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Ni1xZnxFe204 FERROSPINELLORINDO KLASTERLORIN ASSOSIYASIYASI
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Atom qlivve mikroskopu va kicik bucaq altinda rentgen siialarinin sopilmo metodlari vasitesilo Ni-Zn ferrogpinellori
todqig olunmus va tadgig olunan niimunslords 6lgilari 4 - 21 nm olan fraktal Klaster birlosmolari agkar edilmisdir. Aqgreqatlar
Ucuin olds edilon fraktal 6lgi onu gostarir ki, tadgig olunan ferrospinellar sisteminds klaster birlosmosinin mohdud-reaksiya
mexanizmi yaranir vo daha boyiik kristal aqreqatlarin mévecudlugu neytral yiik modeli ¢orgivasinds Klasterlor arasinda garsiliqli
tosir qlivvasinin va elektrostatik enerjinin azalmasi ilo izah olunur. Layl kvazi ikidl¢ill agreqatin ikiys yaxin fraktal dlgiiyo
malik oldugunu nazars alaraq, {i¢olgiilii agreqatlarin amalo galmosinin ilkin nanohissaciklor arasinda maqnit garsiligl tasiri

noticesinds yarandigi giman edilir.

Acar sozlar: kicik bucaql rentgen siialarinin sapilmoesi, AQM, spinel ferritlor, magnit alt gafas, fraktal-klaster
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Giris

Spinel tipli ferritlor struktur va magnit xassalori-
nin xdsusiliyina gors yeni tadgigat istigamati yaradir.
Yiksok doyma magnitlonmasi, nisbaton yiiksok elek-
trik mligavimeoti, asag1 elektrik itkilori vo kimyovi sta-
billik kimi Ostiin xususiyystlor bu materiallarin trans-
formator nivalari, radiotezlikli sxemlor, cubug antena-
lar, molumat saxlama cihazlar1 vo magnitoelektronika
ticiin materiallar kimi genis totbigina imkan verir. Digor
torofdan, nanostrukturlu ferritlor biotibbds faydali ola
bilar. [1,2] islarinds normal spinel quruluslu ferrit oksid
materiallarmdan biri olan ZnFe;O4-Un magnit hiperter-
miyasindan istifads edarak xargengli toxumalarin miia-
licosi Giglin alternativ birlogsma kimi istifads oluna bils-
cayi toklif edilmisdir. Qeyd edok ki, bu ferrit ailasinin
magnit nanoklasterlori superparamagnitdirlor vo nano-
kristalin magnit momentinin istilik fluktasiyas: yalniz
nanoklasterin uzagq magnit nizamliligini pozmur.

