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As-Se BINAR XALKOGENID SUSOVARI SISTEMINDO
NEYTRON DiFRAKSIYA SOPILMOSININ NOTICOLORINO
OKS MONTE-KARLO MODELLOSMOSININ TOTBIQI

S.I. MEHDIYEVA, A.I. ISAYEV, R.i. 9LOKBOROV, A.Z. ABASOVA,
N.N. EMINOVA
Azarbaycan Respublikast Elm va Tahsil nazirliyi, Fizika Institutu,
Azorbaycan,Baki, Az 1073, H.Cavid, 131
E-mail: Rahim-14@mail.ru

Isdo AsaoSeso siisovari torkibi {igiin parsial, yekun qurulus emsallar1 va ciit Korrelyasiya funksiyalar1 analiz olunaragq siibut
olunmusdur ki, lokal qurulusun orta nizam oblastinin amoalo golmasindo Se-Se vo As-Se rabitolori holledici rol oynayir.
As40Seso tarkibine maxsus neytron difraksiya sepilmesinin naticalorine Oks Monte-Karlo modellosmasinin tatbiqi gostarir ki,

As-Se-As va Se-As-Se soklinde bucaq paylanmalarinda maksimal piklerin veziyyeti 6=99 + 3°

vo 0=98 + 3° tortiblorino

uygundur. Bu notico lokal qurulus baximindan 3D -atomar vo ya molekulyar konfiqurasiyada triqonal bipiramidal atomik

konfiqurasiyanin mévcudlugu ils izah olunur.
1. GIRiS

Oks Monte-Karlo (©MK) modellogmasi bilavasi-
to neytron va rentgen difraksiyasinin tacriibi melumat-
lar1 asasinda maddonin atomar qurulusunun goériintiisii-
nii olde etmays imkan verir [1]. Todgiqatlar gostorir ki,
nizamsiz quruluslu maddoalords digor todgiqat metodla-
11 ilo lokal qurulus haqqinda mohdud molumatlar oldo
etmok miimkiindiir [2]. Qeyd olunan bels nizamsiz qu-
ruluslu maddslora mayelor, amorf vo maqnit-nizamsiz
materiallar, termodinamik baximdan gismon nizamsiz
kristallar vo firlanma nizamsizligina malik molekulyar
gruplardan ibarat olan maddslor daxildir. ©MK model-
losmosi mahiyyotco asagidaki kimi, yerino yetirilir.
Maddani togkil edon atomlar konfiqurasiyasi ardicil ad-
dimlarla miimkiin modifikasiyalara moruz edilorak mo-
delin tatbigindon alinan naticalarin tocriibi naticalar ilo
on yaxsl uygunluq togkil etmasi sorti tonzimlonir [2].
Oksor metodlarda osason parsial paylanma funksiyasi
(PPF) vo ya onun Furye ¢evrilmoasinin (Rentgen vo ya
neytron siialarinin yekun difraksiya sopilmasinin tocrii-
bi oyrisina banzoysn) miloyyanlogdirilmasi xiisusi ma-
raq kasb edir. Bu molumatlar maddoalorin yaxin-nizaml
atomar qurulusu, rabits uzunlugu, atomun on yaxin
gonsularinin sayi, morkozi atom otrafinda qonsularin
laylanma ortiiklori vo mévcud olan fluktuasiyalar hag-
qinda informasiya slds etmoys imkan verir [2]. Maye-
lor vo amorf maddoalords difraksiya sopilmasinin natica-
lori asasinda atomar qurulus modeline kegmok {igiin
OMK modellosmasinin tatbiqine ciddi zarurat vardir.
Bu model geyri-kristal maddalerin lokal qurulusu haq-
qinda zaruri molumatlar olde etmays imkan verir. Osa-
son simulyasiya prosesinin biitiin morhalslorinde mo-
delin idars olunmast iigiin program va tadqiq olunacaq
maddoys moxsus tocriibi molumatlar istifads olunur
[2]. ©MK modellogmasi asason paylanma funksiya-
sindaki ilk 3 pikdon alinan melumatlar asasinda hayata
kegcirilir. Naticado, alinan model movcud 3 pikdon daha
uzaq masafolorde atomik qurulus haqqinda daqiq infor-
masiya aldo etmoys imkan verir [2].
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Mogqalonin maqsadi As-Se binar xalkogenid siigo-
vari sistemindos neytron difraksiya sopilmosinin notico-
larino OMK modellogmasinin totbigi sayssindo lokal
qurulusun todqiq olunmasidr.

2. TOCRUBONIN METODIKASI VO
MADDONIN SINTEZi

As4Seso xalkogenid siigovari torkibinin sintezi or-
tasindan tilina perpendikulyar istigamotds yerlogon ox
otrafinda firlanan silindrik soba iisulu ilo yerina yeti-
rilmigdir. Sintez ti¢iin torkibo daxil olan xtisusi tomiz
(99,9999%) elementlordon miivafiq miqdarda elekton
torazido ¢okib gotiirmoklo, daxili diametri 14+16 mm
vo havasi 107 tor tozyigo godor sorulmus kvars ampu-
laya doldurulmusdur. Firlanan soba tisulunun se¢ilmasi
alinmigs maddonin homogenliyini artirmaq moagsadi ilo
nozords tutulmus ve sintez prosesi 950°C-don yuxari
temperaturda aparilmaqla bu temperaturda 12 saat or-
zindo saxlanmilmigdir Sintez prosesinin sonunda xslite-
nin soyudulmasi sobanin sénms rejimini olds etdikdon
sonra havada yerino yetirilmisdir. Sintez olunan mad-
donin sixl1g1 agsagidaki diistura asason hesablanmisdir.

P (Wo o WL) &

Burada p- sintez olunan maddenin, p.- mayenin
(distillo olunmusg su) sixlig1, Wo va W isa maddanin ha-
vada vo mayeds (suda) ¢okiloridir. Hesablama zamani
mayenin (suyun) sixlig1 otaq temperaturunda 1 g/smé-o
borabor gotiiriilmiisdiir. Sintez olunan AsaoSego tarkibi-
nin sixligini 6lgmak iigiin piknometrik metoddan istifa-
do olunmusdur. Tacriibenin daqigliyi £0.02 g/sm? torti-
bindadir. Neytron difraksiya sepilmoesindos dair eksperi-
mentlor termal neytronlu Budapest Tadgiqat reaktorun-
da iki oxlu monoxromatik neytron difraktometrinin
(dalga uzunlugu Ao=1.068 A vo sopilmo vektoru
Q=0.45+9.8 A1) komoyi ilo yerino yetirilmisdir [3].
Tadqiqat zamani istifade olunan maddalar massiv hal-
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dan togriban 3+4 q miqdarinda toz halina salinaraq dia-
metri 8mm, hiindiirliyii (h) 50 mm divarinin galinlig
0.07 mm olan vanadium tarkibli slindrik gablara doldu-
rulmusdur. Aparilan biitiin tocriibolor otaq temperatu-
runda yerino yetirilmisdir. Todqigat zamani qurulus
faktorlar1 (S(Q)) xiisusi paket proqramlarin komokliyi
ilo neytron difraksiya tocriibalorinin noticalorindon
alman molumatlarin osasinda hesablanmisdir. Xiisusi
paket programlardan (The soft ware package RMC**
[http: //www. szfki. hu/ ~nphys / rmc ++/opening. html)
[4] istifada edarak neytron difraksiyasi tacriibalorindan
alinan ilkin malumatlar osasinda tadqiq olunan niimu-
nalar iigiin qurulug omsallar1 (S(Q)) giymatlondirilmis-
dir.

3. NOTiCOLOR VO ONLARIN MUZAKIROSI

Sokil 1-do AssoSeso torkibi tigiin neytron difrak-
siyast sopilmasindon alinan qurulus omsallarinin (S(Q))
tocriibi (simvollarla tosvir olunan) vo modelin (qara
xotlo tosvir olunan ayrilor OMK simulyasiyasinin ns-
ticoloridir) verdiyi spektral asililiglar: tosvir olunmus-
dur.

3 As40Se60
g %
()]
1
O 2 4 6 8 10
Q[A-1]

Sakill. Qurulus amsalinin sopilms vektorundan asili-
lig1.

Sokil 1-don goriindiiyii kimi qurulug omsalinin (S(Q))
sopilma vektorundan (Q) asililigini tosvir edon biitiin
spektrlords Q-niin giymatlarinin 1,2+1,3 A intervalin-
da birinci koskin difraksiya piki (BKDP) miisahido
olunur. Tadqiq olunan siisovari AsspSeso torkibi {igiin

S(Q)-spektrine maxsus sopilmo vektorunun (Q)-2.2,
3.75 vo 5.9 Al qiymotlorinds miisahide olunan maksi-
mumlar lokal qurulusu dyronon miislliflorin [5, 6, 7] l-
do etdiklori naticalorlo tamamilo uygun golir. Sakil 2-
do iso uygun olaraq qurulus omsallarinin (S(Q)) tocriibi
giymotlorindon O©MK simulyasiya naticasinds hesabla-
nan yekun ciit korrelyasiya paylanmasi funksiyalar1
(G(r)) tosvir olunmusgdur.
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Sokil 2. AsaoSeso siisovari maddasinds yekun ciit
korrelyasiya paylanma funksiyasi.

Qurulus omsalinin (S(Q)) spektral asililiglarinda-
ki BKDP-nin miisahido olunmast vo hamginin yekun
(G(r)), parsial korrelyasiya funksiyalarinda (gij(r)) tok-
rarlanan zolaqlarin yaranmasi todqiq olunan siisovari
materiallarda orta nizam oblastinin (ONO) mévcudlu-
gu ilo olagoalondirilir. Tokrarlanan maksimumlu zolaq-
lara malik olan yekun ciit korrelyasiya funksiyasinda
(G(r)) miisahide olunan maksimumlarin vaziyyati iso
koordinasiya sferalarinin radiuslarina uygun golir. Ba-
x1lan maddanin lokal qurulusuna maxsus ONO-nin for-
malagmasinda miixtslif kimyavi rabitalorin rolunun ay-
dinlagdirilmast vo o ciimlodon rabits uzunlugu vo orta
koordinasiya adadinin (Z) miioyyanlagdirilmasi magsoe-
di ilo ©MK simulyasiyas1 totbiq olunaraq parsial qu-
rulus omsallar1 (Sij(Q)) vo parsial ciit korrelyasiya funk-
siyalar1 (gij(r)) hesablanaraq naticalar sokil 3 vo sokil 4-
do tosvir olunmusdur.

a) 4
- Achs D a s Asse 9 3 Se-Se
g’ A ] AN~ | af
= :\f\/\/\ g 24 / g2{ , ‘ \/\,-/\
2 . *
3V Dk 8, v
< 4 o ' o'
0 <L
® »
0 2 4 6 & 10 0 2 4 6 & 10 0 2 4 6 8 10
QA] QA"] QA

Sakil 3. AsaoSeso tarkibini amalo gatiran As-As, As-Se va Se-Se kimyavi rabitslari {iciin parsial qurulus omsallari:

Sas-as(Q)(a), Sas-se(Q)(b) va Sse-se(Q)(C).

Parsial qurulus amsallarmin (Sj(Q)) biitiin pay-
lanma spektrlorinde BKDP miigahids olunur ki, bu da
miimkiin olan miixtalif As-As, As-Se va Se-Se kimyavi
rabitslorin varligi ile slagoedardir. $okil 4-don do goriin-
diiyti kimi, biitiin todqiq olunan torkib {iglin As-As, As-

Se Se-Se olagolorine moxsus ciit korrelyasiya funksiya-
lar1 (gij(r)) bir nego maksimuma malikdir. Daha yiiksok
intensivliys malik olan birinci pik tadricen ndvbals-
sorak intensivliyi azalmaqda davam edsn qonsu mo-
safalords 2-ci va 3-cii va.s piklorin yaranmasi il biruzs
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verir. Nozors almaq lazimdir ki, bu halda As-As kor-
relyasiyasina moxsus piklar miivafiq olaraq radial ma-
safonin 2.45 A, 3.5+3.6A, 5.2+5.8A qiymatlorine uy-
gundur. Homginin As-Se korrelyasiyasina uygun golon
birinci iki pikin vaziyyati taqribon As-As rabitslorinin
vaziyyati ilo uygunluq toskil edir. Ciit korrelyasiya pay-
lanmas funksiyasinda iiciincii pik r~4.4+4,6 A interva-
linda yerlosir. Nohayat, Se-Se korrelyasiyalarina uygun
galon birinci pik 2.35 A-do, ikinci pik ilk iki tarkib iiciin
3,55 A-do, uygun iigiincii zoif pik iso 4,75 A-do uygun
golir. AsspSeso-0 moxsus olan kimyavi rabitolorin uzun-
luglar1 tigiin alinan qiymotlor bu sahads tadgigat aparan
miislliflarin [5,6,7] oldos etdiklori naticalorlo kifayst go-
dor uygunluq toskil edir. Toaqiqatlar gostorir ki, binar
xalkogenid siiselordo BKDP-nin voziyyoti Q~1+1.5 A-
Lintervalinda yerlosir.

Digor miiolliflor [8] torofindon alinan noticolora
gora Se-Se vo As-As, As-Se, korrelyasiyalarina uygun
olan ciit parsial korrelyasiya funksiyalarinin (gse-se, gas-
As ., Oas-se ) qrafiklorinde miisahido olunan ikinci piklor
(r=0.364 nm) iso AsSes» —piramidal qurulus element-
lori arasindaki korrelyasiyaya uygun golir. Selen vo ar-
senin otrafinda on yaxin birinci qonsu atomlaradok
masafalar iss ~0,24+0,02 nm tortibinds miiayyasn olun-
musdur ki, bu da yaxin nizamliligin varlig1 ilo izah

180°  120°  90° 60° 0
~99°
g 15T Se-As-Se
T;: 1.0+
5
£ 05+~ \
0'04-‘ " " \"r-..-r---».-»-l
g 10 05 0.0 0.5 1.0
cosf

olunur [9]. Naticalor onu demoys imkan verir ki, biitiin
tarkiblordo BKDP-nin intensivliyi xalkogenin atomar
kiitlosindon asilt olub daha ¢ox kation-kation alagolo-
rindon asilidir. Beloliklo, parsial vo yekun korrelyasiya
funksiyalarimin miisahids olunan xiisusiyyatlori ONO-
nin amalo galmasinds Se-Se va As-Se korrelyasiyalari-
nin holledici rol oynadigini birmonali olaraq siibut edir.
Bu noticalor lokal qurulusun birinci koordinasiya sfe-
rasina daxil olan on yaxin qonsu atomlar arasindaki
rabitolorin bucaga goro paylanma oyrisindo do 6z
oksini tapir (sokil 5).

20 1 B o'
[} . Se-Se
o s
104 S
54
5 W S
0 6
r [Al

Sakil 4. AssoSeso-slisavari torkibi tigiin Ciit parsial korre-
lyasiya funksiyalari: gas-as(r), gas-se(r)ve gse-se(r).

180°  120°  90° 60° 0
-~ {]

15+ 98 As-Se-As
110]
H i
T

00 T, 5 X s Seitautaatel]
by 10 0.5 0.0 05 1.0
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Sakil5. AsaoSeso stisovari torkibindo oks Monte Karlo modellosmosindon alinan rabito bucaq paylanmalari.

© -As
& -Se

Sakil 6. 3D -atomar vo ya molekulyar konfiqurasiyada AssSeso maddesinin lokal qurulusunun tesviri.

Mogqalada todqiq olunan AsseSeso binar tarkibiI
iiclin ©OMK simulyasiyasinin komayi ilo, lokal quru-
lusun birinci koordinasiya sferasina daxil olan an yaxin
gonsu atomlar arasindaki rabitalorin bucaga (0 vo ya
cos0) gora paylanmasi hesablanmigdir (sokil 5). Sakil
5-do tasvir olunan bucaq paylanma funksiyasi li¢ hodli

korrelyasiya funksiyasidir. Burada 6- isa birinci koor-
dinasiya sferasinda yerlason iki atom arasinda mini-
mum vo maksimum astana mosafalori malum olduqgda
rabitolor arasindaki bucagi miisyyanlagdirir. Qrafikin
ordinat oxunda tasvir olunan P(0)-isa 0-rabito bucaqlari
atlinda olan atomlarin paylanma ehtimali sixligidir.
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Onun normallagdirilmis qiymati yoni, yekun ehtimalli-
liq vahidas barabardir. Tadqiq olunan maddads atomla-
rin rabits bucaqlarina gérs paylanma funksiyalarinin
hesablanmasi atomik konfiqurasiyadan miioyyan olu-
nan ciit parsial korrelyasiya funksiyalarinda birinci ko-
ordinasiya sferasina uygun olan pikdon sonra golon
ikinci pikin minimumuna uygun rma<~3.8 A mosafasi
nozoro alinaraq yerino yetirilmigdir. Stexiometrik
As40Sego-torkibi tigiin ©OMK- modellogmosinin totbiqi
noticosindo alinan As-Se-As vo Se-As-Se soklinds bu-
caq paylanmalar1 gostorir ki, maksimal piklorin voziy-
yati 6=99 £ 3° vo 0=98 + 3° tortibindadir (sokil 5).
Alinmis naticalorden molum olur ki, rabits bucaqlari-
nin geyd olunan qiymatlori asasen lokal qurulus baxi-
mindan trigonal bipiramidal atomik konfiqurasiyaya
uygun galir.

Sokil 2 va sokil 4-do tosvir olunan parsial qurulus
omsallarinin (S;(Q)) ve ciit parsial korrelyasiya funk-
siyalariin (gj(r)) noticalorina oks Monte Karlo simu-
lyasiyasinin tatbiqi naticosinds 3D -atomar vo ya mole-
kulyar konfiqurasiyada binar AssSeso maddanin quru-
lusunun tosvir olunmasi (sokil 6.) onlarin yaxin, orta
nizam qurulusu hagqinda dolgun tasovviir aldo etmoya
imkan vermisdir.

Oks Monte Karlo simulyasiyasi [4] isinds toqdim
olunan program paketi The software package RMC**
[http://www.szfki.hu/~nphys/rmc++/opening.html] ilo
edilmigdir. Simulyasiyanin naticalorinden vo tocriibs-
don alinan qurulus omsallarinin (S(Q)) adadi giymatlari
arasindaki forq oldugca minimumdur. AssSego torkibi
t¢tin ilkin nizamsiz atomar konfigurasiyada 10.000
atomdan ibarat kubik simulyasiya qutusu gotiiriilmiis-
diir. ©vvalca, simulyasiya qutusunda arsenium atomla-
riin say1 4000 (As), selen atomlarinin say1 6000 (Se),
atomik sixliq 0.0355 atoms/A% vo simulasiya qutusu-
nun yarim uzunlugu 34.668 A olmusdur. Lakin sonraki

morhoalads simulyasiya qutusunda atomar konfiqura-
Siyanin aydin monzorasine nail olmaq {igiin segilmis
torkibin biitiin elementlori i¢lin atomlarin sayi iki dofo
azaldilaraq atomlarinin say1 5000 olan konfiqurasiya
oldo olunmusgdur. Simulyasiyanin reallagdirilmasi va
3D -atomik vo ya molekulyar konfiqurasiynin oldo
olunmasi tigiin iki n6v mohdudiyyat, ciit atomlarin mor-
kozlori arasinda minimal masafa (cut-off distances) vo
rabito mohdudiyyati osas gotiiriilorak ciit parsial korre-
lyasiya funksiyalarinin (gj (r)) radial paylanma oyrils-
rindon As-As, As-Se, Se-Se atomar ciitlor arasindaki
astana mosafalori uygun olaraq 2.32+ 0.1 A,2.35+0.1
A,2.25+0.1 A soklindo toyin olunmusdur. Kubik kon-
fiqurasiyada on yaxs1 paylanma monzarasini alds etmok
ticiin simulyasiya qutusunda tosadiifi horokotin maksi-
mal addinu 0.2 A segilmisdir. Alinan naticolor AsSes
—piramidal qurulus elementlori arasindaki korrelyasiya
ilo izah olunur.

XULASO

Moqalodo AssSeso torkibi iiclin neytron difrak-
siyasi sopilmasindon alinan qurulus omsallarinin (S(Q))
tocriibi vo modelin verdiyi spektral asililiqlar: todqiq
olunmusdur. Parsial qurulug omsallar1 (Si(Q)) vo ciit
parsial korrelyasiya funksiyalarinin (gjj (r)) naticaloring
oks Monte Karlo simulyasiyasinin totbiqi noticasindo
3D -atomar vo ya molekulyar konfiqurasiyada binar
As4Sego maddoasinin lokal qurulusunun tosviri onlarin
yaxin, orta nizam qurulusu haqqinda dolgun tosovviir
oldo etmoys imkan vermisdir. Tadqiq olunan maddado
As-Se-As vo Se-As-Se soklindo bucaq paylanmalart
gostorir ki, maksimal piklorin vaziyyoti =99 + 3° vo
0=98+3° tortiblorino uygundur. Maddads rabito bucag-
larinin geyd olunan qiymaotlori asason lokal qurulus ba-
ximindan trigonal bipiramidal atomik konfiqurasiyala-
rin moévcudlugunu siibut edir.
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S.1. Mekhtiyeva, A.l. Isayev, R.1. Alekberov, A.Z. Abasova, N.N.Eminova

APPLICATION OF REVERSE MONTE CARLO MODELLING TO THE NEUTRON
DIFFRACTION SCATTERING RESULTS IN THE As-Se BINARY CHALCOGENIDE GLASS
SYSTEM

Analysis of partial, total structure factors, and pair correlation functions for the As,,Sego glass composition revealed that
Se-Se and As-Se bonds play a crucial role in the formation of medium-range order within the local structure.The application
of Reverse Monte Carlo modelling to the neutron diffraction scattering data of the As,,Seso composition shows that the
positions of the maximum peaks in the angular distributions of As—Se—As and Se—As—Se correspond to 6 =99 + 3° and 6 = 98
+ 3°, respectively. This result, from the perspective of the local structure, is explained by the presence of a trigonal bipyramidal
atomic configuration within a three-dimensional atomic or molecular arrangement.
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Acar sozlor: AdS/KSN dualligi, yumsaq divar modeli, vek tor mezon, aksial mezon, giiclii qarsiliqh tosir sabiti.

Giris

Nozori fizika sahosinds aparilan todqiqatlarda
sonlu temperaturda hadronlarin davraniginin dyronil-
masi, hom mezon vo barionlarin fenomelogiyasini, hom
do giiclii qarsiliglt tesirlorin tomsl prinsiplorini izah
edon Kvant Xromodinamikasi (KXD) nozariyyosinin
basa diistilmasine boyiik téhfa verir [1-19]. Hadronlarin
daxili strukturunu vo dinamikasini anlamagq tigiin illor
orzindo miixtalif nozori modellor hazirlanmisdir. Bu
modellar, forqli fiziki sortlor vo enerji soviyyslorindo

e . AdSKSN dualliis

Holografik prinsip

hadronlarin davranigini tosvir etmoys imkan verir [16,
17]. Bu kontekstdoa Anti deSitter/Konform Sahs Nozs-
riyyasi (AdS/KSN) [1, 2] dualligina asaslanan hologra-
fik KXD (AdS/KXD) modellari xiisusilo shomiyyatli-
dir. AdS/KSN uygunlugu bir-birindon tamamils farqle-
nan d vo d+1 dl¢iilii iki nazeriyys arasinda uygunluq
yaradir. Bu noazoriyyslordon biri Kalibrlomo Saho No-
zoriyyasi (KSN), digari iso AdS fozasinda yerloson qra-
vitasiya nozeriyyasidir. Iki nozoriyys arasinda uygun-
lug sokil 1-ds tosvir olunmusdur.

{ del Slgoli AdS fazasinda |
gravitasiva nerariyyosi

Sakil 1. AdS/KSN uygunlugunun tosviri [15]

Holografik modellor KXD-nin giiclii qarsiliqli to-
sir rejimini 8yronmok Ugun alveriglidir, ¢linki onlar
hom kigik, ham do bdyuk impuls 6turilms intervalini
ohats edir. AdS/KXD gargivesinds yumsaq divar mo-
deli hadronlarim daxili strukturunu, mezon va barion-
larmn spektrini va qarsiliqh tasirlarini, hom vakuumda,
hom da isti muhitds tosvir etmoya imkan verir [11-14].
Muhitin temperaturunun hadronlarin fiziki kemiyystlo-
rina tasirlari isa yumsaq divar modelino temperaturdan
asili dilaton sahosi daxil edilmokla dyranilir (termal
yumsaq divar modeli) [3, 15]. Bu yanasma, hadron
strukturlarinin temperaturun tosirindan neces doayisdiyi-
ni, form faktorlardan tutmus kiitloyo, radiusa vo mezon-
barion qarsiligh tasir sabitlorina godar bir gox shomiy-
yatli fiziki komiyyatlori hesablamaga imkan verir [3-
16]. Termal yumsaq divar modeli xiisusila pion Kimi
yungul psevdoskalara diggat yetirir, ¢tinki pion KXD-
do spontan kiral simmetriya pozulmasmim pseudo-
Qoldstoun zarraciklorindon biridir va onun xisusiyyat-
lari nozari modellarin dogrulugunu yoxlamagq tigiin ide-
aldir [14]. Pionun form faktoru, kitlosi, yik radiusu,

131, H.Javid ave, AZ-1073, Baku
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E-mail: jophphysics@gmail.com

parton paylanma funksiyasi (PPF), qisman Umumi pay-
lanma funksiyast (UPF) vo pion-barion garsiligh tosir
sabitlorinin temperaturdan asililign KXD-nin asagi
enerji dinamikasini vo hadronlarin isti miihitds davrani-
sin1 Oyranmoak tiglin vacibdir. Bu biliklor yalniz agir ion
toqqusmalari vo nlivs fizikasinda deyil, ham da neytron
ulduzlart vo kosmik strukturlarin formalagmast kimi
astrofizik hadisalords do tatbiq edilir [14]. Yumsaq di-
var modelinin asas Gstunlilyd odur ki, o, ham vakuum-
da, ham do sonlu temperatur mihitinds hadronlarin di-
namikasini realistik gokilda tasvir eds bilir, hamginin
muxtolif form faktorlari va qarsiligli tasir sabitlarini he-
sablayarag KXD-nin geyri-perturbativ sahasini todgiq
etmoyo imkan verir.

Pion-nuklon-A-barion qarsihqh tasir sabiti
Indi biz termal yumsaq divar modelindo pion-

nuklon-A-barion kegid qarsiligl tesir sabitinin sonlu
temperaturda ifadslorini ¢ixaririq.
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M, N (kz) it (p2)

Nl. &.{kl] I+ {pl]

Sokil 2. Pionun nuklon ve A-barionla virtual foton vasitasilo qarsiligl tasirini gostoron diagram [14].

Biz pion-nuklon-A-barion qarsiliqli tasir sabitinin | o, T) = K%rz, 2)
ifadslarini almag tglin avvalca yumsaq-divar modelin-
do AdS fozas1 daxilindaki A-barion va nuklon sahals-
rinin psevdoskalyar sahs ilo garsiligl tasirine uygun S
tosirinin ifadesini asagidaki sokilds yaziriq:

K = (14 pp)k?, ©)
2

(9a7t2 szf—1> T2 Nf-1/ T2

pPr = - - ( ) .

S = fd4xdr e—K%rz\/EgnNA(x' rT). () 16 Ny ) 12F? 2N§ 12F2( )
4

Burada x- Minkovski koordinatini, r-iso AdS fozasimn - Byrada, k=0.401 olmagla model parametri, N; =

5-ci koordinatini ifads edir vo tisbaga koo_rdinat adll'amr 2,3,4 ... kvark rayiho parametri, F = 0.087 GeV pion

[3-15]. %ZTNA("' 7, T)-hadron qarsihqli tosir laqranjiani,  parcalanma sabiti vo « = 0,0.1,0.2 ... olmagla kicik

lgl === e?4 olmagla AdS fozasinin metrikasi-  giymeatlor alan sarbast parametrdir.

nin determinanati [15], R=1 AdS fozasinn radiusudur. Sonlu temperaturda nuklon-A-barion kegid coro-

Temperaturdan asili dilaton sahosi ¢ (r,T) asagidaki yanlarmin garsiligh tosir lagranjian1 T=0 halina uygun
sokildo verilir: olaraq asagidaki sokildo yazilir [16]:

dén(;\)m = al(lﬁ{vl(x' r, T)FN(FL)MN(XI r, T)Nl(x' r, T) -
— @) (¢, 7, T)IN (FR) w2, 7, T)N, (x, 7, T)). 5)

Burada, ¥ (x,r, T)-A-barion, N(x,r,T) iss nuklon da- | sokilda Furye gevirmasi vasitssilo impuls fozasinda
xili saholarini tosvir edir. Temperaturdan asili 5-6l¢illii  temperaturun tasirinin nazsre alinmadig: hala uygun
N, (x,7,T) voa Ny(x,r,T) spinorlar1 (eyni qayda ilo A- olaraq yazilir:

barionlar ticlin ¥, ,(x,7,T) Vo ¥y ,(x,7,T)) asagidaki |

Ny, (x,7,T) = Nip 21 (x,7r,T)+ N1R,2R(x; r,T) =
1 C
+ (2m)* J d*p e P*[Fyp 5, (r, T)uy (p) Fip 2r (r, T)ur (0)],

Ny, (6,7, T) = Nypor (6,7, T) + Nygog (x, 7, T) =
1 ' £ ! % _ 2 % _ 2
+ f d4p e'? x[FlL,ZL(r' T, (p) FlR,ZR(r' Tug(p)]. (6)

(2m)*
I

Burada, Fyj,.(r,T) vo Figor(r,T) nuklonlar Gg¢in  impulsudur [15]. (6) ifadesindon goriiniir ki, 5-6l¢tli
(fir2o(r T) vo fig2r(r, T) A barionlar iigiin) sonlu  nazariyyads spinorlar, 4-0lculu saho operatorlari il
temperaturda sol va sag profil funksiyalardir. u, vo up  ifade olunurlar. Spinorlarin (6), Dirak matrislorini [15]
iso Dirak matrislori ils ifado olunan uygun sol vo sag (1) ifadesinds nozars alaraq musyyan hesablamalardan

udulma vo dogulma operatordir. p-zorraciyin 4-8lgiilii ~ sonra sonlu temperaturda r-mezon-nuklon-A  kegidini
| tosvir edon tosir {igiin

0 4 g4 B - (@T) 1.
Sena(M) = | d*pd*puy*uM,(q,T) | dre ®" [r—zfo(r,T)
0

« (ky(ES DGO, T) = B (r D ARY (0 T)) @)



N.O. NOSIiBOVA

inteqral ifadosi alinir. f, (r, T)-pion profil funksiyasi-
dir. 57(1(1)V)A (T) tosiri miiayyan hesablamalardan sonra vo
holografik uygunluq prinsipinin uygun boraborliyinds
Zixp(T) = eSeia® = 7, (T) soklindo nozars ali-
nir. Daha sonra mezon sahasinin vakuum giymatins go-
ro variasiya alinaraq, sonlu temperaturda J,(p',p, T) =

Grna (D), up) soklindo nuklon-A-barion caro-
yani tapilir [16]. 4-6l¢uli carayanin 5-61¢ili carayanla
migayisasindon g,ya (T) qarsiligli tasir sabitinin ayri-
ayr1 hadlori {iclin asagidaki sokilds inteqral ifadolor
alinir:

@ 1 . . «
gam(T) = f dr e~ [ = f3(n 1) (e (B DAY 1) = B DZY (1)),

Burada f,(r) =2 KZr3 osas hal iigiin m-mezonun
profil funksiyasi [14], nm indekslari baslangic va son
barionlarin halin1 gostorir. Sonlu temperaturda osas

halda olan sol barion profil funksiyalar: Lager polinom-

5 —oT)

(m)

(8)

ifadslorino malikdir. Biz osas hala baxdigimizdan
m=n=0. (8) ifadasini r-o gors inteqralladiqgdan sonra
alinan qarsiligh tesir sabitinin temperaturdan asililigi
kvark rayiho parametri olan N¢-in miixtolif qiymotlo-

rindo sokil 3-doki kimi tapilmigdir.

larilo £, (r, T) = E30, (r, T) = V2K3rze™ 2 Vo
m _ () = V2KZre 512 (K2
1R’2R(T,T) = FIR,ZR(T'T) =V2Kfrze” = Li(Kfr®)
|
On G (T)/ g (0)
i 10
0er
10+
06-
5_
D4+
L L S S S T S SRS 1. SR S I TGe NP B P PRI R R BT
R Y T Tyl w0 o o on on o oV

Sokil 3. Pion-nuklon-A-barion va normallagmig pion-nuklon-A-barion g, n,(T) garsiliqli tosir sabitinin temperaturdan asililigt

Natica

Biz temperaturdan asili pion —A-barion qarsiliql
tosir sabiti Uclin nazori ifadani hesabladiq. Gozlonildiyi
kimi, biz bu sabitin adadi giymatinin temperatur artdig-
ca azaldigini vo hadronlarin kvark-qliion plazmasina
faza kecidi etdiyi konfaynment-dekonfaynment tempe-
raturuna yaxin temperaturda yoxa c¢ixdigmi tapirig.
Homginin, kvark rayihe sayinin artmasi ilo kritik tem-
peraturun giymati azalir. N¢-in azalmasi, kvarklarin to-
min etdiyi fermionik ekranlagdirmani zsifladir, bu iso
asag1 enerjilordo garsiligh tosir sabitini guiclondirir vo
faza ke¢idi {iglin lazim olan kritik temperatur yiiksalir.
Bu noticalor digar modellar vo tocriibi miisahidslorlo
(har ikisi asimptotik olarag AdS-dir) AdS/KXD
dualligr aragdirila bilor ki, KXD maddasinin yiksok
dolasigliga malik topoloji fazalarma uygun galar.

yaxst milqayiss olunur. AdS/KXD-nin termal yumsagq-
divar modelinin maraqli bir imumilogdirmasi, gara do-
lik avazina, AdS fazasinda bir holografik neytron uldu-
zunu nazordon kegirmok olardi. Bu ciir holografik kom-
pozitlor AdS/KSN-nin imumi kontekstindo arasdiril-
mugdir [17]. AdS fozasindak bels bir ulduza daxili fo-
zada holografik uygun anlayis giiclii qarsiligh tesirda
olan sonlu-temperaturlu kvant mayesi olardi. Bundan
olavs, belo bir neytron ulduzunun gara daliys ¢ev-
rilmasi, sarhaddoaki KXD-ds faza kegidi vasitasilo kiral
simmetriyanin pozulmasina gatirib ¢ixaran mexanizm
holografik dual olardi. Eyni sokildo, Taub-NUT-AdS-
doki qara halqalarin [18] vo ya par¢alanmis AdS
hondasalarinin [19]
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Polietilen vo onun ssasinda miixtslif faizlorde nanogil slave edilmis nanokompozitlorin mexaniki (¢) méhkamliyina
elektrik bosalmasinin vo bir ox boyunca uzanma doracasinden asili olaraq oriyentasiyanin tasiri todqiq edilmisdir. Xarici
amillorin tosiri ilo qurulusda bas vers bilon doyisiklikls infraqirmizi spektrometri ilo geyds alinmis va o ilo grasilagdirilmigdir.
Kéhnalmadon sonra makromolekullar: amolo gotiron atomlararast kimyavi rabitolorin qirilmasi naticasindo karbonil gruplar
(C=0) yaranir vo o-n1 azaldir. 6-nin azalmasi1 PE-do nanokompozito nishaton daha coxdur. Nanogil destruktiv proseslords,

daha aktivdir.

Acar sozlar: nanogil, nanokompozit, elektrik sahosi, karbonil grup.

1. Giris

Yeni kompleks xassalora malik materiallara ehti-
yac yarandiginda yenidan polimer sintez etmak vas on-
larin istehsalini inkigaf etdirmok magsads uygun deyil-
dir. Bu ¢ox uzun, bahali1 vo mirakkab bir yoldur va hor
zaman da mivoffagiyyatlo naticalonmir. Masalanin
perspektiv hallarindan biri mévcud polimerlarin fiziki
modifikasiyasini doyismok va ya onlara yeni kompleks
xususiyyatlor vermokls daha davamli etmok tigiin bagqa
tobistos va qurulusa malik maddslarin slavs edilmosidir.
Ona goro do, tosadufi deyil ki, son illords polimerlor fi-
zikas1 vo kimyasinda osas yer kompozit materiallarin
alinmasi vo istifadasi tutur [1].

Arasdirmalarda [2 — 6] polielefinlor asasinda NG
alavsli hanokompozitlorin mexaniki va elektrik parca-
lanmasinda NG-in roluna baxilmigdir. Xarici amillarin
tosiri ilo fiziki xassalords bag veran dayisikliklor gostar-
di ki, polimerlar vo polimer maddslards parcalanmalar
makromolekullar1 togkil edon atomlararasi kimyovi ra-
bitalorin qirllmast ilo baglayir. Qurulusda yaranan bels
doyisikliklori fiziki xassolorlo qargilagdiraraq xarici
amillorin tasiri ilo bas veran molekulyar proseslori 6y-
ronmoklo parcalanma mexanizmini izah etmok mim-
kundr.

PE plastik material olmagla yiiksok mexaniki va
elektrik mohkamliyi, yiksok kimyavi dayaniqlilig, asa-
&1 nom vo qaz kegiriciliyi ilo farglonir. Asan emal olu-
nur, Gizvi va geyri-izvi slavalorlo yaxs: qarisa bilir. Is-
tismar temperaturu 100-120°C-dir. Tomiz vs kanaliza-
siya suyunun axidilmasi {igiin plastik boru istehsalinda,
izolyasiya materiali kimi kabel sanayesinds vo moaigot
ogyalarinin hazirlanmasind genis istifads olunur. Har
no gadar keyfiyyatli xam madds olsa da istismar mid-
dotindo xarici amillarin tosirilo par¢alanmasi qagilmaz-
dir. Istismar miiddati tamamlanan polimer mohsullari-
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nin yenidon istifadosi (geri dontisiimii) ¢otin oldugun-
dan otraf mahitin Kirlonmasina sobab olurlar. Keyfiy-
yati yaxsilagdirilmigs mohsullar zaman kegdikca kéhno-
lirlor, pargalanirlar. Xarici amillorin tosiri ilo polimer
materiallarin pargalanmasini aragdirmaq, ham elmi vo
hom da praktik cohotdan vacibdir. Pargalanma sobablo-
rini dyranmoklo polimer maddalrin xassslarini dayis-
mak Va istismar zamani yagama miiddatini artirmaq ki-
mi 6namli bilgilar alds etmok olar.

2. Tacribi metodlar va niimunalarin hazirlanmasi

Kompozit material olaraq PE-no daxil edilmis
geyri-izvi qatq1 kimi Na*-montmorillonit torkibli NG-
dan istifads edilmigdir. NG tobagsli quruluga malik, qa-
linlhig1 toxminan 1-3 nm, uzunlugu 50-150 nm olan gil
Minerallarinin imumi adidir. Montmorillonit boz va ya
ag rongli yuksok dispers tobagoli silikatlardir. Kimyovi
qurulusu NaOs (Al, Mg, Fe);Sis0s(OH),-nH20 soklin-
dadir.

NG miixtalif faizlords (1,0; 2,0; 3,0; 4,0; 6,0;8,0;
10,0%) toz soklinds PE-lo mexaniki qarsilagdirildigdan
sonra gaynar preslomo Usulu ilo nazik (50+80 mkm)
nimunolor oldo edilmisdir. Hor iki komponent toz sok-
lindo oldugundan bircinsli qarigiq alinir.

Giannelisin [7] arasdirmalaria gérs nanokompo-
zitlorin alinmasi {i¢ marholads olur . (Sakil 1).

1-ci morhalads taktoid meydana golir (a): polimer
zoncirlari gilin aqlomeratlarini xaricdan ortlirlor. 2-ci
morhalads (b) zancir seqmentlori gilin tobagolori ara-
sindak1 bosluglara daxil olaraq tobagalorin 2-3 nm ara-
lanmasina sobob olurlar. 3-cii marhalodo (c) gil tobage-
lorinin bir-birina nisbaton aralanmasi vo tobagalorin ni-
zamsiz diiziiliisii baglayir, tobagalor tamamaon ayrilirlar.
Matrisada NG-in barabar paylanmasi nanokompozitlo-
rin qurulusunun qiisursuz oldugunu gostarir.
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a)

b)

<)

Sokil 1. Polimer nanokompozitlorin alinmasi.

L T T, P e O O . o, S, O s 2

Sokil 2. Elektrik bogalmasinin tasiri ilo kéhnalmo qur-
gusu: 1-Yerlo birlogdirilon metal elektrod ;
2-Siigo l6vho; 3-yiiksak garginlik elektrodu;
4- bosluq yaratmagq ti¢iin siiso tobagolor;
5-tadgiq olunan nimuns; 6-hava araligi.

Xarici amil olaraq iki cir tosir segilmisdir: koh-
naldici, pargalayict bir s6zlo destabillogdirici tasir gos-
toron amillor ( elektrik bosalmasi, elektrik sahoasi, me-
xaniki yik, temperatur, radiasiya, riitubst va s.) vo sta-
billagdirici tosir gostaran amillor (oriyentasiya, mikro
alavalor, doldurucular va s.). Polimerlorin elektrik kéh-
nalmasini bir cox Usullarla alds etmok olar [6,8]. Elek-
trik bosalmasinin tosirini 0yronmok dglin nimunalor
xtisusi qurguda kohnadilmisdir (Sokil 2).

Mexaniki xassalorin doyismosindo NG slavasinin
rolunu aragsdirmaq ti¢iin miixtalif saatlarda elektrik bo-
salmasinin tasiri ilo avvalcadan kdhnoldilmis vo mix-
tolif doracads oriyentasiya olunmus nanokompozitlorin
mexaniki méhkamliyi ¢cokma cihazi ils dlgiilmiisdiir

[9] PE va nanokompozitlorin qurulusunda bas ve-
ron dayisikliklori 1Q udulma spektrometri vasitosilo
400-2500 sm* tezlik araliginda alman spektrlori inco-
lonarak mexaniki méhkamlikliklori ilo garsilagdiril-
misdir.

