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Abstract

Project Code : MRG4980190
Project Title: The Effect of Mechanical Stress and Structural Defects on the Hysteresis
Properties of Ferromagnetic Films of Nano Scale Thickness: Simulation
of the Crucial Factors to Enhance the Capacity of Hard Disk Drives.
Investigators: Dr. Yongyut Laosiritaworn
Department of Physics, Faculty of Science, Chiang Mai University
Prof. Dr. Julian Poulter
Department of Mathematics, Faculty of Science, Chiang Mai University
E-mail Address : yongyut_laosiritaworn@yahoo.com
Project Period : July 1, 2006 to June 30, 2008

In this study, effect of parameters i.e. temperature, films-thickness, mechanical
stress and vacancy defects on magnetic hysteresis of magnetic thin-films in nano-range
was investigated. In addition, the study extended to cover ferroic system by considering
ferroelectrics material. From the results, the structure anisotropy in terms of temperature
causes the magnetic properties close to critical point changes over a broad temperature
range. On considering effect of mechanical stress, the hysteresis loop decreases as the
cease in ferro-properties. On the increase of vacancy defects or the decrease of films-
thickness, the average magnetic interaction per spins also reduce which causes the
maximum hysteresis to shift to smaller frequency. In addition, the study also summarized
the findings on relating hysteresis properties to films-thickness (or vacancy defects
percentage), frequency and amplitude of the field in power-law relations. This provides
the relationships among parameters which generates novel knowledge for applications in

the future.

Keywords : Monte Carlo simulations, magnetic thin—films, mechanical stress, structural

defects, hysteresis properties
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fiaannsniduudmanidanuususas(substrate)  Tvwaszozvinesznitauaafialairinnu
HanauaIANuARiazi IaudAnmaimanzesssuddnainanisullananiz
ganAdn lflanuduannizi - danunaiTuaninavesnnuduislanuidgadsbide
mIsanuuuLazdnaivgldnInimaudndnla g nmaITsiduNThanuduiiunum
lunﬁiLﬁu-a@ﬂszﬁw’ﬁmwmﬂﬁmmmzqmauﬁ'ﬁmaamsmﬁﬁﬂ WasanannTa liiunie
sagunniiaild  wazlUiwfeuudasuiwessdaneifauszmadaswnald (Mendiola
et al., 1998; Lu et al., 2000) nat/snUNITITBLNLINUNIVDIAMULABNNINI N IINALNAD DY
PNAFNFIFALAHAVIANNATaITWNdarTAFMNaIFadadidnglunsansnuidsluy
AU T ATE D
& A A o , & " e P Aad o
wananuk lwuddvi dujsdnsnavesanulisinaueluienvesgunnindn
a < A 1 & A6 t:? a v A o ' 1
Waluaasnly lunsdivesmsudindnAsuurifionaaziia laannsnawuniI s uazaIna
va ~a v 1 a 1 {al d o v a 1 {
IWauTulndmdmiigunaiininfiduy (Hu etal., 2006) Taazinldgmnaidandaowly
ANTZHZNNINBENINNWIBH HANANNIITTN A LEd o TAIWYRIRNWLALAR LTINS Uy
o P al e \ & A @ A AN a1 @ ‘ Y ' =
dunnadng guasisuwimanidn ldirinuiiesangamn S ldwiiu dnaldanwwiman
lasmwudsifeuliangauad
ﬁwq@ ﬁnﬂmﬂujmﬁﬂﬁ'ﬂﬂﬁL@%Uuluannzﬂﬂaﬁﬂ%wudﬂq@unwiaaLLUU"ﬁaadN
Q gj 1 L= a J Qs 1 ]
Tuszaduasudlulanwasaslddamnluwas@nuniuiialuiaznizanoaieg luaswinan

1 tg’ ) tﬂl @ A o v wa 1 =3 dl
Nﬂ%’?ﬂ’i]‘(mJﬂ‘WSI’N%Lﬂ%“flﬂiﬁﬂﬂ%@]'ﬂﬁ]&ﬂﬁl%ﬂmaZJTJ@]LL&JL‘V\&ﬂ?IE]Gﬁ’]iLLUSLﬂﬂ HUIMNFNIILS
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ganad uazlunmssanuuuldnumsudimanazianaaldninlilddrilafisgaunniasii

Q 5 1 1 ] 36 { & 1 o
sl,umoﬂaunm;mmwsaaLLuumaa’mﬁlmumﬁmm:aumagluﬁaumiummmmmm"l,ﬂ
ﬂ%’uﬂgmmawﬁ'&mjmﬁmmumuqﬂ@” Eip "LiJLﬁmm@amuﬁ'ﬂﬁ’m%‘%aﬁﬂﬂmuqu
qm%gﬁ@ﬂ&ﬁmmné’umﬁ%mLLsJ'mﬁmmﬂué’@muﬁ'm‘hmuamaw?iag’“ﬁﬂatﬁm A9
windaaunwissnuutesinsdingedlusmsudininzyiliduasitowsimanlasnu(as

A A ° o Aad o o 1A i = ' = &

mas)umammml%qmwgwmaﬂmﬂaﬂumlau,umaﬂmﬂamwu,umamwﬂﬂﬂuwwswa@m
el

AT MINNTIUAIONG BHAUFINLINUNAVDIANULAT N8DDIANN ladLauoTal
QRIVEEY LLa:Naﬁg@mﬂws’aaLmuﬁao’mluﬁaumiummﬁﬁ@iaqm%gﬁg’%(uazwé’amumwﬁ'u)
wazdmnatdanuwiinaniaziiaasdanuinaagedisdisiadanisuanmizquaingn
o gl v [ 6 A 6 aid % a a 6 d' 1 % a
mmumiﬂi:qﬂ@ﬂm VTW F1SAREN mewuqmumawwmwmnﬂq@lumamﬂmﬁmw
Lﬁaﬁum’?ﬁ@;ﬁﬁmﬁmj&mwﬁawwrﬁmﬁmnﬁq@

[l =3 A 3 = ,_-3' A ¥ a J =
P]U’]xﬁvlﬁﬂ@ﬂ&l LWﬂIﬂﬂ’ﬁﬂﬂH’]% UANUNIWNYINNLNNUYW a:mmmmaum@mﬂmﬂnm

wazNAINT T UURDUNRaNINAza TUTr UL la lwauumantws s lausn 81Y1508TUNY
U A« a v Y & g; U =)
szuvlalwa Wi szuuwslsdiannsn) laaas FINIFaITTUUTINGun leainszuunslsan

(ferroic system)

d‘l” = ada o
2. naujiugu uaz sudeuizive
o @ a%’ a dd%’ £ a a A d' =}
Tuwadat szabunennedNugunsauadalnifiousasszuusluitanlsly
midne  sdaesanumInivandaiila wanInaasi(mIsmlduazdaagdna

AnTanunanuiuuulunanwindsenay)

2.1 adalniiewuasatin
= dw vAa % o 6 a d' = a
luns@nsd laRasanlenisitaesaniunisainandaslaie@dnswgdnss
[l = v v =y é a v v =) a - - {
uiwan(lasuinlulassasflauund) Taaansaadunelameastuuuuleds (Ising spin) Na
A o ' £ = o ') A &< &
fenaduwldldzesgduuy idu Junieas +1 Faunanzandmivrzuuidumaniduns

Lﬁaamnmmvl,&im‘i’lLauaL%awﬁaaﬁuluiﬂsoai”ﬂamaa?\lfoi‘uﬁ@hga) (Bander and Mills, 1988;
Binder and Hohenberg, 1974; Dunlavy and Venus, 2004; Elmers et al., 1994; Li and
Baberschke, 1992) ¥lfifiaunuiny (easy axis) uazaluazadlufiatudunan alulodofaz

Ilunsdindnsszuuudindninily uazaluuouladwdringniwuafienisuuuansds
14 31]LLUU@]’]&JI@]N&%’NL‘Yl“/liﬂﬂuaa (tetragonal) uazuuy seuludasaa (rhombohedral)
WafinwzuunslsBidnvian(Haertling, 1999; Scott 2002) lavauu@ldalwnaiiiataguu

sauaaiianidlalnalWihwioudndn dradrsvasszuualuledslusaslif@duu1sbouaa
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vlﬁé'agﬂﬁ' 5 WeanaNTH PnaveIFTuaIzyuINNUAUATNILLAIMAN (exchange interaction)
lunsdudinannils wlenunusuasnsen lalwalwia (electric dipole interaction) lunsei
WSlsBiann3n LLazé'umﬁ‘%mﬁ”'maagﬂLLuuf:ﬁ]:ﬁ'mu@@hlﬁLﬂu 1 welwilunsazvas
wasufilglumssuam

Eﬂ‘ﬁ 5 LLNumWLLama‘TJuVLa%WT\‘Jagjiuuﬁ;mm@lﬁﬁn%ﬁa

lagnsinuealalnidion MsdnsRITMINaVaIaUAIRSEILANIURBUWI 2o UAT
Aol dunan Ay auaInsenTeriealuilafNnTansunuNaTaIaINAewanh

LT RIUENIAN AB

H=_J zgi.gj_ﬁ(t)-Zg )

<i,j>
dl =) o ana 1 a =S 1 1A n:l' [ v dl
losl J @ suaiiienszniadu wer <..> uaesivinawizdalunagindniuunige
winnuARTan  Tunfh asRansan J = 1 a9k MINeInEINY Ao J uazniievad
a { 1 { ] é 1 1 Qs
gy T fa J/k 1ila k A enmeinvasluanduiuyd (Boltamann’s constant) GsdaAyinAL
1.38x10%° JK uazawwnlgiigdunylad fi
r
h)- hysin@y fthz 3)
A & a & A o 6 Aa
lavf ho \uwantfaazasswin fiiluanud uaz t nalumdnesanumanivaudansla
oy Swuassmsdwanalunnealuszuy (Monte Carlo step per site)
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2.2 mysRasEnIwnIiNanaasla

° 4 a o a =2 & ad <
luﬂqiﬁ]']ﬂﬂdﬁﬂ’]%ﬂ’]imwau@]ﬂ’]ﬂaﬂﬂﬁ:ﬂﬂaﬂuluﬂqiﬂﬂ‘]ﬂq% NT%@]@%I@IUW?VLI]

faqalui (Binder and Heermann, 1997; Landau and Binder 2000; Newman and Barkema,

1999)

1.

z@asrinmsiRena s lniilouuazlasiansvedgrnsnian (15u Lmugﬂmﬂﬁama

\ . . A A o . A @

11y (simple cubic) w38 waanwanIw (square lattice)) DITABINTILIUINVRY

LUV LT ﬁﬂLﬂmzuuL%aﬂ%m@mwugﬂmﬂﬁﬁﬁﬁmﬁ'ﬂmuﬁﬁ‘hmmmmﬁm L

30 il wmgausafin@uninue N = LxLxL #3a duduidunandianamnm

| uazudassulawia LXL 9zl N = LXLXI

NnnwIzdasinuwariavaslenluvauwainduienlvveuivauuudase (free

boundary) w3atwi1say (periodic boundary)

BnIaineanzisuan (initial  configuration) fa AmeNiaIINinN1Ia04

6 a a a ' ' A a? a %

gounIal scuuatuinisnealedngls 1o nﬂaﬂumm:ﬂﬂlumma Z N6

A 1 A = Qs 1 |J 1 L g I3 v

70 Lmazaﬂuﬂmn’mmLLuuanVme]aﬂu uan

A Q/g; ada - o 6 A = t;l’ = U

\danlduuaeuit(algorithm)lunnssraasgarwnsal Selunmsinsfiasdle 2 wuy

A

fa

4.1 uwuuwlnslwda (Metropolis) (Metropolis et al., 1953) lagazvihmaifangy

a cg/ ¢§ a 3 s a A I a 1 v o

SUBBUNIRWIFT U 3NU ﬂauwﬁaﬂmﬂuwﬂmaqml@q LRIATUITHRA
wasuiasuutasuasszuusuiitasannmadasuiaiuaiiinualiidu AE

& o o ! A o 9 \ ! 'Y
NNEH M IguaLeuEN r JimInznsdsiiauengzning 0 A9 1 udd
. e 1 ' . '
MnsdIsuiieudn o r Sexp(—ﬁAE (e k Dudrnsnassluad

& o A A & " v ' \ o @ d' N v o
W) azpausumMalaswiany uad ldezldseusuusndfoualuldnauan
& a AI v o a g; o 1 d‘y o dll 1 dl o
duiaisuauaadn nnuwniisuiinldises gauninzasunanivue il
N33R BIROIBNNTOE

4.2 uuwead (Wolff) (Wolff, 1989) iluminaufiaalunazngy Aa azifenadn
& A o « A a w . ~ & o LA a a L Aaa
JunisaidusluGudun 1w §  1nwu msguidenfiamadaszlnaini
a A ' [ a & P2 ' hay ' '
BaTzvaInAMATWAsINUETY) Juuniefianis 1w R uasguLRaniavgy r
A A s ol ' ' = [ [ a a
Tafinnsznedainaueegzniy 0 e 1 udd wazdalUfansonadu

S RRIGHEIG §; TIDNMINWLIN

r<pk

Imkzl—exp{min(o,—z,é'.lij(R-éi)(R-éj))} agvihmtufinatu § 1A
adlunguideany § uddlilsdlddesdadmungs mnwuRaansudm

