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Abstract

The current-induced domain wall motion driven by spin-orbit torque arising from
spin hall effect will be theoretically investigated. In a bilayer system consisting of a
ferromagnetic layer adjacent to a heavy metal, the in-plane current is injected into the
heavy metal giving rise to spin current diffusing into the ferromagnetic layer due to the
spin hall effect. Apart from conventional spin torque, this results in an additional spin
torque, the "spin-orbit torque" acting on magnetization. We propose to develop an
atomistic model coupled with spin accumulation model to investigate the domain wall
motion in perpendicularly magnetized ferromagnets such as CoFeB/MgO. The effect of
the spin-orbit torque is included into atomistic model as a Slonczewski torque term
strongly depending on the spin hall angle and thickness of the ferromagnet. The effect
of spin-orbit torque tends to be stronger than the conventional spin torque. In addition,
the critical current density required to initiate domain wall motion is decreased compared
with that of conventional spin torque. The phenomenon of spin orbit torque offers a new
pathway to control the direction of magnetization which can be applied for device design

such as perpendicularly magnetized STT-MRAM.
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AT M LENLNAANLTZANTHA (effective field) 1NNTARTN [GANENANT Landau-
Lifshitz-Gilbert (LLG) [14] #19%

oM - oM

S a
—=—yMxHet + —M x— (1)
ot M, ot
i a fo anafianuning (damping constant)

o

Y §e samawlalsuuniudn (gyromagnetic ratio)

M Qs neasuadlunh ner sl wmen
M

s @a RNMZANAINILNIAR NVAILNNTE N LT

Her 08 A8WINLULRANUIZANTHS

ANFNNIT AT UFNNIINOTUIENTLAR WAV AILUNT INLTTY LagWUIINIT

= ~ I & Lo o A A = )
Lﬂawuﬂawaumﬂﬂwmm:muagﬂumumwamaaaumm (1) Fadsenavldde 2
WA LaUWARLINVDIFNATLRAIAINIINNIzHINdanunit In Lsﬁf*ﬁ'uluﬁﬂmwag‘mmau
RUNLNLABNUTZANTHA (precessional term) LAZWINNRBIVBIFNNITULRAIDINTLARDUN
' 2 A o 1 P o val ') o o o P’ a )
BUURIITINUIINNTZdauun T Intatwli i uwl ltun1saasaean i lufan1aduans

%

AuANUNLRENLUENTHA (damping term) G43U7 5 usInIziaInNIzasdIunlana?
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3"1_]7] 5 msmaaumaaaflu‘ngﬂmzﬂﬂ@mwmmamm:mmma [15]

MILARUNVBITUNI LA BNTLLAR B WA NN TU U NLNLARN AL UBNFINITD

a3UeleAI8aNNNT LLG adLANaILaadluaunsi (1) udlwnsdindaunszuanauanidn
3 a dla 6 & dl dl a

TuluszuuazdasRansanauns LLG Naanavasadunasn dsnsiafenivasuunitlnies

Tunaanatadzdunasnaunvii ke lagltaun17Usunds LLG ad%

R _ i ra, - - .
——=—yM xHet + d anM+7/ ! Mx(Mpr) (2)
ot M, o Mg

~ A ¢ A& \ P o < a
Tag M, @a LINLADIA IR LU D ILUNT LN LT LT

a fa arawunananiiaanndawnszus Wi T lwszuy
A ' & Y A A ~
ANFUNIIN (2) NUIRBININLINVaIRNNITAIBLIRaLTuaun1snIsARaud
LULUAYIIBUASULI IR BIFNNTNNGTIN LLG LRZWANNENNYIRNM T T WAL
N NNDLRAINITLAR A BN LU URIIIVDILNN T N TT UL HDINNHAVDIFTWNDTA WA
RO WNAINFINITDUNANIILAUINBRIDATINWIINNUNITLARAUN LU LR U2INLAAIN
] (=3 a A dl ‘3 s a 1 ¥ gv 1
FUWNLNLAANUITZANDHA mazmuagﬂﬂﬂﬂmaﬂfl‘:ﬂauﬂszuavlwm HANIMNBLINUINNIT
A ~ ' P o A a & A ' A a ¢ Aa
LAROUNULLURUNIVAIULUNT NI TS T AN AN VLT DL TIR IR Aa NI DUNaINANANI
LI BN ULTIRIINLAA N IWINLULAANUIZANTHA LazzFINAlRaDwNasnaNnanig
= L 1 v = e o v Qs = Qs a = Qs Qs 1 =
LA EINWRINR LALINT It unl Itun3aas a9 Ul uAen1 9@ s A AU R WINLNLAAD
A a o & ' A ~ ' A A ' A a & A
U ANTHA LAIN8T% LalafauNLUURIIIzdd1aaadtlaunTinidninaanadunasnd

AANIIATINUTNNAULIIRIIINAA N RUINLNLRANUTEANTHE WRZIZRINE bALUNTH b Lar
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Spin ransfer torque

= = A = o A o € A a o
3"1_]7] 6 TﬂiLﬂE‘]E]‘Wﬂ‘lla\‘iLLﬂJﬂ%vl‘Y]LGIi“ﬁ%Y]Qﬂﬂiz‘Yl'ﬂ@]Uﬁﬁ%“ﬂﬂiﬂ‘ﬂLWNL?ﬂﬁJ’]l%iZ‘UU [15]

= 6 6 1 o (% % Mt n'ld 1
nmsdnsdnngmsaiadunainnuirdududasldnszuslwwnanannden
dl ¥ v v Q U?: v o va =1 Q
ganninadewd ldlulavsaiedagautu udildfenvesuanniosunisly
° A o8 v o @ A A °
funslawuaannfosudasldsadudadinavesnsaivgunisafeunveaiiung
3 ndg 1 va o = o 1 o d'l ni
lawudsi5h daanlddnisriinsdnsuazildgniswaminisaiugunsiafaunves
o v  aa A A o A o % o
funwslawudreiinisuoulndiNenazanuwavesnzug iWwinsuanidaslaudng
[ ' % A A ¢ A ,&’ s 6 [ =Y [
lavsains udlisz@nnmaesadunainfigediu lasandudnngminiadusaiinnadn
. . 4 A ¥ 2 - . D
(spin orbit torque) [16] T93Tn1simunInIRaLENTMWluNIAILgUNITIARaUTITaY
Auwdlawnlaanindsnsedunasnuuuidy lagdthasvinmsdaunseusinwan iyl
v o < A 'Y < o WV | = .
laviaineingaatu Gatlsznavudrn Tuiagf lifianuiduuaiindn (nonmagnetic layer)
A 'Y & o a A A & oa
Fafumaniin (heavy metal) uaztwizginasluuniudnwiaisunintudas: (free layer)

