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STUDY OF THE TEMPERATURE DEPENDENCE OF THE RELATIVE ELECTRICAL RESISTANCE OF
INTERMETALLIC COMPOUNDS IN THE SAMARIUM (SM) AND COBALT (CO) SYSTEM

Annotation
The article explores the temperature dependence of the relative electrical resistance of intermetallic compounds between Samarium
(Sm) and Cobalt (Co) elements. It analyzes the physical and chemical properties of the Sm-Co system, the variations in electrical
resistance with temperature, and the phase changes occurring between high and low temperatures. The article discusses the
relationship between the characteristics of intermetallic compounds of Sm and Co, particularly electrical resistance, and their
connection with the underlying physical mechanisms of these changes.
Key words: Samarium (Sm), Cobalt (Co), intermetallic compounds, solid, liquid, crystal lattice, relative electrical resistance,
temperature, 4f-metals, phase transitions, temperature-dependent variations

HCCJEJOBAHUE TEMIIEPATYPHOM 3ABUCUMOCTH OTHOCHTEJIBHOI'O SJIEKTPHYECKOI O
COITPOTUBJIEHUS HHTEPMETAJUIMYECKUX COEAWHEHUM B CHCTEME CAMAPHUM (SM) A KOBAJIBT
(CO)

AnHOTaLUA
B craThe mccenoBaHa TeMIEpaTypHask 3aBUCHMOCTb OTHOCHTEIBHOTO 3JICKTPHYECKOTO COMPOTHBICHHUS HHTEPMETATMYCCKUX
COCJIMHEHUI MEXIy XHMHYECKHMH 3jieMeHTaMd camapueM (Sm) u kobambrom (Co0). IlpoaHann3upoBaHbl (H3HUECKHE U
XHMHYECKHE CBOWCTBA chcTeMbl SM-CO, M3MEHEHHs HJIEKTPUYECKOr0 COMPOTHBIICHHS B 3aBUCHMOCTH OT TEMIIEPATYPHI, a TAKKE
(dazoBble  M3MCHEHHs, MPOMCXOAAIIME T@PH BBICOKMX M HHU3KHX Temmeparypax. OOCyXaaroTcs XapaKTepHCTHKH
HMHTEPMETAINYECKUX coequHeHnit SM i CO, B 4aCTHOCTH 3JIEKTPUYECKOE COMPOTHUBIICHHE, a TAKXKE CBSI3b ITHX W3MEHEHHH C

(U3NUECKIMH MEXaHHU3MaMH.

KmroueBbie cioBa: Camapuii (Sm), Ko6anst (C0), nHTEpMeTaUTMYECKUE COSIMHEHHUs, TBEPIOE, KHUIKOE, KPUCTAIUINYECKas
peréTka, OTHOCHTENBHOE DJIEKTPHYECKOE CONMpPOTHBICHHE, TeMIieparypa, 4f-meramnbl, (a3oBbie M3MEHEHHs, TeMmIepaTypHas
3aBHCHMOCTD H3MCHEHHH.

SAMARIY (Sm) VA KOBALT (Co) SISTEMASI INTERMETALLIK BIRIKMALARINING SOLISHTIRMA ELEKTR
QARSHILIGINI TEMPERATURAGA BOG‘LIQLIGINI O‘RGANISH
Annotatsiya

Magolada Samariy (Sm) va Kobalt (Co) kimyoviy elementlari o‘rtasidagi intermetallik birikmalarining solishtirma elektr
qarshiligining temperatura bilan bog‘ligligi o‘rganilgan. Sm-Co tizimining fizikaviy va kimyoviy xususiyatlari, uning elektr
qarshiligi temperaturaga bog‘liq ozgarishlari hamda yuqori va past temperaturalar orasida yuzaga keladigan fazaviy o‘zgarishlar
tahlil gilingan. Sm va Co o‘rtasidagi intermetallik birikmalarning xususiyatlari, xususan elektr qarshiligi, o‘zgarishlarining fizik
mexanizmlar bilan bog‘ligligi muhokama qiligan.

Kalit so‘zlar: Samariy (Sm), Kobalt (Co), intermetallik birikmalar, gattiq, suyuq, kristall panjara solishtirma elektr garshiligi,
temperatura, 4f-metallar, fazaviy o‘zgarishlar, temperaturaga bog‘liq o‘zgarishlar.

Kirish. Fan va texnikaning rivojlanishi fizikaviy, ximiyaviy xossaga ega bo‘lgan yangi materiallar yaratilishi bilan bevosita
bog‘lig. Bunday materiallar orasida 4f metallari va ularning birikmalari masalan Sm, Co sistemasi konstruksion material sifatida
alohida o‘rin tutadi. Metallar birikmalarining qo‘llanish chegarasini yanada oshirish maqgsadida elektron, kristall va elektr xossalari
to‘g‘risida ko‘prog ma’lumotga ega bo‘lish talab etiladi. Ko‘p sondagi ilmiy tadgiqotlarga garamasdan bu malumotlar yetarli emas.
Aynigsa 4f-metallar va ularning birikmalari va gotishmalarining yugori temperaturadagi suyuq holatini oz ichiga oluvchi kinetik
xossalariga bag‘ishlangan tadgiqot ishlari kam sonda bo‘lib, bu yuqori temperaturadagi eksperiment ishlarini olib borishdagi
ma’lum giyinchiliklar bilan bog‘ligdir. Shulardan kelib chigib, magolada Sm-Co sistemasining birikmalaridan Sm Cos, Smz Cor va
Sm Co larining yuqori temperaturalardagi, ya’ni, xona temperaturasidan to 1700 °C gacha oraliqda (qattig-suyug, tartiblangan-
tartiblanmagan) elektr xossalarini o‘rganish muhim vazifalardan deb hisoblash mumkin[4,5].
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Mavzuga oid adabiyotlar tahlili. Intermetallik birikmalar - bu ikki yoki undan ortiq metall elementlarining gattiq fazadagi
birikmalaridir. Samariy (Sm) va kobalt (Co) kabi elementlar o‘rtasidagi intermetallik birikmalar, aynigsa yuqori temperturadagi va
magnit xususiyatlariga bog‘liq materiallar sifatida qiziqish uyg‘otadi[10].

Samariy kobaltning termal xususiyatlari o‘zgarishlar bilan bog‘liq bo‘lib, bu materialning yuqori haroratlarda ishlash
bargarorligini tekshirish muhimdir. Intermetallik birikmalarning elektr garshiligi temperaturaga nisbatan, odatda linemaning o‘sishi
yoki kutilgan darajada ortishi kuzatiladi.

Tadgqiqotlarda Sm Co intermetallik birikmalarining ko‘p xususiyatlari, shu jumladan yuqori temperaturaga bardosh berish,
kimyoviy bargarorlik va magnit Xususiyatlari bilan o‘rganilgan.

Tadqiqotlar shuni ko‘rsatadiki Sm-Co tizimidagi intermetallik birikmalarining elektr xususiyatlarini o‘rganishga
bag‘ishlangan. Tadqiqotda, aynigsa, temperaturaning Sm-Co intermetallik birikmalarining elektr qarshiligiga ta’siri va bu
xususiyatlarning ganday o‘zgarishi tahlil gilingan[9]. Sm-Co tizimining elektr garshiligi yuqori haroratlarda sezilarli darajada
o‘zgaradi. Tadqgiqotda temperaturaning 300 K dan 1000 K gacha bo‘lgan oraligda Sm-Co5 intermetallik birikmasining elektr
qarshiligi ganday o‘zgarishi aniqlangan. Ushbu o‘zgarishlar aynigsa, materialning fazaviy o‘zgarishlari, kristall tuzilishidagi farglar
va elektronlarning ta’siri bilan izohlanadi [10].

Buchanan, R. L., & Rice, W. L. va boshga olimlar tomonidan intermetallik birikmalarining elektr garshiligi va
temperaturaga bog‘liq o‘zgarishlarini o‘rganishga bag‘ishlangan. Tadqgiqotda intermetallik birikmalarning elektr qarshiligi va
ularning haroratga qanday ta’sir qilishini aniqlash uchun keng qamrovli eksperimental ishlanmalar va nazariy tahlillar
keltirilgan[12].

Kalinovskaya, M. A., va boshga olimlarning tadgigotlarida Sm Co5 intermetallik birikmalarining yugori temperaturadagi
fizik xususiyatlarini, shu jumladan, elektr garshiligi, magnit xususiyatlar, va termodinamik o‘zgarishlarni o‘rganishga
bag‘ishlangan. Tadqgiqotda, Sm Co5 birikmalarining yuqori haroratlarda ishlovchi materiallar sifatida qanday o‘zgarishlarni
namoyish etishi va ushbu materiallarning elektron, magnit va termal xususiyatlaridagi o‘zgarishlar tahlil gilingan[15].

Tadgigot metodologiyasi. Sm-Co sistemasi fazaviy holat diagrammasi 1-rasmda ko‘rsatilgan. Rasmdan ko‘rinib turibdiki
toza samariyning erish temperaturasi 1072° C va toza kobaltning erish temperaturasi 1496° C ni tashkil etadi. Sm-Co sistemasida
sakkizta intermetallik birikma mavjud bo‘lib ular quyidagilar: Co17 Sm2; Co19 Sm5; Co5 Sm; Co3 Sm; Co7 Sm2; Co2 Sm; Co4
Sm9; Co Sm3; Bu birikmalarning erish temperaturasi fazaviy diagrammadan ko‘rinib turganidek juda juda keng diapozonda
o‘zgaradi. Sm-Co sistemasi intermetallik birikmalarining solishtirma elektr qarshiligining temperaturaga bog‘ligligi Co17 Smz; Cos
Sm intermetallik birikmalari uchun 2-a va b rasmda keltirilgan. Smz Coi7 intermetallik birikmasi uchun solishtirma elektr
qarshiligining temperaturaga bog‘liqligi chiziqli xarakterga ega.

Temperature, °C

REEEERERE R

Atomic Percent Samarium Sm

1-rasm Sm-Co sistemasi fazaviy holat diagrammasi[16].

Temperatura ortib borishi bilan solishtirma elektr garshilik namunaning qgattiq holatida chizigli ravishda ortib boradi
[13,14]. Temperatura 600 °C temperaturalardan yuqorida solishtirma qarshilik biroz to‘yinishga ega bo‘ladi. Namunaning erish
temperaturasida solishtirma elektr garshilik keskin ravishda sakrab ortadi. Bu sakrab ortishning foizlardagi qiymati gattiq holatdagi
garshiligiga nisbatan 9 % ni tashkil etadi. Namunaning suyuq holatida esa solishtirma garshilik yana chizigli ravishda ortadi. Erish
temperaturasida namuna garshiligining keskin ravishda ortishini namuna kristall panjarasining buzilishi va buning natijasida
elektronlarning tartibli harakatiga bo‘ladigan qarshilikning ham xaotik ravishda ortishi bilan bog‘lash mumkin. Smz Co17
intermetallik birikmasini solishtirma elektr qarshiligining temperaturaga bog’ligligi 3-rasmda keltirilgan. Rasmdan ko‘rinib
turibdiki, bu birikmaning ham solishtirma elektr qarshiligini temperaturaga bog‘ligligi chiziqli xarakterga ega va xuddi Sm va Co
namunasining solishtirma elektr qarshiligining temperaturaga bog‘liqligi kabi erish temperaturasida sakrab ortadi va uning
foizlardagi qiymati 8 % ni tashkil etadi. Bu birikma uchun ham qarshilikning temperaturadan bog’liqligi 650 °C dan yugorida
to‘yinish xarakteriga ega.
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2-rasm. Toza Co (a) va Sm (b) metalining solishtirma elektr qarshiligining temperaturaga bog‘ligligi.
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3-rasm. Smz2Co17 intermetallik birikmasini solishtirma elektr qarshiligining temperaturaga bog‘liqligi
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4-rasm. SmCos intermetallik birikmasining solishtirma elektr qarshiligining temperaturaga bog‘liqligi

Sm Cos birikmasi solishtirma elektr qarshiligining temperaturaga bog‘ligligi ham yuqoridagidek xarakterga ega (4-rasm).
Qarshilikning sakrab o‘zgarish darajasi 8% ni tashkil etadi. Qarshilikning to‘yinishga ega bo‘lishi esa 650 °C temperaturalarga
to‘g‘ri keladi.

Solishtirma elektr qarshiligining temperaturadan bog‘liqligi bo‘yicha tajriba natijalaridan foydalanib SmCos va Sm2Co17
intermetallik birikmalarning har biri uchun garshilikning temperatura koeffisienti hisoblab chigildi. Hisoblashlar uchun quyidagi
ifodadan foydalanildi[6,7].

a=(p2-p1)!lpo(Tz2-Ti).

Hisoblash natijalari 1-jadvalda keltirilgan. Jadvaldan ko‘rinib turibdiki, solishtirma qarshilikning temperatura koeffisienti
o‘rganilgan namunalar ichida Sm2Co17 uchun eng katta qiymatga ega bo‘lib, qattiq holat uchun ham va suyuq holat uchun ham bir
xil giymatga ega va 0,00055 °C giymatga ega. Qolgan namunalar uchun esa solishtirma garshilikning temperatura koeffisienti
gattiq holat uchun suyuq holatdagidan katta giymatga ega.

1-jadval
Ne Namuna p,(mkOm:sm) 20 C p,(mkOm-sm) terish p,(mkOm- sm) tsuyuq 0 ferromag 102 K | ot aramag 1078 K1 o uyug 10° K2
1 Co 55 86.5 108 1.8 0.65 0.59
2 SmzCo17 160 185 0.24 0.2
3 SmCos 91 100 0.51 0.67
4 Sm 120 160 190 0.89 0.47 0.12

Sm-Co sistemasining ikkita intermetallik birikmalari CosSm, Co17Sm. va toza samariy va toza kobaltlarning solishtirma
qarshiligining temperaturaga bog‘ligligini eksperimental o‘Ichash natijalaridan foydalangan holda bu sistemaning kobaltga boy
qismi uchun solishtirma qarshilikning namunalarning tarkibidan bog‘ligligini o‘rganish mumkin. Buning uchun har bir namuna
uchun solishtirma qarshilikning temperaturadan bog‘liglik grafigidan aynan bir xil temperaturalardagi qiymatlari aniqlab olinadi.
So‘ngra absissa 0‘qiga namunalar konsentratsiyasi belgilanib aynan bir namunaning solishtirma garshiligining giymati ordinata
o‘qiga qo‘yib chigiladi. Xuddi shu usul bilan hosil gilingan Sm-Co sistemasi intermetallik birikmalarining solishtirma
qarshiligining namuna tarkibidan bog‘ligligi 4-rasmda keltirilgan. Solishtirma qgarshilikning tarkibdan bog’liglik grafigi ikki xil
temperatura uchun chizilgan. 1-grafik solishtirma garshilikning 1600 ° C temperaturadagi giymatlari uchun va 2-grafik solishtirma
garshilikning 800 ° C temperaturadagi qiymatlari uchun hosil qgilingan. Rasmdan ko‘rinib turibdiki, solishtirma qarshilikning
tarkibidan bog‘ligligi murakkab ko‘rinishga ega bo‘lib anomal holatda o‘zgaradi ya’ni qarshilikning qiymati Cos Sm birikmasi
barcha temperaturalarda Coi17Smz intermetallik birikmasining giymatlaridan kichik.

2 150 -o
& / i
E 120 { .
= p.

f

1—1600°%C

2— 800 °C

S0

s0 1 1 I 1
<o 20 40 &0 20 S

4-rasm. Sm-Co sistemasi intermetallik birikmalarining solishtirma qarshiligining namuna tarkibiga bog‘ligligi.

Bunday holat Mattissen qoidasiga binoan va Nordgeym qoidasiga binoan hosil bolishi kerak bo‘lgan hollardan kichik
chetlanadi. Buning sababibi intermetallik birikmalarining har birining o°zining kristall panjarasining mavjudligi va shu kristall
panjarasining elektronlar harakatiga ko‘rsatadigan qarshiligi o‘ziga xos individual xarakterga ega bo‘lishi to‘g‘risidagi nazariyalar
natijalari bilan mos tushadi.

Xulosa va takliflar. Metallar va ularning birikmalarining solishtirma elektr garshiligining metallar kristall va elektron
tuzilishidan, temperaturadan bog‘ligligi to‘g‘risida adabiyotlarda mavjud bo‘lgan nazariy va eksperimental ma’lumotlar o‘rganib
chigildi va ilmiy tahlil etildi;

Samariy metali, Kobalt metali va Sm-Co sistemasiga tegishli CosSm, Co17Sm2 va Sm-Co intermetallik birikmalarining
kristall tuzulishi va fazaviy holat diagrammasi to‘g‘risidagi ma’lumotlar o’rganib chiqildi;

Metallar va ularning qotishmalarining solishtirma elektr qarshiligini qattiq va suyuq holatlarda eksperimental o‘lchash
imkonini beruvchi aylanuvchi magnit maydon usuli va o‘lchash qurilmasining tuzilishi va ishlash prinsipi o‘rganib chiqildi.
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EuGaG GRANATLARIDA FARADEY EFFEKTINI O‘RGANISH
Annotatsiya

Yaxshi ma’lumki, nodir yer birikmalarida kristall maydonning magnit kirituvchanligiga ta’sirini magnetiklarda, qaysiki kristall
maydon bilan solishtirganda nodir yer elementlari ionlarining almashinish effekti (yoki dipol) kam bo‘ladigan hollarda ko‘rish
mumkin. Hozirgi vaqtda nodir yer granatlari magnit qabul qiluvchanligini o‘rganish bo‘yicha yetarli katta hajmdagi nazariy va
eksperimental ishlar mavjud. Tadqiqotlar shuni ko‘rsatadiki yetarlicha katta temperatura intervalida (80 — 300 K) ushbu
granatlarning magnit kirituvchanligi Kyuri yoki Kyuri — Veys qonuniga bo‘ysunadi. Shuni ta’kidlash joizki, past T temperaturalar
sohasida nodir yer granatlari magnitlanishlarini hisoblashda, ular tarkibida tarkibida kramers yoki nokramers ionlari mavjud
bo‘lgan holda nodir yer granatlari magnit strukturalari hisobga olinishi kerak.

Kalit so‘zlar: Granatlar, Faradey effekti, kristall maydon, magnit kirituvchganlik.

HN3YYEHUE DOPEKTA ®APAJIEA B TPAHATAX EuGaG
AHHOTALHSA

XOpomIo W3BECTHO, YTO BIMSHHE KPUCTAUTMYECKOTO MO Ha MAarHUTHYIO BOCIIPHUMYHBOCTD B PEIKO3EMENbHBIX COSANHEHHAX
MOYKHO YBHIETh B MarHeTHKaX, r1e ekt oOMeHa (MM TUII0JI) HOHOB PEAKO3EMETBHBIX 3JIEMEHTOB MaJl [0 CPABHEHHIO C TIOJIEM
KpucTamia. B Hacrosimee BpeMsi CyIIECTBYET JOCTATOYHO OONBIION 0OBEM IKCHEPHMEHTATBHBIX M TEOPEeTHIECKHX paboT mo
H3y4YEHUI0 MarHUTHOW BOCIPHMMYMBOCTH PEIKO3EMENIBHBIX I'PAHATOB. DKCIEPUMEHTHI MOKa3aJd, YTO B HIMPOKOM JUana3oHe
temmnepatryp (80-300 K) marHuTHas BOCIpUUMUYUBOCTD 3TUX IPaHATOB NOJ4MHsAETCS 3akoHY Kropu mnn 3akony Kropu — Beiicca.
CTOUT OTMETUTb, YTO MpPU pacueTe HAMarHMYEHHOCTH PEIKO3EMENbHBIX I'DAaHATOB B OOJIACTH HU3KUX TEMIEPaTyp T CleAyeT
YUYHUTBIBaTh MaTHUTHBIE CTPYKTYPHI PEAKO3eMeNIbHBIX IPAHATOB IPH HAJWYMH B HUX HOHOB KpaMepa WK HOH-Kpamepa.
Kunarouessbie cnoBa: I'panatsl, addexr Dapanest, Kpuctauimdeckoe moiie, MarHUTHas BOCTIPHAMYIHBOCTD

STUDYING THE FARADAY EFFECT ON EuGaG GARNETS
Annotation

It is well known that the effect of the crystal field on magnetic susceptibility in rare earth compounds can be seen in magnets, where
the exchange effect (or dipole) of ions of rare earth elements is small compared to the crystal field. Currently, there is a fairly large
amount of experimental and theoretical work on the study of the magnetic susceptibility of rare earth garnets. Experiments have
shown that in a wide temperature range (80-300 K), the magnetic susceptibility of these garnets obeys the Curie law or the Curie—
Weiss law. It is worth noting that when calculating the magnetization of rare earth garnets in the low temperature range t, the
magnetic structures of rare earth garnets should be taken into account in the presence of kramer or non-kramer ions in them.

Key words: Garnets, Faraday effect, crystal field, magnetic susceptibility

Kirish. [1, 2] ishlarida EuGaG ning magnitlanishiga asosan tashgi magnit maydonidagi 4f" konfiguratsiyali asosiy va
uyg’otilgan multipletlar to’lqin funksiyalarining aralashishi tufayli yuzaga keladigan Van — Flek hadi hissa qo’shishi ko’rsatib
berildi. Eu®* ionning asosiy holati nolinchi to’la momentiga ega bolgan 7Fo singleti hisoblanadi. Asosiy multipletga nisbatan yagin
A ~ 350 sm™! energetik masofada 7F1 tripleti yotadi. "F2 multiplet asosiy va keyingi uyg’otilgan ’F3 multipletdan A, ~
935 sm™~Imasofaga joylashgan bo’lib 7Fo dan Az =~ 2 - 103 sm~*masofa bilan ajralgan Eu®* ioni energetik spektrga birinchi
multipletlarning bunday joylashuvi holatlarning tashqi magnit maydoniga “aralashishi” bilan bir qatorda yetarlicha yuqori
temperaturalarda EuGaG granatlar magnitlanishining temperaturaviy bog’lanishlarini nazariy chiqishda multipletlarning termik
joylashuvlarini shuningdek multiplet to’lqin funksiyalarining “F3 multiplet to’lqin fuksiyalariga “aralashish” ham hisobga olish
kerakligini ko’rsatadi. U holda magnit kirituvchanligini quydagicha ifodalar orgali olish mumkin.

X =2+ O+ x2) + x5y + 28 @)

Bu yerda:

- (-3
Xvv AZ, p kT
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12 = gz e (<) + e (<32
T2 = ez TP\ k) TP TR

e lon( ) ren(-2)
Koo =, — a7, 1P\ T k) TP\ TR

@_ __206% ex <_ﬁ)
Xov = ;= 27 P\ kT

Ay A,
Zo—1+3exp(—ﬁ)+5exp< kT)

(1) formulalarda ;(,53) va )(,%) mos ravishda Fo, "F1, va "F1, "F2 multipletlar to’lqin funksiyalarining “aralashuvi” bilan
) _7F; multipleti termik

bog’liq kirituvchanligidagi hissalar; (x1+X2) - "F1, "F2 termik to’ldirilish holatlari bilan bog’liq hissa; y,
to’ldirilishiga to’lqin funksiyalarining ’F2 multipleti to’lqin funksiyalari bilan aralashuvi tufayli yuzaga keladlgan Van — Flek hadi
golgan belgilanganlar ushbu ishda gabul gilingan belgilanishlarga mos keladi.

(1) ifodalar erkin Eu* ioni uchun olingan bo’lib bu holda granatdagi Eu®* ioni yetarli darajada nugtaviy hisoblanadi, chunki
kristall maydon Eu®* "Fo ionining asosiy holatiga ta’sir ko’rsatmaydi, multipletlarning Shtark ajralishlarining xarakteri kattaligida
ular orasidagi energetik intervaldan sezilarli darajada kichik. Hagigatdan ham, granat - gallat kristall maydonida “F1 triplet
ajralishini hisobga olish "Fo va “F1 holatlar aralashishi VVan — Flek hadi kattaligiga ~ 1% tuzatma beradi[1].

Natijalar va ularni muhokama qilish.

EuGaG granatining magnit kirituvchanligining (qabul qgiluvchanligi) temperaturaviy bog’lanishlariga to’xtalamiz. 1-
rasmda 80 — 600 K temperatura intervalida ushbu granat magnit kirituvchanligining o’Ichash natijalari keltirilgan. Xuddi shu yerda
[1] ishda olingan Kkattaliklar keltirilgan edi. Bu rasmdan ko’rinadiki, bizning va [1] ishda olingan 80 — 300 K temperatura
intervalidagi kattaliklar o'zaro 3 + 5 % dan kichik giymatlarga farq giladi. Olib borilgan tadqiqotlar shuni ko’rsatadiki EuGaG
granatining magnit kirituvchanligi temperatura ortishi bilan manatom kamayadi va 300 K dan yuqori temperatura sohalarida bu
kamayish deyarli chizigli xarakterga ega.

1 - rasmda uzluksiz chiziglar orgali 1 - formulalar asosida chizilgan EuGaG granat magnit kirituvchanligi y(t) nazariy
bog’lanishlari keltirilgan. (1) - rasmda ko’rinadiki barcha temperatura intervallarida y(t) ning eksperimental va nazariy hisoblangan
bog’lanishlarining bir - biriga eksperimental xatoliklar doirasiga mos tushishi ko’rinib turibdi.

[2] ishda EuGaG granatida Faradey effektini tadqiq qilish jarayonida 85 — 300 K temperatura intervalida ushbu granatning
Faradey effektidagi o’zgarishining magnit kirituvchanligiga bog’liq emasligi ko’rsatib berildi va magnit kirituvchanligi hamda
Verde doimiylarining temperaturaviy bog’lanishlari aynigsa yuqori temperaturalarda yaxshi sezilar ekan. (1) - rasmda 80 — 600 K
temperatura intervalida EuGaG granatlarida magnit kirituvchanligi va Verde doimiyliklarining temperaturaviy bog’lanishlari
keltirilgan. (Bu grafikda keltirilgan Verde doimiyligi kattaliklarida ham granat - gallat, ham girometrik Faradey effekti hissalari
hisobga olingan). Yaxshiroq tasavvur hosil qilishi uchun rasmda 0,63 va 1,15 mkm to’lqin uzunliklari uchun Verde doimiysi va
magnit kirituvchanlik kattaliklarining temperaturaviy bog’lanishlari keltirilgan bu kattaliklar 80 K temperatura sharoitida olingan
kattaliklarga normallashtirilgan.

~———

x+1073sm? /mol
=
=
o
;ﬁ
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- /
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/
/
/
/
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1 — Rasm. Magnit kirituvchanlikning temperaturaga bog ligligi x(t) EuGaG
Uzluksiz chiziq — formula bo’yicha hisoblangan (1), 1 — eksperiment natijasi. Uzlukli chiziq yx'(t) funksiyaning

temperaturaga bog’ligligi formula bo’yicha hisoblangan (3) normallashtirilgan Verde doimiysi VL (1) va normallashtirilgan
80
magnit kirituvchanlikning XL (D) temperaturaga bog’ligligi; (3) 1,15 va (4) 0,63 to’lqin uzunliklarida (A, mkm).
80
Ko’rinib turibdiki temperatura ortishi bilan normallashtirilgan Verde doimiylari VLV& normallashtirilgan magnit

80

kirituvchanlikning XL kattaliklaridan kuchliroq kamayar ekan. Ya’ni barcha qaralgan temperatura intervallarida Eu* ionining
80

Faradey aylanishlarining temperaturaviy bog’lanishlari magnitlanish kattaliklari temperaturaviy bog’lanishlaridan sezilarli
darajada farq giladi.
me*(n®+2)% [(2— AL (LS

V= _—12(mnc,8) [( gO)X Xm;]w 7 2 LoSo—LSo AW/E5) Z::io o) (2)

(2) formuladan foydalanib, "Fo, "F1, "F2 multiplet to’lqin funksiyalari va “F1, F2 holatlarning aralashishlarini hisobga olgan
holda 7Fo asosiy holatidagi barcha ruxsat etilgan elektrodipol o’tishlar bilan xarakterlanadigan Eu®* ioni Faradey effekti uchun
ifodani quyidagi ko’rinishda yozishimiz mumkin [3]

[3] ishda EuGaG granatiga Faradey effektini garab chigishda “F> multipletining termik joylashishlari va "Fz multipleti
to’lqin funsiyalarining 7F2 multipleti to’lqin funksiyalariga aralashishi tufayli yuzaga keladigan Faradey aylanishlari hissalari
hisobiga olinmagan.

3
V= —x"YLs0-1s, C (LS()) wz + 482:# 7::5

O+ x2) (3)
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2
V(EW) = =)' Enkn im0z
bu yerda

x =xd - i i+ x)+xb+x2=x— E(Xl + x») va 2-va 3-qo’shiluvchilar mos ravishda "Fo va 'F1 holatlarining va
"F1, "F2 multipletlarining termik joylashuvlari aralashishi tufayli magnitlanish bilan bog’liq giromagnit fadey effekti hissasidir (1)
dagi qolgan qo’shiluvchilar jihatdan kichik va giromagnit Faradey effektida ularni hisobga olmaslik munkin). (1) - rasmda (3) -
formula orgali hisoblangan y' magnit kirituvchanligining temperaturaviy bog’lanishlari keltirilgan.

85 - 300 K temperatura intervalida 400 - 700 spektral diapazonda olingan EuGaG granatning FE eksperimental tadgigotlari
natijalari, shuningdek 80 — 300 K temperatura intervalida 0.63 va 1.15 mkm lazer to’lqin uzunliklarida Faradey aylanishlarini
o’Ichash shuni ko’rsatadiki ushbu granat Verde doimiysining temperaturaviy bog’lanishi egri chizig’i x(t) funksiya orgali
aniglanadi.

(2) -rasmda ko’rinadiki, barcha to’lqin uzunliklarida EuGaG granat Verde doimiysining y ga bog’ligligi eksperiment
aniqgligi doirasida chizigli va V (x) bog’lanish grafigi koordinata boshidan o’tadi. (2) — rasmda keltirilgan V Kattaliklarda granat —
gallat matritsasi hissalari hisobga olingan).

Demak EuGaG granatida Faradey effekti ushbu granatning magnitlanishiga proporsional emas va yuqori temperaturalarda
temperaturaviy bog’lanishlari xuddi shunday magnit kirituvchanligiga bog’liq temperaturaviy bog’lanishlarga ega y — % (1 + x2)

funksiyaga bog’liq.

VoAbt e

2 — Rasm. NY ioni Eu® ning Verde doimiysi V ning turli to’lqin uzunliklarida y funksiya bog’ligligi.
1-1150, 2 - 630, 3590, 4-560, 5 — 530, 6 — 500, 7 — 470. 8 — 410 nm.
Xulosa. Ik marotaba yevropiy — galliyli granat kristalida Faradey effektini tadqiq gilish asosida EuGaG da Verde
doimiysining ushbu granat magnit kirituvchanligiga proporsinoal emasligi aniglandi.

ADABIYOTLAR

1. Schieber M., Holmes L. Crystal growth and magnetic susceptibilities of samarium and europium garnets. - J. App? Phys. -
1965 - V. 36 .- /3. - P. 1459 - 1160.

2. Bammes Y.B., [lonoB A.W1. Marauroontuka nona Eu3+ B mamarautHoM rpanare Eu3Ga5012 // ®TT. 1985. T.27.B.9.
C.2729-2732.

3. V. B. Banues, A. A. Knoukos, B. HekBacui, A. U. ITonos, b. 0. Cokonos, [Ipupoxna temnepatypHoii 3aBUCHMOCTH
(hapazeeBCKOro BpallleHus B pEAKO3EeMEIbHBIX IpaHaTax, coepxaniux nousl Eu3+ u Sm3+, ®usuka tBepaoro tena, 1987,
ToM 29, BeIyck 6, 1640-1645.

- 355 -




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

FIZIKA
http://journals.nuu.uz

Natural sciences

UDK: 538.955; 621.3.082.782
Muzaffar DADAMIRZAYEYV,
Namangan muhandislik-texnologiya instituti tayanch doktoranti
Ulug ‘bek ERKABOYEYV,
Namangan muhandislik-texnologiya instituti professori, f.-m.f.d
Rustamjon RAHIMOY,
Namangan muhandislik-texnologiya instituti, PhD
Qudratali TEMIROYV,
Namangan muhandislik-texnologiya instituti o ‘qituvchisi
E-mail: muzaffardadamir8 1 @gmail.com

NamMTI professori, f.-m.f.d. R.Ikramov taqrizi asosida

TOR ZONALI KVANT O‘RANING LANDAU SATHLARIGA MAGNIT MAYDON TA’SIRI
Annotasiya
Ushbu maqolada Landau sathlar uchun /nA4s/4ISh kvant o‘raning vakentlik zonasi shipidagi yengil kovaklar va o‘tkazuvchanlik
zona tubidagi elektronlar energiyasini magnit maydonga bog‘liqligini matematik model ishlab chiqilgan.
Kalit so‘zlar: Tor zona, kvant o°ra, geterostruktura, magnit maydon, yengil kovak, taqgiqlangan zona, effektiv massa.

BJAMSIHUE MATHUTHOI'O IOJISI HA YPOBHU JIAHJAY Y3KO30HHOM KBAHTOBOM SIMU
AHHOTALHSA
B 910l cTaThe pa3paboTaHa MaTeMaTH4YecKash MOJEb 3aBHCHMOCTH SHEPTHM 3JICKTPOHOB OT MAarHUTHOTO HOJISL HA JHE 30HBI
MPOITYCKAaHUS U JIETKUX MOJIOCTEH Ha MOTOJIKE KBaHTOBOH 30HEI InAs/AlISb st moBepxHocTeit Jlanay.
KnioueBbie coBa: Y3kas 30Ha, KBaHTOBas sIMa, T'€TEPOCTPYKTYpa, MarHUTHOE Iojie, JIETKas ABIPKa, 3alpelleHHas 30Ha,
3¢ dexTHBHAS Macca.

INFLUENCE OF MAGNETIC FIELD ON LANDAU LEVELS OF NARROW-BAND QUANTUM WELL
Annotation
In this paper, a mathematical model of the dependence of the electron energy on the magnetic field at the bottom of the transmission
zone and light cavities at the top of the InAs/AISb quantum zone for Landau surfaces is developed.
Key words: Narrow band, quantum well, heterostructure, magnetic field, light hole, band gap, effective mass.

Kirish. Hajmiy va kichik o‘lchamli yarimo‘tkazgichli strukturalarning asosiy fundamental fizik kattaligi ta’qiqlangan zona

3

kengligi bo‘lib (Egd ) E;d), uning energetik kengligi yarimo‘tkazgich asosidagi qurilmaning eksplutasion parametrlarini

oldindan bashorat qilish imkonini beradi. Shuning uchun, E:d va Egd larni aniqlash (agar yangi yaratilgan materiallarning

ta’qiqlangan zona kengligi ma’lum bo‘lmasa) yarimo‘tkazgichli geterostrukturalar texnologiyasini asosiy vazifalaridan biri
hisoblanadi). Bundan tashqari, Eq ni yana muhim xususiyatlaridan biri, uning tashqi ta’sirlarga moyilligi juda kuchli bo‘lib, xattoki,
ushbu ta’sir natijasida Eg ni o‘zgarishi, yarimo‘tkazgichli asbobning fizik va kimyoviy xossalarini tubdan o‘zgartirib yuborada.
Yarimo‘tkazgichlarning ta’qiqlangan zona kengligi tashqi omillarga bog‘liqligigni aniqlashning bir qator metodlari mavjud.

Adabiyotlar taxlili. Jumladan [1,2] ishlarida sirt holatlar zichligini haroratga bog‘ligligi modelidan Eg(T) aniqlash
metodikasi ishlab chigilgan. Bundan, holatlar zichligini harorat bo‘yicha o‘zgarishida, uning “dumi”ni ta’qiqlangan soha kengligiga
kirib borishi orqali Eg(T) ni tushintirish mexanizmi yaratilgan. Lekin, ushbu ishlarda, kvantlovchi magnit maydonning ta’siri
o‘rganilmagan [3].

Ushbu masala uch zonali yaginlashish asosida tenglamalar yechiladi. Bu yaginlashish tor zonali kvant o‘rali
yarimo‘tkazgichlar uchun tenglamani qulay yechimini topish hisoblanadi. Ko‘rib chigilayotgan yaginlashishda H ke Va H 1

yordamida 8 X 8 o'zaro ta'sir matritsasini quyidagicha yozish mumkin [4]

H O 1)
0 H
Bu yerda
(2
E 0 K 0
0 E—% %A 0 ist
_ _ L i
H= kP %A £ 0 {i(x +iv)d
) 0 EV+% XL

(2) matritsadagi o‘ng tomondagi ustun H bilan bog'langan energetik holatlarni ifodalaydi.
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Agar boshlang‘ich energiyani kvant o‘raning o‘tkazuvchanlik zonasi tubi bilan hisoblasak, (Ec=0), u holda quyidagi
tenglamaga erishiladi:

. o . 22 f
(E+E,)[E(E+E,)(E+E,+A)-kP(E+E,+20/3)|=0 @)
n’k?
2m,
(3) formuladan ma’lumki , k=0 uchun E'(k) funksiyaning to‘rtta o‘ziga hos qiymati mavjud: E1=0; E2= Es= -Egq; va Es=-
Eg-A. E1=0 sharti — bu sanoq boshi o‘tkazuvchanlik zonasi tubidan boshlanishini bildiradi. E2 va Es energiyalar esa og‘ir (Ev1) va
yengil (Ev2) kovaklarning valentlik zonalarining shiplarini anglatadi. E4 enrgiya- valentlik zonasi shipiga spin orbital ta’sirini
ko‘rsatadi.
Taxlil va natijalar. Masalani yechish uchun, quyidagi tagribiy yaginlashuvlardan foydalanamiz:
1.Tor zonali yarimo‘tkazgichning ruxsat etilgan zonalariga spin orbital ta’sirini hisobga olmaslik.
2.Yengil kovaklarning effektiv massalarini erkin elektronlar effektiv massasiga yaqin bo‘lganligi uchun, og‘ir kovaklar
bilan o‘zaro ta’sirni hisobga olmaslik.
U holda, Eg>>A va [4] ga ko‘ra, yengil kovaklarni energiyasi quyidagicha aniglanadi:
12
. E 4k2 p2
K)=——21+[1+
E\/Z( ) 2 [ E2

9

Bu yerda, E'(k) = E(K) —

(4)
(4) ifodadan ko‘rinib turibdiki, k?p? (P-matrisali element bo‘lib, u pP— _iﬁ <s ‘f" x> ga teng) energiya hisobolanadi, chunki,

0

2.2
k?p? hadga o‘lchovsiz kattalik bo‘lish sharti bajarilishi kerak. U holda, yuqoridagi matrisali element formulasi va k E ni
E? 5
o‘Ichovsiz kattaliklarini hisobga olgan holda, (4) ni quyidagi ko‘rinishda yozish mumkin.
— 1/2
- E an’k}
E,(K)=— 2141 T u 1 ©)
2 2m,, E;

(5) ifodada tor zonali xajmiy yarimo‘tkazgichlarda yengil kovaklarning valentlik zona shipidagi energiyasi bo‘lib, u asosan, yengil
kovakning XYZ o‘qlaridagi effektiv massalariga va to‘lqin sonlariga bog‘liq bo‘lmoqda. Bunda, xajmiy tor zonali yarimo‘tkazgich
ta’qiqlangan zona kengligi (Eg) o‘zgarmas hisoblanadi. (5) formuladan, tabiiy savollar tug‘ilmoqda:

1. Agar, magnit maydon ta’siridagi material kvant o‘rali tor zonali, geterostrukturali yarimo‘tkazgich bo‘lsa (5) dan qanday
foydalaniladi?

2. Ma’lumki, tor zonali xajmiy yoki kichik o‘lchamli yarimo‘tkazgichlarning Eg si tashqi omillarga moyilligi juda yuqori

hisoblanadi. U holda E\?d (k, Eg) va Ev2d (k, Eg , d) lar ganday aniqlanadi?

