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OZET

Bu projede, karma spin-2 ve spin-1/2 Hesienberg modelinde degis-tokus enerjisi ve
kristal alan etkileri Oguchi yaklasimi kullanilarak kare ve basit kiibik kafes {iizerinde
calisilmigtir. Dilizen parametrelerinin, manyetik dipol ve kuadrupol moment, ve serbest
enerjinin sicaklikla olan degisimleri incelenerek sistemin miimkiin olan diizlemlerdeki faz
diyagramlar1 elde edilmistir. Detayli faz diyagramlar1t (D/J, ksT/J) ve (A, ksT/J)
diizlemlerinde sirasiyla verilen A ve D/J degerleri icin elde edilmistir. Elde edilen faz
diyagramlarinda kararli ya da kararsiz olsun biitiin ¢éziimler gosterilmistir. Modelin iicli
kritik ve izole edilmis kritik noktalarin yani sira ikinci- ve birinci seviye faz gecisleri verdigi
bulunmustur. Model ayn1 zamanda verilmis sistem parametreleri icin iki telafi (compensation)
sicakligr vermistir ki buda reentrant olayina sebebiyet vermistir. Modelin diisiik sicaklik
bolgesindeki davranisi cok karmagiktir ki bundan dolay1 bu modelin giivenirliginin tespiti igin

daha ileri seviyede incelenmesi gereklidir.

Anahtar Kelimeler: Heisenberg Modeli; Oguchi Yaklasimi; Degis-Tokus Anizotropisi;
Kristal Alan; Karma Spin.

ABSTRACT

In this project, the mixed spin-2 and spin-1/2 Heisenberg model was studied on square
and simple cubic lattices by using the Oguchi approximation to examine the effects of
exchange anisotropy and crystal field. The thermal variations order-parameters, i.e.
magnetization and quadrupole moment, and free energy were investigated to obtain the
possible phase diagrams of the model. The detailed phase diagrams were obtained on the
(D/J, ksT/J) and (A, ksT/J) planes for given values of A and D/J, respectively. In the phase
diagrams all possible solutions were illustrated whether stable or not. The model has yielded
the second and first-order phase transitions, in addition to the tricritical and isolated critical
points. The model has also given two compensation temperatures for given system
parameters, therefore, they exhibit reentrant behavior. It was found that the low temperature
behavior of the model is very complicated, therefore, the reliability of the Oguchi

approximation should be investigated further.

Keywords: Mixed Spin; Heisenberg Model; Oguchi Approximation; Exchange
Anisotropy; Crystal Field, Mixed Spin.



1- GENEL BILGILER ve TEORI

Literatiirde tek-tip spin sistemlerin incelenmesinden sonraki mantikli yaklagim bu
spinleri farkli tipteki spinlerle farkli yapilari olusturacak sekilde karistirarak elde edilecek
olan karma spin sistemlerini incelemektir. Karma spin sistemlerinin c¢alisilmasi telafi
sicaklig adi verilen 6nemli bir fiziksel olayin bulunmasina vesile olmustur ki buda teknoloji
ve sanayide bir¢ok calisma alan1 bulmustur. Buna ilaveten bu karma spin sistemlerinde elde
edilen faz diyagramlar1 daha zengin hale gelmektedir ki bundan dolay1 bu sistem daha fazla
ilgi cekmektedir. Ising modelinde spinler z-ekseni olarak secilen tek bir dogrultuda
yonelebilirler. Bu smirlama ortadan kaldirildiginda, yani spinlere {i¢-boyutlu uzayda
istedikleri yonde yonelebilme imkani verildiginde, bu kuantum mekaniksel olan sistemlere
sebebiyet verir ki bu sistemler de Heisenberg modeli olarak adlandirilir. Bu model de spin
operatorleri birbirleri ile sira degistirmezler bundan dolay1r da fiziksel gozlenebilirlerin
oOl¢iilmesinde bazi belirsizllikler ortaya ¢ikar. Bu sebeple bu tip problemin ¢oziimiinde kesin
coziimlerin elde edilmesi miimkiin degildir, dolayisiyla ¢oziim elde etmek i¢in bir takim
yaklagimlar gerekir ki bu yaklasimlar da genellikle modelin niteliksel tasvirini bir sekilde
verse de eksiklikleri mevcuttur. Bu amagla bu projede kare ve basit kiibik kafes iizerinde
karma spin-2 ve spin-1/2 Heisenberg ferrimanyetik sistemini Oguchi yaklasimini (OA)
kullanarak ¢aligtik. Heisenberg modelinde OA tek tip veya karma spin sistemleri i¢in daha
once kullanilmis olup ilging sonuglar elde edilmistir. Bu g¢aligmalardan bazilari asagida
verilmigstir. Dzyaloshinsky-Moriya etkilesimini dahil eden spin-1/2 anizotropik Heisneberg
modelinin  termodinamik o6zellikleri [1], yine spin-1/2 sisteminin ikinci en-yakin komsu
spinleri de dikkate alinarak sistemin manyetizasyonu, i¢ enerjisi, 1s1 kapasitesi, entropisi ve
serbest enerjisi [2] calisilmigtir. Karma spin-1 ve spin-1/2 sisteminde degis-tokus etkilesme
parametresi ve tek-spin anizotropisinin etkileri [3], telafi sicakligi [4] ve manyetik alinganlik
[5] calisilmigtir. Benzer fiziksel ozellikler karma spin-3/2 ve spin-1/2 sisteminde de ele
almmistir [6]. Bu tip calismalarda sadece basit kiibik kafes yapist ele alinmistir ¢iinkii
Mermin-Wagner teoremi d < 2 boyutunda yeterince kisa-mesafeli etkilesimler i¢in siirekli
simetrilerin sonlu sicakliklarda kendiliginden kirilamayacagini ifade eder [7]. Dolayisi ile OA
yaklagimi diizlemsel izotropik Heisenberg modeli icin Mermin-Wagner teoremi ile uyum
icerisinde degildir. Bu projede Mermin-Wagner teoremine zit diismemek i¢in her ne kadar

basit kiibik yapiya karsilik gelen z=6 en-yakin komsu spinli yap1 ele alinmig olsa da kare



kafes i¢in z=4 yapis1 da aym titizlikle calisarak Mermin-Wagner teoremi test edilmeye
calistlmigtir. Literatiir taramasi bize karma spin-2 ve spin-1/2 sisteminin ¢ogunlukla Ising
modelinde c¢alisildigini  gostermektedir: Bu sistemin diizen parametrelerinin termal
davranislar1 ve faz diyagramlar1 koordinasyon sayilar1 z=3, 4, 5 ve 6 icin Bethe kafesi
tizerinde en-yakin komsu etkilesimler ele alinarak Blume-Capel modelinde kesin tekrarlama
bagintilar1 terimlerinde ¢alisilmistir [8]. Spin degerleri ¢ (£1/2) ve S (£2, £1,0) olan karma
spin sisteminin kritik davraniglar1 ¢alisilip Monte-Carlo simiilasyonu kullanilarak kesin taban
durumu hesaplamalar1 yapilarak modelin sonlu-sicaklik faz diyagramlar elde edilmistir [9].
Ferromanyetik elmas zincirinin manyetik 6zellikleri Ising modelinde Monte-Carlo ve etkin-
alan teorisi kullanilarak c¢alisilmistir [10]. Heisenberg modeli ile yapilan tek calisma
Heisenberg spinlerinin kuantumsal yapisim da dahil eden iki-zamanli Green fonksiyonu
teknigi ile kare kafes lizerinde sistemin telafi sicakligi ve kritik davraniglarini ele alan
calismadir [11]. Bu calismalarda genel olarak kristal alan etkileri ele alinmistir fakat ic-
boyutlu durumda spinler bir dogrultuda diger dogrultulara gore daha kuvvetli bir etkilegsme
sergileyebilirler dolayisi ile degis-tokus anizotropisinin faz diyagramlarina olan etkisini
calismak ilgingtir ki bu projede bu etki de detayl bir sekilde ¢alisilmigtir.

Karma spin-2 ve spin-1/2 igeren ¢ok fazla deneysel calisma mevcut olmasa da bu karma
spin sistemini inceleyen iki ¢aligma mevcuttur: esit olmayan kuantum spinlerini iceren makro-
halkali S=2 ve capraz-bagh radikaller S=1/2 sahip polimer [12] ve YBa2Cu30O7-6 makro-
halka {izerindeki 6z 1s1 ¢alismalari [13].

Bu projede, karma spin-2 ve spin-1/2 Heisenberg modelinde degis-tokus anizotropisi
ve kristal alanin etkileri OA yaklagiminda kare ve basit kiibik kafesler {izerinde incelenmistir.
Sistemin detayl faz diyagramlar1 (D/J, ksT/J) ve (A, ksT/J) diizlemlerinde sirasiyla verilen A
ve D/J degerleri icin diizen parametrelerinin sicakliga gore degisimleri incelenerek elde
edilmistir. Sistemin sergiledigi faz gecisleri ve bunlara ait faz ¢izgilerinin yam sira 6zel kritik

noktalarda detaylica ¢alisilmis ve telafi sicaklik cizgileri de elde edilmistir.

2- FORMULASYON

Bu projede karma spin-Sa ve spin-Sg Hamiltonyeni

H=—J> [(1 - A)S%STp + S{4S]p) + SiaSie] — DD (Sia)>.

