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As-Se BİNAR XALKOGENİD ŞÜŞƏVARİ SİSTEMİNDƏ  

NEYTRON DİFRAKSİYA SƏPİLMƏSİNİN NƏTİCƏLƏRİNƏ 

ƏKS MONTE-KARLO MODELLƏŞMƏSİNİN TƏTBİQİ 

S.İ. MEHDİYEVA, A.İ. İSAYEV, R.İ. ƏLƏKBƏROV, A.Z. ABASOVA, 

N.N. EMİNOVA 

Azərbaycan Respublikası Elm və Təhsil nazirliyi,  Fizika İnstitutu, 

Azərbaycan,Bakı, Az 1073, H.Cavid, 131  

E-mail: Rahim-14@mail.ru 

İşdə As40Se60 şüşəvari tərkibi üçün parsial, yekun  quruluş əmsalları və cüt korrelyasiya funksiyaları analiz olunaraq sübut 

olunmuşdur ki, lokal quruluşun orta nizam oblastının əmələ gəlməsində Se-Se və As-Se  rabitələri  həlledici rol oynayır. 

As40Se60 tərkibinə məxsus neytron difraksiya səpilməsinin nəticələrinə Əks Monte-Karlo modelləşməsinin tətbiqi göstərir ki, 

As-Se-As və Se-As-Se şəklində bucaq paylanmalarında maksimal piklərin vəziyyəti θ=99 ± 3°   və  θ=98 ± 3°  tərtiblərinə 

uyğundur.  Bu nəticə lokal quruluş baxımından 3D -atomar və ya molekulyar konfiqurasiyada triqonal bipiramidal atomik 

konfiqurasiyanın mövcudluğu ilə izah olunur.  

1. GİRİŞ

Əks Monte-Karlo (ƏMK) modelləşməsi bilavasi-

tə neytron və rentgen difraksiyasının təcrübi məlumat-

ları əsasında maddənin atomar quruluşunun görüntüsü-

nü əldə etməyə imkan verir [1]. Tədqiqatlar göstərir ki, 

nizamsız quruluşlu maddələrdə digər tədqiqat metodla-

rı ilə lokal quruluş haqqında məhdud məlumatlar əldə 

etmək mümkündür [2]. Qeyd olunan belə nizamsız qu-

ruluşlu maddələrə mayelər, amorf və maqnit-nizamsız 

materiallar, termodinamik baxımdan qismən nizamsız 

kristallar və  fırlanma nizamsızlığına malik molekulyar 

qruplardan ibarət  olan maddələr daxildir. ƏMK model-

ləşməsi mahiyyətcə aşağıdakı kimi, yerinə yetirilir. 

Maddəni təşkil edən atomlar konfiqurasiyası ardıcıl ad-

dımlarla mümkün modifikasiyalara məruz edilərək mo-

delin tətbiqindən alınan nəticələrin təcrübi nəticələr ilə 

ən yaxşı uyğunluq təşkil etməsi şərti tənzimlənir [2]. 

Əksər metodlarda əsasən parsial paylanma funksiyası 

(PPF) və ya onun Furye çevrilməsinin (Rentgen və ya 

neytron şüalarının yekun difraksiya səpilməsinin təcrü-

bi əyrisinə bənzəyən) müəyyənləşdirilməsi xüsusi ma-

raq kəsb edir. Bu məlumatlar maddələrin yaxın-nizamlı 

atomar quruluşu, rabitə uzunluğu, atomun ən yaxın 

qonşularının sayı, mərkəzi atom ətrafında qonşuların 

laylanma örtükləri və  mövcud olan fluktuasiyalar haq-

qında informasiya əldə etməyə imkan verir [2]. Maye-

lər və amorf maddələrdə difraksiya səpilməsinin nəticə-

ləri əsasında atomar quruluş modelinə keçmək üçün 

ƏMK modelləşməsinin tətbiqinə ciddi zərurət vardır. 

Bu model qeyri-kristal maddələrin lokal quruluşu haq-

qında zəruri məlumatlar əldə etməyə imkan verir. Əsa-

sən simulyasiya prosesinin bütün mərhələlərində  mo-

delin idarə olunması üçün proqram və tədqiq olunacaq 

maddəyə məxsus təcrübi məlumatlar istifadə olunur 

[2]. ƏMK modelləşməsi əsasən paylanma funksiya-

sındakı ilk 3 pikdən alınan məlumatlar əsasında həyata 

keçirilir. Nəticədə, alınan model mövcud 3 pikdən daha 

uzaq məsafələrdə atomik quruluş haqqında dəqiq infor-

masiya əldə etməyə imkan verir [2].   

Məqalənin məqsədi As-Se binar xalkogenid şüşə-

vari sistemində neytron difraksiya səpilməsinin nəticə-

lərinə ƏMK modelləşməsinin tətbiqi sayəsində lokal 

quruluşun tədqiq olunmasıdr. 

2. TƏCRÜBƏNİN METODİKASI VƏ

MADDƏNİN SİNTEZİ 

As40Se60 xalkogenid şüşəvari tərkibinin sintezi or-

tasından tilinə perpendikulyar istiqamətdə yerləşən ox 

ətrafında  fırlanan silindrik soba üsulu ilə yerinə yeti-

rilmişdir. Sintez üçün tərkibə daxil olan xüsusi təmiz 

(99,9999%) elementlərdən müvafiq miqdarda elekton 

tərəzidə çəkib götürməklə, daxili diametri 1416 mm 

və havası 10-4 tor təzyiqə qədər sorulmuş kvars ampu-

laya doldurulmuşdur. Fırlanan soba üsulunun seçilməsi 

alınmış maddənin homogenliyini artırmaq məqsədi ilə 

nəzərdə tutulmuş və sintez prosesi 950C-dən yuxarı 

temperaturda  aparılmaqla bu temperaturda 12 saat ər-

zində saxlanılmışdır Sintez prosesinin sonunda xəlitə-

nin soyudulması sobanın sönmə rejimini əldə etdikdən 

sonra havada yerinə yetirilmişdir. Sintez olunan mad-

dənin sıxlığı aşağıdakı düstura əsasən hesablanmışdır. 
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       Burada ρ- sintez olunan maddənin, ρL- mayenin 

(distillə olunmuş su) sıxlığı, w0 və w isə maddənin ha-

vada və mayedə (suda) çəkiləridir. Hesablama zamanı 

mayenin (suyun) sıxlığı otaq temperaturunda 1 q/sm3-ə 

bərabər götürülmüşdür. Sintez olunan As40Se60 tərkibi-

nin sıxlığını ölçmək üçün piknometrik metoddan istifa-

də olunmuşdur. Təcrübənin dəqiqliyi ±0.02 q/sm3 tərti-

bindədir. Neytron difraksiya səpilməsində dair eksperi-

mentlər termal neytronlu Budapeşt Tədqiqat reaktorun-

da iki oxlu monoxromatik neytron difraktometrinin  

(dalğa  uzunluğu  λ0=1.068 Å və səpilmə vektoru 

Q=0.45÷9.8 Å−1) köməyi ilə yerinə yetirilmişdir  [3]. 

Tədqiqat zamanı istifadə olunan maddələr massiv hal-

mailto:Rahim-14@mail.ru
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dan  təqribən 3÷4 q miqdarında toz halına salınaraq dia-

metri 8mm,  hündürlüyü (h) 50 mm divarının qalınlığı 

0.07 mm olan vanadium tərkibli slindrik qablara doldu-

rulmuşdur. Aparılan bütün təcrübələr otaq temperatu-

runda yerinə yetirilmişdir. Tədqiqat zamanı quruluş 

faktorları  (S(Q)) xüsusi paket proqramların köməkliyi 

ilə neytron difraksiya təcrübələrinin nəticələrindən 

alınan məlumatların əsasında hesablanmışdır. Xüsusi  

paket  proqramlardan (The soft ware package RMC++
 

[http: //www. szfki. hu/ ~nphys / rmc ++/opening. html) 

[4] istifadə edərək neytron difraksiyası təcrübələrindən   

alınan ilkin məlumatlar əsasında tədqiq olunan nümu-

nələr üçün quruluş əmsalları (S(Q)) qiymətləndirilmiş-

dir. 

 

3. NƏTİCƏLƏR VƏ ONLARIN MÜZAKİRƏSİ 

 

Şəkil 1-də As40Se60 tərkibi üçün neytron difrak-

siyası səpilməsindən alınan quruluş əmsallarının (S(Q))  

təcrübi (simvollarla təsvir olunan) və modelin (qara 

xətlə təsvir olunan əyrilər ƏMK simulyasiyasının nə-

ticələridir) verdiyi spektral asılılıqları təsvir olunmuş-

dur.  

 
Şəkil1. Quruluş əmsalının səpilmə vektorundan asılı- 

            lığı. 

 
Şəkil 1-dən göründüyü kimi quruluş əmsalının (S(Q)) 

səpilmə vektorundan (Q) asılılığını təsvir edən bütün 

spektrlərdə Q-nün qiymətlərinin 1,2÷1,3 Å-1 intervalın-

da birinci kəskin difraksiya piki (BKDP) müşahidə 

olunur. Tədqiq olunan şüşəvari As40Se60 tərkibi üçün 

S(Q)-spektrinə məxsus səpilmə vektorunun (Q)-2.2, 

3.75 və 5.9 Å-1 qiymətlərində müşahidə olunan maksi-

mumlar lokal quruluşu öyrənən müəlliflərin [5, 6, 7]  əl-

də etdikləri nəticələrlə tamamilə uyğun gəlir. Şəkil 2-

də isə uyğun olaraq quruluş əmsallarının (S(Q)) təcrübi 

qiymətlərindən ƏMK simulyasiya nəticəsində hesabla-

nan yekun cüt korrelyasiya paylanması funksiyaları 

(G(r)) təsvir olunmuşdur.  

 

 
Şəkil 2. As40Se60 şüşəvari maddəsində yekun cüt  

             korrelyasiya paylanma funksiyası. 

 

Quruluş əmsalının (S(Q)) spektral asılılıqlarında-

kı BKDP-nin müşahidə olunması və həmçinin yekun 

(G(r)), parsial korrelyasiya  funksiyalarında (gij(r))  tək-

rarlanan zolaqların yaranması tədqiq olunan şüşəvari 

materiallarda orta nizam oblastının (ONO) mövcudlu-

ğu ilə əlaqələndirilir. Təkrarlanan maksimumlu zolaq-

lara malik olan yekun cüt korrelyasiya funksiyasında 

(G(r)) müşahidə olunan maksimumların vəziyyəti isə 

koordinasiya sferalarının radiuslarına uyğun gəlir. Ba-

xılan maddənin lokal quruluşuna məxsus ONO-nın for-

malaşmasında müxtəlif kimyəvi rabitələrin rolunun ay-

dınlaşdırılması və o cümlədən rabitə uzunluğu və orta 

koordinasiya ədədinin (Z) müəyyənləşdirilməsi məqsə-

di ilə ƏMK simulyasiyası tətbiq olunaraq parsial qu-

ruluş əmsalları (Sij(Q)) və parsial cüt korrelyasiya funk-

siyaları (gij(r)) hesablanaraq nəticələr şəkil 3 və şəkil 4-

də təsvir olunmuşdur.

  

 
Şəkil 3. As40Se60 tərkibini əmələ gətirən As-As, As-Se və Se-Se kimyəvi rabitələri üçün parsial quruluş əmsalları: 

            SAs-As(Q)(a), SAs-Se(Q)(b) və SSe-Se(Q)(c).  

 
Parsial quruluş əmsallarının (Sij(Q)) bütün pay-

lanma spektrlərində BKDP müşahidə olunur ki, bu  da 

mümkün olan müxtəlif As-As, As-Se və Se-Se kimyəvi 

rabitələrin varlığı ilə əlaqədardır. Şəkil 4-dən də görün-

düyü kimi, bütün tədqiq olunan tərkib üçün As-As, As-

Se Se-Se əlaqələrinə məxsus cüt korrelyasiya funksiya-

ları (gij(r)) bir neçə maksimuma malikdir. Daha yüksək 

intensivliyə malik olan birinci pik tədricən növbələ-

şərək intensivliyi azalmaqda davam edən qonşu mə-

safələrdə  2-ci və 3-cü və.s piklərin yaranması ilə biruzə 
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verir. Nəzərə almaq lazımdır ki, bu halda As-As kor-

relyasiyasına məxsus piklər müvafiq olaraq radial mə-

safənin 2.45 Å, 3.5÷3.6Å, 5.2÷5.8Å qiymətlərinə uy-

ğundur. Həmçinin As-Se korrelyasiyasına uyğun gələn 

birinci iki pikin vəziyyəti təqribən As-As rabitələrinin 

vəziyyəti ilə uyğunluq təşkil edir. Cüt korrelyasiya pay-

lanması funksiyasında üçüncü pik r~4.4÷4,6 Å interva-

lında yerləşir. Nəhayət, Se-Se korrelyasiyalarına uyğun 

gələn birinci pik 2.35 Å-də, ikinci pik ilk iki tərkib üçün 

3,55 Å-də, uyğun üçüncü zəif pik isə 4,75 Å-də uyğun 

gəlir. As40Se60-ə məxsus olan kimyəvi rabitələrin uzun-

luqları üçün alınan qiymətlər bu sahədə tədqiqat aparan 

müəlliflərin [5,6,7] əldə etdikləri nəticələrlə  kifayət qə-

dər uyğunluq təşkil edir. Təqiqatlar göstərir ki, binar 

xalkogenid şüşələrdə BKDP-nin vəziyyəti Q~1÷1.5 Å-

1–intervalında yerləşir. 

Digər müəlliflər [8] tərəfindən alınan nəticələrə 

görə Se-Se və As-As, As-Se, korrelyasiyalarına uyğun 

olan cüt parsial korrelyasiya funksiyalarının  (gSe-Se, gAs-

As , gAs-Se ) qrafiklərində müşahidə olunan ikinci piklər 

(r=0.364 nm) isə AsSe3/2 –piramidal quruluş element-

ləri arasındakı korrelyasiyaya uyğun gəlir. Selen və ar-

senin ətrafında ən yaxın birinci qonşu atomlaradək 

məsafələr isə ~0,24±0,02 nm tərtibində müəyyən olun-

muşdur ki, bu da yaxın nizamlılığın  varlığı ilə izah 

olunur [9]. Nəticələr onu deməyə imkan verir ki, bütün 

tərkiblərdə BKDP-nin intensivliyi xalkogenin atomar 

kütləsindən asılı olub daha çox kation-kation əlaqələ-

rindən asılıdır. Beləliklə, parsial və yekun korrelyasiya 

funksiyalarının müşahidə olunan xüsusiyyətləri ONO-

nın əmələ gəlməsində Se-Se və As-Se korrelyasiyaları-

nın həlledici rol oynadığını birmənalı olaraq sübut edir. 

Bu nəticələr lokal quruluşun birinci koordinasiya sfe-

rasına daxil olan ən yaxın qonşu atomlar arasındakı 

rabitələrin  bucağa  görə paylanma  əyrisində də öz 

əksini tapır (şəkil 5). 

 

 
    Şəkil 4. As40Se60-şüşəvari tərkibi üçün  cüt parsial korre- 

       lyasiya funksiyaları: gAs-As(r), gAs-Se(r)və gSe-Se(r).  

 

  

 
Şəkil5. As40Se60 şüşəvari tərkibində əks Monte Karlo modelləşməsindən alınan rabitə bucaq paylanmaları. 

 

 
 

Şəkil 6. 3D -atomar və ya molekulyar konfiqurasiyada  As40Se60  maddəsinin lokal  quruluşunun təsviri.  

 

 

Məqalədə tədqiq olunan As40Se60 binar tərkibi 

üçün ƏMK simulyasiyasının köməyi ilə, lokal quru-

luşun birinci koordinasiya sferasına daxil olan ən yaxın 

qonşu atomlar arasındakı rabitələrin bucağa (θ və ya 

cos θ)   görə  paylanması hesablanmışdır (şəkil 5). Şəkil 

5-də təsvir olunan bucaq paylanma funksiyası üç hədli 

korrelyasiya funksiyasıdır. Burada θ- isə birinci koor-

dinasiya sferasında yerləşən iki atom arasında mini-

mum və maksimum astana məsafələri məlum olduqda  

rabitələr arasındakı bucağı müəyyənləşdirir. Qrafikin 

ordinat oxunda təsvir olunan P(θ)-isə θ-rabitə bucaqları 

atlında olan atomların paylanma ehtimalı sıxlığıdır. 
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Onun normallaşdırılmış qiyməti yəni, yekun ehtimallı-

lıq vahidə bərabərdir. Tədqiq olunan maddədə atomla-

rın rabitə bucaqlarına görə paylanma funksiyalarının 

hesablanması atomik konfiqurasiyadan müəyyən olu-

nan cüt parsial korrelyasiya funksiyalarında birinci ko-

ordinasiya sferasına uyğun olan pikdən sonra gələn 

ikinci pikin minimumuna uyğun  rmax≈3.8 Å məsafəsi 

nəzərə alınaraq yerinə yetirilmişdir. Stexiometrik 

As40Se60-tərkibi üçün ƏMK- modelləşməsinin tətbiqi 

nəticəsində alınan As-Se-As və Se-As-Se şəklində bu-

caq paylanmaları göstərir ki, maksimal piklərin vəziy-

yəti θ=99 ± 3°   və  θ=98 ± 3° tərtibindədir (şəkil 5).  

Alınmış nəticələrdən məlum olur ki, rabitə  bucaqları-

nın qeyd olunan qiymətləri əsasən lokal quruluş baxı-

mından triqonal bipiramidal atomik konfiqurasiyaya 

uyğun gəlir. 

Şəkil 2 və  şəkil 4-də təsvir olunan parsial quruluş 

əmsallarının (Sij(Q)) və cüt parsial korrelyasiya funk-

siyalarının (gij(r)) nəticələrinə əks Monte Karlo simu-

lyasiyasının tətbiqi nəticəsində 3D -atomar və ya mole-

kulyar konfiqurasiyada binar As40Se60 maddənin quru-

luşunun təsvir olunması (şəkil 6.)  onların yaxın, orta 

nizam quruluşu haqqında dolğun təsəvvür əldə etməyə 

imkan vermişdir. 

Əks Monte Karlo simulyasiyası [4] işində təqdim 

olunan proqram paketi The software package RMC++ 

[http://www.szfki.hu/~nphys/rmc++/opening.html] ilə 

edilmişdir. Simulyasiyanın nəticələrindən və təcrübə-

dən alınan quruluş əmsallarının (S(Q)) ədədi qiymətləri 

arasındakı fərq  olduqca minimumdur. As40Se60 tərkibi 

üçün ilkin nizamsız atomar konfiqurasiyada 10.000 

atomdan ibarət kubik simulyasiya qutusu götürülmüş-

dür. Əvvəlcə, simulyasiya qutusunda arsenium atomla-

rının sayı 4000 (As), selen atomlarının sayı 6000 (Se), 

atomik sıxlıq  0.0355 atoms/Å3 və  simulasiya qutusu-

nun yarım uzunluğu 34.668 Å olmuşdur. Lakin sonrakı 

mərhələdə simulyasiya  qutusunda atomar  konfiqura-

siyanın aydın mənzərəsinə nail olmaq üçün seçilmiş 

tərkibin bütün elementləri üçün atomların sayı iki dəfə 

azaldılaraq atomlarının sayı 5000 olan konfiqurasiya 

əldə olunmuşdur. Simulyasiyanın reallaşdırılması və 

3D -atomik və ya molekulyar konfiqurasiynın əldə 

olunması üçün iki növ məhdudiyyət, cüt atomların mər-

kəzləri arasında minimal məsafə (cut-off distances) və 

rabitə məhdudiyyəti əsas götürülərək cüt parsial korre-

lyasiya funksiyalarının (gij (r)) radial paylanma əyrilə-

rindən As-As, As-Se, Se-Se atomar cütlər arasındakı  

astana  məsafələri uyğun olaraq 2.32 ± 0.1 Å, 2.35 ± 0.1 

Å, 2.25 ±0.1 Å şəklində  təyin  olunmuşdur. Kubik kon-

fiqurasiyada ən yaxşı paylanma mənzərəsini əldə etmək 

üçün simulyasiya qutusunda təsadüfi hərəkətin maksi-

mal addımı 0.2 Å seçilmişdir. Alınan nəticələr AsSe3/2 

–piramidal quruluş elementləri arasındakı korrelyasiya 

ilə izah olunur. 

 

XÜLASƏ 
 

Məqalədə As40Se60 tərkibi üçün neytron difrak-

siyası səpilməsindən alınan quruluş əmsallarının (S(Q))  

təcrübi və modelin verdiyi spektral asılılıqları tədqiq 

olunmuşdur. Parsial quruluş əmsalları (Sij(Q)) və cüt 

parsial korrelyasiya funksiyalarının (gij (r)) nəticələrinə 

əks Monte Karlo simulyasiyasının tətbiqi nəticəsində 

3D -atomar və ya molekulyar konfiqurasiyada binar 

As40Se60 maddəsinin lokal quruluşunun təsviri onların 

yaxın, orta nizam quruluşu haqqında dolğun təsəvvür 

əldə etməyə imkan vermişdir. Tədqiq olunan maddədə 

As-Se-As və Se-As-Se şəklində bucaq paylanmaları 

göstərir ki,  maksimal piklərin vəziyyəti θ=99 ± 3° və  

θ=98±3° tərtiblərinə uyğundur. Maddədə rabitə  bucaq-

larının qeyd olunan qiymətləri əsasən lokal quruluş ba-

xımından triqonal bipiramidal atomik konfiqurasiyala-

rın mövcudluğunu  sübut edir. 
 

__________________________________ 
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S.I. Mekhtiyeva, A.I. Isayev, R.I. 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 As₄₀Se₆₀ 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 As₄₀Se₆₀ composition shows that the 

positions of the maximum peaks in the angular distributions of As–Se–As and Se–As–Se correspond to θ = 99 ± 3° and θ = 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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Giriş 
 

Nəzəri fizika sahəsində aparılan tədqiqatlarda 
sonlu temperaturda hadronların davranışının öyrənil-
məsi, həm mezon və barionların fenomelogiyasını, həm 
də güclü qarşılıqlı təsirlərin təməl prinsiplərini izah 
edən Kvant Xromodinamikası (KXD) nəzəriyyəsinin 
başa düşülməsinə böyük töhfə verir [1-19]. Hadronların 
daxili strukturunu və dinamikasını anlamaq üçün illər 
ərzində müxtəlif nəzəri modellər hazırlanmışdır. Bu 
modellər, fərqli fiziki şərtlər və enerji səviyyələrində 

hadronların davranışını təsvir etməyə imkan verir [16, 
17]. Bu kontekstdə Anti deSitter/Konform Sahə Nəzə-
riyyəsi (AdS/KSN) [1, 2] duallığına əsaslanan holoqra-
fik KXD (AdS/KXD) modelləri  xüsusilə əhəmiyyətli-
dir. AdS/KSN uyğunluğu bir-birindən tamamilə fərqlə-
nən d və d+1 ölçülü iki nəzəriyyə arasında uyğunluq 
yaradır. Bu nəzəriyyələrdən biri Kalibrləmə Sahə Nə-
zəriyyəsi (KSN), digəri isə AdS fəzasında yerləşən qra-
vitasiya nəzəriyyəsidir. İki nəzəriyyə arasında uyğun-
luq şəkil 1-də təsvir olunmuşdur. 