Nanoolculli ZnFe,O4 ferrimagniti adoton kubik
kristal strukturunda magnit xasssalorinin kimyavi ni-
zamligdan giiclii sokilds asili olan model kimi istifado
olunur [3-5]. Ferrit birlogsmoalarinin struktur vo magnit
xassalarinin dyranilmasina, hamginin struktur vo mag-
nit xasselari doagiq mlayyan edilmis nanomateriallarin
alinmasi t¢iin yeni sintez texnologiyasinin iglonib ha-
zirlanmasina xisusi digqqeat yetirilir. Son zamanlar
NiixZnxFe,04 ferritlorinin daha da otrafli todqigi bu
hissaciklorinin aqregasiya amoalogotirmoak gabiliyyatini
gostardi ki, bu da Ni-Zn ferrit nanosistemlorinin fiziki
xususiyyatlarino shamiyyatli doracads tosir gdstorir [6-
10]. Ni1-xZnxFe204 birlosmolarinin mayelarinds, tozla-
rinda, tobagalorindo, bark cisimlorindo nanohissaciklo-
rin sintezi vo amolo golmoasi proseslori zaman1 mii-
rokkob fraktal-klaster sistemlorinin torkib hissasi kimi
klasterlorin, fraktallarin meydana ¢ixmasi ilo agreqa-
siya miisahido edilmisdir. [11,12]. Oz n6vbasinda, bu
ferritlords agreqgasiya todgiqatlar1 gostardi ki, magnit
spin korrelyasiya mixtslif konsentrasiya diapazonla-
rinda movcuddur. NiosZngsFe;Os nanohissaciklorine
neytronlarin kigik bucaq altinda va geyri-elastik sapil-
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moasi, domendaxili spin dalgalar1 vo domen divarlar1 ya-
xinlhiginda lokallagdirilmis uzun dalgali maqnit hays-
canlanmsinin shamiyysatli tasiri hagqinda mslumat slde
etmays imkan verdi [13-16]. Nig4ZngsFe 04 ferritlori-
nin nazik tobagolarinin lazer ableasiya tsulu ilo sintezi
zamani xarici bircins magnit sahasinds ellipsoidal dam-
ciyabanzar klasterlarin yaranma prosesinin intensivlos-
diyi miosyyon edilmisdir [12]. Bu ferritlorin nazik tobs-
golorinin sathindaki nanostruktur geyri-barabarliklori-
nin xarakterik élculari ferritlorin tarkibindon asili ola-
rag 2-25 nm araliginda paylanmisdir. NijxZnyFe,O4
ferritlorinds nanohissaciklorin agregasiya mexanizmlo-
rinin basa diistilmasi bu ferritlorin nanostruktur xasso-
larinin va kationlar arasindaki asililiglarin otrafli Syre-
nilmasini tolob edir. Bu isdo NijxZnyFe;O4 (x= 0,0;
0,25;0,4;0,5; 0,6; 0,75 va 1,0), Nio.4Cuo.3Zng sFe204 Va
Nio.4CuosFe204 ferritlorinin nanostruktur xassalori ki-
¢ik bucaq altinda rentgen stialarinin sopilmasi va rent-
gen siialarinin difraksiya analizi, hamg¢inin atom qivva
mikroskopu (AQM) ils otrafli Syronilmisdir.

Tacribi hissa

NiixZnsFe,04 (x= 0,0; 0,25; 04; 0,5 0,6;
0,75;1,0) ferrit mikrotozlar1 yiiksok temperaturlu ter-
mik metod ilo sintez olunmus va nlmunalarin tablan-
mas1 960°C temperaturda hoyata kegirilmigdir. Nati-
calori migayise etmok {¢lin Nio4Cuo3ZnosFe204 Vo
Nig.4Cug gFe204 ferrit nanotozlari da sintez olunmusdur.
Mis ferritlordo nanohissaciklarin aqreqasiyasi gozlani-
lir. Texnoloji proseslorin genis tosviri [17-19] islori-
mizdo otrafli verilmisdir. D8 ADVANCE rentgen spek-
trometrindon (Brucker, Almaniya) istifado etmoklo
alinmig niimunolorin keyfiyystina nozarot edilmisdir
[11, 12, 17-20].

Nazik tobagolarin topologiya komponenti kimi
ferrit nanohissaciklorinin birbasa vizuallagdirilmasi
Uclin atom quvvasi mikroskopiyasini tatbiq edilmisdi.

Bu tocrubolor AIST-NT 6lgma bagligli Smart
SPM™ atom qivvo mikroskopunda (Tokyo
Instruments, Yaponiya), yarimkontakt rezonans reji-
minds aparilmigdir. Molum oldugu kimi [11, 12, 17-
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20], tomassiz/yar1 kontakt rejimi ti¢iin NSG10 DLC
(Tips Nano, Estoniya) istifado edilon kanteleverin
zondunu ns gadar kaskin olarsa AQM-relyefi bir o go-
dor az tohrif olunar.

Kigik bucaqli rentgen siialarinin sopilms (SAXS)
tocriibalori GeniX3D (Mo-Ka kenari, A = 0,71078 A)
stialanma monbali Xeuss 3.0 (Xenocs, Fransa) qurgusu
ilo hoyata kegirilmisdir. Kigik bucaql rentgen siialari-
nin sopilmo spektrlori Eiger2 detektorundan istifads et-
maklo, niimuns-detektor arast mosafonin muxtslif giy-
matlorinds (1-4 m) geyds alinmusdir. Kigik bucaqli so-
pilmo molumatlarinin tohlili SasView program paketi
vasitosilo aparilmigdir [6-9].

Yiiksok tozyigli rentgen tozunun difraksiya tocri-
bolori  SAXS/WAXS  Xeuss 3.0 sistemindon
(XENOCS, Qrenobl, Fransa) istifado edilmoklo hazir-
lanmigdir. Rentgen siialarinin difraksiya niimunslori

Histogramma

Dectris Eiger 2R 1M detektoru vasitasilo alds olun-
musdur.

