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ONSOZ

Son yillarda, fiziksel kooperatif sistemlerin dengeli ve dinamik davranislar1 ve o6zellikle
manyatik 6zellikleri karma-spin sistemleri kullanilarak incelenmektedir. Dengeli davraniglar
veya denge durumundaki manyetik 6zellikler, dengeli istatistik fizik kapsaminda gelistirilen
yontemlerle ayrintili olarak incelenmis ve incelenmeye devam etmektedir. Diger taraftan,
karma-spin sistemlerini kullanarak fiziksel kooperatif sistemlerin dinamik davraniglarinin
veya dinamik manyetik 6zelliklerinin incelenmesi lizerine ¢ok az sayida arastirma yapilmis ve
yapilmaktadir. Ayrica, ilging ve Onemli problemlerden birisi, mekanizmasi heniiz tam
bilinmeyen ve dolayisiyla temel fenomenolojisi hala gelistirilememis olan, dengesiz veya
dinamik faz gecisi (DFQG) sicakliklarinin hesaplanmasi ve dinamik faz diyagramlarimin elde
edilmesidir. Yine, son yillar hem teorik ve hemde deneysel olarak {izerinde ¢alisilan dinamik
manyetik histerisiz 6zelikler (histerezis alani, zorlayict manyetik alan1 ve artik miknatislanma),
hem teknolojik uygulamalar1 ve hemde akademik arastirmalar bakimindan ¢ok 6nem arz
etmektedir. Bunlara ilaveten, ince film arastirmalart hem teknolojik ve hemde akademik
arasgtirmalar i¢in ¢ok Onemli bir konu oldugundan, ¢alismalarimizi iki-tabakali kare orgii

lizerinde yaptik.

Bu 6nemli konuya az da also bir katkida bulunmak i¢in, karma-spin (3/2, 2) ve karma-spin
(3/2, 5/2) lIsing bilayer sistemleri Glauber- tipi stokhastik dinamik temelli ortalama-alan
teorisi (dinamik ortalama alan teorisi (DOAT) diye de adlandirilir) yontemiyle incelendi.
Her iki karma spin sistemi i¢in DFG sicakliklar1 elde edilerek dinamik faz diyagramlar: farkli
diizlemlerde sunuldu. Bu karma spin sistemlerinin dinamik histerik 6zellikleri kullanilarak
kapsamlica incelendi. Elde edilen sonuglar ayrintili bir sekilde tartigilarak, benzer teorik ve
deneysel ¢alismalarla karsilastirildi, giizel ve kuantatif uyum goézlendi. Projeden, birisi DOI
numarast alimmig basimda olan ve ikiside Hakem agsamasinda olan SCI kapsdaminda
dergilerde ii¢ c¢alisma iretilmistir. Ayrica, uluslararasi toplantida sunulan iki calisma
PROCEEDING olarak yaymmlanmistir. Bir uluslararast sunum yapilmis ve OZET olarak
yayimmlanmistir. Bunlara ilaveten, karma-spin (3/2, 5/2) sistemiyle ilgili bir veya iki
uluslararas: sunum yapilmasi planlanmistir. Umit ederiz ki, bu proje ve ¢iktilar1 dinamik
davranilar tizerine teorik ve deneyeysel arastirma yapanlara ve Ozellikle DFG, dinamik
manyetk histerisiz {izerinde ¢alisanlara, faydali olur ve ayni zamanda yeni ve daha kaliteli

calismalara 11k tutar.
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OZET

Zamana bagl salinimli dis manyetik alan altinda 6nemli karma spinler arasinda olan, karma-
spin (3/2, 2) ve karma-spin (3/2, 5/2) Ising sistemlerinin dinamik manyetik 6zellikleri iki-
tabakali kare orgii kullanilarak incelendi. ilk olarak, sistemlerin dinamik davramslarmi
tamimlayan denklemler Glauber tipi stokastik dinamiklere dayanan ortalama alan teorisi,
dinamik ortalama-alan yaklasimi diyede adlandirilir, kullanilarak elde edildi. Ortalama
miknatiglanmalarin zamanla degisimi ayrintili olarak incelenerek sistemlerde meydana gelen
fazlar tespit edildi. Dinamik miknatislanmalarin sicaklik degisimleri de arastirilarak faz
gegcislerinin tabiati (birinci- veya ikinci derece) tanimlandi ve sonugta, farkli diizlemlerde
dinamik faz diagramlar1 elde edilerek sunuldu. Dinamik magnetic histeresiz dongii davranislar
cok kapsamlica incelendi ve taartigildi. Ayrica, zorlayict manyetik alan ve kalict miknatislanma
incelendi ve tartisildi. En sonunda, elde edilen sonuglar bazi mevcut teorik ve deneysel

songlarlar karsilastirildi ve giizel ve kuantatif uyum gozlendi.

Anahtar Kelimeler: Karma-spin (3/2, 2) ve karma-spin (3/2, 5/2) Ising sistemleri, dinamik
histerisiz dongii davranislar, dinamik faz gegisleri, dinamik faz diyagramlar1, Glauber stokastik
-type dinamik temelli ortalama-alan yaklasimi



ABSTRACT

Dynamic magnetic properties of mixed-spins (3/2, 2) and mixed-spins (3/2, 5/2) Ising systems
on a two-layer square lattice under an oscillating magnetic field are studied. First, we obtained
the dynamic equations that describe the dynamic behaviors by using the mean-field theory
based on the Glauber—type stochastic dynamics, also called the dynamic mean-field theory
(DMFT). The time variations of the average magnetizations are extensively studied to obtain
the phases in the systems. The thermal behavior of the dynamic magnetizations are also
investigated in order to characterize the nature (first-or second-order) of the phase transtions
and as a result the dynamic phase diagrams are calculated and presented in different planes.
Dynamic magnetic hysteresis loops behaviors are also studied and discussed in detail.
Moreover, the coercive field and remanent magnetization are also examined and discussed.
Finally, the obtained results are compared with some available theoretical and experimental

works and observed a quantitatively good agreement.