{ig) icA



seklinde alimus olup burada & = x,y,z olmak {izereS’, ve S?B sirastyla spin-2°1i A ve spin-

1/2°1i B alt orgiilerine ait operatdrlerin bilesenleridir. J en yakin komsu spinler arasindaki
bilineer degis-tokus etkilesim parametresi, D sadece spin-2 konumlarinda etkin olan kristal

alan, A degis-tokus anizotropi parametresi olup 0 < A <1 sartin1 saglar.
Oguchi yaklasiminda, en yakin komsu spin ¢iftleri arasindaki etkilesimler kesin olarak
hesaplanirken spinler arasindaki geri kalan etkilesimler ortalama-alan etkilesimlerinde de

genel olarak yapildigi gibi bir etkin alan terimi ile degistirilecektir. Bundan dolayi, etkin

Oguchi Hamiltonyeni

Hij = —J[(1 — A) (584575 + S, 5?;;.] +87aSig] — D(SiA)? — haSis + hySip

seklinde alinir ki burada ortalama-alan terimleri

hi' = I[Z — IHME
hj = I[Z — IUMA

olup

sirastyla alt orgiilere ait manyetizasyonlar, z en yakin komsu spinlerin sayisi ve <> termal

ortalamaya karsilik gelir.

Oguchi yaklagiminda Heisenberg modelinde gerekli termodinamik fonksiyonlara ait

formiilasyonu elde etmek igin

Hij | n) = En | n), n=1,2..10



seklindeki 6zdeger denklemi ¢oziilmelidir ki burada |n> Ozvektorler ve En bunlara karsilik
gelen Ozvektorlerdir. Bu amagla bu 6zvektorleri hesaplamada kullanilacak olan miimkiin

taban vektorlerini elde etmekte spin-2 igin ‘S A> Mg > ve spin-1/2 igin ‘SB,mS >
A B j

i

vektorlerinin ‘S A>Mg > ®‘SB,mS > seklindeki direkt garpimlar1 kullanilacaktir ki bunlar
Ali B/j

Iy = [2,2):]1/2.1/2);,

IIT) = |2,2):1/2,—1/2),,
III1) = |2,1):]1/2,1/2);,  [IV) =|2,1);]1/2,—1/2);
V) = [2.0%]1/2,1/2);. VI) = [2,0):]1/2,—1/2);.
VI =|2,—1%1/2,1/2);, |VIII) =2, —1):]1/2,—1/2);

IIX) = (2, —2):]1/2,1/2);.

seklindedir. Bu taban vektorler takimi kullanilarak Oguchi Hamiltonyeninin 6zdeger ve

O0zvektorlerini elde etmekte kullanilacak olan 10x10 matris elde edilmistir. Elde edilen

matrisin elemanlan 1, j= 1, 2, 3,...,10 olmak fizere <i|Eij| j> seklinde olup sifirdan farkl

elemanlar

Ei1 = —] —4D — 2h; — hj/2,
Ess=—J/2—-D —h; — h;/2,
Ess = —hj/2,

E77 =]/2 =D + hi — hj/2,

Esy =] — 4D — 2h; —{—ﬁ_,‘fz,
Eqa =]/2 —D—hi +h;/2,
Egs = hj/2,

Ess = —]/2—D+Dh; —|—ﬁj/'2.,

Egg =] — 4D + 2h; — hy/2,
Eyxs =E3 = —J(1 - A),
Es7 = Ez6 = —V6J(1 — A)/2,

E“”g = —JI — 4D +2h,‘ + hj,"z,
Ess = Ess = —v6](1 — A)/2,
Esg = Eog = —J(1 — A).

olarak elde edilmistir. Bu tabanlarda elde edilen Oguchi Hamiltonyeninin matris gésteriminin
simetrik oldugu asikardir. Son basamak olarak bu matisin 6zdeger ve Ozvektorleri
bulunmustur. Buradaki amacimiz i¢in 6zdegerlerin hesaplanmasi yeterlidir. Dolayis1 ile

hesapladigimiz 10 6zdeger

Ein = —4D = 2h; £ hj/2 — ],
Es4 = [—10D + 6h; + ] = [36D? — 24Dh; + 4h? + 24Dh; — 8hih; + 4h? — 36D]
+ 12hy — 12h] + 9/ + 64/21"%1/4,
Ese = [—10D — 6h; +] = [36D? + 24Dh; + 4h? — 24Dh; — 8hih; + 4h? — 36D)
—12hg + 120 + 92 + 64/71")/4, |
Ers = [—4D — 4h; + 2] % [(4D + 4h; — 2])? — 16(2Dh; + 2h;h; — h? — hyf — 24])]'/2]/8,
Eo.10 = [—4D + 4h; + 2] & [(4D — 4h; — 2] * — 16(—2Dh; + 2hih; — h? + byl — 24]%)]"/2]/8



seklinde olup burada J'=J/2(1-A)’dir. Elde edilen 6zdegerler kullanilarak sistemin biitiin

termodinamik fonksiyonlarini elde etmede kullanabilecegimiz boliisiim fonksiyonu ise

Z= Zn:ek‘ ,n=10

i=1

ile verilir ki burada A= Ei’dir. A alt Orgiilii spin-2 icin sistemin diizen parametreleri

manyetizasyon ve kuadrupol moment olup, M, ve Q,, sirastyla

1 oz 1 oz
LE o ve QuEo—n
BZ oh, BZ 0D

ifadelerinden hesaplanirken B alt orgiilii spin-1/2 sistemi icin tek diizen parametresi olan

manyetizasyon

_ 1oz
® BZoh,

ifadesinden hesaplanacaktir, burada f=1/(ksT)’dir. Sistemin ¢dziimlerinin yapisina, kararl

veya karasiz vs..., olduguna karar vermede kullanilacak olan serbest enerji ifadesi ise
F(T,M,,My;)=-kTInZ+J(z-1)M , M,
seklindedir. Ortalama ve manyetizasyonlar farki ise
Mr=(Ma+MB)/2 ve Mc=|Ma-Ms|
ile verilir. Burada eger sistem telafi sicakligi verirse bu sicaklikta Mc’nin sifir oldugu

asikardir ki bu durum kisaca alt kafes manyetizasyonlarinin telafi sicakliginda esit olduklar

anlamina gelir:

| MA(Tmmp )| = |MB(Tcomp ] |



Biitin bu formiilasyonlardan sonra sistemin faz diyagramlar1t (D/J, ksT/J) ve
(A ksT/)) diizlemlerinde sirasiyla verilen A ve D/J degerleri elde edilmistir. Bu faz
diyagraminda karma spin-2 ve spin-1/2 sisteminin sergileyebilecegi ikinci- ve birinci seviye
faz gecis sicakliklar1 sistemin diizen parametrelerinin sicaklikla degisimleri incelenip detaylt
olarak elde edilmistir. Bunun yani sira sistemin verebilecegi telafi sicakliklar1 da detaylh

olarak ele alinmistir.

3- FAZ DiYAGRAMLARI ve SONUCLAR

Faz diyagramlarin1 vermeden 6nce diizen parametreleri ikinci- veya birinci-seviye faz
gecisi sergilediginde sicaklikla degisimlerini hem kare (z=4) ve hem de basit kiibik kafes
(z=6) icin verelim.

Kare kafes i¢in diizen parametreleri ve serbest enerjinin sicaklikla olan degisimleri
detaylica incelendi. Grafiklerde siyah (gri) cizgiler kararl (kararsiz) durumlara ait ¢éziimleri
gostermektedir. Sekil 1(a), D/J = —1.3 ve A= 0.0 elde edilmis olup ikinci- ve birinci- seviye
faz gecis sicakliklar1 Tc ve Tt vermektedir. Manyetizasyon egrileri Tc’de siirekli bir bigimde
sifira gitmekte, quadrupole moment ayni sicaklikta kiigiik bir ¢ikinti yapmakta ve serbest
enerji ise stireklilik gostermektedir. Tt sicakliginda ise biitiin diizen parametreleri ve serbest
enerji bir atlama yapmaktadir. Goriildiigii gibi Ma ve Qa sifir sicaklikta 1.0’in biraz {izerinden
baslamakta, bilindigi iizere bu parametreler yliksek pozitif kristal alan degerlerinde sirastyla
2.0 ve 4.0’ten baslamaktadir, Mg ise beklendigi gibi 0.5 degerini almaktadir. Kararsiz
durumlar ise daha diisiik degerlerden baslamakta ve sicaklik arttik¢a artarak T sicakliginda
kararli durum degerlerine atlama yapmaktadirlar. Serbest enerji beklenildigi gibi kararsiz
¢oziimler icin daha yiiksek degerlerde baslar ki bunlar da kiiciik grafiklerde gosterilmistir.
Buna ilaveten serbest enerjinin bu kararsiz ¢oziimleri de Ti’de kararli ¢6ziim degerlerine
atlamaktadir. Sekil 1(b) ise D/J =—1.5 ve A=0.0 degerleri i¢in elde edilmistir. Goriildigi gibi
sistem ilk once bir Tt vermekte daha sonra ise alt 6rgli manyetizayonlar1 esit olmakta ki bu
telafi sicakligini Teomp isaret etmekte ve daha sonra ise Tc vermektedir. Sekil 1(c) D/J
=—1.77 ve A= 0.25 degerleri i¢in elde edilmis olup iki adet T: sicaklig1 sergilemektedirler. Tlk
Tt’de biitiin paramtreler kararsiz degerlerinden kararli degerlerine atlarken ikinci Ti’de ise
manyetizasyonlar sifira atlamakta, quadrupole moment farkli bir degere atlamakta ve serbest
enerji ise slirekli olarak devam etmektedir. Son olarak Sekil 1(d) D/J =—1.95 ve A=0.75 igin
hesaplanmis olup ti¢ adet Tt vermektedir. Kararsiz ¢oziimler ilk Ti’de kararli ¢6ziimlere, ikinci

Tv’de farkli sonlu degerlere ve iigiincii Ti’de ise yine manyetizasyonlar sifira, quadrupole



moment ve serbest enerji ise farkli sonlu degerlere atlamaktadir. Goriildiigli tizere farkl
sicakliklarda iki farkli telafi sicakligi elde edilmistir ki buda faz diyagramlarinda goriilecegi

gibi reentrant davraniginin temel sebebidir.
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Sekil 1- Diizen parametreleri ve serbest enerjinin z=4 icin sicakliga gore degisimleri: (a) A=
0.0, D/J =-13, (b) A=0.0, D/J =-1.5, (¢) A= 0.25, D/JJ =—-1.77 ve (d) A= 0.75, D/J =
—1.95.