 

 
Şəkil 1. AdS/KSN uyğunluğunun təsviri [15] 

 
Holoqrafik modellər KXD-nin güclü qarşılıqlı tə-

sir rejimini öyrənmək üçün əlverişlidir, çünki onlar 
həm kiçik, həm də böyük impuls ötürülmə intervalını 
əhatə edir. AdS/KXD çərçivəsində yumşaq divar mo-
deli hadronların daxili strukturunu, mezon və barion-
ların spektrini və qarşılıqlı təsirlərini, həm vakuumda, 
həm də isti mühitdə təsvir etməyə imkan verir [11–14]. 
Mühitin temperaturunun hadronların fiziki kəmiyyətlə-
rinə təsirləri isə yumşaq divar modelinə temperaturdan 
asılı dilaton sahəsi daxil edilməklə öyrənilir (termal 
yumşaq divar modeli) [3, 15]. Bu yanaşma, hadron 
strukturlarının temperaturun təsirindən necə dəyişdiyi-
ni, form faktorlardan tutmuş kütləyə, radiusa və mezon-
barion qarşılıqlı təsir sabitlərinə qədər bir çox əhəmiy-
yətli fiziki kəmiyyətləri  hesablamağa imkan verir [3-
16]. Termal yumşaq divar modeli xüsusilə pion kimi 
yüngül psevdoskalara diqqət yetirir, çünki pion KXD-
də spontan kiral simmetriya pozulmasının pseudo-
Qoldstoun zərrəciklərindən biridir və onun xüsusiyyət-
ləri nəzəri modellərin doğruluğunu yoxlamaq üçün ide-
aldır [14]. Pionun form faktoru, kütləsi, yük radiusu, 

parton paylanma funksiyası (PPF), qismən ümumi pay-
lanma funksiyası (ÜPF) və pion-barion qarşılıqlı təsir 
sabitlərinin temperaturdan asılılığı KXD-nin aşağı 
enerji dinamikasını və hadronların isti mühitdə davranı-
şını öyrənmək üçün vacibdir. Bu biliklər yalnız ağır ion 
toqquşmaları və nüvə fizikasında deyil, həm də neytron 
ulduzları və kosmik strukturların formalaşması kimi 
astrofizik hadisələrdə də tətbiq edilir [14]. Yumşaq di-
var modelinin əsas üstünlüyü odur ki, o, həm vakuum-
da, həm də sonlu temperatur mühitində hadronların di-
namikasını realistik şəkildə təsvir edə bilir, həmçinin 
müxtəlif form faktorları və qarşılıqlı təsir sabitlərini he-
sablayaraq KXD-nin qeyri-perturbativ sahəsini tədqiq 
etməyə imkan verir. 

 
Pion-nuklon-Δ-barion qarşılıqlı təsir sabiti 
 

İndi biz termal yumşaq divar modelində pion-
nuklon-∆-barion keçid qarşılıqlı təsir sabitinin  sonlu 
temperaturda ifadələrini çıxarırıq.  

mailto:n.nesibli88@gmail.com
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Şəkil 2. Pionun nuklon və ∆-barionla virtual foton vasitəsilə qarşılıqlı təsirini göstərən diaqram [14]. 

 
Biz pion-nuklon-∆-barion qarşılıqlı təsir sabitinin 

ifadələrini almaq üçün əvvəlcə yumşaq-divar modelin-
də 𝐴𝐴𝐴𝐴𝐴𝐴 fəzası daxilindəki 𝛥𝛥-barion və nuklon sahələ-
rinin psevdoskalyar sahə ilə qarşılıqlı təsirinə uyğun 𝑆𝑆 
təsirinin ifadəsini aşağıdakı şəkildə yazırıq: 
 
𝑆𝑆 = ∫𝑑𝑑4𝑥𝑥𝑥𝑥𝑥𝑥  𝑒𝑒−𝐾𝐾𝑇𝑇

2𝑟𝑟2�𝑔𝑔ℒ𝜋𝜋𝜋𝜋∆(𝑥𝑥, 𝑟𝑟,𝑇𝑇).    (1) 
 

Burada 𝑥𝑥- Minkovski koordinatını, 𝑟𝑟-isə 𝐴𝐴𝐴𝐴𝐴𝐴 fəzasının 
5-ci koordinatını ifadə edir və  tısbağa koordinat adlanır 
[3-15]. ℒ𝜋𝜋𝜋𝜋∆(𝑥𝑥, 𝑟𝑟,𝑇𝑇)-hadron qarşılıqlı təsir laqranjianı, 
�|𝑔𝑔| = 𝑅𝑅2

𝑟𝑟2
≡ 𝑒𝑒2𝐴𝐴(𝑟𝑟) olmaqla AdS fəzasının metrikası-

nın determinanatı [15], R=1  AdS fəzasının radiusudur. 
Temperaturdan asılı dilaton sahəsi 𝜑𝜑(𝑟𝑟,𝑇𝑇) aşağıdakı 
şəkildə verilir: 

𝜑𝜑(𝑟𝑟,𝑇𝑇) = 𝐾𝐾𝑇𝑇2𝑟𝑟2,                     (2) 
 

𝐾𝐾𝑇𝑇2 = (1 + 𝜌𝜌𝑇𝑇)𝑘𝑘2,                  (3) 
 

𝜌𝜌𝑇𝑇 = �9𝛼𝛼𝛼𝛼
2

16
−

𝑁𝑁𝑓𝑓
2−1

𝑁𝑁𝑓𝑓
� 𝑇𝑇2

12𝐹𝐹2
+ −

𝑁𝑁𝑓𝑓
2−1

2𝑁𝑁𝑓𝑓
2 �

𝑇𝑇2

12𝐹𝐹2
�
2

.      
(4) 

 
Burada, k=0.401 olmaqla model parametri, 𝑁𝑁𝑓𝑓 =
2, 3, 4 … kvark rayihə parametri, 𝐹𝐹 = 0.087 𝐺𝐺𝐺𝐺𝐺𝐺 pion 
parçalanma sabiti və 𝛼𝛼 = 0, 0.1, 0.2 … olmaqla kiçik 
qiymətlər alan sərbəst parametrdir. 

Sonlu temperaturda nuklon-∆-barion keçid cərə-
yanlarının qarşılıqlı təsir laqranjianı T=0 halına uyğun 
olaraq aşağıdakı şəkildə yazılır [16]: 

 
           ℒ𝜋𝜋𝑁𝑁∆

(0) = 𝛼𝛼1�𝛹𝛹�1𝑀𝑀(𝑥𝑥, 𝑟𝑟,𝑇𝑇)𝛤𝛤𝑁𝑁(𝐹𝐹𝐿𝐿)𝑀𝑀𝑀𝑀(𝑥𝑥, 𝑟𝑟,𝑇𝑇)𝑁𝑁1(𝑥𝑥, 𝑟𝑟,𝑇𝑇) −
                                   − 𝛹𝛹�2𝑀𝑀(𝑥𝑥, 𝑟𝑟,𝑇𝑇)𝛤𝛤𝑁𝑁(𝐹𝐹𝑅𝑅)𝑀𝑀𝑀𝑀(𝑥𝑥, 𝑟𝑟,𝑇𝑇)𝑁𝑁2(𝑥𝑥, 𝑟𝑟,𝑇𝑇)�.                                           (5) 

 
Burada, 𝛹𝛹(𝑥𝑥, 𝑟𝑟,𝑇𝑇)-∆-barion, 𝑁𝑁(𝑥𝑥, 𝑟𝑟,𝑇𝑇) isə nuklon da-
xili sahələrini təsvir edir. Temperaturdan asılı 5-ölçülü 
𝑁𝑁1(𝑥𝑥, 𝑟𝑟,𝑇𝑇) və 𝑁𝑁2(𝑥𝑥, 𝑟𝑟,𝑇𝑇) spinorları  (eyni qayda ilə ∆-
barionlar üçün  𝛹𝛹1,2(𝑥𝑥, 𝑟𝑟,𝑇𝑇) və  𝛹𝛹���1,2(𝑥𝑥, 𝑟𝑟,𝑇𝑇)) aşağıdakı 

şəkildə Furye çevirməsi vasitəsilə impuls fəzasında 
temperaturun təsirinin nəzərə alınmadığı hala uyğun 
olaraq yazılır:  

 
𝑁𝑁1,2(𝑥𝑥, 𝑟𝑟,𝑇𝑇) = 𝑁𝑁1𝐿𝐿,2𝐿𝐿(𝑥𝑥, 𝑟𝑟,𝑇𝑇) +  𝑁𝑁1𝑅𝑅,2𝑅𝑅(𝑥𝑥, 𝑟𝑟,𝑇𝑇) =

            + 1
(2𝜋𝜋)4 ∫ 𝑑𝑑

4𝑝𝑝′ 𝑒𝑒−𝑖𝑖𝑖𝑖𝑖𝑖[𝐹𝐹1𝐿𝐿,2𝐿𝐿(𝑟𝑟,𝑇𝑇)𝑢𝑢𝐿𝐿(𝑝𝑝)𝐹𝐹1𝑅𝑅,2𝑅𝑅(𝑟𝑟,𝑇𝑇)𝑢𝑢𝑅𝑅(𝑝𝑝)], 
 
                                 𝑁𝑁�1,2(𝑥𝑥, 𝑟𝑟,𝑇𝑇) = 𝑁𝑁�1𝐿𝐿,2𝐿𝐿(𝑥𝑥, 𝑟𝑟,𝑇𝑇) + 𝑁𝑁�1𝑅𝑅,2𝑅𝑅(𝑥𝑥, 𝑟𝑟,𝑇𝑇)  =
                                   + 1

(2𝜋𝜋)4 ∫ 𝑑𝑑
4𝑝𝑝′ 𝑒𝑒𝑖𝑖𝑖𝑖′𝑥𝑥[𝐹𝐹1𝐿𝐿,2𝐿𝐿

∗ (𝑟𝑟,𝑇𝑇)𝑢𝑢�𝐿𝐿(𝑝𝑝′) 𝐹𝐹1𝑅𝑅,2𝑅𝑅
∗ (𝑟𝑟,𝑇𝑇)𝑢𝑢�𝑅𝑅(𝑝𝑝′)].                        (6)   

     
  Burada, 𝐹𝐹1𝐿𝐿,2𝐿𝐿(𝑟𝑟,𝑇𝑇) və 𝐹𝐹1𝑅𝑅,2𝑅𝑅(𝑟𝑟,𝑇𝑇) nuklonlar üçün 
(𝑓𝑓1𝐿𝐿,2𝐿𝐿(𝑟𝑟,𝑇𝑇) və 𝑓𝑓1𝑅𝑅,2𝑅𝑅(𝑟𝑟,𝑇𝑇) ∆ barionlar üçün) sonlu 
temperaturda sol və sağ profil funksiyalardır. 𝑢𝑢𝐿𝐿 və 𝑢𝑢𝑅𝑅 
isə Dirak matrisləri ilə ifadə olunan uyğun sol və sağ 
udulma və doğulma operatorıdır. p-zərrəciyin 4–ölçülü 

impulsudur [15]. (6) ifadəsindən görünür ki, 5-ölçülü 
nəzəriyyədə spinorlar, 4-ölçülü sahə operatorları ilə 
ifadə olunurlar. Spinorların (6), Dirak matrislərini [15] 
(1) ifadəsində nəzərə alaraq müəyyən hesablamalardan 
sonra sonlu temperaturda 𝜋𝜋-mezon-nuklon-∆  keçidini 
təsvir edən təsir üçün 

 

𝑆𝑆𝜋𝜋𝑁𝑁∆0 (𝑇𝑇) = �𝑑𝑑4𝑝𝑝 𝑑𝑑4𝑝𝑝′𝑢𝑢 �𝛾𝛾𝜇𝜇𝑢𝑢 𝑀𝑀𝜇𝜇(𝑞𝑞,𝑇𝑇)� 𝑑𝑑𝑑𝑑 𝑒𝑒−𝜑𝜑(𝑟𝑟,𝑇𝑇) [ 
∞

0

1
𝑟𝑟2
𝑓𝑓0ˊ(𝑟𝑟,𝑇𝑇) 

∗ �𝑘𝑘1(𝐹𝐹1𝐿𝐿
(𝑛𝑛)∗(𝑟𝑟,𝑇𝑇)𝑓𝑓1𝑅𝑅

(𝑚𝑚)(𝑟𝑟,𝑇𝑇) − 𝐹𝐹2𝐿𝐿
(𝑛𝑛)∗(𝑟𝑟,𝑇𝑇)𝑓𝑓2𝑅𝑅

(𝑚𝑚)(𝑟𝑟,𝑇𝑇)�                         (7) 
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inteqral ifadəsi alınır. 𝑓𝑓0 (𝑟𝑟,𝑇𝑇)-pion profil funksiyası-
dır. 𝑆𝑆𝜋𝜋𝑁𝑁∆

(0) (𝑇𝑇) təsiri müəyyən hesablamalardan sonra və 
holoqrafik uyğunluq prinsipinin uyğun bərabərliyində 
 𝑍𝑍𝐾𝐾𝐾𝐾𝐾𝐾(𝑇𝑇) = 𝑒𝑒𝑆𝑆𝜋𝜋𝑁𝑁∆

𝑛𝑛𝑛𝑛 (𝑇𝑇) =  𝑍𝑍𝐴𝐴𝐴𝐴𝐴𝐴(𝑇𝑇)  şəklində nəzərə alı-
nır. Daha sonra mezon sahəsinin vakuum qiymətinə gö-
rə variasiya alınaraq, sonlu temperaturda 𝐽𝐽𝜇𝜇(𝑝𝑝′,𝑝𝑝,𝑇𝑇) =

𝑔𝑔𝜋𝜋𝑁𝑁∆ (𝑇𝑇)𝑢𝑢�(𝑝𝑝′)𝛾𝛾𝜇𝜇𝑢𝑢(𝑝𝑝)  şəklində nuklon-𝛥𝛥-barion cərə-
yanı tapılır [16]. 4-ölçülü cərəyanın 5-ölçülü cərəyanla 
müqayisəsindən 𝑔𝑔𝜋𝜋𝑁𝑁∆ (𝑇𝑇) qarşılıqlı təsir sabitinin ayrı-
ayrı hədləri üçün aşağıdakı şəkildə inteqral ifadələr 
alınır: 

 

𝑔𝑔𝜋𝜋𝑁𝑁∆𝑛𝑛𝑛𝑛 (𝑇𝑇) = � 𝑑𝑑𝑑𝑑 𝑒𝑒−𝜑𝜑(𝑟𝑟,𝑇𝑇) [ 
∞

0

1
𝑟𝑟2
𝑓𝑓0ˊ(𝑟𝑟,𝑇𝑇) �𝑘𝑘1(𝐹𝐹1𝐿𝐿

(𝑛𝑛)∗(𝑟𝑟,𝑇𝑇)𝑓𝑓1𝑅𝑅
(𝑚𝑚)(𝑟𝑟,𝑇𝑇) − 𝐹𝐹2𝐿𝐿

(𝑛𝑛)∗(𝑟𝑟,𝑇𝑇)𝑓𝑓2𝑅𝑅
(𝑚𝑚)(𝑟𝑟,𝑇𝑇)�. 

 (8) 
Burada  𝑓𝑓0(𝑟𝑟) = √2 𝐾𝐾𝑇𝑇2𝑟𝑟3 əsas hal üçün 𝜋𝜋-mezonun 

profil funksiyası [14],  𝑛𝑛𝑛𝑛 indeksləri başlanğıc və son 

barionların halını göstərir. Sonlu temperaturda əsas 

halda olan sol barion profil funksiyaları Lager polinom-

ları ilə 𝑓𝑓1𝐿𝐿,2𝐿𝐿
(𝑚𝑚) (𝑟𝑟,𝑇𝑇) = 𝐹𝐹1𝐿𝐿,2𝐿𝐿

(𝑛𝑛)∗ (𝑟𝑟,𝑇𝑇) = √2𝐾𝐾𝑇𝑇3𝑟𝑟
5
2𝑒𝑒

−𝜑𝜑(𝑟𝑟,𝑇𝑇)
2   və 

𝑓𝑓1𝑅𝑅,2𝑅𝑅
(𝑚𝑚) (𝑟𝑟,𝑇𝑇) = 𝐹𝐹1𝑅𝑅,2𝑅𝑅

(𝑛𝑛)∗ (𝑟𝑟,𝑇𝑇) = √2𝐾𝐾𝑇𝑇2𝑟𝑟
3
2𝑒𝑒

−𝜑𝜑(𝑟𝑟,𝑇𝑇)
2 𝐿𝐿12(𝐾𝐾𝑇𝑇2𝑟𝑟2) 

ifadələrinə malikdir. Biz əsas hala baxdığımızdan 

m=n=0. (8) ifadəsini r-ə görə inteqralladıqdan sonra 

alınan qarşılıqlı təsir sabitinin temperaturdan asılılığı 

kvark rayihə parametri olan 𝑁𝑁𝑓𝑓-in müxtəlif qiymətlə-

rində şəkil 3-dəki kimi tapılmışdır. 

 

 
 
Şəkil 3. Pion-nuklon-∆-barion və normallaşmış pion-nuklon-∆-barion 𝑔𝑔𝜋𝜋𝜋𝜋𝜋𝜋(𝑇𝑇) qarşılıqlı təsir sabitinin temperaturdan asılılığı 
 
Nəticə 
 

Biz temperaturdan asılı pion –Δ-barion qarşılıqlı 
təsir sabiti üçün nəzəri ifadəni hesabladıq. Gözlənildiyi 
kimi, biz bu sabitin ədədi qiymətinin temperatur artdıq-
ca azaldığını və hadronların kvark-qlüon plazmasına 
faza keçidi etdiyi konfaynment-dekonfaynment tempe-
raturuna yaxın temperaturda yoxa çıxdığını tapırıq. 
Həmçinin, kvark rayihə sayının artması ilə kritik tem-
peraturun qiyməti azalır. 𝑁𝑁𝑓𝑓-in azalması, kvarkların tə-
min etdiyi fermionik ekranlaşdırmanı zəiflədir, bu isə 
aşağı enerjilərdə qarşılıqlı təsir sabitini gücləndirir və 
faza keçidi üçün lazım olan kritik temperatur yüksəlir. 
Bu nəticələr digər modellər və təcrübi müşahidələrlə 

yaxşı müqayisə olunur. AdS/KXD-nin termal yumşaq-
divar modelinin maraqlı bir ümumiləşdirməsi, qara də-
lik əvəzinə, AdS fəzasında bir holoqrafik neytron uldu-
zunu nəzərdən keçirmək olardı. Bu cür holoqrafik kom-
pozitlər AdS/KSN-nin ümumi kontekstində araşdırıl-
mışdır [17]. AdS fəzasındakı belə bir ulduza daxili  fə-
zada holoqrafik uyğun anlayış güclü qarşılıqlı təsirdə 
olan sonlu-temperaturlu kvant mayesi olardı. Bundan 
əlavə, belə bir neytron ulduzunun qara dəliyə  çev-
rilməsi, sərhəddəki KXD-də faza keçidi vasitəsilə kiral 
simmetriyanın pozulmasına gətirib çıxaran mexanizm 
holoqrafik dual olardı. Eyni şəkildə, Taub-NUT-AdS-
dəki qara halqaların [18] və ya parçalanmış AdS 
həndəsələrinin [19] 

(hər ikisi asimptotik olaraq AdS-dir) AdS/KXD 
duallığı araşdırıla bilər ki, KXD maddəsinin yüksək 
dolaşıqlığa malik topoloji fazalarına uyğun gələr. 

__________________________________ 
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Polietilen və onun əsasında müxtəlif faizlərdə nanogil əlavə edilmiş nanokompozitlərin mexaniki (σ) möhkəmliyinə 
elektrik boşalmasının və bir ox boyunca uzanma dərəcəsindən asılı olaraq oriyentasiyanın təsiri tədqiq edilmişdir. Xarici 
amillərin təsiri ilə quruluşda baş verə bilən dəyişikliklə infraqırmızı spektrometri ilə qeydə alınmış və σ ilə qraşılaşdırılmışdır. 
Köhnəlmədən sonra makromolekulları əmələ gətirən atomlararası kimyəvi rabitələrin qırılması nəticəsində karbonil qruplar 
(C=O) yaranır və σ-nı azaldır. σ-nın azalması PE-də nanokompozitə nisbətən daha çoxdur. Nanogil destruktiv proseslərdə, 
daha aktivdir. 

Açar sözlər: nanogil, nanokompozit, elektrik sahəsi, karbonil qrup. 

1. Giriş

Yeni kompleks xassələrə malik materiallara ehti-
yac yarandığında yenidən polimer sintez etmək və on-
ların istehsalını inkişaf etdirmək məqsədə uyğun deyil-
dir. Bu çox uzun, bahalı və mürəkkəb bir yoldur və hər 
zaman da müvəffəqiyyətlə nəticələnmir. Məsələnin 
perspektiv həllərindən biri mövcud polimerlərin fiziki 
modifikasiyasını dəyişmək və ya onlara yeni kompleks 
xüsusiyyətlər verməklə daha davamlı etmək üçün başqa 
təbiətə və quruluşa malik maddələrin əlavə edilməsidir. 
Ona görə də, təsadüfi deyil ki, son illərdə polimerlər fi-
zikası və kimyasında əsas yer kompozit materialların 
alınması və istifadəsi tutur [1]. 

Araşdırmalarda [2 − 6] polielefinlər əsasında NG 
əlavəli nanokompozitlərin mexaniki və elektrik parça-
lanmasında NG-in roluna baxılmışdır. Xarici amillərin 
təsiri ilə fiziki xassələrdə baş verən dəyişikliklər göstər-
di ki, polimerlər və polimer maddələrdə parçalanmalar 
makromolekulları təşkil edən atomlararası kimyəvi ra-
bitələrin qırılması ilə başlayır. Quruluşda yaranan belə 
dəyişiklikləri fiziki xassələrlə qarşılaşdıraraq xarici 
amillərin təsiri ilə baş verən molekulyar prosesləri öy-
rənməklə parçalanma mexanizmini izah etmək müm-
kündür. 

