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Abstract

For 111"11\' \'(',lrS, h'-~III '1110vs hm'(' hel'lI \\'idelv IIsed by the Illaglletic st.orage illdllsln'

ill thill-lihll 1'01'111 'IS till' alltifcITOIII"glll'lic pillllillg I",wr ill Gl\lI1 (Gi"lIt. l\laglll'to 111'­

sist"lll'I') "lid T~I!\ ('I'lIll1lel l\1"gll('to !\1'sisIiII1C(,) spill v"l\'('s, Despit(' the \('chllologi(',"

illlporl'II11'I'oflhisstrll('\III'(',itlli'SlIolp,'('\'iOllslvl)('ellllotedth,lIth('III"glleti('l\III-iolls

of fc(' Ir~lll:l ('('sidl' Oil l\agOlllc lay('J's AI3C stackl'd alol1g < 111 > ax('s 1101'111,,1 10 Ihl'

lihll pl"lIl', !1l'slIllsof ;>.lolI\('Cariosilllld,lIiolls \\'illl)('reportcd 011 the hulk 1'('(' ]\agollll'

I"t I iCI' for hot h Xl' aud Ikis('ul)('rg llIodl'ls illcilldillg t II(' eight ~~ exchallgc iull'ral'l iOIlS,

Dl'gl'IlI'r'l('il's IH'rsist illl!1(' 3D ('asl' alld therl' is slrollg ('\'idclll'(, for a f11l('\lla!ioll-dri\'I'1I

fil'st-orderll'illlsitiollto\\'cll-dl'filll'diollg-I'illlgl'ordl'rchmactcrized as Ihe lavl'('('d 'I Il

121l-dl'g('('I' spill sll'lwlllrl', Effl'cts of \'iln'illg till' illl.<'r-I'l.\'('r couplillg '1('(' "Iso I'X'llllilll'd
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Chapter 1

Introduction

1.1 Magnetic Sensors

Sellsors Ihal dl'l('cl a lI'id,' \'ariety of ph('1I01Ilell'l which rel\' 011 thill-fihll IlIagll,'lic tech-

110101',\' an' ill "\'('1'\'(1<1\' lise. Thos,' illcillde IlIaglletolll('ters. hard disk read-hpilds. as \\'('11

ilS \lilglI('1 ic fLlIldoll1 A,'('pss \I"1I10ry (\II1A\I). Th(, I('chllology ill th('sp dp\'i('('s is h'lS('d

oil Ill<' Spill-\·al\·". \\'hidl COllsists of 111'0 Ihill-(ihll felTollI'lglll'lic (Fi\I) la\,('rs as \\'(,11 as a

slahili/,illg illlli-f"ITolllagllelic (AF) fillll

\lagl,,'lolllel,'rs ai'(' illslnlillellis 10 IIl('aSllre Ihe slrellgt.h alld din'cl,ioll of a IlIaglleli,

Iield. \',,)'\' high sellsili\'il\' to deled IlIagllelic fields IJiJ\'l' beell reported ill III(' spill-

\·,l!n'llIagll<'lollle\('rs[l]. \ 1;1I."ll('tulIlel l'l'S are used illil \\·iderallgeofapplicaliolls. III

iI rd 1('0101',\'. IlIagJl('IOJllelprsciindelect ship\\TPcks,lIJdotherhllripdorsllllJllergedobjeds:

ill IIlillillg. Ih,'\' are IIspd 10 delerlJlill<' the din'clioll of drillillg: ill Ihe 1I1iliiarv they

IIIOIliior sllhillarill(' ,l('tivilv l : '"ld ill aslrollOIJl\' tlll'v prpdid coslllic acli\·itv. slleh as

illlroril horealis (S"l' Fig 1.1). A grid of IIlilgllPlolllPkrs aroulld Ihe world cOllstalllly

1I"'ilsllr,'s II", df('CI of th(' sohlr lI'illd Oil Ihe Carlh's ll1i1gllel,ic hcld. Also ill lllohile

I<'!<'pholl"s ,11,,1 Clohal Posiliollillg S\'St"lll (CPS) d"\'ic('s, IlIagIlPlolll('t('rs an' IIsed I'm

IOllllH'dcfl'll:-.in·:-,i<h., 111l'I11l:-,:-,iall 'Goldfi:-.h· (titilllilllll StlhlllarillC':-') w('rf' <!t':-.igll('d alld IHlill al gn'ill

('XIH'II:--t'lo 1II\\'arl :->11("11 :-',":..1('111:-> (plIre titalli11l11 is 1I01l-IIl;\gllt'tic)



shO\\'illgdirectioll

Il,ml disk read-heads me dl'\'ices thai rpad the oril'lItalioll of lIallo-scale IlIagl)('lic

gr"illsl'III!)('ddl'd illhmddisks. Thisdl'vicecOII\Trtslhl'exll'rIlallllaglleticfiplds,colllillg

frolll Ilmd disk, illto t.lll' l'!eclrical SiglliI!S. Hifih sPIIsit.ivit.y ill dell~ct.illg Slllilil variatioll

ill tlll'lllilglll'licfil'ldsilllprovesresollltiollilldelel'lillfit.hporiPllt.illiollofthelllaglll'lic

graillso\'('r a sillall mea ofthp hard disk. Illolher \wmls. spill-val\'!'sPllahle hard disks

with highlT storage capacih·. Fig 1.2shO\\·sthppffect ollmpaldclIsitvh.'·lIsillgspill-\·ah·l'

strIlcllln's ill hard disk rpad-hpads.

'daglletic 1I'llIdolll Ac('('ss 'dplllor."(:\II1A1\I) is \\·idef.\' IIsl'd to sa\'!' dahl. Ulllike elec-

Irical dlarge ill COII\'I'lItillllal II a IIr!OI II ACCl'SS i\ll'llIor.V (IIAi\I), a 11Iagllei ic fic,ld is IIsl'd

toston'd,llil ill i\1I1Ai\1. Thl' IIlilgllet.icl'!l'IIH'llt.S. with il Spill-VidVC'st.rllctme, llli1kl' lip 'I

1\IIIAi\1 hit. Thestrllctmeofspill-vakesarpa!so IIsed todl'tl'ct IIlilgl)('t.icoril'lItat.iollof

l',wh ('(,II ollihe 1\II1A:\1. i\1I11\\1. as 1I001-volatilc' IIIPlllor.". 1101 olliv pn'Sl'J'\'l'S illforIlIatioll

dllrillg loss of pO\\'I'r, hilt also COIISIIIIIl'S less e!el'lrical 1'lIl'rg.'·. Thp ralldolll ill'Cc'ssihilil.'·

11I,\kes this dl,.'·j('(' fast. as n'ad-})('ads me ahlp to select thl' shortest path o\'!'r the .\1111\:\1

grid 10 iHT('SS a slH'cific cell.

Figlln' 1.1: AmOl'a l30realis

I'icillrefrolll: Irm·pl.pziIIC'lllark.colll



G'lillt IIlaglldo Hl'sislallC(' (GIIIH) Spill-\'alv(' allo\\"l'd for a sigllificallt progl"l'ss
11.., .•.. " .. , •. 01 ...."' ••• ilard diskssillce 1097

frolll: IVlVw.physics("('lllral.colll/('xplore/actioll/1l1r-n'sl'arcil.dill

1.2 Spin-Valves and Giant Magneto Resistance (GMR)

A spill-\'ah-p is a dl'\'icp cOllsistillg of h\"O or Illorp f('rrolllagnetic la.\'prs. Till' elpctrical

I"l'sislalll'l' of a spill-vah-p cilanges as a fUllction of tile relati,'c aliglllllpnt of thc la.\'pr·s

IlIaglldizatiolls \I'itil rpspect to eacil otilpl". Tilisefl"ect ilas its origin inspin-depelldent

1I101l1l'lIllllnscallerillg. Till,pJ('dricall"l'sisl'allc('forcollductillgeil'dronscalll)(,colltrolil'd

Il\' tlillillgihelllagll('ticoricntation of the layers. SpilldppclldcntscHt"tNillgilas!>pell

silidil'd as Iill' IlIailllllagllpliccOlllrilJlltioll toC'!L-clrical I"l'sistallcc [2]

Tilpscilplllatic!Jpll;l\'iorofspinscatteringfrollltileillterfaceofafelTonlagnet issilO\\"I1

ill Fig 1.3. Ascanl)(,spl'll, tilp!Jealllofplcdrollssplitsllpilltoa reflededam! tnmslllitll'd

!Jpalll. Tile reflected !Jealll illcludes Illostly spill-dowll electrons wililc thc translllitled

Ill'alll cOllsists ofspill-Ilp plpctrolls. \\'ilell plcctrolls of Olll' spill Pllcolllltl'r till' Fill I,,\"('r

wit.il opposilt, Ill'lgllclizatioll. till' plpclrolls ilavp a proba!Jilit.,· to flip tileir spills. Till'

Spill flips COIlSllllll' l'xtm ellNgy wilidl it gaills frolll till' e1ect.rolls in tile Fllllayl'l". Till'

l'lll'IK\' dissipatioll of till'elcctrolls is IlIl'asllr('d as iligil rpsistancl' of til(' device. 011 "'I('
otll('r il'lll(l. \I'ilell c!pclrolls witil till' salll(' spill aligllllll'lIl as tile Fill la.\'pr IlIagllelizatioll

)H1SSl'S til(' lkvil·l'. 110 spill flip OlTllrs. alld COllsp'Iuellll.\·. tilese ('I('drolls do not IOOSl'



('Ilergyl)('callsl'oftheirspill. Thisisllll'asurl'dasa!o,,·rC'sistallc('illth('d('\·iC('.

FigurC' 1.3: Spill-dl'pl'lldC'llt t-IOlIl(,lltUlll ScattC'rillg

Figure I.-I: Scll('lllaticofa Spill-ValveStrllctllr('

Fig, I.-I shOl\'s Ih('sclH'llIaticstrwIIII"('ofa spill-valve, TIH'spill-nl!v('colIsistsoft",o

Fid layers "'hidl al'(' sl'pmatC'd with 'I lloll-1l1aglletic (Nt-I) IlIC'tn!. III thC' spill-\'aln' thl'

('IIlT('1I1 l'lectrolls PllcolllltC'r Iwo Fid lan'rs, alld ('Il('rgy dissipatioll of p!C'ctrolls dl'p('llds

Oil tll<'allgkoftlH'irspilloriclltatioll with rC'spC'ct to thl'lllagll<'iizatiollof l'ach Fid la.\'('1

011(' to this propC'rlv. a spill-\'alvp Ilia.\' ad as a Illagll<'iic switch which is a<'iivated hy

Illagll<'lic fil'ld. \\"hpll thC' lllagllPtic oril'lltatioll of Ihl' two la~'crs is opposite, the (k\'ice

is Iligldv rpsisti\"(" 'Illd the e!C'ct.rical ('\IlTPllt drops dO"'Il; all thl' cOlltrm.v, "'hpll thp

1l1aglll'tizatiolls an' ,diglll'd, t.h(' devicl' is highly COIl(lilCtiw, alld 110 sigllif'icallt drop ill

ekctrical CillTl'Ilt is IlH'asllred

The <Tllcial part of thl' spill-\'"h"c is ill pillllillg thp lllaglletizatioll 01'011(' of the' Ft-I

lan'rs.sothat itslllaglH'tizalioll \"('clordoesllot rotateillallexterIlalliC'ld, ThC'lllelhod



IIs1'dtopillthl'lIlilg,llt'tiziltioIlOflh('firsthl."ershollldIlOlilfrectthelllilf!;lletiziltiolloflhe

olhl'roill'. TIH'rdorl', Ilsillf!;a P<'l"IlHIIl('llllllaglll'torhard Fl\llllil,\'1l0t pro\'idea solillioll

A sollli iOIl 10 this probll'lll is to pill Ihe F:\llilyer by addillg all AF hl}'('r adjacl'llt to il [J]

This is kilowil ilS Exchclilge l3ias, or Exdl<lllf!;I' Pillilillg, 'rhe exchallgl' pillilillg OCCIlI'S dill'

10 qilalllllill IllechalliudexC'hallge C'ollplillg bct\\'l'ell spills across the illtl'rrilCl', FI\I/I\F

cOllplillg, callSl'S a slilble Illaf!;lletizatioll ill the adjacelll Fi\1 la~'er. Sillce (he AF lil,wr

hilS 110 Illag,IH'Iic IIlOlll('1l1. this la."<'I" does Ilot n'spolld to all extl'rllal field. The stlld,\

or Fili/AF cOllplillg has drawil I he atlelltioll of IllallY researeh grollps [51, Filldillg, (he

ilppropriall' lllllitilan'rstl'lldure ",ith high dficiellc\' is the ehallellge illillallilfadllrillg,

ilpplicilbl(' IlIilglletic switches [6], The drorls or Pell'r Gl'llilberg alld Albl'rt Fert ilS pio-

Ill'l'I'S ill disco\'('I'illglhl'dl<lllgl' illl'll'c(rical rl'sis(allcl' as a fllllctioIlOrl'xtl'l'llallllaglll'lic

lil'ld, kllO\\'11 as Gialll :\lag,llclo-nl'sis!;ul('l' (GI\ITI), was appreciated with Ille NolH'! Prizl'

ill Ph\'sics ill 2007 1(s('(' Fig" 1.5)
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Fig,III"(' 1.:): Challg,l' ill electrical resis(allce as a fll\lC,tioll of rclatiw allg,le lH't\\'('I'1l Fill

II lH 1-',11 ('I izat iOlls

Fig" 1.6 illustrates Ihe sdleulat ic strllcl1ll'e of a Silllple I"l'ad-head, The read-hl'ild

cOllsisls or 1'0111' paris; (\\'0 F:\lla,\'ers (fn'e LI)'er alld pilllled layer), 011(' Nl\lla)'l'r (Spill'I'1

1".\,1'1'). illld ()I 1(' I\F li'.\'l'r. Till' Illaglll'tiziltiOl1 or the pilllH'd layl'r is stabilized with t.lH'

11':\111:\ is th(' IIlOSt \\'idl'l,\" used IlHtleriil1 as the AF L1\"l'r ill read-heads dill' to its hig,h

l;\u!H'lpriz('.org



Figlll'(' I.G: Head-Head Stnwture

Picillre frOlll: Dr. i\1. Phllller

orch'rill1-',ll'lIlJ)('r,illIl'(',lIldsliitableillterfa(,I'pillllillgpropertil'S. The IlHlgII1'\icfidd ofllH'

IIll'dia (black ,IITo\\'S ill Fig. I.G) callSps ,I rotatioll ill the llIagnetizalioll of t.Il(' fre(' la.\'('r,

hllltlll'piI1lIl'dla,Y<'rprl'sprvesitslll>l1-',1I1'tizaliondl1l'tol'xchallgl'pillllillgphl'lIolll"lIoll.

'l'11<"'I,,l'tricalresist'allc('oftlJ('S\'st('lIlchallgesdlll'lo\'ariationoflherelati\'('all1-',11'

1,,'1\\'("'11 1I1>11-',lIl'tizatioll ill th(' frpl' Im'pr alld thp pinlled Ia.\'('r , alld this is de\('cted hy

\'()lta1-',I' frolll p,ISSill1-', a current throll1-',h the ;\~I spacer la~·er. Thl' high S('lIsili\'il\' of

Ih,' dl'vin' ill detel'lillgsillalleralld \\'('aker fidds. allows the 11ll'1lI0rV cell 10 shrink. and

'·OISl''1"1'lllv. th,' "'lp,H'itv of hard disks ill(TI"IS"s.

1.3 Exchange Pinning

'I'll,' IlIaglleti(' mdl'r of all AF IlIatl'rial whil'h cOllsists of a SpOllt,IIIl'OIlS allti-paralll'l

,1IT'1 111-',('1 ",'"1 of lIeighhorillg spins disappea!'s at high 1l'1IIpeI'<II11r<'. This p('rfel'l 1Ilaglll'li,

ordl'rat absoilltezero 1('lIlperalllrl'colllpll'tl'ly \'allisll('saboH' the lTit i('al lelllJll'ralllr<'

('alh'dlhe:":r'1'111'llIp<'ralure

1\1 I h,' N(~,'I 11'1111)('1'<11 urI'. T,v ill Fig. 1.7.1 he tll('nnal encrgy is "Ilollgh to d,'sl roy 1.11<'

111>11-',11,'1 i(' md('r ill 1hI' AF lihn. Noll' I h,lI, exdl,1Ilg1' pillllillg bids to all l'xchange hias

li"ld. I'ul asshO\\'11 ill Fig. 1.7, \\·hidl shifts Ihehvstcresis loop (seeapl)('lIdix A).Bl'low

I h,' "(~el I"llIl)('ral 111'1'. III,' spillS ill 1111 AF lihll ill a spill-\'ah'e int"rHl'I wil h the adjacellt



Fif';IIr(, 1,7: ExdH\IIf;(' Pillllillf'; alld T(,ll\pC'rat 111'('

spills ill till' Fr-.I la,n'r. Til(' l'xcilallf;(' cOllplillf; pillS til(' spills ill tile Fr-.I layer. As a

(,OIISl''1I1('IICl', l.il('ori('llt.atioll ofl.il(' Illaf';II<'1izalioll ill till' Fr-.llay('r is 1I0I.alf('<'I,l'd I>y I.il('

applyillf; fi('ld \I'ilidl is w('ak('r t ilall pilll1illp; hia" field, HI;/], Ahov(' the N,;e1 t('llIp(,n1t III'<"

till'('xcilallf;('collplillf';isstillpn'seIlLl>lIttilisillt('ractiolldo('sl1otdet(,l'IlIill('alllliqlll'

dir('('lioll to pill til(' IlIagll('tizatioll of F:\llay('r dll(, to tile ahsellce of all,\' ll\af;l\l'tic ord('r

Oil til(' AF i'lt('rfal'(" Til(' t(,llIperatllre depelldellcc of tile 1l\i\f';lIclil' or<kr of Iill' AF lan'r

l'Olltri!lIlt('S <Tllcial!\' to <T('at,(' til(' CXdl'llIg(' pillilillg ill til(' 1lIlIlti-laYl'r Fr-.I/AF S\'St('11I

III tilistil('sis, till'til('l'IlIal h('ilavior of til(' IIlaf';lIeticorder ill till'AF Irr-.III:< isill\'('stif;al('d

Sillc(' tlI(' discO\'('r,\' of ('xcilallp;c pillllillf; ill 195G In' \\', II. r-.leikl('joilll alld C, P

13('aIl13I, lill'r(' ilan' 1>('('11 Ilia 11,\' til('ordicallllod('ls pr('sellt('d tOl'xplaill till' IlIedlallisllI

of tllis eI 1'('<'1 , S('n'nd of til('se IIlodds iII't' re\'ic\\'ed h('lo\\', '\lId, despite till' lack of COIII­

pr('Il('llsi\'('II('SS, tilislllayoff('ra gClI('ral pictllr(, 1.0 pnrtial lylllldl'rslallCltilispilellollll'lIoll

Till' 1lI'ljorit\, of 1I10dels focus 011 the possibk spill-nmfiguratiolls at thc AF slIrfal'l', ('111­

pilasizillf; till' sllhstallt ial rokoftilerll\al helw\'iorof AF laycr\\'ilidlllllist hC('()lIsid('r('d ill

a1l\'COlllprl'II('IISin'stll(h'uf('xcilal1gl'pillllillf';, Till' :--lC'iklC'juilll all(ll3('alllllodel, k110\1'1 I

astil('dil'<'ct l'xdl'llIf;('llIodl'l. \I'as thl' first IIludel todescribC'tilC' IIll'challislIlofexdlallf;('

pillllillg, III tilis 1II0dcl. a dirl'cl. C'xdlilllf;(' illtC'ractioll !)('I\\'('('II the l1lap;lIetiz'ltioll of til('

F:--I hl\'('r. ,\IF,\I' alld tilC' lIet spill pC'r ar('a ufiil(' AF lavl'r. ,\I,IF, is assllllll'd 13], alld til('



"11('1"1',\' of the S\'St"11I is giH'1I hy

(11)

Allot her popllblr IIlodel is the l\lalll'i Illodcl kllowlI as the AI' sprillg IIIOdl'!. III thl'

l\1'lIlri IlIodl'!. adolliaillwall ill the APsllhstrate is assl IIl1l'd , ASC'lIl he,'seell ill Pig,1.t), ill

Ih,'\'icillil\'ofthl' Fi\lbl.\','rall interfaceofthicklll'sst; isforllll'd whC'!"ethl' IIlIl"Olllpl'lIsatl'd

illll'r-faciallllollll'lIls" at the interface AF COli pie \Vilh the Fl\[ 1l101liellts, Oil the olh"1

halld, ill the celltl"(' of AF slIhstmte, and far frolll 1':\1 laver. thl' IlIaglletic 1IlOlIll'lIt of

AF is aliglled to\\"lrd its IIl1iaxial allisotropy (alollg ,I" axis ill Fig, 1. '),1\ dOillaill \I'all is

f('r1IIl"IIH'I\I"('('11 thl's"t\l'olavcrs, Tlll'asslIlllptiollofadOlIHlill\\"ali redllc('stheca!clliall'd

('xl'ilallgl' pillllillg ('idd ill agl"('elliellt \Vith l'xperillll'lIts, flloreover, the x-ray o!Jselyatioll

COllli1"lliS Ihe exisl('II('(' ofdolliaill \I'alls ill SOllie AF Illall'riais.

TIH'cOllplillg l'IIl'rgv of this sysl"111 isgiH'1l h,\"

(1,2)

\I'h,'I'(' ,\I is F:\I mielltatioll, Ii) is the Ilet spin of AI' at the illterfacl', II is thl' directioll

I' il',11 1"(' 1.8: l\lauri !llode!

of till' IllIiaxi,i1 allisotropy axis of th,' AF layC'!" , ,md a is the elH'rgy of dOlllaill ""ill ill

til(' /\F, A defect of this Illo<!el7 is I"('\'cale<! \I'hell till' exchallge pillllillg fiel<! is Illeasllred

ill \'('1"\' thill AF slIhstrate III H'r~' thin AF slIbstrates, there is 1I0t sllfl'icielll spacl' for



dOllwill \I'i1I1: lIe\"('rlheless.thellleasllrl'lIlelltsstillshO\\·i1sigllificilllt CXdlilll!!,('pillllill!!.[.1j

IlIlh,':-lillozelllOfrlllodcl. which iskllO\\"IlilSthpnJlldolllfipldlllOdcl.i1stiltisticill

tn'i1lll1l'lIt of th(' ralldOiIl fipld Illodcl des<Til)('s thc pfrpcts of AF dOillaill sizc 011 the

1IIiI!!.lIitlldl'ofl'xchilll!!.e pi II IIi II!!, ficld. A ralldol1lrouf\hllCSsollthcsurfacccilllscsa nlildolli

I,w,d lIlil!!.lIdic ficld. Thc sllrfacc spills arc afrec"lcd by Ihis 10calllla!!,lIctic field. This

ph"II01I1CIIOII Oil Ihc surfilcP CH'lIll1illl~· di\'idcs t hp A Filii 0 IIlall\' dOlllaills. as sho\\'11

ill Fi!!.. 1.!J. Thp l'xchilllge alld i111 mlditiomd IIl1iaxial ill-plalle i1l1isotropv plilY Illaill

rol,'s ill dl'l('r1l1illillg thp sizp or Ihpsc AF dOlllaills alld COIISCC/lll'lItly ill dclcrlllillill!!. t.h,'

l'xdlilllgl' pillllillg field. i\lalozclllofrfllrthprslatcs that thp billallcc !JCt\\'CCII applied lield
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Figlln' 1.9: DOIllaills ill :-lillozcl1loff i\!odc!

pressurc211,\Iv.\Il v.I /.ollollchalld.all(llhcdfectiwprcssurpfrolllIhcilllcr-facialclIl'rf\\'

diffen'lIn' ~a. 011 Ihcothcr Jlillld. dptcrlllilles Ihccxchallgp pillllill!!, fipld [71

(U)

n,'slliis fro II I Photo-Elliissioll Elect roll i\licroscopy (PEEi\I) collfirlll Ihe thcoretical pre-

di.-tiolloftl)('i\lillozl'1I10frlllodeloflhpcxislellccofallillvcrselillcarr('{aliullshiplH't.\\"('('1I

tlll','xdl'llIge pillllillglield II/.;/J alld dOllwill sizp [8]. Thp i\lalozelllofrlllodpl issll'Tl'ssfld

ill explaillill!!, IlIallV of tlip feallm's of Ihc CXdlilllf\e pillllillf\. 110\\,c\'('r, this 11I0dcl fails

to jllstify SOIlIC ('llIpiricill resllits. As 'III pxalllpil'. Ih,' expl'rill)('IILal ohserv,Jlioll of till'

t"lIdellcy of Ihp Fi\1 10 i1ligll IH'l'JH'lIdiclllar 10 the AF ('asy i1xis has 110 jllslifi"'ltioll ill

i\I;doz"llIolfIlIlHlel[9]



Tile last 1II0deldisCIISSl'd Il('re is IIll' KoolI/I3utll'r 1II0del ,,'lIidl iskllo\\11 as I Ill' spill-

flop cOllpling; IIlOdel. III tile KoolI/I3I1Ill'r 1II0dl'I, il is iU;sullled tlla.t (he AF spills ill

(lie illlerf'1ce '1re illelilled slip;htly 011101' plalle toward t.lle FI\I layer. Tllis surface spill

('()Idigllrat.ioll resllits ill a lIet IlIaglleti(' 1I101llent t.oward FI\I layer. Tile 11('(, IlIag;lIl'tic

1110111('111. illtrr;1cts ,,'illl FI\I spills alld till' Ill'\\' tl'l"IIl ill the ellergI', a spill-Hop terIlI,

dl'!Tl'aSl'S tile excllallgl' pillnillg [11]. III ('onlTast \\illl till' I\lami 1Il0del, till' l~ooll/I3I1(I('r

aSSlIlIlpti()1I docs 1101 rl'quire a tllick AF substrate to p;ive reasonable ",dues for exdl'lIlg"

pilllllllg.

'I'll(' l'1Il'rgy of tile spill-flop cOllplillg is '/8/(1\/' 111)2. This terlll IIIIISI be added to

Figme 1.10: Spill-Flop ill KoolI/I3I1Ller I\10dl'1

(,JJ(' l'lll'rg;.v I'XpJ'('SSiOll 1.2: tllen{orl', (IIr elll'rgy ill t.1Il' l~ooll/8Idkr I1I0dl'! is g;iVI'1I as

foIIO\\'s[121':

A ('ollibillalioll of tile spill-Ilop cOllplillg IIlOdd alld I\lalozelllolr ralldolll tirld 1Il0dl'l lias

bl'I'III1Sl'dtotilldllleexcllallg;epillllillg;tield. Tlleresullssllo\\ec!sig;lIi[icallt COIIIIHllibili(."

\\itlltlll'llIe'ISIIITd\',dll('s!9].

1.4 Phase 'Il'ansitions

III a (hl'I'IIJ()(I\'II'lIl1ic s~·s(elll. tile trallSrOrIllatioll frOlIl 0111' stale of Illat ter, or pllas(" to

'1I1011l1'rphas,'passl'slllrollghatllresIl0Idtelllperatmr\\'lIrrelhesylllllletrvoftheordl'red

'1'<I"II"'''l'yl1l'f.<lI''llp://\I'\\'II'.p''."I''XiL,.('<I''/III<1,,<lI\I'I'/



pllils(' is hrok('11 ill order 10 ('rC'iltp a lIe\\'stal(' ill tllpsySt('IIl. At Ihist('lIljH'ratllre. \\·hi('h

is (,illll'd criti('al telllj)('ralulT' Ct~). Ihe \('llljll'ratllrl' depC'lIdC'lIcl' of the free l'lIngy of thl'

1II"I'IIIOdnl'lllli('svsl('IIlIlHl."1I0t hC'l1 wl'lI-!)('havpdfllllctioll. ThejlhaseLrallsiLiollisofl<'1I

,IITOllljl;lllil,d hv H dis(,(JIlLilllliLy ill thl' fr('p l'IIPrgy at thl' niti('al L('lIljll'I'HLllrl'. A faillolis

l'X,llIljl!l' of a jlllaSl' tl'<1llsitiOIl is IIll'ltillf!: phellollielloll, while therIllal f1u('tuatiolls !In';lk

thPlllicros('opi('svllllllc'tryoftheCTystalstI'llC'lurpofasolidMthl'IIlPllillgl<'lIljlel'atIlrP.

