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Abstract

Project Code : MRG5980225
Project Title : Thermally assisted domain wall motion in the presence of spin torque

Investigator : Asst.Prof. Dr. Jessada Chureemart, Mahasarkham University
Asst.Prof. Dr. Phanwadee Chureemart, Mahasarkham University

Mr. Sutee Sampam-a-pi, Mahasarkham University
E-mail Address : jessada.c@msu.ac.th
Project Period : 2 years

Abstract:

We study thermally assisted domain wall (DW) motion driven by the spin
transfer torque. The bilayer system containing domain wall is injected by the spin-
polarized current. The combination of atomistic model and the spin accumulation
model is employed to investigate the magnetization dynamic within DW and spin
torque effect. The inclusion of thermal effect is taken into account the atomistic
model as the random field. We found that the thermal effect results to easily
initiated DW motion. Interestingly, the magnitude of spin transfer torque is larger
for a case of non-zero thermal field. As a result, it consequently leads to lower
critical current density

Keywords : Domain wall motion, thermal spin torque, atomistic modeling
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AdeilfhmstauLuuTaessEfuozneu (atomistic spin model) va¥an
wiwmdnifielflunsinvimainvesaliunIsuunilnedudenaniesanuavesauiy
UsyAvBnatazsunavesauniiintuiomeluszuuldin auuwindnameuen aunieu
lolalns¥ aunuuanidsu aumsind s uazaumgungil luszfuezaey Tngaziiinag
finsandamfuguuuuiiassnsazauatiu (spin accumulation model) Bslgvimssiaungy
wuasansaraualuiufioldfinnsasaiiorindussisowaniudeuiifinsevintnis
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1. @Un15 Landau-Lifshitz-Gilbert equation (LLG)
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TueAdeiléFnvmatrvewunimedumeluiundamuivadlag Tneldauns
waun1d aNdnd Aadidsn (Landa-Lifshitz-Gillbert equation, LLG) [1] Taei3u91nn1s
NTUEUNTUAUA AL ENTRG (Landa-Lifshitz equation, LL) [2] 99nANdNRussening
TnuduiuanAulumuddundagy angular momentum, L) vasdianasouluniinamans
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a = 1 < a a . . = 1%
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Uduiusuaniuasu (exchange interaction field) aunuwaulelylnsd(anisotropy field)
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e¥aquaiimanaziliAnusedadefifiamadimauuwiménaiouen denalinsiadoud
yosusndlmaduiinisdaisesmuaususivinyssavsuatsnisindouifiiusadaunnsgii
Sonin nMseAeuiuuunias (damping motion) Iﬂaﬂmm%aﬁuaaﬂmﬂﬁauﬁwamqgﬂ
o3urefeAAsTinTmmae Kafu auns (@) ifinisfiarsamaresnisiadeunuuniis
anansasdeuluadladsaunis
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— a — —
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dlo @, Wumasiirnuvteildluaunis LL
wioghslsAmuannis (5) Ssfidedrinlunsihluuszndldau lesann aunns LL
awnsaesungldlamylunsdidiasiinnumirdlaies doundailsn Ifausaunisi
ansnesurensiadouivessnilmeduiicnnafirnuminseglutag 0-1 [3] FuSenauns
i aunisuauam awded Aauddn (Landau-Lifshiftz-Gilbert LLG)
M = _7GMXHQ_,;- +&anﬂ (6)
ot M ot

g ¥ Wudasdulalsuuniuiinveiadse waz o, fie Aasianuniiwesiadse
WeNAsuNaNN1T (6) wudauns LLG lugUvesiaidindimnugaennlunisiiuin
Wewndnatves oM / or Mdestsvesauns 3elavinnisdngulntdvesaunis LLG Teglu

sUiuy LL Feiilaaunis LLG Tusuuuuitdieuasagainyu fsil [4]
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NauNsA (7) wuimarusnazuansduseiinsevivounndlmediluiianisvauseu
ammﬂazﬁw%ma%qL%&Jﬂdmmﬂ?{auﬁt,l,wmu (precession motion) wagnaifidesionis
\AADUTILUUMNY (damping term) Fauanafausannsevhdeuuniilmedulvifidamadeatu
auulseavisna nsieasufivesuunilyeduilinonuavesussdniaosdruviliuan e
Fudnisindouiiunuutuneslvlufianiwesauinusyanina lnefiaunuunzuansd
AusaluntsuywinvesunlnedusovauuudinanUszdvsng wazAeanuaninig
wasuluuunthadmaunUseansua winilneduaziianudlunisedeuiilaunnse
tovTugfuruaan

9MN@UN1S LLG equation Fadunsiinsaniseidouiivesaluniowundlmedu
fesnanuavesauuwivinuseavsuaiosesufendadsliausoAnnaiiiowainnig
Younszualniisindsfinasonisidsuudasiianavionisindoufivesaduseiiownain
mstleunszualniineuendilulussuy nssualnihazmiionivhliiausdanserise
alufiSeninalunasn (spin torque) vlwdusedmfufuuanmioainwssdniingin
AuuiwEnUszavsnadaidlihetenismuaiisnseaunilnedy dufulunsionsan
mMsiadeufivesaluiifnnavesalunasnsnduasdossiunavesauualusuivaunis LLG
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fuuunilnedulufaquaiménsinlfidausedafinssidenun dlnedunazdimanis
WaguwUasiianavesuunilnetu wazdignihuusegndldlunisauaunisindeuives
undlaiy femgiidanudnduiisdodnuiiotumsauguiimnaeswnlnedy
aeluiunslannganldlegisdeunssualitanaeguenudiazviliAnussdansgyine
wunilmedulumundaw sofunsanwatuneinidlanuddysenisfinnsanaves
Aemauunilnedunisluiundlawu

nstounszuailululassaietagauduagiliAndunsisensenivatuves
nszuafiienuuuduiuuunilnsduresiuiu dwalinssuaatuneeuinealuly
wadeufuwndlneduvesiuiiu Sasennsvuaion nszuaatulnanlsd (spin polarized
current) Nt unszuaadulnanlsdozndouiludeiudassiiuundlmsduiianuise
Wisuuladld uazaniindunsisendnadiseninnssuaatufuuundineduluiudaseds
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Electron flow
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SUTt 1 nszuaumsiiiedungluiutaguimdnilednsdeunseualifineuen
Usngnisalatiunesn iatuanufduiusuanddeu s-d senivaduvesnszua
Aunnillniedu esnnnaves fauwusalunefnIwiliAnussdnaeuuufe alfisunin
930 (adiabatic spin torque, AST) uag WsUBLALUIANNEIN (nonadiabatic spin torque,

NAST) [5] wainadisguil 2 uaganunsaiiarsanteanauniseelull

NAST P
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M
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v a

U7 2 Sumsisenssrisunndlneduluduwimansleslsuundnguiiu (m ) Auwunidlnig
Fulutuuiimanimesisunniifndudasy (M) dwaliiinfAssiAsuidnnesn (adiabatic spin

torque, AST) Wag UaUBLALUIRNNDIN (nonadiabatic spin torque, NAST)

aliguIRnyesn (adiabatic spin torque, AST) @ansalluunaiuivesnsiaaoud
wUUNUN AV kLSl turestudassiwudldus seiludianisnednuiuwun dlnedulu
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nszuaalulnanlsd p Aednsndrulalsuuniufin (gyromagnetic ratio) M Aawuniilng
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v s

waniUdeu s-d Ufdunius Jeagvibiuunilnedulutudassifiamisesnainuuivesuniily
wulutuiu 158071 UsUBLALUIANYMBTN (nonadiabatic spin torque, NAST) #9A2I3LLTS

a v

299590 UH AN WULAIUNITITNDST b F9aUnT [6]

T, =b(MxM ) 9)

TN b ABWIS1TLADSYRIATUNDSTN
Tun1siansannsiraaunveswund mwduniglununalauanuisafansailean

a1n15 LLG NAnnanavasnsealwinnieusn sesieazidunsalul
3. #1n15 Landau-Lifshitz-Gilbert equation fiAnuavanseudlninnieuen

nmsteunszuaaliurinulassaislanuimanuazdmaribiioussdanserimawund
Ity losanufduiusuaniae s-d seninaluvesdianaseutuiunilmeduniuly