é’agﬂﬁ 7 Imaa%fwﬁa:mﬁ'aqmawﬁaﬁu%nmiamiai:mha%’ui’aqﬁﬁé’umﬁ%mizmw
. . . . { ' A o . a
aduuaz291A93 (spin orbit exchange interaction) Ndfgedainllgnisfiadsingnisal

&a & ad A2 o~ o A v x> AN A \ & A
gduaasinnain 'Jﬁﬂ']s%ﬁ]ﬂ&lﬂ')']lﬁ]’uﬁuﬂ@]QGIT’Ja@]“ﬂvlallllﬂ'r]l]LﬂuLLNLﬁaﬂﬂLﬂ%ﬁ']@l

9 9

RN LLD

Mh CO Free layer
——
" Pt Nonmagnetic layer
e N J

P a &a I
3UN 7 maiesduaasinnain [17]
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wunwAnaIANInatue lalay ﬁ’m'ﬁﬂauns:ua"lﬂvxlﬂuumi:muLiTﬂ"lﬂ&Luﬁ'ufaqm@;
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windsssnarinliifiadsingnisotadngaas (spin hall effect, SHE) [18] Ftiln
U H . N . o 1 I3 & [ %
Usngnisaimsssduadu (spin polarization) 1ma@;uwmaﬂ FyasenuUngnivo
gaas (Hall effect) [19] NldaTuranisasninaasdianasan lasdsngnissiaassas
a & A a b ' @ o P A v 2 a = A A o
mmmwaumzl,l,a"l,wmvlmmma@lmﬂmu%uﬂﬂgaﬂmmm ALANATAUILLARAUNGDE
& & A o o o ¥ § ¥ ' I P ' o &
AMNLSIA R LA AaTInwIN U NUNIZLE TN LﬁaﬂauauwLLaJmaﬂ‘Luﬂﬂvgow’nLa:@m
INAUUHWIRQIIRAUTILIMANN TN ALBIANATaUTENTIUTInAITUT (Lorentz force)
g Py—— A o o X Y >
sﬁamwalv\aLanmaumwﬂizqaugﬂwanmuvl,ﬂagmuuumawammmaqua:ﬂszﬁ;mﬂ%

gﬂwﬁ'ﬂvlﬂagﬁﬂﬁmmmmufaq @"’agﬂﬁ 8

U 8 mafadnngmsnizaad [20]

luuaadoanu dnngnsoladugassaziianiazsusdunusiimwauaudng
o e 4 a i a & o o o a
V0ITRQTIQWIN TafianveIsdunuTi s uiIneci19Iag RNz iianass
o o A X . i @ A A« A
Tunuaosduduuazaduad (spin up Uaz spin down) a93LN 9 MIFzENVBIBLANATALN
= cida > v > |A a > > gl‘ a v o 6
fadundneanannuiunuwegnuinaseuvesizgmguiniidunaunainy Jauwus
paygdunuaaiin (spin-orbit coupling) [20] tiaaNUauNRTNTLARaUNVIBLENAIDH
A ) A & a A A . ] ] A A A
Falauniludianaseuasinisiafonfiutseanidusassin druusndanisiafoud
WaRIaLAILaduazdIuNigaIfan I ImyuIawilaa Ujaunutainninafanivaes
A& ¥ a & o A o 1 A & A ¥ o Aaa
dinateuitaziiatulailadiusinnnszyindedianasen doussiidunaansuasnsenves
auriuaaiiin (spin orbit interaction) tladinzua W lnaruingsgwin Bilinavaud
&/ v =) U:’: L= ¥ L g =) v v
faduduazum iy nawnluludanmsasannnunszualwn T gsusaseuduladin
A o o A & Aa o A o o o

wiirelagmanin uazdiinaseundadussaziwnlldsvevdnduvasizgmeniinlas

Y o = A ' < a
VLN@a(]aqﬂﬂaquLLuL%aﬂ%qﬂﬂqﬂuaﬂ GITGLmﬂ@l’]dﬁ]’]ﬂﬂi"lﬂQﬂ"liﬂi‘e’lam\i{LLuU@‘lx‘]L@m
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Charge
current

3UN 9 mufadsingmsaladuzead [21]

naandfsunnsvasadunveaidnazviliifianszuaadn (spin current, Jy) &9Wa
’Lﬁaﬂuﬁazauag’u’%n UVDUALLNANIFIHUFT Y NANIIAITFIH BT UV INTE IR D WY
AANAUVWIBAUNANIINITIARVDINIZUFFT U UM 10 AMNBWIDBAnIzLARo WA bl 1w
ﬁﬂmwad‘*ﬁ'uu&imﬁmwaﬂummuﬁﬂﬁagﬁ'ﬂﬂ NUSINIWIBUGADVBINIFDITWIZLAA
ﬂizmummamﬂﬁmwﬁ‘ammwdnaﬂmaa&ﬁnmammzumﬁ%Len%’ulufua”a@;
LULARNLWNAIITUUNLWAN HAINNIT IMATAINTELERIWHIZ NI AeuLadfiani1ua
= R a 1 094' s 1 =3 a (% a A a J o v
Ll,smuvl,mén"ﬁuslumnmsamalmma&;meaﬂLWaﬂimeu@n"lm usIdaNnadunazyin
a dl o u?: % 1 =3 a va dl =3
m@msmummaﬂuhmma@;LLaJmamWaﬂmmmumnlmmnﬂazluLLaJamﬂmﬂuLLm
. Q; Qq/’ & [} =)
2w (in-plane) laanid luluauanslaveadsadussuimaninaslsuunudn azfinng
= A ~ % \ =< \ ~ @
LU R RINANIIVDILUN T NLTTI L UITEWIL WAIINANTANHIWLIVLUNT b LT 194
& . « A & A A <& o °
TuwRIILNMA WS ITuu AN wRIVsIL Aswiladlufianisasainle laanisingis
v e ‘3?: ] a & a g wa
MgO [22] ¥UsenunnuTuanshutAanWaslsuunuén Gﬁamimu@ﬁﬁqmam@hmi
A a ' . [ ' <3 a a
wWisuudasfianisunuite (easy axis) vasizquatniniwaslauanudnainlufianislu