2d
. y y ning o°zgarishi kvant o‘raning valentlik zonadagi energeti olatlar zichligiga ganday ta’sir giladi?
3 K, E,d) ning o*zgarishi kvant o‘raning valentlik zonadagi energetik holatlar zichligiga qanday ta’sir giladi?

Ushbu qo‘yilgan masalalarni yechish uchun albatta yangi matematik model yaratish talab etiladi.

(5) ifodani kvant o‘rali tor zonali yarimo*‘tkazgichlarga tadbiq etish orqali, quyidagi ifoda kelib chigadi:
22 212 222

hk*+hky+”h2nf (6)

2m, 2md

E2

g9

E 2m
E\,z"(k,d):—?g 1+|1+4 X

(6) formula tor zonali kvant o‘raning yenkil kovaklarini valentlik shipidagi energiyasi hisoblanadi.

Bu yerda, n; — o‘Ichamli kvantlar soni, d-tor zonali kvant o‘ra qalinligi, m*- yengil kovakning effektiv massasi.
(6) formuladan ko‘rinib turibdiki, kvant o‘raning valentlik zona shipidagi yengil kovak energiyasi kvant o‘ra galinligi, yengil kovak
effektiv massasi va o‘lchamli kvantlar soniga bog‘liq bo‘lmoqda.

Endi, tor zonali kvant o‘raga kuchli magnit maydon ta’sirini ko‘rib chiqaylik. Xususan, magnit maydon induksiyasi

vektori yo‘nalishi (B) Z o‘qi bo‘ylab yo‘nalgan bo‘lib, XOY tekislikka perpendikulyar bo‘lsin. Buni bo‘ylama kvantlovchi
magnit maydon deb ataladi. U holda, Landau nazariyasi [5] hamda kvantlovchi magnit maydon qonunlariga ko‘ra, kvant o‘ra valent
zona shipidagi erkin yengil kovakning [hlef + hzlzyz }hadlarini K N+ 1 j heo } had bilan almashtiriladi.
A TS Lv o
2

2m,  2m,

Bu yerda Nvv- tor zonali kvant o‘raning valentlik zonasidagi Landau sathlari soni, mcv- yengil kovaklarning siklatron
chastotasi.

Bundan kelib chiqadiki, (6) formula, bo‘ylama kvantlovchi magnit maydon ta‘sirida quyidagi ko‘rinishga keladi:
2.2 172 7
£ N +Ejha) L n? Q)

( Lv v 2z
Efd(B,d,nz,NLv):—Tg 1+]1+4 2 = 2md
g
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Keltirib chiqarilgan (7) formuladan ko‘rinib turibdiki, kvant o‘raning valentlik zonasi shipidagi yengil kovak energiysi
har tomonlama diskret energetik sathlarga aylanmoqda. Bu esa, 0‘z navbatida yengil kovak energiyasi kvant nuqta energiyasi
analogiga kelmoqda. Lekin, yana bir muhim fizik kattalik Eq ni B ga va d ga bog‘ligligini ham ko‘rish kerak. Sababi Eq(B, d)

funksiya o‘zgarishi monoton kabi hisoblanadi. Bundan E\?d (B, d, n,, NLv) funksiya E\?d (Eg (B, d), B,d, n,, NLV)
kabi bo‘ladi. U holda formula quyidagi ko‘rinishga keladi:

/2

232 232
[Eg(0)+%hww+%2”mzznzj (NLV+%jha)w+; Zznf )
EJ* ™ (E,(B,d),B,d,n, N, )= 5 1+ |1+4 nl PR
E (0)+£77¢ucv+E dd hz n?
LA 22md

Olingan (8) formula, kvant o‘raning valentlik shipidagi yengil kovak energiyasini magnit maydonga, ta’qiqlangan zona
kengligiga, kvant o‘ra qalinligi va o‘lchamli sathlar soniga bog‘ligligini ifodalaydi. (8) ifodani sonli va grafik usulda taxlil gilib
ko‘raylik [6] ishda tor zonali InAs kvant o‘rali yarimo‘tkazgichning Shubnikov de Gaaz ossilyasiyalari aniqlangan. Bunda InAs
kvant o‘ra qalinligi d=4 nm, B=0+12 TI oraliqda, Eq(0)=0,35 ¢V va n; deb olingan.

Ushbu eksperiment giymatlarni (3.8) ga qo‘yib EvOd (B, d, Eg (B, d)) grafigini olish mumkin. 1-rasmda turli Landau

sathlar uchun InAs kvant o‘raning vakentlik shipidagi yengil kovaklar energiyasini magnit maydonga bog‘liqligi keltirilgan. Ushbu
rasmdan ko‘rinib turibdiki, grafikni egri chizig‘ini tor zonali InAs kvant o‘raning nokvadratik dispersiya qonuni bo‘yicha aks
ettirilgan.

Bundan tashqari (8) formuladan foydalanib, tor zonali kvant o‘raning valent zonasidagi ikki o‘lchamli energetik holatlar
zichligini hisoblashga imkon beradi.

Nu=3

0 2 4 6 8 10 12
BT

1-rasm. Landau sathlar uchun InAs kvant o‘raning valentlik shipidagi yengil kovaklar energiyasini magnit maydonga
bog‘ligligi.
Endi, tor zonali kvant o‘raning o‘tkazuvchanlik zonasi tubidagi erkin elektronlar energiyasini magnit maydonga
bog‘ligligini ko‘rib chiqaylik.
Ma’lumki, tor zonali yarimo‘tkazgichlar uchun mn<<mo shartdan foydalanib, (3) da keltirilgan #’k? hadni hisobga
2m,

olinmaydi (E' << Eg ). U holda, magnit maydon mavjud bo‘lganda, (3) tenglamaga o‘xshash uchta energiya zonalari uchun
energetik sathlarini kubik tenglamasi hosil bo‘ladi;

2
Ey.(Eys +E)(E\. +E, +A)—P? {kf +(2N +1)%}{EN+ +E, +§A)i ZLZA =0 o)

Bu yerda: ENKZJ_r = ENi
(9) da bosh energetik sath o‘tkazuvchanlik zonasi tubidan boshlangan. Agar, B—0 bo‘lganda, (9) tenglama (3) ko‘rinishga
o‘tadi.
Agar, elektronlarning spin tagsimotini hisobga olinmasa hamda EN << Eg shart bajarilsa, (9) dagi kubik tenglama
o‘tkazuvchanlik zonasi elektronlari uchun quyidagi ko‘rinishga ega bo‘lgan kvadrat tenglamaga o‘tadi:
E 21,2
E (B E)=-—2+T [E2+4E |[N+2 L (10)
- 2 2 2 2m,

Ma’lumki, kuchli magnit maydon ta’sir etmaganda, erkin elektron energiyasi OZ o‘qi bo‘ylab o‘lchamli kvantlanish

hisobiga diskret hisoblandi, lekin XOY tekislikda uzluksiz spektrdan iborat bo‘ladi. Yani,
2 p2 222

Px +—Y 4 z'h 5 nzz (11)

m, 2m, 2m.d

nx ny

Eparah k,d —
2k, d) =

(11) ifoda keng zonali kvant o‘ralar uchun o‘rinli (kvadratik dispersiya gonuni uchun).

(10) formula, hajmiy tor zonali yarimo‘tkazgichlarning o‘tkazuvchanlik zonasidagi erkin elektronlar energiyasini magnit
maydonga bog‘ligligini ifodalaydi. Ya’ni, magnit maydon kuchlanganligi Z o‘qi bo‘ylab yo‘nalgan bo‘lib, XOY tekislikka
perpendikulyardir. Bunda, zaryad tashuvchilar energiyasi Landau nazaryasiga muvofig, XOY tekislikda diskret sathlar hosil
bo‘ladi. OZ o°qi bo‘ylab esa, erkin elektron energiyasi uzluksiz spektrni tashkil etadi. Albatta bu kvant ip analogiyasini beradi.
Savol tug‘iladi, tor zona kvant o‘ra asosidagi yarimo‘tkazgichlarda ushbu ilmiy faraz ganday amalga oshadi? Tor zonali kvant
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o‘raning o‘rkazuvchanlik zonasidagi erkin elektronlar energiyasi magnit maydonga ganday bog‘liq bo‘ladi? Kvant o‘raning valent
zonasidachi?
Tor zonali kvant o‘ralar uchun [4] dagi formulani tadbiq etiladi: Yani, A<< Eg shart bajarilsa

21.2 1/2
4P? N 2manZ N h kXyZ
Eg A2 2m

E
Eromer (k) = ——241—| 1+ (12)
2
nxyz
(12) ni tor zonali kvant o‘ra uchun quyidagicha yozish mumkin:

1/2
E 2 21,2 h2k2 222
Efd,nonparab(k,d):__g 1-114+ 4P2 *ZTH h kx 4 y +7Z' h nzg (13)
2 E, 7~ (2m, 2m 2m

ny nt

in
Buyerda, P=——< S
m,
(11) va (13) formulalar kvadratik hamda kvadratik bo‘lmagan dispersiya gonunlari uchun B=0 da kvant o‘raning
o‘tkazuvchanlik zonasidagi erkin elektronlar energiyasini ifodalaydi. Agar B#0 shart bajarilsa, (11) ifoda quyidagi formulaga
o‘tadi:

A

Px>.

1 2h?
rab 2
EP (B,d)z[NLc+§jhwm+2mnd2 n; ()
U holda, (10) da Keltirilgan 72°K; ni o‘rniga tor zonali kvant o‘ra shartiga muvofiq (Lui de Broyl munosabati, As~d),
2m,
7°h° 2 xadni almashtirilsa, quyidagi ifodaga erishiladi:
2md® *

E, (B,d)

E’?d,HOHParab(Eg(B,d),B,dynzlNLc):_ d
m

Ushbu formula, tor zonali kvant o‘raning o‘tkazuvchanlik zonasidagi erkin elektronlarning energiyasi magnit maydonga
bog‘ligligini ifodalaydi. Yangi olingan (15) formula muhim hisoblanadi, sababi, shu kunga gadar kvant o‘raning tagiglangan zona

+;\/(EQ(B,d))Z+4Eg(B,d)[(NLC+;)haJCC+;2h22 2] (15)

kengligi ganday bo‘lishidan gat’iy nazar E (B,d) fagat (14) bo‘yicha hisoblangan.Vaholanki, (15) ga ko‘ra, EN energiya B

ga nochizigli bog‘langan. Bu yerda, © :ﬁ;
(o mn
Keling, (15) formulani tor zonali kvant o‘ra asosidagi yarimo‘tkazgichlarga tadbiq etaylik. Bu nazariy g‘oyani grafik
ko‘rinishda taxlil gilib ko‘raylik. 2-rasmda InAs/AlISb kvant o‘rali yarimo‘tkazgich uchun o‘tkazuvchan zonasidagi erkin elektron

onparab

energiyasini Ecn , B bog‘liqligi keltirilgan. Bunda, E¢(InAs)=0.35 eV, d=12 nm [7]. 3-rasmda esa, GaAs/AlxGai-/GaAs

b
[8] kvant o‘ra uchun E " (B, d) grafigi keltirilgan. Ushbu rasmdan ko‘rinib turibdiki, chizigli va nochizigli grafiklar

nonporab
Ec

dispersiya qonunlariga bo‘ysinishi kuzatilmoqda. Bundan tashqari (15) formulaga ko‘ra (B, d) dan tor zonali kvant

o‘rani galinligi d ga bog‘ligini ham olish mumkin.

L8| 1

2-rasm. InAs/AISb kvant o‘raning 3-rasm. GaAs/AlGa;.,/GaAs kvant
o‘tkazuvchanlik zonasidagi erkin o‘raning o‘tkazuvchanlik zonasidagi
elektronlar energiyasiga magnit erkin elektronlar energiyasiga magnit
maydonni ta’siri. maydonni ta’siri.

Xulosa. E\?d’nonparab (EQ(B,d), B,d,n,, NLV) tor zonali kvant o‘raning valentlik zonasidagi kovaklarning
energiyasini magnit  maydonga  bog‘ligligini  hisoblashni  yangi = matematik = model  ishlab  chiqildi.
Er?d'nonparab(Eg (B,d),B,d,n,, N, )tor zonali kvant o‘raning o‘tkazuvchanlik zonasidagi erkin elektronlarning

energiyasini magnit maydonga bog‘ligligini hisoblashni yangi matematik modeli ishlab chigildi.
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FTIR ANALYSIS OF PEI/PET BLEND: POLYMER INTERACTIONS AND STRUCTURAL CHANGES
Annotation

This paper presents an analysis of PEI/PET polymer blends using infrared (IR) spectroscopy. Spectral data allowed the
identification of hydrogen bonding and other molecular interactions between polymers. The addition of PEI altered the vibrational
characteristics of functional groups in the PET matrix, shifting certain peaks and reducing their intensity. The results indicate that
IR spectroscopy is an effective method for evaluating structural and chemical changes in PET/PEI blends, helping to determine
their phase state and compatibility.

Key words: poly(etherimide), poly(ethylene terephthalate), polymer blends, IR spectroscopy, functional groups.

HK-CIIEKTPOCKONMMYECKHI AHAJIN3 CMECH II3W/MAT: B3AUMOJAENCTBHUE MMOJIMMEPOB U
CTPYKTYPHBIE U3BMEHEHUS
AHHOTanUs

B nmannoit crathe mpoBeneH ananm3 nonmMmepHbIX cMecelt PEI/PET ¢ mcnonp3oBannem mappakpacuoit (UK) cmekrpockomum.
CrekTpaibHbIe JaHHBIE TIO3BOJIMIIN BBISIBUTH BOJJOPOIHEIE CBSI3U U IPYTHE MOJICKYIISIPHBIE B3aNMOACHCTBHS MEXITY HOIUMEPaMH.
Jo6asnenne PEI n3amenunno konedatenpHbIE CBOHCTBA QYHKIIMOHANBHEIX rpymil B MaTpuie PET, BeI3bIBast cMelIeHHEe HEKOTOPBIX
MIMKOB ¥ CHIDKCHHE UX HHTEHCHBHOCTH. Pe3ynbraTs! mokasearot, 9ro MK-criekrpockonns siBisiercst 3¢ (heKTHBHBIM METOZIOM JUTS
OIICHKH CTPYKTYpPHBIX M XUMHUecKHx u3MeHeHuit B cMmecsix PET/PEI, a taxke mis ompenencHuss ux (a3soBOro COCTOSIHUS U
COBMECTUMOCTH.

KnroueBbie cioBa: mommdGupuMHI, MOJIMITHICHTepedTanaT, nmonuMmepHsle cmecn, HMK-crexrpockonwsi, ¢yHKIMOHAIBHEIE

TPYIIIBL.

PEI/PET ARALASHMASINING IQ - SPEKTROSKOPIYA TAHLILI: POLIMER O‘ZARO TA’SIRLARI VA
TARKIBIY O‘ZGARISHLAR
Annotatsiya

Ushbu magolada PEI/PET polimer aralashmalarining infragizil (1Q) spektroskopiya yordamida tahlili o‘tkazildi. Spektral natijalar
polimerlar orasidagi vodorod bog‘lanishlari va boshqga o‘zaro ta’sirlarni aniglashga imkon berdi. PEI qo‘shilishi PET matritsasidagi
funktsional guruhlarning vibratsion xususiyatlarini o‘zgartirib, ba’zi cho‘qqilarni siljitdi va ularning intensivligini pasaytirdi.
Natijalar shuni ko‘rsatadiki, 1Q spektroskopiya PET/PEI aralashmalaridagi tarkibiy va kimyoviy o‘zgarishlarni baholash uchun
samarali usul bo‘lib, aralashmalarning tarkibiy uyg‘unligini va fazaviy holatini aniglashga yordam beradi.

Kalit so‘zlar: Polieferimid, polietilentereftalat, polimer aralashmalar, 1Q spektroskopiya, funksional guruhlar.

Kirish. PEI va PET sanoatda keng go‘llaniladigan muhim muhandislik polimerlari bo‘lib, ularning o‘ziga xos issiglik va
mexanik xususiyatlari mavjud. PEI amorf termoplastik bo‘lib, yuqgori shisha o‘tish harorati (Tg = 215°C) va yaxshi mexanik
mustahkamlikka ega. Birog, amorf polimer sifatida u kristallanmaydi va shu sababli kimyoviy chidamlilik jihatidan cheklovlarga
ega. Shuningdek, PEI yuqori ishlov berish haroratini (380°C) talab qiladi, bu esa gayta ishlash jarayonini giyinlashtiradi. PET esa
yarim kristallik termoplastik bo‘lib, Tg =~ 78°C va erish harorati Ter = 255°C. PET yugori kimyoviy chidamlilik va yaxshi mexanik
xususiyatlarga ega, lekin uning metallizatsiyalanish qobiliyati past. PET va PEI aralashmalari fazaviy o‘tishlarning o‘zgarishi
natijasida haroratga chidamliligini oshirish va gayta ishlashni optimallashtirish uchun ishlatiladi. Ushbu ikki polimerni
aralashtirish ilmiy izlanishlarda katta gizigish uyg‘otgan, chunki PET ning kristallik tuzilishi PEI ning yuqori issiqlik barqgarorligi
bilan uyg‘unlashib, ularning go‘llanish sohasini kengaytirish imkonini beradi.

PET/PEI aralashmalarining moslashuvchanligi va kristallanish jarayoni ko‘plab ilmiy ishlar asosida o‘rganilgan. Chen va
boshga ko‘pchilik muallik tomonidan o‘tkazilgan dastlabki tadqiqotlarda PET va PEI aralashmalari butun tarkibiy diapazonda
eritma holatida o‘zaro mos kelishi aniglangan. Eritmada tayyorlangan aralashmalarning moslashuvchanligi ishlatilgan erituvchiga
bog‘lig bo‘lib, dixloruksus kislota fenol/tetraxloroetan eritmasiga nisbatan yaxshiroq segmentar aralashish hosil gilishi kuzatilgan.
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Eritmada tayyorlangan aralashmalarni eritib gotirish usuli orgali yugori haroratda ishlov berilganda, ularning moslashuvchanligi
yanada oshgan va bitta shisha o‘tish harorati (Tg) gayd etilgan. Biroq, PEI migdori 40% dan ortganda PET ning kristallanishi
pasayishi kuzatilgan. Shuningdek, PET ning ko‘p cho‘qqili erish endotermik xususiyati PEI mavjudligi sababli susaygan [1-12].
Chen va Hsiao tomonidan olib borilgan keyingi tadgiqotlarda PET/PEI aralashmalarida kristallanish va suyug-suyuq fazaviy
ajralish jarayonlari bir vaqtda sodir bo‘lishi aniglangan. Kichik burchakli rentgen sochilishi usuli yordamida PET ning kristallik va
amorf gatlamlaridan iborat lamellar strukturalar hamda ularni o‘rab turgan PEI boy faza hosil bo‘lishi kuzatilgan. PEI miqgdori
oshgan sari amorf gatlamlar kengayishi va bu struktura aralashmaning mexanik va issiqlik xususiyatlariga sezilarli ta’sir gilishi
aniglangan [13].

Mutlu va boshgalar tomonidan olib borilgan tadgigotlarda PET/PEI aralashmalarining mexano-optik xatti-harakatlari real
vaqt rejimida o‘rganilgan. Tadgiqot natijalari shuni ko‘rsatadiki, PEI go‘shilishi PET ning kristallanish tendensiyasini pasaytiradi
va shisha o‘tish haroratini oshiradi. PEI konsentratsiyasi ortgan sari PET/PEI aralashmalarining stress-optik koeffitsienti ortib
boradi, bu esa ularning deformatsiya sharoitlarida optik xususiyatlarini sezilarli darajada o‘zgartiradi. Shuningdek, PEI ning
mavjudligi mexanik bargarorlikni oshiradi va amorf holatdan kristallik holatga o‘tish jarayonini sezilarli darajada o‘zgartiradi.

Umuman olganda, ushbu ilmiy tadgigotlar shuni ko‘rsatadiki, PET/PEI aralashmalarining fazaviy xususiyatlari murakkab
jarayonlar natijasida shakllanadi. Bu jarayonlar kristallanish, fazaviy ajralish hamda segmentar aralashish hodisalari bilan
chambarchas bog‘liq bo‘lib, ularning o‘zaro ta’siri polimer aralashmasining yakuniy tarkibi va tuzilish xususiyatlarini belgilaydi.
Tadgiqgot natijalari shuni ko‘rsatadiki, PEI polimerining PET matritsasiga go‘shilishi uning fizik va kimyoviy xususiyatlariga
sezilarli ta’sir ko‘rsatadi. Xususan, PEI konsentratsiyasining oshishi PET ning issiglik bargarorligini sezilarli darajada yaxshilaydi,
bu esa uni yugori haroratga chidamliroq materialga aylantiradi. Biroq, PET ning kristallanish gobiliyati PEI mavjudligida sezilarli
darajada cheklanadi, chunki PEI segmentlari kristall o‘sish jarayoniga ta’sir giladi va tartiblangan kristall fazaning shakllanishiga
tosqinlik giladi. Shu sababli, PET ning kristall tuzilishi PEI mavjudligida sezilarli darajada ozgaradi, natijada materialning
morfologiyasi hamda fizikaviy-mechanik xususiyatlari o‘zgaradi. Ushbu tadgiqotning natijalari PET va PEI aralashmalarining
sanoat amaliyotlarida qo‘llanilishi, yuqori haroratga chidamli, mexanik jihatdan mustahkam va bargaror polimer
kompozitsiyalarini yaratish istigbollari hagida muhim ma’lumotlarni taqdim etadi [14-15].

PEI/PET polimer aralashmalarining sintez gilinishi, fizik-kimyoviy Xxossalari va strukturaviy o‘ziga Xosliklarini
o‘rganishga bag‘ishlangan ilmiy maqolalar chuqur tahlil gilindi. Olingan natijalarga ko‘ra, ushbu polimer tizimlarining infratovush
(IQ) spektroskopiyasi asosida tadqiq etilishi yetarlicha o‘rganilmaganligi aniglandi. Ma’lumki, 1Q spektroskopiya usuli
polimerlarning funksional guruhlarini aniglash, ularning makromolekulyar tuzilishdagi o‘zgarishlarini baholash va aralashma
komponentlari o‘rtasidagi o‘zaro ta’sir mexanizmlarini o‘rganishda muhim ahamiyat kasb etadi. Shu sababli, ushbu tadgigot
doirasida PEI, PET va ularning teng nisbatdagi aralashmasini 1Q spektroskopiya usuli orgali chuqur tahlil gilish rejalashtirildi.
Polimer materiallarining 1Q spektroskopik tahlili ularning kimyoviy tuzilishini, bog‘lanish tabiatini va polimer zanjirlari orasidagi
ichki o‘zaro ta’sirlarni aniglashga imkon beradi. PEI va PET polimerlari o‘ziga xos kimyoviy tarkibga ega bo‘lib, ularning
aralashmasi turli xil fizik-kimyoviy va mexanik xossalarga ega yangi materiallar yaratish imkonini beradi. IImiy adabiyotlar tahlili
shuni ko‘rsatdiki, mazkur polimer tizimlarining 1Q spektroskopik tadgiqotlari yetarli darajada rivojlanmagan bo‘lib, aynigsa, PEI
va PET aralashmalarining spektral xususiyatlari va molekulyar ozaro ta’sir mexanizmlari hagida to‘liq tasavvur mavjud emas.

Tadqgiget metodologiyasi. Polimer aralashmani tayyorlash. Ushbu tadgigot ishida Xitoyning ZOGOV kompaniyasida
ishlab chigarilgan PEI (Ultem 1000) polieferimid hamda pepsi brendidagi plastik idish ikkilamchi polietilenteriftalat polimerlaridan
foydalanilgan

Polimer aralashmalar turli nisbatlarda laboratoriya ikki shnekli ekstruderida suyuglanma holatda 235, 240, 240, 240, 240,
240, 245 + 5 °C harorat zonalarida olindi.

1Q-spektroskopiya. Tadgiqot ishida PEI/PET polimer aralashmalarini 1Q spektroskopiyasi polimer molekulalarining
kimyoviy tuzilishi, fazaviy tarkibi, reaksiya jarayonlari va materiallar xususiyatlarini baholash magsadida o*tkazildi.

PEI/PET polimer aralashmalari namunalari Inventio-S IR Fourier (Bruker, Germany) qurilmasida tekshirildi. PEI/PET
plyonka namunalari 40-50 mkm qalinlikga ega bo‘lib maxsus savutish tizimiga ega (500°C Manual Hot Press) issiglik pressida
alyumin folga gog‘oziga (10x10sm) 2-3 gr atrofida namuna granulasi olinib 280-240°C haroratda, dastlab 2-3 min vaqt davomida
gizib turgan plitalarda bosimsiz namuna erishi kutildi so‘ngra 7-8 tonna (700-800 MPa) yuk bosimida 3-4 min vaqt davomida
ushlab turildi, plyonka hosil gilgan namunalar shu bosimda 100-120°C haroratgacha sovitildi. Plyonkalar galinligi 60-80 mkm,
o‘lchamlari 2 smx4sm qilib to‘g‘ri to‘rt burchak shaklida girgib olindi. Olingan natijalar 1Q-spektrlarning kenglik sohasi 400 sm*
dan 4000 sm* gacha bo‘lib har bir nugta oraliglari uchun talab 2 sm dan iborat bo‘lgan.

Tahlil va natijalar. PEIl, PET va ularning aralashmalari 1Q-spektroskopiyasi. Infragizil spektroskopiya (FTIR) usuli
yordamida toza PEI va ikkilamchi PET polimerlarining funksional guruhlari tahlil gilindi. Toza PEI spektrida imid, efir, aromatik
amin va karbonil guruhlariga xos tebranish cho‘qqilari aniq kuzatildi.
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Rasm.1. Toza PE'Iun;ngIQ spektri.
Imid guruhining C=0 valent tebranishlari ~1775 cm va ~1720 cm™ da joylashgan bo‘lib, bu PEI ning yuqori haroratga
chidamliligini tasdiglaydi. Shuningdek, C-N bog‘lari (~1350 cm™), C-O-C (efir bog‘i) (~1230 cm™), va aromatik C=C (~1500—
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1600 cm™) valent tebranishlari mavjudligi gayd etildi. 2850-2950 cm™! diapazonda CH alifatik bog‘lari va 3400 cm™ atrofida NH
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deformatsion tebranishlari kuzatildi, bu PEI tarkibida amin guruhlarining borligini ko‘rsatadi (1-rasm).
Rasm.2. Ikkilamchi PET ning 1Q spektri.

Ikkilamchi PET spektrida efir, aromatik halga va karbonil guruhlariga xos infragizil yutilish cho‘qgilari aniglandi. C=O
valent tebranishi ~1715 cm™ da joylashib, PET polimerining asosiy tarkibiy gismini tasdiglaydi. Aromatik C=C bog‘lari (~1500—
1600 cm™) PET ning benzol halgasiga mos keladi, C-O-C efir guruhining valent tebranishlari esa ~1240 cm™ va ~1090 cm™!
oralig‘ida joylashgan. 2850-2950 cm~! diapazonda CH alifatik valent tebranishlari gayd etildi. 3200-3500 cm™ atrofida namoyon
bo‘lgan keng cho‘qqilar esa PET ning gidrolitik degradasiyasi yoki namlik bilan bog‘ligligini ko‘rsatadi (2-rasm).

PEI 50% —PET 50% aralashmasining 1Q spektri tahliliga ko‘ra. Olingan spektr asosida har ikkala komponentga xos
funksional guruhlarning mavjudligi tasdiglandi va ularning intensivliklari baholandi.
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Rasm.3. PEI/PET 50/50 polimer aralashmaning 1Q spektri.

1Q spektrda karbonil (C=0) guruhining valent tebranishi 1715-1770 cm™' (PEI) va 1715-1740 cm™' (PET) oralig‘ida
aniglanadi. Bu ikki komponentning bir-biri bilan aralashganligini va ularning o‘zaro ta’sirini ko‘rsatadi. Aromatik halgadagi C=C
valent tebranishlari 1500-1615 cm™ diapazonda kuzatiladi, bu esa PEI va PET molekulalarining qo‘shbog‘ tuzilmalarga egaligini
tasdiglaydi.

Imid halgasidagi C-N valent tebranishlari 1180—1360 cm™ oralig‘ida kuzatiladi, bu PEI ning mavjudligini tasdiglovchi
asosiy tasmalar hisoblanadi. Shu bilan birga, ester guruhidagi C-O valent tebranishlari 1240-1300 cm™ oralig‘ida aniglanib, PET
polimerining tarkibiy tuzilishini aks ettiradi. Aromatik C-H valent tebranishlari 3000-3100 cm™, alifatik C-H valent tebranishlari
esa 2800-3000 cm™ oralig‘ida kuzatiladi.

Spektral tahlil shuni ko‘rsatadiki, PET va PEI o‘zaro bog‘langan holda mavjud bo‘lib, har ikkala polimerga xos tasmalar
bir-biriga ta’sir etgan holda gayd etilgan. Shu bilan birga, ayrim tasmalarning yengil siljishi va intensivlik o‘zgarishlari
aralashmaning molekulyar darajadagi o‘zaro ta’sirlarini tasdiglaydi (3-rasm).

Xulosa va takliflar. 1Q spektral tahlili natijalari toza PEI, ikkilamchi PET va PEI50 PET50 aralashmasi tarkibidagi
funksional guruhlarni aniglash imkonini berdi. Har bir polimerning o‘ziga xos kimyoviy tuzilishi spektrda aniq aks etgan bo‘lib,
aralashma namunasi har ikkala polimerning xususiyatlarini mujassam etgan.

Toza PEI spektrida imid, karbonil, efir va aromatik amin guruhlari intensiv yutilish cho‘qgilari bilan namoyon bo‘Idi.
Aynigsa, C=0 (1775 va 1720 cm') va C-N (1350 cm™) tebranishlari PEI ning yugori termal va mexanik bargarorligini tasdiglaydi.

Ikkilamchi PET spektrida ester, karbonil va aromatik halga guruhlari o‘ziga xos cho‘qgilarni hosil gildi. C=0 (1715 cm™)
valent tebranishi polyester tuzilishini tasdiglaydi. 3200-3500 cm™ oralig‘ida namoyon bo‘lgan keng yutilish cho‘qqisi PET ning
gidrolitik degradatsiyasi yoki namlik ta’sirini ko‘rsatishi mumkin.

PEI 50 PET 50 aralashma spektri esa har ikkala polimerga xos funksional guruhlarni aks ettirdi. Karbonil guruhining valent
tebranishlari (~1775 va 1715 cm™) ham PEI, ham PET tarkibida mavjudligini tasdiglaydi. Shuningdek, 3400 cm™ atrofidagi keng
yutilish cho‘qqisi vodorod bog‘lari hosil bo‘lishi mumkinligini ko‘rsatdi. Umuman olganda, spektral natijalar PEl va PET
aralashmasida polimerlar o‘rtasida muayyan o‘zaro ta’sir mavjudligini ko‘rsatadi. Bu materiallarning issiglikka chidamliligi va
mexanik xususiyatlarini yaxshilash imkoniyatini bildiradi.
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INVESTIGATING ACETONITRILE VIBRATIONS IN PROTIC AND APROTIC MIXTURES
Annotation

Polarized Raman spectroscopy and two-dimensional correlation spectroscopy (2D-COS) were used to study the vibrational
behavior of acetonitrile (ACN) in mixtures with dimethyl sulfoxide (DMSO) and water. The Raman non-coincidence effect (NCE)
of the C=N stretching mode revealed weak dipole interactions in ACN-DMSO and strong hydrogen bonding in ACN-water.
Synchronous and asynchronous 2D-COS spectra showed that ACN vibrations respond differently to solvent concentration changes,
with significant spectral shifts in water due to hydrogen bonding. These findings demonstrate how 2D-COS effectively reveals
solvent-induced vibrational interactions in molecular systems.

Key words: Acetonitrile, polarized Raman spectroscopy, synchronous 2D-COS, asynchronous 2D-COS, intermolecular
interactions.

HCCIEIOBAHUE KOJEBAHHUI AIIETOHUTPUJIA B IIPOTOHHBIX U AITPOTOHHBIX CMECSX
AnHOTaLUA

TlonsgpuzoBanHas PamaH cHeKTpocKomus W AByMepHas KoppensiuoHHas cnekrpockorus (2D-KOC) mcnonp3oBaimch aist
W3y4eHUsl KoyeOaTenbHBIX cBOWCTB ameToHuTpmiaa (ALIH) B cmecax ¢ maumermncynbdokeun (AMCO) u Bomoi. Dddexr
HecoBnageHus gactot (QHY) s BanentHOro Komebanuss C=N mokasan cnalble AUIOJBHBIE B3auMoaecTBrA B cucteme ALTH-
JAMCO wu cunpHOE BomopoaHoe ces3biBanne B cucteMe AL[H-Boma. Curxponnsie u acuaxpoHHBIE 2D-KOC cnekTpsl BBISSBHIHA
paznuyHyo peakuuio kojnedanuii AIIH Ha n3MeHeHUs KOHIIEHTPAIMU PacCTBOPHUTEIIS, IPUUEM B BOJIe HAOIOAAINCh 3HAUUTEIbHbIE
CIIEKTpaJIbHBIE C/IBUTH HM3-32 BOJOPOIHBIX CBS3€H. DTH pe3yibTaThl JeMOHCTpUpYIOT 3ddextnBHocTs 2D-KOC B BBIIBICHMM
pacTBOp-3aBUCHMBIX KOJIeOaTeIbHBIX B3aNMOJICHCTBUI B MOJIEKYJISIPHBIX CHCTEMAaX.

KnroueBbie ciioBa: AIeTOHHTPWI, HOJISIPU30BaHHAs paMaHOBCKas crekTpockomus, cuaxponHas 2D-KOC, acunxponnas 2D-
KOC, mexmonexynspHble B3anMOICHCTBHSL.

ASETONITRIL TEBRANISHLARINING PROTIK VA APROTIK ARALASHMALARDAGI TADQIQI
Annotatsiya

Qutblangan Raman spektroskopiyasi va ikki o‘lchamli korrelyatsion spektroskopiya (2D-KOS) yordamida asetonitril (ACN)ning
dimetilsulfoksid (DMSO) va suv bilan aralashmalaridagi tebranish xususiyatlari o‘rganildi. C=N valent tebranishi uchun Raman
no-moslik effekti (NME) ACN-DMSO tizimida zaif dipol o‘zaro ta’sirlari va ACN-suv tizimida kuchli vodorod bog‘lanishlarini
anigladi. Sinxron va asinxron 2D-KOS spektrlari ACN tebranishlarining erituvchi kontsentratsiyasi o‘zgarishiga turlicha javob
berishini ko‘rsatdi, suvda esa vodorod bog‘lari sababli sezilarli spektral siljishlar kuzatildi. Ushbu natijalar 2D-KOS metodining
erituvchi ta’sirida tebranish o‘zaro ta’sirlarini aniqlashdagi samaradorligini ko‘rsatadi.

Kalit so‘zlar: Asetonitril, Qutblangan Raman spektroskopiyasi, sinxron 2D-KOS, asinxron 2D-KOS, molekulalararo ta’sirlar.

Introduction. A useful technique for investigating the nature of polar bonds and differentiating between molecular
structures in chemical substance analysis is vibrational spectroscopy [1-2]. Because of its adaptability, it is now essential in many
fields, including industrial applications, biochemistry, and chemistry connected to health [3-5]. One of the intriguing aspects of
vibrational spectroscopy lies in its ability to uncover subtleties in molecular behavior. For instance, some polar vibrational modes
display shifts in their vibration wavenumbers when observed through IR and Raman spectroscopy, reflecting the differing
sensitivities of these techniques [6]. Even more fascinating is the discrepancy observed within Raman spectroscopy itself, where
the frequencies of certain vibrational modes in isotropic and anisotropic components do not coincide [7-9]. This phenomenon,
known as the non-coincidence effect (NCE), provides critical insights into intermolecular interactions, molecular orientations,
molecular symmetry and dynamic processes within complex systems. As a result, studying NCEs has become an essential approach
for understanding and predicting molecular structures with greater precision, further emphasizing the importance of vibrational
spectroscopy in modern science [10-11]. In this paper, we analyzed Raman NCE for the C=N polar bond of acetonitrile (ACN). To
date, various intermolecular processes involving this polar bond of ACN have been systematically investigated. The vibrational
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wavenumber of the C=N polar bond, which carries an extremely sensitive environmental probe, depends on the medium's solvation
characteristic [12]. The vibrational properties of the C=N polar bond were also analyzed using Density Functional Theory (DFT)
[13]. This analysis explained the mechanism by which the vibrational wavenumber of this triple bond exhibits a blue shift in
intermolecular hydrogen bonding. It was found that the triplet bond length is strongly dependent on the H-bond length. It has also
been reported that the triple bond strength constant of acetonitrile in aqueous media unexpectedly increases, leading to a blue shift
in the corresponding stretching vibration, which is in contrast to the typical consequence of hydrogen bonding in the vibrational
wavenumbers of the accepting groups, i.e., a red shift in the wavenumber [14]. The observation of various anomalous effects in the
spectral properties of the C=N polar bond of the ACN molecule necessitates the study of processes involving this bond using more
extensive and effective methods. We have studied the nature and strength of intermolecular interaction forces in ACN by
determining the Raman NCE of the polar C=N bond. Studying this effect allows us to understand the formation of molecular
systems in ACN and predict their precise geometric structure. Also, in this work, two-dimensional Raman-correlation spectroscopy
(2D-COS) analyses of ACN solutions with solvents water, and dimethyl sulfoxide (DMSO), which have different intermolecular
interaction natures, were performed. This method is one of the interactive methods for analyzing the spectral properties of
vibrational modes in the solution phase [15].

Methods. Polarized and unpolarized Raman spectra of neat acetonitrile and its binary solutions with Water, and DMSO at
different concentrations were recorded using a Renishaw Invia Raman spectrometer with a 1200 lines/mm grating. The excitation
light source was a Spectrum Stabilized Laser Module with a 532 nm wavelength and 100 mW of power. Raman spectra were
acquired at room temperature (298 K) using a Renishaw CCD Camera detector with x100 objective in a backscattering geometry
configuration.

Results and discussions.