[y 1 13 v

anuilmvan uagiindenulfduiusuaniuasuisaunis
#,=—J ,mM (10)
FeanunsafinsansavewseUnatuinsaranauldlugyvesaunuldnuaunis

H,--Pa_jm (1)
T

Fatuanaunisi (7) e fesmunnnisindsufivesuundlnduiifionsanavoussOnves
atulaanunsadeuegluguvesaunisissialy
@z_—szx(H(_ﬁ. +J,m) LM (Mx(H,, +J,m)) (12)
i (iva) (i+a’)
e H 7o auuLwanyUseansua
fio nnwesuilmthsvesunilnetu

I 1Y 1

Ao dmsndulalsuuniuin (gyromagnetic ratio)
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Weawnlunuiteifiansannisedeuiivestunsdauuiinasis fiduniousie
aunuulinanUszansnaaunsafiansanléainauns LLG Tnenisindouiivasuuniilvisdu
melusundawuiinsdsunamuulidedu duuddianusnduiiavdoddisnsds
Faw esannnisuiaunisnisweasuiuunilneduiiennaasialuduilden Tne
Frsdeiaiilddmiunisuinnisiedeufivewunilneduivaieds deduanidded
AonliiSnssesvaniu (Heun scheme method) TasnisAuinnsiadeufivesuunilnedu
Suduseiinisiwandsiavessiass Eulen) dadunsauufnsiuasuulasunies
sunilnstusuuidadulutisnaiduy uwiegslsinunisuszanameumisheisnisess
wosvliiimanueaimadounn fiduleinsuiuusiinsumisiiavessiassiile
anAAMLARIALAA DULAT ARSIt AN s Tuld oIS seeeiany Tnedl
Fumoulunismuraniufuandsnisyiunesiunis (Predictor algorithm) Tneld38n1s
AUIULTIFILAVDDYLADS AIANNT

M =M, +AM! (13)

t+1,Euler
Tnsrreyiusvesuundlnsduifonalamzauiuusimanyszavsuadinaingaisudu t
anansafinsanldanauns LLG fail
;:a—M:_—yz[MtxHeﬂ+aMtx(MtxHeﬂ)] (14)
o (l+a°)
MNaNNs 13 ansauanINansAinaldiud 3 (1) muihnrmdureadunssildain

MsUszanasusluuBadulis i wnlneduiAgunsedinifas

M M
A A

v
Mt11 Heun ad

Mg M¢+1 Heun

Predictor

Corrector

Mayg = (my +meyy)/2 M¢s1 Heun=M: + m»angt

\J
~

t t+1 t t+1

(n) (v)
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UszanuAigoasiaeiiioniAdursgavinenianugnaewIndy

nUuRIITAeyRusadenlaanaluiidumis M, waz M/, . tieane
ANUARIALARBUTLANYINITNNTAUITIRAVDBELADT AL AN
1
! 14 1
Mavg = E = I:Mt + MH—I,Euler:' (15)
)
4 _ _7/ M XH11€W+(ZM X M XHl‘leW (16)
t+1,Euler — (1+a2) t+1,Euler eff t+1,Euler t+1,Euler eff

e H" Huaunuudmanuszansuaiivinissualmindindunounsyiunesum
Wossnmisasuulasiienisvesuundlnsdusvdmalimauinwdindnuszansua
Wasuulasly

funouaarhefensmaundmonuniineduiiing t+1 Boni Beedisanes
(corrector algorithm) Ingnsldmeyitusvidemnuduadsluaunis (15) agldmumisgarie

YotuuniinduniimanugnsiesunTunal

M =M, +AM! (17)

t+1,Euler avg
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We present multiscale calculations to describe the spin transport behavior of the Co/Cu bilayer structure
including the effect of the interface. The multiscale approach introduces the connection between the
ab initio calculation used to describe the electronic structure of the system and the generalized spin accu-
mulation model employed to describe the spin transport behavior. We have applied our model to atom-
ically smooth and diffuse interfaces. The results demonstrate the huge importance of the use of first
principle calculations, not only due to the interfacial coordinates optimization but also the magnetic
and electronic properties obtained through the electronic structure. The system including the effect of
interface with and without the charge fluctuation are studied. The results indicate that changes of elec-
tronic structure at the Co/Cu interface give rise to an interfacial resistance distributed over several atomic
planes, similar to the effect of interface diffusion. We argue that even atomically smooth Co/Cu interfaces
have properties analogous to a diffuse interface due to the variation of electronic structure at the

Keywords:

Spin transport
Multiscale model
Diffuse interface

interface.

© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The understanding of spin transport and spin torque is of
increasing importance for spintronic device applications since the
discovery of giant magnetoresistance (GMR) [1,2] and tunnelling
magnetoresistance (TMR) [3,4]. These phenomena have opened a
new path for spintronic device design such as magnetic tunnelling
junction (MT]) sensors [5] and magneto-resistive random access
memory (MRAM) [6] leading to the development of new genera-
tions of computer architecture. In addition, read sensors for con-
ventional magnetic recording rely on transport properties to
achieve the desired functionality. Both spin transport and spin tor-
que are phenomena strongly affected by the interface structure
and properties which will therefore play a crucial role in determin-
ing resistance arising from spin-dependent scattering at the inter-
face [7-11]. From the theoretical point of view, the simulation of a
general interface between two different materials is of great com-
plexity. The usual and easiest way to proceed is to have both alloys
in contact locating the atoms of one of the materials top, hollow,
bridge of the other. A more general situation would be when the
atoms of both materials are allowed to move across to the interface

* Corresponding author.
E-mail address: phanwadee.c@msu.ac.th (P. Chureemart).

http://dx.doi.org/10.1016/j.jmmm.2017.07.085
0304-8853/© 2017 The Authors. Published by Elsevier B.V.

leading to interdiffusion within the interfacial region. This diffu-
sion leads in a different degrees of roughness depending on how
much the alloys have mixed. Roughness at interfaces as well as
the interfacial and intralayer scattering is of huge importance in
relation to the objective of achieving high magnetoresistance
(MR) [12,11,9].

The calculation of resistance and spin transport behavior across
the diffuse interface can be investigated by injecting spin current
into the magnetic system which subsequently gives rise to the spin
accumulation (SA) close to the interface region. Various theoretical
models have been proposed to describe the effect of interfacial
roughness on the magnetoresistance [13-15], indicating that the
nature of interfaces is an increasingly significant factor in the spin
torque phenomenon. Theoretical approaches to spin torque are
often based on the SA model of Zhang, Levy and Fert (ZLF) [16].
The ZLF theory is essentially a drift-diffusion model which only
applies to incoherent systems much larger than the mean free
path. However, it is important to note that macroscopic models
of the effects of a spin-polarized current are based [17] on the sim-
ple addition of spin-torque terms in the Landau-Lifshitz-Gilbert
equation and, as shown by Claudio-Gonzalez et al. [18] and Chur-
eemart et al. [19], the phenomenological constants representing
the strength of the adiabatic and non-adiabatic terms are not spa-
tially invariant; self-consistent solution of the spin accumulation

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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and the magnetization is physically a better choice, and an
advanced numerical implementation for micromagnetics has been
recently presented by Abert et al. [20]. The proper treatment of
interface effects was considered by Brataas et al. [21] who
introduced the concept of spin mixing conductance. Here we
consider a further important effect of the nature of the interface,
firstly related to the electronic properties and secondly to the
presence of interfacial roughness; practically inevitable in sput-
tered devices.