,I!,sorhillg thl'rIllal ('II('rgy sllows 1I0dIHIIge ill tile tl'lllperallll'l' oftlI(' s.,·st('1I1. Thp p('ilk

ill thl' spp('ific hl'al CUlTl'. C. al this jloilll reflects this bdHl\·iol'. Ph<ls(' trallsitiolls ('<Ill

alsooc(,lIr I)('I\\'('PII difr('IT'lItIlIHgllpticsl<ltesof<llllatl'rial. The illtera('tiolll)('tl\'('l'lI thp

spillsof("u fOrI liS a SI'IIlIlIl'tl'icCOllfigul'<1lioll illoriplltaliolls kllOlV1I asa III<lglIl'ticCTvstal

I3n'<lkillg th"Syllllll('Ll'y OfllHlgll<'li(' crystals 0('('1 II'S <II. Lh l'SOllleSjle('if·i('tcllljll'I'<1Llln's.

'/;.. 'l'ostudvthpph<lSl'lrallsitioll, iLiscoIII'PlltiollaILodrfilleHjlaraIIlPLerwhi('hrpflp('\s
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rigurl' 1.11: SdWlllati(' of ;111 AF IIlaglleti(' Cryslal ill 2D

Ihl' S."llIlIIPln· of thp s.,·stpllI. This jl<lnulleter. IUlO\\'11 as thp order jlaralllell'1 t\'jlic<lII~'

"<lril's frolll zero 10 olle. At <lhsolute zero h'llllwr<llure, \\'h('l'e thl' t!I('1'Il1H1 f1uctuatioll is

IIlillillllllll. ordpr jll1l'<1l1l<'lpr lias ils llll1Xillllll1l "alm' lI'hi('h is one. Thp ordpr jlarl1IIlPI('r

d,'crl'ilSl'S lI'ith imTl'ilsillg Il'llljl,'ralun'. At Iheniti(,<l1 Il'llljleniturp. '/;., Ihp ordl'r jlaralll-

l'L<'I' rillislozl'ro. III rill svstl'llIs,Lhl'lIlaglI('tizatil1ll(,illl heusedasthl'ordprjlarallll'll'r.

whilp ill Ale s.l·sLpIIIS Ihp ddilliLioll of ordN jlilnllllel.('1' is difkrPIIL. 'rhe fa('L thaI. l'ilell

Ar IIlilgll('lic latli('e cOllsists of sev('I'ill rill IIlagnptic sub-latti('Ps is used to ddillP ,Ill

ordpr jl<lrillll('\l'r hiIS(,d olllllap;netizaliolls of these sub-lattices [IJI. rip; 1.11 sho\\'s th('

IllilgllPti(' lillticl' of square Ar ill 2D. As 1'1111 he Sl'C'II, this magllelic I<ltlice ('ollsists of

12



I\nl 1-':\1 suh-Ialticl'swhi('han'illustratl'd iUlwl aud hlu('. Pha.setrilusilious,ohserH'd iu

pllysi('als\·st<'lus. Hrl'CoIlH'utiouall.vdassilied ill two ('atep,ories. Thecritl'ria ofthl'c!;,s-

sifi('alioll is ill dis(,OIlliuuih' of till' frl'l' l'uerg__ of sysl<'lus. rirst-ordcr phasl' trausitiolls

('xllihit, 'I dis('oillillllity iu first dl'rivativ('s of this "ll('rgy with rt'sl)('ct, of t,hl'rJllodylliUllic

\'ari'lhl('s,\\'llikiusl'coud-ord('rphas<'tr<lUsiliOIlS,thl'first,!l'riv,lI.iH'softhl'f!·('('('Ill'rgv

arl' coutiuuous. hut discollliuuities are se('u iu tIl(' s('coud <!l'ri\·atl'. rig 1.12 shO\\'s thl'

VaflatlonoforderparamelerVS.ternperature

" ....•• ,:::........ ..... .....
eFirstOrder •

eSecondOrder •

Temperature

rigur(' 1.12: Ortl<-r of Phas(' Trausitiou

order parallH't<'rs of two sySt<'U1S. As ('all he Sl'eu. illihe second-ordl'r phas(' trallsitiou.

til(' ordl'r parilllll'l<'r CllrH' risl's UIOrt' sllioothly Ihau its ('oullll'rparl ill thl' firsl-ordl'r

I'IHIS('lrallsitioll

Aroluldcrilic,dpoilllsofau.\'('ollliIlIIOlisphas('lrallsitiou,thl'physical qllillliitil's IH'-

han'lluiH'rsalh·. This ul('aus thai this hehavior is iudepl'nd('ul of tll(' details of thl'

ph.\·si('al illll'racliou. Thl' critical l'XpOU('uts. \\·hicll arc geuerallv a fUllctiou oftlH'svul-

1l1l'tr~' aud dillH'usioll of s.\·Stl'IUS alld till' rauge of iull'racl ions. an' us('d to dl'scrihl' the

nili('allwhm·ior. The critical expoll(,1l1. k. of allv physical qWlIltit.v. such as f('I'). as a

fUll('tiou oftl'lllpcratun'. '1'. isddiued as follO\\'s [14]":

k_li/llIO;:)~I~)1 (1.5)

\\'h('n'T is IIll' reduc('d \('Illperatlln'. aud ddilled as T ('I' - '/~)r/~.

'AI,,, hllp://("I.lI"ikip("(li".or~/lI"iki/('rili(""I_(·xp""(,11



TII(',I!)()\'I'ddi,litiollasslllll('sthat theasylllptotie!>('hm·ioroftheph.\'siea!qllalltit\·.I(r).

",lll'lI re(hwed l<'lll})('ratlll"e ~o"s to zero, r -t O. is as follows

/(r) = "\r'(1 +br" -j ... )

It is IIIO!"l' eOIl\'l'lItiollal to l\Titl' thl' ,'qllatioll 1.G ill the followill{!; fOrlll

(I.G)

F(r)o..r' ,r"::O (1.7)

Till' e'lklllatioll ofnitic;1I expollclItS. ('I'l'lI for silllple Illodeis. is lIolltrivial Despite the

,t!)S('IIC(' 01"1 cOlllprl'hl'IISin' theoreticill proof for 1II1in'rsalit~· ill the nitic;t! expolll'lItS.

this th"OIT is cOlllirllled h.l· l'XI)('rilllelltill illld COlllplltatiollal data PO]

1.5 Magnetism in Condensed Matter

Accordillf!; to till' !3ohr-I"l1l Lcellll'ell tlll'on'lI1. thl're is 110 therlllal eqllili!>rilllll IIlilf!,IIl'-

tiZ<ltioll ill 'I classical Systl'llI [151. ('I<lssiea! physics cOIlIpletely fails ill p!"l'dictillf!, til('

exist('I\("(' of IIlilf!,II,'tislll. III qllillltllill physics. till' cOllcept of il particle's spill pial'S a

sif!,lIificallt roll' to d,'snil)(' the illtrillsic IIlilf!;lIctie 1I1011ll'I1t of iOlls. Thl' ohsl'r\'ahk spill

IlIaf!,lIetic 1I1011l"lIt of a particle. ri." with ('I"ctrical cIlilr{!;,' fI, IIli1SS"lll, alld spill allf!,ll!al

IIlOJlH'lItlllll ,C; is giY('1I h.\":

(I.)

11·!I('!"l'Ij. c,1Ikd f!,-faetor. is'1 dillll'IISiolll"SSIIlIlIlI)('rwhichdepelldsol1 thetvpeofparticl,':

for ,'x'"l1pk. tll('f!;-Lwlor is 2.0023 for tlll'ele,troll, while it is 5.580 for the protOIl. It is

ilSSlIllIl'dthatalllllaf!,lIeticproperticsarisl'frollltlll'illleriletiollhetl\"l"'lIatolllicllta{!;lIl'til

IIIOllIl'lIts illside the Illilteriais. There arl' three II'ell-kIlOlI'1I lllodl'ls, Hl'isl'lIher{!; . .r!J alld

Isillf!, IlIllll,,1s. 10 dl'scril)(' thl' IIla{!;lIl'tislll ill (,olld('lIsed lllattN. A lrclllelldolls alllollllt of

!"l'S"'lITh has Ill'l'lldolle, hasedoll theseth!"l'('lIlollt'ls; therefore. thesl' Illodeis 'Irl'disellSSI'd

ill 1I10!"l' dl,tail ill this till'sis



1.5.1 Heisenberg Model

111 Ihis IlIode!. 'ItOlllic spill vedors ,'i, (,'-":',,e.,';I,,';,'l with a fixed 1(,II~th S, localized Oil

lallin' silt' i, illlel"ilci wilh olh('r lllagilelic 1I101l1('lIls alld IlIa~lIetic fields accordillg 10 Ih('

followill~ I-Jalllil(olliall

II = II",. 1-11".,." + 11",1' I II,

when' I Ill' isotropic ('xchallge interactioll, lI,r' is gin'lI hy

lI,r - -~ L .1'J'~:" ,s~
-<1.1>

(10)

(l.IO)

This tel'lll ori~illates as <l COIISe(I!I{'IIC(' ofC'olllolllh illtNacliolls together ,,'ilh rallli's ('X-

c1l1sioll prillcipl(' '1I1d the "lItisyllllllell'.\' of the total e!l'ctronie wav(,-fllilctioll(e!l'cirom;

<lS f('l'IlIiolls) [lGI, Tllis illieractioll Ilsllally is short r'lll~e 'll1d llsllally Oldy illcllld{' Ihl'

IH'al'('st Ilei~hhors laUice siles, The s.vlllilletry cOllditioll, .1'j = .1j" is alwil)'s ",did fOI

this Iel'l 11 , FurtlH'l'IlIor(', the sigll of illterilctioll codlici('lIl. .1,)' d{'tl'l'IlIilles the 1\'1)(' of

illll'ractiolll)('I\\'('elltlll'il'spillwithth{'j"'spillillldcollseqllcnt!ylheirllllltilalarrilllg('-

11I('lIls, A Ill'gillin' coefliciellt fOl'('es Ihe spillS nli~1I ill an allti-ferrolllngllC,tic f".,hioll (ill

1l01l-frllstl"illeds\'sl<'lIls, nnli-parillle!),whikn posili,'(' codiici('ntforcesthespillslo,1Iigll

ill <l f{'ITollIi1~lIetic fnshion 117]

AII"thl'r illiporlililt lerlll ill llilillilioiliall 1.9 is (hl' lI"l~lIeto-('\',vstallilll' allisolTOP\',

II"",,,, The IIlilglleto-n,"stallille ililisotropy UIICA), ill its silllpkst forili. r('pres('lIts th('

t('lIdell('\'ofthelllalerial\spinstoaligll illollg SOllIe specilic axes ill ('\'ystal strllctlIn', the

('as,,'-ax('softhelllaglll'lization

(1.11)

111 I~q, 1,11. tIle z-axis ddilles I.he ensY-ilxis of ('\'vsl.,11 providillg f) is lIe~nl,ive, A positi\'('

,',dll('forIIH'allisolrop\'COl'f1iciellt, f),lIlilkesthez-ilxisasthehmd-ilxis,alldlhespills

prefer 10 lie ill the ,I'y-plalll', This tel'lll is st\'OlIgly ilr-rected hy thl' spatial S~'111111elr,\'

"flh('III<lgIH'tice\('drollorhitnls:then'fore,in('ITSlalsll'lIdur('s, th('S,"llIllI{'tr\' of till'



bm\'ilis!iltlin""ldtb('orbitillallglllarlllollll'lItlllllorlllaglleticC'il'clroll ill thealOlllic

sll'l)('tlln' delC'rlllil)(' theslrC'lIgth ortll(' :--ICA. For exalllplC' ror it ilIl'ril III C'1('clroll slTllctlln"

\\'hen'lll(' orbital illlgidm 111(11)('11111111 is ilhllOSt qllelll'hC'd. 1\ICI\ is IIsllidIv igllomhh' ill

('olllparisOIl \\'illl IhC' isotropil' exl'llallg(' illtl'ril<tioll. This cOllditioll ('ilIlS('S il slll<dl 1\1C'A

ill 11)('hlllkoftrilllSilioll-lIlC'tals [17,20]

1IIIII('caseofthill fihlls.the:\IC'Ai<'1'I1I rorthesmr'lce,lI01l1s is Ilion' COl II p!l'x thall the

COIT('spOlldillgtrilllslalioll\',dlleilltheblllkdllC'lobrokclIsnllllletryat thl'slIrface. ThC'

smf,)('(' :\IC'A dC'I('nllillesthedolllaillsizeilllhl':\lalozelllOfflllodel forexchallgl'pillllillg;

fllrth('nllon'. tl)(' pC'rp('lIdiclI!m IIC'I II 1011ll'lIt 11111 prC'dided ill thc KOOII/Blltler Illodelllla.\'

be nplililJ('d hy this Il'nll. Eq. 1.12 illld Eq. 1.13 giw the 1\IC1\ ('lIergv ror thill (ihlls

illldsmfilcC's[17]. I\scilllbcse('II,thC'C'II('\"g,vis\Hitt.('lls('pmatclyaspC'rpelldicIIlmillld

pilndlel I('I'IIIS \\'itl, till' n'spl'('t to the smfilce plilllC' (.o-axis coillcidC's with thC' smLIl'('

1I0nllili ilxis)

1I,~m - L I\'I~(S,:)I (1.12)
I.,

\\'!I('re (S,l = ,'-;;" ± is;'). ThC' III0St freqllellt tl'nllS mC' showlI ill Eq, 1.13, ThC'sC'I('nlls

ilre IIsed hilS('d 011 the SY1I111IC'try 01'111(' fihll fan'. TI)('lIl1ixial (twofold) tl'nll. the <jllilr-

til' (follrfold) IC'I'III. 'illd thC' !H'xagoll,d (sixfold) t('\"11I an' explicit!.v cOlIsid('!wl ill Ihis

('qlliltioll

'I'll(' IlIilglH'licdipole interactioll,II",,, ill Eq. 1.!J. Cilll hl' \HitLl'1I ilS follo\\'s

wll('n'/III is Ihe \'al'1I11111 pl'nlleabilily, ·171' x 10-;11,,/(/\111), illld thl' vector I"J stmts frolll

II", i'1. sill' alld ('lids ill, t.!I(',t'. TIH'dipolC' illtl'rill'tioll C'lIergy Iwcollies illlportilllt \\'!I('II

F:\I 1!lill fjillls or 1III1I1i-lil\'('r syS\('IIIS an' stlldied. IlIcllldillg Ihis Il'nll ill SilllllliltiollS,

SlIdl ilS 1\lolIl<'C'mlosilllld,lIiolls. IlIilkC's lilel'Olllplli<'rl'odeslowsilll'e il is IOllgC'rilllg(';

illld IIIOn'O\·('\". thC' IIlagllitllde of Iii is lC'nll ill AF S\'steIIlS is Sill il II ill l'Olllpilrisoll \\'ith til('

1G



1I1"f!,lIitllde of 0111<'1' terlllS ill 11"llIillolli"lI. '1'11(')"('1'0)"('. ill silllll!atiolls of AFs this 1('rllI is

'I'll(' Z('('III"1I 1('1'111. II" gin's III(' illtcr,,("lioll heLln'('1I all ('xlcl"lla!IIHI;iIl('lic fic!d, d,

"lldl.hcspillsofl.hes\·sl,('lIl.

(1.15)

",11(')"(' 'I, is Ih(' sil<'-d<'lJ<'lIdcllt Lallde fa("tor

1.5.2 _\T Model

III this 1I1<)(lel. IIHIf!,II('ti(" 1I10I1lCllts,,)"('des<TilH'd hy ,ci, = (S';'·.,'-;'!) or.'{ = S(cos()"sill 0,).

\\'Ilidl isll"'I\\·o-dilll<'lIsiollalspill!o("a!izcdolllat.ticcsilci. DIIl'toth('fixedlllHgllil.lld('fOi

spills.il is ("oll\'('lItioll 10 IIs('polarcourdillates ill I.he.ry 1I10del '1'hcrl'forelllellalllillOiliall

of III is Illu(kl (",,111)(' \\Tilfl'1I "s 1'0IIo\\'s:

II -~ 2..:: J,; ("os(O, - ();)S2 - 2..:: h, ("05(0,) S (I.W)
-<IJ>

\\'IH')"(' 0, E (-".1rI. h, - II/o/'1i q,dl. This IIlOdcl ("all bl' ("ollsidered as the as\"llIptoti("

lilllitoftll('llcisclIlll'rglllOdl'lwhcllthe.::-axisisallcxlrl'lIlclyhmdaxis. III this ("<!se. t!1('

IlIaf!,lI<'fo-<Tvsl"lIill<"lIlisulml)\'f<TIII, Eq. 1.11, forcl'slhl'spillslosl."yill.r!lphlll<'dll<'

10!J---+oo.llis("ll'arilllhis("ilSC,("0Ilsidcrillgspillsasqll'llIl.il.ies\\'il.holllvOlledef!,l"(,l'

offrl'l'dolll.lll('po!arallgle.lllakl'slll<'silllll!aliulIsigllific<!lIt!yf<!sfl'1

1.5.3 Ising Model

111111(' Isillf!, 1I10dei. Ih('spillsarcolI('-dilllclIsiollal 1I0rlll" I \"eclors; thcrl'fore, Ihe spills ollly

11,,\·(,t\1"O possible \',l!lIes, ±I. Thisillodl'! \\'asillH'lIted by\\". LCllzi1l1920. hilt E.lsillf!,

\\"i(S III<' piOIH'<T IISillf!,this 1I10deilopredict Ihe 1I1'1f!,lIelic properly OfOIH'-dillll'IISiolliti

(T\'sl,t1s ill EJ2·) [181. 'I'll(' ID Isillg 1I10de! shO\\'s 110 phasl' ITallsitioll. 'fhis IlIod('1 has

b("'IIIIS,'drorIlIO)"('COlllp!"XSvsl"IIISillhif!,II<'rdillll'IISioIlS.lllthisIIOdcl,JI"lIIill.olli,,"
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call Ill' \\Titi<'11 as follo\\"s

/I = -~ L J'J ."',.,,~ - L ,,~S,
- ...... 1»

(liT)

willi S,=±1 i\lillIV scil'lltists IN'd to 1ll'lieY(' Iltat UIl' p'lItitioll flillctioll 1'01' 2D Isillg

Illodel 'IS all allalvtical fllllctiolloftl'lllp('t'allll'l'collld lIotsltowallvsillglllaritvillpltvsi('i11

(pl'llItili('s. ('sl)('cialh' ill fillite S~·stl'IIIS. EH'lItllally, L. Ollsagl'r establislt('d all arglllll('lIt

has('dolllsillglllod('ltoabolislttltisid('a.[19].

1.6 Magnetic States and Frustrated Systems

III 1\ Ie IlIagllelicstl'lIdm('s. eaclt spill \\"ailis toaligll alit i-parallel to its 1I('an'st-lll'iglthol

dll(' to tlt(· AP l'Xdl'lIlg(' illteractioll. SOlll('tillll'S. tlte geollll'tl'ry of II\(, hilt ice stl'lIdllrt'

ill AI" S\'St('IIIS IIlak('s tlte perfl'ct AP 'lIT'lIlg('IIl('lIt illljlOssihle. C('olll('trical frllstnllioll

o('('llrs \\"11('11 til(' g('OlllellT ofsolll('latti('(' strlldlln's forhids Silllllltilll('OIlS IIlillilllizatioll

of II\(, ('xcltallg(' ('II('rg~' all till' 1l(',Irt'sl lI('igltbor pairs of sites of all AP. At absollll(' zno

t('IIIjH'I"lllIn'. titespill-collligmatiollsoftltes\'st(,lll aclti('\'(,s its IIlaxillllllllordl'r. Fig I.U

t-f
, ..·....1

i
f<'·>:::,

Fi/!,IJr(' 1.13: AF /!,rulllld-statl' ill liSt rat iOIl frust.ratioll

illdic'lt ('S tll(' AF IIIi1glll'l ic strucilln' ill tlte squan' alld tltl' triall/!,IJiar lal t icl's. As C,III

Ill' S('('II. ill 1]1(' sqll,lrt· latticl'. AF l'Xdlilllg('l'lIl'rgi('s act ill/!, hl't\\"l'ell Il('ar IIl'i/!,lthor silt's

al'('siIlIlJililll('ollslvlllillillli"l'd,\\·ltil('llIillilllizillgtlteillt.l'ractillg('Il('rgi('sbl'I\\'l'l'lIallsit(,s

ill tlt(· Iriallgllim hlltic(' is illlpossihlt,. Fig 1.1·1 sltows 11t(, grolllld-stal(' cOllfi/!,lIriltioll I'm

AF Iriall/!,IJiar strllclm(' ill .r.'! 1I10d('1. lite aliglllll('lIt is 1101 colill('m; IIl'\·('rtltl'I('ss. tltis

C(lItii/!,llralioll It'IS til(' ImH'st possihl(' ('ll('rgy. III tllis spill-collligmatioll, tltl' din'ctioll 01

("11'11 spill IlIak('s all allglt- of 1200 \\'itlt its adjacl'lIt spill. Tltis Illl'allS tltat tltI'H' an' olll~'



Figllrc 1.1-1: 12()O spill slrll('tllrl' of tltl' triallglliar laLti(,l'

I It 1"('(' possihl('oriclll,lIiolls for spills ill thl' triallglliarstrllctlll"('. Tltescthr<'l'orielltatiolls

ar<'lahckd A. 13. alld C ill tltl' pieillre [211

1.6.1 Kagome Lattice

Tltc 21) l\agolll('latti('('. as SItOWIl ill Fig. 1.15. cOllsists of a tri"llglllar I"Lticc \I'ilh '"IC-

fOllrtlt of Iltc site's I"('lllowd. Illllatur<' SOIlI(' Illillcr"ls likcj"rositcs. h:Fl'::+(OII),;(SOIh-

"lid Ikrlll'rtSlllilhitl'. ZIlCIl:I(OII)I;CI2 , ar<' cOllljJosed of lhl' ]\agOllll' laycrs [22] [231. TIl('

1l'lIlll'.I\"gOllll'.isderi\'cdfrollltltl'.!ilpalll'Sl'lallgllagl'.ltIIll'il liS I he patlcl"ll ofholl's ill

"sIH'cifil·lmskl'I\\·lticltarl'called'"h:ago".I\agOllll"jllsllikl't.h('l.ri'lllglllarlaUicl',ltasa

frllsll"illed lllaglll'lic slrll('llIrc ,It ahsoilltl' zcro tl'IIlIH'rntllre; fllrlltl'rlIIOrC, litis st rllct III"('

slto\\'s a great Ikxihilil\' to (Teall' t!olllilin \\." lis. DOillaill \\'illis Cilll be (,ollsidered as Iltl'

origill of Iltl' dcgl'lll'raC\' ill 11t(' elll'rg.\· of tltis SYsll'llI. Tltis Illl'allS Iwcalls(' of fOrlllillg

dOlllaill \I',dls illiltl' j';agolll('slrlldll("(' Illall\·diffl'l"('lll.spill-('ollfigllratiolls h<l\"(' tltCS'llIll'

Tltis d,'gl'lll'I"iH'\' of tlte S\'Stl'lll dllc to dOlll,lill \\";111 fOrllHllioll Ita_~ all l'xlclIsin' cltar-

"dl'rislic. Tltis Illl'allS tltl' 1lll1l1hl'r ofpossihk spill-collfigllraliolls \\'ith Ihl' sallll' ('Ill'rgy

ill(T('aSl'S ill dirc('t proportioll to the \'ohlllle of tltl' s.\·stl'lll. COllseqllellt!.\" the ordl'r 01

Ill(' dcgl'llcnlcy gOl'S 10 illfillity ill a illlillitl' SySlt'll1

ICig.1.1Gsho\\'st\mdiffl'rcllt Spill-collfigllratiolls,ll andr!. willtthl'saIlH'l'IH'I"g,\·. hI

Iltl'll strlll"llIl"('. ollly OIlC dOlllaill is fOl"(llcd: hOlI"('\"('r. ill tlt(, ri st rlld III"(" lin) dOlllaills

arc fOl"llll'd. "hOl'e "lid heIO\\' a \\,illl This \\'illl consists oflltc Itorizolliallille \\'itlt Iltl'



Figure l,lS: Sdl('lllatic I~agollll' slrllc!llrl'

C-t,\'IH'Spillaligllllll'lltalld\'a("illwies(hlackspols),Sllchaph('1l01l1('llollisllols('('llilllh{'

triallglliar lalticeslrllc!Ill"(', The Kagoille has this property dll(' to the strat.q,;ic posilioll

of\'iH'alwil's, TII('S{' \'a("allci(,s pC'rJ II it. that. Ihl'spills ill {'iwh dOlllail1 rot a I!' with t.h(·allgll'

of 1200 \I'ilh l"('SIH'd to thC'ir ('O!TC'spulldillg puillts ill adjacellt dOillaills withollt coslillg

('Il(·rg.", I)olllilill wall fot'\llatioll illihe AF sllhst rat C' plays a sil';llificallt role ill the tlI<'orY

of {'Xdlilllgl' pillllilll';,

aj

/ '\ I

C#C#C# C -;-- I _J ,-

~)

C#CIIC#C' --I---C

\.
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\ ;

-I-
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\
- A

Figllrl' LtG: l)l'gC'Il('rilcy of twu possihle Spill st.rllct.url'S

Illlhn'{'-dilll('llsiOlls, lllall." illterestillg latticl'slructurescalllH' cOlllposed 1)\, slackillg

triallgular alld l~agolllC' la,n'rs AIIlOllg all of th('sl' slruclures, facl' cC'lltNed l'llhic (fn)
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p.\Toddore. nIHI AI3C-stncked KngOllle. as thl"('e-dilll('lIsiomd frllslrnted S\'Stl'IIIS. are Ihl'

1I10St illierestillg. 'fh(' fcc slructllre Cilll he Vil'\\W! as stacked square lat I ices or triall!-\lIlar

j;lItices,doll!-\dilkrr'llt IT\·st.alllW·ilphicdirecliolls. Alollg [001) directioll, fcciscollsisted

ofs'llla1"('i<lttice.whilealoll!-\[111Jdireclioll,it.iscOlllposedofstacked t.ri'lllgidar IntJices.

~• •
-', .y " •

.1.: alp

(See Solid

1.17: Face ('l'lItered Cllbic FCC

b,\': Ashcroft.!1\lmllill. Fig. "'-2:2)

III Fig. 1.17,la.\'erstrllclureoffccaloll!-\[II1]isshoWllwith Ihr(,l'differelltcolors.

hlnck.ln!. illld hhl('. ASCilll b('s('ell. eilch Illlit eell (,ollsistsofthr(,l' Invers \\·hidl me de-

1101 I'd hy A.I3.alld C,alld l'ilrh ofthesl'lm'l'rsshifts with resperl tothl'adj,l('l'lIt I'l.vers. III

thl' olhn words, fcc is AJ3C-stackl'd t.rinllgular layers. Allother illtl'r('st.illg AI3C-slacked

st.rlll'ttll'(' is til(' A I3C-stacked I\a!-\ollll' lallicl' which d('scribl's Ir1\lll:l' st.lldil'd illihis tll('-

sis. As ('all be Sl'l'1l ill Fig. 1.18, Ihe olll.v IlIilglll'li(' iOlls (1\[11) ill Ihe fcc strlll'tllrl' aI'('

ill the l'('lIter of th(' faces. Alollg [Ill] direl'liolls ill this structure, Ihne nre 20 j\ngollll'

plnl"'s.

I'-\Toddol'(' is also COlli posed ofsta('ked lawrs, bul thisstrurt.ure is fOl'\ucd frOiIl hoth

!\agOllll'alldlriallglllarl,lIti('('s [II pyro('hlores,thl'lri'lIl!-\lllarla.\'crsillt.n!l'avcI\agollll'

Im'('l'snssllOWIl ill Pig. LEI
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Figure l.J~: ABC-Stacked Kagolllc [JO],..
..