Raman non-coincidence effect analysis

The principle of the technique of polarized Raman spectroscopy depends on the mutual orientation of the electric field
vectors of light incident on and scattered from a sample. If the field vectors are parallel to each other, a polarized Raman spectrum
is formed, and if they are perpendicular to each other, an unpolarized Raman spectrum is formed. Using these spectral results, it is
possible to generate isotropic and anisotropic Raman spectra of a vibrating polar bond. Figure 1 shows the isotropic and anisotropic
Raman spectra of the C=N stretching mode of ACN. The peak wavenumber of the isotropic Raman spectrum of the C=N stretching
mode is 2253 cmL. The wavenumber of the anisotropic component is 2254.4 cm*. The difference between these wavenumbers is
+1.4 cm™L. The positive splitting of the Raman NCE indicates that the C=N triplet bonds are arranged antiparallel to each other.
Antiparallel ordered triplet bonds generate resonantly coupled dipole couples. These dipole couples are connected by resonant
energy transfer. The small value of the Raman NCE indicates that the resonance energy transfer between dipole pairs is very weak.
This result indicates that the most sensitive part of the ACN molecule to intermolecular interactions is C=N. In order to study the
intermolecular interaction processes of this triplet bond, Raman spectra of binary mixtures of ACN with DMSO and Water were
recorded. Based on the obtained spectral data, two-dimensional synchronous and asynchronous correlation spectra were generated.
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Figure 1. Isotropic and anisotropic Raman spectra of the C=N stretching mode of ACN.
Two-Dimensional Correlation Spectroscopy analysis

Synchronous and asynchronous 2D-Raman correlation spectra of an ACN and DMSO solution at varying concentrations
were obtained (Fig. 2a, b). Synchronous 2D-COS identifies the correlation between two signals occurring simultaneously at the
same frequency, revealing how closely different vibrational modes respond to concentration changes. The intensity of the colours
in the synchronous spectrum represents the strength of these correlations. Positive correlations, where two modes change in the
same direction, are typically shown in warm colours such as red, yellow, or orange. Conversely, anticorrelated modes, which vary
in opposite directions, are depicted in cool colours like blue. Asynchronous 2D-COS, on the other hand, highlights phase
differences or time lags between vibrational modes by illustrating how signals evolve relative to each other across frequencies or
time. The colour intensity in asynchronous spectra provides insight into the interaction sequence of different vibrational modes.
When the x-axis signal precedes the y-axis signal, warm colours (e.g., red or orange) appear, indicating dominance. Meanwhile,
cool colours (e.g., blue) suggest that the y-axis signal is more prominent than the x-axis signal. It can be seen that a strong signal
appears in the synchronous spectrum (Fig.2a). This strong signal corresponds to the fundamental stretching vibration of the C=N
triple bond of ACN, at 2253 cm™*. The dark red central area shows that the shift in this vibrational mode is due to changes in DMSO
concentration.
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Figure 2. Synchronous (a) and asynchronous (b) 2D Raman correlation spectra of the ACN-DMSO mixture were constructed
from the selected concentration range from 1 to 0.05 mole fraction.
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The map is symmetric, with the highest intensity along the main diagonal line. This means that the ground vibrational mode
of ACN changes synchronously with increasing DMSO concentration. The high intensity observed along the diagonal line,
however, the weakness of the off-diagonal regions, indicates that the main interaction is due to the vibrational mode of the C=N
bond. This means that there is a significantly variable vibrational coupling between ACN and DMSO. An asynchronous spectrum
shows interactions that are delayed by changes in concentration (Fig 2b). This spectrum has two distinct contrasting (red-blue)
signals around the wavenumber 2253 cm L. This situation indicates the presence of a strong correlation, that is, the C=N vibration
of ACN and the effect of DMSO molecules show asynchronous modulation. There are red and blue signals in this region, which
reflect different stages of the intermolecular hydrogen bonding effect. Red regionss indicate an increase, while blue regions indicate
a decrease in intensity, indicating that the vibrational mode is associated with two different transformation processes. The green
background means that there is not much phase difference in this system overall; however, there is a clear signal at the center
region. This indicates that the vibrational coupling between molecules has a certain phase delay with increasing DMSO
concentration. As a general conclusion from the synchronous and asynchronous spectra, it can be said that the stretching vibration
of the C=N bond is strongly reflected in the synchronous spectrum, indicating its important role in ACN-DMSO mixtures. The
asynchronous spectrum shows phase delays and, in particular, strong asynchronous changes in the C=N bond indicate the presence
of intermolecular interactions. These results indicate that the ACN-DMSO interactions are mainly modulated by hydrogen bonding
effects, which may account for the blue shift of the C=N vibrations, as opposed to the usual red shift. In the next analysis, 2D-COS
was discussed for mixtures with water, which belong to the type of clusters with strong hydrogen bonds, i.e., protic solvents. Such
analysis helps to understand how vibrational properties change based on intermolecular hydrogen bonds and solvent effects.
Synchronous and asynchronous 2D-Raman correlation spectra of an ACN and water solution at varying concentrations were
obtained (Fig. 3a, b). The strongest shift was detected around 2253 cm™', similar to that observed with DMSO (Fig.3a). The dark
red color indicates that this wavenumber is significantly modulated by changes in water concentration. The presence of a dominant
signal along the diagonal indicates that the interaction of water on ACN molecules occurs symmetrically. In addition, this may
indicate that the Raman intensity increases uniformly across the entire spectrum. This suggests that there are other vibrational
changes associated with water concentration. It is possible that the deformation vibrations or low-energy modes of ACN molecules
may also change. The asynchronous 2D-COS spectrum has red-blue regions at 2253 cm™ (Fig.3b). This signal indicates that the
C=N bond is modulated differently with increasing water concentration.
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Figure 3. Synchronous (a) and asynchronous (b) 2D Raman correlation spectra of the ACN-Water mixture were constructed
from the selected concentration range from 1 to 0.05 mole fraction.

The red and blue colors indicate that the C=N vibrational state of ACN changes differently with water. This shows that the
fundamental mode reacts with a phase delay. The absence of strong off-diagonal signals suggests that although the fundamental
vibrations of ACN molecules are changing under the influence of water, there are no other ambiguous bonds. It is likely that ACN
molecules do not form strong hydrogen bonds, but rather are dominated by dipole-dipole interactions. In general, ACN-Water
mixtures have strong hydrogen bonds and significant spectral changes, while in the ACN-DMSO system, dipole-dipole interactions
are dominant and the Raman intensity does not change much.

Conclusions. Polarized Raman spectroscopy and 2D-COS were used to study the intermolecular interactions of ACN with
solvents (DMSO and water). The synchronous 2D-COS spectrum showed that the C=N stretching vibration changed in the same
direction with the increase in DMSO concentration, indicating the main interaction in the ACN-DMSO system. The asynchronous
spectrum revealed phase delays between the C=N vibration of ACN and DMSO molecules. In water mixtures, the C=N stretching
vibration showed different behavior with increasing water concentration, suggesting the role of hydrogen bonding. In the ACN-
DMSO system, dipole-dipole interactions dominate, with little change in Raman intensity. However, in ACN-water mixtures,
strong hydrogen bonds and significant spectral shifts were observed. These results demonstrate the effectiveness of 2D-COS in
understanding the vibrational changes and intermolecular interactions in ACN solutions.
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RENTGEN NURLARINING INSON SALOMATLIGIGA 1JOBIY VA SALBIY TA’SIRI

Annotatsiya

Bugungi kungacha tibbiyot sohasida keng qo‘llanilib shifokorlar ishini yengillatayotgan rentgen nurlarining qulayligi bilan bir
qatorda uning salbiy ta’sirlari ham bor ekan. Rentgen nurlanishi yoki kamroq tarqalgan rentgen nurlanishi yuqori energiyali
elektromagnit nurlanishning kirib boruvchi shakli. Rentgen nurlari zaryadlangan zarralar yoki fotonlarning muhitni tashkil etuvchi
atomlari bilan o‘zaro ta’sirlashishlaridan yuzaga keluvchi elektromagnit nurlanish. Rentgen nurlari singan suyaklarni tekshirish
hamda ayrim kasalliklarni aniqlashda, ba’zi metallarni aniqlashda va po‘latdagi zaif nuqtalarning joylashishini aniqlashda ham juda
keng qo‘llanadi. Elektronning yuqori energiya darajasidan pastroq energiya darajasiga o‘tishi ma’lum bir diskret to‘lqin uzunlikdagi
rentgen nurlarini keltirib chigaradi. Shuning uchun rentgen nurlanishining o‘ziga xos xususiyati bor chiziqli spektr. Xarakterli
nurlanish chiziglarining chastotasi butunlay anod atomlarining elektron orbitallarining tuzilishiga bog‘liq.Rentgen nurlari kashf
gilingach, ularning tabiatini uzok, vaqtgacha aniglash giyin bo‘lgan. Chunki Rentgen nurlari elektr yoki magnit maydoni ta’sirida
0°z yo‘nalishini o‘zgartirmaydi, to‘lqin uzunligi kisqaligidan to‘lqin xususiyatini o‘rganish, isbotlash qiyin bo‘lgan.

Kalit so‘zlar: Suyaklar, nurlanish, rentgen, radiatsiya, saraton, katod, erta garish, genetik mutatsiyalar.

HOJIOKUTEJBHOE U OTPULIATEJIBHOE BJIMSHUE PEHTTEHOBCKOI'O U3JIYYEHUS HA 3]10POBBE
YEJIOBEKA
AHHOTaLUA
TlomuMo ymoGcTBa PEHTI€HOBCKHE TydH, KOTOPBIE MIMPOKO MCIIONB3YIOTCA B chepe MeITUIUHBI AT 00JIerdeHust paboTsl Bpadei,
UMEIOT W OTpHUIATENbHBIC MOCIEACTBUS. PEHTreHOBCKHME Iydd, WM peXe PEHTTCHOBCKHE IJIydH, IPEACTaBIAIOT CcoOoi
MPOHUKAIOITYI0 (OpMy SIIEKTPOMAaTHHTHOTO H3IIyYEHHs BBICOKOH »HEpruu. PEeHTreHOBCKHE JIydH — 3TO JIEKTPOMArHHUTHOE
U3JTydeHNe, BO3HHUKAIOIIEEe B Pe3yJIbTaTe B3aUMOJICHCTBHS 3apsDKCHHBIX YacTHI! MM (POTOHOB C aTOMaMH, COCTaBIISIFOLIMMH CPEey.
PeHTreHoBCKHE Ty4H TakKe UCIIONB3YIOTCS ISl HCCIISIOBAaHMS CJIOMAaHHBIX KOCTEH, BBISIBIICHUS ONPE/IETICHHBIX TUIIOB 3a00IeBaHUH,
00OHapy»KeHUsl OIpeeJICHHBIX METAJUIOB U ONpeeIeHus CIa0bIX MECT. CTalb. DHEPrus HUXE BBICOKOTO HEPreTHUECKOI0 YPOBHS
nepexojia 3JEKTpOHAa Ha YPOBEHb JaeT PEHTTEHOBCKHE Jy4M OIpEAeNeHHON AUCKpeTHOH aiauHBI BOJHBL — ClenoBaTelbHO,
PEHTTE€HOBCKHE JIyYd MMEIOT XapaKTepHbIN JIMHeHuaThli criekTp. YacToTa XapakTepUCTUUECKUX JMHUHA U3IYYEHHS MOJHOCTBHIO
3aBUCUT OT CTPOCHHS 3JIEKTPOHHBIX opOnTaneil aHOZHBIX aTOMOB. Ilociie OTKPBHITHSI PEeHTTEHOBCKHUX JIydeil Jonroe BpeMs ObLIO
TPYAHO ONIPENETNTh WX NpHUPOAy. IlOCKONBKY pEHTT€HOBCKHE JIydd HE MEHSIOT CBOETO HANpaBICHHS IOJ JAeHCTBHEM
SNEKTPUIECKOTO WIIM MArHUTHOTO TIOJIST, H3YYHUTh M JOKa3aTh IPHPOJLY BOIH OBLIO CII0KHO M3-32 HX KOPOTKOH JTHHBI BOJHBL
Knrouessbie cnoBa: Koctu, pagnanust, peHTIeH, paJuamys, paK, KaTo, PeXIeBPEMEHHOE CTapeHNE, TeHETHIECKIE My TalllH.

POSITIVE AND NEGATIVE EFFECTS OF X-RAYS ON HUMAN HEALTH
Annotation

In addition to the convenience of X-rays, which are widely used in the field of medicine to ease the work of doctors, they also have
negative effects. X-rays, or less commonly X-rays, are a penetrating form of high-energy electromagnetic radiation. X-rays are
electromagnetic radiation produced by the interaction of charged particles or photons with the atoms that make up the medium. X-
rays are also used to examine broken bones, detect certain types of diseases, detect certain metals, and locate weak points in steel.
Energy below the high energy level of an electron transition to the level produces X-rays of a certain discrete wavelength. Therefore,
X-rays have a characteristic line spectrum. The frequency of the characteristic radiation lines depends entirely on the structure of
the electronic orbitals of the anode atoms. After the discovery of X-rays, it was difficult to determine their nature for a long time.
Because X-rays do not change their direction under the influence of an electric or magnetic field, it was difficult to study and prove
the nature of waves due to their short wavelength.

Keywords: Bones, radiation, X-ray, radiation, cancer, cathode, premature aging, genetic mutations.

Kirish. Rentgen nurlari ko‘zga ko‘rinmaydigan nurlar qatoriga kiradi, ularni gayd gilish uchun maxsus usullar ishlab
chiqarilgan fotografiya va oinlash shular jumlasidan. Fotografiya usulida Rentgen nurlari fagatgina qayd gilinmaydi, bu usulda
ularning intensivligi ham aniglanadi. Ammo fotografiya usuli bilan Rentgen nurlari intensivligini o‘lchashdagi xatolik ionlash usuli
bilan o‘lchangan xatolikka nisbatan kattadir. Ionlash usuli Rentgen nurlari ta’sirida moddadan chiqqan elektronlarning gazni
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ionlashtirishni o‘lchashga asoslangan. Rentgen nurlari qgattiq jismlardan, misol qilib aytganda odam muskullaridan o‘ta olishi
takrorlanmas mo‘jiza bo‘ldi desak adashmagan bo‘lamiz. Shu jihati bilan rentgen nurlari inson organizmida nimalar sodir
bo‘layotganini aniqlashda yordamchi bo‘ladi.

Adabiyotlar tahlili. “O‘zbekiston Respublikasi ‘Radiatsiyaviy xavfsizlik to‘g‘risida’gi Qonuni” (2000-yil, Toshkent)
radiatsiyaviy xavfsizlikni ta’minlash, inson hayoti va sog‘lig‘ini muhofaza qilish, shuningdek, atrof-muhitni zararli radiatsiya
ta’siridan himoya qilishga qaratilgan huquqiy asoslarni belgilaydi. Ushbu qonun mamlakatdagi radiatsiya bilan bog‘liq faoliyatlarni
xavfsiz amalga oshirish va salbiy ogibatlarning oldini olishga xizmat giladi[1].

R.B. Bekjonovning “Atom yadrosi va zarralar fizika” kitobining 367-432-betlarida atom yadrosi va zarralar fizikasiga oid
muhim ilmiy masalalar yoritilgan. Ushbu bo‘limning mazmuni quyidagilardan iborat.Bu bo‘lim atom yadrosi va zarralar fizikasining
nazariy asoslarini va zamonaviy rivojlanish yo‘nalishlarini batafsil yoritadi. Mazkur mavzular yadro fizikasi va uning amaliy
qo‘llanilishida muhim ahamiyatga ega[2].

T.M. Muminov, A.B. Xoliqulov va Sh.X. Xushmurodovning “Atom yadrosi va zarralar fizika” ma’ruzalar matni (Samarqand,
2001) atom yadrosi va zarralar fizikasi asoslarini o‘rgatishga mo‘ljallangan o‘quv qo‘llanma bo‘lib, qo‘llanma talabalarga atom
yadrosi va zarralar fizikasini nazariy va amaliy jihatdan o‘rganishda yordam beradi. U fundamental tushunchalarni yoritib, zamonaviy
fizikadagi muhim masalalarni tushunishga yo‘naltirilgan[3].

N.K. PepxakoBanuHr “SnepHas ¢usnka u e€ nprtoxenus” nomli o‘quv qo‘llanmasi (Tomsk Politexnika Universiteti, 2008)
yadro fizikasi asoslari va uning amaliy qo‘llanilishlariga bag‘ishlangan. Ushbu qo‘llanma talabalarga va mutaxassislarga nazariy
bilimlarni amaliy masalalarda qo‘llashga yordam beradi.Qo‘llanma ilmiy va texnik bilimlarni yadro texnologiyalari va amaliy
sohalarda qo‘llash uchun zarur bo‘lgan nazariy va eksperimental asoslarni o‘z ichiga oladi[6].

Asosiy gism. Rentgen nurlarini 1895 yilda Rentgen labaratoriya jarayonida katod nurlarini tadgiq qilish bilan
shug‘ullanganda, katod nuridan unchalik uzoq bo‘lmagan joyda bariy platina siyanidi bilan qoplangan ekranda sariq-yashil
floresansni ko‘rdi. Bu kashfiyoti uchun Vilgelm Konrad Rentgen 1901 yilda fizika bo‘yicha dastlabki Nobel mukofotiga sazovor
bo‘lgan.

Rentgen nurlari dastlab X nurlar deb atalgan. Vilgelm Rentgenning o°zi bu nurni shunchaki “x-nur” deb nomlagan . Boshqa
olimlar va nufuzli ilmiy jurnallar keyinchalik uni olim sharafiga "rentgen nurlari" deb atay boshlashdi. Shu tariga bugungi kunda
tibbiyot, bojxona, metallurgiya va zargarlik sohalarida sifat nazorati va boshqa ko‘plab sohalarda benazir yordamchi bo‘lgan
rentgen kashf qilingan edi. Aynigsa bugungi kunda travmatologiyada hamda ko‘krak qafasi a’zolari diagnostikasida va umuman
tibbiy vizualizatsiya sohasida rentgen nurlarining ahamiyati beqiyos bo‘lib kelmoqda. Bu orqali vaqtida tashxis qo‘yilgan necha-
necha odamlar hayoti saglab golingan va saglab qolinmoqgda. Rentgen nurlari radiatsiya emas. U fagat modda tomonidan ishlab
chigarilmaydi.U yuqori tezlikda harakatlanuvchi elektronlar volfram nishonni bombardimon giladi, inson tanasiga zarar
radiatsiyadan kelib chigadi. Bu ikkala nur ham inson salomatligiga zarar yetgazishi mumkin, ammo shunday bo‘lsa-da bu ikkisi
ya’ni “radiatsiya” va “radiaktivlik” bir biridan farq qiladi.

Radioaktivlik beqaror atom yadrolaridan alfa, betta, gamma nurlaring o‘z-o‘zidan chiqishi .Radioaktivlik deyarli barcha
ilmiy sohalarda keng qo‘llaniladi.

Radiatsiya deganda issiqlik, yorug‘lik, tovush, elektromagnit to‘lginlar tushuniladi.

Radiatsiyaning inson organlari va organlar tizimiga ta’siri uning uzoq muddat davomida ta’siri natijasida yuzaga keladi.
Buning hosilasi o‘laroq turli xil genetik mutatsiyalarni, aplatik, saraton, erta garish kabilarni keltirib chigaradi. Radiatsiyani
yo‘qotish uchun nurlanish keltirib chiqaradigan elektromagnit to‘lqinlar himoyalangan bo‘lishi kerak.

Rentgen nurlari ko‘pincha tibbiyot, ilmiy sohalarda va sanoatda qo‘llaniladi. Shunday bo‘lsa ham rentgen nurlari
shifokorlar ishini osonlashtiradi ya’ni, rentgen nurlarida ishlaydigan rentgen kompyuter tomografiyasi eng xavfsiz va umuman
o‘grigsiz kechadigan tibbiy ko‘rik hisoblanadi. Bunday tibbiy ko‘rikda shifokorlar apparatdan olingan natijalar asosida tashxis
qo‘yishda qgiynalishmaydi chunki, bu qurilmada inson tanasining qattiq to‘qimalaridagi patalogik o‘zgarishlarni o‘rganadi.

Rentgen nurlarining fotokimyoviy xususiyati ham mavjud. Bunda rentgen nurlari fotomateriallar ya’ni plyonka yoki
qog‘ozning yorug‘lik sezuvchi qavatiga ta’sir qiladi natijada ularning ta’siri yoritilganda qorayish paydo bo‘ladi.

Muhokama va natijalar. X-nurlari tibbiyotda turli kasalliklar va sharoitlarni aniglash uchun keng qo‘llaniladi. Biroq, ular
inson salomatligiga ham ijobiy, ham salbiy ta’sir ko‘rsatishi mumkin. Rentgen nurlari tibbiy diagnostikada keng
qo‘llaniladi.ularning asosiy ijobiy ta’siri, tibbiy ekipmantlar orqali shifokorlarga o‘rganish imkonyati berishdir.Rentgen nurlarini
o‘zgartirishda keyin,davo olish uchun kritik ma’lumotlar olish mumkin. Diagnostika rentgen nurlari shifokorlarga tananing ichki
tuzilmalarini ko‘rish imkonini beradi, bu esa turli kasalliklar va sharoitlarni aniglashda yordam beradi. Rentgen nurlari saratonning
ayrim turlarini va gipertiroidizm kabi boshga kasalliklarni davolash uchun ishlatilishi mumkin.

Salbiy ta’sirlarini aytadigan bo‘lsak, rentgen nurlarining DNK ga kuchli ta’sir qiladi.bu esa hujayrada o‘zgarishlarni keltirib
chigaradi.Rentgen nurlarida to‘qimalar, hujayralar, organlar yoki tirik organizmda o‘zgarishlar keltirib chiqarish xususiyati ham
mavjud.Rentgen nurlarining biologik ta’siri gormonal tizimlar, nerv, endokrin va organizmning immune biologik tizimida muhim
rol ijro etadi. Bu nurlar ya’ni rentgen nurlari ta’sirining oxiriga kelib to‘qimalarda turli xil o‘zgarishlar kuzatiladi. Distrofik
o‘zgarishlar ham shular jumlasidan. Rentgen nurlari ta’sir qilishi naijasida tirik to‘qimalar nobud bo‘ladi, ular o‘z funksiyasini
yo‘qotadi. Ionlashtiruvchi nurlanish: rentgen nurlari DNK va boshqa hujayra tuzilmalariga zarar etkazishi mumkin bo‘lgan
ionlashtiruvchi nurlanish shaklidir. Rentgen nurlariga uzoq va takroriy ta’sir qilish saraton va boshqa kasalliklarni rivojlanish
xavfini oshirishi mumkin. Reproduktiv tizimga ta’siri: rentgen nurlanishining yuqori dozalari reproduktiv tizimga, shu jumladan
spermatogenez va embrion rivojlanishiga salbiy ta’sir ko‘rsatishi mumkin.Homilador ayollar uchun xavf: rentgen nurlari homilador
ayollar uchun, aynigsa homiladorlikning dastlabki oylarida ma’lum bir xavf tug‘dirishi mumkin. Shuning uchun shifokorlar
homiladorlik paytida rentgen tekshiruvidan gochishga yoki minimal talab gilinadigan nurlanish dozalarini ishlatishga harakat
qilishadi.Umuman olganda, rentgen nurlari tibbiyotda foydali vositadir, ammo ulardan foydalanish cheklangan bo‘lishi va malakali
mutaxassislar tomonidan nazorat gilinishi kerak. Agar rentgen nurlari bilan bog‘liq aniq savollaringiz yoki talablaringiz bo‘lsa,
shifokor yoki ushbu sohadagi mutaxassis bilan maslahatlashish tavsiya etiladi.

Xulosa. Rentgen bu insonga diagnoz qo‘yish uchun qo‘llaniladigan tibbiy usul.Rentgen nurlari inson tanasida hosil bo‘lgan
siljishlar, jarohatlar bo‘lgani tufayli zichligi buzilgan gismlarni aniglashga imkon beradi. Shu bilan birgalikda u DNK zanjirini biza
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olish xususiyatiga ega va u bu bilan DNK zanjirini nobud bélishiga olib keladi. Rentgen apparatlari tashxis qo‘yish va davolash
ishlarida o‘z dolzarbligini hali yo‘qotmagan. O‘pka kasalliklari, suyak sinishlari va tish kasalliklarini uchun tashxis qo‘yishda
Rentgen diagnostikasiga yetadigani topilmaydi. Ammo, rengen nurlaridan foydalanishning ijobiy taraflari bilan bir gatorda salbiy
taraflari ham mavjud: Ular odam organizmiga tushgach, to‘qimalar faoliyatiga ta’sir ko‘rsatishi va saraton kasalliklarini kelib
chigishiga sababchi bo‘lishi mumkin. Shuning uchun ham rentgen tekshiruvlari oraliq masofasini saqlash kerak.
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DETERMINATION OF FREE FALL ACCELERATION USING A RING PHYSICAL PENDULUM
Annotation

This article presents a technique for measuring the acceleration due to gravity using a ring pendulum. The work describes in detail
the process of organizing a laboratory experiment, including its theoretical foundations and practical aspects. Particular attention
is paid to the structure of the experimental setup, which ensures high measurement accuracy. Key elements necessary for creating
effective laboratory work, as well as optimal conditions for obtaining reliable results, are discussed. The presented technique not
only illustrates the physical principles underlying the phenomenon of free fall but also serves as a practical guide for students and
teachers interested in conducting experiments on this topic.

Keywords: physical pendulum, moment of inertia, acceleration due to gravity, experiment.

OINPEAEJEHUE CKOPEHHUSI CBOBOJTHOI'O MAJTEHUSI C TOMOIIBIO KOJBIIEBOT'O ®U3NYECKOI'O
MASITHUKA
AHHOTaALHA

B nanHoi#i cTaThe mpencTaBieHa METOANKA H3MEPEHHsI YCKOPEHUsI CBOOOIHOTO MA/ICHNUS C HCIOIb30BAHUEM KOJIBIIEBOTO MasTHUKA.
B pamkax paboThl HOAPOOGHO OMHKCAH MPOIECC OPraHU3aIMU Ja00PaTOPHOTO SKCIIEPUMEHTA, BKIFOUYAs €ro TEOPETHUSCKHE OCHOBBI
U TpaKkTU4ecKue acrekThl. Ocob0oe BHUMAHHUE YACISCTCS CTPYKTYpe SKCIEPHUMCEHTAIBHOW YCTaHOBKH, KOTOpas 00eCIeYrBacT
BBICOKYIO TOYHOCTh HW3MepeHuil. PaccMaTpuBaroTCs KIIFOUEBBIC 3JCMCHTHI, HEOOXOJMMBIC s co3daHus 3(dekTUBHOM
nabopaTopHOi paboOThl, & TaKXKEe ONTUMAIbHBIC YCIOBHUS, CIOCOOCTBYIOIIUE IOJYYCHUIO JIOCTOBEPHBIX pE3yJbTaTOB.
TIpexacraBieHHast METOIMKA HE TOJIBKO HILTIOCTPUPYET (PU3NUECKUe IPUHIIATIBL, JIEKAIIE B OCHOBE SIBIICHHSI CBOOOTHOTO Ma/ICHUS,
HO ¥ CIIY)KHT MPAKTHYECKUM PYKOBOJCTBOM JUISl CTYAICHTOB M MpEroaBaTeseil, 3aMHTEPECOBAHHBIX B MPOBEACHUH OIBITOB II0
TaHHOU TeMe.

KunroueBbie ci10Ba: Gpu3nvecKuii MasITHUK, MOMEHT HHEPLIUH, YCKOPEHHE CBOOOTHOTO A ICHHSI, IKCIIEPUMEHT.

HALQA FIZIKI MAQTANISH FOYDALANISHI ERKIN TUSHISH TEZLANISHINI ANIQLASH

Annotatsiya

Ushbu maqolada halga mayatnik yordamida erkin tushish tezlanishini o’Ichash usuli keltirilgan. Ishda laboratoriya tajribasini

tashkil etish jarayoni, uning nazariy asoslari va amaliy jihatlari batafsil yoritilgan. Eksperimental qurilmaning tuzilishiga alohida

e’tibor berilgan bo‘lib bu yuqori o‘lchov aniqligini ta’minlaydi. Samarali laboratoriya ishlarini yaratish uchun zarur bo‘lgan asosiy

elementlar, shuningdek, ishonchli natijalarni olish uchun optimal sharoitlar muhokama qgilinadi. Tagdim etilgan metodika nafagat

erkin tushish hodisasining fizik tamoyillarini ko‘rsatibgina qolmay, balki ushbu mavzu bo‘yicha tajribalar o‘tkazishga qiziqqan

talabalar va o‘qituvchilar uchun amaliy qo‘llanma bo‘lib xizmat qiladi.

Kalit so‘zlar: fizik mayatnik, inersiya momenti, tortishish tezlanishi, tajriba.

Beenenne. AKTyaJbHOCTb TEMbl H3MEPEHHUS YCKOPEHHMs CBOOOJHOIO TAJCHUS 3aKIIOYaeTcss B TOM, YTO 3TO
¢yHnameHTanbHas Gpu3nyeckas KOHCTAHTA, UTPaloas KIIOYEBYIO POJIb B PA3IMYHBIX 00JIacTsIX Hayku U TexHUKH [1-3]. Tounoe
OIIpEe/IeNICHNE YCKOPEHHS CBOOOTHOTO MAICHUS UMEET BaKHOE 3HaUEHHE IS HCCIICIOBAaHNH B MEXaHHKe, aCTPOHOMHH, Te0(hI3HKe
U JaXKe B MHKEHEPHBIX NPHIOKEHUSX [4-7]. CymecTByIOT pa3IMYHble METOABI ONPEeNICHNUs] YCKOPEHHsI CBOOOXHOTO MaJeHHs,
KQXIBIH M3 KOTOPBIX MMEeT CBOM OCOOCHHOCTH, NpenMyIiecTBa M HemocTaTtku. Hampumep: 1. MeTomsl ¢ HCHONIB30BaHUEM
MasTHAKOB: OHH JOCTaTOYHO MPOCTHI B peaTn3aiy, HO MOTYT OBITh MOABEPKEHBI ONTMOKAM M3-3a BIMSHUS BHEITHNX (PaKTOPOB,
TaKMX KaK TPEHHE M BO3IyIIHbIe MOTOKH [8]. 2. MeTobl ¢ UCMONB30BaHUEM CBOOOJHOTO MaZCHUs Tel: XOTs OHU 00eCIeuHBaloT
BBICOKYIO TOYHOCTb, UX PEaIN3alMsi MOXKET OBITh CIIOKHOH M3-3a HEOOXOJMMOCTH CO3aHMs MICabHBIX YCIOBUH IS MaAeHU
(OTCyTCTBHE CONPOTHUBIEHHUS BO3/AyXa, TOUHOE H3MepeHHe BpeMmeHH) [9]. 3. MeToapl ¢ HCHONB30BAaHHUEM THPOCKOIOB U
AKCEeJIePOMETPOB: DTH METO/IbI MOT'YT OBITh BHICOKOTEXHOJIOTHYHBIMHU ¥ TOUHBIMH, HO TPEOYIOT CJI0XKHOTO 000PYJOBAHUS K MOTYT
OBITh YyBCTBUTEIBHBIMHI K KATHOPOBKE 1 BHEITHUM Bo3eicTBIM [ 10]. [IperoxkeHnHas MeToANKa ¢ MCTIOIb30BaHIEM KOJIBIIEBOTO
MasTHHKA TT03BOJISIET M30eXKaTh MHOTUX HEJOCTATKOB TPaJUIMOHHEIX MeTo0B. OHa obecreunBaeT Oojee CTaOMIbHEIE YCIOBUS
JUIT M3MEPeHHiI W MO03BOJSIET MUHHMMH3HPOBAaTh BIMSHHWE BHEHMHUX (akTopoB. KombmeBoil MasTHHK, Onaromapsi cBoeit
KOHCTPYKIIMH, TO3BOJISIET TOYHO (hHKCHPOBATh KOJEOAHMS M, CIENOBAaTENIbHO, MONTydYaTh Oojee HaJeKHBIE JaHHBIE O IEepUoie
KosieOaHHi ¥, COOTBETCTBEHHO, YCKOPEHHH CBOOOJHOTO ManeHus. JlabopaTopHbie padoThI IO H3MEPEHHIO YCKOPEHHS CBOOOIHOTO
MaZCHHs UTPAIOT BaXKHYIO POJIb B H3yUYCHHHU 3aKOHOB (DM3HKH JUTs CTYIeHTOB. OHH HE TOJIBKO IIOMOTAIOT 3aKPENUTh TEOPETUIECKHE
3HAHMS, HO U PAa3BUBAIOT MPAKTHYECKUE HABBIKK PAOOTHI ¢ U3MEPHUTEIbHBIM 000pY/IOBaHHEM, yIaT aHATU3UPOBATH TIOJIyYCHHBIS
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JTaHHbIE U JeNaTh BHIBOABI HA OCHOBE 3KcepuMeHToB [11]. Takue 3aHATHS crIOCOOCTBYIOT (GOPMHUPOBAHHUIO HAYTHOTO MBIIILICHUS
U KPUTHYECKOTO MOJAXOAA K DELICHMIO 33/ay, 4TO SBIACTCS HEOThEMJIEMOW uacTblo oOyuenus ¢usuke. Takum oOpasom,
aKTyaJbHOCTh JAHHOM TEMbl 3aKJIIOYAETCSI HE TOJNBKO B BO3MOXKHOCTH MOBBIIIEHUS] TOYHOCTH M3MEPEHHH, HO M B CO3JaHUU
JOCTYIHOH M 3((EKTHBHOH METOAMKM IS CTYJEHTOB M IpernojaBareineil, 4To cnocoOcTByeT Oosee IiyOOKOMY IOHHMAaHHIO
(U3NYECKUX PUHLIUIIOB U Pa3BUTHIO SKCIIEPUMEHTAIbHBIX HABBIKOB

1-rasm
Meroanka usmepenusi. PaccMoTpuM mpeaMeT Ipou3BoNIbHOI (HOpMBI, KOTOPBI cBHcaeT ¢ Touku O Ha pacCTOSIHUM b OT
nentpa TsoxkecTd (Touku C) (eMm. puc. 1). [Ipu OTKIOHEHHH 3TOTO MasgTHHKA OT MOJIOKEHHS PABHOBECHS Ha Yrod 6 MOMEHT CHJIBI
TSDKECTH Mg, BO3BPAILAIONINI MasTHUK B PABHOBECHE, BHIPAXKAeTCs CASAYIOLUIMM 00pa3oM:
M = —mgbsinf
B nanHoM citydae bsinf mpencrasiser co6oit miedo cuibl. COrnacHO OCHOBHOMY 3aKOHY JMHAMHKH BPAIlaTeIbHOTO
JBIDKEHHSI, MOMEHT M MOXHO 3ammncaTh Kak:

2
—mgbsinf = IF (Y]

3Z[CCI) I — MOMCHT I/IHCpL[I/II/I MasiITHUKA OTHOCHUTCJIIBHO TOYKH ITOJABECA. HpI/I MaJIbIX 3HAYCHUAX yrna OTKJIOHCHUA
JIOITYCTHMO HCIIOJIb30BaTh MPHONMmKEeHUE Sinf = 6 . DTo MO3BOJIACT YIPOCTUTH ypaBHEeHHUE (1) 10 ClIeAyrOIIEro BUaa:
dze mgb
=)o
Ecnu Mbl BBEIEeM 0003HayeHne
o =" @

TO ypaBHEHHE (2) IpUMET BUJ:
2

d9+ 29=0 (4
dtz w - ()

JlanHOe ypaBHeHHMe TIpe/ICTaBIseT coboit updepenmansHoe ypaBHeHne BToporo nopsiaka Buna y'’ + a%y = 0. Pemuenue
3TOro ypaBHeHus umeet Bua: ¥ = Cycos(ax + C,). CnenoBarenbHo, pelieHre ypaBHeH s (4) MOKHO 3alucaTh Kak:
0 = Opmax cos(wt + @) (5)
Oro nepuoandeckas GpyHKIUs, Iepruo KOTopoit onpenensercs opmynoit: T = 21 /w
IMoxcrapnss 3HAYECHHE ©, TIOIYYaEM:

1
T =2m m_gb (6)

2-pUCYHOK
Tenepp paccunTaeM Tmepuoj KojeOaHuil (DU3MUECKOro MasTHHKA B BHIE KONbIA. B KadecTBe TAaKOro MasTHHKA
HCIOJIL3YETCSI KOJIBIIO C BHYTPCHHHM PAJWYyCOM T M BHEIIHUM paauycoM R =1 + Ar tme Ar - HeOounbllas BENUYMHA TIO
cpaBHeHHIO ¢ 7 (cM. puc. 2). MOMEHT HHepIMH Tella OTHOCHTEIBHO OCH, MpOXOoJsmiell uepe3 ero HeHTp macc C
HEPIEHANKYIAPHON TIIOCKOCTH KoJbIia (0ch CC'), BRIpaKaeTCs CleAyOIMM 06pa3oM (cM. puc. 3):

Iy = %m(R2 +72) (7)

Cornacno teopeme IlITeliHepa, MOMEHT MHEPLIUM KOJIbLIA OTHOCUTENBHO ocu 00', mapamiensroit ocu CC'v poxoaseit
yepe3 Touky O, paBeH:

1
I=1Iy+mr?= Em(R2 +7r3) +mr? (8)

ITpu ycioBHH, YTO TONIIMHA KONbIa o4eHb Maa (Ar < R =~ 1), Bulpaxenue (7) MOXKHO yHNpocTuTh 10 Iy ~ mr?. Torna
MOMEHT HHEPILMU MAsATHUKA OTHOCUTENBHO ocu 00’, ¢ yuetoMm ycnosust Ar <K R = r, Oy/eT paBeH:

1
1= Em(r2 +r2)+mr2 =2mr?2 (9)
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h

3-pucynok
Ecnu Touka monBeca (DH3MYECKOrO MasTHHKA HaxXomuTcs B Touke O, TO, MCHONB3ys ypaBHeHUs (6) u (9), MOXHO
OIPEACIUTD NEPHO KOJICOAHHI MasTHHKA, TIPEICTABICHHOTO MaJIBIM KOJIBLIOM:

r=21 2 (10
=217 |—
g

IIpennomnaraercs, uto b = r. B skcnepuMeHTe BEIHUYMHY YCKOPEHHS CBOOOIHOTO MaleHHS MOXKHO ONPEAETUTH C IIOMOIIBIO
ypasrenus (10), usmepus odmmee Bpems t Juist N kojeOaHUH MasTHUKA U paccunTas nepuon T = t/N:
8m2r
T2 12)
YckopeHue CBOOOIHOTO MAfCHUS TAKKe MOYKHO ONPENENUTh CIeAyomuM MeToaoM. M3 Beipaxkenus (10) ciexyer, 4to KBajapar
nepuoja KojeGaHUH TOHKOCTEHHOT'O KOJBIEBOr0 MasTHUKA (R = r > Ar) mpsMo nponoplyoHaleH pajnuycy KOJbIa, TO eCTh
T2~7:

r2 =8 a3
=—" 7
g

Paccmotpum ypasrerue (13) B Buse nuneiiHoit 3aBucumoctn y = kx, rae y = T2 u x = r. [locTpoiiTe rpaduK 3aBHCUMOCTH Y OT
X (cM. puc. 4) U MpOBeIUTE MPSIMYTO JIMHHUIO Yepe3 TOTyYeHHBIE TOYKH, ONPEIEIHB €€ YII0BO KOG GHINEHT. 3HaYeHIE g MOXKHO

HAWTH, YIUTHIBAS, YTO YIIOBOH KO3(GUIMEHT 3ToH mpsiMoii paBen k = 812/ g.
12

4- pucyHok

Jns peanusanuM OaHHOH J1aGopaTOpHOH paboThl OBUIM MCIONB30BaHbl KOJbIA PA3IMYHBIX PaJMyCOB, YTO IO3BOJIMIIO
HCCIEN0BATh BIMSHIE T€OMETPHUECKUX MapaMeTpoB Ha JHHAMHUKY Kosiebanuit. [Ipm 3ToM 11 moaBeca KOJIEOIIONMXCsl CHCTEM
ObUIM BBIOPAHBI TPH Pa3NYHBIX (OPMBI: IIIHHADP, TPEYroJbHAS MpPU3Ma M KOHyC. B mepBoM cirywae, Korja MCHONB30BANICS
OIITHHAPUIECKHH TO/BEC, OBIIIO OTMEUEHO 3HAUNTENbHOE BIMSHHUE TPEHHUS, ITO MPUBOAMWIO K OBICTPOMY 3aTyXaHHUIO KoJieOaHUH
MasiTHHKA. JTO OOCTOATEIHCTBO OTPAHMYMBAIO BO3MOXHOCTH ITOJMYYCHUS! TOUYHBIX M CTaOMIBHBIX PE3YNIBTATOB, ITOCKOIBKY
ObICTpOE 3aTyXxaHHE He IO3BOJLUIO HAONIOJATh 3a MOJHOLEHHBIMU KoyieOaTenbHbIMHM HpolieccaMd. Bo BTopoM ciydae, mpu
UCIIOJIb30BAaHUN TPEYroJbHOM IMpU3MBI B KayecTBE IOJBeca, HaOJojamuch Ooliee ycToWumBble KosiebaHus. Drta dopma
obecreurBaa ONTUMAaIbHbIC YCIOBHS Ui MUHUMHU3ALMU TPEHUS U 3aTyXaHUsl, YTO CHOCOOCTBOBAIIO OoJiee MPOAOIKUTENBHBIM U
peryJsipHbIM KOJIeOaHUsIM MasTHHKA. JIaHHBIE pe3yIbTaThl CBUIETENBCTBYIOT O TOM, YTO TPEYTOJIbHAs NPHU3Ma sABIIseTCs Hauboee
3¢ EeKTHBHBIM BapHaHTOM ISl TPOBEICHHS SKCIEPUMEHTOB B JAHHOH KOH(UTypanuu. B TpeTseM ciaydae, Korjga ObIT MpUMEHEH
KOHYC B KaUeCTBE IT0/[BECa, MAITHUK COBEPINA KOJIeOaHHs He TOJIBKO B OHOM INIOCKOCTH, HO U NMEN 3HAYUTETbHBIE OTKIIOHEHUS
B APYTUX HANPaBICHHUAX. JTO YCIOXHSIO aHANIN3 AWHAMHUKH CHCTEMBl M CHIDKAJIO TOYHOCTH MONy9aeMBIX JAHHBIX. TakuM
00pa3oM, aHAIU3 IPOBEAEHHBIX AKCIEPHMEHTOB IIO3BOJIMI ONPENENINTh, YTO HAWIydIINe pe3yNbTaThl JOCTUTAIOTCSA TIPH
UCHOJIb30BAaHUH TPEYTOJIbHOM INpPU3Mbl B KauyecTBe IOJBeca. OTOT BHIOOp 0OeCreurBaeT ONTHMANBHBINA OanaHCc MExmy
YCTOMYMBOCTBIO KOJNICOAQHWH M MHHHMH3aLWel BIWSHUS BHEINHMX (DAKTOPOB, YTO JENAECT €ro MpPeANOYTHTEIBHBIM JUIS
NAIBHENIINX UCCIEA0BAHNNM B 00JIACTY IMHAMHUKHU KOJIEOATEIBHBIX CUCTEM.