LI TEUULL R T WAAN1IAIANALNWEILN

spin Hall effect

c
spin current f

&

37U 10 maddsuudssfiarmsveasuunitlnistuiidunanndnngmssiuaesd 23]
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o & A A o a o A % o o
muumsmaaumaomuwﬂ@LuumuLﬂaaummm‘sﬂaummammuammﬂﬂlu
LLm‘szmumaa‘[maaﬁ”']ﬁa@;m@qmﬁﬂLm:a'ml,ajmﬁmWaﬂsmeu@ﬂ mmmﬁmimﬂﬁ

NFNMSI LLG NAanavasaduaasinnasn lasltaunisUsuues LLG asth

%wmxﬁeﬁ+%X%”HSH(MX(MX&)) @)

1 o A 6 & 1 =1 ™ 3 a
Tagdnr M @a  LInaasniknibavaIkunit inissuluiudase
~ A A v o & = A
G fa AenenIRIRIBad Wl daTuniimanWas SNt AU INTLFRT %
A ' ' = A o A a ¥ ¥ A &
H,, @8 mau’mLL@Jmaﬂmumm‘nm@mﬂmsﬂauﬂizLLa"LWW’mﬂi’mgmim

sduzass

Aswusaimanmiieainiiiandnngnisaisdugass (field due to the spin

hall effect, Hgy) asfigtuuuvasaunynads

w = IUBQSH Ja (4)
7OeMst

=)

- ) 4 a . . 4%
Wa 6, @8 Spin Hall angle FiadunoiesanaIwseninInTeua W ndawd 1y

LANIZLRITUNFINITOUNT LUNUSII WIa 86l aizmw'ﬁ'ui'aq

. Ao dranunuiuduvesnszualivindauidrglassaineiag

=

' 4 a A A -24 -1
My fa RURIYVDIVDILUNUABUDINAT 9.274X10 J-T

7o
L

A

8 9aNEInLSLUNLUGAN (gyromagnetic ratio)

Dp Dp

) ANAMNNTIUITUEN TN AT ITUUNLUEN

AMNFUNNIN (3) WUIRBINARLINVBIRNATAUL T uaunIsNITARauN
LUUAYINBUATLI IR VBIFNNTNNGTIN LLG LRZWARNENNYDIRNNN T T UWANALN Y
% A A A ' A o A A &
NN ALFAINITLAR WAL LURIIITDILUNT NI T WL eI NNATaIadwaasiNNasn
NUIRIHEIINNATNRINITDRAANIILAINURIAATINUWIN NN NITLAR DN LULRAIIIN

a 1 =3 a a dl c? s a bt ¥
AN UINLNLRINYIRNINS maz*’uuagﬂﬂﬂﬂmamsﬂauﬂsma"l,wm

mu?a‘i’uﬁﬁﬂmiﬁnmqmauﬁ'&%aLszm§ﬂ°1|am°'a@1Lwaﬂmumuammzms

A = ° A o € °
maauwmaamuwﬂmumwammﬂizqn@ﬂ‘*ﬂumiaaﬂLLuuqﬂ NIMRUILAMUILUY
racetrack laavia ldnistafewnvasiunslainwazandodsngmsoiadunaiadaaald
ﬂszLLa"LWW']mwanﬁﬁﬂ'ﬁgomﬂ Immﬁiﬂﬁﬁoﬁwmiﬁﬂmuazw“’wu'm’lsmuqums

2 A o o & &a & A a v o
LQRB%WTQGHWLLWGI@LN‘HI@Uﬂ']ﬂﬂﬂi']ﬂs{]ﬂ'ﬁmaﬂuaaillﬂﬂaiﬂﬂtﬂﬂlulﬂﬁx‘lﬁiﬁﬂ'}ﬁ@!
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W\Iaﬂmumuamm:i’a@;m@mﬁn (Heavy metal) \NONIZRAVUIAVBINTLLR MWIANBUEN
d' (% bt £Z 1 £ s ] v a Aa 6 d' J = a
maaﬂaumg‘[mmmamqLL@lﬁﬂi:awﬁmwmamﬂummwgwu MIANHINGANTTY
LLa:aﬁmsﬁnwmzmsmﬁauﬁmaaﬁ'm,wﬂ@L&Jumﬂluiﬂsoa“fwﬁa@!aaafuﬁﬂizﬂmm”asJ
5’&@1LWaﬂmwﬂLuﬁﬂﬂizﬂuﬁmﬁ'ﬂfﬁqm@mﬁﬂﬁgmTaJLﬂﬁauﬁmmsﬂaumzuavlwm
mouanidngiuvesizgmeaninainaliiiadnngnisaladueaiinnainfiviinmasde
5:M1&°ﬁ'u5’a@;LLa:ﬁﬂﬁLﬁ@mimﬁauﬁmaumnﬁ"l,msﬁﬁ'umyluﬁWLLwaI@Lmu NILARAUN
maaﬁmwﬂmwummlm‘“ﬁ@; waslsuunuwdng u1Tnasuny lamaunITa a1 -a WA TN -
Aatdsa (Landau-Lifshitz-Gilbert, LLG) NAanavasaduaasinnasn ulapiazyvinnis
ATMIafaunvasaduiiaaila g dr1eA5n13d 1wt TIa187 Heun scheme LAz
mimwamasJL%ﬁmﬁzﬁlﬁaﬂﬂﬂgjmsﬁwmmmmwL%’Lumsmﬁauﬁmaaﬁqu
A A A A o A A o v o a A A
Tawun szaziian LLa:mzLLmﬂqmmLﬂuﬂsma‘nuamq@wm‘lmﬂ’m,wﬂ@waumaauﬂ