The ZLF model has recently been generalized to allow the inves-
tigation of diffuse interfaces [22]. The magnetic ion concentration
at any given position of the system, determined via Fick’s law,
gives rise to a spatial variation of the transport parameters within
the interface. The model described in Ref. [22] is based on an
approach which allows treatment of systems with spatially varying
magnetization structures by calculating the SA in a rotated coordi-
nate system based on the direction of the local magnetization [19].
A feature of the model given in Ref. [19] is the calculation of the SA
via the local spin polarization m, equal to the local value of
(n' —n!') where the n' represents the density of states (DOS) at
the Fermi level, Ef, as follows

m-—m,

dm
" J/hmx M= — ™

(1)

where M is a unit vector along the local magnetization direction, ] is
the s—d exchange integral and 7y is the spin-flip scattering time.
Calculation of m is convenient for the case of a current flowing
between materials with different m. [22]. We note that
m,, = (n}, —n,), where the n is the equilibrium bulk value which
can be obtained via ab initio calculation. Further, the spin accumu-
lation, denoted here om, is usually defined as the deviation of the
local spin polarization from equilibrium, ie.
om = (n' —n') — (n}, —nf) = (m-m,). We use Eq. (1) because,
although an additional dephasing term has been introduced by
Petitjean et al. [23], it has been shown that this can be absorbed into
the damping term used in Eq. (1). The model derives stationary
solutions for m and subsequently the SA sm under the assumption
that changes in the magnetization are much slower than the varia-
tion of the SA.

In this work, we focus on interface properties and their effect
on the spin accumulation. First, we consider an atomically flat
interface between two different materials. By means of Density
Functional Theory (DFT) calculations we investigate the interface
electronic structure and its effect on the spin accumulation. The
interface is constructed as a periodic bcc structure (See Fig. 1-Al
and B) without any roughness. This multiscale approach will be
applied to Co/Cu interface to investigate the spin transport behav-
ior as well as evaluate the interfacial resistance. Secondly, we
investigate the properties of a diffuse interface created by
modelling interdiffusion between the layers. Interestingly it is
demonstrated that the interface resistance is spread over several
atomic planes in both cases, showing that modification of the
interface electronic structure has a similar effect to that of a dif-
fuse interface. The paper is structured as follows. We first describe
the spin accumulation model including the calculation of m... We
then proceed to investigate the spin accumulation an atomically
smooth interface, firstly under the simple assumption of an
abrupt change of material properties at the interface. This con-
trasts strongly with the accumulation calculated for the realistic
case taking into account the spatial dependence of m,, from the
DFT calculations. Finally we present calculations of the spin accu-
mulation for a diffuse interface, which shows a delocalization of
the interface resistance similar to that arising from the spatial
variation of m..

2. Model description
2.1. Spin accumulation model

The full understanding of the mechanism behind GMR and TMR
becomes important for the development of spin electronic tech-
nologies. The interface resistance can be calculated from the spin
accumulation and subsequently gives rise to GMR. Consequently,
the calculation of SA is required in order to gain insight into the
spin transport behavior. Here, the SA is defined as the difference
of spin-up and spin-down electron populations available from
ab initio calculations. This is essential to deal with multiple layers
with different equilibrium value of SA. The general solution of spin
accumulation is solved from Eq. (1) consisting of longitudinal (m)
and transverse components (m,, and m, ;) [22] following the
equations

my(x) =[my(co) + [my(0) — my(co)]e by
M2 —[Gae " + Gae b,
m, 5(x) =[—iGye /" + iGse /" |bs, 2

in a rotated basis system whose axes 151, ISZ and I33 are parallel (131)

and perpendicular (b, and bs) to the local magnetization. The coef-
ficients m;(0),G, and G; are calculated by imposing continuity of

(1/2%) £ (i/7).
The equilibrium value m;(c0) is the difference between the spin-
up and spin-down density of states (DOS) at the Fermi energy
obtained from ab initio calculations,

[DOS, (Er) — DOS, (E)]ksTe
- - 3)

where kg is the Boltzmann constant, T is the temperature, e is the
electron charge and V is the unit cell volume.

the spin current at the interface [16] and 1/I; =

m(oo)

2.2. Ab-initio calculation of interface electronic properties

In principle, a model that describes the most general geometry
of Co/Cu interface would be composed of a diffuse interface, i.e., a
geometry where the atoms belonging to both alloys are “trans-
ferred” - after performing a molecular dynamics (MD) simulation,
for example - from one alloy to the other, having semi-infinite
materials on both sides composed of hundreds of atoms. Unfortu-
nately, to model interfaces in this fashion is of extreme difficulty
using pure ab initio MD calculations due to the huge number of
atoms that would be involved. One possibility would be the use
of classical MD simulations but the information regarding the elec-
tronic structure would be lost. The reduction of the system size is
then mandatory. In the present work, we study interface effects by
the simulation of three different model systems. In case 1, the
interface is taken as atomically smooth and the material properties
change abruptly at the interface. In case 2 the interface is again
taken as atomically smooth but the SA will be calculated using
atomic layer resolved values of m,, determined by DFT calculations
on systems with relaxed atomic positions. The layers will be pat-
terned by means of the contact of Co and Cu alloys with the same
2D periodicity and repeated periodically out-of-plane (001) as
shown in Fig. 1-B2.

Finally, in case 3 we will create a simple model of a diffuse
interface by the replacement of one Co atom within the interface
plane by one Cu (see Fig. 1-A2). Again, atomic layer-resolved values
of m,,, calculated by DFT methods after relaxation, are used for the
calculation of the SA. In this case, there is a computational price to
pay, in which we require large sizes of the simulation supercells,
having more atoms in the simulation. However, we can minimize
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Fig. 1. (A1) Schematic representation of the Co and Cu bcc/fcc bulk unit cells; (A2) Side view of the modeled diffusion interface employed in the present work; (B1) Periodic
---/13Co/13Cu/- - - geometric configuration used in the conjugate gradient relaxation method; (B2) Final interface geometry between two semi-infinite Co and Cu bulk alloys

after extract 7Co + 7Cu slice from B1 relaxed coordinates.

the computational tasks by choosing conveniently the unit cell. To
this end, we observe that in our system the atomic stacking is
along the (001) direction and if we inspect the Fig. 1-A1, we can
select either bcc or fcc to describe the physical systems since both
unit cells depict the same structure. The choice of structure will be
relevant because of the number of atoms per supercell will be dif-
ferent. Consequently we choose the bcc structure due to its
reduced number of atoms and because the diffusive interface
model will be straightforward to simulate. Subsequently, the
spatial magnetic ion concentration is considered from the spatial
variation of magnetic moment achieved from the ab initio
calculations and it is then used to model the spatial diffusive trans-
port parameters. The geometry optimization and the electronic
self-consistent (SC) calculations have been performed by means
of Density Functional Theory (DFT) using the SIESTA code [24].
As exchange correlation (XC) potential we employed the general-
ized gradient approximation (GGA) [25]. We used double-{ polar-
ized (DZP) strictly localized numerical atomic orbitals as basis
set. We ensured the convergence of the magnetic moment as well
as DOS used in the spin transport calculations by considering
196 k-points.

Fig. 1-B describes schematically the construction process of the
final - - -Co/Cu- - - geometry used in this work and its main geomet-
ric parameters. Each one of these materials have their own bulk
lattice constants and to obtain them we optimized the geometry
individually. In doing so the Co and Cu lattice values were
3.54 A and 3.68 A, respectively. We assume that Co and Cu have
the same bcc structure and that they share the same in-plane lat-
tice constant a, so we chose the mean value to be able to overcome
the 4% mismatch between them. On the other hand, in bulk phases
a=c, however, when a changes the out-of-plane structure will
change and c¢, # cc,. We performed conjugate gradient relaxation
(CG) to determine these out-of-plane parameters ensuring that
the final forces between atoms were less than 0.05 eV/A. As an ini-
tial guess we constructed the configuration shown in 1-B1 for the
periodic out-of-plane ---/13Co/13Cu/13Co/13Cu/- - - structure. Due
to the Z periodicity no vacuum is needed and each Co/Cu interface
experiences the same environment on both sides. This permits to
avoid the use of any constraint in the calculation and we were able
to select at the end of the optimization 7Co + 7Cu planes for the
construction of the final geometry 1-B2. In between each two Co/
Cu interfaces we ensured with high level of precision that either



290 J. Chureemart et al./Journal of Magnetism and Magnetic Materials 443 (2017) 287-292

Co or Cu plane exhibits bulk properties and hence we can join the
slab on both sides to the semi-infinite parts. Finally, the resulting
out-of-plane values were: cc,/a = 0.96, cq,/a = 1.06 and for the
common in-plane a, 3.61 A. For the diffuse interface optimization,
the same procedure was followed.