IlopsiToK BBINOTHEHHSI PadOThHI
|. Onpenenenne 3HaYeHUsT YCKOPeHUsI CBOOOIHOI0 MageHHsI

a) l'eomeTpHyecKUX pa3MepoB
OnpenenuTe BHEIIHUH paguyc R, U3MepuB AMMHY L BHEIIHEH OKPYKHOCTH KOJIbIA C MOMOLIBbIO PYJIETKH. 3aTe€M C IOMOIILIO
HITAHICHUUPKYJIA U3MEPHTE TOJIIIUHY KOJIbLA Ar B T“pex Ppas3IMYHbIX TOYKaX, U BBIYUCIHTE BHyTpeHHI/Iﬁ paguyc KoJjiplia I10
¢dopmyne r = R — Ar. BHecute pe3ynbratsl B Tabumiy 1.
Taonuya 1

Ar —
Ne Li Ri Arli ATZL- ATBi Ar 4]

b) U3mepenue nepuoaa Kojaedanui
TlonsecsTe KOMBIIO B TOUkKe HA onopy O m M3MepbTe BpeMs t, 3a KOTOpoe oHO coBepmaeT N = 25 koiebaHMIA, OTKIOHSS ero Ha
HEOOJIBIION Yo, He TPEBBIIAIOMINN 6°, C TOMOIIBIO CEKyHIOMEpa.
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c) IloBTOpeHue M3MepeHu i
ITepemecTHTE TOUKY IIOJ[BECA U TIOBTOPUTE U3MEPEHMS TPYIKIIBL, PUKCHPYS pe3yJibTaThl B TaOnuue 1.
d) Pacuér nepuona xkosedanuii
Omnpenenute nepuoa konedanmii MasTHUKA 1o dopmyine (11) u 3aHecuTe mosrydyeHHBIE pe3ynbTaThl B Tabmuiy 2. IloBTopute
yKa3aHHbIe JeficTBUA 101 Apyrux Kosuel. [Toiay4yeHHble 3HaYeHUs BHECUTE B Tabmuib! 1 1 2.
Tabauya 2

Ne N tyi toi ts; t; T; T gi
1

Q)

e) OnpeaeneHue yCKOpeHHs1 CBOOOIHOIO MaeHUsI
Ha ocHoBe moTy4eHHBIX JaHHBIX pacCUUTaiTe 3HAYEHHE YCKOPEHHS CBOOOIHOTO MaJIeHUs C HCIIOIb30BaHUEM (OPMYIIEI
(12). IlpencraBbTe pe3yiIbTaT B BULE:

g=gtAg.

d) [HocTpoeHue rpaduka u aHaIM3

IocTpoiite rpadyK 3aBHCHMOCTH KBaJpaTa epHo/a KoneGanmii Mastaika T;> oT ero paguyca 7;. [lokaxure, 4To rpadux
ABJIAETCA OpsAMON JHHMEH, W ompedenute e HakmoH k. Brorumciure 3Hadenue k = 8m2/g, MCTONB3ys COOTHOLICHHE B
COOTBETCTBUH ¢ ypaBHeHHEM (13).

I1. OnpenesieHne MOMEHTA HHEPIHH TeJIa

a.C MoMoIIbI0 BECOB ONpPEJIEIUTE MACCy KOJIELL.

b. CunTtas yckopeHHe CBOOOIHOTO MafeHHsl g M3BECTHBIM, BBIYHCINTE 3KCIEPUMEHTANbHOE 3HAYEHHE MOMEHTA
WHEPIHHU KOJbLA Ly 10 hopmyre (6), HCIONb3ys JaHHBIE, IPUBEACHHBIE B Tabmuiax 1 u 2.

C.Ha ocHoBanuu TeopeTHuecko# hopMysl (8) paccunTaiiTe MOMEHT HHEPIUHU KOJIBIA [reqp, OTHOCHTENIBHO OCH 00'.

d. OmnpenenuTe OTKIOHEHNE HKCIIEPUMEHTAIFHOTO 3HAYSHUsI MOMEHTA WHEPLHH OT TEOPETHYECKOT0, PACCUUTAB
8 = Iygc — Ipeop- BHECHTE MOJTyUECHHBIE PE3YIBTATHI B TAOIHMILY 3.

Tabauya 3

Ne m Lyxe
1

BbiBoabl. B pesynbprare TIIATENBHOTO aHAIM3a MIPOBEJCHHBIX SKCIICPUMEHTAIbHBIX HCCICIOBAaHNIl OBLIO YCTaHOBIEHO,
YTO ONTHUMAJIbHBIC PE3YJIBTAThl AWHAMHUKH KOJNEOaHMH IOCTHUralOTCs NMPU MCIOJIB30BaHHU TPEYTrOJbHOH MPH3MBI B KauecTBE
mojBeca A KoJe0aTenbHO! cHcTeMBbl. JTa (opMa moJBeca 00ecleunBaeT He TOIBKO BBICOKYIO YCTOHUMBOCTD KOIEOAHUA, HO U
MHMHHMU3HPYET BIHSHHE BHEIIHUX (DaKTOPOB, TAKMX KaK TPECHUE M 3aTyXaHHE, YTO B CBOIO OYEPEIb CIIOCOOCTBYET MOJIYYCHHUIO
6oJiee TOUYHBIX ¥ BOCIPOU3BOJMMBIX JaHHBIX. ClielyeT OTMETHTh, YTO JaHHas JlabopaTopHas paboTa He TpeOyeT HCIIOIb30BaHHs
JOPOTOCTOAIIEr0 00OPYIOBaHUs, YTO JENaeT ee¢ JOCTYNHOH i IMMPOKOro Kpyra HCCIeloBaTeNedl M CTyIAEHTOB. JTO
00CTOSATENBCTBO 3HAUNTENBHO PACIIUPSET BOSMOXKHOCTH JUIS HPOBEJCHUS SKCIIEPUMEHTOB B YYEOHBIX 3aBEJCHUSX M HAyYHBIX
YUPEKACHHAK, TO3BOJISSI COCPEAOTOUUTHCS HAa W3YYEHWH NMPUHLHUIIOB JUHAMHUKH KOJIeOATENBHBIX CHUCTEM 0e3 3HaYMTEIBbHBIX
(uHaHCOBBIX 3arpaT. KpoMe TOro, ¢ NMOMOLIBIO NMPEUIOKCHHOH METOJMKH BO3MOXKHO HE TOJBKO OMPEIENUTh YCKOPEHHUE
cBOOOIHOTO Ta/ICHUs, HO M TIPOBEpHUTH Teopemy LIITeitHepa, 4To MOAYEPKHBACT YHUBEPCATBHOCT U MPAKTHYECKYIO 3HAUHMOCTh
MPOBEICHHBIX HCCIIeN0BaHUN. [laHHBIE PE3YNIbTAaThl MOT'YT CIYKHTh OCHOBOM JUIS IaJIbHEHIIIMX KCIIEPUMEHTOB U YIIIyOJIEHHOTO
U3YYCHHs MEXaHUKH KOJIECOaHUH, a TakxkKe ISk IPAKTUYECKOro MPHUMEHEHHS B Pa3IMYHbIX 00JaCTAX (QU3HKU U HHKECHEPUH

It Teop

JUTEPATYPA

1. Zdzistaw P., Tadeusz H., Mass Moment Determination Using Compound Pendulum. International Letters of Chemistry,
Physics and Astronomy Vol. 8 (2013) pp. 85-100.

2. Jiraporn P., Kotchakorn M., Onuma M., Oscillation of Full and Partial Ring Pendulum: Physics Laboratory Experiment.
Original research article, Vol. 27 No.3 2022

3. Candela D, Martini KM, Krotkov RV, Langley KH. Bessel’s improved Kater pendulum in the teaching lab. Am. J. Phys.
2001; 69 (6):714-20.

4. Kladivova M, Mucha L. Physical pendulum - a simple experiment can give comprehensive information about a rigid body.
Eur. J. Phys. 2014; 35(2):02550181- 14.

5. Kazachkov A., Castellanos A., Kostyukov V., Measuring g: An inexhaustible source of instruction and creativity. Lat. AmJ
Phys. Educ. 2012; 6:168-74.

6. Jesus VLB, Sasaki DGG. A simple experiment to determine the moments of inertia of the fidget spinner by video analysis.
Phys. Teach 2018; 56:639-42.

7. LucaRD, Ganci S. A measurement of g with a ring pendulum. Rev. Bras. Ensino Fis 2011; 33(3):33011-5.

Layton W, Rodriguez. Segmented Hoop as a Physical Pendulum. Phys. Teach. 2013; 51:418-9.

9. Gonzalez M, Bol A., Controlled damping of a physical pendulum: experiments near critical conditions. Eur. J. Phys. 2006;
27(1):257-64.

10. Schultz D. An inexpensive, multipurpose physical pendulum. Phys. Teach. 2012; 50: 436-9.

11. Russeva G.B., Tsutsumanova G.G., Russev S.C., An experiment on a physical pendulum and Steiner’s theorem. Phys. Educ.
2010; 45(1):58-63.

®

- 375 -




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

FIZIKA
http://journals.nuu.uz

Natural sciences

UDK: 546.26.043:535
Urol MAXMANOV,
lon plazma va lazer texnologiyalari instituti professori, “Optika va spektroskopiya” laboratoriyasi mudiri, f.--m.f.d
Email: urolmakh@gmail.com
Bobirjon ASLONOQV,
lon plazma va lazer texnologiyalari instituti tayanch doktoranti
Tohirjon CHO‘LIYEV,
Guliston davlat universiteti tayanch doktoranti
Elyor TURSUNQULOV
lon plazma va lazer texnologiyalari instituti stajyor tadqiqotchisi

O zbekiston Milliy universiteti dotsenti, f.-m.f-n.,T. Axmadjanov taqrizi asosida

C70 NANOSTRUKTURALARI SINTEZI VA ULARNING BARQARORLIGINI TADQIQ QILISH
Annotatsiya

Yarim o‘tkazgich xususiyatli C7o fullerenga asoslangan nanomateriallar zamonaviy fanda katta qiziqish uyg‘otadi. Ushbu ishda ilk
bor taglik sirtida nanostrukturali C7o fulleren nanoagregatlari va nanoviskerlarini sintez qilish usuli taklif qilindi. Taglik sirtida C7o
eritmasi tomchilarining bug‘lanishi bilan C70 nanostrukturalari sintezining boshlanishi taglik haroratiga bog‘liqligi aniqlandi.
Xususan, ham eritmadagi Czo konsentratsiyasining, ham taglik haroratining ortishi C70 nanoviskerlarining geometrik
o‘lchamlarining oshishiga olib kelishi haqida tajribaviy dalillar keltirildi. Olingan nanostrukturalarning yuqori haroratga
barqarorligi aniqlandi.

Kalit so‘zlar: C7o fullereni, nanovisker, nanoagregat, fulleren eritmasi, 0‘z-o‘zidan tashkillanish, barqarorlik.

CHUHTE3 HAHOCTPYKTYP C70 U UCCIEAOBAHUE UX CTABUWJIBHOCTHU
AunHoOTanMs

Hanomarepuanbl Ha 0CHOBE MOIyIpOBOTHUKOBOTO (hymiepeHa C7o MPEACTABISIOT OONBIION MHTEpEC B COBPEMEHHOM Hayke. B
TTAaHHOW pa®oTe BIIEPBHIE MPEUIOKEH METONl CHHTE3a HAaHOCTPYKTYPHPOBAaHHBIX HAaHOATPETaTOB M HAHOBUCKEpOB Qyiiepera Cro
Ha TIOBEPXHOCTH TIOUIOKKH. YCTaHOBJIEHO, YTO HAyallo CHHTe3a HaHOCTpyKTyp C7o mpu mcmapeHHH Kamenb pactBopa Cro Ha
MTOBEPXHOCTH TTOJUTOKKHU 3aBUCHT OT TEMIIEpaTyphl HOAJIOXKKH. B 9acTHOCTH, IpeICTaBIeHBI SKCIIEPIMEHTAIIbHBIE 10Ka3aTeIhCTBA
TOTO, YTO YBeNWUYeHHE Kak KoHIeHTpamuu C70 B pacTBOpe, TaK M TEMIEPaTypbl IOUIOKKH TPHBOTUT K YBEIHMUCHUIO
TeOMETPUIECKUX pa3MepoB HaHOBHCKepoB Cro. OmpenenieHa CTaOUIbHOCTD MOTYUYSHHBIX HAHOCTPYKTYP K BO3ICHCTBUIO BEICOKHX
TeMIeparyp.

Karwouesbie cioBa: Oymnepen Cro, HAHOBHCKEp, HaHOATPErart, pacTBOp (yiiepeHa, caMoopraHu3anus, CTabUIbHOCTb.

SYNTHESIS OF C70 NANOSTRUCTURES AND STUDY OF THEIR STABILITY
AHHOTaTHOH

Nanomaterials based on fullerene Czo with semiconductor properties are of great interest in modern science. In this work, a method
for synthesizing nanoaggregates and nanowhiskers of fullerene Cz on a smooth substrate surface is proposed for the first time. It
is established that the onset of synthesis of nanostructures containing Czo depends on the substrate temperature. In particular,
experimental evidence was obtained that an increase in the concentration of Czo and the substrate temperature leads to an increase
in the geometric dimensions of Czo nanostructures. It was found that the synthesized C7o nanostructures are stability to high
temperatures.

Keywords: Fullerene Czo, nanowhisker, nanoaggregate, solution of fullerene, self-organization, stability.

Kirish. Ceo/Co fullerenlar diametri 1 nm dan kam bo‘lgan ichi bo‘sh sfera/ellipsoid uglerod molekulasi bo‘lib, sp? uglerod
atomlari kesilgan ikosaedral uchlarida joylashgan. Bu molekulalarining ajoyib xususiyatlaridan biri ularning vaqt o‘tishi bilan sof
erituvchilarda o‘z-o‘zidan yig‘ilib turli shakl va o‘lchamdagi nanoklasterlar hosil qilish qobiliyatidir [1]. Aytib o‘tish joizki, bu
jarayonda erituvchining tabiati muhim rol o‘ynaydi. Molekulyar o‘z-o‘zini yig‘ish, elektron akseptorlik va yetuk reaktivlik
xususiyatlari fullerenlarga elektrokatalizatorlar va superkondensatorlar kabi ilovalarda beqgiyos afzalliklarni beradi [2]. Bundan
tashqari, ular juda yuqori fotosezgirlik, elektron harakatchanligi, antioksidant faollik va radikallarni tozalash gobiliyatiga ega [3]. Bu
xususiyatlari tufayli fullerenlar sensorlar, fotodetektorlar, quyosh batareyalari, biomeditsina va dori vositalarini yetkazib berish kabi
keng ko‘lamli ilovalarga jozibador hisoblanadi [4-6].

Nanoviskerlar, nanoagregatlar, nanonaychalar, nanorodlar, nanosimlar va nanogatlamlar kabi fullerenga asoslangan
supramolekulyar nanotuzilmalar alohida e'tiborda hisoblanadi [7-8]. Nanoviskerlar shartli holda ko‘ndalang kesimi 100 nm gacha
bo‘lgan va uzunligi ko‘ndalang o‘lchamdan ancha kattaroq bo‘lgan filamentli kristallar deb qaraladi [9]. Bugungi kunda
yarimo ‘tkazgichli nanoviskerlar olish uchun molekulyar nurli epitaksiya, bug® qatlami olish, lazer ablatsiya, magnetron yotqizilish,
yuqori vakuumda kimyoviy epitaksiya va boshqga usullar qo‘llanilmogda [10-12]. Nanoviskerlar oddiy kristallardan bir necha baravar
mustahkamroqdir va yuqori o‘tkazuvchanlik, moslashuvchanlik, suvni gaytaruvchanlik va korroziyaga chidamlilikka ega [13].
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Yarimo‘tkazgichli nanoviskerlar bugungi kunda mikroelektronika, optoelektronika, nanoinjineriya, quyosh energiyasi, biomeditsina,
nanoelektromexanika va gaz sensorlari kabi sohalardagi qurilmalar elementlarini yaratish uchun keng qo‘llaniladi [14-16].

Ceo fulleren nanoviskerlarini (CeoNW) sintez gilishda Ceo ning to‘yingan eritmasiga kuchsiz erituvchi qo‘shiladi, bu esa
suyuglik-suyuqlik interfeysining shakllanishiga olib keladi [17]. Natijada o‘ta to‘yingan eritma hosil bo‘lib, suyuqlik-suyuqglik
interfeysida Ceso embrion kristallari yadrolanadi va uzun CeoNW sintezlanadi. Bu usul dastlab "statik" (tashqi ta’sirsiz) bo‘lsada,
keyinchalik "dinamik" (ultratovush, qo‘lda aralashtirish va hokazo ta’sirlar) va boshqa o‘zgartirilgan usullar ishlab chiqildi [18].
Xuddi shunday, Cro fulleren nanoviskerlar (C7oNW) tuzilmalari shu usullarda sintez qilingan [19]. Nano o‘lchamdagi fullerenlar
asosida hosil bo‘lgan NWlar pastdan yuqoriga texnologiyaga asoslangan bo‘lib, bunda NW larning o‘Ichami va tuzilishini tartibga
solish va nazorat gilish katta ahamiyatga ega. Eritmada sintez gilingan fulleren NW qattiq taglik yuzasiga o‘tkazilganda esa
ularning morfologiyasida o‘zgarishlar yuz beradi [20]. Shuning uchun fulleren eritmalari tomchilarining bug‘lanish hajmida sodir
bo‘ladigan jarayonlarni o‘rganish dolzarb hisoblanadi.

Ushbu ishda taglik sirtida C7o eritmasi mikrohajmli tomchisi bug‘lanishi orqali C7o fulleren nanoviskerlari va
nanoagregatlari sintezi hamda ularning strukturaviy barqarorlik xususiyatlari bo‘yicha ilmiy natijalar bayon etiladi.

Material va metodlar. Tajribalarda biz yuqori ~ 99,8% tozalikdagi Czo fulleren kukunlari (Sigma-Aldrich, AQSh) hamda
dixlorbenzol (CsH4Cl2, Sigma-Aldrich) organik erituvchisidan foydalandik. Czo kukunlarining xona haroratida dixlorbenzolda erishi
maksimal giymati ~18,5 mg/ml ni tashkl etadi. Eritmani dastlab MS-11H markali WIGO (Polsha) magnit aralashtirgichi yordamida
~2,0 Hz chastotada 1,2 soat davomida uzluksiz mexanik aralashtirib, shundan so‘ng, uni DC-120H markadagi ultratovushli vanna
yordamida 15 dagiga davomida sonikatsiya gilish orgali olindi.

Cro eritmasining tomchilari ~ 24 £+ 1 °C haroratda va tomchilar to‘liq bug‘lanishgacha konvektiv havo ogimlaridan
himoyalangan sharoitda VITLAB pipet dozatori (VITLAB GmbH, Germaniya) yordamida taglikka joylashtirildi. Issiglik bilan ishlov
berish bo‘yicha tajribalar uchun Pelte effektida 140°C gacha qizdirish imkoniyati bilan termostatik boshqariladigan (+1°C aniqlikda)
stol ishlatilgan. MS8217 raqamli multimetriga o‘rnatilgan termopara yordamida shisha taglikdagi harorat + 2% xatolik bilan nazorat
qilindi.

Biz bir o‘Ichovli C7oNWlarning morfologik xususiyatlarni o‘rganishda va aniq geometrik o‘lchamlarini aniglashda JISM-1T200
(Joel, Tokio, Yaponiya) markali yuqori aniqlikdagi skanerlovchi elektron mikroskopidan (keyingi o‘rinlarda SEM) dan foydalandik.
Turli o‘lchamli C7o nanostrukturalarining hosil bo‘lish va osish jarayonlarini doimiy yozib oluvchi ragamli kamera bilan jihozlangan
Motic B1-220A optik binokulyar mikroskopi (1000 marta kattalashtirishga ega) yordamida o‘rganildi.

Olingan natijalar va ularning tahlili. Shuni ta'kidlash kerakki, fulleren eritmasining tomchisi issiqlikdan bug‘lanishning
butun muddati davomida tomchi asosi doimiy maydonini saqlab qoladi. Ammo tomchining aloqa burchagi (¢) asta-sekin (nol
gradusgacha) kamayadi. "Tomchi-havo" interfeysi bo‘ylab Marangoni effekti va bug‘lanayotgan tomchilar hajmi bo‘ylab Reyli-
Benar effekti (1-rasm, pastda) tufayli kuchli kapillyar ogimlar paydo bo‘ladi va fulleren nanozarralari yig‘ilishi, shuningdek, ularga
asoslangan turli nanostrukturalar sintezi boshlanadi.

I —

M(_lra_ngnni \ T [ e Bug'larnish

oqgimni

i —  EEE

I/////////////////‘////////////l

Reyli-Benar
oqinti

1-rasm. Cro eritmasining mikrotomchisi fotosurati (yuqorida) va bug‘lanayotgan tomchi ichida sodir bo‘ladigan oqimlarning
sxematik tasviri (pastda).

Dixlorbenzoldagi C7o eritmasi tomchilarining xona haroratida taglik sirtida bug‘lanishi natijasida hosil bo‘lgan
strukturalarning SEM tasviri (2-rasm) mikrotomchining doimiy asos maydoni tufayli, erituvchining butunlay bug‘langanida
tomchining tagida kofe halqasiga o‘xshash C7o nanostrukturalarining izi qolishini ko‘rsatadi. Bunda tomchining sirt va sirtga yagin
qatlamlari keskin sovib ketganda yuzaga keladigan harorat gradienti muhim rol o‘ynaydi. Ko‘rinib turibdiki, C7o eritmasining
mikrotomchisidan erituvchi to‘liq bug‘langandan so‘ng, taglik sirtida ellipsoid shaklidagi C7o agregatlari hosil bo‘lgan (2-rasmga
garang). Bu holda C7o agregatlarining o‘rtacha qutbiy va ekvatorial diametrlari mos holda ~ 1500 nm va ~ 900 nm ni tashkil etdi.
Olingan Co agregatlari g‘ovakli bo‘lib, o‘rtacha diametri ~50+60 nm gacha bo‘lgan diskret oraliq nanoagregatlardan iborat.

3-rasmda ~24+1°C haroratda sintez qgilingan C7o nanoagregatlarini taglik sirtida ~185°C haroratda qizdirilgandan so‘ng
olingan SEM tasviri keltirilgan. Ko‘rinib turibdiki, ushbu holda sintez qilinganda g‘ovak va fraktal strukturali bo‘lgan
nanoagregatlarning umumiy tashqi ko‘rinishi hamda o‘lchamlari saqlangan, ammo agregatlarning ba’zi joylarida g‘ovak yoriqlar
hosil bo‘lgan. Bu bizning fikrimizcha ushbu haroratda nanoagregatlar hajmi bo‘ylab erituvchi molekulalarining to‘liq uchib
chiqishi bilan bog‘liq bo‘lishi mumkin.

54800 5.0V 9.6mm x60.0k SE(M
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3-rasm. ~24+1°C haroratda sintez qilingan Cro
nanoagregatlarini ~185°C haroratda qizdirilgandan so’ng
olingan SEM tasviri.
Bir o‘lchovli C7o strukturalarini sintez gilish uchun taglikda Czo eritmasi tomchisining bug‘lanish jarayonini turli
haroratida olib borildi.

2-rasm. ~24+1°C haroratda C7o mikrotomchisi bug‘lanishi
natijasida hosil bo‘lgan C7o nanoagregatlarining SEM tasviri.

20 MKM

4-rasm. Taglik sirtida dixlorbenzoldagi C7o molekulyar eritmasining bug‘langan tomchisida sintez qilingan bir 0’lchovli
strukturalarining optik mikroskopik tasviri

Qattiq taglik ~32°C ga qizdirilganda taglik sirtida optimal shakldagi Czo fullerenning nanostrukturali filamentlari
(viskerlar) sintez gilindi (4-rasmga garang). Bunda eritmaning dastlabki tomchisidagi fulleren C70 konsentratsiyasi ~5,0 mg/ml ni
tashkil etdi. 32°C haroratda mikrotomchidan erituvchining intensiv bug‘lanishi jarayonida harorat gradienti CzoNW hosil bo*lishida
ba’zi energiya qiyinchiliklarini yengish imkonini beradi. Bu holda C7oNW ning o‘rtacha geometrik o‘lchamlari kengligi ~1,6 pm
va uzunligi ~9,2 um ni tashkil etadi.

Gorizontal joylashgan T=36°C gacha qizdirilgan taglik sirtida sintez gilingan CzoNWlarning SEM tasviri 5-rasmda
keltirilgan. Bu holda eritmaning boshlang‘ich tomchisidagi C7o konsentratsiyasi ~2,5 mg/ml ni tashkil etadi. Shuni ta’kidlash
kerakki, tomchi bug‘lanishida uning hajmi va sirt qatlamlarida paydo bo‘ladigan kuchli kapillyar oqgimlar natijasida bevosita
fulleren zarralarining o‘z-o‘zidan yig‘ilishi va Czo filamentlarining sintezi boshlanadi. 5-rasmda olingan CzoNW larning yuzasi
molekular tekisdir. Ularning uzunlik va kengligi bo‘yicha o‘rtacha geometrik o‘lchamlari mos holda ~1,75 pm va ~100 nm ekanligi
aniqlandi. Olingan natijalar eritmadagi fullerenning dastlabki konsentratsiyasini o‘zgartirish orqali turli o‘lchamdagi Cro
nanoviskerlarini siztez gilish mumkinligini ko‘rsatdi.

5-rasm. C7o molekular eritmasining bug‘langan tomchisida 6-rasm. T=36°C haroratda sintez gilingan C7oNW ni
(T=36°C) sintez qilingan nanoviskerlarning SEM tasviri ~185°C haroratda gizdirilgandagi SEM tasviri.

6-rasmda taglik sirtida T~36°C haroratda sintez gilingan Czo nanoviskerlarini ~185°C haroratda gizdirilgandan so‘ng
olingan SEM tasviri ko‘rsatilgan. Ko‘rinib turibdiki, ushbu haroratda CzoNW larning umumiy tashqi ko‘rinishi hamda o‘lchamlari
to‘la saglangan, ammo uning sirtida kichik o‘lchamli nanokraterlar hosil bo‘lgan. Bu esa CzoNW lar ushbu haroratga yetarlicha
bardoshli va barqaror bir o‘lchovli strukturalar ekanligini bildiradi.

1-jadval. CzoNWlarning o‘rtacha o‘lchamlarining taglik haroratiga va Cro konsentratsiyasiga bog‘liq ravishda o‘zgarish

evolutsiyasi
aEritmadagi Cro konsentratsiyasi. °Taglik harorati (T) tomchi to ‘liq bug ‘lanib ketguncha doimiy bo ‘lib qoladi.

C, (mg/ml)* T, (°C)* O‘rtacha uzunlik, mkm Oc‘rtacha kenglik, nm
25 35 1.65 100
38 2.0 150
42 2.5 180
31 35 1.85 123
38 3.1 155
42 35 188

Tajribalar davomida taglik haroratini va fullerenning konsentratsiyasini o‘zgartirib, hosil bo‘lgan C7oNWIlarning
geometrik o‘lchamlarini nazorat qilish mumkinligi aniglandi (1-jadval). Xususan, taglik haroratining oshishi nafagat kristalli
nanoviskerlarning hosil bo‘lishi va o‘sishining tezlashishiga olib keladi, balki sintezlangan nanoviskerlarning geometrik
o‘lchamlari sezilarli darajada o‘sadi.

Xulosa. Taglik sirtida bug‘lanayotgan tomchi hajmida Cro fullereni asosida nanostrukturalarni sintez gilishning tejamkor
va moslashuvchan usuli ishlab chiqildi. Elektron mikroskopik tahlillar natijasida xona haroratida taglik sirtida tomchi bug‘lanishi
jarayonida ellipsoidal nanoagregatlar hosil bo‘lishi, 32°C da qizdirilgan taglik sirtida tomchi bug‘lanishi davomida esa bir o‘Ichovli
C70NW shakllanishi aniqlandi. Tadqiqot shuni ko‘rsatdiki, dastlabki fulleren konsentratsiyasi hamda taglik haroratini o‘zgartirish
orgali CzoNW ning geometrik o‘lchamlarini talab gilinadigan giymatlarga moslashtirish mumkin. Shuningdek, mazkur usul mikro-
va nanoo‘lchamdagi fulleren asosli viskerlarni sintez qilishda yuqori samaradorlikka ega ekani va ularning "pastdan yuqoriga"
texnologiyasining turli magsadlarida qo‘llash imkoniyati mavjudligi tasdiglandi.
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HCJENOBAHUE IIAPUHA MEPEXOHOI'O CJIOS IBYXCJOMHOM CUCTEMbI CUJIMIUI-KPEMHUI
AnHOTaLUA

B paboTe mpuBENEHBI TTAPAMETPhI YHEPIETUUECKNX 30H TOHKUX IUIEHOK Si, BaSiz W mupuHa mepexomHoro cios. 3HaYeHHs
IIMPUHBI 3alpelieHHoOW 30HBI - Eg u mosoxxeHWs moTonka BajleHTHOW 30HBI - Ev ompenensimcs merogom YOOC. C
ucnonszoBanueM MerogoB ODC, YDIC, POM u peHTTeHOCTPYKTYpHOTO aHAalM3a HCCIEJOBaHBI COCTaB, MOPQOIOTHL
TIOBEPXHOCTH U HJIEKTPOHHAS CTPYKTypa HaHOIUICHOYHOH cucteMsl BaSi2/Si/BaSiz/Si (111), moxydeHHbIX METOJOM HUMIUTAHTALNH
noHoB Ba* B Si B coueranuu ¢ nmporpeBoM. OmnpezeneHs! napamMeTpsl SJHEPreTHIECKHX 30H U MOCTPOCHa SHEPreTHIeCKast 30HHasI
nuarpamma cucremst Si/BaSiz/Si. Onpezenensl riyorHa 00pa3oBaHus U TOMMIMHA cliosi BaSiz 1i1st paznuunbix sHepruu noHoB Ba*
B auanasoHe ot 0.5 k3B 5o 30 k3B

KiroueBble C10Ba: INMPHHA 3alpEIIEHHOW 30HBI, HAHOCION, WMIUIAHTAIUS WOHOB, MOP(OJOTHS, OTXHI, MapameTphl
SHEPreTUYECKUX 30H, TOHKUX IUICHOK, TIOTOJIKA BAJICHTHOM 30HA.

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

The paper presents the parameters of the energy bands of Si, BaSiz thin films and the width of the transition layer. The values of
the band gap - Eg and the position of the valence band ceiling - Ev were determined by the UFES method. The composition, surface
morphology and electronic structure of the BaSi2/Si/BaSi2/Si (111)nanofilm system obtained by implantation of Ba+ ions into Si
in combination with heating were studied using OES, UFES, SEM and X-ray diffraction analysis. The parameters of the energy
bands were determined and the energy band diagram of the Si/BaSi2/Si system was constructed. The formation depth and thickness
of the BaSi2 layer were determined for different energies of Ba+ ions in the range from 0.5 keV to 30 keV

Key words: band gap, nanolayer, ion implantation, morphology, annealing, parameters of energy bands, thin films, valence band
ceiling.

SILICID-SILITSID BI-QATATLI TIZIMINING O‘TISH QAT’ATINING KENGLIGINI O‘RGANISH
Annotatsiya

Magolada Si, BaSi2 yupqa plyonkalarining energiya diapazonlarining parametrlari va o‘tish qatlamining kengligi keltirilgan.
Tarmoq oralig‘ining qiymatlari - Eg va valentlik zonasining yugori gismining holati - Ev UVES usuli bilan aniglandi. OES,
UVES, SEM va rentgen difraksion tahlil usullaridan foydalanib, isitish bilan birgalikda Ba+ ionlarini Si ga implantatsiya qgilish
natijasida olingan BaSi2/Si/BaSi2/Si (111) nanofilm tizimining tarkibi, sirt morfologiyasi va elektron tuzilishi o‘rganildi.
Energiya diapazonlarining parametrlari aniglandi va Si/BaSi2/Si tizimining energiya diagrammasi tuzildi. BaSiz gatlamining hosil
bo‘lish chuqurligi va qalinligi 0,5 keV dan 30 keV gacha bo‘lgan Ba+ ionlarining turli energiyalari uchun aniglangan.
Kalit so‘zlar: tarmoqli bo‘shlig‘i, nano qatlam, ion implantatsiyasi, morfologiya, tavlanish, energiya tasmasi parametrlari, yupqa
plyonkalar, valentlik zonasi shifti.

B Hacrositiee BpeMsi BO MHOTHX HAay4HBIX IIEHTPAX BEIETCs MOUCK MAaTepHaloB JJIsl CO3AaHMs (POTOINEKTPHUICCKUX
npeoOpasoBaTeneii ¢ TydmuMu Gu3ndeckuMu cBoiictBamu. OCHOBOM JUTsl TAKMX MaTEPUaIOB MOTYT CIIY)KHUTh TOHKHE IICHKH
CHJIMIUJIOB, B YaCTHOCTH Aucuinimaa 6apus [1-4]. [ToatoMy Beaercst akTuBHas paboTa 110 MOUCKY ONTHMAJIBHBIX METO/I0B
MOJYYEHUsSI OJTHO- M JABYXCIIOWHBIX HAHOTUICHOYHBIX CHCTEM THITA CHIIMIIU METAILT - KpeMHHH. TeopeTHuecKre NCCIeOBAaHUs
pacuéT MoKa3bIBAIOT, YTO PYHKIMOHAIbHAS INIOTHOCTH BaSiz mpuHamiexut ¢dasze Zintl co cMemanHoit KOBaIEHTHOH CBSI3bI0
TETPadAPHUECKOTO Sis U C HOHHOM CBs3bIo THMA (2Baz*) (Sia)?.

JlmarpaMMa MOJIEKYJISIPHBIX OpOHTalieil 00BICHSIETCS HAa OCHOBE AIIEKTPOHHBIX CTPYKTYp, MPEIoaras, 4To mepexo] ¢
IIEPEHOCOM 3apsjia oT P - cocTostuus Si k d - cocTostHuio Ba, 4To 3HAYMTENBHO YBEIMYMBAET ONTHYECKOE MOTJIOMIEHHE. BobIoit
K03 GHUIMEHT (OTOMOTIIOIICHHS TOTBEPKAACTCS PACIIMPSHHBIME pacueTaMy BO30YKICHHOTO COCTOSHHS, KOTOPbIC BKIFOUAOT
SKCUTOHHBIE 3(PQPEKTh. YpoBeHb DepMH 3aKpelicH B CEpeAMHE 3ampelleHHON 30HBI IS BCEro AMAna3oHa XHMUYECKUX
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HOTEHLHAJIOB KPEMHHSI M LIIIMPOKOT0 Hara3oHa TEMIIEpaTyp pocTa, 4TO yKa3bIBaeT Ha BO3ZMOKHOCTh OHIIOJISIPHOTO JICTHPOBAHHMS,
KOTOPOE SBJISIETCS IPEUMYIIECTBOM JUISl H3TOTOBICHUS P-N- riepexonos [5].

B [6], ¢ ucmonp30BaHKeM MeToAa ModTamHoi ummantauud CO* B Si B coueTaHMH ¢ OT)KHIOM, MOJydYEHA CIOUCTAs
crpykrypa tuna CoSiz/ Si / CoSiz/ Si (111) 1 u3ydeHsl UX COCTaB U 3JIEKTPOHHAs CTpyKTypa. OHAKO, TAKHE MCCIICAOBAHHUS B
ciIydyae MMIUTAHTaUK HOHOB Ba* B Si, mpakTnyecku, He IPOBOAMINCE.

Lenbro naHHO# pabOTHI ABISIETCS NOJMYYCHIE METOAO0M UMILTAHTAIM HOHOB Ba* B Si [ByXCiIOiHON HAHOIIICHOYHON
cuctemsl tuma BaSiz/ Si/ BaSi2/ Si (111) u uccnenoBanue ux cocraBa, CTpyKTYpPhI U TAPAMETPOB SHEPTETHYECKHX 30H.
Hanopa3smepHsie (asbl u ciou BaSiz Ha pa3niyHbIX MTyOHHAX HPHIOBEPXHOCTHOTO CIIOs Si TIOJTy4YeHbl HMILTaHTaliEeil HOHOB
Ba* ¢ Bapuanmeii snepruu Eo g0 30 k9B, mipu Bakyyme He xyxe 107 Tla [7-8].

MeTtoauka IKcIepUMeHTA. B kauecTBe MOIOKKU HCIIONB30BAINCH XOPOLIO TTOJIMPOBAHHBIE MOHOKPHCTAIUNTMYECKUE
riacturbl Si (111) p-tuna. DTr 06pasisl yCTAHOBUIIH B CBEPXBBICOKOBAKYYMHBIN- YHUBEpCaIbHbINH npubop tuna YCVY-2, rae
HPOBOIMIICS BCE TEXHOJIOIHYECKUE OMeparun (Iporpes, HambluieHHe aToMoB Ni u Si) 1 uccienoBaHus COCTaBa M AIEKTPOHHOM
CTPYKTYPHI € HCTIONB3Yelb MeTooM Oske- 1 pOTOAIEKTPOHHO# criektpockonun. Ounctka Si (111) ocymiecTBisuiacs npu
Bakyyme P=107 ITa npu T=1100 K niurensHo (~4-5 4acoB) ¥ KpaTKOBPEHHO Ipu Temmeparypsl ~1350 T.

Mopdonorus 1 KpUCTALTHIECKasi CTPYKTYpa, CIEKTP MOTJIOLICHUS CBETa U YCIbHbIC CONPOTUBIICHHS ILICHOK
HCCIIeJOBAINCH Ha CTaHAApTHBIX mpubopax Tuma Jeol, 9MP-2 u UV-1280

Tpodunu pacmpeneseHnst aTOMOB 0 riyOuHe ucciaenoBanuch MetogoM ODC B coueTaHUHU € TPaBICHUEM ITOBEPXHOCTH
Ar*.

