaM Ga, ClieIoBaTeNbHO, Ha MOBEPXHOCTH (OPMHUPYIOTCS AWIIONH, KOTOPBIE OOJEr4aroT BBIXOJ JJICKTPOHOB B
BaKyyM.

dN/dE

0 40 80 120

Pucynok. 1. Hauanehbie qactu oxe-criektpos: GaP (111) mo (kpusast 1) u mocie agcop6imu Cs ¢ 6=1 monocnoit (2)

Ha puc.2 npuBeneHbl POTOINEKTPOHHBIE CIIEKTPBI YHCTOTO U MOKPHITOro MonocnoeM ne3us GaP(111), custeie mpu hv =
10,8 3B. Ha cnekrpe GaP(111) umerorcs 3 makcumyma nipu Ec=0,8; 2 u 4,1 3B. Ux Hanmuue oObsAcHICTCS BO30YyXKICHHEM
JJIEKTPOHOB U3 BaJICHTHOW 30HEL BciencTBre BO30OYKAeHHS MOBEPXHOCTHBIX cocTostHuit [1C mosBisercs ocobenHocts npu 0,3
3B. Ancop6rms Cs ¢ 6 = 1 MOHOCIION NPUBOIUT K 3aMeTHOMY pocTy Iuiomay o kpusoit N(E), yBenndyeHHI0 KBaHTOBOTO BBIXO1a
(hOTOPNIEKTPOHOB, HHTEHCHBHOCTU ITHKOB, HEKOTOPOMY HM3MEHEHHUIO MX JHEPreTHYECKHX ITOJIOKEHHH U YBEIHMUYCHHUIO IIHPHHBI
criektpa AE. Bee 3T n3MeHeHus1 00BbsICHSIFOTCS 00pa30BaHeM Ha MOBEPXHOCTHU coenunenust Tuna Cs+Ga v yMeHbIeHneM paboThl
BBIX0Z1a (DOTORJIEKTPOHOB. B HayanpHOMN YacTH CIIEKTpa MOSBISACTCS HOBask 0COOCHHOCTD, XapakTepHas 1yt 6S coctostHus CS.

N(E)

1p(Ga)

Ip+s (Ga)

15(Ga)+ 3p(P)

15(Ga)+ 3p(P)

Ea eV -4 -2 Ev0
Pucynok. 2. ®otoanexrpornsie cekrper: 1- GaP (111); 2- GaP (111) ¢ monocnoiiabM mokpsitrem Cs.

Ha puc. 3 nmpuBeneHs! crieKTpBI MPOXOXKIeHHS cBeTa uepe3 oodpasern; GaP(111), momydeHHsle 10 U mocie ocaxaeHus Cs ¢
TommuuHON 6=1 MoHOCNO#. BrmHO, 4TO B 000MX cityyasx 3HadeHUs KoddduimenToB npoxoxaeHus ceera K B muaTepBane hv ~ 0,5-
1,8 3B. ne mensttores u cocraBisaroT~0,78 mis uricroro GaP u 0,74 3B ms GaP ¢ miuenkoii Cs. B sToit o6aacTu hv MOKHO moarats,
4yT0 K03 dunmeHt orpaxenus R cocrarnser 0,22 u 0,26, coorBercTBeHHO. Haunnast ¢ hv = 2-2,1 3B K pesko ymeHbImaercs, T.e.
MPOUCXOANT UHTEHCUBHOE IOTJIoMIeH e cBeTa u npu hv = 2,3-2.4 5B K npubmmkaercs k Hyro. Dxcrpanosiius kpusoit K (hv) k
ocu hv ipu hv>2,1 3B naet 3Hauenue Eguccnenyemsix o0pasios. Buano, uro snauenue Eg s GaP (111) coctasnsier~2,36 3B u
nocne HambiieHus: Cs ¢ =1 MoHocIoM, mpakTHyecku, He u3mensiercs. [1o 3aBucumoctu K (hv) MoxxHo otieHuth 3HadeHus K, R u
T (ko3¢ duimeHT mnorjomeHus) Npu pasHelx hv Juist uccrnexyeMmblx o0pasunoB. Ilo paHHBIM puc.2 W 3 OLEHEHBI 30HHO-
JHEpreTHYECKUe IapaMeTphl YUCTOTO U MOKPBITOro MOoHocoeM 1ie3usi GaP. B Tabnuie npuBeneHs! Takxke 3HaueHue 8, U Y.

K, ompen.|
0.8

0.6

1 | |
0.5 1.0 1.5 2.0 hv,oB

Pucynok 3. 3aBucumoctu K (hv) ais mrenku GaP (111) rommmnoMR
O (moHocnoi): 1- 6=0 (uuctsrii GaP (111)); 2- 6=1.

Tabnuua
[TapameTps! SHEpPreTUUECKUX 30H, 3HaUeHUst 6, 1 Y mieHku GaP(111) o u nocne ocaxxaerns Cs ¢ 6 = 1 moHocnol
Uccnemyemblii 00beKT @, 5B Eg, 5B 7,98 S Y (hv= 10,8 5B)
GaP (111) 53 2,36 3,04 1,95 6107
Cs— GaP(111) 3,36 2,36 1,1>B 11 29-10°

*-MaKCHMaJIbHOE 3HAUEHHE K03(1)(1)I/IIII/ICHT21 BTOpPI‘{HOﬁ OMHUCCHUMH.
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**-KBaHTOBBI BEIXOJ ()OTOIIEKTPOHOB.
W3 tabnmuis! BuaHO, uTo nipu HambuieHn# CS ¢ 6 =1 MoHoCI10# 3HaueHus (HOTOINEKTPOHHOI paboTh Beixoaa @ u cpoacTBo

K 2JIEKTPOHY Y, yMEHBIIAIOTCS Ha ~ 1,94 5B, 3Hauenne Eq npakTndeckn He MeHstiercs. [Ipu aToM 3HadeHus 6,, U Y yBEIUUUBAIOTCS
~ 5 u Gonee pas.

3akioyenue. M3yueHo BiusHue aacopOumu CS TosmmHOM | MOHOCION Ha MapameTpbl SHEPreTUYECKMX 30H M Ha

3HA4YCHUA KO3(1)(1)I/IL[I/I€HT8. BTOpPI'{HOﬁ OMHUCCHU &m Y KBAHTOBOTI'O BbIXOJa q)OTOZ)J'IeKTpOHOB MOHOKPHUCTAJUINYECKOT O GaP.

Tloka3zano, uto afcopbuus CS ¢ 6=1 MOHOCITON MpPaKTHYECKH HE MPUBOJHUT K W3MEHEHUIO 3HaueHus Eg, 3Hauenus O u y

yMmeHbiaroTcs Ha 1,94 9B. Ilpy 3TOM MPOMCXOOMT M3MEHEHHE IUIOTHOCTH COCTOSIHHS BAJICHTHBIX JJICKTPOHOB U PE3KOE
yBeJMYCHUE 3HAUCHUH 6y 11 Y.
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MNE USULI BILAN Si YUZASIDA NANOPLYONKALAR HOSIL QILISH VA ULARNING FIZIK
XUSUSIYATLARINI O‘RGANISH
Annotatsiya
Ushbu maqolada ko‘p qatlamli geterotizimlarni taglikning struktura (morfologiya)sini saqlab qolgan holatda epitaksial o*stirish va
nanoplyonkalar olish usuli ko‘rib o‘tiladi. O‘ta yupga va noyob xususiyatli plyonkalar asosan yuqori vakuum sharoitida olinadi.
Shuning uchun ushbu maqolaning asosiy maqsadi yupqa plyonkalarni o‘ta yuqori vakuumda olish usullari va qurilmalari bilan
tanishish hamda tadqiqotlar o‘tkazish orqali Si yuzasida nanoplyonkalar hosil qilish.
Kalit so‘zlar: MNE, qattiq fazali epitaksiya, kichik energiyali ionlar, implantatsiya, Si, CoSi,, GaAs, CaF, plyonkalari.

O®OPMUPOBAHUE HAHOIIVIEHOK HA TIOBEPXHOCTHU Si METOJIOM MJID U U3YUEHUE UX
OU3NYECKUX CBOMCTB
AHHOTAIHS

B nanHO# cTaThe paccMaTpHUBaeTCs METOJ SMUTAKCHAILHOTO KYJIbTHBHPOBAHHS M TONYYCHHS HAHOIUICHOK MHOTOCIOHHBIX
TeTepPOC B COCTOSHHIH, COXPAHSIOIIEM CTPYKTYPY (Mopdoorur) ocHoBaHusA. CBEpXTOHKUE IICHKH ¢ YHUKAILHBIMH CBOWCTBAMH
B OCHOBHOM ITOJIYYalOT B YCIIOBHSX BBICOKOTO BakyyMa. [103TOMy OCHOBHasI LI€Jb 3TOH CTaTbU-TIO3HAKOMHTECS C METOAAMH U
YCTPOMCTBAMHU MOJTyYCHUSI TOHKUX TUICHOK B CBEPXBBICOKOM BaKyyMe, a TAK:KE CO3JIaTh HAHOIUICHKH Ha TIOBEPXHOCTH Si IMyTeM
MIPOBEJIEHUS UCCIIEI0BAaHUI.

Karwouesnbie ciioBa: MNE, TBepaodasHas anuTakcus, Majas SHepTHs HOHbI, UMIUIanTanus, Si, CoSi,, GaAs, CaF cnou.

FORMATION OF NANOFILMS ON THE SURFACE OF SILICON BY THE METHOD OF MBE AND STUDY OF
THEIR PHYSICAL PROPERTIES
Annotation

This article examines the method of epitaxial cultivation and nanoplyonka acquisition of multilayer heteroisms in a state that
preserves the structure (morphology) of the base. Extremely thin and uniquely characteristic films are mainly obtained under high
vacuum conditions. Therefore, the main purpose of this article is to get acquainted with the methods and devices for obtaining thin
films in an extremely high vacuum, as well as to form nanoplanes on the surface of Si by conducting research.

Key words: MBE, solid phase epitaxy, small energy ions, implantation, Si, Si,CoSi,, GaAs,CaF, layers

Kirish. Mikroelektronikaning asosiy yutuglari, nanoelektronikaning paydo bo‘lishi va rivojlanishi tarkibi, tuzilishi va
xususiyatlari jihatdan mukammal yupqa va o‘ta yupqa ko‘p komponentli va ko‘p qatlamli plyonkalar tizimlarini hosil gilish bilan
chambarchas bog‘liqdir.

Plyonkali materiallarning elektronika sohasida ishlatilishida eng asosiy o‘rinni epitaksial plyonkalar egallaydi. Bunday
plyonkalar katta va o‘ta katta integral sxemalar ishlab chigarishda, umuman eng zamonaviy va eng noyob mikroelektron asboblar
ishlab chiqarishda alohida rol o“ynaydi. U kelajak elektronikasi, ya’ni nanoelektronikaning ham asosini tashkil etishi tabiiy.

Kristall panjarasining tuzilishi asosning kristall panjarasi tuzilishi bilan bir xil bo‘lgan monokristall plyonkalar epitaksial
plyonkalar deyiladi.

MNE da hosil bo‘layotgan plyonka berilgan asosning yuzasida o°sadi va bu yuza bilan plyonka atomlari aralashib ketmaydi.
MNE da kerakli atomlar asosning yuzasiga kelib o‘tiradi va yuzada qatlamma-qatlam o‘sib boraveradi.

Mavzuga oid adabiyotlar tahlili. Kremniyning yuzasiga kobalt kremniy (CoSi,) plyonkasini MNE yo‘li bilan hosil qilish
jarayoni: yuqori vakuum sharoitida yuzasi juda yaxshi tozalangan kremniy monokristalining sirtiga kobalt (Co) va kremniy (St)
manbalaridan ularning atomlari kelib o‘tira boshlaydi. Bunda har bir momentda bitta kobalt atomi kelib o‘tirganda, ikkita kremniy
atomi tushadi. Asosning harorati shunday tanlanadiki, yuzaga kelib o‘tiradigan atomlar CoSi, birikmasini hosil giladi va ularning
plyonkasi epitaksial o‘sa boshlaydi[1].

Boshqga usullarga nisbatan, avval qayd qilganimizdek, MNE usuli quyidagi asosiy afzalliklarga ega:

- asos va atom (molekula) lar manbalarini yuqori darajada tozalash va eksperimentni juda yuqori vakuumda o‘tkazish
hisobiga epitaksiya haroratini juda pastga tushirish mumkin (500 + 600 K);

- har xil turdagi (metall, yarim o‘tkazgich, dielektrik) materiallarni bir-birining ustiga gatlamma-gatlam kerakli galinlikda
o‘tkazib mumkin;
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- bunday qatlamlarni (masalan: metall-dielektrik—yarim o‘tkazgich, metall-oksid—yarim o‘tkazgich, yarim o‘tkazgich—
dielektrik—yarim o‘tkazgich) davriy ravishda bir xil ustma-ust 0‘tkazib borish mumkin, ya’ni hajmiy strukturalar olish mumkin;

- bunday o°‘stirishda bitta turdagi qatlam ikkinchi turdagi qatlam bilan keskin chegara hosil qilishi mumkin;

- plyonkalar hosil qilish jarayonida uni legirlash uchun legirlovchi moddaning tarkibini va kontsentratsiyasini o‘zgartirish
yo‘li bilan xususiyati 0°‘zgarib boruvchi tizimlarni hosil qilish mumkin[2].

Yugqorida ko‘rsatilgan afzalliklar tufayli MNE plyonkalar mikroelektronikaning rivojlanishida asosiy rolni o‘ynagan bo‘lsa,
nanoelektronikaning paydo bo‘lishiga sabab bo‘ldi.

Umuman yupqa epitaksial plyonkalar alohida o‘ziga xos bo‘lgan xususiyatlarga ega bo‘ladi. Bunday xususiyatlarning
paydo bo‘lishida asosning ta’siri ham, plyonka o‘sish davomida legirlanish darajasi ham, plyonkaga tushgan, undan o‘tayotgan va
chigayotgan elektronlar va fotonlarning ta’sirlari ham massiv plyonkalardan ko‘ra farq qilishi asosiy rolni o‘ynaydi[3].

Tadqiqot metodlogiyasi. Shunday qilib, kristall panjara parametrlari bir xil bo‘lgan MNE qatlam va asos chegarasida,
nazariy jihatdan atomlarning o‘zaro aralashib ketishi ro‘y bermaydi[4]. Ammo amaliyotda har qanday ideal sharoitda, masalan,
avtoepitaksial (Si monokristalli yuzasida Si gatlam, Ge da Ge va h.k.) usuli bilan hosil gilingan plyonkalarda ham asos va plyonka
chegarasida atomlarning o‘zaro aralashib ketishi ro‘y beradi. Ya’ni ular chegarasida yangi qatlam hosil bo‘ladi. Bunday qatlam
chegaraaviy qatlam deb ataladi[5]. O‘ta yuqori vakuum (R < 1078 Pa) sharoitida yuqori darajada silliglangan va tozalangan asos
yuzasida avtoepitaksial gatlam hosil gilinsa, chegaraviy qatlamning kengligi 10 = 20 A bo‘ladi. Shunday sharoitda asosning
yuzasida boshqa tarkibli plyonka o‘stirilsa va ularning panjara doimiylari o‘zaro juda kam farq qilsa (< 0,7%), chegaraviy
gatlamning qalinligini 20 <+ 50 A gacha kamaytirish mumkin. Agar plyonka va asosning panjara parametrlari katta farq gilsa (3 +
4%), chegaraviy qatlamning qalinligi 400 <+ 500 E gacha borishi mumkin.

Chegaraviy qatlamning kengligi yana plyonka va asosning sirti energiyalariga bog‘liq bo‘ladi. Ularning sirti energiyalari
keskin farq qilishi plyonkaning orolchalib bo‘lib o‘sishiga va natijada notekis qatlamlar hosil bo‘lishiga olib keladi. Natijada
chegaraviy qatlamning kengligi ham o‘zgaruvchan bo‘ladi[6].

Epitaksial plyonkalar hosil qilish qizdirish va keyin sovitish jarayonlari bilan uzviy bog‘ligdir. Shuning uchun ham hosil
qilinayotgan plyonkaning mukammalligi ham chegaraviy qatlamning kengligi va sifati hamda plyonka va asosning kristall
panjaralarining kengayish harorat koeffitsientlari kattaliklariga bog‘liq bo‘ladi. Agar ularning harorat koeffitsientlari sezilarli farq
qilsa, qizdirish yoki sovitish jarayonida plyonka va asos orasida qo‘shimcha kuchlanish vujudga keladi va u plyonkaning ham,
chegaraviy qatlamning ham sifatiga salbiy ta’sir qiladi[7].

Tahlil va natijalar. Shunday qilib, mukammal plyonkalar va chegaraviy qatlamlar hosil gilish uchun o‘ta yugori vakuum,
asosning o‘ta yuqori darajada silliqlanishi va tozalanishi, molekulyar va atomar manbalarini yuqori tozalash, o‘tkazish rejimlarini
juda aniq olib borish bilan bir qatorda quyidagilar ham katta rol o‘ynar ekan:

- asos va plyonka panjara parametrlari bir-biriga juda yaqin bo‘lishi (< 0,7%);

- asos va plyonka sirti solishtirma erkin energiyalarining (SSEE) mumkin gadar keskin farq gilmasligi;

- kristall panjara chiziqli kengayish harorat koeffitsientlari (ChkHK) ning o‘zaro yaqin bo‘lishi[8].

Hozirgi zamon elektronikasida Si, GaAs, CoSi,, CaF, lar va ularning birikmalari YaDYa va MDYa tizimlari hosil gilishda
keng qo‘llaniladi. Quyidagi 1-jadvalda ularning ayrim kattaliklari keltirilgan.

Si, GaAs, CoSi,, CaF, larining fizikaviy va strukturaviy xususiyatlari

1-jadval
Material | Kristall tuzilish Panjara ChKHK, A/ | Erish Fizik xususiyatlari SSEE, erg/sm?
doimiysi °C harorati T, °C 100 110 111

Si Kubik (olmos) 5431 2,5-107° 1415 yarimo‘tkazgich 1710 1690 1360
CaF Kubik (flyuorit) 5,464 19,1-10°° 1360 dielektrik — 1082 540
CoSi, Kubik (flyuorit) 5,365 15,4-10-° 1320 metall 4130 2960 2380
GaAs Kubik (aldamchi ruh 5,653 yarimo‘tkazgich

panjarasi)

Jadvaldan ko‘rinadiki, CoSi,-Si- CaF, tizimini hosil qilish har tomonlama nisbatan qulayliklarga ega. Chunki ularning
panjaralari bir xil tipda va doimiysi katta farq qilmaydi. Ammo CHKHK farq qilingani tufayli chegaraviy qatlam kengroq bo‘ladi.
Plyonka hosil qilishda yuza tomon qaysi kristallografik tomonga to‘g‘ri kelishi ham muhim rol o‘ynaydi. Masalan, (100)
yo‘nalishida CaF, uchun SSEE juda katta. Shuning uchun bunday sirtlarda o‘ta mukammal plyonkalar olish deyarli mumkin
emas[9].

GaAs ning panjara doimiysi keskin farq qilganligi uchun Si — Gads, CaF, — GaAs, CoSi> - GaAs tizimlarida o‘tish
qatlamlari juda keng bo‘ladi. 1-rasmda har xil “plyonka-asos” tizimlari uchun chegaraviy qatlam qalinliklari keltirilgan. Rasmadan
ko‘rinadiki, panjara doimiysi katta farq qilsa, chegaraviy qatlam ham juda keng bo‘lar ekan[10].

plyonka 208 plyonka ! asos
T e ——» )
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Chegaraviy
qatlam Chegaraviy
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0 1
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1-rasm. CaF,/Siva GaAs/Si chegaralarida atomlar konsentratsiyalarining
chuqurlik profili bo‘yich o‘zgarishi
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A g
Can/Sl

GaAs/Si
2-rasm. Si (111) yuzasida hosil gilingan GaAs va CaF; plyonkalarining
elektronogrammalari
Xulosa va takliflar. Xulosa qilib aytganda, molekulyar nurli epitaksiya usuli bilan olingan CoSi,—Si tizimning chegaraviy

qatlami kristall tuzilishini o‘rganish natijasida chegaraviy qatlam kubik panjaraga ega ekanligi aniqlandi. Co 30 at. % dan 1 at. %
gacha kamayishi kuzatildi.

Shuningdek, panjara doimiyslarining mos kelmasligi o‘stirilayotgan plyonkaning kristall tuzilishida nugsonlarni vujudga

keltiradi. Bu ayniqsa yupqga plyonkalarda (< 200 + 3004) yaqqol seziladi. 2-rasmda Si yuzasida o'stirilgan CaF, va Gads
plyonkalarining elektronogrammalari (katta energiyali difraksiya tasvirlari) keltirilgan. Ikkala holda ham plyonka qalinligi 300A.
Rasmdan ko‘rinadiki, GaAs/Si uchun tasvir CaF,/Si ga nisbatan ancha chaplangan va ikkilamchi reflekslar mavjud. Buning asosiy
sababi GaAs va Si panjara doimiylarining bir-biridan sezilarli farq gilishidir (1-jadvalga garang)[11].

8.

9.

ADABIYOTLAR
Normurodov M.T., Umirzakov B.E., Parmankulov L.P., Elektron texnika materiallari texnologiyasi. Toshkent ‘“Mehnat”
nashriyoti. 2010 yil. 362 b.
Baproun A.A. DIeKTpOHHKA U MUKPO3JICKTPOHHUKA. DH3HKO-TEXHOJIOTHYECKUE OCHOBBL YueOHOe mocobue. du3MaTiur,
2016.589 c.
Tankun H.I'., Topomko J.JI., Uycosurun E.A., Tlomspusii B.O., TI'yrakoBckuii A.K., Jlatemues A.B., Khang V.
dopmHpoBaHHe, KPUCTAUIMYECKAs! CTPYKTypa W CBOMCTBA KPEMHHS CO BCTPOCHHBIMH HAHOKPHCTAJUIAMH JUCHIIMLINZAA
xene3a Ha nomioxkkax Si (100) / ®u3nka HAHOKPHCTAIIMTAMH JUCHIIMCHIIA Kene3a Ha nomioxkkax Si(100)// ®usuka u
TEXHHKA MOJTYIPOBOAHKUKOB, - Cankr-Ilerepbypr, 2017. —1.41. —BbIm.9.-C.1085-1092.
Hopmyponos M.T, Ymup3akos b.E, “OnexkrpoHHas cTpykTypa U Gu3nvecKue cBOcTBa HAHOPa3MEPHBIX T€TEPOCTPYKTYp”
Qarshi 2021 yil, “Intellekt”, 43 bet.
Byrepko JI.H, bopucosa H.B, Cyposas B.3, Epemeesa I'.O, 3akoHoMepHOCTH (POTOCTUMYIHPOBAHHBIX NPEBPAIICHUI B
HaHOpa3MepHbIX ieHkax Mo0s// XKypnan ¢puzuueckoit xumun, 2013. T.87, Nel12. —C 2105-2109.
B.MuponoB. OCHOBHI CKaHHpYIOILel 30H10BoH MuKpockonun. ®u3nka texuuka. TexHocdepa. Mocksa 2009 r.
bonraesX.X, Tammyxammenosa [I.A, YmupsakoB b.E.// TIoBenXHOCTb peHTIeH CHHXPOTPOHEHTpoH Hccien. 2014 Nedio
C24.
VmupsakoB b.E, Tammyxammenosa/l.A, T'yasmoB C.T, Amnasposa I'.X, BiunsiHue uMIuiantai HoHOB Ba® Ha cocTaB n
3NIEKTPOHHBIE CBOWCTBaA MIeHOK M0oOs3/(111) YDIK.2020.rom.90Bbm.5.C.831-834.
Amnasiposa I'.X. [lorydeHus: 1 u3ydeHne SIEKTPOHHOM CTPYKTYphI HaHOTUIeHOK M0oO3/Mo. IToBepxHOCTE.2020 Nel1.C174-
78.

10. A..T'yceB. Hanomarepuaisl, HaHOCTPYKTYpbI, HaHOTeXHOIOrHH —M: ®dusmarrus, 2017.
11. T'yces O.b, U3nyuenne kpemuueBbix HaHokpuctaiios //OTII. -2013. -T.47,B.2.-C 147-167.

- 425 -



O‘ZBEKISTON MILLIY
UNIVERSITETI
XABARLARI, 2025, [3/1/1]
ISSN 2181-7324

FIZIKA
http://journals.nuu.uz

Natural sciences

UDK: 537.9 (575.1)
Oblokul KUVANDIKOV,
Samargand davlat universiteti professori, f.-m.f.d
Zokir SHODIYEV,
Samargand davlat universiteti dotsenti
Jushgin AXTAMOQV,
Samargand davlat universiteti tayanch doktoranti

SamDAQI professori, f.-m.f.d O*.0 ‘sarov taqrizi asosida

INVESTIGATION OF THE ELECTRONIC AND MAGNETIC PROPERTIES OF THE ALABANDITE MINERAL
USING DFT AND DFT+U METHODS

Annotation
In this theoretical study, the electronic structure, charge distribution, magnetic moment, and types of chemical bonding present in
the alabandite mineral were investigated using Density Functional Theory (DFT) and the Hubbard-corrected DFT+U method. A
comparative analysis of the DFT and DFT+U methods revealed that a-MnS exhibits antiferromagnetic behavior, with the resulting
magnetic moment - i.e., spontaneous magnetization - equal to 0 uB. The analysis of the Electron Localization Function (ELF)
indicated the presence of both covalent and ionic bonds in the sample.
Key words: DFT, DFT+U, Quantum ESPRESSO, ELF map, electronic structure, magnetic properties, chemical bonding, magnetic
moment.

HCCJIEJOBAHUE SJIEKTPOHHBIX 1 MATHUTHBIX CBOMCTB MAHEPAJIA AJTIGAHJIUTA C
HUCIOJb30BAHUEM METO/IOB DFT U DFT+U
AHHOTanUs

B nmanHoOI TeopeTHIecKoii paboTe ¢ MCTIONB30BaHNEM METOIOB TeopuH (yHKimoHana riotHocTd (DFT — Density Functional Theory) u DFT+U (¢
yueToM rorpaki Xa66apia U) ObUTH U3ydeHBI NIEKTPOHHAS CTPYKTYPa, PACTIPEIICTICHHE 3apsIOB, MATHUTHBII MOMEHT, & TAKKE THITHI XUMUYECKUX
cemelt B MuHepate anadamuH. [Ipu cparennn meronoB DFT u DFTHU Gbuio ycraHOBNeHO, uto o-MnS obmamaer aHTH(EppOMArHATHOM
TIPUPOJION, & Pe3yNBTUPYFOIIMI MarHUTHBI MOMEHT, TO €CTh CIIOHTAHHOE HaMarHm4rBanve, papeH 0 UB. AHami3 QyHKIMH JTOKATM30BAHHBIX
anextpoHoB (ELF) nokazan Haimde kKak KOBaJICHTHBIX, TAK M HOHHBIX CBS3EH B CTPYKTYpE.

KiroueBble cioa: DFT, DFT+U, Quantum ESPRESSO, kapra ELF, anextpoHHas CTpyKTypa, MarHATHBIC CBOMCTBA, XUMUYECKAs CBS3b,
MAarHUTHBII MOMEHT.

ALABANDIT MINERALINING ELEKTRON VA MAGNIT XOSSALARINI DFT VA DFT+U USULLARI ORQALI
TADQIQ QILISH
Annotatsiya

Ushbu nazariy hisoblash va tadgigod ishida alabandit mineralining elektron tuzilishi, zaryadlar tagsimoti, magnit momenti va
namunada amal giladigan kimyoviy bog‘lanish turlari, zichlik funksional nazariyasi DFT (Density Functional Theory) va DFT+U
(Density Functional Theory plus Hubbard U correction) usullari yordamida o‘rganildi. DFT va DFT+U usullarini bir-biriga
nisbatan taggoslash yordamida DOS (DOS - Density of states) hisoblanganda a-MnS antiferromagnit tabiatga egaligi ma’lum bo‘lib
natijaviy magnit momenti ya’ni spontan magnitlanish 0 us ga tengligi aniglandi. Lokallashgan elektronlar funksiyasi (ELF) tahlili
yordamida namunada kovalent va ion bog‘lanishlar mavjudligi kuzatildi.

Kalit so‘zlar: DFT, DFT+U, Quantum ESPRESSO, ELF map, elektron tuzilish, magnit xossa, kimyoviy bog‘lanish, magnit
moment.

Kirish. Alabandit minerali tarkibi o-MnS (marganets(IT) sulfidi) dan iborat bo‘lib, nafaqat tabiiy mineral sifatida, balki
uning elektron va magnit xossalari bilan ham ilmiy jamoatchilikda katta qizigish uyg‘otadi. FexMn;-.S qattiq eritmalarida gigant
magnit qarshilik effektining aniglanishi [1] natijasida ushbu moddalar asosida olingan marganets monosulfidining fizik
xususiyatlarini, jumladan, magnit xossasini tadqiq qilishga bo‘lgan qizigish tobora ortib bormoqda [2]. Marganes(l1) sulfidi - MnS
ning polimorfizmi tufayli, bu mineral polimorfizmni boshqgarish va sintez strategiyalarini ishlab chigish uchun noyob mineral
hisoblanadi [3]. Nanometrik marganes(II) sulfidi juda foydali optik, elektr va magnit xossalarga ega bo‘lib, bu xususiyatlar
nanometrik o‘lcham tartibidagi domenlarda, ya’ni 100 nm dan kichik o‘lchamlarda o‘zgaradi [4].

Mavzuga oid adabiyotlar tahlili. Marganes sulfidi (MnS) p-tipli yarim o‘tkazgich bo‘lib, uchta polimorf fazalari mavjud
va ular a, g, y dan iborat [5]. Ular a-MnS kubik (rock salt) tuzilishida mavjud bo‘lib, barqaror hisoblanadi, # shakli kubik sink
blende tuzilishiga ega va metastabil holatda bo‘ladi, y fazasi esa metastabil geksagonal vyurtsit mineralining kristall strukturasi
tuzilishiga ega. Ikkala f-MnS va y-MnS fazalar yuqori harorat yoki yuqgori bosim ostida metastabil holatdan «-MnS yani, NaCl
tipidagi yoglari markazlashgan kubik (FCC) panjaraga ega bo‘lgan fazaga o‘tishi kuzatilgan [6]. Bunday tipdagi minerallar (MnS)
yorug‘lik chiqaruvchi va optoelektron qurilmalarda, quyosh batareyalari qoplamalarida oynali buffer to‘siq materiallari sifatida,
magnitooptik qurilmalarda va litiy ionli batareyalarida elektrod sifatida qo‘llaniladi [7].
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a-MnS NaCl tipidagi yoglari markazlashgan kubik (FCC) panjaraga ega bo‘lib unda strukturaviy ya’ni polimorf fazaviy
o‘tish (Ts=162+2K) kuzatiladi[8]. Namunada yuz beradigan antiferromagnit—paramagnit ikkinchi tur fazaviy o‘tish esa Tn=150 K
da yuz beradi [9]. Alabandit - MnS mineralining electron tuzilishi va magnit xossalarini olingan tajribaviy natijalar bilan bir gatorda
nazariy hisoblash usullarini ham ishlab chiqish muhimdir. Bunday hisoblash usuliga eng so‘nggi hisoblash usullaridan Density
Functional Theory (DFT) va uning kengaytirilgan versiyasi Density Functional Theory + Hubbard U (DFT+U) usullari tanlab
olindi. Bu hisoblash usuli 1965 yilda nemis fizigi Walter Kohn va uning hamkasbi Lu Jeu Sham tomonidan kashf etilgan bo‘lib,
Kohn-Sham equations DFT bir elektronli tizimlarning energiya va elektron strukturasini hisoblashda muhim rol o‘ynaydi [10,11].
DFT va DFT+U metodlarini qo‘llash orqali a-MnS mineralining elektron strukturasi, zaryadlar tagsimoti va magnit xossalari
(magnit momenti) haqida yanada yetarli ma’lumotlar olish imkonyatiga ega bo‘lish mumkin. Ushbu tadgigod ishida alabandit
minerali a-MnS ni DFT va DFT+U metodlari orqali elektron strukturasi, zaryadlar tagsimoti va magnit xossalari o‘rganilib natijalar
giyosiy tahlil gilinadi.

Tadgigot metodologiyasi va hisoblash parametrlari. Yugorida bayon gilinganidek alabandit minerali a-MnS faza ega
bo‘lib eng barqaror kristall strukturani namoyon giladi. Uning kristall panjara ma’lumotlari (MnS ID:mp-2065 Fm3m) ochiq va
ishonchli manba materialsproject.org [12,13] bazasidan olindi va hisoblash amallarini bajarish jarayonida bevosita ushbu
ma’lumotlardan foydalanildi. DFT va DFT+U hisoblashlari Quantum ESPRESSO dasturida amalga oshirildi [14]. Bu dastur
yordamida alabandit minerali uchun DFT va DFT+U metodlarini qo‘llash jarayonida ikkala holat uchun ham hisoblash
parametrlari bir xil tanlandi fagat DFT+U hisoblashda Hubbart parametri Umn= 4, 5, 6 eV, Us= 0 eV giymatlar kiritildi. K-poit
mesh SCF (Self-Consistent Field) uchun 8x8x8, DOS (Density of States) uchun esa tur zichligi 12x12x12 tanlandi. Marganets
uchun Mn.pbe-spn-kjpaw_psl.1.0.0.UPF, Oltingugurt uchun esa S.pbe-n-kjpaw_psl.1.0.0.UPF psevdopotensiallari qo‘lanildi.

a-MnS ni yanada chuqurroq tahlil gilish magsadida uning elektron zichlikning fazoda tagsimlanishini aniglash uchun ELF
(Electron Localization Function) xaritasi yaratildi. ELF xaritani yaratishda dastlab Quantum ESPRESSO da self-consistent field
(SCF) hisoblashi bajarildi va yaratilgan MnS.cube ELF xaritasi Vesta dasturida [15, 16] simmulyatsiya gilindi.

Natijalar va ularning muhokamasi. DOS tahlili. 1-rasmda a-MnS ning DFT va DFT+U usullari bo‘yicha hisoblangan
elektronlarning holat zichliklari (DOS) grafigi keltirilgan. DFT natijalari Fermi energiyasi atrofida (0 eV da) elektronlarning holat

1-rasm. Alabandit (a-MnS) mineralining elektronlar holat zichliklari (DOS) DFT-(a), DFT+U-(b) ning energiyadan bog‘lanish
grafigi.

DFT+U natijalari (rasm-1 b.) ni tahlil qilish shuni ko‘rsatdiki, marganets sulfidning Fermi energiyasi atrofida kichik
energtik bo‘shliq (band gap) hosil bo‘lib bu esa o‘z navbatida namunada yarimo‘tkazgichlik tabiatining mavjudligidan dalolat
bermoqda. DFT+U usulidagi Hubbard (U) modeli Mn atomlarining 3d-qobig‘ida joylashgan elektronlarning o‘troglashish
darajasini oshiradi natijada tagiqlangan zona kengligi hosil bo‘ladi. DFT natijalariga ko‘ra Mn1 va Mn2 atomlari individual holatlari
uchun spin-up (spini yuqoriga yo‘nalgan holat) va spin-down (spini pastga yo ‘nalgan holat) komponentlari assimetrik bo‘lib (rasm-
1 a), bu esa 0‘z navbatida marganets atomida magnit moment mavjudligini ko‘rsatadi. Shuningdek Mn1 atomining spin-up magnit
mometiga miqdor jihatdan teng ammo yo‘nalishi bo‘yicha esa qarama-qarshi bo‘lgan Mn2 atomining magnit mometlari bir birini
to‘la kompensatsiya qilib antiferromagnit tartiblanishni hosil qilmoqda. DFT+U natijalari biroz fargli bo‘lib spin-up va spin-down
komponentlari orasidagi farg ortib Mn atomlarining magnit momentini gisman oshishiga olib keldi. 1-jadvalda alabandit (a-MnS)
mineralining DFT va DFT+U hisoblash natijalariga ko‘ra magnit xossalari va elektron zaryadi qiymatlari keltrilgan.
Elektronlarning zaryad (Charge) tagsimoti Mn atomlari uchun DFT da 13.1625 e ga teng. DFT+U hisoblash natijalarida esa bu
giymat 13.1100-13.1101 e gacha kamayadi. Bu shundan dalolat beradiki, DFT+U usuli Mn atomlarining 3d-gobiglaridagi
elektronlarni kuchliroq lokallashtirib, elektronlarni yanada anigroq tagsimlanishiga olib keladi. Marganets atomlari uchun magnit
moment DFT usulida +4.1117 - 4.1118 us va DFT+U usulida esa +4.4320 - 4.4321 us qiymatlarga ega. Oltingugurt atomlari juda
kichik magnit momentga ega (DFT: £0.0587, DFT+U: +£0.0389 us). Bu 0‘z navbatida oltingugurt atomlarining magnitlanish
jarayonida deyarli ishtirok etmasligini ko‘rsatadi.

1-jadval
DFT DFT+U
Zaryad (€) . ) - — ‘Atom birligiga to'gti | Umumi
Atom Atom birligiga to‘g'ri keluvchi Un;]umly I}’\a?lnltlanlsh Keluvchi s magnit magnitl;/nish Bohr
DFT DFT+U magnit moment (ug) Bohr mag/ce moment (i5) mag/cell
Mnl 13.1624 13.1097 4.1117 4.4320
Mnl 13.1625 13.1101 4.1118 4.4321
Mn2 13.1625 13.1100 -4.1118 -4.4321
Mn2 13.1625 13.1100 -4.1118 0.00 -4.4321 0.00
S 4.5858 4.6476 -0.0587 -0.0389
S 4.5858 4.6476 -0.0587 -0.0389
S 4.5858 4.6476 0.0588 0.0389
S 4.5858 4.6476 0.0587 0.0389

Zona strukturasi (Band structure). Alabandit mineralining magnit va electron tabiatini tushunish uchun elektron zona
strukturasi hisoblab chigildi. 2-rasmda DFT natijalarining "spin up" va "spin down" holatlari alohida tasvirlangan. Har ikkala
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holatida Fermi energiya sathi bilan kesishmogda. Bundan o-MnS metall tabiatga ega ekanligi kelib chigadi ammo tadgiqodlar uni
yarim o‘tkazgich ekanligini tasdiglaydi [17]. DFT odatiy holatda Mn 3d- elektronlarining kuchli korelyasiyasini yetarli darajada
hisobga olmaganligi sababli o‘Ichash aniqligi juda kichik bo‘lib chiqdi.

DFT+U hisoblashda zona tuzilishi o‘zgarishga uchrab zonalar oralig‘i oshib tagiqlangan zona vujudga keladi (2-rasm).
Hubbart U parametrining kiritilishi (DFT+U) Mn 3d-qobiq elektrtonlari uchun elektron-lokallashish darajasini oshirib Eg hosil
bo‘lishining asosiy sabablardan biri sifatida keltrish mumkin. DFT+U natijasi DFT ga nishatan a-MnS ning yarim o‘tkazgich va
magnit xossalarini aniqroq aks ettirishi ma’lum bo‘ldi.

Jadval 2.
Hisoblash usuli Eg (eV) Magnit turi Material turi
DFT OeV antiferromagnit metal
U=4eV ~0.62 eV
DFT+U U=5eV ~0.65 eV antiferromagnit yarim o‘tkazgich
U=6eV ~0.67 eV
DFT (Monolayer MnS) 0ev [17] antiferromagnit Metal
DFT+U (Monolayer MnS) 0.68 eV [17] antiferromagnit yarim o‘tkazgich
SN N\ DR3¢ g\
:l‘. . .‘“\"‘:/}‘\' - = .‘\—':/"’“ g ;- :\"‘/’/)_\( - -
= L2 e
PSR ~— s i ~. ~ <

2-rasm. Alabanditning energitik zona strukturasi (DFT), (DFT+U).
2-jadvalga ko‘ra DFT+U hisoblashlarida kubik a-MnS (B1) uchun Eg = 0.67 eV giymati olindi, agar bu giymatni bir
gatlamli MnS minerali uchun DFT+U usuli yordamida oligan qiymatiga solishtradigan bo‘lsak Y.Z.Abdullahining tadgiqod ishida
Eq=0.68 eV [17] ga tengligi bizning tadgiqod ishimizning ishonchliligini tasdiglaydi.
ELF tahlil. DFT+U usulida hisoblangan ELF xarita marganets va oltingugurt atomlari o‘rtasida elektronlar seyrak
joylashganligini kurish mumin Bu esa atomlar o‘rtasida ion bog‘lanish xarakterini namoyon qiladi 3-rasm.

3-rasm. Alabandit (a-MnS) mineralining ELF xaritasi (DFT+U).

Xulosa.

Alabandit mineralining elektron va strukturaviy xossalarini zichlik funksional nazariyasi DFT va DFT+U yondashuvlari
asosida tadqiq gilish orgali muhim ilmiy natijalarg olindi. Ikkala holatda ham alabandit mineralining magnit tabiati bir xil
antiferromagnitni ko‘rsatdi, atom magnit momenti esa bir biriga yaqin ammo uning elektron o‘tkazuvchanlik tabiatini aniqlashda
bir biridan keskin farq qilishi ma’lum bo‘ldi. DFT natijalari o‘rganilgan namuna uchun Eq=0 eV bo‘lib, metall tabiatga ega
ekanligini ko‘rsatdi. DFT+U esa Eq=0.62-0.67 eV qiymatga egaligini kursatib yarimo‘tkazgich xususiyatlarini namoyon qildi.
Demak a-MnS strukturasi uchun DFT+U usuliling DFT ga nisbatan aniqligi yuqoriligi namoyon bo‘1di.

a-MnS ning ELF (Electron Localization Function) xaritalariga ko‘ra Mn va S atomlari orasida ion bog‘lanish dominantlik
qilishi anglandi.
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A GENERIC STUDY OF THIN-SHELL VIA REGULAR CHARGED BLACK HOLE
Annotation
We present a thin-shell in the background of a regular charged static black hole solution in the presence of T-duality effects for the
Einstein-Maxwell system. The thin-shells are created by aligning the inner and outer surfaces using the well-established Visser
method of cutting and pasting. We manufacture two varieties of thin-shells an outer regular charged black hole from T-duality and
different choices of inner manifolds named: 1. Thin-shell (inner flat spacetime), 2. Thin-shell Garvastars (inner de Sitter spacetime).
Key words: Thin-shell wormholes, Gravastar, T-Duality, Stability analysis.

OBIIEE UCCJIEJOBAHUE TOHKOMN OBOJIOYKH YEPE3 PEI'YJIAPHYIO 3APSIKEHHYIO YEPHYIO JIBIPY
AHHOTaALHA

MbI npencTaBisieM TOHKYI 000J0YKY B ()OHE PEryIspHOTrO 3apsDKEHHOTO CTAaTHYECKOTO PELICHHS YEePHOH JABIPBI C y4eTOM
a¢dekroB T-ngyansHOCTH B cucTeMe DiiHnITeiiHa-MakcBeiuia. ToHkast 060mouka popmMupyeTcs yTeM COTIacoBaHUsI BHYTPEHHETO
U BHEIIHEr0 MHOT000Opa3uil ¢ MCIOJIb30BaHUEM M3BECTHOTO MeToza Buccepa «BbIpe3aTh M BCTaBUTH». MBI MOJTydaeM JIBa THUIIA
TOHKHX 000JIOUYEK C BHEIIHEH perysIpHOH 3apsDKeHHOM YepHOit 1bipoit n3 T-IyallbHOCTH M pa3IMYHBIMI BEIOOPKaMHU BHYTPEHHHX
MHOrooOpasuii: 1. ToHkas 06os04ka (BHyTpEHHEE IUIOCKOE IPOCTPAHCTBO-BpeMs), 2. ToHKast 000109Ka rpaBacTapoB (BHYTpEHHEE
MPOCTPaHCTBO-BpeMs e Currepa).

KiioueBbie cji0Ba: TOHKHE 000JI0YKH KPOTOBBIX HOP, rpaBactap, T-ayanbHOCTb, aHAIIH3 YCTOHYMBOCTH.

MUNTAZAM ZARYADLANGAN QORA TUYNUK ORQALI UMUMIY YUPQA QOBIQ TADQIQOTI
Annotatsiya

Biz Eynshteyn-Maksvell sistemasida T-duallik ta’sirlarini hisobga olgan holda, muntazam zaryadlangan statsionar qora tuynuk
fonida yupga qobigni tagdim etamiz. Yupga qobig Visserning mashhur "kesib-yopishtirish" usuli orgali ichki va tashqi
manifoldlarni moslashtirish orgali hosil gilinadi. Biz T-duallikdan olingan tashgi muntazam zaryadlangan gora tuynuk va turli ichki
manifold tanlovlari bilan ikki turdagi yupga qobiglarni hosil gilamiz: 1. Yupga qobiq (ichki tekis fazo-vaqt), 2. Yupga qobiq
gravastarlar (ichki de Sitter fazo-vaqti).

