ierbaijan Journal of Physics

/Q)

FIZ 1K &

www.physics.gov.az



Published from 1995 ISSN 1028-8546
Ministry of Press and Information Section: C Conference

of Azerbaijan Republic, Magsud Aliyev-100 2024
Registration number 514, 20.02.1995

Azerbaijan Journal of Physics

rILIK A

Ministry of Science and Education Republic of Azerbaijan
Institute of Physics

HONORARY EDITORS

Arif PASHAYEV

EDITORS-IN-CHIEF SENIOR EDITOR

Arif HASHIMOV Talat MEHDIYEV

INTERNATIONAL REVIEW BOARD

Arif Hashimov, Azerbaijan Huseyn lbragimov, Azerbaijan Zakir Jahangirli, Azerbaijan
Boris Denker, Russia Nazim Mamedov, Azerbaijan Salima Mehdiyeva, Azerbaijan
Vyacheslav Tuzlukov, Belarus Anatoly Boreysho, Russia Nadir Abdullayev, Azerbaijan
Gennadii Jablonskii, Belarus Mikhail Khalin, Russia Oktay Tagiyev, Azerbaijan
Vladimir Man’ko, Russia Javad Abdinov, Azerbaijan Ayaz Bayramov, Azerbaijan
Dieter Hochheimer, USA Faik Mikailzade, Turkiye Tofig Mammadov, Azerbaijan
Victor L’vov, Israel Tayar Djafarov, Azerbaijan Shakir Nagiyev, Azerbaijan
Majid Ebrahim-Zadeh, Spain Kerim Allahverdiyev, Azerbaijan Rauf Guseynov, Azerbaijan
Natig Atakishiyev, Mexico Talat Mehdiyev, Azerbaijan

TECHNICAL EDITORIAL BOARD

Senior secretary: Elmira Akhundova; Nazli Huseynova,
Elshana Aleskerova, Rena Nayimbayeva, Nigar Aliyeva

PUBLISHING OFFICE

131, H. Javid ave., AZ-1073, Baku
Ministry of Science and Education Republic of Azerbaijan
Institute of Physics

Tel.: (99412) 539-51-63, 539-32-23
Fax: (99412) 537-22-92

E-mail: jophphysics@gmail.com
Internet; www.physics.gov.az

It is authorized for printing:


https://www.researchgate.net/profile/Fa-Mikailzade?_sg=cCYwuzy5jg_mXWYkyDh_X6B9f6TYJ9UzaUH_Ltn1phDBFOTDNJJ8RDG7eAATm053x6dBClSsVbngWVMKdvfM_g
mailto:jophphysics@gmail.com
http://www.physics.gov.az/

Akademik Magsud 9liyevin
100 illik yubileyina hasr olunmus

Fizikanin Aktual
Problemlari

beynalxalq elmi konfrans

azarbaycan dilinde magalalar
Goanca - 2024






AJP FiZiKA 2024 section C: Conference

Magsud 9liyev-100

BiOLOJI MAYELORIN INDUKTIV OLAQOLI PLAZMA KUTLO
SPEKTROMETRI VASITOSILO ANALIZi ZAMANI MEYDANA CIXAN
MATRIiS EFFEKTLORI

N.S. COFOR .
1. Azarbaycan Respublikasi Elm va Tahsil Nazirliyi, Fizika Institutu
H.Cavid pr, 131, Baki AZ-1073 nurlanajafarr@gmail.com,

Tadgiqatda bioloji mayelorin analizi zaman1 komponentlorin askarlanma haddine matris effektlorin tosiri arasdirilmis,
hamginin birbasa seyroaltmo vo mineralizasiya metodlari ilo niimuns hazirliginin miiqayisasi aparilmigdir. Noticalor gostarir ki,
cihazin ayirdetmos gabiliyyatinin azalmasi, lizvi holledicilarin tasiri ilo alagadar, analizatorun bir sira hissalarinin, o ciimladon
sampler va skimmer doliklorinin diametrlorinin kicgilmasi ilo slagadardir. Analiz olunan mshlullarin iizvi komponentlarinin
tosirini azaltmaq {igiin iki {isul, mikrodalgali vo sado parcalanma, toklif edilmisdir. Isdo sado seyroltmonin iistiinliiklori
vurgulanmigdir. Eyni zamanda, bioloji mayelorin, xiisusilo gan analizi zamani, tursu ilo minerallagdirma tisulunun miixtolif
Uzvi matrisi aradan qaldirmaq vo biotohliikoni azaltmagq iigiin optimal metod kimi istifads olundugu qeyd edilmisdir. Moagaloda
matris effektlorini aradan qaldirmaq vo daha doqiq noticolor olds etmok {iglin daxili standartlarin istifadesi mimkinliyd izah
edilmigdir. ©lds olunan naticalor analitik-eksperimentatorlar tigiin doqiqlik doracasini qiymatlondirmok va artirmagq, eyni za-
manda hokimlors dializ zamani xastonin badoninds itirilmis vacib elementlorin barpasi ti¢iin mithiim molumatlar toqdim edil-
misdir.

Acar sozlar: Bioloji maye, induktiv olagoli plazma kiitlo spektrometriyasi, spektral vo geyri-spektral matris effektlor, daxili

standart.
PACS: 29.30.-h

GIRiS

Tibbdo hazirda mikroelementlorin insan orqaniz-
mindaki rolu mithiim diqqgat morkazine malikdir, ¢lnki
onlarin ¢oxlugu vo ya qida rasionundaki gatismazligi
ciddi xostaliklora sabab ola bilor [1]. Mikroelementlor
zUlallarda vo yaglarda, karbohidratlar iso immun reak-
siyalarinda istirak edir. Aparilan todgiqatlar torpaqda,
suda vo atmosferds makro- vo mikroelementlorin miq-
darinin artmasinin insan sag¢indaki va bioloji mayelor-
daki elementlarin saviyyasina tasir etdiyini gostarir [2].

Induktiv olageli plazma kiitlo spektrometriyast
(IBP-KS) tibbi diagnostik metodlardan biridir vo biolo-
ji mayelards mikroelementlorin konsentrasiyasini dy-
ronmoaklo xastoliklorin miioyyon edilmasine komok
edir. Hal-hazirda I9P-KS metodu yiiksok hossasligi vo
genis konsentrasiyalarda ¢ox elementli analiz aparmagq
imkani ilo bioloji obyektlorin element analizinds apari-
c1 movqgeys malikdir.

IBP-KS metodunun iistiinliikleri arasinda cox ele-
mentli analiz, asag1 askarlama hadlori, siirotli analiz
prosesi va kigik niimuna hocmloari yer alir. Bu xiisusiy-
yatlor, metodu bioloji mayelorin analizi igin avozolun-
maz edir. Eyni zamanda, metod yiiksok olgatanliq vo
mohsuldarliq toqdim edir, kimyoavi elementlorin vo on-
larin izotoplariin agagi askarlanma hoddi ils segilir, bu
da onun effektivliyini artirir. [3]

Bununla belos, hor hansi analitik metodda oldugu
kimi, IOP-KS do analiz naticolorina tasir edon bozi ¢a-
tismazliqlara malikdir. Bu c¢atigmazliqlara spektral va
geyri-spektral matris effektlori daxildir. Miirakkab tor-
Kibli nlimunalorin analizi zamani1 bu tasirlar, toyin olu-
nan elementlorin asag1 askarlama hoddini ohomiyyatli
daracada artirir vo miirokkab bioloji niimunalords onla-
rin diizgiin identifikasiyasini ¢atinlogdirir. Bu sobab-
don, analitik naticalorin daqiqliyini artirmaq ti¢lin uy-
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gun matris tosirini azaltma strategiyalariin totbiqi va-
cibdir [4,5]. Son on bes il arzinds miixtalif bioloji nii-
munolorin IOP-KS metodu ilo analizi mévzusunda bir
¢ox moqalo dorc edilmisdir [6, 7]. Niimunonin ndvii,
torkibi vo hazirlanma qaydasi, I9P-KS-do alinan noti-
colarin tohrif olunmasina sobob ola bilocak spesifik
problemlor yarada bilor. Bu igin asas magsadi, boyrak
catismazligi olan xastalordon alinan qan vo sidik niimu-
nolorinin analizi zaman1 IOP-KS metodunda meydana
golon interferensiyalarin aragdirilmasi vo aradan qaldi-
rilmasidir.

Beloliklo, mogalo IOP-KS metodunun miirakkab
torkibli bioloji nlimunaslords kimyavi elementlorin toyin
edilmasins yonoalib. Eyni zamanda, niimunalorin hazir-
lanmasinda birbasa seyroltmo vo tursu minerallagmasi
kimi miixtolif tisullarin tatbiqi, bioloji mayelorin analizi
zamani yaranan matris effektlorinin nozars alinmasi vo
azaldilmasi mosalolorini shats edir. Bu yanagma, anali-
tik naticalorin daqiqliyini artirmaq magsadine osasla-
nib.

1. Eksperimental hissa
1.1. Avadanhq

Olgmolor "Agilent Technologies" sirkatinin 7700
model IOP-KS cihazinda sabit is soraitinde aparilmis-
dir. IOP-KS metodu, ion monboyi olaraq arqon IOP
istifado etmoklo kvadrupollu kiitlo spektrometrinin tot-
biqins osaslanir [7-9].

Sokil 1-do IOP-KS “Agilent 7700” cihazinin osas
hissolarinin diaqrami taqdim edilmisdir. Niimuns daxil-
etmo sistemi peristaltik nasos, piiskiirdiicii vo piiskiirt-
mo kamerasindan ibarotdir. Todqiq olunan maddenin
mohlulu peristaltik nasos vasitasilo 0,1 ml/daq siiratlo
sorulur; sonra aerozol yaradilir va piiskiirdiicii kamera-
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dan kegir. Noticado, inco aerozol birbasa {ifliqi qurasdi-
rilmig plazma borusuna yonlondirilir. Plazma borusu 4
dolagl sargaca daxil edilorok 27.1 MHz tezliyindo gor-
ginlik verilir. Bu prosesds plazma yiiksok tezlikli saha-
ds elektronlarla zonginlasir vo arqon atomlart ils toq-
qusaraq plazma “yanmasi” bag verir. Plazma markozin-
do temperatur 8000 ilo 10000 K arasinda yiiksalir.
Aerozollagdirilmig niimuno holledicidon azad edilorok
ionlasir, naticads analiz olunan niimunadan ion dastasi
omolo golir. Bu ionlar, konuslar va linzalar sistemi va-
sitosilo kiitlo analizatoruna daxil olur. Totbiq olunan
gorginliklorin xiisusi kombinasiyast ilo kvadrupolun
morkazindon yalniz miioyyan m/z nisbatino malik ion-
lar kego bilir.

Kvadrupol gorginliyin ¢ox siiratli (misarvari) do-
yismasini tomin edarak, 100 ms-ds 2 ils 260 Da arasin-
da biitiin kiitlo diapazonunu skan edos bilir. Bu, biitiin
elementlarin intensivliys uygun kiitls spektrlarinin eyni
anda geydo alinmasimi miimkiin edir. Kvadrupoldan
kegdikdon sonra, ionlar ikinci elektron ¢oxaldicisi va-
sitosilo askar edilir, bu da analizin hossasligini artirir.

Ventilyasiyamn
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Sokil 1. 1OP-KS Agilent 7700-1n diaqramu.

] Cadval 1.
Tocriibi rejimdo [IOP-KS-in boazi malumatlart
gostorilmigdir

Plazma, generatorun gicu, W 1450
Argonun axin siirati, 1/daq 1.2
Niimunanin &tiiriilms surati, 1/doq 1
Kiitle spektrometrin ayirdetmo qabiliyyati , 0.2
Da
Plazmasiz vakuum, Torr 4.10*
Toqqusdurucu yuva, gaz Helium
Olgms vaxti, s 0,1-0,5

1.2. Niimuns hazirhg:

Mikro o6lgili niimunslorlo islomok tgiin kigik
hacmli gablarla tachiz edilmis vo temperaturun doyis-
dirilmasi imkanina malik olan “Speedwave Xpert” (Al-
maniya) mikrodalgali sobada minerallagdirilmisdir.
Tacriibs zamani “Pipetdu” va “Eppendorf” (Almaniya)
istehsali olan 100—1000 pl vo 1-10 ml hacmli niimuna
gablari, birdofolik ucluglar, eloco do 15 vo 50 ml hacmli
polipropilen borulardan istifade olunmusdur.

Niimuns mohlullari, asas mohlulun ardicil seyral-
dilmasi ilo hazirlanmisdir. Standart mohlullar 10 mq/1

konsentrasiyasi olan 32 elementdon ibarat olub, “High
Purity Standards” (ABS) torafindon istehsal edilmisdir.
Matris effektlorinin tosirini dyronmok ii¢iin isa Na, K,
Ca tok elementli mohlullardan istifade olunmusdur. Da-
xili standartlar Rh, In, Sc, Ge (ABS) 1 mq/l konsentra-
siya ilo hazirlanmigdir.

Niimunolorin minerallagdirilmas1 vo kalibrlomo
moahlullarinin hazirlanmasi {igiin Suprapuz (Merck, Al-
maniya) istehsali olan 65% azot tursusu (HNO3) vo
30% hidrogen peroksid (H20,) istifado edilmisdir. Bii-
tiin moahlullar deionlagdirilmig su (18,2 MQ-sm) ilo du-
rulagdirilmisdir.

Cihaz, kalibrloms standartlari ilo 1-don 50 ppb-o
gadar verilon hacmds kalibrlonmis vo ¢ixisda miivafiq
diiz xotlor almmusdir. Intensiv hemodializ kegiron 30-
40 yagli boyrak ¢atismazligi olan xastalordon birdofalik
polietilen borularda qan vo sidik niimunalori toplanmis-
dir. Sidik, azot tursusu ilo (HNOs3 konsentrasiyas1 20 ml
nimunog ti¢lin 0,4 ml) durulagdirilmigdir.

Tomiz gan, hom qeyri-lizvi, hom do {izvi maddo-
lorin yiiksok torkibino malik olan miixtalif birlogsmolor-
don ibarat bioloji mayedir. Qanin qorunmasi {igiin
EDTA-HNO3 qaris181 istifads edilmisdir. Niimuns go-
turiilditkden sonra sidik va qan niimunaleri bir nece giin
soyuducuda 2—4 °C temperaturda saxlanilmisdir. Daha
sonra, bu niimunolor analiz edilmis va dializ mayesi
0,2% azot tursusunda hall edilmisdir.

Qan (0,5—1 ml) vo sidik (1-2 ml) niimunalori, si-
x1lmig HNOj3 va H20 istifads edilorok mikrodalgali so-
bada ayrilmigdir. Minerallagdirma rejimlori cadval 2-do
taqdim olunmusdur, bu da prosesin sartlarini vo para-
metrlorini oks etdirir.

Cadval 2.
Sidik vo gan niimunalori {igiin
Minerallasma rejimi

Morhalo Temperatur, Vaxt, doq
ndémrasi oC

1 15-80 4

2 80-160 3

3 160-190 5

4 190-210 14

Tadqiqatlar gostordi ki, yliksok temperaturda vo
niimunanin uzun miiddot minerallasmasi zamani boazi
yiiksok uguculuga malik elementlor buxarlandigindan,
optimal is rejimi se¢ilmigdir: qan tiglin 3-c, sidik U¢lin
iso 2-ci morhala. Olgmo iigiin hazirlanms mohlullara
miivafiq elementin konsentrasiyast 20—50 pg/l olan
daxili standartlar olave edilmisdir.

2. Naticalar va onlarin miizakirasi

Molum oldugu kimi, qan ¢oxlu sayda iizvi birlos-
molordon ibarat oldugundan, onun IOP-KS ilo analizi
iiglin miixtalif niimuns hazirlama iisullarindan istifado
olunur. Niimunanin hazirlanmasi tsullarmdan asili ol-
mayarag, bitin zvi maddslor komponentlorino tam
ayrila bilmir, bu da kiitlo-spektrometrin ion-optik siste-
mindo, konuslarin vo plazma borusunun sathinds duz-
larin va ya oksidlorin ¢6kmasina sobob olur. Konuslarin
sothindo adsorbsiya olunan duzlar, onlarin daliklorinin
diametrlorini azaldaraq, cihazin ayirdetms qabiliyyatini
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pislosdirir [3]. Uzvi holledicilorin plazmaya haddindon
artiq daxil olmasi (0,2%-don yuxari) istilik xiisusiyyot-
lorinin shamiyyatli deracads dayismasina, xiisuson da
temperaturun azalmasina sabab ola bilor. Bu tempera-
tur azalmasi, maddolorin ionlagsmast vo dissosiasiyasi
iiciin alava enerji tolob edir, naticads analizin daqiqliyi
vo hassasligi pisloso bilor. Bu sobobdon, plazmada iizvi
halledicilorin optimal konsentrasiyasi diqqatle se¢ilma-
lidir.

Buna gora do, komponentlorin tosirini azaltmaq
magsadile iki miixtalif niimuna hazirligr tisulu dyrs-
nilmisdir: analiz edilon niimunalorin birbasa seyraldil-
mosi vo mikrodalgada parcalanma. Birbasa seyroltmo
metodunun istiinliiklori arasida niimunanin qisa miid-
dotds asan analizi, agag1 qiymot vo minimal ¢irklonma-
yo malik olmasidir. Lakin, bu metodla hazirlanmig nii-
munoalar kiitle spektrometrin bazi hissalarinin, xiisusen
nlmuna gotiirms slanglarinin siradan ¢ixmasina va ko-
nus doliklorinin tixanmasina sobab ola bilor. Noticado,
hall olunmayan duzlarin komponentlori matris effektls-
rinin (spektral vo qeyri-spektral) tosirini giiclondirir.
[10, 11]. Bu ¢atigmazliglara baxmayaraq, tibbi labora-
toriyalarda tolob olunan ¢oxlu niimunalari qisa miiddot-
do hazirlamaq imkant sayasinda, birbasa seyroaltmo {isu-
lu praktikada daha tez-tez istifads olunur. Bu yanagma,
analitik islorin siirotini artiraraq laboratoriya is yiikiinii
azaltmaga komok edir. [12-14]. Miixtalif {izvi matrisi
va belo obyektlorlo isloyorkon bioloji tohliikeni azalt-
maq maqsadils tursu ilo minerallagma tisulundan istifa-
do etmoklo biomayelorin vo qanin element analizini
aparmagq mumkindir [15-18]. Bununla bels, bu név
nimunonin hazirlanmasinin bir sira ¢atismazliqlari var-
dir: konkret niimuns {igiin miixtslif program tominati
talob olunur, niimunanin hazirlama middati uzun (3—4
saat) olur, kenar mohlullarin olave edilmesi zamani
cirklonmo riski artir, analitin ¢ox miqdarda istifads
olunmasi ila bagli ¢atinliklor yaranir vo bazi ugucu ele-
mentlorin itirilmoasi bag vera bilar [19, 20].

Tadqiqatlar gostormisdir ki, hor iki niimuns hazir-
lig1 zaman dializatlarda atom kiitlosi az olan bozi ele-
mentlorin konsentrasiyast doyismir, lakin atom kiitlosi
daha yiiksok olan elementlorin konsentrasiyast 2—3 do-
fo artir. Miloyyen edilmisdir ki, birbasa seyraltms ilo
mikrodalgali pargalanma arasinda miigayisodo misin
konsentrasiyasi 2 dofa, sinkin 1,6 dofs, stronsiumun
konsentrasiyasi isa 2 dofs artmigdir (sokil 2a). Bu analiz
naticolorinin miixtalifliyi, onlarin {izorine tosir eden
spektral matris interferensiyasinin olmasi ils izah olu-
nur.

Umumiyyatls, spektral matris effektlori daha ¢ox
niimunoenin hazirlanmasi1 zamani 6ziinii gostarir. Bu sa-
bobdon, oksor hallarda bu effekti aradan qaldirmaq
iiciin [OP-KS-nin ion-optik sistemindan sonra toqqus-
ma yuvaciqlart ilo tachiz edilmis hissaden istifads olu-
nur. Togqqusma yuvaciqlart adoaton helium (He) gazi ilo
zanginlagdirilir, nadir hallarda iss hidrogen (H2) vo ya
ammonyak (NH3) gazlarindan istifado olunur. Spektral
matris effektlori asagidakilara aid ola bilar:

1. izobar interferensiyalar kiitloco bir-birino ya-
x1n olan miixtolif elementlorin izotoplarindan golon siq-
nallarin interferensiyasidir.

2. Digor elementlarin atom kiitlalorinin m/q qiy-
matine uygun galon ¢oxsayl yiiklii atomlar.

3. Cox atomlu ionlar — eyni kiitloli analitlorin
signalina ¢ox atomlu ionlarin analitik signallarinin iist-
listo diismosi. IOP-KS-do on giiclii spektral effektlor,
¢ox atomlu ionlar torafinden yaradilir. Onlarin aradan
qaldirtlmasi (vo ya azaldilmasi) kiitlo spektrometriya-
nin an vacib masalalerinden biridir.

Induktiv olagoli plazmada spektral interferensiya-
lara sobob olan miixtalif név poliatomik ionlar agagi-
dakilardur:

1. Poliatomik fon ionlar1 — yalniz plazma qazi-
nin, atmosfer havasinin va suyun komponentlari (Ar, C,
H, O, N) torafindon amols golon ionlardir.

2. Hall olunmus niimunonin komponentlari tors-
findon amalo golan ¢ox atomlu ionlar — bu grupa ni-
munayo daxil olan elementlorin oksidi (MO*), hid-
roksid (MOH*) vo hidrid ionlar1 (MH*) aiddir (M —
analiz edilon element).

3. Coxatomik arqon torkibli ionlar — niimune-
nin va plazma gazinin komponentlorinden amsls galon
ionlardir: ArCl*, ArS*, ArF*, ArM* va s.

Oksid poliatomik ionlarimin amols golmasi, hava-
dan vo tursulardan golon, niimunonin hollinds istifads
olunan vo niimunoanin 6ziinds yerlogon oksigen atomla-
rinin, yiiksok temperaturda (10,000 K) induktiv slagali
plazmaya daxil olmasi ilo izah olunur. Bu atomlar ar-
gon atomlari ilo va ya kiitlosi analitlorin (hidridlar, ok-
sidlor vo s.) atom kiitlolorine oxsar olan digor ionlarla
birlogirlor. Masalon, 63Cu signali ti¢iin interferensiya-
lar ZNa*Art, ¥Ti0 ola bilar; ®Zn (giin 32S%0*Q,
328170*2; 8y ji¢iin iso ?Ge'®0* va “°Ar*Ca* kimi for-
malar miigahido olunur.

Sakil 2-do niimunanin hazirlanma soraitindon asili
olaraq togqusma yuvasi olmadan vs togqusma yuvasi
olduqda dializatlarda elementlorin konsentrasiyasi gos-
torilmisdir. Spektral interferensiyanin qarsisint almagin
an effektiv yolu toqqugma yuvasinda bufer kimi helium
qazindan istifads etmakdir. Optimal helium axini siirati
isa 3 ml/doq miiayyon edilmisdir.

Sokil 1, b-don aydin olur ki, I®P-KS-do helium
gaz1 olavs edildikdon sonra bir ne¢a signalin interferen-
siya tosirinin azalmast miisahido olunmusdur (sokil 2).
Metodun mahiyyati ondan ibaratdir ki, ion dastasi kiitla
analizatoruna daxil olmadan ovval helium ionlar ilo
toqqusur. Bu toqqusmalar zamani helium ionlari, doste-
daki boyiik molekulyar ionlarla vo daha az diametrli
metal ionlar1 ilo qarsiligh tasir edir, naticods detektora
daxil olan molekulyar ionlarin axininin intensivliyi aza-
lir. Bu proses, spektral interferensiyalarin azaldilmasi-
na vo analizin daqiqliyinin artirilmasina kémok edir.

Aparilan tocriibolor gostorir ki, dializ zamani
insan orqanizmindan mis, sink, demir va diger miithiim
elementlor yuyulur. Bu elementlorin sarbast buraxilma-
s1, onlarin ¢atigmazligina sobab olur ki, bu da xostonin
immun sisteminin zsiflomasine tasir géstora bilar. Mis,
insan hoyati ti¢iin vacib elementdir, iirok, béyrak va qa-
raciyards toplanir; hamginin domirin sorulmasina ko-
mok edir vo enerji miibadilosindo rol oynayir. Mis ca-
tismazlig1, soyuqdoyms, stimiiklorin kovroklogmasi vo
harokotlo bagli problemlorin yaranma ehtimalini artirir.
Sink g¢atismazlig1 iso nevroloji pozgunluglara, gérmo
kaskinliyinin azalmasina va darinin voziyyatinin pislos-
masing sabab olur. Alinan naticalor hokimlors dializ za-
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mant itirilon elementlorin torkibini barpa etmays vo he-
modializ zamani1 olava tasirlorin garsisini almaga ko-
mok edocok.

Sidik, iizvi tursularin duzlarina nozoron yiiksok
konsentrasiyaya malik duzlu mohluldur va is zamani iki
yolla hazirlanmigdir. Tadqiqatlar gdstorir ki, har iki
tsulun naticolori demak olar ki, eynidir, bu da birbasa
seyroltmo metodunun praktikliyini siibut edir. Ug miix-
tolif yas qrupundan olan koniilliilordon sidik niimuns-
lori birdafalik polipropilen borularda toplanmis, 65%
azot tursusu alavs edilmis va deionlagdirilmis su ilo 10-
20 dofo seyroldilmisdir. Ancaq birbasa seyroltmonin
catismazligi, plazma borusunun, samplerin vo skimme-
rin sathinds karbon tobogosinin yaranmasidir. Sidik vo

gan komponentlorinin tam hall olunmamast, konuslarin
sothindo miisbot ionlardan ibarst dielektrik tobaqonin
yaranmasina sabab olur ki, bu da bu konuslardan kegon
ionlarin trayektoriyasini tohrif edir.

Bu tosiri aradan qaldirmagq tigiin arqon plazmasina
1-5% oksigen qaz1 alavs etmok kifayatdir. Tacriibalor
gostordi ki, oksigen gqazinin oslave edilmosi ilo qeyri-
spektral matris effektini aradan qaldirmaq vo konusla-
rin isloma miiddatini artirmaq miimkiindiir. Oksigenin
arqon plazmasina daxil olmasi, lizvi birlosmalarlo reak-
siyaya girarok onlar1 aradan qaldirir vo daha az atom
klitlosino malik birlogsmalar amols gatirir. Bu yeni bir-
logmoaloar, niimuna konuslarmin dsliklarindon asanligla
kegorok ion-optik sistemo daxil olur.
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Sakil 2. Miixtalif nlimuns hazirlig1 seraitinin dializatlarda olan elementlarin konsentrasiyasi: (a) togqusma yuvasi olma-

diqda, (b) toqqusma yuvast olduqda.

Sakil 3-do oksigenin plazmaya slave edilmoasin-
don avval (sokil 3a) va sonra (sokil 3b) li¢ xastonin sidik
torkibinin analiz naticalori gostorilmisdir. Sokildon ay-
din olur ki, oksigen slavo edildikdon sonra elementlorin
konsentrasiyasi artmigdir. Bu, konuslarin sothino ¢okon
Uzvi birlogmalorin miqdarinin azalmasi ilo izah olunur,

bu da konuslardan kegon ionlarin saymni artirir. Qan,
J
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biotibbi todqgiqatlarda ananavi biomaterialdir vo onun
analizi ti¢iin bir ne¢o {isul adabiyyatda tosvir edilmisdir.
Qanin bir ¢ox tizvi birlogmalarlo zongin olmasi va bir-
basa analizin diizgiin olmamasi sababindan, daha daqiq
noticalor oldo etmok vo IOP-KS-da qeyri-spektral mat-
ris effektinin tosirini azaltmagq {igiin daxili standart me-
todundan istifado etmok vacibdir[27].
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Sokil 3. Ug pasiyentin sidik torkibinin analizinin oksigen alavasindan avval (a) va sonra (b) olan gdstericilor.

Daxili standart (DS) seciminin asas qaydalar
asagidakilardir:
- Analiz edilon niimunado DS-nin mévcud olma-
mast;
DS izotopunun atom kiitlosinin analitin kiitlosi
ilo uygunsuzlugu;

DS-nin ionlasma potensialinin (iP) analitin {P-a
yaxin olmast;

Analiz edilon maddado DS izotopunun olmama-
S1.
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Sokil 4. Daxili standart (DS) olaraq rodium (Rh) istifade
etmoklo vo istifado etmodon ganda 6lgiilon ele-
mentlorin konsentrasiyasi.

Bu, bioloji mayelorin analizi zamani daxili stan-
dartin (DS) segiminin ¢otinliyini vurgulayir. DS-nin
olave edilmoasi niimunanin ¢irklonmasina va spektral,
osason qeyri-spektral matris effektlorin yaranmasina
sabab ola bilor. Bozi miislliflor plazma qazindan vo ya
analiz edilon mohlulun matrisinden yaranan ¢oxatomlu
ionlarin (massalon, Ar**, ArO*, N2*) DS kimi istifads
edilmasini tovsiys edirlor. DS-don tam imtina instru-
mental siiriismaya yol agdigindan, an az1 bir DS-nin is-
tifadasi tovsiya olunur. Miixtalif atom kiitlalarine malik
analitlor iiglin bir DS se¢mok ¢otin oldugundan, daha
doqiq naticalor {igiin cihazin parametrlorini doyismak,
masalon, generatorun giiciinii artirmaq vo arqon qazinin
sliratini azaltmaq da moslohot goriiliir [25]. Aparilan
tacriibalar gostarib ki, cihazi koklodikdon sonra miixts-
lif atom kiitlolorins malik analitlor {i¢iin bir daxili stan-
dart (DS) se¢gmok miimkiindiir. Tobii rodium (Rh) ele-
menti, izobar interferensiyadan azad oldugundan, DS
kimi segilir. Tobii rodium yalniz sabit 103Rh izoto-
pundan ibaratdir, bu da onu izotopik olaraq saf element
halina gatirir.

Sakil 4-da daxili standart (DS) olaraq rodium (Rh)
istifado etmoaklo va istifads etmadon ganda 6Slgiilon ele-

mentlorin naticalori gostarilir. Naticalordon goriiniir ki,
Mn, Ag, Cd, Sb, Pb kimi elementlor {i¢iin DS olmadan
diizgiin qiymetlondirms oalds olunmayib, bu da spektral
matris effektinin tosiri ilo izah olunur. Diizgiinlityii
yoxlamag Uglin DS olarag 100 mM konsentrasiyada
natrium (Na) elementi olave edilmisdir.

Tacriibo naticalori gostordi ki, natrium (Na) ola-
vosi analizin naticaloring heg bir doyisiklik etmomisdir.
Oksing, niimunays rodium (Rh) slave edildikdo oldo
edilon naticolar kalibrloma mohlulunun haqiqi terkibina
daha yaxin olmusdur. Bu, natriumun plazmanin tempe-
raturunu doyisdirmesi ilo izah edilo biler. Natrium
atomlar1 asag1 ionlagsma potensialina malik oldugun-
dan, yiiksok temperaturlu plazmaya daxil oldugda tez
ionlagir, bu da elektronlarin konsentrasiyasini artirir.
Noticads, plazma elektronlarla zonginlosir vo daha yiik-
sok ionlagma potensialina malik elementlor ionlarla re-
kombinasiya olunaraq neytrallasir, bu da plazmanin
temperaturunu vo miisbat ionlarin saymi azaldir.

3. Naticalar

- Bioloji mayelorin analizinds spektral matris in-
terferensiyalar1 helium qazi slave etmoklos aradan qal-
dirila bilor, bu da mikrodalgali vo birbasa seyraltmo
Usulu ils alds olunan naticalarin bir-birine yaxinlagma-
sina sabab olur.

- Hemodializ zamani mis va sink kimi elementlo-
rin yuyulmasi immun sisteminin zoiflomasino sobab ola
bilar; olds olunan naticalor xastolorin badoninds itiril-
mis elementlori borpa etmoyo komok edir.

- Sidik, tursu ilo minerallasma etmoadon, sadaco
deionlagdirilmig su ilo 10 dofs durulasdiraraq analiz
edilo bilar.

- Arqon plazmasina 1-3% oksigen alava etmokls
geyri-spektral matris effektini minimuma endirmok
mumkdndar.

- Qan, lizvi maddolorin biotibbi todqiqindo osas
biomaterialdir; buna gors ds, analiz edilon mohlullar
hazirlayarkon daqiq naticaloar {igiin daxili standart (DS),
masalon, rodium istifads etmok vacibdir.
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N.Sh. Jafar

Influence of matrix effects on analysis of biological fluids by inductive coupled plasma mass spectrometry
method.

In the study, the influence of matrix effects on the detection limit of components during the analysis of biological fluids
was investigated, and a comparison of sample preparation with direct dilution and mineralization methods was made. The
results show that the decrease in the resolution of the device due to the influence of organic solvents is related to the reduction
of the diameters of a number of parts of the analyzer, including the sampler and skimmer holes. To reduce the influence of the
organic components of the analyzed solutions, two methods, microwave and simple decomposition, have been proposed. Here
the advantages of simple dilution are highlighted. At the same time, it was noted that the acid mineralization method of
biological fluids, especially during blood analysis, is used as an optimal method to eliminate various organic matrix and reduce
biohazard. The article explains the possibility of using internal standards to eliminate matrix effects and obtain more accurate
results. The obtained results provided important information for the analyst-experimenters to evaluate and increase the accuracy
level, and at the same time for the doctors to restore the important elements lost in the patient's body during dialysis.
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MAQNETRON TOZLANDIRILMASI METODU iL9 COKDURULMUS ZnO:Al
TOBOQOLORININ ELEKTRIK VO OPTIiK XASSOLORINO TERMIK ISLONMO
TEMPERATURUNUN VO RUTUBOTIN TOSIRI
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Nazik tobagoli glinas elementlari Ugiin omik kontakt kimi istifade olunan Al-la asqarlanmis ZnO (ZnO:Al) tobags-
lori siiso altliglar (izarinds otaq temperaturunda magnetron tozlandirilmasi metodu ilo alinmigdir. Riitubatin va havada
termik islonmo temperaturunun ZnO:Al tobagslarinin elektrik vo optik xasslorins tasiri 8yranilmisdir. Misyyan olun-
musdur ki, temperaturu 250°C-dan 300°C-ys godor artirdiqda tabagslarin xtisusi migavimati iki tortib artir.

Acar sozlar: giinos elementlari, ZnO:Al, magnetron tozlandirmasi, nazik tobagslor.
PACS: 42.70.Km; 68.35.Dv; 68.60.Dv; 73.61.Ga; 78.66.Hf; 81.15.Cd

Giris

ZnO birlagmalorinin daha genis qadagan zona-
ya (Eq > 3.4 eV), boyik eksiton rabita enerjisinoa
(60meV) malik olmasi, maya doyorinin ucuz basa
goalmasi va an asasi1 zohorli olmamasi onlarn digarlo-
rino nisbaton tstiinliylini artirir. Bu materialin sot-
hinin teksturlu formada hazirlanmasi diison ig1gin
optik yolunun artmasina, sksolunma smsalinin azal-
masina va belaliklo ds gilines elementinin effektivli-
yinin artmasina sabab olur [2, 5, 7]. ZnO-un miga-
vimatini azaltmaq moqsadi ilo onlar1 Al-la asqarla-
mag daha magsads uygundur. Al-la asqarlanma za-
mani1 qadagan zonanin eninin vo ylikdasiyicilarin
konsentrasiyasiin artmasi fotohassasliq spektrinin
geniglonmasina bu da glinas modullarinin konversiya
omsalinin artmasina gatirir. Yaxst malumdur ki, go-
riinan va yaxin ultrabanévsayi oblastda buraxma am-
salinin eloca do kegiriciliyin boyiik olmast 6n kon-
taktlar {iglin qoyulmus osas toloblordondir.
Cu(In,Ga)Se, osasli giinag elementlori Uglin  On
kontakt kimi maqnetron tozlandirilmas: iisulu ilo
alinmis Al-la agqarlanmig vo agsqarlanmamis ZnO na-
zik tobagolarindan istifads olunur [1, 3, 6]. ZnO na-
zik tobagalori lazer ¢okdirmosi, kimyavi buxar ¢ok-
dirms, molekulyar siia epitaksiya tisullari ilo do ali-
nir. Lakin yiiksok ¢cokdiirma siirati, asagi ¢okdiirmo
temperaturu, Kicik maya doyarli tobagslorin alina
bilmasina gdrs bu tobogolorin magnetron tozlandiril-
masi ilo alinmas1 daha mogsads uygundur. Tobago-
lorin kegiriciliyini ¢okdurmo sortlorini doyigsmoklo,
hamginin valentliyi Zn-don daha boyik olan Al, In,
Ga atomlar ilo agqarladiqda artirmaq miimkiindiir.
Torkib hissalarin sabitliyi glinos elementlori vo mo-
dullarinin etibarligini tayin edon osas parametrlor-
dondir. Bu mogalodo ZnO:Al nazik tebagalorinin
elektrik vo optik xassalorino termik islonmo tempe-
raturu vo middoatinin homginin ritubatin tosiri 0y-
ronilmisdir [4].
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Tacribanin texniki iisullar:

Qalinlig1 (0.1 - 1.2) mkm olan Al - la agqarlan-
mis ZnO ortiiklori (ZnO:Al) magnetron tozlandiril-
mas1 metodu ils siigo altliglar tizarina ¢okdiirilmiis-
dur. Diametri 114 mm va qalinligi 10 mm olan x{isu-
si iki komponentli hadof elo yerlosdirulmisdir ki, Zn
Vo Al-un migdarint (Zn vo Al-un tomizliyi 99.99%)
doyismok miimkiin olsun. Istifado olunan sistem
tclin ZnO:Al tabagalarinin ¢okdirilmosi optimal go-
raitdo - torkibindo 80% Ar vo 20% O; qaz qarigigt
olan atmosferds va (1.0-1.3) Pa ¢ékdlrmo tozyiginds
yerins yetirilmisdir. Altliq va hadof arasinda moasafo
45 mm, goyardilmo surati 30 nm/daq gotirilmiis vo
sabit coroyanin giicti 200 Vt-do sabit saxlanilmigdir.
Anod Uzorindaki altligin temperaturu ovvalcadan
otaq temperaturuna gadoar qizdirilmig vo sonra tem-
peratur ¢cokdirms prosesi zamani ion bombardmani
sobobindon 150°C-ys godor artmisdir. Nimunolorin
optik buraxma vo oksetdirma gabiliyyati (190-
3300)nm spektral diapazonda Carry 500 Scan ikigat
siia spektrometri vasitosilo olgiilmiisdir. Elektrik
muigavimati Van der Pau metodundan istifads edile-
rak Holl effekti 6lgmalarindon milayyan edilmisdir.

Tacribi naticalar va onlarin miizakirasi

Hazirlanmis tobagolorin  xisusi migavimati
otag temperaturunda genis intervalda (0,0013-
19)Om-sm doyismisdir (cadval 1 otaq tempraturu su-
tunu). Mioyyan olunmusdur ki, xiisusi miigavimot
althgm yekun temperaturu, ¢okdirmo middsti vo
galinligin doyismosi ilo doyisir. ZnO:Al tobogalori
emal effektinin otrafli aragdirilmasi ti¢iin dord hisso-
ys ayrilmaqla hazirlanmigdir (cadval 1 otaq tempera-
turu sutunu, tabags 5). 1-ci hisse, 5-1 nlimunasi — ha-
vada 300°C temperaturda termik iglonmisdir. Termik
islonmo 50°C-don baslayaraq har bir dovr tiglin 1 saat
miiddatinda 50°C - li nominal addimlarla yerins ye-
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torilmisdir (niimuns 5-1-2 aid naticalor codvaldo gos-
torilmigdir, sira 5, otaq temperaturu sutunu istisna ol-
magla). 2-ci hisse, 5-2 nlimunasi - 100°C-ds gaynar
su buxarinda 1 saat middotinds qizdirilmisdir. 3-cl
hisso, 5-3 niimunasi - doymus su buxar1 atmosferinds
otaq temperaturunda saxlanilmig vo xususi migavi-
moati bir giin muddatinds 6l¢iilmiisdiir. NUmunasinin
son iglonmamis hissasi 5-0 kimi geyd olunaraq isti-
nad kimi istifado edilmisdir. Se¢ilmis miixtalif ga-
linliglt ZnO:Al va 1-5 tobagalarinin xiisusi migavi-
matinin termik islonma temperaturundan asililig:
codval 1-do gOstorilmisdir. Codvaldo havada 1 saat
miiddatindo termik islonmoadoan avval vo sonra (otaq
temperaturu stitunu) Holl effekti 6lgmolarindan toyin
edilmis ZnO:Al tobagoalorinin xisusi elektrik miga-
vimotinin giymatlori verilmisdir. {1k olaraq miioyyen
edilmisdir ki, havada 50°C-do 1 saat termik islondik-
don sonra ZnO:Al tobagalarinin xususi elektrik mu-
gavimoti azalir vo sonra termik islonmo tempera-
turunun artmast ilo tadricen artir. Miiqavimatin bels
doyismoasi 1, 2, 3 vo 5 niimunalari tG¢lin do miisahida
olunur. Bu, ¢okdiiriilmiis tobagalorin diffuziya ve ad-
geziyasi elaco do niimunalarin uzun middst havada

termik islonmosi vo yiiksok temperaturda oksidlos-
moasi ilo izah edilr. 50°C-do termik islonmo prosesin-
don sonra tobogalorin qurulusu daha mitkkemmeol olur,
elocs do havada uzun middst vo yuxari temperaturda
termik iglonmo bu nimunalarin oksidlosmasi ilo nati-
calonir. Numuno 5-2 ardicil olaraq 100°C-ds su bu-
xarmin riitubati 100 % olan atmosferds 1 saat qizdi-
rildigda onun miigavimati nazars garpacaq doracads
artir (sokil 1). ©gor belo nom soraitdo emalin ilk 5
dovriindon sonra migavimatin iki tortib artmasi
askar edilirss, 6 - 8 dévr emaldan sonra miigavimatin
giymeoti stabillosir vo (2,5 - 3,0) 10 Om- sm -0 yaxim
giymot alir. Otaq temperaturunda bir giinliik 100 %
ratubstin tasirine moruz galma middstinin artmasi
ilo 5-3 nimunasinin elektrik mugavimatinin davamli
artmasini miigahido edirik (sokil 2). Sokil 1 va 2-don
aydin olur ki, niimunslor daha yuxar1 temperaturda
termik islondikds va riituboto daha uzun middstds
moruz qoyuldugda ZnO:Al tabagolarinin xtsusi mu-
gavimati artir. Oksigen adatan, elektrik va optik xas-
solarin pozulmasina (mas. muitsharriklik va dasiyici-
larin konsentrasiyasi) sobab olan oksigen vakansiya-
larinin yaranmasinin qarsisinin alinmasi tigiin alave
edilir [10].

Codval 1.
ZnO:Al tabagalarinin xlisusi migavimatinin termik islonms temperaturundan asililigi
Se¢ilmis p, Omsm
tabagelor | 018
temperaturu | 50°C 100°C 150°C 200°C 250°C 300°C

1 4.6 10 27102 | 36102 | 1510 | 8710% | 8.110° -

2 4.3 102 19102 | 28102 | 1.41071 | 2510* | 4.310° -

3 1.9 10* 1.4 10! 2.210! 1.5 10? 3.110° - -

5 1.310°% 11192 | 1.410° | 3.710° |1.0102 | 1510 | 7.710¢

100 - [ cadval 2-do gOstorilmigdir. Cadvalda togdim olunan
5 niimunalarin torkib-element analizinin naticolori
g Sample 5-2 gOstorir ki, islonma temperaturunun vo miiddstinin,
g 0 cliimladon atmosferds su buxarinin konsentrasiya-
el sinin artmasi asasan 5-2 nlimunansinin terkibinds Zn
o vo Al elementlorinin migdarinin doyigmasi ilo mu-
7 sayiat olunur. Sathin sahasinin tebagadaki granulala-
_i: % rin hacmina nisbatine gors onlarin sarhadlarinin qu-
: 0= rulusu vo kimyavi torkibi polikristal tabagalarin fizi-
o Ki xassolori Gglin xisusi shamiyyatoa malik ola bilor.
i Demoali, ZnO:Al nimunaloarinin kegiriciliyinin azal-
103 ! L ! ! ! | masini, asasan Soth gqranullarinin elektron qurulusu-
2 4 I3 2 10 12 nun hacmdoki granullarin elektron qurulusu ilo mi-

Humber of 1-hour cycles

Sakil 1. 100°C-ds qaynar suyun buxarinda har dofo 1
saatliq temperatur islonmasine maruz galan
ZnO:Al tobagasindan ibarat 5-2 nlimunasi-
nin xdsusi miigavimatinin temperatur islon-
moalorinin sayindan asililigt

Bununla bels, oksigen hamginin ZnO:Al tabs-
galarinin gdyardilmasi vo termik islonmasi zamani
Al oksidin formalagmasina sabab olur. Polikriskal te-
bagalords oksigen atomlarinin bels slavs daxil olma-
s1 granula sarhaddlarinds meydana gsls bilar va bu
da elektrik bariyerlorinin formalasmasina sobab olur
[8,9]. Numunalarin torkib analizlorinin noticalori

gayisads dayismasi ilo asaslandirmaq olar [11,12].

Cadval 2.
ZnO:Al tabagalarinin torkibi (%-19)

Numunalor Konsentrasiya,% - lo
(uygun son

emaldan sonra) Zn 0 Al

5-0 4483 | 49.20 | 5.97

5-1 44,72 | 48.72 | 6.56

5-2 46.38 | 48.89 | 4.73

5-3 44.36 | 48.76 | 6.87
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Sakil 2. Qaynar suyun buxarinda 1 giinliik tosiro mo-
ruz galan ZnO:Al tobogasindsn ibarat 5-3
niimunasinin otag temperaturunda migavi-
motinin su buxarinda tasir dévralorinin mig-
darindan ( comi 20 d6vra ) asililig1.

o

(exhv)y’ (10%cm™ ev)’
I

O I T

25 30 35 E(eV)
Zn0O:Al tobagalarinin udulma spektri. (Bu-
rada 5-0 temperatur islonmoasina moruz gal-
mayan; 5-1 havada 300°C temperatur islon-
masine moruz qalmis; 5-2 vo 5-3 100°C-ds
11 saat arzinds vo otaq temperaturunda 20
giin arzinds temperatur islonmasina moruz
qalmig niimunlordir).

OKDURULMUS Zn0:Al TOBOQOLORININ ELEKTRIK VO...

Sokil 3-do (a-hv)®> vo hv koordinatlarinda
Zn0O:Al tobagslorinin udulma spektri verilmisdir. Bu
nimunslarin gadagan zonasinin eninin giymoti gra-
fikin xotti hissasinin hv oxuna ekstrapolyasiyasi ilo
hesablanmigdir [13,14]. Qadagan zonanin eninin
giymati 5-0, 5-1, 5-3 ntimunalori tg¢itin 3.3 eV va 5-2
nimunasi Gglin ise 3.4 eV oldugu miiayyan edilmis-
dir. 5-2 nimunasinin qadagan zonasinin eninin genis
olmas: ti¢ sabobls - sarbost yiikdasiyicilarin konsen-
trasiyasinin artmasi, tomizliyin artmasi va ya granula
Olculorinin azalmasi ilo alagodar ola bilar [15,16].
Ohomiyyoatli doracodo migavimot artimi miisahido
edildiyindon birinci hal bizim ii¢iin uygun deyil.
Bundan olavs, Al (aliminium)-un miqdarinin azal-
mast niimunads Al hissasinin elektrik aktiv olmadi-
gin1 gostarir. Biz udma kondarinda igi1g1 buraxmanin
kaskin asagi diismosini miisahids edirik va bu da to-
bogads yaxst kristalligin gostaricisidir. Al,Os-ln
zoriin formalagmasina géra nimuna 5 - 2 daha kigik
granula va genis qadagan zonaya malik ola bilar.
Owvvalki hor iki effekt migavimatin artmasinin
sababi ola bilar[4,17].

Natica

ZnO:Al nazik tobagalori 100° C-do vo otaq
temperaturunda rltubstli havaya moruz qaldigda
elektrik kegiriciliyinin azalmasi miisahido olunur.
Termik islonms temperaturunu 250°C-don 300°C-ys
godor artirdigda tobogslorin elektrik migavimati iki
tortib artir. Magnetron tozlandirilmasi metodu ils siisa
altliglar ~ tizorine  ¢okdirilmiis  ZnO:Al  nazik
tobagolorinin elektrik kegiriciliyinin azalmasini,
osason Soth qranullarinin elektron qurulusunun
hocmdoki  qranullarin  elektron  qurulusu ilo
miigayisads doyismasi ilo alagoadardir.
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Ch.E. Sabzaliyeva, N.N. Mursakulov, N.N. Abdulzade

EFFECT OF THERMAL TREATMENT AND HUMIDITY ON ELECTRICAL AND OPTICAL
PROPERTIES OF ZnO:Al LAYERS DEPOSITED BY MAGNETRON SPUTTERING METHOD

Al-doped ZnO (ZnO:Al) films used as ohmic contacts for thin-film solar cells were obtained by magnetron sputtering at
room temperature on glass substrates. The effect of humidity and thermal treatment in air on electrical and optical properties
of ZnO:Al films was studied. It was determined that when the temperature is increased from 250°C to 300°C, the electrical

resistance of the films increases by two orders of magnitude.
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QAMMA SUALANMIS YSPE/GaAs VO YSPE/GaAs<Te> KOMPOZITLORIN
QURULUSU

N.N. Haciyeval, G.B. 9hmadova?, R.A. Moammadov!
1 Azarbaycan Respublikasi Elm va Tohsil Nazirliyinin Radiasiya Problemlori Institutu,
Baki, Azarbaycan
2 Azarbaycan Respublikasi Elm va Tohsil Nazirliyinin Fizika Institutu
gunayehmedoval2@gmail.com

Toaqdim olunan isdo otaq temperaturunda 100, 200 vo 300 kQr dozalarda gamma kvantlarla siialanan YSPE/GaAs va
YSPE/GaAs<Te> kompozitlorinin qurulus doyisikliklorinin optik todqiqgatlarmin naticalori verilmisdir. ilkin polimerin vo
onlarin kompozit nazik tobagslarinin gamma siialanmasi 220 vo 280 nm-do optik udulma zolaqlarinin yaranmasina gatirib
¢ixarir ki, bu da C=0 vo C=C rabitolorin amalo golmasi ilo slagadardir. Mioyyon edilmisdir ki, YSPE/GaAs<Te>
kompozitlarinin nazik tabagalari 100-300 kQr udulmus doza diapazonunda radiasiyaya an davamlidir.

Acar sozlar: yuksok sixligh polietilen (YSPE), GaAs, GaAs <Te>, y-siialanma.

Adaton yeni doldurucular kompozit materiallarin
praktiki tatbiginin miimkiinliiyiiniin geniglondirilmasi-
na gotirib ¢ixarir. Bu ndqteyi-nazardan polimer-yarim-
kecirici doldurucu tip polimer kompozit materiallar bo-
yiik maraq kasb edir. Polimer matrisaya yarimkegirici
doldurucunun daxil edilmasi onun qurulusunda vo xas-
solorinde modifikasiyaya sobab olur. Bu aspektds
GaAs vo GaAs<Te> yarimkecirici birlosmali yiliksok-
sixligli polietilen (Y SPE) asasli kompozitlor boytlik ma-
raq kosb edir [1-4]. Bu onunla slagadardir ki, gostorilon
yarimkegiricilor 6ziinomoxsus kristallik vo zona quru-
lusuna malikdirlor vo bu materiallar1 polimerlor {igiin
modifikasiya edici doldurucu kimi slavo etmoklo miix-
tolif elektrofiziki, dielektrik, termik, optik-ltiminessens
va mexaniki xiisusiyyatlora malik yeni kompozitlor ya-
rana bilor. Hazirda radiasiya texnologiyalari, polimer-
larin vo onun kompozit materiallarinin fiziki vo kimys-
vi xiisusiyyetlorini yiiksok texnologiyali totbiglords
yaxsilasdirmaq iigiin genis sokilds istifado edilir. fon-
lagdirict stialanma makromolekulyar saviyyado materi-
allarin strukturunda fiziki vo kimyovi doyisikliklors so-
bab olur. Qamma siialanmanin tosiri altinda polimer-
yarimkegirici kompozit sistemlorinin struktur doyisik-
lari vo xiisusiyyatlori haqqinda verilonlorin aldo edil-
mosi, coxfunksiyali kompozitlorin inkisafini va istehsa-
lin1 tomin edacokdir. Bu, yeni polimer kompozit mate-
riallarinin elektron cihazlar vo sistemlor tiglin arzu olu-
nan xisusiyyatlorls hazirlanmasina imkan veracok va
hamginin yeni xususi tip elektrik izolyasiya sistemlori
va yliksok gorginlikli texnologiyalar yaratmaga komok
edocakdir. Bu isdo YSPE-nin matrisa olaraq segilmasi
onun genis sokildo Gyranilmasi ilo olagadardir [5-6].
GaAs vo GaAs<Te> yarimkegiricilorinin doldurucu ki-
mi secilmasi iso onlarin xiisusi struktura malik olmalari
ilo baghdir. Bundan basqa, qeyd etmok lazimdir ki,
GaAs<Te> radiasiyaya garst GaAs-dan daha davam-
lidur.

YSPE/GaAs vo YSPE/GaAs<Te> kompozitlori-
nin struktur doyisikliklori vo optik xassolori doldurucu-
nun Konsentrasiyasina bagl olaraq todqiq edilmisdir
[3]. Lakin, bu kompozitlorde gamma siialanmanin tasiri
ilo bag veran qurulug doyisikliklori 6yronilmomisdir.
Buna goro do, bu todgiqatda YSPE/GaAs va

131, H.Javid ave, AZ-1073, Baku
Institute of Physics
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Y SPE/GaAs<Te> kompozitlorinin gamma kvantlari ilo
stialanmig halda struktur doyisikliklori optik (UV-VIS)
spektroskopiya metodu ilo aparilan tocriibi naticalor
asasinda toqdim olunur.

Polimer matrisa olaraq PE 2 NT11-285D yiiksok
sixligh polietilen (Rusiya, Kazan) secilmisdir. Bu ma-
terialin arimos noqtasi 130°C, sixhigi iso 947 kg/m3-dur.
Doldurucu olaraq GaAs vo GaAs<Te> yarimkegiricilo-
rindon istifado edilmisdir. YSPE, YSPE/GaAs va
Y SPE/GaAs<Te> nazik tabagalari toxminon 100 mkm
qalmliginda  hazirlanmgdir  vo  doza  gicl
d®/dt=1.06Qr/san olan MRX-y-20 (8°Co) gamma man-
bali cihazda siialandirilmigdir. Niimunalor otaq tempe-
raturunda 100, 200 vo 300 kGy dozaya qodor miixtolif
stialanmalara moruz qalmisdir.

Bu nazik tobagalorin optik buraxma va udma
spektrlori Varian-Cary 50 Scan UV-VIS spektrofoto-
metrindo 200-800 nm dalga uzunlugu diapazonunda
almmigdir. Stialanmadan avval va sonra spektrlorin deo-
yigmasi miiqayiso edilmis vo zolaglarin maksimumun-
da vo nisbi intensivliyindo bas veron doyisikliklori
Oyronmok moagsadilo spektral analiz aparilmisdir. Bu
tadqgiqatda ilkin (stialanmamig) vo qamma giialanmis
YSPE polimerinin, YSPE/ 4 kiitls % GaAs vo HDPE/
4 kiitlo % GaAs<Te> kompozitlerinin optik (UV-VIS)
udma spektrlori nazars almmigdir. GaAs vo GaAs<Te>
mikrohissaciklarinin kiitlo miqdarimnin (4 kiitls %) segil-
masi, har iki kompozitds bu miqdarda kristallagma dos-
racasinin eyni qiymots malik olmast ilo olagadardir [3].
Malum olunmusdur ki, stialanmamis YSPE polimeri vo
onun kompozitlorinin todqiq edilon dalga uzunlugu
diapazonunda (4=200-800 nm) udma zolaglar1 yoxdur.
Lakin, stialanmis YSPE polimeri vo onun YSPE/GaAs
kompozit nazik tobagalorinin spektrlarinds ~220 nm-
do udulma zolag1 miisahids olunmusdur. Bu zolaq, mo-
lekulyar makromolekulda C=0 grupuna malik ketonla-
rin olmasi ils olagadardir. Bu, siialanma dozasinin art-
mas1 qadagan olunmus zonanin eninin azalmasina va
udma omsalinin giymatinin artmasina sobab olur [5-8].

Qeyd etmok lazimdir ki, udma zolagi gamma siia-
lanma dozasinin artmasti ilo daha uzun dalga uzunlugu-
na dogru siiriisiir. Qamma siialanma, C-C rabitosinin
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par¢alanmasina vo polimer zoncirlorinin dehidrogen-
losmasina sabab olur vo bu da —C=C- rabitalorini xarak-
terizo edon /=280 nm maksimumlu yeni udulma zola-
ginin amolo galmasine gatirib ¢ixarir. Qamma siialan-
ma dozasi artdiqca, birlogmis —C=C- rabitslorinin say1-
nin artmast vo udma zolaginin uzun dalga istigamatine
dogru siirligmasine sabab olur ki, bu da FTIR tadgiqat-
larinin naticalori ils uzlagir. Bu hal eyni zamanda, slaga
rabitolorinin genislondirilmis sistemlorinin formalas-
masi, yoni karbon klasterlorinin omolo golmasi ilo ola-

galondirilir [9-13]. ~280 nm-doki udma zolaqlari, mo-
lekullarda vs ya ikiqat, ya da tiggat rabitolori olan bir-
losmoalardos bas veran elektron n—n* kegidloring aiddir.
n-elektronunun hayacanlanmasn daha az enerji tolob
edir vo buna goro do bu tip kegidlor daha uzun dalga
uzunlugunda bas verir.

Aparilan todqiqatlarin miigayisali analizi onu
sOylomoya asas verir ki, aragdirilan bu kompozitlor ara-
sinda radiasiyaya on davamlis1 YSPE/GaAs<Te>dir.
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Miiasir diinyanin mithiim mosalolarindan biri optik peyk sistemlorinin iglim doyisikliyindo rolu vo hamginin onlarin
sayoasinda Yer planetinin tobii folakotlordon neco qorunmasidir.

Acar sozlar: Optik peyk sistemlori, iqlim dayisikliyi, moesafoden duyma metodu va cografi molumat sistemlori

PACS: 42.70.Ng, 78.20.Ci, 72.20.Ht, 72.80

Molumdur ki, bir ¢ox peyk sistemlari iqlim doyi-
sikliyi gostaricilorini, masalan, buzlarin arimasi, diinya
okeaninda suyun saviyyasinin qalxmasini, hotta atmos-
ferin terkibinds olan CO, gazinin artmasini vo S. geyd
etmok xususiyyatlarino malikdir. Bu peyklorin arasinda
Jason-3 on miuasirlorindan olmagla yiksok dagigliklo
Yerin su sathindo dlgmolarin hoyata kegirilmosino im-
kan verir, belslikls, global istilosmoanin Diinya okeani-
na tasirinin anlagilmasina komok edir.

Sakil 1. NASA-nin global iglim doyisikliyi ilo bagh
prognozu.

Sakil 2. Jason-3 optik peyk sistemi.

Bildiyimiz kimi, XX osrin ortalarma godor halo
peyklor Yerotrafi orbito ¢ixarilmamigsdan onco iglim
dayisikliyinin dinamikasmni izlomok demok olar ki,
mimkin deyildi. Hazirda peyklor vasitosilo alds olu-
nan informasiyalar v digor resurslarin hesabina astro-
nomlar Yer planetinds bas veran doyisiklari geydo al-
mag1 nail olmuslar. Belo ki, bu kosmik aparat sayssinda
ilk dofs 1985-ci ildo Ozon doliyi agkara ¢ixarilmigdir.
Umumiyyatlo, bu kimi biitin molumatlarin toplanmasi
va emali iglim doyisikliyine garst miibarizenin aparil-
masinda yiiksak shomiyyat kasb etdiyini vurgulamaq
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vacibdir. Siini peyklor zalzals, tufan, sunami, meso
yanginlar1 v digar tebii folakatlorin gargisinin alinma-
sinda ¢ox mithiim rol oynayir. Bu modern va yiiksok
texnoloji vasitolarin tatbiq olunmasiyla aldo olunan mo-
lumatlar asasinda aksariyyat iri miqyasli tobist hadise-
larini prognozlagdirmaq, 15miqyasi va intensivliyi hag-
qinda avvalcadon xobordarliq vermak mumkin olur.
Misal G¢lin gucli kulokls bagh optik peyklo aparilan
miisahidslor bu baximdan diinya iqtisadiyyati vo blitov-
lukda basoriyyat ticiin olduqca faydalidir.

Bozi dlnya alimlori bir ¢ox insanlar1 diisiindiiron
hatta bels bir sual ortaya qomusdular: gérasen Yer or-
bitindan konarda okincilik (taravaz va giilgiiliik) islari
hoyata kegirmok miimkindirmu? Basqa qrup alimlarin
apardiglar1 elmi todgiqatlarin naticalorine istinaden
geyd olunur ki, Ayda pambiq okmok olar vs hotta bu-
nun {¢lin Yerdakindan daha az su sarfiyyatinin olacagi
ehtimalini irali stirmiisdiilor. BUttn bu biliklor golocok-
do kond tesarriifatinin inkisafinda miihiim rol oynaya
bilar.

Yuxarida geyd olunan faktlarla yanasi kosmik
muhitin inkigafi otraf miihito negativ tosirsiz olmadigi
da askar olmusdur. Bels ki, hor dofo raketin fozaya uc-
masi naticasinda otraf mihits alliminium oksid yayilir
ki, bu da atmosferin stratosfer tabagesinds y1g1lir va ne-
ticads Ozon qatinin kigilmasina va naziklogmasina so-
bab olur. Bu da son naticodo Giinas-Yer sistemino 6zi-
nin monfi tosirini gostorir. Sonda Yer sothinin para-
metrlorinin dayismasino sobob olmagla straf mihito
monfi tasirini gdstormis olur.

Beloliklo, hal-hazirda aparilan arasdirmalarin bozi
naticalarine gora Yerotrafi orbitdo 20000-don artiq kos-
mik tullant1 agkara ¢ixarilmigdir ki, bura raket detallari,
vintlor, kéhnalmis yaxud istifado miiddoti bitmis mat-
rislor va s. daxildir.

e .Y .

Sakil 3. Kosmik fazada girklonma.
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Ogor bu tullantilar utilizasiya olunmazlarsa, onda
onlar optik peyk sistemlorina yaxinlasmagla vs ya to-
masda olmagla butovlikds peyklorin mévcudluguna
monfi tosir gostors, informasiyanin dtiiriillmasine mane
ola bilarlor. Bu da 6z névbasinda global istilogsms ilo
mubarizads alds olunan peyk molumatlarin keyfiyyati-
na 0z neqativ tasirini gostormis olar.

Yerin siini peyklorinds yerlagdirilmis avtomatik
kosmik cihazlar vasitssilo alinan geoloji vo geofiziki
molumatlarm islonilmoasi vo bu molumatlardan Yerin
inkisaf vo qurulusunda asas ganunauygunlugu mioy-
yan etmokda, eyni zamanda faydali qazintilarin axtari-
sinda, global vo regional geoloji strukturalarin Syranil-
mosinds, geoloji xaritologdirmods, muasir fiziki-geolo-
ji proseslorin dyronilmosinds va digar mogsadlor Ggiin
istifado edilmasinin ¢ox faydali oldugu askar olunmus-
dur.

Yerin kosmosdan 6yranilmasinds hamginin kos-
mik gokillarin (fotografik va televiziya) geoloji va geo-
morfoloji desifra edilmasindan do genis istifads olunur.
1960-c1 illordon baglayaraq bir sira dlkolor gamma-
stialar1, rentgen siialari, ultrabondvsoyi, goriinon va in-
fraqirmiz1 diapazonlarda kosmik hadisalori aragdirmagq
ticiin peyklor orbito ¢ixarilmigdir. Peyklor, kosmik stan-
siyalar vo kosmik gomi missiyalar1 elm adamlaria Ye-
rin 6zii hagqinda malumat toplamaq tiglin yeni bir pers-
pektivlor a¢di. Praktik totbiglora oalave olaraq kosmos-
dan Yerin miisahidosi fundamental biliklors ohomiy-
yotli tohfalor verdi. Belo ki, SSRI (kegmis Sovet ttifa-
q1) vo ABS tobist elmlori tadqiqatlarina hasr olunmus
bir sira robot peyklar buraxdilar. Bu tacriibalor birlikda
bakteriya, bitki vo onurgasiz heyvanlardan tutmus ba-
liglara, quslara, qurbagalara, tisbagalara vo sicovul vo
meymun kimi mamolilora qodar genis spektrli insan ol-
mayan orqanizmlori ohato etmisdir.

Bu prosesdo adamlardan ibarot ekipaj tizvlori,
hamginin nevroloji sistemin iglomasi vo qocalma pro-
sesi kimi movzularda todgiqatlar ligin eksperimental
subyektlor kimi xidmot etmislor. Yerin kosmosdan mu-
sahidosi fundamental elmloro miihiim tShfolor vermis-
dir. Yerin formasini, daxili qurulusunu, firlanma hors-
katini, okeanlarm miixtalif dovri harokatlorini daqiq
mioyyon etmoys imkan veron miixtolif geodeziya dl¢-
molorinin aparilmasi {igiin peyklordon istifads eilmosi
da peyk sistemlarinin tatbiginin bir niimunasidir.

Arxeologiya, seysmologiya vo okeanoqrafiya ki-
mi miixtolif saholor do orbitdon aparilan miisahido vo
6lgmolordon faydalanir. Alimlar gqlobal iqlim doyisikli-
yinin sobablarini, proseslorini v tosirlorini, o ciimlodon
insan foaliyyetinin tosirini anlamaq vo modellogdirmok
liciin okeanoqrafiya vo ekologiya kimi saholords horto-
rofli soylorin bir hissasi olaraq kosmosdan miigahidolor-
dan istifados edirlor. Magsad planetin galacayini forma-
lagdiran osas fiziki, kimyavi vo bioloji proseslor haq-
qinda real vaxt intervallar1 tizra hartorafli molumat top-
lusunu slds etmakdir.

Bir cox kosmik programlar hom milki, hom ds
xususi toyinatli magsadlar Ugiin istifads olunur va buna
gOro do oxsar sistemlor har iki sahs U¢iin hazirlanmis-
dir. Bu ikili toyinath sistemlorin idarssi vo onlardan
somorali istifads olunmasi hal-hazirda da méveud siya-
si masaladir.
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Masafadan duyma Xoritogokmo, faydali gazintilarin
kosfiyyati, torpaqdan istifadenin planlagdirilmasi, re-
surslarin idars edilmasi vo digor foaliyyatlords doyarli
molumatlar oldo etmok mogsadilo Yerin quru vo su
sathlorinin muxtalif xususiyyatlorini miisahide etmok
Uciin peyklardon istifadoys tothiq edilon termindir. Mo-
safadon duyma multispektral sensorlarla orbitdon haya-
ta kegirilir, yoni, miisahidslor elektromagnit spektrinin
gdriinan is181 va adaton diger dalga uzunluglarmi shate
edon bir nego diskret diapazonunda aparilir. Multi-
spektral gorintilarden analitiklor mohsulun voziyyati
va novi, ¢irklonmo niimunslari vo su hdvzalari kimi
muxtalif marag sahslori haqqinda mealumat olds eds bi-
lirlor. Birlosmis Statlar 1972-ci ildo NASA-nn ilk mo-
safodon duyma peyki olan Landsat 1 peykini (aslindo
Yer Resurslar1 Texnologiyasi Peyki adlanir) orbits ¢1-
xard1. Masafodon duyma texnologiyasi iglim sisteminin
dinamikasin1 va onun quru, okeanlar vo Umumi atmo-
sferin mokan-zaman voziyyatlorindoki doyisikliklorini
basa diismokda boyuk iraliloyislor tamin edir. iglim do-
yisikliyinin modellogdirilmasine bu mikammal texno-
logiyanin totbigi iglim todqiqatlarinda miihiim sahani
toskil edir. Masafodon duyma texnologiyalari indi glo-
bal, regional va lokal migyasda, xUsusils yeriistii miisa-
hids malumatlarinin az oldugu yerlords boyik stratlo
iglim dayisikliyinin monitoringi ti¢iin genis sokilds tot-
big olunur.