PE plastik material olmaqla yüksək mexaniki və 
elektrik möhkəmliyi, yüksək kimyəvi dayanıqlılıq, aşa-
ğı nəm və qaz keçiriciliyi ilə fərqlənir. Asan emal olu-
nur, üzvi və qeyri-üzvi əlavələrlə yaxşı qarışa bilir. İs-
tismar temperaturu 100-120°C-dir. Təmiz və kanaliza-
siya suyunun axıdılması üçün plastik boru istehsalında, 
izolyasiya materialı kimi kabel sənayesində və məişət 
əşyalarının hazırlanmasınd geniş istifadə olunur. Hər 
nə qədər keyfiyyətli xam maddə olsa da istismar müd-
dətində xarici amillərin təsirilə parçalanması qaçılmaz-
dır. İstismar müddəti tamamlanan polimer məhsulları-

nın yenidən istifadəsi (geri dönüşümü) çətin olduğun-
dan ətraf mühitin kirlənməsinə səbəb olurlar. Keyfiy-
yəti yaxşılaşdırılmış məhsullar zaman keçdikcə köhnə-
lirlər, parçalanırlar. Xarici amillərin təsiri ilə polimer 
materialların parçalanmasını araşdırmaq, həm elmi və 
həm də praktik cəhətdən vacibdir. Parçalanma səbəblə-
rini öyrənməklə polimer maddəlrin xassələrini dəyiş-
mək və istismar zamanı yaşama müddətini artırmaq ki-
mi önəmli bilgilər əldə etmək olar. 

2. Təcrübi metodlar və nümunələrin hazırlanması

Kompozit material olaraq PE-nə daxil edilmiş 
qeyri-üzvi qatqı kimi Na+-montmorillonit tərkibli NG-
dən istifadə edilmişdir. NG təbəqəli quruluşa malik, qa-
lınlığı təxminən 1-3 nm, uzunluğu 50-150 nm olan gil 
minerallarının ümumi adıdır. Montmorillonit boz və ya 
ağ rəngli yüksək dispers təbəqəli silikatlardır. Kimyəvi 
quruluşu NaO3 (Al, Mg, Fe)2Si4O6(OH)2‧nH2O şəklin-
dədir. 

NG müxtəlif faizlərdə (1,0; 2,0; 3,0; 4,0; 6,0;8,0; 
10,0%) toz şəklində PE-lə mexaniki qarşılaşdırıldıqdan 
sonra qaynar presləmə üsulu ilə nazik (50÷80 mkm) 
nümunələr əldə edilmişdir. Hər iki komponent toz şək-
lində olduğundan bircinsli qarışıq alınır. 

Giannelisin [7] araşdırmalarına görə nanokompo-
zitlərin alınması üç mərhələdə olur . (Şəkil 1).  

1-ci mərhələdə taktoid meydana gəlir (a): polimer 
zəncirləri gilin aqlomeratlarını xaricdən örtürlər. 2-ci 
mərhələdə (b) zəncir seqmentləri gilin təbəqələri ara-
sındakı boşluqlara daxil olaraq təbəqələrin 2-3 nm ara-
lanmasına səbəb olurlar. 3-cü mərhələdə (c) gil təbəqə-
lərinin bir-birinə nisbətən aralanması və təbəqələrin ni-
zamsız düzülüşü başlayır, təbəqələr tamamən ayrılırlar. 
Matrisada NG-in bərabər paylanması nanokompozitlə-
rin quruluşunun qüsursuz olduğunu göstərir.  

mailto:arzu-sadigova@mail.ru
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Şəkil 1. Polimer nanokompozitlərin alınması. 

 
  

 
 

Şəkil 2. Elektrik boşalmasının təsiri ilə köhnəlmə qur- 
             ğusu: 1-Yerlə birləşdirilən metal elektrod ;  
             2-Şüşə lövhə; 3-yüksək gərginlik elektrodu; 
             4- boşluq yaratmaq üçün şüşə təbəqələr;  
             5-tədqiq olunan nümunə; 6-hava aralığı. 

 
Xarici amil olaraq iki cür təsir seçilmişdir: köh-

nəldici, parçalayıcı bir sözlə destabilləşdirici təsir gös-
tərən amillər ( elektrik boşalması, elektrik sahəsi, me-
xaniki yük, temperatur, radiasiya, rütubət və s.) və sta-
billəşdirici təsir göstərən amillər (oriyentasiya, mikro 
əlavələr, doldurucular və s.). Polimerlərin elektrik köh-
nəlməsini bir çox üsullarla əldə etmək olar [6,8]. Elek-
trik boşalmasının təsirini öyrənmək üçün nümunələr 
xüsusi qurğuda köhnədilmişdir (Şəkil 2).  

Mexaniki xassələrin dəyişməsində NG əlavəsinin 
rolunu araşdırmaq üçün müxtəlif saatlarda elektrik bo-
şalmasının təsiri ilə əvvəlcədən köhnəldilmiş və müx-
təlif dərəcədə oriyentasiya olunmuş nanokompozitlərin 
mexaniki möhkəmliyi çəkmə cihazı ilə ölçülmüşdür 

[9] PE və nanokompozitlərin quruluşunda baş ve-
rən dəyişiklikləri İQ udulma spektrometri vasitəsilə 
400-2500 sm-1 tezlik aralığında alınan spektrləri incə-
lənərək mexaniki möhkəmliklikləri ilə qarşılaşdırıl-
mışdır.  

 
3. Nəticələr və izahı. 

  
Saf polimerlər və onların əsasında alınan nano-

kompozitlərdən alınan məmulatlar istifadə müddətin-
dən asılı olaraq köhnəlirlər. Köhnəlmə uzun müddətli 

bir proses olduğundan, belə bir əməliyyatı laboratoriya 
şəraitində aparmaq olar. PE əsaslı NG əlavəli nano-
kompozitlər hazırlandıqdan sonra mexaniki möhkəm-
liyin əlavənin həcmi miqdarından asılılığı şəkil 3-də 
göstərilmişdir. 3,0%-ə qədər σ-nın qiymətində artma, 
sonrakı faizlərdə azalma müşahidə olunur. NG-in 3,0% 
miqdarında nanokompozitin σ-sı ən böyük olur, PE-nə 
nisbətən 41,7% artır. Sonrakı təcrübələr optimal xas-
səyə malik PE+3,0% NG nanokompozit və PE nümu-
nələrində müqayisəli şəkildə aparılmışdır (Şəkil 3). 

 

 
 
Şəkil 3. PE-nin mexaniki möhkəmliyinin NG-in  
             miqdarından asılılığı. 
 
Üzvi əlavələrlə alınan polimer kompozitlərdə xas-

sələri ən yaxşı olan kompozit nümunələr əlavənin 15-
20% miqdarında olduğu halda  [9, 10, 11] qeyri-üzvi 
əlavələrlə alınan kompozitlərdə ən yaxşı xassəli nümu-
nələr əlavənin 3,0-5,0% miqdarında müşahidə edilir. 
[4, 9]. 3,0% miqdarında olan NG hissəcikləri polimer 
matrisasında bərabər paylanaraq makromolekullar arası 
qarşılıqlı təsir qüvvəsini artırır.  

PE və mexaniki möhkəmliyi ən yüksək olan na-
nokompozit (PE+3,0% NG) aralarında boşluq olan iki 
elektrodlu sistemdən (Şəkil 2) istifadə edərək yüksək 
gərginlik altında (U≈9‧103V), müxtəlif zamanlarda 
(t=5; 10; 15 saat) köhnəldilmişdirş Köhnəlmiş nümunə-
lərin 𝜎𝜎-sının t-dən asılılığı şəkil 4-də göstərilmişdir. t 
artdıqca hər iki nümunənin σ-sı azalır. PE-də azalma 
sürəti nanokompozitə nisbətən daha çoxdur. 
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Şəkil 4. σ-nın (1,2) və D-ni (1′, 2′) zamandan asılılığı. 1,1′ ~PE, 2,2 ′ ~PE+3,0% NG. 
         𝜎𝜎-nın oriyentasiya dərəcəsindən asılılığı (λ) şəkil 5-də göstərilmişdir. 

Şəkil 5. 𝜎𝜎-nın (1,2) oriyentasiya dərəcəsindən asılılığı. 1 ~PE, 2 ~PE+3,0% NG. 

Şəkil 6. PE-nin İQ spektri of PE: 1~t=0; 2~t=5 saat; 3~t=10 saat; 4~t=15 saat ( U=9‧103V). 
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 λ artdıqca 𝜎𝜎-nın qiymətinin artması hər iki nümu-
nə üçün fərqlidir. PE-nin σ-sı nanokompozitə nisbətən 
daha çoxdur.  

Köhnəlmə müddətindən asılı olaraq 𝜎𝜎-nın azal-
masını izah etmək üçün nümunələrin quruluşunda baş 
verən dəyişikliklər İQ spektroskopik üsulla ölçülmüş-
dür (Şəkil 6).  

Spektrlərədən alınan nəticələrə görə hesablanmış 
optik sıxlığın (D1720) t-dən asılılığı şəkil 4-də göstəril-
mişdir. D1720-nin qiymətinin artması makromolekul-
larda qırılan rabitələrin hesabına karbonil qrupların 
(C=O) yaranmasıdır. Boşalmanın sonrakı təsir müddə-
tində rabitələrin qırılması daha intensiv getdiyi üçün 
D1720-nin artması (𝜎𝜎-nın azalması) sürətlənir. Nano-
kompozitdə NG rabitələrin qırılmasına mane olur və 

antioksidləşmə rolunu üstlənir. Elektrik boşalması və 
oriyentasiyanın təsirindən əvvəl və sonra PE və nano-
kompozit üçün 𝜎𝜎-nın qiyməti cədvəldə göstərilmişdir.  

Mexaniki və elektrofiziki xassələr üstmolekulyar 
quruluşun dəyişməsindən asılıdır [6]. Polimerlərə daxil 
edilən əlavələr, oriyentasiya, temperatur işləmləri və s. 
üstmolekulyar quruluşu dəyişdirə bilərlər. λ-dan asılı 
olaraq σ-nın nanokompozitə nisbətən PE-də çox artma-
sının səbəbi oriyentasiya prosesi NG-in rolunu üstələ-
məsi ilə əlaqədardır. σ PE-də 30% artdığı halda 
PE+3,0% NG-də 11% artmışdır. Elektrik boşalmasının 
təsirindən sonra PE-də azalma 30% olduğu halda nano-
kompozitdə 17% olmuşdur. Yəni NG stabilləşdirici 
amilə nisbətən destruktiv proseslərdə daha aktiv rol oy-
nayır. 

𝜎𝜎, MPa 𝜎𝜎, MPa ∆σ % 𝜎𝜎, MPa 𝜎𝜎, MPa ∆σ % 
Oriyentasiya 
olunmamış 

Oriyentasiya 
olunmuş λ=2,5 

Köhnəlməmiş 
U=0 t=0 

Köhnəlmiş 
U=9‧103 V t=15 saat 

PE 60 73 20 60 42 30 
PE+2,0% NG 85 94 11 85 73 15,5 

Nəticə 

- PE-nə əlavə edilən NG hissəciklərinin həcmi 
miqdarından asılı olaraq mexaniki möhkəmlik 3,0%-ə 
qədər artır və sonra azalma müşahidə edilir.  

- Optimal xassəyə malik PE+3,0% NG nanokom-
pozit və PE nümunələrin σ-sı elektrik boşalmasının tə-

sir müddətindən asılı olaraq azalırlar. PE-də azalma na-
nokompozitə nisbətən çoxdur, NG destuktiv proseslər-
də karbonil qrupların yaranmasının qarşısını alır.  

-Oriyentasiya dərəcəsindən asılı olaraq PE-də σ-
nın artma sürəti PE+3,0% NG-ə nisbətən çoxdur. Sta-
billəşdirici amilin təsirindən sonra NG destruktiv pro-
seslərdə daha aktiv rol oynayır. 
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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 (σ) 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 σ. After aging, as a result of the breaking of interatomic 
chemical bonds forming macromolecules, carbonyl groups (C=O) are formed and reduce σ. The decrease in σ is greater in PE 
than in nanocomposites. Nanoclay is more active in destructive processes and stabilizing processes. 
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İkizonalı Keyn modelində Hg1-xCdxTe kristallarında elektron Raman səpilməsi  məsələsinə baxılmışdır. Səpilmənin dife-
rensial effektiv kəsiyi hesablanmışdır. Göstərilmişdir ki, işığın səpilməsi qeyri-rezonans və rezonans olaraq baş verə bilər. 
Rezonans tezliyini təyin edən düstur alınmışdır. Səpilmənin diferensial effektiv kəsiyi üçün qiymətlindirmələr göstərir ki, bа-
хılаn Raman səpilməsi təcrübədə müşahidə oluna bilər.  

Açar sözlər: Hg1-xCdxTe yarımkeçiricisi, ikizonalı Keyn modeli, elektron Raman səpilməsi. 

Lazerlərin kəşfi və elektromaqnit şüalanmasının 
tutulması metodlarının təkmilləşməsi nətisəsində spek-
troskopiya bərk cisimlərin fiziki xassələrinin və onların 
daxilində baş verən elementar proseslərin tədqiq edil-
məsi sahəsində güclü metoda çevrildi. Hazırda bizim 
mikroaləm haqqındakı biliklərimizi terahers, görünən, 
infrаqırmızı, radiotezlikli, mikrodalğalar, ultrabənöv-
şəyi və rentgen oblastlarında optik şüalanmanı təmin 
edən vasitələrsiz təsəvvür etmək çətindir. 

Yarımkeçiricilərdə meydana çıxan optik xassələr 
yarımkeçiricilər fizikasının müstəqil bölməsini təşkil 
etməklə yanaşı eyni zamanda yarımkeçirici materialla-
rın çoxsaylı parametrlərinin [1-3] təyin olunmasında is-
tifadə olunur. Bundan əlavə, optik xassələr müxtəlif op-
toelektron sihazların yaradılmasının bazasını təşkil 
edir. Hazırda yarımkeçiricilərin və onların əsasında sü-
ni yaradılan aşağıölçülü elektron sistemlərinin xətti və 
qeyri-xətti optik xassələri intensiv surətdə tədqiq olun-
maqdadır [4]. Bu həm aşağıölçülü ((nanoölçülü), həm 
də mаkrоölçülü maddələrin keyfiyyətcə yeni optik xas-
sələrinin aşkarlanması və eləcə də yeni fiziki prinsiplər 
əsasında işləyən cihazların yaradılması ilə bağlıdır [3, 
4]. 

Bərk cisimlərdə, o cümlədən yarımkeçiricilərdə, 
işığın Raman səpilməsi yarımkeçiricilərin və yarım-
keçirici əsaslı strukturlarının tədqiqində güclü metod-
lardan biridir. Raman səpilməsinin spektrində bərk ci-
simlərdə mövcud olan elektron həyəcаnlanmaları öz 
əksini tapır. Adı çəkilən cisim və strukturların bir çox 
parametrləri, onların kinetik əmsalları və bir çox başqa 
fiziki kəmiyyətləri Raman səpilməsinin köməyi ilə bir-
başa təyin oluna bilir [5].Yаrımkеçiricilərdə, eləcə də 
onların əsasında süni olaraq alınan aşağıölçülü sistem-
lərdə rеаl zоnа quruluşunun mürəkkəbliyi оnlаrdа çох 
müхtəlif Rаmаn səpilməsi prоsеslərinin bаş vеrməsinə 
rəvаc vеrir. Bu prоsеslər sırf еlеktrоn həyəcаnlаnmаlаrı 
hеsаbınа və həmçinin də fоnоnlаrın iştirаkı ilə bаş vеrə 
bilər [6]. Sırf еlеktrоn həyəcаnlаnmаlаrı hеsаbınа tə-
şəkkül tаpаn Rаmаn səpilməsi elektron Raman səpil-
məsi (ЕRS) аdlаnır. Bu tip səpilmələr kifаyət qədər ət-
rаflı öyrənilmiş оlsа dа, yuхаrıda dеdiyimiz kimi, ya-
rımkeçirici mаddələrdə zоnа quruluşunun özəllikləri 
yarımkeçiricilərdə dоnоr və аksеptоrlаrın оlmаsı, sim-
mеtriyа mərkəzinin mövcudluğu və yа onun оlmаması, 

еlеktrоnlаrın spinə mаlik оlmаlаrı və s. çох fərqli еlеk-
trоn Rаmаn səpilməsi prоsеslərinin rеаllаşmаlаrını tə-
min еdir[7]. 

Sоn zаmаnlаr Cd1-xMnxTe, Hg1-xCdxTe, 
Hg1-xCdxTe, Hg1-xCdxTe ,Hg1-xMnxTe, Hg1-xCdxTe və 
s. kimi yаrımmаqnit yаımkеçiricilərdə[3] еlеktrоn Rа-
mаn səpilməsinin tədqiqi gеniş vüsət  аlmışdır. Bеlə ya-
rımkeçirici birləşmələr maqnit sahəsində həm yarımke-
çirici, həm də mаqnit хаssələrini nümayiş etdirirlər. Rа-
mаn səpilməsi mеtоdu ilə yаrımmаqnit mаtеriаllаrdа 
birbаşа mаqnit хаssələrini öyrənmək mümkündür. Kе-
çiricilik еlеktrоnlаrı spinlərinin mаqnit iоnlаrının spin-
ləri ilə mübаdilə qаrşılıqlı təsiri nəticəsində mövcud 
еnеrji səviyyələri pаrçаlаnır və еlеktrоn spеktri dаhа 
mürəkkəb оlur. Bu isə yеni еlеktrоn Rаmаn səpilməsi 
prоsеslərinin yаrаnmаsınа rəvаc vеrir [8]. Burаdа о dа 
önəmlidir ki, mübаdilə hеsаbınа yаrаnаn pаrçаlаnmа 
еnеrjisi tеmpеrаtur və mаqnit sаhəsinə qаrşı çох həssаs 
оlduğu üçün еlеktrоn Rаmаn səpilməsi spеktrini bu pа-
rаmеtrlərdən аsılı оlаrаq idаrə еtmək mümkün оlur. Bu 
isə öz növbəsində, yаrımmаqnit yarımkeçiricilərdən is-
tifаdə еtməklə Rаmаn səpilməsi effektinə əsаslаnаn və 
işçi pаrаmеtrləri mаqnit sаhəsi və tеmpеrаturlа idаrə 
оlunаn qurğu və cihаzlаrın yаrаdılmаsının mümkünlü-
yü dеməkdir. 

Səpilmə prosesində impulsun və enerjinin 
saxlanması qanunları aşağıdakılardan ibarətdir. 

,qpp 

=−′  ωεε  =−′ pp    (1) 

burada, 

10 ωωω −=   10 kkq


−=  (2) 

ω - tezliyin sürüşməsi, q-dalğa vektorunun sürüşmə-
sidir, ω 0, k0 uyğun olaraq düşən işığın tezliyi və dalğa 
vеktоru, ω 1 və k1 isə səpilən işığın,uyğun olaraq, tez-
liyi və dalğa vektorudur, pε isə p  impulslu elementar
həyəcanlaşmanın enerjisidir. Məlumdur ki, elastiki sə-
pilmənin effektiv kəsiyi (Tomson səpilməsi) elektro-
nun  
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klassik radiusunun kvadratına mütənasibdir. Amma ya-
rımkeçiricilərdə rezonansa yaxın oblastda effektiv kəsi-
yin qiyməti hətta 1010 dəfə arta bilər. Bu artmanın sə-
bəbi birbaşa səpilmə baş verən mühitin zona quruluşun-
dan və yükdaşıyısıların səpilmə mexanizmlərindən ası-
lıdır. 

Təqdim olunan işdə  A2B6  tipli yarımkeçiricilər 
qrupuna aid olan Hg1-хCdхTе, yarımkeçiricisində və 
onun kvant təbəqəsindəki elektron qazında Raman sə-
pilməsi tədqiq olunmuşdur. 

Normal və invers zonalı dar qadağan zolaqlı            
Hg1-xCdxTe kristallarında və onların əsasında süni ya-
radılan kvant təbəqələrində  ikizonalı Keyn modelində 
zonalararası elektron Raman səpilməsinin nəzəriyyəsi 
qurulmuşdur.[8] DEK üçün tezliyin sürüşməsindən və 

qadağan zolağının enindən asılı analitik ifadələr alın-
mışdır. Səpilmə prosesinin bir sıra ümumi xüsusiyyət-
ləri və yekun Raman spektri araşdırılmışdır. Göstəril-
mişdir ki, işığın səpilməsi qeyri-rezonans və rezonans 
olaraq baş verə bilər. Rezonans tezliyini təyin edən düs-
tur verilmişdir. Diferensial effektiv kəsik üçün qeyri-

rezonans halında sansrsm
dd
Sd 1125

2

10 −−−≈
Ω ω

, rеzоnаns 

halında  isə sansrsm
dd
Sd 1120

2

10 −−−≈
Ω ω

 qiymətləri 

alınmışdır. Bu isə bахılаn Raman səpilməsinin təcrü-
bədə müşahidə oluna bilməsini göstərir.  

______________________________ 
 

[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.  

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

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

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

[5] A.V. Rodina  and E.L.  Ivchenko. “Theory of 
single and double electron spin-flip Raman 
scattering in semiconductor nanoplatelets”, 
PHYSICAL REVIEW B 102: 235432, 2020. 

[6] 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. 

[7] E. Burstein, D.L. Mills and R.F. Wallis. “Phys. 
Rev. B” 4: 2429, 1971. 
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In1-хSmхSe (х=0,01; 0,03; 0,05; 0,07) BƏRK MƏHLULLARI MONOKRİSTALININ 
ELEKTROFİZİKİ XASSƏLƏRİNİN ŞÜALANMA DOZASINDAN ASILILIĞI 

A.Ə. İSMAYILOV1, Ə.Ə. İSMAYILOV, L.V. RÜSTƏMOVA, 
S.S. ABDİNBƏYOV, A.Ə. HACIYEVA 

Azərbaycan Texniki Universiteti,Bakı-1143, H.Cavid pr.25. 
Azərbaycan Elm və Təhsil Nazirliyi Fizika İnstitutu, H.Cavid pr.131. 