@ a A oA ' v o "o A A Al v A A~
VLAY S @nauﬂ@lavlﬂLLa’mqm‘i‘i’mﬂme LN TR UD LA SIS S; I
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RUANNRLUUA? T¥vwasInustln §,; ﬁLﬁa%'@Liﬂiaunajuiué'ﬂwm:
a o ' o A o ' Py a @ =
W@EIN AW lanNIInIaRTulae s]mﬁ'sm@w"l,@aﬂ (RUNBAG  JUuAINI G
anvaziaunUiasnnIINngy LL@iﬁmmmLﬁﬁiwﬂﬁjwlumwﬁﬂﬁmﬂﬁ
sludmauauna) nnuunnaluieglunguidoiiuazdaouiedu
Si=§i_2(§i'f)F’ (4)
g: a? 1 ad 61 A ] 1 ad a 1 dl' a
NI ﬁ]:wmnmmmaaWumwqamnmnmuiwﬂﬂaa LALHBINNTITNTA
ad 6] A s =) A o v 1 Qs
°11Emmaavxlum‘sﬂ‘mﬂgaszuumwmﬂ LA mlmmazgmmumnm‘s
AWLANTAMNLANAIAUNINATINIRY LN INTINGFNONLANFT WNazA? Waf
MUY AvARIALARawTIRDAvaaaNazldtasnIadN N InRsNIn
v & & add =< en A = A ~
aanuandludtRmanzanmnlslumsdnmantasio(idauwanudsidaon
AUIBNINNEUENNINTZYN)  WATNABINMIANHRNL AN IATLTUFNL G Tanesd
Fx s ndudasnsuin I nuInINRsnIaNuazaIn AT ULA 9T IWIN
gUWNANANNLLIANINNIN(LHBINNMTENANN TN LT hazan 9
fANInMRLALa a9 UaIM Il suulasa guwINeNLIaT Lwdvag
Pwuaunonanlalasine)
5. waNANTIWInFTladnITantan hidnazdsana igusalunsoivaaaInsluss
= ° A A v o ' ' ~ 6 A e ° @
%30 mmuwaﬂu‘l@wmagluﬂqulummmamaaw Janvinnu 1 mes az¥iinTe
AENTALNMANNABINTANEN NUBENTIaNaNY 9aTILazrMImaLafe
6. RWIURNUARDG FUUALNLAANNIAMWAITANEIN A FATWLNLREN
(magnetization, m)
1
m(=—=5 (5)
N 5
dl' A o A g; a [ 1 =3 - - g
Wa N de srwualunsnuauazaniniuin1sudindn (magnetic susceptibility,
=1
x) Ag
2 2
2=NB((m*)~(m )?) (6)
nﬂ' 1 waa 1 a A 6 o % n:l.dl
Nk 'B:ﬁ wazlunsmand@inge 1w NN AAT WWIINANUAUTOUAUNT

(fourth order cumulant) @a (Binder, 1981)

, (7)

d. Qd‘ o I aa 1 L
I@mmﬂqmvxgmmmmm UL iluaamgiiinge d UL lsid1azun97n L lagasd

v

ANYINNY WELHINNNAVBIVWINTING UL 910 L Nen9nua1aazlandnanuwsaniias

Re

L%

[ g; o a % dl' ' o AR ] a d'
PIUK ITNINIIRNIIAAAVDY U nuUprwa L'>L LREUUWNNANGMAN T NIAAAK
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2.3

]
o '

Nt MU BHaNTIITERING qm%gﬁﬁgﬂmmmﬁﬁu In'b 1ia b = L'

(Binder, 1981) uazazldamnniia3 anaadaunu y Aa In'b = 0 wia L' hgeviud

mnfm:ﬁwmmmﬁwLam%ﬁﬁﬁnqmaaauﬂﬁu&imﬁnmn
(m(T.1)) =" m (L ,1)

2T =" 7(11)
Fam'ldnmsnansw log-log 921319 log m w38 log y nu log L wdImaVT

(8)

f89Inge (A1) uaz (1) nanuTuaIn TN

o o N o va 1+ & Ao =2 P | A
RIRTUFUUANNINT E‘TNU@]LLQJL%NﬂW’]@I%ﬂ’]iﬂﬂH’]% Ao ’INLALRaN LU IIURE®

ANNLIAN Aa
m() = 5.0, ©)

udiunanWAuaw h(t) Iadusdmnedda uazazdwrmminuilansinag
=
fa
Aszmdh, (10)
ﬁ & a dl' v & =3 = ai a ﬁ a aa g;
eml,ﬂuﬂimmaal'ﬂmumwaamuwgzyLaﬂlwmiawamaaamawsﬂ,@ 9 INHUIL
o v o ¢ \ A A P VS o | Y o
NI NURNNWT IR IIARN A BnudSyiaifasomewan % o118
A = a ¢ & € '
mouanda anudveasawy f wendfaavesswin ho uasilesidudanuunwiag
LULAT09918 C RITN ITANMUTUAUT
A foh) (1-c) (11)

% [ A ai a o §; A 6
wagNJauMeunanfa ANNDvaIEMIN f wanUAgavasauu hy uaziInTUNAN
119 1 aziasanlFanusunus

Ao fon/I° (12)
A v o ¢ Fo o X . ' v o g, & A
TIAMNFNANWDUUULAVTNNNIW (power law relation) 2 UIVBNANMNUFUANBDINNUN
g A o ' A o g o o A
A Hazlfunitadeuiumauanagng ks Favaidumraiegudayauuunit

1 A £2 1 dl Q a 1 J [ g: = [ =1
naNfa  WINAaINIINTIUANLa s AN TTIIaLYNRYNwwazd A winls A
U0 TNV TINRInIna1 LN I L e A levinlmiluma

L Qo 1 v L a e I3 YV & Ql é/
UITRUAIRILRZNINENT LLﬂtﬁGNﬂIV\ﬂ"ﬁWW%’]LLﬂt’NElLﬂ%vLﬂvL@Li'JEN"]J%

NEDIAMNLABLAZNIING LLﬂﬂGﬁWﬁﬁIV]Lﬁﬂu

lumsanwnarasanNanh eiaanstwnwslsdnuuunslsaiannin lasaidy

guMIuLLiaasd Wl IWg (DIFFOUR model) fvwiavaslns lsiodumalwi u udas

o oA v a o 3 a /K e ] ¥
mmemm@lﬂammﬂu('ﬂu"l,maaﬂﬂmmmwumumawm@) ma:vl,@]awms
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H =30, (81)6, -6, () Xu, 19

<ij>
{ ~ & 1 { a v a
Wa 4 Jwnneainiewihanianle 14 fians (6 annnnszlnuasuss 8 nsanlud
a3aa), <ij> taanfishmiTinzRasanamzgatunlndidosniuanga uaz u, Wuswa
A =3 é I =3 1 U - {
vasatuluiianis z suduiiavesmtioanudu uazawu E(t) = E;sin(27 ft) e f uaz
& a a A A A o & & a
Eo \luanuduazuentfaavasswia lund G lifindae dsuuns Uy uaz E azlinhioaas
WRI% uazauasnaen Uy(Al) 1uisntusaiananisaniaawmianisiiavwaasuaniis Al,

v v A, ) o a. A v & & & A
auLﬂuNaN’]"ﬂ"lﬂﬂ?qNLﬂu‘ﬂﬁnﬂLmqluizuusﬁﬂﬁuu(ﬂ?qwgﬂuuuLLUUﬁﬂﬂLauu']i@'Iﬁ]uﬁ 8
12 6

Uij(rij):Uo - _Zf . (14)

dldy A 1 1 a n‘ U & [ aa a
loglunft o fia szuzvivrnihneusafisnauganisanuian Uy Wuduainsounilsd
& A AL o A a A ' . . & &
WnnInnawnuIzes ro (MANNLAea Al = 0), uaz rj Ao I28eN9EWinege i uas j Nk
o o Adn A o A o & a wn
fMnTUNIT A nuAuuazaNuLe3ea) r; = ro uaz Uy = —Up asnuszuuazisuaii
washiBidnnin Mntuliafananlugaauasdad (Young’s modulus)

P

Y=——— 15
(rij -l )/ Iy (15)
las?l P fia swmeanuidu@nuen) Fuledagdlniazld
r )
R . 16
I Y (16)
wazauns (14) snsusuasisenluianismslaanuidw@anis z) Aydunuiu
Uj =Uq| (@-P1Y) ™ =2(-P/Y)* . (17)

atntlafiany ufieamne xy azlimafewsanauaafisduiosnnamnanuduluunm z de
AIn haIRNNTINFAFIUVaINTIRanBInaasd@ui e (Poisson ratio) Ae
Ar™
Ar?
A o s ' =S a 6 a o & a L
(lesndswniuszuuras gz lannlanlufasningazlide~ 0.3) aaun 2z 3oulain

(18)

£ =

Xy Xy
_Ar” - 1-r’/n

E= =_1 = 19
Ar? n=r rin-1 (19)
s %
GREEG
rY I
L=1-g| L - :1+5E. (20)
r I Y

G9%h auaInInlufianig xy fe

U =Uy| (1+2P1Y) ™ 2(1+2PIY)" . 21)
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naneauazla ﬁ]:vlﬁmﬁaimﬁﬂulugmmu

H= > UGG+ > UGG - E(t)) u,. (22)

<ij>ein-plane <ij>eout-of-plane i

2.4 wamaomwvl,&iaﬂﬁLauaL%aqm%Qﬁ
{ = =) 1 1 Qs = 1 1 v a J
lunsaunimasnSiinla guasszuufigunndldvinu  azfanmsssimuanuiowioln
Ferudunmarinausaw (heat conduction) é'm']msdamum’m%’au@ianma:ﬁgﬂaums
=1
fa
1dQ__, dT
A dt dx '
{ s a QG' o v - - g { ¥ o o
lasf K A audsz@nsmssihanusaw (thermal conductivity) A fa Wunniihaauainisiin

(23)

v = = 6 Al A aa ' & '
A3NTan wae dT/dx a. LﬂiL@]U%ﬂTﬂGQMﬁQ&II%W%G&I@ EIEJWGVLiﬂ@]’]&I%WL’Ja’WN’WuVLﬂ%W%5]'%%

aanIzaddn dandin dQ/dt azasn vilwinadourivasgmngiienidag  dantu gunnd

SO o ) o

T ﬁ]xLLﬂiﬁumaﬁmzmvmmﬂshuﬂmmlaoizuuﬁ'\mmﬁmﬁﬁqmvmumqnu LB TNAUA LA

U
& a 2 A
W Ty uaz To laan Ty > T mugﬂaums fa
T2 _Tl
L, -1

Ty = Tl + y ’ (24)

A A ' A a o dda, ,
tla y izﬂgvnﬂﬁnﬂﬂaﬁlﬂ T]_ LN Ty 8 qm%ﬂuuﬂixmﬂﬂm%mu\‘] Yy

v
=

o 6 a o o o & ad 6] A
slumsmamamumim&l au@mﬂammmzuuu Zl"ﬁ"ll%@'lﬂ%')ﬁ']ﬂaw I@ﬂl]ﬂ']’]ll

mina:l,ﬂmaamﬁ@aﬂmiﬁnwmﬁw Ao

2J
=1-exp| -
p T, (25)
lumsasutianinan larinn s man I nulranlassy fa
1 N
(m) =7 2| (26)
t
uazgn WU I lanauinanlassiy fa
1 2 2
=—N(<m >— m )
1T, (m) (27)
AN v = wa 1 & o A & & o A
wana Nt larinnsanuauiauainaniszdnn lagnian nuliraniumaniszdnnain
my =(1/L)2,Si (28)

waza WU I lan1susinaniszsn e

sy =L{ ()~ ()" Yo, (29)
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25 HAUaIANNUNNIAILUUTIINIRaaNLGTRNaITH
e o AV e PN A Ao ' ' ' Y LA '
Tuvatadh "L@ﬂﬂmﬁ:uuaﬂu"l,asmwm;ﬂuﬂwsaaLmu"ﬁaa’ms’magm gininaatng 1y
1 wAa A Aa U a =1
fAarNIATFINAITR Lo ﬂlﬁawuaIwLuﬂulugﬂLLuu

H=-3%ss-h®Ys . (30)

A

= N ' £ v .o \ AL & ) '

Teluauns atlu s a1 {0,+1,-1) Jwagnuinduniivessluimiuiatasine vralaiu
a X A A A a o 6 a X a a6 a

1%7]?[‘1]% mamﬂﬂu‘ﬂﬂad slumimaaaamumimuau@lmﬂau NTWITUUNRNUNIEY

aa

(@090@)NAIwanatln 80x80 allu uarlamwualisuasisen J iuntiiovaInasans vl
gunndl T finviae Ik uazauanlsiigdunyland fa h(t) = hosin(at) = hesin(2ft) lasf ho

wae f L‘TJuLLawﬂag@LLazmmﬁmaaau’mmuéﬁé’U AN IUMIaNANET W ldNa1 T
anuvnazduyInsliag fa

p=exp(-AE, (t)/k,T). (31)
BINRFNIWEIU Ao
AE,())=25] 3 5, (t)+h(t) | (32)
wazvhmySasmuudnsninalag
m =1/N)Y s, (33)

A A o A & A ' ' & @ o
Wa N Ao F1uaTuninue waztilananstWsznI&NWLRANNURINA18UaNAL 102
Aa A A ° g {6 o
FnaITasanauTadw AN wn a0
A= fmdh (34)

uwazlunianaaas lavinsusuaoudn f, h uazidefifudantasing c ihefnwuadady

1 dgl 1 1 dQ/ dl > >
wanfidazlinasuszamanui A uszmanusuiuslugduuoaunis

At/ (1-c) (35)

2.6  HATBIANNAWIVBINSNLIGDFNLATFNEITH
Tusdaillavinmsdnenludnwaild s T URRNEINAAN AN DILULTEIING  ud

Lmuﬁazlﬁqﬂmwiaumuﬁaa L RIINNATBIAMIRWIRINaIUNY  aRauazTvme
e laldaond 1 9% awlUfs 8 Tu ufvmsdwsmautasanasTaLaz
ANuFNRUSIzRIvNTRSmneIFalugdaunts
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Temperature effects in the magnetic properties of two-dimensional Ising square lattices: A Monte

Carlo investigation
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The magnetic behavior of a two-dimensional nearest-neighbor Ising model with the presence of linear
tlemperature variation in a thermal steady state was studied vsing the Wolff Monte Carlo simulation. The
technique consists of fixing the temperatures of boundary spins, while the temperature field in the interior
linearly varies with distance. It is found that with increasing the temperature difference between the two
boundaries, the magnetization greatly reduces in magnitude while the susceptibility peaks tend to spread out
over a lemperature range. The detailed descriptions of these magnetization and susceptibility behaviors are
elucidated from their spatial variation, The extraction of the “critical temperatures” is taken via the fourth-order
cumulant of the magpetization. The critical temperatures are found to redoce slightly with increasing the
temperature difference. This implies the vulnerability of the magnetization and susceptibility properties to the
lemperature variation in ferromagnetic materials, and to use such materials in temperature vanation environ-

ments must be done with caution.