Bu sistem peyk, toyyars vo ya dron osasli sensor
texnologiyalarindan istifado edorok davamli, yiiksok
hossasliga malik mokan shatssi ilo Yerin iglim siste-
mini miisahido etmok Ugiin yeni Gsul toklif edir. iglim
dayisikliyinin biofiziki sistemlars tosirlorinin giymot-
londirilmasi, zamanla bu sistemlordaki doyisikliklori
giymatlondirmak {g¢lin masafadon duyma va cografi
molumat sistemlori texnologiyasindan genis istifado
olundugu oldugqca effektiv todgiqgat sahssidir. Belalikls,
geyd olunanlar gslocokds bu sahads todqigatlar tosfiq
edocok, bununla masafadon duyma metodu vo molu-
matlarin tohlili Gsullarinin effektivliyini artiracaq vo
onlarin iqlim doyisikliyinin tesirlorinin modellogdiril-
masi, monitoringi vo giymatlandirilmasi ilo bagli todqi-
gatlarda totbiqini artirir.

Malumdur ki, Yerin kosmosdan todgigi onun as-
teroid tohliikesindon gorunmasi, ¢oxsayli ixtiralar et-
moak, xammalin alda olunmasi, Umumi tohlikasizlik,
silh vo saglamligin tominati baximindan oldugca oho-
miyyatlidir. Bundan olavo geyd etmok lazimdir ki, ig-
lim doyisikliyinin izlanilmosinds kosmosdan miisahi-
dalorin aparilmasi ¢ox Onomlidir. Hazirda diinya {izra
160-dan cox kosmik aparatda iglim dayisikliyinin
Olcilmasi clin cihazlar var.

Natica

1. Toqdim edilmis elmi icmal Yerin kosmosdan 6yro-
nilmosinin oshamiyyatini goéstorir. Burada bas veron
proseslorin boyilik migyasda malumatlarinin toplanma-
sina imkan verir. Digor torafdon bas veran proseslor za-
mani malumatlarin toplanmasi da bu vasits ilo hayata
kecirmaya imkan verir.

2. Iglim doyismolari ¢ox illik molumatlarin alds olun-
masint, onlarin analizini yiiksok doqiqliklo emal etmoyi
zoruri edir. Burada kosmik metodla slds olunmus peyk
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informasiyalari ilo anonavi metodlarla alds olunmus il-
kin molumatlarla miiqaiso olunmasi fiirsoti olduqca
mihiim ohomiyyat kosb edir. Burada aldo olunan nati-
color miivafiq gerarverici orqanlara diizgiin se¢im et-
moya sorait yaradir.

3. Masafaden dilyma metodu vo cografi malumat sis-
temlori movcud miisahids obyektlori hagda daha strafli

va daqiq bilgilorion alde olunmasina sorait imkan yara-
dir.

4. Qeyd olunanlar peyk sistemlorinds toyinatindan asil
olaraq miivafiq optik diapazonlardan istifado etmoklo
hoyata kegirilir. Bu optik sistemlor miisahido {igiin no-
zordo tutulan iqlim doyigikliklorin tobiotindon asilt
olaraq miioyyon edilir.
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PAMBIQ CIYIDLORININ IMPULSLU ELEKTRIK QAZ BOSALMASI ILO
OKINQABAGI EMALININ EKOLOJi COHOTDON TOMIiZ, QONAOTCIL VO
SOMOROLI USULUNUN ISLONIiB HAZIRLANMASI

F.S. COFOROVA, Z.A. TAGIYEVA, S.A. HUSEYNOVA, S.S. 9HODOVA,
V.M. HACIYEVA
Azorbaycan Respublikasi Elm va Tohsil Nazirliyi, Fizika Institutu
AZ-1073, Baki s., H. Cavid pr., 131
firuza_djafarova@inbox.ru

Laboratoriya soraitinds akingabagi proseslords pambiq ¢iyidinin bioloji aktivlasdirilmasi mogsadilo yuksok elektrik sa-
halori vo gaz bosalmalarimin tasirloring asaslanan ekoloji tominath vo enerji somorsli todgigatlar aparilmigdir. Aparilan elmi-
todgigat islorinin naticasinde molum olmusdur ki, yiiksok elektrik sahslori vo qaz bosalmalarinin tasirlorilo emal olunan, Saath
rayonun okin sahasinda akilon toxum niimunolari hom inkisaf soviyyasi, hom do mohsuldarligi ilo forglonir.

Acar sozlar: impuls gaz bosalmasi, elektrotexnologiya, pambiq ¢iyidi, Uzvi va geyri Uzvi girklandiricilar, zararsizlogdirilms,
mikroorganizmlor, kond tasarriifati, enerji somarsli, ekooji cohotdan tominatli.

Giris

Agrar-sonaye kompleksinin yiksak keyfiyyatli
toxum materiallarina artan talobati, kond toSarriifati is-
tehsalina yeni texnoloji va praktiki yanagmalarin axtari-
sin1 talab edir. Keyfiyyatca yeni texnologiyalara kegid
hom do materiallarin bioloji xiisusiyyatlarina va agro-
ekosistemlarin ekoloji taloblarine maksimum uygun-
lagmani tamin etmolidir. Aydindir ki, fiziki amillarin to-
siri yalniz bitkinin genotipindon deyil, ham ds toxumun
morfoloji xususiyyatlorindan, hamginin toxumun key-
fiyystindon asilidir.

Yeni, ekoloji cohatdan tamiz, gonastcil vo effektiv
bitki artimimin stimulyatorlarinin axtaris bitkigiliyin, o
cumladon pambiqeiligin an mihim problemlarindon
biridir. Diinyada genis istifade olunan bitki bdyumasi
stimulyatorlarinin oksariyyati Kimyovi preparatlardir vo
naticado otraf miihite va insanlara zarar verir.

Son vaxtlar innovativ, ekoloji cohotdon tomiz ya-
s1l texnologiyalarin intensiv inkisafi vo onlarin xalq to-
sorriifatinin - miixtalif saholorindo totbigi miisahide
olunmagqdadir [1]. Toqdim olunan ekoloji cahatdon to-
minatli vo enerji somorali, elektrik qaz bosalmalarinin
tosirlorine osaslanan elektrotexnologiya kond tosarriifa-
tinda okin qabagi pambiq bitki toxumlarinin patogen
mikroorganizmlordon zararsizlogdirilmasi istigamatin-
do istifads olunacaq ve hal-hazirda akingilikdo zorarli
kimyavi reagentlorin istifadasinin qarsisini alacaqdir.

Miolliflar tarafindan [2] 14-30 kV-lug garginlikli
va 800 ns middatli impulslarin su-hava mihitlorine to-
siri zamani yeralt1 sularin impuls arakesmoli qaz bosal-
malar1 vasitasilo zororsizlogdirilmosi masalolaring ba-
xilmigdir. Miioyyon edilmisdir ki, emal olunan mihitda
movcud agir metal vo kumin tursularinin miqdari, qaz
bosalmasi zamani formalasan kimyavi aktiv elementlor
Vo birlagmolarin (atomar oksigen, ozon va s.) tasiri no-
ticasindo, maksimal doracads azalmasi miisahido olu-
nur.

Yuksok elektrik impuls sahslarinin bitki hiiceyrs-
larinin membranlarina tasirlorinin tadqiqi méalliflor [3]
torafindan aparilmigdir. Onlar membranlarin bir ne¢o
modellarini tosvir etmisdirlor. Tadqiqatg1 torafindan
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kartof, banan vs alma toxumalarina yiiksok elektrik sa-
halarinin tosirlori nsticasinds bioloji hiceyrslorinin
elektrik kegiriciliyim artirilmast moasalosine baxilmis-
dir.

Tacikistan Respublikasinda pambiq toxumlarinin
Sapinqabagi ultrabondvsayi Vo agagi temperaturlu plaz-
ma giialanmasi iisullari ila sapin keyfiyyatlorinin yaxsi-
lagdirilmas1 istiqgamatinds islor goriilmiigdiir. Optik
stialanma mahsuldarlig1 artirmaq va ekoloji cshatdon
tomiz mohsullar slds etmok ticiin effektiv, eyni zaman-
da, nisbaton sads vo ucuz tisuldur, lakin hazirda pambiq
toxumlarinin sopindan avval emali tigiin standart siia-
lanma qurgularindan istifado etmok mimkiin deyil,
¢uinki pambiq toxumlarinin qabig1 qalin va tikludir, bu
da skinqabagi emali ¢otinlogdirir [4-7].

Digor alimlor eksperimental olaraq stibut etdilor
ki, elektro-dezinfeksiyanin somarsliliyi elektro-aktiv-
lagdirilmis su ilo namlonmis pambiq toxumlarinin elek-
tro-termik tasir vo ultrabanévsoyi stialarla siialanma ilo
artir. Milayyan edilmisdir ki, pambiq becarilmasi elek-
trotexnologiyasmin an bdyik semaraliliyine toxumla-
rin elektroaktivlosdirilmis su ilo iki morhalali isladil-
masl, sonra elektroaktivlogdirilmis su ilo ¢iloma ilo bir-
likdo vegetativ bitki orqanlarinin morhalsli UVR-nin
hoyata kegirilmasi ilo aldo edilir [8-9].

Bununla olagadar olaraq, laboratoriya soraitinda
okingabag1 proseslords pambiq ¢iyidinin bioloji aktiv-
lasdirilmasi magsadils yiiksak elektrik sahalari va gaz
bosalmalarinin tasirlarine osaslanan ekoloji taminatl
Vo enerji somoarali todgiqatlar aparilmigdir. Qoyulan
magsadin reallagmasi tigiin yiiksok gorginlikli elektrik
gurgusu ve onun ayri ayri elementlori islonilmigdir, tod-
gigat mihitlorinds yliksak elektrik sahslorinin tosiri za-
mani bas veran fiziki-kimyavi proseslorin todgiqi, onla-
rin bu miihitlordo moévcud zorarli Uzvi vo geyri lzvi
cirklondiricilorlo patogen mikroorganizmloro tosirlori-
nin dyranilmisdir.

Bundan basqa yiiksok elektrik saholorinin tosiri
naticasinds pambiq ¢opiinii mineral giibralorls birlikde
totbiginin pambiq bitkisinin inkisaf marhalolari Gzrs to-
siri, eyni zamanda torpaq munbitliyinin artirilmasina
tosiri @yranilmisdir.
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Sadalananlarla yanasi, pambiqgiliqda asas vozifo-
lordon biri do bitln mahsulu vaxtinda vs itkisiz y1g-
magqdir. Sonuncuya yalniz pambiq bitkilerinin yigima
keyfiyyatli hazirlanmasi vo xam pambigin yigilmasi
prosesinds texnologiyadan genis istifade etmoklo nail
olmaq olar.

Maqsad

Magsadimiz elektrik qaz bosalmalar1 vasitasilo
okingabag proseslardo pambiq ¢iyidinin elektron ema-
linin aparilmasi va todgigat obyektlorinin mohsuldarli-
gina bilavasito neqativ tosir gostaran muxtslif patogen
mikroorganizmlorin zorarsizlosdirilmasine nail olmag-
dir.

Obyekt v tadqiqatin metodikasi

Qeyd etmok lazimdir ki, ardicil iki il orzinds,

Azarbaycan Respublikasinin Saatli rayonundan gatiri-
|

lon pambiq ¢iyidinin nimunalari Gizarinds okingabagi,
yiksok garginlikli mikrosaniyali impuls qazbosalmasi-
nin tosirlori vastosilo aktivlosdirilmosi prosesi lzro la-
boratoriya soraitinds elmi-tadgiqat vo tocriibi islori ye-
rina yetirilmigdir. Nimunolor atmosfer tozyiginds vo
otaq temperaturunda 8-14 kV elektrik gorginliyinds va
5-15 doagige middatlorinds yilksok elektrik sahasi im-
puls gazbosalmasinin tasirlorinds emal olunurlar. Mi-
gayiss ticiin elektrik impulslu qazbosalmalarinin tasir-
larindas islonilmomis niimunslordan ayrica saxlanilmig-
dir vo emal olunmayan pambiq ¢iyidlarinin nimunalori
do todgiq edilmisdir. impuls gazbosalmasmin pambiq
ciyidinin nimunalarina tesiri sokil 1-ds gosterilan, asa-
gidaki parametrloro malik yuksok gorginlikli impuls
gorginliyi generatorundan istifads edilmisdir: ¢ixis im-
puls garginliyinin amplitudasit U=3-15 kV; garginlik
impulsunun tokrar tezliyi f=20-300 Hz; nsbzin mid-
doti 7=5-10 ns; gorginlik impulslarinin 6n (kesma)
muddati ¢fi(zav)=2,5-3 ns.

1

RTTR

i 11

= Mostev elektrod

Sakil 1. impuls gorginlik generatorunun prinsipial sxemi.

ARETN-nin Fizika institutunun amokdaslari tore-
findon Saatli rayonun akin sahasinin bir hektarinda tod-
qiqat aparilan vo emal olunmus pambiq ¢iyidloarinin
okilmasi hoyata kegirilmigdir. Pambiq ¢iyidlarinin cl-
cormosi ayani sokildo miisahids edilmis va gdrilonlorin
naticasi giin ba qlin okin yerinds miisahido edilmisdir.
Musyyan miiddatdan sonra elektrik sahasinds impulslu
gaz bosalmasi ilo islonmis pambiq kollarinda, adi
okilmis kollar ilo mlgayisada, qozalarin yetismasinin
stiratlanmasini (10-15 gune) miigsahide etmok mimkin
olmusdur.

Ciyidlarin ¢iriimasine sabab olan patogen mikro-
organizmlorin elektriklo dezinfeksiya edilmasi vo pam-
biq ¢iyidlorin impulslu bosalmanin elektrik sahasinds
stimullagdirilmast tizrs alds edilmis eksperimental saho
naticalori 1 vo 2 cadvallordo gdstorilmisdir.

Pambiq yetisdirmok {igiin hazirlanmig ekoloji co-
hotdon tomiz elektrik texnologiyasi pestisidlordan isti-
fadoni aradan galdirr, ¢iyidin clicormasinin suratlondi-
rilmasini v sabitlogmasini, yetismonin stratlondirilmo-
sini (10-15 giine) vo gdvdalarin suratlo agilmasini, key-
fiyyat gostoricilorinin  yaxgilagdirilmasini, pambiq
mohsuldarliginin artirilmasimi tomin edir. Eyni zaman-
da, xam pambigin mohsuldarlig: xiisusilos ilk yigimda
50-70%-5 goadar yliksalir, pambiq lifinin keyfiyyat gos-
toricilori pambiq yetigdirilmasinin snonavi agrotexni-
kasina nisboton yaxsilasir (sokillor 2-4).

Sakil 2. Okin sahasinds adi pambiq ¢iyidlorinin kollari.
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Sokil 3. ©kin sahasindos impuls gaz bosalmasinda emal
olunmus pambiq ¢iyidlerinin kollari.

Pambiq ¢iyidinin okin keyfiyyatlarina impuls tok-
rar tezliyi 20-300 Hz olan impulslu elektrik sahasinin
(PEF) tosirinin naticalori gostormisdir ki, clicormo
enerjisi 15-18%, clicormo isa nozarot ¢iyidlorindon 19-
20% yiuksokdir. Belos ki, pambiq ¢iyidinin sopingabagi
impulslu gaz bosalmasinda emal edilmasi onlarin sopin
keyfiyyatlorini yaxsilasdira, ontogenezin an erkon mor-
halalarinds bitki bdylimasini aktivlosdira, sopin vo ¢ix-
ma arasindaki vaxti azalda bilor. Eyni zamanda, hazir
xam pambiq mohsullarinin keyfiyyatinin yaxsilagsmasi
musahids olunur: torkibinds sokar, nisasta, yaglar vo
digor maddslor [10-15]. Pambiq aqrosenozunda
aparilan aqrotexniki todbirlor noticasinda
mikroorganizmlorin yasayis soraiti koskin sokildo
doyisir.

Sakil 4. Adi pambiq ¢iyidindon sldo olunan pambiq lifi
(qisa olan) va impuls qaz bosalmasinda emal
olunmus pambiq ¢iyidindan alinan pambigq lifi
(uzun olan).

Mikroorganizmlorin say1 ayri-ayr tabagslards (0-
20 sm; 20-40 sm) va 1q quru torpagda mivafiq olaraq
2262-2153min odod artir. Mikroorganizmlorin grup
torkibi do keyfiyystco doyisir. Belo ki, 1 g quru
torpaqda bakteriyalarin sayr 391 mina, spor omalo
gotiron bakteriyalar 34,5 mino, aksinomiset vo mik-
roskopik gdbaloklorin say1 ise 362 vo 5 mino godar
torpagin agag1 tobagolorindo azalir.

Pambiq aqrosenozunda torpaq mikroorganizmlo-
rinin grup torkibi tomizlonmomis torpagla miiqayisodo
xeyli doyisir. Yuxar1 0-20 sm torpaq qatinda 1q quru
torpaqda bakteriyalarin imumi say1 1672 mina, 0 ciim-
ladan spor amalo gotiron bakteriyalar 447 mino, aksi-
nomisetlor vo mikroskopik g6baloklor muvafiq olaraq
575 mina vo 15 mins yiiksolmisdir (codval 1).

Codval 1
Donli-boz torpaglarda mikroorganizmlarin kamiyyat gostaricilari.
1 q torpagda mikroorganizmlarin timumi say1 (1000 g/torpaq)
Senoz Dorinlik, Mikroorga- Bakteriya-larin iimumi Basil | Actino- | Géboloklor
sm nizmlarin fimumi say1 miqdart Mmesetes

Tobii enoz | 4 59 1454 811 56 635 8
(rtitubatli

torpaq) 20-40 758 391 34,5 362 5
Adrosenoz | g g 2262 1672 447 575

(pambiq

sahasi) 20-40 2153 1720 390 424 8
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Cadval 2

Selulozu parcalayan mikroorganizmlor

Senoz Seliillozu parcalayan mikroorganizmlarin faizi
Bakteriyal Goboloklor
Dorinlik,sm 1000 1 qgr. qurutorpaga | % | % | 1000 1 qgr. quru
torpaga

Tobii enozlar (ritubstli 0-20 308.2 38 | 50 40
torpaq) ' '

20-40 117,3 30 | 38 2,28
Agrosenoz 0-20 518,3 31 | 53 7,90
(pambiq sahasi)

20-40 533,2 31 | 46 4,14

Agrotexniki todbirlar - torpagin becarilmasi, kiib-
raloms, pambigin suvarilmasi va s. mikroorganizmlarin
imumi sayina vo qrup torkibino musbat tosir gostormis-
dir. Torpag mikroorganizmlari bitki galiglarinin cevril-
mosindo foal istirak edirlor. Bu prosesds selliilozu par-
calayan mikroorganizmlorin boylk shomiyysti vardir
(codval 2).

Bitki qaliglarinda olan miirakkab karbohidratlar
(polisaxaridlor) monomerlordon  (monosaxaridlor)—
fruktoza, gliikoza, ribozadan ibarstdir. Par¢alanma pro-
sesi naticasinda polisaxaridlor disaxaridlors pargalanir,
sonra isa monosaxaridlara gevrilir. Monosaxaridlar su-
da cox hall olur, bitki koklori torofindon asanliqla soru-
lur va imumi metabolik prosesdo (maddalar mibadilo-
sinda) istirak edir. Buna gora do torpaqda mikrobioloji
proseslori aktivlogdirmak tigiin lazimi giibra va suvar-
ma normalarmi tamin edon diizglin okingilik texnolo-
giyasi vacibdir.

Okingaba@ prosesds pambiq ciyidlarina impulslu
elektrik sahasinin tasirinin mexanizmi

Togdim olunan eksperimental malumatlardan
elektrik impuls sahosinin pambiq ¢iyidlorine stimul-
lagdirict tosiri aydin goriiniir. Giiman etmok olar ki,
elektrik impuls sahasine moruz galma aninda pambiq
ciyidlorinin daxilinds elektrik yiiklarinin yenidon bo-
lisdiiriilmoasi bas verir ki, bu da 6z ndévbasinds bitkinin
sonraki bdylima Vs inkigafina tosir edan fiziki-Kimyovi
proseslorin gedisatini doyisdirir. Stimullagdirici tasirin
yiksok noticasi emal zamani olava enerjinin alinmasi
hesabina ¢iyidds bioloji proseslorin gedisatinin artmasi
ilo izah olunur.

Elektrik sahasine moruz galan ¢iyidlorin ilkin in-
kisaf morholalarinin aktivlogdirilmasi sitillarin morfo-
loji xtisusiyyatlarinin doyismasina sabab olur. Bitkilor-
da ilk internodlar uzanir vo nozarstlo migayisads daha
gucli kok sistemi formalasir. Cox vacibdir ki, kdk bo-
yumeasi bitkilerin daha suratli kékloanmasins va yaz ne-
mindan va gida maddslarindon daha yaxsi istifadays
komak edir.

Elektrik stimulyasiyasinin tosir doracasi mualico
rejimindan asilidir. ©n yaxsi naticalor ciyidlors elektrik
impuls carayanindan U=11kV, 15 daqiqo istifado  et-
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mokls geyds alinib. Fidanlarin morfofizioloji parametr-
larinds miigahids olunan artim mohsuldarligin artmasi-
na gorait yaradir. Elektrik impuls sahasindan istifads
edarok elektrik stimullagdirilmasi, embrionun fizioloji
vaziyyatini kimyavi torkibindoki doyisikliys godar "is-
tirahot" voziyyatindon "oyanma" vo aktiv bdyimo vo-
ziyyatina kdglrmays imkan verir. Vo yuxarida qeyd
edildiyi kimi, elektrik sahoasine moruz qalma aninda ¢i-
yidin igarisinds elektrik ylklarinin yenidon boliisdirul-
moasi bas verir ki, bu da 6z névbasinds bitkilorin sonraki
bdyiimasina va inkisafina tasir edoan fiziki-kimyavi pro-
seslorin gedigatini bir qodar doyigdirir.

Elektrik impuls sahasinin pambiq ¢iyidlarins sti-
mullagdiric1 tasiri agrobiosenozlarda zararvericilarin
minimuma endirilmasi vo entomofaqlarin dévraninin
maksimallagdirilmasi problemini hall etmays kdémok
edir.

Bunun naticasi igtisadi cohotdon tohliikali zoror-
vericilor vo yoluxucu xastaliklor do daxil olmagla, zo-
rorli amillor kompleksino gars1 bitki miigavimstinin
formalagmasidir. Tacriibslor zamani miioyyon edilmis-
dir ki, pambiq ¢iyidlarinin impulslu bosalmanin elek-
trik sahosindo emal edilmasi fitofaglarin sayini vo zo-
rorliliyini mivafiq olaraq 46,5-68,3% vo 13,1-88,5%
azaltmaga komok edir. Bundan slavs, bitkilorin mixts-
lif zorarvericilordon qorunmasinda bu texnikanin effek-
tivliyi birbasa mialica rejimindon asilidirl.

Naticalar

Eksperimental tisulla pambiq ¢iyidlarinin miixts-
lif patogen mikroorganizmlordan zororsizlogdirilmasi
istiqamotindo impulslu gaz bosalmasinin tasiri dyranil-
mis vo optimal is rejimi (U=11kV, 15 doagige) misyyan
edilmisdir.

Pambiq ¢iyidlorin eksperimental nimunalarinin
miixtalif bioloji strukturlarina giiclii elektrik sahasinin
va impuls gaz bosalmasinin tasiri dyronilmisdir.

Mioayyan edilmisdir ki, Sopingabagi prosesda
pambigq ¢iyidlorinin impulslu qaz bosalmasi1 sahesindo
islonmasi pestisidlordon istifadoni aradan qaldirir, Giyi-
din clicarmasinin surstlondirilmasini va sabitlosmosini,
yetigsmoanin suratlondirilmasini (10-15 giina) va pambiq
gozalarinin siiratls agilmasini tamin edi. Eyni zamanda,
xam pambigin mohsuldarhigi, xisusils ilk y1gimda, 50-
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70% yuksalir, pambiq lifinin keyfiyyot gostoricilori
pambiq yetisdirilmasinin snanavi aqrotexnikasina nis-
boton yaxsilagir.

Olds edilmis naticalor asasinda pambiq yetisdi-
rilmasi tgiin ekoloji cohatdon tomiz, gonastcil vo somo-
roli elektrik texnologiyasinin hazirlanmas: toklif olu-
nur.
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The effect of pulsed gas discharge on experimental samples of cotton seeds in the direction of neutralizing seeds from
various pathogenic microorganisms was studied experimentally and the optimal operating mode was determined. The effect of
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@ 1. [I:xadaposa, 3.A. TarueBa, C.A. I'yceiinoBa, C.C. AxanoBa, B.M. I'agxueBa

PA3PABOTKA 3KOJOI'HYECKHA YUCTOI'O, SKOHOMUYHOI'O U 3®PEKTUBHOI'O
CIIOCOBA IMPEAITOCEBHOU OBPABOTKH CEMSH XJIOITYATHUKA UMITYJIbCHBIM
IJEKTPUYECKHUM INOJIEM

DKCIepUMEHTaIBHBIM METOJIOM U3yUYeHO BIIMSHIE HMITYJIbCHOTO Ta30BOTO pa3psiaa Ha OMBITHRIE 00Pa3Ibl CEMSH XJIOMKa
B HAIIPaBJICHUH 00C3BPEIKUBAHUS CEMSIH OT PA3IMYHBIX MATOTCHHBIX MHUKPOOPTaHU3MOB H OIPEIEIICH ONTHMAIBHBINA PEKIM
paboTsl. MccienoBaHo BIMSIHUE UMITYJIBCHOTO pa3psijia Ha pa3iIiHyHble OHOIIOTHYECKHE CTPYKTYPHI CEMSH XJIOKa. BhIsBICHO,
YTO MPEIIOCeBHAs 00pabOTKa CEMSH XJIOMKA B UMITYJIECHOM Pa3psijie HCKITF0YAeT IPUMEHEHHE STIOXHMHUKATOB, 00ECIIeYnBaET
YCKOPEHHE BCXOXKECTH CEMSIH, CO3PEBAHMS U PACKPBITHS KOPOOOUCK, YIYyUIICHHEC KAYECTBCHHBIX MOKa3aTeIel XJIOMKOBOTO
BOJIOKHA, TOBBIIICHUE ypokalHOCTH XJjormyaTHUka 10 50-70%. Ha ocHOBaHMM TMOJIy4EHHBIX PE3yJIbTATOB IpeJiaraercs
pa3paboTaTh IKOJIOTHIECKH YHUCTYIO, SKOHOMHYHYIO ¥ AP HEKTUBHYIO IIEKTPOTEXHOIIOTHIO BBIPAIIMBAHUS XJIOMYATHHKA.
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ASAGIOLCULU SiISTEMLORDO YUKDASIYICILARIN SOPiLMOSi VO
ISIGIN UDULMASI

H.B. IBRAHIMOV, R.Z. IBAYEVA _
Azorbaycan Respublikasi Elm va Tahsil Nazirliyi, Fizika Institutu
AZ1073, Baki 5., H. Cavid pr., 131

Bu isdo magnit sahssinds yarimkegirici ifratqofoslords zonadaxili optik kegidi, kvant ndqgtslordan ibarst ifratgofaslords
fononlardan sopilmokls elektromaqnit siialanmasinin sarbast yiikdasiyicilar ilo udulmasi va silindrik kvant maftilds kvazi bir
olciilii elektron gazi tigiin siialanma sahosinin moaftilin uzunlugu boyunca polyarlasdigi halda yiikdasiyicilar akustik fononlardan
sopildikda sorbast yiikdastyicilarin udulmasi nazoriyyssi todqiq edilmisdir. Eyni zamanda parabolik konfaynment potensialli
kvant moftilds elektronlar ils elektromaqnit siialanmasinin udulmasina va fononlardan sopilmasins baxilmigdir. Bundan basqa
uzununa magnit sahasinin tosiri altinda kvant daralmasinda igigin udulmas: vo Ragba spin-orbital garsiliqli tasiri nezars
alinmagqla iki 6l¢iilii elektron qazinin xatti polyarlagmasinin zonadaxili udulmasi aragdirilmigdir.

Acar sozlar: asagiolciili sistemlor, kvant moftil, konfaynment, sorbast yiikdasiyicilardan isigin udulmasi, kvant daralma.

DOI: 101134/1.2045365

Muasir elm vo texnikanin nailiyyatlori arasinda
Stni yaradilmis yarimkegirici strukturlar xiisusi yer tu-
tur. Kvant effektlorin yaranmasi ilo bu yarimkegirici
strukturlar unikal fiziki xususiyyastlors malik olur. On-
lardan daha intensiv sokildo dyroniloni 6lgliys goro
kvantlanma effektidir. Bu effekt sistemin xarakterik 6l-
culari zarraciklorin de Broyl dalgasi giymati ilo miiga-
yiso oluna bildikds, homin zarraciklorin horokatino qo-
yulan mohdudiyyatlor naticasinds yaranir. Asagiolgiilii
sistemlorin bir cox névlari mévcuddur: kvant guxur, if-
ratgofaslor, kvant moftil, kvant néqts, kvant halga,
kvant disk va s.

Miiasir texnologiyanin nailiyystlori, masslon,
kompliter nazarati vasitasilo molekulyar siia epitaksiya
metodu istanilon konfaynmentli, o cimladan parabolik
potensial ilo 6lguli-mahdudlanan yarinmkegirici sis-
temlor almaga imkan verir. Parabolik potensialli sis-
temlords 6lculi kvantlanma effekti eni Kifayat godor
béyiik kvant cuxurlarda (1000A-don boyiik) yaranir vo
T~100 K temperaturda enerji spektrinin kvantlanmasi
sistemin xassalorino nozoro carpacaq dorocods tosir
edir. Potensialin kvadratik asililig1 sistemin bir ¢ox xa-
rakteristikasinin analitik sokildo ifadosini almaga im-
kan verir, bu da baxilan fiziki hallar1 analiz etmak Ggun
alveriglidir.

Elektrik vo magnit sahslorinin yarimkegirici
strukturlarda optik stialanmaya tosiri zamani yeni ef-
fektlor miisahids olunur, bu da daha ¢ox mikeammol ci-
hazlarin yaranmasina gatirib ¢ixarir. Maqgnit sahasinin
Va nanostrukturlarin handoasi formasinin optik va Kine-
tik xassalora tasirinin dyranilmasi nanoelektronikanin
aktual istigamotlorindan biridir. Muxtalif asagi61¢ili
strukturlarda elektron gazinin spektral xassalorinin osas
todgiqat metodlarindan biri elektomaqnit siialanma-
sinin tasiri altinda zonadaxili elektron kegidlorinin aras-
dirllmasidir. Nanostrukturlarin spektral xiisusiyyatlori-
nin dyronilmoasinds rezonans udulmanim tadqiqi, Kine-
tik 6lgmolarindan daha stiindiir, ¢iinki sistemin fiziki
xususiyyatlarine tesir gostars bilan kontakt sistemlori
il alags yaratmaq telab olunmur. Son onilliklerds ya-
rimkegiricilords va nanostrukturlarda spin hadisalori
genis sokilda tadqiq olunur: spin-orbital qarsiligh to-
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sirinin xtsusiyyatlori, elektron vo desiklorin spin dina-
mikasi, elektron sistemdo fotonun bucag momentinin
otrdlmasi proseslori genis aragdirilir. Bu effektlor yik
Vo spin sarbastlik daracalarinin birga dyronilmasi ils
muoayyan olunmugdur. Elmin bu bdlmasi spintronika
adlandirilir. Bundan basqa, asagiolgiilii strukturlarda
hocmi materiallarla miiqayisodo relaksasiya middoti
daha boyiik olur.

Yuksoktezlikli elektromaqnit stialanmasinin zo-
nadaxili udulmasinin tadgiginin osas aspekti onunla
olagadardir ki, diskret enerji spektri halinda udulma ay-
risi miayyan ndqtolards rezonans pikina malikdir va bu
ndgtelords sitalanma tezliyi elektronlarin enerji soviy-
yalari arasindaki mosafoya borabordir. Bu halda muoy-
yan olunan rezonans tezliyi, nanostrukturlarda lateral
konfaynment vs elektron enerji spektrinin parametrlori
hagda molumat almaga imkan verir.

Magnit sahasinds yarimkegcirici ifratqafaslords
zonadaxili optik kecidi todqiq edilmisdir [1]. Magnit
sahasi ifratgofasin sothino perpendikulyar yénoldikdo
Landau kvantlanmasi bas verir vo enerji diskret soviy-
yaloro ayrilir. Eyni zamanda z istiqamatindos elektronlar
va desiklarin harakatinin naticasi olan minizonalar k-
silmoz olaraq qalirlar. Uzununa magnit sahasinin
(H=H,) tosiri altinda z oxu boyunca ds_ periodlu, U(z)
potensial guxurlu ifratgafaslords elektronun enerji
spektri vo dalga funksiyasi yaxsi molum olan asagidaki
Kimi ifads oluna bilir:

En(kz)z(n+1/2)hcoc+%(1—coskZdSL) W

()

ankka

Liexp(ikXX)(anx (y Yo )f:(kz )

y

Burada @, (v — yo) ossilyator funksiyasi, Ly Ly, L,
ifratgofos nimunasinin dlgularidir, A minizonanm eni,
w,- tsiklotron tezliyi vo &(z) — z istigamatinds Blox
funksiyasini gostorir. (1) enerji spektri hom kvazi iki
Olcllu sistemloarin sathino magnit sahasi perpendikulyar
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yonoldikdo yiikdastyicilarin enerji spektri tam kvant- Elektromagnit sahasinin polyaizasiya vektoru if-
landigindan onlarin enerji spektrindon, ham do kvazi  rat gafasin mistoavisi boyunca yonoldikds elekton — fo-
bir 6lctlu sistemlarin enerji spektrindan farglonir. I ton qarsiligli tosirin matrisa elementinin kvadratinin
27hn,
( Heln'kik!) | = (eady, sin(k,dg )/ 27) 8,08, . Sy e 3)
€ (a))a)

ifadasindon goriiniir ki, isigin birbaga zona daxili udul- 'qeyri-polyar fononlardan sopilmasi halina baxiriq. Bu
mast bag vermir. Zona daxili udulma elektron, fotondan  halda sarbast yiikdasiyicilarla igigin udulma omsali
basqa hom da Uguncu bir “cismin”, mesalon fononlarin
istiraka ilo bas verir.
Burada ¢ siialanma sahasinin polyarizasiya vekto- o=— ZWi f, 4)
ru, € - dielektrik sabiti, w vo ¢ isiq dalgasinin tezliyi i
Vo surotidir. Hr operatorunun matris elementlorini he- o } )
sabladiqda yiiksok tezlikli saho bircins hesab olunur. kimi hesablanir. Burada no — stialanma sahasinds fo-
Kvant mexaniki kegid ehtimali ilo slagadar olaraq tqnlarm say1, fi sorbast yiikdastyicilarin paylanm_a funlf-
yiikdastyicilarin eyni zamanda yiikdastyicilar foton ~ Siyast, Wi — yaxsi molum olan asagidaki ifado ilo mi-

udularag fononlardan sopilir, ya da fononlardan sopil- ~ 2Yyan olunan kegid ehtimalidir:
dikdon sonra foton udur. Biz elektronlarin polyar Vo,
27 N
Wy === 2 [(f[M.[i) V' 5(E, ~E ~ho-ho,)+|(fM_|i) 6, -E —ha)+ha)q)] ®)

fq

burada Eivs Ef —uygun olaraq baglangic va son halda I1 — 402, /A% = 0 sorti 6dondikds, udma omsali da-
elektronlarin enerjisinin géSthir, ha)q —fononun enerji' gilir. Bu;]dan basqa, 1 — 4@12+/A2q|ymgt|n|n h9q|q| \VA)
sidir va (f|M, i) - elektron, fonon vo fotonlar arasin-  miishot oldugunu nozars alsag, udma omsalinin miim-
daki qgarsihigh tosir U¢iin baslangic veziyyatdon son  kiin giymotlori iigiin enerji intervali tapilir.
vaziyyato kecidin matris elementloridir. o,/ indekslori Kvant nogtolorden ibarot ifratqafoslordo fononlar-
clektronun baslangic, araliq vo son vaziyyatini gostorir.  dan sopilmoklo elektromaqnit siialanmasinin sorbost
Vs — elektron-fonon qarsiliqh tosir operatorudur. YUk-  yiikdastyicilar ilo udulmasi todqiq olunmusdur[2]. Forz
dagtyicilar hom polyar fononlardan sopildikds, ham do  olunur ki, kvant néqtali ifratgafoslordo elektron qazi
geyri-polyar fononlardan sapildikds isigmn sobast yik-  anizotrop parabolik potensialla mshdudlanib. Giiclii
dasiyicilarla udulma omsalinin ifadssine + vu- olage yaximlagsmasinda kvant noqtsli ifratgofeslords
1-50%, elektronun normallagdirilmis moxsusi  funksiyasi
rugu daxildir (0,4(k,d) = (0" —n)hw,  hwg + 12+ Yok, (r) Vo Kegirici zonada enerjisinin moxsusi giy-
+§cos k,d). Bu iss hor iki sopilmo halinda sorbast ~ Matlari En (kz) uygun olaraq bu sokildo tapilir [3].
yikdasiyicilarla isigin udulma samsalinin ham magnit
sahasinin intensivliyindon, hom do diison isigin tezli- Yo K (N=—Y,(xX)Y¥, (y)gk (2), ()
yindon asili olaraq ossilyasiya etdiyini vo rezonans sor- \/E
tinin Nw; = + w, oldugunu gostorir. Hor dafo,

E, (k)= +%)ha)x +(I +%)ha)y +%(1—coskzd) =&, +&(k,), @

burada m” - elektronun effektiv kiitlosi, wy Vo wy - uy- !rok elektron-foton qarsiliqh tsirinin matris elementini
gun olaraq x va Yy istigamatlorinds konfaynmentin tez-  (3) ifadesindo &y, simvolun &, simvolu ilo ovoz et-
likloridir. n(=0,1,2,...) vo 1(=0,1,2,....) ilo elektronun  moklo alinir, burada V — kristalin hocmidir, siialanma
altzonalar1 saviyyasinin indekslori gostorilib, k; —Z is-  sahasi 7 - oxu istigameti boyunca polyarlasib.
tigamatinds dalga vektoru komponenti, ¥h(X) Vo #x(y) Elektron-fonon qarsihigli tosirinin matris elemen-
— sads harmonik ossilyatorun moxsusi funksiyalaridir.  tinin ifadesi belodir:

(6) ifadasi ilo verilon dalga funksiyasindan istifads eds- |

Kk PV [k b)) =Cf 3, ()3 (¥)1(a, ) ()

Vs — elektronun fononla qarsiliqh tasir operatorudur. C]"Cj — elektronlar vo fononlar arasindaki garsihigh tesiri
xarakterizo edon funksiyadir vo ifadolori beladir [4]:

3o je-qxw (X, (%) a..r(qy)=_Teindew. ()%, (y)
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1(0,)=[ & (), (22 C; =C*Fi(a)

Cj va Fj(q) ononlarin nviinden asilidir.Polyar vo geyri-polyar optik fononlarla sapilmo zamani udma amsali igiin
agagidaki ifadolori aliriqg:

4,
4 1-—6; -sink.d
_ 4726 Ad(()ol_z i_ Z z J‘ dk f 1+£ AZ «
‘930 50 nl' ol ot e

Ay = +
pol CQge%ha \/1_;03
2 (o oy ) . 1[ [2 DZ
dq,dq, , a’=—-|kd - “0,(kd
XM [07rq)ra? o BT gr| O T (k) ©
-2 62 —sink
D%’Ad [ ,1 1] N E T
o =8t R X
" repe L EPPID) [t

4
i

2 G)i(kzd):(n'—n)ha)x+(I'—I)ha)y4_rha)o+h§2+%coskzd (10)

1 — 402/ A*giymatinin hogigi vo miisbat oldugunu no- ! iic néve malikdir: ()n" = n, 1" =1, @iyn" =n, 1" =1
zara alsaq, udma amsalnin miimkiin qiymatlori dgn @iiyn"=n, 1 =1". Segmo gaydasina osason elek-
enerji intervalini tapa bilarik.

(9) vo (10) ifadolorindon gériiniir ki, diison tronlarm polyar optik fononlarla sopilmaesi zamani iig

fotonun miiayyan tezliklorinds piklor miisahido olunur, ~ ke¢id mimkindir: (1) yalmz x-istiqametinds 6lcuili
Elektron-fonon sopilmasi tigin udma smsalinin rezo-  &ltzonalar arasi kegid, (2) yalniz y-istiqamotinda olculu
nans hali altzonalar aras1 kegid, (3) hom x-istigamatinds, hom do

y-istigamatinds olgili altzonalar arasi kegid. (10) ifa-

Niiw, + Phao, + ha, = hQ (11) dasindan gortndr ki,.euleFtronlarln qeyri-polyz%r Op“tik

y fononlardan sopilmoasi iigiin yalniz bir kegid mimkin-

dir: ham x-istigamatinda, ham ds y-istigamatinds 61¢0-
lii altzonalar aras1 kegid.

Silindrik kvant moftilds kvazi bir 6l¢uli elektron

. L . qaz liglin siialanma sahasinin maftilin uzunlugu boyun-

olunan altzonalardan elektronlar sopilmo naticesindon*  * polyarlasdifn halda yikdagtyicilar akustik fononlar-

() |ndek_s_l I_ altzonalardan birino kego bilar. Bu zaman dan sopildikda sarbast yiikdasiyicilarin udulmasi naze-
ha, enerjili LO-fononlarin udulmast halinda elektron- riyyosini arasdirmisiq [5].

(11) ifadasinin 6danildiyi tezliklards yaranir, burada
N=n-n=123,..voP=I'-1=1.23,...
(11) ifadasindan gérunir ki, n(l) indeksi ilo mioyyan

lar QY enerjili fotonlari udur vo ya buraxir. Elektronlar R radiuslu silindrik kvant moftilin L
(11) ifadosi udulmanin spekiral xottinin formasi- ~ UZunlugu boyunca sarbost harokot edir vo moftilin en
nin toyin olunmast iiiin osas ifadadir. Bu, yarimkegi- ~ Kosiyi boyunca onlarm horokoti mohdudlanir. Belo hal-

ricilords rezonans effektlori analiz etmays imkan verir. ~ da effektiv kitlo yaxinlasmas daxilinde kvant moftildo

Qeyd edok ki, (9) ifadesindoki altzonalar iizro comlom elektronun dalga funksiyasi asagidaki kimi olacag:

_ explike)exp(it9) 3, (ko)

\PnIK (r) -
, 1=0,1,23,....,.n=123,..... 12
(RL)?  JalkaR) (42
burada I' - (p, 9, z) -dir, 9 - moftilin azimutal bucagi- | Dalga funksiyasindan istifado edorok elektron-
dir, K —silindrik moftilin oxu boyunca segilmis z oxu  foton qarsiligh tesir Hamiltonunun matris elementlarini
boyunca olan elektronun dalga vektorudur, J;(x) - asafidaki kimi yaza bilorik:
birinci dorocali Bessel funksiyasidir. |
_ eh ( 2zhn Y2
(NTK[HgJnIK) = —= o (K)S,.6,.G . (R) (13)
VQ c KK I nl,nl
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Elektron-fonon qarsihiglt tosirinin matrisa ele-
mentlori  sopilma mexanizmindon asili oldugundan
akustik fonon ugun

(V.fa)=C

Biz nanomoftilds enina mohdudlanmus akustik fo-
nonlarla deformasiya olunmus potensialin qarsiliqli to-
sirina baxirig. Bu halda (13) ifadasina daxil olan Cni( q,
) -in ifadasi agagidaki kimi verilir [6]:

, D?nJkZR% + quf

- 27ZRL/JCS ‘] rirl (knl R)

InI n'l (qm )5K',K"+qz (14)

LA
nl.q,

(15)

burada c; - sos tezliyi, u - materialin sixhigi, D iss zo-
J

¥, (1) = ﬁ%(x)%(z)exp(ipyy) .

E.n(Py) = (n+—)ha) +(m+—)ha) e

Burada n (= 0,1,2,...) vo m (= 0,1,2,...) ilo elektron
altzonalar1 saviyyalorinin indekslari ifads olunub, py-y
istigamatinds elektronun impuls komponentidir ('y oxu
istigamati moftilin oxuna uygundur), %, (X) Vo ¥ (2) -
sado harmonik ossilyatorun moxsusi funksiyalaridir.
Sistemin biitiin baglangic ‘“i>” hallarma géra comloms
aparilir. Wi - mnPy vsmyystmdsn m'n'P'y voziyyetina
kecid ehtimali (5) ifadasi ilo miayyon olunur.

Dalga funksiyasinin (18) ifadssindon istifads et-
mokla elektron-foton qarsiligli tosirinin matris elementi

asagidaki kimi yazila bilor:
j (6P )5pp mm nn'

(Zﬂhn
1s),

(N"TK'HgnIK) = - 0

<n”m

= Dy4/N, +%i%<n"m

lagin deformasiya potensialidir. (4)-(5) vo (12)-(14)
ifadolorinden istifado edorak silindirik kvant maftilds
sorbast yiikdastyicilarin akustik fononlardan sopilmasi
ilo is1g1n udulma samsalinin moftilin radiusunun artdig-
ca azaldig1 miioyyon edilmisdir.

Parabolik konfaynment potensialli kvant maftildo
elektronlar ilo elektromaqnit giialanmasinin udulma-
sia va fononlardan sapilmasins eyni vaxtda baxilmis-
dir [7].

Farz olunur ki, kvant moftilds elektron qazi X va z
istigamatindo uygun olaraq wx Vo w, tezlikli anizotrop
parabolik potensiali ilo mohdudlanib. Asimmetrik para-
bolik potensialli kvant moftillords kegirici zonada elek-
tronun moxsusi funksiyast ¥, p, (r) vo moxsusi ener-

jisi Enm (py) asagidaki molum disturlarla veilir:

(16)

Py

17
o’ a7

| Stialanma sahasi y-istiqamoti boyunca polyarlagmisdir.
fo (Enmpy) paylanma funksiyas1 baxilan halda
belo normallagma sortins tabe olur:

337 [ lEws e, =N

Burada N - vahid hacmds elektronlarin sayidir, Ly - y
oxu boyunca moftilin uzunlugudur.

Elektron-fonon qarsiligh tesirinin matris element-
lori asagidaki kimi ifads oluna bilor:

> (19)

oon

+igr

nmPy> (20)

Deformasiya (DO-fononlar) va polyar optik (PO-fononlar) fononlar tgiin elektron-fonon slage sabiti asa-

gidaki kimi verilir [8]:

‘2 27Zh a,

‘q m *

Burada «a, - 6lcusiiz olago sabitidir.

exp(taP.x/h) ®(x) = &(x + a) sirlismo ope-
ratorundan istifads edorak elektron-fonon qarsihigl to-
sirinin matris elementlori hesablanmisdir.

Udulma amsal « tigln ifadalar (20) elektron-foton
qarsiliglt tasir matris elementlorindan vo (19) elektron-
fonon garsiliql matris elementlarindan, istifads etmak-
lo giymatlondirilir. Asimmetrik parabolik potensialli

| 2m'ne, /4 - PO
4’/ \[2m"ha, - DO

1)

Ikvant moftillordo zonadaxili optik udulma osmsalinin
piklarinin yerinin mohdudlasdirict potensialin xarakte-
rik tezliyindon asiiligit Nw, + Pw, + wy = 2 muay-
yon edilmisdir.

Uzununa magnit sahasinin tasiri altinda kvant da-
ralmasinda is1gin udulmasi tadqiq edilmisdir [9]. MUa-
sir nanotexnologiya kvant maftillords onlarin galinligi-
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nin fluktasiyasi ila alagsli olan tesadifi sahanin mov-
cud olmasini istisna etmir. Qalligin geyri-bircinsliyi
mikrodaralmanin yaranmasina gatirib ¢ixarir. Nano-
strukturlarin forma vo Olgllorinin doyismesi spektral
xassalora ohomiyyatli dorocads 6z tosirini gostorir.

Mikrodaralmanin hondssi formasinin xiisusiyyot-
lori "kvant moftil-mikrodaralma” kecidinds elektron
spektrinin kardinal modifikasiyasinda 6z oksini tapir.

Kvant moftilin oxu boyunca tstbiq olunmus H
magnit sahasi, malum oldugu kimi, lateral handoasi kon-
faynmenti guclondirir.

Uzununa magnit sahoasinds mikrodaralmada diiz
zonalararasi ig1gin udulmasi todqiq olunmusdur. Mik-

V(X,Y,2) = m* (wo?X?+ wo?y? - 02z?) 12 (22)

burada z- mikrodaralma oxu istigamatindaki koordinat-
dir; w, tezliyi mikrodaralmanimn effektiv uzunlugu ilo
mioyyon olunur w, = /#/(m * L2); w, —ikidlglli
harmonik ossilyatorun xarakterik tezliyidir. Mikroda-
ralmanin oxu boyunca istigamatlonan A bircins magnit
sahosinin vektor potensiali simmetrik kalibrovkada

secilib A = (—yB/2,xB/2,0).
Birelektronlu hal Ggiin Hy Hamiltonu asagidaki
asagidaki molum ifads kimi yazmaq olar

rodaralma konfaynmentinin potensiali modeli kimi Hui =H)y + H: (23)
"yumsaq divar" potensiali gotiiriiliir: | harada ki
2 2 H *
1 1 Iz m
_on(1of 8\ 18 oo o)
’ 2m  pop\" Op) p° Op 2 oOp 8
2 A2 x
__h 0 m ooz wzz‘/h/im*Lgi

©oomar 2 -
0 = \/4w§ + w?- hibrid tezliyidir. w, tezliyi mikroda-

ralmanm effektiv uzunlugu ilo misyyan olunur: |

E

n,m,A

_ hagm

Hamiltonianin uygun moxsusi funksiyasi vo mox-
susi giymaotlori agagidaki moalum ifads vasitosils verilir:

+@(2n || +1)+ rw,2,
2 (24)

Yoma (p’ ?, Z) = lI’n,m(P: ¢)\PA(Z)’

Burada nm (p,¢) Vo ¥, (z) - uygun olaraq H,, vo
H; operatorlarinin moxsusi funksiyalaridir: burada
n=0,1,2,..m - Landau saviyyaslarins uygun olan kvant

adadlaridir; m = 0,41, £2,...,- magnit kvant adadidir. |

a =AY |[wipldr]? xs(a—Es —E})

burada 4=hQ - E4

qadagan olunmus zonasinin eni, A - Blox funksiyasin-
dan gotiiriilmiis matris elementinin kvadratina propor-
sional kemiyyatdir; v vo v’ - elektron va agir desiklora
uygun olan kvant adadloridir. Burada ¢ vasitesilo funk-
siya muvafiq kecidlor iigiin enerjinin saxlanmasi qanu-
nunu 6dayir.

Diiz zonalar arast is1gin udulmasi omsalini hesab-
layarkon Xille-Xardi disturundan vo Veber integralin-
dan istifads olunub.

Mikrodaralmada is1gm udulma omsaliin xarici
maqgnit sahosinin intensivliyindon vo mikrodaralma
uzunlugundan asililigi miiayyon olunmusdur. "Mikro-
daralma — kvant moftil" kecidina baxilmigdir.

Ragba spin-orbital qarsiligli tasiri nazars alinmag-
la iki 6l¢iilii elektron qazinin xatti polyarlasmasinin zo-
nadaxili udulmasi tadqiq olunmugdur [11]. Malumdur

E, - massiv yarimkegiricilorin

Mikrodaralmada diiz zonalar aras1 ig1gin udulma-
sina baxiriq. Bu udulmanin amsalin1 hesablamaq tiglin
A.L. Efros va A.L. Efrosun malum disturundan istifade
edilmisdir [10]:

(25)

I'ki, yarimkegirici strukturlarda heterokegidlordoki kimi
niimunanin parametrlori sarhadds sigrayisla dayisirsa,
bels asimmetriya struktur asimmetriyasi adlanir vo SIA
(Structure Inversion Asymmetry) kimi yazilir. Bu ba-
ximdan spin — orbital (SO) qarsiligh tosirindo Ragba
(E.I.Ragba, 1960) Hamiltonu olave pay kimi istirak

edir vo Oz oxu boyunca yénolmis NV (r)asagldakl ki-
mi yazilir:

He = a(6,D, -6, b,)

Zeeman parcalanmasi vo Ragba spin-orbital gar-
siligl tasiri nazors alinmagla sabit bircins perpendikul-
yar magnit sahasinda (HI1O,) ikidlglll sistemds elek-
tronun kvant-mexaniki horakatini tasvir edon Hamilton
operatoru asagidaki kimi yazilir:
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P? a 1
H=—++—\o,P,—0,P, )J+= Bo, 26
2m h( y y ) ZgluB ( )

P — impuls operatoru, ¢ — Pauli matrisi, x g - Bor magnetonu, a - Rasba spin-orbital qarsiliqh tasiri sabiti,
g — Lande faktoru, 7 — Plank sabitidir. Magnit sahosinin vektor potensiali {igtin Landau (kalibri) A=(0, H-x,0)
gotarilir. Malumdur ki, bu halda, elektronun spektri ciit soklinds birlogmis diskret saviyyalori tosvir edir:

2

E: :ha)cni%\/(ha)c +2gugH Y +8|0§ n @7)

H

n=123,..E; = (ho, 2+ guyB),

Fotonlarin polyarizasiyasi istiqgamatini 0X oxu boyunca gotirsak, elektron-foton qarsiliqlh tasiri operatoru
asagidaki kimi yazila biler:

eA ea
H,=- mC(P——jA)JraayAb (28)

C

burada Aq — fotonlarin hacmi konsentrasiyast ilo alagsli olan elektromagnit dalgas1 amplitududur. Elektron-fonon
garsiligh tesirinin matris elementi agagidaki gokil alir:

(kyn Wkt =56, , . F (0,0, ) A0 (@,) (29)

Vs — elektronun fononla qarsiliqh tesirinin enerjisi operatoru, C; — elektron vo fonon arasindaki qarsiliglt tosiri
xarakterizo edon funksiyadir,

2 ) =f< v, ey

burada Au(g;) malum ifadssi belodir:

An(z

v (xy) (20)

Idzexp iq, z)sm(rd Jsm(lgzj
IA” (g, )dq, = Zd”(1+25 j

2

Elektron foton garsiligh tasirin matrisa elementinin vo elektron-fonon qarsihigh tasirinin matris elementinin
ifadslorindan istifado edorok kvant guxurlarda Ragba spin orbital qarsiligl tasir nazars almagla sorbast ylkdasiy1-
cilarla is1igin udulma omsali hesablanmigdir. Miisyyon olunmusdur ki, kvant ¢uxurlarda Ragba spin orbital qarsi-
ligl1 tasir1 nozars aldigda sopilma siirsti artdigindan sorbast yiikdasiyicilarla isigin udulma omsali artir.
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CVD ZnSe POLIKRISTALLARININ ELEKTROFIZIiKi XASSOLORININ
IMPEDANS SPEKTROSKOPIYASI

C.I. HUSEYNOV?, H.A. ASLANOVY, G.9. QARASOVAL, i.i. ABBASOV?
tAzarbaycan Dovlat Pedaqoji Universiteti
2Azorbaycan Dovlat Neft va Sonaye Universiteti

CVD ZnSe polikristal nimunalarinin rentgen struktur analizlori aparilmis, sath morfologiyast vo mikrostrukturu tadgiq
edilmis, empedans spektroskopiyasi tisulu ilo elektrik keciriciliyinin vo dielektrik kegiriciliyinin real vo xayali hissalorinin
tezlik vo temperaturdan asililiglart tadqiq edilmisdir. Nimunonin bir fazadan ibarot olmasi, dominant istigamatin mévcudlugu
va onun sath morkoazli kub sinqoniyada kristallagdigi miioyyan edilir vo elementar gofos parametri miayyon edilir. Miloyyon
edilmisdir ki, aktivlogsmos enerjisi tezlik vo temperaturdan asili olaraq doyisir, elektrik kegiriciliyi zona-zona vs tullanma mexa-
nizmlari ilo hoyata kegirilir, qlitblosmo dispersiyasi iso relaksasiya xarakteri dasiyir.

Acar sozlar: elektrik kegiriciliyi, hoppanma mexanizmi, dielektrik kegiricilik, relaksasiya dispersiyasi, dipol polarizasiya.

Miiasir elektron texnologiyalarinda islamo prin-
sipi genis zonal1 yarimkegirici materiallara xas olan bir
sira fardi xususiyyatlorino osaslanan cihazlar mihim
yer tutur. Bu tip kristallar minimum elektrik kegiricili-
yi Vo asag1 dielektrik itkilari ilo xarakterizo olunmagla
yanasi, yiiksok mexaniki dayamigliliq, xisusiyyatlorin
uzunmiddatli stabillik, yuksok radiasiya mugavimoti
Vo osas fiziki xassalorinin straf muhit parametrlorindaki
dayisikliklorden minimal asililiq niimayis etdirir.

A"BY! tipli, genis zolagli yarimkegiricilor, X{isu-
san sink selenid, kristallari optoelektronika vo lazer tex-
nologiyasinin miixtalif saholarinds istifade olunan
perspektivli materialdir. Bu kristallar 0,6 — 20 mkm
spektral diapazonda soffaf olduqlarindan, xiisusi toyi-
natli optik sistemlords va CO, lazer optikasinin gorii-
nan v infraqirmizi spektral diapazonunda isloyan optik
elementlorin istehsali {igiin genis istifads olunur. Qada-
gan olunmus zonasinin eni kifayat qodor boyiik oldugu-
na goro ylksak tomiz polikristal ZnSe yiiksok miiqavi-
moto malikdir, spektrin gorinen bolgssinds gaffafdir vo
infraqirmizi stialar1 yaxsi otiiriir.

Sink selenidinin goriinen diapazonunda soffafliq
polikristal ZnSe —don hazirlanmis otik cihazlarin ton-
zimlanmasi imkanlarini kifayst gqodar genislondirir. Po-
likristal sink selenid gecogérmo cihazlarinda, iraliys
baxmaq tciin termal goriintiiloms sistemlorinds faal so-
Kildo istifado olunur. Mexanik giicti oshomiyyatli doro-
cads forglonir. Sink selenidinin iri 6lgull, bircinsli vo
yiksok soffaf nimunslorinin hazirlanmasi ilo bagl bir
¢ox problemlar sink buxari va hidrogen selenidindan is-
tifads etmoklo qaz fazasindan kimyovi buxar ¢okdurul-
mosi (sink-hidrid sulu, CVD) Usulu ilo hall edilmigdir

[1].

Tarkibinds az miqdarda qurulus defektlori va as-
garlar olan ZnSe kristallar1 ilkin reagentlor kimi sink vo
qaz halinda olan hidrogen selenid qarigigindan istifads
etmoklo qaz fazasindan kimyoavi buxar ¢dkdirilmasi
(Kimyavi Buxar Cokiintisu, CVD Usulu) ils slds edilo
bilor. Bu, ylksak istismar xlsusiyystlorinoe malik ZnSe
nimunslorinin alinmas: tigiin CVD metodunu an pers-
pektivli edir [2]. CVD Usulu ¢okmo zonasma dastyici
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qazla seyreltilmis reagentlorin davamli tochizati ilo
axin sisteminds hoyata kegirilir.

Optik materiallarin miixtslif cihazlarda aktiv ele-
ment kimi istifads edilmosine imkan veron an mihiim
xususiyyatlorindon biri elektrikkegiriciliyinin, dielekt-
rik nifuzlugunun tezlik vo temperatur asilihigidir. Bu
isdo CVD ZnSe-nin bazi fiziki xassslori, 0 climlodan
rentgen difraksiya analizi vo optik mikroskopiya va
elektrikkegiriciliyi vo dielektrik niifuzlugunun spektral
Vo temperatur asililiqlari impedans metodu ilo tadgiq
olunmusdur. Tocrubads istifads edilon 3 mm galinli-
ginda polikristal ZnSe nimunasi kimysvi buxar ¢okdi-
rilmasi yolu ils alds edilmisdir [3].

CVD ZnSe nimunarinin difraktogrami Miniflex
600 rentgen difraktometrinds (XRD) ¢okilmigdir.
Nimunanin sathinin morfologiyasini va mikrotarkibini
Oyronmok U¢lin JEOL JSM6610-LV skanedici elektron
mikroskopdan istifads olunmusdur. Miqdari rentgen
mikroanalizi vasitoasilo todgig olunan nimunolords fa-
zanin torkibi vo sothds kimyovi elementlorin paylan-
mast toyin edilmisdir.
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Sakil 1. CVD ZnSe kristallarinda rentgen siialarinin
difraksiyasi.

Rentgen stialarinin difraksiya todqiqatlart todqiq
olunan CVD ZnSe niimunasi polikristal oldugunu gos-
torir (sokil 1). Stialarinin oks olunma intensivliklorinin
tohlili kristalda dominant istigametin mévcudlugunu vo
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nimunsnin bir fazadan ibarot oldugunu gostarir.
CVD ZnSe kristallar1 foza qurupu F43m(T3) olan,
a, = 5.667A qofos parametri sotho morkozlosmis kii-
bik sinqoniyada kristallasir.

Miqdari rentgen mikroanalizi fazanin torkibini vo
todgigat niimunasinin sothinds kimyavi elementlorin
paylanmasin1 miisyyan etdi. Alinan naticalorin tohlili
Sathi homogen oldugunu, lakin stexiometriyanin sele-
Niumun artiqligi tors siiriisdilyiinii gostarir.

Son iller fundamental va totbiqi tadqiqatlar zama-
n1 proses va xassolorin dyronilmasi metodu kimi impe-
dans spektroskopiyasina (IS) talobat fovgalado darace-
do artmugdir. Bu metodu elektrokimya vo fizikanin,

1.4 2 2,3 3 4

lgo,0m,sm!

muxtalif oblastlarinda yiiksok informasiyaya malik is¢i
alot kimi totbiq edirlor. CVD ZnSe kristallarinin doyi-
son elektrik sahasindo elektrofiziki xassalorini todqiq
etmok {iciin immetans E7-20 (25 = 10°Hz) rogemli
cihazindan istifads edilmisdir. Bu cihaz vasitasilo tod-
gig olunan nimunanin tutumu (C), aktiv migavimoti
(R), kompleks miigavimotin modulu (Z), keyfiyyati
(Q), itki bucaginin tundensi (tgd) vo kompleks mi-
gavimatinin faza siirlismosi (¢) 6l¢iilo bilir. Tadqiq
olunan niimunsnin miigavimstindon asili olaraq niimu-

no avtomatik olaraq dovroaye paralel vo ardicil qosula
bilir.

Igv,Hs

4,7 5 5,3 57 6

——T=203K
—m-T=323K
e T=353K
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\-ﬁgT-aq} K
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Sokil 2. CVD ZnSe kristallarinin elektrikkegiriciliyinin tezlik asililig

Elektrofiziki xassalori 6lgmalor tgin CVD ZnSe
nimunolori mistavi kondansatorlor soklinds hazirlan-
migdir. Kondensatorun 16vhalori kimi giimiis pastadan
istifade olunmugsdu. Dayison elektrik sahasinin tezliyi
25 + 10° Hz diapazonunda doyisir. Nimunoys 1V
garginlik tatbiq olunmusdur.

Tadgig olunan CVD ZnSe numunalarin  xdsusi
elektrik kegiriciliyi, Ctutumunun va dielektrik itki bu-
caginin tangensinin tgd mixtslif tezlik vo tempera-
turlarda, 6l¢iilmiis qiymstlorindon ¢ = wCtgd mina-
sibotino asason hesblanmisdir, burada w = 2zf dovrii
tezlikdir. Sokil 2-do CVD ZnSe monokristali ti¢tin miix-
tolif temperaturlarda elektrik kegiriciliyinin tezlikdanI

Ias11111q grafiki tosvir edilmisdir. Baslangicda tezliyin

artmasi ilo elektrik kegiriciliyi sabit qalir, sonra iso
elektrik kegiriciliyi tezlik artdiqgca o~ f* qanunu {izro
yavag-yavas artir. Asag1 temperaturlarda, 2-10* +10°Hz
tezlik intervalinda s=0,01+0,28 oblastindaki qiymatlori
alir. 375K temperaturda iso geyd olunan tezliklords
§=0,01-+-0,14 intervalinda doyisir. s komiyyati tezlik vo
temperaturdan asili olaraq doyisir.

Moalumdur Ki, kristal va amorf yarimkegiricilardo
elektrik kegiriciliyinin tezlikdon asili olaraq doyismasi
o (w)~w%,0,01< S <1,0 qanunu iizro bas vermosi, ke-
ciricilikds sigrayigh mexanizmin miioyyan téhvasinin
oldugunu sdylamays imkan verir.

Sokil 3. CVD ZnSe kristallarinin elektrikkegiriciliyinin temperatur asililig1.
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Sakil 3-do CVD ZnSe il kegiriciliyin o(T) tem-
peraturdan asililiglart tosvir edilmigdir. Qrafiklordon
gorlinduyl kimi, CVD ZnSe polikristallarinda elektrik
kegiriciliyinin temperaturdan asililigi aktivlesmo xa-
rakteri dagtyir [5]. Bu asililiglarin meylina goro  ak-
tivlosmo enerjilori (AE) toyin edilmigdir. Onlarin giy-
moti asagi temperatur bolgasinds 0,05 — 0,10 eV va
yuksok temperatur bélgesinds 0,15 — 0,25 eV arali-
ginda doyisir. Todqiqgatlar gostorir ki, aktivlosmo ener-
jisinin dayari tezlik funksiyasidir. Aktivlegdirms ener-
jisinin tezlikden asililig1 sigrayishi mexanizmindan isti-
fado etmoklos izah edilo bilor [6]. Bu, o demokdir ki,
CVD ZnSe polikristallarinda elektrik kegiriciliyi zona-
sigrayigli mexanizmlori ilo xarakterizo olunur.

Dielektrik niifuzlugunun hagigi hissesinin giyms-
ti ndmunenin d qalinlig, sothinin S sahasini bilarak,
kondensatorun € tutumunun 6l¢iilmiis giymatlorindan
hesablanmigdir:

., C-d
&= &S

Sakil 4-do CVD ZnSe kristallar1 Ggun miixtalif
temperaturlarda dielektrik niifuzlugunun hoqiqi hisses-
sinin tezlikdon asililiq qrafiki verilmisdir. Miixtalif

600

400

200

760

—a—T=100

temperaturlarda polikristal CVD ZnSe-nin kegiriciliyi-
nin &'(f) hoqiqi hissesinin tezlikdon asililiginin todqi-
qi gostorirki, £ (f) spektrindo giiclii tezlik dispersiyas1
movcuddur. Sokildon gorindlyi Kimi, infra-agag: tez-
liklor oblastinda ( f < 100 Hz), CVD ZnSenin dielek-
trik kegiriciliyi sabit qalir. Dipol molekullarinin relak-
sasiya miiddati elektrik sahasinin yarimdovriindon az
olduqda, dipollar sahanin istigamatine tam gakilds yo-
noldilir, buna gora do, kegiricilik sabit galir. Biitiin tod-
giq olunan temperatur intervalinda 102 + 10* Hz tez-
lik oblastinda tezliyin artinu ils Ibtktrnhbr niifuzlugu-
nun hoqiqi hissasinin giymati monoton sokildo azalir.
&'(f) asithliginda on koskin enis nisboton asagi tezlik-
lords (102 + 10* Hz ) miisahido edilmisdir. 10* +
10° Hz tezlik intervalinda & —nin qiymoti tezlikdon
zoif asilidir.

Temperatur artdiqca & tezlik dispersiyast artdi vo
T=180 °C temperatur Uiciin &' ¢ox giiclii tezlik asililig:
misahido edildi. CVD ZnSe polikristallarinda dielek-
trik niifuzlugunun haqiqi hissesinin spektral asililig1 bu
kristallarda polyarlagma dispersiyasinin relaksasiya xa-
rakterli oldugunu gostorir. Qeyd etmok lazimdir ki, re-
laksasiya dispersiyast polyarlasmanin dipol vo miqra-
siya mexanizmloari liglin xarakterikdir.