İşdə  In1-хSmхSe (х=0,01; 0,03; 0,05; 0,07) monokristalının elektrofiziki xassələrinin şüalanma dozasından asılılığı tədqiq 
edilmişdir. Göstərilmişdir ki, tədqiq olunan hər dörd kristalda elektrikkeçiriciliyi və Holl əmsalı dozanın Dγ= (0,50, 70, 80, 90, 
100) krad qiymətinə kimi şüalanmadan asılı deyil. Təcrübələrə əsasən deyə bilərik ki, In1-хSmхSe (х=0,01; 0,03; 0,05; 0,07) 
monokristalları radiasiyaya davamlı materiallardır. Onlardan kosmik qurğularda ölçü cihazlari kimi, nüvə reaktorlarında isti-
fadə etmək olar. 

Açar sözlər׃ bərk məhlul, nadir torpaq elementləri, elektrikkeçiriciliyi, yarımkeçirici birləşmələrin təmizlənməsi. 
PACS71.20 ׃.Nr  Yarımkeçirici birləşmələr; 72.20.Fr Zəif sahələrdə daşınma və yürüklük. 

GİRİŞ 

 InSe-nin elektrik xassələrinin öyrənilməsi tədqi-
qatçıların diqqətini cəlb edir.Müxtəlif temperatur ob-
lastında InSe-nin temperaturdan asılı keçiriciliyi haq-
qında məlumat vermişdir [1].  

[2]-a əsasən nadir torpaq elementləri yarımkeçiri-
cilərdə az həll olunurlar, nəzarət olunmayan defektlərin 
konsentrasiyalarının azalması hesabına təmizləmə qa-
biliyyətinə malikdirlər və yükdaşıyıcıların yürüklüyü 
artır.   

NƏTİCƏLƏR VƏ MÜZAKİRƏSİ 

In1-хSmxSe (х=0,01; 0,03; 0,05; 0,07) monokris-
talları Brijmen üsulu ilə alınmışdır. Elektrik ölçüləri 
heksaqonal sinqoniyaya və aşağıda göstərilən paramet-
rə malik monokristallarda aparılmışdır  

InSe  mol.% Qəfəs sabiti, Å 
А с 

99 4,05 16,93 
97 4,09 16,97 
95 4,12 16,98 
93 4,16 17,02 

Tədqiq olunan nümunələr ölçüləri (3.0-6.0)x(3.0-
-7.0)mm və d=≤300 mkm olan paralelepiped şəklində 
olmuşdur. Kontakt materialı olaraq gümüş pastasından 
istifadə edilmişdir. Kontaktlar nümunələrin əks səthlə-
rinə qarşı-qarşıya  yerləşdirilmişdir. 

Nümunələr enerjisi 1,25 MEV, şüalanma dozası 
Dγ = 0; 10; 30; 50; 70; 80; 90 və 100) кrad olan 
RXUND-20000 (radiasionnoye ximiçeskiye ustanovka 
neposredstvenno deystviye) qurğusunda şüalandırıl-
mışdır. Radiasiya selinin sıxlığı 1,4⋅1011kvant/s⋅sm2  
təşkil etmişdir.  

Termo-e.h.q.-nin işarəsinə görə nümunələrin n-tip 
keçiriciliyə malik olması müəyyən edilmişdir.  

Şəkil 1-də In1-хSmxSe (х=0,01; 0,03; 0,05; 0,07) 
monokristallarının elektrikkeçiriciliyinin şüalanma do-

zasından asılılığı verilmişdir. Şəkildən görürük ki, bü-
tün tərkiblər üçün elektrikkeçiriciliyi γ-şüalanma doza-
sından az asılıdır. 

Şəkil 1. In1-хSmxSe monokristallarının elektrikkeçiri- 
             ciliyinin şüalanma dozasından asılılığı:əyrilə 

1-x=0,07; 2-x=0,05; 3-x=0,03; 4-x=0,01.

Şəkil 2. Holl əmsalının γ-şülanma dozasından asılığı: 
əyrilər: 1-x=0,07; 2-x=0,05; 3-x=0,03; 

  4-x=0,01. 
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Şəkil 2-də Holl əmsalının γ-şülanma dozasından 
asılığı göstərilmişdir. 

Təcrübələrə əsasən deyə bilərik ki, In1-хSmхSe 
(х=0,01; 0,03; 0,05; 0,07) monokristalları radiasiyaya 

davamlı materiallardı. Əvvəlki işimizdə [3]-də göstəril-
mişdir ki, In1-хSmxSe monokristallarında elektrikkeçi-
riciliyi və Holl əmsalı (142-294)K Intervalında tempe-
raturdan asılı deyil. Onlardan kosmik qurğularda ölçü 
cihazlari kimi , nüvə reaktorlarında və sş istifadə etmək 
olar. 

. 
________________________________________ 

[1] С.Н. Мустафаева, М.М. Асадов, А.А. Исмаи-
лов. Перенос заряда по локализованным состо-
яниям в монокристаллах InSe и InSe<Sn>. 
Физика Низких Температур. т. 36, № 4, 2010, 
с.394-397. 

[2] Е.И. Ярембаш, А.А. Елисеев. Халькогениды 
редкоземельных элементов. Синтез и 
кристаллохимия, М. : Наука, 1975. – 258 с. 

[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, № 103, p.43-46. 

A.A. İsmailov, A.A. İsmailov, L.V. Rustamova, S.S. Abdinbekov, A.A. Hajieva 

DEPENDENCE OF THE ELECTROPHYSICAL PROPERTIES OF In1-хSmхSe (х=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  In1-хSmхSe (х=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 Dγ= (0.50,70,80,90,100) krad. Based on the experiments, we can say that 
the In1-хSmхSe (х=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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CuGaSe2 MONOKRİSTALININ VOLT-AMPER XARAKTERİSTİKASINA 
 γ -ŞÜALARININ TƏSİRİ 

İ. QASIMOĞLU, Q.S. MEHDİYEV, C.T. HÜSEYNOV 
Azərbaycan Respublikası Elm və Təhsil Nazirliyi  H.M.Abdullayev  adına  Fizika İnstitutu, 
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CuGaSe2 monokristalının adi halda ölçülən Volt-Amper xarakteristikasında alınan maksimum γ-şüalanmadan sonra düz 
xəttə çevrilmişdir. Düz xətt (plata adlanır) ətalətli  r- aşqar mərkəzlərinin  γ-şüalanmadan sonra tam boşaldığını ifadə edir. Bu 
isə xarici təsirdən sonra qeyri-əsas yükdaşıyıcıların ardığını göstərir. 

Açar sözlər: Spektral xarakteristika, γ-şüaları, noqtəvi defektlər, donar,akçeptor ionları. 
Pacs: 61.80.Ed. 

İkiqat analoqlarından fərqli olaraq, üçqat birləş-
mələrin fiziki xassələrinin, böyük enerji  və temperatur 
intervalını əhatə etməsi, həmin maddələrə  marağın art-
masına səbəb olmusdur. Ümumi formulası AIBIIIC2

VI  
şəklində ifadə olunan birləşmələrdən biri də CuGaSe2 
monokristaldır. Alınması texnologiyası və sabit elek-
trik sahəsinin obyektə təsiri tərəfimizdən öyrənilmisdir 
[1]. 

Yeni məqalədə isə ϒ- radiasiyanın CuGaSe2 mo-
nokristalının  volt-amper xarakteristikasına təsirindən 
sonra yaranan, nöqtəvi defektlərin keçiricilikdəki rolu-
nun  öyrənilmisdir. Mövzunun aktuallığı: ZnSe mono-
kristalının üçqat analoqu olan CuGaSe2 az öyrənilmiş-
dir. Bu isə monokristalın alınmasının texnoloji çətinli-
yindən irəli gəlir. Düşünürük ki, obyektin fundamental 
şəkildə öyrənilməsinə ehtiyac duyulur, çünki tətbiq im-
kanları çox genişdir. Məsələnin qoyuluşu: ϒ-radiasiya-
dan sonra meydana çıxan ionlaşmanın, keçiriliyə təsi-
rinin, yaranan nöqtəvi defektlər hesabına olduğunun 
təcrübi olaraq mümkünlüyünü izah etməkdir [2]. Və  bu 
parametrlərin düzgün təyin olunması hesabına, elektron 
cihazların keyfiyyətli və rəqabətə davamlı olacağını 
göstərmək mümkün olmuşdur. 

Təcrübənin aparılması: 

Ölçmələr otaq temperaturunda aparılmışdır. ϒ-
radiyasiyanın bir neçə dozada  təsirindən sonra təcrü-
bələr təkrar olunmusdur. Birinci şəkildən (1) göründü-
yü kimi, ilkin spektrdə cərəyanın artımı müşahidə olu-
nur, sahənin artmasına mütənasib olaraq hər 10 voltdan 
bir cərəyanın qiyməti mikrovoltnanoampermetrlə qeyd 
olunmuşdur. Sonra isə enerjisi 1,25  MeV olan ϒ- 
radiasiyanın bir neçə dozasından sonra təcrübə davam 
etdirilmişdir.Alınan nəticələrin müzakirəsi: Təcrübənin 
ϒ- şüalarının təsirindən sonra təkrar olunması, yaranan 
defektlərin keçiriciliyə təsirinin aydınlaşdırılmasında 
ən asan yol olduğu qənaətindəyik. Yarımkeçiricilərdə 
yükdaşınmasının mexanizmini izah etmek üçün qada-
ğan olunmuş zonanın mərkəzindəki aşqar mərkəzləri-
nin özlərini rekombinasiya mərkəzi kimi apardığını nə-
zərə almaq lazımdır. Bəzi hallarda sərhəddə mövcud 
olan potensial çuxur nəzəriyyəsi tətbiq etmək daha əl-

verişlidir. Bu yolla qeyri-əsas yükdaşıyıcıların artma-
sını izah edə bilərik. Atomun elektronu və ya deşiyi 
udması nəticəsində, elektronların (deşiklərin) konsen-
trasiyası arta, və ya azala bilər. Biz bunu spektrdə sahə-
nin  maksimal qiymətinin 50 Volta qədərki qiymətində 
müşahidə edirik. (1 şəkil əyri 1). ϒ- radiasiyanın təsi-
rindən sonra bu simmetriyanın pozulduğunu görürrük 
(1 şəkil əyri 2).  

Şəkil 1. CuGaSe2 monokristalının Volt –Amper xarak- 
             teristikasına  γ-şüalarının təsiri. 1-ilkin spektr,  

  2-γ-şüasının təsirindən sonra. 

Monokristala 128,4 qrey doza verdikdən sonra, 
çəkilən spektrdə platanın yaranması müşahidə edirik. 
Bizə görə, bu artım ionlaşmadan sonra qeyri-əsas yük-
daşıyıcıların konsentrasiyasının artması hesabına ol-
muşdur. Gərginliyin 50-300V aralığındakı qiymətlərin-
də spektr düz xəttə çevrimiş və  sabit qalmışdır.  ϒ- ra-
diasiyadan sonra baş verən  ionlaşma hesabına atomun 
ilkin və sonrası enerjisi arasında fərq yarandığı üçün, 
nöqtəvi defektlər əmələ gəlir və rekombinasiya prose-
sində iştirak edirlər. İonlaşmadan sonrakı vəziyyətdə 
əgər  atom,  laylar  arasında yerləşərsə bir, düyün nöqtə-
lərində yerləşərsə digər enerjiyə malik olur. Ona görə 
də, atomun aktivliyi müxtəlif  olur. Məsələn, əgər atom 

mailto:gas%C4%B1moglu@yahoo.com
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laylar arasında yerləşərsə dərin donor defekti  yarınmış 
olur, əgər düyün  nöqtələrində yerləşərsə kiçik akseptor 
defekti yaranmış olur. Sonra isə atomun donor tipli de-
fektdən, akseptor tipli defektə sıçraması bir deşiyin zəbt 
olunması ilə müşahidə olunur. Bu isə r-akseptor mərkə-
zinin aktivləşməsinə səbəb olur. Bununla da, defektin 
özünü akseptor mərkəzi kimi aparması və rekombina-
siya prosesində iştirak etməsi, cərəyanın güclənməsini 
təmin etmiş olur. Biz (1 ikinci əyri)  şəkildə qeyri-əsas 
yükdaşıyıcıların doyması halını müşahidə edirik. Bu 
doyma Komton elektronları hesabına baş verir. Elek-
tronların sürəti böyük olduğundan, həmin elektronlar 
rekombinasiyada iştirak etmir, sürətləri, yürüklükləri 
böyük olduğu üçün, onlar əks elektroda daha tez çatır-
lar, ona görə də, biz doymanı müşahidə edirik. Həmin 

səbəbdəndir ki, elektrik sahəsinin 50-300 V intervalın-
da, xətti forma aldığının şahidi oluruq.  

Yekun nəticə:  
 
ϒ-radiasiyanın təsirindən sonra ionlaşma baş ve-

rir. Donor, akseptor mərkəzləri yaranır. Atomların do-
nor mərkəzlərdən, akseptor mərkəzlərə keçməsi ilə, 
silsilə şəklində elektron və deşiklərin əmələ gəlməsi 
baş verir. Bu hadisə isə keçiriciliyin kəskin artmasına 
səbəb olur. Alınan təcrübədən belə qənaətə gəlirik ki, 
yarımkeçiricilərdə defektlərin idarə olunması kimi mü-
hüm bir nəticəni əldə etmiş oluruq ki, onun əsasında 
elektron cihazqayırmada istifadə oluna biləcək, əsas 
parametr kimi, tədbiq imkanlarını genişləndirmiş olu-
ruq.   

______________________________________ 
  

[1] İ. Qasımoğlu. Elektirik sahəsinin təsiri ilə 
CuGaS2 monokristalında yaranan döyünən 
cərəyan. Fizika Volume XX, № 3, Section: Az. 
Səhifə 25-27. 2014. 

[2] В.Л. Винецкий, Г.А.Холдарь. Возможный ме-
ханизм высокоэффективного ускорения пе-
рестройки и рекомбинaция точечных дефек-
тов в полупроводниках действием ионизи-
рующего излучения. ФТП, 1982, т. 16, вып.7 
июль, ст.1322-1325.  

    
 

I. Qasımoğlu, Q.S. Meshdiyev, C.T. Huseynov 
 

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

 
After  γ- 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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In0.99Sm0.01Se MONOKRİSTALLARINDA İNJEKSİYA CƏRƏYANI 

A.Ə. İSMAYILOV∗∗, Ə.Ə. İSMAYILOV, P.H. İSMAYILOVA, 
X.Ş. VƏLİBƏYOV 
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        In0.99Sm0.01Se monokristallarının elektrikkeçiriciliyinin və volt-amper xarakteristikasının temperatur asılılığı tədqiq edil-
mişdir. In0.99Sm0.01Se monokristallarında cərəyankeçiriciliyinin mexanizmi və aşağıdakı elektrik parametrləri müəyyən 
edilmişdır:  tələlərin konsentrasiyası Nt=5·1011 sm-3, tarazlıqda olan yükdaşıyıcıların konsentrasiyaları p0=1010 sm-3, tutma 
əmsalı θ=0,12, Omik sahədən kvadratik sahəyə keçid gərginliyi V1-2, yükdaşıyıcıların yürüklüyü µ=1,17 sm2/V·s, tələlərin 
yerləşmə dərinliyi Et=0,46 eV. Müəyyən edilmişdir ki, In0.99Sm0.01Se monokristalları güclü kompensasiyaya malikdirlər. 

Açar sözlər: tarazlıqda olan əsas yükdaşıyıcılar, tələlərin konsentrasiyaları, nadir torpaq elementləri, tutma əmsalı,  tələlərin 
yerləşmə dərinliyi 
PACS: 71.20.Nr Yarımkeçirici birləşmələr; 72.20.Fr Aşağı temperaturda nəqliyyat və hərəkətlilik. 

Giriş 

Elektronikanın sürətli inkişafı yeni materiallar tə-
ləb edir. Məlumdur ki, indium selenid (metal xalkogen) 
kristallarının fiziki xassələri hərtərəfli öyrənilmişdir [1-
5]. Bununla belə, xarici amillərin təsiri, məsələn, aşqar-
ların daxil olması, γ-kvantlarla, elektron və monoxro-
matik olmayan işıq seli ilə şüalanma və s., ilə  fiziki 
xassələrini tənzimləmək mümkündür. In0.99Sm0.01Se 
bərk məhlullarının monokristallarını almaq üçün nü-
munələr Brijmen üsulu ilə yetişdirilmişdir. Diferensial 
termik analiz (DTA) və rentgen faza analizi (RFA) 
analiz üsullarından istifadə etməklə, tədqiq olunan mo-
nokristalların qəfəs parametrləri a=4,05Å, c=16,93Å və 
elementar qəfəs həcmi V=240,44Å müəyyən edilmişdir 
[6]. Elektrofiziki xassələri ölçmək üçün nümunələrdən 
sendviç-variant hazırlanmışdır. Kontakt materialı ola-
raq gümüş pastasından istifadə edilmişdir. Nümunənin 
qalınlığı 300mkm, kontakt altı sahə  2·10-2sm2 
olmuşdur.  

Nadir torpaq elementləri yarımkeçiricilərdə az 
miqdarda həll olmaya, nəzarətdə olmayan defektlərin 
konsentrasiyalarını bərpa etməyə (təmizləmə) və bu-
nunla da yükdaşıyıcıların yürüklüyünün artması xassə-
lərinə malikdir [7]. 

İşin məqsədi In0.99Sm0.01Se bərk məhlullarının 
monokristallarında cərəyankeçiriciliyinin mexanizmini 
müəyyən etmək və tələlərin elektrik parametrlərini 
müəyyən etməkdən ibarətdir. 

Təcrübə və onun müzakirəsi 

In0.99Sm0.01Se bərk məhlulları monokristallarının 
volt-amper xarakteristikasının temperatur asılılığından 
(şəkil 1) alınan nəticələr həcmi yüklərlərin məhdudlan-
mış cərəyanı (HYMC) nəzəriyyəsi ilə izah edilmişdir.   

                                         

I= 9
8
εε0µθ

𝑉𝑉2

𝐿𝐿3
 ,  (1) 

εo–dieletrik sabiti; ε–kristalların dielektrik nüfuzluğu;
θ–tutulma faktoru; L– nümunənin qalınlığı;  µ– yük-
daşıyıcıların yürüklüyü; V–verilən elektrik gərginliyi. 

Tələlərin konsentrasiyası 

 ,                       (2) 
düsturu ilə hesablanmış  və  Nt= 5·1011 sm–3 olmuşdur. 
Tarazlıqda olan əsas yükdaşıyıcıların konsentrasiyası 

,  (3) 

düsturunun köməyi ilə hesablanmış və p0= 1010sm–3 ol-
muşdur.  In0.99Sm0.01Se monokristallik nümunəsi üçün 
294К temperaturunda  

𝜃𝜃 = 1,8 ⋅ 10−6 𝑝𝑝0𝐿𝐿
2

𝜀𝜀𝑉𝑉𝑥𝑥
        (4)

düsturu vasitəsi ilə tutulma əmsalının qiyməti müəyyən 
edilmişdir və θ=0,12 

Şəkil 1. Ag-In0.99Sm0.01Se-Ag sisteminin müxtəlif tem- 
             peraturlarda volt-amper xarakteristikası: (əyri 

  lər 1-125, 2-137, 3-168, 4-208, 5-294)K. 

Yükdaşıyıcıların yürüklüyü hesablamışdır: 
 0µ = 1,17⋅10–3 sm2 /V⋅s. 

 𝐸𝐸𝑡𝑡 = 𝑘𝑘𝑘𝑘 𝑙𝑙𝑙𝑙 𝑁𝑁𝑝𝑝
2𝜃𝜃⋅𝑁𝑁𝑡𝑡

,  (5) 

və tələ hallarının konsentrasiyası Np bilərək (5) düstu-
runun köməyi ilə injeksiya cərəyanına uyğun olan tələlərin 
yerləşmə dərinliyi təyin edilmişdir: Et= 0,46eV. 
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 In0.99Sm0.01Se monokristallarında HYMC rejimi-
nin dürüstlüyünü bilmək üçün müxtəlif qalınlıqlarda 3 
nümunənin VAX-nı çıxarmaq lazımdır (Şəkil 2). 

Şəkil 2.  Ag-In0.99Sm0.01Se-Ag sisteminin müxtəlif 
  qalınlıqlarda VAX-ları,  L, mkm: 1 – 100;  
  2 – 200; 3 – 280. Т = 293 К temperaturunda. 

Şəkil  3. In0.99Sm0.01Se nümunəsində müxtəlif gərginlik- 
              lərdə cərəyan sıxlığının nümunənin qalınlığın- 
              dan asılılığı U,V: əyri 1-36V, 2-40V, 3-48V.  

Lampert nəzəriyyəsinə görə HYMC-da cərəyanın 
sıxlığı L3 tərs qiyməti ilə mütənasib olmalıdır (şəkil 3). 
   [9]-cu işdə göstərildiyi kimi əgər omik zonadan 
kvadratik zonaya keçid gərginliyi V1-2 temperaturdan 
asılıdırsa onda güclü kompensasiya, əks halda zəif 
kopensə olunmuş yarımkeçiricidir (şək.4). 

Şəkil 4. Omik zonadan kvadratik zonaya keçid 
  gərginliyi  V1-2 temperaturdan asılığı. 

Şəkil 4-ə əsasən In0.99Sm0.01Se monokristalı güclü 
kompensasiyalı yarımkeçiricidir. 

Nəticə 

Beləliklə, müəyyən edilmişdir ki, In0.99Sm0.01Se 
monokristalında cərəyankeçiriciliyi mexanizmi 
HYMC-na əsaslanır və aşağıdakı elektrik parametrləri 
təyin edilmişdir: tələlərin konsentrasiyası Nt=5·1011sm-

3, tarazlıqda olan yükdaşıyıcıların konsentrasiyası 
p0=1010sm-3, tutma əmsalı θ=0,12, yükdaşıyıcıların 
yürükluyü  µ=1,17sm2/V·s, lokal səviyyələrin yerləşmə 
dərinliyi Еt=0,46eV. Eyni zamanda vüəyyən edilmişdir 
ki, In0.99Sm0.01Se monokristalı güclü kompensasiya-
lıdır.  