DOL 10.1103/PhysRevB.75.054417

L. INTRODUCTION

Magnetic thin films have been known to be very impor-
tant in terms of fundamental and technological interest, es-
pecially in the magnetic recording technology.!” Many con-
tributions have been taken to provide understanding of these
systems in detail.* However, there are still incomplete pic-
tures describing their magnetic properties especially in non-
equilibrium states. For instance, the theoretical studies usu-
ally investigate the thin-film problems by considering the
system in contact with only a single heat bath, which means
that the temperature of the whole system is fixed. As a result,
the conventional thermal equilibrium investigation may not
be useful in understanding the magnetic materials used in
some applications, which operate at some fluctuating tem-
peratures. For instance, in heat-assisted magnetic recording,
the media temperature is nonuniformly raised by laser
irradiation.” In such applications, there occurs a heat flux
flowing among regions from high to low temperatures, re-
sulting in local variation in temperature. Therefore, the ap-
proximation on using a single (average) temperature in the
calculation is clearly inadequate since important thermody-
namics is missing. On the other hand, magnetic properties
strongly depend on thermal fluctuation. Therefore, the varia-
tion in temperatures makes the problem very complex, so
experimental and theoretical investigations of this issue can-
not be taken trivially. Consequently, it is of great interest and
challenge to find how magnetic properties respond to the
variation in temperature field. To date, there are few studies
on this effect of temperature variation on magnetic systems;
i.e., they are mainly restricted to the thermal properties such
as heat conductivity.®” A particular study on the field uses
nonequilibrivm simulations to calculate thermal conductivity
in a two-dimensional (2D} Ising system based on microca-
nonical algorithm,® which was later extended to include ex-
ternal magnetic field.?

Therefore, in this study, the understanding of the effect of
temperature variation, but restricted only to thermal steady

1098-0121/2007/75(3)/054417(9) 054417-1
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state, on magnetic system has been extended by performing
Monte Carlo simulation to investigate magnetic properties,
i.., the magnetization and the magnetic susceptibility in-
cluding their spatial resolution. The simulation considers the
use of Ising model, which has been proven to be useful in
many areas starting from biological systems'®" to financial
problems'™!'? and statistical mechanics, with the ultrathin
film or 2D structure. Also, in magnetic material problems,
both theoretical™!® and experimental investigations!¢'®
have also shown, in terms of critical exponents, that the 2D
Ising system is very useful for the study of magnetic behav-
ior in thin ferromagnetic films. To outline, the study investi-
gates how the overall average magnetic properties, such as
the magnetization and the magnetic susceptibility, depend on
temperature supplied to the boundary spins from the heat
baths and heat bath temperature differences by means of
Monte Carlo simulations. Next, the study investigates the
variation of these magnetic properties in terms of spatial
resolution to observe how local magnetic behavior plays a
part in overall average magnetic properties. Then, the “criti-
cal temperature,” which is defined to be the temperature (of a
lower temperature heat bath} where the order parameter of
the system vanishes at thermodynamic limit, is extracted to
examine how the temperature variation affects the critical
phenomena. These are followed by a conclusion, which sum-
marizes a prominent finding from the study, and a suggestion
on how the topic would benefit the community.

1. METHODOLOGY
In this study, we consider the Ising Hamiltonian
H=-IXSs, (1)
)
where the spins S, take on the values 1 and the sum in-

cludes only first nearest-neighbor pairs. The units J and J/kg
are used for temperatures and energies, respectively. The

©2007 The American Physical Society
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T; (free boundary)

¥

L

periodic boundary
periodic boundary

T, (free boundary)

FIG. 1. The setup system structure showing its boundary condi-
tions and its temperature constraint on the free boundaries, ie., T
at y=1 and T, at y=L, where T, =T,

considered system is a 2D structure where periodic and free
boundary conditions are used for the x and y directions, re-
spectively. The simulations are carried out with total number
of spins N=L, ~ L,, where L, and L, represent the number of
magnetic (atomic) sites along the x and y directions of the
system. A rule of thumb in performing Monte Carlo simula-
tions is to choose L, and L, as large as possible to minimize
finite-size effect. Therefore, in this study we use L,=L, =L
ranging from 40 to 100 in steps of 10, which are still com-
putationally feasible and fairly large. Actually, these chosen
L are picked from the L that the correction to scaling is not
significantly needed in the investigation of critical
properties.' In fact, the finite-size effect causes the deviation
in any physical properties between those of the finite system
and of the infinite system especially close to eritical point.
This can be described using the critical behavior of the mag-
netic interaction. For instance, in a f gnetic phase, the
correlation length of the same spin is small. However, on
approaching the critical point from above, the correlation
length starts to grow and blows up if the considered system
is very large (L tends to infinity). Nevertheless, for finite L,
the divergence of the correlation length is not permitted since
the largest value of the correlation length itself is L. Further-
more, due to finite-size effect, which arises from the free
surfaces (if there are any), or the periodic image (if the pe-
riodic boundary condition is chosen), the rate of correlation
growing in the finite-size system and the infinite system is
different, and this alters the magnetic properties in the finite
system from the infinite system. For example, it is very ob-
vious that the magnetization in the finite system does not
cease down to zero at the critical point.

Next, in applying temperatures to the system, along the y
direction, at y=1 and L,, the fixed temperatures Ty and T,
where T} < T, (see Fig. 1) are supplied to the boundary spins.
Due to the temperature variation, starting from the y=1 side,
the temperature steadily increases from 7', and reaches T, at
the opposite side. In this nonequilibrium state, the heat flux
passes from the T, side to the T side, while local tempera-
tures along the pathway can be determined from the heat
conduction formula,

PHYSICAL REVIEW B 75, 054417 (2007)

1dQ dr

Adt Xi‘:' @
where K is the thermal conductivity and T/ dx refers to the
one-dimensional temperature gradient. However, when the
system relaxes to its steady state, the ratio dQ/dr is main-
tained and the resulting temperature gradient becomes a con-
stant. As a result, at this steady state, the temperature T is
linearly proportional to the distance away from the T, side
and it can be estimated that

T,-T, .
T":r]+(17~1 )y. (3)

where y is the distance away from T} and T, is the local
temperature at y. Because the study considers the system
only in its steady state, the local temperature T, is therefore
fixed at the distance y throughout the simulation, giving rise
to various local thermal equilibria for each specific distance
y in the system.

In this study, we consider the temperature difference be-
tween the two heat baths AT=T,-T, ranging from 0.0 to
2.8 J/ kg with steps of 0.4 J/kg, and T, ranging from 0.1 to
3.4 Jlkg with steps of 0.1 J/kg. With these AT and T
ranges, it is possible to investigate the system in several
cases. For instance, both Ty and T, are in ferromagnetic
phase, T is in ferromagnetic but T5 is in paramagnetic phase,
and both Ty and T, are in paramagnetic phase. Note that
without temperature variation, the 2D Ising critical tempera-
ture T, which splits paramagnetic out of ferromagnetic
phase, is Te=2/In(1++2) = 2.269 J/kp.®

Next, in updating the spin configurations during Monte
Carlo simulations, a series of successive spin configurations
are chosen via importance sampling under the condition of
ergodicity and detailed balance. A very popular algorithm,
which satisfies these conditions, is the Metropolis
algorithm,?! where a particular spin configuration is different
from its previous configuration by only a single spin flip. The
probability in accepting a new spin configuration, which is
generated from the previous study, is p=exp(-AE/kgl,),
where AE is the energy difference associated with the flip
and T, is the local temperature attached to the flipped spin.
However, instead of using the conventional Metropolis algo-
rithm, we consider the Wolff algorithm™ because the Wolff
greatly reduces the correlation time 7. This is due to the fact
that the updated probability in Metropolis algorithm depends
only on an energy difference from a single spin flip. There-
fore, this results in a large correlation time 7 among succes-
sive spin configurations.”*** In the following, the large 7
brings a large statistical error of the magnetization ((&m)?)
because™**

((&m)*) = ! (m) = (m)™) (1 + 2 = ) b 4)
n &

where, at large enough n, =X ({mgm)—{m®)) {1 ({n)=(m)*)

is the integrated correlation time and & is the time interval

between two successive configurations, and » is the number

of configurations being sampled. As can be seen from the

above equation, the smaller the 7, the lower the statistical

054417-2
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error, Therefore, one can see the benefit of using the Wolff
algorithm upon the Metropolis algorithm since the Wolff pro-
vides a smaller 7 in the same system. For example, close to
critical temperature in 212 Ising model, the correlation time 7
scales with the system size L as ro«c[f and the gives z
=0.25+001," while the Metropolis gives =z
=2.1665+0.0012.2

In using the Wolff algorithm to make configuration up-
dates, a cluster of the same direction spins is made and
flipped. In creating the cluster, a seed spin is randomly cho-
sen and then its neighboring spins, at temperature 1), are
added to form a group with a probability

27
r=1 cxp( kBTy). (5)
Then, the procedure is repeated for the just added spins until
no more spins are added to the cluster. Next all the spins in
the cluster are flipped to their opposite directions, i.e., S; to
=S

In this Monte Carlo study, with the chosen Wollf algo-
rithm, we first waited for each simulation at least for 1000
Monte Carlo steps per site (MCS) from its initial state (dis-
ordered state) to allow the system to relax to its steady state
before taking any measurements. After that, during the simu-
lation, the magnetization and the energy are measured when
the number of flipped spins exceeds or is equal to N. The
global average of the magnetization per spin is defined as
m=(1/N)ZS,;, and in each simulation, N'=50 000 configu-
rations are used to calculate the expectation of the magneti-
zation per spin, i.e.,

N

{m) = A%}; |rm,|. (6)

It is also of interest to observe how the free boundaries
play their roles on the microscopic magnetic properties. This
is so since the effect of average exchange interaction on a
single magnetic spin strongly depends on its neighboring. At
the free boundary, the smaller number of nearest-neighbor
sites causes the smaller magnitude of average exchange in-
teraction, whereas in the interior the spin feels more bulklike
(homogeneously). So the variation of magnetic properties
from the free boundary to the interior of the system is ex-
pected. Therefore, the spatial dependence of the magnetic
properties, i.¢., my, and y,, for distance y away from the T
side, is calculated to observe the free boundary effect (for
which the temperature variation is not yet turned on) and the
temperature variation effects on the local magnetic proper-
ties. Specifically, the study considers the variation of m, and
Xy as a function of the distance y away from the T side to
the direction toward the T, side. For convenience, only v that
is a multiple of lattice spacing unit is considered, and all
spins at the same distance y are defined to have local mag-
netization and local susceptibility per spins in the absence of
external field as m,=(1/0)2,.,S, and y,=L((m})
~{my)*)/ kyTy. Note that we have applied the thermal equi-
librium formalism to microscopically investigate the thermal
steady state because all spins at the same distance y are vir-
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tually attached to the same heat bath at temperature Ty, In
this way, it means that we first consider the region to be
small enough to experience only a single and stable tempera-
ture, and then the thermal equilibrium technique is applied to
study this microscopic region. After that, the dependence of
the magnetic properties on the spatial temperature is calcu-
lated and the overall magnetic properties are extracted by
averaging the microscopic properties. Note that if the system
has not yet arrived at the steady state, everywhere except at
the boundary the spins we will notice the spatial tempera-
tures to change in time and the thermal equilibrium tech-
nique cannot be applied to such case.

Next, based on the local magnetic susceptibility y,, the
global (average) magnetic susceptibility at zero field is de-
fined as

dm 1o dm, ) .
= 2= P i ] L
= By o o | o L%"‘"
. a,
=2 () - (m,). ()]
ot % A

Also in this study, the critical behavior is investigated via
the critical temperature T~ Note that the term critical tem-
perature used in this context is the temperature that the mag-
netization of the whole system vanishes at the thermody-
namic limit. In this temperature variation study, at a
particular temperature, some parts of the system may already
lie in paramagnetic state, but if there are still some other
parts residing in ferromagnetic state, the whole system is
categorized to be ferromagnetic since there still exists finite
magnetization. Then, T is defined if and only if the magne-
tization is completely destroyed by the thermal fluctuation
that spreads throughout the system (in the infinite sized sys-
tem). However, due to computational limitation, the simula-
tions have to be performed in finite sizes where their finite-
size effects must be taken into account. Therefore, in this
study, the temperature T is phenomenologically located via
the fourth-order cumulant Uy of the magnetization per spin,?’

(m*)

293 (8)

Ur= 3 m
where, at critical point, U; should be independent of L; i.c.,
for differing sizes L and L', (UquLf)r=?'c=l- The reason in
using Eq. (8), which was created to study thermal equilib-
rium systems to extract the critical temperature T, is based
on the fact that the correlation length of the magnetization
diverges (or the spontaneous symmetry breaking occurs
throughout the system) at the critical point. Thus, no matter
how large the system size L is, U7 should be the same at the
critical point. Therefore, in this study of thermal steady state,
for a specific value of AT, the critical temperature is defined
in terms of T (the lower temperature heat bath), which al-
lows the correlation length of global magnetization to di-
verge at the thermodynamic limit and results in
(UplUp)gr, =1 In fact, instead of T}, one may define the
critical temperature in terms of Ts if it is desired. However,
in this study, the lower temperature of the two heat baths is

054417-3
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FIG. 2. Magnetization per spin m as a function of temperature 17 for various AT=1,-17.

preferred to define the critical temperature.

