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Gamma nurlanishlar ta’sirida n-GaAs-p-(ZnSe)ixy(Ge2)x(GaAs1-5Bis)y
geterotuzilmalarning fotosezgirlik spektridagi o‘zgarishlar tahlili

S. Zaynabidinov?, A.Y. Boboyev?, Sh.X. Yo‘lchiyev?, 1.M.Soliyev?

1Z .M.Bobur nomidagi Andijon davlar universiteti, 17700100, Andijon, O‘zbekiston
2Andijon davlat pedagogika instituti, Andijon, O‘zbekiston

E-mail; igboljonsoliyev45@gmail.com

2025-yil. 2-avgustda berilgan; 2025 yil. 2-noyabr chop etish uchun gabul gilingan

Annotatsiya: Ushbu magolada n-GaAs-p-(ZnSe)ix,(Gez)x(GaAsi1-sBis)y geterotuzilmalarning
gamma nurlanishlar ta’siridagi fotosezgirlik spektrlari tahlil qgilingan. Epitaksial plyonkalar suyuq fazali
epitaksiya usuli yordamida vismut hosil giluvchi eritmadan GaAs tagliklariga o'stirildi. Tajribalar natijasida
gamma nurlanishlardan oldin va keyin geterotuzilmalarning fotosezgirlik spektrlarida sezilarli o‘zgarishlar
gayd etildi. Xususan, 105-106 rad gamma nurlanish ta’sirida fotosezgirlik cho‘qqilarining gisqa to‘lginlar
tomon siljishi, spektral kengayishlar hamda yangi mahalliylashgan energetik sathlarning hosil bo'lishi
aniglandi. Ushbu o‘zgarishlar tuzilmaning sirtiy va hajmiy sohalarida chuqur sathli rekombinatsiya
markazlari hosil bo'lishi bilan izohlandi. Bundan tashqgari, ZnSe—GaAsBi bo'linish chegaralaridagi
subkristallitlar deformatsiyasi natijasida Kvant-Konch-Shtark va Moss—Byurshteyn effektlarining
birgalikdagi ta’siri qayd etildi. Olingan natijalar gamma nurlanish ta’sirida geterotuzilmalarning energetik
sohalarini boshgarish imkonini beradi hamda fotosezgir qurilmalar samaradorligini oshirish uchun amaliy
ahamiyatga ega.

Kalit so‘zlar: n-GaAs-p-(ZnSe)i1.«,(Ge2)«(GaAs1-sBis)y, geterotuzilma, fotosezgirlik spektri,
gamma nurlanish, epitaksial plyonka, rekombinatsiya markazlari, Moss—Byurshteyn effekti, Kvant-Konch-
Shtark effekti.

AHHOTauusa: B paHHOM cTaTtbe npeacTaBneH aHanui3 CrnekTpoB (OTOYYBCTBUTESNLHOCTU
retepocTpyktyp  n-GaAs-p-(ZnSe)ix,(Gez)x(GaAsi-sBis)y noa  BO3OEeNCTBMEM  raMMa-uUsnyyvyeHus.
OnutakcmanbHble NNEHKM BbipalleHbl Ha noanoxkax GaAs M3 BUCMYTCOAEpPXKALLEro pacnnasa MeTogom
XNOKOA3HOW 3NUTAKCUU. OKCNEepUMEHTanbHble pe3ynbTaTbl Mokasanu CyLEeCTBEHHblE W3MEHEHUS B
cnekTpax hoTOUYBCTBUTENBHOCTU reTEPOCTPYKTYP A0 U nocne obnydeHus ramma-nydamu. B yactHocTw,
nocne Bo3gencteusa go3 105-106 pag HabnoganMcb CMeLeHne MakCMMyMoB (DOTOYYBCTBUTENBHOCTY B
KOPOTKOBOMHOBYIO 00nacTb, pacwupeHue cnektpa u obpasoBaHMe HOBbIX JIOKANU30BaHHbIX
SHEPreTUYECKUX COCTOSHUN. 3OTU WU3MEHEHUS] OOBACHAKTCA (OPMUPOBAHNEM T[NyOOKNX YpPOBHEW
PEKOMOUHALMOHHBLIX LIEHTPOB B MOBEPXHOCTHBIX W OOBEMHBIX 0bOnacTtsax cTpyktyp. Kpome Toro,
aedopmauma cyoKkpucTannuToB Ha rpaHuue ZnSe—GaAsBi npvBoaWT K COBMECTHOMY MNpPOSIBNEHUIO
appektoB KBaHTOBO-KoHdanHea-LWTapka u Mocca—bioplutenHa. lNMonyveHHble pe3ynbTaTthl yKkasbiBatoT
Ha BO3MOXHOCTb YMNpaBfeHWUs SHepreTMYyeckuMu 30HaMW reTepocTPyKTyp no BO3AeWCTBMEM ramma-
N3NyyYyeHnss M Moryt ObITb WMCMNOMNb30BaHbl AN NOBbIWEHUS 3(PEKTUBHOCTU HOTOUYYBCTBUTENBHbBIX
YCTPOWCTB.

KnioyeBble cnoBa: n-GaAs-p-(ZnSe)i.x,(Gez)x(GaAs1-sBis)y, reTtepocTpyktypa,  CnekTp
(hOTOUYBCTBUTENBHOCTU, raMMa-usnyvyeHue, anuTakcuanbHasi MMEHKa, PEeKOMOMHALMOHHbIE LIEHTPSI,
ahdektT Mocca—-bropwitenHa, agpdekt KsaHToBo-KoHdhanHe-LLUTapka.

Abstract: This article presents an analysis of the photosensitivity spectra of n-GaAs-p-(ZnSe)i-x.
W{Gez2)x(GaAs1-sBis)y heterostructures under the influence of gamma irradiation. Epitaxial films were grown
on GaAs substrates from a bismuth-containing melt using the liquid-phase epitaxy method. Experimental
results revealed significant changes in the photosensitivity spectra of the heterostructures before and after
gamma irradiation. In particular, after exposure to 105-106 rad of gamma rays, a shift of photosensitivity
peaks toward shorter wavelengths, spectral broadening, and the formation of new localized energy states
were observed. These changes are attributed to the generation of deep-level recombination centers in the
surface and bulk regions of the structures. Additionally, deformation of subcrystallites at the ZnSe—-GaAsBi
interface led to the combined manifestation of the Quantum-Confined Stark and Moss—Burstein effects.

Scientific Bulletin. Physical and Mathematical Research Vol 7. Iss 3. 2025
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The obtained results demonstrate the possibility of controlling the energy band structure of heterostructures
under gamma irradiation and can be applied to enhance the performance of photosensitive devices.

Keywords: n-GaAs-p-(ZnSe)i-«,(Ge2)(GaAs1sBis)y, heterostructure, photosensitivity spectrum,
gamma irradiation, epitaxial film, recombination centers, Moss—Burstein effect, Quantum-Confined Stark

effect.
Kirish.

Energiyaga bo‘lgan ehtiyoj hamda
energetikaning rivojlanish tendensiyasi
muqobil energiya manbalariga bo‘lgan
talablarni sezilarli darajada oshishiga olib
keladi. Yorug‘lik energiyasi konvertorlar yoki
quyosh batareyalari eng istigbolli, ekologik
toza energiya manbalari bo‘lib, organik va
noorganik manbalardan farqli o‘laroq, quyosh
nurlanishini to‘g‘ridan-to‘g‘ri elektr
energiyasiga  aylantiradi  [1].  Quyosh
energiyasining kelajagi endi AllIBV va AlIBVI
birikmalariga asoslangan yarimo‘tkazgichli
qattiq qorishmalar bilan bog‘lig.
Yarimo‘tkazgichli quyosh elementlari
tomonidan energiya konvertatsiyasining eng
muhim va asosiy muammolaridan biri bu
energetik soha osti va usti fotonlarining
yo‘qolishi, shuningdek, zaryad
tashuvchilarning termalizatsiyasi hisoblanadi.
Shuning uchun quyosh nurlaarini gabul gilishda
yuqori samaradorlik ko‘rsatkichlariga erishish
uchun yangi yarimo‘tkazgichli materiallar va
fotokonvertorlarning qurilmalarmalar yaratish
talab etiladi. Ushbu yo‘nalishdagi eng samarali
yondashuv turli xil energiyaviy sohalarga ega
bo‘lgan ko‘p tutashuvli (kaskadli)
geterotuzilmalar asosida fotovoltaik
konvertorlarga asoslangandir.

Biroq, ko‘p tutashgan geterotuzilmalar
sonining ko‘payishi fotovoltaik konvertorlarni
olish  uchun texnologik  sharoitlarning
murakkablashishiga olib keladi. Bundan
tashqari, yuqori samarali ko‘p o‘tish kaskad
elementlarini yaratish uchun doimiy kristalli
panjaralarni tekislashni ta’minlaydigan
cheklangan migdordagi materiallar mavjud [2].

Tadgigot metodi.

Tadgiqotlarda taglik sifatida radiusi 10
mm va qalinligi taxminan 350 mkm bo‘lgan
kremniy  plastinalar ishlatildi.  Ularning
solishtirma garshiligi 10 Q-sm, tok tashuvchilar
konsentratsiyasi 4,4-10'* sm™, harakatchanligi
esa 1439 sm?(V:-s) ni tashkil etdi. Olingan
epitaksial plyonkalarning galinligi, kristall

hosil bo‘lishning boshlang‘ich va yakuniy
haroratlari, shuningdek majburiy sovutish
tezligi tartibga solinishi natijasida yuqori sifatli
qgattig gorishmalarni olish imkoniyati aniglandi.

Dastlabki elektron-mikroskopik tahlillar
asosida optimal texnologik  parametrlar
belgilandi: gatlamlarning kristallanish harorati
750°C, epitaksial o‘sish tezligi vx = 0,15
mkm/min, majburiy sovutish tezligi esa 1
grad/min deb gabul gilindi.

(Gez2)1-x—+(ZnSe)x(GaAs1—0Bid),
epitaksial plyonkalarning dastlabki elektrofizik
xossalari xona haroratida Van der Pau usuli
yordamida oflchandi. O‘tkazuvchanlik turi
termozond usulida Hall doimiysi giymatlari
asosida aniglanib, legirlanmagan qatlamlar
asosan kovakli (p-turdagi) o‘tkazuvchanlikka
ega ekani gayd etildi.

O‘Ichash natijalariga ko‘ra, o‘stirilgan
plyonkalarning xona haroratidagi solishtirma
garshiligi, zaryad tashuvchilar konsentratsiyasi
va harakatchanligi mos ravishda 10 Q-sm,
1,8-10" sm™ va 368 sm?(V:s) ni tashkil etdi.
Shuningdek, dastlabki elektrofizik parametrlar
asosida noasosiy zaryad tashuvchilarning
harakatchanligi 4673 sm?(V-s) deb hisoblandi.

Yarimo‘tkazgichli geterotuzilmalarda tok
o‘tish mexanizmlarini tadqiq etishda, ularga
mos omik kontaktlarni tanlash muhim ahamiyat
kasb etadi. Agar Kkontakt sohasi orgali
tushayotgan kuchlanish  zanjirning boshga
gismlaridagi  kuchlanishdan ancha kichik
bo‘lsa, bunday kontakt amalda omik deb
hisoblanadi. Amaliyotda bunday kontaktlarni
metall va yarimo‘tkazgich oralig‘ida kuchli
legirlangan yarimo‘tkazgich sohasini hosil
gilish orgali amalga oshiriladi.

Tadgiqgot natijalari.

Geterotuzilmalar asosida ko‘ptarkibli
o‘zgaruvchan  energetik  sohali  quyosh
elementlari konsepsiyasini to‘ldiradigan ushbu
muammoni hal qilishda yangi yondashuv
mavjud. Bunday ko‘ptarkibli o‘zgaruvchan
energetik sohali quyosh batareyasining eng
istigbolli modifikatsiyalaridan biri n-GaAs-p-
(ZnSe)1-+(Ge2)(GaAs1-sBis)y
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geterotuzilmalariga  asoslangan.  Tadgiqot
ishining ushbu bo‘limida germaniy
nanokristallarining n-GaAs — p-(ZnSe)i-.
+(Ge2)x(GaAs1-5Bis)y geterotuzilmalarining
fotoelektrik xossalariga gamma

nurlanishlarining ta’sirlari o‘rganilgan.
(ZnSe)1--(Ge2)(GaAs1-sBis)y epitaksial
gatlamlari suyuq fazali epitaksiya usulining
majburiy sovutish tizimi yordamida vismut
hosil giluvchi aralashma eritmadan GaAs
tagliklariga o‘stirilan. Mazkur geterotuzilma
fotosezgirligining spektral bog‘lanishi kvars
CARLZEISJENA firmasi tomonidan ishlab
chigarilgan kvars oynali monoxromatori bilan
jihozlangan optik spektrometr yordamida
tekshirildi, bunday qurilma foton energiyasi 1
dan 3 eV gacha bo‘lgan diapazonida
namunalarni tekshirishga imkon beradi.

1.04——a,0rad
—o—h 10’ rad |
—o—c, 10° rad
0,8 -
a
= 0,61
= 1,33 eV
2
041

hv, eV

1-rasm. n-GaAs-p-(ZnSe)ix.,(Gez)x(GaAs1.sBis),
geterotuzilmasining xona xaroratidagi
gamma nurlanishlardan keyingi

fotosezgirlik spektrlari

1-rasmda (a egri chizigga garang) xona
haroratida gamma nurlanishlardan oldingi n-
GaAs-p-(ZnSe)1-x-(Ge2)(GaAs1-sBis)y
geterotuzilmasining  fotosezgirlik  spektral
bog‘lanishi keltirilgan. Rasmdan epitaksial
plyoknalarining  tashkillovchilaridan  tor
energetik sohali Gey, shuningdek, GaAsi-sBis
kvant o‘rasining ta’siri tufayli fotovoltaik
effektga faol ta’sirini ko‘rsatagani tufayli n-
GaAs-p-(ZnSe)1-x-(Ge2)(GaAs1-sBis)y
geterotuzilmaning fotosezgirlik spektri 1,2 eV
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foton energiyasidan boshlab keskin ortishini
ko‘rish mumkin. Ma’lumki, germaniy (Egce =
0.67 eV) eyenrgetik soha kengligi GaAs;-sBis
kvant o‘rasi (Egxy. = 1.3 €V) hamda ruh selenidi
(Egznse = 2.70 eV) larning energetik soha
kengliklaridan kichik, ammo fotosezgirlik
spektrida germaniyga tegishli sezgirlik cho‘qqi
yo‘qligi, germaniy bilan boyitilgan
plyonkaning yupqaligidan ( ~ 5 mkm) dalolat
beradi [3].

n-GaAs-p-(ZnSe)1-+-(Ge2)(GaAs1-sBis)y
geterotuzilmasining  fotosezgirlik  spektrida
1,58 eV foton energiyali nisbatan sezilarsiz
cho‘qqi kuzatilgan bo‘lib, u GaAs:-sBis kvant
o‘rasidagi zaryad almashinuvlar va ularning
rekombinatsiyalanish ~ xossalari  o‘zgarishi
natijasida namoyon bo‘ladi.

Mazkur fotosezgirlik spektridagi eng
yuqori cho‘qqi 1,8 eV foton energiyasida
kuzatiladi (1-rasm, a egri chizigga garang), bu
esa 0z navbatida n-GaAs-p-(ZnSe)i-r-
4(Ge2)x(GaAs1-sBis)y gattiq gqorishmasining man
etilgan sohasi kengligi tufayli bo‘lishi mumkin.
Bu esa o‘z navbatida o‘stirilgan plyonka
tarkibini ko‘p miqdorda ruh selenidi atomlari
tashkil etayotganligidan dalolat beradi [4].
Bundan tashqari n-GaAs-p-(ZnSe)1..-
(Ge2)x(GaAs1-5Bis)y geterotuzilmaning
fotosezgirlik  spektrida 1,97 eV foton
energiyasiga nisbatan sezilarsiz cho‘qqi ham
kuzatilgan. Ma’lumki, binar yarimo‘tkazgich
birikmalarining energetik soha kengligi ZnSe-
Egznse>Egq, GaAsl-0Bid va  Egznse>Egce
munosabatda bo‘ladi. Lekin mazkur qattiq
gorishmaning ZnSe, GaAsl-6Bi6 va Ge
tashkillovchilari yaqin geometrik o‘lcham va
zaryad holatlariga ega bo‘lgani uchun ko‘p
miqdordagi ZnSe ga ega bo‘lgan (ZnSe)i-
1(Ge2).(GaAs1-sBis)y gattiq qorishmalarini olish
imkonini beradi. Bu esa 0°‘z navbatida bunday
turdagi gattiq gorishmalarning man etilgan
sohasining torayishiga olib keladi [5].
Shuningdek, 1,97 eV  yuqgori foton
energiyalarida  fotosezgirlikning  pasayishi
kuzatilib, bu p—n o‘tishning ajratish
to‘sig‘ining chuqurligi bilan bog‘liq bo‘lib,
bizning hol uchun epitaksial qatlamning
galinligi ~ 5 mkmni tashkil giladi.
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Tadqiq etilayotgan epitaksial plyonkalari
uchun zaryad tashuvchilarning diffuziyaviy
yugurish yo‘li aniglanganda, u taxminan 4,6
mkm tashkil etdi va bu o‘z navbatida ajratish
to‘sig‘ining chuqurligidan kichik ekanligini
ko‘rsatadi. Mazkur holat fotoduksiyalangan
nomuvozanat zaryad tashuvchilarning
rekombinatsiyasini ~ kuchaytiradi.  Bundan
tashqari, tadqiq etilayotgan qattiq qorishmlarni
vismut hosil giluvchi aralashma eritmadan
o‘stirilgani tufayli epitaksial plyonkalar kristall
panjarasiga kam miqdorla vismut atomlari kirib
golib, sayoz donor sathlar hosil gilishi ham
mumkin [6].

1-rasmda (b egri chizigga garang) xona
haroratida 10° rad gamma nurlanishlardan

keyingi n-GaAs-p-(ZnSe)1-+,(Ge2)(GaAs:.-
sBis)y  geterotuzilmasining  fotosezgirlik
spektrida bir qator sezilarli o‘zgarishlar

kuzatilishi tagdim etilgan. Rasmdan mazkur
tuzilmlarning fotosezgirlik spektrlarining gisqa
va uzun to‘lginlar tomon siljiganini, ya’ni
kengayganini ko‘rish mumkin. Bu esa o‘z
navbatida  gamma  nurlanish  ta’sirida
geterotuzilmalarning  hajmiy  va  sirtiy
sohalarida yangi chuqur sathli rekombinatsiya
markazlari hosil bo‘lishidan dalolat beradi.
Shuningdek, yuqorida ta’kidlanilganidek,
GaAs1sBis  kvant o‘rasining  fotovoltaik
effektga faol ta’sirini ko‘rsatgani tufayli n-
GaAs-p-(ZnSe)1-+,(Ge2)(GaAs:-sBis)y
geterotuzilmaning fotosezgirlik spektri 1,2 eV
foton energiyasidan boshlab keskin ortishini
ko‘rish mumkin. Bundan tashqari 10° rad
gamma nurlanishdan so‘ng 1.3 eV foto
energiyali GaAs1-sBis kvant o‘rasiga tegishli
fotosezgirlik cho‘qqining sezilarli o‘zgarishi
kuzatilgan. Bu esa o‘z navbatida gamma
nurlanishdan keyin bo‘linish chegaralarida turli
nugsonlar  orqali o‘tayotgan fototok
tashuvchilarini  kvant o‘raga samaraliroq
o‘tayotganidan, tuzilmaning sirtiy sohalarida
yutishni  ortganidan dalolat beradi [7].
Shuningdek, GaAs birikmasini As atomlari
bilan Bi atomlarining 0z migdorda almashinishi
tufayli GaAs valent sohasida rezonans holatlar
keltirib chigaradi va ta’qiglangan soha
kengligini (1.3 eV < 1.42 eV) kamaytirdi. 10°
rad gamma nurlanishdan keyin Bi atomlarining
kichik o‘lchamli klasterlanishi GaAs birikma
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kristal  panjarasida  kichik  o‘lchamdagi
zo‘riqishlarning ortishi (energetik sathlarni
gayta tashkillanishi) tufayli tadgiq etilayotgan
tuzilmaning GaAsl-6Bid kvant o‘rasiga
tegishli mahalliylashgan  holatlar miqdori
ortadi, natijada fotozergilik spektridagi 1.3 eV
foto energiya aniqroqg kuzatilishiga olib keladi.

10° gamma nurlanishdan  keyingi
tuzilmlarning fotosezgirlik spektridagi eng
yuqgori cho‘qqi 1,58 eV foton energiyasida
kuzatilib, nurlantirilmagan tuzilmlarniikiga
(1,8 eV) nisbatan uzun to‘lgilar tomon siljigan
(1-rasm, b egri chizigga garang). Yugorida
ta’kidlab o‘tilganidek, gamma nurlanishdan
keyin GaAs1-3Bid kvant o‘ralar orgali energiya
almashinuv samarasi ustunlashadi. Bu esa o‘z
navbatida foton energiyasi kamroq bo‘lgan
fototok o‘tishlarini rag‘batlantiradi [8]. Bundan
tashgari GaAsi1sBis kvant o‘rasiga tegishli
mahalliylashgan holatlar migdori ortishi ham
tuzilmlarning fotosezgirlik cho‘qqisi 1,8 eV
dan 1,58 eV ga tomon siljishiga sababchi
bo‘ladi [8].

10° rad gamma nurlanishlardan keyingi
n-GaAs-p-(ZnSe)1..(Ge2).(GaAs:-sBis)y
geterotuzilmasining fotosezgirlik spektrida 2
eV foton energiyali cho‘qqi kuzatilib, u
nurlantirilmagan tuzilmlardagiga (1,97 eV)
nisbatan qisqa to‘lginlar tomon siljigan holda
namoyon bo‘lgan. Bu esa o‘z navbatida
nurlanish ta’sirida elektron =zichligi ortishi,
kristall pajarada qo‘shimcha shakllanadigan
nugsonlarning nisbatan tartiblanishi hamda
o‘tish qatlamining maxalliy deformatsiyasi
natijasida yuzaga kelishidan dalolat beradi.
Shuning uchun mazkur xolat yugori solishtirma
qarshilikka ega bo‘lgan o‘tish qatlamidagi
energetik holatlarning gayta tagsimlanishi,
shuningdek, Kvant-Konch-Shtark va Moss—
Byurshteyn effektlarining birgalikdagi ta’siri
bilan izohlanadi. Bundan tashgari 10° rad
gamma nurlanishlardan  keyingi  tadqiq
etilayotgan tuzilmalarning fotosezgirlik spektri
2,24 eV foton energiyali cho‘qqi ham
kuzatilgan. Mazkur cho‘qqi asosan ZnSe
qatlami va geteroo‘tishnig chegara sohalarida
turli nugsonlar bilan bog‘liq yuqori energiyali
elektron—kovak o‘tishlar natijasida
kuzatilayotgan bo‘lishi mumkin. Bunday xolat
10° rad gamma nurlanishlar ta’sirida yuqori
solishtirma qarshilikka ega bo‘lgan o‘tish
gatlamidagi yutish sohalarining faollashishi,
mahalliy (subkristallitlarning bo‘linish
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chegaralarida ZnSe—GaAsBi gayta
shakllangan) nugsonlar ortishi bilan izohlanadi

[9].

1-rasmda (s egri chizigga garang) xona
haroratida 10° rad gamma nurlanishlardan
keyingi n-GaAs-p-(ZnSe)1x-(Ge2).(GaAs:-
sBis)y geterotuzilmasining fotosezgirlik spektri
hamda uning eng yuqori cho‘qqisi 2 eV foton
energiyasida  kuzatilib,  nurlantirilmagan
tuzilmlarniikiga (1,8 eV) nisbatan qisga
to‘lgilar tomon siljishi (1-rasm, s egri chizigga
qarang) kuzatilgan. Bu esa o‘z navbatida
gamma nurlanishlar ta’sirida tuzilma hajmida
yuzaga kelgan elektr maydonlarning erkin
zaryad tashuvchilar tomonidan
kompensatsiyalanishi  (ekranlishishi) hamda
kristall panjaradagi buzilishlarni kamayishi
natijasida yuqori energiyali fotonlarga sezgirlik
ortishidan dalolat beradi[10].

Bundan tashgari 10° rad gamma
nurlanishlar ta’sir ettirilgan tuzilmalarda 2,36
eV foton energiyali cho‘qqi ham namoyon
bo‘lgan. [11] tadqgiqot ishi muallifining
ta’kidlashicha, suyuqfazali epitaksiya usuli
yordamida olingan (GaAs)1-x(ZnSe)x qattiq
gorishmlarning fotolyuminessensiya spektri
400 nm dan 760 nm bo‘lgan deyarli butun
ko‘zga ko‘rinuvchi sohani qamrab olagan. [11]
tadgigot ishi mualliflari esa GaSe birikmasi

tufayli chuqur energetik sathlar (AVmax = 1.88
eV), ZnAs (hvmax = 2.15 eV) 1 ZnSe (hvmax =
2.69 eV) paydo bo‘lishini aniglaganlar. Bizning
hol uchun 1.92, 2.3 va 2.63 eV foton
energiyalarida uchta fotosezgirlik cho‘qqilari
kuzatilib, GaSe va ZnAs birikmalarining gattiq
gorishma kristall panjarasida turli
modifikatsiyalari tufayli birinchi va ikkinchi
fotosezgirlik  cho‘qqilari  qisman  qisqa
to‘lginlar tomon og‘gan.

Xulosa

Shunday qilib, n-GaAs—p-(ZnSe)i——
(Ge2)(GaAs1—0Bid), geterotuzilmalarning
fotosezgirlik spektrlari gamma nurlanishlar
ta’sirida qisqa to‘lginlar tomon siljishi, turli
nugsonlarning tagiglangan sohani kengaytirishi
hamda qo‘shimcha mahalliylashgan energetik
sathlarning hosil bo‘lishi bilan izohlanadi.

Tuzilmalar gamma nurlari bilan
nurlantirilganda yangi rekombinatsiya
markazlari  paydo  bo‘lishi  natijasida
fotosezgirlik  spektrida ~ yuqori  foton
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energiyasiga ega yangi cho‘qqining paydo
bo‘lishi aniqlandi.

Tadqiqot natijalari shuni ko‘rsatadiki,
gamma nurlanishlar geterotuzilmalarning o‘tish
gatlamida  elektr ~ maydonlarning  gayta
shakllanishiga, zaryad tashuvchilar
konsentratsiyasining ortishiga va foton yutilish
sohalarining faollashishiga sabab bo‘ladi.
Ushbu jarayonlar Kvant-Konch-Shtark va
Moss—Byurshteyn effektlarining birgalikdagi
ta’siri natijasida kechadi. Natijada GaAsi—6Bid
kvant o‘ralaridagi Bi atomlarining
klasterlanishi rezonans holatlarning
bargarorlashuviga olib keladi va fotosezgirlik
cho‘qqilarining energiya qiymatlari 1,8 eV dan
1,58 eV gacha siljishi kuzatildi.

Olingan  natijalar asosida gamma
nurlanish  ta’sirida  n-GaAs—p-(ZnSe)i——
(Ge2)(GaAsi—6Bid), geterotuzilmalarning
energetik sohalarini boshqarish va fotosensor
qurilmalarning ishlash samaradorligini oshirish
imkoniyati aniglandi. Umuman olganda,
gamma nurlanishlar ta’sirida hosil bo‘ladigan
strukturaviy va energetik o‘zgarishlar ushbu
geterotuzilmalarning fotoelektrik
xususiyatlarini  yaxshilab, yuqori samarali
optoelektron va fotodetektor tizimlarini
yaratish uchun keng imkoniyatlar ochadi.
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Abstract: This article discusses the effect of a quantizing magnetic field and temperature on Fermi
energy oscillations in nanoscale semiconductor materials. A generalized mathematical expression is
obtained for calculating the dependence of the Fermi energy oscillations on the magnetic field, temperature,
and thickness of the quantum well. It is shown that the Fermi energy in nanoscale semiconductor materials
under a quantizing magnetic field is quantized. The proposed theory explains the experimental results in
two-dimensional semiconductor structures with a parabolic dispersion law.

Keywords: quantizing magnetic field, temperature, Fermi energy, nanoscale semiconductors,
quantum well.

AHHOMauyus:. B GaHHOU cmambe pacCMOMPEHO B/USIHUE K8aHMYHW,e20 MazHUmMHo20 rons u
memnepamypbl Ha OCUuUnIsyuU saHepauu @epmu 8 HaHOPa3MePHbLIX 0S1yrMPOBOOHUKO8LIX Mamepuarnax.
lMony4yeHo 0606weHHOe MameMamu4yecKkoe 8bipakeHue O7isl 8bIYUCIIEHUST 3a8UCUMOCMU OCUUTIAYUU
aHepauu ®epmMu om MazHUMHO20 MoJIsl, memnepamypb! U MOAWUHbI K8aHMOo8bIU siMbl. [Toka3aHo, 4mo
sHepeuss ®PepMmu 8 HaHOPa3MEPHbIX [10/1yNPOBOOHUKOBbLIX Mamepuanax nod 6/UsHUeM CU/IbHO20
Maz2HUMHO20 oJsid KeaHmoeaHa. [lpednoxeHHass meopusi 0b6bsCHSem  3KcrepuMeHmaribHble
pe3ynbmambl 8 08YMePHbIX 1071yrPO80OHUKOBLIX CMPYyKmMypax ¢ rnapabonu4yeckum 3aKoHOM ducriepcuul.

Knrouyeenble crioea: KeaHmywuwee MasHUMHoe rofie, memrnepamypa, 3Hepauss @epmu,
HaHopa3MepHbIe Mos1yrnpPo8oOHUKU, K8aHMoeas sima.

AHHOmMauyus: Ywby wmakonada HaHO yndamiu spumymkasaudnu mamepuannaplda Depmu
3Hepeusicu ocyunnsyusnapu2a KeaHmsoe4u MazsHUmM MalldoOH 8a XapopamHUH2 mabCupu Kypuri2aH.
Depmu 3Hepausicu OCyunIsayusnapuHuHe MagHUm MalldoH, xapopam 8a KeaHm ypaHUH2 KalluHnuaueaa
bofrnuknuauHu xucobnaw yd4yH ymymnaweaH mamemamuk ughoda onuHeaH. Kyunu masHum maltiOoH
mabcupuda HaHoyn4Yamau spuMymkasaudsu mMamepuannapda @epMu 3HepausiCUHUHE KeaHmaaHuWwu
KypcamunzaH. Mapabonuk ducnepcusi KOHyHU Yy4yH UKKU YI408/U spuMymkasaudau cmpykmypanapoa
maecus amurieaH Ha3apusi bunaH sKcrepuMeHm Hamuxanapu mywyHmupuaaH.

Kanum cy3nap: keaHmnogdu MazHUm MaloloH, xapopam, ®epmMu 3Hepausicu, HaHoyrn4yamsu
ApuMymekaseudnap, KeaHm ypa.

INTRODUCTION

At present, interest in studying the
properties of two-dimensional electronic
systems is due to the prospects for their
application in  nanoscale semiconductor
structures. In such systems, the quantum
dimensional quantities of the dependence of the
characteristics have, as a rule, an oscillating
character [1-9]. In two-dimensional
semiconductors, macroscopic energy
characteristics such as the density of states,
effective masses of electrons, and the Fermi
energy depend on the thickness of the quantum
well. It is assumed that the size of the thickness
of the materials d will be commensurately equal

to the de Broglie wavelength of the electron in
low-dimensional semiconductors. Let us
consider a degenerate (for definiteness -
electron) Fermi gas in a magnetic field that is
weak compared to the Fermi energy. In the
absence of a field, each state is occupied by two
electrons that differ in the projection of the spin
to the chosen direction, the energy is
determined only by the Kinetic energy
(momentum) and does not depend on the
projection of the spin. If a magnetic field is
applied to this system, then one of the states
(with a magnetic moment directed along the
field) becomes energetically more favorable
and there should be more electrons in this state.

As already noted, since the motion in cyclotron orbits is finite, in accordance with the
general rules of quantum physics, it must be quantized. Qualitatively, the quantization result can
Scientific Bulletin. Physical and Mathematical Research Vol 7. Iss 3. 2025
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be obtained using the Bohr-Sommerfeld rule. When moving in a cyclotron orbit
p-2xr =2zme,r’ =nk . Where is the radius of the quantized orbit ran nz :\/nﬂ, and the
Ma,

27 eB

2m  2mr?  2mc
effect in order of magnitude, but, as we will see below, it differs from the exact one by a factor of
two. The exact solution to this problem requires the solution of the Schrodinger equation in a
magnetic field. Let us consider electrons as non-interacting, then we get a simple one-particle
problem. We will use the fact that in a magnetic field the momentum of a particle is renormalized

2 232
energy of the quantized motion g = Py _ eH n h®:.  This answer gives an idea of the

p— p—2A. Where, "A is the vector potential of the magnetic field ( “B=rot °A ), which for this
c

problem is conveniently chosen in the form A = (0, Bx, 0) (the field is directed along Z). The
Schrodinger equation for a free electron has the form:

2i(pi +(p, ~EBX)? + Py (%, y,2) = Ep(x,y,2) 1)
m C

solution in the form (X, y,z) = eikyyeikzzy/(x) . The variable z immediately separates and gives
21,2

just free movement along the Z axis with a contribution to the energy 5 £ . For motion in the
m

plane, by substitution, we obtain

2

Lty 7k -2k n S Bx+ & B ) = wy 2)
2m c C
. €8 ek,

Y 2mCZ( eB)t// Wy 3)

The equation coincides with the equation of a harmonic oscillator with an equilibrium

hck
position at the point x, = By , called the position of the leading center. The “hardness” of the
e

2p?2
oscillator is x =

>, respectively, the characteristic frequency that determines the quantum of
C

the oscillator energy o, = £=§=EM, which coincides with the classical cyclotron
mc mc mc #h
frequency (mO is the free electron mass entering the Bohr magneton). The energy of the n-th level

21,2
IS W, :ha)c(n+%), total energy E(n,kz)zhwc(m%)ﬂzi. Let’s introduce the magnetic length
m

l, = \/h:C taking this designation into account x, = Iéky . The magnetic length sets the characteristic
eB

scale by which the electron moves away from the leading center; it can be interpreted in the
semiclassical approach as a value of the order of the radius of the cyclotron orbit for the first
Landau level. In a field of 10 T, the magnetic length is 0.81-10 ¢ cm. The magnetic flux penetrating

the cyclotron orbit, F, = zI2B = ZhC _ 5 05.10”7KOe-sm? called the flux quantum. The energy
e

levels found are the Landau levels of electrons in an external magnetic field. Note that the energy
of levels with different coordinates of the leading center coincides, the Y-component of the wave
vector enters only in the coordinate of the leading center.

Thus, to find the equilibrium configuration, we need to minimize the sum of the kinetic
energy of electrons of two polarizations and the Zeeman energy, taking into account the constancy
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. . n
of the total number of electrons. If no is the total concentration of electrons, n, :?Oidn—

concentration of favorable and unfavorable polarizations (this designation automatically preserves
the total number of electrons), then the radii of Fermi spheres for electrons of favorable and

unfavorable polarizations k, = sfeﬁz(%ian) (note that under the root 6x%, not 3n?, since we now

consider the Fermi radii without spin degeneracy). Recalling that the average kinetic energy of a
degenerate Fermi gas is g E. , we can write down the total energy, which is then minimized with

respect to on:

3 n 3 n
E=n-—k’+n =—k’-26nu,B 4
*52m © 52m He @
The g-factor is assumed to be 2. The calculations can be significantly simplified using the
concept of the density of states. Indeed, if ., <<E,. (which is true for metals in all reasonable

fields), then the redistribution of electrons will occur only near the Fermi surface. Density of states
(the number of states in a unit energy range) at the Fermi surface for a degenerate Fermi gas.

n . : . . : .
D(E;) = % , Where n is the total concentration of electrons. This density of states is total, taking
F
into account both polarizations; for each of the polarizations, the number of states is half. When
the field is turned on, the electron energy will change by +.,B, respectively, and the electron

concentrations of the corresponding polarizations changed by i%luBB . From where we

immediately find the total magnetic moment of a unit volume M =Dg2B and, finally, the

2 2
susceptibility of a unit of volume Xowa = Dt = 3nup _ Mug 3/3_’2 . The resulting magnetic moment
n

2
S NPT I
is paramagnetic (directed along the applied field), independent of temperature (at k. << E.). This

effect is called Pauli paramagnetism. Note that the mass entering into the paramagnetic
susceptibility is the effective mass of the electron (it is the effective mass that enters into the
density of states on the Fermi surface). Landau levels describe quantized motion in a plane
perpendicular to the field. For physical applications, it is essential to check how the density of
states will change due to the appearance of this quantization. To find the conditions for
quantization, consider a sample in the form a rectangular parallelepiped with edges Lx, Ly and L,
all lengths are considered to be much greater than the magnetic length. The coordinates of the
leading center depend on k y. At the same time, the center itself must lie in the range from 0 to Ly;
otherwise, due to the rapid decrease in the wave function of the oscillator, the probability of
detecting such a state in the sample will tend to zero. By imposing periodic boundary conditions
along Y and Z, we obtain the usual condition that one state has an element of the phase volume of

the k-space 27 . Therefore, in total in the XY plane for each value of k; there is 1 L states at

Lv,z |é 2r
each Landau level. And in the interval dk z at each Landau level there will be 4 -V . izdk states.
(27)" I ’
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Fig. 1. Schematic representation of the density of states in a three-dimensional Fermi gas with
allowance for the quantization of Landau levels. The dotted line is the density of states in the
absence of a field.

To find the density of states as a function of energy, consider the nth Landau level, the

21,2
electron energy at this level E(n,kz):hwc(n+%)+h2kz
m

has a minimum value ha)c(n—i—%), each

value is twofold degenerate in the k z direction and twofold degenerate in spin (we neglect the
interaction of the spin moment with the field, considering the purely orbital motion of the electron).
Whence the contribution of this level to the density of states:

\Y £d|kz| _4 V 1+2m 1 (5)
27)? 12 @Y h
( ﬂ-) B dé‘ ( ﬂ-) B i/g_hwc(n_F;)

D,(e)=4

total density of states D(s)=>_" D, (¢). (Fig.1)

Thus, instead of a monotonic dependence of the density of states on energy, periodic sharp
maxima appear in it. As we recall, many of the properties of a metal depend on the density of states
at the Fermi level - therefore, we can expect that these properties will change dramatically
depending on whether the position of the Fermi level falls on the peak of the density of states or
on one of the minima.

The presence of a spin in the electron will lead to the splitting of the Landau level into two
spin sublevels. If the motion in the cyclotron orbit is independent of the spin degree of freedom,

then this will simply lead to a shift of the spin sublevels by i%luBB the position of the unsplit

level, where g is the electronic g-factor. For free electrons g = 2 and m = mo, which would lead to
the fact that the Zeeman splitting AE =gugB would coincide with the cyclotron

AE, =ho, =2u,B . As a result, the energies of the sublevel of the nth Landau level with the

Zeeman addition + ugB and the sublevel of the (n + 1) th Landau level with the Zeeman addition
(—usB) would coincide. It is necessary, however, to bear in mind that we are not talking about a
free electron, but about a quasiparticle in a solid. For such quasiparticles, the cyclotron splitting is

Zeeman

. . m .
determined by the effective mass 7w, = FOZ,uBB , a g- the factor can also change quite strongly

(in problems of assignment there are examples with values of the g-factor of an electron from =1
to ~60). Therefore, the relationship between cyclotron and Zeeman splitting can vary within fairly
arbitrary limits, and a general approach to constructing the structure of electron levels in a
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magnetic field with allowance for spin sublevels is impossible. In the literature, the term “Landau
level” can be understood as a problem without taking into account spin splitting, which we
considered, and a spin sublevel with a certain value of S..

Let us note on a qualitative level that during the orbital motion of electrons in a cyclotron
orbit, each electron creates a magnetic field directed against the external one. That is, the orbital
motion along cyclotron orbits should lead to a diamagnetic response of the system of electrons -
that is, the effect opposite in sign to the Pauli paramagnetism considered above. To find the effect,
you need to calculate the total energy. Consider the case of low temperature and weak field usB<T
«er. The smallness of the temperature makes it possible to replace the Fermi distribution with a
step, the smallness of the temperature and field makes it possible to neglect the change in the Fermi
energy, the smallness of the field in comparison with temperature “smears out” the irregularities
in the dependence of the density of states on energy by thermal fluctuations and allows the density
of states to be considered a smooth function. We neglect the spin splitting.

: : 1
For compactness, let us introduce the notation &, =%, (n +§) . Then the energy

E:]E(g—gF)D(g)ds=TZ(5—5F)DH(5)d8 (6)

For the convenience of subsequent calculations, the Fermi energy has been subtracted,
which is not important since we are interested in the field-dependent correction. Taking into
account the admissible values, the integration of each term must be carried out on &, and the
summation is limited from above by the condition e, <er. We integrate piece by piece:

V \/2m V \/ m 3
f(n)= j (6—&:)D,(¢)ds = j (6—&:)d e -5, = == -a) (M)
Ina small field, the maximum value of n is large. For large n, summatlon can be replaced
by integration using a variation of the Euler-Maclaurin formula:

Ninax Ninax +1/2

, 1, .. 1
>tm= | f(n)dn—1/24{f(nmax+§)—f(—E)} 8)

n=0 1

2
Further, we note that during integration it will be necessary to change the variable from d
n to d en and, as a result, the integral will not depend on the field 13 - hence, it will give (all or
partly) the total energy of the Fermi gas in the absence of a field, which is not of interest to us.
Derivative

ﬂ_ df .dgn s \/2m§
dn de, dn 37%2 h 2
&4, =0, E 2 ~ EF

Thus, for the field-dependent part of the energy'

E-g+—" By 2B _E . \3/3 .B2= \é”;_l“Ba,/?’” B2 (10)

& —&ha, 9)

2472 hc T ome 247
We see that the energy really grows Wlth the field, that is, there is a diamagnetic
contribution. This contribution is called Landau diamagnetism. By double differentiation with
respect to the field, we find the diamagnetic susceptibility of a unit volume:

im 3n 1
Xdia = 3 :B 72_4 _élpara (11)
Thus, the diamagnetic contribution is three times less than the paramagnetic one. It would
seem from our conclusion that every electron gas must be paramagnetic. However, it is known
from experiment that some metals (copper, gold) are diamagnetic. One of the reasons for the

diamagnetism of a metal is that, generally speaking, for a metal with a complex Fermi surface and
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a non-quadratic spectrum, the effective masses in calculating the paramagnetic susceptibility
(“dynamic” effective mass at the Fermi surface) and diamagnetic susceptibility (cyclotron mass)
can differ markedly both in one and the other direction.

As is known, the energy spectrum of electrons has highly variable properties depending on
the relative position of the Fermi level with respect to the Landau levels in two-dimensional
semiconductors in the presence of a quantizing magnetic field. All electron gases have a single
Fermi level x4, which at absolute zero temperature determines the level of filling the energy bands
with electrons. As is known from the experimental and theoretical data [10-12], in two-
dimensional semiconductors, the Fermi surface at absolute temperature is characterized by rather
high amplitudes of the Fermi energy oscillations (). But, for a three-dimensional electron gas, the
w oscillations will be very weak, even at low temperatures. In three-dimensional semiconductors,
4 changes only linearly, as in classical magnetic fields.

When studying the electronic and magnetic properties of two-dimensional electronic
systems, an important characteristic is the Fermi energy, which determines the main contribution
to micro and nanoscale semiconductors. Therefore, the purpose of this work is to analyze the effect
of a quantizing magnetic field on dimensional oscillations of the Fermi energy in two-dimensional
semiconductor structures.

METHODS

For low-dimensional semiconductor structures and metals, the condition er > A is always
satisfied, which means that a large number of Landau levels are always filled for metals. When the

field changes, the distance between these levels’ changes and when the condition . = 7w, (n +%)

. The next Landau level crosses the Fermi surface. Due to the large number of occupied levels, the
situation when there is n > 1 or (n-1) > 1 levels under the Fermi surface are almost the same -
only the location of the Fermi surface relative to the nearest Landau level is important.
Consequently, we can expect the appearance of some oscillations in the properties of the metal
when the next Landau level passes through the Fermi surface.

A necessary condition for observing such oscillations is the smallness of the temperature
in comparison with the cyclotron splitting of levels - for observing oscillatory effects, T < zwc IS
required. Before the development of modern techniques such as APRES, oscillation effects, along
with cyclotron resonance, were the main methods for studying Fermi surfaces [1]. Now they are
used to study the properties of exotic conductors [8] due to the technical simplicity of their
implementation and the possibility of placing the sample in conditions of ultra-low temperatures,
strong magnetic fields [9], [10], [11], [12] or high pressures [13].

Conductivity oscillations associated with the passage of Landau levels through the Fermi
surface are called the Shubnikov-de Haas effect. This phenomenon was discovered in 1930 on
bismuth by the Soviet physicist L.V. Shubnikov and the Dutch physicist W. de Haas working
together in Leiden. The physical reason is obvious: the conductivity of the metal

azéez(vzrD(g))y is determined, among other things, by the density of states at the Fermi

surface. Therefore, a periodic change in the density of states (Fig.1) when the Landau level crosses
the Fermi surface will lead to resistance oscillations. Conductivity maxima are observed provided
that the Fermi energy coincides with the next extremum on the D(¢) dependence (Fig.2).

1 eB 1
s =ho(h+=)=hi—(+— 12
F - ( 2) mC( 2) (12)

That is, the experimentally measured dependence o(B) should have regular equidistant
maxima when plotted as a function of the inverse field 1/B. Oscillations in the coordinates of the

£:mc

reverse field are traditionally characterized by the "frequency” F = et measured in units of
€

magnetic field strength (tesla). In the presence of several cyclotron masses, several “frequencies”
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and “beats” will be observed on the o (1/B) plot. An example of such data measured on a
compound from the "heavy fermion™ class. The measurements were carried out in fields up to 20
T at temperatures up to 35 mK. It can be seen that, against the background of a general (monotonic
up to almost maximum field) growth of the resistance with the field, resistance oscillations with
an amplitude of about 1% arise. The increase in the amplitude of the oscillations with the field is
due to the fact that the distance between the Landau levels increases with increasing field, and
thermal fluctuations have an ever-smaller effect. For the same reason, the amplitude of the
oscillations increases with decreasing temperature. Thus, an analysis of the temperature
dependence of the oscillation amplitude (for this purpose, the Lifshitz-Kosevich theory was
developed) makes it possible to extract information on the magnitude of the splitting of the Landau
levels, that is, on the cyclotron mass. The observed oscillations correspond to an effective electron
mass of about 13 masses of a free electron. An example of the observation of Shubnikov
oscillations in fields up to 60 T (pulsed magnetic field at the National Laboratory for High
Magnetic Fields in Talahasi, Florida, USA) and at high pressures of more than 10,000
atmospheres, observed in related quasi-two-dimensional organometallic conductors.

When deriving the diamagnetic response of the Fermi gas, we assumed the temperature to
be large in comparison with the field, which made it possible to consider the density of states to
be smeared by thermal fluctuations to smoothness and to use an approximate formula for
summation when calculating the energy. Under conditions when the cyclotron splitting exceeds
the temperature, this cannot be done, the exact calculations are rather cumbersome and we will not
present them [3]. We only point out that, within the framework of our calculations, small energy
oscillations will arise when the difference in the position of the last Landau level from the Fermi
energy is taken into account: in the previous calculation, we set &, +1/2 ~ &., which completely

vanished one of the terms. Small oscillations of energy after differentiation can turn into noticeable
oscillations of magnetization. The periodicity of these oscillations is determined in the same way
as for the resistance oscillations discussed above. For the experimenter, this method is of interest
due to the even greater simplicity of measurement than resistance - when measuring under extreme
conditions, it is not necessary to lead a wire to the sample. When placed in a magnetic field
gradient, the bending of the cantilever is proportional to the magnetization of the sample. In the
experiment, field modulation was used to increase the sensitivity; therefore, the observed signal is
proportional to the derivative of the magnetic susceptibility. The Fermi surface of gold consists of
spheres connected by constrictions at the boundaries of the first Brillouin zone. Therefore, in
different orientations of the magnetic field, different extreme cross sections of the Fermi surface
contribute to the cyclotron mass. In one of the cases, there is an overlap of two oscillation
frequencies. Without going into details of the analysis, we note that this method makes it possible
to detect the presence of specific features of the Fermi surface and the presence of carriers with
different effective masses, and to determine the effective (cyclotron) mass of carriers and their
concentration.

It is known that in k-space the isoenergy surfaces E(k)=const are closed and are represented
in the form of a sphere. The allowed energy states have a constant density V/8xn® and are distributed
in k-space. Here, V is the volume of the crystal. Since two opposite orientations of the spin of the
electron state are responsible for each value of k, the wave numbers of all states that will be filled
have values no more than kr in the volume of the crystal V, according to the Pauli principle, and
kr is determined [13]:
2V

4
gﬂké e N3 (13)
2 3d %
From here k =|3%N (14)
F v

Here, N3 is the number of electrons for a three-dimensional electron gas.
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If the system of electrons is due to the Fermi-Dirac statistics, then the energy in the ground
state, i.e. at absolute temperature, called maximum:

E hzké 15
F = om (15)

Er - Called the Fermi energy for 3D electron gas. The Fermi surface will have a spherical
shape with a radius of ke for the isotopic dispersion law. The expressions given above are obtained
only for bulk materials and do not consider changes in the Fermi energy oscillations in two-
dimensional electron gases.

Now, consider the dependence of the Fermi energy on the quantizing magnetic field in two-
dimensional electron gases. In the absence of a magnetic field in two-dimensional electron gases,
the electron energy is quantized along the Z-axis, so the electron moves freely only in the XY
plane. These quantizations are called dimensional quantization. But, if the magnetic induction B
is directed perpendicular to the XY plane, then the free energy of the electron is also quantized
along the XY plane.

The question arises: how will the Fermi energy change in two-dimensional electron gases
in the presence of a quantizing magnetic field.

For a 2D electron gas, the allowed energy states have a constant density S/4n? and are
distributed in the XY plane. Here, S is the surface area crystal. Then, using formulas (1) and (2),
we determine the electron concentration for a two-dimensional electron gas:

21°
N? = 47zk? = (16)
1
2d \o
Hence: ko L[ ZNT P (17)
F L 2

Now, we calculate the Fermi energies for a two-dimensional electron gas with a parabolic
dispersion law. Substituting (5) to (6), one can determine the Fermi energies in two-dimensional

electron gases in the absence of a magnetic field:
2

.y _&_ ﬂthZd
2m  4mLl®
Here, N2¢ is the concentration of electrons for a two-dimensional electron gas, L? is the
surface of the plane of motion, p, is the Fermi momentum.

In the motion of a plane perpendicular to the magnetic field, the classical trajectories of
electrons are circles. In quantum physics, such trajectories of electrons (periodic rotation of an
electron) are equidistant discrete Landau levels:

E, =hao, (nL +%j (19)

Where, n. is the number of Landau levels. o, = ﬂ-cyclotron frequency.
mc

It is known that in three-dimensional semiconductors, a continuous quadratic energy
2

spectrum Zp_rzn is added to the energy spectrum of formula (20). However, in two-dimensional

(18)

semiconductors, the movement of electrons along the Z-axis is quantized:

Indeed, the thickness of the quantum well d is covered by the dimensional quantization
condition, in other words, the thickness is relatively close to the de Broglie wavelength of the
electron in the crystal. The motion of an electron along the Z axis is calculated from the potential
Vz
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0,0<z<d,
V(z) =
w©, 2<0, z>d

(21)
In the absence of a magnetic field in two-dimensional electron gases, the normalized wave
functions of particles have the following form [13]:

1 . 1 i
Wiy (X Y5 2) = ——=—=exp(ik , X) ——=exp(ik, ¥)¢,, (2)
ki kfy,nf; ,—Lfl f L, fy (22)

Where, kix, kiy are the wave numbers for the Fermi energy of electrons, nf, is the number of
dimensional quantizers along the Z axis.