3. Naticalor va izahu.
Saf polimerlar va onlarin asasinda alinan nano-

kompozitlorden alinan mamulatlar istifads muddotin-
don asili olaraq kohnalirlor. K6hnalmo uzun miiddatli
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bir proses oldugundan, bels bir omoliyyati laboratoriya
soraitindo aparmaq olar. PE asasli NG olavoali nano-
kompozitlor hazirlandigdan sonra mexaniki méhkam-
liyin olavanin hocmi miqdarindan asililigi sokil 3-do
gOstorilmisdir. 3,0%-o godor o-nin giymatindo artma,
sonraki faizlords azalma miisahido olunur. NG-in 3,0%
miqdarinda nanokompozitin -s1 on bdyuk olur, PE-ns
nisbaton 41,7% artir. Sonraki tacriibalor optimal xas-
sayo malik PE+3,0% NG nanokompozit vo PE niimu-
nalarinds miigayisali sakilds aparilmigdir (Sakil 3).
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Sakil 3. PE-nin mexaniki méhkamliyinin NG-in
miqdarindan asililig1.

Uzvi olavalorls alan polimer kompozitlords xas-
solari on yaxsi olan kompozit niimunalor slavanin 15-
20% miqdarinda oldugu halda [9,10,11] qgeyri-Uzvi
alavaloarls alinan kompozitlards on yaxsi xassali nimu-
nalar olavanin 3,0-5,0% miqdarinda miigahido edilir.
[4,9]. 3,0% miqdarinda olan NG hissaciklori polimer
matrisasinda barabar paylanaraq makromolekullar arasi
qarsihigh tasir qlivvasini artirir.

PE vo mexaniki méhkomliyi an yiiksok olan na-
nokompozit (PE+3,0% NQG) aralarinda bosluq olan iki
elektrodlu sistemdon (Sokil 2) istifado edorok yiiksok
gorginlik altinda (U=9-10%V), mixtslif zamanlarda
(t=5; 10; 15 saat) kéhnaldilmisdirs Kohnalmis niimuna-
lorin g-sinin t-don asililigr sokil 4-do gOstorilmisdir. t
artdigca hor iki niimunonin o-s1 azalir. PE-do azalma
slirati nanokompozits nishoton daha ¢oxdur.
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Sakil 4. o-nin (1,2) vo D-ni (1, 2) zamandan asilihig1. 1,1' ~PE, 2,2 ' ~PE+3,0% NG.
o-nin oriyentasiya dorocasindon asililigi () sokil 5-do gdstorilmisdir.
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Sakil 5. g-nin (1,2) oriyentasiya dorocasindan asililigi. 1 ~PE, 2 ~PE+3,0% NG.
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Sakil 6. PE-nin 1Q spektri of PE: 1~t=0; 2~t=5 saat; 3~t=10 saat; 4~t=15 saat ( U=9-10%V).
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A artdigca o-nin giymatinin artmasi hor iki nimu-
no uguin farglidir. PE-nin 6-s1 nanokompozita nishaton
daha coxdur.

Koéhnalmo muddstindon asili olaraq o-nin azal-
masini izah etmak {i¢lin nimunslarin qurulusunda bag
veran dayisikliklor 1Q spektroskopik iisulla lgiilmiis-
diir (Sakil 6).

Spektrloradon alinan noticalora gora hesablanmisg
optik sixligin (D1720) t-don asililigi sakil 4-do gostoril-
misdir. Di720-nin giymatinin artmasi1 makromolekul-
larda qirilan rabitalorin hesabina karbonil qruplarin
(C=0) yaranmasidir. Bosalmanin sonrak1 tasir middo-
tinds rabitslorin qirilmast daha intensiv getdiyi liglin
Di720-nin artmasi (o-nmn azalmasi) siiratlonir. Nano-
kompozitds NG rabitalorin qirilmasina mane olur vo

antioksidlosma rolunu Ustlonir. Elektrik bosalmasi vo
oriyentasiyanin tasirindan avval vo sonra PE va nano-
kompozit li¢lin o-nin qiymoti codvaldo gOstorilmisdir.

Mexaniki vo elektrofiziki xassslor Ustmolekulyar
qurulusun dayismosindon asilidir [6]. Polimerlors daxil
edilon slavalor, oriyentasiya, temperatur iglomlari va s.
iistmolekulyar qurulusu dayisdira bilarlor. 1-dan asili
olaraq o-nin nanokompozita nishatan PE-da ¢ox artma-
smin sababi oriyentasiya prosesi NG-in rolunu Ustolo-
masi ilo olagodardir. o PE-do 30% artdigi halda
PE+3,0% NG-ds 11% artmigdir. Elektrik bosalmasinin
tosirindan sonra PE-ds azalma 30% oldugu halda nano-
kompozitdo 17% olmusdur. Yoni NG stabillosdirici
amils nisboaton destruktiv proseslords daha aktiv rol oy-
nayir.

g, MPa o, MPa Ac % o, MPa o, MPa Ac %
Oriyentasiya Oriyentasiya Kéhnalmomis Koéhnolmis
olunmamig olunmus A=2,5 U=0t=0 U=9-10° V t=15 saat
PE 60 73 20 60 42 30
PE+2,0% NG 85 94 11 85 73 15,5

Natica

- PE-no oalavs edilon NG hissaciklorinin hocmi
miqdarindan asili olaraq mexaniki méhkamlik 3,0%-o
godor artir vo sonra azalma miisahido edilir.

- Optimal xassays malik PE+3,0% NG nanokom-
pozit vo PE niimunslarin c-s1 elektrik bosalmasinin to-

sir miiddatindan asili olaraq azalirlar. PE-do azalma na-
nokompozits nisbaton ¢oxdur, NG destuktiv proseslor-
da karbonil qruplarin yaranmasinin qargisini alir.

-Oriyentasiya doaracasindan asili olaraq PE-do o-
nin artma siirati PE+3,0% NG-5 nisbhaton goxdur. Sta-
billosdirici amilin tosirindon sonra NG destruktiv pro-
seslorda daha aktiv rol oynayir.
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INFLUENCE OF EXTERNAL FACTORS ON MOLECULAR PROCESSES DURING
MECHANICAL DEGRADATION OF POLYETHYLENE-BASED NANOCLAY-ADDED
NANOCOMPOSITES.

The effect of electrical discharge and orientation on the strength (o) of polyethylene and nanocomposites based on it with
different percentages of nanoclay added was studied. The change that may occur in the structure under the influence of external
factors was recorded by infrared spectrometry and correlated with o. After aging, as a result of the breaking of interatomic
chemical bonds forming macromolecules, carbonyl groups (C=0) are formed and reduce . The decrease in o is greater in PE
than in nanocomposites. Nanoclay is more active in destructive processes and stabilizing processes.
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ikizonali Keyn modelindo Hg1.xCdxTe kristallarinda elektron Raman sapilmasi masalasine baxilmigdir. Sapilmonin dife-
rensial effektiv kosiyi hesablanmigdir. GOstorilmisdir ki, isigin sopilmasi geyri-rezonans va rezonans olaraq bas vers bilar.
Rezonans tezliyini tayin edon diistur alinmigdir. Sopilmonin diferensial effektiv kasiyi ticlin giymatlindirmolar géstarir ki, ba-

x1lan Raman sopilmasi tacriibado miisahids oluna bilor.

Acar sozlor: Hg1xCdxTe yarimkegiricisi, ikizonali Keyn modeli, elektron Raman sapilmasi.

Lazerlorin kosfi vo elektromaqnit siialanmasinin
tutulmast metodlarinin tokmillogmasi natisasinda spek-
troskopiya bork cisimlorin fiziki xassalorinin vo onlarin
daxilinds bag veran elementar proseslorin tadqiq edil-
mosi sahasindo giiclii metoda ¢evrildi. Hazirda bizim
mikroalom haqqindaki biliklorimizi terahers, gériinan,
infraqurmizi, radiotezlikli, mikrodalgalar, ultrabonov-
sayi vo rentgen oblastlarinda optik siialanmani tomin
edon vasitalarsiz tasavviir etmoak ¢atindir.

Yarimkegiricilordo meydana ¢ixan optik xassalor
yarimkeciricilor fizikasinin miistoqil bélmosini toskil
etmokls yanasi eyni zamanda yarimkegirici materialla-
rin ¢oxsayli parametrlorinin [ 1-3] toyin olunmasinda is-
tifads olunur. Bundan slava, optik xassalor miixtolif op-
toelektron sihazlarin yaradilmasinin bazasii togkil
edir. Hazirda yarimkeciricCilarin vo onlarin asasinda sii-
ni yaradilan asagi6l¢iilii elektron sistemlorinin xatti vo
geyri-xatti optik xassalori intensiv suratds todqiq olun-
magqdadir [4]. Bu hom asagi6l¢iilii ((nanodlcili), hom
doa makrodlgiilii maddslorin keyfiyyotca yeni optik xas-
salorinin askarlanmasi va eloCa do yeni fiziki prinsiplor
asasinda isloyan cihazlarin yaradilmasi ilo baghdir [3,
4].

Bork cisimlordo, o climlodon yarimkegiricilordo,
isigin Raman sopilmoasi yarimkegiricilorin vo yarim-
kegcirici asasl strukturlarinin toedqiqinde giiclii metod-
lardan biridir. Raman sapilmasinin spektrinds bark ci-
simlorde méveud olan elektron hayacanlanmalari 6z
oksini tapir. Adi ¢okilon cisim vo strukturlarin bir gox
parametrlori, onlarin kinetik amsallar1 vo bir ¢ox basqa
fiziki komiyyotlori Raman sopilmosinin kdmayi ilo bir-
basa toyin oluna bilir [5].YarimKegiricilords, eloco do
onlarin asasinda siini olaraq alinan agagi6lgiilii sistem-
lorda real zona qurulusunun miirakkabliyi onlarda gox
miixtolif Raman sapilmasi proseslarinin bag vermasino
ravac verir. Bu proseslor sirf elektron hayacanlanmalari
hesabina vo hamg¢inin ds fononlarin istiraki ilo bas vera
bilar [6]. Sirf elektron hayacanlanmalari hesabina to-
sokkiil tapan Raman sopilmasi elektron Raman sopil-
moasi (ERS) adlanir. Bu tip sapilmolar Kifayot qador ot-
rafli 6yronilmis olsa da, yuxarida dediyimiz Kimi, ya-
rimkegirici maddslordo zona qurulusunun &zslliklori
yarimkegiricilordo donor vo akseptorlarin olmasi, sim-
metriya moarkozinin mévcudlugu va ya onun olmamast,
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elektronlarm spine malik olmalari va s. ¢ox farqli elek-
tron Raman sopilmasi proseslorinin reallagmalarini to-
min edir[7].

Son  zamanlar  CdixMnsTe,  HgixCdyTe,
Hg1.xCdxTe, Hg1xCdxTe ,Hg1xMnyTe, Hg1xCdxTe vo
S. kimi yarimmaqnit yaimKegiricilords[3] elektron Ra-
man sopilmesinin tadqiqi genis viisat almigdir. Bels ya-
rimkegirici birlogsmolor maqnit sahasindo hom yarimke-
¢irici, ham do maqnit xassalarini niimayis etdirirlor. Ra-
man sopilmasi metodu ilo yarimmagqnit materiallarda
birbaga maqnit xassalorini 6yronmok mumkiindir. Ke-
ciricilik elektronlari spinlorinin magnit ionlarmin spin-
lori ilo miibadilo qarsiligh tesiri naticesinde méveud
enerji saviyyoalori pargalanir vo elektron spektri daha
mirakkab olur. Bu iso yeni elektron Raman sopilmosi
proseslarinin yaranmasina ravac verir [8]. Burada o da
onamlidir ki, miibadilo hesabina yaranan pargalanma
enerjisi temperatur vo maqnit sahasina qarsi ¢ox hassas
oldugu tigiin elektron Raman sopilmasi spektrini bu pa-
rametrlardon asili olaraq idars etmak mimkiin olur. Bu
isa 6z ndvbasindo, yarimmagqnit yarimkegiricilorden is-
tifads etmoklo Raman sopilmasi effekting asaslanan va
is¢i parametrlori maqnit sahasi vo temperaturla idars
olunan qurgu vs cihazlarin yaradilmasmin miimkiinli-
yii demoakdir.

Sopilmse prosesinds impulsun va enerjinin
saxlanmasi qanunlar1 asagidakilardan ibaratdir.

pﬂ_ ﬁ:hq’ (1)

Ey—Ep = ho
burada,

kO_El

q

0=0,- = )
@ - tezliyin siiriismosi, g-dalga vektorunun siiriismo-
sidir, @ o, ko uygun olaraq diison isigin tezliyi vo dalga
vektoru, @ 1vo Ki isa sopilon isigin,uygun olaraq, tez-

liyi vo dalga vektorudur, &, isa P impulslu elementar

hayacanlagmanin enerjisidir. Malumdur ki, elastiki sa-
pilmoenin effektiv kosiyi (Tomson sopilmasi) elektro-
nun

I
m'c?
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klassik radiusunun kvadratina miitonasibdir. Amma ya-
rimkegciricilords rezonansa yaxin oblastda effektiv kasi-
yin giymeti hotta 10%° dofs arta bilor. Bu artmanm so-
bobi birbasa sopilma bag veron miihitin zona qurulusun-
dan va yiikdastyisilarin sopilmo mexanizmlorindon asi-
lidr.

Toqdim olunan igdo AZ?B® tipli yarimkegiricilor
grupuna aid olan Hg:«CdiTe, yarimkegiricisinds va
onun kvant toboqasindaki elektron qazinda Raman so-
pilmasi tadqiq olunmusdur.

Normal vo invers zonali dar gadagan zolagl
Hg1-xCdxTe kristallarinda vo onlarin osasinda siini ya-
radilan kvant toboagolorinds ikizonali Keyn modelindo
zonalararasi elektron Raman sopilmasinin nozoriyyasi
qurulmusgdur.[8] DEK {igiin tezliyin stirismosindon vo

qadagan zolaginin enindon asili analitik ifadslor alin-
migdir. Sopilma prosesinin bir sira imumi xiisusiyyat-
lori vo yekun Raman spektri arasdirtlmigdir. Gostoril-
misdir ki, i$181n sopilmasi geyri-rezonans vo rezonans
olaraq bas vers bilor. Rezonans tezliyini toyin edon diis-
tur verilmigdir. Diferensial effektiv kasik tigiin geyri-

2
rezonans halinda d’s ~10 % sm*sr*san, rezonans
dQdw
2
halinda iso d’s ~1072°sm™sr 'san gqiymaotlori
dQdw

almmugdir. Bu iso baxilan Raman sopilmasinin tocrii-
bado miisahids oluna bilmoasini gostarir.

[1] Wen Lei, Lorenzo Faraone, Jarek Antoszewski.
“Progress, challenges, and opportunities for
HgCdTe infrared materials and detectors”,
Applied  Physics Reviews  2(4):041303,
December, 2015.

John Wiley & Sons Ltd., “Mercury Cadmium
Telluride: Growth, Properties and
Applications”, Edited by Peter Capper and
James Garland Applications, 2011.

A. Rogalski. “HgCdTe infrared detector
material: history, status and outlook”,Rep. Prog.
Phys. 68: 2267-2336, 2005.

Junhao Chu, Arden Sher. “Physics and
Properties of Narrow Gap Semiconductors”,
Springer Science: Business Media, LLS, 2008.

2]

[3]

[4]
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[5] A.V. Rodina and E.L. lvchenko. “Theory of
single and double electron spin-flip Raman
scattering in semiconductor nanoplatelets”,
PHYSICAL REVIEW B 102: 235432, 2020.
Betancourt-Riera Ri.,Betancourt-Riera Re.,
L.A. Ferrer-Moreno, J.M. Nieto Jalil. “Intra-
band Raman scattering and gain in a double
quantum well wire with asymmetrical barriers”,
Physica B 600:412640, 2021.

E. Burstein, D.L. Mills and R.F. Wallis. “Phys.
Rev. B” 4: 2429, 1971.

E.O. Kane. J. Phys. Chem. Solids, 1: 257, 1957.

(6]

[7]
(8]
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InzxSmiSe (x=0,01; 0,03; 0,05; 0,07) BORK MOHLULLARI MONOKRiSTALININ
ELEKTROFIZiKi XASSOLORININ SUALANMA DOZASINDAN ASILILIGI

A.9. ISMAYILOVY, 9.9. ISMAYILOV, L.V. RUSTOMOVA,
S.S. ABDINBOYOV, A.D. HACIYEVA
Azorbaycan Texniki Universiteti,Baki-1143, H.Cavid pr.25.
Azorbaycan Elm va Tohsil Nazirliyi Fizika Institutu, H.Cavid pr.131.

Isde In1xSmxSe (x=0,01; 0,03; 0,05; 0,07) monokristalinin elektrofiziki xassolorinin siialanma dozasindan asililig1 tadqiq
edilmigdir. Gostarilmisdir ki, tadqgiq olunan hor dord kristalda elektrikkegiriciliyi va Holl amsali dozanin Dy= (0,50, 70, 80, 90,
100) krad giymotins kimi siialanmadan asili deyil. Tocriibalora asason deys bilorik ki, In1xSmxSe (x=0,01; 0,03; 0,05; 0,07)
monokristallart radiasiyaya davamli materiallardir. Onlardan kosmik qurgularda 6l¢ii cihazlari kimi, niiva reaktorlarinda isti-

fado etmok olar.

Acar sozlar: bark mohlul, nadir torpaq elementlori, elektrikkeciriciliyi, yarimkegirici birlasmalorin tamizlonmasi.
PACS: 71.20.Nr Yarimkegirici birlosmolar; 72.20.Fr Zsif sahslords daginma vo yuriklik.

GIRIiS

InSe-nin elektrik xassalorinin dyranilmasi todqi-
gatgilarin diggatini calb edir.Miixtolif temperatur ob-
lastinda InSe-nin temperaturdan asili kegiriciliyi hag-
qinda molumat vermisdir [1].

[2]-a asasan nadir torpaq elementlori yarimkegiri-
cilards az hall olunurlar, nazarst olunmayan defektlorin
konsentrasiyalarinin azalmasi hesabina tomizloms ga-
biliyystina malikdirlor va yiikdasiyicilarin yiiriikliyii
artir.

NOTICOLOR VO MUZAKIROSI

In1xSMySe (x=0,01; 0,03; 0,05; 0,07) monokris-
tallar1 Brijmen 0Osulu ilo alinmigdir. Elektrik 6lculori
heksagonal singoniyaya ve asagida géstarilon paramet-
ro malik monokristallarda aparilmigdir

InSe mol.% | Qofos sabiti, A
A C

99 4,05 16,93

97 4,09 16,97

95 412 16,98

93 4,16 17,02

Tadgig olunan nimunaloar élgilari (3.0-6.0)x(3.0-
-7.0)mm vo d=<300 mkm olan paralelepiped soklinda
olmusdur. Kontakt materiali olaraq giimiis pastasindan
istifado edilmisdir. Kontaktlar niimunalorin oks sothlo-
rins qarsi-qarsiya yerlogdirilmigdir.

NUmunalar enerjisi 1,25 MEV, siialanma dozasi
Dy = 0; 10; 30; 50; 70; 80; 90 vo 100) xrad olan
RXUND-20000 (radiasionnoye ximigeskiye ustanovka
neposredstvenno deystviye) qurgusunda siialandiril-
migdir. Radiasiya selinin sixligr 1,4-10kvant/s-sm?
toskil etmisdir.

Termo-e.h.q.-nin igarasine gora nimunaloarin n-tip
kegiriciliyo malik olmasi miiayyan edilmigdir.

Sakil 1-ds Ini«Sm,Se (x=0,01; 0,03; 0,05; 0,07)
monokristallarinin elektrikkegiriciliyinin stialanma do-

131, H.Javid ave, AZ-1073, Baku
Institute of Physics
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zasindan asilih@1 verilmisdir. Sokildon goruruk ki, bi-
tiin torkiblar Gglin elektrikkegiriciliyi y~siialanma doza-
sindan az asilidir.

-2 -1 -1
g, 107 om ™ sm

=
e
3%
e
__--‘.('/-.- 2
r— e
. _
——
2 - % 3
b 4 —X e
b e e I 4
1 -
| | | | |
0 20 40 60 80 100
Dy, krad

Sakil 1. In1.xXSmxSe monokristallarinin elektrikkegiri-
ciliyinin stialanma dozasindan asililigi:oyrilo
1-x=0,07; 2-x=0,05; 3-x=0,03; 4-x=0,01.

Ry, sm>/ ki
w0t -4
- - —— -]
103_
—_— - —,———
P 2
wr T T e
[ 1
10t PR P S R
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Dy, krad

Sakil 2. Holl amsalinin y-siilanma dozasindan asilig::
ayrilar: 1-x=0,07; 2-x=0,05; 3-x=0,03;
4-x=0,01.
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Sakil 2-do Holl omsalinin p-siilanma dozasindan
asilig1 gostorilmisdir.

Tocriibaloro asason deya bilorik ki, Ini.xSm,Se
(x=0,01; 0,03; 0,05; 0,07) monokristallar1 radiasiyaya

davamli materiallardi. ©vvalki isimizds [3]-do gdstoril-
misdir ki, In;xSmxSe monokristallarinda elektrikkegi-
riciliyi vo Holl omsali (142-294)K Intervalinda tempe-
raturdan asili deyil. Onlardan kosmik qurgularda 6l¢i
cihazlari kimi , nlivo reaktorlarinda va ss istifado etmok
olar.

[1] C.H. Mycmagaesa, M.M. Acaoos, A.A. Hcmau-
11086. TlepeHoc 3apsiia 10 JOKATU30BAHHBIM COCTO-

SHUSIM B MOHOKpuctauiax InSe u InSe<Sn>.
O®uszuka Huszkux Temnepatyp. T. 36, Ne 4, 2010,
¢.394-397.

E U Apembaw, A.A. Enucees. XambKOTCHHUIBI
penko3eMenbHBIX  3ieMeHToB.  CuHTE3 WU
kpuctamutoxumus, M. : Hayka, 1975. — 258 c.

2]

[3] A.A. Ismailov, N.Z. Gasanov, A.A. Ismailov, P.H.
Ismailova, S.S. Abdinbekov, A.B.Magerramov,
Velibekov  X.Sh. Norwegian journal of
development of the International Science.
Physical Sciences. 2023, Ne 103, p.43-46.

AA. Ismailov, A.A. Ismailov, L.V. Rustamova, S.S. Abdinbekov, A.A. Hajieva

DEPENDENCE OF THE ELECTROPHYSICAL PROPERTIES OF InixSmxSe (x=0.01; 0.03; 0.05; 0.07)
SOLID SOLUTIONS SINGLE CRYSTALS ON THE RADIATION DOSE

In this work, the dependence of the electrophysical properties of In1xSmxSe (x=0.01; 0.03; 0.05; 0.07) single crystals on
the radiation dose was studied. It was shown that the electrical conductivity and Hall coefficient of all four studied crystals do
not depend on the radiation dose up to the value of Dy= (0.50,70,80,90,100) krad. Based on the experiments, we can say that
the InixSmxSe (x=0.01; 0.03; 0.05; 0.07) single crystals are radiation-resistant materials in range of 142 -294 K. They can be
used as measuring devices in space ships and in nuclear reactors.
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CuGaSe; MONOKRISTALININ VOLT-AMPER XARAKTERISTiKASINA
y-SUALARININ TOSIRI

I. QASIMOGLU, Q.S. MEHDIYEV, C.T. HUSEYNOV
Azarbaycan Respublikasi Elm va Tahsil Nazirliyi H.M.Abdullayev adina Fizika Institutu,
H.Cavid 131, Baki Az 1073, Azarbaycan
E-mail: gasimoglu@yahoo.com

CuGaSe2 monokristalinin adi halda 6lgiilon Volt-Amper xarakteristikasinda alinan maksimum j-siialanmadan sonra diiz
Xotto ¢evrilmigdir. Diiz xott (plata adlanir) otalotli r- aggar markozlorinin j-siialanmadan sonra tam bosaldigini ifado edir. Bu
iSo xarici tosirdan sonra geyri-asas yiikdastyicilarin ardigini gostorir.

Acar sozlor: Spektral xarakteristika, y-stialari, nogtavi defektlor, donar,ak¢eptor ionlari.

Pacs: 61.80.Ed.

Ikigat analoglarindan fargli olarag, ticgat birlos-
molarin fiziki xassalorinin, boylk enerji vo temperatur
intervalini shato etmasi, hamin maddsloro maragin art-

masina sobab olmusdur. Umumi formulast A'B"C,V!

soklindo ifado olunan birlogsmalordon biri do CuGaSe;
monokristaldir. Alinmasi texnologiyas: vo sabit elek-
trik sahosinin obyekts tosiri torafimizdon dyranilmisdir

[1].

Yeni magalods iso Y- radiasiyanin CuGaSe, mo-
nokristalinin  volt-amper xarakteristikasina tosirindon
sonra yaranan, noqtavi defektlorin kegiricilikdaki rolu-
nun Oyronilmisdir. Mévzunun aktualligi: ZnSe mono-
kristalinin iigqat analoqu olan CuGaSe; az Gyranilmis-
dir. Bu isa monokristalin alinmasinin texnoloji ¢atinli-
yindan irali golir. Diisiiniiriik ki, obyektin fundamental
sokilds dyranilmasine ehtiyac duyulur, ¢linki tatbiq im-
kanlari ¢ox genigdir. Masalonin qoyulusu: Y-radiasiya-
dan sonra meydana ¢ixan ionlagmanin, kegiriliys tasi-
rinin, yaranan noqtevi defektlor hesabina oldugunun
tocriibi olarag mumkinliylnd izah etmakdir [2]. Va bu
parametrlorin diizgiin tayin olunmasi hesabina, elektron
cihazlarin keyfiyyatli vo rogabosto davamli olacagim
gostormok miimkiin olmusdur.

Toacribanin aparilmast:

Olgmolor otaq temperaturunda aparilmigdir. Y-
radiyasiyanin bir ne¢o dozada tesirindsn sonra tacri-
balar tokrar olunmusdur. Birinci sokildan (1) goriindii-
yu kimi, ilkin spektrds corayanin artimi miisahids olu-
nur, sahonin artmasina miitonasib olarag hor 10 voltdan
bir corayanin qiymati mikrovoltnanoampermetrlo geyd
olunmusdur. Sonra iso enerjisi 1,25 MeV olan Y-
radiasiyanin bir ne¢o dozasindan sonra tocriibo davam
etdirilmisdir. Alinan noticalorin mizakirasi: Tocriibanin
Y- giialarinim tosirindon sonra tokrar olunmasi, yaranan
defektlorin Kkegiriciliys tosirinin aydinlagdirilmasinda
an asan yol oldugu genastindoyik. Yarimkegiricilords
yiikdasinmasinin mexanizmini izah etmek {iglin qada-
gan olunmus zonanin morkazindoki agsqar morkazlori-
nin 6zlarini rekombinasiya morkazi kimi apardigini no-
zoro almaq lazimdir. Bazi hallarda sarhodds mévcud
olan potensial guxur nozariyyssi totbiq etmok daha ol-

131, H.Javid ave, AZ-1073, Baku
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veriglidir. Bu yolla geyri-asas yilikdasiyicilarin artma-
sint izah edos bilorik. Atomun elektronu vo ya desiyi
udmasi naticasinds, elektronlarin (desiklorin) konsen-
trasiyas arta, vo ya azala bilar. Biz bunu spektrds saho-
nin maksimal giymsatinin 50 Volta gadarki giymatinds
miigahids edirik. (1 sokil ayri 1). Y- radiasiyanin tesi-
rindan sonra bu simmetriyanin pozuldugunu goriirriik
(1 sokil ayri 2).

CuGaSe2 VIA, T=300,R=0,2Mom.
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Sokil 1. CuGaSez monokristalinin Volt —Amper xarak-
teristikasina y-siialarinin tosiri. 1-ilkin spektr,
2-y-siiasinin tasirindon sonra.

Monokristala 128,4 grey doza verdikdon sonra,
¢okilon spektrdo platanin yaranmasi miisahido edirik.
Bizo goro, bu artim ionlagsmadan sonra qeyri-osas yUuk-
dasiyicilarin konsentrasiyasinin artmasi hesabima ol-
mugdur. Garginliyin 50-300V araligindaki qiymatlarin-
do spektr diiz Xatts ¢evrimis vo sabit qalmigdir. Y- ra-
diasiyadan sonra bas veran ionlagsma hesabina atomun
ilkin vo sonrasi enerjisi arasinda forq yarandigi {igiin,
ndqtavi defektlar omola golir vo rekombinasiya prose-
sindo istirak edirlor. Ionlasmadan sonraki vaziyystdo
ogor atom, laylar arasinda yerlasorsa bir, diyiin noqts-
lorinda yerlosorss digor enerjiyo malik olur. Ona goéro
do, atomun aktivliyi mixtalif olur. Masalon, agor atom
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laylar arasinda yerlogorsa dorin donor defekti yarinmig
olur, ogor dlyiin néqtalorinds yerlogorss kicik akseptor
defekti yaranmis olur. Sonra iso atomun donor tipli de-
fektdon, akseptor tipli defekts sigramasi bir desiyin zobt
olunmasi ilo miigahids olunur. Bu iss r-akseptor morks-
zinin aktivlogmasina sobob olur. Bununla da, defektin
Ozlnl akseptor markozi kimi aparmasi veo rekombina-
siya prosesinds istirak etmasi, Carayanin giiclonmasini
tomin etmis olur. Biz (1 ikinci oyri) sokilds geyri-asas
yukdastyicilarin doymasi halin1 miisahido edirik. Bu
doyma Komton elektronlar1 hesabina bas verir. Elek-
tronlarin siirati boyiik oldugundan, homin elektronlar
rekombinasiyada istirak etmir, stiratlori, yurtkluklori
bdyiik oldugu tiglin, onlar oks elektroda daha tez catir-
lar, ona goro do, biz doymani miisahidos edirik. Homin

sabobdondir ki, elektrik sahasinin 50-300 V intervalin-
da, xatti forma aldiginin sahidi olurug.
Yekun natica:

Y-radiasiyanin tosirindon sonra ionlagma bas ve-
rir. Donor, akseptor morkazlori yaranir. Atomlarin do-
nor morkazlordon, akseptor markozloro kegmasi ilo,
silsilo soklinds elektron vo desiklorin amala golmosi
bag verir. Bu hadiss ise kegiriciliyin kaskin artmasina
Sabab olur. Alinan tacriibadon bels ganasts galirik ki,
yarimkegiricilords defektlorin idars olunmasi kimi mii-
hiim bir naticoni alds etmis oluruq ki, onun asasinda
elektron cihazqayirmada istifado oluna bilacok, osas
parametr kimi, tadbiq imkanlarin1 genislondirmis olu-
ruq.

[1] I Qasimoglu. Elektirik sahesinin tosiri ilo
CuGaS; monokristalinda yaranan ddyiinan
coroyan. Fizika Volume XX, Ne 3, Section: Az.
Sohifs 25-27. 2014.

[2] B.JI. Buneyxuii, I".A.Xondaps. Bo3amMoxHbIi Me-
XaHU3M BBICOKO3(D(hEKTHBHOTO YCKOpEHHS IIe-
PECTPOMKH U PEKOMOMHAINS TOYCUHBIX Je(eK-
TOB B TIOJYIMPOBOJHHUKAX ACHCTBUEM HOHU3H-
pyroero mnydenus. OTII, 1982, 1. 16, B 7
HI0Jb, cT.1322-1325.

l. Qasimoglu, Q.S. Meshdiyev, C.T. Huseynov

VOLT-AMPERE CHARACTERISTICS OF CuGaSe2
MONO-CRYSTAL HAS BEEN STUDIED EXPERIMENTALLY

After y- radiations influence of be ionized to conductivity determined.
It was clear that, the price of the point defects resulting from increased activation of conductivity.
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1N0.99SM0.0:.Se MONOKRISTALLARINDA iNJEKSiYA COROYANI

A.9. ISMAYILOV##, 9.9. ISMAYILOV, P.H. ISMAYILOVA,
X.S. VOLIBOYOV
##Azorbaycan Texniki Universiteti, Baki-1143, H.Cavid pr.25.
Azorbaycan Elm va Tohsil Nazirliyinin Fizika Institutu

IN0.99SMo.01Se monokristallarinin elektrikkegiriciliyinin vo volt-amper xarakteristikasinin temperatur asililig1 todgiq edil-
migdir. InogeSmMo.o1Se monokristallarinda coroyankeciriciliyinin mexanizmi vo asagidaki elektrik parametrlori muoyyon
edilmigdir: tololorin konsentrasiyasi Ni=5-10'! sm, tarazliqda olan yiikdastyicilarin konsentrasiyalari po=10° sm=3, tutma
omsali 6=0,12, Omik sahoadon kvadratik sahoys kegid gorginliyi V12, yiikdastyicilarin yiiriikliyii £=1,17 sm2/V/-s, talalorin
yerlosmo dorinliyi Et=0,46 eV. Miioyyen edilmisdir ki, Ino.99Smo.o1Se monokristallar giiclii kompensasiyaya malikdirler.

Acar sozlar: tarazliqda olan asas yiikdasiyicilar, talalorin konsentrasiyalar1, nadir torpaq elementlori, tutma amsali, tololorin

yerlosma darinliyi

PACS: 71.20.Nr Yarimkegirici birlosmolor; 72.20.Fr Asag1 temperaturda nagliyyat vo harakatlilik.

Giris

Elektronikanin siiratli inkisafi yeni materiallar to-
Iab edir. Moalumdur ki, indium selenid (metal xalkogen)
kristallarinin fiziki xassalori hortorofli dyronilmisdir [1-
5]. Bununla belo, xarici amillorin tasiri, masalon, asqar-
larin daxil olmasi, j~kvantlarla, elektron vo monoxro-
matik olmayan isiq seli ilo stialanma vo s., ilo fiziki
xassalorini tanzimlomak mumkundir. 1no.geSmo.01Se
bark mohlullarinin monokristallarii almaq {igiin nii-
munalar Brijmen Gsulu ils yetisdirilmisdir. Diferensial
termik analiz (DTA) vo rentgen faza analizi (RFA)
analiz tisullarindan istifads etmokls, tadgiq olunan mo-
nokristallarin qofos parametrlori a=4,05A, ¢=16,93A vo
elementar gofos hacmi V=240,44A miioyyen edilmisdir
[6]. Elektrofiziki xassalori 6lcmak tgiin nimunalardon
sendvig-variant hazirlanmisdir. Kontakt materiali ola-
raq glimis pastasindan istifads edilmisdir. Niimunanin
galinligi 300mkm, kontakt alti saho  2-:102sm?
olmusdur.

Nadir torpaq elementlori yarimkegiricilords az
migdarda hall olmaya, nozaratde olmayan defektlorin
konsentrasiyalarini barpa etmays (tamizloms) va bu-
nunla da yiikdasiyicilarin yiiriikliiyliniin artmasi xasso-
larino malikdir [7].

Isin mogsodi InggeSMopSe bark mohlullarmnin
monokristallarinda carayankegiriciliyinin mexanizmini
miayyan etmok vo tololorin elektrik parametrlorini
muayyan etmokdon ibarotdir.

Tacriba va onun muzakirasi

INo.geSMo.01Se bark mohlullari monokristallarinin
volt-amper xarakteristikasinin temperatur asililigindan
(sokil 1) alinan naticalor hacmi ylklarlorin mohdudlan-
mis carayan (HYMC) nozariyyasi ilo izah edilmisdir.

9
=2

8

2
£y uGV—

1)

&—dieletrik sabiti; skristallarin dielektrik niifuzlugu;

6—tutulma faktoru; L— nimunenin qalinhigi; g~ yik-

dastyicilarin yirikliyii; V-verilon elektrik garginliyi.
Talolorin konsentrasiyasi
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N, =11-10°
, @)
disturu ilo hesablanmis vo N¢=5-10' sm olmusdur.
Tarazliqda olan asas yiikdasiyicilarin konsentrasiyasi

_ N, Vg
e
I2Vga
{ ttd.} ’ ©)
disturunun kémoyi ilo hesablanmis vo po= 10*%sm= ol-
musdur. 1ngg9SMo01Se monokristallik nlimunasi Ggiin
294K temperaturunda

9=18. 1062
’ £Vy

(4)
disturu vasitesi ilo tutulma smsalinin qiymoti mioyyon
edilmisdir vo 6=0,12

Sokil 1. Ag-Ino.ggSmomSe-Ag'sisteminin muxtolif tem-
peraturlarda volt-amper xarakteristikasi: (ayri
lor 1-125, 2-137, 3-168, 4-208, 5-294)K.

Yiikdastyicilarin ytirtikliiyl hesablamigdir:
Mo=1,17-102sm?/V's.

Np
26-N;'

E,=kTIn (5)

Vo talo hallariin konsentrasiyast N, bilorok (5) dustu-
runun kdmayi ilo injeksiya coroyanina uygun olan tololorin
yerlosmo darinliyi toyin edilmisdir: E= 0,46eV.



1N0.99SMooiSe MONOKRISTALLARINDA iNJEKSiYA COROYANI

INg.99SMg 01Se monokristallarinda HYMC rejimi-
nin dardstliyand bilmok glin mixtslif galinliglarda 3
nimunsnin VAX-ni1 ¢ixarmaq lazimdir (Sokil 2).

10"

10"

P
107 1
10 10"

Sokil 2. Ag-1no.9eSmo.o1Se-Ag sisteminin mixtslif
qalinhiglarda VAX-lar1, L, mkm: 1 — 100;
2 -200; 3 -280. T =293 K temperaturunda.
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Sakil 3. Ino.geSmo.01Se niimunasinds muxtalif garginlik-
lords caroyan sixliginin niimunonin galinhigin-
dan asililigi U, V: oyri 1-36V, 2-40V, 3-48V.

Lampert nazariyyasine goro HYMC-da corayanin
sixlig1 L3 tors giymati ilo mitonasib olmahdir (sokil 3).
[9]-cu isdo gOstorildiyi kimi ogor omik zonadan
kvadratik zonaya kecid gorginliyi Vi, temperaturdan
asithdirsa onda giiclii kompensasiya, oks halda zoif
kopenss olunmug yarimkegiricidir (sok.4).

10t | VeV

1 1 1 1 L
4 6 1wyt B

Sakil 4. Omik zonadan kvadratik zonaya kegid
gorginliyi Vi-2 temperaturdan asiligi.

Saokil 4-5 asason 1ng.g9SMg 01Se monokristali glicli
kompensasiyali yarimkegiricidir.

Natica

Belolikla, miisyyan edilmisdir ki, InggeSmo.nSe
monokristalinda  caroyankegiriciliyi mexanizmi
HYMC-na ssaslanir vo agagidaki elektrik parametrlori
toyin edilmisdir: tololorin konsentrasiyasi Ni=5-10tsm
3, tarazhqda olan yiikdasiyicilarin konsentrasiyasi
Po=10%sm=3, tutma omsali 0=0,12, yiikdasiyicilarin
ylrikluyt z=1,17sm?/V-s, lokal saviyyslorin yerlosmo
dorinliyi £:=0,46eV. Eyni zamanda visyyon edilmisdir
ki, Ino9eSmMoo1Se monokristali giiclii kompensasiya-
lidir.
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A.A. Ismailov, A.A. Ismailov, P.H. Ismayilova, K.Sh. Velibeyov
INJECTION CURRENTS IN LAYERED SINGLE CRYSTALS Ino.9sSmo.o1Se

The temperature dependence of electrical conductivity and current-voltage characteristics of Ino.seSmo.o1Se crystals were
studied. The following electrical parameters were calculated: trap concentration Ni=5-10cm-3, equilibrium concentrations
po=10'cm’3, trapping factor 6=0.12, depth of monoenergetic levels, which is associated with the voltage of the V1.2 transition
from the ohmic section to the "trap" quadratic Et=0.05eV, charge carrier mobility u=1.17cm?/V-s, depth of the local level
responsible for the injection current Et=0.46eV. It was found that strong compensation takes place in Ino.9eSmo.01Se single
crystals.
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SCATTERING OF CHARGE CARRIERS AND LIGHT ABSORPTION IN LOW-
DIMENSIONAL SYSTEMS

G.B. IBRAGIMOV, R.Z. IBAEVA
Institute of Physics, Ministry of Science and Education of the Republic of Azerbaijan
AZ1073, Baku, G. Javid Ave. 131

In this work, we investigate the intraband optical transitions in semiconductor superlattices under the influence of a
magnetic field, the absorption of electromagnetic radiation by free charge carriers via phonon scattering in quantum-dot-based
superlattices, and the theory of free-carrier absorption in cylindrical quantum wires for the case when the radiation field is
polarized along the wire axis and carriers scatter by acoustic phonons. The absorption of electromagnetic radiation by electrons
in parabolic confinement potential quantum wires, including scattering by phonons, has also been studied.

Keywords: low-dimensional systems, quantum wire, confinement, absorption of light by free carriers, quantum constriction.

Among the achievements of modern science and
technology, artificially created  semiconductor
structures occupy a special place. With the emergence
of quantum effects, these semiconductor structures
acquire unique physical properties. One of the most
intensively studied among them is the size quantization
effect, which arises when the characteristic dimensions
of a system become comparable to the de Broglie
wavelength of particles, thereby imposing restrictions
on their motion.

There exist various types of low-dimensional
systems: quantum wells, superlattices, quantum wires,
quantum dots, quantum rings, quantum disks, etc.
Advances in modern technology—such as molecular
beam epitaxy under computer control—make it
possible to fabricate semiconductor systems with any
desired confinement, including those with parabolic
potentials. In systems with a parabolic potential, the
effect of dimensional quantization occurs even in
quantum wells with sufficiently large widths (greater
than 1000 A), and at temperatures around T ~100 K, the
guantization of the energy spectrum significantly
affects the physical properties of the system. The
quadratic dependence of the potential allows many
characteristics of the system to be expressed
analytically, which makes the analysis of the
corresponding physical phenomena convenient.