2. Janlizain
Nwispivinnsansnisedenddunslaiwululassars HW/CoFeBMgO 7
FuLaRaua2uadneosoNNesn F183TNIR NI LTIAILEY LN ERINTINEVDIRTUE DS
fnnesniiddonnuniisvessiunslaium (domain wall width) A5 InsLaRaunY4
funalatamn (domain wall velocity) uazszezidanvasiunalatn (domain wall shift)
3. A5AURWNITIVLATHANITATHID
Nuwisuilazrinnisdniinnuissasniugasdiwnanlawn nsdwImAasT
AMINII8ILATIRT19TEG CoFeB/MgO wazmIRTINMsaaewivasiuwslawnly
1a39819 HM/CoFeB/MgO TR NIREIFI IS DUL USR03 LB D UM

RUNINILAROUNVAILNNT INLTTY LLG a9Teaziduada i

3.1 N1TANWIBAIAINAINHUIIVDIIEA CoFeB/MgO

TUSIAULINATAINTANBINATAVBILNUNI INLTTU (magnetisation dynamic)
[ . & a A a o @ o a &
mulwizquimanesliuunudndidenuidydanisvauwdsz@nninzasgunan
| o 4 = ) ! @ v @ & | @
wihaNd asnnenuiilunstiuiinuazdudoyanuimisldwdinuazinagnu
aMunuiuIaINIzua ¥ Inna (criical current density) SaidunszualWnfitesnga
Y Qs a L ‘&’ T e L= Q
nldlunsnaufianisasunnitlniatuussinagnug mautananaiavesuwniiniossu
IuwizquamdniWeslauaniudniug lasanufiwaiavasuunitlnotuaaninaiue
X a & | a as§ . . o a 4
ladramindiaasanuniisvasiaidsa (Gilbert damping parameter) Gaiduninfiiaas
ALRAIDINTENLOUNRINUITZTATNNAINUABUBN (extrinsic energy) NUWUNT INLoTU
2 @ i X i @ ' & Aa ~ v A °
Fadunasaunislu (intrinsic energy) vasdgquiininiWaslauaniudn dagtuiinai

759 CoFeBMgO fifiduaulalalnidgsuazasainiuszuivvasfduunlslu
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nazud W Ingadesuszsanaliliwasnudlunsiufinuazarudays asiu lasaaing
189 CoFeB/MgO %'iaLﬁuiﬂsaaﬁ”waﬁLﬁm:awﬁm%’umsﬂwmﬂi:sqm@“l,%l,ﬁaw?umqﬂmtﬁ
RUILAMNIUULTTUNTA
winfwesanuniizesiadianmuluiaquiinianuddydanisesnuuy
1 o & =) v 1A =) a a
RUILAMNIUULITULNIANINTIRINITOANED 2 3T LA AT TINAaaILazI s 1T
nuf lasnsfnmdipiinadmesasivaldinafiamsuwasvesiaquaimaninasls
a . . ﬁ a { o v a >3
wUNLWAN (ferromagnetic resonance technique, FMR) Fadumnaianrinliiianainves
LN INLTTHAENITY D UWRIINWITNAEWAN e T TaUIN LN IRANAWANIINNLAR
Tulasan mnﬁfuwm‘"@maol,l,wﬂﬁvlﬂwﬁ'umﬂui’aqLL;imﬁngﬂ’S'@@T’;W”’;’S’mmimﬁﬂ
A s =} % % a 6 1 a a6 1 =
LRZLURWNAIAY B ILUNT LT LT w1 dL e a3aNURIITaIRaLTsa at19 LA
MIIANIINTLADTANURUIVIRALTTA LI TNTLTINARBIN AN NTUTA LA LTI AW
’Lum:mumim%wi’a@;LLa:msmaaa Sa"tﬂndwﬁuawﬁﬁﬂ%&hﬂgaém%‘umimaaa
s (% =1 o 1 L= nid d'l ci 1 >4 ~ Qs
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= s =} C™ 2 ada a a v a a 6 A 6
mMIfAnEINaIavasuanit s sITMadingearsaunisuawand andaed daidie
(Landau-Lifshitz-Gilbert; LLG) lesuanufianatndunsnany mMIsRasmnsindenivad
= L v o U £ a 6 [ dl dl v
LN INLTTUAIFNNTT LLG sududasldwiiiaasainuniiinmuizsuiNalvnis
Awimilianugndas Taan1 IR R BAAINITINLAaTANNRUIIVIAALTTAN LT LT
abnswaiavasuunitinioduazldinanmmaneas nagudnddias 9 (0.01-0.1) n3a
o U a o v . . . . & o {
ANNNITAIWIUAI8ITNITAIUIIMA 8 first principle calculation T3tTwN1TEIUIHN
@iauiwﬁ'usﬁaml,a:zjamﬂ AU HALINNITRNIITUINITIALA 8T A URUIIVD I
fAaidsalulaseashs CoFeB/MgO drunuitaasinquananluszauazaau (atomistic
magnetic modeling) A18&YN1T LLG N1SRINTIUNGI8ULLIIRBI IuITabasaanazrinle
RIUITDEIWIBNITINLA DTN UV IN LT TANNAIINHNAYDINBIIN AU L BLAS
wa"’amumwaﬂmam"’a@;LL;J'mﬁﬂvl@i”uam:ﬁmuwnﬁﬁma§mmﬂmwmﬁmﬁ§@1ﬁﬁwa
PAIWAIINHRAIBWIT A1AINAINRIIILUIZENTHE (effective damping constant; a; )
WaduwrmArnsfiauniileininavadiag CoFeB/MgO Nilnugndasuas
ROAAFAINUAINIA LAANNNITNARDILED  IINBUAIAINANURUIIUTANTHAANINA1IDY
) o oty =} Qs n:i a &’ o v
Qﬂm"lﬂmmmwmmammu"lmLsﬁmuﬂmmummlumuwﬂ@muluimomw
HM/CoFeB/MgO dia'ly
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M —y _ya
T T e e R ®

dl 6 ‘:é ] =1 R 1 = a a c!!
Wa M duwnneainioningvasuaninoswiss H, uswmasdmanyszininads
U2 NaUMRWINLNIAANAEWAN FuINLa balanyail ammm'mﬁﬂ@ﬁﬁ FUWINNLAAN

v a @ L= { A [ =) =) a v
AMN3aN uazawINLRuRuTuaNUAa SyawandinanyszBntnasuisofarson e

nadalnilouaduluuadida (classical spin Hamiltonian; H ) @984A13

H: 7_(exc + Hani +7_[app + %ip (6)