In formula (9), the normalized functions @,, (2) in accordance with (8) are written in the
following form:

(/’nz(2)=\/gsin%nz, n=12,3.. (23)
The Fermi energies of electrons corresponding to states (9) will be

2222
Thong
2md?®

Substituting expressions (7), (11) into (6), we obtain the following formula in the presence
of a magnetic field:

E(kfx,kw,nfz):%(ki k2 )+ (24)

fy

h*N* (H)  #*n’n;,

H)= + 25
#e(H) 4ml? 2ma? 2
For an area equal to one (LxLy = 1) of formulas (12), the following is calculated:
hZNZd H 2h2n2 2 hN 2d H I thnz 2h2n2
,UF(H):” ( )+ﬂ- zfzzlhﬂ' i ( ) +7T 2f221hwcv+” 2fZ
4m 2md 8 mc eH 2md 8 2md (26)
2d
Here, v :mH(H)_ filling factor [14]. This is the number of Landau levels, taking
e

into account their spin splitting, in a quantizing magnetic field, at absolute zero temperature,
completely filled with electrons. This dimensionless parameter is used for convenience in
discussing quantum oscillatory effects in 2D electron gases.

As can be seen from formula (13), the Fermi energies are quantized if the filling factor is

an integer, then the minimum energy quantum will be %ha)c, that is, formula (13) gives the exact

value of the energy for the first level correspondingto v =1

1 m*h*n?
w(H) = Sho, + 2md2f (27)
For all other levels, the rigorous theory gives the expression
1\ #°h°n’
H)=# += |+ : 28
,Ll( ) a)c (V 8) 2md 2 ( )

Here, the fill factor is an integer, v =0,1,2,3...

In addition, in two-dimensional semiconductors, in the presence of a quantizing magnetic
field, the energy spectrum of electrons is purely discrete. A purely discrete energy spectrum, in
this case the Fermi energy, is usually characteristic of a quantum dot. In this case, the magnetic
induction vector will be directed along the Z axis and perpendicularly along the plane of the
transverse two-dimensional layer. In a transverse quantizing magnetic field, quantum wells
become analogous to a quantum dot, in which motion is limited in all three directions.

RESULTS
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It can be seen from the obtained formulas (15) that the Fermi energies depend strongly on
the magnetic field, on the concentration of electrons, and on the thickness of the quantum well. In
a quantizing magnetic field, the concentration of electrons in the considered two-dimensional
semiconductors is determined in the following form [15]:

= [>N2*(E,H,n.) f, (E,E- (H =0),T)dE (29)
0 M
Here, Ng* (E,H,n_ ) - density of states of two-dimensional electronic systems when exposed
to a quantizing magnetic field,; fO(E,EF(H :0),T)- Fermi-Dirac distribution function in the

absence of a magnetic field.
In two-dimensional electronic systems, the energy density of states is taken as the sum of
Gaussian peaks in the presence of a magnetic field, disregarding spin splittings [15]:

2
E—ha)c(nL +1j
2
z 2 Zexp| -2

N 2 (E,
G (30)

S

27zc

G is the broadening parameter taken constant. Here we consider two-dimensional
electronic systems of noninteracting electrons according to the parabolic dispersion law at a finite
temperature T, in the presence of a quantizing magnetic field B parallel to the growth direction.

And also, two features should be highlighted here. First, in addition to the Gaussian peak
in the density of states, at each Landau level there is a common magnetic field factor B ahead of
the total energy density of states. This means that with increasing magnetic field B, each Landau
level can contain more and more electrons. Secondly, according to the form taken in the formula.
According to (17), there is no density of states between Landau levels if their hec distance is
noticeably larger than G.

Using expressions (15), (16), and (17), one can determine the dependence of the Fermi
energy oscillations on the magnetic field, temperature, and thickness of the quantum well in two-
dimensional semiconductors with a parabolic dispersion law without taking into account the spin

per unit surface of the plane of motion:

2422
hng,

27h? % T
HT,d)= NZd E.H,n ) f,(E,E-(H=0),T)dE +
He ( )= 'l-% ( £ ( ) ) omd? 31)

Thus, using formula (18), one can calculate the dependence of the Fermi energy oscillations
on the magnetic field, temperature, and thickness of a quantum well with a quadratic dispersion
law. As can be seen from formula (18), oscillations of the density of energy states strongly affect
the Fermi energies for two-dimensional electronic systems.

Let's analyze the Fermi energy oscillations for two-dimensional semiconductors. Fig.2
shows the dependence of the Fermi energy oscillations on the quantizing magnetic field for
InAs/GaSb/AISb quantum wells at a constant temperature and at a constant thickness of the
guantum well. Here, temperatures are T = 4.2K, the thickness of the InAs/GaSb/AISb quantum well
is d = 8 nm, the number of Landau levels is n. =10, G = 0.6 meV, Er = 94 meV [16]. In this case,
doped with Mn with a concentration of 5-10'® sm™ on an n-InAs substrate and two quantum wells
12.5 nm in size (InAs) and 8 nm (GaSh) bounded by two AlSb barriers 30 nm thick [16]. As can
be seen from the figure, with an increase in the magnetic field, the amplitude of the oscillation of
the Fermi energy will increase.

. (H,T,d) the graph (Fig.2) was constructed using formula (18). In addition, using formula

(18), one can also obtain graphs x.(H,T,d) at different temperatures and at different thicknesses

of quantum wells.
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We now turn to calculating the dependence of the Fermi energy oscillations on the
thickness d of the quantum well in a quantizing magnetic field with a parabolic dispersion law.
We will be interested in the changes in the oscillation of the Fermi energy . (H,T,d) at different

d and at constant temperature. It is seen that the formula (18), u-(H,T,d) is inversely proportional
to d? with another values constant. Fig.3 shows the oscillations of the Fermi energy in a quantizing
magnetic field at different thicknesses of the quantum well d.

As can be seen from the figure, a decrease in the QW thickness d leads to an upward motion
of the Fermi oscillations. Modern scientific literature indicates that in the absence of a magnetic

field, the amplitude of the Fermi energy oscillations strongly depends on the thickness of the
quantum well d.

But, as can be seen from Fig.2., the increase in amplitude depends only on the value of the
magnetic field, and the thickness of the quantum well d leads to its motion along the axis u (H,T,d)

u=(H,T.d), meV

[H1)
T T T T Y N T B

B, I
Fig.2. Dependence of the Fermi energy oscillations on the quantizing magnetic field with
InAs/GaSh/AISb quantum wells at T=4.2 K, d=8 nm. Calculated by the formula (18)
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Fig.3. Influence of the thickness of the quantum well on the oscillations of the Fermi energy in a
quantizing magnetic field. Here, T = 4.2 K, is calculated by formula (18) for InAs/GaSh/AISb
quantum wells.

1) d=8 nm, 2) d=5nm.

DISCUSSION

In recent years, two-dimensional semiconductor materials have been the subject of intense
theoretical and experimental studies and represent a dynamically developing field of
semiconductor physics. The application of a strong magnetic field to two-dimensional
semiconductor materials is a powerful tool for experimentally determining the basic parameters of
the material, that is, their effective mass, Fermi energy and electron concentration. In quantizing
magnetic fields, these parameters determine the relevance of experimental and theoretical studies
of magneto-optical and electronic properties of nanoscale semiconductor devices and
heterostructures based on them.

Now, let us analyze the oscillations of the Fermi energy of specific low-dimensional
materials in a quantizing magnetic field. Fig.4 shows the oscillations of the Fermi energy when
measuring m=0,0665mo, N=8-10'! sm?, G=0,5 meV u T=6 K for two-dimensional electron gases
in quantum wells (quantum wells, mainly GaAs/GaAlAs heterostructures) [15]. Let us calculate

this graph of the quantized Fermi energy by . (H,T,d) — functions. When calculating, take the
ideal - (H,T,d) by formula (18). A comparison of theory with experiment is shown in Fig.4 at
various magnetic fields and constant temperatures. Using formulas (18), you can plot graphs
4 (H,T,d) at high temperatures and at different thicknesses of the quantum well for quantum wells,

mainly GaAs/GaAlAs heterostructures. It can be seen that the Fermi energy at a constant electron
density is quantized rather strongly as a function of B in the theoretical and experimental plots in
Fig.4.

T=6K
35
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Fig.4. Oscillations of the Fermi energy when measuring m=0.0665mo, N=8-10! sm?, G=0.5 meV
and T=6 K for two-dimensional electron gases in quantum wells (quantum wells, mainly
GaAs/GaAlAs heterostructures). 1) experiment [15]; 2) theory calculated by formula (18)
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CONCLUSION

Based on the study, the following
conclusions can be drawn: It is shown that the
Fermi levels of a nanoscale semiconductor in a
quantizing magnetic field are quantized. A
method is proposed for calculating the Fermi
energy oscillations for a two-dimensional
electron gas at different magnetic fields and
temperatures. The proposed formula is used to
study the experimental results in nanoscale
semiconductor structures. Using formula (18),
the Fermi energy oscillations are explained for
two-dimensional electron gases in quantum
wells (quantum wells, mainly GaAs/GaAlAs
heterostructures) with a parabolic dispersion
law.
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Abstract. This article investigates the magneto-optical properties of exciton—polaritons in
semiconductor crystals with particular focus on the role of mechanical exciton decay. The study develops a
theoretical framework describing magneto-spatial dispersion, critical decay phenomena, and interferometric
emission, supported by experimental evidence. A central result is the identification of the decay parameter as
a key factor governing polariton dynamics and coherence under magnetic fields. The findings highlight the
potential for advanced applications such as highly spin-polarized polariton condensates, magnetically tunable
polariton lasers, and compact magneto-optical devices, thereby positioning magneto-polariton systems as a
promising platform for quantum photonic technologies.

Keywords: magneto-polariton emission, semiconductor crystals, exciton—polariton, mechanical
exciton decay

AHHOmMauusi. B 0OaHHOU cmambe uccrnedyromcss MasHUMmo-ornmu4yeckue ceolicmea 3KCUMOH—
MONISIPUMOHO8 8 0J1YNIPOBOGHUKOBbLIX Kpucmariax C y4émoM 3amyxaHusi MexaHUYeCKUX 3KCUMOHOS.
PaspabomaHa meopemudeckass MoOesib, Ofnucbigarouas MazHUMmMOo-NpPoCcmMpaHCMeeHHyo Oucrepcuro,
Kpumuyeckue seneHuUs 3amyxaHusi U UHMepgepeHUUOHHOe u3slydeHue, 4mo nodmeepxdaemcs
3KCrepuMeHmarnbHbIMU OaHHbIMU. [lokazaHO, Ymo napamemp 3amyxaHusi uepaem K/I4Yesyr posib 8
onpedesieHuU OUHaMUKU rOSISIPUMOHO8 U KO2EPEHMHO020 U3JSy4eHUsl 8 MazHUMHbIX nosnsix. lonyyeHHble
pe3ynbmambl OMKpbI8arom nepcrekmusbl 05si co30aHusi Ho8bIX OOMOHHbIX yCcmpolcme, eK/todasi CuilbHO
CIMUH-OSISIPU308aHHbLIE 1OISIPUMOHHbIE KOHOeHCambl, MasHUMOyrnpasssieMbie MOMSsPUMOHHbIE flas3epbl U
KOMIMaKkmHble MagHUmo-ornmu4yeckue asieMeHmsil.

Knrodeebie cnoea: MasHUMO-MOMSPUMOHHOE U3fyYeHue, Mosyrnpo8oOHUKOBbIE Kpucmaibl,
3KCUMOH—MOMISIPUMOH, 3amyxaHue MexaHUu4yecKux 3KCUImMOHO8

Annotatsiya. Ushbu maqolada yarimo tkazgich kristallarda eksiton-polaryitonlarning magnito-optik
xossalari mexanik eksitonlarni so‘nish jarayonlarini xisobga olgan xolda chuqur tahlil gilingan. Tadgigotda
magnit-fazoviy dispersiya, Kritik so‘nish hodisalari va interferension nurlanish kabi murakkab kvanto-optik
effektlarning nazariy modeli ishlab chigildi hamda eksperimental natijalari bilan tagqoslandi. Asosiy e'tibor
mexanik eksiton so‘nish parametrining polariton dinamikasi va nurlanish jarayonlariga ta’sirini aniglashga
garatilgan. Olingan natijalar magnit maydon ostida yuqori darajada boshgariladigan polyariton kondensatlari,
polyariton lazerlari hamda yangi turdagi magnit-optik qurilmalarni yaratish imkonini beradi.

Kalit so‘zlar: magnito-polaryiton nurlanishi, yarimo‘tkazgich kristallari, eksiton—polaryiton, mexanik
eksiton so‘nishi

INTRODUCTION external magnetic fields and intrinsic decay
mechanisms [1][2][12].

The physics of exciton-polaritons in The mechanical exciton decay parameter
semiconductor crystals has evolved into a A’ emerges as a fundamental quantity that
cornerstone of modern quantum optics and determines not only the lifetime of excitonic
condensed ~ matter  physics,  offering  states but also the nature of polariton dynamics
unprecedented opportunities for manipulating and the emergence of coherent optical
light-matter interactions at the quantum level phenomena [12]. This decay mechanism, which
[4][9]. In materials such as CdS and CdSe, the  encompasses various scattering processes
strong coupling between excitons  (bound including  exciton-phonon  interactions,
electron-hole pairs) and electromagnetic field disorder-induced broadening, and radiative
modes gives rise to hybrid quasiparticles whose  decay, becomes particularly significant when its

properties can be dramatically modified by  magnitude approaches critical values that
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fundamentally alter the light-matter coupling
regime [1][2][3].

Recent theoretical and experimental
advances have revealed that magneto-spatial
dispersion effects in uniaxial crystals can lead to

extraordinary magneto-optical phenomena,
including  polarization  rotation  without
conventional Faraday effect, giant

interferometric emission, and magnetically
tunable coherent light sources [1][10][13].
These discoveries have opened new pathways
for developing quantum photonic devices with
unprecedented control over polarization states,
coherence properties, and magneto-optical
responses.

The critical insight underlying this work
is the recognition that the parameter

— (@Lr fﬂ in2 i i
Yir = ( - ) , Sin 6, which characterizes

the effective light-exciton interaction strength,
serves as a universal parameter governing the
transition between different polariton regimes
[2][3]. Near the critical value y;,r = 1, the
system  exhibits remarkable phenomena
including strong mode mixing, anomalous
dispersion, and intense interferometric emission
that challenges conventional understanding of
polariton physics.

THEORETICAL FRAMEWORK AND
MATHEMATICAL FORMALISM

The fundamental description  of
magneto-polariton phenomena requires a
comprehensive treatment of the dielectric tensor
in the presence of both magnetic fields and
spatial dispersion. The complete expansion of
the dielectric response function takes the form

[1]:
g (0, kHO) = eﬁ?,) (w) +i6,, (w)H)EO) +
+ 1Y, (@)K + Ay (@IH ke +
Byuny (@) H\ ke kg + -+ 1)

The magneto-spatial dispersion tensor A,

represents a fourth-rank tensor that couples
magnetic field components with wave vector
components, giving rise to novel magneto-

28

optical effects that cannot be described by
conventional Faraday rotation or optical activity
alone [1]. The symmetry requirements imposed
by the Onsager relations for non-magnetic
materials with time-reversal symmetry lead to
fundamental constraints (2):

Auvny (w) = Auvyn (w) = A;*wny (w) (2)

For uniaxial crystals in the Voigt configuration
(H® 1K), the magneto-spatial dispersion
(MSD) tensor elements can be expressed in
terms of material-specific parameters [1]:

wlz,TAg (3)

A =A =
xx,zy ZZXY 200 (wi-w?+iol)

where Ag represents the effective g-factor
anisotropy and w, is the exciton resonance
frequency.

The emergence of critical decay phenomena in
polariton systems represents one of the most
fascinating aspects of exciton—photon coupling
physics. The critical decay value is determined
by the condition where the discriminant of the
polariton dispersion equation vanishes [2][3]:

[, = % %cos@ 4
where M, and M, are the effective masses along
parallel and perpendicular directions to the
optical axis, respectively, and 6 is the emission
angle with respect to the crystal normal.

Near this critical value, the dispersion relation
for mixed exciton—polariton modes develops a
double root, leading to the formation of strongly
mixed quantum states. The effective coupling
parameter y,r = (%)\/%sinze determines

1
the nature of the polariton regime [2][3]:
Weak Coupling Regime (y,r < 1): In this
regime, polariton branches are well separated,
and the system exhibits conventional polariton
behavior with Lorentzian spectral profiles and
linewidth A =~ Ar.
Intermediate Coupling Regime (y,r = 1): This
critical regime is characterized by strong mode
mixing, anomalous dispersion, and giant
interferometric  emission with asymmetric
spectral profiles and complex angular
dependencies.
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Strong Coupling Regime (y,r > 1): Here, the
system exhibits conventional Rabi splitting with
well-defined upper and lower polariton
branches.

The transition between these regimes can be
controlled by varying the emission angle 6,
which effectively modulates the longitudinal—
transverse splitting according to

Weff = WrCOS2H

Altogether, the advanced magneto-spatial
dispersion theory combined with the analysis of
critical decay phenomena and mixed-mode
dynamics provides a unified framework for
describing complex polariton behavior in
semiconductor crystals.

BOLTZMANN KINETIC EQUATION,
NON-EQUILIBRIUM DYNAMICS, AND
MAGNETICALLY INDUCED
COHERENCE

The dynamics of exciton-polaritons in
the presence of strong decay and magnetic fields
requires a sophisticated treatment based on the
Boltzmann kinetic equation [14]. For polariton
distribution functions n™® (w, k), the kinetic
equations take the form:

m® @) yp® = ((”n_(i)) N
at 0t Jscatt

oan® n®
(50) oy~ Q
where n® are the group velocities of the
polariton branches, ) are the branch-specific
lifetimes, and the scattering terms include
polariton—polariton, polariton—phonon, and
polariton—exciton reservoir interactions [14].
In magnetic fields, the polariton energies are
modified according to (6):

E®(k,B) = E®(k,0) £ 1/2 gosiupB +
agia B? (6)

where g IS the effective polariton g-factor and
a4, represents the diamagnetic coefficient [14].
One of the most remarkable consequences of the
interplay between magnetic fields and critical
decay is the emergence of magnetically
controlled coherent emission. The coherence

29
function for polariton emission takes the form

[6][11]:

) _ {®)1(t+1))
9P =" 7)
In the condensed phase, g (0) approaches
unity, indicating the establishment of quantum
coherence. The coherence time 7., is inversely
related to the effective decay:

2h
Teoh = 75 8) (8)

where T includes both intrinsic decay and
magnetic field-induced modifications.

EXPERIMENTAL SPECTROSCOPIC
SIGNATURES AND MAGNETIC FIELD
EFFECTS

Experimental investigations of
magneto-polariton emission employ
sophisticated spectroscopic techniques to probe
the interplay between magnetic fields, spatial
dispersion, and exciton decay. In CdSe crystals
studied in Voigt configuration, transmission
measurements reveal clear signatures of
magneto-spatial dispersion effects [1][5]. The
transmission coefficient for polarized light in
the presence of MSD effects exhibits a
characteristic angular dependence (9):

xz
tZZ

TCI'OSS -

2 r 2
- |w—£is+ir‘| (9)
where w;s; represents the isotropic
frequency and f characterizes the MSD
strength. The parameter f scales quadratically
with magnetic field: f2 = (H(®)/Hy)?, where
Hy = 27.5T for CdSe [1]. Experimental
measurements demonstrate polarization rotation
angles reaching several degrees at moderate
magnetic fields (H ~ 6T), confirming the
theoretical predictions of MSD theory. The
frequency dependence of the polarization
rotation follows the resonant behavior
characteristic of excitonic transitions [1].
Photoluminescence studies in mixed-
mode geometry provide direct access to the
critical decay phenomena and interferometric
emission characteristics. Three distinct spectral
regimes have been identified experimentally:
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Regime | (I' < 0.3 meV): Conventional
polariton emission with well-separated upper

and lower branches, exhibiting standard
Lorentzian lineshapes and weak angular
dependence.

Regime 1l (0.3meV <T < 1.0 meV):
Transition regime characterized by the
emergence  of interferometric  features,
asymmetric spectral profiles, and strong angular
dependence of emission characteristics.

Regime Il (I' > 1.0meV): Critical
decay regime exhibiting giant interferometric
emission, anomalous dispersion, and complex
multi-peak spectral structures.

The partial intensities I; and I,
corresponding to different polariton branches
show remarkable behavior near critical decay:

112 - 11 + 12 + 2 1112C05(p12

where ¢@,, represents the phase
difference between interfering modes. Near [,

the interferometric term 2,/I;l;cosp;, can
dominate the total emission intensity, leading to
dramatic spectral modifications.

Recent  experiments  have  also
demonstrated the profound impact of magnetic
fields on polariton condensation dynamics [16].
The condensation threshold power exhibits a
complex dependence on magnetic field strength:

Pin(B) = Pen(0)[1 + aB + fB?]

where a and [ are material-specific
parameters that depend on the magnetic field
orientation and polariton branch characteristics
[16]. In  semimagnetic  semiconductors
containing magnetic ions such as Mn?*, giant
Zeeman splittings enable highly spin-polarized
polariton condensates even at moderate
magnetic fields. Circular polarization degrees
exceeding 95% have been achieved at B = 3T,
representing a remarkable enhancement
compared to non-magnetic systems [7][8].

ADVANCED APPLICATIONS OF
MAGNETO-POLARITON SYSTEMS

The unique quantum properties of
magneto-polariton systems create
unprecedented opportunities for advanced

30

photonic and quantum information
technologies. A key advantage arises from the
high degree of spin polarization achievable in
magnetic fields, which, combined with the long-
range coherence of polariton condensates,
enables the realization of novel quantum light
sources for cryptographic and quantum
information processing. The spin-orbit coupling
in these systems can be controlled by external
magnetic fields, giving rise to artificial gauge
fields and topological quantum phases. The
effective Hamiltonian describing spin-polarized
polaritons in magnetic fields is given in equation
(10):
h2k? A
Heff = Fpol-l_ aSO(G X k) "z + 1/2 gpol.uBo- ‘B
(10)
where ago represents the spin-orbit
coupling strength and ¢ are the Pauli matrices.
In addition to their role in quantum
information, magneto-polariton systems also
open pathways for revolutionary magneto-
optical devices. The discovery of magneto-
spatial dispersion effects allows for compact
polarization rotators that operate efficiently over
crystal-scale distances, unlike conventional
Faraday devices which require longer
propagation lengths. The performance of such
devices is quantified by the figure of merit
expressed in equation (11):

Orot il r

where 6, is the rotation angle, L is the
crystal thickness, and H is the applied magnetic
field. Theoretical predictions suggest that
optimized CdSe-based structures can achieve
rotation angles of nearly one degree per micron
per Tesla, representing an order of magnitude
improvement compared to standard materials.

Furthermore, interferometric emission
phenomena near the regime of critical decay
provide a foundation for developing new types
of coherent light sources. Unlike conventional
lasers that rely on population inversion, these
so-called “polariton lasers” are driven by
stimulated scattering processes into coherent
polariton modes. The threshold condition for
polariton lasing, given Dby equation (12),
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highlights the balance between scattering rates
and loss processes:

1 1
Rstim = Rloss = ‘t_ +

pol Tcav

(12)

where Rg;,, IS the stimulated scattering
rate, 7, is the polariton lifetime, and 7.,, is the
cavity photon lifetime. Importantly, the
magnetic tunability of polariton properties
enables unprecedented control over both
spectral and temporal characteristics of these
coherent light sources, paving the way for
electrically and magnetically tunable photonic
devices.

Altogether, these advanced applications-
spanning quantum information, magneto-
optical components, and novel coherent light
generation-position magneto-polariton systems
as a transformative platform for next-generation
quantum photonic technologies.

CONCLUSION

The study demonstrates that mechanical
exciton decay is a decisive factor in shaping the
magneto-optical properties of semiconductor
polariton systems. Near the critical decay
regime, strong interference effects, enhanced
polarization control, and magnetically tunable
coherent emission emerge, revealing new
aspects of exciton—photon interactions. The
theoretical framework developed provides a
unified description of polariton behavior under
magnetic fields, aligning well with experimental
observations. These findings not only advance
the fundamental understanding of magneto-
polariton physics but also establish a foundation
for innovative photonic applications, including
highly efficient polarization rotators, spin-
polarized polariton  condensates, and
magnetically  tunable  polariton  lasers.
Ultimately, magneto-polariton systems are
shown to be a promising platform for future
guantum photonic technologies.
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FesGasGd.YZr kristallidagi magnit tartiblanishiga temperaturaviy va
magnit ta’sirlar.

Djurayev Davron Raxmonovich, Saidov Qurbon Sayfullayevich, Fayziyev
Shaxobiddin Shavkatovich, Nasirova Nargiza Gayratovna
Buxoro davlat uiversiteti

2025-yil 2-iyunda berilgan; 2025-yil 28-okytabrda chop etish uchun gabul gilingan.

Annotatsiya. Mazkur tadqiqot ishida FesGasGd.YZr kristalining strukturasi va kristall xossalari rentgen-
fluoresans spektroskopiyasi natijalari va kombinatsion sochilish spektri natijalaridan o'rganildi. Spektrdagi
optik o'tishlar (cho'qqilar)ni olish uchun Raman spektroskopiyasi va rentgen- fluoresensiya (XRF) tahlili
go'llanildi, mos ravishda strukturaviy xususiyatlar va elementar tarkibini o'rganish uchun foydalanildi.
Kombinatsion sochilish va rentgen tahlil spektrlarida Fe, Ga, Gd, Y va Zr elementlarining xarakterli chiziglari
intensivligi olingan. Shuningdek, namunadagi domen strukturasi tartiblanishining temperaturaga bog'ligligi
134-296 K oralig'ida tadqiqg qilindi. Tadgiqot shuni ko'rsatdiki, namunaning temperaturasining pasayishida
domen strukturasida yuqgori domen tartiblanishlar kuzatiladi. Temperaturaning oshishi bilan domen
chegaralari orasidagi o’lchami kengayib borishi kuzatildi. Bundan tashqari, tashgi magnit maydonning
domen tuzilishiga ta'siri 0-4,6 mT magnit maydoni oralig'ida tadqiq gilindi. Magnit maydonning ortishi va
kamayib borish jarayonidagi domen struktura o’zgarishi tasvirlarining giyosiy tahlili kristallda goldig magnit
maydoni (magnitlanish) paydo bo’lganligi vizual kuzatildi.

Kalit so’zlar : kombinatsion sochilish spektri, rentgen-fluoresensiya tahlil, goldiq magnit maydon, domen
struktura, yuqori entropiyali gotishmalar.

AHHOmMauyus. B 0aHHolU pabome cmpykmypa u KpucmaJsinudeckue ceoticmea kpucmarsina FesGasGd,YZr
ObInu u3ydYeHbl M0 pe3ynbmamamM PeHM2eHO8CKOU hrlyopecyeHmMHOU CrneKmpoCKonuU U CreKmpos
KoMbuHamopHo20 paccesiHus. PamaHoeckasi CrieKmpocKornusi U peHmeeHoeckasi hryopecuyeHmHas
(P®A) cnekmpockonus ucronb3oeasnuchb Onsi rofly4eHUs onmu4eckux rnepexodos (nukos) e criekmpe u
Obilu  uCronb308aHbl Ol U3Y4YEHUsT CMPYKMYPHbIX ceolcm8 U  3/1eMEHMHO20 cocmaea,
coomeemcmeeHHO. bbinia nosyyeHa UHMeHCUBHOCMb Xapakmepucmuyeckux fuHult anemeHmos Fe, Ga,
Gd, Y u Zr 8 cnekmpax KoMbUHamMopPHO20 paccesiHUs U peHM2eHOBCKO20 aHasu3a. Takxe bbiia usyvyeHa
memnepamypHas 3a8UcUMOcmb yriopssdoyeHHocmu OOMeHHOU cmpyKkmypbl 8 obpa3ue 8 duana3zoHe 134—
296 K. UccnedosaHue rokasarso, 4Ymo C MOHWXeHUeM memrepamypbl obpasua 8 0OMeHHOU cmpykmype
Habnrodaemcs 6ornee 8bICOKULU yposeHb yropsidoyeHHocmu domeHos. C pocmom memrnepamypbl
Habnodanocb pacwupeHue pasmepa Mex0y OoMeHHbIMU epaHuuamu. Kpome moeo, 6bi1o u3y4yeHo
8/1USIHUE BHEWHE20 MagHUMHORZ0 Mosisi Ha OOMEHHYH cmpyKkmypy 6 duarna3oHe Mas2HumHozo nosns 04,6
mTn. CpagHumernbHbIl aHanus uzobpaxeHul UsMeHeHUs1 OOMeHHOU cmpyKmypbl 8 rnpouecce yeenudyeHus
U yMeHbWeHUs Maz2HUMHO_20 MoJsisi 8usyarnbHO Habrodan rnosierieHue ocmamoYyHo20 Ma2HUMmHoe20 noss
(HamazHuU4YeHHOCMU) 8 Kpucmarine.

KnrouyeBble cnoBa: KOMOUHATOPHbLIN CNEKTP paccesaHusl, peHTreHonyopecLeHTHbIM aHanns, ocTaTovyHoe
MarHUTHoOe nore, OMEHHas CTPYKTypa, BbICOKOSHTPOMUIAHbIE CMNaBbl.

Annotation. In this research, the structure and crystal properties of the FesGasGd,YZr crystal were
investigated using X-ray fluorescence spectroscopy and Raman scattering spectra. Raman spectroscopy
and X-ray fluorescence (XRF) analysis were employed to obtain optical transitions (peaks) in the spectra
and to study the structural features and elemental composition, respectively. In the Raman and XRF
spectra, characteristic lines corresponding to Fe, Ga, Gd, Y, and Zr elements were identified. Additionally,
the temperature dependence of the domain structure ordering in the sample was studied within the range
of 134-296 K. The results show that as the temperature decreases, a higher degree of domain ordering
appears in the domain structure. With increasing temperature, an expansion of the distances between
domain boundaries was observed. Furthermore, the effect of an external magnetic field on the domain
configuration was examined in the range of 0-4.6 mT. A comparative analysis of the domain structure
images obtained during the increase and decrease of the magnetic field visually revealed the presence of
remanent magnetic fields (magnetization) in the crystal.

Keywords: Raman scattering spectrum, X-ray fluorescence analysis, remanent magnetic field, domain
structure, high-entropy alloys.

Kirish muhandislarning katta qiziqishini uyg‘otdi [1].
Ushbu qotishmalar yuqori konfiguratsion
entropiyasi bilan ajralib turadi va shu sababli
yuqori barqgarorlik, keng mexanik, issiglik

Yuqori entropiyali qgotishmalar (YEQ)
XXI asr boshlarida ilm-fanga kirib kelgan
bo‘lib, keyingi yillarda tadqiqotchilar va
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hamda funksional xususiyatlarni namoyon
etadi. Mazkur materiallarning muhandislik
sohalarida ko‘p qirrali qo‘llanilishi aynan shu
fazilatlari bilan izohlanadi [2]. YEQIlarga
bo‘lgan qizigishning ortib borishi, birinchi

navbatda, ularning yuqori mexanik
mustahkamligi,  yuqori  temperaturalarda
oksidlanishga  qgarshiligi  hamda issiglik

barqarorligi bilan bog‘liq. Ushbu noyob
xususiyatlarning shakllanishiga yuqori
entropiya effekti, diffuziya jarayonining

sekinligi va kristall panjara buzilishlari asosiy
omil bo‘lib xizmat qiladi [3]. YEQIlarning
yugori mustahkamlik, qattiglik, strukturaviy
barqarorlik, sozlanishi mumkin bo‘lgan magnit
fazilatlar hamda ko‘p fazali strukturalarni hosil
gilish gobiliyatiga egaligi ularni keng tadgiqgot
ob’ektiga aylantirmoqda [4]. Yuqori entropiyali
gotishmalar ilk bor Yeh va hamkorlari
tomonidan taklif etilgan bo‘lib, ular besh yoki
undan ortiq asosiy elementlarning deyarli
ekviatomik nisbatlarda birikishi natijasida hosil
bo‘luvchi yangi turdagi qotishmalar sifatida
ta’riflangan. Yugori aralashish entropiyasi
Gibbsning erkin energiyasini kamaytiradi va
natijada murakkab intermetalik fazalardan
ko‘ra sodda qattiq eritma fazalari — masalan,
yuz markazlashtirilgan, tanaga
markazlashtirilgan yoki olti burchakli zich
gadoglangan kristall panjaralar shakllanishiga
olib keladi [5]. Mazkur Kkontseptsiyaga
asoslanib, yuqori temperatura sharoitida
mustahkamlik, strukturaviy bargarorlik va
oksidlanishga chidamlilikni oshirishga
qaratilgan issiqlikka chidamli ko‘p elementli

optimallashtirilgan gotishmalar ishlab
chigilgan. Bunday qotishmalar aynigsa
aerokosmik texnologiyalar va energetika

sanoatida muhim ahamiyat kasb etadi [6].
Shuningdek, tarkibida bir nechta asosiy
elementlar mavjud bo‘lishiga qaramay, YEQIlar
ko‘pincha sodda bir fazali tuzilmalarni hosil
gilishi  mumkin [7]. Umuman olganda,
ekviatomik yoki unga yaqin nisbatlarda tashkil
topgan bir nechta asosiy elementlardan iborat
yuqori entropiyali qotishmalar o‘zlarining
yuqori mexanik  ko‘rsatkichlari, issiglik
barqgarorligi va korroziyaga chidamliligi tufayli
materialshunoslikda istigbolli yangi
strukturaviy materiallar sifatida baholanmoqda
[8]. Ularning noyob atomar tuzilishi, yugori
gattigligi, egiluvchanligi, korroziyaga
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garshiligi va  ekstremal sharoitlarda
chidamliligi mazkur materiallarga bo‘lgan
ilmiy va amaliy qizigishni  yanada
kuchaytirmoqda [9]. Shu jihatdan, YEQIar turli
sanoat va strukturaviy qo‘llanilishlar uchun
istigbolli nomzodlar sifatida ko‘rilmoqda.

Jian Zhang va hammualliflar [10]
CoCrFeNi yuqgori entropiyali gotishmasini
o‘rganib, uning a’lo darajadagi mexanik xatti-
harakati, korroziyaga chidamliligi va issiglik
barqarorligini ta’kidladilar. Ularning natijalari
ushbu qotishmaning ilg‘or ishlab chiqarish va
muhandislik sohalarida katta salohiyatga ega
ekanini  ko‘rsatdi. Brandon Wilfong va
boshgalar [11] esa sintezdan keyingi tavlanish
temperaturaining yoyma eritilgan FesGaas
namunalarining kristallografik va magnit
xossalariga ta’sirini tadqiq etdilar. Ularning
izlanishlari monokristall o‘sishi va
kuchlanishga bog‘liq xatti-harakatlar,
jumladan, nosimmetrik spin zichligi to‘lqini
(ISDW) fazasiga oid mexanizmlar hagida
muhim ma’lumot berdi. Bu esa qurilma
darajasida  integratsiya  uchun  material
xossalarini sozlash ~ bo‘yicha  amaliy
ko‘rsatmalar taqdim etdi. Daiyi Deng va
hamkorlari [12] ikki bosgichli garitish (aging)
jarayoniga duchor gilingan yugori mustahkam
va egiluvchan Mg-9.5Gd-2.3Y-1Zn-0.5Zr
(VW92, wit%) gotishmasining
mikrostrukturaviy  evolyutsiyasini  chuqur
o‘rgandilar. Tadqiqot natijalariga ko‘ra, ikki
cho‘qqili qaritish hodisasi kuzatilgan bo‘lib,
birinchi cho‘qqi 96, 48 va 48 soatda, ikkinchi
cho‘qqi esa mos ravishda 200, 180 va 184
soatlarda gayd etildi. Qarish davomiyligi ortishi
faza o‘zgarishlarini kuchaytirgani va uch
o‘lchamli struktura tarmog‘ining shakllanishiga
olib kelgani aniglandi. J.M. Park va boshqalar
[13] Fera«xNbsB17Y3(Zr,Co)x (x = 3, 5, 8) amorf
gotishmalarida Fe elementini Zr yoki Co bilan
almashtirish  ta’sirini  o‘rganib, bunday
elementar o‘zgarishlarning magnit va mexanik
xossalarga  sezilarli  ta’sir  ko‘rsatishini
anigladilar. J.H. Mendez va hammualliflar [14]
FesGaa monokristallarining magnit,
termodinamik va zaryad tashish xususiyatlarini,
Xususan, magnit holatlarning temperatura va
tashqi magnit maydonga bog‘ligligini tahlil
gildilar. K.O. Moura va hamkorlari [15] esa
FesGas ning nanoyadro hosil qilishiga erishib,
unda ferromagnetik-ferromagnetik va
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ferromagnetik-antiferromagnetik o‘tishlarning
elektron tuzilma  o‘zgarishlari  bilan
bog‘ligligini anigladilar. L. Yang va boshqalar
[16] Mg-10(Dy + Gd)-0.2Zr gotishmasining
mexanik xossalari tarkibiy nisbat va issiqlik
ishlov berish parametrlariga garab samarali
ravishda boshqarilishi mumkinligini
ko‘rsatdilar. O. Abounachit va hammualliflar
[17] Co2CrBi birikmasining elektron, struktura,
optik, termodinamik  va  termoelektrik
xossalarini, jumladan, ferromagnetik va
antiferromagnetik fazalarini batafsil
o‘rgandilar. C. Aksu Canbay va boshqalar [18]
yangi qotishma tarkiblarida faza o‘zgarishlarini
kuzatib, vagt va temperatura parametrlariga
bog‘ligligini anigladilar. Zeesham Abbas va
hamkorlari  [19] LiCoO:. va  LiNiO2
birikmalarida magnit tartiblanishni tahlil qilib,
ularning ferromagnetik xususiyatlarga egaligini
tasdigladilar. K. Meliani va boshgalar [20]
bosim ta’sirida birikmalarning fizik xossalarida
yuz beradigan o‘zgarishlarni tadqiq qilib, ikki
xil strukturaviy fazani anigladilar. G. Surucu va
hammualliflar ~ [21]  zichlik  funksional
nazariyasi (DFT) va umumlashtirilgan gradient
yaginlashuvi (GGA) asosida Pd:X (X = Ti, Zr,
Hf) intermetallik birikmalarning D04 va Ll2
tuzilmalaridagi struktura, mexanik, elektron va
panjara dinamik xossalarini tahlil qildilar.
Osvaldo F. Schilling [22] MnFeAs va
MnFeAsPi— (0.25 < x < 0.65) birikmalarining
almashinish  konstantalari,  kristallografik
parametrlari va magnitlanish o‘lchovlarini
o‘rgandi. Aeshah Alasmari va boshqalar [23]
AC0:204 birikmalarida Ni va Fe kationlarini
almashtirish magnit va dielektrik xossalarga
ta’sirini tadqiq etdilar hamda 0 dan 10 mT
gacha bo‘lgan magnit maydonlarda dielektrik
xatti-harakatni baholadilar. N.I. Abu Elsaad va
hamkorlari [24] ErFeOs ortoferrit fazasiga Er**
ionlari konsentratsiyasini (x = 0.075 gacha)
Kiritish ~ mikrostrukturaviy — parametrlarga
qanday ta’sir qilishini ko‘rsatdilar. Ular panjara
konstantalari, rentgen  zichligi, panjara
deformatsiyasi, kristallit o‘lchami va sirt
maydoni bo‘yicha tahlil olib bordilar. Jose Luis
Hidalgo Gonzalez [25] turli galinlikdagi FeNi
yupga plyonkalarni sintez qilib, ularning
magnit  xossalarini izotermik  goldiq
magnitlanish o‘lchovlari orqali tahlil qildi.
Shuningdek, plyonkalarda dipolyar
maydonlarning gisterezis halqasiga ta’sirini
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ham o‘rgandi. Marcelo Salvador va boshqalar
[26] magnitostatik energiyadagi bir o‘qli
anizotropiya va antiferromagnetik  hissa
o‘rtasidagi o‘zaro ta’sirni ko‘rib chiqib,
ularning ragobatli xatti-harakatini anigladilar.
O‘rtacha zarracha oralig‘ining ortishi dipolyar

energiyani  kamaytirib, zarracha magnit
momentlarining asosan zanjir yo‘nalishiga
nisbatan qiyshaygan anizotropiya o°qiga

yo‘nalishini ko‘rsatdi. Muhammad Zahid va
hamkorlari [27] Bai—<CoxFei201s tarkibidagi M-
tipli geksaferritlarni muvaffaqiyatli sintez qilib,
ularning struktura, morfologik, magnit va

dielektrik xossalarini tavsifladilar. Luciano
Nascimento va boshqgalar [28] amorf
Co62Nbs2Bs qotishmasining magnit

parametrlarini o‘rganib, uning xatti-harakati
bo‘yicha muhim natijalar tagdim etdilar. Pawan
Chetr va hamkorlari [29] Fe bilan doplangan
SnO. da  antiferromagnetik  holatning
ferromagnetik holatga nisbatan bargarorroq
ekanini  ko‘rsatib, Fe-modifikatsiyalangan
galay dioksid tuzilmalarining turli qo‘llanmalar
uchun samaradorligini tasdigladilar. E. John
Alex va hammualliflar [30] Bii-xGdsFeOs
keramika yupga plyonkalarini ishlab chigib,
ularning magneto-dielektrik xossalarini tahlil
gildilar. V. Raghavan [31] tadgiqotlariga ko‘ra,
500 °C da Fe-Ga—Gd tizimida GdFesGa; va
GdFes.sGas.s  kabi  bargaror  uchlamchi
birikmalar hosil bo‘lib, ular mos ravishda
tetragonal va ortorombik simmetriyaga ega.
Shu sababli 500 °C ushbu tizimdagi faza
o‘zgarishlarini  o‘rganish uchun muhim
temperatura hisoblanadi. Simmetriya, faza
tarkibi va kimyoviy nisbatlardagi o‘zgarishlar
magnit domen strukturasi  shakllanishiga
sezilarli ta’sir ko‘rsatadi. Shuning uchun
temperatura va tashqi magnit maydon ta’sirida
domen xatti-harakatlarini tahlil gilishda faza
bargarorligi va kristallografik simmetriya
alohida e’tiborga olinishi kerak. P. Taheri [32]
esa Galfenol (Fe-Ga) ni yengil nodir yer
elementlari, jumladan Gd bilan doplash va
termik ishlov berish uning magnit xossalari —
magnetostriksiya, ko rsatuvchanlik (coercivity)
va to‘yingan magnitlanishga sezilarli ta’sir
ko‘rsatishini isbotladi. Ularning natijalari
issiglik ishlov berish natijasida yuzaga
keladigan mikrostrukturaviy o‘zgarishlar tashqi
magnit maydon ta’sirida magnit domen
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strukturasini shakllantirishda hal giluvchi rol
o‘ynashini ko‘rsatadi.

Yugori entropiyali gotishmalar (YEQ)
materialshunoslikda inqgilobiy kontseptsiya
sifatida  e’tirof etilib, wularning yuqori
konfiguratsion entropiyasi, ko‘p komponentli
tuzilishi va o‘ziga xos fizik xususiyatlari tufayli
yangi imkoniyatlarni ochib bermoqda. Ushbu
materiallar an’anaviy qotishmalarga xos
ko‘plab cheklovlarni bartaraf etib, ekstremal
sharoitlarda qo‘llash uchun katta ahamiyat kasb
etadi. YEQIarni tadqiq etishning davomiy
bosgichida murakkab birikma gotishma -
FesGasGd:YZr keyingi avlod magnit materiali
sifatida o‘rganildi. Ushbu tadqiqotda uning
magnit holatlari, fazaviy o‘tishlari va tashqi
magnit maydon ta’sirining temperaturaga
bog‘liq ravishda o‘zgarishi tizimli tarzda tahlil
gilindi.

Materiallar va usullar

FesGasGd.YZr birikmasining

[1]o‘rganilgan kristall tuzilishi murakkab ko‘p

Meas. cond.
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komponentli xususiyatga ega [33]. llmiy
adabiyotlarda ushbu qotishmaning kristall
simmetriyasi va fazaviy parametrlari bo‘yicha
to‘liq ma’lumotlar mavjud emas.
FesGasGd2YZr kristallanish jarayonida ferrit-
granat tipidagi yoki intermetallik fazalarga
o‘xshash tuzilmalarni hosil qilishi ehtimoldan
xoli emas. Ammo aniq panjara parametrlari va
simmetriya sinfi kompozitsiyaning tarkibi
hamda sintez sharoitlariga bevosita bog‘liqdir.
Mazkur qotishmaning kristall tuzilishi hagida
aniqroq tasavvurga ega bo‘lish maqgsadida
namunalarning Raman spektroskopiyasi (2-
rasm) hamda rentgen-fluoresensiya (XRF) (1-
rasm) tahlillari o‘tkazildi. Olingan XRF spektri
va miqdoriy hisoblash natijalari (FP usuli
asosida) fizik tahlil uchun asos bo‘lib xizmat
qildi. Rentgen nurlanishi ta’sirida namuna
tarkibidagi atomlar qo‘zg‘alib, o‘ziga xos
fluoresensiya nurlanishini chigaradi, bu esa
elementlarning mavjudligi va ularning nisbatini
aniglash imkonini beradi

Dhaphragm DE-10mm Atmosphere Aar

Sample spin MNone

Meas. order optimmzation  Yes

Condition name Primary filter

Tube voltage(kV) Tube corrent(uA) ST{psec) Meas. time(sec) Dead time(%0)
109 1.6 100 37.3

Mid-Z C 350
Low-Z Open 6.5 109 1.6 100 37.1
Analvzed restﬂﬂ EP method)
No. Component Result Unit LLD LLQ Element line Intensity(cps/nA)
1 Fe 33.6 mol% 0.,0083 00248 M Fe-Ka 63,80590
2 Zr 6,90 mol% 0,0020 0,0061 M Zr-Ka 106, 22187
3 Ga 392 mol% 0,0076 00228 M-Ga-Ka 181,85389
4 Gd 10,7 mol% 0.0112 0.0337 M:Gd-La 1992768
5 Y 967 mol% 0.0028 0,0083 MY-Ea 138 52880
Seecmgp
cps/
psiuA X 20 X 20
1.0 o o
; E
D.B = 3 > i~
= P —
B F s
E VOO m
£ 0.4+ [ Bl a
02 ™1 J
D.O 1 1 T 1 . I. ] 1 ]
1.0 15 20 25 8 10 12 14
Low-Z Mid-Z kel

1-rasm. RIGAKU NEX DE spektrometridagi FesGasGd:YZr birikmasi namunasi va

elementlarning rentgen-fluoresans spektrlari.
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Rentgen-fluoresensiya spektrining tahlili
(1-rasm) namunaning asosiy elementlari,
kimyoviy tarkibi (FesGasGd:YZr birikmasi)
hamda spektral chiziqlarning o°ziga xos
xususiyatlari hagqida muhim ma’lumot beradi.
O‘rganilgan  namuna  murakkab  ko‘p
komponentli qotishma bo‘lib, gadoliniy-temir-
galliy asosida shakllangan va uning tarkibiga
go‘shimcha ravishda ittriy hamda tsirkoniy
elementlari kiritilgan. Kompozitsiyada asosiy
rolni Fe, Ga va Gd elementlari bajaradi.

Spektrni  gayd etuvchi detektor ushbu
elementlarning xarakterli rentgen emissiya
chiziglari (masalan, Ka, La va shk.)
intensivligini aniglaydi.

Rentgen-fluoresans  spektri  asosida
o‘tkazilgan tahlillar namunaning asosiy
element tarkibini hamda ularning spektral
xususiyatlarini  aniglash  imkonini  berdi.
O‘rganilgan  birikma ko‘p  komponentli

gotishma bo‘lib, uning asosiy elementlari
sifatida temir, galliy va gadoliniy ustunlik
giladi, shuningdek, tarkibida itttriy va tsirkoniy
ham mavjud. Spektral tahlil natijalariga ko‘ra,
temirning miqgdori 33,6 mol % ni tashkil etib,
intensiv Fe Ka chizig‘i (6,4 keV) asosiy
cho‘qqi sifatida qayd etildi; shuningdek,
taxminan 5,6 keV da Fe Ka ESC escape-piki
kuzatildi. Galliyning ulushi 39,2 mol % bo‘lib,
spektrda eng kuchli cho‘qqi Ga Ka (9,25 keV)
da joylashgan, undan tashqari Ga KB1 (10,26
keV) chizig‘i hamda ~7,8 keV atrofida Ga Ka
escape-cho‘qqisi aniglandi. Gadoliniy 10,7 mol
% ni tashkil etib, uning L-seriyali chiziglari —
Gd La (6,05 keV), Gd LB1 (6,71 keV) va Gd
Lyl (6,97 keV) gayd etildi; bu chiziglar gisman
Fe Ka (6,4 keV) va Fe KB (7,06 keV) bilan
ustma-ust keladi. Namunaning tarkibida 9,67
mol % miqdorda itttriy mavjud bo‘lib, spektrda
aniq Y Ka cho‘qqisi (14,9 keV) gayd etildi.
Tsirkoniy 6,90 mol % ulushga ega bo‘lib, uning
Ka cho‘qqisi (15,75 keV) Y Ka chizig‘iga
yaqin joylashgani sababli ularning gisman
goplanishi kuzatildi. Umumiy hisob-kitobga
ko‘ra, namunadagi asosiy elementlar 99,97 mol
% ni tashkil etib, sezilarli aralashmalar
aniglanmadi.

Spektral o‘lchovlar jarayonida energiya
diapazonlari, escape-piklarning mavjudligi
hamda chiziglar ustma-ust tushishi holatlari
gayd etildi. Past energiyali diapazonda (0-1,5
keV) sezilarli cho‘qqilar kuzatilmadi va bu
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yengil elementlarning izlari yoki fon shovqini
bilan bog‘liq bo‘lishi mumkin. O‘rta energiya
diapazonida (4-14 keV) asosiy elementlarning
barcha xarakterli chiziglari aniq gayd gilindi.
Aniglangan escape-piklar Gd La (~4,5 keV), Fe
Ka (~5,6 keV) hamda Ga Ka (~7,8 keV) ga
to‘g‘ri keldi va bu detektorda energiya yutilish
jarayonlari natijasida yuzaga kelgan. Gd L-
seriyasi chiziglarining Fe chiziglari bilan
qoplanishi FP (fundamental parametrlar) usuli
yordamida matematik modellashtirish orqali
to‘g‘rilandi. Bundan tashqari, 0,5 keV dan
pastda cho‘qqilar kuzatilmaganligi namunaning
tarkibida kislorod yo‘qligini ko‘rsatadi va bu
metall qotishmalari uchun tabiiy holat
hisoblanadi.

O‘Ichovlar ma’lum sharoitlarda amalga
oshirildi:  o‘rta  energiya diapazonidagi
elementlarni (Fe, Ga, Gd) aniglash uchun 35 kV
kuchlanish va 109 pA tok ishlatildi, past
energiyali diapazonda esa Bregg shovginini
kamaytirish magsadida 6,5 kV kuchlanish va
309 pA tok qo‘llanildi. Shuningdek, fon
signallarini kamaytirish uchun “C” (uglerod)
filtri, yengil elementlarga sezgirlikni oshirish
uchun esa ochiq filtrdan foydalanildi. Havoning
yumshoq rentgen nurlarini yutib yuborishi
tufayli kislorod va uglerod kabi elementlarning
spektral chiziglari detektorda gayd etilmadi.

O‘rganilgan spektr Fe—Ga-Gd
elementlari ustunlik giluvchi ko‘p komponentli
metall gotishmasiga mos keladi. FP tahlili
natijalari eksperimental ma’lumotlar bilan
yaxshi moslashgani ularning ishonchliligini
tasdiqlaydi. FesGasGd2YZr murakkab
intermetall  birikma sifatida  baholanishi
mumkin bo‘lib, uning kristall tuzilishini
chuqurrog tahlil qilish orgali simmetriya
o‘qlarini aniqlash zarur. Ma’lumki, FesGas
birikmasi ortorombik Kristall tizimga mansub
bo‘lib, yuz markazlashgan Bravais panjarasiga
mos fazoda kristallanadi. Bunday tuzilma
simmetriya elementlarining mavjudligi bilan
tavsiflanadi: C: o‘qi bo‘ylab 180° aylanish,
asosiy o‘glarga parallel bo‘lgan tekisliklarda
aks ettirish hamda inversiya markazi orqali
elementlarning teskari tasviri. Bu kabi
simmetriya elementlari ortorombik tizimning

o‘ziga xos xususiyatlari hisoblanadi va
materialning fizik hamda Kimyoviy
xususiyatlariga bevosita ta’sir ko‘rsatadi.