Keywords: Mixed-spins (3/2, 2) and mixed-spins (3/2, 5/2) Ising systems, dynamic hysteresis
loop behaviors, dynamic phase transitions, dynamic phase diagrams, mean-field

approximation based on Glauber-type stochastic dynamics



BOLUM I

GIRIS

Manyetik ince film malzemeleri, mikroelektronik, manyeto-optik kopyalama (recording),
hafiza sistemlerinde kullanilma potansiyellerinin olmasi, deneysel, uygalamali ve teorik
Onemli arastirma konular1 igerisine girmistir ve malzemeler iizerine ¢ok yogun g¢alismalar
yapilmaktadir (Bknz. Ref. [1-4] ve i¢indeki kaynaklar). Deneysel olarak, manyetik tabakali
ince filmlerin yapisal ve manyetik Ozellikleri lizerine ¢ok sayida calismalar yapilmistir.
Ornegin, Fe/Ni [5], Fe/Ni and Fe/Co [6], Ni/Au [7], and Co/Cu/Ni80Fe20 [8], Ni/ Fex Mn1-x
[9], La2/3Cal/3Mn0O3/SrTiO3/YBa2Cu307-x, [10], FePt/Fe [11], FM/TbFe (FM=Fe, Py-
permalloy, FeCo) [12]. Spin Ising sistemlerini kullanarak, manyetik ince filmlerin denge
manyetik ozellikleri denge istatistiksel fizikte gelistirilen dnemli yontemlerle; 6rnegin Monte
Carlo (MC) hesaplamalar1 (Bknz. [13—19] ve i¢indeki kaynaklar), ortalama alan teorisi (OAT)
[20-23], etkin alan teorisi (EFT) [24-30], spin-dalgalanma [31], renormalizasyon grup (RG
metodu [32-33], seri agilim metodu [34], ¢ift yaklasimli kiimesel degisim metodu [35] ve
Bethe orgilisti lizerinde kesin ¢coziimler (Bknz. [36, 39] ve i¢indeki kaynaklar), incelenmis ve

halen de incelmelere devam edilmektedir.

Ince filmlerin manyetik denge Ozellikleri iizerine daha fazla arastirmalar yapildig: halde,
dinamik manyetik dzellikleri iizerine ¢ok daha az calisilmalar yapilmistir. Ik dikkate deger
ilk ¢alisma, Wu ve arkadaslar1 [40], iki tabakali spin-1/2 sisteminin dinamik manyetik
ozelliklerini dinamik MC hesaplamalartyla incelemis ve Jang arkadaslar1 [41-44] da yine
dinamik MC kullanarak manyetik ince Hesenberg filmlerin faz ve histerisiz davranislarini
incelediler, ancak dinamik faz diyagramlarin1 elde etmediler. Canko ve arkadaslar1 [45],
zamana-bagl salinimli manyetik alan varliginda, spin-1/2 Ising sisteminin dinamik manyetik
ozellikleri iki-tabakali kare orgii kullanilarak DOAT ile incelediler. Ozellikle, DFG
sicakliklarini elde ettiler ve dinamik faz diyagramlarini sundular. Ertas ve Keskin [44-45],
zamana-baglh salinimli manyetik alan varliginda, karma spin (5/2, 2) Ising sistemin dinamik
manyetik Ozellikleri iki-tabakali kare orgii kullanilarak DOAT incelediler. Ayrica,
ferromagnetik/ferromagnetik, antiferromagnetik/ferromagnetik [46] ve
antiferromagnetik/antiferromagnetik [47] etkilesmeleri géz Oniine alarak DFG sicakliklarini
arastirdilar; ilging ve zengin dinamik faz diyagramlarin1 buldular. Yakin zamanda, salinimhi
dis manyetik alan varhginda spin-1/2 [48] ve karma spin (3/2, 2) [49] iki-tabakali

sistemlerinin yalniz DFG sicakliklar1 ve dinamik faz diyagramlart DOAT ile incelenmistir.



Ancak, histerisiz ve telafi, sicakliklar1 gibi ¢ok Onemli manyetik dinamik davranislar

incelenmemistir.

Projemizde, incelemesini yaptigimiz karma-spin (3/2, 2) ve karma-spin (3/2, 5/2) lIsing
sistemlerinin de yine denge oOzellikleri daha kapsamli incelendigi halde dinamik manyetik
ozellikleri cok daha az incelenmistir. Dinamik sistemlerin incelenmesinin zor ve karigikligi ve
ayni zamanda daha az yoOntemin olusu, bu sistemlerin de dinamik davranislarinin
incelemesine engel olan veya zorlastiran énemli nedenlerdir. Karma-spin (3/2, 2) sisteminin
denge davraniglarinin arastirilmasi lizerine, en iyi bilgilerimiz dahilinde, Babok and Dely [50]
tarafindan yapilmistir ve bunlar sistemdeki denge faz diyagramlarini, Bogoliubov esitsizligi
temelli OAT ile elde etmisler. Faz diyagramlarinin ticlii kritik ve yalitilmig kritik noktalar
sergiledigini bulmuslar. Albayrak [51], Bethe oOrgiisii lizerinde sistemin kesin denge
¢ozlimiinli yapmis ve faz diyagramlarini kapsamlica incelemis. Miao ve arkadaglar1 [52],
Bogoliubov esitsizligi temelli OAT ile sistemin gecirdigi faz gecislerini ve c¢oklukritik
(multicritical) noktalar1 incelemislerdir. Deviren ve arkadaslar1 [53, 54], karma spin (3/2, 2)
ferrimagnetic Ising [53] ve birbirini takip eden tabakali [54] sistemleri alarak; bu sistemin
denge manyetik 6zelliklerini etkin-alan teorisiyle kapsamlica incelemislerdir. Karma spin (3/2,
2) ferrimagnetic Ising sisteminde farkli kristal alan etkilesmeli Hamiltoniyen alarak; bu
sistemin denge Ozelliklerini Abubrig [55] Bogoliubov esitsizligi temelli OAT kullanarak
incelemistir. Diger taraftan, ikinci kullanacagimiz sistem olan karma spin-3/2 ve spin-5/2
Ising sistemi, ayn1 zamanda AFe'' Fe!"' (C204)s (A= N(n-CsH7)s ve Fe(TPrPc)Nz manyetik
molekiil bilesikleri i¢in protatip model olusturdugundan, iizerinde daha fazla calisma
yapilmistir. Ik ¢alisma, Zhang ve arkadaslari [56] taraflarinda yapilmis ve bunlar karma spin
(3/2, 5/2) ferrimagnetik Ising sistemin i¢ enerji davraniglarini incelemislerdir. Albayrak and
Yigit [57, 58], sistemin Bethe Oriisii iizerindeki kesin c¢oziimlerini yapmis ve faz
diyagramlarin1 kapsamlica sunmuslardir. Rachidi ve arkadaglari [59], sistemin Cayley agaci
oOrlisii tizerindeki kesin ¢oziimlerini yapmislardir. Cok tabakali karma spin (3/2, 5/2) Ising
sisteminin de, yiizey etkilerinin manyetik 6zelliklerin davranislarina tesirlerin, Ma ve Jiang
[60] tarafindan incelenmistir. Sistemin MC hesaplamalariyla incelemesi, Espriella ve
arkadaslar1 [61, 62] tarafindan yapilmistir. Zhu ve Ling [63], OAT kullanarak her iki karma
sistemin; temel faz diyagramlarini da elde ederek farkli diizlemlerde faz diyagramlarini
sunmuslardir. Ayrica, ferrimanyetik nanopargaciklarin 6zellikleri, karma spin (3/2, 5/2) 1sing
sistemi etkin-alan teorisiyle ¢oziilerek, Jiang ve arkadaslari [64] tarafindan incelenmistir. Ve