..

..
.. ..
..

..

..
Figllre l.J!J: PnodJiore strlldllrc ("()I II poscd of hoi It triallglllar(read)alld I-:agollle(hille)

I'lyers

1.7 Monte Carlo Simulations

Tltl' 1\IOllll' Carlo 111l'tltod prm'idl'sil statistic'll 'lppro'lclt tocalclIla\,(' tltc heltaviorofa

systl'IIIII'itltlllilllycollpiC'ddegreesoffreedolli. !\lIl<1lTOSl'OpicsvStl'IIICOIISistsoflllilll\'

Illi('l'oscopic l'OIIII'OIIl'llls, Tlte lillk hetweell IIlilcroscopic llleaSlIl'('IIIl'ltls alld all possihle

IlIi('l'oscopic cOllliglll'iltiolls illllIall\'-holh' S\'Stl'IIIS Itm; raisl'd ('I'licial qllcstiolls ill SCil'IICl',

l10llzllIallll l'ollstrllcll'd a significallt lllatltcllIalical bridge betll'eell tltesc t,,'o \\'Orlds, III

tltl'llli('l'oscopic fr'llIll', illll'ractiollellerg\'lclIdsloorgallizc, lI,ltilctltcl'IlIall'lIngy isal'lillg

lodisordertltl'S\'stl'lIi. III tltc1\lollleCarlollll'tltod. nllldolllnlllllhersarellsed toprodllcl'

Illl'llIi('l'oscopicl'lIsl'lIlhll's lI'itlt a 1l<lrticlIblrprohahililydislriblitiollofst'lll's. Tlte 1\IOllll'

C,lrlo Illelltod, ilS i\.st.iltistil'iJi appl'Oaclt. is IIsllally l'Olllp'lI'cd witlt dell'l'Il1illist.ic lIH'tllOds

III dl'tl'l'Illillistic 1I1l'lltods. lite algoritlllll !H'ltavcs predil'labl,\'. a IIII tlte Sl'qlll'lll'e ofsl'ltl'S

prodlWedillall\'t\\'Orllllsistltesallle, IlIlltisparticlIlarllletltod,alollglistofdl'laiis

SIWIt as hOllllllar\' cOllditiollS alld tlte precise illll'raciioll eqllaliolls aI'(' IIsllalh' IIsed 10



SOl\'C'il S\'SI('III ofeqllatiolls ill ('ilcil il('ratioll. Tile acl\'alllage of I Ill' i\lolllc' C'lriO IIIC'lllod

ilppears ill dealill1-\ "'illl S\'sl('IlIS \\'illl lIigll (!<-I-\I"<'<'S of fr('('doIlIS. \\'II('r(' tll(' (!<-I('rtllillistic

lI\c,tllods do 1I0t ('COIIOIII ica 11.\' \\"Ork. Till' lIallle. ;'\10111(' Carlo. dates back 10 10-10. \\·11('11

S('\'('ral f'II110llS s('ielllists, illcllldillg S, Ulillll. \\'('r(' \\'orkill1-\ Oil tllallilaitilll Projc'('1 ill IlIc'

Los AlilIlIOS .'\iltiullal Lilborillor,\', i\loIII('('arlo('asillo \\'as I Ill' plm'e \\'11('\'(' UI'III1'S III1c1c'

\\"Oidd oftc'lIgalllbl(' [2,Ij,

Tll('tlldropoliSillf',orillllllcullsislsofil:-lilrko\'cllilillofcullligllrilliollS. IlItlliSIII('llIud,

'III 'Irbilr'"T lirsl spill cOllli1-\lII'alioll, .'i,_I' is IIpc\;lI('d 10 ('Ollstrtl('1 a sllbseqll(,111 cOllfif',l1-

rilliol\. "", 1)\· IIsillg all appropriat(' probabililv fllllCtioll, 1I'(.'i, 1 ---t ,"',) , 111,11 siltis!ies III('

",j 1.:l'xj()-2:1 .II'" is 13011 ZlI iiI 1111 ('Ollslalll alld Tis 1<'1I1J)('rallll'(,. It('alll)('sIlO\\'I1 111,11

il ispossibklogelleral(,ils('t of spill-cOllfigllratiOilS Ilia I forllia ('allollicalc'IIs<'llIbk. \\'illl

'I probabilil.'·. P, gi\'c'lI 1)\·:

(I.IV)

Tile fo II0\\' i111-\ isa silllp!e('X'lIl1pleof:'li<'lropolisal1-\orillllll [251:

I. Take all ilrbilnllT illilial spill-collhglll'atiolls:.'ik = {S\,S2' ,,,SII}'

2. ('aklllat(' till' C'IIC'I'!;.\· of 111(' illitial Spill-COllfi1-\lInltiolls, F;(.'id

:ll'rodll('("IIU'\\'spill-cOIdigllrilliulI''''''jl

(a) '1';lk(, il/' spill (r'lIulolld.\' or ill urder of iE {1,2,3, .. II})

(b) ('1"III1-\C' il/' directiull rillldolldy 10 IIlilk(' trial ('ollfi1-\lII'illioll .'i"

((') (';1I('lIlill('III(' IU'\\' c'II('rgy /,'(.'i, .. ) of tile Irial (,Ollliglll'alioll

(d) If /::(.'i/ .. ) :::: q.'id, ,u'('('I>1 I Ill' trial: 1II'It is. sc'l .'ik , 1 .'i/,
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(c) If q,c",.) > qs'.). 'H'('('pl with prolJilbilil\' /' = c.",/-#l
C'hOOS('illllliforlllralldolllllllllllH'r:O::;,,::;l

i Lei '''''''/1 if /'2", accept

This part ofllll';Jigoritlllll is IIsed 10 IIlilkeolll\,oll(' "Ilion;' Eqllilibrilllll is,)('hi(,\·(,d

throllgh IlIal'.\· "lIlm'('s" ofe\,('r\'spill ill the latlic('or ;\loIII('C'mloSteps (i\leS). The Er-

godicil~' of t he ,Jigorit 11111 aSSllllles I hat all possible st ates nrc prodllc(,d gi\'('11 a SlIllici('lIt h-

10llgsilliidatioll tilll('. Th(·I('lIglhofr('qllired tillle. orthcIIIIllIberof:-IC'S.d('pelldsslI1>-

stallli,Jih' oil III(' g('ollll'lr.\· of the' s.vst('lIl alld I ('IIIP('I'i1!IIl'l'. III highl.\· frllstrall'd S.'·sIl'IIIS

'lI111 IO\l'I('lIqH'rallll'(', Ih('silllldatiolllilll(,Cilll h('\'('I',V 101l~. Asa IlIat!('roffacl.loaclli('\'('

ill'('ilsolla1>I('collfiglll'iilioll.llll'S.\'sl('lIllllllsl'prodllc('('1IOIIghiHTl'pl.<'dIIlO\'('S'I('('ol'(lillgtO

a1>"'·(·-III('lIliolledalgoritlllll,llIcolllplicaledsvslellls.th('orielltaliollofeachspillillakes

a slIl'llI clrect Oil til(' ('11('1'1',." of the ('lit iI'(' syst('1I1. I'ro(!lwillg all 'HTl'pt('d "1110\'(;' ill sllch

ilS('IISili\'('s."stelll 1>as(,dollaralldolllchallg('isreqllir('d: therefore.lolIg(·rsilllldatiolls

IIIIISI IH'('XI,ecl(,(1 for tllis t.\·p('ofsvsl('III. '1'11(' AI3('-sl;lck('d KilgOllle'llld rcc laltic('call

IH' clilssilied ilS ('Olllp!icilled strucllll'l'S I'eqllirill~ IOllg('r silllldiltioll lilll('

'J(, IIl1derslillHllhe Ill('rJllilllH'h",'ior ofa S.\'S{('III, IlIldtipIc- 1\lollt(' ('ilriO silllllLJI,iolls

aldilr('l'('IIIt<-lIqH'rilIIIITsal'ellswJiI.\'llset!.ltis'ISSIIIIH't!lhaI.lhcl'('slIllal("lchl('IIIIH'l'a-

11I1'('iscolllpll'lelyillt!('!H'IIt!ellt oflheresllit at all\'oth('rt('lllp(,l'iltlll'('. Thisfad,!H'I'llIils

t!('sigllillg:-Iollt<-('ariosilllidalioll prograllis ill a pa I'iJi lei fashioll, !lIpal'illlel progr;lIl1illg.

alll'ISsi\'(' task is 1>rok('11 dowlI illio Illall.v slIlall('r tasks. Thes('sllIall tasksm('s('parat<-h'

pel'forlll('d In' IIlall.'· ('Pl's: alld ('\'('lItll,Jih-. th(' I'('SIlJtS ar(' gather('d ill 011(' olltl'lIl 1iIc-,

Illllillillg lilll(' is t!l';lIllaticalh' shorl('IH'd wilh I'arilllel pro~ril\lIill~. As il IIlaltl'r of ract,

p'II',JiIc-ll'rogl'alllillgisIII('OIlI\'feasibl('\I'a\'losilllldal('solIl('S\,SI('IIIS. Olllll('olherhallt!

SOIIH' ('olllpIc-xili('s. slJ('h 'IS 1';)('(' cOllditiollS, 'II'(' illvoh'('d ill l"lrallcl progl'illllill~. III pro-

gl'alllillg. ('sp('cialh' pmallel progl'illllillg. Ihe riJ('('collditioll is a challellge \\'h(,11 th(' resllit

d('!H'IIt!S sigllilicalltl.'· Oil the seql"'lIce of ('n'lIls ill sllch a \I'a\' thai the '1IlS\H'r is qllit<-
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IIl1predidal>ledllc,todilrcrclittilililigsililisillgsc'\"('ralproccs5ors, Ilithcothcr\\"(,rds,

the ra('(' ('ollditioll o('curs \\'hclI thc OlltPllt is illfillcllccd by thc tilllilig of I\\"(J SiglHds,

Till' i\1(1I1'" Carlo algoritlllll docs IIOt ill\'olvc thc nJ('ccolidition as IOllgas thc par<lliel

progrillllillgisd,'sigll('dbas('dollilldepclldclltt'clllpcratlll'('S,

Th(' I'('sllit of i\lolltc Carlo sillllJlatiolls is a Uillolli('al Cll5CIIIl>Ic of possible spill-

('oldigllratiolls of the S\,St('1I1. Frolll this Illeasurabl(' qllalltihcs ('all to I>c ('aklllat('d ill

ol'(il'r to IIlakc cOlltad \\'ith c:q)crilllelltal data, TherJllodnJalllics providcs thc Illathclllal-

iCiI! illstnlllll'lIt to IH'rfol'lll this task, III the statisti('al sillllJlatioll, the prob'lbility that

II)('s\'St"11i is ill a spccificstatc, laheledh,\'o, issillljJlyrc!atccltothellllllllll'roftillil's

Ihal this state is l'('prodlll'('(l ill till' ('IIS('IIII>I(" Oil tlH' other halld, ill LlH'l'Il1odvllalllics,

tllisprol>al>ilil\'isf',i\'('llasfoIIO\\'s'

(120)

\\,I)('rc ,j - *" ami f:" is Ihcellergv of t!le state (/, Z is the 1I01'llializatioll fador. cillied

partiliollflillclioll,allditisddillcdasfoll()\\'S:

(121)

i\s'llII<dtcroffact,Llll'cxpectatiollv,dlleofaqwlII[.itycorrespollds[.othecxIH'rillll'lItal

IIIl'i1SIll'('11I('lIt, Thc l'xpcC'tatioll vallie is the avcnJge of the qllallhty takl'lI over the elltil'('

('IlS('IIII>I(' This\'alll('for'lllIeasllnJbll'qllalltit\',dl'llotl'd Q, is ('a Iclllatedas follo\\'S'

(1,22)

\\,hl'IT the first Slllll is OV('l' afl possil>'" states (a rq)I'('s('lIts a statc), \\'hilc th(' sccolld

Slllll ison'r the Sl'qlll'IICC ofN statl'sol>lililled fro II I a i\lolite Car!osillllJlatioll 'Illd \\'hich

ill'(' therl,fore selectl'd \\'ith iI prob,)lily I~, = ±l'Xp-/J/;", AIIIOlIg Llll' therJllodyll'lllIil

qlliliitilics, til(' III'lf',l\('tiziltioll II!, spccific hcat C, 'Illd slls('eptibility \ arc ('akliLded ill

this thl'sis, The Slll'cific hl'al of a 5.VSt('III, \\'hidl is the allloullt of the heal IWlllil'('d to
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..ilallgea slIbsla\l('("s I('Illperiltilre. isddilll'd as follo\\'s:

C('I') = iJ~~:') (12J)

[q. 1.:2:3 is 1101 l.ill'lllost Ilsdlll 1'01'111 forsialisliccdsillllliatiolls. To('alcllbt('alll'qlli\',dellt

I'01'1 1111 la of IIII' sp(·.. ili .. Il('aL ill a statisti('al approadl. tile jJaltilioll 1'1I11('tioll plays all

illlportalli roil'. Frolll Illl' partitioll fllll('lioll defillilioll Eq. 1.21. \\'1' filld

(1.2.1)

('(Jlllparillg Eq. 1.2·1 to lil(, fOrIllllla of till' expectatioll \·,dlles. Eq. 1.21,\\'e gel:

Fro II I Eq. 1.2J 'I lid IIsillg Eq. 1.25. spc('ili .. ileal, is LIllis giv('11 by

(120)

Frolll Eq. 1.22. tIH'm'('ragcofsqllare('\l('rg\' isgin'lI by:

( 127)

(12Cl)

Fro II I Eq. 1.2Cl alld Eq. 1.20. spe('ifi(' il('at is tilell giv('11 bv

(1.2!J)

III stalisli('al silliidatiolls. tbean'rage \',dllcsofclI('I'gv 'I lid sqllarl'd('IIl'rgvareeasilv

("llclliated: tilerl'l'ore. Eq, 1,2!J is appli('able for a stalisti('al appro'll'il

TII('llIagllelizalioll p('rspill i"d('filll'd as 1'0110\\''':

(I.J())

\\'lll·I'(·.\' i" till' 1I111111H'rol'tile I,Jlti('(·sill's. 'I'll(' IlIaglll'lizatioll ('alll)(,(,oll"idered a"'lll
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order paralll{'\('r (OP) oilly for F:-'I SYSIt'IIIS. In i\F sll"llelilres, the ddinilioll of mdel

par;lIl1eterdepelldsOII details ofth., spill strllcture: therC'fore. it IIlllst I)('cakillalt'd 011 a

cas,' !>.,. case has is. III statistical sillildatiolls of the Illaglletic sl rllcl lilT of a syst"lIl. the

OJ> is e,dclllahl,' frolll thespill-collfigllratiolls of each state. Furthel"lilore. til{' expeclatioll

"allll' of this qllalltil\' is sililph' caklliated In' accllllildatillg th., OP of all states di"ided

In'lhl' IIlllldH'rofth,'s\;lt.,s ill thl'l'lIselllhll'. Thl' Ihl'l"llIodnHllllicslIscl'ptihilit\' is thc

l"('SpOIlSl' of III{' S"S(('III to a challgc ofcollplillg field. alld is defillcd as folkl\\"S:

\ = iJi~';:) (131)

wh"l"l' (.\/) is thl' m'l'rage OP '"ld /I is Ihe field which COllPil's to 117 Fro II I 1.22 thc

(1.:.12)

(U:.I)

III t hc "ll{'rg\' Eq. I.U. II\(' olll~' 1"1"111 \\'hidl illcilldes t h., field is Ih,' Zel'llIall terlll; thercfol"('.

Ill{'d,'ri,·atin'ofth,'partitiollfllll(·tiolltotherespcclofcxtcrllalficldisgin'lIh.y·

(1.:.1.1)

FI"OlIl 1.:31 '"ld IIsillg 1.:.12. \ is gin'lI hy'

Thlls.tl\('slls("cptihilil.v isgin'lI as:

\ ~ (i (L 1\/,; l'Xp-1iI,,,.6) -/i(L ,\/" exp - 1iI,,,)2) = li((I\/2('I')) _ (1\/('1'))2)

"" (UG)

I~q. 1.2!J alld Eq. 1.:.IG an' act lIally the l'lll'rg)" alld OP Val"i'll1("e which arc kllowil as 111l'

SIH'("ilicl"',Jlalldsllsl·l'!>lihilil\·.Cellerally,,·ariall('cshowshowfm"lseloflllcasllr<'IIl('lIls

an' spr<"HI 0111 frolll cach olhl'l III thl' case of a lIlilgllelie 1I1ilLl'l"iill, iL is cxpecled 11,,11
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th"n' \\'illlH' Ill'aks illtl\(' \'ariallcl' Ill' l'lll'r~V alld llrd('r panlllle(er at phas(' lrallsilillllS.

III st lldvill~ phase' I rallsitiollS of Illa~lll't ic svst ('illS llsillg; ~dOlll<' Carlo Illd hods. III<'

ordl'l'oftll<'phas"trnllsitiollisoft('lldirliclilttodl'tl'l'lllilll'dlletofillitl'latlicl'siZl'l'ff('cts.

'1'1'11<' CTiii ca I !>( ,II>I viol' ollly occ 1I1'S ill 1.11 (~ I.IIl'rII1lld,Y Ililill ic I i III i t of il 11 ill fill i L" s,Yst (' III

OIl(' of t h" sllita!>I(, 11I<'IIIOds to ill\'('sti~,ill' Ih(, ol'd('r of a phasl' trallsitioll is Iillil<'-siz('

sCidill~ 11It'ihod. This lll"thod is based Oil thl' filet that for il fil'st-ol'd('1' philSl' trallsitioll.

til<' charilcteristic disnllilillllilv ill Ih(' ('lll'l'~.'· illld Illil~lll'tizillioll of the S\'SI('lll I)('han's

diff('n'lllh' frolll Ihl' sl'colld-ordl'1' phasl' trallsilioll. As call bl' Sl'l'll ill Fi!!.. 1.20 [2(j1.

Fi!!.lIn' 1.20 Ilislogl'aills of II\(· 11Iilglll'tisiitioll ilillstralillg first alld sl'colld -on!<-I' plliIS('

trallsitiollS.

IS. Tsai. 13mziiillll .Joan/oi oj Physics 28. 58 (HJ98)j

ill III<' lil'st-ord('l'philS('tl'ilIlSilioli thl'cillculill<'ddistl'i!>lll iOllill Ihl'il!>sollllevidll('ol

1lI'lgl\('liz,lIiollsplitslipillt\l'()s('parnl.<'dr"g;iolls. IllilSl'COlld-ol'd('l'pllilS('tl"lllSilioll,

1II('J'('isilSillg!<-COlitillllOllSdisll'iIJlltioll. Th('salll('l)('hil\·iOl'isalsoo!>sl'l'vl'dillthl'('Il('I'!-'.."

of til(' S\·Sll'lll. Th" l'Xistl'IlCl' oft\\·o p(,ilks ill II\{' histo~l'alll of 1ll<l!!.Ilt'iizalioll (or (,lll'l'g.'·)

of a S\'st('lll arolilld til<' nitical Il'IlI\H'I'i1tllrl' is a sigll of the COl'XiS1<'lll'(' of lin> phas('s
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(11'illJ difr,'n'lIt ('IIl'r!',.'· alld IlIa!',lIl'tizalioll). This ph('1I011l('1I01l issl'l'1I ill first-ordl'r phasl'

tr;lIlsitioIlS. Oil thl'otll('r halld. ill sl'("olld order phase trallsitiolls. OIl(' phas('sll"itdl('s to

all"tlJer pll;IS"SllIoothh·throll!',h hroadl'llill!', Ihl' hislo!',r<llli orllla!',II<'1izatioll (or ('II('r!'"I·).

,"I(IIIOsi!',1I0rlhl'('o('xisl.rll('('pIHlS,'sisseCllilltll('llisl.o!',l'illIlOrIlHI!',IJ('l.izatioll(OI

III a lirst-ordl'r phase' tr<lllsit'ioll. til(' rOIiOIl'ill!', ,'xprrssioll (';Ill rcpn'sl'lIt th(' partitioll

rllll('\ioll"rlhl's\,st('111127!:

lI'h('n' I. is latti('c sizc." is dilllrllsioll OrSI·st"1I1. II is t hl' rn'(' "lIcr!',.\' of t 1Jl' onlcn'd stal('s.

F.! is til(' I'r('(' l'1I('r!',y ordisordercd st,II('s. '"ld II is I}I(' n'I;II,ivc \\'('i!',hl. ('odli('il'lIt. Eq. 1.J7

SII""'S Ill('s('paratioll ill til(' ('IH'r!',." \'allll's arolllld nitic;l! tCllljwrall1n'. iii Eq. 1.J7, 11'11('11

II I.! '"ld I. --* 00. I h,' part it iOIl rllll('\ iOIl pn's('lIts ollly olle pllilsl'. For 1('llIp(')'at I))'('S

II"hi('1J an' dos('lo til(' nili('allcllljll'ratlll'e;l Ta.dor cxpallsioll givcs thl' rOIiOIl'ill!',

,-1/,(,-1) = l-1r /,(,-1,.) - ,-1r l',1 - ~("I.! + 0(/") (Ul$)

\\'II('rc 1 1 - f « I is the redll("cd I ('llIpcrat lin'. e, (iJ;:'{')I,ic is thc ('II('rg.'· "r i"' hllik

plJas,,,alld("=-lr;(~)liicisl.ll('spc("ifi("heatorlhl'illlhlllkphasl'Eq.I.J7,wilh

Eq. I.Jt'. ('all hl' n'llTilt,('1I as follows

r"lII'th(·llIlIlIlalll.\·I(/,).asroIiOlI'S:

(1.,IIl)

l1illdn's r"lII'tll (,111111"alll. (';1111)(, IIsl'd todistill!',lIish I)('{II'('CII first-ord('r alld S('('oll(l-ordcl

phas,' tr;lIlsitioIIS. III first-order pll;lS" trallsitioll. 11"1)('11 '/' i 'I;. ;llld ill tll('rillodnl;lllli('

lilliits. Ihis fllll('tioll ("ol\l'cr!',('s to~, hilt at the niti("al tCllljJl'rallln' il ShOlI'S a IIlillillllllll.
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'lIlll t"l''';(' Illillillllllll"; 11il\'l' il lilll'ilr rl'Lllioll,.;"ip wil" I, d(";l'l' Pig, 1,21).

Fi!',llrC' l.2]: EXilIllpl,' or l3illd,',"s rOllrt" CUlIllI\;lIlt

1i\I.S,S, C!lilllil, 0, P, Lilildilll ilild K, l3illd('r, PhlJ8, RI'/!, n 34, 18,Il (108G)]

1.8 Periodic Boundary Conditions

'n) (,Iilllillilte sllrfil('C' dfl'ets, pC'riodic hOlllldilry collditioll (PI3C) ill'(' illlpll'llll'llted, III

I"i,.; 111('1 ""d, I"C' l'lllin' Spill'(' is ('m'('n'd hy rC'pl',lIillg I"C' fillite S,\'SICIlI (sce Pi!'" 13), III

SilllllLilillf; 'llT."slil! slmctllrl', il is 10f;ind IOilSSlIIII('I"iIt, t"l'sysll'lll is n'!)('llIcd ill SPill'l';

11"\\'('\'l'r, 1",'s\'sl"11l size 1Ililst bC'Il11IC" !ar!',,'rl"illl IIH'corrl'!iltiollil-llgt"illllH'systl'lllto

,""",t"e jll'l'iodil' bC'''Il\'ior, T"l' PI3C iSillso IlsC'd ill ol"l'rfieidsofcolllpilliltiollid p"\'sics

\\'''idl ill\'"I\'('less periodici!." SIlC" ilS IIlOI,'clllilr dnlilillics or liqllids, i\'C'\'('rtlH'!ess, I",'

I'I3C ,.;hows liltJp <'ffl'd. 011 thC' t!1l'rIll(HI:-,llillllic property of systcllI with II s"ort-r;IIl!',<'

illler;ll'li"ll ill Slid, ,.;\'sll'IlIS [20], Also Iisilig PI3C !',i\'('s Ihc opporlllllitv 1,0 Silllldil(e I Ill'

S\'Sl<'1l1 \\'ilh less SPiltiill snllillctrv sllch ilS thill-fi"lls, III this Cilse, IhC' s,"stelll is 0111\'

n'I"'ilted ill!.'mdillll'llsiolls (for eXIlIllpl<',r ilild lJ), ilild Ihl' Ihird dillll'llsioll (.:;) is lilllit('d

\\'ilhllH'SllrfilCl'"fs\'st"1l1

1.9 Outline of Thesis

D('spil,' till' tech llol0f;icil I sigilificilll('e or 1"<' billilry illlo\' Jrl ,,;',J1l:J+.r' sllrpri,.;ill!',h-lilll,'

IIH'ol'('licIJ! or <'xl,,'rilllclllill work hilS 1)('<'11 dOlll' 10 stlld\' the Illilf;llctic prop<'rlies of
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Irl.,·;-"":II.,·. Illthislmrl(.w('preSelllolleofthelllOstcolllpletl'sillllllaliollstlldil'sto

d,1II' oftlil' lilaglll't.ic propert.il':'; ufbllik Irl_.,.1'''II:I1.,'' Thesilllldat.ioll st.lldil's foclIs Oil tl)('

fact lliat Ilil' Illagllelic lalti("(' cOillposl'd of the 1\11l atollis fOrlll a stack('d 20 hagollll'

latticI':';, 1I'liich I\"(' refer to as the fcc I\agoille laltice. While staeked I\agollll' laltin'

hasIH'l'llstlldil'dl'xtellsi\'('I\'boththeoreticallyalldhysillllllatiOlls.liltleworkhash('('11

dOlll' Oil 11)(' fcc 1\ago III e lalti(T. 'I'll(' r('slIlts of t.his work sllggest that. the degelll'r'ICl'

illlil'rl'llt ill tlie stackl'd I\agollic lattice IlIHy play all illiportallt role ill t.lil' ('xcli'lI1gl'

'I'll(' reillailldl'r of the I!H'sis is orgallizl'd as follows. III Chapt('r 2, thl' propl'rti('s

of /,..\1":1 an' disclIssed. This dl'scril)('s the Illaglletic. electrical. alld crystallographil

strllclllrt' of tliis IIlalerial ill hllik alld as a lliill filill. Cliapter 3 is dl'dicat.ed to t.hl'

1\lollte C'miosilllldatioll resllitsoft.liet.wo-dilliellsiollal Kagolll('latt.icl'. Thl'silllld,dioll

of triallglliar lalticl' is also pl'rforilled ill order to COIllIHll"(' thl' therillal bl'h'lI'ior of tlil'

IlIaglll'lil' propl'rtil's of thl' t\HJ s\·slellis. III Chapter .1, the Ihrl'e-dillll'll:.;iollal ABC'-

slackl'dl,ag(HIIl'laltice(fccl\agolllelattic(')issllldi('dalldthe rl'slllts are COl II pa rl'd willi

tl)(' COIT('SPOlldillg qllalltit.il'S of t.lie IIsllal fcc st.nlct.lII"e. Tlie t.YJH' of pli:JSl' trall:.;ilioll i:.;

dl'll'nllilll'd 1)\· IIsillg l3illd('r's fourth ClllllldallL. Fill:Jlly, ill chapter 5, t.he III:Jill reslliis ml'

slllllillarizl'd as an' Ihe cOllclllSioll of this thesis, alld also SOllll' sllggcstiollS an'ofkrl'd fOi

fill lin' lI'ork
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Chapter 2

Properties and Models of IrMn3

:'111(1 ,.)Ir(,.) ,dluys aI"(' of illterest to 111<111.\' researcii groups. TlIe hi-layer cOllsistillg of AF

:'III-ir ,dloys mc lI"idcly lIscd as tll(' AF pilillillg laycr inillagllel,o-rcsistallc('jllllctiolis fCll

1\\'0 ililporlalil 1"(',ISOIIS. Pirst, til(' IIlagllitlide of exdlallge pillnillg ficld produccd ill III('

bi-lil\'('r 1IIil(!c' of a Fi\1 laycr al\(I tlIis AP la\'cr is apjJrcciable. S('colld, tlIis AP stl'lI<'tlll'("

asa IlIaglldics\·stcllI. is qllitestable o\'('ra \\·icletellljJl'I'atlirerallgl'.