Bundan tashqari, Gd, Y va Zr kabi qo‘shimcha
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elementlarning Kiritilishi kristall panjaraning
simmetriya  xususiyatlarini o‘zgartirishi
mumkin. Biroq ularning struktura bo‘yicha
tagsimlanishi murakkab bo‘lgani uchun
simmetriyaga ta’sirini aniq baholash qiyin.
Ortorombik tizim odatda C., Cs va Cs
simmetriya o‘qlari bilan tavsiflanadi. Masalan,
C: o‘qi atrofida 180°, Cs 0°qi bo‘yicha 90° va
Cs 0°‘ql bo‘yicha 60° aylanish simmetriyasi
kuzatilishi ~ mumkin.  Ushbu simmetriya

n
M

Raman Intensity, a.u.

I
| '*(

1

YWWWMWW
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elementlari FesGas strukturasining o‘ziga
xosligi bilan bog‘liq bo‘lib, ular materialning
tashqi ta’sirlarga, jumladan, magnit yoki elektr
maydonlariga  nisbatan  xatti-harakatlarini
tushunishda muhim ahamiyatga ega. Shu bois
simmetriya o‘qlarining chuqur tahlili yangi
materiallarning fizik xususiyatlarini bashorat
qgilish va ular asosida kerakli parametrlarga ega
gotishmalarni loyihalash uchun zaruriy shart
hisoblanadi.

T T T T
500 1000 1500

2000

1
2500 3000 3500 4000

Wavenumber, em’!

2-rasm. FesGasGd:YZr namunasining Renishaw Invia Raman spektrometri yordamida

spektral tahlili

Y va Zr elementlari bilan legirlangan Fe—
Ga-Gd qotishmasining Raman spektr grafigi
(2-rasm) asosida bir gator umumiy xulosalar
chigarish mumkin.

Asosiy cho‘qqilar. Spektrda ~1500-3500
sm' diapazonida to‘rtta aniq intensiv
maksimum kuzatiladi. Ulardan eng yuqorisi
~2500 sm™' da joylashgan bo‘lib, qolgan
cho‘qqilar taxminan ~1800 sm™, ~2100 sm™* va
~2900-3000 sm™* oralig‘ida aniqlangan.

Yugqori to‘lgin sonli diapazon (2800-
4000 sm™). ~2900-3000 sm™* sohasida qayd
etilgan keng maksimum O-H valent
tebranishlariga xos bo‘lib, ko‘pincha qotishma
yuzasida  oksidlanish  jarayonlari  yoki
namlikning yutilishi bilan bog‘liq bo‘lishi

mumkin. 3000 sm™ dan yuqori chastotalarda
aniq cho‘qqilarning yo‘qligi tuzilishda C—H
bog‘lari yoki organik aralashmalar sezilarli
darajada mavjud emasligini ko‘rsatadi.

O‘rta chastotalar sohasi (1500-2800
sm™).

~1800 sm™, ~2100 sm™ va ~2500 sm™
dagi signallar eng qgizigarli diapazonni tashkil
etadi. Ular sof metallarning asosiy fonon
tebranishlariga to‘g‘ridan-to‘g‘ri mos
kelmaydi, chunki Fe, Ga, Gd, Y va Zr
elementlarida Raman faol rejimlar odatda juda
zaif yoki aniglanmaydi. Ushbu cho‘qgqilar
gotishmada oksid fazalari yoki intermetallik
tuzilmalar shakllanishi bilan bog‘liq bo‘lishi
mumkin:
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Oksid  fazalari. 1800-2500 sm!
oralig‘ida kuzatilgan chiziglar galiy (Ga20s)
yoki nodir yer oksidlari (Gd20s, Y203) ga mos
kelishi ehtimoldan xoli emas. ZrO: uchun esa
asosiy Raman tebranishlari odatda past chastota
mintaqasida (<1000 sm™) kuzatiladi.

Intermetall birikmalar. Qayd etilgan
cho‘qqilar Fe-Ga-Gd-Y—Zr tizimida hosil
bo‘ladigan murakkab intermetallik fazalarning
tebranish rejimlarini aks ettirishi  mumekin.
Ularni aniq identifikatsiya gilish uchun mavjud
spektral ma’lumotlar bazalari bilan solishtirish
zarur.

Uglerodli aralashmalar. ~2500 sm™* dagi
cho‘qqi grafitning nuqgsonli modifikatsiyalariga
(D yoki D+D" rejimlari) mos kelishi mumkin.
Bu esa namunani tayyorlash yoki tashgi muhit
ta’siri natijasida uglerod bilan ifloslanishni
ko‘rsatadi.

Past chastotalar sohasi (500-1500 sm™).

Ta’kidlash joizki, keltirilgan grafik 1500
sm™' dan past chastotali sohani gamrab
olmaydi. Birog aynan shu diapazon oksid
fazalarini aniglashda muhim hisoblanadi,
chunki Ga203, Gd203, Y:0s va ZrOa
oksidlarining ~ asosiy  intensiv.  Raman
cho‘qqilari odatda 1000 sm™ dan pastda
joylashadi.

Shu sohada, shuningdek:

— intermetallik fazalarning panjara
tebranishlari;

— uglerodli materiallarga xos maodlar,
jumladan grafit/grafen uchun D-pik (~1350
sm') va G-pik (~1580 sm™) ham joylashadi.

Olingan Raman sochilish ma’lumotlari
asosida  quyidagi  dastlabki  xulosalarni
chigarish mumkin:

Aniglangan tebranish rejimlari. Spektrda
~495, 615, 845 va 970 sm™' atrofida qayd
etilgan asosiy cho‘qqilar ehtimol Fe-Ga
bog‘lanmalari hamda noyob yer elementlarini

o‘z ichiga olgan strukturaviy birliklarning
(masalan, Gd-Fe yoki Y-0O) panjara
tebranishlaridan ~ kelib  chiggan  bo‘lishi

mumkin. Biroq, FesGasGd-YZr tarkibiga oid
aniq ma’lumotlar bazasining mavjud emasligi
sababli fazalarni aniq identifikatsiya gilish
hozircha imkonsizdir.

Yuza bilan bog liq xususiyatlar. ~3000

sm' atrofida kuzatilgan keng signal sirt
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gidroksil guruhlari yoki adsorbsiyalangan suv
molekulalarining valent tebranishlariga mos
keladi, bu esa namunada gisman yuzaki
oksidlanish jarayoni sodir bo‘lganidan darak
beradi.

Kichik migdordagi ifloslanishlar. ~2500
sm' dagi yakkalangan cho‘qqi ehtimol
uglerodli modifikatsiyalar yoki tashqgi muhit
ta’siri natijasida paydo bo‘lgan ifloslanish bilan
bog‘liq bo‘lishi mumkin. Buni ishonchli
tasdiglash uchun qo‘shimcha yuzaki tahlil
metodlaridan foydalanish talab gilinadi.
Domen tuzilmasini vizual
uchun qurilma.

Tadqiqotlar «Metam P-1» metallografik
mikroskopining optik tizimi yordamida amalga
oshirildi. Yorug‘lik manbai sifatida KGM12-
100 rusumli galogen lampasi (1) qo‘llanilib,
undan chigayotgan ogim linza (2) orqali
parallel nur to‘plamiga aylantirildi.
Keyinchalik u polyaryzator (3) orqgali
o‘tkazilib, tadqiq qilinayotgan namuna (4)
yuzasiga yo‘naltirildi va hosil bo‘lgan nur
mikroskop ob’ektiviga (5) kiritildi. Namuna
optik kriostat ichida joylashtirildi va u o‘zaro
perpendikulyar joylashgan ikkita magnit
g‘altak (10) orasiga o‘rnatildi. Ushbu g‘altaklar
yordamida B < 4,6 mT gacha bo‘lgan bir jinsli
magnit maydon hosil qilish, shuningdek,
magnit induksiya vektorini optik 0‘qqa nisbatan
+2° aniqlikda yo‘naltirish imkoniyati yaratildi
(IB| = const sharoitida).

Fe-Ga-Gd kristallining Y va Zr bilan
legirlangan namunasi domen tuzilmasiga
temperaturaning ta’sirini o‘rganish

M.Z. Sharipov va hammualliflar [34]
tomonidan terbiy temir oksidi kristallarida
domen tuzilishining magnit kompensatsiya
harorati  yaginidagi  xatti-harakati  tadqiq
qilingan.  Tadqiqot  natijalariga  ko‘ra,
haroratning o°zgarishi domen chegaralarining
qayta tuzilishiga, ularning yo‘nalishidagi
o‘zgarishlarga hamda magnit-optik xossalarga
sezilarli ta’sir ko‘rsatishi aniglangan. Ushbu
natijalar shuni ko‘rsatadiki, issiqlik va magnit
sharoitlaridagi nozik o‘zgarishlar kristallning
domen tashkilotiga kuchli ta’sir qilishi
mumkin. Bu holat Fe—Ga—Gd tizimi uchun ham
dolzarb hisoblanadi.

tadgig qilish
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3-rasm. Tajriba qurilmasining blok-sxemasi. 1 — yorug‘lik manbai (KGM12-100
galogen lampasi); 2 — polyaryzator; 3 — Helmholtz g‘altaklari; 4 — namuna (FesGasGd2YZr); 5—
«Metam P-1» metallografik mikroskopi; 6- 7 — mikrofotografik adapter; 8 — ragamli kamera; 9
— Helmholtz g‘altaklarini boshqaruvchi elektron quvvat bloki; 10, 11 — doimiy tok manbalari.

Jadval 1. FesGasGd2YZr kristali uchun temperaturaning domen tuzilishiga ta'siri.
T, K Domen tuzilishi tasvirlari
296, 228, 208

193, 178, 158

143, 138, 134

W
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Y va Zr bilan legirlangan Fe—Ga—Gd kristallining domen tuzilishiga haroratning ta’siri.
FesGasGd:Y Zr birikmasining domen tuzilishi 134-296 K harorat oralig‘ida o‘rganildi. Haroratga
bog‘liq tajribalarni o‘tkazish uchun namuna suyuq azotli kriostat ichiga joylashtirildi. Olingan
kuzatuvlar shuni ko‘rsatdiki, domen konfiguratsiyasi haroratning o‘zgarishiga sezgir bo‘lib, bu
jarayon 1-jadvalda keltirilgan namunaviy tasvirlarda aniq ko‘rinadi. Vizual tahlil natijalariga
ko‘ra, harorat pasayishi bilan domenlarning o‘lchami ortib, ular bir-biri bilan qo‘shilib borishi
kuzatildi. Bu esa sovitish jarayonida namunaning magnit xossalari kuchayib borishini ko‘rsatadi.
Shu bilan birga, ayrim hollarda magnit tartiblanish turiga garab teskarisi ham gayd etildi — ya’ni,
sovitishda domenlarning kichrayishi. Kristall domenlaridagi qizil va och (sariq) gismlarning
maydonining haroratga bog‘ligligi 4-rasmda keltirilgan. Ma’lumotlar shuni ko‘rsatadiki, domen
maydonining haroratga bog‘ligligi nolinear xarakterga ega. Bunday xulg-atvor domen
tuzilishining sinkron emasligi bilan izohlanadi. Tasvirlar domenlarning harorat bo‘yicha
evolyutsiyasini yagqol namoyish etadi. 134-296 K diapazonda domenlarning o‘lchami va
morfologiyasi sezilarli darajada o‘zgaradi, bu esa kristallning magnit xossalari haroratga yuqori
sezgir ekanini tasdiglaydi.
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4-rasm. FesGasGd2YZr kristali uchun temperaturaning domen tuzilishiga ta'siri grafigi.

Tashqi magnit maydonning FesGasGd2YZr kristalining domen tuzilmasiga ta’siri

Tajriba 26 °C temperaturada olib borildi. Namuna 0—4.6 mTI oralig‘ida magnit maydonga
joylashtirildi, maydon gqiymati o‘rtacha 0.12 mT] qadam bilan o‘zgartirildi (2-jadval).

2.8 mTI dan boshlab domenlarning magnit tartiblanishida sezilarli o‘zgarishlar kuzatildi.
Maydonning yanada oshirilishi monodomenli tuzilishga intilish bilan kechadi.

Namunaning magnit gisterezini domenlarning tasvirlaridagi o‘zgarishlar orqali vizual
aniglash mumkin. Jadvaldagi har bir magnit maydoni giymatiga ikki xil domen tuzilmasi mos
keladi — bu giymatlar maydonni oshirish va kamaytirish yo‘nalishlarida farq gilmaydi. Bu esa
namunada goluvchi goldigq magnit maydon mavjudligini tushuntiradi.

Dzhuraev va boshgalar [35] tomonidan olib borilgan tadgigotlarda FeBOs:Mg
monokristallarida fazoviy modulyatsiyalangan magnit tartibning tashqi nurlanishga yuqori
sezgirligi ko‘rsatib berilgan. Fotoinduksiya natijasida domen konfiguratsiyasida mahalliy gayta
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tuzilishlar kuzatilgan bo‘lib, bu jarayon Fe-Ga—Gd tizimidagi issiqlik va magnit ta’sirlar ostida
domenlarning gayta tashkil topish mexanizmlariga o‘xshashdir. Bu esa tashqi omillar ta’sirida
magnit tuzilmalarning gayta konfiguratsiyalanish mexanizmlari umumiy tabiatga ega ekanini
tasdiglaydi.

Jadval 2. FesGasGd2YZr kristali uchun magnit maydonning domen tuzilishiga ta'siri.
B, mTI O’sib boorish

0

1.84

2.92

4.00

4.60

Mazkur tajriba xona haroratida (26 °C) amalga oshirildi. Namuna 0 dan 4,6 mT gacha tashqi
magnit maydonga ta’sir ettirildi, bunda maydon bosqgichma-bosgich ~0,12 mT ga oshirib borildi
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(5-rasm). Domenlarning magnit tartiblanishida sezilarli o‘zgarishlar 2,8 mT dan boshlab kuzatildi.
Maydonning yanada ortishi domenlarning bir-domenli konfiguratsiyaga intilishini yuzaga keltirdi.
Namunadagi magnit gisterezis domen tuzilmalarining fotosuratlari asosida vizual kuzatuv yo‘li
bilan aniglangan. 2-jadvalda keltirilgan har bir magnit maydon giymati uchun ikki xil domen
tasvirlari keltirilgan bo‘lib, ular mos ravishda tashqi maydonning ortishi va kamayishi
jarayonlariga to‘g‘ri keladi. Ushbu gisterezisga o‘xshash hodisa namunada qoldiq magnitlanish
mavjudligini ko‘rsatadi. Domen strukturalarining maydon (magnit) bog‘ligligi 5-rasmda
keltirilgan. Bu yerda yaqqol o‘zgarishlar kuzatilgan bir nechta pozitsiyalar alohida ko‘rib chiqildi.
5-rasmdan ko‘rinib turibdiki, magnitlanish va demagnitlanish jarayonlari sezilarli darajada farq
giladi, bu esa namunada goldig magnit maydonning mavjudligini izohlaydi. Shuningdek, maydon
giymatlariga mos ravishda olingan holatlar sonini ko‘paytirish orqali bu hodisa yanada ravshan
namoyon bo‘ladi.

Magnitlanish vektorini tarkibiy domenlarning magnitlanish vektorlari yig‘indisi sifatida
ifodalash mumkin, bunda domenlar o‘zaro yaqin burchaklar a; ostida yo‘nalgan bo‘ladi.
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5-rasm. FesGasGd,YZr kristali uchun magnit maydonning domen tuzilishiga ta'siri grafigi

fazalari esa kuzatilgan spektral diapazonda

Xulosa sezilarli Raman cho‘qqilarini bermaydi.
Y va Zr elementlarining qo‘shilishi Fe— Y va Zr bilan legirlangan Fe-Ga-Gd
Ga-Gd tizimining kristall panjara qotishmasida domen tuzilmasining

simmetriyasiga sezilarli ta’sir ko‘rsatishi, temperaturaga bog‘liqligi shuni ko‘rsatadiki,
tashgi  magnit maydon ostida domen sovitish jarayonida atomlarning magnit
tuzilmasining  xatti-harakatlaridan ~ yagqol momentlari orasidagi kuchli almashinish o‘zaro
namoyon bo‘lmoqda. ta’sirlari issiqlik tebranishlarining

Raman  sochilish  spektrlari  oksid tartibsizlantiruvchi ta’siridan ustun keladi.
fazalarining (Ga, Gd, Y) yoki murakkab Domenlarning turlicha yo‘nalganligi esa
intermetall ~ birikmalarning ~ mavjudligini  domen tuzilmalarining temperaturaga bog‘liq
ko‘rsatadi. Fe, Ga, Gd, Y va Zr ning sof metall
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bo‘lgan xatti-harakatida nolinearlikka olib
keladi.

Fe-Ga-Gd  qotishmasining  magnit
maydonga bog‘liq holda domen tuzilmasi esa
namunadagi magnit domenlarning monodomen
holatiga o‘tishini ko‘rsatadi. Bundan tashqari,
bu jarayon orgali namunaning goldig magnit
maydonini  vizual aniglash va domen
sohalarining  tashgi  magnit  maydonga
bog‘ligligini olish imkonini beradi.
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KOMPENSATSIYALANGAN Si<B,S> VA Si<B,Rh>
MONOKRISTALLARIDA ELEKTR O‘TKAZUVCHANLIKNING UZOQ
MUDDATLI RELAKSATSIYA JARAYONLARI

A.Y. Boboyev?!, Z.M. Ibrohimov?, A.K.Rafikov?

1Z.M.Bobur nomidagi Andijon davlar universiteti, 1700100, Andijon, O‘zbekiston

2Andijon davlat texnika instituti, Andijon, O‘zbekiston
30‘zRFA Yadro Fizkasi Instititi, Toshkent, O‘zbekiston

2025-yil 2-avgustda berilgan; 2025-yil 25-oktyabrda chop etish uchun gabul gilingan

Annotatsiya Magolada Si<B,S> va Si<B,Rh> monokristallarida elekir o‘tkazuvchanlikning relaksatsiya
jarayonlari  har xil  konsentratsiyalardagi kompensatsiyalash  sharoitida  tadgiq gilingan.
Fotoo‘tkazuvchanlikning relaksatsiya jarayoni kompensatsiya gqilingan Si<B,S> va Si<B,Rh>
monokristallarida tezkor (1,) hamda sekin (1,) xarakterli vaqtlarga ega ikki bosqgichli eksponensial gonuniyat
bilan tavsiflanishi hamda bu relaksatsiya jarayonlari kompensatsiya giluvchi kirishmaning turi va uning
konsentratsiyasiga bog‘liq ekani aniglandi. Ryelaksatsiya parametrlari (7,, 7,) aniglanib, Si<B,Rh>
namunasida fototok relaksatsiyasining xarakterli vaqti Si<B,S> namunasiga nisbatan ancha qisqa ekanligi
aniglandi. y-nurlanish dozasi oshib borishi bilan relaksatsiyaning ikkinchi xarakterli vaqti (1,) dastlab keskin
ortadi, keyin esa ma’lum bir yuqori dozada to‘yinish holatiga yetishi aniglandi va bu holat nurlanish ta’siri
natijasida hosil bo‘ladigan chuqur energetik defektlar sonining cheklanganligi bilan izohlandi. Ryelaksatsiya
vagti (tz)ning y-nurlanish flyuyensiga bog'‘liq o‘zgarishi harorat pasayganida (77 K) yanada kuchayishi
aniglandi. Zaryad tashuvchilarning konsentratsiyasidagi fluktuatsiyalarning relaksatsiya jarayoniga ta’siri
o‘rganilib, boshlang‘ich materialning solishtirma garshiligi kamayganda, ya’ni yuqori konsentratsiyalarda
fluktuatsiya amplitudasi oshib borishi va bu holatning relaksatsiya vaqtini uzaytirishi aniglandi.

Kalit so'zlar: Plyonka; Si<B,S>; Si<B,Rh>; y-nurlanish; fotoo'tkazuvchanlik; relaksatsiya vaqti; harorat;
konsentratsiyalar

AHHOTauma B craTbe uccnenoBaHbl MpoLecchl penakcauun anekTpornpoBOAHOCTU B MOHOKpUCTannax
Si<B,S> un Si<B,Rh> npu pasnnyHbiX yCNOBMUSIX KOMMEHCALUUW M KOHUEHTpauusix. YCTaHOBMEHO, YTO
npoLiecc penakcauun oTonpoBOANMMOCTU B KOMNEHCUMPOBAHHbLIX MOHOKpucTannax Si<B,S> u Si<B,Rh>
ONMCbIBaETCA [OBYXCTYMNEHYaToON 9KCMOHEHUManbHON 3aBUCUMOCTBbIO C  XapakTepPHbIMW BpeMeHamu
ObicTpon (11) M MeaneHHom (T,) penakcauuu, npuyem 3TW MpPOLEecChl penakcaumm 3aBucAT OT Tuna
KOMMeHcupyowen npuMmecu n eé koHueHTpauuwn. OnpegeneHbl napamMeTpbl penakcaumu (Ti, Tz), U
YyCTaHOBIEHO, YTO XapaKTepHoe BpeMsi penakcauumn ootoToka B obpasue Si<B,Rh> 3HauntenbHo Kopoye
no cpaBHeHUto ¢ obpa3uyom Si<B,S>. Npu yBenuueHnn 0o3bl Y-061y4eHMst BpeMsi BTOPOM XapakTepHOM
penakcauum (T;) CHayana pesko YyBenuyMBaeTCsl, a 3aTeM [OCTUraeT COCTOSHWS HaCbIWEHUs Mpu
onpeaeneHHon BbICOKOW A03e, YTO OO BbACHAETCH OrpaHNYeHHbIM KONMMYECTBOM ryHOKMX SHEPreTn4eckmx
aedektoB, obpasylowmxcs nog Bo3gencteMeM obnyyeHus. 3aBUCMMOCTb BpEMEHU penakcaumm (T;) oT
dnioeHca y-n3nyyeHns ycunmBaeTcs npu CHWXeHun Temnepatypbl (4o 77 K). WccnegosaHo BnusiHue
dnykTyauMn KOHLUEeHTpauun HocuTenen 3apsga Ha npouecc penakcauuMu, U YCTaHOBMEHO, 4YTO C
YMEHbLUEHVEM YAenbHOro COMNPOTMBMEHUS WCXOOHOro MaTepuana, TO €eCTb npu 6Gonee BbICOKMX
KOHUEHTpauusx, amnnutyga QnykTyauun yBenuyunBaeTcs, YTO NPUBOAUT K YBENUYEHUIO BPEMEHU
penakcauuu.

KnioueBble cnoBa: NneHka; Si<B,S>; Si<B,Rh>; y-usnyyeHune; hoTonpoBoANMOCTb; BpeMS perakcaumu;
TemnepaTypa; KOHLEeHTpaumm

Abstract The article investigates the relaxation processes of electrical conductivity in Si<B,S> and
Si<B,Rh> single crystals under various compensation conditions and concentrations. It is established that
the relaxation process of photoconductivity in compensated Si<B,S> and Si<B,Rh> single crystals is
described by a two-stage exponential dependence with characteristic times of fast (11) and slow (1)
relaxation, and these relaxation processes depend on the type and concentration of the compensating
impurity. The relaxation parameters (14, T,) are determined, and it is shown that the characteristic relaxation
time of the photocurrent in the Si<B,Rh> sample is significantly shorter compared to the Si<B,S> sample.
With increasing y-irradiation dose, the second characteristic relaxation time (71;) first increases sharply and
then reaches saturation at a certain high dose, which is explained by the limited nhumber of deep energy
defects formed under irradiation. The dependence of the relaxation time (1;) on the y-radiation fluence
becomes stronger as the temperature decreases (down to 77 K). The influence of charge carrier
concentration fluctuations on the relaxation process is studied, and it is established that as the resistivity of
the initial material decreases—that is, at higher concentrations—the amplitude of fluctuations increases,
leading to an increase in the relaxation time.
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Kirish

Bugungi kunda elektronika, fotonika va
quyosh  energetikasi  sohalarida  yuqori
samaradorlikka ega bo‘lgan yarimo‘tkazgichli
materiallarga talab ortib bormoqgda. Bunday
materiallarni olishning samarali usullaridan biri
kompensatsiyalangan yarimo ‘tkazgichlarni
yaratish hisoblanadi. Kompensatsiyalash usuli
yarimo‘tkazgichda  qarama-garshi  turdagi
go‘shimcha primesalar kiritish yo‘li bilan
amalga oshiriladi. Bu esa materialning
o‘tkazuvchanlik turini, konsentratsiyasini va
elektr hamda fotoelektrik  xususiyatlarini
boshgarish imkonini beradi.

Kremniy asosida kompensatsiyalash
orqgali olinadigan materiallar orasida bor (B)
bilan  legirlangan  kremniyni  (Si<B>)
oltingugurt (S) yoki rodiy (Rh) atomlari bilan
kompensatsiyalash alohida o‘rin tutadi [1].
Bunday kompensatsiyalangan Si<B,S> va

Si<B,Rh> monokristallari yuqori darajada
fotosezgirlikka ega bo‘lib, ular quyosh
energetikasi, fotodetektorlar va radiatsiya

ta’siriga chidamli elektron qurilmalarda keng
qo‘llanishi mumkin [2]. Birog, bunday
materiallardagi elektr o‘tkazuvchanlik
xususiyatlari vaqt davomida o‘zgarishi, ya’ni
relaksatsiya jarayonlari kuzatilishi ma’lum.
Relaksatsiya jarayonlarining tabiatini chuqur
tushunish orqgali materialning fotosezgirligi,
elektr o‘tkazuvchanligini va radiatsiya ta’siriga
chidamliligini yaxshilash mumkin [3]. Shu
nugtai nazardan, Si<B,S> va Si<B,Rh>
materiallarida elektr o‘tkazuvchanlikning uzoq
muddatli relaksatsiya jarayonlarini o‘rganish

muhim  ilmiy-amaliy = ahamiyatga ega
hisoblanadi. Shu munosabat bilan mazkur ish
doirasida Si<B,S> va Si<B,Rh>

monokristallarida elektr o‘tkazuvchanlikning
relaksatsiya jarayonlari har xil
konsentratsiyalardagi kompensatsiyalash
sharoitida tadqiq gilingan.

Tadgigot usullari

Tadqiqotlarda boshlang‘ich material
sifatida bor (B) bilan legirlangan p-turdagi
kremniy (Si<B>) monokristallari tanlab olindi.
Boshlang‘ich ~ materialarning  solishtirma
garshiligi Si<B,S> namunalari uchun 1+10
Om-sm, Si<B,Rh> namunalari uchun esa 7+10
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Film; Si<B,S>; Si<B,Rh>; y-radiation; photoconductivity; relaxation time; temperature;

Om'sm ni tashkil etdi. Namunalarni
kompensatsiyalash jarayoni 1250+1290 °C
harorat oralig‘ida, termodiffuziya usulida, 20
soat davomida amalga oshirildi. Natijada
Si<B,S> namunalarida kompensatsiya giluvchi
oltingugurt (S) atomlari konsentratsiyasi
Ns=(0,2+2)-10'¢ sm~3, Si<B,Rh> namunalarida
esa rodiy (Rh) atomlari konsentratsiyasi
Nrn=5-10"" sm™ darajasida shakllantirildi.
Kompensatsiyalash natijasida har ikki turdagi
namunalarda o‘ziga xos qarshilikning keskin
ortishi kuzatilib, p=(8+10)-10* Om-sm ga teng
bo‘lgan yuqoriomli kremniy monokristallari
olindi.

Natijalar va muhokama

Elektr o ‘tkazuvchanlikning relaksatsiya
jarayonlari. Ma’lumki, fotoo‘tkazuvchanlik
relaksatsiyasi — yarimo‘tkazgichli materiallarda
fotog‘alayonlantirish to‘xtatilganidan keyingi
fototokning pasayish jarayoni bo‘lib, u
materialning  elektr-optik  Xxususiyatlarini
tavsiflovchi muhim parametr hisoblanadi [4].
Ushbu relaksatsiya jarayoni Si<B,S> va
Si<B,Rh> monokristallari uchun ikki bosqgichli
eksponensial gonuniyat orgali aniq tasvirlanishi
mumekin [5]:

Ip = Aje~t™1 + Ayet/™ (1)

Bunda I4 — vaqtga bog‘liq fototok, A; va A, —
fototokning boshlang‘ich amplitudalari, 7, va
T, esa relaksatsiya jarayonining vaqt bo‘yicha
xarakterli (xos) doimiylari hisoblanadi. [6]
tadgiqot ishlarining mualliflari bu parametrlar
kompensatsiya giluvchi kirishmaning turi va
konsentratsiyasiga kuchli bog‘liq bo‘lib, odatda
A > A, va 1, <71, sharti bajarilishni
ta’kidlaganlar. Bu esa relaksatsiya jarayonida
tezkor va sekin bo‘lgan ikki xil mexanizm
mavjudligidan dalolat beradi.

l-jadvalda Si<B,S> va Si<B,Rh>

monokristallari uchun o‘tkazilgan
eksperimentlar natijasida aniglangan
relaksatsiya parametrlarining xarakterli

giymatlari taqdim qilingan bo‘lib, ular
kompensatsiya qilingan materiallarning o‘ziga
x0s xususiyatlarini aks ettiradi. Ushbu jadval
ma’lumotlari materiallarning fotosezgirlik va
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tezkorlik  xususiyatlarini  baholash hamda

kompensatsiyalash orqali fotosezgirligi yuqori

bo‘lgan yarimo ‘tkazgichli materiallarni

yaratish va ularni amaliy magsadlarda qo‘llash
istigbollarini ochib beradi [7].

1-jadval.

Fotoo‘tkazuvchanlik relaksatsiyasi

parametrlari

Namuna .
wuri Ifodasi Ty T,
t
: —4.10-203 .
81|<B,S> o = 4107265+ 25 o |61
( ) 10—Zem
t
: 11070365 4 7 -
82|<B,S> lo =1+ 107¢71 +2 261 | 411
(2) 10-8emm
Iy
H t
(531)<B’S> —1-10%¢T@0+5 | 160 | 1060
t
- 10~ 3¢1060
t
— . -5,072 .
Si<B,Rh> | fo =2:107e02 + 45 1 445 | 53
10-8e53

Yuqoridagi jadvaldan ko‘rinib turibdiki,
Si<B,Rh> namunasida relaksatsiya vagti
Si<B,S> namunasiga nisbatan ancha gisga
bo‘lib, bu materiallarda potensial to‘signing
balandligiga bog‘ligligi bilan izohlanadi.

Ma’lumki, fotoo‘tkazuvchanlikning
relaksatsiya jarayoniga tashqgi omillarning,
xususan, y-nurlanish dozasining ta’sirini
tahlil gilish muhim ilmiy ahamiyatga ega va
bu materiallarning radiatsiya ta’siriga
chidamliligini baholashda asosiy
mezonlardan biri bo‘lib xizmat giladi [8].

Ushbu tadgiqot doirasida ham Si<B,S> va
Si<B,Rh> namunalarida fototokning
relaksatsiya jarayoniga turli dozadagi v-
kvantlarning ta’siri o‘rganildi. Natijalar 1-
rasmda grafik ko‘rinishida tasvirlangan
bo‘lib, unda y-kvantlar dozasining ortishi
bilan fototok relaksatsiyasining ikkinchi
xarakterli vaqti (t,) o‘zgarishi aks ettirilgan.
Olingan natijalarning tahlillari yordamida vy-
kvant dozasi ortishi bilan relaksatsiyaning
ikkinchi xarakterli vaqti () dastlab sezilarli
darajada oshib boradi, keyin esa ma’lum bir
yuqori dozada to‘yinish holatiga yetishi
aniglandi. Bunda  to‘yinish  darajasi
kompensatsiya giluvchi atom turi (Rh yoki S)
va  ularning konsentratsiyasi bilan
belgilanadi. Bu esa o0°‘z navbvatida
kompensatsiyalangan Si<B,S> va Si<B,Rh>
monokristallarida  fotoqo‘zg‘atish  ta’siri

49

ostida paydo bo‘lgan tok tashuvchilarning
gayta rekombinatsiyalanishi ikki xil vaqt
xarakteriga ega jarayonlar orgali amalga
oshishidan dalolat beradi [9].

2

10

d
107 4

107 Si<B,Rh=>~25-10'% on?

107t r T T T T T T
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1-rasm. Fotoo‘tkazuvchanlik relaksat
siyasi kinetikasining y-kvantlar dozasiga bog‘ligligi.
a) Si<B,Rh> namunasi N&,~2,5 - 10'° cm~3;
b) Si<B,S> namunasi
1— ~85-10%cm3,2—-~9,1-10%cm 73,3 —
~1,1-10'8 cm~3

Bunda ikkinchi xarakterli relaksatsiya
vaqgti (7,) fototokning sekin pasayishi bilan
bog‘lig bo‘lib, u asosan yarimo‘tkazgichda
shakllangan chuqur energetik markazlar bilan
aniglanadi. Gamma-nurlanish dozasi
oshirilganda  Si<B,S> va Si<B,Rh>
materiallarida turli chuqur energetik tuzoglar
(defekt markazlar) hosil bo‘ladi yoki ularning
konsentratsiyasi ortadi [10]. Bu esa hosil
bo‘lgan zaryad tok tashuvchilarining chuqur
markazlarda ushlanib qolishiga olib keladi. Shu

sababli tok tashuvchilarning gaytar
rekombinatsiyalanishi  sekinlashib, 7, vaqt
xarakterining uzayishi  kuzatiladi. Biroq,

nurlanish dozasi ma’lum kritik darajaga yetishi
bilan, defektlarning varatilishi va ularning
konsentratsiyasi to‘yinish darajasiga yetadi
[11]. Ya’ni chuqur energetik markazlar soni va
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ularda ushlanishi mumkin bo‘lgan nositellar
miqdori cheklangan bo‘ladi. Shu nuqtadan
keyin dozani oshirish fototok relaksatsiya
vaqtiga deyarli ta’sir ko‘rsatmaydi, ya’ni 7,
relaksatsiya vaqti ma’lum yuqori dozadan
keyin o‘zining maksimal qgiymatiga yetib,
o‘zgarishdan to‘xtaydi (to‘yinish holati). Bu
jarayonning  kechishi  kompensatsiyalovchi
kirishmaning turi (Rh yoki S) va ularning
konsentratsiyasiga bog‘liq, chunki har bir
kirishma atomi kremniy kristalli panjarasida
o‘ziga xos defekt holatlarini shakllantiradi va
nositellarning ~ rekombinatsiya  jarayonini
turlicha  boshgaradi [12]. Bu natija
kompensatsiya gilingan Si<B,S> va Si<B,Rh>
namunalarining radiatsiya ta’siriga
chidamliligini baholashda muhim ahamiyat
kasb etadi hamda ularni radiatsiyaga chidamli
fotosezgir materiallar yaratishda qo‘llash
mumkinligini tasdiglaydi [13].

Nurlanish va haroratning relaksatsiya

jarayoniga ta’siri tahlili.
Yarimo‘tkazgichlarda fotoo‘tkazuvchanlik
relaksatsiyasi jarayonini chuqur tushunish

uchun tashqgi omillar, jumladan, nurlanish
flyuyensi va haroratning ta’sirini hisobga olish
muhim ahamiyat kasb etadi. y-kvantlar
flyuyensi ortishi bilan yarimo‘tkazgichlarda
defektlar soni ortib, bu esa zaryad
tashuvchilarning rekombinatsiya jarayonlarini
o‘zgartiradi  [14]. 2-rasmda  Si<B,Rh>
namunasida y-kvantlar flyuyensining fototok
relaksatsiya vaqtini o‘zgartirishga bo‘lgan
ta’siri haroratga bog‘liq holda keltirilgan.

800 ;,/f‘“’k
;//( —o—Si<BRh> 7T K

—o— Si<B,Rh> 300 K
3] 600 /J
-
o

e ——0—0

400 1 J /J,,L'/ i
LF
oHeH H'P‘-"‘E'E"”'_’f
200 T T T T T T T
0 2 4 6 g 10 12 14
@, 10" em™

2-rasm. Si<B,Rh> namunasida relaksatsiya vaqti 7,
ning y-kvantlar nurlanishga va haroratga bog‘ligligi: 1
—-77K;2-300K.

Rasmda  keltirilgan  natijalarning
tahlillari shuni ko‘rsatadiki, past haroratlarda
(77 K) y-kvantlar nuralnishining ortishi bilan
relaksatsiya vaqtining o‘zgarish sur’ati sezilarli
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darajada yuqori bo‘lgan. Bu esa o‘z navbatida
past haroratlarda termik aktivlashgan zaryad
tashuvchilarning konsentratsiyasi  kamayib,
rekombinatsiya jarayoni asosan nurlanish
natijasida yaratilgan chuqur defekt markazlari
orgali amalga oshishidan dalolat beradi.
Natijada, har bir defekt markazning ta’siri
kuchayib, relaksatsiya jarayonining
sekinlashuvi yanada aniqroq namoyon bo‘ladi.
Yuqori haroratlarda (300 K) esa termik
aktivlashgan tok tashuvchilar soni ko‘payadi,
bu esa zaryad tashuvchilarning defektlar bilan
o‘zaro ta’sirini susaytiradi va relaksatsiya
vaqtining o‘zgarish sur’atini pasaytiradi [16].
Shu sababli, yuqori haroratda relaksatsiya
vaqgtining  flyuyensga bog‘liq  o‘zgarishi
nisbatan kichik bo‘ladi. Shunday qilib, harorat
pasayganda relaksatsiya vaqtining nurlanish
flyuyensiga sezgirligi ortishi
yarimo‘tkazgichlarda past harorat sharoitida
ishlovchi radiatsiyaga chidamli fotoelektron
qurilmalar yaratishda muhim hisoblanadi.

Konsentratsiya  fluktuatsiyalarining
relaksatsiya jarayoniga ta’siri.

Yarimo‘tkazgich materiallarni
kompensatsiyalash jarayonida zaryad
tashuvchilarning konsentratsiyasida vujudga
keladigan fluktuatsiyalar, ya’ni
konsentratsiyaning o‘zgaruvchanligi  elektr
o‘tkazuvchanlik va fototok relaksatsiyasiga
sezilarli ta’sir ko‘rsatadi. Bu fluktuatsiyalar
kompensatsiyalangan ~ yarimo‘tkazgichlarda
energiya zonalarining lokal buzilishlari, ya’ni
potensial baryerlarning shakllanishiga olib
keladi.

2-jadval.
Kompensatsiya darajasi K=1 bo‘lgan Si<B,S>
namunalarida konsentratsiya
fluktuatsiyalarining material turiga bog‘liqligi

pmax _ pm
Ne Pmax'CM—3 Pmin‘ cM ﬁ, M3 7ﬁ 1\_/5, oM
- 100%
1 2,1'1015 1’9.]016 2-10' 10 12610
2 2,1'1015 1’9.]015 2-10's 10 12510
Natijada zaryad tashuvchilarining

harakatchanligi  pasayadi va  ularning
rekombinatsiya jarayoni sekinlashadi, bu esa
relaksatsiya vaqtining orta borishiga sabab
bo‘ladi. 2-jadvalda kompensatsiya darajasi K=1
bo‘lgan Si<B,S> materiallari uchun zaryad
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tashuvchilar konsentratsiyasi
fluktuatsiyalarining amplitudasi va uning
o‘rtacha  giymatiga nisbatan o‘zgarishi
keltirilgan.

Jadval ma’lumotlaridan ko‘rinadiki,
zaryad  tashuvchilarining  konsentratsiya
fluktuatsiyasi mutlaq  giymatda  yuqori
konsentratsiyalarda ~ (ya’ni,  boshlang‘ich
materialning udel garshiligi past bo‘lganda)
katta bo‘lib, bu esa potensial baryerlar
balandligi va sonining orta borishiga olib
keladi. Natijada zaryad tashuvchilarining
rekombinatsiya vaqti uzayadi, shu bilan birga
fotoo‘tkazuvchanlik relaksatsiya vaqti ham
oshadi. Shunday qilib, boshlang‘ich material
udel  garshiligining  kamayishi  zaryad
tashuvchilarining konsentratsiya
fluktuatsiyalarini kuchaytiradi va relaksatsiya
vaqgtining  orttirilishi  orgali  materialning
fotosezgirlik ~ xususiyatlarini yaxshilash
imkoniyatini yaratadi. Bu esa fotodetektor va
yuqori sezgirlikka ega bo‘lgan sensorlar ishlab
chigish uchun muhim hisoblanadi.

Xulosa

Olib borilgan tadgiqotlar va tahlillar
asosida  quyidagi  asosiy ilmiy-amaliy
xulosalarga kelindi:

fotoo‘tkazuvchanlikning  relaksatsiya

jarayoni kompensatsiya gilingan Si<B,S> va
Si<B,Rh> monokristallarida tezkor (t:) hamda
sekin (t2) xarakterli vaqtlarga ega ikki bosqichli
eksponensial qonuniyat bilan tavsiflanishi
hamda bu relaksatsiya jarayonlari
kompensatsiya qiluvchi kirishmaning turi va
uning  konsentratsiyasiga  bog‘liq  ekani
aniglandi;

ryelaksatsiya parametrlari (7, , 7, )
aniglanib, Si<B,Rh> namunasida fototok
relaksatsiyasining xarakterli vaqti Si<B,S>
namunasiga nisbatan ancha gisga ekanligi
aniglandi;

y-nurlanish dozasi oshib borishi bilan
relaksatsiyaning ikkinchi xarakterli vaqti (t2)
dastlab keskin ortadi, keyin esa ma’lum bir
yuqori dozada to‘yinish holatiga yetishi
aniqlandi va bu holat nurlanish ta’siri natijasida
hosil bo‘ladigan chuqur energetik defektlar
sonining cheklanganligi bilan izohlandi;

ryelaksatsiya vaqti (t2)ning y-nurlanish
flyuyensiga  bog‘liq  o‘zgarishi  harorat
pasayganida (77 K) vyanada kuchayishi
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aniglandi va bu holat past haroratlarda
rekombinatsiya jarayoni asosan nurlanish
ta’siri natijasida hosil bo‘lgan defekt markazlari
orgali amalga oshishi bilan izohlandi;

zaryad tashuvchilarning
konsentratsiyasidagi fluktuatsiyalarning

relaksatsiya jarayoniga ta’siri o‘rganilib,
boshlang‘ich materialning solishtirma
qarshiligi ~ kamayganda, ya’ni  yuqori

konsentratsiyalarda fluktuatsiya amplitudasi
oshib borishi va bu holatning relaksatsiya
vaqtini uzaytirishi aniglandi.
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Co-ION IMPLANTATSIYASINING ZnO VA Mg-BILAN LEGIRLANGAN
ZnO YUPQA PLYONKALARIGA TA’SIRINI MONTE KARLO SRIM
USULI YORDAMIDA MODELLASHTIRISH

H.Mansurov, N.Yunusaliyev, G‘.Tojiboyev, N.Adixamov, M.Arabboyeva

Z. M. Bobur nomidagi Andijon davlat universiteti, O‘zbekiston, 170100, Andijan sh, Universitet
ko‘chasi 129 uy
nyunusaliyev1997@gmail.com

2025-yil 17-avgustda berilgan; 2025-yil 1-noyabrda chop etish uchun gabul gilingan

Annotatsiya. 1,25 MeV energiyali Co ionlarining Si, ZnO va Mg bilan legirlangan ZnO (ZnO:Mg)
namunaviy materiallari bilan o‘zaro ta’siri SRIM 2013 dasturining so‘nggi versiyasi yordamida tizimli
ravishda tahlil qilindi. Tadgiqot natijalari shuni ko‘rsatadiki, atomlarning siljishi, vakansiyalar hosil bo'lishi
hamda energiya yo‘qotilishi namunaviy materialining tarkibi va tuzilmaviy zichligiga kuchli darajada bog'lig.
Olingan ma’lumotlarga ko‘ra, eng yuqgori nugsonlar konsentratsiyasi kremniy kristallida kuzatiladi, buning
sababi uning past ko‘chirish energiyasi va kichik atom massasi bo'lib, ular gaytish (recoil) to‘gnashuvlari
ehtimolini oshiradi. Aksincha, ZnO yuqori atom zichligi va mustahkam bog‘lanish energiyasi tufayli panjara
tartibsizlanishiga nisbatan yaxshiroq bardoshliik namoyon qilib, o‘rtacha darajada nugsonlar
generatsiyasini ko‘rsatadi. Undan tashgari, ZnO matritsasiga Mg kiritilishi umumiy zarar migdorini biroz
kamaytiradi, bu esa panjaraning nisbatan barqaror va radiatsiyaga chidamli bo‘lishini anglatadi. Ushbu
natijalardan kelib chigadiki, Mg bilan legirlash ZnO strukturaviy mustahkamligini yuqori energiyali Co-ion
bombardimoniga nisbatan sezilarli darajada oshiradi va natijada ZnO:Mg plyonkalarini radiatsiyaga
chidamli optoelektronika hamda sensor qurilmalari uchun yanada magsadga muvofiq giladi.

Kalit so‘zlar: To'xtatish qobiliyati, ZnO, Mg bilan legirlangan ZnO, SRIM, ion implantatsiyasi, vakansiya,
nugson, radiatsion shikastlanish, Monte Karlo simulyatsiyasi.

AHHoTas. [NoBeaeHne B3ammoaencTemsi MoHoB Co ¢ aHeprnen 1,25 MaB ¢ muwensamu Si, ZnO un
Zn0O:Mg 6bIno cuctemaTnyeckm nNpoaHanu3vpoBaHO C UCMNOMb30BaHWEM nocnegHux cumynsaumi SRIM
2013. MNMony4yeHHble pe3ynbTaTbl MOKa3bIBalOT, YTO aTOMHbIE CMeLLeHns, 06pas3oBaHne BakaHCU 1 NOTepu
SHEpPrnu B 3HaYUTENbHOW CTEMNEHWN 3aBUCHT OT COCTaBa U CTPYKTYPHOW NMOTHOCTU MULLEHW. Y CTaHOBMEHO,
4YTO Hambonbllas KOHUeHTpaums gedeKkToB HabngaeTcs B KpUCTanmMyeckom kKpemHun (Si) ns-3a ero
HW3KOW MOPOroBON 3HEPrUM CMELLEHUS W MEHbLUeW aTOMHOW MacChl, YTO MOBbLIWAET BEPOSATHOCTb
CTONKHOBeHU oThaun. B 1o e Bpema B ZnO HabniogaeTcd ymepeHHoe obpas3oBaHue OedekTos,
MOCKOIbKY BbICOKasi aTOMHasi MIOTHOCTb U SHEPIUs CBA3W YCIOXHAIOT pasynopsaoveHne pewétkn. Kpome
Toro, npucytctene marHusa (Mg) B matpuue ZnO crnerka cHuxkaet obLiee noBpexaeHne, Y4To ykasbiBaeT Ha
6onbluylo cTabWUnbHOCTb U pagvauMOHHYI0 CTOMKOCTb pelwéTkn. N3 aTux pesynbTaToB MOXHO caenatb
BbIBOZ, YTO fernpoBaHve Mg OefCTBMTENbHO MOBbILWAET CTPYKTYPHYIO NpovHOCTb ZnO npu 06nyveHum
BbICOKO3HepreTudeckumu noHamm Co, genas nnédkn ZnO:Mg 6onee nogxogawmmu ansg paguaumoHHO-
CTOMKMX ONTO3MNEKTPOHHbIX Y CEHCOPHBIX MPUMEHEHU.

KnroueBble cnoBa: TopMo3sHas crnocobHocTb, ZnO, ZnO nernpoBaHHbid MarHnem, SRIM, MoHHas
UMnNnaHTaums, BakaHcus, gedekT, pagnaumoHHoe noBpexaeHue, mogenvposanne MoHTte-Kapno.

Abstract. The interaction behavior of 1.25 MeV Co ions with Si, ZnO, and Mg-doped ZnO (ZnO:Mg)
targets has been systematically analyzed using the latest SRIM 2013 simulations. The findings show that
atomic displacements, the production of vacancies and energy loss are greatly influenced by the
composition and structural density of the target. The results reveal that the highest defect concentration is
seen in crystalline Si due to its lower displacement threshold energy and smaller atomic mass which
increases the likelihood of recoil collisions. On the other hand, ZnO shows moderate defect generation as
its high atomic density and bonding energy make it harder for the lattice to be disordered. Moreover, the
presence of Mg in the ZnO matrix reduces the overall damage slightly, meaning the lattice is more stable
and tolerant to radiation. It can be inferred from these results that Mg doping does indeed improve the
structural robustness of ZnO against high-energy Co-ion bombardment and thus makes ZnO:Mg films more
appropriate for radiation-resistant optoelectronic and sensing applications.

Keywords: Stopping power, ZnO, Mg-doped ZnO, SRIM, ion implantation, vacancy, defect, radiation
damage, Monte Carlo simulation.

aylangan. lonlarning energiyasi, ogimi va turini aniq
nazorat gilish imkoniyati material xususiyatlarini
atom darajasida o‘zgartirishga sharoit yaratadi. Bu,
ayniqgsa, yuqori radiatsiya darajasida yoki ekstremal

I. KIRISH. So‘nggi yillarda ion implantatsiyasi
usullari yarimo‘tkazgich materiallarining fizik,
strukturaviy va elektron xossalarini boshgarishda
eng keng qo‘llaniladigan texnologiyalardan biriga
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sharoitlarda ishlaydigan materiallarni yaratish
uchun alohida ahamiyatga ega. Ushbu magsadlar
uchun o‘rganilgan turli ionlar orasida kobalt (Co)
o‘rta atom massasi, elektron va yadro tizimlari bilan
kuchli o‘zaro ta’sirlashishi, shuningdek, oksid
asosidagi yarimo‘tkazgichlarda bir vaqtning o‘zida
ham magnit, ham strukturaviy o‘zgarishlar keltirib
chigarish gobiliyati bilan ajralib turadi [1]. Sink
oksidi (ZnO) — I1I-VI guruhiga mansub, keng
tagiglangan energiya sohasiga ega (Eq = 3,3 eV)
birikma hisoblanadi. Yuqori optik shaffoflik,
pyezoelektr xususiyatlar va kimyoviy bargarorlik
kabi o‘ziga xos xususiyatlari tufayli u optoelektron
qurilmalar [2], gaz sensorlari [3], ultrabinafsha
fotodetektorlari [4] hamda shaffof o‘tkazgich parda
texnologiyalarida [5] asosiy material sifatida keng
go‘llaniladi. Biroq, ZnO yuqori energiyali
zarrachalar yoki nurlanish ta’siriga tushganda
kristall tuzilmasi o‘zgarishi, turli nugsonlar hosil
bo‘lishi mumkin [5]. Bunday nurlanish natijasida
yuzaga keladigan nugsonlar — masalan, kislorod
vakansiyalari, ruxning interstitsial atomlari yoki
murakkab nugsonlar uning elektr
o‘tkazuvchanligi, optik xossalari, tashuvchilar
harakatchanligi va hatto o‘tkazuvchanlik turini
sezilarli darajada o‘zgartirishi mumkin [6]. Shu

sababli, ZnO  materiallarining  radiatsiyaga
chidamliligini oshirish ~ va  nugsonlarning
barqarorligini ta’minlash zamonaviy

yarimo‘tkazgichlar fizikasi oldidagi eng dolzarb
masalalardan biri hisoblanadi. ZnOning radiatsiyaga
chidamliligini oshirishning eng samarali usullaridan
biri uning katyon panjarasiga boshga
elementlarni kiritish (legirlash) bo‘lib, bu jarayonda
aynigsa magniy (Mg) atomlari keng qo‘llaniladi.
Mg?* kationlarining Zn** ostpanjarasiga qo‘shilishi
tagiglangan zona kengligining sezilarli oshishiga
olib keladi [7], bu esa kristallning qattigligini
yaxshilashi va ZnO matritsasining umumiy panjara
bargarorligini oshirishi bilan birga kechadi [8]. Shu
sababli Mg bilan legirlangan ZnO (ZnO:Mg)
radiatsiya va yuqori harorat sharoitida bargaror
ishlaydigan optoelektron va sensor tizimlari uchun
istigbolli  material sifatida garaladi. Shunga
garamay, yuqori energiyali ionlarning sof va
legirlangan ZnO tizimlari bilan o‘zaro ta’sir jarayoni
yetarlicha o‘rganilmagan. Bu jarayonni chuqur
tushunish uchun ionlar va qattig jism atomlari
o‘rtasidagi o‘zaro ta’sir mexanizmlarini atom
darajasida tahlil qilish talab etiladi. 1,25 MeV
energiyaga ega Co ionlari gattig jism orqgali
o‘tganda, ular energiyasini asosan ikki asosiy
jarayon orqali yo‘qotadi  elektronik to‘xtatish
(atomlarni elektronlari bilan noelastik
to‘gnashuvlar) va yadroviya to‘xtatish (atom
yadro-lari bilan elastik to‘qnashuvlar) [9]. Ushbu
ikki jarayonning nisbati ionning Kirib borish
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chuqurligi (ion diapazoni) hamda hosil bo‘ladigan
strukturaviy shikastlanishning xarakteri va fazoviy
tagsimotini belgilaydi. Energiya sochilish darajasi
va atomlarning gaytish jarayonlari ionning massasi
va zaryadi bilan birga materialni zichligi, atom
massasi va bog‘lanish energiyasiga ham bog‘liq.
Ana shu parametrlar materialning radiatsiya
ta’sirida qanday o‘zgarishini va uning ishlash
barqarorligini belgilaydi. Ushbu o‘zaro ta’sir
jarayonlarini aniq tasvirlash va prognozlash uchun
Monte Karlo turidagi hisoblash modellari, xususan,
SRIM (Stopping and Range of lons in Matter)
dasturiy ilovasi keng qo‘llaniladi [10]. SRIM
simulyatsiyalari ion trayektoriyalari, to‘xtatish
gobiliyatlari, qaytish (recoil) tagsimoti, ion
diapazoni va nugsonlar hosil bo‘lish tezligi kabi
parametrlarga anig baho berish imkonini yaratadi.
Bu energiya tagsimlanishi jarayonlari va panjara
buzilish mexanizmlarini mikroskopik migyosda
tahlil gilishga imkon beradi. Eksperimental
o‘lchovlar ko‘pincha murakkab va cheklangan
sharoitlarda bajarilsa, SRIM asosidagi hisob-
kitoblar turli material tizimlarini tagqoslash uchun
to‘liq nazariy, ammo juda informativ yondashuvni
tagdim etadi. Ushbu ishda 1,25 MeV energiyaga ega
Co ionlarining bir kristalli kremniy (Si), sof ZnO va
Mg bilan legirlangan ZnO (ZnO:Mg) yupga
plyonkalar bilan o‘zaro ta’siri Monte Karlo SRIM-
2013 simulyatsiyalari yordamida modellashtirildi.
Ushbu materiallarning tanlanishi turli atom massasi
va tuzilmaviy Xususiyatlarga ega
yarimo‘tkazgichlarning  radiatsiya  natijasida
reaksiyasini giyosiy tahlil gilish imkonini beradi.
Tadgigot asosan energiya yo‘qotish
mexanizmlarini, to‘xtatish qobiliyatining (stopping
power) Xatti-harakatini va shikastlanish hosil bo‘lish
tendensiyalarini baholashga garatilgan. Aynigsa,
ZnO panjarasiga Mg Kkiritilishi natijasida kobalt
ionlari bilan radiatsiyalash jarayonida energiya
tarqalishi yo‘llari va strukturaviy mexanizmlarida
ganday o‘zgarishlar yuz berishi batafsil o‘rganildi.
Olingan natijalar oksid yarimo‘tkazgichlarning
radiatsiyaga chidamli variantlarini ishlab chigish
uchun muhim nazariy asos bo‘lib xizmat giladi.