The diffusion of the magnetic ion concentration at any position
for the --.Co/Cu- .- ferromagnetic/non-magnetic (FM-NM) struc-
ture is considered from the spatial variation of magnetic moment
achieved from the ab initio calculations. The spatial concentration
of magnetic ion (Co) at any given position x of the system can be
modeled as the following equation,

CCo(X) _ Nco (X)IuCO + NCU(X).uCu (4)
[Nao(X) + New)] e,

where N, c,(x) is the number of local ion of Co or Cu at any position
x and pg, o, denotes the magnetic moment of Co or Cu. The calcu-
lated concentration from Eq. (4) is used to model the spatial varia-
tion of the diffusive transport parameters, P(x), taken as a linear
combination of the bulk parameters weighted by the local concen-
trations given by,

P(x) = PcoCoo(X) + Pcu[1 — Ceo(X)] (5)

where Pc, ¢, is the diffusive transport parameters of Co or Cu.

3. Results

To describe the physical mechanism of spin transport including
the diffuse interface, we study the structure of the bilayer system
of Co/Cu by employing the multiscale model, which calculates
the SA with m_, determined from layer resolved ab initio informa-
tion. We consider the bilayer system of Co/Cu with three different
interfaces as described earlier. Our general solution of SA is then
applied to each system discretized into many thin layers to inves-
tigate the spin transport behavior and the interfacial resistance at
any position in the system. In the following we consider each case
in turn before giving an overall interpretation and drawing
conclusions.

20 T
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om [c/cmg]
=)
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RA [fQ-m’ ]
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4 3 2 -1 0 1 2 3 4
Distance [X, nm]

Fig. 2. (Top) Spatial spin accumulation and (Bottom) Interfacial resistance of the
Co/Cu system with an ideal interface, i.e. atomically sharp with a step change of
magnetic and transport parameters.

3.1. Case 1: ideal interface with step change in properties

We first consider the system with an ideal interface by assum-
ing that the concentration of magnetic ion is constant throughout
the Co layer. This case further assumes that the transport proper-
ties are spatially invariant in the Co and Cu layers. Specifically,
we assume that the equilibrium value of SA, my(c0) , varies discon-
tinuously from the bulk value of Co to that of Cu which is zero. The
SA is then investigated by using our modified solution in Ref. [22].
The system is discretized into many thin layers in order to calcu-
late and observe the development of SA and spin current by apply-
ing the generalized formalism, which propagates the SA solution
layer by layer throughout the system.

As expected, the spin accumulation is not changed throughout
Co layers with collinear magnetization as clearly shown in Fig. 2
(top). In addition, we focus on the spin transport behavior at the
interface between layers. The SA is discontinuous at the interface
corresponding to the discontinuity of the spin transport parame-
ters of Co and Cu layers at the interface. We note that m in the
Co layer decays very slowly in the Cu consistent with experiment,
due to its large spin diffusion length [26]. The spatial resistance-
area product (RA) can be calculated directly from the SA (om)
and spin current (j,,) as follows,

- |A5m‘aszTtp

M=

(6)

where Aém is the difference of SA across the layers, ksT is 10 meV or
1.6 x 107! J, a is the lattice constant of material, t; is the thickness
between planes and e is the electron charge. We calculated RA
between each plane using Eq. (6) as shown in Fig. 2 (bottom). In
the Co the corresponding resistance is zero due to the constant
value of SA. Similarly in the Cu layer the slow variation of SA leads
to essentially zero resistance. The interface resistance is confined to
the boundary layer due to the discontinuity in the SA which is con-
sistent with previous study by A. Fert et al. [27]. The total
resistance-area product of the structure, a sum of bulk and interface
resistances, can be obtained by summing the resistance along the
direction of injected spin current. The interface resistance becomes
dominant the resistance of the system. The total interface resistance
for ideal Co/Cu interface is 0.16 fQ-m? which gives reasonable
agreement with both the existing experimental and theoretical val-
ues of 0.227 fQ - m? [28-30].

3.2. Case 2: atomically sharp interface with ab initio parameterization.

In this case, we study more realistic behavior of spin transport
for an atomically structured interface of Co/Cu system by means
of the multiscale approach which proceeds by relaxation of the
interface and calculation of the DOS. Subsequently it leads to the
calculation of the equilibrium value of spin polarization from
DOS,;y(Er) [22]. The result in Fig. 3(a) depicts the equilibrium
value my(cc) from the ab initio calculations. Variations in the
DOS close to the interface give rise firstly to a slight polarization
of the Cu and secondly to oscillatory behavior in the Co layer close
to the interface. The oscillations are due to the interfacial charge
rearrangement between both Co and Cu species at the interface.
The oscillations in the Co vanish for layers at distances greater than
1 nm, corresponding to the region where the coordinates are sim-
ilar to those in the Co bulk phase. Using the ab initio values of
m, (co) we next calculate the SA as a function of position illustrated
in Fig. 3(b). The SA closely follows the equilibrium value since the
incoming spin current is fully polarized in the Co layer. Across the
interface, the SA exhibits discontinuous behavior due to the differ-
ent transport properties of the material of Co/Cu, gradually
decreasing to zero associated with the spin diffusion length of
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Fig. 3. (a) (d) Spatial equilibrium value of spin accumulation (b) (e) Spin
accumulation and (c) (f) Interfacial resistance of Co/Cu system for Case 2 (sharp
interface with ab initio parameterization) and Case 3 (rough interface) respectively.

Cu, (600 nm). Due to the oscillations in the electronic DOS in the
Co, one also observes discontinuous behavior of the SA within
the Co atomic layers close to the interface with the Cu.

The layer resolved RA is further calculated from SA and the spin
current according to Eq. (6) as shown in Fig. 3(c). The results con-
trast strongly with that of case 1: the atomically sharp interface
with an assumed step change in transport properties, where the
interface resistance is fully localized to the interface layer. In
Fig. 3(c) it can be seen that the interface resistance is no longer
localized to the Co/Cu boundary. Instead RA is distributed over sev-
eral atomic planes around the interface. The phenomenon origi-
nates as a result of changes in the electronic structure of Co/Cu
close to the boundary. In case 1 we made an implicit assumption
that there are no charge fluctuations around the interface region.
On the contrary, in the realistic case for Co/Cu interface it is also
observable that, even though without species (atoms) transferred
between alloys, the properties of a real interface are quite different
from those predicted by the simplified model of case 1. The elec-
tronic structure modification after the geometry optimization,
such as the hybridation between different s-d orbitals, indicates
that our multiscale model, introducing interfacial effects through
the ab initio calculations within the atomistic model plays an
important role in the prediction of the spin transport for any sys-
tem involving interfaces such as studied here. The interface resis-
tance for this case is 0.172fQ-m? which is closer to the
experimental result [28,29].

3.3. Case 3: Simple model of a diffuse interface

In practice, sharp interfaces are not expected in real spintronic
devices since the sputtering process generally builds diffuse inter-
faces. As previously mentioned, it is of extreme complexity to per-
form DFT calculations of these real systems because of the
simulation supercell size and hence the large amount of atoms
involved. One step forward, compared to the previously studied
cases 1 and 2, is the construction of a simple rough interface,
where only one atom of one material is replaced by one of the
other (see Fig. 1-A2). In doing so, we take the first step to under-
stand more realistic diffuse interfaces. As in case 2, the rough inter-
face was optimized by means of CG method followed by the self-
consistent calculation of the layer resolved DOS. Subsequently
m(oco) is determined. In order to compare the present case with

previous ones the layer resolved my(co) values are shown in
Fig. 3 (d). It reveals that the polarization extends further into the
Cu due to an enhancement of the magnetic moment, and that
the rough Co/Cu interface, considerably damps out the oscillations
of my(co) present in the atomically sharp interface. The physical
explanation of the reduction in the oscillatory behavior of my(cc)
in the present case compared to cases 1 and 2 is lies in the smooth
chemical transition between both materials which favors the grad-
ual charge transfer between Co and Cu at the mixed Co/Cu plane.

The transport parameters are estimated from the concentration
of magnetic ions. The values of the layer resolved SA is given in
Fig. 3(e). We observe that the SA exhibits discontinuous behavior
close to the interface and shows damped oscillations compared
to case 2. However, the spatial variation of the SA is again delocal-
ized from the interface due to the combination of interface rough-
ness and the spatial dependence on the electronic structure. This is
reflected in the layer resolved interface resistance RA as is shown
in Fig. 3(f). Similar to case 2 we note that the interface resistance
is delocalized from the interface region. For the rough Co/Cu inter-
face, the total RA is approximately 0.175 fQ - m? which is higher
than that of ideal interface and consistent with previous studies
[28,29].