Nevertheless, owing to finite-size effects, the cumulant
curves obtained from Eq. (8) for different L's do not exactly
cross at the same temperature. Therefore, the critical tem-
perature is estimated from T{(b=L/L') at the limit (In k)~
—0.2427 To maximize the efficiency of this T, calculation,
for each system, a single long simulation is only performed
at a temperature Tj, and the histogram method™*? is used to
extrapolate [/; to a temperature nearby in order to find the
cumulant crossing points on a fine scale. The temperature Ty
is guessed from the temperature at the center of the comulant
crossing points. Approximately 2 > 10° spin configurations,
which are found to compromise between calculation time
and statistical error, are used to create the histograms. To
exclude the data obtained from temperatures too far from the
simulated temperature T, the range of the extrapolation
obeys |U(T)=U(Ty)| = o, where U=(E) is the average of
the energy and o is a standard deviation of £ at T;,.*°

111. RESULTS AND DISCUSSIONS
A. Overall ization and ic

2 2| ptibility profiles

From the simulations, the magnetization m and suscepti-
bility y profiles for various T, and temperature difference
AT=T,-T, are obtained and shown in Figs. 2 and 3. As can
be seen from Fig. 2, with increasing AT, the magnetization m
tends to decrease. This is because the larger AT is, the
greater the temperature is at the hotter part of the system
(close to the T, side). Then, at this hotter part, the magnetic
spins experience larger thermal fluctuation, resulting in
smaller local magnetization magnitude. Consequently, on the
overall average, the magnetization reduces with increasing
AT. Note that even the magnetization significantly reduces in
magnitude at large AT, the critical point (the temperature
where magnetization curve has the maximum slope) only
slightly changes. This is due to the fact that there are still
some parts of the system, connecting to lower temperature
T, which reside in ferromagnetic phase even magnetic order
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FIG. 3. Magnetic susceptibility per spin y as a function of temperature Ty for varons AT=7,-1.

of the other parts has already been destroyed. Therefore, the
whole system presents some finite magnetization and pre-
serves the overall ferromagnetic behavior. This phenomenon
is similar to those found in magnetic thin films where ex-
change interaction varies from layer to layer®! In Ref. 31,
because of the differences in exchange interaction magni-
tude, the magnetic orders from different layers are not de-
stroyed at the same temperature. Therefore, the true eritical
temperature is defined to be the largest eigenvalue (tempera-
ture) that allows the susceptibility to diverge (under the
framework of mean-field theory), which is the first encounter
of temperature in which the overall magnetization is com-
pletely destroyed by the thermal fluctuation if the system is
heated from its ferromagnetic phase.

On the other hand, the results for magnetic susceptibility
x. as in Fig. 3, show a broader range of phase transition for
AT=0, This is very different from the case AT=0 where the
susceplibility blows up only at the normal 2D Ising eritical
temperature T»=2.269 J/kg. This is due to the fact that the

susceptibility is representative of magnetization fluctuation
which severely increases in magnitude at the critical point.
As for AT>0, there is temperature variation, making the
temperature field rise in magnitude from T, to T,. Conse-
quently, different parts of the system experience different
local temperatures. Some parts may already reach the critical
point where others may not. Each part of the system will not
highlight the critical behavior at the same temperature T).
For example, at T\=1.60 J/kg and AT=0.6 J/kg, the spins
close to the Ty boundary are lying in ferromagnetic state and
their local susceptibility will be very small. On the other
hand, the spins close to the 1,=2.00 J/ kg boundary will start
to exhibit large thermal induced magnetization fluctuation
since this temperature T4 is close to T Therefore, the local
susceptibility for spins close to T, will be fairly large. An-
other example is the case where Ty=2.20 J/kg and AT=0.2
Jikg. The local susceptibility will be large for spins close to
T, but will be small for spins close to T because these spins
are already lying in paramagnetic state. These two examples
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tion of distance y away from the T, boundary for various AT at (a)
Ty=1.60J/kg and at (b) Ty=2.20 J/kg. The legends to symbols in
(), which are the same as those in (b), are removed for visual aids.

can be used to describe the susceptibility phenomena in Fig.
3. Even T, is smaller than the normal 2D T, but with help
from AT, there will be some interior parts of the system
which will exhibit critical behavior. This results in a broader
range of the susceptibility peak on the temperature T scale.
Nevertheless, the peak is not as sharp as the AT'=0 J/kg
system because in the case of AT=0 J/kp, all spins contrib-
ute in magnetization fluctuation at the same temperature, i.e.,
T A more detailed description of this broader range can be
given by looking at spatial variation of the magnetic proper-
ties (see Figs. 4 and 5).

B. Spatial variation of magnetization and tic
susceptibility

The study has found that the temperature variation has a
strong effect on the local (spatial) magnetic properties. For
example, Fig. 4 shows the spatial variation of magnetization
per spin m as a function of distance y away from the T,
boundary for various temperature differences AT=0.0, 0.4,
0.8, 1.2, 1.6, 2.0, 2.4, and 2.8 J/kg at (a) Ty=1.60 J/kz and
at (b) Ty=2.20 J/ky. Starting with AT=0 J/kp, all spins ex-
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FIG. 5. Spatial variation of magnetic susceptibility per spin y as
a fonetion of distance y away from the T boundary for various AT
at {a) Ty=1.60 J/ky and at (b) Ty=220 Jik,.

perience the same temperature throughout the system. All
parts of the system have the same magnetic behavior; i.e., all
local magnetization and local susceptibility show the eritical
behavior at the same T, which is about 2.269 J/kg for nor-
mal infinite size 2D Ising system. The spins on both T’ and
T, boundaries have a lower magnetization magnitude than
those from other spins in the interior (see Fig. 4). This is due
to the fact that the spins inside are coupled with four nearest-
neighbor spins, while spins at the edges (y=1 and y=L) ex-
perience the free boundary and are coupled with only three
nearest-neighbor spins. Therefore, the spins close to the T;
and T, boundaries are more susceptible to the thermal fluc-
tuation and result in a smaller magnetization magnitude. On
the other hand, the spins which reside in the interior experi-
ence a higher level of ferromagnetic interaction, causing
more spins to point to the same direction and yield a higher
magnitude of magnetization. These results agree well with
previous Ising model investigations that the spins at the free
boundaries have smaller magnetization magnitudes com-
pared with those in the interior.?#

However, with increasing AT =0, the temperature varia-
tion induced by temperature gradient in the system linearly
raises the temperature T from the Ty boundary to T, bound-
ary. This makes the local magnetic properties vary, which is
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AT'=1.20 J/kg system as a function of T. From the figure, it can be
estimated that the crossing points take place between 7;=2.10 and
2.20 J kg, therefore, the critical temperature will lie in this region.

very different from the AT=0 case. Looking at Fig. 4(a) as
an example, at T,=1.60 J/kg and AT<0.669 J/kg, both T,
and T, are smaller than the normal 7= 2.260 J/ kg, and the
whole system experiences ferromagnetic coupling. There-
fore, finite magnetization behavior can be found throughout
the system. Nevertheless, the magnetization reduces in mag-
nitude from the T boundary to the T, boundary due to a
higher level of thermal fluctuation, On the other hand, for
AT >0.669 J/kg, the spins at and close to the T, boundary
experience paramagnetic interaction because T, is greater
than the normal 2D Ising 7. Consequently, the magnetiza-
tion reduces very sharply from the Ty to the T boundary.
This detailed description can also be applied to understand
the magnetization behavior in Fig. 4(b). Therefore, these are
the reasons why the magnetization declines with increasing
AT (e.g., see Fig. 2), which could be very useful in designing
sensor applications such as the temperature sensor from mag-

Terassl0)
L
v

18 b

16 + 4

005 115 2 25 3 35 4 45
n'b

FIG. 7. The extraction of critical temperatore T~ for AT
=1.20 J{kg via the extrapolation of T, (b) to the limit In~'{k)
— 0, where T, 15 the temperature that [/, =Uy, where L'=40 and
L=50, 60, 70, 80, 90, and 100, and b=L/L’, The line is drawn from
linear least-squares fit, which gives T-=2.14393£0.00393 J/k;.
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TABLE 1. Critical temperature T obtained from Monte Carlo
simulation for various temperature differences between the two free
boundaries.

AT=T,-T; T
0.0 2.269260.00018
04 2.19187£0.00312
0.8 2.1680220.00273
1.2 2.14393£0.00393
1.6 2130462 0.00367
20 2.11466:0.00406
24 2.09977+0.00640
28 2.08514£0.00510

netic materials.* In addition, as one may see in Fig. 4, the
distance y away from the T boundary is a “thermometer,”
which indicates the rise of temperature from T to T,. This is
why the results in Fig. 4 are more or less similar to some
subfigures in Fig. 2. Note that the magnetization does not
completely reduce to zero because of the finite-size effect.

Apart from the magnetization results, the temperature
variation has a similar effect on the spatial magnetic suscep-
tibility. For instance, at AT=0 in Fig. 5(a), the whole system
experiences the same temperature T'=T1=T75=1.60 J/kg,
which is smaller than T The system is then far from the
critical point and the thermally induced magnetization fluc-
tuation (the susceptibility) is small, However, for AT=0 in
Fig. 5(b), the temperature T'=1,=15=2.20 J/ky is close 1o
T, so the magnetization starts to fluctuate strongly and the
susceptibility starts growing (resulting in peaks) near the
boundary T} and T, ends. In this AT=0 case, the interior
spins have a smaller susceptibility because there are more
(average) number of neighbor spins which provides a higher
magnetic interaction, and this interaction behaves as a buffer
to the magnetization fluctuation. Similar to magnetization re-
sults, for AT > (), the distance y indicates the rise of tempera-
ture. In Fig. 5, with increasing AT, the susceptibility peaks
move toward the T; boundary since some parts inside the
system have already reached T~ and this T\~ moves towards
the T end with increasing AT.

C. Critical temperatures

On the other hand, in looking at the critical property, i.e.,
T, the fourth-order cumulant in Eq. (8) is found useful. The
crossing of Uy is found for the whole range AT=0.0-2.8
Jlkg in this study. An example for the cumulant crossing for
AT=1.2 JIkg is shown in Fig. 6. As mentioned earlier, to
minimize the finite-size effect, an extrapolation of T(b
=L/L’) to the limit (In k)" — 0 is performed (e.g., see Fig.
7). The critical temperatures T at this thermodynamic limit
are presented in Table I and plotted as a function of tempera-
ture difference AT'=T7,-T (see Fig. 8). As can been seen, for
AT=0 which is in the absence of temperature variation, the
value of T agrees well with the exact solution, which is
about 2,269 J/ky for normal infinite size 2D Ising model.
This definitely assures the validity of the simulation codes.
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squares fit to the data for 5 =T, =0.8 J/kp.

However, for AT >0, Ti- reduces very sharply from AT'=0 to
AT=0.8 J/kp and afterward reduces slightly for AT>0.8
Jlkg. As can be seen in Fig. 8, it is possible to assign a linear
fit to T~ for the range AT >0.8 J/ kg, which gives T-(AT)=
=0.0402(AT)+2.196. As evident from the linear fit in Fig. 8,
the slope to the fitted function dT-/d(AT)=-0.0402 is rather
small. This indicates that even if T reduces with increasing
AT, it does not significantly change in magnitude. This im-
plies that the temperature variation has some minor effects
on the critical point by shifting T~ to a smaller value with
increasing AT. This is so since the greater temperature dif-
ference brings more thermal fluctuation into the system so
the transition from a ferromagnetic state to the parameter
magnetic state occurs at a lower temperature. However, the
change is not substantial because the paramagnetic state is
defined for a magnetic state that all finite magnetizations are
destroyed. Nevertheless, though the temperature variation
brings a higher thermal fluctuation to the T, boundary caus-
ing the spins to align randomly and the local average mag-
netization close to this T’ ceases down to zero, the spins
close to the lower temperature side 7' is still intact to the
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heat bath T, with a temperature smaller than the normal T
Therefore, some parts of the system still lie in ferromagnetic
state. Hence, the overall average magnetization is not com-
pletely destroyed resulting in finite magnetization. As a re-
sult, unlike other magnetic properties, such as the sharp re-
duction in magnetization magnitude and the spreading out of
susceptibility peaks over a temperature range, T~ changes
very slightly.

IV. CONCLUSION

In this study, the effects of linear temperature variation on
magnetic properties, i.e., the magnetization, the magnetic
susceptibility, and the critical temperature, in the thermal
steady state are investigated. In the absence of temperature
difference (AT=0 or T;=T,=T5), the result (e.g., T} was
found to agree well with the theoretical exact solution of the
thermal equilibrium 2D Ising problem. This assures the va-
lidity of the simulation codes. However, when the tempera-
ture variation is turned on, the temperature difference at the
boundaries supplies thermal fluctuation to the spins in the
system with different magnitudes, and this makes the mag-
netization and the susceptibility become spatially dependent.
The hotter and the colder parts of the system tend to show
paramagnetic and ferromagnetic behaviors, respectively. The
interference between these two behaviors turns out to be the
reason why the average magnetization sharply reduces and
the susceptibility peak becomes broader, while the critical
temperature slightly decreases with increasing the tempera-
ture difference. The detailed descriptions of the phenomena
are given via the investigation of spatial variation of the
corresponding magnetic properties. To conclude, the study
provides a detailed understanding of how the magnetic prop-
erties behave in response to the temperature variation in ther-
mal steady state in ultrathin film, which may be another step
closer in modeling real magnetic materials.
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Abstract

The uniaxial stress dep of the hysteresis behavior of ferroelectric films was studied. The DIFFOUR model was modified to include the
uniaxial stress effect. Both the uniaxial stress and the external electric field were applied on the out-of-plane direction of the films. The polarization
was measured with varying the magnitude of the applied stress and the electric field frequency via the dynamics of the polarzation reversal in terms
of hysieresis. The study was taken by means of Monte Carlo simulations using the spin-flip Metropolis algorithm. From the results, the district

dependence of hysteresis behavior on frequency between low freg

v and high freq

the cocrcivity significantly d 1 with i ing applied stressc

y was prominent. On the other hand, the remanent and

Moreover, the areas under the hysteresis loops also decreased indicating

smaller magnitude of energy dissipation. The results agree well with related experiments where applicable.

© 2008 Elsevier Ltd and Techna Group Sr.1. All rights reserved.

Keywards: Ferroelectric thin-films; Monte Carlo; Uniaxial stress; Hysteresis

1. Introduction

Ferroelectric thin-films have recently been of wide interest
in view of both technological and fundamental importance
[1,2]. Of a particular interest is the technological applicability
such as high-speed ferroelectric recording media in which high
areal densities and high reliability are in demand [1]. Therefore,
it is necessary to understand the response of ferroelectric
domain switching to electric field corresponding to specific
material structures in detail. Nevertheless, for the sake of
simplicity, theoretical studies on ferroelectric multi-layers are
usually performed on an ideal stress-free system. However, real
materials used in many applications are often affected by
crystalline anisotropy caused by external mechanical stress, or
internal strain induced by misfit in lattice spacing at the
interfaces between ferroeleciric layers and the substrate.
Furthermore, ferroelectric thin-films under stresses were found
to have their polarization behavior altered leading to substantial
changes in phase transition between ferroelectric and para-

* Comesponding author. Fax: +66 53043443,
E-mail yongyut_laosiri Y

com (Y. Laosiri )

electric phases [3,4]. Consequently, it is very important to
include the applied stress to model real materials.