Il. MATERIAL VA USULLAR

Simulyatsiya  vositalari ionlarning  gattiq
jismlar bilan o‘zaro ta’sirini tushunishda zamonaviy
materialshunoslik va yarimo‘tkazgichlar fizikasi
uchun ajralmas gism hisoblanadi. Bunday hisoblash

yondashuvlari  orgali  laboratoriya  sharoitida
aniqlash qiyin bo‘lgan atom darajasidagi
jarayonlarni hech bo‘lmaganda gisman

modellashtirish imkoniyati yaratiladi. Monte Karlo
usuliga asoslangan eng mashhur va ishonchli
dasturlardan biri — SRIM (Stopping and Range of
lons in Matter) hisoblanadi. SRIM dasturlari
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yordamida ionlarning trayektoriyalari, energiya
yo‘qotish mexanizmlari va murakkab ko‘p gatlamli
strukturalarda nuqsonlar hosil bo‘lishi aniqlanishi
mumkin [11]. SRIM kodi Co ionlarining Si, ZnO va
Zn0O:Mg yupga plyonkalari orqali o‘tish jarayonida
energiya yo‘qotishi va sochilishini baholash uchun
yagona, 0°‘zaro uyg‘unlashgan nazariy asos yaratadi.
Ushbu tadgigotda SRIM-2013 ilovasi yordamida
1,25 MeV energiyali Co ionlarining yuqorida tilga
olingan uch xil materialga implantatsiyasi
modellashtirildi va ular uchun to‘xtatish qobiliyati,
ion diapazoni hamda strukturaviy shikastlanish
xarakteri tahlil qilindi. Dastur ionlarning har
birining yo‘lini tasodifiy elastik va noelastik
to‘gnashuvlar ketma-Kketligi sifatida simulyatsiya
giladi. Har bir to‘gqnashuvda ionning kinetik
energiyasi kamayadi va bu energiya ikki jarayon
o‘rtasida tagsimlanadi: yadroviy to‘xtatish (elastik
sochilish) hamda elektronik to‘xtatish (ion—elektron
o‘zaro ta’siri orqali noelastik sochilish). Ionlar
material ~ ichidan  o‘tayotganda  asta-sekin
energiyasini yo‘qotadi, shu bilan birga mayda
burchakli sochilishlar tufayli ularning yo‘nalishida
yengil og‘ishlar ham sodir bo‘ladi. Bir birlik masofa
uchun umumiy energiya yo‘qotilishi (to‘xtatish
gobiliyati, —dE/dx) materialning ion energiyasini
ganchalik yaxshi so‘ra olishi yoki tarqatishini
belgilovchi muhim parametrdir [12,13]. Yuqori
energiyalarda, bu holatda bo‘lgani kabi, elektron
to‘xtatish doimo ustun jarayon hisoblanadi, chunki
Co ionlari energiyasini asosan ionizatsiya va
qo‘zg‘atish orqali yo‘qotadi. Aynan shu jarayon Co
ionlarining Si va ZnO panjaralaridagi yo‘llarini
belgilab beradi. lon energiyasi kamaygan sari,
aynigsa diapazonning oxirgi gismiga (EOR)
yaqinlashganida, yadroviya to‘xtatish roli ortib
boradi, bu esa katta atom siljishlari va vakansiyalar
hosil bo‘lishiga olib keladi [14]. Simulyatsiyalar
materiallarning nurlanish vagtida va undan keyingi
holatdagi reaksiyalarini oldindan baholashda juda
muhimdir, aynigsa ion implantatsiyasi dopant
kiritish va interfeyslarni modifikatsiya gilish uchun
keng qo‘llaniladigan yarimo ‘tkazgich
texnologiyalarida. SRIMning to‘xtatish
gobiliyatlari, qaytish (recoil) tagsimotlari va
ionizatsiya profillarini aniglik bilan hisoblay olishi
mikrolektronika, yupga plyonka texnologiyasi va
radiatsion himoya tadgiqotlari uchun uni ajralmas
vositaga aylantiradi. SRIMdan tashgari TRIM,
TRIDYN va SDTrimSP kabi boshga Monte Karlo
paketlari ham ion—qattiq jism o‘zaro ta’sirini
modellashtirishda qo‘llaniladi; biroq SRIM o°zining
yaxshi tasdiglangan fizik modellariga va qulay
interfeysiga ko‘ra eng ko‘p ishlatiladigan dastur
bo‘lib qolmogda. Nazariy jihatdan SRIM
simulyatsiyalari tez zaryadlangan zarrachalarning
qattiq jismlardagi elektron energiya yo‘qotilishini
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ifodalovchi Bethe—Bloch tenglamasiga ham mos
keladi. Bethe-Bloch  doimiy  sekinlashuvni
ifodalasa, SRIM undan tashgari atomlarning
gaytishlari, burchakli sochilishlar va nugsonlar
kaskadlari kabi stoxastik jarayonlarni ham hisobga
oladi. Bu yondashuv ionlarning  keltirib
chigaradigan shikastlanishlarni fazoviy va energetik
tagsimoti bo‘yicha to‘liq tasavvur hosil qiladi.
Ushbu tadgigot holatida SRIM simulyatsiyalari
materiallarning atom zichligi va strukturaviy
qattigligi bilan mos ravishda Si — ZnO — ZnO:Mg

ketma-ketligida ~ umumiy  zarar  energiyasi,
vakansiyalar miqdori va atomlar siljishining
kamayishini ko‘rsatdi. Dastlabki bosqichlarda

elektron to‘xtatish, diapazon oxiriga yaqin esa
yadroviya to‘qnashuvlarining kuchayishi har bir
material uchun xos bo‘lgan Braggga o‘xshash
energiya yutilish profillarini yuzaga keltiradi. Bu
hodisalarni chuqur tushunish radiatsiyaga chidamli
yarimo‘tkazgichlarni ~ yaratish ~ va  material
xossalarini tarkibiy modifikatsiya orgali boshgarish
uchun juda muhimdir. Shu bois SRIM asosidagi
Monte Karlo yondashuvi Co ionlari ta’siridagi
energiya yo‘qotilishini vizuallashtirish va miqdoriy
baholashda kuchli nazariy-amaliy platforma
hisoblanadi. Bunday hisoblash natijalari nafagat
radiatsiya-modda o‘zaro ta’sirini tushuntirish, balki
nugsonlar arxitekturasini nazorat gilish imkoniga
ega samarali oksid yarimo‘tkazgichlarni ishlab

chigarishda ham katta ahamiyatga ega. Shu
ma’noda, SRIM bugungi zamonaviy
materialshunoslikda nazariy modellar,
eksperimental tasdiglar va texnologik

go‘llanmalarning o‘zaro bog‘lanishini ta’minlab
beruvchi muhim vosita hisoblanadi.

I1l. ZnO va ZnO:S Yupga Plyonkalarini
Tayyorlash Jarayoni

1,25 MeV energiyali kobalt (Co) ionlarining
implantatsiya simulyatsiyasi SRIM 2013 dasturiy
paketi yordamida uch xil nishon materiali —
kremniy (Si), sink oksidi (ZnO) va magniy bilan
legirlangan sink oksidi (ZnO:Mg) uchun bajarildi.
Tadqiqotda  qo‘llanilgan  fizik  parametrlar
eksperimental ravishda e’lon qilingan qiymatlar
hamda tasdiglangan adabiyot ma’lumotlariga
asoslangan holda tanlandi [6,15]. Simulyatsiya
geometriyasida bir xil zichlikka ega Co ionlar nuri
tekis holatdagi nishon gatlamlariga perpendikulyar
yo‘nalishda yo‘naltirilgan bo‘lib, bu I-rasmda
tasvirlangan. Kristall kremniyning zichligi 2,321
g/sm® qilib belgilandi, sof ZnO ning zichligi esa
4,074 g/sm® etib o‘rnatildi. Mg bilan legirlangan
ZnO qatlamining zichligi 3,972 g/sm® gacha
kamaytirildi, bu esa Zn (44,3 %), O (51,7 %) va Mg
(4,0 %) atom ulushlariga mos keladi. Elementar
tarkibga asoslangan holda siljitish energiyalari
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quyidagicha belgilandi: Si uchun 15 eV, ZnO
asosidagi tizimlar uchun esa rux (Zn) atomlari
uchun 25 eV va kislorod (O) atomlari uchun 28 eV.
Shuningdek, Zn-O va Zn-Mg panjaralarining
kuchli ionik-kovalent bog‘lanish tabiatini hisobga
olgan holda sirt va panjara bog‘lanish energiyalari
ham mos ravishda o‘zgartirildi.

1-jadval. Namunalar kimyoviy formulasi.

Materiallar Kimyoviy Formulalar
Kremniy substrati Si

Rux oksidi ZnO

Magniy bilan Zn0:Mg

legirlangan rux oksidi

Turli nishon gatlamlari va gaytgan atomlarning
holati ushbu grafiklar orgali (1-rasm) tasvirlangan.
Chizilgan trayektoriyalar ionlarning modda ichiga
kirib borishi jarayonida sodir bo‘lgan energiya sarfi,
sochilish va materialdagi o‘zgarishlarni aks ettiradi.
Kremniy (la-rasm) Co ionlariga eng uzun va eng
keng targalish imkonini berdi — ionlar substratga
chuqur kirib bordi va yonlama siljishlar(lateral
straggle) ham juda katta bo‘ldi. Bu xatti-harakat
kremniyning nisbatan kichik atom massasi va past
zichligi (2,321 g/sm®) bilan izohlanadi. Bunday
sharoit tushayotgan ionlarga kamroq qarshilik
ko‘rsatadi. Shu sababli trayektoriya maydoni yanada
qalin va cho‘zilgan ko‘rinishga ega bo‘lib, ionlar
sezilarli sekinlashuv sodir bo‘lishidan avval ham
katta gism kinetik energiyasini saglab golayotganini
ko‘rsatadi. Katta sochilish burchaklari taqsimoti
shuni ko‘rsatadiki, diapazonning oxirgi qismiga
yaqin elastik yadro to‘gqnashuvlari energiya
sochilishiga sezilarli darajada hissa qo‘shadi. Bu esa
kremniy matritsasi ichida nugsonlar
konsentratsiyasining ortishi va atom siljishlari
zichligining yuqori bo‘lishiga olib keladi. SRIM
hisob-kitoblariga ko‘ra, Co ionlarining kremniydagi
o‘rtacha proyeksiyalangan diapazoni taxminan 1,8
mkm ga yetgan, bu esa o‘rganilgan materiallar
ichida Si eng chuqur kirib borish yo‘liga va eng katta
targalishga (longitudinal straggling) ega ekanligini
tasdiglaydi. lonlarning bunday uzoq masofaga kirib
borishi Si ning past to‘xtatishi bilan bevosita bog‘liq
bo‘lib, Co ionlari  sezilarli  sekinlashuv
boshlanishidan oldin ham ancha masofagacha
yugori kinetik energiyani saglab goladi. Natijada,
kremniy ichida eng cho‘zilgan to‘qnashuvlar va eng
katta shikastlanish sohasi shakllanadi. Aksincha,
ZnO uchun (1b-rasm) ion trayektoriyalari Si dagiga
nisbatan kuchsizrog, qisgaroq va ixchamrog
shakllangan. ZnO ning atomlari zich joylashgan
(4,074 g/sm®) va Zn-O orasidagi ion-kovalent
bog‘lanish kuchli bo‘lgani uchun ionlarning kirib
borish chuqurligi ham, sochilish amplitudasi ham
sezilarli darajada sekinlashadi. SRIM natijalariga
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ko‘ra, Co ionlarining katta qismi taxminan 1,2 mkm
(yoki yupga plyonka geometriyasida =~ 276 nm)
proyeksiyalangan  diapazonda to‘xtaydi, bu
jarayonda energiya yo‘qotilishi asosan elektron
to‘xtatishdan  yadroviya  to‘xtatishga  o‘tish
bosqgichida sodir bo‘ladi. Zn va O atomlarining
yugori atom massalari qaytish (recoil) harakatini
cheklaydi, shuning uchun to‘gnashuvlar juda kichik
hajmda saglanib goladi. Natijada ZnO strukturasida
atomlar siljishi o‘rtacha darajada bo‘ladi va
markaziy to‘qnashuv zonasi yaqqol ajralib turadi,
undan so‘ng energiyaning tez so‘nishi kuzatiladi.
Ushbu holat ZnO ning kuchli ion—kovalent
bog‘lanishi  kremniyga  nisbatan  struktura
tartibsizlanishiga ko‘proq qarshilik ko‘rsatishini
tasdiglaydi. Bu esa kamroq nugson zichligi va
sayozroq ion yo‘li bilan ifodalanadi. Bundan
tashqari, Zn uchun 25 eV va O uchun 28 eV bo‘lgan
o‘rtacha siljitish energiyalari ko‘pchilik gaytish
hodisalari ion diapazoni oxiri (EOR) mintagasida
lokalizatsiyalanishini  ta’minlaydi. Zn0O:Mg
tizimida (1c-rasm) Co ionlarining yo‘llari yanada bir
tekis tarqalgan bo‘lib, diapazon oxiri (EOR)
mintagasida ularning zichligi ancha past kuzatiladi.
Mg atomlarining mavjudligi panjara tuzilmasiga
ta’sir ko‘rsatib, o‘rtacha elektron zichligini biroz
kamaytiradi. Natijada elektronik va yadroviya
to‘xtatish ehtimollari ham pasayadi. Shuning uchun
hosil bo‘lgan sochilish yanada silliq va bir xil
xarakterga ega bo‘ladi. Legirlash natijasida hosil
bo‘lgan plyonkada tarqalgan to‘qnashuv zanjirlari
soni kamroq va yonlama tarqgalish (lateral straggle)
darajasi past bo‘lib, bu materialning yuqori
energiyali ion zarbasiga nisbatan ko‘proq
strukturaviy barqarorlik ko‘rsatishini anglatadi.
SRIM hisob-kitoblari ZnO:Mg uchun o‘rtacha
proyeksiyalangan diapazonni 1,0-1,1 mkm deb
baholadi, bu o‘rganilgan barcha materiallar ichida
eng sayoz kirib borish chuqurligi ekanini ko‘rsatadi.
Ion yo‘lining qisqarishi effektiv to‘xtatish qobiliyati
oshishi hamda panjara bargarorligining kuchayishi
bilan bevosita bog‘liq. Magniy atomlarining atom
massasi kichik (24 amu) bo‘lgani sababli ular lokal
energiya tamponlari sifatida harakat giladi,
qaytishlar kamaydi va nuqgsonlar to‘planishini
kamaytiradi. Natijada radiatsiyaga chidamlilik
oshadi. Sof ZnO ga nisbatan ZnO:Mg recoil
jarayonlari ta’siriga kamroq uchraydi, energiya
tarqalish profili esa kichikroq bo‘ladi. Bu esa uning
panjarasi energiyani samaraliroq yutishi, o‘zini
tiklash qobiliyati yaxshiroq bo‘lishi va kamroq
shikastlanish to‘planishini bildiradi. Umuman
olganda, ushbu ishda tagdim etilgan trayektoriya
xaritalari ionlarning kirib borish chuqurligi va
sochilish intensivligi quyidagi tartibda bo‘lishini
aniq ko‘rsatadi: Si > ZnO > ZnO:Mg. Kremniy (Si)
nafaqat eng ko‘p shikastlanishni boshdan kechiradi,
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balki eng ekstremal darajadagi tartibsizlik va eng

uzun ion diapazoniga ega. Aksincha, ZnO
panjarasiga magniy Kkiritilishi (Mg legirlash)
strukturaning  mustahkamligini  oshiradi  va

radiatsiyaga sezgirligini kamaytiradi.

+2000A

— Target Depth —
a)

A
o -
";‘k,{&!?_?pth vs. Y-

SR Y

Layer 1'

(=]

b)

— Target Depth —

c)

1-rasm. SRIM tomonidan modellashtirilgan 1,25 MeV
energiyali Co ionlarining (a) ZnO, (b) ZnO:S va (c) ZnO:S/Si

moddalar trayektoriyalari. Rasmda ionlarning chuqurlik
bo‘ylab uzunlamasina tagsimoti va sochilishlar aks ettirilgan.
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Bu natijalar moddiy tarkibni o‘zgartirish — xususan
Mg qo‘shish — radiatsiya tufayli yuzaga keladigan
nugsonlar sonini kamaytirishda samarali ekanini
yana bir bor tasdiglaydi. Shu sababli ZnO:Mg, ion
nurlanishi mavjud bo‘lgan yarimo‘tkazgich va
yupga plyonka texnologiyalarida yanada ishonchli
material sifatida garaladi. SRIM dasturi 1,25 MeV
energiyali Co ionlari ta’sirida Si, ZnO va ZnO:Mg
moddalarida hosil bo‘ladigan umumiy atom
siljishlari, vakansiyalar va almashtirish
to‘qnashuvlari (replacement collisions) bo‘yicha
hisob-kitoblarni tagdim etadi. Ushbu simulyatsiya
ma’lumotlari har bir materialning nuqgson hosil
bo‘lish tendensiyalarini qiyosiy tarzda yoritadi.
Displacement (siljish) va vacancy (vakansiya) egri
chiziglari Co ionlarining yuqori energiyali sharoitda
har bir materialning atom tartibsizlanishiga garshilik
darajasini  ko‘rsatadi (2-rasm). Kremniy (Si)
holatida umumiy siljishlar soni eng yugori giymatga
(taxminan 2879 ta har bir ionga ) yetadi, bu esa Si
eng oson shikastlanadigan material ekanini
anglatadi. Ushbu juda katta nugson hosil bo‘lishi
kremniyning past atom massasi va nisbatan zaif
bog‘lanish kuchlari bilan bog‘liq bo‘lib, ular Co
ionlaridan panjara atomlariga kinetik energiyaning

oson oftishini ta’minlaydi. Natijada, yadro
to‘gqnashuvlari va elektron energiya yo‘qotish
jarayonlari vakansiyalar va interstitsial

nugsonlarning hosil bo‘lishini sezilarli darajada
kuchaytiradi. Yuqori vakansiya soni (~2654/ion) va
katta o‘rin bosish to‘qnashuvlari soni (226/ion)
kristall ~ panjarada atomlar aralashuvi va
kaskadlarning bir-biri  bilan ustma-ust kelishi
intensiv ravishda sodir bo‘layotganini ko‘rsatadi.
Sink oksidi (ZnO) uchun umumiy atom siljishlari
soni biroz pastroq (~3090/ion), biroq o‘rin bosish
to‘qnashuvlari keskin kamayib, atigi 74/ionni
tashkil etadi. Bu shuni anglatadiki, ZnO metall
ionlar simulatsiya natijasida Si ga nisbatan kamroq
shikastlansa-da, uning yuqori zichligi va katta atom
massalari (Zn = 65, O = 16) tufayli ion
energiyasining anchayin gismini yutadi, ammo
uning qattiq ion-kovalent bog‘lari atomlarning
migratsiyasiga yo‘l qo‘ymaydi. Shunday qilib,
ZnOning samarali to‘xtatish qobiliyati nafagat atom
siljishlarini cheklaydi, balki gaytish (recoil) ham
sirtga yaqgin ixcham hududlarda saglab goladi va
katta miqyosli strukturaviy o‘zgarishlarning oldini
oladi. Bu ZnO yugqori energiyali Co ionlari ta’sirida
o‘rtacha darajadagi strukturaviy shikastlanish va
kuchaytirilgan nugson lokalizatsiyasini namoyon
etishini tasdiglaydi. Zn va O panjaralari nafagat
keng ko‘lamli atom qayta tartiblanishlarini, balki
chuqur to‘gnashuvlarning shakllanishini  ham
cheklaydi. Shu sababli gaytish aksariyati ion
diapazonining oxirgi (end-of-range) gismida sodir
bo‘ladi va bu chuqur emas, balki sirtga yaqin ixcham
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shikastlanish zonalarini hosil giladi. Mg bilan
legirlangan ZnO (ZnO:Mg) da SRIM hisob-
kitoblariga ko‘ra sof ZnO ga nisbatan umumiy atom
siljishlari soni yanada kamayadi va taxminan 2.56 x
10* siljish/ion qiymatiga teng bo‘ladi. Ushbu
kamayish Mg atomlarining ZnO panjarasi ichida
nugson kaskadlari shakllanishini samarali ravishda
bostirishini va panjara shikastlanishini sezilarli
darajada kamaytirishini ko‘rsatadi. Yengil Mg
atomlari “energiya tamponi” vazifasini bajarib,
kirayotgan energiyani yumshatadi va shu bilan birga
nugsonlar to‘planishini cheklaydi. Shunga qaramay,
Sitjigan atomlar soni » 2879/ lon

Vakansryalar sond = 2654/ 1on a)
O'rin bosish to'gnashudlari = 226/ lon

fon = Co(1.25 MeV)

Stipgan atomlar som » 1050’ Iea
Vakansivalar sond = W16 kon
O'rm bosash to'qrastardar sorm = 74/ lem b)

Vakanstyaks som » 2971
O bosud to'goashandan = 67 lea

lon = Co (1.25 MeV)

vakansiya konsentratsiyasi (~2971/ion) sof ZnO va
Si ga nisbatan past bo‘lib golmoqda, bu esa ZnO:Mg
ning nurlanishga nisbatan yuqgori chidamliligini
ko‘rsatadi.
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2-rasm. SRIM tomonidan modellashtirilgan 1,25 MeV
energiyali Co ionlari implantatsiyasi natijasida (a) Si, (b) ZnO
va (¢) ZnO:Mg materiallarda hosil bo‘lgan umumiy siljishlar,
vakansiyalar va o‘rin bosish to‘qnashuvlari.

Uchala material o‘rtasidagi taqqoslash bir
muhim faktni aniq ko‘rsatadi: ionlar keltirib
chigaradigan tartibsizlik (disorder) samaradorligi Si
> Zn0O > ZnO:Mg ketma-ketligida izchil ravishda
kamayib boradi. Bu kamayish materiallarning atom
bog‘lanishi, zichligi va siljitish energiyasi kabi
uchta asosiy omil bilan bevosita bog‘liq. Kremniy
manfiy zaryadlangan va kovalent bog‘lanishga ega
bo‘lgani sababli qaytish (recoil) natijasidagi
siljishlarga nisbatan ancha sezgir, aksincha, ion-
kovalent xususiyatga ega bo‘lgan Zn—O panjarasi
bunday siljishlarga ko‘proq chidamli. Eng qiziqarli
jihat shundaki, ZnO ga Mg Kkiritilishi panjaraning
umumiy targalish (scattering) kesimini oshirib,
panjaradan atomlarning chigib ketish harakatini
sekinlashtiradi va shu bilan bargarorlikni yanada
kuchaytiradi. Xulosa qilib aytganda, SRIM
simulyatsiyalari Co ionlarining Si da eng yuqori
darajadagi panjara nugsonlarini, ZnO da o‘rtacha
darajadagi shikastlanishni, ZnO:Mg da esa eng past
nugson zichligini hosil qilishini ko‘rsatdi. Mg bilan
legirlangan ZnO uchun umumiy siljishlar va o‘rin
bosish to‘qnashuvlari sonining kamayishi ushbu
materialning ionlashtiruvchi nurlanish sharoitida
ishlashi kerak bo‘lgan ilg‘or optoelektron va sensor
qurilmalar uchun istigbolli, radiatsiyaga chidamli
oksid yarimo‘tkazgich sifatidagi salohiyatini

tasdiglaydi.
IV.XULOSA.

Monte Karlo usuliga asoslangan SRIM-2013
simulyatsiyasi 1,25 MeV energiyali Co ionlarining
Si, ZnO va ZnO:Mg nishonlarida to‘xtatilish xatti-
harakati, energiya tarqgalishi va nugsonlar hosil
bo‘lish jarayonlarini tahlil gilish uchun qo‘llanildi.
Hisoblash natijalari asosida quyidagi asosiy
xulosalar  chiqarildi. lonlarning Kirib  borish
chuqurligi material tarkibiga kuchli bog‘liglik
ko‘rsatdi. O‘rtacha proyeksiya diapazoni qiymatlari
Si uchun taxminan ~ 1,8 mkm, ZnO uchun =~ 1,2
mkm, hamda ZnO:Mg uchun = 1,0-1,1 mkm ni
tashkil etdi. Umumiy atom siljishlari  va
vakansiyalar soni Si panjarasida eng yuqori (~2,9 x
10° siljish/ion), ZnO da o‘rtacha (~3,1 x 10°
siljish/ion) va ZnO:Mg da eng past (~2,6 x 10°
siljish/ion) giymatni ko‘rsatdi. Bu esa Mg bilan
legirlash nugsonlar hosil bo‘lish jarayonini samarali
ravishda kamaytirishini anglatadi. Mg?* ionlarining
Zn** panjarasiga Kkiritilishi
potensial maydonni  o‘zgartirib,

atom massasi va
panjaraning
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bargarorligini oshirdi hamda energiya tagsimotini
bir tekislashtirdi. Bu ZnO:Mg materialining
radiatsiyaga chidamliligini  sezilarli  darajada
yaxshiladi va nuqgsonlarning chuqurlik bo‘yicha
tarqalishini kamaytirdi. To‘xtatish qobiliyati (—
dE/dx) yuqori energiyalarda asosan elektron
to“xtatish jarayoni orgali boshgarildi, diapazon oxiri
(EOR) mintagasida esa yadroviya sochilish
mexanizmlari ustunlik gildi. Shu sababli har bir
material uchun energiya tagsimoti turidagi profilni
hosil gildi. Shunday gilib, Mg bilan legirlangan ZnO
yuqori energiyali zarrachalarga nisbatan eng
bargaror va radiatsiyaga chidamli  oksid
yarimo‘tkazgich sifatida samarali qo‘llanishi
mumkinligi  aniglandi. Olingan natijalar ion-
nurlanish muhitida ishlovchi optoelektron va gaz
sezgir qurilmalar bargarorligini oshirish uchun
muhim ilmiy asos bo‘lib xizmat giladi.
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DOPED p°%-n°® HETEROSTRUCTURE SEMICONDUCTORS AND THE
EFFECT OF AG DOPING ON THEM
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Annotatsiya. Galliy arsenid boshga ko'plab A3B5 yarimo'tkazgichlar singari, o’'ta tez elektron va optik
qurilmalar uchun muhim materialdir, ammo ular deyarli har doim kristall panjarada nugtaviy nugsonlarni o'z
ichiga oladi, ularning o'lchami panjara atomlarining o'lchamiga teng. Tajribalar o'tkazildi va Ag
aralashmasining yuqori kuchlanishli p0-n0 geterostrukturalarga va yengil legerlangan galliy arsenid
gatlamiga asoslangan qurilmalarga ta'siri o'rganildi. Ag aralashmalarining p°-n° o'tish holatiga, ko'pchilik
zaryad tashuvchilarning konsentratsiyasi va tarqalish tabiatiga, 0z zaryad tashuvchilarning diffuziya
uzunligiga, zaryad tashuvchilarning harakatchanligiga, yengil legerlangan galliy arsenid gatlamida chuqur
sathlarning paydo bo'lishiga ta'siri o'rganildi.

Kalit so‘zlar: Geterobirikmalar, yuqori kuchlanishli p°n® strukturalar, yengil legerlangan GaAs
gatlamlari, aralashmalar, diffuziya uzunligi va zaryad tashuvchilarning harakatchanligi, chuqur sathlar.

AHHOTaA. ApceHug rannus, Kak U MHorme gpyrue nonynposogHukn A3B5, aBnsieTcs BaHeWLWUM
mMaTtepuanom ansa cBepxbbICTPbIX AMEKTPOHHBLIX U ONTUYECKMX NPMOOPOB, HO OHM MOYTU BCErga coaepxar
ToYeuHble AedeKTbl KPUCTanM4eckon peLleTKkn, pa3mep KOTOpPbIX paBeH pasMepy aTOMOB pPELUETKM.
MpoBepeHa akcnepuMeHThI U U3y4eHa BnusiHne Ag npMmMeca Ha BbICOKOBOSMbTHbIX pP-n® reTeponepexonos
1 NpubopoB Ha OCHoBe CcriabonerMpoBaHHOro Crnosi apceHnaa-rannus. NccnegosaHve BAUstHUE NpUMeEcH
Ag Ha mecTo nonoxeHuss p0-n0 nepexopa, onpefeneHa KOHUEHTpaUMs M XapakTep pacnpeferneHus
OCHOBHbIX HocuTenen 3apsga, anddy3noHHas ANMHA HEOCHOBHbLIX HOCWUTENEN 3apsga, NOABUXKHOCTM
HoceTernen 3apsiaa, BO3HUKHOBEHMS rMyOOKUX YpOBHEW B criabonerMpoBaHHOro Crios apceHnaa-rannus.

KnioueBble cnoBa: l'eTeponepexohbl, BbICOKOBOMbTHbIE p-n° nepexoabl, criabonermpoBaHHbIe CroK
GaAs, npumecu, oudy3noHHbIE ANMHA, U NOABMKHOCTU HOCUTENEN 3apsaaa, rnybokue ypoBHM.

Abstract. Gallium arsenide, like many other A3B5 semiconductors, is an essential material for ultrafast
electronic and optical devices, but they almost always contain point defects in the crystal lattice, the size of which is
equal to the size of the lattice atoms. Experiments have been carried out and the influence of Ag impurity on high-
voltage p°-n® heterojunctions and devices based on a lightly doped gallium arsenide layer has been studied. A study
of the influence of Ag impurities on the position of the p0-n0 transition, the concentration and nature of the distribution
of the majority charge carriers, the diffusion length of minority charge carriers, the mobility of charge carriers, the
occurrence of deep levels in a lightly doped gallium arsenide layer were determined.

Keywords: Heterojunctions, high-voltage p0-nO junctions, lightly doped GaAs layers, impurities, diffusion
length, and charge carrier mobility, deep levels.

l. INTRODUCTION. techniques  require  the  creation  of
semiconductor switches this power range,
which has the traditional advantages of
semiconductor devices: long service life,
reliability, high efficiency. and resistance to
external influences and instant readiness for
work [6]. An urgent task is to obtain
epitaxial layers and devices based on A3B5
compounds (GaAs, GaP) with specified and
new properties, in which the compensation of
layers, the distribution of the concentration of
background small impurities and defects with
deep levels (DL) are determined by the
technological conditions of melt crystallization.
At the time of the work, there were practically

Carrying out research [1,2] on the creation of
powerful  high-voltage switching device
structures based on lightly doped gallium
arsenide is associated with the need to search for
alternative principles for switching electrical
power in the subnano- and picosecond time
ranges [3,4,5]. Currently, subnano- and
picosecond pulse technology is developing
extremely rapidly, which is associated with the
needs of laser ranging and radio transmitting
technology; thermonuclear energy, picosecond
spectroscopy of liquids and solids, topography
and a number of areas of conversion
technology, as well as physical experiment
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no experimental studies on the influence of the
content of isovalent Ag impurity in the liquid
phase during the growth of GaAs epitaxial
layers on the concentration and type of intrinsic
lattice defects formed in this case, and there was
no sufficient understanding of the role and
nature of acceptor defects with deep-dose, as
well as donor type EL2 defects involved in
compensation of such a structure.

An urgent problem in the physics of
defects and semiconductors is the study of the
metastability of defects and their properties,
primarily the EL2 defect and the DX center in
GaAs and AlGaAs, as well as other defects
formed during epitaxial growth and during their
radiation irradiation with protons and electrons.
The question is what is an EL2 defect - an
isolated antisite defect or its complex with
intersite arsenic, whether it can be formed in
GaAs grown from a solution-melt in Ga and
under radiation irradiation or not, just like DX-
the center is a defect with a negative correlation
energy, and if so, then whether it can go into the
metastable antibound state Ai of the substitution
donor was open until recently. Very urgent
problems are the identification of defects in
complex layered structures and the study of
physical characteristics in local areas of
semiconductor materials and devices. Electron
probe research  methods meet these
requirements. By the time work began on the
study of materials and structures based on
epitaxial undoped GaAs, there were not
sufficient adequate electron probe methods for
determining the parameters of defects and
impurities in local areas of materials and
devices, as well as the uniformity in their
distribution. The need to develop such methods
has become an urgent task. The purpose of
this work is to grow, experimentally study and
identify new properties and nature of lattice
point defects with deep levels in epitaxial layers
and structures based on A3B5 compounds (such
as GaAs, ba Ga and GaAsAl), formed by
various methods of growth, annealing and
radiation irradiation of layers. Very urgent
problems are the identification of defects in
complex layered structures and the study of
physical characteristics in local areas of
semiconductor materials and devices [7,9].
Electron probe research methods meet these
requirements. By the time work began on the
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study of materials and structures based on
epitaxial undoped GaAs, there was not
sufficient evidence of adequate electron probe
methods for determining the parameters of
defects and impurities in local areas of materials
and devices, as well as the uniformity in their
distribution. The need to develop such methods
has become an urgent task.

1. METHOD.

It is of interest to study the influence of
isovalent atoms on the process of formation of
smooth p0-n0 transitions, since their use makes
it possible to change the concentration level and
spectrum of small impurities and deep-level
traps due to interaction with background
impurities in the melt and changes in intrinsic
point defects in epitaxial layers. Epitaxial
growth methods make it possible to combine in
time the process of crystallization of a
semiconductor material and the production of a
device structure. Gas transport, molecular beam
and liquid phase epitaxy (LPE) have become the
most widespread.

Deal joining of crystal lattices into a
semiconductor heterojunction is possible using
LPE. This method makes it possible to produce
not only two-layer but also multilayer
heterostructures. Understanding the role of
impurities and the resulting defects is of
decisive importance for explaining a number of
phenomena from diffusion to one-sided
injection, or for constructing a theory of
processes occurring in alloyed materials. To
achieve these goals, the following set of tasks
was solved [8,10,13].
Research and determination of the influence of
Ag impurity on the main physical parameters of
a lightly doped gallium arsenide layer, such as:
location of high-voltage p0-n0 junctions;
-diffusion lengths of minority charge carriers
and their mobility in lightly doped gallium
arsenide layers;

-optimization of the technology for producing
layers and structures with controlled defect
content to create new, efficient micro- and
optoelectronics devices;
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-Development of electron probe methods for
studying the process of recombination and
spectroscopy of centers with deep levels in local
areas of epitaxial layers, based on recording the
current induced by an electron probe.

- Determination of the energy spectrum of deep-
level lattice defects and quantum states of dots,
as well as analysis of the influence on this
spectrum of both external and built-in electric
fields using ELTB spectroscopy under various
conditions  of  preliminary  reversible
isochronous, isothermal and optical annealing.
-Application of capacitance-voltage

measurements and transient spectroscopy of
deep-level spectroscopy to determine the
degradation mechanism of quantum well lasers.
It has been shown that both an increase in the
crystallization onset temperature during the
growth of GaAs from a solution-melt in Ga and
a change in the Ag content in the liquid phase
make it possible to control the concentration
and range of intrinsic acceptor (HL2, HL5 and
HF1) and donor (EL2) point defects,
compensation of layers and structures [10,13].
Shown it has been shown that in situ annealing
of AlGaAs layers promotes the formation of
dislocation-free coherent QDs, the annihilation
of point lattice defects associated with the
formation of dislocations in the GaAs matrix
layer (EL2), localized at the AlGaAs/GaAs
heterointerface, and a decrease in the
concentration of other defects by an order of
magnitude. A new scientific direction of
research that was formed in the process of
carrying out this work is the study of new
properties and the nature of point lattice defects
with deep levels in epitaxial layers and
structures based on A3B5 compounds (such as
GaAs and GaAlAs), the effects of their
interaction with self-organizing Ga/GaAs
quantum dots using new methods for studying
centers with deep levels in local regions of
layered structures.

Il. EXPERIMENTAL.

To solve the problems, the following methods
were used: After
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growing the epitaxial structures, the thickness
of the layers, their planarity and the location of
the p0-n0 transition were first determined [.To
determine the location of the p®-n° junction or
space charge region (SCR), the electro-optical
effect method was used [12]. The electro-
optical effect manifests itself in the occurrence
of double beam penetration in an electric field.
In the case of an epitaxial structure with a p0-n0
junction, double beam interference should occur
in the SCR due to the indication of optical
anisotropy at the p°n° junction. During the
studies, a MIC-5 microscope was used.

To determine the concentration and nature of
the distribution of the main charge carriers, the
capacitance-voltage method was used using a
mercury probe during layer-by-layer etching of
gallium arsenide layers. A typical distribution
of charge carrier concentration in one of the
resulting p0-n0 structures is shown in Fig.1.

[Na-Ng], em”

1016 A

JN 7
AT

20 40 60 80 100 120 140 h(mkm)
Fig 1. Concentration distributions charge
carriers in one p0-n0 structures.

He diffusion length of the NCC is the
most important  characteristic of any
semiconductor material [6,11,14]. To determine
the diffusion length of the NCC in lightly doped
GaAs layers introduced with Ag impurities, a
method was used to study the current

distribution induced by a small-diameter
electron probe and is determined by the
expression

I:Ioexp((r"L;x)

where X - is the distance from the excitation area
to the p°-n° transition, 7, is the radius of the
excitation area.

The diffusion lengths Lg¢ in n® — GaAs,
determined by this method from the slope of the
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dependence Ln1 = f(x), reached 6+15 um at zero
bias and increased to > 80 um at Uar = 100 V.

The measurements were carried out using a
JXA-5A  scanning electron  microscope
microanalyzer. Figure 2 shows the dependence
of the diffusion length of electrons on the
current in a lightly doped p® — GaAs layer with
a thickness of 35 microns. It can be seen that
starting with current densities j > 50 A/cm?, the
diffusion length Ln practically does not change
and reaches values of 75+85 pum. The increase
in Ln in the region of lower currents is
apparently associated with the saturation of
electron capture centers.
The charge carrier mobilities were determined
by measuring the Hall effect in epitaxial layers
grown on semi-insulating substrates.

L. mkm

90 t B Tl

0l -

- A
0 e

10 10 W I jAem)

Fig 2. Typical dependences L = f(ii) in p°® =
GaAs layers. 1 —p®=510®°cm?® 2 -p°=
2:10% cm3,

He measurements were carried out by the van
der Pai method on samples with six ohmic
contacts obtained by fusing Indian drops into
the epitaxial layer. The values of electron
mobility in n>-GaAs layers are in the range =
50006000 cm?/Vsec, and the hole mobility in
p°-n°-GaAs layers is ~ 3000+-5000 cm?/V-sec.

The results of studies of the mobility of the
main charge carriers in the n°-regions showed
that there is a high degree of compensation in
epitaxial nal layers Fig. - 3. As follows from the
figure, the degree of compensation in the n°
layer increases as it approaches the p°-n°
transition. This nature of the mobility
dependence may indicate that the total
concentration of charged centers in the layer
decreases with increasing thickness of the nO-
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layer and with decreasing
temperature of the layer.

Mg, sV sek

crystallization

1 8000 we TTK
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Fig 3. Electron mobility in the layer - lightly
doped GaAs.

To determine the energy parameters of
deep levels in lightly doped layers introduced
with Ag impurities, the method of transient
capacitive deep level spectroscopy (DLTS) and
photocapacitance (PC) were used. In all layers
obtained by the LPE method, in addition to
shallow acceptor and donor levels, deep levels
A(Ec + 0.32 eV), B(Ec + 0.54 eV), C(E. + 68
eV) were detected Fig. - 4. The crosssection for
capturing deep levels corresponds to the value ¢
=8-10" cm?, 6:10" cm?, 4-10Y" cm?,

Unit rat.

AC,

T T T T
100 150 200 250

Fig 4. DLTS spectrum one of the samples doped
with Ag impurity.

In the literature, these levels are designated
HL5, HL3, and HL2 [3-4]. The recombination
properties of the p° region are largely
determined by the deep acceptor A and B
centers. In this case, these centers play the main
role in the p — part of the p° region.

100 150 200 250

0.5

Unit rat.
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Fig 5. IR absorption spectrum doped with Ag at
various operating temperatures.

p’-GaAs, they, detected by capacitance
spectroscopy (DLTS) and attributed to a growth
defect, are traps for holes, and their
concentration decreases exponentially with
decreasing growth temperature. The IR
absorption spectrum of these samples doped
with Ag impurities at temperatures from 20 °C
to 200 °C are presented in the Fig. - 5, and the
kinetics of the influence of temperature in the
range from 20 °C to 200 °C at deep levels is
shown in Fig. - 6.
Along with shallow acceptors and shallow
donors, deep acceptors determine the position
of the p0-n0 junction and the size of the SCR.
The part of the p0 layer adjacent to the substrate
has a relatively high concentration of small
acceptors, greater than the concentration of
small donors and sponge acceptors. As mixing
progresses from the substrate deeper into the
layer, the difference Nd.m. — Nm.a. decreases
and then becomes equal to zero and changes
sign, however, due to the presence of deep
acceptors (Fig. 6), the type of conductivity of
the layer does not change.

05 N e

Fig 6. Kinetics of workers’ influence
temperatures on GI samples doped with Ag.

If 0 < Nam.. — Nma < Nag., then the Fermi
level will be close to the position of the first
deep acceptor level - A. With further
displacement deeper into the layer, when Nag. <
Nam. — Nam. < Nag, the Fermi level will
approach the position of the second level — B
and further to the third level — C.
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Estimates show that the resistivity of the

region of non-field ionization of centers with
levels A, B and C at 300 K is 10° Ohm-cm or
more. Layer coordinate, where Ngm. = Nam. +
2Nag is the location of the p®n® transition.
Further, in the n%type layer, the electron
concentration will be determined by a decrease
in Ng.m. — Nag. Therefore, the p° region consists
of two parts: a low-resistance p° and a high-
resistance i part, and the p°n° junction is
located on the border of the i and n° regions.
Scientific novelty of the work. All main
scientific results were obtaine for the first time.
- Methods have been develope for determining
the optical parameters of centers with deep
levels, recombination processes in local regions
of p°n® structures using electron probe and
separation in the spectra of BLTB signals
associated with quantum states of dots from
defects with deep levels.
The properties, conditions for the formation and
annealing of the EL2 defect and the NB1
acceptor defect with a level of (Ey + + 0.47) eV
in GaAs epitaxial layers grown from a melt
solution in Ga at crystallization onset
temperatures not exceeding 900°C were
discovered and studied.

The properties and conditions for the
formation of a bistable defect with the kinetics
of first-order configurational transformation
and parameters in a stable state coinciding with
the radiation E1 defect, the transformation
kinetics of which is determined by a single jump
of interstitial arsenic, were discovered and
studied; metastable level of the antibound
localized Al state of the OX center in doped
AlGaAs layers.

In GaAs/AlGaAs heterostructures, the influence
of defects with deep levels on the population of
states of quantum dots has been studied;
Coulomb interaction between ionized lattice
defects and carriers localized in quantum dots,
with the formation of an electrostatic dipole, the
built-in field of which changes the height of the
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potential barrier for the emission and capture of
carriers by the quantum dot.

It has been shown that both an increase in the
temperature of the onset of crystallization
during the growth of GaAs from a solution-melt
in Ga and a change in the Ag content in the
liquid phase make it possible to control the
concentration and nomenclature of intrinsic
acceptor (HL2, HL5 and HF1) and donor (EL2)
point defects, layer compensation and
structures.

It has been shown that annealing of AlGaAs
layers promotes the formation of dislocation-
free coherent QDs, annihilation of lattice point
defects associated with the formation of
dislocations in the GaAs matrix layer (EL2),
localized at the GaAs/AlGaAs/ heterointerface,
and a decrease in the concentration of other
defects by an order of magnitude.

IVV. Conclusions.

In conclusion, we note that

- The positions of the p®n° transition or the
space charge region of the lightly doped GaAs
layer doped with Ag impurities are determined.
The thickness of the p° region is determined by
the values of the transmission coefficient and
the recombination properties of the resulting p°-
n® transitions [11,12,14].

— The nature and profile of the concentration
distribution of the main charge carriers

have been studied. The carrier concentration in
the p% and n%regions ranged from 1-10%° to
0.1-10% cm?,

The mobility of charge carriers is
determined. The mobility of charge carriers
was, in the n° - layer un = (5+6) -10° cm?/V-sec,
and in the p° - layer pp = (400+450) cm?/V-sec.
- The diffusion lengths of the NCC in lightly
doped GaAs layers doped with Ag impurities
were determined,;

A comprehensive study of the
properties of a lightly doped GaAs layer doped
with Ag impurities was carried out and it was
found that these impurities form deep levels
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with ionization energies Ec - 0.32 eV, Ec - 0.82
eV, Ev - 0.55 eV in GaAs <Ag>.
- The influence of deep centers created by Ag
impurities has been studied and it has been
established that impurities are unstable in the
gallium arsenide lattice when operating
temperatures change and the kinetics of the
influence of temperature on deep levels is
nonlinear.

Levels that are traps for electrons (Ec —
0.53eV), (Ec—0.82eV) and (Ev —
0.55 eV), designated as EL2, EL3, EL4, were
also discovered in n°>-GaAs layers. The capture
cross section is 6-10* cm?, 5-10Y cm? and
7-10"** cm?, respectively. The concentration of
the EL3 trap was about 1017 cm?[10].
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Annotatsiya: Ushbu tadgigotda suyuq fazali epitaksiyalanishning majburiy sovutish tizimida (100)
yo‘nalishli n-GaAs tagliklarda o'stiriigan (ZnSe)i-xy(Gez)x(GaAsi1-sBis)y qattiq gorishmalarining rentgen-
tuzilmaviy xususiyatlariga 10°-10° rad dozali gamma nurlanishlarining ta’siri eksperimental jihatdan
organildi. Rentgen mikroanaliz natijalari epitaksial qgatlam bo'ylab ZnSe, Ge, va GaAsisBis
komponentlarining notekis tagsimlanishini, shuningdek, kristallanish jarayonida Ge va GaAsBi atomlarining
yugori to'yinganlik sohalarida to‘planishini ko‘rsatdi. Rentgen difraksiya tahlillari (100) yo‘nalishga ega
sfalerit tuzilishli monokristall hosil bo‘lganini, gamma nurlanish dozasi ortishi bilan kristall panjarada
mikrokuchlanishlar, subkristallit o‘lchamlarining o‘zgarishi va asosiy difraksiya chiziglarining siljishini
anigladi. Tadgigot natijasida 21-27 nm o‘lchamli Ge nanokristallari va GaAsBi asosidagi kvant o‘ralarining
shakllanishi, ularning 10° gamma nurlanish ta’sirida nisbatan barqgarorlashuvi oshib mukammallik darajasi
ortgani hamda 10° rad dozali gamma nurlanish ta’sirida nugsonlarni ortishi natijasida mukammallik darajasi
kamaygani aniglangan. Olingan natijalar epitaksial ko‘p gatlamli yarimo‘tkazgich tuzilmalarining optik va
elektr xossalarini boshgarishda muhim ahamiyatga ega.

Kalit so‘zlar: Epitaksiya, gattiq gorishma, (ZnSe)1-xy(Gez2)x(GaAsi1-sBis)y, rentgen difraksiyasi,
kristall panjara, gamma nurlanishi, nanokristallitlar, kvant o‘ralar, sfalerit tuzilma, subkristallit o‘lchami.

AHHoTauuA: B gaHHow paboTe aKCnepuMeHTanbHO NCCNegOBaHO BNUSIHUE raMMa-U3nyyYyeHns ¢
poszamn 10°-10° pag Ha pPEeHTreHOCTPYKTYpPHblE CBOMCTBA TBEPAbIX PacTBOPOB (ZNnSe)ixy(Gez)x(GaAsi-
5Bis)y, BblpalLeHHbIX METOAOM XMAKOMA3HOW ANMTaKCUKN C NPUHYOMTENbHBIM OXNaX4eHUEM Ha MOAMOXKKaX
n-GaAs opwueHTauum (100). PesynbTaTbl peHTreHOBCKOro MUKpoOaHanusa nokasanu HepaBHOMepHoe
pacnpegeneHne KoMnoHeHToB ZnSe, Ge, n GaAsi1-sBis N0 TOMWMHE 3NUTaAKCUaANbHONO Criosi, a Takke
nokanusauunio atomoB Ge n GaAsBi B BbICOKOHachILLEHHbIX 06nacTsix B mpouecce KpucTannu3auuu.
AHanua peHTreHoBckOW Audpakuun BbISSBU  POPMUMPOBaAHME MOHOKpUCTanna co cdpaneputHom
CTpykTypon n opueHtaumen (100), a Takke YCTaAHOBUI, YTO C YyBeriM4eHUEM [03bl ramMMa-usnyvyeHus
BO3HMKAIOT MUKPOHAPYLLUEHUS KPUCTANIMYECKON PELUETKN, U3MEHSAITCA pas3Mepbl CyOKpUCTannMToB U
HabnIOATCA CMELEHNss OCHOBHbIX AMMPAKUMOHHBLIX NUHWA. B xopge wuccnegoBaHusi BbISBIEHO
obpasoBaHne Ge HaHOKpPMCTansmoB pasMepoMm 21-27 HM u KBaHTOBbIX M Ha ocHoBe GaAsBi, a Takke
YCTaHOBMEHO, 4TO nog Bo3gencTeBMeM Ao3bl 10° pag MX YCTOMYMBOCTb U CTEMEHb COBEPLUEHCTBA
yBENMUMBAIOTCA, Torga kak npu gose 108 pag pocT KOHUEHTpauum OedeKTOB NPUBOLMUT K CHUXKEHUIO
COBepLUeHCTBa CTPYKTypbl. [MonyyYeHHble pe3ynbTaTbl UMEKT BaXXHOE 3HAYeHWe Anst yrnpaBreHus
ONTUYECKMMMU U IMEKTPUHECKUMU CBOWCTBAMU MHOMOCIIOMHBLIX 3MUTaKCUarbHbIX MONYNPOBOOHUKOBBLIX
reTepocTpyKTyp.