4. Conclusions

In conclusion, we employed a recent developed formalism of SA
that allows to describe its behavior at any position of any FM-NM
interface configuration. In addition, the model makes the possibil-
ity for the treatment of systems with sharp variation of SA and also
smoothly spatial magnetization concentrations. Furthermore, it is
possible to use m,, defined as the difference of the DOS, and
DOS; at Fermi level, Er, quantities readily available from the ab ini-
tio calculations. Hence, we proposed a multiscale model to give rise
the possibility to study the spin transport behavior at any given
position of any material through the quantum mechanical calcula-
tions and atomistic simulations.

We have applied the multiscale spin accumulation (MSA) model
to the Co/Cu interface for 3 cases. Firstly, we considered the ideal
case of an atomically smooth interface with a step change in prop-
erties at the interface. This system exhibits discontinuous behavior
of the spin accumulation and an interface resistance localized to
the Co/Cu boundary. We then investigated two more realistic
cases, namely, case 2 assuming an atomically smooth interface
but with equilibrium polarization calculated from ab initio models
and case 3 which introduced a first approximation to a rough inter-
face. Both case 2 and case 3 give rise to similar delocalisation of the
interface resistance, which is significant over a few lattice spacings.
Interestingly, the rough interface gives rise to a smoother variation
of the polarization close to the Co/Cu interface. Both case 2 and
case 3 exhibit significantly increase values of interface resistance
over and above the simplified model of case 1.

Clearly the presence of surface roughness; expected in practice
due to the nature of the sputtering process by means of which
most systems and devices are produced, has a significant effect
on the transport properties as characterized here by the interface
resistance. The result of a rough interface is to give rise to an
increase of interface resistance which is delocalized from the Co/
Cu boundary and extends over a few lattice spacings. Interestingly,
a similar effect is predicted for an atomically smooth interface
which might be obtained by MBE. In this case the increased inter-
face resistance and delocalization from the Co/Cu interface results
from the modification of the electronic properties of the Co and Cu
due to the presence of the interface. The simple model of a bilayer
as atomically smooth with a step change in properties is not suffi-
cient, certainly to describe the properties of a Co/Cu bilayer. The
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properties are determined by a complex mixture of the electronic
density of states which gives rise to an oscillatory polarization in
the Co and the interface roughness which, although it tends to
damp out the DOS oscillations, still results in an increased interface
resistance delocalised from the Co/Cu boundary.
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In order to enhance the performance of advanced granular recording media and understand the physics
behind the mechanism of the reversal process, an atomistic spin-dynamics simulation is used to investigate
theoretically the magnetic properties and the magnetization-reversal behavior for a composite media
design. This model allows us to investigate the effect of the magnetostatic interaction and inter- and
intralayer exchange coupling for a realistic system. The composite granular medium investigated consists
of hard and soft composite layers in which the grains are well segregated with a continuous capping layer
deposited to provide uniform exchange coupling. We present a detailed calculation aimed to reveal the
reversal mechanism. In particular, the angular dependence of the critical field is investigated to understand
the switching process. The calculations show a complex reversal mechanism driven by the magnetostatic
interaction. It is also demonstrated, at high sweep rates consistent with the recording process, that thermal
effects lead to a significant and irreducible contribution to the switching field distribution.
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I. INTRODUCTION

Hard disk drives with high areal density and low cost
are a significant requirement in the marketplace. It is a
technical and scientific challenge for hard drive technology.
In order to achieve the required high capacity, the key factor
to fulfill this aim is reducing the grain size as much as
possible (D < 7 nm [1-5]) while sustaining a sufficiently
large signal-to-noise ratio (SNR) and thermal stability of
written information withstanding the demagnetizing field
for ten years [6]. This problem leads to the criterion
KV > 60kgT, where Ky, is the uniaxial anisotropy con-
stant, V is the grain volume, kp is Boltzmann’s constant,
and T is the temperature. The increasing values of K; cause
the writability of information to become an issue, and the
conflicting requirements of stability, writability, and SNR
have become known as the media trilemma [7].

There are several alternative approaches to overcome
these limitations such as heat-assisted magnetic recording
(HAMR) [8], a technology based on using a laser-delivered
heat assist for the writing process on very high anisotropy
materials, i.e., FePt alloys [1,9,10]. Moreover, bit-patterned
media [11] and microwave-assisted magnetic recording
[12] technologies have been also proposed as key ideas.
Unfortunately, there are several limitations to these tech-
nologies, which are not only a type of write head design
but also the nanofabrication process for industry. Therefore,
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new designs of conventional perpendicular recording
media (PRM) are still the favored option, and perpendicular
magnetic recording remains the only technology currently
used in hard disk drives.

Conventional PRM have faced several problems, mainly
with writability and SNR when the grain size decreases,
requiring increasingly large values of K. In order to address
these problems, there are two main composite media
proposed. The first is exchange-coupled composite (ECC)
media [13,14] consisting of a low anisotropy material which
is known as the switching layer overlaid on a granular high
anisotropy layer to reduce the switching field Hg via the
magnetization-reversal mechanism. The second is coupled
granular continuous (CGC) media [15-17] introducing the
continuous layer to control intergranular exchange coupling,
which can enhance the performance of the medium for high
thermal stability and SNR.

Recently, a hybrid granular recording media design
[18-20] has been introduced, combining the advantages
of ECC and CGC media to improve the performance of
recording media in order to achieve an areal density beyond
1 Tbit/in> in conventional perpendicular recording. The
stacked structure of the design consists of a trilayer system
comprising a hard layer, M;; (very high Ky;), a soft layer
M;,, and a continuous layer (M;3) as a capping layer.
The medium comprises small columnar grains which are
completely segregated by SiO,, while the continuous
capping layer provides a highly uniform exchange cou-
pling. The key advantage of the magnetic multilayer design

© 2017 American Physical Society
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is the high reduction of the switching field due to the
presence of the ultrathin magnetic soft layer leading to
dramatically improved writing efficiency and thermal
stability. Moreover, the design feature of a continuous
capping layer has a significant advantage by creating a
strong pinning to achieve the narrow switching field
distribution. In order to better understand the magnetiza-
tion-reversal mechanisms behind the complex structure of
PRM, the impact of the exchange coupling among the
individual magnetic thin layers affecting to the reversal
process and magnetic performance of the whole structure
need to be exposed. Certainly, it is difficult to discover
experimentally the detailed reversal processes of each layer
in ultrathin magnetic film. Therefore, the atomistic spin
simulation can describe the information on the magneti-
zation-reversal process of each layer including the effect
of intra- and interexchange coupling at the atomic level and
also the demagnetizing field which are significant factors
for perpendicular complex recording media. The effect of
the magnetic parameters such as the uniaxial anisotropy,
the atomic exchange interaction, and film thickness on
magnetic properties of recording media can be studied.
Meanwhile, the experimental work suffers to control these
parameters. The atomistic model is a tool worth investigat-
ing to determine the factors affecting the performance of
recording media before looking at the detail experimentally.