NOTICOLOR VO MUZAKIRO
Atom Quvvasi Mikroskopu

Ferritlorin aqreqasiya olunmus nanohissaciklorinin
topografiyast atom qlvve mikroskopundan istifads
etmoklo todqiq edilmigdir. Biitiin ferrit birlogsmalori
lgln agreqgasiya klasterlorin amols golmasi miisahida
olunur [11,12,18]. Muvafig AFM profillori Sakil 1-do
goOstorilmigdir. Alinmis topoqrafiya molumatlarindan
klaster dlculori hesablanmig va 6l¢lys gore paylanmasi
yenidan qurulmusdur [sokil 1,a].

Sakil 1. a. Todgiq olunan ferritlorin AQM profillari vo 6lgliys goro paylanmasi: 1. NiFe204, 2. Nio.75Zno.25F€204,
3. NiosZnosFe20a, 4. Nio.2sZno.7sFe204. b Nio.75Zno.2sFe204 ferrit nazik tobagasinin sothinin AQM profili. Saho

6lcuisti 0.6x0.6 um-dir.

Gorunduyl kimi, NigsZngsFe204 ferritinin profili ! digar bir xususiyyati, tobagolorin sothinds klasterlorin

klasterlarin orta 6l¢lisi ~5 nm olan daha kigik dl¢ulu
oblastda dar paylanma ilo xarakterizo olunur. Digor fer-
ritlords iso genis paylanma ilo daha boyiik aqreqatlarin
(orta dlgllor 15-25 nm) miisahids olunur. Sokil 1,b-do
Nio,75Zng25F€204 ferritinin topografik profilinin boyi-
dilmiis sokli tasvir olunmusgdur. Burada bir gadoar uzan-
mig bdyiik aqreqatlar bir-birindon daha kigik nano-
hissaciklorlo ayrilir. Misahido olunan paylanmalarin
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simmetrik olaraq formalagmasidir.

Kicik bucaqh rentgen siialarimin sapilmasi

NiFe20s;  Nio75Zno25F€20s;  NigaZnosFe20q;
Nio 7520 25F€204; Nio 4Cuo3ZnosFe204; Vo
Nig4CuggFe204 ferrit nanotozlarinin Guinier oyrilori
sokil 2-do verilmisdir [22].
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Sakil 2. a. Kigik bucaql rentgen siialarinin sopilmasi va b. Verilmis néqtods olma ehtimali Rg: 1- NiFe2Oa;
2 — Nio,75Zn0,25F€204; 3 — Nio,4Zno,eFe204; 4 - Nio,75ZN0,25F€204; 5 — Nio,4Cuo,3Zno,3Fe204; 6 —Nio4Cuo,sFe204;

oyrilorin meyil etmo doracasinds clizi doyisikliklor
musahido olunur, bu da sopilon obyektlorin fraktal 6l-
culorinin doyismasina uygundur. Fraktal sopilmo mo-
deli secilmigdir [6-10]. Bu modeldo sopilmo,

1(q) = & Viiock Pbiock — psolvent)zp(q)s(q) + B,

burada ¢ - Vuiok hocmli fraktal "blokdaki" sferik his-
saciklarin hacmi, p_piok, protiedici Vahid hacmds fraktal
blok va holledici Uigun sopilms sixliglaridir, B- fon fak-
torudur va P Vo S ayri-ayrt fraktal bloklardan va
fraktal strukturlarda bloklarin mokan paylanmasini oks
etdiron mivafiq sopilmo paylanmalaridir [22-25].
Bloklardan ibarot fraktal strukturdan sopilms asagidaki
sokildo tosvir olunur:

DfF(Df—l)
[1+1/qg2)PF V72

sin[(D-1)tan™1(q§)]

S =1+
(@ (@Ro)?S

v (2

Burada &- blokun 6l¢lisiine uygun korrelyasiya uzunlu-
gu, Dr— fraktalin 6l¢usii, Ro- blokun Kklasterinin élgusi-
dir. (1) vo (2) funksiyalarindan istifado etmoklo ferrit
aqreqatlarinin 6lgiiys gors paylanmasi hesablanmigdir. |
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Iobyektlerinin fraktal 6l¢tlori giymatlondirilmis vo frak-
tal nizamsiz aqreqatlar iigiin klassik asililiglardan is-
tifads etmoklo fraktal sapilmanin 6lglidon asili olaraq
paylanmasit miayyan olunmusdu [22]:

@

IAhnmls molumatlar sokil 2, b-do gostorilmisdir. Go-
rindlyd kimi agreqatlarin orta 6l¢iilii oblast1 boytik 61-
cull oblasta toraf bir godor siiriisdiiyii halda paylanma-
nin eni Nazars sarpan daracods dayigmir. Maksimum
orta Olculi aqregatlar  NigsCug3sZnosFe,Os Vo
Nig4Cug gFe204 ferritlordo miisahido edilir.

Ekpermental noticolorin (1) funksiyasi ilo uzlas-
mast uygun olaraq sokil 3a vo 3b- do tosvir olunmusdur,
burada Rg- aqreqatlarin otalot radiusudur. Bununla be-
Is, NigsZngsFe,O4 niimunasi Gglin nanohissaciklarin
orta 6lculori SAXS tacriibesinde mdvcud olan g diapa-
zonundan kenardadir. Miisahido olunan aqreqatlarin
fraktal dlculori kiitlo vo soth fraktallari arasindaki sor-
hoddo yerlogir va vahid sixlighi hissaciklarin tasirini
gostara bilor.
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Sakil 3. NizxZnxFe204 ferrit nanotozlarin torkibindan asililiglar: a. Rg- klaster aqreqatinin atalst radiusu; b. D - fraktalin

olci.

Ry - otalat radiusunun ferritin torkibinden aslilig: sokil
3a-dan aydin verilmigdir. Nig4Cug3ZnosFe;Os Vo
Nio4CugeFe204 mis olava edilmis ferritlor daha bdyik
aqreqatlarla xarakterizo olunur. Nikel ferritlori Ucln
sinkin torkibinin azalmasi ils aqreqatlarin 6l¢iisiinds bir

! gadar azalma miisahids edilmisdir. Ferritlords nikelin
konsentrasiyasinin doyismasi ilo Ds—fraktalin 6lcusu
praktiki olaraq deyismir (sokil 2b). Bu iss biitiin tadqiq
edilon birlogsmalards aqreqasiya prosesinin oxsar tobio-
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tini gostorir. Rg otalot radiusu Uglin aldo edilmis molu-
matlardan sferik yaxinlagma ilo aqreqatlarin 6l¢isini
toxmin edo bilorik, miisahido olunan Kklasterlorin
diametri D = 2(5/3)"?Ry kimi hesablanir [22]. Yaranan
ferrit aqreqatlar1 30-38 nm diapazonundadir ki, bu da
AQM -ds alinan noticalorlo uygunlagir [11,12,18,19].

Miizakira

Nano qurluslu obyektlorin fraktal 6l¢iisii mohdud-
reaksiyali klaster aqreqatlarinin yaranma mexanizmi ilo
muoyyan olunur [26-29]. Boyik 6l¢ull kristal agreqgat-
larin movcudlugu neytral-yik modeli gargivasinda
izah oluna bilor [30,32]. Bu modelo asason aqregatlarin
Olgust hissaciklor arasinda elektrostatik qiivvolarin
azalmasi hesabina boyiiys bilor. Magnit ferritlords ag-
regasiya prosesi nanohissaciklorin 6lglys gors paylan-
masini doyigo bilor. Ehtimal olunur ki, hissaciklor ara-
sinda maqnit qarsiligh tasir boyiik aqreqatin markozino
zarraciklarin tadrican diffuziyasi naticesinds daha yig-
cam aqreqatlarin omola galmasino sobob ola bilar.
Gliman etmak olar ki, NigsZnosFe,04 ferritlorinds mi-
sahido olunan vo radiusu 2 nm olan nanohissacik iki6l-
cull vo ya tg¢oleulii agreqatlarin amolo golmasi U¢ln
ilkin blokdur. Layli kvazikidl¢iili aqreqatin fraktal 61-
¢listi Dy ikiya yaxin olacagini nazors alaraqg, ilkin nano-
hissaciklor arasinda olave magnit qarsiligh tosir hesa-
bina {ig6lgiilii agreqatlarn omolo galmasi ehtimal
olunur.