4 5 6
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—o—T=120 —a—T=180

Sokil 4.. CVD ZnSe kristallarmin dielektrik niifuzlugunun haqigi hissssinin tezlik asililig:.
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Sokil 5. CVD ZnSe kristalin dielektrik niifuzlugunun hogigi hissesinin temperatur asililig1.
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CVD ZnSe polikristallarinda dielektrik niifuzlugu-
nun haqiqi vo xayali hissalorinin temperatur asililiglar
oxsardir. Sokil 5-do miixtolif tezliklordo CVD ZnSe
kristalinin dielektrik niifuzlugunun xoyali hissesinin
£'(T) temperatur asithilig1 tosvir edilmisdir. Qrafiklor-
don goriindiiyii kimi, miioyyen temperatura qodor &' vo
" praktiki olaraq sabit qalir vo temperaturun sonraki
artiminda ils hor iki dielektrik niifuzlugu kaskin gokildo

artir. Tezliyin artimi ilo € — nin koskin artmasina uy-
gun golon temperatur daha yiiksok temperatur oblasina
torof siirtisiir. Dielektrik niifuzlugunun temperatur asi-
liliginin xarakteri dipol polarizasiyasina uygundur.
Todgiq olunan CVD ZnSe -lords, asasan, £ vo £ tem-
peratur asililiglart aktivlesmo xarakterlidir. Bu, tadqiq
olunan niimunalarin elektrik kegiriciliyinin temperatur-
dan asililig1 ilo baglidir.
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C.1. Huseynov, H.A. Aslanov, G.A. Garashova, I.1. Abbasov

ELECTROPHYSICAL PROPERTIES OF CVD ZnSe POLYCRYSTALS
IMPEDANCE SPECTROSCOPY

X-ray structural analyzes of CVD ZnSe polycrystalline samples were conducted, surface morphology and microstructure
were studied, frequency and temperature dependences of real and imaginary parts of electrical conductivity and dielectric
permeability were studied by impedance spectroscopy method. It is determined that the sample consists of one phase, the
existence of a dominant direction, and that it crystallizes in a surface-centered cubic syngonia, and the elementary lattice
parameter is determined. It was found that the activation energy changes depending on the frequency and temperature, the
electrical conductivity is realized by zone-by-zone and jump mechanisms, and the polarization dispersion is relaxational.
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K1-«NaxNO3(x=0.035, 0.045) KRISTALLARINDA POLIMORF CEVRILMOLOR

AF. KAZIMOVA!, V.I. NOSIROV?
1EIm va Toahsil Nazirliyi H.M.Abdullayev adina Fizika Institutu,
Az-1073, Baki, H.Cavid prospekti 131
2 Azorbaycan Dévlat Pedaqoji Universiteti
E-mail: aygun-kazimova-1981@mail.ru

Toqdim olunan isdo KNOsvo NaNOs-iin suda mahlulundan Ko.gssNao.04sNO3, Ko.gssNa0.03sNOs kristallart yetigdirilmis,
rentgenografik vo DSK iisullar ilo todgiq olunmusdur. Miisyyon edilmisdir ki, KNOs-do K* ionlarini Na* ionlart ilo gisman
izomorf oavoz olunmasi alinan niimunalards polimorf cevrilmolarin xarakterik xtsusiyyatlarine nozars garpacagq tosir géstarmir.

Acar sozlar. Polimorf cevrilmolar, izomorf ovazloms, fazagevrilmasi temperaturu, modifikasiya, kristal gofosi, lauegram,

difraktogram.
PACS: 61.50.Ks

Giris

Polimorf gevrilmalarin mexanizmini miiayyan et-
mok (¢lin gevrilmolor zamani yeni kristal bdyimasinin
morfologiyasini, qarsiligli ¢evrilma modifikasiyalar
arasinda Kristallografik istigamot olagslorini, habels
prosesin kinetikasini tadqiq etmak lazimdir. Morfoloji
todqigatlarin aparilmasi Ugiin optik soffaf kristallardan
todgigat obyekti kimi istifads etmok olveriglidir [1]. Be-
Ia ki, bu tip kristallarda polimorf ¢evrilmo zaman1 yeni
faza kristalinin istonilon moarhalodo bdyiimasini visual
olarag miisahido etmok vo onun fotosunu slds etmok
olar. Qeyri-optik soffaf kristallarda bu todgigatlar asa-
san rentgenografik Gsullarla aparilir [2]. Bu baximdan
golovi metallarin nitrat birlogsmoalori olverisli oldugun-
dan, homin kristallarinda qurulus ¢evrilmalarinin tod-
gigine goxsayh todgigat islori hasr olunmus vo alinan
naticalorin xulasssi [3]-do 6z oksini tapmisdir.

Qolovi metallarin nitrat birlogmalori igarisinda
KNOskristali polimorf gevrilmalar va bir sira fiziki ha-
disalor baximindan daha zongin olub, boylk elmi-prak-
tiki shomiyyoto malikdir. Mahz bu kristalda ilk dafs po-
limorf gevrilmalor zamani ritmik bdylimo [4], qarsiliqh
cevrilon modifikasiyalar arasinda kristallografik istiga-
mot slaglorinin saxlanilmasi, a«>f ¢evrilmalor zamani
béylima suratinin ossilyasiyast miigsahido edilmis vo
prosesin aktivlogsmo enerjisi hesablanmigdir [5]. KNO3
kristalinda K* ionlarinin digar galovi metal atomlart ilo
gismoan avaz olunmasiin homin hadisslora va polimorf
cevrilmonin xarakterino tesirinin dyranilmesi bdyik
elmi-praktiki shomiyyat kasb edir. Mahz buna goérs ds,
KNOs-do K* ionlarinin  Rb* vo Cs* ionlari, habels
RbNO3-ds Rb* ionlarmin Cs* ionlart ilo gisman izomorf
avaz olunmasi naticasinds alinan kristallarda torafimiz-
don bir sira todgiqat islori aparilmigdir [6-8]. Togdim
olunan bu is homin islorin davami olub, KNOs-do K*
ionlarmin Na*ionlar1 ilo qismon ovoz olunmasindan ali-
nan Ko,955N30,045N03 Va Ko,965N30.035NO3 kristallarmda
polimorf ¢evrilmanin xarakterins tasirinin dyranilmosi-
Nna hasr olunmusdur.

Malumdur ki, KNO; otaq temperaturunda Pnma
simmetriyali aragonit qurulusa malikdir (l1-faza) [9].

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

34

Kristal qizdirilarkon ~130°C temperaturda R3c sim-
metriyali Kalsito yaxin qurulusa ¢evrilir (111-faza). Nu-
muns soyudularkon ¢ox béyik siratlo III—11 cevril-
mosi bag verir. Belsliklo, gorundiyi kimi Il 111 ¢ev-
rilmoasi enantiotrop xarakterlidir. Lakin 111-modifikasi-
ya soyudularkan bir cox hallarda iki monotrop ¢evrilmo
miisahids olunur [10]. T=124°C-d» Ill-faza R3m sim-
metriyali yeni qurulusa cevrilo bilir (I-faza).Yalniz
T=110°C temperaturda I—11 ¢evrilmasi bas verir. [11]-
2 g6ro NaNO3; T=298K temperaturunda gafas parametr-
lori: a=5.069A, c=16.82A, foza grupu R3c olan rombo-
edrik gofaso malikdir. T=563K temperaturda bu krista-
lin gofos parametrlori: a=5.089A, ¢=8.668A vo foza
grupu R3m olan digar romboedrik gofasa cevrilir.

(KNOs3)1x(NaNO3)x  (x=0.025;0.035;0.1) bork
mohlullarinda bazi fiziki parametrlords tayin olunmus-
dur. Belo ki, homin birlosmalords dielektrik nifuzlugu-
nun temperatur asililigi Oyronilmis vo miayyan edil-
misdir ki, KNOgz-(in segnetoelektrik 1l1-fazas1 nlimuna
qizdirildigda miigsahids oluna biler [12]. Bununla yana-
s1 K1.xNaNO3 vo Naj.xKxNOjs-kristallarinda da dielek-
trik 6lcilmolori aparilmigdir [13, 14].

TOCRUBI HiSSO

Tacribslorin ilk morhalesinds  monokristallar
mohluldan  izotermik  kristallasma  GOsulu  ilo
K1-XxNaxNOj3 yetisdirilmisdir. Bu magsadls talob olunan
nishotdo "YIA" markali KNO3, "XY" markali NaNOj3
gotiirilmiig, distills olunmus suda mohlulunda izoter-
mik kristallagma Gsulu ilo mistavi 16vha (1x2x10mm
oOlcull) vo iynovari sokildo monokristallar alinmigdir.
Rentgen tadqiqatlar1 gOsterilmisdir ki, iynanin boyu
[001] kristallografik istigamatindadir. Onu da geyd
edok ki, alinan nimunalor mixtalif forma va él¢llords
ola bilir.

Laue ¢okilisi zaman1 PKB rentgen kamerasindan
istifado olunmusdur. Togdim olunan isds tacriibalor iki
morhalodos aparilmigdir. Birinci morholodo alinan nii-
munonin otaq temperaturunda laueqrammi ¢okilmisdir
(Sakill). Sakildon gorindiyld kimi mohluldan alinan
nimunalor monokristaldirlar.
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a) Ko.9:sNa0.0ssNOs

Sakil 1. Ko.gssNao.04sNOs Vo Ko.gssNao.0ssNOs Kristallarinin otaq temperaturunda ¢okilmis lauegramlart.

Isdo rentgenografik tocriibolor Bruker firmasi-
nin ADVANCE D8 difraktometrinds aparilmigdir. Ali-
nan monokristallar ovuntu sokiline salinaraq otaq tem-
peraturunda CuK,  (A=1.54051A) siialanmada,
10°<26<90° bucaq intervalinda 40kV, 40mA rejimds
cokilislor aparilmigdir. Difraktoqramda miisahids olu-
nan difraksiya oks olunmalar1 parametrlori: a=6.4243A,
b=5.4122A, ¢=9.1561A, foza grupu Pmcn olan rombik
gofasds indekslonmisdir (sokil 2). Difraksiya oks olun-
malarinin indekslonmasi vo islonmasi zaman1 TOPAS
va EVA programlarindan istifade olunmusdur.

Diferensial Skanedici Kalorimetriya (DSK) tsulu
ilo nimunanin termik xtsusiyystlori 8yranilmis, tocrii-
bolor 20-320°C temperatur intervalinda STA 3000
Sinxron Termal Analiz (Synchronous Thermal
Analyzer) qurgusunda 5°C/daq qizdirilma siiratils yeri-
no yetirilmigdir. Tacriibalor aliminium (Al) kiveytlor-
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b) Ko.9::Nao.0asNOs

Iden istifado olunaraq azot mihitinds yerino yetirilmis-
dir.

Tacriibalarin ndvbati marhalasinds DSK olcilari
apartlmigdir. Tacriibalor zamani hor iki kristalin deriva-
tograminda yalniz bir endoeffekt miisahido olunmus-
dur. Hamin endoeffektlorin markazi Ko.gssNao.04sNO3-
do 130.5°C—temperaturda miisahido edilir (sokil 3). Bu
endoeffektin entalpiyas: iicin 21.63C/q alinmigdir.
Ko.965Nag.03sNO3-do 129,5°C, endoeffektin entalpiyasi
19.34 C/q olmusdur. Noazordon kegirdiyimiz DTA ayri-
sindo miisahids olunan endotermik effekt kristal quru-
lusunun doyismasilo izah oluna bilor. Dogrudanda
mohluldan alinmig kristalin laueqramini otaq tempera-
turunda aldigdan sonra, kristalin qaniometrik basliqda
vaziyyatini doyismodan temperaturunu 135°C-o galdi-
r1b birds ¢akilis aparmaqla amin olundu ki, tadgiq olu-
nan nimunalords qurulusg g¢evrilmasi bag verir vo bu
monokristal-monokristal tiplidir (sakil 4).

a)

Sakil 2. Ko.gs5Nao.04sNOs (8) Vo Ko.gssNao.03sNOs (b) kristallarindan otaq temperaturunda ¢okilmis difraktoqram.
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Sakil 3. Qizdirilma zamani Ko.gs5sNao.04sNO3 (a) Vo Ko.gesNao.0ssNOs (b) kristallarindan alman derivatogramlar..

2) Ko.9::Na0.04sNOs

Beloliklo, tocriibi naticalorin tohlili gostorir ki,
KNO; kristalinda K* ionlarinin Na* ionlar1 ilo gisman
ovoz olunmasi alinan kristalda qurulus ¢evrilmolarinin

b) Ko.9s:Na0.03:NO3

Sokil 4. Ko.o55Na0.04sNO3 vo Ko.oesNao.03sNOs kristallarinin T=135°C temperaturda laueqramlar.

I'sayma, elocodo gevrilmo temperaturuna nozero garpa-
caq tosir gostormir.
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KLEYN-FOK-QORDON TONLIYININ HULTEN VO YUKAVA SiNiF
POTENSIALLARIN XOTTIi KOMBINASIYASI UCUN ANALITIiK HOLLI

M.V. QOCAYEVA
Azarbaycan Respublikasi Elm va Tohsil Nazirliyi Fizika Institutu,
Azarbaycan Respublikasi Baki sahari, H.Cavid pr.,131, AZ-1073
mefkuregocayeva@yahoo.com

Bu isdo Hiilten potensiali vo Yukava sinfi potensiali tigiin modifikasiya olunmus Kleyn-Fok-Qordon tanliyinin baglt
hallar tigtin halli tapilmugdir. Istonilon orbital kvant adadi iigiin enerjinin moxsusi qiymotlori vo miivafiq radial dalga funksiya-
larinin analitik ifadslori alinmigdir. Alinan xiisusi funksiyalar hiperhandasi funksiyalar ils ifads edilir. Biz potensialin moarkoz-
dongagma hissasinin g¢atinliklorini aradan qaldirmagq ti¢iin unikal yaxinlagma sxemini totbiq edilmigdir. Potensial parametrlor-
dan asili olaraq enerji saviyyalarinin vo maxsusi funksiyalarin ifadslori gostorilmigdir.

Acar sozlor: Kleyn-Fok-Qordon tonliyi, Hiilten potensiali, Yukava potensiali, Nikiforov-Uvarov metodu.

1. Giris

Kvant mexanikast uzun miiddot inkisaf edorok fi-
zikanin ayrica bir sahasineg ¢evrilmisdir. Fiziki potensi-
allar ti¢iin daqiq holl oluna bilan masalalari hall etmok
oldugca vacibdir[1-2].

Relyativistik va geyri-relyativistik kvant mexani-
kas1 gorgivasinda niiva vo elementar zorraciklor fizika-
s1, homg¢inin atom va molekul fizikas1 sahasindoki tod-
giqatlarda potensial modellor hamigo miihiim hatta to-
moal rol oynayir. Potensial modellorde mikroobyektlorin
fiziki xassalori miixtalif dalga tonliklorindon istifads et-
mokla tosvir va sorh olunur, masalon, Sredinger, Kleyn-
Fok-Qordon, sonlu forq tonliklori vo Dirak tonliyi kimi
[1-2]. Bu zaman daqiq va ya fenomenoloji olaraq tog-
dim edilmis qarsiligh tesir potensiallarindan istifads
edilir. Bu tip potensiallar goxdur. Hom relyastivistik
hom do qgeyri-relyastivistik oblastlarda genis istifado
olunan an maghur potensiallar Morse, Eskart, Manning-
Rosen, Hilten, Vud-Sakson, Makarova, Yukava va s.
potensiallaridir [3-10].

Potensial modelin shomiyyati, ilk névbads, onun
nazardan kecirilon fiziki sistemin miioyyon xassalorini
na doracads yaxsi tasvir etmasi ilo milayyan edilir. Mo-
delin bagqa bir cahati onun daqiq hall oluna bilmasidir.

Sredinger, Kleyn-Fok-Qordon vs Dirak tonliklori-
nin halli kvant mexanikasinda miithiim shamiyyat kasb
edir, ¢iinki naticads alds olunan dalga funksiyasi kvant

[ v2+ (M +s(n) J(r.6.0)=[E-V (O Py(r.0,0),
(1)

burada M — skalyar hissaciyin siikunot kiitlasidir, E —
hissaciyin relyastivistik enerjisidir. (1) tonliyindoaki
Y(r, 8, ¢) dalga funksiyasi sferik koordinat sisteminda
asagidaki formada toqdim olunur:

7' +[E2=M2 —2(Ms(r) + EV (r))+{v 2(r) - $2(n) }- @} 2(s) = 0.
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sistemlorinin tam tosviri {i¢iin vacib moalumatlar verir.
Az sayda potensial var ki, hor hansi radial vo orbital
kvant adadlori tigin KFQ tonliyi daqiq hall oluna bilir
[11-20]. Malumdur ki, kvant sistemlori miixtolif metod-
larla aragdirilir, o ciimlodon supersimmetriya, faktori-
zasiya metodu, laplas ¢evrilmosindon istifado etmoklo
yaxinlagsma, trayektoriya iizra inteqral vo Nikiforov-
Uvarov (NU) metodu. Sadalanan iisullar islenib hazir-
lanmis vo kvant dalga tonliyinin halline yonalmisdir
[11-20].

Hilten, Mors, Manning-Rosen, Vud-Sakson, Es-
kart, Rosen-Mors da daxil olmagla bir cox eksponensial
tip potensiallar | 0 hali {igiin yaxinlagma totbiq edi-
lorak todqiq edilmis, olaqgoli hallar ti¢lin bozi anailitik
hallor alds edilmisdir [11-20].

Bu igds Kleyn-Fok-Qordon tonliyi Hiilten poten-
sial1 vo Yukava sinif potensialinin xatti kombinasiyasi
tiglin orbital kvant ododinin ixtiyari sifirdan forgli
(L # 0) giymatlari tiglin Nikiforov-Uvarov metodunun
komaoyilo analitik holl edilmisdir.

2. Kleyn-Fok-Qordon tanliyinin alagoli hallarda
Hiilten va Yukava tip potensiallarin comi iiciin
analitik hoalli

S(r) skalyar va V(r) vektorial potensiallar iigiin

sferik koordinat sistemindo KFQ tonliyi (# =c =1)
atom adadlori {iglin bels toyin olunur:

r
van(r.0.0) =20y 0.0), 0

burada Y, (6, ¢) sferik harmonik funksiyadir.
(2) funksiyasini (1) tonliyinds avazlomokls, radial
KFQ tonliyini ndvbati formada yazmagq olar:

©)
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Bizim bu isdo asas magsadimiz Nikiforov-Uvarov I radial kordinatin kigik qiymatlori {iglin 6ziinii Kulon
metodundan istifado edorok slagoli hallarda Hiilten vo  potensiali kimi, boyiik qiymatlori {igiin iso eksponensial
Yukava tip potensiallarin xatti kombinasiyasi tigiin (1)  olaraq azalir, ona gora do onun bagli hal ti¢iin tosiri Ku-
tonliyinin analitik hallarini tapmaqdan ibaratdir. lon potensialindan azdir.

Hiilten potensialindan atom vo molekulyar fizika, Ikinci potensialimiz Yukava torafindon toklif edi-
kondensas olunmus madds vo elementar hissociklor fizi-  lon [10], nuklonlarin giiclii qarsiligh tosirini ¢gox yaxsi
kasi, niiva fizikas1 kimi miixtalif todqgiqat sahslorindo  tosvir eden effektiv geyri-relyativistik Yukava poten-
istifado olunur. Bu potensial altindaki bir hissacik tigiin ~ sialidir. Yukava potensiali eksponensial amil sababi ila
kvant effektlori shamiyyatli hal ala bilir, xiisusilo giicli 1/ r — dan daha tez azalir.

dlaga ila. ) Yukava sinif potensal agagidaki kimi toqdim edila
Hulten potensiali asagidaki kimi toyin olunur: )4
[6.7]: —o a2
zee ™ v(n=-Yt_ Y% ° ()
V(r)= —5 (4) r r
1-e
burada V,, V, - potensialin dorinliyini miioyyon edir.
Burada O - ekranlasma parametri, Z - iso atomun Hiilten vo Yukava sinif potensiallar1 imumilosg-
Mendeleyev codvalindaki sira némrosidir. dirmak {igiin Yukava potensialinin asagidaki formada
Hiilten potensiali fizikada ohomiyyatli qisa mosa-  unikal yaxinlagmasin totbiq edirik[22-24]:
fali potensiallardan biridir. Bu potensialdan niivs fizi-
kasinda, elementar zorraciklor fizikasinda, atom fizika- 1 25 ¥
sinda vo bork cisimlor fizikasinda istifado edilmisdir. Iy (6)
Bu potensialin iimumi dalga funksiyalar1 atom fizikasi ro(d-e )
va bark cisimlar fizikasiin masalalorinds istifads olu-
nur. Bu potensial altindaki bir hissacik tiglin kvant ef- 1 45%e729
fektlori shamiyyatli hal ala bilir, xiisusils giiclii slage R & ()

. .. . . oo r (1_9_25r)2
ila. Hiilten potensial1 Eskart potensialinin xiisusi halidir

[4]. Qeyd etmok lazimdir ki, Hiilten potensiali {igiin
KFQ radial tonliyini yalniz bucaq momentinin | =0 Beloliklo Hiilten vo Yukava sinif potensialin comi
halinda analitik yolla hall etmok olar. Hiilten potensiali I asagidaki kimi teqdim oluna bilor:

2Ze28e728T  26V,e720T 482y e~40T (A+B)e=287 Ce™ 407
V(?") = - 1—e—26r  {_g-26r (1—e—287)2 =- 1—e—26r (1—e—267)2 @)
burada
A=27e%5, B =26V,, C =45%,. )

Bu iki potensialin xotti kombinasiyasi potensial ! tonliyinin tadqiqindon dalga funksiyalar1 vo slagali,
sahodoki hissacik tiglin deformasiya olunmusg niivo ciitii ~ diskret, eloca do psevdoskalyar mezon sistemlari tigiin
va spin-orbital qarsiliqh slagesini 6yronmok Ugln isti-  enerjinin fiziki xassalori hagda daha dorin va daqiq qiy-
fads oluna bilar. matlondirms oldo etmak miimkiindiir. Bu istigamotdo

Bu potensialin digor ohomiyyotli xiisusiyyoti  arasdirmalara asaslanaraq biz bu mogalods Hiilten va
onun hadronik sistem daxilindoki dalgalari tosvir edor-  Yukava sinif potensiallarin xatti kombinasiyasi {i¢iin
kon istifads olunmasidir. Bundan basqa bu potensial di-  radial KFQ tonliyinin hallini toqdim edirik.
gor fiziki hadisalor tigiin do slverigli model rolunu oy- (8) potensialim1 (3) tonliyinds avozlomoklo radial
naya bilar. Potensialin xatti kombinasiyas1 U¢lin KFQ | KFQ tonliyi tiglin alinq:

2 2 -2 26 —4or
d ;((I’)+ EZ_MZ_M_;_Z(MJrE)&—FZ(MJrE)Ce—
2 26r\2 26 20ry2
(1—e2%) —e d-e%)

}((r) =0 (10

dr

(10) tonliyindon aydimn olur ki, r — O yaxinlagdiqda morkozoaqagma potensialinin 6ziinomaxsuslugu var. Bu
tonlik | = 0oldugda daqiq hall olunur.

Hiilten potensialinin morkozoqagma hissasi vo Yukava sinif potensialinin comi {igiin | = 0 oldugda analitik
hall almagq ti¢iin (7) ifadasini (10)-ds yerins yazirig. Naticado aliriq:

dx(n) (oo o2 46201+ (A+B)e 2 ot
er +| E“=M _W+2(M+E)7+2(M +E)m

}z(r) =0 (1)
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(11) tenliyini Nikiforov-Uvarov metodundan istifado edorok holl etmok ii¢iin onu asagidaki kimi
hiperhondasi tip tonliya gotirmok lazimdir [21]:

9+ 79 9420 o o b
FO+ L SH O T a0 (12)

(11) tonliyini (12) goklinds hiperhondasi tip tonliys gotirmok tigiin S = e formasinda yeni dayisen daxil
etmoliyik

d_065d_ pgperd_ pxd
dr dr ds ds ds’

4 (dsd\(dsd)_ _5e. 4 5o Ay er (d 4\ _ o 2.2 9%
drz_(drds)(drds)_ 265015( 26Sds)_465(ds+sdsz)_46 +46 ds?’ (13)

(13) -doki yeni doyisonlori (11) tonliyinds nazars alsaq, onda alariq:

(A+B)s 2(M+E)Cs?

(1-5)?

d*x(s) 1dxG) 2 _ M2 — 4821(1+1)s

ds? s ds 4—62 2 [ (1-5)2 + Z(M + E)

+ ])((s) =0 (19

(14) diferensial tonliyini daha y1gcam soklo salmaq tigiin asagidaki kimi avazlomolor daxil etmaliyik:

_gz_Ez—Mz 2 (M+E)(A+B) 42
_ o = . B2 =
45 268

(15) do verilmis ifadolori (14) do nazors alaraq aliriqg:

£'(s) + 4(s)+ ;[—52(1—5)2 11+ D)5+ a?s(L-s) + f22]y(s) =0 (16)

() (1—s)*s?

Biz indi (16) tonliyini hall etmak {igiin Nikiforov-Uvarov metodunu ugurla tatbiq eds bilarik.
(16) tonliyi ilo (12) tonliyini miiqayiso etmoklo 7 (S), o(S) vo o (S) iigiin alariq:

(M +E)C
252

(15)

o(s)=@-9)s, 7(s)=1-5, &(s)=—’(1-5)*—1(1+1)s+a’s(L—s)+ B°s>. (17)

o'()-%(s) S-F$)\° . ) L
n(s) = 5 + ( 5 ) —6(s) + ko(s) - formulasindan va (17) ifadosindon istifado edorok JZ(S)

funksiyasi ii¢iin alariq:

7(s) = G(S)j(s) i\/(“'(s)z‘;(s))2 ~5(s) +ko(s) =

2
=—§i\/57+32(1—s)2+l(l 1 1)s—a®s(L-s) - % + ks —ks? =

2
= —%i\/%-‘r £%282 —2e%+£% + %% —a’s— BAs% +ks—ks? +1(1 +1)s = (18)

:—%i\/(%+52+a2—ﬁz—k)sz—(252+a2—I(I+1)—k)s+52 -

=—§i\/(a—k)sz _(b-Kk)s+c,
burada

1
a=i+e+a’—f b=2:"+at 1041, c=é’ (19)

k parametrini (18) ifadesindon asagidaki kimi tapmagq olar. (18) tonliyinds kokalt1 ifadonin diskriminantini
sifira borabar edarak tapiriq:
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(a—k)s?—(b—k)s+c=0, (20)
D =(b—k)?—4(a—k)c=k?+ (4c—2b)k + (b? —4ac),
k2 + (4c— 2b)k + (b? —4ac) =0, (1)

ko =(b—2c) £ 24/c® +c(a—b) .

(21) ifadoasini B (18)- da yazmagla 7 (S) funksiyasi ti¢iin aliriq:

5 (Ve —vc+a-b)s—+/c, ona k=(b-2c)+2yc? +c(a—h)
2" |(Je+Jera—b)s—+/c, ona k = (b-2¢)- 2/c? + c(a—h)

(21) ifadasindon gorindiyd kimi m(s) coxhadlisinin dord mumkin qiymoti var, ancaq biz m(s)
funksiyasinin elo giymatlorini secirik ki, 7(s) funksiyasinin téromasi monfi olsun. Digor qiymatlorin fiziki monasi
yoxdur.

Belolikla, (S) Vo 7(s) funksiyalar1 miivafiq olaraq asagidaki kimi olur:

7(s)=— (22)

7Z(S)=\/_—S|:%+ c+\/c+a—b}, (23)
#@)z—%—k@+40+a—bL 24)
k=(b-2c)—24c?+c(a—b), (25)

7(s) = 7 () + 27(s) = (L- ) + 27(s) =1— |2+ 2Jc + e +a-b s + 24c
7'(s) =2+ 2(Jc +cra-b)). (26)

Enerjinin moxsusi qiymatlari adston asagidaki ifadslorden tapilir:

A=k+7'(s), (27)
Vo

A, =-n7'(s) —@U"(s) . 28)

Ogor (25) va (26) ifadslorini (28)-da yerino yazsaq, A lgiin alarq:

/lz(b—ZC)—Zw/c2+c(a+b)—%—(\/E+«/c+a—b), (29)
Digar torafdon A, bu sokilds tayin olunur:
’ n(n _1) "
Iy =n7(8) == o"(s)=n(2+2Jc +vJc+a—b)+n(n-1) (30)

(29) vo (30) ifadslorinin sol toraflori borabordir, buna géro do onlarin sag toroflorini boraberlogdirarok
asagidaki ifadeni aliriq:

(b—20)—2\/02+c(a—b)—%—(\/E+\/c+a—b)=n(n—1)+2n(1+\/3+«/c+a—b). (31)

Enerjinin moxsusi qiymatlorini tapmagq ii¢iin (31) tonliyini \/E -yo gora holl edorak, asagidaki kimi analitik
ifads alinq:
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b—2c—;—n(n+l)—(2n+1)«/c+a—b

c
1+2n+2Jc+a-b

, (32)

burada
b—2c=a?-1(+1)

\/chTz\EH(lH)—ﬁZ (33)

(33) ifadasini (32)-ds nazoars alsaq, alariq:

a? -l +1)—1—n(n+1)—(2n+1)‘/1+l(l +1)- B2
Je= 2 4 . (34)

1+2n+2\/£11+l(l +1)—ﬂ2

(15) ifadassini (34)-do nazars alsaq, enerji spektri liglin agagidaki kimi analitik ifads alariq:

2
a2—|(|+1)—1—n(n+1)—(2n+1),/1+|(| +1) - p?
E2_M2=_4. 2 4 Sl

1+2n+2\/i+l(l +1) - B2

2
a?—1(1+1) - S —n(n+1)— @0 +1),| F +1(1+1) - 52
2 4 S

1 1 _p?
2+n+\/4+l(l+1) B

(35)

Hiilten tistogal Yukava sinif potensial sahads harokat edan zarraciyin radial funksiyasini tapmaq ligiin X(S)
radial funksiyasini asagidaki kimi faktorizasiyaya ayiraq:

7(5)=9()y(s). (36)

NU metodundan istifads etmoklo ¢(S) funksiyasi asagidaki sortdon tapilir:

$6) _7(s)

= . 37
55)  o5) 37

Indi (37) tonliyini holl edorok ¢(S) funksiyasi iigiin tapiriq:

1 N1 )
—+,[=+I(1+)-p ]
Ing(s)=1In s‘g(l—s){2 !
%+ /i+|(l+1)—ﬂ2]

#(s)=s"-(1- S)( (38)

Y (S) funksiyasi asagidaki Rodriges formulundan tapilir:

C, d
p(s) ds"

Yn(8) = [6" (s)p(s)] - (39)
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Burada C,, — normallagma sabitidir, p(s) -¢oki funksiyasidir v agagidaki kimi Pearson tonliyinin hallindon tapilir:
d
E(G(S) -p(8)) =7(s)- p(s) - (40)

(40) tonliyini p(s) - goro hall edarak aliriq:

1 2
p(s) =% (1—s) Ve (1)

(39)-da p(s) ¢oki funksiyasini avazlomokloy,, (s) funksiyasi tiglin tapiriq:

n n+ E+ +1)-p2
Y, (s) = C d srze(pog) Ve (42)

2 %+I(I+l)—ﬂ2 ds"

s*(1—5s)
Bunu nazars alaraq,
1 2 1 2 1 2
g" n+2,|=+l(1+1)-48 2\/7+I(I+1)—,B (25,2\/7+I(I+1)—ﬁ )
o s"t2E(1-g) V4 =52 (1-s) 4 p V4 (1-2s), (43)

Y. (S) funksiyalar1 iigiin alirq:

[25,2,/1+I(I+1)—,32 j

Yn (s)= Cn IDn (1-2s) (44)
Indi (38) vo (44) ifadolorini B (36)-do ovozlomokla, % (S) radial dalga funksiyast {igiin alariq:

2n(8) = Cps° (L —8)* P22K D (1 25) (45)

Burada K =%+\/%+I(I +1)—ﬂ2 .

Yakobi polinomlarmin xassalarindon va hiperhandasi funksiyanin komayi ilo y(s) radial dalga funksiyasini
ifada edirik [25]. Bunu agagidaki kimi edirik:

(PO (25) = Y a (L-s)P™" (L +5)0*" (46)
" ni2"(1-s)P(L+s)% ds" ’
Nl
(p.a)q_ gy LN+ P+D) - .
PPV (1—-2s) = nC(p £ 1) SF(=np+qg+n+1p+1s).
(o) gy L(M+P+Y A
PP (s) = AL (p £ 1) 2 F( n,p+q+n+1,p+1,2(1 s)) (47)

Buhaldap = 2¢,q = 2K — 1,
Onday (s) funksiyast ti¢iin kompakt ifads bu formada olur:

gk T(n+2s+1)

#n(9)=Cos"A=9) nIC(2¢ +1)

s F(=n,2¢ + 2K +n,1+ 2¢;5) (48)
Burada C,,- normallasma sortindon tapilan normallasma sabitidir:
< 2 0. 7 2 11 2
[IR()|"rdr = [|x(r)"dr =25_[;|;((s)| ds=1 (49)
0 0 0

Inteqral formullarindan istifado edorok aliriq:
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1
j(l— 5)20 2L E (-n,2(5 + A+1) +n, 24 +1;5) 2 ds =
0

(50)

(N+5+D)NT(n+26 + 2)I'(2A)T(24 +1)

T N+6+A+D0(N+ 24+ )25+ A+1) +n)

Bu hal tcin:

A=¢,0=K-1

onda
1

J52€—1(1_ $)2X[,F(-n,2¢ + 2K +n,1+ 2¢; 5)Pds =

0

(51)

(n+ K)NIT(n + 2K)T(2&)0(2¢ +1)

- (n+&e+K)T(n+2&+1DT'(2¢ + 2K +n)

(n+ K)NIT(n + 2K)T(2&)0(2¢ +1)

2 '(n+2e+1) Zi
" nIT(2e +1)

20 (N+e+K)I'(n+2¢+1)I'(2e + 2K +n) -

(52)

(83)

~ \/25n!(n +K +&)['(2¢ + 2K + n)['(2¢ +1)
L=

(n+K)I'(n+2K)I'(2&)T'(n + 2¢ +1)
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M.V. QOCAYEVA

M.V. Gojayeva

ANALYTICAL SOLUTION OF THE KLEIN-FOCK-GORDON EQUATION FOR THE LINEAR
COMBINATION OF THE HULTHEN AND THE CLASS OF YUKAWA POTENTIALS

In this study, the bound state's solution of the modified Klein-Fock-Gordon equation is found for the new supposed
combined Hultén potential and the Yukawa class potentials. The analytical expressions of the energy eigenvalue and the
corresponding radial wave functions are obtained for any orbital quantum number. The obtained eigenfunctions are expressed
in terms of hypergeometric functions. We applied the developed approximation scheme to overcome the potential's centrifugal
part difficulties. It is shown that energy levels and eigenfunctions are sensitive depending on potential parameters.
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ELEKTRON MATERIALSUNASLIGINDA YENi TENDENSiYALAR

VUQAR OMIiR OGLU OLIYEV .
Azarbaycan Respublikast Elm va Tahsil Nazirliyinin Fizika Institutu

Texnikanin inkisafi miixtolif toyinath funksional cihazlarin yaradilmasi {igiin x{isusi xassoalore malik materiallarin yara-
dilmasini aktuallagdirir. Bir gayda olaraq miiveud kimyavi birlogsmalarin, o ciimladon kristallart méveud, malum xassalorinin
musyyan isullarla modifikasiyasina tstiinliik verilir. Belo kristallarin polikristallarinin alinmasi vo monokristallarmin yetisdi-
rilmasi texnologiyasi islonmis oldugundan bunlarin asas fiziki xassslorinin modifikasiyasina, idars olunmasina y6nolmis islo-

ra Ustlinlik verilir.
izomorf avazlamalarle bark mohlullarin alinmasi

Bu giin respublikamizda bark cisimlar fizikasi va
yarimkegiricilor fizikasinda genis tadgig olunan mate-
riallardan biri layli va zancirvari, tallium osash {igqat
TIA"B,V! (A=In, Ga; B=S, Se, Te) kristallaridir.

Oton asrin 60-c1 illorindon baglamis giiniimiiziine
godoar todgiq olunan TIA"B,V! kristallarinda bir gox
maraqli elmi noticolor alinmigdir. Bu dévrds an olga-
tan motifikasiya tsulu kimi eyni sinifdon olan iki kris-
tal arasinda (TIA"'B,V' - TIAMB,Y") bark mohlullarin
alinmasidir. Burada bark mohlullar ham kation (B =S,
Se, Te) alt sistemi, hom do anion (A = in, Ga) alt-sis-
temi asasinda alinmisgdir.

Bas bork mohlul nadir? Onu mexaniki qarisiqg-
dan, konqlomeratdan forqlondiran cohatlor hansidir?

Ogor iki vo daha ¢ox komponent maye halinda
bir-birinds istonilon godor holl olaraq, bircinsli maye
mohlul amols gatirirss vo kristallasmadan sonra da, bu
bircinsliyi bork fazada saxlayirsa, belo maddslors -
bark mohlul deyilir.

Bork mohlulun kimyavi torkibi spektral analiz
ilo, qurulusu isa rentgenstruktur analizi ilo stibut olu-
nur. Bork mohlulun massiv kristallart eynicinsli dens-
lordan ibarat olsa da, onu taskil edon komponentlorin
xassalarindan forglonir.

Hazirki dévra godar bu birlosmolor arasinda de-
mok olar ki, biitiin sistemlar tadqiq edilmisdir. Bu sis-
temlor, asasan, Uggat birlosmonin ya anion alt-gofosin-
do, ya da kation alt-gofosindo izomorf avozetmolorlo
alinir. Belo sistemlordo gdzlonilon bork mohlullarin
xassalarini milayyan doaracads progqnozlagdirmaq olur.

Farqli faza gruplu sistemlards bark mahlullar

Yuxarida geyd etdiyimiz kimi, TIA"B,' (A=In,
Ga; B=S, Se, Te) kristallar iki forqli foza simmetriya
grupuna boliiniir: layh kristallar (TlaGaSe,, TIGaS; va
TlinS,) vo zoncirvari (iynovari) kristallar (TlinSe;,
TIGaTe, vo TlinTey). Birinci qrup kristallar monoklin
struktura, ikinci grup kristallar iso tetraqonal struktura
malikdirlor.

Belo gruplar arasinda bork mohlullar anionun vo
ya kationun mioyyan hollolma limitino gadoar bir foza
grupunda, hamin limitdan sonra iss ikinci foza gru-
punda kristallagir.

Aparilan odabiyyat tohlillarinin naticasine asasen
demok olar ki, anion-anion, kation-kation avazlomaloari
olan sistemlordon forgli olarag, anion-kation ikili
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ovozlomasi bag veran sistemlords fiziki xassslorin da-
ha ciddi doyismasini gdzlomak olar.

Interkalyasiya ils tarkib va xasse modifikasiyasi

Layli vo zoncirvari kristallarda atomlar arasinda
gucll kovalent slago ilo yanagi, laylar vo zoncirlar (iy-
nalar) zsif Van-der-Vaals rabitosi mévcuddur. Bu lay-
lararast mosafalar imkan verir ki, elektrik sahasi totbiq
etmoklo mioayyan ionlari, mosalon litium ionlarin1 bu
laylarin arasina dartmaq, daxil etmak olar. Bu prosess
interkalyasiya deyilir. Interkalyasiya noticosindo Kris-
talin fiziki xassalor doyisir.

AMEA Fizika Institutunun Kristallofizika labo-
ratoriyasinda 1985-ci ildon baslayaraq tigqat layli-zon-
cirvari kristallarin interkalyasiyasi istiqamatinds todqi-
qgatlar aparilir. TlinSe; kristallarin1 Li* ionlar1 ilo inter-
kalyasiya etdikdon sonra onun fotoelektrik xassalorini
todqiq edilmisdir [1]. interkalyasiya noticesinda krista-
lin fotohassashigmin iki tortib artmast miisahido olun-
musdur.

Interkalyasiya prosesi TIA"'B,"! kristallarinin fo-
tovoltaik spektrlorina shamiyyatli doracads tosir edir
[2]. Votovoltaik signalin amplitudu 5-6 dofo artmagla
yanasi, fotocarayanin spektrindo hom ds, yeni incs
struktur yaranir.

Interkalyasiyanim layl kristallarn elektrik, foto-
elektrik vo optik xassalorins tosiri Uizrs iglori yekunlas-
diraraq, qeyd etmok olar ki, interkalyasiyadan istifads
etmokls bu materiallarin is¢i xarakteristikalarini idara
etmok imkani yaranir.

Kristallari legirlomokla fiziki xassalorin
modifikasiyasi

Elmi-texniki adabiyyatin tohlili gosterir ki, miix-
tolif todqiqatgilar TIAMB,Y! kristallarini ayri-ayri kim-
yovi elementlorlo legirlomoklo onun fiziki xassalorini
modifikasiya etmoys bdyiik cohdlor gostormislor. Belo
todgigatlardan niimuns gisminds TIGaS; kristallarinin
sirma (Sb), giimiis (Ag), ke¢id metallarindan kobalt
(Co), xrom (Cr), domir (Fe), mangan (Mn), nadir
torpaq elementlorindon erbium (Er), itterbium Yb vo
s. elementlorls legirlonmasi hallarini qeyd etmok olar.

Kristallarin elektrokimyavi modifikasiyasi
TIA"MB, ! kristallarmin unikal elektron strukturu

bu kristallarda eyni zamanda ham elektron kegiriciliyi,
hom ds ion kegiriciliyi mévcuddur.



VUQAR OMIiR OGLU OLIiYEV

TIA"MB,! kristallarinm ion kegiriciliyi onun xas-
solorinin doyisdirilmosine imkan verir. Modifikasiya
kristaldan elektrik corayani kegirilorok hoyata kegirilir.
Carayanin axini kristal boyunca mobil ionlarin yeni-
don paylanmasi ilo miisayist olunur ki, bu da onun xii-
susiyyatlorinin doyigmasine sobob olur. Bonzor bir to-
sir elektrokimyavi interkalasiya yolu ils alds edilir. Bu
zaman kristal strukturunda tallium ionlar1 gismen liti-
um, natrium va ya giimiis ionlar1 ilo avaz olunur.

Bu grupun materiallarint doyisdirmoak ii¢iin ikinci
yanasma materialin 2D tobagalors bdliinmasing asasla-
nir. Molumdur ki, kristallarin kvazi-ikidl¢iilii tobagole-

ro pargalanmasi kristalin xassolorini keyfiyyotco doyi-
sir. Pargalanma zaman1 materialin xassolorinin gevril-
masinin parlaq niimunasi grafitdon onun ikisl¢uli ana-
loq grafenino kegiddir. Kristal pargalanmasinin onun
xassaloring tosir etmosi fakti T1GaSe; iigiin do tosdiq
edilmisdir. Belaliklo, Pekin Universiteti va Arizona
Dovlot Universitetinin - miiolliflori mikromexaniki
Usulla ultra nazik TlGaSe; tobagalorini olde etmoyo
nail olmus vo materialin qalinliginin azaldilmasinin
materialin spektral xiisusiyyatlorini keyfiyyotco doyis-
diyini vo onlarm osasinda fotosensorlarn igini oho-
miyyoatli deracads artirdigini gostarmislar [3].

[1] G.D. Guseinov, S.N. Mustafaeva, E.F.
Bagirzade, E.G. Abdullaev, S.G. Guseinov.
Photoelectrical propertiesof lithium-
intercalated TlinSe, chain crystals. Solid
State Communication, 1985, v.55, Ne 11,
pp.991-992.

S.N. Mustafaeva, M.M. Asadov, V.A. Aliyev,
V.A. Ramazanzade. Influence of lithium
intercalation on photovoltaic spectra of
TlInSe; and TlGaSe; single crystals. In/:

(2]
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Materials of 12" International Conference on
ternary and multinary compounds (ISTMC-
12), Hsin Chu, Taiwan, 1999, p.1-56.

[3] Shengxue Yang, Minghui Wu , Hui Wang,

Hui Cai, Li Huang, Chengbao Jiang,
Sefaattin ~ Tongay.  Ultrathin  Ternary
Semiconductor TIGaSe, Phototransistors

with Broad-Spectral Response. 2D Materials,
2017. V4. Ne 2.
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In1xErxSe (x=0; 0,0001; 0,0003; 0,0005; 0,0007) In1xSmxSe (x=0; 0,01; 0,03; 0,05; 0,07)
KRISTALLARININ ELEKTRIK XASSOLORININ TORKIiBDON ASILILIGI

P.H. ISMAYILOVA, A.9. ISMAYILOV#*, 9.9. ISMAYILOV, X.S. VOLIBOYOV*#*
Azarbaycan ETN Fizika Institutu, Baki-1073, H.Cavid prospekti 131
*Azorbaycan Texniki Universiteti, Baki-1143, H.Cavid prospekti 25

*x5oki rayon markazi AMEA, kiiga L.Abdullayeva 24

294K temperaturda In1xErxSe (x=0; 0,0001; 0,0003; 0,0005; 0, 0007) va In1.xSmxSe (x=0; 0,01; 0,03; 0,05; 0,07) mono-
kristallarinda elektrik xassalorinin torkibdon asililig1 arasdirilmigdir. Monokristallarin tarkibinds Er vo Sm-un miqdar artdiqca,
tarazligda olan yiikdastyicilarin konsentrasiyasi artir. Bu da elektrik keciriciliyinin nazers garpacaq dorocods artimina gatirir

(3 tortib).

Acar sozlor: koordinasiya odadi, elektrikkegiriciliyi, konsentrasiya, nadir torpaq elementlori, layl kristallar.

PACS: 71.20.Nr; 72.20.Fr
YK: 546.659'23, 546.6599°23. 621.315.592

Giris

A3BE tipli yarimkegiricilordo kimyavi birlosmoalo-
rin vo onlarin fiziki xassolorinin xususiyysti valent
elektronlarinin qosalagsmamig sayina gora yaranir. CaSe
(InSe, CaTe) tipli belo natamam valentli birlosmolor
adoton layli vo zoncirvari qurulusda kristallagirlar.
InSe-do metal atomlarinin koordinasiya odadi 4, Se
atomlarinin kordinasiya ododi 3-dir. Uygun olaraq 4
koordinasiyali In atomu 3 koordinasiyali Se atomu ilo
tetraedrik olago yaradir vo 1 In atomu s?p elektronu he-
sabma sp® hibridlonir [1]. Yuxarida géstarilanlar indi-
um, erbium vo samarium monoselenidlori arasindaki
kimyovi slaganin tobistinin oxsar oldugu ganastina gal-
moyo imkan verir. InSe - ErSe v InSe - SmSe arasinda
bark mohlullarin amala galmasino sorait yaradir [2]. Oz
unikal xassalarina gérs bu kristallar rentgen detektorla-
rinin [3,4], nlive reaktorlarinda radioaktiv 6l¢mos cihaz-
larinin [5] yaradilmasi iigiin slverislidir. Bu kristallarin
ayri-ayr fiziki xassolorini vo parametrlorini nadir tor-
paq elementlori (NTE) daxil etmokls idars etmok miim-
kiindiir. Otaq temperaturunda p-InSe monokristali tigiin
tarazliqda olan yiikdasiyicilarin  konsentrasiyast
po=1,84-108cm3, yirikliyl p,=85sm*V-s olmusdur
[6]. InSe-dan forli olaraq, Ini«ErSe-do x=0,01; 0,03;
0,05; 0,07 torkiblorindo garanligdaki xiisusi miiqavi-
matlori uygun olarag p.~ 7-10?+2-10° Om-sm.; taraz-
ligda  olan yiikdastyicilarin -~ konsentrasiyasi
Ne=10+10' sm3 vo vyiikdastyicilarin yiiriikliiyi
Ho~500 +800 sm?/V-san olmusdur [7]. In1xSmxSe(x=0;
0,01;0,03; 0,05; 0,07) Ugin iss yiikdastyicilarin konsentra-
siyast ng=~7-10% + 8-10% sm?3, yiikdasiyicilarin yiiriik-
Iyl po~117,5 + 2,52 sm?/V-san olmusdur [2]. Milay-
yon edilmisdir ki, daxil edilon NTE-nin tobiatindan, fi-
ziki-kimyavi xassslorindon asili olaraq alinmis birlog-
moloarin totbiq imkanlar1 deyise bilor. Kristallarda in-
dium atomlarinin NTE-nin atomlar1 ilo avaz edildikda
donor tipli saviyyalorin yiksalmosina gatirir ki, bu da
n—tip kegiriciliyin yaranmasina sorait yaradir.

Toacriba va naticalorin mizakirasi

Elektrik  xassolorini  todgiq etmok  ({gln
In1«Sm,Se (x=0; 0,01; 0,03; 0,05; 0,07) va In1«ErSe
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(x=0; 0,0001; 0,0003; 0,0005; 0,0007) bircins kristallar
alinmigdir. Bunun {¢lin In-In 000, Se B-599,99999, Sm
M-1 vo Er F-3 markali elementlordon istifado edilmis-
dir. In, Sm, Se va In, Er, Se kimyavi elementlori stexi-
Oometriyaya uygun olaraq ¢okilmis vo havasi
10"*mm.c.s(t. godor sorulmus kvars ampulaya dolduru-
lur. IniSMSe (x=0; 0,01; 0,03; 0,05; 0,07) vo Ina.
xErSe (x=0; 0,0001; 0,0003; 0,0005; 0,0007) mono-
Kristallar1 saquli Bricman Usulu ilo yetigdirilmisdir.

0,01 0,03 0,05 o.07

Sokil 1. T=294K temperaturda In1xErxSe (x=0; 0,01;
0,03; 0,05; 0,07) (ayri 1) va In1.xSmxSe (x=0;
0,01; 0,03; 0,05; 0,07) (ayri 2) monokristallari-
nin elektrik kegiriciliyinin torkibdon asililig.

Ampulanin sobada horokat sirati 0,3 sm/saat togkil
etmisdir. Alinan orintilor diferensial termik analiz
(DTA), rentgen faza analizi (RFA) metodlari ilo tadqiq
edilmis, onlarim sixlig1, mikroméhkamliyi vo elektrik
xassalori Olglilmiisdiir. Analizin naticalorine géro mu-
ayyan edilmisdir ki, monokristallar gofos parametrlori
a=(4,04+0,01)-10* mkm, c¢=(16,90+0,03)-10* mkm.
olan heksaqonal struktura malik aliniblar. Bu magsadla
muasir vo doqiq (ICK-910, ADVNCE-8D, SINTECP-
21, IPOH-4-07) 6l¢ii qurgularindan istifads edilmisdir
[9]. InixSmSe (x=0; 0,01; 0,03; 0,05; 0,07) vo
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InixErSe (x=0; 0,0001; 0,0003; 0,0005; 0,0007) mo-
nokristallarinin bork mohlullarinin elektrofiziki xasse-
lorini muoyyan etmok tciin nimunalor hazirlanmigdir.
Todgig olunan nimunalor 6lgiilori 10x4x2mm3 olan
paralelepiped soklindo olmusdur. Kontakt materiali
olaraq glimiis pastasindan istifade edilmisdir. Kontakt-
lar niimunalarin oks sathlorina qarsi-qarsiya yerlosdi-
rilmigdir.

Sokil 1-do otaq temperaturunda (T=294K)
In1xSmySe (x=0; 0,01; 0,03; 0,05; 0,07) va Ini«ErSe
(x=0; 0,0001; 0,0003; 0,0005; 0,0007) monokristalla-
rinin elektrikkegiriciliyinin torkibdon asililigi verilmis-
dir. Sokildon goériindlyl kimi p-InSe monokristalinin
elektrik kegiriciliyi torkibinds Sm vo Er-nin miqdari
artdigca InogeSMop1Se vo Ini«ErnSe (x=0; 0,0001;
0,0003; 0,0005; 0,0007) monokristalinin elektrik Kegi-
riciliyindon 3 tortib artir. Elektrik kegiriciliyinin tipi
In1«Sm,Se (x=0; 0,01; 0,03; 0,05; 0,07) va InixErSe
(x=0; 0,0001; 0,0003; 0,0005; 0,0007) kristallar1 tigiin
termo e.h.g-nin isarasine gora miayyan edilmisdir.

n, sm’

1o ! L
0.01 003 004
Sakil 2. T=294K temperaturda Ini.xErxSe (x=0;
0,0001; 0,0003; 0,0005; 0,0007) monokristal-
lar1 (ayri 1) va InixSmxSe (x=0; 0,01; 0,03;
0,05; 0,07) (oyri 2) monokristallarinda ytikda-
styicilarin konsentrasiyalarinin torkibdon
astlilig1
Sakil 2-do otaq temperaturunda InixErSe (x=0;
0,0001; 0,0003; 0,0005; 0,0007) va In1.xSMySe (x=0;

0,07

0,01; 0,03; 0,05; 0,07) monokristallarinda yiikdastyici-
larin konsentrasiyalarinin torkibden asililigi gostoril-
migdir. Sokildon goriinduyi kimi, monokristallarin tor-
kibinds Er vo Sm-un miqdari artdiqca, yiikdastyicilarin
konsentrasiyasi artir. Bu elektrik kegiriciliyinin artma-
sina sabob olur.

Sakil 3-do otaq temperaturunda In1.xSmySe (x=0;
0,01; 0,03; 0,05; 0,07) monokristallarinda yiikdastyici-
larm yurikliytnin torkibdon asililigi gostorilmisdir.
Sakildan goriindr ki, monokristallarin tarkibinds Sm-un
miqdari artdiqca, yiikdastyicilarin yiiriikliyii azalir.

IL sm’/BC

-1
\ \ | |
0,01 0,03 0,05 0,07

10

Sokil 3. T=294K temperaturda In1xSmxSe (x=0; 0,01;
0,03; 0,05; 0,07) monokristallarinda
yurlkliyin torkibdon asililig:

Beloliklo doa In1xErxSe (x=0; 0,0001; 0,0003; 0,0005;
0,0007) va In1-xSmxSe(x=0; 0,01; 0,03; 0,05; 0,07) monokris-
tallarinda 294K temperaturda elektrik xassalarinin torkibdon
asthiligi aragdirilmigdir. InSe-na Sm vo Er daxil edilmosi elek-
trik kegiriciliyini nozoro carpacaq dorocods artirir (3 tortib).
Miioyyan edilmisdir ki, In;xSmySe (x=0; 0,01; 0,03; 0,05;
0,07) vo InixErSe (x=0; 0,0001; 0,0003; 0,0005;
0,0007) monokristallarinin torkibindo Sm vo Er-mun
miqdar artdiqca, tarazliqda olan yiikdastyicilarin kon-
sentrasiyasi da artir. Bu da elektrik kegiriciliyinin art-
masina sobab olur.

[1] 4.3. A6acosa, P.C.Maoamos, B.U. Cmagees. Pa-
AUAIMMOHHO CTUMYJIMPOBAHHBIE TIPOILIECCHI B
XaIlbKOTEHUIHBIX CTPYKTypax. baky: 3mm, 2010,
349 c.

[2] G.I. Isakov, A.A. Ismailov, N.Z. Gasanov,
P.G. Ismailova, A.A. Ismailov Electrophysical
properties of In.,Sm,Se crystals at different
doses of y-irradiation Polish journal of science
2024, Ne 71, p.43-49.
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M3Ty4eHui Ha MoHOKpucTayutel InSe. IIpenpunt
Ne 3 UDOAH, 1984, c.16.

[4] C.H. Mycmaghaesa, M.M. Acados, A.A. Hcmau-
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cocTosiHusAM B MoHOKpuctaie InSe u InSe<Sn>.
®uszuka Huzkux Temnepatyp, 2010, 1.36, Ne 7, c.
805-808.
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of sosial and Humanitar Research. Global Rearch,
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[91 I'U. Hcaxos, A.A. Hcmaunos, I1.I. Hcmaunosa,
A.A. Hemaunos, C.C. A60unbexos, X1 Benube-
xos, T.A. Opyooices. INEKTPUUCCKUE CBOICTBA
MOHOKPHCTAIDIOB InpgeSMoo1Se u InggoEroo1Se
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P.H. Ismayilova, A.A. Ismailov, A.A. Ismailov, X.Sh. Velibekov

ELECTRICAL PROPERTIES OF InixSmxSe (x=0; 0,01; 0,03; 0,05; 0,07)
AND In1«ErxSe (x=0; 0,0001; 0,0003; 0,0005; 0,0007) CRYSTALS

In1xErxSe (x=0; 0.0001; 0.0003; 0.0005; 0.0007) and In1xSmxSe (x=0; 0.01; 0.03; 0.05; 0.07) at 294K temperature) the
dependence of electrical properties on the composition of single crystals was investigated. As the amount of Er and Sm in
single crystals increases, the concentration of charge carriers in equilibrium increases. This leads to a noticeable increase in

electrical conductivity (3 designs).
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KECID METALI Ni iLO ASQARLANMIS TIGaS; MONOKRISTALLARININ
OPTIK XASSOLORI

P.H. iISMAYILOVA, N.Z. HOSONOV, A.0. HACIYEVA, M.C. NOCOFZADO
Azorbaycan Respublikasi, Elm va Tahsil Nazirliyi, H.M.Abdullayev adina Fizika Institutu,
Baki: AZ-1073, H.Cavid, 131
e-mail: p.ismayilova@physics.science.az

Kegid metali Ni ilo agqarlanmig TIGaS: kristallarinin sintezi vo yetigdirilmosi noticasinds keyfiyyatli monokristallar alin-
migdir. 77-300 K temperatur intervalinda monokristallarinda optik udma konar todqiq edilmig Vo qadagan zonanin eninin

temperaturdan asililigt misyyon olunmusdur.

Acar sozlor: xalkogenid, kegid metal, nikel, optik udma konari, qadagan zonanin eni.

PACS: 61.50.Ks, 77.80.Bh.

Muasir dévrde molum kristallar arasinda layli qu-
rulusa malik A"B™C," grupuna daxil olan liggat yarim-
kegirici birlogsmalar TIInS,, TIGaS; va TIGaSe, mihim
yer tutur. Bu yarimkegirici birlasmalarin kristal qurulu-
su [1,2] islords otrafli 6yronilmigdir. Layli qurulusa ma-
lik kristallar lay daxili guclii kovalent-ion, laylar arasi
zoif Van-der-Vaals slago novil ilo xarakterizo olunurlar
[3]. Lay daxilinds atomlar arasindaki mosafo laylar ara-
sindaki moesafadan ¢ox Kigikdir. Lay anion vo kationla-
rin yerlogdiyi miistovilordan ibarstdir. Laylar arasin-
daki zoif Van-der-Vaals qlivvslori hesabina laylar bir-
birina nisbaton zaif do olsa, yerlorini dayisirlor. Laylar
arasinda zoif slago asanliqla deffektlorin yaranmasina
imkan verir. Laylarin birlasmasindoki defektlor, dislo-
kasiyalar, anizotropiyaya sobob olur. A"B™C," grupu-
na aid olan ham yarimkegirici, ham do seqnetoelektrik
xassalora malik tggat birlosmo T1GaS; gofos parametr-
lori a=10.299 A, b=10.284 A, c=15,175A, B=99,6°
[4,5], foza grupu Cx®-C2/c olan monoklin strukturda
kristallagirlar. Bu qrupa daxil olan kristallarin fiziki
xassalori kaskin anizotropluga malik olurlar. Anizotro-
piyaya malik yarimkegiricilor sinfini genislondirmok,
onlarda yeni xassalor yaratmagq magsadi ilo onlarin
NTE vs ya kegid metallart ilo agqarlanmas1 maQsad-
yonli sokilds aparilir.

Hom yarimkegirici, ham do segnetoelektrik xasso-
lara malik TIGasS; nainki elmi marag, hamginin praktiki
maraq dogurur. Bels ki, onlar gériinan vs infraqirmiz
oblastda yuksok fotohassasliga malik olub giinas ele-
mentlorinin, fotocevricilorin, tenzorentgen detektorla-
rin va y-sensorlarin hazirlanmasi ti¢iin perspektivli ma-
teriallardir. Malumdur ki, bu birlogsmoloro miixtslif as-
garlar vurmagla onlarin fiziki xassalorini doyismok
olar. Umumiyyatlo,elementar gofoso daxil edilmis as-
garin noviiniin se¢ilmasi onlarin kimyavi aktivliyins,
ion radiusunun, koordinasiya adadinin giymatins osa-
son edilir. Agqar va asas atomun ion radiuslar1 vo hom-
¢inin onlarm elektromanfiliklari arasindaki farq Kicik
oldugda agqar atomun asas maddadas hall olmasi va asas
atomun diiyunlarinds yerlogmasi ehtimali daha goxdur.
Qarsimiza qoydugumuz asas masals kecid metali nikel
ilo 1 mol% agqarlanmig T1GaS; kristallarin sintezi, ye-
tigdirilmo texnologiyasinin iglonmasi, alinmis TIGa;.
xNixSz bork mohlulun optik xassolorinin todgigidir.
Todgigatimizda T1GaSz—nin kristal gofasina nikelin
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daxil edilmasi zamani onun ion radiusu r=0,69 A, [6],
elektromonfiliyi 1,9 olmasi nazoro alinmisdir. Bels Ki,
TIGaoNio0:S; Ga-nmn ion radiusu r=0,62 A, [6],
elektromonfiliyi iso 1,6 oldugundan Ga—Ni avazlo-
masi mimkundar.

TIGa;xNixSz (x=0,01) bark mohlullar ilkin ele-
mentlorin stexiometrik nisbatinds 102 Pa vakuum yara-
dilmisg kvars ampulada birbaga aritma yolu ilo sintez
olunmugdur. Ampula iifiiqi vaziyystds bir hissasi soba-
nin igarisinds, digar hissasi sobadan konarda galmagla
yerlogdirilmigdir. Sintez prosesi bir nego morhalods
aparilmigdir. Belo ki, 1-ci marhalodo ampulada ugucu
komponent kiikiirdiin oldugunu nazars alaraq sobanin
temperaturu kikirdln arima temperaturuna T=386K-2
gadar tadricon qaldirihir ki, kiikiirdiin buxarlanma siirati
kimyavi reaksiyanin getma Siratini agsmasin,aks halda
ampula partlaya bilor. Ampulanin sobadan konarinda
galan hissosinin temperaturu nisboton asagi oldugun-
dan kikird buxarlanaraq ampulanin soyuq divarina
yapisir. Kondensa olundugdan sonra yenidan yuksak
temperaturlu zonaya qayidir ki, bu da daxili tozyigin
doymus buxarin tazyigine gadoar qalxmasina mane olur.
Ampulanin partlamasinin qargisint alinir. 2-gi morhalo-
do sobanin temperaturu birlosmonin (TIGaS;) arima
temperaturuna (1165 K) galdirilir. Srinti bu tempera-
turda 15 saat saxlanilir k1, bu da kimyovi reaksiyanin
tam getmosino xidmot edir. 3-cli marholads nikelin ori-
mo temperaturunun yiiksak oldugunu (1726 R) nazors
alarag sobanin temperaturunu 1550 K-o gadar qaldirib
bu temperaturda 3-4 gun saxlayaraq orinti yavas-yavas
garigdirilir ki, bu da orimokds olan komponentlor ara-
sindaki qarsiligh tosirin tam getmasi,onlarin bir-birino
diffuziyasi va kristalin galiqlarinin tam hoall olunmasi
tiglin vacibdir. Ondan sonra ampula otaq temperaturuna
goadoar soyudulur. Alinan polikristallarin birfazali olma-
lar1 RFA vo mikrostruktur analizls yoxlanilir.

Sintez edilmis TIGaS; <Ni 1mol%> kristalinin
nimunslori toz halina salinaraq CuK, manbayindan
stialandirilmaqla rentgen difraktogrami gokilmisdir.
Olgmolor BRUKER XBD D2-PHASER cihazinda apa-
rilmigdir. Difraktogramin tosnifati vo arasdirilmasi
EVA va Topaz-4.2 proqramlari vasitosila aparilib. Di-
fraktogramin analizi tadgiq olunan maddsnin TIGaS;
birlosmosinin [4]-doki gofos parametrlorinin oldugu
kimidir.
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KECID METALI Ni iLO ASQARLANMIS TIGaS; MONOKRISTALLARININ OPTIiK XASSOL ORI

Tadgigatimizin naticasinde milayyan edilmisdir  Belaliklo tadgiq etdiyimiz T1GaS, <Ni 1mol%> kristali
ki, TIGaggoNio01S2 bir fazalidir, biitiin difraksiya oks-  monoklin fazasina aiddir vo TIGaS; kristali ilo izo-
olmalar1 birgiymatli olaraq elementar gofos parametr-  strukturludur.
lori [4,5]-do verilmis monoklin T1GaS;—-ya uygundur.I
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Sakil 1. TIGaSz kristalinin difraktoqrammast.

1000
B DOF (34018 TiinS 3 Prakizn rave) Hm (1) a0 3900 Bt ) 2840 o1 1750 e 0 i f o
o]
o
00}
oo
£
2 e
i
wnd
0
2003
: _J 'Y
o e A s e )
e
T - T T T T T
» ® » “ » =
2Theta (Coupled TwoThetaTheta) WL=1,54060
L]
wa Descrionon
Donment
i vews
Setengs § Chemseal Fiter - | Diatabase Fiter
=[] ahera 1 Scan
=l | 240918 TGaS1HN Pakire.rawm #1 {Coupted TwoThela/Thels)

|1 | DIF (290918 _TGa5248_Pecne raw)  2m (15) 810, 2990 b= 10, 2840 =15, 1750 =0,0 Jatfi. by =900

Sakil 2. TIGaS2<Ni 1mol%> kristalinin difraktoqgrammasi.
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Sakil 3. TIGaSz va TIGao,e9Ni0,01S2 monokristallarinda eksiton pikinin enerjisinin temperaturdan astlilig1.
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Optik élgmoalor l¢lin TIGaS,<Ni 1mol%> mono-
kristallar1 Bricmen metodu ils yetigdirilmisdir [7] Mo-
nokristal yetisdirmok {icun polikristal xirdalanaraq
uzunlugu 15sm olan galin divarli, ucu iynovari olan
kvars ampulaya doldurulur. 10 Pa godor vakuumlas-
dirllmig kvars ampula kvars tutacagin komayilo iki
temperaturlu pegin 1-ci zonasina yerlogdirilir. Bu zona-
da pegin temperaturu 1165 * 30 K (T1GaS, —nin arime
temperaturundan yiksak), godor todricon qaldirilir.
Ampula bu temperaturda 5-10 saat saxlanilir, vibrasiya
edilir ki hall olma prosesi ugurla getsin. Sonra xisusi
mexanizmin kémayi ilo 0,5-1 mm/saat suratilo 2-ci zo-
naya buraxilir. Burada temperatur arima temperturun-
dan 50 K asag1 olur. Ampulanin iynavari formada olan
ucu nishotan soyuq zonaya kecon zaman ucda olan kris-
tallagsma morkazlorindon biri ampulanin yuxari hissasi-
no dogru boyiiyiir, yoni kristallagmani yuxariya dogru
yuksaldir. Kristallagma zonasinda temperatur qradiyen-
ti 40 K /saat olmalidir. Kristallagma zonasini kecdikdon
sonra ampula tablama zonasma daxil olur Ki, burada
temperatur T=2/3T,-dir. Tablama prosesi kristalin bar-
kimosi zaman1 meydana ¢ixan daxili garginliyi azaldir.
Bu zonada 1-2 giin saxlanilir. Sonra ampula otaq tem-
peraturuna godor soyudulur. Pegin temperaturunu
10K /saat suiratlo azaltmagla buna nail olunur.

TIGaS;<Ni 1mol%> layl yarimkegirici kristal-
larmn optik udulma spektrini dyronmak G¢uin nimunalor
monokristal kilgadon ayrilmis vo qalinhiglar1 20-
80mkm olan nazik l8vholor saklinds hazirlanmigdir.
Optik buraxma spektrlorin todgigi ssasinda MDR-23
monoxromatoru ve 77-300 K intervalda temperaturu

sabit saxlayan UTREKS azot kriostat1 olan qurgunun
kdmayi ilo aparilmigdir. Sua gabuledicisi kimi FEU-
100 cihazindan istifado olunmusdur. Qurgunun ayird-
etmo gabiliyyat: 2 A-dir.

TIGaS;<Ni 1mol%> monokristalinin optik udma
konar1 77-300 K temperatur intervalinda tadqiq olun-
musdur. Eksperiment gostordi ki, temperaturun azal-
masi ils udulma sorhadi uzundalgali oblasta dogru sii-
rigir. 77-200 K temperaturda moxsusi udma sarhadi
yaxmliginda diiz kegido moxsus eksiton zolagi miisa-
hida olunur. Miixtslif temperaturlarda eksiton pikinin
enerjisinin temperatur omsali toyin olunmusdur. 77-
200K temperatur intervalinda TIGaS;<Ni 1mol%>-do
eksiton pikinin enerjisinin temperatur omsali T1GaS; —
do oldugu kimi miisbat isaralidir. Sokil 3-do TIGaS; va
TIGao,99Nio01S2, monokristallarinda eksiton pikinin
enerjisinin temperaturdan asililig1 verilmisdir.

