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ABSTRACT

Heat assist magnetic recording (HAMR) is a promising technique due to the
higher areal density compared to conventional perpendicular magnetic recording
(PMR). However, following the literature review found that this technology needs to
developed and investicated to increase the bit density while track density can be
achieved. In this research, the purpose is to investigate a novel limiting factor of
HAMR areal density growth via the prototype HAMR component and a spin-stand
experiment. The ensemble waveform of signal to noise ratio measurement show that
the HAMR technology faces the background interference impact (BGI). The SNR loss is
about 2.17dB when compared between the AC erase and PRBS pattern background.
To improve the BGl impact, the thinner heat sink layer can reduce BGl impact for 0.5
dB relative to the thicker heat sink layer condition. Finally, the result of this work
expects to support the HAMR technology development to achieve an ultra-high areal

density technique in future.
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Faituiigs Feosinavamedemslifanuiminvesusutufinuiminiidansivoulels
TnsYuaivdn (magnetic anisotropy: K,) figaniuiu egnslsfnmnisliTanuuiimaniidanad
woulelglnsUudindngsasyiliimauinavdnennuduuiman (coercivity) gemuludae
daaviliaunuudmanainiudewunildaunsatuiindeyaasuuwiudufinuiwianle dagy
13

1% '
A e

AnumMedmiunsiiuauiukindiunlilitwngandt 1 To/in? fdadui
aulavesningrainnssuuastinide [11] Taudduinerdumalulagnldlunisiiuaiig

MUgaNuAlAgInd1 1 To/in® tagnuaue o191i9u shingle magnetic recording [12,



13, 14] bit patterned media [15,16] microwave assisted magnetic recording [17] L@ g
heat assisted magnetic recording [18-20] ﬁal,l,amiugﬂﬁ 1.2 Jausazimeluladiiiaue

aufinugiunnnistufinudmaniulagdu lnedudumaiiafiviwirglunisiuiindeyad

unnenanuly
IS
Media SNR(dB) ~ log(N)
N: number of grains per bit
SNR: Signal-to-noise ratio
N\ ‘ e KyV
A\ Thermal stability = T =60
/ ,,\ V= Grain volume
itabili / \ K, = Magnetic anisotropy
Wrt.tablhty. 4 \ Kg = Boltzmann constant
Available write field ~2.45T < H, (6-10T) / \ T= Temperature
CoFe alloy

Magnetic energy

0 90 180
Magnetization angle

sUN 1.3 Iadrdnmsimuimnunuisiudsiunlunisdadudeyasinuamngnisalidugn
W3189e10 [21]

YagtuilnuAdefiasauazdsyaunudnds lunstuiinudwanifiaaumunuuuis

'
a

NudasignsTufinudwanuuuanuieutie (Heat Assisted Magnetic Recording: HAMR)

mAfowaudlidumedadndnilonatiayimunBusdndusigunsaitufinusingn
Tuawan Fesndudesdnuinaziauiludiuves Near Field Transducer (NFT) fiazean
paumpiveuutuiinuimanifaasueulelelnstuimangdidilndaamniies (Curie
temperature) i owAsuanzklindnvesududuiinuddnananizudmdniesls
(Ferromagnetism) na1etdudn1azudimdnni3a (Paramagnetism) 42a517 14
auuwiwanntuinaansatuinasautuinuiwanle

9N91ITE91N Alexander Q. Wu [22] IdanSnansanariasifildinaluladnistudin
wdwidnuwuuauSeutieves USTm iy walulad wuitnstudinudwanuuuainuseu
28 fuwltuanudullsfazdanfaunldonldase fawdasasisuuuuldgomaasuuas
Yiaue nuhansafiuasuuduBatuiléas 1.007 Th/in? Tngldanumuuiudnse

al o w

7 1975 kBPI wazaunubiuuniaceily 510 KTPI Fee1vuzdadiinveausingnisal



wiwdnns8eanlaase demginistuiinudwanuuuainuseutieiadumalulad

Wraulaeggs Aldlunmsiimanumnududanuiligandy 1 To/in?

IS o £

g wmaluladn s Ui nLumANLUUAIINSBUYILAINITALE1TATIAAVD

1%
= 1

U51NN1saliindnmisndeenld win1simuniivanuusuudiuiiigeaueg1weiion
& o & v = Y Y = ] % -
1y Iududesdnviiilanudnuazranszuiunisleulareutoyast19adnds weldlunis

v = Y

WanUsgansamussnistiuiindeyalundeudunissnuiainanindedevesgunsaidaiiu
Yoy fanunsafuteyaiifaesglinulduuiunivindadul venanidsdivarsdiud
Wasuwlasannstuiindomaluladdagtufidndudesdnwiduiu 1wy ssozszminai
Tufinuazurutuiinuimin (head media to spacing: HMS) [23] fiUdsuluannnistiudin
wlEnLUULLIRIRIN TundvesuinveansuifesanvuiaLasamauifinisuimvan Jee
TuSesmsandayanusuniusingg sy

N15AN©191U398989 C. Rea wazamy [24] lasrsrunanisfnwil3ouiieu
UszAvBnmanstufinuindnuuuarmiouteuasnissufinuilvmnuuusuaisann dae

v o

nyedilonaaosaluaunus (spin-stand tester) [25] Wu (1) SzAVRYYIUBIUNS UV

(%)

wiAlulad HAMR Juunseaufiannd PMR 63 25% LH0991nRavenuaudinisuimanves
Y @ S 1% = 1% & A o )
WU TUANLLMAN HAMR NFUsEUIgAINSo UL wanaInil (2) Wawdeuduiin
LiwanLUUANNSEUYY 9nAN5euU (heat spot) NTIUsENYAL 93 IAARAINTAS
588/0321I1UA (transition curvature) denalinue1UaNgendn PMR Useanu 4 uily

& 1w ' Y] =1 = A A o w N 1 [l
LRI ﬂ%LVU?W@Q@SWQ{]‘\]‘\]SLWEWHL@Q HAMR "U\‘]LN?JiUU‘SUﬂQqﬂWGLUﬂ']5LW3J@'J']3J‘VTU']LLUUU@]

¥ '
av A< o 1

Nnwprainandsiu nuitelinhmusnanimasasiiesgiviadeiidma
ns¥NUAENISHL AL LTSI Fanenwilonndadeusneg i dedinumldduny
nsTUALUMSInaRsIzefEtuduen SRR lasTId LU ULazRSesTlonagesaluduAusnaes
Jraesguuuunsiuiinnalesuiuu Wy gusvunstufindeyaldeuese \usdu lae
‘Uizqﬂ&ﬂ“if’mﬁLﬂiwﬁmﬁﬁma%ﬁﬁﬁm WU bit error rate (BER) [26] signal to noise ratio
(SNR) [27] wae dibit extraction [28] tdudu siiasialiid1lakagarunsadinsieidade
nansTnUReMIiuamkudsiuiinassraninmwosnsduiinulvdnuuumiadou
98 TudIugn e enNnae AT ILkasULTIITAANANTENUAING T WU N1SANYIAIILIL
YostusEUEANISD TR MHLTUTINLIMAN wagnsnuzuuunstuiindeya usu wad
Ininivnauideidie nseenwuunszurunismageunuulng Sawanisinasdu
UszlegudrglmimnsuaziniduinluivauigisadanlasiuasWauunaluladnisdudin

wiwdnuuuenufoutis Aldlunsiiuanumnuiudiiuiiligendn 1 Tb/in?



1.2 InquszasAvaIn1sAneIY
1.2.1 WiefnwrtladefifinansenusenisifinanuruindudsiuiluazUseansan

YINTTUANLUANLUUANLSDUTE

v '
A a

1.2.2 Wafn®1ITN15aANaNSENUIINTITLNAINAADNITHNLAITUAUT LUULTINUN

Y2an15TUNNLIMANLUUANLSa U

1.3 52 gUIDIYLASTVIULYAIIUIYY
1.3.1 An®17155NsTUMAEITaIdun 1Tt U NRUMANLUUAMNS UL TIay

Usenoudne (1) drwlszneutessnsafan (2) nszuiunsdeufiluvasinennudoudiode
(3) NszUIUNITEIMTRYA (4) NTEUIUNTUTENIRANQIM Lag (5) NSEUIUNITAIUAY \Hudu
uenaniagfnuvmguiusindnliih Weflvsannsnesuenssuiunsinuvemisuiin
wiimdnuuumnufeutiesevdnfidnduazdinsesinammaasduauddod bdueged Tne

wiaIssunssuzAnylddeyavindrdniinriunaliuideves IEEE transactions on

1o o

. & v o= Al ya a o @ 9
magnetics 1Jundn Famaluladilitinismeunsndrdniuiiidundn

a L3

1.3.2 89NkUUNSNNaBIIanaLiUSa UiisuUseansSn1nuesa1sanani g walulad

¥
v Ao v

nstuiinuimdnuuuadeutisuazmaluladtendu Inelneavdandsiiasmeinieaile
npassaTUALALS U RWA 4008 model Aivtmunlngusendinn malulad $1in $aufy
UTEYN Guzik 311m %Qﬁﬁgmﬁiu Ao (1) Digital Read Channel 20 GSPS sampling rate (2)
6.5GHz analog bandwidth (GSA-6044) (3) Fast digital frequency domain (spectral)
measurements up to 4 GHz
1.3.3 maveaesinamsfiwesiiddy Taun
Signal to noise ratio (SNR) [26] 1Jun151fwmesfiinlvinsiuis
Samdaudyamsedugusunindidwalneasse ADC lumiheves dB
Bit error rate (BER) [27] vilvimsufanaupiwvessnindar ilevin
mMa@eudeyarmedaain Pseudo random bit sequence (PRBS) a1funns
$rassnsruunndsuteyalivionsufuilaeliais mmfurhmsdiuteye
Adeunaziioudiouasiidousazsu lundvesdoyaiidouuazewilanatn
sodoyaiiresnstufinluaing log lumieves decade
Dibit extraction [28] Aan133tas1zsiladnfiddnvayidu
rdudynaumilsgn inannsUsnadyanusundufisuiuyedeyaiiniu
HIUNTEUIUNIS cross-correlation awunI1stadnfAvaIuIsagieiATenay

HANA1NTEnINNSRB LA U FURUUNT



1.3.4 Geulvlunismaassazimualisndafadudazimaluladvufinioudeyad
syogsineszrheiL Tt uLsuTuiinuimanindu 2 wilues uazeuiissey 2 uiluams
fedrsBarnunanuves (23] Wevruanumuuiudsiuiigaaaveusasnalulad

13.5 naaesfigiaiesilonnassaluaunud iedinsendadediluaimgli
walulagldannsofisanunundudiuiiiuiniavounaluladdegiuld wu dads
Mndussuisaufouresuiutufinudvnn nansenuananudourasdeutuiin siuds
dyamsunmuazsiuteya Wudu TnedfluguuasyssyndmaiansTnflddagsu wu
BER uaz SNR LUusu

1.3.6 AATIZRNanN1INead IngazseuUseansnannansiamsfimesidfud
namisusazdatedlummmenisfiuanumuu G FrazaninTnagUnaeide
el

1.3.7 WeuunaeiTeluunanunsasivInssEAuLIuIYIa 39 Ma1TIvINTg

SEAUYIR 7 @N7. YBUSUIIUIU 2 UNAY LaZINGITWUS

1.4 wafiniadnazlasu

1.4.1 mnaddsduguinasania ssdanuiildanauiduasidmtasimnsuay
Indelunisesnwuvandnfadiasifivuiinudwadnuuuanudeutas Tunisifisanumudy
Feiuiliigendn 1 To/in?

1.4.2 UNAMUTATIVINITILAUUIUITIR W39 215871539101555AUR 7 @n.
YONTUIIUIU 2 UNAY

1.5 mssalaseadreveailamnneludnerdnug

undl 1 nandsanudidguazfinvestiymiingUszasdvedlasaureuivnuas
FornuaveslasanunuiasnsaiuiueasuiuniseniulassunasnauUssle v
I§suannsiaed

unil 2 nanfenguiuazaAdetineidos

Undi 3 NAMEINISEENRUUNNIVIRABILAzIASeiaNISVIAaDY

UNTi 4 NANTNANTVIAADIAANTIATIZ VNG

unit 5 nandsunaguitldainnisinviduaiuarnnaesifefiamunlunuided
AABAILT BLAUBLUE LATUUIMNINSHAILN T RE e UTUATet



un

2
= [
N U azITU

a o v
VYNLNYIVBDN

D =p.