KnroueBble cnoBa: OnuTakcus, TBepabii pacTBop, (ZnSe)i1x.y(Ge2)x(GaAsi-sBis)y, peHTreHoBcKas
Andpakuus, KpucTannmyeckass pelétka, ramma-uanydeHue, HaHOKpUCTannuTbl, KBAHTOBbIE SMbl,
cchanepuTHasi CTPyKTypa, pa3mep CyOKpncTansmTos.

Abstract: This study experimentally investigates the effect of gamma irradiation with doses of 10°—
10° rad on the X-ray structural properties of (ZnSe)1xy(Gez)x(GaAsi1-sBis)y solid solutions grown by liquid-
phase epitaxy with forced cooling on (100)-oriented n-GaAs substrates. X-ray microanalysis revealed a
nonuniform distribution of ZnSe, Ge,, and GaAs:1-sBis components throughout the epitaxial layer, as well
as the accumulation of Ge and GaAsBi atoms in highly saturated regions during crystallization. X-ray
diffraction analysis confirmed the formation of a (100)-oriented sphalerite monocrystal and showed that
increasing gamma irradiation dose leads to lattice microstrains, variations in subcrystallite sizes, and shifts
in the main diffraction peaks. The study also identified the formation of 21-27 nm Ge nanocrystals and
GaAsBi-based quantum wells, establishing that exposure to 10° rad gamma irradiation enhances their
structural stability and perfection, whereas a dose of 10° rad increases defect concentration, thereby
reducing structural perfection. These results are significant for controlling the optical and electrical
properties of multilayer epitaxial semiconductor heterostructures.
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Keywords: Epitaxy, solid solution, (ZnSe):xy(Gez2)x(GaAsi1-sBis)y, X-ray diffraction, crystal lattice,
gamma irradiation, nanocrystallites, quantum wells, sphalerite structure, subcrystallite size.

KIRISH.

Ma’lumki, yarimo‘tkazgichli nano - va
mikroelektron tizimlarining funksional
imkoniyatlarini  kengaytirirish  kengaytirish
bilan bog‘liq bir gqator ilmiy-texnik
muammolarni hal qilish bugungi kunning
dolzarb muammolaridan biridi. Hozirgi vaqtda
ushbu muammolarga bag‘ishlangan yetarli
miqdordagi nashrlar mavjudligiga garamay, Si,
Ge, GaAs va boshga yarimo‘tkazgichli
monokristallarning energetik soha kengliigida
turli xil energetik sathlarini xosil giladigan
kirishma atomlari bilan legirlash, shuningdek
o‘stirish paytida Kiritilgan nugsonlar va gamma
nurlari yordamida gisman faza almashtirish,
ham yarimo‘tkazgichli materiallarda, ham
yarimo‘tkazgichli ko‘p qatlamli tuzilmalarda
bunday nugsonlarning xatti-harakati va tok
o‘tishiga ta’sirining o‘ziga xos xususiyatlari
bo‘yicha muammolar yetarlicha. Shu bilan
birga, epitaksial yupga plyonkalarning
gotishma va mukammal tuzilmalarini yaratish
uchun magbul texnologik sharoitlarni aniglash,
shuningdek, ularning xususiyatlarini magsadli
boshgarishga  imkon  beradigan  zarur
komponentlar va kirishma atomlarini tanlash
hamda ularga turli tashqi ta’sirlarni tadqiq
qilish katta ilmiy va amaliy qiziqish uyg‘otadi
[1]. Shu bilan birga molekulyar kirishmalarni

o‘rganish natijalari, qattiq qorishmadagi
nanokristallitlarning  harakati, tok o‘tish
jarayonlarining asosiy material tarkibiga

bog‘liqligi, aynigsa yarimo ‘tkazgichli
materiallarda shakllangan nanokristallitlarga
tashqi ta’sirlar haqida ma’lumotlar hali ham
yetarli emas.

Shu munosabat bilan tadgigot ishining
ushbu bo‘limida suyuq fazali
epitaksiyalanishning majburiy sovutish tizimda
vismut hosil giluvchi aralashma eritmadan
(100) kristallografik tartibli n-GaAs
tagliklariga o‘stirilgan GaAsi-sBis kvant o‘rali
(ZnSe)1 x(Ge2)x qattiq qorishmlarini
rentgenotuzilmaviy xususiyatlariga gamma
nurlanishlar  ta’sirini  o‘rganish  bo‘yicha
eksperimental natijalar keltirilgan.

TADQIQOT METODI.
“Jeol” JSM 5910 LV rentgen
mikroanalizatori yordamida o‘stirlgan (ZnSe)1-

wy(Ge2)x(GaAsi-sBis)y epitaksial gatlamlarning
kimyoviy  tarkibi  o‘rganildi.  Rentgen
mikroanalizatorining tahlil qgilish natijalariga
ko‘ra, (ZnSe)1-xy(Ge2)x(GaAs1-sBis)y
epitaksial qatlamning qalinligi bo‘yicha ZnSe
Ge2 Ba GaAsi-sBis birikma molekulalarining
tagsimlanish  profili aniglangan  (1-rasm).
Rasmdan (ZnSe)1xy(Ge2)x(GaAs1-sBis)y
epitaksial gatlamning galinligi ortishi Ge2 va
GaAs1-sBis molyar migdorlari dastlab asta-
sekin o‘sib boradi va mos ravishja eng yuqori
x=0,725 Ba »=0,638 giymatlariga erishganini
ko‘rish mumkin. Bu esa o°‘z navbatida
kristallanish sohasida aralashma eritma Ge> va
GaAsi1-sBis larga yuqori to‘yinganligidan
dalolat beradi. Shuningdek, Ge, Ba GaAsi-5Bis
molyar miqdorlari asta sekinlik bilan kamayib,
epitaksial gatlam sirtga yaqin sohalarda x=0,23
Ba y=0,3 qiymatlariga erishadi. Epitaksial
qatlamning o‘sishi chegeralangan hajmdagi
aralashma eritmada amalga oshirilganligi
uchun suyuq vismutdagi ZnSe eruvchanligidan
GaAs: sBis eruvchanligi 3 marta, Ge
eruvchanligi esa 2 marta kamligi tufayli Ge va
GaAs: sBis molyar miqdorlarining o°sish
yo‘nalishi bo‘yicha asta—sekin kamayishiga
olib keladi [2]. Plyonkaning sirtiningl mkm
chuqurligidan boshlab Ge va GaAs:-sBis ning
molyar migdori mos ravishda 23% va 30% dan
oshmaydi. Shunday qilib, o‘stirilgan epitaksial
Plyonkalar o‘zida tashkillovchilarining molyar
miqdori (0<x<0.725 Ba 0<y<0.638) asta-sekin

o‘zgarib boradigan, o‘rin almashinuvchi
(ZnSe)1xy(Ge2)x(GaAs1-sBis)y gattiq
gorishmlarini  namoyon qilishi  aniglandi.

Taglik va Plyonkaning sirtiy sohalari o‘rtasida
tor energetik sohali Ge va GaAsi-¢sBis, bilan
boyitilgan gatlam shakllanishi aniglandi.

100 o=
—O— ZnSe
—— Ge

80 - \ —A—GaAS Bi,

\/ N\
R >/ \:‘_‘;

0 J\/K/
O 4 6 8
d, MKkM

Mois.%

Scientific Bulletin. Physical and Mathematical Research Vol 7. Iss 3. 2025



PHYSICS

1- rasm. (ZnSe)ixy(Gez2)x(GaAsi sBis)y
epitaksial gatlamning qalinligi bo ‘yicha ZnSe
Gez va GaAsyisBis birikma molekulalarining
tagsimlanish profili GaAsy sBis kvant o ‘rali
(ZnSe)1 x(Gez)x gattiq gorishmlarini
rentgenotuzilmaviy tadgiqotlari

Empyrean Malvern turidagi uchinchi
avlod rentgen difraktometri  yordamida
o‘rganilgan. Rentgen difraksiyasini o‘lchash
Bregg—Brentano nurlari geometriyasida 20B =
ot 15° do 100° diapazonda amalga oshirildi va
skanerlash tezligida doimiy ravishda 1
gradus/min ni tashkil etdi. Eng yuqori kuztilgan
tuzilmaviy  cho‘qqini  aniqlash  uchun
OriginPro2019 dasturi ishlatilgan

TADQIQOT NATIJALARI.

2-rasmda (ZnSe)1-xy(Ge2)x(GaAsy-sBis)y
epitaksial ~ gatlamining  rentgengrammasi
keltirilgan (qora rangli egri chiziq) va unda
(100) kristallografik  oriyentatsiyaga Xxo0s
bo‘lgan {HO0} (bu yerda N=1, 2, ...) turidagi
tanlanma tuzilmaviy akslanishlar seriyasi
kuzatilgan. Asosiy tuzilma chizig‘ining o1 va
o2 nurlanish  tashkillovchilariga sezilarli
ajralishi, lekin ular intensivliklaring (I(c1) = 2
I(c2)) nisbatda bo‘lishi plyonkanning sirtiy
sohalaridagi kristall panjarada kichik migdorda
elastik mikrokuchlanishlar borligini ko‘rsatadi.
Panjara  buzilishining  bunday  joylari
foydalanilayotgan taglik kristall mnamxapa
moumMuMcuHuHT ommmmra olib  keladi, u
Nelson—Reyli ~ tomnidan  ekstrapolyatsiya
funksiyasidan foydalangan holda [3]

f = (1/2)-[(Cos20/0 + (Cos20/Sind)], 1)

asosiy tuzilmaviy akslanishning (400)
eksperimental giymatlari asosida aniglanganda
axx. = 0,5664 nm ni tashkil etdi, va bu giymat
acaas = 0.5646 uMm jadvaldagi qiymatida ortiq va
aznse = 0.5661 nm ga yaqin [109], (bu yerda 6
— sochilish  burchagi (260B  difraksiya
burchagining yarmi). Bu esa yugoridagi
keltirilgan tarkibiy natijalarni yana bir bor

tasdiqlaydi, ya’ni shakllangan epitaksial
plyonkalarning  gariyb ~ yarmini  ZnSe
molekulari tashkil giladi. Quyidagi ifoda

yordamida (400) tuzilmaviy akslanishlarning
yarimkengligidan plyonkani tashkillovchi
bloklar (subkristalitlar) ning o‘lchami aniqlandi

[4]:

69

D = KA1/(Bcos0), (2)

Bu yerda D — kristallit o‘lchami, A —rentgen
nurining to‘lqin uzunligi, bizning hol uchun
0.154 nm ga teng, 6 — sochilish burchagi (20B
difraksion burchak yarmi), S —
rentgenogrammadagi  chiziglarning  fizik
kengligi (akslanishning yarim kengligi), K
~0,94 koeffitsiyent [5].

p=-(B-b+yBB-b) (3

Bu yerda B — akslanishning ko‘rinma kengligi,
b — akslanishning ko‘rinma geometrik kengligi.
Yugoridagi formuladan foydalangan holda D
qiymatlarini hisoblash shuni ko‘rsatdiki, qattiq
gorishma subkristalitlarining o‘lchami 40 nm ni
tashkil etdi. Shunlday qilib, asosiy (400)
tuzilmaviy  akslanishning  yarimkengligi
(FWHM = 4.5-10" pan) va yuqori intensivligi
(1,2-10° imp(sek™), shuningdek,
rentgengramma  noelastik  fon  sathining
monoton  xarakterga  egaligi  ofstirilgan
plyonkalar kristall panjarasining mukammalik
darajasi yetarlicha yuqori ekanligidan dalolat
beradi.

400

00
00

Intensity

200

20,(¢°)

2-rasm. Nurlantirilmagan va nurlantirilgan
(ZnSe)1-xy(Ge2)x(GaAs1-sBis)y epitaksial
gatlamining rentgengrammalari

Shuningdek, 10° radli gamma nurlari
bilan nurlantirilgan (ZnSe)1-xy(Ge2)x(GaAs:-
sBis)y epitaksial gatlamining rentgengrammasi
ham keltirilgan (2-rasm, qizil rangli egri
chiziq). Unda ham tanlanma, ya’ni yuqori
intensivlikdagi tuzilmaviy akslanishlar
nisbatan yuqori burchaklar tomon siljigan
hamda intensivligi ortgan holda kuzatilgan.
Kuzatilayotgan o‘zgarishlar (ZnSe)1 x-
y(Ge2)x(GaAs1sBis) qattiq qorishma kristall
panjarasining qiymati o‘zgarrayotganidan (8x.x.
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= 0,566 nm) va nisbatan kristall panjara
bargorlashayotganidan dalolat beradi. Bu esa
0z navbatida nurlanish ta’sirida
subkristallitlarni bo‘lini chegarlarida kristall
panjaraga elastik kuchlanish  berayotgan
kirishma atomlar qo‘zg‘alib turli yuqori
potensialli  nugsonga  moyil  sohalarda
to‘lanayotganini  tasdiglaydi.  Shuningdek,
bunday  kirishma  atomlarning  kristall
panjaralarda bo‘linish  chegaralari tomon
qo‘zg‘alishlari epitaksial plyonkalarni
tashkillovsi subkristallitlarning o‘lchamlarini
ortishiga ((2) ifoda yordamida anigangan 43.2
nm o‘lcham) olib keladi []. Shunday qilib,
(ZnSe)1xy(Ge2)x(GaAs1-sBis)y epitaksial
gatlami  10° radli gamma nurlari bilan
nurlantirilganda plyonkaning kristall
panjarasida bargarorlashuv yuzaga kelib, uning
mkammallik darajasi ortdi [6].

10° vradli gamma nurlari  bilan
nurlantirilgan  (ZnSe)1 xy(Ge2)x(GaAs1 sBis)y
epitaksial gatlamining rentgengrammasi ham
keltirilgan (2-rasm, ko‘k rangli egri chiziq).

Unda kuzatilgan  tanlanma  tuzilmaviy
akslanishlar quyi burchaklar tomon siljigan
hamda ularning intensivliklari kamaygan.
Mazkur holat uchun (400) tuzilmaviy
akslanishning eksperimental giymatlari
yordamida 10° radli gamma nurlari bilan

nurlantirilgan qattig gorishmalarning kristall
panjarasining giymati aq.q. = 0,5667 nm ekanligi
aniqlandi. Bu esa 0z navbatida yuqori energiya
nurlanishlar ta’sirida plyonkaning
subkristallitlarning bo‘lini chegarlarida hosil
bo‘lgan kristall panjarada kirishma
atomlarining miqdori ortayotganidan dalolat
beradi.  Shuningdek, asosiy akslanishlar
intensivligini kamayishi esa kristall
panjaraning mukammallik darajasi tushib
ketayotganligi hagida guvohlik beradi. Bundan
tashgari (2) ifoda yordamida epitaksial
plyonkalarni tashkillovsi subkristallitlarning
o‘lchamlarining qiymati 37.9 nm ekanligi
aniqlandi. o‘lcham) olib keladi [7]. Shunday
gilib, 10° radli gamma nurlar (ZnSe)ix
(Ge2)x(GaAsi-sBis)y  epitaksial ~ gatlamda
nugsonlarni otishi natijasida
subkristallitlarning o‘lchamlari kamayishiga,
shuningdek, kristall panjaraning mkammallik
darajasi kamayishiga olib kelishi aniglandi.
O‘stirlgan epitaksial plyonkalar
rengenogrammalarining 20 = 27,2°, 20 = 56,1’
va 20 = 89,6° burchakli sochilishlarida mos
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ravishda d/n = 0,3271 nmda (111)znse, d/n =
0,1636 nmda (222)znse va d/n = 0,2831 nmda
(333)znse kristallografik oriyentatsiyali kuchsiz
tuzilmaviy akslanishlar kuzatilgan (3-a, b va c
rasmlarga qarang). ZnSe asosidagi sfalerit
tuzilmalari  uchun  (100)  kristallografik
yo‘nalishga ega monokristallarning yo‘q bo‘lib
ketish gonunlariga muvofiq (111), (222) va
(333) turdagi tuzilmaviy chiziglar kuzatilishi
tasdiglanadi [8] va bu plyonkaning kristall
panjarasida mikro buzilishlar paydo bo‘lishini
ko‘rsatadi.
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28,)
3-rasm. Nurlantirilmagan va nurlantirilgan
(ZnSe)1-xy(Ge2)x(GaAs1-sBis)y epitaksial
qatlamining kichik (a), o‘rta (b) va yuqori (c)
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burchakli  sochilishlardagi  rentgenogramma
shakllari.

Shuning  mazkur  akslanishlarning
intensivliklar  nurlanish  dozasi ortganida

o‘zgargan. Bu esa o‘z navbatida Plyonkaning
kristall ~panjarasida nurlanishlar ta’sirida
krishma atomlarining joylashuvi o‘zgarishi
natijasida turli elastik energiyalarni to‘planib
mikrokuchlanishlar  hosil  bo‘layotganidan
dalolat beradi. Kristall panjaraning bunday
mikrobuzilishlarining mavjudligi plyonkada
o‘z-o‘zidan shakllangan  nanoobektlarning
o‘lchamlari  o‘zgarishiga sabab  bo‘lishi
mumkin. Plyonka rentgenogrammasining 20 =
45.3° burchakli sochilishlarida d/n = 0.2001
nmli tekisliklarda (220) hamda 20 = 71.4°
burchakli sochilishlarida d/n = 0.1302 nmli
tekisliklarda (331) tartiblanishli tuzilmaviy
akslanishlar ham kuzatilgan va gamma
nurlanishlar ta’sirida ularning intensivliklari
gisman o‘zgargan. Bu esa o‘z navbatida ZnSe
molekulalaridan tashkil topgan
subrkristallitlarning  bo‘linish chegaralarida
ortigcha germaniy atmolari to‘planib o0°z-
o‘zidan 2127 nm o‘lchamdagi
nanoobyektlarning shakllantirishidan dalolat
beradi. Mazkur nanoobyektlarning panjara
parametri @ formulasi yordamida
eksperimental ravishda aniglandi va u age =
0.5659 nm bo‘lib, bu qiymat ham uning jadval
giymatiga ace = 0,5657 nm yaqin. (ZnSe)1x-
(Ge2)x(GaAs:-sBis)y epitaksial gatlamlar 10° va
108 radli gamma nurlar bilan nurlantirilgan esa
germaniy nanoobyektlarini o‘lchamida va
kristall panjara qiymatlari deyarli o‘zgarish
bo‘lmagan. Shunday qilib, juftlashgan Ge
atomlari plyonkaning matritsa panjarasining
nugsonga  moyil  sohalarida ZnSe
molekulalarini gisman o‘rin almashinadi va
golgan atomlar plyonka subkristallarining
bo‘linish chegeralarida 21+27 nm o‘lchamdagi
germaniy nanokristallarini  shakllantirishda
ishtirok etadi[9]. Rentgenogrammaning 26 =
50,9" va 20 = 84.8" burchakli sochilishlarida
yana ikkita d/n=0,1791 nmda (311) vad/n =
0.1143 nm da (511) tartiblarida kuchsiz
tuzilmaviy akslanishlar kuzatilgan. Taxlillar
ularni GaAs:-sBis turidagi birikmaga tegishli
ekanligini tasdiglagan. Mazkur (311) va (511)
tuzilmaviy  akslanishlarnin  eksperimental
natijalaridan (3.4.1) ifoda yordamida GaAsi-
sBis kristall panjarasining doimiysini 0,5941
nm ga tengligi aniglandi. Qatlam asos kristall
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panjarasi va GaAsisBis birikma kristall
panjarasining nomutonosibligi quyidagi ifoda
yordamida aniglandi.

& = 2|aw.c — acaasi|/ (Qi.c + Acaassi), 4)

bizning xol uchchun y 0.048 ga teng, ya’ni
(100) GaAsBi/ZnSe tizim nomutonosibligi
4.8% ni tashkil qiladi. Bunday farq o°z
navbatida Plyonkaning sirtiy sohalarida
nanoobyektlarning shakllanishiga olib keladi
[98]. Bundan tashgari [117] tadqgiqot ishi
mualliflari nanokirishmalar hamda asosiy
gatlam materiallari atomlarining kovalent
bog‘lanish energiyasiga asoslanib, bunday
nanobektlarni “kvant nuqtalar” va “kvant
quduglar’ga quyidagicha ajratishni taklif
gilishadi: nanokirishmaninng man etilgan
energetik sohasi (Eg,a) asosiy yarimo‘tkazgichli
gatlam sohasidan (Egg) katta bo‘lganida (Eg,a
> Egg) kvant nugta shakllanadi, aksincha
bo‘lgan holatlarda esa(Eg,a < Eg;g) keyin kvant
o‘ralari hosil bo‘ladi. Shuningdek, qattiq
qgorishma  tashkillovchilarining  kimyoviy
tarkiblaridan GaAs: sBis man etilgan sohasi
energiya giymatini quyidagi ifoda yordamida
hisoblab topildi [10]:

Ecaassi :(1'5)Eg,GaAs+( 5) Eg,GaBi'f(é)(l'é) (5)

Bu yerda o6 - rentgenospektral
mikrotahlil natijalari asosida aniglangan
GaAs1 sBis birikmasidagi As va Bi

atomlarining miqgdori va uning giymati
0=0,135. ¢ - (4) ifoda yordamida aniglangan
GaAs va GaBi  birikmalari  kristall
panjaralarining nomutonosiblik va bizning hol
uchun 0.18 ni gabul giladi. Hisoblashlar asosida
GaAs1sBis man etilgan sohasi energiya
giymatini ~ 1.3 eV ga tengligi aniqlandi. Bu
giymat epitaksial gatlam asos man etilgan soha
energiyasining (Ew.c =1,53 5B) eksperimental
gqiymatidan kichik. Bu esa o‘z navbatida
GaAs:-sBis birikmasi nanokirishmalarni, ya’ni
Plyonka sirtiy sohalarida kvant o‘ralarini o‘z-
o‘zidan shakllantiryotganidan dalolat beradi
[11]. Bunday kvant o‘ralarining o‘lchamlarini
(311) va (511) tuzilmaviy akslanishlarning
eksperimental giymatlari asosida (2) formula
yordamida aniglanganda 30.6 va 56.2 nmlarni
tashkil qildi. 10° va 10 gamma nurlanishlari
ta’sirida  GaAsisBis kvant o‘ralarning
o‘lchamari deyarli o‘zgramagan. Shunday
qilib, o‘tirilgan plyonkalarda shakllangan Ge
nanoobyektlari va GaAs: sBis kvant o‘ralari
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enerrgetik jihatdan bargaror holatida bo‘lib,
kovalent bog‘lanishlar bilan muskamlanganligi
tufayli 10° va 10° gamma nurlanishlar ularning
o‘lchamlarini o‘lchamlari o‘zgartirish uchun
utarli emasligi aniglandi.

XULOSA

Shunday qilib, ostirilgan epitaksial
pleyonkalar o°zida tashkillovchilarining molyar
miqdori (0<x<0.725 Ba 0<i1<0.638) asta-sekin
o‘zgarib boradigan, o‘rin almashinuvchi
(ZnSe)1-xy(Ge2)x(GaAs1-sBis)y qgattiq
gorishmlarini namoyon gilishi aniglandi. (400)
tuzilmaviy  akslanishning  yarimkengligi
(FWHM = 4.5-107 rad) va yuqori intensivligi
(1,2(105  imp(sek-1) egaligi  o‘stirilgan
plyonkalar kristall panjarasining mukammalik
darajasi yetarlicha yuqori va sfalerit tuzilishga
ega va (100) kristallografik oriyentatsiyaga

mansub monokristall ekanligini tasdigladi.
(ZnSe)1 xy(Gez)x(GaAs1 sBis)y epitaksial
gatlami  10° radli gamma nurlari bilan

nurlantirilganda plyonkaning kristall
panjarasida bargarorlashuv yuzaga kelishi va
mukammallik darajasi ortishi aniglandi. 10°
radli gamma nurlar (ZnSe)1x (Ge2)x(GaAs:-
sBis)y epitaksial gatlamda nugsonlarni ortishi
natijasida  subkristallitlarning  o‘lchamlari
kamayishiga, shuningdek, kristall panjaraning
mukammallik darajasi kamayishiga olib kelishi
aniglandi. Ge atomlari plyonkaning ZnSe
molekulalarini asosida tashkillangan
subkristallarining  bo‘linish  chegeralarida
2127 nm o‘lchamdagi nanokristallarini
shakllantirishi aiqlandi. Ofstirilgan
plyonkalarning sirtiy sohalarida GaAs:i-sBis
birikmalari 30.6 va 56.2 nmli kvant o‘ralarini
0°‘z-0°‘zidan shakllantirishi aniqlandi.
Ofstirilgan plyonkualarda shakllangan Ge
nanoobyektlari va GaAsisBis kvant o‘ralari
enerrgetik jihatdan barqaror holatida bo‘lib,
kovalent bog‘lanishlar bilan
mustahkamlanganligi tufayli 10° va 10® gamma
nurlanishlar ularning o‘lchamlarini o‘lchamlari
o‘zgartirish uchun yetarli emasligi aniglandi.
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538.911, 935, 958, 975
VAKUUMDA VA CuCl; BUG'LARI ISHTIROKIDA HAVODA TERMIK
ISHLOV BERILGAN CdSe:Cu,Cl PLYONKALARINING
MIKROSTRUKTURASINI TADQIQ QILISH
B.K. Tuychibayev, N.X.Yuldashev

Farg‘ona davlat texnika universiteti e-mail; uzferfizika@mail.ru

2025-yil 17-avgustda berilgan; 2025-yil 1-noyabrda chop etish uchun gabul gilingan

Annotatsiya. Turli texnologik parametrlar bilan tayyorlangan plyonkalar bo'yicha rentgenografik va
elektron-mikroskopik tadgigotlar natijalari keltiriigan. Taglik harorati 250 dan 400 °C gacha oshganda,
tekstura o'qi tarqalish burchagi kattalashadi, geksagonal modifikatsiya ulushi ortadi, kristallitlar o‘lchamlari
va rentgen nurlari koherent sochilish sohalari kengayadi. Havo muhitida CuCl; ishtirokida (Ttie = 300 °C)
gizdiriigandan so‘'ng, taglik harorati 250 °C bo‘lgan plyonkalar kristallitlari (111),+(0002). tekisligidan,

taglikga parallel bo‘lgan (311)k +(1]i2) tekisligi orgali (1013) tekisligiga qayta yo‘naltiriladi.
r

Kalit so‘zlar: fotosezgir plyonka, CdSe:Cu,Cl, boylama fotootkazuvchanlik, polikristall, tekstura, taglik
harorati, termik ishlov berish, sezgirlik kinetikasi, rentgen nurlarining koherent sochilish sohasi o‘lchami

AHHOmMauyus. [llpusedeHbl pe3ynbmambl PeHMa2eHo2PahuyeCcKux U 3J1EKMPOHHO-MUKPOCKOMUYECKUX
uccnedosaHull MIEHOK C pasfiuYyHbIMU MEXHOMo2UYeCKUMU napamempamu. [lokasaHo, 4mo ¢ pocmom
memrnepamypbi nodnoxku om 250 0o 400°C yeenu4usaemcsi y20s1 paccesiHusi OCU MeKCmypbl, 803-
pacmaem Qonsi 2ekcazoHanbHoU Mooughukayuu, pasMmepsl Kpucmanaumos u obracmu Koe2epeHmHO20
paccesiHusi peHmeeHoeckux siydel. lMocne omxuza Ha 803dyxe & npucymcmeuu CuClz (Ttis =300°C) 8
rreHKax, nosydYyeHHbix rpu Ti=250°C, npoucxodum nepeopueHmayus Kpucmaniaumos om 0CcKocmu
(111)«+(0002)r, napannensHoli MIockocmu nodnoXKuU, K (1013) uepes nrockocms (311), + (1]12) )
r
Knrodesble cnoea: chomoyyecmeumerbHas rneHka, CdSe:Cu,Cl npodonsHas ¢ghomornposoOumocme,
rnonukpucmarnni, mekcmypa, memnepamypa MoOIOXKU, mepmuyeckass obpabomka, KuHemuka
o4yecmersieHus], pasMep KO2epeHMHO20 PacCcesiHUS PEHM2eHO8CKUX fTyyed.
Abstract. The results of X-ray diffraction and electron-microscopic studies of films prepared under various
technological conditions are presented. It is shown that as the substrate temperature increases from 250
to 400 °C, the texture axis scattering angle increases, the fraction of the hexagonal phase grows, and both
the crystallite size and the coherent X-ray scattering region expand. After annealing in air in the presence
of CuCl; (Tan, = 300 °C), films deposited at a substrate temperature of 250 °C undergo reorientation of
crystallites from the (111), + (0002)r plane, which is parallel to the substrate, toward the plane through the
plane.
Keywords: photosensitive film, CdSe:Cu,Cl, longitudinal photoconductivity, polycrystal, texture, substrate
temperature, thermal treatment, sensitization kinetics, coherent X-ray scattering domain size.
gilishdir. Bundan tashgari, turli texnologik
parametrlar bilan tayyorlangan plyonkalar bo‘yicha
elektronografik va elektron-mikroskopik
tadqgiqotlar ham o‘tkazilgan.

Ma’lumki, kadmiy selenidi kristallanish
jarayonida asosiy kristall shakli to‘g‘ri tetraedr
bo‘lib, uning to‘rt burchagida boshqa element
atomlari joylashadi. Shu kabi tetraedrlardan ikKki
turdagi tuzilmalar hosil bo‘lishi mumkin: sfalerit
(kubik) va vurtsit (geksagonal) [6-9]. Ikkala tuzilma
holatida ham ikkinchi koordinatsion sfera ichidagi
har bir atom 12 ta o‘sha element atomlari bilan
o‘ralgan. Umumiy tuzilmalar orasidagi farq
uchinchi koordinatsion sferadagi atomlarning
joylashishida namoyon bo‘ladi, chunki vurtsit
tuzilmasidagi uchinchi koordinatsion sferadagi
atomlarga bo‘lgan masofa sfaleritga nisbatan biroz
kichikrog [10,11]. Shuning uchun, olish
sharoitlariga garab, plyonkalar ikkala
modifikatsiyada ham bo‘lishi mumkin.

1.Kirish. Kadmiy selenid polikristall
plyonkalari optoelektronika va fotonika sohalarida
keng go‘llaniladi, xususan, xotira elementlari,
ko‘rinadigan va y-nurlanish detektorlar, yorug‘lik
diodlari va fotosezgir rezistorlar sifatida [1-5].
Plyonkalar asosida ishlaydigan fotoelektrik
gurilmalarning samaradorligini belgilovchi turli
parametrlar - fotootkazuvchanlik, tashuvchilar
harakatchanligi va ularning yashash davri,
fotosezgirlik, lyuks-amper koeffitsienti va boshga
xususiyatlar faol o‘rganilmoqda. Shunga qaramay,
CdSe polikristall plyonkalarining  substruktur
parametrlarini rentgen va mikrofotografik usullar
yordamida aniq miqdoriy o‘rganishlar kam amalga
oshirilgan. Ushbu ishning magsadi - CdSe:Cu,Cl
fotosezgir plyonkalarining yuzasi morfologiyasini
o‘rganish va ularning substrukturini, taglik harorati
va toza vakuum hamda CuCl. bug‘lari mavjud
bo‘lgan havo mubhitida termik ishlov berish vaqti
kabi fizik-texnologik omillarga bog‘liq holda tahlil
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Ushbu ishda olib borilgan rentgen
tadqiqotlari shuni ko‘rsatdiki, CdSe boshlang‘ich
materialini vakuumda (~10° mm simob ustuni
bosimida) bug‘latish orqali, bug’ oqimi shisha
tagliklarga  perpendikulyar tushirilgan  holda,
kondensatsiya tezligi 2500 A/min bilan hosil
gilingan va galinligi 5-10 mkm bo‘lgan plyonkalar,
Ti=250-400°C oralig‘ida teksturalangan va ko‘p
fazali ekanligi aniglangan. Ular kubik va
geksagonal modifikatsiyalardan tashkil topgan.

2. CuCl: mavjudligida havoda va
vakuumda fotosensibilizatsiya gilingan
plyonkalarni substrukturasi. Natijalarni

muhokama qilish.

CdSe yangi tayyorlangan plyonkalarining
fotosezgirligini  oshirishning eng  samarali
usullaridan biri - ularni CuCl. ishtirokida havoda
termik ishlov berishdir (TIB) [12, 13]. Bu yerda

CuCl:  muhitida  TIBdan keyin CdSe
plyonkalarining  substrukturasi  parametrlarini
o‘lchash, shuningdek, [14-16] ishlarida taklif

gilingan usulga muvofiqg, toza vakuumda optimal
tarzda fotosezgirligi oshirilgan plyonkalar ko‘rib
chigiladi.  Eksperimental  tadgigotlar  shuni
ko‘rsatdiki, eng bargaror va parametrlarini
takrorlash mumkin bo‘lgan fotosezgir plyonkalarni
CuCl: ishtirokida havoda 300°C temperaturada 4-6
minut davomida termik ishlov berish orgali olish
mumkin.

Aniglanishicha, T=250°C da olingan
plyonkalarni gisga muddatli TIB dan keyin, tekstura
o‘qi  sochilish burchagi va (311)k+(1]i2)r

chizig‘ining intensivligi ortadi (1a,b-rasm) (t=2
min). TIB vagtini yanada oshirish kristallitlarning
tekisligining taglik tekisligiga parallel tarzda gayta
yo‘naltirishga olib keladi (1c- rasm).

CuCl> ishtirokida

1-rasm. havoda TIB
o‘tkazilgan CdSe plyonkalarining T=250°C da
olingan holatdagi rentgenogrammalari: a —
boshlang‘ich holat; b —t =2 min.; c—t=3 min,;
d—t=4min.

Uzogrog TIB plyonkalar kristallitlarining
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o‘lchamlarini oshiradi, ammo ularning asosiy
orientatsiyasida sezilarli o‘zgarish kuzatilmaydi
(1d-rasm). Shu bilan birga, shuni ta’kidlash kerakki,
bu holatda tartibsiz yo‘naltirilgan kristallitlar ham
mavjud.

Yugorirogq T: da olingan plyonkalarda gisqa
muddatli TIB (t=1 min) kristallitlarning tekisligi

taglikga parallel bo‘lgan (311), +(1112) tekisligi

bo‘yicha ustun yo‘nalishga ega bo‘lishiga olib
keladi. Biroq TIB vaqtining ortishi bilan yana (111)«
+ (0002); yo‘nalishi ustunlik gila boshlaydi. Bu
holatning sababi shundaki, bu sharoitda TIB
temperaturasi plyonka bug‘latilgan temperaturaga
teng yoki undan past bo‘ladi. Kattarog TIB
vaqtlarida kristallitlar o‘lchamining ortishi Cu ning
plyonka hajmiga diffuziyalanishi bilan bog‘liq.
Ma’lumki, mis (Cu) A2Bs tipidagi birikmalarda
rekristallanishni faollashtiruvchi element
hisoblanadi, shuning uchun nisbatan past TIB
temperaturasida ham kristallitlar o‘lchami ortadi.
Kogerent  sochilish  sohalarining  o‘lchamini
aniglash bo‘yicha eksperimental natijalar ham TIB
dan so‘ng ularning ortishini ko‘rsatadi. Ty = 350°C

da olingan plyonkalar — ya’ni
fotoo‘tkazuvchanlikning bo‘ylama rejimi  eng
yaxshi namoyon bo‘ladigan optimal taglik

temperaturasi — 6 minut davom etgan TIBdan so‘ng
Dss=120 nm ga yetadi, dislokatsiya zichligining
minimal giymati esa 2-10° cm2ga teng bo‘ladi.

Eksperimental natijalar asosida
aniqlanishicha, (333) chizig‘i bo‘yicha hisoblangan
kristall panjarasining parametri TIB vaqti ortishi
bilan 0,6082 nm dan 0,60817 nm gacha kamayadi.

2a-rasmda 4 minut davomida termik ishlov
berilgan (T: = 350°C) plyonkalar yuzasining
elektron mikrofotosuratlari keltirilgan. Ko‘rinib
turibdiki, kichik o‘lchamli kristallitlar ham mavjud
bo‘lsa-da, umuman olganda, shu T da olingan yangi
tayyorlangan plyonkalarga nisbatan kristallitlarning
o‘rtacha o‘lchamlari oshgani kuzatiladi.

Plyonkalarning ko‘ndalang sindirilgan qismi
bo‘yicha olingan elektron mikrofotosuratlar
ularning ustuncha strukturasisi asosan plyonkaning
butun qalinligi bo‘ylab tarqalganini ko‘rsatadi (2b-
rasm).

Toza vakuumda o‘tkazilgan TIB holatida
plyonkalarning optimal gizdirish harorati 480°C ni
tashkil etadi. 550°C dan yuqori haroratlarda
plyonkaning  taglik  sirtidan  sublimatsiyasi
kuzatiladi, 450°C dan past haroratlarda esa yuqori
fotosezgirlikka erishish uchun yanada uzoqrog
gizdirish vaqti talab etiladi.
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2-rasm. CdSe plyonkalarining CuCl. ishtirokida
havoda termik ishlov berilgandan keyingi (t=4
minut, T = 350°C) vyuzasining elektron
mikrofraktogrammalari (a) va ko‘ndalang
sinig‘ining (b) elektron mikrofraktogrammalari.

Vakuumda optimal darajada sezgirligi
oshirilgan  CdSe plyonkalarining  tuzilishini
o‘rganish shuni ko‘rsatadiki, bu holda yangi

tayyorlangan plyonkalarga nisbatan kristallitlar
o‘lchamining ortishi kuzatiladi.
Kristallitlarning ustun yo‘nalishi (111)k +

(0002)r bo‘lib, (10i3) chiziq intensivligi ortadi.

Plyonka yuzasidan elektronlarning  qaytishi
natijasida olingan elektrondogrammada ham
boshga teksturalar kuzatiladi. Biroq bu holda
tartibsiz yo‘nalgan kristallitlar soni ko‘proq.
Geksagonal modifikatsiya ulushi 67 % ni tashkil
giladi. T= 350°C da olingan plyonkalar uchun
rentgen nurlarining kogerent sochilish sohalari
o‘lchami (Dyss) 97 nm dan 180 nm gacha oshadi, Tt
= 400 °C da olingan plyonkalar uchun esa 200 nm
gacha yetadi.

Dislokatsiyalar zichligining minimal giymati
mos ravishda 3,2-10° dan 9,2-109, 7,5-10° cm3
gacha kamayadi. Elektron mikroskopiya usullari
yordamida taglik tekisligiga parallel joylashgan
plyonka yuzasining morfologiyasini o‘rganish
natijalariga ko‘ra, o‘rtacha kristallit o‘lchamlari
2,25 mkm gacha oshadi (2a-rasm). Ayrim
kristallitlarning o‘lchami esa 3-4 mkm gacha
yetadi. Taglikka nisbatan normal yo‘nalishda
plyonkalarning ko‘ndalang tuzilishi 2b-rasmda
keltirilgan ~ fraktogrammaga  ko‘ra  monolit
ko‘rinishga ega bo‘ladi.

Xulosa qilib aytganda, CuCl. ishtirokida
(T+18=300°C) havoda TIB o‘tkazilganda, Ti=250°C
da olingan plyonkalarda kristallitlarning (111)x +
(0002); tekisligi taglikka parallel yo‘nalishdan
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(311), +(1112) (1013)

tekisligiga qayta yo‘nalishi kuzatiladi. Yuqoriroq Tt
da olingan plyonkalarda ham TIB vagtining ortishi

kristallitlarning taglikka parallel (311) +(11Ii2)

tekisligi bo‘yicha ustun yo‘nalishiga olib keladi,
birog TO vaqtining yanada oshishi bilan yana
(111)«+(0002); yo‘nalishi ustunlik gila boshlaydi.
Bunda kristallitlar o‘lchamining kattalashuvi,
kogerent sochilish sohasi Dyss ning ortishi,
shuningdek, panjara parametri a ning kamayishi va
dislokatsiyalarning minimal zichligi po ning
pasayishi kuzatiladi. Vakuumda uzoq muddatli TIB
(t=120 min) kristallitlar o‘lchamining va Dyss ning
yanada sezilarli oshishiga olib keladi, plyonkalar
ko‘ndalang yo‘nalishda monoblok tuzilishga ega
bo‘ladi.
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Qisman to‘yingan g‘ovak-elastik muhitda Reley to‘lginlari
Matanov Muhammad Charshamiyevich
Qarshi davlat universiteti
E-mail: mm939011166@mail.ru

2025-yil 2-iyulda berilgan; 2025-yil 28-oktyabrda chop etish uchun gabul gilingan

Annotatsiya: Qisman to‘yingan g‘ovak muhitda Reley to‘lginlari targalishi o‘rganildi. Muhit qattiq
jism va aralashmaydigan ikki xil yopishqoq suyuqlik bilan to‘ldirilgan bo‘shliglar tizimi sifatida qaraldi. Model
gisman suyugqlik va gaz pufakchalarini ham gamrab oldi. 1zotrop muhitda potensial funksiyalar uchta hajmiy
va bitta siljish to‘lginini hosil qgiladi hamda chuqurlikka garab eksponensial so‘nadi. Dissipativ xususiyat
tufayli Reley to‘lgini chuqurlikka garab so‘nib, sirt kuchlanishlarini nolga keltiradi.

Ularning mavjudligi sekulyar irratsional tenglama orgali ifodalanib, polinom shaklida ildizlari topildi.
Shu asosda Reley to'lginlarining targalishi va xususiyatlari tahlil gilindi. Tezlik va amplituda muhitdagi
o‘rtacha siljish trayektoriyasini aniglashda qo‘llandi. To‘lginlarning mavjudligi sekulyar tenglamadagi
parametrlar qiymatlariga bog‘lig bo'lib, sonli modellashtirish orqali to'yinish darajalari belgilandi.
Shuningdek, tezlik, sifat faktori, polyarizatsiya chastotasi, kapillyar bosim, yopishqoglik va jism
anelastikligining ta’siri o‘rganildi.

Kalit so‘zlar: yuzaki to'lginlar, erkin tebranishlar; seysmik so‘nish, nazariy seysmologiya,
to‘lginlarning tarqalishi.

AHHOTauuA: B 4acTMYHO HacbILWEHHON NMOPUCTON cpede UCCrefoBaHO pacnpoCcTpaHeHUe BOJH
Paneqa. Cpepa paccmaTtpuBanacb kak TBEpAOe Teno C CUCTEMOW MYCTOT, 3amnofIHEHHbIX [ABYMS
HECMELLNBAKLMMNCS BASKUMU XUOKOCTAMU. Mogenb Takke yunTbiBaeT Cnyvan YaCcTUYHOMO HachIWEHNs
XWAKOCTBIO M Hanu4yme rasoBbiX Ny3bipbKoB. B n3oTponHom cpefe noteHuunanbHble yHKLMN OpMUpYHOT
Tpu 06 bEMHbBIE M OAHY COBUIOBYHO BOSHY, KOTOPbIE SKCMOHEHUManbHO 3aTyxatoT ¢ rnybuHon. Bcneacreue
OMccunaTuUBHbLIX CBOWCTB BoSHa Paned 3atyxaeT Briybb M MPUBOAWT NOBEPXHOCTHBIE HAMPSKEHWUS K HYIHO.

WX cywiecTBoBaHUe BhlpaxaeTcs Yepes CekynsapHoe nppauuoHansHoe ypaBHeHve, npuBeaéHHoe
K MONMMHOMMANbHOM (OpMe, KOPHW KOTOpOoro Obinv HangeHbl. Ha 3Tom OcHOBe NpoBeOéH aHanms
CyLLeCTBOBaHUA W XapakTepucTuk BonH Paned. CkopocTb M amnnuTyga wucnonb3oBanucb Ans
onpegeneHus cpegHen Tpaektopum cmelleHun B cpede. CyllecTBoBaHME BOSIH 3aBUCUT OT NapamMeTpoB
CEKYIAAPHOIO YpaBHEHWS!; C MOMOLLIbHO YNCIIEHHOTO MOAENMPOBaHUS onpeaesieHbl YPOBHM HACbILLEHWS, NpY
KOTOPbIX OHM BO3HMKalT. Kpome TOro, udyyeHo BRMsHWE CKOPOCTW, (pakTopa KayecTBa, 4acToThbl
nonsipusaumm, KanumnspHOro AaBrieHusl, BS3KOCTU XMOKOCTM WM aHenacTU4HOCTM TBEPAOro Terna Ha
n3meHeHue BonH Panes.

KnroueBble crnoBa: NOBEPXHOCTHbIE BOMHbI, CBOOOAHLIE KOonebaHus, cemncMm4eckoe 3aTyxaHue,
TeopeTnyeckas CECMONOrus, pacnpocTpaHeHne BOJTH.

Abstract: The propagation of Rayleigh waves in a partially saturated porous medium has been
investigated. The medium was modeled as a solid body with a system of pores filled with two immiscible
viscous fluids. The model also covers the case of partial liquid saturation with gas bubbles. In an isotropic
medium, potential functions generate three bulk waves and one shear wave, which decay exponentially
with depth. Due to dissipative properties, the Rayleigh wave attenuates with depth and reduces surface
stresses to zero.

Their existence is expressed by a secular irrational equation, reduced to a polynomial form whose
roots were determined. Based on this, the existence and propagation characteristics of Rayleigh waves
were analyzed. The velocity and amplitude were applied to determine the average displacement trajectory
in the medium. The existence of the waves depends on the parameter values of the secular equation;
numerical modeling was used to define the saturation levels at which they may arise. Furthermore, the
influence of velocity, quality factor, polarization frequency, capillary pressure, fluid viscosity, and solid
anelasticity on Rayleigh wave variations was examined.

Keywords: surface waves, free oscillations, seismic attenuation, theoretical seismology, wave
propagation.

. Kirish to‘yingan g‘ovak-elastik muhit akustika,

Yer qobig‘ining ko‘plab magmatik, qurilish injiniringi, seysmologiya va yer osti
metamorfik va cho‘kindi jinslari g‘ovak resurslarini o‘rganishda katta ahamiyatga ega.
tuzilishga ega bo‘lib, ular bir yoki bir nechta Biot tomonidan ishlab  chigilgan
suyuqgliklar bilan to‘yingan bo‘lishi mumkin. tenglamalar g‘ovak-elastik muhitda to‘lqin
Bunday hollarda hosil bo‘ladigan qisman targalishini ifodalashda asosiy nazariy
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poydevor bo‘lib xizmat qiladi. Keyinchalik
Berryman, Pride hamda boshga tadgiqotchilar
uni ko‘p fazali suyugliklar uchun kengaytirgan.
Aralashma  nazariyasi  asosida  gisman
to‘yinmagan muhitlarda qo‘shimcha
sigiluvchan to‘lginlarning mavjudligi ham
nazariy jihatdan asoslab berilgan.

So‘nggi yondashuvlarda kapillyar bosim,
yopishqoqlik va inersiya bog‘lanishi hisobga
olingan murakkab matematik modellar ishlab
chiqilgan. Reley to‘lginlarining tarqalishi esa
murakkab irratsional sekulyar tenglamalar
orgali tavsiflanib, ularni polinom shakliga
keltirish va sonli usullar yordamida yechish
zarurati tug‘iladi. Shu asosda, ushbu tadgiqotda
ikki aralashmaydigan yopishgoq suyuqglik bilan
gisman to‘yingan g‘ovak-elastik muhitda Reley
to‘lginlarining tarqalishi o‘rganiladi.
Modellash orqali to‘lginlarning tezligi, sifat
faktori, polyarizatsiyasi hamda gisman
to‘yinmaganlik, suyuqglik yopishgoqgligi va
jismning anelastikligi ta’siri tahlil gilinadi.

I. Asosiy tenglamalar

Kompozit g‘ovak muhit uchta tarkibiy

gismlardan tashkil topgan: gattiq jism, g‘ovak-
gaz va g‘ovak-suyuglik. Ular mos ravishda
“s”, “g” va “1” indekslari bilan belgilanadi.
Umumiy bog‘langan g‘ovaklilik (f) ga ega
g‘ovak agregatda hajmiy ulushlar quyidagicha
aniglanadi:

6,=1-1,6,=Q1-0)f,5 =0f, 1)

bu yerda o
fazodagi suyuqlik to‘yinishining ulushi.

Izotrop g‘ovak jismlarda tashqi kuchlar
bo‘lmasa  tarkibiy  zarrachalarning  past
chastotali  tebranishlari  uchun  harakat
tenglamalari quyidagicha ifodalanadi:

8,7$") = 8, p,li,— g, (Vi— i) — g, (Wi ui),

sYij, ]

— bog‘langan g‘ovak

-0, pi = 0y Vi + Qg (Vi i), @)

=6, pY = 6,0, W+ q, (Wi- i),
bu yerda p®,p® — gaz va suyuglik

fazalaridagi bosimlar, 7!

i esa drenajlangan

g‘ovak muhitdagi kuchlanish tenzori. p-—
tarkibiy gismlarning solishtirma zichliklari.

u;,v;,w, mos ravishda qgattiq, gaz va suyuqlik
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zarrachalarining  siljish ~ komponentlarini
bildiradi. Indekslar i=1,2,3 giymatlar gabul
gilishi  mumkin. Indekslarning takrorlanishi
yig‘indini anglatadi. Nuqta — vaqt bo‘yicha
xususiy hosila, indeksdan oldingi vergul esa
fazodagi xususiy hosilani bildiradi.

Gaz (q,) va suyuglik (q,) uchun

dissipasiyalash koeffitsiyentlari quyidagicha
aniglanadi:

Ge=Sc! (2 (k=,1), (3)

bu yerda 7, va yx mos ravishda
yopishqgoglik va suyuglik fazasining nisbiy
o‘tkazuvchanligini bildiradi. y esa g‘ovak
muhitning ichki o‘tkazuvchanligi.

G‘ovak muhitdagi kuchlanishlar va
muhitdagi bosimlar quyidagicha beriladi:

8,7{P=(a,V-u+a,V-v+a,V-w)s+

sYij

) (4)
+Gp(ui’j+ uj’i_guk,ké‘ij)’
_59 p(g) =(a,V-u+a,V-v+a,V-w), (5

—0 p(l) =(ay,V-U+a;,V-v+a,V-w), (6)

Bu yerda o; — Kroneker hadi.
Koeffitsiyentlar ~ a;,  muhitning  elastik
doimiylarini bildiradi. O‘Ichanadigan

kattaliklar orgali ular quyidagicha aniglanadi:
Q= Kp’ a,=a,= Kgés(l_g)(Kc+ K|)/ K,
a13: aSl: Kggso-(Kc_'_ Kg)/ Ka

a,,= K 0,[1-o)K+K ]/ K,
a,; = a5,= K K (1-0)5/ K,
8= K o(K,o+K) /K,
K=K,o0+K+Kl-0).
Bu yerda: Kp,Kg,K, — mos ravishda

g‘ovak muhitning gattiq, gaz va suyuqlik
fazalarining hajmiy modullari, G, — g‘ovak

o<(0,1)
jismlarning to‘yinish darajasi (o =1 to‘liq
to‘yinganlikni bildiradi), K. =coK__, bu yerda

muhitning qattigligi, — g‘ovak

cap’

K namlanuvchi va namlanmaydigan

cap
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suyugliklar orasidagi makroskopik kapillyar
bosimga mos keluvchi ekvivalent hajmiy

modul.
5Spsl'j:V[(an+%Gp)V-u+a12V-v+ @)
+a,V - W]+ G, VU + g, (V—U) +q,(W—U),
0,pV =V(a,V -U+a,V -V+a,V- -w)- @®
—Q,(V-u),
opW=V(a,V-u+a,V-v+a,V-w)- ©)

—q,(W—u).
3. Umumiy yechim: garmonik to‘lginlar
Vektorning odatiy Gelmgolts tagsimoti
orgali uchta gomogen izotrop fazadagi siljish
vektorlari quyidagicha yoziladi:

u=Vg¢g+VxS, V-S=0; (10)
v=Vy+VxG, V-G=0; (11)
wW=VE+VxL, V-L=0. (12)

Bu yerda ¢,y ,& — siljish potensiallari,
S,G, L esa solenoidal gismlarni bildiradi. (7)—
(9) tenglamalar siljish potensiallari orgali
quyidagi ko‘rinishga ega bo‘ladi:

55/05&: [6,,V?p+8,Viy +8,V°E+

+0,(¥— @) + 0, (£~ D). (13)
< 4

ail_ a11+§Gp’

59:09‘/72: aiZVZ(é + azzvzl// + (14)
+a23v § + qg (¢_ l//)!