___________________________ 
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A.A. Ismailov, A.A. Ismailov, P.H. Ismayilova, K.Sh. Velibeyov 
INJECTION CURRENTS IN LAYERED SINGLE CRYSTALS In0.99Sm0.01Se 

       The temperature dependence of electrical conductivity and current-voltage characteristics of In0.99Sm0.01Se crystals were 
studied. The following electrical parameters were calculated: trap concentration Nt=5·1011cm-3, equilibrium concentrations 
p0=1010cm-3, trapping factor θ=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 µ=1.17cm2/V·s, depth of the local level 
responsible for the injection current Et=0.46eV. It was found that strong compensation takes place in In0.99Sm0.01Se single 
crystals. 
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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 Å), and at temperatures around T ∼100 K, the 
quantization 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 intraband 

electronic transitions under the influence of 
electromagnetic radiation. The study of resonant 
absorption is more advantageous than kinetic 
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 𝐻𝐻 = 𝐻𝐻𝑧𝑧, the energy spectrum and the wave 
function of an electron in a superlattice with potential 
wells 𝑈𝑈(𝑧𝑧)and period 𝑑𝑑𝑆𝑆𝑆𝑆along the z-axis can be 
expressed as follows: 

 

( ) ( ) ( )SLzczn dknkE cos1
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Here, ( )0yy
xnk −Φ  is the harmonic oscillator 

function, 𝐿𝐿𝑥𝑥, 𝐿𝐿𝑦𝑦, 𝐿𝐿𝑧𝑧 are the dimensions of the 
superlattice sample, Δ is the miniband width, 𝜔𝜔𝑐𝑐 is the 
cyclotron frequency, and ξk(z) is the Bloch function 
along the z-direction. 

The energy spectrum given by (1) differs from 
that of both quasi-two-dimensional systems, where the 

magnetic field is perpendicular to the surface and leads 
to complete quantization, and quasi-one-dimensional 
systems, where quantization occurs only along one 
direction. When the polarization vector of the 
electromagnetic field is directed within the superlattice 
plane, the square of the matrix element for electron–
photon interaction can be written as: 
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
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From expression (3), it follows that direct 

intraband light absorption does not occur. Intraband 
absorption takes place through the participation of a 
third particle, such as phonons, in addition to electrons 
and photons. Here, ε


is the polarization vector of the 

radiation field,∈ is the dielectric constant, while 𝜔𝜔 and 
𝑐𝑐 denote the frequency and velocity of light, 
respectively. When calculating the matrix elements of 
the operator 𝐻𝐻𝑅𝑅, the high-frequency field is considered 
homogeneous. 

According to quantum-mechanical transition 
probabilities, charge carriers can either absorb photons 

while being scattered by phonons, or be scattered by 
phonons before absorbing a photon. We consider both 
polar and nonpolar phonon scattering processes. In this 
case, the absorption coefficient for light by free charge 
carriers can be expressed as: 

 

∑∈
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21

α                          (4) 

 

where 𝑛𝑛0 is the photon number density in the radiation 
field, 𝑓𝑓𝑖𝑖 is the distribution function of free carriers, and 
𝑊𝑊𝑖𝑖 is the transition probability defined as: 
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here, 𝐸𝐸𝑖𝑖 and 𝐸𝐸𝑓𝑓 are the initial and final electron 

energies, ℏ𝜔𝜔𝑞𝑞 is the phonon energy, and iMf +  the 
indices 𝑖𝑖,𝛼𝛼, 𝑓𝑓correspond to the initial, intermediate, 
and final electronic states. 𝑉𝑉𝑆𝑆 is the electron–phonon 
interaction operator. When charge carriers scatter by 
either polar or nonpolar phonons, the absorption 

coefficient includes 
2
12

41

1

±Θ
∆

−
 an oscillatory term 

dependent on both the magnetic field intensity

( ) ( ) dknndk zcz cos
201
∆

+Ω+±−′=Θ ±  ωω  

and the incident light frequency, leading to the 
resonance condition: 0ωω +Ω=cN  

Each time this condition is satisfied 041 22
1 =∆Θ− ±

, the absorption coefficient exhibits sharp resonance 
peaks. Taking into account that the value of  

22
141 ∆Θ− ± must be real and positive, the 

corresponding energy interval for possible absorption 
values can also be determined. 

The absorption of electromagnetic radiation by 
free charge carriers through phonon scattering in 
quantum-dot superlattices has been investigated [2]. 
It is assumed that in such superlattices, the electron gas 
is confined by an anisotropic parabolic potential. 
Within the strong-coupling approximation, the 
normalized eigenfunction of an electron )(,, r

zklnΨ  

and its energy eigenvalues in the conduction band En,l 

(kz) are expressed, respectively, as follows [3]: 

 

)()()(1)(,, zyx
L

r
zz kln

z
kln ξΨΨ=Ψ   ,                                     (6) 

=−
∆

++++= )cos1(
2

)
2
1()

2
1()(, dklnkE zyxzln ωω  ( )zln kεε +, ,                  (7) 

 
where 𝑚𝑚∗ is the effective electron mass, 𝜔𝜔𝑥𝑥 and 𝜔𝜔𝑦𝑦 are the confinement frequencies in the x- and y-directions, 
respectively, 𝑛𝑛 = 0,1,2, . ..and 𝑙𝑙 = 0,1,2, . ..are the subband indices of the electron, and 𝑘𝑘𝑧𝑧 is the wave vector 
component along the z-axis. 
Here, Ψ𝑛𝑛(𝑥𝑥)and Ψ𝑙𝑙(𝑦𝑦) 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 

xx kkδ the function symbols accordingly ll ′δ , where 𝑉𝑉 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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where 𝑉𝑉𝑆𝑆 is the electron–phonon interaction operator and 𝐶𝐶𝑗𝑗 is the function characterizing the interaction between 
electrons and phonons, given by [4]: 
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The exact expression of 𝐶𝐶𝑗𝑗 and ( )qFj 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: 
 

×

∆
−

−
∆

−






 ±+








−

∈Ω

∆
=

±

±

−
±∞
∫∑∑∑

2
2

2
2

0
''0

32
13

0
4

41

sin41

2
1

2
1114

θ

θ

εε
ωπα

π

π

dk
Nfdk

c

Lde zd

d nlkz
nlln

z
pol z


 

( ) ( )
( )∫ ∫

∞

±

∞

++
×

0
222

2

'
2

'

0
yx

yx

yllxnn dqdq
aqq

qIqI
 , ( )

2

2
2 2arccos1















 Θ
∆

−= ±± dkdk
d

a zz                 (9) 

×
Θ

∆
−

−Θ
∆

−






 ±+

∈Ω

∆
=

±

±

−
±
∫∑∑∑

2
2

2
2

0
''2

13
0

22

. 41

sin41

2
1

2
1 dk

Nfdk
LLc

deD zd

d nekz
nllnyx

poln z

π

πρωπ
α  

llnn −
⋅

−
×

'
1

'
1   ,       ( ) ( ) ( ) dkllnndk zyxz cos

20
∆

+Ω+±−′+−′=Θ±  ωωω         (10)    

 
Considering that the absorption coefficient 

2241 ∆Θ− i  must be real and positive, the possible 
energy interval for absorption can be determined 
accordingly. 

From Eqs. (9) and (10), it follows that distinct 
peaks appear in the absorption spectrum at certain 
incident photon frequencies. For electron–phonon 
scattering, the resonant condition for the absorption 
coefficient is obtained as: 

 
   Ω=±+  0ωωω yx PN             (11)                 
 

where 𝑁𝑁 = 𝑛𝑛′ − 𝑛𝑛 = 1,2,3, . ..and 𝑃𝑃 = 𝑙𝑙′ − 𝑙𝑙 =
1,2,3, . ... 

Equation (11) shows that electrons can scatter 
from subbands characterized by indices n(l) to 
subbands 𝑛𝑛′(𝑙𝑙′). Through the absorption or emission of 
LO phonons of energy 0ω , simultaneously absorbing 

or emitting photons of energy Ω . 
Expression (11) serves as the basis for 

determining the spectral line shape of the absorption 
process, allowing the analysis of resonant effects in 
semiconductors. 

It should be noted that the summation over subbands in 
Eq. (9) involves three types of transitions: (i)

llnn =′≠′  , , (ii) llnn ≠′=′  ,  və (iii)
llnn ′≠≠′  ,  

1. Transitions only between quantized subbands along the 
x-direction. 

2. Transitions only between quantized subbands along the 
y-direction. 

3. Combined transitions involving both x- and y-
directions. 
From Eq. (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 
carriers in cylindrical quantum wires has been 
developed for the case where the radiation field is 
polarized along the wire axis and carriers are scattered 
by acoustic phonons [5]. Electrons move freely along 
the axis of a cylindrical quantum wire of radius 𝑅𝑅and 
length 𝐿𝐿, while their motion across the wire cross-
section is confined. Within the effective mass 
approximation, the electron wave function in the 
quantum wire can be expressed as: 
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( ) ( ) ( )
( )

( )
( )RkJ
kJ

LR

iliKzr
nll

nlnl
nlK

12
12

expexp

+

⋅=Ψ
ρ

π

ϑ   ,                                                   (12)  

 
where 𝑙𝑙 = 0,1,2, . .., 𝑛𝑛 = 1,2,3, . .., 𝐽𝐽𝑙𝑙is the Bessel function of the first kind, r  -  is ( )z,,ϑρ , ϑ  is the azimuthal 
angle, and 𝐾𝐾 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: 

( ) ( )RGK
V

n
m
enlKHKln lnnlllKKR '''' ,

2
1

0
*

''' 2 δδεπ








∈Ω
−=

                     (13) 

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

( ) ( )
zqKKnllnlnznls qIqCVf

+
= ''''''''' ,, δα

                           (14) 
 

In our analysis, we consider the interaction between electrons and transversely confined acoustic phonons 
through the deformation potential. 

In this case, the function 𝐶𝐶𝑛𝑛,𝑙𝑙(𝑞𝑞𝑧𝑧) appearing in Eq. (13) is given by [6]: 
 

)(2 2
1

22222
2

, RkJcRL

qRRkD
C

nlns

nlLA
qnl

z

z
+

+
=

µπ


                                       (15) 

 
Using Eqs. (4), (5), and (12)–(14), it was found 

that the absorption coefficient of light by free charge 
carriers, when they scatter from acoustic phonons, 
decreases as the radius of the cylindrical quantum wire 
increases. Physically, this is due to the reduction of 
quantum confinement effects with increasing wire 
radius, leading to smoother energy spectra and weaker 
resonance conditions for phonon-assisted transitions. 

The simultaneous absorption of electromagnetic 
radiation and phonon scattering by electrons in 

quantum wires with a parabolic confinement potential 
has been studied [7].  

It is assumed that the electron gas in the quantum 
wire is confined by an anisotropic parabolic potential 
with frequencies 𝜔𝜔𝑥𝑥and 𝜔𝜔𝑧𝑧along the x- and z-
directions, respectively. For asymmetric parabolic 
potential quantum wires, the eigenfunction and energy 
eigenvalue of an electron in the conduction band can be 
written as follows: 

 

)exp()()(
2
1)(,, yipzxr ymnpmn y

ΨΨ=Ψ
π

  ,                                  (16) 

m
p

mnpE y
zxymn 2

)
2
1()

2
1()(

2

, ++++= ωω  ,                                  (17) 

 
where n (= 0,1,2,...) and m (= 0,1,2,...) are the subband indices of the quantized levels, and 𝑝𝑝𝑦𝑦is the momentum 
component along the wire axis (the y-direction). 
Here, Ψ𝑛𝑛(𝑥𝑥)and Ψ𝑚𝑚(𝑧𝑧)are the eigenfunctions of a simple harmonic oscillator. Summation is performed over all 
initial states “i” of the system. The transition probability 𝑊𝑊𝑖𝑖 between states mnPy and m'n'P'y is determined from 
Eq. (5). Using the wave function (16), the matrix element of the electron–photon interaction can be expressed as: 
 

( ) nnmmPPyR
yy

P
V

n
m
еKnlHKln ′′∗ 








∈Ω
−=′′′ δδδεπ 2

1

02   ,                             (18) 

 
where the radiation field is polarized along the y-axis. 

The distribution function of electrons ( )
ynmPEf0  satisfies the following normalization condition: 

( ) NdPEfL
y

m n
mnP

Y
y

=∑ ∑ ∫
∞

−∞=

∞

=

∞

∞−0
02 π

                                     (19)   
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where 𝑁𝑁 is the electron concentration per unit volume, and 𝐿𝐿𝑦𝑦is the length of the quantum wire along the y-axis. 
The electron–phonon interaction matrix element is given by: 
 

y
iqr

yqqysy nmPePmnNDnmPVPmn ±″′′′′±+=″′′′′
2
1

2
1                     (20) 

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







−

−

∗
=

∗

∗

DOm

POqm
m

D l
q

0
2

2
00

22

24

22

ω

ωωαπ




                                    (21) 

 

Using the displacement operator formalism 
𝑒𝑒𝑒𝑒𝑒𝑒(±𝑎𝑎𝑃𝑃𝑥𝑥𝑥𝑥/ℏ)𝛷𝛷(𝑥𝑥) = 𝛷𝛷(𝑥𝑥 ± 𝑎𝑎), the electron–
phonon interaction matrix elements are calculated.  

The absorption coefficient 𝛼𝛼 is evaluated using 
Eqs. (19), (20), which include both the electron–photon 
and electron–phonon interaction terms. It has been 
established that in asymmetric parabolic potential 
quantum wires, the position of the peaks in the 

intraband optical absorption coefficient depends on the 
characteristic confinement frequencies  

𝑁𝑁𝜔𝜔𝑥𝑥 + 𝑃𝑃𝜔𝜔𝑦𝑦 ± 𝜔𝜔0 = 𝛺𝛺. 
Thus, varying the parameters of the confining 

potential allows tunable optical absorption, making 
such structures promising for infrared and terahertz 
optoelectronic applications. 
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  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. 
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I. INTRODUCTION 

 

In works [1-6] it is proved that in the presence of 

a temperature gradient T  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 , T ). The velocity of the 

hydrodynamic motions of charge carriers V  and the 

magnetic field H  are directed perpendicularly T . 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 T const = or over a distance 

T
L

T
=


, the change in the temperature gradient is 

very small. Then a weak magnetic field 1, 

eH

mc
 =  is excited in the plasma Larmarov frequency, 

 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 

ik  of the medium in the presence of a constant 

temperature gradient T const = . 

 

II. Basic equations of the problem 

 

In the presence of an electric field E , a 

temperature gradient T  and the speed of 

hydrodynamic movements, the current density V( r ,t )  

has the form: 

 
* *j E E ,H T TH       = + −  −   

                                                       (1) 

 

Here 
*

0

VH T n
E E

c e n

   
= + + ,  e 0  

VH

c

 
 

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

is the gradient of the electron concentration, 0n  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 
c

j rotH
4

=  and *E  to (1) we obtain the following vector equations for determining 

the electric field 

E a bE = +  
                                                                           (2) 

 

From (2) we get  

E a bE b bE    = + +    
                                                                 (3) 

 

( ) ( )E j jH jH H TH TH T           = + + +  +  +                                      (4) 

 

  




 −
 = ,  is the thermoelectric power differential,   is the Nernst – Ettinishausen coefficient. In 

anisotropic media, electric field (4) is the tensor 

 

  ( )   ( )i im m im im m im im im mm m
m

T
E j jH jH H TH TH H

x
     


   = + + + +  + 


                  (5) 

 

In the absence of an external magnetic field, 0H 0=  we obtain the following system of equations for our 

problem 

i im m im m
E j TH

1 H
rotE

c t

4 1 E
rotH j

c c t

 



    = +  



 = −




 = +


                                                               (6) 

 

Assuming that all variable quantities change in the form of a monochromatic wave, i.e. 

 

( )
( )i kr t

E ,H ~ e
−

                                                                     (7) 

 

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

 

ie
i ie e m im e m

m

c T
E A k k B k E

x


 



 
 = + + 

 
                                                (8) 

Here  
2c

A i ,
4

=  
2 2 2w c k

B i
4

−
=                                                            (9) 

 

Taking into account that i im mE E =  from (8) we write im im = , im

1,i m

0,i m


=
= 


 

 

ie
im ie e m im e

m

c T
A k k B k

x


  



 
= + +


                                                 (10) 

 

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

 

im im 0 − =                                                                          (11) 

or 

 

( )( )( ) ( )

( ) ( )

11 22 33 21 13 32 12 23 31 13 31 22

32 23 11 21 12 33

1 1 1 1

1 1 0

           

     

− − − + + − − −

− − − − =
                         (12) 
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2 2
12 11 12

11 11 12 12 11 11 2 12 12 1

2 2
13

13 13 13 11 13 1 21 21

2 2
21 22

22 22 22 21 21 2 22 22 2

23 23

ii ic k
, , c k T , c k T

4 4 4

i c k i
i , c k T , ,

4 4 4

i c k
i , c k T , c k T

4 4

i
i

4

  
       

   

 
      

   

 
      

  


 



−
 = = − + =  = 

= − − =  =

−
 = − + =  = 

= −
2 2

23
23 23 23 1

2 2
31 32

31 31 32 32 32

31 31 2 32 32 1

2 2
33

33 33 33 33 33 1

c k
, c k T ,

4

i i c k
, i ,

4 4 4

c k T , c k T

i c k
i , c k T

4 4


  

 

  
    

   

   


    

  

− = 

−
= = − +

 =  = 

= − − = 

          (13) 

 

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

 

1 2 3 1 2
1 2 3

T T T
k k ,k k 0, T 0, T 0, 0.

x x x

  
= = = =   =  =

  
. 

 

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

 

1) ( )( )( ) 2 11
11 22 33 2 21 22, 22 33 2

2 i 1
1 1 1 , ,ck 2

4 4 ck


      

  

  
− − − = +  = − = = =  

 
 

2) 3 13 21 13
21 13 32 3 31 32 32 13

3

1
i , , ,

ck ck

  
      




= −  = − = =


 

3) 
2 2

31 12 23 1 23
12 31 23 12 23 1 23 1 11 122 2 2

i c k
, ,

8 16 c k

   
       

 

 
= − + =   = −  

 

 

4) ( ) 31
13 31 22 13 2 13 22 13 2 21 222

ck 2
1 ; , ,

ck8


        


− = − =  =  = −  

5) ( )
2 22 2

32 23 3 23
32 23 11 11 3 31 32 23 3 32 232 2 2 2

c kc k i
1 1 , ,

4 16 c k

  
        

 

  
− = − − +  = −  =     

 

 

6) ( )
2 2

1 3312 12 1 1
21 12 33 21 122

33

c k ckick
1 i ,

4 4 ck ck16

 
    

     

   
− = − + − − =  

 

 

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

frequency inside the medium at 

322 2 1
21 11 33

1 31 3 13 3 13 33

T 2 ck
, , ,ck 2

T 4 4


  

   

  
= = = =

  
                             (14) 

 
3 4

2 33 33
33

1 23 1 23

4 6
i 4 0

 
  

 

 
+ − − =    

                                               (15) 

Let us denote 

2
33

1 23





=


 and then from (15) we get: 

1
2

2
1,2 33 33 33

3
2 2i 2 1 2i

4
       

 
= −  − − + 

 
                                    (16) 

 

Let us write (16) in the following form 
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( ) ( )

( ) ( )

1
2

1,2 33 33 33 33 33 33

1 1
2 22 2 2 2

33 33 33

2

2 i2 2 i 2 i2 2 x iy

1
2 i2 2 i

2

31 ; 2
4

          

         

    

= −  + = −  + =

 
= −  + − + + + 

  

= − + = −

                      (17) 

From (17) we write  

1 10 1 2 20 2i , i     = + = +                                                      (18) 

 

It is clear that a wave with frequency 20  decays, and a wave with frequency 10  can grow if 1 0,   

 

( )
1

22 22 2   + +                                                            (19) 

 

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

 

( )
1

22 2
10 33

1
2 1

2
    

 
= + + − 

  

                                                  (20) 

 

the following inequalities 
2 3 1 0

4
 − −                                                                     (21) 

 

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

to the values 

1 =                                                                             (22) 

 

It is easy to see that at 1 =  for inequality (20) becomes 3 0
4

−   and the instability condition (21) is 

satisfied, then 

( ) ( ) ( )
2 222

33 1 3333 1

11 23 11 2 23 1 11 213 2

T T
1

T T T

 


     

  
= = =  =

      
                                         (23) 

 

Considering the relations we used 311

2 32

T

T






=


 

we get   

( )

( )

2

33 31

11 23 32

1
 

  

 
=

  
 

 

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. 

 

Таble 1.  

Conductivity values by direction 
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Table 1 shows that all components of the electrical 

conductivity tensor are expressed in terms of the 

component 22 . This means that with measurement 

22  it is possible to determine all other components 

ik . However, excited in the above medium wave is 
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purely thermomagnetic. This wave grows at
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III. DISCUSSION OF THE RESULTS 
 

All tensor values ik  are determined by 

coefficient values ik . Experimental measurement of 

the coefficients ik  using table 1. determine the 

electrical conductivity ik . Thus, the excited growing 

thermomagnetic wave with frequency (20) makes it 

possible to determine all components of electrical 

conductivity ik . 

_______________________________________ 
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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. 
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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 

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 

planning. 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. 

 

 
 

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 directions in information systems 

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 challenges must be addressed by 

governments through robust security measures, 

strategic change management, and phased 

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’ Adoption of 

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]. 

 

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 

number 
Method used Benefits Challenges 

1. 
Service-Oriented 

Architecture (SOA) 

Seamless real-time information 

exchange between government 

agencies, increasing transparency, 

reducing administrative costs 

Ensuring security and data 

confidentiality in inter-

agency information exchange 

2. 
Amazon Web Services 

(AWS) 

Efficient service delivery, reduction of 

fraud in social assistance programs, 

simplified identity verification 

Legal and regulatory issues 

related to data privacy and 

security 

3. 
Microsoft Azure  

(MA) 

A unified approach to public service 

management,    real-time monitoring 

and response,   and data-driven 

decision-making 

Managing the interaction of 

various systems, ensuring 

cybersecurity in a highly 

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. I 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 0C) 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 200C. 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 0C acts more quickly on the thickness of the 

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 Tmelt=2000C, at different pressures P and at a crystallization 

temperature of Tkr=220C and in one axis. 

 
 

 

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

№ P, atm ε, % ε, % ε, % 

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.  
  

 

 
 

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 

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. 
 

 

 
 

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 

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 Å  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 configuration of 

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 

Tcr~20-100 0C, and subjected to a single-axis 

deformation process at a temperature of T=20 0C. 

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.  

 

 

 

Table 2.  

Results obtained from experiments on deformation of high-pressure polyethylene plates at different Tcr- 

crystallization temperatures, prepared at a temperature of Tmelt=200 0C, a pressure of P=120 atmospheres, and a 

temperature of Tdif.=20 0C and in the direction of one axis. 
 

 

  

 

 

 

 

 

 

 

 

 

 

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

№ Ткр.0S ε, % ε, % ε, % 

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 

1-d=0.6mm 

2-d=1.2mm 
3-d=1.6mm 

 
  

 
 

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 

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; 

2. 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. 