Tuunfiaenaninnuiiugiuuasnuidenneitesiumalulagnistuiinuivin
wuumufoudie dausnnanisuseifanuluuveseniafadla Falugunsaidudin
foyaluneuiumesodawalula8nistuiinuimanlunsdisunareudeya deunaznant

v
a

Fudwaninfantnsiuaznisiauimiuteyasiuiedninvesnalulagdagiu Jsdenal
fowin1sAnuITemmaunadaniudentng é’qﬁ?umiﬁuﬁmmmﬁﬂqumm%fawti’gsﬁmﬂ
dauanasnanidlunuised mﬁmi@Lsuauaﬁ‘u1awu%msuammmﬂmswml,t,umamw‘u
AUTOULEY ﬂm’Jmﬂiu‘U’Juﬂ’]i%um@u%LﬂEJ’J?JENi’JﬂJﬂN’m’J%EJVILf‘l&l’m@ﬂLW@LUU@Q@@’J’]@J?
Tunsiseluinenuss

2.1 g15ahanlasw

gnawinssginaailasiiBususlovssana 50 Uikiuu s1dndadlasisusnde
Random Access Method of Accounting and Control (RAMAC) laguS@w IBM fldamirn
2,160 Yaud (pound) [29] annsafiudayaldvienua 5 winglud (Viegabyte: MB) 3Uil 2.1
druvszneundnmeluuuduiinuimdnsumduiiugudnais 24 92 (nch) Tutiag i
grindanlasiansaiudoyalduinnd 500 3nzlus (Gisabyte: GB) lundeswun 3.5 i
uagdinisimuinalilades wieidas iy nisfiuausmuiidsiug anudwesnadou
s1wdeya uazvualaswiidnas Wudu (3]

wintuiinusimaniiognneluansadadlasiudnanuiusgiifonnieut deyaanse
aumngﬂLﬁulﬁfuwwiuﬁiu%wuaqmiu,ajmﬁﬂ summﬁl,mmmﬁwumaﬁ@ﬁafﬂmﬂ%uaauiﬁu
susuun sy snsregnatu sfndadlasiuunn 147 wew 1.8 h W msugUnsaivunn
Bn 9171 inTesdumasiinen wagennianlnsiouin 3.5 i Mdmiuirtesronfmedis
Ty davaung 25 2 Wdmivneufiapoinnw iudu [3]

gindailasiiluaunsaliniiudeyalneodendnnismeudmaniuii Tnsaunse
fiuldednennng ideliaresfinuneiteoyafarligyme anauandatvinlieniadartlasign
M Hugunsaiiufindeyandnlunisdaivtoyaniag Yssnausedutssnaundng deil

211 dlawes (slider) Usznouluse duiindidiudeounazeu viwihidou
wazaudoyauuuNutuinudngn Tneazdumilounuduiinuivdniuszduwiluwes (nm)

212 wiutuiinudwaniowdwnudeya iWuukudwiudaiudoya lnevianain
Januinanalauds (hard magnetic material) Iva18 VIRV AEURIUAUENAT LTU
25 uay 35 i ﬁ'ﬁuagﬁ’ué’ﬂwwmﬂﬁmu

213 Head Gimbal Assernbly (HGA) Uszneudie 3 fie alawmed damwudu
(suspension) wazaeidaaial (interconnection) Minwidithnialamesliedeuiluss
FLALIANEY VUNUTUANWImMAn



2.1.4  Head Stack Assembly (HSA %38 E-block) Aan15181 HGA deuruidudu
Wevsznaullunaesaninfarilagi
2.1.5 7eudmogduawmes (voice coil motor) e1fianannIsMsudmaniniiatuAx
A A
NSIAFOUNTBY HSA
2.1.6 @luwianewnes (spindle motor) Nflwifivyuuiuduiinudndnifideyaet

Y Y

A £ LY

melu ielviduiinvesensafanlasilieviwmiineudeya vielleudeyaasuuuruiuiin
walwén

dwsunuanansalunsinivieyaveserinfadlagi dnsitauiedaseiles il
neuaueIdonIudesnIsuesiuilng felfu dnifoasdeseanuuuiledefidinarie
mnuannsalumsdaiudeya Wun dufinuimandostivuaiidnas eflwdeutoya
Tldinntu lususituivouduiufinuimdnivunwingy uvenaniosnuuuliuiuduiin
wimdniianudinsmyuiigedu Wweenudlunsdhdsiumisdeya egadlsfnudosuan
fumadsuiufinuiminiiifeRsnaagedu dadudsinsdisds

3‘1]1‘4 2.1 Random Access Method of Accounting and Control (RAMAC) [29]
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AUty

1oLWaSTUARDU

dlawas

WITVHYA Y10

IDUTABLALBLADS

w9299 5 b

Ul 2.2 drwsznoveniasanlasil 6]

dmduenuansalunisdniudegaveseriniadlngd Sniswamuiedisioiles tie
nevausiranufednisesfuilag ddy Tnifearfesoenuuuiadeddnae
mauannsalunsdaiudeya leud ntufindoyauiméndestivuniidnas itefioziTou
doyallduniu luvusfituiivesudufinudindnivunaviida venaintesniuuliutu
Sufinuidnianadimanguiigedu Weanuislunisdhfsiumiseya selsfny

U U
1 14 1
@ AAY a = =

rowwanfumslisudufinuimaniiidenanaingu Jadudafinasenieds

L= 1 < v !
2.2 NITUUNNVBUARULAANLUUAINNITDUYIY
9InKavesUTIngnIsaludinanwisdean wlutufinuimanduseslasudan

a1

wimaniideueulelelvstudvan (magnetic anisotropy: K,) gsagyinlirmaunuaudniny

&

uuslman (coercivity: Ho) gsmnleag demaviliauuwivanainimudeuundlianunse

[

Sufindeyansuuiiutuiinudmanld dremniiniteTdnvuasinauenistuiindoya
Wl niildarudeu (Heat assisted magnetic recording: HAMR) [30] flazdaeiudeu
Uagtulianunsadeudeyavuunuiuiinuiivdnves HAMR le

welulad HAMR a1denisldiames (tasen Tunslanudeundusiutufindoyais
AueulelelnsUutman Weiiuanuansalumsdoutoyauazanuvuiuiudeya Ay
Younniawesfilifaasuuniutuiinuimanazsiiliten H, anastrvazuazdesanaiing
aumusimdnainiudeu swildamsatuiindeyald fuwandusuil 2.3 ndantdudin
Toyaudn uiutuiindeyaazgniinliidueg1esandr wundlnisdu (magnetisation) fign
JuiingSnwiiamaduuaziiaiiosninninnnudeugs Banlunszuiunsyiliseusazyinl

Wumsaziiiunistuiindeyatulegiu
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AU USYUNSIR BUT dUINuNman (field gradient) @unuueulalylnsd
(anisotropy field: Hy) fitusgfugauniiuazinaifouigaumnd (thermal gradient) @730
gnesuietsiielngaunsd (2.1) sudrevesaunisfeinsifousauiunisioulssavseaa
fimnanuunin wonusnvesiumiiefe Hy, ftuediugumgl uanmoniaeshoinsifieus
gaunnd MneTwdiiusiinaRsuiauiuusindnues HAMR annsagnuiulieutulasdlsl
FoaAsuuUasnuantAvnausivanrienudnuuzvesiidouudetnild gumgiididnmin
TunszuaunsiBeuves HAMR mnunislutuivnaumiauasmsauuniaignufindades
fuazgnimuslnenufou

WiwilildsossoszmindndieutunasSafidnadununiuunia azsjslufing
USuuguniieusiguugd uundlnedudusi (saturation magnetisation) Yo susiuTuiin
wimdnasazgninliduianniigadeauuusivinanindou Seazdouduiiismediaz
deuusutufinudivndniifinneusinausiviniuansefiluusesiufl iy dwoulelelngd
udwidnuazaunyaudautiuan (demagnetization field) Wufu

iesanarwiumunseamgilunszuumsdoures HAMR guvnfifivanzaly
nsileutoyaregaundmiil Hy, veausutufinusimdnminiaususivananideu us
siadlaiinninaamgiies (Curie temperature: T.) e T > T, lususiusimdnluoyninusivén
wduuvuduinfenasiuazidu 0 wliannsatufindeyals fauHauuudivinasiiony
Wunnnefanu SAsamantBianizivesianudmdnimesls (feromagnetic) faifud
gaunnigeazaiuisavialiiinaiiuidenionisnienimnsenaaudiuinanuiegi
WasuuwUas endaeeatiu Fdudin unutuiinusiindn waz Near Field Transducer (NFT)
Wudu nswanlinuianainlunisi@ieu (written-in error) anas ons1dIudygIuse
deyayrausunIu (signal to noise ratio: SNR) gauagnI13nsz g gnumilnlszduiusiuauy
lunaiTouteya

dHy _dHi dT dH.

—+
dx dT dx dx

% Hep fo aunusimianlseadnsua
H, A9 auiuuslivaniannsiideu
x A9 STENIRNNLNSA

T o gauungil

dﬁ@ti‘

dx
dH.
dx

A INSFsuNaUILLANUsEANSHE

Ao INIPUNAUILLIIMAN NI U

dT A a I3 a
5 AB LNILAYUNYUNYY

u

5%
(%

dﬁk A a ¢ e ' a
— A LNFRYUN Hx NYUBYNURUNNU
dT ] 3 U
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Storage Temp

B
e —

ivi

Coerc

Availablé Head Field {{Write Temp.

Temperature

3UN 2.3 ununmnszuIunstuinuimdnmalulad HAMR [30]

lneilulassadereuruduiinudivanvoanalulad HAMR 92uanA199 1N LAY
Tuiinuidmantagiu lngasdusznevailng duniiownu asiinludrudussuisanuioud

funumdAydwmsunalulad HAMR wsedavivesanusouniiantulusyuu (Dudu

2.3 N3TUIUNSVYULAZDIU

2.3.1 psruIuMSRguduiin
nsdsutoyavsendeidou [31-32) Sunarnmieriawiniiwinimdiiulas

%

Wadnszualuihnnurgsesduauuwimdnuienh Wedsudoyaasuuuiutuiinudivan

o & o @ v g o 4 a ¢

Aty Sududomsunuguvessdvaniviiiieesuedsingnisal
Wuivsuiuiidnaniazuimanvestanuiman aziivunilneduvesdes (1) 8

nhodusaunusaauns (A/m) Fufnarnnasitveddauududivan (magnetic moment:

i) sendeieUsunes (7 ) Smbodulouiusaanisiauns (A/m?) feaunisa (2.2)

1
M==2m (2.2)

14
HaNAITUIVARIATEIUIINANT 2.4 VUIAAMUAUILUULEULTILUMEN (Flux
density: B ) gvizanunsnd1uinliain nasinveauIuuiivianaInateuenuarauIuwiimin

Mnnnuundlneduresfaguidmaniivieuman (T) euigldnnaunisit (2.3)
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U 2.4 auwivaniuwikdivdniudieunain [31]

B=M (H+ M) (2.3)

- oA AY - 1 ot a & s 1 &
W A ARdUINLNEnLIndnA1eUuan InudglukentUinamng (A/m) 1 Ao

AnvansagunulanIlidnlueiniaIng (4z x10 7 H/m)

Tutaguimanursiagesluivunlniedy Tuaninsnlddauiuwaindn wan
aunuwimdniivgeduasinbitunilnaduiviunuegiuludadu esueldlavaunisi
(2.9)

M= yH (2.4)

dlo ¥ Aemanwsulilsviauaiwan (magnetic susceptibility) vosanslae dansle
fifn ¥ >0 tusggniendn “@n1isuaiiniis (paramagnetism)” danslaian y <0
a o« a8 . . sy ° o v ] A I o o &
58091 “@nzliluantaen (diamagnetism)” WeseTen89780n19% (2.4) Wuauduius

wuudady Fslilanmnsonazldesuneansiiiantivuimanmels (ferromagnetism) 16t

winduvstaguaimansen wudlifivundlnedy dadudsdiuiuauinaiiy

MwULEULSIwWan (B ) azwinduaunsh (2.5)

B=pu H (2.5)
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/ — =
H

U 2.5 nislvavesnssualniwdienihliAnauiuwtiman [31]

INNNUBILBULUS (Ampere's law) [31] na1997 nszualuilinlvadudunisdalag
(1) agifnauuuiwanusoudun1sUntue We 7 Aonszuaivisueuuds (A) Aesua 2.5

Y

25 UNYMBAUNITN AN ANARSAIH

EgS dl = H2xr = Ni (2.6)
s ﬁ 2.7
2r

Wa 7 AesAflanaudvulewmas (m) wag N ABINUIUTOUVBIVAAIN WA [ = 2720 LA

n = N /I ABIIUIUTBUVDIVARIARBAIINYIIVDIUAAIN AU
H =ni (2.8)

F9ENUTOAILIUVUNALE UL S LANYIN UANNST (2.9)

B = uyni (2.9)

v
3 '

AZIUIIVUIAAIUAUILUULAULSILILNANTANTY FUBEAUVUIAVDINTE WA bW 57189

v

UIUTDUVDIVAINADANNL1IVDIVAAIN

NJUN 2.6 et manmstrssulssgnaldlunislioudeyadawivantu nnsdudin
Toyalfaudindnuuunuimiain dudszneundnazlsznouiig Wduiinuasurududin

wiwidn [31] lnsawuwiwianileudeyavzeenamndiesindeu Usaduimvinndnag

WU UTNLLWEn WeTsruiavaawuniimetuvukautuinuimdn Trdnemaduly

q

aufirniaveanszwafintedily viliwsassudsuuuiuduiinuinangnideudeyaaslud
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fievosuunilnisduiiadu lnserdendnnisdegud 2.7 awundlneduiiunndisfu
Wisuadiouanuzdn “wils” uaz “aud” Tussuuluud (binary system)
sleauuwlmdnsitudu Soft Under Layer (SUL) dzifiuindu SUL swmihitmileu
Hunszanazieunmdnliriuludaudmandeundu (retumn pole) vhldUszavsamues
auimvinniideuituniinismeluladnmssuiindeyadaulmdnuuuiuauou Bsld

AMUUTIYRALAMUAUIUUTINUAL Ineadesninniannusaudinasnwlen

£ Write current

g H/Wnte bubble

|
1
L) T
\ |
Sy RV g §
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&
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. 1
_________________________________________ i
Velocity

JUN 2.6 nsdiaesmavuiinuiw@nuuukiIRaain [31]

M

&y

SUAl 2.7 gU M-H Bawmesada [31]
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2.3.2 NFLUIUNTEUNAY

Tukdeiinanifianszuiunisenundu (read back process) [31] Aonszuaunnsfivh
wihwasdeyafieglusuusimdnsnidudyaraussiunalii adlivdnnsmieniliia
Anusnadng WefimaiAsuiyasuesauusivgn nanfemmiuiuuesianieiuas
Wasuwaadeuunilmetuvesianuasuly Taslunwi 2.8 uandassairvosisuyie
Giant magnetoresistance (GMR) FeUszneudielasang 4 %u wazdludwanludauuuuda
(hard bias) 4 Srunusiudne dmSutufiv (pinned layer: PL) %ﬁl,umﬁlmwﬁuﬁgﬂ
fanuafianisasdronisuanidsundsnuluda fuduudmdnwoufesls
(antiferromagnetic layer: AFM) Ao M, FuserAetuaeds (reference layer: RL) ¥1131n
Yaquilwdniesls Sfamauunilnadunsdiuty 7, deindodudasy (free layer: FL)
fenawundlnsduvestusendi M, 932987 TUIUAUTZUNUR IV U TUTIN

wAN 1W9NNSHANIUAUNATI LT ENINITURUMAA U AL UU LD

A o o W | o = WY < o g v — a =
dlodu FL Suawwwivanainuiuduiinuaingn azvili i 2eiieniadeuluann

duduyy 0 fau ansarwianausiumuis uiudsuldldlaeaunisi (2.10)

AR
R=R +—(U—cos@ (2.10)
2

dla R, AerrAudumumshiind1vsuseds dudheulaiy (Q) lae

AR=R —R (2.11)

dlo R Aerraudumuniebii dvdieduleviy (Q) v 7, Ihamadeniv

M, way R Aedmmduvunalii dvmiesiduleviu (Q) vay M, fianansadi

U M, [33,34] Weil1sandya naunGuILLanInIieg NN 2.9



AFM

PL
RL
FL
<=
Hard bias & Hardbias | |
= o=~ -
M S Do
\J """"" E
11{
Media
Uil 2.8 msdaedasaietieny [33]
W
=
S
£
E ‘
=
=
=
20
= Down-track direction
S
Ql\
<& — —

| s

Bit Iength

.