sistem parametrelerinin degerlerine gore bir veya iki telafi noktalari bulunmustur.



Her iki karma-spin sistemin dinamik manyetik 6zellikleri yukarida belirtildigi gibi ¢ok daha
az incelenmistir. Karma-spin (3/2, 2) Ising sisteminin manyetik dinamik davranisi ilk olarak,
DOAT kullanilarak, Keskin ve Polat [65] tarafindan incelenmis ve DFG sicakliklari ve
dinamik faz diyagramlar1 kapsamlica sunulmustur. Ayrica, daha 6nce belirtildigi gibi ve basit
Hamiltoniyenli karma-spin (2, 3/2) iki-tabakali Ising sisteminin yalniz DFG sicakliklar1 ve
dinamik faz diyagramlar1 Temizer ve arkadaslari [49] tarafindan incelenmistir. Ancak,
histerisiz ve telafi, gibi cok O6nemli manyetik dinamik davranislar incelenmemistir. Diger
taraftan, karma spin (3/2, 5/2) Ising sisteminin DFG sicakliklari, dinamik faz diyagramlar1 ve
telafi sicaklik davraniglari DOAT ile Deviren ve Keskin [66] tarafindan kapsamlica

incelenmistir.

Bu literatiir 6zetinden de anlasilacag: tizere, en iyi bilgilerimiz dahilinde, karma-spin (3/2,
5/2) iki-tabakali Ising sisteminin dinamik manyetik Ozellikleri hi¢ incelenmemis ve basit
Hamiltoniyenli karma-spin (3/2, 2) iki-tabakali Ising sisteminin yalniz DFG sicakliklar1 ve
dinamik faz diyagramlar1 yakin zamanda [49] incelenmistir. Ancak, bu proje igeriginde daha
fazla etkilesim parametresi igeren Hamiltoniyenli karma-spin (3/2, 2) iki-tabakali Ising
sisteminin incelemesi yapilacak. Ayrica, onemli manyetik 6zellikler olan dinamik histerisiz ve
telafi sicaklik davranislart ve manyetik alinganlhigin sicakliga gore davranisi gibi onemli
dinamik manyetik 06zellikler incelenmediginden, bunlar bu proje Onerisi kapsaminda
yapilacaktir. Bu nedenle, proje kapsaminda bu karma iki-tabakali Ising sistemlerinin dinamik
manyetik 6zelliklerini ¢ok daha kapsamli incelenmis olmasi; énemli bir literatiir boslugunu
doldurmustur. Ayrica, bu proje; manyetik tabaka yapili ince filmlerin ve tabakali karma spin
Ising sistemlerin dinamik manyetik 6zellikleri iizerinde deneysel ve teorik aragtirmalar yapan

bilim insanlarina da 151k tutucu/yol gdsterici potansiyeli de olacaktir.

Dort boliimden olusan bu projenin ilk boliimii giris boliimii olup, Boliim IT de karma-spin (3/2,
2) Ising sisteminin dinamik manyetik o6zellikleri DOAY ile incelenmistir. Bolim II1 de
karma-spin (3/2, 5/2) Ising sisteminin dinamik manyetik 6zellikleri {izerine salinimli dig
manyetik alan frekansinin etkisi kapsamlica incelenmistir. Projemiz kapsaminda iiretilen ve
EKLER olarak verilen yayinlarda, i¢erik ve bulunan sonuglar ¢ok kapsamli sunuldugundan,
gereksiz tekrarlamalarin olmamasi i¢in bu SONUC RAPORUNDA 6zet bilgiler verildi.



BOLUM 11

KARMA-SPIN (3/2, 2) ISING BILAYER SISTEMININ DINAMIK MANYETIK
OZELLIKLERININ INCELENMESI

Karma-spin (3/2, 2) Ising bilayer sisteminin dinamik manyetik 6zellikleri ile ilgili ¢alismalar
tamamlanmistir. Sistemin dinamik manyetik 6zellikleri, salinimli dis manyetik alan altinda
Glauber-tipi stokhastik dinamik temelli ortalama-alan yaklasimi, yani dinamik ortalama-alan
yaklagimi (DOAY), kullanilarak incelendi. Projemiz kapsaminda iiretilen ve EKLER olarak
verilen yayinlarda, icerik ve bulunan sonuglar ¢ok kapsamli sunuldugundan, gereksiz

tekrarlamalarin olmamasi i¢in burda 6zet bilgiler verildi. Bu konuda iiretilen ¢aligmalar:

a) Birinci ¢alismada farkli kristal alan etkilesim parametreli (Da # Ds) karma spin (3/2, 2)
Ising bilayer sisteminin dinamik faz diyagramlari (DFD), yalniz
feromagnetik(FM)/ferromagnetik (FM) etkilesme i¢in, incelendi. Da ve Dg sirasiyla A ve B
alt orgiileri i¢in tamimlanan iki farkli kristal alan etkilesimleridir. Sonugta, tabakalar arasi
etkilelme parametresi (J3) ufak oldugunda Da ve Dgs, DFD’lara etkisi fazla oldugu, fakat Js
biiyilk oldugunda etkinin az oldugu gozlendi. Bu ¢alisma, Internatinal Conference For
Academic Disciplines, Harvard Medical School, Boston, Massachusetts, ABD, 23-27
May 2016, toplantisinda sozlii bildiri olarak sunulmustur ve PROOCEEDING olarak
Conference of the International Journal of Arts &Sciences dergisinde basildi. (Bknz. EK-1
ve 2).