In previous experimental and theoretical works [21-25],
it was reported that the presence of interactions media in
granular and ECC media can lead to a deviation of the
switching behavior, in particular, the angular dependence of
magnetic properties, from the coherent Stoner-Wohlfarth
theory [26]. Studies of the reversal process of such complex
structures as ECC+CGC media are lacking and are still
required in experiment and theory. Hence, it is important to
investigate the effects of the complicated interaction as the
hybrid ECC+CGC media in order to better understand the
complex physics in such media design. Complex media
with relatively thin layers are not necessarily amenable to
micromagnetic calculations with a relatively crude spatial
discretization. In this paper, atomistic spin simulation [27]
based on the Landau-Lifshitz-Gilbert (LLG) equation of
motion is chosen to study the complex reversal mechanisms
for hybrid ECC+CGC media due to the reduction of the
magnetic granular grain and the layer thickness almost to
the atomic level. We show that the quantitative intra- or
interexchange coupling between spins becomes very sig-
nificant in terms of the reversal behavior. The magnetiza-
tion curve and the angular dependence of the critical field
H_, are investigated to study the magnetic properties and
the reversal process for the complex structure. The effect of
time dependence on the switching field, which is signifi-
cant for the writing process, is also studied in this work.
Finally, we study the reversal behavior at field sweep
rates comparable to those during the recording process.
This is shown to give rise to a significant and irreducible

contribution to the switching field distribution from thermal
activation. It is important to note that the atomistic model
becomes an important tool to investigate the complex
behavior of magnetic nanomaterials. It will be very useful
for other potential application areas as well. This model can
be applied to further investigations of complex magnetic
structure leading to not only the development of magnetic
recording media leading to media architectures such as
heat-assisted magnetic recording, bit-patterned media, and
microwave-assisted magnetic recording media, but also
other applications such as spintronics device designs, spin
torque, surface anisotropy in magnetic nanoparticles, the
exchange bias in spin valves of read elements, and the
interface effect of nanomagnetic devices.

II. ATOMISTIC MODEL

An atomistic spin-dynamics model based on the LLG
approach is used to investigate theoretically the magnetic
properties of the ECC+CGC medium, including the
angular dependence of the critical field (H.) and the
magnetization-reversal process for the advanced PRM.
The energy of the system is described by a classical spin
Hamiltonian with the parameters of the CoPt-based alloys
commonly used as PRM. The spin Hamiltonian with the
Heisenberg form of exchange is written for spin i as

H =Hexe + Hani + 7_{app’ (1)

where H.,. is the exchange energy which is written in
Heisenberg form as »_,.;J;;S;-S;. J;; is the exchange
coupling between the spin i and j, the sum running over
nearest neighbors, and S;, S; is the local normalized spin
moment on sites i and j, respectively. H,,; is the uniaxial
magnetic anisotropy energy expressed as ky (S; - €)?, where
ky is the uniaxial anisotropy constant per spin, and e is the
unit vector of the easy-axis orientation. The last term of
Eq. (1) is the energy of an external applied magnetic field,
which is simply given by —u,S; - H,,,, where |u| is the
magnitude of the spin moment, and H,,, is the external
applied field. It is noted that the spin Hamiltonian (H) is
expressed as energies per atom and used to determine a
field contribution at site i, H; = —0H/0u;, where y; is the
moment on site i. Furthermore, the thermal fluctuation
field Hy,, is included by using Langevin dynamics in
the formalism of Brown [28], converting the LLG into the
(stochastic) Langevin equation of the problem. Finally, the
dipolar field Hg;, is also taken into account in the atomistic
model by using a macrocell technique developed by Boerner
et al. [29]. The dipolar field is estimated by dividing the
system into macrocells (MC). The demagnetization field
within each macrocell p of moment my.. is given by

HMC,p _ Mo (Z 3(m§4c ) f.)f’ - ml({/lc) _ @ml({/lc (2)

domae  4n \ £ r 3 Vi’
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where r is the separation between dipoles p and g, T is a unit
vector in the direction p — ¢, and V4. is the volume of
the macrocell p. The first term in Eq. (2) is the usual dipole
term arising from all other macrocells in the system, while the
second term is the self-demagnetization field of the macrocell
taken here as having a demagnetization factor ¥5. Further
details of the Hy,, and Hg, calculations can be found in
Refs. [27,30]. Finally, the total field or the net effective
local field H.;; acting on each spin is the summation of the
negative first derivative of the spin Hamiltonian including the
effect of the thermal field and dipolar field expressed as

,. 1 OH
Hyy = _/1_53—5, + Hgip + Hiper- (3)

The dynamic motion of magnetization in advanced PRM at
the atomic level is determined by using a LLG approach.
This equation consists of the precessional term of the
normalized spin moment around the effective field and the
spin-relaxation term which is controlled by the damping
parameter A in the damping term of the LLG equation,
which is given by

oS, Y i i
E = — (1 n lz) [Sl X Heff + jsz X (Sl X Heff)]’ (4)

where S; is the unit vector of the spin moment i to represent
the direction of spin, y is the gyromagnetic ratio, and 4 is
the Gilbert damping constant which is used as 1.0 for this
system. We note that all atomic simulations are done using
the VAMPIRE software package [27].

III. ECC+CGC RECORDING MEDIA DESIGN

The structure of the ECC+CGC recording medium is
designed with a trilayer system to drive a high areal density
beyond 1 TB per square inch with a high anisotropy
constant (H;) and small grains. The aim is to achieve a
medium with reduced coercivity while minimizing the
reduction of the zero-field energy barrier responsible for
long-term stability. The details of the material parameters
used in our atomistic spin-dynamics calculation are deter-
mined experimentally for the future granular recording
media which are provided by Seagate Technology of
Fremont. Because of this calculation based on the spin
Hamiltonian shown as Eq. (1), the magnetic parameters
such as anisotropy constant k;;, saturation magnetization,
and exchange inter- and intralayer coupling are necessary
to parametrize in terms of the atomic level. The trilayer
media design consists of a storage layer with a high
anisotropy field Hy; of 22 kOe, the uniaxial anisotropy
constant k;; = 5 x 10723 J/atom, saturation magnetiza-
tion M, = 4.4up (700 emu/cc), and a thickness of 21
atomic layers (approximately 7 nm). The second layer
is a softer layer with a lower H;, of 16 kOe, kyp = 4.2 %
10723 J/atom, M, = Sug (800 emu/cc), and a thickness of

(a)

12 atomics: <
continuous layer 3

_ Ji3iq = 50%

iz =10%

9 atomics: soft layer
4
Y =
Jpjz =5%
21 atomics:
hard layer

y

(b)

8 nm

FIG. 1. (a) A single-grain structure. (b) The few-grain structure
for advanced media design.

nine atomic layers (approximately 3 nm). The third layer is
the continuous capping layer, the granular medium having
the lowest H 5 of 10 kOe, k3 = 2 x 10723 J/atom, M, =
3.8up (600 emu/cc), and a thickness of 12 atomic layers
(approximately 4 nm). It is noted that our magnetic
parameters used in this work agree well with the previous
experimental works for future granular recording media with
HAMR and MAMR technologies reported by Saito et al.
[31] and Tham et al. [32,33].

The composite materials for all layers are based on a
common CoPt-based alloy with the Curie temperature of
1000 K. The grain size of the first and second layers is
set as 8 nm with wide nonmagnetic grain boundaries of
1 nmin order to remove the intergranular exchange coupling.
The top layer is modeled as a continuous film with no grain
boundaries in which the exchange intralayer coupling is
setat 50% of J,;, where J;; is the exchange-coupling strength
between atoms J;; = 9.86 X 10721 J/link. Meanwhile, the
exchange interlayer coupling strength between the first
and second layers and second and third layers is set at 5%
and 10% of J;;, respectively. Figures 1(a) and 1(b) present
a visualization of the atomic structure of a single grain
(approximately 23 000 atoms) and few grains (approxi-
mately 175000 atoms) with 1.0-nm spacing, respectively,
employed to examine the impact of media architectures
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on the magnetization-reversal process and the angular-
dependent critical field.

IV. MAGNETIC CHARACTERIZATION

We present an investigation of the magnetic properties
of hybrid EEC CGC media, first showing the basic
hysteretic behavior. In the following, the magnetic proper-
ties are calculated using the atomic model for two cases:
first, a small system comprising seven grains using a
34 x 34 x 16 nm® system as Fig. 1(b), and second, a
multigrain structure using a 50 x 50 x 16 nm® system
containing 27 grains.