JUN 2.9 misdaesdyauetundu [34]
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2.4 uIeNNeIva9
241  nSRULUIYDS Hy (Hy variation) [35]

Y

N3N32EUUU Gaussian Fxgnldifiodnasenisiuuysves H, vesunuiufinuidman
108 Hy veawrutuiinuimdnazidsunlasnuanmgiduantlusuil 2.10 Weanmgliaau

He azanadwazaziianduguiioungivinduaumgiies Wedn1sduwlsves H agvinli

9 Y

anwarveanswhudsunlawiagy ssmuldinnsduwdsves He sslianuddguiniiaumgd

'
o

28|

-nq

no Aw (8] (7]

Anisotropy Field H_(T)

o

300 400 500 600 700 800
Temperature 7 (°K)

a

JUN 2.10 H, veusuiufinuadindniiin1snganeuy Gaussian Tnfaumail [35]
WLiiuN15T1909IN1THUKUTVDY Hy @03A7 A 1% uag 10% FegatuSeuiiieuiing
Weugunglanadn Taun 3 K/nm (§18) waz 6 K/nm (v37) bty SNR Mduilsiduves
auuwiiman dadedlugun 2.11 lunsainvuiansuadedu 5 nm veuinsuadedu 0.5
TRV~ o’ = = ¢ o’ a a
nm uagiiuuiinudvanyun 10 nm HesnninsiieuiauuwivinUsednsiaes HAMR

wunanuveunsieuiaungTuarautuve s H, Augungll Fanisasdaigawin

[
(%

lnglanzeggailogumiinlnagumaiies dadufiaudinnisnszateves Hy asUdsunlas
winsasuwUasiioagniindnsldmninsifewiauaudinanUsyavsnags
wualiduveeAn SNR dwmsunisiuudsves Hy eaesradgadany lagnsaaansv
waneraNLudwAN v AL SNR asiige Sawdiinnsedl H W 10% 22d SNR sndndndes
< = < ! ' Y ! < & 1 ! v [
N Beazliindn SNR azanatedNuNEloawIulvangsdu Yaueniin1siuuwlsves Hy

Y a

TAAadyy105UNIUNITAUNEIINNITWEY BaNAINUNTUNNTREUTaungTaRslasu
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NANTYNULR8INNISHULUSVDY H, BavinTvmsentinlainnisidawiundwaniluwmngauiu

wEIHANTENUAD SNR UINNTINANTENUAINNITHULUIVD Hy (ANane7 Laigasnn)

16 16

- |dT/dx = 3 Kinm: ] ! {dT/dx = 6 Kinm]|
14] == 4 /ﬂs*
12 12 ( \\—
10
] e N

Medium SNR
bid
Medium SNR

=@=Hk dev =1%
|=®@=Hk dev = 10% |=@=Hk dev = 10%
-2[Grain Pitch = 5.0 nm| -2 Grain Pitch = 5.0 nm|

4 Oxidg Thickrlless = 9.5 nm\l Y7 -4 Oxide Thickness = 0.5 nm|

2 4 12 14 2 4

== Hk dev = 1%

12 14

6 8 10 6 8 10
Head Field (kOe) Head Field (kOe)

Ul 211 SNR Avauuwiwdnd wiu Hy Auanseiu aeldinsiowiaungd 3 K/nm

CaN

way 6 K/nm JUIANIU 5 nm [35]

SUN 2.12 Aewunilnwdundnisiundsves H, 1Wu 20% waziiasanisldinsifeun

Y
v ! v

a g = O = ¢ a Y m o ]
QmWﬂNLUu 15 K/nm fNLL@JFJflLﬂ'ﬁL(ﬂEJU%@QJWQNQ%%Qﬂ?Wﬂqﬂﬁ]ﬁ!Uumim LN UUUNALLULARN

Y 9

§InsuanInIsnauianIIveunsuLLmanluLu vy Jaunanadsdynyiusuniunisay

]

wawInnsde wasdudumaravasnisanasues SNR fiawiuuiivangdluguil 2.1 s

magnetization of layer

g\
B
s .0
®
2 .20
o
-100 -50 0 50 100
downtrack:(nm)

JUN 2.12 uunfilvdundnsiuwds He 20% nmelansieuigamgil 15 K/nm [35]

MsfuuUses He avthlugnisaundsanmsdoufiaunsusindngaq usfuaiansa
vanidodlalaomsldaunnuimindivinzan 1WoamnnansenuyeInIsnsEay He amnsad
wagiialdde luvasiinslduiusuiinuimdnifnsfuusues H, geandidinaiey aneld
Insifeuigamgiias uazanuIIRaige e19azdiedestunsaundinmaideudesannns

A5¥8V8Y Hy b9
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242  msiuslsvesumgligiuuukuiufinuiivan (7. variation) [35]

ada o a

JUT 2.13 wanansmsening Hy fugamiinfinisiuudsvesgumgles Faaziiuii

Y Y

a P a v 1 a a a

HAvBINTTHUNUTYRIRUMYNaziinaunnlegv)iiinlndenmgins mnfiansuUseuiiey

9 Y Y

a a a a o a

JEWINAINTITHULUTVOI UM YTATLALIN TR UN AN TAITUN 2.14 NUIMINNISHULYS

Y Y Y Y

' '
a a o w [ a

vosgauuiiasNTuazyhliiawesdyginanatuazindwosdy1sunIuiuTy svuui

finsisuiguunifigeniifegivssaniamiiini uenanddmudrauiuwdndnd
wanzandmiuunansdiaeg Wensiuulsvesgungiigsilrigeanng Jufe 10% uay 15%
auuudianaviinatosuinaoUsednsnmaesszuu wardanudnimnsyuuinisiunys
Yosgunglin3ifiesun 5% Nanusavilliiadoygimanas LLazﬁwﬁqé’mmmﬁumuLﬁwﬁu

9619110 INHANIIINBIVBIVAIA T UL ITUNUI NTNTE AN TRvaLNTUING

$DN178NAUDY SNR DE19319A

/g :

o)

Anisotropy Field H,_(T)

3" | T

YIRS - 1/
1—- l—-n=2: i

300 400 500 600 700 800 900

Temperature (K)

a

JUT 213 ununn Hy Avgamgindnisiuuwlsvesgamgiias WWu -5% +5% waglifinis

2

FuLUsv0t9uMgNa3 [35]

Y u

a a [

InmuwimanveuwiazAIN1sALLU YR )TATUARIAIFUN 2.15 nFuULaT

Y Y

A1ua1IRe 15% 10% 5% waz 0% mud1du aziuldinnisinisduulsvesaamvgias

a o S

winnIRihlvdivisnsungnnduiianiauinndt MsniinsiunlsvesgumgiiaIasiniie i

Y
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IAndyasuNINATLAEUNSWeY Inginsuiignyintinduiienisdiundnavegnusim

seuresenIelninssdiuiu wenaniminn1siukysvesungiigsiAgeiny vl

1% [
3 o

Uinaumssnansdnduiansuiignndufienis faasyilidygnsuniutugunsenndu il
mmiwé’zyzmmiumuwé’mﬁLﬁﬂmﬂm53’?miﬁuuﬂimmqmwgﬁ@d%ﬁ?u%L?Jué’igﬁymsumu
Ushasoune TudiudaliazyinnisiuSeufis udya asunIuusnuToeReveInISHULUSUDY
amniinduaznsfuulsues Hy eanuvuiuiudngs sessevesdnteyarzeglndiuiin

a o

uardyIUTUNTNUSHMTeARITluNUMVIAN AsunsiulUsveseungiaIaevinly

Y

@ O

LY

Usgdvsnnlunistufinanasegesaniiuleanuvuiwinvesdayaiingy n1siuulsues

a o - vy o " oA & 1%
ungiinsininizanadiidesigainnas dulUls

-0

0.45 .
dT/dx = 18 K/nm f - dT/dx = 9 K/nm| |
0.401=—— : - | s = 4 . W
7 | N i
0.354 ]
13 <2 -
$ 0304
S 0.25] \
® 0.20
c
D015 —-—c /T =0.00
? o.10. LSS L Hlaniaes
005 W o= /T, = 0.10
o001 PNV R | ! |
2 A\ eV B (1 d] mad// S5m0ae W RN EYETE 1K
Head Field (kOe)
0.08 = ‘
o | - |-m—o, T = 0.00
-l P ; a _r:_f_’; [ || ==o, JT =0.05
_ 0.067 ! A [T 20.10
£ 0.0 ol U1 Hse, Momo15
] P-lb- Ty | ——
L poal
o ]
Bo003f \
Z g02{ - _
YTHA A NER VP AN\ i ! v
0.00 LdT/dx = 18 Kinm| ™ — | ' dT/dx= 9 Kinm| | | _
T2 a 6 8- oAb~ 12 14 2 4 6 8 10 12 14
Head Field (kOe) Head Field (kOe)
UM 2.14 Adedgyauwardygrasunuiliduilsiduresauiuuiman dnsduuysves
gauniin3ilu 0% 5% 10% waz 15% neldnsifeunaungd 9 K/nm wag 18

K/nm [35]
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JUN 215 Tamuudmdnvesusutuiinuivanifinnsiuudsvesgamaiinsidu 0% 5% 10%

WAy 15% Muanau [35]

12 (%

dieuaAn SNR Ailsinnnsaiildauuuimanimunzauaglanadigun 2.16 9103y
AUEIBIENUIINISNTEUUINaNTENUIINNITRULUS YoM T azdwal SNR anatens

P! o

11NueETI015 Wagannnn1sinisiuusves He anguiur W wansgnuiiazanas
sghannainAsuigumnifangs Sutaaesnsddulinafidenadosiu fevinanaludiui
WA91N15HN1IULUIVR UM NATILYIIANNITN TN AN 19T 0IUINTUUTIINTO YD
52NN %qLff;lummmaﬁmzywmumuu’%wmsawiaﬁmamiugﬂﬁ 2.17 (eRasaniien

SNR whfunuInsiiauiunievesseenasenIntnigila1gauin MninaveIn1siuLys

YBIQUNNNAT
9 U Y
17 - 18 — -
—a— Hk deviation i GP =5 nm & 45 deg
=8 Tc deviation 7
16 —
— | el | |
) o
E 15 4
(14
z A =
w “ w
g 134 g 6 [ { : -.-I.-Hi;de;r&d.'l'-'dx=5kfnr.n
= = i | =@=Hk dev & d T/dx = 10K/nm
8 |dT/dx = 15 Kinm | B 4 i | == Hk dev & dT/dx = 15 K/nm
s 124 i |G e age T 1 b 1 | = Te dev & dT/dx = 5Kinm
| [srainFRch=5nm) | | | 2+ | === Tc dev & dT/dx = 10K/nm
11 |45 deg 0 ' | == Tc dev & dT/dx = 15K/nm
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Percentage Standard Deviation Percentage Standard Deviation

JUAl 216 SNR Aududsauusnasg (35]
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=y TC Variation
;-O—Hk Variation

1.1

0.9 1

0.8 —, — - SN M VTS
dT/dx = 15 °Kinm
Grain Pitch =5 nm

12-02 7/ N S B e \\17
Medium SNR (dB)

Ao o a a

JUN 217 dygrasuniuuiiansegsieseninelniu SNR NlldyyasunIuInauniias

Y

(=)
~
|

Transition Jitter Sigma (nm

8
)

ey Hy [35]

2.4.3  ANUKUTUTINUBIUMYNINIMITLU (temperature variation)

Haymifesninanudeuiididuindnuilsesiives HAMR feusavinsuldiuainy
Sounnunasitlrmaouliviiu Ui 218 wandiiiuidensuldiuanuson anusou
wNIELeBNINNTULUFUTHMTOUTY ?zfqmiﬂizmamm%auﬁ?uﬁuagﬁuf]aﬁwmaa&m
MU 1Y MUHANLTININ NFT USunsuadinsu Msnseaneauseusiuyeaunsy uag
n13nTEateALfour Uty underlayer ludu 910307 2.19 wuindedinavosnis
Wavuudasgamndl 6% aevinli SNR anasUszana 5 dB WewSouilunssauuusivani
winzauign (Eunausimaniiviilk SNR geiign) Snegrmilsiiiulsdnufeiletiinasnms

= o " a a o v !
WA—ULUAIANUTOU dUNNLULENALLINNNAUDYAIND SNR U898 UU
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Factors affect grain temperature:

[ Joule heating driven by NFT field
O Grain material resistivity

J?p QO Grain diameter and height

——

(J Heat dissipation through grain

Heat 4= mp Heat

boundaries

‘  Heat dissipation through underlayer

Heat

JUT 2.18 wnunIwyes NFT egwillainsundvian warladedifinadesnunglivesnsuvue

ASEUIUNITMAIAINSDU [35]

dT/dx = 15 K/nm

18:45°&Therma| WA LI )T o]
T T @ Fiives o = )

o 14

s

= 12

e

2 10

E 8

=

T 6

Q \

E 4 \
- 1 ‘ -
2 1 | 1 | 1 | | | | |
4 6 8 10 12 14

Head Field (kOe)