Bir qayda olaraq, bu ciir aqreqatlarin 6lgiiys gors
paylanmasi orta va standart meyillorin comindan ibarat

Qauss oayrisina malikdir. Logarifmik normal paylanma-
nin hesablanmasinda alternativ olaraq dayisonin orta
giymatinin va loqarifmik dispersiyl standart meyil mo-
delindon istifads edilo bilor. Magnetit hissaciklori tgiin
normal logarifmik usulu tothiq etmokls tocribi
naticalorin analizino asasan agreqgatlar tictin 4-21nm 6l-
¢ii diapazonu almmigdir ki, bu da Nii«xZnsFe;O4 ferrit
hissaciklari Ugtin miiayyasn olunmus 6lsiilorle korrelya-
siya olunur.

NOTICO

NiixZnxFe;04 ferrogpinelorinin EPR todgigatla-
rindan [11, 35] olds edilmis maqnit spektrlorinde mi-
sahids olunan xususilik AQM va SAXS tsullar ilo as-
kar edilon fraktal-klaster aqreqatlarinin mévcudlugu ilo
izah oluna bilor. [12,35,36] islarinds gostorildiyi kimi
texnoloji sintez prosesinds nazik tobagslorin sathinds
fraktal-klaster strukturlarina effektiv tasir imkaninin
mimkinliiyii bu spinellorin informasiyanin 6trilmasi
Vo saxlanilmasi qurgularinda, nanoelektronika qurgu va
elementlorinin hazirlanmasinda vo s. praktiki totbiqgi
Ucun vacib amildir.

Tasakkurlar.

Bu is Azarbaycan Respublikasinin Prezidenti yaninda
Elmin Inkisafi Fondu terafindon maliyslosdirilmisdir:
Ne EIF-2013-9(15)- 46/05/ 1-M-12 vo EiF-B GM-3-
BRFTF-2+/2017.

[1] A. Meidanchi, O. Akhavan, S. Khoei, Ali A
Shokri, Z. Hajikarimi, N. Khansari. ZnFe,04
nanoparticles  as  radiosensitizers  in
radiotherapy of human prostate cancer cells,
Mater Sci Eng C Mater Biol Apple. 46 (2015)
394-9. https://doi.org/10.1016/j.msec. 2014.
10.062. Epub 2014 Oct 24

Sh. Dong, J. Xu, T. Jia, M. Xu, Ch. Zhong, G.
Yang, J. Li, D. Yang, F. He, Sh. Gai, P. Yang
and J.Lin. Upconversion-mediated
ZnFe,O4 nanoplatform  for  NIR-enhanced
chemodynamic and photodynamic therapy,
Chem. Scie. 10 (2019) 4260-4271.
https://doi.org/10.1039/c9sc00387hrsc.li/che
mical-science.

W. Schafer, W. Kockelman, A. Kirfel, W.
Potzel, F.J. Burghart, G.M. Kalvius, A.
Martin, W.A. Kaczmarek, S.J. Campbell.
Structural and Magnetic Variations of
ZnFe,04 Spinels-Neutron Powder Diffraction
Studies, Mater. Sci. Forum 321 (2000) 802—
807.

H.H. Hamdeh, J.C. Ho, S.A. Oliver, R.J.
Willey, G. Oliveri,G. Busca. Magnetic
properties of partially-inverted zinc ferrite
aerogel powders, Journal of Applied Physics ,
vol.81, no.4, (1997)1851-1857.
https://doi.org/ 10.1063/1.364068

(2]

(3]

36

[5] S.A. Oliver, H.H. Hamdeh. Localized spin
canting in partially inverted ZnFe,O4 fine
powders,Phys. Rev. B 60 (1999) 3400-3405.
https://doi.org/10.1103/PhysRevB.60.3400
E.G.R. Putra, B.S. Seong, E. Shin, A. Ikram,
S. A. Ani, Darminto. Fractal Structures on
FesO4 Ferrofluid: A Small-Angle Neutron
Scattering Study. J. of Phys. 247 (2010).
https://doi.org/10.1088/1742-
6596/247/1/012028.