b) Busunum ve kisa PROCEEDING calismada ilging sonuglar elde edilince, bu ¢alisma daha
da kapsamli yapilmigs ve calisma FM/AFM (AFM, antiferromagnetic) ve AFM/AFM
etkilesmeleri i¢inde kapsamlica incelenmis ve DFD’lar elde edilmistir. Sonugta, zengin ve
farkli topolojide faz diyagramlari elde edildi. Ozellikle, etkilesim parametrelerine bagl
olarak, sistemde tgliikritik nokta disinda, dinamik ¢ift kritik son nokta, dinamik sifir kritik
son nokta, dinamik c¢oklu kritik nokta, dinamik {i¢lii nokta gibi 6zel Kkritik noktalar da
gozlendi. Ayn1 zamanda, DA, Ds ve J3, etkilesme parametrelerinin DFD’larina etkisi de
incelendi ve sonucta Da, Ds ve J3, FM/FM, AFM/FM etkilesmeleri igin elde edilen
DFD’larina etkilerinin ¢ok fazla oldugu, fakat AFM/AFM etkilesmesi icin elde edilen faz
diyagramlarina etkileri daha az oldupu tespit edildi. Bu c¢alisma, yayimlanmasi i¢in SCI
kapsaminda olan Journal of Superconductivity and Novel Magnetism dergisine sunulmus

olup bu anda Hakem incelemesi asamasindadir (Bknz. EK-3).


https://link.springer.com/journal/10948

¢) Dinamik manyetik histerisiz (DMH) davranislari iizerine olan ilk ¢calismamiz; Tek kristal
alan etkilesim (D) Hamiltoniyenli karma-spin (3/2, 2) Isimg bilayer sisteminde olusan DMH
davraniglarinin incelenmesi tizerine olmustur.  Bu c¢alismada sistemin dinamik histerezis
dongiisii (loop) lizerine, sicakligin ve salinimli dis manyetik alan frekansinin etkisi, detaylica
incelendi. Sistemin yalnizca tekli dongii histerisis davranis gosterdigi gozlemlendi. Ayrica
sistemin zorlayici alani ve artik miknatislanmasinin sicakliga bagli davranist da incelenmistir.
Bu calisma “Dynamic Magnetic Hysteresis Behavior in a Mixed Spin (3/2, 2) Bilayer System
Under A Time-Dependent Oscillating Magnetic Field” bashg ile ISERD 125th
International Conference on Science and Innovative Engineering (ICSIE), 23 Ocak - 24
Ocak 2017, Mekke, SUUDI ARABISTAN, uluslararasi toplantisinda DAVETIYELI bildiri
olarak sunulmustur (Bknz. EK-4). Calisma aym1 zamanda Proceedings of 65th ISERD
International Conference, Mecca, Saudi Arabia, 23rd-24th January 2017, ISBN: 978-93-
86291-92-9 proceding olarak yaymlanmistir (Bknz. EK-5).

d) DMH davranislar1 iizerine yaptigimiz ikinci ¢alismada, alt orgiiler i¢in farkli kristal alan
etkilesim parametreli (Da # Ds) segildi. Boylece, karma-spin (3/2, 2) Ising bilayer sisteminin
dinamik histerisis Ozellikleri salinimli dis manyetik alan altinda DOAY ile incelendi.
Calismada, o6zellikle DA, Ds 'nin DMH davranislar iizerine etkisinin yanisira sicakligin,
salimmli dis manyetik alan frekansinin (w) ve tabakalar arasi bilineer -etkilesim
parametresinin (J3) dinamik histerezis dongiileri iizerine etkileri kapsamlica incelenmistir.
Sistemin tekli ve {glii histerisis davranislar gosterdigi gozlemlendi. Ayrica, zorlayici
manyetik alan ve kalici miknatislanma davranislar1 lizerine W ve Js etkileri arastirildi. Bu
calisgma, SCI kapsamida olan Journal of Superconductivity and Novel Magnetism
dergisinde basim (DOI 10.1007/s10948-017-4145-y) asamasindadir (Bknz. EK-6). Calisma
ayn1 zamanda so6zIi bildiri olarak Sixth Bozok Science Workshop: Studies from Nuclei to
Nanomaterials with Applications 23-25 August 2017, Yozgat, Turkey, toplantisinda sozlii
bildiri olarak sunulmustur (Bknz. EK-7).

Bu c¢alismalarda elde edilen sonuglar literatiirdeki mevcut diger dinamik sonuglarla
karsilastirildi ve glizel, kuantatif, uyum gézlendi.


https://link.springer.com/journal/10948

BOLUM 111

KARMA-SPIN (3/2, 5/2) ISING BILAYER SISTEMININ DINAMIK MANYETIK
OZELLIKLERiI UZERINE SALININLI DIS MANYETIK ALAN FREKANSININ
ETKIiSi

Karma-spin (3/2, 5/2) 1sing bilayer sisteminin dinamik manyetik 6zellikleri iizerine salininl
dis manyetik alan frekansinin etkisi kapsamlica incelenmistir. Sistemin ortalama alana
dinamik denklemeleri DOAY kullanilarak elde edilmis ve dinamik diizen parametrelerinin
(M1, M1B, M2” ve M2B) sicakliga gore davramisi kapsamlica incelenerek DFG noktalar:
hesapland1 ve dinamik faz diyagrmlar1 t¢ farkli diizlemde (h, T), (d, T) ve (W/m, T)
diizlemlerinde sunularak dis manyetik alan frekansinin etkisi incelenmistir. Manyetik alan
frakansonin  kiicik degerlerinde sistemin daha basit faz diyagramlar1 sergiledigi
gozlemlenirken, frekansin biiyiik degerlerinde sistemin daha karmasik/zengin dinamik faz
diyagramlar1 sergiledigi gézlemlenmistir. Etkilesim parametrelerine bagli olarak, sistemin
ticliikritik nokta disinda, dinamik {¢lii nokta ve dortlii nokta gibi 6zel noktalar sergiledigi
gbzlenmistir. Son olarak sistemin dinamik histerisiz alani lizerine salinimli dis manyetik alan
frekansimin etkisi incelenmis ve sistemin tekli ve tclii histerisiz davranis sergiledigi
gbzlenmistir. Calismadan elde edilen sonuglar literatiirdeki mevcut diger dinamik sonuglarla
karsilastirildi ve giizel, kuantatif, uyum gozlendi. Caligma yayimlanmasi i¢in Journal of
Magnetism and Magnetic Materials dergisine sunulmus olup bu anda Hakem inceleme
asamasindadir (Bknz. EK-8).