Wa H,, Aewasnudfdunusuanidiow M, Aewdsnuuenlalalnsd 7 fa
WaIBUWRANABRENUAE K, Aowdsnuaasniwanuduudimin laowasnu

v

1 ¥ a g Q/ 1 =3 A A ¥
e Bz NaY AN EJFL%LLE‘]Zﬂ’] El%E]ﬂ’Jﬁ@]‘ BAUEARNDIRINITINDDUN EIVL It

3.1.1 WaINUUAFUWUTLANLURBY

wé’amuﬂg’jé’uw"’uﬁimﬂLﬂ§slmzwj'maflumulm”ﬁqmimﬁmﬁmmﬁfluﬁ'agﬂﬂﬁ
funasdszautunasaulndidpsnuanfanistenrivsainain sdwndidlans
mﬁiauﬁ"l,ﬂayﬂuaa%ﬁﬂaa (orbital) MlnaAssuaziianissaisasvasaduluiianisuuwin
wiaasatutiy lasvaldufaunusuanidouszninsadusmanioutaiu 3 dezian
laun

1) Ufjsunuslasasd (direct exchange) 6‘5\1Lﬁ@a’mmmaﬂLﬂﬁsuﬂﬁﬁuwyufmad
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Short-range-direct exchange interaction

é
\ Y J

long-range-direct exchange interaction
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v J [ 1 a & R 1 v
wisdasduagiuyuszninfianiives S, uaz S, B9 naananaaIadouaunIyle

,Hexc :_Z‘]ij |S| ||Sj |cos@ (7)
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=
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p]ér Anti-ferromagnetic

> ra/rsd

d' 1 ci A v % 6 t-ﬂl > 1 =3 %) ' =3
El]“(] 13 rmwLLammﬂwﬂgmlwuml,aﬂLﬂaﬂumaa’sa@y,l,umaﬂLWaﬂma:’m@;meaﬂ
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3.1.2 WaduLawlalalngd]
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ABSTRACT

We theoretically investigate the temperature and thickness dependence of the effective Gilbert damping constant (
a) in the CoFeB/MgO system using atomistic spin dynamics. We consider a high damping constant at the interface
layer and low damping constant for the bulk-like layer due to large interfacial spin-orbit coupling. We find a strong
dependence of the effective Gilbert damping with film thickness in quantitative agreement with experimental data.
The temperature dependence of the effective damping arising from thermal spin fluctuations up to temperatures of
400K is weak with no apparent change over the studied temperature range. Interestingly we find the temperature
produces a different effect: a statistical fluctuation of the Gilbert damping parameter for a given relaxation induced
solely from the finite size of the system. This statistical variation of the Gilbert damping is an intrinsic effect and
important for spintronic devices operating at GHz frequencies where the dynamic response must be carefully
controlled.
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Temperature and thickness dependence of statistical fluctuations of the
Gilbert damping in CoFeB/MgO bilayers

Sutee Sampan-a-pai,! Jessada Chureemart,! Roy W. Chantrell,> Roman Chepulskyy,’
Shuxia Wang,> Dmytro Apalkov,? Richard F. L. Evans,” * and Phanwadee Chureemart'

LComputational and Experimental Magnetism Group, Department of Physics,
Mahasarakham University, Mahasarakham, 44150, Thailand
2Department of Physics, University of York, York, YOI0 5DD, United Kingdom
3Samsung Electronics, Semiconductor R&D Center (Grandis), San Jose, CA 95134, USA
(Dated: January 23, 2019)

We theoretically investigate the temperature and thickness dependence of the effective Gilbert damping con-
stant (&) in the CoFeB/MgO system using atomistic spin dynamics. We consider a high damping constant at
the interface layer and low damping constant for the bulk-like layer due to large interfacial spin-orbit coupling.
We find a strong dependence of the effective Gilbert damping with film thickness in quantitative agreement with
experimental data. The temperature dependence of the effective damping arising from thermal spin fluctuations
up to temperatures of 400K is weak with no apparent change over the studied temperature range. Interestingly
we find the temperature produces a different effect: a statistical fluctuation of the Gilbert damping parameter for
a given relaxation induced solely from the finite size of the system. This statistical variation of the Gilbert damp-
ing is an intrinsic effect and important for spintronic devices operating at GHz frequencies where the dynamic

response must be carefully controlled.

I. INTRODUCTION

In recent years, the CoFeB-MgO magnetic tunnel junc-
tion (MTJ) exhibiting high perpendicular magnetic anisotropy
(PMA) has been extensively studied since it is a promising
material for applications in data storage devices including
spin-transfer torque magnetoresistive random-access mem-
ory (STT-MRAM) with the requirement of high density data
storage and a high tunnel magnetoresistance (TMR) ratio
[1-3]. Apart from high interfacial perpendicular magnetic
anisotropy, there are a number of experimental studies report-
ing that CoFeB possesses high thermal stability, low critical
current density for magnetization reversal, high TMR and rel-
atively small damping constant [1, 4-6]. For spintronic de-
vices it is important to understand the magnetization dynamics
of magnetic materials used where the critical current density
for reversal process, operating speed and power consumption
are significantly related to the dynamic behavior. The speed
of the dynamic behavior is characterized by the Gilbert damp-
ing parameter & describing the dissipation of energy from the
spin the system to the heat bath[3, 4, 7, 8].