In order to investigate the magnetic properties of ECC
CGC composite media, we first show a typical hysteresis
loop for the small system at an angle between the applied
field and the normal direction to the film plane 6 = 0°.
Hysteresis loops are calculated for a reversal time of 20 ns.
The impacts of the dipolar field and thermal activation are
investigated. Figure 2 shows the normalized hysteresis
loops with and without the dipolar field at 0 K for the ECC
CGC medium described earlier. It is clear that the Hy;,, has a
significant effect on the magnetic properties, especially the
coercivity H,.. The value of H, reduces significantly from
15 to 10 kOe on inclusion of the dipolar field. The result
shows the strong impact of dipolar field on coercivity
due to the effect of the large demagnetizing field reversing
the continuous layer for the ECC+CGC structure. The
reduction essentially arises from the onset of a nucleation
and propagation mechanism driven by the dipolar field.
This is investigated later in detail with the comparative
visualization of the reversal process with and without H gy,

Moreover, the composite design of the trilayer structure
can improve the performance of recording media, as
expected. The hysteresis loop in Fig. 2 shows a significant
reduction of the switching field to a value of H,. of 10 kOe,
while the H; of the hard or storage layer is a very high
value of 22 kOe. The results also indicate the effect of the

0.75 With Hy, —e—
Without Hgp =
0.5

0.25

MiM,
o

-0.25
-0.5
-0.75

2 15 -1 -05 0 05 1 15 2
Applied field (T)

FIG. 2. Hysteresis loops of a single-grain structure with and
without dipolar interaction showing the dipole field gives rise to a
significant reduction in coercivity.

parameters used in the model. The reduction of H, is
probably due to the presence of the softer layer with a low
anisotropy constant and a low exchange interlayer coupling
(5% of J;;). Moreover, the shape of the hysteresis loop
is very square due to the presence of the third layer with
a strong intralayer coupling strength (50% of J;;). This
result coupled with the effects of the saturation magneti-
zation and anisotropy of the layers means that a complete
optimization of the media properties is beyond the scope of
the current work. The optimization of the properties is
probably best done by using the atomistic approach to
parametrize simplified models, possibly with one spin per
layer, in order to lower the computational cost. Here, we
concentrate on developing an understanding of the basic
reversal mechanisms involved, including the effects of
interactions, of which an investigation follows.

We now turn to the set of interacting grains. The initial
hysteresis loop calculations are made using the small
system of seven grains; this is due to the necessity of long
run times to achieve equilibrium loops. Figure 3 shows the
impact of the thermal activation at 300 K on the loops and
coercivity in comparison with the 0-K behavior with the
reversal of each individual layer as an inset. The thermal
energy directly reduces the value of the coercivity and
saturation magnetization of the whole system. However, it
does not affect the form of the hysteresis loop, which
remains very square in both cases. Moreover, information
on the magnetization-reversal process can be obtained from
the net magnetization curve of each layer. The insets of
Fig. 3 show the layer-resolved magnetization behavior as
M, (hard layer), M, (soft layer), and M5 (continuous
layer) around the switching state at a field H; and temper-
ature of 0 K (top) and 300 K (bottom). The results for
both temperatures display similar behavior. The Hg of the
M, layer is the highest value, while the Hg of M, is
slightly higher than the top layer M, ; at the reversal state.

0.75
0.5

0.25

MM,
o

-0.25

-0.5

-0.75
4 [

05 0 05 1 15 2
Applied field (T)

-1
-12 -11 -1 -09 -08 -0.7

(T =300 K)
25 3 35 4

FIG. 3. Hysteresis loop measured at 0° with Hg;, and calculated
with a reversal time of 20 ns at different temperatures. The insets
show the magnetization curve of each magnetic layer around the
Hg at T = 0 (top) and 300 K (bottom).
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(b)

FIG. 4. Visualization of atomic magnetization reversal for the few-grain system at 7 = 0 K and 0° for exclusion of Hg;, (a)—(e) and

inclusion of Hg;, (H)-()-

This indicates that the reversal process probably initiates
in the top layer and propagates through the bottom layer.
This is confirmed by the visualization of the switching
process at the atomic level as shown in Fig. 4, where the
nucleation and propagation can clearly be seen. An interest-
ing feature of the inset of Fig. 3 is the step in magnetization
observable close to saturation in the negative-going loop at
T = 300 K. This result is associated with the late switching
of one of the grains due to stabilization of the positively
oriented grain by the magnetostatic field.

The effect of the magnetostatic interaction field on the
reversal behavior for hybrid ECC+CGC media referred to
earlier is further investigated by observation of the atomic
reversal process for the few-grain system. Figure 4 displays
the visualizations of the atomistic reversal process for the
exclusion and inclusion the magnetostatic field, respec-
tively, at O K. For the exclusion of H, case, Figs. 4(a)-4(e)
show the subsequent reversal process of each layer. The top
layer initially reverses when the applied field is higher than
H,;. Subsequently, the whole stack of continuous layers
and soft layers reverses followed finally by the hard layer.
For the case including Hg;, as shown in Figs. 4(H)-4()), it is
clearly seen that the partial region of the top layer reverses
initially. This is due to the strong effect of the dipolar
field to initiate a collective nucleation and propagation
mechanism, especially on a continuous layer having a high
exchange-coupling interaction. The reversal of spins is
transmitted to neighboring spins leading to the reversal of
all grains almost simultaneously. This result may cause the
reduction of the coercivity and confirms that the dipolar
field becomes an important factor for the magnetic proper-
ties of complex recording media. We note that Fig. 4 shows
a subtle effect of the magnetostatic field on the reversal
mechanism. A comparison between Figs. 4(a)—4(e) and
4(f)-4(j) shows that the reversal is much more uniform in
the absence of the magnetostatic field. Figures 4(a)-4(e)
show similar time propagation of reversal in each of the
grains, whereas Figs. 4(f)-4(j) show that individual grains
switch at different times. This result is an effect which we

attribute to spatial variations of the magnetostatic field
arising from slight differences in the grain morphology and
which could contribute to the width of the thermal switch-
ing field distribution (SFD) that we describe later.

V. ANGULAR DEPENDENCE OF H|,

One of the main aims of this work is to understand the
switching behavior of the multilayer structure. The inclu-
sion of the magnetostatic interaction field is taken into
account in the atomistic calculation to demonstrate its
significant effect on the magnetic properties. The angular
dependence of the critical field H, defined as the field at
which the magnetization flips irreversibly from one stable
state to another is used to investigate the reversal process.
The influence of thermal effects at room temperature 300 K
is modeled by including the thermal fluctuation field Hy,,.
In this atomistic calculation, the magnetic properties of
each layer such as the magnetocrystalline anisotropy field,
layer thickness, grain diameter, and exchange inter- or
intralayer coupling are given in Sec. III. All calculations are
done for the small (seven-grain) system.

The normalized hysteresis loop is calculated as a function
of @ ranging from 0° to 90° with the field step of 5° in order to
explore H. The angular dependence of the critical field
is calculated with and without magnetostatic interactions
at temperatures of 0 and 300 K. Figures 5(a) and 5(b)
demonstrate typical hysteresis loops at 0 K for the angular
ranges of 0° to 45° and 50° to 90°, respectively. The loops are
calculated for a reversal time of 20 ns. The results show that
the H, has a maximum value at 0° and reduces to a minimum
value with increasing angle at 45°. Subsequently, the critical
field increases as the angle approaches 90°. It is interesting to
note that the hysteresis loops without H g, for large angles
display the crossover effect resulting from irreversible
switching between minima as shown in Fig. 5(b). This
feature and the general form of the switching behavior
suggest that in the absence of magnetostatic interaction the
magnetization reverses coherently as the Stoner-Wohlfarth
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FIG. 5. The typical hysteresis loops at 0 K calculated for a
reversal time of 20 ns without the inclusion of magnetostatic
interactions: (a) the angular ranges from 0° to 45° and (b) from
50° to 90°.

behavior [26] as observed and reported by Tannous and
Gieraltowski [34].

Calculations of the H,.(9) normalized by H..(0 = 0) asa
function of the applied field angle € are performed at O and
300 K to determine the magnetization-reversal mechanism.
In order to investigate the effects of the magnetostatic
interaction field and thermal activation on the switching
process, comparisons of the variation of the normalized
H.(0)/H.(0) with angles are shown in Fig. 6 for calcu-
lations with and without the magnetostatic interaction field.