W. Wagner, J. Kohlbrecher. Small-angle
neutron scattering, in Modern Techniques for
Characterization Magnetic Materials,
Academic Publishers, New York, 2005.

A. Michels. Magnetic small-angle neutron
scattering of bulk ferromagnets. J. Phys.
Condens. Matter 26 (2014) 383201(41pp),
https://doi.org/10.1088/0953-
8984/26/38/383201.

D. Honecker, M. Bersweiler, S. Erokhin, D.
Berkov, K. Chesnel, D.A. Venero, A.
Qdemat, S.  Disch, K. J.  Jochum, A.
Michels and P. Bender. Using small-angle
scattering to guide functional magnetic
nanoparticle design. Nanoscale Adv. 4 (2022)
1026-1059.

https://doi.org/ 10.1039/d1na00482d.

(6]

[7]

(8]

[



https://doi.org/10.1039/c9sc00387hrsc.li/chemical-science
https://doi.org/10.1039/c9sc00387hrsc.li/chemical-science
https://doi.org/10.1103/PhysRevB.60.3400

Ni1xZnxFe,0s FERROSPINELLORINDO KLASTERLORIN ASSOSiYASIYASI

[10]G. Fitria, A. Patriati, Mujamilah, M.C.
Prihatiningsih, E.G R. Putra, and S.S.
Hierarchical.  Structure of  Magnetic
Nanoparticles -FesOs- Ferrofluids Revealed
by Small Angle X-Ray Scattering, J. Chem.21
(3) (2021) 635 — 643.
https://doi.org/ 10.22146/ijc.59114

[11]Sh.N. Aliyeva, Y.N. Aliyeva, A.l. Nadjafov, I.S.
Hasanov, E. K. Huseynov, T.R Mehdiyev.
EPR and SPM studies of (Zn-Ni) ferrites.
PSS(c). 12(6), (2015) 615-619. https:// doi.
org/ 10.1002/ pssc. 20140 0273

[12] T.R.Mehdiyev, A.M. Hashimov, Sh.N.
Aliyeva, I.LF. Yusibova, A.V. Agashkov, B.A.
Bushuk. Luminescent and optical properties of
(Ni, Zn) ferrites, IJTPE Journal. 13 (1) (2021)
81-90.

[13] Yu.N. Mikhailov, V.A. Kazantsev. Effect of
neutron irradiation on long-wavelength
magnetic excitations in  ZngeoNio.40Fe204
ferrite, Solid State Physics. 52 (5) (2010) 894-
897.
ttps://doi.org/10.1134/S1063783410050148.

[14]Yu.N. Mikhailov, V.A. Kazantsev. Long-
wavelength  magnetic  excitations  in
ZnolssMno,45F6204 ferrite, Solid State PhySiCS.
50 (1) (2008) 46-48.
https://doi.org/ 10.1007/s11451-008-1010-7.

[15] Yu.G. Chukalkin, A.E. Warm. Magnetic state
of nickel-zinc ferrites in the region of high
zinc concentrations, Solid State Physics. 40
(8) (1998) 1503-1504.
https:// doi. 0rg/10.1134/1.1130559.

[16]Yu.G. Chukalkin, V.R.  Stirts, B.N.
Goshchitsky. Antiferr-ferrimagnetic
transformation upon cluster disordering of
ZnFe,04, Solid State Physics. 30(11) (1988)
3201- 3208.

[17]S.N. Aliyeva, S. Babayev and T.R. Mehdiyev.
“Raman  spectra  of  NiixZnxFe204
nanopowders”, J. Raman Spectrosc. 49 (2018)
271-278. https://doi.org/10.1002/jrs.5276.

[18] T. Mehdiyev, A.M. Hashimov, S.H. Jabarov.
S.N. Aliyeva and et.al. “Cluster aggregation of
NiixZnyFe 04 ferrospinels”, JMMM. 587
(2024) 171326.

[19] Sh.N. Aliyeva, Y.N. Aliyeva, A.l.Nadjafov, I.S.
Hasanov, E.K.Huseynov, T.R. Mehdiyev.
“EPR and SPM studies of Zn-Ni ferrites”,
Phys. Status Solid (c). 12 (6) (2015) 615-619.
https://doi.org/10.1002/pssc.201400273.