TIGaS,-ds Ga ionlarinin kegid metali Ni ilo gis-
man avaz olunmasi naticasinda eksiton pikinin tempe-
ratur gradienti doayisir, masalon 77-200 K-do TIGaS;
UQUH dE/C”-:].,G'].O'4 EV/K, TlGaovggNiov()lSz UQUI’] iso
dE/dT=2,28-10* eV/K, basqa sdzlo nozoro garpacaq
doracodo boylkdir. TIGagesNio01S2 bark mohlulunda
gadagan zonanin eninin boyiimasi TIGaS;-ya nozoron
5-6 meV toskil edir, masalon 77 K-do TIGaS; lc¢ln
E®=2,615 eV, TlGagesNio 1S, Uiglin iso E*=2,620 eV.
Bagqa sozlo nazors alsaq ki, eksitonun olago enerjisi
temperaturdan asili olaraq ¢ox az doyisir. Ga—Ni qis-
mon avaz olunmasi naticasinds TIGaS,—nin qadagan
zOnasinin eni boyiiyiir.
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OPTICAL PROPERTIES OF TIGaS; SINGLE CRYSTALS DOPED WITH TRANSITION METAL Ni

As a result of the synthesis and growth of TIGaS: crystals doped with transition metal Ni, quality single crystals were
obtained. The optical absorption edge of single crystals in the temperature range of 77-300 K was studied and the dependence

of the forbidden zone width on temperature was determined.
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PEROVSKITOBONZOR LAYLI Nd;TiO7 BIRLOSMOSINDO
YUKSOK TOZYiQLORDO VIBRASIYA MODALARININ TOTQIiQi

A.G. ASADOV'2, A.I. MAMMADOV?, D.P. KOZLENKO? S.E. KICANOV?,
R.Z. MEHDIYEVA?, E.V. LUKIN?% O.N. LiS% R.E. HUSEYNOV?,
E.R. HUSEYNOVA!, X.i. DHMODOV?
! Institute of Physics, Ministry of Science and Education Republic of Azerbaijan,
131, H. Javid ave., Baku, 4Z 1073
2 Frank Laboratory of Neutron Physics, JINR, 141980 Dubna, Russia.
asifasadov@jinr.ru (99412)5372292

Perovskitobonzor layli Nd2Ti207 birlasmasinin vibrasiya spektrlorino yliksok tozyiqin tosiri Raman spektroskopiyasindan
istifado etmoklo 30.0 GPa-a godar tozyiglords todqiq edilmisdir. P~19.0 GPada asas monoklinik P21(C2?) fazadan monoklinik
P2(C1?) struktur faza kegidi miisahido edilmisdir. TiOs oktaedrinin shomiyysatli firlanmas: iigiin tozyiq totbiginin rolu,
atomlararas1 mosafalorin doyismasi vo Nd atomlarinin yerdoyismasi miizakiro edilmigdir.

Acar sozlor: faza kegidlori, kigik bucaq altinda sopilmo, Nd,Ti,O; birlogmasinin kristal strukturu, Raman sopilmasi.

PACs: 81.15.-z; 81.15.Rs; 81.20.Fw; 81.40Tv; 68.37Hu; 68.55-

Giris

Umumi formulu A2B,07 olan layl perovskitobon-
zar (PL) materiallar piezoelektrik xassolori [1] vo miia-
sir texnologiyalarda miixtolif totbiglori sayesindo [2]
boyiik maraga sobab olur. Yiiksok Kiiri (Tc) tempera-
turlar1 vo dielektrik niifuzlugu (¢) onlar1 digor ferro-
elektriklordan fargli edir. Bununla yanasi, PL birlogma-
lorindo miigavimat Olgmolori asagi temperaturlarda
yiiksok anizotrop kegiricilik gostarir [3], bu da bu mate-
riallar1 temperaturla idars olunan metal-yarimkegirici
kecidlori ilo miisahids olunan kvazi-bir-6l¢uli metalla-
ra cevirir [4]. Olaves olaraq, otraf mithitin ¢irklondirici-
lorinin parcalanmasinda vo sudan hidrogenin ayrilma-
sinda fotokatalizator olaraq, fotokatalitik foaliyyati ar-
tirmaq tigtin istifado edilir. [5-7].

Sakil 1. Nd2Ti207 birlogsmasinin a ve ¢ oxu istigamatlori
Uzro kristallografik tasvir sxemi.

B,O; ferroelektriklorinin kristal qurulusu oksi-
genls zangin bosluglarla ayrilmig struktur tabagalori
amalo gatiran eyni bucagh kiinclords gostorilon BOs
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oktaedrlari vo 12 koordinasiyali A kationlar: ilo gds-
torilir (sokil 1). Malumdur ki, PL materiallarinda spon-
tan polarizasiya nadir torpag ionlarinin a oxuna perpen-
dikulyar yerdayismolari, hamginin TiOg oktaedrlorinin
b kristallografik oxu strafinda firlanmalar1 ilo mioyyan
edilir [10]. Nd2Ti>O7-nin yliksok temperatur todgigatla-
rinda ilkin P2; (C,?) -don ortorombik Cma2; (C*%) fa-
zasina struktur faza kegidinin miisaido edilmosi gosto-
rilir ki, yeni faza, nadir torpag ionlarinin mévgelorinin
bir godar doyismosi, hamginin TiOs oktaedrinin tohrif
edilmoasi va ayilmoasi ilo forglonir [11]. Qeyd olunur ki,
PL birlogmalarinin kristal strukturunda nadir torpaq
ionlarinin oktaedral ohatasi va struktur dizilisii onla-
rin elektrik vo dielektrik xassalorinds miithiim rol oyna-
yir [12]. Demak olar Ki, yiiksak tozyiqlarin birbasa tsul
olarag atomlararas1 masafalarin vo bucaglarin tanzim-
lonmasi PL birlosmolarinin fiziki xassalorins tosiri ot-
rafli oyronilmisdir. Belalikls, La;Ti,O7- do ~16.8 GPa
tozyiqdo bas veron faza kecgidinin izahi verilmis vo
monoklinik P2 (C,!) fazasina izostruktur faza kegidinin
bas vermasi gostorilmisdir [11,13]. Yiksok tozyiq faza-
s1 TiOg oktaedrinin ayilmasi vo nadir torpag ionlarinin
struktur tobagalarinin yenidan nizalanmasi hesabina il-
kin ferroelektrik fazanin pozulmast ilo miayyan edilir.
PL ferroelektriklori arasinda Nd;Ti,O7 birlasmasinda
nadir torpaqg ionlarinin La,Ti,O7 ilo migayisads daha
kicik ion radiusuna malik olmasi va bu sabobdoan daha
yiiksok struktur pozgunlugu ils xarakterizs olundugun-
dan, onun ferroelektrik xassalorininds daha xisusi azal-
masini g6zlomok olar [14]. Nd,Ti,O7 PL birlosmasinin
struktur vo vibrasiya xassalarins yiiksak tozyiqin tosiri-
ni basa diismok Uglin biz 0-30,0 GPa tozyiq diapazo-
nunda Raman spektroskopiya sulundan da istifado
edorok otrafli todgigatlar apardiq.

Experiment

Nd,TiO7 birlogsmasinin  nimunolorinin  sintezi
tgln minerallasma - polimerlosmo kompleks tsulun-
dan istifado edilmisdir. Tlkin komponentlor kimi tetra-
butil titanat (C16H3604Ti), etilen glikol (C2HO5), limon
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tursusu (CeHsO7) va niodim nitrat (Nd(NO3z)3 x 6H20)
istifado edilmisdir. Qarisiq prekursor mohlulu, artiq
sorbost su buxarlanana vo 0z-6ziino alovlanana godor
gizdirilaraq konsentro edilmisdir. Kristallig: artirmagq
tciin hazirlanmig nimunalori mufel sobasinda 3 saat or-
zinds 1000°C-do gizdirilmusdir. Ilkin rentgen analizi
Nd.Ti>07-nin saf monoklinik PL fazasini gdstarir. Bun-
dan alavas, Nd,Ti>O7 birlogsmasinin kristal qurulusu ney-
tron difraksiya dsulu ilo todgiq edilmisdir. Olgmoalor
DN-6 difraktometri [16] ilo IBR-2 yiiksok axinl im-
pulslu reaktorda (FLNP JINR, Dubna, Rusiya) aparil-
misdir. Olds edilmis kristal qurulus parametrlori sira-
lanmisdir  vo qofes parametrlori  a=7,763(4)A,
b=5,503(2)A, ¢=25,962(3)A vo p=98,412(2)0 son za-
manlar tapilanlarla yaxs1 uygunlagdirilmigdir[17].

Raman spektrlori otraf mihitin temperaturunda,
latm- 30,8 GPa-a godor tozyiqds He-Ne lazerindon ya-
yilan 633 nm dalga uzunluglu ilo Confotec® Duo spek-
trometrindon (SOL instruments GmbH, Augsburg,
Almaniya), 1800 daracadan, 10 um dslik, diapazon
20sm™1-1100sm™ ! va x20 obyektivdon istifads edilarak
toplanmisdir. Raman spektrlorinin spektral ayirdetmo
gabiliyyati 2,5 sm™* - 3,2 sm™~ *-dir.

Yiksok tozyiq tocriibolorindo Boehler-Almax
Plate tipli almaz anvil gofosi istifado edilmisdir.

200um-lik kuletlori olan almazlar istifado edilmisdir.
J

Nimuns, toxminon 30 um gahinhg: olan Re gasgetds
hazirlanmig 100 pm diametrli doaliysa yiklonmisdir.
Tozyiq metanol-etanol (4:1) garisig mihitinds yaqut
fllioresensiya texnikasindan istifado etmoklo 6l¢tlmiis-
dir [19].

Tozyiq Olgmalorinds Almaz Anvil Qafasinds
(DAC) niimunsnin yaninda tozyigqélgan Kimi yaqut gip-
larindon istifads etdik. Mikroskopik miisahidalor zama-
nt yaqut ¢iplori DAC-da yaqut ciplarini vizual olaraq
tayin etmays imkan veran guclandirilmis parlagliq gos-
tordi. ilkin sortlordo (P = 1 atm, T = otraf miihitin tem-
peraturu) yaqut kristal Uclin asas Raman rejimi tox-
minan 694,24 nm-dir. Sonra bu Raman rejiminin doyis-
mosini tohlil edarok, Shen et. al. [20] torafindon gdsto-
rilon tonliklo hesabladiq.

Miuzakira

NdTi>07 birlogsmasinin seg¢ilmis tozyiglards 6l¢u-
lon Raman spektrlori sokil 2-do gdstorilmisdir. Goriin-
diyl kimi, straf miihit soraitinds oldo edilmis Raman
spektrlari imumiyyotls La,Ti»O7 birlosmasi ¢lin son
zamanlar miisahido edilon spektrlorino banzoyir. P2;
(C2%)- in monoklinik kristal qurulusu iiciin simmetriya,
grup noazoriyyasi 132 Raman-aktiv modasimi gostorir
[12].
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Sokil 2. Raman spektrlari (2) vo Nd2Ti207-nin genislondirilmig hissalari (b va ¢) 0,9 GPa-dan 30,8 GPa-a godor
tozyiqdo vo otaq temperaturunda. Tacriibo 633 nm He -Ne lazeri ilo 20 sm-%-1100 sm™ diapazonda

aparilmigdir.

Faza kecidinin bas verdiyi tozyiqdon asag1 tozyig-
lords P < 19.2 GPa, miigsahids olunan dalga adadinin
artmasi bas verir. Vibrasiya modalarinin tozyiqden asi-
liliglar1 .gokil 3-do gdsterilmisdir. Bu kontekstdo, 61,9
sm™ - 459,7 sm™! arasinda dalga ododi diapazonunu
ohats edon Raman modalar1 Nd-O qarsiligli tasirlarinin
gofas vibrasiyalarina aid olaraq toyin edilmisdir.

Eynilo, 459,7sm™ - 571,3sm ! arasinda olan vib-
rasiya modalar1 TiOg oktaedr vibrasiyalarina aid edil-
mis, dalga ododi diapazonu 788,6 sm™ ! - 814,6 sm™ !
arasinda olanlar iss TiOg vibrasiyalarina aid edilmigdir.
Raman vibrasiya modalar1 torafinden miisaide edilon
tozyiglo bagh dayisikliklar tatbig olunan tazyiq yiiksal-
dikco artirilmig Raman siiriismoalorine nazaragarpacaq
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meyl gostorir. Nd-O atomlarinin  vibrasiyalarinin
mixtolif névlorine uygun 196.2 sm™ !, 205.0 sm™ 1,
221,0sm~ !, 2556 sm~ !, 289,0 sm ~%, 321,0 sm ! vo
350,9sm* dalga uzunluglarinda olan vibrasiya modala-
rinin ya tamam yoxa ¢ixmasina vo ya da modalarin
intensivliyinin yoxa ¢ixmasi va ya fonun itirilmasine
gotirir. Raman vibrasiya modalarinda miisahido edilon
zoiflomonin atomlarin [22], x{isuson do TiOg Oktaedri
ilo shato olunmus Ndi, Nd2, Nd7 vo Ndg kimi geyd olu-
nanlarin foza qurulusuna aid edilo bilocayi dUsiinQ-
lur.Yiksok tozyiq soraitinde bu oktaedral vahidlarin
pozulmasi bas verir, Bu Nd-O slagalarinin uzunlugu-
nun azalmasina gatirib ¢ixarir vo bununla da vibrasi-
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yanin yayilmasina mane olur. Bu forgli modalar, miva-
fiq adobiyyatda gosterildiyi kimi, Nd atomlarinin koor-
dinasiya odadlorindoki doyisikliklorlo izah oluna bilor
[23]. Bu isa Nd,Ti>07 birlogmasinds giman edilon faza
kegidinin davamli xarakterinin gostoricisi ola bilor
[11]. Baozi slave Raman modalarinin yer almasi agagi
simmetriyali monoklinik fazaya kegidin gostaricisi ola
bilor, bu da rentgen analizlorinin naticaloari ilo tosdig-
lonir. Yiksak tozyiq amsallar1 va Qriineisen parametr-
lori 162,7 sm™%,365,0 sm %, 512,6 sm ! vo 571,3sm !
olags modalari monfidir vo onlar geyri-anizotropik Nd

— O olagalori vo TiOg vibrasiyalar1 deformasiyani oks
|

etdiron kifayat godor forgli giymotloro malikdirlor. Bu
kontekstdo, ylksak tazyigli mihitda, avvalcodon mov-
cud olan monoklinik struktur konfiqurasiyadan yeni bir
fazanin omalo golmasi ils izah edils bilor. Bu yaranan
fazada TiOg oktaedrlarinin moruz qaldigi nozaragarpa-
caq bucaq tohrifi, Nds, Nds, Nds vo Nds atomlarinin ¢
OXu istigamati boyunca bag verdiyi yerdayisma il bir-
likdo Nd-O slagssinin uzanmast ils naticalonir. Bu nati-
cavi uzanma bu slagslarls bagli enerjini shomiyysatli
daracada gliclondirir va naticads Raman siiriismalarinin
asag1 spektral rejiminds nozaragarpacaq doaracads zoif-
lomasina sabab olur.
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Sakil 3. Nd2Ti207-nin vibrasiya modalarinin tozyiqdon asililiglar: va onlarin xatti interpolyasiyasi. Kosik xatlor struktur
faza kegidino uygun galon tozyiqi P = 19,2 GPa ifads edir. Biitlin malumat ndqtolori xiisusi tazyiqds unikal
Raman rejimini tomsil edir vo xatti funksiya ilo tochiz edilmisdir.

Kristal qurulugun artan pozgunlugu Nd,Ti,O7-doa
ferroelektrik xassolorinin azalmasina sobab ola bilor.
Yiksok tozyiglords togribon ~800.0 sm™ *-do yerloson
dublet daxilinds intensivliyin nozoaragarpacaq doracada
yenidon paylanmasi miisahids edilir. Bu nazars ¢arpan
fenomen, ovvalki isdo [26] gostorildiyi kimi, tohrif
olunmus TiOs oktaedrlorinin simmetriyast ils edils bi-
lor. Tadqiqat zamani agkar edilmis Raman spektrlarin-
doki doyisikliklorin Nd,Ti,O7-nin ilkin asagi tozyiq
fazasinda 6ziinli gdstoran struktur geyri-sabitliyini oks
etdiro bilar vo bununla da bu birlosmodo ferroelektrikli-
yinin yaranmasinin garsisini ala bilor [11].Raman vib-
rasiyal modalarinin alinma rejimlorinin toyin edilmo-
sindo son todgiqatlar bir nego asas modalar1 mivaffa-
giyystlo mioyyan etmisdir [26-29]. Xususils, RE-O
sistemi daxilinds S. Jiang et al. [29] 106.6 sm™* (Nd-
0, Eg ayilmoesi), 196.2 sm™! (Nd-O, Alg syilmasi) tez-
liklarindo mihum vibrasiya modalari mioyyan etmis-
lar. Eynils, Ti-O sistemi Ggln bir ne¢s diggato calb
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edon vibrasiya modalar1 gostorilir. Bunlara 137,5 sm™1!
(O-Ti-O, B1g asimmetrik oyilma), 236,0 sm™ ! (A2u +
Eu, Multifonon prosesi), 390,7 sm~* (Nd-O masalon,
uzanma), 459,7 sm ! (O-Ti-O, masalon, asimmetrik
ayilmo), 512,6 sm~* (Alg + Blg), 610,8 sm ! (Alg, O-
Ti-O simmetrik uzanma) vo 814,6 sm™! (B2g, O- TiO
asimmetrik uzanma) tezliklords modalar daxildir.

Natica

Hesablama molumatlari birmanali sokilds gostarir
ki, otraf miihit soraitinds kristal qurulusu Nd,Ti,O7 44
atomdan ibarat vahid hiiceyro malik olan P2; ( C;?) )
monoklinik fazaya uygundur. Noticalorimiz gostorir ki,
yuksak tozyigin totbigi (P=19.2 GPa) layli perovskito-
bonzar birlosmoa c-da ilkin P2; (C;?) simmetriyasindan
P2 (C4?) simmetriyas ilo yeni monoklinik fazanin ama-
la golmasina sabab olur. 1 atm-don 30,8 GPa-a gadar
tozyiq diapazonunda atomlararas1 masafalorin tadricon
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qisaldilmas1 Nd;Ti»O7 vahid hiiceyroasinds ikinci do-
racoali faza kecidinin bag vermoasins sobab olur. Raman
vibrasiya modalarmin tohlili gdstorir ki, yiksok tozyig-
do bas veran faza kegidi {i¢iin yalmz P2 (C4?) foza grupu
toxmin edilir. Bundan olava, Nd,Ti,O7 -nin tozyigdon
asili vibrasiya modalar1 tadgiq edilmesi faza kegidina
dair mithiim anlayislarin ortaya ¢ixmasina sabob oldu.
Miuoyyon dalga diapazonlarini shate edon Raman mo-
dalart Nd-O qarsiligh tasirlorinin gofos vibrasiyalari,
TiOg oktaedr vibrasiyalari vo Ti-O uzanma vibrasiyala-
r1 kimi miioyyon edilmisdir.Yiiksok tozyiq vibrasiya
modalarinda doyisikliklori ifads edon Raman siiriigmo-
lorinin artmasina sabob oldu. Xisusilo, Nd—-O atom
muxtolif vibrasiyalarma uygun goalon miisyyan vibra-
siya modalari, ehtimal ki, Nd-O slags uzunluqglarina
tosir edan TiOg oktaedrindoki pozgunluglar sabobindon
artan tozyiq altinda yox olub v ya intensivliyini itirib.

Oksing, P =20.0 GPa oldugda miayyen dalga adadlo-
rinds yeni vibrasiya modalarinin yaranmasina, Nd
atomlarinin koordinasiya odadlorinds doyisikliklors vo
davamli faza ke¢idino isars edir. Manfi Griineisen pa-
rametrlorinin gériinmasi, yeni modalarin formalagmasi
Vs piklarin yox olmasi, TiOg oktaedrinds ayilma va Nd-
O olagalorinin uzanmasma sobob olan yeni fazanin
amoala galmasi ils slagalandirildi.

Bu struktur geyri-sabitliyi Nd.Ti,O7-do ferro-
elektrik voziyyatin yaranmasinin qarsisini ala bilar, bu
da kristal strukturunda artan pozgunluq ssbabindan si-
xilmig ferroelektrik voaziyyatlo olagolidir. Faza kegi-
dindan avval va sonra sixilma parametrlorindaki farglor
¢ oxu boyunca sixilmanin a va b oxlar1 ilo miigayisado
daha shamiyyatli oldugunu gostarir. Nd2Ti>O7 t¢ln he-
sablanmis toplu modulu avval va sonra mivafig olaraq
B0 = 191,6(3) GPa vs B0 = 202,2(3) GPa-dur.
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PEROVSKITE-LIKE NdTi207

The vibrational properties of a layered Nd2Ti2O7 have been studied by means Raman spectroscopy at pressures up to 30

GPa. The gradual structural phase transition from the initial monoclinic P21 ( C2?) phase to the monaclinic P2 (C1?) phase was
observed at P ~ 19 GPa. The role of pressure application as a trigger for a significant rotation of the TiOs octahedra, alterations
in interatomic distances, and the displacement of Nd atoms were discussed.
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As-Se, As-Se-S, As-Se-Te XALKOGENID SUSOVARI SISTEMLORINDO OPTIiK
UDULMANIN TODQIQI
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Optik udulma spektrlorinin todqigi noticasinds muioyysn olunmusdur ki, Ass0Seeo - torkibinds selenin tellurla (Te)
ovozlonmosi gadagan zona eninin koskin azalmasina sobob olur ki, bu da ¢* -orbitallar1 vo Te-Te, Se-Te rabitolorinin
LP-orbitallarinin selenin (Se) yiiriiklik araligina diigorok zona kenarinda slavs enerji hallar1 yaratmasi ilo baglidir. Selenin
(Se) kiikirdlo (S) avazlonmasi iso yliksok enerjili rabitalorin (Se-S) yaranmasina gatirir ki, bu da qadagan zona eninin (Eg)
artmast ilo naticalonir. Stexiometriyadan konara ¢ixdigda qaliq xalkogen atomlarinin konsentrasiyasinin artmasi naticasindos
Urbax enerjisinin giymatinin artmasi qurulusun nizamsizliq doracasinin artmasi ils izah olunur.

Acar sozlar: xalkogenid siiso, amorf, Urbax enerjisi
Pacs: 81.05. Gc

1.GiRiS

Spektrin infraqirmizi oblastinda yiiksok soffafliga
Va geyri-Xatti optik xtisusiyystlara malik olan xalkoge-
nid siisovari yarimkegiricilor ifraqirmizi fotonikanin
perspektivli materiallar1 hesab olunur [1]. Son illor
mixtolif xalkogenid siigalorda optik geyri-xattiliyin
todqiq olunmasi yuxarida sGylanilon fikirlari birmonali
stbut edir [2]. Todgigatlar [3] gostorir ki, As-Se,
As,Ses, As;Ss As;Tes binar xalkogenidlor ilo, miigayi-
sada zoif fonon qarsiligl tesir enerjising, yiiksok kim-
yavi davamliliga malik miirokkob komponentli As-S-
Se vo As-Se-Te siigovari maddolorin spektrin yaximn in-
fraqirmizi oblastinda yiiksok soffafliga vo genis inter-
valda dayison optik sindirma amsalina malik olmasi on-
larmn lifli optika tgiin tatbiq pespektivlarini artirir [4].
Xalkogenid siigalor asason geco gdrmo cihazlarinda,
istilik miisahido kameralarinda, giiclandiricilords, kim-
yovi sensorlarda ugurlu alternativ totbiq imkanlarina
malikdir [5]. Todgigatlar gostorir ki, torkibinds selen
(Se) va tellur (Te) olan siisolar spektrin gériinon oblas-
tinda tamamilo qeyri-soffafdir. Yoni matrisaya daha
massiv xalkogen elementlor slavo edib fonon ragslarini
modifikasiya edorok sofafliq diapazonunu spektrin
uzun dalgalar oblastina dogru genislondirmak olar. La-
kin goffafliq pancarasinin v ya oblastinin spektrin qisa
dalgalar oblastina dogru genislondirilmasi qadagan zo-
na eninin (Eg) dayismosi ils, baglh oldugundan mi-
rokkab problem hesab olunur. Bu baximdan siisalorin
optik vo mikrostruktur xassslori arasindaki slagelorin
fiziki mexanizmlori genis tosvir edilmomisdir[6].

Moagalonin moagsadi As-Se-S, As-Se-Te xalkoge-
nid stisovari sistemlorindo kimyovi torkib stexiomet-
riyasindan konaragixmalarin optik qadagan zonasina vo
Urbax enerjisins tasir mexanizmlorini aragdirmaqdr.

2. TOCRUBONIN METODIKASI VO
NUMUNOLORIN ALINMASI

As40Sego, AS405€e30S30, As4SezgTeso,
A533,3S€‘33,3533,4, AS33,3SE33,3T€‘33,4 xalkogenid sﬁsevari
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torkiblori firlanan soba iisulu ilo 950°C—don yuxari
temperaturda sintez edilmigdir. Optik tadqiqatlarin apa-
rilmasi {iglin siigo altliglar tizorinds vakuumda termik
buxarlandirma {isulu ilo d=2mk qalinligli nazik tobo-
golor alinmusdir. Nazik tobogolorin alinmasi zamani
maddonin buxarlandirilma siirati ~0.6 nm/s olmusdur.
Isdo dalga uzunlugunun /=190 +1100 nm intervalinda
optik todqigatlar aparmaga imkan veran spekol-1500
markali spektrofotometri istifado olunmus vo tocriibe-
lor otaq temperaturunda yerins yetirilmigdir. Optik bu-
raxma spektrlorinin noticolori WINASPEKT paket
program tominatindan istifado olunaraq avtomatik
rejimda komputers verilmisdir.

3. NOTiCOLOR VO ONLARIN MUZAKIROSI

Sokil la-da izostatik vo gismon elastik siiso
hallarina uygun AS10S€e60, AS40S€30S30, AS40Se30TE30 VO
AS3335€333S334, AS333S€333T€334 XalkOgenid siisolorin
optik udulma spektrlori tasvir olunmugdur. Movcud
todgiqatlar gostorir ki, XSY-lordo optik udulma om-
salinin (o) fotonun enerjisindon asilihigr ti¢ 2sas ob-
lastdan ibarstdir [7]. Fotonun enerjisinin Kigik giymat-
larinds zoif udulma oblasti (qeyd olunan halda udulma
omsali a<1 sortini 6doyarok fotonun enerjisindon zoif
asili olur), Urbax ganununa tabe olan eksponensial
udulma oblast1 (a~1+10%m?) [8] vo fotonun enerji-
sinin nisbaton yiiksok giymotlori (bu halda fotonun
enerjisi (hv) optik qadagan zonanin enindon (Eg) bo-
yuk olub hv > Ey sortini 0doyir) oblastini ohats
edon stlii asililiq oblast1.

Ustlii asililiq oblasti (sokil.1b) Taus ganununa
tabe olub, agsagidaki diisturla ifads olunur.

ahv = B(hv - Eg)" €h)

Burada, Eg- qadagan zonanin optik eni, B-Ustli
astliligin meylino uygun amsal, v- maddonin 0zarina
diigon giialanmanin tezliyi, h- Plank sabitidir. Taus ga-
nununa tabe olan (1)-asililiginin qiivvat iistii (n) amorf
selends (a-Se) n=1 olsa da, todqiq olunan tarkiblords vo


mailto:rahim-14@mail.ru

As-Se, As-Se-S, As-Se-Te XALKOGENID SUSOVARI SISTEMLORINDO OPTiK UDULMANIN TODQIiQi

o ciimlodon oksaor xalkogenid siigovari materiallarda
(As2Ses, AsySz va. s ) n=2 olub, ¢op optik kegidlorin
varligi ilo olagolondirilir [8]. Taus ganununa tabe olan
oblastdan udulma spektrlorinin grafiklorini (sokillb)
(ahv)Y2~f(hv) astilir soklinda qurub onlarm absis oxu
ilo kasigmasina ekstrapolyasiya edorak Eg-nin va qrafi-
kin meylinden B-nin qiymatlari tayin olunaraq naticalor
codval 1-do gostorilmigdir. Cadval 1-do tosvir olunan
parametrlor XSY materiallarin atom va elektron konfi-
qurasiyalar1 haqqinda informasiya aldo etmoyo imkan
verir. Cadval 1-do hamginin [9]-in miislliflori torafin-
don miirokkob komponentli siisalor (A4By,C,) tgtin tok-
lif olunan asagidaki miinasiboto osason qadagan zona-
nin optik eninin (Eg) hesablanmis qiymotlori do tosvir
olunmusdur.

Eg = XEg(A) + YEg(B)+ ZE4(C) 2)

Burada x, y vo z - tadgiq oluunan torkiblora daxil
olan elementlorin hacmi pay1, E5(A), E4(B) vo E4(C)
iso uygun olaraq A, B, C torkib elementlorinin gadagan
zonalarmin enidir (Eg). Bu islorin aparilmasi zamani
hocmi paydan atom faizs kecid atomar kitls va sixligin
giymatlori nozara alinaraq edilmis vo todgig olunan
torkiblara daxil olan ayri-ayri komponentlor lgiin optik
qadagan zona eninin (Eg) odadi giymatlori codval.1-do
tosvir olunmugdur. Naticado mloyyan olunmusdur ki,
bu maddolorin qadagan zonasinda bas veran doyismo-
lorin XSY materiallar ti¢iin [10] asarinin  muslliflori
torafindon toklif olunan model coarcgivasindo sorh
olunmast miimkiindiir.
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Sokil 1. AsaoSeso, AS40Se30S30, ASa0SesoTeso, Ass33Se33,3S334, AS333SesssTesss xalkogenid siigolorin optik udulma (a) ve
Taus qanununa uygun udulma (b) spektrlori.
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Cadval 1.

Maddalorin tacriibi, emprik toyin olunan qadagan zonalar1 vo kohesiv enerjilori

Torkiblor Egttocribi) [eV] | Egempriv[eV | Eg, [eV] B2 cm~12 gy-12 Kohesiv enerji (KE) ,
[kcal/mol]

As40Seso 1.82 1.79 1.2(As) 1266 41.2

As40SesoTeso 1.59 1.274 1.99(Se) 904 36.95

As40Se30S30 2.1 1.955 0.9(Te) 663 43.15

AS3335€33.3533.4 2.04 1.8612 540,6 39.95

AszsSessTess | 1.3 1.25907 2.6(5) 181 34.19

4

Bu models gors xalkogen atomlarinin (S,Se,Te) vo ya ! [13] gostarir ki, xalkogen atomlari arasinda homopol-

onlarin arsenium (As) atomlari ilo kimyavi olagolori ra-
bitoli (c-molekulyar orbital), antirabitoli (¢* —
orbital ) vo toklonmis elektron ciitlori orbitallar1 (LP-
orbital) ilo yaranir. Bark cisimlords bu orbitallar zolaga
cevrilir. Hesab olunur ki, LP — hallar1 valent zonasimin
yuxart (Ev), og*-hallar1 iso kegirici zonanin asag1 (Ec)
hisasini yaradir ki, hamin hissalor arasindaki energetik
mosafs do qadagan zonanm enins uygun galir. Cadval
1-don goriindiyu kimi, AsqSeso torkibinds Se-nin S-la
avaz olunmasi naticasinds optik qadagan zonasinin eni
(Eg) artir. Dogrudanda, AssSeso - torkibindo mévcud
olan selenin (Se) yaris1 kikirdlo (S) avezlondikda
yuksok enerjili rabitolor, tellurla (Te) avozlondikds iso
agag1 enerjili rabitolor yaranir (cadval 2). Tellur (Te)
torkibli nimunslords gadagan zonanin eninin koskin
azalmas1 o* -orbitallar1 vo Te-Te, Se-Te rabitoalorinin
LP-orbitallarinin selenin (Se) yiiriikliik araligina diise-
rok slave (quyrug) zona kenar1 hallarinin artmasina sa-
bob olmasi ils izah olunur [7]. Diger torafdon cadval.1
va cadval 2-don gorindiyd Kimi, tadgiq olunan tor-
kiblorin kohesiv enerjisi (KE) va qadagan zona enlori
(Eg) arasinda korelyasiya movcuddur. Yoni Se-nin S-la
gismon oavazlonmosi s6zl gedon fiziki komiyyatlorin
birgs artmasina, Te-la avazlonmasi iss onlarin anoloji
olaraq azalmasina sabab olur. Todgiq olunan maddslor-
do tistlii asililiq oblastin1 xarakterizo edon (1) dusturun-
da B-parametri nazik tobagolorin materialindan asili
olub Taus qaydasina uygun olan udulma konarinin me-
yilliliyini xarakterizo edir. B-parametri muxtalif muol-
liflor torofindon QKM-lorin nizamsizliq doracasinin
olgusi kimi, gabul olunur [11]. Mirokkob komponentli
Sb20Seso-xGex (X = 10, 15, 20 va 25) xalkogenid siigolor-
do aparilan optik vo qurulus todqiqatlar [12] gOstorir
ki, B va Urbax enerjisi (U) parametrlori geniglonmis vo
Urbax oblastinda maddanin atom va elektron konfiqu-
rasiyalar1 hagqinda moalumat slda etmoys imkan verir.
Atomik konfiqurasiyada xaotikliyin artmasi naticosin-
do B-nin azalmasi verir. Stexiometrik olan XSY -torkib-
lorda (CQdVQl.l, AS403€60, AS403930330, AS4QSE30TE30) B-
parametrinin adadi giymsatinin yuksok olmasi onlara
moxsus amorf matrisanin tokmil oldugunu gostorir. La-
kin xalkogenlo zangin olan torkiblords (cadval.l,
A533,35933,3833,4, A833,35933,3T633,4) B-nin ododi qiymati—
nin agagi olmasi atomlarin yerlasmoasindaki nizamsizliq
daracasinin yliksak oldugunu siibut edir. Dogrudan da,
geyd olunan torkiblorde Raman sapilmasi todgiqatlari
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yar rabitolorin (Se-Se, Te-Te) nisbi payinin nazars ¢ar-
pacaq saviyyads boyiik olmasi icazali zonalar strafinda
lokal hallarin sixhigimni artirir [7]. Udulma spektrlorinin
Urbax gaydasina uygun olan oblasti Ina~ f(hv) asilili-
&1 soklindo miixtolif temperaturlarda qurularaq sokil.2-
ds tosvir olunmusdur. Burada udulma samsali(o) diigon
fotonun enerjisindon eksponensial asili olub asagidaki
kimi, ifads olunur:
o(hv-Ep) hv—-

E
oy eXp [T] = qpexp ——

(0

®)

3-diisturuna osason U = o/KT -soklindo toyin olunan
Urbax enerjisinin tors qiymati (U™)

y-1= A(lnoc)/A )
\Y

soklinds toyin olunur, o-udulma kenarmin dikliyi para-
metridir. Maddoslorin miixtalif temperaturlarda ayri-
ayr1 Urbax asililiglarinin kesismo ndqtasinin koordinat-
lart (oy vo Ey) toyin olunaraq qiymaotlori cadval.2-doa
tosvir olunmusdur. Codvoal.2-do tosvir olunan parametr-
lor XSY materiallarin atom va elektron konfiqurasiya-
lar1 haqqinda dolgun informasiya oaldo etmoyo imkan
verir. Qeyd edok ki, udma konar1 yaxihginda Urbax
gaydasimi (3) ifado edon udulma omsali (o) oksar xal-
kogenid siisalords miisahids olunmusdur. Urbax qay-
dasmm 6danildiyi halda udulma smsalinin (o) fotonun
enerjisindon eksponensial asililigunin tobistini miay-
yanlagdirmak ti¢tin [14] muxtalif milahizalor mévcud-
dur. Miixtalif magalalarin [7, 14, 15] muslliflori ion vo
kovalent rabitoys malik materiallarda eksponensial asi-
liliga malik optik udulma konarint amorf maddays xas
qurulus nizamsizhiginin naticasinds meydana gslon da-
xili sahonin xaotik fluktuasiyalari ilo slagelondirirlor.
Isdo [15] nozori hesablamanin aparilmasi iigiin geyri-
bircins mikrosahonin paylanmasi bircins mikrosahanin
statistik paylanmasi ils, avoz olunur.

Gostorilmisdir ki, muxtoalif materiallarda zona ko-
narlarmin temperatur asililigi keyfiyyotco mikro saho
monbayinin tobistindon asilidir [15] . Urbax udulma ko-
nari digar tadqiqatgilar torafindon [16] icazali zonalarin
sarhadinds yerlogan va hal sixlig1 enerjidon eksponen-
sial asil1 olan lokal hallar arasindaki elektron kegidlori
ilo izah olunur.
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Sakil 2. AszSes(a), AsaoSesnSso(b), AssoSesoTeso(C), Asss3Sess 3Sssa(d) AssszSesssTessa(e) xalkogenid siisalarin mixtalif

temperaturlarda Urbax udulma oblastina uygun spektral asililiglar

Cadval 2

Urbax enerjisi (U), asililiglarinin kasismo ndqtesine uygun koordinatlari (o vo Eg) Vo rabito enerjilori

Torkiblor U meV | ao, cm? Eo, eV Rabits enerjisi, [kcal/mol] Rabits enerjisi, [kcal/mol]
As4Seso 101 4.4% 10 1.99 As-S (45.18) Se-Te (40.8)
AsaSesoTeso 196 1.36* 104 1.44 As-Se (41.2) Se-Se (44)
As405€30S30 152 2.18* 10% 2.39 As-Te (32.7) Te-Te (33)
As33.35€333533.4 153 2.6* 10* 2.38 Te-S (47.25) S-S (50.9)
Ass33SesssTessa 609 1,18*10* 1.92 Se-S (47.47) As-As (32.1)
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Temperaturun vo fotohayacanlanmanin Urbax ko-
narma tasirini dyronon [17]-in mioallifi gdstormisdir ki,
Urbax udulma kenarmnin omolo gslmasi fotoqurulus
cevrilmolarindan shomiyyatli doracods asili olan giiclii
elektron-fonon qarsihigli tasiri ilo slagodardir. Digor to-
rafdon misyyon olunmusdur ki, Urbax kenarinin for-
malagmasinda Ge-Se(S) vo As-Se(S) slagalori ilo bagl
olan fononlar ssas rol oynayir [17].

Mott vo Devis [18] oksor kristal vo geyri-kristal
materiallar i¢tin udma konarinin eksponensial gedisina
moxsus olan meyilliliyin doyismoz olduguna ssaslana-
raq zonalarin sarhadindoki lokal hallar arasindaki elek-
tron kecidlarinin Urbax udulma kenarinin yaranmasin-
daki rolunu inkar etmiglor. Mottun togiqatlarinda [18]
gostorilir ki, As;Ses vo As;Ss-do eksponensial udulma
konar1 meyilliyini xarakterizo edon I"-parametrinin qiy-
motlari 20 eV1va 18,6 eV olub onlarin hazirlanma
soraitindon asili deyildir. Apardigimiz tadqgigatlar gos-
torir ki, Urbax enerjisinin (U) (3)-dusturunda giymati
todqiq olunan XSY maddslorin Kimyavi torkibindan
asili olaraq shomiyyatli doracads doyismays moruz ga-
lir. Bu naticalor onu demays imkan verir ki, torkibdan
asili olaraq U-nun dayigsmaya moruz qalmasi icazali
zonalar konarinda olan lokal hallara uygun zolagin eni
ilo bagli olub maddonin nizamsizliq daracasini oks et-
dirir. Hesab olunur ki, Urbax oblastinda udulma bir

icazoli zonanin hallar1 ilo digar zonanin eksponensial
konarinin (quyruq) lokal hallar1 arasindak: elektron ke-
cidlori ilo slagodardir. Cadval 2-don goriindiyd Kimi,
torkibinds tellur (Te) olan XSY maddslor tgiin Urbax
enerjisinin giymati daha yuksokdir. Tellurla zongin
olan homin numunalor (AsSzs3SesssTesss ) UgUN
o* -orbitallar1 vo Te — Te , Se-Te rabitolorinin LP-
orbitallar1 selena moxsus yiiriikliik araligma diigorok
onun gadagan zonasinin kigilmasina (cadvel 1.) va
Urbax kenarina moxsus lokal hallarin artmasina gatirir.

4. XULASO

Optik todgiqatlarin naticalori gostorir ki, AsiSeso
- torkibinds selenin tellurla (Te) svozlonmasi gadagan
zona eninin (Eg) koskin azalmasma, kikirdlo (S)
avazlonmasi isa uygun olaraq Eg-nin artmasina sabab
olur. Bu natics tadgiq olunan maddalarin qadagan zona
sorhadlori otrafinda lokal hallarin konsentrasiyasinin
doyismosi ilo baglidir. Stexiometriyadan konara ¢ixdig-
da galiq xalkogen atomlarinin konsentrasiyasinin art-
masi1 naticasinds Urbax enerjisinin giymatinin artmasi
qurulusun nizamsizliq daracssinin artmasi ils izah olu-
nur.
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S.1. Mekhtiyeva, A.l. Isayev, A.Z. Abasova, R.l. Alekberov

STUDY OF OPTICAL ABSORPTION IN CHALCOGENIDE GLASSY SYSTEMS
As-Se, As-Se-S, As-Se-Te

As a result of studying the optical absorption spectra, it was established that the replacement of selenium with tellurium
(Te) in the AsaoSeso content leads to a sharp decrease in the band gap, which leads to the formation of o*-orbitals and LP
orbitals of Te-Te, Se-Te bonds with selenium (Se) is associated with the creation of additional energy states at the edge of the
zone when entering the mobility gap. Replacing selenium (Se) with sulfur (S) results in the formation of high-energy bonds
(Se-S), which results in an increase in the gap width (Eg). As a result of an increase in the concentration of residual chalcogen
atoms with deviation from stoichiometry, the increase in the value of the Urbach energy is explained by an increase in the
degree of disorder of the structure.

C.A. MexTtueBa, A.N.Ucaes, A.3. AbacoBa, P.1. Anexéepon

HUCCJIEIOBAHUE OITUYECKOI'O INOTJIOIEHUS B XAJIBKOI'EHHU/JIHbBIX
CTEKJIOOBPA3HBIX CUCTEMAX As-Se, As-Se-S, As-Se-Te

B pesynbrare uccie10BaHUs CIIEKTPOB ONTHYECKOTO MOTIIOIIEHNUS YCTaHOBIICHO, YTO 3aMelleHue ceneHa TemrypoM (Te)
B colleprKaHUH AS40S€60 TPUBOAUT K PE3KOMY YMEHBIICHHIO IIMPUHBI 3aIIPELIEHHON 30HbI, YTO NPUBOAUT K 00pa30BaHUIO G*-
opbutaneit u LP -op6utanu cesseit Te-Te, Se-Te ¢ cenenom (Se) CBSI3aHO C CO3AHUEM JIOTIOTHUTEIBHBIX SHEPIeTUUCCKUX
COCTOSIHM Ha Kparo 30HBI IPH MOMalaHuH B LIeJIb TOIBIKHOCTH. 3aMeHa celieHa (Se) Ha cepy (S) mpUBOIUT K 00pa30BaHUIO
BBICOKORHEPreTHYecKux cBs3ed (Se-S), uro mpuBoAUT K yBenuueHuto mupunsl menu (Eg). B pesynerare yBenmueHus
KOHIIGHTpPALlMK OCTaTOYHBIX ATOMOB XaJbKOT'€Ha IIPU OTKJIOHEHHH OT CTEXHOMETPHH yBEIMYCHNE 3HAYCHHUS SHEprun Ypobaxa
OOBSICHSACTCS YBEIMYCHUEM CTEIICHH HEYNOPSA0YCHHOCTH CTPYKTYPBI.
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CdGa,Tes KRISTALININ DINAMIK XASSOLORININ
AB-INITIO TODQIQIi

Z.A. CAHANGIRLI'"?", B.Q. MEHDIYEV!?, R.G. SEYIDOV?, T.0. BAYRAMOVA?
AR Elm va Tohsil Nazirliyi Fizika Institutu, AZ-1073, Baki, Azarbaycan
2AR Elm va Tohsil Nazirliyi BDU, AZ-1148, Baki, Azorbaycan
3 Azarbaycan Doviat Neft va Sonaye Universiteti, Azadliq pr., 16/21, Baki, Azarbaycan
*zakircahangirli@yahoo.com

CdGa:Tes yarimkegirici kristalinin dinamik xassaleri Hoyacanlagsma Sixliq Funksionali nazariyyassinden (DFPT) istifade
edilorok tadqiq olunmusdur. Sokkiz Raman aktiv va on iki infraqirmizi (IQ) aktiv modlar1 grup-simmetriya analizindon istifads
etmokls identifikasiya olunmusdur. Nozari olaraq hesablanmis naticalor adobiyyatdaki eksperimental naticalorlo miigayiso

edilmigdir.

Acar sézlor: CdGa:Tes, Raman, IQ aktiv modlar, fonon dispersiyas1, PDOS.

PACS: 63.20.dk, 74.25.Kc
1. Giris

A"BIMCY! iiclii birlosmolori elektrooptik, opto-
elektron vo qeyri-xotti optik cihazlarda istifads tgiin
perspektivli sayildigi iiciin todqiqatgilarin  digqstini
colb edir [1]. Bu birlogmalors optik anizotropiya, ikiqat
stiasinma, bOyik geyri-xatti hossasliq amsallari, yiiksok
fotohassasliq kimi xiisusiyyatlor xasdir. Bu xiisusiyyat-
lorin mévcudlugu, elaco do genis qadagan olunmus zo-
na bu birlogsmalari yarimkegirici cihazlarin hazirlanma-
sinda perspektivli materiallar sirasina ¢ixarir [1]. Buna
g0ra do, bu birlogmalarin fiziki xiisusiyyatlorinin tod-
gigi mihumdur. Bu mogalods CdGa.Tes kristalinin di-
namik Xxassslorinin nozori todqigatinin naticolari taqdim
olunur.

2. CdGa:Tes-Un dinamik xassalari

Ab-initio hesablamalar1 DFPT [2-4] vasitosilo
hoyata kecirilmisdir. Hesablamalar ABINIT kodunda
reallagdirilmig psevdopotensial metodu ilo aparilmigdir
[5]. CdGazTes kristalinin primitiv qafasinds 7 atom var
va fonon spektri buna gora 21 normal moddan ibaratdir.

Qrup noazariyyasi analizi asagidaki fonon modlarmi ve-
rir: =3 A+6B+6E, akustik modlar: I"acoustic= B+E va op-
tik modlar: Topic=3A+5B+5E. E simmetriyali modlar
ikigat cirlasmigdir. Biittin optik modlar Raman aktivdir,
B vo E modlart iso homginin infraqurmizi (1Q)
spektrlords aktivdir. A modlar1 geyri-polyar Raman ak-
tiv modlardir, B vo E modlar1 polyar modlardir vo buna
gora LO-TO parcalanma gostorir. A modlarinda atom-
lar asasan kristallografik x, y vo z oxlar1 boyunca hors-
kot edir. B modlarinda iss kation qofasi ila anion alt qo-
fasi arasindaki harokat asason tetragonal ¢ oxu boyunca
bas verir. Ex vo Ey simmetriyali modlarin harokati osa-
son ¢ oxuna perpendikulyar ab miistovisinds bas verir.

CdGa;Tes kristalimin fonon modlarinin disper-
siyast Brilluen zonasinin yiiksok simmetriyali xatlori
boyunca sokil 1-do gostorilmisdir. Sokil 1-don gorin-
diyu kimi, P-N xatti istisna olmagqla, biitiin yiiksak Sim-
metriyali istigamatlarde optik fononlarin dispersiyasi
shomiyyatsizdir, bu da xiisusils tetragonal ¢ oxu boyun-
ca [-Z istigamotindo zosif atomlararasi qarsiliqli tosiri
gbstorir. 1Q aktiv B va E modlar1 Brilluen zonasiin
morkozindo LO-TO parcalanmasima sobob olur vo
spektrda qirilmalar kimi gériiniir (sokil 1).
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Sakil 1. CdGazTes kristalinin fonon spektri.
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Sokil 2. CdGazTes kristalinin atomlara proyeksiya edilmis fonon sixligi.

Cadval 1.

CdGa;Tes tigiin hesablanmig va eksperimentdon
almmus 1Q vo Raman fonon tezliklori

CdGazTes
Otheo, €M™ exp, cm?
IR R

102

132 132
138.8

63.4 58/77 64
90.2 98 85
161.2 140 114
172.6 182
228.1 220/237 234
52.6

75.8 78
150.2 140 162
197 201 203
215.1 213

50.1 57
75.8
146.9 155

192
205.6

[zostruktur birlosmolorin CdGa,Se4 [6], CdGa,Ss
[7] vo CdGa;Te, fonon spektrlorinin miiqayisasi gosto-
rir ki, biitiin birlosmalards fononlarin dispersiyasinin
xarakteri imumilikdo iist-iisto diisiir. Iki miihiim forqi
vurgulamaq olar: birincisi, anionun atom kiitlasinin
azalmasi ilo uygun optik modlarin slavalori azalir, ikin-
cisi, kation vo anion atomlar1 arasindaki boytik kiitlo
forqinin naticasi olan enerji araliqlarn CdGasSs-do bo-
yukdir, CdGa,Ses-do azalir vo CdGa,Tes-do yox olur.
Homginin, xalkogenlorin vibrasiya payr atom kiitlosi
artdiqca (S, Se, Te) asag1 tezlikloro dogru siirlisiir.

Atomlara proyeksiya edilmis fonon sixligi (PDOS)
Sokil 2. do gostarilmisdir. Har bir atom ti¢iin PDOS-un
tohlili gdstorir ki, 0 ilo 60 sm™ tezlik araliginda maksi-
mumu 50 sm™ olan B vo E modlari ilo akustik vo asag1
tezlikli optik budaglar Cd va Te atomlarinin harokatini
ohato edir. 85-don 170 sm'-o gadar olan ikinci tezlik
aralig1, asason, Cd atomunun vibrasiyast ils slagolidir,
Te-un iso az miqdarda pay1 var. Bu araliqda Ga atom-
lar1 fonon vibrasiyalarinda istirak etmir. Qeyd etmok
lazimdir ki, Cd atomlar1 yalniz 20-85 sm™ vo 140-
170sm™ tezlik diapazonlarinda vibrasiyalarda istirak
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edir. Orta tezliklordo onlarm pay1 demak olar ki, yox-
dur. Yiiksok tezlikli ii¢iincii saho osason kristallografik
movgeloarda (2b) vo (2¢) olan Ga atomlarinin harokati
ilo baglidir. Spektrin 132 sm™'-daki an giiclii piki yalniz
anion Te atomlarinin istirak etdiyi A modasina uy-
gundur. Asagi tezlikli vo yiiksok tezlikli sahoalor asason
B va E modalarma uygundur, halbuki geyri-polyar A
modalart orta tezlik intervalinda yerlasir.

Cadval 1-do CdGa,Tes iiciin hesablanmis fonon
tezliklori vo 1Q vo KR spektrlari verilmisdir. Codvaldon

goriindilyll kimi, nazori vo eksperimental tezliklor
kifayat qodor uygundur.

3. Natica

Hesablama naticolori gostorir ki, asagi vo yiiksok
tezlikli enerjilor asason B vo E modlarina uygun galir,
orta tezlikli modlar iso geyri-polyar A modlari ilo
baglidir. On intensiv spektral pik 132 cm™ tezliyindadir
vo Te anionlarinin stexiometrik vakansiya otrafinda
simmetrik horakatine uygundur.
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Z.A. Jahangirli, B.G. Mekhtiev, R.G. Seidov, T.O. Bayramova

Ab INITIO INVESTIGATION OF THE DYNAMIC PROPERTIES of CdGazTes

The dynamic properties of CdGazTes have been investigated using density functional theory (DFT). Eight Raman-active
modes and twelve IR-active modes were discovered and identified by considering the point group symmetry. The theoretically
calculated results are compared with the experimental data of this study and with the available experimental data from the
literature, obtained by infrared spectroscopy and Raman scattering methods.

3.A. I:xxaxanurupau, b.I'. Mextues, P.I'. Cennos, T.O. BaiipamoBa

Ab INITIO UICCAEJJOBAHUE TUHAMUYECKHNX CBOMCTB CdGazTes

Nuuamuueckue coiictBa CdGazTes uceienoBanbl ¢ UCOb30BaHUEM Teopuu (yHknoHana mwiotHoctu (DFT). Bocems
Paman aktuBHbIXx MoA u nBeHanuath MK akTuBHBIX MoOA ObUIM OOHApYKEHbI M HMACHTU(HIMPOBAHBI U3 PACCMOTPEHUS
TOYEYHON TPyNIbl CUMMETPHUU. TEOPETHUECKH pACCUUTAHHBIC PE3YNIbTaThl CPABHEHBI C AKCIICPHMEHTAIbHBIMH JIaHHBIMU
HACTOsIIEH paboThI U C pe3y/IbTaATAMH UMEIOIIMXCS B INTEPATyPE IKCIIEPUMEHTAIBHBIMHU JaHHBIMH, [TOTyYCHHBIMUA METOJaMHU
nH(PAKPACHOH CIEKTPOCKONHU U KOMOHHAIIMOHHOTO PACCESIHUSI CBETA.
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Ehtimal nozariyyssi geyri-muoyyanliklorlo moggul olur. Bas onda Zado nozariyyasine ehtiyac nodon yarandi? Stni intel-
lektin hoyata kegirdiyi montigi amaliyyatlar goxqiymatli, geyri-salis mantigs asaslanir. Burada L.Zadonin geyri-salis coxluglar
nozariyyasindon (FMS) istifado etmok mogsadouygun olardi. Siini intellektds bas veran fiziki proseslori geyri salis hadisalor

hesab etmok olar.

Acar sozlar: geyri-dagiglik, tesadufilik, geyri-miiayyonlik, Kolmoqorov aksiomatikasi, ehtimal 6l¢iisii, elementar hadisonin

indikatoru, mohsubiyyat funksiyasi
Giris

Holo 1996-c1 ilds monim yaddasimda qozal xati-
ralorlo yasayan miollimim akademik Maqsud Oliyev
Lutfi Zadonin geyri-salis ¢coxluglar (QSC) nozariyyasi
haqqinda damsarkon, qarsimiza belo bir sual goydu:
“Bas bizim hayat folsofosindo QSC na demokdir vo
elmlarda onun rolu na ola bilar?”

Miiasir diinyada bir ¢ox sey goriligiimiizii doyisdi
Vo biz basa diisdiik ki, bir ¢ox seylor bizim sadologdir-
moalarimizdan daha darin mozmun dagiyir. Bu xiisusilo
stni intellekt problemlorino aiddir.

Zadanin QSC nazariyyasi bu problemls birbasa
baglidir [1]. Siini intellektdon danisarkon basa diisiiriik
ki, s6hbat yeni nasil komplterlordon gedir [2]. Bas bu
yeni masinlar saloflorindon na ilo farglonacok? Mayar
maovecud komputerlor bir gox problemi hall etmirmi va
niys onlari siini intellekt kimi tosnif etmirik? Fakt bu-
dur ki, bu glin magmlarin hoyata kegirdiyi montigi omo-
liyyatlar iki doyarli montigo asaslanir.

Burada yalniz iki natice mimkuindur, “bsli va ya
xeyr” va bu, albatts ki, zokaya xas olan taloblars cavab
vermir. Bu gtinun kéhna nasil kompiiterlari diinyamizi
dork eds bilsaydilar, onu ag va gara rangds gavrayardi-
lar.

Bu baximdan ehtimal nazoriyyasi do ag-qaradir.
Ax1 0, eyni Aristotel montigine asaslanir. Buna goére do,
kompliterlorda bas veran proseslordon danisarkon, bun-
larin ehtimal proseslari oldugunu nozards tuturlar. Bu
proseslor fiziklorin tadgigat mévzusudur. Ehtimal naze-
riyyasi va onun tatbiglori fiziklorin tadgiqatlarinda bo-
yiik rol oynayir.

Statistik fizikada vo termodinamikada tasadufilik,
xaos, dalgalanmalar, sabitlik xiisusi yer tutur. Bu moaga-
lado biz bu moasalalori geyri-mioyyanliklor iyerarxiya-
sinin daha yiiksok saviyyasindan nazardoan kegirmok is-
tordik.

Ehtimal nazariyyasi baximindan fiziki hadisa

Ehtimal nozariyyasinds Kolmogorovun aksioma-
tikasindan [3] istifado edorok hadisani nazordan kegi-
rorkan ona elementar hadisalorin alt goxlugu {w} toyin
edilir. Sonra, har hansi digor hadisslorin muxtalif alt
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coxluglarini birlagdirarak, Q hadisslor ¢oxlugu va ya

fozasini tagkil edirlar. Bu sokilds formalagan Q ¢oxlugu

sifir 6l¢ii dasti olmadan 6l¢ils bilan ¢oxlug hesab olu-

nur, yani Borel ¢oxlugu. Molum oldugu kimi, Borel

coxluglari Gigtin ti¢ sorti 6dayan Lebesq 6l¢list adlanan

L(S) funksiyas1 miisyyan edilir:

a) moanfi olmayan,

b) additivli,

¢) uzunluguna barabor olan har bir interval tgun [3].
Lakin ehtimal nazariyyesinds yalniz a) vo b) sort-

lorini 6dayan bagqa bir funksiya P(S) nazardon kegirilir

Vo belo mioyyan edilir:

P(S) = f(x)dx,

agar f(x) funksiyasi S ¢oxlugunda muayyan olunub, va

P(S)=+0 , digar hallarda burada f(x) ehtimalin pay-
lanmasi sixligidir. ©gor S ¢oxlugu intervaldirsa, o za-
man f(x) Riman monasinda inteqraldir. Ogor inter-
vallardan daha Umumi ¢oxluglar sinfini nozors alsaq,
onda f(x) Lebeq monasinda inteqraldir. L(S) yerins bas-
ga Ol P(S) istifado edildikds, f(x) Lebesg-Stieltjes
monasindadir.

Gorduytmiiz kimi, ehtimal nozariyyssindo belo
olgllor P(S) gesdan 1-o barabar segilir. Bu olgilor eh-
timal Glgularidir. R1 birdlguli fozasinda miivafiq eh-
timal paylanma funksiyas1 F(x) asagidaki kimi miiay-
yan edilir:

F(X) = P(¢<x),

burada ¢ tesadiifi doyigendir,

0<F(x)<1, F(—0) =0, F(+x) =1.
Yuxaridakilarin hamisi moghur noazoriyyslordon

(Kolmogorovun aksiomatikasi, ¢oxluqlar nazoriyyasi

Vo Olgular nazariyyasi) irali galir [3, 4].

2. Qeyri-salis coxluglar nazariyyasi néqteyi-
nazarindan fiziki hadisa

Lakin, P(S) 1-don boyik va ya kigik olan digar
Olcllar do movcuddur va onlar ehtimal nozariyyasinin
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secimindon konarda galirlar vo L. Zads torofindon gey-
ri-salis coxluglar nazoriyyasi (QSC) ilo todqiq edilir.
Onlar I1(S)>1 - imkan 6lglsi vo N(S) < 1 - zorurat
Ol¢lsu adlanir.
Aydindir ki, biitiin bu ti¢ olgti I1, P, N-ni eyni
vaxtda nozars almagla biz ehtimal nozariyyasinin moh-
dudiyyatlorindon konara ¢ixiriq.

Ehtimal nazariyyssinda oldugu kimi, imkan 6lgu- |

s TI(S) tiglin onun imkanlarin boliisdiiriilmasi funksi-
yast Fp(x) togqdim olunur:

Fr(x) = [I(n< x),

burada # — geyri salis kamiyystdir, 0 < Fp(x) <2,
Fp(—2°) = 0 vo Fy(+o) =2 (2 odadi ixtiyari alinir),
Vo ehtiyaclarin bolisdiiriilmasi funksiyast Fy (x):

Fn(X) =N (7<x),0 < Fy(x) < 0,5, Fy(—) = 0Va Fy(+) = 0,5,

(biz ixtiyari olaraq 0,5 adadini gétiirmisik).

Bu funksiyalar, masoalon, [5]-do edildiyi kimi
basqa bir gokilda togdim edilo bilor. Bu isdo elementar
hadisalora (Q dostinin nogtolari) slavo olarag, "fokus
elementlori” kimi togdim olunur.

Onlar miisahidslorin geyri-dagigliyini oks etdiron

Q ¢oxlugunun E4, Ez ,... E, -in clt-cit farglons bilanI

P(A=Y
P'(A)= 2.

E;NA=®

Qeyd edok ki, Zadonin QSC nazariyyssinds
P(A)+P(B)=1 hamginin IT(A)+N(B)=1 barabarliylorina
baxilir, burada A va B iki oks hadisalardir.

Molumdur ki, ehtimal nazoriyyasi vo statistiknin
totbiqgi Uglin zoruridir ki, hadisanin tezliyi v = % sabit
giymat almaga meylli olsun vo bu sabitlik gorunsun.
Burada N — te¢riibolorin timiimi say1, n - tacriibs nati-
casinds bizi maraqlandiran hadisenin bag verma sayidir
Vo doayigon komiyyatdir.

Bu sabitlik gorunursa, n - tosadufi doyigson kemiy-
yotdir. Ogor bu sabitlik yoxdursa, onda n geyri-salis
komiyyatdir vo burada ehtimal nozariyyasi vo statisti-
kadan istifads etmok olmaz. L. Zads va R. Bellman [6]
dofalarlo qeyd etmislor ki, geyri-dagigliyin monboyi
tokca tosadifilik deyil, ham da geyri-salislikdir. Qeyri-
solisliklo bagli qeyri-doqigliyi nazora almaq ucun,
Zadonin QSC nozariyyasindon istifads olunur.

3. Qeyri-salis goxluglar nazariyyasi va statistika

Molum oldugu kimi, biitiin tocriibalor ¢ grupa
bolundr [7]:

1) Tocrlibanin naticasinin tam sabitliyi olan yaxsi
tocriibalor. Bu, determinizmin nadir halidir. Ehtimal
nozariyyasi olmasa bels burada hor sey aydindir.

2) Cox yaxs1 olmayan tocriibalor. Onlarin natico-
lori statistik sabitliyino malikdirlor. Burada ehtimal no-
zariyyasi vo statistikadan istifado olunur.

3) Naticonin statistik sabitliyinin olmadigi pis toc-
ribolor. Lutfi Zadonin GSC nozoriyyasi burada istifado
edilo bilar.

Statistik sabitliyin movcudlugu nadir hallarda tam
tomin edilo bilor. Bununla belo, kvant mexaniki soviy-
yasinda bir ¢ox tacriibalor ikinci qrupa disdir.

Burada L.Zadsnin dediyi soz yada disiir: “Ogor
mogsads catmaq Ugun slinds gokic varsa, strafdaki har
sey mismarlar kimi gortndr”.

Ialt ¢oxluglaridir. Bu halda m(Ei) ehtimali Ei-ni togkil
edon elementar hadisslor ¢oxlugunun ehtimalinin
giymoti kimi basa diisiiliir. Bu vaziyyatdo A hadisasinin
bas vermo ehtimal1 geyri-dagiq saciyyalondirils bilor vo
{P.(A), P*(A)} intervalinda olan baxila bilor:

m(Ej) = Zm(Ei) = NEj (A) - bu kemiyyat zarurstdir,
i

m(Ej) = Zm(Ei) = HEJ. (A) - bu kamiyyat mimkdnlikdir.
i
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Kvant mexaniki saviyyasindaki tacriibalor artiq 3-
cl grupa aiddir, yoni kvant diinyasinina xas olan
Heyzenberg geyri-muoayyanliklora goro pis tocribalor-
dir. Buna gors do kvant mexanikasinin aparati xtisusi
incaliklora malik ehtimal nazariyyasi anlayislari ilo ya-
radilmisdir. Amma Zadonin QSC noazoriyyasinin istifa-
dasi daha moagsado uygun ola bilardi.

Belo gorlndr ki, gindslik tocriibalor, makrosko-
pik saviyyado tocribalor 1 vo ya 2-ci gruplara aiddir,
yani yaxsi tacriibslordir. Ancag buna tam zomanot ve-
rilmir. Masoalan, Uspekhi-Physics jurnalinda cap oluna-
n mogalodo [8] gobsterilir ki, mévcud olan statistik
tisullar1 eksperimental naticalorin paylanmasinin "inca"
strukturunu tahlil etmak Gi¢lin uygun deyil.

Bu moagalo makroskopik proseslardoki fluktuasi-
yalart dyranir vo muslliflar bizi bels gonaste gatirirlor
ki, "ehtimal" va "tesadiifilik" anlayislari fluktuasiyala-
rin neca paylanacagi sualinin cavabini misyyasnlasdir-
mir. Ehtimal nazariyyasinin orta kamiyyat anlayisi bu-
rada kecorli deyil.

Burada Bellman vo Zadanin necs xaboardarliq et-
diklorini xatirlaya bilorik: “Biz hesab edirik ki, tosadu-
filik va geyri-salisliklori ayirmaq lazimdir, ikincisi bir
cox Qorarlarin gobulu proseslorinds geyri-dagigliyin
osas monbayidir”. Belalikls, L.Zadonin QSC nozariy-
yasinin fizikada tatbiqi cox vacib bir mosaladir.

Molumdur ki, Kolmoqorovun aksiomatikasina
goro Q ehtimal fozasiin elementlori vo ya noqtolori
golocokdos bas veracok vo ya olmayacaq A, B, ... hadi-
solori deyil, w1, @2, w3, ...elementar hadisalordir, yani
Q={ w1, 02, ®3,...} [3]. Bu halda, ehtimal nozariyyasin-
do Q-nin muxtolif alt alt coxluglart () adlanan hadi-
sa indikatoru ils alagali olan A, B, C, ... hadisalardir:

1,8gor w € A

I(w) = { 0,agor w ¢ A
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Burada 4 — biz torofdon baxilan hadisadir. O, ele-
mentar hadisslordon ibarst olunan salis coxlugdur.

Lakin L.Zado 6z QSC nozariyyassindo M salis
yoX, geyri salis olan coxluglara baxir. Buraya o yeni bir
anlayis gotirir — bu x elementinin M ¢oxluguna pu(x)
mohsubiyyat funksiyasidir.

1l,0gor w €A
0,agor w ¢ A
[0,1], digar hallarda .

pwlw) =

Gordiytmiz kimi, Zadsnin QSC-da olan mohsu-
biyyat funksiyast u(w) ehtimal noazariyyasinds olan
I(w) indikatorun analoqudir, lakin daha genis shatsli.

Moslumdir ki, ehtimal nazariyyassindo ®1,w2,0s, ...
elementar hadisalordon bagga onlarin iizerinds olan
operasiyalarada baxilir. Onlar F klas hadisalor — hadi-
salarin cabri - adlanir. Ona goérs do ehtimal fozasi ©,
0 = {o, F, P} kimi yazilir, burad P — ehtimalin 6zudjir.
Ogor Q nsayda wi1,wz,...0n elementar hadisalordon
ibaratdirse, onda Fklas1 2"=C2 + C + C2+....CI} ha-
disalordan ibaratdir. Burada ehtimal nazariyyassinds ge-
nig istifado olunam kombinatorika elminin 2" aranje-
manlar1 vo C¥ kambinzonlaridir. Burada 2 rogomin mo-
nast iSa odur ki, Aristotelin iki cavabli, yani baxilan ha-
disado elementar hadiss bag verir ya yox moantiqgidir.
Buna olava olaraq ehtimal nazariyyssinds elmentar ha-
disalor cut-clt bir yerds bag vermiyan barabar ehtimalli
hadisalordir. Belaliklo ehtimal nazariyyassindo F klas-
dan secim edir vo clt-ciit bir yerdo bas vermoyan bora-
bor ehtimall1 hadisslordir tam butdv qrup yaradir.

Beloliklo, tam A1, Ao, ...A, hadisalar yeni Q ehti-
mal fozanin noqtalori sayila bilor
Q={o1}+{w2}+...{on}, burada {wn}- bir Ay, ndgteds
comlogmis elementar hadisalorin coxlugudir.