JUT 2.19 SNR Auauuuimaniigamglidnisdsuuvaiwananaiufie 0% 2% 4% uay

6% MIUAGU [35]
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Sefinrsanlammuimanluguil 220 seninsnsdlilifnawdsuuvamisanuiou
wazdniswdeuuvandu 6% nuilammuuindnveansdfifinnsdsuulasminuiouuis
NITUILYNNRUNANIIUIINTOYRAD Faavdanalisensoszninedan ety wazdeIMIUNIU
U%Lmsawiagjﬁu NNITAATIEN N3l 0% T08RDTENINTAALNTINUTZLIN 0.8 Nm Uag

6% 2zn1N9UsTA 2.4 nm

T dev=0%

L r L}

JUN 2.20 Tawmudmanannistufincensfewigamailu 15 K/nm wagwuiansy 5

u 9

nm 7lidinsasuslaseanglivaglinuiou waziinnswasundanlu 6%
[35]

< Yo = % A ' | v & o =
LMUI@%@TJWN&GUENﬂWﬁL‘UaﬁJULLUaﬁﬂ?qﬂiauuuﬁﬂmaaﬂrl\iﬂqﬂC‘]E] SNR A9UUN U

a 1

WraulanagiinavonIsiuklsaugiaiandiuiinaiiisuisuiu sUi 2.21 Ae

wnun el laloulaNuand1avesisaensdlla tanudu JUAUULABN SN

Y s

wlsAuiouvesnsudvan wansslusindanuseunasiulneanuduiussewing Hy
fugampivesusiutufinuimanasil susuasAensalifinmsiuulsgamigilnegaeld
TWslwdrudouieaiu waziaeansdlldauusinanysyansuaioaty asdulddaii
aewnsaiileniafiasfindyansuniuuinusessailesninanuuandimiannuden uaz
KansSaeIanIRIsUTl 2.22 wuinfaesnsdifinalndiAssiuunn Aewdlefinindesuums
gumndazan SNR ad0g1931n9n 16 dB U7 12 dB Fetfuuvasvesdyaausuniusias

YRANTNSENUBYMUINAD SNR UBI5EUU



Thermal profiles for

different grains
i

H k H effective
Different grains with T

different Tt

) — e %
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UM 221 wnunmmansenuvaanisiuiindledinsiaguudatgumgdiasiilofinnsiuuys

g3 [35]

g
16
15
14

13

12 !
TG =15 °K/nm
11

T Variation

Medium SNR @1MFCI (dB)

-1 0 1 2 3 4 5

Standard Deviation o (%)

JUN 2.22 A1 SNR Awingauil 1 MFCI Audiulesuuinnigiuvesgungies

Tunstudin [35]

HaSRUN)
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244  enulAswesseesaseninada (transition curvature)
\Weanngussvesiusiidanufouvumiuduiinuivanineuniiudrasnay Favinli

o
o w [V

Tndeayannnistuiinfivsnasessdesenindnazlds JadulgymdAynaunuiuiuyes
Tayagninin seuludiutazilunisiauenansenuvessosdoseninedafilas uaznis

¥
=

YSuusalagunil mwudwmsﬂ%’uﬂ§ﬂ,ﬁiaEJGiaswdwﬁmmﬁuﬁ?u%mmsaﬁﬂﬁmm
ynuuvesteyaRiuuldUszIIN 50% @8 SNR Wity

nansenuaInA21ul&s (curvature impact) Wiefiag@nwinansznuanulfives
sovrpseviedn deiuluslndanufoudesuuuduandlugui 223 asgniundne dufe
Tuslndanusounuudmdsuuaznauiin1snsz aeuuy Gaussian nsidewignmaiiuiim
Tndq gaumagidildlumstiufindu 6 K/nm gamgiigeandlife 785 Kelvin JUuuuMsTuTin
#i 500 kilo flux change per-inch (KFC)  wUu1asivesiisuasfuuuudmasuiudig
A131813ULUIvI19un5 A (crosstrack) LU 40 nm warAdmeluLLInILLTSA
(downtrack) 181 0.1 nm

SNR AldanTusingarufouisaamuuuidusagudl 220 anelfauiuusivdnd 105
kOe winlddaauin SNR wesluslndmnufeudnasugeninagiinnuvuiuudoyagsiian
SNR fienoesnndu 7 dB lesansessiossyinsdnfinssvedusindanufoutuudimasis

ViianunsaiuauLuuTetoyalagenIniiy 65%

Square Thermal Profile Circular Thermal Profile

750

— Eh —

5 650 -E 700

E. @

-=' 600 S 600 . -
® ©

= 2 Ae 150D, ¢
a w8

] 5

2 =

.“f‘e
%

a &

U 2.23 WslwdanuSeudvideuuaznay dinsieuvigamilidu 6 K/nm [35]
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14

Straight Transitions

12

10

Medium SNR (dB)

RW=40 nm
Curved Transitions

0 ] 1 | 4 | |
1000 1500 2000 2500

Linear Density (KFCI)

Medium SNR w/ 40nm-wide Reader

JUN 2.24 SNR Auanuvuiudaduianuniememwinduiuaunielunisidauves

R
Fouanailaainnisiinanuisunislusiiadvdouuaznan [35]

35n1sudnaa1alés (curvature solution) 33nsuAtaymusnifedsliuanualy
duiiuga Aemslilusindamdeunuudmdoudnsinlilssesseseninsdniinsdlailds 3q
vlndusanilsndefiavdestaun uwiludiuiozeuonisusiymsessasznindniiadn
wilseg19fe nisjudulufinisuivyssauuLimananiudeu LagaziuTouiiieu
UsEavSnmeueaiededisime sﬁai&amﬂdauﬁLLé’aWUdﬂé’zyzymﬁémﬂé’umﬂmiﬁuﬁﬂﬁu
Lildffeudnanssnunnnsdemiissetiadion wiidumaanmaeumefaiuieinsey
wanszvufiinannisdeufissesiadie lunmslnavisduidouignidasuluma il 2
nm x 2 nm Wuideuiianysaliuy winauisdundiunaiuiieasioufisszuuaia

vuiuguvestiusiidamudounanietu uansluguil 225 1evu uansruinves
aunusiimanluuuinnauiedisidinsi 105 koe naeauun Fuslardeutoyasesnistiudin
wlufagudransasiiuindadsuinadds uiderdsuguuuuruiavesaumusimanluu
rnauiaduiudiuruy wiuieuesesauuidindniuudsuutamaoaiu 39
vavesanamanigneenuuumalusindenufounaudsgud 2.26 ielfinsuusingn
vinameuwniailoniaiivgnduiienafistudesananufeuninaueuuninagléty
dudwaresamiousiniiasinanuniadeya anniseaniuuiasfiuirdndouaildd

soafasznInalninselulag
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CaN

Recording Field Amplitude (kOe)
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Cross-Track Position (nm)

Recording Field Amplitude (kOe)

20

Cross-Track Position (nm)
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Ui 2.25 (418) YuIRAUILLL WENAR UL IUNSA (v31) YUIARUIN U LTEN

<
=p

Wasuuadluwwivnaumia duiindaelusiidanusemanauasiilagusis

VAN [35]

=
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Downtrack (nm)
- (]
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I
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LASDINDIVYLAZNTZUIUNITNAADY

unil 3 nandaniesiiolduuaznseenuuunismaass Welvgeulsidnlafuvessa
n1snaaedluundnly Fifeusnizuansdudiuiiuiinulmdnuuuanudoutiowazusiu
tufinuimdniililunismaass Insaudnuaznstufinuimdnuuumiuieutisazgnialag
inesilonmaosatluaunusdsaznarlusiafod 3.2 indesiiedesiinszurunstiuiinnans
sUnvuiaule Wy sUkvumsaudeya suwuuteyannuiiien uazguuuudeyauuy
wadiouass Wudu eduaelusiate 3.3 uenvinilegdadod 3.4 azeSurefenszuiunista
Sasnandygudeduginsunin Sasanuienainds wagn1TeenLUULNIATINzYIEIme
feaumidmadentsimuneur i

3.1 tuiinuazusuvuiinutdvan

Tusuiseiifeadesfunisiauas iufinuasuiusuiinudmanveanaluladnis
Sufinuimdnuuuanufeudiofniy (idedsoonuuumnaaesinedldgunsainmaans
é’uuwﬁaﬁgﬂﬁwm‘[maﬁﬁm Finmnelulad Usanelng) $1i0 Feuszansandile Dauwe
Tuunaruwes Alexander Q. Wu [22] Siamunuududsiuiilasussutouiniu 1200 Gbpsi
ANNATIUNSAUSEAN 40 nm

FredrardufinvewalulanisdufinudwmdnuuuauSeudiefitiuinaassd
$19u 5 Fu Snvarlassadwvesfiiufinddnusvnoundn Ifud sdufinuiungn uaz
Wouutman Wuny GT@LLamsLug‘Uﬁ' 3.1 Wenaniwniddalduiunassuiaanuiouds
flvuanman faiussded wave suide (WG) way NFT fidganaiueninauiasain 800
nm guuasinga 50 nm Wevhidewhanuandiiurdelusuietem 3.2 (@)

v = 1

Tuduveaknutunnuiman uddedlaldunuiufinudwanfilaseas1eswanalu

¥
U

gﬂﬁ 3.2 Usgnaume (1) Tu overcoat layer (2) Fududin (recording layer) (3) Fudumedia
w3 (interlayer) (4) Fuszuiwmudou (heat sink layer) (5) %1 Soft Under Layer (SUL)
waz (6) 41 substrate (Hudu Fulasiadaitddalunaluladt Wud Fuszuronudou 7l
AuanRtssrUIBAnISeuiiaiiuAnsnudoyautiman fauandunsisil 3.1 [30] oesls
Amuduii@nudmansznufinnuanandusingn seuseaninmnistufinuindndeas
gmﬂmwﬂumsﬁﬂmﬁ Foius mmassuusuTuinuindndidlnsiadafiunnaneiuamedn

A9 (1) hUTUNA (2) UUTUTLUIEANNSDUAMUAUNITLANANAU (3) WUUTUBUMBSLALEDIT

1 [y} [ %
WANFINNU L UUNY
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Heat sink
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JUN 3.2 windudinuainan (@) lassadaunduiinuinanwuuanuioudae (va1) [25]

A15197 3.1 Tassadauasnaaudhive s iufinulmanuuuaudeuty [36]

FURHUTUNN WA

AUYU (nm)

Thermal conductivity

Specific heat

(W/mK) (J/m?K)
Overcoat layer 25 N/A N/A
Recording layer 10 50 3x10°
Interlayer 15 3 2x10°
Heat sink layer & SUL 80 200 3x10°
Glass substrate Infinite 1 2x10°
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oA a ¢
3.2 1A329UNAaRIaUUALAUN

wisailaneassaUuanaud (spin-stand tester) [25] ABlASOINONARDUNTEUIUNTT
Feuuareuvesgunsaifudiugsanadlain Fanusaviedeszinuninvedwanladu
9¢197 Preliinanauisadndonusiuniinuainlugiuiian InwmumAealunsanagey
2 o o = = o’ %% <, s a s v = b
FudrwhtuiinuazuiudufinuimaniaslidesUseneuluainfadininlaiay Fwantuneu
wazvendulunisndnls wissllennassaluaununiidulsznaudAylsenousie ¢ diu
Astaluil

= IS = I a ¢ o g 1 d' a o

YALATDIINAYRIATD N BNAARETUALAUA Aslandiiog19lugUN 3.3 9 InUTEm
Guzik fin1sldnuningeannssulszneu mounudinsunyuldutuiinuimanuazyn
AU TUN F99EAIUANNTSIARDUNARIAN YAY AD LUUNEMUAIMTUNISLASDUNFILIIY
X-Y wazuuvagidendmsunisususundaiduiinidiguiiuniaifiedn snaasy 11190
ATUANAILS AT agAMUAsEErANNgITEnIITulinuasuiuluiinudndndae
ANUSELREAEY (active fly clearance)

yasasdiannselindg Anihilunisdsidadounazeiu lWdshdufinsousus

AATRdyIa vIASIIRTENGINLI “YaUsBaIanIslEue U (read write analyzer:

'
o

RWA)” BediBuseadislunisnaaey

galusunsuadua fmhiidinisaauasiriesiunistaudidingg Fsasniuauia
dnvesyaiATesionauazyaNeTBidnnetind

paudianes fthillanaanisnaaey SuLazdsteyasenirefldnunaziniode
yages uennidglunsinnistoyaiioiglunsinsginiends lnodausefulsunsu
Ansgiiiuiiy usu

funeumsvinurenaiesdionadeuil Bududenaicuiinuesuiutuiinusiman
Tuiedos posfiumosazdsmdariulusunsumug gamdaegnidoulasdldauauduneu
mseonuuUMINAass Maluileunszuiunsmaaey Mduiinazgninanuduniuma

Tiliiensivgeunausaldeulaund deuuwiutuiinuaiudnagnyumeninusnaaili

ANay =

InTuFitufinavindeufiunfeaiidesnisneand Wennfiuniafidesnisidouses
nsEUIUNSERINAENISIsTaE st uTinwaruRuT Ui nusnan anduutusses
Tufinwazi3unssuIUNINAZBUAINEIFU aTlasdnsizinan1snadounsuinmesias
m%qﬁafmé’iyiymmqLammmazL%smqwzLﬁ'?‘j'amaﬁ’uLﬂ'%laqmaaqa'ﬂuaLLmu@?Lﬁ'anzma