TII(, IlIagllillld(' of tlIe l'xciiallge pillilillg field. II EIJ . depellcls 011 tlIl' tlIicklll'sS of III('

F:'lla\'('r. 11'.\1. It IIIH\' be expressed as [JJj:

D.(J

"":IJ = ,III-'''' "",1'
(2.1)

\\'11('1"(' D.(J is tlIc illlcr-faciallillidircctiollal cllergy d('llsily, alld tlIis Cjllalltity isd('I('l'lllill('d

h\· III(, prop('rlic's of III(, AF pillilillg laycr. A reCl'llt 11I('aSlll'l'lIll'lIt of 6.(J for tlIl' abo\'('-

11I('lItiullcdallm·sIH)\\·sa\·,dllcc!osetoO.l!Jerg/cIl12
. TlIisalllollllt isde(T('ascdb.\'difkrcllt

illlll\'idillg proccss to O.W crg/clll 2 [J21. TlIc cxpcrilllclital rcsults also shOll" that the ,\!c~('1

1('UlpcraI1lr<'oftlIisalloyiu(TeascsfrollluOO/\'t0750I\',\\'1IelltlIecollcclltratiollofi\11I

ill('I'('asc's fro II I JOey, to JO'!. [JJI. TlIe IIiglI('r ]\(~d Il'II1perallll'e illdicat('s tlI(' IIIOrl' slabk

AF IlIagllctic order ill tlI(' strucllll'('. 1lIllIiscliapter, SOllie lilC'ralun'olllr-i\11I allo.\'s are

rcvi('\\'('d to ('s(;lblisll a gl'lIcral pi('tlll"(' of I lIe re}e\,allt plIysics

Ac('ordillg to SZIIII\'ogli el al. [J.I], Ill(' IlIagllctic allisotropy (i\IA) of LlI(' AP allov plavs

a silbslaillial rol(' illllI('('xcliallgl' pillilillg plIeIl011l('1I011. TlIe i\IA ('ill I bc uscd to pl"('dict

III(, 1I1('all blmlillglC'llIpcratlll'l', T IJ TlIclllcall hlmlillg lC'lIl/wratlll'cistlIctcIlI/H'ratlll"('
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ill \\'hidl the sigll of th,' "XChilllg,' pilillilig field chilliges through thenllill ilc(i\'illiOIl

1I"""lIt stlldies illdicilte iI qllile difkrelll illilOllilt for Ihe I\lA ill 11'-1\111 depellding Oil Ihe

'I'lillil,v of Ih,' ('I'ystill OI'derilig ill Ihe thill fihlls, Por eXillilpiC', in I'('s,'ar('h perfonll('d ill

2007, t h,' f\IA is n·porl.ed to be 5,5x 10" erg/c(', while '1 vilhle of :.1,3 x 107 erg/c(' is reporl.ed

In' illiother grollp [:.15. :.IG], Higher degl'ees of crystilllogl'aphie order gin' larger f\11\.

O,'spit" ('xperilll"IIIi11 illterest, til(' f\IA of i\11I-bils"d illlo:,'s hilS l'al'('h- 1)('('11 illn'sligiltcd

Ih"OI'(,ti(,illh-, SZIIII,\'ogh illld ('olleilglles h",'e p('rforlned sclf-consistellt C,t1Cltlillioli of th,'

1'1111\' relilti\'isli(' s('l'c('ned I\orringa-I\holl-llostok('r (SKI\II) llIt'thod, Tht' SI\ 1\ II Illethod

is IIsed 10 soln' thc l(ollll-Shillll-Oil'ilC Cqllillioll fol' thc alloy stl'uC'tlll't', As iI first stcp,

th., lixed oriellt,ttiolls fm l\11I <ltOlIlS have beell (,ollsidcrt'd based 0 IlthCI'CSIlIt.sofpre\'ioIlS

I'(,St"lITh [:17, :.18], illid til" I'('Sltits \\'CI,(, ill ilgreelilellt wil.h I.hc earlier ('alcllliltiolls [:.17, :.I!)!

III th"II,'xt step,lh(' follO\\'illgHillllillOlli<l1l is IISt'd 10 illV<'st.igil\,('I!Il'l'ffe('l.ofs,vlllllletry

ill th("'II('rgv per ('cii.

Th,' 1I<IIIIiltOlliilll2,2 illdlld,'s t\\'O 1\IA t,'nllS, The se('olld terlll gives the allisotropic t\\'O-

sit" (,'x('hilllge) ('ollplillg, III t.his tenll. D"b me sVlllllletri(' iI\I(l traceless Ill<ltrices, Eq, 2.:.1,

Till' third \pnll is oll,'-sitc illiisol.l'op,)' III this ten II, K" me also (,ollsidered IIHI,tric,'s ilS

shoWIi ill Eq. 2,·1 below

(

_! 0 0)
Dab = /J"b 0 -~ 0

o 0 1

(
00 0)

K,,= /\' 0 0 0

00 j

(2,:.1)

(LI)

Till' mtiltioliS of the AP (,ollfiglll'<ltioll arc sililply cOllsidercd ill thc IlilllliltOlliilli 2,2 b\'

sl'f('('(illg th"ilppropriilt,'codli('iellts, O"b' POI' eX<llliple; \\'hen 011 =022 =0 ilnd D I2 I)'



an' lilk"11. il IlI('ilIlS Ill(' AF cOlllip,urillioll rotill<'s arolllld(lOO) ilxis. TIl(' snllllletn' of

s.\·sl"111. \\'hich ilffects Ihe \IA. is ill\"('stip,ilted hy cilkllliltill~ ellerp,y dlilllp,e. tlB. UpOIl

dl'"Ip,illp, the rotillioll illlgle, ~'>. SZllllyop,h alld colleagues also illlillyse III(' n'sIJlls. \\·hidl

111'11
1IIII

~ I

FiglJrl' 2.1 Ellergy Ch'lIIgl' \·s nOlillioll Allgle.

[I,. SZIlIl\·ogh.G. L'lz'lro\·its. L. Udvilrdi, J. Jacksoll illld U. ]\O\nlk, Phil'" Hell. lJ 79.
02010J(2009)]

arc ploll<'d ill Fig 2.1. to filld the \IA oflhesystl'ul. ASCillllH'sl'ell. ('uerg.\' isdl'geuerill<'

for SOllie specific illlgies. For ,'xilillple. for the rotiltioll illlgle, ¢ = 109...J7°. ilrouud (lIO)

ilxis, til(' cillculated ellNgy is the SilIU,' ilS at <P = O. The sillgle-site illlisotropy is illso

c,Jlclllal('d for eilch case. 'J.'hl' resulls shO\\' 'I slrollg secolld-ordn i\IA ill Iri\IIl:I' \Vhile

it Illa\' S('('11l suprisillg p,i\"('11 Ihe cllhic S\'llllllelrv of Iri\IIl:I' it is due to the filct thilt the

Cllhics\'lllllleln'ishrokelll)\'uOIl-lllap,lldic Ir'ltOlIlS.

'I'll(' allthors go ou to pl'rforlll lillile-l<'lllpl'rature silllldatiolls hased 011 the Lillldilll-

Lifshilz-C:ilh('rt eCilliltiollS. For this. th(' follo\\'illp, lIilllliltOlliilll is used:

/I = -~ L .J'J ,'i,,<fJ - I\t L('~:' .17,)~
II; I

(2.G)

WIII'I'I' .J'J an' the isolropi(' H,'isell!>erg,'xdl>lllge IJilrillll('ters. Thes,'colld t,'rnl ill Ilillllil-

IOlliilll 2.G is III(' s,'colld·order illlisolrop.v I<'rnl. III til(' illlisotropic ternl, Ii, iln' the ullit

\'e"'orsillollp, Ihe 10cilluIliilxiai ilxis. 'I'll(' relati\'istic torCiIl" Illethod is used tocillculill,'

"Xdlilllp,,' illtl'r'l('tioIlSilS fum'liou oftlH'distilll(,(, lH't\\'eelllllagllelicsil,'s [.llI, .111. AS(';lu
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isotropiC' Exdl'lIll,\C IlItpn\C'lioll VS Disl'IIIC'('

L. Udvardi . .1. Jacksoll alld U. Nowak, Pity",. nt'/!. IJ 79.

020-1 OJ (2000)]

1)(' SI'('11 ill Pil,\. 2.2. II", isotropic illteraclioll is alillosl IIl'l,\lil,\ible I)('.\'olld G!\; fmll",nllore,

til(' 1\P illll'raciioll of III<' 1I1"lrcsL-lIei"i1bor is ailllost. fOllr lilllPS sLrollf\er tilall til<' Pi'd

illlnaclioll of til<' secolld Il<'al"l'SI-lIeil,\i1bor ill IllPsestnwllll"cs. 0111\· tile IIl"ln'st-Ill'if\i1bOl

illln,l("liolls\\'erp IIs('d ill ollrsilllldntiolls. III liI(' lasl pnrl oflilisarlide, tilp\'caklliak

lilcsllb-lattiC'cshlf\f\nedlll<If\lIctizatioll.:'Ils .nsfollo\\·s:

(2G)

\\. Ill'I"I' ,Ii" = L'E""':' is proportiollal 10 tile Illal,\lIclizalioll ol"slIb-lattiC'pa. alld II is Iile

1I111111H'r of slIb-lal I ices ill tile AF slnwtlll"c. As Illattpr of fm·t. tilp slIb-lalI i("!' staf\f\npd

IlIaf\ll<'lizalioll defilles III<' ordpr pnr<lIl1l'1cr of t'i1e sysl('III. Tilc Pi!!,. 2.J illllsiratcs I Ill'

pil'ISI' tl"illlsitioll at lJGO K ill til(, lri'dn:1 al!ln' alld 1005 I~ illlile 11':'1111 a11m'. Tilpse :'\l'd

t l'IIIIHTaIIIlTs a1"1' also cOllfinlled b.\· l'xpnilllclltal IlIeaSlll"('IIIl'lIt s. Tile Illost int l'n'sl illf\

n's,dl of Iilis n's("IITiI is de!l'('lillf\ n f\iallt scC'olld-order :'IIA for Irfllll:\. Tilis I,\inllt :'IIA

SIlf\f\I'StS 111l' (Ill) directioll as III<' IIl1i'lxial axis of tilis sLrllcllll"('. Til" (Ill) din'('tioll

ill fcc LII.Li('(' of Irfllll:\ ('OiIWidl'S wilil til(, :-'lxis of AGe-sLaC'ked t.rinlll,\lIlar LIILic(' (S('l'

Fif\. I.J7).

'J(JlII<'1I0 alld i1is coll("If\II('S IIs"d 1I1>1"lIctic 1I('lIlroll scattnillf\ (i\INS) to ill\'('stif\,III'

IlIaf\III't ic ordn I 1':'1 f11:\ i II I ~)~)D [JD] III Iii is project. for a \\. idc I"illl!!,(' of 11'111p"r, IIl1l"l'S
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Fif\un' 2.J: Suh-Iattice Stilf\gered l\lilf\llelizatiou \'5 'l'<.'ulperalure

[L. Szuumgh.13. LilzarO\·its. L. Udvilrdi . .J . .Jacksou i1lld Nowilk, Phys. RI'II. f3 79,
020.IOJ(2009)]

III(' ordert'd IU<lglll'lic IIIOilieilt 'Iud I<lttice p<lr<lllieter <In' Illcilsur('d I'rOlll til(' (lOO) 131'<lgg

I'dl<','lioll. hi till' f'il'sl Slil[;I' of this n'sl'<lrdl, singk CT,vst<lls wcr(' growu hy th(' 13ridf\I'lllilll

ull'lll(,d. 'n) i1\'()id defe('(s ill thl' tT\'slill slrud,un'. sillllpks \\'('r(' i1uu(,<1led ill' lOOO K 1'01

thn'I' \\·I'('ks. ilild theu thc~' \\'crc cool<'d to 1'00111 tellll)('riltlll'(, ill a fUl'lliH'e. III the III'ulroll

s(';Jllerillg pro('ess. larg(' ilhsorptiou hv Ir atollls is ohs('rved. '1'Ollleuo ilud his ('olleagues

used the disk 1'01'111 ofspe('iulculodiuliuish th(' <1bsorptiou effect. TJH' uI'utroulw<1llls

with wil\'('l<'uglll oI'2.·IJ7.'\ iln' used. Th(' results show thilt theillul('i1I('d silillpies hil\'('

tile C'11"Au-IYPI' nvstiJi stl'llctlll'(, whidl is the ABC'-stil('kl'd Kilgoul(' stru('t.1II'1'

leig. 2.-1. whi('h illl'illdes 1'0111' p!ols, illustnJlcslh('lolIgitudillalsl'illlslilkl'lI hvToIIII'1I0

ilud('oll<'agues;lt roollilelllp('ratllre. lu thisfigur('. th('G<1ussiau fils (solid liu('s) an' used

10 filld th,' illtl'usil.\· pl'i1k pusitious. As l'i1U he S"I'U ill Fif\. 2.-1. th(' result arouud (100).

plot (;1). is '1uilesiluililr to tht' rt'sult ilroulld (110). plot (c),audalsu,thl'rl'sultilrouud

(III). plot (h). issiluil<lrtolhl'result arouud (200), plot (d). Th('hroad Caussiilucur\'('s

ill plols (h) 'Iud (d);I\'('iutl'rpret('dilsillliudiciltiollol'th(,llIiluydisordl'rphilsl'swhil'h

('<lIISI'S 1111('11'<lrdifl'us('suJl,tNiugmoulld (200)i1ud (111). Froul t!tI'I'XIH'rilul'utald<l1.;1 iu

III('S(' plots, tit"~ rillio of rcl'lcctiou iUll'gralcd iuteusiti,'s. ,u'(' also 1'\'alull'd; for ,'xilulpll'.

Illl' \';llue of 9.2 x 10-:1 is (,iIlculilll'd for 1111//100' Th(' squares of the uucil'ar struclun'

J(j



LOIIi-\illl<lillal S"'IIIl'S aroulld a.(lOO), b.(ll1), co.(llO), alld d.(200) I3nl~i-\ I'('ak

[I. '!'1l1l('1I0. II. N. FlIk('. H. Iwasaki, rl al. . .J. Appl. Phi/so 86, 31lG3 (1999)]



fa('tors aH'c,dculall'd as fo IIC)\\'s:

lC'uf\lhs. ThC' (Ill) H'f1C'C'liou is thC'uuclc"lrpC'ak; whilr. thC' (100) 13mggrC'(!C'ctiou isthC'

SUUI ofuuc!C'araud Ulilf\Ul'lic pl'aks. Thus thC' iutC'gratC'd iutrusity rillio, 1111/IIlK). iSl'X-

pC'C'lC'd to bC' less thilu Pfll/Ff(J(). Surprisiugl.'·. thr cillculall'd \·,dul's. Ffll/Ffoo=1.7x]() ".

is luuch lC'ss Ihilu tl\('l'xcC'ptrd \";lluC'. TOllirnoilud collC'ilgursrxplaiu thisdis(TC'pilucv

1l\'lhC'prC'sl'uc<'oflhC'disordrrrdphasrwhichcausrslhC'ruh'ln('C'lul'utoflhriutC'gratl'd

iUll'usil.\· r,Jlio. 1111/1][)(), aud thr hroac!C'uiuf\ of thr (Ul) liucwidlh. Furl I\('rI UOH', IhC'\'

sl'lll' thill III(' (2()()) H'f1C'dion OlTurs dUI' to UlilgUl'lic and nUc!C'iII'scall.C'l'iug; thC' (11.J)

rdh'l'Iiouis(,ilusrdoulvh.'·lulc!rarscatl('J'iug. ThC'ilbsrul'('oflnaf\uC'lics(,ilttl'riug'lrouud

thl' (Ill) SUgf\l'StS Ihat till' :'Ilulllilf\lIetic Inolllrnls ill'(' in the (111) plaile. Fig. 2.5 sho\\'s

II\('possiblC'luagnl,ticslrll('luresuf\f\l'slPd Il\' TOIIIl'uoilud colleaglles.

~
.

.

.....~ : J.~ ,
.£'

a"" a

p.'l(llIll'uo.ll.:-':
AF SlrucluH' of Ir:--Iu3

H. I\\·asilki. d ill.. J. Appl. Ph)J8. 86,353 (1999)1

'HlIUl'UO ,Iud colll'aglles also lueasul'(' the \lrel Iclllprratllre of the AP slrllclllH' usiuf\

:'IINS. As dl'scribed, IhC' disorderC'd phase broadC'ns Ihe iutensity of rC'f!C'clC'd l1('lllrous

bl""II: aud ('ousC'quC'utlv, it dC'(TC"lSC'S tl\(' iUIC'nsit.yoftlll' penk. This issho\\'u ill Fig. 2.G

As l'illl 1)(' Sl'l'U in Fif\. 2.G. IhC' IlIi1XiUIIUU intC'nsit\, dC'crl'ilSC'S with iu('C'asing tC'lnpl'ralur<'

dill' to 111l'rlnal f1ul'luiltious: thel'('forl'. thc' IIl'ight of the pC'ilk in thl' intl'f\rated iUtl'usilv
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riglln' 2.0: D('(T('\IIt'lIt of ill\('lIsity dlle to tlit'l"IlIal disordered

'!'01l)('1I0, II. N. rllk(', II. k""aki, l'l al. . .I. Appl. Phys. 86. 3~53 (1999)1

lias a direct rdatiollsliip\\·itlitlieorderparallle\t'roftliesyst(,lIl. '!'liis is IIsed 10d('lel"lllill('

till' .,\(~,'I t('\IIIH'rilllln' oftli,'s\'st('\11 by ill\·t'stigatillg I Ii" tliNllIal beliavior of Iii" illtegrated

ill\('lIsil\' pt'aksarolllld tlie (lOO). Tlie(lOO) dir('clioll isst'\('cL('d dllt'loexisL(,lIct'oftlie

slrollglllagllelicseatLerillgdin'eLioll. Tliepeakofll)('illLq!;ra.ted illl('lIsiLyeal\ beidf('ekd

§ 10

~ .
~ 6

i 7

F'i[!;IJrl'2.7: Telllpcratmcdepelld('lIccoftli(' illtegratcd illLellsity

[I. ']()\1I('1I0, II. N. rllb', H. Iwasaki, <'t, aI., .I. Appl. Phys. 86, 3~53 (1!.J99)]

h\' disorder ill botli llie cr\'stal stnwtlln' alld \lIaglll'lie slrllell1r(, of tlit' S.\·S\{'\1I Tlie

1I11c1,'ar-Sciltterillr; parI. slimnl \\'itli 1lit' daslit'd lille ill Fig. 2.7. call ,\('scrilw lli(' disorde\

ill (T\'slid st rIIl'1 lin'. wliil,' tlie sqllan's ilillstrat('s I lit' ('ntir(' scMtNillg. III til(' sdeelt'd

te\IIIH'ralm(' rallg('. crysl,d disorder, tliedaslit'd Jille. rClllaillsallllosL fixt'd; tlierefore, tlie

,'III in' c11i\lIg(' ill lli(' illtt'gmtt'd illlt'lIsil\' call be assllll\ed as til(' resllit of lli(' III'lgllt'lic

order. Based 01\ tliisilr[!;1II1lel1t,TolIl('1I0illld liiseoll('a[!;II('sdepictLli('\lIaglleticscatlerillg

parI, wliicll repn's('lIls I lie on"'r parill1leler vs te\lIpt'mLllrt'.

As ('all be S('('II ill Fir;. 2.~. tlie n'sldls slim\' tlie N(~el \('lIlperat 1Irt' ilrolllld !.J(jO±lO 1\

'I'll(' LIlticelliHillll('It'risal1otlit'rqllalllil\'\\'liicli iSIIl('asllred by'!'ollielloalld collt'agll('s.
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ri!!,lIrl' 2.8 'll'llIlwratllrl' depelldellce of lile 1I1a!!,lIetic pari ofscatlerillp;

[I. '['lIlll'1I0. II. 1\. rllk(', H. h\'<IS,)ki, ('I ill., .J. App/. Phys. 86,3853 (19!J9)]

TII"IIIl'''SlIrl'II11'lItsoftllel>ltticeparatll''ll'rilllr.\III:\alsosllo\\'sthat ill tlleorderl'd pllase,

it is sli!!,hllv slll"lI('r thall ill tll(, disorde\'('d phase. Allllost I Ill' Silllle Iwh""ior lias beclI

reporll'd forPtl\llI:\ 1-12].

Tile 1\1"!!,!l('tic strll('tllrl' oford"rl'd alld disordercd 11'-1\111 alloys 1I'ls also I)('ell st.lldied

b\· S"kllllla "II<I coll,'a!!,IIl's 139]. SOIlI(' ('xperilllelltill illld theoretical r('s(,atTIl hild prl'\'i-

ollsl.\·IH"'lI perforilled to iIlH'sti!!,at,'lhe IlIa!!,lIetic illld nyslilliographic properties 01'0111"1

.\III-based allm's. TII,'se illdicilte tllat the Nrell('llIlll'ralure of tile AF samples is sllb-

stallti,t1h' "frecled b~' III" Iype alld tile cOllcelltr"tioll of the addiliollal ('lelll('lIts (slIcll as

nil. ('II, All. Pb. re, Ni, II', alld Pt). G('II('r"lIy. tile IlIa!!,lIetic properly of 1\1 II-based "lIo~'s

is,I<'scrilll'dll\'tllellllllllH'roflllilf!;lI('tice!cclrolls'lIldspiltialdistrilllltiollof3dorbilills

of 1\111 ,tfOIlIS ill crystal st,\'l\('tllres [-13]. Despite these effort.s, t.lle 11Iaf!;lIet.icstrllCt.ltrl'S of

.\ III-based allm's ,Ire st ill 1I0t comp!<-I el~' IllIckrst ood; furt herillore, t lIes(' allo~'s are \\'idelv

lIs,'d ill IlIallY applicilliollS ill illdllstr.\·. Th('se facts Illotivated Sakllllia alld coll('a!!,IIt's

to lH'rforill tile first-prillcipil' stlld~' of til(' IIlaglletic of .\111-11' alloys. The tight-billdillg

('1'13) Jillear Ililiflill till orbit ill (L.\ITO) Illelhod \\'as lIsed 10 stlld\' Ihe eil'ctrollic 'Illd

coll"'lglll'S. C"sed 011 III(' TC-Li\ITO IlIetllod [-1-1]. till' (,rfl'l'li\'l' exdlilllf!;(' cOllstallt, .1", is

.I" -.j; .r·! dw '11'"" {no(w) [.'J't~: (w) - (J1(~t (w)] I n()(w) q1,~J (w) n,,(w) (J),~: (w)}

(2.1\)



\\'ll('re III(' O(w) is til(' potl'lltial fllilctioll diH'l'H'IlCl' for all ekclroll dill' to ehallgillg itsspill.

\1,(w) = I', (w) -11;(w). ilild yl(w) is cillied the illlxiliarv p;reell fllildioll (ACF). Th,' ACr

is COlllposl'd oflhe potelltial fllllCtioll. fil(w). alld til(' sCTeelled slrudme cOIlstallcl'.!fl. as

'/' (w) 1/1'(w) -!fl] -I. Eq. 2.8 is \',did to descrihe the IlOIl-collilll'ar Illagndic strllclme

ofholh ordned alld disordered alloys. Illthelle"t step.lhegelleralized lllolecillarfieid

th,'oITisused tocalc-ulalelheN('eltelll\wralm('asfoIlO\\·s[.II!;

(20)

SakUlllaillldcolh'agul'silitheirartic!ec!ailllthilll\\'okilldsofnysial slruduH's for Iri\IIl:\

allm' exist: Llrtvpe (,-phase) ordered (0) alld ,.-philse disordered (DO) aIlO\,I". Fig. 2.!J

shO\\·s tlH' LI 2-h'!'e ord('l'ed Iri\ln:l' As call he seell ill the figure'. this struct.ure cOllsists

of Iriilllgidar ('1'1) ill (11 I) pLllle as ill rig. 2.5 The S'llile st.ructlJr(' has Iwell reporkd

Figlln' 2.0: Triauf!.ular ('1'1) :-Iaguelic Structure of Iri\IIl:\. Opl'll circles represellt Ii
cdOIIlS.

[A. Sakulila. I~. Fubillichi. K. Sasao alld n. Y. Uilidsu, Phys. nl'\'. 13 67. 02.j·120
(2003).]

SakIIHlilalldcolll'aglll'shm·I'alsosludiedthedl'llsiLyofst.atl's(OOS)oft.heses\'stl'IIlS

'I'll(' DOS l'lu'\'I'of Ir'lloiliS for 1,1,'clroIlS with spinupalHI dOWIl is l'olllpkll'i,v S,vllllllelric

\\·ith H'SJ)('Ct to ellergv axis. II IIH'allS Ih" 11I1I1I1)('r of t.he l'h'drolls \\'ilh up\\'ard spill is

e'liial with Ihe 11l1l1I1)('r of Ihe ('kclrolls with dowllward spill ill Ir aIOIIlS. Ilowevl'r, th,'

1!"'TII{' no slnH'lure-'s hav(' 1)('('11 ()h~(,IT('d ill tl\(' Ir,,.l\IIl!ilu_.r allo.\'s, Wlll'll Il<x<:>! [I~I



DOS cllI'\"cof \111 ,tlolIlssho\\' a sigllificallt spin polarizalioll. Ihisspill polarizatioll gin's

a IlIagll('lic 1110111('11110 th(' i\11I alOIIlS. Th(' IlIagll('(ic 1110111('111 of i\11I is caklllat('d frulll

(II(' dilfcr('II("(' of DOS for spill lip alld dO\\"II. Th(' lIlagll('tic 1ll0IIll'lIls for th(' \111 alld h

,dOlllS ill III(' Llrl\'!H' ortiPr Ir\llI:I arc 2.G2/11J alld z('ro, rcsp('ctin'lv.

Tlu'\' han' also cakulakd th(' dkcti\'(' exchallge COllstallt. .1 0 . for the LI 2-t\'IH' ord"1

Ir\llI:l In' IIsillg Eg. 2.8. Tlu' r('sllil shO\\·s Ih(' cffl'c-li\"(' l'Xc!lilllg(' cOllstallt is a roll lid

IGOIII('\I Th(' \"l;('1 Il'llIp('ralllre cakllhtl('d by sllbstitlllillg I hi' .I 0 =IGOIII('V ill E'I' 2.')

gi\"('s '1',\"=12501\:. This is arolllld thirlv p('rc('111 larger thall th(' l'xperillli'lIlal valll('. Till'

l,iglu'r\'allu'sllaw'l)('cllrt'llOrt,'dfori\lllalloysbcforc(hisr('sl'arch.lt.s("'llIs(h"llIo!''("lllar

Till' disonl"ITd alloys of Iri\llI:l call fOrlll tlll"(,(' possible 1I1i1gll<'t.ic st.rllct.llres which

'lrI' illlls(ra('d ill rig. 2.10 1,1,1). Thc DOS of thesc t.hr('c lI,aglll,t.ic st.rlletIlrCS, lIallll'd

IQ

@""e""
e=90

........

<1>=45

2Q 3Q

Figur(' 2.10: \Iagll('tic Strtldur('s of Disord('rcd Iri\IIIJ'

11\. Sakllilla. I":. rllkaillichi. 1\:. Sasao alld n. Y. CIIl('(SII. Phys. n('\·. 13 67. 02·1.J20

(2003)·1

1(2,2(2. alld :Jq. 11<l\'(' b('('\\ caklllnt('d, (h(' DOS curV('S ill all cOllfiguraliolls ar(' qllil"

silllilar 10 Ihl' onlcrslrllctllrc ofTl. Such a phC1I0I1li'1I01l has 1101 b(,(,11 r('portl'd ill i\11I

all,)\'s \\'itl, Pt. Thl' IIIOSt. silllih,r disordPrt'd DOS t.o I·hi' DOS of (hI' ordpr('d StrllCtllr<'

of 'I' I is Ihl' 3(2 slrllcturp: Ihl'rl'l"or(', it is ('xp('ct.cd that (he 3Q st.rI\('(,url' is t.hl' IIIOSt

stabll' disortll'I'('(1 slrllc(lIrl'. Thp low('st CI1('rgy has also b(,(,11 calcllla(cr! for 3(2 slrl\('llIrt'

Tal,l(' 2.1 shO\\'s Ihe cakllla('d ('II('rgy ami th(' COITCSpOlldillg IlIagll('tic proper(i('s for

·12



Ir'lIIl:;aIIO\'s, Thp 1I10s1 surprisilll'daia ill til(' tahl<'arp Ihp :'-/';cl tplllpcraturcsl'in'lI fOi

I,", 2q alld 3Q llIaglletic strllcturps accordillg tocakllialed vahl('s for .J u. so there III;)."