When electric and magnetic fields influence
optical radiation in semiconductor structures, new
effects arise that lead to the development of more
advanced optoelectronic devices. The study of how
magnetic fields and the geometrical shape of
nanostructures affect their optical and kinetic properties
is one of the topical directions of nanoelectronics.

One of the main methods for studying the spectral
characteristics of the electron gas in various low-

dimensional structures is the analysis of intrabandI

electronic transitions under the influence of
electromagnetic radiation. The study of resonant
absorption is more advantageous than Kkinetic
measurements since it does not require electrical
contacts that may affect the physical properties of the
system. In recent decades, spin phenomena in
semiconductors and nanostructures have been
extensively investigated: the features of spin—orbit
interaction, the dynamics of electron and hole spins,
and the processes of photon angular momentum
transfer in electronic systems. These effects have been
found to result from the joint study of charge and spin
degrees of freedom — a field known as spintronics.

Moreover, in low-dimensional structures, the
relaxation time is longer compared to bulk materials.
The main aspect of studying the intraband absorption
of high-frequency electromagnetic radiation lies in the
fact that, for discrete energy spectra, the absorption
curve exhibits resonance peaks at certain frequencies
where the radiation frequency equals the energy
separation between electron levels. The resonance
frequency determined in this way provides valuable
information about lateral confinement and energy
spectrum parameters in nanostructures.

The intraband optical transitions in semiconductor
superlattices under the influence of a magnetic field
have been studied [1]. When the magnetic field is
directed perpendicular to the surface of the superlattice,
Landau quantization occurs, and the energy spectrum
becomes discrete. At the same time, the minibands
formed due to the motion of electrons and holes along
the z-direction remain continuous.

Under the influence of a longitudinal magnetic
field H = H,, the energy spectrum and the wave
function of an electron in a superlattice with potential
wells U(z)and period dg along the z-axis can be
expressed as follows:

£, (k)= (1 + Y20, + (1~ cosk.dy, ) (1)

1 .
LIInkxkz = L—eXp(IkXX)(D nky (y Yo )‘f(kz) )

y

131, H.Javid ave, AZ-1073, Baku
Institute of Physics
E-mail: jophphysics@gmail.com



G.B. IBRAGIMOV, R.Z. IBAEVA

Here, @, (y_ yo) is the harmonic oscillator Magnetic field is perpendicular to the surface and leads

. * . ) to complete quantization, and quasi-one-dimensional
function, Ly, Ly, L, are the dimensions of the g gtems where quantization occurs only along one
superlattice sample, A is the miniband width, w. isthe  djrection. When the polarization vector of the
cyclotron frequency, and &(z) is the Bloch function  electromagnetic field is directed within the superlattice
along the z-direction. plane, the square of the matrix element for electron—

The energy spectrum given by (1) differs from  photon interaction can be written as:
that of both quasi-two-dimensional systems, where the |

Helnkk) | = Lz’fh_%j(eAdSL sin(k,dg )/ 20)' 5,40, 10 0y 3)

(nk K, (ol

[
From expression (3), it follows that direct while being scattered by phonons, or be scattered by

intraband light absorption does not occur. Intraband  phonons before absorbing a photon. We consider both
absorption takes place through the participation of a  polar and nonpolar phonon scattering processes. In this
third particle, such as phonons, in addition to electrons  case, the absorption coefficient for light by free charge
and photons. Here, & is the polarization vector of the ~ carriers can be expressed as:

radiation field, € is the dielectric constant, while w and 12

¢ denote the frequency and velocity of light, a = E_Zwi fi (4)
respectively. When calculating the matrix elements of n,c

the operator Hp, the high-frequency field is considered
homogeneous. where n, is the photon number density in the radiation

According to quantum-mechanical transition field, f; is the distribution function of free carriers, and

probabilities, charge carriers can either absorb photons | W; is the transition probability defined as:

=2 ([0, €, - )+ 1 [ ol €, ~hor+0,) ®

fg

- . |
here, E; and Ej are the initial and final electron  Each time this condition is satisfied 1— 402, /A? =0
energies, hw, is the phonon energy, and <f |M+ i> the , the absorption coefficient exhibits sharp resonance
peaks. Taking into account that the value of

indices i, a, fcorrespond to the initial, intermediate,

and final electronic states. Vg is the electron-phonon 1_4®12¢/A2 must be real and positive, the

interaction operator. When charge carriers scatter by  corresponding energy interval for possible absorption
either polar or nonpolar phonons, the absorption  values can also be determined.

L. . The absorption of electromagnetic radiation by

coefficient includes ————— an oscillatory term  free charge carriers through phonon scattering in

1-— @2 quantum-dot superlattices has been investigated [2].

A It is assumed that in such superlattices, the electron gas

dependent on both the magnetic field intensity is confined by an anisotropic parabolic potential.

Within the strong-coupling approximation, the

, A
0, (k,d)= (n - n)ha)c tha, +hQ+ECOS K;d  normalized eigenfunction of an electron Yok, (1)

and the incident light frequency, leading to the and its energy eigenvalues in the conduction band £y,

resonance condition: N, = Q + @, (k) are expressed, respectively, as follows [3]:
: A |
1
P, (N = \/—T‘Pn ¥ (Y)e, (@) ®)
1 1 A
E, (k,)=(n +E)hwx +( +§)hwy +E(1_ cosk,d) = ¢,, +&(k,), @)

where m* is the effective electron mass, w, and w,, are the confinement frequencies in the x- and y-directions,
respectively, n = 0,1,2,...and [ = 0,1,2,...are the subband indices of the electron, and k, is the wave vector
component along the z-axis.
Here, ¥, (x)and W;(y) are the eigenfunctions of a simple harmonic oscillator.

By using the wave function (6), the matrix element for electron—photon interaction can be obtained from

Eq. (3) by replacing 5k . the function symbols accordingly Oy, where V is the crystal volume, and the radiation

field is polarized along the z-axis. The matrix element of electron—phonon interaction is expressed as:
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(kTN [k )| =CF 3, ()3, (V)1 (a,) (®)

where Vs is the electron—phonon interaction operator and ; is the function characterizing the interaction between
electrons and phonons, given by [4]:

3(0,)= Jeaxw, (0%, (x)  3,(a,)= [e™ ayw (v, (y)

—00 —0

1(0,)=[ & (2)z, (22 c] =c/*F (a)

The exact expression of C; and F i (q)depends on the type of phonons involved in the scattering process. For polar
and nonpolar optical phonon scattering, the absorption coefficient takes the following forms:

4,
4 1-—67 -sink,d
_4zzeAda)OLZ[ ‘—]Z Zf dszmk[ 1+1)\/ I .
€ nlt ol o+

aPOl ) CQS E% h3 80 B 1_i€2
N
0 00 | nn ‘ (q 1 2 B 1 2 2
x _(['([ o et \-da,dg, , a’ = F(kzd - arccos[X(m(kzd )D )

4,
D2 ZAd 1 1 1—7®i—5|nkzd
i 00 3 U (VL. x

n.pol —
p mpa,QLL, T G \/ ~ :2 0

x i i , @+(kzd)=(n'—n)ha)x+(I’—I)ha>yirha)o+h£2+%coskzd (10)

Considering  that the absorption  coefficient It should be noted that the summation over subbands in
1-40°? /A2 must be real and positive, the possible  EG- (9) involves three types of transitions: (i)

’ r_ Al ’
energy interval for absorption can be determined n,;tn,l _II’ (in"=n,1"=1 va (i)
accordingly. n=n,l =l
From Egs. (9) and (10), it follows that distinct. Transitions only between quantized subbands along the
peaks appear in the absorption spectrum at certain  x-direction.
incident photon frequencies. For electron-phonoR. Transitions only between quantized subbands along the
scattering, the resonant condition for the absorption  y-direction.

coefficient is obtained as: 3. Combined transitions involving both x- and vy-
directions.
Nhwo, + Pha)y + hw, = hQ (11) From Eqg. (10), it follows that for nonpolar phonon

scattering, only the third type of transition

(simultaneous change in both x and y subband indices)
is possible.

The theory of light absorption by free charge

. L carriers in cylindrical quantum wires has been

e ot o load o e cae where e rtion i

' polarized along the wire axis and carriers are scattered

LO phonons of energy /1@, , simultaneously absorbing by acoustic phonons [5]. Electrons move freely along

or emitting photons of energy #Q. the axis of a cylindrical quantum wire of radius Rand

Expression (11) serves as the basis for length L, while their motion across the wire cross-

determining the spectral line shape of the absorption ~ Section is confined. Within the effective mass

process, allowing the analysis of resonant effects in ~ approximation, the electron wave function in the
semiconductors. guantum wire can be expressed as:

where N=n'—-n=1,23,..and P=l-1=
1,2,3,...
Equation (11) shows that electrons can scatter
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nl (knl ,0)
I+1(knl R) ’ (12)

exp(iKz )exp(il 9)
(L)

where [ = 0,1,2,...,n = 1,2,3,..., J;is the Bessel function of the first kind, I' - is (p,S, Z), & is the azimuthal

angle, and K is the wave vector component along the wire axis.
Using the wave function, the matrix elements of the electron—photon interaction Hamiltonian can be written
as:

J
anIK (r): ’ J

21, 2
<n|K|HR|n|K>:—;@(VQr:J (6K)5, 3, G,y i (R) (13)

The electron—phonon interaction matrix element depends on the scattering mechanism and, for acoustic phonons,
can be expressed as:

(FVel) = Ca @)1 i (00

In our analysis, we consider the interaction between electrons and transversely confined acoustic phonons
through the deformation potential.
In this case, the function C,,;(q,) appearing in Eq. (13) is given by [6]:

, D2 Jk2R?+ quf

- 2mRLuc, I, (kyR)

(14)

‘ LA (15)

nl,q,

Using Egs. (4), (5), and (12)—(14), it was found ! quantum wires with a parabolic confinement potential

that the absorption coefficient of light by free charge  has been studied [7].

carriers, when they scatter from acoustic phonons, It is assumed that the electron gas in the quantum
decreases as the radius of the cylindrical quantum wire  wire is confined by an anisotropic parabolic potential
increases. Physically, this is due to the reduction of  with frequencies w,and w,along the x- and z-
qguantum confinement effects with increasing wire  directions, respectively. For asymmetric parabolic
radius, leading to smoother energy spectra and weaker  potential quantum wires, the eigenfunction and energy
resonance conditions for phonon-assisted transitions. eigenvalue of an electron in the conduction band can be

The simultaneous absorption of electromagnetic  written as follows:
radiation and phonon scattering by electrons in |

¥, (1) =ﬁ%(x)wm(z)exp(ipyy) , (16)

Py

En m(py) (n + _)ha) + (m + —)ha) + —= (17)
2m’

where n (= 0,1,2,...) and m (= 0,1,2,...) are the subband indices of the quantized levels, and p, is the momentum
component along the wire axis (the y-direction).
Here, ¥,,(x)and W¥,,(z)are the eigenfunctions of a simple harmonic oscillator. Summation is performed over all
initial states “i” of the system. The transition probability W; between states mnPyand m'n'P'y is determined from
Eq. (5). Usmg the wave function (16), the matrix element of the electron—photon interaction can be expressed as:

(27rhn ] (613 )5PP 5. 0., (18)

VQ e

("TKHgJnIK) =~

where the radiation field is polarized along the y-axis.
The distribution function of electrons f; (Enmpy ) satisfies the following normalization condition:

Zi i i T fo (Emnpy )ij =N (19)
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where N is the electron concentration per unit volume, and L, is the length of the quantum wire along the y-axis.
The electron—phonon interaction matrix element is given by:

<n”m”Py" ’Vs nmP, ) = Dy, |N, +%i%<n"m”Py”

For deformation (DO-phonons) and polar optical (PO-phonons), the coupling constants are expressed as [8]:

‘2 27’ a0, \lzm*ha)o/qz_Po

eiiqr

nmPy> (20)

m* \an?/\[2mhes, - DO @

\ D

q

Using the displacement operator formalism  intraband optical absorption coefficient depends on the
exp(taP.x/h) ®(x) = ®(x +a), the electron- characteristic confinement frequencies
phonon interaction matrix elements are calculated. Nwy + Pwy, + wy = 0.

The absorption coefficient « is evaluated using Thus, varying the parameters of the confining
Egs. (19), (20), which include both the electron—photon  potential allows tunable optical absorption, making
and electron—phonon interaction terms. It has been  such structures promising for infrared and terahertz
established that in asymmetric parabolic potential  optoelectronic applications.
quantum wires, the position of the peaks in the

[1] G.B. Ibragimov, R.Z. Ibaeva. Journal of Surface  [5] G.B. Ibragimov, R.Z. Ibaeva. Journal of Non-

Investigation: X-ray, Synchrotron and Neutron Oxide Glasses, 2020, V. 12, Ne 4, p. 31-34.

Techniques. 2024, V.18, Ne 1, p. 116-120. [6] X. Hong-Jing, Ch.-Y. Chen, K. M. Ben. Physical
[2] G.B. lbragimov, R.Z. Ibaeva. Radioelectronics. Review B, 2000. 61, 7, p.4827-4834.

Nanosystems.Information Technologies. 2024,V.  [7] G.B. Ibragimov, R.Z. Ibaeva, A.S. Alekperov, B.G.

16, Ne 2, p. 249-254. Ibragimov. Advanced Physical Research, 2024,
[3] Sang Chil Lee. Journal of the Korean Physical V.5, Ne 1, p. 56-62.

Society, 2008, V. 52, Ne 4, p. 1081-1085. [8] @.I" bace, HUPF. Jlesuncon. KypHan
[4] H.B. Ibrahimov. Nano6lculii sistemlordos elektron DkcrepruMeHTaIbHON U TeopeTndeckoit OU3MKH,

proseslori / -Baki, 2012. -5.255. 1965, 49, c. 924.

31



AJP FIZIKA

2025

section C: Conference

Institute of Physics-80

UNSTABLE THERMOMAGNETIC WAVES IN ANISOTROPIC MEDIA OF
ELECTRONIC TYPE OF CHARGE CARRIERS

E.R.HASANOV'? Sh.G. KHALILOVA?! Z A. TAGHIYEVA? V.M. HAJIYEVA?,
S.A. HUSEYNOVA ?, S.S. AHADOVA?
17 Khalilov str.23, Baku State Uviversity, Baku, Azerbaijan
2H.Javid ave., 131, Institute of Physics of the Azerbaijan National Academi of Sciences,
Baku, Azerbaijan

In anisotropic media with an electronic type of charge carriers, an increasing thermomagnetic wave is excited under
certain conditions. Analytical formulas are found for the frequency and for the increment of this wave. The analytical formulas
for the tensor of electrical conductivity of the medium are indicated in the form of a table. A formula is found for the ratios of

the temperature gradient.

Keywords: tensor, electrical conductivity, frequency, increment, hydrodynamic motion, temperature gradient, speed of sound

waves, thermomagnetic wave.
PACS: 07.57.-¢,77.22Ch

l. INTRODUCTION

In works [1-6] it is proved that in the presence of
a temperature gradient VT in a nonequilibrium
plasma, an alternating magnetic field arises. In the
presence of a temperature gradient, charge carriers
oscillate in the plasma. Plasma with oscillatory motion
of charge carriers differs significantly from ordinary
plasma. Thermomagnetic waves arise in such a plasma
without an external magnetic field. The frequency of
this wave is directly proportional to the temperature
gradient. If such a plasma is in an external magnetic
field H , then the wave vector of the thermomagnetic
wave is directed perpendicular to the magnetic field and
is in the plane (H,VT). The velocity of the

hydrodynamic motions of charge carriers V and the

magnetic field H are directed perpendicularly VT . In
such a plasma, an ordinary Alphen wave is split into
two hydrothermomagnetic waves and the spectrum of
magnetosonic waves will change. The speed of
propagation of thermomagnetic waves and the speed of
sound waves are approximately the same.

In a plasma with VT =const or over a distance

L:VT_T' the change in the temperature gradient is

very small. Then a weak magnetic field Q27 <<1,
eH . .

z is the time of collision of electrons. In ordinary
solids, the flow of charge carriers with the speed of
hydrodynamic movements V is a plasma. A solid-state
plasma under the influence of a temperature gradient is
in a nonequilibrium state and the distribution of charge
carriers is inhomogeneous. In a medium with such
inhomogeneity, an alternating magnetic field arises and
a thermomagnetic wave is excited. In isotropic media,
the theory of thermomagnetic waves was constructed in
[7-8]. In anisotropic media, the theoretical study of
thermomagnetic waves was presented in [9] only in a
limited limiting case for the conductivity of the
medium.

In this theoretical work, we present the results of
a theoretical study of thermomagnetic waves in
anisotropic conducting media, taking into account all
possible values of the electrical conductivity tensor
o of the medium in the presence of a constant

temperature gradient VT =const .
1. Basic equations of the problem

In the presence of an electric field E, a
temperature gradient VT and the speed of

hydrodynamic movements, the current density V(F,t)
has the form:

0 =— jisexcited in the plasma | armarov frequency, |
mc
T:aﬁ*+O"[I§*,I:|J—a§T—a'[§TI:|] 1)
Here E~ = E+M+IE, e>0

c en

[vH]

is the electric field created during hydrodynamic motions, T is the temperature of the medium, Vn

is the gradient of the electron concentration, n, is the equilibrium value of the electron concentration, E is the
external electric field. Substituting current density and in (1) we obtain the following vector equations for
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determining the electric field | = 4i rotH and E” to (1) we obtain the following vector equations for determining
T

the electric field

E=a +[6E] )
From (2) we get
E=a-+[bE |+|b[bE]] ®)
d:gi+g[]ﬁ] (]H)H+A’[?TH]+A”(?TI—T)+A§T 4
A’ :M, Ais the thermoelectric power differential, A" is the Nernst — Ettinishausen coefficient. In
o)

anisotropic media, electric field (4) is the tensor

Ei:gimjm"'gi’m[jH]m"'gi” (JH)H +A|max +A|m[VTH] +A| (VTH) (5)

m

In the absence of an external magnetic field, I-TO =0 we obtain the following system of equations for our
problem

E = Gim i + A [VTH ]
rote’ = —+ 1 (6)
c ot
rotH’:4—”j’+£§
c ot

Assuming that all variable quantities change in the form of a monochromatic wave, i.e.
(E’, H ,) N ei( Ffwt) (7)

k is wave vector, o is wave frequencies from (6) we can easily obtain:

:(Agiekekm +Beim + Aie K _jE, ?
Xm
Here
) 2 2,2
A—i S gojW ok ©)
4w 47
- - i 17i -
Taking into account that E/ = &,,E;, from (8) we write &,, = @,,,, &y {0 i=m
cA,, OT
Dy, :Agiekekm"'Bgim"'ike_ (10)
o OXy

To obtain the dispersion equation, we must disclose the following determinant

|@im _5im| =0 (11)
or
(@11 - 1) (¢22 - 1) ((Das - 1) + D\ D13 D3y + Py P D3y — D13Dy ((Dzz - 1) -

12)
D3, Dy (Cpll - 1) — @y Dy (4333 - 1) =0
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12) iwg, ic°k Wy — @ , ,
Dy = in —a1, Py = 47[12 Ry it Mw 2 o) = CALKY,T 0y, = ALKV, T
. 21,2
iw .ck o) iw
Dy =—¢j3—1——¢13 = @ =CARKV T @y =—¢y,
4z drw w dx
ia) . C2k2 0)21 —a)zz ’ '
Dy, = Egzz -1 . St p 1@y = CAy KV, T @y =CARKV,T
. 21,2
1) .ck 0, ,
Dy3 = Egzs L . S23 ‘_;3 (@3 = CApsk VT, (13)
. 2,2
i 1) C k Wy — 3y
Dy = Doy = — + )
31 = iz - 631:%3 iz 632~ 47[0) S32 o
Wy = CA KV, T 055 = CAz KV, T
. 21,2
12) . ck 1) ,
Dg3 Sa ey om —f (g3 = CAgk VT

When obtaining expressions (13), we choose the following coordinate system

k =Ky ky =k3 :O,Q:VIT :tO,aT =V,T %0, ﬂf@l.
OX OX X

1 2 3

To obtain the dispersion equation from (12) taking into account (13), we calculate each term that in (12).

2 1
1) (@1 —-1)(@y —1) (P35 -1) = 47(:2 (31; a)j Q) =0y ~Wp6n =633 = J’Ck =20,
A pWy360 1
2) Do DDy = —| ——2252 Q, = - , ,
) D P13D3, J Q=03 — 3,63 = K 13 = cst

; 2,2
| ck
3) @Dy Dyy =— wgSl{ 512623 Qlwzs

y Q- = , = —_
oy 1622 o2K2 j S12003 =63, =y — @y

_ ¢k
4) O3@y (d)zz ‘1) = 8r 31 1613 = 1929'13 =Gp013.8Y) = Wy — )

c kz(la) ) c?k2Ga060s S23a)23
5) _1 = — _1 s =
D3y Dyq (djn ) 22 \dr S11 1642 2K2 £ = 31 — W37 ,6238% = Gy 3

ick c kzg ckg Qs O O
6) @y Dy, (Pyy —1) = — 12  jSKo12 4% 4| L
) Dy 12( 33 ) 4”6‘21( 16720 4 koo o S12 ke

Substituting all terms (1-6) in (12), we obtain the following dispersion equations for determining the vibration
frequency inside the medium at

V,T A J2 ck
=R, = Ny $11 = oy ok =203, (14)
ViT Ay 44 413033
3 4
a)2+[i A3, —4(033](0— bz =0 (15)
Qg Qg
2
Let us denote ¢ = a3 and then from (15) we get:
W3
_ o, 3V
@y 5 = 23 — 2iwg30 + 253 (l—Zlq)—q) +Z¢Jj (16)

Let us write (16) in the following form
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@15 = 2053 ~ 120530+ 20055 (o + iﬂ)}/2 = 20053 — 120550 + 20053 (X +iy ) =
=2y — 120530+ 2045 %|:(~[a2 + B —a)% +i(\[a2 + B +a)%:| a7

a=1-0"+%, 0 p=-2¢
From (17) we write
o =y +iy, W, =Wy +iy, (18)

It is clear that a wave with frequency w,, decays, and a wave with frequency «,, can grow if y, >0,

(T +a) 52 )

Substituting the values « and g in (19), we obtain for the growth of the wave with the frequency

oy =203 [H%(\/az +p° —a)%} (20)

the following inequalities
9 -3, p-1<0 (21)

We are interested in the fulfillment of inequality (20) at a certain value ¢..Therefore, we restrict ourselves

to the values
p=%1 (22)

It is easy to see that at ¢ =1 for inequality (20) becomes —% <0 and the instability condition (21) is

satisfied, then
0 (A3)' (Vi) (A5)° LI

_on  Wa) 1) _[(Me) Vil _ (23)
Oy AVl - ApViT Mg VT

L . VT A
Considering the relations we used —— = 3L
V,T A
we get
’ 2 ’
(A 33) A31 _
Ay (A33) A3
Thus, an increasing thermomagnetic wave with frequency (20) is excited in anisotropic conducting media of
the electronic type of charge carriers. The values of the tensor of electrical conductivity in different directions are
indicated in the following table.

Table 1.
Conductivity values by direction
8/1:;3 ! A?')l Ck
Oy =09 —= — Ay VqT O =—5 Ox 013 ="
\/EAM Ay 2
845,V T o, =Ck ALV,T
Oy = Oy L BLVL 22 Cps = Oy 3’1 2
2 AV T
16 A5 O3, =0y =Ck 033 =0y =Ck
631 =02 \/5—/13,1 gV T #oTE B2
11

[
Table 1 shows that all components of the electrical o, it is possible to determine all other components

conductivity tensor are expressed in terms of the ;. However, excited in the above medium wave is
component o,,. This means that with measurement
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. . [0
purely thermomagnetic. This wave grows at —>=— =

,l.e.at
Vi1 _ Al Mg
Vol (/13',3 )3

1. DISCUSSION OF THE RESULTS

All tensor values o are determined by
coefficient values A;, . Experimental measurement of
the coefficients A; using table 1. determine the
electrical conductivity o, . Thus, the excited growing

thermomagnetic wave with frequency (20) makes it
possible to determine all components of electrical
conductivity oy .
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INTEGRATION OF INFORMATION COMMUNICATION TECHNOLOGIES INTO
PUBLIC ADMINISTRATION, APPLICATION AND IMPORTANCE OF
INFORMATION TECHNOLOGIES AND DIGITALIZATION PROCESS IN THE
AZERBAIJAN RAILWAY SECTOR
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The article discusses the integration of Information Communication Technologies into public administration, the
application and importance of information technologies and the digitalization process in the Azerbaijani railway sector. The
possibilities of using the capabilities of modern Information Communication Technologies to save customers' time by making
information more accurate, creating conditions for faster and more accurate data transmission as a result of cross-country
integration, correct and timely planning, online tracking of trains, etc., and analyzing the directions for more convenient use of
the Internet by passengers and increasing customer satisfaction, and achieving functionality rules related to technological

principles, have been investigated.

Keywords: Information Communication Technologies, railway sector, digitalization, infrastructure, integration.

INTRODUCTION

The use of digital technologies in transport
management and the electronicization of transport
infrastructure are among the main tasks facing the
countries of the globalized world in the modern era.
This can also be applied to Azerbaijan and its railway
sector, which has become the center of a number of
international transport corridors by taking advantage of
its favorable geopolitical position.

Let us analyze the extent to which Azerbaijan
Railways responds to modernity and innovative
challenges and the extent to which information and
communication technologies have penetrated this
sector.

Studies show that the introduction of online ticket
sales is one of the factors that directly leads to an
increase in customer satisfaction. Thus, the customer
can purchase tickets anywhere, at any time, without
having to come to the box office. As can be
seen, in this case, in addition to saving time, the
passenger can also log in to his personal account and
see the transactions and history he has previously made.
This process creates economic efficiency, that is, in this
case, we save paper consumption and at the same time
protect nature.

The current era of a rapidly changing world is
characterized by the development of Information
Communication Technologies (ICT). ICT has already
become one of the main factors affecting the
development of society and has widely spread to all
areas surrounding us.

Of course, the application of new technologies is
not going smoothly all over the world. This depends
more on the pace of development of each country and
its available internal capabilities. At the same time, the
extent to which ICT is applied depends on indicators
such as the level of education of a country, intellectual
potential, the value given to human capital, etc. This
means the widespread use of artificial intelligence,
automation of production, robotization, and the
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application of digital technologies in all sectors of the
economy. In general, the new industrial revolution
leads to the use of the newest, different and more
convenient technological infrastructure in all sectors
related to digitalization.

In the last decade, it has been observed that the
role of electronic commerce in the world market has
increased. In general, now the ability of countries to
compete economically depends significantly on their
effective use of information and communication
technologies. Even countries have taken consistent
steps to develop this area, as a result of which they have
made it one of the priorities of state policy.

Currently, the field of information and
communication technologies, which plays an important
role in the socio-economic life of Azerbaijan, differs in
terms of its level of development. Continuous measures
are being taken in our country to develop and
strengthen innovation-oriented activities in this field. If
we make a generalization, we will see that the state is
constantly carrying out reforms to improve the
application of modern technologies and build a more
informative society. The main directions of these
reforms should be ensured by the effective
implementation of economic measures. The main
directions include: increasing state support for the
development of the ICT field, studying and applying
the experiences of other countries in organizing the
information society and economy, expanding
entrepreneurial activity in this field, allocating
stimulating funds to entities engaged in ICT innovation
activities, as well as assistance in the development of
various new technological tools and mechanisms, etc.
Most importantly, in order to properly implement
important measures planned in the ICT field and
increase the efficiency of activities, it is imperative to
increase the level of training of personnel with high
theoretical knowledge and certain experience [1].

The automation of processes in the fields of
freight transportation, passenger transportation, traffic
safety, human resources, finance, logistics and other
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areas on the railway continues. This, in turn, creates
conditions for the automation of freight and passenger
transportation processes, helping to make these
processes more transparent, fast and accurate.

It should be noted that the digital transformation
of railway transportation is considered one of the main
criteria for ensuring the speed, flexibility and time
standards of transportation delivery: The application of
technologies in the digitalization of transport and
railway transportation is one of the leading trends in the
transport sector worldwide.

Digital transformation in railway transportation
combines several important elements, including train
management, information systems, navigation support,
automated organization of movements, and others. One
of the main indicators of digitalization here is the
application of digital technologies for monitoring and
managing train movements. In addition to automating
processes, the transformation process also involves the
digital organization of services provided on the railway.

According to expert opinions, as a result of the
transformation, delays are regulated, and customer
satisfaction and, thus, the profitability of the
organization significantly increase as a result of
convenient, desirable service and timely transportation
operations. One of the main indicators of the
digitalization of railways is the ability of customers to |

access the desired service from anywhere in 24/7 mode.
At the same time, the use of advanced digital
technologies in the organization of transport in order to
protect customer data requires a high level of
cybersecurity and protection from cyber threats.

The successful implementation of any
technological innovations applied to railways should be
directly reflected in the service provided to consumers.
We are not talking only about passenger transportation,
we are talking about digital management, which is also
an issue that directly applies to freight transportation.
So, today the most important issue is the
implementation of control over cargo. That is, the
parties sending, transporting and receiving the cargo do
not necessarily have to be a certain state. These can also
be transport companies of several states. If the process
of transporting these cargoes takes place by rail, then of
course all participants in this chain are interested in
being able to establish control over the cargo in an
advanced way. This at least creates conditions for the
timely fulfillment of the obligations assumed by all
parties and for planning work. That is, they can monitor
in real time the location and stage of the transported
cargo. This is also possible as a result of the application
of digital technologies, including the use of electronic
locks (electronic seals) equipped with a GPS navigation
system.

Fig. 1. Integration of Information Communication Technologies in public administration.

Information struggle and the first step from war
to technological innovation

Military clashes and wars taking place in the
modern era give reason to say that superiority over the
other side is achieved not only by the power of arms,
but also by the power of information and technological
advantages. The weak side in this area, no matter how
strong it is in other respects, may face a heavy defeat.
Information collection, seizure, operational response
and other such processes create a great advantage in the
information war waged with the enemy. During the 44-
day Patriotic War, the Azerbaijani people were able to
have their say not only on the front, but also in the
information war, using the capabilities of ICT. Also,
after the victorious Second Karabakh War, many works
have been started in our lands liberated from
occupation on a technological basis to implement urban
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Iplanning. The basis of the reconstruction work is the

"Smart Village" project, rich in technological
capabilities. The main goal of implementing this
project is to create conditions for people in rural areas
so that they have easy access to all the services that the
population can get in the city. At the same time, people
in the village should be given the opportunity to earn
more income and get employed. The third point is to
create full conditions for ensuring access to public
services for rural residents. That is, in the "Smart
Village" concept, the difference between rural and
urban areas in terms of service, income and access to
public services is virtually eliminated.

"Smart agriculture” is a new concept that uses
modern information and communication technologies
to increase the quantity and quality of products while
optimizing the human labor required for production.
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The project, which will be implemented in 5 (five)
components, consists of the areas of housing,
production, social services, "smart agriculture™ and
alternative energy. Modern schools, kindergartens,
polyclinics and electronic management centers will be
built in these villages, and tourism infrastructure will
be formed. All residential buildings, social facilities,
administrative and public catering buildings, and the
process of processing and production of agricultural
products will be provided with alternative energy
sources. According to this concept, the electronization
of the process strengthens production capabilities.
Thus, it is an automated system, controlled from a
single center and where the entire platform is jointly
managed, from the irrigation system to the cultivation
of land and the collection of products, and also involves
the application of the most advanced technologies and
technotransfers. The integration of this system into
other areas of rural infrastructure - alternative energy
sources and a modern transportation system - will
complete the concept of the "Smart Village".

All the listed services are an indicator of the new
achievements we have made in digitalization and
electronic services in our country. The reforms carried
out, important programs implemented by the state and
private sector form an important basis for building a
digital economy. Azerbaijan, which has the status of the
Energy and Transport Center of the region, has the
opportunity to build a digital economy in a short time
and become the Digital Center of the region by using
existing resources and advanced world experience in
the new era.

The digitalization of railways offers a wide range
of potential services and applications in the short and
medium term. There are new solutions such as
passenger and freight information services, video
surveillance, smart infrastructure, asset monitoring,
signaling systems and automated train management
systems. The overall goal is to increase the efficiency
of operations and provide more efficient service to the
customer.

The leadership in the supply and industrial
technologies sector focuses on research and ICT with
industry.

Provides financial opportunities for innovative
technologies related to transport, digital infrastructure
and technologies such as cybersecurity and network
protection. Infrastructure is an instrument offering
loans to finance the digital transformation of the
mobility industry, which will build on the current
European Fund for Strategic Investments (EFSI) and
whose duration and capacity have been increased to
€500 billion by the end of 2020.

Digitalisation requires an infrastructure that is
responsive to new innovative technologies, which is
why it is essential to lay fibre optic lines along the
railway infrastructure. In this case, the internal railway
network is strengthened, which enables the use of
software tools, process automation, as well as a
platform for IT equipment.

In recent years, thanks to digitalization, railway
companies have significantly expanded the range of
services they can offer their passengers: more
informative websites, mobile booking, ticketing,
timetables and real-time information, apps that provide
advance travel planning and a combination of
information and entertainment services on board (often
referred to as infotainment).

The digitalization of booking and ticketing has
many advantages. On the one hand, passengers have
easier access to their travel details, which can be stored
electronically on their smartphones or tablets. On the
other hand, the costs of providing tickets are
significantly reduced for operators, as they do not have
to produce individual one-off tickets for each journey.

"BIBO" technology

"BIBO" technology offers efficiency in the
formation of an air pollution control system, inadequate
safety and management of hazardous air pollutants. Its
innovative design allows for the safe replacement of
contaminated filters without compromising the
integrity of the controlled environment.

Figure 1 — The 'Be in/be out' scheme
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Fig. 2. Technologies used by the “BIBO” application.
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Why is "BIBO" technology so important for air
pollution control?

"BIBO" technology plays a significant role in air
pollution control by overcoming one of the most critical
challenges in maintaining a clean air environment: the
safe replacement of contaminated filters. Traditional
filter replacement methods often pose risks of exposure
to harmful particles, but "BIBO" eliminates this
concern.

In industries where air quality is at its highest,
such as pharmaceuticals, biotechnology and nuclear
facilities, even minor contamination can lead to serious
consequences. "BIBO" systems ensure that the integrity
of controlled environments is never compromised
during filter replacements [2].

In addition, rail operators can use the stored travel
data to assess travel patterns and then modify existing
ones.

Future
integration

Integration of government information systems is
a strategic initiative that can transform public sector
operations, rather than a technical exercise. The
development of integrated systems, information
sharing, and cooperation and coordination between
government agencies would lead to increased
efficiency, transparency, and service engagement [3,
pg. 1-8].

The approaches and methods described — data
integration techniques, APIs and middleware, and
cloud-based solutions — can be applied in a variety of
environments, as demonstrated by real-world examples
from Estonia, India, the UK, the US, and Singapore.

The benefits of integration are self-evident:
governments can align their processes across
jurisdictions to reduce duplication and costs, while
increasing transparency and making better decisions
based on good data. However, the benefits come with
challenges that need to be carefully managed. Outdated
systems and data security concerns, not to mention
resistance to any other change, are big reasons why it
doesn't work.

These
governments

directions in information systems

must  be

robust

challenges
through

addressed by

security measures, |

strategic  change and
implementation.

While the transformation brought about by the
integration of information systems is already impacting
the public sector, a number of technologies and trends
are noteworthy that could drive it even further.

The combination of secure and decentralized
blockchain is likely to be key ingredients in defining
the future of government systems integration.
Blockchain enables the exchange of information
between different government agencies, providing a
high level of transparency and security that is often
lacking in traditional systems.

Principles  for Governments’
Different Cloud Models

Public cloud. Governments use cloud services
provided by third-party vendors such as Amazon Web
Services (AVS) or Microsoft Azure (MA). Public
clouds are cost-effective, but can raise concerns about
data sovereignty and security.

Private cloud. Some governments choose private
clouds, which offer greater control over data security
and compliance, despite the higher cost.

Hybrid cloud. Hybrid cloud solutions combine
public and private cloud environments, offering a
balance between security and agility. This model
allows governments to store sensitive data in private
clouds while using public clouds for less sensitive
applications.

Cloud platforms also facilitate information
sharing and collaboration among government agencies,
as cloud services provide centralized access to data and
applications from anywhere, enabling real-time
decision-making and resource allocation.

Service-Oriented Architecture (SOA)

Service-Oriented Architecture (SOA) is a design
paradigm that encourages the development of modular
services that can be reused across applications and
systems. Each service performs a specific function—
for example, capturing citizen records or processing
payments—and can be used by other services through
standard protocols [4, pg. 243-265].

management, phased

Adoption  of

Table 1.

A table of benefits and challenges of cloud platforms in Azerbaijan based on their methods of facilitating
information exchange and collaboration between government agencies, enabling real-time decision-making and
resource allocation

Serial Method used Benefits Challenges
number
Seamless real-time information . .
. . Ensuring security and data
Service-Oriented exchange between government - AR
1. . N - confidentiality in inter-
Architecture (SOA) agencies, increasing transparency, - :
> - - agency information exchange
reducing administrative costs
Amazon Web Services EfflCIEI’!t service del_lvery, reduction of Legal and regulat_ory issues
2. fraud in social assistance programs, related to data privacy and
(AWS) e T o !
simplified identity verification security
A unified approach to public service Managing the interaction of
3 Microsoft Azure management, real-time monitoring various systems, ensuring
' (MA) and response, and data-driven cybersecurity in a highly
decision-making integrated environment
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SOA is particularly useful for government
integration because it encourages reuse. Services
created for one agency, such as a service that processes
visa applications, can be reused by other agencies (such
as customs and border protection) without the need for
duplication. SOA enables governments to adapt to new
technologies, such as cloud computing, by integrating
services from different platforms [5, pg. 1-8].

These methods and approaches provide
governments with the tools to achieve robust, scalable,
and secure integration of their information systems. By
combining data integration methods — AVX, MA, and
XYA — governments can increase their operational
efficiency, reduce redundancies, and provide citizens
with more transparent and accessible services.

As the scale and complexity of integrated systems
continue to grow, so does the potential for cyber threats.
Additional research and development channels must be
established to strengthen future cybersecurity
measures, particularly in the areas of identity
management, data encryption, and threat detection.
Governments therefore have a responsibility to invest
in state-of-the-art cybersecurity technologies that will
protect them from the risks associated with integrated
systems, and to train their staff to use and manage these
technologies. The integration of government
information systems has transformed the delivery of
public services. But the journey has only just begun.

Governments must remain agile and innovative,
embracing new models and integration paths as they
move with newer innovations in technology. By
addressing some key challenges and leveraging future
technologies, governments can create a well-integrated
system that not only improves efficiency within their
own homes, but also engages and gains the trust of
citizens.

The integration of government information
systems has a bright future, and through continued
innovation and collaboration, governments will be able
to meet the growing demands of citizens in the digital
age while making their services secure, efficient, and
transparent.

CONCLUSION

Against the background of the above-mentioned
processes and technological aspects regarding the
integration of Information Communication
Technologies into  public administration, the
application and importance of information technologies
and digitalization in the railway sector of Azerbaijan, it
can be concluded that it is not necessary to contact
passengers traveling on a train within or outside the
country via mobile communication in order to obtain
information about them. Thus, through a special
application downloaded to the phone, it is possible to
obtain detailed information in real time about which
train the person is on, which part of the route, and when
he will arrive at his destination. In general, the launch
of any applications intended to improve all relations,
whether electronic ticket sales or other services
provided in the railway sector, should result in ensuring
citizen satisfaction. At this time, the establishment of
an effective feedback system on a single platform
between the service provider and consumers, which is
considered an important source for improving services,
is of great importance. | believe that increasing the level
of digitalization will help optimize the work process on
railways, save money and time, and increase the
competitive advantages and throughput of railway
infrastructure. All of this ultimately serves to increase
the quality of service and, thereby, consumer
satisfaction.
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The article presents the results obtained from the study of the "structure-property" relationships of samples of high-
density polyethylene material prepared under various technological conditions and the dependence of the deformation
processes of samples prepared at different crystallization temperatures on the structural elements formed by macromolecular
assemblies. It was determined that, depending on the structure formed by the assembly of macromolecules, significantly
different properties and deformation processes of different nature are observed in polyethylene samples..

Keywords: polymer, amorphous, polycrystalline, spherulite, fibrillar structure.

INTRODUCTION

From the literature data [1-5], it is known that
polyethylene sheets can be obtained by compressing
polyethylene powder at temperatures higher than its
melting temperature (200 °C) and pressures of 40-150
atm., and then by transferring the obtained alloy to
temperatures lower than its melting temperature, at
any thickness, and at the same time, it is known that
the obtained sheets, regardless of their thickness, have
isotropic properties and are characterized by
spherulitic stricture. “Structure-property” relationships
of polyethylene material prepared under different
technological conditions.

The article studied polyethylene samples with
thicknesses of 0.6, 1.2 and 1.6 mm. The choice of the
research sample is due to the fact that, first of all,
polyethylene material, as a typical representative of
the linear polymer class, crystallizes with an
amorphous-crystalline structure to form
polycrystalline  structures and is composed of
spherulite structural elements in the isotropic state;
since polyethylene material has been widely studied in
a number of aspects, it is possible to provide
univariate or multivariate explanations of the results
obtained from the study of the issues raised in the
article, using the information in the literature.

In the experiments, research samples of various
thicknesses (0.6; 1.2; 1.6) were obtained by applying a
pressure of 40-150 atmospheres using the above-
mentioned method. The crystallization temperature of
the samples was 20°C. It is known from the literature
[1, 2] that in the above-mentioned temperature-
pressure regimes, the polyethylene material consists of
spherulite structural elements of small dimensions.

Since the crystallization temperature is close to
room temperature, the crystallization process in the
material proceeds quite quickly, so the development of
spherulite structural elements is limited and the
spherulites have small dimensions. Considering that
20 °C acts more quickly on the thickness of the
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material in relatively thin layers, spherulites are
characterized by smaller dimensions, while at the
same time, at low values of the pressure P and in thick
materials, the number of defects is greater.