[20]1.F. Yusibova. Synthesis and physical
properties of Cu-substituted Ni-Zn ferrites,
AJP Fizika 25 (2) (2019) 42-45.

[21] Kh.N. Ahmadova, S.H. Jabarov. Obtaining of
Al Nanosized Thin Layers and Their
Structural Properties// Arabian Journal for
Science and Engineering. (2022) (Springer)
https://doi.org/10.1007/s13369-022-07449-2

[22]A. Guinier, G. Fournet. Small-Angle
Scattering of X-rays. John Wiley and Sons,
New York, 1955, pp.113.

37

[23] G.V. Fetisov. Synchrotron radiation. Methods
for studying the structure of substances, M,
Fizmatil, 2007, pp. 672.

[24] G. Porod. The dependence of small-angle X-
ray scattering on the shape and size of
colloidal particles in dilute systems, Acta
Phys. 2 (1948) 255-292.

[25]S. Thakur, P. Pandit, S. K. Sharma, S. C.
Katyal, M. Singh, and A. Gupta. Magnetic
ordering in nickel-zinc nanoferrite thin film
formed by Langmuir Blodgett technique,
Applied Physics Letters 103, 233102 (2013)
.https://doi.org/10.1063/1.4837735

[26]R. Ayler. Silica Chemistry., M. Part 1, 1982.
pp.416.

[27]1D. A. Kotikov, M.I. Ivanovskaya. The use of
the sol-gel method for the synthesis of various
structural modifications of iron oxide (lI1) in
the nanoscale state Vestn. 2. 2005 11-15.

[28]A.V.  Adakimchik, N.I. Gorbachuk,
M.l.lvanovskaya, D.A. Kotikov,
M.G.Lukashevich, V.B. Odzhaev and

Yu.V.Sidorenko. “The Dependence of the
Conductivity of SiOz-y-Fe203 Film
Composites on Air Humidity,” Zh. Fiz.
Khim. 84(4), 773-778 (2010) [Russ. J. Phys.
Chem. 84 (4), 684-688 (2010)]

[29]S. Jungblut, J.O. Joswig and A. Eychmuller.
Diffusion- and reaction-limited  cluster
aggregation revisited, Phys. Chem. Chem.
Phys., 21 (10) (2019) 5723-5729. https://doi.
org/ 10.1039/c9cp00549h

[30]D. Cruz, M. Pimentel, A. Russo, and W.
Cabral. Charge neutralization mechanism
efficiency in water with high color turbidity
ratio using aluminium sulfate and flocculation
Index, Water, 12(2), (2020)
572. https://doi.org/10.3390/w12020572.

[31]F, Vereda, A. Martin-Molina, R. Hidalgo-
Alvarez and M. Quesada-Pérez. Specific ion
effects on the electro kinetic properties of iron
oxide nanoparticles: Experiments and
simulations, Phys. Chem. Chem. Phys., 17
(26), (2015) 17069-17078. https:// doi.
0rg/10.1039/c5¢cp01011j

[32] zhi Li, Zhen Zhao, Qi Wang and Xi-Tao. Yin
Density functional theory study on the
structures, electronic and magnetic properties
of the MFe3n.104q (n = 1-3) (M=Mn, Co and
Ni) clusters. Mater. Res. Express. 5 (4) 2018.
https://doi.org/10.1088/2053-1591/aabb22

[33]E. Limpert, W.A. Stahel and M. Abbt. 2001,
Log-normal distributions across the sciences:
Keys and clues: On the charms of statistics,
and how mechanical models resembling
gambling machines offer a link to a handy way
to characterize log-normal distributions,
which can provide deeper insight into
variability and probability-normal or log-
normal: That is the question, That is the
guestion, BioScience, 51 (5), (2001) 341-352.
https://doi.org/10.1641/0006-
3568(2001)051[0341:Indats]2.0.co;2



https://doi.org/10.1134/S1063783410050148
https://doi.org/10.1007/s11451-008-1010-7
http://dx.doi.org/10.1134/1.1130559
https://doi.org/10.1002/jrs.5276
https://ui.adsabs.harvard.edu/link_gateway/2015PSSCR..12..615A/doi:10.1002/pssc.201400273
https://doi.org/10.1007/s13369-022-07449-2
http://dx.doi.org/10.1063/1.4837735
https://doi.org/10.3390/w12020572