Basit kiibik kafes i¢in elde edilen diizen parametrelerinin sicaklifa gore degisimi de
kare kafes ile elde edilen sonuglara benzerdir. Sekil 2(a), A = 0.5 ve D/J = 1.0 i¢in elde
edilmis olup diizen parametrelerinin davranisini Tc sicaklifinda gosterir. Sekil 2(b) ise diizen
parametrelerinin iki kez Tt vermesi durumunda elde edilmis olup, A = 0.25 ve D/J = —2.8
degerlerinde hesaplanmistir. Bir Tt ve bir Tc’nin sergilendigi Sekil 2(c) ise A = 0.25 ve D/J =
—2.6 i¢in elde edilmistir. Son olarak Sekil 2(d)’de Mc’nin termal davranist D/J =—-2.75 ve A =
0.3 icin elde edilmis olup iki telafi sicakligt mevcuttur bu sicakliklarda Mc, Tc’den Once iki
kez sifira gider. Koordinasyon sayist z arttikca verilen aynt A ve D/J degerlerinde kritik
sicakliklar daha yiiksek degerlere ulasmakta ve faz gegisleri daha yiiksek negative kristal alan
degerlerinde de goziikmektedir.
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Sekil 2- Diizen parametrelerinin z=6 i¢in termal degisimleri: (a) A =0.5 ve D/J=1.0, (b) A =
0.25 ve D/J = -2.8, (¢) A = 0.25 ve D/J = =2.6, (d) A = 0.3 ve D/J = —2.75 i¢in iki telafi
sicakliginin elde edildigi Mc’nin termal degisimi.

Diizen parametreleri ve serbest enerjinin termal degisimleri ¢alisildiktan sonra artik
faz diyagramlarin1 vermeye haziriz. Faz diyagramlarinda siirekli, kesikli ve kesikli-noktali
cizgiler sirasiyla ikinci- ve birince seviye faz ¢izgilerine ve telafi sicakligi ¢izgilerine karsilik
gelmektedir. Siyah dolgulu iicgenler iiclii kritik ve gri dolu halkalar izole olmus kritik
noktalar1 ifade etmektedir. En yliksek sicakliklardaki Tc yada Ti¢izgileri paramanyetik fazlar
diizenli fazlardan ayirt etmektedir. A’nin farkli degerlerinde modelimiz bazi 6zel modellere
indirgenmektedir 6yle ki A=1.0 karma-spin Ising modeline, A=0 XYZ modeli olarak
adlandirilan Heisenberg modeline ve A’nin ara degerlerdeki durumu ise degis—tokus
anizotropisini dahil eden XYZ modeline karsilik gelmektedir.

Modelin ilk faz diyagramlar1 (D/J, ksT/J) diizlemlerinde verilen A degerlerinde elde
edilmistir. Sekil 3, z=4 i¢in yani kare kafes durumunda elde edilmistir. Sekil 3(a) A=0.0 i¢in
elde edilmistir. Goriildiigii gibi Tc ¢izgisi D/J daha negative oldukga sicakligi azalmakta ve
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sonunda sifira gitmektedir. Bu sonu¢ A=1.0 durumundaki Ising modelinden farklidir ki orada
z=4 iken kritik sicakliklar D/J=-2.0’de son bulmaktadir oysa burada ¢ok daha yiiksek negative
D/J degerlerine ulasilmaktadir. Dolayis1 ile A’nin varhii Tc ¢izgisinin ¢ok yiiksek negative
D/J degerlerine kadar kalici olmasina sebebiyet verir ki benzer sonuglar [3]’te verilen Sekil 2
ve 3 ile benzerlik icerisindedir. Kararsiz olan birinci-seviye faz ¢izgilerinin iki kanadi vardir.
Telafi sicakligr ¢izgisi Tc-¢izgilerinden baglayip Tt ¢izgileri ilizerinde sona ermektedir. A
degerleri arttikga faz cizgileri de ¢ok fazla degisim gostermektedir. Sekil 3(b) A = 0.25 icin
elde edilmistir. Bu sekilde Tc-¢izgisi kisa bir Ti-¢izgisi kismina sahip olup iki t¢lii kritik
noktada birlesmislerdir. A degeri biraz daha arttirildiginda A = 0.5, G6r Sekil 3(c), bir onceki
sekildeki alt ticlii kritik nokta yerini izole kritik noktaya birakmistir. Aradaki bosluktan sonra
ikinci izole kritik noktadan Tc ¢izgisi baslar ve negative D/J degerlerine dogru devam eder.
Telafi sicaklig1 ¢izgisi reentrant 6zelligi gostermektedir ki buda iki telafi sicakligi noktasinin
varhigindan dolayidir. Sekil 3(d)’de Tt cizgilerinin ii¢ kismi vardir ve A = 0.75 i¢in elde
edilmistir : ilki Tc ¢izgisinden baslar ve izole kritik noktada son bulur, bu arada bir ¢izgi
yoktur yani faz gecisi olmayan bir bdlge vardir, daha sonra iki izole edilmis kritik nokta
arasinda kisa bir Ti-¢izgisi mevcuttur, yine bir bosluk ve daha sonra izole edilmis kritik
noktadan baslayip ticlii kritik noktada son bulan son bir Tt-¢izgisi daha vardir. Elde edilen son
faz diyagrami karma-spin Ising modelini vermekte olup A =1.0 i¢in hesaplanmigtir (Gor Sekil
3(e)). Bu sekil referanslar [8,9]’de verilen Sekil 4’lerle kualitatif olarak uyumludur, [8]’de
aynt zamanda etkin-alan teorisi sonugalri da verilmistir. Bu g¢alisma diger caligmalarla
kiyaslandiginda sicakliklar1 daha yiiksek degerlere gitmektedir. Etkin-alan teorisi ve Monte-
Carlo simiilasyonu sonuglar1 z=4 i¢in iiclii kritik nokta verirken [8], Bethe kafesi sonuglari
ticlii kritik nokta vermemektedir [9]. Bu sekilde Ti-cizgisi izole edilmis kritik noktada son
bulur ve baska ¢oziimiin elde edilemedigi bir bosluk vardir. Burada verilen uygun degerlerde
bir tek telafi sicakligi elde edilmistir. Sonug olarak, kritik ¢izgilerin sicakliklar1 A arttikca
artmaktadir. Diisiik negative D/J degerlerine dogru uzanan Tc ¢izgileri A arttik¢a saga dogru
hareket eder ve A=1.0 i¢in artik gdziilkmez. Karasiz T: ¢izgileri A arttikca diisiik negative D/J
degerlerine dogru kayar. Kararli Ti-¢izgileri sadece D/J=-2.0 civarinda goziikiir ve daima iiclii

kritik noktalarla Tc cizgilerine baglanilirlar.
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Sekil 3- (D/J, ksT/J) diizlemlerinde verilmis A degerlerinde faz diyagramlari; (a) A =0.0, (b)
A =0.25, (c) A =0.5, (d) A=0.75 ve (e) A=1.0. Kii¢iik grafikler detaylar1 belirgin hale getirmek
icin verilmistir. Burada gri ¢emberler ve carpilar sirasiyla ¢l kritik noktalart ve izole
edilmis kritik noktalar1 ifade etmektedir.

Basit kiibik kafes icin, z=6, i¢in ayni diizlemde elde edilen grafikler, Sekil 4, z=4 i¢in
olan grafiklerle nitel olarak tamamen benzese de nicel olarak farkliliklar gostermektedir. z=6
icin elde edilen faz diyagramlarinda kritik sicakliklar daha yiiksek sicakliklarda ve daha
yiksek D/J degerlerinde goziikmektedir. z=4 i¢in A’nin yliksek degerlerinde gozlemlenen

kritik olaylar z=6’nin daha diisiik degerlerinde gézlenmektedir.
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Sekil 4- (D/J, ksT/J) diizlemlerinde verilmis A degerlerinde faz diyagramlari; (a) A =0.0, (b)
A =0.25, (c) A =0.5, (d) A=0.75 ve (e) A=1.0. Kii¢iik grafikler detaylar1 belirgin hale getirmek
icin verilmistir. Burada dolu tiggenler ve gri dolgulu halkalar sirasiyla ticlii kritik noktalar1 ve
izole edilmis kritik noktalar1 ifade etmektedir.