5|p|‘/7j a5,V ¢'+a'23V v+ (15)
+ay,V S+, (4-4),

5,p5=G,V’S+q,(G-9)+al(L-9), (16)
8,9,G =0,(S—C). 6L =0 (S-L). (17)
Agar vaqt bo‘yicha garmonik potensiallar

(~e) qaralsa, ¢,,& lar burchak chastotali

garmonik to‘lginlarni ifodalaydi. Shunda (13)—

(15) tenglamalar quyidagi ko‘rinishga keladi:
8,V + 0’ A)p+(a,V2 — 0t )y +

18
+(a,V? - 0’n)é =0, (9)
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(a,V’ - &’ g+ (a,VZ+ a)zAg)w +

(19)
+(a,,V?)& =0,
(8,,V? - 0™R)g+ (V2 )y + (20)
+(a, V2 +0’A)E =0,
bu yerda: r= 1qg, = lq,,
w w

A =8,pAT+ 0, A=0,p+1, A=6p+F,
(19) va (20) tenglamalar quyidagi ikki
munosabatga keltiriladi:

(AV*+0’BV’ +0'C)y = 21)
=(AV*+®°B,V’+'C,)¢,
(AV* +@’BV?*+@'C)é = 22)
(AV* +0’B,V’ + »'C,)4,

Bu munosabatlarni (18) tenglamaga

qo‘llash orqali quyidagi natija olinadi:
[AV® + 0BV’ + »*'CV’ + 0°D]¢ = 0. (23)
Bu yerda
A=a,A+a,Atagh,
B= éuBﬁ' a, Bz+ QA Ba"' A, Ai_ Iy Az_ I AS’

C= é11C1+ a1202+ 313C3+ A Bl_ Iy Bz_ f Bs’
D=A.C-r,C,—1C,,

A = 85855 — 8558y,
A= aya,— a8y,
A= 8,85~ 8,38,
Blz ayA i+ a33Ag’
B,= a5 f—a,A\—ayf,
83: ayhi— aisAg_ Ayl
C=A A, C=Ar, C=Ar.
(23) differensial  tenglama
Gelmgolts tenglamasiga ajratiladi:

uchta

(V? 4£z)¢|: 0, (i=12,3). (24)
G

Bu natija uchta P-to‘lqinning
mavjudligini bildiradi; ular faza tezliklari
(1=1,2,3) bilan targaladi va mos skalyar

potensiallar ¢ bilan aniglanadi. «; tezliklar o

Scientific Bulletin. Physical and Mathematical Research Vol 7. Iss 3. 2025



MATHEMATICS

quyidagi kubik tenglamaning ildizlaridan
olinadi:

Da® —Ca* +Ba’® — A=0. (25)

Ko‘rib chiqilayotgan chiziqli g‘ovak

muhitda umumiy kengayish potensialining
ifodasi quyidagicha yoziladi:
¢:¢1+¢2+¢3’ (26)
shundan  (21)-(22)  munosabatlarni
qo‘llash orqali quyidagi ifodalar olinadi:

W = G+ 1,0+ 10, (27)
& =vid+v,b,+v 4, (28)
bu yerda
e A-B,a{+C,a]
" A-Bal+Cal’
~B,a’+C,a’
y o BBt o)

" A-Bal+Cal’
Skalyar potensiallarga o‘xshash tarzda,

vektor
(16)-(17)

vaqt bo‘yicha garmonik (&™)

potensiallar  (S,G,L) uchun

tenglamalar quyidagicha yechiladi:
G,V +0’A)S-0’r,G-w’L=0, (29)

G ={u,v3s, y4=Ar—9, V4=Ar_'. (30)

Yuqoridagi munosabatlardan Gelmgolts
tenglamasi olinadi:

2
(V2 +2)s =0,

/ (31)
. —
A= 1,1 = v,
bu esa tezlik g bilan targaluvchi

kesuvchi to‘lginning mavjudligini belgilaydi.

4. Tekislikda harakat

Dekart koordinatalar sistemasida(x, y, z)
, g'ovak jism z >0 yarim fazoni egallaydi va
z=0 tekislik bilan chegaralangan. Ushbu
muhitning izotropiyasi to‘lqin harakatini faqat
X—2 tekislikda o‘rganishga imkon beradi, shu
sababli barcha Kattaliklar y koordinataga

bog‘liq emas. Shunday qilib, qattiq va suyuqlik
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fazalarining tekislikdagi siljishlari quyidagicha
ifodalanadi:

3, 09, )
u=S iy, 9
” JZ_;‘#’ x o (32)
3 09, od
4 2k o
j=
el d
= Y
j:
33
_ : a¢j 8¢4 ( )
Vz_Z;ﬂjE—,% ox
=
3 a¢ a
T
J:
34)
e e x|

Bu yerda ¢, =(-S), Siljish potensiallari
¢, (j=12,3,4) mosravishda B, P,, P, va SV
to‘lginlarning tarqalishini bildiradi; ularning
tezliklari o, a,,c;, va S ga teng. (4)—(6)
tenglamalarda siljish ifodalaridan foydalanish
orgali kuchlanish komponentlari va
g‘ovaklardagi bosimlar potensiallar
ko‘rinishida olinadi.

Chegaraviy masalani yechishda tegishli
shartlar umumiy yechimdan Xxos ravishda
olinadi. Ushbu ishda x—z tekislikdagi

zarracha harakati uchun mos chegaraviy
shartlar z =0 yuzada garaladi. Bu sirt erkin sirt
deb hisoblanadi, ya’ni unda normal hamda
tangensial kuchlanishlar nolga teng bo‘lishi
kerak. Ochiq g‘ovakli sirtlar uchun esa, har bir
g‘ovak-suyuqlik fazasidagi bosim yuzada nolga
teng bo‘lishi shart.
5. Reley to‘lginlari

Garmonik tekis to‘lginlar X -yo‘nalishida
targalib, z -yo‘nalishda eksponensial so‘nadi.
Ularning siljish potensiallari quyidagicha
tanlanadi:

ik (x—ct)—kd;z .
#=Ae . (j=1234), (35
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bu yerda k— gorizontal to‘lgin soni, C—
2
ko‘rinma faza tezligi va d = 1—0—2,
a;
J
) c?
(j:l,2,3), d4= —-

Ushbu potensiallar (32)—(34) ifodalardan
foydalanib, gattiq va suyuq zarrachalarning
siljishlarini  hisoblash uchun qo‘llaniladi.
Keyinchalik (4)—(6) tenglamalar kuchlanishlar
va g‘ovak bosimlarini aniqlashda ishlatiladi.

G‘ovak jism sirtining normali z-o0‘q
bo‘yicha yo‘nalgan tekislik deb gabul qilinadi.
Erkin sirt natijaviy kuchsiz sirt deb hisoblanadi.
Shunday qilib, z =0 yuzaning har bir nugtasida
natijaviy energiya nolga teng bo‘lishi kerak:

8, [P+, b5, [-p@ Jv,+

36
6 ~p" =0 o

So‘ngra, chegaraviy shartlar sirtning fizik
xususiyatlariga ko‘ra  belgilanadi. Agar
g‘ovaklar ochiq bo‘lsa, u holda g‘ovak-
suyuglik sirtida bosim kuzatilmaydi. Natijada,
agregat kuchlanishning normal va tangensial
komponentlari chegarada nol bo‘lishi kerak.

Erkin sirt (z=0) wuchun mos chegaraviy
shartlar quyidagicha yoziladi:

552.2(25) 59 p(g) _5| p(l) =0 (37)
G)—0 (CO M=o
2-ZX 1 p 1 p

Bu shartlar soddalashtirilib
quyidagicha yoziladi:
7O () p(g) _ p") —0.
Potensiallardan  (35) hosil qgilingan
kuchlanish va bosim ifodalari asosida, bu

chegaraviy shartlar A; (j=12,3,4) uchun

yanada

to‘rtta  chiziqgli  gomogen  tenglamalar
sistemasiga aylanadi. Ushbu sistema uchun
trivial bo‘lmagan yechim fagat determinant nol
bo‘lganda bo‘ladi,
koeffitsiyentlar matritsasi singulyar bo‘lganda.
Bu Reley to‘lginining mavjudligini
ta’minlaydi.

mavjud ya’ni
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To‘liq to‘yingan g‘ovak muhitda Reley
to‘lginining mavjudligi quyidagi sekulyar
tenglama bilan ifodalanadi:

w0,
j=1
3 3 C
-[22 D-h> Djxj} h
j=1 j=1

bu yerda

X = (8, + a121uj+al3vj)bj
j
G,
V- (a,+ Y i a23vj)
j e '
j
7 (8t Ayt a'sst)

i 2
&,

(2-h)-
(38)

2

) (bj:ﬁz /ajz)’

2

D=(Y,Z-Y.Z), (i, ]ksikl), h=%

Agar D,=X;=1 va D,=D;=0

D, =D, =0 bo‘lsa, (38) tenglama mukammal

elastik gattiq jismdagi klassik Reley
to‘lqinining sekulyar tenglamasiga keltiriladi.

Ildizlar mavjud bo‘lganda, (38) tenglama
irratsional shaklga ega bo‘ladi va uni oddiy
algebraik usullar bilan yechib bo‘lmaydi.
Ushbu irratsional tenglama polinom shakliga
keltiriladi. Bu jarayon irratsional tenglamada
paydo bo‘ladigan kvadrat ildizlarni yo‘qotish
uchun kvadratlash va algebraik
soddalashtirishlarni o‘z ichiga oladi. Uchtalik
kvadratlashdan so‘ng, (38) sekulyar tenglama
16-darajali polinomial tenglamaga keltiriladi.
Hosil bo‘lgan algebraik tenglama quyidagicha
yoziladi:

(39)

Zgh—O

bu yerda g; koeffitsiyentlar matematik

dasturty ta’minot (masalan, MATLAB)
yordamida quyidagi ifodadan olinadi:

(C=A) = 2(T—A)*(A,d7d2+T,d2d]) + 40)
+A;d}d)+T5d d; = 2A,T,d d2d2d?,
bu yerda
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d’=1-b,h,(j=12,3), dj=1-h,
A=16d%(DXd%+ D2d?), A,=32D,D,dd?,

[,=s/h* +2s5,h° + (s5+2s,5,)h* +

+2s,8,h+s;+16D2d d?,

3
I,=-8D,(sh’ +s,h+s;), s=> DX,
j=1

3 3
s,=—2)_ D,(1+X,), s=4) D,
=1 j=1

(39) algebraik tenglamaning 16 ta
murakkab ildizi mavjud, birog ular orasida
ayrim noto‘g‘ri ildizlar ham mavjud bo‘lib, ular
(38) tenglamani ganoatlantirmaydi va shu
sababli chiqgarib tashlanadi.

5.1. Nomutanosib to‘lqinlarning
targalishi

Agar g‘ovak suyuqgliklari yopishgoq
bo‘lmasa, muhit nodissipativ bo‘lib, haqiqiy
sirt to‘lqini barcha jism to‘lqinlaridan sekinroq
tarqaladi. Ko‘p fazali muhitda, aynigsa
g‘ovaklarning biri havo yoki gaz bilan
to‘yinganda, uchinchi bosim to‘lqini tezligi
juda kichik bo‘lib, sirt to‘lgini tezligi qirqilish
to‘lqini tezligiga nisbatan 0.9 dan 0.1 gacha
tushishi mumkin. Bu amalda asoslash giyin
bo‘lgani uchun Lo psevdosirt to‘lginlari
yondashuvini taklif gilgan. Birog bu usul
murakkab sekulyar tenglamaga olib keladi va
yechim fagat kompleks ildizlar orqali
aniglanadi. Ushbu tadgiqotda esa murakkab
ildizlar dissipativ g‘ovak jism sirtida so‘nuvchi
Reley to‘lginlarining mavjudligini isbotlashda
qo‘llaniladi.

Sirt to‘lqinining faza tezligi va so‘nish
koeffitsienti  kompleks qgiymatlar  orqali
aniglanadi. Dissipativ muhitda haqiqgiy sirt
to‘lqginlari tez so‘nuvchi bo‘lib, tekislik bo‘ylab
tarqaladi va normal yo‘nalishda maksimal
so‘nishga ega bo‘ladi. Agar kompleks ildizlar
yuzaga kelsa, dissipativ muhitda haqiqgiy sirt
to‘lginlari tarqalmasligi mumkin.

Yopishqoq
g‘ovak-elastik muhit cho‘kindi va kollektor
jinslari uchun muhim matematik model bo‘lib,

suyuqlik bilan to‘yingan
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unda g‘ovaklikdagi yopishqoq yo‘qotishlar
hisobga olinadi.

Ushbu tadgigotda, jismning g‘ovak
elastik ta’siri elastik modullarni kompleks
o‘zgarishi orqali belgilanadi:

K,1-iQ",  G,(1-iQ",

modul  (K,) va kesuvchi moduli

ya’ni hajmiy
G,)
kompleks shaklida olinadi. Sifat faktorlari
logaritmik dekrement parametrlari (J;,0;)
bilan bog‘langan, ular drenajlangan jismning
gattiglik (G) va Yung moduli (E) ga mos keladi.
Ular orasidagi munosabatlar quyidagicha
ifodalanadi:

Q-= 2esa4 @
5(5

% &
bu esa jismning so‘nishini o5 va og / o
giymatlari orqali belgilaydi. Reley to‘lqinlari
uchun sifat faktori Q quyidagicha aniglanadi:

4 3(c®) .
=— . Sekulyar tenglama yechimi

Q R(S) Y g Yy
h=h,+ih, bo‘lganda, Reley to‘lqinlari

targalishi uchun Q quyidagicha hisoblanadi:

Q—l :hR_ h| Qs’ Q;1= _ S(,822) (42)
h:Q.+h, R(B7)
5.3. Zarralarning harakati
(32)-(34) ifodalar gattiq va suyuqlik
zarrachalarining x-z tekislikdagi harakatini
belgilaydi. Shundan so‘ng, g‘ovak muhit uchun
o‘rtacha siljish komponentlari quyidagicha
ifodalanadi:
U =6,U,+ O,V + oW,=

3 a¢j
=[G+t dv)—+  (43)
=] OX
0
#0040+ 5v) L
W =06.U,+6,v,+5wW,=
3 8¢,~
=2 6+ S,u+ov) - (44)
=i 0z
0
—(6,+ 59 Myt OV,) 5;?(4’
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Siljish  potensiallari
quyidagicha yoziladi:
d= Ay (1=12,34), (45)
bu yerda y;(=A,/A) lar (38) sekulyar
tenglamaga  olib  keluvchi  chegaraviy
shartlarning singulyar sistemasidan aniglanadi.
Ular quyidagicha beriladi:
V=YL=V, Z;,
7=N2,—Y,Z,,

2
V4= E[(Yzzs_Yszz)dﬁ‘ 7,d,+ 7505].

(32)—(34) munosabatlardan foydalanib,
o‘rtacha siljish quyidagicha yoziladi:

(35)  orgali

)

U=ilU} giovig e,
; (46)
W = i W e¥e e,
bu yerda
3
Uy= kAl_JZ_]; e,d,67 "+ 1e,d 07 } )
€;= (0t Oy 15+ 0v))7
L= (48)
p=1-—1)d,
CR
Bu yerda k, va k, mos ravishda

kompleks to‘lginlar soni k ning hagigiy va
mavhum gismlari.

(46) dagi kompleks siljishlarning haqiqiy
qismini olsak, g‘ovak-suyuglik muhitning
ko‘rinma siljishi quyidagicha bo‘ladi:

u=-UJ e *sin(argu +6),

w=—| W) e “*cos(argW,+ 6).

0(=kyx—awt) parametr [0,27] oraliqda

(49)

o‘zgaruvchi parametr sifatida qaraladi va u x—z
tekislikdagi z chuqurlikda zarrachalar harakati
konturini belgilaydi.

Boshgacha aytganda, (49) tenglamalar
jufti dissipativ g‘ovak jismda Reley to‘lgini
targalishi davomida tebranayotgan zarrachalar
chizgan egri chizigning parametrik tasviridir.

6. Sonli yechim
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G‘ovak mubhitning fizik modeli sifatida
qumtosh qaraladi. Suv va havo pufakchalari
bilan to‘lgan qumtosh uchun turli parametr
giymatlari tanlandi. Qumtoshning hajmiy
moduli K =44MPa, qirgilish  moduli
G, =26MPa va zichligi p, =2650kg m™
bo‘lib, g‘ovaklilik f =0.5 deb olinadi.

G‘ovak  muhitning hajmiy  moduli
K,=37MPa va zichligi p,=12kg-m~
bo‘lgan gaz pufakchalari hamda hajmiy moduli
K, =2GPa, zichligi 5 =1000kg-m~ bo‘lgan
suv bilan to‘ldirilgan.

G‘ovaklardagi yopishqoq dissipatsiyalar
quyidagicha  aniglangan: gaz uchun
g, =0.04MPa-s-m~, suyuqlik

qllePa-s-m‘z. DOimiy nishat Kcap/KI

uchun

orqali K, qiymati belgilanadi. To‘lqin
chastotasining 1 kHz gacha cheklanishi past
chastotali tarqalishni ta’minlaydi.

Stoll (1985) elastik materiallarga yaqgin
hollarda logaritmik dekrement giymatlarini

(0s,0:105) baholagan. Ushbu giymatlar (41)

munosabatlarda qo‘llanilib, g‘ovak muhitning
elastik modullari uchun sifat faktorlarini
hisoblashda ishlatiladi.
6.1. Tezlik va so‘nish
G‘ovak muhitning ushbu sonli modelida
Reley to‘lqgini ixtiyoriy to‘yinish uchun mavjud
bo‘lmasligi mumkin (o €(0,1)). Boshgacha
aytganda, tanlangan g‘ovak muhitda Reley
to‘lginining mavjudligi uning bog‘langan
g‘ovak fazosining to‘yinish darajasiga bog‘liq.
Sonli misolning bir gqismi Reley to‘lqini mavjud
bo‘ladigan o (suyuqglik ulushi) diapazonini
aniqlashga bag‘ishlangan. Boshga gismida esa
zarrachalar harakati Reley to‘lqini mavjud
bo‘lgan mos ravishda to‘yingan g‘ovak mubhit
uchun hisoblanadi (ya’ni haqiqiy o ).
Mavjud Reley to‘lqini murakkab tezlik
giymati ¢ orgali aniglanadi, u tezlik nisbati
c/pB va kesuvchi to‘lgin tezligi S dan
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hisoblanadi. Sifat faktori (Q,) va kesuvchi
to‘lqinning murakkab tezligi Reley to‘lqinining
sifat  faktorini  (Q™') hisoblash uchun
ishlatiladi.

Keyin modeldagi turli parametrlarning
ta’siri Reley to‘lginining mavjudligiga (ya’ni
o diapazoniga) va to‘lginning qutblanishiga
(mos o uchun) o‘rganiladi. Ushbu parametrlar
to‘lqin chastotasi, g‘ovaklardagi kapillyar
bosim, g‘ovak suyuqlikning yopishqoqgligi va
g‘ovak muhitning noelastikligini ifodalaydi.

Tanlangan sonli model uchun shuni
kuzatish mumkinki, bu xususiyatlardagi
o‘zgarishlarning hech biri kesuvchi to‘lqin
tezligi (4) va uning sifat faktori (Q;*) ga
sezilarli ta’sir ko‘rsatmaydi.

O‘Ilchamsiz haqiqiy qiymatlar R(c/ )
va Q7
o‘rganishda muhim miqdorlardir. Shuni ham

gayd etish kerakki, v, =yR(8%), Q.
miqdorlari  Reley to‘lginning murakkab
tezligini ¢ ni hisoblash imkonini beradi
R(c/ B) orqgali. Shunday qgilib, mavjud Reley

to‘lgini uchun R(c/ B),v,,Q ", Q" giymatlari

1-4-rasmlarda keltirilgan.
Batafsil muhokama quyidagi rasmlarda
bayon etiladi.

fezlikiu = 20n: Sifat fakbor |w = 200

Reley to‘lqinining tarqalishini

1-rasm. Tezlikning o‘zgarishi R(c/ )
va v, =W shuningdek sifat faktorining
(Q* va Q") to‘yinish (o) va chastota (@ ) ga
bog‘ligligi. G‘ovak elastik jism (5 =5 =0)
yopishqoq  suyuqlik  bilan
g=10MPasm, K_ /K, =0.05

to‘yingan;
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2-rasm. 1-rasm bilan bir xil, ammo bu
yerda to‘yinish (o) va kapillyar bosim

(K /K)
ol (27) =100Hz, g, =10MPa-s:-m™.

Chastota. Reley to‘lgini va kesuvchi
to‘lqinning tezliklari (R(c/ B),v,) hamda

bilan o‘zgarishi ko‘rsatilgan;

so‘nishlari (Q7, Q") chastota w ga bog‘ligligi
ko‘rsatilgan.  Shuni ta’kidlash
kerakki, Reley to‘lqini (o €(0,1)
parametrining ixtiyoriy qiymatida mavjud
emas, balki fagatgina ma’lum o segmentda

1-rasmda

mavjud bo‘ladi. Bundan tashqari, tezlik nisbati
R(c/ pB) shu segmentda nolga yaginlashadi

yoki maksimum giymatga intiladi. Bu segment
R(c/P) ning chastotaga deyarli sezgir
emasligini ko‘rsatadi. Chastota o‘zgarishi hech
ganday ta’sir ko‘rsatmaydi. Sifat faktorlarining
katta giymatlari Reley va  kesuvchi
to‘lginlarning so‘nishi chastotaga to‘g‘ridan-
to‘g‘ri proporsional ekanligini bildiradi. Shu
bilan  birga, g‘ovaklarning  to‘yinish
darajasidagi juda kichik o‘sish ham Reley
to‘lginining  tezligini  keskin  pasaytirishi
mumkin.

Kapillyar bosim. Hajmiy modul K

cap
turli g‘ovak-suyugliklar orasidagi kapillyar
bosimni bildiradi. Reley to‘lgini tezligi va
so‘nishining o (0,1 bilan o‘zgarishi 2-
rasmda keltirilgan. Kapillyar bosimning ta’siri
aynan shu o -segmentda yaqgol namoyon
bo‘ladi. Boshqacha aytganda, kapillyar bosim
kichik bo‘lganda Reley to‘lqini mavjud bo‘lishi
uchun talab qilinadigan to‘yinish darajasi
yuqori bo‘ladi. Kutilgandek, kesuvchi to‘lgin
kapillyar bosim o‘zgarishiga sezgir emas. Shu
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bois, K, o‘zgarishi Reley to‘lqinining tezligi
yoki so‘nishiga sezilarli ta’sir ko‘rsatmaydi.
G*‘ovak-suyugliklarning yopishqoqligi.
Dissipatsiya koeffitsiyentlari g, va g, g‘ovak
bildiradi.
uchun,

suyugliklaridagi  yopishqoglikni
Fiksirlangan d,
g, =110,100 MPa-s-m™ giymatlarida Reley va
kesuvchi to‘lginlarning tezligi hamda sifat
faktorlarining hisoblari 3-rasmda ko‘rsatilgan.
Grafiklardan ko‘rinib turibdiki, tezliklar g, ga
deyarli javob bermaydi. Ammo Reley va
kesuvchi to‘lginlarning sifat faktorlarining
giymatlari g, ga to‘g‘ridan-to‘g‘ri proporsional
o‘zgaradi.  Demak,  suyuqlik
yopishqoqligidagi o‘zgarish Reley to‘lqinining
mavjud bo‘lish diapazonini o‘zgartirishni talab
gilmaydi.

G‘ovak  muhitning noelastikligi.
Logarifmik dekrement giymatlari (d5,9:/5;)

ravishda

g‘ovak muhitning noelastikligini belgilaydi.
Elastik materiallarga yaqgin hollarda o /o,
nisbati [0.9,1.5] oraligda yotadi. Ma’lum bir
0g =0.11/ 7 giymati uchun, Reley va kesuvchi
to‘lginlarning tezligi va so‘nishlari
0z 1 55 =0.9 holda hisoblangan va u 4-rasmda
keltirilgan. Bu yerda g‘ovak-suyugliklar
yopishqoq emas deb faraz qilingan. E’tiborli
jinati  shundaki, &g /dg

to‘lqinining tezligi va so‘nishiga ta’sir giladi.

o‘zgarishi Reley

3-rasm. 1-rasm bilan bir xil, ammo bu
yerda to‘yinish (o) va g‘ovak-suyuqlikning
dissipatsiyasi g, bo‘yicha  o‘zgarishi
ko‘rsatilgan;

w! (27)=100Hz, K, /K, =0.05
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4-rasm. 1-rasm bilan bir xil, ammo bu
yerda to‘yinish (o) va muhitning noelastikligi
(0:10;) bo‘yicha o°zgarishi
Noelastik muhit (6; =0.11/7)
yopishqoq bo‘lmagan suyuqlik bilan to‘yingan;
q =0, @/(27)=100Hz, K, /K, =0.05

17\
o '|

ko‘rsatilgan.

g‘ovak

e
B x| Nf

A}

i f \ { \
| I ‘I | ,
SRy ! \ ) S\ )I'I

: \\.“.—"/./. ‘\\‘—/f : .I\\“ //r

5-rasm. Zarralar harakatining (u,w)
chuqurlikka  (k;z)
(K

yopishqoq suyuqlik bilan to‘yingan;
Kapillyar bosim Reley to‘lqini uchun o -

va kapillyar bosimga

/K,) bog‘liqligi; g‘ovak elastik jism

cap

segmentga ta’sir qilmasligi mumkin. Biroq
elastik muhitli g‘ovak jismlardan farqli
ravishda, Reley to‘lgin tezligi nisbati
minimumga yoki nolga tushmaydi, xususan,
0z 6,>1 bo‘lganda. R(c/ ) ning minimum
giymati o -segmentda maksimumga yetishidan
ancha oldin kuzatiladi. Ammo bu to‘yinish
uchun Reley to‘lginining so‘nishida keskin
o‘sish kutiladi. Umuman olganda, o >0.6
bo‘lganda, Reley to‘lqin tezligi o ortishi bilan
oshadi.
6.2. Polarizatsiya

Ma’lumki, Reley to‘lginlari
zarrachalarning elliptik harakatini ifodalaydi.
Shu bois, x—z tekisligida zarrachalarning
harakati  turli chuqurliklarda hisoblanadi
(krz =0,10,20). Siljishlar kattaligi (u,0,w)
manba kuchi noma’lum bo‘lganda
aniglanmaydi. Qulaylik uchun (47)—(49)
tenglamalardan foydalanib, u va w| kA|=1
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shartida hisoblangan. Shunda masshtablangan
siljish vektori (u,0,w)/| kAl zarrachalarning
tebranish diagrammalari
diagrammalari) deb ataladi.

(polarizatsiya

Anigki, polarizatsiya diagrammalari
fagatgina  nisbiy interpretatsiya  uchun
ishlatiladi.  Hisob-kitoblardan  ko‘rinadiki,

istalgan chuqurlikda zarrachalarning harakati

tolgin  chastotasi  (w), g‘ovak-suyuglik
dissipatsiyasi  (q,) yoki  mubhitning
noelastikligiga  deyarli  ta’sir  qilmaydi.

Kapillyar bosim (K_ ) va to‘yinish (o) ning

cap
(u,w) polarizatsiyasiga ta’siri 5 va 6-rasmlarda

keltirilgan. Batafsil izohlar quyidagicha:
Kapillyar bosim.  Masshtablangan
siljish vektori (u,0,w)/| kAl 0 =0.5 uchun

hisoblangan va konturlari 5-rasmda
ko‘rsatilgan. 2-rasmdan ko‘rinib turibdiki, bu
to‘yinish qiymatida Reley to‘lqini mavjud
bo‘lishi ta’minlangan. Kutilganidek,
zarrachalarning harakati chuqurlik  bilan
so‘nadi va so‘nish darajasi chuqurlashgan sari
ortadi. Zarracha harakatining elliptikligi ham
chuqurlik bilan o‘zgaradi. Xulosa qilib
aytganda, sirt yoki muhit ichida bo‘lishidan
qat’iy nazar, kapillyar bosim ortishi bilan
zarracha harakati kamayadi. Bundan tashqari,
katta chuqurliklar bundan mustasno, kapillyar
bosim ortishi zarracha harakati tezligining
pasayishiga olib keladi.

To‘yinish. G‘ovak elastik  jism
yopishqoq suyuqlik bilan gisman to‘yingan
holda garaladi. To‘yinish parametri

0=0.3,0.50.6 giymatlarida olingan. Reley
to‘lginining mavjudligi ushbu giymatlar uchun
ta’minlangan (1-3-rasmlarda ko‘rsatilgan).
Masshtablangan siljishlar hisoblanib, konturlari
6-rasmda berilgan. Shuni kuzatish mumkinki,
o ortishi bilan zarrachalarning harakati
pasayadi. So‘nish darajasi chuqurlik ortgan sari
ortib boradi. Bundan tashqari, ushbu to‘yinish
uchun polarizatsiyada ozgina o‘zgarish
kuzatilishi mumkin. ga bog‘liq so‘nish darajasi
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chuqurlik bilan kuchayadi. Biroq katta
chuqurliklarda elliptiklikdagi o‘zgarish kuchli
so‘nish sharoitida muhim ahamiyat kasb
etmaydi.

|/ H\\ g /’/ IR
: ‘ | |

!

7N
| :’ |
aaf \ J |\ 12N /
5 \\\ _._._--/ 3 \\‘_\__‘_'_F‘// N \\-..____‘_'__,//

1
\ 4

6-rasm. 5-rasm bilan bir xil, ammo bu
yerda chuqurlik (kyz) va suyuglikning
to‘yinish  darajasi o‘zgarishi
ko‘rsatilgan;

bo‘yicha

7. Xulosa

Mazkur ishda ikki aralashmaydigan
suyuqlik aralashmasi bilan to‘yingan g‘ovak
jismlarda Reley to‘lginining eksponensial
o‘zgarishi tadqiq qilindi. Agar g‘ovak
suyugliklardan biri havo yoki siyrak gaz deb
qaralsa, model qisman to‘yingan g‘ovak
muhitni ifodalaydi. Ko‘rib chiqilgan mubhit
yo‘qotishsiz emas: energiya dissipasiyasi qattiq
jismda energiya dissipasiyasi yo‘qotishlar
hamda g‘ovaklardagi yopishqoqlik tufayli
yuzaga keladi. Dissipatsiya mavjud hollarda
irratsional sekulyar  tenglama Reley
to‘lginining  mavjudligi  va tarqalishini
belgilaydi. Ushbu tenglama polinom shakliga
keltirilib, sonli usullar orgali ildizlari topildi.
Ildizlar chuqurlik bo‘yicha siljishlarning
so‘nishini ta’minlash sharti asosida tanlab
olindi. Shu tarzda olingan ildizlar gisman
to‘yingan dissipativ g‘ovak jismlarda Reley
to‘lginining murakkab tezligini aniqlaydi.

Ushbu usulni namoyish etish uchun
maxsus sonli misol ko‘rib chiqildi. Dissipativ
g‘ovak jismlar uchun o‘tkazilgan hisoblash va
tahlillar asosida quyidagi foydali xulosalar
chigarildi:

- Reley to‘lqini har ganday qiymatida
emas, fagat muayyan segmentda mavjud.
Qattiq g‘ovak muhitda tezlik segmentning
yuqori chegarasida nolga yaginlashib, kichik
ortish ham keskin kamayishga olib keladi.
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- G‘ovak elastik muhitda tezlik nolga
tushmaydi, lekin maksimumga yetishidan oldin
minimumga erishadi va bu keskin so‘nish bilan
birga sodir bo‘ladi.

- To‘yinish ortishi bilan zarracha harakati
chuqurlikda tezroq so‘nadi; elliptik
trayektoriya yuzada ham, ichkarida ham
saqlanib, ortishi bilan so‘nish kuchayadi.

- Reley to‘lqinining sifat faktori chastota
va suyuq faza yopishqoqligiga proportsional,
ammo zarracha harakati ularga deyarli bog‘liq
emas.

- Kapillyar bosim kichik bo‘lganda,
Reley to‘lgini mavjud bo‘lishi uchun yuqori
to‘yinish talab qilinadi. Bosim ortganda esa
elliptik trayektoriya gisqgarib, zarrachalar
harakati chuqurlashgan sari giyshayadi.

G‘ovaklar ikki fazali aralashma bilan
to‘yinganda, muhitdagi real vaqt o‘zgarishlarini
tadqiq etish uchun umumlashtirilgan va yanada
real model olinadi. Taklif etilgan algoritmning
moslashuvchanligi yopishqoq suyugliklar bilan
to‘yingan g‘ovak muhit va noelastik karkas
modellarida ham tasdiglandi.

G‘ovaklardagi  suyuqlik  ulushining
o‘zgaruvchanligi muhitni deyarli quruqdan
to‘liq to‘yingangacha ifodalash imkonini
beradi. Seysmik qo‘llanmalarda manba va
qabul qiluvchilar ko‘pincha sirtga yaqin
joylashgani bois, to‘yinish darajasiga bog‘liq
Reley to‘lginlarini tahlil qilish qidiruv
seysmologiyasi hamda zilzila oldi jarayonlarini
tushunishda muhim ahamiyat kasb etadi.
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Annotatsiya. Ushbu magolada k —tartibli Keli daraxtida Blum-Kapel modeli uchun funksional tenglama
keltirib chigilgan. Shuningdek, daraxt tartibi k = 3 bo‘lgan holatda va qurilgan funksional tenglamada z; =
z, sharti ostida translatsion-invariant Gibbs oflchovlari tuzilgan. Tadgiqot natijalariga ko‘ra, kritik giymat
6. = 0.20788 aniglangan va 0< 6 <6, oraliqda uchta, 8 = 0..da ikkita, va 6 > 6..da faqat bitta
translatsion-invariant Gibbs o‘lchovi mavjudligi ko‘rsatilgan.

Kalit so‘zlar: Keli daraxti, konfiguratsiya, Blum-Kapel modeli, Gibbs ofIchovi, translyatsion-invariant
o‘lchovlar.

AHHOTas. B gaHHON cTaTbe BbiBeAeHO OYHKUMOHAaNbLHOE ypaBHeHWe ans mogenn bnioma-Kanens Ha
aepese Kanu nopsigka k. bonee Toro, B cnyyae nopsigka gepesa k =3 v npu ycnosuu z, =z, B
NOCTPOEHHOM (PYHKLMOHANbHOM YpaBHEHWW YCTAHOBIEHbI TPAHCNSALMOHHO-UHBapuUaHTHble Mepbl 'nbbca.
PesynbTaTthl nccnegoBaHusa No3BONsOT ONPeaennTb KpuTudeckoe 3HadeHne ., =~ 0.20788 1 nokasbiBatoT,
YTO CYLLECTBYET TPU TPAHCIALVNOHHO-MHBApPUaHTHbIE Mepbl nMbbca npmn 0 < 6 < 6,,, ABe nMpu 6 = 6., 1
TOJSIbKO OHa npu 8 > 6,,.

KnioueBble cnoBa: gepeso Kanu, koHdwurypaumsa, mogens HC- Bnioma-Kanens, mepa 'm66ca,
TPaHCNSALNOHHO-UHBAPWaHTHbIE Mepbl.

Abstract. In this paper, a functional equation for the Blum-Capel model on a k-order Cayley tree is
derived. Furthermore, for the case of tree order k = 3 and under the condition z, = z, in the constructed
functional equation, the translation-invariant Gibbs measures are established. The results of the study
identify a critical value 6., = 0.20788 and demonstrate that there exist three translation-invariant Gibbs

measures for 0 < 6 < 6,,., two for § = 6., and only one for 8 > 6,,.
Keywords: Cayley tree, configuration, Blume-Capel model, Gibbs measure, translation-invariant

measures

1. Introduction.
The Gibbs measure is a fundamental law
determining the probability of a microscopic state of
a given physical system and it plays an important
role in determining the existence of a phase
transition of a physical system, since each Gibbs
measure is associated with one phase of the physical
system, and if a Gibbs measure is nonunique, then it
is said that there is a phase transition. It is well
known that the set of all limit Gibbs measures forms
a nonempty convex compact subset of the set of all
probability measures and each point (i.e., Gibbs
measure) of this convex set can be uniquely
expanded to its extreme points. Therefore, it is
interesting to describe all extreme points of this
convex set, i.e., the extreme Gibbs measures (see
[2,7,10]).Many papers are devoted to the study of
limit Gibbs measures on a Cayley tree for such
models of statistical physics as Ising model, Potts
model, HC model and SOS model (see, for example,
[1,3-6,9]). In particular, in [6], the set of translation-
invariant Gibbs measures for the ferromagnetic
q —state Potts model was fully described and it was

proved that the number of translation-invariant
measures can be up to 29 —1, and in [5], the
extremality problem was studied for these measures.
In [9], Gibbs measures for three state HC models
were studied on a Cayley tree order kK > 1 and the
nonuniqueness of the translation-invariant Gibbs
measure was proved. Moreover, the areas where the
measures are (not) extreme are given. In the
monograph [8], the results on limit Gibbs measures
can be found in more detail.

In [11], the translation-invariant Gibbs
measures for the Blume—Capel model with a wand
on a Cayley tree of order k are studied. The exact
critical value 6., = 1 is found, such that there exists
a unique translation-invariant Gibbs measure for
6 =0., and exactly three translation-invariant
Gibbs measures for 0 < 8 < 6,,. In addition, the
problem of extremality and non-extremality of these
measures is investigated.

This paper is organizeds follows. In Section
2, we present the basic definitions and known facts.
In Section 3, we prove a theorem that ensures the
condition of consistency of a measure. In Section 4,
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we construct translation-invariant Gibbs measures
for k = 3 and z; = z,.

2. Preliminary information

A Cayley tree I* = (V, L) of order k > 1is
an infinite tree, i.e., a graph without cycles such that
each vertex has precisely k + 1 edges, where V is
the set of vertices of the graph I'*, L is the set of its
edges. Let i be an incidence function associating
each edge [ € L to its endpoints x,y € V. If i(]) =
{x,y}, then x and y are called the nearest neighbors
of a vertex and can be written as (x, y). The distance
d(x,y), x,y € V on the Cayley tree is defined as

d(x,y) = min{d|Ix = xg, X1, ., Xg—1, Xqg =
€ V; (xg, X1), ooy {Xg—1,%q)}-

It is known that a Cayley tree can be
represented in the form of a group G, obtained as the
free product of k + 1 cyclic groups of the second
order with generators a4, a,, ..., a1 [8]-

We consider a model in which spin
variables take values from the set ® = {—1,0,1}. We
then define a configuration o on V as function x €
V->o(x)ed. The set of all configurations
coincides with Q = ®". Let A c V. We denote the
space of configurations defined on a set A by Q.
The Hamiltonian of the Blume-Capel model is given
by the formula

H(0) = ] Syy(0(0) — o),

where | > 0.

For a fixed x° € V, we write x < y if a path
from x° to y runs through x.

Denote

W,={x€eV:dx%x)=n}, j,={x€V:
d(x% x) < n}

A point y is called a “direct derivate” of the
point x if x < yand d(x,y) = 1.

For x € G, by S(x) we denote a set of “direct
derivatives” of the point x € V.

Let h:x+ hy = (h_yxhoxhiyx) be a
vector-valued function on x € V\{x°}. We consider
the probability measure 1™ on Qy,
ut(oy) = Zﬁl exp{_ﬁH(Gn) + ZxEWn ha(x),x}- 2)
Here o € Qy, , and Z,, is a normalization factor,

2 exp{ —pH(0y) + Z ho o (0

A= XEW,

@)

Zy, =

where hz , € R.

The probability measure u™ is said to be
consistent if foralln = 1 and any o,,_; € Qp_:

Zg(n)ﬂ(n) (Un—lr U(n)) = M(n_l) (Un—l) (3)
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In this case, there is a unique measure u on Q, such
that

,U({O'an = O-n}) = ﬂ(n)(o-n)

foralln = 1 and any o, € Qy, .
3. System of Functional Equations

The following theorem contains necessary
and sufficient conditions for h;, under which
relation (3) is true:

Theorem 1. Suppose that k > 2. The
probability distribution 1™ (g,,), n = 1,2, ..., in (2)
is consistent if and only if, for any x € V, the

following equations are true:
642_1'y+9+21’y

92_1‘y+1+921’y ’
Z_1y+0+0%z1,,
92_1'y+1+921'y !

Z1x = Hyes(x)
(4)

Zax = HyES(x)

where 6 = exp{—JB}, B = % Zix = exp{hi,x —
hox},andi=—1,1.

Proof. Necessary. By virtue of the
consistency condition (3), we get

ZZ > 11 1] eefsnam

Wn€Qy,, XEWp_1 YES(X)

— Wn (Y))Z + hwn(y).y}

= HXEWn—l exp(h"fn(x)-x)’
Where o(x) € ®.

In the <case where o, ;(x)=-1,
0n-1(x) = 0, ana a,_1 (x) = 1, we rewrite relation
(5) in the form
eXp(h+1,x - ho,x)

anenwn exp {—],3(1 - wn(Y))z + hwn(y),y}

®)

YES(x) anEQWn exp{_]ﬂwrzl(y) + hwn(ﬁV)'y}
exp(h_l_x - hO,x)
Sonet, P {—IB(~1 = 0,3))” + Ry}
Ywneo, exp{—JBwZ () + hy, )y}

YeS(x)
Therefore,
exp (hl,x - ho,x)
exp{_4’]ﬁ} exp{h—l,y - ho,y} + exp{_]ﬁ} + exp{hl,y - ho,y}
exp{_]ﬂ} exp{h—l,y - ho,y} +1+ exp{_jﬁ} exp{hl,y - hO,y}’

yES(x)
exp(h—l,x - ho,x)
exp{_4’]ﬁ} exp{hl,y - hO,y} + exp{_]ﬁ} + exp{h—l,y - ho,y}
exp{_]ﬂ} exp{h—l,y - ho,y} +1+ exp{_jﬁ} exp{hl,y - h(],y}.

yES(x)
This yields (4).

Sufficiency. Assume that (4) holds. Then,
for some function b(x) > 0, x € V, the following
relation is true:

HyES(x) Zue{—l,o,l} Aty exp{_]ﬁ (t - u)Z +

hu,y} = b(X) eXp(ht! X), t= _1!0F1' (6)

We have
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(3) = - exp(=BH (07-1)) X

erwn_l HyES(x) Zue{—l,o,l} exp{—][)’ (Op-1(x) —
u)? + hyy ). @)
By using (6) and introducing the notation

B.o= || b,

XEWR_1

we get the following relation from (7):

Bn-1
(6) = —— x
Zy

exp(_ﬁH(‘Tn—l)) HxEWn_1 exp(han_l(x),x)- (8)

Since ™, n > 1, is the probability, we obtain

YD) e =1

O'n_le.QVn_l (J)nEQWn
Therefore, by using (8), we arrive at the equality
Zp-1Bn1 =Zy.

Hence, relation (3) is true.

Theorem 1 is proved.

4. Translation-Invariant Gibbs Measures

The translation-invariant Gibbs measures
correspond to the solutions of (4) with z; , = z; for
all x e Vandi = —1,1. For convenience, we denote

zy =z and z_ = z,.

Then the system of equations (4) takes the following

form
k

7. = (9422+9+Zl)
1= 921+922+1 ’

_ 9421+9+Zz k
Zz - (921+922+1) ’
Letz; = z, = zand k = 3. Thus, it follows
from (9) that

9)

2= (L), &

We now consider the solution of equation (10) in the
case k = 3. By introducing the substitution /z = t,
we obtain that equation (10) takes the following
form:
t*+at3+bt?+ct+d =0,
1

4
Wherea=—ﬂ,b=0,c=i,d=——.
260 20 2
The discriminant of the resulting quartic
equation is given by:
A(B) = (—2768 — 1080™* + 492 — 15001° + 7806° — 21320°
+7800* — 12367 + 4)/(646°).

By solving the equation A(8) = 0, we find 6., =
0.206877. The following theorem is known from
algebra.

Theorem 2. For the quartic equation, t* +
at3 + bt? + ct +d = 0, the following statements
hold depending on the sign of its discriminant A:

(11)
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a) If A> 0, then the quartic equation has either
four distinct real roots or four distinct
complex roots;

b) If A< 0, then the quartic equation has two
distinct real roots and two distinct complex
roots;

c) If A= 0, then the quartic equation has at
least two mutually equal roots.

According to Ferrari’s method, solving the
equation t* + at® + bt? + ct + d = 0 consists in
expressing its left-hand side as a difference of two
squares. As a result, the problem of solving the given
equation is reduced to solving two quadratic
equations. For this purpose, we can rewrite the left-
hand side of the equation as follows:

(e - [(Fy-p)e+ (F-c)e+
(%-d)|=0.12)

Here y is an auxiliary unknown chosen so
that the expression inside the square brackets
becomes the square of a linear binomial. It is well
known that for a quadratic At? + Bt + C = 0 to be
the square of a linear binomial it is necessary and
sufficient that its discriminant vanish, i.e., B? —
4AC = 0.

Accordingly, the coefficients are given by

_ (1+6%)? I S AR S G
A=y+ 1602 ' 20 Y 29‘6_24+2'
B2 auC = 1+ 64 1
“\" 746 Y 20

(1+69%\ (¥ 1
‘4<V+W 77z)70

which represents a cubic equation in y.

It is well known that a cubic equation
always has at least one real root. Using Cardano’s
method, the real solution of the equation can be
expressed as follows:

JaT12V38 g4 _gp2 11

y1= +
120
93/a+12,/3ﬁ

where  a =-1086° —21660°+ 1089, =
27618 +1080* — 4612 + 15001° — 7800° +
21320° — 7800* + 12362 — 4.

If the number of sign changes among the
coefficients of a polynomial is k, then the number of
its positive real roots is either k,k — 2,k — 4, ... .
Hence, for equation (11) with k = 3, the number of
real roots is either three or one. For the quadratic
expression in equation (12), the following cases are
possible:
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Case 1. If B = 0, then equation (11) has one
positive real root;
Case 2. If B < 0, the quadratic expression

becomes a perfect square of the form (VAt —VC) ;
Case 3. If > 0, the quadratic expression

becomes a perfect square of the form (VAt + \/5)2.

Let us examine each case in detail.

Case 1. For 8* ~ 1,2889, we have B = 0.
In this case, equation (11) has a single solution,
which is approximately t ~ 1,4294.

Case2. LetB<0,then0 < 0 < 0*,

For 0< 6 < 6% equation (8) can be

rewritten as:
2
(¢ +§t+§) ~ (WAt -v©)" =0,

which factors into
(tz+(g—\/Z)t+%+\/f)(t2+(g+ﬂ)t+%—\/f) =0.
As a result, we obtain two quadratic equations:
t2 + (§+\/Z)t+%—x/f= 0,
t2 + (%—\/Z)t+%+\/f= 0.

We now examine the roots of equations (13)—(14)
for0 <8 <6,

(13)

(14)

(i) Let 6 € (0,6,,). For the roots t, and t;
of equation (13), in this interval we have tyt; =

2
%—\/E=%— [3’2—1+§<0. Thus, the roots of

equation (13) have opposite signs, and its positive
root is

R S 0 R o)
1~ 2 '
Accordingly, the solution of equation (10) is
Zl = t13
Let us verify that the following conditions
hold for equation (14):

ty+t3 >0,
tyts >0,
D=(§—ﬂ)2—4(%+\/f)>0.

2
Here, tt; =2 +VC =2+ /%+%>0

which is always satisfied. Therefore, the roots of
equation (14) have the same sign.
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Let us determine the sign of the expression
t, +t3 = —%+ VA. In the interval (0,86,,), since

y1 > 0 (see Fig. 1), we have VA = azz +y > 7,

which is always satisfied. It follows that t, + t; >
0.

Fig 1. Graph of y, in the interval (0, 6.,.).

The graph of D in the interval (0, 6.,-) allows an
easy verification that D > 0 (see Fig. 2).
Furthermore,
lim D(0) = +wand lim D(6) = 0.
6-0" 6-0,,

257 ‘

Fig 2. Graph of Din the interval (0, 6%).

Thus, in the interval (0, 86,,), the roots of
equation (14) are positive and are given by:

~§ v+ (G- A) ~4(3+70)

(%)

2 )
a a 2 Y1
~4+va- |(3-vA) - 4(} +v0)
t3 = 2 .
Accordingly, the solutions of equation (10) are z, =
t%, Z3 = t'g

It follows that, , 6 € (0, 8.,-), equation (10)
has three positive roots.

(if) Let us consider 6 = 6.,. In this case,
equation (11) has two positive solutions, with
approximate values t; = 0,216 and t, = 1.571.
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Accordingly, the solutions of equation (10) are z; =
t3and z, = t5 = t3.

(iii) For 8 € (6., 0"), equation (13) retains
a positive root t,, yielding the solution of equation
(10) as z, = t3. In contrast, equation (14) has a
negative discriminant D < 0 (see Fig. 2), implying
the absence of real solutions. Moreover,
91_i}1‘9n+ D(6)=0and 91_%@_ D(6) < 0.

Case 3. Let B > 0, which corresponds to the
interval 8 € (6%, +). In this range, equation (12)
can be rewritten as

a 2 _ 2
(tz +Et+%) T (VAt+VC) =0,
which factors into two quadratic equations:

(tz+(g+\/Z)t+%+\/E)(t2+(g—ﬂ)t+%—\/f)=0.

Thus, we obtain the following two quadratic
equations:

2 a_ Y1 =

£2 + (2 \/Z) t+2-VC=0,

2 a 1 _

t +(2+x/Z)t+ 24 \C = 0.
For equation (15) in the interval 8 € (8%, +), the

roots t, and t; satisfy tyt; <0, i.e., they have
opposite signs. The positive root is

(15)

(16)

5V |(G-VA) -4(3-v0)

t, =
2

yielding the solution of equation (10) as z; = t3.

02 04 06 0.8 1 1525 14 L8 18

Fig 3. The graph of the solution z;.

Since equation (15) already provides two
real roots, there is no need to consider equation (16)
(Theorem 2). Indeed, for 6 € (6% +x), the
discriminant of equation (11) satisfies A< 0, so only
two roots are real, which are already captured by
(15).
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Therefore, the solution z; of equation (10)
can be expressed as a piecewise continuous function
(since B = 0 implies A = 0 and t; = t,)) (see Fig.
3):

{tf,if 6 € (0,0%],
Z17=1,3 . i

t;,if 6 € (6%, +x).
This completes the proof of the theorem.

Theorem 3. Let k=3 and z;, =z, = z.
Then for the Blume-Capel model in the form of (1),
there exists a critical value 8., ~ 0,206877, such
that:

1) for 0 < 8 < 6., there are three translation-
invariant Gibbs measures: uy, u, and us;

2) for 6 =6, there are two translation-
invariant Gibbs measures: u,, us;

3) for 6 >80, there exists only one
translation-invariant Gibbs measure: u;.
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GIPERBOLIK TIPDAGI TENGLAMA UCHUN BOSHLANG‘ICH
SHARTDA YUQORI TARTIBLI HOSILA BERILGAN ARALASH MASALA

M.S. Azizov?!, M.Z. Obidjonova?
Farg‘ona davlat universiteti
Andijon davlat universiteti

muzaffar.azizov.1988@mail.ru

2025-yil 3-sentyabrda berilgan; 2025-yil 19-oktyabrda chop etish uchun gabul gilingan

Annotasiya. Mazkur ishda to‘g‘ri to‘rtburchakli sohada giperbolik tipdagi tenglama uchun aralash masala
ko'rib chiqilgan. Bu yerda boshlang‘ich shartlardan biri sifatida noma’lum funksiyaning yuqori tartibli vaqt
bo‘yicha hosilasi berilgan bo‘lib, bu holat an’anaviy masalalardan farq giladi. Masalani yechish uchun Furye
usuli go‘llanilgan. Ushbu yondashuv yordamida yechim trigonometrik gator ko‘rinishida ifodalanadi va Furye
koeffitsientiga mos oddiy differensial tenglama yechilib, masalaning yechimi yagona va mavjudligi
isbotlanadi.