It should be noted that the crystallization of
polymer alloys goes through two main stages: the
formation of crystallization centers and the growth of
crystals from these centers. Crystallization centers are
formed by a collection of polymer macromolecules or
multiple folding of a single macromolecule. One of
the main features of polymer alloys is that, due to the
partially ordered structure in the amorphous state,
heterogeneity is observed in the alloy.

The mentioned ordered structure is also observed
at temperatures well above the melting temperature of
the polymer material. For this reason, when polymer
alloys are cooled, their crystallization ends very
quickly. After the formation of crystallization centers
in polymer alloys, the stage of development of a
structural element from each crystallization center

begins.
When the polymer alloy is cooled, the
crystallization process initially proceeds rapidly

(primary crystallization), and in the subsequent stage,

crystallization ends at a somewhat slower rate
(secondary crystallization).
In the primary crystallization process, a

structural element formed by a collection of molecules
is formed; in the secondary crystallization stage, the
process of improving order occurs. It should be noted
that both processes occur simultaneously, but the
speed of the primary process is higher.

As mentioned, when the alloy is cooled,
spherulite structural elements are usually formed in
the material, since additives that do not participate in
the crystallization process, end groups separated from
the macromolecule, are removed to the surface of the
formed crystals. The growth of crystals is in the
direction of the pure alloy, since the additives
removed to the surfaces limit the growth of the crystal.
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As a result, a radial spherulite composed of fibrils is
formed.

The process of structuring in polymeric materials
such as polyethylene, polypropylene, isotactic
polystyrene, gutta-percha, polyacrylonitrile and other
crystallizing polymers has been studied in detail by
B.A. Kargin and his colleagues [6].

Based on the results of numerous theoretical and
experimental studies conducted in the direction of
morphological study of crystallizing polymers,
monocrystalline, fibrillar and spherulite structural
elements have been recorded as the main ones among
the various structural elements formed in polymeric
materials [2].

It has been established that the shape and size of
spherulites also depend on the type of crystallization
center (homogeneous or heterogeneous) and the rate
of formation and development of the crystallization
center.

A number of works have been carried out on the
study of the internal structure of spherulites using
radiography, electronography, electron microscopy,

and monochromatic light optics methods [2, 7]. It
should be noted that until now this issue has not been
fully resolved.

According to modern concepts, the internal
structure of spherulites consists of fibrils extending
from the center along the radius. In fibrils,
macromolecules are perpendicular to the radius. The
crystallization of polymers in an isotropic state is not
limited to the formation of spherulites, but also forms
structural elements in the form of ribbons of larger
sizes, in connection with spherulites and spherulite-
like structures.

In the experiments, research samples of
polyethylene materials with a length of 4 cm and a
width of 0.8 cm were cut and deformed in a special
device in the direction of one axis. The deformation
process of the materials was carried out at room
temperature.

The results obtained from the experiments are
reflected in Table 1, the corresponding diagram (Fig.
1) and the graph (Fig. 2).

Table 1.

Results obtained from experiments on deformation of high-pressure polyethylene plates with different
thicknesses d processed at a temperature of Tmer=200°C, at different pressures P and at a crystallization
temperature of T,=22°C and in one axis.

d=0,6mm d=1,2mm d=1,6mm

Ne P, atm g, % g, % g, %
1 40 110 80 50

2 60 150 120 95

3 80 190 150 120
4 100 290 220 190
5 120 350 300 270
6 140 320 280 250
7 150 300 270 200

It was found that as the thickness of the material increases, the mechanical fracture of polymer samples is
observed at small values of deformation as a result of the deformation process.
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Fig. 1. Diagram of the results of the deformation process of polyethylene sheets.

1-d=0.6 mm
2-d=1.2 mm
3-d=1.6 mm
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The initial results obtained from the deformation
process of materials are explained by the fact that in
samples with a small thickness, the crystallization
process is completed at a faster rate at room
temperature, and therefore the spherulite structures are
smaller in size, and the distances between spherulites
are also smaller, which leads to a more homogeneous
material.

In samples with a greater thickness, the room
temperature is unevenly distributed in the direction of
the material thickness, and the degree of freedom of
macromolecules in the volume of the material is
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greater, and therefore conditions are created for the
development of spherulite structures and their sizes
become larger.

In this case, since the distances between
spherulites with a low density are large, the degree of
inhomogeneity of the material is also high, and this
leads to a decrease in the mechanical deformation of
the material.

On the other hand, the greater number of defects
in samples with a greater thickness also leads to a
decrease in the mechanical deformation of the

material.
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Fig. 2. Results of the deformation process of polyethylene plates

It should be noted that the mechanical
deformation of the samples prepared at a pressure of
140-150 atm. was observed less than that of the
samples prepared at a pressure of 120 atm. This result
is explained by the fact that at a pressure of 140-150
atmospheres, the formation and development of
structural elements in the material becomes more
difficult, the degree of crystallization of the material
decreases and the material has more defects.

It should be noted that when a polyethylene
material with an amorphous-crystalline structure is
subjected to a deformation process in the direction of
one axis, structural changes occur in the amorphous
and crystalline parts of the material, so the nature of
the structural changes mainly depends on the
parameters of the material preparation technology: the
temperature of the environment in which the
deformation process is carried out, the internal
structure of the spherulite structural elements, the
circular or radial arrangement of the spherulite
elements in the material, whether the spherulites are
highly defective or less defective, the nature of the
distribution of macromolecules from the center of the
spherulite along the radius, the chemical structure of
the material and other parameters characterizing the
material.

Taking into account the above, it can be
concluded that the explanation of the mechanical
strength of polymers and the mechanisms of
deformation processes is not determined only by the
dimensions of the structural elements (spherulites) and
depends on a number of factors, therefore, the results
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we obtained in the initial experiments characterize the
“structure-property” relationships of high-pressure
polyethylene  processed under the indicated
temperature and pressure conditions.

If it is possible to determine the dependence of
deformation processes on the dimensions of the
spherulite in a one-valued manner, if the internal
structure of the spherulite is the same and the
influence of other influencing factors on the sample is
eliminated, then a one-valued opinion can be made
about the nature of the dependence of the material
properties on the dimensions of the structural element.

It is precisely for the above reasons that it is
difficult to give a general theory covering all cases of
deformation processes of polymeric materials. In this
regard, the collection of statistics of the results
obtained from the experimental study of the
deformation process in individual cases can help to
eliminate the limitations existing in the theory of the
deformation process.

RESEARCH METHODS

Deformation process of polyethylene material
processed at different crystallization temperatures:

It is known that [8-12] spherulite is formed from
morphologic elements based on crystallized block
polymers. In the literature [8, 9], information about
spherulites was first given by A.B. Shubnikov and H.
Keith.

Spherulites are described as rays distributed from
the center of spherical shapes along the radius.
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Studies on the number of spherulite centers in the
material show that as spherulites develop, they collide
and form images of polygons in the material. Under
the influence of spherulite, the distribution of rays, the
density of spherulite, the flow of radius from the
center, gradually decreases to the edges. A polymer
with a spherulite structure is deformed again along
one axis, a recrystallization process occurs in the
material, and the polymer material at the final stage of
deformation is formed from fibrillar structures.

The process of transition from a spheroidal
structure to a fibrillar structure in chemical polymers
due to deformation along one axis poses a threat to the
study of the physical structure and physicomechanical
properties of polymers.

The new fibrillar structure formed by this
process is built up sharply from the initial spherulite
structure. The minimum temperature-time conditions
of the transition process and the initial structure
determine the properties of a certain polymer material.

From the literature, it is known that the transition
material has the following effects: the breakdown of
crystallites, the replacement of amorphous parts, the
breakdown of crystallites, the stretching of
macromolecules in amorphous parts, the occurrence of
a phase transition, the formation of cracks in the
material, the formation of cracks in the material, etc.,
such that it undergoes deformation.

At the beginning of the process, some elastic
deformations of the spherulites, the strength of the
applied force is dissipated, as the deformation
continues, the stretching of macromolecules in the
amorphous parts and finally the removal of crystalline
parts and the formation of a new amorphous-
crystalline, fibrillar structure occur.

Note that, depending on the different initial
structure, when a polymer with a harmful, linear
structure is subjected to a limited temperature,
deformation process, they have the same fibrillar at
the final stage of deformation.

In crystallizing linear polymers, the fibrillar
structure is formed by the repetition of the axis of
deformation of the crystalline and amorphous parts

with high density, so the repetition period, called the |

large period, is 50-1000 A units, depending on the
parameters of the sample processing technology.

The deformation process of crystallizing polymer
materials is a complex problem, resulting from the
influence of a number of factors:

Polymer processing temperature;

Material crystallization temperature;

Polymer deformation process temperature;
Deformation process speed;

Internal structure of spherulites;

Polymer surface;
Spherulite  internal
macromolecules;

Voids (gas bonds), microcracks, spherulite
defects in the material;

Thickness of the study;

The molecular weight of the polymer and
other factors are factors that affect the structure,
physical and mechanical properties of the polymer
material.

The presented article studies the dependence of

the deformation process of polyethylene material
prepared at a high-density crystallization temperature
on the crystallization temperature. For this purpose,
polyethylene samples with thicknesses of 0.6 mm, 1.2
mm and 1.6 were processed at a pressure of P=120
atm., crystallized at a crystallization temperature of
To~20-100 °C, and subjected to a single-axis
deformation process at a temperature of T=20 °C.
Table 2, the necessary diagram (Fig. 2) and graph
(Fig. 3) obtained from the experiments are given.
The presented results show that in polymer samples
prepared under the above-mentioned technological
conditions, the deformation process is characterized
by smaller values as the crystallization temperature
increases. It is known that as the crystallization
temperature and crystallization time increase, larger
spherulites are observed in polymer materials.

The large size of spherulites in block polymers
causes the brittleness of the material, which in turn
results in a decrease in the strength and deformation
properties of the material.

configuration  of
]

Table 2.

Results obtained from experiments on deformation of high-pressure polyethylene plates at different Te-
crystallization temperatures, prepared at a temperature of Tme=200 °C, a pressure of P=120 atmospheres, and a
temperature of Tir.=20 °C and in the direction of one axis.

d=0,6mm d=1,2mm d=1,6mm
Ne | Tip.%S £, % € % s, %
1 20 375 370 300
2 40 265 210 170
3 60 200 180 160
4 80 150 120 110
5 100 100 100 100
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Fig. 3. Diagram of the results of the deformation process of polyethylene plates
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Fig. 4. Results of the deformation process of polyethylene plates.
1-d=0.6mm
2-d=1.2mm
3-d=1.6mm

The process of destruction of a brittle polymer
material is possible to occur at the boundaries of
spherulites or in numerous internal defects of large-
sized spherulites. It should be noted that the results
obtained in the experiments characterize the
structural-deformation properties of polyethylene
samples prepared under the above-mentioned
technological conditions and the results obtained
cannot be applied to polymer materials processed
under different conditions.

Thus, the investigation of "structure-deformation
properties" relationships in polymers necessitates
continued experimental research.

It was determined that as the thickness of the
material increases, the mechanical fracture of polymer
samples as a result of the deformation process is
observed at small values of deformation. The initial
results obtained from the deformation process of
materials are explained by the fact that in samples
with a small thickness, the crystallization process is
completed at a faster rate at room temperature, and
therefore the spherulite structures are smaller in size,
and the distances between spherulites are also smaller,
which leads to a more homogeneous material. In
samples with a greater thickness, the room
temperature is unevenly distributed in the direction of
the material thickness, and the degree of freedom of
macromolecules in the volume of the material is
greater, and therefore conditions are created for the
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development of spherulite structures and their sizes
become larger. In this case, since the distances
between spherulites with a low density are large, the
degree of inhomogeneity of the material is also high,
and this leads to a decrease in the mechanical
deformation of the material. On the other hand, the
greater number of defects in samples with a greater
thickness also leads to a decrease in the mechanical
deformation of the material. The article comments on
the results characterizing the deformation process of
PE material processed at different crystallization
temperatures. From the presented results, it was
determined that in polymer samples prepared under
the above-mentioned technological conditions, the
deformation process is characterized by small values
as the crystallization temperature increases. It is
known that as the crystallization temperature and
crystallization time increase, larger spherulites are
observed in polymer materials.

CONCLUSION

1. From the study of the deformation process of
samples made of polyethylene material with a
thickness of 0.6, 1.2 and 1.6 mm prepared under
different technological conditions, it was found
that as the thickness of the material increases, the
mechanical fracture of the samples as a result of
the deformation process is observed at small
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values of deformation. This experimental result is
explained by the non-uniformity of the structure in
samples with a greater thickness and the presence
of more defects in thick samples;

. By studying the dependence of the deformation

process on the crystallization temperature,

crystallization rate and deformation rate of the
polymer material, the dependence of the
deformation process on the supermolecular
structure of the polymer was determined and the
structural concepts of the explanation of the above
results were given.
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In this work studied the effect of an electroelectret state on surface discharge of solid dielectrics in a non-uniform electric
field with predominant components tangential to the dielectric’s surface. The amount and nature of the charge distribution
accumulated in the layers and on the surface of the dielectric depend on the type of applied voltage. The article examines the
formation of charges in a dielectric when an alternating (sinusoidal) voltage is applied to it. The analysis showed that the reason
for the decrease in discharge voltage on the surface of polymer dielectrics used in insulating structures is the formation of a
surface and space between charges in them, i.e. the presence of an electret state. In the literature, these charges are also called
hereto- and homo-charges, respectively. We should note that in series production of gas-filled, sealed switchgears the use of
polymer dielectric materials possessing an electroelectret state, epoxy resins in particular, needs to be reexamined.

Keywords: gas-filled, electric charges, dielectrics materials, electrographic method ,electroelectret, discharge, if insulation

structures.

INTRODUCTION

In recent years, there have been more and more
reports in the scientific literature about the occurrence
of so-called “electrodeless surface discharge” (ESD) on
the surface of the insulated part of gas-filled, sealed,
high-voltage switchgears with strengths of the electric
field significantly less than the critical strength [1-4]. In
[1], a hypothesis was expressed about an effect of free
charges accumulated on the surface of a dielectric in the
zone near the electrode on the initial voltage of an
electrodeless surface discharge. The authors of [2-4],
who studied the characteristics of these charges in
greater detail by the electrographic method, explain this
phenomenon by the fact that the field due to charges
accumulated in the zone near the electrode, being
superimposed on the sinusoidally varying field of the
electrodes, distorts it, thereby reducing the flashover
voltage.

In electric-insulation designs of open switchgears,
porcelain and glass are used as solid insulation. In the
scientific literature there is no information in relation to
the appearance of anomalous discharges of the
electrodeless surface discharge type in insulation
structures of these materials.

In gas-filled, sealed switchgears insulation
designs are still being perfected. Individual assemblies
of these designs are made in pilot conditions from
epoxy resins with various fillers [5].

Epoxy composite materials, as polymer
dielectrics, are strong electrets [6,]. The electret state
(accumulation and prolonged preservation of electric
charges) in polymers is explained by various factors.
Electrets obtained under the action of a high-strength
electric field without heat treatment are called
electroelectrets. Formation of flashovers on the surface
of high-voltage bushings of gas-filled, sealed
switchgears with field strengths below critical should
be explained by the presence of an electroelectret state
of dielectric materials used in these structures, epoxy in
particular.
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We studied the effect of an electroelectret state on
surface discharge of solid dielectrics in a non-uniform
electric field with predominant components tangential
to the dielectric’s surface.

Cylindrical specimens 8 mm in diameter and 2-12
mm long were placed between electrodes of stainless
steel with the same diameters equal to the diameter of
the specimens used. Specimens of fluoroplastic-4,
ebonite, epoxy compounds in various modifications,
insulation porcelain, and glass were tested.

It is known that if certain conditions are met (the
absence of a gap between a solid dielectric and
electrodes of moisture and irregularities on the surface
of the dielectric, and other factors) the presence of a
solid dielectric between electrodes has practically no
effect on the discharge voltage in comparison with its
absence. This is confirmed by our experiments and the
works of other authors [5].

As experiments have shown, if insulation
structures are under voltage for a long time, in the case
of polymer dielectrics, other factors being equal, the
discharge voltage is less than when non-polymer
materials serve as the dielectric, for example, porcelain
and glass.

The amount and nature of distribution of charges
accumulated in the volume and on the surface of a
dielectric depend on the kind of voltage applied.
Formation of charges in dielectric when ac (sinusoidal)
voltage is applied to it was investigated in. With ac
voltage, charges accumulate over a long time. To
accelerate accumulation of charges in a dielectric, we
conducted experiments with application of dc voltage
to the dielectric.

After careful surface preparation, cylindrical
specimens of the materials under investigation were
mounted between electrodes and subjected to the action
of dc voltage with U =(0.6—-0.7)J 4 for one hour.
Then the dc voltage was turned off, and ac voltage was

fed to the system, with a smooth rise in it from zero
until formation of a flashover. For specimens of
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different types of polymers, the discharge voltage
averaged 20% lower than the discharge voltage of
specimens that had not been subjected to the
preliminary action of dc voltage (see Fig. 1). It was

Ug, 10V

20-

10

established that the preliminary action of high dc
voltage does not affect the surface discharge
(flashover) voltage for specimens of porcelain or glass.

0/,2' '

10 7 102m

6 8

Fig. 1. Dependence of discharge voltage in air with ac voltage (50 Hz) along the surface of solid dielectrics on the inter-
electrode distance after preliminary action of dc voltage. 1) fluoroplastic — 4; 2) epoxy (ED-5); 3) ebonite; 4)
porcelain; 5) glass. The solid line shows the dependence without preliminary action of dc voltage.

In the case of dielectrics, above all else, the
breakdown voltage is lower than when non-polymeric
materials, such as porcelain and glass, serve as
dielectrics if the enabling structures are under long-
energy pressure [6].

Accumulated in the volume and on the surface of
the dielectric, the quantity and nature of the charge
distribution depend on the type of applied voltage. The
article investigated the formation of charges in a
dielectric when an alternating (sinusoidal) voltage is
applied to it.

Analysis showed that the reason for the decrease
in discharge voltage on the surface of polymer
dielectrics used in insulation structures is formation of
surface and space between charges in them, i.e. the
presence of an electret state. In the literature, these
charges also called hereto- and homo-charges,
respectively.

Visual observation and photography established
that in the case of polymer dielectrics the discharge
channel is repelled by the field of accumulated charges
away from the surface of the specimens into the space
between the electrodes, which once again confirms the
presence of space and surface charges in the dielectric.

With preliminary application of dc voltage to an
insulation structure, the subsequent action of ac voltage
does not lead to electrodeless discharge. The

[ . . .
electrodeless surface discharge observed in practice

should be explained by the fact that space and surface
charges accumulated over a long time under the action
of ac voltage in polymer dielectrics are distributed
sharply unevenly: the charges are concentrated mostly
in the zones near the electrodes [7]. The thickness of
the layer occupied by space charges reaches ~30% of
the total thickness of an electret between electrodes. For
this reason, the discharge occurs not between
electrodes, but between sections somewhat removed
from the electrodes. In this case, the conditions for
detachment of the discharge channel are complicated,
due to the low concentration of charges in the section
under the discharge channel and consequently the
limited nature of Coulomb action.

CONCLUSION

Thus, the article investigated the influence of the
electroelectret state on the surface discharge of solid
dielectrics in a non-uniform electric field with
predominant components tangential to the surface of
the dielectric.

We should note that in series production of gas-
filled, sealed switchgears the use of polymer dielectric
materials possessing an electroelectret state, epoxy
resins in particular, needs to be reexamined.
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The impact of an electric field, various types of high-voltage gas discharges and the use of ozone in the purification and
disinfection of drinking, technical, industrial waste and irrigation water, other food products, including seeds of grain plants
and cotton from various harmful viruses and bacteria has entered the sphere of interests of researchers in solving environmental
problems. The work provides brief information on the physicochemical-biological mechanisms of the processes occurring in
materials as a result of the impact of an electric field, various types of high-voltage gas discharges and the use of 0zone, studied

by various scientists.
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l. Introduction

The development of industrial production,
emissions of harmful gases into the atmosphere,
discharge of industrial wastewater onto land and water
bodies, factors of increasing population on earth cause
a number of negative changes in the environment,
create disturbances in the ecosystem, and have a
negative impact on flora and fauna.

The high degree of pollution of surface and
groundwater and growing requirements for water
quality create a significant need for water treatment
systems that would be effective, easy to operate and
would not ultimately lead to environmental pollution
due to the use of toxic chemicals [1]. In the second half
of the twentieth century, significant advances were
made in the field of high-voltage pulse technology,
which laid the foundation for a new direction in the
science of high-voltage electrophysics and the
development of a number of technologies called
electric pulse or electric discharge.

Electric discharge technologies are based on the
transformation of low-temperature and nonequilibrium
discharge plasma in gases, liquid and solid dielectrics
or semiconducting materials into the energy of phase
transitions, chemical reactions, mechanical work, etc.
Their fundamental difference lies in the possibility of
targeting a substance with a high energy density in a
pulsed mode. This ensures high rates of change in
physical and thermodynamic parameters in the
processed substance. The impact on the substance
being processed in electric discharge technologies is
multifactorial: powerful electromagnetic radiation
(from UV to radio range), electric fields changing at a
speed of up to 1010...1011 V/ms, charged particles and
high-energy atoms, shock and acoustic waves. As a
rule, due to disequilibrium, the effect is synergistic, i.e.
the interaction energy is greater than the sum of the
contributions of individual factors.
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It should be noted that the effects of an electric
field, various types of high-voltage gas discharges and
the use of ozone in the purification and disinfection of
drinking, technical, industrial waste and irrigation
waters, other food products, including grain seeds from
various harmful viruses and bacteria have become the
area of interest of researchers in solving environmental
problems [2-5]. In the research conducted in these
areas, there is not enough work to determine the
physical, chemical, and biological mechanisms of the
processes occurring in materials as a result of exposure
of materials to an electric field, various types of high-
voltage gas discharges, and the use of ozone. Carrying
out applied work in this direction and continuing
scientific research highlights the importance of
performing optimization processes that ensure
increased efficiency of methods.

Il.  Among environmentally friendly water
treatment technologies, ozonation has become
widespread.

Ozonation is one of the most progressive modern
technological ~ processes aimed at  creating
environmentally ~ friendly,  favorable  working
conditions and human life. Ozone is formed from
ordinary oxygen under the influence of glow, barrier
electrical discharge or ultraviolet radiation. Ozone,
being one of the strongest oxidizing agents, has a very
high electron affinity (1.9 eV), which determines its
properties as a strong oxidizing agent, second only to
fluorine in this regard. Despite the high oxidation
potential of ozone, it interacts extremely selectively.
The reason for this selectivity is the polar structure of
the ozone molecule, or more precisely, the positively
polarized oxygen atom, which gives the entire molecule
an electrophilic character. Therefore, molecules with
high electron density are the most preferred reactive
elements.
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Ozonation has a number of disadvantages, the
main one being inefficient use of energy. Ozone
synthesis in an electrical discharge is a reversible
reaction, with a significant part of the energy lost to
maintain the equilibrium between ozone and oxygen.
Due to the low solubility of ozone in water, installations
are needed that increase the contact time of ozone with
water, the dimensions of which can be quite significant.
The system is further complicated by the need to dry
the air supplied to the ozonizer. Ozone decomposes in
water to form a strong oxidizing agent - hydroxyl
radical (OH), which, unlike molecular ozone, is capable
of destroying many toxic organic compounds.
However, two molecules of ozone are required to
produce one OH radical. Some OH radicals recombine
and react with ions of mineral impurities. Short-lived
particles are also formed in the electrical discharge
zone: free radicals, ions and electrons, many of which
can play an important role in water purification
processes, however, due to the short lifetime, most of
them are uselessly lost and do not leave the discharge
zone. Ozone only partially stores and delivers the
energy of these particles to the water. To reduce energy
costs, it is desirable to ensure the generation of active
particles in the treated water, which can be achieved in
the case of direct contact of water and electric discharge
plasma. The initial stage of research in this direction
involves the use of pulsed discharges in water. These
studies continue to this day. It has been shown that a
discharge in water causes disinfection and
decomposition of dissolved organic compounds [5-9],
and both drinking and waste water can be purified. The
main disadvantage of the method is the rather low
efficiency of energy use.

The process of chemical oxidation of pollutants in
soils is based on the release of electrons from the outer
unstable layer of the electronic shell of atoms of
substances and elements, which leads to the transition
of the pollutant into a less toxic and reactive form.
Atoms of elements that have a small number of
electrons in their outer electron layer are prone to losing
electrons. The process is an integral part of the redox
interaction between a pollutant and a chemical or
reactive surface. Chlorine, oxygen, ozone and
atmospheric air are used as reagents that create redox
conditions and free electrons in the pore solution of
soils and soils [6-18]. Oxidation with oxygen and air is
used primarily for cleaning soils, natural and man-made |

soils of heterogeneous permeability or low
permeability. This method can reduce the initial
contaminant content to 3% (<200 ppm).

During ozonation, unlike chlorination, oxidation
reactions occur such as the opening of the aromatic ring
and the production of non-toxic end products. These
products are easily removed by filtration. With metals,
ozone forms non-reactive oxides (oxide of iron,
manganese, aluminum, etc.). Oxides precipitate and are
easily removed by filtration. Organic substances
containing iron and manganese are first destroyed by
ozone, and then the metals form oxides [6,10]. Ozone
easily oxidizes iron and manganese salts to form
insoluble substances, which can then be removed
mechanically. If iron and manganese are contained in
the form of organic compounds or colloidal particles
(with sizes of 0.1-0.01 microns), then deferrization and
demanganization of water by traditional methods are
ineffective. In this case, it is necessary to pre-oxidize
complex organic compounds with ozone, leading to
their breakdown, after which it becomes possible to
remove iron and manganese using one of the usual
methods. By oxidizing complex compounds, ozone
converts soluble salts into insoluble ones, which are
subsequently easily removed.

Ozone - oxidizes almost all metals (with the
exception of gold, platinum and iridium) to their
highest oxidation states, many non-metals. The reaction
product is mainly oxygen.

2Cu2+ + 2H20+ + 0O3—-2Cu3+ + 3H20 + 02
Ozone reacts with sulfides to form sulfates:
PbS + 403 —PhS0O4 + 402
Oxidation of lead oxide hydrate by ozone:
Pb(OH)2+03— PhO(OH)2 + O2.
Oxidation of silver with ozone.
4Ag + 203 — 2Ag20 + 202.
Treatment of a solution of calcium in ammonia

with ozone results in the formation of ammonium
ozonide, not calcium:

3Ca + 10NH3 + 703— Ca-6 NH3 + Ca(OH)2 + Ca(NO3)2 +2NH403 +3 02 + 2H20

Ozone can be used to remove manganese from water to form a precipitate that can be separated by filtration:

2Mn2+ + 203 + 4H20—2MnO(OH)2| + 202 + 4H+

When a spark discharge occurs in water, radiation, !

shock waves, cavitation, electrolysis phenomena and
local heating occur. In this case, only part of the energy
expended is effective in removing target contaminants.
For example, disinfection occurs mainly due to
ultraviolet radiation (70...90%), the contribution of
shock waves is 20...40%, and other phenomena
accompanying the discharge are practically useless.
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The works also show that the disinfecting effect is
almost entirely due to UV radiation. Thus, most of the
energy of the spark discharge in water is spent uselessly
- the method is not able to compete with ozonation [19-
21].

I11. Formation of active oxidizers and synthesis of
hydrogen peroxide in electric discharge plasma
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In the area of electric discharge near the surface of
the liquid, at currents of the order of 20-30 mA, water
evaporates, and the characteristics of the electric
discharge radiation correspond to the spectral system of
emission bands of the dissociation products of water
molecules in the range of 304-316 nm. Plasma ,

discharges generate chemically active particles that
have a high oxidizing ability (hydrogen peroxide
(H202), atomic oxygen (Oe), hydroxyl radical (HOs),
hydroperoxide radical (HO2e), ozone (O3) [22-25].
Oxidation potentials of active particles generated in
electric discharge plasma.

Active particles generated in electric discharge plasma | Oxidation potential, (mV)
Hydroxyl radical 2,56
Ozone 2,07
Atomic oxygen 1,78
Hydrogen peroxide 1,77
Oxygen 1,23

Below are diagrams of the main processes
characteristic of the electric-discharge plasma-water
system:

H,O — OH- + H:

2H,0 — H30 + + OH- + eaq —
H-+0;—HO,-

H -+ HO, —» H,O + OH-

eaqg - + OH- — OH-

eaq -+ H-+H,0 — OH- + H;
eaq - + H.02 — OH- + OH-
H-+OH-— H0

OH- + OH- — H,0;

HO; -+ HO, - — H202+ O
H:-+HO; - — H,0,

H-+H — H2

HO; -+ OH- - H, 0 + O,
Hs0 + + OH- — 2H,0

OH- + H,0; — H,0 + HO, -

In recent years, a number of studies have been
carried out on pulsed barrier discharge (PBD) in gas
with a voltage pulse duration of 50...300 ns. Such a
discharge turned out to be an effective way to generate
OH radicals in air containing water vapor [23]: e-
+H20—e- +H+OH (1) O(1 D)+H20—20H (2) The
data from these studies allow us to conclude that IBR is
a promising method for the oxidation of organic and
inorganic pollutants in air and aerosols. The
concentration of OH radicals in the discharge zone can
significantly exceed the concentration of ozone.
Increased gas humidity hinders the formation of ozone
and accelerates the formation of OH radicals. The
lifetime of OH radicals in air is several hundred
microseconds [24,25]. The OH concentration after the
discharge is 1014..1015 cm-3. The maximum
concentration is achieved 30...50 ps after the end of the
voltage pulse, which makes it possible to transfer
radicals from the gas phase into water with subsequent
oxidation of contaminants dissolved in water.

Thus, the electrical parameters of a pulsed barrier
discharge in a water-air flow differ from the
characteristics of a discharge in air. In a water-air
environment, an increase in active power and a
decrease in the discharge ignition voltage are observed.
The energy yield of nitrateions in IBR is 0.6...0.8 g/kW.
h. As the voltage applied to the electrodes increases, the
yield of nitrogen-containing products increases, which
is most likely caused by an increase in the temperature
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"and concentration of excited particles in the

microdischarge channels.

Studies of the emission spectra of the discharge
show that a discharge in a water-air environment is a
source of hydroxyl radicals (OH). The high oxidation
potential of OH radicals makes electric discharge
treatment a promising direction, provided that a
significant part of the radicals is transferred from the
gas phase into the treated water. A discharge in a water-
air medium ignites predominantly near the water-air
interface. It is this type of discharge that is most
preferable for the effective use of active particles.

The action of pulsed electric discharges causes the
formation of defects in the cell membrane of bacteria,
which allows highly active oxidants to freely penetrate
into the internal environment of cells and disrupt their
metabolic processes. This principle is used to inactivate
microorganisms. The cell membrane acts as a semi-
permeable barrier and controls the passage of nutrients
into the cell, as well as the removal of waste products.
A study of electrical pulse inactivation showed that to
achieve a reduction in the number of yeast cultures of
Saccharomyces 35 cerevisiae in food liquid media, less
than 10% of electrical energy is required than for heat
treatment.Cells die as a result of breakdown of cell
membranes that protect bacteria from the external
environment. For example, compared to ultrafiltration,
electric pulse technology in the pasteurization of liquid
food products shows a more effective bacteriostatic
effect. The impact of pulsed electrical discharges on
bacterial flora is caused by the generation of chemically
active short-lived compounds, including ozone,
hydrogen peroxide, hydroxyl and hydroperoxide
radicals, UV radiation, acoustic and shock waves. In
studies devoted to the processing of food products with
electric discharge plasma, a fundamentally different
design of plasma-chemical reactors is used, using a
high-voltage generator (6) with the following
parameters: voltage pulse amplitude U < 20 kV, pulse
repetition frequency f < 100 Hz, pulse duration T = 5
ms. The disinfecting effect of using this type of device
was determined using the example of inactivation of
Escherichia coli cells. It was shown that with an
increase in the energy input of water treatment, the
bactericidal properties manifested themselves to a
greater extent [26-29].
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IVV. The mechanism of the influence of the electric
field of various discharges on grain and cotton seeds
before sowing.

The yield of agricultural crops largely depends on
the sowing qualities of the seeds. Therefore, along with
improving the cultivation and harvesting of agricultural
crops, much attention should be paid to the
development and  implementation of  new
environmentally friendly methods (use of biological
agents, physical factors, 0zone) aimed at improving the
sowing and yield qualities of seeds. Thus, when pre-
sowing seeds are treated with physical factors in
optimal conditions, an increase in viability, accelerated
and intensive germination of seeds and an increase in
productivity are achieved, due to a more complete
realization of the biological potential of plants with a
simultaneous destructive effect on phytopathogens.
The introduction of these methods into practice is
hampered by insufficient knowledge of the optimal
regimes for treating seeds of various agricultural crops,
the lack of necessary equipment, as well as theoretical
models of the impact of physical factors on biological
objects [31-36].

The main product of cotton is fiber, which is a
valuable export material. Compliance with cultivation
technology and the application of mineral fertilizers
increases the yield, but not significantly, and the main
reason for the decrease in yield is the low sowing
quality of the seeds. The germination of seeds, in turn,
is greatly influenced by the presence of pathogenic
fungi and bacteria that cause various plant diseases. In
order to improve the sowing qualities of seeds and
combat their diseases, seeds need additional processing
before sowing. To prevent the spread of plant diseases
through seeds and increase their productivity, chemical,
biological and physical treatment methods are used.
Experimental studies have shown that seed treatment in
an electric field reduces seed disease and, in a cyclic
mode, almost completely destroys pathogens, which
improves the quality of seed material. For the correct
and timely organization of pre-sowing seed treatment,
as well as measures to combat seed diseases, various
chemical disinfectants are used, which have been used
for a very long time and have been sufficiently
researched; however, pesticides, along with protecting
seeds from seed and soil infections, have a negative
impact on the environment and operating personnel. It
has been experimentally established that cotton seeds,
which have a lift and a hard peel, almost completely
absorb UV radiation in a single grain layer, which does
not allow the use of multilayer technologies and the use
of the flux attenuation indicator “a” when calculating
installations. The positive effect of pre-sowing UV
irradiation and NTP radiation of cotton seeds on the
yield and quality of cotton fiber was established in

comparison with the control option. Experimental
studies have shown the stimulating effect of an electric
pulse field on grain and cotton seeds treated before
sowing. The high result of the stimulating effect is
explained by the increase in the course of biological
processes in the seed due to the receipt of additional
energy during processing. Activation of the initial
stages of development of seeds exposed to an electric
field leads to changes in the morphological
characteristics of seedlings. In plants, the first
internodes lengthen, and a more powerful root system
is formed, compared to the control. Very important is
the fact that root growth contributes to faster rooting of
plants and better use of spring moisture and nutrients.

The degree of influence of electrical stimulation
depends on the treatment mode. The best results were
recorded using an electric pulse current when exposed
to seeds for 15 minutes. The observed increase in
morphophysiological ~ parameters of  seedlings
contributes to an increase in vyield. Electrical
stimulation, using an electric pulse field, allows you to
transfer the physiological state of the embryo, up to a
change in the chemical composition, from a state of
“rest” to a state of “awakening” and active growth. That
is, at the moment of exposure to an electric field, a
redistribution of electrical charges occurs inside the
seed, which, in turn, somewhat changes the course of
physical and chemical processes that affect the
subsequent growth and development of plants. The
stimulating effect of an electric pulse field on cotton
seeds helps solve the problem of minimizing pests in
agrobiocenoses and maximizing the circulation of
entomophages. The consequence of this is the
formation of plant resistance to a complex of harmful
factors, including economically dangerous pests and
infectious diseases. During the experiments, it was
found that processing seed material in the electric field
of a pulsed discharge helps reduce the number and
harmfulness of phytophages by 46.5-68.3% and 13.1-
88.5%, respectively. Moreover, the effectiveness of this
technique in protecting plants from various pests is
directly dependent on the treatment mode.

The electrophysical methods most used today in
crop production involve the use of electromagnetic
fields. The action of this factor is based on the fact that
most of the physiological processes occurring in a
living organism are accompanied by electromagnetic
phenomena. A constant component of electromagnetic
oscillations in a plant organism is bioelectric potentials,
which are regenerated in the process of life activity and
reflect its physiological state. As a result of treating
barley seeds with an alternating electromagnetic field
(50 Hz), there was an increase in the mass of roots and
seedlings, an increase in germination energy and
laboratory germination of seeds [37-45].
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TRANSITION METAL DOPING EFFECTS ON STRUCTURES AND RAMAN
SCATTERING IN ZnO NANOPARTICLES
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Copper- and nickel-doped zinc oxide (Zni-<MxO, where M =Cu or Ni and x = 0.00-0.05) nanocrystals were successfully
synthesized via a chemical co-precipitation method. The effects of Cu and Ni incorporation on the structural and vibrational
properties of ZnO were systematically investigated using X-ray diffraction (XRD) and Raman spectroscopy. XRD analysis
confirmed that all samples retained the hexagonal wurtzite structure, indicating successful substitutional doping, while weak
secondary phase peaks corresponding to CuO and NiO were detected at higher dopant concentrations. Raman analysis revealed
red shifts, band broadening, and increased intensity of higher-order modes, suggesting enhanced lattice strain, oxygen vacancy
concentration, and phonon coupling upon doping. These findings show that low-level Cu and Ni doping effectively alters the
local structure and phonon dynamics of ZnO.

Keywords: ZnO, Cu, Ni, XRD, Raman spectroscopy, co-precipitation
PACS: 32.30.Rj; 32.20.Fb

1. Introduction 2. Experimental
2.1. Synthesis of Cu- and Ni-doped ZnO NPs

Zinc oxide (ZnO) is a 11-VI semiconductor with a
hexagonal wurtzite crystal structure. It is widely Zni-xMO (M =Cu (Ni); x = 0.00, 0.01, 0.05)
studied for its exceptional optical, piezoelectric and  nanocrystals were synthesized by one step co-
gas-sensing properties [1-4]. The crystal lattice of ZnO  precipitation method. Zinc chloride (ZnCl.), copper (11)
consists of alternating planes of Zn?>* and O* ions chloride dihydrate (CuCl:'2H20), and nickel (II)
stacked along the c-axis, resulting in strong chloride hexahydrate (NiCl.-6H2O) were used as metal
spontaneous polarization and anisotropic bonding  precursors.
characteristics [5]. Due to its wide direct band gap (3.37 In a typical procedure, 0.05M of zinc chloride
eV) and large exciton binding energy (~60 meV), ZnO  (ZnClz) was dissolved in deionized (DI) water under
is considered one of the most versatile functional continuous magnetic stirring at a temperature of 60 °C
oxides for use in optoelectronics, photocatalysis, and a stirring speed of 500 rpm. Subsequently, 20 mL
transparent conductors and spintronic devices [6,7]. of ethylene glycol was added as a stabilizing and

The structural, electronic and vibrational capping agent, and the initial pH of the solution was
behaviour of ZnO can be effectively tailored by adjusted to 4. Anaqueous solution of sodium hydroxide
introducing foreign atoms or defects into its lattice. Of  (NaOH, 1.07 M) was then added dropwise over the
the various strategies, transition metal (TM) doping has  course of 1 hour to initiate the precipitation process,
proven to be particularly effective in adjusting the  during which the pH gradually increased to 6.1. The
electrical conductivity, magnetic response and defect-  reaction temperature was subsequently raised to 90 °C,
related optical transitions of ZnO, all the while while the stirring speed was successively increased to
maintaining the stability of the wurtzite phase. [8]. 1000 rpm and then 1500 rpm toward the end of the
Doping with Cu and Ni is of particular interest as their ~ reaction to ensure uniform nucleation and particle
ionic radii (Cu** = 0.73 A and Ni>* = 0.69 A) are close  growth. The resulting precipitation was washed 3 times
to that of Zn** (0.74 A). This allows them to be  with DI water and centrifuged two times at 4000 rpm
incorporated into Zn sites with minimal structural  for 15 minutes each to remove residual ions and
disruption. However, this substitution process impurities. The obtained precipitate was then dried in a
inevitably introduces local lattice strain, oxygen laboratory oven at 80 °C for 2 hours. Finally, the dried
vacancies and other point defects, which have a powder was calcined at 500 °C for 3 hours in a muffle
significant impact on phonon dynamics and electron—  furnace to obtain crystalline ZnO nanoparticles.
phonon interactions. The synthesis of ZnO samples doped with 1% and

This study aims to synthesize Cu- and Ni-doped 5% Cu (and Ni), was carried out under identical
ZnO nanocrystals via a controlled co-precipitation  experimental conditions. The only difference was the
method, and to analyze their structural and vibrational  addition of stoichiometrically calculated amounts of
characteristics in comparison to undoped ZnO. By CuCl::2H20 and NiCl'6H2O to the ZnCl. solution
correlating XRD and Raman results, the study will seek  during each separate reaction. Particular attention was
to elucidate the effects of transition metal incorporation  paid to optimizing the pH value to ensure maximum
on lattice strain, defect formation and phonon precipitation during the synthesis process.
behaviour in ZnO nanoparticles.
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3. Results and Discussion
3.1. X-ray diffraction (XRD) analysis

XRD patterns of ZnO and 1% and 5% Cu doped
ZnO samples are shown in Figure 1. All diffraction
peaks correspond to the hexagonal wurtzite structure of
ZnO (JCPDS card No. 36-1451), with characteristic
reflections at 20 ~ 31.7°, 34.4°, 36.2°, 47.5°, 56.6°,
62.8°, 66.35, 67.9° and 69 assigned to the (100), (002),
(101), (102), (110), (103), (200), (112) and (201)
planes, respectively. As can be seen from Figure 1(a),
the sample obtained by incorporating 1 at.% Cu into the
ZnO matrix via the aforementioned chemical method
shows almost no change in the diffraction pattern
compared to pure ZnO. However, when 5 at.% of Cu is
introduced, the primary crystalline phase remains
hexagonal wurtzite-type 2ZnO, but very weak
diffraction peaks are observed at around 260 = 35.5° andI

38.7°. This indicates the formation of a small amount
of the monoclinic CuO phase. This behaviour indicates
that Cu?* ions primarily replace Zn?" sites in the ZnO
lattice, with only a small amount exceeding the
solubility limit and forming a secondary CuO phase.
Similar behaviour involving limited solubility of Cu in
the ZnO lattice and subsequent formation of secondary
CuO phases at higher concentrations has also been
reported in the literature [9]. A similar trend is observed
in the XRD patterns of ZnO doped with 1-5 at.% Ni
(Figure 1b). Compared to pure ZnO, weak diffraction
peaks appear at approximately 26 ~37.1° and 43.09° in
the 1% Ni-doped ZnO sample and become more
pronounced at 5% doping. This suggests that, while
most Ni** ions substitute for Zn*' ions in the ZnO
lattice, a small fraction reacts with oxygen to form a
partially compressed, strain-induced cubic NiO phase
[10-12].
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Fig. 1. X-ray diffraction of pure and metal doped ZnO NPs : a) Cu doped ZnO Ps; b) Ni doped ZnO NPs.