Bu projenin son faz diyagramlar1 (A, ksT/J) diizlemlerinde verilen D/J degerleri icin
hem z=4 ve hem de z=6 icin elde edilmistir. Ilk énce z=4 igin olan faz diyagramlarin
verelim: Sekil 5(a) D/J = 2.0, 1.5,1.0, 0.0, —0.5, —1.0 ve —1.38 degerleri i¢in elde edilmis olup
sadece Tc-¢izgileri mevcuttur. Buna ilaveten -1.38 degeri icin kararsiz Ti-gizgisi de elde
edilmistir. Buradaki kritik ¢izgilerden goriildiigl lizere kritik ¢izgilerin sicakliklar1 D/J ya da
A arttikga artmaktadir. Sekil 5(b) D/J’nin  —1.3825, —1.5, ve —1.75 degerlerinde elde
edilmistir. Ik deger -1.3825°de elde edilen kritik cizgiler bir 6nceki sekildeki D/J = -1.38
sekli ile benzerdir. Ikinci kritik ¢izgiler iki kanatli kararsiz Ti-gizgilerinin yami sira telafi
sicakligr cizgisi de vermektedir. D/J=-1.75 i¢in elde edilen kritik ¢izgiler kararsiz Ti-
cizgilerinin daha yiiksek A degerlerine kaydigin1 ve telafi ¢izgisinin reentrant davranisi
sergiledigini gostermektedir. Sekil 5(c), D/J = —1.8 ve —1.9 i¢in elde edilmistir. D/J = —1.8
oldugunda, D/J=-1.5 ve -1.75 ig¢iin elde edilen kritik ¢izgilerin yan1 sira iki tiglii kritik nokta
arasinda goziiken kararli bir Ti-¢isgisi de mevcuttur. D/J = —1.9 oldugunda ise Tt-¢izgisi ticlii
kritik noktadan baslar ve izole edilmis kritik noktada sona erer. Yine ¢6zliimiin var olmadigi
bir bolge vardir. Sonrasinda izole edilmis kritik noktadan Tc- ¢izgisi baslar ve sicakligr A

azaldik¢a artar. Buna ilaveten, saga kaymanin yani sira, karasiz Ti-¢izgileri D/J = —1.8 ile
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verilenle kiyaslandiginda daha kiigiik bir alan smirlar. Sekil 5(d) iki kanath karasiz Ti-
cizgileri artik D/J = —2.0 ve -2.1°de goziikmemektedir. Bunun yerine iki (bir) kararsiz Tt-
cizgilerini (cizgisini) D/J=-2.0 (-2.1) degerleri i¢in goriiriiz ki bunlar A=1.0’de baslar ve A

azaldikca sicakliklar1 azalir ve izole edilmis noktalarda son bulurlar.
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Sekil 5- z=4 icin (A, ksT/J) diizlemlerinde verilmis D/J degerlerinde faz diyagramlari; (a)
2.0,1.5,1.0,0.5,0.0,—0.5,—1.0, ve —1.38, (b) —1.3825, —1.5 ve —1.75 (¢) —1.8 ve —1.9, (d)

—2.0 ve —2.1, ve (e) 2.1, 2.5, -3.0, 4.0, —5.0, =7.5, ve —10.0.

L8]

Telafi sicakligi da D/J=-2.1 i¢in artik yok olmustur. Tc-¢izgileri A = 0.0’dan baslamakta ve A
arttikca sicakliklart azalmakta ve tiglii kritik noktada son bulmaktadirlar. Buradan baslayan
Ti-gizgileri A=1’e dogru azalarak gitmekte ve son bulmaktadirlar. Buna ilaveten, D/J daha
negative oldukca ticlii kritik noktalar daha yiliksek A degerlerine dogru kaymaktadirlar. Son
faz diaygrami olan Sekil 5(e) Tc-¢izgilerinin D/J daha negative olduk¢a yok olmaya baslar.
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Son olarak ta yine ayni diizlemde z=6 i¢in olan faz diyagramlarmi verelim. Bu
durumda yine faz diyagramlarimiz z=4 ile olanlar ile nitel olarak uyumluluk sergilerken yine

nicel olarak farkliliklar géstermektedir. Sekillerden bu nicel farkliliklar asikardir.

a 5- '\.‘i‘" b

KT/
\ y
K, T/J

|

00 02 04 06 08 10

k, T/3
kg T/d

Sekil 6- z=6 i¢in (A, ksT/J) diizlemlerinde verilmis D/J degerlerinde faz diyagramlari; (a) 2.0,
1.5, 1.0, 0.5, 0.0, 0.5, —1.0, —1.5, —2.0 ve —2.4, (b) —2.5 ve —2.625, (c) —2.75 ve —2.8, (d)
—2.9, (e) —3.0 ve —3.1 ve (f) 3.5, —4.0, —4.5, —5.0, —6.0, —8.0 ve —12.0.

Sonug olarak, bu projede, karma spin-2 ve spin-1/2 Hesienberg modelinde degis-tokus
enerjisi ve kristal alan etkileri Oguchi yaklagimi kullanilarak kare ve basit kiibik kafes
tizerinde c¢alisilmistir. Diizen parametrelerinin, manyetik dipol ve kuadrupol moment, ve
serbest enerjinin sicaklikla olan degisimleri incelenerek sistemin miimkiin olan diizlemlerdeki
faz diyagramlar1 elde edilmistir. Detayli faz diyagramlar (D/J, ksT/J) ve (A, ksT/J)
diizlemlerinde sirasiyla verilen A ve D/J degerleri i¢in elde edilmistir. Elde edilen faz
diyagramlarinda kararli ya da kararsiz olsun biitliin ¢oziimler gosterilmistir. Modelin tiglii
kritik ve izole edilmis kritik noktalarin yani sira ikinci- ve birinci seviye faz gegisleri verdigi
bulunmustur. Model ayn1 zamanda verilmis sistem parametreleri i¢in iki telafi (compensation)
sicakligi vermistir ki buda reentrant olayina sebebiyet vermistir. Modelin diisiik sicaklik

bolgesindeki davranisi ¢ok karmasiktir ki bundan dolay1r bu modelin giivenirliginin tespiti
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daha ileri seviyede incelenmesi gereklidir. Yapilan caligmalarimiz ile hedefledigimiz bilimsel
sonuclara ulagsmanin yani sira Science Citation Index (SCI)’e giren uluslararasi dergilerde iki
adet yayin [14,15] ve uluslararasi bir adet sozlii sunum [16] yapilmistir ki bu hedef proje

basvurusunda belirtilmisti.
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Abstract The exchange anisotropy and crystal field effects
for the mixed spin-2 and spin-1/2 Heisenberg model are
studied on a square lattice by using the Oguchi approx-
imation. Thermal behaviors of the order-parameters, i.e.,
magnetizations and quadrupole moment, and free energy
are investigated to obtain the possible phase diagrams of
the model. Not only the stable solutions but also the pos-
sible unstable solutions of the model are illustrated on
the phase diagrams. Ten topological phase diagrams are
presented which is just enough to understand the critical
behavior of the model. It is found that the model yields
both second- and first-order transitions, in addition to the
tricritical and isolated critical points. The existence of com-
pensation temperatures are also searched and it is found
that the model gives two compensations for given system
parameters.

Keywords Heisenberg model - Oguchi approximation -
Exchange anisotropy - Crystal field - Mixed spin
1 Introduction

The mixed-spin systems are interesting since they

give some extra properties, such as the existence of com-
pensation temperatures and richer phase diagrams, when

B4 Erhan Albayrak
albayrak @erciyes.edu.tr

Department of Physics, Erciyes University,
Kayseri 38039, Turkey

compared to the single spin systems. They are usually stud-
ied in the Ising models for which all the spins lie along
the same axis, i.e., z-axis. Giving spins the possibility of
aligning in three-dimensional space leads to a more compli-
cated system which is quantum mechanical in nature and it
is studied in terms of the Heisenberg models. In addition,
spins may interact strongly in one direction than the oth-
ers, thus, one can intend to add an exchange anisotropy term
to study its effects on the phase diagrams. It should also
be mentioned that the exact solutions are usually unavail-
able, therefore, it is always necessary to use some kind of
approximations such as the one will be used here. In this
work, we wish to investigate the mixed spin-2 and spin-1/2
Heisenberg ferrimagnetic system on a square lattice in the
Oguchi approximation.

This mixed-spin system has been studied by using a few
techniques: The thermal behaviors of the order-parameters
and phase diagrams were studied in the Blume-Capel model
for the nearest-neighbor interactions on the Bethe lattice
by using the exact recursion equations for the coordination
numbers z = 3, 4, 5 and 6 [1]. The critical behaviour
of a mixed ferrimagnetic Ising system was studied on a
square lattice in which the two interpenetrating square
sublattices have spins o(£1/2) and S(%2,£1,0). The
exact ground state calculations were carried out and Monte
Carlo simulations were performed to obtain the finite-
temperature phase diagram of the model [2]. The magnetic
properties of a ferromagnetic diamond chain were stud-
ied by effective-field theory and Monte Carlo simulation
based on the Ising model [3]. The compensation and crit-
ical behaviors of the Heisenberg ferrimagnetic system on
a square lattice were investigated theoretically by the two-
time Green’s function technique, which takes into account
the quantum nature of Heisenberg spins [4].

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10948-017-4079-4&domain=pdf
mailto:albayrak@erciyes.edu.tr

2556

J Supercond Nov Magn (2017) 30:2555-2561

We can also list only two experimental works which
study systems with spin-2 and spin-1/2 as: A polymer with
a large density of cross-links and an alternating connectivity
of radical modules with unequal spin quantum numbers
(S), macrocyclic S = 2, and cross-linking S = 1/2 mod-
ules, were designed which permits large net S values for
either ferromagnetic or antiferromagnetic exchange cou-
pling between the modules [5]. The second one studies the
specific heat data on two samples of YBa;Cu307_s with
relatively low concentrations of paramagnetic centers and
show the presence of both spin-2 and spin-1/2 moments [6].