19 '

dygraeunaduliiolnginan saaswely
Tumsnageugideladondiwnutiudiumtuiinuuuanufoutisduiu 5 Fu Judin
avdauruduiinuidniifidaafiveulelalnsUusivén (magnetic anisotropy: K,) a4 Weuly

nsuageufiddey Ao (1) Audinisuyuuiudufinumdnvindu 5400 seusauli (2)
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S2ULMIITUNN LA WHUTURNLUIENIINAY 2 UTUAS (3) 99ANNISID ST IV UADLEY

Juiinudwdnmindu 1.34 a9an (@) Sadl 0.860 7 Wudy

JUN 3.4 dregnsinfeuiviiuiinvuyina



34

r 3

— | Trigger

¥
Function Generator [¢:s=sesssesee » Lecroy Scope
4
| LI

Write/Read Processer

Preamplifier

)

v

v

— Spindle Controller k=====-4 Stage Controller ===

--- GPIB BUS

SUN 3.5 NSLUIUNNTHINULATDILBNAaD dULALI LA

U

3.3 sUnuumsUunndaya

mnnaniegaEuFunsIzUIuNIMedYeamalulamsTuiinteyanisusingn
fuRenisiuiindaya Fanszurunistufinuaimdnisuuuudoyandn og 2 wuu fe (1)
sUnuufeyanuiified (single tone frequency pattern) La (2) sULUUTagaLUUdY
(pseudo random bit sequence pattern) %ﬂﬁfmﬂizadﬁmﬂ%}muﬁLLG}ﬂGi’mﬁ'u%ﬂ%ﬂé’Yﬂu
ddaly Faoluil

3.3.1 EULLUU%'E)gamw?{LaEJ’) (single tone frequency pattern)

nasnarpUTLdugUnsaituiindeyam ssimanlneitily deyafignideuaninsnatna
Tnesad1sdaa (signal generator) Jafnuinadudyaramaslifialiunssuiininus
venedyaa (preamplifier) wlasduaunuiwanidsuluFududuiinudvan agiuan
nszuruMadsuaglidudou Sududiesimuaeaud (f) warrnnvesduyaudidenis
sUsuumsTufindnuasiazdond “suuuudeyaeufiden” duanduiednegi 3.6

Fregensdwnmuundn endaegnatu tuualituiindaeanud 11436 MHz
vusuisiafl 0.564 i SnsnsuyuLHuTuTinudvEn 5400 souUADIUNT (rpm) Fatu
dasdoya (data rate) szwinfuasaviiAnudfe 228.68 wnzdnreIurit (Mbps) Tnesily
ansafuamemuiuOaldnaunsi (3.1) el

Bit density (kbpi) = Datarate (Mbps) / Linear velocity (ips) (3.1)
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Bit density = (2 x f) / (2 x = x r x RPM / (60 sec/min)) (3.2)

Bit density = (2 x 114.34 x 1000) / (2 x © x 0.564 x 5400/ 60) (3.3)
Bit density = Datarate (Mbps) / Linear velocity (ips) (3.4)

Bit density = 717 kBPI (3.5)

nsldsnundnuazqaiu Aensavdeyadensevilasmuuslildanuias desalii
tuiinafsaunuwimanadunvilsqudedresinsiaiies dwalivieanavviliuundln
Lszjsi'i’uLViﬂﬁuqué ﬁaLLamﬂugUﬁ 3.7 uaﬂmﬂﬁaﬁuﬂsaﬂsaqé’zyzgwm%@gaamé’m@yﬂmémﬂé’u
JeRRT Lﬁmm’mﬂ’mﬁﬁum%’agaﬁﬁ’uﬁﬂ é}’aﬂizuaaé’@mwmamwmﬂiaqﬁwmsﬁagaﬁ
FON1TODNUININA YIS UNEU su"gEJv‘iﬂﬁimi’wﬁ@mmwmiﬁuﬁﬂlﬁsﬁmLﬁluéﬁu SRIGINIEN
sUuuunstufiniifie blaunsoaerounisldnurieesiusinaléimun Weasannsldau
FasUsznouluienansmnuiiiinduiasinem ndnfomsdudeyaduies

10 MHz Single Tone

«-0.1 5>
A 5 T 1T 7/ I Y
1 1 | 1 | I 1 |
1 1 | 1 1 | 1 !
| ! I ! 3 ! ) !
| 1 | 1 | 1 1
I 1 | 1 | 1 |
| i 1 i 1 1 |
Y\ () Ak A G I___ i
e > A
0.05 ps //

. /
Transitions /

o 17

5UN 3.6 freeumdudyaudaanutfed WuuAmWd 10 MHz

A}

el e ) () (el () el e el ' el )
4.» 4.> 4.k i.h 4.» 1.b 1.:» 4.* 4.» 4.r 1.
4.:: 4.> 4.:- 4':» 4.> <.> 4.1- 4.&- 4.:- 4.> 4.
.:- .r- ., : .a- 4.; .

L
4.:- 4.& 4.:- _ 4-:» 4.:- 1.:- 4.r 4.> 4.:- 4.:- 4_.
:-... :-4>4:-4.H.:->-:-......

;J‘Uﬁ 3.7 ﬂ?Wﬁ]’]ﬁ@ﬂUWU@MﬁVIL‘USU@’JEﬁﬂLLU‘UF’]’J']@JGLG]EI’J



36

3.3.2 giJLLUU%'EJgaLLUijJ (pseudo random bit sequence pattern)
SULUUNTEUIUNITREUTNUIAD Toyalkuugy (pseudo random bit sequence
pattern: PRBS) [37] dnwaugnstnaessteyaaiiounisidaiuvesguilng ssusznauluimedn

aaaaa

dyrazwiinsidnvarduuanisnageuaiunsansulanddnvasidusgnsls Wewain
sUTeyALUUIE B USRIz elAgAIMYUIY (polynomial) Fleaun1si (3.6)

Bttt + 1 (3.6)

Feazlvgadeyauuuiaiouasediuinin 255 On dewialuil

11111111 00001011 11000110 10000000
10001110 00100101 11000000 11001001

00110111 00100000 10101101 10101100
10110000 11111011 01111010 11101000

10000110 11000111 10011100 11000101
10100100 01010010 10100111 01110110
01111011 11110100 11001101 01000110
00001110 10101011 11100101 0000100

UM 3.8 yadntoyauuuiaiouass

m3Usglevifeaninsondninansznusenitanfnduls dalaiamnsadiunanseny
NngUuUUANNIREL Wennandrdsenisfusdsaliinanulidudadulussuy
yauzdoudoyadndnly namanaaosaziiudauilolinneimesandyaiadedya o
SUNIU wansENuMInd1azisenin n1sideusessosenitedadliiduidudu (nonlinear
transition shift) 1udu [38] uaﬂmﬂﬁgﬂqu%gamﬁmﬁgﬂiﬁiﬂumimaauumms WU N9
monTUeRianainln (bit error rate: BER) {ugiu
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Ideal PRBS

0 50 100 150 200 250
Bit time

a ¥ I

JUT 3.9 dyayinienuaignintayauuuiaiiouas

Normalized amplitude

Bit time

3.10 dyayraueundugndndeyanuuiaiiousss

)
[l
=D

u

Lz = 2 o [ ¥ P =2 " 1 ¥ o v L% ¥
nansiiluenansianulidmsumsldanuienisdinwivintgu leygnlmhluldusslesimunism

Lidnnsdilag viedu Sniaeiulilanulasilont wazdedndatadivesenasynasaninisunluly



38

3.4 9ns1dUdyIusadyy1uIUNIU (signal to noise ratio: SNR)

doyaralussuunstuiinuimdnidruuseneuvesdyaadoyauwazdygyinsuniu
dalaiflsUsrasdlussuu onfegiady dyanmsuniuiieny dugiusuniuainuiutudin
wildn wasdyyrmsessesevinedn WJudu Fefunszuiunsmageuidedisnisin
Samandugaredyyiasuniuy wadagananidenin “ssuuneiusnsdudyain
Hod1MIUNIU (ensemble of waveform signal to noise ratio) [27] Feflsrwazidunuaz
nszuuMsse Uil

3.4.1 asduuneaudasdudyyiudedyyinsuniy

NIZUIUNITIAIISVE Y YIURNI1ITUNIUY 3n1stwmeunslag Stephanie
Hernandez wagAng [27] LfJ‘lm’l'i‘UizEgﬂ@ﬂbﬁ%miﬂ53N365@€g7méWUﬂéjUL‘ﬁlE]LLEJﬂﬁigEy,’]m
sumumanvanewinesnuazszuy Usslomifevilvidilafaaveivinligaininnstiuiin
foyavieliftoudlalymidasige deulsitifesunuuiléteausuuuudoyauuudgu
wihthu anszuaunisfuneudswialud

1) Weudaya PRBS 31u3u 50 91aseillasiu iveaiuisainanuunnsdnswesdoyao
vusiutuiinulmdnldmszdeuiedeyanuuieaiu mnduiinldasiuwana

Tdunaainurutunnudvan

.
WeudnAndanuy

JUN 3.11 amanaesunilniedunduiindeyasUiuy PRBS siaiilog 50 4n

2) enudygradoyauuwdutuTinuindn PRBS 2uguludiuiu 50 58U ot
WUNNANTENUNNISUNIUINTIBIU Blannselndiilenfenaudy g

5|

O e *’;N"“ﬂ'"'fﬂf“‘m'hw*_ Foudoysinsioty h-"T’Uh"ﬂﬂ”w-’h'"*'r
AR 5 7
‘PMI. i i .'?Jhmf “uu. ,d MﬂfwM 5
R T (e Ly

+
éﬂuﬁaqaeﬁsﬂﬁmﬁaﬁu
v
R S
Ul 3.12 &yaasunduvesdieya sULUU PRBS siaiiles 50 4a
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3) wageiudya1ungunseuliladyyudeyanusansEyy MU

1912871 WINFBINIITNTIVA Y QYITUNIUAINAIEINTAATLIUAIBN TN By QY1
SuNAUaUMEEANUNUTIAINNNTAYAINTUNIUNIIAIATIUN 3.13

JUM 3.13 dyayraudeyanusAannEyaIMsUNIUIAIa

u

=p.

SUM 3.14 feysyrnusuniunieam

4) Usganaday i usIAaInnISIUN IS UANe M slafe Ayanaiiidey PRBS 9N

]

5oy anvneaslidyaraiiuulifidygasuniuviesy

Srunaiildnassunau %

12
2
=]

£

MUETUNAY

T

sUN 3.15 dygradevanlifinissuniulas Sy musunIuBINul

Y U

1IUNTIU

3.4.2 mM3was1zibalin (dibit extraction)

a o = '

TunsTuinuwlvan MnNAoIN1sNIIVSNYUEYoIdn N dnNanTuinuLLKLTUTAN

Y

v =i

widn a@nunsaimsigilaslonisuszanadyy s unduiisuiuyadenainsu Wy

9 Y

NTEUIUNNT cross-correlation nan15ATIEvnlaazizanit “ladn” (28, 37] ddnwuzidu
AAUYIMTlagn NHYUINANUNTN A YRATIMTRIINVUIAFYYINEER Wiuamundng
Un gaiun1siadnfieaunsatiedinseiauianaInsenienisleuiarauguluunds

JunaUlnuaLdunfD

1 1 19

1) Juiinveuaniedunasusuu PRBS 256 Un fansiuAnusdudin (ut))

Y v v u

| (%

2) 21uduanaeunau (v(t)

[

19 1

3) Uszuladunl8 cross-correlation

A
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a ao

%4 cross-correlation Wuuuwaand1dguinlunisuszgndldaumadamnssulni

U oA A

#9@195 cross-correlation @8 N1SIAFQIN 2 §3 NTANUwmilaui Ui edla a1A1 cross-

(s}

v 3

correlation N¥nldifiAnun Anduuinuazdumisiasanlndruddn Awansidyayuvisass

q

v 2 ) ::4' 3 a a Y} P I
AAUAIMULUANBDUAUNIAN LLﬁ%ﬂ?SLUaEJuLLUaG‘UENSZJmmL‘tJuVLUSLuV]ﬂVl’NLG]Enﬂu IUﬂim‘WNﬂquaﬂ

[

waneIn deygyaunis 2 ¢ ldfimuwiieuiu wazaian coss-correlation aladanduau

<

'
=

wanIId ey iiaeslinanseinuiu waslinswasunlasiiuiianisinsaduiu degy

3.16

wit)
o 5 8

JU#1 3.16 N3¥UIUNIST cross-correlation s¥vinednyeyrusuuuunasdyn1ueunau

3.5 N15IAANNAUILUULTINUI (areal density)
W diwasndrAnynlddmunisindseaniamnistuiindeyafie nMsAuInAY

a
nnwuvesteyaseviiiviheiiui [22] Ussneudwugiunsyuiunisecil

1) fwusdasadeRanaia (BER) uausuls nesnnusnsidnianainainnisideou
wazsundu delluthensindunmean (decade: dec) lusudsodavdinun 2.3 dec
d1115Un15USU BPI way -2.3 dec d@1%5u TP

2) arumuuuesdadaiia (Bit Per Inch, BPY Aotaramuiuiuvasindeyase
Anuen 1 irlunumuwEn dsiimionsiaduiladnsaia (ko Bit Per Inch: kBPI)

3) ArunUILLuYeNENHea (Track Per Inch, TPI) Aatfte¥nAunuILLuYeq
unindoyaseanuntie 1 daluwuadnunsounn dsmiensinduilauninded (ko
Track Per Inch: KTPI)

4) AU (Areal Density: ADC) Aonistamumuintuvesdoyaids

= a

Wudneuniie 1 a151987 Felinhen1sTaduingdnsenisieiia (Giga Bit Per Square Inch:
Gbit/in?)
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<
3.6 n1s@anwkuuwnsn (Track layout)
Wianandaguuuun1stiuiiniieTias e inansEnuvaInIsunInaand ey 1N une s