PesyabTaThl u ux o6cyxaenue. Ha puc. 1 npusenena sasucumocts Caq oT riry6unsl h ms Si (111),
HMMIUIAHTHPOBaHHOTO HoHamu Ba® ¢ Eo =30 u 1 k3B. TTociie ka)a0ro 1MKIIa HOHHOW MMIUIAHTALMH TPOBOMIICS IPOTPEB MPH
ontumainbHO Temneparype 900 K B teuennn 30 + 40 mun. BugHo, 4to Ha moBepxHOCTH U Ha riyouse 20 + 30 HM
KoHIeHTpanus Ba cocrasisier 30 + 35 at.%. AHaU3 H3MEHEHUsI OJIOKEeHUS U GOpPMEI 0ke — rKa L2,3VV kpeMHus mokaszanm,
9TO B 9THX CIOSX 06pasyroTest coenunenus Tuma BaSiz. Ha pucynke 2 npuBenena pentreHorpamma cuctemsl BaSiz / Si / BaSiz /
Si (111), cusras na gudpaxromerpe STOE «STADI Py (CoKa — usnyuenue). BusHo, 4To Ha peHTTEHOTpaMMe, B OCHOBHOM,
00Hapy)KMBAETCSI MHOXKECTBO ITUKOB, XapaKTepHbIX st BaSiz u Si, a MHKK MOCTOPOHHUX 3JIEMEHTOB, IPAKTHIECKH,
OTCYTCTBYIOT. VICXO/Isl M3 3TOTO MOXKHO I0JIarath, YTO JaHHAsS CHCTEMa UMEET MOIMKPUCTAIUTHIECKYIO CTPYKTYpy. JlaHHOe
IPEANOJIOKEHUE OATBEPKAATIOCH PE3yJIbTaTaMU, IOJIydeHHbIMU MeToaoM J1B3.
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Puc.1. Konnenrpaunonssie npoduin pacnpenenaeHus Ba mo riyoune as Si, ummantupoBanHoro noHamu Ba* ¢ Eo = 30 k3B —
1u 1 k3B — 2. Tocne kaxI0ro IUKIa UMILTAHTAIIMK PoBoauics mporpes npu T =~ 900 K.
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Puc. 2. PentreHorpamma moBepxHOCTH CHCTEMEI BaSIzlSII BaSi2/Si (111).
Ha pucynke 3 npuseaenst kaptuabl 1B st uncroro Si u cuctemsr BaSiz / Si / BaSiz / Si (111). Buaso, uto Ha
ANIEKTPOHOTPAaMMe MTOBEPXHOCTH YUCTOTO Si HabmroaroTes pedieKkcsl, XxapakrepHsie st rpanu (111), a B ciydae ABYXCIOMHO#M
CHCTEMBI YCTaHABINBACTCS CTPYKTYPa, COOTBETCTBYIOLIAS OIMKPHCTAIUINYECKAM 00pa3iam.

Wa  ww aw

Puc. 3. DHepreTrnyeckas 30HHas [uarpamma Juisi cepxpemerku Si/BaSiz/Si (111).
TIpu 3TOM, Ha (hOHE MONTUKPUCTAUTHIECKUX KOJIEL[ C Y3KUMH JIMHUSMH, TIOSBISIOTCS TOYeUHbIe peduiekchbl. OTMETHM, 4TO
npy ManbixX TomuHax (O < 0.2 + 1 uM) BaSiz Ha moBepxHOCTH Si KpUCTAIIN3YETCs KYOUUYECKO# PeIETKOM ¢ ITOCTOSHHON
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pemérku a = 6.54 A [9; 10]. OnHako, BCIeACTBHE HECOOTBETCTBUS MAPAMETPOB pemeTok Si u mienku BaSiz, Ha mopepxHOCTH
Si, 1ake moclie IporpeBa MpH ONPEICICHHON TeMIIepaType, COXPaHIOTCS ACHAPUTHBIC CTPYKTYPBL.
Tabauna
ITapameTpbl SHepreTHYECKUX 30H TOHKUX IUIeHOK Si v BaSi; u mmpuHa nepexoanoro ciosi (Ah) Ha rpanune
Si/BaSi, u BaSiy/Si(111)

B Tabnuie MpUBEAEHBI MapaMeTphl YHEPreTHYECKUX 30H TOHKUX IUICHOK Si, BaSi2 u muprHa mepexomHoro Cios.
3HaueHMs] MUPUHBI 3alPEICHHON 30HBI - Eg M MOJIOKEHUST MOTOJIKA BaJICHTHOHM 30HBI - Ev ompenensnuce Metonom YOOC.
3Ha4YeHHE CPOJCTBA K JEKTPOHY - ¥ OLEHUBAIOCH 10 (opmyne y = Ev— Eg. Pa3pbiB KpaeB 30H MPOBOJMMOCTH - MO Pa3HOCTH
3HAYCHHH JIEKTPOHHOTO CPOJCTBA ABYX MOJIYIPOBOIHUKOB [11]:

AEc=y1— p2 Q)

TIpenmonaras crnpaBeTHBOI OHOIIEKTPOHHYO Teoputo, nMeeM AEq=AEc —AEv, tne AEg=Egp—Eq - pasHoCTh mupuH

3alpeIleHHbIX 30H. YUUThIBasi cooTHOLIeHHEe EF=y+Eg, momydaem 1yt paspbiBa KpacB BaJCHTHBIX 30H
AEv=Er2—- Er1 (2)

CoracHo 3TuM (hopMyJIaM Jijist KoHTakTa HaHoruieHku Si/BaSiz: AEc= 0.1 3B; AEv= 0.3 3B, a mys konraxra BaSi»/Si (111):
AEc =05 eV AEv = 0.1 5B. Heo6xomumo oT™MeTnTh, uto Eg Hanomnenku Si ¢ Tommunoit 10 + 15 A na 0.05 + 0,1 5B Gonbmie, dem
TOJICTOM IUICHKH.

Kak BHIHO W3 TaOJMIIBI, BCIEACTBHE 3aMETHOTO PA3JIMUMs MOCTOSHHBIX penieTok Si u BaSiz, mpoucXoquT MHTEHCHBHASL
B3aumoqu(y3us aToMoB U Ha rpanuie Si/BaSiz u BaSi2/Si (111) popmupyrorcs nepexoHbic 00IaCTH TOMUHON ~ 6 + 10 HM.

Ha ocHOBe IaHHBIX Ta0JMIBI HAMH IIOCTPOCHA IIPUMEPHAs 30HHO-9HEPTeTHYECKAs IHArPaMMa CHCTEMBI
Si(111)/BaSi2/Si (puc.3). st HOCTPpOSHHS 9TON AXAarpaMMBI MBI ITOJTB30BAIMCH Moebio Llokm-Aunepcona [12].

CoracHo 3TO¥ MOJIENH, TIOCIIE YCTAHOBJICHHSI KOHTAKTa MEK/TY JIBYMS TIOJTYIPOBOAHUKAMH, TIPOMCXO/IUT BHIPABHUBAHUEC
ypoBHeit @epmu EF myTeM MepeMeleHHs 3IeKTPOHOB U3 OJJHOr0 MaTepHaia B Ipyroi. O6pa3oBaHue CJI0si IPOCTPAHCTBEHHOTO
3apsijia BOJM3H TPAHHULIBI pa3/ienia CONPOBOKIACTCS HU3THOOM 30H.

C ucnonpzoBanueM Meto1oB OOC, YOIC, POM 1 peHTTeHOCTPYKTYpPHOTO aHaIN3a MCCISIO0BaHbI COCTaB, MOPdoorus
MOBEPXHOCTH U 3JIEKTPOHHASI CTPYKTYpa HAaHOIUIEHOUHOH cucteMbl BaSiz2/Si/BaSi2/Si (111), moaydeHHBIX METOOM UMILIAHTAIIUH
uoHoB Ba* B Si B coueranuu ¢ nporpesom. OmnpeieleHbl MapaMeTpbl SHEPIeTHYECKUX 30H U MOCTPOCHA SHEPreTHYCCKast 30HHas
nuarpamma cucremst Si/BaSiz/Si. Onpezenensl riyorHa 0Opa3oBaHus U TONMIMHA closi BaSiz 1i1st pasnuuneix sHepruu noHoB Ba*
B quanaszone ot 0.5 k3B 1o 30 k3B [13-15].
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O‘ZGARUVCHAN KUCHSIZ MAGNIT MAYDONDA KVANT O‘RANING RUXSAT ETILGAN ZONASIDAGI
ELEKTRONLARNING ENERGETIK SPEKTRINI O‘ZGARISHI
Annotasiya
Ushbu maqolada nanostrukturali yarimo‘tkazgichning kuchsiz dinamik magnit maydonlar ta’siridagi energetik holatlar zichligi
ossillyatsiyalarini fazaviy portretlarini ifodalab beruvchi yangi matematik model ishlab chigilgan.
Kalit so‘zlar: Nanostruktura, kvant o‘ra, geterostruktura, magnit maydon, ossillyatsiya, fazaviy portret, effektiv massa.

MU3MEHEHHWE SHEPTETUYECKOI'O CIIEKTPA 3JIEKTPOHOB B PA3PEIIEHHOM 30HE KBAHTOBOM SIMbI
IOJ AEMCTBHUEM IIEPEMEHHOI'O CJJABOI'O MATHUTHOI'O IOJISI
AHHOTAIHS
B nanHOl craThe pa3paboTaHa HOBas MaTeMaTHYeCKash MOJICNb, OMKCHIBAIOIIAs (pa30BbIe MOPTPETH OCIMLUISIMN MIOTHOCTH
JHEPTEeTHYCCKUX COCTOSHUIA HAHOCTPYKTYPHOTO MOJIYIPOBOIHUKA O] BO3JICUCTBHEM CITA0bIX TUHAMUYCCKUX MATHUTHBIX MOJICH.
KnawueBble ciaoBa: HaHoCTpykTypa, KBaHTOBas siMa, T'€TEPOCTPYKTYpa, MarHUTHOE TOJIC, OCIMUIAINH, (Ha30BBI MOPTpET,
a¢pexTHBHAL Macca.

VARIATION OF THE ELECTRON ENERGY SPECTRUM IN THE ALLOWED BAND OF A QUANTUM WELL
UNDER THE INFLUENCE OF A WEAK VARIABLE MAGNETIC FIELD
Annotation
This paper presents a new mathematical model describing the phase portraits of oscillations in the density of energy states of a
nanostructured semiconductor under the influence of weak dynamic magnetic fields.
Key words: Nanostructure, quantum well, heterostructure, magnetic field, oscillations, phase portrait, effective mass.

Kirish. Hozirgi kunda, tibbiyotda, texnikada, avtomatikada va mikro va nanoelektronika sohalarida ularning asosiy
murakkab tizimlarining dinamik, statik va kinetik jarayonlarni o‘rganish, oldindan bashorat qilish va hamda o‘zaro ta’sirlarni
abstrakt qilishga qodir matematik modellarga bo‘lgan ehtiyoji dolzarb masalalardan biri bo‘lib kelmoqda. Aynigsa, differensial
tenglamalar asosida qurilgan dinamik jarayonlarni aks ettiruvchi modellar — biologik, texnik va elektronik mexanizmlarini aniq
namoyon etish uchun xizmat giladi. Matematik modellarning formulalar orqali, raqamli simulyatsiya qilish va boshqa matematik
apparat yordamida qurish mumkin. Biroq, mikro va nanoelektronika mexanizmlarini dinamik jarayonlarini vaqt o‘tishi bilan
simulyatsiya qilish va ushbu modellarning fizik interfeyslarini vizual tarzda tahlil qilish murakkab tizim hisoblanadi.

Bunday dinamik tizimlarning umumiy fizik jarayonlarini aniq ko‘rsatib beruvchi ideal vositalardan biri. Bu fazalar
portretlaridir. Fazalar portreti dinamik tizimlarda trayektoriyalar gradienti yo‘nalishi hamda tizimdagi muvozanat holatlarini yaqqol
ko‘rsatib beradi.

Adabiyoetlar tahlili. Dinamik va statik magnit maydonlarini biologik va fizik jarayonlarining xossalariga ta’sirini o‘rganish
muhim muammolardan biri hisoblanadi. Jumladan, [1] ishlarda o‘zgaruvchi kuchsiz magnit maydoni (Bo=25 mTI)
bioobyektlarning xarakteristikalariga ta’siri aniqlangan. [2] ishda esa, statik kuchsiz magnit maydonlari va yuqori haroratlardagi
kvant ossillyatsiya effektlari kuzatilgan. Bunda, de Gaaz-van Alfen ossillyatsiyalari xona harorati atrofida va kuchsiz statik magnit
maydon qgiymatlari 25 mT1 dan 100 mTI1 gacha orasida eksperimental olingan. Lekin, bu ishlar asosan o‘zgarmas (statik) kuchsiz
maydonlarda o‘rganilgan bo‘lib, magnit maydoning vaqt bo‘yicha o‘zgarishi umuman o‘rganilmagan.

Bundan tashqari [3] ishlarda ikki o‘lchamli yarimo‘tkazgichli materiallarning energetik holatlar zichligini harorat va magnit
maydonlarga bog‘ligligining ham nazariy, ham tajribaviy natijalari olingan. Bunda, diskret energetik sathlar kvantlovchi magnit
maydon (~10 TI) va past haroratlar (~3+5 K)da kuzatilgan. Ya’ni, [4] ishlardagi taklif etilgan model diskret Landau sathlarini
yuqori haroratlarda uzluksiz energetik spektrlarga aylanishini ko‘rsatib bergan. Lekin, bu ishlarda kuchsiz magnit maydon va
yuqori haroratlar uchun energetik holatlar zichligini ham statik, ham dinamik magnit maydonlarida hisoblashning mukammal
metodi ishlab chiqilmagan. Shu bilan birga, Ushbu ishlarda kuchsiz dinamik magnit maydonlarining vaqt bo‘yicha o‘zgarishi
natijasida ikki o‘lchamli energetik holatlar zichligining fazaviy portretlarini ko‘rishga imkoniyati ko‘rib chiqilmagan.
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Taxlil va natijalar. Ma’lumki, statik kvantlovchi magnit maydoning kvant o‘rani ruxsat etilgan zonasiga ta’siri natijasida
o‘tkazuvchan va valent zonadagi zaryad tashuvchilarining energetik spektrlarini tubdan o‘zgarishiga olib keladi. Bu esa, diskret
Landau sathlarini hosil bo’lishidan dalolat buradi. Statik ko’ndalang kuchli magnit maydoni (B || Z ) kvant o‘raga ta’siridan erkin
elektronning energiyasi quyidagicha aniqlanadi:

1\ eB n’h* )
En = (NL * E)”W T oz

Bunda, N, — diskret Landau sathlarining soni, B — statik kuchli magnit maydon induksiyasi, d — kvant o‘ra qalinligi, m* -

erkin elektron effektiv massiasi, n, — o‘lchamli kvantlar soni. (1) Ifodadan ko‘rinib turibdiki, OXY tekisligida (N, + %)h B

m*

252
diskret energetik sathlar, OZ o‘qida esa pw—r nZ o‘lchamli kvant sathlar hosil bo‘lmoqda. Bu esa, erkin elektronlarning har
tomonlama kvanlanishiga olib kelmoqda. Xuddiki, elektron harakati kvant nuqta analogiyasi o‘tmoqda. Bunday diskret energetik

eB
oo
yarimo‘tkazgichlar borki, yuqori haroratlar va statik kuchsiz magnit maydonlarda ham diskret energetik sathlar hosil bo‘ladi.
Masalan, [5] ishlarda CdByF,_, /p — CdF, — QW /CdB,F,_, kabi kvant o‘rali yarimo‘tkazgichli materiallarda
magnitosingdiruvchanlik va magnitoqarshilik ossillyatsiyalari T = 280 K +~ 340K va B = 25mTl -+ 100mTl oraliglarida
kuzatilgan. Buni sababini quyidagicha tushuntirish mumkin: Tajribalardan ma’lum buladiki [6], p — CdF, kvant o‘rali materiallari
uchun erkin elektronini effektiv massasi m* ~ 10™*m, munosabatda topildi. Chunki, p — CdF, kvant o‘raning zonasi juda ham
kichik bo‘lib, juda tor zona hisoblanadi. U holda # ;i dan ko’rinib turibdiki, Aw, statik magnit maydon energiyasi (kT) kattaroq
bo‘lishi uchun, B-ni qiymati mT] atrofida o‘zgarishi yetarli. Bundan kelib chiqadiki, ushbu kvant o‘rali materiallar yuqori
haroratlardan ham (hatto xona haroratidan yuqori), Aw, »> kT sharti bajarilmoqda. Demak, kuchsiz statik magnit maydonlarda
ham diskret Landau sathlari hosil bo‘lmoqda. Xulosa qilib aytish mumkinki, kuchsiz statik magnit (mTl) maydonlarida ham kvant
ossillyatsiya jarayonlari paydo bo‘lar ekan.

Keling, endi kuchsiz dinamik magnit maydondagi kvant o‘raning ruxsat etilgan zonasidagi erkin elektronlarni energetik
spektrini o‘zgarishini ko’rib chiqaylik. O‘zgaruvchan magnit maydon induksiyasini vaqt bo‘yicha o‘zgarishini qo‘yidagi
sinusoidadan qonuniyatga asoslanib, taklif etaylik:

B = By(1 + sin(wt)) )
Bunda, By — dinamik magnit maydon induksiyasining amplitudaviy qiymati, @ — o‘zgaruvchan magnit maydonning siklik
chastotasi, t — dinamik maydonning kvant o‘raga ta’sir etish vaqti.
[6] ishlarda, tajribalar o‘tkazish jarayonida o‘zgaruvchan kuchsiz magnit maydonlarining chastotasini 10 Gs dan 1 000 Gs gacha,
ta’sir ettirish vaqti esa 10 s dan 50 s gacha bo’lgan. U xolda, (2) ni (1) ga qo‘yishimiz natijasida:
1) . eBy(1 +sin(wt))  m?h® ®)

E‘n(B! t, dl NLnZ) = (NL + E m* 2m8d2 Ntz

sathlar juda past haroratlarda namoyon bo‘ladi. Sababi, kT <« A— sharti bajarishi kerak. Lekin, shunday nanostrukturasi

ega bo‘lamiz.
(3) ifoda, kuchsiz dinamik magnit maydonlarning kvant o‘radagi erkin elektronlarning diskret energetik sathlariga
bog‘ligligini anglatadi.
Dinamik magnit maydonda vaqt o‘tishi bilan magnit maydon induksiyasi sinusoidal o‘zgarishi (2) dan ma’lum bo‘lmoqda.
Bu esa, 0‘z navbatida (3) dan ham ko‘rinib turibdiki, kvant o‘raning ruxsat etilgan zonalardagi diskret energetik sathlar vaqtga
kuchli bog‘liq bo‘lmoqda, ya’ni E,,(t) sinusoidal o‘zgarmoqda. Endi, (3) dan, vaqt bo‘yicha hosila olib, % ni o‘zgarish tezligini
ko‘rib chiqaylik. U holda, differensiyalash qoidasiga binoan, quyidagi keli chiqadi:
dE,(w,t,Ny) ( 1) he - By - cos(wt) @)
et et AP h—

N, +=
dt L™a m*

(4) ifodadan ko‘rinib turibdiki, diskret energetik sathlarni o‘zgarish tezligi % dinamik magnit maydon induksiyasining

amplitudaviy qiymatiga va Landau sathlari soniga bog‘liq bo‘lmoqda. Lekin, kvant o‘raning qalinligi d va o‘lchamli kvantlar soni

. . . dE . . R . . . T | . . .

Nz ning o‘zgarish d—t“ ga umuman ta’sir etmayapti. Buni fizik ma’nosi quyidagicha tushuntiriladi: ;:nwnz (n, = 1) ning qiymati
kuchsiz dinamik magnit maydon energiyasiga nisbatan ko‘p marta kattaradi, ya’ni:

252

1\ eB ©)
—Zm*dz nz(nz =5 1) > (NL + E) hﬁ
(5) dan ko‘rinib turibdiki kuchsiz dinamik magnit maydon hosil qilgan har bir diskret Landau sathlari kvant o‘raning (n.=1)
birinchi o‘lchamli sathiga nisbatan juda yaqin joylashgan bo‘ladi. (E,,(n, = 1) ning shipida bo‘ladi). Xulosa qilib, aytish
mumkinki, fagatgina bizning hisobimiz uchun nz=1 ni o‘zi yetarli (ya’ni, E,, = const).
Keling endi sonli tahlillar olib boraylik. 1-rasmda 4 xil grafik keltirilgan. Qora rangdagi (nuqtali) chiziq vaqtga bog‘liq
n2h?
= 2m*d?
0.0105 eV ga teng bo‘lsin (n, = 1). OY o°qi bo‘yicha sanoq boshini «nol» deb olinsa, u holda OX o‘qiga parallel chiziq o‘raning
o‘tkazuvchanlik zonasini tubi hisoblanadi. Agar, d = 5 nm bo‘lsa, ushbu o‘ra kvantlangan bo‘lib, ushbu zona tubi 1-rasmdagi
«qoray chiziqqa to’g‘ri keladi. «Yashil» chiziq kvant o‘raning OZ o‘qiga parallel bo‘lgan statik magnit maydon ta’siridagi N, = 1
ga teng bo‘lgan diskret Landau sathidir. Bu «yashil» chiziq (1) formula bo‘yicha olingan grafik hisoblanadi. Albatta, statik kuchsiz
magnit maydon vaqtga bog‘liq emas, ya’ni, By = 5 mTl magnit maydon ta’sirida E,(B,d) = 0.011 eV (11 meV) o‘zgarmas
energiyaga teng bo‘Imoqda.

bo‘lmagan va magnit maydon B=0 dagi E, nZ energiyaning grafigidir. Aytaylik, bir qator hisoblarga ko‘ra, u E,, =
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1-rasm. Dinamik kuchsiz magnit maydon ta’siridagi birinchi diskret Landau sathini vaqt bo‘yicha o‘zgarishi.
1-rasmdagi «qizil» rangda keltirilgan grafikni ko‘rib chiqaylik. Ushbu grafik, (3) formula bo‘yicha olingan bo‘lib, unda
dinamik kuchsiz magnit maydon ta’siridagi birinchi diskret Landau sathini vaqt bo‘yicha o‘zgarishi ko‘rsatilgan (E, (B, t, d)).
Bunda, w = 10 Gs va vaqt davomiyligi t = 0 <+ 0.5 ¢ kabi tanlab olingan. Ushbu «qizil» rangdagi grafikdan ko‘rinib turibdiki,
vaqt o‘tishi bilan E, (B, t, d) uni qiymati maksimal 0.0125 eV ga teng bo‘lib, minimal 0.0105 eV gacha yetib bormoqda. Vaholanki,

0.0105 eV energiya B=0 dagi E,, (d) ga to’g‘ri keladi. Va nihoyat, 1-rasmdagi «ko‘k» rangda keltirilgan grafikni ko‘raylik. Ushbu
grafik dE’;—(f't) ga tegishli bo‘lib, u (4) formula bo‘yicha ko’rilgan. dE';—(tB't)
o‘zgarish tezligi deb nomlaymiz. Bu tezlik shunday o‘zgaradiki, uning % (max) = 0.02 eV gacha (n, = 1 ga to’g‘ri keluvchi
E,(d) ga nisbatan 2 marta ko‘p), % (min) = 0.001 eV gacha (deyarli «kvantlanmagany» o‘tkazuvchanlik zonasi tubiga yaqin)

— funksiyaning diskret Landau sathlarini vaqt bo‘yicha

garmonik o‘zgarmoqda.

Demak, dE’:i(f't) o‘zgarish tezligi kvant o‘ra qalinligiga, o‘lchamli kvantlar soniga bog‘liq bo‘lmasligi bilan bir qatorda,
uning qiymati E,,(d,n,) ga nisbatan 2 karra ortiq bo‘lishi mumkin ekan. Yoki, aksincha, ‘w';—(f'n ning qiymati shunday

«minimumyga erishadiki, bu qisqa vaqtda, erkin elektronlar o°zini 3D holatdagidek his qiladi.

2-rasmda M’;—(f't) ni vaqtga va kuchsiz dinamik magnit maydon induksiyasining amplitudasiga bog‘liqligi ko‘rsatilgan.
Bunda, By =1 + 5mTl oralig, va t = 0+ 0.16 ¢ ta’sir vaqti tanlab olingan. 2-rasmdan ko‘rinib turibdiki, dinamik magnit
maydon induksiyasining ta’sir qiymati ortishi bilan ddit" tezlik katta energiyalar intervalida kuchli ozgarishi kuzatilmoqda.

Kvant o‘raning o‘tkazuvchanlik zonasidagi erkin elektronlarga statik va dinamik kuchsiz magnit maydonlar ta’siri

tahlilidan vaqt bo‘yicha o‘zgaruvchan fazaviy portretlar jarayonini o‘rganish talab etiladi. Fazalar portreti gandaydir vaqtga bog‘liq
as()

bo‘lgani f(t) va uning vaqt bo‘yicha i differensiali bilan hosil gilingan 2D yoki 3D o‘Ichamli grafikka aytiladi. U holda (3) va
(4) formulalar orasida (E,(B,t,d, Nu”ﬂ:%) koordinatalar nuqtasi bo‘yicha fazalar portretini qurish mumkin. Albatta,

bunda, kompyuterning amaliy matematik dasturlaridagi paketlardan (Maple) foydalaniladi. Dastur tuzishdan avval uni algoritmi
ishlab chigiladi. Albatta, (3) va (4) formulalardan ko‘rinib turibdiki, magnit maydon induksiyasining amplitudaviy qiymati
o‘zgarmas (10 mTI), o‘zgaruvchan kuchsiz magnit maydon chastotasining qiymati 12 Gs deb olinsa, ular fagat vaqtga bog‘liq
bo‘lmoqda. Algoritmi murakkab emas, undan dasturi ham qiyinchilik tug‘dirmaydi.

dE,(Bt)
dt
kuchsiz dinamik magnit

maydon induksiyasining
amplitudasiga bog‘liqligi

2-rasm. ni vaqtga va

3- rasm. Kvant o‘raning o‘tkazuvchanlik  4- rasm. Kvant o‘raning o‘tkazuvchanlik
zonasidagi erkin elektronlar energetik zonasidagi erkin elektronlar energetik
spektrini kuchsiz o‘zgaruvchan magnit spektrini kuchsiz o‘zgaruvchan magnit
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maydon ta’siridagi Landau sathlarining maydon ta’siridagi Landau sathlarining
fazaviy portreti 3D fazaviy portreti

3-rasmda kvant o‘raning o‘tkazuvchanlik zonasidagi erkin elektronlar energetik spektrini kuchsiz o‘zgaruvchan magnit
maydon ta’siridagi Landau sathlarining fazaviy portreti keltirilgan.

Ushbu fazalar portretidan ko‘rinib turibdiki, Landau sathlari soni N, = 2 da 0.06 eV, N, = 3 da 0.08 eV, N, = 4 da 0.1
eV hamda N, = 5 da 0.12 eV ga teng bo‘lmoqda. Vaqt oralig‘i esa t = 0 + 0.1 ¢ deb olingan. Umuman olganda, ushbu fazaviy
portret barcha qonuniyatlarga bo‘y sinmoqda. Sikl uzluksiz davom etmoqda. Ya’ni har bir fazaviy portret o‘zaro bir xil Aw, dan
farq qilmoqda.

3-rasmda dinamik magnit maydon induksiyasining amplitudaviy qiymati o‘zgarmas B, = 10 mTI deb olingan. [5] ishlarda
esa, statik kuchsiz magnit maydon induksiyasining qiymati 2 mT1 dan 100 mT1 gacha olib, tajribalar o‘tkazilgan. U holda, N, = 1
vat = 0 + 1 c intervallar uchun (B, E, (B, t),dE';—(tB’t)
(4-rasm).

4-rasmda fazaviy portretni 3D ko‘rinishdagi grafigi keltirilgan. Ushbu uch o‘lchamli demonstratsiyada, birinchi diskret
Landau sathlarini turli dinamik kuchsiz magnit maydonlardagi fazaviy portretlarini o‘zgarishini ko‘rsatadi.

4-rasmdan ko‘rinib turibdiki, B; = 8 mTI dagi N, = 1 uchun Landau sathining fazaviy portretining shakli By = 2 mT]I
dagiga nisbatan kattaroq, aniqroq va yaqqol ko‘rinmoqda.

Endi dinamik kuchsiz magnit maydon chastotasini diskret Landau sathlariga ta’sirini ko‘rib chiqaylik. 5a va Sb-rasmda

dE,(B,t)
(t,En(B, t)'T

) koordinatalar nuqtalari yordamida fazaviy portretni qo‘rish imkoni topiladi

) bog‘lanishlarning 2 hil siklik chastota w; = 20 Gs (5a-rasm) w, = 8 Gs larda fazaviy portretlari keltirilgan.

0z

a)
5-rasm. (t, E,,(B, t),dE’;—(tB't)) bog‘lanishlarning siklik chastota w,; = 20 Gs w; = 8 Gs lardagi fazaviy portretlari

Xulosa. Bunda dinamik kuchsiz magnit maydoning ta’sir etish vaqt davomiyligi bir xil bo‘lib, ¢ = 0 + 25 ms oraliqda
olingan.

5-rasmdan ko‘rinib turibdiki, ¢ = 10 ms dan keyin birinchi Landau sathining fazaviy portretni yopiq sikli boshlanmoqda.
t = 25 ms da esa, ushbu sikl to‘la yopiq bo‘lib, fazaviy portret uzluksiz ravishda yaqqol kuzatilmoqda. 5b-rasmda esa, xattoki,
t = 25 ms da ham Landau sathining fazaviy portretining sikli ochiq qolmoqda. Ya’ni bu vaqt oralig‘ida umuman yopiq siklli
portret yo‘q. Lekin, dasturiy ta’minotlar shuni ko‘rsatmoqdaki, agar vaqt davomiyligi ko‘p karra (100, 1000 barobar) ortirilsa, xatto
juda past chastotalarda ham Landau sathlarining fazaviy portretlarini qurish uchun dinamik kuchsiz magnit maydon chastotasini
yugqoriroq olish tavsiya etiladi.
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LOPSAIDAL SPIRAL GALAKTIKALAR DISKINING FIZIK XUSUSIYATLARI
Annotatsiya
Ushbu ishda biz 55 ta lopsaidal spiral galaktikalar diskining asosiy fizik xususiyatlari ro'yhatini tuzganmiz. Bizni fagat diskning
evolyutsiyasi gizigtirganligi sababli, biz ushbu ishda diskning fizik xususiyatlari o'rtasidagi emperik munosabatlarni o'rgandik.
Shuningdek tegishli korrelyatsiya koeffitsientlari ham topildi.
Kalit so‘zlar: galaktika: lopsaidal, akkretsiya, galaktik disk, evolyutsiya, qoramtir materiya.

PHYSICAL CHARACTERISTICS OF THE DISK OF LOPSIDED SPIRAL GALAXIES
Annotation
In this work, we have compiled a list of the main physical properties of the disks of 55 barred spiral galaxies. Since we are only
interested in the evolution of the disk, we have studied the empirical relationships between the physical properties of the disk in
this work. The corresponding correlation coefficients have also been found.
Key words: galaxy: lopsided, accretion, galactic disk, evolution, dark matter.

OU3NYECKUE XAPAKTEPUCTUKHU JUCKA JIOIICAUJAJIBHBIX CIIUPAJIBHBIX I'AJTIAKTUK
AHHOTAIHS
B nanHO# paboTe MBI COCTaBHJIM CITUCOK OCHOBHBIX (DH3MYECKUX CBOWCTB JMCKA 55 JONCAWAANBHBIX CIHUPATBHBIX T'aJaKTHK.
TTockoybky Hac MHTEpPECYeT TOJNBKO 3BOJIOIMS JHCKA, B JAHHOW PabOTe MbI U3YYHIIH SMIIUPHYCCKUAC COOTHOIICHHUS MEXIY
(busnvecKuMH cBoiicTBamMu aucKa. Tarke ObLIH HaIEHBI COOTBETCTBYIOIINE KO3 OUIIHEHTHI KOPPEIAIHH.
KnioueBble cj10Ba: TanakTHKa: JOMCAUIATBHOCTD, aKKPELHUs, TATAKTHICCKUH FCK, YBOJTFOIHS, TEMHAsI MATEPHS.

1.BBenenue. Macca aucka COHUpabHBIX TaJaKTHK SIBISIETCS MEpPOM KOJMYECTBAa BEUIECTBA B TOHKOM, IUIOCKOM
KOMITOHEHTE CITUPAIBHBIX TaaKTHK, KOTOPBIA CONEPKHUT KakK ra3, Tak W 3Be3Abl. Maccy MUcKa MOJKHO OIEHUTH Pa3MIHBIMHU
METOJIaMH, TAKUMH KaK MOJICIMPOBAHNE KPUBBIX BPAILIEHHUS I'aJTaKTHK WU MTOJrOHKA UX CIIEKTPATBHOTO PACIIPEAEIeHNs] SHEPTHH
C TIOMOII[BIO MO/IeJIeil 3BE3/THOTO HaceNIeHUs. DTH METOBI TAKOKe MOTYT NMPEAOCTaBUTh HHPOPMAIHIO O COOTHOLIEHHN MaCChl 3BE3]
K CBETHMOCTH, YTO YKa3bIBaeT Ha 3(PEeKTHBHOCTH 00pa30BaHUs 3Be3 M3 rasza. Macca I¥cKa CIIMPAJbHBIX TaJAKTHK SBISIETCS
Ba)KHBIM ITapaMeTPOM JUIsl MOHUMaHUs UX (GOPMUPOBAHHS U DBOJIIOLMH, A TAKXKE UX CBSI3H C IaJo TEMHOH MaTepHu, KOTOPOE X
okpyxaer [1]. Macca nucka onpezensieT CHTy TpaBUTAllOHHOM HEYCTOHYMBOCTH B IUCKE, KOTOpast MOXKET BBI3BaTh 00pa3oBaHNE
CIHpaNbHBIX PyKaBOB W 0apoB. Macca Iucka BIHMsAET HA JUIMHY W INUPUHY Oapa, 4TO MOKET MOBIHATH Ha NPHUTOK Taza U
oOpa3oBaHue 3Be3/1 B IICHTpAIbHON 00sacT. Macca ucka BIHUsIeT Ha H3THOHYIO HEyCTOWYNBOCTE 0apa, 9TO MOXKET IOBIUATH Ha
BEPTUKAIBHYIO CTPYKTYpy H Qopmy “apaxmca” Oammka [2-3]. Macca mucka Takke BIUSET Ha MOP(OJOTHIO, TUHAMHKY U
CTaOMIIBHOCTh CHHPANbHBIX PYKaBOB W IEHTPaIbHOrO Oapa ramakThk. OIHAKO HE BCE CIUPANbHBIE TANAKTHKH HICaTbHO
CHUMMETpPUYHBI. AHAIN3 MHOTHX HAONIOAaTeNbHBIX JaHHBIX MTOKa3bIBACT II100abHYI0 aCHMMETPHIO B UX PacHpelielIeHHH Macchl,
KOTJa OJIHA CTOPOHA JIUCKA MIMPE WK spue APYroi [4-6]. DTH raJakTHKH HA3bIBAIOTCS OJHOOOKMMH, H OHH PACcIpPOCTPaHECHBI BO
Bcenennoii. CornacHo HEKOTOPBIM HCCIeOBaHUSM, 10 30% COupambHBIX TalaKTHK [O3JHEr0 THIA JIEMOHCTPUPYIOT
3HAYUTENBHYIO JIONICAauaIbHOCTD [7]. JloncananbHOCTh OKa3bIBaeT OOJIBIIOE BIMSHUE Ha AMHAMHUKY CIIUPATIBHBIX AJTAKTHK, UX
SBOJIOLINIO, 00pa30BaHKE 3BE3/I B HUX, POCT IIEHTPAIBLHOI YepHOI JBIPHL, SIEPHOE ITUTAHKE U CIUSHAES TBOWHBIX YEPHBIX JIBIP.

2.Cnucok pu3HYecKHX XapaKTePUCTHK TUCKA JIONCAWAATbHBIX CIHPATbHBIX TAJIAKTHK

MHorHe aBTOPbI COCTABHIIN CIIMCKHU U KATAJIOTH C Pa3IHYHBIME (HH3HIECKUMHE ITApaMeTpaMu TUCKOB ramaktuk [ 1-3,8-10].
CoriacHo HcCIeI0OBaHUAM, JIONICANIATBHOCTE — 3TO 3()(EKT, KOTOPHIH IITaBHBIM 00pa30M XapaKTepPeH I CIIAPATbHBIX TaJaKTHK.
Takke JONCAaUIATBbHOCTh OKAa3blBAaeT 3HAYMTENBPHOEC BIMSHHE HAa OJBOJIIONMIO [JHCKAa W HA pacHpeneieHHe o0iacTeit
3Be37j000pa3oBanus B HeM. [103ToMy MbI BriepBble cHOPMYIMPOBATIH CITHCOK OCHOBHBIX (DM3MUYECKHX XapaKTePUCTHK JHCKa 55
CIHMPATIbHBIX TAJIAKTHK C JIoTIcanfaibHbI a3 dexrom. Harr crimcok coctout u3: 1. Haspanue ranaktiku, 2. Mophoaornueckuii THII,
3. Koxn tuna, 4. Macca nucka, 5. Bo3pact 3Be31 B 1ucke, 6. MeTauIM4HOCTh 3B€3] B UCKe, 7. Macca 4epHOit AbIpbl, 8. AMIIMTyna
noncangainbHocTh Al.