BOLUM 1V
SONUC VE ONERILER

Bulunan sonugclar:

Karma spin (3/2, 2) Ising bilayer sisteminin dinamik histerisis 6zelliklerinin Glauber-tipi
stokhastik dinamik temelli ortalama-alan yaklasimi, yani dinamik ortalama-alan yaklagimi
(DOAY) incelenmesi ile elde edilen sonuglar: Etkilesim parametrelerine bagli olarak sistemin
tekli ve ticlii dinamik histerisiz davranis sergiledigi gozlendi. Histerisiz alan {izerine sicakligin
etkisi incelendiginde, sicaklik artirildiginda dinamik histerisiz alaninin belirli bir krtitik
sicaklik degerine kadar arttig1 ve daha sonra azaldig1 gozlenistir. Kritik sicakligin ¢ok biiyiik
degerleri icin histeris alanin yok oldugu gézlenmistir. Salinimli dis manyetik alan frekansinin
histerisiz alani lizerine etkisi incelendiginde frekansin artmasiyla birlikte histerisisz alanin
arttig1 ve daha sonra azldig1 goriilmiistiir. Tabakalar arasi bilineer etkilesim parametresi J3’iin
negatif degerlerden baglayarak artmasi ile birlikte histerisiz alanin arttig1 ve belirli yiiksek
pozitif Js degerinden itibaren histerisiz alanin azaldigi ve en sonundada yok oldugu
gbzlenmistir. Son olarak kristal alan etkilesim parametrelerinin histerisz alan {izerine etkisi
incelendi. A alt Orgiisiiniin kristal alan etkilesim parametresinin (da) etkisi incelendiginde,
da’nin artmasiyla birlikte histerisiz alanin arttigi gézlenmistir. Ayrica, da’nin kii¢iik negatif
degerlerinde sistemin ticlii histerisiz davranis sergiledigi goriilmiistiir. B alt 6rgiisliniin kristal
alan etkilesim parametresinin (ds) etkisi incelendiginde, sistemin daima tekli histerisiz

davranis gosterdigi bulunmustur.

Farkli kristal alan etkilesim parametreli (da # ds) karma spin (3/2, 2) Ising bilayer sisteminin

dinamik dinamik faz diyagramlarinin DOAY ile incelenmesi sonucu elde edilen sonuglar:
Elde edilen dinamik faz diyagramlari indirgenmis sicaklik ve salinimli dis manyetik alan
genligi diizleminde sunulmustur. Sistemde paramanyetik (p), ferromanyetik (f),
antiferromanyetik (af), yiizey (sf), telafi (c) ve karma (m) temel fazlarimin yan sira, f + p,
m+p, f+c, f+sf, c+p,c+af, af + p karma faz1 elde edilmistir. Fazlar aras1 dinamik faz
siirlar1 birinci-derece ve ikinci-derece faz gegis ¢izgilerinden olusmaktadir. Temel fazlar
arast dinamik faz smirlart genellikle ikinci-derece faz gecis ¢izgileri oldugu halde, karma
fazlar ise g¢ogunlukla birinci-derece ve az sayida ikinci-derece faz gegis cizgileri ile
ayrilmaktadir. Etkilesim parametrelerine bagli olarak, sistemde tgliikritik nokta disinda,
dinamik ¢ift kritik son nokta, dinamik sifir kritik son nokta, dinamik ¢oklu kritik nokta gibi
0zel kritik noktalar da gozlenmistir. Dinamik faz diyagramlar1 {izerine kristal alan etkilesme
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parametrelerinin etkisinin iki tabaka arasi etkilesme parametresi olan Js bilineer etkilesim
parametresinin kiiciik degerleri i¢in biiyiik oldugu, Js bilineer etkilesim parametresinin biyiik

degerleri i¢in kiigiik oldugu gdézlenmistir.

Karma spin (3/2, 5/2) Ising bilayer sisteminin dinamik manyetik 6zelliklerinin DOAY ile
incelenmesi sonucu elde edilen sonuglar: Elde edilen dinamik faz diyagramlar {i¢ farkli
diizlemde (h, T), (d, T) ve (w/m, T) diizlemlerinde sunularak dis manyetik alan frekansinin
etkisi incelenmistir. Manyetik alan frakansinin kiigiik degerlerinde sistemin daha basit faz
diyagramlar1 sergiledigi gozlemlenirken, frekansin biiylik degerlerinde sistemin daha
karmasik/zengin dinamik faz diyagramlar sergiledigi gézlemlendi. Etkilesim parametrelerine
bagh olarak, sistemin iicliikritik nokta disinda, dinamik {iglii nokta ve dortlii nokta gibi 6zel
noktalar sergiledigi gozlendi. Son olarak sistemin dinamik histerisiz alan1 {izerine saliniml dis
manyetik alan frekansinin etkisi incelendi ve sistemin tekli ve Uglii histerisiz davranis

sergiledigi gozlendi.
Oneriler:

1- Glauber-tipi stokastik dinamik kullanilarak degisik ve 6zellikle de daha karmasik fiziksel

sistemlerin dinamik davranislari incelenebilir ve dinamik faz diyagramlari elde edilebilir.