For STT-MRAM, the Gilbert damping parameter is partic-
ularly important as it counteracts the effective anti-damping
term induced by the spin transfer torque (STT) and in gen-
eral the intrinsic damping should be as small as possible to
reduce the write current enabling us to downsize an MRAM
device[9]. The Gilbert damping constant was investigated as
a phenomenological quantity and measured with several tech-
niques. To obtain the Gilbert damping constant in experi-
ments, the dynamics of the magnetization can be measured
by means of a ferromagnetic resonance (FMR) technique and
then the damping constant can be given from the line-width

* richard.evans @york.ac.uk
 phanwadee.c@msu.ac.th

behavior of ferromagnetic resonance spectrum [3, 10, 11]. In
addition, the FMR combined with all-optical time-resolved
magneto-optical Kerr effect (TRMOKE) using a pump-probe
technique has an advantage for estimating the damping con-
stants [7, 12, 13]. Theoretical first-principles calculations
have predicted the damping constant in FM/NM system indi-
cating an enhancement of the damping constant with deceas-
ing thickness of film due to surface spin scattering[14, 15].
The appropriate value of the damping constant is neces-
sary for a theoretical investigation of magnetization rever-
sal in CoFeB/MgO/CoFeB MTJs for STT-MRAM applica-
tions. In this work, the temperature and thickness dependence
of the effective Gilbert damping of the CoFeB layer in the
CoFeB/MgO system are studied using atomistic spin dynam-
ics. The system is modeled considering a high anisotropy,
high Gilbert damping monolayer in contact with the MgO
layer coupled to a low damping, low anisotropy bulk layer
away from the interface. Physically the origin of high damp-
ing at the interface is expected due to the hybridization of the
interfacial Fe layer leading to a strong perpendicular interfa-
cial anisotropy. In general spin and lattice fluctuations are ex-
pected to contribute weakly to the Gilbert damping at temper-
atures significantly below the Curie and melting temperatures
[16] The spin-orbit coupling provides an energy dissipation
channel for precessing spins at the interface. We note that here
we only consider the isotropic part of the Gilbert damping ten-
sor. It is known that in macroscopic experimental samples
the Gilbert damping is a tensorial quantity[17] owing to mag-
netic inhomogeneities. In our simulations we simulate a small
volume of the sample which is exchange dominated and so
the off-diagonal components of the tensor are negligible[18].
The dynamics of the system are modeled using the stochas-
tic Landau-Lifshitz-Gilbert equation at the atomistic level us-
ing the VAMPIRE software package [8]. Subsequently, the ef-
fective damping constant is extracted from the magnetization
trace. We find a strong thickness dependence and weak tem-
perature dependence of the effective Gilbert damping. In ad-



dition, we find a statistical variation of the Gilbert damping
for a given relaxation process driven by random thermal spin
fluctuations.

II. ATOMISTIC SPIN MODEL

The effective damping parameter ¢, which is an empirical
constant, can be considered from the magnetization dynamics
of the magnetic layer. In order to extract the damping constant
from magnetization traces, the magnetic system is modeled at
the atomistic level by using the stochastic Landau-Lifshitz-
Gilbert equation[19] given by

S Y

= — -5 (S X Beff) —

W (1+a2) [SX (SXBeff)](l)

Yo
(1+a?)
where S is the normalized the spin moment, 7 is the absolute
of gyromagnetic ratio, o is the intrinsic damping damping
constant and Bg denotes the effective field acting on local
spin moment which can be determined from a classical spin
Hamiltonian describing the energetics of the magnetic system
written as

T = — ZJ,"]‘S,‘ . Sj *kuZ(Si : e)2 - |H9| Zsi : Bapp; ()

i<j

where J;; is the nearest neighbor exchange integral between
spin sites i and j, S; is the local normalized spin moment, S;
is the normalized spin moment of the neighboring atom at site
J» ky 1s the uniaxial anisotropy constant, e is the unit vector of
the easy axis and |y is the magnitude of the spin moment.
The first term of spin Hamiltonian represents the exchange
energy. The anisotropy energy and the external applied energy
are represented in the second and third terms respectively.

Besides the energetics of the magnetic system provided in
the spin Hamiltonian, the demagnetizing field and the thermal
fluctuation field should be taken into account in the model.
The inclusion of the demagnetizing field is calculated sep-
arately at the micromagnetic level using the macrocell ap-
proach to reduce the computational time [8, 20]. The magnetic
moment of each macrocell is determined by the summation of
the atomic spins within the cell. The demagnetizing field of
macrocell k containing spin i is given by

3(u, -ty By —
By = 4@ (M- Trg) 3kl Uy 3)
T 1k |7k

and

Ratom

=4 Y Si (4)
i=1

where ; is the vector of the magnetic moment in the macro-
cell site [, o is the permeability of free space, V is the volume
of the macrocell, ry; is the distance and fy; the corresponding
unit vector between macrocell sites k and [ and ng,,, is the
number of atoms in each macrocell. It is worthwhile to note
that the dipole field is assumed to be constant over the cell £
containing spin i.

The thermal fluctuation of the spin moments arising from
the effect of temperature can be taken into account in the
atomistic model using Langevin Dynamics in the formalism
of Brown [21], under the assumption that the inclusion of tem-
perature can be represented by a random field term [22-26].
The introduction of the thermal fluctuations into the atomistic
model enables the study of the ferromagnetic-paramagnetic
transition. The statistical properties of the fluctuation field
(Bi, (7)) represented by a Gaussian distribution are given by
the following equation

(Bin(r)) =0
(BB = 22 5500y,
)71

where i, j are the Cartesian components, By, is a random
field with the Gaussian fluctuations, 2akgT /(1Y) is the fac-
tor measuring the strength of thermal fluctuation, kg is the
Boltzmann constant, T is the system temperature in Kelvin, o
is the damping parameter and |y| is the absolute value of the
gyromagnetic ratio.

To observe the spin dynamics including the effect of tem-
perature in the atomistic model, the thermal fluctuation is rep-
resented by a Gaussian distribution I'(¢) in three dimensions
with a mean of zero. The thermal field on each spin site i at
each time step (Ar) can be calculated as follows

i _ 20tkgT
b0 =Ty T ©

Consequently the effective local field which includes Zee-
man, exchange, anisotropy, demagnetization contributions
and a random thermal field acting on the spin site i in the
atomistic model is given by

1 0%

Beiii = — 17— 5
Il s,

+Baipx + B - @)

The dynamics of the magnetization can be investigated by
substituting the local effective field from Eq. (7) into Eq. (1)
and then the standard LLG equation can be solved numerically
by using Heun integration scheme [8].