Kalit so‘zlar: yupga qobiq chuqurchalar, gravastar, T-duallik, bargarorlik tahlili.

Introduction. Black holes (BHs) stand out as particularly remarkable manifestations of strong-gravitational fields in
contemporary research. Black holes possess an event horizon from which nothing can escape because of the immense gravitational
pull, while simultaneously absorbing everything within their vicinity. Quantum fluctuations have consistently yielded miraculous
consequences regarding the physical properties of BH geometries. The presence of singularities represents a fundamental challenge
in BH physics.

Incorporating an NLED Lagrangian ensures a singularity cut-off in the context of the magnetic charge of BHs [1, 2]. The
literature also conquered this limitation by a process of BH engineering, i.e., considering regular BH models with a de Sitter central
core [3]-[6]

A vital breakthrough in removing the singularity comes with a family of regular BHs developed in a string-inspired manner
by noncommutative geometry [7, 8]. Apart from the singularity eradication, these BHs present an interesting scenario for the final
phase of evaporation. Instead of a divergent Hawking emission, there exists a phase characterized by a gradual cooling towards a
zero-temperature extremal configuration, even in the absence of charge and angular momentum [9]. Interestingly, noncommutative
effects undergo an equivalence framework to a non-local gravity that softens the curvature singularity [10]-[14].

For m=0.4, h=0.05 For m=0.6, h=0.05
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FIG. 1: Graphical analysis of metric function of charged BH from T-duality verses r with suitable physical parameters.

THIN-SHELL WITH EXTERIOR REGULAR CHARGED BLACK HOLE FROM T-DUALITY. This section is devoted
to analysing the thin-shell formalism for charged black holes (BHSs) arising from T-duality. The line element for the regular charged
BH resulting from T-duality is given by

ds? = —0,(r)dt? + 0,(r)"'dr? + r2(d6? + sin? 6d¢?) (1)

where
Q*r?*F(r) 2mr?
(h2 + r2)2 - (h2 + r2)3/2

(h? + r?)3/2 (Ztan‘1 (;))) 3K2

0,(r) = +1,(2)

with
3m
F(r):ﬁ h?2+7r2(1— poc
Here, m represents the mass of Schwarzschild BH, Q is the charge, h denotes the zero point length.

F(r) is monotonically increasing function and,
F _ {311/16, r< h}
O=1"1 " r»n

ie,3m/16 < F(r) < 1.

It should be pointed out that the metric can be equivalent to the following solutions: 1)Bardeen metrics if the length is
redefined as h — @, 2 )Ayon-Beato and Garcia spacetime by considering h - Q and F(r) = 1 everywhere.

A. Thin-Shell. Now, we examine (2 + 1) — D a charged thin-wall, represented by X, with its radius = b(t)(t being the

proper time). The metric for these spaces can be expressed :
dsi = —0,(r)dt? + (0,(r))*dr? + r2(d6? + sin? d¢?) (4)
The quantitative measure ~ for  these  two regions  can be  summarized as  follows
F(r)(Q?r? 2mr?
0,(r) = 1,6,(r) = &) - A 1 1(5)
In the case of a thin shell, the metric function corresponds to a time-like two-dimensional sphere, whose coordinates can
be expressed as y' = (z, 6, ¢):

ds? = h;;dy'dy’ = —dt? + b?d6? + b?sin? dp? (6)
The constituent elements of the thin-shell can be expressed as:
T =p(b) = ——(te(b) — x:(b)) (7)

0 _ ¢ — _ —xiD)+xe(b) | 2b+04(b)  25+0[(b)
Sg = S¢ =P() = p— + P y—r (8)

where

xi(b) = ,/Gi(b) +b% xe(b) = |0,(b) + b2 (9)

p(b) and PB(b) -the energy density and the tangential pressure are represented by the dot and dash, respectively, which
correspond to the derivatives with respect to the proper time and the radial coordinate. Here, subindex zero belongs to the physical
entities at the static state of thin-shell, i.e., b = by. Employing equations (7) and (9), we establish connections between the
gravitational mass and the mass of the shell.
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FIG. 2: The compactness of thin-shell with exterior Bardeen (left plot) and charged BHs from T-duality versus equilibrium shell
radius.
We choose a compactness parameter for the stable arrangement, which is calculated as the ratio of the shell's mass to its

radius., i.e., C;s = M /by. The compactness parameter yields
Jbg(bg + h2)? (b§ + bFQ?F (bo) + 2b7 (h2 = m[bZ + hZ) + h*)

bo(bZ + h2)2 (10)

Fig (2) shows the behaviour of compactness for allowed values of parameters. We can conlude that the thin-shell is less
compact near the origin for exterior Bardeen BH while more compact near the origin for the case of charged BH from T-duality.
The compactness tends to decrease as the shell radius increases.

B. Thin-Shell Gravastars. In this subsection we utilize Visser's cut-and-paste approach to form a charged thin-shell
gravastar with the inner manifold as a de Sitter spacetime and the exterior manifold as charged BH from T-duality. We joined the
interior and exterior regions at the timelike hypersurface known as a gravastar shell with radius r = b.
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FIG. 3: The compactness of the thin-shell gravastars with exterior Bardeen (left plot) and charged BHs from T-duality versus
equilibrium shell radius.
here ©;(r) is the metric function of de Sitter geometry with « is a nonzero positive constant.
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The surface stresses for thin-shell gravastar at equilibrium state can be written as

_ 1 [ [Fe@)  2mb b3

po = _4”b0<\J Wt st 1 g (D
2byQ*F (by) , _ 4bim

a-20> b°< s +hn2 + 00 | gzt 2

b 20)2 2
8mhya? |1 —-% b§Q?F (by) 2bym
o a? 8nb0j(zg T hz‘)]z - (bg +uhz)3/z +1

Bo = 12)

We define the compactness of thin-shell gravastar by C. s = 4mb?p(b) with the subindex denoting charged thin-shell gravastar.
Fig (3) illustrates that the thin-shell gravastar is less compact near the origin, and compactness is enhanced as the shell radius
increases for both choices of exterior geometries.

FIG.

m=0.5. h=0.05 m=0.5, h=0.05

[Ciwsl
- N W s WA

K‘bmh‘

/:(, 3 4 o 1 b;»“ ‘ 3 a
4: The compactness of thin-shell WHSs with exterior Bardeen (left plot) and charged BHs from T-duality versus equilibrium
shell radius.

Conclusions. In this work, we have studied the thin-shell theory with three different options for its inner geometries, namely

flat, de Sitter, and regular charged black hole obtained from T-duality while the latter has been chosen as an exterior geometry for
all three cases. Here, the following approaches have been utilized through investigating: First, all configurations are developed
using a cut-and-paste approach, which is a valuable method for eliminating singularities and event horizons in the constructed
structure; Furthermore, the elements of the stress-energy tensor are calculated using a simplified version of Einstein's field
equations on the surface.

We have employed the barotropic and generalized Chaplygin gas models to analyze the stable and unstable structures by

determining the critical values of 1, for each choice of inner manifolds.
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TAILORING MEMRISTIVE BEHAVIOR IN NIO THIN FILMS VIA POST-ANNEALING TIME AND ELECTRODE
ENGINEERING
Annotation

Nickel oxide (NiO) thin films were synthesized by the sol-gel spin-coating method and annealed at 400 °C for 2 and 5 hours to
investigate the effect of post-annealing time on their memristive behavior. Silver (Ag) and indium (In) were employed as top
electrodes. The optical bandgap was determined via Tauc plot analysis using reflectance data. Structural properties were examined
by X-ray diffraction (XRD), and the memristive switching behavior was characterized by current-voltage (I-V) measurements
using a Keithley-2460 SourceMeter. It was found that both annealing time and electrode type significantly affect the switching
behavior and material properties.

Key words: NiO, memristor, sol-gel.

®OPMUPOBAHUE MEMPUCTUBHOI'O IIOBEJIEHUS B TOHKUX IIVTEHKAX NiO IYTEM U3MEHEHUSA
BPEMEHHU OTKUI'A U BBIBOPA MATEPHUAJIA 9JIEKTPOJA
AHHOTALUSA

Tonkue mnenkn oxcuna HuKemst (NiO) ObUTH CHHTE3UPOBAHBI METOJIOM 30JIb-TENb HEHTPH(PYTUPOBAHUSI U TOABEPTHYTHI OTXKHUTY
npu 400 °C B TedeHne 2 U 5 yacoB IS M3yUCHUS BIMSHUS BPEMEHU MOCTOTKUATA HA X MEMPHCTUBHOE TIOBeIeHHEe. B kadecTBe
BEPXHHUX JJIEKTPOJOB OBbLIM HCHONB30BaHbI cepedpo (Ag) m muamit (In). OnTuueckas mMpUHA 3ampelieHHOHW 30HBI ObUIa
ompe/eneHa ¢ MOMOIIbIO aHainu3a rpadukoB Tayna Ha OCHOBE JaHHBIX oTpaxeHus. CTpYKTypHbIE CBOWCTBA HCCIIELOBAJINChH
METO/IOM PEHTreHOBCKOM audpakiyi (XRD), a MeMPHCTHBHOE MEPEKITIOUCHHUE - C TOMOIIBIO H3MEpeHHii ToK—Hamnpsikerue (I-V)
¢ ucnons3oBanueM npubopa Keithley-2460 SourceMeter. bputo ycTaHOBIEHO, YTO Kak BpeMsl OTXKHTA, TaK W THI JIEKTPOAA
3HAUUTENFHO BIMSIOT HAa XapaKTEePUCTHKHU MEPEKITIOUCHNUS ¥ CBOHCTBA MaTepHaa.

Kaiouessie ciioBa: NiO, MeMpucTOp, 3071b-T€JIb.

QIZDIRISH VA ELEKTROD MATERIALINI BOSHQARISH ORQALI NiO YUPQA QAVATLARIDA MEMRISTIV
XATTI-HARAKATNI SHAKLLANTIRISH
Annotatsiya

Nikel oksid (NiO) yupga gatlamlari sol-gel aylantirish (spin-coating) usuli bilan sintez gilinib, 400 °C da 2 va 5 soat davomida
termik ishlov berildi. Post-annealing (qayta gizdirish) vaqgtining memristiv xatti-harakatga ta’sirini o‘rganish magsad gilingan.
Yugori elektrod sifatida kumush (Ag) va indiy (In) materiallari ishlatildi. Optik energiya oralig‘i (bandgap) yutilish spektridan
(reflectance) olingan Tauc grafiklari yordamida aniqlandi. Struktura xossalari rentgen difraksiyasi (XRD) orqali o‘rganildi,
memristiv xatti-harakat esa Keithley-2460 SourceMeter qurilmasi yordamida tok—kuchlanish (1-V) o‘lchovlari orqali baholandi.
Tadqiqot natijalari shuni ko‘rsatdiki, qizdirish vaqti hamda elektrod turi o’tish xatti-harakati va material xossalariga sezilarli
darajada ta’sir qiladi.

Kalit so‘zlar: NiO, memristor, sol-gel.

Introduction. Nickel oxide (NiO) is considered a promising material for resistive switching (memristive) devices due to
its wide bandgap, chemical stability, and simple stoichiometry [1]. Memristive devices, capable of non-volatile resistance
switching, are key candidates for next-generation non-volatile memory (NVM) technologies owing to their scalability, low power
consumption, and CMOS compatibility [2].

Among synthesis methods, the sol-gel spin-coating technique offers a simple and cost-effective approach to fabricate
uniform NiO thin films [3]. Post-annealing critically affects film properties such as crystallinity, defect density, and grain size,
thereby influencing switching behavior [4]. In particular, variations in annealing time can alter oxygen vacancy concentrations and
metallic Ni cluster formation, which are central to the switching mechanism [5]. Additionally, electrode material selection impacts
Schottky barrier formation, filament dynamics, and switching stability [6]. Ag electrodes, with high mobility, actively participate
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in filament formation, while In electrodes offer relatively inert behavior, affecting switching mechanisms differently [7]. In this
work, NiO thin films were synthesized by sol-gel spin-coating and annealed at 400 °C for 2 and 5 hours to investigate the effects
of annealing duration on structural, optical, and memristive properties. The influence of Ag and In top electrodes on switching
behavior was also analyzed, providing insights into optimizing NiO-based memristive devices for future memory and neuromorphic
applications.

Literature review. NiO thin films have been widely studied for memristive applications due to their wide bandgap (~3.6—
4.0 eV) and intrinsic p-type conductivity from nickel vacancies [8]. Deposition methods like PLD, sputtering, CVD, and sol-gel
spin-coating have been utilized to achieve tunable film properties [9].

Resistive switching is primarily attributed to the formation and rupture of conductive filaments comprising oxygen
vacancies and metallic Ni clusters [10]. Post-deposition annealing significantly affects film crystallinity and defect states [11].
Moderate annealing (300500 °C) enhances crystallinity, reduces organic residues, and optimizes vacancy concentrations, thereby
modulating switching behavior [12].

Electrode engineering is critical; mobile metals such as Ag and Cu promote filamentary switching, whereas inert electrodes
like InGa and Au encourage interface-type switching [13], [14]. The electrode/oxide interface influences switching voltages,
stability, and endurance [15]. Simultaneous optimization of electrode material and annealing conditions is essential. Shorter
annealing preserves higher vacancy levels, favoring filament conduction, while prolonged annealing enhances crystallinity and
stabilizes switching [16]. Proper control over these parameters is key to advancing reliable, low-power NiO-based memristive
devices.

Research Methodology. In this study, a systematic approach was employed to fabricate and characterize nickel oxide
(NiO) thin films with tailored memristive behavior through precise control of post-annealing time and electrode engineering.

First, high-purity reagents were selected for the sol-gel synthesis process. Nickel acetate tetrahydrate
(Ni(CHsCOO)2-4H20, 99%, Sigma-Aldrich) served as the nickel source, dissolved in 2-methoxyethanol (CH;OCH.CH-OH,
>99.3%, Sigma-Aldrich) with monoethanolamine (MEA, C.H/NO, 98%, Sigma-Aldrich) added as a complexing agent in a 1:1
molar ratio with nickel acetate. The precursor solution was magnetically stirred at 60 °C for one hour to achieve a homogeneous
and transparent sol, and subsequently aged for 36 hours at room temperature to stabilize the chemical composition.

The sol was then deposited onto pre-cleaned monocrystalline silicon (Si) substrates using a spin-coating method at 3000
rpm for 30 seconds. Following each spin-coating cycle, the films were dried at 100 °C for 10 minutes and pre-heated at 275 °C for
15 minutes to remove organic residues. This deposition—drying cycle was repeated six times to achieve the desired film thickness,
ensuring uniformity and controlled growth.

After deposition, post-annealing was performed in a muffle furnace at 400 °C for different durations - 2 hours and 5 hours
- to systematically study the impact of thermal treatment on the structural, optical, and electrical properties. The samples were
labeled as NiO-2h and NiO-5h, respectively.

For device fabrication, metal-insulator—metal (MIM) structures were assembled by depositing top electrodes of silver (Ag)
and indium (In) onto the annealed NiO thin films, while the Si substrate served as the bottom electrode.

Comprehensive material characterization techniques were employed to analyze the resulting films. X-ray diffraction (XRD)
measurements with Cu Ka radiation (A = 1.5406 A) were used to determine the crystallographic structure and phase purity.
Memristive switching behavior was evaluated by current—voltage (1-V) measurements using a Keithley 2460 SourceMeter at room
temperature, applying a double-sweep voltage from =5V to +5 V.

Fig.1. NiO film preparation process scheme

Analysis and results. The structural, optical, and memristive properties of the NiO thin films were comprehensively
analyzed to understand the effects of post-annealing time and electrode material on device performance. X-ray diffraction (XRD)
patterns confirmed the polycrystalline nature of the NiO films, exhibiting reflections corresponding to the (111), (200), (202),
(311), and (220) planes, characteristic of the cubic NiO phase (JCPDS Card No. 47-1049). Films annealed for 5 hours exhibited
sharper and more intense diffraction peaks compared to the 2-hour annealed films, indicating enhanced crystallinity and larger
grain growth due to the extended thermal treatment. Improved crystalline quality is beneficial for achieving better electrical
properties in memristive devices, as it reduces defect density and enhances filament stability during resistive switching.
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Fig.2- XRD patterns of NiO thin films deposited by sol-gel method on Si substrates and annealed at 400 °C for 2 and 5 hours

The optical bandgaps of the films were determined from Tauc plot analysis based on reflectance measurements. Direct
bandgap transitions were observed for both samples, with extracted bandgap values of approximately 3.38 eV for the 2-hour
annealed sample and 3.44 eV for the 5-hour annealed sample. The slight increase in bandgap with longer annealing time suggests
reduced defect densities and improved structural ordering within the NiO lattice. Enhanced bandgap values further support the
improved crystallinity indicated by the XRD results.

Current—voltage (I-V) measurements were performed to evaluate the memristive switching behavior of the fabricated
devices. Typical bipolar resistive switching (BRS) behavior was observed in all devices. NiO films with Ag electrodes exhibited
higher ON-state current levels and better switching stability compared to devices using In electrodes.

20 25 30 35

T

; ;
=— NiO (400° 2h)
1 o NiO (400° 5h)

26 28 3.0
Energy (eV)

Fig.3- Tauc plots for sol—gel derived NiO films annealed at 400 °C for 2h and 5h.

NiO films with Ag electrodes exhibited higher ON-state current levels and better switching stability compared to devices
using In electrodes. The improved performance in Ag-based devices is attributed to the higher mobility of Ag ions, which facilitates
the formation and rupture of conductive filaments more efficiently. Moreover, films annealed for 5 hours demonstrated superior
memristive characteristics, including larger memory windows, lower switching voltages, and improved endurance. This can be

attributed to enhanced crystallinity and reduced structural defects, which enable more stable and reproducible filament formation
during resistive switching cycles.

- 435 -




0¢zMU xabarlari Becrnuxk HYY3 ACTA NUUz | FIZIKA | 3/1/1 2025

Fig.3- (I-V) comparison of NiO films with In and Ag electrodes after annealing, highlighting switching behavior.

Conclusion. In this study, NiO thin films were successfully synthesized via the sol—gel spin-coating method, and the effects
of post-annealing time and electrode material on their structural, optical, and memristive properties were systematically
investigated. XRD analysis confirmed the formation of polycrystalline NiO with enhanced crystallinity and grain growth for films
annealed for 5 hours. Optical characterization revealed that prolonged annealing slightly increased the optical bandgap, suggesting
reduced defect densities and improved structural ordering.

Memristive devices fabricated with Ag and In electrodes exhibited typical bipolar resistive switching behavior. Devices
with Ag electrodes demonstrated superior switching stability and higher ON-state currents compared to those with In electrodes.
Moreover, films annealed for longer durations exhibited enhanced memristive performance, including larger memory windows,
better endurance, and more stable filament formation.

These results highlight the critical role of post-annealing treatment and electrode engineering in tailoring the performance
of NiO-based memristive devices. Precise optimization of thermal processing conditions and electrode material selection can
significantly enhance device reliability and functionality, offering valuable insights for the future development of high-performance
resistive switching memories and neuromorphic computing applications.
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USING DIGITAL TECHNOLOGIES IN TEACHING ASTRONOMY BASED ON THE COMPETENCY-BASED
APPROACH
Annotation

This article explores the issues of teaching astronomy through modern digital technologies. It demonstrates that the didactic
principles of digital education contribute to a deeper acquisition of astronomical knowledge. The study analyzes the potential of
virtual laboratories, interactive models, mobile applications, and online platforms, emphasizing their role in enhancing the quality
of education.

Key words: Astronomy, digital technologies, competency-based approach, didactic principles, virtual laboratories, interactive
models, mobile applications, online learning, modern education, Personalized learning, scientific thinking, collaborative learning.

HCMOJb30BAHUE IAPPOBBIX TEXHOJIOTUI B MTPEIIOJABAHAA ACTPOHOMMM HA OCHOBE
KOMIIETEHTHOCTHOTI'O TIOAXOJA
AHHOTALHSA

B naHHO#l cTaThe paccMaTpUBAIOTCS BONPOCHI INPEMOAABAHMS ACTPOHOMHU C HCIIOJNB30BAHMEM COBPEMEHHBIX HH(PPOBBIX
TexHoyoruid. I[loka3aHo, YTO AWAAKTHYECKHE NPUHOUOBI IU(POBOT0 00pa30BaHUS CIIOCOOCTBYIOT TIIIyOOKOMY YCBOCHHUIO
ACTPOHOMHUECKUX 3HAHUH. B cTaThe mpoaHaIn3npoBaHbl BO3MOKHOCTH BHPTYaIbHBIX J1JA00paTOpHil, HHTEPAKTUBHBIX MOJEINEH,
MOOWJIBHBIX TPHJIOKCHUH M OHJNAH-IIaT(opM, a TakKe MX poNib B IOBBINICHNH KadecTBa oOpasoBanusi. KiiodeBble ciioBa:
AcTpoHOMUS, IN(PPOBEIC TEXHOJIOTHH, KOMIIETEHTHOCTHBIN MOIXOM, IUIAKTHYECKHE IPHHIMIBI, BUPTyalbHBIE JabopaTtopuy,
WHTCPaKTUBHBIC MOJIETH, MOOWIBHBIC IPHJIOKEHUS, OHJIAWH-o0y4YeHHe, COBpeMEHHOe o0pa3oBaHMe, Hay4HOE MEIIUICHNE,
COBMECTHOE O0y4eHHeE.

KOMPETENSIYAVIY YONDASHUV ASOSIDA ASTRONOMIYANI O‘QITISHDA RAQAMLI
TEXNOLOGIYALARDAN FOYDALANISH
Annotatsiya

Ushbu maqolada astronomiya fanini zamonaviy ragamli texnologiyalar orqali o‘qitish masalalari yoritilgan. Ragamli ta’limning
didaktik tamoyillari astronomik bilimlarni chuqur egallashga xizmat qilishi ko‘rsatilgan. Maqolada virtual laboratoriyalar,
interaktiv modellar, mobil ilovalar va onlayn platformalarning imkoniyatlari o‘rganilib, ta’lim sifatini oshirishdagi o‘rni tahlil
gilingan.

Kalit so‘zlar: Astronomiya, astrofizika, ragamli texnologiya, kompetensiyaviy yondoshuv, didaktik tamoyillar, virtual
laboratoriyalar, interaktiv modellar, mobil ilovalar, onlayn ta’limizlanishga yo‘naltirish, hamkorlikda o‘rganish.

Kirish. O‘zbekiston Respublikasi Prezidenti Shavkat Mirziyoyev 2020 yil 5 oktyabr kuni “Ragamli O‘zbekiston —2030”
strategiyasini tasdiglash va uni samarali amalga oshirish chora-tadbirlari to‘g‘risidagi farmonni imzoladi. Farmonda
raqamlashtirish masalasiga alohida e’tibor qaratilgan. Jumladan, elektron ta’lim platformalarini yaratish, ragamli o‘quv
materiallarini ishlab chigish, onlayn kurslar va masofaviy o‘qitishni kengaytirish masalalariga alohida e’tibor garatilgan[1]. Bu esa
0‘quv jarayonida ragamli texnologiyalardan samarali foydalanishga va bu orqali talabalarga astronomiyadan bilim olish, masofaviy
darslar va interaktiv ta’lim resurslardan foydalanish imkoniyatlarini tagdim etadi.

Mavzuga oid adabiyotlar tahlili. Ta’lim jarayonida raqamli texnologiyalardan foydalanish bo‘yicha J.B. Rey, L.N. Fierro,
A. Zangara, P. Freedom, I. Kmecova, S. Arunkum va boshqalarning ishlarida ko‘rsatib berilgan[2]. Shuningdek, o‘quv jarayonida
ragamli texnologiyalardan foydalanish bu talabalarning yuqori malakali, raqobatbardosh mutaxassis bo‘lib yetshishishiga imkon
beradi. O‘qituvchilar bilim oluvchilarning individual imkoniyatlarini hisobga olgan holda ta’lim jarayonida raqamli
texnologiyalardan foydalanishlari lozim[3]. Raqamli ta’limning oliy talim tizimida o‘rni beqiyos bo‘lib, bunda talabalar faqat
darsni o‘zlashtiribgina qolmay, balki bir vaqtning o°zida, o‘z faoliyatini nazorat qilishini, o‘zini o‘zi boshgarishini, muammolarga
fikr bildirishni o‘rganadi[4]. V.I.Kudashov, S.I.Chernix, M.P.Yatsenko va D.V.Raxinskiylar axborot texnologiyalari ta’sirida
ta’lim jarayonlarini o‘zgartirish bo‘yicha tadqgiqotlar olib borishgan [5]. Ta’lim jarayoniga raqamli texnologiyalarni joriy etish,
ularni pedagoglarning professional kasbiy faoliyatini namoyon etishlari bilan uyg‘unlashtirish masalalari U.Sh.Begimqulov[6],
A.A.Abduqodirovlarning [7] ilmiy ishlarida ko‘rsatib o‘tilgan hamda M.E.Mamarajabovning raqamlashtirilgan ta’lim sharoitida
bo‘lajak o‘qgituvchilarning kasbiy-pedagogik tayyorgarligini takomillashtirish bo‘yicha ilmiy tadqiqot ishlarida tahlil qilib berilgan
[8]. Oliy ta’lim muassasalarida astronomiyadan ta’lim sifatini oshirish bo‘yicha S.N.Nuritdinov [9], M.M. Mamadazimov[10],
M.Djorayev[11] va I.Sattarovlarning [12] ilmiy asarlarida, shuningdek, uluksiz ta’limda ta’lim texnologiyalarini qo‘llash bo‘yicha
B.S.Abdullayeva[13], R.G.Isyanov [14] va N.A.Muslimovlarning[15] ilmiy asarlarida keltirib o‘tilgan. B. D. Sattarova
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astronomiya o‘qitish nazariyasi va metodikasi bo‘yicha, shuningdek, astronomiya kursida zamonaviy axborot texnologiyalarini
qo‘llash bo‘yicha, A.M.Tillaboyev astronomiya kursini o‘qitishda zamonaviy ilmiy-tadqiqot natijalarini o‘quv jarayonida tadbiq
etish bo‘yicha ilmiy tadqgiqot ishlarini olib borishgan [16,17].

Tadgiqot metodologiyasi. Ragamli texnologiyalarni didaktik talablar asosida moslashtirib o‘quv jarayoniga tatbiq qilish
ta’lim sifatini oshirishda juda katta ahamiyatga ega[18,19,20,21]. Ragamli ta’limning didaktik tamoyillari izchil ravishda an’anaviy
didaktik o‘qitish tamoyillariga tayanadi, ularni raqamlashtirilgan ta’lim jarayoni sharoitlariga moslashtiradi. Ragamlashtirilgan
ta’limning didaktik tamoyillarini sanab o‘tamiz:

1.Ustunlik tamoyili: Bu tamoyili ta’limning yuqori sifatini ta’minlashni anglatadi va bu raqamlashgan ta’limda o‘quv
materiallari va resurslarining to‘g‘ri va samarali tanlanishini, ta’limning har bir bosqichida yuqori sifatli vositalar va platformalar
ishlatilishini talab etadi. Ragamli vositalar ba’zi mavzularni o‘qitishda an’anaviy usullardan ko‘ra aniqroq, tushunarliroq natija
beradi. Interfaol 3D modellari orgali osmon jismlarining joylashuvi, harakatini real vaqtda ko‘rish va kuzatish orqali masalan,
osmon sferasining asosiy nugta, aylanalari hagida tushunib olish mumkin.

2.Shaxsiylashtirish tamoyili: Bu tamoyil har bir talabaga uning o°ziga xos ehtiyojlari, bilim darajasi va o‘rganish uslubiga
mos keladigan ta’lim yondoshuvini taqdim etadi. Raqamli ta’limda bu tamoyil, talabalarni individual tarzda o‘qitish, o‘rganish
jarayoniga moslashtirish, shuningdek, talabaning 0‘z-o°zini boshqarish va mustaqil ishlash imkoniyatlarini yaratishni ko‘rsatadi.
Agar bir talaba “qora tuynuklar’ga qizigsa, boshqa birovi “neytron yulduzlar”ga qiziqishi mumkin. Raqamli resurslar
foydalanuvchi giziqishiga mos elektron ma’ruza matni, testlar berishi mumkin.

3.Magsadlilik tamoyili: Bu tamoyil ta’lim jarayonining samarasiz pedagogik texnologiyalarni ragamlashtirishni, aniq
magsadlarga yo‘naltirilganligini anglatadi. Har bir o‘quv kursi yoki darsning maqsadi va natijalari oldindan aniglanadi. Masalan,
“yulduzlar evolyutsiyasi”ni simmulyatsiya yordamida bosqichma-bosqich o‘rganishi mumkin.

4. Moyillik va moslanuvchanlik tamoyillari: Moyillik va moslanuvchanlik tamoyillari talaba va o‘qituvchilar orasida
moslashuv va harakatga moyillik va yangi texnologiyalarni gabul gilishga tayyorligini anglatadi. Astronomiyadan planetariyga
virtual sayohat orqali, teleskopda kuzatib bo‘lmaydigan hollarda (bulutli osmon yoki astroiqlim tufayli) mobil ilova orgali onlayn
kuzatuvlar olib borishi mumkin.

5.Ta’limdagi muvaffagiyat tamoyili: Ta’limdagi muvaffagiyat tamoyili — izchillik didaktik tamoyilini rivojlantiradi.
Ragamli ta’limda muvaffaqiyatga erishish uchun talabalarga individual yondoshuv, doimiy baholash va tahlil gilish, shuningdek,
ularning muvaffaqiyatlarini rag‘batlantirish zarur. Talabalarga O‘zR FA Astronomiya instituti tomonidan har yili tashkil
gilinadigan seminar-trenigga yo‘llanmalar berish, sertifikatlar berish, rag‘batlantirish.

6.Hamkorlik va ozaro ta’sirda o‘rganish tamoyili. Bunda dars jarayonida mavzular talabalarga birgalikda ishlash, ragamli
ta’limda hamkorlik asosida o‘rganish uchun guruhli ishlar, forumlar, onlayn munozaralar va loyiha ishlari ko‘p bo‘ladi. Bunda
talabalar bir-biri bilan tajriba almashib, fikr almashishlari, birgalikda muammolarni hal gilishlari,*“Sun’iy yo‘ldoshlar” yoki boshqa
istalgan mavzularda jamoaviy izlanish olib borishi, loyihalarda ishtirok etishi mumkin. Bu esa o‘quv jarayonini yanada samarali
bo‘lishini ta’minlaydi.

7.Amaliyotga yo‘naltirilgan tamoyil. Ushbu tamoyil o‘qitishda nafaqat nazariy bilimlarni, balki amaliy ko‘nikmalarni ham
egallashni taqozo etadi. Bunda talabalar teleskop yordamida oyning fazalarini kuzatishi, o‘zlari yulduz xaritalarini tuzishi yoki
CLEA da amaliy ishlar bajarishi mumkin.

8 Murakkablikni oshirish tamoyili: Ragamli ta’limda o‘quv jarayonining murakkabligi bosqichma-bosgich oshirilishi
kerak. Bu tamoyil, talabalar o‘rganayotgan mavzular va ko ‘nikmalarni kichik qadamlar bilan o‘rganish orqali yengillashtirishni va
keyinchalik bu bilimlarni yanada murakkab vazifalar bilan kengaytirishni anglatadi. Har bir yangi ma’lumot oldingi bilimlar
asosida shakllanadi, murakkablashadi. Masalan, Quyosh sistemasi, galaktikalar, gora tuynuklar, kvazarlar va boshg.

9.Ta’lim muhitini to‘ldirish tamoyili. Bu tamoyil o‘quv jarayonida barcha zarur vositalar va resurslarni, ragamlashgan
ta’lim sharoitida astronomiya bo‘yicha turli onlayn resurslardan foydalanishni o‘z ichiga oladi.

10.Polimodallik(multimediya) tamoyili bu raqamli ta’lim jarayoni sharoitida ko‘rgazmalilik didaktik tamoyilini ishlab
chigishdir. Bunda turli xil modalliklarni birlashtirish orqali o‘rganish samaradorligini oshirish bo‘lib, astronomiya darslarida
talabalarga bir vaqtning o‘zida vizual, eshitish, matn va boshqa ma’lumotlarni taqdim etish orqali ta’lim jarayonini boyitadi.

11.Hamkorlik asosida baholash tamoyili: Hamkorlik asosida baholash talabalar o‘rtasida o°zaro fikr almashish, konstruktiv
tanqid va o‘rganilgan bilimlarni birgalikda baholash imkoniyatini yaratadi. Bu astronomiya mashg‘ulotlarida baholash jarayonini
adolatli va to‘g‘ri amalga oshirishga yordam beradi.

12.Globallashuv tamoyili: Globallashuv tamoyili ta’lim jarayonining global kontekstga moslashishi zarurligini anglatadi.
Ragamli ta’limda globallashuv, talabalarni global miqyosdagi bilimlar va malakalarga tayyorlashni o‘z ichiga oladi. Talabalar
NASA,ESA va boshqa kosmik agentliklarning saytlaridan foydalanib ma’lumotlar olish, xorijiy resurslar va platformalardan
foydalanish imkoniyatini beradi.

13.1zlanishga yo‘naltirilgan tamoyil: Raqamli ta’lim sharoitida astronomiya darslarida talabalar birgina “Ekzosayyoralar”
mavzusi orqali mustaqil izlanishlar olib borishi, onlayn resurslardan foydalanishi va yangi bilimlarni o‘rganish imkoniyatlarini
yaratadi.

Yugorida sanab o‘tilgan tamoyillar, kompetensiyaviy yondashuv asosida astronomiya o‘qitishda raqamli texnologiyalardan
foydalanish ta’limni samarali va sifatli tashkil etishda asosiy yo‘rignomalarni taqdim etadi. Kompetensiyaviy yondashuv asosida
astronomiya o‘qitish metodikasini rivojlantirish jarayonida raqamli vositalardan foydalanish ta’lim jarayonini yanada interaktiv va
qiziqarli qilish imkoniyatini beradi. Masofaviy va onlayn platformalar yordamida o‘quv jarayonini rivojlantirish esa bugungi ta’lim
tizimida dolzarb va samarali usul bo‘lib bormoqda. Masofaviy va onlayn ta’lim imkoniyatlari shuningdek, talabalarga o‘z vaqtlarini
samarali boshqarish va dunyodagi eng yirik observatoriyalar teleskoplaridan istalgan joyidan turib foydalanish hamda astronomik
bilimlarini rivojlantirish imkoniyatini yaratadi.
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Astronomiya
o‘qitishda

raqamli
texnologiyalar

1-rasm. Astronomiya o‘qitishda raqamli texnologiyalardan foydalanish imkoniyatlari.
Xulosa va takliflar. Virtual dasturlar orgali (Stellarium, Solar System Scope, Celestia) osmon jismlarining real vaqtda

qanday harakatlanayotganligini ko‘rish mumkin. Interaktiv dars platformalari (NASA Space Plase) yordamida astronomiyaga oid
mavzularni o‘rganish mumkin. Raqamli vositalar va masofaviy ta’lim platformalarining qo‘llanilishi o‘quv jarayonini yanada
boyitadi. Astronomiya darslarida tasavvur qilish bilan bog‘liq mavzularni tushuntirishda ragamli texnologiyalardan foydalanish
juda katta ahamiyatga ega. Astronomiyani an’anaviy holda o‘qitishdan ko‘ra ragamli terxnologiyalar muhitida o‘qitish yaxshi
samara beradi va Koinot, astronomik hodisalar hagida talabalarda chuqurroq tasavvurga ega bo‘lishga undaydi, ularning nazariy
va amaliy bilimlarini mustahkamlaydi. Ragamli ta’limning didaktik tamoyillaridan foydalanish astronomiya fanini yanada
chuqurroq o‘rganishga xizmat qiladi.
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HUCJEJIOBAHUE IUPUHA MMEPEXOIHOI'O CJIOS IBYXCJAOMHON CACTEMbI CUIUIAI-KPEMHUIA
AHHOTALHSA

B nanHoit pabote mpencTaBiieHbl pe3yNbTaThl UCCICIOBAHHUS APAMETPOB YHEPTETUUYECKUX 30H TOHKUX IUICHOK KpeMHus (Si) u
qucumuaa 6apus (BaSiz), a Taxoke onpezeneHsl XapakTepHCTHKU HEPEXOIHOTO CIIOSl MEeXAY HUMH. MeToJ yIbTpadHoIeTOBOM
¢oroanekrporHoit cnekrpockorun (YPOIC) ncronp3oBaH A ONpEAeNeHUs UPHHBI 3anpeieHHoi 30861 (Eg) u monoxenuns
noToJika BasieHTHOH 30HbI (Ev). KoMIIeKCHBIN 1MO1X0T, BKITFOYAFOIIHA METOIBI ONTHYECKOH 31eKTpoHHO# criekTpockomnun (0OC),
Y®3C, pactpoBoil 3mekTpoHHOH Mukpockomnu (POM) M peHTreHOCTpYKTYypHOTO aHallM3a, MO3BOJMI H3YYHTh COCTaB,
MOP(}OJIOTHIO TIOBEPXHOCTH U AJIEKTPOHHYIO CTPYKTYPY HAaHOIIIEHOUHOH crcTeMbl BaSi»/Si/BaSi»/Si (111). lanHas cuctema Obuta
MOTydYeHa METOI0M UMILIAHTalny HOHOB Oapust (Bat) B kpemHMi ¢ mociexytomumM nporpesom. B paboTe onpezneneHs mapamMeTps
SHEpreTHYEeCKUX 30H M MOCTPOEeHA SHepreTHdeckas 30HHas guarpamma cucrtemsl Si/BaSix/Si. Taxke mcciaenmoBanbl rimyOmHA
00pa3oBaHuUs U TONIUHA ciosi BaSiz B 3aBHCHMOCTH OT SHEPIHM UMIUTAHTHPYEMBIX HOHOB Ba' B muamaszone ot 0.5 k3B 10 30 x3B.
TomydueHHbIe pe3ynbTaThl MMEIOT BAXKHOE 3HAUCHHUE JUIS MOHMMAHUS >JIEKTPOHHBIX CBOIMCTB M IOTEHIMAIBHOTO HMPHMEHEHHS
TaKUX CHCTEM B ONTOZJIEKTPOHHUKE M DHEPTETHIECKHUX YCTPOICTBAX.

KnroueBble cioBa: mMpuHa 3alpelieHHOW 30HBI, HAHOCIOW, WMIUIAHTAIMsA HOHOB, MOPQOJOTHS, OTXKHI, IapaMeTpsl
SHEPreTHYECKUX 30H, TOHKMX IJICHOK, TOTOJIKA BaJICHTHOI 30Ha.

INVESTIGATION OF THE WIDTH OF THE TRANSITION LAYER IN A SILICIDE-SILICON BILAYER SYSTEM
Annotation

This work presents the results of a study on the parameters of the energy bands of thin films of silicon (Si) and barium disilicide
(BaSi2), as well as the characteristics of the transitional layer between them. Ultraviolet photoelectron spectroscopy (UPS) was
used to determine the bandgap width (Eg) and the position of the valence band maximum (Ev). A comprehensive approach,
including optical electron spectroscopy (OES), UPS, scanning electron microscopy (SEM), and X-ray structural analysis, allowed
for the investigation of the composition, surface morphology, and electronic structure of the BaSi»/Si/BaSi>/Si (111) nanofilm
system. This system was obtained by implanting barium ions (Ba*) into silicon followed by annealing.
The work determined the parameters of the energy bands and constructed the energy band diagram of the Si/BaSi2/Si system.
Additionally, the depth of formation and thickness of the BaSi. layer were studied depending on the energy of the implanted Ba*
ions in the range from 0.5 keV to 30 keV. The obtained results are of great importance for understanding the electronic properties
and potential applications of such systems in optoelectronics and energy devices.
Key words: band gap, nanolayer, ion implantation, morphology, annealing, parameters of energy bands, thin films, valence band
ceiling.

SILITSID-KREMNIY IKKI QATLAMLI TIZIMIDAGI O‘TISH QATLAMINING KO‘NLIGINI TADQIQ QILISH
Annotatsiya

Bu ishda kremniy (Si) va bariy disilitsidi (BaSi) ingichka plenkalarining energetik zonalari parametrlarini o‘rganish natijalari
taqgdim etilgan, shuningdek, ular o‘rtasidagi o‘tish qavatining xususiyatlari aniqlangan. UFES (Ultrafiolet fotoelektron
spektroskopiyasi) usuli yordamida to‘siqli zonaning kengligi (Eg) va valentlik zonasining chegarasi (Ev) aniglangan. Optik elektron
spektroskopiyasi (OES), UFES, rastrali elektron mikroskopiyasi (REM) va rentgen strukturaviy tahlil usullarini o‘z ichiga olgan
kompleks yondashuv orqali BaSi»/Si/BaSi»/Si (111) nanoplenka tizimining tarkibi, yuza morfologiyasi va elektron strukturasi
o‘rganildi. Bu tizim bariy ionlarini (Ba*) kremniyga implantatsiya qilish va keyingi isitish orqali olingan.

- 440 -



mailto:y.ergashov@nuu.uz

0¢zMU xabarlari Becrnuxk HYY3 ACTA NUUz | FIZIKA | 3/1/1 2025

Ishda energetik zonalar parametrlari aniqlandi va Si/BaSi2/Si tusumunusr energetik zona diagrammasi qurildi. Shuningdek, 0.5
k3B dan 30 k3B gacha bo‘lgan implantatsiya qilingan Ba* ionlarining energiyasiga bog‘liq ravishda BaSi. qavatining qalinligi va
paydo bo‘lish chuqurligi o‘rganildi. Olingan natijalar bu tizimlarning elektron xususiyatlarini tushunish va ularni optoelektronika
va energetik qurilmalarda qo‘llash imkoniyati uchun muhim ahamiyatga ega.

Kalit so‘zlar: tarmoqli bo‘shlig‘i, nano qatlam, ion implantatsiyasi, morfologiya, tavlanish, energiya tasmasi parametrlari, yupga
plyonkalar, valentlik zonasi shifti.

B Hacrosimiee BpeMst BO MHOTHX HAay4YHBIX IIEHTPaX BEIETCS MOWCK MaTepHajioB JUIL CO3IaHHS (DOTORIEKTPUIECKUX
npeoOpazoBatenedl ¢ TydmUMU (GU3UIECKHUMH cBoHcTBaMH. OCHOBOM Ul TAKUX MAaTEpPHAIIOB MOTYT CIIy)XHTh TOHKHE IUICHKH
CHJIMIUAOB, B YacTHOCTH aucuaunuaa Oapus [1-4]. Ilostomy Benmercs akThBHas paboTa MO MOUCKY ONTHMAIbHBIX METOIOB
MOTy4YeHHs OJHO- U ABYXCIOHHBIX HAHOIUICHOUHBIX CHCTEM THIIA CHJIMIMA METalI - KpeMHui. TeopeTuueckue UccaeoBaHus 1
pacuér MOKa3BIBAIOT, YTO (BYHKIMOHANBHAS IUIOTHOCTh BaSiz mpunamnexur dase Zintl co cmemanHo# KOBaJICHTHOH CBS3BIO
TETPadAPHUECKOro Sis U ¢ MOHHOM CBA3LIO THNA (2Baz*) (Sia)*.

JluarpamMMa MOJIEKYJISIDHBIX OpOuTaneil oObsACHAETCS Ha OCHOBE 3JIEKTPOHHBIX CTPYKTYp, Mpearonaras, 4To Iepexos ¢
HEPEHOCOM 3apsia OT P - coctosiHus Si K d - cocTosiHMIO Ba, 4TO 3HAYNTENBHO YBEINYMBACT ONTHYCCKOE MOIIOLICHHE. BobIIoi
K03 GHIHEHT (HOTONOTIIOMEHHUS HOATBEP)KAASTCSI PACIINPEHHBIMH PAacueTaMH BO30YKIEHHOTO COCTOSHHS, KOTOPBIE BKJIFOUAIOT
SKCUTOHHBIE 3((peKTEl. YpoBeHb DepMm 3aKkpelyieH B CepeArHEe 3alpelleHHOW 30HBI IS BCETO IMana3oHa XHMHYECKHX
MOTEHIINAJIOB KPEMHHUS H IMINPOKOTO ANana3oHa TeMIIEpaTyp pocTa, 9To yKa3slBaeT Ha BO3MOKHOCTE OUITOJSIPHOTO JITHPOBAHUS,
KOTOpPOE SIBIISICTCS] MPEUMYILECTBOM ISl U3TOTOBJIEHHS P-N- Iepexo10B [5].

B [6], ¢ ucmonp3oBaHreM MeToAa ModTamHoN ummnaHtamud CO* B Si B coueTaHWHM ¢ OTKHIOM, MOJyYEHA CIOUCTAs
crpykrypa tuna CoSiz/ Si / CoSi2/ Si (111) 1 u3ydeHsl UX COCTaB U 3JIEKTPOHHAs CTPpyKTypa. OIHAKO, TAKHE MCCIEIOBAHHUS B
cllydyae MMIUTAHTaLU| HOHOB Ba* B Si, mpakTnyecku, He IPOBOANINCE.