Taoauna 1. Cincok GU3HYECKNX XAPAKTEPHCTHK AHCKA

Name Morpho- Type e_Type IgMaisk e_lgM t.D e_tD Z D e ZD Ig(Msn) Al Article
-logical code code
Type
+ Msun + Gyr Gyr Sun Sun Msun
NGC 0755 SBhc 36 12 9.26 7.21 0.49 12,8,14
NGC 0941 SABc 53 0.8 9.15 0.04 6.48 1.08 0.36 0.19 5.59 0.16 12,9,8,13
NGC 0991 SABc 5.2 0.8 9.54 0.08 6.23 1.07 0.39 0.19 5.65 0.165 12,9,8,13
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UGC 02443 Sc 57 0.7 9613 0.11 7.55 0.94 0.42 0.21 0.16 1298
NGC 2805 SABC 6.9 03 957 0.19 6.96 0.97 0.46 0.25 5.14 0.66 12,9813
NGC 2906 Sc 57 0.8 10.34 0.05 9.66 0.92 0.6 0.27 8.12 0.11 12,9813
NGC 3057 Sd 78 0.8 9 0.01 6.41 1.07 0.32 0.16 4.93 0.30 12,9813
NGC 3381 SBbc 3.6 12 951 0.12 6.95 1.15 0.41 0.17 5.95 0.35 12,9813
NGC 3614 SABC 52 0.6 9.85 0.33 7.87 1.07 051 0.22 6.16 0.30 12,9813
NGC 3687 Shc 3.8 0.7 10.05 0.03 8.74 0.97 0.59 0.25 6.73 0.12 12,9813
NGC 4210 Sb 3.1 0.4 10.23 0.26 8.78 1.02 0.61 0.23 7.84 0.28 12,9814
IC 0776 SBd 7.9 0.7 93 0.06 741 112 03 0.16 4.74 0.18 12,9813
NGC 4470 Sab 19 2.1 9.94 0.02 7.54 0.15 12,814
NGC 4961 Sc 56 0.8 9.45 0.05 7.13 1.06 0.29 0.14 573 0.14 12,9813
NGC 5016 SABb 44 05 10.2 0.24 8.73 0.89 053 0.28 6.56 0.14 12,9813
NGC 5205 SBhc 4 14 9.85 0.14 7.44 0.94 0.44 0.23 6.75 0.14 12,9813
NGC 5289 SABa 2 03 9.95 0.08 7.7 0.32 12,814
NGC 5320 SABC 51 05 10.13 0.25 8.85 1 051 0.21 6.53 0.19 12,9813
NGC 5443 Sb 28 0.7 10.27 02 7.8 0.18 12,8,14
NGC 5480 Sc 4.9 05 10.08 0.13 7.94 1.06 0.44 0.22 0.25 1298
NGC 5520 Sb 3.1 0.4 9.6 0.01 74 0.30 12,8,14
NGC 5587 Sa 0.1 0.7 10.27 0.04 7.7 0.56 12,8,14
NGC 5633 Sb 3.2 0.6 10.25 02 8.61 1.01 0.39 0.18 7.75 0.15 12,9814
NGC 5630 SBd 78 0.8 95 0.01 541 0.42 12,813
UGC 09291 Sc 6.4 1 9.79 0.27 6.97 1.05 0.41 0.18 0.23 1298
NGC 5665 Sc 5 0.4 10 0.02 7.89 1.14 0.43 0.19 7.06 0.25 12,9813
NGC 5957 Sb 2.9 05 9.87 0.11 8.78 0.92 0.75 0.38 7.6 0.071 12,9814
IC 1151 SBc 51 0.7 9.46 0.01 6.21 0.26 12,8,13
NGC 6063 Sc 58 05 9.9 0.05 7.58 1.03 05 0.22 6.71 0.20 12,9813
NGC 6155 SBbc 41 1.9 10.12 0.12 6.29 1.01 0.44 0.2 6.92 0.17 12,9813
NGC 7716 Sb 3 05 10.1 0.03 9.17 0.92 05 0.22 B 0.19 12,9.8,14
UGC 01862 SABC 6.4 0.8 9.45 0.29 6.52 0.13 12,38,13
NGC2599 SA 1 0.4 10.81 0.30 85 0.623 12,10,8,14
UGC 06903 Sc 58 0.7 9.73 0.44 5.98 0.12 12,108,13
UGC 09837 SABC 53 06 9.87 0.23 557 0.89 0.32 0.14 5.29 0.31 12,9,10,13
NGC 0253 SABC 5.1 0.4 10.66 0.08 7 0.85 12,118
NGC 1068 Sb 3 03 10.62 0.21 6.75 0.030 12,118
NGC 1097 SBb 33 05 11.27 0.13 8.38 0.75 12,118
NGC 1300 She 1 02 10.24 0.17 771 0.096 12118
NGC 1398 Shab 2 03 11.14 0.18 8.03 0.18 12118
NGC 2748 Shc 4 0.1 10.09 0.22 754 0.20 12118
NGC 3031 Sab 24 0.6 10.47 0.1 7.83 0.89 12118
NGC 3079 SBc 6.4 11 10.6 02 6.38 0.33 12118
NGC 3368 Sab 2.1 0.7 10.63 0.09 6.89 0.96 12,118
NGC 3627 Sb 3.1 04 10.73 0.1 6.95 0.95 12118
NGC 4258 She 1 0.2 10.62 0.1 76 0.97 12,118
NGC 4303 She 1 0.1 10.44 0.09 6.58 0.215 12,118
NGC 4388 SBb 2.8 0.7 10.2 0.24 6.9 0.058 12,118
NGC 4395 Sm 8.8 05 9.45 0.08 5.64 0.41 12118
NGC 4501 Sb 33 0.6 10.53 0.11 7.13 0.76 12,118
NGC 4699 SABb 2.9 04 10.79 0.58 8.34 0.20 12,118
NGC 4736 SABa 23 0.8 10.19 0.09 6.78 0.12 12,118
NGC 4826 SABa 22 06 10.35 0.21 6.07 0.99 12,118
NGC 5055 She 4 0.2 10.52 0.15 8.94 0.56 12118
NGC 7582 Shab 2.1 05 10.65 0.14 7.67 0.021 12,118

Mb1 nony4ynnu usnueckue XapakTepUCTHKH, TaKhe Kak Ha3BaHHe, MOP(OIOrnueckuil THII, KOJ THIA rajJakTHK U3 0a3
nanHbix NED m HYPERLEDA, maccy aucka, Bo3pacT M METQUIMYHOCTB 3Be3/ B JUCKe M3 paboT aBTopoB [8-10]. Takxke MbI
HOYYHIIA Maccy 4epHO# IbIpbl U3 padot aBTopos [11,13-14], u ammuintyny acumMmeTpun u3 pabot aBTopos [12].

3. [louck SMNMPHUYECKUX COOTHOLIEHHI

Hamreit menpio Takoke OBUIO M3ydeHHWE CTATHCTHYECKOH CBSI3M MEXAY (QH3MYECKHMH XapaKTePUCTHKAMH JIUCKa
JIOTICAaNJATbHBIX CHUPATbHBIX TAJIAKTHUK. JIJIS1 5TOT0 MBI HCTIOIh30BaIM METO ] HANMEHBIINX KBapaToB, HanpumMep: Kosddurpent
KOPPEISIINH MEXTy MacCOH JIFCKa ¥ KOJOM THIIA cocTaBisieT CC= -0.60, 1 COOTBETCTBYIOMIAs 3aBUCUMOCTD BBITIISINUT CIETYIOIHM
obOpa3zom:

IgMudisk = (—0.1740.03) T +(10.7740.14). (1)

JloncanaanbHOCTh MOKET BIUSATH HA CKOPOCTH aKKPELMH T'a3a, YTO IPHBOIUT K HEPAaBHOMEPHOMY 3B€31000pa30BaHHMIO MO
BCEMY JMCKY.

Tl +E Sphel galaies
i —— et

2 0 2 4 6 8 0
Puc. 1. Coomnowenue medxcoy maccoi OUcka u Kooom muna
JIONCAUOATBHBIX CRUPAIbHBIX ANAKMUK.
OT0, B CBOIO Ouepelb, BIUSET Ha MacCy AUCKA U ero sBoirouuio. Ha (puc.l) BugHO, 4T0 Macca AucKa MakCHMaibHa y
CMUPANBHBIX FATAKTHK THHA S, HO MUHUMAJIbHA Y CIHPaJIbHBIX FAJIAKTUK THMA SM.
MB5I BriepBble HALIUIM 3MIMPHUYECKYIO 3aBHCHUMOCTh MEXIY MAacCOW AMCKa M BO3PACTOM 3BE3J B JMCKE JOICauJalbHbBIX
CIHPANBHBIX FATAaKTHK, CC=0,75. 3aBHCHMOCTh OKa3aJach CIeNyIOMei.
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IgMuisk =(0.28+0.05)tp+(7.69+0.42), (2)

Bospact ancka MokeT BIMATH Ha CKOPOCTH 3Be3mooOpasoBanus. Boiee crapble MUCKM MOTYT MMETh Oojiee HHU3KHE
CKOPOCTH 3Be31000pa30BaHuUs M3-3a HCTOLICHUS Ta3a, B TO BpeMs Kak 0ojee MOJOJbIe AUCKH MOTYT OBITh 0oJiee aKTHBHBIMHU B
(dhopmupoBaHuH HOBBIX 3Be3. Kak BuaHO Ha (puc.2), 4eMm cTapiie 3Be3/bl B AUCKE, TeM OOJIbIIe Macca TUCKa.

108
Spiral gakavias
Bost fk

M )

a 5 3 7 o 2 10 "

Puc. 2. Coomnowenue medxcoy maccoti oucka u
603pACMOM 36€30 6 OUCKe TONCAUOATLHBIX
CRUPATILHBIX 2A1AKMUK.

Ms! BriepBBIe paccuuTany KodhuiueHT koppemsunu cC=0,64, 9To0Bl ONpeeuTh 3aBUCHMOCTh MEXITY MacCoi JICKa U
METaJUTMYHOCTBIO, aHATM3UPYs 0Opasell JONCauAadbHbIX CHUPAJIbHBIX TaJAKTUK. MBI MOIYYWIH CICTYIOIIYI0 SMIHPHYECKYIO
3aBUCHMOCTb.

IgMusik=(2.17+0.57)Zp+(8.8210.27). (3)

MeTaanmnyHOCTh A¥CKa TaJaKTHKU BIMSAET Ha ee OOLIyl0 AWHAMHKY W 3BOJIonHio. HalmiomarenpHble HCCIEIOBaHHMS
TOKa3ajy, 4To 0ojiee MaCCHBHBIC TUCKH, KaK MPABUIIO, UIMEIOT 00Jiee BBICOKYIO METAJUIMYHOCTh. JTO MPOUCXOJHUT IIOTOMY, YTO
HocieaoBaTeIbHble OKOJIEHUS 3BE3/ IIPOU3BOAAT U paccenBaroTcd [15-16]. boiee BbicOkas METalUIMYHOCTh MOKET BIMAThH HA
CKOPOCTh 3B€371000pa30BaHMs, ITOCKOJIBKY METAJUIBI CIIOCOOCTBYIOT OXJQKACHHIO B MEK3BE3IHOH cpeze, MO3BOJISIS Ta30BBIM
o0JTakaM KOJUTaliCHpOBaTh U (HOPMHUPOBATH HOBBIE 3BE3]IbI U3 0O0JIee TSHKEIBIX AIEMEHTOB B MExk3Be3HOM cpene [17-18]. DTu unen
MO’KHO TIOATBEPUTH Ha (puc.3): IUCK ¢ OoJiee BBICOKOI METAIUIMYHOCTHIO HMEET OOJIBIIYIO MacCy.

10.8 - 2
#1 Soral gaaxies

104} ——Bastit

oM g}

II) 0.2 04 06 08 1 ‘.‘E
ZH
Puc. 3. Coomnowenue medxcoy maccoi Oucka u
MEMANTUIHOCMBIO 36€30 6 OUCKe TONCAUOANLHBIX
CRUPATIBHBIX cANAKMUK.
MBI Takke BIIEpBBIE OOHAPYKUII KOPPEILIHI0 MEXIY BO3PACTOM M METANIMYHOCTHIO aCHMMETPUIHOTO JTUCKa ¢ Oojee
BBICOKHM K03 $uImeHToM Koppenanuu CC=0,72. MBI MOMyYrIH IMITUPUIECKYIO KOPPEIALHUIO CISTYIOIIAM 00pa3oM.

to=(7.05+1.45)Zp +(4.46+0.68) @

Speal gukas
Beatte

al |
02 4 06 08 ' 12

Puc. 4. Coomnoutenue medcoy 803pacmom u
MEmaIuyHOCmbIo 36€30 6 OUCKe
JIONCAUOANLHBIX CRUPATLHBIX 2ANAKMUK.

DTO 03HaYaeT, YTO YeM BBILIE METAJUTMYHOCTh JMCKA, TeM cTapiie 3Be3/ibl B HeM (puc. 4). Takue GoraTbie MeTauiaMu
3Be3/IbI ¢ OOJBIIEH BEPOSTHOCTHIO MOYKHO HAWTH B CIIMPAIBHBIX ajJakTHKaxX THHa Sa.

3akJi0uenne. BriepBble COCTaBIICH CIIMCOK OCHOBHBIX (PM3NYECKUX XapaKTEPUCTHK AMCKA JIOTICANAANBHBIX CITUPATIBbHBIX
TaJakTHK. BrepBble HaWIEHBl HSMIUPUYECKHE COOTHOIICHMS MEXIY OCHOBHBIMH (PM3MUECKUMH XapaKTepPHCTHKAMU
ACHMMETPHYHOTO Ancka. Hanboupimme 3Had4eHNsT MacChl ICKa COOTBETCTBYIOT CIIMPAILHBIM TAJIAKTHKaM Sa-THUIIA, HAaHMEHBIITHE
3HAQUEHMS] MAacChl JAWCKA COOTBETCTBYIOT CIMPAIbHBIM TalakTHKaM Sm-tuma. HaiineHHble sMmmpnyeckne COOTHOIICHUS
TTO3BOJISIIOT M3y4aTh YBOJIIOIHIO JTUCKA.
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SOVUQ ATMOSFERIK PLAZMANING FARMATSEVTIK OQOVA SUVLAR TARKIBIDAGI OFLOKSATSIN
ANTIBIOTIGIGA TA’SIRINI MODELLASHTIRISH
Annotatsiya

Antibiotiklardan keng foydalanish oqova suvlar ifloslanishining ortishiga olib keldi. Sovuq atmosferik plasma (SAP) an’anaviy
usullarga qaraganda antibiotiklarni parchalashda samaraliroq bo‘lib chiqdi. Biroq, SAP ta’sirining asosiy mexanizmlari hali to‘liq
o‘rganilmagan. Ushbu tadqiqotda ofloksatsin (OFL) antibiotikining SAP yordamida parchalanish mexanizmlari reaktiv molekulyar
dinamika usuli orqali o‘rganildi. Xususan, SAP tomonidan hosil gilingan reaktiv zarralar sifatida kislorod atomi tanlandi va OFL
bilan o°zaro ta’siri atomar darajada tadqiq etildi. Natijalar OFLning metil va metilen guruhlarida, aynigsa, gidroksil va epoksid
guruhlarining shakllanishini, shuningdek, tizimdan suv va karbonat angidridining ajralib chigishini ko‘rsatdi.
Kalit so‘zlar: ogova suvlar, ftorxinolon, ofloksatsin, sovuq atmosferik plazma, reaktiv kislorod zarralari, molekulyar dinamika

MODELING THE EFFECT OF COLD ATMOSPHERIC PLASMA ON THE ANTIBIOTIC OFLOXACIN IN
PHARMACEUTICAL WASTEWATER
Annotation

The widespread use of antibiotics has led to an increase in the pollution of wastewater. Cold atmospheric plasma (CAP) has proven
to be more effective than conventional methods in degrading antibiotics. However, the fundamental mechanisms of CAP’s effects
are still not fully understood. This study investigates the degradation mechanisms of the antibiotic ofloxacin (OFL) using the
reactive molecular dynamics method. Specifically, oxygen was chosen as the reactive species generated by CAP, and its interaction
with OFL was studied at the atomic level. The results showed the formation of hydroxyl and epoxy groups in the methyl and
methylene regions of OFL, as well as the release of water and carbon dioxide from the system.
Key words: wastewater, fluoroquinolone, ofloxacin, cold atmospheric plasma, reactive oxygen species, molecular dynamics

MOJIEJIMPOBAHUE BJIMSTHUSI XOJIOJJHOM ATMOC®OEPHOM ILVIA3MbBI HA AHTUBHOTHUK
O®JIOKCALUH B PAPMALHEBTHYECKUX CTOYHBIX BOAAX
AHHOTALUSA

upoxoe HUCTIONB30BaHHE AHTHOMOTUKOB MPUBEJIO K YBEIMUEHHIO 3arpsI3HEHUs] CTOUHBIX BOJ. XO0J0AHas aTMoc(epHas ruiazMa
(XAII) oxazanack 6onee 3pHeKTHBHOM I pa3sioKEeHHs: aHTHOUOTHKOB 110 CPAaBHEHHUIO C TPAJAUINOHHBEIME MeToaamu. OnHako
OCHOBHBIE MexaHu3MblI aeiictBus XAIl 10 cux mop He MOJHOCTBIO M3YUeHBl. B JaHHOM HCCIIeIOBaHUM M3YYAIOTCSl MEXaHU3MBI
pasnoxxeHuss aHtTHOHOTHKA odiokcanmHa (ODJI) ¢ ucmonb30BaHMEM METOJA PEAKIMOHHOW MOJEKYJISApHOW AuHaMuku. B
YaCTHOCTH, KUCIOPO/ ObUT BEIOpaH B KAYeCTBE PEaKTHBHOTO BelllecTBa, o0pazyemoro XAll, u ero B3aumozeiicteue ¢ ODJI Gpu10
HCCIIEIOBaHO Ha aTOMapHOM YpOBHE. Pe3ynbTaThl mokaszaiu 00pa3oBaHHe THAPOKCHUIIBHBIX U SMOKCHAHBIX TPYII B METHIBHBIX U
METHIEHOBBIX ydacTkax ODJI, a Takxke BBIENCHHE BOABI U YIIICKHCIIOTO ra3a U3 CHCTEMBL.

KniwoueBble ciaoBa: CTO4HBIE BOJBL, (DTOPXUHOJIOHBL, O(IOKCAIMH, XOJIOMHAS aTrMocdepHas IUIa3Ma, YacTHIB aKTHBHOTO
KHCIIOPOJIa, MOJIEKYJISIpHAS TUHAMHKA.

Kirish. Antibiotiklar dunyo bo‘ylab eng keng tarqalgan va ko‘p ishlatiladigan dori vositalaridan biri hisoblanadi [1].
Metabolizm jarayonidan so‘ng antibiotiklar, ularning sekin parchalanishi sababli, ko‘p miqdorda suv muhitiga chiqariladi. Bu esa
ularning ogova suvlarda uzog muddat turib golishiga olib keladi [2]. Natijada ogova suvlardagi bakteriyalarning rezistentligi (ya’ni,
antibiotiklarning ularni yo‘q qilishda samarali bo‘lmay qolishligi) oshadi. Undan tashqgari, ushbu oqova suvlar tirik organizm
tomonidan iste’mol qilinganda uning endokrin tizimiga buzuvchi ta’sir ko‘rsatishi kabi salbiy oqibatlarga olib kelishi mumkin
[3,4]. Shuning uchun, antibiotiklarni ogova suvlardan tozalash muhim vazifalardan hisoblanadi [5].

Kimyoviy tuzilishi, ta’sir qilish mexanizmi va faollik doirasi (ya’ni, mikroorganizmlarni yo‘q qilish sohasi) bo‘yicha
antibiotiklar turli xil guruhlarga (masalan, B-laktam, ftorxinolon, tetratsiklin, makrolid va aminoglikozidlarga) bo‘linishi mumkin
[6]. Shulardan ftorxinolon (FX) turli infektsiyalarni davolashda butun dunyoda keng qo‘llaniladigan antibiotiklardan biridir [7].
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Shunga qaramay, FX antibitiklarining inson va hayvonlarda so‘rilish qobiliyati juda past bo‘lganligi sababli ularning ko‘p (~70%
gacha) gismi atrof-muhitga (asosan, ogqova suvlarga) chigariladi [8].

FX antibiotiklar guruhidagi ofloksatsin (OFL) keng qo‘llaniladigan antibiotiklardan biri bo‘lib, uning dengiz va oqova
suvlarga chiqarilishi ekotizimga salbiy ta’sir ko‘rsatmoqda [9]. Aynigsa Xitoy kabi mamlakatlarda bu muammo yechilishi lozim
bo‘lgan dolzarb masalalardan biriga aylanmoqda [10,11]. Xususan, OFLning faqat 10% qismi metabolizmga uchrab, bakteritsid
ta’sir ko‘rsatsa, qolgan 90% qismi to‘g‘ridan-to‘g‘ri oz holicha ogova suvlarga chiqariladi [12,13].

Oqova suvlardagi OFLni tozalashda an’anaviy usullar, masalan, adsorbsiya, fotokataliz, membranali filtrlash va biologik
tozalash usullari qo‘llaniladi [14]. Bu usullar faqat gisman samaradorlikka ega bo‘lib, antibiotiklarni (xususan, OFLni) to‘liq
bartaraf etish uchun yetarli emas [15]. Shu sababli, so‘nggi yillarda an’anaviy va zamonaviy usullarni birlashtiruvchi innovatsion
yondashuvlar rivojlanmoqgda [16,17]. Bunday yondashuvlardan biri xona haroratiga yaqgin haroratda va atmosferik bosimda
ishlovchi plazma, yoki oddiygina sovuq atmosferik plazma (SAP) bo‘lib, u suvdagi ifloslantiruvchi moddalarni, jumladan,
antibiotiklarni samarali ravishda kimyoviy parchalaydi [18]. Nguyen va boshqalar [19] SAPdan foydalanib shifoxonalardan
chigadigan oqova suvlarda mavjud bo‘lgan antibiotiklar, jumladan FXlar sinfiga kiruvchi OFL va siprofloksatsin, shuningdek f3-
laktam sinfiga tegishli bo‘lgan amoksitsillinning parchalanishini eksperimental tadqiq etishgan. Tadqiqot natijalari shuni
ko‘rsatganki, 30 kV kuchlanishli SAP bilan 15 daqiqalik tozalash jarayonida siprofloksatsinning deyarli to‘liq yo*q qilinishi, OFL
va amoksitsillinning esa 72% dan ortiq gismi parchalanganligi kuzatilgan. Sarangapani va boshqgalar [20] SAPdan foydalanib,
oqova va go‘sht tozalashdan chiqgan suvlarda ko‘p migdorda aniqlangan ikkita FX antibiotiklari — OFL va siprofloksatsinni yugori
samaradorlik bilan yo‘q qilish bo‘yicha tadqiqot olib borishgan. Natijalar SAP ushbu antibiotiklarni muvaffaqiyatli parchalashini
hamda ularning faolligini sezilarli darajada pasayishini ko‘rsatgan.

Yugqoridagi kabi ko‘plab ilmiy tadqiqotlar olib borilayotganiga qaramasdan, SAPning FX antibiotiklariga, xususan, OFLga
degradativ ta’sirini tushuntiruvchi tub mexanizmlar hali ham noaniq bo‘lib qolmoqda. Bu borada kompyuterda modellashtirish
tadqiqotlari experimental tadqiqotlarni to‘ldirib, ular yordamida tushuntirish qiyin yoki imkonsiz bo‘lgan jarayonlarni atomar
darajada tadqiq etishda muhim rol o‘ynaydi [21-27]. Ushbu modellashtirish tadqiqot ishida SAP ning OFL antibiotigiga ta’sirini
o‘rganish uchun reaktiv molekulyar dinamika (MD) simulyatsiyalari olib borildi. Xususan, SAP hosil gilgan reaktiv kislorod (O)
atomi bilan OFL molekulasining o°zaro ta’sir mexanizmlari atomar darajada tadqiq etildi.

Modellashtirish tafsilotlari. SAP hosil gilgan O atomi va OFL molekulasi orasidagi o‘zaro ta’sirni o‘rganish hamda
reaksiya mexanizmlarini atomar darajada tushunish uchun zichlik fuktsionali-zich bog‘lash (ing., density functional-tight binding,
DFTB) [28] potentsialidan foydalangan holda reaktiv MD simulyatsiyalari olib borildi. Xususan, DFTB ning takomillashtirilgan
DFTB3 usulidan foydalanildi [29] hamda ushbu usul uchun maxsus ishlab chigilgan, organik va biomolekulyar tizimlarni yuqori
aniqlikda tasvirlaydigan “30b-3-1” parametrlar to‘plamidan foydalanildi [30,31].

OFL model tizimi (1-rasm) o‘lchami 30 x 30 x 30 A3 bo‘lgan simulyatsiya qutisi ichida joylashtirildi. Simulyatsiya qutisi
yetarlicha katta o‘lchamda tanlangan bo‘lib, u uchchala Dekart koordinatalari yo‘nalishlarida davriy chegara shartlari
qo‘llanilganligi sababli OFL molekulasi va uning davriy tasvirlari orasida o‘zaro ta’sirlarni oldini oldi.

H o H H
Aol e N/
" C—C; c—C, 0
\ / \ /N F H
H—G—N —c, —Co
H \c C/ N / N C/
HY 5°H i 1 SIS
Y on SN SN
g N—C, )
\ N
c;—C—H H
H/Im ‘17
H o Cuoy
H

1-rasm. OFL molekulasining kimyoviy tuzilishi. Ushbu molekulaning kislorod (O) atomlari bilan o ‘zaro ta ’sirida ishtirok etishi
mumbkin bo ‘Igan barcha uglerod (C) atomlari strukturada ragamlangan.

Model tizim (ya’ni OFL) energiyasi dastlab birlashgan gradient (ing., conjugate gradient) usuli yordamida
minimallashtirildi. So‘ngra, ushbu tizim 300 ps davomida kanonik (NVT) ansambl yordamida termalizatsiya qilindi.
Termalizatsiya jarayonida zarralar soni (N), tizim hajmi (V) va harorati (T) doimiy saglanib, harorat 300 K atrofida Berendsen
termostati [32] yordamida, ulanish doimiysini 100 fs qilib tanlash orgali, ushlab turildi. Keyin esa OFL model tizimi bilan O
atomlari orasidagi o°zaro ta’sirni o‘rganish bo‘yicha simulyatsiyalar o‘tkazildi. Xususan, yuqorida ta’kidlanganidek, OFL atrofida
bitta O atomi tasodifiy joylashtirildi; bunda O atomi bilan OFL orasidagi dastlabki bog‘lanmagan (ya’ni, Kulon va van der Vaals)
o‘zaro ta’sirlarning oldini olish maqgsadida O atomi OFL molekulasidan kamida 5 A uzoqlikda joylashtirildi.

Shundan so‘ng, OFLning O atomi bilan o‘zaro ta’siri natijasida kimyoviy bog‘lar hosil bo‘lishi yoki parchalanishi
jarayonlari, ya’ni reaksiya mexanizmlari, bo‘yicha cheklangan statistik ma’lumotlarni olish uchun 100 ta DFTB-MD
simulyatsiyalari o‘tkazildi. Shuni ta’kidlash joizki, yuqorida ta’kidlanganidek, har bir MD simuyatsiyasida O atomi OFL atrofida
tasodifiy hosil qilindi. O atomlar har birining ta’siri (ya’ni, har bir MD simulyatsiya) 200 ps davom etdi; bu vaqt oralig‘i OFL
strukturasidagi kimyoviy bog‘larning uzilishi va hosil bo‘lishi jarayonlarini kuzatish uchun yetarli bo‘ldi. Barcha simulyatsiyalar,
ya’ni termalizatsiya va O atomlar ta’sir simulyatsiyalarida 0,5 fs vaqt qadamidan foydalanildi. Simulyatsiyalar DFTB+ paketi
yordamida amalga oshirildi [33,34].

Natijalar va ularning tahlili. Oldingi bo‘limda ta’kidlanganidek, O atomi va OFL molekulasi orasidagi o‘zaro ta’sir
jarayonlarini atomar darajada o‘rganish uchun 100 ta DFTB-MD simulyatsiyalari o‘tkazildi. Ushbu simulyatsiyalarda O atomi va
OFL molekulasi orasidagi o‘zaro ta’sir bo‘yicha jami 19 xil reaksiya mexanizmi kuzatildi. Ushbu reaksiya mexanizmlari 1-jadvalda
umumlashtirilgan. Jadvaldan ko‘rinadiki, reaksiyalarning aksariyati (91%) OFL molekulasidan vodorod (H) atomini ajratib olish
bilan boshlanadi (1-11 reaksiyalar). Ushbu H ajratib olish reaksiyalari strukturada asosan (90%) gidroksil guruhlari hosil bo‘lishiga
olib keladi (1-10 reaksiyalar). Qolgan H ajratib olish reaksiya mexanizmida (11-reaksiya) esa strukturadan H.0 va CO:2
molekulalari ajralib chigishiga olib keladi. H ajratib olish reaksiyalaridan boshga (9%) reaksiyalarda (12-19 reaksiyalar),
strukturada ayrim bog‘larning hosil bo‘lishi (mas., C-O-C) va uzilishi (mas., C-C) holatlari kuzatildi. Ushbu reaksiyalarning
ayrimlari (4%) molekulada epoksi guruhlarining shakllanishiga ham olib keldi.
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1-jadval. O atomi (qizil rangda) va OFL molekulasi orasidagi o zaro ta’sir reaksiya mexanizmlari. 1-11 reaktsiyalarning barchasi
molekuladan H ajratib olish reaksiyasi bilan boshlanadi, ammo bu reaksiyalar ikkinchi ustunda ko ‘rsatilganidek, har xil C
atomlarida sodir bo ‘ladi. 2-ustundagi C atomlarining ragamlanishi 1-rasmga mos keladi. 12-19 reaksiyalarda H ajratib olishdan
boshqa reaksiyalar sodir bo ‘ladi.

Ne H ajratib olish reaksiyasi Sodir bo‘lishlar soni Reaksiya natijasi
1 CiH 15 C1-OH hosil bo‘ldi
2 CoH 12 C2-OH hosil bo‘ldi
3 CsH 9 Cs3-OH hosil bo‘ldi
4 C4H 10 C4-OH hosil bo‘ldi
5 CsH 12 Cs-OH hosil bo‘ldi
6 CisH 2 Ci3-OH hosil bo‘ldi
7 CieH 11 Ci6-OH hosil bo‘ldi
8 CyH 6 Ci17-OH hosil bo‘ldi
9 CigH 10 Ci1s-OH hosil bo‘ldi
10 C120H 3 C120-OH hosil bo‘ldi

C11-C12 bog* uzildi,

CO; and H0 hosil bo‘ldi

C10-O-Ci1 hosil bo‘ldi,

Ci0-Cu1 bog* uzildi

C7=0 bog" hosil bo‘ldi,

Cs-F bog" uzilib, F-Cs bog* hosil bo‘ldi
Cs-0O-Ci5 hosil bo‘ldi,

-
[

C120H va Ci3H 1

-
N

- 1

-

w
I

-

“ 7 ! Cs-C1s bog" uzildi
15 _ 1 Ci15=0 bog* hosil bo‘ldi,
Cs-Cis bog* uzilib, Cs=N2 bog* hosil bo‘ldi
16 _ 1 C15=0 bog* hosil bo‘ldi,
C15-O bog* uzilib, C14-O bog* hosil bo‘ldi
17 - 1 Cs-0-Cy epoksi guruhi hosil bo‘ldi
18 - 2 C11-O-Ci3 epoksi guruhi hosil bo‘ldi
19 - 1 Cg-0O-Cu4 epoksi guruhi hosil bo‘ldi
JAMI 100

Jadvaldan yana ko ‘rinadiki, eng ko‘p kuzatilgan reaksiya mexanizmlari (15% va 12%) bu OFL molekulasi metil va metilen
guruhlaridan H ajratib olish reaksiyasi natijasida strukturada gidroksil guruhlarining hosil bo‘lishidir (1-2 reaksiyalarga garang).
2-rasmda ushbu reaksiya mexanizmlari ko‘rsatilgan.

(a) H\ _R H_ /R H\ /R
H—Cc—N —» H—C—N/ —» H—C—N
e ~ 1 ~ pas ~
”,H R - R HO R
.o HO®
PPN oY Ho
0¥ /Cz R —» ;cz' R—>  G—R
R—N R—N R—N
~ ~ ~
R R R

2-rasm. O atomining OFL molekulasidagi metil (a) va metilen (b) guruhlari bilan o ‘zaro ta’sir reaksiya mexanizmlari. H ajratib
olish va OH radikalining bog ‘lanish reaksiyalari, mos ravishda, qizil va yashil punktir chiziqli strelkalar bilan ko ‘rsatilgan. O
atomi, OH radikali va yangi hosil bo ‘Igan gidroksil guruhi binafsha rangda ko ‘rsatilgan.

Rasmdan ma’lumki, O atomi dastlab OFL molekulasidagi metil (2a-rasm) yoki metilen (2b-rasm) guruhidan H atomini
ajratib oladi (qizil strelkalarga qarang). Bu esa tizimda OH radikali va OFL molekulasidagi radikal joyning hosil bo‘lishiga olib
keladi. Natijada ushbu radikal OFL molekulasidagi radikal joy bilan o‘zaro ta’sirlashib (yashil strelkalarga qarang) strukturada
yangi gidroksil guruhi hosil bo‘ladi.

3-rasmda O atomi va OFL molekulasi orasidagi o‘zaro ta’siri natijasida H20 va CO2 molekulalarining ajralishi hamda

epoksi guruhlarining hosil bo‘lish reaksiya mexanizmlari tasvirlangan.
(a) R (o] R

N 4 No C/D R\ ('""-.?
Vil KN T /CM 1z
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3-rasm. O atomining OFL molekulasi bilan o zaro ta’siri natijasida H20 va CO2 molekulalarining (a) hamda epoksi guruhining
(b) hosil bo ‘lishi. H ajratib olish va OH radikalining bog ‘lanish reaksiyalari, mos ravishda, qizil va yashil punktir chizigli
strelkalar bilan ko ‘rsatilgan. O atomi, ajralgan H20 va COz molekulalari hamda yangi hosil bo ‘Igan epoksi guruhi binafsha
rangda ko ‘rsatilgan.

3a-rasmdan ko‘rinadiki (1-jadvaldagi 14-reaksiya), O atomi H atomlarini C13 va C120 dan ajratib oladi. Bu esa H20 molekulasi va
strukturada radikal joylar hosil bo‘lishiga olib keladi. Keyinchalik, C11-C12 bog‘ining uzilishi natijasida CO2 molekulasi ajralib
chigadi. Bu esa pirovardida C11 va Ci3 orasida turg‘un uchlik bog* hosil bo‘lishiga olib keladi. 3b-rasmda (1-jadvaldagi 21-reaksiya)
H ajratib olish reaksiyasi kuzatilmasdan O atomi to‘g‘ridan-to‘g‘ri strukturadagi Cs va Cg atomlari bilan bog‘lanib, epoksi
guruhining hosil bo‘lishiga olib keladi.
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Xulosalar. Ushbu tadgigqotda ogova suvlar tarkibidagi FX sinfiga kiruvchi OFL antibiotigining SAP hosil gilgan O atomlari
bilan o‘zaro ta’siri mexanizmlari MD modellashtirishlari yordamida o‘rganildi. Simulyatsiya natijalari O atomlari bilan OFL
molekulasi orasidagi o‘zaro ta’sir molekulada gidroksil va epoksi guruhlari hosil bo‘lishiga olib kelishini ko‘rsatdi. Asosan, ushbu
gidroksil funksional guruhlari OFLning metil va metilen guruhlarida hosil bo‘lishi kuzatildi. Undan tashqari, reaksiyalar
mobaynida H20 va CO: kabi molekulalar ajralib chigish hodisalari ham kuzatildi. Ushbu modellashtirish natijalari tibbiy oqova
suvlardagi FX sinfiga kiruvchi antibiotiklarni tozalashda SAPning rolini yanada yaxshiroq tushunish imkonini beradi.
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IMPACT OF PLASMA OXIDATION ON BIOPOLYMER STRUCTURE: ATOMIC-SCALE SIMULATIONS
Annotation
The impact of reactive oxygen species (ROS) generated by CAP on biopolymers through computer simulations. Specifically, we
employ reactive molecular dynamics simulations to investigate the interaction of oxygen atoms (a key ROS component) with the
alginate molecule, which serves as the model system in our simulations.
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BJIMAAHUE IIJIASMEHHOI'O OKUCJIEHUS HA CTPYKTYPY BUOITIOJIUMEPA: MOAEJIMPOBAHUE B
ATOMHOM MACHITABE
AHHOTALHSA
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HCCIIe/IOBaHMs B3aUMOJICHCTBHS aTOMOB Kucioposa (kirodeBoro komroHeHTa POK) ¢ Monekymnol anpruHara, KOTOpasi CIIyKHUT
MO/JIETIbHOM CHCTEMOH B HAIlIUX MOAEIUPOBAHUAX.

KnroueBbie ciioBa: XonogHas aTMocdepHas miIa3Ma, peakTHBHBIE (JOPMBI KUCIOPO/a, OMOTONNMEpEI, albIMHATHBIN TeTpamep,
KOMIBIOTEPHBIE CUMYJISIINH, PEaKTHBHAS MOJICKYISIpHAs AUHAMHKA

PLAZMA OKSIDLANISHINING BIOPOLIMER TUZILISHIGA TA’SIRI: ATOMAR DARAJADAGI
SIMULYATSIYALAR
Annotatsiya

SAP hosil gilgan reaktiv kislorod turlari (RKT) ning biopolimerlarga ta’sirini kompyuterda modellashtirish orqali tadqiq etdik.
Xususan, reaktiv molekulyar dinamika simulyatsiyalari yordamida RKT ning asosiy komponenti hisoblangan kislorod atomlarining
model struktura alginat tetramer molekulasi bilan o°zaro ta’sirini o‘rgandik.

Kalit so‘zlar: Sovuq atmosferik plazma, reaktiv kislorod turlari, biopolimerlar, alginat tetrameri, kompyuter simulyatsiyalari,
reaktiv molekulyar dinamika

Kirish. Biopolimerlar o°ziga xos molekulyar tuzilishlari va turli fizik-kimyoviy xususiyatlari tufayli biotibbiyotda asosiy
rol o‘ynaydi. Sovuq atmosferik plazma (SAP) ning gidrogel hosil giladigan biopolimer eritmalari bilan o‘zaro ta’siri ushbu
eritmalarning barqarorligiga ta’sir ko‘rsatadi. Natijada biopolimerlar fizik va fizik-kimyoviy xususiyatlarida sezilarli o‘zgarishlar
yuzaga kelishi mumkin [1].

SAP ning biopolimerlarga oksidlovchi ta’sirini o‘rganishga bag‘ishlangan ko‘plab tadqiqotlar mavjud bo‘lsa-da, SAP va
biopolimer tuzilmalari orasidagi murakkab kimyoviy o‘zaro ta’sirlar molekulyar mexanizmlarini tushunish hamon qiyin bo‘lib
qolmoqda. Shu sababli, plazmaning alginat kabi polisaxaridlar tuzilmasiga qanday ta’sir qilishini molekulyar darajada tushunish
muhimdir. Adabiyotlarda polisaxaridlarga SAP ta’sirini o‘rganishga bag‘ishlangan bir nechta eksperimental tadgiqotlar mavjud.
Masalan, mono va polisaxaridlarga RF-plazma bilan ishlov berilganda kimyoviy o‘zgarishlar yuzaga kelishi aniglangan, bu esa
SAP bilan ishlov berilgan monosaxaridlarning yuzasi va ichki gismlarida har bir monosaxarid birligida bitta karbonil guruhining
hosil bo“lishiga olib kelgan [2]. [1]-da SAP bilan ishlov berish natijasida to‘rt yoki yettita glikozid bog‘lari bilan bog‘langan saxarid
monomerlarining zanjir uzunliklari qisqarishi haqida xabar berilgan va bu SAP hosil gilgan RKT bilan saxarid o‘zaro reaksiyaga
kirishish tufayli sodir bo‘lishi orqali tushuntirilgan.

Shuni ta’kidlash joizki, yuqorida keltirilgan eksperimental tadqiqotlar polisaxaridlarning RKT bilan molekulyar darajadagi
o‘zaro ta’siri haqida cheklangan ma’lumot beradi. Bu borada kompyuter simulyatsiyalari atomar darajadagi jarayonlarni
tushuntirish orqali eksperimental tadqiqotlarni to‘ldirishi mumkin. Bizning avvalgi molekulyar dinamika (MD) tadgiqotlarimiz
RKT (masalan, O atomlari va OH radikallari) bilan o‘zaro ta’sirlar peptidoglikan (ya’ni, gram-musbat bakteriyalar hujayra
devorining komponenti) disaxaridlarida glikozid bog‘larini uzishi va ushbu saxarid halqalarining ochilishiga olib kelishini
ko‘rsatgan [3]. Shunga o‘xshash, RKT, ayniqsa, O va OH zarralari, B1,6-glukandagi C-C va C-O bog‘larini uzish xususiyatiga ega
bo‘lib, shakar monomerlarida bog‘larning uzilishi va halqaning ochilishiga olib kelishini ko‘rsatgan [4].
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Shuni ta’kidlash joizki, yuqoridagi modellashtirish tadqiqotlari RKT ning kollektiv ta’sirlariga qaratilgan bo‘lib, individual
RKT, masalan, O atomlarining biopolimerlarga kimyoviy ta’sirini tushunish ham muhim hisoblanadi. Yaqinda olib borilgan
tadgiqotlar O atomlari gialuronan oligosaxaridlarida OH guruhlarining hosil bo‘lishini va halqaning ochilishiga olib kelishini
ko‘rsatgan [5], bu esa keyinchalik oligosaxaridning parchalanishiga va molekulyar og‘irligining kamayishiga olib kelishi mumkin
[6]. Xuddi shunday, sellotrioza va glyukuron kislotasi bo‘yicha olib borilgan tadgigotlarda O atomlari tufayli yuzaga kelgan
oksidlovchi o‘zgarishlar va parchalanishlar kuzatilgan va ushbu oligosaxaridlarga SAP ta’siri bo‘yicha olib borilgan eksperimental
tadqiqotlar natijalari bilan mos kelishi ko‘rsatilgan [7].