1)(' a Illisprillt ill the article, As call he seen in 'lithic 2,1. Ihe closest ellergv 10 thp

ordpred cOllf'igllratioll.JQ.sho\\'sthePI){'IKvdifferellccsarolllld 5,G IId\vjalolll. Also, as

thpdisn<,\"lIw\'\\'ilhthpcakulaled:'-/(;eltelliperatlireofordcredsImelure.thecakulaled

N,\'II"IIIIH'r;1ture for Iq IIlagllelicslrllcture is llIuch IcssthalleXIH'rilllelllal report, This

1I1'I\'cOllflicl\\'ilhlhelheciaillithallhelliolecularficidapproxilliatioullI;)."I)('thereasoll

1)\, "OllSidNillg Ihe fact thai' dilkrPII('(' hl'f\\'eell IQ and 3Q IlIal'lIelic strllellll'(' is 1101

N,;el t"III!,el'illure 1I){'"sured eXI){'rilllellt"lIy for IQ strllcl,ure cOllld mtllallv 1)(' the N,;('\

t"IIIjH'r"llln' of JQ strlll'tlll'p 1.191, Accordillg to this ('Xphliialioll, thp cakulalpd N,;"I

T~:'1"-7J() I';, of Jq IlIagll('tic struelure, The tahl<' also shows thai ill "II disorden'd

11I"I'II<'fic structures. Ir "tOIlIS ha\'e 11I"l'lielic 1lI0lllellts, This 1I){'a1iS th"t the SVIIIIII<'fI'\'

oft!", DOS oflratOilis hre"ksdue to the bindill[\ \\'ith III"gllelic :\[11 atollis ill disord(')'pd

st mel lin's, This phellOilielioli is 1101 obsPI'\'('(1 in theordcred struelllrp, '1'1

Tahlp 2,1: Thp EII('rKv alld '1laglletic Results of Ir'llll:\ Alloys 1391,

I'hase :\I"g. 51 6G .1 0 '1 ':~:It '~~

Ll'2 IY IH' '1'1 00 ~~ ~oo IG2 I~J ~

DO IQ G,!) 2,·l(j om ·11 J17 m
DO 2q G,O 2·17 lUI ~ 00
DO Jq 5,G 2,51 1l,12 % 0

S"klllllaalidcoll('''I'II('s,d,;odi,;clls,;lheclrceloflrcollcelltl'ilti011 011 Ihe,;tahl"llIag-

IIplic slrllclurl'';, '1'1", ('I)('rl'v i,; cakul"ted "s 'I fllllCtioli of Ihe alll'le () to ,;how wllidl

di,;ordcred 1I1'11'1I('tic slrJ)('lure is til(' III0St st"hle slrJ)('1.un' ill dilfprPlit ('OIl""lIt rat iOlls of



Ir (0. 5.15. alld 25'1c of Ir). As C'1I1 Iwseell ill Fi~. 2.11 part (a), () isdl'filled as the allgle

hCtIH'('1I IlIaglletic III0IIIl'IItsalld .:;-dirl'('lioll. I3ased Oil thisddillitioll. ()=oo. 5·l.7°. alld

!.JOo ('orrespolld to Iq, 2q. alld JQ. As call hI' SCCII ill Fig. 2.11 pari' (b), thl' l'lIngy ('llr\,('S

Figllr<' 2.11: Ellerg.'· of Disordl'rC'd Iri\11I Alloys.

[A. Sakllllla. 1(. Fllk;lIl1ichi. 1(. Sasao alJ(l 1\. Y. Ullletsll, Phys. I\C'\'. I3 67, 02-1·120

(200J).]

sholl' tile Illillillllllll at () = 5-1.7° lI'hC'1I thC' II' (,oll('C'lItratioll is 15 alld 25'X. This allgle

PI'!'S('lIls ;Jq slrlldllr<' as IhC' III0st slahle disor(iC'rC'd strllcturC'. II is illlportallt 1011011'

that II'hell x=25'!<, thcordnecl sLrll('LIII'<', '1'1, is thC' IlIosLstahle. Sakllllla alld ('olleaglll's

hill'I'also illvesli~at.<'d Lhc phasC'diagnllll 01'1,11'0 disordered sLructllrcs, 2Q alld JQ, by ill-

1T('iISill~ Ihe COII('C'lItraliulI of II' ill allovs. Fi~. 2.12 shows that thc' 2Q lIIa~lIdic stru('turc

is Ihestahle phascII'h('1I the IrcollcC'lIll'iltioll is less thall x",::::<IJ 'X. AboI'(' thislTiti('al

COII('I'lIt rat iOIl. Xu,, 11)('5,I'slclII prC'fcrsthc3QlllagllC'licslructurC'. ThC'assulllptiollof'1I1

f('cstrudllr<' forallo.l·sll·ithC'\·C'I'\'colI('('lIlratiolloflr iSllotol)\·ious. Therefore. Saklllll:!

alld ('olleaglJ<'s haH' pl'rforlllccI X-nlY diffractioll tests to ill\'C'sti~'ltl' thl' l'ffl'et ofthl' ('011-

('('lit I'ilt iOIl Oil thl' slrllctlll'<' dislortioll. II Sl'l'IIIS thai the facl'-cC'lIlerl'd lell'il~oll,d (fet)

sl I'Il1't 111'<'. lI'ith c/a>l, ('ollv('rls ~radlHllly illLo f,lCf'-CI'lIt('J'l'd cllbic (fcc), wit'h c/a=l, by

illlTl'asillg 1('llIpf'nllllr<'. Thl'stl'lICtllnd phasl' Il'illlsitioll fro II 1 t.h(' fet 1.0 fecal. Lhl' 1('111\)('1'-

at III'!' T rd / r,.,· ('allSl'S 110 allolllaly Oil the IIla~lIctic behavior of the SPC'CilllC'll. SakuII!<1 alld

colieagll('shill·I'ill."('stigatl'dlhisasslllllptiollb.'·lll(·asuriIIg the llIaglll'ticsIIs('('plibilily of
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En('rgyof2Q and 3Q ulagnctiC'stnl('llIrCs

". Sasao aud B. Y. UllletSU, Phys. IIcv. 13 67. 02-1.J20

(2003)1

til(' Irl,,:\luKC,alloyiua fil'ldoflOkOI',and tlwrcis llosignofullusu,d ulaguctiC'lH'haviOl

'I'hl' ulajoril\' ofrcsC'inTh ou Ir,l\luIlKI_f foC'ns('soulhc pinning roil'ofth{'sl' AF allm's

iu 1h(' A F /F:-I hi-lawrs. Thc df('d of A F Ihickncss ou rxchangr piuning has Iwcn sl ndi('d

h~' Ali aud colil'agu('s 150]. This \\'ork consisls of ('xpprilucntal and l\IC sinlldation paris

Forsilnplicih' iu thpsiulldalions, th('vhaH'us('d thrsinlplccnbic(sc) laltic{'iustl'adoftll{'

rcsludi('d hvusiugsiluulaLiou. ThrsiuuJiatiou rcsultsshowsignificauLC'olnpaLibiliL,v with

tll{'('Xlll'riln('utaIIU('aSllrC'lllcnts. Ascan bcs('cn in Fig. 2.13, Lhcc'xdlang(' pinning lipids,

II,.,.. ilnc! {'o('ITi\·ih·. II,.. (s('r apppudix I) as fuuctiou of the AF thicku('ss ar(' c!rpict('d

,il diIr('n'ut t('lllp('ralun's. Thc salnc b('ha\'ior hayr b('en obscrH'c! in ('xp('rilncnlal and

sinlul,ilion daLI. Tll('s(' ('olnpatibk rcsults confirlll th(' \'alidily ofth(' Hallliltonian \\'hich

isus('dinsilnu\;ilioncod('.giH'nbv;

/I -.I,. L<,,» ,~:, . If) - L,(rI,,'-"';, I d,..'-"';,. + ,if, . til

- ./."'. L<,p 1,IA· ii) - L, 1,(k,(Jf, + ii,' fl) (2.W)

In Eq. 2.10 III{' spins of F:--I and AF la\'('r arc d('noled h.\· !} and d. l'C'spcC'lin'h'. Th(,
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2.1J: ExdJ"lIgl' Pillllillg Fidd 1-1,,- "lid COl'rcivity He ill lrf\IIlJ froll! l'Xpl'rillH'llt

[f\1. ALi. C' II. f\1"rro\\·s. f\1. AI. .Ia\\"ad, 13 . .I. HickC'y, A. f\lisra, U. Nowak alld K. D
Us"dd, Phys. !?('v. [J 68,214-120 (200J)]



exlerllallllagll('lic field. fl. is aiLlIIg the z-axis, \\·hile the .I'-axis is 1I01"lllai to Ihe lavers.

III Ihesilllldatiolls.Ihez-axishas h('ell("ollsideredas all eilSYil.Xisoflheillagllelicsysleill

In' sek("lillg rI, > Il. 'lIHI the .r-axis as Ih(' hmd axis of F1\1 la)'er, rlJ < Il. Dl'Iillillg II\('

r-dir(·<tioll as Ihe hmd axis callses Ihe F1\1 spillS 1.0 reillaill ill the .IIz-plaIH·

Figlll"<' 2.1·1: Ori(,lItaliolls alld Geolllelr~' of Exchallge Pillllillg SySI('11I IIsed In' Ali <'I al

13as('d Oil th(' arlicle In' Ali alJ(l colkaglles thegeoll){'tr~'alld oriellialiolls of the Silllll-

lal<'d S\'slelll me sdl('llIatindly shO\\"I1 ill Fig 2.1..1. Allolher illlportallt paraillekr ill litis

jLllllilIOlli'i11 is tl\('ljll('lId){'d disorder parilllicter, (. This I'll ra m('ter call han'oll('ofollly

I.wo \'aIIH's, (( - Il, I.). II seelllS Ihal. hy selectillg z('ro 11.'; I.he \'alll(, for this pmalll('I.('r,

'I \"H"aI I{"\' ill AF is illirodllccd ill th(' silliidatioll. This cOldd 1)(' illterpret('d as callsillg

rollglIlH'SS ill th(' AF lan'r as the \111loz(,1I10fl" modcl (Sec chapter 1). Three difl"el"<'l1l ('x­

challg(' illtel"i1ctiolls ('xist ill this Hamiltolliall: F\I-Fi\I, F1\I-AF. alld AF-AF illlcractioll.

TI\('strellglh oftlH'seillt('l"actiollsisd('filled hy the IlIagllitlldeof.J v . .1' 1/". 11 lid .1 1.\'"1"' Ali

alld colleaglles h'I\'(' dIOS('1l .J v=-2X.J,IV=2x.J/,vT ill thc simlliatioll. '1'('IIII)('ratl1l"c plays

a fTll("i,d role ill II\(' silllld11tioll of ex("hallge pillllillg sysleills. As desnil)('d ill ("hapl('1

I. II\(' ('xd111 IIg(' pillllilig (j('cllrs 1H'low Ih(' I\(~el I('IIII)('I"al.l1I"c. Ali Hlld ("olleagl){,s haw

illilialized Iltc sySI('11I al a tCIIIj)('ral,lIl"<" '1'1, helow the Cllrie !ellljH'I"i1II1I"<'. '1'(", of II\('

Ihrollglta("oolillgproccss!illtheahsellccof11Il.\·(·xl('rIIallllaglletic!ieldj,tltelelllp(')"a-



,'xt('rIlillluilgudiclil'ld hils!Jl'l'uilpplil'd\l'hilethl'l"lupcraturl'ofsys\('IlI\\'askl'pt fixl'd

ill '1'1, ,Iud illl 1\11-1 loop for thl' P1\llil\'l'r cillculnled, Thl' h\'sten'sis loop of thl' Sysl<'ul

(Sl'l'iIPlwudixl),tll<'c\lr\'('ofl'lwUI'II-\IH'liziltiouvsl'xterllillluagu<'liclil'ld,iudicill.<'stll('

tIl<' "XChilUgl' piuuiug lil'ld, 11.0, ilud th(' COl'ITivity, 11(" of thl' SyStl'IUS \\"ith the difrl'rl'ut

APt hickul'ssl's, Accordiug to t he re~ults shO\m in Pig, 2,1:.1, Ali nud colleagues couclude

th,ll tIl(' ('XdHlIIge piuuiug field nt lo\\" telllperaturesshO\\'s a sharp peak foril wrv thiu

AF lil\"('rs ilild In' iU(Tl'nsiug the thickuess of thl' AP layers, the l'xchaug<' piuuiug li,'ld

d"<T('iIS('suutil il 1('\'l'lsorr. Thisph,'uolueuous,'<'ulsto!Je}1 fundi1lul'utill propert,vof('x-

dliIUg(' pilluiul-\: tll<'rl'fore, this n'sl'arch suggl'sts that nllV siguificnut thl'ory ofexdlnuge

pillUilll-\Ulust hecilpahll' to l'xplniu this iutcrcstiugfuuctiounlityofthl' piuuiuglil'ld ou

III<' thickll<'ss of thl' AF In~'l'r, Ou the other hnud, thl'y shO\\' that til(' iu-plnue dOIUilius,

ilS pr<'dictl'd ill :'Inlozeluolrluodd, plm'n (Tucinl rok iu th('exchnuge piuuiug, l'sl)('ciilily

iu \'('1"\' thiulilwrs

'Il) ('xplniu thc ,'xchnul-\e piuuiug iu hi-lilH'rs, kuo\\'kdgl'of th(' iuterfncl' nuisotrop\'

ilud ,'xchnugc iutl'rilctious nrcCI'ucinl. 'I'1H'surfnn'nuisotropv plays nu esscutinl roll' iu

\\"ideh'-us('d :'lnloz('UlOlrlumkl. Ou th('oth('r hnud, cxchauge iuteractiou strcugths sho\\"

tll('ildlu"llceoftheuluul)('riludorderiugofueighborsoftheeuergyofsysl.<'ul.

Illiluotll('rresl'iII'chhySzllll\'oghnudcolle'lguesth('forlllaudstreugthoftheauisotrop\'

iu Iri\lu:\/C'o(111) iutcrfacc hns Iwcu sludil'd 151], lu this work, tlte ord('r<'d hulk philS('

(LI 1 ) for Ir:'lu:< mid fcc pltas(' for Co \\'l'r<' studil'd, Tit" screeued Korriugn Koltu-nostokel

(SI~I~ I~) U)('t hod \\'ns used to cnlculnlc the ulagul't ic sl rIlcl m(' of I he Ir1\lu:</Co(111) iu-

1<Tfi)('(', II S"('luslhisres('nrchcnu hl'ust'ful for fulurcsillluintious to delerllliu(,th('

luagll('lic iull'riH'liou iUld anisotropy of Ihl' hila~'l'r F1\I/AP \I'ith AF of 1\lu-lr nllO\'s,
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Chapter 3

MC Simulations of the 2D Kagome
and the 3D Triangular Stacked, and
fcc Lattices

I\s a PI"<'('1II'SOl' 10 III(' sillililalioll Oil the' fc(' I\"goille lattin', \\'e pl"<'selll 1\IC silllilialioll

l"<'slillsOlllhl'('(·latlin's wlli('hal'('stI'IIC'1lll'ally('loseLoLlI(' I'c(' I(ngolill', 8eslllLsfrolilihese

sillllilatiolls ;ll'e (,OIl1pal'l'd \\'iLh previollsly )Jllhlished sillllllaLiolls, All ('olllpilter cod<'s aI"<'

\\Till<'l1 ill Fort 1';111 90, alld Perl is used 10 Illake lillks iIlllollgthe Fort rail ('odesallll also ill

postpro<'('ssillgoftl\('dal;I.:'lostgraphs<lreplolt('dllsillgxlllgra('e<llld;\lathelllati('at,

3.1 2D Kagome lattice

I\sdis(,lIssed ill theehapLn 1. thl' Kagoille latticl' is ('ollstructed h,\' 1"<'1I10\'illgOIll' f01ll'Ih

oflhe lalli('(' poillLsofthetriilllglllm !;,tti<'(', Th<'illt<'I'('sLillgbehaviorofLhc20 Kagolll('

!;illi('eal \'('rvIO\\'I('lIlpcratlll'('(arolllldabsolulezero)llilsattra('tedthe;ilteilliollof

IlIall\' I'('Sl'ardl grollps, The 20 Kagollll' AF latticc was theoretically studicd In' Ilarris

a lid ('oll<'aglles ill E)!)2152j, Th""sseillial r"sliltsofthiscolllpr"h"lIsi\'c work are IIs"d 10

<'\';dllat(' Ih<' \'alidih'oflh('COIllplll"r ('ode \\Tillell for this thesis whi('h \\'ase\'('lIll1all,\'

('xpalld<'d tosillllllal<' Ih(' 1'('(' hagoille lattin'(30),

III III(' 20 I(agolll(' strll('Lure for X\' ;md Heisellberg 11I()(lels wilh oilly Lhl' II<'al'('sl

1l('igldJOrs 1\17 <'x('h;l1lg(' illLl'racLiolls, l,h('rC' is 110 sillgl(' sLahle grolllld-staLl' dill' to a high

dl'gl"<'I' of dl'g<'III'ran' (sel' ('haptl'r I), This theoretical predictioll is ('oilliniled hv 0111

\Iolllt, Carlo I"<'sldls, 8<'slllts for Ih" <'lIerg\' calculaled for a 12x12 I<agollll' lallin' aI"<'

plollt'd as a fllildioll of 1<'11 lI)('ra t III"<' ill Fig, 3,1. The data \\'C'I'(' a\'l'raged O\'l'r J50,()00
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Figlll'" :3.J: 1IIC simulatioll re'sults for euergy vs I.clllp('ratllr('

III til(' 20 II('is"II!H'rg l~agollie lattice, 110 phase transitioll is observed

1IIeS ,[,h(' r('sults shml' 110 illdicatiou ofa discontiuuity orsucldell challge ill slope. As a

COlIs(,'I1I('IIC". the SIH'cilic heal. C. plotted as a fUllctioll of h'llIjH'ratUrl' ill Fig. 3.2 does

lIotsIH)\\·all\·localjH'aksordiscolllilluiti('s.indicatil'eofafirslorsecolldorclerphase

trallsitioll. This is collsistellt with pre'I'ious resllits [521. It is illipossible to defille til('

orlh'r Pilraillel('r for sllch a systelll duC' to the abselHT of the well defilled groulld-stat('

cOldigllratiol1

Zhitolllirskl' hassholl'lI that ill usillg1llCsilllltla.tioll tonJiculate thesp('eifich('atofth('

1I('"n'st-lIeighbor AF 20 I~agoille lattice. just likc our sillllJlated systelll, pilrticular c,m'

II"s to be tak(,11 at l'cn'lolI' tel1lperature, 10- 1 <'1'<10- 1, as thc aCTeptalln' ratc dC(Tcasl's

l'Xp'lllclilialh- [531. Th('r(' are tlWlstratcgics to tackle this problem: first, illcrcasillg th,'

lIuIII!H'rof:\lollt('C"rlosl<'ps ill order to prodUCTCIIOllgh accepted '1I10WS', sccolld, usillg

"IIIClllilied for II I of tllC algoritlllll. Thl' first Illcthod is 1101. I·er.'· ecolloillic, alld it lililV

I,d",,, IOllg lilllC tt) prodllce ('1I01Igh 'H'cepl('cl cOllfiglll'atiolls based 011 ralldolll trials. All

al!'Tllatil'" approadl, discllssed by ZhitOillirsky, is Ih,' !I1e/'r'Opoli8 l·('.!e('/io'lJ, 8th,,,,//.(' [5:31

III this SdIC'III". I II(' acc('plawe ral,' is ill(Teased by illiJlOSillg a IICII' cOllditioll of /:;..r..,'~ :::; '/',

(this f"nllula call 1)(' the r('dllc('cl fonll of.J x /:;.S~:::; k(j x 'I'). This IIleallS that Ollh- the
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r-ICsillllIlation resllitsofspl'cifir hl'at vs tl'mpl'rallll'e.

111 Ileiselllll'rg I\a(.';olllelat.t.ice, 110 phasl' trallsit.ion is observed,

ralldolll challges ill spin-collfiguratioll with the ellergy cost less than the therlllal ellerj.\.v

OfS,I'Stl'II1 me lakellas trial cOllfiguratiolls. ThiSI1\C'lhod lIIakl'sthl'code fastl'r to prod lice

a('l'('pled ·1I101·('S'. As c11l1l)(' seen ill Fij.\. 3.:.1. the pllblished resllits by Zhitomirsky (part

12::::
coplanar slate paramagnet!

~~ -6
~

Figure 3.3: Specific heat I'S tellll)('ratllrl' for 20 ffl'isellberg Kagome lattice at I'ery lOll'
1('lIlperatllrl'.(A) frolll flef. [53], and (13) frolll om r-Iontl' Carlo sil1\lIlatiolls.

[r-1. E. Zhit.omirsky, Phys. Rev. f] 78, 09-1423 (2008)]

A) iscollfirmed In' our resllltssho\l'lI ill the part 13. The interestillg fact is the 1I11lllberof

:'IfCS reqllired to prodllC'ea Sillooth CII1'1'e for the specific heat is aroulld a millioll ;\ICS.

The 1I('('d to llS('SllCh ,) hllg(' lIumlwr of steps 011 thl' modified versioll ofthl' ;\IC code
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shows how long the standard i\IC Illrthod takrs to givr rrsults.

The possihl(' gronnd-stat(· configurations for the 20 I":a[',onle lattice han'!)('ru sinl-

lliated including first. second. and third nrarrst Il('ighbors rxchangr interactions. There

are 1\1"0 nsnal schrlllrs to drtrrlllinr gronnd-statr of a latticr; thr first schrlllr is hy ap-

ph'ing tlH'standard :\lonte Carlo algorithlll at \·rr.vlow trlllprratmrand thrncakulating

the therlnal il\'PnlgP of spins. This schplllr can takr n long tilllr and thr final result is

onh' an estinlation of gronnd-statr spin-configmation (thr con!'igmation doe~ not show

the ('xad configmHtion atabso!utrzrrotelllprraturr). Thesrcondschellleisdrsignrd in

a dell'rlninistic way. In this SclIPnl(' thp initial configuraLion is updaLrd by illlposing the

AFconstraint. Thpspill-orirntation ofcach point isalinged anti-parallel to Lhr nlagnrtic

field prodll("(,(! by Lhe !"l'slllt, of all its neighboring spins ['151. The sinnliaLion rpsllits for

a ~ ... ~ ... ~ ... ~ ... ~ ... ~ ... y

~ ...\ ...\ ...'~ ...'~ ...\ ...'
~ ...'~ ...\ ...\ ...\ ...\ ...'

~ ...'~ ...'~ ...\ ...'~ ...\ ...'
~ ...\ ...\ ...'~ ...\ ...'~ ...'

~ ...\ ...\ ...'~ ...\ ...\ ...', , , , , ,

D '~""~"""''''1''''''... ~ , ... ... 1
... , ...... , ~ ... , ~ 1 ......
... , ... ~ ... 1

~ ... ,~ ... ,~ ... ,~, ..., ... ~ , ... ~

,~ ... ,~ ... ,~ ... ,~ ...
... ~ , ... ~ ,

... ,~ ... ,~ ... ,~ ... ,~
~ , ... ~ , ...

... ,~ ... ,~ ... , ,, - ..... ~ . , ...

Figmr J.-I: Grollnd-statp 20. (A) q=O, nnd (13) v'3 x J3

the grollnd-statrs of til(' 20 X)' l":agOlnr (12x12) aftrr lOG stC'ps nrr shown in Fig. JA

As can be seell. there are two possible ground-sLatrs for thr systelll definrd Lo as Lhr q-O

stall'(A) and the J3 x J3 statr (13). Each of thrsr C"Onfigmations nlininlizes thp C'nC'rgy of

t!H'svsLrln h'lsedon which pairofexchangrintrradioncoefficienLs, .1 2 aud .]3, is selected

for the following Halniltoni'ln;

II=-~L'C;,
- N.N

L
S.N.N

(Jl)

As theoreticallv discllssC'd hy Ilanis ali(I colleaglles. the q=() staLl' is thr grollnd-
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ri!!,nn' J.5: ~eilrest Neiglibors (NN), Second Nearest Neiglibors (SNN), and Tliird Nemest

i':ei~lihors (TNN) in till' 20 I\:agonle lattice.

To clicck our sinlldHtion code, thc ontpnt ground-state cunfi~urations, sliown in Fig J.4,

<lr(' nsed tu caknlale tli(' ('nergy of tlie systelll by dl11nging tlie ('xcliange coeHici('nts,

.1'2 '1IHI .1:1 [lln(' in Fig. J.G sliows tlie area wliere tlie '1=0 strncture is tlie nlininlnnl

rigllre J.G: Stabl(' mea for q=O (in blne) ,and J} x J} (in red)

('IHTf',V state. wliile red is ns('d to illnstrate tlie mca wliere tlie J} x J} structllre is

Ilion' stahle. 1\s C<ln be s('('n, nbove tlie line y=x tlie stable strllctllre is q=O and below

til(' lim' J} x J} strllctnn' possess lower cnergy, cOl1lpletely consistcnt witli tlieoretiud

predict.ion. Harrisandcollcaf',nesalsuliavccaknlatecl tlie energy oftliegronncl-states fOl

hot Ii confi!!,nrat ions Tlie following relationships between tlie gronnd-states encr~y, Eo,
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alld 1111' exchall!!,e coefticiellis . .1 1, .1 2 , alld .1:1, have b('('11 derived by llIillilllizilll,\ thf' eller!!:.\'

OfSYStl'IIl[52]

(J.2)

11l11i('1l1'xlsl<l!!,('ofch('ckillp;thcsiIlJlJlationreslllts,thf'fIlIlCtiollalityoff'll('rp;ywith

resl)('cl of ('xchall!!,(' codtici(,llts has 1)('1'11 ('valuat('d. Th(' r('slllts of this evaluatiou is

SIJ()\I'1l ill Fi!!:. J.7. As cau be seell, thef'ller!!:y has a lilleil1' relatiollship with the exchall!!:e

Fi!!:url'J.7: 81l('J'!!:y asa fUIlCliol1 off'xdlall!!:e illteractioll codliciellt

codliciellts with tlJ('slopf's that a!!:re(' with the ('xprf'ssions (J.2). III part (A) of Fi!!:. J.7,

Ihe q=() sll'll('tlJl'(' ShOlI'S th(' exact -1. -I. and 2 as the slopf's for ('ner!!:." lilJ('s vs .II, .1 2 ,

alld .1:1• alld ill t he part (13), the slopes for J3 x J) are -1, 2, alld -1, respect il'l'ly.