In this work, the uniaxial stress dependence of the
ferroelectric dynamic properties in thin-films was studied. To
outline, the study was firstly done by proposing the DIFFOUR
Hamiltonian that includes the uniaxial stress effect. Then, by
means of Monte Carlo simulations, the polarization along the
out-of-plane direction is investigated with varying the field
frequency and uniaxial stress via the dynamics of the hysteresis,
Finally, all the descriptions to these results are given in detail.

2. Methodologies
2.1. Spin Hamilionian
In this study, the DIFFOUR Hamiltonian [5-7]
—~ (P _a, b, e -
H= Z:‘ (é;_é'ui +5u!) = (ig, U,-ju.--uj—E{r)zi‘u;,_
(1)

was considered where & is the ferroelectric dipole spin at site i,
Pi/2m is the kinetic energy, a and b are the double-well

0272-8842/534.00 © 2008 Elsevier Ltd and Techna Group S.rl. All righis reserved,
doi: 10,1016/ ceramint. 2007, 10,034
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potential parameters for the ferroelectric spins, and [/ is the
ferroelectric interaction. However, in this study, only the case
that &, is constant in magnitude was considered to underline the
dynamics of the spin orientation in response to the field.
Therefore, by proposing appropriate reference energy and
introducing the stress effect, the Hamiltonian can be rewritten
as

H=" Uy(Ali; -1 —E(N) Y ug, @)
<ij> i

where #; is a unit vector referring to one of the possible 14
ferroelectric spin directions (6 from tetragonal and 8 from
rhembohedral structures), <ij>> represents summation over
the nearest pairs, and u,, is the spin’s z component.
()= Eg sin (2xf1) is the electric field acting only on the
out-of-plane direction of the films, where f and E; refer to
frequency and amplitude respectively. Helical and free-
boundary conditions were used for the in-plane (xy) and
the out-of-plane (z) directions. In this picture, the magnitude
of & is dimensionless, so both Uy and E have a unit of
energy. U(Al) is a function of lattice distortion Al, arising
from the applied stress, and assumed to take a Lennard-Jones
potential-like [8], ie.

Here, ry is the lattice spacing at a specific thermal equilibrium,
/g is the ferroelectric interaction associated to ry (Al = 0), and
#;; is the distance between site { and j. For zero stress (strain),
ry=rgand Uy =-Uj so the system prefers ferroelectric phase.
Since the Young's modulus is defined as ¥ = PA(ry; — rolfry)
where P is the stress (pressure), it is possible to write r,fJ
ro=1—(PIY) and Eq. (3) as Uj=Up[(l - (P/¥)) "
=2(1 — {Pfi’])_s]. However, along the xy direction, there also
exists the lattice distortion caused by the stress along the z
direction. The ratio of the distortions between these two
directions is defined as the Poisson ratio £ = — Ar™/Ar" (where
for many systems ranging from metal to ceramics, & = 0.3 [9]).
As a resull, it is possible to write & = —Ar¥/Ar = —(+]) —
ra){ry=ro) = {(1 = #]) [r0) /{r;/{ra = 1)) which gives
rj-?frg =1=g{{rjj/ro) = 1) = 1 4+ &(P/¥). Consequently, the
ferroelectric  interaction along the xy direction is
U = Ugl(1+ (eP/Y)) ™ = 2(1 + {eP/¥))"%]. As a result,
the Hamiltonian can be written as

H= Z U gty + X Uit

L
< ij > € in-plane

< if = € our-of-plane
— E() Z i, )

2.2, Monte Carlo sinudation

Throughout this study, [/, was set as 1, so this re-defines
the unit of temperature Tas kg (where kg is the Boltzmann's
constant), and electric ficld amplitude Ej as a unit of ;. The
simulations were done at a temperature in the ferroelectric

phase (where there exists hysteresis loops), i.e. T= 1.0 /.
The ratio P/¥ was varied from 0.00 to 0.16. The simulation
was done on bi-layer ferroelectric films where each single
layer consists of ferroelectric unit cells connecting along the
in-plane direction. The ferroelectric spins are assumed to
reside in the umit cells and the system consists of
N=L x L x 2 spins where L x L refers to number of spins
in one monolayer. To minimize finite size effect, large L is
required so in this study L = 40 was chosen. Trial simulations
for larger sizes were also performed and it is found that for the
range of parameters used in this study, the difference in
hysteresis behavior is not significant. The unit time step was
defined from one full simulation update of all sites of the
lattice, ie. 1 Monte Carlo step per site (mcs). The feld
frequency was varied from 0.001 to 4 mes ™" and the field
amplitude is fixed at Ey/U;=4.

With the Hamiltonian proposed in Eq. (3}, each system was
assigned an initial random configuration and later on was
passed to the thermal Monte Carlo updates, using the
Metropolis algorithm [10]. In updating the system, each spin
is assigned a new random direction, and the probability of
accepting that new direction is proportional to

- AH
probability = exp( — kB_T) (5)
where AH is the energy differences between of the original and
the new updating state. If the energy difference is less than zero,
or a uniform random number in the range [0,1) is less than the
probability given in Eq. (5), the new direction is accepted and
the system is successfully updated, or else the considered spin is
left untouched. The whole procedure is repeated until the
simulation ends.

In measuring, with varying the uniaxial stress and the
applied field frequency, each simulation waited for a few cycles
o obtain steady hysteresis loops, and then the polarization per
spin along the z direction was calculated, i.c.

- ;[ZHJ ©

Then, 1000 steady hysteresis loops were used to caleulate
average hysteresis loop for each condition.

3. Results and discussion

From the simulation results, with varying ficld frequency
and stress, significant changes to the hysteresis loop were
found. Fig. la shows the pattemms for hysteresis loops for
frequencies ranging from 0.001 to 0.320 mes™'. As can be
seen, 2 distinct behaviors can be found for low frequency
region, e.g. f < 0.125 mes™" and for high frequency region,
e.g.f > 0.125 mes™". At low frequencies, the loops get bigger
with increasing frequency. This is because, at low frequency,
the field period is high and hence the sweeping time of the field
per one hysteresis cycle is large. Ferroeleetric spins then have
time to follow the ficld leading to low phase-lag between the
polarization and field and hence to a small hysteresis loop.
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Fig. 1. Hysteresis loops of the bi-lavered films (a) at zero-stress but varying
fraquency from = 0,0010 to f = 0.3200 mes~ ', and (b) at f = 0.0010 mes™* but
varying stress from /¥ =000 10 PV =0.16,

However, with increasing the frequency in the low frequency
region, the phase lag gets bigger and hence the hysteresis
loop becomes larger. However, if the frequency is still
increased, the loop reaches a maximum size at a certain
frequency. Beyond this point, the frequency is very high which
limits the dynamics of the spins and results in a smaller loop
with an oval shape-like.

However, with a non-zero stress, e.g. in Fig. 1b, the decrease
of the remanent p.. the coercivity Ec, and the hysteresis loop-
arca were found. The reason is that the stress causes the z
direction to become a “hard axis’. As a result, the spins prefer to
align in the xy direction or have their z-components align in an
anti-parallel pattern to lower the energy. Consequently, both p,
and E reduce. In comparison with experiments, qualitatively,
the decrease of the coercivity and the loop-area with increasing
stress has trends that agree reasonably well with an experiment
on ferroelectric material [11].

On the other hand, Fig. 2 shows the hysteresis loop area as
a function of frequency for various stresses. The loop area
increases for low frequency region and decreases for high

Hysteresis area

0.0m oo 0.1 1 10
Frequency
Fig. 2. Stress dependent of the hysteresis areas (arbitrary unit) of the bi-layered

films as a function of the clectric field frequency (mes™ unit) with varving
stresses from PAY=0.00 to /Y =10.16.

frequency region with increasing frequency. At a particular
frequency, the loop area is smaller for larger stresses. This is
because the z direction is the stress induced ‘hard axis’. In
this way, the spins are loosely coupled along the z direction
and hence it will be easier for the spins to catch up with the
field so the inclined oval loop occurs with small loop area.
However, with increasing the frequency at low frequencies,
the phase lag gets larger but with higher stresses it will
require higher frequency to reach the loop-area maximum
point, This is why the frequency at the maximum area shifts
to higher frequency for larger stress. Notice that the
maximum area is smaller for larger stress because of smaller
Pr and Ec.

4. Conclusions

In this study, Monte Carlo simulations were performed to
study ferroelectric thin-films under the influence of uniaxial
stress on ferroelectric hysteresis properties. The objective is
to investigate the behavior of the spin-reversal along the out-
of-plane direction with changes in the magnitude of the stress
and the electric field frequency. With increasing frequency, it
is found that the hysteresis area increases for low frequency
and decreases for high frequency. On the other hand, the
applied stress reduces p,, Eq and the hysteresis area. This is
due the stress causing the out-of-plane direction to be a “hard
axis’ and the hysteresis results in smaller loop-area. The
results qualitatively agree well with experiments where
applicable.
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Abstract. Monte Carlo simulation was used to observe the dynamic magnetic behavior of dilute
Ising ultra-thin-film. The hysteresis properties were investigated as varying the non-magnetic
concentration, field frequency and field amplitude where the Metropolis algorithm was used. From
the results, at fixed temperature and field amplitude. the hysteresis loop increases in size with
increasing frequency at low frequency region but reduces at high frequency region due to the
increase of the phase-lag between magnetization and external field signals. With the inclusion of
non-magnetic sites, the phase-lag shifts to higher frequency as a result of weaker magnetic
interaction. In addition, the scaling relation among the hysteresis area, the field parameters and non-
magnetic conceniration was proposed to provide general information of how the dilution affects
hysteresis properties of dilute magnetic in ultra-thin-film structure.

Introduction

Ferromagnetic thin-films have been a subject of intensive interests in view of applications
especially in magnetic recording area [1-3]. In addition, in terms of fundamental interest, the
physical mechanisms involved in these reduced structure systems are different from those in the
bulk. Therefore, the magnetic hysteresis in thin-films is thoroughly different from the bulk even at a
same set of parameters. As a result, one may control the films thicknesses or structures to obtain the
magnetic hysteresis at a right shape which may suit desired technological applications [2-3].
However, the description of how the hysteresis and their influence on the magnetic properties of
ferromagnetic thin-films are affected by the external applied field is not quite well set up due to the
complexity of the micro-structures. For examples, in determining the properties of real materials,
the importance of defects, especially the non-magnetic inclusion, should not be avoided which
makes the problems become complicated. However, in general, direct observations of the effect of
non-magnetic interactions to hysteresis properties are difficult to obtain. Consequently. in this
study, the dynamic magnetic behavior was modeled numerically using Monte Carlo simulation to
investigate magnetic behavior in ultra-thin-film structure.

Experimental procedure: Monte Carlo simulation
In this study, Ising model was considered with an inclusion of non-magnetic-sites. This is since the
Ising model is known to be a model with an infinite anisotropy along its easy axis direction which is
suitable for magnetic thin-films problems. The Ising Hamiltonian can be wrilten as
H==J%s55,-h{®)) s, W
<i, f= i
In the equation, the spin s5; (= £1) represents the direction of an Ising spin at site / where its
magnetic moment is absorbed into the exchange interaction /. The exchange interaction ./ is used as
a unit of energy which redefines the unit of the external field as J and unit of temperature as J/kg.
The symbol <7j> denoles that the sites 7 and j appearing in the sum are nearest-neighbor pairs, and
the external magnetic field is A(f) = hpsin{wt) = hysin(2afi) where hy and f are the field amplitude
and frequency respectively.
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In performing the simulations, the lattice size of 80=80 spins with periodic boundary conditions on
all edges were prepared (where results from larger systems were not significantly different for the
considered parameters in this study). Then, the non-magnetic sites with concentration ¢ ranging
from 0 to 20 percent were included into the structure. In this way, the normal Ising spins were
randomly substituted by the non-magnetic sites. In dilute structure, the Hamiltonian in Eq. (1) still
holds but one has to substitute the normal Ising spins from original values +1 to 0 for the non-
magnetic sites, Next, an initial magnetic configuration was set with all available spins pointing into
the up direction (+1). To update the configuration, the single spin flip Metropolis algorithm [4] was
used where the spin at site 7 (s;) was flipped to its opposite direction with a probability

p:cxp(—,f\ﬁ'j(f]x’kBT)_ The energy difference AE/(f)=2s, [Z}_s}. (f)+h(f)} is due to the

update at site 7 and time f. During the simulation, the s; was flipped (updated) if AF; <0 or a
uniform random number + € [0,1) is less than probability p. The unit time step is defined from one
full scan all sites of the Ising lattice, i.e.. 1 Monte Carlo step per site (mcs). From the magnetic
configuration at time f, afler the steady state of the hysteresis loop had been reached, the
magnetization per spin at time ¢ was measured i.e. m(r)=(1/ N)Z‘_ s, where N is the total number

of available Ising. Next, hysteresis loop (m-h relation) was drawn and the loop area 4 = ﬁmdh was

calculated to investigate how the area A responds to the amplitude A, the frequency f and the non-
magnelic concentration ¢. In this work, f varied from 0.010 to 1.000 mes’™, hy varied from 2.0 to
5.0.J. and ¢ varied from 0 to 20%. All simulations were done at temperature 7 = 2 J/kg which is
below the Curie temperature of the two-dimensional Ising model (7 = 2.269 J/kg [5]) to emphasize
the effect of non-magnetic inclusion on ferromagnetic hysteresis.

Results and Discussion

From the results, the response of the magnetic hysteresis to the non-magnetic inclusion is found i.e.
Figs. 1 and 2. In Fig. 1. the hysteresis loops for various fat ¢ = 0%, 10% and 20% are presented. At
a fixed ¢, it can be seen that the hysteresis loop has a saturated s-shape and tends to increase in size
with increasing f at low frequency region e.g. f'< 0.025 mes™. However, on further increasing f; the
loop gets its maximum area and later reduces to an oval-shape with its major axis parallel to the
field axis. This is the result of phase-lag between the magnetization and the field signal. At very
low f, the field period is large and the magnetic spins have sufficient time to follow the field signal
so the phase-lag between the magnetization and the field signal is small and the hysteresis loop
looks like a slim s-shape. However, on increasing f, the field sweeps faster and the spin have less
time in following the field. Thus, the phase-lag gets larger and so does the hysteresis. At one point,
when the phase-lag is approaching =, the hysteresis gets its optimum size. After that, if /is still
increasing, the spins feel very difficult in catching with the field so the overall magnetization does
not change much as the field changes. Therefore the hysteresis turns its shape in the oval-shape
with its major axis lying along the field axis. On the other hand, at a fixed f] on increasing ¢, the
hysteresis loop becomes smaller at low fbut larger at high £ This is since for the larger ¢, there are
more non-magnetic sites in the systems which cause smaller magnetic interaction in the whole
system. With a weaker magnetic interaction in the system, the phase-lag at x shifts to a higher /' for
larger c.
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Figure 1. The hysteresis loops of the dilute Ising spins with varying frequency ffrom 0.010 to 0.400
mes™ at 7= 2 J/kg, hy = 2.0.J and the concentration ¢ ranges from a) 0% to b) 10% and ¢) 20%.