Ienbro naHHON paboTHI SBISIETCS MONYYCHHE METOJOM HMIDIaHTaly MOHOB Ba' B Si nByxcioiHOW HaHOIUICHOYHOU
cuctembl tura BaSi2 / Si / BaSi2 / Si (111) u uccienoBanue MX cOCTaBa, CTPYKTYPhI U MApaMETPOB 3HEPTETHUECKUX 30H.
Hanopa3smepHsie (ha3bl 1 ciou BaSiz Ha pa3nnuHbIX rIyOHHAX HPHIIOBEPXHOCTHOTO CII0S Si MOJyYeHb! HMILTAHTAIMeH HOHOB Ba*
¢ Bapuanmeii suepruu Eo 1o 30 k3B, nipu Bakyyme He xyxe 107 Ia [7-8].

Meroauka 3KcnepuMeHTa. B kadecTBe MOIOKKH HCIONIB30BAIUCH XOPOIIO ITOJHPOBAHHBIE MOHOKPHCTAIIMIECKHE
racturbl Si (111) p-tuna. It 06pasisl YCTAHOBUIM B CBEPXBBICOKOBAKYYMHBINH- YHUBEpCANbHBIN npubop tuma YCVY-2, e
TPOBOJIMIICS BCE TEXHOJIOTHYECKHE onepanuy (Iporpes, Hambuienrne atomoB Ni i Si) 1 nccienoBaHus COCTaBa M JIEKTPOHHON
CTPYKTYPHI C HCTIONB3Yemtb MeTooM Oske- U poTosIeKTpoHHO# criekTpockomuu. Ouncrtka Si (111) ocyiecTBisiack npu Bakyyme
P=10"" ITa mpu T=1100 K murensHo (~4-5 4acoB) M KpaTKOBPEHHO IIpH TeMmepaTypsl ~1350 T.

Mopdororus u KpuCTaJUIMYecKass CTPYKTypa, CHEKTp IOTJIOIICHUSI CBeTa M YJCIbHBIE CONPOTHBICHHS IUICHOK
HCCIIEZIOBANIICH Ha CTAHIAPTHBIX prbopax Ttuma Jeol, OMP-2 u UV-1280

Ipodwmmm pacnpenenenus atoMoB 1o TiIyouHe uccnenoBamuck MerogoM OOC B coYeTaHUH C TPAaBICHUEM HOBEPXHOCTH
Ar*.

PesyabTaThl M X o6cy:xaenne. Ha puc. 1 npuenena 3aBucumoctb Cpq 0T riry6unst h ais Si (111), MMIITaHTHPOBaHHOTO
noHamu Ba* ¢ Eo = 30 u 1 x3B. Ilocne Kaxmoro IMKIa MOHHON HMMIDIAHTALMU TPOBOJMJICS MPOTPEB MPH ONTHMAIBHOMN
temneparype 900 K B teuenun 30 + 40 mun. BuzHo, uto Ha noBepxHocTH 1 Ha riyoune 20 + 30 HM koHIeHTparus Ba cocraBnser
30 + 35 ar.%. AHanu3 u3MeHeHHUs MOIoXKeHUs H GOopMBI oke — muKka L23VV KpeMHUs ToKa3any, 4To B ATUX CIIOSX 00pa3yroTcs
coenuuenust tuma BaSi2. Ha pucynke 2 mpuBeneHa pentreHorpamma cucremsl BaSiz / Si / BaSi2 / Si (111), cusaras na
mudpakromerpe STOE «STADI P» (CoKa — m3nmyduenwne). BuaHo, 9T0O Ha peHTreHOTpaMMe, B OCHOBHOM, OOHApPyXHBAeTCS
MHOYKECTBO [THKOB, XapakTepHbIX 111 BaSiz u Si, a MHKK MOCTOPOHHHUX 3JIEMEHTOB, TIPAKTUYECKH, OTCYTCTBYIOT. MIcX0/1s U3 3TOr0
MOXKHO TOJIaraTh, 4TO JaHHAs CHCTeMa MMEET IOJIMKPHCTAJUIMYECKYI0 CTPYKTYpy. JlaHHOE IpeAIooKeHHe MOATBEPKIaIoch
pe3ynbTaTaMy, IOITy4eHHbBIMU MeToioM JIBD. ,
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Ha pucynke 3 npuenens! kaptusbl JIBD st uncroro Si u cuctemsl BaSiz / Si/ BaSiz/ Si (111). Buaso, 4to Ha
AIIEKTPOHOTPAMME MMOBEPXHOCTH YHUCTOTO Si HabmromaroTest pediekcsl, XxapakrepHsie st rpanu (111), a B cirydae ABYXCIOMHOM
CHCTEMBI YCTaHABINBACTCS CTPYKTYPa, COOTBETCTBYIOLIAS OIMKPHCTAIUTNYECKAM 00pa3iam.
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Puc. 3. DHepreTuyeckas 30HHas [uarpamma Juisi ceepxpemerku Si/BaSiz/Si (111).

TIpu 3TOM, Ha (hOHE MONTUKPUCTAUTHYCCKUX KOJICI[ C Y3KMUMHU JIMHUSAMH, TOSIBISIIOTCS TOYCUHbIE pediekchl. OTMETHM, 4TO
npu Matbix tonuHax (@ < 0.2 + 1 uM) BaSiz Ha moBepxHOCTH Si KpHCTAITH3YETCS KYOHIECKOM PEHIETKOM ¢ MOCTOSHHOI
peméTky a =~ 6.54 A [9; 10]. OnHako, BCIeACTBHE HECOOTBETCTBHS IAPAMETPOB perneTok Si u mienku BaSiz, Ha moBepxHOCTH
Si, make mocIie IPOrpeBa MpH ONPE/ICICHHON TeMIIepaType, COXPaHAOTCS ACHAPUTHBIC CTPYKTYPBL.

Ta6iuna
TlapameTpbl SHEPreTHYECKUX 30H TOHKHX IUIeHOK Si u BaSi, u muprHa nepexoauoro cios (Ah) Ha rpanune Si/BaSi, u
BaSi,/Si(111)

TlapameTpbr Si (d=15nm) BaSi, (h = 10-12 nm) 1)
Eg, 5B 1.3 1,35
Ev, 5B 4.7 4.55
7. 9B 3.5 3.2
AEc, 5B 0.1 0.5
AEv, 5B 0.3 0.1
4h, nm 6-7 8-10

B Tabnuue mnpuBeneHBI MapaMeTphbl SHEPreTHYECKUX 30H TOHKUX IUIeHOK Si, BaSiz W mmpuHa mepexoJHOro cios.
3HaueHUs MIMPUHBI 3aNpelleHHOi 30HbI - Eg M monoxkeHus moTojika BajeHTHOH 30HBI - Ev onpenemsmuce metonom YOOC.
3Ha4yeHHe CPOJICTBA K NIEKTPOHY - y OLEHHBANIOCH 110 (opmyne y = Ev— Eg. Pa3pbiB kpaeB 30H MPOBOJUMOCTH - MO Pa3HOCTH
3HAUEHUH IEKTPOHHOTO CPOJICTBA BYX MOJIYNPOBOJIHUKOB [11]:

AEc=y1— 2 1)

IIpeamnomnarast crpaBeAIHBON OJXHOAIEKTPOHHYIO TeopHio, mMeeM AEq=AEc —AEv, tne AEq=Eg—Eq - pasHocTs mmpua
3alpelleHHbIX 30H. YUUThIBask cooTHoLIeHne EF=y+Eq, momydaem 1yist paspbiBa KpaeB BaJEHTHBIX 30H
AEv=Er2—Er1 (2)

CormacHo 3THM (opMyJIaM JJ1st KOHTakTa HaHoreHkH Si/BaSi,: 4Ec= 0.1 3B; AEv=0.3 3B, a nist konTakta BaSi,/Si (111):
AEc = 0.5 eV AEv = 0.1 5B. Heo6xoauMo oTMeTuTh, uto Eg HaromIenku Si ¢ Tommunoii 10 + 15 A Ha 0.05 + 0,1 3B Gounblue, yem
TOJICTOM IUICHKH.

Kax BHAHO M3 TaOJiuUIIBI, BCIEACTBHE 3aMETHOTO PA3JIMYMs MOCTOSHHBIX penieTok Si u BaSiz, mponcxouT MHTEHCHBHAS
B3aumo i dysus aToMoB U Ha rpanuue Si/BaSiz u BaSi2/Si (111) popmupyrorcs nepexoabie 001aCTH TOTLUHON ~ 6 + 10 HM.

Ha ocHoBe 1aHHBIX TaOIMIBI HAMH NOCTPOCHA MPUMEpPHasi 30HHO-YHEpreTHIecKas AuarpaMma CHCTEMbI
Si(111)/BaSi2/Si (puc.3). Jlyist HOCTpOeHHSs 3TOM THarpaMMbl MbI T0Jb30BaCh Moaesbo Llokm-Anmepcona [12].

CoracHO 3TOit MOZIeNH, TOCIIe YCTaHOBIICHHUSI KOHTAKTa MEXK/y IBYMsI ITOJTYIIPOBOAHUKAMH, TPOUCXO/IUT BEIPABHUBAHNE
ypoBHeit ®epmu EF myTem nepeMelieH s 3JIeKTPOHOB U3 OJIHOr0 MaTepuaia B Apyroi. O6pa3oBaHue CII0s TPOCTPAHCTBEHHOTO
3apsiaa BOJIM3HU MPaHUIIBI pa3ziena COMPOBOKAACTCS U3TUOOM 30H.

C ucnonszoBanueM MeTo10B OOC, YOIC, POM 1 peHTreHOCTPYKTYpHOTO aHaIN3a HCCIEIO0BaHbI COCTaB, MOP(OIOrus
MTOBEPXHOCTH ¥ 3JIEKTPOHHAS CTPYKTYpa HaHOIUICHOYHO# crcTeMbl BaSiz/Si/BaSiz/Si (111), moxy4eHHBIX METOI0M UMILTaHTAIHN
noHoB Ba* B Si B couerannu ¢ nporpeeoM. OnpezeneHbl mapaMmeTpsl SHEPreTHIECKUX 30H U MOCTPOCHA SHEPreTHYecKas 30HHas
nuarpamma cucremsl Si/BaSiz2/Si. Onpenenensl riny6rHa o6pa3oBaHus U TONMIMHA closi BaSiz 1y paznuuHbix sHepruu noHoB Ba*
B nuanaszone ot 0.5 k3B 10 30 koB [13-15].
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PLASMA EFFECTS ON GRAVITATIONAL WEAK LENSING OF HAIRY BLACK HOLE
Annotation

Detailed studies have been conducted on gravitational weak lensing around a hairy black hole in the presence of a plasma medium.
The founded results showed that influence parameters a and [, the angle of rejection of light rays around a black hole in hairy
spacetime can be seen. With an rise of parameter a the angle of of photon orbits decline, and the effect of plasma on the angle of
deviation is opposite. Here we talked about the different types of plasma distribution: uniform w, = const, Singular Isothermal
Sphere medium, 1/r Singular Isothermal Sphere medium, a and parameter [, affined to hairy spacetime in the presence of plasma
around the black hole.

Key words: hairy black hole, plasma medium, isothermal sphere medium, rejection angle, weak gravitational lensing.

TIJIASMEHHBIE Y®®EKTBI HA TPABUTAIIMOHHOE CJIABOE JIMH3UPOBAHME BOJIOCATBIX YEPHBIX
JbIP
AnHOTaLUA

I'paBuTarmoHHOe craboe JIMH3MPOBAaHHE BOKPYT BOJIOCATON YEPHOI ABIPHI OBLIO TITyOOKO M3y4YEHO B NPHUCYTCTBHH ILIa3MEHHON
cpensl. [lomydeHHbIe pe3ynbTaThl MOKa3ajiH, YTO BIMSHUE MapaMeTpoB d U ly Ha Yrojl OTKJIOHEHWs CBETOBBIX JIydeil BOKpYT
9€pHOH JBIPEI B BOJIOCATON MPOCTPaHCTBEHHO-BPEMEHHOM MeTprKe omryTuMo. C yBEIIMUEHHEM MapaMeTpa a YToJl OTKIOHEHHS
opOUT (HOTOHOB YMEHBIIASTCS, a BIUSHUE TUIA3MbI HA YroJl OTKJIIOHEHUs TPOTUBOMOJIONKHO. B naHHOM paboTe paccMaTpHBaroTCst
pa3MYHBIC THITBI pacTIpeieIeHHii TUIa3Mbl: paBHOMEpHOE w, = const cpena CunrymsipHoit M3otepmansroit Cdepsr 1/r, a Takke
napamerpel @ U ly, CBS3aHHBIE C BOJIOCATHIM NPOCTPAHCTBEHHO-BPEMEHHBIM KOHTHHYYMOM B IPHCYTCTBHH IIa3MBI BOKPYT
4€pHOM NIBIPHI.

KniwoueBsbie cioBa: BomocaTteie 4€pHBIE IBIPHL, IUIa3MEHHAsI Cpela, Yrojl OTKIOHEHHWs, cpeia W30TepMalbHOM cdepbl, caaboe
TPaBUTALIOHHOE JIMH3UPOBAHUE.

SOCHLI QORA TUYNUKLARNING ZAIF GRAVITATSION LINZALANISHIGA PLAZMANI TA’SIRI
Annotatsiya

Ushbu maqola vosita sifatida mukammal suyuqlik qora materiya (PFDM) bilan o°ralgan zaryadlangan aylanadigan qora tuynuklar
atrofida zarrachalar tezlashishini o‘rganishga bag‘ishlangan. Boshida biz PFDM doirasida qora tuynuk (BH) gorizontlari, ergosfera
va ichki barqaror dumaloq orbitalarni muhokama qilamiz. Keyinchalik, ekstremal va ekstremal bo‘lmagan BHlar yaginida
zarrachalarning to‘qnashuvini tekshiramiz. Aniqlanishicha, ekstremal bo‘lmagan holatda E_cm energiya PFDM ishtirokida Q
zaryadining ba’zi qiymatlari uchun chekli bo‘lishi mumkin.

Kalit so‘zlar: sochli qora tuynuk, plazmali muhit, og‘ish burchagi, izotermal sfera muhiti, zaif gravitatsion linzalanish.

Introduction. The actual exactness of experiments and observations used to test or probe general relativity. (GR), proposed
by Einstein in 1915 [1] and acknowledge as the standard theory of gravity, enables the exploration of modifications and alternatives
to GR. Modifying GR is necessary to address its fundamental challenges. These challenges include the presence of singularities at
the origin in most vacuum solutions of Einstein's equations, the incompatibility of GR with quantum field theory, among others.
At the same time, modifications to GR and alternative gravity theories can be seen as progress toward developing a unified theory
of fundamental interactions.

One approach to modifying the standard theory of gravity to address the fundamental issues of GR involves coupling GR
with additional types of fields. Specifically, the so-called hairy black hole (BH) solutions have been derived using the gravitational
decoupling (GD) method.[1]. This solution incorporates a source that adheres to the strong energy condition. It can also be described
as a black hole ( BH ) solution possessing a form of global charge, distinct from conventional charges that comply with the Gauss
law. [2-5]. Testing gravity models using observational and experimental data is one of the key challenges in modern relativistic
astrophysics. Fortunately, current observational data provides numerous independent opportunities to test these models. In
particular, such groundbreaking discoveries as gravitational waves [9] and the imaging of shadows around supermassive black
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holes like M87 [10, 11] and Sgr A* [12] have opened new avenues for research in testing modified and alternative theories of
gravity.

Hairy black hole.The gravitational decoupling (GD) method is specifically developed to identify modifications to GR
solutions caused by additional surrounding sources, such as dark matter or dark energy. The GD approach results in deformed hairy
black holes. In this analysis, we begin by examining the spherically symmetric hairy black hole solution introduced in Refs. [1, 8].
In Boyer-Lindquist coordinates, the line element for this spacetime is expressed as follows:

ds? = —f(r)dt?* + %dr2 +12(d6? + sin? 0d¢?) (€3]
with
fr=1 —¥ + ae™7/M-lo/2) 0)
where M is the total mass of the black hole, a is a deviation parameter and [, is parameter related to Hairy black hole.
Weak gravitational lensing in the presence of plasma. Here we discuss the space-time metric (1) against a weak field

background regime, which is expressed as [15]:

Jap = MNap + hap- 3)
Now, we are able to examine how the plasma affects the bending angle of light beams &; within the weak gravitational black hole
field. Universal formula for the rejecting angle in the presence of plasma can be stated as[13,14]

(P @ — KNGO\
alzif_m(hzﬁw dni=12 @
with
4mre?N (x! )
wp =MD _ g ey ®

N(x") represents the number density of the particles in the plasma surrounding the black hole, K, = 4me?/m, is a constant, and
w and w, are the photon and plasma frequencies respectively, as reported in [15]. The axis for the motion of the photon in the
spacetime is denoted by the variable z (as shown in Fig. ??). The equation for the deflection angle, expressed as (4), can be rewritten
by using Egs. (??)-(4) and the following variables [15]:

1J’mb(dh33 1 dhy K, dN)d .
2) 7 \ar TT-wtjer ar  wr-widr)® ©

In the preceding equation, b marks the impact parameter. It is value citation that the values of &, needs to be both negative and
positive [15]. In the attendance of a weak field at a distance from a hairy black hole, the spacetime metric (1) can be stated as

ds? =dsZ + (%7 ae‘ﬁr) dt? + (% - ae‘ﬁr) dr?
where dsZ = —dt? +dr? +r?(d6? + sin? 6d¢?) is the metric element in the Minkowski spacetime geometry.
Find the angle of rejection of light rays near a black hole in the presence of a plasma medium using Eq. (6), recirculation the
components hgp in descart coordinates as

@, =

hoo = (%7 ae“”),

hiy = (% - a-‘-’_ﬁr) My,
where cos? y = z2/(b? + z2) and r? = b? + z? are given (see, e.g. [16]). The derivative of the expressions hg, and hs; with
respect to radial coordinate iare calculated as

dh Ry 3R,b? e Pr
B__= — — 2ab?>——+ afeF"
o

-—=+
dr r? rt
The deflection angle can be redefined as [20]:
a, =@, +a, +d,, ©)
with
__1(®bdhy
a=3) Jrar

1(*b 1 dhy,
=3 M)
2r2) o r\1—wi/w? dr

B er =0.5; ly/M=1.0 a=0.5; ly/M=1.0

=

6 7 5 9 10
biM bIM

FIG. 2: Relationship of the angle of rejection &,,,,; on the impact parameter b/M for a range of parameter values a (left
panel), parameter [, /M (lower panel). where the notations &, &, and @ these correspond to the deposit to the rejection angle from
the gravitational field, homogeneous plasma, and patchy plasma, esteem. The objective of this study is to probe the impact of
plasma on the rejection angle under weak gravitational lensing using Egs. (9)-(10). We will reach into each scenario separately in
the subsequent subsections, and for convenience, we will adopt the following notations for recent reference w = w(o0) and wy, =
we () [17].

Uniform plasma with w2 = const. In this section of our work, we use the equation to calculate The light ray deflection
angle around a hairy black hole in a homogeneous plasma medium (9), represented as [19]:

@uni = Qunin + Quniz + Gunis (11)

where @,,;1 and @,,;» can be interpreted as portions of the deflection angle caused by uniform plasma and gravity, and

a,niz = 0 caused by uniform plasma distribution. Now, by considering expressions (9), (8) and (11) we get the equation for light
ray the angle of rejection around a BH with new parameters a and [, circled by uniform plasma in the form
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~

_ Ry 3V2ame P’ apbme PP

bBo(Bb) + | X2 — apbBo ()| 12
+apBy(pD) + [~ apbBo ()| s (12)

The second-kind modified Bessel function BO(Sb), as described in [20], is utilized in this study. The impact parameter b affects
the rejection angle of light rays near a hairy BH, as demonstrated in Fig 2, which exhibits different meanings a, [, and plasma
frequency w0/w in the analysis. Fig. 3 illustrates how the rejection angle relying on plasma frequency and parameters a and [,
expect stated values of the impact parameter. Based on Figs. 2 and 3, it follows that light rays are rejected around a hairy BH in
the presence of plasma parameters. Moreover, with an growth in parameter a, with an growth in the parameter, the rejected angle
of light rays go down, while the rejection angle growth [, growths. As the impact parameter b growths, the gravitational rejection
angle rouch zero.

FIG. 5: Change of rejection angle dg;s on the argument a (left panel) and the impure plasma argument (right panel), as well as
the parameter [,/M (lower panel)

FIG. 6 Relation of rejection angle dg;s on the impact argument b/M for the either values of argument a (left panel) and the
impure plasma parameter (right panel) and parameter /M (lower panel)

Conclusions.This study thoroughly investigates the influence of plasma on weak gravitational lensing for hairy black holes,
considering both uniform and non-uniform plasma distributions, as well as the parameters of the black hole., a and l,. The findings
can be succinctly summarized by the following assertions and findings:

o The parameter a results in a little go down in the angle of rejection of light beams around the hairy black hole. However,
the angle of rejection of the light ray growths as a result of the influence of the parameter. [,. Moreover, we the effect of plasma
Focusing on the weak gravitational deflection angle with fixed values of parameters a and [, for the hairy black hole, as
demonstrated in Figs. 2 and 3.

o As shown in Figs. 6 and 5, When the parameter linked to the inhomogenius of the plasma medium growths, the rejection
angle of light rays around a compact object also growths.
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ASSESSMENT OF THE NIGHT-TIME SEEING AT THE MAIDANAK OBSERVATORY AND SUFFA PLATEAU
Annotation

This article presents an analysis of the optical atmospheric conditions at two major astronomical observation sites in Uzbekistan —
the Maidanak Observatory and the Suffa Plateau. Data obtained with a modernized DIMM device at Maidanak Observatory in
2007 showed a median nighttime image quality of 0.66". Observations conducted at the Suffa Plateau between 2006 and 2008
indicated median and mean image quality values ranging from 1.05” to 1.11". The study revealed that Maidanak Observatory offers
more favorable conditions for optical observations, while the Suffa Plateau is a promising site for radio astronomy research. The
paper includes a comparative analysis of observational data collected at different installation heights and examines seasonal
variations.

Key words: DIMM, night image quality, turbulence, arc seconds.

MAYDANAK OBSERVATORIYASI VA SUFFA PLATOSINING TUNGI TASVIR SIFATINI BAHOLASH
Annotatsiya

Ushbu maqgolada O‘zbekiston hududidagi asosiy astronomik kuzatuv punktlari — Maydanak observatoriyasi va Suffa platosida
kechgan optik atmosferik sharoitlar tahlil gilingan. Maydanak observatoriyasida 2007-yilda modernizatsiya gilingan DIMM
qurilmasi yordamida olingan ma’lumotlar kechasi yulduz tasvirlarining o‘rtacha sifat ko‘rsatkichi 0,66” ni tashkil etganini
ko‘rsatdi. Suffa platosida 2006-2008 yillarda olib borilgan kuzatuvlar esa 1,05"-1,11" oralig‘ida giymatlar bilan baholandi.
Tadgiqotlar natijasida Maydanak observatoriyasi optik kuzatuvlar uchun yanada qulay sharoitlarga ega ekani, Suffa platosi esa,
0°z navbatida, radioastronomik tadqiqotlar uchun istigbolli maydon sifatida belgilandi. Maqola atmosferadagi turli balandliklarda
turib olib olingan kuzatuv ma’lumotlarining taqqoslovi, shuningdek, mavsumiy farqlanishlar tahlilini o‘z ichiga oladi.

Kalit so‘zlar: DIMM (Differensial Yulduz Tasvirlarining Silkinishini O‘lchovchi Qurilma), tungi tasvir sifati, turbulentlik,
burchak soniyalari.

OIIEHKA KAYECTBA HOYHOI'O U30BEPAKEHUSI OGCEPBATOPUU MAMIAHAK U IIJIATO CYD®DA
AHHOTaLUA

B nmanHO# cTaThe MpeACTABICH aHANM3 ONTHYECKHX AaTMOC(EpHBIX YCIOBHI HAa JBYX OCHOBHBIX aCTPOHOMHYECKHX
HaOroaTeNbHBIX MMyHKTaX Y30ekucraHa — oocepBatopun Maiinanak u maro Cydda. JlaHHbIe, TOTyYeHHBIE C HCIOIb30BAaHHEM
MojepHI3upoBaHHOTO Tprbopa DIMM B oGcepBaropun Maitnanak B 2007 rofny, mokasamd MeAHAHHOE KadyecTBO HOYHOTO
n3zobpaxenus 0,66”. Habmoxenus, nposenéunsie Ha miaro Cydda B 2006-2008 romax, mpoIeMOHCTPUPOBATH MEIHAHHBIE U
CpeIHue 3HAYCHHUS KauecTBa n300paxeHus B auamnazoHe ot 1,05” mo 1,11". MccnenoBanue mokasano, 4to oocepBaTopus Malimanak
obnazaer Gosiee O1aroNpUATHBIME YCJIOBUSIMH TSl ONITHYECKUX HaOmoaeHunit, Toraa kak mwiato Cydda sBisiercs nepcreKTHBHON
TUIOIIAAKOM JUTSl paIioacTPOHOMHYECKHX UCCIIEeN0BaHUH. B cTaThe Taroke MpeICTaBIeHO CPAaBHUTEIBHOE UCCIIEI0BAHNE IaHHbIX,
MOJTy4YEeHHBIX Ha PAa3IMYHBIX BHICOTAX YCTAaHOBKH 00OPYIOBAaHUS, M PACCMOTPEHBI CE30HHBIE KoJieOaHUs1 aTMOC(HEPHBIX yCIOBHIL.
KiioueBble ciaoBa: DIMM (M3meputens nuddepeHipansHOro apoxkaHus H300pakeHHi 3Be3/), KauecTBO HOYHOIO
n300paKeHNs, TypOYICHTHOCTD, YTIIOBBIE CEKYH/IbL.

Beenenune. Ha Tepputopum Y30ekucraHa pacroiOKEHO HECKOIBKO ITYHKTOB C OJArOMpPUSTHBIMU YCIOBHSAMH JUIS
ACTPOHOMHYECKMX HaONroIeHui Onaromaps yHHKAJIFHOMY COYETAHHIO TeorpapuyecKrX, KIMMATHYECKHX H aTMOC(HEpHBIX
(axTopoB. D10 0OecrneunBaeT BEICOKOES KaueCTBO HAOIIOICHUI U IeNlaeT CTpaHy BaKHBIM [IEHTPOM acTpoHoMuH B LleHTpansHoi
Aszun.

OmHUM M3 KpyNHEMIIMX HaydHBIX OOBEKTOB sBIgeTcss MaiinaHakckas oOcepBaTopusi, I'Zleé C HCIIOJIb30BaHHEM
COBPEMEHHBIX ONTHYECKUX TEJIECKOMOB MPOBOMATCS HMCCICIOBAHUS KaK ONMKHUX, TaK U JATBHUX KOCMHUYECKHX OOBEKTOB:
acTEepOMIOB, KOCMHYECKOTO MycOpa, KBa3apoB, 0Jla3apOB U CKOTUICHUH TallaKTHK.

Ha mnaro Cydda peanmnsyercs mMpoeKT co3IaHHs PagHoacTPOHOMUYECKOW oOcepBaTopuu ¢ pamuoreneckornom PT-70
(mmametp aHTeHHBI — 70 METPOB), OJJHOM M3 MONIHEHIINX YCTAHOBOK PErHOHA, MPEeTHa3HAYEHHON IS M3yYCHUS CBEPXHOBBIX,
HEHTPOHHBIX 3BE3]1 U CTPYKTYPbI MEXK3BE3THON CPEIbL.

B nocnennue roapl B Y30eKHCTaHe aKTUBM3UPOBAINCH HCCICAOBAHHS B OOJNACTH CIEKEHHS 3a HCKYCCTBEHHBIMH
CIyTHHKaMH 3eMJIH, ONpeeNIeHNs] X apaMeTpOB, U3yYEHUS aCTEPOUIHON ONAaCHOCTH U KOHLIEHTPALUU KOCMUYECKOT0 Mycopa,
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YTO OCOOEHHO BaKHO B YCIOBHSX pPOCTa KOCMHYECKONH AaKTUBHOCTH. OTH 3agadd TpPeOYIOT HE TOJIBKO COBPEMEHHOTO
000py10BaHHs1, HO U TOCTOSHHOTO MOHUTOPHHTA aTMOC(EPHBIX TapaMETPOB, BIMAIOLINX Ha Ka4eCTBO HAOJIIOICHUI.

KitoueBbiM (hakTOpPOM YCIICIIHBIX HAOMIONEHUH SIBIISETCS Ka4eCTBO ACTPOHOMHYECKOTO M300paXKEHUs, 3aBHCSIICE OT
aTMocepHoil TypOyIeHTHOCTH M XapakTepusyemoe mapamerpoM ¢FWHM (monmHas mmMpuHa Ha MOJOBHHE MaKCHMalbHOM
uHTeHCUBHOCTH). OH MOKa3bIBaeT AUaMETP N300paKeHHUS 3Be3/1bl B OKATbHON IIIOCKOCTH TEJIECKOMA MpH ATrHE BOJIHBEI 500 HM.

Jst m3amepenus erwHm ipumensiercs npuoop DIMM (Differential Image Motion Monitor), craBummii cTaHAapTOM OLEHKH
kagectBa m3oOpaxenus [1-3]. B 2007 romy DIMM Owin MonepHusmpoBaH: 3ameHeHa II13C-kamepa, pa3zpaboTaHo HOBOE
TporpaMMHOe o0ecIrieueHne ¢ yIoOHbIM rpadHIecKiM HHTep(eicoM U aBTOMAaTHYECKUM YIIPaBICHUEM CIISKESHAEM 3a 3BE3I0H.

JKcnepuMeHTANILHBIE HccjaenoBanms. [locie mMoxepHm3anuu npudopa DIMM B aBrycre m cenrsiope 2007 roga Ha
Maiinanakckoii 00cepBaTOpHH OBIJIO MPOBEACHO B 00IIEH CI0KHOCTH 24 IHS HaOIIOAESHHUH, YTO MO3BOJIMIO cOOPATh JOCTaTOYHOE
KOJIMYECTBO JAHHBIX IS aHAlM3a U TOJydeHMs HaJEeXKHBIX pe3ylbTaToB. B Xome 3Tux HabmroIeHUH OBUIO yCTaHOBIIEHO, YTO
MEIMaHHOE KaueCTBO HOYHOTO M300pakeHUs Ha oOcepBaTopuu coctaBmiio 0.66" yrioBeix cexyHael (Puc. 1), uto sBusercs
XOPOILIMM ITOKa3aTeNeM U MOATBEPKIACT BHICOKYIO 3G (HEKTHBHOCTH PabOThI MOJICPHHU3UPOBAHHOTO IIPHOOpa.
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Puc.1. TlonHsi psin HaOmoAeHMH 1 KyMYJISITUBHOE paclpe/ielieHre OLeHOK KadecTBa n3o0paxeHus 2007 .

Jnst ymydmeHuss paboTBI CHCTEMBI CIeXeHHs, co3naBaemoro Ha miaro Cydda yHUKaIbHOTO NPEHH3HOHHOIO
pamuoteneckona PT-70 HeoOxoarMa HHPOPMAITHS O KQUueCTBE HOYHOTO W300paKEHUsI B MECTE €ro yCTaHOBKU. OOIIHe CBEICHUS
00 arMocepHBIX ycnoBusax Ha miato Cydda, pacmonoxkeHHOM B 3aaMUHCKOM paiioHe [Ixu3akckoi o0nactu, 1aHbl B padore [4-
5]. B urone—asrycre 2006 roga Ha miaro Cygda ¢ moMOIBI0 YCTAaHOBICHHOrO Ha 3emiie npubopa DIMM Gbutd MpOBEIEHbI
HU3MEPEHHs Ul OLCHKH KauyecTBa HOYHOI'O ONTHYECKOT0 M300paskeHust. B pe3ynbrare aHanm3a HaOIIOJaTeIbHBIX JTAHHBIX OBLIO
BBIABJICHO, YTO MEIMAHHBIC U CPEJHME 3HAUEHHS KauyecTBa HOYHOTO M300pakeHUs (Seeing) COCTaBISIIOT COOTBETCTBEHHO 1,17 u
1,26 yriaoBbIX CEKyH/I.

B 2007 roxy HabmoaeHns ObLTH POJIOJDKEHBI Ha ClIelHabHON iaTdopMe BEIcOTOH 5 MeTpoB. HaOimroieHust 0XBaThIBAIOT
niepuo/ ¢ 7 wostops 2007 roma mo 14 uromnst 2008 rona [6]. MenuanHoe U cpeiHee 3HaUCHHE KauyecTBa H300paKeHUS 32 BECh IIEPHO.T
HaOmonennit coctammi 1.05" n 1.11", coorBercTBeHHO. HecMoTps1, Ha GaronpusTHBIE YCIOBHS [UIS IPOBEICHHUS HaOIIOAeHNI
B paamnoauanasone, mwiato Cydda ycrymaer Maiinanaky B ONTHYECKOM JHaIa30HE.

Suffa - 20072008 e

Gurusre asmasen,

.
T T L L

Puc.2. [Monubiii psag HaOMONCHUI U KyMYISTHBHBIE KPUBBIE KadyecTBAa HOUHOTO m300pakeHus Ha maro Cydda B
nepuoj 2007-2008 rr.

Wsmepenus, nposeneuusie Ha miaro Cydda B mepuoa ¢ 2007 r. mo 2008 TT., MO3BOJIWIN UCCICIOBATh BIUSHUEC BHICOTHI
YCTaHOBKH NPHOOpa Ha TOYHOCTh M CTaOMJIBHOCTH M3MepeHHil. Ha pucyHke 3 mpeacTaBieHbl MOJHas IOCIEA0BATEIBHOCTD
HaOJIO/ICHNHT U KyMYJISITUBHBIE KPUBBIE KauecTBa H300paKeHHs1, COCTAaBICHHBIE HA OCHOBE HAaOJIIO/ICHNUH, TPOBEIEHHBIX Ha IUIATO
Cydda B 2006 rony, a taxke B 2007-2008 rogax. 3 pucyHka BUAHO, YTO OLEHKH KadecTBa W300paKCHUS, MOTyIECHHBIC IPU
yCTaHOBKE Ha0IogaTeIbHOTO MPHOOpa Ha Pa3HBIX BEICOTAaX, 3HAYUTEILHO Pa3IMIaloTcsa. B acTHOCTH, pe3ynbTaThl, OTyIeHHbIE
TIpU yCTaHOBKE MpHOOpa Ha mIaT(opMy BEICOTOH 5 METPOB, OKa3aINCh IPUMEPHO Ha 7% JIydllle 0 CPAaBHEHHUIO C pe3ylIbTaTaMHy,
TIOTYYeHHBIMH Ha MTOBEPXHOCTHU 3eMIIM. DTO YKa3bIBaeT HAa HAIMINE aTMOC(EpHOH TypOyJICHTHOCTH B IIPH3EMHOM CJIO€.

w6 A

uilm 'I“Hl
Wy

bl i i

Puc.3. [TonHblii psig HAOMIONCHUH 1 KyMYJIATHBHBIC KPUBBIE KaueCTBa HOYHOTO H300pakeHust Ha mato Cydda.

Ta6muna 1.
CraTHCTHYECKHUH aHAI3 MECSYHOTO paclpesieeHns KadecTa n3o0pakenuit Ha iato Cydda (2007-2008 rr).
Mecsiist KomnmnuectBo Konmnyecto MeuaHHOE 3HAYCHUE EFWHM
Hoyei JIAHHBIX (yri1. cex)
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Depaib 2 372 1.28
Mapr 12 3032 0.93
Anpenb 12 2648 0.97
Maii 6 1314 1.03
Urons 23 2916 0.97
Agryct 2 113 1.05
Hos0ps 15 4973 1.14
Jlexabpb 10 1972 1.37
Bceero 82 17340 1.05

s 6omee TIyOOKOTr0O aHaIHM3a KauecTBa N300paKeHUs ObLI PACCMOTPEH CTATUCTUYECKUH aHAIN3 MMOMYYCHHBIX JTaHHBIX.
B Tabmmie 1 mokasaHo pacipesielleHHe KauecTBa H300pa)XKeHHs 10 MeCsaM B Pa3lIHMYHBIX CE30HaX Toja. YUUTHIBash CE30HHbIE
Kosie0anus aTMocdepbl, MOXKHO OTMETUTh, YTO HAOJIIOJCHHUS B 3UMHHMI IIEPHOJ] JEMOHCTPUPYIOT HECKOJIBKO 00JIee CTaOUIIbHbIC
pe3yabTaThl MO CPABHEHUIO C JIETHUMH MECSLAMU. OTO SIBICHHE MOXET OBITh CBS3aHO C YMEHBIIEHHEM HHTEHCHBHOCTU
TypOYJIEHTHOCTH B XOJIOHOE BpeMs Tojia, Korja arMocdepa MeHee MoBepKeHa KOHBEKTHBHBIM ITOTOKAM.

KomraecTBo HabmofaTeNbHBIX HOYEH, TPOOIDKUTEIILHOCTBIO OoJiee 4 4acoB 3a BeCh IepHo/] HaOII0ICHUH, cocTaBmIo 64
3 obmero umena 82 Hounm. DTO yKa3bIBaeT Ha BHICOKYIO S((EKTHBHOCTH HAOIIOJATENHHOTO IIPOIECCa, ITOCKOJIBKY
HPOJOJDKATENEHBIE HOUM 00ecIeunBaloT OoJiee TOUHbIE W JOCTOBEPHBIC aHHBIE, TI03BOJISIS BEIIBUTH YCTOHUYHMBEIE TEHJCHIINN B
U3MEHEHHHN KayecTBa H300pakeHusI.

MennanHoe W cpelHee 3HAYCHHUS KadecTBAa M300payKeHUS 3a Bech Iepuoj HabmromeHuid cocraBmm 1”.05 m 17.11
COOTBETCTBEHHO. DTH 3HAYECHHS YKa3bIBAIOT HA BBICOKOE KAYECTBO aTMOC(EPHBIX YCIOBHH ISl aCTPOHOMHYECKHIX HaOI0IeHNiT B
nmaHHOW MecTHOCTH. [lokaszarens 1”.05 cCOOTBETCTBYET NOBOJFHO HH3KOMY YPOBHIO TypOyIEHTHOCTH, YTO SIBISETCS BaKHBIM
HapaMeTpoM IPH IPOBEIICHUH HAOIIOJCHHH, 0COOCHHO JUIsl BHICOKOTOYHBIX ACTPOHOMHYECKUX HHCTPYMEHTOB [7].

JIOTIOJTHUTETBHO CTOUT OTMETHTB, YTO JaHHbIe HabmoneHuit ¢ DIMM-npn6opa 1mo3Boimin co3aath 0asy At JaabHeHIINX
UcceoBaHmii kadyectBa atMocheps! Ha mato Cydda. DTH HcclieToBaHUs UMEIOT BAXKHOE 3HAYCHHUE [T IUTAHUPOBAHUS Oy Ty IIHX
ACTPOHOMHYECKUX MUCCHH M YCTAaHOBKH HOBOTO 00OPYIOBaHUS Ha JaHHOH TEPPUTOPHUH.

Ha ocHoBe mpoBeIeHHBIX HAMU JE€TadbHBIX HAOMIOAEHHUH U SKCIIEPUMEHTOB, MBI IPOBENIN BCECTOPOHHHHN aHAIN3 KadeCTBa
HOYHBIX W300pa)XeHUH, MOMy4eHHBIX B oOcepBaTopusx Maliganak u Ha mwiato Cydda. Oba 3THX MecT MpeACTaBIAIOT cO00i
YHUKAJIbHbIE aCTPOHOMHUYECKHE ITyHKTBI, HO Pa3INYaloTCs 0 MHOXKECTBY (DAaKTOPOB, BKIIFOUAs KIIMMATHUECKHE YCIOBHS, BEICOTY
HajJ YpPOBHEM MoOps, a TaKkxke pacroioxeHne. Ha pucynke 4 mpexacraBieHa oOmas KpuBas KadecTBa H300paXKeHHs IS
ACTPOHOMHYECKHX 0OBEKTOB, MOJTYYEHHBIX Ha 3THX IBYX HaOJII0IaTeNbHBIX MyHKTaX. Kak mokasanu Haim pe3ynbrarsl [8], rophas
obcepBaTtopust MaiiaHak cyniecTBeHHO peBocxo it miato Cydda Kak 1o KOJINYECTBY SICHBIX HOYHBIX YacOB, TaK M 110 KaUeCTBY
MOYYEHHBIX CHUMKOB. JTO OOBSICHSETCS HECKOJbKUMH HMPUYMHAMH, CPEAH KOTOPHIX MOJXKHO BBIIEIHTH Ooiee cTaOHMIIbHBIE
aTMOC(EpHBIE YCIIOBHS, MEHBIIYIO 3arpsI3HEHHOCTh BO3JyXa U, KaK CIEACTBHE, Oojee YUCTOe M CTabWIbHOEe He0O, YTO B CBOIO
oyepelb CIoCOOCTBYET MOTYYSHHUIO 00JIee YETKUX U TOYHBIX aCTPOHOMUYECKHX JaHHBIX. [laHHEIE, TosrydeHHbIe Ha ato Cydda,
TaK)Ke UMEIOT CBOIO LIEHHOCTh, OJHAKO KOJIMYECTBO SICHBIX HOYEH M KauecTBO M300paKeHUH TaM 3aMETHO ycTymnaeT MalaaHaky,
YTO OCOOCHHO BayKHO M1 IPOBEACHUS [UTMTEIBHBIX HAOIIOICHHUH 32 aCTPOHOMUYECKUMHU 00BEKTaMH, TPEOYIOIIUX CTAOMIBHBIX U
KaueCTBEHHBIX CHIMKOB.

Walcerak -6
—— st - 15

25

4] 1

15
Sezrg vvae:

Puc.4. CromHast KyMyJIsITHBHAS KpUBas KadecTBa H300paxkeHus, Ha rope Maiizanak u Ha ato Cydoda.

Ha pucyHke 4 nokasaHo, 4To pa3peieHne acTpOHOMHIECKHX U300paKeHHH B HOUHOE BpeMs B obcepBaTopusix Maiinanak
u Cydda cocraBuio 0,66" u 1,05" yrioBbIX CEKyHI COOTBETCTBEHHO. ATMOC(EpHbIC YCIOBHS Ha TepBoii oOcepBaTopuu Gosiee
OnaronpusTHEIE, MOCKOJIBKY oOcepBaTopust Maiinanak pacnosioxeHa Ha BeicoTe 2650 M Haj ypoBHEM Mops, a iato Cydda - Ha
BbicoTe 2300 M. B pe3ynpTaTe KauecTBO HOYHBIX aCTPOHOMHYECKHX CHHUMKOB Ha ruiato Cydda oTHocuTensHo Hmke. TeM He
MmeHee, obcepBaTopust Cydda crrocobHa KOHKYpHPOBATh C HEKOTOPHIMH BEAYIINMH 00CEpBaTOPHIMH MUpA.

3akaiouenne.lIpoBeneHHbIe HCCeJOBAaHUS KauecTBA aCTPOHOMUYECKOTO H300pakeHHs B oOcepBaTopuy MaliaHak U Ha
wriato Cydda Mo3BOIMIHN TOITYyIHUTH IIEHHBIE JaHHBIE O CTAOMIBHOCTH aTMOC(HEPHBIX YCIOBUIT Ha 3TUX TEPPUTOPHSIX. Pe3ynbTars
HaOJTI0/IeHNH TToKa3any, 9To Maifjanakckas oocepBaTopus o0IafaeT JIyIIIMMH XapaKTePHCTHKAMH JUIsl ONTHYECKHUX HaOIoAeHN i
Onarosapsi HU3KOMY YPOBHIO aTMOC(hepHOH TypOyIEeHTHOCTH M BBICOKOMY KOJHMYECTBY SICHBIX HOuei. B To jxe Bpems riato
Cydda, HECMOTpPsI HA YCTYNAIOIINE ONTHYECKHE YCIIOBHUS, SBIISETCS MEPCIEKTHBHOM IIIOMAKOM Ul paadoacTpOHOMHYECKIX
MICCIIEIOBAHUH, UTO JIENaeT €ro BaKHbIM 00BEKTOM ISl OyAyHINX HayYHBIX MTPOEKTOB.

CpaBHHTEIBbHBII aHaIM3 JaHHBIX MOATBEPIMJ, YTO MOKa3aTesil KadecTBa m3o0paxenus Ha miato Cydda ocrarorcs
CTaOWIBHBIMH HE3aBHCHMO OT BHICOTHI ycTraHoBkM DIMM-mpubopa, 4TO CBHIETENBCTBYET O BBICOKOH OJHOPOJHOCTH
aTMOC(EPHBIX YCIOBHH. DTO OCOOEHHO BaXXHO IS IUIAHHUPYEMOH YCTaHOBKH paguoteneckorna PT-70, KOTOpEIA MO3BOJIUT
MPOBOJUTH YHUKAJIBHBIC UCCIIEA0BAHNS B 00IACTH PaIHOACTPOHOMUH.