Lakin, bu Q fozanm otrafinda F klasdan A1", Ao"
.. Ay cit-cit bir yerds bas veran baraber ehtimalli
olmayan hadisslor galir. Onlar L.Zadonin QSC nazo-
riyyasine aiddilor. Bu A;™,A," ... Ay"nogtolor tam yeni
geyri-  solis Q" fozanm  nogtoloridir,
Q" ={o1 }+{w}+..{on" }. Biz burada omin deyilik o"
nogto bu Q" fazaya mohsubdir ya yox, diz yalniz onun
mohsubiyyat doracasindon danisa bilarik. Bu iki Q va
Q" fozalar birlosdirarok, biz tam yeni Q™ fiirsotlor ya
da mimkinliklor fozasi yaradirig, Q™= QUQ". Bu,

(@™ F ) fozada, I1- mumkinlik élctstdir, F - hadi-
solarin cabridir. Aydindir ki, bu yeni mokanda ehtimal
nozariyyasinds nazordon kegirilo bilmoyan tocriibs no-
ticalori indinozardan kegirils bilor. Yuxarida qeyd edil-
diyi kimi, statistik sabitliyin mévcud oldugu tacriibado
tocriibanin naticasi sabit giymat alir, ona gors ki, bu
hadisa eyni daracoda ehtimal olunan, qosa uygun gol-
moyan hadisalarin birliyi voya A = A1+Az + ... A cami

kimi tomsil oluna bilor. Bu halda P(4;) = % Vo

P(A) =~ Statistik sabitliyin olmadig1 tocriibada noti-
n

Co A1t Az + ... A cami kimi tagqdim edilo bilmoz. Buna
gora do, burada ehtimal nazariyyasindan istifads etmok
olmaz, lakin Zads geyri-salis coxluglar nazariyyasi isti-
fado oluna bilor.

Sado birmisal verok. Zor-kub lctn ehtimal foza
toroflori nomrolonmis 6 elementar hadisodon ibaratdir
(1 — 1-ci uz disacak, ...0s — 6-c1 iz diigocok). F adla-
nan ehtimal fozamizin cabri 2% = 64 element - hadiss ilo
isloyir. Bu 64 hadiso arasindan 6 borabor ehtimalli,
{1}, {2},...{63} hadiso secilir ki, bunlar ikili bir-biri ilo
bas vermayan, eyni doracads ehtimal olunan hadisols-
rin tam grupunu toskil edir. Istonilon notice, masalon
{1, 5} — hor iki torofdon ya {1}, ya{5} torof — statistik
sabitliys malikdir, v = z. Bu Kolmogorov aksiomati-

kasindandir.

Indi iso tosowviir edok ki, biz burada yalniz 3
barabor ehtimalli, ciit-ciit bag vermoyan A; = {1, 2},
Az = {3, 4}, As = {5, 6} elementar hadisolori goririk.
Onlar tam grupu tagkil edirlor vo bu hadisalorin cobri
F=2° =8 elementdon ibaratdir. Masalon, A={1,2,3,4}
notico Uclin A=Aj;+A,. Bu halda I(w1)=1, (w2)=1,
I(5)=0 vo ehtimal P(4) = =,

Lakin, moasalon A={1.5} notico hagqinda baz hec-
no deya bilmorik? Burada biz | (w) indikator aanlay1-
sindan L.Zadonin QSC nozariyyasinds olan p(w)
mohsubiyyat funksiyasi anlayigina kegmaliyik. Bundan
sonra biz ehtimal fozada olan wi1={1,2}, ®,={3,4},
®3={5,6} elementar hadisolorin yanmna wi={1, 5},
w3={4, 6} ... vo s. fokal adlanan elementlori, yani gosa
bag veran hadisalari do goymaliyig. Zadsnin geyri-salis
coxluglar nazariyyasinds bu fokus elementlori TI(A)
imkan 6l¢lsu ilo baglidir [1]. Ehtimal nazariyyasinds
indikator I(w) gostericisinin orta giymsati hadisasinin
ehtimalidir P(A):

141+ --kdofo+0+0+--(N—k)daofa

E(I(w)) =

Burada A=A+ Ay + ... Ac.

Eynils, L.Zadanin QSC nazariyyasinds olan p(w)
mohsubiyyat funksiyasmnin orta giymoti hadisssinin
mumkiinliytidir I1(A):

E(u(@)) = py + pp + - e = N(A) .

Ehtimal nozariyyssinds tasadifi doyison komiy-
yat X anlayis1 markoazi yer tutur. Tosadiifi doyison X —
funksiyadir. O, Q fazadan hansisa bir sistemin miixtalif
hallar fozasina kegid edon funksiyadir. Hallar fozasi R
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N

= P(4),

haqiqi odadlor dosti do ola bilor, yani X : Q = R.. To-
sadlfi doyison komiyyot asagidaki xiisusiyyoto malik
olmalidir:

A= {0/ X(@S<x}EA VxER,

Burada o — elementar hadiss, A —hadisalordir vo
yaxud o- saho A.

Ogor elementar hadisslorin mokani Q birbaga mii-
sahido i¢lin olcatan deyilss, yuxaridak: X funksiyasin-
dan istifado etmoklo malumat olds edils bilor, yani X :
Q7R
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Tosadlfi doyison X bir ndv “dlgma cihazi”dir.
Bununla belo, Q fozasindaki hor hadiso “6lcms cihazi
X" torofindon askar edilo bilmoz. Basqa so6zla, hor bir
hadiss A€ A belo A=X"(B) soklinds tomsil oluna
bilmoz. Buna goro da, o- saha A(x) A hadiss sahosinin
alt sahosidir, yani A(x) & A.

Belo hadisalora Zadanin QSC noqteyi-nazorindan
baxmaqg va geyri-salis kamiyyat X* anlayisimi toqdim
etmak ¢ox maraqlidir. X tesadifi doyisen kimi, geyri-
solis dayison X*-1n tarifinds asas rolu geyri-salis foza
Q" = {1, 02, ... } oynayacaq vo biitlin hadisalor A o-
sahodir.

Tosadlfi dayison X Kimi, geyri-sslis doyison X*
da Q* fozasindan elementori R hoqiqi adadlor ¢oxlu-
guna aparan funksiyadir, yoni X1 Q"™ R. O, asa-
gidaki xtisusiyyatlora malikdir:

A= {0/ X (@<x} €A VxeER.

X-2 bonzor geyri-salis kamiyyat X* hom do bir
nov “ol¢ii cihazidir”. Aydindir ki, iki 6lgma vasitosi ho-
miso bir vasitodon daha yaxsidir.

Ifado olunan fikirlori S.Snolun mogalosi ilo alage-
londirmok olar. Maqalods deyilir ki, mlxtolif xarakterli
hor hansi proseslor ugiin eksperimental naticalorin go-
riba sopalonmasi var, yani hamisi eyni “inca” paylanma
strukturuna malik idi lor. Magalonin son stz bels bir
sualdir: “Na i¢lin nazariyys bunu izah

edo bilmir?” vo muallif belo gonasto galir ki, “ehtimal”,
“tosadUfilik” va “xaos” anlayiglari aydinlagdirma talob
edir.

“Naticalorin sopalonmosi’nds inco qanunauygun-
luglar axtarmaq lazimdir va toassuf ki, morkazi ehtimal
teoremlara asaslanan naticalorin statistik emali tisullar
naticolorin paylanmasinin “inca” strukturunu tahlil et-
mok U¢ln kifayat deyil. Belslikls, musllifin bahs etdiyi
naticalarin gariba sapalonmasi tokcs tesadufilikls deyil,
hom da prosesin geyri-salisliyi il baglidir vo mahs “in-
ca” qurulus geyri-salisliklo baghdir.

Yuxarida qeyd etdiyimiz kimi, geyri-salis kamiy-
yat “6lgma cihazidir” va burada onun kdmayi ilo istasak
do, istomosok do, eksperimental noticalorin paylanma-
sinin inca strukturu askarlanir.

Bir cox fiziki proseslords, 0 climlodon stoxastik
proseslords sabitliy masalasina ¢ox diggot yetirilir. Ri-
yaziyyatgilar bu mosoalalordo Lyapunov funksiyasini
dyronirlor . Aydindir ki, sistemin sabitliyi tigtin alave
mohdudiyyastlor lazimdir ki. L.Zadanin QSC nozariyyo-
sinds bu kamiyyat - zorurstdir N, v yuxarida miizakirs
edilmisdir ki N (A) + N (B) < 1.

Sonda, ehtimal vo L.Zadanin QSC nazoriyyalorin
icindo olan geyri-muoyyanliklor vo fizika- riyaziyyat
elminds olan toriflorlorin alagoasino codval sokilindo
vermoak yaxs1 olardi.

Cadval

Fizika va riyaziyyat

Ehtimal va L. Zadanin QSM nazariyyalari

Entropiya (S)

Qeyri-misyyanlik 6l¢lst (g)

Tosadifi doyisen vo ya hadise X(w)

Ehtimal 6l¢tsu P

Tosadufi funksiya va ya stoxastik proses X t(m)

Mimkunlikdir 6l¢st TT

Sabitliy (Lyapunov funksiyasi L)

Zorutot 6lglisti N

Elementar hadiso ®

Indikator | vo mohsubiyyat funksiyasi p
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EHTIMAL VO L. ZADONIN QEYRI-SOLiS COXLUQLAR NOZORiYYOLORININ MUQAYiSOSi

E.A. Isayeva

COMPARISON OF THEORIES OF PROBABILITY AND L. Zadeh’s FUZZY SETS

Probability theory deals with the uncertainties. So what was the need for the Zadeh’s fuzzy sets theory? Logical
operations performed by artificial intelligence are based on multi-valued fuzzy logic. Here it would be appropriate to use L.
Zadeh's fuzzy set theory (FST). Physical processes occurring in the artificial intelligence can be considered as fuzzy
phenomena.

9.A. HcaeBa

CPABHEHHWE TEOPAU BEPOSTHOCTENW U TEOPUM HEYETKHUX MHOKECTB JI. 3AJIE

Teopust BEpOATHOCTEH MMEET JeN0 ¢ HeonpeneaeHHOCTAMU. Tak B ueM ke ObliIa HeOOXOAMMOCTh B TEOPUH HEUETKHX
MHOXeCTB 3ane? JIorMyeckue OIEpaliM, BBINOJHSIEMbIE MCKYCCTBEHHBIM HHTEIUICKTOM, OCHOBAaHbI HAa MHOTO3HAYHOMN
HEYETKOW JIOTUKE. 37eCh YMECTHO ObUIO ObI BOCTONB30BaThCs Teopuer HeueTknx MHOkecTB (THT) JI. Bame. dusnueckue
MIPOLIECCHI, TPOUCXOMSAIINE B HICKYyCCTBEHHOM MHTEIUIEKTE, MOXKHO PAacCMaTpUBATh KAK HEUETKHE SIBICHHS.
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BOSLUQDA YAYILAN DALGA ENERJIiSiNIN UDULMASI

E.R. HOSONOV 12, §.G. XOLILOVA 21, R.K. MUSTAFAYEVA !
'Baki Dévlat Universiteti Akad. Z.Xalilov, kii¢.23, Baki, Azarbaycan Respublikas:
2ETN Fizika Institutu, AZ-1073, H.Cavid 131, Baka, Azarbaycan Respublikast
shahlaganbarova@gmail.com

Vakuum fiziki négteyi-nozardon, xtisusan ds fiziki xiisusiyyatlori baximindan hoals da sirli bir mihit olaraq qalir. Bizim
isimizdo monoxromatik dalganin L &l¢iilii vakuumdan kegmasi nozordon kegirilir.Bu igdo monoxromatik dalganin L 6l¢iilii
vakuumdan ke¢moazdan avval vo sonra enerjisi hesablanir.Isbut edilmisdir ki, bir rangli dalganin enerjisinin nisbati. vakuumdan
ke¢mozdon ovval monoxromatik dalga 1-don azdir. Bu o demokdir ki, monoxromatik dalga vakuumda elastik sokildo
Sopalonmisdir vo vakuum six bir mihitdir. Vakuum dalgasi keg¢dikdon sonra monoxromatik dalganin uzunlugu azalir.
Monoxromatik dalga vakuumda enerji itirir.

Acar sozlor: vakuum, enerji, geyri-elastik qarsiligli tasir, monoxromatik dalga, udma, geyri-bircinslik.
PACS: 78,55, 73.22.CD, 73.22

VIIK 539,2
Giris P % in 02 %

Kvant mexanikasi riyazi metod kimi dalga ot 2m, ox 2
funksiyasina osaslanir [1-3]. Bir 0lguli halda, (3)

monoxromatik dalga funksiyast formaya malikdir: . . 2252 ..

Tosovviir edok ki, E,, = ——enerji ilo
040

i kx—Ej monoxromatik dalga vakuuma diigiir

i(kx-at) _ ce ( h

W(X' t) = ce Nazariyyd

@)

o Klassik fizika ndgteyi-nozorindon bu dalganin

Budur K-dalga  vektoru k= T (n= uzunlugu L olan vakuumu tork etdikdon sonra enerji

0,+1,42,..), A-dalga uzunlugu, K- dalganin doyismemolidir. Lakin biz enerjinin (4) vakuumu tork

vakuumdaki enerjisi, dalga vektoru ilo asagidaki kimi etdikdon sonra dayisdiyini gosteracayik. Bu, vakuumun

olagplidir: monoxromatik dalga ilo gqarsiligh slageds olmasi

demokdir. Demoli, vakuumda dalga ilo qarsiligh tosir

var. Sredinger tonliyindon (3) istifado edorok
9%y
0x?

h*k*n?
E= 2—, n=0+1+2,... (2)  vakuumda enerjini hesablayiriq. (1)—-don Z—TVQ
m

M, - sorbast elektron kitlesi. Dalga funksiyas: (1) —=
2 m2 mA dt

Sredinger tonliyini 6dayir

oy 27&1//( x di & | 2nt dij()

z 2
2Y = g (2 AL N iy [ 22 2(L) ok a ma]

d0x2 A2dx  mA3dx A% 0x dx mAtdx  mA3 dx?

hesablanir. (4) va (5) (3)-do yerina yazsaq va tonliyin xayali va hogiqi toraflorini bolsok

2
zg_g(d_zj L 6nt di _ ©
ox A \Ldx maZ dx
x 2nt\oA h  2ht x dl  2ht dA)’
- E 12 e = ©)
22 mA2)ot ma2 mAd Adx  mA? dx
alarig. (6)-don
o2 /1(2+ 62[2 jh
m
R —— (8)
OX X
131, H.Javid ave, AZ-1073, Baku 72
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aliriq. (8)-i (7) —in yerino yazsaq

2
%z_z—”h ]_+2_luA(t) —}-(ij (AU)2 (9)
OX mAA(t) X X

alariq.

2nt X 6ht

Burada: A(t) = Py u =2+—. (9)-uinteqrallasaq va forz etsok ki,

@<X,A=—i, u=2 (10)
mA A
(12)-i (10)-nun yerina yazsaq
04 2nh
—_—=— (11)
ot mx
alariqg.
A=ﬂo+@=ﬂ{l+ Zﬂm] (12)
mx MXA,

2
(12) tonliyinds % atdiq, va bu tamamils asashdir, ¢linki koordinatlarindan xatti asilidir. Belolikls, x = L
6l¢iilii vakuumdan ¢ixdigdan sonra dalganin son enerjisi

222
= 2z h 1 . Ona goro Eene = 1 <<1 (13)

o mO//{’S 27th ? Esonra Zﬂht 2
1+ 1+
myA,L My A, L

[
(13) ifadosi (9) tenliyini (10)-do A veo U alarq. Burada 7 - dalanin L 6l¢iili vakuumdan

giymotlori ilo hall etmoklo oldo edilmisdir. A vo U kegmosi iigiin lazim olan  vaxtdir. BEIQI_'kIQ' L
giymotlor @igin  vo A —>o0 bu, dalganin  xotto uzunlug.qn.dq vakuumdan kegon monoxromatik dalga

e . . ’ 0z enerjisini azaldir. Bu, dalganin vakuumla qeyri-
gevrildiyi klassik sahodir. elastik qarsihigh tosiridir. Bu o demokdir ki, vakuum
bos bir miihit deyil.

2nt 67t
A= —— U= > (14) .
moﬂ mo/’{/ Natico
Siibut edilmisdir ki, L 6l¢iilii vakuumdan kegon
giymatlorda (9) un tonliyin halli ¢atndir. (14)-u (9)-a monoxromatik dalga 6z enerjisinin bir hissasini itirir.
yazsaq dalga uzunlugu liglin Enerji itkisi L-nin muxtalif dayarlorinds farqli sokilds
bas verir. Vakuum maddadir va heterojenliys malikdir.
) ,1% Bu geyri-homogenlik monoxromatik dalga enerjisinin
2ht 34, 15 itkisina sobob olur. Daha uzun dalga uzunluguna malik
A=Ao|1-2 m. 42 L (15) bir dalga, daha qisa dalga uzunluguna malik bir
070 dalgadan daha cox enerji itirir. Bundan olava, enerji
E 1 itiron dalga vakuumu tork edir, yoni vakuum dalga ilo
EeWEI = [ (16) geyri-elastik qarsiligh olagonin bag verdiyi kiitlovi bir
6

sonra hr 2 3 2 miihit kimi davranir. Lakin toassuf ki, hansi elementar

1-2 (Oj zorraciklorin vakuumu doldurdugu vo hansi ganunla

[ ] horokat etdiyi molum deyil. Vakuum (bosluq) fiziki

dorketmo monasida sirli bir obyektdir. Vakuumun

xususiyyatlori dogiq misyyan edilmomisdir va insanlar
ti¢iin qapalidir.

[1] L.D. Landau, E.M. Lifshitz. Quantum [3] L.D. Landau, E.M. Lifshitz. Quantum

Mechanics. Non-Relativistic Theory. Series: Mechanics. Non-Relativistic Theory. Series:
Theor. physics, Moscow: Nauka, 1984, pp.13-37 Theoretical physics, Moscow: Nauka, 1984,
[2] L.D. Landau E.M. Lifshitz. Quantum Mechanics. pp.70-100

Non-Relativistic Theory. Series: Theoretical
physics, Moscow: Nauka, 1984, pp.42-66
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E.R. Hasanov, Sh.G. Khalilova, R.K. Mustafayeva
ABSORPTION OF WAVE ENERGY PROPAGATION IN VACUUM

Vacuum still remains a mysterious medium from a physical point of view, especially its physical properties.
The passaging of a monochromatic wave is examined through a vacuum of size L in our work. In this work, the
energy of a monochromatic wave is calculated before and after passing through a vacuum of size L. It has been
proven that the ratio of the energy of a monochromatic wave before passing through a vacuum is less than 1. This
means that the monochromatic wave was scattered in elastically in a vacuum and vacuum is a dense medium. After
the passage of the vacuum wave, the length of the monochromatic wave decreases. A monochromatic wave loses
energy in a vacuum.

9.P. I'acanos, IIL.T'. Xanunosa, P.K. Mycradaesa
MOTJIOIEHUE BOJTHOBOM SHEPT MU, PACITIPOCTPAHAIOIIENCS B BAKYYME

BakyyM 1o cux mop ocraercs 3arafouHON Cpeioi ¢ (PU3NUCCKOM TOYKU 3PCHHUS, 0COOCHHO C TOYKH 3PCHUS
ero gu3nvecKux CBOMCTB. B Hamielt paboTe paccMaTpUBaeTcs MPOXOXKAESHHE MOHOXPOMAaTHIECKOH BOJIHBI Yepes3
BakyyM pasmepoM L. B nannoili pabore paccunmTaHa SHEpPrusi MOHOXPOMATHYEeCKOW BOJHBI JO W TIIOCTE
MIPOXOXJICHNS Yepe3 BakyyM pasmepa L. J[okazaHO, 4TO OTHOIIEHHWE 3HEPTHH MOHOXPOMATHYECKOH BOJIHBI 10
MIPOXOX/ICHNS Yepe3 BaKyyM MeHbIIe 1. DTo 03Ha4aeT, YT0 MOHOXPOMAaTHIECKas! BOJHA YIPYTO PACCEHBANIACH B
BaKyyMe€, a BaKyyM sBIeTCs IUIOTHOW cpenoil. Ilocie mnpoxokaeHuss BakyyMHOM BOJIHBI JUIMHA
MOHOXPOMAaTH4ECKON BOJIHBI YMEHbIIaeTcss. MOHOXpOMaTHdecKast BOJIHA TEPSIET SHEPTHIO B BAKyyMe.
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MAQNETRON COKDURULM® USULU iLO ALINMIS iNDIiUM QALAY OKSIiD
(ITO) TOBOQOSININ ELEKTROFIZIKi VO OPTIK XASSOLORI

9.9. ROCOBLI
Azarbayan Respublikast Elm va Tahsil Nazirliyi, Fizika Institutu
Azarbaycan, Baki 1073, Hiiseyn Cavid pr. 131
rajabli.alovsat@mail.ru

Soffaf kegirici oksidlor (SKO) sinfins aid olan Indium Qalay Oksid (ITO) tabagasi maqgnetron ¢okdiiriilme tsulu ila
alinmigdir. Bunun Gg¢ln indium oksid (In,03) vo qalay oksid (SnO,) qarisigindan ibarot keramik niimunolor istifado
olunmugdur. Alimms Stigo/ITO strukturunda yiikdastyicilarinin yiiriiklityiiniin onlarin konsentrasiyasindan asililigi, materialin
migavimati kimi elektrofiziki xassalari va tobaqa tiglin kegiriciliyinin, isiq stiasinin oks olunmasinin va udulmasinin fotonun
enerjisindon asililig1 kimi optik xassolari todqiq edilmisdir. Alinan noticolorin izahi verilmisdir.

Acar sozlor: Soffaf kegirici oksidlar, indium oksid, galay oksid, Indium Qalay Oksid (ITO), magnetron ¢okdiiriilma

Giris

Soffaf kegirici oksidlor (SKO) goriinen vo yaxin
infraqirmiz1 spektral diapazonda yiiksok optik qobul-
edicilik vo yiiksok elektrik kegiricilik kimi zahiron zid-
diyyatli goriinon iki xiisusiyysti 6zlinds saxlayan mate-
riallar sinfidir. $KO materiallarm bu iki asas xiisusiy-
yoto malik olmalar1 onlar1 soffaf nazik tobogoli elek-
trodlar Ugiin nazik tabagoli glinas elementlorinds goffaf
elektrodlar gisminds istifads etmoys imkan yaradir. In-
dium Qalay Oksid (ITO) do oan genis istifado edilon
SKO materialidir, ¢iinki on yiksok kegiriciliys
(o= 10*0Om~1sm™1) malikdir vo asag1 temperaturlarda
(hotta otaq temperaturunda) ¢okdiiriilo bilir. Yiiksok
elektrik kegiriciliyi vo goriinen spektral diapazonunda
yuksok udulma omsali, sabitlik xiisusiyyatlarino gora,
onlar goffaf elektrodlardan biri hesab olunur [1-3]. La-
kin, verilmis parametrli, miitkommaol strukturlu nazik to-
baqoli ITO-nun alinmas, fiziki xiisusiyyatlori ilo, hom-
¢inin hacmi boyu bircinsliliyi ils, strukturun ve xasse-
lorin hom ¢6kdiiriilmos sortlorindon, ham do tobogolorin
sonraki emalindan giiclii sokildo asili olmasi sabobin-
don miirakkab texnoloji problem yaradir [4].

Bu todqiqat isi lazim olan parametrli nazik tobago-
nin alinma mexanizmi va alinmig tobagenin elektrofizi-
ki vo optik xassolorinin tadqiqine hasr olunmusdur.

Eksperiment

Magnetron ¢okdiiriilmo, 1TO (indium galay oksi-
di) kimi nazik tobagalorin ¢okdiiriilmasi {igiin genis is-
tifads olunan bir Gsuldur. Bu iisul, hom effektiv, hom
do genis sothlors ¢okdiirms imkani verir.

Cokdiiriilma Z-550 Leybold-Heraouz qurgusunda
vakuum kamerasinda arqon vo oksigen qarigigi olan
mihitde aparilmisdir. Ovvalcadon kimyavi tomizlen-
mis 3x5 cm dl¢lids stiso I6vhonin vakuum kamerasinda
arqonun magnetron bosalmasinda ion tomizlonmasi
aparilmugdir. ion tamizlomos 500Vt giclii yiksoktezlikli
qaz bosalmasi, 4 dogigo arzinds aparilmigdir. ITO tobo-
golorinin magnetron ¢okdirilmasi iigiin indium oksid
(In,03) va qalay oksid (Sn0O,) qarigigindan (90%
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:10%) ibarot 210 mm diametrli hodofdon istifads olun-
musdur. Cokdurilms prosesi zaman1 alinacaq tobaqa-
nin xassalorina (miiqavimatina, soffafligina vo yiikda-
styicilarmin yiiriiklilyline) shomiyystli deracads tasir
edoa bilon prosesin aparilma temperaturu, qaz torkibi vo
tozyiqi kimi amillora daqiq nozarst edilmisdir. Bosalma
guc taxminan 100 Vt olmus, ¢okdiiriilmo middati iso
tobogonin qalinhigina osasen segilmisdir. Noticodo,
Siiso/ITO strukturu alinmigdir. Alinmus tobagonin daha
soffaf vo daha yiiksok elektrik kegiriciliyina malik ol-
mast ligiin arqon qazi mihitinde muxtolif temperatular-
da termiki islonms aparilmigdir. Strukturun elektrofizi-
ki xassalori (sathi miugavimeti, yiikdastyicilarin yiirik-
lUyliniin onlarin konsentrasiyasindan asililigi) dord-
zondlu metodla élgmolar aparilmagqla tadqig olunmus-
dur, optik xassalori iso Specord 210 spektrofotometrin-
da Oyronilmigdir.

Naticalor va onlarin miizakirasi

ITO indiys gadar malum olan on asagi miiqavi-
motlora malik SKO materialidir (p = 1,1 - 107*Qsm)
[1]. O, geniszolagh (qadagan olunmus zolagin eni
3.8eV-dir) yiiksok konsentrasiya va yiiksok yiiriikliklii
sorbast yiikdasiyicilara malik, n-tip yarimkegciricidir
[2].

Indium Oksid (10) kristallar1 vo tobagolori, oksi-
gen ¢atismazlig1 olan soraitdo hazirlandigda daha yuk-
sok kegiriciliya malik olur [3]. Bu, ham oksigen vakan-
siyalari, hom do indium atomlarinin bu kristal qurulus-
da, atomlarin diizgiin yerlosdiyi qurulus voziyyati ara-
sinda geyri-adi yerlords yerlogsmaosi (interstisiallart) sa-
yasinda bag verir, ¢linki har iki név qiisurlar indiumun
normal nisbatdon daha az miqdarda istifads olundugu-
nu gostors bilon 10-in yaranmasina sabab olur [4, 5].
ITO-ya agqarlarin slavs edilmasi, ylikdastyicilarin kon-
sentrasiyani xeyli artirmaga imkan verir. Qatq1 kimi an
yiiksok elektrik aktivasiyaya malik olan Sn elemen-
tindon istifado edilmisdir. ©lds edilo bilon maksimum
yukdastyicilarin konsentrasiyalair Sn-un hallolma limi-
tino yaxin olan toxminon 5at.% [6] toskil edir.
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Sokil 1. 1TO, ZnO vo SnO2 do Holl emsalinin yiikdastyicilarinin konsentrasiyasindan asililigi.

Qrafikdon goriindiiyii kimi, SnO: t¢tin Holl yurikliyu
buttn yukdastyicilarin konsentrasiyast diapazonunda on yiik-
sokdir. 240 cm?/ Vs yaxinliginda pik noqtosine gatir va yUk-
dastyicilarin konsentrasiyasi artdiqca azalir, nohayat 10%°sm3
yaxinliginda ¢ox asagi qiymatlora diisiir.

ZnO-nun Holl yirtkldyunin baslangic qiymati tox-
minan 200 cm?/V's otrafindadir, lakin ylUkdastyicilarin kon-
sentrasiyast artdiqca ohomiyyatli derocads azalir. 10'® sm-
don sonra yiriklik SnO.-don daha siiratlo enir.

Indium qalay oksidi (ITO) iigiin yiiriiklikiin baslangic
qiymati taxminan 150 cm?V:-s-dir va SnO2 va ZnO ils mii-
qayisado daha asagidir. Baxmayaraq ki, 10'® sm3-don yiiksok
yikdastyicilarin konsentrasiyalarinda ZnO-dan daha yiiksok
galir, lakin artan yiikdastyicilarin konsentrasiyasi ilo eyni
azalma tendensiyasini da saxlayir.

Yiikdastyicilarin konsentrasiyasi artdigca har ii¢ mate-
rial Uctin Holl yirukliyl azalir. Yiikdastyicilarin konsentra-
siyast ilo yUrikIUk arasinda bu tors slaga, material daxilinds
dastyicilarin daha ¢ox toqqusmast naticasindo alinir.

Asqar konsentrasiyasi toxminon 2at.%-o qodor olana-
dok, elektron konsentrasiyasi tobagolorin agqar torkibi ilo xotti
sokildo artir. Bu, asqarin elektrik aktivasiyasinin toxminon
100% oldugunu gostarir. Daha yiiksok asqar konsentrasiyala-
r1 (>3at.%) uUgln elektronlarin konsentrasiyasi toxminon
1,5-10%'sm™3 qiymotindo doymaga baslayir. Bu doyma,
10-da asqarin hallolma limiti ilo slagalidir [6].

Isdo galayla asqarlanmis In, O tobagelorinin optik xas-
solari do todqiq edilmisdir.
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Sakil 2. ITO tobogasi tigiin oks olunmanin (biitov xott), optik kegiriciliyin (qiriq xatt) vo udulmanin (noqtsli-kesikli xatt)

fotonun enerjisindon astlilig1.

Qrafik, miixtalif fotonun enerjilori ticin materia-  transmissiya (kegiricilik) vo absorbansiya (udulma)

lin optik xiisusiyyatlorini-reflektivlik (optik otiiriilma),

76

faizlorinin neco dyismosini gostorir.
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Refleksiya (R, yasil ayri) isiq siiasinin materialin
sothindon oks olunmasini gostarir.

Refleksiya nisboton yiiksok (60%-don yuxari)
baslayir vo foton enerjisi artdiqca dalgalanmalar gésto-
rir. Bu dalgalanmalar nazik tobagslar iigiin xarakterik
olan interferensiya effektlorini gdstarir.

Qrafikdon goriiniir ki, on yiiksok oks olunma tox-
minan 1 eV ilo 3 eV intervalinda enerjinin qiymatlarin-
do bag verir, burada oks olunma faizi toxminon 100%-2
catir. Bu, o demokdir ki, bu enerji saviyyalorindo mate-
riala diison is1q demok olar ki, tamamilos oks olunur. To-
bago bu enerji intervalinda(1240- nm-don 400 nm dalga
uzunluguna uygun) soffafdir, yoni bu spektral diapa-
zonda soffaf elektroda uygundur.

Transmissiya (T, mavi kasikli ayri)) iso materialin
is181 nega faiz kegirdiyini gostorir. On asag1 kegiricilik
2 ilo 3 eV enerji intervalinda oldugu miisahide olunur
ki, bu da oks olunmanin an yiiksok oldugu hissays uy-
gundur.

Absorbansiya(A, mavi kasikli ayri) qrafikde sag
torofds absorbansiya faizini, yoni material torofinden
udulan is1g1in miqdarini gostarir. Enerji 4 eV-don yuxari
oldugda, udulma faizi siiratlo 100%-a yiiksslir. Bu, ma-
terialin bu enerji saviyyslarinds isig1 tamamils uduldu-
gunu gostorir.

Bu optik xassalor, bu materialin optik qurgularda,
masalon, agagi enerji intervalinda oks olunma vo ya
bloklayict kimi, yiiksok enerjilordo (4 eV vo yuxari)
isiq stiasmi kegirilmoasinde vo udulmasinda istifads
edilmaesine imkan verir.

Naticalar

Bu xassolor materialsiinasliqda, xiisuson do ITO
kimi yarimkegirici vo ya soffaf kecirici oksidlorin
ekranlar, fotovoltaiklor vo sensorlar kimi cihazlarda
optimallagdirilmasi tiglin vacibdir. Yukdasiyicilarin
konsentrasiyas: ilo horokatliliyin neco dayisdiyini
anlamag, material xiisusiyyotlorini xiisusi elektron
tatbiglor {igiin tonzimlomayoe komok edir.

ITO tobagalorinin optimallasdirilmasi, daha yaxst
sensor ekranlar, daha effektiv giinog panellorinin alin-
masi ii¢iin materiallar vo daha yiiksok gostoricili dis-
pley texnologiyalarinda istfado olunmasina imkan ve-
rir. Eyni zamanda, bu texnologiya enerji effektivliyi vo
qurgularin inteqrasiyasi sahalorinda yeniliklar {i¢in do
mihim potensiala malikdir. Aparilan todqigatin notice-
lori gdstorir ki, magnetron ¢okdiirmo, nazik ITO tobe-
golorinin alinmas: tiglin etibarli vo tokrarlanabilon bir
metod kimi miiasir elektronikanin talablarins cavab ve-
rir.
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A.A. Rajabli

THE ELECTRICAL AND OPTICAL PROPERTIES OF THE INDIUM T IN OXIDE (ITO) LAYER
OBTAINED BY THE MAGNETRON SPUTTERING METHOD ARE AS FOLLOWS

The Indium Tin Oxide (ITO) layer belongs to the class of Transparent Conductive Oxides (TCO) and was obtained by
the magnetron sputtering method. For this, ceramic targets consisting of a mixture of indium oxide (In20s) and tin oxide (SnOz)
were used. In the obtained Glass/ITO structure, electrophysical properties such as the dependence of charge carriers' mobility
on their concentration and the material's resistance, as well as the optical properties of the layer, including the conductivity,
reflection, and absorption of light depending on the photon's energy, were studied. The results have been explained.

A.A. Pagxadm

SJEKTPO®U3NYECKUE U ONTUYECKHUE CBOMCTBA CJIOSI OKCUJIA UHIUS U OJIOBA
(ITO), HOJYYEHHOT'O METOJAOM MATHETPOHHOI'O PACHBIJIEHU S

Okcupn unaus-onoBa (ITO) spasercst cimoeM mpo3padHblx npoBozsnmx okcuaoB (IMTIO) u monydeH MeToaoM
MarHeTpOHHOTO pacibuleHus. {1 3TOro HCIOJIB30BAMCH KEPaMUUECKHE MUIIEHH, COCTOSIINE U3 CMECH OKCHAa MHAWS
(In20s) u oxcuaa omosa (SnO:). B nomy4enHoit crpykrype Crexno/ITO Gbln HCCIeq0BaHbI dIEKTPOPU3NIECKHE CBOMCTRA,
TaKkMe KaK 3aBHCHMOCTH IIOJIBIDKHOCTH HOCHTENEH 3apsia OT MX KOHIIEHTpAllMM, CONMpPOTHBIECHHE MaTepuaia, a Takxke
OINITHYECKHE CBOMCTBA CIIOS, BKIIIOYAS 3aBUCHMOCTh IIPOBOAUMOCTH, OTPAXKECHHS U MOTJIOIIEHUS CBETA OT 3HEPTuH (HOTOHA.
IIpuBeneHs 0OBICHEHUE PE3YIIBTATOB HCCIICAOBAHUI
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EFFECTIVE ROLE OF VOLUMETRIC COLLISIONS IN BREAKDOWN AT
ATMOSPHERIC PRESSURE IN SEMICONDUCTOR GAS DISCHARGE SYSTEM

E. KOC!, M.M. SHIRINOV? and B.G. SALAMOV?
!Department of Electrical and Electronics Engineering, Faculty of Engineering,
Istanbul Arel University, 34537 Istanbul, Turkey
2Institute of Physics, Ministry of Science and Education, AZ 1073 Baku, Azerbaijan

The effects of collision processes in discharge volume in breakdown were investigated in the range of E/p (100-600
V/cmxTorr). We obtained the breakdown curve for argon micro-plasma in a semiconductor gas discharge system consisting
of GaAs cathodes to the contributions of the collision processes in discharge volume when the gas discharge gap (d) is45um.
The secondary electron emission liberated by the semiconductor cathode was found as a result of interaction with the cathode
of ions and photons occurring in plasma space. Under electric fields, the collision processes in discharge volume provide the
rapid growth of electron multiplication required for avalanches. At high pressures up to atmospheric pressure, our
investigations show that the value of secondary electron emissions for semiconductor cathode gradually grows. In these
conditions, micro-plasma was obtained with a homogeneous formation. For plasma light sources and gas discharge lasers,
our results become important to reveal the volumetric processes of micro-discharge electronic devices at high pressures up to

atmospheric pressure.

PACS: 71.55.Eq, 72.20.Ht, 72.80.Ey, 73.40.Qv

Keywords: cathode surface—plasma interactions, electrical breakdown, secondary electron emission, semiconductor

cathodes.

INTRODUCTION

Atmospheric-pressure dc cold micro-discharges
that arestable and the low-current are one of the most
common plasma types. It is due to the advantages.
They contain the wealthy species in the plasma
volume. It isn’t observed the damages to the
environment. However, the important disadvantage in
atmospheric-pressure cold micro-discharges is the
high energy required for the discharge formation and
the self-sustained discharge. The effect of the cathode
on the discharge is weak, which means that the
volumetric  processes gain  importance.  This
disadvantage leads to the difficulties such as cost in
the cold micro-plasma applications. Also, it can be the
transitions from a stable state to an unstable state for
the micro-discharges in the plasma volume. Micro-
discharges have been prevalently utilized in the
various technologies of light sources, microreactors,
and plasma display panels [1-3].

Recently, to detect the characteristic properties
of the atmospheric-pressure cold micro-discharges the
studies were widespread. In such a type of discharge,
it is mainly encountered with intense collisions in
discharge volume, thermal effects, under the small
mean free path, and the developments in the collision
frequency. The discharge volume occurring in
volumetric collisions covers the intense electron
density and photon. The existence of plasma species
gives the markedly various spectra lines with the
collisions in the discharge volume [4-8]. Particularly,
a photoionization process in the discharge volume
becomes important in the development of the
discharge plasma. It plays a critical role in the
evaluation of volume processes for the discharge
formations and the self-sustained discharge sat high
pressures up to atmospheric pressure.

131, H.Javid ave, AZ-1073, Baku
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A gas discharge system that consists of a
semiconductor cathode is a semiconductor gas
discharge system (SGDS) employed in the production
of atmospheric-pressured cold micro-discharges. In
SGDS, the semiconductor cathode makes an important
contribution to the micro-plasma via secondary
electron emission (SEE), and at the same time, it can
be the ability to extinguish the formations of
nonhomogeneous current in the discharge space due to
its spatial distribution [9-12]. In SGDS, the volumetric
collision processes occurring in discharge volumes far
haven’t been investigated for the atmospheric pressure
dc cold micro-discharges. It becomes important the
evaluate volumetric collision processes for the cold
micro-discharges revealed in the discharge volume of
SGDS.

We aim to present the effective processes of
volume ionization playing a role in atmospheric-
pressure dc cold discharges with the semiconductor
cathode at the breakdown instant. SGDS was applied
the enough high electric fields to generate collisions in
discharge space. SGDS generated a uniform micro-
plasma with numerous collisions in discharge space,
and the collision processes including mainly collision-
induced excitations and collision-induced ionization,
and photoionization were obtained with the inelastic
collisions. It depends on the energy given between the
cathode and anode the discharge formation and the
self-sustained discharge with these collisions. We
consider that the volumetric collision processes will
become important in developing micro-discharge
applications and technologies.

EXPERIMENTAL

The experimental scheme of SGDS with the
semiconductor cathode is shown in Figure 1.
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Fig. 1. Scheme of SGDS with GaAs semiconductor cathode: 1 - light source, 2 - incident light beam, 3 - lens, 4 - Si
filter, 5 - IR light beam, 6 - semi-transparent Ni contact, 7 - semiconductor cathode, 8 - discharge gap, 9 -
insulating mica foil, 10 - semitransparent conductive SnO: contact, 11 - flat glass disk, 12 - visible light beam.

Semiconductor material (7) consists of semi-
insulating n-type GaAs:Cr with high resistivity
(p= 108 Qxcm), and it is a direct semiconductor that
has a bandgap of 1.43 eV at room temperature. The
thickness and the diameter are 1 and 36 mm,
respectively. The anode was covered with a
conductive SnO; (10), and it had a glass disk (11) with
a 2 mm thickness and a 36 mm diameter. An insulator
slab (9) between the semiconductor cathode and the
glass plate has a spacer with a circular aperture (8).
The discharge gap d = 45 um and the pressure p
between 550 and 760 Torr were used to obtain the
right-hand branch of the breakdown curve. The
discharge gap between the glass plate and the
semiconductor cathode plate was filled with argon gas.
The gas pressure of the discharge system was changed
by a needle valve between the discharge chamber and
the mechanical pump. The values of breakdown
voltage Ug were determined from current-voltage
characteristics. The experiments were carried out at
room temperature. In this study, when the
semiconductor cathode absorbs the incident radiation
Ls, we investigate the volumetric processes in the
atmospheric-pressure dc cold discharges in SGDS
with GaAs cathode.

RESULTS AND DISCUSSION

The breakdown curve of SGDS with the GaAs
cathode is presented in Figure 2at high pressures up to
atmospheric pressure. When the pressure is increased,
the voltage values required for the onset of discharge
plasma also increase. We obtained the breakdown
voltages Ug = 315 V at 550 Torr, and Ug = 345 V at
760 Torr at d = 45 pum in Ls. With the increasing
pressure, the collisions of more gas atoms placed in
the discharge space lead to the onset of discharge
plasma at higher voltage values. To express this
increase, the volumetric collisions of atoms, species,
and electrons in the plasma space are taken into
account when the applied potential and the pressure
increase. In discharge plasma, with increasing electric
field, the volumetric collisions continuously develop,

|While GaAs cathode markedly emits SEEs in

discharge space.

At high pressures up to atmospheric pressure,
Figure 3 shows y levels released by the GaAs cathode
at the onset of discharge plasma. The secondary
electron emission coefficient (y) for the electrons
emitted from the cathode gradually increases with the
increasing pressure in the ranges of E/p between 100
ViecmxTorr and 150 V/cmxTorr. It was found as
v=7.26x10"*at 550 Torr, and y = 1x1073at 760 Torr.
In the plasma space, the electron gainsless energy
from the electric field when E/p decreases. At the
reduced values of E/p, the electron-induced excitations
become important, and this case reveals the presence
of formation in discharge volume due to photons.
VUV-UV photons and the resonant emissions are
dominant processes, and the increasing number of
metastable species are important in these ranges of E/p
but it is observed the decreases in the ionizations
[7,8]. For these ranges of E/p, the photoionization
mechanism makes an important contribution to
ionizing the atoms in the discharge space. Photons
formed in the discharge volume have enough energy
to ionize the atoms. The collision-induced excitations
and ionizations continuously develop in the discharge
volume with the increasing electric field. This
consideration indicates the importance of volumetric
collisions in the discharge space at high pressures up
to atmospheric pressure. The onset of discharge
plasma depends on the volumetric collisions while
SEEs emitted from the cathode increase at the reduced
values of E/p. The formation of SEEs in these ranges
of E/p originated from the photon-induced SEEs. But,
when the pressure increases, the photon-induced SEEs
liberated by the cathode also increase.

With the increasing pressure, the increase in the
number of collisions is significant to initiate the
discharge plasma. The increase of applied voltage
leads to the increase in the number of collisions in this
volume, and therefore the discharge plasma is required
for the high voltages. The results obtained from Figure
2 show that the voltages of breakdown curves shift to
the high values. It is about the high electric field at
45um at high pressures up to atmospheric pressure for
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micro-discharges. In these conditions, the onset of
plasma and the self-sustained plasma are required for
enough high electric fields. This case results in a time
lag in the breakdown curve when the pressure
increases. At high pressures up to atmospheric
pressure, collision-induced excitation  becomes

their products in the discharge volume. We conclude
that the collision processes occurring in the micro-
plasma volume present unique effects in the onset of
discharge plasma. Therefore, the plasma space at the
high pressures up to atmospheric pressure is occupied
by the intensely collision-induced excitation and

important while collision-induced ionization givesl ionization processes.
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Fig. 2. Breakdown curve in Ar medium in SGDS at high pressures up to atmospheric pressure.

To form the microplasma, the photoionization
occurring in the discharge space gives a unique
contribution with an ionizing effect on the gas atoms
under the inelastic collisions when the number of gas
atoms increases. Photoionization becomes important
in the electron multiplication required for avalanches
in SGDS. On the cathode, due to the photons
occurring in the discharge volume, the photoelectron
mechanism is valid, and the photons contribute to the
electron emission from the cathode; however, in the
plasma volume, there are increases in the amount of
space charge. Also, the different plasma regimes can
be observed with the processes of collision-induced
excitation and ionization when the electron density
increases. The results obtained in [14,15] show the
critical role of the volumetric processes occurring in
the formation of discharge plasma and self-sustained
plasma. It can result in disorders in the spatial-time
distribution of microplasma.

In the atmospheric-pressure DC discharge of

SGDS, the collision-induced excitation and ionization |

! processes become important to generate the current in
discharge space. The current-voltage characteristics to
express the state of the atmospheric-pressure DC
discharge of SGDS under the collision-induced
excitation and ionization processes are shown in
Figure 4. The formation and maintenance of low-
current discharge are directly about the numerous
collision-induced excitation and ionization processes
obtained in discharge space. For the breakdown, it
needs to have a high electric field under these
conditions. With the increasing electric field, many
collisions in discharge space develop. From this point,
the volumetric collision processes in discharge space
are characteristic of microplasma at high pressures up
to atmospheric pressure, and therefore discharge
volume presents a main effect for microplasma. There
is an important dependency on the discharge volume
of microplasma at high pressures up to atmospheric
pressure [8].
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Fig. 3. Secondary electron emission and E/p graph obtained in SGDS in Ls.
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Fig. 4. Current-voltage characteristics obtained at high pressures up to atmospheric pressure in SGDS in Las.

After the breakdown, the growth in the discharge |

current develops step by step when the applied voltage
increases. The homogeneous spatial-time distribution
is established in the conditions of low-current micro-
discharge after the breakdown. The discharge current
is sustained by the main volumetric collision
processes and also SEEs liberated by cathode through
discharge space. When the accumulation of space
charge in discharge volume becomes important,
deviations in the stability of discharge space can be
observed [16]. With the important development of
volumetric collision processes, the homogeneity of
spatial-time distribution begins the losses, and it
results in the oscillations or abrupt decrease of
discharge current. It becomes important the govern
volumetric collision processes to obtain the stable
discharge in microplasma applications.

CONCLUSIONS

We investigated the effect of volumetric
collisions in breakdown in argon environment in
atmospheric-pressure dc microdischarge in SGDS
with GaAs cathode. At high pressures up to
atmospheric pressure, the amount of SEE released by
the cathode reaches high values at the reduced values
of E/p. It was observed that the breakdown voltages
shift to the higher applied voltage values when the
amount of SEE is at higher values. At the reduced
values of E/p, the formation of discharge plasma is
about photoionization structure in the effects of
collision-induced excitation and ionization. When the
volumetric collision processes in discharge plasma are
taken into account, we consider that the efficiency of
microplasma applications will develop at high
pressures up to atmospheric pressure.
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The main results of investigations on the electrical and magnetoresistance (MS) of a composite material consisting of
70 mol. % Dirac half-metal CdsAsz and of 30 mol. % ferromagnetic MnAs are presented at pressures up to 50 GPa in a high-
pressure chamber with diamond anvils of the “rounded cone-plane” type, as well as magnetization at hydrostatic pressures up
to 6 GPa in a “Toroid” high-pressure chamber, both in the room temperature mode and in the temperature range from 180 to
350 K at atmospheric pressure. A 4:1 methanol-ethanol liquid is used as the pressure transmitting agent. The elemental
analysis of CdsAs2 composite + 30 mol% MnAs, reveals that most of the volume is CdsAsz phase. The share of MnAs phase
inclusions is less than 5%. The presence of a significant non-mixing region of the CdsAs2 and MnAs melt phases is the
peculiarity of CdsAsa+MnAs.

With increasing the pressure, a negative magnetic resistance (MR) is observed in the whole considered baric region.
The maximum of the negative MR is manifested in the pressure region of 22-26 GPa. Further increase in pressure up to a
maximum pressure produces several extrema on the AR/Ro(P) curve, and the negative MR does not exceed 4%. In the
pressure drop mode from 50 GPa, the baric dependence AR/Ro(P) is characterized by inversion of the MR sign: the negative
MR is replaced by a positive one at about 40 GPa, and the maximum value of the positive MR ~5.3 % is observed near 20
GPa. Signs of instability of the CdsAs2 monoclinic structure due to its partial decomposition during decompression are
determined. The prevailing negative MR over a wide pressure range of 16-50 GPa is discussed to be irrespective of the MnAs
clusters effect, since the magnetic transformation observed in MnAs occurs at pressures lower than 1 GPa, and the

magnetization decreases with further pressure increase up to 5 GPa.

Keywords: electric resistance, clusters, high pressures, magnetoresistance

INTRODUCTION

In recent years, the 3D topologically nontrivial
systems with magnetic impurities, Dirac and Weyl
semimetals, have become a new focus of condensed
state physics. This is not surprising in view of that the
elements of the Il and V groups of the periodic system
form chemical compounds exhibiting very interesting
semiconductor properties [1]. A special group is
formed by ternary and quaternary alloys, whose
properties depend on the properties of the binary
compounds presented in their composition. The 1l5-V;
group is the best known among I1-V alloys: doping
CdsAs;, ZnsAs; by Mn generates magnetic
semiconductors  (CdixMny)sAsz,  (Zn1-xMny)3ASy,
(Cdl.x.y.ZnyMnx)gASZ [2, 3].

Today the physical properties of these materials
are not fully understood. The goal of the present work
is to research the high-pressure effect on a 3D
topologically non-trivial system with magnetic
impurities on the case of (Cd;xMny)sAs; solid
solution.

The electrical and magnetic properties of
(Cd;<xMny)sAs,; composites are largely determined by
MnAs  nanoclusters.  These  composites are
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characterized by the metallic type of conductivity. It
can be noted that the electrical resistivity of a number
of composites decreases with growth in the magnetic
field. This behavior is observed both at low
temperatures and at room temperature, which indicates
spin-dependent scattering mechanisms and exchange
interaction of unknown nature between magnetic
nanoclusters of the composite.

The investigations of CdsAs; show the
topological aspect of electrical properties [4 -6]. The
valence and conduction bands of CdsAs, are the
conical structures intersecting near the I point at the
Fermi level. The regions where the cone-shaped
structures indicate the formation of 3D Dirac points
are identified by the angular resolution photoelectron
spectroscopy (Fig. 1).

Figure 2 presents the zone structure of a-CdsAs;
tetragonal phase which is typical to a Dirac semimetal.
The figure shows that the A6 and A7 zones intersect
to the left of the T point at the Fermi level, which
results in the formation of a 3D Dirac cone.

Previously [9], CdsAs; was considered as a
narrow-gap semiconductor with electronic
conductivity and high charge carrier mobility
u=15000 cm?(V s).
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Fig. 1 - (a) lllustration of three-dimensional sputtering of a Dirac half-metal. (b) Scheme of the Fermi surface above the Dirac
point, at the Dirac point and below the Dirac point [7]
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Fig. 2. The zone structure of a-CdsAs2 (141/cd) [8]

The electron transport properties of Cds;As;
reveal unexpected properties [10-12]: despite the high
mobility of current carriers, the thermal conductivity
of CdsAs; appeared to be lower than the value of 4.17
W/m-K. The reason for this discrepancy is believed to
be a large electron-phonon scattering. The thermal
conductivity is usually by an order of magnitude
higher for common metals or semi-metals with similar
electrical conductivity.

Hall effect measurements [5] reveal the high
mobility of electrons up to 180 cm? /V-s at room
temperatures and to 134 cm? /V-s at 3 K. The carrier
density is within the order of 10'° cm-3. The Seebeck
coefficient (S) shows a negative sign indicating the n-
type conductivity: S reaches 74.1 puV/K at room
temperature, and the temperature dependence of S(T)
is linear over a wide temperature range (2-380 K).

Measurements of electrical resistivity in CdsAs;
monocrystals under pressures up to 50.9 GPa proves
that after an initial increase in pressure, the low-
temperature resistivity begins to decrease at pressures
above 6.4 GPa and the superconductivity appears at
8.5 GPa with Tc =2.0 K, which increases with

| .
pressure and reaches a maximum value of 4.0 K at

21.3 GPa [6].

Manganese dissolves in CdsAs; forming a wide
range of ternary solid solutions (CdixMnx)sAs; in a
certain concentration range [13]. Exceeding the
limiting concentration leads to the formation of a
eutectic alloy containing, along with the solid solution
(Cd1xMnx)sAs,,  the  nanoscale  ferromagnetic
inclusions of MnAs with a unit cell of symmetry
P63/mmc and parameters a = 3.72 A and ¢ = 5.71 A.
At room temperature, MnAs undergoes a transition
from hexagonal NiAs-type structure with P63/mmc
symmetry to orthorhombic MnP-type structure with
Pnma symmetry when the pressure reaches 0.45 GPa
[14]. The high value of the Curie point in MnAs (318
K) makes it a promising material for application in
various spin electronics elements functioning in the
terahertz range [15-17].

SAMPLES AND EXPERIMENTAL METHOD

The synthesis of (Cdi.xMnx)sAs, crystals was
performed by the vacuum-ampoule method from
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CdsAs; and MnAs compounds at the manganese
arsenide melting temperature [18]. The samples were
a composite consisting of nanoscale ferromagnetic
MnAs pellets chaotically arranged in the volume of
the CdsAs; semiconductor matrix. The obtained
samples were analyzed by X-ray diffraction and
scanning electron microscopy (SEM). Elemental|

analysis of the investigated composites showed that
the CdsAs; phase constitutes the major part of the
volume. The fraction of MnAs phase inclusions
occupies less than 5%. When interpreting the peaks, it
was found that the X-ray diffraction pattern contained
two main phases: a-CdsAs;, - tetragonal and MnAs -
magnetic hexagonal (Fig. 3).
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Fig. 3. X-ray diagram of the CdsAsz + 30mol% MnAs sample.

There was also an insignificant amount of CdAs;
phase present. CdsAs, phase and CdsAs;+MnAs
eutectic were observed on microstructures. The
peculiarity of CdsAs;+MnAs was the existence of a
significant non-mixing region of the CdsAs, and
MnAs melt phases.

The effect of high pressure on the electrophysical
properties of composites was investigated in a high-
pressure chamber (HPC) with diamond anvils of the
“rounded cone-plane” type and in a high-pressure
apparatus of the “Toroid” type. The measurement

technique was described in detail in [19-13]. |

350 , ; .

EXPERIMENTAL RESULTS AND DISCUSSION

Figure 4 depicts the pressure P dependence of
(Cd1xMnx)sAs; resistance R at two consecutive cycles
of measurements (pressure rise and drope) in the room
temperature region. The baric interval of 15-25 GPa of
the first cycle is dominated by a significant decrease
of R with increasing P. The resistivity in this pressure
range varies almost linearly with the average rate
dR/dP=-24.9 Ohm/GPa (Inset to Fig. 4).
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Fig. 4. Dependences of electrical resistivity of CdsAsz + 30 mol% MnAs on pressure at two consecutive cycles of
measurements. The inset shows the R(P) dependence of the first cycle at pressure rise. The dashed lines stand for

the determination of the dR/dP slopes.
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The predominance of R hysteresis in
(Cd1-xMnx)3As; in the pressure range of 15-50 GPa
seems to be rather interesting, as it may testify to the
structural transition occurring in CdsAs;, whose
structure above 4.67 GPa is already monoclinic
(P21/c) [6]. However, based on the X-ray diffraction
data given in [6], the monoclinic phase is registered up
to 17.8 GPa, while its predominance up to 50 GPa is
only hypothetical.

Figures 5 show the field dependences of MR
measured at different pressures up to 50 GPa and in
magnetic fields up to 1 T at room temperature. The
measurements are carried out in the pressure rise and
drope modes, which allow us to qualitatively
determine the relationship between the observed
hysteresis in the R(P) dependence and the MR
behavior. The magnitude of the transverse MR is
estimated by the formula

R(B)—R(0)
R(0)

MR =100+

where R(B) is the electric resistivity in the transverse
magnetic field with induction B, R(0) is the electrical
resistance in the absence of the magnetic field.

As follows from Fig. 5, a positive MR is
observed in the composite at P=16 GPa. A similar
positive MS in CdszAs; + 30 mol% MnAs was
previously observed under a relatively low pressure of
7.7 GPa, which was attributed to the competition
between the influence of the Lorentz force and the

20 |

L L '
0.0 0.2 0.4 0.8

spin-dependent scattering of charge carriers on MnAs
clusters [24]. This positive MR appears to extend up
tol6 GPa, however, its magnitude gradually
decreases. Further growth of P changes the sign of
MR and the maximum value of negative MR ~20% is
registered at 22 GPa in the 1 T field. It should be
noted that in this pressure region there is a sharp
change of the dR/dP rate on the R(P) dependence and
the cutoff intersection crossing of the approximation
lines of low and high pressure regions correspond to
the value of ~23 GPa (Inset to Fig. 4).

The maximum of the pressure-induced negative
MR is realized in the relatively narrow pressure region
of 22-26 GPa, and further at P>26 GPa the negative
MR does not exceed 4% at 38 GPa. The dynamics of
this negative MR change at pressure rise appears
ambiguous, since there are several local minima on the
AR/Ro(P). dependence. At pressure relief, the field
dependence of MR exhibits an inversion of a sign at
P>40 GPa (Fig. 5) and a maximum positive MR of
~5.3 % is observed around 20 GPa. So, the change of
the MR sign at pressure rise and release may indicate
that in CdsAs, + 30 mol% MnAs there is an
irreversibility of structural properties due to partial
decomposition of the composite after decompression.
At the same time, the presence of negative and
positive MR maxima is presumably related to the
nature of phase transformations in the electronic
subsystem of the composite [25].

T
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—— 132
—— 34
—E— 38
g|—0— 42
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—&— 48
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Fig. 5. Dependences of the magnetoresistance of CdsAs2+30 mol% MnAs on the magnetic field induction in the
pressure range of 16-26 GPa (upper panel) and 28-50 GPa (lower panel) measured in the pressure rise mode.
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Fig. 6. The dependences of the CdsAs,+30 mol% MnAs magnetoresistance on the magnetic field induction at some
fixed pressure values measured in the pressure relief mode.
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We further note that the existence of MnAs
clusters in the composite structure can somehow have
a bearing on the nature of addressed MR. However,
their magnetic behavior remains unclear in the
considered pressure ranges from 15 to 50 GPa.

This is explained by that the magnetic phase
diagram for the MnAs bulk compound is well studied
only up to 1.1 GPa at present [26]. According to
neutron studies, it is reported that the orthorhombic
phase of the MnP type remains stable up to 1.26 GPa,
where a spiral structure with the propagation vector
7a = 0.125x27xa* is further formed [27]. As the study
of the MnAs cluster magnetic properties at pressures
comparable to the MR measurements (Fig. 5) is
extremely difficult, our measurements of the
isothermal magnetization are limited to the region up
to 5 GPa.

An analogy between bulk MnAs compounds and
MnAs clusters is found by investigating the
temperature dependence of the magnetization M(T).
Fig. 6 shows the dependence of M(T). measured in
magnetic fields H up to 3.6 kE at atmospheric

pressure. The qualitative course of the curve is
identical: there is a sharp increase in M near Tc ~ 318
K upon cooling, which is associated with the magnetic
transformation from a nonmagnetic to a ferromagnetic
state [26]. Increase in the field up to 3.6 KE initiate a
slight shift of the Curie temperature toward high
temperatures up to Tc =321 K (defined as dM/dT for
M curves in heating mode). This behavior confirms
that MnAs nano-inclusions in the CdszAs; matrix
exhibit similar magnetic properties as in their bulk
counterpart. At the same time, a remarkable feature of
the ferromagnetic transition is the absence of the
characteristic hysteresis M, which is an evidence of
the first order phase transition in bulk MnAs. This
magnetic transition occurs with the change of g
(orthorhombic) nonmagnetic phase into a (hexagonal)
ferromagnetic phase, accompanied with a hysteresis
width of about 8-12 K. But, the absence of hysteresis
M may be equivalent to the situation occurring in
epitaxial layers of MnAs(001)/GaAs(111), in which
the coexistence region of a+f phases prevails [28].
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Fig. 7. The dependences of the CdsAs2+30 mol% MnAs magnetoresistance on pressure at different values of the
transverse magnetic field induction upto B=1T.

Fig. 8. The temperature dependence of the CdsAsz+30 mol% MnAs magnetization in the region of the paramagnetic to
ferromagnetic transition measured in magnetic fields up to H=0 - 3.6 kE. The curves of successive heating and
cooling cycles are shifted relative to each other.
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Fig. 9. The baric dependence of the magnetization at T=293 K measured under magnetic fields 500 E and 5 kE.

The dependence of isothermal M on P at T=293
K is illustrated in Figure 7. At atmospheric pressure
(P=0 GPa), the values M=0.05 Am?kg and M=7.69
Am?/kg are maintained in magnetic fields of 500 E
and 5 kE, respectively. The M maxima are observed
on the M(P) dependence, which indicate the
realization of magnetic transformation occurring in
MnAs clusters. The increase of M reaches 80% in the
region of maxima at H=500 E and 23% at H=5 kE
from the initial values of M. In addition, the phase
transition region shifts toward high pressure from
P=0.77 GPa to P=0.9 GPa with increasing H. Such a
prevailing trend indicates the change of the
ferromagnetic state of MnAs clusters to the
antiferromagnetic ordering.

The antiferromagnetic phase is a consequence of
the metamagnetic transition, which can be induced by
a simultaneous effect of H and P below T¢ in the
volume MnAs compound.

Based on observation that the further behavior of
M(P) demonstrates a gradual decrease up to 5 GPa
(Fig. 7), one can conclude that MnAs clusters under
higher pressure conditions are likely to be in a non-
magnetic state. For this reason, it can be argued that
the appearance of negative MR in the pressure range
of 16-50 GPa (Fig. 5) should not be associated with
the influence of MnAs clusters. On the other hand, it
is worth noting that the Mn impurity has the ability to
dissolve in the CdsAs; matrix in an extremely minimal
amount. In such a case, the negative MR arises due to
the topological phase transition caused by the
magnetic impurity and the formation of magnetic
polarons, which support spin-dependent scattering in
doped CdsAs,. For a more detailed analysis of the MR
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DETERMINATION OF THE MAGNETIC ANISOTROPY CONSTANT IN
MICROPARTICLES OF POWDER-BASED PERMANENT MAGNETS BY
MOSSBAUER SPECTROSCOPY

Sh.M. ALIEV, Zh.G. IBAEV
Institute of Physics Dagestan Scientific Center, Russian Academy of Sciences,
Makhachkala. Dagestan. Russia
e-mail: ibaev77@mail.ru, Tel.:+79285494601

A new Mosshauer technique for determining the uniaxial magnetic anisotropy constant in micro-particles of
powder-based permanent magnets has been developed and experimentally verified.

The technology of anisotropic powder-based
permanent magnets includes alignment of the
monodomain uniaxial panicles of a magnetically hard
material in a magnetic field, followed by pressing the
material in this oriented state [I]. As a result, the
material acquires an axial magnetic texture whose
degree of perfection is characterized by the texture
scattering angle 8, or the relative remanent

magnetization % (M, and Ms, being the remanent and
S

saturation magnetization, respectively).
Previously [2], we developed a method based on
the Mosshauer spectroscopy for determining 6. and

%. Using the results of that study, we propose a new

technique for measuring the uniaxial magnetic
anisotropy constant K of the microparticles of
powder-based permanent magnets. The K value
determines the coercive force and the specific energy
of a permanent magnet [1].

The internal energy per unit volume of a
permanent magnet in the external magnetic field H is

[1]

Ey

= ZHM — - NM?, )

2

where M and N are the magnetization and
demagnetization factors of the given magnet,
respectively. Rotation of the magnetization vectors of
panicles relative to their easy axes under the action of
the field H is hindered by the magnetic anisotropy

energy [1]
E, = Ksin?g, )
where ¢ is a cenain average angle of deviation of

the magnetization vectors from easy axes in the field H.
The balance of £, and Ea values yields

HM—-NM?

= s ®)

@

Based on the conclusions derived in [2] and the

relation obtained in that study.
9k—12

——cos0, +
3k+4 t

8-12k _

3
cos>0, + =0,
t 3k+4

(4)
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we can determine the magnetic texture scattering
angle 0y, using the parameter k determined as the ratio
of areas under the second and first (or fifth and sixth)
lines of the S>Fe  Mosshauer  spectrum
( k=S5,5/S16 )- The sample for Massbauer
measurements represents a thin plate cut from a magnet
in the plane perpendicular to the axis of texture.

Once the texture scattering angle 0, is known, it is

possible to determine the relative remanent
magnetization as [2]
M 1+cos@
L=, 5)
N

The sample of a textured magnetic material can be
formally represented by a single crystal plate with the
magnetization vector M, making an angle ¢o =
arccos(M/Ms) with the normal to the sample surface
(Fig. la). Using this approximation, it is possible to
reduce the angles 6, between the axis of texture and
easy axes to an

average angle ¢o, which simplifies solution of the
problem. By the same token, the relative magnetization
of a magnet in the field H applied along the texture axis
(Fig. Ib) can be expressed as

My

M

1+cos6¢

S = COs¢y,

(6)
Using relations (3). (5) and (6) and taking into
account o=@o-¢1 (Fig. 1), we finally oblain

__ Mscosp1(H—Mscos@q)

K —
2sin*(@o—¢1)

U]

The proposed method was verified on a
16BA-190 grade magnet based on barium ferrite
BaFe;2019 [3]. The sample had the shape of a
70-um-thick plate with a diameter of 15 mm, cut from
the magnet along the plane perpendicular 10 the axis of
texture. The measurements in a magnetic field were
performed using a water-cooled solenoid. The source
of y-quanta was 5’Co in a chromium matrix, with a
beam divergence angle not exceeding 5°.

Figure 2 shows the Mossbauer spectra of the
sample measured with and without applied magnetic
field. The spectra exhibit a superposition of five Zee
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man sextets related to iron ions in five magnetic
sublatlices of barium ferrite [41, From these spectra,
we have obtained 6; = 40°, M/Ms = 0.88, and ¢;=28°.
In a magnetic field with H = 21 kOe, the
corresponding values are 6 = 19°, M/M; = 0.97, and
1= 12°. For the given magnetic material, 4 ©M, = 3000
G [3] and, taking into account the relative remanent |

(b)

magnetization. Ms = 270 G. Substituting these data into
(7) yields K = 3.3x10° erg/cm®. This value coincides
with the values of the anisotropy constant obtained by
the torsional pendulum and the ferromagnetic
resonance techniques for single crystal ferrite
BaFelzolg [5]

Fig. 1. Distribution of the panicle magnetization vector directions relative to the texture axis in a powder-based
permanent magnet (left diagrams) and in a single crystal magnet with the easy axis making an angle o with the
normal to the sample plane: (a) in the remanent magnetization state (demagnetizing field assumed equal to zero);
(b) in a magnetizing field H applied along the texture axis.

I, au.
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Fig. 2. 5"Fe Mdssbauer spectra of a 16BA-190 permanent magnet measured (a) without applied magnetic field and (b) in
afield of H= 2.1 kOe parallel to the texture axis. The direction of the beam of y-quanta coincides with the axis of

texture.
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An advantage of the method described above is
the possibility lo perform measurements on the
commercial samples, which is very important for
testing permanent magnets in order to control and
optimize their technical characteristics. Note that the
proposed technique has nothing preventing its use for
determining the uniaxial anisotropy constants of
magnetically hard materials of some other systems

(Fe-Co-Ni-Al-Cu, Fe-Co-Cr, etc.) widely used in
permanent magnet technology [I].
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The paper reports the findings on the baric dependences of the thermoelectromotive force (thermo-emf) of the
CdsAsz2 + n mol% MnAs granular structures, n=10, 20, 30 and 44.7, where peculiarities in the thermo-emf behavior (extrema,
inflection points on the S(P) curves or pressure hysteresis) are observed. The peaks are observed in CdsAs2 + n mol% MnAs
in the pressure range P= (28-35) GPa for the cases n=10 and n=20; in CdsAsz + 30 mol. % MnAs at P= (20-35) GPa;
in  CdsAsz + 44.7 mol. % MnAs at P=(30-35) GPa. At pressures higher than 40 GPa, the thermo-emf changes weakly or
practically does not vary both at increasing and subsequent decreasing pressures.

Keywords: thermoelecromotive force, electric resistance, clusters, high pressures, Seebeck coefficient, relaxation time.