2- Glauber gecis oranlari temelli etkin alan teorisi, dinameik etkin alan teorisi (DEAT)
Dinamik etkin alan teorisinde (DEAT) spinler arasi korelasyonlar goz Oniine alindigindan
dolay1 karma spin sistemlerinin dinamik faz gecis sicakliklari, dinamik histerisis davranislari,
dinamik faz diyagramlari gibi dinamik 6zellikleri, DEAT ile incelenmesi, sistemlerin dinamik

0zelliklerininin incelenmesi konusuna énemli katkilar saglayacaktir.
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THE CRYSTAL-FIELD EFFECTS ON THE DYNAMIC PHASE
DIAGRAMS IN FERROMAGNETIC MIXED SPIN (3/2, 2) BILAYER
SYSTEM: THE MEAN-FIELD THEORY AND GLAUBER-TYPE
STOCHASTIC DYNAMICS

Mehmet Ertas, Yusuf Ko¢ak and Mustafa Keskin

Erciyes University, Turkey

We study the crystal field effects on the dynamic phase diagrams in the ferromagnetic mixed spin (3/2,
2) bilayer system within the Glauber-type stochastic dynamics based on the mean-field theory.
Dynamic phase diagrams are presented in the reduced temperature (T) and magnetic field amplitude (h)
plane. We find that when the coupling constant (J;) is small, the effects of crystal-field interactions
parameters (D, and Dg) on the behavior of the dynamic phase diagrams are very much. If J; is large, the
influences of D, and Dg are small.

Keywords: Mixed spin (3/2, 2) bilayer system, Dynamic phase diagrams, Glauber-type stochastic
dynamics, Mean-field theory.

Introduction

Magnetic properties of various magnetic multilayers, layered structure and thin films have been attracted
significant attention, because of their great potential for technological application as well as for academic
research. Magnetic materials have been usually modeled by means of the mixed Ising systems and these
systems also give very rich phase diagrams. A mixed spin-3/2 and spin-2 Ising system is the one of the
well-known mixed spin which correspond to the Prussian blue of the type Fe"" | s [Cr"(CN),]. nH,0 [1-2].
Miao, et al. [3] studied the phase diagram of the mixed spin (3/2, 2) Ising ferromagnetic model with
different crystal fields by the use of the mean-field theory (MFT) based on the Bogoliubov inequality for
the Gibbs free energy. Bayram et al. [4] investigate the magnetic properties of a mixed spin (3/2, 2) Ising
ferrimagnetic system within the effective-field theory (EFT) in the presence of external magnetic field on
a honeycomb and square lattices. Abugrig [5] studied magnetic properties of the mixed spin (3/2, 2) Ising
ferrimagnetic system in an applied longitudinal magnetic field within the MFT based on the Bogoliubov
inequality for the Gibbs free energy. It has also gives very rich equilibrium [2] and nonequilibrium phase
diagrams [3]. Deviren et al. [6] studied phase diagrams in the mixed spin3/2 and spin-2 Ising system with
two alternative layers by using the EFT. Recently, Jabar et al [7] investigate the magnetic properties of
the mixed spin (3/2, 2) system using Monnte Carlo (MC) calculations. On the other hand, Keskin and
Polat [8] studied the phase diagrams of the nonequilibrium mixed spin-3/2 and spin-2 Ising ferrimagnetic
system on square lattice under a time-dependent external magnetic field are presented by using the
Glauber-type stochastic dynamics based on the MFT, also called the dynamic mean-field theory (DMFT).
Recently, dynamic phase diagrams of the mixed spin (3/2, 2) Ising bilayer system studied by Temizer

145



146 The Crystal-Field Effects on the Dynamic Phase Diagrams ...

et al. [9] and they presented dynamic phase diagrams in four different planes. They took the crystal-field
interaction for A and B sublatices as same (D); hence the influence of the crystal-field interactions was
not studied in which it is important to study their effects in detail. In this talk, we took the crystal-field
interaction for sites on A lattice as D4 and for sites on B lattice as Dg. We investigate the effects of D4
and Dg on the behavior of dynamic phase diagrams in the ferromagnetic mixed spin (3/2, 2) bilayer
system within the DMFT.

We consider a mixed spin-3/2 and Spin-2 Ising system with a two-layers, namely L; and L, on a
square lattices, seen in Fig. 1. Each layer of the system is also a two-sublattice system (A and B) with spin

variables 6 , o}’ = +3/2, +1/2 occupy L, layer and S%, S? =42, =1, 0 L, layer. Therefore, the system can
be described with four sublattice magnetizations or four simple magnetizations that are introduced as
follows: m* = <Gi>, m, = <Gj>, m) = <Si,>, m; = <Sj,>,where <> is the thermal expectation value.

Each layer has N sites and interacts with its nearest-neighbor (NN) and the corresponding adjacent spins
in the other layer whose sites are labeled by i, 1, j and j’, as seen in Fig. 1.

Figure 1. Schematic representation of a two-layer square lattice: L, and L, refer to the upper and lower
layers containing the spins labeled as GiA, G? and SiA,, S]?.

The Ising Hamiltonian of such a bilayer square lattice system can be written as

w:—lec:\c?—Jzzsﬁs;%—J{zc:‘sﬁ+Zc?sﬁ]—DA(Z(G?)2+Z<Sﬁ)2] "

<ij> <i'j™> <ii'> <ji*™> <i> <i'>
2 2
B B A B A B
D, (o) + X (s8) |1 Tt X ol + Xt 43t
<j> <j"™> <i> <j> <i'> <j™>

where <ij> and <i'j”> indicate a summation over all pairs of nearest-neighboring sites of each layer. J, and
J, are exchange constants for the first and second layer, respectively, which are also called intralayer
coupling constants, and J; is the interlayer coupling constant over all the adjacent neighboring sites of
layers, as seen in Fig. 1. H is an oscillating external magnetic field which is given H= Hycos(wt), where
Hy and w = 2nv are the amplitude and the angular frequency of the oscillating field, respectively. D, and
Dg are the crystal fields for sites on A lattice and for sites on B lattice, respectively. The system is in
contact with an isothermal heat bath at absolute temperature Tps.
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To obtain the set of mean-field dynamic equations for magnetizations we apply the Glauber-type
stochastic dynamics. Thus, the system evolves according to a Glauber-type stochastic process at a rate of

1/t transitions per unit time. We define P(c,,0,,..., Oy, S, S,,..., Sy;t) as the probability that the
system has ¢- and S- spin configurations in each layer G,,0,,..., Gy, S,, S,,..., Sy, at time t. If we let

W.(c* — GiA') be the probability per unit time that the ith spin changes from the values ¢ to o' "

while the others, i.e., (S,,S,,...,Sy) and spins on sublattice B, remain momentarily fixed, then we may

write the master equation that describes the interaction between the spins and the heat bath as

SN 3 I IATACA ] Ty

T\ oo

+ Z WY 6P (64,0,%,...6" ..o 1) |, ?)

i G#G

where WiA (GiA - G?,) is the probability per unit time that ith spin changes from the values &' to GiA, .