[

ndeildeanuuuld 4 JUuuu Ao
1) mstuiindoyauuulaiidayaanumas

2) mstuiindeyalagiimsauwwitnafswisaesdng
3) msUuiindeyauuuildyauiunday

4) msUuiinteyalagiinisaudyiniiumas

TINBUNITNAABUILYIINTEUIUNSIATEURLIVUTINGRLAAIENITAUA A IEAINDE
(1333 Aladnraduni) WeotufiniTeusosuaidsasiin1sindgindeya oUssulana
NTNEIUSYIURDNITIUNIU UBNAINTUNTYUIUNIST dibit extraction AguanlgiieIaTIzi

wosAusznounliiludndu lnadlousswindyananemuardyyingauns

(1) (2)
(1) AC Background
TP

(3) Data

L\ 4 {2) AC Background (2) AC B{ {5) A&_@ra_gu_?e
Fi\4AT L — IS
(3) (4) S
b (1) BG1| (4) AC erasure-
(3) Data (3) Data
—
(2) BG2 (2) BG2 |-{5)AC erasure
Background PRBS data is shifted by +/- 48 bits

1%

JUT 3.17 guuvuuuduiinildvegeu (1) msduiindeyauvuldidyainiiunds (2) ms
Jud Gl
(4) Myduiinteyalaeiinsaudayaanumas

¥
= [

ndayalaginsauiuitiufesisgestne (3) nMstuiindeyawuulldyaiunumas uay
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NANISNAADILAZIATIZIING

& o a a 1Y Y} v A& o a
Umuu’]Lau@maﬂqﬁm@a@QWLﬂﬁJ'ﬂGUENﬂU{]f\H]EJVILﬂu@ﬂaiﬁﬂIUﬂqﬁwwu’]Lmﬂiuiaﬂﬂqi

2
v A

Tuiinudwdnuuuauieudas uonmiloanauidefidiuunlanaidis lddrazduaiiy
wlsUsruvesgangiilussuunistuiinuazaiiuliawessesdoszninaden Wudu lag
nszvININRaeIritassgULuUNstuiinteyaiaiiouaiauazsuuuusiieg ez
Fynasunduilimsuidymiiietu venanid@nvinsnisansansenuaindadei
\Retesazgnnaniisie fetuugiEnmaanuansznuvesymdandn feastieiduuuams
TunseenuuuitangUnanituiindeysenuqgeiuluouanld

4.1 WaNIEMUVRSEIMITUNIUNUMAS (background interference: BGI)
Tumstufinuimdndeyaglisnuazgniuiinuuwsiudufinuimndn Jeszneulusie
Tndogadiuiuinn WuRefusuunIrnnnesedatu lngnzegsbuilouniadl
undnatesdenansznuredygasiunduly faduluiideiisalnauenisinses
é’agzymiumummm%ﬂﬁﬁwLﬁmﬁaé’mmmiwmuﬁwé’ﬂ
nsznunTIMAdauIrdaelsuasdtudeyaguiuunistuiinvesdldiuaie # 7

UUN ﬂ“UE]lIaLLU‘U PRBS Uum‘wwamwu‘wm mﬂuuﬁmmam'}muammmmammmsumu

' o
N o

1/1L‘fluﬁwmmmmLmaaaﬁuaqammmmum warldmadla dibit extraction tiietAS12 9

D.

Yadiitinasenisiiuanurn L uTive s studinuivEnuuuanutouas Wy Jady

INNTUTTUIgAIMUTaUTaHuTURN WA Wudu Tnsardessananlasiduluunay
LAS04LlaNA AR IEULALA LA

4.1.1 ASTUIUNTNAABY

lunsmasoulidelfidendumdudutufinueiufontiedousium 5 Ju
tuiinasSausutuiinuimaniifidn K, g9 Seulumsmaaeuiidrdny Ao (1) mrmiianismu
wrudufinualmdnwingu 10500 seudeudl (2) szpgieiituiinuazurutufinusdingn
Wi 2 nm (3) ssmnadesideudodutuiinusimdnuittuaud uaz (@) anwuinng
et 1400 Aladasedunil s

londnisguuuunistiufindiolinsginansenuveamsunsnaendyy aiunds
axgnoanuuuly 4 suuuy Ae (1) mstufindeyauuulsififygaiiunds 2) metufindeya

Tnefinsauuniadraferisaesdne (3) msdufindeyawuuddygraniunds uaz @) n1s
Juindeyalaeiinsaudyaiaiiunds lngyniuiuunaunsnaaauagyininszuIunNIsinIe
wnsatufindoyamenisaudnemeaiuias (1333 Alatndedundl) duanslugui 4.1a) e

Jui ﬂLiEJ‘Uﬁ@EILLa’JﬁNﬁbVI’]ﬂ’]i’mﬁﬁJiU']iU“U@iJﬁ LWaﬂiumawaamqmuammmmaammm
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SUNIU UBNINLNTZUIUNIS dibit extraction Aztuldiems1zimasalsenaunliidu

Wadu Ingleuseninedyaunauwasdyyuenund

(a) (b)
(1) AC Background} - - . - (1) AC |=(4)-AC-erasure
TP TP
(3) Data (3) Data
(2)-AC-Background | . (2)-AC | (5) AC erasure

(C) (d) — ===
(1) BG1 - (1) BG1{{4y AGerasure. —
TP e s - TP
@pata | (3)Data
== == I
RABG2 -~V (2) BG2 |-(5) AC erasure-
Background PRBS data is shifted by +/-i48 bits
JUM 4.1 sUsuunisdudinildnaaeu (a) mstuiinteyauuuliddyaruiunds (b) n1s
Jufindeyalnadinisavuniadesisaasdng () nstuiindeyauuuiidayyiuiu

wad wae (d) metuiindayalagiinisaudayainiunas

4.1.2 WNANISNABDILAZIATIZH
NNINAABILI NI DA NYINANTENUTRINTUNSNdDAF auiunas lneTndnsndlu

A

Fyausedyyrusuniuaindeyauuy PRBS fildtufin Inefisunuuuniafzuil 4.1) uas
4.1(b) uBNI ML IATZINAVEISTEEWIITENIUNGA (track pitch: TP) Usznaudie 40,
50, 75, 100 wag 125 Wesidurvesnanuninunsia

NgUT 4.2 LAAINANITNARDINANTENUVDINITUNINA A By ey TN UM UL

ons1dIudyruradgusuniIu nualunsalflddnstufindygraunund oz vinlnd
dnTdUFY IR DF Y IUTUNIUATIER A1RALwINiY 13.27 dB dewilunsaldnassguiuy

Ya3lduasefetuiindeyalaefidyyruiunds nuiifissoyriieseniiaunsai 100
Wesidudvasnunitauniea azldsnmdiudygraedyyiusuniuneiign lnesniinsd
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1 1
Il v ! U =4 ! &

Fladfidyaraiiundaintu 2.17 dB azwiuin oy rauunasdanasenisiuiinteyainiy
Roawanale
agnlsfimuifieifiuszes ﬁwivmw,m‘%ﬂiﬁﬂ”iwﬁu Wy syey 120 Wesidud
mwmuammmmaammm‘umuﬁ]“L‘wuawu idesnvareudeyasziinsunsnasaves
”zyaunmwwawamaqmﬂmiwLmsﬂmﬂanawwmnmuuwn
Snnsdindladetuiindeyalasivunszozinszninuniatuiinlndrusudenns
Jeudouriuiu sxvilvauuwdminuarTufinaudedoyavesuniadafesdmalidoyy o
fundsfouaundlnediuanas iWesudoyanduanfinnssuniunnitundsanas

14.0
ol
=~ 135| IO
e S gl 2
o 13.0 | B 75 8 @ 3
— - o S8 S
© SE =
- 125[ e 5
g £ \\ =5 = g T
‘0 120} T 1sl8|*
e ) 3
£ \K ad !
- 115L =
© /i \T/
c
11.0 b .
2 -
10.5
AC 40 50 75 100 120
background

Background track offset (% TP)

¥
=

JUN 4.2 NanIenurINsunInaendyaIuuna suusn s dud s udad s UNIUT

sroyeTEnInIanieg Tunistuiinuimanwuuanuioutie

Mgﬂ‘ﬁ 4.3 = 4.6 wanidan1sUsrutadyaiadismaia dibit extraction wie
Nnszidaseiivilissosrneseninaundafl 100 Wosifusvesanunirauniaisesu
'5@i’la'auﬁmmmﬁaé’mmmumuwﬁam Falvnanisvnassiidenadaiu Wosdunuinms
maawuwmam PRBS 256 Un Lualumamwwaq nan1sUszanadygaeunauazllll
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Abstract—We discuss background interference (BGI) arising from the read-back of preexisting data and adjacent tracks
on a recording medium. A signal-to-noise ratio analysis is used to measure the impact of BGI in heat-assisted magnetic
recording in a spin-stand tester, The signal-to-noise ratio for a data track with an altemating field background was compared

to a data track written over a pair of backg d tracks. We

id the effect of background track offsets: the distance

between the background and data tracks. BGI, which depends on the background track offset, can degrade read-back
performance. The dibit extraction technigue is able to separate the linear dibit response and the BGI in the read-back

waveform.

Index Term:

stand racording tester.

1. INTRODUCTION

Tvis well known that areal density of perpendicular magnetic record-
ing (PMR) is limited 1o approximalely | terabit per square inch
(Thiin®) due to its fundamental limit known as supery vl

storage, heat-assi grieti g,

ol i , side-reading effect, dibit extraction, spin-

In wddition, adjacent track interference { ATT) or side erasure [Jiang
2003, Morinaga 2008] have been known as o major problem in mag-
netic recording systems due to stray fields from the sides of a head,
causing érasure effects. However, the interference from.a background

limit [Wood 2009, To achieve an ultruhigh storage density, a smaller
grain size and a véry high coercivity (H, ) medium is required in or-
der lomaintain the signal-to-noise ratio (SNR) and magnetic stability.
However, current magnetic write fields { f,,) cannot write on the higher
coercivity mediom ( Hy << H.). Thus, the writing process musthe as-
sisted 1o rednce ity of the magneti dium. In recent years,
heat-assisted magnetie récording (HAMRY) has been proposed as ane
6f the leading candidates [Ruuseh 2013, Wu 2013, Rea 2014], This
technology utitizes a near-field transducer (NET) w heata tiny spot on
a high pcrystalline misotropy medium befare ding data
at room tempeeature [Kryder 2008],
An HAMR basic technology demonstration | Wang 20137 used an
NFT head and a Fe-Pt medium with more than | Th/in?, withmare than
1000 write power-on hours &t the first-time repart, linear density of
1975 kh/in, and track density of 510 kilotrack/in. They suggested a-sig-
nificant opportunity for track density improvernent. However, HAMR
lingar density remains an obstacle o achieving ultrabigh storage ca-
pacity. At high linear densities, SNR is limited by several problems.
which are as follows:
1} increased head and media spacing due to-coatings and contact
detection, including NFT [Hohlfeld 2016];

2} increased transition curvature and broadening effect, which are
cawsed by the circulur thermal profile [Tu 2015]:

33 lower read-back amplitudes for the HAMR media relative 10
PMR, due 1o lower read-back amplitude, owmg to reduced ux
from the media wansition (M, T) [Rea 20164}

|EEE T in 4-T February 2018, La Thuils, Haly.
Corresponding ulhot Nutiapan Chaiduangse (5860131 3@kmitl.ac-th).
Digital Object Identifier 10.110%/LMAG 2018.2872536

rack (p g data on ) remains an interesting area to
study. It can be measured by comparison of the SNR of the recorded
data on the tield (AC) background (band erasad), which
presumably has less read-back interference, and recorded data on o
pair of pseudorandom bit (PRBS) back 1 tracks. This
SNR loss is atributed to any written-in interference and side reading
[Femandez-de-Castro 2012]. This interference is called “background
interferenes” (BET). Inpanticniar, HAMR track pitsh«(TP) becomes
narrower, Thus, BGI can deteriorute the overall read-back signal and
limit lingar density, Moreover, such media have a complex structure,
such as a combined media stagk with thermal design between the lay-
ers, including the soft inderlayer. Consequently, understanding of the
recording process and the SNR characteristies is pecessary to develop
practical HAMR.

In this Tetter, wewill foeus on the effeet of BGI using the SNR mea-
sured with the signal-to-noise analysis technigue. Additionally, dibit
extraction was used o investigate the inference sourcebased on Hime-
donrun comrelation between read-back waveform and corresponding
writlen pattern.

The rest of this letter is organized as follows, Section IF briefly
deseribes the expenimental details, and Section I discusses the el-
fect of BGI on SNR and dibit extraction results. Finally, Section TV
suminarizes this study.

II. EXPERIMENTAL DETAIL

In this Tetter, five HAMR heads were tested on a granular Fe-Pu
medium via spin-stand ester, The test eondition is o radius of 1.58 in
at skew 07 witha spindle spead of 5400 evolutions per minute. The
operated eleafance is 2 nm for both write and read process. Write
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(a)
£ TlTIrlTI'I'lI'ITmII'I'Ir‘I'I'1I TN TATHmn e ITTI'I'_I Ly (4G Backgrod]
i i T
] ‘| 13 Data
£ |
§2) AC Background
o 5In 00 150 m 250 (5]
Bit time e
(a)
TP
@ (3) Data '
3 .
Hilli
E R k 12) BG2
] i
E [ M Id * \ i Baskground PRBS datn = shified by +/-148 bits
" T W
E It = Fig. 2. Four track layouts. (a) AC background. (b) AC erasure over-
5 g writes the AC background tracks, (c] PRBS background, (d} AC era-
= 1
Sure ites the PRBS b tracks. Inset: the track writing
o 50 100 sequence is represented by (1) to (5).

ﬁg ‘I Both (a} PRES paﬂem and b] :?nn:llng average
werg
current is selecled by optimizing the r ling perfo whereus

luser operation current is selected so that the bit error rate of —2 decade
is achieved [Rea 2016b).