INTRODUCTION

The Dirac CdsAs, semimetal has drawn the
attention of researchers with its intriguing properties:
nontrivial zone structure [1], unusually high electron
mobility, much higher than 10* cm?(B's) at room
temperature and 106 cm?/(B-s) at low temperatures [2].
Despite its high mobility, the CdsAs, thermal
conductivity is found to be lower than 4.17 W/m-K [3].
The temperature dependence of the electrical resistivity
in typical monocrystal CdsAs; reveals a behavior of a
semimetal with saturation at low temperatures and
metallic type of the conductivity. The study of Seebeck
coefficient (S) in [3] shows the negative sign of S
indicating electronic type of the conductivity. The S
value achieves 74.1 pV/K at room temperature. The
temperature dependence of the Seebeck coefficient
S(T) is linear over a wide temperature range (2-380 K)
[3]. The characteristics of electrical resistivity and
thermo-emf of CdsAs; thin films with 700 nm in thick
investigated in [4] are slightly different from the
corresponding characteristics for bulk samples. When
temperature grows, the specific electrical resistivity
first increases and then begins to fall at T = 30K. The
temperature dependence of the thermo-emf (S) in [4]
confirms the thermal activation process. At low
temperatures, the positive sign of S specifies that holes

are the dominant carriers, while at T>57 K, the sign of
S becomes negative indicating that thermally activated
electrons become the dominant carriers.

CdsAs; containing MnAs magnetic granules are
attractive for spintronics, since these structures consist
of alternating magnetic and nonmagnetic nanodomains
and are distinguished by highly mobile electrons. The
fundamental interest in the study of such structures is
determined by a significant role of magnetic exchange
interactions in them along with the known and widely
studied interactions in semiconductor structures.

This work presents a study of the thermoelectric
properties of CdsAs; + n mol% MnAs, n=10, 20, 30,
and 44.7, in particular, the behavior of the Seebeck
coefficient versus pressure. Previously, the
magnetization, the electrical resistivity, the Hall
coefficient and their temperature dependences were
researched in structures of similar composition [5-7].

The aim of the work is to evaluate the effect of
pressure on the thermoelectric properties of
CdsAs; + n mol% MnAs, n=10, 20, 30, and 44.7.

TECHNIQUE OF THERMO-EMF RESEARCH

Bulk samples of CdsAs; - MnAs were obtained at
the N.S. Kurnakov Institute of General and Inorganic
Chemistry, Russian Academy of Sciences [8].

Table 1.

Composition of synthesized samples of CdsAs; - MnAs system [8]

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

Ne of Content of Elemental composition of samples
sample MnAs, mole according to EDRS results, at.%

% Cd As Mn
1 10 58.7 39.9 1.4
2 20 51.3 414 7.3
3 30 50.3 415 8.2
4 447 48.6 40.0 114
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The composition of some samples is given in
Table 1 [8].

Pressures up to 50 GPa were created in high-
pressure chambers (HPC) with anvils made of artificial
diamonds of the “carbonado” type, which are good
conductors and allow one to research the electrical
properties of samples placed in HPC.

The mechanism of generating pressures up to 50
GPa, technical characteristics and calibration of HPCs
were described in detail in [9-11].

The principle scheme of thermo-emf
measurements in a high-pressure chamber with anvils
of the “rounded cone-plane” type was detailed in [12].

All  measurements were carried out at room|
§
g
2
LI
gg = gﬁ% i g |7

temperature. The temperature gradient across the
sample did not exceed 1 K.

RESULTS AND DISCUSSIONS

Diffractograms of CdsAs; + n mol % MnAs
granular structures n=10, 20, 30 and 44.7 are depicted
in Fig. 1. The main phases are CdsAs; and MnAs, and
also it can be mentioned the existence of CdAs; phase
in residual amounts.

Electron microscopic analysis of CdsAs; + n mol
% MnAs allowed to detect the presence of MnAs
particles from 5 to 110 nm in CdsAs; + 44.7 mol %
MnAs (Figure 2 d).

= a"-Cds, (P4nmo)
v MnAs (P6y/mmc)
o CdAs, (Mod)

c)

Fig. 2. SEM images of spallings of CdsAsz2+ n mol.% MnAs samples a) n=10, b) n=20, ¢) n=30, d) n=44.7
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Fig. 3. Size distribution of MnAs nanoclusters in the CdsAs2+44.7 mol%MnAs composite and one example of the SEM

images of a sample spall/chip.

At n<44.7, the granules failed to be visualized in
electron microscopic investigations (Figure 2 a, b, c),
probably because of their small size. The analysis of
MnAs nanocluster sizes in the granulated CdsAs, +
44.7 mol % MnAs revealed a “two-humped” (bimodal)
particle size distribution: characteristic diameters of
MnAs nanoclusters are 20-30 nm and 50-90 nm (Figure
3).

It is most likely that particles larger than 50 nm
can be located in the near-surface regions rather than in
the material volume, as the opposite would lead to a
significant increase in the deformation energies of both
the matrix itself and the nanoclusters.

Proceeding from this, one can expect that the bulk
physical properties of the granulated CdsAs,+44.7 mol
% MnAs may be determined by the properties of MnAs
nanoclusters with 20-30 nm in size. Previously, the
nanocluster sizes of the order 30-50 nm was reported
for CdsAs,+80 mol % MnAs, and their size was
estimated with the Debye-Scherrer formula, using the
obtained X-ray diffraction patterns and taking into
account the small value of the coercivity (less than 20
E) estimated from the magnetic field dependences [13].
Applying the method of magnetic force microscopy,
the authors [8] succeeded in determining the presence
of magnetic inclusions for CdzAs;+n mol % MnAs
samples with MnAs content above 10 mol%, and the
concentration and size of magnetic impurity inclusions
grew as the Mn content increased. For instance, the
average size of MnAs granules in the CdsAs; + 70 mol
% MnAs material was 50 nm.

Thus, the materials CdsAs; + n mol % MnAs are
granulated  structures  consisting of  nanosize
ferromagnetic MnAs granules (whose sizes decrease
with decreasing n, which is coincided with the
conclusions of work [8]) chaotically located in the
volume of the CdzAs; semiconductor matrix.

Investigations on the baric dependences of the
Seebeck coefficient for CdsAs, + n mol% MnAs
composites are carried out by the following scheme: we
gradually increase the pressures from ~ 4 GPa to the
maximum ~ 50 GPa at certain baric intervals, keeping

| the sample for some time at each value of the increasing
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pressure before taking the measurement, and then at the
subsequent gradual decrease in pressure to the initial
one. Data on the transport properties of granulated
structures at pressures up to 50 GPa clarified that the
main carriers at high pressures up to 50 GPa are holes
in CdsAsz+n mol%MnAs samples (n = 10, 20, 30) in
the material with n=44.7 are electrons. The Seebeck
coefficient value and its sign for the structure with
n=44.7 are typical for the investigated material, which
is a semiconductor matrix (CdsAs; is an n-type narrow-
gap semiconductor) with ferromagnetic MnAs
granules. The measurement results are summarized in
Figure 4. For materials with a lower content of MnAs
granules, hole carriers are predominant under pressure
exceeding 3 GPa.  On the coexistence of hole and
electron carriers and the asymmetry in their mobility
(associated with the zone structure) were reported by
the authors [14, 15] when exploring the properties of
CdsAs; thin (200-700 nm thick) monocrystal films and
by the authors [1] when conducting theoretical studies
of the zone structure of CdsAs; crystals. The effect of
the predominance of hole carriers on the surface and
electron carriers in the material volume was discussed
in [15] when studying the transport properties of
CdsAs; thin films under certain configurations of
magnetic and electric fields. The issue on the observed
effect of the hole carrier predominance over electronic
carriers in a number of investigated composites, the
occurrence of which is most basically caused by
processes in the CdsAs, matrix and considering that the
sample studied under the pressures up to 50 GPa is 10-
30 um in thickness, requires further experimental and
theoretical investigations. All materials manifest
peculiarities in the thermo-emf behavior (extrema,
inflection points on the S(P) curves or pressure
hysteresis) in the range of 28-35 GPa for n=10 and
n=20, in the interval of 20-35 GPa for n=30, and in the
interval of 30-35 GPa for n=44.7. The thermal-emf
changes slightly or practically remains the same, when
the pressure exceeds 40 GPa, both at increasing and
subsequent decreasing pressures.
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Fig. 4. Dependences of the Seebeck coefficient on monotonically increasing and decreasing pressure of composites
a) CdsAs; + 10% mol. MnAs , b) CdsAs; + 20% mol. MnAs, ¢) CdsAs; + 30% mol. MnAs; d, e) CdsAs; +

44.7% mol. MnAs.

Note that Figure 4. (c) depicts features as
inflection points in the pressure range of 20-35 GPa.
The samples with other amounts of MnAs (see Figure
4. 3, b) also show similar changes in this pressure range.
This behavior can be explained by a structural or
electronic phase transition occurring in this pressure
range.

When high hydrostatic pressure is applied and the
system is placed in an electric field, the relaxation of
the nonequilibrium system and a gradual transition to
the equilibrium state will be observed. Relaxation
processes of thermo-emf are well described (correlation
coefficient ~ 0.97) by the exponential dependence (see
Figure 5)

20

S=S,+A -exp(—i) : 1)

T
where 1 is the constant equal to the relaxation time, t is
the time.

The experimental results show that an increase in
relaxation time is registered in the range of 30-33 GPa
in CdsAs, + n mol% MnAs composites, which is
associated with a possible structural or electronic phase
transition. As an example, Fig. 5 shows the S(t)
dependences for the composite CdsAs; + 30% mol.
MnAs. The negative sign of the thermo-emf (Fig. 5)
corresponds to hole carriers at the appropriate
connection scheme of the devices to the employed
setup described in [12].



THERMOELECTRICAL PROPERTIES OF Mn-DOPED n-Cdz:As;

The relaxation time of a thermo-emf constant
value in the pressure range from 4 to 30 GPa is
extremely short (a few seconds). And then, with further
increase in pressure, it grows and remains at the level
of 14-32 sec. up to approximately 42 GPa, then reduces
to small again.

In the case of CdsAs; + 44.7% mol. MnAs, the
maximum values of the electrical resistance relaxation
time are seen in the range of 30-33 GPa (see Figure 6).

When estimating the relaxation times of thermo-
emf under pressure, the time dependences of thermo-

=T TRY

TS

emf at fixed pressure are better approximated by the
first order exponent S(t)=Ae,. When attempting to
approximate S(t) by a double exponent, the two times
coincide. It can be assumed that the shorter time

tmin=min{ty,t.}, estimated from the time dependences of
electrical resistance R(t)=A;e"+Ae™,, corresponds
to relaxation processes associated with changes in the
width of the forbidden band and carrier concentration,
while the longer time is associated with relaxation
processes of the crystal lattice.

Fig. 5. Dependences of the Seebeck coefficient on the pressure holding time at the given pressure values for the

CdsAsz + 30% mol. MnAs composite.

This assumption is confirmed by the following:
the change of thermo-emf with time, when holding the
sample under a certain pressure, is characterized by a
single relaxation time; at pressures above 23 GPa it is
close, and at pressures 33 GPa and above it practically
coincides (5-8 sec) with the smallest tmin of the two
estimated times from the approximation of the
relaxation curve for the electrical resistance (Figure 6.
b). The CdsAs, + 44.7 mol. % MnAs structure, as
mentioned above, is characterized by the electronic
type of carriers, and the relaxation of the resistivity at
high pressure is associated with charge transfer
mechanisms such as electron tunneling between

| ferromagnetic granules through the semiconductor
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barrier and possibly with hopping conduction by
localized states.

Thus, summarizing the results of the study for
all CdsAs; + n mol% MnAs composites, we can
conclude that features of thermal-emf dependences on
the pressure are observed in the range of 28-35 GPa,
and a significant increase in the relaxation time of the
electrical resistivity and in a number of composites the
relaxation time of the thermal-emf, associated with a
possible structural or electronic phase transition, is
found in the range of 30-33 GPa.
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Fig. 6. a) Baric dependence of the relative value of the electrical resistance relaxation time tmax/tp, where tmax is estimated
from the approximation of the electrical resistance dependence on the time R(t)=A1e¥4+Ae " at each fixed
pressure as tmax=max{t1,t2} and tp is the largest of the experimentally estimated tmax at 31 GPa; b) Baric
dependences of the electrical resistance relaxation time tmin=min{ts,tz}, estimated from time dependences of
electrical resistance R(t)=A1e"1+A2e"; (curve 1), and the thermo-emf relaxation time to, estimated from time
dependences of thermo-emf S(t)=Ae % (curve 2) for CdsAsa+ 44.7 mol. % MnAs composite .

CONCLUSION

The specific features of the pressure-dependent
behavior of the Seebeck coefficient are found for all
considered CdsAs, + n mol. % MnAs composites in the
range of 28-35 GPa. The data of relaxation processes at
pressures up to 50 GPa prove that in the interval of 32-
42 GPa in CdsAs; + n mol.% MnAs composites there
is an increase in times of the relaxation, thermal-emf,
and electrical resistance associated with a possible
structural or electronic phase transition.

In view of the fact that the peculiarities of the
pressure dependences of the relaxation, electrical
resistivity, and thermo-emf times are primarily caused
by changes in the characteristics of the electron
subsystem of CdsAs;, and the fact that the monoclinic
crystalline phase of CdsAs; is stable up to 50 GPa [16],
as well as the fact that the distance apart the
ferromagnetic nanogranules, between which electrons
are tunneling in the composite, decreases with increase
in pressure, we can conclude that the most probable
transformations in the range of 30-35 GPa are the
transformations in the electronic subsystem.
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Cu-substituted Ni-Zn ferrites were synthesized by thermal method. X-ray phase and IR spectra of the
Nio.4CuxZno.sxFe204 (x=0-0.6) ferrites were studied and it was determined that all obtained samples are spinel ferrites with a
single-phase cubic structure. The coefficients of elasticity were calculated using the parameters obtained from the analyzes and
the dependence of these coefficients on the concentration of Cu ion was determined.

Keywords: ferrites, thermal method, X-ray phase, IR spectroscopy, sublattice, elastic properties.

PACS: 4120Gz, 42.72Ai
INTRODUCTION

In recent years, there has been an increased
interest in the study of nanoferrites with a spinel
structure, which have a wide range of practical
applications due to their unique physical properties.
The physical properties such as mechanical hardness,
chemical stability, high saturation magnetization,
massive magnetic resistance, semiconductor-dielectric
transition, high dielectric permeability have expanded
their applications in spintronic, memory devices,
computer components, magnetic receivers, magnetic
recording devices, gas detectors, transformer casings,
in biomedicine and other fields. Ferrite spinels with the
general formula (A%*) [B%*]04% have a surface-centered
cubic structure [1,2]. There are three types of them:
normal, transformed and mixed. A%* and B®" are
divalent and trivalent metal cations located in
tetrahedral (A) and octahedral (B) sublattices. Divalent
cations can occupy both sublattices. When this cation
resides in the tetrahedral sublattice, normal spinel is
formed, and when it resides in both sublattices, inverted
spinel is formed. Recently, the most relevant issue of
practical application is the management of physical,
chemical and electromagnetic properties of the
synthesized material [3,4]. As a rule, the physical,
chemical, structural and electromagnetic properties of
the material are strongly dependent on the replacement
of the composition, synthesis process. In the literature
analysis [1-7], the absence of a detailed description of
the changes in Ni-Zn ferrite materials shows that the
study of these materials is still relevant.

It is also important to study the mechanical
properties of ferrite materials. Because determining the
mechanical properties of ferrites, for example,
elasticity coefficients and Debye temperature, allows
determining the nature of bonding forces. Usually, the
method of transmission of ultrasonic pulses is used to
determine the coefficients of elasticity [8, 9, 16].
However, this method has a number of shortcomings.
First of all, a large amount of material is required. It is
known that for the investigation of each material’s
structure we use X-ray and IR spectral analysis. We can
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determine the elasticity properties of our material by
the using obtained results,. There are two methods for
determining the elastic properties of crystals:
determination of elastic properties through the
coefficient of elastic stiffness (Cj) and the coefficient
of elastic strain (S;). A total of thirty-six elasticity
coefficients are available. For crystals with a
homogeneous cubic structure, it is sufficient to
determine three elasticity constants (C11, Ciz, Caa).

In this article, the elasticity properties of
Nig4CuxZnoexFe20s (x=0-0.6) nanoferrite powders
synthesized by the thermal method were studied by the
Waldron method. Thus, the elasticity coefficients were
calculated based on the parameters obtained from the
X-ray phase and IR spectral analyses, and the
dependence of the obtained parameters on the Cu ion
concentration was presented.

1. MATERIALS AND METHODS
The properties of ferrite materials depend on its
chemical composition and synthesis method.

Information about synthesis technology is published in
[8,9,11] works. Oxide-based Nip4CuyxZnoe.xFe204
(x=0-0.6) nanoferrite powders with different
concentrations were synthesized by thermal method.
NiO, CuO, Zn0 and Fe;03 oxides with a purity of 99%
were used as raw materials. The quality of the
synthesized ferrite powders was evaluated by XRDD8
ADVANCE (Bruker, Germany) X-ray diffractometer.
The dimensions of the crystal were calculated based on
Scherrer's formula [12]. IR spectra were obtained using
a Fourier Vertex70 spectrometer (Bruker, Germany).

2. DISCUSSION OF OBTAINED RESULTS.
2.1 X-ray phase analysis

X-ray diffraction spectra of Nig4CuxZnge-xF€204
(x=0-0.6) ferrite nanopowders are given in [12-15].
From the received spectra, the (111), (220), (311),
(222), (400), (422), (511) and (440) maxima
characteristic of the cubic spinel structure were
observed in each of the studied ferrite samples. This
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shows that Nig4CuxZnos-xFe204 (X=0-0.6) nanoferrites
are ferrites with Fd3mO7, spatial symmetry structure.
The strongest reflection maximum was recorded on the
(311) plane [14]. The lattice parameter, lattice volume
and X-ray density porosity parameter of the samples
were calculated in the diffraction spectra. The obtained
results are presented in table 1. As a result of |

substitution in Ni — Zn ferrite, we can explain the
reduction of the lattice parameter by the fact that the
ionic radius of the substituted Cu?*(0.72 A) ion is
smaller than the ionic radius of the Zn2*(0.82 A) ion [1].
We can see that other parameters also decrease
depending on the concentration of Cu?* ion.

Table 1

Lattice parameter (a), lattice volume (V), volume density (poui), X-ray density (px-ray), porosity P (%),
jump of Nig4CuxZnos.xFe204 (x=0-0.6) ferrites with different concentrations length (La, Lg).

X la@) | V@ pouk (@/cm3) | pxray P(%) | La(d) | Ls(d)
(g/cm?d)

0.0 8.396 | 591.860 2.55 5.35 52.34 | 3.635 2.964
0.24 [8384 |589.323 2.57 5.37 52.14 | 3.630 2.960
0.3 8.364 | 585.116 2.60 5.4 51.85 | 3.621 2.952
0.36 [8353 | 582811 2.61 5.42 51.85 | 3.617 2.949
0.42 | 8.347 | 581.556 2.63 5.43 5156 | 3.614 2.946
0.6 8.342 | 580.511 2.64 5.43 51.38 | 3.612 2.944

2.2 IR spectra

Description and interpretation of IR spectra are
given in [18]. As we know, two absorption bands
corresponding to the M-O connection of metal ions of
tetrahedral and octahedral sublattices should be
observed in the IR-spectra of ferrite nanopowders. Both |

| bands are observed in the spectra of our samples. It is

known the frequencies of the oscillations are related
to the force constants, and using these relationships, we
were able to calculate the Debye temperature at
different concentrations according to the Waldron
model. The results are given in table 2 [17, 18, 19].

Table 2

Absorption frequencies (v1, v2), force constants (kr and ko) of IR spectra of Nig.4CuxZng-«xFe204(x=0-0.6)
ferrites with different concentrations and Debye temperature calculated according to the Waldron model.

X Vi V2 Vimean kt+10° | Ko*10® | Kmean*10® | vi-v2 6ow
(cm™) (cm™) (cm™) (cm™) (K)
0 563.74 476.43 520.09 2.33 1.66 2 87.31 748
0.24 554.10 475.33 514.75 2.25 1.66 1.96 78.77 740
0.3 570.06 485.86 527.96 2.38 1.73 2.06 84.2 759
0.36 552.12 481.87 517.025 | 2.24 1.7 1.97 70.31 743
0.42 571.96 471.20 521.58 2.4 1.63 2.02 100.76 750
0.6 587.00 481.62 534.31 2.53 1.7 2.12 105.38 768

3.3 Elastic properties

We can determine the elasticity parameters of
Nio4CuxZngexFe20s (x=0-0.6) nanoferrite powders
with different concentrations by means of IR-spectral
analysis [19,20]. Ci1 and Ci2 hardness coefficients
calculated according to different concentrations of|

| Nig.4CuxZng 6.xFe204 (x=0-0.6) nanoferrite powders are

given in table 4. According to the table, the value of
these parameters varies depending on the relationship
between Cu?*, Zn?*, Fe** cations and OZ%anion. Based
on Cq1 and Cy, coefficients, Young's modulus (Y),
stiffness modulus (n) and bulk density modulus (B)
were calculated and listed in table 3.

Table 3

Hardness coefficients (Ci1; and Cy2), Poisson's ratio (o), elastic wave velocities (v, vs, vm), Young's modulus (Y),
volume compression of Nip4CuxZnoe.xFe204 (x=0-0.6) ferrites at different concentrations modulus (B), stiffness
modulus (n) [20-22].

X Cu Cu2 o Vi Vs Vm Y (GPa) B @GPy | N
(GPa) (GPa) (m/s) (m/s) (m/s) (GPa)
0 238 41 0.147 | 6670 4301 | 5486 226 107 99
0.24 234 41 0.148 | 6602 4250 | 5426 222 105 97
0.3 246 43 0.149 | 6750 4324 | 5537 233 111 101
0.36 236 41 0.149 | 6598 4231 | 5415 224 106 97
0.42 242 43 0.150 | 6676 3742 | 5209 229 109 76
0.6 254 45 0.150 | 6839 3838 | 5339 240 115 80
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As the concentration of Cu*? ion increases, the
same trend is observed. The sharpest increase is
observed at x=0.3 and 0.6 values. Also, longitudinal
and transverse wave velocities (vi, vs) and average
velocity (vm) were calculated depending on Cu ion
concentration [19].

RESULTS

In this study, Nig4CuxZnoe.xFe204 (x=0-0.6) nano
ferrite powders were synthesized by thermal method.
X-ray spectra show that ferrite structures with pure,
single-phase spinel structure were obtained. It was

determined that the lattice parameter decreases as the
Cu*? ion concentration increases. This is explained by
the small radius of the replaced ion. IR spectra confirm
the results of X-ray structural analysis. Spectral lines
(478-600 cm™) characteristic of spinel ferrites are
observed in the IR spectra of all samples. According to
the results obtained based on these two methods, the
longitudinal, transverse and average speed of the elastic
wave propagating in the crystal lattices of these
samples (vi, vs, Vi), volume compression modulus (B),
strength modulus (n), Young's modulus (Y), Poisson's
ratio (c) and Debye temperature (6pw) were calculated.
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The results of measurements of heat conduction (K), heat capacity (Ce), electrical resistance (p) and data of
differentially scanning calorimetry (DSC) of Niso.2Mnseslnio Geissler alloy in T=25 — 350 K interval are given. The
anomalies evidencing on the phase transitions of | and Il orders with Tc=321 K, Ms=296 K are observed on curves of DSC
and Ce(T). The strong increase of heat conduction at transition martensite — austenite 4K=3.2 Vt/m*K caused by the increase
of electron contribution because of the electron mobility increase at transition in high-symmetry phase, is revealed. The
lattice heat conduction changes insignificantly at the transition that shows on the insensibility of phonons to structural

disorder.

Keywords: Geissler alloys, heat conduction, heat capacity, phase transitions, electrical resistance.

INTRODUCTION

The physical properties of functional materials
on the base, of which the innovation technologies can
be formed, are always in the focus of attention of
researchers. Ni-Mn-In Geissler alloys are also related
to such type materials, in which magnetic structural
phase transitions (MSPT) and big values of
magnetocalloric effect (MCE) are observed, that
presents the definite applied interest for technology of
magnetic cooling. Meanwhile, Geissler alloys can be
used as model objects for the study of interference
mechanism of electron, phonon and magnetic
subsystems of magnetic alloys. The alloys of Ni-Mn-
In series attract one’s attention also by the fact that in
them the interesting combination of magnetic and
structural phase transitions [1,2] is observed, and that
the insignificant changes in relation of components
lead to drastic changes of their physical properties that
shows the extreme sensibility of the properties to
elemental composition change [3].

The possibility of practical use of such materials
in innovative technologies, in particular, in technology
of magnetic cooling as the working substance is the
important factor stimulating the experimental and
theoretical investigations of materials with MSPT and
phenomena connected with them. The efficiency of
refrigerating machine work based on MSC directly
depends on heat removal velocity and working
refrigerator substance, i.e. from alloy heat conduction.
This shows on necessity of investigation of heat
conduction of refrigerating machine working
substance. Note, the heat conduction measurement is
the reliable and checked method of definition of acting
scattering mechanisms of solid state heat carriers, but
this is the fundamental problem of solid state physics.

The magnetic, electric and magnetocalloric
properties of different compositions of Ni-Mn-In
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system, investigated by us, have investigated enough.
The researchers pay significantly less time to study of
heat-conducting properties of Ni-Mn-In alloys, in
spite of the fact that heat conduction is the important
technical parameter of solid state.

We know the several works where their heat
conduction is investigated [4 — 10]. Thus, in work [4]
dedicated to the study of heat conduction and thermal
e.m.f. of NisoMnsslnis alloy, the o(7). (T) strong
anomalies near magnetic and structural phase
transitions, which are explained by the changes in the
alloy electron subsystem taking under consideration
the scattering of heat carriers on boundaries of
twinning, are revealed. The heat conduction anomalies
of Ni-Mn-Ga alloy observed near phase transitions the
authors [10] are connected with changes in alloy
phonon subsystem. The strong increase of heat
conduction of Ni-Mn-Sn [7] and Ni-Mn-In [9] alloys
observed at transition martensite — austenite authors
explain by the influence of heat conduction electron
component. As it is seen from above mentioned, the
necessary investigations for making things clear in
behavior of Geissler alloy heat conduction near phase
transition temperatures are needed.

The given work is dedicated to investigation of
heat conduction of Nisp2Nisgglnie alloy in wide
temperature interval from 25K up to 350K. The
electric resistance and heat capacity, necessary for
interpretation of obtained results are measured
parallel. The data of differentially scanning
calorimetry (DSC) are used for the study of phase
results.

THE SAMPLE
TECHNIQUE

AND EXPERIMENT

The investigated sample is obtained by the
method of arc-heated melting in argon atmosphere and
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it presents itself the rectangular plate by sizes
8.9x3.3x0.89 mm?. The homogenizing is carried out at
T= 900 °C during 48 hours in vacuum. The
measurement of electric resistance is carried out by
four-contact method and the measurement of the heat
capacity is carried out by method of a.c. - calorimetry.
The low-temperature  measurements of heat
conduction are carried out in cryostat of closed type
CFSG-310. The temperature regulation in heat
conduction measurement process, are carried out
automatic mode on the program developed in
laboratory. At heat conduction measurement the
sample is put in radiation shield for the decrease of
heat loss on radiation. The sample average
temperature approximately corresponds to shield one.
In measurement process the vacuum in the system is
supported not more than 10* mm. Hg. The cuprum-
constantan and chromel-constantan thermocouples are
used as the temperature gauges. In the figure for K(T)
the data only for T >25 K, where one can measure the

temperature, are given, because of the fact that the
thermocouples don’t have the necessary sensibility for
detail measurement of temperature gradient at helium
temperatures. The temperature drop on the sample is
from AT ~ 3+4 K in interval of low temperatures and
up to 5+6 K in the interval of high ones. The error at
measurement of heat conduction isn’t more than 5%.

RESULTS AND DISCUSSION

The results of carried investigations are given in
fig.1 — 4. At decrease of the temperature in austenite
paramagnetic (PM) phase at T¢ ~ 321 K the magnetic
phase transition PM — FM, which strongly goes to
magnetic structural phase transition ferromagnetic
(FM) (austenite) — anti-ferromagnetic (martensite) at
Ms=296 K takes place (Fig.1).

Mi =206 K
M, =292K
M, = 287K
E=105)g

10 +

L

1 L

250

300

350 400

(K)

Fig.1. Data of DSC analysis in the mode of heating and cooling.

It is necessary to note that the question on | peak ACp at heating that is probably connected with

magnetic state of martensite in Ni-Mn-In alloy is the
debatable one [11-13].

The closeness of magnetic and structural
phase transitions (Tc=321 K, Ms=296 K) supposes that
in the given temperature interval the system is in
structurally heterogeneous state (co-existence of
martensite and austenite). The hysteresis observable in
Fig.1 shows on magnetic structural nature of phase
transition of | order. The strong peaks caused by latent
heat of phase transition and temperature hysteresis AT
= 13 K character for phase transitions of | order are
also visible in the Fig. 1. The insignificant anomalies
near magnetic phase transition and difference in Tc
values in the heating and cooling modes attract one’s
attention that is probably connected with phase
heterogeneity. The results of heat capacity
measurements given in Fig.2, are the illustration of
above mentioned. It is seen that at T decrease in
austenite phase A-formed maximum character for
phase transitions of 1l order, is observed. At further T
decrease the strong increase Cp, relating to phase
transitions of | order is observed. The difference in
value 4Cp at heating and cooling presents the most
interest: peak ACp at cooling increases multiply the
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influence of latent heat of phase transition relating to
structural transitions [14]. The further trend of ACp(T)
has the general form for solid state.

Before the discussion of results of heat
conduction measurements, let’s pay attention on the
dependence of electric resistance on temperature
which we measure, for estimation of electron
component of heat conduction (Fig.3). As it is seen
from the figure, the electric resistance in paramagnetic
austenite phase slowly decreases with the temperature
decrease, having the small anomaly near magnetic
phase transition paramagnetic-ferromagnetic. The
discontinuous increase of electric resistance more than
in two times in very narrow temperature interval takes
place near MSPT  high-symmetry austenite
(ferromagnetic) — low-symmetry tetragonal martensite
(anti-ferromagnetic), that shows on high quality of the
sample.

For analysis of p(T) behavior we usually use the
following expression:

p(T) =

where m” is electron effective mass,
time, n is electron concentration.

m*

e2tn’

7 is relaxation
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p increase, as it is seen from the expression for
o(T), can be the sequence of both the decrease of
current carrier concentration and the increase of the
electron scattering velocity 7,1 at transition in less
symmetrical phase. The results of normal Hall
coefficient investigation shows [9] that Ry weakly
changes at transition martensite — austenite that shows
on the non-participation of n change to observable
anomaly trend of o(7). Therefore, the increase of
electric resistance at transition in martensite phase is
connected with the decrease of electron mobility at
sample transition in strongly distorted tetragonal
martensite phase as a result of increase of electron
collision frequency 71 on structural defects.

Let’s discuss the results of heat conduction
measurements which are given in Fig.4.

In general case the heat conduction of magnetic
materials can be presented as the sum of three
summands:

Kiot = Ke +Kph + K,

where Ke, Kpn and Kn are electron, phonon and
magnetic  components of heat conduction,
correspondingly. As usual, the magnetic component is
ignored because of its relative smallness [15]. That’s
why one can consider that both conduction electrons
and phonons can be reliable for observable trend
Ki(T). Generally, K. dominates in metals, Kpn
dominates in dielectrics, but K. and K are values of
one order in multi-component alloys [16]. It is
necessary to note the two peculiarities in the behavior
of measured value Kin(7). This is absence of low-
temperature maximum, character for crystalline solid
states and discontinuous increase near phase transition
martensite — austenite. Considering the last anomaly,
we can say the following. It is obvious that it can be
connected with both increase of electron component
and changes in phonon subsystem. For dividing of Kk
and Kpn we use Wiedemann-Franz law K.=LoT, where
L is Lorenz number, o is electric conduction which is
equal to 1/p. However L is value depending on
temperature, which is equal to Lo — 2.44*10% Vt¥/K?
only in interval elastic electron collisions when
relaxation times by energies and impulses are equal
between each other, i.e. when one can introduces the
unique relaxation time. L= Lo in low temperature
interval when electrons scatter on impurities and at
high T>© (@ is Debye temperature) when elastic
electron-phonon interactions dominate. L=f(T) in
temperature intermediate region. However, the
assumption for strong deluted metallic alloys is
confirmed that the elastic electron-defect interactions
(defects in the given case are: impurities, structural
heterogeneities and boundaries) and use of
Wiedemann-Franz law Ke=LooT in order to mark out
K, is approved. Generally, the existing practices of K
estimation for alloys takes under consideration this
assumption [5, 7, 8, 10, 17], though the question about
rightness of Wiedemann —Franz law in direct region of
the transition requires more detail investigation.
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The experimental curve Ki(T), electron
component, estimated from K.=LooT and phonon
contribution Ky, obtained as their difference
Koh=Kiot—K: are given in Fig.4.

The data graphic analysis given in Fig.4 shows
that the difference Kin(aust.) Kior(mart.)
approximately coincides with data Ke(aust.)
Ke(mart.) and ~ 3.2 Vt/m*K and from this point of
view whole increase of heat conduction is connected
with electron component at MSPT.

Kon weak dependence on temperature and the
absence of strong anomalies near phase transitions
evidence on insensibility of phonon scattering to
structural defects appearing at austenite-martensite
transition. The relation of contributions of electrons
and phonons in general heat conductions strongly
changes on the dependence on temperature (Fig.4b).
As it is seen from the figure, at low temperatures the
phonon contribution dominates under electron ones.
The opposite case takes place when temperature is
higher than transition ones.

Analysis of reference on heat conduction of
Geissler alloys unambiguously indicates the presence
of an anomaly near the MSPT temperature in the form
of strong increase of heat conduction. However, there
are different interpretations of this phenomenon. In
one case, this anomaly is associated with an increase
in the phonon contribution [10], in another case is
connected with an increase in the electron contribution
at phase transition [7, 9], in the third case [5] it is
assumed that both electron and phonon subsystems
simultaneously take part in this process.

The differences in the technology of sample
obtaining are the one of the possible reasons for the
observable discrepancies. In one case it is the well-
known method of electric arc melting [7, 9], in the
other case it is the method of mechanical alloying
[18]. The samples obtained by different methods may
have different microstructure and different response to
external influence.

CONCLUSION

Based on the measurements of heat conduction,
heat capacity, magnetization and electric resistance of
Niso2Nisgglnip sample, the following conclusions can
be done. Magnetic and magneto-structural phase
transitions with closely located transition temperatures
(TC=321 K, MS=296 K) are observed in this
composition. The heat capacity jump ACp at heating
near MSPT significantly exceeds the value of the
jump at cooling, which is a consequence of the
influence of the latent heat of the phase transition.

Anomalous increase of electrical resistance at the
transition austenite - martensite is caused by the
decrease in the mobility of conduction electrons. The
strong increase of heat conduction at the martensite-
austenite transition, achieving 50 %, is caused by the
increase in the contribution of the electronic
component. The weak temperature dependence of
phonon heat conduction shows on the insensibility of
phonons to structural disorder.
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Gamma-resonance studies of the spectra of 57Fe nuclei in rocks of Saudi Arabia and Turkey have been carried out. The
presence, phase composition and physico-chemical state of iron atoms in all studied rock samples are shown.

INTRODUCTION

Rock is any mass or aggregate of one or more
mineral species or organic matter that are products of
natural processes, formed in different ways and at
different times in the history of our planet. According
to the geological conditions of formation, all rocks are
divided into igneous, sedimentary and metamorphic.
Igneous rocks are the result of the solidification of
natural magma melt, and make up about 65% of the
volume of the earth's crust. Depending on the depth of
solidification of the melt, they are classified as volcanic
and plutonic. Volcanic (effusive) rocks are localized in
the earth's crust or on its surface; hypabyssal rocks are
formed as a result of the solidification of lava at a
shallow depth from the earth's surface. Plutonic
(intrusive) rocks are formed as a result of the
solidification of magma in the thickness of the earth's
crust and upper mantle at various depths. Sedimentary
rocks were formed under conditions of low
temperatures and pressures as a result of accumulation,
transfer and deposition of mineral or organic
substances on the surface of the planet. Metamorphic
rocks were formed as a result of various natural effects
on sedimentary and igneous rocks. They make up
27.4% of the total volume of the earth's crust. It follows
that part of the Earth's upper mantle (lithosphere) and
the earth's crust consist of formations and rocks of
different geology [1].

It is known that up to 1 billion tons of space
objects ranging in size from fractions of a millimeter to
tens of tons fall on planet Earth every year [2].
According to thermomagnetic measurements, cosmic
dust containing particles of metallic iron and nickel is
found directly in dusty cosmic clouds, in the
atmosphere, in ice and snow, and in precipitation [3-6].
The discoveries of modern astrophysics also indicate
the cosmic origin of iron in the planets of the Solar
system. Cosmic dust can be detected anywhere in the
universe, although its concentration varies markedly
from place to place [7, 8].

There are several ways of dust formation in space:
- destruction of celestial bodies as a result of collisions
of asteroids and larger objects; - explosions of stars, as
a result of which their particles scatter through space
and create giant clouds of dust; - remnants of formed
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star systems and planets; - during the formation of a
new star. According to its location in the universe,
cosmic dust is divided into intergalactic, galactic,
interstellar, interplanetary, near-planetary, asteroid,
cometary, Kuiper belt dust, etc. Cosmic dust also
includes micrometeorites, particles of interplanetary
dust that, due to their small mass, do not heat up when
passing through the atmosphere and reach the Earth's
surface unchanged, which makes the problem of
studying cosmic dust very important for understanding
the origin of the Solar System. A strong argument in
favor of the cosmic origin of iron is the impossibility of
iron formation in the bowels of the Solar System and,
especially, the Earth, since its formation requires
temperatures of tens of millions of degrees, which are
reached only in the bowels of giant stars. The
composition, structure and conditions of occurrence of
rocks depend on the geological processes that form
them, occurring inside the earth's crust or on its surface.
The mechanism of rock formation can also be different
depending on time, place and climatic conditions. The
study of the substance of cosmic dust, which includes
iron, will contribute to solving many theoretical issues
and, first of all, understanding the processes of
evolution of cosmic bodies, the Earth and the Solar
system as a whole. It follows from the above that the
study of rocks has scientific and practical value. They
play a significant role in enriching our knowledge of
the Earth. Knowing the geological structure of a
particular region, the chemical composition of rocks, it
is possible to assume what type of fossils will be in its
depths. Such branches of geology as volcanology,
tectonics and seismology allow us to predict
earthquakes and volcanic eruptionsAccording to the
cosmic hypothesis, iron fractions in the form of atoms,
ions and their compounds should probably be scattered
over the entire surface of the planet and found in almost
all minerals, rocks, river and sea sediments, which is
confirmed by thermomagnetic measurements [3].
Cosmic dust containing particles of metallic iron and
nickel is found directly in the Earth's atmosphere, in ice
and snow, in sediments. However, the question of the
nature of the distribution of iron across the continents
and its physicochemical state in various rocks and
minerals, as well as the absence of traces of iron in
Antarctica, remains unclear [2]. Obviously, if iron was
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of purely terrestrial origin, it would not be scattered
over the entire surface of the land, sea and river
sediments of the planet, but would be localized in
certain areas of the planet like many other chemical
elements. In order to determine the distribution of iron
across the planet's continents, we previously used the
YAGRS method to study more than 100 rocks and river
sediments of different morphology, color, and
structure, collected from different areas of the planet
(Russia, Europe, Asia, North America, the Middle
East), in which iron was found both in free form and as
part of various oxides and in various physical and
chemical states. In this work, more than 20 rockl

1.000 -
0.980 |
0.960 +
0.940 |

samples from Saudi Arabia and Turkey have been
studied.

METHOD AND MATERIALS

Registration of gamma-resonance (Mossbauer)
spectra of 57Fe nuclei was performed on the MS-
1104Em spectrometer in a compressed transmission
geometry. The source of gamma radiation was the
isotope 57Co(Cr). The spectra were decoded by the
Univem-MS program. The samples for the study were
finely dispersed rock powders crushed in an agate
mortar.
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Fig.1. Mdssbauer spectra of *’Fe nuclei in
the roksof Khira-2 and Istanbul-1 at T=300 K.

Experiment and results Hydrogen, calcium, iron —
all of these are present in the space environment, but in
such quantities that their detection requires high-
precision instruments and corresponding data analysis
programs. Nuclear gamma resonance spectroscopy
(NGRS), based on the Mdssbauer effect, is just such a
method. Due to its extremely high sensitivity
(AE/Ey=10-13) to short-range effects, the method is
one of the most effective nuclear-physical tools for
studying both intra-atomic and cooperative phenomena
of the condensed state of matter, allows for highly
accurate investigation of hyperfine interactions in
objects in which iron is a matrix or accessory impurity,
characteristic of many rocks. In all the rock samples we
studied, iron fractions were found in different oxides
and different concentrations. This is consistent with the
fact that the rocks were formed in different geological
periods (Precambrian, early Paleozoic and middle and
late Mesozoic), when cosmic processes had different
character and different activity.

! Fig. 1 shows the results of model decoding of the
spectra of 57Fe nuclei in the rocks of Saudi Arabia
(Khira-2) and Turkey (lIstanbul-1), which are
characteristic of iron nuclei in rocks of different
continents. As follows from Fig. 1, the spectrum of the
Khira-2 rock sample corresponds to the nuclei of iron
atoms in several structurally, magnetically and
electrically  nonequivalent  positions of  the
heterogeneous crystal lattice of the rock, which consists
of different minerals and iron oxides. The shape of the
57Fe spectrum in the Istanbul-1 sample also
characterizes the heterogeneity of the sample, in which,
however, the iron atoms are in an asymmetric
environment of atoms of other elements, but without
intra-atomic magnetic fields on their nuclei. Similar
and more complex spectra consisting of a superposition
of sextets, doublets and singlets were obtained for all
samples, the parameters of which are presented in the
tables. Some samples exhibited "magnetic activity" and
their spectra represented a superposition of several
Zeeman sextets.
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Table 1.
Parameters of the 67Fe nuclei spectra in the studied rock samples of Saudi Arabia.
#@# | Sample Component Is, mm/s Qs, mm/s | G, mm/s S, %
Arafat -1 Doublet -1.1206 2.1144 0.5445 17.46
S.Ar. Arafat -2 Doublet -1.1298 2.6174 0.2993 17.46
S.Ar. Arafat -3 Doublet -1.1322 2.4556 0.5268 43.81
S.Arabia-1 Doublet -1.1562 2.0634 0.3818 45.86.
S.Arabia-3 Doublet -1.1481 2.0798 0.3768 43.68
S.Arabia -2 Doublet -1.1459 2.0800 0.3501 31.19
S.Arabia -4_ Doublet -0.3671 1.1331 0.1746 7.82
S.Arabia -5 Doublet -0.3504 2.0471 0.3113 86.13
S.Ar. Mecca-1 Doublet -1.1269 2.7465 0.6111 25.32
S.Ar. Mecca-2 Doublet -0.2714 0.6429 0.3143 13.98
S.Ar. Mecca-3 Doublet -1.1457 2.5674 0.3488 44.46
S.Ar. Mine-1. Doublet -1.1423 2.0582 0.3249 41.88
S.Ar.Mine-1 Doublet -1.1431 2.0678 0.3015 36.93
S.Ar.-magnetic-1_ Doublet 1.1259 2.2094 0.6090 59.94
S.Ar.-magnetic-3 Doublet 1.1213 2.2076 0.6371 51.28
S.Ar.-magnetic-2 Doublet 1.1357 2.1538 0.6111 66.61
S.Ar.-magnetic- Component 1.1389 2.1640 0.3647 45.6
S.Ar. Medina-Uhud Doublet -0.3682 0.7361 0.3476 12.42
Jordan-S.Arabia Doublet -1.0819 2.7232 0.2716 19.20
S.Ar. Muzdalifa -1 Doublet -1.1525 2.0870 0.4794 50.78
S.Ar. Hira 1 Doublet -1.1502 2.7290 0.3101 24.36
S.Ar. Hira 2 Doublet -1.1516 2.6012 0.4121 39.40
S.Ar.Mina-2 Doublet -0.9495 3.2581 0.1939 4.03
Antalya (Akdeniz) Doublet -1.59 -0.18 0.17 4.79
Istanbul-1 Doublet -0.06 2.08 0.18 13.65
Istanbul-2 Doublet -1.10 1.95 0.31 24.01
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Figure 2 shows the maximum values of hyperfine
magnetic fields on 57Fe nuclei in rock samples where
iron was probably contained mainly in magnetite and
tetite. As can be seen from the figure, even a small area
of one country contains rocks from different geological
periods, which  probably had their own
physicochemical and geological features. Figures 3 and
4 show the dependences of isomer shifts and
quadrupole splittings of the spectra of iron nuclei,
characterizing the electron charge density on iron
nuclei and their environment geometry. The phase
composition of the rocks includes mainly
FeOOH+FeOnH (goethite), Fe,O; (hematite) and
Fes0,4 (magnetite). According to the isomer shifts, the
valence of Fe in the samples corresponds to all possible
valence states of iron in oxides and other compounds.

It is known that iron exhibits variable valence
(although the most stable compounds are divalent and
trivalent iron). With oxygen, iron forms oxide (II)
FeO, oxide (Il) Fe,O3 and oxide (I, 1) Fez04 (a
compound of FeO with Fe,Oz, which has a spinel
structure). In humid air at normal temperatures, iron is
covered with loose rust (Fe,03 nH,O). The results of
our research also showed the presence of iron in the
indicated oxides, including in free metallic form, but
only in one sample - S. Arabia-2. The results we
obtained complement previous studies and serve as
another argument in favor of the cosmic origin of iron
on earth, which has a powerful force and benefit for
people [10].

Table 2.
Parameters of the spectra of 67Fe nuclei in the studied rock samples of Turkey.
Sample Hn, kOe Is, mm/s Qs,mm/s | G,mm/s | S,%
Antalya (Acdeniz) 400 -1.59 -0.18 0.17 4.79
Istanbul-1 - -0.06 2.08 0.18 13.65
Istanbul-2 - -1.10 1.95 0.31 24.01
Table 3.
Phase composition of the studied samples
Sample phase composition content6 %
S.Ar. Mine-1 FeOOH+FeOnH ( goethite) 95.3+4.7
Fe:0s (hematite ) 1.7£1.7
Fe304 (magnetite) 3.0 £3.0.
S.Ar. Mine-1 FeOOH+FeOnH 99.4£0.6
Fe203 0.1+0.1
FesO4 0.5+/-0.5.
S.Ar.Mina-2 FeOOH+FeOnH 945+£5.5
Fe203 2.1+2.1
FesO4 34+34
S.Arabia - 3 FeOOH+FeOnH 2244224
Fe203 1.0£1.0
FesO4 76.0 £24.0
Fe (iron) 0.6+0.6
S.Arabia -5 FeOOH+FeOnH 90.449.6
FesO4 0.4+0.4
FeO 9.249.2.
S.Ar.-magnetic- FeOOH+FeOnH 35.6+4.8
1 FesO4 64.4+4.8
S.Ar. Khira-20 FeOOH+FeOnH 100.0 +0.0.
Muzdalifaa- 1 FeOOH+FeOnH 97.1+£2.9
Fe203 1.9+1.9
FesO4 1.0+ 1.0
Mecca-3 FeOOH+ FeOnH 100.0+ 0.0
Mecca-1 FeOOH+FeOnH 98.4+ 1.6
Fe203 0.5+0.5
FesOq 1.1£1.1
S.Ar, Khira-1 FeOOH+FeOnH 99.8 +0.2
FeO 0.2+0.2
Mecca-2 FeOOH+FeOnH 66.4+0.9
Fe203 33.5+4/-0.8
FesO4 0.1+/-0.1
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This paper presents some previously obtained results of our experiments on the study of the impact of external
perturbations on the behavior of nonlinear semiconductor systems. The presented experimental results confirm the theoretical

models.

The mechanisms of conductivity of nonlinear circuits consisting of several tunnel diodes have been studied. Suppression
of current branches of the current-voltage characteristic under noise influence has been discovered.
Keywords: synergetic, nonlinear dynamics, instability, control parameter, universal constant, semiconductors, circuits,

tunnel diodes.

The impact of external parameters on complex
dynamic systems leads to various phenomena of
instability, generation of oscillations and waves, the
emergence of chaotic states and the spontaneous
formation of spatial and temporal structures. The study
of nonlinear phenomena, non-equilibrium phase
transitions and self-organization processes in a bulk
and low-dimensional condensed medium with
nonlinear properties and their response to external
perturbations attracts scientists’ strict attention. Due to
the comparative ease of studying many effects, fine
reproducibility and high spatiotemporal resolution,
semiconductors have been selected as the most suitable
model systems for studying complex nonlinear
dynamics and synergetic processes.

A series of our works are devoted to experimental
verification of the theory of nonlinear dynamic
systems.

As a result of the research, new evolutional
scenario of the development of chaotic states in the
electron-hole plasma of semiconductors, the
phenomena of absolute negative resistance have been
discovered. This work presents some results of our
research in this area.

The experiments were originally aimed at
confirming the theoretically predicted main universal
transition to chaos, i.e. the double-period cascade
(Feigenbaum scenario), the interchanging between
different modes of oscillation (Pomeau—Manneville
scenario) and the quasiperiodic transition to chaos
(Ruel-Tackens—Newhouse).

Nonlinear dynamics associated with the
development of Kadomtsev-Nedospasov instability
(screw instability or oscillatory effect) has been
experimentally studied in injected electron-hole plasma
(EHP) of bulk germanium samples in longitudinal
electric and magnetic fields at high wvalues of
supercritical parameters in the temperature range 77-
300 K [1].

The influence of a harmonic signal of different
amplitude and frequency on the instability of the
current in the Ge EHP that was input into the system as
an additional control parameter at the bifurcation points
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of the evolutionary scenario has been studied in detail.
At the same time, such phenomena characteristic of a
dynamic system as frequency capture, amplification or
attenuation of an external signal, as well as issues of
stability and randomization of the system have been
investigated. Some universal constant and critical
indexes are defined.

Fig.1. Feigenbaum scenario.

Figure 1 shows the results of a natural experiment
carried out at T=77 K. The oscilloscope screen displays
the Feigenbaum scenario, starting from the threshold of
the Kadomtsev-Nedospasov instability up to the
chaotic state. The constants & calculated from our
experiment differ significantly from the theoretically
predicted ones. They do not coincide with each other,
depending on the temperature and other conditions of
the experiment. At the same time, the constant o ~ 2.5
is in accordance with the theory within the limits of
experimental error.

We have shown that several attractors with
relevant basin of attraction can exist simultaneously in
the same sample, depending on the local value of the
electric field and the concentration of current carriers,
i.e. the local electric field, and not the average Ecp
=VI/L (where V - the voltage applied to the sample with
length L) is the true parameter determining the scenario
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for the development of a dynamic system. With the loss
of spatial coherence between different parts of the
sample, apparently, coupled  multicomponent
semiconductor system  disintegrates into more
independent subsystems with a large number of degrees
of freedom, leading to chaotic behavior of the system
under study.

During the experimental studies, the control
parameters (or supercriticality parameters) for the
system under study were not only the external electric
and magnetic field, injection level, temperature, but
also the angle ¢ between E and H, i.e. the deviation
from their strict parallelism. It is known, that the
oscillistor effect occurs in a solution ¢ = +7° near

ETTH. The development of screw instability according
to the Feigenbaum evolutionary scenario occurs with a
sufficiently strict positioning of the sample parallel to
the magnetic field, ie. atp—>0°. We have

experimentally confirmed that a large deviation from
@ —0°leads to the development of an instability
scenario through a quasi-periodicity (Fig. 2, Ruel—
Tackens—Newhouse scenario).

Fig. 2. Poincaré mapping (Ruel-Tackens—Newhouse
scenario)

Depending on the angle ¢ , in the same sample at
a given value of the magnetic field H, we have observed
the transitions to chaos both through the sequence of
bifurcations doubling period and through the quasi-
periodicity.

Figure 3 shows, without detailed analysis, a
picture of dynamic chaos related to the case of
transition to a chaotic state through intermittency
(Pomeau—Manneville scenario), where bursts of
randomness are clearly visible against the background
of laminar phases.

All experiments were carried out in a steady-state
mode on rectangular pulses, and the dynamics of the
development of evolutionary scenarios were recorded
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using triangular pulses of various durations and
amplitudes.

Fig. 3. Transition to a chaotic state through
intermittency (Pomeau—Manneville scenario)

For comparison with the theory of nonlinear
dynamic systems, phase portraits, bifurcational
diagrams, two-dimensional Poincaré maps, power
spectral characteristics were drawn based on
experimentally obtained time, and fractal dimensions
and Lyapunov exponents were calculated.

The recombination instability of the current in p-
Ge (Au) during the experimental verification and a
detailed study of a one-dimensional theoretical model
developed for a gold-compensated electron germanium
was discovered for the first time, when recombination
instability in strong electric fields leads the system to
instability and current oscillations [2]. The model takes
into account not only the time, but also the spatial
evolution of the high—field domain arising in the system
when the applied voltage V and the emission
coefficient g change, i.e. in the space of the voltage-
emission parameters. Depending on the region of this
parametric space, the system demonstrates three
different modes of operation (ohmic, extinguished and
fly-by-time), subdomains arise and other new
properties are observed that are not typical of non-
linear systems.

The obtained experimental results fully confirm
the theoretical model. Three modes of operation of the
system are discovered: (ohmic, extinguished and fly-
by-time). The existence of one-, two- and more
subdomain states and order-disorder transitions in the
system, carried out through intermittency or a non-
standard scenario of transition to a chaotic state, have
been established.

It is known, that noise in nonlinear systems can
play a constructive role, inducing more ordered
regimes, leading to the formation of regular structures,
an increase in the degree of coherence of the signal-to-
noise ratio, etc.

We also experimentally tested the theory of
deterministic stochastic resonance 3 in a semiconductor
bistable system based on double-injection structure p-
Ge<Au> with S-shaped current-voltage characteristic
(CVC), which in the switching area exhibits chaotic
behavior with interchangeability.

We have also experimentally verified the theory
of deterministic stochastic resonance [3] in a
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semiconductor bistable system based on a double-
injection p-Ge<Au> structure with an S-shaped
current-voltage characteristic (CVC), which shows
chaotic behavior with interchangeability in the
switching region. The obtained results experimentally
confirm most of the theoretical assumptions about the
possibility of deterministic stochastic resonance in a
real semiconductor bistable system with intermittency.
In particular, the resonance amplification of external
signal, the stochastic synchronization effect of the
mean switching frequency of the bistable system and
the forced frequency capture effect at large amplitudes
of external signal, which is wusually called
«synchronization by extinguishing».

2 1.mA

Fig. 4. CVC of a diode circuit exposed to a noise signal with
a spectral density of 6 MHz with an intensity U, B: 1
-0;2-0.25;3-0.5;4-0.64;5-0.88; 6 —1.60; 7 —
2.40; 8 —3.85; 9 — 4.20.

The study of the influence of external
perturbations on the behavior of nonlinear circuits
consisting of n series-connected semiconductor
structures with negative differential resistances (NDR)
is also quite promising.

Such circuits, when an electric voltage is applied,
exhibit the properties inherent in superlattices and
demonstrate bifurcation scenarios corresponding to
them, leading to synchronization phenomena or current
branches in this circuit. These studies have important

applied aspects related to a wide range of problems:
from the dynamics of neural systems to multi-
connections of solar panels, random-order memory
devices, digital logic systems, etc.

We have experimentally studied [4] mechanisms
of conductance of nonlinear circuits, consisting of
tunnel diodes of serial production and general
application, and their response to external harmonic (up
to 100 MHz) and noise (with spectral density up to 7
MHz) high amplitude disturbance. On the CVC (Fig. 4)
for the four-diode circuit, when a harmonic signal with
a frequency of 50 MHz is superimposed and its
amplitude increases to 2.1 V, the following
characteristic features of the CVC have been
discovered: a significant amplitude attenuation of the
current branches; the occurrence of ambiguities on the
CVC, i.e. an increase in the number of incident N-
sections; the greatest influence of perturbations on the
first branch of the CVC; the appearance of a section
with absolute negative conductivity on the first branch
of the CVC.

When a noise disturbance with a spectral density
of up to 7 MHz is superimposed and the intensity of the
CVC of the studied circuits increases, completely
unexpected results are demonstrated (Fig.4): the
amplitude of the current branches is completely
suppressed; instead of the first branch, a section with
absolute negative conductivity appears on the CVC; the
rest of the circuit exhibits only a constant component
approximately parallel to the voltage axis in the entire
range of applied offsets.

It is possible that the suppression of current
branches discovered during noise exposure will find a
very interesting and important application for neural
systems. It is known, that similar current branches are
formed in neurons when they are excited by injection
currents. Moreover, with intermediate injection
currents, a so-called "firing" mode occurs, which plays
a decisive critical role in such systems. If it becomes
possible to extinguish such a critical "firing" mode in
neural networks with the help of noise of a certain
spectral composition and intensity, then the importance
of the analogy of the result obtained in nonlinear
circuits will become obvious.
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The dielectric properties of the prepared single-crystal samples of solid solutions (T1GaSe2)1-x(TIGaSz2)x were studied in
alternating electric fields with a frequency of f=5 x 10*-3.5 x 107 Hz. The relaxation character of the complex permittivity,
the nature of dielectric losses, and the hopping mechanism of charge transfer in the (TIGaSe2)1x(T1GaS2)x samples were
established. It was shown that in (TIGaSe2)1-x(T1GaSz2)x, with increasing X, the conductivity, average distance, and hopping time
of charge carriers over the forbidden band decrease, while the energy spread of states localized near the Fermi level and their

concentration increase.

Keywords: transport phenomena, (TlIGaSez2)1x(TIGaSz2)x solid solutions, alternating electric fields, frequency,

permittivity, dielectric losses, charge transfer, localized states.
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Compounds of the TIGaX, (X = S, Se, Te) type
[1-5] and solid solutions based on them
(T1GaSe,)1x(TIGaS,)x [6,7] are promising for use as
active elements of semiconductor and optoelectronic
devices in the visible range. The direct and indirect
band gaps Eg) of TIGaSe, are 2.08 and 1.93 eV,
respectively [8]. For TIGaSe,, the following data for E,
are given in [9]: 1.95 eV for the indirect band gap and
2.11 eV for the direct band gap. E, of the TIGaS,
compound at 10 K is 2.62 eV [10], and the optical
indirect and direct band gaps are 2.45 and 2.63 eV.
TIGaSe; and TIGaS; crystals have a layered structure
and are characterized by anisotropy of properties.
TIGaSe; and TIGaS; crystals can be fabricated as two-
dimensional (2D) layered structures due to weak van
der Waals forces between their adjacent monolayers.
TIGaSe, and TIGaS, are p-type semiconductors.
Studies of  crystals of solid  solutions
(TIGaSe,)1x(TIGaS,)x have shown that they are
characterized by a noticeable change in physical
properties depending on the composition [6,7] and an
intense photoluminescence spectrum in the visible
range for all compositions.

The purpose of this work is to study the influence
of the composition of the obtained solid solutions
(T1GaSey)1x(TIGaS,)x (x = 0 — 1.0) on their dielectric
characteristics and to establish the mechanism of
charge transfer in them in alternating electric fields of
the radio frequency range.

Samples (TIGaSe,)1x(T1GaS,)x were synthesized
from elements taken in stoichiometric ratios by directly
alloying them in quartz ampoules evacuated to 10~ Pa.
High-quality single crystals were obtained from
synthesized (T1GaSe,)1.x(TIGaS,)x by the Bridgman
method.
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complex

The dielectric coefficients of the
(TIGaSe,)1x(TIGaS,)x samples were measured by the
resonance method. The frequency range of the
alternating electric field was 5 x 10%-3.5 x 107 Hz.
Samples of (TIGaSe,)1«(TIGaSz)x for electrical
measurements were made in the form of flat capacitors.
Silver paste was used as electrodes. Dielectric
properties were measured in the direction perpendicular
to the layers of (TIGaSe,)1.x(T1GaSy)x crystals. All
dielectric measurements were carried out at 298 K.

The frequency dispersion of the real and
imaginary components of the complex dielectric
constant of samples (TIGaSe;)1.«(TIGaS,)x in the
frequency range f = 5 x 10-3.5 x 107 Hz was revealed
(Figures 1 and 2).

An increase in x in (TIGaSe,)1x(TIGaS,)x crystals
led to a significant decrease in the real and imaginary
components of the complex dielectric permittivity.

The frequency dependences of the dielectric loss
tangent (tand) in (T1GaSe;)1-x(T1GaS,)x solid solutions
were characterized by a hyperbolic drop, indicating
losses in through conductivity. An increase in the
concentration of x in the (T1GaSe,)1x(T1GaS,)x crystals
led to a decrease in tand.

We also studied the frequency-dependent
conductivity (oac) of (TIGaSe,)1x(TIGaSy)x solid
solutions (Figure 3). The value of oa for
(TIGaSe2)1x(TIGaS,)x solid solutions decreased by
approximately two orders of magnitude as x increased
from 0 to 1.0. In all the solid solutions studied, the
frequency dependence oxc(f) exhibited power-law
regions oxc ~ f . In TIGaSe,, initially there was a
dependence oy ~ f %8, which then became flatter. In
(T1GaSe2)1x(TIGaS,)x crystals at x > 0, the sublinear
sections o, ~ f %8 were replaced by superlinear sections
(n > 1).



TRANSPORT PHENOMENA AND DIELECTRIC PROPERTIES OF MULTICOMPONENT (TIGaSez): x(TIGaSz)x (x =0—1.0)
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Fig. 1. Frequency dependences of the real part of complex dielectric permittivity of (TIGaSe2)1x(T1GaSz)x crystals at
various x: 0 (1); 0.4(2); 0.8(3)and 1.0 (4). T=298 K.

4 40,
- 30t
?_,J L
3+ 20t
EJ B 10+
I 1
2 ol
| 10°
1+ 2
3
\\V‘—"F—v_'_ﬂ_'__'_vw,4
0 T T T 1
10° 108 107 108

f, Hz

Fig. 2. Frequency dependences of the imaginary part of complex dielectric permittivity of (TIGaSe2)1x(T1GaS2)x crystals
at various x : 0 (1); 0.4 (2); 0.8 (3)and 1.0 (4). T=298 K.
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Fig. 3. Frequency-dependent conductivity of (TIGaSez2)1x(T1GaSz2)x solid solutions at various x : 0 (1); 0.4 (2); 0.8 (3)
and 1.0 (4). T=298 K.
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The sublinear (power-law) frequency dependence
of conductivity o, ~ f %8 indicates the hopping nature
of transport. In this case, such a dependence is usually
associated with jumps of charge carriers across
localized states with the participation of phonons. This
is the so-called relaxation hopping conduction.

The real part of conductivity at relatively low
frequencies is determined by the phonon mechanism,
and with increasing frequency, phononless hopping
conductivity becomes predominant. This conductivity
is characterized by a superlinear dependence o, ~f",
where n > 1. Inview of the above, the law we obtained
cac ~ f 28 indicates a hopping mechanism of charge
transfer across states localized in the vicinity of the
Fermi level [11].

The parameters of localized states in
(TIGaSe2)1x(TIGaS,)x solid solutions have been
calculated in terms of Mott theory for hopping

conductivity: the density of states near the Fermi level
Ne 2.2-10%-1.7-10° eVicm?® and their
energy spread AE = 0.005-0.15 eV, average time
7=9.9-10%-1.2-10° s and distance R = 81-240 A of
jumps.

An increase in x from 0 to 10 in
(T1GaSey)1x(TIGaS,)y solid solutions led to a decrease
in the average values of the time and length of jumps,
as well as to an increase in the energy spread of states
localized near the Fermi level and the concentration of
deep traps responsible for the transfer of charge carriers
in alternating electric fields of the radio frequency
range.
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The nature of dielectric losses (conductivity losses) and the hopping mechanism of charge carrier transfer in the
(THNS2)1-x (TIGaSe2)x solid solutions (x = 0.1, 0.2, 0.4) in alternate electric fields (f = 5 x 10*-3.5 x 107 Hz) were established.
The parameters of localized states in the forbidden band of the samples were determined. It was found that the values of the
real and imaginary parts of complex dielectric permittivity, dielectric losses tangent and conductivity of studied samples

increased with increasing molar fraction (x) of TIGaSe.

Keywords: transport properties, (T1InS2)1x (T1GaSez2)x solid solutions, alternating electric fields, frequency,
permittivity, dielectric losses, charge transfer, localized states.
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Semiconductor ternary compounds TIInS, and
TIGaSe, have a layered structure, a small difference in
lattice periods and are characterized by strong
anisotropy of physical properties, high photosensitivity
and optical transparency. Therefore, these materials are
promising for applications in photodetectors,
photoconverters, pulsed laser radiation detectors and
X-ray recording devices.

The physical and physicochemical properties of
TlInS; and TIGaSe; crystals have been the subject of a
number of studies. In particular, the results of low-
temperature X-ray studies of TIInS,, TIGaS, and
TlGaSe, single crystals show that phase transitions
occur in them. At room temperature they belong to the
layered structural type B-TIInS, [1]. The dielectric
properties and alternating current conductivity of
TlInS; and TIGaSe; single crystals, as well as the effect
of y-irradiation on them, were studied in [2-4].
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The aim of this work is to study the dielectric
properties of single crystals of solid solutions
(THNS2)1-x (TIGaSe,)x (x = 0.1, 0.2, 0.4 mole fractions)
and to establish the mechanism of current flow in
alternating electric fields in the radio frequency range.

Single-crystal samples of (TlInSz)1.x (TIGaSez)x
for electrical measurements were made in the form of
flat capacitors. Silver paste was used as electrodes for
the samples. The dielectric properties of the samples
were measured in the direction perpendicular to the
layers of single-crystal (TlInSy)1x (T1GaSey)x.The
thickness of the studied samples was 650-800 pm, and
the area of the plates was 6.5 x 10-2-10"* cm?. Dielectric
measurements of the samples were carried out using the
resonance method at room temperature.

W n

1 ]

10° 7 Pz 107

Fig. 1. Frequency dependences of the real component ( g’ ) of the complex permittivity of single crystals of solid solutions
(TIInS2)1x (TIGaSe2)x at x = 0 (1), 0.1 (2), 0.2 (3), 0.4 (4). T = 298 K.
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Figure 1 shows the frequency dependences of the real

part of the complex permittivity &' (f) of (TIINS;)1x
(TIGaSey)« single crystals. It is evident that with

increasing x the value € for (TIINSy)1x (TIGaSes)x

samples increases. The value £" also increased with
increasing x in (TIINSy)1«x (T1GaSe,)x single crystals.
Figure 2 shows the frequency dependences of the
dielectric loss tangent (tand) in a TlInS; single crystal
(curve 1) and a (THnS2)os (TIGaSez)o4 solid solution
(curve 2). The tand (f) dependences for (TIINS2)1x
(TIGaSey)x solid solutions of compositions x = 0.1 and
0.2 were located between curves 1 and 2. In all cases,
the tans (f) curves had a decreasing character with
increasing frequency, which indicates losses of through
conductivity [5] in the (TlInS2)1x (TIGaSe,)x crystals.
With an increase in the TlGaSe, concentration, the|

012 -

0.10 -

0.08 -

tan o

0.06

T
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dielectric losses in the (THINS2)1x (T1GaSe,)x crystals
increased.

Figure 3 shows the frequency dependences of the
alternating current conductivity (ac conductivity) of
(THNS2)1x (TIGaSey)x single crystals. For the TlInS;
single crystal, the o,c(f) dependence consisted of a long
section oac ~ f %8 up to the frequency f = 107 Hz,
followed by a superlinear region with a further increase
in frequency to f=3.5 x 107 Hz. In solid solutions
(THNnS2)1x  (TIGaSey)x, the conductivity initially
depended weakly on frequency. Starting with f = 10°
Hz and up to 10" Hz, the dependence ca(f) described
by the regularity c,c ~ f 8, which then turned into a
superlinear section. The values of o4 of solid solutions
(THnSy)1-x (TIGaSey)y differed little from each other.
But these values of o5 exceeded o Of TIINS; single
crystals by almost an order of magnitude.