There are also a few works which study the Heisenberg
model in the Oguchi approximations for either mixed-spin
or single spin systems and interesting results were obtained.
The thermodynamic properties of spin-1/2 anisotropic
Heisenberg model with Dzyaloshinsky-Moriya interaction
were studied using the Oguchi approximation [7]. The ther-
modynamic properties of spin-1/2 ferromagnetic system
were studied on the simple cubic lattice where the effects
of the second-nearest-neighbor exchange interactions on
the magnetization, internal energy, heat capacity, entropy
and free energy were considered [8]. The effects of both
exchange anisotropy and single-ion anisotropy were inves-
tigated on the phase diagrams of the mixed spin-1 and spin-
1/2 [9], including the compensation temperature studies [10]
and including the investigation of magnetic susceptibility
[11]. The last work of this kind also considers the effects
of both exchange anisotropy and single-ion anisotropy on
the phase diagrams and magnetization curves of the ferro-
magnetic mixed spin-3/2 and spin-1/2 model [12]. It should
be mentioned that the Mermin-Wagner theorem states that
continuous symmetries cannot be spontaneously broken at
finite temperature in systems with sufficiently short-range
interactions in dimensions d < 2 [13]. Thus the OA does
not give the results in agreement with the Mermin-Wagner
theorem for the planar isotropic Heisenberg model, i.e., q =
4, since all the mixed-spin 2 and 1/2 systems are studied for
g = 4 only [1-4], we have preferred to study the ¢ = 4
case.

Thus, we consider the effects of exchange anisotropy
and crystal field for the mixed spin-2 and spin-1/2 Heisen-
berg model on a square lattice by using the Oguchi
approximation. The detailed phase diagrams are obtained
on the (D/J,kpT/J) and (A, kpT/J) planes by investi-
gating the thermal variations of the order-parameters and
free energy. The phase lines are classified in terms of their
stabilities by comparing the free energy values.

The next section is devoted to the formulation of
Heisenberg model in the Oguchi approximation. The last
section includes the phase diagrams and some of the
illustrations for thermal variations of the order-parameters
and free energy. It also includes discussions, conclusion, and
comparisons.

@ Springer

2 Formulation

The Hamiltonian for the mixed spin-S4 and spin-Sp can be
given as
o= =T 10— A8+ 5,805 + 5745341

(ij)

—-D Y (85 (1
ieA
where SlfsA and Sf. g with (§ = x,y,z) are the compo-

nents of spin-2 and spin-1/2 operators for the sublattices A
and B, respectively. J is the nearest-neighbor (NN) bilinear
exchange interaction parameter, D is the crystal field acting
only to the sites with spin-2, i.e., only on sublattice A, and
A is the exchange anisotropy parameter with 0 < A < 1.

In the Oguchi approximation, the NN pair interactions
between the spin components are treated exactly and the rest
of interactions are replaced with the effective field terms as
it is usually done in the mean-field approximations. There-
fore, the effective Oguchi Hamiltonian for a pair of spins is
given by

Hij = —J1(0 = M) S8+ 54 87p) + 57,841
—D(84,)* — hiSiy — ;S )

where the mean-field terms are given as
hi = (z—1)JMp
hj = (z—1)J Mg 3)
with M, = (S’l.ZA) and Mp = (S’;B) are the magnetiza-
tions of the sublattices, z is the number of NN’s and {...)
corresponds to thermal averages.

In order to obtain the formulations of necessary ther-

modynamic functions in the Heisenberg model, one has to
solve the eigenvalue equation

Hij | n) = Ey | n), n=12,...,10 4)

where |n) are the eigenvectors and E,, are the eigenvalues.
Thus, one have to consider the direct products of the possi-
ble vectors [s4,ms, ); for spin-2 and |sp, ms,) ; for spin-1/2.
As a result of the direct product, i.e., |s4,ms,)i ® |sB,
msg) j, one gets ten possible base vectors that are given as
1) =12,2)il1/2,1/2);, 1) =12,2)i11/2, —1/2);,
1) =12, 1)i|1/2,1/2)j, 1[1V) =12, 1)i[1/2, —=1/2);,
V) =12,00i11/2,1/2);,  |VI)=12,0)i[1/2,-1/2),
VI =12,-1);11/2,1/2);,  |VIII)=[2,—1);]1/2,—1/2);,
UX)=12,-2)i1/2,1/2),  1X)=12,-2)i11/2,—-1/2),;
®)
which are used to obtain the matrix representation of the

eigenvalue equation and where ® is omitted for simplicity.
Thus, in this representation, one obtains a 10 x 10 matrix
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whose elements are calculated from E;; = (i |7:[i j1j) with  and
i,j=1,11I,...,X.The non-zero elements are found as 1 0Z (10)
A= 5
BZ oD
En = —J —4D =2h; —h;/2, Ep=J—4D —2h; +h;/2, Similarly, the magnetization for the sublattice B is calcu-
Ey3=—J/2—D—h;i —h;/2, Esg=J/2—D —hi +hj/2, lated from
Ess = —hj/2, E¢e =hj/2, 1 0Z
Epr=J/2—D+h; —hj/2, Egg = —J/2—D+h; +h;/2, Bzﬁ_ZWj' (11)

Eg9 = J —4D + 2h; —hj/2,
Expy=En=—-J(1-A),
Eg7 = E76 = —vV6J(1 — A)/2,

Eio10 =—J —4D + 2h; +hj/2,
E4s = Ess = —6J(1— A)/2,
Egg = Egg = —J(1 — A). (6)

Thus, it is clear from the above matrix elements that the
matrix representation of A, ; in this base is symmetric. As a
last step, we need to find the eigenvalues and eigenvectors,
i.e., correct superposition of the base vectors, of this matrix.
Actually, the latter is not intended to be given in here, since
we only need the eigenvalues to get our thermodynamic
functions. The calculated eigenvalues are found as

Ei2 = —4D+2hi+h;/2—J,

E3q = [—10D+ 6h; +J £ [36D2—24Dhi+4h,-2+24Dhj —8hih;
2 2 7] 172
+4h2 —36DJ + 12 — 12k J +9.J>+647 ] /4,
Esg = [_101)—6h,-+Ji[3602+240hi+4h,?—240hj—8h,«hj
172
+4h§—360J—12hiJ+12h,-J+9J2+64J/2] }/4,
E7g= [— 4D—4h,~+2]:l:[(4D+4h,-—21)2—16 (2Dh,-+2h,~h,-—h§
1/2
—th—24J’2)} ]/8,
Eg 0= [— 4D +4h; +2]:|:[(4D—4h,— —2J)*— 16(—2Dhj+2h,-h_,- —h3

+th—241’2>]]/2] /8 )

with J' = %(l — A). They are used in the below equation
to calculate the partition function

Z= Trij [exp(—ﬁ']:[l/)] = Ze_ﬁEi (8)

i=1

with 8 = 1/kpT and kp is the Boltzmann constant. In many
statistical physics problems, the calculation of Z has the
main importance since all needed thermodynamic functions
can be obtained from it.

Thus, the magnetization and quadrupole moment for the
sublattice A with spin-2 can be calculated respectively from

1 0Z

= 3z €))

A

Finally, the free energy of the model can be obtained by
using

F=—1/B)InZ+J(z—1)MsMp. (12)

The compensation temperatures T¢op, Which is caused
by different responses of the sublattice magnetizations to
temperature changes, can be calculated by obtaining the
crossing points between the absolute values of the sublattice
magnetizations;

| MA(Tcomp) |=| MB(Tcomp) | (13)
or when the net magnetization goes to zero, i.e.,
MyET =| MA(Tcomp) | — | MB(Tcomp) [=0.0 (14)

with the conditions

sign[Ma(Teomp)]=—sign[Mp(Teomp)], Teomp <Te.

15)

Thus, these conditions warrant that the two sublattice
magnetizations cancel each other at the compensation tem-
peratures.

These are all the main ingredients to obtain the phase
diagrams of the model. For this purpose, one has to study
the thermal variations of the order-parameters by using an
iteration procedure. Thus, the numerical calculations may
lead to different solutions for different initial values of the
order-parameters. The free energy is used to classify these
solutions with respect to their stabilities. The next section is
devoted for this.

3 The Results and Conclusions

Before going into the illustrations, we should note that A =
1.0 corresponds to mixed-spin Ising model, A = 0.0 corre-
sponds to the Heisenberg model called as XYZ model, for
the intermediate values of A it is still XYZ model with the
effects of exchange anisotropy term.

As a result of numerical calculations, the phase dia-
grams of the model are obtained on the (D/J, kpT/J)
and (A, kpT/J) planes for given values of A and D/J,
respectively, by investigating the thermal variations of the
order-parameters and free energy. In the phase diagrams,
the solid, dashed, and dashed-dotted lines correspond to the
second- and first-order phase transition temperatures and
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compensation temperatures, respectively. The gray-filled
circles correspond to tricritical points while the times are
used to indicate the isolated critical points of the critical
lines. It should also be mentioned that the 7,.-lines and
T;-lines connecting at the tricritical points separate the para-
magnetic phase regions (above the lines) from the ordered
phase regions (below the lines) in the mixed spin Ising mo-
dels for z = 4. The ordered phase regions has two parts: one
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extends to higher negative values of D, i.e. D < —2.0, and
the part with D > —2.0 as explained in [9], but we are not
going to distinguish them in here.