With the hysteresis trend suggested in Fig. 1, the hysteresis area 4 as a function of Ao, fand ¢ were
calculated. One example is shown in Fig. 2 where it presents several peaks of 4 (as changing ¢) as a
function of f7 At a fixed ¢, A gets increasing at low f'but reducing at high f7 This is consistent with
the hysteresis results in Fig. 1 where frequency at the peak (fy) corresponds to the phase-lag at m.
This f; shifts to higher [ as increasing the concentration ¢ due to the weaker magnetic interaction.
Notice that, at a fixed f'and on increasing ¢, / reduces for low f'but increases for high f.

L gop
% ¢
10% ¢
15% ¢
200/0 —
05 L
0.01 01 1

£
Figure 2. Hysteresis area A of the dilute Ising spins as a function of field frequency fat 7'= 2 Jikp
and Ay = 2.J) for various concentration c.

FeCED®E T

It is also of interest to consider the scaling of the area A4 to analytically investigate how it relates
with f, hg and ¢. Therefore, the scaling relation in a power law form

Ao o1 (1-¢) . 2
was considered where a, £ and y are the exponents to scaling. These exponents tell how the
dissipation energy (the hysteresis area) relates to the external perturbation. Generally. since the
behavior of the area 4 is very different between the low fand the high f'regions. Therefore, in this
work, the scaling relation Eq. (2) is considered to fit the hysteresis area obtained from low f and
high fregions separately, where the low fregion is for /< 0.025 mes™ and the hi gh fregion is for >
0.250 mes™. The results from the fit are listed in Table 1 and quality of the fit is shown in Fig. 3.

Table 1. Exponents obtained from the fit using the scaling relation Eq. (2) and R* (R-square) of the
corresponding fit for both hysteresis area from both high f'and low fregions.

o V] y R
High f -0.9365 1.638671 -1.34195 0.995763
Low f 0.401094 0.607942 1.743747 0.995841
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Figure 3. The scaling relation between 4 and f* ho” (1-¢)" based on Eq. (2) using the exponents listed
in Table 1. The linear lines and the R? to the fits show that scaling relation Eq. (2) is applicable.

Summary

Monte Carlo simulation was performed on the dilute Ising ultra-thin-film to investigate the effect of’
field parameters and non-magnetic concentrations on hysteresis properties. With increase
frequency, the hysteresis loop and its area were found to increase and decrease in low and high
frequency regions respectively. Consequently, the area results in peak over frequency domain. On
considering the non-magnetic inclusion, the weaker magnetic interaction shifts the low and high
frequency boundary to a higher frequency since it is easier for the spins to catch the change in field
signal in dilute system. Finally, the empirical scaling relation among the area, field amplitude and
frequency and the non-magnetic concentration in a power law form is successfully extracted.
Therefore, hysteresis properties under external field perturbation in dilute magnetic ultra-thin-film
can be predicted from this scaling relation.
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Abstract

In this work, Monte Carlo simulation was used to model the dynamic hysteresis
behavior of ferromagnetic Ising thin-films using the spin-flip algorithm. The purpose is to
investigate the thickness dependence of ferromagnetic hysteresis properties while varying
frequency and amplitude of the external field. From the results, with increasing the films
thickness, the calculated hysteresis properties significantly change due to the stronger
ferromagnetic coupling in thicker films. In addition, the universal power law relations
among the hysteresis properties, the thickness and the field parameters were found. The
scaling exponents were also reported which agree well with a previous experiment on
ferromagnetic thin-films.

Keywords: Monte Carlo; Ising thin-films; Hysteresis
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1. Introduction

The ferromagnetic thin-films have been a subject of intensive interest due to a
broad range of applications especially in recording applications [1]. For instance, one may
control the films thickness to obtain the magnetic hysteresis at a right shape to suit desired
technological purpose [2]. Therefore, the reasons why physical mechanisms involved in
these reduced structures are different from the bulk have become a topic of frequent
investigating issues. However, the description of how the hysteresis and their influences
on the magnetic properties of ferromagnetic thin-films are affected by the external applied
field is not quite well set up due to the underlying complexity of the reduced dimension.
For example, multilayered systems are known to change from two- to three-dimensional
class with increasing numbers of layers. Magnetic films, however, should belong to a two
dimensional universality class owing to the magnetic correlation lengths being
constrained by the films thickness. Therefore, this issue highlights the importance of the
dimensional pinning to the topic. Nevertheless, as direct observations are quite difficult
to obtain, this work models the dynamic magnetic hysteresis behavior using Monte Carlo
simulation which is a sophisticate technique for investigating statistical physics problems

[3-5].

2. Methodologies

In the study, Ising model was used to investigate the dynamic magnetic properties
of the films. This is since the Ising model is known to be a model with an infinite
anisotropy along its easy axis direction which is suitable for magnetic thin-films

structures [6-9]. This Ising Hamiltonian can be written as
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H=-J)ss;—h(t)) s . (37)
In the equation,<£;1e spin s; (= +1) represents the direction of an Ising spin at site i where
its magnetic moment is absorbed into the exchange interaction J. In this work, the
exchange interaction J is used as a unit of energy. Therefore, this redefines the unit of the
external field as J and unit of temperature as J/ks. The symbol <i,j> denotes that sites i
and j appearing in the sum are nearest-neighbor pairs. The external magnetic field takes a
sinusoidal form i.e. h(t) = hesin(at) = hesin(2#ft) where hy and f are the field amplitude
and frequency respectively.

In preparing the systems, the lattice sizes of LxLx| spins were considered with
periodic boundary conditions along the in-plane (xy) directions, but free boundary
condition along the out-of-plane (z) direction. In this work the films thickness | ranges
from 1 to 8 layers and L = 120 was considered. Results obtained from larger L (e.g. 240)
were not significantly different for the range of parameters used in this study. Next, an
initial magnetic configuration was set with all available spins pointing into the up
direction (+1). In updating the configuration, the single spin flip algorithm [10] was used
where the spin at site i (s;) was updated (flipped to its opposite direction) with a
probability

p=exp(-AE, (t)/kgT). (38)

The energy difference AE,(t) = 2s, [stj (t)+h(t)} is due to the update at site i and

time t. During the simulation, s; was flipped (updated) if AE; < 0 or a uniform random
number r € [0,1) is less than the probability p. The unit time step is defined from one full

visit of all Ising spins, i.e. 1 Monte Carlo step per site (mcs). From the magnetic
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configuration at time t, after the steady state of the hysteresis loop had been reached, the

response magnetization per spin at time t was measured i.e.

m(t)=(1/N)> s, (39)

where N is the total number of Ising spins. Next, hysteresis loop (m-h relation) was drawn

and the loop area

A={fjmah, (40)
the magnetic coercivity h. and the remnant magnetization m, were calculated to

investigate how the hysteresis properties respond to the amplitude ho, the frequency f and
the thickness |, where f ranges from 0.010 to 1.000 mcs™ and ho ranges from 4.0 to 10.0
J. All simulations were performed at temperature T = 2.0 J/kg which is below the Curie
temperatures of all considered films [11] to emphasize the effect of thickness on

ferromagnetic hysteresis.

3. Results and Discussions

From the results, the response of the hysteresis loops to external fields for various
Ising thin-films were found. For instance, Fig. 1 shows examples of hysteresis loops for
various frequencies f at thickness | = 1, 2 and 8 layers. At a fixed I, it can be seen that the
hysteresis loop has a saturated s-shape and tends to increase in size with increasing f at
low frequency region e.g. f < 0.025 mcs™. However, on further increasing f, the loop gets
its maximum area and later reduces to an oval-shape with its major axis parallel to the
field axis. This is the result of phase-lag between the magnetization and the field signal.
At very low f, the field period is large and the magnetic spins have sufficient time to
follow the field signal so the phase-lag between the magnetization and the field signals is

small and the hysteresis loop looks like a slim s-shape. However, on increasing f, the field
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sweeps faster and the spins have less time in following the field. Consequently, the phase-
lag gets larger and so does the hysteresis. At one point, when the phase-lag is approaching
7, the hysteresis gets its maximum size. After that, if f is still increasing, the spins feel
very difficult in following the field so the overall magnetization does not change much as
the field changes. Therefore the hysteresis turns its shape in the oval-shape with its major
axis lying along the field axis. On the other hand, at a fixed f but on increasing I,
the hysteresis loop becomes larger at low f but slightly smaller at high f. This is since for
the larger |, there are more neighboring per magnetic-sites in the systems which cause
larger magnetic interaction in the whole system. With a stronger magnetic interaction in
the system, it becomes more difficult for spins to follow the field, so the phase-lag at =
reduces to a lower f for larger |.

Next, the hysteresis area A, the magnetic coercivity h, and the remnant
magnetization m, as functions of ho, f and | were calculated to investigate relations among
parameters. An example is shown in Fig. 2 where it presents several peaks of A (as
changing 1) as a function of f for amplitudes hy = 4.0 and 10.0 J. At a fixed I, with
increasing f, A gets increasing at low f but reducing at high f in good agreement with those
observed in experiments [12,13]. This is consistent with the hysteresis results in Fig. 1
where frequency at the peak (fo) corresponds to the phase-lag at =. This fy shifts to lower f
as increasing the thickness | due to the stronger magnetic interaction. With a same reason,
at a fixed f, A increases (especially at low f) with increasing |.

In addition, in Fig. 2, the area A increases with increasing the field amplitude hg
and its peak moves to a higher f. This is since the higher amplitude provides higher
magnetic energy to the system and this higher energy provides more magnetic force in

causing the spins to follow the field. As a result, the frequency at the peak (fo) shifts to
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higher f as the phase-lag between magnetization and field signals is smaller for the higher
amplitude.
It is also of interest to consider the scaling of the area A to analytically investigate

how it relates with f, ho and |. Therefore, the empirical scaling relations in power law

forms
Ao hZ fA17, ()
h, oc he £417, (6)
and  m och“f’I”, (7)

were considered where «, fand y are the exponents to the scaling. These exponents tell
how the hysteresis properties relate to the external perturbation and the system geometry.
Generally, the behavior of the hysteresis is very different between the low f and the high f
regions. Therefore, in this work, the scaling relation Egs. (5-7) were considered to fit the
hysteresis area obtained from low f and high f regions separately, where the low f region
is for f < 0.050 mcs™ and the high f region is for f > 0.250 mcs™. Results from the fit and
their R? are listed in Table 1. Note that, exponents for m, are only presented for the high f
as the non-linear fits for low f do not converge. However, as can be seen from Table 1, at
low f, the exponents for both A and h. are somewhat of the same magnitude. Therefore,

based on the assumption that Acc m h,, the exponents of m, should be close to 1. This is
in accordance with hysteresis loop results where m, does not change much with changing
the films’ thickness and field parameters (e.g. see Fig. 1). On the other hand, for the high
f, the assumption Acc m h; has proved its validity as a, ~ ¢, +«,, , and so do gand y.
Furthermore, the quality of the fit e.g. Aoch? f”1” is shown in Fig. 3 where its good R?

shows that scaling equations are applicable. Furthermore, there was an experiment on thin

Fe/Au (001) films (at low frequencies) which give « = 0.59+0.07 and £ = 0.31+0.05 [13]
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while this study reports « = 0.543+0.026 and g = 0.302+0.018. This good agreement
(within error bars) confirms the validity of this work and implies its success on modeling

ferromagnetic hysteresis in thin-films via Monte Carlo simulation.

4. Summary

In this work, Monte Carlo simulation was used to investigate the dynamic
magnetic hysteresis behavior of Ising thin-films using the spin-flip algorithm. As varying
the thickness, the frequency and the amplitude of the external field, the dynamic
hysteresis was extracted, discussed and compared with previous works. In addition, the
empirical power law relations among the hysteresis properties, the films thickness and the
field parameters are suggested. Therefore, based on these scaling relations and its
agreement with experiments, hysteresis properties under external perturbation can be

predicted which provide another successful step in modeling ferromagnetic materials.
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Figure 1

A hy=40,1=1 b) hy=4.0,1=2 O hy=40,1=8

0.010 —+— 0.064 - 0250 ---=---  0.010 —— 0.064 ~*- 0.250 ---=---  0.010 —— 0.064 ~*- 0.250 ---m--
0.025 - 0125 & 1.000 ---e---  0.025 -~ 0125 - 1.000 ---e---  0.025 - 0125 -8 1.000 ---o---

Fig. 1. The hysteresis loops of the Ising films with varying frequency f from 0.010 to

1.000 mes™ at T = 2.0 J/kg, ho = 4.0 J and the thickness | ranges from a) 1 layer to b) 2

layers and c) 8 layers.