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 ( ) disUU 7.06.0 −= 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 

established that the preliminary action of high dc 

voltage does not affect the surface discharge 

(flashover) voltage for specimens of porcelain or glass. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
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 ozone, studied 
by various scientists. 
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I. 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. 

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. 
 
II. 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. 

mailto:firuza_djafarova@inbox.ru
mailto:z.tagiyeva@mail.ru
mailto:sabina_quseynova1977@hotmail.com
mailto:sevil-axadova@mail.ru


F.Sh. DJAFAROVA, Z.A. TAGHIYEVA, S.A. HUSEYNOVA, S.S. AHADOVA  

52 

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+ + 2H2O+ + O3→2Cu3+ + 3H2O + O2 
 
Ozone reacts with sulfides to form sulfates: 
 

PbS + 4O3 →PbSO4 + 4O2 
 
Oxidation of lead oxide hydrate by ozone: 
 

Рb(ОН)2+O3→ РbО(ОН)2 + O2. 
 
Oxidation of silver with ozone. 
 

4Аg + 2O3 → 2Аg2O + 2O2. 
 
Treatment of a solution of calcium in ammonia 

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

 
3Ca + 10NH3 + 7O3→ Ca∙6 NH3 + Ca(ОН)2 + Ca(NО3)2 +2NH4O3 +3 O2 + 2H2O 

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

 
2Mn2+ + 2O3 + 4H2O→2MnO(ОН)2↓ + 2O2 + 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. 

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]. 
 
III. 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 
(H2O2), atomic oxygen (O•), hydroxyl radical (HO•), 
hydroperoxide radical (HO2•), 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: 
H2O → OH∙ + H∙  
2H2O → H3O + + OH∙ + eaq –  
H ∙ + O2 → HO2 ∙  
H ∙ + H2O2 → H2O + OH∙  
eaq - + OH∙ → OH-  
eaq - + H∙ + H2O → OH- + H2  
eaq - + H2O2 → OH∙ + OH-  
H ∙ + OH∙ → H2O  
OH∙ + OH∙ → H2O2  
HO2 ∙ + HO2 ∙ → H2O2 + O2  
H ∙ + HO2 ∙ → H2O2  
H ∙ + H∙ → H2  
HO2 ∙ + OH∙ → H2O + O2  
H3O + + OH- → 2H2O  
OH∙ + H2O2 → H2O + HO2 ∙ 

 
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– 
+H2O→e– +H+OH (1) O(1 D)+H2O→2OH (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 μs 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 

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 τ ≈ 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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IV. 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, ozone) 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 yield. 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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Copper- and nickel-doped zinc oxide (Zn₁₋ₓMₓO, 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.  
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1. Introduction 

 
Zinc oxide (ZnO) is a II–VI semiconductor with a 

hexagonal wurtzite crystal structure. It is widely 
studied for its exceptional optical, piezoelectric and 
gas-sensing properties [1-4]. The  crystal lattice of ZnO 
consists of alternating planes of Zn²⁺ and O²⁻ ions 
stacked along the c-axis, resulting in strong 
spontaneous polarization and anisotropic bonding 
characteristics [5]. Due to its wide direct band gap (3.37 
eV) and large exciton binding energy (~60 meV), ZnO 
is considered one of the most versatile functional 
oxides for use in optoelectronics, photocatalysis, 
transparent conductors and spintronic devices [6,7]. 

The structural, electronic and vibrational 
behaviour of ZnO can be effectively tailored by 
introducing foreign atoms or defects into its lattice. Of 
the various strategies, transition metal (TM) doping has 
proven to be particularly effective in adjusting the 
electrical conductivity, magnetic response and defect-
related optical transitions of ZnO, all the while 
maintaining the stability of the wurtzite phase. [8]. 
Doping with Cu and Ni is of particular interest as their 
ionic radii (Cu²⁺ = 0.73 Å and Ni²⁺ = 0.69 Å) are close 
to that of Zn²⁺ (0.74 Å). This allows them to be 
incorporated into Zn sites with minimal structural 
disruption. However, this substitution process 
inevitably introduces local lattice strain, oxygen 
vacancies and other point defects, which have a 
significant impact on phonon dynamics and electron–
phonon interactions. 

This study aims to synthesize Cu- and Ni-doped 
ZnO nanocrystals via a controlled co-precipitation 
method, and to analyze their structural and vibrational 
characteristics in comparison to undoped ZnO. By 
correlating XRD and Raman results, the study will seek 
to elucidate the effects of transition metal incorporation 
on lattice strain, defect formation and phonon 
behaviour in ZnO nanoparticles. 
 
 

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

Zn₁₋ₓMₓO (M =Cu (Ni); x = 0.00, 0.01, 0.05) 
nanocrystals were synthesized by one step co-
precipitation method. Zinc chloride (ZnCl₂), copper (II) 
chloride dihydrate (CuCl₂·2H₂O), and nickel (II) 
chloride hexahydrate (NiCl₂·6H₂O) were used as metal 
precursors.  

In a typical procedure, 0.05M of zinc chloride 
(ZnCl₂) was dissolved in deionized (DI) water under 
continuous magnetic stirring at a temperature of 60 °C 
and a stirring speed of 500 rpm. Subsequently, 20 mL 
of ethylene glycol was added as a stabilizing and 
capping agent, and the initial pH of the solution was 
adjusted to 4. An aqueous solution of sodium hydroxide 
(NaOH, 1.07 M) was then added dropwise over the 
course of 1 hour to initiate the precipitation process, 
during which the pH gradually increased to 6.1. The 
reaction temperature was subsequently raised to 90 °C, 
while the stirring speed was successively increased to 
1000 rpm and then 1500 rpm toward the end of the 
reaction to ensure uniform nucleation and particle 
growth. The resulting precipitation was washed 3 times 
with DI water and centrifuged two times at 4000 rpm 
for 15 minutes each to remove residual ions and 
impurities. The obtained precipitate was then dried in a 
laboratory oven at 80 °C for 2 hours. Finally, the dried 
powder was calcined at 500 °C for 3 hours in a muffle 
furnace to obtain crystalline ZnO nanoparticles. 

The synthesis of ZnO samples doped with 1% and 
5% Cu (and Ni), was carried out under identical 
experimental conditions. The only difference was the 
addition of stoichiometrically calculated amounts of 
CuCl₂·2H₂O and NiCl₂·6H₂O to the ZnCl₂ solution 
during each separate reaction. Particular attention was 
paid to optimizing the pH value to ensure maximum 
precipitation during the synthesis process. 
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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 2θ ≈ 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 ZnO, but very weak 
diffraction peaks are observed at around 2θ = 35.5° and 

38.7°. This indicates the formation of a small amount 
of the monoclinic CuO phase. This behaviour indicates 
that Cu²⁺ ions primarily replace Zn²⁺ 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 2θ ≈ 37.1° and 43.09° in 
the 1% Ni-doped ZnO sample and become more 
pronounced at 5% doping. This suggests that, while 
most Ni²⁺ ions substitute for Zn²⁺ ions in the ZnO 
lattice, a small fraction reacts with oxygen to form  a 
partially compressed, strain-induced cubic NiO phase 
[10-12]. 

 

 
a)                                                                   b) 

 
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 
Cu²⁺ (0.73 Å) is nearly the same size as Zn²⁺, and thus 
induces minimal strain at lower doping levels, Ni²⁺ 
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 Ni²⁺ ions 
hinders crystal growth by introducing lattice strain and 
structural defects. In contrast, the minimal lattice 
mismatch between Cu²⁺ and Zn²⁺ 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⁻¹. 

For the pure ZnO sample, the dominant Raman 
band observed at ~437 cm⁻¹ corresponds to the E₂(high) 
mode, arising from the vibration of oxygen atoms in the 
wurtzite lattice. The weak feature near 333 cm⁻¹ is 
attributed to a second-order Raman process: the 
E₂(high) − E₂(low) two-phonon difference mode. The 
band at ~380 cm⁻¹ corresponds to the A1(TO) mode, 
which is associated with the transverse optical vibration 
of Zn–O bonds. Additionally, the modes appearing near 
578–585 cm⁻¹ are characteristic of the A1(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⁻¹ also originates from a second-order 
two-phonon scattering process (2LO), which is 
characteristic of nanocrystalline ZnO. 
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                                              a)                                                         b) 
   

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 E₂(high) 
mode shifts from 437 cm⁻¹ to ~424 cm⁻¹ at a 5% dopant 
concentration, while the 333 cm⁻¹ mode shifts to ~319 
cm⁻¹ (Cu) and ~316 cm⁻¹ (Ni). Although the apparent 
intensity of the E₂(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⁻¹ broadens 
and intensifies with increasing dopant concentration 
(x=0.01-0.05), reflecting growth in defect density and 
oxygen vacancy concentration. This is consistent with 
XRD results indicating lattice distortion. Furthermore, 
the high-wavenumber band at approximately 1149 cm-

1, which is assigned to the 2LO overtone, exhibits red-
shifting and marked intensity enhancement upon Cu 

and 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 
strong interest for both basic science and applications 
thanks to their ultrafast response to high-frequency 
fields, robustness from zero net magnetization, and 
promise for information transport [1]. We investigate 
spin-wave dynamics in a hexagonal antiferromagnetic 
nanotube, where exchange interactions and spatial 
symmetry jointly govern magnon propagation and 
quantum-mode splitting. The hexagonal geometry fixes 
lattice periodicity and drives symmetry-dependent 
degeneracies, motivating a dispersion construction and 
symmetry analysis [2]. Using a Green’s-function 
framework, we compute spin–spin correlations and 

energy spectra, derive magnon dispersions for the 
model nanotube, and resolve mode degeneracies [3]. 
Our aim is to clarify the energetic landscape of spin 
waves, explain the origins of dispersion minima, and 
quantify how interaction parameters reshape the 
spectrum. 

The system under study is a hexagonal 
antiferromagnetic nanotube composed of six-atom 
rings stacked along the tube axis. The lattice comprises 
two antiferromagnetically coupled sublattices, a and b. 
As illustrated in Fig. 1, we include exchange 
interactions within each ring (parameter J) and between 
adjacent rings along the axis (parameter Y). 

 

 
 

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]: 

( ) ( ) ( ) ( ) ( )2 2

, , , , , ,
,

A Az z z z
ij i j AFM i i a AFM i j b i a j b

i j i j i j
H J S S h S h S D S S

 
= − + + + 

 
∑ ∑ ∑ ∑ ∑  (1) 

 
The first term captures exchange coupling 

between spins; the second and third terms describe 
internal (effective) fields acting on the z-components, 
enforcing opposite spin orientations on the two 
sublattices; the final term is a uniaxial anisotropy that 
sets the preferred alignment direction. The 
parameter D indicates the strength of anisotropy. 

The alternating spin order governs the system’s 
dynamics, making the dispersion relation central to 
understanding its behavior. We analyze these dynamics 
with Green’s functions, which quantify how a local 
spin flip influences another site—i.e., how collective 
spin excitations propagate. 

Within this framework, a convenient choice is the 
retarded double-time Green’s function 
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( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ), ,, , , ,; , ;a b
i j i ji a j a i b j aG S t S t G S t S tω ωω ω+ − + −′ ′=<< >> =<< >>  (2) 

The resulting system of equations for these functions is: 

( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )
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(3)  

Here  ( )( ) 2 2A z
AFMh J Y D SΩ = + + + 〈 〉 , z z z

a bS S S〈 〉 = −〈 〉 = 〈 〉  
To solve these equations, Fourier transformation is applied, taking into account the periodicity of the structure [5]: 

                    
5
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5
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=

= ±∑                                (4) 

2 , 0,1,2,...,5
6 3

r rq r
a a
π π

= = =    

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

( , ) ( , )
1, ,exp[ ]a b a b

n m n mG ika G± = ±     (5) 
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: 

                                  ( ) ( ) 22 2
,4 cos cosz

n aS J qa Y kaω = ± Ω + 〈 〉 +                                            (6) 

    Now, let us examine how the dispersion relation ω(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. 

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

( ) 0.2, 0.5 / 0.1,A z
AFM ah J S D J= 〈 〉 = =    ) / 2, ) / 0.5.a Y J b Y J= =  

 
Figure 2(a): Strong interlayer coupling. The 

branches are nearly parabolic with minima near k=π/2. 
The enlarged bandwidth and steeper slopes indicate 
freer magnon propagation and more efficient energy 
transfer across the nanotube. 

Figure 2(b): Weak interlayer coupling. The 
branches lie closer together and exhibit reduced 
curvature. Diminished bandwidth and flatter slopes 
point to weaker energy variability, with more localized 
modes and less efficient spreading of excitations. 

Interlayer spin coupling is a primary control knob 
for the dispersion. Increasing this coupling enlarges 
band separation and broadens the spectrum, while the 
symmetric placement of minima around k=π/2 reflects 
the lattice symmetry and periodicity. The observed 
trends imply that quantum excitations can be 
engineered via the parameters J (intra-ring) and Y 
(inter-ring), enabling tunable behavior relevant to 
spintronics, magnetic nanostructures, and quantum 
information applications. 
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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). 
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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 

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 λ = 

1.5 cm and λ = 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 (ε') and dielectric loss (ε'') of the 

composites under study were used. The experimentally 

obtained values of ε' and ε'' 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  were recorded 

sequentially for each successive number N=1,2,3 of the 

minimum of the function (l). The experimental values 

ε' and ε″ of the “acetonitrile-epoxy resin” composite 

were used to construct the dependencies ε’ on ε″ in the 

Cartesian coordinate system [ε’, ε'']. 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 ε″ on ε′ in the 

coordinate plane [ε',ε''] were determined (Fig. 1). 

 

 
 

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 ε″ on ε′, the resonance values of the 

acetonitrile concentration φ0 and the layer thickness l0 

at which complete absorption of microwaves occurs 

were calculated. The obtained theoretical values of φ0 

and l0 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 ρ on l. As can be seen in Fig. 1, for the 

“acetonitrile-epoxy resin” composite, all minima of the 

dependence of ε' on ε'', starting with the first, reach zero 

values when the composite concentration changes.  

Polar liquids characterized by high values of both 

dielectric loss ε″ and dielectric permeability ε′ 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 ε″= 0, and ε′ does not 

depend on frequency, at a given temperature t and 

wavelength λ of the incident electromagnetic radiation, 

the selection of the resonant values ε0' and ε0'' 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 λ 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: 

 

𝜋(2𝑁 − 1) +  𝑎𝑟𝑐𝑡𝑔
2𝜋𝑦

𝑛(1+𝑦)−1
=  

1

𝑦
 ln √

(1+𝑛)2+ (𝑛𝑦)2

(1−𝑛)2+ (𝑛𝑦)2  ,                               (1) 

 

    
𝑙0

𝜆0
=  

1

4𝜋𝑛
 [𝜋(2𝑁 − 1) +  𝑎𝑟𝑐𝑡𝑔

2𝑛𝑦

𝑛2(1+𝑛2)−1
]   ,                               (2) 
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where l0 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 γ of the coating material, which are included in 

equations (1) and (2), are related to its dielectric 

permittivity ε' and dielectric loss ε'' by the following 

known relationships: 

 

𝜀′ =  𝑛2(1 − 𝑦2)          𝜀″ = 2𝑛2𝛾        (3) 

 

The quantities ε' and ε″, which are part of 

equations (3), are related to the dielectric permittivity 

ε0′ and dielectric losses ε0'' of the liquid phase, as well 

as to ε0 of the matrix material, by the following 

equations:  

 

𝜀′ = 𝜀1
′  (𝜑0) + 𝜀2 (1 − 𝜑0) ,      

 

𝜀″ =  𝜀1
″ 𝜑0                                    (4) 

 

where φ0 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 φ and the coating layer thickness l0 for 

given values of N, the wavelength λ of the incident 

radiation, and the dielectric coefficients.  

Below are the results of calculating φ and l using 

equations (1) – (4) at a wavelength λ = 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 ε = 2.7. For 

acetonitrile at λ = 1.5 cm and t = 20°C, ε' = 36.8, ε'' = 

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 φ = 0.077 and an 

absorber layer thickness l = 0.173 cm, which 

approximately corresponds to λg/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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Based on nanostructured A2VB3VI 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 A₂VB₃VI crystals and eutectic sublayers of thermoelements (TEs), incorporating zeolite-
based dielectric junctions for enhanced solid-state cooling performance. The use of eutectic Bi₂Te₃–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  
 

In order to identify the possibility of using 
eutectics from A2

VB3
VI-Te, to create a strong contact 

between semiconductor and metal with a hot junction 
temperature of 600K, the properties of eutectic alloys 
were analysed. After a number of experiments, the 
design met these requirements, avoiding anodising the 
entire power frame. 

Thermoelectric batteries in a power frame with 
dielectric transitions made of zeolites for solid-state 
coolers. Dielectric junctions made of zeolites for solid-
state coolers. This review provides a summary of the 
classification, composition, structure of zeolites and 
their influence on adsorption properties.Their influence 
on adsorption properties, and data on the use of zeolites 
in HPLC are systematised. The design of such 
thermoelectric batteries includes a stiffening frame 
made of heat-insulating material, equipped with two 
dielectric plates on which compounds made of mixtures 
of Al2O3and zeolite are applied. In the proposed design 
of TB, 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 is 
ensured and, accordingly, the achievement of the heat-
exchange system is guaranteed.  

In the proposed design of the TB, it is possible to 
create sufficiently large forces of compression of the 
heat contact plane of hot junctions to the base of the 
heat exchange system and, accordingly, it is guaranteed 
to achieve 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 power frame, and the semiconductor 
branches are mechanically.  

Coupling of thermoelements made of eutectics 
with transition layers. In order to identify the possibility 
of using eutectics made ofA2

VB3
VI-Te to create a strong 

contact between semiconductor and metal with a hot 
junction temperature of 600K. Thermoelectric (TE) 
materials have garnered significant attention due to 
their ability to directly convert heat into electricity and 
vice versa, enabling applications in power generation, 
waste heat recovery, and solid-state cooling [1–4]. 
Over the past decades, substantial efforts have been 
directed toward optimizing material properties via 
nanostructuring, doping, and composite engineering to 
enhance ZTZTZT beyond unity, which is crucial for 
practical applications [6,7].  

Among promising TE materials, bismuth telluride 
(Bi₂Te₃) based compounds have demonstrated 
excellent performance near room temperature, making 
them suitable for cooling applications [8]. However, 
challenges remain in ensuring mechanical stability, 
thermal contact quality, and chemical compatibility at 
interfaces, particularly at elevated temperatures 
reaching 600 K, typical in high-power solid-state 
coolers. Eutectic alloys composed of A₂VB₃VI-Te 
systems (where A, V, and B represent group II, V, and 
VI elements) exhibit unique microstructures formed 
during solidification, comprising intergrown phases 
such Bi₂Te₃-Te. These eutectics present dendritic 
morphologies and characteristic defect ensembles 
including vacancy-induced nanopores and dislocations 
that influence charge and phonon transport [9,10]. 
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 
(Al₂O₃), 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 Bi₂Te₃–Te switching layers and zeolite-
Al₂O₃ 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 Bi₂Te₃-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-Al₂O₃ 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 
A2

VB3
VI-Te is compound A2

VB3
VI, 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 Bi2Te3 from 
hexagonal tellurium fragments increases with 
increasing concentration of the dissolved component. 

Given the great flexibility of valence 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 Bi2Te3-Te eutectics are 
considered as a special class of multiphase systems and 
between Te(1) atoms in A2

VB3
VI 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 A2

VB3
VI -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 Sb2Te3-
Te and Bi2Te3-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 μv/K, which is an important 
factor in the use of the thermoelectric properties of 
Bi2Te3-Te and Bi2Te3-Te. . The surface morphology of 
(0001) Bi2Te3-phase eutectic Bi2Te3-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 the 

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. 

 

 
 

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 A2

VB3
VI-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. 

 

COUPLING OF THERMOELEMENTS MADE 
OF EUTECTICS WITH TRANSITION LAYERS.  

 
In order to identify the possibility of using 

eutectics made of A2
VB3

VI-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 A2

VB3
VI-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 Al2O3and 
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. 

 

 
 

Fig. 3. Schematic diagram of a thermocouple commutated from sublayers based on eutectic alloys Sb2Te3-Te and   
Bi2Te3-Te.[82] 

 
These properties allowed us to use eutectics as 

switching sublayers. The switching materials based on 
Sb2Te3-Te and Bi2Te3- 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 a 

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. 

 

 
 

In Fig 3.  gives the AFM 
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Fig. 4..Schematic of a thermopile with dielectric coatings of zeolite-a). 
 

 
 

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-Al₂O₃ dielectric layers enables Rth, 
Rth reduction by up to 35% under 150 N/cm² 
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 Bi₂Te₃ 
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 
A₂VB₃VI-Te crystals. Through comprehensive 
morphological, structural, and thermoelectric analyses, 
it has been established that the use of Bi₂Te₃–Te and 
Sb₂Te₃–Te eutectics ensures high-efficiency, 

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 
A2

VB3
VI 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 Sb2Te3-Te and Bi2Te3-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-Al₂O₃ 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 in the device. The 

proposed design addresses long-standing issues related 
to mechanical stresses, heat dissipation, and interface 
degradation in solid-state cooling systems. 
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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–III2–

VI4, including CaGa2S4, seem to the most promising. 

As compared to its binary analog, CaGa2S4 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, CaGa2S4 can 

be strongly doped with REE (up to 1021 cm-3). CaGa2S4 

compound belongs to the group of triple chalcogenides 

with general formula of II-III2-VI4 (where II are Ba, Sr, 

Ca, Eu bivalent cations; III2 are Ga, In, Al trivalent 

cations; VI4 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 (CaGa2S4) 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]. CaGa2S4 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 

thiogallate crystallizes in an orthorhombic structure 

with space group 𝐷2ℎ
24–Fddd [8] and is characterized by 

three different crystallographic sites for the calcium 

ion: two with D2 point symmetry and one with C2.  

 

MEASUREMENTS 

  

This paper describes the results obtained for 

CaGa2S4: REE polycrystals prepared by solid-phase 

synthesis from stoichiometric amounts of calcium 

~CaS: 99.99! and gallium (Ga2S3: 99.95) sulfide 

powders in a sulfur vapor atmosphere at 1000°C in a 

vacuum of 10−4 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 REEF3 ~99.9 

doping during the synthesis process. 

 

EXPERIMENTAL RESULTS 

  

The Eu2+ 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 

CaGa2S4:Eu2+ 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 Eu2+ ions, 

since the unactivated CaGa2S4 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 4f65d to the ground 4f7 (8S7/2) 

level [9]. 
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Fig.1. Emission (a) and excitation (b) spectra in CaGa₂S₄:Eu²⁺ single crystals at 77 K. 