Further analysis revealed that the additional NiO
peaks detected in Ni-doped samples were slightly
shifted towards lower angles compared to the standard
NiO positions. This shift is attributed to lattice
expansion caused by internal strain and the generation
of oxygen vacancies around the dopant ions. While
Cu?* (0.73 A) is nearly the same size as Zn>', and thus
induces minimal strain at lower doping levels, Ni*
being smaller may generate more significant distortions
in the lattice.

The average crystallite size, calculated from the
intensive diffraction peaks using the Scherrer equation,
was found to be ~33 nm for pure ZnO. Upon doping,
the crystallite size increased slightly to ~35 nm for the
5% Cu-doped sample and decreased to ~30 nm for the
5% Ni-doped sample. This reduction in size for Ni
doping suggests that the incorporation of Ni** ions
hinders crystal growth by introducing lattice strain and
structural defects. In contrast, the minimal lattice
mismatch between Cu?* and Zn?* enables a small
increase in crystallite size unless the Cu content
exceeds the solubility limit, resulting in the formation
of a secondary CuO phase.

! 3.2. Raman spectroscopy

Raman spectroscopy is a sensitive tool for
investigating structural disorder, phonon confinement
and dopant-induced effects in ZnO. Figure 2 shows the
Raman spectra of pure ZnO and ZnO doped with Cu
and Ni, recorded at room temperature in the range of
100-1400 cm™.

For the pure ZnO sample, the dominant Raman
band observed at ~437 cm™* corresponds to the E2(high)
mode, arising from the vibration of oxygen atoms in the
wurtzite lattice. The weak feature near 333 cm™ is
attributed to a second-order Raman process: the
Ez(high) — Ez(low) two-phonon difference mode. The
band at ~380 cm™ corresponds to the A;(TO) mode,
which is associated with the transverse optical vibration
of Zn—O bonds. Additionally, the modes appearing near
578-585 cm™ are characteristic of the A;(LO) and
E1(LO) longitudinal optical phonons, which are
typically enhanced by the presence of oxygen
vacancies, donor-type defects or slight non-
stoichiometry in ZnO [13,14]. A broad band centered
around 1149 cm™ also originates from a second-order
two-phonon scattering process (2LO), which is
characteristic of nanocrystalline ZnO.
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Fig. 2. Raman spectra of pure and metal doped ZnO NPs : a) Cu doped ZnO Ps; b) Ni doped ZnO NPs

Upon doping with Cu and Ni via the chemical
method, significant spectral modifications were
observed. In both cases, all Raman bands exhibited a
red shift (a shift to lower wavenumbers), indicating
lattice expansion and increased strain. The E(high)
mode shifts from 437 cm™ to ~424 cm ™ at a 5% dopant
concentration, while the 333 cm™ mode shifts to ~319
cm ! (Cu) and ~316 cm™ (Ni). Although the apparent
intensity of the E(high) mode seems reduced, this
effect is mainly due to overlap with neighbouring
defect-related and LO modes rather than a true decrease
in the phonon’s intrinsic Raman activity. The observed
red shift and the reduced separation between adjacent
modes suggest increased lattice disorder and internal
strain caused by dopant substitution within the ZnO
matrix.

The E1(LO) mode at around 584 cm™ broadens
and intensifies with increasing dopant concentration
(x=0.01-0.05), reflecting growth in defect density and
0xygen vacancy concentration. This is consistent with
XRD results indicating lattice distortion. Furthermore,
the high-wavenumber band at approximately 1149 cm-
!, which is assigned to the 2LO overtone, exhibits red-
shifting and marked intensity enhancement upon Cu

fand Ni doping. This behaviour can be attributed to
enhanced electron—phonon coupling and multiphonon
scattering, facilitated by lattice strain and the formation
of oxygen vacancies and point defects due to the
incorporation of dopants.

4. Conclusion

In summary, structural and vibrational analyses
confirmed the successful incorporation of both Cu and
Ni into the ZnO lattice without disrupting its wurtzite
crystal structure. Only minor traces of CuO and NiO
phases were detected at higher dopant concentrations (5
at.%), indicating limited solubility of the dopants. The
observed Raman shifts and line broadening reveal that
metal incorporation induces local lattice distortion,
increased defect density and stronger phonon—defect
interactions. These effects suggest that strain induced
by the dopants and oxygen vacancies play a key role in
modifying the phonon dynamics of ZnO. Overall, the
controlled incorporation of Cu and Ni is an effective
approach for engineering the structural and optical
properties of ZnO for use in advanced catalytic and
functional applications.
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This work analyzes spin-wave dispersion in hexagonal antiferromagnetic nanotubes using a Green’s-function framework.
With a Hamiltonian limited to nearest-neighbor exchange and a crystal-field term, dispersion relations are derived via symmetry
and Fourier transforms. The results elucidate axial magnon propagation and how lattice symmetry shapes the spectrum.

Keywords: hexagonal nanotubes, antiferromagnet, spin waves, Green's function
PACS: 75.10.Pq

Nanostructured antiferromagnets are drawing energy spectra, derive magnon dispersions for the
strong interest for both basic science and applications  model nanotube, and resolve mode degeneracies [3].
thanks to their ultrafast response to high-frequency  Our aim is to clarify the energetic landscape of spin
fields, robustness from zero net magnetization, and  waves, explain the origins of dispersion minima, and
promise for information transport [1]. We investigate  quantify how interaction parameters reshape the
spin-wave dynamics in a hexagonal antiferromagnetic ~ spectrum.
nanotube, where exchange interactions and spatial The system under study is a hexagonal
symmetry jointly govern magnon propagation and antiferromagnetic nanotube composed of six-atom
guantum-mode splitting. The hexagonal geometry fixes  rings stacked along the tube axis. The lattice comprises
lattice periodicity and drives symmetry-dependent two antiferromagnetically coupled sublattices, a and b.
degeneracies, motivating a dispersion construction and ~ As illustrated in Fig. 1, we include exchange
symmetry analysis [2]. Using a Green’s-function interactions within each ring (parameter J) and between
framework, we compute spin-spin correlations andI adjacent rings along the axis (parameter Y).

Y

n n+1 n+2

Fig. 1. Schematic representation of hexagonal antiferromagnetic nanotube. Each red dot denotes a spin site. The
intrachain coupling along the horizontal direction is denoted by Y, and the interchain coupling along the rungs
of the ladder is denoted by J. The spins alternate directions, indicating antiferromagnetic ordering.

The system's Hamiltonian includes only nearest-neighbor interactions and the crystal field and is given as follows

[4]:

H=33,(55,)- 3 h, St +3 8, 55, + D (5 ) +3(s5,) | o
i i i F

|
The first term captures exchange coupling The alternating spin order governs the system’s

between spins; the second and third terms describe  dynamics, making the dispersion relation central to

internal (effective) fields acting on the z-components,  understanding its behavior. We analyze these dynamics

enforcing opposite spin orientations on the two  with Green’s functions, which quantify how a local

sublattices; the final term is a uniaxial anisotropy that  spin flip influences another site—i.e., how collective

sets the preferred alignment direction. The  spin excitations propagate.

parameter D indicates the strength of anisotropy. Within this framework, a convenient choice is the
retarded double-time Green’s function
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The resulting system of equations for these functions is:
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Here Q=h{M, +(2J +2Y + D)(S%), (S;y=—(S;) =(S")

To solve these equations, Fourier transformation is applied, taking into account the periodicity of the structure [5]:

5 5
G® :%zeg,ﬁ; explzigal ; G :%zegé; exp[igal @
:%:%’ r=012..5

Additionally, considering periodic boundary conditions and translational symmetry, the Green's function for
neighboring spins follows a phase shift rule [6]:

GEY = exp[+ika]GEY  (5)

n+l,m
This approach allows for the analysis of spin wave propagation, phase transitions, and symmetry in the crystal.
Thus, the following dispersion relation for spin waves is obtained:

0= i\/QZ +4(S} )?[ I cos(qa)+Y cos:(ka)]2 6)

Now, let us examine how the dispersion relation w(k) varies as a function of the wave vector k. Calculations are
performed for different values of the interlayer spin interaction parameter Y, while other parameters remain
constant.

4.6 4.6
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Fig. 2. Dispersion curves in a hexagonal antiferromagnetic nanobore. The parameters are as follows:

h{,/3=02, (SX)=05 D/J=0.1 a)Y/J=2, h)Y/JI=05,

Figure 2(a): Strong interlayer coupling. The I Interlayer spin coupling is a primary control knob
branches are nearly parabolic with minima near k=r/2.  for the dispersion. Increasing this coupling enlarges
The enlarged bandwidth and steeper slopes indicate  band separation and broadens the spectrum, while the
freer magnon propagation and more efficient energy  symmetric placement of minima around k=n/2 reflects
transfer across the nanotube. the lattice symmetry and periodicity. The observed

Figure 2(b): Weak interlayer coupling. The trends imply that quantum excitations can be
branches lie closer together and exhibit reduced engineered via the parameters J (intra-ring) and Y
curvature. Diminished bandwidth and flatter slopes  (inter-ring), enabling tunable behavior relevant to
point to weaker energy variability, with more localized  spintronics, magnetic nanostructures, and quantum
modes and less efficient spreading of excitations. information applications.
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DEVELOPMENT OF MICROWAVE RADIATION ABSORBERS
BASED ON COMPOSITE MATERIALS
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The article presents the results of research on the development of absorbers for complete absorption of incident
microwave radiation based, on composite materials. The absorbers are designed to neutralize residual and unwanted
electromagnetic radiation. These coatings can be used to protect living organisms from the harmful effects of microwave
radiation of specific frequencies (e.g., in radar, television broadcasting, and mobile communications).

Keywords: Dielectric spectroscopy, dielectric relaxation, polar liquids, microwave, condensed state of matter, permittivity,
dielectric losses, dielectric properties of liquids, reflection coefficient of electromagnetic waves.

INTRODUCTION

Various types of electromagnetic radiation
absorbers made of composite materials are described in
the scientific literature [1,2]. Their principle of
operation is based on the absorption of electromagnetic
radiation in the surface layer of fillers containing thin
metal conductors or highly dispersed metal particles,
due to the skin effect [1-3]. However, the absorption
efficiency of such materials decreases with increasing
radiation frequency, which complicates the creation of
high-frequency absorbers based on existing conductive
materials.

A solution is known where the electromagnetic
radiation absorber consists of a metal base with a thin
layer of dielectric. A polar substance with maximum
dispersion near a given wavelength range is used as the
dielectric. The thickness of the dielectric layer is
determined by the condition of minimizing the wave
reflection coefficient from the polar dielectric layer on
the metal substrate [4].

Polar liquids can also be used to absorb
microwaves. Technical implementation is possible by
using polar liquids in the form of encapsulated
inclusions in a solid coating. With a small volume of
such inclusions, the absorber retains the necessary
structural rigidity. It is important to note that at a certain
concentration of inclusions, complete absorption of
incident microwave radiation is achieved. One such
absorber was developed based on the study of the
dielectric properties and reflection characteristics of a
“water-epoxy resin” composite in the centimeter range
[5]. Experiments have shown, that at a given frequency
of incident radiation and solution temperature,
complete absorption is achieved at strictly defined layer
thicknesses and composite material compositions.
However, the absorption efficiency of such absorbers
based on the “water-epoxy resin” composite in the
centimeter range deteriorates with increasing radiation
frequency, which complicates the creation of high-
frequency absorbers [5,6].

The main disadvantage of these microwave
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radiation absorbers is a sharp decrease in the efficiency
of selective radiation absorption at high frequencies. In
addition, to achieve complete absorption even at low
frequencies, the coatings must be sufficiently thick,
which increases the weight of the objects being
protected. The use of more effective ferrimagnetic
materials as fillers reduces the mechanical strength of
the absorbers [7-12].

The aim of this research is to improve the
selectivity and sensitivity of coatings designed to
absorb electromagnetic radiation.

EXPERIMENTAL PART

In the developed electromagnetic radiation
absorber based on a composite material, which is a
coating with a distributed liquid phase (encapsulated
liquid) and dispersion near the required wavelength
range, a homogeneous material is used as the solid base
of the coating, and a polar liquid is used as the
absorbing filler. The concentration of the polar
component and the thickness of the coating were
selected based on the condition that the reflection
coefficient modulus is zero. Since this effect manifests
itself in composites whose polar components have
dispersion in the microwave range, a composite based
on acetonitrile and epoxy resin is proposed as a material
for microwave radiation absorption. An experimental
study of total absorption using this composite was
conducted taking into account the dispersion regions of
acetonitrile in the centimeter and millimeter wave
ranges. The studies were conducted at wavelengths A =
1.5cmand A = 8.15 mm at a temperature of 20°C. To
determine the optimal values of layer thickness and
composite composition at which complete absorption
of microwave radiation is observed, data on the
dielectric permittivity (¢') and dielectric loss (¢") of the
composites under study were used. The experimentally
obtained values of ¢' and ¢" for composite materials
with different component concentrations were used for
graphoanalytical determination of the resonance
concentrations of polar components at which the effect
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of complete absorption of microwave radiation of a
given wavelength occurs in a wide frequency range. For
this purpose, the concentration dependencies of the
wave reflection coefficient p were recorded
sequentially for each successive number N=1,2,3 of the
minimum of the function p(l). The experimental values

¢ and &" of the “acetonitrile-epoxy resin” compositeI

were used to construct the dependencies ¢’ on ¢” in the
Cartesian coordinate system [¢’, €"]. We proposed a
graph-analytical method for solving equations
describing the conditions for the realization of the
effect of complete absorption of electromagnetic waves
in a substance. In accordance with this method, the
intersection points of the dependence of ¢” on ¢’ in the
coordinate plane [¢',¢"] were determined (Fig. 1).

40 30 2010
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Fig. 1. Graph-analytical method for determining the conditions for the occurrence of complete absorption of microwave

radiation.

Then, using the experimentally obtained
dependence of &” on ¢', the resonance values of the
acetonitrile concentration ¢o and the layer thickness lo
at which complete absorption of microwaves occurs
were calculated. The obtained theoretical values of o
and lo were compared with the experimental values.

DISCUSSION OF RESULTS:

The calculated values of layer thickness and
composite composition were compared with data
obtained directly from experimental studies of the
dependence of p on I. As can be seen in Fig. 1, for the
“acetonitrile-epoxy resin” composite, all minima of the
dependence of €' on &", starting with the first, reach zero
values when the composite concentration changes.

Polar liquids characterized by high values of both
dielectric loss &” and dielectric permeability &' in a
given wavelength range are used as fillers for
microwave coatings. For the practical implementation
of such absorbing coatings, a polar liquid can be used
as a filler for a solid material. With a small volume of
encapsulated liquid inclusions, the developed absorbers

can have the necessary structural rigidity, and with the |

[
optimal selection of the concentration of inclusions,

they can ensure the complete absorption of incident
microwave radiation. The inclusions themselves are
capsules of liquid polar substances placed in protective
polymer film shells. Since the non-polar matrix
substance of the absorber has ¢”= 0, and ¢’ does not
depend on frequency, at a given temperature t and
wavelength A of the incident electromagnetic radiation,
the selection of the resonant values €0' and 0" of the
absorber is achieved by varying the concentration of its
liquid phase [12-16].

The possibility of creating electromagnetic
radiation absorbers based on composite materials
containing highly dispersed encapsulated polar liquids
at given t and A is demonstrated by the following
example. To simplify the analysis, we assume that the
dielectric properties of the absorber are additive to the
dielectric properties of its components and that the
liquid capsules are small compared to the wavelength
of the radiation.

According to the data in [1-4], the conditions for
complete absorption of microwave radiation in a two-
layer “dielectric-metal” system are described by the
following equations:

_ _my _ 1 /M
(2N — 1) + arctg merre Ty In o2t ()2 1)
b _ T _ _
Ao 4mn [T[(ZN D+ arctg n2(1+n2)—1] ! )
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where lo is the layer thickness; N is the number of
zero minima of the dependence of the wave reflection
coefficient on the layer thickness of the material.

The wave refractive index n and dielectric loss
factor y of the coating material, which are included in
equations (1) and (2), are related to its dielectric
permittivity €' and dielectric loss &" by the following
known relationships:

n*(1-y?)

The quantities &' and &”, which are part of
equations (3), are related to the dielectric permittivity
€0’ and dielectric losses go" of the liquid phase, as well
as to €0 of the matrix material, by the following
equations:

g = g" = 2n?y

®3)

!

g =¢ (po) + & (1 — ),

g" _

&1 Po 4)
where @ is the concentration of the liquid phase
in the coating material.

Solving equations (1) — (4) together allows us to
calculate the optimal values of the liquid phase
concentration ¢ and the coating layer thickness lo for
given values of N, the wavelength A of the incident
radiation, and the dielectric coefficients.

Below are the results of calculating ¢ and | using
equations (1) — (4) at a wavelength A = 1.5 cm for a
microwave absorber formed on the basis of epoxy resin
with the addition of encapsulated acetonitrile as a filler.
The dielectric permittivity of epoxy resin is € = 2.7. For
acetonitrile at A = 1.5 cm and t = 20°C, ¢' = 36.8, &"
3.64. From the joint solution of the system of equations
(1) - (4), it follows that the conditions for complete
absorption of microwave radiation are met at a volume
concentration of the liquid phase ¢ = 0.077 and an
absorber layer thickness | 0.173 cm, which
approximately corresponds to Ag/4 (at N = 1).

CONCLUSION

The results of the studies led to the creation of
coatings based on composite materials that utilize
residual and unwanted electromagnetic radiation.
These coatings can be used to protect living organisms
from the harmful effects of microwave radiation, in
radar systems, and in other areas of technology where
complete absorption of electromagnetic radiation of a
given frequency is required. The absorber matrix is
made of a homogeneous solid material with good
adhesive properties. A polar liquid is used as the
absorbing filler of the matrix, the concentration and
thickness of the coating of which are selected based on
the condition of zero wave reflection coefficient
modulus.
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ZEOLITE-ALO:; DIELECTRIC JUNCTIONS IN EUTECTIC Bi:Tes-Te
THERMOPILES:
ENHANCING THERMOELECTRIC EFFICIENCY FOR SOLID-STATE COOLING
APPLICATIONS

S.A. NABIYEVA, O.B. TAGIEV, V.M. HAJIYEVA
Ministry of Science and Education Republic of Azerbaijan, Institute of Physics, H.Javid
avel3l., AZ-1073 Baku, Azerbaijan
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Based on nanostructured A2VB3"' crystals and in eutectic sub-layers of thermoelements (TEs), thermopile batteries (TBs)
have been developed using eutectics as switching sub-layers. The commutation of TEs with eutectic sublayers is developed,
their characteristics in the range of 300-600K are investigated. The design of TE in which nanolayer composites of aluminium
oxide and zeolites are used as dielectric transitions is given. This work presents the design and analysis of thermoelectric
batteries (TBs) based on nanostructured A-VBs""' crystals and eutectic sublayers of thermoelements (TEs), incorporating zeolite-
based dielectric junctions for enhanced solid-state cooling performance. The use of eutectic Bi.Tes—Te alloys as switching
sublayers enables robust metal-semiconductor contacts operating at hot junction temperatures up to 600 K. Advanced
morphological studies, including atomic force microscopy (AFM) and X-ray diffraction (XRD), reveal defect structures such
as nanopores and dislocations influencing thermoelectric properties. Zeolite-alumina composite layers serve as dielectric
transitions, improving mechanical stability, reducing thermal contact resistance, and enabling higher compression forces at
junction interfaces. Thermoelectric performance metrics (Seebeck coefficient, electrical and thermal conductivity) and thermal
resistance measurements demonstrate the efficacy of the proposed design. These findings highlight the potential of zeolite-
based dielectric junctions in advancing high-reliability thermoelectric cooling systems.

Keywords: Thermoelectric effect, zeolite thermoelectric composites, dielectric junctions in thermoelectric adsorption, ion
exchange, exclusion, high performance liquid.

INTRODUCTION closed in the power frame, and the semiconductor
branches are mechanically.
In order to identify the possibility of using Coupling of thermoelements made of eutectics

eutectics from A,VB3V'-Te, to create a strong contact  with transition layers. In order to identify the possibility
between semiconductor and metal with a hot junction  of using eutectics made ofA,VB3V'-Te to create a strong
temperature of 600K, the properties of eutectic alloys  contact between semiconductor and metal with a hot
were analysed. After a number of experiments, the junction temperature of 600K. Thermoelectric (TE)
design met these requirements, avoiding anodising the  materials have garnered significant attention due to
entire power frame. their ability to directly convert heat into electricity and
Thermoelectric batteries in a power frame with  vice versa, enabling applications in power generation,
dielectric transitions made of zeolites for solid-state  waste heat recovery, and solid-state cooling [1-4].
coolers. Dielectric junctions made of zeolites for solid-  Over the past decades, substantial efforts have been
state coolers. This review provides a summary of the  directed toward optimizing material properties via
classification, composition, structure of zeolites and  nanostructuring, doping, and composite engineering to
their influence on adsorption properties.Their influence  enhance ZTZTZT beyond unity, which is crucial for

on adsorption properties, and data on the use of zeolites  practical applications [6,7].
in HPLC are systematised. The design of such Among promising TE materials, bismuth telluride
thermoelectric batteries includes a stiffening frame (Bi:Tes) based compounds have demonstrated
made of heat-insulating material, equipped with two  excellent performance near room temperature, making
dielectric plates on which compounds made of mixtures  them suitable for cooling applications [8]. However,
of Al,Oszand zeolite are applied. In the proposed design  challenges remain in ensuring mechanical stability,
of TB, the possibility of creating sufficiently large thermal contact quality, and chemical compatibility at
forces of compression of the heat-contact plane of hot  interfaces, particularly at elevated temperatures
junctions to the base of the heat-exchange system is  reaching 600 K, typical in high-power solid-state
ensured and, accordingly, the achievement of the heat-  coolers. Eutectic alloys composed of A.VBsV'-Te
exchange system is guaranteed. systems (where A, V, and B represent group 11, V, and
In the proposed design of the TB, it is possibleto VI elements) exhibit unique microstructures formed
create sufficiently large forces of compression of the  during solidification, comprising intergrown phases
heat contact plane of hot junctions to the base of the such Bi.Tes-Te. These eutectics present dendritic
heat exchange system and, accordingly, it is guaranteed ~ morphologies and characteristic defect ensembles
to achieve the minimum possible in such a design value  including vacancy-induced nanopores and dislocations
of thermal resistance on the most thermally stressed  that influence charge and phonon transport [9,10].
contact plane. In this case, the compression forces are  Harnessing these microstructural features, especially
by leveraging their nanolayer composites as switching
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sublayers, can enhance thermoelectric performance and
device longevity. An innovative approach to improve
interfacial properties is the incorporation of dielectric
junctions made from zeolites crystalline
aluminosilicates  known for their nanoporous
frameworks and selective adsorption capabilities [11].
Zeolite layers, combined with aluminium oxide
(ALOs), offer high mechanical strength, thermal
insulation, and electrical isolation, facilitating reliable
heat-contact compression and reducing thermal
resistance at the metal-semiconductor interface.

This paper aims to provide a comprehensive
investigation of thermoelectric batteries constructed
with eutectic Bi.Tes—Te switching layers and zeolite-
ALOs dielectric junctions. The study includes
morphological  characterization, evaluation  of
thermoelectric parameters, analysis of interfacial
thermal resistance under compression, and an
assessment of mechanical stability for high-
temperature solid-state cooling applications. We used
zeolite from Gazakh deposit (Azerbaijan).

METHOD AND RESULT

Thermoelectric batteries in a power frame with
dielectric transitions made of zeolites for solid-state
coolers. The eutectic Bi-Tes-Te systems solidify into
lamellar or dendritic microstructures with alternating
semiconductor and metallic phases [9]. The interface
region is characterized by lattice distortions, vacancy
nanopores, and dislocation networks that affect charge
and thermal transport. Vacancy diffusion and nanopore
formation during solidification contribute to unique
three-dimensional defect morphologies, as observed in
AFM studies. These defect structures can enhance the
Seebeck coefficient by energy filtering of charge
carriers while also reducing thermal conductivity
through enhanced phonon scattering [10].

Zeolites are synthetic crystalline aluminosilicates
with highly ordered microporous structures consisting
of interconnected channels and cavities ranging from
0.3 to 1.0 nm [11]. These pores enable selective
adsorption and ion exchange, contributing to thermal
insulation and electrical isolation properties essential
for dielectric junctions in TE devices. The
incorporation of zeolite-Al:Os composites at the
interface between thermoelectric legs and heat sinks
enables the creation of mechanically robust junctions
that maintain strong compression forces, minimizing
contact resistance and enhancing device reliability
under thermal cycling.One of the phases of the eutectic
A,VBsV!-Te is compound A,VB3Y!, the second phase is
tellurium plates; the crystal lattices at the interface of
both phases are very distorted and saturated with
vacancy nanopores and dislocations flowing to the
grain boundary from their volume under the action of
the stress gradient. Nevertheless, according to the ideas
of complexation in solutions [3], the probability of
formation of impurity complexes in Bi,Tes from
hexagonal tellurium fragments increases with
increasing concentration of the dissolved component.

69

Given the great flexibility of wvalence bonds in
tellurium, one can expect the presence of trans- and cis-
configurations of crystal complexes [4].However, the
composition and structure of tellurium in the eutectic
does not change (Fig.1) The analysis of morphology
and properties of crystallised Bi,Tes-Te eutectics are
considered as a special class of multiphase systems and
between Te(1) atoms in A,VB3"' and Te(2) atoms in the
second phase, a certain interaction of defect elements-
nanopores and suprastructure pores-can be realised.
AFM images of the morphology of interfacial surfaces
in A,VB3V! -Te eutectics experimentally revealed three-
dimensional volumetric defects (submicropores,
macropores and nano-islands) on the plates constituting
the eutectic phases. At crystallisation of hexagonal Te,
pores of this kind are not observed. The roughness of
the surfaces of the eutectic phases during vacancy flow
plays a special role in the formation of pores on
telluride plates, but does not change its structural
features, which is confirmed by XRD studies (Fig. 1).
ACM images showed that the eutectic phases Sh,Tes-
Te and Bi,Tes-Te sprouted into each other during
crystallisation. The phases were formed by their paired
growth with the formation of dendritic branches. The
cause of non-additivity of thermoelectric properties (
and )may be the interaction of defects of suprastructure
disproportionality; the change of interatomic bonding
between phases contributes to the increase of
thermoeads up to 280 puv/K, which is an important
factor in the use of the thermoelectric properties of
Bi,Tes-Te and Bi;Tes-Te. . The surface morphology of
(0001) Bi,Tes-phase eutectic Bi,Tes-Te phase is
characterised by an ordered arrangement of nanopores.
The profilogram taken from section (1) shows the size
of the macropores (these depressions are highlighted by
vertical arrows): the left pore has a depth of 40nm and
the right one 45 nm. These defects are attributed to
vacancy flow and stress-induced nanopores at phase
boundaries, confirmed by XRD patterns showing stable
crystalline phases without electronic structure changes
in tellurium.According to their classification, they can
be to be attributed to dead-end macropores. The upper
part of this defect has a size of about 200 nm.

Single nanopores are marked by circles and NLOs by
horizontal arrows. Properties of eutectics and defect
structures in them are given in [1,6].In connection with the
practical use of filamentous crystals as a strengthening phase,
it is impossible not to mention promising studies on the
directed crystallisation of eutectic systems, in which one of
the constituent phases of the eutectic precipitates in the form
of whiskers of needle or lamellar shape. The fact that
whiskers of a high-strength phase, securely bonded to the
matrix, are lined up in the same direction during a single
operation is quite important here.

It was possible to study supramolecular
ensembles in which the "guest” molecules form
sufficiently strong bonds with extended structures, the
factors influencing their complementarity, in particular,
the geometrical and topological correspondence of the
components, as well as the features of self-
organisation.
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Fig 1. AFM image of the (0001) Bi2Te3 surface.

Extended ensembles allow us to consider the
consequences of possible violations of the
complementarity principle and structural features of the
ensembles arising from these violations. In the process
of organisation of supramolecular ensembles with
disparate elements, the forces responsible for theI

! preservation of substructures compete with the forces

that bind them. This has led to morpho- logical changes
in the distribution of NOs and pores of the crystal and
to the appearance of chemical bonds in the boundary
region of the eutectic phases.
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Fig 2. X-ray diffractogram of Bi2Te3-Te eutectic.

This indicates that there is no change in the
electronic structure of tellurium in the eutectic. All
changes occur at the phase boundaries, but only of
morphological character associated with macropores.
AFM images of the morphology of interfacial surfaces
in A;VB3"'-Te eutectics experimentally revealed three-
dimensional volumetric defects (submicropores,
macropores and nano-pores) on the plates constituting
the eutectic phases. At crystallisation of hexagonal Te,
pores of this kind are not observed. The roughness of
the surfaces of the eutectic phases during vacancy flow
plays a special role in the formation of pores on
telluride plates, but does not change its structural
features, which is confirmed by XRD studies.

70

COUPLING OF THERMOELEMENTS MADE
OF EUTECTICS WITH TRANSITION LAYERS.

In order to identify the possibility of using
eutectics made of A,VB3Y'-Te to create a strong contact
between semiconductor and metal with a hot junction
temperature of 600K, the properties of eutectic alloys
were analysed in this chapter of the thesis. Such
requirements after a number of experiments were met
by the design shown in Figs. 3,4. Such a scheme has
found application in TBs using zeolite mixtures, for
bonding of TBs with a heat sink system (i.e. a heat
sink). In order to identify the possibility of using
eutectics from A,VB;"'-Te, to create a strong contact
between semiconductor and metal with a hot junction
temperature of 600K, the properties of eutectic alloys
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were analysed. After a number of experiments, the
design created by me satisfied these requirements [10-
14].

Zeolites’ unique porous structure (pore size 0.3—
1.0 nm) enables selective adsorption and ion-exchange,
contributing to enhanced mechanical stability and
reduced thermal resistance at the interface. AFM
images (Fig. 2) of the zeolite coating showed uniform
nanoporous layers ensuring reliable dielectric
performance.Dielectric junctions made of zeolites for
solid-state coolers. In the design of such thermoelectric
batteries there is a stiffening frame made of heat-
insulating material, equipped with two dielectric plates,
on which compounds from mixtures of Al,Osand
zeolite are applied.In the proposed design of TB the

possibility of creation of sufficiently large forces of
compression of the heat-contact plane of hot junctions
to the base of the heat-exchange system is provided
and, accordingly, the achievement of the heat-exchange
system is guaranteed.

In the proposed design of the TB it was possible
to create sufficiently large forces of compression of the
heat contact plane of hot junctions to the base of the
heat exchange system guaranteeing the achievement of
the minimum possible in such a design value of thermal
resistance on the most thermally stressed contact plane.
In this case, the compression forces are closed in the
force frame, and the semiconductor branches are
mechanically.

Euthetic alloy
- (Bi2Te3)-Te

- (Bi2Te3-Bil5e3)

Euthetic
T (Bi2Te3)-Te

___——Co+Bi (0.5 ym1)

—— Ag (0.1 mnr)

Fig. 3. Schematic diagram of a thermocouple commutated from sublayers based on eutectic alloys Sh2Tes-Te and

Bi2Tes-Te.[82]

These properties allowed us to use eutectics as
switching sublayers. The switching materials based on
Sh,Tes-Te and Bi,Tes- Te eutectics in TE satisfied the
following basic requirements: 1. Absence of chemical
interaction of the TE metal with the switching sublayer.
2. Small value of the diffusion coefficient of the
switching material components into the thermoelectric
material. 3. High values of electrical and thermal
conductivity, as well as their superplasticity. Zeolites
are synthetic crystalline aluminosilicates, in the

framework of which silicon and aluminium are in aI

| 91
[ 1 K|
H-H- N

4
v
WAl

19
I

-
@

tetrahedral configuration, and containing alkali metals.
The structure of zeolites is represented by a system of
regular channels and communicating planes with pore
sizes ranging from 0.3 to 1.0 nm depending on the type
of zeolite. During the adsorption process, particles of
the other component diffuse through the pores and
surfaces of the inner planes, which are visible on the
atomic force microscope. Smaller pore zeolites (<1 nm)
were more effective in phonon scattering but showed
higher Rc. Medium-pore zeolites (~1.2 nm) offered the
best trade-off.
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Fig. 5. 3D-scale AFM image of the zeolite surface

AFM-image of zeolite coating in TE- b);
profilogram along the line in Figs. Fig. 4 shows the
presence of zeolite-AlOs dielectric layers enables R,
Rin reduction by up to 35% under 150 N/cm?
compression compared to uncoated interfaces. 3D-
scale image: nanopores with unique selectivity of
adsorption depending on the particle size are located
between the nanopores. Thus, we managed to achieve
high reliability of operation in conditions of significant
mechanical effects at higher temperature differences on
the TB and significantly reduce the cost of
manufacturing technology by avoiding anodisation of
the entire power frame [11-16].

CONCLUSIONS

The ZT parameter characterizes the efficiency of
a thermoelectric material—the higher the ZT, the better
the material converts thermal energy into electrical
energy and vice versa. It can be seen that Bi:Tes
demonstrates higher ZT values, especially at elevated
temperatures, making it the preferred material for
thermoelectric devices operating across a wide
temperature range.This work proposes a novel design
for thermoelectric batteries (TEBS) integrated with
dielectric junctions based on zeolites and eutectic
switching sublayers made from nanostructured
A2VBsVI-Te crystals. Through comprehensive
morphological, structural, and thermoelectric analyses,
it has been established that the use of Bi.Tes—Te and
Sb.Tes—Te  eutectics  ensures  high-efficiency,
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mechanically strong interfaces that can operate reliably
at temperatures up to 600 K. These eutectics exhibit
unique nanoscale defect structures, such as nanopores
and dislocation networks, which positively influence
thermoelectric properties by enhancing energy filtering
and phonon scattering. On the basis of nanostructured
A2VB3Y' crystals and in eutectic sublayers of
thermoelements (TE), thermopiles (TP) have been
developed using eutectics as switching sublayers. In
contrast to existing TPs, the proposed design provides
the possibility of creating sufficiently large forces of
compression of the heat-contact plane of hot junctions
to the base of the heat exchange system and,
accordingly, guarantees the achievement of the
minimum possible value of thermal resistance [17-19].
The zeolite dielectric layer effectively scatters mid- and
high-frequency phonons due to its porous framework,
which acts as a barrier to phonon transport. This
reduces lattice thermal conductivity significantly
without drastically affecting electronic transport. The
scheme of TE using Sh,Te3-Te and Bi,Tes-Te eutectics
in switching transitions of TE branches is presented.
Design features of the thermoelectric battery with
increased mechanical strength and reliability, working
with compression on the working surfaces to heat
exchange systems from zeolite coatings are given. The
integration of zeolite-Al.Os composite layers as
dielectric  junctions  represents a  significant
advancement in heat management at the metal-
semiconductor interface. These layers reduce thermal
resistance by up to 35% under mechanical
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compression, improving the operational reliability of
the device under thermal cycling. Thermal and
electrical measurements confirmed the enhancement of

thermoelectric  performance
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PHOTOLUMINESCENCE OF CaGa:S4: REE (REE-Eu, Er, Nd, Pr)

0. TAGIEV!, I. BAKHTIYARLI 2, F. KAZIMOVA!, T. IBRAGIMOVA!,
V. HAJIYEVAL S. BAGIROV!
"Ministry of Science and Education, Institute of Physics,
AZ 1073, HJavid ave., 131, Baku, Azerbaijan
’Institute of Catalysis and Inorganic Chemistry
AZ1143, Republic of Azerbaijan, Baku, H.Javid Ave., 113
oktay58@mail.ru, kazimova-fl@mail.ru, vefa86haciveva@gmail.com

This article presents the results of studies of the photoluminescent properties of CaGa2S4 crystal activated by rare earth
ions Eu, Er, Pr, and Nd. It has been established that europium-activated calcium thiogallates are more promising materials as
luminophores than similar selenogallates, since they demonstrate greater efficiency and stability of PL and can be used in
LEDs, lasers and displays. In telecommunication band C (1530-1560 nm), Er-doped thiogallate exhibits a strong luminescence
with a decay time of the order of 2.7 ms promising for laser applications. The use of Nd as the activator is caused by the fact
that element in different amorphous and crystal matrixes forms the radiation centers in visible (400-700nm) and nearest IR

(900 — 1400nm) fields of electromagnetic spectra.

Keywords: rare earth ion, wavelength, emission spectrum, excitation spectrum

INTRODUCTION

Doping of various materials with rare-earth
elements (REE) allows to enhance the quantum yield of
their luminescence due to the formation of the emitting
centers in which the effective energy transfer from the
excited charge carriers to 4f-electrons takes place. It
also allows to determine the electron transitions
responsible for the emission bands. In this respect
semiconductor alkaline-earth chalcogenides II-III,—
V1, including CaGa,S4, seem to the most promising.
As compared to its binary analog, CaGa,S4 has a low
melting temperature (less than 1500 K), features a
higher degree of covalent bounding, the compound is
moisture - resistant and requires approximately half as
much energy for luminescence excitation. Because the
ionic radii of the REE and Ca differ little, CaGa,S4 can
be strongly doped with REE (up to 10?! cm™). CaGayS4
compound belongs to the group of triple chalcogenides
with general formula of II-I11,-VI4 (where II are Ba, Sr,
Ca, Eu bivalent cations; III; are Ga, In, Al trivalent
cations; V4 are S, Se, Te chalcogens) which has the
series of advantages in comparison with double
analogues (for example, CaS, BaS, EuS). The
combination of profitable properties such as low
melting temperature (1100 - 1500K), stability to
different solvents, to moisture and other external
factors give us the possibility of wide use of this
compound in scientific and practical aims. Calcium
thiogallate (CaGa,S4) doped with REE is a prospective
material for optoelectronic and photonic applications
[1]. Maximum phonon energy and good optical
transmission properties allows to the realization of
high-efficiency phosphors [2, 3], whose good electrical
conduction properties are also promising for
electroluminescent displays [4]. CaGa,Ss doped with
erbium exhibits a photoluminescence (PL) emission at
1554nm, suitable for telecommunication application in
the C band [5] while doping with Dy and Nd was
investigated for laser applications [6, 7]. Calcium
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thiogallate crystallizes in an orthorhombic structure
with space group Dzn—Fddd [8] and is characterized by
three different crystallographic sites for the calcium
ion: two with D; point symmetry and one with C,.

MEASUREMENTS

This paper describes the results obtained for
CaGa;Ss: REE polycrystals prepared by solid-phase
synthesis from stoichiometric amounts of calcium
~CaS: 99.99! and gallium (GazSs: 99.95) sulfide
powders in a sulfur vapor atmosphere at 1000°C in a
vacuum of 107* Torr during 4 h., Upon completion of
the synthesis, four-hour annealing was performed at
700°C in the atmosphere of argon with hydrogen
sulfide pumped sealed quartz bulb. Activation by REE
(Eu, Er, Pr, Nd) was realized using REEF; ~99.9
doping during the synthesis process.

EXPERIMENTAL RESULTS

The Eu?" ion is known to emit luminescence
during the f—d transition. The energy position of this
emission depends on the host material and changes
from the near-UV region to the visible red region of the
spectrum. As the crystal field strength increases, the
position of the emission maximum shifts toward longer
wavelengths. The PL excitation spectrum of
CaGa,S4:Eu?" is an extremely broad band that overlaps
with the emission spectrum over a wide range of the
visible region (Fig. 1). The observed excitation
spectrum is explained by the absorption of Eu?" ions,
since the unactivated CaGa,Ss compound does not
absorb in this spectral region. The emission spectrum is
a band with a maximum at 2.21 eV and a half-width of
0.23 eV at 300 K. In this case, the transition occurs from
the lower excited level 4{°5d to the ground 4f7 (357/2)
level [9].
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Fig.1. Emission (a) and excitation (b) spectra in CaGa.S4+:Eu?* single crystals at 77 K.

The CaGa,S4:Er emission spectra at room and
liquid nitrogen temperatures obtained under lex.=337.1
nm in this charge transfer band are presented on Fig.2.
In the range 370 to 700 nm, these spectral lines were
already attributed mainly to transitions from the *Gyy2,
Hon, *F32, *Fs, “F7i2, *Hiizz, and *Ss, states to *I13
and *I;5» Er’* ion states. The emissions at about 820,
860, and 980 nm can correspond for each one to a
superposition of several transitions ~ Fig.3. The Er**
ion states split into many levels due to the spinorbital
interaction and crystal field of the CaGa,S; host lattice.
This splitting gives rise to fine structure of the
luminescence. For all these spectral series there was
practically no thermal quenching up to room

! temperature, only changing of the relative intensities of

the sharp lines in each series was observed. The
influence of these two kinds of centers was analyzed for
the up-conversion process. Under an excitation
wavelength around 985 nm, we can excite the *Fyin
level with a two-phonon process with the participation
of the “I;12 level energy-state absorption ~ESA and an
up-conversion emission is observed in the visible
range. In addition to the slight *F7 - *I,5,2 emission, a
strong *S3/2 - *I152 emission is observed (Fig. 4.). The
different relative intensities of these emission lines can
be explained by the mismatching overlap of the energy
levels for the two Er’* centers [10].
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Fig.2. Emission spectra of CaGa2S4 :Er by charge transfer states 337.1 nm excitation at 78 and 296 K in the visible and

near IR spectral ranges.