In this section, we describe a technique for interd; measuring
based on PRES nadphack wweim namely SNR measurement
|Herndndez 2016, 2017 and dibit extraction technique with four track

Tayouts [Palmer 1995, Ozgunes 2003],

A. SNR Measurement

In Fig. Ma), recorded datatrack is a 955 hit ‘.PR.B\ for 6 consecu-
tive periods, including wrike § L i
transition shifl effect (NLTS). The PRBS generitor pnlynmrusl used
in these experiments 3 2+ '+ 7 47 41 The read-back wavelorm:
is then captured for _"" iiferent tintes in ardet 1o d the effect of
a8y noise (s ic/reader noise). Then. u spatially noisy
waveform can be obtained by averaging the read-hack waveform, as
shown in Fig. 1(b)

To achieve a noise-free waveform, a noisy wavefarm is spatially
avetaged each period from all 64 patially noisy waveéforms. Finally,
the SNR is calculated from the power definition using the noise-free
signal and the spatial and electronic/reader aoise. which is caleulated
by subtracting the average waveform from the voisy waveforni.

B. Dibit Extraction

Dibitextraction is atechnique based ontime-domain comelationand
requires. the sead-back waveform and corresponding PRBS pattem
ta yield hoth a description of the channel transfer function and a
description of the noalinear behavior ol the system, such as NLTS
phenomena and read-hack distortion, In order o investigate the BGI

v

“ground and various background

1.0

B
i
(101 —

=1
©

|
1

1254

Signal to noise ratio (dB)
B

RiE S
1ot
0.5 = =
v -
w].wi_su|rs|wu|m
Background track offset (% TP)
Fig. 3. SNR measurement among the data tracks writternon AC back-

frack ofiset from 40% o 120% TP.
Inset; the subplots depict @ track. Iayuut for each track offset,

saurce, all tracksare recorded with a different data patern. The PRBS
pattern is written in a data track for the SNR measurement. The top-
buckground frack is written by @ +48 bit shifi-forward from the data
teack, which is dencted by “BG 1, wheress the hottom track is written
by —48 bit shift-reverse, which is denoted by “BG2 Additionally,
hoth BGI and BG2 tracks are ealled a “PRBS background.”

Then, the spatially noisy read-back waveform is analyzed for cor-
rélation with the comresponding PRBS pattern, Finally, the lingar dibit
fespofise cun be obiained as shown at the main pulse, and the non-
lingarities show up as echoes around the pnhe such s the echoes of
BGl impact seen near position -+48 bit {from BG 1) and —48 bit (from
BGY) clock.

C. Four Track Layouts

We designed truck layouts for the BGEinvestigation, including ATI
impaet and less interference, which consist of the following;

1
q o
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Fig. 4, Four extracted dibit responses from different track layouts correspmd tg the four track layouts in Fig. 2, as depicted in Ihosutrpkﬂs (a) AC

background, (b) AC erasura guenwrites the AC background tracks, (c) PRES {d} AC srasur the PRBS backg

tracks.

The dibit response of PRBS background incurs under-shoot echoes at approxlmah!y +48 bits clock due to a BGl impact,

1) AC buekground, which is u dit frack weitfen on ‘u high-
frequency AC band-erased:

2) AC erasure overwrites the AC backzround tracks (ATI);

3) PRBS hackground, which is recorded data on a pair of PRBS

hackgrannd tracks (BGT)

4} AC grasure overwrites the PRBS background tragks, as depicted

in Fig, 2(a)—(d), respectively.

Practical track layout for a commencial PMR drive is similar o the
PRBS background, as illusirated in Fig. 2i¢). Background teack off-
set s a distmce between the center of the data track and background
track, which is determiped by the TR These heads had o TP vorre-
sponding to the track width that was obtained by a write plus erase
technigue [Fernandez-de-Castro 20112), and the TP values were variad
from wround 60 am to 70 am. Here, BGI impact can be fnvestigated
vin comparison of the read-back signal of the PRBS and the AC hack-
ground. Then, the ATT impuet is measured by comparison of the AC
back ground condition, and AC erasure averwrites the AT hackgrotnd.
In addition, the PRBS background can be erased o remove the BGI
imipiact and recover the data track performance, & shown in Fig. 2d).

IIl. RESULTS AND DISCUSSIONS

We i igate the perfi 2 degradation dus i |
inan H&MR recording system uﬁng signal-ta-noise m])“m and d'l:ul
as described in Section 11, Next, we discuss

two experimenis that copsist uf SNR and dibit extraction.

& it

A. SNR Result

Fig. 3 shows the eomparison of SNR among the written data on
the AC backgromnd and the written data track on a pair of PRBS
bhackground tracks at various hackground track offsets, which are based

on Fig. 2a) and (e). respectively. There are five track offsets in term of
percentage of TP: 405, S0%. T5%, 100%, and 120% TP The results
are explained as follows.

The AC bagkground is shown in Fig, 2(a). This irack layout shows
the best SNR to be approximately 13,3 dB. The result suggests that it
has a minimal amount of read-hack interference, as cxpected. While
the PRBS pattern was recorded al background tracks, the SNR trend
clearly degraded with inereasing background track offsel, from 40%
1o 100% due w AT and side reading.

At 40% TP condition, stray fields from the sides of 2 head during
both data and backpround tracks writing can degrade the amplitude
signal of background tracks, which resultin the slight SNR loss during
read-back,

Here, the minimum SNE is 100% TP of PRBS background rack
offset. This condition is significant due to use of 2 commercial PMR
drive. It was found that SNR loses ~2:2.dB relative 1o the AC back-
ground case hecause the BGl and BG2 tracks did not encroech onto
¢ach other on the track edges as well as' during datu track writing.
which results in the stronpest BGI impact.

Inaddition, il the background track offset relaxed for 120% TP, BGI
will less-affect the read-back signal. This explains why the written dats
track s Tar away from the BG1 and BG2 tracks, which results in less
ATI. Nonetheless, BGI can deteriorate the SNR due 1o side reading
from background tracks.

B. beffResmnss Result

We investigate the interference source yia the dibit extraction tech-
nique in order to understand the cause of BGI at 100% TP Here, the
resulls were divided by the four taek layouls, as shown in Fig. 4.

In the AC background gondition, we obtained only the main
dibit respanse, as shown in Fig. 4a). This was due to a minimal
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amount of read-back interference on both side writing and reading,
cortesponding to the SNR result. After the AC background tracks are
erased, the itude of dibit resp is i comparing to
the AC background condition due to the ATI impact. Clearly. this side
crasure can interact with the data track signal, as shown in Fig. dib).

In addition, we found that the dibit response incurs under-shoot
echoes al approcimately £48 bit clock, corresponding with the 48 bit
shift from the data tack pattern that were recorded at background
tracks. It indicates that these echoes are the result of side reading al
background tracks but opposite polarity signal [see Fig, 4(c)]. One
hypothesis of the opposite polarity may be due to an antiparaliel re-
gion between the data and background track edges, as proposed by
Fernandez-de-castro [2012].

In Fig. 4(d). BG| and BG2 can be erased to remove the BGI
impact, Here, the main response amplitudeds in Toss by AT] while
the undershoot echo disappears after erasing the background tracks.
To sum up. this experiment points (o side reading as the root
cause.

V. SUMMARY

We 'pﬂ.adnl an experimental result of BGL impaet in heat-assisted
ding perfe SNR was explored using a spin-

stand recording tester with the signal-to-noise analysis rechnique. The
dibiit extraction technique was iployed fior the breakd [
data signal and BGL from the read-back m!lr.fﬂrm, Thie resulis showed
that the strongest BGI impact on HAL[_R.SNR.m;amed with o back-
ground track offset for 100% TP, ~2.3 dB relafive lothe AC baek-
ground. The primary catisé of the SNR deterioration isthe side-reading
effeet. 1t creates d.nbu mpmsq with opposite politity or nndmhml
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Recently, heat-assisted magnetic recording (HAMR) has been demonstrated to extend the areal density growth over the superparamagnetic
limited. One key component of this technology is a heat sink layer in HAMR media, which benefits the thermal gradient and transition noise.
However, the disadvantage of the heat sink layer (HS) has not been fully explored. In this paper, we investigate the background interference (BGI)
impact as a result of the heat sink layer via the spin-stand tester. HAMR heads included a light delivery system that have measured a signal-to-
noise ratio and down-track thermal gradient on a variety of HS thickness. Subsequently, we found that a thicker HS is a trade-off between the BGI

and thermal gradient. Thus, it remains challenging to achieve an ultra-high areal density using the thermal media design.

© 2020 The Japan Society of Applied Physics

1. Introduction

Nowadays, conventional perpendicular magnetic recording
(PMR) faces an areal density limited due tw the super-
paramagnetic phenomenal." Ulrasstorage density requires a
very high coercivity media to maintain magnetic stability and
signal-to-noise ratio (SNR) for a prelonged period of time.
However, the current writer cannot write in high anisotropy
media due o the limitation of magnetic material.

Many publications suggest one technigque that can be used o
overcome this is heat-assisted magnetic recording (HAMR), >
During the recording process, the HAMR head employs a near-
field transducer to heat high anisotropy media until the Cune
temperature is reached. In this state. the writing ability of a
conventional writer can reverse the magnetization of recording
media with a high magnetoerystalline anisotropy condition. At
the same time, the HAMR head must provide a sufficiently
minute heat spot size. Then, the HAMR media temperitire
must rapidly reduce in onder to keep the magnetization
direction at room e, Here, a heatsink (HS) layer is
a key factor for HAMR media™ which also helps w cool and
improve thermal gradient. Typically, HAMR media looks
similar to PMR media except for the HS layer, which consists
of 4 media overcoat/storage layer/interlayer/heat sink/ glass
substrate,' as shown in Fig. 1. This figure shows the ditference
between PMR and HAMR, which occurs only in the HS
layer. This layer directly increases head-keeper-separation.®
Consequently, developing practical HAMR is necessary to
understand the recording characteristics both when reconding
HAMR head and media.

In 2013, HAMR drive was demonstrated at the first-time
report for overcoming PMR limited.” 1t indicated an
excellent capability for wack density improvement for
HAMR, but the linear density is still challenging in terms
of achieving a higher areal density. Recent studies have
suggested that the HAMR recording performance is limited
and has several problems.'™"™" For instance, HAMR re-
cording has a unique switching field disuibution, which
affects transition jitter and saturation noise. To improve the
transition jitter, a thicker HS was proposed to obtain higher
thermal gradient while a higher laser operating current is
required. Moreover, the track edge broadening and transition

SEEC02-1

(a) ()

Fig. 1. (Color online) Example of (a) conventional PMR media versus
(b1 HAMR media.

curvature for HAMR is larger than PMR recording due to its
heat spot. They also explored the side reading in the HAMR
system and found that it is stronger than PMR.*™ and
sidetrack or background interference (BGL) is reduced by the
addition of an SUL.

Nonetheless, the previous studies have not yet profoundly
studied the effect of a heat sink layer. where it is the media
stack thermal design between the interlayer and soft under-
layer. Therefore, this paper investigates the effect of the heat
sink layer on a SNR via the spin-stand tester. Down-track
thermal gradient and BGI impact are observed a variety of
HS thickness. Here, we organized the rest of this paper as
follows: Seet. 2 briefly describes the experimental setup:
then, the effects of heat sink thickness on both the laser
delivery system and SNR results are discussed in Sect. 3
finally, Sect. 4 concludes this study.

2, Experimental methods

For the experiment setup, the recording performance mea-
surement employed a high-precision spin-stand. 30 HAMR
heads, including a light delivery system, were tested on three
different media types with thinner, normal, and thicker HS
thickness conditions, In the laser operating current of each
head (f.,), it was selected by optimizing the recording
performance, where is the bit error rate condition for —2
decades achieved at the data rate of 1222 Mbps at 2 nm fly-
height for writing/reading. The test condition was a 1.38°
skew at a radius of 0.869 on 10,500 RPM.

© 2020 The Japan Society of Applied Physics
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Background

(a) ]

Fig. 2. (Color online) Mustration of track layouts {a) singhe track and (by
triple tracks, in all cases down-track is vertical and cross-track is horizontal,

The first experiment focused on a relationship between HS
thickness and its down-track thermal gradient. The down-
track thermal gradient is a crucial parameter for HAMR
recording system.'® "™ The thickness values of HS will
directly affect recording temperature and the heat spot in
HAMR media.® Many studies have suggested that the write
field gradient will have an impact on the effective write
gradient,”" as shown in the below equation, ‘Hence, this
experiment considers the recording performance impact from

HS layer
Effective write gradient = @ = ﬁ ﬁﬂ

& i "
dx dT dx

where the head magnetic field is “H, ", the media anisotropy
field is “H,", the temperature is "7, and the down-track
position is “x”,

This experiment obtained the laser operating current
modulation metheds in order to measure the down-track
thermal gradient.™ ™ While the magnetic head records a
single tone pattern, the laser operating current is modulated.
It shows the correlation between a transition position and the
laser operating current varigtion, The down-track  thermal
gradient can be extracted, as shown in Eq. (2)

Down track thermal gradient
odl (T —L)op 4.2 @
dx Ax TransMod '

In (2), the writing temy (T,) is applied by a single
value of 710° Kelvin to all cases®” and the ambient

a9

Normalized Laser operating current

Thinner

SEEC(2-2

Normal
HS thickness conditions

Fig. 3. The nomalized laser operating current comelates with HS thickness.

temperature (T,) is 2907 Kelvin.”* Here, the fractional
change in laser operating current modulation (Al is
“bp”, which expressed in the percent of Al The resultant
displacement modulation (Ax) is d by analysis of the
signal. Then, TransMod is the normalization the transition
modulation to the laser modulation, as shown in Eg. (3)

TransMod = ﬂ (3

op

In the next pan, we consider the effect of HS thickness on
BGI impact via SNR measurement. The track layouts are
designed for investigating the effects of BGI, as shown in
Fig. 2, There consist of a single track and triple tracks, where
the single track is the Iso SNR measured for a data track
written on a high-frequency band-erased background. In the
case of the wiple tracks, we recorded the neighboring tracks
for a 100% offset of the track width-to-face with the
maximum SNR loss from side reading. ™™

In our experiment, the spin-stand tester measures the SNR 1o

analyze a recording head and media charactenstic. This method
is useful for understanding the effect of media properties and
recording conditions in HAMR systems. % The detailed test
procedures are explained as follows:

1. Firstly, we selected the pseudo-random bit sequence
(PRBS) generator polynomial for m®+4 m' 4+ m’ +
m’ -+ 1. Then, 255 bits of PRBS with 64 consecutive
periods were recorded on the mentioned track layouts,

2. After that, a reader captures the recorded PRBS signal
for 50 different tme intervals to remoye an electronic or
readen noise,

3. The averaging waveform of the 64 consecutive periods
provides a spatially noisy waveform.

4. Thus, the signal power consists of noise-free, spatial,
and electronic or reader noise signal. Finally, we can
calculate the SNR by subtracting the recorded PRBS
waveform from the noisy waveform.