 

The CaGa2S4:Er emission spectra at room and 

liquid nitrogen temperatures obtained under lexc = 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 4G11/2 , 
2H9/2 , 4F3/2 , 4F5/2 , 4F7/2 , 2H11/2 , and 4S3/2 states to 4I13/2 

and 4I15/2 Er3+ 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 Er3+ 

ion states split into many levels due to the spinorbital 

interaction and crystal field of the CaGa2S4 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 4F11/2 

level with a two-phonon process with the participation 

of the 4I11/2 level energy-state absorption ~ESA and an 

up-conversion emission is observed in the visible 

range. In addition to the slight 4F7/2 - 4I15/2 emission, a 

strong 4S3/2 - 4I15/2 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 Er3+ centers [10]. 

 

 
 

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. 

 

 
 

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 CaGa2S4:Nd3+ 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 2G7/2→4I9/2, 
2G5/2→4I9/2, 2H11/2→4I9/2, 4F19/2→4I9/2 and 2H9/2→4I9/2 

transitions. It is shown that observable FL maxima 

practically don’t depend on wave length whereas the 

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 Nd3+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/.

 

 
 

Fig. 5. FL spectra CaGa2S4:Nd3+ at room temperature. 

 

Activation of the CaGa2S4compound 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 Pr3+ ions (Fig. 6). The 494 nm PL excitation spectra 

of CaGa2S4:Pr3+ 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 CaGa2S4 compound, this 

band is due to the absorption of pump radiation by the 

calcium thiogallate semiconductor matrix and the 

subsequent transfer of excitation energy to the 

praseodymium ions. The maximum in the 

photoluminescence excitation (FL) spectra of 

CaGa2S4:Pr3+ recorded at 494 nm, occurs at a 

wavelength of 456 nm. With an increase in the Pr3+ 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 Pr3+ ions. In calcium 

thiogallate, the PL line spectrum of CaGa2S4:Pr3+ in the 

wavelength range of 470–760 nm can be associated 

with electronic transitions in the Pr3+ 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 3H4 

level to the 3P2 level of Pr3+ ions, followed by 

nonradiative relaxation to the 3P1, 3P0, and 1D2 levels. 

Electronic transitions from the 3P0 level to 3H4, 3H6, 3F2, 

and 3F4 form a group of the most intense lines in the FL 

spectrum of the CaGa2S4:Pr3+ 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 3P1 level to 3H5 and 

3F3, respectively, and at 611 nm (3) to the 1D2 3H4 

transition. The luminescence intensity due to the 1D2 → 
3H4 electron transition is subject to concentration 

quenching with an increase in the proportion of 

praseodymium ions in CaGa2S4 from 3 to 7 at.%. An 

increase in the proportion of praseodymium ions in 

CaGa2S4 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/. 

 

 
 

Fig. 6. FL spectra of CaGa2S4:Pr3+ 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 Pr3+ 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 

CaGa2S4: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 

CaGa2S4 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 CaGa2S4 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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The influence of chromium doping (0.5 mol.% Cr) on the X-ray dosimetric characteristics of the layered TlGaS2<Cr> 

single crystal was studied. The X-ray conductivity coefficient of a TlGaS2<Cr> single crystal at 298 K varies within  𝐾𝜎 =
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 TlGaS2<Cr> single crystals has a power-law character. 

 

Keywords:  TlGaS2 <Cr>, single crystal, X-ray conductivity coefficient, radiation hardness.  

 
1. INTRODUCTION 

          

Ionizing 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. 

TlGaS2 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 TlGaS2 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 TlGaS2 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] 3d54s1) on the X-ray conductivity of the 

photosensitive TlGaS2 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 TlGaS2 and 

homogeneous samples of TlGaS2<Cr> (the chromium 

content in the crystals was 0.5 mol.%), the method of 

direct synthesis of initial high-purity (99.999%) 

elements was used. Samples of TlGaS2 and 

TlGaS2<Cr> single crystals were grown by the 

Bridgman-Stockbarger method. The grown TlGaS2 and 

TlGaS2<Cr> single crystals were layered and easily 

cleaved along the basal plane of the crystals. 

       TlGaS2<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 µm. 

       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 (Rl << Rcryst). 

 

3. RESULTS AND ITS DISCUSSION 

         

Below are the results of studying the X-ray 

dosimetric properties of TlGaS2<Cr> single crystals. 

All measurements were carried out at T = 298 K. 

The studied TlGaS2<Cr> single crystals exhibited 

high sensitivity to X-ray radiation. The X-ray 

conductivity coefficient ( K ), 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:  

( ) EK E −= 00 /  , 

where −0 is dark conductivity, −E  is the 

conductivity under the influence of  X-ray irradiation at 

dose rate E (R/min). 

X-ray dosimetry measurements were carried out 

on TlGaS2<Cr> samples manufactured in a sandwich 

version. The values of the characteristic coefficients of 

TlGaS2<Cr> were determined for different values of 
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the accelerating potential (Va) on the tube and 

corresponding doses of X-ray radiation.  

Figure shows the dependences )(EK  for 

TlGaS2<Cr>, and Table shows for comparison the 

values K for TlGaS2 at T = 298 K and an external 

applied voltage F = 80 V/cm from the Ohmic section of 

the current-voltage characteristic. 

                                                                                                 

 
Figure. Dependences of the X-ray conductivity coefficient on the irradiation dose rate for a TlGa0.995Cr0.005S2   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 TlGaS2 single crystal varies in the range 

0.025 – 0.174 min/R, and in TlGa0.995Cr0.005S2                 

𝐾𝜎 = 0.1 − 0.43min/R, i.e. the X-ray conductivity 

coefficient of a TlGaS2<Cr> single crystal is 

significantly higher than that of a TlGaS2 single crystal. 

Analysis of the obtained experimental results showed 

that 𝐾𝜎both TlGaS2 and TlGa0.995Cr0.005S2 decrease 

with increasing accelerating voltage. 

The X-ray current characteristics of 

TlGa0.995Cr0.005S2 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:   
 

E~00, III EE −= . 

        

The obtained results have demonstrated that 

doped by chromium TlGaS2 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 TlGaS2 single crystal (F = 80 V/cm; T = 300 K) 

 
E, R/min Kσ, 10–2 min/R Va, keV E, R/min Kσ, 10–2 min/R Va, keV 

0.75 9.33 

25 

7.0 3.57 

40 

1.26 10.28 8.89 4.38 

1.47 12.91 12.6 4.53 

1.68 14.88 16.38 4.21 

1.82 15.92 20.09 4.33 

2.03 16.24 23.8 4.08 

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 
30 

10.00 3.90 
45 

2.73 6.95 13.37 3.52 
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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 

35 

13.05 3.45 

50 

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 

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 

 

4. CONCLUSION 

 

Thus, the results of studying the X-ray dosimetric 

properties of TlGaS2<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 

TlGaS2<Cr> single crystals, compared to TlGaS2, were 

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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The adsorption isotherm was analyzed to describe the equilibrium behavior of Cd²⁺ 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 Cd²⁺ ions followed the Langmuir isotherm, indicating monolayer adsorption on a 

homogeneous surface. The study was conducted using γ-Al₂O₃ nanoparticles and γ-Al₂O₃/CuO nanocomposite as adsorbents. 

 

Keywords: adsorption, Cd2+ ions, Langmuir isotherm, γ-Al2O3/CuO 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 Cd²⁺ ions 

from aqueous solution onto γ-Al₂O₃ nanoparticles and 

a γ-Al₂O₃/CuO (12 wt% CuO) nanocomposite. The γ-

Al2O3 and CuO nanoparticles used in our experiments 

were synthesized by sol-gel method. The crystallite 

sizes of γ-Al₂O₃ and CuO nanoparticles were calculated 

from XRD data using the Scherrer equation [9].  

 

EXPERIMENTAL RESULTS   

 

Figure 1 shows the removal of Cd²⁺ ions from an 

aqueous solution using equal quantities of γ-Al₂O₃ 

(0.0058 g) and the γ-Al₂O₃/12% CuO nanocomposite. 

γ-Al₂O₃ exhibits moderate Cd²⁺ uptake, whereas the γ-

Al₂O₃/CuO nanocomposite achieves significantly faster 

and higher adsorption; most of the Cd²⁺ 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 (KL) to be determined for 

both adsorbents. 
 

 
 

Fig. 1.Removal of Cd²⁺ ions from solution using the same 

dose (0.0058 g) of (1) γ-Al₂O₃ nanoparticles and (2) 

γ-Al₂O₃/12% CuO nanocomposite as a function of 

contact time. 

 

mailto:khalilova@rambler.ru


H.Kh. KHALILOVA, N.N. MUSAYEVA,  K.N. YUSIFOVA, M.T. ALIZADA, B.M. IZZATOV  

84 

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(II) 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:  

 

     𝑞𝑒 =  
𝐶0−𝐶𝑒

𝑊
𝑉                                           (1)                        

Where ions uptake at equilibrium, 𝑞𝑒 (mg/g), 𝐶0 and 𝐶𝑒 

(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

𝑞𝑒
=

1

𝑄0𝑏
+

1

𝑄0 𝐶𝑒                         (2) 

 

Where Q0 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 𝐶𝑒/𝑞𝑒   versus 𝐶𝑒, gives a 

straight line of slope 1/Q0 and intercept 1/(Q0 b). 

The Langmuir isotherm data for Cd 2+ions 

adsorption onto γ-Al2O3 NPs and  γ- Al2O3/12%CuO 

composite are presented in figure 5a and b.  

  

 
 

Fig. 2. Langmuir isotherm of Cd2+ ions adsorption onto: a) γ-Al2O3; b) Al2O3/12%CuO composite. 

 

One of the essential characteristics of the 

Langmuir isotherm was a dimensionless constant of 

separation factor or equilibrium parameter RL. The 

value of RL being between 0 and 1 indicates good 

adsorption efficiency. The value of RL was found using 

the following equation:  

                                                       

                                   𝑅𝐿 =  
1

1+𝑅𝐿𝐶0
                   (3)            

 

Where KL is the Langmuir constant and C0 is the 

initial concentration of the Cd ions [10].  

 

The calculated values of Q0 and RL are given in 

the table below. 

 

Table.  

Langmuir isotherm  model for the removal of Cd ions from water using γ-Al2O3  and γ-Al2O3/(12%) CuO 

composite powders 

 
Isotherm model parameters Adsorbent 

 γ-Al2O3 γ-Al2O3/CuO (12%) 

Q0  (mg g-) 136 167 

RL  (L mg-1) 0.933 0.954 
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CONCLUSION 

 

The results of this study demonstrate that the 

adsorption of Cd²⁺ ions from an aqueous solution onto 

γ-Al₂O₃ nanoparticles or the γ-Al₂O₃/CuO 

nanocomposite can be well described by the Langmuir 

isotherm. This indicates that the adsorption of Cd²⁺ ions 

by both materials occurs predominantly as a monolayer 

on a homogeneous surface, where all active sites are 

energetically equivalent and can accommodate one 

Cd²⁺ 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 Cd²⁺ ions from aqueous solutions. 

____________________________________________ 
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INTRODUCTION 
 

The crystal structures of the ternary and 
quaternary layered crystals in the Cu-Ga-In-S-Se 
system have the TTOTTЕ, TOTTЕ, TOTЕ, 
TOTЕ1OOЕ1, and    TOTЕ1OOЕ1TOTЕ2 structural 
types. Where T and O denote the tetrahedral and 
octahedral layers, respectively, Е-denotes empty layers, 
and Е1 and Е2 denote partially filled (less than 1/3) 
polyhedral layers [1]. 

 The work [2] publishes the crystal structure of the 
single-packet trigonal (1T) polytype of 
Cu0,5Ga0,33In1,5S2,5Se0,5 crystals. The crystal lattice 
parameters are a=3.866Å, c=18.695Å. The space group 
is P3m1 and the structural type is TTOTTE. This type 
of structure was observed for the first time in the аmong 
of layered crystals included in the Cu-Ga-In-S-Se 
system. 

 
EXPERIMENTAL PART AND RESULT  
DISCUSSION 

Thin single-crystal films of 
Cu0,5Ga0,33In1,5S2,5Se0,5 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≈250кV, 
2Lλ =39,4 mm.А). 

Figure 1 shows an electron diffraction pattern 
from a thin single-crystal film (SCF) of 
Cu0,5Ga0,33In1,5S2,5Se0,5, where the SCF is tilted at an 
angle of φ = 60° (the hk0 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 ω = 60° around an axis perpendicular to 
the film plane. 

         

 
        
 Fig. 1. a) Rotation electron diffraction pattern of a thin single-crystal film of Cu0,5Ga0,33In1,5S2,5Se0,5, b) projection of the crystal 

structure onto the (21 1 0) plane.    
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The decoding of electron diffraction patterns was 
carried out using the following formulas for oblique 
textures [3]: 

 

         d100 = 3 а/2 = 2Lλh/2Rh00,                (1) 
 

          Dhk l  = (R2
hkl – R2

hk0)1/2,                    (2) 
 

          ∆D = с*Lλ = (Dhkl – Dhk(l–1)),                 (3) 
 

            d001 = с = 1/с*= Lλ/∆D.                   (4)  
       

The presence of extinctions of the type –h + k + l 
≠ 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 series l211  is the 15211  reflection. 
The value l = 15 indicates that the unit cell consists of 
three TTOT T Е types of packets [4]. The structure of 
Cu0,5Ga0,33In1,5S2,5Se0,5 (i. е. CuGa0,67In3S5Se) is 
identical to the structure of ZnIn2Se4 [5], and in 
Zn3In2S6 [6] and GaInS3 [7] crystals, 1T polytypes 
were established, in which there is only one such 
packet. 

A new 3R-polytype of the Cu0,5Ga0,33In1,5S2,5Se0,5 
crystal was established with the lattice parameters a = 
3.866 Å, c = 56.085 Å, space group R3m and with the 
structural module hTcThOhTcThE, 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: А = 31/2а. The arrangement of metals 

(positions a, b, c) in the closest packing of selenium 
(positions A, B, C) is as follows: 
…A b B c C a В b C c A E С а А b B c А a В b С E В c 
C a A b C c A a B E…, 

Figure 2b shows projections of the 
Cu0,5Ga0,33In1,5S2.5Se0,5 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. 

 
CONCLUSION 

 
Rotational electron diffraction patterns were 

obtained for a thin single-crystal film of 
Cu0,5Ga0,33In1,5S2,5Se0,5 crystals. 

The Cu0,5Ga0,33In1,5S3 crystal structure is 
characterized by the TOTTE structural type. When 
selenium replaces 1/6 of the sulfur atoms, the 
Cu0,5Ga0,33In1,5S2,5Se0,5   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 
Cu0,5Ga0,33In1,5S2,5Se0,5 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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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 

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. Δp and Δx 
can be   theoretically equal 0 and therefore ΔpΔx=0, 
more exactly ΔpΔx ≤ 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. 
Δp and Δx don’t equal 0 the same time. If one of them 
equals to 0 then another is infinity 0 and therefore 
ΔpΔx>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 ΔpΔx ≤ h then the surrounding world is 
perceived by us habitually (usually). Here there are 
macroworld and the classical physics. On the contrary 
if ΔpΔx ≥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 
quantum 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 ΔрΔх≤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? 

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. 



E.A. ISAYEVA 

90 

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 ΔрΔх ≤ h.  

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 (ΔрΔх ≤ 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 
ΔрΔх ≤ h and  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 (ΔрΔх ≤ 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)   ΔрΔх ≤ 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)   ΔрΔх ≥ h  and  v≤c . This case  correspond to the 
no relativistic micro world. 
3)  ΔрΔх ≤ h and v≥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)  ΔрΔх  ≥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 ΔрΔх ≤ h  and  
v≤c . Let’s assume х= vt.  However it isn’t supposed 
that movement is uniform, i.e. Δv≠0 and 

vttvx ∆+∆=∆ . 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, 

hvttvvm ≤∆+∆∆ )( . Hence, t
t
v

tvm
hv

∆
∆

−
∆∆

≤

. On the another hand, v≤c .  Therefore t
t
v

tvm
h

∆
∆

−
∆∆

= с. Consequently, 0)( 2 =−∆∆+∆
m
hvtcvt . Let's 

find the solutions Δv of this quadratic equation. So, 

t
Dtcv

2
)( 2,1

±∆−
=∆ , where 

m
httcD 4)( 22 +∆= .  It is clear that solution Δv2 ≤ 0 

doesn’t our conditions. We take an interest in Δv1≥0 

solution and therefore Δv=
t

Dtc
2
+∆− =  

t
m
httctc

2

4)( 22 +∆+∆−
 (1). As it is clear, in macro 

world in determining the velocity Δv 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 

describing this dependence the following: 

V
v

w
w

−
=

1

0  

(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 Δv . 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 

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 

vttvx ∆+∆=∆  because of Δv ≠ 0, the factor t of Δv 
must be differed on depending of measurements of 
momentum. Therefore, t1 ≠ t2   and, consequently, Δt≠0. 
By comparing the formulae obtained by us it can be 
obtained the formula for Δt. From formula (2) we have:  








 −=∆
w
w

Vv 01  (3). Comparing the formula (1) 

with (3) we obtain: 
 

    







 −
w
w

V 01 =
t

m
httctc

2

4)( 22 +∆+∆−
.   

From this formula we obtain:    
2

0

02

1

1







 −







 −−

=∆

w
w

cV

w
w

tV
m
h

t . 

In the macro world 0→
m
h

 and therefore:  

c
w
w

tV
t







 −

=∆
10

 (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 Δt→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 

quite another act, i.e. 





 −=∆ 10

w
w

tt . Therefore, the 

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 

is known the formula 

γ





 −

=

V
v

w
w

1

0 , where 

22

2
1

2

2
1

vc

c
c
v

−
=








−=

−

γ . As we have spoken 

above, v is represented as Δv. Thus, for this case in the 
previous calculations in formula (3) the factor  γ before  
ω  take place:  
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c
w
w

tV
t









−

=∆
10

γ
= 

c

wc
vcw

tV 












−

∆−
1

22
0

. 

 

Thus, Δt =
( )

2

22
0

wc
wcvcwtV −∆−

 
.  Here Δv→ с 

and therefore Δt=
c
tV−

.  Let’s compare this formula 

with formula (3), i.e. let’s compare the relativistic case 
(Δv→с) with the non relativistic case. The transition 
from non relativistic case to relativistic case is marked 

by that the factor 





 −10

w
w

 will be equal to -1. 

Therefore 
w
w0  =0 and, consequently, w→∞. Therefore 

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 w0, 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 Δt=- 
t (the case of drawing near source) and Δt= 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 ΔрΔх ≥ 
h  and v≤c. this case corresponds to non relativistic 
world. As in previous case, let’s make transformation. 

So, t
t
v

tvm
hv

∆
∆

−
∆∆

≥ . Taking into account  v≤c  we 

obtain: t
t
v

tvm
h

∆
∆

−
∆∆

≤ с. Transforming this 

inequality we obtain:  
c

tv
mc
htv

2)(∆
−≥∆∆  (4). 

Consequently, 
mc
htv ≥∆∆ ,  where 

mc
h

 is the 

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

ΔvΔt= 






 ∆
−

h
tvm

mc
h 2)(1 . 

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

Let’s remember that Compton’s effect is the 
scattering of electromagnetic wave which is 
accompanied by decreasing frequency. 

( )αλλλ cos1−=−′=∆
mc
h

, where λ and λ’ are 

wave lengths before and after scattering, α 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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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 

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 Fe2+, Cr6+, Cu2+, Ni2+ and 

Zn2+ . 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]. 

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], ],[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]. 

 

 
 

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 

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 



I.H. ZAKIYEVA ZAIMOGHLU, U.F. SAMADOVA 

96 

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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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 SiO₂ increases the 

dielectric constant (ε′) 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 SiO₂ 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 SiO₂, nanocomposite, specific conductivity, dielectric permittivity, electrical conductivity 
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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 (SiO₂), 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 SiO₂ 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 SiO₂ 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 PVC composites. The aim of the study is 

to analyze the dependence of key dielectric parameters 

(dielectric permittivity, dielectric loss tangent, and 

volume resistivity) on SiO₂ 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 

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/SiO₂ 

composites has not been conducted. A key research 

direction involves studying the dielectric properties of 

PVC/SiO₂ composites at various AC field frequencies 

and temperatures. In particular, study [2] evaluated the 

effect of water absorption on PVC/SiO₂ 

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 SiO₂ 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/SiO₂ composites 

also change with the addition of nanofillers. According 

to review [4], modified nano-SiO₂ 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-SiO₂ for 

environmentally friendly packaging materials. Results 

showed that nano-SiO₂ 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 SiO₂ 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 10¹³–10¹⁶ 

Ω·cm—was used. It is a thermoplastic polymer with a 

density of 1.38–1.41 g/cm³ 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 –CH₂–CHCl– (62.5 g/mol). 

SiO₂ nanoparticles with a particle size of 20–25 

nm (Sigma-Aldrich, USA), density 1.96 g/cm³, 

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. 

 

The PVC was dissolved in hydrotetrafluoroethane at 50 

°C. SiO₂ 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+SiO₂ 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 μm. 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: 

                            ε =
Cd

ε0  S
                                            (1) 

 

where C is the capacitance, ε 0 =8,85·10-

12  м−3·кг−1·с4·А2 ,S is the area, and d is the sample 

thickness. Real permittivity (ε′) and conductivity were 

calculated using: 
 

  ε′ =
ε

√1+D2
                             (2) 

 

                                               𝐷 =
𝜀"

𝜀′
                            (3) 

 

                               𝜎 = 2𝜋𝑓𝜀"𝜀0                  (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). 

 

 
 

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

nanocomposite. 
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Fig. 3.  Dependence of the real part of the dielectric permittivity (ε′) 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 SiO₂. 

The graph illustrates the frequency-dependent 

behavior of the real part of the dielectric permittivity 

(ε′) for PVC-based composites with different SiO₂ 

contents. All samples exhibit typical dispersion 

behavior: ε′ 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 SiO₂ content leads to an 

overall enhancement of ε′ values, which can be 

explained by the contribution of the polarizability of the 

silica nanoparticles and the increase in interfacial 

polarization (Maxwell–Wagner effect). 

At low frequencies (10¹–10² Hz), the differences 

in ε′ between samples with varying SiO₂ content are 

most pronounced, whereas at high frequencies, ε′ 

values tend to converge. Specifically, at low 

frequencies (up to 10³ 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 10⁴–10⁵ Hz, the polarizable units cannot respond 

rapidly enough to the changing field. This results in 

reduced polarization efficiency and, consequently, 

stabilization of ε′ at a lower level [6]. At low 

frequencies (10–10³ Hz), dipoles and charges within 

the material can respond to the slowly varying field. As 

the frequency increases (10⁴ 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 (SiO₂). 