53



Figure 2

Fig. 2. Hysteresis area A of the Ising films as a function of field frequency f at T = 2.0

J/kg for hg=2and hy =10 J.
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Figure 3

a) low f b) high f
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Fig. 3. The scaling relation between A and h? f”1” based on Eg. (5) using the exponents

listed in Table 1. The linear dependence and good R? show that the scaling relation is

applicable.
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Monte Carlo Investigation of Stress Dependence Hysteresis Properties in Ferroelectric
Thin-Films
Yangvut Laosiritaworn

Department of Plosics, Fuendne of Science, Chiang Mol Universine. Chiang Vi, 30200, Thailand,
E-mail address: vongaut_ laosiritawom® vahoo.com

OF w particular interest in [erroeleetric esramies i the 1echnological applicability as ferroelectric memaorics. in
which high areal densitics and reduced access time are in demand. Consequently, the undersianding of how
hysteresis chavacteristics  correspond 10 marterial structures and  operating  environment is  important.
Nevertheless, theoretical studies are usually perfonned on ideal stress-free conditions. whereas real materials.
especially in thin-films structures. are affeeted from erystalline anisotropy from mechanical stress. and this may
lead to mappropriaw application designs, Thercfore. the ebjective of this study is to model sueh a situation. The
untaxial stress dependence of the ferroelectric hysteresis properties of thin-[ilms is studied via the DIFFOUR
model and Monte Carle simulations. The stress and electric tield are applied onto the = direction of the systems.
The polarization is measured via the hysteresis dynamic. The preliminary results show hysleresis propertics
deerease with increasing stresses. The results are in good agreement with previous experimenial imvestigation,

Keywords: C. Ferroclectric properties. Monte Carlo,
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Magnetic Hysteretic Properties in Dilute Thin-films:
Monte Carlo Investigation

Y. Laosiritawoem

Depariment uf Phvsics. Fagulty of Science. Chiang Mai University, Chiang Mai 30200, Thailand

The ferromagnetic magaetic thin-films has been a subject of intensive interests and investigations
in view of a broad range of applications especially in recording applications featuring from high magnetic
anisotropies [1-3]. Tn addition, in terms of tundamental interests in understanding, that the physical mechanistms
involved in Lhose reduced structure systems are quite ditferent Tom bulk propertics has become a topic of
frequently investigating issues. For instance, the magnetic hysteresis shape ot the system under an applied
field in thin-films is tharoughly dilferent tfrom the bulk's at a set of fixed parameters. As a result, one may
vconteod the films’ thicknesses o obtain the magnetic hysteresis, or the relaxation delay (lag response)
between the cxternal magnetic leld and the response magnetization, at 4 right shape which may suit desired
technological applications, c.g. translurmer and magnetic storage media, faseinating lots of inngovative
applications [2-3]. However, the deseription of how the hysteresis and their influence on the magnetic
properties of ferromagnetic thin-films are uflected by the externel applied field is not quite well sctup dug to
the underlying complexity of the micro-structural influences. For examples, in detcrmining the properties of
real materials, the importancs of deficls, especially the vacaney, should not be aveided. This highlights the
importance of the anisotropic intertace whick makes the problem very complicate. Generally, however,
direet observations of defect interactions ta hysteresis propertics are diflficult to obtain. One is therefore
resteicted (o computer simulation methods to gain further insight. Consequently, in this study, the dynamic
magnelic behavior was modeled in magnetic thin-tilms simplifving o utva-thin-film stucture. To understand
ferromagnetic materials numericelly, in this work, the magnetic properties and its dynamle mugnetization
switching (hysteresis) are investigated by means of Mente Carlo simulations with an mclusion ot defects at
nanc-scale level, e.g. vueant afoms at concentrations ranging from 0 to 20 pereents of all avuilable magnetic
sites. The model being used is the fsing tvpe. which has been proved 1o be a uselul model for magnetic
thin-films [4-7}, and the spin-{lip algorithm is used 1o updae the magnete configurations. As varving the
vacancy concentrations, temmperatures, and the [requencies of the external ticld, the observables ie. the
magnetization as a function of the magnitude of magnetic ticld are taken. From the results, itis tound that by
increasing the vacancy conceruration. at a fixed temperature and magnetic field frequeney, both the
coercivity and the remanence reduces dug to the weaker ferromagnetic interaction in the system, Further
imvestigation of how the hysteresis area vuries with vacaney concentration is carrying out Lo extract the
scaling relation at (xed remperatures and ticld parameters.
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in vestlgatmn
Yongyut Laosiritaworn

Monte Carlo simulation was used lo observe the magnetic behavior of Ising spins in dilute ultra-thin-filmed siructure. The magnetic hysteresis
properties are investigated as varving the no gnelic-site con iom, specifying the magnitude of dilution, and both magnetic field frequencies and
amplitudes close 1o phase transition region where the single spin flip Metropolis algorithm is used, From the results, at o fived temperature and field
amplitude, the hysteresis tends to increase in shape with increasing frequency at low frequency region but reduce at high frequency region due to the
ingrease of the phase-lag. However, when non-magnetic inclusion 15 taken inte account, the phase-lag tends to shift to higher frequency as a result of
weaker magnetic nl:mrmml a.d:hlmmllw relation the i mﬂwﬁddpnmmﬂ:mudd:lumnmmunumupcmdn

® The resporse of a magnets sysbem under @ external feld = Inthestudy, Monte Caslo s i L w8 propatties of the g modd with Hamilknian

beads 1o many movel physical phenomsna with miriguisg =T 2“ ;(;:ITE_S
pheysics and snporined techrical applscaizons [1-3]

" Meat sheles concontrabid on wdeal strochure whereas how P % . Lo 3 2

where J is the ecchange intarsction, s, {= £+1,0) represents the Isi wnmmwmn ims at site d and T is the magnesic

extermal perturbation (field amplinade &y and fequansy el ! s o
alfects the chmams: hystersiis propenises in dde magnet 1 i cae ; : : ;
{magvetic material with non-magnetic soms ichasion) is bes = The bsing system in an exdemal magnetic fiokd s updated using single spin iy Meteopolis algorien [4] with varymg
undamsiocd, fooen .00 80 100 mest i, from 0.5 10 300 and ¢ from 090 T at T = 2000,

® Im this wosk, the dvmamic behavior off the lnstencaan loops = L3 Inddml}nsnhuhmd’hwhmwuhop-wdmh.wuw,(h-:ﬂ(]ﬂummdewdnhmlwﬁtml.c

e ﬂllf:li:llh‘-'\:-ﬂ::rl; l_‘:!l‘%.ﬂwﬂd nh :u:,.- .al-'&f"."qﬂ-ér

Results

Hysteresis area.d as a function of Tield
frequency f (simulated at 7= 2 JkB, hl-=2.7)
for various .

oy

The liysteresis loops for various Mrom (.00 to 0.400 mes? at T = 2
SkB, Fry = Iﬂjmdcrangmg!}mnjn%h‘n}lmnmdq?ﬂ“n

e e e o m e F S

The scaling relation A o« #hf1-c) using the
exponends listed in Table 1.

Discussions and Conclusions

* With increasing £, the hystenssis loop incresses at low fi(f < 0.02% mes ') but decosass at high f(f> 0.2% mos ) due to the| | [1] AMumysma, et al., Phys Rev. B 61 £2000) 8984 and references

inceeans of phace-lag between mugnetzation and magmetic fisld signal (Fig 1), On the other hasd, with incrassing i, theremn

e saperated hyslerecs tends to stabelize due 10 STonger magnetic dnving S [2] M Flummser {Ed. ), The Physics of Ultra-High- Demsity Magnetic

» With increasing e, o 0 foed ) the bysieresis koop decreases ol low fbul increases of high due o the weaker pugneticl Facording. Springar, Barln, 2000,

interaction. As u resalt, the froquency af ihe maximum srea A () in Fig. 3 shifts io o higher Sequency while reduees in| | [3] M T. Jobnson, P 1. H. Bloemen, F_ 1. A den Broeder, asd 1 1. de
ifude. Vries, Rep. Prog. Phys. 59, 1409 (1996

= Um parforming scaling relation between anca A and other pasametiers in a powe b o, the exponents o the scaling [4] M. Metropelis, AW. R bihuth, MM, B dluth, & H Teller and E.

are extracted with pood 8. This indirectly fells how deiy anergy scakes sl iy and field Teller J. Cloem. Fhys, 21, 1087 {1553}

?j o [ Acknowledgement : This work is supported by the Thailand Research Fund (TRF) and Commission on Higher Education (Thailand ). ]

62



MANUIN 0.

Laﬂﬁ’]?ﬂitﬂﬁ]ﬂd’l%ﬂiz‘gﬂ%‘ﬁ’mﬂiﬁ RIRPREISRN

Monte Carlo Simulations in Advancing Magnetic Recording Applications

auawuy Oral presentation

“The Eighth International Conference on Monte Carlo and Quasi-Monte Carlo
Methods in Scientific Computing (MCQMC2008)”
6 —11 July 2008
HEC Montréal, Canada

63



=
IUNTLD Elﬂﬂ']i‘ﬂit‘l!&l

»
1 CENTRE
MCQMC 08 DE RECHERCHES
Eighth International Conference on Monte Carlo MATHEMATIQUES
and Quasi-Monte Carlo Methods in Scientific Computing July 6-11, 2008

Home Background Program & Tutorials Organization Call for Contributions Registration Venue Housing Contact Fran;ais

Call for contributions
Dealines:
n March 4, 2008 : submissions of
abstracts for contributed talks

w March 14, 2008 : notification of
acceptance

Program & Tutorials

July 6: Paralel advanced tutorials in the afternoon, three
hours each.

Monte Carlo and Quasi -Monte Carlo Methods in
Finance: Jeremy Staum (MNorthwestern University)
Monte Carlo and Quasi-Monte Carlo Methods in
Computer Graphics: Alexander Keller (mental images
GrmbH, Berlin)

Monte Carlo and Quasi-Monte Carlo Methods in
Statistics: Art B. Owen (Stanford University)

w January 25, 2008 : proposals for
special sessions

w January 28, 2008 : notification of
acceptance for specil sessions

More information...

Invited Plenary
July 7 - 11: Five days of conference with 10 invited one-

hour plenary taks, and several 30-minute talks organized in Speakers

sessions of 3 or 4 taks, induding some special thematic sessions, with at most three Josef Dick (UNSW)
parallel sessions at a time. A selection of papers from the confaerence wil be published after

the conference, most likely as a Springer-Verlag book, as was the case for the seven Arnaud Doucet (UBC)

revious editions.
: Daan Frenkel (AMOLF)

Paul Glasserman (Columbia)
Christiane Lemnieux
(Waterloo)

Jun Liu (Harvard)

Klaus Ritter (TU Darmstadt)
Jeffrey Rosenthal (Toronto)

Wolfgang Ch. Schmid
(Salzburg)

Andrew Stuart (Warwick)

GERAD

Groupe d'études ot de recherche
an gnalyse des décisions

CRM | Web site: www.crm.umontreal.ca/mcamc08 | Update 10.01.08 | Photo source: Université de Montréal




GERAD

Groupe d'études et de recherche
en analyse des décisions

HEC Montréal

Ecole
Polylechnique

Université
MeGill

Universilé du
(uébec & Montréal

GERAD

HEC Montréal

3000, ch. do la Cole-Sainte-Catherine
{Québec) Canada H3T 2A7

6053 B (514)340-5665 |
nio @ gerad.ca |
www.gerad.ca

SV EVgEIb G 1 pE £

April 4, 2008

Yongyut Laosiritaworn

Department of Physics, Faculty of Science
Chiang Mai University

239 Huay Kaew Road, Suthep

Muang, Chiang Mai

Thailand 502000

Dear Yongyut Laosiritaworn,

[ am pleased to invite you to give an oral presentation entitled “Monte
Carlo Simulations in Advancing Magnetic Recording Applications™ at

the conference Eighth International Conference on Monte Carlo and

Quasi-Monte Carlo Methods in Scientific Computing, at
HEC Montréal, Canada, on July 6-11, 2008.

To attend at the conference, vou will need to pay the air fares, the full
registration fees and the accommodation fees by your own or by your

institution.

Practical details (venue. hotels, ete.) can be found on our Website
(http://www.crm.umontreal.ca/mcqmc08/).

Please do not hesitate to contact me for any further information you
may need.

I look forward to welcome you in Montréal.

Best regards.

/ )

Pierre L Ecuver
Universit¢ de Montréal, Canada
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Thailand

vongyut_laosiritaworn@yahoo.com

The ferromagnetic thin films have been a subject of intensive interests in view of hoth tech-
nological applications [1| and fundamental interests, where physics in reduced structure is
different from those in bulk. However, the description of how the magnetic behavior in films
structure are affected by the external field is not quite well set up due to complexity of
the reduced dimension. For example, multilayered systems are known to change from two
to three dimensional class with increasing numbers of layers [2 Magnetic films, however,
should belong to a two dimensional universality class owing to dimensional ratio. There-
fore, this discrepancy highlights the importance of the dimensional pinning to the problem.
Nevertheless, direct observations are difficult to obtain; consequently, many numerical tech-
niques have been used to understand the ferromagnetic behavior e.g. the mean-field method
or the first principles electronic structure calculation. However, these two methods have not
yet properly taken the thermal fluctuation into account. Therefore, that the results obtained
from these methods are applicable and correct for a wide range of temperatures is still of
some curiosities. On the other hand, the Monte Carlo simulation (based on a stochastic
method) has proved to be a useful model in cooperating with thermal disturbance. For ex-
ample, the Monte Carlo simulations in two-dimension Ising model agree very well with the
exact solutions. Therefore, the Monte Carlo iz expected to be a promising technique when
considering the effect of thermal fluctuation on magnetic properties in various structures.

In this talk, the Monte Carlo techniques used in statistical physics especially in magnetic
thin-films modeling are introduced [3]. A few algorithms which follow the stochastic detailed
balance and ergodicity in thermal equilibrium are given and briefly described. Then, the ap-
plications of this Monte Carlo in some ferromagnetic thin-films systems are presented. Based
on its results, these have provided another fruitful step in understanding the ferromagnetic
phenomena and suggest Monte Carlos role in advancing the magnetic recording applications.
Finally, as an addition to ferromagnetic studies, an extension of this Monte Carlo technique
to other ferroic topics such as ferroelectric applications is also suggested and discussed.

[1] T. Osaka, T. Asahi, J. Kawaji, T. Yokoshima, Electrochim. Acta 50, 4576 (2005},
[2] Y. Li and K. Baberschke, Phys. Rev. Lett. 68, 1208 (1992).
]

[3] M. E. J. Newman and G. T. Barkema, Monte Carlo Methods in Statistical Physics
(Clarendon, Oxford, 1999).
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Introduction and motivation

** Technological and fundamental importance (Johnson ef al.
1996)

MCQMC'08

%l Especially in memory application.

+* The blooming of information technology era.

% Among digital storage, the magnetic storage is of preferable in terms of

cost-effectiveness.

l, Pholographs

Infoemabon stock
n 2000

Total: 102 EB

Source : Muira (2001)

MCQMC'08
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“The Superparamagnetic Limit
has Entered the Building.”

Richie Lary

MCOMC'08

Superparamagnetic effect.