20 _?_
A= 337.1 nm _% ‘-E -
MM TN
154 8 8§ _F 5 'y
—_ "TN - N + &
3 5 4 o
RS & T 32" 2
2 1.0 4= 4
‘@ Fs.'z- Imz
c
Q IS II
£ a2 a2 296K
0.5+
78K
0.0 T T
800 900 1000
% (nm)

Fig.3. Emission spectra of CaGa2S4 :Er by charge transfer states 337.1 nm excitation at 78 and 296 K in the near IR

spectral region.
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Fig.4. Up-conversion emission spectra of CaGa2S4 :Er under selective excitation: 982 and 986 nm at 78 K.

FL spectra CaGa;SsNd*" taken at room
temperature at light excitation by wave length 325 nm
at neodymium different concentrations (1- 5%) are
shown in fig.5. It is seen that radiation spectrum covers
the wave length range 550 —1200 nm and consists of
intracenter luminescence line spectra of Nd*3 ion with
maxima at wave lengths 596, 670, 808, 878, 901,915,
1064 and 1076 nm connected with 2G7,—%Top,
*Gsp—*on, Hitp—Ton, *Flon—on and *Hon—*op

transitions. It is shown that observable FL maximaI

Ipractically don’t depend on wave length whereas the
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radiation intensity in visible spectrum decreases that
authenticates the presence of luminescence
concentration quenching in the sample with
neodymium concentration increasing. Further, the
significant increase of FL intensity takes place because
of the increase of Nd*'concentration in the sample.
Thus, one can conclude from analysis of obtained
spectra that there are nonequivalent uminescence
centers in this compound differing on the intensity /11/.

900

1000 1100 1200

L, nm

Fig. 5. FL spectra CaGa2Sa:Nd*" at room temperature.

Activation of the CaGaxSscompound with
praseodymium ions with a mass fraction of 3 and 7 at.
% leads to the appearance of FL in the wavelength
range of 470-760 nm, characterized by a set of lines,
the most intense of which are located at 494, 631, 654
and 741 nm and, therefore, are due to the luminescence
of Pr** ions (Fig. 6). The 494 nm PL excitation spectra
of CaGayS4:Pr** at 300 K exhibit a broad band in the
260-360 nm range, peaking at approximately 325 nm.
A strong narrow line is present at 456 nm (Fig. 6, inset,
transition 1'). The band in the FLE spectra at
approximately 325 nm is typical in shape and position
for undoped calcium thiogallate. Excitation to this band
results in a weak emission in the green region of the
spectrum. Consequently, in the PLE spectra of the
praseodymium-activated CaGa,S4 compound, this
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band is due to the absorption of pump radiation by the
calcium thiogallate semiconductor matrix and the
subsequent transfer of excitation energy to the
prascodymium ions. The maximum in the
photoluminescence excitation (FL) spectra of
CaGayS4:Pr** recorded at 494 nm, occurs at a
wavelength of 456 nm. With an increase in the Pr** ion
concentration to 7 at.%, the intensity of the 456 nm line
in the FL spectra increases relative to the excitation
intensity at 325 nm, leading to more efficient FL
excitation through transitions in Pr** ions. In calcium
thiogallate, the PL line spectrum of CaGa,S4:Pr3* in the
wavelength range of 470-760 nm can be associated
with electronic transitions in the Pr* ion, a detailed
diagram of which is shown in the inset of Fig. 6.
Absorption at a wavelength of 456 nm (transition 1)
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corresponds to direct excitation of carriers from the 3Hy
level to the P, level of Pr** ions, followed by
nonradiative relaxation to the *Py, *Po, and 1D2 levels.
Electronic transitions from the 3Py level to *Hg, *Hs, F,
and 3F4 form a group of the most intense lines in the FL
spectrum of the CaGaS4Pr** compound at
wavelengths of 494 nm (1), 631 nm (4), 654 nm (5),
and 741 nm (7), respectively. An order of magnitude
weaker emission at wavelengths of 537 nm (2) and 688
nm (6) is due to transitions from the *P; level to *Hs and |

3Fs, tespectively, and at 611 nm (3) to the 'D, Hs
transition. The luminescence intensity due to the 'D, —
SH4 electron transition is subject to concentration
quenching with an increase in the proportion of
praseodymium ions in CaGa,S4 from 3 to 7 at.%. An
increase in the proportion of praseodymium ions in
CaGa,S4 from 3 to 7 at.% leads to a twofold increase in
the integrated PL intensity, with the exception of a 10%
drop in the luminescence intensity in the vicinity of 611
nm /12/.

A, nm

Fig. 6. FL spectra of CaGa2S4:Pr*" at 300 K and excitation at 456 nm for two Pr3* ion concentrations: 3 and 7 at.%. The
inset shows a diagram of the electronic transitions in Pr** ions on the left (the numbers indicate the transitions
corresponding to the lines in the FL and FLE spectra); on the right are the PLE spectra at 300 K and recorded at

494 nm (normalized to intensity at 456 nm).
CONCLUSION

It has been established that europium-activated
calcium thiogallates are more promising materials as
luminophores than similar selenogallates, since they
demonstrate greater efficiency and stability of PL and
can be used in LEDs, lasers and displays. The
investigation of the visible and near IR emission of
CaGayS4:Er polycrystals demonstrates the presence of
two different types of Er centers in connection with the
crystal structure of the ternary compound host matrix.
In telecommunication band C (1530-1560 nm), Er-
doped thiogallate exhibits a strong luminescence with a
decay time of the order of 2.7 ms promising for laser

applications. The previous investigations show that
CaGa»S; is effective matrix for many rare-earth ions, in
particular, for neodymium ions that allow us to
effectively transform the energy of electric field,
electron beams, ultraviolet radiations and etc into
visible light. The use of Nd as the activator is caused by
the fact that element in different amorphous and crystal
matrixes forms the radiation centers in visible (400-
700nm) and nearest IR (900 — 1400nm) fields of
electromagnetic spectra. It was found that increasing
the proportion of praseodymium ions in CaGa,S4 from
3 to 7 at.% leads to a twofold increase in the integrated
PL intensity in the range of 470-760 nm.
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EFFECT OF DOPING WITH THE D-ELEMENT Cr ON THE X-RAY
CONDUCTIVITY OF A 2D TIGaSz2 SINGLE CRYSTAL
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The influence of chromium doping (0.5 mol.% Cr) on the X-ray dosimetric characteristics of the layered TIGaS2<Cr>
single crystal was studied. The X-ray conductivity coefficient of a TIGaS2<Cr> single crystal at 298 K varies within K, =
0.1 — 0.43 min/R at an effective radiation hardness Va = 25-50 keV with a dose rate E = 0.75-78.05 R/min. The dependence
of the stationary X-ray current on the X-ray dose in TIGaS2<Cr> single crystals has a power-law character.

Keywords: TIGaS2<Cr>, single crystal, X-ray conductivity coefficient, radiation hardness.

1. INTRODUCTION

lonizing radiation is used in many aspects of
modern life: in science, industry, power generation, and
medicine [1-10]. The most important task of dosimetry
is to determine the radiation dose in various
environments, especially in the tissues of a living
organism. Quantitative determination of the radiation
dose acting on a living organism is necessary, first of
all, to assess and prevent possible radiation hazards to
humans. Radiobiologists must determine the maximum
permissible levels of radiation from a biological hazard
point of view, and dosimetrist- physicists must ensure
that these levels are measured correctly. In this regard,
the search for new sensitive semiconductor materials
for detecting ionizing radiation is relevant.

TIGaS, compounds belong to the class of wide-
band-gap semiconductors with a layered structure and
are characterized by high sensitivity to electromagnetic
radiation in both the visible and X-ray regions of the
spectrum. Doping TIGaS; single crystals with metals
makes it possible to control their physical properties. In
[11-16], the effect of partial substitution of gallium by
transition metals (Mn, Cr, Co) in TIGaS; single crystals
on their ac- conductivity, dielectric and photoelectric
properties was studied. The introduction of various
impurities into these crystals makes it possible to
increase their X-ray sensitivity.

The aim of the work is — to establish the patterns
of influence of chromium doping of the half-filled d-
orbital ([Ar] 3d°4s') on the X-ray conductivity of the
photosensitive T1GaS; single crystal.

2. EXPERIMENTAL PART

The methods of synthesis, growth of single
crystals, doping and measurement of dosimetric
properties of samples were similar to that described by
us earlier in works [11-16]. To obtain TIGaS; and
homogeneous samples of TIGaS,<Cr> (the chromium
content in the crystals was 0.5 mol.%), the method of
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direct synthesis of initial high-purity (>99.999%)
elements was used. Samples of TIGaS; and
TIGaS,<Cr> single crystals were grown by the
Bridgman-Stockbarger method. The grown T1GaS; and
TIGaS,<Cr> single crystals were layered and easily
cleaved along the basal plane of the crystals.

TIGaS,<Cr> samples for measurements were
made in a sandwich version. Silver paste was used as a
contact material. The thickness of the crystals was 500—
700 pm.

URS-55a type installation with a BSV-2(Cu) tube
was used as an X-ray source. The intensity of the X-ray
radiation was controlled by varying the current in the
tube at each given value of the accelerating potential on
it. The absolute values of X-ray radiation doses were
measured with a DRGZ-02 crystalline X-ray dosimeter.
The change in the conductivity of the studied samples
under the influence of X-ray radiation was recorded in
the mode of low load resistance (Ri << Reryst).

3. RESULTS AND ITS DISCUSSION

Below are the results of studying the X-ray
dosimetric properties of TIGaS,<Cr> single crystals.
All measurements were carried out at T = 298 K.

The studied TIGaS,<Cr> single crystals exhibited
high sensitivity to X-ray radiation. The X-ray

conductivity coefficient ( KG), which characterizes

the X-ray sensitivity of the crystals under study, was
determined as the relative change in conductivity due
to X-ray irradiation per unit dose:

K, =(op —0,) 0, -E,
where o, —is dark conductivity, og — is the

conductivity under the influence of X-ray irradiation at
dose rate E (R/min).

X-ray dosimetry measurements were carried out
on TIGaS,<Cr> samples manufactured in a sandwich
version. The values of the characteristic coefficients of
TIGaS,<Cr> were determined for different values of
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the accelerating potential (V) on the tube and
corresponding doses of X-ray radiation.

Figure shows the dependences K_(E) for
TIGaS;<Cr>, and Table shows for comparison the

values KUfor TIGaSz at T = 298 K and an external

applied voltage F = 80 V/cm from the Ohmic section of
the current-voltage characteristic.

~ 05
=3
=
E il F=80V/cm, T=298 K
=
k5
]
£ 0.3
o
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=
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Figure.

Dependences of the X-ray conductivity coefficient on the irradiation dose rate for a TIGao.e95Cro.00sS2 single

crystal at various accelerating voltages on the tube Va, keV: 1-25; 2-30; 3-35; 4-40; 5-45; 6-50.

As can be seen from Figure and Table, the X-ray
sensitivity of a TIGaS; single crystal varies in the range
0.025 0.174 min/R, and in T|Gao,995CI’o,005SZ
K, = 0.1 —0.43min/R, i.e. the X-ray conductivity
coefficient of a TIGaS,<Cr> single crystal is
significantly higher than that of a TIGaS; single crystal.
Analysis of the obtained experimental results showed
that K,both TIGaS; and TIGag.gesCrooosS, decrease
with increasing accelerating voltage.

The  X-ray current  characteristics  of
T1Gap.995Cro.00sS2 single crystals have also been studied,
from which it follows that the dependence of the
steady-state X-ray current on the X-ray dose is power-
law in nature:

_ _ ~ o
Algy=lg—1,~E“

The obtained results have demonstrated that
doped by chromium TIGaS, single crystals are
characterized by a high X-ray sensitivity and can be
used in the design of uncooled (operable at room
temperature) X-ray detectors. Such miniature X-ray
detectors can find wide application in space
technology, in the development of oil wells, as well as
in medicine for clinical examination and diagnosis of
internal organs of living organisms.

Table
X-ray conductivity coefficients of a TIGaS; single crystal (F =80 V/cm; T = 300 K)
E, R/min Ko, 102 min/R Vs, keV E, R/min Ko, 102 min/R Va, keV
0.75 9.33 7.0 3.57
1.26 10.28 8.89 4.38
147 12.91 12.6 4.53
1.68 14.88 16.38 421
1.82 15.92 20.09 4.33
2.03 16.24 25 23.8 4.08 40
2.24 17.40 27.58 3.96
2.38 17.24 31.29 3.82
2.59 16.59 35.07 3.40
2.73 16.48 38.78 3.32
1.75 6.30 10.00 3.90
2.73 6.95 30 13.37 3.52 45
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Thus, the results of studying the X-ray dosimetric

properties of TIGaS,<Cr> single crystals showed that
partial replacement of gallium with chromium leads to
an increase in the X-ray conductivity coefficient. In
addition, the X-ray dosimetric characteristics of
T1GaS,<Cr> single crystals, compared to TIGaS,, were

[1]

[2]

[3]

[4]

[5]

[6]

3.64 7.96 19.32 3.36
4.62 7.57 25.34 3.28
5.53 8.14 31.29 3.16
6.44 7.92 37.24 3.10
7.42 7.69 43.26 2.97
8.33 7.33 49.21 2.82
9.31 6.98 55.23 2.70
10.22 7.14 61.18 2.57
3.75 5.06 13.05 3.45
5.18 5.99 17.01 3.47
7.0 6.14 24.64 3.21
8.82 6.24 32.27 3.07
10.64 5.92 39.9 3.04
12.46 5.70 % 47.53 2.92 50
14.28 5.39 55.16 2.89
16.1 5.03 62.79 2.80
17.92 4.86 70.42 2.65
19.74 4.71 78.05 2.52
CONCLUSION "'more stable and well reproducible, which is very

important for the use of these crystals as active
elements of uncooled X-ray detectors.
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KINETIC CHARACTERIZATION OF Cd* ADSORPTION ON y-Al.Os BASED
NANOCOMPOSITES
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The adsorption isotherm was analyzed to describe the equilibrium behavior of Cd*" ions on the synthesized adsorbents.
The experimental data were fitted to the Langmuir model to evaluate the adsorption capacity and surface characteristics. The
results revealed that the adsorption of Cd** ions followed the Langmuir isotherm, indicating monolayer adsorption on a
homogeneous surface. The study was conducted using y-Al-Os nanoparticles and y-Al20s/CuO nanocomposite as adsorbents.

Keywords: adsorption, Cd?* ions, Langmuir isotherm, y-Al203/CuQ nanocomposite.

INTRODUCTION

It is known that heavy metals are one of the
hazardous environmental pollutants due to their
persistence, migration and bioaccumulation character.
They enter the environment from both natural and
anthropogenic sources worsening the quality of air, soil
and aquatic systems [1-3]. Among heavy metals, Cd is
more harmful to all the ecosystem components,
including human health. The use of water containing
over 0,006 mg/l of Cd can damage fetal brain, lungs,
livers and nervous systems [4]. The removal of heavy
metals from aquatic environment is one of the urgent
problems of nowadays. Traditional methods for
treatment of metal polluted wastewater have some
disadvantages due to insufficient metal removal, high
energy consumption, and the production of waste
products requiring proper disposal. Therefore, it is
necessary to use efficient and environmentally friendly
methods for reducing heavy metal content in water
[5-7].

Adsorption is one of the methods widely used for
the removal of pollutants from wastewater. Various
types of adsorbents have been applied to remove oil and
oil products, heavy metals, dyes, antibiotics and other
toxic substances from industrial and domestic effluents.
Nanomaterials have distinct advantages for recovering
heavy metals from fluid systems because of their small
size, large surface area and enhanced reactivity.

The studies have shown that the efficiency of the
adsorption process is dependent on several parameters,
primarily on the amount of adsorbent and the contact
time. Sometimes low-cost adsorbents represent low
adsorption capacity that requires increased amounts of
adsorbents to achieve efficient removal of pollutants.
However, it is possible to achieve high adsorption
efficiency at low-concentrations of high-cost adsorbent
and minimum contact time by developing appropriate
experimental conditions. Optimization of adsorbent
mass involves precise mathematical calculations that
rely on theoretical adsorption kinetics and adsorption
isotherms [8].

In this study, the Langmuir empirical model was
applied to analyze the adsorption behavior of Cd*" ions
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from aqueous solution onto y-Al.Os nanoparticles and
a y-Al203/CuO (12 wt% CuO) nanocomposite. The y-
Al;O3 and CuO nanoparticles used in our experiments
were synthesized by sol-gel method. The crystallite
sizes of y-Al2Os and CuO nanoparticles were calculated
from XRD data using the Scherrer equation [9].

EXPERIMENTAL RESULTS

Figure 1 shows the removal of Cd?** ions from an
aqueous solution using equal quantities of y-ALOs
(0.0058 g) and the y-Al.03/12% CuO nanocomposite.
v-ALO; exhibits moderate Cd** uptake, whereas the y-
Al205/CuO nanocomposite achieves significantly faster
and higher adsorption; most of the Cd*" ions are
removed within the first 30 minutes. The Langmuir
isotherm was then constructed using these equilibrium
data, enabling the maximum adsorption capacity (Qm)
and the Langmuir constant (K.) to be determined for
both adsorbents.

Cd concentration [ppm]

1 n 1 L 1 n 1 L 1 " 1

0,0

3

i 1.5 2.0
Contact time [hour]

2.5 3.0

Fig. 1.Removal of Cd*" ions from solution using the same
dose (0.0058 g) of (1) y-Al-Os nanoparticles and (2)
v-Al205/12% CuO nanocomposite as a function of
contact time.
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ADSORPTION KINETIC ANALYSIS

The Langmuir empirical model is most frequently
used by authors for describing the heavy metal
adsorption process [8]. The Langmuir theory proposed
to describe the adsorption of gas molecules on metal
surfaces has found successful applications in many
other processes of monolayer adsorption. The
Langmuir model finds application in solid—liquid
systems, expounding that all sites on the surface of the
adsorbent have equal opportunities to be occupied by
heavy metals. The isotherm equation further assumes
that adsorption takes place at specific homogeneous
sites within the adsorbent. It is then assumed that once
a Cd(ll) ion occupies a site, no further adsorption will
take place at that site. The amount of adsorbed heavy
metal onto the adsorbent material per unit mass of
adsorbent was defined by the following equation:

Co—Ce
= — V
e w

M

0,025

0,020 =

Clg [el]
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0,000 -

i
D 001s 0020 0025

0030 0033

(1,005

0,040 (43
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Where ions uptake at equilibrium, g, (mg/g), C, and C,
(mg/L) were the initial and equilibrium concentrations
of the ion solutions, respectively. V (L) identifies the
volume of the solution, and W(g) indicates the mass of
adsorbent.

Langmuir’s isotherm model suggests that the uptake
occurs on homogeneous surface by monolayer sorption
without interaction between adsorbed ions. The linear
form of Langmuir isotherm equation is represented by
the following equation:

Ce _ 1

1
2e 0% Tgule @
Where Q° is the maximum metal ions uptake per unit
mass of adsorbent (mg/g) related to adsorption capacity
and b is Langmuir constant (L/mol) related to energy of
sorption. Therefore, a plot of C./q, versus C,, gives a
straight line of slope 1/Q° and intercept 1/(Q° b).

The Langmuir isotherm data for Cd %*ions
adsorption onto y-Al;O3 NPs and y- Al,03/12%Cu0O

composite are presented in figure 5a and b.
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Fig. 2. Langmuir isotherm of Cd?* ions adsorption onto: a) y-Al203; b) Al203/12%CuO composite.

One of the essential characteristics of the
Langmuir isotherm was a dimensionless constant of
separation factor or equilibrium parameter R.. The
value of R. being between 0 and 1 indicates good
adsorption efficiency. The value of R was found using
the following equation:

1
1+R1Co

RL_

®)

Where K is the Langmuir constant and Cy is the
initial concentration of the Cd ions [10].

The calculated values of Q° and R, are given in
the table below.

Table.

Langmuir isotherm model for the removal of Cd ions from water using y-Al>Oz and y-Al,03/(12%) CuO
composite powders

Isotherm model parameters Adsorbent

v-Al203 v-Al203/Cu0 (12%)
Q° (mgg) 136 167
RL (L mg?) 0.933 0.954
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CONCLUSION

The results of this study demonstrate that the
adsorption of Cd** ions from an aqueous solution onto
v-AlOs  nanoparticles or the  y-AlLOs/CuO
nanocomposite can be well described by the Langmuir
isotherm. This indicates that the adsorption of Cd** ions
by both materials occurs predominantly as a monolayer
on a homogeneous surface, where all active sites are
energetically equivalent and can accommodate one

Cd** ion each. The high correlation with the Langmuir
model suggests that the interactions between the
adsorbate and the adsorbent are uniform across the
surface and that multilayer adsorption or significant
ion—ion interactions are negligible. These findings
provide important insights into the adsorption
mechanism and confirm that both materials offer well-
defined active sites for the effective and predictable
removal of Cd?" ions from aqueous solutions.
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Anew 3R polytype with lattice parameters a = 3.866 A, ¢ = 56.085 A, and space group R3m was identified using rotational
electron diffraction patterns of a thin single-crystal film of CuosGao,33In:,5S255€0,5 crystals.

Keywords: structure of inorganic compounds, electron diffraction, new methods of rotation.

PACS: 61.05.-a, 61.14.-x, 61.66.Fn.
INTRODUCTION

The crystal structures of the ternary and
quaternary layered crystals in the Cu-Ga-In-S-Se
system have the TTOTTE, TOTTE, TOTE,
TOTE10QE;,, and TOTE1OOQE;TOTE; structural
types. Where T and O denote the tetrahedral and
octahedral layers, respectively, E-denotes empty layers,
and E; and E; denote partially filled (less than 1/3)
polyhedral layers [1].

The work [2] publishes the crystal structure of the
single-packet  trigonal @am polytype of
CupsGaosslnisS255€05 crystals. The crystal lattice
parameters are a=3.866A, c=18.695A. The space group
is P3m1 and the structural type is TTOTTE. This type
of structure was observed for the first time in the among
of layered crystals included in the Cu-Ga-In-S-Se
system.

EXPERIMENTAL PART AND RESULT
DISCUSSION

Thin single-crystal films of
CupsGaosslnisS255e05  crystals were obtained by
peeling them off a thick crystal using adhesive tape,
which was then glued flat to a washer. The washers
were positioned on the surface of the crystal holder,
with the inlet opening approximately 0.8-1 mm in
diameter and the outlet opening approximately 1.5-2
mm in diameter.

Electron diffraction patterns were recorded using
a high-voltage electronograph EG-400 (V=~250kV,
2LA =39,4 mm-A).

Figure 1 shows an electron diffraction pattern
from a thin single-crystal film (SCF) of

CupsGaos3lnisS255€05, Where the SCF is tilted at an
angle of @ = 60° (the hkO plane of the reciprocal lattice
is located in the SCF plane) from a position
perpendicular to the incident electron beam and rotated
at an angle of o = 60° around an axis perpendicular to
the film plane.

0)

Fig. 1. a) Rotation electron diffraction pattern of a thin single-crystal film of CuosGao,331n1,5S255€0,5, b) projection of the crystal

structure onto the (21 I 0) plane.
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The decoding of electron diffraction patterns was
carried out using the following formulas for oblique
textures [3]:

d100 = \/§ al2 = 2LAh/2Rno,

1)

Dik I = (R%hw — R%hko) 2, )
AD = ¢*LA = (Dn — Dhig-1)), 3)
doo1 = ¢ = 1/c*= LA/AD. 4)

The presence of extinctions of the type —h + k + |
# 3n indicates the rhombohedral structure of the
sample. This indicates that the crystal structure is built
from three identical packets. The second strong

reflection in the series112/ is the 11215 reflection.
The value | = 15 indicates that the unit cell consists of

three TTOT T E types of packets [4]. The structure of
ConsGao,33|n1,582,588015 (I . CUGao,e7|n38588) is
identical to the structure of Zniny,Ses [5], and in
Zn3InzSe [6] and GalnS3 [7] crystals, 1T polytypes
were established, in which there is only one such
packet.

A new 3R-polytype of the CugsGao s3lni5S255€05
crystal was established with the lattice parameters a =
3.866 A, ¢ =56.085 A, space group R3m and with the
structural module yTcThOnTcThE, where T and O are
two-dimensional tetrahedral and octahedral layers, E is
an empty interlayer, h and c are hexagonal and cubic
packings of the S and Se atomic planes. Weak series of
reflections correspond to superlattices with the
parameter: 4 = 3Y2a. The arrangement of metals

(positions a, b, ¢) in the closest packing of selenium
(positions A, B, C) is as follows:
...AbBcCaBbCcAgCaAbBcAaBbCegBc
CaAbCcAaBek...,

Figure 2b shows projections the

CuosGag a3ln: sS255e0 5 crystal structure onto the (21 1
0) plane.

Unlike the electron diffraction patterns of oblique
textures, where fine structural effects are not revealed
and different series of reflections are superimposed, the
electron diffraction patterns obtained using new
rotational methods reveal fine structural effects and
separate different series, i.e., there is no superposition.

of

CONCLUSION

Rotational electron diffraction patterns were

obtained for a thin single-crystal film of
CugsGaos3lni 55255€05 crystals.
The CuosGagaslnisSs crystal  structure s

characterized by the TOTTE structural type. When
selenium replaces 1/6 of the sulfur atoms, the
CuosGao 33IN155255€0 5 structure becomes the
TTOTTE type. This is likely due to an increase in the
size of one of the tetrahedral voids in the unit cell,
which can freely accommodate cations with a large
ionic radius (i.e., indium atoms).

The rhombohedral 3R polytype of the
CupsGaosslnisS255€05 crystal was detected only in a
single-crystal sample. This indicates that thick single-
crystal samples may contain small amounts of other
polytypes [7] that are undetectable by other diffraction
methods. This is of great importance in the new era of
nanotechnology.
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In given paper it has been shown that there is a deep connection between fundamental inequalities of the quantum

mechanics ApAx < h and the Einstein relativity theory v<c .
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speed of light, Doppler’s and Compton’s effects.
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INTRODUCTION

In all sciences there is an observation. But the
observation is the purposeful perception. The famous
physicist Wigner has written [1]:”"The separation our
perception and law of nature is no more than
simplification. Although we are convinced of it is of
harmless character but nevertheless we ought not to
forget about it”. Really, it is show us our quantum
measurements too. Problem of human perception is
important not only for physics but cognition theory and
computer sciences.

The perception is the “visual thinking”, the main
and point of departure in cognition process. It is the
whole (integer) reflection of objects, phenomena,
events to sensual organs.

But would be the perception of micro world by
our devices whole? In all sciences there is an
observation. But the observation is the purposeful
perception. The famous physicist Wigner has written
[1]:"The separation our perception and law of nature is
no more than simplification. Although we are
convinced of it is of harmless character but nevertheless
we ought not to forget about it”.

The perception is the “visual thinking”, the main
and point of departure in cognition process. It is the
whole (integer) reflection of objects, phenomena,
events to sensual organs.

But would be the perception of micro world by
our devices whole? It is not, of course!

It is important to agree that the observation in
macro world, for example, sunrise and the observation
in micro world, for example, the changing some
numbers on the device aren’t the same. The imagination
what, how process is behind of these numbers on the
device depends on the level of scientific knowledge of
human. But the scientific knowledge depends on the
reflection reality in the human’s consciousness.

That is why the consciousness of observer takes
place in quantum mechanics. More full knowledge
demands not to consider separately the physical
phenomena and phenomena of thinking, consciousness.
As Wigner has written it is necessary is to establish the
limit of our ability to percept surrounding world. The
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perception of macro world by not devices results in that
there is no theoretically uncertainties at determining
impulse p and coordinate x of particle, i.e. Ap and Ax
can be theoretically equal 0 and therefore ApAx=0,
more exactly ApAx <h . The famous philosopher Hegel
would say that such being is being as it is [3]. Being as
it is because it is perceived directly from our sensual
organs.

But the no whole perception of micro world by
devices results in that there is uncertainties at
determining impulse p and coordinate x of particle, i.e.
Ap and Ax don’t equal 0 the same time. If one of them
equals to O then another is infinity 0 and therefore
ApAx>h ,where h is Planck's constant. This inequality
shows us where the perception of micro world began
and plank constant h is that limit about that say Wigner
above.

Thus if ApAx < h then the surrounding world is
perceived by us habitually (usually). Here there are
macroworld and the classical physics. On the contrary
if ApAx >h then the surrounding world is perceived by
us unhabitually (unusually). Here there are microworld
and quantum physics.

So, the ambiguous perception of micro world
results in that the knowledge or physics become
another. The various perceptions mean different forms
and levels of reflection which are presented by various
kinds and levels of consciousness. Therefore in the
micro world observer’s consciousness is differed from
one in the macro world, i.e. from usual consciousness
and this difference results in that the consciousness
must be accounted and, in fact, it is accounted in the
guantum mechanics. Is there another, besides Plank
constant h, limit corresponding our ability perceive the
surrounding world? Yes, there is and it is a velocity of
light c.

From the philosophy it is known that space and
time are apriori forms of contemplation [4].

The development of the relativity theory results in
such conclusions that following from experiments
objective properties of space and time are reflected just
by Lorentz transformations. Therefore the principal
postulates of this theory says us that any physical law
must satisfy Lorentz transformations and if v>c then
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Lorentz transformations lose me sense. Therefore
always the body motion velocity v<c. Hegel would say
that it is mediocre essence. It is mediocre because we
do its such, suitable for us. Thus if v>c then the
objective properties of space and time are lost and it
means loss of our ability to contemplate the world
around, i.e. in this case there isn’t a experience.

Is there a connection between the inequalities of
quantum mechanics ApAx<h and relativity theory
v<c?

Any will say that the source of knowledge is an
experience. But is knowledge product of only
experience? Empiricism accounts that it is true. No
knowledge without feelings and experience can arise
(R.Bekon). Rationalism considers that it isn’t true.
Only the reason. (Dekart). Kant of genius taking
between them, understood that the reason can not
contemplate and the sense can’t think. Therefore they
both, experience and reason, important to scientific
knowleadge [4].

Usually we account that the experience consist of
only aposteriori elements. In it Kant sees its
incompleteness. Kant has said that if we want to give
experience finished character then we must announce
that the experience consist of both the aposteriori
elements and apriori elements. Aposteriori elements are
sensations which we receive after experience. But what
will be an aprioristic element of experience? Kant has
understood it is not sensations which as result of
influence must be only aposteriori. He has understood
that this element is necessarily connected with
consciousness of the person, namely with speculation,
contemplation. As it is known from philosophy the
contemplation is the direct relation consciousness to the
object. It seems us that direct relation consciousness to
the object takes place in only case when the object
appear us. But Kant has said that it is empirical
contemplation. In order to separate from it the apriori
contemplation Kant has introduced the following
conception: phenomenon, substance, form, space and
time. What is being, appear to us, is the object of
empirical contemplation. In the phenomena Kant has
differed substance and form. The matter of
phenomenon is the variety of sensations. This variety
is organized and regulated by mean of form of
phenomenon, i.e. contemplation. It is appropriate to
note once more that Kant has postulated that the reason
can not contemplate and therefore, unlike Dekart, he
has accounted that the contemplation must be only
sensual. Kant has said that contemplation is important
moment of the sensuality and his apriori contemplation
is the sensual too, but no sensual sensuality, but reason
sensuality. Kant has accounted that contemplations are
both real and ideal. The contemplations are real because
they give a chance to be experience. The
contemplations are ideal because they exist before
experience. In fact, there must be this property (apriori
contemplation) in the subject in order to arise the direct
notion about object in consequence the reflection of
object in subject, consciousness. If this property would
absent in subject then the reflection will not equal to the
representation. Every time it would be diffently.

But what are the forms of apriory contemplation?

89

Kant has accounted that it is space and time. Being
in form of “pure contemplation” they before all things
and phenomena are in the human soul in the ready-
made state. By means of them the real world is
reflected in our reason. It is appearing us what is
organized by means of space and time. One can say
experience is as dough to laid in cookies cutter or as
waves, only some of them can be received by the
receiver depending from nature of receiver. Therefore
Kant says that it is cognized what is come, appeared,
phenomen, and they aren’t “things-in-themselves”.
“Things-in-themselves” take place behind the limit
(boundary) of the phenomen, contemplation and
therefore it isn’t cognized by us. It testifies about
boundary of our cognition. Kant of genius has known
that knowledge going out experience is possible. In
other words, the waves some of which can’t be received
by the receiver. Thus Kant has say there are
knowledge in two forms — empirical and theoretical.
The theoretical knowledge — knowledge without
contemplation, knowledge about objects
comprehended by reason (Kant called them noumens)
is possible. But this knowledge never can be phenomen.
Kant has written:” The contemplation ties sensual
impressions and creates from them the phenomenon:
the phenomena are product of our contemplation and
object of the mind (reason). The mind connects
phenomena and creates from them the cognition...” So,
the sensual impressions are tied by the contemplation
whose apriori forms (space and time) are in our soul or
reason in ready-made condition. But which space and
time? This question isn’t put by Kant because at past it
was known only one geometry — geometry of Euclid.
Therefore Kant has accounted that it is euclidean space.
He has emphasized once for all that without fail our
intellect organize our space sensations in accordance
with law of euclidean geometry. Kant says that our
reason already owing forms of euclidean space lays
them on received sensual impressions which after that
are organized, regulated by the ready schemes. These
schemes are apriori synthetic knowledge, for example
such statement as “straight line is the shortest distance
between two points” or “the plane is determined by
three points which isn’t on the straight line” or famous
euclidean axiom about parallel lines are automatically
being put in our reason [5]. However from other
geometries — geometry of Lobachevski, Riemann, etc.
these schemes can be quite another.

Why is  Kant’s philosophy so attract for
computing sciences? Because in entry of computer
there is a program too, as space and time in our mind,
transforming things of the our world in things of its
computer's world. May say human's real world
becomes  computer's  virtual one.  Without
understanding Kant's philosophy it is not understand
the cognitive science deeply for Intelligence
Technology. It began in the early 1980, when
researchers in computer science adopted the
information-processing paradigm as the model of
human cognition. This article is not from the computer
science directly, but may be our analyses of human
cognition in physical theories can help to it.
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Therefore the question: “What kind of space and
time is in our soul, intellect?” becomes very actual. It is
very interesting what Kant would say if he knew about
these geometries consequently another kind of space
and time — other forms of apriority contemplation.
Maybe, he would say that form of apriority
contemplation with which we deal in our direct
experience is the usual for us space and time —
euclidean space. But if there are other forms of apriority
contemplation —unusual for us space and time, then by
means of them can be organized theoretical noumens
that aren't phenomens, doesn’t come directly to us in
experience, but come to us through devices
(instruments, apparatus). The question, that knowledge
is possible in this case, can be answered by modern
philosophers words[6]: "It is also possible real
knowledge about such objects which aren’t directly
given in our human experience. With such objects are
dealt both modern micro physics and cosmology”. In
other words, one can contemplate object that don’t
come to us in direct experience and giving of this object
will be organized by another way — another space and
time. In fact, in the Einstein's relativity theory another
form of apriori contemplation is the space of
Minkovski, today say about Finsler's space too. As it
was said above, the followed from experiments
objective properties of space and time are reflected by
Lorentz transformations. In order that these
transformations are carried out it is necessary that v<c.

Thus, in spite of space of Minkovski, Finsler are
quite another form of apriority contemplation
nevertheless they have objective properties, but unlike
usual space and time, i.e. euclidean space, they satisfy
non Halliley transformations, but Lorentz
transformations. It is clear that if v>c then objective
properties of space and time are lost. But what does
mean the objective properties of space and time from
more deep point of view. It is the properties of such
space and time which are concerned to the usual
contemplation. But what is unusual contemplation? It
is the unusual relation of consciousness to the object
and therefore unusual way of the given to us appearance
which is already organized no just another bur unusual
form of apriori contemplation. In this case the space
and time have non objective properties, i.e. properties
not following from our experiments.

Is the knowledge possible in this case? Kant
would answer this question that not, because the
knowledge coming out boundary of experience can’t be
actual. Therefore it will be better if one is limited by
experience — directly or non directly one. However
Hegel would say that knowledge not only can but also
must go out boundary of experience because in only
this case we can understand essence of being. Thus we
have analyzed the notions of space and time from
philosophical point of view. In the relativity theory the
notions of space and time are important. According to
this theory the objective properties of space and time
take place in case when v<c. Also from philosophical
point of view we have considered the problems
connected with perception and said in our macro world
there is ApAx < h.
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We have understood that when we don’t deal with
direct experience i.e. micro world then the reflection is
differed from usual reflection. Corresponding to this
case the no whole reflection, perception was being tied
with Heisenberg uncertainty principles (ApAx < h).

The perception and the contemplation are deeply
connected with each other. In fact, as it is spoken above
by means of contemplation apriority from of which is
space and time it is appear direct notion about object.
The notion is connected with perception because the
notion (image) is form of early perceived object or
phenomena. So, the space and time are kinds of
perception. Therefore one can say that inequalities
ApAx < hand v<c are connected with each other and
this connection is the evidence of unity of micro and
macro words laws. It is very interesting to remember
the following. At past Hegel has said that mediocre
essence (here v<c) and direct being (ApAx < h)
separately taken not yet keep real knowledge about
object. The essence and the being must be considered
in connection with each other, in such one, when from
essence it is explained its phenomena or the being.

Thus let’s consider the following connections:

1) ApAx <h and v<c. This case correspond to the
no relativistic macro world. Here, as Hegel said, the
direct being and the mediocre essence

2) ApAx>h and v<c. This case correspond to the
no relativistic micro world.

3) ApAx <handv>c. This case isn’t possible. Here,
the unusual contemplation of perceived macro world
take place. This fact is postulated by the relativity
theory too.

4) ApAx >h and v>c . This case is possible. Here,
the unusual contemplation of no whole perceived micro
world take place.

Thus, in case 3) we see that philosophy confirm
the conclusion of relativity theory about body motion
velocity. Sometimes the philosophy can draw a
conclusion before the natural science do it. For
example, in 1846 year Kant wrote that three
dimensionality of our space follows from character of
Newton’s law of universal gravitation. It is quite true,
but it was proved by physicists no sooner than many
years after Kant. Immanuel Kant has tell that from
another law of gravitation would follow another
structure of space, another number of measurements
and if it is really possible then it is probably the God
arrange it somewhere yet. From philosophical point of
view it is very interesting the case 4). This case is just
that case which, as Kant considered, go out the limit of
experience. Here, the knowledge going out the
boundary of experience can’t be true. Therefore in
Kant’s philosophy the case 4) doesn’t take place.
However in Hegel’s philosophy this case not only take
place but also attract his attention. Here, Hegel could
say, the knowledge not only can, but must go out the
boundary of experience because in just this case we can
comprehend the essence of things.

Let’s consider the case 1), when ApAx < h and
v<c . Let’s assume x= vt. However it isn’t supposed
that movement is uniform, i.e. Avz0 and

AX = VAt +tAv. We are distinguishing from each
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other observers which is moving and which is rest or
one can say that system in which the measurements take

place is moving and that is rest. So,
h AV
MAV(VAt + tAv) < h. Hence, v < -
MAVAt At
AV

. On the another hand, v<c. Therefore ——t
MAVAL At

h
= ¢. Consequently, t(Av)? + CAtAV —— = 0. Let's
m

find the solutions Av of this quadratic equation. So,
—cAt£4/D
(AV)yp =————

where

4ht
D =c?(At)? + — . Itis clear that solution Av,< 0
m

doesn’t our conditions. We take an interest in Avi>0

solution and therefore Av= # =
4h
—CAt+_[c?(At)? + 4nt
o m (1). Asiitis clear, in macro

world in determining the velocity Av there is a
uncertainty. But in which phenomenon of macro world
we can see this uncertainty, but not perceiving it as
uncertainty?

It is clear that this phenomenon must be
kinematics. The kinematics is the part of mechanics in
which the geometrical motion of body is being studied.
Therefore, in the kinematics the space and time are
principal notions. As it was said above, the space and
time are various kind of perception. It is known that
Dopler’s effect is the phenomenon of kinematics.
Directly perceived by us this effect is Dopler effect in
acoustics. The sound source is considered in two cases,
when it is rest and it is moving, for example toward
observer with velocity v. The velocity of the sound
wave is the same in both case (V). However, the sound
frequency w which is perceived by observer depends
from source motion velocity v. The formulae

Wo
LV
V
(2). This effect can be analyzed by us from point of
view of the unity of the macro and micro worlds laws
and therefore there is uncertainty in macro world too.
This uncertainty can be seen by us in the velocity v of
the source. This velocity v can be considered as Av . We
don’t perceive it as uncertainty because there is
Dopler’s effect by means of which we find v exactly. If
macro world wasn’t wholly perceived by us, then
Dopler’s effect would not be observed. Really does not
it look like that, as Hegel said, from the essence (macro
world is perceived) it is explained its phenomena (by
Dopler’s effect), the being. From the relativity theory it
is known that the time of event isn’t the absolute value.
It can be understood if we are distinguishing from each

describing this dependence the following: W =
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other observers which is moving and which is rest or
one can say that system in which the measurements take
place is moving and that is rest. In the formula
AX = VAt + tAV because of Av # 0, the factor t of Av
must be differed on depending of measurements of
momentum. Therefore, t; #t, and, consequently, At£0.
By comparing the formulae obtained by us it can be
obtained the formula for At. From formula (2) we have:

W,
AV :V(l——oj (3). Comparing the formula (1)
w

with (3) we obtain:

W —cAt+,/c2(At)2+4—ht
Vi1l-—2|= m_

2t
From this formula we obtain:
2
W,
h—tvz[l—oj
m w
At = .
W,
cv(l—oj
w
h
In the macro world — — 0 and therefore;
m

tv (WO - 1)

w N

Al = —C (3). In the case of non relativistic
macro world when the body motion velocity, in that
number the velocity of wave in Dopler’s effect, is very
less than the velocity of light (V <<c), then At—0.
Therefore at perceiving non relativistic macro world,
world in which velocities body, wave sources and
waves themselves are very less than light velocity, the
time of events are absolute. However, if in this world it
is considered the source of no sound, but light then

W

contemplation of light by observer, i.e. the reference of
consciousness to light, light phenomena is very
unusual. Due this we can say that in any inertial system
the light velocity is constant. Really, this fact is
postulated by the relativity theory.