1 |

108

107 108

f, Hz

Fig. 2. Dependence of the tangent of the dielectric loss angle in (TIInSz2)1x (TIGaSez)x single crystals on the frequency

atx=0(1), 0.4 (2). T=298 K.
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Fig. 3. Frequency-dependent conductivity on alternating current (ac-conductivity) of (T1InSz2)1x (TIGaSe2)x single

crystalsat x =0 (1), 0.1 (2), 0.4 (3). T =298 K.
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DIELECTRIC AND TRANSPORT PROPERTIES OF (TIInS;)1x (TIGaSe;)x IN ALTERNATING ELECTRIC FIELDS

The experimental dependence o, ~ f %8 obtained
by wus in single crystals of solid solutions
(THnSy)1-x (TIGaSey)x indicates that it is caused by
jumps of charge carriers between states localized in the
forbidden zone. These can be states localized near the
edges of allowed zones, as well as states localized near
the Fermi level [6]. Due to the fact that under
experimental conditions the conductivity through states
near the Fermi level always dominates over the
conductivity through states near the edges of allowed
bands, the law o, ~ f %8 that we obtained indicates a
hopping mechanism of charge transfer through states
localized in the vicinity of the Fermi level.

For such a charge transfer mechanism, the following
expression was obtained in [7]:

4
3
c,.(f) :;eszNéan{ln(vf"hﬂ :

where e is the electron charge; k is the Boltzmann
constant; Ng is the density of states near the Fermi level,
a = 1/a is the localization radius; o is the decay
constant of the wave function of a localized charge
carrier; y ~ e™'; vp, is the phonon frequency.

According to this formula, the ac conductivity depends
on the frequency as f[ln(vph/ f)]“. The frequency

range we use corresponds to the condition f << vy
Under this condition, the value of o, is approximately
proportional to f %8, Using given formula, the density of
states at the Fermi level was calculated
from the experimentally found values of  oac(f):
Ng=5.8 x 108 - 1.6 x 10'° eV-icm’®,

The theory of hopping conductivity in alternating
current allows us to determine the average hopping
distance (R) of charge carriers between localized states
in forbidden gap of (TlInS2)1x (TIGaSey)x crystals:
R =86 A. The average time of charge carrier jumps in
(THNS,)1x (TIGaSey)x crystals was determined to be
1=2x107s.

Thus, with increasing concentration of TIGaSe; in
(THNS2)1x (TIGaSey)x, the values of €', ", tand and Gac
of crystals increase. The frequency dispersion of these
dielectric parameters also increases.
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ELECTRICAL PROPERTIES OF SOLID SOLUTIONS OF THE
Sb,Tes-Bi,Tes SYSTEM DOPED WITH GADOLINIUM IMPURITY
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The electrical conductivity (o), thermoelectric power (o)) and Hall coefficients (Rn) of Sh2Tes-BizTes solid solutions with
gadolinium impurities were studied in the temperature range of 77+300 K. It was found that gadolinium atoms, replacing
bismuth atoms that create antistructural defects, thereby reduce the concentration of charge carriers created by these defects.
This mechanism is also suitable for Sh2Tes-Bi2Tes-Gd2Tes compositions. At a constant amount of Sh2Tes, with an increase in
the amount of gadolinium in the alloy, the values of electrical conductivity and charge carrier concentration decrease.

Keywords: extrusion, annealing, solid solution, extrusion, texture.

1. INTRODUCTION

The ways of increasing the efficiency of
thermoelectric materials are reduced to the creation of
structural defects capable of influencing to varying
degrees the processes of scattering of charge carriers
and phonons. The preferential reduction of thermal
conductivity, compared to electrical conductivity, is
currently realized by using solid solutions with
isovalent substitution, in particular, (SbBi),Tes, for
low-temperature p-branches and Biy(TeSe)s for n-
branches [1-3].

In recent years, assumptions have been made
about the possibility of increasing the thermoelectric
efficiency of materials with two-dimensional and three-
dimensional defects of the crystal structure, the
distances between which are commensurate with the
mean free path of charge carriers or the wavelength of
acoustic phonons responsible for heat transfer. These
assumptions are based on the possibility of creating
conditions under which, in areas of the material with
different physical properties, there is a stronger
scattering of thermal vibrations than electrons and
holes.

The features and mechanisms of action of rare
earth element (REE) impurities on the electrophysical
and thermal properties of solid solutions based on the
Bi-Te-Se and Bi-Sbh-Te systems, as well as the
interaction of impurities in them during complex
doping, have also been studied extremely
insufficiently.

Therefore, the study of physical properties,
including the clarification of the mechanisms of

electron and phonon transfer in
[(SbaTes)o02(GdzTes)oos] is an urgent task of
thermoelectricity.
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2. EXPERIMENTAL PART

The starting materials were antimony "Su-0000",
bismuth grade "V1-000", zone-purified Te grade "T-3".
All components were pre-purified.

The starting components and impurities were
weighed with an accuracy of + 0.0001 g. Samples with
a low concentration of Gd were obtained by fusing a
sample with a high concentration of Gd with an
undoped sample. Gadolinium grade "GM-0" was used
as a dopant.

The samples with an admixture of gadolinium
(Gd) were synthesized in quartz ampoules evacuated to
~107° Pa at a temperature of ~ 1350 K for 12 hours.
During the synthesis, the ampoule with the substance
was constantly shaken. Then it was sharply cooled (by
lowering it into water) to room temperature.

Electrical conductivity (o), thermo-emf (a) and
Hall (Ry) coefficients, properties of the synthesized
Sh,Tes-Bi,Tes solid solutions with gadolinium
impurities were studied in the temperature range of
77+300 K [4]. For comparison, the Bi;Te; compound
was also synthesized and studied. And for the Bi,Tes
and Sh,Te; compound, the values at ~300 K were taken
from the literature [5]. The Bi,Te; compound was also
obtained by joint alloying of the pre-purified
components in a quartz ampoule evacuated to a residual
pressure of ~10~% Pa. The synthesis was carried out at
~950 K for three hours with continuous stirring of the
melt.
3. RESULTS AND ITS DISCUSSION
The results of electrophysical parameters at ~ 77
and 300 K with a change in the amount of
[(szTeg.)o,gz(Gd2T€3)0,08] in Bi;Tes are giVEﬂ in the
table. As can be seen, with a decrease in the amount of
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Bi,Tes, the electrical conductivity (o), the
concentration of charge carriers (n) and the
thermoelectric coefficient (o) decrease in absolute
value. In addition, at high values of the amount of
Bi,Te; in solid solutions, the system has n-type
conductivity, and at low values (~20-26 at.%) - p-type
conductivity. The values of the electrophysical
parameters for the pure Bi;Tes compound, indicated in
the table, are in good agreement with the values given
in the literature [6]. In the Bi,Tes compound, the
maximum temperature is shifted towards an increase in
the amount of bismuth. Excess bismuth atoms,
replacing mainly Te® atoms, create antistructural
defects. The formation of such antistructural defects is
energetically more favorable. Thus, the energy of
formation of antistructural defects (~ 0.4 eV) is three
times less than the energy of formation of tellurium
vacancies [7]. When adding Sb;Te; to bismuth
telluride, the deviation from stoichiometry increases
even more. As a result, the hole concentration
increases, and for the BiosShisTes composition, the
value of the thermo-emf is 0=140 pV/K. On the other
hand, the values of the Hall coefficients and thermo-
emf obtained from measurements show that the hole

mobility increases when antimony telluride is added to
bismuth telluride [8].

The ionic radii of gadolinium, antimony and
bismuth atoms are 1.79, 1.61 and 1.82 A, respectively
[9]. Due to the proximity of the ionic radii of
gadolinium and bismuth atoms (1.79 and 1.82), it can
be said that gadolinium atoms introduced into solid
solutions of the composition (BizTes)1«(ShoTes)x will
primarily replace bismuth atoms. Therefore, with an
increase in [(Sh2Tes)os2(GdaTes)oos] in the ShoTes-
Bi,Tes-Gd,Tes compositions, the excess of bismuth
atoms will also decrease, i.e. the concentration of
charge carriers (electrons) created in the solid solution
due to the excess of bismuth will decrease, and the
concentration and mobility of holes will increase. As a
result, the system changes from n-type conductivity to
p-type conductivity.

Pure Bi;Tes compound has p-type conductivity
and at room temperature its electrical conductivity is
700-800 Ohm~t-cm™ [9]. With an increase in the
amount of Bi;Tes in the [(ShaTes)os2(Gd2Tes)oos] -
Bi,Tes system, o decreases and drops to a value of ~500
Ohmt-cm™,

Table
Electrophysical parameters of the studied compositions

AT77K AT 300 K

o, a, M
SAMPLES omr nem® | cm?V- oﬁrﬁ—l mt * n, em b 2V

lemt mkV/K c c mkV/K cm/V-c
Bi,Tes 4800 | -77 3,6:10% | 2223 [ 520 -163 3,6:10% | 947
Sb,Tes | _ _ 718 106 9-10%° 490
[(SbaTes)os2(Gd2Tes)ooeloos[BizTesloos | 4652 | -53 1510° | 221 1248 -120,6 1,25-10° | 62
[(szTE3)o,gz(Gd2T93)0‘08]0,10[BizT93]0,90 3543 -65 7,6-1019 205 944 -130 1,04~1020 57
[(szTE3)o,gz(Gd2T93)0‘08]0,15[BizT93]0,85 3058 -71 6,3-1019 201 760 -139 9,1‘1019 51
(szTeg,)o]z(Gd2T93)0‘02(BizTes)o,ze 1240 82 2,4-1018 885 650 200 2,4‘].018 440
(Sh,Tes) 74(Biz T€s)o24(Gd2Tes)o oo 1100 | 69 2,7-10° | 240 255 165 2,8:10° | 61
(Sh,Tes) 74(Biz T€s)o20(G2Tes)o 0 220 | 40 2,5:10° | 63 110 105 2,410 | 32

At 77 K, the ratio increases even more and reaches
a value of ~3. This indicates that an increase in ¢ and a
decrease in the concentration of charge carriers n in the
[(Sb2Tes)0.02(Gd2Tes)o0s] compositions are associated
with the influence of gadolinium. It can be assumed that
gadolinium atoms, replacing bismuth atoms that create
antistructural defects, thereby reduce the concentration
of charge carriers created by these defects. This
mechanism is also suitable for the Sb,Tes-Bi,Tes-
Gd,Tes compositions. Moreover, here, with a constant
amount of Sh,Tes, with an increase in the amount of
gadolinium in the alloy, the values of electrical
conductivity and charge carrier concentration decrease.

The  temperature  dependences of the
electrophysical parameters (c and ) for the studied
compositions are shown in Fig. 1, 2. As can be seen
from the figures, for all curves the o (T), a (T)
dependences have a metallic character - with an
increase in temperature, ¢ decreases, o increases, and
the Hall coefficient does not change with temperature.
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According to the temperature dependence of the
Hall coefficient in the temperature range of 77-300K,
the concentration of charge carriers is 10'8-10%° ¢cm=3
and does not change with temperature. The indicated
temperature dependences of electrical conductivity and
the Hall coefficient are characteristic of partially
degenerate semiconductors.

The temperature dependence of the Hall mobility
1 =Rnoshows that in the specified compositions in the
temperature range of 77-300 K the charge carriers are
scattered mainly by acoustic lattice vibrations
(phonons). Fig. 3 shows the dependence of the
magnetoresistance on the magnetic field strength for
the specified compositions. As can be seen, only for the
composition (Sb2T63)o,72(BizTEs)o,ze(GdzT%)o,oz a non-
zero magnetoresistance is observed. This indicates that
this composition is a non-degenerate semiconductor,
while the other compositions are degenerate
semiconductors.
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Fig. 1. Temperature dependences of electrical conductivity.
1-[(Sh2Te3)o,92(Gd2Tes)o,08]0,05[Bi2Tez]o,95, 2- [(Sh2Tes)o,02(Gd2Tes)o,08]o,10[Bi2Tez]o,90,
3- [(Sh2Tes)o.92(Gd2Tes)o,08]0,15 [BizTes]oss,4-(Sh2Tes)o,74(BizTes)o.24 (Gd2Tes)o 0z,
5-(Sh2Tes)o,72(Biz2Tes)o,26(Gd2Tes)o,02,6- (Sh2Tes)o,7a(Bi2Te)o,20(Gd2Tes)o0s, 7- Bi2Tes
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Fig. 2. Temperature dependences of the thermoelectric coefficient. The designations are the same as in Fig. 1.
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Fig. 3. Dependence of specific resistance on magnetic field strength.
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The analysis of the obtained experimental data
shows that for the specified composition the

Ap

Po
value of A for the case of scattering on lattice
vibrations.

Taking into account the above, taking A=1.18 for
samples of the composition Bi;Tes and
(SszEg)ojz(GdzTEg)o,oz(BizTEs)o,ze, and A=1 for other
compositions, the concentrations of electrons (for n-
type samples) and holes (for p-type samples) were
calculated (Table).

The mobilities of electrons and holes were
calculated using the values of the Hall coefficient and
electrical conductivity from the expression u=Pu-c. For
this purpose, in order to increase the accuracy, we used
the Hall coefficient values for the samples measured at
~ 77 K. Since the charge carrier mobility at~77 K is
higher than the mobility at ~300 K, the Hall coefficient
is measured with greater accuracy at low temperatures.
Taking into account the fact that the charge carrier
concentration determined at 77 K does not change
down to room temperature, the charge carrier mobility
was calculated in the temperature range of 77+-300 K.
It was found that for all compositions, starting from ~
77 K, the mobility decreases with increasing
temperature according to the law pu~ T (for both
electrons and holes). The value of the temperature
index n changes from 1.65 (for Bi,Tes samples) to ~
1.35. This indicates that in the range of ~ 77+300 K in
the indicated compositions, electrons and holes are
scattered mainly by thermal vibrations of the lattice.

dependence ~B? is in good agreement with the

Such a scattering mechanism also results from the
magnetoresistive effect.

It is evident that with the increase of the amount
of gadolinium in the compositions the mobility of
electrons and holes decreases sharply (except for the
composition (Sh2Tes)o.72(Gd,Tes)o02(BizTes)o2s). The
reason for this is the increase of scattering of electrons
and holes with the formation of a triple system. It can
also be assumed that the effective cross-section of
scattering centers for electrons and holes created by
gadolinium atoms is of sufficiently great importance.
Thus, as already noted above, with the addition of
Sh,Tes to Bi;Tes the mobility of holes increases.

4. CONCLUSION

Thus, it was found that gadolinium atoms,
replacing bismuth atoms that create antistructural
defects, thereby reduce the concentration of charge
carriers created by these defects. This mechanism is
also suitable for Sh,Tes-Bi,Tes-Gd,Tes compositions.
At a constant amount of Sh,Tes, with an increase in the
amount of gadolinium in the alloy, the values of
electrical conductivity and concentration of charge
carriers decrease. With an increase in the amount of
gadolinium in the compositions, the mobility of
electrons and holes also decreases sharply (with the
exception of the composition (Sb2Tes)o72 (Gd2Tes)o.02
(BizTes)o.26). The reason for this is an increase in the
scattering of electrons and holes with the formation of
a ternary system. It can also be assumed that the
effective cross section of the scattering centers for
electrons and holes created by gadolinium atoms is
quite significant.
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OF Ge ATOMS
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There has been investigated TIGai-xGexSez (x=0.02:0.08) compound amorphous films of 35 pm in thickness by high—
energy electron diffraction method (HEED). It is established that by interacting with triple compound atoms with Ge interstitial
ones as an impurity the distance between atoms in films increases from 3% up to 7%. According to the mentioned increase the
distance between atoms, there has been observed of coordinate maximum areas and also with the temperature range of
amorphous film formation. In this case it is possible to control precisely amorphous thin film parameters.

PACS: 61:66 Fn

Keywords: semiconductor, electron diffraction analysis, doping, structure, amorphous film.

INTRODUCTION

It is known that semiconductive compound of A3
B3C,% group are widely used in instrument-making,
optoelectronics [1-5]. Taking into consideration the
demands for semiconductors with novel properties we
investigate TIGaSe;, half-valance amorphous films with
Ge interstitial atoms in small concentrations. TIGaSe;
compound as one of the mentioned group involves two
different structural units as tetrahedron with Ga®* ions
and octahedron with TI* ions, this it has specific
structure of crystal lattice [6]. Investigation of thin film
atomic structure is carried out preferably by electron
diffraction methods Bogarde and Gilson [7].

EXPERIMENTAL PART

In this paper by method of high-energy electron
diffraction there have been investigated TIGai-«GexSez
amorphous films (x=0.01+0.08) of 35 nm in thickness
obtained by simultaneous evaporation of synthesized
single crystal TIGaSe, and Ge at room temperature
from two different tungsten furnaces in vacuum
~4x10°Pa in installation VUP-5 [8, 9]. Given films are
covered by carbon film ~3 nm in thickness top and
bottom. Freshly spalled single crystals NaCl, KJ and
celluloid on the grid are served as a substrate. The rate
of molecular vapor deposition in vacuum is 3 nm/sec.
Film thickness is read on spectrometer “Spekord 210
plus” and film composition is read on atomic
absorption spectrophotometer “Shimadzu AA-6300".
Electrometric system of the installation EMR-102 for
recording diffraction reflection intensities improves
significantly the structure determination accuracy.
Incoherent background metering and experimental
intensity curve normalization are made by Nabitovich
method [10].

RESULTS AND THEIR DISCUSSION
Electron diffraction patterns of T1Gao.ssGeoosSea

amorphous films (Fig.1) taken on the installation
EMR-102 have diffusion rings with the values
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S = 4xsind/A = 21.52, 34.46, 44. 83 nm™'. Diffusion
maxima become distinct and are exceptional in electron
diffraction patterns with ageing films in vacuum within
5-6 hours at room temperature.

Fig. 1. Electron diffraction patterns of
T1Ga0.96Geo.0sSe2 amorphous film.

By electron diffraction pattern interpretation
based on data of recording unit interference function
(I«(S)Im(S) and 1,(S)If2(S)) that is characteristic of
short-range atomic order in  TlGaossGeoosSe2
amorphous films, the radial atom distribution curve
(RADC) has been obtained (Fig.3).

When interpreting the electron diffraction
patterns, taking into account the data from the recording
unit for intensities (Fig. 2) and using the interference

function (1,(s)/Y_ f2(s) and 1,(S)/D_F2(S).

which characterizes the short-range atomic order in
T1GaossGeoosSe2 amorphous films, the radial atom
distribution curve (RADC) has been obtained (Fig. 3).
RADC calculations were performed using the
RADIADIAS program on a computer.
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FORMATION OF TIGaSe; AMORPHOUS FILMS UNDER THE EFFECT OF Ge ATOMS
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Fig. 2. Experimental intensity curve of TIGao.96Geo.0sSe2 amorphous compound.
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Fig. 3. Radial distribution curve of TIGao.e6Geo.0sSe2 atoms.

By analyzing RADC of TIGaossGeoosSe2
amorphous compound there have been revealed three
maxima corresponding to the first coordinate group at
r1 = 0.239 nm, the second coordinate one at r- = 0.340
nm and the third coordinate one at r; = 0.460 nm. There
have been determined areas beneath the first, second,
and third coordinate maxima which are found to be
equal A= 8.6, A= 24.6, and As= 33.8, respectively.

The radius of RADC first coordinate group is very
close to the mean value of distances between Ga-Se
atoms in crystal lattice. The radius of the second
coordinate group is in agreement with the distance
between Tl and Se atoms, also the third maximum is in
agreement with the distance between similar atoms

CONCLUSION

When forming amorphous structures of numerous
compositions in thin layers, the presence of Ge as an
impurity affects the behavior of TI-Se and Ga-Se
system atom interaction. It is experimentally
established that TIGaSe, films have non-trivial
peculiarities that are controlled as by formation
conditions as by measured doping them with Ge
chemical element atoms. Coordination numbers
calculated from the areas beneath the first, second,
and third coordinate maxima have the following values:
ni =4, n.=ns;= 6. That is to say about covalent behavior
of bond between atoms in TlGa;-«GexSe> amorphous
film which is characteristic of crystal phase.
Apparently, Ge atom implantation in TIGaSe. film
brings about the formation of substitutional solid
solutions.
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Carbon nanotubes are discussed in this review synthesis methods. Carbon nanotubes synthesis by variety methods and
each of the mechanisms have precise features that can be specify properties of carbon nanotubes. Laser ablation and chemical
vapor deposition are most common methods for synthesis carbon nanotubes.

Keywords: laser ablation, carbon nanotubes, physical vapor deposition, pulsed laser vaporization (PLV), Nd:YAG.
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INTRODUCTION

Carbon nanotubes have attracted considerable
interest since their discovery by lijima in 1991 [1].
Carbon nanotubes have aroused great interest recently
because of their unique physical properties, which span
a wide range from structural to electronic. For example,
nanotubes have a low weight and high elastic modulus,
and thus they are predicted to be the strongest fibers and
widely touted as attractive candidates for use as fillers
in composite materials due to their extremely high
Young’s modulus, stiffness, and flexibility [2-6].
These latter applications will require vast quantities of
nanotubes at competitive prices to be economically
feasible. Moreover, reinforcing applications may not
require ultrahigh purity nanotubes. On the other hand,
functionalization of nanotubes to facilitate interfacial
bonding within composites will naturally introduce
defects into the tube walls, lessening morphologies are
needed for specified applications of CNTs. For
instance, usually it is needed to prepare knotted CNTs
to improve in rich interfacial adhesion, which can lead
to nanotube aggregation within the matrix composites.
So, there are many methods of producing these
nanomaterials, including electric arc discharge [1,7],
laser evaporation [8], chemical vapor deposition
(CVD), catalytic CVD [9-19], hydrothermal treatment
[20] and mechanothermal process in which graphite
powders were first mechanically ground at room
temperature and then annealed at 1400 8C [21], but
little is known about the possibilities of
mechanothermal processing aimed to the synthesis of
carbon nanostructures in different conditions. Although
significant research progress has been made to
synthesize carbon nanomaterials, but developing an
easy approach to large-scale production of carbon
nanotubes has still been limited to date. On the other
hand, most of the synthesizing methods are
complicated and uncontrollable. More recently, we
have suggested that using washable supported catalysts
is accompanied by valuable advantages and with an
extraordinary structure [22,23]. Herein, we use an
efficient method for the controlled synthesis of spring-
like multiwall carbon nanotubes by mechanical
activation assisted annealed process [14].
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In their paper authors investigated the synthesis of
carbon nanotubes.

Laser ablation method

Physical vapor deposition (PVD): PVD is a
technique by which a material canbe vaporized into
gaseous form and then deposited on the surface of a
substrate.

Target source: The most common carbon source
target used is solid graphitewhich is irradiated by laser
source and vaporized into vapor carbon atoms.

Laser source: Laser source used for vaporization
of target material into targetvapor atoms can be
continuous laser source such as CO; laser or pulsed
laser source such as Nd:YAG laser (Neodymium doped
Yttrium Aluminum Garnet, Nd:Y3Als012) .

Substrate used: The substrate used in this
method is the water cooled coppercollector on which
the vaporized carbon atoms deposit and grow as CNTSs.

Inert gas atmosphere: Argon gas is commonly
used as inert gas which flows at aconstant flow rate
towards the water cooled copper collector.

Procedure for synthesis of CNTs by Laser Ablation
method

Laser Ablation method is a Physical Vapor
Deposition method in which graphitetarget is vaporized
by laser source Figure 1. In this method the graphite
target is placed at the center of quartz chamber filled
with argon gas and maintained at 1200°C.The graphite
target is vaporized by either continuous laser source or
pulsed laser source. The vaporized target atoms
(carbon) are sweeped toward cooled cop- per collector
by the flow of argon gas. The carbon atoms are
deposited and grown as CNTs on cooled copper
collector. In case of continuous laser beam, the carbon
atoms are continuously vaporized whereas in case of
pulsed laser beam the amountof CNTSs produced can be
monitored as each shot of pulsed laser beam is directly
proportional to the amount of carbon atoms vaporized
[11]. By this method multi- walled carbon nanotubes
are synthesized and to synthesize single-walled carbon
nanotubes catalyst nanoparticles of Fe, Co, Ni are
used.

The obtained CNTs arefurther purified to get the
pure form of CNTSs.
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Fig. 2. Pulsed laser ablation method-Schematic representation.

Procedure for pulsed laser deposition method

Pulsed Laser deposition is a thin film deposition
technique in which the targetmaterial is vaporized by
pulsed laser beam and vaporized target atoms are made
to deposit on substrates Figure 2. The furnace contains
a target at bottom and substrate mounted on the top. A
pulsed laser beam from Nd:YAG laser source is made
to strike the target to produce vaporized target atoms
called the plume (plume is vaporized atoms at high
temperature) [12]. The plume moves towards the
substrate and it is deposited and grown as CNTs. Each
shot of laser is directlyrelated to the amount of material
ablated, thus deposition rate can be controlled and
calibrated.

The synthesis methods were investigated by
Seyed Oveis Mirabootalebi, Gholam-Hosein Akbari
Fakhrabadi. Authors (13).

First synthesis of CNT was done accidentally by arc
discharge (1) and now synthesis methods of carbon
nanotubes are different and various. Generally, produce
type can specified properties of CNT (15); precursor
(which can be solid, liquid, or gas), heat source, time,
temperature, atmosphere of reactions and commonly;
mechanism, determinate traits of CNT. Most common
methods for synthesis of carbon nanotube are arc
discharge, laser ablation and chemical vapor deposition
(15-19). Some of other methods for synthesis of
carbon nanotubes include: dipping graphite in cold
water (21), mechano-thermal (20), synthesis with
decomposition Sic, torsion of graphene layers, with
solar energy, synthesis with heat treatment of polymer,
pyrolysis, with liquid phase and electrolysis.
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Electrolysis method

This method based on liquid phase which was
invention in 1995. with electrowinning of alkali or
alkaline-earth metals from their chloride salts, CNT
deposited on substrate (22).

By applying DC voltage between two electrodes in
chamber of molten alkali-alkaline earth metals, could
be produced multi walled carbon nanotubes]. Relation
(1) show formation lithium carbide  (23).

2Li++2e++2C (graphite) =Li,C, 1)
By forming lithium carbide (Li2C2), synthesize of
CNT can be started in liquid phase. Generally; diameter
of cnt in this method was 2-10 nm and length of them
is 0/5 micrometer or more was reported and amorphous
carbon, carbon nanofibers, nanographites and
encapsulate CNT are byproducts of this method (24).
Obtained CNT usually are multi walled, but also in
some researches, produced single walled CNT (26)
Different salts, applied for producing cnt such as NaCl,
LiCl, KCI, and LiBr (25).Current density, electrolysis
regimes, time, molten salt and temperature are the
controller parameters of reaction. By optimizing
condition of process, the reaction yields up to 20- 40%
increase for producing multi walled carbon nanotubes].
Electrolysis can be done in low temperature, don't
need to advanced equipment, possibility to controlling
process of synthesize, have high quality, having low
energy consumption and also don’t suitable for mass
production.
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Laser Ablation method

In Laser ablation/vaporization, by strike pulsed
laser or continuous wave laser on graphite target;
nucleation and growth of carbon nanotubes to be started
(31,23). First formation a hot evaporation and
subsequently quickly cooled.

During cooling of the samples, small molecules
and carbon atoms quickly condense and form larger
clusters and synthesized carbon nanotubes by van der
waals forces stay together. For producing multi wall
carbon nanotubes use pure graphite rods and for single
wall use composite block of graphite. For producing
single walled, Graphite composited with metal catalyst,
such as Fe, Niand Co and He-H, and Ar use as ambient
gas.

In pulsed laser, needs more intensity laser's light
than continuous laser. Nd:YAG and CO, are most
common lasers used for laser ablation (31).

Diameters of CNT which produced by this
method 4-30 nm and length of them is about 1
micrometer.Byproducts and impurities are amorphous
carbon, catalyst particles, fullerene etc. Catalyzers also
help to growth of carbon nanotubes. Most of catalyst
were used in laser ablation are: Co, Cu, Nb, Ni, Pt,
Co/Ni, Co/Pt, Co/Cu, Ni/Pt. quality of production
related to target composition, powerof laser beam and
laser properties, catalyst type, type of ambient gas,
temperature of reactions and distance between substrate
and target (31). Produced carbon nanotubes by this
method have high purity, high yield and most produced
single wall CNT; but not suitable for mass production
and also need expensive and especial equipments.

Flame Synthesis

combustion of carbon source in presence of an
oxidizing gas (23). Generally; flame synthesis contain
of three steps. First producing carbon source by
hydrolysis of hydrocarbon. Second; diffusion of
carbon's atoms to metallic catalyst and third; nucleation
carbon nanotubes on surface of catalyst and it's gradual
growth.

Oxidation gas can be oxygen or nitrogen and
carbon feedstock are acetylene, methane, ethanol and
ethylene. Type of flame created, have essential role on
quality of produced carbon nanotubes and determinate
amount of amorphous carbon in final producing. For
optimizing condition, must be control temperature,
composition of fuel gas and catalyst of reactions. This
way is economic, suitable for mass production and
most synthesizing single walled CNT, but rate of
growth is relatively low.

Laser vaporization method

The CNTSs were first synthesized using a laser in
1995, and the pulsed laser vaporization (PLV)
technique is used to extract a large variety of carbon
allotropes from graphite, one of which is CNTs. A laser
beam (Yttrium Aluminum Garnet or CO; laser) was
used in this process, and it will be put within a reactor,
where it will be focused on the graphite rods. Until
beginning the process, argon buffer gas and a catalyst
mixture of Co and Ni in a 50:50 ratio was passed
through the rod at 1200°C. The metal was added to the
process to help catalyze the creation of SWCNTSs, but
it also produced a slew of other byproducts. As a result
of the high temperature of the argon buffer steam, the
rod will vaporize. As the vaporization was cooled, it
was deposited in the copper collector, and nanotubes
were formed (33,34). The schematic diagrams for the

In this method, CNT synthesizing by direct | laser ablation procedure are shown in Fig. 3.
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Fig. 3. Schematic diagram for laser ablation technique.

One of the benefits of this method is that high-
quality SWCNTs with limited defects can be achieved
in a reasonably high yield. Since the metallic atoms
appear to vaporize when the tube's end is closed, this
was possible. SWCNTs generated have excellent
structural integrity as well. Furthermore, diameter
modulation of the samples can be achieved easily by
adjusting the method's parameters, i.e. catalytic metal,
flow rate, and temperature. Apart from that, SWCNTs
can be synthesized without requiring the production of
MWCNTSs.
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However, there are several drawbacks to this
approach. The CNTs generated may have some
branching and may not be perfectly straight. Despite
using higher purity graphite rods and laser forces, the
amount of CNTSs generated is lower than when the arc
discharge approach is wused (35). Typically, a
significant amount of SWCNTSs can be generated with
good crystallization using both arc discharge and laser
ablation methods. However, owing to the unique basic
equipment requirements and high energy demand,
these two strategies are less advantageous than CVD.
In terms of yield and purity, CVD are superior to arc
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and laser methods. This is because the size of the
carbon source, i.e., anode for arc discharge and target
for laser ablation, determines the amount of the sample
formed in both arc and laser processes. There is also a
need for intensive purification of CNTs developed
using these two techniques, which led to the production
of gas phase methods like CVD.

Chemical vapor deposition (CVD): CVD is a
technique in which the vaporized reactants react
chemically and forms a nanomaterial product that is
deposited on the substrate Figure 4.

Sources for carbon: The precursor for carbon
nanotubes are hydrocarbon gasessuch as acetylene,
ethylene, methane, etc.

Substrate used: Substrates are materials on which
the CNTS are grown. The commonly used substrates
in CVD method are zeolite, silica, silicon plate coated
with iron particles, etc.

Catalyst used: To produce single-walled carbon
nanotubes metal catalyst nanoparticles such as iron,
cobalt, nickel, molybdenum, iron-molybdenum alloys,
etc. are used.

Sources for CVD used: Based on the heating
source, the CVD can be:

Thermal activated CVD which is heated by
IR radiation, RF heater, etc.

Photo assisted CVD which is heated by Arc

Furnace

{z tube | CNTs
Quar 2 tube ) s
| 7

lamps, CO; laser, Argon ion laser,Nd:YAG laser, etc.

Plasma assisted CVD which is heated by
microwave radiation, etc.

Conditions maintained: The following conditions
are maintained inside thefurnace.

Temperature: 500-900°C.

Inert gas atmosphere: Argon gas.

Procedure for synthesis of CNTs by thermal CVD
method

CNTs are synthesized by thermal CVD method by
using hydrocarbon gas as car- bon source. In this
method, a quartz tube is placed inside a furnace
maintained at hightemperature (500-900°C) heated by
RF heater. A crucible containing the substrate coated
with catalyst nanoparticles is placed inside quartz tube
filled with inert gas such as argon gas.

The hydrocarbon gas (carbon source) is pumped
into the quartz tube which undergoes pyrolysis reaction
and forms vapor carbon atoms. These carbonatoms bind
to the substrate and join to eachother by Vanderwaal
force of attraction and grow as multi-walled carbon
nanotubes (MWCNTS) on the substrate [23]. To
synthesize single-walled carbon nanotubes catalyst
nanoparticles of Fe, Co, Ni are used. The obtained
CNTs are further purified to get the pure form of CNTSs.
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4
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Fig. 4. CVD method.

Electric arc discharge method

Carbon nanotubes are synthesized by electric arc
discharge method which is alsocalled Plasma Arcing
method.

Electrodes: Pure graphite rods (both positive and
negative electrode). The positive electrode is adjustable
from outside to maintain the gap between the two
electrodes.

Diameter of electrodes: 5-20 pum.Gap between
electrodes: 1 mm. Current: 50-120 amperes.
Voltage: 20-25 V.

Inert gas pressure: 100-500 torr (No CNT
formed below 100 torr). Inert gas is used for cooling
and condensation of atoms to form the CNTSs. Inert gas
deter- mines the structure of carbons to be present in
CNTS. Commonly used inert gas ishelium gas.
Temperature: 3000-3500°C.

Reactor: It contains a quartz chamber which is
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connected to vacuum pump and a diffusion pump to
inert gas supply. Initially the chamber is made vacuum
bythe vacuum pump and then the chamber is filled with
helium gas by the diffusion pump [9].

Procedure for synthesis of CNTs by Electric arc
discharge method

In this method, a potential of 20-25 V is applied
across the pure graphite elec- trodes separated by 1 mm
distance 4and maintained at 500 torr pressure of
flowing helium gas filled inside the quartz chamber
Figure5. When the electrodes are madeto strike each
other under these conditions it produces an electric arc.
The energy produced in the arc is transferred to the
anode which ionizes the carbon atoms of pure graphite
anode and produces C* ions and forms plasma (Plasma
is atoms or molecules in vapor state at high
temperature). These positively charged carbon ions
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moves towards cathode, gets reduced and deposited and
grow as CNTs on the cathode. As the CNTs grow, the
length of the anode decreases, but the electrodes are
adjusted and always maintain a gap of 1 mm between
the two electrodes. If proper cooling of electrodes are
achieved uniform deposition of CNTSs are formed on
the cathode which is achieved by inert gas maintained |

CNTs

at proper pressure [10]. By this method multi-walled
carbon nanotubes are synthesized and to synthesize
single- walled carbon nanotubes catalyst nanoparticles
of Fe, Co, and Ni are incorporated in the central portion
of the positive electrode. The obtained CNTs are
further purified to get the pure form of CNTSs.

Electric arc
7."

Graphite
Cathode

_»Quartz chamber

| >C"ions

Graphite
Anode

“T= Plasma

Fig. 5. Electric arc method.

Chemical vapor deposition (CVD) method

CVD is showing high potential to be used further
as a CNTs processing tool for future industrial
applications due to advantages such as relatively low
growth temperature, high yields, and high purities with
many explicit properties that can be obtained during its
manufacture While this process was first used in the
1960s and 1970s to produce carbon fibers and carbon
nanofibers, it was not until 1996 that it was used on a
wide scale for the production and synthesis of CNTSs.
Strong, liquid, and gaseous precursors were used to aid
in the development of CNTs at relatively low
temperatures, i.e., 500 to 1000°C, and at atmospheric
pressure. Metal or metal oxide catalyst particles are
used as "seeds" to aid in the development of certain
precursors. In addition, the gaseous or volatile carbon
compound can decompose with the aid of metallic
nanoparticles as a catalyst in this step. The catalyst also
serves as a nucleation site for the development of
CNTs. The reaction chamber is filled with 2

|combination of nitrogen, ethylene, and acetylene

during the procedure. This approach allows CNTs to
expand in a variety of macroscopic morphologies,
including powders and films (i.e., thick or thin), as well
as various microscopic architectures (i.e., aligned,
coiled, intertwined, or straight). The simplicity of the
process is due to the use of such precursors, as well as
different substrates and catalysts. As a result, producers
will get the desired type of CNT. The four key
parameters that specify the form of CNTs formed
(SWCNT or MWCNT) in this process are the reactor's
atmosphere, the source of hydrocarbon, the catalyst,
and the growth temperature. MWCNTS are typically
formed at lower temperatures (i.e. 600 to 900°C), while
SWCNT development occurs at temperatures greater
than 900°C. Not just that, but the commaodity obtained
is purer and has a higher yield. Regardless, defects can
be detected in the composition of the samples collected,
and these defects are normally in significant numbers.
The general and basic schematic diagrams for the CVD
technique are shown in Fig.6.
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Fig. 6. Schematic diagrams of CVD process.
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Alcohol CVD (ACCVD)

Since the temperature of the process is relatively
low as low as 550°C, the ACCVD system can produce
SWCNTSs in large quantities at a low cost. Evaporated
methanol and ethanol are applied to zeolite-supported
iron and cobalt catalytic metal particles in this process.
Alcohol reacting with catalytic metal particles created
hydroxyl radicals, which removed carbon atoms with
hanging bonds, preventing the formation of high-purity
SWCNTSs.

Plasma-enhanced CVD (PECVD)

PECVD is a broad concept that encompasses a
variety of synthesis methods which may be either direct
or remote. Direct PECVD was used to make MWCNT
field emitter towers and some SWCNTSs, while remote
PECVD can be used to develop all types of CNTSs.
Instead of using thermal energy, this method uses
energy sources that can supply energy for both
hydrocarbon decomposition and CNT processing at a
low temperature. The plasma energy sources used on
the CNT formation are hot filament PECVD, direct
current PECVD, radio frequency PECVD, and
microwave PECVD. Hydrocarbon gas is used over
intermediate metals in an ionized state in this process.
Furthermore, the reactive species in the plasma system
influenced the development of microscopic diameter
tubes, which had implications for both diameter
regulation and selective etching of metallic SWCNTSs.
The PECVD process consists of three major stages: (i)
primary reaction takes place between energetic
particles and carbon precursor in nonequilibrium
plasma which leads to the precursor to be decomposed
into carbon atoms and other active radicals; (ii)
diffusion of carbon atoms and radicals onto the catalyst
surface, as well as secondary reactions between the
reactants, and (iii) catalyst interacts with the reactants
on its surface, allowing carbon atoms to infiltrate and

precipitate, as well as the release of result gases (Ding
et al., 2016). This kind of CVD process has the benefit
of producing a high yield of matched CNTs at a lower
substrate temperature. Furthermore, by adding a
voltage to the substrate, the volume of supplied ionized
carbon species onto the catalyst surface can be tuned.
The chirality distribution and growth rate of SWCNTSs
can be regulated, for example, by adjusting catalyst size
and H flow rate. This kind of CVD process has the
benefit of producing a high yield of matched CNTs at a
lower substrate temperature. Furthermore, by adding a
voltage to the substrate, the volume of supplied ionized
carbon species onto the catalyst surface can be tuned.
The chirality distribution and growth rate of SWCNTSs
can be regulated, for example, by adjusting catalyst size
and H; flow rate.

Thermal catalytic CVD

Decomposition of hydrocarbons or other carbon
feedstock will take place at elevated temperatures
ranging from 500 to 1200°C in this process. Prior to
use, the feed would be dissolved in a steady flow of
noble gases in the furnace, which would pass through
transition metal catalysts such as iron, nickel, and
cobalt, among others. The decomposed carbon would
dissolve such metal particles until it reached a point of
super saturation. The hydrocarbon is then decomposed
and deposited on a substrate, i.e., alumina, glass, or
silicon substrate. The carbon precipitate would then
form in the shape of fullerene dorms. Depending on the
temperature range of the process, different forms of
CNT may be produced by using various types of carbon

feedstock. Chemical composition and textural
properties of the catalyst material(s) used are two
parameters that control the length, diameter,

orientation, and consistency of produced CNTs. The
amounts of defects and the existence of amorphous
carbon was also used to test the above properties of the
finished product.
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THE INFLUENCE OF STRUCTURAL DEFECTS ON THE ELECTRONIC AND
ADHESIVE PROCESSES AT THE INTERFACE OF THE Bio.g5Sbo.1s SOLID
SOLUTION WITH CONTACT ALLOYS
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The dependence of the resistance of the transition contact rk and the adhesion work of extruded samples of the Bio.ssSbo.15
solid solution on the magnetic field strength and temperature was investigated. It was found that the resistance of the transition
contacts of the Bio.ssSho.15 -contact alloy structures is determined mainly by the resistance of the n- Bio.gsSho.15 solid solution -
Bio.ssSho.15 solid solution structure heavily doped with acceptor impurity atoms Sn and Pb diffusing from the contact alloy into

the near-contact region of the crystal.

Keywords: extrusion, annealing, solid solution, extrusion, texture

1. INTRODUCTION

Crystals of solid solutions of Bi-Sbh systems are
photosensitive in the infrared region of the spectrum,
and are also effective low-temperature thermo- and
magnetothermoelectric materials for the creation of
solid-state  electronic ~ coolers  for  infrared
photodetectors. The efficiency of photo- and
thermoelectric converters, along with the fundamental
parameters of the semiconductor material, is also
determined by the physical properties of the transition
contacts of these converters [1-5] the efficiency of
thermoelements is determined by the relationship [6]

Z=a2/[x(p +r«/20)] )
Where oo and  y are the thermoelectric emf and
thermal conductivity coefficients, p is the resistivity of
the semiconductor material of the thermoelement legs,
r is the resistance of the transition contact between the
semiconductor and the switching plates, ¢- is the length
of the thermoelement legs. A long service life of a
thermoelement can be achieved if, under operating
conditions, the thermoelectric and contact materials
have mutual physical and chemical resistance, and the
switching method and quality ensure this resistance.
The process of contacting a metal and a
semiconductor is accompanied by mutual diffusion of
materials, which leads to poisoning and oxidation of the
semiconductor material. In the case of soldering, the
solder can release toxic components inside the
thermoelement legs, especially at high temperatures.
The diffusion of the contact material in the thermal
branch causes a number of harmful phenomena that
reduce the efficiency of the thermoelectric material,
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such as the formation of a second phase of a well-
conducting layer that causes a local short circuit of the
thermoelement, a direct reaction of the contact material
with the thermoelectric, the appearance of donor or
acceptor levels that change the local concentration of
carriers, the dissolution of impurities from the thermal
branches by the contact material, etc.

Therefore, the switching material must have high
electrical and thermal conductivity, and the transition
resistance at the contact section of the semiconductor
with the switching material must be minimal, provided
that the linear expansion coefficients of the
thermoelectric and switching materials are matched.
Therefore, the study of physical properties, including
elucidation of the mechanisms of electron and phonon
transfer in extruded samples of BipgsSbois solid
solutions, is an urgent task in materials science.

Taking into account the above, in this work the
resistance of the transition contact and the adhesive
properties the effect of heat treatment on the resistance
of the transition contacts of extruded samples of
Bio.g5Sho.15 solid solutions with various contact alloys
were investigated [7].

2. EXPERIMENTAL PART
Samples of BiggsShois solid solutions were
obtained in the following process sequence:

-the synthesis was carried out by direct alloying of
the components in a quartz ampoule, pre-etched in a
K2Cr;07 solution and evacuated to a residual pressure
of ~10°2 Pa, constantly subjected to shaking during the
synthesis to improve the homogeneity of the alloy. The
ampoule with the substance was sharply cooled to room
temperature. The components used were bismuth of the
V1-0000 brand, antimony of the SU-0000 brand.
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- extrusion was carried out on an MS-1000
hydraulic press. Extrusion process parameters:
Peks.=4.0 t/cm?, Teks. =475£3K.

Post-extrusion annealing was carried out in
ampoules evacuated to ~10- Pa at ~503 K for 5 hours.
The experiments were carried out in the temperature
range from ~77 to ~300 K and magnetic field strength
up to 74x10* A/m. Electrical measurements were
carried out along the extrusion axis. Samples that had
not undergone heat treatment after extrusion and the
same samples that had undergone heat treatment.

3. RESULTS AND ITS DISCUSSION

Fig. 1 shows the dependences of (r«-rko)/rvo and
(p—po)/po at ~77 K on the magnetic field strength in the
case of the contact material made of alloy 1. Here ryo,
po are the transition contact resistance and the specific
resistance in the absence of a magnetic field, and r and
pare in a magnetic field. It is evident that the nature of
the change in the transition contact resistance ri of the |

= P,

P Po

Pk Po

10

Bio.g5Sho 15 solid solution with alloy 1 and the specific
resistance p of the solid solution itself of the extruded
Bio.s5Sho.1s sSample on the magnetic field strength are the
same. However, the change in (r-rw)/fo with an
increase in the magnetic field strength is greater in all
cases than the change in (p—po)/po. For example, at ~77
K with a magnetic field strength greater than ~23x10*
Alm, the ratio [(r«-rvo)/rko)/[ (p—po)/po] for samples
based on annealed solid solution reaches 1.5. With
increasing temperature to 300 K, the dependence of rx
and p on the magnetic field strength weakens, however,
the patterns observed at ~77 K on the effect of the
magnetic field on rc and p are preserved at high
temperatures.

Similar results at ~77 and 300 K were obtained in
the case of contact alloy 2.

The magnetoresistance in

results obtained

extruded Bio.gsSho.1s sSamples are well described by the
results of theory and experimental data available in the
literature [8].

48 80

=10, A/m

Fig. 1. Dependences of the transient contact (1, 2) and specific magnetoresistance (3, 4) at ~77K on the magnetic field
strength. Curves 1, 3 relate to Bio.ssSho.1s samples that have not undergone heat treatment, and 2 and 4 to samples

that have undergone heat treatment after extrusion.

The following considerations can explain the
rather strong dependences ri of the transition contact
of Bio.g5Sho.15 With contact alloys on the magnetic field
strength, compared to the specific resistance p. When
applying the contact to the ends of extruded
Bio.g5Sho.1s samples, mutual diffusion of the
components of the solid solution and the contact alloy
in each other occurs.

Therefore, as a result of the diffusion of Pb and Sn
atoms from the contact alloy into the BigssSbo 15 solid
solution, a near-contact layer of this solid solution is
formed near the contact, doped with lead and tin atoms
(or only tin in the case of a contact alloy wt %: 57 Bi +
43 Sn). As a result, the following structure is formed:
BiggsSho1s solid solution - intermediate layer of
Bio.g5Sho.15 solid solution, heavily doped with acceptor
lead and tin atoms - contact alloy. The specific
resistance of the intermediate layer at ~77 K (solid
solution BigssSho 15 doped with Pb and Sn) is several
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times higher than the specific resistance of pure
Bio.g5Sho.15 In addition, BiggsSbo.1s samples doped with
Pb or Sn atoms with a concentration of more than 0.01
at.% have p-type conductivity at ~77 K. Therefore, the
transient contact resistance of the structure will be
mainly determined by the transient resistance of the
transition Big gsSho 15 solid solution - intermediate layer.
In a magnetic field, with an increase in the magnetic
field strength to 74x10* A/m, the specific resistance of
Biog5Sho.s increases strongly (by ~7.3 times). At the
same time, the specific resistance of the intermediate
layer also increases (for example, experiments have
shown that extruded samples with 0.1 at.% Pb have ~77
K p~5-10* (Ohm-cm) at ~77 K and with an increase
in the voltage to 74x10* A/m, p increases almost
linearly and reaches a value of 6-10% (Ohm-cm).
Because of this, the growth of r¢ of the BiggsSho.s -
intermediate phase structure under the action of a
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magnetic field is stronger than the growth of the
specific resistance of pure BiggsSho 1s.

At temperatures above ~120 K, the conductivity
type of the BiogsSho.1s solid solution doped with Pb or
Sn becomes electronic [9]. In addition, at high
temperatures, the effect of Pb and Sn impurities on the
p of the Big.gsSho .15 solid solution, including the p of the
intermediate layer, is weakened. Therefore, at ~300 K,
despite the fact that the value of the specific resistance
of both the BipgsSbois solid solution and the
intermediate layer (the BiogsSho.1s layer doped with Pb
or Sn atoms) differs insignificantly from the values of
p at ~77 K, the contact resistance ry at ~300 K is ~2
times lower than at ~77 K. The change in ry of the
structure under the action of a magnetic field at ~300 K
also correlates well with the change in p of pure
BiogsShois and the intermediate layer. In extruded
samples of BiogsSho.s, there are stressed regions that
create scattering centers for charge carriers [2].
Annealing of the rods after extrusion leads to the
disappearance of these regions, which ends with an
increase in the mobility of charge carriers. As a result,
the magnetoresistive effect and the change in r, under
the influence of a magnetic field in annealed samples
are stronger than in non-annealed ones.

In addition to electrical parameters, contacts are
also characterized by mechanical properties. The bond
and adhesion between the extruded BiogsSho.1s solid
solution and the contact alloy is determined by the
process of wetting the crystal surface with this contact
alloy.

It is known that the wetting of a solid by a liquid
and the bond of a liquid with a solid can be determined
by two types of forces acting between the phases:

- physical interaction combining dipole, induction
and dispersion forces. By analogy with adsorption, this
type of contact can be called physical, reversible
wetting, i.e. such a contact when the contacting surfaces
after contact can be separated, while remaining
unchanged;

- chemical forces - ionic and homopolar. This type
of contact and wetting can be called chemical,
irreversible wetting.

The main difference between these types of
contacts is the magnitude of the interphase forces. If the
energy of the Van der Waals forces is a fraction or
several units of kcal/mol, then for chemical interaction
this energy is tens and hundreds of kcal/mol.

Thus, physical forces, although they always act,
are not able to provide such energy; such energy can
only be caused by chemical interaction.

A distinctive feature of chemical wetting, in
addition to the large value of interfacial forces, is the
relatively strong dependence of the degree of
wettability on temperature; often such a dependence is
characterized by a wetting threshold - the presence of a
temperature, after reaching which the contact angle
begins to drop sharply, and the work of adhesion to
increase.

Wetting of the surface of a solid is caused, in
addition to the above, by the presence of internal and
surface force fields in them. The appearance of these
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forces causes interaction between molecules inside and
on the surface of bodies.

The nature of wetting of the contact material
largely depends on the value of the surface tension
coefficient of their melts, the value of interfacial
tension in contact with the melt of the contact material
with the surface of the solid [10]. Spreading of liquids
and wetting of the surface of a solid are accompanied
by an increase in the surface of the liquid and are
associated with overcoming the forces of surface
tension.

In addition to the above, wetting of the surface of
a crystal by a molten contact material largely depends
on the nature of the previous treatment, the state of the
crystal surface, the size and uniformity of the gap, the
method of removing the oxide film, the environment,
etc. Since the influence of all these factors is
theoretically difficult to take into account, in practice it
is determined by experiment. The process of wetting
the surface of a solid with the liquid phase of the contact
material and the forces that determine adhesion play a
significant role in creating devices with specified
properties. The characteristic of the adhesion forces of
a liquid and a solid is the specific work of adhesion,
equal to the work of their separation along the
interphase boundary

Aa= oo (1 + cosb) (2)

where o, is the coefficient of surface tension of

the melt of the contact material, 6- is the contact angle,

defined as the angle between the surface of the solid

and the tangent to the point of contact with the liquid at
the interface with the environment.

Wetting of the crystal surface with a molten
contact alloy depends on the composition of the contact
alloy, the state of the crystal surface, the type of
medium, etc.

To determine the contact angles of wetting 6 of
the BiggsSho.1s surface with contact alloys, the optical
method of "sessile drop” was used. The optical system
of the setup provided a magnification of ~20 times,
which made it possible to use drops weighing 1.5-2.0
g. The surface tension coefficient o, was determined
by the drop method [11].

Experiments showed that when using alloy 1 as a
contact material, the contact angle is ~23-24°, and in
the case of the alloy 2. ~23-24° At 410-415 K, the
surface tension of alloy 1 and the alloy 2 were 424 and
410 mN/m, respectively.

The work of adhesion Aa for the specified contact
alloys with the surface of the extruded sample of the
BiossSho1s solid solution, calculated from the above
expression at a temperature of 410 and 415 K, is 780
and 850 mJ/m?, respectively.

These values of A, indicate that good wetting of
the surface of the extruded sample of the BiggsSho.1s
solid solution by the above contact alloys is ensured by
a sufficiently strong physicochemical interaction of the
melt of the contact material with the extruded samples
of the Big5Sho .15 solid solution.
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4. CONCLUSION

Thus, it was found that the resistance of the
transition contacts of the BiogsShois -contact alloy
structures is determined mainly by the resistance of the
Nn- BiogsSho.1s solid solution - Big.gsSho.1s solid solution
structure heavily doped with Sn and Pb acceptor
impurity atoms diffusing from the contact alloy into the

near-contact region of the crystal. In the extruded
samples that were not annealed after extrusion, the ratio
(r-ro)/rio and (p—po)/po at magnetic field strengths is
lower than for the annealed samples. Along with this,
for the samples that were not heat treated, the ratio (rx-
ro)ro (p—po)/po is lower than for the annealed
samples.
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INFLUENCE OF COPPER AND SELENIUM ATOMS ON THE CRYSTAL
STRUCTURE OF GaoslnisSs WITH PARTIAL REPLACEMENT OF GALLIUM
AND SULFUR ATOMS BY COPPER AND SELENIUM ATOMS

M.G. KYAZUMOV
Institute of Physics, Ministry of Science and Education of Azerbaijan,
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It has been established that the structure of Gaoslni sSs crystals, characterized by TOTE and TOTEOOE structural
types, with the replacement of 1/3 of the gallium atoms by copper atoms, the CuosGao,33ln1,5Ss structure becomes the TOTTE
type (a=3.861 A, ¢ =30.915 A, sp. gr. P6smc), and with the subsequent replacement of 1/6 of the sulfur atoms by selenium,
the CuosGao,33In1sS2,55€0,5 structure becomes the TTOTTE type (a = 3.866 A, ¢ = 18.695 A, sp. gr. P3m1).

Keywords: structure of inorganic compounds, electron diffraction.

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

The GagslnysSs crystals crystallize in a structure
with the lattice parameters: a = 3.819 A, ¢ = 21.12 A,
sp. gr. P3mi[1] and a = 3.82 A, ¢ = 63.41 A, sp. gr.
R3m with the structural type... n,TcOThEcOOCE...[2,
3], where O, T and E are the designations of octahedral,
tetrahedral and empty layers, respectively, h and c
denote the hexagonal and cubic, respectively, types of
packing of S atoms in the anion layers.

The aim of this work is to establish the influence
of partial replacement of gallium and sulfur atoms with |

copper and selenium atoms on the structures of
polytypic modifications of GagsIny sSs.

EXPERIMENTAL
DISCUSSION

PART AND RESULT

The CUO,5G30,33|H1,583 and CUO,sGaoyss|n11532,,5890,5
compositions were synthesized. Samples for electron
diffraction studies were prepared by depositing
microcrystals from an aqueous suspension onto a metal
grid covered with a celluloid film. Electron diffraction
patterns from textures were recorded using an EG-400
high-voltage electronograph.

Fig. 1. Electron diffraction pattern of CuosGao33In1,5Ss textures.
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Fig.2. a) Electron diffraction pattern of CuosGaosslnisS2.5Se05 textures.

b) Projection of the structure of CuosGao33In.5S2.55€055 on the plane (11 EO).

The decoding of electron diffraction patterns was
carried out using the following formulas for oblique
textures [4]:

d1oo = \/5 a/2 = 2LAh/2Rnoo, (1)
Dhk1 = (R%wi — R%ko)Y?, )
AD = c*LA = (Dnki — Drkg-1)),  (3)
doo1 = ¢ = 1/c*= LA/AD. (4)

Fig. 1 shows the electron diffraction pattern of
CugsGapaslng sS3 textures. The lattice parameters were
determined from this electron diffraction pattern:
a=3.861A, ¢=30.915A. There are no reflections with

the value I22n in the series //2//on the electron
diffraction pattern. This indicates that the crystal
structure is built from two identical packets. It was
established that the structure has the space group

P6smc. The second strong reflection in the series112/
is the reflection1128. The value | = 8 indicates that

the unit cell consists of two TTO T E types of packets
[5] and, therefore, the structure of CuosGaosslnisSs is
an isostructural analogue of the structure of the 2H
polytype Zn,In,Ss[6].

Fig. 2a shows the electron diffraction pattern from
the CuosGag 3311 552, 55€0 5 textures, where there are no

systematic extinctions of reflections. The second strong
reflection 1125 is clearly distinguished on the second
ellipse (the strongest in the series112/ is the reflection

1120). The lattice parameters were determined: a =

3.866 A, ¢ = 18.695 A, sp. gr. P3m1 and the structural
type ...TTOTTE.... By comparing the experimental
and calculated values of the reflection intensities, the
type of packing of the anion layers was established
...hhhhhh.... The structure of CupsGao 331N1,5S2. 55€05 1S
identical to the structure of ZnsIn,Se [7] and GalnS; [8].
Fig. 2b shows the projection of the structure
CUovsGaoy33|nlyssz,vsseoys (|e CuGao,67In3$58e) on the

plane (1150).
CONCLUSION

It has been established that the structure of
GapslnisSs crystals, characterized by TOTEOOE
structural types, becomes TOTTE type when 1/3 of
gallium atoms are replaced by copper atoms, and
becomes TTOTTE type when sulfur (S) atoms are
subsequently replaced by selenium (Se). The latter is
probably due to an increase in the size of one of the
tetrahedral voids in the unit cell, on which cations with
a large ionic radius (i.e. indium atoms) can freely be
located.
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SONOCHEMICAL SYNTHESIS AND CHARACTERIZATION OF NANOSIZED
COPPER ALUMINATE SPINEL

N. MUSAYEVA, H. KHALILOVA, I. AMIRASLANOV,
B. IZZATOV, M. ALIZADA
Institute of Physics, Ministry of Science and Education, H.Javid ave, 131,
AZ1073 Baku, Azerbaijan
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In the present work, copper aluminate (CuAl204) nanoparticles were synthesised by sonochemical method. X-ray
diffraction analysis revealed that the synthesised crystals are of cubic spinel structure. The analysis confirmed the presence of
v -Al203 phase in the synthesized product. An increase in the concentration of Cu ions relative to Al ions in the solution
changes the color of the powder. This is associated with the change in the ratio of CuAl2O4 crystallites to y-Al20z3 crystallites.
The size of spinel crystallites were found to be 7-10 nm in size.

Keywords: sonochemical, spinel, nanoparticles, CuAl2Os, y -Al203, X-ray diffraction

PACS: 61.46.Df; 32.30.Rj; 33.20.Fb
INTRODUCTION

A wide range catalytic, electronic and optical
properties allow the use of transition metal oxide
spinels in various fields of science and technique.
Among the spinel-structured materials, Cu-based
spinels exhibit high activity in many applications,
especially in catalytic processes. Compared with some
metals, the use of aluminate spinels is more favorable
in terms of environmental safety. Copper aluminate
(CuAl,O,) spinels are characterized by thermal
stability, mechanical resistance, hydrophobicity and
low surface acidity. Usually, the synthesis of metal
aluminates requires temperatures above 1000°C and
several days. To overcome these disadvantages, more
useful  methods such as  co-precipitation,
hydrothermal synthesis and sol-gel have been widely
used in the preparation of CuAl,O4 spinel in recent
times [1-4]. However, the main shortcomings of the
majority of the methods are the use of a wide variety
of reagents, multi-steps and high energy requirements.
Compared to other methods, the sol-gel method is
considered more affordable technology for the
synthesis of CuAl,O4 spinel, as it enables the
production of particles with a homogeneous
composition and small size at relatively low
temperature [3,4]. The authors used diethanolamine as
a new fuel for the sol-gel auto-combustion synthesis
of nanocrystalline NiAl;O4, CuAl,O, and ZnAl;O4
alumina spinels in their research [5]. The results of X-
ray diffraction (XRD) analysis showed that the
average crystal size of single-phase CuAl;O4
aluminate spinel obtained by this way was 62 nm after
calcination at 1000°C. The high energy consumption
and the large size of the obtained nanoparticles are the
main disadvantages limiting the application of this
method.

The main goal of this research was the synthesis
of CuAl;O4 spinel with homogenous structure by
sonochemical method. Both the crystalline structure
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and the sizes of the crystallites were determined.
Raman sectroscopy analysis was carried out.

EXPERIMENTAL
Preparation of CuAl2O4 spinel

For the synthesis of nanoparicles of CuAl,O4
spinel containing 12% CuO 5 g dry AICI; was
dissolved in 50 ml deionized (DI) water. 0.32 g of
CuCl; - 2H,0 salt was crushed in a mortar and after
adding 50 ml of DI water was mixed in a ultrasonic
bath with a frequency of 68 kHz for 1 hour. During
this time, due to the effect of ultrasonic waves, the
water temperature rised to 62°C. At the end, the mixed
solution turns into a completely clear blue liquid. The
beaker containing the solution was heated on a
magnetic stirrer (stirring at a speed of 1500 rpm) and
5.91 g of NaOH solution dissolved in 50 ml of DI
water was gradually added to it dropwise for half an
hour. As the amount of alkali increases, the solution
turns light brown. The temperature of the solution was
raised to 80°C and was additionally mixed for 30 min.
When  the mixing process was stopped, rapid
precipitation occurrred in the obtained gel-like
solution. The precipitate was separated from the
solution by centrifugation, washed repeatedly with DI
water until pH was reached 8, and after drying at 80°C
for 2 hours, thermally treated at 800°C for 5 hours. As
a result, a light brown powder was obtained. Synthesis
of nano-sized CuAl;O4 spinel crystals containing 25%
CuO was carried out by the same method using 0.67 ¢
of CuCl; - 2H,0 salt and brown powder was obtained.
For comparison, the nanoparticles of y-Al,Osand CuO
were synthesized.

The XRD analysis of the obtained powdered
substances were carried out using a D2 Faser
Diffractometer device with CuKo radiation (Bruker,
Germany). The Raman spectra of the samples were
recorded in EnSpectr R532 Raman spectrometer
within the wavenumber range of 300-1000 cm-1 at
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room temperature. In order to avoid false signals in
the spectrum, the powdered samples were placed on a
Si substrate.

RESULTS AND DISCUSSION
Structural analysis

The results of XRD analyses of y-Al,O3;, CuO
and CuAl,O4 (containing 12 vo 25 %  Cu)
nanocrystals are shown in Figure 1. As we can see in
the Figure, CuAl,0, phases obtained with both
percentages of Cu are spinel having cubic structure
(lattice constant a = 8.05500A). XRD analysis of CuO
confirms that it has a monoclinic structure. The
intense peaks corresponding to 31.7° and 45.6°
belonging to y-Al,O3 also appeared in the spectrum of
the sample containing 12 mass% Cu. In the spectrum
of the sample containing 25 mass% Cu, these peaks
are slightly shifted to larger angles. These peaks are

spinel structures, the intense peak observed at 67° in
the spectrum of y -Al;Oj3 shifts to a smaller angle as
the concentration of CuO increases. This corresponds
to the weak 65.7° in the spectrum of CuO. From the
abovementioned, it can be concluded that two phases
are formed in the synthesised nanocrystal structure
including CuAl,Os with a cubic spinel structure
(JCPDS No. 33-0448) and cubic y -Al,Os; phase
(JCPDS no: 00-001-1303). The peaks related to y-
Al,O3 can be explained by the fact that the calcination
temperature  (800°C) creates conditions for the
formation of the y -Al,O3 phase along with the
CuAl,04 phase. We also assume that the concentration
of Cu ions in the chemical solution is more than 3
times lower than that of Al ions concentration, which
may resulted in smaller number of the crystals formed
in the CuAl,O, phase and crystallization of the
remaining Al ions in the v-Al,Os; phase. At both
concentrations, CuO phase (JCPDS No. 45-0937) was

not seen in the spectrum of CuO. In the spectra of | not recorded in the CuAl,O4 spectra.

Intensity, a.u.

! PR
i EWL"'\-/IJI\J
20 30 40 550 60 E?O 80
20, degree

Fig. 1. XRD pattern of y-Al203, CuO and CuAl204 (containing 12 va 25 % Cu)

The average crystallite size (D) of single-phase
CuAl,O4 spinel crystals was calculated using Debye—
Scherrer equation:

D=09A/pcosH

where D is the average crystallite size, A is the
wavelength of the X-ray source (Cu Ka , 1.54 A), B is
the integral breadth of the diffraction peak, which was
calculated from the full width at half maximum of the
strongest diffraction peak (311), and 0 is the Bragg’s
diffraction angle. According to the calculations, the
average size of CuAl,O, nanocrystals were are 10 and
7 nm for CuAl,O4 (12% Cu) and CuAl;04 (25% Cu),
respectively.

Figure 2 illustrates the nanocrystalline powders
of CuO, CuAl;04 (12% Cu), CuAl,04 (25% Cu) and
'Y-A|203.

Raman analysis

The Raman spectrum of the samples obtained at
room temperature in the range of 100-1000 cm-1
wavenumber is shown in Figure 3. The 400, 645 and
718 cm-1 peaks observed in the spectrum of CuAl,04
containing 12% Cu were also observed in the
spectrum of CuAl,O4 containing 25% Cu. These peaks
belong to the y-Al,O3 phase and are associated with
vibrational modes of Al-O bonds [6]. A slight shift of
the peaks confirms the formation of the CuAl;O4
phase [7].
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c)

d)

Fig.2. Photographs of a)CuO, b)CuAIl204(12% Cu), c)CuAl204 (25% Cu) and d)y-Al20s crystals.

Intensity, a.u.

300 400 500

CONCLUSION

CuAl,O4 phase was synthesized by sonochemical
method with two different concentrations of Cu
according to stoichiometry. XRD analysis showed that
CuAl,04 cubic spinel phase is present in the powdered

600 700 800 900
Raman shift, cm’’
Fig.3. Room temperature Raman spectra of powders: a) CuAl204(12% Cu) and b) CuAl204(25% Cu)

substances obtained with both concentrations of Cu,
and in addition, y-Al;O3 phase was formed. The sizes
of the as-synthesised nanoparticles are 7-10 nm. The
results were also confirmed by Raman spectroscopic
analysis.
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FEATURES OF TRANSMISSION SPECTRA OF GaSe THIN FILMS AND
NANOPARTICLES SYNTHESIZED BY LASER ABLATION

V.M. SALMANOV?, A.G. HUSEYNOV, G.B. IBRAGIMOV'? R.M. MAMEDOV?,
T.A. MAMEDOVA!, F.Sh. AKHMEDOVA!
!Baku State University, AZ1148 Baku, Azerbaijan
?Institute of Physics, Ministry of Science and Education of the Republic of Azerbaijan,
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The transmission spectra of GaSe thin films and nanoparticles obtained by laser ablation of a solid target in a liquid
medium were experimentally studied. X-ray diffraction analysis showed that the crystalline structure of the nanoparticles is the
same as that of the bulk material. It is shown that in GaSe nanoparticles the process of laser light absorption on structural
defects is absent. It is shown that the observed luminescence is caused by radiative recombination of free excitons.

Keywords: thin films and GaSe nanoparticles, laser ablation, transmission spectra.

INTRODUCTION

One of the most intensively developing areas in
the natural sciences is the study of small-sized objects
- nanoparticles. Great scientific and practical interest in
nanoparticles is because many of their physical,
chemical, and thermodynamic properties differ
significantly from the properties of their constituent
atoms or molecules and the properties of macroscopic
matter, which opens up great opportunities for
obtaining new materials and creating new technologies
based on them [1]. One of the most common methods
for obtaining nanoparticles is pulsed laser ablation
(PLA) of solid targets located in a vacuum, ambient
gas, or liquid [2]. Laser ablation is a simple, fast, and
direct nanoparticle synthesis method. This method does
not require long periods for chemical reactions, as well
as high temperatures and pressures or multi-step
processes typical of chemical synthesis. The ILA
method applies to a virtually unlimited combination of
target materials and liquids, which allows NP synthesis
in a selected medium. The properties of the generated
NPs - shape, size, size distribution, composition, and
structure for each target material - depend on the
parameters of the laser used for ablation (radiation
wavelength, pulse duration and repetition rate, pulse
energy), as well as on the environmental conditions
(vacuum, fixed gas pressure, or liquid). Currently,
semiconductor nanoparticles attract much attention
from researchers. Quantum-size effects, which occur in
particles smaller than the Bohr radius of an exciton,
play a key role in the manifestation of semiconductor
nanoparticles' electronic and optical properties [3]. The
dependence of optical properties on the size of
nanoparticles opens up opportunities for creating new
generations of solar cells, lasers, LEDs, luminescent
labels, and photocatalysts on their basis [4].