JlanHbIe HAOMIOAEHMI TaKXKe ITOKA3aJH, YTO Ka4eCTBO HOYHOTO N300paKeHHs BAPbUPYETCS B 3aBUCUMOCTH OT CE30HA, TIPH
9TOM 3UMHHE MECSIIbI IEMOHCTPUPYIOT OoJiee CTaOMIIbHbIC TIOKAa3aTeH. DTH Pe3ysIbTaThl MOAYSPKUBAIOT BAYKHOCTh JabHEHUIINX
HCCIICIOBAaHUI U MOHUTOPHHra aTMOC(EPHBIX YCIOBUI B aCTPOHOMUYECKHX 00cepBaTopusix Y30eKucTaHa.
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Takum 06pa3oM, ITOJydCHHBIE PE3YJIbTATHI HE TOJIBKO YIITyOJISIFOT HOHUMaHHe 0COOEHHOCTEeH aTMOC(EepHhI Ha HCCIIE Ly eMbIX

aCTPOHOMHUECKUX 00CEPBATOPHSIX, HO M SABIAIOTCSA LEHHBIM PECYpPCOM ISl OydyIIMX HAyYHBIX MHCCHHM, BKIIFOUas YCTAHOBKY
HOBBIX TEJIECKOIIOB U Pa3BUTHE MEKAYHAPOIHOTO COTPYIHUUECTBA B 00JIaCTH aCTPOHOMUH.

=
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GRAVITATIONAL LENSING OF SEN BLACK HOLES IN PLASMA MEDIUM
Annotation

We investigate the optical properties of the spacetime surrounding a Sen black hole, focusing on the photon sphere and weak
gravitational lensing. Our analysis reveals that the effective charge of the Sen black hole significantly influences these phenomena.
Specifically, an increase in the effective charge leads to a contraction in the radius of the photon sphere. Additionally, the bending
angle of light rays diminishes as the effective charge increases. Our study provides observational bounds on the effective charge
based on these optical characteristics. Our findings offer new insights into the impact of effective charge and plasma on the
observational signatures of Sen black holes.

Key words: Sen black hole, plasma effects, photon motion, week gravitational lensing

T'PABUTAIIMOHHOE JIMH3UPOBAHME UEPHBIX JIBIP CEHA B INIASMEHHOM CPEJIE
AnHOTaLUA

MBbI HccleyeM ONTHYECKHe CBOWCTBA MPOCTPAHCTBA-BPEMEHH BOKPYT 4epHOMH abipsl CeHa, cocpenoTaunBasch Ha GOTOHHOMN
cbepe 1 cnaboM TpaBUTAMOHHOM JHMH3UPOBaHWHU. Ham aHamm3 mokasbIBaeT, 4TO 3 QEeKTUBHBIN 3apsaa depHoi neipel CeHa
CYIIECTBEHHO BIMSET Ha OTH sBJIeHMs. B wacTHocTH, yBennueHne >(eKTHBHOrO 3apsia MPUBOAUT K YMEHBUICHHIO paauyca
¢dortoHHOI chepbl. KpoMe TOro, yroi OTKIOHEHUs CBETOBBIX JIy4eil YMEHbIIAeTCs C yBennueHneM ¢ dekTuBHoro 3apsna. Hare
HCCIIeI0OBaHNE IPEOCTABISCT HAOMIOJATeIbHBIE OTPAaHNYeHHSI Ha 3((EKTUBHBIN 3apsl, OCHOBAaHHBIE HAa ATHUX ONTHYECKUX
XapakTepucTrKax. Hammm pe3yapTaTel JafoT HOBBIE IPEACTaBICHUS O BIUSHUM (P )eKTHBHOTO 3apsiia ¥ IIa3Mbl Ha HaOII0JaeMble
XapaKTePUCTHKN YepHBIX AbIp CeHa.

KnioueBsie ciioBa: yepHas apipa CeHa, 3 QeKTHl 1a3MBbl, IBIKEHHE (POTOHOB, cllaboe TMH3UPOBaHHE

SEN QORA TUYNUKLARINING GRAVITATSION LINZALANISHI PLAZMA MUHITIDA
Annotatsiya

Biz Sen qora tuynugi atrofidagi fazo-vaqtning optik xususiyatlarini o‘rganamiz va foton orbitasi hamda zaif gravitatsion
linzalanganlikka e’tibor qaratamiz. Tahlilimiz shuni ko‘rsatadiki, Sen qora tuynugidagi samarali zaryad ushbu hodisalarga sezilarli
ta’sir ko‘rsatadi. Xususan, samarali zaryadning oshishi foton sferasining radiusining kamayishiga. Bundan tashqari, yorug‘lik
nurlarining egilish burchagi samarali zaryad ortishi bilan kamayadi. Tadgiqotimiz ushbu optik xususiyatlarga asoslangan holda
samarali zaryad bo‘yicha kuzatuv cheklovlarini tagdim etadi. Natijalarimiz Sen gora tuynugidagi samarali zaryad va plazmaning
kuzatiladigan belgilarga ta’siri bo‘yicha yangi tushunchalarni taqdim etadi.

Kalit so‘zlar: Sen qora tuynugi, plazma ta’siri, foton harakati, zaif gravitatsion linzalanganlik

Introduction. Gravitational lensing, a key prediction of Einstein's general relativity, occurs when light bends around a
massive object like a black hole [1]. This effect was first confirmed by Eddington’s observation of light bending around the Sun,
highlighting its importance in astrophysics [2]. In black hole studies, gravitational lensing is particularly interesting due to strong
gravitational fields [3]. Weak gravitational lensing, where light is slightly deflected at large distances from the black hole, provides
valuable insights into their properties and helps test gravity theories [4]. It is also crucial for detecting dark matter and dark energy
[5,6]. Studies on weak lensing by different black hole types, including rotating ones, have been extensively conducted [7,8]. Near
black holes, surrounding plasma—such as from an accretion disk—can further affect light bending. Plasma modifies lensing
properties and alters the black hole’s shadow [9]. Perlick, Bisnovatyi-Kogan, and Tsupko have made significant contributions to
understanding these effects [10-13]. These studies are particularly relevant for interpreting high-resolution observations, such as
those from the Event Horizon Telescope (EHT), which provide new insights into gravity in extreme conditions [14,15].

Dynamics around black hole. A. Sen Black Hole. The action describing the spacetime of the Sen black hole in the string
frame is presented as follows:

S=f d*x,/—ge %L €))

-451 -


mailto:dilmurodumarov666@gmail.com
mailto:mirjavohirfaxriddinovich@gmail.com
mailto:shavkat.qarshiboyev.89@bk.ru

0¢zMU xabarlari Becrnuxk HYY3 ACTA NUUz | FIZIKA | 3/1/1 2025

The metric function derived in this configuration was found by Sen in Ref. [21] and reads:

f(r) =1 r+ q%n/M' (2)

where q,, is an effective charge measured by a static observer at infinity, which characterizes specific hair. It is not difficult to

notice that at q,,, = 0, the Sen metric of the black hole coincides with the Schwarzschild metric. Here, we introduced a new variable
like g2, = q just for convenience.

B. Null geodesic in dyonic Sen spacetime. In this subsection, we examine the dynamics of photon motion near a black

hole when it is surrounded by plasma. To analyze this scenario, we can conveniently utilize the Hamilton-Jacobi equation, which

is given
by:
1.
H(x% po) = 58 papp. ®3)
Here, x* describes the spacetime coordinates. We can use definition of the effective metric tensor g*# as
B = g — (n® — Duuf, 0)
where uP represents the four-velocity of the photon, and n signifies the refractive index of the medium. It can be determined
using the following
formula
2 _1_ 4me2N(r)
nt =180, ©)

where e and me represent the electron's charge and mass, respectively, and N denotes the electron number density. The
photon frequency w(r), as observed by a stationary observer, is determined using the gravitational redshift
equation

— %

w(r) = NiGh (6)
Here w, = const is the frequency measured by observer at infinity. Light can propagate in plasma only when its frequency
is greater than the plasma frequency, therefore n > 0 condition must be done. The orbital radius of light encircling a black hole,
specifically the one forming a photon sphere with a radius rph, is obtained by solving the following equation

d(h2(r)) _ 1 @p®
40D =0 and h2(r) = r2 [E - ]. 7
C. Homegeneous plasma. First, we consider a homogeneous (uniform) plasma case with w2 (r) = const. In this case we

can solve Eq. (8) analytically and it is written as

() [(1-2) - i1

0
_ i . ®)

From Fig. 1 (upper panel) it is easy to see that in the case of homogeneous plasma radius of photon sphere decreases with
increasing parameter q/M and increases with increasing plasma frequency.

D. Inhomogeneous plasma. In this subsection we study photonic spheres in the presence of inhomogeneous plasma, where
the plasma frequency must satisfy a simple power law of the form

Z
03 =, ©)

Where z, and k > 0 are free parameters. From Fig. 1 (middle and lower panels) it is easy to see that in the case of
inhomogeneous plasma photon sphere radius decreases with increasing parameter g/M and the parameter k, and increases with
increasing ratio zy/Mw3.

Effects of plasma medium on Gravitational weak lensing. The gravitational effects in the weak-field approximation can
be analyzed by applying the following decomposition of the spacetime around a dense object [14]

8ap = Nap + hop, (10)
Now we want to examine the plasma effects on the bending angle of the light rays. In the case of plasma medium, the
deflection angle can be written as
1™ hgo? — KoN(x')
O(izzf_oo <h33 +W idZ 11

where b is the impact parameter, which is characterized by the radius-vector r2 = b2 + z2. Next, we analyze the influence
of the plasma medium in conjunction with the gravitational field of the Sen black hole as an application of the previously outlined

formalism. In the Cartesian coordinates, the components hap can be expressed
as
_ R 2q _ (R 2q _ (R 2q 2
hog ===, hy = (Ts—r—z) niny, hgz = (Ts—r—z) cos* x (12)

where Rg = 2M, cosx = z/Vb? + z? and r = Vb? + z2, b is the impact parameter signifying the closest approach of the
photons to the black hole. By utilizing the previously stated expressions in equation (10), one can determine the light deflection

angle in relation to b for a black hole enveloped by
plasma:

A= [© b Rs _ 20) .2 Rs _2q)_o? _ _Ke

Up = f—OO 2r (ar (( r rz) cos X) +0x ( r rz) w2-0? w-w? arN) dz 13)

A. Deflection angle in the presence of plasma. It is evident from Eq. (13) that the expression accounts for both
gravitational and plasma effects. Here, we reformulate the integral representation of the deflection angle by distinguishing these
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effects as

follows:
s 1 oogdh“) L1 oog( 1 dhoo) N oog( Ke dN(r))
U = ZJ‘—OO r( dr dz, %z = 2 f—OO r \1-w?/w? dr dz, U3 = 2 fOO r \w?2-w? dr dz (14)

Now, we calculate the integrals for the deflection angle for the different configurations of the plasma distribution.
B. Uniform plasma. First, we examine the influence of uniform plasma. We begin by computing the terms associated

solely with the effects of spacetime
curvature.

5, =1 (® b(dhss - R, m

al_zf—wr(dr)dz_ b T 2p7 (15)

One can see from Eq. (15) that when q = 0 we will get &; = Rg/b. The second term is a combined expression that represents the
interaction between spacetime and plasma effects and is given by the following form:

wy’lar = 0.3 G/M = 0.6

—_— g/M=0.0 s

- — - g/M=0.3 e LN -— = a’laP =03
B e g/M = 0.6

~ e e )P =0.5

@i
Quni

6 7 8 9 -.1‘0 6 — 7 e o 10
b/M b/M
FIG. 1: Dependence of the deflection angle of the light rays in the presence of uniform plasma on impact parameter for different
values of charge q and plasma frequency.

. 1J'°° b 1 dhy, R + iq (16)
a == —|———|dz=— .
272) or\1 - w2/w? dr b(1 — w3/w?)  b2(1 — wi/w?)
Where w3 = w? = const. The Eq. (16) also turns to &, = Ry/b at q = 0. Thus, one may get the expression for the deflection
Wl =0.5 q/M=0.6

0.65F 0.6(
i g/M=0.0

I wller=0.0 1

0.60 (RIS i
f - — - g/M=0.3 0.33}
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FIG. 2: Dependence of deflection angle of the light rays on impact parameter for different values of charge g and plasma
frequency.
angle for Schwarschild case &, = 2Rs/b when q = 0. The deflection angle of light from Eq. (14) in the case of uniform plasma
around the Sen black hole can be expressed

as
~ 1 R, 2 q
“uniz(” ma)f—(“ ma)rbz- a7
-2 -2

Fig. 1 illustrates the photon deflection angle &,,; as a function of the impact parameter b for various values of the coupling

w? . . . . .
constant q (left panel) and the plasma parameter w—g (right panel). An increase in the impact parameter and effective charge leads

to a decrease in the deflection angle. Moreover, the deflection angle can be larger in the presence of uniform plasma compared to
the vacuum scenario.

C. Singular isothermal sphere. The Singular Isothermal Sphere (SIS) serves as the most appropriate model for analyzing
the properties of a photon's gravitational lens. It was initially proposed to study lensing behavior and galaxy clusters. The SIS
represents a spherical gas cloud characterized by a density that extends infinitely at its core. The plasma frequency is expressed in
the following form [14]

2 =KN(r) = Kooy 20
0f = KN = 0. (20)

Here, mp represents the proton mass, and k is a dimensionless constant typically linked to the dark matter universe. Now,
the deflection angle can be determined in the presence of plasma with the SIS distribution surrounding the Sen black hole by
applying Eq. (14). In this case, we have decomposed the deflection angle as in Eq. (14) and represented it as
follows.

Py A(1 (2 ~(3
Osis = aglg + aglg + aglg. (21)
As the first term excludes the influence of plasma, it retains the same structure as Eq. (14)

dgis = &
6‘%15 — ljw E(#%) dz = _& 3q_R§w_§_ER_§w_§ E

2) o r\1—owi/w? dr b 4b* w? 3b3mw? b?
To comprehend the impact of the SIS on the photon's path, we have graphed the deflection angle dg;5 as a function of the impact
parameter b, see Fig. 2. Interestingly, we observe that both the uniform plasma and the SIS medium exhibit similar characteristics
concerning the parameter b. From Fig. 2, it can be seen that the deflection angle &g;5 decreases due to plasma inhomogeneity
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2
exerting an opposing influence, which is significantly stronger than in a vacuum. We found that g5 diminishes as % increases
(left panel), and conversely, Ggs decreases as q grows (right panel). Therefore, the presence of the SIS around the black hole

notably affects the trajectory of passing massless particles.

Conclusion. We have studied how weak gravitational lensing and the photon sphere of Sen black holes change in a plasma
medium. Our results show that the black hole's effective charge has a strong influence on these optical effects. We discovered that
as the effective charge of a Sen black hole increases, the radius of the photon sphere decreases. The effective charge also influences
the bending angle of light rays. Our results indicate that as the effective charge increases, the bending angle diminishes. In
particular, we have taken into account uniformly distributed plasma and a singular isothermal sphere medium. We also
demonstrated that the deflection angle grows as the plasma frequency rises in the case of a homogeneous plasma due to the
medium's refractive properties. However, when the plasma is inhomogeneous (SIS), the deflection angle decreases with increasing

plasma frequency.
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ELECTRICAL PROPERTIES AND ELECTRONIC STRUCTURE OF ZN DIFFUSION COMPENSATED AND
STRONGLY COMPENSATED SILICON
Annotation

This scientific article presents the synthesis of heavily compensated p(n)-Si<P, Zn> substrates with various conductivity types and
a wide range of specific electrical resistances at room temperature by diffusing Zn into the semiconductor substrate to form
additional levels in the energy diagram of MOS structures. The aim is to enhance the sensitivity of the substrate to external
influences. The experimental results provide values for mobility, charge carrier concentration, and specific resistance, based on
which certain additives were introduced into the energy diagram of the silicon substrate, considering the experimental data.

Key words: compensated silicon, diffusion, thermal evaporation in vacuum, electron beam evaporation, thin film.

SJIEKTPHUYECKHUE CBOMCTBA U JIEKTPOHHASI CTPYKTYPA ZN -IUDPDPY3UOHHO-
KOMIIEHCUPOBAHHOI'O U CUWJIBHOKOMIIEHCUPOBAHHOI'O KPEMHUA
AHHOTaALIUA

B nanHo#t Hay4HOU cTaThe MPEICTABICHO CHHTE3UPOBAHKUE CHIIBHO KOMITCHCHPOBAHHBIX MOTOXEK p(n)-Si<P,Zn> ¢ pa3nunyHbIMU
TUTIAMH TPOBOAIMMOCTHU M IIMPOKHUM JHMAINIA30HOM YJEJIBHOTO AJIEKTPHUUECKOr0 COMPOTHUBIICHHUS IIPU KOMHATHOMN TeMIieparype. To
nmocturaetcss auddysueit Zn B MOTyNPOBOJHUKOBYIO TOMJIOXKKY C IENbIO (OPMHUPOBAHHUS JOTONHUTEIBHBIX YPOBHEH Ha
sHepreTrueckoi nuarpamme MOII-CTpykTyp ¥ MOBBIIEHHS €€ YyBCTBUTEIBHOCTH K BHEIIHWUM BO3JeHCTBUSM. B pesynbTarax
9KCIEPUMEHTA MPUBEICHBI 3HAUEHHS MTOIBHKHOCTH, KOHIICHTPALMK HOCUTENEH 3apsiia M YACTHHOTO CONPOTHBIICHNUS, HA OCHOBE
KOTOPBIX B JHEPreTHYECKyl0 IUarpaMMmy KpPEeMHHEBOW IIOJUIOKKHA OBUIM BHECEHBI OIpeNeNEHHbIE I00aBKH € y4ETOM
9KCIEPHUMEHTAIBHBIX TAaHHBIX.

KnioueBble ciioBa: KOMICHCHUPOBAHHBIM KpeMHUH, TUPPy3us, TEPMUUECKOE HCIApEHHE B BaKyyMe, JIIEKTPOHHO-TY4eBOE
ucnapeHue, TOHKas IUIEHKa.

SO/SI02/SI<P,ZN> GIBRID STRUKTURASI UCHUN KUCHLI KOMPENSIRLANGAN SI<P,ZN>
TAGLIKLARNING ELEKTRIK XOSSALARI VA ENERGETIK DIAGRAMMASI
Annotatsiya

Ushbu ilmiy maqolada MOY strukturalarining energetik diagrammasida yarimo‘tkazgich taglikka Zn diffuziya qilish orqali uning
tashqi ta’sirlarga sezgirligini oshirish magsadida turli o‘tkazuvchanlik turi va xona haroratida keng oraliqdagi solishtirma elektr
qarshiligiga ega bo‘lgan kuchli kompensirlangan p(n)-Si<P,Zn> tagliklarini sintez qilish, ularning elektr xossalarining
o‘zgarishining tajribaviy natijalari va tahlillari keltirilgan. Tajriba natijalarida harakatchanlik, zaryad tashuvchilar konsentrasiyasi
va solishtirma qarshilik giymatlari keltirilgan va ular asosida kremniy taglikning energetik diagrammasiga tajriba natijalariga
asoslangan holda ma’lum qo‘shimchalar kiritilgan.

Kalit so‘zlar: kompensirlangan kremniy, diffuziya, vakuumda termik bug‘latish, elektron nurli bug‘latish, yupqa qatlam.

Kirish. Spintronika, biotibbiyot fizikasi, magnitooptika kabi sohalar ehtiyoji uchun zarur bo‘lgan diskret asboblar, magnit
xotiralar, turli xil tashqi ta’sirlarga nisbatan o‘ta sezgir bo‘lgan sensorlar va h.k.larni yaratishda xilma-xil gibrid strukturalardan
foydalanish muammolarini tadqiq qilish jadal sur’atlar bilan davom yetmoqda [1]. Mana shunday gibrid strukturalar orasida
monokristall kremniy asosida hosil gilingan metall-diyelektrik-yarimo‘tkazgich (MDY yoki metall-oksid-yarimo‘tkazgich (MOY)
strukturalar istigbolli hisoblanadi [2]. Ma’lumki MDY strukturalar asosida allagachon transistorlar, magnit xotiralar va sensorlar,
turli integral hamda diskret qurilmalar yaratilgan va ular zamonaviy elektronika sanoati ishlab chiqarishiga salmoqli hissa qo‘shib
kelmoqda [3]. Shunga garamasdan ularning sezgirligi, bargaror ishlash darajasi va h.k.lar kabi asosiy parametrlarini yaxshilash
bo‘yicha ilmiy tadqiqotlar davom etmoqda [4]. Shu paytgacha o‘rganilgan MDY yoki MOY strukturalarda yarimo‘tkazgichli taglik
parametrlariga chuqur e’tibor qaratilmaganligini, aynigsa kompensirlangan va kuchli kompensirlangan yarimo‘tkazgichlardan
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umuman foydalanilmagan, yarimo‘tkazgichli taglik sifatida kompensirlangan kremniy materialidan foydalanish yaxshi natijalar
berish mumkin.

Ushbu ishda monokristall kremniy taglikka Zn atomlarini diffuziya qilish va uning taglik xossalariga tasiri haqida so‘z
yuritilgan. Rux atomlarini kremniyga yuqori temperaturali diffuziya usulida kiritish birinchi marotoba [6] ishda garalgan. Unga
ko‘ra rux atomlari kremniyda ionlashish energiyasi Ev+0,31 eV bo‘lgan akseptor va ionizasiya energiyalari Ev +0,08, Ei+0,09 va
Ev+0,13 eV bo‘lgan hamda rux atomlarining kimyoviy elementlar davriy tizimining III guruh elementlari bilan komplekslariga
tegishli deb garalgan, sayoz akseptor sathlarini kuzatishgan. Keyinrog, Karlson [7] tomonidan rux atomlarining kremniydagi
holatini o‘rganish bo‘yicha nisbatan keng qamrovli tadgiqotlar o‘tkazilgan. Uning tadqiqotlariga ko‘ra rux atomlari avval [6]
tomonidan gayd qilingan Ev+0,31 sathdan tashqari yana bitta Ec —0,55 eV akseptor sathi hosil gilishini aniglagan. Si<P,Zn>
namunalarida bunday sathlarining paydo bo‘lishi uning o‘tkazuvchanlik turiga bog‘liq bo‘lar yekan. Masalan, n —tipli namunalarda
Ec -0,55 eV akseptor sathi namoyon bo‘lsa, p —tipli numunalarda esa har ikkla akseptor sath ham o°zini namoyon qilar ekan. [8]
ish mulliflari tomonidan n-Si<P,Zn> namunalarida optik yutilishlar bo‘yicha o‘tkazilgan tadgiqotlar haqigatan ham unda ikkita
chuqur energetik sath borligini ko‘rsatgan va muallif bu sathlarni [6] ish mualifflaridan farqli o‘laroq rux atomlari yoki “rux-
vakansiya” komplekslari bilan bog‘langan. 1200 °C temperaturada diffuziya gilingan va keyinchalik 900 °C da 2 soat davomida
gayta ishlov berilgandan keyin Si-Zn qgattiq gqorishmasining yemirilishi natijasida yuzaga kelgan ikkita donor Ec—0,1+0,03 eV va
Ec —0,440,03 eV sathlarni ham qayd qilishgan va ularni yemirilish tufayli yuzaga keladigan komplekslar yoki tugunlar orasidagi
rux atomlariga tegishli deb hisoblashgan. Bu sathlardan tashqari ionizasiya energiyasi Ev+0,17 eV [9], [10] bo‘lgan yana bitta sath
gayd gilishgan va bu sathni rux atomlarining 111 guruh elementlari bilan hosil gilgan komplekslariga tegishli deb hisoblashgan.

Tajriba tafsilotlari. Yuqorida ta’kidlanganidek xona haroratida turli o‘tkazuvchanlik turi va solishtirma qarshilikka ega
bo‘lgan, diffuziya usuli bilan legirlangan Si<P,Zn> namunalari [11] ishda keltirilgan, diffuzant gazi elastik bosimini hisobga
oluvchi usul yordamida olindi. Yuqori haroratli diffuziya jarayonida yuzaga kelgan kremniy sirtidagi rux bilan boyigan gatlamlarni
olib tashlash uchun mexanik va kimyoviy ishlov berish usulidin foydalanildi va namunaning har bir yon tomonidan o‘rta hisobda
50 pm qalinlikdagi gatlam olib tashlandi. Natijada nisbatan bir jisli legirlangan, o‘tkazuvchanligi n — yoki p — tipli, solishtirma
garshiligi xona temperaturasida 10%-10* Q-cm oraligda yotuvchi, kuchli kompensirlangan Si<P,Zn> namunalariga ega bo‘lindi.
Olingan bu namunalar asosida MDY strukturalar tayyorlandi. Yarimo‘tkazgichli taglik sifatida rux atomlari bilan kuchli
kompensirlangan kremniy monokristallaridan foydalanildi. Taglikdagi aralashmalar konsentrasiyasi va o‘tkazuvchanlik turi
diffuziya jarayonida rux atomlarining parni bosimini o‘zgartirish orqali boshqarildi. Dastlabki taglik sifatida o‘sish jarayonida
fosfor atomlari bilan legirlangan, geometrik o‘lchamlari 8x3x1 mm?, xona haroratida solishtirma garshiligi 1 Q-cm atrofida, uzun
tomonining kristallografik yo‘nalishi [111] bo‘lgan, monokristall kremniy (n-Si<P>) namunalari tanlab olindi. Tanlab olingan n-
Si<P> namunalariga rux atomlarini diffuziya qilish uchun tozaligi 99.96 % bo‘lgan Zn elementidan foydalanildi. Rux atomlarining
kremniydagi diffuziya koeffisiyenti va eruvchanligining temperaturaga bog‘ligli ifodalaridan foydalangan holda turli solishtirma
qarshilikli va o‘tkazuvchanlik turiga ega bo‘lgan namunalarni olish uchun diffuziya temperaturasi va vaqti [11] ishdagi kabi
aniglandi. Diffuziya jarayoni quyidagi ketma-ketikda amalga oshirildi:

1). n-Si<P> bo‘lagi sirtida mavjud bo‘lgan tabiiy oksid gatlamini olib tashlash uchun namunalar ftorid kislotasi (HF) ga
botirilib 15 s davomida ushlab turildi.

2). Rux atomlarining kremniy difuziyasini amalga oshirish uchun diffuziya haroratidagi rux bug‘larning elastik bosimini
aniglash uchun rux massasi va absolyut temperaturani bilgan holda ideal gazlar uchun Medeleyev-Klaypeyron tenglamasidan
foydalanildi.

3). Massasi o‘lchangan Zn elementining bo‘lagi haroratga chidamli, bir uchi kavsharlangan kvars shisha naycha ichiga n-
Si<P> bilan birgalikda joylashtirildi va uning ichidagi havo bosim 5-10* mm Hg ustuniga teng bo‘lgunga qadar so‘rib olindi.

4). Kvars naychaning ochiq uchi qizdirish yo‘li bilan kavsharlab yopiladi va u 1150 °C haroratni + 0.5 °C aniqlikda ushlab
tura oladigan gorizontal diffuzion pechga joylashtirildi. Berilgan sharoitlarda rux atomlarining kremniyga diffuziyalanish vaqti 10
soatni tashkil gildi.

5). Diffuziya jarayonidan so‘ng namunalarning xona haroratidagi qarshiliklari 188 va 348 Q-cm ga teng bo‘lib, ular kovakli
o‘tkazuvchanlikga ega bo‘ldi.

Natijalar va muhokama. Yangi avlod energiya dispersli rentgen nurlari floresan spektrometrlari bu ikkinchi avlod
Energiya dispersiv rentgen-fluoresans (EDXRF) spektrometrlari bo‘lib, ular tez, sifatli va miqdoriy ko‘rsatkichlarni ta’minlaganligi
bois biz ushbu ilmiy tadgigot ishida foydalanilgan Si tagliklarimizning element tahlilini Rigaku NEX CG Il spektrometri orqgali
tahlil gildik (1-rasm). Spektr tahlilidan ko‘rinib turibdiki boshlang‘ich kremniy taglikda Zn miqdori 0.0010 % massa ulushga ega.
Bu miqdor o‘zgarishi diffuziyadan qariyb 3 baravar oshib, 0.0033 % ga etganligini (b) rasmda keltirilgan rentgen spektr tahlilidan
ko‘rish mumkin. Demak, bundan ko‘rinadiki boshlang‘ich kremniy namunasiga Zn atomlari diffuziya qilinishiga erishilgan. Biroq,
(1-b rasm) spektr tahlilida ko‘rishimiz mumkinki diffuziyadan so‘ng Fe, Ni, va Cu atomlarining ham massa ulushlarining kichik
ortishini ko‘rish mumkin. Bu o°zgarish kremniy taglik namunasining solishtirma qarshiligiga ta’sirini o‘rganish magsadida kremniy
taglikning yakka o‘zi alohida ampulada, tashqi sharoit diffuziya qilingan boshqa ampulalarnikidek, termik gizdirildi. Ushbu
kremniy taglikning Spektral talili (c) rasmda keltirilgan bo‘lib, undan ko‘rish mumkinki kvars ampula va atrof muhitning iflosligi
hisobiga kremniy taglikda begona atomlarning ulushi biroz oshgan, xususan Ni 0.0019 %, Fe 0.0021 %, Cu 0.0069 %, ammo uning
solishtirma qarshiligi deyarli o‘zgarishsiz qolgan.
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I-rasm. Siragliklarvining Rigaku NEX CG II, energiva dispersiv venigen nuilari
Aoresan spektrometri orqali olingan element tahlili. a) Boshlang ‘ich KEF-1
markali Si tagligi, b) shu namunaga Zn diffuziva gilingan helat, ¢c) Boshlang ‘ich
namunani 1150 °Cda 10 soat termik gizdivishdan so ngei holat, d) Rux
atomlarining kremniv taglikka diffuzivasining sxematik tasviri.

Bundan kelib chiqgan holda, diffuziya qilingan kremniy taglikning solishtirma qarshiligi va tashuvchilar tipi o‘zgarishi Zn
atomlarining diffuziyasi bilangina bog‘liq ekanligini aytish mumkin bo‘ladi. Si tagliklarga Zn atomlarini diffuziya qilish natijasida
solishtirma qarshilikni keng diapazonda o‘zgartirish va o‘tkazuvchanlik tipini ham boshqarish imkoniga ega bo‘ldik.

Tekshirilayotgan namunalarning diffuziya jarayonidan oldingi va keyingi asosiy parametlari (solishtirma elektr garshiligi,
harakatchanligi, zaryad tashuvchilar konsentrasiyasi) ularda Xoll effektini o‘lchash orqali aniqlandi. Dastlabki namunalardagi
oksid gatlami, diffuziya gingandan keyingi namunalarda rux atomlari bilan boyigan gatlamlar olib tashlangandan keyin namunalar
yon tomonlariga kumush asosidagi o‘tkazuvchan yelimdan foydalangan holda omik kontaktlar hosil qilindi va tegishli o‘Ichashlar
[12] ishda ko‘rsatilgani kabi amalga oshirildi.

Kremniy namunalarining diffuziya jarayonidan oldingi va keyingi holatlardagi parametrlari quyidagi 1 — jadvalda
keltirilgan. Ushbu jadvalda berilgan diffuziya sharoitida o‘ta kompensasiyalangan namunalarni olishga muvoffaq bo‘linganligi
ko‘rinib turibdi. Kompensirlangan yoki kuchli kompensirlangan namunalar olish uchun diffuziya jarayonining boshqa
parametrlarini o‘zgartirmasdan diffuziya temperaturasini bir oz pasaytirish kerak bo‘ladi.

1-jadval
Namuna p, Q-cm 1, cm?/(V-s) n, sm*
n-Si<P> 1.27 1334 4,63-10%
p-Si<P,Zn> 348,07 338,33 5,24-108
p-Si<P,Zn> 188,44 242,79 1,35-10%

Shuni alohida ta’kidlash kerakki kremniydan elektronlarning chigish ishi legirlovchi aralashma turi va uning
konsentrasiyasiga bog‘liq bo‘ladi. Ushbu tadgiqotlarda biz fosfor atomlari bilan o‘sish jarayonida legirlangan KEF-1 rusumli
sanoat kremniysidan tayyorlangan taglik hamda yuqori temperaturali diffuziya usulida olingan kuchli kompensirlangan p-Si<P,Zn>
namunalaridan foydalandik. Kremniydan elektronlarning chigish ishini quyidagi tenglama orqali baholash mumkin:

qps = qxsi + (Ec — Ep), 1

bu yerda gqys; = 4,05eV —kremniy atomining elektronga vyaqinligi energiyasi va E;— Er —Fermi sathidan

o‘tkazuvchanlik sohasining chegarasigacha bo‘lgan energetik masofa. n-Si<P> holida E; — Er = kTIn(N./Np) ifoda bilan

aniglanadi, bu yerda N¢ o‘tkazuvchanlik zonasining chegarasidagi holatlarning effektiv zichligi bo‘lib, u 300 K temperaturada
N¢=2,8-10"° ¢m™ ga teng, Np esa xona temperaturasida namunadagi elektronlar konsentrasiyasi.

"""""""" Eo b —===-g----g------ K
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U ] i co
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< 2 < g
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0.22 eV ¢
————————————————— E;
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2-rasm. p-Si<P> (a) va p-Si<P,Zn> (b) namunalari uchun hisoblash natijalariga asoslangan
energetik soha diagrammasi.

Solishtirma qarshiligi p=1,27 Q-cm li n-Si<P> (111) namunasi uchun Np=4,63-10'® cm™ va E; — Er = 0,22 eV bo‘lib
elektronlarning chiqish ishi esa 4,27 eV ga teng bo‘ladi. p-Si<P,Zn> (111) namunalari uchun esa Ec—Er=E4—Er—Ev bo‘lib E4—
kremniy monokristallining tagiglangan sohasi kengligi, EF—Ev— esa Er — Ey = kTin(Ny/N,) formula bilan hisoblangan (bu
formuladagi Nv valent sohasining chegarasidagi holatlarning effektiv zichligi bo‘lib, u 300 K temperaturada Nv=1,0-10'° cm ™ ga
teng, N4 esa xona temperaturasida namunadagi kovaklar konsentrasiyasi. Xona haroratidagi solishtirma elektr qarshiligi p = 348,07
Q-cm bo‘lgan p-Si<P,Zn> namunasida N, = 5,24 - 103cm~3 Er — E;, = 0,31 eV bo‘lib namuna uchun elektronlarning chiqish
ishi 4,86 eV ga teng (2-rasm). MOY strukturalarda vujudga keladigan “o‘rnatilgan potensial” metall va yarimo‘tkazgichlarning
chiqish ishlari ayirmasiga teng bo‘ladi. Kremniyning chiqish ishi, ya’ni Fermi sathidan to vakum chizig‘igacha bo‘lgan energiya
oralig‘i, unga legirlangan kirishma turi va konsentrasiyasiga bog‘liq bo‘ladi. n-Si<P> kremniy taglikning chigish ishi va
harakatchanlik tipini unga Zn atomini yuqori haroratda diffuziya gilish orgali boshgarish mumkin ekanligini va bu bilan MOY
strukturalarda hosil bo‘ladigan. O’rnatilgan potensial qiymatini va uning yo‘nalishini boshqarish imkoniyati paydo bo‘layotganini
da’vo qilish mumkin. la-rasmga ko‘ra, n-Si<P> kremniy taglikning o‘tkazuvchanlik turi n-tip bo‘lib, chiqish ishi 4.27 eV ga teng
bo‘ladi, ya’ni ushbu taglik asosida chiqish ishi 4.27 eV dan katta bo‘lgan metallardan foydalangan holda MOY srtukrurasini hosil
qilganda, Shottki to‘siqli struktura vujudga keladi. Ammo, ushbu taglikka Zn atomlari diffuziya qilish orqali kuchli
kompensirlangan kremniy sintez gilingan uning o‘tkazuvchanlik turi p-tip va chiqish ishi 4.86 eV ga teng bo‘lgan va ushbu kuchli
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kompensirlangan kremniy taglik asosida chiqish ishi 4.86 eV dan kichkina bo‘lgan metallar bilan MOY struktura olinganda Shottki
to‘siqli, biroq dastlabki holatdagiga nisbatan teskari yo‘nalgan potensial maydon hosil qilish mumkin bo‘ladi.

Xulosa. Solishtirma garshiligi ~1 Q-cm bo‘lgan n-Si<P> kremniy tagligiga vakuumda Zn atomlarini diffuziya qilish orqgali

solishtirma garshiligi ~348 Q-cm bo‘lgan kuchli kompensirlagan kremniy, o‘tkazuvchanlik turi n-tipdan p-tipga o‘zgargan, va bu
bilan uning chiqish ishi ham 4.27 eV dan 4.86 eV ga o‘zgaradi. Bunday kuchli kompensirlangan kremniy tagliklar yordamida
o‘rnatilgan potensial kattaligi va potensial maydon yo‘nalishi turlicha bo‘lgan gibrid MOY strukturalar hosil qilish mumkin bo‘ladi.
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QUANTUM-CHEMICAL CALCULATION OF SizMnS IN THE MATRIX OF SILICON
Annotation

Model of Si2MnS (hypothetical) structure similar to the cubic structure of F43m-B-MnS has been proposed and quantum-
mechanically calculated. Eg~ 0.22 eV energy gap of the Si2MnS structure obtained in the course of quantum chemical numerical
calculation of position of elektrons and the level Ei ~ 0.226 eV revealed during the study of the photoconductivity of the Si<Mn,
S> sample, were compared. Further thorough theoretical studies, detailed quantum chemical calculations and experiments in the
field of engineering a novel class of hybrid compounds with a cubic lattice of diamond type with the participation of elements of
groups IV/I11-V and IV/11-V1, could help predict new structures.

Key words: Model, quantum-mechanical calculation, nonisovalent compound, singly crystal silicon, manganese, Sulphur,
photoconductivity.

KBAHTOBO-XUMHWYECKHUI PACUET CTPYKTYPBI SizMnS B BA30BO MATPHUIIE KPEMHU S
AnHoTanus

TpencraBieHa MOJENb M PE3YJIbTAThl KBAHTOBO-XHMHYECKHX PAacyeTOB CTPYKTYpHI (THIOTeTHYeckoil) Si2MnS mo aHamoruu c
KyOuueckor ctpykrypoir F43m-B-MnS. CpaBHEHBI TONMydeHHBIE NPH KBAHTOBO-XHMMHUYECKOM YHCICHHOM PacdeTe IOJOKEHHS
JNEKTPOHOB pazmep wenu Eg ~0,225B crpykrypsl Si2MnS u ypoBenb Ei=0,2265B, BBIBICHHBIH NIpH HCCIEIOBaHUH
¢doronpoBogumocT o6pasma Si<Mn,S>. Tlo MHEHHIO aBTOPOB yriyOJIEHHBIE TEOPETHYECKHE HCCIIEMOBaHMs, ICTalbHBIC
KBAaHTOBO-XMMUYECKHE PACcUeThl U SKCIIEPUMEHTHI B 001aCTH CO3JaHUs HOBOTO Kilacca THOPUAHBIX COCOMHEHHH ¢ KyOMIecKoit
pemeTkoil Tuma anMasza ¢ ydactuem snementoB rpyma IV/I-V u IV/11-V] 1o3BoisT B qajbHeiIeM CIPOrHO3UPOBATh HOBBIC
CTPYKTYPHI.

KnroueBbie cioBa. Mojernb, KBaHTOBO-XMMHUECKUIT pacyeT, HEM30BAICHTHOE COCANHEHHE, MOHOKPHUCTAIUINYECKUI KPEeMHUH,
Maprasett, cepa, GOTOnpoBOIUMOCTb.

KREMNIY KRISTALL PANJARASIDA SizMnS STRUKTURASINING KVANT-KIMYOVIY HISOBI
Annotatsiya

Ushbu magqolada Si-MnS (faraz sifatida) strukturasining modeli va kvant-kimyoviy hisoblash natijalari F43m-p-MnS kubik
strukturasiga o‘xshashlik asosida tagdim etilgan. Kvant-kimyoviy hisoblash natijasida olingan elektronlarning joylashuvi, SiMnS
strukturasining Eg =~ 0,22 eV tagiqlangan soha energiya va fotoo‘tkazuvchanlik bo‘yicha o‘tkazilgan tadqiqotda aniglangan Ei =
0,226 eV sathi taggoslangan. Olmos turidagi kubik panjaraga ega IV/I11-V va IV/11-VI guruh elementlari ishtirokidagi yangi gibrid
birikmalar sinfini yaratish sohasida chuqur nazariy tadgigotlar, batafsil kvant-kimyoviy hisoblashlar va tajribalar kelgusida yangi
strukturalarni bashorat gilish imkonini beradi.

Kalit so‘zlar. Model, kvant-kimyoviy hisob, izovalent bo‘lmagan birikma, monokristall kremniy, marganes, oltingugurt,
fotoo‘tkazuvchanlik.

Kirish. So‘nggi vaqtlarda kichik miqdordagi nugsonlardan tashkil topgan komplekslarni maqgsadli shakllantirish, asosiy
material va kiritilgan kirishma atomlarning asosiy panjaradagi tartibli joylashuvi hamda ular o‘rtasidagi gisman ionli va qisman
kovalent o‘zaro ta’sirlashuvlar tufayli yarimo‘tkazgich tuzilmalarining funksional parametrlari yaxshilanishi va ularning
xususiyatlarini boshgarish imkonini bermogda.

Jumladan, istigbolli yo‘nalishlardan biri monokristall kremniyning funksional imkoniyatlarini izovalent bo‘lmagan
birikmalar yordamida kengaytirish hisoblanadi. Mazkur jarayonda Si2A""BV' turidagi fazalarga ega kubik panjara kremniy (Si) va
sfalerit (ZnS, kubik modifikatsiya) gibridini ifodalaydi.
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Nazariy tadgiqotlar, kvant-kimyoviy hisoblashlar va tajribalar dunyoning yetakchi universitetlari va ilmiy-tadgigot
markazlarida, olmos turidagi kubik panjaraga ega yangi gibrid komplekslar sinfini yaratish sohasida olib borilmoqgda. Jumladan,
[1, 2]-manbalarda Si-I\V/111-V va Si-IV/11-V1 birikmalarini noan’anaviy sharoitlarda o‘stirish orqali kremniy asosidagi optik sezgir
materiallarni olish imkoniyatlari ko‘rib chiqilgan. Ushbu ishlarda tadqiqotchilar, Si2AIP yoki Si2ZnS kabi «gibrid» fazalar asosiy
matritsaning panjara doyimiylariga yaqin bo‘lib, Si atomi atrofidagi mahalliy kimyoviy tartibni boshqariladigan mukammal
materiallar bo‘lishini taxmin qilmoqdalar. Yuqorida qayd etilgan ishlarda birlamchi tamoyillar asosida hisoblashlar olib borilib,
kimyoviy tartibning izovalent bo‘lmagan qattiq eritmalarini elektron va optik xususiyatlariga ta’siri muhokama qilingan. Shu
munosabat bilan, ushbu tadgigotda mualliflar F43m-B-MnS (sink sulfidi) kubik strukturasiga o‘xshash Si-MnS (1-rasm) faraziy
strukturasi uchun model yaratish va kvant-mexanik hisoblashlarni amalga oshirishni magsad qilib qo‘yganlar.

Mualliflarni bu kabi hisoblashlarni amalga oshirish va solishtirma tahlilga ilhomlantirgan omil mazkur yo‘nalishda olib
borilgan qator qizigarli ishlar bo‘lgan. Jumladan, [3]-manbada SiN/Mn past darajada legirlangan eritmalarni modellashtirish uchun
(N+1)-qatlamli tetragonal o‘tapanjara ishlatilgan, ular N ta kremniy bir qatlamidan va bitta marganes molekulyar qatlamidan iborat
edi. Hisoblashlar uch xil strukturaviy konfiguratsiya uchun bajarilgan bo‘lib, marganesning joylashuvi va molekulyar holati
o‘zgarib borilgan. Bunda marganes atomlari tugunlarni (1-konfiguratsiya), tugunlararo bo‘shliglarni (2-konfiguratsiya) va aralash
joylarni (3-konfiguratsiya) egallagan. Qatlam qalinligi N=7, 11, 15. . . ya’ni, marganesning molekulyar qatlamlari 7 dan 31 gacha
o‘zgarib borgan. Elementar panjara birligi vektorlari a, b va ¢ kristallografik [110], [110] va [001] o‘qlariga muvofiq yo‘naltirilgan,
bunda a = b = as/\2 va ¢ = asi(N + 1)/4, bu yerda asi = 5,46 A — olmos turidagi kubik tuzilma uchun kremniyning muvozanatli
panjara doyimiysi. [3]-manbada maqbullashtirish uchun Vienna ab initio Simulation Package (VASP) dasturiy modeli qo‘llanilgan
bo‘lib, bunda almashuv-korrelyatsion potentsialga umumlashtirilgan gradient yaqinlashuvi qo‘llanilgan. Elektron-ion o‘zaro
ta’sirlari qo‘shilgan tekis to‘lqinli psevdopotensiallar orqali elektron to‘lqin funksiyalari esa 500 eV energiya chegarasiga ega tekis
to‘lqinlar yordamida tasvirlangan. Ushbu ishda mualliflar bunday eritmalarning magnit va struktura xususiyatlari o‘rtasidagi
bog‘liglikni o‘rganganlar. Magbullashtirishdan so‘ng mualliflar uchta konfiguratsiyada Mn atomlarining joylashuvida siljishlarni
aniqlashdi. Siljishlar esa 0‘z navbatida materialning strukturaviy xususiyatlarini o‘zgartirdi. Magnit xususiyatlarni tadqiq gilishda
almashuv o‘zaro ta’sirlari ham hisobga olingan. Uchta konfiguratsiya uchun spin-polyarizatsiyalangan elektron holatlarining
zichliklari hisoblangan.