3.2 Stacked Triangular Lattice

The AA-stacked Iriall!!,ular latticc is illustrated in Fi!!:. J.". As can be S('CIl, each lattice

poillthasei!!:htlleil1'f'stllei!!,hborsillthisstruclurc(sixinthcplalleallCloll('abo\,ealldl)\I('

bel()\\'). This cr\'stallo!!:raphic structure is seell ill Illateria.ls with A13X3 dl('lllic,d fOl'lllula

sllch 'IS C'sNiF\ [5 cl]. Th(' Ileisellberg Illodel is IlSl'd to silnulate the stacked triall!!,ldal

latti('('.alldthelltheresults;)J'ec01uparedll·iththeresultspublishedin19!JOb.I'i\lailhot

and colll'a!!,u('s [lJI. Th(' Ilmniltolliall illcludf's thc exehan!!,(' interaetioll betweell Ihe



Figme 3.8: AA-SLakcd Triangnlar Lattice

n("lJ"('sl neigltbors and nniaxial anisotropy as follows;

(3.3)

For.J -1 (AF inleraclion) and f) = 1 (.:o-m.:is as nniaxial easy axis), Lite results for tlte

eIH'rg\·. E, and specific Iteal. C. arc plotted in Fig.3.9 and rig;. 3.10, respedin'ly Tltese

n'snlls \\"('1"<' ohtained on a 12x12x121altice afler 105 ~ICS

U.: UA 0,(1 o.~

J"ellll'

~IC siuHJlalion results for energy vs telnpernturc in tlte AA-s(il('ked triangnl<ll

I\S c<ln he seen in tlte Fig. 3.0. lite cnl"\"e sltO\\'s snddcll cltanges in tlte slope of tltl'



0: 0-1 Uf, OX
lC" fIl r

i\ICsillllllatioll reslllt.s for specific heat vst.clIlIH'rat.llreill AA-stackcd t.riall-

"lItic('

('IIl'r1;\',1I t\\'otclIlIH'rat.llres(T-0,GillldT=1.2) imliciltill1;t.wOPossiblcphasetrilllsitiolls,

The specific heilt ('IlrVf', ill rig, 3,10, also suggests thf' existellce oft.wo possible phas('

tl'illlsitiollsillthestilckcdtriaugulnriatticc, These phases Illaich with thcCTitical telllper-

atllresreported by illailhot alld colleagues [13], Thf'illtercstillf',propertyistheexislell<'('

oft\\,()l'ritical telllperatUres, III ncr. [131, asdlelllcisllscd tOlllldcrstalld the charader of

Ilu'se!\\'o phase trallsitiollsthrollf',h therlllillllPhilviorof\'ariollsorder pnralllet<'rs, The

order paraJlI('(crs arc ddilled sf'p'Hatcly for :::-colllpolleIlLsallll,!',If-<'OIl1ponelltsofspillsns

follows:

,II, - (3f.\') {(.\I,i I JIll, t-/1/l)/3}1/2

,II, = (3/.\') {((JIIW + (Jllti)2 t- (,I IcY) /3} 1/2

ill,!, = (:J/N) {((/\1';)2 + (JII;;)2 -f (iII[f + (JII~)2 + (1I1'h)2 + (iIlfY)/3} 1/2

wi 1('1"(' N is the 11I11111)('r of the sites ami i\1~ and i\1~ arc defilled as follows;

1I/~ = 2::)(-1)1 2::, S~j"

III,; = (11/;;)2+ (/\I;j)2+(iII,;)2
(3,5)

\\'ith (J E {,!',,If,:::} ,!lId 'I illdicates til(' Illagnetic suh-Iatt.ie('s as IIlclltiolled ill Sec, J,-I

TIl('reare threesnh-Iattices A, 13, alld C', ill the triilll1;lIlar lattice, Th<'se suh-Iatticcs aI"('
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sho\\'11 ill Fi/';.3.11. This schclllC' has 1)(,C'1l IlsC'd to calculate ordC'r panuuC'tcrs alld thC'

FigurC' 3.11: ~lagllC'Lic sllh-laLliccs ill thC' Iriallgllim latticC'.
(ThC'12Uospill-strllelurc)

OrdC'r paralllC'Lcrs ill triilllglllarlaLticC'vstelllpC'raturcfrolllourIlICsilllllla-

r('slllts ar(' ShOl\"l1 iu Fi/';. 3.12. As call 1)(' sC'cn, bC'iow Ill(' highC'r critical tC'lIlpcraturC',

'1',.=1.2. ouly :;-COUIPOlll'lIts of spills sLart to be ordercd alld thc .ry-colllpollcnts LakC'

th('irord('rcdorielltalioll below" low('rcritical telllpC'raLurc. Tc=O.G. ThesC'results;H(,

('oulirlll('d by nd. 113]. The salllC' SellC'lllC' is Ils('d latN for the fcc h:a/,;oluC' lattice, as

57



3.3 Face-Centered Cubic (fcc)

'I'll(' AF fcc lattin' \\'as also silliidall'd ill order to check Ihe COlllplller codp. Thp fcc

latti..., call be I'iell'ed as all AI3C-sI>H1ed triangular latlicp alollg [1111 dirpctiolls. The

ollh' dirrprPlln' 1)('I\\'('('1l fec KagOille alld regular fec is I'acallcies of 25 percelll of lattice

POillls ill the l,agollJ(' latlin'. A pn'I'ious study of a ]]eisl'nbl'rg AF all fcc lalticl' has

Ill'('1l pn{onlled In' PUllta and colleagues [551. Tlj('ir results sho\\' a phase trallsitioll at

'1',. ~ lJ ..I.J/k/ j . As call be Sl'l'U ill Fig.J.IJ, the ellPrgy of O\lr sillildaliolls also shows a dis-

('()lllilluil\',Jr(lIllld '1'= () ...J-I 5 II·hidl is close to t!Je resilit o!JtaillPd by PUIlHl andcollpagups.

Also thpdiscOlltiIlUil.l· ill th('l'llprg,v ('IIl'l'psuggests I.ll('l'xislpll('('ofnfirst'ordcrpIHlsl'

lr'lllsilioll. III Fig. 3.1<-1, Ih('sp('cific h{'nl'.shows thecriLiud LpllljJcraL\lrl' wiLh a cleill' ppak.

This n'sult IHls IH'{'1l prodll('('d for I III' Inl Licl' size of l~ x I~ x l~ wil.ll l\ICS=2.()x]()"

................
...

..•............•.......•.

!lIe sillildatioll results for the elll'l'gy vs tellljJeratun' ill the Heisellberg fcc

3.4 Summary

'I'll(' agn'('IlIl'llt bl'l,\\'{'('1l O\lr J'('sldls alld previouslv publisll{'d ['('sullo Oil 2D Kagollll' Inl-

ticp, A-A slacked triallgillar Inl.ticl' alld fee In 1'.1 ice cOllfirllls t.he v,didit.y of Olll' cod(' ill

silllld,Jlillg the slructulTS clasp to 111(' fcc I\agonl(' Inllicl'. Also, Ih(' \\'ril.tell sllhroulilll'

bas('d 011 Ih(' Illl't.h"d dl'scril)('d ill Sec J.2 II'ns cOIlI'inlled ill pr:lctice This Illpth"d is
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~ . .

ri[';IIJ'(·j.J·I: j\IC Silllldatioll reslIlts for theC vstelilperature ill the Heisellberg f<-(' lalt.i("e

1IS('d to (',11('11\;11(' order jl'lnllilders ill chapter./. III the followill[,; chapter, IV(' fO('lIs 011

IIJ('f("("!\'I[';oIlH·lalli",·asa 1I('\\'slrIlctlll"e Therear(,llopllblisher!resllltsil.v'lilableabolll

i\IC Sililidatioll oflhe f<-c I<agolll(, laUice
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Chapter 4

MC Simulations of the FCC Kagome
Lattice

4.1 Crystallographic and Magnetic Structure of the
Fcc Kagome Lattice

III tllis dlilJll ('I', silllld'll.ioll I'('sldl sol' t Ilc AF Hcis('lIlH'rg nlld xy fcc I,agollll' (A GC-st ackl'd

l\ngollll,)I,lttic('sarl'prl'SI'lll.l'd. 'l'hl'crysl'lllographicslrlll'l.llrl'oft.hl'fccl\agOllll'is

ilillstratl,d ill rig. -1.1. As ('all 1)(' SCCII. this thrc\' dillll'lIsionnl strllcturc cOllsists of 20

l\ngOllll' I;1.\'l'rs \\·hich ,lr(' shiftcd \\·ith rl'Spcct to Ih\' adjaccllt layc'rs. III AGC-stackl'd

Iriallglllnrlntticc.cnchpoilltilllhclatticchns12I1c;HcstlleighI>ors: ho\\·c\·cr, ill lhc fcc

I\agollll'. -I ofll>csc positiollsof IIc;JJ"est IIl'igl>bors arc vacallt. 'l'hcrcforl', cach poi lit has

SIIl'al'('stlleighbors;..JIIl'arl'stlll'ighl>orsillthcplallealld20Ilthellpper la\·cralld 2011

t!Il,I()\\·('rlan'l

~I~
I I ~

fcc !\ngollll' strllctllrl' AGC pin III'S sho\\·11 m(' ill till' xy PI,ll Il' <111> is
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8"sed Oil pn'\'iollsh' puhlished rcsults ou the 20 1"':"!;OIl1e I"ttice (sec ch"pter 2 "lid

J). the ('xis[('lIce of three IlIa!;lll'tic suh-Iattices ill the fcc K"gollle is "ssullI('d to dehlle

t h(' order paralllet cr of thc s~'sl ('III, a.s \\'ill he described ill this eh"pt er, this "sSlllllptiOIl

is cOllfirJlI('d 1IIIIIH'ric"lh' by the :--IC silllulatious. III Fig. ·1.2, \\"l' sho\\" the gTOUlld-stMc

spiu-("()ufigllratiou for a sillgle la.\'er of the fcc Kagollll' laltice, \\'ith differl'ut suh-I"ttic('

sho\\"u ill diff('rcllt colors (hlul' (suh-Iattice A).lwl (Suh-Iatticl' 8). aud black (sub-lattice

e)). As C"II hc SCCII. I'hl' spill-collfiguratioll oflhis groulld-stalc correspollds to the q=O

st"t(' foulld iu tltc20 Kagolll(, I"tticl'. It is illlportani to recall thattheq=Oslruciure fOl

th('201"':"golllelatticeisadlievedolllywhellsecolldalldthirduearcst lIeighbors('xch"lIl';<'

iutcr"ctiollS "re illclud('d. Allot her illiportallt fact abollt Ihe Illaguetic strllCtlirc of Ih('

fcc l"':agolll<'l"ttic(',whiclt IIIUSt 1)(' takclI iutoaccoullt, is the possibility of the cxist('II("('

ofd('gcII<Tiln' due 10 Ihc lociltiou of the vacHlKi('s (sec Sect. 1.(j.l).

Figur(' -1.2: i\laglletic sub-lattices of the fcc I"':agollic lattice.

4.2 Energy and Specific Heat of the Fcc Kagome Lat­
tice

'!'oill\"('stigal('tltelllagueLicstrllctlln'ofthefcckagol1l('I"ttice. tltn'('Silllulatiollproccss('s.

11<'"lillg, coolillg. alld rUlls "I illd('j)('II(leut telliperatun's, have I){'('II pnforJllcd. lu the'

It('atillg processes. thc q-O strtwtun' \\'as used as iuiti,,1 spill-collfiguratiou ofth(' S\'steul

(jl



al til(' 10\\'('sl I('llIpl'rat me. alld ill 'I sl'rial rllll of iIICTl'asi II!; tl'lIlpl'ratml', thl' illilial

Spill-COldii!,miltioll al IIl'xl 1l'llIpl'rillurl's Was thl' filial spill-collfi!;uratioll of the prl'\'iolls

10\\"('rll'lllI"'r,lIme. 11I11H'coolilli!,pmcessl's. a ralldOlIl spill-collfi!;matioll mlsused as

illilialspiIH·Oldif';mal.iollofthl'sysU'lIlilt.thehif';hl'st ICllllwral.ml',alld ill a sl'rial rUII 01

d('C!Tasilli!,ll'lllpl'r,lIurl'.theillilialspill-collfif';malioliaIIIcxl.tl'lIlpl'ralml's\\·aslhel·illal

Spill-COllfii!,malioIlOflhl'prl'\·ioushii!,hl'rtl'llIpl'riltIIn'. IlIthl'illc!l'pl'lIdclll.lclllpl'ratllr<'s

silllldalioIlS.ilrillldOlllspill-collfif\lIratioliwaSllScdasiliitialspiI1-COllfij:\lIriltioliat l'ach

Il'IIIJH'ratml'. \dOrl'OI"l'r.rllllsal difkrl'llttelllperatmeswcrecolllpil'tC'i.vilidepl'lIlil'lIt alld

pl'rforIlIl'd Oil dilkrl'llt (,Pl"s.

~ 150()(1
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fcmr

Fii!,IIn'.J.J: Sillluialiull resultsufell('rf';\"\"slclIlpcralml'forthc.ry fCt" Kaj:\olliclattil

JCii!,s . .J.J alld ·1.·1 show I he clIl'rf';v of thl' fcc l:-:agol1lc S~"stCIll \"s Il'llIlwralllr<' for X.\· alld

Iil'iselllll'ri!, 1I10dl'ls. Thl'sl' resulls ha\"l' hl'l'lI at"hien~d wilh a 2-lx2.Jx2·1 laltice aftl'r 10"

illes illlhl'hl'atilli!,'llidcoolillj:\procl'SSl'sallllaf!l'r I07i1ICS illthl'illdl'pelldl'lIt l.ellllll'r-

,111m's SilIIUI,lIioli. As C'UI I){' sl'l'l1 , till' results of I.hl' hl'H.l.illg, coolillf';, alld illdl'pclldelll

il'llIperalllrl'S pron'ssl'S cOlllplcll'iy ai!,rl'('. Thl' l'lIerg~' oflhl'syS(l'llI is a fUlldioll OfIlUIII-

!)('rofspiIlS(latticesizl').theillll'radiolllvpes(HallliItOlliilll),illldlhell'llIjH'ralml'ofllll'

S\"SI"III: III0rl'o\"l'r.lhe('lIeIK\· is illdcpclldelli of ill ilia Ii zati 011 of the s.I'slelll Therefore,

(j2
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temp

rigllrl' -I.-I' SillllIiat ion resllits of ener~.'· "S telllperature for the Ilciscn!Jerg fcc h:agolne
"Itti..,'.

for ,'ach nlodl,1 (Ilcisenl)('rgor.ry) the res II Its are cOlllplctl'ly indepcnc!entofthesl'iC'ded

process (heatillg, cooling. or independ('nttl'nlJ)('rature). Thesl' two figurl'ssho\\' possible

pha,,' transitions at T=0.7G and T=0...J7 for .r.') and Heisenl)('rg fcc Kagonle, rl'SI)(,ctiVl'lv.

TIll' oll\'jolls discont inllit.,· in the cllr\'(' of the .r.') fcc Kagolllc cncrgy sllggests a first ordl'l

phase' tr'lIIsition. I"hile thediscontinllity obser\'ed inlhe Heis('nl)('rg Illodel shows onlv a

possibil'weakfirsLorderphasetrnnsitionata!owerl.l'lnperllLllrl'.

Figs. ·1.5 and ·I.G ShOll' Ihe specific hen!, C, of the .ry and lIeisenl)('rg fcc I~agonll'

sysknlS. As ('XI)('ckd, the specific heat "S telllperature is cOlllpletely independent of

init ializ;ll ion of s~'sl eln: therefore. the resllits of t hl,(,(' different proccsses. heat ing. cooling.

,lIld iIHiC'pl'IHlent t('lnperntllrl" O\'erlap e;Jch olher in both .r.') and Ilcisen!Jergcases. Also,

th,' sharp IH'aks aL T=O.7G and al T 0.·17 for .r.') and Ileisenberg Iliodels, respecLiVl'I.\',

continll ollr o!Jselyaiioli of the discontilillill' ill energv of thl' systelll (sec Figs. ..J.J alld

-1..1). Also as ,In 'Hldition dH'ck onlhe resnlts ohtain('d froln our sinnIiillions, we noll'

t!"lltIH'SIH'cificheatofLhe.ryresllltscon\'ergeloO.5atlowll'Illperalurl'.\\·hill'lhl'



lil-isl'lIlwrgcasl'.spl'cificlll'atl"llll\·crgl'stol

"b,="Iwu..1 uruI.().~~".~1uJ."~~fuLu'5~(.Jrn".,,~,,1uru.7owJ,,"""'x=t..,'""'",uu.h1"'""'""1.1Uilllli1u.1.~ ~~~ 15
1\;:lIlp

F'igllrl' -I.G: Sillllil,ltioll n'slllts of (' \'s tl'llIpcralllre for Ihe .ry fcc l~agolllC I'feticl'

4.3 Kagome Inter-Layer Interactions

III t hi' fcc "agollle laltice. each spill illteracts \I'ith its l'if~;I11 lIearest lIeighbors rom of

thl'sl'III'an'stlleighborsaI"einthC'plalll'alldt\l'oofthl'llIlocaledill thl'la.\"('raho\"('alld

t\\"()illthl'};I\·erlH'lo\l·.ltisofillteresttostucl.\·thl'errcctoftheillll'r-plaIH'illter,)(·tiolls

Oil tlll'sjH'cilic heat. As discussed ill chaplC'r 3, lIophaM' Irallsitioll isobsC'I"\"('{1 ill the2D

"agoulI' latticC' \\"hC'1I OId.\· lIC'arest lIeighbors are ill thC' exchallge illtl'ractioll. Based Oil

Ihis fact. de'Tl'asillg thl' illtC'r-};I\'er illtl'ractiollcoefikiC'lIt, .1', tOZl'rOlllust fillallvdl'strm'

IOllg rallgl' ord,'r. becallsl' ill thl' case of .1'=0, the S.,"stC'lll cOllsists of illdq)('lIdC'lIt 2D

"agollll's \I·hidl ha\"(' 110 phase trallsitioll. Oil Ih" othC'r halld. I'XIH'rilllC'1l1s sho\\" thai

the efrl'ct of challgillg.l' call l'xplaill the real systC'1I1. As dC'scrihed ill dlaptl'r 2, till'

fcc strllctml' or 11.1\111:1 IIIH\' show 1101 a pcrfecl cubic (("Ia 1'"1) I,d.ticl', with Llll' \"('ltic,i1

i<dticepar'"l1l't,'r,(",issliglltlylollgerthallill-plallelat.licl'p,mlllll'l.er,I1[JV]

III ordcr to Sillllil,de th" dl"cd of challgillg.1' Oil thl' sp,'cific hl'at, II"!' have used a

1\'1.1 COli" to sillililatl' till' illdl'IJl'lIdl'lIt tl'lllperatun's process IlSillg aroulld -100 (,PUs 011

l\CI"';II,'lllIadlilll'S. !lendl thallhepn'\'ious resullsofellcrgy alld specific heat sho\\"sth,'
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Fi~lIre ,1.6: Silllltlatioll resilits of C vs teillperatlln' for tlie Ill'iselllwrg fcc I,a~ollll' latt ice.

('qlli\'alellce of tlie tlin'(' dilferl'llt procesSl's (sec Fi~s. 4.J to 4.6). Note tliat tliis IHlrl

of sillllllatioll rl'qllirl's \"('ry IOllg lilllPS ill spri,t1 rllIlS. Tlie JD "agolll(' latticp "'itli I Ill'

billice size of 2-lx2-lx2-1 was sillllllated for .ry ilild IkisPIlI)('rg Illodp\;; by cliallgillg tlH'

illi<'r-plalll' illtpl'adioll, 0.05 ::;.1'::; 0.95, "'itli lO7 t\ICS ill tlie ill("'pelld('lll Iclllppriltl!reS

proCl'SS. \\'P sl'l .II-I.

As ('i11l 1)(' Sl'PIl ill Fi~s. 4.7. -1.8. alld -I.!J. decreilsillg tlip illter-Iawr pxcliallge illtpr-

i1diOIl (·opflicipilt. Y. rpdllccs tlic ICIlIJ)cralure of tlip specific lipHI pPaks \'allles wliicli

i1pproilcli zero tClllpCralllrl'. \\'licil J'-+O . tliis local peilk ill Cl!rve liils cOlllplctel~' disilp-

peilred. At 1,)\\· telllpenJtllrps. III lid I lower tlialllliecrilical tplllperatllrc, tlie tPlllppratllrc

d('jH'lld"llc('ofllll'spccificlH'i11 exliibitslilrgef!lIdllilling,dll('loIO\\·;l('('cptallccrilte. 'n,

O\'('ITOIIlC tliis probipill. sig,llificilllt Iy IIlOrl' t\ICS "'ollld Ill' reqllired. As a cOllscqllelll'c t lic

100\'I('IIlIH'rall!rc dala arl'llot illcillded ill Fif!:s.•1.7, ·1.8. All I lie CIlIYCS for tlie.ry 1lI0d'"

cOII\·,'r~(' to 0.5 ai, z,'ro ll'lII pl'l'aI. Ilrl' "'liilp tlip Cl!r\'('S ill tlie Ilpis('lllwrg Illodc\;; ('oll\·,'r~('

illio 1.0. Also, tlic rl'slllis sliow tlial I lip sppcific lieat ill I'lip .ry Illudd is i1l1llost 1"'0

tillll'S ilion' sCllsiti\"(, tliilll 'kisplll)('rg Illodcl to I Ill' valiatioll ill .1'. III ordcr to COlllpilrl'
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Figlll'l' -1.7 Silllldatioll rl'silits of C' ,'S ll'lIlJwl'allll'(' ill .1'.'1 3D Kagollll' wilh difl'l'I'l'lIt

illl<'l'-la~'('1' (·x('hallg(' . .1'.
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Figlll'(' -Ul: Silllld,,1 iOIl I'esll/ts of C' vs tl'1I1peraturc' ill !-Ieisclllwl'g 3D I~agolll(' wil h dil'­

!<'I'('lItill!<·I'-/an'l'l'x('hallge. .J'
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Figllr!' -1.0: Sillllliatioll resllits of til(' positioll ofe peaks for differellt.l'

Sl'IISili"itv ofspl'cific lient. tlie rclalin' \'ariallceofdatasliowlI in Fig. 1.9 is IIsed

XY Model ~=().JG

(,1.1)

Heisenberg Model' ~ = 0.19

\I'ller!' Vr(x) dl'llotl'S tile varinIlCl'ofx. Tllislllnvllll'all tlial.lllaglleticst.rIlCtllrt'oflleisl'll-

herglllodel is Illor!'stahll,throllgli a st rllcl ural pliasetr'l\Isilioll frolll fcc to I'd \\'IIl'r!,tlil'

illter-I".\'erspacillgcliallges.

4.4 Size Effects and the Order of the Phase Transi­
tion

'J() "hSl'IYl' tlie elkcl of lallice SiZl'S 011 tli,'specific heal alld critic,d ICllljll'l'atllr!', Si'll-

,t1"t.iolls \\'itli differ!'111 I,tlticl' sizl's, 1'1'0111 12x12x12 to JGx3GxJG, liave !Jl'l'lI !Jl'rforllll'd

tllrollgliilldl'IJl'lIdl'1I1 Il'lIlpl'raturl'sprocessalldfor107 1\ICS.lllprillcipil'.IIi,'critical

tl'llljll'ratllrc. '1',.. 1IIIIst sliift to tlil'l'xact \'alll(' \I'lil'1I tlil' latticesizl'gol's to illfillitv III



til<' illfillitesystelll, the peak ofspel'ific heat also has itslW1XilllUlll height alld Illillillllllli

widlh: tll('refor("the(Titicalll'1I1p('l"atlll'('l'all hl'(i<'tel'lllilled lIlorepreeiseh' \\'ilha I>igger

V III

o&lO-lI.J..L(,I.J..LI.J..LJ..u..L.cI.J..Ll.J..Ll.u..u.JJl.I..I..I..l.1l.U.J..WLUJ
o

J.u,-lXl.U.J..Wl.l..l.1u.J..LJ..LW.iliu.J..LJ..LW.L..u.u.llll.L1B

I'cmr

Sillllliatioll resll!ts of C of the ]-[eiselllJl'rg fcl' I~HgOllll' latlicl' lI'ith difrerellt

As ('''II 1)(' se('11 ill Fig, ,1.10, whii<' the C ('lIrW with the latti('(' size of 12x12x12

is lIeill'l\' a horizollt,,! lilll', The l'('sldt of J6xJ6x3G lattice size sholl's" clear I)('"k "t

"rolllld'I'=O,·175G, Also, it spelllS thp peak of spPC'ific heal shifts to 100\'('r tellllwratlll'('S

In' ill(Tl'"sillg the lattic,'sizp, sllch a lH'havior has I>PPII reported ill othersillllilatiolls [281,

As Fig, -I.J shO\\'s, the first order lIatllrP of the pha,sl' trallsitioll ill thp,r!J fcc Kagolll('

IlIod('!II'OllldapjleHl'oh\'iOIlSdllptO('xistl'II('eoflhediscolltiI1l1ityillth('ellergyatth('

(Titi(',dlell,!wratlll'l,;hOl\'('\'er,t'heorderoflhl'jlhasetrallsitiolliII till' lleiselll)('rgc"se is

i1llll>igllOIIS, As('alll)('s('('11 ill FigA,5, this phase tmllsitiulllliay 1)(' weakly firsl order 01

,,'(,ollliorde!'. The order ofthpsp jlhasetrallsitiolls \\'l'l'('stlldied !J\'ex"lIlillillghistograllls

of the illl<'l'IIal l'lIl'rg\', First, the illtpl'lla! elll'rg~' of e\Try l'II"'IIII>I(, is sa\'l'd ill all olltplIl

fill' of Ill<' :-'Iollip Carlo ('ode, thpil allolher ('ode, ill Fort rail 90, prodllced thl' hislograllis

G'



ilt ea('h telliperatIlH'. Thl' Ileisl'lIhl'r~ f('C". .".IJ fcc l\a~Ollle alld Ikiselllwr~ fcc l\agOllll'

S\'steIiIS aH' IIsed 10 prodllc(' ellerg\' hislograllls. The AF Heiselll)('r~ fcc is selected hecallse

the lTystallographi(' strllctme of fcc lattice is dose to the fcc I\agollle alld therl' ,m'

11IIhlishedrl'sltltSi\\'ailahlefrOlllpre\'iollsi'dCsillllllatiollwhichshowsafirstordl'rphase

lrallsilioll at '1'=0.,]-170 for a laltice size of 16x16xl6 156].

As call 1)(' se('11 ill Fi~ . .].11. helow (showli ill A) alld abon' (showli ill C) T=O.-1·1J5.

Ill('reisollh"oll"IH'akilllhehistograllls.hllt atthell'lliperatmeofT,.=O.-1·135.t\\·opeilks

,m'Se('11. At this telliperiltlire. Ihere is a discolitilillity ill the possihll' vallil's for illtertlal

ell('IK\·. Thl'se rl'SltitS haw Iwell prodllcl'd ill thl' fc(' Ileis('l1hl'l"~ AF with the latticl' size

o( 2-1 x 2-1 x 2-1 aftl'r lOi J'dCS I.hroll~h thl' illdepelldellt t('lIlperat.llrl'S pro(,l'ss. Thl' sli~hl

dilrerl'IIc<'hell\"('elilTil.i('alt('lliperatmeiliomresliltsalldl.h('rl'porl.l'drl'slillscalll)('l.he

dre('1 ofiattic<'sizl'oli niticall.elllpl'rill.ml' (Sl'eFi~. -1.10)

As call he s('ell ill Fig. -1.12. the histograllls of .".IJ fcc l\agollH' lattice shUll' Ih(' sallH'

pattertl \I·hich ohsl'rwd ill Ikisellbl'l"g fcc AF. 8e10\1' (showli ill A) alld ahoye (showli

ill C) T~ 0.760 olll.v 011(' J)('ak shows the Illost possihle ellerg\' for thl' sysll'lIl, hilt at

'1',. O.7GO III"lI peilks appear. To COllipare \I'ith the Ikiselllwrg fcc AF, these resliits hal'('

1)('('11 prodllcl'd lI'ith thesallH'latticesize. :-'ICS. alld ill th('Salile 1\IC proCl'ss.

Ascalll)('seell ill Fig. -I.-I. the order of phase tnlllsilioll oflhe !-Ieisellberg fcc I\agolll('

I;iltin'isllot as clear as ill the fccalld.,..IJ fcc l\agOilie. 'J'oprodllc(' 1I10H'c1ear H'slIlts, the

laltic(' size of GOxGOxGO \1'aS IIsed 10 plot histograilis ill the illdepelldellt lelllperatllrl's

Fig. -1.13 part 13 shows ,III Obl'iolls discolitilillily ill ellergy 1',lllIes; therl'fore. a first

ord('I" phase I.rallsitioll ('all 1)(' (,ollsidl'red likely for the IJeisl'lIl)('rg fcc I\agollll' lattice.