Now, let’s consider the Dopler’s effect in the
relativistic macro world. In this case the effect of
relativistic slowing-down of time take into account. It

W
quite another act, i.e. At = t(—o - 1} . Therefore, the

is known the formula W:L, where
1=V
Vv v
v2 RL c
y=|1-— =—— . As we have spoken
c? Ve? —v2

above, v is represented as Av. Thus, for this case in the
previous calculations in formula (3) the factor y before
o take place:
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2 2
W,V % — AV
tv (WO_]_J V| —2 -1
we
w
At 4
C c
[
[ .2 2 AV
Thus. At = v (Wo c” —Av _WC) Here Ay, o obtain: ——t< ¢ Transforming this
e we2 ' ¢ MAVAL At
2
-tV . . - h  (Av)“t
and therefore At=——— . Let’s compare this formula  inequality we obtain: ~AVAt > e o 4.
C
with formula (3), i.e. let’s compare the relativistic case h h |
(Av—c) with the non relativistic case. The transition Consequently, AVAL = m_c where m_c is the

from non relativistic case to relativistic case is marked

Wy .
by that the factor | — —1| will be equal to -1.
w

W,
Therefore —> =0 and, consequently, w—oo. Therefore
W

if the source of oscillations (any waves) moves, with
the velocity near velocity of light, towards observer (we
have analyzed this case) or opposite (at analyzing this
case we would such calculations as well) then the
frequency of wave w perceived by observer will be
greater than frequency of wave wy, given off by the
source itself. Thus, the perception of the relativistic
world, i.e. world with velocities near light velocities, by
observer is very differed from usual perception. In the
relativistic world if the source gives off light then At=-
t (the case of drawing near source) and At=t (the case
of going away source). We satisfy oneself once again
that in any case (relativistic or non relativistic) the
contemplation of light is unusual.

Now let’s consider the second case, when ApAx >
h and v<c. this case corresponds to non relativistic
world. As in previous case, let’s make transformation.

So, V= h
MAVAL

Av .
— Et . Taking into account v<c we

Compton’s wave length of particle A , i.e. it is the wave
length before the scattering.
The equation(4) can be presented as:
2
mc h

Can we say that Av is v? Most likely, if we remember
that above mentioned case we consider v as Av due to
effect of perception. Let’s assume that we perceived
micro world as whole world. Then Av will not be
presented as uncertainty. During time interval At we
can find the distance without uncertainty and it is
possible due to whole reflection to our sensual organs.
Then vAt= AL

Let’s remember that Compton’s effect is the
scattering of electromagnetic wave which is
accompanied by decreasing frequency.
AM=1-1= L(1— COSa), where A and A’ are

mc

wave lengths before and after scattering, a is the angle
of scattering. Thus, the Compton’s effect is effect of
micro world which get rid of uncertainty in our whole
perception of macro world. Really, our skill of finding
wave lengths before and after scattering testifies about
it.
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ADSORPTION OF HEAVY METALS USING ELECTRO DISCHARGE METHODS
FOR WASTEWATER TREATMENT

I.LH. ZAKIYEVA ZAIMOGHLU, U.F. SAMADOVA
Institute of Physics Ministry of Science and Education Republic of Azerbaijan,
Baku Azerbaijan
IIxama@inbox.ru, ulsamadova@std.uestc.edu.cn

The adsorption of heavy metals using electro discharge methods presents an innovative approach for the effective
treatment of wastewater. This process leverages electric fields to enhance the removal of toxic metals such as lead, mercury,
cadmium, copper, and zinc from contaminated water. Techniques such as electrodialysis, electrochemical adsorption, and
electroflotation utilize electrical energy to improve the efficiency of heavy metal removal by promoting the movement and
accumulation of metal ions onto electrodes or specialized adsorbent materials. These methods offer significant advantages in
terms of high efficiency, environmental friendliness, and the potential for low chemical usage. Despite the potential benefits,
challenges such as energy consumption and system maintenance remain, which necessitate further research for optimization in
large-scale applications. This paper explores the principles, advantages, and limitations of electro discharge-based adsorption
techniques for heavy metal removal and discusses their applicability in real-world wastewater treatment systems.

Keywords: industrial wastewater, heavy metals, sorption purification methods, electric discharge methods.

INTRODUCTION

Water pollution is a critical issue for all living
beings on Earth — a global problem. One of the most
pressing environmental concerns worldwide is the
pollution of the hydrosphere by industrial wastewater.
Currently, the primary cause of water pollution in
aquatic basins is the discharge of untreated or
inadequately treated industrial, textile, and leather
production wastewaters into water bodies [1]. In the
basin of the Kura and Aras rivers, approximately 350
million cubic meters of contaminated water are
discharged annually from Armenia, and around 330
million cubic meters from Georgia, containing high
levels of heavy metals, phenols, and petroleum
products. This, in turn, causes damage to the
population, as well as problems for nature reserves and
wetland areas that are enriched by these waters.
Pollution of the Kura and Aras rivers with heavy metals
poses a serious environmental issue for Azerbaijan and
neighboring countries. The primary sources of
pollution include industrial and domestic wastewater
discharges, as well as mining activities. The lack of
effective treatment facilities leads to the discharge of
untreated wastewater into the rivers, contributing to the
accumulation of heavy metals and other pollutants.
Increased concentrations of heavy metals such as lead,
arsenic, copper, and molybdenum in the water and
sediments of the rivers exceed safe levels, threatening
the health of the population and ecosystems. Research
shows that pollution of the rivers with heavy metals is
associated with an increased incidence of cancer in
coastal areas [2], [3].

Wastewater treatment from ecotoxicants is a
crucial stage in the technological process for any
industrial enterprise. Contaminated industrial effluents
pose a threat to water bodies as they contain highly
toxic substances, among which heavy metal
compounds are the most dangerous. When these metals
enter natural water bodies and interact with other
elements, they form highly toxic compounds, and even
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small quantities of these can lead to harmful
consequences for human health and the environment.
Moreover, heavy metals do not undergo biological
degradation and tend to accumulate in living
organisms, causing various diseases and disorders [4].

Many industrial sectors generate wastewater
containing heavy metal ions. These aqueous solutions
typically contain ions such as Fe?*, Cr®*, Cu?*, Ni%* and
Zn%* . The presence of these contaminants in water
bodies poses a significant threat to both human health
and the environment [5]. A key challenge in designing
a wastewater treatment system for such effluents is
reducing the concentration of pollutants to very low,
sometimes trace amounts. One effective method for
neutralizing wastewater containing heavy metal ions
while achieving the required standards, in the volumes
of an industrial facility, and minimizing costs, is
adsorption.

In modern conditions of development of social
progress, waste waters of chemical, petrochemical,
industrial, textile, tannery industries are the most
dangerous sources of pollution of surface water bodies.
Development of modern science and technology leads
to increase of industrial production, as a result of which
the amount of wastes thrown into the environment in
the form of waste waters increases accordingly. Typical
pollutants of waste waters are ions of heavy metals,
pollutants such as oil, oil products, phenols, pesticides,
various organic substances included in oil and oil
products, discharge of untreated or insufficiently
treated waste waters of industrial enterprises into water
bodies. Harmful chemical elements and substances get
into water bodies, worsening their sanitary condition
and causing the need for special deep purification of
water before using it for household and drinking and
some industrial purposes [6], [7].

Many pollutants are not extracted from water
mechanically, are not neutralized during biological
treatment, and are not removed by traditional water
treatment methods such as settling, coagulation, and
flotation. This necessitates the introduction of a
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sorption post-treatment stage into the integrated water
treatment process flow chart. As a rule, this stage is the
final step in the water treatment process [6]. Heavy
metals are also classified as persistent chemical
pollutants with cumulative action and specific toxic
properties. The most environmentally hazardous heavy
metals are chromium, lead, mercury, and cadmium.
When processing ores, burning energy sources, and
consuming heavy metals, huge quantities of them enter
the atmosphere and water bodies as waste. Entering the
aquatic environment, heavy metals interact with other
components of the environment, forming hydrated ions,
oxyhydrates, ion pairs, and complex inorganic and
organic compounds. The specific form of existence of
metals depends on their nature, the nature of the ions
and molecules competing for the ligand place, pH,
temperature and ionicity of the environment. Many
heavy metals form so-called synergistic mixtures,
which have a toxic effect on aquatic organisms that
significantly exceeds the sum of the effects of
individual components. Therefore, the release of heavy
metals into the atmosphere, water bodies and
agricultural fields must be stopped and taken under
strict control. All sources of heavy metals can be
eliminated by organizing wastewater treatment and
reuse systems at enterprises [8],[9],[10]. Pollution of
the environment with heavy metals leads to an increase
in the incidence of chronic dermatoses, eczema, and
dermatitis. The harmful effect of heavy metals on the
functional state of the thyroid gland has been identified
[7]. Long-term exposure to lead and mercury can
impair memory and verbal skills. Lead also disrupts
reproductive function and affects the cardiovascular
system. High doses of cadmium reduce calcium
absorption by bone tissue, which leads to bone
fractures. Systematic absorption of zinc in the body
leads to inflammatory processes in the lungs and
bronchi, and disruption of carbohydrate metabolism.
Copper causes disorders of the nervous system, liver,
kidneys, and decreased immunity [9].

ANALYSIS OF PUBLICATIONS, MATERIALS,
METHODS

The purpose of this work is to summarize data
from open sources on industrial wastewater pollution
with heavy metals, assess statistical data on the level of
pollution and develop proposals for water purification
and environmental protection. To achieve this goal, it
is necessary to develop a technology that could cleanse
the specified pollutants. Among modern methods that
ensure effective purification of wastewater from
various pollutants, including heavy metal ions, a
special role belongs to physical and chemical
technologies [5], [8], [11]. Currently, for wastewater
treatment, the industry knows methods for cleaning
water from heavy metals and other pollutants using
adsorption and electrical methods. The main criterion
for the adsorption method of wastewater treatment is
the choice of material, or more precisely, based on its
sorption qualities, porous structure and efficiency. The
electric discharge method is more economical,
effective and provides a high degree of extraction of
heavy metals from industrial wastewater [1].
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ADSORPTION METHODS

Adsorption methods of industrial wastewater
treatment are among the most environmentally friendly
methods. The main criteria for a material are its
adsorption qualities, porous structure, and cost-
effectiveness. The most popular sorbents for industrial
wastewater treatment from heavy metal ions are zeolite,
carbon sorbents, peat etc. Various grades of active
carbon absorb heavy metal ions, exhibiting different
absorption capacities. The main factor determining the
efficiency of sorption is the pH value [4]. Adsorption
methods are economically advantageous only if the
adsorbents are used repeatedly. After sorbent
regeneration, a large number of highly toxic and highly
concentrated eluates are formed, which must be
subjected to additional neutralization and disposal. In
addition, the problem of disposal of spent sorption
material also arises. Therefore, increasing attention is
being paid to purification methods based on ion
exchange using natural and synthetic materials, which
allow not only to extract heavy metal ions from
wastewater, but also to reuse wastewater in circulating
water supply [12],[13], 1,[17].

ELECTRIC DISCHARGE METHODS

The electric discharge method is based on the
electrical treatment of adsorbents under the influence of
electric fields and discharges. Electric discharge
treatment of adsorbents is one of the promising reagent-
free methods of wastewater treatment to the required
parameters. Electric discharge treatment of adsorbents
for wastewater treatment ensures: removal of the vast
majority of toxic components, including heavy metal
ions, as well as organic reagents. The mechanism of
electric discharge treatment of wastewater is
determined by the processes occurring on the surface
and in the structure of natural adsorbents under the
influence of electric discharges. During the adsorption
process, forces act similar to the nature of the forces
involved in chemical interaction, that on the surface of
the adsorbents there are areas with free residual
valences. If the adsorbed molecule gets to the
corresponding unoccupied active center of the surface,
the molecule binds to the latter. Under the influence of
the discharge, the molecules of the substances are
ionized, and the process of binding to the surface of the
adsorbent is facilitated [1]. The method of thermally
stimulated relaxation allows identifying the charged
state of the material under study, as well as studying its
most important electrical properties by determining the
depth of charge, the density of charge traps and their
energy [14], [15], [16]. The resulting graph of the
dependence of the thermally stimulated current on time
reveals a certain set of peaks, the analysis of which
provides information on the electrophysical properties
of the sample material Fig. 1. The area enclosed under
the curve of the current TSR as a function of time
corresponds to the total charge relaxed in the sample.
The charges of the sample, immobile at low
temperatures, acquire higher mobility upon heating.
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Fig. 1. Dependence of thermally stimulated current on time, treated with electric discharge.

Theoretical analysis of the formation of a charged
state in the studied porous dielectric adsorbents showed
that such a charged state is formed due to the diffusion
mechanism of charge introduction into the structure of
the material. The values of the diffusion coefficient
were obtained, the value of which is in the range
between the values of diffusion of neutral materials in
the studied adsorbents and diffusion of ions in non-
porous identical materials. This made it possible to
propose a model of the adsorbent charging process,
according to which the ions captured by the external
surface of the adsorbent diffuse deep into the adsorbent
along its pores, leading to its charging [14].

The proposed model of the adsorbent charging
process made it possible to experimentally establish the |

fact of intensification of adsorption processes under the
specified effects, manifested in a change in their
selectivity in relation to different components and their
maximum sorption capacity. The obtained results of the
studies of maximum permissible concentrations of
pollutants in industrial wastewater are presented in
Figure 2, which show that under certain modes of
electric discharge treatment of adsorbents, it is possible
to reduce the amount of heavy metals in wastewater
using the adsorption method (Figure 2). Being a type of
adsorption methods of wastewater treatment, the
electric discharge method compares favorably with
others - simplicity of equipment design, low energy
costs [11], [16].
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Fig. 2. Industrial wastewater pollutant concentration curve

CONCLUSION

As a result of the analysis of the presented data, it
can be concluded that the main cause of pollution of
aquatic ecosystems with heavy metals is the negative
impact of industrial wastewater. Analysis of works on
currently used technologies for removing heavy metal
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ions from wastewater shows that it seems appropriate
to develop innovative technologies for wastewater
treatment from heavy metal ions based on fundamental
scientific areas of physical chemistry, which form the
basis of knowledge for the creation of future
purification technologies. At the same time, new
technologies must meet modern requirements for an
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integrated approach to wastewater treatment. Based on
the proposed and regulated measures, the most
effective and efficient may be, on the one hand, the
creation of closed production cycles using recycled
water, the development and implementation of water-
saving and low-waste technologies to reduce the load
on industrial and wastewater.

On the other hand, the development of cheap and
more environmentally friendly organic sorbents with

increased adsorption efficiency, as well as the need to
create new physicochemical methods for cleaning
industrial water from heavy metals. The sediments
formed during wastewater treatment must be low-toxic
or represent compounds that can be used as secondary
raw materials for processing at other enterprises or be a
final commercial product.
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DIELECTRIC PROPERTIES OF PVC NANOCOMPOSITES MODIFIED WITH
NANO-QUARTZ SiO:
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PVC/SiO2 nanocomposites containing various amounts of silicon dioxide (SiO2) (1-10 vol%) were prepared via ex-situ
mixing and hot pressing, and their dielectric properties were studied. TEM and EDAX analyses confirmed uniform distribution
of nanoparticles and a high purity level of the composites. Measurement results indicate that the addition of SiO: increases the
dielectric constant (¢') and the intensity of interfacial polarization. At low frequencies, dipole and interfacial polarizations
dominate, while increasing temperature enhances the mobility of polymer segments and dielectric permittivity. External
influences—thermal treatment, gas discharge, and long-term high field/temperature (ETP) exposure—further enhance the
dielectric and conductive properties of the composites, demonstrating the material’s potential for electrical regulation. The
results show that SiO: effectively improves the dielectric, conductive, and thermal properties of PVC composites, making them
promising materials for flexible electronics, insulating coatings, and capacitor applications.

Keywords: PVC, nano-quartz SiO-, nanocomposite, specific conductivity, dielectric permittivity, electrical conductivity

PACS: 81.05.Lg; 81.07.Pr; 62.20.-x; 61.41.+e

INTRODUCTION

The development of modern electronics, electrical
engineering, and sensor technologies requires the
creation of new dielectric materials with high
performance, stability under external influences, and
cost-effectiveness. In this context, polymer composite
materials combining an organic matrix with inorganic
nanofillers represent a promising area of research.One
of the most widely used polymers in electrical
insulation technology is polyvinyl chloride (PVC). It
possesses several valuable properties, such as chemical
resistance, processability, thermoplasticity, and
relatively good dielectric characteristics. However,
pure PVC has limitations in terms of thermal stability,
dielectric parameter stability under high voltages and
frequencies, and mechanical strength. These
shortcomings can be mitigated by modifying the
polymer with dispersed or nanoscale fillers. Silicon
dioxide (Si0z), as one of the most accessible and inert
oxides, exhibits high dielectric strength, stability over a
wide temperature range, and good compatibility with
polymer matrices. Incorporating SiO: into PVC allows
significant morphological changes, reduces the degree
of crystallinity, enhances dielectric permittivity,
reduces losses, and improves thermal stability.

Currently, PVC-based composites containing
dispersed or nanosilicate SiO: in various concentrations
are of particular interest. Such materials are considered
as a foundation for flexible electronics, insulating
coatings, capacitor films, and other applications where
a combination of flexibility, stability, and good
electrical performance is required.This work focuses on
the effect of silicon dioxide content on the dielectric
properties of PVVC composites. The aim of the study is
to analyze the dependence of key dielectric parameters
(dielectric permittivity, dielectric loss tangent, and
volume resistivity) on SiO: concentration, as well as to
investigate the morphological structure of the resulting
materials.To date, a comprehensive and systematic
study of the influence of the morphology and
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distribution of silicon dioxide, as well as the method of
its incorporation into the PVC matrix, on the
combination  of  physicochemical, dielectric,
mechanical, and thermal properties of PVC/SiO:
composites has not been conducted. A key research
direction involves studying the dielectric properties of
PVC/SiO: composites at various AC field frequencies
and temperatures. In particular, study [2] evaluated the
effect of water absorption on PVC/SiO:
nanocomposites with different filler concentrations (1—
7.5 wt.%), obtained via solution casting. It was found
that water absorption significantly increases both
dielectric permittivity and the dielectric loss tangent,
which is important for assessing composite stability
under high humidity conditions.

From the perspective of optical properties, adding
SiO2 affects the bandgap of PVC. Study [3] showed that
increasing SiO: concentration reduces the optical
bandgap from 4.36 to 3.39 eV, related to changes in the
electronic structure of the matrix, which can be used to
tune optical transparency and light absorption.Thermal
and mechanical properties of PVC/SiO. composites
also change with the addition of nanofillers. According
to review [4], modified nano-SiO: enhances thermal
stability, increases decomposition temperature and
tensile strength, and can improve interfacial interaction
through chemical or plasma treatment of nanoparticles.
Various  synthesis  methods—sol-gel,  in-situ
polymerization, mechanical mixing—affect
nanoparticle distribution in the polymer matrix and
consequently the final properties of the material.Study
[5] demonstrated the possibility of using recycled PVC
in combination with wood flour and nano-SiO: for
environmentally friendly packaging materials. Results
showed that nano-SiO: content up to 3 wt.% improves
mechanical properties (strength, modulus), while
higher concentrations reduce these properties, likely
due to nanoparticle aggregation and decreased
interfacial adhesion.Review [1] emphasizes the
importance of clay and silicate fillers (including SiO2)
for enhancing PVC properties, especially in fire
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resistance, biomedical applications, and water
treatment. Modification of PVC using various forms of
SiO2 and processing methods leads to significant
morphological changes, directly linked to aggregation,
adhesion, and uniform nanoparticle distribution in the
polymer matrix.

Thus, a comprehensive literature analysis
concludes the high effectiveness of SiO: as a functional
nanofiller for PVC. Despite significant progress,
challenges remain in ensuring property stability during
long-term use, minimizing nanoparticle aggregation,
and improving reproducibility and scalability of the
materials.

EXPERIMENTAL SECTION

Polyvinyl chloride—a polar dielectric (Dema
Import and Export Co. Ltd., China), with dielectric
permittivity 3.0-4.5 and volume resistivity 10'3—10'¢
Q-cm—was used. It is a thermoplastic polymer with a
density of 1.38-1.41 g/cm® in its rigid form and
molecular weight ranging from 40,000 to 150,000
g/mol. The polymer structure is based on the repeating
unit —-CH>—CHCI- (62.5 g/mol).

Si02 nanoparticles with a particle size of 20-25
nm (Sigma-Aldrich, USA), density 1.96 g/cm?,
molecular weight 60 g/mol, were used as filler. Particle
shapes and sizes were determined from TEM images
(Fig. 1). TEM analysis was performed using a JEM-
1400 microscope (JEOL, Japan) at 80—120 kV.

Fig. 1. TEM analysis of SiO2.
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The PVC was dissolved in hydrotetrafluoroethane at 50
°C. SiO: nanoparticles were added and stirred for 7
hours with a magnetic stirrer. The solution was
thermally treated for 7 hours and then vacuum dried to
remove free solvents. After one day in a vacuum oven,
PVC+SiO: composites were obtained with various
filler concentrations (1, 3, 5, 7, 10 vol%). Disc-shaped
samples were prepared by hot pressing at 110 °C and
15 MPa for 2 minutes. Nanocomposite films had a
thickness of 70-100 pm. EDAX analysis was
performed using SEM (JEOL JSM-7600F, USA) to
determine elemental composition. To measure
dielectric properties, composite surfaces were coated
with silver foil to form capacitors. Dielectric
measurements were carried out by the Precision LCR
Meter 1920 (IET Labs. Inc., USA) over the frequency
range of 20 Hz — 1 MHz and at temperatures between
18 °C — 70 °C. In such a case, applied voltage was 0.5
V. Electric capacity C and dissipation factor (the loss
tangent) D were recorded by means of this device at
different frequencies f. Dielectric permittivity was
calculated using:

Cd
€= ﬁ (8]
where C is the capacitance, & o =8,85'10

2 pm3krtc*A? S is the area, and d is the sample
thickness. Real permittivity (") and conductivity were
calculated using:

r_ €
& =Toe @)
g
D = = 3)
o = 2nfe's, 4

RESULTS AND DISCUSSION

Figure 2 presents the energy-dispersive X-ray
spectroscopy (EDS) analysis of the PVC-based
composite material modified with nanoscale silicon
dioxide (SiO2).

12 14 16 18 20

k3B

Fig.2 Analysis of the structure by X-ray dispersion energy spectroscopy (EDAX) X images. of the PV X+5%SiO2

nanocomposite.
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Fig. 3. Dependence of the real part of the dielectric permittivity (¢") of PVC-based composites with varying silicon
dioxide content on the frequency of the alternating electric field.

The  spectrum  clearly shows  signals
corresponding to three elements: carbon (C), oxygen
(O), and silicon (Si). The presence of carbon
corresponds to the organic PVC polymer matrix, whose
main component is vinyl chloride. The detection of
oxygen and silicon confirms the incorporation of
nanosilica dispersed within the polymer structure. The
absence of extraneous elements in the spectrum
indicates the high purity of the composite and the
reliability of the modification process. The obtained
data are consistent with the declared material
composition and confirm the formation of a polymer—
inorganic composite based on PVC and SiO..

The graph illustrates the frequency-dependent
behavior of the real part of the dielectric permittivity
(¢') for PVC-based composites with different SiO:
contents. All samples exhibit typical dispersion
behavior: €' decreases with increasing frequency, which
is attributed to the limited mobility of dipoles and their
inability to follow a high-frequency electric field.
Simultaneously, an increase in SiO: content leads to an
overall enhancement of & values, which can be
explained by the contribution of the polarizability of the
silica nanoparticles and the increase in interfacial
polarization (Maxwell-Wagner effect).

1- m—n-N-m-N

[
At low frequencies (10'-10% Hz), the differences

in &' between samples with varying SiO: content are
most pronounced, whereas at high frequencies, €'
values tend to converge. Specifically, at low
frequencies (up to 10° Hz), the increase in dielectric
permittivity is mainly due to interfacial (Maxwell—
Wagner) and dipolar polarization contributions. These
processes require sufficient time for charge
redistribution and dipole orientation, making them
most effective at low frequencies.

As the frequency of the applied electric field rises
above 10*-10° Hz, the polarizable units cannot respond
rapidly enough to the changing field. This results in
reduced polarization efficiency and, consequently,
stabilization of & at a lower level [6]. At low
frequencies (10-10° Hz), dipoles and charges within
the material can respond to the slowly varying field. As
the frequency increases (10* Hz and above), molecules,
dipoles, and phase boundaries fail to follow the field,
leading to a diminished contribution of polarization.
Interfacial polarization effectively “switches off” at
high frequencies due to its slow response, leaving
primarily electronic and partial dipolar polarization,
which are almost frequency-independent.

Fig.4. Frequency dependence of the specific conductivity of PVC +SiO2 composites with varying contents of nanoscale

silicon dioxide (SiO>).

Figure 4 presents the frequency-dependent
behavior of the specific conductivity (c) of PVC
composites containing different amounts of nanoscale
SiO.. All samples exhibit a characteristic increase in 6
with increasing frequency, which is associated with the

| . .
enhancement of alternating current conduction

mechanisms, particularly interfacial and boundary
conduction.Increasing the SiO- content leads to higher
o values across all frequencies. This effect can be
attributed to the increased number of free charges and
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the formation of localized conductive pathways at the
PVC/SiO: interfaces, the enhancement of interfacial
polarization, and charge transport processes, as well as
changes in the composite morphology and particle
packing density. At low frequencies, conductivity is
relatively low, indicating the dominance of charge
displacement processes of capacitive nature. At higher
frequencies, ¢ increases, reflecting the activation of
dynamic conduction processes and charge migration
within the material. Thus, the incorporation of
nanoscale SiO: into PVC contributes to an increase in
the composite’s specific conductivity, an important
factor when designing materials with tailored electrical
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P
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0,054

0,044
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properties. Controlling the filler content allows tuning
both the conductivity and, consequently, the dielectric
characteristics of the material[6,7]. The study of the
temperature dependence of dielectric permittivity and
specific conductivity in PVC/SiO: composites provides
insights into the mechanisms of polarization and
conduction, allows the estimation of activation energies
for charge transport, and helps define temperature
ranges for stable material performance. These findings
aid in optimizing the composition and structure of the
composites to enhance their dielectric and electrical
properties, which is crucial for practical applications in
electrical insulation and other functional materials.

10

T T T 6
10 10° 10

v,Hs
Fig. 5. Frequency dependence of the loss tangent (tan 8) for PVC/SiO: composites: 1 — pure PVC, 2 — PVC+1 % SiO,
3 PVC+3 % SiO:, 4 PVC+5 % SiOz, 5 PVC+ 7 % SiO-.
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Fig. 6. Temperature dependence of the real part of the dielectric permittivity (¢') for composites with different filler
concentrations. 1 — pure PVC, 2 — PVC+1 % SiO2, 3 PVC+3 % SiO2, 4 PVC+5 % SiOz, 5 PVC+ 7 % SiOa.
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Figure 5 shows the variation of the loss tangent
(tan §) as a function of the alternating field frequency
for PVC/SiO: composites. It is evident that tan o
decreases with increasing frequency for all composites,
which can be explained by the attenuation of dispersion
processes. The lowest tand is observed for curve 1
(black), corresponding to pure PVC. This indicates that
the incorporation of nanoscale SiO: leads to strong
interactions with the polymer chains (e.g., hydrogen
bonding or physical hindrance), which:reduces dipole
mobility,decreases energy losses, resulting in a
minimum tand, and enhances electret behavior and
dielectric stability[8].As the SiO: content increases (3—
7 %), tand rises:nanoparticles tend to aggregate,
forming local stress zones within the matrix,chain
mobility increases and the number of defects grows,
leading to enhanced polarization relaxations, and
consequently, tan  increases, indicating greater energy
losses.

Figure 6 illustrates the temperature dependence of
the real part of the dielectric permittivity (&) for PVC
composites with varying filler concentrations. It is
observed that €' increases with rising temperature,
reaching a maximum in the range of 100-130 °C,
followed by a decline. This behavior can be associated
with increased mobility of dipoles and polymer chain
segments, as well as relaxation processes near the glass
transition temperature (Tg).With

increasing filler
J

¥

4_,4_‘1
A g ———a—

content, £’ values rise, indicating enhanced polarization
effects in the system. Below Tg, the polymer is in a
rigid (glassy) state, where dipolar groups and chain
segments are immobilized, limiting orientational
mobility. As a result, polarization is weak, and €’ is low
[9]. As the temperature approaches Tg, the polymer
transitions to a highly elastic (rubbery) state:
macromolecular segments gain mobility, and dipolar
groups are able to orient under the applied electric field.
Consequently, orientational polarization increases,
leading to a rise in dielectric permittivity &'. After
reaching the maximum (usually slightly above Tg),
polarization begins to decrease because excessive
thermal energy disrupts dipole orientation, dielectric
losses (¢") increase, and some polarizations cannot
keep pace with the alternating field.

The increase in electrical conductivity with
temperature indicates a thermally activated conduction
mechanism in the studied composites. In the
temperature range of 100-130 °C, a more pronounced
rise in ¢ is observed, which can be attributed to the
enhanced segmental mobility of the polymer matrix
during the transition through the glass transition
temperature (Tg). Higher conductivity values with
increasing filler content suggest the formation of
additional charge transport pathways and enhanced
interfacial interactions between the components.
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Fig. 8. Frequency dependence of the real part of the dielectric permittivity (¢') for the PVC + 5 % SiO» composite
under various treatments: 1 — without external influence, 2 — after thermal treatment (T =373 K, t=3h), 3 -
after gas discharge (7 kV, 1 h, two-sided), 4 — after ETP (T=373 K, E=107 V/m, t =3 h).
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Fig. 9. Frequency dependence of electrical conductivity of the PVC + 5 % SiO. composite before and after various
treatments: 1 — without external influence, 2 — after thermal treatment (T =373 K, t =3 h), 3 — after gas
discharge (7 kV, 1 h, two-sided), 4 — after ETP (T =373 K, E= 10" V/m, t =3 h).
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The frequency dependence of the real dielectric
permittivity (&') shows that at low frequencies,
polarization mechanisms such as interfacial/Maxwell—
Wagner polarization and segmental/orientational
polarization are fully active, resulting in higher &’
values. As frequency increases, these mechanisms
cannot respond to the rapidly changing field, causing &’
to decrease—this is  characteristic  dielectric
dispersion.Comparatively, thermal treatment (2) leads
to a slight increase in &, likely due to enhanced
segmental mobility and free volume in the matrix, as
well as structural changes at the filler—matrix interface,
which strengthen interfacial polarization. Gas
discharge (3) may induce a more pronounced increase
in ¢, as local defects, charge-trapping centers, and
surface/subsurface interface imperfections generated
by the discharge enhance interfacial polarization and
spatial charge accumulation. Long-term exposure to
ETP (4) under high field and temperature produces the
largest increase; here, chain scission, oxidation,
formation of conductive pathways, and strong space-
charge polarization may contribute[10]

In conclusion, these treatments create additional
polarization channels and charge accumulation regions
in the material, leading to increased &' at low
frequencies. At higher frequencies, dielectric
dispersion dominates, and &' values of all samples
converge. The observed decrease in &' with increasing
frequency can be explained by the inability of dipoles
and interfacial charges to follow the period of the
applied field [11]. Specifically, after thermal treatment,
enhanced segmental mobility and free volume promote
greater orientational polarization; after gas discharge,
surface/internal defects and trapped charges increase
interfacial polarization; after ETP (3h, high E, T),
chain scission, oxidation, space-charge accumulation,
and formation of conductive pathways result in the
largest ¢’ enhancement.

The graph illustrates the change in electrical
conductivity (c) of the PVC + 5 % SiO2 composite as a
function of alternating current (AC) frequency under
different external conditions. All samples show an
increase in conductivity with rising frequency, which
corresponds to the activation of AC conduction
mechanisms, including interfacial and space-charge
transport.

Thermal treatment (2) results in a slight increase
in o, likely due to enhanced segmental mobility of the
polymer chains and slight structural changes at the
filler—matrix interface, which improve charge
transport. Gas discharge (3) produces a more

pronounced increase in conductivity, as it generates
local defects, charge-trapping centers, and
surface/subsurface interface irregularities that facilitate
interfacial polarization and space-charge
accumulation[12]. Long-term exposure to ETP (4)
leads to the highest conductivity, where effects such as
chain scission, oxidation, formation of conductive
paths, and strong space-charge polarization collectively
enhance charge mobility.

These observations indicate that external
treatments create additional conduction pathways and
increase the efficiency of charge transport in the
composite. At higher frequencies, the conductivity
reflects the combined influence of filler—matrix
morphology, defect formation, and induced
polarization mechanisms[13].

CONCLUSION

The conducted study demonstrated that the
dielectric and conductive properties of PVC + SiO:
composites depend on both temperature and field
frequency. As the temperature increases, segmental
mobility and dipolar polarization are enhanced, leading
to an increase in €’; however, at higher temperatures,
relaxation losses become dominant. An increase in
frequency results in a decrease in ¢’ and o, which can
be attributed to the limited response of interfacial
polarization. External treatments, particularly the ETP
process, significantly enhance the conductivity of the
composites, demonstrating their potential for electrical
regulation.

Moreover, the PVC + 5% SiO: composite
exhibits high sensitivity of conductivity and dielectric
properties to external influences. Specifically, ETP
treatment (T = 373K, E = 10’ V/m, t = 3 h) sharply
increases conductivity, which is explained by the
formation of space-charge regions at interface zones
and partial reorganization of the polymer chain
structure. Thus, ETP application can be proposed as an
effective method for controlling the electrical
properties of polymer—oxide composites

The scientific novelty of this work lies in the
systematic demonstration of how the dielectric
properties of PVC/SiO: nanocomposites depend on
composition, frequency, and external effects. The
results show that SiO: effectively improves the
dielectric, conductive, and thermal characteristics of
PVC composites, making these materials promising for
flexible electronics, insulation coatings, and capacitor
applications.
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VARIATION IN THE MECHANICAL PROPERTIES OF POLYPROPYLENE
+ SiO2 DEPENDING ON ITS SUPRAMOLECULAR STRUCTURE
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The dependences of mechanical durability as a function of ultimate tensile stress has been examined for the metal oxide
nanocomposite PP+SiO2 with different supramolecular structures (SMS). It is found that the introduction of an optimal amount
of nanofiller (5% SiO2) enhances the mechanical properties of nanocomposites with various supermolecular structures. The
nanofiller reinforces the PP and also acts as a stabilizer in preventing the decrease in strength properties. The lifetime from
mechanical stress and activation energy at different temperatures are calculated for rapidly cooled and slowly cooled
nanocomposites. To break the bonds responsible for the strength of the polymer it is necessary to overcome the energy barrier
Uo the value of which depends on the nature of these bonds. It has been established that the value of activation energy U0 does
not change, and the variation in mechanical strength properties is determined by the change in the structure-sensitive coefficient
y for composites with different supermolecular structures. The Zhurkov equation reveals that there is a certain mechanism by
which the initial barrier Uo is reduced by tensile forces by ye. It should be noted that there is a close relationship between the
physico-mechanical properties of polymer compositions and their supermolecular formations. Depending on the mutual
arrangement of macromolecules and the degree of their ordering, different physico-mechanical indicators can be obtained even
with a homogeneous polymer. It has been shown that the value of Uo corresponds to the activation energy of chemical bonds,

and the process of mechanical destruction of polymer composites occurs basically along these bonds.

Keywords: supramolecular structure, fast and slow cooling, spherulites, mechanical durability, activation energy.

PACS: 81.05.Lg; 81.07.Pr; 62.20.-x; 61.41.+e

1. INTRODUCTION

Scientific and technical progress in many
industries nowadays is undeniable without the use of
new composite materials that are able to improve the
quality and reliability indicators, increase the life time
and reduce the material consumption of manufactured
products. Polymer composite materials with new
applications and new potential are being widely used.
At present, polymer composite materials reinforced
with metal oxide nanoadditives are being used
extensively. With the increasing demand for the
application of active polymer dielectrics ranging from
microelectronics, medical diagnostics, development of
various sensors and energy converters to micro- and
macroenergetics, the development of the physical basis
of composite dielectrics is crucial [1, 2, 3]. An essential
task of modern physical science is the investigation of
their mechanical durability [4, 5, 6].

Changes in the supramolecular structure (SMS) of
polymers provide opportunities to create new
composite materials. The change in supramolecular
structure as the crystallisation time of polymer
nanocomposites varies has a significant effect on their
physico-mechanical, electrical, thermal and optical
properties. [7] The effect of changing the cooling rate
on the properties of polymer composites has been
studied. From literature data, it was found that high
crystallinity caused by slow cooling rate increases
Young's modulus and yield strength, but decreases
strength and fracture toughness. [9], In another study,
the longitudinal and transverse strength of three
unidirectional  thermoplastic ~ systems:  carbon
fiber/polypropylene (CF/PP), polyamide 6 (CF/PA6),
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and polyphenylene sulfide (CF/PPS) were investigated
and the effect of cooling rate on strength was
statistically evaluated. It is shown that the matrix
modulus increases as the cooling rate decreases; the
degree of crystallinity also increases [10], in another
research paper investigating carbon fiber/PEEK.It was
shown that strength decreased with increasing cooling
rate; tensile strength and Young's modulus of the PEEK
resin decreased, while ductility increased with
increasing cooling rate due to its dominant effect on
crystallinity and spherulite size [11] .Thus there is
considerable interest in controlling the crystallinity of
polymers in the presence of additive nanoparticles by
selecting the "right" size, shape and volume fraction
Therefore, it is extremely important to reveal the effects
of size and volume fraction of additives on the
crystallization of nanocomposite polymer systems.
From the above literature data, the change in
mechanical properties of isotactic polypropylene with
nanoquartz additives in different crystallization
regimes has not been sufficiently investigated. This, it
can be concluded that studying this problem is of
scientific and practical interest. There are several ways
to change the SMS of polymers. In some cases, changes
in SMS were achieved by uniaxial or biaxial
orientation, by high pressure action in combination
with shear deformation, or by introducing different
kinds of fillers with various dispersion. The proposed
work presents the investigation results of the
mechanical durability of polymer nanocomposites with
various SMSs. The SMS features also affect the
destruction rate and the formation of acid-containing
groups. The SMSs of polymer composites were
adjusted by changing the temperature-time regime of
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crystallization. A non-polar isotactic polymer-
polypropylene was chosen to be a matrix. The choice
of PP is conditioned by its low cost, manufacturability,
prevalence and good dielectric properties.

2. EXPERIMENTAL DETAILS

Isotactic PP granules with size of 5 mm (Dema
Import and Export Co. Ltd., China), density of 0.92
J

g/cm?®, a molecular weight of 300-700 thousand and a
specific volumetric electrical resistivity of 10%4-10%°
Om.m were used as a polymer matrix for the
composites.  SiO2 nanokvarts metal oxide with a
particle size of 20-25 nm (Sigma-Aldrich, St. Louis,
Missouri, USA), density 1.96 g/cm?, molecular weight
60 g/mol was used as filler. The shapes and sizes of the
nanoparticles can be determined from the TEM images

(Figl).

Figl. TEM Images of Silica SiO2 nanoparticles.

From the images, it can be seen that the silica
SiO2 nanoparticles have spherical shape and the size
varies from 20-30 nm. SiO: nanoparticles have a
spherical shape, which facilitates their uniform
distribution within the iPP matrix, reducing the risk of
defects. This morphology enhances adhesion between
the polymer matrix and nanoparticles, contributing to
the structural stability of the composite. Additionally,
the small particle size increases the surface area for
interaction, promoting the formation of stronger
interfacial bonds.

To achieve uniform dispersion of the filler in the
volume of the polymer matrix, in our case, obtaining of
nanocomposites based on PP+SiO; was carried out by
introducing the nanoparticle into the polymer solution
[12]. Polypropylene was dissolved in toluene at a
temperature of 170°C. SiO2 nanopowders were then
added to the original liquid system without cooling the
polymer solution, at the same temperature
Nanocomposite samples with different SMSs were
obtained by hot pressing method at PP melting
temperature and 10 MPa pressure for 3 minutes. They
were obtained in two modes of polymer melt
crystallization: in a slow mode (B~2 deg/min) and by
placing molten samples in an ice-water mixture (p~20
deg/min). The thickness of the nanocomposites was 70-
100 um. The filler concentrations were 1 vol%, 3 vol%,
5 vol%, 7 vol% and 10 vol%. An ISO/R527 instrument
(the Zwick-Roell Group, Germany) has been used to
measure the mechanical durability of the polymer
composites. Samples was dispersed in distilled water

and a drop was placed on a carbon coated copper square
mesh grid (Electron Microscopy Science, USA).
Nanoparticles examples were examined under the
Transmission Electron Microscope JEM-1400 (JEOL,
Japan) at a voltage of 80-120 kV. Measured
photographic magnification was in the range of 200—
1000 times, and for this purpose, a universal
microscope of the Axio Imager series, (Germany)
which can operate with transmitted and reflected light,
was used. Atomic force microscopy (AFM) studies
were per formed by Ntegra Prima NT-MDT
microscope(Russian)

3. RESULTS AND DISCUSSIONS

Dependences of mechanical durability 1gzs as a
function of ultimate tensile stress 6 at constant room
temperature for slow and fast cooled PP samples
containing different SiO, additives are presented in
semi-logarithmic coordinates in Fig. 2 (a and b). It can
be seen from the figure that in all cases 1gts is linearly
decreasing depending on e, hence the exponential
equation is met [13].