Model yaratish va tadgiqot usullari. Yuqorida ta’kidlanganidek, modellashtirish va kvant-mexanik hisoblashlar uchun
F43m-B-MnS (sink sulfidi) kubik tuzilmasini - Si-MnS faraziy strukturasi (1-rasm) tanlab olindi.

Hisoblashlar quyidagi dasturlar yordamida amalga oshirildi: zichlik funksional usuli (DFT) uchun mo‘ljallangan bepul
dasturiy ta’minot Abinit, yarimempirik hisoblashlar uchun notijorat GAMESSPC dasturi, shuningdek erkin tarqatiladigan
ViewMol3D va Molekel dasturlari. Tekshirilayotgan strukturani grafik shaklda yaratish uchun Hyper Chem Lite 3.0.1 evaluation
dasturi ham ishlatildi.

Mavjud kvant-kimyoviy va molekulyar-dinamik usullardan foydalangan holda kub ichiga joylashtirilgan, muntazam
tetraedrning uchlarida joylashgan to‘rtta atomi bilan olmos panjarasining Si tuguni, shuningdek, olmos turidagi panjara strukturasi
qurildi. Si uchun quyidagi panjara parametrlari o‘rnatildi:
a=5,43095 A, d(A-B) =2,35167 A, d(A-A) = 33,84026 A.
Si

Mn

(

K: Mn ﬁ/qg
‘::‘«’ S(?Gf “s| ;SI
s A () %\)SI

Si R
1

1-rasm. Sfalerit turidagi kubik F43m-$-MnS
tuzilmasi (SizMnsS).

Natijalar va muhokama. Ma’lumki, izolyatsiya qilingan Mn ioni magnit momenti 3 puB ga teng bo‘lib, odatda Si
panjarasida tetraedr ichida tugunlararo joyni egallaydi va donor sifatida harakat giladi. Ayni paytda, agar Mn panjaraning
tugunlarini egallasa, u 3d holatlarini Si ning 3 (s,p) holatlari bilan kuchli gibridlashtirib, akseptor sifatida namoyon bo‘ladi [4-6].
Biroqg, past darajada legirlangan Si:Mn eritmalari holati ancha murakkab va aniq bir talginga ega emas. Ushbu materiallar ularning
ferromagnit holati taxminan 400 K atrofidagi haroratlarda ko‘rib chiqilganidan so‘ng o‘ziga xos qiziqish uyg‘otgan [7].

Past va o‘rtacha Mn tarkibli (0,5 dan 17,5 a. E. % gacha) past darajada legirlangan Si:Mn gattiq eritmalarning magnit va
rentgen-strukturaviy xususiyatlarini yanada sinchkovlik bilan o‘rganish, legirlash jarayonini nazorat gilishning imkonsizligi va
natijalarni qayta takrorlash qiyinligi sababli ushbu tizimlar keng oraligda notekis bo‘lishi ko rsatadi. Natijada, Mn ionlari nafagat
panjaraning tugunlarini va tugunlararo joylarni egallashi, balki turli xil molekulyar klasterlar va qattiq fazadagi birikmalarni hosil
qgiladi.

VI-guruh elementlaridan biri sifatida, almashtirish holatida joylashgan oltingugurt (S), atrofdagi to‘rtta kremniy atomi bilan
sp*-gibrid bog* hosil giladi. Shu bilan birga, ortigcha ikkita elektron kremniyning tagiglangan sohasiga ikkita sathini kiritadi.

Shunday qilib, quyidagilar:

1. Olmos turidagi kremniy kubik panjarasiga o‘xshash tabiatda mavjud F43m-B-MnS (sink sulfidi) kubik tuzilmasi;

2. Mn va S atomlarining Si kristall panjarasi tugunlarini almashtirish holatlarini tasdiglovchi tajriba dalillar;

3. Hisoblash resurslari va kvant-mexanik uskunalarning mavjudligi;

)
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4. Legirlash jarayonlarini boshqarish usullarining takomillashuvi (aynigsa, yaqin o‘tmishda 3-legirlash deb nomlanuvchi
usul yordamida legirlovchi aralashmaning joylashuvini yuqori aniqlik bilan boshqarish texnikalari ishlab chigilgan bo‘lib, bunda
aralashma materialning asosiy matritsasiga panjara doyimiylariga muvofiq holatda kiritiladi [8])

ushbu kabi strukturalarni nazariy modellashtirish, hisoblash, kremniyni marganes va oltingugurt bilan tajribada legirlash,
tajriba ma’lumotlarni hisoblash natijalari bilan tagqoslash va kelajakda shunga o‘xshash strukturalarni bashorat qilish imkonini
beradi.

Kvant-kimyoviy hisoblash natijalari va tahlillar. Katta hajmli kremniy panjarasida (QMK) kvant-kimyoviy hisoblashlar
paytida, bo*shliqda joylashgan tetraedr tugunlaridagi atomlar va Si2A""BV! turidagi izovalent birikmalar bo‘Igan mahalliy elementar
panjaralar «gibrid» kremniy kubik panjarasi (Si) va sphalerit (ZnS, kubik modifikatsiya) birikmasini ifodalaydi. Shuningdek,
Si2A"BV! birinchi koordianatsion sohada alohida mahalliy katakcha va butun shartli cheksiz davriy panjara o‘rtasidagi hisoblashlar
bir xil deb taxmin gilinadi.

Birog, monokristall kremniy ichida izovalent bo‘lmagan aralashmalarga ega alohida elementar yacheykalarda atomlar
orasidagi masofa to‘liq hajmli, legirlangan davriy strukturadagi atomlar orasidagi masofadan farq giladi. Bu o‘z navbatida xaqiqiy
tajribalarda kuzatiladigan holatga mos keladi. Bundan tashqari, cheksiz kremniy panjarasidagi mahalliy Si2MnS yacheykalarda,
oltingugurtning 3p? elektronlari marganes atomiga o‘tishi natijasida yuzaga keladigan zaryad farqi qo‘shni atomlar bilan o‘zaro
ta’sir orqali qoplanadi. Ammo alohida Si-MnS yacheykalarsida bu zaryad farqi qo‘shni atomlar bilan koplanmaydi, shuning uchun
bu holat kvant-mexanik hisoblashlarda alohida e’tiborga olinishi zarur.

Oc‘tkazilgan hisoblashlar natijasida SioMnS yacheykalarlariga ega Si panjarasi zaryad holatlari va elektrostatik potensial
qiymatlari negiz Si panjarasidan sezilarli farq gilishini ko‘rsatdi. Mn atomlari tugunlarda manfiy zaryad, S atomlari esa musbat
zaryad oladi, bu esa ikki atom orasida ion xususiyatlariga ega bo‘lgan bog® hosil bo‘lishiga olib keladi. Natijalar ushbu
birikmalardagi bog‘ning qisman ionli va qisman kovalent xususiyatga ega ekanligi haqidagi nazariyani tasdiqlaydi.

Shuningdek, SiMnS strukturasi uchun elektron spektr hisoblashlarnii o‘tkazilib, yutilish cho‘qqisi 2,65 eV, 2,39 eV, 2,28
eV, 2,0 eV, 1,8 ¢V va 1,01 eV energiyalarga to‘g‘ri kelishi aniqlandi. Valent elektronlarning holati bo‘yicha o‘tkazilgan
hisoblashlar SizMnS strukturasidagi taqiqlangan soha energiyasi Eq = 0,22 ¢V ga teng ekanligini ko‘rsatdi. Bu HOMO (0,1431 eV)
va LOMO (0,0811 eV) orbitallarining giymatlari bilan tasdiglanadi.

Shuningdek Si<Mn, S> namunalarining (boshlang‘ich material KDB-1, p=1 Om-cm) fotoo‘tkazuvchanligining spektr
bog‘liqligini ham o‘rganib chiqdilar. Namunalarning fotoo‘tkazuvchanligi qorong‘ilikda va odatiy chiroq nuri ta’sir qilganda tashqi
kuchlanish 2 V bo’lganda nurlanish energiyasi hv = 0,226 eV da boshlanishi kuzatildi [8].

Natijalar SizMnS strukturasida kvant-kimyoviy hisoblash natijasida aniglangan tagiglangan soha energiyasining giymati
Eg=|LOMO - HOMOI=0, 22 eV tajriba natijalarida, ya’ni fotoo‘tkazuvchanlik tadgigotida aniglangan Ei=0,226 eV sathi bilan
ma’lum darajada mos kelishini ko‘rsatadi. Mazkur sath donor sathidan o‘tkazuvchanlik sohasiga elektronni o‘tishi bilan bog‘liq
bo‘ladi.

Xulosa. Olmos turidagi kubik panjaraga ega, 1V/I11-V va IV/I1-VI guruh elementlari ishtirokidagi yangi gibrid birikmalar
sinfini yaratish sohasida chuqur nazariy tadgiqotlar, batafsil kvant-kimyoviy hisoblar va tajribalar kelgusida yangi strukturalarni
bashorat gilish imkonini beradi.

Mazkur yo‘nalishda bunday birikmalarning xususiyatlarini matematik modellashtirish va sonli hisoblash usullari
yordamida yanada chuqur o‘rganish va basharot qilish katta ilmiy ahamiyatga ega.

Shu bilan birga, monokristall kremniy asosidagi bunday materiallarning struktura va elektr-fizik xususiyatlarini tajribada
tadqiq qilish, Si-1V/111-V va Si-IV/I1-VI turidagi birikmalarni faraziy hosil giluvchi aralashma atomlar bilan legirlangan kremniy
parametrlarining imkoniyatlarini kengaytirishga xizmat giladi. Bundan tashqari, mazkur yondashuv kremniy materiali asosida
impulslar fazoviy chegarasida mutloq minimum koordinatalarga ega bo‘lgan materialni olish ehtimolini oydinlashtirishga yordam
beradi.

Shu bilan birga, bunday strukturalarning elektron xususiyatlari kremniy panjarasida aralashma atomlarining tartibli yoki
tasodifiy joylashuviga garab farq gilishini hisobga olish lozim.
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ELECTRONIC SPECTRA AND PHYSICOCHEMICAL PROPERTIES OF 7-HYDROXYCOUMARIN DERIVATIVES
USING DFT AND TD-DFT METHODS
Annotation

Using DFT and TD-DFT methods with the B3LYP/6-311++G (d,p) hybrid functional, the dye molecule was optimized, and the
charge distribution and dipole moments in the ground (ug) and excited (ue) states were calculated. Additionally, the chemical
potential (u), electronegativity (x), and chemical hardness () were evaluated. The low values of the chemical potential for the
cationic form of 7-hydroxycoumarin indicate that the cation is more stable and less reactive compared to other forms. The
calculations show that the neutral form of the dye molecule has a high chemical hardness, which indicates its low donor ability in
this form.

Key words. 7-Hydroxycoumarin, cation, anion, tautomer, charge, dipole moment, DFT, electrophile, nucleophile.

JIEKTPOHHBIE CHEKTPBI 1 ®U3UKO-XUMHAYECKHUE CBOMCTBA IIPOU3BOIHBIX 7-
I'NAPOKCUKYMAPHUHA, UCCIEJOBAHHBIE METOJAMM DFT U TD-DFT
AHHOTanUs

C momompio metonoB DFT u TD-DFT ¢ wucnonp3oBanmeM rtubOpumHoro ¢yaknuonasa B3LYP/6-311++G(d,p) Obiia
ONTHMH3HMPOBAaHA MOJICKYJIa KPAacHTElsl, PACCUNTAHO paclpelesieHHe 3apsiioB M JAUIOJIbHBIE MOMEHTHI B OCHOBHOM (lg) M
B030Y)KICHHOM (le) COCTOSIHUSIX. Taxoke OBUTH OI[EHEHBI XUMHYECKHUH MTOTEHIHA (L), IeKTPOOTPUIIATENEHOCTS () M XUMHUYECKast
JKECTKOCTH (1)). Hu3Kue 3HaYeHHs XUMHIEeCKOTo TOTEeHINaaa KaTHOHHOH (opMBI 7-THAPOKCHKYMapHHa yKa3bIBAaIOT Ha TO, YTO B
CpPaBHEHMH C JpyrMMH (OpMaMH MOJIEKyla B KaTHOHHOM COCTOSHHM SBJIAeTCS Oosee CTaOMIBHOW H  MeHee
PEaKIMOHHOCTIOCOOHOH. PacuéThl MOKa3bIBaIOT, YTO HEWTpaitbHas GOopMa MOJIEKYIIBI KpACHTENs 00JIaTaeT BEICOKOW XHMHUYECKOU
JKECTKOCTBIO, UYTO CBUAETENHCTBYET O HU3KOH TOHOPHOM CIOCOOHOCTH MOJIEKYJIBI B JAHHOH (opme.

KunroueBsbie ciioBa. 7-rHIpOKCUKYMapyH, KATHOH, aHHOH, TAyTOMep, 3apsi, AUNOoNbHbIH MoMeHT, DFT, anektpodw, Hykieodu.

DFT VA TD-DFT USULLARI YORDAMIDA 7-GIDROKSIKUMARIN HOSILALARINING ELEKTRON
SPEKTRLARI VA FIZIK-KIMYOVIY TAVSIFI
Annotatsiya

DFT va TD-DFT usullari yordamida B3LYP/6-311++G (d,p) gibrid funksionalidan foydalangan holda bo‘yoq molekulasi
optimallashtirildi, zaryadlarning tagsimlanishi va dipol momentlari asosiy (g) va uyg‘ongan (pe) holatlarda hisoblab chigildi.
Shuningdek, kimyoviy potensial (), elektrmanfiylik (y) va kimyoviy qattiglik (n) baholandi. 7-gidroksikumarin kation shaklining
kimyoviy potensialining past giymatlari ushbu shaklning boshqga turlarga nisbatan bargarorroq va kamroq reaktiv ekanligini
ko‘rsatadi. Hisoblashlar bo‘yoq molekulasining neytral shaklida kimyoviy qattiglik yuqori ekanligini ko‘rsatadi, bu esa ushbu
shaklda molekulaning donorlik gobiliyatining pastligidan dalolat beradi.

Kalit so‘zlar. 7-Gidroksikumarin, kation, anion, toutamer, zariyad, dipol moment, DFT, elektrofil, nukleofil.

BBenenue. 7-THOPOKCHKYMapWH H €r0 IPOW3BOJHBIE HAXOAATCS B LEHTPE MHOTOYHCIEHHBIX TEOPETHYECKHX U
OKCIIEPUMEHTAIBHBIX HCCIEAOBAHUI ONlaroqaps X MHPOKOI 00JIaCTH MPUMEHEHHS W YyBCTBUTEIBHOCTH K PACTBOPHTENIO. DTH
COCIMHEHUsI 00JIaafoT CIIOCOOHOCTHIO TOTJIOMIATh B ONMKHEM yIbTPa(HOIIETOBOM TUana3oHe W (IyopecuupoBaTh B CHHEE-
3eneHoi oOxactu. [103TOMY OHHM aKTHBHO HCIOJB3YIOTCS B Pa3lIMYHBIX OOJACTSX B KadecTBe (UIyopodopoB, BKIFOYAsS
OuoJIOrHUeCcKHe 30H]IbL, JTa3epHbIe KPACUTENH, COTHEYHbIE TaHEIU U XUMU4ecKue ceHcops! [1,2]. KpoMe Toro, ux 31eKTpOHHBIE U
ONTUYECKHE CBOMCTBA 3HAUNTENHHO 3aBUCST OT BO3AEHCTBUS PACTBOPUTEIIS, YTO MOXKET IIPUBOJUTH K CTPYKTYPHBIM H3MEHEHHUSM,
0COOCHHO B KHCJIBIX U OCHOBHBIX cpezax [3,4].

Paznuunble GopMbl MOJEKyJIbl 7-THAPOKCHKYMapuHa (HeWTpaibHas, KaTHOHHAs, aHHMOHHAas W TayTOMEpHas) MOTYT
MOJIBEPTaThCs CIIEKTPATBHBIM B (HOTOXUMHIECCKAM H3MEHEHHUSIM T0]T BO3JICHCTBHEM OKpYKaromiei cpenpl. HamprumMep, kaTnoHHast
(hopma ¢ GoJbIIel BEpOATHOCTBIO 00pa3yeTcst B KUCIION cpelie, Torna Kak aHHOHHAs (popMa rmpeobiragaeT B MIETOYHBIX YCIOBHSIX.
Takue npouieccsl IPOTOHUPOBAHUS U JEMPOTOHUPOBAHUS MOTYT 3HAUUTEIBHO BIUATH HA ONTUYECKHE CBOMCTBA MOJIEKYJIBI.

Meronst DFT u TD-DFT sBasitoTCS COBPEMEHHBIMHU BBIUMCIUTENBHBIMA IOJXOJaMH, MO3BOJSIONIMMUA TOYHO
MOJIETIMPOBATh 3JIEKTPOHHYIO CTPYKTYPY M ONITHYECKHE CBOMCTBA, M MX IPUMEHEHHE B UCCIIEIOBAHUAX IPOJOKAET PACUIUPSITHCS
[5]. Hoaxon TD-DFT nemoHcTpHpyeT XOpollee COOTBETCTBHE C 3KCIEPUMEHTAIbHBIMU JaHHBIMH M 00O€cleunBaeT HaJle)KHbIe
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pe3yabTaThl MPU ONIPENETIeHUN CICKTPAITBHBIX XapaKTEepUCTHK. B TaHHOM HCClIeOBaHUM IIPOBEAEHBI KBAaHTOBO-XHMHUYECKHUE
pacdeTsl, a OIy4eHHbIE PE3YJIbTAaThl COMOCTABIEHBI C AKCIIEPUMEHTAIBHBIMU JAHHBIMH, HUMEIOIIUMUCS B JINTEPATYpE.

OTOT TeopeTHdecKuif METOA MOJEIMPOBAHMS MO3BOJSIET IIIyOXKe MOHATH CHEKTpalbHbIE U (POTOXMMHYECKHE CBOMCTBA
MoseKynbl. [TomrydeHHbIe pe3yabTaThl IOMOTYT U3Y4UTh BIMSHUE PACTBOPUTEIS U COCTOSIHUS IPOTOHUPOBAHUS Ha MOJIEKYIISIPHYIO
CTPYKTYpY, a Takke OOBSICHUTh JKCIIEpHMEHTalbHble HaOmomeHHsa. bomee Toro, pe3ymbTaThl HCCIEOBAaHHS MOTYT HMETh
MpaKTUIECcKoe 3HaYEeHHE JUTS pa3pabOTKH ONTHIECKUX MAaTEPHAIIOB, OHOJIIOTHIECKHX CEHCOPOB M (hIIyOpO(hOPHBIX CUCTEM.

Metoanka M TeXHHKA JKCIePUMeHTa. PacueThl BHITOIHEHHI ¢ HCIOJIb30BaHneM TporpaMMel Gaussian09. s u3ydeHns
ONITHMH3AIMN MOJICKYJISIPHOH T€OMETPUH B OCHOBHOM (So) 1 BO30YKIAEHHOM (S1) 3JIEKTPOHHBIX COCTOSIHHUSX MPUMEHSIICS METOT
DFT (dbynxumonanx B3LYP u 6asuchsrit Ha6op 6-311++G(d,p)). [ aHamm3a ONTHYECKUX CBOHCTB MIPOBEAEHBI pacyeThl METOJIOM
TD-DFT. BausHue pacTBopuTeneii MOAETHPOBANOCh ¢ ucross3oBanueM Merona PCM [6]. Ha puc.]1 npeactaBinena xummuyeckas
CTPYKTYpa UCCII€I0OBAaHHBIX COETUHEHUH 7-THAPOKCUKyMapHHa.

\ \ Pucynox 1. Xumuueckue
cmpykmypel  monekyn  7-

2UOPOKCUKYMAPUHA,
UCNONb306AHHBIX 6

HO o) o) HO o) 6[‘[ UCCIeO0BAHUL: HEUMPATbHAS
Gopma (1),  kamuonnas

1 2 popma (2), anuonnas popma
(3), maymomepnas ¢popma

X = @.
O O (0] O O OH
3 4

PesyabTatel u o6cyxaenne. s OOBSICHEHWS NPHPOABI HAOMIOZAEMBIX SIBIECHHH CHadala IpoaHAIM3HPyeM
pacnpesenaeHe IEKTPOHHOH IIOTHOCTH ¥ MOPSIJIOK CBSI3eH MEXIy pa3iIMYHBIMHE (opMaMH MOJIEKYJIbl 7-THIPOKCHKYMapHuHa Ha
OCHOBE Pe3y/IbTaTOB KBAHTOBO-XMMHUECKUX pacdyeToB (Tabmuma 1).

PesynbraTel pacueToOB IIOKA3bIBAIOT, YTO B HEHUTpaJbHOH (opMe pacnpeneiieHHe 3apsIoB Ha aToMax sBISETCS
OTHOCHUTEIBHO CTa0MJIBHBIM, TOTJa KaK B HOHHBIX (popmax HaOMIOAIOTCsA 3HAYUTENbHBIE M3MEHEHus. B anmonHON (opme
BBEJICHUE JIOMOIHUTEIBHBIX 3JEKTPOHOB MPUBOAUT K YBEIHYECHHIO OTPHUIATEIFHOTO 3apsa Ha HEKOTOPHIX aTOMax, TOT/a Kak B
KaTHOHHOH (hopMe MOTeps SIEKTPOHOB BBI3BIBACT YCHJICHHE MOJIOXKHTEIBHOTO 3apsija. B 4acTHOCTH, M3MEHEHUs IUIOTHOCTH
3apsga HaOJIFOJAIOTCST HAa aTOMaxX KHCIOpoJa B KapOOHMIBHOHM M THAPOKCIIBHOH TPYIIax, YTO OKAa3bIBA€T HEMOCPEICTBEHHOE
BIIMSIHUAE Ha XUMUYECKHE U (pU3NIecKue CBOHCTBA MOJICKYIIBL.

CpaBHeHHEe JUIMH CBs3el ITOKa3ano, YTO IIPOIECC MOHM3AIUHM OKa3blBaeT 3HAYMTEIBHOE BIHMSHHE HA CTPYKTYpHBIE
napaMeTphsl MOJIEKyIIbL. B HelirpansHoii popme mmmHb ceszeit C1-C2 u C2—C3 cocrasnsror 1.415 A 1 1.385 A cootsercTBenHO,
TOrJla KaK B KaTHOHHOM (popMe TH CBS3M OCTAIOTCS NMPAKTUYECKH HEM3MEHHBIMU. B aHMOHHOI (opMe ke OHM YIUTMHSIOTCS 10
1.462 A u 1.448 A (tabmuma 1). DT U3MeHEHHs CBSA3aHEI C MEpepacIpeeeHHEM T-3IEKTPOHHON CHCTEMEI, IIPH KOTOPOM B
AQHMOHHOW ()OpPME YCHIIMBAETCS IEIOKATN3aNus, YTO MPUBOINT K YIUTMHEHHUIO cBsizell. B katnonHo# Gpopme mmHa cszu C2-012,
COeAMHSIOME KapOOHWIBHBIA aTOM KHCIOPOJa, COKpalIaeTcs IO CPaBHEHHIO C HeWTpanbHOW (opMoH, WTO CBS3aHO CO
CHIDKCHHEM TIOTHOCTH BJIEKTPOHOB B IaHHOM TpyIIie U OCIabiIeHneM T-pe30HaHCHOTO 3¢ dekTa. B TayromepHoit popme mmmHa
9TOH CBSA3M yMEHBIIAETCS eIie OOJBINe, YTO OTPAaXKaeT IepepacipesielieHIe MEeKTPOHHON IUIOTHOCTH B PEe3yNbTaTe IepeHoca
npotoHa. [Ipu 3TOM HEKOTOpbIE CBSI3HM OEH30IMPOHOBOIO KOJIBIA YIUIMHSAIOTCS, YTO CBHAETENBCTBYET O BO3PACTaHUM
JIeIIOKAJI3aLMH 3JIEKTPOHOB.

AHanm3 BaJCHTHBIX YIJIOB TAKKe MOKa3all 3HAYNTENbHbIe M3MEHEHHs MEXIy MOHHBIMU M TayTOMEpHbIMH (opMamu. B
HeliTpanbsHON (opme yron C2—C1-C6 cocraBnsier 119.56°, Torna kak B aHHOHHOH (opMe OH yBennuuBaeTcs 1o 122.22°. 3to
pacimupenue MoeT OBITh CBA3aHO ¢ epepactpeieleHneM >IeKTPOHHOH IIIOTHOCTH B aHHOHHOH (hopMe, IpH KOTOPOM MOJIEKyIa
CTPEMHUTCS CTaOMIIM3UPOBATE CBOIO MPOCTPAHCTBEHHYIO KOoHHTyparuio. B To ke Bpems yron C1-C2—C3 B HeliTpanpHOU hopme
paseH 120.80°, ocraercs MpakTUYEeCKH HEM3MEHHBIM B KaTHOHHOW (opme, HO ymeHbmmaercs 1o 115.10° B aHHOHHOH dopme
(Tabmuma 1). OTo CBHIETENBCTBYET O Je(opMalii TeOMETPHN MOJIEKYJIBI BCIIEICTBHE JIOKATIM3ALUH IEKTPOHOB.

B TayromepHoi#i (hopme BaJeHTHBIE YIJIbI M3MEHSIOTCS elie Oojiee 3aMeTHO, 0COOSHHO B 00JAacTH KapOOHMIBHOHN M
ruApoKcHiIbHOM rpynm. Hampumep, yron O7-C8-011 B HelitpanbsHoii ¢opme cocrapiser 117.53°, Toraa kak B TayToMepHOU
¢dopme oH cokpamaercs 10 109.56° (tabmuua 1). DTo ykas3blBaeT Ha MEPECTPOMKY MOJEKYJSIPHOH CTPYKTYpPBI BCIEACTBHE
MPOTOHHOTO MEPEeHOCa U IOBBIIIEHNE PEaKI[HOHHON CHOCOOHOCTH THPOKCHIIBHOMN IPYIITBL.

Tabnuya 1. 3apsaovl, Onunvl céasell U 8aieHmuule yenvl 7-2UOPOKCUKYMAPUNA 8 OCHOBHOM COCMOAHUU

Atom Neytral Kation Anion Tautomer Atom Neytral Kation Anion Tautomer
C1 0.211 0.299 0.256 0.367 Cl-C2 1.415 1.418 1.462 1.475
c2 -0.580 -0.594 -0.651 -0.606 Cl1-C6 1.402 1.372 1.367 1.352
c3 -0.604 -0.715 -0.479 -0.505 c2-C3 1.385 1.399 1.448 1.461
C4 -1.853 -1.881 -1.528 -1.580 C2-012 1.364 1.335 1.255 1.233
C5 2.307 2.294 1.984 2.059 C3-C4 1.403 1.376 1.372 1.352
C6 -0.002 -0.106 -0.172 -0.394 C4-C5 1.461 1.416 1.425 1.444
o7 -0.116 -0.063 -0.156 -0.087 C4-07 1.327 1.382 1.382 1.394
c8 0.208 0.288 0.154 0.062 C5-C6 1.398 1.417 1.422 1.440
c9 -0.053 -0.042 -0.208 -0.047 C5-C10 1421 1.409 1.406 1.372
C10 -0.194 -0.021 -0.066 0.033 07-C8 1.505 1.322 1.395 1.327
011 -0.284 -0.130 -0.381 -0.173 C8-C9 1.409 1.392 1.437 1.365
012 -0.207 -0.146 -0.444 -0.320 C8-011 1.207 1.305 1.220 1.336
C9-C10 1.407 1.381 1.374 1.419
Atom Neytral Kation Anion Tautomer
C2-C1-C6 119.56 120.30 122.22 122.40
Cl-C2-C3 120.80 120.81 115.10 115.95
Cl-C2-012 122.18 122.71 121.91 121.58
C3-C2-012 117.02 116.48 122.99 122.47
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C2-C3-C4 118.78 117,53 12141 120.04
C3-C4-C5 12178 123.67 122.65 123.91
C3-C4-07 11717 117.48 118.03 118.12
C5-C4-07 121.05 118.85 119.33 117.96
C4-C5-C6 117.99 117.10 116.82 116.41
C4-C5-C10 117.55 118.18 117.89 118.77
C6-C5-C10 124.45 12471 125.29 124.82
Cl1-C6-C5 121.07 120.58 121.80 121.28
07-C8-C9 115.92 122.60 116.34 123.29
07-C8-011 11753 115.42 116.73 109.56
C9-C8-011 126.54 121.98 126.93 127.14
C8-C9-C10 12155 117.75 120.78 117.75
C5-C10-C9 120.94 121.14 122,01 121.04

JlunoneHbIe MOMEHTHI Takke OTPaXKalOT Pa3IW4usl MEXTYy HOHHBIMH M TayTOMEPHBIMH (hopMaMu MoJeKynsl. B
HeHTpaIbHOW (hOpMe IUIOIBHBIN MOMEHT cocTaBisieT 6.725 Jlebail, 4To XapaKkTepH3yeT ypOBEHb IOJISIPH3ALH MOJICKYIEL. B
KaTHOHHO# (hopMe AUTIONBHBIN MOMEHT yMeHbIiuaercst 10 2.370 Jlebail, 4To CBA3aHO ¢ MoTepeil MeKTPOHOB U CHIDKCHHEM 00IIei
MOJSIPU3YyEeMOCTH MOJICKYJbl. B aHMOHHOW (opMe AMMONBHBIA MOMEHT yBenuuuBaeTcs 1o 6.982 Jlebaii, uto 00yCIOBICHO
BIMSIHUEM JOTNOJHUTENBHBIX 3JEKTPOHOB Ha ofliee pachpenencHue 3apsga. B TayromepHoil ¢opme AUMNONBHBII MOMEHT
nocturaet 9.822 Jle6aii, 9To 0OBICHACTCA 3HAUUTEIBHBIMU M3MEHEHHSIMH 3JIEKTPOHHOHN IUIOTHOCTH MpPU MEpeHoce MPOTOHA U
yBEJINYEHHEM O0IIel MOIIPH3yeMOCTH MOJIEKYJIbL.

Hoecnowenue u mromunecyenyus. COTIaCHO pe3ysibTaTaM KBaHTOBO-XMMHUYECKUX PacueTOB, aHMOHHAs (opMa 3 JOJDKHA
MOTJIONIATh W JIIOMHHECIIUPOBATh Ha 0oJiee JUTMHHBIX BOJIHAX IO CPaBHCHHUIO C HEHTpanmbHOM (opmoii 1. DTo 00yCcIOBICHO
HaJIM9HeM B XpoMo(pope CBOOOTHO IBIDKYIIUXCS 3apsI0B, KOTOPBIE CHIDKAIOT SHEepTrHio Bo30yxaenus [ 10]. PacueTs! mokaskiBaror,
YTO CHEKTpP MOTJIOMEHU HelHTpanbHoil ¢popmer 1 (A = 300 HM) O CpaBHEHHUIO ¢ aHHOHHOU (GopMoli cMenIeH 6aToXpOMHO Ha 73
HM (Tabnuua 2).

Tayraomepnas ¢opma 4, TOCKONBKY OonbInas 4YacTh ee XpoModopa HMeeT KHHOHOUIHYIO CTPYKTYpY, HOJDKHA
JIEMOHCTPUPOBATH emle OoJblIee 6aTOXPOMHOE CMEIICHHE M0 CPABHEHHIO ¢ HCXO0AHOU opMmoii 1. KBaHTOBO-XMMHUUECKHE pacyeTh
MMOKa3bIBAIOT, 4TO (hopMma 4 cmeriena Ha 90 HM GATOXPOMHO 10 CPABHEHHUIO ¢ aHHOHHOU (opmoii 3 (puc.2).
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Pucynox 2. Cnexmput 1 p X popm 7-2udp 7 : Pucynok 3. Pacnp E) 1p i niomHocmu 6 Mmonexyie 7-
iimpansnoii (1), i (2), i (3) u may opHOll (4). 2UOPOKCURYMAPUH
coenacro basucrnomy nabopy 6-311++G(d,p).

PacTBopuTenb-3aBUCHMBIE CIIEKTPaIbHBIE W3MEHEHUs. 7-TUIPOKCUKYMApHH SIBISETCS C1abol KHCIOTOH, U B TIOJSIPHBIX
pacTBOPUTEINSIX OH MOXKET YaCTUYHO CYIIECTBOBATh B aHHOHHOH (opme. OJHAKO pe3yabTaThl KBAHTOBO-XHUMHYECKHX PACueTOB
MOKa3bIBAIOT, YTO B pactBopax DMF u Bojpl He HaOroIaeTcs IMOJOCH! MOTJIOIISHNUS, COOTBETCTBYIOIICH aHHOHHOH (opme 3.
Kpome Toro, sxcniepuMeHTaNbHble JaHHBIE TTOKA3bIBAIOT, YTO B BOAHBIX 1 DMF pactBopax 7-TMIpOKCUKyMapHHA BBITTOJIHSAETCS
3akoH JlambGepra-bepa, uTo 03HayaeT OTCyTCTBHE arperamud Mojekyn B pactBope [10]. CrmekrpanbHbIe CBOMCTBAa KaTHOHHOM
(opmbl. CoracHO KBaHTOBO-XMMHUYECKHM pacyeTaM, I0JI0ca MOTIIOMEHHsT KaTHOHHOH (HOpMBI 2 MO CpaBHEHHIO C aHHOHHOW
dopmoit 3 cmemena Bcero Ha 22 HM. JTO NPaBHIBHO OTpakaeT TEHACHIMH CIIEKTPAIbHOTO CIIBUra, HaOIroqaeMele B
MOCIE0BATEIPHOCTH HOHU3AIMH U TayToMepu3amuu 1 — 2 — 3 — 4 (puc.2).

Kapra MomekysipHOro 3nekTpoctatuueckoro norernuana (MIIT) (puc.3) mo3BossieT onpeaeanuTh 00JacTH MOJICKYJIIBI ¢
HanOoMbIIeH JIOKaJIM3alMel IOJOXKUTENFHOTO M OTPHLATENIBHOTO 3apsia, YTO IOMOTaeT BBISIBUTH IOTEHIHANbHBIE 3O0HBI
npoToHupoBaHus. Ha kapTe KpacHBI IIBET yKa3bIBaeT Ha OOJIACTH C BBICOKOW AJIEKTPOHHOH IUIOTHOCTBIO (MEKTPOQHIbHBIE
LEHTPHI), a CHHUH — Ha 00JAaCTH C HHU3KOH AJIEKTPOHHOH IUIOTHOCTBIO (HykieodmibHbIe meHTpbl). Kak BumgHO U3 puc.3,
MaKCHMAJbHBII OTPHUIATENBHBINA 3apsj COCPENOTOYEH Ha aTOMe KHCIOpOoAa KapOOHWIBHOW TPYNIB, YTO JAENAcT ero Ooiee
OCHOBHBIM IT0 CPaBHEHUIO C JIPYTHMH aHATOTHYHBIMHE aTOMaMH1 B MOJIEKYJIe 7-THIPOKCHKyMapuHa [8].

I'pacdmueckoe mpexncTaBieHne BBICHIEH 3amoMHEHHOW MonekyisapHod opburamn (HOMO) m HmkHelt cBOOOJHOH
Mostekyisipaoit op6utain (LUMO) npousBoaHOro 7-ruipoKCHKyMapuHa B ra3oBoil (ase mokasano Ha puc.4. Buano, uTto B
OCHOBHOM COCTOSIHHH JICKTPOHHAs INIOTHOCTh PABHOMEPHO paclpe/iesieHa 1o Beeil MosieKyIie, HO pH Tepexo/ie B BO30YKIeHHOe
COCTOSIHHE OHa CMEIAeTCs B CTOPOHY KapOOHHMIBHOM TPpyNITbl M OSH30MMPOHOBOTO KOJbla. 3HaHKUE 3HAYCHUM SHepruil En u EL
MO3BOJIAET OLEHUTh MapaMeTp XMMHYECKOH XKECTKOCTH (1)), KOTOPBIM ompeaenseT XUMHUYECKYI0 CTaOMIBHOCTh MoJekynbl. Ha
OCHOBE 3TUX DHEPTHH TaK)KEe MOTYT OBITh PACCUNTAHBI XUMHUYECKHIA TOTEHIIUAT (L) U AIEKTPOOTpUIaTenbHOCTD ()) (Tabmuma 2) ¢
TTOMOIIBIO CTIEAYIOMUX Bhipakenuit [11,12].

ELOMO — EHOMO . ELOMO + EHOMO . _ ELOMO + EHOMO

2 2 2
Ta6auna 2. Paccunrannsle 3Ha4eHus, cuiia ocumuiatopa Enomo, ELumo, pasanna sHeprun (Eg), AUMONBHBIN MOMEHTa
(p), AMEKTPOOTPULATENBHOCTD (), XUMUYECKHI MOTeHunan (W), XUMUYecKasi TBEPAOCTb (1)) M BpeMs H3HH BO30YKISHHOTO
COCTOSIHUS (T) MOJIEKYJISIPHO# CTPYKTYpPBI 7-THAPOKCUKYMapHHA B Ta30BOM (ha3e U pa3iuyHbIX PACTBOPHUTEISX.
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Dopma Amaky f Enomo(eV) ELumo(eV) Eg(eV) uleV) n(el) x(eV) p(D) (ns)
Heiitpans 300 0.31 -6.589 -2.136 4.447 -4.36 2224 4.36 6.725 0.29
Karnon 351 0.21 -10.93 -7.085 3.847 -9.01 1.924 9.01 1.428 0.56
AHHOH 373 0.36 1.514 1.593 0.439 3.47 0.220 -3.47 5.968 0.41
Tayromep 390 0.25 -5.929 -2.663 3.266 -4.30 1.633 4.30 9.106 0.71

LUMO+2

= e oot -L067eV IEL\W: 0.598¢V
roao= 2373

LUMO

o g’. ’0%'

Ey= 38766V Eg= 6.179¢V Ege 64166V

Exo™ -6.249¢V Exior= -7.246eV

.“z 0%;:0 -

HUMO-1

Exio s~ 73146V

HUMO-2
Pucynoxk 4. I'paduueckoe npezacrasnenue Boicuieii 3ansroir (HOMO), uusuieit cBoboaHoit (LUMO) MonekyasipHbIX opbuTaiei,
HOMO-1, LUMO+1, HOMO-2, LUMO+2, suepreruueckoro 3azopa mesxay HOMO u LUMO (Eg1), sHepretideckoro 3a3opa
mexay HOMO-1 u LUMO+1 (Egz2) u 3Hepretnueckoro 3azopa mexay HOMO-2 u LUMO+2 (Egs) 1715 3aMelieHHoro 7-
THAPOKCHKYMaprHa B ra30Boii (ase Ha ocHoBe MeTona B3LYB/6-311++G (d, p).

AHalM3 JaHHBIX MOKa3bIBaeT, YTO 0o0Jiee HU3KUC 3HAYCHHS] XMMHYECKOro MOTCHIHMana (L) KaTHOHAa B Ta3oBoil (ase
YKa3bIBAIOT HA MCHBIIYIO BEPOSTHOCTH OTACNCHHS DJICKTPOHOB OT €ro MOJEKYISPHOW CTpyKTyphl. ClenoBareibHO, KaTHOH 2
sBIsieTcsl 0ojiee cTaOMIIBHBIM IO CPAaBHEHHUIO C IpYrUMH (GopMaMH U 00JagaeT MUHHMAIBHONH PEaKIMOHHON CIOCOOHOCTBHIO.
Kpome Toro, 31eKTpooTpHLATEeIbHOCTb () KaTHOHA 2 BBILIE, YTO 03HAYAET €ro OOJBIIYI0 CHOCOOHOCTh NPUTATUBATD HICKTPOHBI
OT Apyrux coenuHeHui [13]. Pe3yapTaTel pacueToB TakKe MOKA3BIBAIOT, YTO 3HAUCHHE XUMHUYECKOH >KECTKOCTH HEWTpalIbHOU
(bopmbl 7-ruApOKCHKyMapuHa 1 BEICOKOE, YTO CBUICTEIBCTBYET O HU3KOM CIIOCOOGHOCTHU 3TOI MOJIEKYIIBI K JOHOPCTBY JICKTPOHOB
(Tabnwma 2).

3akiouenue. TakiuM 00pa3oM, BBIIBICHHBIE OCOOCHHOCTH SJICKTPOHHOTO CTPOCHHS M CIEKTPAIbHO-(IIYOPECHCHTHBIX
CBOWCTB 3aMEIIICHHOTO 7-THAPOKCHKyMapHHa OTKPBIBAIOT HOBBIC MEPCIICKTHBBI IS LeJICHANPABICHHOTO cHHTe3a. [TomyueHHbIe
JIAHHBIC TI03BOJISIIOT IIPOTHO3UPOBATh M KOHTPOJIUPOBATH CBOWCTBA MOJIYy4aeMbIX KPaCHTEINEH, BapbUpPYs 3aMECTHTEIH B MOJICKYJIE
7-THOPOKCHKYMapHHa. DTO IIO3BOJMT CO3JaBaTh KPAacUTENM C 3apaHee 3aJaHHBIMH a0COPOLMOHHBIMHM ¥ H3IIy4aTelbHBIMU
XapaKTePUCTUKAMM M TTapaMeTpaMy (OTOCTAOUIBHOCTH B PA3JIMYHBIX CPE/iax.
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COLLISION OF CHARGED PARTICLES IN THE VICINITY OF SCHWARZSCHILD-LIKE BLACK HOLE
Annotation
This work is devoted to the study of the nature of the collision of charged test particles moving around a Schwarzschild-like black
hole surrounded by a uniform magnetic field. The equations of motion are derived in an immeasurable form. To study the effect of
a black hole on the acceleration of particle in the case of colliding particles around ISCO with different charges was obtained.
Key words: black holes, stable orbit, horizon, ISCO, collision, center of mass-energy.

CTOJIKHOBEHHUE 3APSIKEHHBIX YACTHII B BJIM30CTH YEPHOM JIBIPHI HIBAPIIIAIbBIA-TAMK
AHHOTALHSA
Pabota nocpsImeHa n3y4eHHIO XapaKkTepa CTONKHOBEHUS 3apsKEHHBIX MPOOHBIX YaCTHII, ABMKYIIUXCSI BOKPYT Y€PHOI ABIPHI THIA
IBapummnbaa, OKpy>KEHHOW OZHOPOJHBIM MArHUTHBIM TIOJIEM. Y paBHEHHS JBH)KCHHS BBIBEICHBI B Hem3Mmepumon ¢opme. [l
U3y4eHUs BIMSHUS 4YEpHOH MAbIppl HA DHEPrUI0 LEHTPa MacC CHCTEMbl CTaJIKMBAIOIIUXCSA YacTHIl PAacCMOTPEH ciyuail
CTOJIKHOBEHUS: CTOJIKHOBEHHUE yacTull, Bpamatomuxcs Bokpyr ISCO ¢ pazHbIMU 3apsiiaMu.
KunroueBsie ci1oBa: uépHble ABIPEI, cTabHiIbHAs opOuTa, ropu3oHT, ISCO, CTONKHOBEHHUE, IEHTP MacC-3HEPTUH.

SCHWARZSCHILD-LIKE QORA TUYNUK YAQINIDA ZARYADLANGAN ZARRALARNING TO‘QNASHISHI
Annotatsiya
Ushbu tadqiqot bir jinsli magnit maydon bilan o‘ralgan Schwarzschild-like qora tuynuk atrofida harakatlanuvchi zaryadlangan
sinov zarralarining to‘gqnashuvi tabiatini o‘rganishga bag‘ishlangan. Harakat tenglamalari o‘lchovsiz shaklda olinadi. Qora
tuynukning to‘qnashuvchi zarralar tizimining massa-energiya markaziga ta’sirini o‘rganish uchun to‘qnashuv holati ko‘rib
chigiladi: ISCO atpoduna Typnu 3apsin ailiaHyBYH 3appavalapHUHT to‘qnashuvi.
Kalit so‘zlar: qora tuynuklar, stabil orbita, gorizont, ISCO, to‘gnashuv, massa-energiyalar markazi.

Introduction. There is a belief that a black hole is the source of the most energetic objects in the universe, such as active
galactic nuclei, ultra-luminous X-ray binaries, gamma-ray bursts, etc. The leading dynamo of the energetics of these objects is the
gravity surrounding the black holes. Some of the energy extraction mechanisms from black holes are based on the matter accretion
onto the central object. Another way is to extract the thermodynamical energy of the black hole (which is also defined through the
gravitational energy of the compact object). In Refs. [1-5] were observed cases of thermodynamics of the spacetime in different
gravities.