The first phase diagrams are obtained on the
(D/J,kpT/J) planes for given values of A and are illus-
trated in Fig. 1. Figure la is obtained when A = 0.0, the
solid line, i.e. T.-line, decrease in temperature as D/J
gets more negative and eventually disappears at higher
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Fig. 1 The phase diagrams on the (D/J, kgT/J) planes for given values of A;a 0.0, b 0.25, ¢ 0.5, d 0.75, and e 1.0. The insets are intended to
give all the details of the phase lines where the gray circles and times indicate the tricritical and isolated critical points, respectively
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negative D/J’s. This result is different than the results
when A = 1.0, i.e. Ising model results, where the critical
line terminates at D/J = —2.0 for z = 4. So, the existence
of A causes the T,-lines to be more persistent even at lower
negative D/J’s, see also Figs. 2 and 3 of [9]. The unstable
portions of the first-order phase lines, i.e., the 7;-lines, has
two wings. The compensation temperature line, Topp-line,
emerges from the 7¢-line and terminates on the T;-line. As
the strength of exchange anisotropy term decreases, the
phase diagrams change drastically. Figure 1b is calculated
when A = 0.25 which is qualitatively similar with Fig. 1a,
but now the T,-line has a small 7;-line portion which is

1.5
1.0

0.5

0.0

-0.5

KT/

-1.0

1,%.];1.3:(”/—

CE N | | (2)

0.0 0.2 0.4 0.6 0.8 1.0

KT/

K, T/

0.0

0.0 0.2 0.4 0.6 0.8 1.0

Kk, T/

combined with the 7,-lines at two tricritical points. When
A is increased further, Fig. 1c for A =0.5, the lower tri-
critical point of Fig. 1b is now broken from the T;-line
at the isolated critical point. Then, the critical line starts
from the second isolated critical point on the T.-line. In
between these two points, no solution is obtained. This
may be caused by A which drives spin-2 suddenly jump to
1/2 value which is interesting since spin-2 can have only
£2, £1, 0. The T,4mp-line shows reentrant behavior, which
is caused by the existence of two compensation tempera-
tures for given system parameters. Figure 1d shows that the
T;-line has three portions: First one starts from the 7,-line

Fig. 2 The phase diagrams on the (A, kpT/J) planes for given values of D/J;a2.0,1.5, 1.0, 0.5, 0.0, —0.5, — 1.0, and —1.38, b —1.3825, —1.5,
and —1.75 (¢) —1.8 and —1.9,d —2.0 and —2.1, and e —2.1, —2.5, —3.0, —4.0, —5.0, —7.5, and —10.0
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and terminates at isolated critical point, then there is a space
of no solution, then the second T;-line is seen between two
isolated critical points, then there is a space again, and then
the third 7;-line appears starting from isolated critical point
and ending at tricritical point. The last figure, Fig. le, is
obtained for A = 1.0 corresponding to the mixed-spin Ising
model. This figure is similar qualitatively with Fig. 4 of [1,
2], the latter also gives the phase line obtained by the effec-
tive field theory (EFT). It is clear that the present work over
estimates the temperatures when compared with all three
results. The EFT does predict a tricritical point as in this
work but the Monte Carlo simulation [2] and Bethe lattice
results [1] does not predict any tricritical points when z = 4.
The T;-line was terminated at the isolated critical point and
no other solutions were found. The model yields one com-
pensation at a time. As a conclusion, the temperatures of
the critical lines are increased as A increased. The T,-line
extending to lower negative D/J values move towards right
as A increased and disappear for A = 1.0. The unstable T;-
lines move to the lower negative D/J’s as A is increased.
The stable T;-lines are only seen about D/J = —2.0 and
always connected to the T,-lines via tricritical points.

The next phase diagrams are obtained on the (A, kgT/J)
planes for given values of D/J and are given in Figs. 2.
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Figure 2a shows only 7¢-lines obtained for D/J = 2.0, 1.5,
1.0, 0.0, -0.5, 1.0, and —1.38 except for the latter for which
the unstable portion of the 7;-line is also seen. It is clear that
the temperatures of the critical lines increase gradually as
D/J or A is increased. Next figures, Fig. 2b, are obtained
when D/J = —1.3825, —1.5, and —1.75. The first one is
similar with the D/J = —1.38 of the previous figure. The
second one shows the unstable portions of the T;-lines with
two wings in addition to the T¢yp-line. The last one shows
that the unstable 7;-lines move towards higher A’s and
Tomp-line exhibits reentrant behavior. Figure 2c is obtained
for D/J = —1.8 and -1.9. When D/J = —1.8, a stable T;-
line is seen in between the two tricritical points in addition to
the other lines of D/J = —1.5and-1.75.For D/J = —1.9,
the 7;-line starts from the tricritical point and then termi-
nates at isolated critical point. Again there is a space of
no solution. Then, the T,-line starts from the isolated crit-
ical point which increase in temperature as A is decreased
towards zero. In addition to moving right, the unstable 7;-
lines cover smaller area when compared with D/J = —1.8.
The next figure, Fig. 2d, shows the two winged unstable 7;-
lines disappear for D/J = —2.0 and -2.1. Instead, we see
two (one) unstable 7;-lines for D/J = —2.0 (-2.1) starting at
A = 1.0 and decrease in temperature as A increased and
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Fig. 3 The thermal variations of the order-parameters and free energy; a A = 0.0, D/J = —13.b A = 0.0, D/J = —15.¢ A = 0.25,

D/J =—-171,andd A =0.75,D/J = —1.95
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they terminate at the isolated critical points. The T, p-line is
not seen anymore for D/J = —2.1. The T,-lines start at
A = 0.0 and decrease in temperature as A is increased, then
terminates at tricritical points from where the 7;-lines emerge
which then disappear towards A = 1.0. In addition, the
tricritical points move to higher A’s as D/J becomes
more negative. The last figure, Fig. 2e, shows that the
T.-lines start disappearing as D/J becomes more and
more negative.

The last figures of this work show the thermal variations
of magnetizations and free energy. The latter is especially
important to distinguish whether the solutions are stable or
not. The black (gray) lines indicate the stable (unstable)
solutions. Figure 3a is calculated for D/J = —1.3 and
A = 0.0 at which the magnetizations and free energy must
give a T; at lower and a T, at higher temperatures (see
Fig. 1a). As seen M4 and Q 4 start a little above 1.0, which
start at 2.0 and 4.0 for higher positive D/J’s, and Mp starts
at 0.5 as expected. Thus, it is clear that as D/J becomes
more negative the ground state values of M4 and Q4 are
lowered. Magnetization lines are continuous and as the tem-
perature increases they decrease in temperature and all go
to zero at the 7, where Q4 presents a little kink. The
unstable parts start from lower temperatures and gradually
increase as temperature increases then they jump to their
stable values. Thus, this jump actually occurs at the 7;. The
free energy starts from higher values for the unstable solu-
tions as expected which is shown in the inset. In addition,
it presents a jump to its stable value at the 7;. The sta-
ble part is always continuous. The next figure, Fig. 3b, is
obtained when D/J =—1.5 and A =0.0. Now, one expects
a T;, a Teomp and T, according to Fig. 1a. This is indeed
the case. The unstable solutions start from higher values in
comparison to the stable solutions. The sublattice magneti-
zations M4 and Mp becomes equal at the T¢ppp. Figure 3¢
is obtained for D/J = —1.77 and A = 0.25 for which one
expects two 7;’s. Again the unstable ones jump to their sta-
ble values at the 7;. In addition, the stable magnetization
lines jump to zero and Q4 jump to a nonzero value at the
second T;. At the first 7;, F jumps to its stable value while
it is continuous at the second 7;. Thus, it is clear that the
continuity of F may be indicating also the stability of the
solutions. The last figure of this work, Fig. 3d, presents three
T;’s according to Fig. 1d and obtained for D/J =—1.95 and
A = 0.75. The unstable solutions make jumps at a lower
temperature which then jump to their stable values. Then,
another jump is seen to higher values. Lastly, the third jump
is seen to zero values for magnetizations and to a nonzero

value for Q4. As seen from the inset, F is discontinuous
at the first T;, but it is continuous at the second and last
T;’s. The reason of reentrant behavior is also clear from this
figure, i.e., the model presents two Teomp’s for given D/J
and A.

In conclusion, we have studied the exchange anisotropy
and crystal field effects for the mixed spin-2 and spin-1/2
Heisenberg model on a square lattice by using the Oguchi
approximation. The phase diagrams are calculated by study-
ing the thermal changes of the order-parameters and free
energy. In addition to the stable solutions, the unstable solu-
tions of the model are also examined. The model yields
both second- and first-order transitions, in addition to the
tricritical and isolated critical points. The compensation
temperature lines present reentrant behavior so this means
that the model gives two compensations for given param-
eters. Some important conclusions are given during the
explanations of figures and whenever possible a few com-
parisons are also made and similarities are observed. As
an important conclusion, even if this mixed-spin system
including anisotropy is not studied with any other tech-
niques so far, we see for the case with A = 1.0, i.e. [1-4],
some shortcomings or maybe some kinds of artifacts at low
temperature regions.
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The mixed spin-2 and spin-1/2 Heisenberg model is studied on a simple cubic lattice by
using the Oguchi approximation to examine the effects of exchange anisotropy and crystal
field. The thermal variations of the order-parameters, i.e. magnetization and quadrupole
moment, are investigated to obtain the possible phase diagrams of the model. The detailed
phase diagrams are obtained on the (D/], kT /])and (A, kgT /J) planes for given values of A
and D/J, respectively. In the phase diagrams all possible solutions are illustrated whether
stable or not. The model yields second and first-order phase transitions, in addition to the
tricritical and isolated critical points. The model also gives two compensation temperatures
for given system parameters, therefore, they exhibit reentrant behavior. The low temper-
ature behavior of the model is very complicated, therefore, the reliability of the Oguchi
approximation should be investigated further.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

After the detailed investigations of single spin type Ising models, the next logical step was to mixed them up with different
spins in various structures. The studies of mixed-spin systems revealed an important property called as the compensation
temperature which has many technological applications such as magnetic recording etc. In addition to this, the phase
diagrams become much richer, therefore, they also got a lot of attention. In the Ising model the spins can only align along
one axis which is usually chosen as the z-axis. When this limitation is lifted, i.e. giving spins the possibility of aligning
in three-dimensional space may lead to much more complicated systems which are quantum mechanical in nature and
they are studied in terms of the Heisenberg models. In this model, the spin operators do not commute with each other,
therefore, there are certain types of uncertainties in the measurement of physical observables. Thus the exact solutions are
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usually unavailable, therefore, it is always necessary to use some kind of approximations which may give some qualitative
pictures but usually has many shortcomings. In this work, we wish to investigate the mixed spin-2 and spin-1/2 Heisenberg
ferrimagnetic system on a simple cubic lattice in the Oguchi approximation (OA).