In this sense the Glauber model is stochastic. Since the system is in contact with a heat bath at absolute

temperature Ty, each spin can change from the value ¢,* to © iA' with the probability per unit time

1 exp(-BAE(s! > o))
T exp(-BAE(s! —>6))

Wi (o —>c) = 4)

where B=1/k,T,, k, being the Boltzmann factor, z is the sum over the five possible values of

:
o

GIA’ =12, +1, 0 and

2
AE! (o) > 6y =—(c! —6,")(J, Y. cP +1, > Sh +H)—((o;*’) ~(o )2JDA, (5)
j i

gives the change in the energy of the system when the o;-spin changes. The probabilities satisfy the
detailed balance condition. Using Eqs. (1)-(4), we obtain the dynamic equations for m”,

d

A
_ml =-m,

dg
4d
3ex A
p[ d

+

J
2exp| = ds cosh| - zm; + > m} +hcosé&
2T ],

J
sinh| = zm! + > m) +hcos§
2T ],

}+exp ——2 s1nh|: ! [sz+J3m§+hcos§H (6)
2T J

1

J b
}+Zexp o cosh{le(zm? +J—3m§ +hcos§ﬂ
1

where m” E<cf‘>, mp =(o}), m} =(S}), my =(S%).6=wt, T=(BJ,)", h=H,/J,, d, =D,/J,
and Q =1tw. We fixed z=4 and w=2nv.

N—

;/
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The other mean—field dynamical equations for mf , m?, m? and sz can be similarly calculated as

d
—m} =-m

Q
dg

3exp (dBj sinh {3 [sz i mj +hcos aﬂ +exp (—dBj sinh {l(sz i m} +hcos éﬂ (7)
X T 2T ], T 2T 7,
d I d I ’
2exp [Bj cosh {—3(sz +2m} +hcos &H +2exp (— Bj cosh {1 [sz +-2m} +hcos &H
T 2T 7, T 2T ],

d
dem;* =-mj

2e xp( 4;{’* Jsinh{i[?zmg + ‘}imf +hcos éﬂ +exp (dTA] sinh {;[?ng + %mf +hcos EJH 8)

B
1

1 1 1 1

exp 4ds \cosh| 2 J—sz§+J—3m{*+hc0s§ +exp 94 )cosn| L J—zzsz+J—3mf*+hcosE) +1/2
T TJ 1, T TJ J

1 1 1

d
@m? =-m;
2exp(?}sinh{i['}?zm? +;—?m13 + hcos&ﬂ + exp(‘}ﬁ)sinh{%[fzm? +‘;—Tm{5 +hcos§H 9
+ 2
exp 4dg cosh| 2 J—zzm§+J—3m{5+hcos§ +exp ds cosh| L J—sz§+£mf3+hcos§ +1/2
T T\ 7, ], T T\ 7, ],

Therefore, a set of mean-field dynamical equations are obtained.

Numerical Results and Discussion

In order to present the dynamic phase diagram, first we should find the phases in the system and then
obtain the dynamic phase transition (DPT) temperatures as well as to characterize the nature (continuous
or discontinuous) of the dynamic phase transitions.

The phases in the system can be found by solving Egs. (6) — (8) numerically by Adams-Moulton
predictor-corrector method for a given set of parameters and initial values. Since our aim is to study the
ferromagnetic (FM) mixed spin (3/2, 2) bilayer system, we take J;> 0 and J,>0Othat usually called the
ferromagnetic/ferromagnetic (FM/FM) interaction. Since the solution of these kind of dynamic equations
are given [9-12] in detail, we will not discuss the solutions and present any figures here. From the
investigations of the numerical solution, we observe that the dynamic phase diagrams contain the
paramagnetic (p), ferromagnetic (f), compensated (c) and fundamental phases and the f+p and ct+p mixed
phases which depending on the system parameters. To investigate the crystal-filed effect on the phase
diagram one has to determine the DPT points as well as to characterize the nature of the dynamic phase
transitions by examining the temperature dependence of the average magnetizations in a period or the
dynamic magnetizations as a function of the reduced temperature. The dynamic magnetizations (MfZB ),
are defined as

1 27
MY = —— [ mf (@)de, (10)
2y

We solve Eq. (10) by combining the numerical methods of the Adams-Moulton predictor corrector with
Romberg integration to obtain the DPT points as well as to characterize the nature of the dynamic
boundaries. Since these kind of investigations are given [9-12] in detail, we will not discuss the
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Figure 2. The dynamic phase diagrams in (T, h) plane for J;=1.0, J,=0.1 and J;=-0.25. The paramagnetic (p),
compensated (c) and the c+p mixed phases are found. Dashed and solid lines represent the first- and second-order
phase transitions, respectively. The special points are the dynamic tricritical point with filled circle, the dynamic
critical end (B), dynamic multicritical (A), dynamic tetracritical (M) and dynamic triple (TP) points. a) D,= 0.0 and
D= 0.0, b) D5=-0.5, Dg=0.0; c¢) DA=0.0, Dg=-0.5; d) Ds=- 0.5, Dg=- 0.25 and e) Do=-0.25 and Dg=- 0.5.

solutions and present any figures here. From this detail investigation we find that system either undergoes
a first-order or a second- phase transitions depending on the system parameters. We presented the
dynamic phase diagrams for two cases; one J3< 0 that the interaction between the layers is repulsive
(Fig. 1) and the other J;>0 in which the attractive interaction occurs between layers (Fig. 2). We should
remind that in Eq. (1), J; is taken as a negative, i.e., J3<0. We should remind that in Eq. (1), J; is taken as
a negative, namely J;<0. In these figures, the solid and dashed lines represent the second- and first-order
phase transition lines, respectively, and the dynamic tricritical points is denoted by a filled circle. B, A, M
and TP represent the dynamic critical end, dynamic multicritical , dynamic tetracritical and dynamic triple
points, respectively. From these phase diagrams in Fig. 1, the effect of crystal-field interactions can be
seen as follows: (1) If only D, is exist or dominant very much, the dynamic tricritical points occurs at
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low values of T and high values of h, compare Fig. 1 (a) with Fig. 1 (b). (2) If only Dy exists or dominant
very much, the dynamic tricritical points occurs at high values of T and low values of h as well as the
system exhibits the TP point, compare Fig. 1 (a) with Fig. 1 (¢). (3) If both D, and Dg exist, the system
exhibits the A and M points beside the dynamic tricritical point and the two different c+p mixed phase at
the high values of T and low values h, compare Fig. 1 (a) with Fig. 1 (d) and (e). (4) If DA < Dg, the B
critical point occurs and the dynamic tricritical point appears at low values of T and high values of h. On
the other hand for D, > Dg, the TP special point occurs and the dynamic tricritical points appears at high
values of T and low values of h. These fact also seen by comparing Fig. 1 (a), Fig. 1 (d) and (e) together.