Shunday qilib, ushbu kompyuterda modellashtirish tadgigotimizda biz bitta RKT ning alginat tetramer molekulasiga
ta’sirini o‘rganamiz; bunda alginat biopolimerlar uchun sodda model tizim sifatida ishlatiladi. Xususan, biz reaktiv MD
simulyatsiyalaridan foydalanib, O atomining alginat molekulasiga oksidlovchi ta’sirini atomar darajada tadqiq etamiz.

Modellashtirish tafsilotlari. SAP hosil gilgan RKT ning alginat molekulasiga ta’sirini va reaksiya mexanizmlarini atomar
darajada o‘rganish uchun biz o0‘z-0‘zini muvofiglashtiruvchi zaryad DFTB (SCC-DFTB) ning kengaytirilgan versiyasi bo‘lgan
DFTB3 usulidan foydalandik [8]. Modellashtirishlarimizdagi atomlararo o‘zaro ta’sirlarni tavsivlash uchun DFTB3 uchun
moslashtirilgan “30b-3-1” parametrlar to‘plamidan foydalandik [9].

Model tizim sifatida biz algin kislotasining tetramer tuzilmasidan foydalandik (1-rasm). Ushbu model tizim alginat
polisaxaridida takrorlanuvchi barcha mumkin bo‘lgan bog‘larni o‘z ichiga oladi va bu bizga ushbu bog‘larni SAP hosil gilgan
RKT ning asosiy komponenti bo‘lmish O atomi bilan alginat tetramerining o‘zaro ta’sirini, aniqrog‘i, alginat molekulasida
oksidlanish tufayli yuz beradigan bog‘larning uzilishi yoki yangi bog‘larning shakllanishini o‘rganish imkonini beradi.

o

1-halga 2-halga 3-halqg=a d4-halg=a
1-rasm. Ikkita guluron kislota (1 va 2-halqalar) va ikkita mannuron kislota (3 va 4-halgalar) bo ‘linmalaridan tashkil topgan
algin kislotasi.

Simulyatsiyalarimizda model tizim (ya’ni, C2aH34O2s5, 83 atom, 722 g/mol) quyidagicha hosil gilindi. Dastlab, tetramer
struktura 40 A x 40 A x 40 A o‘lchamli simulyatsiya qutisiga joylashtirildi, bunda barcha uchta yo‘nalish bo‘yicha davriy
chegaraviy shartlar qo‘llanildi. So‘ngra model tizim birlashgan gradient algoritmi yordamida energiyasi minimallashtirildi. Keyin
esa model tizim Berendsen termostati [10] yordamida kanonik NVT ansamblida, 300 K haroratda, 1200 ps davomida, 100 fs
birikish konstantasini qo‘llash orqali muvozanatlashtirildi.

Keyin, molekuladan 7 A minimal masofada bitta O atomi tasodifiy tarzda hosil gilindi; bu masofa dastlabki uzoq masofali
bog‘lanmagan (ya’ni, Kulon va van der Vaals) o‘zaro ta’sirlarni oldini olish uchun yetarli bo‘ldi. Ushbu sharoitni qo‘llagan holda
200 ta o‘zaro ta’sir simulyatsiyasi amalga oshirildi. Har bir MD simulyatsiya uchun umumiy vaqt 200 ps etib tanlanib, bu vaqt
strukturadagi bog‘larning uzilishi va yangi bog‘larning shakllanishini kuzatish uchun yetarli bo‘ldi. Barcha simulyatsiyalarda vaqt
gadami etib 0,5 fs ishlatildi. Qayd etish joizki, MD simulyatsiyalarda DFTB usuli bilan bog‘liq yuqori hisoblash xarajatlari tufayli
model molekulani gamrab oluvchi suv gatlami hisobga olinmadi. Shu sababli model tizim sifatida alginat o‘rniga algin kislotasi
molekulasi ishlatildi.

Natijalar va ularning muhokamasi. Experimental natijalarni tasdiglash va SAP hosil gilgan gisga yashovchi zarralar
bilan model molekula orasidagi o‘zaro ta’sir mexanizmlarini tadqiq etish uchun biz reaktiv MD simulyatsiyalarini amalga oshirdik.
Umuman, 200 tajribadan 85 ta reaktsiya mexanizmlarini anigladik. 2-rasmda tetramer molekulasidagi uglerod (2a-rasm), kislorod
(2b-rasm), uglerod va kislorod (2c-rasm) hamda ikkita kislorod atomidan (2d-rasm) vodorodning ajralishi bilan bog‘liq reaktsiyalar
tasvirlangan. Asosiy natijalar sodir bo‘lish tezligi bo‘yicha, gidroksil (a-gidroksikislotalar va geminal diollar) hamda keton
guruhlarining shakllanishini ko‘rsatdi. Gidroksil guruhlari asosan 6 a’zoli halqadagi uglerod atomidan vodorodning ajratib olinishi
orqali hosil bo‘ladi. Bunda dastlab C-markazli radikal va OH radikali hosil bo‘ladi, so‘ngra ular qayta birikib molekulada gidroksil
guruhini hosil giladi (2a-rasm).
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2-rasm. Alginat tetramer molekulasining turli gismlaridagi C yoki O atomlaridan H atomining ajralishi bilan bog ‘liq reaktsiya
mexanizmlari. Reaksiya natijalari alginatda gidroksil (a), gidroperoksid (b) va karbonil guruhlari (c-d) shakllanishi
mumbkinligini ko ‘rsatadi. Qizil chizigli o ‘qlar H-ajralish reaktsiyalarini, yashil chizigli o ‘glar esa molekulaga OH qo ‘shilish
reaktsiyalarini ko ‘rsatadi. Yangi hosil bo ‘Igan funktsional guruhlar pushti rangda ko ‘rsatilgan.

MD simulyatsiyalarning 25 % holatida kuzatilgan natija bu peroksid bog‘larining hosil bo‘lishidir. Bunda molekuladagi O
atomidan vodorod ajratib olinadi va bu OH radikali va O-markazli radikal hosil bo‘lishiga olib keladi. Natijada ular qayta birikib
peroksid bog‘ining shakllanishiga olib keladi (2b-rasm). Keton guruhlari qo‘shni C va O atomlaridan vodorodning ajratib olinishi
natijasida C=0 qo‘sh bog‘ining paydo bo‘lishi orqali hosil bo‘ladi (2c-rasm). Ushbu natijalar umumiy natijalarning 44,5 % ni
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tashkil etadi. Undan keyingi eng ko‘p uchragan reaksiya mexanizmi bu alginat molekulasida bir yoki ikkita aldegid guruhining
hosil bo‘lishidir va u 6 a’zoli halqalar ochilishi bilan bir vaqtda sodir bo‘ladi. Buning natijasida dastlab ikkita O-markazli radikallar
hosil bo‘ladi. Keyin esa C-C bog* gomolitik ravishda uzilib, ikkita C-radikal hosil bo‘ladi va ular ushbu ikkita O-radikallar bilan
gayta birikib, ikkita karbonil guruhini hosil giladi (2d-rasm).

Boshga H-ajralishi reaktsiya mexanizmlari, masalan, karbenlar, C=C qo‘sh bog‘lari va molekulada radikal markazlar hosil
bo‘lishi, shakar halqalarining qisqarishi yoki kengayishi, shuningdek, molekulaning boshqa kichikroq qismlarga parchalanishiga
olib kelishi mumkin.

Alginat tetramer molekulasining parchalanishiga olib keluvchi muhim reaktsiya mexanizmlaridan biri bu shakar
monomerlari orasidagi glikozid bog‘ining uzilishidir. 3-rasmda karbonil guruhlarining hosil bo‘lishi hamda C-O va C-C
bog‘larining uzilishiga olib keluvchi H-ajralishi reaktsiya mexanizmi ko‘rsatilgan. Rasmdan ko‘rinadiki, O atom tomonidan C5'-
OH dan H ajratib olinishi OH radikali va C5'=0 va C6'=0 qo‘sh bog‘larining hosil bo‘lishiga hamda C5’-C6’ va C9’-O bog‘larining
dissotsiyatsiyasilanishiga olib keladi.

HO *
3-rasm. O atomi tomonidan H-ajratib olinishi natijasida C6'-O-C9' glikozid bog ‘ining uzilishi va keyinchalik alginat tetramer
molekulasining parchalanishi.

Bunda oxirgi bog‘ (ya’ni, C9-O bog‘i) glikozid bog‘i hisoblanadi. Keyingi OH radikali tomonidan H-ajratib olinishi
reaksiyasi C9'=C10’ va C11'=0 qo‘sh bog‘larining hosil bo‘lishiga va C10'=C11’ bog‘ining uzilishiga olib keladi (3-rasm).
Shunday qilib, ushbu reaksiya 3 va 4-halgalarning ochilishi (1-rasmga qarang) hamda glikozid bog‘ining uzilishiga olib keladi.
Natijada alginat molekulasining parchalanishi ro‘y beradi.

Xulosalar. Alginat tetrameri va O atomlari orasidagi o‘zaro ta’sir bo‘yicha reaktiv MD usuli yordamida olingan natijalar
ushbu biopolimerning oksidlanish mexanizmlarini atomar darajada tushunishda muhim ahamiyatga ega. O atomlari alginat
molekulasi bilan ta’sirlashganda turli xil kimyoviy reaktsiyalar kuzatildi. Xususan, reaksiyalar natijasida gidroksil, keton hamda
aldegid kabi guruhlarning hosil bo‘lishi kuzatildi. H-ajralishi jarayonlari glikozid bog‘larning uzilishi va shakar halqalarining
ochilishi kabi muhim mexanizmlarga olib keldi. Modellashtirish natijalari yana shuni ko‘rsatdiki, O atomlari bilan bog‘liq
reaktsiyalarning aksariyati vodorod atomlarining ajralishi bilan boshlandi va bu jarayonlarning ko‘pchiligi uglerod va kislorod
atomlarida sodir bo‘ldi. Bunda peroksid bog‘lari, suv va CO2 molekulalari ajralishi kuzatildi. Ushbu reaktsiyalar natijasida
alginatning molekulyar tuzilishi o‘zgardi.

Ushbu tadgiqotlar biopolimerlardan tashkil topgan gidrogellarning oksidlanish jarayonlarini yaxshiroq tushunish uchun
zarur bo‘lgan mexanizmlar va reaktsiyalarni ochib beradi.
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SECONDARY NEUTRON PRODUCTION IN PROTON THERAPY
Annotation
This study focuses on the detailed characterization of secondary neutron production in proton therapy through Monte Carlo
simulations using the GEANT4 toolkit. The primary objective is to analyze neutron yield, energy spectra, angular distribution, and
the resulting dose deposited by these secondary particles in various clinical scenarios.
Key words: proton therapy, secondary neutrons, Monte Carlo Simulations, GEANTA4, radiation dosimetry, Pencil Beam Scanning,
Passive Scattering, Neutron Shielding, cancer treatment, Relative Biological Effectiveness (RBE)

OBPA3OBAHME BTOPUYHUX HEUTPOHOB B IPOTOHHOM TEPAIIAA
AHHOTaALHA

Hacrosmee uccnenoBanne mocBAMIeHO ACTaIbHON XapaKTEPUCTHKE 00pa30BaHMs BTOPUIHBIX HEUTPOHOB B IPOTOHHON TEPAIIHH C
ucnoas3zoBanueM Monre-Kapio mogenupoBanust B cpene GEANT4. OcHOBHOI 1ETbIO SIBISIETCS aHAIU3 BbIX0J1a HEHTPOHOB, UX
SHEPreTHYECKOI0 CIEKTpa, YIJIOBOI'O paclpeleleHUs M J03bl, CO3/AaBaeéMOM 3TUMM BTOPUYHBIMU YacCTHLAMU B Pa3IMUHBIX
KJIMHUYECKUX CLIEHApHUsX.

KnioueBble cioBa: IpOTOHHAs Tepanus, BTOpUYHBIC HEHTpoHBI, MonenuposaHue Monrte-Kapino, GEANT4, noszumerpus
pajuanyy, CKaHUPOBaHME KapaHJAIIHBIM ITy9IKOM, ITACCHBHOE paccesHHe, HeWTPOHHAS 3aIInTa, JICUYSHHE paka, OTHOCHUTENbHAs
ononormueckas 3pdexkruBHOCTH (OBD).

PRATON TERAPIYADA IKKILAMCHI NEYTRONLAR HOSIL BO‘LISHI
Annotatsiya
Ushbu tadgiqot GEANTA4 vositasida Monte-Karlo simulyatsiyalaridan foydalanib, proton terapiyasida ikkilamchi neytronlar hosil
bo‘lishini batafsil tahlil gilishga bag‘ishlangan. Asosiy maqsad neytron chiqishi, ularning energiya spektri, burchak tagsimoti va
turli klinik holatlarda ushbu ikkilamchi zarrachalar tomonidan yutilgan dozani tahlil gilishdir.
Kalit so‘zlar: proton terapiyasi, ikkilamchi neytronlar, Monte-Karlo simulyatsiyasi, GEANT4, radiatsiya dozimetri, galam
nurlarini skanerlash, passiv targalish, neytronlarni himoya qilish, saratonni davolash, nisbiy biologik samaradorlik (RBE)

Introduction. Proton therapy has revolutionized cancer treatment by enabling precise dose delivery while minimizing
radiation exposure to surrounding healthy tissues. Unlike conventional photon therapy, protons exhibit a Bragg peak effect, where
energy deposition is concentrated at a specific depth, reducing the exit dose beyond the tumor. However, the interaction of protons
with matter leads to nuclear reactions that produce secondary neutrons. These neutrons are highly penetrating and contribute to
out-of-field doses, potentially increasing the risk of radiation-induced complications[1].

Secondary neutron production is particularly concerning in pediatric patients, as they are more sensitive to radiation-
induced malignancies due to their longer post-treatment life expectancy[2]. The neutron yield depends on factors such as beam
energy, delivery method, and treatment geometry. Passive scattering techniques tend to generate higher neutron flux compared to
pencil beam scanning, as the former involves interactions with scattering foils and collimators [3].

This study employs Monte Carlo simulations using GEANT4 to systematically investigate secondary neutron production
in proton therapy. The results provide insights into neutron energy spectra, spatial distribution, and potential mitigation strategies
to enhance patient safety.

Proton Therapy and the Bragg Peak

Proton therapy relies on the unique physical properties of protons to deliver radiation doses with high precision. The
energy deposition profile of protons follows a characteristic Bragg curve, where the majority of the energy is deposited at a well-
defined depth, known as the Bragg peak (see Figure 1). This property makes protons particularly suitable for treating deep-seated
tumors while sparing healthy tissues in front of and beyond the target volume[4].
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Figure 1: Dependence of the stopping power of protons in
range for different energies.

When protons interact with atomic nuclei within the patient’s body or treatment components, nuclear reactions occur,
leading to the production of secondary radiation, including gamma rays, charged fragments, and neutrons. The probability of these
interactions depends on the proton energy, target material composition, and interaction cross-sections.

Secondary neutrons in proton therapy originate from several processes, including:
- Elastic Scattering: Neutrons scatter off atomic nuclei without causing nuclear reactions, leading to energy loss and angular

redistribution.
- Inelastic Scattering: Protons interact inelastically with nuclei, resulting in neutron emission and nuclear excitation.
- Spallation Reactions: At higher energies, protons induce spallation reactions, where the target nucleus disintegrates,

emitting multiple secondary particles, including neutrons.
Biological Impact of Secondary Neutrons
Unlike charged particles, neutrons do not directly ionize biological tissues but transfer energy through secondary charged
particles created via neutron interactions. The relative biological effectiveness (RBE) of neutrons is significantly higher than that
of photons, leading to a greater probability of radiation-induced damage[5]. This is particularly concerning for pediatric patients,
as they have a longer post-treatment life expectancy and a higher susceptibility to secondary malignancies.

Proton therapy employs two primary delivery techniques:
1. Passive Scattering: Uses beam-modifying devices such as collimators and compensators to shape the proton beam,

leading to increased neutron production due to multiple interactions with these structures.
2. Pencil Beam Scanning (PBS): Delivers narrow proton beams that are magnetically scanned across the tumor,

significantly reducing the number of beam modifiers and, consequently, the secondary neutron yield.
Results and Discussion. The Monte Carlo simulations conducted in this study provide a comprehensive understanding of

secondary neutron production in proton therapy under different beam delivery methods. The results highlight the significant
differences in neutron yield, spatial distribution, and energy spectra between passive scattering and pencil beam scanning (PBS)

techniques.
The simulations show that neutron production is highly dependent on the proton beam energy and target material
composition (Figure 2). Higher-energy protons (above 150 MeV) tend to generate a more substantial number of secondary neutrons

due to inelastic nuclear interactions and spallation reactions. The energy spectrum analysis indicates that:
- Low-energy neutrons (below 1 MeV) are predominantly produced inside the patient body due to elastic and inelastic

scattering.
- Intermediate-energy neutrons (1-10 MeV) contribute significantly to out-of-field doses.
- High-energy neutrons (above 10 MeV) are primarily generated from interactions with beamline components, such as

collimators and range modulators.

Figure 2: Proton therapy dose distributions: no neutrons (left) and with neutrons
(right)

These secondary neutrons have a broad energy distribution, impacting both dose deposition and biological effectiveness.
The neutron dose maps reveal distinct spatial distributions depending on the beam delivery technique: In passive scattering therapy,
neutron production is concentrated near beam-modifying components such as collimators and scattering foils. This results in a
higher neutron fluence outside the primary treatment field. In pencil beam scanning (PBS), neutron production is significantly
lower because the beam is magnetically scanned across the tumor without the need for additional beam modifiers. The reduction
in neutron dose is particularly beneficial for pediatric patients, where secondary malignancies are a significant concern.

The neutron dose decreases with increasing distance from the treatment field, but residual neutron exposure can still be
observed up to several centimeters away from the target volume. This highlights the need for advanced shielding techniques in

treatment planning.
The following key observations were made:
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Using neutron-absorbing materials (e.g., borated polyethylene, high-density polyethylene) effectively reduces neutron dose
contributions.

Increasing the distance between the patient and beamline components significantly lowers neutron fluence.

Optimizing collimation and treatment planning can further reduce unnecessary neutron exposure.

Conclusions. The results of this study emphasize the importance of mitigating secondary neutron exposure in proton
therapy. The findings suggest that:

1.PBS should be prioritized over passive scattering whenever feasible, as it significantly reduces neutron production.

2.Shielding strategies must be optimized in clinical settings to minimize the out-of-field neutron dose.

3.Future proton therapy treatment planning should incorporate neutron dose considerations to enhance patient safety,
particularly for pediatric and long-term cancer survivors.
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EXPLORING MOLECULAR INTERACTIONS BETWEEN SERINE AND ACETIC ACID
Annotation

The intermolecular interactions between serine and acetic acid were investigated using Density Functional Theory (DFT) method.
The study focused on solute—solvent interactions, hydrogen bonding, and noncovalent interactions using frontier molecular orbital
(FMO), vibrational spectroscopy, atoms in molecules (AIM), and Noncovalent Interaction-Reduced Density Gradient (NCI-RDG)
analyses. The results revealed the formation of O-H...O, N-H...O, and C-H...O hydrogen bonds between serine and acetic acid.
AIM and NCI-RDG analyses confirmed the presence of noncovalent interactions, while vibrational spectra provided insight into
the structural changes caused by these interactions. This work provides a comprehensive understanding of the molecular
interactions between serine and acetic acid, which are related to biochemical processes and solvent effects in amino acids.

Key words: serine, acetic acid, DFT, hydrogen bonding.

N3YYEHUE MOJIEKYJISIPHBIX B3AUMOJEVCTBUI MEXKJIY CEPUHOM M YKCYCHOI KHCJIOTOM
AnHOTaLUA

MexMomneKyIsIpHbIe B3aHMOJICHCTBHUS MKy CEPHHOM M YKCYCHOH KHCIIOTOH OBLIH HCCIIEOBAHBI C MCIOJIL30BAaHUEM METOHa
teopnu QpyHknnoHana mioTHoctd (TPII). MccnenoBanue ObLTO COCPETOTOUCHO HA B3aUMOACHCTBUAX PACTBOPEHHOTO BEIIECTBA U
pacTBOpHUTENs,, BOJOPOJHBIX CBS3SIX M HEKOBAJCHTHBIX B3aMMOJICHCTBHAX C HCIIOIb30BAHHEM aHAIM3a IOTPAHUIHBIX
MoJeKyIsIpHBIX opOutaneii (IIMO), komebaTenbHOI CHEKTPOCKONHH, aTOMOB B Mosekynax (AIM) u HeKoBaJIeHTHOTO
B3aHMOJICHCTBUS ¢ IIpuBeAeHHBIM rpaarenToM iotHoctd (NCI-RDG). Pesynprats! mokasanu o6pa3zoBaHne BOJOPOIHBIX CBsI3el
0O-H...O, N-H...O u C-H...O mexny cepuHoM u ykcycHoW kucioroil. Anamusel AIM u NCI-RDG noarBepaunu Hamuuue
HEKOBAJICHTHBIX B3aUMOJICHCTBHIA, B TO BpeMsl Kak KoyieOaTeJIbHbIE CIIEKTPHI IaIN NPEJCTaBICHUE O CTPYKTYPHBIX H3MEHEHUSIX,
BBI3BAaHHBIX 3THMH B3aMMOJACHCTBHSAMH. JTO HCCIEAOBAaHHE JaeT BCECTOPOHHEE MOHMMAaHHE MOJIEKYJSIPHBIX B3aMMOAEHCTBHI
MEXJ[y CEPUHOM M YKCYCHOH KHCIIOTOH, KOTOpPBIE CBS3aHBI C OMOXMMHYECKHMH IponeccaMu W >(dexramu pacTBOpUTENs B
AMUHOKHCIIOTaX.

KnioueBsble ciioBa: cepuH, ykcycHas kucinora, DFT, Bomopoaabie CBs3H.

SERIN VA SIRKA KISLOTASI O‘RTASIDAGI MOLEKULALARARO TA’SIRLARNI O‘RGANISH
Annotatsiya

Serin va sirka Kislotasi o‘rtasidagi molekulalararo ozaro ta’sir Zichlik funksional nazariyasi (DFT) usuli yordamida tekshirildi.
Tadgiqot chegaraviy molekulyar orbitallar (FMO), tebranish spektroskopiyasi, molekulalardagi atomlar (AIM) va nokovalent
o‘zaro ta’sirlar — pasaytirilgan zichlik gradienti (NCI-RDG) tahlillari yordamida eruvchi va erituvchi o‘zaro tasiri, vodorod
bog‘lanish va nokovalent o‘zaro ta’sirlarni o‘rganishga garatilgan. Natijalar serin va sirka kislotasi o‘rtasida O-H...O, N-H...O va
C-H...O kabi vodorod bog‘lanishlarning shakllanishini anigladi. AIM va NCI-RDG tahlillari nokovalent ta’sirlarning mavjudligini
tasdigladi, tebranish spektrlari esa ushbu o‘zaro ta’sirlar natijasida yuzaga kelgan tarkibiy o‘zgarishlar hagida tushuncha berdi.
Ushbu tadgigot aminokislotalarda biokimyoviy jarayonlar va erituvchi ta’siri bilan bog‘liq bo‘lgan serin va sirka kislotasi
o‘rtasidagi molekulyar o‘zaro ta’sirlarni har tomonlama tushunish imkonini beradi.

Kalit so‘zlar: serin, sirka kislotasi, DFT, vodorod bog‘lanish.

Introduction. Intermolecular interactions play a crucial role in determining the structure, stability, and function of
biomolecules. Among these interactions, hydrogen bonding is particularly significant in biological systems, influencing protein
folding, enzyme catalysis, and molecular recognition [1]. Serine, a polar amino acid, is known for its ability to form hydrogen
bonds due to its hydroxyl (-OH) and amino (-NH>) functional groups. Acetic acid, a simple carboxylic acid, is a common solvent
and a model system for studying hydrogen bonding and solute-solvent interactions [2]. Understanding the interactions between
serine and acetic acid is essential for elucidating the behavior of amino acids in acidic environments and their solvation dynamics.

Previous studies have extensively investigated hydrogen bonding in amino acids and carboxylic acids [3-6]. Density
Functional Theory (DFT) calculations have been extensively employed to investigate the molecular interactions between amino
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acids and solvent molecules, providing insights into structural properties, hydrogen bonding, and vibrational dynamics [7]. Gong
et al. [8] conducted a comprehensive DFT study on 1:1 complexes of serine with water, exploring multiple geometries and
hydrogen-bonding interactions. Their findings revealed that the polarity of the solvent significantly influences the structures and
relative stabilities of different isomers. Ramirez et al. [9] performed a structural and vibrational analysis of serine in aqueous
solution using Fourier transform spectroscopy combined with DFT calculations. They confirmed the zwitterionic structure of serine
in solution and provided detailed assignments of vibrational bands, enhancing the understanding of solute-solvent interactions.
Qun-yan Wu et al [10]. studied the hydrogen-bonded 1:1 complexes formed between formamide and serine molecules using DFT
method at various levels. They reported a shift in the vibrational frequency.

Despite the extensive research on hydrogen bonding and solute-solvent interactions, the specific interactions between serine
and acetic acid remain underexplored. This study aims to fill this gap by employing a combination of computational methods to
analyze the intermolecular interactions between serine and acetic acid. The results will contribute to a deeper understanding of the
molecular mechanisms underlying these interactions and their implications in biochemical processes.

Methods

All calculations were performed using Gaussian 09 software [11] at the B3LYP/6-311++G(d,p) level of theory. The
molecular geometries of serine and acetic acid were optimized, and frequency calculations were conducted to ensure the absence
of imaginary frequencies, confirming the stability of the structures. The topological parameters of the electron density distribution
in the most stable structure were obtained using the Multiwfn [12] tool. The results of the NCI-RDG analysis were visualized using
the tool VMD [13].

Results and Discussion

Structural and Energetic Properties

Figure 1 shows the optimal geometries of serine, acetic acid, and their 1:1 complexes determined using the B3LYP/6-
311++G(d,p) functional set. The optimized geometry of the serine-acetic acid (SA) complex revealed strong hydrogen bonding
interactions, primarily involving the hydroxyl, amino, and carboxyl groups. The results demonstrate that serine and acetic acid
form strong hydrogen bonds, primarily through the hydroxyl and carboxyl groups. Table 1 presents the energetic parameters of the
complexes, such as total energy (Etwr), relative energy (AE), bond energy (BE), Gibbs energy difference (AG), entropy (S), and
enthalpy (H). The binding energies of the SA complexes range from 7 to 15.7 kcal/mol, in the following decreasing order:
SA1>SA4>SA3>SA5>SA2. The results show that among the SA complexes, the SA1 complex has the highest binding energy. It
was found that the Gibbs free energy difference of the SA1 complex is negative (AG<0), while the remaining complexes (SA2,
SA3, SA4, SAS) have a positive value (AG>0). The negative value of the Gibbs free energy difference indicates thermodynamic
stability. It was found by calculation that the SA1 complex is the most stable structurally and thermodynamically among the SA
complexes.
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Figure 1. Optimal geometric structures of 1:1 complexes of serine and acetic acid molecules
Table 1. Energetic parameters of 1:1 complexes of serine and acetic acid molecules

Complex Et, Hartree AE, kcal/mol BE, kcal/mol AG, kcal/mol S, keal/mol*K H, Hartree
SA1l -628,282061 0 15,774 -3,398 119,279 0,190760
SA2 -628,267233 9,305 6,470 3,823 126,475 0,190859
SA3 -628,270023 7,554 8,220 2,601 125,028 0,191010
SA4 -628,270833 7,046 8,729 1,781 125,901 0,190934
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SAS | -628,268188 | 8,705 | -7,069 | 3,319 | 126,358 | 0,190956 |

Frontier Molecular Orbitals (FMO) analysis

Frontier molecular orbitals (FMOs), also known as the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO), play an important role in determining the chemical reactivity, biological activity, kinetic
stability, electronic and optical properties of molecular complexes [14]. Table 2 lists the HOMO and LUMO energies of serine,
acetic acid, and SA complexes, along with the parameters they describe, such as HOMO-LUMO gap (Eg), hardness (1), chemical
potential (pt), global electrophilic index (o), electron affinity (EA), and ionization energy (IE). The HOMO-LUMO gap values for
serine and acetic acid molecules were found to be 6.291 and 7.580 eV, respectively. The FMO analysis showed a reduced HOMO-
LUMO gap in the SA complexes compared to isolated molecules, suggesting increased stability and reactivity upon complex
formation. The greater the HOMO-LUMO gap and hardness, the more stable and less reactive this molecular system is, and
according to these values. It was found that the most stable complex is SA1, and the order is as follows: SA1>SA3>SA2>SAS5>SA4.

Table 2. Parameters characterizing the reactivity of serine, acetic acid, and SA complexes.

Parameters Serine Acetic Acid SA1l SA2 SA3 SA4 SA5

Eromo (6V) -6,956 8,003 6,903 -6,904 6,812 6,652 7,019
ELowo (V) -0,665 0422 0,771 -0,815 -0,695 0,837 -0,948
EqEnomo-Erumo (V) -6,291 7,580 6,132 -6,089 6,117 5,814 6,071
=(Enomo-Eumo)2 (V) 3,145 3,790 3,066 3,04 -3,058 2,907 3,035
1=(Exomo*ELumo)/2 (8V) 3811 4212 3,837 3,860 3,754 3,745 3,983
w=p?/2n (eV) 2,309 2,341 2,401 2,447 2,303 2412 2,613
IP=-Eiomo (6V) 6,956 8,003 6,903 6,904 6,812 6,652 7,019
EA=-Erumo (V) 0,665 0422 0,771 0,815 0,695 0,837 0,948

Vibrational analysis

Table 3 presents the C=0, O-H and N-H stretching frequencies of serine, acetic acid and SA complexes. The C=0 stretching
frequencies of serine and acetic acid were found to be 1814 and 1818 cm™, respectively. The N-H symmetric and asymmetric
stretching frequencies of serine were 3514 and 3597 cm™, respectively. The O-H stretching frequencies of serine and acetic acid
were 3759 and 3858 cml, respectively. Vibrational analysis revealed red shifts in the stretching frequencies of carbonyl (C=0),
hydroxyl (O-H) and amino groups (NH2), consistent with hydrogen bond formation (Table 3). These spectral shifts provide
experimental validation of the computational predictions regarding interaction sites. The vibrational spectra provide evidence of
structural changes induced by hydrogen bonding, consistent with previous studies on amino acid-solvent interactions [3].

Table 3. Selected vibrational modes and frequencies of serine, acetic acid, and SA complexes (without scale factor)

Vibrational modes/frequencies (cm™) Serine Acetic acid SAl SA2 SA3 SA4 SA5
v(C=0) 1814 1818 1708 1759 1781 1763 1775
1758 1789 1809 1789 1793

v(O-H) 3759 3759 3858 3856 3860 3859 3858
3858 3235 3750 3760 3751 3752

3121 3500 3441 3428 3559

v(N-H) 3514 - 3517 3517 3486 3515 3514
3597 3600 3597 3575 3598 3596

AIM and NCI-RDG analyses

Atoms in Molecules (AIM) theory is a useful tool for studying the nature of weak interactions, especially hydrogen bonding,
in various molecular systems. According to this theory, the existence of critical bonding points (BCPs) is the key to describing any
chemical bond, including hydrogen bonding. The topological parameters of the electron density in the BCPs, such as the density
of all electrons p(r), the Lagrangian kinetic energy G(r), the Potential energy density V(r), the Energy density H(r), the Laplacian
of electron density V2p(r) and the Hydrogen bond energy Ewi, characterize the nature and strength of the bond. Table 4 lists some
topological parameters of the hydrogen-bonding BCPs of SA complexes. It was found that the electron density and the electron
density Laplacian in SA complexes are in the range of hydrogen bonding [15]. A negative value of the energy density (H(r)<0)
means that the hydrogen bond is covalent in nature, and a positive value (H(r)>0) means that it is electrostatic in nature. The
hydrogen bond energy was calculated using the formula Eng=-V(r)/2. AIM analysis showed that the SA complexes are formed by
O-H...O, N-H...O and C-H...O hydrogen bonds. The O-H...O bond energy varies in the range of 6.714-14.150 kcal/mol, with the
SA1 complex having the highest binding energy.

Table 4. Topological parameters in BCPs of SA complexes

H-bonds nd p(), G, V), H(). Vip(r), Eve, keal/mol
a.u. a.u. a.u. a.u. a.u.

SAL

018-H22...06 [ 1.690 [ 0.0448 [ 0.0374 [ -0.0414 [ -0.0040 [ 01337 [ 12.989
05-H7...017 | 1.666 [ 0.0477 | 0.0397 | -0.0451 | -0.0054 | 0.1370 [ 14150
SA2

0O18-H22...06 [ 1817 [ 0.0304 [ 0.0266 [ -0.0250 [ 0.0016 [ 01125 [ 7.844
C2-H4...017 | 2.539 | 0.0085 | 0.0057 | -0.0049 | 0.0008 | 0.0260 [ 1537
SA3

018-H22...08 [ 1780 [ 0.0343 [ 0.0302 [ -0.0298 [ 0.0003 [ 0.1220 [ 9.350
N9-H10...017 | 2.168 | 0.0156 | 0.0118 | -0.0098 | 0.0019 | 0550 | 3.075
SA4

05-H7...017 [ 1797 [ 0.0340 [ 0.0294 [ -0.0290 [ 0.0004 [ 0.1104 [ 9.099
C16-H20...06 | 2.903 [ 0.0116 | 0.0079 | -0.0066 | 0.0013 | 0.0370 [ 20711
SAS

018-H22...06 [ 1.851 [ 0.0266 [ 0.0242 [ -0.0214 [ 0.0028 [ 0.1080 [ 6.714
C1-H14...017 | 2.366 | 0.0115 | 0.077 | -0.0066 | 0.0011 | 0.0356 [ 2.071

NCI-RDG is a method used to visualize and estimate the strength of non-covalent interactions based on electron density
and its derivatives. This analysis helps to distinguish between hydrogen bonds, van der Waals interactions, and repulsive forces.
Figure 5 shows the results of NCI-RDG analyses of SA complexes. Blue areas (sign(A2)p<0) in the diagrams represent mutual
attraction forces (hydrogen bonds, halogen bonds, etc.), green areas (sign(A2)p=0) represent van der Waals forces, and red areas
(sign(A2)p>0) represent repulsive forces. The results of NCI-RDG analyses show that hydrogen bonds are dominant in SA
complexes.
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Figure 5. RDG scatter maps and NCI isosurfaces for SA complexes
Conclusion. This study provides a detailed computational analysis of the intermolecular interactions between serine and
acetic acid. Using DFT calculations at the B3LYP/6-311++G(d,p) level, key hydrogen bonding and electronic properties were
elucidated through MEP, FMO, vibrational, AIM, and NCI-RDG analyses. The results demonstrate significant stabilization effects
due to hydrogen bonding, contributing to the broader understanding of solute-solvent interactions in biochemical and
pharmaceutical contexts. Future studies may explore these interactions in larger biomolecular systems to further investigate
solvation dynamics and their role in biological processes.
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EFFECT OF OPTICAL ACTIVITY ON THE PERFORMANCE OF BRAGG DIFFRACTION OF LIGHT IN
ACOUSTIC WAVES IN BISMUTH GERMANATE CRYSTALS
Annotation

The influence of optical activity on the efficiency of Bragg light diffraction in transverse acoustic waves in bismuth germanate
crystals has been investigated, taking into account the photoelastic constants and the M. acousto-optic figure of merit values, as
well as the piezoelectric and electro-optic effects. The propagation directions of acoustic waves in the (110) plane, where the Ma
coefficient attains its maximum value, have been determined. The identified characteristics of Bragg light diffraction in transverse
acoustic waves will be beneficial for the development of acousto-optic devices.

Key words: Bragg diffraction, bismuth germanate crystals, acoustic waves, photoelastic constants, acousto-optic quality factor.

BJIUSHUE ONTUYECKON AKTUBHOCTU HA 3@ ®EKTUBHOCTH BPAITOBCKOM TUPPAKIIUA CBETA
HA AKYCTHYECKUX BOJIHAX B KPUCTAJVIAX TEPMAHATA BUCMYTA
AnHOTaLUA

HccnenoBaHo BIMSHUE ONTHYECKOH aKTHMBHOCTH Ha 3(QEKTHBHOCTH OpIITOBCKOM OUpakiMu cBeTa Ha IIONEPEYHBIX
aKyCTHYECKHX BOJHAX B KpHCTa/UIaX TepMaHaTa BHCMYTa C y4eTOM (OTOYIPYIMX KOHCTAHT M 3HAUCHHUIl aKyCTO-ONTHYECKOTO
KauecTBEHHOTO Kodddurmenta Mz, a Takke Mbe303IeKTPHIECKOT0 U AIIEKTPoonTHIecKoro ¢ dexTos. OnpeneneHs! HaMpaBICHUST
pactpocTpaHeHus aKycTudeckux BoiH B (110) mrockocTH, mpu KOTOPBIX K03((GHUIHEHT M2 TOCTUTAeT CBOEr0 MaKCHMAIbHOTO
3HaueHNUs. BrIsiBIeHHBIE 0cOOEHHOCTH OPITTOBCKOH AH(PaKIIMH CBETA Ha ITONIEPEYHBIX aKyCTHIECKUX BOJHAX Oy/IyT MOJIE3HbI IPH
pa3paboTKe aKyCTO-ONTHYECKHUX YCTPOHCTB.

KmroueBbie cioBa: Bparroeckas nudpakims cBeTa, KPUCTAUIBI I'eépMaHaTa BHCMYTa, aKyCTHUECKHE BOJHBI, (oToympyrue
KOHCTaHTBI, KO3((GHIUEHT aKyCTOONTHYECKOTO Ka4ecTBa.

VISMUT GERMANATI KRISTALLARIDA OPTIK AKTIVLIKNING YORUG‘LIKNING AKUSTIK
TO‘LQINLARDA BREGG DIFRAKSIYASI SAMARADORLIGIGA TA’SIRI
Annotatsiya

Vismut germanat kristallaridagi ko‘ndalang akustik to‘lqinlardagi Bragg yorug‘lik difraksiyasining samaradorligiga optik
faollikning ta’siri fotoelastik konstantalar va M2 akusto-optik sifat koeffitsienti giymatlariga piezoelektrik va elektro-optik effekt
hisobga olgan holda o'rganildi. M2 Kkoeffitsientining giymati maksimal giymatga ega bo‘lgan (110) tekislikdagi akustik
to‘lginlarning to‘lqin vektorining yo‘nalishlari aniqlanadi. Ko‘ndalang akustik to‘lginlardagi Bragg yorug‘lik difraksiyasining
aniglangan xususiyatlari akusto-optik qurilmalarni yaratishda foydali bo‘ladi.

Kalit so‘zlar: Bragg yorug'lik difraksiyasi, vismut germanat kristallari, akustik to'lginlar, fotoelastik konstantalar, akusto-optik
sifat koeffitsienti.

Kirish. Kubik singoniyali vismut germanati (Bii2GeO20 — BGO) kristallari markaziy simmetriyaga ega bo‘lmagan 23-
nugtaviy guruhiga mansub bo‘lib, ular yuqori elektro-optik va piezoelektrik xususiyatlari bilan ajralib turadi. Ushbu xususiyatlari
tufayli BGO kristallari akusto-optik modulyatorlar, elektro-optik sensorlar va golografik tizimlarda faol muhit sifatida keng
qo‘llaniladi [1-5]. Birog, ushbu kristallarning fotoelastik xususiyatlariga optik faollik hamda elektro-optik va piezoelektrik
effektlarning umumiy ta’siri yetarlicha o‘rganilmagan. Bunday tadgiqotlar BGO dan foydalanadigan akusto-optik qurilmalar
parametrlarini yaxshilash va optimal kristall kesimlarini aniglashda muhim ahamiyatga ega [3, 6].