Kalit so‘zlar: giperbolik tip, boshlang‘ich shart, chegaraviy shart, Furye usuli, xos son va xos funksiyalar,
Bessel funksiyasi, Furye gatori.

AHHoTaumsa. B paHHoln paboTe paccmaTpuBaeTcsl CMellaHHasi 3ajadva Ans runepbonuyeckoro Tuna
ypaBHeHUs B NPSAMOYrornbHOM o6nacTu. 3gecb oaHa U3 HayanbHbIX YCNOBUIA 3aaaHa Yepes3 Npou3BoaHYH
HEen3BeCcTHON YHKLUMX MO BPEMEHM BbICLIEro nopadka, 4YTO OTMMYaeT OaHHY MOCTaHOBKY OT
Krnaccuyeckux 3agad. [na pelweHus 3agadn npumeHeH meton Pypbe. C MOMOLLbIO AaHHOrO noaxona
pelleHne BblpaXaeTca B BMAE TPUIOHOMETPUYECKOro psaa, pellaeTcs obbluHoe AnddepeHumansHoe
ypaBHeHue anst koaddpuumeHTa dypbe, U fokazaHa e4MHCTBEHHOCTb U CYLLECTBOBAaHNE PELUEHMS.

KnioueBble cnoBa: runepbonuyeckuii Tun, HayanbHOEe YCroBue, rpaHu4Hoe ycnosue, Metogd dypbe,
cobcTBeHHOe uncno n cobeTBeHHble yHKUMK, pyHKumna Beccens, psaa Pypoe.

Abstract. In this work, a mixed problem for a hyperbolic-type equation in a rectangular domain is
considered. One of the initial conditions is given in terms of a higher-order time derivative of the unknown
function, which distinguishes this formulation from classical problems. The Fourier method is applied to
solve the problem. Using this approach, the solution is expressed as a trigonometric series, the ordinary
differential equation for the Fourier coefficient is solved, and the uniqueness and existence of the solution
are established.

Keywords: hyperbolic type, initial condition, boundary condition, Fourier method, eigenvalue and
eigenfunctions, Bessel function, Fourier series.

Kirish

Matematik fizikaning asosiy
bo‘limlaridan biri bo‘lib, giperbolik tipdagi
differensial tenglamalarni o‘rganish alohida
o‘rin tutadi. Bunday tenglamalar to‘lqin
targalishi, tebranishlar, akustika, elektromagnit
to‘lginlar, mexanik sistemalardagi impulslar
kabi fizik jarayonlarni modellashtiradi. A. N.
Tihonov va A. A. Samarskiy asarlarida bu
tenglamalar matematik fizikaning klassik
tenglamalari  sifatida  garalib, ularning
yechimlari, mavjudlik va turg‘unlik shartlari
chuqur o‘rganilgan [1]. Shuningdek, R.
Courant va D. Gilbert [2] asarlarida ham
giperbolik tenglamalarning umumiy xossalari,
boshlang‘ich va chegaraviy shartlarning fizik
mazmuni keng tahlil etilgan.

Giperbolik tenglamalar uchun
boshlang‘ich-chegaraviy masalalarda

ko‘pincha boshlang‘ich shart sifatida funksiya
va uning birinchi tartibli vaqt bo‘yicha hosilasi
beriladi. Ammo ayrim amaliy holatlarda,
masalan  elastiklik  nazariyasi,  seysmik
to‘lginlar tarqalishi yoki elektromexanik
tizimlarda, noma’lum funksiyaning yuqori
tartibli vaqt bo‘yicha hosilasi ham berilishi
zarur bo‘ladi. Bunday shartli masalalar klassik
Koshi masalalariga nisbatan murakkabroq
bo‘lib, ularning yechimlari qo‘shimcha
silliglik, moslik va integrallanish shartlarini
talab etadi [3,4]. Shuning uchun bu turdagi

masalalar matematik jihatdan ham, fizik
jihatdan ham dolzarb hisoblanadi.
E’tiborga  molikki, y=0 holatida

garalayotgan giperbolik tenglama klassik tor
tebranish tenglamasining xususiy holatiga
aylanadi. Shu bois, mazkur umumlashtirilgan
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masala nafagat nazariy, balki amaliy
ahamiyatga ham ega bo‘lib, u tor, sim yoki
chizigli elastik elementlarning tebranishlarini
tasvirlovchi model sifatida ham ishlatiladi
[1,2]. Boshqacha aytganda, bu ish tor tebranish
tenglamasini o‘z ichiga olgan kengroq sinfdagi
aralash (boshlang‘ich-chegaraviy) masalani
o‘rganishga bag‘ishlangan.

Mazkur yo‘nalishdagi masalalar bo‘yicha
xorijiy adabiyotlarda G. F. D. Duff [5] va T.
Shirota hamda K. Asano [6] ishlarida
giperbolik tipdagi tenglamalar uchun aralash

masalalar tahlil gilingan. Ularning
tadgiqotlarida  yuqori  tartibli  hosilalar
ishtirokidagi  boshlang‘ich shartlar uchun

yechimlarning mavjudligi va yagona yechim
shartlari o‘rganilgan.

95

Shuningdek, o‘zbek olimlari orasida D.
Amanov tomonidan ham shunga yagin
yo‘nalishdagi ishlar olib borilgan. Uning ba’zi
ishlari  boshlang‘ich shartlarda noma’lum
funksiyaning yugori tartibli hosilasi ishtirok
etishi bilan masalalarni o‘rganishga
bag‘ishlangan bo‘lib, bu tadqiqot biz ko‘rib
chigayotgan masalaga yaqin yo‘nalishda
joylashgan [7].

Shu tariga, mazkur ishda giperbolik
tipdagi  tenglama  uchun  boshlang‘ich-
chegaraviy masala o‘rganiladi. Masalaning
o‘ziga xos jihati shundaki, unda boshlang‘ich
shartlardan biri sifatida noma’lum funksiyaning
yugqori tartibli vaqt bo‘yicha hosilasi berilgan,
bu esa mavjud adabiyotlarda keng yoritilmagan
masalalardan biridir.

Asosiy gism
Qz{(x,t):0< x<1,0<t <T} sohada

0 (tzy auj a2t2
ot ot

tenglamani garaylik.

82

82—0,0<y<]/2 (1)

A-masala. (2 sohada (1) tenglamani ganoatlantiruvchi va

0(x0)= 0. time* ¥ (7 (1) |

boshlang‘ich shartlarni hamda

u(0,t)=0, u(l,t)=0,

!

= f,(x), 0<x<I; @)

t

0<t<T )

chegaraviy shartlami bajaruvchi u(X,t) e C(Q) funksiya topilsin, bu yerda f,(x) va f,(x)

berilgan funksiyalar.

1-teorema. Agar A-masalaning yechimi mavjud bo ‘Isa, u yagonadir.

Isbot. Teskarisidan faraz gilaylik. A-masala ikkita ul(x,t) va uz(x,t) yechimlarga ega
bo‘lsin. Bu yechimlarning ayirmasi bir jinsli (1) tenglamani va (2)-(3) shartlarga mos bir jinsli
boshlang‘ich va chegaraviy shartlarni ganoatlantiradi. Bu ayirmani u(x,t) bilan belgilaymiz,

ya’'ni

u(x,t)=u(x,t)—u,(xt). 4)

Ma’lumki,

Xk(x):\/TEsinﬂkx, A =k|—7z,

k=12,.., 5)

funksiya L, (O, I) fazoda to‘la ortonormallangan sistemani tashkil etadi [8].

Quyidagi

Zj‘U Xt
0

dx k=12,.. (6)
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funksiyani garaymiz. (6) ni quyidagi ko‘rinishda yozib olamiz:

l-¢

d..(t)= Iu(x,t)xk(x)dx, (7)

bunda (&,1 —&) =D
(7) tenglikni T bo‘yicha bir va ikki marta differensiallab quyidagi natijani olamiz

l-¢ l-¢

di, ()= Ju ()X, ()dx. dr, ()= [ u, (x) X, (x)dx.

& &
tenglamani e’tiborga olib

()2 d ZJ U (X, 1) X () dx. ®)

(8) tenglikni hosil qllamlz. (8) tenghkmng o‘ng tomonini ikki marta bo‘laklab integrallab,
so‘ng & — 0 da limitga o‘tamiz.
" 2?/ !
m{dke( )+ Tdk,g (t)} aim[ X, (1 -£)u, (1 - 2,t)- X, (2)u, (2.1)] -

l-¢

—a? A lim[ X (I-&)u(l —&,t) = X ( Ju(et)]- a“Zlim | u(xt) X, (x)dx

(3) ga mos bir jinsli shartlar hamda X, (X) funksiyaning xossalariga asosan quyidagi natija kelib
chigadi

de, (t)+ yd’ aﬂkj u(x,t) X, (x)dx, k=12,..

(6) ni e’tiborga olib quy1dag1 oddiy dlfferensml tenglamaga kelamiz:

d;”g(t)+%d|§’g(t)+a2&kdk(t):O, k=12,.. 9)
(2) shartga mos bir jinsli shartdan (6) ga asosan
B imt2 | 27 (12 ' ,_ _
d,(0)=0, 'tﬂ?”( (7, (x ))tl_o, K=12,... 1)

boshlang‘ich shartlarni hosil gilamiz.
Ma’lumki, (9) oddiy differensial tenglamaning umumiy yechimi quyidagi ko ‘rinishda

aniglanadi [9]:
d, (1) =73y, (JAat)+bt*73, ., (JAat).

Bu yechimni (10) shartlarga bo‘ysundirib a, =b, =0 ga ega bo‘lamiz, ya’ni barcha Vt € [O,T]
uchun dk (t) =0. U holda (6) tenglik quyidagi ko‘rinishni oladi:

Iu xt dx 0, k=12,...

Demak, U (X,t) funksiya (5) to‘la sistemadagi barcha funksiyalar bilan ortogonal ekan. Bu esa
Q sohaning deyarli barcha nugtalarida u(X,t)=0 ekanligini bildiradi. u(x,t)e C(Q)

ekanligidan U(,t) funksiya Q sohaning barcha nugtalarida u(x,t)=0 ekanligi kelib chigadi.

Bundan ko‘rinadiki, A- masalaning yechimi mavjud bo‘lsa u yagonadir. 1-teorema isbotlandi.
Scientific Bulletin. Physical and Mathematical Research Vol 7. Iss 3. 2025
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A masala yechimining mavjudligi.

2-teorema: Agar f,(x)eC*[0,1]nC*(0,I), ff’)(x)e L,(01),
f, (X) e C[O,I]mCl(O, I), f(x)eL(0,1), fl(O) = fl(l ) =0, fl”(O) = fl”(l ) =0,
f1(4) (0) = f1(4) (l) =0, f, (O) = f, (l ) =0 shartlar bajarilsa, qo ‘yilgan masalaning yechimi
mavjud.

Isbot. Bu masalani yechish uchun o‘zgaruvchilarni ajratish (yoki Furye) usuli qo‘llaymiz.
Awvalo (1) tenglamaning (3) shartlarini bajaruvchi yechimini

u(x,t)=X(x)T(t) (14)
ko‘rinishda izlaymiz, bu yerda X (X) va T (t) noma’lum funksiyalar. (14) ifodani (1)
tenglamaga qo‘yib, X (X) vaT (t) noma’lum funksiyalarga nisbatan

T(t)+ 22T/ (t) +-a?AT (t) =0,

t
X"(x)+AX(x)=0 (15)
tenglamalarni hosil gilamiz, bu yerda A =const . (14) ifodadan va (3) chegaraviy shartlardan
X(0)=0,  X(I)=0 (16)

chegaraviy shartlar kelib chigadi.
(15)-(16) masala xos son va xos funksiyalarni topish hagidagi Shturm-Liuvill masalasidir.
(15)-(16) masalaning xos sonlari

k

A :(I—jz (k=12,.) (17)

bu xos sonlarga mos trivial bo‘lmagan (aynan nolga teng bo‘lmagan) normallangan xos

funksiyalari
2 . 7k
X, (x)= Tsml—x, keN (18)

bo‘ladi. A= ﬂk bo‘lganda (1) tenglamaning yechimi
u(x,t)ziTk(t) IgsinﬁTkx, (n=12,..), (19)
k=1

ko‘rinishga qidiramiz, bu yerda T, (t), k€ N - hozircha noma’lum funksiya.
(19) funksiyani (1) tenglamaga qo‘yib

+00

Z{Tk”(t) + %[—ka'(t) +a’AT, (t)}\/l—isinﬁTkx =0,
k=1
tenglikni hosil gilamiz. Bu tenglikdan

Tk"(t)+%Tk'(t)+aﬁka (t)=0, (20)

ikkinchi tartibli oddiy differensial tenglamani hosil gilamiz.
(20) tenglamada

z

Y2-y
azﬂk:ﬂk va Tk(t)z{ﬁj gk(z),buyerda Z=\ut

ko‘rinishida belgilash kiritib
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g:<z>+§g;<z>{1—“/zz—:ﬂgk<z>=

1-tur Bessel tenglamasiga keltiramiz. Ma’lumki tenglamaning umumiy yechimi
9 (2) =y, (2)+bJ,4,(2)
ko‘rinishda aniglanadi. Ohirgi umumiy yechimdan T (Z/\/z)]/2 ’ gk( ) Z=\ut
almashtirishga asosan ortga gaytib, (20) tenglamaning umumiy yechimini quyidagicha topamiz:
T () =at" 73, (Jaut)+bt* 73, 4, (Jut). (21)
(21) tenglikni (19) tenglikka qo‘yib

u(x,t)= Z[akt“ B (V) 4B, (s ) X (%) (22)

k=1
qo‘yilgan masalaning (3) shartlarini qanoatlantiruvchi yechimini hosil qilamiz, bu yerda a, va

bk Furye koeffitsiyenti, (2) boshlang‘ich shartlardan

y-5/2 |
a, ——%[@J F(%—yjj fz(x)\/TEsinﬂTkxdx, (23)

0

Y2-y |
b = =+ f. (x),[|—=sin— xdx 24
k [“2 ] (2 y]{ . ),/I | (24)
kelib chigadi.

Shunday qilib qo‘yilgan masalaning yechimi (22) ko‘rinishida aniglanadi, bu yerda a, va

bk lar (23) va (24) tengliklardan X, (x) esa mos ravishda (18) tenglik yordamida aniglanadi.
Lemma. Vt e [O,T] va K =1,2,... bo‘lganda quyidagi baholar o‘rinli bo‘ladi:
-1
‘Tk (t)‘ S‘ f1k‘ +Cuy ‘f2k" (25)

9, O ,
7 [T ] <l ful + il fa. 29)
tzy( _Zy( 27-1- ( )),j 2/uk|f1k|+|f2k| (27)
bu yerda
' [
=j f.(x) X, (X)dx, f, =I f,(x) X, (x)dx, (28)

Furye koeffitsiyentlari, C, va C, - musbat o‘zgarmas sonlar.

Isbot. J, (z)=T(v+1)x(z/2) " J,(z) ya'ni Bessel-Klifford funksiyasi yordamida,
(21) tenglikni quyidagicha yozib olamiz:

T (t)=at"” (@T” (jﬂzy( ﬂkt) )+bk t”w[\/ﬂ_ktJym J_y—m( ”kt)

2 L(Y2-y)1/2-y 2 I(y+1/2)
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(V > —]/Z)bo‘lganda |J_V (Z)| <1 tengsizlik o‘rinli bo‘ladi [ ]. Buni e’tiborga olib oxirgi
tenglikni quyidagicha baholaymiz:

T (1)< aktl/“L@JW (J_””(\/ﬂ_kt) )+bkt1/27[\/“_ktJN2 J_H/Z( “kt) <

2 ry2-y)(y2-y 2 I(y+1/2)

< 2-y *\/zt ]/2_7 1 27| VAL o 1
i [2 e w1 ) o)

Hosil bo‘lgan tengsizlikdagi @, va bk koeffitsiyentlarning o‘rniga mos holda (23) va (24)

ko‘rinishlarini qo‘yib soddalashtirsak, (25) tengsizlikni hosil gilamiz. Shu tarzda (26) va (27)
tengsizlilarni ham ko‘rsatish mumkin.
Endi (19) yechimni yaginlashuvchi ekanligini tekshiramiz. Buning uchun unga majorant

gator tuzamiz.
& 2
BB AD \\f ;\Tk(t)\\fl—,

bu funksional qatorga (25) tengsizlikni qo‘yib

+00 - 2
STl
sonli gatorni hosil gilamiz.

(28) integrallarning birinchisini bir marta bo‘laklab integrallab fl(X) funksiyaga

sty i

. . 6 C e 2 K .
qator hosil bo‘ladi, bu yerda f,’ = I f, ( X) T COSI— xdX . Hosil bo‘lgan gatordan o‘zgarmas
0
1

= 1
;[k £0) F‘ ka\]
7k

2
qatorni hosil gilamiz. Bu hosil bo‘lgan qator yaginlashuvchi, chunki X, (X) \/T sin—X

SII’\—X

teoramada qo‘yilgan shartlarni inobatga olsak

5 el

k=1

sonni tashlab yuborib

funksiyalar (O,I) oraligda ortonormal sistemanini tashkil etadi.

Shuning uchun har ganday f €L, (O,I) uchun Parseval tengligi bajariladi:

ZIfI—If X)X =[flL gy fe=[F ()X

Bundan tashqgari, Koshi— Bunyakovsklyten95|zllg|dan foydalanib,
+00 +00 12 +00 v2
Sanl<(Sa | (S6) -
k=1 k=1 k=1

bizning gatorlar uchun

kil (o.1) ku

L)’
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(gt (0]

Sk
12
7Z'
SLils(S] (S1er) —@unk

Shu sababli, Parseval tengligi va Koshl—Bunyakovskly tengsizligi natijasida

(1
Sl <o
k=1

ya’ni qator yaqinlashuvchidir. Bundan esa (19) funksional gator Q sohada tekis va absolyut
yaginlashuvchiligi kelib chigadi. Yuqoridagi jarayonni takrorlab

t”[t‘” (t”ut(x,t))t'j, =§t27( ‘Zy( T (t )j X, ()| (29)

t =1

£ £

1k 1k

L(0.1)

L1’

funksional gatorni tekis yaqginlashuvchilikka tekshiramiz. Buning uchun (29) ga (27) tengsizlikni
qo‘yib, ‘Xk (X)‘ <1 tengsizlikni e’tiborga olib

S [AIA I

k=1
sonli gatorni hosil gilamiz.
(28) integrallarning birinchisini besh marta, ikkinchisini esa bir marta bo‘laklab integrallab

fl(X) va f, (X) funksiyaga teoramada go‘yilgan shartlarni inobatga olib o‘zgarmaslarni tashlab

yuborib
+00 1 1
Z|: f (5) ‘ fZ

)
| K ‘

7k 7k
qator hosil boladi, bu yerda f” j £ \/7 cosT xdx, f jf \/7 cosT xdx

. Bu hosil bo‘lgan gator Parseval tengligi va Koshi—Bunyakovskly tengsizligiga asosan

4

yaginlashuvchi. Bundan esa t*” (tzy (tzyut (x,t))tj ifodaga mos keladigan funksional gator Q)
t
sohada tekis va absolyut yaginlashuvchiligi kelib chigadi.

Xulosa
Yugorida isbotlanganlardan quyidagilar kelib chigadi:

har bir gator, (1)-tenglamaning hadlariga mos keluvchi funksional gatorlar
K € kompakt to‘plamda absolyut va tekis yaginlashadi,

(22) funksional gator (1)-tenglamani ganoatlantiradi va (2), (3)-shartlarni
bajaradi.

Demak, (22) funksional gator qo‘yilgan masalaning yechimi yechimi bo‘ladi.
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MepexoaHble npouecchl B penbedHbIX y4acTkax TpyoonpoBoaoB ons
TPaAHCNOPTUPOBKU HECXKMMAEMOM XUAKOCTU, 0Opa3oBaHHbIe
U3MeHeHMeM CKOPOCTU B KOHLAX penbedHOro yyacrtka

XyxaeB U.K.}, Xoxukynos LL.LL.1, MaxkamoB M.K.? HymaHxxaHoB A.A.
1 Mexanuku u ceifcmocToiikocTu coopyxenuii um. M.T. Ypaz6aesa AH PY3, TamkenT, Y306exucraH,
2 AHIIMKAHCKMI TOCYIapCTBEHHBINA YHUBEPCUTET, Y30EKUCTaH, T. AHIMKAH

2025 nun. 2-uonga 6epunrax; 2025 1un. 26-Hoabpaa von eTu ydyH Kabyn KunuMHraH

AHHOTauusA. B pamkax He KOHCepBaTMBHON hOPMbI KBa3OAHOMEPHbIX MHeapu3oBaHHbIX ypaBHeHun H.E.
XKykoBckoro cdopmynupoBaHa 3ajada O MepexodHOM fpouecce Ha 3JfeMeHTapHOM penbeHOM yuyacTke
TpybonpoBoaa npy NSMEHEHUN rPaHNYHbIX CKOPOCTEN HECXKMMAaEMOW XMAKOCTU No BpemeHn. HenonHoe tenerpadHoe
ypaBHEHWe, COCTaBfieHHOe ANS OCPeAHEHHOW CKOPOCTM MOTOKA, PelleHO MEeTOAOM pasfeneHust MepeMeHHbIX.
3HaueHve faBneHusi Noy4eHO MHTErPUPOBAHNEM UCXOOHbIX YPAaBHEHWUIA C NPUBMEYEHNEM NOMYYEHHOrO peLleHns Mo
CKOPOCTH.

lMpeacTaBneHbl 4YUCreHHble pe3ynbTaTbl, OTHOCHALUMECS Cyvald MOCTOSIHHbIX 3HaYeHUn YHKUMA B
HayvanbHbIX U FPaHNYHbIX YCNoBUSIX. BbliaeneHbl BapuaHTbl NOCTOSIHHOTO, BO3pacTaloLEero 1 yobiBatoLWero cpeaHero
no yvacTKy 3Ha4yeHus gasrieHus. BobisBneHbl 0co6eHHOCTM NoBeAeHNs YAAPHbBIX BOMH C y4eToM u 6e3 ydeta cunbl
TPeHus.

KnioyeBble cnoBa: TpybonpoBoA, HecknMaemasi XWOKOCTb, CKOPOCTb, AAaBMEHWs, cuna COnpOTUBMEHWS,
rpaBuTaums, KBa3amogHoMepHas Moaenb, Metod Pypbe, BblYMCINTENbHBIA 3KCMEPUMEHT.

AnHoTauma: N.E. Jukovskiyning kvazi bir o'Ichovli chizigli tenglamalarining konservativ bo'lmagan shakli
doirasida, sigilmaydigan suyuglikning chegara tezligining vaqt o'tishi bilan o'zgarishi hamda quvur uchastkasining
elementar relyef gismidagi vagtinchalik jarayon muammosi ishlab chigilgan. O'rtacha ogim tezligi uchun tuzilgan to'liq
bo'lmagan telegraf tenglamasi o'zgaruvchilarni ajratish usuli bilan hal gilinadi. Bosim giymati tezlik bo'yicha olingan
dastlabki tenglamalarni integrallash yo'li bilan olinadi.

Soni natijalar boshlang'ich va chegara shartlaridan funktsiyalarning doimiy giymatlari holati bilan bog'lig.
Kesimdagi o'rtacha bosimning doimiy, ortib borayotgan va kamayuvchi giymatlari variantlari aniglanadi. Ishgalanish
kuchini hisobga olgan holda va hisobga olinmagan zarba to'lginlarining xatti-harakatining xususiyatlari aniglanilgan.

Kanut cy3nap: quvur, sigilmaydigan suyuqlik, tezlik, bosim, garshilik kuchi, tortishish, kvazi bir o'lchovli model,
Furye usuli, hisoblash tajribasi.

Abstract: Within the framework of the non-conservative form of quasi-one-dimensional linearized equations
of N.E. Zhukovsky, the problem of the transient process on an elementary relief section of a pipeline with a change in
the boundary velocities of an incompressible fluid over time is formulated. The incomplete telegraph equation, compiled
for the average flow velocity, is solved by the method of separation of variables. The pressure value is obtained by
integrating the original equations using the obtained solution for the velocity. Numerical results are presented related
to the case of constant values of functions in the initial and boundary conditions. Variants of constant, increasing and
decreasing average pressure values over the section are identified. Features of the behavior of shock waves with and
without taking into account the friction force are revealed.

Keywords: pipeline, slightly compressible fluid, velocity, pressure, resistance force, gravity, quasi-one-dimen-

sional model, Fure method, computational experiment..

I. Beenenue

CdopmynupoBana u perieHa
HecTallMOHapHas 3aJada O COCTOSIHMM MaJlo-
CKHMaeMOM  JKHUAKOCTH, KOTrJa  H3MEHEHHE
TUTOTHOCTH YKHJIKOCTH U JIe(OPMUPYEMOCTh TOHKOH
CTCHKH  YYUTHIBAIOTCA 0pu  (HOPMHUPOBAHUH
CKOPOCTH DPAacCIpOCTPaHEHHUS MaJIbIX BO3MYIIEHUI
naeneHuss no H.E. XykoBckoMy, a HavalbHbIE
pacrpesiefieH’ss CKOPOCTH W JIaBJIEHUS] U3BECTHBI.
[IyreBoe n3MeHeHue aaBieHUSI OOYCIOBIEHO He

KOHCEPBAaTUBHOMN dopmotii JIOKaJIbHOU
COCTaBIIAIONIEN  CHJIBI WHEPUUA M CHIOU
COTIPOTHBIIEHHUS, KOoTopas JIMHEapU30BaHa.

BpeMCHHOG U3MCHCHHUC JaBJICHUA 06y0JIOBJ'I€HO
TpaAu€HTOM CKOPOCTH IO paCCTOAHUIO.

B uH)XeHepHOW NpakTHUKE TUAPABINYECKUN
pacuer TpyOONpOBOJOB M MX CETEH, KaK MpaBwIIo,
OCYIIECTBIIIETCSI HAa OCHOBE  XapaKTEPUCTHK
CTallMOHAPHOTO TIOTOKA, YIANEHHOTO OT 30H
BosMymieHnit [1]. OnpnHako mpu paccMOTpEHUH
HECTAIIMOHAPHBIX TPOIECCOB  BBISABIAIOTCS TaK
Ha3bIBa€Mble «Yy3KHE MECTa» TPYyOOIPOBOAHOI
CUCTEeMBl. THUIMMYHBIM PUMEPOM HECTAIIMOHAPHOM
3a/lauM SIBJSIETCS 3a/1a4ya MEepeXOIHBIX MPOLECCOB.
Ilepexon OT OHOTO YCTAaHOBWBIIEIOCS PEXHMa K
IpyroMy, Kak  TpaBWIO,  COIPOBOXKIAETCS
SBIICHUSIMH, TPEOYIOMUMH OTHOBPEMEHHOTO yIéTa
IBYX  XapakTepHbIX  MacmTaboB  CKOPOCTH:
THUAPOIMHAMHYECKONW CKOPOCTH TIOTOKA W CKOPOCTH
pacrnpocTpaHeHHs1 MaJbIX BO3MYILEHHI B cUCTEMeE
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«Tpyba — TpaHcnopTupyemas cpegay. O0pa3oBaHue

U pacmpoCTpaHEHHWE BOJH BO3MYIUEHHS B
TpyOompoBogax M3y4aroTCs B pamKax
kBazuogHoMmepHbix ypaBHeHuil H.E. XykoBckoro
[2,3]. WM BmepBele TOCTPOCHA  CHCTEMa
KBa3HOIHOMEPHBIX YpaBHEHUH, KOTOpbIE
O/IHOBPEMEHHO YYHUTHIBAIOT THAPOJWHAMHYECKOMH
CKOpPOCTM  TeKyded  cpeasl M CKOPOCTH

pacrpocTpaHeHHUsI MalbIX BO3MYIIEHHUI B cucTeMe
cpena—TpyOOIIpOBO/I, M MPOBEIEHBI TEOPETUIECKHUE
W DKCIEPUMEHTaJbHBIE  HCCIENOBaHUSA IO
pactpoCcTpaHEeHUIO BOJIH YIUIOTHEHUS u
paspsKeHus B TpPyOOIPOBOAAX.

3amaumr O  pacHmpOCTpaHEHWHW  BOJH
YIUIOTHEHUS U Pa3psLKEHUs! IPEICTaBISIFOT 0COObIH
WHTEpeC Js HayKd W TPaKTUKH. MHOTOKpaTHBIE
MOBTOPEHMSI TAKUX BOJH NPUBOAUT TOTEPH
LEJIOCTHOCTH ~ TpyOompoBoxa. IlpuBegem nBa
npumMepa, KOTOpbIE JEMOHCTPUPYIOT
pa3pyUINTENbHBIE  TOCIEACTBHS  MOBTOPEHUH
YepeoBaHus BOJH YIUNIOTHEHUS U pa3psuKeHUsI.

Ilyck u ocTaHOBKa arperatoB HAaCOCHBIX
CTaHIIUHA COMPOBOXIAeTcs 0Opa3oBaHWEM BOIH

BO3MYUIEHU M IaBJICHUS B OOJIBIIHNX,
pa3pyImHATEIbHBIX HHTEpBaNax [4].
B memoM, wu3ydeHMHM  OCOOEHHOCTEH

00pa3oBaHMsA W PACIpPOCTPAHEHHUS yIapHBIX BOJH
npeAcTaBisieT Oonblioil  wHTEpec. TpyaHOCTD
mporiecca M3ydeHUs yIOapHBIX BOJH CBs3aHa CO
CKayKaMH I[oKa3zaTened. OTO OTHOCUTCS U K
TEOPETHYECKUM FWCCIENOBAHMSIM, W CTEHIOBBIM
ucciefoBaHusM. B mepBom  ciydae 31O
00ycroBIeHO WCTIOJIb30BaHUEM (hyHKIIN
X»aBucaiina [5] wnu ke BBeleHueM OETyIIuX BOJH U
pa3pabOTKOW aJeKBAaTHBIX YHCIEHHBIX METOI0B
[6,7]. Bo BTOpOM Citydae 3T0 CBsi3aHO pa3paboTKOM
M WCIOJh30BaHMEM MEHEe WHEPIMOHHBIX CHCTEM
W3MEpPeHHUsT C  TOMJEPKKOH  COBPEMEHHBIX
KOMITHIOTEPHBIX TEXHOJIOTHIA [8,9].

Hcxons w3 »THX OCOOEHHOCTEW yHapHOM
BOJIHBI U TIOTPEOHOCTEH MHKEHEPHOW MPAaKTUKU K
WCCIIEZIOBAHUSM, HIDKE paccMaTpuBaeTcs
3JIEMEHTAPHBIN penbeHbIHI Y4acTOK
TpyOOIIpOBOAa, B 000MX KOHIIAX KOTOPOTO 33JaHbI
3aKOHBl M3MEHEHHUS CKOPOCTH 10 BPEMEHHU.
HauanpHple pacmpeneneHusi CKOPOCTH W ee
NPOM3BOJHON MO BPEMEHH HW3BECTHBIL 1pedyercs
pemmTh 3amady wmerogoM @Dyppe B paMKax
kBasuogHoMepHoi Moaenu H.E. J)KykoBckoro.

[Ipennaraercst oOumwii BapHaHT pELICHHUA
3a/1a4d C YYE€TOM CHJIOBBIX (haKTOPOB MO TPEHHUIO,
TPaBUTAIlMM W JIOKAITBHOW COCTABIISIOMICH CHIIBI
HMHEPIUH MPU MEPEMEHHBIX BXOJHBIX U BBIXOJIHBIX

103
CKOpOCTsX. UHCIeHHBIE PE3YIbTAThl OTYUICHBI TS
MOCTOSIHHBIX 3HAYeHUH QyHKIMHA, GUTypUpPYIOIIUX
B HayaJbHBIX M IPAHUYHBIX yCJIOBHAX. B oTmmume
OT W3BECTHBIX pEIIEHUH 31eCh YYHUTHIBACTCA
penbed Tpacchl MPOKIaIKK TPYyOOIpoBOIa.
IlocTanoBKa M MeTO pelIeHUA 3a1a49U

IJ_—[I/IHaMI/I‘ICCKOG COCTOSIHUEC KHUJIKOCTH B

JJIEMEHTApPHOM  y4acTKke TpyOompoBoma  mpu
£ ~CONst onwceiBaeTcs ypaBuenusimu [2,10]:
oP ( ow
——=p| —+2aw |,
ox ot
1)
P _ W
ot X

3nece P(x,t)=p(xt)+ p0y(X) — momHoe
TUIPOCTaTHYECKOE JABJICHHE, TPEICTABIISAIOIIEE
Mepy MOTepH YHepruu Kuakoctr; P(X,t), w(x,t)
— CpEJIHME MO CEYEHHIO X 3HAYCHHUs NABIICHUS H

CKOPOCTH IIOTOKa B MOMEHT BpeMmeHH t; y(X) —

AW,
HUBETUPHAS BHICOTA OCH TPyOOTpoOBOa; a = 4D ;

W, — XapaKTepHasi CKOPOCTb Ipoliecca — mapamerp

ocpenHeHus; A — KO3(D(OHUIMCHT COMPOTUBICHUS
-1/2

TPEHMUS; c= &+% - CKOpPOCTH
k Eo&

pacmpocTpaHeHHS MaJIBIX BO3MYIIICHHUH JaBICHUS B

cucTeMe TpyOa-)KUIKOCTh, p,, D — MIOTHOCTH

KUAKOCTH HW  AWaMeTp  TpyOompoBoja B

HEBO3MYIIICHHOM cocrostuuu; K, E — momynu

VOPYTOCTH  TPAHCIOPTUPYEMOW  JKUIKOCTH H

TpyOBbI; O — TomiHa TpyOs [10].

Vckmouenue mosnHoro Hamopa P (X,t) npu
MOCTOSIHHOM 3HAY€HHU IUIOMAJH TONEePEYHOrO
ceuenus TpyOs f = 7D /4 mo3BOIAET HOCTPOHTH
OT/IeNIbHOE YPaBHEHHE OTHOCUTEIBLHO CKOPOCTH:

, O°w

OT0 — HeNoyiHOe TenerpagHoe ypaBHEHHE
[17,16].

PaccmarpuBaeTcss BapuaHT HauyaJbHBIX
YCJIOBUH:
wx0) =W (), S - (),

FpaHI/I‘IHI)Ie YCII0BUA 3aJaHbl B BUIC
w(0,t) =W(t), w(l,t) =w(t).
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CormacHO 3TUM JaHHBIM U TIEPBOMY
YPaBHEHUIO HUCXOAHOM CHCTEMBI HadalbHBIM
YCIIOBHEM JUIs ITOJIHOT'O HAIIOPa CITY>KUT

P(X,O) = Poo _pj[m'(t) (77) +2aw'” (n)}dn '

TIe  Pyo
CEYEHHH.

Eciu ke BTOpOE YCIIOBHE 3a/1aHO B BHJIE
P(x,0)=py(X), TO ¢ mNpHBICYCHHEM IEPBOTO

— Ha4dYaJIbHOC JaBJICHHC BO BXOJHOM

ypaBHEHHsT HCXOJHOH CHCTEMBI €ro MOYHO
npeoOpa3oBarh, T.e. JABa BHAA BTOPOTO YCIOBHS
HPHBOJIIT K OJTMHAKOBOMY PE3YJIbTaTYy.

[lpuBeneM  TpaHUYHBIE  YCIOBUS K
OJHOpPOIHOMY BHUIy. [ljisi 3TOM IeNH BBOIMUTCS
HOBas Wckomas QyHkuus U(X,t) cormacHo
3aBHCUMOCTH

w(x,t)=Cy(t)+XxC,(t)+u(x,t).
Onpenenensl 3HaueHUs QYHKIUH
_ W(t)—w(t)
Co(t)=W(t), C.(t) S
KOTOpBIC IO3BOJIIIOT HPEJICTABUTh T'PAHUYHbIC
YCJIOBUSL B OZTHOPOIHOM BHJIE:
u(0,t) =0, u(l,t)=0.

IIpu sTOM caMO ypaBHEHHE CTaHOBUTCS

HEOOHOPOAHBIM
o%u au o%u
¥+2aazczy— (t)—XR(t)

Ono pemacTCd MPU HOBBIX HAYaJIbHBLIX
YCIIOBUAX

u(x,0) =w (x) - C,(0) - C,(0)x,

ou(x,0 , ,
(at ):W(‘)(x)—CO(O)—Cl(O)x
nu HpI/I HN3BCCTHBIX y>1<e O,ZIHOpOI[HI:IX FpaHI/I‘IHI:IX
YCJ'IOBI/IHX.

31ech U aee mojb3yeMcsi 0003HaYCHUSIMU
H(t) =C;(t) + 2aC; (t), R(t) =C/(t)+2aC/(t).
IMpuctymuM K  pENICHHIO  ypaBHEHHS
OTHOCHTEIIBHO  BCIIOMOTATeNIbHOW  (DyHKIHUH.
VpaBHEHHST W  KpaeBble YCIOBUS  SBJISIOTCS
JIUHEWHBIMH. OJTO O0O0Jeryaer MpoIece peleHus
3aJaud, W pEIICHHE WIIEM B BHIC CYMMBI
cynepro3unuu AByx pemenuii [10,11].
IlepBoe cmaraemoe U(X,t)
OOIIMM PEIICHUEM OJJHOPOTHOTO YPaBHECHUS
U ou  ,o0U
—+2a—=¢C
ot? ot ox?
npu 3amanneix rpapmgaeix U (0,t) =0, U(I,t) =0

SABIISICTCA

1 HaYaJIbHbIX YCJIOBUAX

104
U (x,0) =w” (x) = C,(0) - C, (0)x,

ou (X, 0) _ W(t)
ot
Bropoe cmaraemoe V(X,t) mpeacraBiseT

(x)—C4(0) - C;(0)x.

YaCTHOE pEUIEHUE HEOJHOPOJHOIO YpAaBHEHUS B
COOTBETCTBHH C NPABOU YaCThIO

N N L,V
C12al =2 _H@1) - xR(),
e ot PV () —xR(t)
KOTOpOe pemaeTCﬂ HpI/I Hy.]'IGBLIX HadaJIbHBIX
vix,0)=0, Y0 _,

U OJTHOPOJIHBIX TPAHUYHBIX YCIOBUAX
V(0,1)=0, V(l,t)=0.
Chauana
ypaBHEHHE.
Ilonoxum, 4TO
U(x,t) = X(X)Y (1),
U MPUXOJUM K YPABHEHUSIM:
Y'(t)+2ay'(t)  X"(x) 2
cY()  X(x)
3anaua llItypma-JlnyBunis no koopAauHate
x maer [10,11,12]

X, (X)=sin A x, 4, :nl—”, ||xn(x)||2 :lz_

pemraercs OJTHOPOJIHOE

IIpu 3TOM 1111 oTIpeneneHrs MHOKUTENS B
BU/I€ COOCTBEHHOH (YHKLHUH OT BPEMEHH HMEEM
ypaBHEHUE

Y. (t)+2aY, (t) +c*A%Y, (t) =0. (2)
C yuyeroM 5THX BO3MOXKHBIX BapHaHTOB
D,>0, D,=0 u D,<0 gna Y,(t) nomydum

pelieHue:
e (A]Ch\/D_ntJr anh\/D_nt) npu D, >0,

e (A +Bt) npu D, =0,

e (A] cosMH B, sin Jﬂt) npu D, <0.

COOTBETCTBEHHO, obi1ee
OJIHOPOJTHOTO YPAaBHEHUS COCTABIISET

U (x,t) =D Y, (t)sin A x.
n=1
Ilepexomum K peanu3aldud TI'PaHUYHBIX
yclaoBUH  0OIIero  pemeHduss  OJHOPOIHOTO
YpaBHEHHUSL.
W3 mepBoro HavanpbHOro YycioBus (mpu
t=0) cnenyer:

iﬁh sin 2,x =W (x) = C, (0) - xC,(0).

Yn (t) =

peleHne
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YMHOXXHUM CTOPOH 3TOTO ypaBHEHHS Ha
sinA,xdx wu wHTerpupyem ot myias mo | . B

pe3ynbpTare noJly4yuM
A X, () =W, ~C,(0)S, ~C,(0)K,,

rie

W, = _I[W(O) (x)sin 4, xdx,

|
. I
S =|sinAxdx=—I|1-(-D" |,
. J Xdx=——[1-(-1)" |
I |2 n+l
K, =|xsin4 xdx=—(-1) .
o =[xsinxdx = (-1)
Ortcroza onpenenim
2
A1 :T[Wn _CO(O)Sn _Cl(O)Kn]
Bropoe HawangbHOE YCIIOBHE CBSI3aHO C
npousBoiHO# oT hyHkiu U (X,t) 1o BpeMeHu npu
t=0.

Haxoanm

(—aBn +x/D_nA1 )sthTt +
e™ npu D, >0,

+(—aA1 +\jD_an)ch\/D_nt

e™[-a(A +B,t)+B, | npu D, =0,

(—aBn —\/|D_H|A1)sin JD,t+

Yy (t) =

+(—aA1 +\j|D_n|Bn)cos\/D_nt

Brraucioum

-aA, +/D,B, npu D, >0,

Y,(0)=<-aA, +B, npu D, =0, =—ad, +y,B,,

—aA, +,/|Dn|Bn npu D, <0

\/D_n npu D, >0,

rae y, =41 npu D, =0,
|Dn| npu D, <O0.
Tormpa  BTOpOE€  HayallbHOE  YCJIOBHUE

nproOpeTaer BUL:

3 (-aA, +7,8,)sin 2,x =at") (x) - C; (0) ~ xCJ(0).

e npu D, <0.
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[Mpumenenue OPTOHOPMHUPOBAHHOCTHU
COOCTBEHHBIX  (YHKIHI 1O X , TIpH

t
w = .[W(t) (77)sin A,ndn , npuBOANT K paBEeHCTBY
0

I ! !
(_a‘A1 + 7 Bn)z :Wn(t) _CO (O)Sn _Cl(o) Kn'

Orcrona HaX0JIUM 3HAYCHUS

KOA(pUIHEHTOB
B, = A+ 2 [ —Cy(0)3, ~CIO)K, ]

Yo o 7l

Omnpenenensl 3HaUYCHUS KOA(DQUITMEHTOB
o0miero pemieHWss OJHOPOJHOTO  ypaBHEHHS.
Temnepb TepexoquM K PENICHHUIO HEOJHOPOJHOTO
ypaBHEHHUSL.

ITonaraem, 9to

V(x,t)=> L (t)sinAx,
n=1

TeM BBIMOJTHSIEM rpaHUYHbIC YCIOBUS
V(0,t)=0, V(l,t)=0.

[lopcraHoBKa  JAHHOTO  pEUICHUS B

HEOJTHOPOTHOE ypaBHEHHE MPUBOANT K YPAaBHEHHIO

0

D[ Lr(t)+2aL; (t) + ¢ A7L, (1) ]sin A, x = —H (t) - XR(1) .

n=1

HCHOJ’IBByeM yCJ10BUsA
OPTOHOPMUPOBAHHOCTH COOCTBEHHBIX  (DYHKITHIA
X, (X) =sin A, X:

L) +28L 0+ 471, 0 = S[-H(OS, ~ROK, |- (3)

IIpu t=0 umeem ycmosue L,(0)=0. U3
oV (x,0)
N _

BTOpOro Ha4yaJIbHOI'O yCl10BHUA 0

cinenyert, urto L (0)=0.

B nemmom, paccmaTpuBaroTcs cirydau, KOraa
dynxumn L (t)  ompeneneHst
TakoMy KiacCcy OTHOCATCS Ciy4yahd JIMHEWHOH,
9KCIOHEHI[UAIbHOM,  TPUTOHOMETPUYECKOH U
HEKOTOPBIX JpYrux (QOpM 3aiaHus TPaHUYHBIX
yCIIOBUU AJist cKopocTH. IIpu 3TOM OKOHYATEIBHOE
pelieHue i BCroMorareibHo# GpyHkuu . u(X,t) .

AHAJIMTHYCCKH.

OTIPEIEIIACTCS B BH/IE
u(x,t) =D [Y,(t)+ L, (t)]sin A,x.
n=1

HCPCXOZ[H 06paTHO, IMOJIy4nuM pCIHICHUC
3aaa4du 1o CKOpOCTU

WX, t) = Cy () + XCy () + D[V, (©) + L, (©)]sin A,x .
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COMPUTER SCIENCES
Pemenne 3a1aud OTHOCUTEIIBHO ABJICHUS

HAXOJUM, HWHTEIPUPYS  HCXOJHYIO  CHUCTEMY
KBa3HOJHOMEPHBIX YPAaBHEHUN.
B nmepeom mare pemenus  P(X,t)
obpaTtumest KO BTOPOMY ypaBHEHHUIO
oP , OW .
— =—pC° — HCXOJHOW CUCTEMBI.
ot OX
Haxoanm
ow(x,t) &
™ =C(t) + D A, [Y, (1) + L, (t)]cos A, x .
n=1

B pesynbTare MHTErpUpPOBaHUS BTOPOTO
YpaBHEHUS HCXOAHOM CUCTEMBI OIY4YUM (QOPMYITY
JUISL aBJICHUS:

P(x,t) =—pc{Cf°) (t)+i/1n [Y(O) (t)+ L (t)]cosﬂ X |+ p

n=1
31ech

[C@=COW u [L@)do=100),

YO(t) = jvn (6)do =

2/12[( Aa- BJ_)(e’atch\/_t 1)
+(—A1\/D_n— Bna)e’a‘sh\/D_nt} npu D, >0,

ot —at e
1-e +Bn(—te J1e j npu D, =0,
a

A,

a a

2/12[( Aa- Br)( cos\/|D_n|t—1)+
+(Aﬂﬁ— Bna)e_atsin ﬁt} npu D, <0.

HpI/I HUCIIOJIb30BAHWU PCHICHUA JIA Ciiydasd
a—0 (xorma cua TpeHus MPeHEOPEKUMO Masia) B

seipakernn Y (”(t)  HeoOXOAMMO  yYHTHIBATH
3HAYEHHUS MIPE/ICIIOB
. 1-e™ te™ 1-e®
e 51, —>t, ———+ —t°
a a’
Y TIPHHSATD

te ™ 1 e
+BH(— 2 72 H At+
P, (X)

HOCTOSHHOTO MHTErPUPOBAHUS 1O BpeMeHH. J[is
OmpejieNieHHss  €ro  o0paTuMcsi K [EPBOMY
YpaBHEHHUIO UCXOIHOM crucTeMsr (1).

. 1-e*
im A1

3meck  Hamo OMpeACINTL 3HAYCHUC
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Brraucium

—apé’;'t) = oY R [YO ) +LO 1) Jsin Ax+ pl(x)
n=1

)44

= Cy(t)+ xC{(t) + S [Y,(®) + L (®)]sin A,x.

ow(x,t)
ot

STI/I BBIpaXXCHHUA W  BBIPAXKCHUC  IJId
ckopoct W(X,1) BCTaBUM B IIEpBOE ypaBHCHHE

cuctemsl (1):

o3 AZ [YO )+ L @) Jsin Ax - pl(x) =

n=1

—pLC (t)+xC, (t)+Z[Y (t)+ L, (t)]sin 4, x}
X)-

+2a,o[c0 (t) + xC,(t) + Z[Yn (t)+ L, (t)]sin ﬁnx}.

OT1croza HaXO QUM

p[Cq(t)+2aC, (t)]— p[C|(t) + 2aC,(t) ] x—

p(x)=—

- pz[vn'(t) +2aY, (1) + ¢ A2Y 0 (1) Jsin 4,x -
n=1

—pY [ Li(t)+2aL, (t) + ¢ A7LY (1) Jsin 2,x
n=1
[Ipeobpazyem nepByr cymmy
S V1) +2aY, (1) + A2, (1) Jsin 4,x =

n=1

o t
= [Y (6) + 2aY, (6) + c2A%Y, (9)}1 gsin 2, x =
0

n=1

8

=>"c,sinA,x=E(x).
n=1

AHaJOrM4YHO
CyMMOMH:

0

[L (t) + 2aL, (t) + c2A2

MOCTYIIUM  CO  BTOPOH

L© (t)}sin A X=

:

1]
Az

t
[[Lr(6) + 2aL; (0) + c* 471, (6) ]dO sin 2,x =
0

2
|

Il
[SY S———

[-H(6)S, —~R(O)K, ]dg =|3[—H Ot)s, - R<°>KJ.

IIpu noscTaHOBKE MOJIYYEHHBIX 3HAYEHUN CyMM

HNMEEM
=PI+ 26, 0] [CL0 + 22C, 0]
~PE(M+ 2 HOWS, +RUK, |-

:—p{Cé(t)+2aCo(t)—l—[ \©)S, + RO MK, ﬂ

-p[C/(t)+2aC,(t) | x + pE(X).
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Teneps unrerpupyem no X:

107

Takum  oOpa3oMm,  BBIACHSETCA,  YTO

P (x )=—p{c (t) +2aC, (t)——[ S, +R' (t)lfﬁ}:‘“’le smasennn cxopocrn W(t), W(t) -

-vﬂcx0+2maaﬂ§;+ijendn

BcraBum  momydeHHoe
(dbopMyITy 1T TaBIICHUS:
C;(t)+2aC,(t) -
MK0=p&qm0%47_2[
I

BBIpAXXCHHUE B

, X
-p[C/(t)+ 2aC1(t)]? +
+pC? iin [Yn(o’ (t)+L© (t)]cos(lnx +,)
n=1

+ijOndn

3HauyeHUE MOCIIEHEr0 HHTErPaia OTPeIeseTCs
COTJIACHO HAYaJbHOMY PaCIpeIEICHHIO TaBICHUSL
10 JUIMHE Y4acTKa, KOTOPO€E BBITEKAET U3 TIEPBOTO
ypaBHeHuUs cuctemsl (1):
() Jn.

(40 = P — ] (W (1)

ITpu t=0 useHbl, BbIICICHHBIC BEPXHUM
uHnekcoM  «0» W 3armaBHBIMH - OyKBaMmu,
MpeBpamaTcs B Hylb. B CBiI3W ¢ 3TUM ams
ONpeAcNeHns 3HAUeHHUA HHTErpana MOIy4yuM

PaBEHCTBO:
pj[

+ 2aw

)+ 2aw'’ )(n)]dn =

2

=-p[Cy(t) +2aC, (1) |x— p[C/(t) + 2acl(t)]% +

ﬂJE@WU

Orcrola HaXOguM 3HAYCHHE WHTErpajia

X
IE(n)dn Y BCTaBUM B ()OpMYJTy JUIsl AaBJICHUS:

p0ut) = o — [ W (7

0

—pc? {Cl(o) (t)+ iﬂn [Yn(‘” (t)+ L (t)] CoS ﬂnx}.

n=1

)+ 2aw'’ )(n)}dn -

3necs GO (t)

=%l[w(ey-w(e[be.

'©)S, + RO DK, ]

Hbl OBITH JBaXABl JUPPEpeHIUpPYEMbIE U

WHTETpUpyeMble (YHKIWH, a BBIPAXKCHUA IS

X) n X) — uHTErpUpyeMbIe PyHKIUN.
W (x) w w pHpY y

Mgl nemoHCTpHUpOBaIH (OPMATBHBIA X0/
pemieHus 3amadd. B mpormecce pemeHus 3agadu
w(x,t) u  p(xt)

OPpONU3BOAHBIC n HUHTCTpPAaJIbI cyuTalin

OTHOCHUTCIIbHO OTACIIBbHBIC

yKe

XHM3BCCTHBIMMU. Ho IIpyu pacueTax OrpaHMYMBaACMCA

TOJIBKO PAcCMOTPEHHEM 3aJad O TEPEXOIHBIX
nporeccax. /Jnsg kaxgoro w3 ciydaeB Oynem
MPUBOAUTH KOHKPETHBIC 3HAUYCHUS TPOU3BOAHBIX U
WHTETPAaJIOB.