Black hole also can be as a particle accelerator. Banados, Silk, and West have studied the center of mass energy of the
particles falling into rotating black holes and observed that the latter may reach ultra-high values [6]. Moreover, it has been shown
that for the fine-tuned values of the angular momentum of the particles, the center of mass energy of colliding particles at the
horizon of an extremely rotating black hole may diverge [6]. The center of mass energy and energetic processes of the particles
around black holes in different gravity models have been extensively studied in Refs. [7-10].

Additionally, we will examine the interactions between these particles and the surrounding field and the collisions that
occur. A novel solution for the metric tensor describing a regular black hole of Bardeen type has been proposed in [11]. The outline
of the paper is as follows: we present the dynamics of a particle in a dimensionless form in order to study the characteristic features
of its motion. After that we discuss the case of particle collisions in the vicinity of a black hole. Finally, we summarize the main
conclusions and results obtained during the research.

Dimensionless form of dynamical equations. We are interested in the case of collision of charged particles in the
electromagnetic field in the vicinity of Schwarzschild-like black hole. In spherical symmetric Boyer-Linquist coordinate system
(t,7,0, ¢) described by the metric [12, 13]:

1
ds? = —f(r)dt? + o) dr? +r?2d6? + r?sin? 8d p? (D
where:
2Me=%/"
fOy=1-—F1— 2)
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Corresponding Eqg. (1), metric has of two Killing vectors:
— st _ —H
E(t) - f(t) - at: f(qh) - f(q;) - 64,, (4‘)
where f("t) =(1,0,0,0) and E(“d,) = (0,0,0,1). In this section, we will derive the basic equations of motion for a charged
particle around a Schwarzschild-like black hole in dimensionless form. For clarity and to facilitate further investigation, we will
assume a value of M equal to 1. Since our metric resembles that of a Schwarzschild-like solution, as described in Eq. (1), and due
to the presence of two Killing vectors in Eq. (4), we can express the constants of motion using the 4-momentum in the following
form [14]:
dt

E=—§pu=mof ®)
L=¢&p, = [m%rz wL%qB(r2 - Za)] sin? 6 (6)
where p,, is the generalization of 4-momentum. For more convenient use, we use the following dimensionless versions of , £, 7, b

T T L
= =—l=——,
me® me® mrye®
E qBrye® e
=t =" I

Where 7y, is the radius of the horizon of our metric from Eq. (3). We use the expression for 4 -momentum of the particle uu,, =
—1, and obtain the resulting dimensionless equations:

d 2
() -
dc _ &p
do " p—en ®
do 1 2ab
PIE=Bp =;(”7(rhea)z)*bp ©

where U is the effective potential given by the equation:
U= (1—97) 1+8%» (10)
The equations U, = 0 and U ,, = 0 define the innermost stable circular orbits (ISCO). By solving this system of equations, we
obtain an explicit expression for [ and :
9F N —e®p(4e®*p? — 21e% + 30)
b= 1y
*  8p2(e?p — 1)?(4e?2%p? — 10e% + 3)
" e p?riN + 2a(e®p — 3)?
G- (12)

ly =bse™®

where
N = (1 -3e%p)(e?p —3)° 13)

In the case of Schwarzschild spacetime, the equation exists within the interval p € (1/3,3].
COLLISION OF CHARGED PARTICLES
We study the energy of particles that collide around a black hole in the Schwarzschild-like metric using Frolov's method [15].
It is well known that particles moving along ISCO have a minimum magnitude of energy and angular momentum, and their
velocities become close to light speed. Because of this, we get the nonzero components of the momentum of the particles found in
the form:

pt =myef, 14
p? = myve(d;) (15)
1
e(rz) =Vnugt = ﬁ (16)

1
¢ _ -
ey = JMesg® =1 a7

where Eq. (16) and Eq. (17) are orthonormal tetrad components in equatorial motion around fixed orbit. Here v (which can be both
positive and negative) is a velocity of the particle with respect to a rest frame, and y is the Lorentz gamma factor:

d$ _p® _wy
T a®
From Eq. (5) one may easily get the following
d
ﬁ - g,y -7 19
Here we can use expressions (11), (12) and rewrite 3 as:
-9+ N + e%p(4e?¢p? — 21e%p + 30)
Ve= | (20)

E ‘J (e%p — 3)(4e?2p? — 10e%p + 3)
The dependence of the gamma factor on p for fixed values of a is shown in Figs. 2 and 3.

FIG. 2: The dependence of the facto; v+ from p, for fixed values of a.

as

FIG. 3: The dependence of the y_”at the position of the ISCO p_.
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As we can observe in Fig. 2, the gamma factor takes values slightly greater than 1, but in Fig. 3y_assumes quite high values.
For y,., the energy cannot be high, as y.is not significantly different from 1. However, for y_, the energy increases significantly.
It can be seen from Figs. 3 and 2 that the black hole parameter a helps to reduce the radius, while having little effect on the values
of y. In Table I shown the numerical results for the maximum and minimum values of the quantities of p, and y,, for various
values of the parameter a.

We learn a state of a collision of two particles with the same mass m, with charges +g, —q, and moving along the same
circular orbit in opposite directions. After the collision the four-momentum will be equal to:

PO = Zmy—f. (21)
Jf
a=0 a=0.1 a=02

Pimax =3 Pimx = 2.714 Pimax = 2456
Demin = 0.333 Pimin = 0.302 Pamin = 0.273
Pomax =3 Pmay = 2.715 Pmax = 2.456
Pomin = 2.151 Domin = 1.947 Pmin = 1.761
Yimae = 1.959 Yimae = 1951 Vime = 1963
Vomn = 1.1541 Yemn = 1.154 Yiomn = 1.154
Vemax = 200 Yomx = 586 Yomx = 503

Yemin = 1.155 Yemin = 1.155 Yemin = 1.155

TABLE I: Maximum and minimum values of p, and y, at fixed values of a.

The value of the center of mass-energy after the collision:

M =2my (22)

From analysis given in Tab.l, it can be seen that in some cases it is possible to observe high energies in a collision
corresponding to large gamma values. In this case, we gave a similar result to previous work [15]. We do not consider high gamma
values, as a particle in an ISCO orbit would need to possess such energy even at a great distance from the black hole in order to
maintain a stable orbit.

Conclusion. Now, the energy within a center of mass system can reach significant values even with relatively low initial
energies for the colliding particles. Under certain conditions, scattering may result in a significant increase in the energy of one
particle, significantly exceeding its initial value. This confirms the effectiveness of acceleration mechanisms, although their
implementation depends on interaction parameters, such as the energy and direction of particle motion. We can conclude that the
collision energy is low when two particles collide along the same trajectory near the innermost stable circular orbit (ISCO) in
opposite directions. However, the collision energy can be high if a particle falling from infinity collides with a charged particle
orbiting around the ISCO. A black hole can serve as an effective particle accelerator, contributing to high collision energies, but
the success of this process depends on the interaction parameters, such as the energy and direction of motion of the colliding
particles. Our analysis is somewhat simplified, as we used a basic model of particle motion and collision without considering
plasma and other relevant effects. In the future, we intend to investigate the impact of this parameter on other physical phenomena.
It is crucial to acknowledge that the results presented in this article are primarily based on the parameter involved in the black hole
solution, which has a minimal effect.
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Ha ocnose om3zviea I'. Jwankynosa

HAYAJIBHBIE 5TAIIBI IPEHYKJIEAIIUU IEPUJIEHA HA PA3JIMYHBIX ITOAJIOXKKAX
AHHOTaALHSA

TlonnMaHue KacTepu3anuy MepHIeHa Ha IIOBEPXHOCTIX KaK CTaJUH IMPEHYKIeallny UMeeT BayKHOE 3HAUCHHE I OpPraHHIeCKOn
JNIEKTPOHMKU. B pabote mccnenyercss BIMsHUE pa3MYHBIX HMOBEPXHOCTEH HA HAaYalbHYIO OpraHM3alMIo IepuieHa. MeTox
MoiekyJsipHoi nuHamuku (MD) ¢ ucnonb3oBanuem makera LAMMPS u norennmana ReaxFF mpumensuics s u3ydeHus
ancopbunn u kinacrepusanuu repriena Ha Si(100){2x1}, Ni(111) u Ni(331). Pe3ympTaTsl 1eMOHCTPUPYIOT, YTO aacopOIUsL
HepwiIeHa CYLIECTBEHHO pAa3IMYacTcs B 3aBHCHMOCTH OT IHOBEPXHOCTH: BBIpaBHUBaHHE BIONb psmoB (Si(100)), ruranapHas
koHurypamma (Ni(111)) u pazmmunsie opueHTanuu (Ni(331)). OTm pexxumbl agcopOIMuU, oOmpenenseMble CTPYKTYpOi
MOBEPXHOCTH, BIHUAIOT Ha NpeHykieanuio. MccremoBaHme MOAUEPKHBAECT KIIOUEBYIO POJIb CTPYKTYPHI ITOBEPXHOCTH B
ONIPENCNICHNH MpPEeHyKJIeallMd IPH POCTE HAHOKPHCTAIIOB IEpHICHA, MPEeNOCTaBiIsAs (PYHIAMEHTATbHYI0 OCHOBY IS
MPOEKTHPOBAHHS OPTaHUYECKIX HAHOCTPYKTYP.

KnroueBble ciioBa: mepwieH, NpeHyKIealws, 3apojbllieo0pa3oBaHus, KIacTepHU3alys, KPEeMHHH, HHKENb, IMTOBEPXHOCTH,
aicopOuus, MOJICKyJIsIpHasl AUHAMHUKA.

TYPJIU I03AJIAPJIA TIEPUJIEH ITIPEHYKIIEAHUACHUHUHI WJIIK BOCKHUYJIAPU
Annotatsiya

Sirtlarda nukleatsiyaoldi bosqichi sifatida perilen klasterlanishini tushunish organik elektronika uchun muhim ahamiyatga ega.
Ushbu ishda turli xil sirtlarning perilenning dastlabki tartiblanishiga qanday ta’sir ko‘rsatishi o‘rganiladi. Perilenning
Si(100){2x1}, Ni(111) va Ni(331) sirtlarida adsorbsiyasi va klasterlanishini tadqiq qilish uchun LAMMPS dasturiy paketi va
ReaxFF potensiali asosida molekulyar dinamika (MD) usuli go‘llanildi. Natijalar shuni ko‘rsatdiki, perilenning adsorbsiyasi sirt
turiga qarab sezilarli darajada farq qiladi: Si(100) sirtida qatorlar bo‘ylab tekis joylashish, Ni(111) sirtida planar (yassi)
konfiguratsiya va Ni(331) sirtida turli xil orientatsiyalar kuzatildi. Sirt tuzilishiga bog’liq bo’lgan adsorbsiya rejimlari perilenning
nukleatsiyaoldi bosqichiga ta’sir ko‘rsatadi. Tadqiqot sirt tuzilishining perilen nanokristallari o‘sishidagi nukleatsiyaoldi jarayonini
aniqlashdagi hal giluvchi rolini alohida ta’kidlab, organik nanostrukturalarni samarali dizayn qilish uchun fundamental asos
yaratadi.

Kalit so‘zlar: perilen, nukleatsiyaoldi, nukleatsiya, klasterlanish, kremniy, nikel, sirt, adsorbsiya, molekulyar dinamika.

INITIAL STAGES OF PERYLENE PRENUCLEATION ON VARIOUS SUBSTRATES
Annotation

Understanding the clustering of perylene on surfaces as a prenucleation stage is crucial for organic electronics. This work
investigates the influence of different surfaces on the initial organization of perylene. Molecular dynamics (MD) simulations, using
the LAMMPS package and the ReaxFF potential, were employed to study the adsorption and clustering of perylene on
Si(100){2x1}, Ni(111), and Ni(331) surfaces. The results demonstrate that perylene adsorption varies significantly depending on
the surface: alignment along rows (Si(100){2x1}), a planar configuration (Ni(111)), and diverse orientations (Ni(331)). These
adsorption regimes, dictated by the surface structure, influence prenucleation. The study highlights the crucial role of surface
structure in determining prenucleation during perylene nanocrystal growth, laying a fundamental basis for designing organic
nanostructures.

Key words: perylene, pre-nucleation, nucleation, clustering, silicon, nickel, surface, adsorption, molecular dynamics.

BBenenne. MlHTerparys OpraHnyecKUX MaTepHaoB B AJICKTPOHHBIE YCTPOMCTBA OTKPHIBACT HEPCIEKTUBBI IS CO3AaHUs
THOKHX, YCTONYUBBIX X SKOHOMHYIECKH 3()(HEKTUBHBIX TEXHOJIOTHH HOBOTO TTOKOJIeHUs. OpraHudeckre CBETOM3ITYJalOIIHe IO B!
(OLED), ru6xue (hoTo3/IeKTpHIecKre IeMEHTH U opranndeckne mosiessle Tpansuctops!l (OFET) nemoHcTpHpyIoT moTeHmman
5Tux Marepuanos [1, 2]. J{nsa sddexTrBHOI pabOTH OPraHWYECKHUX IJIEKTPOHHBIX YCTPOIMCTB BaKHO NMOHMMATh B3aMMOCBSI3b
MEXy MOJICKYJSIPHOH CTPYKTYpoH M (DyHKIMOHAJHHBIMH CBOWCTBAMH, B YaCTHOCTH, NEPEHOCOM 3apsiia U ONTHYECKUMU
XapaKTepUCTUKAMH, 0COOCHHO Ha HadaJIbHBIX dTanax (opMHUPOBaHMS TOHKHX IUICHOK, @ HMEHHO, B TPOILECCE KIIaCTepH3alHy,
KOTOPBI MpeacTaBisieT co0oil craguio mpeHykieanun npu (HopMupoBaHMU KpuctauioB [3]. B 3TOM KOHTEKCTe, MEpuieH,
HOMUIUKINYECKUH apOMaTHYECKUH YITIeBOAOPOJ C PAa3BUTON T-CONMPSKEHHONH CHCTEMOH, CIY)KUT MOJENBHOH CHUCTEMOH I
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H3y9YEeHHs MOJIEKYISIPHOH OpraHH3aIli{ M JJICKTPOHHOTO ITOBEACHMS, BKIIIOYas MPOLECCH caMOOpraHu3aluy U (opMHUpoBaHUs
3apoJblllei, KOTOpble HAYMHAIOTCA C KJIACTEPU3AlMM MOJIEKYJ. BBICOKas MOJABMKHOCTB HocuTeneil 3apana M d(@deKTHBHAsA
JIOMHMHECLICHIIMS JIENAIOT €ro MepCIeKTHBHBIM KaHIMAATOM IS ONTO3ICKTPOHHBIX MPHIOKECHHI.

B TOHKOIUICHOYHBIX YCTPOMCTBaX OpHEHTAaLlMs MOJEKY]l IEepPHICHa, MEXMOJCKYIIpHbIC B3aUMOJICHCTBHSA U
B3aMMOJICHCTBHE C IIOJUIOKKON KPUTHYECKHM BIMSAIOT HAa XapaKTEPUCTHKH YCTPOWCTB, OCOOCHHO HAa CTaJUH HPEHYKJICAlUH
(xmacrepusanuu), Korzna (GOpMHpPYIOTCS HadajbHBIC 3apOABIIIM KPHCTANIMYECKOH CTpyKTyphl. IlosToMy wuccienoBanne
MEXaHNU3MOB (DOPMHPOBaHHS HAHOCTPYKTYp, BKJIOYas KHHETHKY KJIacTepH3aldM M aacopOIMI0 Ha IOBEPXHOCTH, HMeEeT
(yHIaMeHTaIbHOE 3HA4YeHHUE U1 Pa3BUTHS OPTaHWYECKOH 3IeKTpoHMKH. OMHAKO, HECMOTPS Ha 3HAYMTENBHBIH Iporpecc B
HW3yYeHHH pOCTa TOHKHX IUICHOK IIepHeHa Ha METAUIMYECKUX IIOJUTOXKKax [4], anmcopOrmss Ha OKHCICHHBIX [5] u
HOJIYIIPOBOTHUKOBBIX MOBEPXHOCTAX [6] HMcCenoBaHa HEJOCTATOYHO, OCOOCHHO B KOHTEKCTE PAaHHHX CTAJUH KJIacTepU3allyy,
KOTOPBIE ONPENEISAIOT MOCIEAYIONIHMIl pocT KpucTamioB. Heo0X0qMMOCTh CHCTEMaTHYECKOTO U3YUECHHS IIOBE/ICHHS IIEpUIICHa Ha
HAaCCUBUPOBAHHBIX H MOJIYIPOBOIHUKOBBIX IIOBEPXHOCTSIX 00YCIOBIICHa YHUKAIBHBIMU (DH3HKO-XUMHYECKUMHU CBOHCTBAMHM 3TOTO
MaTepHuaa, a TAKKE BAXHOCThIO HOHUMAaHHUs MEXaHH3MOB IIPEHYKIICAIMH, TO €CTh IPOoLecca KIaCTePH3aLiH.

TpaauoHHO, KpEMHHUEBBIE TUAJIEKTPUKU UCIIONB3YIOTCS B OpraHn4ecKo >nekTponuke [2]. Tem He MeHee, pacTymuit
HHTEPEC K OPraHHYEeCKUM H30JI1TOpaM [7] ¥ MeTalIN9eCKUM OKCHIaM, TakuM Kak Al203, ZrO2 u La203 [8], paciupsier ropu30HTHI
B o0macTH mpoekTHpoBaHMs MarepuanoB. Hwukems (Ni), oOmajgaromuii KaTanWTHYECKOH aKTHBHOCTBIO W BBICOKOH
TEIIONPOBOAHOCTHIO, TPEJCTaBIsIeT COOOH IepCIeKTHBHYIO IUIaTGOpMy Ui HW3YYeHHS B3aUMOJCHCTBUS IIEpHIICHA C
MTOBEPXHOCTBIO, OCOOEHHO B KOHTEKCTE HAYaNBHBIX CTAaIWi KIAaCTEpU3allUM, SBIIOIMXCS TNpeHykieanued. Mopdororus
nosepxHocTed Ni(111) u Ni(331) oka3piBaeT cymecTBEHHOE BIMSHHUE Ha aJCOPOIMIO M KIACTEPHU3ALUIO MOJIEKYI nepuieHa [3].
Kpemnnii (Si) Tarxoke npearaer HacTpanBaeMblid HHTepdeiic 11 H3ydeHHs 3TUX MPOIeccoB [9], 0OJHAKO TEPMOIHHAMHYIECCKUE U
KHHETHYeCKHe (DaKTOPbl, KOHTPOIMPYIOIIHE HYKIICAIHMIO EepUIeHa Ha STUX MOBEPXHOCTIX, OCOOCHHO B CTAUU MPEHYKJICAIIMI
(KmacTepu3anum), OCTAIOTCS HESICHBIMH.

B HacTosmieii pabote MeTo1oM MoJieKy sipHOU quHamuku (MD) uccnenyercs kinactepu3ans (MpeHYyKIeanus ) MOJICKYT
nepwieHa Ha noBepxHocTsix Si(100){2x1}, Ni(111) n Ni(331) npu koMHaTHOMH TemmepaType [UIsl BEISIBICHHS (QyHIaMEHTAIBHBIX
MEXaHH3MOB HaYaIbHBIX CTaii (OPMHUPOBAHHS HAHOKPUCTAILIOB HEPHIICHA.

Mertoauka W JgeTaqd MoAequpoBaHusi. [ HCCIeZOBaHMS IPOLECCOB KJIAacTEepU3alMM MOJEKYJ IIepUJIeHa Ha
nmosepxHOocTsx Si(100){2x1}, Ni(111) m Ni(331) ucmomp3oBajics MeETOJ PEaKTUBHOH MOJEKYIsIpHOH amHamuku (MD).
MeskaTOMHBIE B3aUMOACHCTBUS MOAEIHPOBAUCEH C MOMOIIBIO moTeHnana ReaxFF, mapamerpruzoBaHHOTO Zou A7t CHCTEMBI Ni-
C-H [10] u Newsome mas cucrembl Si-C-H [11]. MogensHast cucrema cocrosuia u3 mosekynsl mepuniena (CaoHiz) u
MOHOKpHUCcTaumyeckux mosepxuocterd Si(100){2x1}, Ni(111) u Ni(331) (Puc. 1).
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CxoHi> Si(100){2x1} Ni(111) Ni(331)

Puc. 1. Monexyna nepunena (CzoHz2) u nosepxnocmu Si(100){2%1}, Ni(111), Ni(331).

[epunen (C20H12, MonekynspHas Macca 252 a.e.M.) ObLT BRIOpaH B Ka4ECTBE MOJICTIBHOM OPraHMYECKOI MOJICKYJIbI BBUAY
€ro XOpOIIO M3YYEHHOW CTPYKTYPHI M 3HAUHUTENHHOM MOJBIKHOCTH HOCHUTENEH 3apsaa mpu KoMHaTHOH Temmeparype (300 K).
T'eomerprdeckne Moeny MOBEPXHOCTEN OBIIH CO3MIAaHEI C HCIIOIB30BaHUEM mporpaMMHoro obecniedennss VESTA [12]. Pazmepst
nosepxHocTeit coctammu: Si(100){2x1} — 54x46 A2, Ni(111) — 25%x26 A2, Ni(331) — 33x25 A2 Ilepuoamdeckue TpaHHIHBIE
YCIOBHS OBUTH TIPUMEHEHBI B INIOCKOCTH XY U alllPOKCUMANHK OECKOHEYHOH ITOBEPXHOCTH.

TIpoTokon MoneaupoBaHus BKIOYAN: (1) MHUHUMHU3ALMIO SHEPTHH CHCTEMBI C HCIOJIB30BAHHEM IOCIEI0BATEILHOTO
MPUMEHEHHS aIropuTMOB steepest-descent u conjugated gradients; (ii) kouTposupyemsiii HarpeB 10 300 K B NpT-ancambie ¢
ucnoss3oBanuem OGapocrata Hosze-I'yBepa (Nose-Hoover) [13] u nocnenyromiyto Tepmoctabunusaimtoo B NVT-ancambie; (iii)
ocakieHHe MoJiekyn mnepwieHa Ha moepxHocTH mpu 300 K B NVT-ancambGne. TepmocTaTHpoBaHME OCYLIECTBISIOCH C
ucnosip3oBaHueM tepmocrata Hose-I'yBepa [13] ¢ BpemeHHbIM mmarom koHTpoiisi Temmepatypsl 100 ¢c. MuTerpupoBanue
ypaBHEHHU#! IBMKEHHS BBIMOIHSIOCH ¢ BpeMeHHbIM marom 0,25 e, o6mmast mpoaomKUTENbHOCT MOEIUPOBaHHs cocTaBma 2,0
He. Jlnst obecredeHus: CTAaTUCTHYECKOH JIOCTOBEPHOCTH PE3YJIbTaTOB KaXKI0OE COCTOSHHE OBbLIO CMOJENHPOBAHO IATH pas, ¢
MOCIEAYIOIHM YCPETHEHHEM MOTyYEHHBIX JAHHBIX.

Pe3yJbTaThl H UX 00CyKAEHHE.

Ha Puc. 2 npezacTaBieHsl pe3ynbTaThl MOJCIUPOBAHMS MTPOLIECCOB aJCOPOLMU U HAYaJbHON KIaCTEPU3ALUH MOJICKYI
nepuieHa Ha nmoBepxuHoctsx Si(100){2x1}, Ni(111) u Ni(331).
Si(100){2x1} Ni(111) Ni(331)
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Puc. 2. Aocopbyus monexynvl nepunena Ha pasiuiHvle NOBEPXHOCMU.

AHanu3 JaHHBIX, MPEACTABICHHBIX Ha PHC. 2, BBIABMII 3HAYMTENIbHBIE PA3NINUMs B afCOPOIMOHHBIX XapaKTEPUCTHKAX,
00yCIIOBIICHHbIE KaK CHEHU(HKOH MEKMOJICKYIAPHBIX B3aUMOJCHCTBUH, TaKk M CTPYKTYPHBIMH M MOP(OJIOrHYECKHMH
0COOEHHOCTSIMU HCCIEAYEMBIX TMOI0XKeK. JlokambHas aTOMHas OpraHH3alMs IOBEPXHOCTH WIPaeT KIIOYEBYI0 pOJb B
OTIpeNIeNICHHH MEXaHU3MOB a1cOpOLUH U MOCIEAYIOIEei caMoopraHu3aiy MoJieKy nepuieHa. Ha mosepxsoctu Si(100){2x1}
MOJICKYJIBI TIepHIeHa OPUEHTHPYIOTCS MTapalIeTbHO PsAIaM KPEeMHHEBBIX quMepoB. PopMHUpOBaHHE OpraHH30BAHHEIX CTPYKTYP
00YCIIOBJICHO MEKXMOJIEKYJIIPHBIMU TT-T B3aUMOJICHCTBUSIMU. DTH Pe3yIIBTATHI COTTIACYIOTCS C HaOMoAeHUsIMU Pajbl 1 coaBTOpPOB
[14] meTooM ckaHUpYIOIIEH TyHHEIbHONH MHKPOCKOIIMH Takxke 3a(uKCHpoBain 0Opa3oBaHHe IETTOYCUHBIX CTPYKTYP MOJIEKYIT
nepwieHa Ha Si(100){2x1}. OpueHTamus MOJEKyl OOBICHSIETCS B3aUMOJECHCTBHEM T-3JICKTPOHHOI CHCTEMBI NEepHiIeHa C
MOBEPXHOCTHBIMU JMMEPHBIMH CBS3IMH. AJCOpOLMOHHAs KOH(UIypalys, XapaKTepusylommasics MHUHHManbHOH cBOOOmHOMN
sHeprueil I'mb6ca, TepMoaMHAMUUECKH ONArompUsITHA AT YHOPAIOUYEHHOTO PACIONIOKEHUS MOJEKyd U WHHUIMUPOBAHMS
HykJeanun. 71 pacuera SHEPTUHM B3aUMOACHCTBHS MOJIEKYJIBI C TOBEPXHOCTHIO UCTIONB3yeTcs cieayromas Gpopmymna [13]:

E= EHOB+M0J‘[ - (EMOJ'I + Enos) (1)

31eCh Enostmor - TOTHAST SHEPTHs CHCTEMBI “TIOBEPXHOCTb + MosieKyna”, Ee: - 9HEprus M30NIMPOBAHHON MOIEKYIIBI
nepuieHa, Enos - 3HEprus usonuposanHoit mosepxHoctH. Ha mosepxuoctu Si(100){2x1} sHeprust B3anMOAEHCTBUS COCTABIISAET -
5,033 3B, 9TO yKa3bIBaeT Ha YMEPEHHO CHIILHOE B3aHMOJICHCTBHE MOJIEKYJ IepIiIeHa ¢ Hoaokkoi (cm. Puc. 3). CrabminpHOCTE
(oTHOCHTENIBHAST YCTOWYNBOCTE) arperariy MOJIEKYJ OICHHBAETCS 10 MOJLIPHOH cBoOomHOM sHeprun ['mb6ca (4Gm), KoTOpas
paccuuThiBaeTcs kak [13]:

AGp = Eyor — X Xili (2

rae Exee - 9HEPIUst KOTe3UH CHCTEMBI “TIOBEPXHOCTH + MOJIEKyJa”, yi — OTHOCUTENbHas KOHIeHTparus atoMa tuna i (C,
H, Ni wm Si), ui - XuMH9ecKuii TOTeHIHaI COOTBETCTBYIOMIEro aroma. MomspHast cBoboaHas sHeprust [ m66ca Ha Si(100){2x1}
cocrapnser 0,073 3B, 4TO MOATBEpKIAET TEPMOAWHAMUYECKYIO CTaOMIBHOCTh KOH(UTYpalMud W e€ ONMpeNelIoNyI0 poib B
(hopMUpPOBaHUH YHMOPSJOYEHHBIX OpraHMdeckux cioés. HampapieHHbIe B3aMMOAEIHCTBHA C PSJaMH KPEMHHEBBIX IUMEPOB U
MEXMOJIEKYIISIPHBIE T-TT B3aUMOJCHCTBUS CIIOCOOCTBYIOT ()OPMHUPOBAHMIO JIMHEHHBIX CTPYKTYp, BIMAS HAa KUHETHKY POCTa M
MOP(}OJIOTHIO TOHKHX IICHOK.

Ha mosepxuoctu Ni(111) HabromaeTcs miaHapHas aacopOLyst MOJICKYJI TIepHiieHa, 00yCIIOBICHHas onTuMu3anueii m-d
OpOUTATBHOTO MIEPEKPBIBAHUS. DHEPTHsl aIcOpOIUK cocTaBiseT -5,857 3B, uTo yka3bIBaeT Ha 6oJiee CHIIBHOE B3aUMOJICHCTBHE 110
cpasrennto ¢ Si(100){2x1}. Ognako MossipHas cBoboHas sneprust ['n66ca (0,189 »B) Brime, wem Ha Si(100){2x1} (0,073 3B),
YTO CBHAETENLCTBYET O MEHBIIEH TepMoauHaMH4YecKod crabmipHocTH KinactepoB Ha Ni(111). JlaHHOe siBIeHHE MOXET OBITH
00BSICHEHO SHTPONHMUHBIM BKJIAZOM B CBOOOIHYIO 3Hepruro I'mbOca, CBSA3aHHBIM ¢ 0ojiee CIIOKHOHN AIICKTPOHHOU CTPYKTYpOH
Ni(111). Cunbable n-d B3aUMOAEHCTBUS OOECIICUMBAIOT 3JEKTPOHHYIO CONPSDIKEHHOCTh, BAXKHYIO UL IEpeHOca 3apsaa B
OPTaHMYECKUX IEKTPOHHBIX YCTPOHCTBAX U COTTIACYIOTCS C HCCIEeNOBaHMAME EpeMueHKo 1 coaBTOpOB [4], MOATBEPKAIOMNMHU
pOJIb CHHEPTeTHYECKOTO B3aMMOACHCTBHS MEXIY MOJEKYIOH, IMOUIOKKON M MEXKMOIEKYIIPHBIMHE CHIaMU B (opMupoBaHHN
YIOPSIIOYEHHBIX CTPYKTYP.

Crynenuarast Mopdosorust moepxaoctr Ni(331) npuBoaUT K aIcOPOLMH MOJIEKYJT IIEpHIIeHa MO Pa3IMYHBIMH YIIIaMH,
aanTUPYACh K KpasM cTymeHedl W nedexram. DHeprus aacopOIMH JOCTUTaeT MaKCHMalbHOTrO 3HaueHus (-6,567 3B), uto
yKa3bIBaeT Ha HauboJee CHIIbHOE B3aUMOJICHCTBHE CPEIN UCCIIEAyEeMbIX MoBepXHOCcTel. OIHAaKO 3HAYCHHE MOJISIPHOM CBOOOJHON
sHepruu ['u66ca (0,307 5B) sABIsIeTCS CaMBIM BBICOKUM, YTO CBUIETEIHCTBYET O HAMMEHBIIIEH TePMOTNHAMUYECKON CTAOMIBHOCTH
(dhopmupyromuxcst knactepoB. OTCYTCTBHE KOPPEIAIUN MEXKAY DHEpruell aacopOuuu U TEPMOAMHAMUYECKOW CTAOMIBHOCTHIO
MOYEPKHUBACT BAKHOCTH MOpdoorun noanoxku. Crymendatas ctpykrypa Ni(331) co3maeTr MHOKECTBO IMOTEHIUAIBHBIX CAHTOB
aJIcOpOLUH, YTO MPHUBOAUT K MOTMMOPHU3IMY MOJIEKYISApHON opueHTarn. AHanorndnsie 3¢dextsr Habmonamicy Ha Ag(110)
[14] u B uccnemoBanmsx pocta rpadena [15].
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Puc. 3. 3asucumocms dnepeuu 83aumooeicmaus u OMHOCUMENbHOU YCMOUMUBOCINU MONEKY NePUIeHd Om NOBEPXHOCHIU.
[Tonmy4eHHbIE TaHHBIC MOAYEPKUBAIOT HEOOXOJUMOCTh y4eTa MOP(HOJIOTHH U aTOMHOW OPraHH3alMU MOBEPXHOCTH IPH
FICCIIEZIOBAaHUU IIPOLIECCOB aACOPOLMU U CaMOOPTaHU3alUU MOJIEKY epuiieHa. KiroueBbIM BBIBOJIOM, ITOJY4YEHHBIM B pe3yabTaTe
IPOBEJICHHOTO aHANIN3a, SIBJSIETCS YCTAaHOBJICHUE 00paTHOM KOPPEsIUK MEXKy SHEPrHeil B3auMOIeHCTBHUSI MOJISKYJT IIEPUIICHA C
MOBEPXHOCTSIMU U OTHOCHTEIILHON TEPMOIMHAMUYECKOI CTaOMIIBHOCTBIO (POPMHUPYIOLIMXCS aacopOHpOBaHHbIX cioeB. HecMoTpst
Ha TO, 4TO0 3Heprus agcopOuun Ha Ni(331) gocturaer MakcumManbHOTO 3Ha4eHUs (-6,567 3B) 1 Bo3pacTaeT B MOCIENOBATEIEHOCTH
Si(100){2x1}<Ni(111)<Ni(331), maubonsmas MomnsipHas cBoboxHas 3Heprust ['u66ca (0,307 »3B), sBisromascss HHAUNKATOPOM
TEPMOTUHAMIYECKON CTaOMIIBHOCTH CpeIH UCCIIeyEeMBIX TOBEPXHOCTEH, YOBIBaeT B TOH ke mocnenoBatenbHocTH (0,073 3B mis
Si(100){2x1}, 0,189 3B mmsa Ni(111) n 0,307 5B s Ni(331)) (cm. Puc. 3). aunstit a3ddexT 00ycIoBIeH SHTPONUITHEIM BKIaI0M
B CBOOOJIHYIO DHEPIHIO, MTOCKOJIbKY MHOKECTBEHHbBIE SHEPTeTHUESCKN Pa3IMYaloIIrecs: aacopOIMOHHbIe CaliThl HAa TOBEPXHOCTH
Ni(331) npHBOIIT K YBEIUUSHUIO CTATHCTHYECKOI SHTPOIUM CUCTEMBI H, CICAOBATEIBHO, CHIKEHHIO e€ TepMOJANHAMHUYECKOit
crabunpHOCTH. B cBOIO oOuepenp, cunbHble 7©-d B3amMmopeiictBus Ha moBepxHocTH Ni(111) cnocoOcTByroT OosbLIei
TEPMOIMHAMHUYECKOI CTaOMIBHOCTH IUIaHAPHOW KOH(UIypaluu afcopOUpOBaHHBIX MOJIEKYJ, YTO 00YCJIOBIMBAET 3HAYNMOCTh
JAHHOM ITOBEPXHOCTH IJIsI NPHMEHEHHH B OpraHWdeckoil snektponuke [5, 6]. IIpm stom, mosepxmocts Si(100){2x1}
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JEMOHCTpUpYET HanboJiee BEICOKYIO TEPMOIMHAMUYECKYIO CTAOMIBHOCT CPEIH HCCIEIYEMBIX IOII0KEK, XapaKTepU3YIOILYIOCs
HHU3KHM 3Ha4eHHEM MOJLIPHOH cBOOOaHOI# sHeprun ['mbdb6ea (0,073 3B), ynopsiodeHHBIM PacrooKeHUeM aJcopOHPOBaHHbBIX
MOJIEKYJI NIEpUJIEHA U YMEPEHHOW SHEpruel B3auMOJEHCTBHS C MOJUIOKKOW. J[aHHBIE XapaKTEpUCTHKH [I€Nal0T MOBEPXHOCTh
Si(100){2x1} npenmoutuTenbHOW I (OPMUPOBAHUS YCTOWYMBBIX U BBHICOKOOPTAHH30BAHHBIX MOJICKYISPHBIX CTPYKTYP.
Habnronaemplii mommmophusM MoJEKyIspHOW opueHTanuu Ha moepxHocTH Ni(331) mpencraBmseT coOoil BaXKHBIM acIEKT,
TpeOyIOMmuii TaTbHEHIIIEro JeTaIbHOTO N3YIEHHs C IEJIBI0 ONITUMHU3AINY YIIPABJICHHS CBOMCTBAMH TOHKHX ITICHOK, TIPHMEHIEMBIX
B OITOJICKTPOHHKE U CEHCOPHKE.

3akaioyenne. MeTogaMy peakTHBHON MoJeKyaspHOW nuHamukd (MD) OpuUmM HccinemoBaHBI MPOLECCH aacopOnny U
KJIacTepu3aly MoJeKyn mepwieHa Ha moBepxHocTsax Si(100){2x1}, Ni(111) m Ni(331). VYcraHoBneHo, 4YTO Xapaxrtep
B3aHMOJICHCTBHUsI MEpWIeHa C MOAJOKKOH ompenensercss Mopdomnorueir mosepxuoct: Ha Si(100){2x1} dopmupyrorcst
opHreHTHpoBaHHbIe CTPYKTYphI, Ha Ni(111) - mmanapuas yknazaxa, a Ha Ni(331) - BapuatuBHbIe KOHQUTYPAIMU U3-3a CTYIIEHYATOM
tonorpaduu. IlokasaHo, YTO C YBEIMYCHHEM OSHEPIrMH B3aMMOJCHCTBHS MOJICKYJI C IOBEPXHOCTBIO CHIDKACTCS HX
TepMOJUHAMHYECKasd CTaOWIBHOCTh, OmpezaensieMas MO MOJSIpHOM »Hepruu [mb6ca. Takas oOpaTHas KOppeysIUS MEXIY
SHEprueil aacopOIMy U CTAOWIBHOCTBIO KIACTEPOB MOAYEPKUBACT POJIb HE TOJBKO CHIIBI MEX(a3sHOro B3aMMOJCHCTBHS, HO U
SHTpONMiHEIX (akTopoB. IlosydeHHBIE pe3ynbTaThl PACIIMPSIOT MOHMMAaHHE IPOLECCOB IPEHYKJICAMH W MOTYT OBITh
HCIIOTb30BaHbI IIPH MTPOEKTHPOBAHUH YCTOWYMBBIX OPTaHMYECKUX HAaHOCTPYKTYP.
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E-m.f., PhD., k.i.x M. Adilov taqrizi asosida

Si/ZnO SIRTIDA MAGNETRONLI CHANGLATISH USULIDA QUYOSH ELEMENTI SIFATIDA YUPQA MIS
OKSIDI QATLAMINI O‘STIRISH VA TAVSIFLASH
Annotatsiya

Ushbu maqolada magnetron changlatish usuli orqali Si/ZnO taglik sirtida CuO va Cu20 asosidagi yupqa qatlamli geterostrukturalar
sintez qilindi. Tadqiqotda taglik sirtiga harorat va ionli tozalashning ta’siri o‘rganildi. Uch xil holatda qizdirilmagan, 600 °C
haroratda qizdirilgan va miltillama razryad ionlari bilan tozalangan CuO va Cu20O qatlamlari o‘stirildi. Hosil bo‘lgan qatlamlarning
kristallografik tuzilishi, fazaviy holati, sirt morfologiyasi, element tarkibi va Raman spektroskopik xossalari tegishli analitik usullar
yordamida tahlil qilindi. Natijalar shuni ko‘rsatdiki, yuqori haroratda qizdirish va ionli tozalash orqali bir jinsli, zich va kristallik
darajasi yuqori bo‘lgan gatlamlar hosil bo‘ladi. Olingan CuO/Cu2O geterostrukturalar quyosh elementlari yaratishda istigbolli
material sifatida tavsiya etiladi.

Kalit so‘zlar: magnetron changlatish, geterostruktura, kristallik-amorflik, kristallitlar o‘lchami, quyosh elementi, ruh oksidi.

BBIPAIIMBAHUE U XAPAKTEPUCTUKA TOHKOI'O CJ1051 OKCUJA MEJIU B KAYECTBE COJIHEYHOI'O
SJIEMEHTA METOAOM MATHETPOHHOI'O HAINIBIJIEHUSI HA TIOBEPXHOCTMU Si/ZnO
AHHOTanus

B nanHO# paboTe TOHKOIUIEHOYHBIE reTepocTpyKTyphl Ha ocHOBe CuO 1 Cu20 OBUTH CHHTE3MPOBaHbBI Ha TOBEPXHOCTH MOIOKKH
Si/ZnO MeTomoM MarHeTpOHHOIO pacHbUIeHHs. B HccienoBaHWMYM HM3y4ajaoch BIMSHHE TEMIIEPaTypbl M HOHHOW OYMCTKHM Ha
noBepxHOCTh MoT0KKH. Cioun CuO u Cu20 BbIpalMBaIuCh B TPEX Pa3IMYHBIX YCIOBHAX: Oe3 Harpesa, ¢ HarperoM a0 600°C u
C OYHCTKOH MOHAaMHM HMITYIbCHOrO paspsima. Kpucrammorpaduueckyro CTpyKTypy, (Ha3oBoe COCTOSIHUE, MOP(OIOTrUio
MOBEPXHOCTH, DJIEMEHTHBI COCTaB M CIHEKTPOCKOITMYECKHE CBOMCTBA KOMOWHAIIMOHHOTO PACCESHUS CBETa IMOMYYEHHBIX CIOEB
AQHANM3HPOBAIA C  HCIOJB30BAHHEM  COOTBETCTBYIOIIMX  AQHAIWTHYECKHMX  METOHOB. Pe3ympraTel  moOKasald, dYTO
BBICOKOTEMITEPATYPHBIH HarPeB W HOHHAS OYMCTKA TPUBOIAT K 00pa30BaHUIO OTHOPOIHBIX, ITIOTHBIX U BBICOKOKPHCTAITHYECKAX
cioeB. [lomydennsie rerepocTpykTypsl CuO/Cu0 pexoMEeHAYIOTCSI B KadecTBE NMEPCIEKTUBHBIX MATE€PHaliOB JUI CO3JAHHS
COJTHEUHBIX 3JIEMEHTOB.

KnroueBble ci10Ba: MarHETPOHHOE pacIHbUICHHE, TeTEPOCTPYKTYpa, KPHCTaUIMYHOCTh-aMOp(HU3M, pa3Mep KpHCTaJUIUTOB,
COJTHEUHBIH 2JIEMEHT, OKCH]| CIIMPTA.

GROWTH AND CHARACTERIZATION OF A THIN COPPER OXIDE LAYER AS A SOLAR CELL USING THE
MAGNETRON SPRAYING METHOD ON A Si/ZnO SURFACE
Annotaion

In this paper, CuO and Cu2O-based thin-film heterostructures were synthesized on a Si/ZnO substrate by magnetron sputtering.
The effect of temperature and ion cleaning on the substrate surface was studied in the study. CuO and Cu-O layers were grown in
three different conditions: unheated, heated at 600°C, and cleaned with flash discharge ions. The crystallographic structure, phase
state, surface morphology, elemental composition, and Raman spectroscopic properties of the resulting layers were analyzed using
appropriate analytical methods. The results showed that high-temperature heating and ion cleaning produced homogeneous, dense,
and highly crystalline layers. The resulting CuO/Cu-O heterostructures are recommended as promising materials for creating solar
cells.

Key words: magnetron sputtering, heterostructure, crystallinity-amorphism, crystallite size, solar cell, spirit oxide.

Kirish. Hozirgi kunda energiyani olish, uni saqlash va samarali yetkazib berish dunyo miqyosida eng dolzarb

muammolardan biri hisoblanadi. Bu boradagi ilmiy izlanishlar energiya hosil giluvchi, saqlovchi va yetkazib beruvchi manbalarni
arzon va samarali materiallar asosida ishlab chiqishga qaratilgan.
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So‘nggi bir necha o‘n yilliklarda mis (Cu) yarimo‘tkazgichlar texnologiyasida kontakt metall sifatida keng qo‘llanib
kelinmoqda. U avval qo‘llanilgan alyuminiyning o‘rnini bosuvchi material sifatida, shu bilan birga, yuqori haroratga bardoshli
yarimo‘tkazgichli qurilmalarning asosiy elementi sifatida ham muhim ahamiyat kasb etadi. Bundan tashqari, mis atomlari kremniy
va germaniy kabi materiallarga nisbatan yuqori diffuziyalanish qobiliyatiga ega [1]. Yarimo‘tkazgichli mis oksidi (Cu20) quyosh
batareyalari uchun istiqbolli materiallardan biri hisoblanadi. Cu2O yuqori optik yutilish qobiliyati, yuqori barqarorlik, zaharli
emasligi, ishlab chiqarishda Ni, Ag va Au kabi materiallarga nisbatan arzonligi, tabiatda keng tarqalganligi, hamda yuqori optik,
elektr, magnit va katalitik xossalari tufayli muhim quyosh elementlari qatoriga kiradi [2-5]. Avvalroq magnetron changlatish
usulida tayyorlangan CuO va Cu20 yupqa plyonkalari bo‘yicha tadqiqotlar amalga oshirilgan bo‘Isa-da [6—10], biroq Si tayanchini
600 °C haroratda qizdirib, miltillama razryad ionlari bilan tozalash orqali plyonka o‘stirish bo‘yicha tadqgiqotlar ilk bor amalga
oshirildi. Mis oksidi yupqa plyonkalarini olish uchun bir necha texnologiyalar — zol-gel, impulsli lazerli cho‘kma, piroliz,
kimyoviy bug‘lanish va yuzada bir xillikka erishishda magnetronli changlatish usullari qo ‘llaniladi [11-15].