III. RESULTS

In this work, we aim to study the thickness and temperature
dependence of the effective damping constant in CoFeB/MgO
structures via atomistic calculation. Initially, we present the
calculation of the precession frequency of the magnetization
of a CoFeB layer representing a useful test of the atomistic
model in its prediction of the dynamic magnetic properties.
The system of CoFeB/MgO with a dimension of 20 x 20 x 2
nm? is modeled considering a high anisotropy, high Gilbert
damping monolayer in contact with the MgO layer coupled
to a low damping, low anisotropy bulk layer away from inter-
face. The magnetic properties of CoFeB are considered as an
average magnetic material properties of all elements and the



non-magnetic MgO oxide layer is not included in the simula-
tions explicitly as illustrated in Fig. 1. The magnetic proper-
ties of CoFeB used in this paper are obtained from direct com-
parison with experiment[27, 28] and shown in Tab. 1. Here
we include an enhanced interfacial exchange due to the strong
hybridization at the interface [29] to obtain quantitative agree-
ment with experimental data for the temperature dependence
of the magnetization [28].

TABLE 1. Magnetic parameters of CoFeB/MgO system

Parameters ‘ CoFeB (interface) ‘ CoFeB (Bulk)
damping constant (o) 0.11 0.003

Jij (INink) 1.547 x 10720 7.735 x 10721
Us (UB) 1.6 1.6

k, (J/atom) 1.35x 10722 0

To observe the precession frequency of magnetization in
CoFeB layer at 0 K using the atomistic model, the external
field ranging from 0.1 to 10 Tesla is applied along the z direc-
tion to the structure where the initial magnetization is aligned
to the angle of 30 degrees in yz plane. Fig. 2 shows the dy-
namics of the y component of the magnetization and the pre-
cession frequency with different external magnetic fields. The
relaxation time and precession frequency are evaluated by fit-
ting the magnetization dynamics with the function given by

M(t) =Aexp (—%)cos(ant), (3)

where A, f and 7 are the amplitude of the magnetization,
precession frequency and the relaxation time respectively. In
Fig. 2 we show that increasing the magnetic field reduces the
relaxation time but increases the precession frequency of the
magnetization, as expected. Our results give a good agree-
ment with previous experimental studies [3, 4]. This verifies
the correctness of the atomistic model as a useful tool for fur-
ther investigation of the damping in CoFeB/MgO.

A. Thickness dependence of the effective damping

The effective damping constant which is the intrinsic prop-
erty of a material is next considered through magnetization
dynamics using the atomistic model. The CoFeB system with

CoFeB interface '3

L

X y § wrc:;\"es pul

FIG. 1. (Color online) Schematic of the simulated system: the white
and gold spheres represent the interface layer and bulk-like CoFeB
layer respectively.

the dimension of 20 x 20 x ¢ nm? is considered as a bilayer
system consisting of monolayer in contact with the MgO layer
coupled to a bulk layer. To verify our approach and the cor-
rectness of the magnetic parameters of CoFeB used in this
work, the thickness dependence of effective damping at 300 K
is calculated first and then compared with the previous exper-
imental work of Ikeda et al. in Ref. 1. To calculate the effec-
tive damping constant of the CoFeB system, it becomes pos-
sible to compare the magnetization dynamics obtained from
simulation with the analytical solution of the Landau-Lifshitz-
Gilbert (LLG) equation for a single spin [8, 19, 30, 31] aligned
along the x-axis for a field B applied along the z-axis and given

by,
ayB . YB
M,(t) = sech (1 " a2t> sin ( T a2t>

ayB vB
M,(r) = —sech (1+ a2t> cos (1+ a2t)

M,(t) = tanh ( 1(:)/22 t) : )

Simulation of magnetization relaxation is therefore per-
formed in order to calculate the effective Gilbert damping pa-
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FIG. 2. (Color online)(top) Magnetization dynamics of CoFeB layer
with various external fields obtained from the atomistic model (bot-
tom) and field dependence of precession frequency of magnetization
in CoFeB layer
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FIG. 3. (Color online) (a) Time evolution of magnetization com-
ponent of CoFeB system with 2 nm thickness at 300 K after a 30
degree rotation of the equilibrated spin configuration. Points show
the analytical magnetization components and dashed lines represent
the simulated magnetization. (b) Comparison of the effective Gilbert
damping constant of CoFeB system with different thicknesses at 300
K obtained from simulations and experiments in Ref. 1: The line is
linear fit on 1/tcopen, Qefr = 0.003 +0.0189677 /tcopes- The simu-
lated thickness dependence of the effective damping quantitatively
agrees with the experimental data.

rameter as a function of film thickness and temperature. As
the system has a high anisotropy, the magnetic field is a func-
tion of the z-component of the magnetization. This precludes
the use of the analytical solution for a small fixed field in
Eq. 9. We therefore use a large magnetic field of 10 T in the
approximation B >> Hy = 2k, /U for the relaxation simula-
tion so that the solution closely approximates the analytical
solution. The system is first equilibrated with a 10 T applied
field along the z axis. A uniform rotation of the thermally
equilibrated spin configuration is then made to initialize the
magnetization to an angle of 30° in the yz plane. The relax-
ation of the net magnetization back to equilibrium towards
the z axis is then simulated and the effective damping can be
extracted from the magnetization trace by fitting Eq. 9 with
the simulation results. From the above equation, we define
the coefficients k; = li}fz and ky = 1};%, where the effec-
tive damping constant can be expressed in term of k| and k3,
Ot = ki / k2.

We first study the magnetization dynamics of a CoFeB sys-
tem with 2 nm thickness at 300 K as an example simulation to
calculate the effective damping constant. After thermal equi-
libration all of the spins are coherently rotated by an angle