B BN D.~0.5
14 ~ P D.—0
S, B
2| f+p T~
10 —"-‘-"-
h i
&
f
4
2
[
4 4 o 2 4 & 8 10 12 14
T i i
c i e N -
& ‘\\ D,=0 d ~ D,=-0.5
D,=05 . -~ D.=-0.25
s L z4
2l fEp ™ f+p s
e —— | - A
1w =~
] 4 G
h h
5 “
4 o ot f
2 2 f+p
0 T
L] 2 4 6 B 1w 12 “ o 2 4 6 8 10 12 "
T T
e D, =025
14 A=
\-.., " D,=05
2{fe+p ~
ag——
h k3
5
3 f
f+
]
(]
(] 2 4 € 8 10 12 14
T

Figure 3. Same as Fig. 2, but for J;=1.0, J,=0.1 and J;=5 that the interaction between layers is attractive.
The f represents the ferromagnetic phase. a) Da= 0.0 and Dg= 0.0, b) D5=-0.5 Dg=10.0; c) DA= 0.0, Dg=-0.5;
d) Dp=- 0.5, Dg=- 0.25 and ¢) D,=-0.25 and D=- 0.5.

Fig. 3 is obtained for J;=1.0, J,=0.1 and J;=5 to also see the effect of the crystal-field interactions
when the coupling constant is large. First of all, since J;>0, the ¢ phase in Fig. 1 becomes the
ferromagnetic (f) phase and the effect of D, and Dg are not much. Nevertheless the following important
influences are observed from Fig. 2. (1) When D, = Dg = 0, B critical point appears. (2) Existence of
only Da or only D give the similar behavior of the dynamic phase diagrams, compare Fig. 2 (b) with
Fig. 2(c). (3) If both D, and Djg exist, the system exhibits the A point beside the dynamic tricritical point
and the f+p mixed phase at the high values of T and low values h, seen in Fig. 2(d) and Fig. 2 (e). (4) For
D4 > Dg, A critical point appears at high values of T and low values of h.
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In conclusion, we study the effects of crystal field interaction parameters on the dynamic phase
diagrams in the ferromagnetic mixed system consisting of spin-3/2 and spin-2 on a two-layer square
lattice within the Glauber-type stochastic dynamics based on the mean-field theory. In particular, we took
the crystal-field interactions for sites on A lattice as D4 and for sites on B lattice as Dg and investigate the
effects of D4 and Dy on the behavior of dynamic phase diagrams in detail. Dynamic phase diagrams are
presented in (T, h) plane. We find that if the coupling constant (J;) is small, crystal-field interactions
parameters (DA and Dg) influence on the behavior of the dynamic phase diagrams very much. If J; is
large, the influences of D, and Dg are small. We should also mention that more detailed exposition, as
well as some new results will appear in future communications.
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9
10 Abstract Influences of crystal-fields (Da and Dg) and interlayer coupling interactions (J3) on
g dynamic magnetic critical behaviors of a mixed spins (3/2, 2) bilayer system under an
13 oscillating magnetic field are investigated by the Glauber-type stochastic dynamics based on
14 the mean-field theory. Dynamic phase diagrams are constructed in the reduced temperature and
15 magnetic field amplitude plane for the ferromagnetic/ferromagnetic (FM/FM),
16 antiferromagnetic/ferromagnetic (AFM/FM) and AFM/AFM interactions and examined in
g detail. We find that the Da, Dg mostly influence the critical behavior of the dynamic phase
19 diagrams and the J; affects the phases that will be occurred in the system.
20
21
22 Keywords: Spins (3/2, 2) bilayer system; dynamic phase diagrams; Glauber-type
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25
26
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o8 1 Introduction
gg Magnetic properties of thin magnetic films with magnetic—layered structures have been the
31 subject of intense experimental and theoretical researches due to their great potential for
32 technological application, such as electronic semiconductor devices, optical coatings, computer
gi memory, protection of substrate materials against corrosion, oxidation and wear [1]. Many
35 works have been experimentally investigated on the magnetic properties of the bilayers and
36 multilayers thin films, such as Co/Pt, Pt/Co/Pt, Pt/Co/AlOx, Gd-Co/Ti, W/B4C, CoSiB/CSiB,
37 Cd/Pd, Ni-Zr, Ni/Ti, Fe/Ni, Fe/Co, Ni/Au, Co/Cu/Ni80Fe20, La2/3Cal/3MnO3/SrTiO3
gg /YBa2Cu307-x, FePt/Fe, and Fe/TbFe etc.) (see [2-17] and references therein). Theoretically,
10 the spin-1/2 (see [18-30] and references therein), spin-1 (see [31-35] and references therein)
41 and also mixed Ising systems, namely spin (2, 5/2) [36, 37], spin (1, 3/2) [38], spin (3/2, 2) [39]
42 and spin (3/2, 5/2) [40], have been used to study magnetic behaviors of the bilayers and
43 multilayers thin films within the methods of the equilibrium statistical physics. Moreover, the
jg' bilayer spin-1 [41], spin-3/2 [42], spin [43] as well as mixed spin [44, 45] systems on the Bethe
46 lattices have been also investigated to observe some magnetic properties thin films. Recently,
47 dynamic magnetic properties thin films have been examined by using the spin-1/2 [46-49], spin-
jg 1 [50-52], spin (2, 5/2) [53, 54], spin (3/2, 2) [55-57] bilayer systems.
50
51
52
53
2‘51 *Corresponding author. E. Mail: keskin@erciyes.edu.tr
56
g; ! Physics Depa