Ushbu tadqiqot ishida magnetron changlatish usuli orqali ZnO/Si tagligi 600 °C haroratda qizdirib, miltillama razryad
ionlari bilan tozalash orqali CuO/Zn0O/Si va Cu20/Zn0O/Si geterostrukturalari hosil qilindi. Olingan geterostrukturalarning xossalari
qizdirish va gamma nurlanish ta’sirida rentgen fazaviy tahlil, skanerlovchi elektron mikroskopiya va boshqa bir necha usullar orqali
baholandi.

Tadqiqot metodologiyasi. Magnetron changlatish usulida o‘stirilgan Cu20 va ZnO geterostrukturalarining elektron
xususiyatlariga qizdirishning ta’siri o‘rganildi. Getra-birikmada ZnO p- tipli va Cu20 n-tipli yarimo ‘tkazgich sifatida ishlatilgan.
Yuzaning bir xilligiga hamda silligligiga erishish uchun taglik Si ni 600 °C haroratda qizdirish hamda miltillama razryad ionlari
ta’sirida tozalashning optimal rejimi ishlab chiqildi. Namunalar o ‘zgarmas tok oqimida ishlaydigan magnetronli changlatish usulida
katod elementi- Cu, Ar va Oz (inert gaz) aralashmasi muhitida o‘stirilgan 1-rasm.

1

b \'\"._

1-rasm. Magnetron changlatish qurilmasining sxematik tuzilishi. 1- magnetron, 2- nishon, 3- ionizator, 4- elektromagnit klapan,
5- for nasos, 6- ballon, 7- diffuzion nasos, 8- sovitish tizimi, 9- vakuum kamerasi.

Tadqiqot ishimizda uch xil sharoitda katod elementi- Cu, Ar va Oz (inert gaz) aralashmasi muhitida Si/ZnO taglikka CuO
va Cu20 yupqa qatlam magnetron changlatish yo‘li bilan o‘stirildi. Birinchi holda Si/ZnO taglikka hech qanday ta’sir qilmasdan
to‘g‘ridan-to‘g‘ri, ikkinchi holda faqatgina taglik 600 °C qizdirildi va uchinchi holatda esa Si/ZnO taglikni 600 °C haroratda qizdirib
miltillama razryad ionlari ta’sirida tozalab CuO va Cu20 qatlamlari ostirildi. Bu uch xil sharoitda o‘stirilgan yupqa plyonkalarning
rentgen struktura (rigaku) usuli yordamida kristallografik tuzilishi, rentgen faza tahlili yordamida esa kristall- amorflik darajalari,
kristaliltlar o‘lchamlari, skanerlovchi elektron mikroskopda yuza emissiyasi, qatlam hosil bo‘lganligi, Raman spektroskopiya
usulida esa materialning tuzilishi va xususiyatlaridagi o‘zgarishlari, elektrofizik va optik xususiyatlari aniqlandi.

Tahlillar va natijalar. Tadqiqot ishimizda bir qatlamli epitaksial strukturali KDB 0.5- 1bk 2(III) standart kremniy taglikdan
foydalanilgan. Ushbu taglikning rentgen faza tahlili (2-rasm)da keltirilgan bo‘lib, bunda difraksiya burchaklari 26~28.5°,
48.2°,57.3°,69.8°,76,7° larda tekisliklar aro masofasi-dhkl=3.13 A, 1,91 A, 1,63 A,1,35 A, 1,24 A ga teng ekanligi hamda Miller
indekslari-(hkl) 111, 202, 311, 400, 313 bo‘yicha Si ga tegishli xarakterli cho‘qqilar namoyon bo‘lganligi kuzatildi.
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2-rasm. Si taglik namunaning rentgen faza tahlili.
Bu natijalarlardan xulosa qilishimiz mumkinki Si taglik tarkibida qo‘shimcha elementlar fazalari yo‘qligi taglik
namunasining sof (toza) ekanligidan dalolat beradi. Dastlab ushbu Si taglik 300° C haroratda qizdirilib, sirtiga magnetron
changlatish usuli yordamida bir xil sharoitda 3ta bir xil yupga qatlamli ZnO o°stirildi va rentgen faza tahlili qilindi (3-rasm).
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3-rasm. Si taglik sirtiga magnetron changlatish usuli yordamida bir xil sharoitda o‘stirilgan yupqa qatlamli ZnO
plyonkaning rentgen faza tahlili.
Rentgen faza tahlilidan 3-rasmda Si/ZnO namunada Si fazasining difraksiyasi burchaklari 26~28.5°,69.2° bo‘yicha
tekisliklar aro masofasi -dhkl=3.13 A, 1.36 A ga, Miller indekslari hkl=~(111), (400) ga teng ekanligi, ZnO fazasiga tegishli
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difraksiyasi burchaklari 20=31.8°, 34,4° ;36,3°, 47,5°, 56,6°, 62.8°, 66,4°, 68°, 69.1°, 77° bo‘yicha tekisliklar aro masofasi -dhkl~
2.81A,260A,247A,191 A, 124 A,148A,1.41 A,1.38 A, 1.24 A va Miller indekslari mos ravishda hkl= (100), (002), (101)
(012), (110), (013) (200), (112), (202) ekanligi aniqlandi.

a) b

4-rasm. (a) Si taglik (b) 300 °C haroratda qizdirilgan (c) 600 °C haroratda qizdirilgan Si taglik sirtida o‘stirilgan
Si/ZnO ning mikroskopik tasviri.

4(abc) rasmda uch xil sharoitda gizdirilmagan, 300 °C va 600 °C haroratda qizdirilib ZnO gatlam o‘stirilgan namunalarning
SEM tasviri keltirilgan. Bunda Si taglikka ZnO yupqa qatlami 4-a rasm qizdirilmagan Si namunaga tegishli bo‘lib yuza silliq va
tekis tartiblangan, 4-b rasm 300 °C haroratda qizdirilib o‘stirilgan ZnO ga tegishli bo‘lib, SEM tasviridan yuzada ZnO
nanozarrachalari betartib, hamda notekis joylashganligini ko‘rishimiz mumkin. 4-c rasmda esa 600 °C haroratda qizdirilib
o‘stirilgan ZnO namunada yuza tartiblangan holda yaxshi adgeziyalarga, hamda zich sharsimon shaklda tuzilmalar namoyon
bo‘lgan. Bunda sirt bir xil o‘lchamli tagsimotga ega bo‘lgan sof tarkibdagi nanozarrachalar bilan to‘liq qoplanganligini ko rsatadi.
Buning yana bir tasdig‘i sifatida 5-rasmda EDS tahlilidan ZnO uchun sirtda ~O-35% Zn-65% atomlari joylashganligini hamda,
massalari bo‘yicha O- 11.6%, Zn-88.4% ga teng ekanligini ko ‘rishimiz mumkin.

Display name | Standard data | Quantification method | Result Type
Spc 015 Standardless | ZAF Metal

Element Line Mass% Atom%
o K 11.5820.06 34.86£0.19
Zn K 884210.29 65142021
Total 100.00 100.00
Spe 015 Fitting ratio 00203

50,000

Intensity [Counts]

0 1 2 3 4

5 6 7 8 9 10
Energy [keV]

S-rasm. Si taglik sirtiga o‘stirilgan ZnO yupqa plyonkaning EDS ma’lumoti.

Buni Si/ZnO strukturaning 6-a rasmda rentgen faza miqdori tahlilidan Zn-74.6%, O-18.2%, Si-7.2% ni tashkil etishi va 1-
jadvaldagidek zarrachalar o‘rtacha o‘lchami Debye Scherrer formulasi yordamida hisoblanganida ~28-35 nm ga ten ekanligi
aniqlangan. Demak taglikni dastlab 600 °C haroratda qizdirib magnetron changlatish usulida ZnO nano qatlam ostirish magsadga
muvofiq hisoblanar ekan. Chunki bu rejimda taglik sirti tartiblangan, yaxshi adgeziyalangan, hamda zich sharsimon shaklda
tuzilmalar paydo bo‘lib sof tarkibli ZnO yupqa gatlam bilan to‘liq qoplanar ekan.

Tadqgiqot imizga qo‘yilgan asosiy maqgsad yuqorida tayyorlab olingan namuna Si/ZnO sirtida quyosh elementi
sifatida yupqa Mis oksid qatlam o‘stirish va ular asosida tadqiqot ishlarini amalga oshirishdan iborat. Ushbu qo ‘yilgan magsadga
erishish uchun quyidagi ishlar amalga oshirildi.

Si/ZnO namunaga uch xil sharoitda 6-rasmda (a)-qizdirilmagan, (b) 500 °C haroratda qizdirilgan va (c) 800 °C haroratda
qizdirilib CuO va Cu20 yupqa qatlamli plyonkalari o‘stirildi. Rentgen faza tahlili yordamida CuO va Cu20 namunalarning
difraksiya burchaklari bo‘yicha tekisliklar aro masofasi, miller indekslari, kristall zarrachalari o‘rtacha o‘lchami, fazaviy miqdor
va sifat tahlili, kristallik amorflik darajalari aniqlangan.

Si/ZnO plyonka sirtida qizdirmasdan CuO va Cu20 yupqa gatlam o‘stirilganda taglikka 6a-rasm sezilarli darajada kuchsiz
bog‘langan CuO va Cu20 qatlam o‘sganligi, yuzada ZnO cho‘qqilari ko‘plab kuzatiladi, 6b- rasmda Si/ZnO taglik 800 °C haroratda
qizdirib ostirilganda yuzada CuO namunaga tegishli difraksiya burchaklari 26~32,5°, 35,5°, 38,7°, 48,8°, 53,49, 58,2°, 61,6° larda,
tekisliklar aro masofasi-dhkl=2,75 A, 2,52 A, 2,32 A, 1,86 A, 1,71 A, 1,58 A, 1,50 A ga teng ekanligi kuzatiladi. Cu20 namunada
esa 6¢ rasmda rentgen difraksiya burchaklari 20~29,6° 36,2°, 42,4° 52.6° 61,5° 69,8° tekisliklar aro masofasi mos ravishda -
dhkl=3,01 A, 2,46 A, 2,13 A, 1,74 A, 1,50 A, 1,35 A ga teng ekanligi aniglandi.

(c)

© —Cu;0 111

Intensity (a.u.)

6-rasm. Si/ZnO sirtida (a)-qizdirmasdan (b) - 500 °C haroratda qizdirilgan (c) 800 °C haroratda qizdirilgan va miltillama razryad
ionlari bilan tozalab o‘stirilgan CuO va Cu20 plyonkalarning rentgen faza tahlili keltirilgan.

Shu bilan bir qatorda CuO va Cu20 ning amorf-kristallik fazalari, fazaviy miqdor va sifat tahlili 7-rasmda keltirilgan.
Rentgen faza tahlilidan 7- rasmda (a) taglik Si /ZnO, (b) Si/ZnO taglik hrch qanday ta’sir bermasdan qizdirmasdan o‘stirilgan CuO
va Cu20 plyonkaning, Si/ZnO taglik 800 °C haroratda qizdirib o‘stirilgan (c) CuO va (d) Cu20 yupqa plyonkalarning fazaviy
miqdor va fazaviy sifat tahlili keltirilgan.
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7-rasm-(a) Si/ZnO (b) SI/ZnO/CuO vaSi/ZnO/Cuz0 (c) CuO (d)Cua0 ning fazaviy migdor tahlili.

Bundan ko‘rinib turibdiki taglikni qizdirmasdan CuO va Cu20 o‘stirilganda (b) CuO va Cu20 fazaviy miqdoridan Cu-
4.5%, Si-23,6%, Zn-56,9% va O-esa 14,9% ni fazaviy sifat tahlilidan esa, CuO-1%, Cu20-4,55, ZnO-70,9% va Si-23,6% tashkil
qilar ekan. Taglik 800 °C haroratda qizdirilib CuO va Cu20 ostirilganida (c) CuO fazaviy miqdor tahlilidan Cu-79,9 va 0-20,1%
fazaviy sifat tahlilidan CuO- 100 % ni (d) Cu20 ning fazaviy miqdor tahlilidan Cu-88,8%, O-11,2% ni hamda fazaviy sifat tahlilidan
Cu20-100% ni tashkil qilishi aniglangan. Bundan tashqari biz Si/ZnO sirtiga CuO va Cu20 yupqa qatlam plyonkalarni o‘stirib, sirt
morfologiyasini o‘rganildi.

(a)

—— Ty e

8-rasm. (a) taglik gizdirilmagan (b) taglik 500 °C haroratda qizdirilgan CuO o‘stirilgan (c) 800 °C haroratda qizdirilgan taglik
miltillama razryad ionlari ta’sirida tozalanib Cu2O ostirilgan.
Biz Si/ZnO sirtiga CuO yupqa plyonkasini o‘stirganimizda hosil bo‘lgan kristallitlar o‘lchamligi 14 nm ni tashkil qildi. Bu
ularning nano qatlam ko ‘rinishida o‘stirilganligidan dalolat beradi biz namunani 500 °C va 600 °C haroratlarda qizdirib sirtda g‘adir
budurliklar yo‘qolib asta sekin silliglanish yuzaga kelganligini, hamda Natijada 600 °C haroratgacha qizdirilgan namunada bir jinsli

tartiblangan nanozarralardan iborat bo‘lgan yupqa qatlamni hosil qilish imkoniyatiga erishdik.
E-3 ®— CuoO
114 © — CuO

Counts

T T T T T T i ST |
200 300 400 500 600 700 1500
Raman shift /cm -1

9-rasm. magnetron changlatish usulida Si/ZnO sirtiga o‘stirilgan mis oksidining raman spektri.

Raman spektr usulida olingan 9- rasmda spektrni tahlil qilganda 301, 363 va 623 sm-1 chastotali tebranishlar bilan bog‘liq
maksimallarga ega bo‘lgan uchta CuO ga tegishli, bundan tashqari, qizdirish ta’sirida mikrosturaturadagi yoki fazaviy o‘tishlardagi
o‘zgarishlar bilan bog‘liq 114, 141, 165 va 218 sm-1 chastotali tebranishlarga mos Cu20 ni xarakterlovchi cho‘qqilar namoyon
bo‘lganligini alohida ta’kidlash kerak. Ushbu chiziqlarning maksimal pozitsiyalari CuO uchun mos keladigan qiymatlarga mos
keladi. Bu esa tadqiqot elementining kimyoviy tarkibi CuO ga mos ekanligidan dalolat beradi. Mis oksidini 800 °C haroratda
qizdirilganda paydo bo‘lgan chiziglar CuO va Cuz20 ning kristall tuzilishidagi o‘zgarishlar kristallik bilan bir qatorda amorf-
kristallik tuzilmaning mavjudligi bilan bog‘liq bolishi mumkinligi 7-b rasm ko ‘rsatilgan.

CCu0o Cu20
10-rasm. Si/ZnO sirtiga o‘stirilgan CuO va Cu20 mis oksidi rentgen struktura tahlili.
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O‘stirilgan yupqa plyonkalar qatlami CuO va Cu20 ning ma’lum bir qismi alohida olib rentgen struktura Rigaku Oksford
difraksiyasi (XtaLAB Synergy-i) qurilmasi yordamida tekshirganimizda kristallografik tuzilishi, panjara parametrlari quyidagicha
giymatlarga ega bo’ldi: CuO uchun Monoclinic C 1 2/c1 a=4.6832A, b=3.4288A, ¢=5.1297A struktura, Cu20 uchun esa kubik P
n-3m a=4.2580A strukturaga ekinligi aniqlandi.

Xulosa va takliflar. Mazkur tadqiqotda magnetron changlatish usuli orqali Si/ZnO taglik asosida CuO va Cu:O yupqa
qatlamli geterostrukturalar hosil qilindi. Tajribalar uch xil holatda: gizdirilmagan, 600 °C da qizdirilgan, va 600-800 °C da
qizdirilib, miltillama razryad ionlari bilan tozalangan tagliklarda olib borildi. Olingan qatlamlarning kristallik darajasi, fazaviy
tarkibi, morfologiyasi, shuningdek elektrofizik va optik xususiyatlari chuqur o‘rganildi. Tahlillar shuni ko‘rsatdiki, ayniqsa yuqori
haroratda qizdirish va ionli tozalash orqali hosil qilingan qatlamlarda kristallanish darajasi yuqori, struktura silliq va zich, fazaviy
tarkibi esa sof holatda shakllangan. Cu.O qatlamlarida 800 °C da tozalangan yuzaga o‘stirilganda 100% kristall faza hosil bo‘lgani
qayd etildi. SEM va EDS tahlillari, shuningdek Raman spektroskopiyasi natijalari bu holatlarni tasdiqladi. Olingan natijalar shuni
ko‘rsatadiki, mos harorat va sirtga tayyorlov ishlovlari orqali mis oksidli yarimo ‘tkazgich qatlamlarning sifatini sezilarli darajada
oshirish mumkin. Natijada tayyorlangan CuO/Cu20 geterostrukturalar samarali va ekologik toza quyosh elementlarini yaratishda
istigbolli material sifatida taklif etilishi mumkin.
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THE APPLICATION OF LOCAL INTEGRALS IN STELLAR DYNAMICS
Annotation
This article focuses on the application of local integrals in stellar dynamics and solving the second integral problem for an arbitrary
mass distribution by plotting isoenergetic level curves. It also involves comparing these curves with the potential level curves of a
rotationally symmetric galaxy in the first approximation and analyzing them.
Key words: local integral, isoenergetic levels, spherical symmetry.

MPUMEHEHUE JIOKAJIBHOT'O HHTEI'PAJIA B JUHAMUKE 3Bi3/1
AHHOTAIHS
JlaHHas cTaThs MOCBSIEHA TPIMEHEHHUIO JIOKAJIBHBIX HHTETPAJIOB B AMHAMUKE 3BE3M U PEIICHUIO 33/1a4X BTOPOTO HHTETrpaja mpu
MPOM3BOJBHOM DACIpPESICHHH MAacChl IyTEM IOCTPOCHUS H303HEPTETUYECKHX YPOBHEBBIX JHHHH. Tarke MPOBOJUTCS HX
CpaBHCHHE C NOTCHUUAIbHBIMH YPOBHEBBIMH JIMHUSIMH TaJlaKTHKH B COCTOSHHM BpalIaTeNIbHOH CHMMETPHH B IIEPBOM
NpUOTIDKEHAN U MX aHAIU3.
KnrwoueBble cjioBa: JTOKATbHBIN HHTETPAIl, U303HEPTETUUCCKIE YPOBHH, ChepruecKas CHMMETPHS.

YULDUZLAR DINAMIKASIDA LOKAL INTEGRALINING QO‘LLANILISHI
Annotatsiya
Mazkur maqola yulduzlar dinamikasida lokal integralning qo‘llanilishini va massaning ixtiyoriy tagsimotida ikkinchi integral
muammosini yechish uchun izoenergetik sath chiziglarini chizish, ularni birinchi yaginlashishdagi galaktikaning rotatsion-
simmetrik holatdagi potensial sath chiziqlari bilan tagqoslash va tahlil qgilishga bag‘ishlangan.
Kalit so‘zlar: lokal integral, izoenergetik sathlar, sferik-simmetriya.

Kirish. Uch o‘lchamli maydonda mahalliy integralga yo‘l qo‘yadigan potensiallarni o‘rganish nazariy mexanikada muhim
tadqiqot yo‘nalishlaridan biridir, aynigsa bunday maydonlardagi zarralar harakatini hisobga olgan holda. Ushbu ishning magsadi -
MATLAB dasturi yordamida uch o‘lchamli maydonda mahalliy integralga ega bo‘lgan potensiallarning izoyuzali (isosurface)
chiziglarini sonli hisoblashdan iborat. Tadgigotda bu nazariy potensiallar haqiqiy fizik potensiallar, masalan, tortishish yoki
elektrostatik maydonlar bilan solishtiriladi va tahlil qgilinadi. Hisob-kitoblar orgali bunday maxsus potensiallarning fizik
kontekstdagi xatti-harakati va xossalarini chuqurroq tushunishga erishiladi. Aynigsa, nazariy potensiallar real tizimlardan ganday
farq qilishi yoki qanday o‘xshashligi aniqlanadi, bu esa ularning amaliy qo‘llanilishdagi ahamiyatini ko‘rsatadi. MATLAB
dasturining sonli modellashtirish imkoniyatlari izoyuzali tasvirlarni aniq ko‘rsatib, fizikada uchraydigan potensiallar bilan keng
gamrovli tagqoslash imkonini beradi.

Mavzuga oid adabiyotlar tahlili. Integral muammosi ustida bir gancha olimlar izlanishlar olib borgan misol uchun: G.M.
Idlis potensialning ba’zi maxsus shakllari uchun umuman ko‘p giymatli bo‘lgan integralning bir qiymatli funksiyaga aylanadigan
holatlarini ko‘rib chigadi [4-6]. G.G. Kuzmin [5]-ishida statsionar Galaktikani modellashtirishda uch o‘qgli tezlik tagsimotini
ta’minlaydigan kvadratik harakat integrali qo‘llanilishi batafSil yoritilgan. Shuningdek, ushbu integralning xususiyatlari [7, 9]-
magqolalarda ko‘p marta muhokama qilingan. D. Lynden-Bell tomonidan o‘rganilganidek, statsionar tizimlar uchun ma’lum bo‘lgan
har bir harakat integrali shu kabi tizimlarning butun bir sinfi uchun o‘z ahamiyatini saglab qoladi. Bu sinfni yoki uning bir gismini
ayrim bir o‘zgaruvchi funksiyasini o‘zgartirish orqali hosil qilish mumkin. Ushbu funksiya potensial va harakat integraliga lokal
shaklda, ya’ni differensiallash va integrallashsiz kiradi [8]. Integral mu’ammosidan kelib chiqib V.A. Antonov ham ish olib borgan.
Antonovning ishi integral muammolari uchun yechim topish magsadida ularni analitik ko‘rinishda hisoblaganlar.

Tadgigot metodologiyasi. Mahalliy integral mavjud bo‘lgan va ikki qiymatli tezlik maydonini namoyon qiladigan bir
qancha potensial misollarni oldingi bo‘limda keltirilgan differensial tenglamalarni yechish orqali qurish mumkin. Eng oddiy
misollardan biri sferik simmetrik potensialdir. Bunday holatda tezlik maydoni markazdan radial yo‘nalishda tarqalayotgan
yorug‘lik nurlari strukturasi bilan o‘xshash bo‘ladi. [4]da ko‘rilgan ba’zi uch o‘Ichovli potentsiallar energiya doimiysi qanday
bo‘lishidan qat’i nazar, faqat ikki qiymatli fazoviy tezlik maydonini hosil giladigan hol uchun,

u = uy + akR
v = v, +PR 1)
w =wy + VYR
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sonli hisoblashlarni bajaramiz. Keltirilgan ushbu formulada R, uo, Vo, va Wo, koordinatalar bo‘yicha funktsiyalar, «, § va y

esa yo‘nalish kosinuslari. Bunday tezliklar maydoni mavjudligini ta’minlovchi potensial quyidagicha ifodalanadi:
U =2[(grad®)2 + p(L)], 0

bu yerda — markazdan radial masofa, H esa burchak koordinatalarga bog‘liq ixtiyoriy funksiya. Bu potensial har bir fazo

nugqtasi uchun ikkita ehtimoliy harakat yo‘nalishini bildiruvchi tizimni tavsiflaydi.

Qizigarli maxsus holatlardan biri — potensialni belgilovchi funksiya F radius-vektor yo‘nalish kosinuslariga bog‘liq bo‘lsa,

A . . P . _ (-a)?[n3(1-nd)+nZ(1-nd)-2ninZ]  (b—a)?n}+ni-(nj+n})?
potensialning quyidagi shakli vujudga keladi. f= larb-a)mz+nd)]* = et o-a) Dt
3

Bunday xatti-harakat namunasi potensial funksiyadagi a,b,c konstantalari turlicha bo‘lganda kuzatiladi - bu esa potensial
sirtlarining deformatsiyalanishiga olib keladi. Bunday deformatsiyalanish xususiyatlarini aniglash uchun bargaror radiusli sferadagi
potensialning ekstremum nuqtalarini tahlil qilish zarur. Tahlil natijasida ma’lum bo‘ladiki, ayrim a,b,c konfiguratsiyalari uchun
potensial sirtlarida minimumlar, maksimumlar va egri nuqtalar (saddle points) paydo bo‘ladi.

Ushbu energetik sathlarni chizuvchi dastur “Matlab”da quyidagi ko ‘rinishga ega:

1 08 06 04 02 0 02 04 06 08 1

[X, Y]=meshgrid(-1:.01:1);

ul=(b-c).*(b-c)*(1-Y.*Y).*Y.*Y;

u2=(a-c).*(a-c)*(1-X.*X).*X.*X;

u3=-2*(a-c).*(b-c).*Y.*Y.*X.*X;

u=ul+u2+u3;

w=((b-c).*Y.*Y+(a-c).*X.*X+c).

F=u./w;

contour(X,Y,F);

Sath chiziqlarini turlicha ko‘rinishini olish uchun a, b, ¢ ning turlicha qiymatlarida Matlab dasturida grafiklar chizdik.

a=15,b=11.5, c=8.5

1 08 06 04 02 0 02 04 06 08 1

1-rasm a= 10, b =7 va ¢ = 4 holatda f ning sath chiziglari topologiyasi

Ko‘rib turgan grafigimiz(1-rasm) Antonov tomonidan xisoblangan izoenergetik sath chiziglarining topologiyasini
ifodalaydi. Antonov oz ishida ikkinchi integral muammosining yechimini izlash maqsadida hisoblangan analitik yechimni bilan
biz xisoblagan ragamli ko‘rinishdagi yechimni solishtiradigan bo‘lsak bunda bizning grafik(1-rasm) Antonov tomondan
xisoblangan grafik bilan o‘xshash ekanligi kelib chiqdi. Ko‘rishimiz mumkinki bu grafiklardan ixtiyoriy f funksiyaning sath
chiziglari a,b,c ning o‘zaro bog‘ligligidan grafik xam o‘zgarib borgan (1-rasm). Ushbu ishda keyingi gadam sifatida xisoblangan
izoenergetik sath chiziglarini ganday sistemalar uchun ekanligini tekshirish edi, aynan shu magsadda biz ularni tekshirish uchun
faqat ikki koordinataga bog‘liq bo‘lgan xol uchun tekshirish talab etilardi. Chunki grafiklardan ma’lumki izoenergetik sath
chiziqlari faqat ikki koordinataga bog‘liq xolda keltirilgan buning sababi esa birlik vektorlarda nx = 0va nf, + nz=1xoldabo‘ladi.
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Tahlil va natijalar. Birinchi yaginlashishdagi galaktikalarning aksariyat gismini rotatsion-simmetrik shaklga ega deb,
ya’ni simmetriya o‘qiga va unga ortogonal simmetriya tekisligiga ega deb garash mumkin. Bunday sistemada regulyar maydonning
potentsiali faqat ikkita koordinataga bog‘liq bo‘ladi, ya’ni simmetriya o‘qigacha bo‘lgan masofa R ga va simmetriya tekisligigacha
bo‘lgan masofa z ga. Bu holda potensial, U (R, z) ega bo‘ladi.

Ushbu tekislikdagi yulduzning harakat tenglamalari quydagicha bo‘ladi:

d*R _ 93U
dt?2 ~ R
d?z _ aU (4)
dtz ~ oz

Biz quyidagi modelda, barqaror bo‘lmagan davriy orbitaga yaqin masofalarda tezliklar maydoninig o‘zgarishini ko‘rib
chigib
U(R,z) = —%(RZ +22) — Rz2 +§R3 (5)
Bu potentsilada ko‘plab davriy orbitalar mavjud.
Biz ushbu (5) orgali berilgan potensialda, Ry = —0.1 va z, = 0.0 boshlang‘ich shartlarda uchun harakat tenglamasini (4)
Matlab dasturida 4-tartibli Runge-Kutta usuli yordamida integralladik va R~z orbitani chizichdik.

, Rt ning vagtga boglia ozgarishi _ 2It) ning vagtga bolia azgarishi

R~z Orbit

R

015 015
o 1 01 -008 -006 -004 -00Z O 002 004 006 008 O.1

1

2-rasm. R va z orasidagi bo‘lanishdan ko‘rish mumkinki, ularning bo‘ligligi ellips shaklidagi orbita ko‘rinishida. biz
yugorida chizgan grafikni(1-rasm) tahlil gilish uchun aynan shu (2-rasm) real potensial uchun grafik chizdik va biz bundan shuni
ko‘rishimiz mumkinki potensialning (R~z) bog‘lanish grafigi biz chizgan energetik sath chiziqlari bilan aynan o‘xshash. Dastlab
biz chizgan energetik sath chiziqlarini tahlil gildik unda ko‘rdikki izoenergetik sath chiziglari ma’lum bir orbitalalarni ifodalaydi
chunki undagi energetik sath chiziqlaridagi ranglarning taqsimlanishi orbita shaklida tarqalgan bo‘lib ranglar to‘q (ko‘p) bo‘lgan
sohalarda harakat bo‘lganligini bildiradi. Ya’ni ushbu sohada harakat ko‘p bo‘lgan bu o‘z navbatida ularning harakatning
chegaraviy orbitasini ifodalaydi. Energiya sathlari va potensialning grafigidan shuni ko‘rish mumkinmi bizning grafik Antonov va
Shamshievning [1992, AJ] maqolasidagi energetik sathlariga mos tushadi. Lokal integral bizga ma’lumki global integraldan fargli
ravishda fazoda ma’lum bir gismlarda o‘rganiladi va ular to‘siq vazifasini ifodalaydi. (2-rasm) xam gallaktikamizning bir
tomonidagi harakatlanayotkan obektlar uchun harakat maydonini ko‘rsatadi, albatta bu ularning harakat traektoriyalari emas, ammo
ularning harakati shu ellipsdan chigmasligini ko‘rsatmoqda. Biz esa butun gallaktikamiz uchun energiya taqsimlanishini ko‘rsatdik.

5
Vagt (1)

o Rit) ning vaatga bogliq ozgarishi  _ 2(t) ning vaqtga bogliq ozgarishi

” {\‘

0.02

R~z Orbit

0

Rit)

-0.02

0.04

-0.08
-0.08
-0

0 5 0 0 5 10
Vaqt (1) Vaat (1)

01 -008 -006 -004 002 0 002 004 008 008 01
R

Bundan ko‘rinadiki gallaktika markazga yaqinroq qimida obektlar ko‘p va harakat ham ko‘proq qolaversa ularning harakat
orbitalari  (1-rasm) izoenergetik sathlardan chetga chigmagan xolda ushbu chiziglar ichida amalga oshadi. Antonov va
Shamshievning [1992, AJ] maqolasida topilgan potentsial U(x, y, z) ixtiyoriy sfera r = const da o‘rganilgan edi, ya’ni quyidagi
ifoda
v=3fow +4
ning birinchi hadi doimiydek. Agar U(x, v, z) ni butun fazoda o‘rganadigan bo‘lsak, u holda biz H/r?> had U(x,y,z) =

const yuzani deformatsiyalanishiga olib kelshini ko‘rishimiz mumkin bo‘lardi, aks holda esa bu sirtlar faqat sferalardan tashkil
topgan bo‘lar edi.

uir)
plrl

— |
——z

X H
>
HLD\\\ o

r

3-rasm (1) Sferik jismning potentsiali va (2) sirt deformatsiyasi.
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Ushbu ishda biz potensial U ning p(L) hadini e’tiborga olgan holda, bu funksiyaning bir necha ko‘rinishlari uchun energetik
sath yuzalarini MATLAB dasturida chizib tahlil gildik. Shuni anigladikki, sferik-simmetriyaga ega jismning potentsialida p(L)
ning giymati kamayib borar ekan. Misolimizdagi a, b va c parametrlarning o‘zaro teng bo‘lmagan giymatlarida U(x, y, z) = const
ning yuzalari uch o‘lchamli ellipsodda kamroq o‘xshar ekan ekan (1-rasm). Hususiy hollar a > b = ¢ da esa sirtlar rotatsion-
simmetrik yuzalarni ifodalashini anigladik.

Xulosa. Mazkur tadqiqotdan olingan natijalar deyarli sferik simmetrik bo‘lgan yulduz tizimlaridagi yulduzlar harakatini
tahlil qilishda muhim ahamiyatga ega. Bu yerda taqdim etilgan sonli modellashtirish asosida bunday tizimlarni o‘rganish va
ularning dinamik Xususiyatlarini tushunish imkoni yaratiladi. Mahalliy integralga yo‘l qo‘yadigan potensiallar tadqiqi tezlik
maydonining xos xususiyatlari va mos potensial sirtlarini ochib beradi. Keltirilgan shartlar va misollar uch o‘lchamli fazodagi
zarralar harakatini yangicha nazariy nuqtai nazardan ko‘rib chigishga imkon yaratadi va bu yondashuv klassik mexanika,
astronomiya hamda astrofizikaning keng doirasidagi muammolarga qo‘llanilishi mumkin.
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GLITSINNING SUVLI KLASTERLARIDAGI MOLEKULALARARO TA’SIRLAR
Annotatsiya

Ushbu ishda, asosiy aminokislotalardan bo‘lgan glitsinning suvli eritmasidagi tebranish spektrlari qayd qilinib, -COO~ va -NH3z*
guruhlarga tegishli tebranish spektrlari tahlil gilindi. Eksperimental natijalarni tushuntirish magsadida zichlik funksional nazariyasi
(DFT) usulida B3LYP/6-311++G(d,p) funksiyalar to‘plami yordamida glitsinning suv molekulalari bilan hosil giladigan
Gly+n-H20 (n=1-10) Klasterlari tahlil gilindi. Tajriba va hisoblashlar natijalari tahlili ko‘rsatdiki, glitsinning suvli eritmasida
vodorod bog‘lanishli turli klasterlar hosil bo‘lishi natijasida glitsinning C=0 tebranish polosalari past chastota tomon siljiydi.
Kalit so‘zlar: Glitsin, tebranish spektrlari, DFT, vodorod bog‘lanish.

MEXMOJIEKYJISIPHBIE B3AMMOJIEVICTBYA B BOAHBIX KJIACTEPAX TJIMIUHA
AnHOTaLUA

B nanHoit paboTe 3aperncTpupoBaHbl KoeOaTeNbHbIe CIEKTPEI TIINIMHA, OJHOH U3 OCHOBHBIX aMHHOKHUCIIOT, B BOJHOM PacTBOpeE,
a TaKkKe MNpOaHANM3UpOBaHbI KonebarenpHble crekTpbl rpymn —COO™ u —NHs*. Jlns oObSCHEHHsS 3KCIEPUMEHTaIbHBIX
pesynbraToB komiuiekcsl Gly+n-H20 (n=1-10), oOpa3oBaHHBIC TJMIMHOM C MOJICKYJIaMH BOJbl, OBUIM IPOAHATM3UPOBAHBI
MeTo oM Teopun pyrkimonana mwiotaoctr (DFT) ¢ ucrions3oBannem ¢yHkuuonansaoro Habopa B3LYP/6-311++G(d,p). Ananu3
PEe3yJIbTaTOB 3KCIIEPUMEHTOB M PACYETOB MOKa3all, 4TO 00pa30BaHKE PA3IMYHBIX KOMIUIEKCOB C BOJOPOIHBIMHU CBSI3SIMH B BOJHOM
pacTBope TIIMIMHA TPUBOIUT K CMEIMIEHHIO MOJI0C Konebanuii a3 C=0 riaunrHa B 00acTs 00jiee HU3KUX YacTOT.

KunroueBsie ciroBa: ['nmuuu, konedatensHble criekTpsl, DFT, BogopoaHas cBs3sb.

INTERMOLECULAR INTERACTIONS IN AQUEOUS CLUSTERS OF GLYCINE
Annotation

In this work, vibrational spectra of glycine, one of the main amino acids, in agueous solution were recorded, and vibrational spectra
of the —COO™ and —NHs* groups were analyzed. To explain the experimental results, Gly+n-H20 (n=1-10) clusters formed by
glycine with water molecules were analyzed by the density functional theory (DFT) method using the B3LYP/6-311++G(d,p)
functional set. Analysis of the experimental and calculation results showed that the formation of various clusters with hydrogen
bonds in an aqueous solution of glycine leads to a shift of the vibrational bands of the C=0 bond of glycine to the region of lower
frequencies.

Key words: Glycine, vibrational spectra, DFT, hydrogen bond.

Kirish. Murakkab biologik sistemalarning tebranma harakatlarini o‘rganishda keng qo‘llaniladigan samarali usullardan
biri tebranish spektroskopiyasidir [1]. Glitsin (Gly) ogsillarning muhim tarkibiy elementi bo‘lib, vodorod bog‘ini hosil gila oladigan
bir nechta markazga ega bo‘lib, C=0 guruhi proton-akseptor, O-H va NH2 guruhlari proton-donor vazifasini bajaradi. Shuningdek,
ular peptidlar va ogsillarning "struktura elementi” ni tashkil giladi. Shuning uchun ham nafaqat fundamental o‘rganish uchun
qiziqish uyg‘otadi, balki amaliy jihatdan muhimligi bilan ham ajralib turadi [2-4].

Hozirgi vaqtda, ular molekulalararo o‘zaro ta’sir jarayonlarini o‘rganish uchun modellashtirish qulay yechimlardan biridir
[5]. Shuning uchun ham Sun va boshgalar tomonidan glitsin suv eruvchi-erituvchi o‘zoro ta’sini sturukturaviy jihatlarini IQ
spektrga ta’sirini va dipol momentining elekton strukturasiga bog‘liqligi o‘rgangan[6]. Nazariy tadgigotlar yordamida glitsinning
suvdagi zvitterionik tuzilishi elektroneytral tuzilishiga nisbatan barqarorroq ekanligi ko‘rsatilgan [7]. Niskanen va boshqalar [8]
tomonidan zichlik funktsional nazariyasi - molekulyar mexanika (DFT/MM) hisoblashlar yordamida glitsinning neytral tuzilishida
COOH va NH2 guruhlar o‘rtasida ichki vodorod bog‘lanish mavjudligi aniqlangan va suvli eritmadagi glitsin molekulasi uchun
struktura va yadro-elektron o‘rtasidagi bog‘lanish energiyasini yuqori aniqlikda tahlil gilgan. Kishimoto va boshqalar [9] esa glitsin
va suv konformatsiyalarini turli temperaturaga bog‘ligligi o‘rganadi va IEF-PCM usuli bilan tahlil gilishni taklif giladi. Glitsinning
suv molekulalari bilan 1:1 klasterlarining gaz fazasida hamda erituvchi effektini hisobga olgan holda optimal geometriyasi
hisoblanib, erituvchi effekti hisobga olganda vodorod bog‘lanish uzunligi kamayganligi va gaz fazasidagiga nisbatan barqaror
ekanligini ko‘rsatgan [10]. Vodorod bog‘lanish orqali bog‘langan aminokislotalar zanjirlarida suv asosiy komponent ekanligi
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hagidagi gipoteza muhokama gilingan hamda DNK va RNK kabi biologik birikmalarining strukturaviy barqarorligini ta’minlashda
juda muhim ahamiyatga ega ekanligi ko‘rsatilgan [11-12].

Adabiyotlar tahlili shuni ko‘rsatdiki, mavjud nazariya va bilimlar glitsinning suv molekulalari bilan molekulyar
klasterlarning hosil bo‘lish mexanizmi va uning spektral namoyon bo‘lishini to‘liq tushuntirish imkonini bermaydi. Shuning uchun
ushbu tadgiqotda tebranish (Raman va 1Q) spektroskopiyasi va zichlik funksional nazariyasi (DFT) usullari yordamida glitsin va
uning suvli eritmasidagi molekulyar klasterlarning hosil bo‘lish mexanizmi o‘rganilgan.

1.Tajriba va hisoblash texnikasi

Toza glitsin va uning eng yaxshi erish konsentratsiyasidagi (0.249 g/litr) [13] suvli eritmasining 4000-400 sm* oraliqdagi
1Q yutilish spektrlari Shimadzu IRTracer-100 FTIR spektrofotometri yordamida gayd qilindi. Spektrometr yuqori sezuvchanligi
stabillashtirilgan. Spektrlar tahlili uchun LabSolutions IR dasturidan foydalanilgan. Glitsinning 4000-100 sm™* oraliqdagi Raman
spektri esa Renishaw Invia Raman spektrometrida yordamida qayd qilindi. Uyg‘otuvchi yorug‘lik manba sifatida 532 nm to‘lqin
uzunlikli va quvvati 50 mW ga teng bo‘lgan lazerdan foydalanilgan. Sochilgan yorug‘likni gayd qilish uchun standard Renishaw
CCD Camera detectori ishlatilgan. Ekspozitsiya vaqti 10 s va ajrata olish qobiliyati 0.5 sm™*. Dispersiyalovchi element sifatida
davri 1200 lines/mm bo‘lgan difraksion panjara foydalanilgan. Barcha spektrlar normal atmosfera bosimi va xona temperaturasida
gayd qgilingan.

Ushbu tadgiqot ishidagi barcha hisoblashlar Gaussian 09 W paket dasturida amalga oshirilgan [14]. Glitsinning suvli
klasterlarining optimal geometriyasi va tebranish spektrlarini hisoblashda DFT usuli B3LYP gibrid funksiyasi va 6-311++G(d,p)
bazislar to‘plami qo‘llanilgan.

3. Natijalar va muhokama

3.1. Tajriba natijalari

IQ va Raman spektroskopiyasi bir-birini to‘ldirib kelib, molekulyar sistemalardagi tebranishlar hagida ma’lumot beradi.
IQ va Raman spektral chiziq (polosa)larining gohida o‘zaro mos tushmasligi tanlash qoidalariga, molekulaning simmetriyaga,
fundamental o‘tishlarga, obertonlarga va ularning kombinatsiyalariga bog‘liq kabi sabablarga bog‘lanadi. Glitsin va uning suvli
eritmasining tebranish spektrlarida glitsining COO- guruhi va NHs guruhiga tegishli tebranish polosalariga ¢’tibor qaratdik. Chunki,
ushbu guruhlar molekulalararo ta’sirlarda faol qatnashadi. 1-rasmda glitsin va uning suvli eritmasining 500-1700 sm* oraligdagi
Raman spektrlari tasvirlangan. Glitsinning toza holatdagi Raman spektrlaridagi C=0 valent tebranish polosasi 1670 sm™! ga mos
kelib, suvli eritmada 36 cm* ga past chastotaga siljigan (1624cm). Bu cho‘qqining past chastotaga siljishiga sabab, eruvchi va
erituvchi molekulalari orasidagi vodorod bog‘lanishlarning shakllanishi bilan bog‘liq bo‘lishi mumkin. Shuningdek, ba’zi tebranish
polosalarning intensivligi pasayganligi va yarim kengligi o‘zgarganligi ko ‘rish mumkin. Bunga sabab van der Waals o‘zaro ta’sirlar
bo‘lishi mumkin. Shu bilan birga 3000-3500 sm* oraliqda suv molekulalarining o‘zaro ta’sirlari natijasida paydo bo‘lgan O-H
polosasiga tegishli polosa mavjud bo‘lib. Toza glitsindagi NHz guruhining stretching tebranishi 3141 sm™ ga mos kelib, suvli
muhitda O-H tebranish polosasi fonida qolganligi sababli polosadagi o‘zgarishini kuzatish imkoni yo‘q.

/
— Glitsin toza amf
—— Glitsintsuv 249gr/L r

Raman intensivligi
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Chastota, cm

1-rasm. Glitsin va uning suvli eritmasining eksperimental Raman spektrlari.

O*tish

2000 250 3000 3500 4000
Tolgin soni, em™

2-rasm. Glitsin va uning suvli eritmasining eksperimental 1Q yutilish spektrlari.

IQ yutulish spektrida juda zaif va keng cho‘qqilar kuzatilib (2-rasm), bu cho‘qqi (maksimum)lar suvli eritmada
intensivliklarining pasayishi va polosalarning biroz soddalashganligini ko‘rish mumkin. Ma’lumki, glitsin molekulasi funksional
guruhlarining tebranishi va molekulaning translatsion harakati sababli dipol momentlarining paydo bo‘lishiga olib keladi.