The Heisenberg model in the OA was considered for either single-spin or mixed-spin systems and interesting results were
obtained. The thermodynamic properties of spin-1/2 anisotropic Heisenberg model with Dzyaloshinskii-Moriya interaction
were studied [1]. The same spin system was also considered where the effects of the second-nearest-neighbor exchange
interactions on the magnetization, internal energy, heat capacity, entropy and free energy were considered [2]. The effects
of both exchange and single-ion anisotropies were investigated on the phase diagrams of the mixed spin-1 and spin-1/2 [3],
including the compensation temperature studies [4] and including the investigation of magnetic susceptibility [5]. The
similar properties was also considered in the ferromagnetic mixed spin-3/2 and spin-1/2 model [6]. In all these works
only the simple cubic lattice structures were considered since Mermin-Wagner theorem states that continuous symmetries
cannot be spontaneously broken at finite temperature in systems with sufficiently short-range interactions in dimensions
d < 2 [7]. Thus the OA does not give the results in agreement with the Mermin-Wagner theorem for the planar isotropic
Heisenberg model, therefore, in this work we take z = 6, i.e. the number of nearest-neighbor spins, corresponding the simple
cubic lattice in order not to violate the Mermin-Wagner theorem.

As far as in our knowledge, the mixed spin-2 and spin-1/2 system was mostly considered in the Ising models: The critical
behaviors of some mixed ferrimagnetic systems were studied on a square lattice in which the two interpenetrating square
sublattices had spins o(£1/2) and S(£2, £1, 0) and the exact ground state calculations were carried out and Monte Carlo
(MC) simulations were performed to obtain the finite-temperature phase diagram of the model [8]. The thermal behaviors
of the order-parameters and phase diagrams were studied in the Blume-Capel model for the nearest-neighbor interactions
on the Bethe lattice by using the exact recursion equations for the coordination numbers z = 3, 4, 5 and 6 [9]. The magnetic
properties of a ferromagnetic diamond chain were studied by effective-field theory (EFT) and MC simulation based on the
Ising model [10]. The only work in terms of Heisenberg model investigated the compensation and critical behaviors on a
square lattice theoretically by the two-time Green’s function technique, which takes into account the quantum nature of
Heisenberg spins [11]. It should be mentioned that in these works usually the effects of crystal field were considered, but
for the three-dimensional case the spins may interact strongly in one direction than the others, thus, one can intend to add
an exchange anisotropy term to study its effects on the phase diagrams too.

There are not many experimental works including mixed spin-2 and 1/2 system but we can at least give two experimental
works such as: A polymer with a large density of cross-links and an alternating connectivity of radical modules with unequal
spin quantum numbers (S), macrocyclic S = 2, and cross-linking S = 1/2 modules, were designed which permits large net S
values for either ferromagnetic or antiferromagnetic exchange coupling between the modules [12]. The second one studies
the specific heat data on two samples of YBa,Cu30;_s with relatively low concentrations of paramagnetic centers and show
the presence of both spin-2 and spin-1/2 moments [ 13].

In this work, the effects of exchange anisotropy and crystal field for the mixed spin-2 and spin-1/2 Heisenberg model
on a simple cubic lattice are investigated by using the Oguchi approximation. The detailed phase diagrams are obtained on
the (D/], kgT/]) and (A, kgT /]) planes for given values of A and D/J respectively by investigating the thermal variations of
the order-parameters. It is found that the model gives second- and first-order phase transitions and some critical points in
addition to compensation temperatures.

The rest of the work is set up as follows: The next section is dedicated to the formulation of Heisenberg model in the
Oguchi approximation for the mixed spin-2 and 1/2 system. The third section comprises from the phase diagrams and some
of the illustrations for thermal variations of the order-parameters in addition to some comparisons whenever possible. The
last section is devoted to brief summary and conclusions.

2. Formulation

The usual Hamiltonian for the mixed spin-S4 and spin-Sg including exchange anisotropy parameter A may be given as

H=— D [(1— AXSLS, +55Sh) + 82851 — DY (85, (1)
(i) i€A
where Si‘i\ and sijB with (§ = x,y,z) are the components of spin-2 and spin-1/2 operators for the sublattices A and B,

respectively. D is the crystal field acting only to the spin-2 sites, i.e. only on sublattice A, J is the nearest-neighbor (NN)
bilinear exchange interaction parameter and the exchange anisotropy parameter only lies in the 0 < A < 1 range.

In the OA, the NN pair interactions between the spin components are treated exactly and the rest of interactions are
replaced with the effective field terms as it is usually done in the mean-field approximations. Therefore, the effective Oguchi
Hamiltonian for a pair of spins is given by

Ay = —JI(1 = AXSHS) + SSh) + S5S51 — D(S3)” — hiS5y — hiSh, )
where the mean-field terms are given as

hi = (z — 1)JMp
hj = (Z — ])]MA (3)
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with My = <§'Zm> and Mp = (§f3) are the magnetizations of the sublattices, z is the number of NN’s and (...) corresponds to
thermal averages.

As in many quantum mechanics problems one has to solve the eigenvalue equations, therefore, we are going to follow
the same procedure to obtain the formulations of necessary thermodynamic functions in the Heisenberg model

Hijln) = Eq|n), n=1,2,...,10 "

where |n) are the eigenvectors and E, are the eigenvalues. Thus one have to consider the direct products of the possible
vectors [s4, ms, ), for spin-2 and |s, msB)j for spin-1/2. As a result of the direct product, i.e. [sa, ms,); ® Isp, msB)j, one gets
ten possible base vectors that are given as

) =12,2);11/2,1/2);, I =12,2);11/2, =1/2);,
) =12, 1);[1/2,1/2);, vy =12,1)1/2, =1/2);,
V) =12,0)11/2,1/2);, VI) =12, 0);11/2, —1/2);, (5)

\VII) =12, —1);|1/2, 1/2)j, Vi = 12, —1);11/2, —1/2)j,
IX) =12, =2);11/2,1/2);,  |X) = 12, =2);11/2, —1/2);
which are used to obtain the matrix representation of the eigenvalue equation and where ® is omitted for simplicity. Thus

in this representation, one obtains 10 x 10 matrix whose elements are calculated from Ej; = (i|7ftij Jywithi,j=1,1I,...,X.
The non-zero elements are found as

Eyp = —J — 4D — 2h; — hj/2,  Ey =] — 4D — 2h; + h;/2,

Es3s =—J/2—D—h;—h;j/2, Eu=]/2—D—hi+hj/2,

Ess = —h;/2, Ees = hj/2,

E;7 =]/2 =D+ hi — hj/2, Ess = —J/2 =D+ h; + h;/2, (6)
Eqg :J—4D+2hi—hj/2, 51010:—]—4D+2h,‘+hj/2,

Ex; = Es = —J(1— A), Ess = Ess = —V/6J(1 - A)/2,

E57:E75:—\/6_,(1—A)/2, E89:E98:_](1_A)’

It is clear from the above matrix elements that the matrix representation of 7—21-]- in this base is symmetric. As a last step we
need to find the eigenvalues and eigenvectors, i.e. correct superposition of the base vectors, of this matrix. Actually, the latter
is not intended to be given in here, since we only need the eigenvalues to get our thermodynamic functions. The calculated
eigenvalues are found as

Eip = —4D£2h; £ hj/2 — ],
Es4 = [—10D + 6h; +] + [36D* — 24Dh; + 4h? + 24Dh; — 8h;h; + 4h? — 36D]
+12hy — 12k + 9J% + 641212 /4,
Ese = [—10D — 6h; + ] £ [36D* + 24Dh; + 4h? — 24Dh; — 8h;h; + 4hj2 —36DJ (7)
—12hy + 12h) + 9J% + 64)2)"/%1/4,
E7s = [—4D — 4h; + 2] + [(4D + 4h; — 2J)° — 16(2Dh; + 2h;h; — h? — hy — 24]"%)]'/]/8,
Eg10 = [—4D + 4h; 4 2] = [(4D — 4h; — 2] * — 16(—2Dh; + 2h;h; — h? + hy] — 24]"%)]"/?1/8

with ] = %(l — A). They are used in the below equation to calculate the partition function

n
Z = Trylexp(—pHl = Y e " (8)
i=1
with 8 = 1/kgT and kg is the Boltzmann constant. In many statistical physics problems, the calculation of Z is the most
important since all other thermodynamic functions can be calculated from it.

The magnetization and quadrupole moment for the sublattice A with spin-2 can be obtained from
1 dZ

A=~

BZ Oh;

and

Similarly, the magnetization for the sublattice B is calculated from
1 9z

= 5z 8711

The average magnetization can be defined as

B

Mr = (Ma + Mg)/2 (12)
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and the differences of sublattice magnetizations is defined as

Mc = |My — Mp| (13)

which gives the compensation temperature when equals to zero. Finally, the free energy of the model can be obtained by
using

F=—(1/B)InZ + J(z — 1)MaMs. (14)

It should be mentioned that the explicit forms of these equations are too long to be given in here. In order to obtain the
numerical values of the order-parameters and free energy, an iteration procedure is followed by varying the temperatures
for given system parameters. Thus the investigation of thermal variations of these quantities lead us to obtain the phase
diagrams on possible planes spanned by the given system parameters.

Before presenting the phase diagrams of our model, the obtaining of second- and first-order phase transition and
compensation temperatures and, critical points should be presented; (i) at the second-order phase transition temperature,
T., the sublattice magnetizations go to zero continuously while the quadrupole moment makes a little kink, (ii) at the
first-order phase transition temperature, T;, the sublattice magnetizations present a jump to zero discontinuously where
quadrupole moment also make a jump to some nonzero value, (iii) the compensation temperatures Tcomp, Which is caused
by different responses of the sublattice magnetizations to temperature changes, can be calculated by obtaining the crossing
points between the absolute values of the sublattice magnetizations

|MA(Tcomp)| = |MB(Tcomp)| (15)

or when the net magnetization goes to zero, i.e.