Ushbu ishda vismut germanat kristallarida optik faollikning Bragg yorug‘lik difraksiyasining samaradorligiga ta’siri,
shuningdek, piezoelektrik va elektro-optik effektlarning umumiy ta’siri o‘rganildi. (001) va (110) kristallografik tekisliklardagi
ko‘ndalang akustik to‘lginlarning to‘lqin vektori yo‘nalishiga bog‘liq holda M- akusto-optik sifat koeffitsientining o‘zgarishi
batafsil tahlil gilindi.

Tadgigot metodologiyasi. Vismut germanat kristallarining shakli o‘rtacha o‘lchamlari 15 x 4,5 x 4,5 mm bo‘lgan
parallelepiped ko‘rinishida tayyorlandi. Tadqiqot uchun olingan namunalarning kristallografik yo‘nalishi [100], [110] va [111]
yo‘nalishlar bo‘ylab joylashtirilib, ular 1° atrofida aniqlik bilan yo‘naltirildi. Yuzani qayta ishlash jarayoni silliglash va optik
ishlov berish bosqichlarini o‘z ichiga oldi.
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Bo‘ylama va ko‘ndalang akustik to‘lginlari 200-1500 MGts chastota diapazonida X- yoki Y-kesimli kvarts
piezotransduserlar yordamida hosil qilindi. Ko‘ndalang akustik to‘lginlarni generatsiya qilish uchun namunalar kengligiga
(taxminan 4,3 mm) yaqin bo‘lgan aperturali piezoelektrik o‘zgartirgich ishlatildi. Eksperimental tadqiqotlar akustik to‘lginlarda
Bragg yorug‘lik difraksiyasi usuli yordamida o‘tkazildi [3, 7].

Tajribalarda manba sifatida to‘lqin uzunligi do = 0,6328 mkm bo‘lgan geliy-neon lazeridan foydalanildi. Optik faollikning
difraksiya gilingan yorug‘lik intensivligiga ta’sirini tahlil qilish uchun yorug‘lik to‘lqini polyarizatsiyasi akustik to‘lqin targalish
yo‘nalishiga nisbatan perpendikulyar, yoki parallel tarzda yo‘naltirilgan difraksiya geometriyasi qo‘llanildi.

Fotoelastik konstantalarni aniglash modifikatsiyalangan Dikson-Koen usuli yordamida amalga oshirildi [7]. An’anaviy
usuldan farqli o‘laroq, ushbu metodda akustik to‘lqinlarning uyg*otilishi nafagat etalon namunasi, balki tadqiq etilayotgan namuna
tomonida ham navbatma-navbat amalga oshirildi. O‘Ichovlar jarayonida etalon namuna (Iis) va tadqiq etilayotgan namuna (lix)
tomonidan difraksiyalangan yorug‘lik intensivliklari qayd etildi. So’ngra, xuddi shunday o‘lchovlar akustik to‘lgin tadqiq
etilayotgan namuna tomonidan yuborilganda L.x va Ls intensivliklari uchun bajarildi.

Ushbu dinamik usul orgali samarali fotoelastik konstantalarni (perr) aniglashning batafsil tavsifi [7, 8] manbalarida
keltirilgan. Natijada, Bragg yorug‘lik difraksiyasi uchun qo‘llangan geometriya sharoitida pefr qiymati quyidagi ifoda orgali

hisoblanishi mumkin [8]:
pign® w2 | _ [P n? | (laelay)e
[ pv3 (n+1)4]x B [ pv3 (n+1)4L (ﬁ) &)

bu yerda p — kristallning zichligi, n — yorug‘likning sinish ko‘rsatkichi, V — akustik to‘lqinlarning tarqalish tezligi. (1)
ifodadagi “s” va “x” indekslari mos ravishda standart va tadqiq etilayotgan namunalar xususiyatlarini bildiradi.

(1) ifodadan ko‘rinadiki, samarali fotoelastik doimiy kattalik nafaqat akustik to‘lginlarning tarqalish yo‘nalishi va
polarizatsiyasiga, balki namunaga tushayotgan yorug‘likning yo‘nalishi va polarizatsiyasiga ham bog‘liqdir. Hisob-kitoblarda (1)
ifodaga muvofiq Bi12GeOxo kristallarining sinish ko‘rsatkichi n va zichligi p giymatlaridan foydalanildi, bu giymatlar [1] manbasida
keltirilgan: n = 2,55, p =9,2x10? kg/m?.

Tushayotgan va difraksiya qilingan yorug‘likning polarizatsiyasi polyarizatsion analizator yordamida aniqlangan. Etalon
namuna sifatida eritilgan kvarts namunasi qo‘llanildi [1, 4]. Fotoelastik doimiylarning eritilgan kvartsga nisbatan o‘lchash xatoligi
taxminan 10% ni tashkil etdi. Akustik to‘lginlarning tadqiq etilgan yo‘nalishlar bo‘ylab tarqalish tezligi V ~0,2% aniglik bilan
quyidagi ifoda orqgali hisoblandi [8, 9]:

L @
2sin G,

bu yerda v — akustik to‘lqinning chizigli chastotasi, 0B — Bragg yorug‘lik difraksiyasi burchagi. Vismut germanat kristallari
markaziy simmetriyaga ega bo‘lmagan va optik faol bo‘lganligi sababli, ularda tarqaluvchi yorug‘likning normal modlari doira
polarizatsiyalangan modlar hisoblanadi [10-13].

Shunday qilib, difraksiya gilingan yorug‘likning polarizatsiya tekisligi tushayotgan yorug‘likning polarizatsiya tekisligiga
nisbatan muayyan burchakka buriladi. Ushbu burchak a, yorug‘lik namunadagi d masofani bosib o‘tishi bilan aniqlanadi va
quyidagi ifoda bilan beriladi [1, 2]:

a=5-d 3)

bu yerda & — polarizatsiya tekisligining o‘ziga xos aylanishi. Bii2GeOxo kristallari uchun 0,6328 mkm to‘lqin uzunligida &
taxminan 22 grad/mm ni tashkil etadi [1, 11]. (1) va (3) ifodalardan ko‘rinadiki, a burchagi d masofaga chiziqli bog‘liq bo‘lib, u
samarali fotoelastik doimiy kattalikka ta’sir ko‘rsatishi mumkin.

Yorug‘likning polyarizatsiya tekisligi va akustik to‘lqinning to‘lqin vektori yo‘nalishini tahlil qilish va nazorat qilish uchun
difraksiya qilingan yorug‘lik intensivligi polarizatsiya tekisligi burilishi bilan va burilmasdan qayd etildi. (110) tekislikda ¢ burchak
ostida [110] o‘qiga nisbatan tarqaluvchi ko‘ndalang akustik to‘lginlarda Bragg yorug‘lik difraksiyasi sodir bo‘lganda, difraksiya
qilingan yorug‘likning polarizatsiya komponentalari quyidagi ifodalar bilan tavsiflanadi [14]:

o= = gcos(¢+ 0.58d) 4
oz = sin(p+ 0.58d), )
Ushbu (4) va (5) ifodalar optik faollikning difraksiyalangan yorug‘likning polyarizatsiya tekisligi yo‘nalishiga ta’sirini

hisobga oladi.

Eksperimental natijalar va muhokama. Bii2GeO2o (BGO) kristallarida akusto-optik sifat koeffitsienti M ni hisoblash uchun
difraksiyalangan yorug‘lik intensivliklari o’lchandi. Hisob-kitoblar turli tarqalish yo‘nalishlari va polarizatsiya holatlari uchun,
ya’ni ham akustik, ham yorug‘lik to‘lqinlari uchun bajarildi [6]:

64,2
2= (6)

Shundan so‘ng, olingan M. koeffitsienti qiymatlari asosida samarali fotoelastik konstantalar pest quyidagi ifodalar
yordamida aniglandi [3, 8, 9]:

Pers = Piji — APiji) i BjVicki, (7

bu yerda ai, Bj, yi va kj —mos ravishda difraksiyalangan va tushayotgan yorug‘likning polarizatsiyasini, akustik to‘lqinning
polarizatsiya vektorini hamda uning to‘lqin vektorini tavsiflovchi yo‘naltiruvchi kosinuslardir.

(7) ifodada fotoelastiklikning piezoelektrooptik tenzori komponentalari Apiji quyidagi ifoda orgali aniglanadi [3]:

TijiKiIKmemkl
Apjjig = ———, (8)
Y EmnKmKn
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bu yerda em, rij va emn — mos ravishda piezoelektrik, elektro-optik va dielektrik tenzor komponentalaridir. BGO
kristallarida matritsa shaklida nolga teng bo‘lmagan komponentlar e1s, ra1 va €11 giymatlari bilan ifodalanadi. Shunday qilib, Apijx
tenzori komponentalari piezoelektrik va elektro-optik effektlarning birgalikdagi ta’siri natijasida shakllanadi.

Samarali fotoelastik doimiy pesr va piezoelektro-optik hissaning Apett hisoblangan giymatlari 1-jadvalda keltirilgan. Ushbu
jadvalda vektorlar g, k, a va p mos ravishda akustik va yorug‘lik to‘lqinlarining tarqalish yo‘nalishini, shuningdek difraksiyalangan
va tushayotgan yorug‘likning polarizatsiya yo‘nalishini bildiradi. Akustik to‘lqinning polarizatsiya yo‘nalishi y bilan belgilangan.

Xususan, [110] kristallografik yo‘nalish bo‘ylab tarqaluvchi ko‘ndalang akustik to‘lqinlarda Bragg yorug‘lik difraksiyasi
sodir bo‘lganda, piezoelektro-optik hissa Apett hisobga olingan holda samarali fotoelastik doimiy pesrquyidagi ifoda bilan aniglanadi
[14]:

peEff = |Paa — _:4;0?:1 . 9)
Hisob-kitoblar uchun zarur bo‘lgan €4, ra1 va €11 komponentalarining giymatlari vismut germanat kristallari uchun [1, 2,
5] manbalardan olingan.
1-jadval
Bii2GeOxo kristallari uchun samarali fotoelastik konstantalar piezoelektrik va elektro-optik effektlarning birgalikdagi
hissasini hisobga olgan holda

q y k B 3 Pers Apet Pirr Mo, 1075, s*/kg
[100] [100] [010] [100] [100] pus 0 0.12 8.34
[001] [010] [100] [001] Pas 0 0.01 0.64
[110] [001] [110] [110] 0.25(2pu+Par+pra)+pa | 0 0.118 10.9
[110] [001] [110] [110] 0.25(p21-p1z) 0 <0.01 0.015
[110] ) My "€
[001] [110] [110] [001] paa <0.01 0.35
4-g48y,
4- Fa1 €14
[111] [100] [111] [111] 1/3(pu+partpra+apas) 0.104 9.15
[111] 3- g
[110] [110] [111] [110] 1/6(2p11-P21-P12+2pas) 0 0.012 0.43

Olingan akustik to‘lqinlar tezligi, samarali fotoelastik doimiylar va (6), (7) hamda (8) ifodalar asosida, (110) tekislikda
ko‘ndalang akustik to‘lginlarning to‘lqin vektori yo‘nalishiga bog‘liq holda akusto-optik sifat koeffitsienti M2 ning o‘zgarishi
aniglandi.

Hisob-kitoblarda BGO kristallari uchun quyidagi fotoelastik konstantalar ishlatildi: p11 = 0.12, p12= 0.10, p21= 0.09, pas =
0.01. Ushbu giymatlar [1, 12] manbalardagi ma’lumotlar bilan yaxshi mos keladi.

Hisoblash natijalari 1-rasmda taqdim etilgan bo‘lib, unda tushayotgan yorug‘likning polarizatsiyasi akustik to‘lqin
vektoriga perpendikulyar bo‘lganda (uzluksiz chiziq) va parallel bo‘lganda (qisqa chiziq) M2 koeffitsientining o‘zgarishi
keltirilgan.

Tahlil shuni ko‘rsatadiki, BGO kristallarida (110) tekislik bo‘ylab tarqaluvchi ko‘ndalang akustik to‘lginlarda Bragg
yorug‘lik difraksiyasi sodir bo‘lganda, M2 koeffitsientining maksimal qiymati 1.8x107** s¥%kg ga teng bo‘lib, u [110] o‘qi bilan mos
ravishda 70° (perpendikulyar polarizatsiya) va 110° (parallel polarizatsiya) burchak hosil qiluvchi yo‘nalishlarda kuzatiladi.

[001)
290

150, |

VoM 108K
TN /

1-rasm.Bi2GeOxo kristallarida akusto-optik sifat koeffitsienti M2 ning (110) tekislikdagi ko‘ndalang akustik

to‘lqinlarning to‘lqin vektori yo‘nalishiga bog‘ligligi.

Yorug‘lik to‘lqini polarizatsiyaning turli yo‘nalishlari uchun:1 - to‘lqin vektoriga perpendikulyar; 2, 3 — to‘lqin vektoriga
parallel (3 - optik faollik hisobga olinmagan holda).

Xulosa.Vismut germanati kristallarida ko‘ndalang akustik to‘lqinlardagi Bragg yorug‘lik difraksiyasini tahlil gilish shuni
ko‘rsatdiki, akusto-optik sifat koeffitsientini baholashda optik faollik va piezoelektro-optik effekt hissasini hisobga olish zarur.
Aniglanishicha, ushbu omillar akusto-optik sifat ko’rsatkichining anizotropiyasiga ta’sir giladi, bu esa ushbu kristallarda Bragg
difraksiyasining optimal geometrik konfiguratsiyalarini belgilash imkonini beradi.Optik faollikning yorug‘lik difraksiyasi
parametrlariga ta’sir etish qonuniyatlari vismut germanatini ish muhit sifatida qo‘llovchi akusto-optik qurilmalar ishlab chigishda
qo‘llanilishi mumkin.

ADABIYOTLAR
1. IHackonbckast M.IT (pen.) Akycruueckue kpuctayuiel. CripaBounuk. M., Hayka, 1982, 632c.
2. Venturini E. L., Spencer E. G., Ballman A. A. Elasto-Optic Properties of Bi1z2GeO2o, Bi12SiO20, and SrxBai-xNb20s. J. Appl.
Physics. 1969, 40(4): 1622-1624.
3. Heenecan D.J1., Pyaiie JI. Ypyrue BosHbI B TBepabIX Tenax. [IpuMenenune aias oO6paboTku curHaios. - M., Hayka, 1982,
342 c.

- 407 -



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

10.

11.

12.

13.

14.
15.

Ganeev R.A., Ryasnyansky A.l., Tugushev R.1., Kodirov M.K., Akhmedzhanov F.R., Usmanov T. Study of nonlinear-optical
characteristics of photorefractive BSO and BGO crystals. Quantum Electronics. 2004, 34(2): 156-160.

5.Shen C., Zhang H., Zhang Y., Xu H., Y H., Wang, J., Zhang S. Orientation and Temperature Dependence of Piezoelectric
Properties for Sillenite-Type Bi12TiO20 and Bi12SiO20 Single Crystals. Crystals. 2014, 4(2): 141-151.

Dixon R.W. Photoelastic properties of selected materials and their relevence for applications to acoustic light modulators and
scanners. J. Appl, Phys. 1967, 38: 5149-5152.

Dixon R. W., Cohen M. G. A new technique for measuring magnitudes of photoelastic tensors and its application to lithium
niobate. Appl. Phys. Lett. 1966, No. 8: 205-207.

Bamakmmii B.U., 3otoB E.U., [Tapeirur B.H. ArusoTtpomnHas qudpakius cBeta B cpefe ¢ HCKYCCTBEHHOI aHM30TpOIHEH.
Keanmoeas snexmponuxa. 1976, 3(10):2197-2204.

Akhmedzhanov F.R, Mirzaev S.Z, Saidvaliev U.A. Parameters of elastic anisotropy in bismuth silicate crystals.
Ferroelectrics. 2020, 556(1): 23-28.

Amanova M.A, Shepelevich V.V, Makarevich V.V, Navnyk V.N. Influence of Inverse Piezoelectric Effect, Photoelasticity,
and Optical Activity on the Diffraction Efficiency of Transmissing Holograms in Photorefractive Crystal Bi12SiO20. Journ.
of Appl. Spectroscopy. 2020, 87(2): 349-356.

Kusens B.A., Bypkos B.I1. 'mporponus kpucramuios. M., Hayka, 1980, 281 c.

Belyi V.N., Kulak G.V. Diffraction of light on ultrasound in gyrotropic cubic crystals in Bragg conditions. Journ. of Appl.
Spectroscopy. 1991, 54(5): 484-488.

Akhmedzhanov F.R. Dispersion of acoustical activity and anisotropy of acoustical attenuation in bismuth silicate crystals.
Proc. Mtgs. Acoust. 2018, 34(S16-4) 045046: 1-6.

Akhmedzhanov F.R., Elboyeva M.I. Bragg Light Diffraction by Piezoactive

Acoustic Waves in Bismuth Germanate and Bismuth Silicate Crystals. RENSIT. 2025, Vol. 17, No 1, P. 77-82.

- 408 -



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

FIZIKA
http://journals.nuu.uz

Natural sciences

UDK: 523.4,520.8
Salohiddin ERGASHEYV,
Sammarqgand davlat universiteti kichik ilmiy xodimi
E-mail:ergashevsalohiddinl11@samdu.uz

O zZRFA Astronomiya instituti katta ilmiy xodimi, PhD K.Ergashev taqrizi asosida

EKZOSAYYORALAR TADQIQOTI GJ 3470 NING OPTIK KUZATUVLARI MISOLIDA
Annotatsiya

Ushbu magolada ekzosayyoralarni gidirish usullari, ilk kashfiyotlar, ekzosayyoralarni gidirish bo“yicha kosmik missiyalar hagida
ma’lumotlar keltirilgan. Ekzosayyoralar tadqiqotiga misol tariqasida M1.5 tipidagi mitti qizil yulduz GJ 3470 atrofida aylanadigan
GJ 3470 b ekzosayyorasining Maydanak observatoriyasidagi optik kuzatuvlari asosida aniglangan orbital parametrlari tagdim
etilgan. Hamda, olingan natijalar boshqa tadgiqotlarda keltirilgan natijalar bilan giyosiy tahlil natijalari keltirilgan.
Kalit so’zlar: Ekzosayyora, tranzit metodi, GJ 3470 b, yorug‘lik egri chizig‘i, fotometriya, Maydanak observatoriyasi, orbital
parametrlar.

HCCJETOBAHUE YK30ILTAHET HA IIPUMEPE ONITUYECKUX HABJIOJEHUAM GJ 3470
AHHOTaALHA

B 9T10it cTathe mpencraBieHa HHGOPMANUS O METOAAX MOMCKA IK30IUIAHET, PAHHMX OTKPBITHAX U KOCMUYECKHX MHCCHSX IO
MOUCKY JK30IUIaHEeT. B KauecTBe MpuUMepa UCCIIeIOBaHMs SK30ILUIAaHET MPEICTABICHBI MapaMeTpbl OpOUTHI 3k30tutaHeTsl GJ 3470
b, Bpamiaromeiicss Bokpyr kpacHoro kapimka GJ 3470 tuma M1.5, ompezeneHHble Ha OCHOBE ONTHYECKHX HAOJIOJCHUI Ha
Maiinanakckoit o6cepBatopun. Taxoke, IPUBEAEHBI pe3yIIETaThl CPAaBHUTEIIFHOTO aHAJIN3A C Pe3YJIbTaTaMH JIPYTHX HCCIISOBAaHUH.
KnroueBbie cioBa: sk3omnanera, Meron tpausuta, GJ 3470 b, xpuBas Onecka, poromerpusi, Maiinanakckas oGcepBaTopus,
opOUTaNBHBIE TApAMETPHI.

EXOPLANET RESEARCH BASED ON OPTICAL OBSERVATIONS OF GJ 3470
Annotation
This publication provides information on exoplanet search methods, early discoveries, and space missions to search for exoplanets.
An example for exoplanet research is the exoplanet GJ 3470 b, which is rotating around the M1.5 red dwarf star GJ 3470. The
orbital parameters determined based on the optical observations at the Maidanak Observatory are presented. Also, the results of a
comparative analysis with the results of other researches are presented.
Key words: exoplanet, transit method, GJ 3470 b, light curve, photometry, Maidanak Observatory, orbital parameters.

Kirish. Ekzosayyoralar — o°zga yulduzlar atrofida aylanuvchi sayyoralar bo‘lib, ular Quyosh tizimidan tashqarida
joylashganligi bilan birga ularning o‘ziga xos atmosferasi, tarkibi va xususiyatlari mavjud. Ekzosayyoralarni mavjudligi hagidagi
ilk fikrlarni italian faylasufi va olimi Giordano Bruno (yashash yillari 1548-1600) tomonidan falsafiy nugtai nazardan fizik asossiz
bildirilgan. XIX asr oxiri va XX asr boshlarida ekzosayyoralarni mavjudligini fizik asoslashga urunishlar bo‘lgan.
Ekzosayyoralarni aniglash imkonini beruvchi radial tezliklar (hozirda Dopler usuliga kiritilgan) usulini 1952 yildan Otto Struve
tomonidan taklif etilgan [1]. Birinchi tasdiglangan ekzosayyora 1988 yilda topilgan va 1992 yilda tasdiglangan. Bu ekzosayyora
PSR 1257+12 pulsari atrofida aylanadi [2]. Odatiy yulduz atrofida aylanuvchi ilk ekzosayyora 1995 yilda Michel Mayor va Didier
Queloz tomonidan 51 Tleraca (51 Peg) yulduzida topilgan [3,4]. Aynan 51 Ileraca b ekzosayyorasi oddiy yulduz atrofida topilgan
ilk ekzosayyora deb gabul gilingan.

Topilgan va aniglangan ekzosayyoralar soni ortishi bilan ularni sinflashtirish muammosi paydo bo‘ldi. Ekzosayyoralarni
sinflashtirishda birinchi parametr sifatida bizga yaxshi ma’lum sayyoralar tipi (massa birliklaridan) foydalanib sinflashtirila
boshlandi, masalan, Yer yoki Yupiter tipidagi ekzosayyora deb sinflashtirildi [5]. Har bir tip massasiga garab yanada aniqroq quyi
tiplarga ajratildi [6]. Tadqiq etilayotgan ekzosayyoraalarning orbital parametrlari anigligi oshishi va ularning tizimlari topilishi
natijasida endilikda ekzosayyoralar orbitalari bo‘yicha ham tasnif gilinmoqda [7].

2024-yil 4-oktyabr holatiga ko‘ra, 7236 ta ekzosayyora topilgan bo‘lib, 4304 ta sayyora tizimida 5765 ta tasdiglangan
ekzosayyoralar mavjud, 965 ta tizim bittadan ortiq sayyoraga ega. Ekzosayyoralar kataloglarini tahlil gilib, biz katta masofalarda
Yerga o‘xshash sayyorani kichik o‘lchamlari va massasi tufayli zamonaviy asbob-uskunalar bilan aniglash juda muammoli
ekanligini osongina ishonch hosil gilishimiz mumkin, chunki deyarli barcha kashf etilgan ekzosayyoralar, asosan, katta
o‘lchamlarda va asosan gaz sayyoralar ekanligini ko ‘rishimiz mumkin. Topilgan ekzosayyoralarning 40% Neptunga o‘xshash, 33%
gaz gigantlari, 25% tosh sayyoralar, 1,4% super-yerlar, 0,6% noma’lum turdagi sayyoralardir [8]. So‘ngi yillardan ekzosayyoralar
asosan TESS [9] kabi kosmik missiyalar tomonidan topilmoqdan va yerdagi kuzatuvlar asosida tasdiglanmoqda.
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Ekzosayyoralarni aniglash metodlari. Ekzosayyoralarni aniglash uchun bir qancha metodlar mavjud bo‘lib asosiylari
quyidagilar hisoblanadi:

Tranzit metodi: Sayyora yulduz oldidan o‘tganida, yulduzning yorqinligi vaqtincha pasayadi va ilk bor ushbu metod asosida
HD 209458 ekzosayyorasi tadqiq etilgan [9]. Bu metod Kepler va TESS missiyasi tomonidan keng qo‘llanilib kelinmoqda [10,
11]. Bugungi kungacha 4300 dan ortiq ekzosayyora ushbu usulda topilgan [8].

Radial tezlik metodi: Sayyora yulduz atrofida aylanganligi sababli, yulduzda tebranish hosil bo‘ladi. Yulduzning spektrida
qizil yoki ko‘k siljishni kuzatish orqali sayyoraning massasi va orbitasi haqida ma’lumot olish mumkin. Ushbu metod ilk bor Otto
Struve tomonidan [1] taklif etilganiga qaramay usulning batafsil asosiy ta’rifi 2003 yilda Lennart Lindegren va Dainis Dravinslar
tomonidan keltirilgan [12,13]. Ilk ekzosayyora 51 Peg b radial tezlik metodi yordamida topilganini eslatib o‘tamiz [3,4], hamda
shu kungacha 1050 dan ortiq ekzosayyora shu metod bilan topilgan [8].

Gravitatsion mikrolenzalanish metodi: Yulduz va sayyora boshqa yulduzning oldidan o‘tayotganda ya’ni to‘sgan vaqtda,
ularning gravitatsiyasi yorug‘likni giyshaytiradi va sayyorani aniqlash imkonini beradi. Ushbu usulda ilk bor OGLE-2005-BLG-
390 ekzosayyora tizimi aniglangan [14]. Gravitatsion mikrolenzalanish metodi o‘ziga xos bo‘lganligi sababli hozirgacha ushbu
usulda 230 ta ekzosayyora aniglangan [8].

To ‘g ‘ridan to ‘g ri tasvirini olish metodi: Ekzosayyoraning radiusi katta bo‘lsa va bosh yulduz atrofidagi orbita radiusi
nisbatan katta bo‘lsa, ekzosayyoralarni aniqlash uchun adaptiv optika va tojni to‘g‘ridan-to‘g‘ri tasvirlash usulidan foydalanish
mumkin. Ushbu usul yordamida ilk ekzosayyora 2MASSW1J 1207334-393254 yulduzi atrofida topilgan [15]. To‘gridan to‘g‘ri
tasvirini olish metodi talablari juda qat’iy bo‘lganligi sababli ushbu usul yordamida 82 ta ekzosayyora aniqlangan.

Kosmik missiyalar tarixi. Ekzosayyoralarni o‘ziga xoslik xususiyatlaridan kelib chigib ularni izlash va aniglash uchun
ko‘plab urunishlar xam Yerdan tirib xam kosmosdan amalga oshirilmoqda. Ekzosayyoralarni izlash uchun ilk kosmik missiya
sifatida 2003 yilda uchirilgan kanadaning MOST (The Microvariability and Oscillations of Stars/Microvariabilité et Oscillations
STellaire) kosmik teleskopi sanaladi [16]. MOST ekzosayyoralarni qidirishda yulduzlardagi mikro o‘zgarishlar va tebranishlardan
foydalangan.

Navbatdagi omadli kosmik missiya COROT (ing. - COnvection ROtation and planetary Transits) bo‘lib u 2006 yilda
kosmosga uchirigan [17]. COROT yulduz oldidan sayyora o‘tganda muntazam ravishda yorginligining o‘zgarishini kuzatish orgali,
soddaroq aytganda tranzit usulidan foydalanib ekzosayyora qidirilgan. Bu missiya 34 ta tasdiglangan va 600 dan ortiq
ekzosayyoralarga nomoz aniglagan bo“lib ushbu missiya orgali aniglangan ekzosayyoralarga COROT va topilganligi tartib ragami
berilgan [18].

Ekzosayyoralarni gidirishda eng muvaffagiyatli kosmik missiyalardan biri Kepler kosmik teleskopi (NASA ning kosmik
observatoriyasi) bo‘lib, u 2009 yilda uchirilgan. Bu teleskop transit usuli yordamida ekzosayyoralarni, aynigsa Yerga o‘xshash
ekzosayyoralarni qidirish uchun mo‘ljallangan [19, 10]. Kepler missiya 3200 dan ortiq tasdiglanga va 4700 dan ortiq
ekzosayyoralarga nomoz aniglagan bo‘lib, ushbu missiya aniqlab tasdiglagan ekzosayyoralarga Kepler, KIS (Kepler input catalog)
nomi va topilganligi tartib ragami berilgan [20]. Keplerning nomzod ekzosayyoralari odatda KOI (The Kepler object of interest)
nomi va tartib ragami bilan uchraydi. 2013 yilda NASA olimlari tomonidan Kepler missiyasi K2 shifri bilan 2016 yilgacha
cho‘zilganligini e’lon qilishgan.

NASAning hozirgi kundagi muvaffagiyatli missiyalaridan hisoblangan TESS (Transiting Exoplanet Survey Satellite)
kosmik teleskopi tranzit usuli bilan ekzosayyoralarni gidirish uchun maxsus uchirilgan teleskop hisoblanadi [11]. TESS 2018 yilda
NASA tomonidan uchirilgan. TESS topgan va aniqlagan ekzosayyoralar TOI (TESS Object of Interest) [21] yoki TIC [1]. (TESS
Input Catalog) orttirmasi bilan farglanadi. Bugungi kunga gadar TESS tomonidan 560 dan ortiq ekzosayyora tasdiglangan va 7200
ortiq ekzosayyoralarga nomzodlar oz tasdig“ini kutmogda [misol uchun garang 22, 23].

Tadgiqotlarni endi boshlagan kosmik missiyalarga 2019 yilda uchirilgan CHEOPS (CHaracterising ExOPlanets Satellite)
[24] va 2022 yilda uchirilgan infragizil kosmik observatoriya JWST (The James Webb Space Telescope) [25,26] teleskoplarini
misol gilishimiz mumkin. Aytib o‘tish kerak CHEOPS tranzit usuli yordamida ekzosayyoralarni gidirish va o‘rganish uchun
mo‘ljallangan. JWST esa ma’lum ekzosayyoralarni infraqizil diapazonda o°‘rganishga mo‘ljallangan.

GJ 3470 xususiyatlari. GJ 3470 (LP 424-4, 2MASS J07590587+1523294, NLTT 18739, TIC 19028197) gisgichbaga
(Cancri) turkumida joylashgan M1.5 spektral tipidagi mitti qizil yulduz bo‘lib, Quyoshdan taxminan 80 yorug‘lik yili masofada
joylashgan. GJ 3470 ob’yektining asosiy parametrlari quyidagicha: @ = 07"59™05.64°, § = +15°23'28.35", m,, = 12.332,
Parallaksi=33.9601+0.0581 mas (mas - milliarcsekundni anglatadi.), T,r;f = 3652+ 50K, M, =0.5140.6Mg, R, =
0.48 + 0.4Rg, [8, 27]. GJ 3470 yulduzi etarlicha yorgin bo‘lganligi sababli u ko‘plab mitti yulduzlar gatori o‘rganilgan [28,29].

GJ 3470 b ekzosayyorasi 2012 yilda Bonfils va boshgalar tomonidan HARPS spektrografi bilan radial tezlik usulida M
mitti yulduzlar atrofida qisqa muddatli sayyoralarni qidirish vaqtida topilgan va uning transit chuqurligi 5.69 + 0.47 mmag teng
ekanligi aniglangan [30]. GJ3470 b ning tranzit parametrlari Kosiarek va boshgalar(2019) hamda Nascimbeni va boshqgalar(2013)
tomonidan o‘rganilib aniglashtirilgan [31,32]. 2020 yilda Scott va boshgalar tomonidan GJ 3470 yulduzi atrofida 3 ekzosayyoraga
nomzod aniglangani hagida hisobot berilgan, birog bugungi kungacha to‘la tasdiglanmadi [33]. Ushbu ob’yektni biz
ekzosayyoralarni o‘rganishda Maydanak observatoriyasi imkoniyatlarini baholash va uchunchi ekzosayyorani tasdiglashga urinish
uchun gayta o‘rgandik.

GJ 3470 kuzatuvlari. Ma’lumki, obektlarni tanlash quyidagi mezonlar asosida amalga oshirildi: obektning koordinatalari,
tizimning asosiy yulduzining yorqinligi ekzosayyoraning orbital davri, tutilish chuqurligi, kuzatishlarni ekzosayyora tutilishi
davrida olib borilishi ya’ni efemerid vaqtini hisobga olinishi. Tadqiqot obektlari uchun kuzatishlar ko‘proq bitta obekt ustida olib
boriladi, ya’ni har bir obektni kamida 3 ta tranzitini kuzatish kerak bo‘ladi. Ekzosayyoralarning (davrlarning) tutilish vaqtini
aniglash uchun ekzosayyora tizimlarining fazalarini hisoblash kerak.

Ushu maqolada keltirilgan barcha kuzatishlar O‘zbekiston Respublikasi Fanlar akademiyasi Maydanak observatoriyasining
60 sm.li Zeiss-600 (NT-60) teleskopida, yorug‘lik qayt qilgich sifatida FLI NEW ZAQ kamerasidan foydalanilgan. FLI NEW ZAQ
kamerasi piksellari soni 1Kx1K, bitta piksel fizik o‘lchami 24 mkm, ko‘rish maydoni (FOV) 11.7x11.7 yoy minut, o‘qib olish
shovqini (readout noise) 13 e~ va kuchaytirish koeffisiyenti 5. Tasvirlar R filtrda 60 va 90 sekundlik ekspozitsiya vaqti bilan olingan.
Bundan tashqari, kuzatilgan har bir kechada yordamchi bias, dark va flat tasvirlar ikki martadan (ertalab va kechqurun) olingan.
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Har bir kecha uchun dark tasvirlar kuzatilayotgan yulduzlar bilan bir xil ekspozitsiya vaqti bilan, flat tasvirlar esa yulduzlar tasviri
bilan bir xil filtrlarda olib borildi. 2020 yilning yanvar, fevral, mart oylaridagi kuzatishlarimiz davomida biz NT-60 teleskopida
2304 ishchi ZAQ (zaryadli aloga qurilma) tasvirini oldik. Ta’kidlash joizki, ekzosayyoralarni kuzatish bugungi kungacha davom
etmoqda. Biz kuzatuvlarni asosan R yorug‘lik filtrida olib bordik, ammo o‘rganilayotgan obektlar sohasida kashf etilgan yangi
o‘zgaruvchan yulduzlarni o‘rganish uchun B, V, I filtirlarida ham ba’zi kuzatishlar o‘tkaziladi.

Fotometrik tahlil: Ma’lumotlarni birlamchi fotometrik tahlil gilishda LINUX operatsion sistemasida ishlovchi IRAF [2].
(Image Reduction and Analysis Facility) CCDRED paketidan foydalanildi. Birinchi galda birlamchi gayta ishlash uchun zarur
bo‘lgan quyidagi super tasvirlar hosil qilindi: (1) Bias (nolinchi satxini siljishi) tasvirlardan super bias tasvir; (2) Dark (ZAQ chipi
ajratadigan gorong‘ulik toki) tasvirlardan super dark tasvir; (3) Flat (kechki va tongi shafaglarda olinadigan yulduzsiz tasvir bo“lib
tasvir yuzasini tekislash uchun ishlatiladi) tasvirlardan super flat tasvir yaratildi.

GJ 3470 b _ 15.01.2020 R-filtr
Maidanak abrservatoey

1-rasm. GJ3470b ning ravshanlik egri chizig ‘.

1-jadval. GJ3470bning orbital parametriari Maydanakda olingan kuzatuv ma’lumotlari Kosiarek va boshgalar hamda
Nascimbeni va boshqalarning ma’lumotlari bilan solishtirilgan.

Ma’lumki, har bir obyektni o‘rganishda shu obyekt kuzatilgan maydonda mavjud bo‘lgan yulduzlardan solishtirma
yulduzlar belgilab olinadi. Bu yulduzlar obyekt o‘zgarishlarini aniqlash uchun juda muhim bo‘lib, solishtirma yulduzlarning o‘z
yorginliklari o‘zgarmas bo‘lishi talab etiladi. GJ3470 ning yorqinligini o‘zgarishini grafigini hosil qilish va orbital parametirlarini
aniglashda WINDOWS operatsion sistemasida ishlovchi Astrolmage) [3] dasturidan foydalanildi. AstrolmageJ dasturi
o‘rganilayotgan ekzosayyora yorug‘lik egri chiziglarini olishi bilan, shu ravshanlik egri chiziqlarini tahlil gilish va ekzosayyoraning
tranzit parametrlarini hisoblash imkononi beradi. Ushbu obyektning Maydanak observatoriyasida olib borilgan kuzatuvlar
asosidagi ravshanlik egri chizigi 1- rasmda va ekzosayyora parametrlari 1-jadvalda keltirilgan. Shuningdek bizning natijalar bilan
solishtirish uchun yana ikkita GJ3470b bo‘yicha bajarilgan ilmiy ish natijalari keltirilgan.

™

Parametrlar Maydanak kuzatuv ma’lumotlari Kosiarek va boshqalar (2019) Nascimbeni va boshqgalar (2013)
asosida
(Re/R)™2 0.00603541 0.0040538 0.00674
a/R" 12.790822897 12.92 13.18
To (2450...) 8864.413010676 6677.727712 6340.72559
Tia (kun) 0.0823184 0.07992 0.0799
Rp (Riup) 0.4126172 0.3464 0.4542
P (kun) 3.337 3.3366413 3.336649

Birinchi ustunda (RI,/R")2 - sayyora ko‘ndalang kesim yuzini, yulduz ko‘ndalang kesim yuziga nisbati, a/R* - katta yarim
o‘qni yulduz radiusiga nisbati, To (JD = 2450...) - o‘rta tranzit vaqti, T14 - umumiy tranzit davomiyligi, Ry - ekzosayyora radiusi,
P - aylanish davri.

Xulosa. Ushbu tadgiqot GJ 3470b ekzosayyorasining orbital parametrlarini aniglashga qaratilgan. Maidanak
observatoriyasida olingan kuzatuv ma’lumotlari natijalari solishtirma tahlili natijasida ushbu sayyora (Rp/R")? nisbati xatoliklar
doirasida Nascimbeni va boshgalar (2013) giymatiga mos keldi, biroq Kosiarek va boshqgalar (2019) olgan giymatlardan keskin
farq qildi. GJ 3470b ning katta yarim o‘qni yulduz radiusiga nisbati a/R* Kosiarek va boshgalar (2019) olgan giymatga yagin
bo‘lsada, Nascimbeni va boshqalar (2013) olgan qiymatdan sezilarli farq qildi. Umumiy tranzit davomiyligi (T14) boshga mualliflar
olgan natijalardan ~3.45 minutga farqli bo‘lib chiqdi. Ekzosayyora radiusi (Rp) Kosiarek va boshqalar (2019) olgan natijalariga
qaraganda 0.066 ga ortiq farq chiqgan bo‘lsada, Nascimbeni va boshqalar (2013) natijalariga qaraganda 0.0416 ga kam farq qildi.
GJ 3470b ning aylanish davri (P) 3.337 kun ekanligi aniglandi va bu har ikkala mualliflarning natijalari bilan xatoliklar doirasida
mos tushdi. Bunday farglar ega yulduz atrofida gaz-chang buliti borligi yoki ekzosayyora atmosferasi borligiga ishora gilmoqda.

Tashakkurlar: Ushbu tadgiqotni amalga oshirishda qo‘llab-quvvatlagan, yordam bergan ilmiy rahbarim O.A. Burxonovga
chuqur tashakkur izhor gilaman. Shuningdek, R.G. Karimov, A. Raximov va O. Parmonovlarga Maydanak observatoriyasida optik
kuzatuvlarni o‘tkazishda ko‘rsatgan amaliy yordam va ko‘maklari uchun alohida minnatdorchilik bildiraman.
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