 

Figure 4 presents the frequency-dependent 

behavior of the specific conductivity (σ) of PVC 

composites containing different amounts of nanoscale 

SiO₂. All samples exhibit a characteristic increase in σ 

with increasing frequency, which is associated with the 

enhancement of alternating current conduction 

mechanisms, particularly interfacial and boundary 

conduction.Increasing the SiO₂ content leads to higher 

σ 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/SiO₂ 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, σ increases, reflecting the activation of 

dynamic conduction processes and charge migration 

within the material.Thus, the incorporation of 

nanoscale SiO₂ into PVC contributes to an increase in 

the composite’s specific conductivity, an important 

factor when designing materials with tailored electrical 

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/SiO₂ 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. 

 

 
Fig. 5. Frequency dependence of the loss tangent (tan δ) for PVC/SiO₂ composites: 1 – pure PVC, 2 – PVC+1 % SiO₂,    

           3 PVC+3 % SiO₂, 4 PVC+5 % SiO₂, 5 PVC+ 7 % SiO₂. 

 

 
Fig. 6. Temperature dependence of the real part of the dielectric permittivity (ε′) for composites with different filler  

            concentrations. 1 – pure PVC, 2 – PVC+1 % SiO₂, 3 PVC+3 % SiO₂, 4 PVC+5 % SiO₂, 5 PVC+ 7 % SiO₂. 

 

 
Fig. 7. Temperature dependence of electrical conductivity for PVC composites with varying SiO₂ content (1 – PVC, 2 –    

            PVC + 3 % SiO₂, 3 – PVC + 5 % SiO₂, 4 – PVC + 7 % SiO₂, 5 – PVC + 10 % SiO₂. 
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Figure 5 shows the variation of the loss tangent 

(tan δ) as a function of the alternating field frequency 

for PVC/SiO₂ composites. It is evident that tan δ 

decreases with increasing frequency for all composites, 

which can be explained by the attenuation of dispersion 

processes. The lowest tan δ is observed for curve 1 

(black), corresponding to pure PVC. This indicates that 

the incorporation of nanoscale SiO₂ 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 tan δ, and enhances electret behavior and 

dielectric stability[8].As the SiO₂ content increases (3–

7 %), tan δ 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 δ increases, indicating greater energy 

losses. 

Figure 6 illustrates the temperature dependence of 

the real part of the dielectric permittivity (ε′) for PVC 

composites with varying filler concentrations. It is 

observed that ε′ 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 

content, ε′ 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 ε′ 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 ε′. After 

reaching the maximum (usually slightly above Tg), 

polarization begins to decrease because excessive 

thermal energy disrupts dipole orientation, dielectric 

losses (ε″) 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 σ 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. 

 

 
 

Fig. 8.  Frequency dependence of the real part of the dielectric permittivity (ε′) for the PVC + 5 % SiO₂ composite 

under 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 = 10⁷ V/m, t = 3 h). 

  

 
Fig. 9.  Frequency dependence of electrical conductivity of the PVC + 5 % SiO₂ 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 = 10⁷ V/m, t = 3 h). 
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The frequency dependence of the real dielectric 

permittivity (ε′) shows that at low frequencies, 

polarization mechanisms such as interfacial/Maxwell–

Wagner polarization and segmental/orientational 

polarization are fully active, resulting in higher ε′ 

values. As frequency increases, these mechanisms 

cannot respond to the rapidly changing field, causing ε′ 

to decrease—this is characteristic dielectric 

dispersion.Comparatively, thermal treatment (2) leads 

to a slight increase in ε′, 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 ε′, 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 ε′ at low 

frequencies. At higher frequencies, dielectric 

dispersion dominates, and ε′ values of all samples 

converge. The observed decrease in ε′ 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 (3 h, high E, T), 

chain scission, oxidation, space-charge accumulation, 

and formation of conductive pathways result in the 

largest ε′ enhancement. 

The graph illustrates the change in electrical 

conductivity (σ) 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 σ, 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 + SiO₂ 

composites depend on both temperature and field 

frequency. As the temperature increases, segmental 

mobility and dipolar polarization are enhanced, leading 

to an increase in ε′; however, at higher temperatures, 

relaxation losses become dominant. An increase in 

frequency results in a decrease in ε′ and σ, 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 % SiO₂ composite 

exhibits high sensitivity of conductivity and dielectric 

properties to external influences. Specifically, ETP 

treatment (T = 373 K, E = 10⁷ 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/SiO₂ nanocomposites depend on 

composition, frequency, and external effects. The 

results show that SiO₂ 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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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 

U0 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 

γ for composites with different supermolecular structures. The Zhurkov equation reveals that there is a certain mechanism by 

which the initial barrier U0 is reduced by tensile forces by γϭ. 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 U0 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), 

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 

g/cm3, a molecular weight of 300–700 thousand and a 

specific volumetric electrical resistivity of 1014–1015 

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/cm³, molecular weight 

60 g/mol was used as filler. The shapes and sizes of the 

nanoparticles can be determined from the TEM images 

(Fig1). 

                                                                           

 

 
 

Fig1. 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. SiO₂ 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+SiO2 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 (β≈2 deg/min) and by 

placing molten samples in an ice-water mixture (β≈20 

deg/min). The thickness of the nanocomposites was 70-

100 µm. 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 lgτϭ as a 

function of ultimate tensile stress ϭ at constant room 

temperature for slow and fast cooled PP samples 

containing different SiO2 additives are presented in 

semi-logarithmic coordinates in Fig. 2 (a and b). It can 

be seen from the figure that in all cases lgτϭ is linearly 

decreasing depending on ϭ, hence the exponential 

equation is met [13]. 

 

                                𝜏𝑀 = 𝐴𝑒𝑥𝑝(−𝛼𝜎)   (1) 

 

Where A and α 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 = 𝜏0𝑒𝑥𝑝
𝑈0

𝑅𝑇
  (2) 

and  𝛼 =
𝛾

𝑅𝑇
  (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% SiO2; 2- PP+7% SiO2; 3- PP+3% SiO2; 4 - PP+1% SiO2; 5- pure PP; 6-PP+10% SiO2 

 

 
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% SiO2; 2- PP+7% SiO2; 3- PP+3% SiO2; 4 - PP+1% SiO2; 5- pure PP; 6-PP+10% SiO2 

 

 
 

Fig. 4. Dependence of the mechanical strength of PP+5%SiO2 as a function of the nanoadditive content at a temperature   

           of 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% SiO2 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. 

 

 
 

Fig. 5. Dependences of mechanical lifetime (logτM) of PP+5%SiO2 nanocomposites at different temperatures as a      

           function of the mechanical stress (σ): 1,3,5 ~ PP; 2,4,6 ~ PP+5% SiO2; 1,2 ~ 293K; 3,4 ~ 223K; 5,6 ~ 203K. 

 

 
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; 1ʹ and 2ʹ- 

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]. 

 

                 𝜏𝑀 = 𝜏0 exp (
𝑈0−𝛾𝜎

𝑅𝑇
),                   (4) 

 

where τм is the time from load application to destruction 

(durability), τ0 is a constant, numerically close in the 

period of thermal vibrations of atoms (10-12 -10-13 sec.), 

U0 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, ϭ is stress, γ 

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 ϭ both for the initial PP and for PP+5% 

SiO2 composites obtained under FC and SC modes and 

is expressed by the equation 

𝑈 = 𝑈0 – 𝛾𝜎   (5) 

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

it in the form 
 

𝑈 = 2,3𝑅𝑇(𝑙𝑔𝜏𝑚 – 𝑙𝑔𝜏0   )                       (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% SiO2 

composite. It is clear from the graph that the value of 

U0 is constant for all cases and does not depend either 

on the crystallization mode or on the introduction of the 

SiO2 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 γ coefficient and the mechanical strength 

(durability) of the PP. First of all, it should be noted that 

the invariability of the value of τ0 is understandable, 

since it is a universal constant. The constant value of 

the initial energy barrier U0 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 γ 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 γ 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%SiO₂ 

composites obtained during rapid cooling (a) and slow 

cooling (b).   Micrographs of PP+SiO₂ 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%SiO₂ composites obtained during rapid cooling (a) and slow cooling (b) 
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Fig. 8.  AFM images of PP + 5% SiO₂ composites obtained under different cooling conditions: 

(a) Composites obtained under rapid cooling (BO). 

(b) Composites obtained under slow cooling (MO). 

 

Based on the presented AFM images, the 

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. 

CONCLUSION 

 

Consequently, in summary, it can be assumed that 

the introduction of 5% SiO2 nanoadditive into PP 

results in an increase in the mechanical durability of the 

polymer obtained in FC and SC crystallization modes, 

i.e. it is a stabilizing factor. On the basis of temperature-

force dependences of mechanical durability of FC and 

SC of samples of initial PP and PP+5%SiO2 composite, 

the kinetic 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 γ. 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 µm; 

h = 300 µm) 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, TiO₂) 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 

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 µm; h = 300 µm) 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: 

• 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: 

• 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. 

• 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. 

• 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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• 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. 

• 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 

result of this process, ceramic powders with particle 

sizes ≤40 µm were obtained. 

• Sieving: The milled powder was sieved to ensure a 

uniform particle size distribution, which is essential 

for the subsequent formation of the composite. 

• 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. 

• 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. 

• Thickness Measurement (d): The thickness of the 

composite samples was measured using a micrometer 

with an accuracy of ±1 µm. 

 Figure 1 shows the current–voltage (I–V) 

characteristics of ZnO-based composite varistors  

with different thicknesses. 

 

 
Fig. 1. Current–voltage (I–V) characteristics of ZnO-based composite varistors with different thicknesses (particle size 

d = 40 μm). 1-50%(C)+50%Pe(h=300μ); 2-50%(C)+50%Pe(h=40μ) 
 

 
Fig. 2.  Current–voltage (I–V) characteristics of a ZnO-based composite varistor with a volumetric composition of 10% 

ceramic (C) + 90% polyethylene (PE) (h = 40 μm) (particle size d = 40 μm). 
 

 
Fig. 3.  Current–voltage (I–V) characteristics of a ZnO-based composite varistor with a volumetric composition of 60% 

ceramic (C)+ 40% polyethylene (PE) (h = 40 μm) (particle size d = 40 μm). 
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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 μm), 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 μm 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 

μm 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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By introducing a predetermined additional term into the Langevin equation, the magnetic hysteresis of magnetite 

microparticles is described.  
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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 the 

microparticles, as well as the temperature of the 
medium. [1,2]. 

 
II. 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: 

 

𝑀𝑀 = 𝑀𝑀𝑠𝑠𝜑𝜑𝐿𝐿 �
𝑚𝑚𝑚𝑚
𝑘𝑘𝑘𝑘

+ 𝑎𝑎� = 𝑀𝑀𝑠𝑠𝜑𝜑�𝐶𝐶𝐶𝐶𝐶𝐶ℎ �
𝑚𝑚𝑚𝑚
𝑘𝑘𝑘𝑘

+ 𝑎𝑎� −
1

𝑚𝑚𝑚𝑚
𝑘𝑘𝑘𝑘 + 𝑎𝑎

� 

 
The additional term “a” can be determined from 

the condition that at H=0 the magnetization takes the 
value M(0)=Mrm. and at H=Hcr. takes M(Hcr)=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:  
𝑎𝑎(𝐻𝐻) = 𝑎𝑎0

1

1+ 𝐻𝐻
𝑀𝑀ост

. 

Figure 1 shows the magnetic hysteresis of a 
medium of magnetite microparticles with a size of 
44.35 μm and a concentration of 0.095 at a 
temperature of 200 °C, obtained experimentally (curve 
1), calculated by introducing into the Langevin 
function a given additional term “a0”, independent 
(curve 2) and dependent “a(H)” (curve 3) on the 
magnetic field.  

 

 
 

Fig.1 
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As can be seen from Fig. 1, in the regions of 

HcrMrm0 and saturation magnetization, the 
experimental and calculated magnetic hysteresis loops 
agree well. The agreement in the region of HcrMrm0 is 
likely due to the determination of the additional 
parameter value based on the Hcr, Mrm, and Mst 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. 

 

III. CONCLUSIONS 
 

The Langevin equation with the addition of an 
additional term describes well the regions of HcrMrm0 
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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The InSb–(Sb, Mg₃Sb₂) 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 Sb 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 
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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. 
Mg₃Sb₂-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+Mg₃Sb₂ 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 
Mg₃Sb₂ Zintl compounds and InSb+Mg₃Sb₂ 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–Sb 
composites. This study focuses on the synthesis and 
structural characterization of InSb–Sb eutectic 
composites. Diluted semiconductor materials based on 
A₃B₅ 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.  

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 
 

InSb-Mg3Sb2 eutectic composites were prepared 
by using the vertical Bridgman method. InSb and 
Mg3Sb2, form a lamellar eutectic. The eutectic 
concentration is 2.2 percent by weight Mg3Sb2. 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 
lnSb, 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% Sb, primarily based 
on their purity. The InSb constituent was evaluated, 
and a semiconductor grade material with a nominal 
purity level of 99.999% was chosen. The eutectic of 
the InSb-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. InSb-Sb eutectic specimens were 
made from ultrapure Sb (99.999%) and In (99.999%). 
In a quartz tube, the metals were vacuum-sealed in 
quantities that matched the InSb-Sb eutectic 
composition. The weight percentage of this 
composition [3] was 30.5 for InSb and 69.5 for Sb. 
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 InSb-Sb compositions only 
characterize the Sb-Sb bond (Fig.1) 

 

 
Fig. 1. Raman spectra of Sb-InSb eutectic composites 

 

 
Fig. 2.   X-ray spectrum of Sb-InSb eutectic composite. 

 
Fig. 2 shows the diffraction patterns of the Sb-

InSb eutectic composite. The X-ray phase analysis 
shows that the intense peaks corresponding to the 
(111), (220),(311), (400), (311), (422) and (511) 
Müller indices correspond to the matrix – InSb 
compound; the weak lines corresponding to the 

crystallographic parameters: a=4.121; c=5.467; 
c/a=1.327) compound and the 24; 29; 42; 49; 76 
angles correspond to Sb [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-Sb. 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 μm in diameter) is 10-50μm  in InSb-Sb. 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 μm in InSb-
Sb and range in diameter from 1 to 1.8 μm. The metal 

rods are uniformly distributed throughout the matrix 
in the direction of crystallization, as seen in Fig. 3.     
Diffraction patterns ofthe InSb-Mg3Sb2 eutectic 
composite are shown in Fig. 3. The most intense peaks 
corresponding to the (111), (220), (311), (400), (311), 
(422) və (511) Muller index are identical to the InSb 
matrix, while the weak peaks found at 2θ = 34.08º, 
47.12º, and 57º coincide with the lamellar Mg3Sb2  
line. 

 

 
 

Fig. 3. X-ray spectrum of  InSb+Mg3Sb2eutectic composite 
 

 
 
Fig. 4. X-ray spectra of Sb-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 

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 

crystallization behavior of Sb and InSb, examining an 
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 lnSb-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 Sb, when 
observed in transverse section, appeared triangular. 
The eutectic system lnSb-Sb was selected for the 
studies due to the phase diagram showing perfect 

eutectic behavior between lnSb and its constituent 
element Sb, 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 InSb-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 
InSb 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. 

  

 
 

Fig.5. DSC curves for Sb-InSb eutectic composite. 
 
The precise composition of an InSb 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 
Sb, which serves as a crucial barrier for phonon 
transport.  

The study successfully improved the 
thermoelectric performance of InSb-based alloys 
by optimizing eutectic content, achieving an 
unprecedented high ZT of 1.3 at 4500C K. 
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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 459.20C and 532.30C. InSb-Sb 
eutectic has a melting point of 532.30C K. The In-Sb 
phase diagram in Fig. 5 shows that peak p2 
corresponds to InSb melting temperature, while peak 
p1 represents the melting point of the InSb-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.  

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 Sb 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.

 

 
Fig.6. Thermal conductivity of InSb and Sb-InSb eutectic composite 

 
Fig.7  display the findings of investigations into the temperature dependences of the  electrical conductivity 

σ(T) determined at the various mutual directions of current (I), magnetic field (B), and crystallization direction.   
 

 
Fig. 7. Temperature dependence of electric conductivity for InSb and the Sb-InSb composite 

 
The presence of regular metal crystalline 

inclusions in the semiconductor matrix causes 
anisotropy in the temperature dependence of the 

kinetic coefficients [13-17]. Electrical conductivity 
rises in the I || x direction due to shorting action by 
needle-shaped metallic inclusions, and it differs 
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greatly from σ(T) in the I⊥x direction. As the 
temperature rises, the coefficient of conductivity 
anisotropy falls, reaching σ||/σ⊥ = 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 lnSb-Sb, lnSb-
Mg3Sb2 eutectic materials shows single crystalline 
development in both the Sb, Mg3Sb2 and lnSb 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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Cd1-xFexS (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 γ- 
irradiation on these properties were studied by XRD, SEM, EDX methods. XRD analysis showed that the orientation of crystal 
planes changes after γ-irradiation. It was determined that the peak intensity of the (101) plane of Cd1-xFexS solid solutions 
increased with the radiation dose. Sizes of crystallites increased after γ-irradiation. XRD investigations demonstrate, that thin 
films grown on glass substrates at substrate temperature Tsub=470 K were polycrystalline structures and thin films grown at 
substrate temperature Tsub=670 K were monocrystalline structures. 
 
Keywords: Solid Solution, Semimagnetic Semiconductor, SEM, XRD, EDX, γ-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 II-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 II-VI 
semiconductors. SMSC is 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]. 

Cd1-xFexS thin films are of particular significance 
in actual application and basic research. Some works 
have been dedicated to the problem of physical 
properties of Cd1-xFexS thin films [15,16]. The current 
paper is about the investigation of the effect of γ-
irradiation on the crystal structure and surface 
morphology of Cd1-xFexS thin films.  
 
2. MATERIAL AND METHOD 
 

Synthesis of Cd1-xFexS 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 (HNO3) 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∙ACd∙x / (ACd∙x + AFe∙y + AS∙z);                                        (1) 
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PFe = P∙AFe∙y / (ACd∙x + AFe∙y + AS∙z);   (2) 
PS = P∙AS∙z / (ACd∙x + AFe∙y + AS∙z)  (3) 

where, P – total weight of charging, PCd – 
cadmium weight, PFe – 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 1·10-4 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 Tfus. 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 (х=0.03) solid solutions is 
calculated using the above formula. 

Cd1-xFexS (x=0.03) SMSC thin films of 1.5 μm 
thickness were deposited on cleaned glass substrates at 
the rate of υ=18-20 Å/s by molecular beam 
condensation technique in a vacuum of (1÷2)10-4 Pа. 
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 
Cd1-xFexS 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. 

Cd1-xFexS (x =0.03) thin films were irradiated with 
γ- rays obtained from 60Co source of Е=1.17 МeV, 
Е=1.33 МeV energies. 

The structure and phase purity of the γ-irradiated 
films were examined by X-ray diffraction (XRD) at 
room temperature using a BRUKER XRD D8 
ADVANCE. The studies of surface morphology of Cd1-

xFexS (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 Cd1-xFexS (x=0.03) thin films irradiated by γ-
quanta. The results of SEM and XRD studies of 
Cd1-xFexS (x=0.03) thin films exposed to γ-irradiation 
(Dγ=10÷100 kGy) are presented in this study. 

The X-ray diffraction patterns of Cd1-xFexS 
(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 Cd1-xFexS with crystal lattice parameter of 
a=b=4.1002 Å, c=6.6568 Å, γ=1200. The crystallite 
size (figure 1,a) of Cd1-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 λ)/(β cos θ)  (4) 

where, D - is crystallite size, β - is full width at half 
maxima (FWHM) of the peak intensity, θ - is 
diffraction angle in degrees and λ - is the wavelength of 
X-ray used (table 1). 

The particle size for Cd1-xFexS (x=0.03) thin films 
was 15.20 nm. 

It was studied effect of γ-irradiation on crystal 
structure of Cd1-xFexS (x=0.03) thin films. XRD 
patterns of Cd1-xFexS (x=0.03) solid solutions on glass 
substrate and irradiated by γ- quanta (E=1.17 MeV, 
E=1.33 MeV) with different doses (Dγ=10÷100 kGy) 
are shown in figure1,b. The diffraction pattern of γ -
irradiated thin films with different doses Dγ ˂ 100 kGy 
revealed that the peak intensity of (100) plane of Cd1-

xFexS increased with dose. 
It can be seen that the number of planes aligned 

along the (100) direction increased with γ-irradiation. 
The reason for this is that 60Co γ-rays are high-energy 
electromagnetic waves. When the radiation dose Dγ=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 γ-irradiation exposure. 
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a) 
 

          
b) 
 

Figure 1. X-ray diffraction patterns of Cd1-xFexS (x=0.03) thin films: a) Dγ=0, b) Dγ=100 kGy. 
 

                                                 Table 1.  
The XRD measurements 

 
№ 

 
2θ (deg) 

 
Crystal system 

(hkl) 

 
FWHM, β 

(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 Cd1-xFexS (x=0.03) thin films. 

 

 
 

Figure 3. Energy-dispersive X-ray spectrum of Cd1-xFexS (x=0.03) solid solutions. 
 

The SEM method was used to study the effect of 
γ-irradiation on the surface morphology of Cd1-xFexS 
(x=0.03) thin films. The morphology of the Cd1-xFexS 
thin films was analyzed by SEM method (figure 2).  

Cd1-xFexS (x=0.03) solid solutions were irradiated 
with γ-quanta at a dose of Dγ=100 kGy, which is caused 
by the interaction of γ-quanta with atoms in their paths 
during irradiation. It was reveiled, that after γ- 

irradiation, the Cd1-xFexS 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 

7 52.7 200 0.2 
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stoichiometric. The results did not deviate much from 
the structure of starting precursor alloys. 
 

4. CONCLUSION 
In the current research, Cd1-xFexS (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 γ- 
irradiation on growth properties of obtained thin films. 
Properties of Cd1-xFexS (x=0.03) solid solutions 
exposed to 50, 100 and 150 kGy doses of γ-rays from 

60Co source were characterized by XRD, SEM, EDX 
methods. 

XRD analysis revealed that the peak intensity of 
the (101) plane of Cd1-xFexS increased with dose. 
Crystallite size increased after γ-irradiation. Finally, it 
was realized, which is possible to control some crystal 
properties with γ-irradiation. The results obtained from 
XRD investigation demonstrates, that thin films with 
polycrystalline structure grow on glass substrates at 
substrate temperature Tsub = 470 K, and monocrystalline 
structure grow at substrate temperature Tsub = 670 K. 
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