of 30 degrees and the system is then allowed to relax back
to equilibrium under a 10 T applied field. The dynamics of
the y and z components of the magnetization obtained from
the atomistic model is shown in Fig. 3 (a). Subsequently, the
magnetization components are fitted by using Eq. 9 where
k1 and ky are coefficients used to match the dynamics of the
magnetization. We consequently obtain the effective damping
constant for this case, Qs = 0.0113, arising from the con-
tribution of magnetic damping from both bulk and interfacial
layers, showing a small enhancement over the expected value
of o¢ =0.0107 for this thickness. Now we turn to the thickness
dependence of effective damping constant at 300 K by varying
the CoFeB film thickness up to 20 nm to make a direct com-
parison with the experimental measurements in Ref. 1. As
demonstrated in Fig. 3 (b), the value of the effective damping
can be explained in 3 regions. The magnitude of « steeply de-
creases with increasing thickness of CoFeB film below 2 nm.
For a thickness of 2-5 nm, the increase in CoFeB thickness
leads to a linear decrease in the damping constant. However in
the case of CoFeB thicknesses above 5 nm, the magnitude of
a becomes nearly constant and close to the damping constant
of bulk layer, & = 0.003. This can be understood as follows.
For thin films the interface contribution is the dominant con-
tribution to the effective damping and due to the small finite
thickness the dynamics are essentially coherent within the film
thickness. For thicker films the enhancement of the effective
damping constant is governed by the bulk damping constant
as some degree of incoherent relaxation is allowed, so that the
spins far from the interface relax more slowly. We note that
the origin of this effect is the finite thickness of the film rather
than temperature effects as we also observe the same behav-
ior at zero K. As demonstrated in the inset of Fig. 3 (b), we
also observe a variation of the effective damping as a function
of 1/tcore. The linear relationship between o and 1/fcopen
is not observed for very thin films where some non-linear be-
haviour is seen. This is likely due to additional thermal fluc-
tuations at small sizes giving an additional contribution to the
damping from thermal spin waves. Our results are in excellent
agreement with experiments in Ref. 1, confirming the validity
of magnetic parameters of CoFeB/MgO system used in the
atomistic model to calculate the effective damping constant.

B. Temperature dependence of the effective damping constant

So far we have considered the magnetic properties of the
CoFeB/MgO structure and confirmed the applicability of the
atomistic model for effective damping calculation by mak-
ing a direct comparison between simulation and experimental
data. We now consider the influence of temperature on the ef-
fective damping constant of CoFeB/MgO system with differ-
ent thicknesses ranging from 2 nm to 20 nm. To evaluate the
effective damping constant, we perform atomistic calculations
including the effect of temperature induced thermal spin fluc-
tuations in the range of 0-400 K. Due to the small size of the
system, we perform 30 independent relaxation simulations for
each thickness and with different thermal fluctuations. Each
simulation uses a different sequence of psuedo-random num-
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FIG. 4. (Color online) (a) The simulated temperature dependence
of the mean effective Gilbert damping constant of the CoFeB/MgO
structure for different thicknesses extracted from 20 stocahstic sim-
ulation runs. The data show a weak temperature dependence and
strong thickness dependence. (b) Temperature dependence of the
standard deviation (o) of the distribution of simulated Gilbert damp-
ing constants as a function of film thickness. The data show a strong
finite size dependence of the distribution of the Gilbert damping pa-
rameter, with a 30% deviation for 2 nm thick films at 400K.

bers for the stochastic thermal field in the atomistic model,
thereby representing a different statistical sample.

The simulated temperature dependence of the mean effec-
tive damping parameter for different thicknesses is shown in
Fig. 4 (a). For each thickness, we find that temperature has a
weak influence on the mean effective damping parameter, and
is essentially constant in the temperature range 0-400 K. This
observation is consistent with experimental studies [32, 33].
From our statistical samples of the relaxation dynamics we fit
a Gaussian distribution to determine the scatter in the effec-
tive damping parameter. The standard deviation of the effec-
tive damping distribution as a function of film thickness and
temperature are plotted in Fig. 4 (b). Here, we find a very
strong thickness and temperature dependence of the distribu-
tion. This effect is essentially a statistical thermal contribu-
tion to the damping due to the finite thickness of the film. As
the film thickness is reduced, the thermal fluctuations become
much more important to the dynamics and lead to a large devi-
ation in the effective damping. For films thinner than 2 nm the
data becomes noisier due to the larger thermal fluctuations at
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FIG. 5. (Color online) Simulated relaxation dynamics (points) for
a 2 nm thick CoFeB/MgO film at 7 = 400K. For different random
thermal fluctuations, simulated through a different psuedo-random
sequence, the same system displays (a) low and (b) high values of
the effective Gilbert damping constant (fits shown by lines).

elevated temperatures and so the fitting to obtain the Gilbert
damping is challenging. However, we expect that the trend
of increasing distribution of the damping with decreasing film
thickness will lead to a much stronger effect at 1 - 1.5 nm
CoFeB thicknesses used in devices.

To gain further insight, we show the simulated relaxation
dynamics for the 2nm film thickness at 400 K and the fitted
damping parameters in Fig. 5. The data show a clear differ-
ence in the effective damping owing solely to statistical varia-
tions of the thermal fluctuations at small sizes, in this extreme
case showing a factor two change in the effective damping
of the system. The system in Fig. 5 is identical in every re-
spect. This is a previously unseen phenomenon, where the
Gilbert damping is usually assumed to be a material constant.
Indeed, the average Gilbert damping shown in Fig 4 is es-
sentially independent of temperature. Our findings are of im-
portance for nanoscale spintronic devices, where reliable op-
eration depends on a tight control of material properties and
dynamic response. The purely thermal origin of this statistical
variation of the damping is intrinsic to the finite system size
and unavoidable and presents a potential challenge for devices
operating at high frequencies in excess of 1 GHz.



IV. CONCLUSIONS

In summary, we have investigated the thickness and
temperature dependence of the effective Gilbert damping
parameter of CoFeB/MgO bilayers which is promising
material candidate for spintronic devices and spin-based
logic systems. The system is modeled considering a high
anisotropy, high Gilbert damping monolayer in contact with
the MgO layer coupled to a low damping, low anisotropy
bulk layer away from the interface. We find a strong thickness
dependence of the effective damping in agreement with
experiment, and an imperceptible temperature dependence of
the mean effective damping in the temperature range 0-400K.
We note that the parameters in our model are only effective
in that they include the role of the specific sample defects
and disorder. Surprisingly, we find the existence of a strong
statistical variation of the Gilbert damping for finite sizes
systems owing to random thermal fluctuations. This intrinsic
thermal contribution to the dynamics of the system will need
to be considered for high speed spintronic devices operating
at frequencies of 1 GHz or more. The random fluctuations

may also partially explain the observed statistical variations
of the reversal in pulsed STT switching[34, 35]. Here we have
only considered the isotropic contribution to the damping
tensor but simulations of larger sample sizes and nanoscale
devices would allow natural magnetic inhomogeneities to
appear which could enable a direct calculation of the Gilbert
damping tensor and will be the subject of future work.
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