Studies of optical phenomena in poorly studied,
but at the same time very promising gallium selenide
(GaSe) nanoparticles are of great interest. GaSe
semiconductor crystals, due to their layered structure
(covalent bonding along the layers and weak van der

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

71

Waals bonding between the layers), high nonlinear
polarizability, optical homogeneity, high exciton
binding energy (~20 meV), and the presence of a
natural mirror surface, have become one of the main
elements of optoelectronics [5-8]. On the other hand, it
is known that stacking faults existing in GaSe crystals
greatly affect their physical properties and lead to the
localization of electron wave functions in the direction
perpendicular to the layers [9].

This work is devoted to an experimental study of
the transmission spectra of thin films and GaSe
nanoparticles synthesized by laser ablation.

EXPERIMENTAL PROCEDURE

The target material was a bulk nominally undoped
GaSe crystal grown by the Bridgman method. Samples
with a thickness of ~100 pum were prepared by
mechanical cleavage. A pulsed Nd:YAG laser with
built-in 2nd and 3rd harmonic generators designed to
generate radiation with wavelengths of 1064, 532 and
335 nm was used as a radiation source. The laser pulse
duration was 10 ns with a maximum power of ~12
MW/cm?2, The radiation intensity was varied using
calibrated neutral light filters. The transmission spectra
of GaSe thin films and nanoparticles were studied using
an automatic M833 double-dispersion monochromator
(spectral resolution of ~0.024 nm at a wavelength of
600 nm), with computer control and a detector
recording radiation in the wavelength range of 350-
2000 nm.

Laser radiation with a wavelength of 1064 nm,
focused by a positive lens (f=11 cm), was used to ablate
a GasSe crystal with a diameter of 1.5 cm. Laser ablation
of the GaSe crystal was carried out in a quartz cuvette
containing 5 ml of PVP (polyvinylpyrrolidone),
without adding any surfactants. The ablation process
was carried out at normal pressure with a laser energy
of 135 mJ per pulse and an ablation time of 10 min.

X-ray structural analysis showed that the
crystalline structure of the nanoparticles is the same as
that of the bulk material (hexagonal). The sizes of the
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nanoparticles calculated using the Debye-Scherrer
formula [10] varied in the range of (2-20) nm.

EXPERIMENTAL RESULTS AND THEIR
DISCUSSION

Figure 1 shows the dependencies of the
transmittance of thin films and GaSe nanoparticles on
the pump power of laser radiation. As can be seen from
the figure, with an increase in the excitation intensity, a |

1,0

decrease in the transmittance of thin films is observed
(curve 1). With an increase in the radiation intensity
from 1 to 10 MW/cm?, the transmittance decreases by
~35%. It should be noted that in this case, the position
of the line width in the transmission spectrum remains
virtually unchanged. Unlike thin films, in a colloidal
solution of GaSe nanoparticles, an inverse dependence
is observed; with an increase in the pump power, the
transmittance increases by ~10 times.

10° 2

3

4 5 678910"
| (MW/cm?)

Fig. 1. Dependences of the transmittance of thin films (curve 1) and nanoparticles (curve 2) of GaSe on the pump power

of laser radiation.

Of particular interest is the elucidation of the
mechanism of laser radiation absorption in thin films
and GaSe nanoparticles. In our case, the magnitude of
the laser radiation quantum (A®=1.17 eV) is less than
the band gap of thin films (Eg =2.11 eV [11]) and even
less than the band gap of GaSe nanoparticles (Eg=2.64
eV [12]), which turned out to be 0.53 eV larger than in
thin films. When excitation of semiconductors by laser
light with an energy lower than the band gap (Ao < Eg),
impurity and nonlinear absorption associated with 2-
and 3-photon excitations can occur. In the case of
layered semiconductors such as GaSe, absorptions
associated with structural defects cannot be ignored. As
our studies have shown, in the transmission spectra of
GaSe thin films, absorption lines associated with
impurity levels are absent. Two-photon absorption in
the presence of structural defects and a low absorption
coefficient (a~102 cm?) at the existing excitation
intensities is also unlikely. In our opinion, the most
probable process of laser radiation absorption is
absorption by structural defects. In GaSe crystals, the
distance between layers is ~(3-4) A°, and group defects
arising as a result of structural disorder occur in
approximately each of the 15 layers [9]. Therefore, it
can be assumed that when thin GaSe films are exposed
to laser radiation with a quantum energy of Z® < Eg,
absorption occurs in the bulk of the substance, where
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group defects are randomly distributed in the defect
layer, perpendicular to the optical axis "c". This
assumption is also supported by our experiments on the
study of the photoconductivity of GaSe at high laser
excitation intensities [13, 14]. It was shown that the
anisotropy of nonequilibrium carrier transport in
different crystallographic directions is caused by the
presence of group defects.

In GaSe nanoparticles, absorption associated with
group defects is not observed. In this case, light
absorption occurs not in the bulk of the substance, but
in the surface layer with a thickness comparable with
the thickness of the layer group, equal to ~(2-20) nm.
Figure 2 shows the photoluminescence spectrum of
GaSe nanoparticles excited by the second harmonic of
the Nd:YAG laser (7o=2.34 eV).

As can be seen from the figure, the maximum of
the nanoparticle emission corresponds to the
wavelength A=473 nm (2.62 e¢V). The half-width of the
emission line is ~10 AQ. In our opinion, the observed
luminescence is due to the radiative recombination of
free excitons. This is evidenced by the stability,
narrowness of the line and the location of the maximum
(2.62 eV) from the width of the forbidden zone (2.64
eV) by 0.02 eV, equal to the binding energy of excitons
in GaSe.
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Fig. 2. Photoluminescence spectrum of GaSe nanoparticles excited by the second harmonic of a Nd:YAG laser (70=2.34 eV).
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DIELECTRIC RELAXATION OF THE ABSORPTION SPECTRUM IN
CHLOROBENZENE - BENZENE AND CHLOROBENZENE - HEXANE
SOLUTIONS

SAMIR AZIZOV
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The article presents the results of a study of the dielectric constant of solutions of a polar liquid in a non-polar solvent:
chlorobenzene - benzene, chlorobenzene - hexane. The measurements were carried out at a wavelength A = 12.80 cm in the
temperature range from-80°C to 20°C. The temperature dependence of the dielectric relaxation time of molecules in the liquid
and solid states of the studied solutions is determined. The thermodynamic quantities characterizing the process of dielectric
relaxation are calculated for solutions of chlorobenzene - benzene, chlorobenzene - hexane.

Keywords: Dielectric spectroscopy, dielectric relaxation, chlorobenzene, benzene, hexane.
PACS: 61.20. —p; 77.22. - d; 77.22.Gm;

1. INTRODUCTION ¢" of binary systems chlorobenzene — benzene (x; =
0.179; x2 = 0.368; x, = 0.567; x, = 0.778; x = 1.000),
The study of the dielectric properties of polar  chlorobenzene—hexane (x2=0.300; x,=0.562; x,=0.794;
liquids and their solutions in nonpolar solvents is one  x, = 1.000) were carried out at a wavelength A = 12.80
of the most fundamental and complex problems of cm in the temperature range from —80°C to 20°C,
science, which is of great theoretical and practical The temperature dependence of the dielectric
importance. At present, studies of the molecular coefficients of the studied liquid was studied [5 — 9].
structure of a liquid and the dynamics of its The proposed method uses the relationship between the
rearrangement in the course of thermal motion occupy  input impedance Z, and the complex propagation
a central place in works devoted to the study of constanty of a line filled with a dielectric.

intermolecular interactions in liquids. To solve these According to the theory of long lines, we have:
problems, modern physical and physico-chemical
research methods are used, such as diffraction and y=oa+if =iow (c* ,U*)llz (1)

thermodynamic ~ methods,  dielectric,  acoustic
spectroscopy, etc. [1]. Among these methods, an
important place belongs to dielectric spectroscopy.
Studies of the dielectric properties of solutions of polar
liquids in nonpolar solvents make it possible to obtain
extensive information about their molecular structure,
intermolecular  interactions, information  about
thermodynamic parameters and mechanisms of
molecular processes. C e YAy

The relaxation properties of polar molecules are e =g —lg" = o )
mainly studied either using the Debye theory [1, 2] or
using the theory of absolute reaction rates [3—5]. Inthe  where A; is the wavelength in the air part of the line.

where « is the damping constant characterizing the
decrease in the amplitude of the wave propagating
along the line, B is the phase constant characterizing the
change in the phase of the same wave, p* is the
complex magnetic permeability.

Taking p* = 1, we get:

first case, the relaxation time of a polar molecule is The value of y is related to the input impedance Z

interpreted in connection with its magnitude and the as follows:

viscosity of the environment. And in the second case, thyd -4 Z 3)

the rate of change of the relaxation process is taken into yd 2nd  Zq

account, where the relaxation time is expressed in terms ) ) ) ) )

of thermodynamic activation quantities. where d is the thickness of the dielectric, Z; is the wave
This paper presents studies of the dielectric ~ resistance of the air part of the line. _

relaxation of chlorobenzene in nonpolar solvents The input impedance Zo is expressed in terms of

benzene and hexane. the experimentally determined running coefficient

g = Emin/Emax (E is the electric field strength) and the
2. MATERIALS AND RESEARCH METHODS  hode displacement v, of the standing wave:

Solutions of the polar liquid chlorobenzene in Zy = Zngﬂoyl
nonpolar solvents benzene and hexane (United States, 1-iqtghor
Keysight Technologies) were chosen for research.

Measurements of permittivity ¢' and dielectric loss

(4)

here 8, = i—" . Equation (3) is solved by a graphical
1
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method, in the form:

it

° = Ce¥

()

here Te'* — polar form of the complex quantity yd. C and
& are the modulus and argument, respectively, of the
right side of equation (5). Substituting the notation
Zo/lZ1 = R +iX , then from equation (4) we get:

_ a(1+tg? Boy1)
1+q%tg?Bov1
6
_ @-Dtghon, ©
1+ q*tg?Bov1
Taking into account (3) and (6) we have:
C=+VA2+B? rued = z/jz_ldX
7)
- B - M (
tgé = arctg < Tae B = pw— R

Having determined the values C and & from expressions
(6) and (7), we find T and t from the graphical solution
of equation (5) given in (7).

Since T e =y d = d(a + ip), then

T costT
a = d
ﬁ _ T sint (8)
T d

Bearing in mind (2), to determine the real and
imaginary parts of the complex permittivity, we obtain
the following expressions:

e = (DB~ a?)

9)
" ,11 2
€= (GH*2ap
An analysis of the method showed that in the case
of small and medium losses tgé < 0.1, accurate results
are achieved at thicknesses that are multiples of an odd
number of quarters of the wavelength in the sample. For
large losses tgé > 0.1, the thickness of the sample has
to be taken so small that it itself becomes a source of
noticeable errors.

3. RESULTS AND DISCUSSION

On fig. 1.2 shows the temperature dependence of
the permittivity &' and dielectric losses &” for the
chlorobenzene-hexane system, with the chlorobenzene
content in mole fractions being 0.300; 0.562; 0.794 and
1.000.

At the point of solidification of the studied
solutions, a sharp decrease in the values of dielectric
permittivity &' and dielectric losses €” is observed.

75

-100

80 60 40 20 0 20 {°C

Fig. 1. Temperature dependence of &' for the system
chlorobenzene — hexane, 1 - 0.300; 2 - 0.562;
3-0.794; 4 - 1,000.

-60 40 -10

-80

-1040 ]
Fig. 2. Temperature dependence of " for the system

chlorobenzene - hexane, 1 - 0.300; 2 - 0.562;
3-0.794; 4 - 1.000.

Another type of complex permeability versus
temperature curve ¢* = f(T) was found in the
chlorobenzene-benzene system at chlorobenzene
concentrations in mole fractions x, = 0.179 and
X2 = 0.368. In both cases, at the solidification point,
there is a slight drop in the values of the permittivity &',
while the values of the dielectric loss " continue to
grow (Fig. 3.4).

-80 -60 -40 -20

Fig. 3. Temperature dependence of ¢'for the system
chlorobenzene — benzene, 1 - 0.179; 2 - 0.368.
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Fig. 4. Temperature dependence of " for the system
chlorobenzene - benzene, 1 - 0.179; 2 - 0.368.

This is more clearly manifested in the graph of the
temperature dependence of the loss angle tangent
tgd = ¢ "/¢' for solutions of chlorobenzene - benzene
(Fig. 5). The loss of rotational mobility of molecules
occurs only when cooling is 200 below the
solidification point x, = 0.368 and 400 — for x, = 0.179.

fgd

Fig. 5. Temperature dependence of tgd for the system
chlorobenzene - benzene, 1 -0.368; 2-0.179.
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Fig. 6. Temperature dependence of relaxation time t
for the system chlorobenzene - benzene,
1-0.179; 2 - 0.368.

On fig. Figure 6 shows the temperature
dependence of the relaxation time. As can be seen, at
the point of solidification on the straight line of the
graph, there is a sharp bend in the curve of the graph.
Activation energy Uaccording to the relation

r = A exp(-U/RT) (10)
equals 1.77 kcal/mol in liquid and 4.5 kcal/mol below
the solidification point for x, = 0.358 and 1.65 kcal/mol
in liquid and 4.7 kcal/mol below the solidification point
for x2 =0.179.

Thus, at given concentrations, the solid state is
characterized by the presence of two phases - an
intermediate metastable phase, which passes with
further cooling into a stable low-temperature phase.

Table 1 gives the results of the corresponding

calculations for the studied solutions of
chlorobenzene - benzene, chlorobenzene - hexane.
Table 1.

Values AF — free energy change, AH — enthalpy change, AS — activation entropy change for the process
of dielectric relaxation in the temperature range -40°C + 20°C

X2 AF TAS AH
200 | 0% [ -20° | -40° 20° [ 0° | -20° [ -40°
Chlorobenzene — benzene
0,179 2,37 2,98 - - -1,13 | -1,04 - - 1,24
0,3-°-68 2,44 2,35 2,27 - -1,10 | -1,01 | -0,93 - 1,34
0,567 2,48 2,40 2,32 2,24 -1,06 | -0,98 | -0,90 -0,82 1,42
0,778 2,50 2,42 2,35 227 | -1,04 | -0,96 | -0,89 -0,81 1,46
1,000 2,50 2,47 2,39 2,31 -1,01 | -0,99 -0,90 -0,82 1,49
Chlorobenzene — hexane
0,300 2,20 2,09 2,03 1,95 | -1,20 | -1,09 | -1,03 -0,95 1,00
0,562 2,28 2,19 2,11 204 | -1,16 | -1,07 | -0,99 -0,92 1,12
0,794 2,40 2,31 2,25 2,17 | -1,07 | -0,98 | -0,92 -0,84 1,33
1,000 2,50 2,47 2,39 2,31 -1,01 | -0,99 -0,90 -0,82 1,49
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The results of the corresponding calculations of
the values of AF, AH and AS of the studied solutions
chlorobenzene - benzene, chlorobenzene - hexane show
that the height of the potential barrier separating the two
equilibrium positions of the polar molecule is the
largest in the state of a pure polar liquid and decreases
with dilution in a nonpolar solvent, and this is more
pronounced in hexane than in benzene.

CONCLUSION

In almost all cases, the phase transition is
accompanied by a sharp drop in the dielectric
permittivity €' and dielectric losses €" temperatures.
Based on the temperature dependence of the relaxation
time, the values of thermodynamic parameters for the
process of dielectric relaxation are determined. The
results are discussed in connection with the size and
shape of the solvent molecules.
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The temperature dependence (in the 78 K — 300 K range) of the following components of the tensor of electric resistance
in low magnetic field — two components of specific resistance (p11 and pss), two components of Hall effect (R231 and R123) and,
five components of magnetoresistance (p1111, p11,22, p11,33, P33 11, p33;33) — for the alloys of Bio.s7Sho.os and Bio.oaSho.os were
measured. Due to the calculations the following kinetic parameters were determined: carrier densities of electrons N and holes
P; their mobilities 1, p2, ps and vi, vs, correspondingly; and the tilt angle of electronic isoenergetic ellipsoids to the bisectrix
axis (e ). Calculations were carried out for two- (L electrons and T holes) and three-band (L electrons, T and L holes) models.

Keywords: semimetals, galvanomagnetic properties, kinetic coefficients of Bi-Sb alloys

PACS:72.15.Gd, 73.50.Jt

INTRODUCTION

Investigation of solid solutions of BiyxShy
displays that those solutions are perspective materials
system for fundamental materials science, condensed
matter physics, low temperature thermoelectrics,
infrared applications, and beyond. Moreover, those
materials are of broad interest from the theoretical
aspect. Due to the smallness of the characteristic
energetic parameters of solid solutions of Bi-Sh, those
materials are very sensitive to the external impacts
(temperature, pressure, presence of electroactive
impurities, defects, etc.). By varying external influence
in comparatively small range, it is possible to
investigate topology of Fermi surface, various phase
transitions, alter the statistics of charge carriers in rather
broad range etc. That is why these materials are still
being investigated as bulk materials, thin films and
nanoscale structures [1]. Since then, different types of
nano-structured Bi;xSbyx materials, have notably drawn
the attention of researchers, including nanowires [2],
thin films [3], and nano-particles [4]. Also it was
predicted that different kinds of Dirac cone systems can
be synthesized based on the single crystal Bi;xSby thin
films materials, including single-Dirac-cone, bi-Dirac-
cone, tri-Dirac-cone, exact-Dirac-cone, semi-Dirac-
cone, and quasi-Dirac-cone, and also including Dirac
cones with different anisotropic degrees [5]. Fu and
Kane predicted the topological insulator phase in Bia.
xShx surface states [6], which is experimentally proved
by Hsieh et al. [7]. These discover in Bii-xShx surface
states directly leads to the intensively focused area of
topological insulator [8], which promises potential
applications in spintronics, superconductivity, quantum
computing, etc.

In the early years, researchers found that the
variation of the electronic band structure of bulk Bi;.
xShx provided a remarkable richness of electronic
properties, when considered as a function of
stoichiometry, temperature, strain, pressure, etc.
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Semimetals, direct band gap semiconducting and
indirect band gap semiconducting behaviors have all
been observed in this materials class. Furthermore, both
parabolically and non-parabollically dispersed charge
carriers can be found in this materials class. The high
degree of anisotropy in their transport properties also
distinguishes the Bi1-«Sby materials from other systems.

The electronic transport properties of bulk
Bi1.xShx have been studied in great detail. The most
interesting phenomenon for bulk Bii.xShyx materials is
that when x < 0.04 the L-point band gap decreases with
antimony composition x, while when x > 0.04 the L-
point band gap increases with antimony composition x
(fig.1). At x = 0.04 the conduction band edge and the
valence band edge exchange their symmetries at the L
points, and the L-point band gap Eg. becomes zero,
which leads to the formation of three symmetrical three
dimensional (3D) Dirac points [9].

Bismuth Antimony
’ .I,‘ 0.22 “t.‘)
F L, i
) If E o,(s-u,n i )
i T H N
M "Jf I sC %‘;.\1

SM : semimetal
SC : semiconductor

Fig. 1. Schematic representation of the energy
bands near the Fermi level for Bi;«Shy
alloys as a function of x at T=0 K.

In itself studying the transport phenomena in the
system of Bi-Sb represents a powerful tool for
investigating energetic zone structure and mechanisms
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of scattering of charged carriers in these materials. But
studying galvano- and thermomagnetic effects in these
materials at intermediate (77K-300K) and high (more
than room temperature) temperatures become
irreplaceable, because the best powerful methods for
investigating energetic zone structure and mechanisms
of scattering of charged carriers, as oscillation and
resonance methods, are effective only at ultra- and low
temperatures.

EXPERIMENT

Investigation of temperature dependence of low-
field galvanomagnetic coefficients of the alloys of
Big.97Shoos and Bio.eaShg g at the temperature range of
78+300 K was carried out in the paper. Single crystals
of the alloys were grown by the method of Chokhralsky
in the experimental equipment [10] using solid
replenishment. Two types of rectangular samples were
cut from the single crystal ingot by electrospark
method; large edges of the first group of samples were
parallel to binary axe, but the second group ones were
aligned parallel to trigonal axe. For diminution of
influence of parasite thermomagnetic effects on the
precision of  measurement of isothermal
galvanomagnetic coefficients, the measurements were
carried out in special module filled with helium. Due to
the precautions the temperature gradient between
contact points was reduced up to 0.03 =+ 0.05 K. For
reducing of thermal leakage over measuring wires and
thermocouples were used thin ones (having diameter
less than 0.1 mm). AIl measuring wires and
thermocouples were thermostateted. Calculation of the
wires’ length was carried out according to the work
[11]. As known during the measurement of specific
resistance of a thermoelectrical specimen an additional
error make its appearance due to the Peltier effect. But
using a fast-acting, precious digital voltmeter allows to
make this error negligible. The measurement of other
galvanomagnetic coefficients were conducted by the
high-precious D.C. Potentiometer. In every case the

fulfillment of the low-field condition (uB << 1) wereI
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08+ e &
]
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tested, because this varies in the rather broad range
depending on temperature and orientation of magnetic
field with respect to main crystallographic axes
(usually its magnitude not exceeds 0.02 + 0.04 Tesla at
nitrogen temperatures).

The following components of the tensor of
electric resistance in low magnetic field for the alloy of
Bio.97Sbo.03 and Bio.94Sho.os - two components of specific
resistance (p11 and pss), two components of Hall effect
(Rzzi  and Rips) and, five components of
magnetoresistance (p1111, P1122, P11.33, P33.11, P3333) —
were measured. These coefficients are defined
conveniently with respect to the usual orthogonal
coordinate system used for the trigonal semimetals Bi,
Sh, having 1 along the binary (x) axis, 2 along the
bisectrix (y) axis and 3 along the trigonal (z) axis (fig.
2).

trigonal (z)

|
hole pocket

\ electron pocket (A)

/' LC) T(A)
L 59 T
A N W
il L
= i s A R
e ‘\(\ ’8 }/ biscetrix (y)
binary (x) e Li3) / g
ey ¥

Fig. 2. The Brillouin zone of Bi and Bi-rich alloys
showing three L-point electron pockets and
one T-point hole pocket.

The dependence of components of specific
resistance (p1x and ps3) on temperature at the
investigated temperature range showed metallic
character (fig. 3.a,b). The temperature dependences of
the Hall and magnetoresistance coefficients are shown
in the figures 4.a, b and 5.a, b, correspondingly.
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Fig. 3. Temperature dependence of isothermal specific resistivities p11 and pss for Bio.e7Sho.os (a) and Bio.s4Sbo.os (b) alloys.
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From the figure 4 it is clear that both Hall
components greatly decrease with temperature. Such
decreasing may be caused by increasing of the
concentration of charge carriers. However, as the
conductance of Bi-Sb alloys is intrinsic at the given
temperature range, the changes of Hall coefficients may
be related to the alteration of ratio of mobilities of

electrons and holes. Therefore, the temperature
dependence of Hall coefficients cannot quantitatively
characterize alteration of the concentration of current
carriers and more complicated calculations considering
of adopted model of energetic spectra must be
conducted.
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Fig. 4. Temperature dependence of Hall coefficients Rz31 and Ri123 Bio.g7Sbo.o3 (a) and Bio.oaSho.os (b) alloys.
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Fig. 5. Temperature dependence of five components of magnetoresistance in double-logarithmic scale for Bio.s7Sho.os ()

and Bio.94Sho.os (b) alloys.

From the figure 5 it is clear that common features
of the temperature dependences of all measured
components of magnetoresistance are identical. Each
line representing the dependence of Ig i« onlg T may
be considered as two nearly linear sections: low-
temperature section (from 78K to 120 + 160K) which
monotonically turn into high-temperature section (from
160 + 200K to 300K). These dependences bear
exponential character (g ~ TF), and index of power
P is greater at the high-temperature section than at low-
temperature one, and its value depends on the direction
of a component.

I
RESULTS AND CALCULATIONS

For the quantitative interpretation of the obtained
experimental results it is needed to adopt appropriate
models for energetic band structure and theoretical
approximations for calculation kinetic coefficients for
BiSb alloys. It is known that in anisotropic mediums,
such as Bi, Sb and their solid solutions, with point-
group symmetry R3m, the fundamental equation for
the conduction of electricity in a magnetic field B is the
generalized form of Ohm’s law relating the current
density J to the applied field E:
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Ji = 0;;(B)E; or E; = p;;(B)]; 1)
where the resistivity tensor p;;(B) is the reciprocal of
the conductivity tensor o;;(B); both are general

functions of B and obey the Onsager relation
[pij(B) = pij(—B) ].

Transport phenomena are expressed by the
Boltzmann equation. If pB<<l (p is the carrier
mobility) the solution in the form of power series in B
will converge rapidly and only terms to B are required

1

to explain the galvanomagnetic effects in low magnetic
fields. Accordingly, p;;(B) is defined as follows:
pij(B) = pij + RijkBi + pijiBi By )

While the magnetoresistivity tensor is measured
experimentally, theory is more conveniently handled in
terms of magnetoconductivity tensor. The formulae

that transform from one tensor to the other are the
following:

011 = — Oqz = — )
1 P11’ 33 P33
Ri23 R231
0123 = —> Oy31 =
3 p3’ 3 P11P33 3
o _ P1111, o _ Pi122 R3s1 . o __ P1133 + Riz3 &)
1111 — 2 1122 — 2 2 ’ 1133 — 2 3
P11 P11 P11P33 P11 Pi1
2
P3333 P3311 R331
o = ; 03311 = 3 T3
3333 1032'3 ’ 33 P%s P§3P11 J

The magnetoconductivity tensor components of a
semimetal of crystal class R3m with a many-valley
band structure are related to the principal carrier
mobilities i and v; (where i is I, 2, 3) of electrons and
holes respectively by a set of equations. The concrete
kind of the set of equations depends on the considered
model of energetic band structure extrema laid near
Fermi level. In our case according to the Fermi surface
peculiarities (fig. 2) of charge carries we have taken
into the account 3 electron and hole ellipsoids (pockets)
localized at L point of the BZ and heavy holes localized
at T point. The important assumptions are independent
contribution to electric current from each valley andI

011 = %Ne[lh + C%up + S%us)

033 = Ne[S?u, + C?us]

0231 = %Ne[llzlls + 1, (S%up + CPug)]
0123 = Ne[w; (C?up + S%u3)]

" an isotropic relaxation time in k-space. So, o(B) =

Y 0, (B). Here a,(B) is the contribution of s valley to
the common electrical conductivity. In our calculations
we considered two models for the semimetallic alloys:
o(B) = 30£ (L) + ol(T) 4
and

o(B) = 30£(L) + ol (1) +301(L)  (5)
The set of the equations connecting the
magnetoconductivity tensor components with kinetic
parameters in our case may be expressed for one

ellipsoid as the following:

1
01133 = 5 Ne[uy (g + C?pp + S*u3) (C*03 + S2p3)]
1
03311 = ENG[(SZIH + C?uz) + [upps + py (S%uy + C2#3]]
1
01111 = gNe[Szﬂz(Ill - .us)z + Czlls(lll - .Uz)2 + 352C2H1(#2 — u3)]

1
O122 = §N6[352uz(u% +143) +3C%us(uf + u3) + C28? py (uy — u3)? + 21 paps]

03333 = Ne[C?S? py (up — Hs)z]

Here: S=sin @, C= cos ¢; ¢ is the tilt angle of the
energetic ellipsoid to the basis surface; for L-type
charge carriers @e(L) = @n(L); for T-holes ¢n(T)=0. So,
for heavy holes S=0 and C=land vi=v,, because T-
ellipsoid is an ellipsoid of revolution.

To obtain a fairer assessment of the experimental
data, a computer program producing a least-mean-
squares best fit to all nine coefficients were devised.
Due to the calculations the following Kinetic
parameters were determined: carrier densities of
electrons N and holes P; their mobilities 1, p2, ps and
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v1, vz, correspondingly; and the tilt angle of electronic
isoenergetic ellipsoids to the bisectrix axis (@e ). It
should be noted that not all of these parameters were
determined with the same accuracy. The most
preciously were determined N, (P), w1, us and vi. The
contribution of p, is small and is almost swamped by
u1, and ps. The solution shown in the Table 1 was
obtained for the case of equality the carrier densities of
electrons N to carrier densities of holes P, localized at
T-point of the Brillouin zone.
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Table 1.a. Calculated kinetic parameters of Big.g7Sho oz alloy obtained for model N =Pt

T N=P [0} p1 p2 us Vi V3
K #10%m-3 Deg. m2/V-sec

80 0.205 6.41 83.02 0.011 49.4 12.8 536
90 0,243 6.58 65.9 0.024 38.7 104 431
110 0,327 7.08 44.9 0.034 25.6 6.72 3.19
130 0.428 6.75 31.6 0.092 17.02 4,72 2.72
150 0,55 7.29 23.1 0.11 11.9 3.32 1.96
170 0.692 6.99 17.1 0.10 8.56 241 1.39
190 0.859 6.99 12.9 0.065 6.23 1.73 111
210 1.02 7.62 10.05 0.068 4.73 1.39 0.953
230 1.25 7.62 7.55 0.065 3.54 111 0.785
250 1.52 7.67 5.88 0.031 2.75 0.878 0.627
270 1.75 7.9 4.71 0.028 2.19 0.733 0.527
300 2.13 7.9 3.53 0.036 171 0.597 0.346

Table 1.b. Calculated kinetic parameters of Big.92Sho.os alloy obtained for model N =P+

T N=P ] B T ua Vi V3
K #10%m-3 | Deg. m2/V-sec
80 0.11 6.41 119.0 0.65 82.3 9.44 14.6
90 0.143 6.58 94.3 0.54 55.0 7.60 12.9
110 0.204 7.08 62.9 0.38 34.3 5.31 8.0
130 0.285 6.75 45.6 0.24 22.2 3.75 5.27
150 0.374 7.29 323 0.16 15.1 2.80 411
170 0.489 6.99 23.9 0.10 10.2 211 3.10
190 0.626 6.99 17.8 0.076 7.4 1.60 2.2
210 0.775 7.62 135 0.055 55 131 1.8
250 1.23 7.67 7.61 0.036 3.11 0.76 0.95
270 1.48 7.9 6.01 0.031 2.40 0.62 0.77
300 1.99 7.9 4.03 0.024 171 0.45 0.46

The result of calculations for the case of equality
carrier densities of electrons N to the sum of carrier
densities of heavy holes localized at T- and light holes
at L- points of the Brillouin zone (i.e. N.= P, + P1) is
shown in the Table 2.

In this calculation the tilt angle of electronic
isoenergetic ellipsoids to the bisectrix axis (qe¢) was
chosen as a constant equaled to 6°40”. This assumption
is valid, because in the temperature range studied the
alteration of ¢, does not greatly affect to the result of
the calculation. Further the calculations indicated that
as the temperature increases the results of the
calculation are less sensitive to the value of vs. So, the
data for vs is not cited, because an accurate value of it
cannot be obtained.

The Tables 2 a.,b. show that a contribution of light
holes Py into the total hole conductivity (P=P +Pt=N)
increases as the temperature rises, but a relative

I(:ontribution of light holes to the total hole conductivity
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R [R=P./(P_.+P7)] has a maximum at the temperature
about 250K. Such dependence may be explained, if we
take into account that in the narrow-gap semimetals as
Bi-Sb the energetic gap Eg, in the first approximation,
is increasing in quadratic law [12], but activation
thermal energy in linear law by the increasing of
temperature. Therefore, a contribution of light holes P
decreases as the temperature rises in the range of high
temperatures.

Taking into the account that formulas connecting
piix With Kinetic coefficients in each concrete case
contain different combinations of i, vi and the
temperature  dependencies of above mentioned
parameters, strictly speaking, do not expressed as
exponential functions, then there is good reason to
believe that determined temperature dependencies of
Kinetic parameters are reasonable.
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Table 2.a. Calculated kinetic parameters of Big.e7Sho .oz alloy obtained for model N =Pt +P_

T N Pr PL u 2 ns Vi
K *10%m-3 m%/V-s

80 0.22 0.2132 | 0.0068 80.2 0.26 48.1 10.31
90 0.25 0.147 0.103 64.3 0.066 39.3 9.98
110 0.33 0.210 0.12 42.7 0.12 217 6.72
130 0.44 0.288 0.152 29.1 0.13 18.5 4.72
150 0.56 0.375 0.185 21.3 0.14 131 3.33
170 0.70 0.485 0.215 16.5 0.13 9.71 2.45
190 0.87 0.616 0.254 12.6 0.13 6.73 1.72
210 111 0.757 0.353 9.52 0.1 5.16 131
230 1.33 0.861 0.469 6.93 0.087 3.84 1.13
250 152 1.18 0.34 5.37 0.061 3.12 0.86
270 1.83 1.43 0.4 4.4 0.043 2.44 0.72
300 221 1.92 0.29 3.21 0.041 1.79 0.58

Table 2.b. Calculated kinetic parameters of Big.ssSho os alloy obtained for model N =Pt +P_

N | Pr | PL ni | n2 | [TK] | vi
K *10%m-3 m¥/V-s
80 0.119 0.114 0.005 114.2 0.47 83.1 6.61
90 0.156 0.147 0.008 82.9 0.46 58.6 5.80
110 0.225 0.210 0.015 53.7 0.36 37.7 4.21
130 0.311 0.288 0.023 37.1 0.25 245 3.12
150 0.407 0.375 0.032 27.3 0.18 17.1 25
170 0.531 0.485 0.046 19.9 0.13 11.7 1.91
190 0.677 0.616 0.061 14.9 0.096 8.4 1.40
210 0.837 0.757 0.080 115 0.079 6.3 1.11
250 1.31 1.18 0.127 6.7 0.052 35 0.86
270 1.58 1.43 0.151 5.4 0.047 2.7 0.58
300 2.09 1.92 0.171 3.9 0.035 1.9 0.44

One of the factors leading to the strong
temperature dependencies of the magnetoresistivity
coefficients is the strong temperature dependence of
mobility (i ~ T-3). Such strong dependence of mobility
cannot be explained only by scattering of current
carriers on intravalley acoustic phonons. It is possible
that intervalley scattering by optical phonons may play
active role at high temperatures. It should be noted that
alteration of the effective mass of current carriers might
make contribution to the strong temperature
dependency of the mobility.

It is clear that to calculate the temperature
dependences of all kinetic parameters of Bi;xSby solid

"'solutions in more precious manner, taking into account
the complex nature of the energy band structure,
dispersion law of charge carriers, a sharp temperature
dependence of the energy gaps and the effect effective
masses of charge carriers, features of energy ellipsoids
and scattering mechanisms (anisotropic case), is very
difficult task. But, due to the lack of reliable parameters
for estimation purposes are commonly used simple
models. In addition, when looking for suitable
materials for thermoelectric converters, it is often
enough to know the average kinetic parameters for
single crystals or parameters for polycrystalline
samples of the same composition.
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The density (r) and speed of sound (u) of two main components of biofuels, methyl laurate and methyl stearate, were measured
at temperatures from (283 to 353) K and from (313 to 353) K at atmospheric pressure, respectively. An Anton Paar
DSA 5000 M sound-speed analyzer, has been used to simultaneously measurements of the density and speed of sound of the
methy| laurate and methyl stearate as the primary components of biodiesel fuel. The measured values of density and speed
of sound were used to calculate other derived key thermodynamic properties such as the adiabatic coefficient of bulk
compressibility (fs), coefficient of thermal expansion (ap), isothermal coefficient of bulk compressibility (57), isochoric (Cv)
and isobaric (Cp) heat capacities, enthalpy (AH) and entropy (AS) difference, partial temperature derivative of enthalpy
(OH/3T)p and entropy (0S/0T)p, and the partial specific volume derivatives of internal energy (0U/0V)r (internal pressure) of
methyl laurate 20 and methy| stearate as a function of temperature. The overall uncertainties (at the 95 % confidence level) of
the reference correlations of the density and speed of sound of methyl laurate and methyl stearate are 0.025 % and 0.045 %,
respectively.

Keywords: density, speed of sound, methyl esters (FAMES), methyl laurate and methyl stearate.

INTRODUCTION transesterification of triglycerides found in vegetable

oils, animal fats, or recycled cooking oils. During this

Thermophysical — properties of the fuel process, the triglycerides react with an alcohol (usually

components such as density, viscosity, heat capacity, methanol or ethanol) in the presence of a catalyst to
and enthalpy play a fundamental role in mass and heat ~ form biodiesel and glycerin.

transfer. Biofuel, mainly derived from vegetable oils or The main feed stocks for biodiesel include:
the fermentation of plant material, have gained 1. Vegetable oils: Such as soybean, canola, palm, and
importance over the last few decades as more sunflower oil.

sustainable and environmentally friendly alternativesto 2. Animal fats: Such as tallow and lard.
fossil fuels. Biofuel is a type of fuel derived from 3. Recycled oils: Used cooking oils from restaurants

organic materials, such as plants and animal waste. It and food processing.
can be used as an alternative to fossil fuels in various Biodiesel can be used in diesel engines either on
applications, including transportation, heating, and its own or blended with petroleum diesel, making it a
electricity generation. renewable alternative to traditional fossil fuels. Thus,
Common types of biofuels include: biodiesel consist of the alkyl monoesters of fatty acids
1. Ethanol: Made from fermented plant sugars, often from vegetable oils and animalfats and can be used in
derived from corn or sugarcane. existing diesel engines without modification [1]. The
2. Biodiesel: Produced from vegetable oils, animal injection timing changes are causing different exhaust
fats, or recycled cooking oil through a process emissions, for example, NOx emissions increase with
called transesterification. advanced timing. The main purposes of the present

Biofuels are considered renewable energy sources  study are to measure of the density and speed of sound
because they can be replenished over time. They can  and derived values of adiabatic compressibility, of two
help reduce greenhouse gas emissions and dependence  main constituents of biodiesel (methyl laurate and
on fossil fuels, though their production can also have  methyl stearate), at temperatures from melting point to
environmental impacts, such as deforestation or land- 353 K and atmospheric pressure of (101.325 kPa).
use changes. There is great scientific interest in study of the

Biodiesel primarily consists of fatty acid methyl  thermodynamic properties of main components of
esters (FAME), which are produced from the biofuels. The thermodynamic properties of biofuels are
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varying from one biomass feedstock to another. Methyl
laurate and methyl stearate are the primary components
of biodiesel fuel. The measurements were performed
using an Anton Paar DSA 5000 M sound-speed
analyzer (viscodensemeter) for the simultaneously
measurements of the density and speed of sound
temperature range from (283.15 to 353.15) K and
atmospheric pressure. This technique was successfully
used previously [3-13] to accurate measure
thermodynamic, acoustic, and transport properties of
different type of natural and molecular liquids. Besides,
the key derived thermodynamic properties for practical
applications based on the measured data were
calculated. There are limited and inconsistent
thermodynamic properties data for methyl laurate and
methyl stearate in the literature. we are provided the
brief review some of the works that are reported the
density and speed of sound data for methyl laurate and
methy| stearate.

EXPERIMENTAL AND MATERIALS
Materials

The samples (methyl laurate and methyl stearate)
were purchased from a commercial supplier with stated
purities greater than or equal to 99 wt %. The density
and speed of sound of the methyl laurate and methyl
stearate at atmospheric pressure (101.325 kPa) at
elevated temperatures have been simultaneously
measured with a sound-speed analyzer DSA 5000 M
(digital VTD, Anton Paar Instrument, Austria) [8-13].

Experimental Method

Several methods such as DSA5000M VTD, DMA
5000, and modified Sprengel pycnometers or tube
techniques have been appliedto accurate measure of the
density of methyl laurate and methyl stearate with an
uncertainty of (0.05to 0.1) kg'm™. Reported speed of
sound data were measured using Anton Paar DSA 5000
M sound- speed analyzer (visco-densemeter) or pulse-
echo speed of sound measurement cell with an
uncertainty within (0.1 to 0.5) m-s.,

The working principle of an oscillation-type
densimeter is based on the law of harmonic oscillation,
in which a U-tube is completely filled with the sample
under study and subjected to an electromagnetic force.
The measurement of the frequency and duration of
vibration of the tube filled with the sample, allows the
determination of the density of the sample. This
measuring principle is based on the Mass-Spring
Model. The measuring cell consists of an oscillator
formed by hallow U-shaped tube made from glass or
metal. The tube has double walls and space between
them is filled with a gas with high thermal conductivity.
In this space is also placed a platinum resistance
thermometer (PRT) that allows the temperature
measurement of the sample during the density
measurements.

Density measurements with a VTD are based on
the dependence of the period of oscillation of a
unilaterally fixed U-tube on its mass. This mass
consists of the U-tube material and the mass of the fluid
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sample under study filled into the U-tube. Vibrating -
tube is a technique to determine the density of liquids
based on an electronic measurement of the frequency
of oscillation, from which the density can be calculated.
The well-known  principle of vibrating-tube
densimeters is based on the theory of vibration and
material deformation of mechanical oscillator
concerning a U-shaped tube of constant volume filled
with a fluid sample. Stationary oscillations of the tube
are maintained by the electromagnetic force, generated
by means of a drive system, acting on the tube. The two
branches of the U-shaped oscillator function as its
spring elements. The input signal for the drive system
is obtained from a pick-up system that converts
mechanical oscillations of the tube into an electrical
signal. If the sample volume inside the cell is constant,
the oscillations are close to the resonant frequency

1 k
2w mo+Vppp

f &

of the tube and are related (function) to the density p,
of a fluid filled in; m, = p, V, is the sample mass. It

is apparent thatp,,m, V,, and f depend on the

measurement conditions, i.e. on the T, P, and viscosity
of the fluid. The period of the oscillation of the filled
tube is

_ /+V
t=f"1 or 1=2m %

Applying the square of Eq. 2 we can obtain the working
equation for this method as

O]

pp = A— Bt? 3)

where instrument constants (parameters) A = m and
b

k . .
in which the cell volume and the cell mass

b= 412V},

are involved as well as the spring constant k of the
measuring cell are both functions of temperature and
pressure. Usually the temperature and pressure
dependences of the parameters A and B are determined
using the calibration procedures with a minimum of
two reference fluids such as water, air, nitrogen,
benzene, and toluene whose PVT properties are well
known and should be performed very -carefully
(Lemmon et al. 2010). Particularly, the instrument
constant, as this follows from Eq. 3, The calibration

constant B — % can be determine by measuring
L0

the oscillation periods (rl2 and rzz) for two reference

fluids with well —known densities (2, and ©,). The

parameter B is approximately a linear function of
temperature (slope is about 10* to 10° K?). The
accuracy of the method is limited by the calibration
procedure and depends on the uncertainty of the
properties of calibrating fluid. The temperature in the
measuring cell, where located the U-tube, was
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controlled using a thermostat with an uncertainty of 10
mK and measured using the (ITS-90) PRT100
thermometer with an uncertainty 0.03 K. This
densimeter (DMAA4500) allows for a highly precise
density measurements in the wide measuring range
from (0 to 3000) kg-m and at temperatures from (273
to 363) K. The uncertainty of the density measurements
is 5x10~° g-cm™3 (or about 0.005 %). The repeatability
of density and temperature measurements are 1x10™
g-cm 3 and 0.01 K, respectively. This type VTD has |

Peor = Punc|1 — (0.4482,/n — 0.1627)107*]

where p,. is the “corrected” and p,,,. “uncorrected”

densities. This correction for our geothermal samples is
within (0.001 to 0.004) %. The total absolute
uncertainty (kg-m3) in density measurements caused by
the viscosity and oscillation nodes move effects can be

approximately estimated as Ap, =~ 0.054/77 , where

n is the viscosity of fluid in mPa-s. The correction for

the present geothermal samples is within from (0.03 to
0.06) kg-m™ or (0.0035 to 0.006) %.

RESULTS AND DISCUSSION
Density

Density measurements were performed at
atmospheric pressure of 101.325 kPa as a function of
temperature from (283 to 353) K for methyl laurate and
from (313 to 353) K for methyl stearate. Each density
measurement was repeated 5 times for both samples.
The average absolute deviations AAD between the
present density and the majority of reported data are
within 0.03 % (for methyl laurate) and 0.02 % (for
methyl stearate).

Speed of Sound

Measurements of the speed of sound of the same
FAMEs samples were performed at atmospheric
pressure (101.325 kPa) as a function of temperature
over a same temperature range as in density experimen
t, namely, from (283 to 353) K for methyl laurate and
from (313 to 353) K for methyl stearate in our previous
publications. The detailed quantitative comparison of |

been succ essfully used previously in our earlier
publications to accurate measure of the density of
various fluids (ionic liquids, hydrocarbons, and their
mixtures with alcohols (Abdulagatov et al. 2008a-d;
Schmidt et al. 2012).

During the oscillation of the U-tube, the sample shows
the effect of damping of the oscillation, which is
function of the sample viscosity. Correction related
with influence of the viscosity can be estimated as
(Segovia et al. 2009)

(4)

"the present measured speed of sound data for methyl
laurate and methyl stearate (deviation statistics) with
the reported data sources are provided in our
publication [13].

Derived Thermodynamic Property Data

In the present work, we have critically assessed all
of the reported data for their internal consistence(see
above) to carefully select primary data to fit correlation
models. The selected primary density and speed of
sound data for methyl laurate and methyl stearate
together with the present data were fitted to egs. (5) and
(6)

p(T) =po + piT + pT? (5

u(T) =ug + ;T + u,T?  (6)

All 42 (for methyl laurate) and 25 (methyl
stearate) primary speed of sound data deviates from the
values calculated from reference correlation eq. (3)
within less than 0.1 %, except two data points where the
deviations are within 0.12 % and 0.15 % at
temperatures of 323.15 K and 333.15 K, respectively
(Table 1).

Based on the measured density and speed of sound
data together with the selected reported vapor-pressure
data the derived key thermodynamic properties of
methyl stearate have been calculated using well-known
thermodynamic relations. The calculated values of the
thermodynamic property data of methyl laurate are
given in Tables 2.

Table 1.

Values of fitting parameters (p,) and ( Uj ) of the reference correlation egs. (5) and (6) for density and speed of
sound of methyl laurate and methyl stearate together with the deviation statistics

sample o AAD, | Bias, St.Dev, St.Err, Max.Dev,
P Po < %) | %) | () %) %)
Methyl laurate | 1097.89608 | -0.768915 | -0.359156 | 0.03 | 0.00 0.04 0.00 0.11
Methyl stearate | 1138.61037 | -1.087851 | 5.330402 0.02 | 0.00 0.03 0.00 0.11
Sample u u u AAD, | Bias, St.Dev, St.Err, Max.Dev,
P ° ' 2 %) | %) | () (%) (%)
Methyl laurate | 2784.93874 | -6.000006 | 0.003785 0.04 | 0.00 0.06 0.01 0.18
Methyl 3016.93713 | -7.028059 | 0.005302 0.05 | 0.00 0.06 0.01 0.15
Stearate
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Table 2.

Derived, from the present density (p) and speed of sound (u) measurements, values of the key

thermodynamic properties of methyl stearate

TK) |~ ~ o ~ ~
s L BRE Bk~ L |k |
S O P ST - 50 D NG X
S |5 | | & = 2 | 2
313.15 | 0.6598 | 0.8868 | 0.8495 | 349.09 | 1.0431 | 0.7953 | 1.1151 | 1.774 2.138
318.10 | 0.6799 | 0.8845 | 0.8490 | 344.40 | 1.0449 | 0.8167 | 1.0830 | 1.788 2.148
323.15 | 0.7047 | 0.8821 | 0.8484 | 338.24 | 1.0467 | 0.8425 | 1.0470 | 1.810 2.164
328.10 | 0.7252 | 0.8796 | 0.8478 | 333.84 | 1.0483 | 0.8642 | 1.0178 | 1.825 2.175
333.09 | 0.7506 [ 0.8771 | 0.8473 | 327.83 | 1.0500 | 0.8909 | 0.9845 | 1.842 2.189
338.08 | 0.7746 | 0.8746 | 0.8468 | 322.66 | 1.0515 | 0.9161 | 0.9547 | 1.857 2.197
340.07 | 0.7844 | 0.8735 | 0.8466 | 320.58 | 1.0521 | 0.9263 | 0.9430 | 1.865 2.203
343.12 | 0.7976 | 0.8719 | 0.8463 | 318.11 | 1.0529 | 0.9402 | 0.9274 | 1.875 2.210
348.06 | 0.8240 [ 0.8693 | 0.8458 | 312.60 | 1.0543 | 0.9676 | 0.8984 | 1.892 2.222
353.15 | 0.8511 | 0.8666 | 0.8454 | 307.28 | 1.0556 | 0.9956 | 0.8704 | 1.910 2.234

CONCLUSIONS

The density and speed of sound of two FAMEs
(methyl laurate and methyl stearate) have been
measured over a temperature range from melting points
to 353 K at atmospheric pressure. New wide- ranging
reference correlations for density and speed of sound of
methyl laurate and methyl stearate at atmospheric
pressure were developed. The correlations based on the
present measured and the critically assessed reported

Idensity and speed sound data (primary data). The
correlations are applicable over the temperature range
from melting point (278.15 K for methyl laurate and
310.95 Kmethyl stearate) to 353 K, although reasonable
safety extrapolation to high temperatures (up to 453 K)
is possible. The overall uncertainty of the reference
correlations of the density and speed of soundof methyl
laurate and methyl stearate are 0.03 % and 0.02 % (for
density) and 0.04 % and 0.05 % (for speed of sound),
respectively.

[1] M.E. Tat, J.H. van Gerpen. Measurement of viscosity of biodiesel fuel. J. Chem. Eng. Data,

Biodiesel Speed of Sound and Its Impact on 2015, 60, 3404-3413.
InjectionTiming National Renewable Energy [6] D. Sagdeev, I. Gabitov, Ch. Isyanov,
Laboratory Measurement of Biodiesel Speed V.Khairutdinov, M. Farakhov, Z. Zaripov,
of Sound and Its Impact on Injection Timing. I, Abdulagatov. Temperature effect on density
NREL/SR-510-31462, Golden, Colorado, and viscosity of oleic acid. J. Am. Oil Chem.
2003. Soc., 2019, 96, 647-662.

[2] M.L. Huber, E.W. Lemmon, A. Kazakov, L.S. [7] .M. Abdulagatov, N.G. Polikhronidi,
Ott, T.J. Bruno. Model for the R.G.Batyrova, M. Dzida. Isochoric heat
Thermodynamic Properties of a Biodiesel capacity, phase transition and derived key
Fuel. Energy & Fuels, 2009, 23, 3790-3797. thermodynamic  properties of  methyl

[3] S.M. Rasulov, [M Abdulagatov. PVT, decanoate, Fuel, 2022, 310, 122251.
saturated liquid density and vapor-pressure [8] I.M. Abdulagatov, L.A. Akhmedova-Azizova,
measurements of main components of the R.M. Aliev, G.B. Badavov. Measurements of
biofuels at high temperatures and high the Density, Speed of Sound, Viscosity and
pressures: Methyl palmitate. Fuel 2018, 218, Derived Thermodynamic Properties of
282-294. Geothermal Fluids. Part. |. J. Chem. Eng.

[4] S.M. Rasulov, I.A. lsaev, M. Dzida, I.M. Data, 2016, 61, 234-246.

Abdulagatov. High-temperature and high- [91 L.M. Abdulagatov, L.A. Akhmedova-Azizova,
pressure density and liquid—vapor phase R.M. Aliev, G.B. Badavov. Measurements of
transition properties of methyl octanoate as the density, speed of sound, viscosity and
main biofuel component. Fuel, 2021, 291, derived  thermodynamic  properties  of
120058. geothermal fluids. Partll. Appl. Geochem.,

[5] R.A. Usmanov, S.V. Mazanov, A.R. Gabitova, 2016, 69, 28-41.

L.Kh. Miftakhova, F.M. Gumerov, R.Z. Musin, [10] .M. Abdulagatov, G.B. Badavov,
I M. Abdulagatov. The effect of fatty acid L.A.Akhmedova-Azizova, R.M. Aliev.

ethyl esters concentration on the kinematic

Thermodynamic properties of geothermal

88



[11]

[12]

THERMODYNAMIC PROPERTIES OF BIOFUEL COMPONENTS

fluids from South Russia. Kayakent and
Kizlyar hot sources, In: Heat- Mass Transfer
and Geodynamics of the Lithosphere, ed. Dr.
V. Svalova, Springer, 2021, pp. 275-301.

.M. Abdulagatov, G.B. Badavov,
L.A.Akhmedova-Azizova, R.M. Aliev.
Thermodynamic properties of geothermal
fluids from South Russia: Izberbash and
Thernair hot sources, In: Heat- Mass Transfer
and Geodynamics of the Lithosphere, ed. Dr.
V. Svalova, Springer, 2021, pp.303- 333.

K. Moodley. Density, Speed of Sound, and
Refractive Index Data for Butan-1-ol (1) +

89

[13]

Butane- 1,4-diol (2)/Butane-2,3-diol (2)
Mixtures at T= (298.15-338.15) K and 0.101
MPa. J. Chem. Eng.Data, 2021, 66, 12, 4391-
4403.

L.A. Akhmedova-Azizova, M.A. Mammedova,
G.N. Nazhafov, .M. Abdulagatov,
M.A.Talybov, Measurements and reference
correlation of the density and speed of sound
and derived thermodynamic properties of
methyl laurate and methyl stearate. Journal of
Chemical & Engineering Data, 2022, 67(3),
580-593



AJP FIZIKA

2024

section C: Conference

Magsud Aliyev-100

KINETICS OF STRUCTURAL TRANSFORMATIONS IN A MONOCRYSTAL
K,940490,060N03
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Az-1000, Uzeyir Hajibeyov 68
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Radiation of structural transformations in alkali metal nitrates has of great practical importance. This process is closely
related to the technology of obtaining monocrystals of solid solutions with polymorphism.

Keywords. Polymorphism, monocrystal, modification, hexagonal, structural transformations

PACS: 61.50.Ks

In addition, these compounds are used in
pyrotechnics, explosives technology, medicine, and
also in the electro-vacuum industry [1].

Numerous works have been devoted to the study
of the mechanism of polymorphic transformations in
alkali metal nitrates [2-5]. To clarify the effects of
partial replacement of K *ions with Cs*, Rb*Ag™* ions
on the mechanism of polymorphic transformation, we
planned and conducted certain experimental works
[6,7].

To clarify the mechanism of structural
transformations, measuring the rate of crystal growth
during polymorphic transformations as a function of
temperature is of great importance. In this work, we
measured the growth rate of crystal Il (orthorhombic
modification) modification into hexagonal IlI
modification in the Kgg40490,060NOzmonocrystal.
The measurements were carried out according to the
method proposed in [8].

The conditions under which crystal growth
occurs in the solid phase are fundamentally different
from those for the growth of crystals from a solution,
melt, or vapor. In this case, the edges of the growing
crystal do not collide with free atoms and molecules,
but must capture particles from the adjacent layers of
the surrounding matrix, which has a crystalline
structure, in which each of the atoms or molecules
occupies a very specific position. As a result, crystal
growth occurs due to the constant movement of the
boundary between two non-conjugated lattice regions.
The moving layer for such movement helps to reduce
the surface free energy. The experimental data
obtained from 6 crystals were processed using the
MATLAB program, which gives a functional
dependence of the growth rate of the Ill-hexagonal
phase on temperature during the II—III transformation
in the form

cm
v = (0,2815AT + 0,4484AT? + 0,0081AT?) - 102 5

Where AT = T, — T,, Ts-is the transformation
temperature, T, is the phase equilibrium temperature.
Figure 1 shows a graph of the growth rate of the new
phase as a function of temperature, constructed from
experimental data and data obtained by the
experimental formula.

The conducted experiments show that two
groups of surface defects should be distinguished.
When a new phase grows with a clear linear boundary,
only a relatively small number of localized
disturbances are observed, the impact on growth may

! remain the same over time. Minor disturbances to this

thin structure result in minor changes in growth rate.

During repeated transformation, the
accumulation of voltage and deformation bends the
linear phase boundary. Depending on the nature of the
counter defect, the movement of the phase boundary
may even stop. There have also been cases where a
visible curvature of the phase interface occurs and
more and more new nuclei are formed in front of it, as
a result of which the growth rate of the crystal
increases.
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A COMPARISON OF BASIC ELECTRICAL PARAMETERS OF THE Al/SiO2/p-Si
(MIS) STRUCTURE OBTAINED BY THERMIONIC EMISSION (TE), AND
CHEUNG FUNCTIONS

I.M. AFANDIYEVA, E.R. BAKHTIYARLI
Baku State University, AZ1148, Baku, Azerbaijan

In the present paper electrical characteristics of Al/SiO2/p-Si MIS structure was measured in the range of voltage +4V.
Silicon layer SiO2 on the semiconductor wafer was obtained by thermal oxidation of Si. The Al/SiO2/p-Si (MIS) structures
were constructed on p-type (boron-doped) single-crystal silicon wafers with a (100) surface orientation. The a thickness of
wafer is 350 um, a diameter of 2 inches, and a resistivity of 1 Q.cm. The thickness of SiO: layer in the MIS structure is 60 nm.
On the basis of measured characteristics have been obtained basic parameters of structure such as potential barrier heigt
(¢po), ideality —factor (n) and series-resistance (Rs). For the calculating of parameters have been used two methods -
thermionic-emission (TE) theory and Cheung’s functions. The results obtained by both methods were compared. The identified
differences are due to the presence of inhomogeneities at the interface and in the volume.

Keywords: Schottky diode; Thermionic emission; Cheung’s functions; Surface state density, Metal- insulator- semiconductors

(MIS); SiO2
PACS:73.30+y, 73.20.At, 73.40.Ns

INTRODUCTION

The functioning of most modern electronic
devices relies on a metal-semiconductor contact
structure featuring a Schottky barrier (SB).Schottky
diodes operate quickly because they eliminate diffuse
and recombination processes that require additional
time and the injection of minority charge carriers [1-
3]. More than 99% of all semiconductor devices are
made using silicon (Si). Silicon is widespread in nature
and its processing technology has been well studied.

A silicon dioxide layer is easily created in silicon
by conventional thermal oxidation. The thickness of
this dielectric is usually 0.3-1.5 microns. But this layer
is enough to protect silicon from the diffusion of
impurities and provide better dielectric protection. In
this regard, the growth of the oxide layer on the
semiconductor is a more important step in the
production process of MIS or MOS devices [2-4]. The
generalized model of the contact structure takes into
account the presence of a dielectric gap. It should be
noted that the presence of a dielectric gap in the metal-
oxide-semiconductor contact structure affects the
distribution, concentration and activation of surface
states, as well as the charge transfer mechanism [1-12].
The most common MOS (metal oxide semiconductor)
structures on silicon with a layer of SiOy, which is
obtained by thermal oxidation of Si. Thermal silicon
oxide SiO; is a key dielectric in silicon devices. As it is
known from the scientific literature, to create a perfect
interface, a layer of SiO, with a thickness =~ 5 A is
grown on silicon, and then a layer of high-k dielectric
with a thickness of = 50 A is deposited [4,12].

The electronic structure of SiO, has been
intensively studied experimentally and theoretically for
many years [13-15]. Despite this, some features of the
electronic structure of SiO, have remained unclear over
the past 50 years. In connection with the use of SiO,
and contact structures with a dielectric gap in
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microelectronics, the study of MOS structures with a
thin layer of Silicon Oxide is of practical interest.

In order to study the influence of surface states on
the characteristics of the contact structure, the
characteristics of MIS structures with various
interfacial layers, such as SiOj, SnOj, Al,O3, ZrOa,
HfO, and organic layers, were investigated and
analyzed [16-19].

In recent years, many studies have been carried
out on the main parameters characterizing the processes
at the interface between Si and thermally grown SiO,.
[12,20-22]. However, the mechanisms of current flow,
key parameters of these structures, and their
dependence on factors such as oxide layer thickness,
the selection of contacting metal and semiconductor, as
well as the impact of the manufacturing process, have
yet to be thoroughly clarified. As is known from
scientific literature the insulator thickness in these
studies was in the range of 40-60 A, 50-826 A. In the
presented article, the thickness of SiO; in the MIS
structure is 60 nm. It is known that the dependence of
the characteristics of a contact structure on frequency is
determined by various processes: the inertia of the
passage of charge carriers through the space charge
region of the semiconductor ( 1E-11 sec +1E-13 sec),
recharging of surface electronic states (1E-6 sec) and
inertia associated with circuit reasons (1E-8 sec) [1-
3].In this regard, preference was given to the study of
electrical ~ parameters of  Al/SiO./p-Si  from
measurements  of the static  current-voltage
characteristic. Thus, the purpose of the presented article
is to study the main parameters of the Al/SiO,/p-Si MIS
structure (thickness of the dielectric gap of thermal
SiO, is 60nm) using current-voltage characteristics
measured at T=300K.

The Al/SiOz/p-Si  (MIS) structures  were
constructed on p-type (boron-doped) single-crystal
silicon wafers with a (100) surface orientation. These
wafers had a thickness of 350 um, a diameter of 2
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inches, and a resistivity of 1 Q.cm. Initially, the wafers
were degreased using organic solvents and then rinsed
in de-ionized water with a resistivity of 18 MQ.cm for
10 minutes. Oxide layers, 60 nm thick, were grown at
750°C for 1.5 hours and 900°C for 4 hours,
respectively. After the oxidation step, circular
aluminum dots with a purity of 99.999%, a diameter of
1.2 mm, and a thickness of about 2000 A were
deposited as rectifying contacts on the oxidized surface,
using a Si shadow mask in a vacuum system with a
liquid nitrogen trap, maintaining a pressure of ~1E-7
Torr. Following this, aluminum with a thickness of
~2000 A was thermally evaporated onto the entire back
side of the wafer, after the oxide layer (SiO-) had been
etched away using HF, to create ohmic/back contacts.
The thickness of the metal layers and their deposition
rates were measured using a quartz crystal thickness
monitor. Finally, I-V measurements were carried out at
room temperature using a Keithley 2400 |-V source
meter.

RESULTS AND DISCUSSIONS

Figure 1 presents the typical forward and reverse-
bias semilogarithmic 1-V characteristics of the
Al/SiO,/p-Si MIS structure measured at room
temperature. As depicted in the figure, the
semilogarithmic 1-V plot demonstrates clear rectifying
behavior, with an exponential increase in forward
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1,0€-05
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1,08-07

1,06-08
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current (IF) and a weak voltage dependence in the
reverse current (IR). The rectification ratio (RR) for this
structure is calculated as RR = I¢l, = 3.88. It is
noticeable that the reverse current gradually increases
with applied reverse bias, without showing any signs of
saturation. This slight non-saturation or ‘soft’ behavior
observed in the reverse-bias region of the experimental
I-V plot may be attributed to spatial inhomogeneity
within the contact structure [12, 23, 24]. In the case of
inhomogeneous Schottky barrier (SB) contacts, the
reverse current is likely dominated by current flowing
through regions with lower Schottky barrier height
(SBH).

For forward bias conditions (V > 3kT/q), the
current through the SB can be described by the
thermionic emission (TE) theory,is given by

Jlmer (5

where lgis the reverse saturation current, where q is the
electronic charge, Ax is the effective Richardson
constant and is equal to 120A cm2K?2 for p-type Si, A is
the effective diode area, k is the Boltzmann constant, T
is the absolute temperature in K, ¢, is the zero-bias
barrier height and n is the ideality factor .

The reverse saturation current can be described as

22)

q(V B IRS)

I = Ioexp< kT

10=AA*T2exp(— )

Viv)

Fig.1. Semilogarithmic I-V plots for Al/SiO2/p-Si MIS structure.

Once the applied voltage exceeds 3kT/q, the
primary electrical properties of these Schottky diodes
(SDs) can be extracted from the linear region using
thermionic emission (TE) theory, as depicted in Figure
2 [1, 3, 11, 13]. The forward-bias In(l)-V plots for the
fabricated Al/SiO/p-Si MIS structure, shown in Figure
2, exhibit strong rectifying behavior, where the current
rises almost exponentially with increasing voltage at
moderate voltage levels. The ideality factor, which
provides insight into the diode's performance, is
calculated from the slope of the linear region in the
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forward-bias In(l1)—V plot. According to equation (1), it
can be expressed as follows:

The zero-bias barrier height ¢z, determined from the
extrapolated lp and is given by

=4

N (d(V—IRS)
kT

d(InI)

©)

AA*T?
IS

bpo = kq_Tln ( 4)
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Fig. 2 Semilogarithmic In (I)-V plots of Al/SiO2/p-Si
MIS structure.

The values of the ideality factor (n) and saturation
current (Is) for the Al/SiO2/p-Si MIS structure were
determined from the slope and intercept of the In(l) vs.
V graph (Fig. 2b). Using the calculated Is and the diode
area (A), the barrier height (®gg) was then computed
according to Eq. 4. The potential barrier height (®go)
and ideality factor (n) for the AIl/SiO2/p-Si MIS
structure were found to be 0.75 eV and 5.24,
respectively, while the saturation current (lo) was
calculated as 2.025E-8 A. The electrical characteristics
of the structure are influenced by both the series
resistance (Rs) and shunt resistance (Rsh). These values
were calculated based on the basic application of Ohm's
law (Ri = dVv/dI) at both reverse and forward biases, as
illustrated in Figure 3. The extracted values for Rsh and
Rs were 2.15 MQ and 5.13 kQ, respectively.
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Fig 3. The voltage dependent profile of resistance (Ri)
plot for Al/SiO2/p-Si contact structure.

To investigate more clear electrical properties,
electrical parameters (n, lo, ®g) were extracted from
following Cheung’s methods Eq. 2(a-b) [25]:

av nkT
= +— 2a
d(InI) S q ( )
nkT I
H(I)—V—Tln(m)—IRs+n¢B (Zb)
04
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1(A)
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1

1,0E-06 2,0E-06 3, 0E-06
I(A)
Fig 4. a) dv/dIn(l) -1 and b) H(l)-1 plots for
From these functions, the series resistance (Rs)
and ideality factor (n) can be derived from the slope and
intercept of the dVv/dIn(l) vs. I plot. Similarly, Rs and
the barrier height (®go) can be obtained from the slope
and intercept of the H(l) vs. | plot. Figure 4a and 4b
illustrate both the dVv/dIn(l) vs. I and H(l) vs. | graph,
respectively, providing a visual representation of these
relationships. Barrier height, ideality factor and series
resistance shown in Tablel.

Table 1.

Basic electrical parameters of Al/SiO/p-Si MIS structure

parameters From Thermionic | Cheung’s functions Cheung’s functions (H(I)- I)
Emission (TE) | (dv/d(InD-I)
Theory

dpo(eV) 0.75 0.672 0.697

n 5.24 6.43 7.43

Rs(kQ2) 5.13 7.21 7.84

As observed from the results, discrepancies exist |such as the presence of surface states, local

inhomogeneities both in the bulk and on the contact
surface, and the mismatch of crystal lattice parameters

in the parameter values calculated using different
methods. These differences can be attributed to factors
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between contacting materials. These factors introduce
some distortion in the accurate determination of the
main parameters. Consequently, the values obtained for
the primary parameters of the Al/SiOx/p-Si MIS
structure should be considered effective values rather
than exact ones.
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Fig. 5. xz - (a, ¢) and yz -projections of the relaxed
structure of the Si/SiOz superlattice for various
models.

It is widely understood that the main
characteristics of the electronic structure are primarily
governed by the types of atoms involved in forming
chemical bonds [26,27]. Studies on the equilibrium
structure of Si/SiO; superlattices reveal that structural

optimization leads to significant atomic rearrangement
from the original lattice models due to atom
redistribution near the interfaces. Figure.5 illustrates
two initial model structures that, after relaxation,
produce distinct interface structures, which are likely to
result in variations in their physical properties.
Furthermore, research indicates that the thickness of
both Si and SiO, layers can impact not only the
vibrational properties of the superlattices but also the
atomic structure at the interfaces.

CONCLUSION

The parameters of the Al/SiO./p-Si MIS structure
were analyzed based on I-V measurements. The key
parameters were calculated using two different
methods: thermionic emission (TE) theory and the
Cheng method. Upon analyzing and comparing the
values of parameters such as the barrier height (®B),
ideality factor (n) and the series resistance (Rs) obtained
through these methods, only minor differences were
observed. These deviations from ideal values are
primarily due to the presence of inhomogeneities at the
interface between the contacting materials. Both
calculation methods are limited in their ability to
accurately account for lattice mismatches, surface and
bulk inhomogeneities, and the imperfections that can
arise spontaneously during the fabrication process. As
a result, these methods cannot fully capture the
complexities of the material structure, leading to slight
discrepancies in the calculated parameter values.
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