Figure 6(a) shows the angular dependence of H, for the
noninteracting case for both temperatures. It is clearly
observed that the minimum of the critical field is close to
half the H,(0) value at 45° for both absolute temperatures.
The change of the normalized H ., with the angle shows the
similar behavior of the Stoner-Wohlfarth theory [26], also
included in Fig. 6(a), for both temperatures, which is a
good indication of coherent magnetization reversal for the
system without magnetostatic fields. Further evidence can
be observed from the visualization of the atomic reversal
process given in Figs. 4(a)-4(e). However, coherent rever-
sal behavior is not expected to occur in such a complex

. T=0K---o--
12 (a) Without Hdip T=300K 4
: SW model ---m---
d
o 1f e Doow
" Lo
S kX AW
N :-‘ "N V:‘".
~ '.“-‘ .f;..."'
m() 06 “:A N Ar,'.i,.'
R T et EL
® -0 5 g & ©®
0.4
0O 10 20 30 40 50 60 70 80 90
) ~0K--®-
5 (b) WIthdip T=300K -4
. 175
S :
\é 1.5
o b
~ 125 SA
by .
- 1t e -e. o A
T 075 IR 5 35 SEPUES
Y A'A
0.5
0O 10 20 30 40 50 60 70 80 90

0 (deq)

FIG. 6. Variation of the normalized critical field H,.(0)/H.(0)
as a function of angle and temperature (0 and 300 K). (a) No H g,
effect and (b) including H g, effect.

structure [23,24], suggesting that noncoherent behavior is
induced by magnetostatic interactions.

We now proceed to investigate the angular dependence
of H, for more realistic calculations by including the effect
of the magnetostatic interaction field into the system.
Interestingly, it is found that the inclusion of interactions
strongly influences the reversal mechanism of the ECC
+CGC media observed from the transformation of the
variation of H in Fig. 6(b). The trend of angular dependence
for both temperatures shows that the reversal behavior clearly
deviates from coherent Stoner-Wohlfarth theory [26]. The
curve is asymmetric with minimum critical field at 35°
and 25° for T = 0 and 300 K, respectively. The form of the
variation is closer to the characteristic of domain-wall motion
initiated and driven by the magnetostatic interaction.

The trend of the variation of H_ with the angle demon-
strates the incoherent magnetization reversal during the
switching process. The incoherent reversal causes the appear-
ance of several reversal modes such as cooperative reversal
between grains, collective nucleation, and propagation and
pinning at the interface layer due to the lateral exchange
interaction. This outcome can be clearly seen in Figs. 4(f)—4(j).
The continuous layer starts to reverse as an incoherent reversal
process. The continuous layer initiates a collective domain-
wall nucleation due to the strong exchange between layers.
Magnetization reversal in the granular layer cannot occur
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until the domain wall propagates through the bottom as in
Figs. 4(h)—4(j). This reversal behavior is completely different
from the Stoner-Wohlfarth (SW) model [26]. Significantly,
the results confirm that the magnetostatic interaction effect is
the crucial factor driving the reversal behavior for complicated
advanced recording media in simulation, which cannot be
neglected.

Figure 6 must be considered alongside the nature of the
switching, as illustrated by the transient magnetization con-
figurations shown in Fig. 4. Figure 6(a) apparently shows
classic SW behavior; however, inspection of Figs. 4(a)—4(e)
shows that reversal is proceeded by nucleation and propaga-
tion. A possible interpretation of this is that nucleation
involves a similar form of energy barrier as the SW model.
Investigation of this prospect will be interesting, but it requires
the calculation of energy barriers using the constrained
Monte Carlo method [35], which is beyond the scope of
the current work. As expected, the magnetostatic field has a
strong bearing on the reversal mechanism. Figure 6(b) shows
an angular variation consistent with domain-wall nucleation
and propagation. However, as noted earlier, the transient states
shown in Fig. 4(f)—4(j) show individual grain reversal at
different times. It seems likely that this is an important
contribution to the thermal SFD that we consider shortly.

Moreover, our angular-dependence calculations agree
well with the previous experimental works which observed
the irreversible behavior of advanced recording media. The
variation of the H, technique was used by Saharan et al.
[23,24] to study the magnetization-reversal behavior in a
trilayer structure based on exchange spring media [13]
separated with the additional interface layer. They found that
the minimum angle of the critical field is about 30°-35°,
which is consistent with our calculations for hybrid media
design including the magnetostatic field case. The similar
trend of variation of H_ with the angle of the segregated
granular recording based on CoCrPt-SiO, media is also
observed experimentally by Morrison et al. [25]. They found
that the asymmetry of the variation of the critical field and the
breakdown of Stoner-Wohlfarth behavior occurred in cases
of strong magnetostatic field and weak exchange coupling.

VI. TIME DEPENDENCE OF H,
IN ECC+CGC MEDIA

A critical parameter in advanced recording media is the
switching field of the medium. The significant feature of
this field is the time or frequency dependence of the
switching field described by the well-known Sharrock
equation [36,37] as

oenfe- (]} o

where H_(r) is the time dependence of the coercivity, 7 is
the time scale, Hy is the anisotropy field, and f, is a
frequency factor. From the Sharrock equation, short time
scales give rise to large values of the switching field.
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FIG. 7. Half-hysteresis-loop (a) few-grain system (half left) and
(b) multigrain system (half right) as a function of different loop
times 0.5, 1, 2, and 5 ns at 300 K.

Of particular importance is the fact that the writing process
operates at extremely high frequency (gigahertz) or short
time scale (<0 ns) [37]. Consequently, the write field must
be larger than the switching field at the write frequency.

The time dependence of H, is investigated for both
small and multigrain systems as a function of the different
loop times of 0.5, 1, 2, and 5 ns with the external field
applied normal to the plane at 300 K. The aim of this
investigation is to study the properties of the system in the
transition region into the subnanosecond time scale of
magnetic recording. In particular, we are interested in the
form of the hysteresis loop and also the thermal SFD [38],
which represents an irreducible minimum SFD for the
system. For computational efficiency, the small system is
used for initial investigations, and the multigrain structure
is used for the detailed calculations of the thermal switching
field distribution that we describe later.

Figures 7(a) and 7(b) show the half (left) hysteresis loop
for the small system and the half (right) hysteresis loop for the
multigrain system at the different loop times, respectively.
The results for both systems exhibit the expected significant
reduction of coercivity with increasing loop time, which is
consistent with the Sharrock equation. The value of H,. is
similar at each loop time for both systems. There is an
obvious kink in the magnetization curve at a short loop time
for the seven-grain system, which disappears for the multi-
grain system due to more statistical data. The feature arises
from the tendency noted earlier for delayed switching of
some grains; it leads to a kink in the small system but a
smooth magnetization curve for the multigrain case.

Finally, the SFD is calculated from the gradient of the
magnetization curve and presented for the different loop
times in Fig. 8. The results show that a reduction of the loop
time significantly increases the SFD. According to the SFD
width (ogpp), the inset of Fig. 8 shows the decreasing of
osrp With the increasing of the loop time. This effect arises
from the reduction of the energy barrier at which switching
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FIG. 8. Switching field distribution obtained at different loop

times 0.5, 1, and 5.0 ns by differentiation of the hysteresis loop,
and the inset shows the SFD width oggp versus loop times.

occurs for small reversal times [38], which broadens the
field dependence of the switching probability.

VII. CONCLUSION

In this work, we perform atomistic calculations based on
the Landau-Lifshitz-Gilbert equation of motion to study the
magnetic properties and the magnetization-reversal behavior
of the composite trilayer system as advanced recording media.
The design of hybrid granular recording media [18-20] is
introduced using the advantage of ECC and CGC media.
The structure of the medium consists of a trilayer system of a
hard layer, soft layer, and continuous layer. From magnetic
characterization, the hybrid ECC+CGC media demonstrate
the enhancements of the recording performance such as
thermal stability and SNR by reducing the switching field
and narrowing the switching field distribution.

The variation of the critical field as a function of applied
field angle is investigated to understand the magnetization-
reversal mechanism. We also report a significant effect of
the magnetostatic interaction field on the simulation. The
inclusion of Hgj, is taken into account in the atomistic
calculation to demonstrate its strong effect on the reversal
process of a realistic system. The feature of the angular
dependence of H without the effect of Hg;, shows the
coherent reversal behavior like the Stoner-Wohlfarth model
[26], which does not describe the mechanism of a complex
structure. Meanwhile, the calculations, including the effect
of H, indicate the incoherent reversal process due to the
appearance of several complex reversal modes. Therefore,
it confirms that the magnetostatic interaction field is a
crucial factor which cannot be neglected for simulations to
reveal realistic properties.
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