.N. OLiYEVA, i.F. YUSIBOVA, T.R. MEHDIYEV, X.0. HOSONOVA, R.H. NAYIMBOYOVA

[34] Sh.N. Aliyeva, T.R. Mehdiyev, S.H. Jabarov, Quantum Electronics, Proceedings of the XIlI
Kh.N. Ahmadova, I.F. Yusibova. Temperature International ~ Scientific and  Technical
dependences of the total spin moment in Conference Minsk, November (2019)
nanopowders of Niy.xZnyFe;0,) x=0.0; 0.25; [36]Sh.N.  Aliyeva, T.R. Mehdiyev, AM.
0.5; 0.75;1.0) ferrospinels. J.Supercond Magn. Hashimov, L.F. Yusibova, A.A. Sadigova.
36,(2023)367-371. Optic radiation of thin-film structure of FD-
https://doi.org/10.1007/s10948-022-06458-4 resistor with active NiosZnosFe.O4 layer,

[35]A.V. Agashkov, B.A. Bushuk, A.M. IJTPE - Issue 50, V. 14, Num. 1, (2022) 161-
Varanetsky, T.R. Mekhtiev. Method for 165.
obtaining ferrite microstructures with spatially https://doi.org/10.4028/www.scientific.net/M
modulated magnetic and electric profiles / SF.321-324.802

Sh.N. Aliyeva, I.F. Yusibova, T.R. Mehdiyev, Kh. A. Hasanova, R.H. Nayimbayova
ASSOCIATION OF CLUSTERS IN NizxZnxFe204 FERROSPINELS

Using atomic force microscopy and small-angle X-ray scattering, fractal-cluster formations ranging in size from 4 to 21
nm were detected in all compositions of nickel-zinc ferrospinels. The obtained fractal dimension for the observed aggregates
indicates that the reaction-limited mechanism of cluster aggregation is realized in the studied system of ferrospinels, and the
existence of larger crystal aggregates is explained within the framework of the neutral charge model due to a decrease in
electrostatic forces between clusters. Considering that the layered quasi-two-dimensional aggregate has a fractal dimension
closer to two, it is assumed that the formation of three-dimensional aggregates occurs as a result of magnetic interaction between
primary nanoparticles.

II.H. Anuea, U.®. FOcuboBa, T.P. MexTtuen, X.A. I'acanora, P. I'. HaumoexoBa
ACCOIMALIUA KIACTEPOB B Ni1xZnxFe204 ®PEPPOLUITUHEJISAX

MetonaMu aTOMHO-CUJIOBOM MUKPOCKOIIMM M MaJIOYIJIOBOI'O PEHTTCHOBCKOI'O PACCESIHUS BO BCEX COCTaBaX HUKEIb-
IIMHKOBBIX (eppollnuHeneil oOHapyX eHb! (paKTanibHO-KIacTepHble 00pa3oBaHus pa3MepoM oT 4 no 21 uM. ITomydeHHas
(pakranabHas pa3MEepHOCTh HAaOIIOAAEMBIX arperaToB yKas3bIBaeT Ha TO, YTO B M3y4yaeMOW cucteMe QeppocnuHeneil peanu-
3yeTcs PeaKIMOHHO-OTPAaHUUEHHBIH MEXaHU3M KJIaCTEPHOH arperaiyy, a CylecTBOBaHUE Oosee KPYIHBIX KPUCTAIINIECKUX
arperaToB OOBSICHSIETCA B PaMKaX MOJETHM HEWTPAIBbHOTO 3apsija 3a CUYeT YMEHBIICHHS DIEKTPOCTATHUECKONW CHIIBI MEKIY
KJIaCTepPaMH. Y UHTHIBAsI, YTO CIIONCTHIM KBAa3UIBYMEPHBII arperatr IMeeT (paKkTalbHyIO0 pa3MEpHOCTh, OM3KYIO K IBYM, TIPE-
T10J1araeTcsi, 4T0 00pa3oBaHUEe TPEXMEPHBIX arperaToB MPOUCXOHUT B PE3yIbTaTe MarHUTHOTO B3aNMOJCHCTBUS MEXIY IIep-
BUYHBIMU HAaHOYACTHIIAMU.
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