Also. 111(' disC<lIItilillil.\' ill thc illll'rtlal elll'rgy ill the Ikisellber~ fcc I\a~oll}(, for higger

l,illi('esize.3Gx3Gx3G'lfter 10" 1\ICS, ("()II fi rillS I.he I\"e'lkly first orderphilSl'trallsilioli

ill IllisstrtlCtllre(See rig.-I.l.I). It is iIIIjJOrta lit 101l0t.el.hal.hasedolltheddillilioll

of til(' Delta IIsl'd 10 plot Ihe dala ill Fif!,s . .].11, -1.12, and -1.l3, thl' s(',tles alld rilllf!,l's

O( the D('lla (x axisl's) de)Jelied UII thl' vailies of EM"., awl E."", i1l1d arl' therl'fore 1I0t



Fi}',l1rl'-1.11 SillllIiatioll resllltsofC'ller}',\' hislognllll ill tlwfc(' IkisC'lllH'rgllloc!C'1 at arolllld

'I' 0.-1-1:35
f)l'!/u = arc' thC' lIIillillllllll alld Lhe

IllaXllllll:lll 01 tilccai<"llhllC'd C'lIl'rg,Y aLI'ad LI'llIJll'I'ilLllrl'
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Sillllil,lIioll rl'SlIlts ofc'lIl'rgy hislogralll ill.ry fcc KagOlIlC' latticc at arolllld

/)('//0 = II}}::·;,:II~·I'~:.::;~~,I) x 20UO, wherc EM", "lid 'liT thc' lIIillillllllll "lid the
lIIaxillllllllo[thee'llclll'ltedellergvat l.elll\ler<1tllre

71



Figllre -l.LJ: Silllldatioll reslIlts o[ell('rgy Itistogralll ill l!eisellberg fcc I-:agolll<' latti('(' at

a 1"(111)(1 T 0,-1758

IJI'!III = (I,'i::~',~,'~;'/.:;;~~,I) X 8000, wltere EAf ", alld are tlte lIIillillllllll alld tit"
Illaxilllllllloftltecalclllale<!"lIergyat tellll)('r<1lllre,

72



("Olllpilrilhle ilt dirft'rt'llt tt'lllpt'rallln's.

......

•..
•••

:iIKWO~I>N OA7 (IAn (I,~7~ (lA71> (I.~78 (lAX IlAN2 (I.~8-l OAXr. Il ~XN
hmr·

Fif!,lln' ·1.1·1: Sillllllill iOIl rt'sults of t'UNf!,.\' YS tculJ)('rat urc Hciscllhcrl-\ fc(" l~ilgollll' (L-Ju)

Tll('niticilltclllpf'raturesoft!Jt'tlm't'syslelllsa)'('lisled iuTahle·l.l. T!Jf'I'('ilreSllllll'

pllhlieilliolls\\'!Jie!J discllsst!Jperff'l'I of til(' spills dpf!,I'('t'offrecdOiIl011 t.i1pvaillpoflTili(",d

Il'IIIJ)('riltlll'l'. O,',;pitt' tilp faf't tilat t.i1l'';l'stlldiesr!o 1l0t. focllsoll tilp fec Kal-\ollll' I'ltt.i("l"

lill'\'olltlilll,tlll'f!,l'll('nderfl'doflll('dt'f!,)'(,t'soffrpf'douIOIlI!Jcnilicilltt'lllpt'riltlll'e. Adll'l

illld coll"ill-\uf'';. hilst'd ou tilf'oreticill ilrf!,IlIlIl'lltS. prt'dil'tl'd t.i1t' criticill tl'lllpt'ratUI'l's of

Ilcisl'IlI)('rf!, illld .1'.1/ silllpic cllhic (sc) structures [571. Ot'spitc tile diffl'rcllt stnll'turl" tilc

till'orct i("ill riltio of q;;;. is aroulld ll.u55 <Jlld tile SiUUJiillioll riltio for 1i1t' fcc l~af!,(})IlP is

'1I'OIIIld 0.u2u. Till' ollh' ·1.·1 pPI'('PIlI dC\'ialioll frOiIl tilis tilt'olj' ("illl 1)(' till' erfpd of Iilp

1\110111('1' '1Uillltily \\·i1i("i1 plil)'s 'III illlJlOrlillil role ill dt'I.PrIllillilll-\ tilt' cril.ie,d 1<'11l1H'I'-

,1I11I'l' is tilp 1IIlllJi)('r of IlPilrcst lIeif!,i1hors. I3l'("IU';l' dHIUl-\iul-\ tile 1l11l1l1H'r of 1!Jl' 1ll"II'(',;1

ucif!,i1horSl'iIlISl'Sil flllldalllclltill dlillll-\C illillilgueticsirudureoflilt'sf'sysicilis. tilcilll,Ji-
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Tillie ..J.I: Critical Telllperatllrt·s ill Ikiscllberg fcc, .fy fcc Kagoll\(' alld IleiselllH'rg fn

I~agoille

Strlldllre )10. \'earest :,('ighbors OC'gree of F'reedolll '1',.

fn
X\· fcc Kagoll\('

11eiselllH'rg fcc Kag()IIl('

12

8
8

O...J..J3G
0.7600
O.,17G8

cOlllpktC'iy dilkrellt Illaglleticord(',

/-~:~ /~.....~.

Figllre ,1.15: SillIlIIalioll resllits of (A) 13illder's \~I(I,) \'S I('lllpcrat lire, (13) 1\lillillllllll of
\',(1,) \·s L-:l Heis(',JI)('rg fcc Kagoll\('

III Fig. el.IG, reslllls for th('13illder's fOllrlhClllllulallt \·s tC'lllp('ndllreshow a Illillillllllll

for cad, 1,11'1 in' siz(' (L: 18,2,1,30, alld 36)(s('e Sec. 1.7). The (,esl. CIlrWS art' Iilled 10

III(' di"'J"('I(' poillis of 111(' 1\10111.(' Carlo rt'slllts wil.h Ilsillg 1\lathellIatica software. l3as('d

Oil the posiliolls of IllillillllllllS uftl\('se cllrves. I'he V., (L)li\I'" vs L-:l is plotted ill I.he pari

13 of Fig. ,1.1G. Th(, (,est Iii lill(, 10 the poillts illihe pari' 13 oflhe figllre ha" the slop(' of

-O.!)OI781 This lillear IH'II<'\'ior is allllost Ill<ltched wilh the published resllits sho\\'11 ill



Fig. 1.21. alld prO\'id('s flirt her ,'\'ide-lIn'ofa first orde-r tnlllsitioll.

4.5 Order Parameter and Spin Structure

As ('xplailH'd ill chapter I. thegrolllld-slate- (GS) spill-collfiguratioll ph,,'s a <Tllcial roll'

ill the ddillilioll of the- or. To sIll,\\- lhe- the-rlllal llC'hm'ior of the- or ill til(' JD fn

I,agoll\(' lattin'. \\"(' gelleralize the- 20 q=O GS to JD hv sLackill[; the la.\'('rs as sho\\"11

ill Fig. ·1.2. slIch that Ihe allgle he(\\"("'11 1\('a\"('st-lIl'ighhor spills is 120°. The q=O C:S

t!\('r<'fo\"(' cOllsists ofth\"('(' illter-pe!l('(ratillgsllb-Iattice-s, de-lIokd b.\' 1\,13 alld C, \\"hich

lh,'spills are <Il"rallged fnro-lIlaglletically. ,11Idwhichare-aliglle-d at 1200 toeachothel".

WlliI,' il call he SIIO\\"11 Ihat Illis spill slrllclurc does illdee-d Illillilllize thc cllergy of Ih('

S\·St"III. \\T \\"ill sho\\" Ihat it. is 1101 the- ollly C:S of I.IIC fee Kagolll,'lallin'

Based Oil thc JD q=() GS alld IIsillg tl\(, e-xpre-ssiolls J ..f, ,lIld J.5, the- t"IIII)('ralIIIT

d"IH'lId"II("(' of the O\' for Ihe f'T Kagoille lattice- has he-e-II caklliate-d throllgh Ih,' tlm'c

pro'Tss,'S of coolillg. h"'llillg. alld illdepelld"lIt lellljwrallm's. As slalcd pre-\·iollsh·. 0111

sillllilatiollssho\\" lIodifre\"('lIcc illlhe-ellcrgyofthesysle-lIls for thcdifrl'rl'II1 illilializalilJlls

illlhes,' pron'ss,'s: hO\\"('\"(,1". our resllltsshO\\' a sigllificallt roleoflheillitializalioll illihe

t"IIII)('raluredl'lH'lId"lIn'oflhe or. This isa reslllt ofspill-collliguratioll dcgcI\('raci,'s.

Figs..I.lG'lIld.f.17shO\\·thl't"1I1pnatllredl'pellde-ll(·,'ofthl'O\'illlhe./"yalllllkisl'lI­

IH'rg rcc I'agollleialticl's. respl'cliH'ly. Ascall!H'SCl'II, IhcOrCIII"\"('sohtaillel! hy h,',dillg

til(' S\'slt'llI frolll its JD q=() GS ill both Illodcls ,l\"(' SlIloolh, 1I10llo1ollicalh' de(Tcasillg

fllllctiollsorklllperalll\"('\\'ith 0\'=1 al zerotelllpnature. The O\'eurves ill thl'colJlillg

process arc also sillooth flllICliolls of IClIlpl'ralllrl'. bllt thl'y do 1I0t cOIIH'rgc to Ihe JD

q () C:S \',dll" (Sel' Fig. -1.2) at Zl'ro 1"lIlpCralllrl' (01'<1). III Lhccase of the illd,'pl'lIdelll

1"IIII)(,l"illures proccss. Ih,' r1l1ctlHiliollS ill Ih,' O\' bl'low <Titical Il'lIlperature docs 1101

sho\\" a sllioolh hehm'ior, IJIII illste-ad show IlIallY possiblecolll-igurat"iolls \\'hidl ha\'(' III('

salll" "lIcrg\', Th,' fact Ihat \\"(' sillllilal,' siall's with Ihe sallie ellng.\' IJIll \\"ilh difre\"('111

\'alll"s for Ih" 01' illlpli,'s tllal II\(, syslt'1I1 IIll1St bl' highh' d,'g"ll('ral,'

Allothn illlt'\"('stillg poillt abolll the resllitsoflll" illdl'p"lIdellt Il'lIlpcratll\"(' proCl'SS is
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Ihl' qllalllizalioll ofthl' or al Zl'ro Il'llIpl'ratllre. As call 1)(' SI'I' illlhl' figurl's, the \'ahl('s

of thl' ors lIslIally lie hl'lI\"('I'1i thl' healillg alld coolillg curn's. The extellsioliS of Ihl'Sl'

curn's 10 Im\"('r tl'lllpl'ratllrl' cross theOr axisollival sOllledis(Tel'l poi Ills.

III ord<'r to 1I1ldl'rstalid this dl'g('III'raC\·. it is lIseflll to exalllillr Ihr or of thl' A. 13

alld C slIh-latticl's. Accordillg to Ihl' dl'filliliolls J ..j alld 3.G which arr lIsrd to caklllat"

Ihl' or alld the slIh-latticl' or. the \'allle of rilch slIh-latlic(' ill Ihe total or of JD q=ll

C:S is A: ('OIlS,'qlll'lItlv. alll'aklliated \'idlll'Sshm\'1I ill Fig. .j.l 'alld.j.I!Jml' 1>l'lo\\' ll.:J. III

1111' IlI'alilig proC('S"'S ill hoth 1l1()(ll'ls. all slIb-latticrs, A. 13, 'lIld C, follow II\(, JD q-ll

C:Saligllllll'lIt \\'ith all"lxillllllll possihknlllll'.O.3.at Zl'roll'lIlp<'raturl'

Ilicoolilig proc,'ss, tll'Ooftlll'slIl>-!<lIliceOrsdo 1101 obtaill 1111'oric'lItatioll ofth,'JD

q-ll C:S. lI'hik ClIIC' of t.hl' slIh-lat 1i('(' or COlllplctl'!Y IIlat('hes with thl' JD q=() GS (Sld)-

latlicl' Il for XI' IlIodl'l alld slIh-lattil'l' C for Jleisl'lIl>rrg II10dri cOllvergr to 3). Thl'

illt,'rl'stillg poillt is that 1\\'0 othl'r suh-Ialtices (A. C ill thl' .1'.1/ casl', A alld 13 ill tliC'

Ilc-isl'lllH'rgl'ase) shm\'('xactly Ihl' sa IIII' drviatioll frollllhrJDq-OCSaligllllll'lIt. III III('

1'.1/ S\'SII'1l1 A alld C slIb-latti('('s fillalh' ('oll\'ergl' to arollild ll.22, alld ill thl' Ilc-isl'lIlH'rg

IlIod"l A a III I 13 slIh-latticl's ('oll\'c'rgl' 10 1.7 ilt Zl'ro ll'lllpl'ratllrl'. This 11IealiS Ihat a

S\'llIlI\('lricd"\'ialiolihaso('('lIlTl'dforlhI'Sl'lwoSlIh-latti('es.

1
IJ..\lu =0

X.I/ ,\lode/:
~.\I..\ = 6.,\1(';::; ().IJ

{

6.,\1(' = 0
11"i."'II/wl'tj iI/odd ..

6..'\1 ..\ = 6.II/u ;::; 0.16

\\,111'1'(' IJ.ill"-ll.J-1\I,,alld '1- A. 13. or C

(.1.2)

IlIilld"pl'lldl'llt 1"IlIIH'nlillresprocl'sS('s.llolleofthl'cllrvl'sshowvallll'slo\\'('rtl"01

01' lUG al zero tl'IlII)('r,IIII1'('. This slIgg,'sls that th('\'1' is 'I low('\' lilllit for Ihl' dl'viatioll

fro II I till' JD q=() GS ,diglllllC'lI1.. 011 till' othl'r halld, thl' IIlajorily of till' calclliated 01'

forholhlllodl'lsilithisprocc'ssfoIlOl\'I!l('sallll'paILel'llforat!l'asItll'oofslIh-latlices

Th,lI thc' ohs('I'I'('d hl'l"I\'ior of 01' llla.v bl' I'xplailll'd ill tl'rlllS of thc' dOiliaili \\'idl
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Fif!,lIrt, ·1.IG: Silllltliltioll I"esltllsofthe or "S tClIlpl'l"illlIl"e ill the xy fce Kilf!,Ollll' lIIUdel
L=2..J. '''CS=lO" (1Ie,t1illgillld Coolillg). mld]07 (IndC'pC'ndC'lIt TC'lllperatures)
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Figllr<' ·1.17: Silllldilfioll resilits of fhe 01" ,'S teiliperafilre ill thl' Hl'isell!H'rg fcc I\agolll\'

111\1\1<'1
L 2-1. :,ICS_101i (1ll'ating and Cooling). and lO7 (Indepl'ndelll '!'C'IIlIH'rafures)
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Silllltlatioll resllits of till' slIh-lattice OP vs telllpcTatlll"e for till' x,· fn

:--IC5=1O" (lieatill!!: alld Coolill!!:). alld 107 (Illdepelldellt Temperatures)
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4.6 A Model for Degeneracy

Figl\rc -1.20: DOilIaill \\'all ill 20 q=O CS.

'I'll<' positiolls til(' spills ofslIb-lattice are shown by 81 Ill', SlIb-laltice 13 by H'd. alld
slIb-latticc C by black

As des<TilH'd ill Sec. 1.G.l. thc locations of lIoll-llIaglletic ata illS in fec I~agolll(' lattic('

pel"llliliwoofthesllb-Iatticestosillniltancolislyrotatcbythcang!cof 120° withollt;lIl\'

cosl in the ('lIerg.\' of the SyStCIII. The resllit of slIch a rotat iOIl is showlI ill Fig. -1.2D. As

caIlIH's('{'11. this rotatioll has 10 arr('ct thpelltiH' Hm' of spills illthp latlic{' to ('{)JIS('n'{'

til,' {'IIl'rg\' ofs\'sl{'11I (part 13 ofth(' figllre). IlIlhp JD s.\·StPIlI. this rotatioll has to (){'('I\r

for all spillS located 011 a shpct ill JDspacp. alld thisshpct dcfillcs til(' wall ofa dOlllaill

The!'fr,.ct of this rotation is to illterdJallgc the spillS 011 the 13 alld C sub-Iatticcs. \\·hile

III(' spillS Oil Ihe A sub-I,llt.icc are IIl1changed. The obs{'rvcu patteJ'll of 1.11(' sllb-I,Il,lice

Ol's IIlil\' be Illlderslood ill tel"lllsoflh{'s('dolll'liu \\·alls. This possibly explaills wh\' ill

coolillg pro('('ss,'S 011(' sllb-Iatti('{' O\' {'ollVl'rges to D.J, \\'hile the oth('\' h\"(l sllb-Iattices 01'

('oll\'('rg(' to ('0111111011 \',due that is IPss thall oj. III thp follo\\'illg argulllPllt, we caklllal<'
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111(' <'frect ofdOlllaills Oil 01' ofsub-Ialticl's. Firsl \W' cOllfill(' our sySll'lI1 to a subsel of

11I('latli("(' cOllsislillg of lIill(, spills (ollly illcludillg ollr s\\'itcil ill till' ori('lItalioll) of 111('

LIII i('(' SIIl'\\'11 IIv 1III"{'e orallgl' circles ill Fig. ·1.20. Tllell, t.h(' n'sliit. of tllis silllpk rxalllpk

is ('XI);lllded 10 \\,IH,Ie Lli t ice

4.6.1 Sub-lattice OP in One B>--tC Switch

Pari A1 of Fig. ·1.21 sllo\\'s arrallgellll'lIt of lIill(, spillS frolll q=() C:S III tile diagralll

of spill cOllfiguralioll (part A2 of tll(' (iglll"l') , till' spill ori(,lItatioll of A, 13, alld (' sub-

Llltices ;11'(' sllowlI. Till' sllllllllalioll o\'('r all spillS ill sub-Ialtic(' C is illustnll('d ill pari

A;l. 'I'll(' IIlagllillld(' of Ill(' \'('ctor, R I , is used to calculate till' 01' of Sub-Iatti('(' C (S('('

('xpn'ssiolls :.I,·f i1lld J,5), As call be S('('II ill [Jmt. 131 of Fig, 4,21, 1.11(' t.WO spillS ill orallge

<'flipse an' swildI('d witlloJII, allY cost ill till' ('lIergy of I lie sysl.(,1 11 , TIH' tH'W diagr,ulI of

IIH' spill cOllfiguratioll ofslIb-latlicrs is sllO\\'ll ill part 132 of tll(' figur(', Aft('r s\\'ildlillg

IIl('se SpillS, 11I('lIlagllitud(' of tile (11('\\') \'('dor, R 2, Im.s to be used to cal<-ulal<' I lie or
ofsub-lattic('C'.

Figun' 4.21: Tile wall a(r('cls 011 sub-lattice or
'1'11(' posiliolls tile spillS of sub-Iattin' arc shO\\'l1 by I3lue, Sub-lattice 13 IIv n'd, 'Illd

sub-Iattic(' C bv black



As shO\m in Fig. ·1.21. thl' slIh-lat t in' A (ill hille) relll<1ills fixl'd. 'I'll(' onkr parallll't er

"fsllh-I"ltice C'. 7Il e . ill part A3 Fig. ·1.21 is gin'II!>.'''

/lIe - V1\ll-., + M/,y (.1.-1)

{ ::::: : : ~::: ::: : :::::: 1"5)

\\'h('re" is th<' 1I11111her of spills (:"1=9). L"sillg Eq. ·I.G ill Eq .l.cl gin's:

,\Ie - *'VIlL + ilL - I~il (.l(i)

111 til(' ('X'"IPIc sh",nl Fig. ·l.21, the' IRd=3 givillg ,\1('=0.3, as we expected for th,'

p('rf('ct ,digl1ll1('lIt with Ihegroul1d-statl'. TIl('s'"I1('ilrglll1l('l1(. for the pmt 13301' Fig. -1.:21

i\I('= 1~21 (.1.7)

Th,' 11I'lgl1itlld,' of R 2 is l1eeded to caklllilte I he or of slIb-liltti('l' C, It is prl'fl'!Tl'd 10

calclliate til(' IIlagnillldl' of R 2 . as a scaler qllanlily. ill the X'()j" coordiniltl' s\"sl<'nl

illsll'"d of .\()} "(S('(' Fig. ·1.22).

Y'

Rz X'

·1.22: Thl'll1agl1itllde ofR2 n'llIains i1l\"'lriilnt dll(' to rotatioll of the coordillal<'

{

1l2 ..,., ~ 21S1 - sill(300) lSI = (2 -1) lSI

U2 .,. =ms(3()O) lSI = £j- lSI
(.ltn



T!lI'rel"on', t!\('lllagllitllch'0I"R2 isgin'll by:

alllltlll' 01' ol"sllb-Iattice Cis'

1\1(' ~=O,192-1 (1.10)

nel"on' expallding this l'xalllpk to I!I(, gelleral case of thl' SyStl'l1I \\'ith size of '\xNxN,

t\\"()illlportalltfactsaholltthissilllp!l'rX'lI11plrlllllstbelloticed'

I, TheOP ofsllb-Iatl ices 01" this svStl'lIl areqllalltized, The or isdHlllged In'switehillg

SpillS alld thc' lllllldll'r ol"s\\'ilched spillS are qllalltizl'd III Ihis C'X'II11pk, j\l u "lld

i\1(, dlallgl' by L1ll'sll'pofO,U 2

Theillillillllllll \'aille for til(' 01' ol"sllb-Iatticrs l3alldCisO,l!J2,1. becallseill thecasl'

ol"s\\'itchillg Ilion' thall olll'spill frolll sllb-Iattice C to thr oric'ntat"ioll ofsuh-Iatlic'('

13. I hI' Silll\(' S\'sl<'lli. \\'ith Ihe Salll(' or, wOIII<l 1)(' rl'produced. The ollh' dfrcl of I \\'()

SpillSS\\'itchillg isollh'challge til(' 1;1Iwi ofB '111<1 C sllb-Iatticcs which has llodrc-ct

Oil III(' cakllialed \'ahll's of till' 01' ofthc sllb-Iatlices. As call be sc'ell ill fig, -1.21,

il"twospillss\\'itch.asilllilarsvstellltow!lalisshowllilltheI32partofthl'liglll'l',

\\'()lIld 1)('1'('prodllced, bIlLadirr('1'('lIt label for 13 a lid C would appc'ar. erllerally. WI'

c'allassllllll'that switchillgofic'ssthallhalfofeachsllb-Iatticepoplliatioll isdl'ectin'

Oil Ihe or \'aille of Ihe sysl('1I1. This fact sets '1 low('r lilliit for II\(, n1lclliated 01'

\\'hidl is seell ill Olll' sillllJiatioll reslllts,

4.6.2 Sub-lattice OPs in Domain Wall

To ('xpallli lh(' n'sllit 01' S('c. -I.G,1 10 a systelll with NxNxN latlice size, first \\'t' IlIlISI

cOllsider till' l'acL that Olll\' 4 01' lattic'l' POilltS an' occllpied 1)\' IllagllC'l.ic alOlllS; also, ~

ol"ll,,'s('1I1aglll'til'atollls IIlakl'e,whsllb-lalt"ic('. '1'11('I'('fo1'(" ilia caseol'spills lliakillg the



s\\'itch I3>--+Cthc'COlIIIHIIIC'lIlsor\·c'ctorRillthe.\'O}"coordillalesystelll is as rollo\\x

wll('I'e II i" Ihe 1I11111!>('r of spills Illilkilli!: the switch 13>--+C'. ThIlS, th(' lllilgllitllde of III('

\'('('torRisgi\'ClIll\

~(l . J )2 (v'3 )2IRI = ::t N·I - 2' 1/ t- 2 1/

Silllililr to Eq ·1.7, Ihe OP or the' sllb-Iattice is gi\'('11 by:

(.1.12)

Therefore.

(.1.1J)

\\·11<'1'(' ,/ellll!>e 13 or C'. Eq. ·1.1Jhas illterestilli!: properti('s, SOllie or these pl'op('rtiesme

ilsf"IIO\\

1 TIl<' calclllilted or I'm I'illit(, lattice size (\'=2.' ill our silllldatioll) is qllillltized

'I'll(' discolltillllit~, ill the slIb-llIttice or, 6""1' ill s\\'itchillg the II
lh spill rrolll OIlC'

slI!>-Llftice to 1II1otherOIl('isi!:ivell I)\"

'\ote that ill Ollh' olle dOlllaill \\,,111 ill 20. all or spills all one ro\\' IIIUSt switch. ,IIHI

this 1ll('aIlS II "./2. In the CllS(' oronl.\' 011(' domaill \\'all ill JO, the spills OrOlH'

sheet hil\'(' to S\\'itch lInd this IIIe'aIlS II = '\/2x'l./2.

'I'll(' 01' of 1111 illfillite latti('e is cOlltillllOIlS. I)('('allse the 61\/'1 drops to zero \\,11<'11

Iilltice size goes to illfillit.\

lim D.'\/'I=O
(.1.15)

:1 III the ('as(' of ;'\=2·1. the' poplliatioll orea('h sllb-Iatlice is J x 2.1'1. The 100\'('st 01'.



:\1.\1"" i~ ill til(' statp t hat half of this poplliat iOIl s\I'itches to allot hl'r slIh-lat tilT.

This 1I11'all~ II ~ X 2.(1= 1728.

1\1",,,, = 1\/,/ (N = 2-1./1 = 1728) = 0.1GG(jG7 (1.1(j)

Tllis 11I1'all~ tllill for thp fe(" ]\ili!,OIIl(, Illodel the or ofslIh-lattj("e i~ lililited to IiI' ill

It·j]·

Th(' propo~('d III<Hil'1 ofs\I'itehillg spillS ill a sillgle sheet of Ollp slIb-latti("e to allot 11<'1

olll'pro\'idesa possihkexplallatioll ofsilllulatioll reslllts for thpOr, px("ept at a fl'\\' tl'llI-

p('r;lIlm'sill illdl'IH'lIdl'lIt tl'IIIIH'rHtIlH'spro("l'sSps\\'herelhreedifkl"l'lIl oPS are ("al("lIlatl'd

furA.I3.alldC'slIh-latti("('s.ltisillljJortillltlor(,("illlslI("hresllltsmeil("hie\"('dollivilllll('

illdl'IH'lIdl'lIt tellljH'ratlll"l's pro("ess where thp Sillllililtioll at ea("h t.1'IIIIll'ratllre stilrts fmlll

ralldolll("ollfigilratiolls. Olleexpl'III,lIiollforslI("hIlIlIlSllillpoillts("'llIhetll<'pxistl'11("('

of ~Olile lo("al dOillaill~ ill thp S,\'Stplll ilt lillite tpillperatllrp. As ("illl he SI'plI ill Fig. .1.21,

\\"(o assllilled thilt the SlIh-liltI i("p A follO\\'s thp perfe("t pattern of the q=O GS illld thl'

spill~ of this slIh-lalti("e do 1I0t s\\'it("h ill our lIlodp!. As il IIlattpr of filet, there is lIothillg

SIH'("iill ill slIh-lalti("(' A \\·hi("h lIlakl's thissllh-Iatli("p IIl1iqll(,. As ("illl he seeII ill the q-O

C:S ~h()\\"I1 ill Fig. -1.2. slIh-lilIJi("es 13 ilild C illso ("illl pia.\' the role \\"hi("h wa~ ollly 'lsslIlIled

for slIh-lillti("l' A ill ollr I'xaillple. It is possihk whell thp SyStl'llI starts to prodll("e a

spill-("olJiigllr,lIioll frolll a ralldolll strlll"lIlH,jll SOli 1<' partoft.hesalllplc,slIh-latti("(' A alld

ill oth('\" pmls slIb-I'ltli("es 13 alld C take the role of 1I01l-swit("hillg slIh-\;1II i("l': thel"lofore.