Ty = Aexp(—ao) (1)

Where A and o are the parameters that identify the
mechanical strength properties of the material, and they
depend on the nature of the material under investigation

and the durability test temperature. A = Toexp% 2
and a = RV—T (3)
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Fig. 2. Force dependences of the mechanical durability of FC samples made of PP and its composites at a temperature of 293
K: 1 - PP+5% SiOz; 2- PP+7% SiOz; 3- PP+3% SiO2; 4 - PP+1% SiOz; 5- pure PP; 6-PP+10% SiO2
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Fig.3. Force dependences of the mechanical durability of SC samples made of PP and its composites at a temperature of
293 K: 1 - PP+5% SiOz; 2- PP+7% SiO2; 3- PP+3% SiO2; 4 - PP+1% SiOz; 5- pure PP; 6-PP+10% SiO2
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Fig. 4. Dependence of the mechanical strength of PP+5%SiO:2 as a function of the nanoadditive content at a temperature
0f 293 K. 1 - FC samples, 2 - SC samples.
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Thus, if the increase in mechanical strength of PP
with the introduction of 5% SiO; is 29% with fast
cooling, then with slow cooling, all other conditions
being equal, the increase in strength is 19%. While
further increase in the amount of nanoadditive leads to
a decrease in the mechanical strength of FC samples, it
is always greater than that of SC samples [14]. The
character of change in mechanical strength depending
on the amount of nanoadditive is remarkable. This is
associated with the nature of the supramolecular
structure of the polymer, and the nanoadditive plays a
significant role [15]. A characteristic feature of
polymeric materials is the diversity of SMSs and the
relative ease of transition of one structural form into
another [16]. The major strength characteristics change
very dramatically with changes in the SMSs of
composites.  Increasing the cooling rate of
nanocomposites leads to a decrease in the

crystallization degree. The degree of crystallinity
decreases when the composites are rapidly cooled, and
the relaxation of internal stresses also decreases [17].
Obviously, in the slow cooling regime of composites,
spherulites grow large; however, they can also create
regions of high brittleness at the boundaries between
crystallites. The boundaries of the spherulites become
stress concentration sites, leading to the formation of
cracks under mechanical loading. Although large
spherulites increase the crystallinity of the material,
they may be less resistant to impact and tensile loading.
However, when composites are cooled rapidly, the
spherulites do not have time to grow large, making the
structure more homogeneous and reducing the number
of weak zones (spherulite boundaries).This increases
the strength of the material because the fine crystalline
structure better distributes mechanical loads.

logt,. san
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Fig. 5. Dependences of mechanical lifetime (logtm) of PP+5%SiO2 nanocomposites at different temperatures as a
function of the mechanical stress (c): 1,3,5 ~ PP; 2,4,6 ~ PP+5% Si02; 1,2 ~ 293K 3,4 ~ 223K; 5,6 ~ 203K.
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Fig. 6. Dependences of the activation energy as a function of the mechanical destruction process of FC and SC samples
for PP and PP+5% SiO2 composite. 1 and 2 - for PP and PP+5% SiO2 composite obtained in FC mode; 1’ and 2'-
for PP and PP+5% SiO2 composite obtained in SC mode
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As the figure shows, an increase in the mechanical
strength of the nanocomposites is observed at lower
temperatures. This can be explained by the weakness of
thermofluctuation processes at low temperatures.
Mechanical destruction differs from each other as they
occur at high and low temperatures. Thus, mechanical
destruction at higher temperatures is due to structural
relaxation. In the low temperature regions, the rate of
structural relaxation decreases, being understood as the
relaxation of the energy of the internal degrees of
freedom of the molecule.

These dependencies are represented by the well-known
Zhurkov’s equation [18].

Ty = Tp €Xp (UORTya)v 4
where 1, is the time from load application to destruction
(durability), 1o is a constant, numerically close in the
period of thermal vibrations of atoms (1012-1013sec.),
Uy is the activation energy of the elementary act of the
destruction process in the absence of stress, close in
value to the sublimation energy for metals and to the
energy of mechanical bonds for polymers, & is stress, y
is  structure-sensitive  coefficient,  coefficient
proportional to the overvoltage at interatomic bonds
(compared to the average stress in the sample). R is the
universal gas constant, T is the absolute temperature
in °K. According to the graphs, U decreases linearly as
a function of s both for the initial PP and for PP+5%
SiO, composites obtained under FC and SC modes and
is expressed by the equation

U=Uy-yo (5)

the value of U was calculated from formula (4), writing
it in the form

U = 2,3RT(lgt,, - g7y ) (6)

Figure 6 depicts the dependences of activation
energy as a function of the mechanical destruction
process of FC and SC samples for PP and PP+5% SiO;
composite. It is clear from the graph that the value of
U is constant for all cases and does not depend either
on the crystallization mode or on the introduction of the
SiO, additive into the polymer [19]. The treatments
carried out (different cooling rates and introduction of

nano additives), however, have effects on the value of
the 7y coefficient and the mechanical strength
(durability) of the PP. First of all, it should be noted that
the invariability of the value of 1o is understandable,
since it is a universal constant. The constant value of
the initial energy barrier Up at different treatments,
especially at the introduction of nanoadditive into PP
gives us reason to suppose that the destruction of PP
before and after treatment, particularly at the
introduction of additive is mainly by the same chemical
bonds [20]. The change in the structure-sensitive
coefficient y is due to the fact that, obviously, there is a
distribution of external mechanical stress over
macromolecules. Otherwise, the introduction of
nanoadditive does not change the chemical bonds
themselves, but the conditions of their rupture,
changing for instance the level of load on the load-
bearing bonds. As well as changes in the structure-
sensitive coefficient y can be related to changes in the
SMSs of the polymer. In accordance with the kinetic
thermofluctuation theory of S.N. Zhurkov, material
destruction occurs due to the rupture of chemical
bonds, which is caused by the joint action of the energy
of thermal motion of molecules and some external force
(mechanical load, electric field strength, etc.). Direct
rupture of a chemical bond, weakened by the action of
external loads, is due to fluctuations in the Kinetic
energy of the thermal vibrational motion of atoms or
molecules.

Figure 7 shows micrographs of PP+5%SiO:
composites obtained during rapid cooling (a) and slow
cooling (b).  Micrographs of PP+SiO: composites
obtained after slow and fast cooling show significant
differences in structure. These differences are due to the
processes of crystallization and aggregation of particles
that occur at different cooling rates. In the slow cooling
regime, the composites have time to form large and
well organized crystallites (spherulites) [21].This leads
to the appearance of a structure with well-defined
spherulite boundaries in micrographs. The boundaries
of large spherulites represent weak zones where
stresses are concentrated under mechanical loading.
These boundaries promote cracking, which reduces the
strength of the material.

Fig. 7. Micrographs of PP+5%SiO. composites obtained during rapid cooling (a) and slow cooling (b)
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(a)

Based on the presented AFM
following observations can be made:

The first image (a), characterized by smoother
transitions and less pronounced roughness, corresponds
to a fine-spherulitic structure formed under rapid
cooling. Rapid cooling results in the development of
small spherulites, leading to a smoother and more
uniform surface without sharply defined structural
boundaries.

The second image (b), displaying sharp
protrusions, high roughness, and pronounced peaks,
corresponds to a coarse-spherulitic structure formed
under slow cooling. Slow cooling promotes the growth
of larger spherulites, resulting in noticeable granularity
and well-defined structural boundaries, along with a
distinct surface relief.

In contrast, under the rapid cooling regime, the
composites exhibit uniformly distributed small
spherulites (lighter-colored regions with smaller
boundaries) and a homogeneous structure without
visible microcracks.

images, the

(b)

Fig. 8. AFM images of PP + 5% SiO- composites obtained under different cooling conditions:
(a) Composites obtained under rapid cooling (BO).
(b) Composites obtained under slow cooling (MO).

' conCLUSION

Consequently, in summary, it can be assumed that
the introduction of 5% SiO, nanoadditive into PP
results in an increase in the mechanical durability of the
polymer obtained in FC and SC crystallization modes,
i.e. itisastabilizing factor. On the basis of temperature-
force dependences of mechanical durability of FC and
SC of samples of initial PP and PP+5%SiO, composite,
the Kkinetic parameter of mechanical destruction has
been determined and it has been shown that the
activation energy of this process remains unchanged,
the observed changes have been reflected in the
structure-sensitive coefficient y. It has been found that
the mechanical strength of composites obtained in FC
mode is greater than the strength of composites
obtained in.SC mode, which is explained by the size of
spherulites for these structures.
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In the article, the application of composite varistors fabricated using ZnO particles of different thicknesses (h = 40 pum;
h =300 pm) in both low- and high-voltage technologies has been investigated. For this purpose, the volt-ampere characteristics
of ZnO-based composite varistors with different particle thicknesses and varying volume percentages were measured. The
effect of sample thickness on the breakdown voltage and nonlinearity coefficient of the volt-ampere characteristics was studied.
At the same time, a detailed analysis of the volt-ampere characteristics was conducted for samples with identical thickness but

different volume percentages.

Keywords: composite varistors, ceramic phase, geometric dimensions, thickness, volt-ampere characteristics, particle, high

and low voltage.
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INTRODUCTION

It is well known that varistors are elements with
nonlinear volt-ampere characteristics and serve a
protective function. Conventional varistors are
typically fabricated from ceramic materials based on
zinc oxide (ZnO). The advantages of ZnO varistors
include high thermal and electrical stability, the ability
to operate within a wide voltage range, and the potential
for production using relatively low-cost technology [1].
In recent years, growing interest in the development of
composite varistors has introduced new approaches to
this field. It has been established that the size, shape,
and distribution scale of ceramic particles (such as
ZnO, SiC, TiO,) dispersed in a polymer matrix have a
direct impact on the electrical properties of the varistor

[2].

In the global literature, the role of the geometric
dimensions of the ceramic phase in composite varistors
has been particularly emphasized. It has been shown
that as the size of ZnO particles decreases, the
breakdown voltage of the varistor increases. However,
the nonlinearity coefficient increases up to a certain
limit and then stabilizes [2]. Studies have demonstrated
that the composition and dimensions of interparticle
boundaries play a critical role in the formation of ZnO-
based microvaristors [3]. Experimental results have
confirmed that in ZnO-polymer composites, the size
and distribution of the ceramic phase affect both
dielectric stability and energy absorption capacity [4].
Nonetheless, there is a lack of systematic and structured
approaches in this area within Azerbaijani and regional
research. In particular, investigating the relationship
between the geometric dimensions of the ceramic phase
and the voltage characteristics in composite structures
under local experimental conditions holds significant
scientific and practical importance.

This article investigates the effect of the particle
size of the ceramic phase in ZnO-polymer-based

131, H.Javid ave, AZ-1073, Baku
Institute of Physics
E-mail: jophphysics@gmail.com

composite varistor structures on the operating voltage
and nonlinearity coefficient of the varistor. The
objective is to study how the geometric dimensions,
thickness, and volume percentage of composite
varistors fabricated using ZnO particles of different
thicknesses (h = 40 pm; h = 300 pm) influence their
electrical properties and their potential applications in
the energy sector. The findings, in parallel with global
literature, are expected not only to pave the way for new
local applications but also to contribute to the
development of more efficient varistor elements in this
field[4].

EXPERIMENTAL PART AND DISCUSSION OF
RESULTS

Preparation of ZnO-Based Thin-Film Composite

Varistors:

e The synthesis of ZnO-based thin-film composite
varistors was carried out through a multi-step process.
This method allows for precise control of each
parameter and ensures the production of high-quality
composites with desirable electrical properties [5—
11].

The ZnO-based thin-film composite varistors
were prepared in the following sequence:

o Preparation of the Ceramic Phase Material Selection
and Weighing: The ceramic component, ZnO, was
weighed with an accuracy of £0.01 g, with a total
mass of 100 g.

e Thermal Processing: The ZnO material was placed in
an electric furnace for initial thermal treatment. The
temperature profile was as follows: heated at a rate of
145°C/hour up to 900°C. Then, the heating continued
at a rate of 180°C/hour until reaching 1240°C.

o Pellet Formation: Once the target temperature was
reached, the ZnO material was compressed into
pellets using a hydraulic press under a uniaxial
pressure of 40 tons.
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e Sintering and Annealing Conditions: The compressed
ceramic pellets were sintered in ambient air to ensure

uniform oxidation.

¢ Annealing: The ceramic samples were annealed at
1100°C for 1,5 hours. After annealing, the samples
were allowed to cool naturally inside the furnace for
7-8 hours to prevent thermal stress.
e Crushing and Size Control: The cooled samples were
broken down into small particles using a mechanical

crusher.

¢ Ball Milling: The crushed material was further milled
in a porcelain ball mill to reduce particle size. As a

e Composite Preparation and Polymer Mixing: The
ceramic powders were mixed with non-linear
polyethylene (PE) polymer at predetermined ratios.
The choice of polymer influences the dielectric and
varistor properties of the composite.

e Hot Pressing: Thin-film composites were produced
from the mixture using a hot pressing technique.
Pressing parameters were optimized for each polymer
type. As a result, homogeneous films with a thickness
of 0.018 cm were obtained.

e Thickness Measurement (d): The thickness of the
composite samples was measured using a micrometer
with an accuracy of £1 pm.

result of this process, ceramic powders with particle
sizes <40 um were obtained.

e Sieving: The milled powder was sieved to ensure a
uniform particle size distribution, which is essential
for the subsequent formation of the composite.

1 shows

the current-voltage (I-V)

characteristics of ZnO-based composite varistors
with different thicknesses.
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Fig. 1. Current-voltage (I-V) characteristics of ZnO-based composite varistors with different thicknesses (particle size
d = 40 pum). 1-509%(C)+50%Pe(h=300); 2-509%(C)+50%Pe(h=40)
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ceramic (C) + 90% polyethylene (PE) (h = 40 pm) (particle size d = 40 um).
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The current-voltage (I-V) characteristics of ZnO
composite varistors with compositions of 10% ceramic
(C) + 90% polyethylene (PE) and 60% ceramic (C) +
40% polyethylene (PE) are compared in Figures 2 and
3, respectively. Analysis of the figures reveals that
although both varistors have the same particle size (d =
40 pm), the volume fractions of ceramic and polymer
differ, which affects their response to the electric field.
It is well known that the primary function of ZnO-based
varistors is to provide a protective barrier against
voltage fluctuations. The microstructure and electrical
properties of the constituent materials significantly
influence the performance of ZnO-based varistors.
The varistor composed of 10% C + 90% PE exhibits a
steeper current—voltage characteristic curve, indicating
a higher nonlinearity coefficient. Such varistors sharply
increase current conduction even with slight voltage
increases. This characteristic makes them suitable for
fast response applications in low-voltage electronic
devices[6-11].

Conversely, the 60% C + 40% PE composite
varistor displays lower steepness and nonlinearity.
These varistors are better suited for high-voltage power
systems, as such applications require a wider transition
region.

CONCLUSION

The analysis of the experimental results
demonstrated that the electrical properties of ZnO-
based composite varistors significantly depend on their
thickness. Specifically, thin-film composite varistors
with a thickness of 40 um exhibit lower breakdown
voltages and higher nonlinearity coefficients, making
them more suitable as protective components in
sensitive  systems such as  microelectronics.
Conversely, composite varistors with a thickness of 300
wm are characterized by higher breakdown voltages and
relatively lower nonlinearity coefficients, which
renders them more appropriate for applications in high-
voltage industrial and power transmission systems.

Furthermore, the electrical properties of ZnO-
based composite varistors are strongly influenced by
the composition ratios and microstructure of their
constituent materials. The investigated samples
revealed that composites with higher polyethylene (PE)
content exhibit pronounced nonlinearity, making them
suitable for low-voltage technologies, whereas
composites with higher ceramic (C) content are better
suited for high-voltage applications. These findings
highlight the importance of selecting composite
varistors according to their intended application and
facilitate the design of optimized varistors tailored to
diverse technological requirements.
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DESCRIPTION OF MAGNETIC HYSTERESIS OF MAGNETITE
MICROPARTICLE MEDIUM BY INTRODUCING AN ADDITIONAL TERM INTO
THE LANGEVIN FUNCTION

R.A. ALIZADE
Institute of Physics of the Ministry of Science and Education of Azerbaijan,
H. Javid, 131, Baku Az-1073, Azerbaijan

By introducing a predetermined additional term into the Langevin equation, the magnetic hysteresis of magnetite

microparticles is described.

Keywords: magnetization saturation Ms;, magnetic remanance Mrm, coercivity force Hecr, hysteresis loop, magnetite

microparticles
I. INTRODUCTION

In terms of size, metal microparticles are located
between massive and nanoparticles of metal. The
physical properties of magnetic microparticles differ
from those of massive and nanoparticle metal media.
Magnetite nanoparticle media have no magnetic
hysteresis, unlike massive magnetite, which has a
large  magnetic  hysteresis.  The  magnetic
characteristics (saturation magnetization, remanent
magnetization, coercivity) of magnetic microparticles
depend on the size and concentration of theI

mH

M = M;pL (—+a) = M;p

kT

The additional term “a” can be determined from
the condition that at H=0 the magnetization takes the
value M(0)=Mm. and at H=Hc. takes M(Hc)=0. The
resulting equations of transcendental type with respect
to “a” were solved graphically.

We also considered the possible dependence of
the additional term “a” on the external magnetic field:

1
a(H) = Qg 1+L.
Mocr J

microparticles, as well as the temperature of the
medium. [1,2].

Il. NUMERICAL RESULTS AND THEIR
DISCUSSION

One of the possible ways to describe magnetic
hysteresis using an analytical function is to introduce
an additional term “a” into the argument (H) of the
describing function without hysteresis magnetization
[3].

The Langevin function was used to describe
magnetic hysteresis:

Coth mH 1
ot <_kT +a)—mH+
kT T ¢

Figure 1 shows the magnetic hysteresis of a
medium of magnetite microparticles with a size of
4435 pum and a concentration of 0.095 at a
temperature of 20° °C, obtained experimentally (curve
1), calculated by introducing into the Langevin
function a given additional term “ag”, independent
(curve 2) and dependent “a(H)” (curve 3) on the
magnetic field.
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As can be seen from Fig. 1, in the regions of
HoeMmO  and  saturation  magnetization,  the
experimental and calculated magnetic hysteresis loops
agree well. The agreement in the region of HeMm0 is
likely due to the determination of the additional
parameter value based on the He, M, and My data.
The agreement in the saturation region is related to the
Msaturation value and the property of the Langevin
function to reach saturation at large arguments. In
other regions, the magnetization is calculated from the
absolute value of the magnetization above the
experimental value.

I11. CONCLUSIONS

The Langevin equation with the addition of an
additional term describes well the regions of HerMm0
and magnetic hysteresis saturation. To achieve
complete agreement between the experimental and
calculated magnetic hysteresis loops, it is necessary to
correctly select the approximating function and
determine the value of the additional term.
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ADVANCED THERMOELECTRIC PERFORMANCE IN InSb—(Sb, MgsSh:)
EUTECTIC COMPOSITES

M.V. KAZIMOV, G.B. IBRAGIMOV, I.S. RAMAZANOVA, U.V. YUSIFOVA,
A.F. NURALIEV, G.Kh. GUSEYNOVA, F.F. YAHYAYEV
The Ministry of Science and Education of the Republic of Azerbaijan, Institute of Physics,
G.Javid ave 131, AZ1073 Baku
E-mail: mobilkazimov@gmail.com

The InSb—(Sb, MgsSb:) eutectic composites synthesized via the Bridgman method were systematically characterized
using structural analysis, differential scanning calorimetry (DSC), Raman spectroscopy, and X-ray diffraction (XRD).
Results reveal the presence of needle-like Sh inclusions preferentially aligned along the solidification direction within the
InSb matrix. The onset and completion temperatures, as well as the melting enthalpy, were quantified for the composite. The
observed anisotropy in the temperature-dependent electrical conductivity is ascribed to the short-circuiting effects induced by

the oriented inclusions

Keywords: SEM, X-Ray Diffraction, eutectic composite, structure, thermal and electrical conductivity

PACS: 07.20.Fw, 61.05.cp, 68.37.Hk, 78.30.Fs, 81.30.-t
1. INTRODUCTION

Recent years have witnessed remarkable
advances in high-performance thermoelectric (TE)
materials. Although enhancing the figure of merit
(ZT) and developing efficient TE devices for
commercial  applications remain  challenging—
requiring multidisciplinary efforts—the field holds
significant promise [1-3]. Thermoelectric materials
provide a sustainable route to convert waste heat into
electricity, and achieving high ZT in a cost-effective
manner is critical for practical energy generation.
MgsSbo-based  Zintl compounds are attractive
candidates for high-performance TE materials due to
their low-cost, non-toxic, and earth-abundant
constituents. However, the low intrinsic ZT and
degradation above 900 K limit the use of the pure
phase. Investigating InSb+MgsSb: eutectic
composites, with a focus on the correlation between
microstructure and TE properties, offers a pathway for
optimizing performance [4-9]. Here, we report on the
physico-chemical characteristics and TE potential of
MgsSb: Zintl compounds and InSb+MgsSb: eutectic
systems. In eutectic composites comprising InSb and
3d-transition metals, anisotropy in transport properties
along the orientation of metallic needle-like inclusions
is a defining characteristic. The parallel alignment of
these metal needles with the crystallization direction
leads to nonuniform semiconductor behavior,
highlighting the importance of considering InSb-Sh
composites. This study focuses on the synthesis and
structural characterization of InSb-Sb eutectic
composites. Diluted semiconductor materials based on
AsBs compounds combined with 3d-metal eutectic
composites exhibit stable compositions and properties,
making them promising candidates for spintronic
applications. The anisotropic kinetic behavior
observed in eutectic composites formed from InAs,
InSb, GaSb, GaSe, and 3d-transition elements is
predominantly governed by the orientation of metal
inclusions.

131, H.Javid ave, AZ-1073, Baku
Institute of Physics
E-mail: jophphysics@gmail.com

Recently, unidirectionally solidified eutectic
alloys have attracted interest for high-temperature
applications. A critical requirement is the retention of
the aligned microstructure during service. Extensive
studies have investigated the high-temperature
stability of such aligned composites [8-12].
Understanding the effect of thermal aging on eutectic
alignment during coarsening is essential for ensuring
reliable high-temperature performance.

2. EXPERIMENTAL RESULTS AND
DISCUSSION

InSh-MgsSh, eutectic composites were prepared
by using the vertical Bridgman method. InSb and
MgsSh,, form a lamellar eutectic. The eutectic
concentration is 2.2 percent by weight MgsSbh,. The
rate of the crystallization front was about 1.2 mm/min.
Metallographic examination revealed an eutectic
structure with continuous rods of Sb in a matrix of
InSh, always oriented in the growth direction. This
investigation focused on the undercooling behavior of
antimony and indium antimonide phases, using
materials like 99.8% and 99.999% Sh, primarily based
on their purity. The InSbh constituent was evaluated,
and a semiconductor grade material with a nominal
purity level of 99.999% was chosen. The eutectic of
the InSh-Sb system is close to 69.5 mol% Sb. In order
to construct the target, we first developed the eutectic
composition—which is composed of Sb inclusions
and an InSb single crystal matrix—using the
Bridgman method. InSbh-Sh eutectic specimens were
made from ultrapure Sh (99.999%) and In (99.999%).
In a quartz tube, the metals were vacuum-sealed in
quantities that matched the InSh-Sb eutectic
composition. The weight percentage of this
composition [3] was 30.5 for InSh and 69.5 for Sh.
After melting, the samples were moved from the hot
zone to the lower temperature zone to solidify at
different rates. The InSb-Sb eutectic was used to
illustrate how interface demarcation can be applied to
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the investigation of (directed) solidification of
multiphase systems.

Raman analysis is an important tool to study
atomic interactions in semiconductors and the

dynamics of the crystal lattice [3]. The Raman spectra
obtained in the InSh-Sh compositions only
characterize the Sh-Sh bond (Fig.1)
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Fig. 2. X-ray spectrum of Sh-InSh eutectic composite.

Fig. 2 shows the diffraction patterns of the Sh-
InSb eutectic composite. The X-ray phase analysis
shows that the intense peaks corresponding to the
(111), (220),(311), (400), (311), (422) and (511)
Miller indices correspond to the matrix — InSh
compound; the weak lines corresponding to the

[
crystallographic  parameters: a=4.121; ¢=5.467,

c/a=1.327) compound and the 24; 29; 42; 49; 76
angles correspond to Sh [11]. The sharpness of the
peaks in the diffractogram indicates the perfection of
the composite.
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Fig. 2 displays the diffraction patterns of the
eutectic composite InSb-Sh. Data on the diffraction
patterns for Sb and InSb compounds are also
displayed in this picture. The length of the metal rods
(1-1.8 pum in diameter) is 10-50pm in InSb-Sh. As it
is seen from Fig. 2, the metal rods are evenly
distributed in the matrix in the direction of
crystallization. The metal rods are 10-150 pm in InSb-
Sb and range in diameter from 1 to 1.8 um. The metalI
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In5b-Mg3Sha

rods are uniformly distributed throughout the matrix
in the direction of crystallization, as seen in Fig. 3.
Diffraction patterns ofthe InSb-MgsSh, eutectic
composite are shown in Fig. 3. The most intense peaks
corresponding to the (111), (220), (311), (400), (311),
(422) va (511) Muller index are identical to the InSh
matrix, while the weak peaks found at 20 = 34.08°,
47.12° and 57° coincide with the lamellar MgsSh,
line.
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Fig. 3. X-ray spectrum of InSh+MgsShzeutectic composite
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Fig. 4. X-ray spectra of Sh-InSb eutectic composite obtained with SEM-EDX from the rods and matrix phases

along the lateral directions of the specimens.

The InSb-Sb eutectic's microstructure is highly Icrystallization behavior of Sb and InSh, examining an

sensitive to growth conditions during solidification.
Directional  solidification  studies  show  rod
morphology as stable growth form, but no extension
to undercooled melt conditions has been done. The
extent and shape of the coupled growth region remain
unclear.The study evaluated undercooling and

eutectic mixture, exploring factors influencing
undercooling, and characterizing solidification
microstructures. The droplet emulsion technique
increases undercooling potential for pure Sb, InSb,
and an InSb-Sb alloy by dividing the bulk ingot into
droplets of 10-150mkm, allowing for greater
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undercooling. Higher cooling rates extend the
metastable liquid state to lower temperatures, with
droplet surface coating determining undercooling
extent during solidification, a morphological transition
from a rod to lamellar structure occurs due to a change
in heat flow conditions. The thermal anisotropy of Sb
encourages a change in growth orientation, causing
the alignment of high conductivity planes and
destroying the low energy orientation relationship
between Sb rods and InSb matrix.

The microstructures of InSh-Sb eutectic are
illustrated by Fig. 4, which shows both longitudinal
and transverse sections at various solidification rates.
The size of rods was about 50 to 100 mkm in length
and about 4 to 20 mkm in diameter, decreasing with
increasing solidification rate. The rod-like Sh, when
observed in transverse section, appeared triangular.
The eutectic system InSh-Sb was selected for the
studies due to the phase diagram showing perfectI

eutectic behavior between InSb and its constituent
element Sh, with total miscibility of the components
in the liquid state and very little solubility in the solid
state. The starting ingredients are accessible in the
high purities required for semiconductors, and the
eutectic composition occurs at almost equal
concentrations of InSb and Sb. When an InSh-Sb
melt of eutectic compound is cooled below eutectic
temperature, two phases crystallize simultaneously,
forming an undercooled liquid layer rich in Sb around
each crystallite. If excess Sb diffuses, a steady-state
crystallization process can be maintained, allowing
InSh crystallites and Sb crystallites to grow parallel
until solidified.

The eutectic spacing, a measure of the fraction
solidified within a droplet, indicates growth conditions
during recalescence. It increases after nucleation until
a transition zone, where droplet solidification is
nonadiabatic due to nonzero  undercooling.
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Fig.5. DSC curves for Sh-InSb eutectic composite.

The precise composition of an InSh ingot can
facilitate the examination of the pure constituent,
eliminating potential primary phase formation
effects. Melt spinning or rapid heat extraction
methods should be used with the eutectic alloy to
assess the impact of exceeding the theoretical
growth velocity limit for coupled growth.

The In-Sb binary system exhibits an eutectic
reaction, forming a dual phase mixture of InSb and
Sh, which serves as a crucial barrier for phonon
transport.

The study successfully improved the
thermoelectric performance of InSh-based alloys
by optimizing eutectic content, achieving an
unprecedented high ZT of 1.3 at 450°C K.

Pik. K DSC area Iz | G J2E
430.20C (pl) 9225 2520 endothermic
332.3'C {py §3.02 1.09 endothermic
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Differential scanning analysis (DSC) was used to
monitor the sample's exothermic or endothermic
behavior at high temperatures, revealing two
endothermic peaks at 459.2°C and 532.3°C. InSh-Sb
eutectic has a melting point of 532.3°C K. The In-Sh
phase diagram in Fig. 5 shows that peak p2
corresponds to InSb melting temperature, while peak
pl represents the melting point of the InSh-Sb
eutectic. The microstructure observation confirms an
InSb-Sb dual phase structure with Sb embedded in
InSb matrix, but no typical lamellar eutectic structure

was found.
|

g [

—=— InSb-Sb autectic
—e— InShi{malric)y

Measurements have been made of the electrical
and thermal conductivity (K) in relation to the alloys'
two phases' structural arrangement (Fig.6). There has
been a noticeable drop in the eutectic alloys' thermal
conductivity. The interaction of phonons with the
phase boundaries is most likely what causes the
decrease in K [12]. The eutectic, with a lower melting
point than its components, can reduce thermal
conductivity and enhance ZT by introducing a suitable
amount into the compound. Excess Sh was rationed to
form an eutectic-included composite microstructure
due to strong phonon scattering in the solid-liquid
interface and enhanced ZT when melted to liquid.
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Fig.6. Thermal conductivity of InSh and Sh-InSh eutectic composite

Fig.7 display the findings of investigations into the temperature dependences of the electrical conductivity
o(T) determined at the various mutual directions of current (I), magnetic field (B), and crystallization direction.
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Fig. 7. Temperature dependence of electric conductivity for InSb and the Sh-InSh composite

The presence of regular metal crystalline "kinetic coefficients [13-17]. Electrical conductivity

inclusions in the semiconductor matrix causes
anisotropy in the temperature dependence of the

rises in the I || x direction due to shorting action by
needle-shaped metallic inclusions, and it differs
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greatly from o(T) in the ILx direction. As the
temperature rises, the coefficient of conductivity
anisotropy falls, reaching ol//cL = 3.

3. CONCLUSIONS

With no change in morphology from rod-like to
lamellar, the study shows that rod size increases with

solidification rate. X-ray analysis of InSb-Sh, InSh-
MgsSh, eutectic materials shows single crystalline
development in both the Sh, MgsSh, and InSh matix,
parallel to the hexagonal axis. Before evaluating the
microstructure, metastable phases are found using X-
ray diffraction techniques. By monitoring liquids'
undercooling before to solidification, differential
scanning analysis enables microstructural assessment.
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EFFECT OF GAMMA IRRADIATION ON CRYSTAL STRUCTURE AND SURFACE
MORPHOLOGY OF CdixFexS THIN FILMS
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CdixFexS (x=0.03) solid solutions were synthesized and thin films were obtained on their base by the molecular beam
condensation method. The growth properties, crystal structure and surface morphology of thin films as well as effect of y-
irradiation on these properties were studied by XRD, SEM, EDX methods. XRD analysis showed that the orientation of crystal
planes changes after y-irradiation. It was determined that the peak intensity of the (101) plane of CdixFexS solid solutions
increased with the radiation dose. Sizes of crystallites increased after y-irradiation. XRD investigations demonstrate, that thin
films grown on glass substrates at substrate temperature Tsuv=470 K were polycrystalline structures and thin films grown at
substrate temperature Tsuv=670 K were monocrystalline structures.

Keywords: Solid Solution, Semimagnetic Semiconductor, SEM, XRD, EDX, y-radiation

PACS: 61.82.Fk, 78.30.Er
1. INTRODUCTION

Cadmium sulfide (CdS) with a bandgap of
2.44 eV is considered to be one of the semiconductor
compounds of II-VI group, and useful in solar cell
devices, thin film transistors, optoelectronic devices,
etc. making interesting material for application
purposes [1-6]. Thin films of CdS are more focused in
the production of electronic devices, photovoltaic cells
and optical detectors. In recent years, some research in
the field of magnetic materials has been directed to
obtain semiconductors with ferromagnetic properties at
room temperature. Semiconductor compounds 11-VI
group containing Mn, Fe, and Co ions have been
extensively studied for their properties as dilute
magnetic semiconductors or semimagnetic
semiconductors (SMSC) [7,8].

New class materials in which semiconductors are
doped with magnetic impurities are 1I-VI
semiconductors. SMSC s critical to the future of
electronic science because it combines elements of
semiconductors (charge) and magnetism (spin) into a
single material known as spintronics [9, 10].
Nowadays, it is impossible to imagine modern
electronics without thin films. Since devices are created
on the surface of crystals, including all structural
changes reflected in the parameters of devices, it is
necessary to obtain thin films with perfect crystal
structure and clean smooth surface. Meanwhile, one of
the urgent problems of modern physics is to obtain
radiation-resistant and radiation-sensitive materials

with stable physical properties. It should be noted that
due to the formation of radiation defects, changes in the
physical properties of materials that are most strongly
affected by ionizing radiation under certain conditions
are observed [11]. For this reason, it is important to
study the effect of ionizing radiation on the physical
properties of semiconductor materials. These materials
have many promising applications in solar cells,
optoelectronics, light amplifiers, light-emitting diodes,
laser diodes, photoelectrochemical cells, nanosensing,
and biomedical imaging [12-14].

CdixFexS thin films are of particular significance
in actual application and basic research. Some works
have been dedicated to the problem of physical
properties of Cdi.xFexS thin films [15,16]. The current
paper is about the investigation of the effect of y-
irradiation on the crystal structure and surface
morphology of Cdi.xFexS thin films.

2. MATERIAL AND METHOD

Synthesis of CdixFexS solid solutions was
obtained, therefore treatment of primary components:
cadmium, sulfur, iron. In order to clean electrolytic iron
covered with an oxide layer, we etch it in a solution of
distilled water and nitric acid (HNOs3) taken in a ratio
of 1:1, and then wash it in distilled water. We
accurately weigh the primary components on the VLA-
200 analytical scale. The following formula is used to
calculate the amount of substances:

Pcd = P-Acda'X | (AcdX + Arey + As2); (1)
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Pre = P-Are'y / (Aca'X + Arey + AsZ); 2
Ps=P-Asz/ (Acd'X + Are'y + AsZ) (3)

where, P — total weight of charging, Pcq —
cadmium weight, Pe. — Fe weight, Ps — sulfur weight,
A — atomic weight of element, x,y,z — atomic share of
Cd, Fe, S respectively.

It is noteworthy, which filling of drawn
components into recycled and thermally treated
ampoules is carried out in the same order. After
creating a vacuum of 1.10*Pa in the ampoules, its
mouth is separated from the absorption system by
melting and soldering, and then the process of synthesis
of the materials to be processed is carried out. The
ampoule set down in the horizontal furnace is heated to
the melting temperature of the solid solution at 100
degrees/hour, and the temperature increases by 50
degrees after keeping for 3 hours. When the required
temperature is obtained, the mixing mechanism is
periodically changed for 2 hours. Then the temperature
is reduced to Trs. The bulb is kept at this temperature
for 24 hours and the entire system is rotated
periodically to mix the alloy well. After the synthesized
samples undergo a homogeneous thermal treatment at
a temperature of 873+973 K for a week, the substance
quantity of 10 g of Cd1.xFexS (x=0.03) solid solutions is
calculated using the above formula.

Cdi<FexS (x=0.03) SMSC thin films of 1.5 um
thickness were deposited on cleaned glass substrates at
the rate of 0=18-20A/s by molecular beam
condensation technique in a vacuum of (1+2)10*Pa.
All technical details and preparation methodology are
reflected in our previous works [17,18].

The rate of condensation is controlled by the
temperature of the primary source. We can note that
additional S source evaporation was used in order to
obtain perfect film surface morphology without using
any samples. It can be seen from the XRD studies that
Cdi«FexS thin films develop in glass substrates at
T=470 K have a polycrystalline structure, and at the
substrate  temperature T=670 K they have a
monocrystalline structure.

Cdi«FexS (x =0.03) thin films were irradiated with
y- rays obtained from %°Co source of E=1.17 MeV,
E=1.33 MeV energies.

The structure and phase purity of the y-irradiated
films were examined by X-ray diffraction (XRD) at
room temperature using a BRUKER XRD D8
ADVANCE. The studies of surface morphology of Cd;-
«FexS (x=0.03) thin films were carried out the scan
electron microscope (SEM) JEOL/ JSM-6610.
According to the Energy Dispersive X-Ray Analysis
(EDX) technique, the chemical structure of these films
was analyzed using standard energy dispersive
analysis.

3. RESULTS AND DISCUSSIONS
On the characteristics of electronic devices are

relatively related to the surface morphology of crystals,
the study of external effects (temperature, pressure,

[
lighting, radiation, etc.) occupies the significant place

in diagnosing their surface. It is clear that radiation
technology is more dominant favorable methods for the
modification of semiconductor materials. Thus, by
irradiating the material, it is possible to control the
physical feature of these materials, as well as to predict
the properties of devices based on them. In this regard,
it is of great interest to study the changes in the surface
of the Cdi«FexS (x=0.03) thin films irradiated by y-
quanta. The results of SEM and XRD studies of
Cdi«FexS (x=0.03) thin films exposed to y-irradiation
(D,=10-+-100 kGy) are presented in this study.

The X-ray diffraction patterns of CdixFexS
(x=0.03) thin films are illustrated in figure 1 that
indicates the polycrystalline nature of films. High
intensity peaks of sample is given using Debye Scherrer
equation. According to the table 1, the XRD
measurement reveals that all the sharp diffraction peaks
(100), (002), (101), (102), (110), (103), (200), (112),
(201) and (202) confirmed face centered cubic structure
of CdixFexS with crystal lattice parameter of
a=b=4.1002 A, ¢=6.6568 A, y=120°. The crystallite
size (figure 1,a) of Cdi.xFexS (x=0.03) solid solutions
may be estimated from the width of the XRD peak
using Debye-Scherrer’s formula [19] given by

D = (0.9 1)/(B cos 6) (4)

where, D - is crystallite size, g - is full width at half
maxima (FWHM) of the peak intensity, 6 - is
diffraction angle in degrees and 4 - is the wavelength of
X-ray used (table 1).

The particle size for CdixFexS (x=0.03) thin films
was 15.20 nm.

It was studied effect of y-irradiation on crystal
structure of CdixFexS (x=0.03) thin films. XRD
patterns of Cd;xFexS (x=0.03) solid solutions on glass
substrate and irradiated by y- quanta (E=1.17 MeV,
E=1.33 MeV) with different doses (D,=10+100 kGy)
are shown in figurel,b. The diffraction pattern of y -
irradiated thin films with different doses D, < 100 kGy
revealed that the peak intensity of (100) plane of Cd..
xFexS increased with dose.

It can be seen that the number of planes aligned
along the (100) direction increased with y-irradiation.
The reason for this is that ©°Co y-rays are high-energy
electromagnetic waves. When the radiation dose D,=50
kGy+100 kGy, the surface energy becomes important
in the process of crystal growth. During the process,
atoms are easily attracted by the high surface energy
(100) crystal face and condense there, which can lead
to the predominance of the (100) plane [20,21]. XRD
analysis confirmed the change in orientation of the
planes after y-irradiation exposure.
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Figure 1. X-ray diffraction patterns of Cdi-xFexS (x=0.03) thin films: a) D,=0, b) D,=100 kGy.

Table 1.
The XRD measurements
FWHM, 8
Crystal system '
Ne|26 (deg) |~ (hkﬁl (deg)
1 27 100 0.15
2 28.2 002 0.15
3 30 101 0.15
4| 38.4 102 0.1
5 45 110 0.25
6 50 103 0.25
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Figure 2. SEM imagines of Cdi-xFexS (x=0.03) thin films.

Figure 3. Energy-dispersive X-ray spectrum of CdixFexS (x=0.03) solid solutions.

The SEM method was used to study the effect of !

y-irradiation on the surface morphology of CdixFexS
(x=0.03) thin films. The morphology of the Cd;.«FexS
thin films was analyzed by SEM method (figure 2).
Cdi«FexS (x=0.03) solid solutions were irradiated
with y-quanta at a dose of D,=100 kGy, which is caused
by the interaction of y-quanta with atoms in their paths
during irradiation. It was reveiled, that after vy-

irradiation, the Cdi«FexS crystallite size increased,

which is in profitable consent with the XRD results.
The elemental chemical composition was studied

using Energy Dispersive X- ray (EDX) analysis (figure

3)

The ratio of Cd: Fe: S is observed to be about 46.2
at %: 2.89 at %: 50.91 at % for films with x=0.03 which
indicated that the composition was nearly
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stoichiometric. The results did not deviate much from
the structure of starting precursor alloys.

4. CONCLUSION

In the current research, CdixFexS (x=0.03) solid
solutions were synthesized and thin films were
obtained on their basis by molecular beam
condensation method. We studied the effect of -
irradiation on growth properties of obtained thin films.
Properties of CdixFexS (x=0.03) solid solutions
exposed to 50, 100 and 150 kGy doses of y-rays from

0Co source were characterized by XRD, SEM, EDX
methods.

XRD analysis revealed that the peak intensity of
the (101) plane of CdixFexS increased with dose.
Crystallite size increased after y-irradiation. Finally, it
was realized, which is possible to control some crystal
properties with y-irradiation. The results obtained from
XRD investigation demonstrates, that thin films with
polycrystalline structure grow on glass substrates at
substrate temperature Tsy, =470 K, and monocrystalline
structure grow at substrate temperature Tsy, = 670 K.
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