% Stability depends on: os8f
* Magnetic domain
* Magnetic coercivity

» Temperature ol ' ,ﬁ_\
* Surrounding polarity S el v

0.0 saul ul |
1 10 10 10 10 10
MEQME'08 Time after writing (5)
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¢ Try to understand the magnetic behavior especially in reduced
structure e.g. films to investigate

* how the properties depend on magnetic structure
= 2D to Films to 3D
= Defects (vacancy defects, dislocation, etc.)
* how the properties change in response to external perturbation
e.g.
= Temperatures
= External field (frequency and amplitude)
= External stress

++ May be able to obtain or design a better magnetic recording
applications.

MCQMC08

% Inside of the magnet

ey PV AN
Ferromagnelism | I_

S s
P
Ferrimagnetism 'vL
Antiferromagnetism U i) H

Parsmagnetism \/ FEe] Tt .';'.:.-.-._.]_'

Diamagnetism * \_.‘ [% = | 1 l | ;“;;h“

()
magnetic atoms have
Py unpaired electron spins

neaMcos magnet = arrangement of atoms with aligned spins
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The bridge (theory and experiment)

* Sometimes the problem is too complicated to solve
analytically !

Experiment

Computational
science

MCQMC08

There comes Monte Carlo !

Monte-Carlo,

Monaco

radom mmbers on [0.]

The Sun
pobability
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Physical System
Statistical Simulation
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‘E Solution searching

Ideal Solutions
{benefits/costs)

Acceptable Solutions

Saolution Space

MCQMC08

% Example 1 : Ising Films

% The use of Ising Hamiltonian

H==-) 8 5, =(0,0/=1]

Methodology

¢ Create an array where each element represent the Ising spins (£1).

% Choose a spin S; and flip it to -S; and calculate the energy difference
AE (or AH).

% Pick a uniform random number » and accept the new spin S; if » <
exp(-AE/kT). (Metropolis algorithm).

% Repeat steps 2 and 3 until the simulation ends.

*  During the simulation, discards some mcs (Monte Carlo step per sites)
to reduce initial memory before making measurements which are

m:%zilsf; (m)=i2lmfl; F%(('"QH’")Z)

MCQMC'08
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‘E Example 1 : Ising Films (Continue)

magnetisaticn per spin {m)

a) total magnetisation — b) total susceptibility
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% Example 2 : The stress effect

** Modified classical Heisenberg model
A A 2
H= _Z<g>Js‘f (A1)3;-8, -2 Kis:
Taylor’s series expansion J;; (N ) =J,;+ (N ) J [,

Uniformity assumption : so J'; = J' = J/a

H :—ZIJ (sh.sﬁ. +sﬂJsjﬁ_,)+(J —(A)J/ a) S,.:sz}—ZKs;

{Ij‘?

NOTE : The in-plane interaction is left unaltered.

MCQMC'08
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%T Example 2 : The stress effect (Continue)

From Young’s modulus Y =P/(Al/a)

Al P ) .
; = ? where Pis a COMmMPpIrcessive pressurc

J 0
where J=0 J 0
0 0 JA-P/Y)

| The exchange parameter J is usually set to 1 and cover only nearest neighboring

MCQMC08

| -z

% With varying the temperature 7, anisotropic constant K and the
compressive pressure ration P/Y on the thin-films structure 16x16
xI and 32x32 x[ where the thickness / ranging from 2 to 4 layers,

MCQMC'08
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%t Example 2 : The stress effect (Continue)

The microscopic view of the orientation of spins of bi-
layer films with k7/J = 0.45, Ki/J= 1.0 and a) P/Y = 0.30,
b) P/Y=0.35and ¢) P/Y=0.45.

MCQMC08

The simulations were performed for K4/ = 0.4 and P/Y = 0.14 in bilayer system

Magnetization
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Current Applied Physics 6, 469-473 (2006)

MCQMC'08
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% Example 3 : Temperature gradient

periodic boundary

H=-J2SS;
(i)

MCQMC08

T, (free boundary) HOT

A .

L

A R RN

periodic boundary

T, (free boundary) Cold

Ldo__ 4T
Adt dx’

T,-T,
T,=T,+|2>—)y.

L.=1 |

v

% Example 3 : Temperature gradient (Contd.)

AT = 0.00 Jkg
£
=
&
B
("}
=
5
5
D
=4
Z
=
(a) Ty (Wkg)

AT = 0.40 Jikg
E 1 —
5 '\
» 08} 11 B
5
e 06} 8
o
T 04} g
H
5 oof + R
E] 0 1 |tuﬂtb

0o 1 2 3 4

() Ty Wikg)

MCQM

AT = 0.80 Jikg
E E
c [ -
£ <
7] w
5 5
[+ % [+%
= =
o =l
& &
N H
g 5
[+ o
= =
(©) Ty (kg) (e)
AT = 1.20 JiKg
E 1 — E
c c
@ 08 4 &
B B
a 08| — &
[ = C
£ o0af 4 £
-§ ' §
g 02 | . %
0]
0 L L

=

0o 1 2 3 4 =
() Ty (Jlkg) (0}

AT = 1.60 Jikg

T; (Wkg)

AT = 2.00 Jkg
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Example 3 : Temperature gradient (Contd.)

:
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MOGQMU U

AT = 0.00 Jik
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%ﬁl There comes another problem.

The energy and the
temperature are measure 1n
the unit of J and J/k,

MCQMC08

Example 4 : Ab initio and Monte Carlo
simultaions on Fe/W (001) Films

** The anisotropic Heisenberg Hamiltonian

Sff"i‘ _3( i"’ﬂl;f)(A;"’Ej)
/

3 - 3

>

H= —%ZJQ-S’I +%ZD§

i i if if

* Both the exchange parameter J;; , the dipolar interaction D, ,
were extracted from the “First Principles'.

+¢ Taking the Fe/W thin-films as a case-study.

+ The simulation was carried on the system size of N=L x L x [
with the linear dimension each layer L varying from 20 to 120,

and the thickness / ranges from 2 to 8 layers.

MCQMC'08
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%T Example 4 : Measuring the properties

% The observables were taken from the thermal equilibrium
which were
» the magnetization per spin
m,=N"Y IS’
« the susceptibility per spin
zo= N((m)=(m.))

where ¢ is either the in-plane or out-of-plane direction.

+* The critical temperatures 7(/) for each thickness / was
extracted via the fourth order cumulant of the magnetization

Up =1=(m)/3(m)

MCQMC08

% Example 4 : Critical behavior investigation

< Based on finite size effect, for 7—7,, empirical forms of

scaling function that are
o {m(T.0)) =L m(L8,1)
o x(T0)=L"" 5 (L"1,0)
The critical exponents (p7v,y/v) were extracted via the log-log
plot.
*¢ Finally, the universality relation d,, = 2(B/v)+ylv

was tested and a separate bulk simulation was done for

comparison.
MCQMC'08
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‘E Example 4 :Thickness dependence

Magnetizalion per spin (m)

2 lﬂyflzrs
3 layers

6 layers
7 layers

L
F
5 layers +
L
8 layers -

200 400 600 80O 1000

Temperature (K)

4 layers +-

Magnetic susceptibility per spin (x)

1200 1400

o)
2500 T T T T T T
2 layers —
3 layers r—%
4 layers -
2000 5 layers —-8
6 layers -—m
7 layers +-o
8 layers w-—--e
1500 +
1000
500 -
[
200

Temperature (K)

The magnetic properties a) m and b) y as a function of 7
for various films’ thickness.

MCOMC'08
Thin-films and bulk critical temperature
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Example 4 : Summary of results

monolayers| TMC TMF|  (3/v) (v/v)Y |d=2(8/v) + (v/v)
2 439+1 969 [0.27240.003(1.512+0.002 2.06+0.01
3 T28+1 1363(0.296+0.002(1.437+0.003 2.03+0.01
4 874+1 1484/0.33240.003(1.389+0.003 2.05+0.01
5 97041 1551)0.30840.0031.40040.004 2.02+0.01
6 1037£1 1595|0.299+0.003|1.399+0.004 2.00£0.01
7 10761 1603|0.309+0.004|1.386+£0.005 2.01+0.01
8 112141 1642(0.291+0.004|1.401+0.005 1.9840.01
bulk 13001 1687|0.536+£0.001{2.002+0.004 3.07+0.01

*The mean-field T, were taken from Razee et al. (2002)

MCQMC08

% Ongoing and Future works

% Try to model the “more real” materials e.g.
* Roughness films

* Impurity inclusion (non-magnetic, antiferromagnetic, or static

spins)

» Magnetostriction.

* Hysteresis modeling

* Area (energy dissipation) |

+ Coercive field

\ M

He

» Remnant magntization

* Scaling equations

& Ltc.

MCQMC'08
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ﬁ Summary

+* With Monte Carlo techniques, it is now possible to investigate how the
thermodynamics, system structures, external perturbations affects the
magnetic properties.

++ Though parameters used are from a “guess”, one can improve the
results by incorporating with Ab-initio electronics structure
calculations (Quamtum Mechanics) to extracts magnetic properties in
real units.

++ With the Monte Carlo results, magnetic recording technologists will
have some ideas on magnetic properties

* How high is the Curie temperature in a particular films

» How the magnetic films responds to external parameters (e.g.
temperature, system structure, etc.)

+ Get some ideas if one wants to increase the areal density (e.g what
materials and how thick of the magnetic films to choose)

MCQMC'08

Thank you for your attentio !
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A

MONTE CARLO SIMULATION ON THICKNESS DEPENDENCE OF
HYSTERESIS PROPERTIES IN ISING THIN-FILMS

Yongyut Laosiritaworn

Department of Physics, Faculty of Science, Chiang Mai University, Chiang Mai 50200,
Thailand

KEY WORDS: Monte Carlo, Ising thin-films, Hysteresis

Abstract:

The ferromagnetic thin-films at nano-ranged thicknesses have been a subject of intensive
interests due to a broad range of applications especially in recording applications [1]. In
terms of fundamental interests, the physical mechanisms involved in these reduced nano-
structure systems are quite different from bulk properties has become a topic of frequent
investigating issues, as one may control the films’ thicknesses to obtain the magnetic
hysteresis at a right shape to suit desired technological applications [2]. However, the
description of how the hysteresis and their influences on the magnetic properties of
ferromagnetic thin films are affected by the external applied field is not quite well set up
due to the underlying complexity of the reduced dimension. For example, multilayered
systems are known to change from two- to three-dimensional class with increasing
numbers of layers. Magnetic films, however, should belong to a two dimensional
universality class owing to the magnetic correlation lengths being constrained by the films
thickness. This is not apparent from experiments on nickel films which a dimensional
crossover of a critical exponent from two- to three-dimension is found [3]. Therefore, this
discrepancy highlights the importance of the dimensional pinning to the problem.
Nevertheless, as direct observations are difficult to obtain, this work tries to model the
dynamic magnetic hysteresis behavior by means of Monte Carlo simulations and spin-flip
algorithm. As varying the thicknesses and the frequencies of the external field, the
magnetization as a function of the applied magnetic field are taken. The results show that
with increasing the thicknesses, at fixed frequencies, the hysteresis area, the coercivity
and the remanence increase due to the stronger ferromagnetic coupling, and the power
law relations between the thicknesses and the hysteresis properties are suggested. On
investigating the universal scaling law of how dynamic hysteresis area responses to field
frequencies, the results agree well with previous experiments on ferromagnetic thin-films,
where applicable. In addition, the thickness dependence of the hysteresis area on the
frequencies in a power law form is also successfully obtained which provides another
fruitful step in understanding the hysteresis scaling phenomena in ferromagnetic thin-
films.
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/— Abstract

Monte Carlo simulation was used to investigate
thickness dependence of hystercsis propertics. With
increasing the films thickness, the hvsteresis area, the

Introduction

= Response of magnetic films under
external field leads to impaortant

coercive field and the remnant magnetization increase technical applications.
at low but decrease at high frequencies due to the = Due to complexity in reduced :
stronger ferromagnetic coupling which agrees well with structure (e.g. films), the explanation on how perturbations

experiments. In addition, the universal power law
scaling between the hysteresis properties, the thickness

Q& the field parameters were also reported.

(field amplitude &, and frequency f) affects the hysteresis
properties in fermomagnetic films s still not completed.
= Therefore, Monte Carlo simulations is used o in this wnrk/

Methodologies, Resulis and Discussions

= Ising spins were prepared on thin-films and simulated via spin

flipped Metropolis algorithm in the Monte Carlo simulation

* Femmomagnetic hysteresis loops were extracted with varving

frecuencies £, amplitudes by and films thickness /.

= In Fig. 1, the hysteresis loop get larger and smaller at high f and

low frespectively die to the different types of phase-lag,

* In thicker films, there is larger magnetic coupling strength, the

nhase-lag at at area then moves to higher frequency. 1

]_ I:mw%:ot’?r:nl ::var}'ilqg t'rf:qutncgg.'fmn ;L:::G»u in Fig. 2 Figure 1. The hysteresis loops \.\-'.th varying frequency from

where the area scaling in the pewer law form 0.010 to 1.000 mes? and the thickness J ranges from a) 1
Ao _,I"".‘l:"!’ :la:,'cr tor b} 2 layers and c) 8 lapers,

fior both low fand high /regions are found (see Table 1 and Fig. 3)

= [E——

Table 1. Fitted exponents from the sealing relations of hystepesiz

area 4, magnetic coercivity k. and remnant magnetization m, beth| ° _' g

high £ (f = 0.250 mes1) and low  (f = 0.050 mesl) regions, 2
o rid r e

Low f| 0306002 | 0540003 | 0.14:0.01 ; X R R PR e T

High f| -0091£0.00 | 1 268000 | -0.0220.00

Figure 2. Hysteresis area| | Figure 3. The scaling relation between

W, _lf"'_‘-f | 030:0.02 | 0ATH0.03) 0150001 A of Ising films as a| A and S*K'F using the exponents in
{Highf] 0.02:0.01 |0.98+0.01| 0.01:0.01 funcion of  field |Table 1. The lincar fit and good R?
m, |Highf] -0.87:0.01 |033:0.01 | -0.0320.00 frequency £ show confirm the sealing relation
Hakr: The 5t for &%, o loow M doms mot: comverge. E

Yongyvut Laosiritaworn
Department of Physics, Faculty of Science,
Chiang Mai University, Chiang Mai 50200, Thailand
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