III(' ("ld("lILltioll of 01" for slIb-latti("es ("oilid Ill' threl' diCkrell1 1lIlIlIbl'rs. The illtCl"l'stillg

poillt is that slI("h 1<)(",11 dOillaills strlll"lllre is 1I0t ohsen'cd ill eoolillg illld heatillg pro-

("('SSI'S. This III<'aIlS that illl the walls fOl"lllpd ill thl' ("oolillg am! hl'atillg pro("esses alld

Illajoritv of the poillts ill theilldppelldl'lIl tl'lIlp('l"illlll"('S pro("csscsarepmallcl: ho\\·I'\,I'r.

at (,JI(' 1I1I11s11al poillts (with IIII'CI' diffl'H'lIt slIb-latti("e Ors) SOIlI<' of the \\',dls illierse!"l

I'adl otll('r. The spi11-("011 figuratiollsat 1III'SI'illtl'rsl'("tiolls ililposeilll extra 1'1I1'IK\' 011 tl\(,

S\·stl'III.llIaslo\\'("oolillgpro("l'ss,tll<'sl'("ostlvspill-("oIlCiguratiollsilltheillll'rse("liollsof

III(' dOlllaill \\"alls al"l' ('Iilllillatl'd Iw thl'l"IlIal relaxiltioll, illld fillall\' ,111 thl' dOillilill \\"illis



;lr(' ;di).',I\('d paralll'1. 1I00\·en'r. it III<I~' be possihlc to Irap thesc costly Spill-collfi).',llratiolls

ilia fast coolill).',process(slIchphellolllellollhasllol seell ill 0111. I.esuits dill' to sIO\\· coolill).',).

o(W).l..Lll1.ll.I..1.L.LU..Ll..u.u.Lu.ll.U..u..u..l.l..ll.U.LU..U.l.u..u.LU..Ll..L.1...u...uu.ll.U.1.L.J..J..LU..U..uJ

rcmp

l~i).',lIn' ·1.2:.1: Silllldatioll rcslIlts for slIb-lal I in's ill the Heisellberg fec Kagollle 1I1Of!<'IIISill).',

tl\('IH'II·al).',orithlll.

Coolill).', process, L=24, ~ICS= 10"

'J(, sholl' tll,1I th(' proposed 1I10(kl for eoolill).', ami hcatill).', pron'SS('S h<ls <I ph.vsic,d

SOIlIT('. <llIoth('r spill-lIpdatillg al).',oritlllll has beellllsed. III this lIell' algorithm. SpillS for

1rial dIiIIl).',l' an' ralldOlIlI.\· chosell. Pn'\'ious reslIlts ,Ul' h<lsed on syslelllilt icall}' IIpdat ill).',

spillS Oil til<' latlin'. roll' 1)\· roll'. This lIell" Illdhod rellloves tIl<' dOllbt ahout a hiasl'd

C(JlIIIJllll'rcodl'. Stmtill).',frolliollepoillt illlhelalticealldexpalldinglht'lIpdatillgspill-

cOllli).',lIraliollfrolllthispoilltlllilYlllakethecOlllplltercodchi<lSl'd.<llIdtheexisll'lIcl'of

Old\' 011(' slIh-latlic(' 1I01l-slI"itchillg ill Ihe l'lItire SySt'CIII cOllld 1)(' th(' n'sidt of this hi'lS

('Olllplllt'r c()(I(,. As call he seell ill Fig. ·1.2:3 this algoritlllll also giws th(' Sallll' p'lttl'r!l of

Oldy 011(' lIoll-slI·itchill).', slIh-lattice (13 slIh-lattin') alld the' salllC vallie of dl'vialioll frolll

II\(' pNfed ).',rolllld-state for tll"O othl'r slIh-lattices (1\ alld C sub-lattic('s). This n'slllt



1101 ollk ('oillinus lilp pn'\'ioIlS I"('sulls. hili also silo\\'s lilal tiledOluaill wall ilas a rool ill

lilpg('OludlTOflilp fcc KagoulPlalli('p

4.7 Suceptibility

'I'll(' sus('('plihililips (SP(' S(,(" 1.7) for lile ,fI} ilild Ikiselll)('rg f('c Kagolll(' Ialli('('s ill"('

siloWIl ill Figs, ·1.2·1 i1ud ·1.25, I"('SI)('('1 i\'('I\', Tilp fig\ll'Ps iududp oul\' ilPil1 iug alld ('oolillg

I'ro('('SS('S, Til(,OIl fllll'lua!esh(,IOI\,tilPtTili('al telllJ)('raturcilllilciudcIH'II(J<>1I1 i<'IIIJH'l'iI-

I lin's I'ro('('SS('S (scp Figs, ·1.1Gall(l.J.17), Tilpsusccptihility as deri\'aliolls of Iill' OP i1lso

silo\\'s til('sillll<'discoutilluih' for iud('p('u()Put t(,llIperiltUI"(' ~IC rUIlS, Asa IUiltter of filCl,

III(' ilpatiugiludcoolillgprocesspsexpliliu Iill' real pro('edurcofst IId\'illglil('I'IUilll)('ilill'iUl

ofqllalllitipsslI('iliISSlls('pl'lihilil,Yilslilisluiluicslil('experillleillill prol'cdllre, TIll'l'ipal

1H'i1ks iu Iil(' siulIJlal iOIl l"('slIlI s of I ill' slls('('pl ihiliL~' vs IPlul)('ral me ill Iill' syst CUI wil il

III(' L-2·1 i1ftpr i\ICS-LO" ('ollfinlllilc previous rcsults of pilasc trausitious at '1'('= 0,7G

i1l1d'l'(' 0,·17 ill ,ry ali(I ]-Ipisellhprg 1I10dl'is, r('spcclin'Iv

I~('sulls forlilpslIsccptihilih'ofpacil sllh-lilllic('aHddilled haHedoulilcsub-lalli('('OP

iu Fig, ·1.2G. lil('s(' silllllliJiiou I"('sulls. wilil L=2·1 alld after :--[CS=1O". l'oulinll till' pilasp

Il'iIusiliousallilepre\'ioIlSideulifipd<Tilil'aIIClIlpPJ'aI.IJr('S,III i1dditiou, I.ll('figuressilo\\

i1illlosl 111l'sallll' 1)('llavior ill III<' Il<'alillgalld coolillgpro('csscs, Nol.(' Lilal. Lilcsllh-lill.lil'P

Sllsc('plihilil\'illilpillillgalldl'oolillgprol'psspssilo\vsOU1('ilvHLcrcsis,('spc('iallyllpilrtilp

nitil'i1lt('lul)('rill\ll'p, Tilis isexI)('l'Ipd al a firsl order pililHC Irallsitiou,
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Fi12,lI1T ,1.2(j: Thl' sillllliatioll resliits of slIi>-lat t ices slisceptihilities YS tl'lIIJH'ratlire for the
liloisellIHT12,alld,fyfec!\ap;olll{'lattin'

4.8 Magnetic Cumulant and Phase Transition

Till' <!l'lillitioli of Illal-\ll('ti(' (,llllllllHllt is silllilar to elll'r12,Y ('11 11111 lalll, hlll til(' or replac('s

tlll'l'lll'rI-\Y ill Eq, 1,·10 Thl' Illal-\lll'tic (,lIllllllallt is givell bv

\'t'(I,) 1- J(t:/l;i (.1.17)

Sillllllatioll rl'slIlls for till' Illa12,lll'tic (,llllllliallts are Shm\'ll ill Fil-\, -1,27 All the ('mH'S

('Oll\'('rl-\l' t()O,G at 'J'-O aSl'XIH'ct('<! fnlllllh(' dl'fillitioll illld r('plm'ill12, Ihl' t.IIl'rlll'll aV('I'ilI-\('

\"<!lIl'S for tl,,' OJ> (ahllost I) ill the ordl'red phasl' \\,hidl is forlll{'d helm,' critic,d (l'lIl-

!H'ratllrl' 12ul, The illlportallt poillt CHIl he the positioll of the llIillillllllll 011 th(,sl' plots,

Th('I()\\'('r lllillillllllll \'idll(,is rl'iall'd to 10 the strl'lIp;th of the first order phas(' trallsitioll



III two first plots, thl' sillildatioll n'silits of thl' .ry alld ]-Jl'isellberg fcc I\agollle latticl'

\\'ith tl\('sizl'of L-2·1 ill'l' ilillstrall'd. As call be seell, ill thesaIlle lattice size. the.ry fcc

I\agoll\('sh(l\\'s a 100\'l'r Illillillllllil alld (frolll the previolls rl'silits we kllow) strollger first

ordl'r phasl' tr'lilsitioll. Also by ill(Tl'ilSillg the lat'tice size to L=:3G, thl' Illillillllllli of L!I('

cIIIY('drops dO\\'11 toa 1IIIIIIbl'r'lrOlllid 0.:35. This plot issilllilal' to thl' resllits pllblisl\('d

b.v Challa "lid col!l'aglle [28). but th(' pllblished resllits shO\\' negatin' \'aille at 1I1illillllllli

for the2Dsqllare laltice.

4.9 Thin-films of the fcc Kagome Lattice

To sillllJiaf<' thin-fillllS of the l[eis('IIIH'rg fcc I\agoln(' lattice, we rl'place the pl'riodic

bOlllldary conditioll (13PC) along the z-axis \\'ith frel' bOlllldary cOllditioll. !\('1I10villg till'

P13C' redllces the 1IIIIIIher ofhollds of the slll'face spillS. thereby in(Tl'asillg thl' ellergy IH'I

Spill of Ille SyStclll. The resllits frolll sillllJialiolls performed on systenls 12x12xN. NE

{:~, G.!J. 12}. after ~1C'S=lOli arc present I'd ill Fig. ·1.2 '. The data sho\\' the ellergy pl'r spill

dl'(T('asillg as the Inllilber of layers de(Teases. This reflects the de(Teasillg contrilmtioll

of tl\(, slIrfa('(' spins. The specific Iwal plottl'd ill Fig. 4.29 for se\'eral thickllesses. 'fh('

data shOl\' that thl' IH'ak \\'ith in(Tl'asillg thicklless ill the heat. capacity hecollles 11101'('

prollollllcedalldshirtstoa.highert.enlJH'mtlll'cwith iIlCTcasillglayl'rthicklll'SS.

Silnll\;lIioll n'slllt·softheOPalldsllsceptibilityoft.hethill film areshowil ill Figs. ·1.:30

'Illd .1.:31. \'ote that ill this qllasi-2D systeill. wecallexpeC't that thl'reis 1I0t a true phase

trallsition to long range ordcrsillcc the !Ilodel contains noanisol ropy. 1100\'l'\'er.the

prop('lIsih' 100\'ard IOllg rallge order Wi f\ illCTeases is evident in the sharpening for C' vs

Il'lIlJ,,'ratlll'ealld that the peak 10c,lIion iscoll\'('rging to\\'ard the hllik vallleT",=O.•17.

!Jl
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Chapter 5

Discussion and Conclusion

5.1 Summary and ConcIusion

III Ihis 11l<'sis, 11'1\111:1 lI'as silldied 10 1)('1 IeI' IIl1derslalld its AF Spill-colI(i~malioll alld

IlIagll<'lil' phase I rallsiliOll, This alloy is lI'idely IIsed for pillllill~ Ill(' IIla~lIl'1izalioll of F1\1

1Il<'lals ill spill-\'alve Irallsdllcers, Vmiolls theories of exchall~e pillllilig W('IT rCVil'\ITd ill

ordcr 10 hm'l' a gellcral pidureoflhis phellolllel101I. Asexplailled ill chapler I, ahllost

,dl Ihe Iheories 011 ('Xdlilll~e pillllillg ;Ire hased 011 details of the AF spill-collfigmalioll

ill til(' F:--ljAF hi-Ia,\'('r. This fact was om 11101 i\',iI iOIl 10 foclls 011 the Idllll:! aBo\', 'I'll('

:--Ialozelllofr 1II0dei. l'xplaillill~ the exchallge pillllill~ phel10lllell01l hasf'd 011 ralldolll lield

,'xchallge, is lI'idel\, IIsed ill thcsilllltl,ilioll ofexchallge pillllill~, Accordill~ to this theory,

the' I'OlIghlless ill F1\ljAF illterfal'e prodllces dOlllaills 011 AF smfacl' which redllCl' the

ide,dized eXdlallgl'lidd, 11/,;,1011101'(' realislic \',dlles,

The,'xlH'rillll'lItall'('sltllsshow 111iI1 Irillll:1 has ,Ill fcl'strllelure, NOlllagllelic 1I101ll<'1I1

is dell'cled for II' alOiIlS which O(TIIP\' 25 percellt oflT\'stal poillts al the wrtexl'S oflhe

fcl' sl rIIl'1 me, Therdol'(', Ill(' IlIagllet ic st rllcl me is Ihe fcc l~a~ol1l<' lal t ice \'i"\lnl as A 13C

stal'ked 1~;lgolIll' la,\'('rs aloll~ < 111 > directioll, l\lolllf' C'mlo ('OIlIplller code hased Oil

IIlelropolis,J!goritlllll was IlTilll'III1Sillg F'orlrall90 losilllltlatet.he :--11I-iollllla~lIeticordl'r

'Illd phase trallsil iOll, The code \I"IS lirsl teskd hy silllltialill~ the 2D I~agolll<' InttiCl', A-A

slacked Iriallgllim !;iI,liCl'alld pill'(' fcc laltices, As ShOll' II illlhel'hapler:.l, ollrl'olllpllll'l

l'odeisahieloreprodllcl'pl'('\'iollsl,\'pllhiishedresllits

'1'111' Illaill IIl'\\' resltlts an' disclIssed ill dlilpter.j The ,1',1/ alld lIeiselll)('r~ fcc Kagollll'

!J;:'



systc'IIISI\"('J"('sillllilaledthrolighthreediffcrelitprocesses(coolillg,healillg,alldilldl'pell­

delil. tl'lliperatlll'es). The rl'slIlt·s suggest· it first order phase trilnsitioliS for the .r.'l Hlld

Heisellberg fcc I~agoille lilttice at '1'=0.76. and '1'=0.47. respedin'I.\'. The IlIaglletic order

correspolldsto Ihreespillsoll a triangle forlllillgthe 1200strllclure, illso kllOll"l1 as 'q=O'

alld ''1'1' FlirtherJllore. om resliits for the OP illllstrilte the large e!<>gc'IJ('racy of this

spill-collfiguratioll. A proposed Illodel, bm;cdolidOluailiwall fOrluatiou,s,'clilstoexplaill

tll<'dl'gl'lIeralT oftilissystelii. Forllliltioll ofsllC'hdOJllaills ill t.he fcc Kagolll(' lat.tice IIlay

bea good indiciltioll t'hat :'lillozclllolflllodei isrelc\'ant forcxchallgcpillllillg. Also,solilc

prelililillillT sillllJliltiOlls Oil thill-filllls hm'e bcell perforllled. Peilks lI'cre seeII ill both Ihe

specific he;l! alld the susceptibility CIliTes of the Cillasi-2D systclii.

5.2 Future work

The illdicatioll ofdOiliaill fOriliatioll wOlild be of illtercst to study fmther ill thilll'ihlls

'I'll<' S.\"Jlllllc'tr." of the hulk S~'St<'11i which gin's IOllg rallge order will be broke II ill thl'

2D sl·slelil. This phellollielloll IIlily cause short rallge order obselTable ill fOrillilig IIIHIlY

ralldolu dOlllailis Oil I.he smf'lce spill-collliguratioll of the thill-fillii. 011(' of thl' flltllr<'

ll"Orb call 1)(' 10 illl'estigiltc' this possibilil·y. Allolhn illlportalil e!·recl wOllldl)(' tosludy

allisolropy teriliS added to the Hailliitolliall on the IhelTnal behm'ior of the' s\·slelii. As

discllssed ill chaptn 2. this tCrill is lH'ccssary to COllipare Iliodcl resllits lI'ith the n'al

S."SIcIIi. Also, addillg a Fill laycr to AF t.hill-fihll and silillilalillg the hysl.eresis loop

lI'olild be of illten'st. As the sillllJlatioli of exchallge pillillg was explaillC'd ill chapll'r J,

11 ralldolll rtlughllC'ss is gC'lIl'raledln' n'llIo\'illg thC' lIlagllC'tic 1I1011IC'lIts of SOIlIC' spillS Oil

til<' smface. III the case of a l~agOilie' surfacC'. wheJ"(' the C'xistellcC' of rollghlless of 11011-

lIlaglll'iicatollisillstralcgiclocatiollslll'lycauscralidollldolllailiS, it would beillterestillg

to dll'Ck lI'helher Ihl' ralldolll c'llKelMioli of spills is lTCiuired to see exdtallge pillllillg 01

!J6
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Appendix A

Exchange Pinning and Hysteresis
Loop

A.I Hysteresis Loop of a Ferromagnetic Material

'!'!I(, h,'sl('ITSis loopofil f('!TOlllilgllelie (171\1) IIlilteri,ds!Iowst!Iclllaf!,lIctizatioll vSilpplied

('xl<'rIIi11 lield ill '1 COllipiete c\'clc. Cell(')'all\·. t!Ie h"sfrresis loop is i1 pill!I-dqH'lId('1I1

('111'\'('. illld for Silllple feITOIlla).!;lIds. l!Ic !I.,vslrresis 1001'S aI'(' S.'·I II I1Il't ric \\'it!I n'slH'('1 to

til(' IIlaglJ('lizatioll ilXl'S (S('(' Fig. A.1 1).

-Ms

figlln' A.1: lIysl<'resis Loop of iI f1\I1\la(;erial

Fig. 1\.1 illllstriltes t!I(, !Iyst<'resis loop of iI typical Fill Sillllpl('. As UIII I>e(' se('11. t!Ie

silt1ll'illiOIl poillt isilldi(',Jted In' iI/., l3e.\,(lIJd t!Iesa(;lll'illioll poillt. t!Ie 1I1i1).!;II('tizatioll



n'II1aills fixed. The H'lIll1allt III a !!,IIet izal iOIl of thc salliple is delllOllstrated In' M,. Thl'

n'llllIalll IIla!!,lIelizalioll isllll'rcsidllallllagllclizatioll whell IhecxterJIal field iscolllplell''''

IIla!!,ll('lizalioll of s\'slelll 10 zero. lis displcn's the exterJIallllaglletic field COITI'SpOlHlill!!,

tothesatmatiollpoilli.

A.2 Possible Hysteresis Loop for Some FM/AF Bi­
layers

As Cillll)('seell ill Figme 1\.2, the hyslcresis loop a SySII'11I COlllpOSl'd ofa s'llld\\'ich of

Ihill 17:--1 ,11)(1 AF filllls C,III shift wilh respeci 10 the origill alld aloll!!, III(' exterllal field

axis. TII("IH'ra!!,I'of lin '1I1(IIIC2 is 1I0t zero. This loop-sllift pll('110lIII'II0llwhich iSS('('11

ill FlIl/AI:' II11Jlli-la.yers is c,Jllrd exchallge hi'ls.

~ M

-Ms

H

Fi!!,llre 1\.2: lIysleresis Loop of a FlIl/AF I3i-layrr.

ori!!,ill. UI('oril'lltatioll ofUI(' Illaglld.izalioll of this systrlll is IIlon'slahle thillllll'I!!,II('li-

zal i011 of 11)(' silllpir 17111 layl'r showlI ill Fig. A.1. The ('xchallge pillllillg fidd ads likt, all

nll'rJI,d field \\'hich pillS Ihi' direetioll oflhe IIwglleliz'llioll oflhesyslelll. Fro II I Fig. A.2.

il is oln'iolls \\'hellihe S\'SI<'1I1 is illilialized ill poi lit A, a slroll!!,('r lIegati\'(' extrrJIal field
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is reqllired to flip tli(' 1Iln!-\lIetizntioli tlinll ('orrl'spoll{lill~poi lit (.\/,.) ill Fi~. A.I



Appendix B

Perl Code for Independent
temperature Process:

#I/usr/bin/perl

I ("pgf90HK3D.f90");

for(Sn=24;Sn<=48;Sn+=6)
(

("mkdlIFl1esn");

("cp./gather.p1./FlleSn");

for(stemp=O.476;Stemp<=O.480;Stemp+=O.0002)
(

>ystem("mkdir./Fi1eSn/temperary$temp");
system("cp./a.out./Fl1esn/temperaryStemp/");
,/,ll("echo\"SnlOOOOOOOllO.Ostemp\">./Fl1eSn/temperaryStemp/lnput");

<,src~('echo \"#\S -5 Ibln/bash\"»./FHe Sn/temperary ste~p/sub.sh");

,,'c ('echo \"#\S -cwd\"»./Flle Sn/te~peraryStemp/sub.sh");
S,Slc"("echo\"#\S-NHelsKagomestemp\"»./Fl1eSn/tell'peraryStemp/sub.sh");
sys te~' ( 'echo \" #\S -j y\ "». /F ile $n/temperary Stemp/sub. sh") ;
systcrn("echo\"#\S-oHelskagornestemp.out\"»./Fl1eSn/ternperaryStemp/sllb.sh");
sy., tpm( "echo \ "#\S -1 h vmem=2000~1\ "». /File sn/ternperary $temp/sub. sh");
systcm('echo \"#\S -I h rt=480:00:00\"»./FHe sn/ternperary $temp/sllb.sh");
,stc"("echo\"./a.out\"»./Fl1eSn/temperarY$temp/sub.sh");

,st,"(cd./Fl1eSn/ternperarystemp&&qsubsub.sh');

}
y<t ("cd.,/ .. !");

:,\,,1(': III\JD.fDO is tlie 11'1111(' ofi'dC silllltlatioll ('ode ill fortrall gO.



Appendix C

Computer Code

TIJ('fol!o\l"illgisllJ('FmlnlllDOcotiPforth('coolill[!,proc('ssilllhl'lleiSl'Il!Jl'rg fcc hil[!,OIlJ('

lid I i("('"

lOS



prO<jrilJlpr2
i.plicitnone

r2

Integer::n,l,j,k,t,p,loop,counter,mcsB,counter2.&
si,sj,sk,mi,mj,mk,Q,le

11nputfltcconrawsn=lattlcslZe,loop,mcsG=dlscardedloops

n=l4
loop=lOO090
jl=1.O
j2=1.0
J3=0.9

allocatelph(n,n,n))
allocatelta(n,n,n))
aHocate(x(n,n.n»)
allocately(n,n,n))
allocatell(n,n,n))
allocatelsxln,n,n))
allocatelsyln,n,n))
allocatelszln,n,n))
allocatels(n,n,n))

allocatelssxln,n,n))
allocate(ssyln,n,n))
allocatelssl(n,n,n))
allocatelssxtln,n,n))
allocate(ssylln,n,n))
allocate(ssllln,n,n))

lO6
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mcs8=loopll8
pi=J.14159265

s=1
!Zcros
dok=!,n

dop.;:;3.n- .... 2
doq=O,n'",2

e~~~jt+q'kl=O

IcomputlnglhepOSltlOnofeachsplnor
doi=l.n
doj=l.n
dok=I,n
x(i,j,kl=li·1I'10.51+(j·!)+(k·1)
y(i.j, kl=ll'! 1'10 86602540~1+lk·1)'10 5773502691

~~~' ~~kl=1 k·! 1'10.8164965811

IPutoutthe5plOandmakeKagorne
doi=l,n
doj=l,n

~~~~~~i~va,~uc'n, " Irl

(ar~( ~,j :1~)=l·P~·~ (rl

tali,j.kl= 11·(2'rl)

sx(i,],kl=s(l,],kl'lphll,l,kl)']'ltaILj.kll
Syll,],kl=s(l,j.kl',lph(l,l,kl)' Ita(Lj.kll

~~nfk'=S(Lj'kl' Ita(l,j.k))
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::s~~i=~·nlthen

si=i+l
end if
i! ~~~~q.llthen

else
mi=i-l

endi!

iflj.eq.nllhen

els:j=1
endW

i
+
1

::s:~~~q·l)then

en/i?,1
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sumz=sz(si,m),k)'s(si,mJ,kl+&
szlsi,j,kj·s(si.j,k)+&
szILmj,kj's(Lmj,k)+&
szli,sj,kj's(i,sj,k)+&
sZlml,j,kj's(ml,j,k)+&
SZlml,sj,k)'s(mi,sj,kj+&
szILsj,mk)'s(Lsj,mk)+&
szlsi,j,mk)'s(sLj,mk)+&
SZlsl,sj,mk)'S(Sl,SJ,mkj+&
SZlml,mj,skj's(mi,mJ,skj+&
szlml,j,sk)'s(mi,j,sk)+&
SZll.mj,sk)'s(i,mj,sk)

l~:~~q SPln ... dl~e~t~.~~)Of spIn(l,))

phILj,k);2'pi-r
call ,J',.,,(rj
tali,j,k)=o (l-Vrll

sx(Lj,k)= (ta(Lj.k)j' (phIL],kj)
sy(i,j,k)= (ta(i,j,k)l' (phli,j,kjl
SZ(l,I,kl; Ita(I.],kll

'calculatlngnewpartofSpln(l,J) In enerQV 2
energy2=O
energy2=jl'sxILj,kj'sumx+&

jl'syILj,kj'sumy+&
jI'szli,j,kj'sumz

:il ~ le~~rgYI.~~~;;~2)/tempj

if (w.lt.r) then !notduepledrelurn
phli,j,k)=ph2
tali,j,k)=ta2

:~: ~~' for only SI 1, J ,k);1
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end do
end do

if (counter.gLmcs9) then!dlscard flrstr'lcsO
I(Om~~~~~~=the Energy of Whole system

ssx=O;ssy=O;ssz=O
doi=l,n

~~ ~:::~

::s~~;:~·n)then

si=i+J
end if
ifli.eq.l)then

else
mi=i·J

end if

iflj.eq.n)then

ets.'i=l

end ~rJ+!

::s:~~~q·l)then

en/I?'!

m~
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'c-
Hx C=HxC+sxldp.1+q.kl
HyC=HyC+syl2+p.J+q.kl
Hz C=HzC+szIZ+p.l+q.kl

HxA=HxA+sxl.+p.J+q.kl
liyA=HyA+sy(l+p.l+q.kl
Hz A=HZ~A+Szl :+p.l+q.kl

eoddo
end do

end do

aenergy2=aenergy2+(energy··2)

::~:~~~~::~~~~~~:~~~~~rgy .. ~ I

aHAT=aHAT+HAT
aHBT=aHBT+HBT
aHCT=aHCT+HCT

aHAT2=afIAT2+HAT"2
aHBT2=aHBT2+HBT"}
aHCT2=aHCT2+HCT"2
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end doqoop
!(omputlng(vandll.apa
aenergy2=aenergy2l(loop-mcs61
aenergy4=aenergy4/(loop-mcs6)
aenergy= aenergy/(loop-mcsO)
cv=(aenergy2· (aenergy' '2) 1/10 '~·n'n'n·temp·temp)

NATx=MATx/lloop-mcs6J
NATy=MATy/lloop-mcs6J
MATz=MATz/lloop-mcs6J

NBTx=MBTx/(loop-mcs6)
MBTy=MBTy/(loop-mcs61
MBTz=MBTz/lloop-mcs61

afl=aM/(loop-mes61
aM2=aM2I(loop-mcs6J
aM4=aM4/(loop-mes6J

aNAT2=aI1AT2I(loop-mesGI
aMBT2=aI1BT2Illoop-mesGI
afICT2=aNCT2Illoop-mes6)

aMAT=aNAT/(loop-mesG)
aMBT=aMBT/(loop-mesG)
aMCT=aMCT/(loop-mesG)

kapA={a/olAT2-laMAT"2lI/(lemp)
kapB=(aNBT2-laI1BT"2)1/{lemp)
kapC={a/oICT2-laMCT"2lJ/(lemp)

dOl=I,n

:~ ~:::~
if(s(i,j,k).eq.l)then
ssxt(l,],k)=(ssxt(l,j,k)+ssX(l,],kJ/lloop-mesG))'sli,j,kl
ssyl(l,],k)=(ssyl(i,j,k)+ssYli,j,kl/lloop-mes6))'sli,j,kl
~~~ll~' j ,k)=(SSZI(i,j ,k)+sszli, j, kill loop-mes6)) 'sl i ,j ,kl

end do
end do
end do

doi=l,n
dOJ=l,n
dok=I,n
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end do
end do
end do

!outpUlS
open(15,file=,lhc)')
writeIJ),')temp,kapa,kapA,kapB,kapC

deallocate(ph)

:::ii~~:~:: ~~)
deallocate(yJ
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deallocatel')
deallocatelsxl

:::~~~~:~:~~~:
deallocate!.)

deallocate(ssx)

:::~~~~:~::~~~:
deallocate(ssx!)
deallocate(ssyt)
deallocate! •.,t)

ll5
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