Pe3yﬂbTaTbI H UX Oﬁcymeﬂﬂe
B Bapuante | pacuer mpoBOAMIM THpH
Weo=0mlc, wW=w®=5xn/c

IMOKOAIEMCA YYaCTKC I10J BBICOKHMM JaBJICHUEM
7.0MIla na BXOJe Hayallo MOCTYHATh XHUIKOCTh

Te B

CO CKOpocThl0 5m/c , a W3 BHIXOJAa HavaIu
0TOMpATh KUIKOCTh CO CKOpocThio 5 M/ c. Macca
KHUIKOCTH HA YYaCTKE — IIOCTOSTHHAS.

w, m/s
10
AT 1 1
N, / \ |\
— ! )
4 j' N i
|\ - ! /
? \
0 -u_,_ —_ . — j — l, m
0 240 480 720 960 1200
0 5 10 15
—_—--20 25 — =30 35
-=== 40 45 50

Puc. 1. I'paduku cKOpOCTH 1O JUTMHE y4acTKa,
MOJTy4EHHBIE B IIEPBBIX JECATH IIarax BpeMeEHH C
unTepsanoM |/(10c). 1=1200 », D=0.2 u,

A=0.018, w.=5m/c, ¢=1200 m/c,
Wy =0 /e, W =w® =5 /¢,
Py = 7.00 Mlla

Ha puc. 1 npeacTaBieHbl KPUBBIE CKOPOCTH
B Pa3JIMYHBIX [Iarax BPEMEHH MEPBOTO YCIOBHOTO
EpHOIa.

B nanHoM BapuaHTe YCJIOBHBIA MEPUOJ
npolecca OTHOCHTENLHO NoKaszarenei pasen |/ c.
Hwmxnuue kpussie (mpu tc/ (101)=0, 5, 10, 15, 20)
OTHOCATCS TIEPBOM TIOJOBUHE YCIOBHOIO IIEPHOJIA.
ITporecc  BO3pacTaHvs CKOPOCTH HAYHHAETCS
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OJHOBPEMEHHO M3 JBYX KOHIIOB y9acTKa: OT HYJIS
10 5 m/c. BomHBI IMOCTENEHHO IIEPEMEIIAIOTCS

tc/ (101)=25
BCTpPEYAlOT, OOpa3ylo MOYTH MPSMON JMHHUUA C
MOCTOSIHHON ~ ckopoctd 5 .m/c I[Ipu sTom

MpUOIMKEHUE K CePeIHE YIacTKa MPOUCXOUT C
moTepel ompeneneHHOn ckopocTtr. CKIIaabIBasCh
ATUX HMITYJIbCHl, JOBOIAT CKOPOCTH JI0 HOBOTO
3Ha4YeHHWA,  KOTOpas  YyXe  MEHbIIe  YeM
2-5mlc=10m/c IMocne  3TOro  BOJHBI

VIUIOTHEHUS W Pa3psHKCHHSI TPOAOIDKAIOT CBOHU
JIBIDKEHUS 1O JOCTWKEHUS KOHLOB ydacTka. Ho
OISITh TIPOUCXOIUT CHWKCHHE 3HAUYCHHU CKadKa
CKOPOCTH Ha OTPEJEICHHOE 3HAUCHHE.

JocTurHyB  KOHIIBI ~ y4acTKa,  BOJHBI
MEPEBOPAYMBAIOTCS W CTPEMSTCS OOpaTHO K
B3aUMHOM BcTpede. B ominymne oT nepBhIX YEThIpEX
HIDKHUX TpaduKOB, 37eCh B HIDKHHUX 3BEHBSX
CKOpOCTh ~ HMEET yX€ He  HyJleBoe, a
MpHONM3UTENRHO eAMHWYHOE 3HadeHwe. [lpu
BO3BPAILIEHUU BOJIH TMOBTOPSETCS MPOIECC, HO C
MEHBIIMM HauOoJpIIMM 3HadeHueM. M 1.1, B
HEYETHBIX YCIIOBHBIX IIEPHOAAX MpeodpazyeTcs
BEpXHSST OTHOAIONIAs JIMHYS KPUBBIX NTaBJICHUS, a B
YETHBIX — HWKHSSA Oruoammas. ITo CyXKICHUE
MOATBEPXKIACTCS TaKkKe TpaduKkamMu puc. 2,
KOTOpbIE€ NPEICTABISIOT PE3YJbTATOB HU3MEHEHUS
CKOPOCTH o BpPEMEHU TS CEeYeHUi
Xx=24, 600,912 u 1176 Mm. 3nece MOYHO
HAOJIOZaTh 32  XapaKTepOM  IOCTEICHHOTO

mepexosa K PEeXHMY C ITOCTOSHHOW CKOPOCTBIO
S5mlc.

BCTPCYHO. HpI/I OHM B3aMMHO

w, m/s
10

lllﬁ“l'l'-'qq-—‘ - s e = = -

ct/(501)
100 200 300 400 500 600

X=24 m X=600m = = =x=1176m

Puc. 2. 'paduku cKOpOCTH OTOKA B PA3IHYHBIX
CEUECHMSIX y4dacTka. JlaHHbIe cM. puc. 1

[lpu wucnonp3oBaHuu Oojiee KPYHHOTO
WHTEepBajga BpeMmMeHH (puc. 3) TIPOSBISIETCS
9KCIOHEHIIMAJIBHOE yObIBaHUE aMIUTATY B
nasienus. llpm SToM TipenenbHBIE 3HAYEHUS
JaBIEHUS B KOHIAX U CEpPEeJUHE yvacTKa
COTJIACYIOTCSI HOBBIMH 3HAY€HHAMH CKOPOCTH

108
notoka. B cepeanHe ydwacTka yCTaHOBHJIOCH
3Ha4YeHHe, KOTOpoe OBI0 TPHUHATO B HaJale
mporiecca.

p, 0.1 MPa
140
120 1‘
100 1 h (
80 innn -
AR A~~~
60 J ! U _n.ﬂ.ﬂ.ﬂ-f\-l‘--
40 ﬂ.
N
20 N
. N ct/(501)
0 100 200 300 400 500 600
X=24 m X=600 m x=1176 m

Puc. 3. I3meHeHue naBieHus M0 BPEMEHHU B
pa3IMYHBIX ceYeHHAX TpyOompoBoaa. JlaHHbIE CM.

puc. 1
Bo Bcex BapuaHTax  OTHOCUTEJIBHO
CKOpOCTH IIOTOKa IONYy4YEHBl IIEPUOIUYECKUE
0 1
pewenus. Ilpu w® 5wt MOJIYYUIId PELICHUsA ¢

nepronom 2¢/ 1, a mpu W =w — ¢ nepuogom
cll. B cnyqae a#0 5TH BEIMUUHBI COCTABIISAIH
YCIIOBHBIE  TIEPUOJl, BBIPAKAIOIINE  XapaKTep
M3MEHEHHUs TMoKa3areneid B yvacTtke. IIpu stom
CTYNEeHbKH B TpauKax CKOPOCTH, OTHACIsIeMbIe
CKadyKaMM CKOPOCTH U TpaHWYHBIMHU YCJIOBUAMM,
MOJNYYMIIUCh ~ CTPOTO TOPH3OHTAIGHBIMA. T.e.
WHTEPBAI W3MCHEHHUS CKOPOCTH TMPHU CKayKax
OCTaeTcsl OAWHAKOBBIM TIPH  PaclpOCTpaHEHHUH
OJTHOCTOPOHHUX BO3MyIIeHUH. [Ipu BcTpeue BOIH
VIUDIOTHEHUSI W pa3psbkeHus, 00pa3oBaHHBIX
OJIMHAKOBBIMU TPaHUYHBIMH CKOPOCTSIMH,
HaOJII0JaeTCsl MTHOBEHHAS B3aMHAsi KOMTICHCAIIHS
U ONPOKUIBIBAHUS BOJH, KOTOPBIC MPOJODKAIOT
PacIpOCTPaHATHCS Hajibiie 6e3 oTeps (pHc. 4).

w, m/s
|

46

g

3,8

34

I
:

e —

1

| |
| [
| 1
\ \ \ | |
| V|
N e |
0 10 20 30 40 50 60 70 80 90 100
X=24 m Xx=600 m
x=912 m — e x=1176 m

Puc. 4. I'paduku cKOpOCTH 1O BPEMEHH B Pa3HbIX
ceueHusx yuactka npu a=0. wy, =5m/c,

WO =w =4 u/c

Kak BHAHO W3 pUCYHKa, IpU TEpexone K
HOBOMY 3HAQUCHHIO CKOPOCTH € 00EHX CTOpOH

ct/(501)
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COMPUTER SCIENCES
y4acTKa HMHTEpPBaJl U3MEHEHHS CKOPOCTH CTPOro
COCTAaBIISAET . AMIUIMTY1a U3MEHEHU N CKOPOCTH IPU
OJHOCTOPOHHHUX BO3MYILIEHUAX HaXOQUTCA B
UWHTEpBaie ¢ AauHOM. TumuyHble UIsI TaKoOro
ciy4das rpad)uKu IPUBEICHBI PUC. 5.

w, m/s

48 4
46 1t
4,4 {4
1
|

[
[

4,2

|
i
i

| -_cu[501)

0 10 20 30 40 50 60 70 80 90 100

x=24m e« = x=600 m

—X=912 M - e =x=1176m
Puc. 5. U3menenus CKOpPOCTHU IMOTOKA IO BpCMCHU
B OTHOM NE€pHOAC B PA3JIMYHbIX CCUCHUAX. d = O,

Wy, =W =5 x /¢, wY =4 /e

IToCTOSHCTBO 3HA4YEHHWH B CTYIEHBKAax
rpaMKOB OCTaeTcss B CHIE W JUIL PE3YJIHTaTOB
pacdeTa 1o aaBieHui0. [IeprHOIUYHOCTD peIIeHHs
10 JIABJIEHUIO HaOIroMaeTest npu [Ipy MPOMCXOAUT
MOBCEMECTHOE BO3pAacTaHWE [aBJICHUS B KOHIIE
Kaxaoro mepuozaa (puc. 6).

p, 0.1 MPa
140
120 _ | TT

o |
100 -
r - ,_’_’_l_l - d

80 l' [ ;
60 : . . . ct/(501)

0 50 100 150 200 250

- = =Xx=24m x=600 m

Xx=912 m — e Xx=1176 M

Puc. 6. IToBcemecTHOE BO3pacTaHUE JaBICHUS IIPU
0 1
WOO:W():SM/C, w =4 u/c
[lpu Habnromaercs MPOTHBOMOJIOKHBIN
a¢dexr. Ho B 000ux ciaydasx MpH HCKIIOYEHHUH

WiCHa CO MHOXUTCICEM IIOJYy4YacTCd OJUMHAKOBOEC
pEMICHUE IJI1 OTACIIBbHO B3ATBIX IIEPHUOJ0B.

3AK/ITIOYEHHUE
Pemienne 3agaum 1o CKOPOCTH MOTOKA
TOJTYYEHO METOJIOM Dypbe B BUJIC

(YHKUMOHAIBHOTO PsAa, a pelIeHHe MO0 JaBJICHHS
MOJTy4YeHO IIyTeM WHTETPUPOBAHUS HCXOHBIX
YpaBHEHUH NPU U3BECTHOM PEUICHNH IO CKOPOCTH.

Jna ciydaeB, xoraa (GyHKIMHA B KPaeBbIX
YCIOBUSIX ~ HMMEIOT  IIOCTOSIHHbIE  3HAa4YeHus,
COCTaB/ieHa @porpaMMa pacueTa U IPOBEICH

109
BBEIYUCIIATEILHBIN OKCIICPUMEHT C Y4YE€TOM H oe3
ydeTa CHJIbl COTIPOTUBIICHUS TPEHUSI.

N3yuensl BapHaHTHI IIEPEXOTHBIX
MPOIECCOB B YCIOBHSIX  JIMHEAPU30BAHHOTO
KBaJ[PATUYHOTO 3aKOHA CONPOTHBICHHS, KOTJa
Macca )KHJIKOCTH Ha y4acTKe MOCTOSIHHAS, THHEHHO
BO3pacTaroliias W JIMHCHHO  yObIBarolass B
3aBUCHMOCTH oT BpEMEHHU. BrisiBnenst
OCOOCHHOCTH PACHpPOCTPAHCHHS U  OTPAXKCHUS
OJTHO- ¥ IByXCTOPOHHUX BO3MYIIICHUH CKOPOCTH B
3JIEMEHTapHOM y4acTKe TpybonpoBosa,
CTpeMsIIiecss TEepPEeCTPOUTh TIOISI CKOPOCTH |
JIABJICHUS] COTJIACHO HOBBIM T'PAHUYHBIM yCIOBHUIM
¢ oOpa3oBaHMEM CBOCOOpPA3HBIX OTHOAIOIIHX
KpUBBIX.

C mnpuBnedYeHWEM HAWIEHHOTO 3HAYEHUS
CKOPOCTH W HCXOJHBIX YPaBHEHUH IIOIY4EHO
pelieHre 3a1a4u IS [TOJIHOTO Haropa, KOTOPbIi B
ciydae TOPU30HTAIHLHOTO TpyOoIpoBoaa
MEPEXOaUT OOBIYHOMY JaBicHHIO. B  ciydae
MTOJIOKUATENILHON  pa3HUIle MEXITy BXOAHOW U
BBIXOJHOH CKOPOCTSIMH OXHJIAeTCS MOHOTOHHOE
BO3pacTaHWe JaBlieHWss B y4acTKe, a IpH
OTpHUIATEIbHOMN pa3HUIle — MOHOTOHHOE yObIBaHHUE.
CKopoCcTh W3MEHEHHs CPETHEro JaBleHHWS B
3JIEMEHTapHOM y4acTke MIPOIOPIUOHATBHA
BEJIMYMHE PA3HOCTH MEXKIY BXOAHOU ckopoctu B
CBA3U C OTUM IIpU PCHICHHUC 3aJa4d UMECT CMBbICJI
TOJIBKO IIPpH MAJIBIX OTPE3Kax BPEMCHU.

PesynbraTel  paboTBl  MONy4YEHBI  JIS
pa3BUTOTO TYpOYIEHTHOTO pEXUMa TEYEeHUS U
KpYTJIOro CeYeHUs TpyOOIpOBOIA. s
NIpUMEHEHU A pe3ynpTaToB npu pacuere
TpyOoIpoBoia ¢ npyrod (opMoil TOMEPEeYHOTO
CCUCHHUA BMECTO AMaMETpa MOXKHO HCIIOJIB30BAaTh
YABOEHHBIN SYKBUBAJICHTHBIN pagnyc TpyOOTIpoBoIa.

CraThsi BBINIOJIHEHA 3a CYET OFOPKETHOTO

¢unancupoBanust ~ MHCTHTYyTa  MEXaHUKH U
CENCMOCTOMKOCTH COOpYKEHUU UM.
M.T.Ypa3baeBa AH PVY3.
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NEW COMBINATORIAL IDENTITIES BASED ON THE DISTRIBUTION OF
CODEWORDS OVER HYPERCUBE FACES

J. K. Abdurakhmanov
Andijan State University, 170100, Republic of Uzbekistan, Andijan city, st. Universitet, 129
E-mail: abduraxmanov@adu.uz

2025 yil 2-iyulda berilgan; 2025 yil 1-noyabrda chop etish uchun gabul gilingan

AHHoTauusa. Mbi npedcmasrnsem HoO8yt0 cmpykmypy Ons U3y4eHUs: KOMOUHamopHbIX moxoecms
yepes pacripedenieHuli KoO08bIX C/108 M0 epaHsam aunepkyba. Mbi Ookasbieaem, 4ymo Onsa 1106020
noOmMHoxxecmea 080UYHO20 eurnepKyba hyHKYUsI paHea ydoeriemaopsiem YmMOYHEHHbBIM 2paHulyaM, Komopble
npueodsim K MOYHbIM 8bIHUCIEHUSM 0111 Marnbix MowHocmel. Hawa ocHogHasi meopema ycmaHaenueaem
moxdecmea, ces3blearoujue Hucro epaHel 3adaHHOU pa3mepHocmu, codepxaujux po8HO 3adaHHOE YUC/I0
a51eMeHmMo8 MooMHoxecmea, ¢ BUHOMUAarbHLIMU CyMMamMu Mo 8ceM rnoOMHoXecmeaMm yKka3aHHOU MOWHOCMU.
Ha ocHoge amoa0o mMbi omKpbleaeM HO8ble KOMBUHamMopHbie moxdecmea. dmom aeomempuyecKkuli Nodxo0d
8bISIBIIAEM CKPbIMbIe CUMMEMPUU 8 KI1acCUYeCcKUx KOMOUHamopHbIX cmpyKkmypax u obecriequsaem eOuUHYIO
cmpykmypy 01151 2eHepayuu HO8bIX KOMBUHaMOPHbLIX Moxdecms.

KntoueBble cnoBa: [unepkyb, epaHu eunepkyba, noOMHoxecmea eunepkyba, pacripedesieHue o
epaHsM, Koppekmupyrowul Kod, KomMbuHamopHble moxdecmea, paccmosiHue XaMMuHea, 6uHOMuaribHble
KoaghbuyueHmbl, OUCKpemHoe Mempu4yeckoe MpOoCmpPaHCmeo, KOHEYHbIe MHOXecmea, KOMOUHamopuka,
OUCKpemHble MHOXecmea.

Abstract. We present a new framework for studying combinatorial identities via distributions of
codewords over hypercube faces. We prove that for any subset of the binary hypercube, the rank function
satisfies refined bounds that lead to exact computations for small cardinalities. Our main theorem establishes
identities relating the number of faces of a given dimension containing exactly a given number of elements of
a subset to the binomial sums over all subsets of a given cardinality. Based on this, we discover new
combinatorial identities. This geometric approach reveals hidden symmetries in classical combinatorial
structures and provides a unified framework for generating new combinatorial identities.

Keywords: Hypercube, hypercube faces, hypercube subsets, face distribution, error-correcting code,
combinatorial identities, Hamming distance, binomial coefficients, discrete metric space, finite sets,
combinatorics, discrete sets.

Annotatsiya. Biz kod so‘zlarining giperkub girralari bo‘yicha tagsimlanishini o‘rganish orqali kombinator
tég‘risida yangi struktura taklif gilamiz. Biz isbotlaymizki, ikkilik giperkubning istalgan kichik to‘plami uchun rang
funksiyasi aniglashtiriigan chegaralarga bo‘ysunadi va bu chegaralar kichik quvvatlar uchun aniq hisob-
kitoblarga olib keladi. Asosiy teoremamiz berilgan o‘lchamdagi girralar soni (ya’ni aynan ma’lum migdordagi
elementlarni o'z ichiga olgan girralar soni) bilan shu quvvatga ega barcha kichik to‘plamlar bo‘yicha olinadigan
binom vyig'indilari o‘rtasidagi tyg'risida bog'liglikni o‘rnatadi. Shu asosda biz yangi kombinator tégrisida
aniglaymiz. Ushbu geometrik yondashuv klassik kombinator strukturalardagi yashirin simmetriyalarni ochib
beradi va yangi kombinator tyg‘risida hosil gilish uchun yagona uslubni ta’minlaydi.

Kalit so‘zlar: giperkub, giperkub qirralari, giperkub kichik to‘plamlari, qirralar bo‘yicha tagsimlanish,
tuzatuvchi kod, kombinator tég‘risida, Xemming masofasi, binomial koeffitsiyentlar, diskret metrik fazo, chekli
to‘plamlar, kombinatorika, diskret to‘plamlar.

INTRODUCTION

The study of combinatorial identities has a rich history
dating back to the fundamental works of Euler,
Vandermonde, and Cauchy. In recent years, there has
been renewed interest in discovering new identities
through geometric and algebraic methods, as
demonstrated in recent works on generalizations of
classical identities [2] and modern approaches using
complex analysis [3]. This paper introduces a novel
geometric framework for generating combinatorial

identities by analyzing how subsets of g-valued cubes
are distributed among the various dimensional faces
of the cube. Our approach builds upon the concept of
subset rank introduced in our previous work [1],
which measures the dimension of the smallest face
containing a given subset. By studying the distribution
of subset elements across faces of different
dimensions, we uncover a rich class of combinatorial
identities that encode geometric properties of the
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underlying space. The main contributions of this paper
are threefold:

1. We establish refined bounds for the rank function in
binary cubes that enable exact computation for small
subsets.
2. We prove a general theorem relating face
distributions to binomial sums, yielding a parametric
family of identities.
3. We demonstrate that classical identities like
Vandermonde’s have natural geometric interpretations
in our framework, and discover completely new
identities.

Throughout this paper, we adopt the convention
that binomial coefficients are defined as:

Kl k=0

n
(k) B .
0, ifk<oO,

where n, k are integers and n > 0, with the
standard convention 0! = 1.

1. Preliminaries and Notation

We begin by recalling the basic definitions
and results from [1] that form the foundation of our
work.

Definition 1. The set of all m-dimensional
vectors whose coordinates belong to
E, = {0,1,...,q — 1} is called the n-dimensional
q-valued cube and is denoted by E7.

Definition 2. A k-dimensional face of EY is the
set of all vectors in Ej with some fixed n—k
coordinates.

The vectors of a subset A © Ef are also called
the vertices, points, or elements of A.
A fundamental concept in our framework is the rank
of a subset:

Definition 3. The rank of a subset

A C E, denoted R(A), is the dimension of the
smallest face containing A.

This is equivalent to the number of variable
columns in the matrix M4 whose rows consist of all
vectors in A.

Two subsets A and B of Ey are called isometric
if  there exists a bijective mapping
@ : A - B preserving the Hamming distance:

dy(a,a’) = dy(p(a),@(a’))
foralla,a’ € A. We denote by J 4 the isometry
class containing A.

For a subset A, we define D4 as the sum of
Hamming distances between all distinct pairs of
vectors in A:

n!
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Da= ) dy(xy).

X,YEA
XY

2. Refined Bounds for Binary Cubes
Our first main result refines the bounds for
R(A) established in [1] for the special case of binary
cubes.
Theorem 1. For any subset A c E% with
|[A| = 1 and any B € ],, the following relations
hold:

1) fD(B)— Jif14] = 1,
A A
D IASR®) < i 1Al >
1 and |A| is even,
4Dy
3) |A|2 1 - |A| 1’

1 and |A| is odd.
Proof. The case |A| = 1 is trivial. For |[4]| >
1, since isometric subsets have the same rank and
distance sum, it suffices to prove the bounds for A
itself.
By Theorem 3.1 in [1], forq =
2, we have:

2and |[A]| =

< R(A) < 700
e S RO <

For odd |A|, we need to prove the stronger
lower bound. Consider the matrix M 4 whose rows are
the vectors of A. Let the first R(A) columns be
variable, with column j having x; zeros and y; ones,

where x; + y; = |A|. Then:
R(4)
DA = Z x]y]
j=1

When |A| is odd, to maximize D4, we must
have
{xj,y;} = {(A] = 1)/2,(|A|] + 1)/2}
for each j. This gives:
lA]> -1
D, <R(A)- 1
which yields the desired lower bound. m
This theorem allows exact computation of ranks
for small subsets. For A ¢ E%:
oIfA ={aq},then R(A) = 0,
oIfA = {al, az}, then R(A) = d12 = DA’
o If A = {al, a,, ag}, then R(A) =
diztdiz +dz3 _ Da
2 2’
where dl] = dH(ai, aj).

3. Distribution of Elements in Faces
To state our main results on face distributions,
we first recall the concept of multisets. A multiset on
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a finite set U is the set U together with a multiplicity
function r: U = N,. The cardinality of a multiset is
Y.acy T (@). The sum of multisets Uy, Uy, ..., U; with
multiplicity functions 14,75, ..., 7 is the multiset with
multiplicity function r(a) =rq(a) +ry(a) + -+
ry(a), denoted W!_,U;.

Let v(A, k) denote the number of k-
dimensional faces of Ef containing the subset A.

Lemma 1. For any non-empty subset A C Eg
and integer k with 0 < k < n:

Ak) = (n — R(A))
vl = reay)

Proof. 1If k < R(A), then v(4,k) = 0 and
the formula holds. For k = R(A), to specify a k-
dimensional face containing A, we must include all
R(A) variable positions and choose k — R(A)
additional positions from the remaining n — R(A4)
constant positions. The result follows. m

Let V(A k,e) denote the number of k-
dimensional faces containing exactly e elements of A.

Theorem 2. Given a non-empty subset A C E7,

for any integers k and s with
0<k<n1<s<p(k), where p(k) =
min({|4], ¢*}:
p(k)
Y(Qrake= > (i R(B))
s SRR k—R(B))
e=s BcA,|B|=s

where the right sum is over all s-element
subsets B ¢ A.
Proof. Let T'(B,k) be the set of all k-

dimensional faces containing B. Consider the
multiset:
I'" = Wpca,p=sT' (B, k).
In T’, each k-dimensional face containing

exactly e elements of A has multiplicity (‘;), s0:

p(l) e
Ir'| = z (S) V(4 ke).
e=s
On the other hand:
Ir'| = —sT'(B,k)| = \F (B, k)|
BcA,|B|=s
_ <n - R(B))
BcA,|B|=s k= R(B)

using Lemma 1. m
4. Combinatorial Identities from Geometric
Structures
Theorem 2 provides a general framework for
deriving combinatorial identities. We now present
several corollaries and examples.

113

Corollaryl. Let A c E%, k be an integer with
0 < k < n, and p(k) = min{|4|, 2*}. Then:

1) For |[A| = 1:
pk) . p(k) n
Z (1) V(A ke) = Z eV(Ake) =|A| (k);
e=1 e=1
2) For |A| = 2:
p(k) |4]-1 Al
Z( V(Ake)—z Z( );
e=2 i=1 j=i+1
3) For |A| = 3:
p(k) |4]-2 |A]-1 |4]

NHIZTEENSIPY (ko)

dij+di+dje

where dj; = and d;j, dy, dj; are the

l]’
corresponding Hamming distances between pairs of
vectors a;, a;j, a; € A.

These identities remain valid for general q > 2
in cases 1) and 2).

4.1. Example: Vandermonde’s Identity
from Face Geometry

Let Ac Ey be a v-dimensional face. The
values of V (4, k, e) can be computed explicitly:

1)Fore =0:

v
-V

V(A, k, e) — Z qv—i (V) (Z B i) (qn—v—k+i _ 1) ;

2)Fore—q i=1,2,..,v:

n—v
vaake = () (C2Y);
3) For other Values of e:
V(A k,e) = 0.

Substituting into Corollary 1 part 1) with |A| =
q”:

v

VN Mm—Vv n
Z) (l) (k _ i) = (k)
i=
which is Vandermonde’s identity.
For part 2), the number of two-clement

subsets B € A with R(B) =i is
~@-1 (v) q’
2 i

This leads to the new identity:

Z(q—l) _0)
Y- ()

Note that this 1dent1ty is true for any integers
nk,q,v that satisfy conditions
n=10<k<nl<v<nq=1 This

Scientific Bulletin. Physical and Mathematical Research Vol 7. Iss 3. 2025



COMPUTER SCIENCES

generalizes results on Chu-Vandermonde variations
studied by Mestrovic [2].

4.2. Example: Even-Weight Vectors
Let A c E3 consist of all even-weight vectors
(those with an even number of 1’s). Then:

n
n—k ife= 2k-1 ,
V(A ke) = i () f
0, if e # 2k 1,
From Corollary 1 part 2):

2]

E=t-n21 ()= () (s )

This is a completely new combinatorial identity
valid for all integers n, k,1 < k < n.
5. Applications and Connections
The geometric framework developed here has
several important applications:
5.1. Linear Codes
When q is a prime power, Ej becomes a vector
space over GF(q). Linear codes are subspaces, and
our results provide new tools for analyzing their
weight distributions. The distinction between
algebraic dimension and combinatorial rank offers
insights into code structure. Recent work on graph
covers [4] shows similar geometric approaches can
yield unexpected results in combinatorial structures.
5.2. Matroid Theory
The rank function R(A) defines a matroid on
subsets of Eg. Our identities translate to statements
about the characteristic polynomial and Tutte
polynomial of these matroids. This connects to recent
developments in matroid polynomials, such as the
work by Ferroni and Larson [5] on Kazhdan-Lusztig
polynomials of braid matroids.
5.3. Quantum Error Correction
Binary and g-ary quantum codes correspond to
special subsets of Ey. Our framework provides new
approaches to constructing codes with prescribed
distance properties.
6. Conclusion
We have introduced a geometric framework for
studying combinatorial identities through the
distribution of subset elements in faces of g-valued
cubes. This approach reveals that many classical
identities have natural geometric interpretations and

Muallif haqida ma’lumot
Jamolidin Komoldinovich Abduraxmanov -
fizika-matematika fanlari nomzodi, dotsent, Andijon
davlat universiteti Dasturiy injiniring kafedrasi
dotsenti.
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enables the discovery of new identities. The
connection to enumerative combinatorics, as
systematically developed in Stanley’s comprehensive
treatment [6], suggests many further directions for
exploration.

The main contributions include refined bounds
for subset ranks in binary cubes, a general theorem
connecting face distributions to binomial sums, and
the discovery of new identities for even-weight
vectors and generalizations of Vandermonde’s
identity.

Future directions include:

a) Extending the framework to infinite-
dimensional spaces;
b) Developing algorithms for computing

V (A, k, e) for general subsets;

¢) Finding g-analogue versions of our identities;

d) Applications to extremal combinatorics and
coding theory.

The geometric perspective on combinatorial
identities opens new avenues for research at the
intersection of combinatorics, geometry, and algebra.

We note that the main results were previously
reported in the preprint [7].
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MASHINALI O‘QITISH TEXNOLOGIYASIDAN FOYDALANIB
PLASTINALARNING DEFORMATSIYALANISH JARAYONLARINI
MODELLASHTIRISH

Mirzaaxmedov M.K, Ovxunov |.A.
1Zahiriddin Muhammad Bobur Andijon davlat universiteti, Andijon, O‘zbekiston

2025-yil 2-iyulda berilgan; 2025-yil 1-noyabrda chop etish uchun gabul gilingan

AHHOTauuA. B gaHHON cTaTbe paccMaTpuBaloTCsl BO3MOXHOCTM MOAENMPOBaHMSA NpoLeccoB AedopmaLimm
TOHKMX MNNacTMH C MCMOSIb30BaHMEM TEXHOMOrMn MawmnHHOro obydeHnsa. PaspaboTaHa mMogenb Ha OCHOBe
WCKYCCTBEHHbIX HENPOHHBLIX CeTen AnA onpedeneHns HEenWHEWHbIX 3aBUCUMOCTEN Mexay TemnepaTypon,
HanpspkeHneM 1 AedopMauUMoHHBIMW NapaMeTpamu nnacTuH. B xoge nccnenoBaHusi B cpefe NporpaMmmMupoBaHust
Python 6biMM npoTecTMpoBaHbl anropuTMbl MaLUMHHOTO OOy4YeHus (NMMHENHas perpeccusi, CryyYanHbil fec u
HEMpOHHasi CeTb) ANA aHanu3a AedOpMaLMOHHBIX COCTOSIHWIA NNACTMH Ha OCHOBE 3KCMEPUMMEHTAlNbHbIX AAHHbIX.
PesynbTathl nokasbiBaloT, 4TO HEMpPOHHasi ceTb obecneudvBaeT To4YHOCTb Ha 18—25% Bbile NO CpaBHEHUO C
TPagVLMOHHBIMU  @aHaNUTUYEeCKMMU  Modensamu. [aHHbIi  NoAaxod OTKPbIBAET HOBble  BO3MOXHOCTU — Ans
NPOrHO3MPOBaHUA NAapamMeTPOB MPOYHOCTU U YIPYrOCTU TEXHNYECKNX MaTEpPUasoB..

KniouyeBble cnoBa. MawwnHHoe o6ydyeHue, nnactuHa, gedopmauuns, MOAENMpPoOBaHWE, HeWpOHHas CEeTb,
3NacTUYHOCTb, NPOrHO3UPOBaHME.

Abstract. In this work explores the possibilities of modeling the deformation processes of thin plates using
machine learning technologies. In the article, a model based on artificial neural networks was developed to determine
the nonlinear relationships between the temperature, stress, and deformation parameters of plates. During the study,
machine learning algorithms (Linear Regression, Random Forest, and Neural Network) were tested in the Python
programming environment to analyze the deformation states of plates based on experimental data. The results show
that the neural network model provided 18-25% higher accuracy compared to traditional analytical models. This
approach creates new opportunities for predicting the strength and elasticity parameters of technical materials.

Key words. Machine learning, plate, deformation, modeling, neural network, elasticity, prediction.

Annotatsiya. Ushbu maqolada mashinali o‘gitish (machine learning) texnologiyalaridan foydalanib yupga
plastinalarning deformatsiyalanish jarayonlarini modellashtirish imkoniyatlari o‘rganildi. Magolada plastinalarning
harorat, kuchlanish va deformatsiya parametrlari o‘rtasidagi nelinear bog‘lanishlarni aniglash uchun sun’iy neyron
tarmoglarga asoslangan model ishlab chiqildi. Tadgigot davomida plastinalarning deformatsiya holatlarini
eksperimental ma’lumotlar asosida tahlil qgiluvchi Python dasturiy muhitida mashinali o‘gitish algoritmlari (Linear
Regression, Random Forest va Neural Network) sinovdan o‘tkazildi. Natijalar ko‘rsatishicha, neyron tarmoq modeli
an’anaviy analitik modellar bilan solishtirganda 18-25% yuqori aniglikni ta’minladi. Ushbu yondashuv texnik
materiallarning mustahkamlik va elastiklik parametrlarini bashorat gilishda yangi imkoniyatlar yaratadi.

Kalit so‘zlar. Mashinali ofqitish, plastina, deformatsiya, modellashtirish, neyron tarmoq,
bashoratlash.

elastiklik,

KIRISH

Zamonaviy  sanoat va  muhandislikda
plastinalarning deformatsiyalanish jarayonlarini aniq
modellashtirish masalasi muhim o‘rin tutadi. Mexanik
yuklama, harorat, va tashqi kuchlar ta’sirida yuz beruvchi
deformatsiyalarni  oldindan  aniglash,  qurilmalar
ishonchliligini ta’minlashda asosiy omil hisoblanadi.

An’anaviy analitik modellar, xususan, elastiklik
nazariyasiga asoslangan differensial tenglamalar, ko‘p
hollarda soddalashtirishlar va taxminlarga tayanadi. Bu
esa murakkab geometrik shaklli plastinalar uchun
aniqlikning pasayishiga olib keladi. Shu sababli, so‘nggi
yillarda mashinali o¢qitish texnologiyalari asosida fizik
jarayonlarni bashoratlash va modellashtirishga gizigish
ortib bormoqda.

Mashinali o‘qitish yondashuvi katta hajmdagi
eksperimental yoki simulyatsion ma’lumotlardan
o‘rganib, nolinear bog‘lanishlarni avtomatik tarzda
aniglay oladi. Bu yondashuv materiallarning xatti-

harakatini har xil yuklama, harorat va deformatsiya
sharoitlarida anigroq tahlil gilish imkonini beradi.

Magolaning asosiy magsadi — mashinali
o‘qitish modellaridan foydalanib yupqa plastinalarning
deformatsiyalanish jarayonlarini modellashtirish va
an’anaviy analitik yondashuvlar bilan taqqoslab,
ularning samaradorligini baholashdir.

ADABIYOTLAR TAHLILI
Ushbu magola chuqur o‘rganish (deep learning)
nazariyasining asoslarini, xususan, neyron tarmogqlar,
optimallashtirish usullari va o‘qitish jarayonlarini
batafsil tushuntiradi [1]. Plastinalarning deformatsiya
jarayonini modellashtirishda qo‘llaniladigan sun’iy
neyron tarmogqlar tuzilmasini yaratishda nazariy asos
bo‘lib xizmat qiladi. Tadgiqot ishida modellashtirish

jarayonida  qo‘llanilgan  neyron  tarmogqlarning
arxitekturasini tanlashda metodologik asos sifatida
ishlatilgan.  Mazkur  kitob  mashinali ~ o‘qitish

algoritmlarining nazariy asoslari, xususan regressiya,
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bayes tahlili va ehtimoliy modellarni gamrab oladi.

Deformatsiya  jarayonida kuzatilgan nolinear
bog‘lanishlarni  aniqlashda mashinali o‘qitishning
matematik  tamoyillari  muhimdir.  Plastinalarning

deformatsiyasi jarayonida harorat, kuch va deformatsiya
o‘rtasidagi bog‘lanishni regressiya modellarida ifodalash
uchun asos bo‘lib xizmat qiladi [2]. Maqgola
materialshunoslikda mashinali o‘qitish
yondashuvlarining qo‘llanilishi — mexanik, issiglik va
struktura xossalarini bashoratlash bo‘yicha keng tahlil
beradi [3]. Mashinali o‘qitish yordamida materiallarning
mustahkamligi va deformatsion xatti-harakatini oldindan

baholash mumkinligini isbotlaydi. Tadgiqot
plastinalarning fizik deformatsiyasini tahlil qilishda
mashinali  o‘qitish  usullarining  samaradorligini

asoslaydi. Plastinalar va gobiq elementlarining elastiklik
nazariyasi, deformatsiya va kuchlanish hisoblari
keltirilgan Klassik asar. Plastinalarning fizik xatti-
harakatini  an’anaviy = matematik model orqali
tushuntiradi  [4]. Tadqgiqotda mashinali o‘qitish
yondashuvlari natijalari ushbu an’anaviy model bilan
solishtiriladi. Metall deformatsiyasi jarayonini sun’iy
neyron tarmog‘i yordamida modellashtirish tajribasi
bayon etilgan. Neyron tarmoglar real tajriba
ma’lumotlaridan o‘rganib, deformatsiyani aniq bashorat
gilish imkonini beradi [5]. Ushbu ish magoladagi plastina
deformatsiyasi uchun neyron tarmog modelini
loyihalashda amaliy manba sifatida xizmat gilgan.
Mashinali o‘qitish algoritmlaridan foydalangan holda
materiallarning elastiklik modulini bashoratlash usullari
o‘rganilgan [6]. Deformatsiyani aniglashda elastiklik
modulining aniqligi juda muhim bo‘lib, mashinali
o‘qitish bu parametrni tez va ishonchli hisoblash
imkonini beradi.
Magoladagi deformatsiya modeli uchun material elastik
parametrlarini o‘rganishda foydalanilgan. Chetki harorat
yuklamalari ostidagi yupga plastinalarda termik
stresslarni chuqur neyron tarmoglar yordamida tahlil
qilish ko‘rib chiqilgan. Termo-deformatsion
modellashtirishda mashinali o‘qitishning qo‘llanishi
ko‘rsatilgan. Mazkur magola plastina deformatsiyasiga
harorat  ta’sirini neyron tarmoqlar  yordamida
modellashtirishga bevosita asos bo‘lgan [7]

Adabiyotlar tahlili shuni ko‘rsatadiki, mashinali
o‘qitish va sun’iy neyron tarmoqlari yordamida
deformatsion jarayonlarni modellashtirish hozirgi kunda
faol rivojlanayotgan ilmiy yo‘nalishlardan biridir.

Tahlil gilingan manbalar quyidagi ilmiy xulosalarni
tasdiglaydi:

e Mashinali o°qitish material xossalarini

bashoratlashda samarali.

e Neyron tarmoqlar nolinear fizik bog‘lanishlarni

aniqlashda an’anaviy modellardan ustun.

e Fizik qonunlarni  ma’lumotlar  asosida

modellashtirish (PINN) deformatsion tahlilni
yangi bosgichga olib chigmoqda.

MATERIAL VA USULLAR

Tadgiqot obyekti sifatida alyuminiy gotishmasidan
tayyorlangan 200x200x2 mm o‘lchamdagi yupga
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plastina tanlandi. Plastina markaziy gismidan bosim
kuchiga va harorat o‘zgarishiga duchor qilindi.

Deformatsiya (mm)
Deformatsiya (mm)

®

1-rasm. Alyuminiy plastina deformatsiyasi (3D
ko‘rinish)

Eksperimental ma’lumotlar harorat (T), tashqi kuch (F),
va plastina deformatsiyasi (8) ko‘rsatkichlarini o‘z
ichiga oldi.

1-jadval
Ne T (°C) F (N) 6 (mm)
1 25 50 0.12
2 35 55 0.15

500 ta o‘lchov natijalari asosida mashinali o‘qitish
modeli tayyorlandi.

2-jadval
Model Tavsif Amalga
oshirish
muhiti
Linear Deformatsiyani scikit-learn
Regression harorat va
kuchlanishga
chiziqgli bog‘lash
uchun
Random Nolinear scikit-learn
Forest bog‘lanishlarni
aniglash uchun
Neyron 3 gatlamli model | TensorFlow
tarmoq orqali
(ANN) bashoratlash
uchun

Model baholash mezonlari
Model anigligi quyidagi mezonlar asosida baholandi:
1. O-‘rtacha kvadrat xato (MSE)
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O‘rtacha kvadrat xato (MSE) — bu model tomonidan
bashorat gilingan deformatsiya giymatlari bilan haqigiy
(tajriba yo‘li bilan o‘lchangan) qiymatlar orasidagi
o‘rtacha kvadrat farqni o‘lchovchi aniqlik mezoni.

1E -
MSE = (¥ - %)’
i=1

y; — plastinaning haqigiy deformatsiyaqgiymati;
¥, —model orgali bashorat gilingan

)

deformatsiya giymati;
n—namunalar soni.

2. Determinatsiya koeffitsienti ( R? )

Deformatsiya koeffitsienti (belgilanadi:e,
“epsilon”) — bu jismlarning kuch ta’sirida uzunligi,
yuzasi yoki hajmi o‘zgarish miqdorining dastlabki
o‘lchamga nisbati. Ya’ni u nisbiy o‘zgarish (koeffitsient)
bo‘lib, o‘lchovsiz kattalik hisoblanadi.

_ak
L,

¢ —deformatsiya koeffitsienti (nisbiy deformatsiya),

£ )

AL = L — L, —uzunlikdagi o‘zgarish (mm yoki m),
L, — dastlabkiuzunlik (mm yoki m)
3. Of‘rtacha absolyut xato (MAE)

O‘rtacha absolyut xato (MAE) — bu bashorat
gilingan qiymatlar bilan haqiqiy (tajriba) giymatlar
orasidagi farglarning absolyut giymati o‘rtachasi.

Ya’ni, MAE modelning o‘rtacha xato darajasini ko ‘rsatadi,

lekin har bir xatoning yo‘nalishini (musbat yoki manfiy)
hisobga olmaydi.

1< R
MAE == >y, -,
N

y; —haqiqiy deformatsiyaqiymati;
¥y, —model orgali bashorat gilingan giymati;

©)

|y; — ;| —model tomonidan bashorat gilingan giymat,
n—o'lchovlar soni(namunalar soni).

NATIJALAR

Natijalarga ko‘ra, mashinali o‘qitish modellari orasidal.
sun’iy neyron tarmog‘i eng yuqori aniqlikni ko ‘rsatdi.

3-jadval
Model MSE MAE R? 2.
Linear Regression 0.0045 | 0.051 | 0.87 | 3.
Random Forest 0.0022 | 0.034 | 0.93 4
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Neural Network 0.0015 | 0.028 | 0.95
E Bashorat gilingan giymatiar
E:. 1.0p==- |IJi'd:<-1':C',=Ek ;I:::g‘:l; %) £
; 0.8f . :
: S
‘E 0.6
3 i
c 04}
g\ e
= 0.2 P
E P
® 0.2 0.4 0.6 0.8 10

Haqiaiy deformatsiya qiymati (6, mm)

1-rasm. Bashoratlangan va xaqiqiy deformatsiya
giymatlarining taqqoslash grafigi

MUHOKAMA

Olingan natijalar shuni ko‘rsatadiki, mashinali
o‘qitish texnologiyalari, ayniqsa sun’iy neyron
tarmogqlari, murakkab fizik jarayonlarni
modellashtirishda samarali vosita bo‘la oladi.

An’anaviy analitik modellar ko‘pincha
deformatsiya—kuch—harorat bog‘lanishlarini chizigli deb
hisoblaydi, bu esa real sharoitlarda xatolikni oshiradi.
Mashinali o‘qitish yondashuvi esa ma’lumotlardan o‘zi
mustaqil tarzda o‘rganadi va nolinear munosabatlarni
avtomatik aniglaydi [8].

Bundan tashgari, Random Forest modeli ham
bargaror natijalar berdi, biroq u neyron tarmoq darajasida
aniglikka erishmadi. Shu bilan birga, Random Forest
modeli kamroq o‘qitish vaqti talab qiladi, bu uni tezkor
tahlillar uchun qulay giladi.

Amaliy natijalar shuni ko‘rsatadiki, ushbu
metodologiya ishlab chigarish jarayonlarida
plastinalarning deformatsion holatini tezda baholash va
nazorat qilish tizimlariga integratsiya gilinishi mumkin.

XULOSA
Tadgiqot natijalari quyidagi xulosalarga olib keldi:
Mashinali ~ o‘qitish  texnologiyalari  yordamida

plastinalarning deformatsiyalanish jarayonlarini
modellashtirish mumkin va bu usul an’anaviy modellarga
garaganda yuqori aniqlik beradi.

Neyron tarmoq asosidagi model deformatsiya
parametrlarini 95% aniqlik bilan bashorat gildi.

Harorat va kuchlanish parametrlari deformatsiyaga
nolinear ta’sir ko‘rsatadi, bu mashinali o‘qitish
algoritmlari yordamida samarali aniglanadi.

Taklif etilgan yondashuv ishlab chigarishdagi plastinalar
sinovini  avtomatlashtirish va  optimallashtirishda
qo‘llanilishi mumkin.
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MpaBuna ohopmnenns crarbu

1. B Havane crarten yKasbiaeTca Homep
no YHusepcansHoii AecATUYHo I Knaccudukauymu
(YOK). Oanee npuBoAsTes (kaxawiit pPa3 ¢ Hosoi}
CTPOK#):

1) Hasmawue crarby (CTPOYHBIMY Byksamm,
Hanpumep: QuddysnonHble Napametpkl atomos 3d
NepexoaHbIX anemeHToR B KPeMHUU);

2) bamunus, ums ¢ OT4ecTBo asTopa (-0B);

3) «xpartkas a8HHOTauMs Ha yaBekckom u
PYCCKOM  asblkax  (450-500 3HakoB ¢
npoGenamu), aHHOTaumun Bbigensercs Kypcueom u
OTAENSAETCH OT TeKcTa CTaThy MPONYycKoM cTpoku;

4) knioyeBbie cnosa (5-10).

. Teker crarey HabupaeTcs  wpucpramm
Times New Roman, Pasmep wpudra ~ 14 Kernei,
MEXCTPOYHbI MHTepean — OAMHapHLIA, nons ~
CBEpXy u CHusy 2 cm, cnesa 3 CM, cnpasa 1,5 cu;
absaubiii oteTyn - 125 oy, € 3nexkTpoHHoik
Bepcuen (Ha cnewke wunu kOMnakT-gucke). B
HassaHwum aiina ykasbisalores bamunus ¢
cneyuansbHocTs aeTopa, Hanpumep:
Quaura_Bakupos.

Mpu  ucnonsaosanuu
WpKTOB Npu Habope craTby
AROMXHBI BbITh NpeacTaeneHs
8BTOPCKOW 3NeKTPOHHOI nanke.

3. O6bem cratem (BKnoyas PUCYHKu, Tabnuupl
W Avarpammel) cocTaensieT He MeHee 8 NonHBIX
CTP2HUU (aHHOTaUMM, KlYeBble cnosa u Cn1cok
fuTepatypel He BXOAST B  aTOT o0bem).
OnTumManbHeIM ANz XypHana senseTcs o6b&M B 8-
10 cTpanuy.

4. ECNv B CTaTbi0 BKTOYEHb! Tabnuuel, cxemsl,
A1arpammel, pasnuyHsle rpacguyeckmne
0G03HaYEHNS, OHU AOMKHLI GbiTh HapucosaHsl
HEpPHBIM no Oenomy, vetko u spko onucaHsl,
AOMXHO ObITe HanucaHo nonHoe obbscHeHue
CoKpaLLleHu.

Bee pucyniu nyGnukyiorea Tonbko B YepHo-
Genoii ramme, nonHougeTHLIE unnioctpauuv Gyayr
AOCTYNHbI TONBLKO B 3M1EKTPOHHOM BEPCHU CTATbM.

opmynbl HeOGXOAMMO BBOAUTL B Tekcr B
CrneunanbHeIX KOMMBIOTEPHLIX NporpaMmax.

5. Ccbinkn Ha UCnonbaosaHHbie WCTOYHMKM
NPUBOAATCA Nocne YUTaThl B KBAAPATHBIX CKoBKax
C yKkasaHuem MOPSAKOBOrO HOMEpPa MCTONHMKA
UMTUPOBEHMA U CTpaHuUbl, Hanpumep [1. C.
25]. Cnucok nnTepatypel pacnonaraetcs nocne
TEKCTa CTaTby, HyMepyetcs (HauuHasg c nepsoro
HOMepa), npeABapsAeTcs croBom «Jlureparypan
 odopmnaeTcs B nopsake ynoMuHaHua unu
UATUPOBaHUA B TexcTe cTaTsy (He B ancasnTHom
nopaakel). MMog oaHum HOMepoM  gonycrumo
YKa3bIEATb TOMBKO OAWH MCTOMHMUK, Mpumeyanus
oopMnsATeS B Buge NOCTPaHUYHBIX CHOCOK,

AONONHUTENbHbIX
Takue LWpndThl
B pejakuuio B

Ans  kwur,  cBOPHWKOB,  MOHOrpadwit
yKaaelBaTCA MMeHa aBTopOB, MOMHOE Ha3BaHue
UCTOYHMKA, MHAEKC W3paHua (ropod, w3aarens u
roA n3nanus), obee KONMYECTBO CTpavuy. [ng
KYpHaneHbIX cTateil M ApYrux NEpUOAUNEcKnx
U3haHNA yKkasbiBaTCA WMA aBTOpa, Ha3eaHue
CTaTbu, HaseaHWe xypHana, rog W Homep, Homep
CTpaHuLel.

K cratee npunaraertcs wWHcbopMauus o6
asTopax:

- (hamunua, ums, oTYECTBO (nonHocThI0);

- y4eHan creneHb (Npy Hanu4mm);

- MecTo paGoTsl, 0TAen, AomkHOCTk (Ges
CoKpatLeHwii);

= 3M1EKTPOHHbI agpec;

- HOMep TenedoHa,

AHrnuiickui 6nok, npunaraemMsblii K ctaTbe,
BKNioyaer:

1) nepesoa Ha aHrnuiickui A3bIK Ha3BaHUS
cTatby,

2) aHrnuUcKuA BapuaHT hamunum, umeHn u
OT4ecTea aBTOpa, MEpesoA Ha3BaHus ero
OpraHusauum aHrnunckuit Asbik, Hanpumep: Anvar
H. Bakirov, Andijan State University, Andijan,
170100, str. University, 129 (Uzbekistan). E-mail:
agsu_info@edu.uz N

3) nepesoa Ha aHrnuiickuit [3bIK KMoYesblx
CnoB;

4) asTopecpepar (PacwupeHHyio
@HHOTaLIMIO) CTaTkbk Ha AHIMMIACKOM Si3bike (2500 -
3000 3Hakos ¢ npoGenamm) W MCXoaHbili TeKcT
aBTopedepata Ha fH3blke CTaThy (yabekckom /
pycckom).

BaxHo, yToBk! aBTopedbepar (paciumpenHas
aHHoTauus) Gkin CTPYKTYPUPOBaH B COOTBETCTBUU
C aHpom: KaKyk npobnemy pelwaer asTop (yenw
CTaTbW), Ha Kakom Marepuane, kakumu Metogamu,
XO4 vccnenosauus, BeiBoAbl, K KOTopeIM aBTOp
npuien (unu koTopsle Aokasan). Bce aTu MOMeHTbI
AOMKHBI  BbITb  NocnegosaTensHo W noruyso
U3noxeHel, AsTopedepar craTbu HE pomkeH
cogepxate W3NULWHero TEOpeTU3INpoBaHug, a,
Hao6opoT, orpaxars CYLWUHOCTHbIE  MOMEHTHI
NpoBeAeHHOro uccnenosanms,

$) aHrnuiickuin BapWaHT cnucka NuTepatypel
(References). B  cnucke CHa4yana paéres
TpaHcnuTepauna U0 aBTOpPa,  HasBaHus
UCTOYHMK@ U ero BLIXOAHBIX AaHHbIX. Oanee B
KBagpaTHelX  ckobkax NepeBo]  Ha3paHus
WCTOYHUKA Ha aHrAviCKWIn  A3bik. References
RonkeH O6biTb odopmneH B COOTBETCTEBMM Co
CTaHaapTom AMA-2010.
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