Mpgr = |MA(Tcomp)| - |MB(Tcomp)| =0.0 (16)

with the conditions

Sign[MA(Tcomp)] = _Sign[MB(Tcomp)]s Tcomp < T. (17)

Thus, these conditions warrant that the two sublattice magnetizations cancel each other at the compensation temperatures,
(iv) the tricritical point (TCP) is defined as the juncture point of the T,- and T;-lines and (v) isolated critical points (ICP) are
the points where the lines terminate. After presenting these important points, we are now ready to give our phase diagrams
in the next section.

3. The phase diagrams

Before the illustrations of phase diagrams, we present the thermal variations of the order-parameters when they
undergo second- or first-order phase transitions. Fig. 1a is obtained for D/] = 1.0 and A = 0.5 shows the behaviors of
order-parameters at the second-order phase transitions. As seen the magnetizations go to zero continuously at the same
temperature, T., where Q4 makes a cusp exactly at the same temperature. The second one is obtained when D/] = —2.8 and
A = 0.25 whichillustrates the existence of two first-order phase transitions. At these temperatures, T;, the order-parameters
present jump discontinuities. The next one shows the existence of a T; and a T, obtained for D/] = —2.6 and A = 0.25.
As seen the order-parameters first give a T; than a T, with T; < T. The last one shows the thermal variations of M. which
shows the existence of two compensation temperatures obtained for D/] = —2.75and A = 0.3.

In the phase diagrams, the solid, dashed and dashed-dotted lines correspond to the second- and first-order phase
transition and compensation temperatures, respectively. The filled triangles correspond to TCP’s while the gray filled circles
are used to indicate the ICP’s of the T; lines. The critical lines, T, or T;, at highest temperatures separate the paramagnetic
phase regions (above the lines) from the ordered phase regions (below the lines). It should be noted that A = 1.0 corresponds
to mixed-spin Ising model, A = 0.0 corresponds to the Heisenberg model called as XYZ model and for the intermediate
values of A it is the exchange anisotropy included XYZ model.

The first phase diagrams of the mixed spin-2 and 1/2 model are obtained on the (D/J, kgT /J) planes for given values of
A. Fig. 2a is calculated for A = 0.0 shows that the critical line starts as a T.-line at higher temperatures for higher D/J’s.
This T,-line terminates at a TCP, from where a small portion of T;-line appears, then from the second TCP the other portion
of the T.-line is seen and it continues until very low negative D/J’s. In the Ising model the second portion does not appear
at all. Actually this line disappear in the Ising models at about D/] = 3.0 at zero kgT/J. The compensation line, Tcomp-line,
starts from the T.-line and terminate on the lower portions of the T;-lines. When A = 0.25, see Fig. 2b, the T;-line does
not combine with the T,-line at lower TCP instead it terminate at ICP. The second TCP combines the lower portion of the
T.-line with the triangular shaped T;-line. Fig. 2c is obtained for A = 0.5 is similar with the previous figure but now we
see extra triangular shaped T;-line. In all these figures, the T¢,mp-lines show reentrant behavior since the model gives two
compensations. In addition, as A grows the portion of T.-lines at lower negative D/J’s decrease as expected. Fig. 2d shows
the phase diagram when A = 0.75, it is clear that the T.-line are seen at lower temperatures for lower D/J’s combine with
a T;-line at TCP which terminates at ICP. The T,mp-line terminate at the triangular shaped T; -lines, then after a short break
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Fig. 1. The thermal variations of the order-parameters (a) A = 0.5 and D/] = 1.0,(b) A = 0.25and D/] = —2.8,(c) A = 0.25and D/] = —2.6 and (d)
the behavior of M¢ showing two compensation temperatures when A = 0.3 and D/] = —2.75.

it appears and then terminate at lower T;. The last figure Fig. 2e corresponds to the Ising model, i.e. A = 1.0. Except the
triangular shaped T;-line the phase diagram is very similar to the ones obtained in [9] of Fig. 4. In these phase diagrams,
the lowest triangular shaped T;-lines are unstable and all other lines are stable which can be easily seen from a free energy
analysis. It should be mentioned that as A increases the increase in temperatures of T.-lines almost unnoticeable.

The next ones are obtained on the (A, kgT/J) planes for given values of D/J. Fig. 3a is obtained for the values of
D/] =2.0,1.5,1.0,0.5,0.0,—0.5,—1.0,—1.5,—2.0 and —2.4. The T,-lines decrease in temperature as D/ becomes smaller.
They are almost straight for higher positive D/J, but they seem to go down in temperature as D/] becomes smaller at the
A = 0.0 side. Fig. 3b shows the case with D/] = —2.5 and -2.625. Again the T.-lines start from higher temperatures at
A = 1.0 and terminate at lower temperatures when A = 0.0. The Tcopp-line start from the T -line for D/] = —2.625 and
terminates on the unstable portion of the T;-lines and the reentrant behavior is also clear. A short Tomp-line starts from the
A = 0.0 for D/] = —2.5 and terminate on the T;-lines. In Fig. 3¢, the T,-lines start from higher kzT /] and as A decrease the
first TCP's appear for D/] = —2.75 and —2.8, from where the T;-lines start which then terminate at the lower TCP’s. The
Teomp-lines at A = 0.0 and after showing reentrant behavior they terminate on their unstable T;-lines. When D/] = —2.9,
first we see a T;-line ending at ICP, then a T,-line starting from A = 0.0 ending at the TCP, then the second T;-line ending at
the other ICP and a very low temperature T;-line ending at ICP again. The T¢omp-line again show reentrant behavior. Fig. 3e is
similar to the previous figure, but now the lowest T;-line is not seen. When D/] = —3.0, the temperature of T;-line increase
while it decrease when D/] = —3.1 towards A = 1.0. The last figure is obtained when D/] = —3.5, —4.0, —4.5, —5.0, —6.0,
—8.0 and —12.0 as shown in Fig. 3f. As seen the T.-lines start from higher temperatures for A = 0.0 and as A decreases
their temperatures decrease and they terminate at TCP’s of their own. The TCP’s move to lower temperatures and higher A’s
as D/] becomes more negative. The T;-lines starting from TCP’s terminate at zero temperatures close to A = 0.0.

4. Brief summary and conclusions

In this work, we have tried to analyze mixed spin-2 and 1/2 Heisenberg model on a simple cubic lattice by using the OA.
The exchange anisotropy and crystal field effects have been examined under the thermal changes. The phase diagrams are
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calculated by studying the thermal changes of the order-parameters and free energy. In addition to the stable solutions, the
unstable solutions of the model are also examined. The model yields both second- and first-order transitions, in addition to
the TCP and ICP. The compensation temperatures are found which led to the reentrant behavior. Some important conclusions
are given during the explanations of figures and whenever possible a few comparisons are also made and similarities are
observed. As an important conclusion, even if this mixed-spin system including anisotropy is not studied with any other
techniques so far, we see for the case with A = 1.0, i.e. [8-11], some shortcomings or maybe some kinds of artifacts at low
temperature regions.
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RAPOR

Bu projede, karma spin-2 ve spin-1/2 Hesienberg modelinde degis-tokus enerjisi ve
kristal alan etkileri Oguchi yaklagimi kullanilarak kare ve basit kiibik kafes lizerinde detaylica
calisildi. Diizen parametrelerinin, manyetik dipol ve kuadrupol moment, ve serbest enerjinin
sicaklikla olan degisimleri incelenerek sistemin miimkiin olan diizlemlerdeki faz diyagramlari
elde edildi. Detayli faz diyagramlari1 (D/J, ksT/J) ve (A, ksT/J) diizlemlerinde sirasiyla verilen
A ve D/J degerleri i¢in elde edilip faz diyagramlarinda kararli ya da kararsiz olsun biitiin
¢Ozlimler gosterildi. Modelin tiglii kritik ve izole edilmis kritik noktalarin yani sira ikinci- ve
birinci seviye faz gecisleri verdigi bulundu. Model ayn1 zamanda verilmis sistem parametreleri
icin iki telafi (compensation) sicakligi vermistir ki buda reentrant olayina sebebiyet vermistir.
Modelin diistik sicaklik bolgesindeki davranist ¢ok karmasiktir ki bundan dolay1r bu modelin
gilivenirliginin tespiti daha ileri seviyede incelenmesi gereklidir. Elde ettigimiz sonuglar
literatiirde bulunan c¢aligmalarla benzer sonuglar vermesinin yani sira Heisenberg modelinde
kullanilan Oguchi yaklasiminin yeterli ve yetersiz yanlarmi da ortaya ¢ikarmistir. Yapilan
calismalarimiz ile hedefledigimiz bilimsel sonuglara ulasmanin yani sira uluslararasi Science
Citation Index (SCI) iki adet yayin [14,15] ve uluslararasi bir adet sozlii sunum [16] yapilmistir
ki bu hedef proje bagvurusunda belirtilmisti.

Bu projenin 8157,99 TL olan biit¢esinin 4788,44 TL’lik kismu1 diziistii bilgisayar, 895,62
TL’lik kism1 monitér ve 1822,96 TL’lik kismi ise uluslararasi sunum yapmak {izere toplam
7505.02 TL’lik kismu kullanilmis olup geri kalan kismi olan 650.97 TL’lik kismi ise

kullanilmamustir.

Ekler: 1-Makale [14] ve Makale [15]

2- Uluslararas1 Sozlu Bildiri
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