Dipolyarizatsiya koeffisenti turlicha bo‘lgan NHs guruhining valent tebranishlari bilan bog‘liq bo‘lgan keng polosa
cho‘qqisi IQ spektrida 3170 sm™da kuzatildi. Glitsinning NHs guruhining deformatsion tebranishiga tegishli bo‘lgan polosa
maksimumi 1612cm* da gayd gilindi va suvli eritmada 14 cm* ga (1626cm™t) yugori chastota tomon siljidi. Bu polosaning yugoriga
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siljishi glitsin molekulasining NHs guruhi va suv molekulasidagi kislorod atomi o‘rtasida vodorod bog‘lanish sababli sodir bo‘ladi.
Bundan kelib chigadiki, glitsin tarkibida murakkab molekulyar klasterlar mavjud. Spektroskopik ma’lumotlar glitsin bilan uning
suvli eritmasi tarkibida murakkab molekulyar klasterlardan tashkil topganligini tasdigladi. Tajriba natijalaridan keltirilgan
xulosalarni tasdiglash magsadida kvant-kimyoviy hisoblashlar amalga oshirdik.

3.2. Geometrik tahlil

Glitsin va 10 tagacha suv molekulalari bilan hosil bo‘lishi mumkin bo‘lgan molekulyar klasterlarning optimal geometriyasi
3-rasmda keltirilgan. Hisoblash natijalari glitsinning birdan o‘ntagacha suv molekulalari bilan hosil gilgan klasterlarning barchasi
H-bog‘lanish orqali hosil bo‘lishini ko‘rsatdi.

1-jadval. Gly+n-(H20) (bu erda n=1-10) hisoblangan kalasterlarning Hatree energiyasi va dipol momentiga bog‘liglik

jadvali.
Klaster Glitsin Glitsin- Glitsin- Glitsin- Glitsin- Glitsin- Glitsin- Glitsin- Glitsin- Glitsin- Glitsin-
(H20) (H20)2 (H20)3 (H20)4 (H20)s (H20)s (H20)7 (H20)s (H20)9 (H20)10
E, Hartree -284.51 -361.01 -437.49 -513.97 -590.44 -666.92 -743.39 -819.86 -896.35 -972.82 -1049.3
Dipol moment, 13.3198 16.4705 16.2105 16.7945 15.8212 19.2667 19.7080 22.9672 19.5046 18.7421 21.1068
Debay

Natijalar shuni ko‘rtasdiki, glitsinning 7 ta suv molekulasi bilan hosil gilgan klasteri qolgan klasterlar nisbatan energetik
jihatdan barqaror va glitsin suv o‘rtasidagi vodorod bog‘lanish, suv suv o‘rtasidagi vodorod bog‘lanish energiyasidan yuqori
ekanligi aniglandi.
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3-rasm. Gly+n-(H20) (n=1-10) klasterlarining optimal geometrik
strukturalari
3.3. Hisoblangan spektrlar tahlili.

C=0 ga guruhiga tegishli valent tebranishga polosaga garasak monomer holatida 1668 sm ga mos kelsa, glitsin va 10
tagacha suv molekulalari bilan hosil gilgan klasterlariga garasak suv molekulasi soni ortishi bilan 87 sm-! gacha past chastota tamon
siljidiganligini ko‘rish mumkin (4-rasm). O‘tkazilgan tajribalarda Raman spektrlaridagi C=O polosasi 1670 sm™' ga, suvli
aralashmasida 36 sm™ ga past chastotaga siljigan holatini hisoblangan spektrlar tahlili ham usbu holatni tasdigladi. Bu moslikka
sabab qilib, glitsin va suv molekulari o‘rtasida vodorod bog‘lanish orqali klasterlarning shakllanish mexanizmi aytish o‘rinli.

1660

COO valent tebranishi,
2

LI I

4-rasm. C=0 valent tebranish chastotasini klasterlardagi suv molekulalari soniga bog‘ligligi
Glitsinning tajribada olingan 1Q yutilish spektrlari 1612 sm™ ga mos keluvchi polosa maksimumi suvli eritmada 14 sm
(1626 sm™) yuqori chastota tomon siljidigan edi. Hisoblangan spektrlar tahliliga garasak, monomerda NH3 guruhiga tegishli
bo‘lgan assimetrik deformatsion tebranish 1634 sm™ga mos kelsa, suv molekulalari bilan hosil gilgan klasterlarda suv molekulasi
soni ortishi bilan 92 sm™ gacha yuqori chastota tamon siljidiganligini ko‘rish mumkin (5-rasm). Aynan IQ yutilish spektrlarida
depolyarizatsiyalangan assimetrik deformatsion tebranish holati aktiv bo‘lishini hisobga olsak, gilitsin va suv molekulasi o‘rtasida
N-H---O tipdagi noklassik vodorod bog‘lanish tufayli yuqori chastota tamon siljirganligini tushuntirish mumkin.
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5-rasm. NHs guruhining assimetrik deformatsion tebranish chastotasini klasterlardagi suv molekulasining ortishiga bog‘liklik
grafigi.
3.4. Mulliken atom zaryadining tahlili
Molekulalardagi atom zaryadi atomdagi elektromanfiylikni tekshirish va kimyoviy reaksiyalarda zaryad o‘tkazish
jarayonlarini tavsiflash uchun hamda molekulyar sirtlardan tashqaridagi elektrostatik potentsialni modellashtirish uchun ishlatiladi
[15,16]. 2-jadvalda glitsin monomeri va glitsin+(H20)10 klasterlari uchun Mulliken atom zaryadlari keltirilgan. Jadvalga ko‘ra,
glitsin molekulasining O1, Oz, N3 va Cs atomlari manfiy zaryadlangan holda golgan uglerod Cs, Hs, Hz, Hs, He, Hio musbat
zaryadlangan holda molekulani proton-donor va proton-akseptor xususiyatini namoyon giladi. Shu sababli ushbu atomlarning
o‘zaro ta’sirda ishtirok etish imkoniyati yuqori ekan va glitsin mokekulasi atomlarning zaryad moduli klasterdagi suv molekulalari
soni ortishi bilan zvitterion holati bargarorlashadi.
2-jadval. Gly+n-(H20) (n=1-10) klasterlaridagi glitsinning Mulliken atom zaryadlari
02 N3 C4 C5 H6 H7 H8

Klaster o1 H9 H10

monomer -0.512 -0.525 -0.227 -0.437 0.233 0.234 0.234 0.323 0.339 0.339
Glitsin-(H20) -0.490 -0.510 -0.213 -0.503 0.268 0.239 0.243 0.318 0.344 0.341
Glitsin-(H20)2 -0.489 -0.532 -0.351 -0.483 0.282 0.251 0.230 0.420 | 0.340 0.357
Glitsin-(H20)s -0.483 -0.562 -0.371 -0.529 0.345 0.259 0.234 0.429 | 0.361 0.347
Glitsin-(H20)4 -0.532 -0.607 -0.333 -0.532 0.371 0.272 0.234 0.428 | 0.362 0.346
Glitsin-(H20)s -0.608 -0.540 -0.452 -0.445 0.331 0.257 0.221 0.462 0.401 0.357
Glitsin-(H20)s -0.606 -0.547 -0.570 -0.465 0.347 0.256 0.219 0.479 0.438 0.397
Glitsin-(H20)7 -0.596 -0.536 -0.591 -0.431 0.253 0.276 0.230 0.396 0.415 0.501
Glitsin-(H20)s -0.631 -0.531 -0.607 -0.452 0.320 0.257 0.230 0.402 | 0.429 0.486
Glitsin-(H20)s -0.615 -0.519 -0.560 -0.537 0.315 0.259 0.269 0.398 | 0.422 0.465
Glitsin-(H20)10 | -0.606 -0.520 -0.530 -0.557 0.335 0.261 0.265 0.370 | 0417 0.465

Xulosa. Glitsin va uning suvli eritmasining tebranish spektrida o‘zgarishlar kuzatildi. Raman spektrlarida polosa
maksimumlarining past chastotaga siljishi, vodorod bog‘lanish orqali suv va glitsin molekulalari o‘rtasida klasterlarning
shakllanish mexanizmiga bog‘liq va buni nazariy tadqiqotlat to‘liq tasdiqladi. IQ yutilish spektrida yuqori chastotaga siljish, N-
H-O tipdagi vodorod bog‘lanishlari natijasida va qutblangan assimetrik deformatsion tebranish holatining aktiv bo‘lishini nazariy
tadgiqotlar ham tasdigladi. Nazariy hisoblashlar glitsinning 7 ta suv molekulasi bilan hosil gilgan klasteri qolgan klasterlar nishatan
barqgarorligi va klasterlardagi suv molekulalari soni ortishi bilan zvitterion holati bargarorlashishi aniglandi.
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HUHAYHUPOBAHHAS PAIMOAKTUBHOCTDb U OBJIYYEHUE NEPCOHAJIA ITPU TEPAIIUU TSIKEJIBIMUA
HUOHAMMU: UCCIEJOBAHUE METOJ1OM MOJAEJINPOBAHUS
AHHOTaALHSA

VoHHas pagnoTepamyis ¢ UCIOIb30BaHUEM TSDKENBIX MOHOB 00ECIEYMBAET BHICOKYIO TOYHOCTH JICYEHHs, HO COIPOBOXIAETCS
WHIYIMPOBAHHOW PaJMOaKTHBHOCTBIO, KOTOPAsi MOXKET CTAaTh MCTOYHUKOM OOJy4eHHs A1 MEIUIMHCKOTO IepcoHana. B stoi
paboTe MpoBeNEH aHAN3 WHAYIMPOBAHHOHN PagNOaKTUBHOCTH B MOHHOH JIeYeOHOW KOMHATE C HCITIOIb30BaHIEM MOJICITHPOBAHHS
Mounrte-Kapno (kox FLUKA). HMccnenoBanne BKIIOYACT KPATKOCPOYHBIC U JIOJATOCPOUYHBIC CIICHAPUU OOIYUCHHS JJIs OUCHKH
paIuanMoOHHOTO BO3ACHCTBUS Ha MepcoHal. Pe3ympTaThl mokasaian o0pa3oBaHHE MHOXKECTBA PAIHOHYKIHAOB, YTO MO3BOJIHIIO
MPEATIOKHUTE MEPHI IO CHIKSHUIO MPO(ECCHOHATFHOTO 00IYUIEHHS U MOBBIIICHIIO 0€30MaCHOCTH B IIEHTPaX HOHHOM Tepamnuu.
KiroueBble ciaoBa: HMonnas panuorepanus, WuaynupoBaHHas paguoakTUBHOCTh, MopenupoBanue MonTe-Kapio,
Pannonyxnuuel.

INDUCED RADIOACTIVITY AND PERSONNEL EXPOSURE IN HEAVY ION THERAPY: A SIMULATION
STUDY
Annotation

Heavy-ion radiotherapy provides high treatment precision but is accompanied by induced radioactivity, which can be a source of
radiation exposure for medical staff. This study analyzes induced radioactivity in a heavy-ion treatment room using FLUKA Monte
Carlo simulations code. The research includes short-term and long-term irradiation scenarios to assess radiation exposure for staff.
The results revealed the formation of numerous radionuclides, which helped propose measures to reduce occupational exposure
and improve safety in heavy-ion therapy centers.

Key words: lon radiotherapy, Induced radioactivity, Monte Carlo simulation, Radionuclides.

OG‘IR IONLAR TERAPIYASIDA QOLDIQ RADIOAKTIVLIK VA XODIMLARNING NURLANISHI:
MODELLASHTIRISH USULI YORDAMIDA TADQIQOT
Annotatsiya

Og‘ir ionlardan foydalanilgan ionli radioterapiya yuqori aniqlikdagi davolashni ta’minlaydi, biroq u tibbiyot xodimlari uchun
nurlanish manbayi bo‘lishi mumkin bo‘lgan qoldiq radioaktivlik bilan kechadi. Ushbu ishda FLUKA kodidan foydalangan holda
Monte-Karlo modellashtirish yordamida ionli davolash xonasida qoldiq radioaktivlikning tahlili o‘tkazildi. Tadqiqot qisqa
muddatli va uzoq muddatli nurlanish stsenariylarini o‘z ichiga olib, xodimlarga bo‘lgan radiatsion ta’sirni baholashga qaratilgan.
Natijalar ko‘plab radionuklidlarning hosil bo‘lishini ko‘rsatdi, bu esa ion terapiyasi markazlarida kasbiy nurlanishni kamaytirish
va xavfsizlikni oshirish bo‘yicha chora-tadbirlarni taklif gilishga imkon berdi.

Kalit so‘zlar: lon radioterapiyasi, Indusiralangan radioaktivlik, Monte-Karlo simulyatsiyasi, Radionuklidlar.

BBenenune. IoHHas pajauorepanusi craja BbICOKOA()(GEKTHBHBIM H TOYHBIM METOJOM JIeYeHHs paka, Oiaromaps
YHUKaJIBHBIM (DH3UYECKUM M OHMOJIOTHYECKHM CBOMCTBaM TSDKENBIX HOHOB, TAKUX KaK YIJIepoA. B oTinume oT TpaJMIHOHHBIX
METO/IOB, UCIIONB3YIOMMX (OTOHHYIO HJIM MPOTOHHYIO TEPAITHIO, HOHHAS Teparis 00ecriedynBaeT NPEBOCXOAHOE pacipeieeHue
J103bI C PE3KUM ITUKOM Bpara, YTO MO3BOJIIET AOCTABJIATE BBICOKHUE NO3bI paialiii HENOCPEACTBEHHO B OITYXO0JIM, MUHUMUBUPY
BO3J/ICHCTBHE Ha OKpYXaroliue 310poBbie TKaHu [1, 2]. DTa 0COGEHHOCTH JeNaeT HOHHYIO TEpaIii0 0OCOOCHHO MOJIE3HOM IJist
JICUCHHsI PATHOPE3UCTEHTHBIX OIYXOJICH U TeX, KOTOPBIE PACTIONIOKEHBI PAIOM C KPUTHUESCKH BaXKHBIMH OopraHamu [3, 4].

OnHako TakoW MepeloBOil METON, Kak MOHHAs Teparus, TakKe CONMpsHKEH C HOBBIMH NMpOOJIEMaMH, B 4aCTHOCTH C
WHAYLUPOBAaHHON paJMOaKTHBHOCTBIO, BO3HHKamIled B xone JedeHus [5]. Korma BBICOKOIHEPTETHYECKHE HOHBI
B3aMMOJICHCTBYIOT C Pa3IMYHBIMU MarepuajaMu B JiedeOHOH KOMHaTe, BKIIOYas TENO IMAl[MeHTa, BO3AYX M MEAUIHUHCKOE
00opy/oBaHHe, MPOUCXOIAT SICPHBIC PEAKIHH, KOTOpbIe MPOM3BOIAT IIHMPOKHIl CHEKTp paauoHykimunoB [3, 6, 7]. Otu
PaZAMOHYKJIN/BI, B OCHOBHOM SBISIOIIHECS O€Ta-H3ITy4aTesIsIMH, CIIOCOOCTBYIOT CO3JaHMIO OOIIEro pagualioHHOTO (oHa B
.]'le'-le6H01>’I KOMHATE Ja)Ke€ I0CJIC 3aBEPUICHUS TPOUCAYPDI JICUCHUS. I/IH}lyL[I/IpOBaHHaﬂ PAaUOAKTUBHOCTD ABJIACTCA 3HAYUTCIbHBIM
UCTOYHHUKOM paMaAllTUOHHOIO BOSﬂCﬁCTBHﬂ Ha Me}lHLIHHCKHP’I [IEPCOHAJI, IMOCKOJIbKY OHH YacTO NOJDKHBI 3aXOAWTb B KOMHATY
BCKOpE MOCJIe 00JIyUeHH s [Tl TOMOIIH MAIlHEHTaM, HAaCTPOIKH 000pYI0BaHHs WITH MOATOTOBKH K Clieaytolieii mpoueaype [8-10].
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Pucku i 370poBbs, CBS3aHHBIE C MHAYNHUPOBAHHOW PaJHOAKTHBHOCTBIO, CTAIM OOBEKTOM pACTYIIEro BHUMAHHUS,
0COOEHHO B YCIIOBHSIX YBEJIHUCHHS YMCIIA [ICHTPOB, MPEIIAralolInX HOHHYIO Tepanuto o Bcemy Mupy [5, 11, 12]. CymecrByromnme
UCCIIeIOBaHMs TIOKa3alu, YTO YPOBEHb HHIYLMPOBAHHOW paJMOaKTUBHOCTH B TOMEINEHUSIX M1 HMOHHOW Tepamuu MOXET
3HAYUTEJILHO BAPbHPOBATHCS B 3aBHCHMMOCTH OT TakuX (PaKTOpOB, KaK SHEPrus Mydyka HOHOB, MaTepUalbl, UCIIOIb3YEMbIC TIPH
CTPOUTENBCTBE IOMEIIECHHMS, 1 KOHKPETHBIE OMEPALOHHBIEC TPOTOKOJIBI yupeskaeHus [13].

B nannoMm ucciienoBaHuN IpUMEHSIOTCS COBpeMeHHbIE MeTo 1l MonTe-Kapino mogenupoBanus, B yacTHocTH ko FLUKA,
JUISL aHAJIN3a PacIpeelieH s HHIYLIHPOBAHHON PaJHO0aKTHBHOCTH B JiedeOHOM KoMHaTe HOHHOTO IeHTpa B [anbey (Kurait) [1,
14]. MozaenupoBaHue KpaTKOCPOUHBIX U JOJITOCPOYHBIX CLIEHAPUEB OOIyUYCHHS MO3BOJISCT OLCHHUTH BO3/ICHCTBHE Ha MEPCOHAT U
OIIPEIEIUTE MEPHI IO CHIKEHHIO PUCKOB. [1oTydeHHEIe pe3yabTaThl CIOCOOCTBYIOT pa3paboTKe ONTHMH3HNPOBAaHHBIX TPOTOKOJIOB
6€30MacHOCTH JUISl 3aLIUTHI MEUIIMHCKOTO NEPCOHANa U 0€30MacHOM 3KCILTyaTallui IEHTPOB HOHHOH TepanuH.

MeTtoabl U MaTepHAJIbI

2.1 MoaenupoBaHus

FLUKA - Bcectoponnuit kog Monte-Kapiio, mmpoxo npuMeHsIeMblil A1 MOJETHPOBAHHS TPAHCIIOPTUPOBKHU YACTHIL M HX
B3auMoJieicTBHs ¢ Matepuanamu [15, 16]. B nanHoM uccienoBanuu uenonb3osana Bepeus FLUKA 2020.0 BMecTe ¢ 6HOIH0TEKOM
Idpmgmd mnst cuMymsIUM SAEPHBIX peakuid ¢ TSOKENBIME HOHAMH B JledeOHOi komHate. Ocoboe BHUMaHHE YJEIEHO
MYJIBTHIHCTEeBOMY KoiumnMaropy (MLC) m KpenéxHBIM dJIeMEeHTaM COIUIa, MOJBEpraloluMcsl BO3JEHCTBUIO 3KpaHUPYIOMeH
cTeHsl. Ynpoménasle Moxenn MLC 1 komrieHcaTopa o3BomuIi ooecrednTs 3¢ GeKTHBHBIN pacuér. Ha pucyHke 1 nmpeacraBieHa
monenrb FLUKA a51st ropr30HTaIbHOTO HATPABJICHUS O0TydCHHS.

B MoznenupoBaHnu paccMOTpEHBI 1Ba CIIeHapus: KpaTkoBpeMeHHoe obmydeHue (10 munyT) u onrocpounoe (15 ner). s
JIOJITOCPOYHOTO CIEHAPHS CPEIHs MHTEHCUBHOCT TTydKa, paBHas 7,1x108 wactum B cexynty, ObUIa ONpeeneHa Kak OTHOIIEHHE
o01ero yncia o0IydEHHBIX YacTHI[ K paboueMy BPeMEHH YCTAaHOBKHU C y4ETOM MUHHMAIIbHBIX HHTEPBAJIOB OTABIXA U IEPUOIOB
ToTypachaja JOITOXKHUBYIINX PaJHOHYKIHI0B.
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LInpmma (cM)
Pucynok 1. Mopeans FLUKA jie4e0HOI KOMHATBI B TOPM30HTAJIbHOM HANIPABJIeHUHU 00/ IyYeHHs .

Ta6muna 1.
OCHOBHBIE PAAMOHYKJIMABI U MX BKJIaad B 103y OﬁJIy‘-[eHHﬂ KOMIIOHEHTOB TocJie 1 MHUHYTBI OXJIAXKACHUSA.
OaHoKparHoe 00iyueHHe JlonroBpemMenHoe 00i1y4eHHe
Kowmoreir Hywmz Meprox morypacniaa AxtueHOCTb *10° (BK) Brman y-10361 (%) | AxtusHocTs *10° (BK) Bxuaz y-10361 (%)
IMaumeHT (TKaHb) C-11 20,33 mMuH 2,780 35,07 * *
N-13 9,965 vun 0,344 3,97 * *
0-15 122,24 cex 4,790 60,96 * *
Kposarb C-11 20,33 MuH 0,774 100,00 0,210 100,00
H-3 12,33 rox 0,158 * 0,158 *
JloBymika s C-11 20,33 mMuH 0,118 15,49 1,980 47,73
mydKa N-13 9,965 MuH 0,037 4,41 0,228 5,00
0-15 122,24 cex 0,608 80,11 1,900 46,02
H-3 12,33 rox * * 2,000 *
Be-7 53,12 nenn * * 1,160 1,25
Bosuyx C-11 20,33 MuH 0,063 24,48 * *
N-13 9,965 MuH 0,106 37,18 * *
0-15 122,24 cex 0,089 34,57 * *
Ar-41 109,61 it 0,010 3,77 * =
Komnencarop C-11 20,33 MuH 1,190 57,24 * *
N-13 9,965 MuH 0,146 6,40 * *
0-15 122,24 cex 0,333 16,07 * *
F-18 109,77 mux 0,361 20,29 * *
Crena C-11 20,33 mun 5,280 2,52 3,700 2,60
0-15 122,24 cex 25,900 12,45 5,390 3,81
Al-28 2,24 mun 134,00 80,09 26,800 23,49
Na-24 14,96 uac 1,390 1,80 34,500 65,67
H-3 12,33 rox * * 5,090 *
Na-22 2,60 rox * * 1,850 2,34
JIpyrue * 3,14 * 2,09
MLC C-11 20,33 mMuH 1,120 5,87 * *
Dy-149 4,20 Mun 0,382 2,94 * *
Lu-165 10,74 mMun 0,651 3,49 * *
Hf-167 2,05 MuH 1,120 3,53 * *
HF-160 3,24 wun 1,730 572 * =
Ta-170 6,76 MUH 1,230 6,61 * *
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Ta-172 36,8 vnn 0,609 4,92 * *
Ta-178" 2,36 uac 0,890 512 6,370 13,93
W-177 132 vun 0,837 3,74 3,430 5,82
W-179 37,05 sun 5,440 2,14 * *
Re-179 19,5 vnn 0,776 4,01 * *
Re-180 2,44 v 1,910 11,21 * *
W-187 23,72 Hac * * 4,990 4,79
Lu-170 2,012 gcnp * * 0,895 3,20
Lu-172 6,70 sicib * * 1,420 4,54
Ta-172 36,8 vnn * * 0,957 2,93
Ta-174 1,05 sac * * 1,920 3,35
Ta-175 10,5 wac * * 2,530 4,96
Ta-176 8,09 wac * * 3,680 13,74
Ta-182 114,43 sienb * * 1,180 2,47
Apyrue * 40,7 * 20,27

Kpenex Fe-53 8,51 wun 0,296 37,17 0,097 5,67
Mn-51 46,2 v 0,024 2,56 0,031 1,56
Mn-52" 20,1 vn 0,177 42,37 0,128 14,16
Mn-56 2,58 Hac 0,110 15,50 0,459 32,48
Cr-49 42,3 vnn 0,023 241 0,032 154
Mn-54 312,3 b * * 1,240 0,44

* Bkiag y-103bI paJHoOHYKIHJOB B 3TOM CTOJIOLE cocTaBieT MeHee 1% miui 2%, U UX COOTBETCTBYIOIIAS aKTUBHOCTH HE OblIa
yKa3aHa.

PesyabTaTtel U 00cy:kaeHue

3.1 ®opMupoBaHue H pacnpeaejeHne PaTHOHYKIHI0B

PesyibTaTel MOJEIMPOBAaHHS ITOKA3aJM, YTO B JIedeOHOW KOMHAaTe 00pa3yeTcs MHOXKECTBO PaJMOHYKIHIOB, TJIaBHBIM
00pa3oM B pe3yapTaTe mpoueccoB B+ u - pacnaga. OCHOBHBIMH HCTOYHUKAMH BHEIIHETO PAJHAMOHHOTO OOIyUCHHS OKa3aInuCh
Y-7Iy4H, BO3HHUKAIOLIME NPU aHHUTWIALMH TO3UTPOHOB M paclaje PajHoOHYKINWIOB. B Tabmuie | npuBeneHB OCHOBHbBIC
PaaAMOHYKJIN/IBI, BBIIBJICHHBIC B PE3YJITATE MOJICIIMPOBAHUS, & TAKKE X TIEPHOJIBI OJTypacaia U BKIaJ B 103y O0TydeHHUS.

Oco60oe BHIMaHHE OBUIO YICICHO PAIHOHYKINAAM, O0Opa3yIOIIUMCS B TEJIC MAUEHTa, BO3IyXe, KOMIIEHCATOPE U JIOBYILIKE
JUISL TTydKa, Cpeau KoTophix npeobmagamu 1C, BN, 150 u “'Ar. B Teuenue MIUTETBHOTO TIepHOja OONYHYEHHs HAKATLTMBAOTCS
JIONTOKUBYIIHME PaJHOHYKITHIBL, Takue kak °H, "Be, ?Na u %2Ta, nepuoisl mosypaciana KOTOPBIX BAPEUPYFOTCS OT HECKONBKHX
JIET 710 MeCATWIETHH. B cTeHax eue6HON KOMHATEI OCHOBHBIMH PaHOHyKINIaMK oKasamuch 2 Al u Na, Torna Kak B KpermesKHbIX
seMenTax npeobnaganu *Fe, 52™"Mn u 5Mn. B MLC 65u10 06HapyskeHo 60mee 1300 HHAYIMPOBAHHEIX paHOHYKIIHIOB, IPUYEM
JI0JITOCPOYHOE HAKOIUIEHME TAKHX PAJUOHYKIMIOB, Kak '"Ta, 17°Ta m ®'W, 3HaunrensHO yBENIMYMBAET MOTEHIHUAILHOE
00NyyeHHe MEAMIMHCKOTO IEPCOHaNa H3-3a WX OTHOCUTENBHO [UIMTENBHBIX IMEPHOJOB IIOIypaclaia, COCTABIIOIIUX OT
HECKOJIBKUX 4acOB 10 JHEH.

3.2 Ouenka npogeccHOHAIBLHOT0 001y 4eHHsI

Or1ieHKa MPOBOTUIIACH HAa OCHOBE MOJienupoBanus ¢ ucnonb3oBanueM FLUKA mis ciienapues b u c. JIist mo3unuu A npu
cueHapuu b no3a cocrasmia 0,048 mx3B (FLUKAT1) u 0,064 mx3B (FLUKA?2), a st mo3urmu B — 0,034 Mx3B (FLUKAL)
0,045 mx3B (FLUKA?2). Ipu crienapuu ¢ 3Ha4eHUsT HeMHOTO Bbite: 1t mosuimu A — 0,049 mx38 (FLUKAT) u 0,066 Mx3B
(FLUKA?2), muist mo3urmu B — 0,037 mx3B (FLUKAT1) 1 0,049 mx3B (FLUKAZ2). CooTBeTcTBEHHO, 001I1ast 1032 3a CeaHc
cocrasisier 0,097 Mx3B st mozunmu A n 0,071 mx3B st nozunmu B (FLUKAT1), mu6o 0,130 mx38 u 0,094 Mx3B (FLUKA?2).
Exerogusie 10361 coctaBistior 0,728 M3B mrst mo3uruu A u 0,533 M3B mig nmos3unuu B o mogenmn FLUK AL, a mo mogenu
FLUKAZ2 - 0,650 M38B 1 0,470 M3B utst mo3utmidi A 1 B cOOTBETCTBEHHO, YTO 3HAYUTEIHFHO HIDKE PEKOMEHIOBAHHOTO TIpeieNa B
20 m3B/roa. Pe3ynbTaThl COMOCTABIEHBI C JAHHBIMH, TIPHUBEAEHHBIME Tyxuu u coaBropamu [17].

3akioyeHne. DTO HCCIEOBAHHE MOJCIMPOBAHHUs TPEACTaBIseT CO0OH BCECTOPOHHHIN aHAM3 HMHAYIHPOBaHHON
PaguoaKTHBHOCTH M €€ BIMSHHSA Ha NpodeccHoHaIbHOE OO0JIydeHHEe B MEIMIIMHCKOM LIEHTPE TSOKENBIX MOHOB. IlosrydeHHBIE
pe3yabTaThl HOAYEPKUBAIOT BAXKHOCTH ONTHMH3AIMU Pa0OUMX CXEM U MOJyIep)KaHusl 0e30IacHBIX PACCTOSHUH OT 0OIy4EHHBIX
KOMIIOHEHTOB [UIS 3alUTHl MEIUIIMHCKOrO TepcoHana. Kak moka3zaHo B 3TOM HMCCIIEIOBAHUH, UCIIOIb30BaHUE MOJICITHPOBAHUS
Mounre-Kapno mnpepnaraet MOIIHBIH HHCTPYMEHT JJIS OLEHKM M CHIDKEHHS paJUallMOHHBIX PUCKOB B YCIOBHSX Teparvu
YaCTULIAMH.

JUTEPATYPA

1. Battistoni G, Bauer J, Boehlen TT, et al (2016) The FLUKA Code: An Accurate Simulation Tool for Particle Therapy.
Frontiers in Oncology 6:

2. Ando K, Kase Y (2009) Biological characteristics of carbon-ion therapy. International journal of radiation biology 85:715—
728

3. Schardt D, Elsésser T, Schulz-Ertner D (2010) Heavy-ion tumor therapy: Physical and radiobiological benefits. Reviews of
modern physics 82:383-425

4. Durante M, Debus J, Loeffler JS (2021) Physics and biomedical challenges of cancer therapy with accelerated heavy ions.
Nature Reviews Physics 3:777-790

5. Thomadsen B, Nath R, Bateman FB, et al (2014) Potential hazard due to induced radioactivity secondary to radiotherapy:
The report of task group 136 of the American Association of Physicists in Medicine. Health physics 107:442-460

6. Suzuki M, Kase Y, Yamaguchi H, et al (2000) Relative biological effectiveness for cell-killing effect on various human cell
lines irradiated with heavy-ion medical accelerator in Chiba (HIMAC) carbon-ion beams. International Journal of Radiation
Oncology™* Biology* Physics 48:241-250

7. Yonekura Y, Tsujii H, Hopewell JW, et al (2016) Radiological protection in ion beam radiotherapy: practical guidance for
clinical use of new technology. Annals of the ICRP 45:138-147

8. Schulz-Ertner D, Tsujii H (2007) Particle radiation therapy using proton and heavier ion beams. Journal of clinical oncology
25:953-964

9. Khasanov S, Yang B, Su Y, et al (2021) Induced radioactivity at particle accelerators: a short review. Radiation Detection

- 488 -




0¢zMU xabarlari Becrnuxk HYY3 ACTA NUUz | FIZIKA | 3/1/1 2025

10.
11.

12.

13.

14.

15.

16.

17.

Technology and Methods. https://doi.org/10.1007/s41605-021-00292-3

Patterson HW (2012) Accelerator health physics. Elsevier

Schlaff CD, Krauze A, Belard A, et al (2014) Bringing the heavy: carbon ion therapy in the radiobiological and clinical
context. Radiation oncology 9:1-19

Vaiserman A, Koliada A, Zabuga O, Socol Y (2018) Health impacts of low-dose ionizing radiation: current scientific debates
and regulatory issues. Dose-Response 16:1559325818796331

Luo Y, Huang S-C, Zhang H, et al (2023) Assessment of the induced radioactivity in the treatment room of the heavy-ion
medical machine in Wuwei using PHITS. Nuclear Science and Techniques 34:29. https://doi.org/10.1007/s41365-023-
01181-8

Furuta T, Sato T (2021) Medical application of particle and heavy ion transport code system PHITS. Radiological Physics
and Technology 14:215-225

Brugger M, Ferrari A, Roesler S, Ulrici L (2006) Validation of the FLUKA Monte Carlo code for predicting induced
radioactivity at high-energy accelerators. Nuclear Instruments and Methods in Physics Research Section A: Accelerators,
Spectrometers, Detectors and Associated Equipment 562:814-818

Bohlen TT, Cerutti F, Chin MPW, et al (2014) The FLUKA code: developments and challenges for high energy and medical
applications. Nuclear data sheets 120:211-214

Tujii H, Akagi T, Akahane K, et al (2009) Research on radiation protection in the application of new technologies for proton
and heavy ion radiotherapy. Japanese Journal of Medical Physics (lgakubutsuri) 28:172—-206

- 489 -



O‘ZBEKISTON MILLIY
UNIVERSITETI
XABARLARI, 2025, [3/1/1]
ISSN 2181-7324

FIZIKA
http://journals.nuu.uz

Natural sciences

UDK: 535.1.2
Napas ESHKABILOV,
DSc, professor Samarkand State University named after Sh. Rashidov,
Institute of Engineering Physics, Samarkand, Republic of Uzbekistan
E-mail: e-napas@samdu.uz
Shukhrat KHAYDAROV,
Researcher Samarkand State University named after Sh. Rashidov,
Institute of Engineering Physics, Samarkand, Republic of Uzbekistan
E-mail: xaydarov-shuxrat@mail.ru
Yulchi JURAEV,
PhD, Associate Professor of Samarkand State University named after Sh. Rashidov,
Institute of Engineering Physics, Samarkand, Republic of Uzbekistan

Based on the review by Ramazanov A.the Faculty of Physics, NUUz

LASER SPECTROSCOPY OF THE RYDBERG STATES OF THE INDIUM ATOM
Annotation

An experimental study of the main series of Rydberg np 2P12,32 - states of the indium atom was carried out by the method of
selective stepwise photoionization of atoms by laser radiation. According to photoionization spectra, quantum defects and fine
structures of states are determined. Their dependence on the principal quantum number up to n = 53 has been studied. In the
experiment, the inter-blit splitting of the spectrum np 2P1/2,312 - states of the indium atom is al-lowed. It is shown that the dependence
is well described by the ratio AE=5900/n® cm and is consistent with the hydrogen-like behavior of the atom.

Key words: highly excited state, Rydberg states, Rydberg electron, photoionization, photoions, spectrometer, gated integrator,
quantum defects, fine structure.

JIABEPHASI CIEKTPOCKOIUA COCTOSIHAM PUJIBEPTA ATOMA WHIUS
AHHOTAIHS

B 5KCHEPUMEHTATLHOM HCCIIEIOBAHAN OCHOBHBIX CEpUil COCTOSHMI puadepr np 2Pi232 aToMa MHAMS METOJOM CEJEKTHBHON
MOCIIe/IOBATEIFHON (DOTOMOHM3AIMK aTOMOB Ja3epHBIM H3TydeHHEM OBLIM MOJTYydYEeHBI CHEKTPH! (POTOMOHH3AINH, OTPEIETCHBI
KBaHTOBBIE JIe(PEKTH M TOHKHE CTPYKTYPBHI COCTOSHUH. V3ydeHa WX 3aBHCHMOCTH OT INIAaBHOTO KBAHTOBOTO 4HcHa 70 n=53. B
SKCIEpUMEHTE OBLIa OOHAPYkKEHA MEK3OHHAS PACIIETUIEHHOCTh CTIEKTPa cOCTOSHUM np 2P1/2,32 atoma uHaws. [lokasano, 4To 5Ta
3aBUCHMOCTb XOpOILIO OMHCHIBaeTcs cooTHomenneM AE=5900/n® ¢cM™' M COOTBETCTBYET MOBEIECHUIO aTOMA, IOAOOHOMY
BOJIOPOTHOMY.

KunroueBsbie c10Ba: BEICOKO BO30YXJEHHOE COCTOsIHUE, COCTOsIHUS Pundepra, anexrpon Pundepra, potoronusanus, OTOHOHHI,
CIIEKTPOMETD, 3aIMpaeMblii HHTErpaTop, KBAHTOBBIE 1e(EKThI, TOHKAsl CTPYKTYpa.

INDIUM ATOMINING RYDBERG HOLATLARINING LASER SPECTROSCOPIYASI
Annotatsiya

Indiy atomining np 2P12.32 - holatlarning asosiy seriyalarining tajribaviy o'rganilishi lazer nurlari yordamida atomlarni tanlab,
bosgichma-bosgich fotoionlash usuli bilan amalga oshirildi. Fotoionlash spektrlariga asoslanib, kvant defektlari va holatlarning
nozik tuzilmalari aniglandi. Ularning n (asosiy kvant soni) ga bog‘liqligi n=53 gacha bo‘lgan qiymatlari uchun o‘rganildi. Tajribada
indiy atomining np 2Pi232 holatlarining spektridagi diapazonlararo bo‘linishi imkoniyatiga ega bo‘ldi. Ko‘rsatilishicha, bu
bog‘liglik AE=5900/n® sm™* nisbati bilan yaxshi ta’riflanadi va atomning vodorodga o‘xshash xossalariga mos keladi.

Kalit so‘zlar: yuqori energiyali holat, Ridberg holatlari, Ridberg elektroni, fotoionlash, fotoionlar, spektrometr, goplangan
integrator, kvant defektlari, nozik struktura.

Introduction. Spectroscopy of highly excited states of atoms is an important area of atomic spec-troscopy. These include
states with energies close to the atomic ionization threshold, known as Rydberg states. Such states can be effectively described in
the single-particle approximation, in which one of the electrons, the so-called Rydberg electron, has a high energy and moves in
the potential field of the atomic core. The core field is dominated by the monopole Coulomb potential, while the contribution of
higher multipole components is relatively small. For this reason, the state of the Rydberg electron is close to hydro-gen-like, the
difference from which is characterized by a correction to the principal quantum number of the Rydberg electron, called a quantum
defect. Thus, it is the analysis of quantum defects in Rydber states that makes it possible to obtain information about the properties
of the atomic core [1-3].

Results. If you look at the energy level and the general serial patterns of the elements of the main subgroup Il (Al , Ga,
In and TI') of the periodic table, they are close to each other. Since everything refers to an element with one external p-electron.
When the valence electron of these atoms is excited, one-electron spectra appear, which are characterized by the presence of doublet
spectral lines [4-8]. The essential difference of these spectra from the spectra of alkaline or alkaline earth elements is that the main
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term is the term np 2Pq rather than ns 1So . From the term np 2Py the sharp and diffuse series begin, i.e. np 2Po - ns 2S and np 2Po -
nd 2D . It is these series that are observed in the absorption spectrum of atoms. The first members of the series represent resonant
doublets. The value of the doublet splitting of the main term 2Pq increases rapidly from Al to Tl . For Tl the value of the doublet
splitting ( 2P 12 - 2P3r2) of the term is about 1 eV. The doublet splitting of the term 2D (2Ds2-2D3y2) also increases from Al to T1 , but
its absolute value is much smaller.

The second difference from the spectra of alkali or alkaline earth elements is that, along with the system of doublet terms
resulting from the excitation of the p- electron, there are possible terms, quartet and doublet, arising from the excitation of one of
the s-electrons. This term is the deepest excited term, the remaining terms of the nsn 2p configuration lie much higher, in most
cases above the first ionization boundary ns So.

As is known from theory, the energy states of an atom for different values of the quantum numbers n, | , and j are
calculated using the Rydberg-Ritz formula [9-12].
R

E L= Rln - _ In )
YU (n-6,,) o

where cm [13]. The transition frequencies were calculated using the speed of light c=299792458 m/s. Quantum defects were

found using the iterative formula::
’ J I ’ J I ’ J

Oy =2+
nl,j I *\2 *\4 *\6 = " @)
(n)* ()" (n)
To calculate the quantum defect of levels c, it suffices to keep only the first two terms in the iterative formula (2). The
least squares method was used to calculate the coefficients and for the P -terms of the indium atom.[14-15]

To calculate the fine splitting, we used a formula in the form of a polynomial containing odd powers of the ratio 1/n,
starting fromn3.

1 B, C, 3
AE, = ? A +F + n_4 T} Where A, B and C are constant values
depending on the orbital quantum number. It is
selected for each atom individually and, in our case, for the indium atom it was A=5900.

BOXCOR A

Ul =
® 0]
Figure 1. Scheme of the experimental setup.. 1 nitrogen laser; 2,3,4 - dye lasers; 5-atom beam; 6-electrodes; 7-atomizer; 8-
discharger; 9-power supply; 10-VEU-1; 11-pulse signal averaging BOXCOR integrator; 12-multichannel recorder ZETLAB; 13-
optics LSP galvanic lamp, 14-Fabry-Perot interferometer; 15-PM, 16-monochromator. 17-photodiode;.

The dye lasers were pumped by a pulsed nitrogen laser with a transverse discharge . Laser beams cross an atomic beam in
vacuum between two electrodes, to which, after laser excitation and I, an electric field is applied from a pulsed voltage generator (
PVG). The GVP was powered from a high-voltage direct voltage source. A gas-filled spark gap, which was triggered by nitrogen
laser radiation, was used as a switch. Such a scheme makes it possible to form a single rectangular electric field pulse on a matched
load . The ions that appeared as a result of the autoionization of Rydberg atoms by a pulsed electric field acquire momentum in the
electric field in the direction of the field strength vector. The value of the velocity corresponding to this momentum is two orders
of magnitude greater than the velocity of an atom in the beam ; therefore, the motion of the ion occurs in the direction perpendicular
to the direction of motion of the atomic beam. Having reached the electrode with zero potential, the ions are drawn out through the
slot in this electrode by the electric field of the cathode of the secondary electron multiplier (SEM). The ion signal from the wind
turbine is fed to the pulse signal averager BOXCOR integrator and multichannel recorder ZETLAB.

The gated pulse integrator developed by us makes it possible to carry out continuous recording of the average values of the
amplitude of the photoion signal pulses with the help of a recorder .

Of the dye laser radiation wavelength and tuning to the excited period were per-formed using a monochromator and a
hollow cathode lamp. Simultaneously with the spectrum of the ion signal, the reference spectrum from the Fabry-Perot etalon was
rec-orded. The scanning of the recorder is carried out synchronously with the rotation of the grating of the dye laser used in the last
stage of excitation. The energy values of the Rydberg or autoionization states were measured by comparing the photoion spectra
with the reference spectrum.

In a three-stage atomic excitation scheme, high-power radiation is required to satu-rate the selected transitions. In this case,
a simple nitrogen pump laser was replaced by a two-volume nitrogen laser. In this case, the total generation energy doubled; was
20 mJ. Strictly identically manufactured laser chambers and electrical taps ensured the syn-chronous operation of two generating

- 491 -



0¢zMU xabarlari Becrnuxk HYY3 ACTA NUUz | FIZIKA | 3/1/1 2025

chambers within no worse than 1-2 ns. Studies of this laser have shown that it makes it possible to obtain two-frequency generation
by filling two active volumes with different and working gases.

In general, the highly sensitive selective laser photoionization spectrometer devel-oped in this work has the following
characteristics: the tuning range is 390-700 nm; emission line width - 0.01 cm? ; resolution -10%2 ; selectivity at three stages at
fines - 10%° ; sensitivity - one atom.

Experimental results and their discussion

The main series of Rydberg states of indium atoms are studied in the experiment. Quantum defects, fine structures and their
dependences on the principal quantum number were determined from photoionization spectra . Highly excited Rydberg np 2P1/2,32
- states of the indium atom are populated from the ground 5p 2Pz or from the metastable 5p 2Ps2 state through the intermediate 6s
23112 level according to the following scheme:

5s5p° B, 5/ — 2 5 656p°S,, L)npzpl/m/2 +on+In" +e @

The main term is a doublet term 2P1/2,312, and the 2P12 level is located below the 2Psr2 level. The splitting value is ~2212.56
cm™. To excite an atom, a stronger quantum transition is chosen, i.e. 5p 2P12 6s 2S12, which is excited by the first stage laser with
a wavelength A1=410.2 nm. The wavelength of the second laser was tuned in the range A2 = 448 --460 nm, which makes it possible
to excite Rydberg states with n=17=-70. Based on the results of the experiment, averaged over three measurements, the values of
the energy of quantum transitions, quantum defects of Rydberg states were determined (Fig. 2.)
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Figure 2. Dependence of the quantum defect 2P1/2,3:2 of the state of the indium atom on the principal quantum number.
Doublet splittings of the spectrum of the P-state of the indium atom up to n =53 are allowed in the experiment . As a result
of processing the spectra, the interlett splitting of the fine structure for the Rydberg states was measured and its dependence on the
principal quantum number was studied. This dependence is well described by the ratio AE=5900/n® cm™ and is consistent with the
hydrogen-like behavior of the atom. This dependence is shown in Fig.3.
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Figure 3. Dependence of the fine splitting value (AE) on the principal quantum number (n) for the 2P12.32, state of the indium
atom .

Conclusion. Doublet splittings of the spectrum of the P -state of the indium atom up to n=53 are allowed in the experiment
. The results obtained can be used to solve some technological problems associated with the excitation of atomic levels by laser
radiation. The results obtained can be used to solve some technological problems associated with the excitation of atomic levels by
laser radiation
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