3. Results and discussion

3.1, Effect of the heat sink layer to laser operating
current

Figure 3 shows the comrelation between a normalized laser
operating current for each head and HS thickness. We

Thicker

@ 2020 The Japan Society of Applied Physics
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Fig. 4. Measured down-uaek thermal gradient as.a funetion of heat sink
thickness,

observed that the laser operating current increases linearly
with inereased HS thickness. The highest required current is
at thicker HS thickness media, which can explain that the
media temperature is rapidly cooled when the laser operating
current is twrned on, and it is hard to reach the Curie
temperature,

To achieve —2 decade, a higher laser operating current is
required. In the case of the thicker HS thickness media, the
laser operating current is significantly increased by 1%
relative to normal HS thickness. In this case. the laser
delivery system can degrade faster than the thinner condition,
Despite a thicker HS which is required for high laser
operating current to record the data, it also has benefit in
terms of the thermal gradient, which is established in the next

3.2. Thermal gradient measurement result

In the HAMR system, the written transition depends on its
down-track thermal gradient. Figure 4 shows the thermal
gradient as a function of HS thickness. The higher down-
track thermal gradient was enabled by a thicker HS. The

+ Iso SNR (dB)
o SNRwith BG (dB)

Normal

Thinner Thicker
HS thickness conditions

Fig. 5. SNR measurement among the PRBS dua tracks written on AC
background (Tso SNR) and with background track (SNR with BG).

SEEC02-3

maximum down-track thermal gradient is about 7.39 kelvin
per nm at the thicker HS thickness, while the lowest is at 4.60
kelvin per nm at the thinner HS thickness. This result can
explain why the media temperature is cools faster, which
results in a sharper heat spot.

To create a link with the above experiment, thicker HS
media makes a higher down-track thermal gradient while the
higher laser operating current is required. It is a trade-off
between head lifetime and recording performance.

3.3. Signal-to-noise ratio measurement results

In this section, the SNR measurement results consist of two
cases, as shown in Fig. 5. The Iso SNR and SNR with BGI
values were measured on the single track and triple tracks,
respectively, Firstly, the single track shows an increased SNR
with a thicker HS because of better down-track thermal
gradient and written transition shape. The maximum SNR is
13.5dB, at the thicker HS condition,

However, we observed that the SNR value of the triple
tracks was lower than the Iso SNR. When we increased the
HS thickness; the SNR did not improve as much as expected.
Overall, SNRs are only around 12.5dB. The reason for this
may be due to the fact that the BGI was increased.

Figure 6 shows the SNR loss due to BGL We caleulated the
delta SNR between Iso and with BGI for the same head and
media. It appears that thicker HS gives a higher SNR loss. The
maximum loss is ~1 dB loss at thicker HS condition. This
study shows that the side reading is the main problem, which is
the stray field from the background track interfere in the data
signal, As to why thicker HS can increase BGLimpact, this can
be explained as an “undershoot area” by Chris Rea,"”

In a further experiment, the magnetic footprint of the
thicker HS thickness condition is shown in Fig. 7. Here, we
recorded the PRBS data over a high-frequency band-erased
background. Then, the readback waveform was processed via
the spin-stand footprint test technique.*' ™ It appears as the
side reading signal while the reader over the bottom track,
The opposite polarity of center track data has oceurred, It
seems that the stray field in the recording layer is hard to flow
to SUL, but it is easier to direct to the reader. Thus the
HAMR system faces the strong side reading effect due 10 the
added thicker HS layer. To achieve the best performance for

1.0

SNR loss (dB)

0.0 g = =
Thinner Thicker

HS thickness conditions
Flg. 6. The effect of BGL impact on SNR with various HS thicknesses.

Normal
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Flg. 7. (Color onlineg) The magnetic footprint of a thicker HS thickness condition.
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Abstract. This paper discusses the impact of background interference on a recorded pattern for
heat-assisted magnetic recording technology (HAMR). Several patterns of the background track were
examined, with the log bit error rate and signal to noise ratio measured via a spin-stand tester using
HAMR head and media. It was found that the low frequency pattern gave the highest BER and SNR
loss due to the strong magnetic field from the adjacent tracks. Similar to its practical use, the PRBS
pattern also showed high interference. These observations may be used to support HDD areal density
growth.

Introduction

The digital data growth rate has increased due to social media, personal computer, and smartphone
device technological advancements. IDC forecasts that the global data sphere will grow from 33
Zettabytes (ZB) in 2018 to 175 ZB by 2025 [1], requiring the deployment new data storage solutions
to support this demand.

For applications requiring very high storage capacity, hard disk drives (HDD) which use
magnetic recording technology, provides a much lower total cost of ownership than that of solid-state
drives (SSD). However, with current perpendicular magnetic recording (PMR) technology, the areal
density growth rate is slowing down due to the superparamagnetic limit [2]. To maintain SNR, as the
bit size shrinks the magnetic recording grains in the media also need to shrink. If'the grains are made
too small, they become thermally unstable. To achieve thermal stability, high-coercivity media is
required. The conventional PMR magnetic writer is not sufficient to write such a high-coercivity
media. To overcome this limit, researchers have proposed heat-assisted magnetic recording (HAMR)
[3] as a promising alternative to achieve an ultra-high density storage. This approach employs a
near-field transducer (NFT) to assist the conventional writer by raising the temperature of the HAMR
media to temporarily reduce the coercivity and allowing it to be magnetized by the write head. The
heat sink layer in the media enables thermal gradient (TG) improvement and the ability to quickly
cool the media back to room temperature.

In 2019, Seagate demonstrated 2.27 terabits per square inch (Tbpsi) with interlaced track-layout
and multiple reader architecture [4], establishing HAMR as a leading candidate for the future data
storage technology. There are still many challenges to increasing areal density further. For instance,
HAMR’s signal to noise ratio (SNR) is limited by several constraints: 1) HAMR's unique switching
field distribution results in added transition jitter and saturation noise [5], 2) the integrated NFT writer
creates more transition curvature and broadening effects than a PMR writer because of thermal spot
effects driven by the NFT design [6], and 3) the trade-off between recording performance and
reliability of the HAMR system as TG increases with heat sink thickness [7].

In this study, we consider the impact of the side reading or background interference (BGI) for
conventional HAMR recording, i.e. the interference from the written adjacent track on the read-back
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signal [8]. Triple recorded tracks were compared among several background patterns and track pitch
offsets and the log bit error rates (BER) were calculated to determine the HAMR recording head and
media performance using a spin-stand test system. SNR’s were measured to understand the noise
characteristics.

The rest of this paper is organized as follows. Section II briefly describes the experimental details,
and Section III discusses the BGI impact on the recorded pattern with BER and SNR results. Finally,
Section IV concludes this study.

Experimental Methods

In order to assess the BGI impact from the recorded pattern, the sample HAMR heads and media were
tested via a spin-stand test system. This spin-stand test system is a high-precision instrument, which is
widely used to characterize head and media performance.

The test condition was set at a radius of 0.869 inches (equivalent to a skew of 1.38°) at 10,500
RPM. The active fly height was 2 nm for writing and reading. The laser operating condition was
optimized for each head by sweeping the laser bias current until -2 decades log BER was achieved at
the data rate of 1,222 Mbps. The single tone BGI tracks employed 305.5 MHz (611 Mbps) and 76.4
MHz (152.7 Mbps) for the high and low frequency patterns, respectively.

2.1. Track layouts and log BER measurement. We designed track layouts for BGI investigation
as shown in Fig. 1, including a reference track without background as depicted in Fig. 1 (a). For all
cases, the recorded data was a pseudo-random bit sequence (PRBS) pattern on the center track. Fig. 1
(b) and 1 (c) show track layouts having a single tone pattern (low & high frequencies) and a PRBS as
the background tracks, respectively. The track pitch (TP) was defined as the distance between the
centers of the reference track and the background track. In the analysis, the track pitch was also varied
by 50%, 100%, and 120% of the nominal TP.

Single tone pattern Random pattern

(a) (b) (c)

Figure 1. Schema of triple tracks with a various written adjacent track condition (a)
non-background pattern (b) single tone pattern (c) pseudo-random bit sequence pattern.

To characterize the magnetic recording performance, a typical system contains three main parts, 1)
encoding/decoding, 2) writing, and 3) reading. Before recording a user data pattern into the media,
the recorded pattern is encoded to avoid noise from several sources, i.e., media noise, electronic
noise, interference and distortion. The reader provides read signals to the decoder in order to decode
the user data. The log bit error rate [9] is typically used as the performance metric and calculated
using the number of read bit errors divided by the total number of user bits. For example, if the
decoder shows 1,000 bits in error while encoded data contains 1,000,000 bits, the log BER would be
log10 (1,000/1,000,000), which is equal to -3 decades.

2.2. Signal to noise ratio measurement. In general, the signal to noise ratio measurement is used
to analyze a recording head and media characteristic via a spin-stand tester. It is useful for
understanding the effects of the head, media, and recording conditions. The signal to noise ratios can
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be calculated using an ensemble waveform analysis [10]. This method extracts electronic, transition
and remanence noises. The detailed test procedures are explained as follows:

e The pseudo-random bit sequence (PRBS) generator polynomial for m® + m* + m? + m? + 1 is
selected for the data pattern, with 255 bits of PRBS with 64 consecutive periods recorded on
the mentioned track layouts. A reader then captured the recorded PRBS signal for 50 rounds
to remove electronic or reader noise.

o A reader then captures the recorded PRBS signal for 50 rounds to remove electronic or reader
noise.

e The averaging waveform of the 64 consecutive periods provides a spatially noisy waveform.

e The overall signal power can be divided into noise-free signal, spatial noise and
electronic/reader noise. An appropriate weighting function can separate the spatial noise into
the media transition and remanence noise. Finally, the SNR is the ratio of the overall signal
power to the respective noise power.

Results and Discussion

Four recorded patterns and three-track pitch conditions were investigated. The background
interference impact on HAMR performance was assessed by BER and SNR measurements as
described above.

3.1. Bit Error Rate vs. Recorded Pattern. In Fig. 2, the effects of different background tracks on
the recorded pattern were determined using log BER. This enabled the comparison of the center track
log BER with the cases with and without background patterns. In addition, the track pitch impact was
also investigated. The best recorded performance was achieved when the user data was recorded over
the non-background condition. However, we observed that the worst condition occurred under a low
frequency BGI, i.e. BER degraded by 0.37 decades relative to the non-background (Fig.3). The PRBS
BGI pattern was also found to show performance degradation, but slightly better than the low
frequency condition since a PRBS contained low frequency components from a long bit period. Note
that the PRBS BGI case demonstrates the practical case where old data is directly overwritten by new
data. We also observed that the BGI impact could be reduced using a high frequency pattern (higher
data rate). The 100% TP condition had the greatest BGI impact while the shingled recording style
(50% TP) and adjusted erase bands (120% TP) also looked promising.
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Figure 2. BER vs. recording pattern at Figure 3. BER degradation vs. recorded

various track pitch. pattern at 100% of the nominal track pitch.
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3.2. Signal to noise ratio vs. Recorded Pattern. To study the background interference impact of
the recorded pattern, we investigated the interference source via ensemble waveform analysis
technique as mentioned above. Here, the total, electronic, transition, and remanence SNR’s were
extracted from the read-back signals. We compared the SNR among 1) non-background pattern, 2)
low frequency pattern. 3) high frequency pattern, and 4) pseudo-random bit sequence pattern
conditions.

Percent of nominal TP Fereent of nominal T
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& 108 & 100
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=

¥ 1M
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'
Electronic SNR (dB)

Nowe hackground  High frequeney.  Low froqueney . PRES Nonv lnckgreand™ Wk requrecy | Liw Trequedts FRES

Recorded pattern Recorded pattern
Figure 4. Total SNR as a function of Figure 5. Electronic SNR as a function of
recorded patterns for non-background, high  recorded patterns for non-background, high
frequency, low frequency, and PRBS. The frequency, low frequency, and PRBS.

SNR from each percent of the nominal track
pitch is shown as a marker.

Fig. 6 depicts the transition noise from the read-back signal for each BGI pattern, and shows that
the maximum BGI impact occurs in the low frequency and PRBS conditions, particularly when the
track pitch is at 100%. The transition SNR loss is about 2.1 dB relative to the non-background
condition.

In Fig. 7, the remanence SNR, which describes the center bit signal, shows 4.6 dB degradation
under the PRBS condition. This impact is higher than that of the transition noise, suggesting that the
BGI mainly affects the center bit signal. When comparing between the various BGI cases, the
transition and remanence noise behaviors are comparable to that of a total SNR (Fig. 4). This
indicates that the majority of the noise is contributed by the remanence noise and followed by the
transition noise.

Finally, these results show that SNR degradation is mostly impacted by the transition noise and
remanence noise, with a PRBS pattern as the background track. In the experiment, the same
transducer was used to write and read tracks. Therefore, the stray field from the background track is
the root cause of degradation. In other words, the main problem was the side reading that interferes
the reader during the read-back process either at the center or transition bits. Hence, these results
signify that the read error performance is dependent of the background patterns.

Conclusions

In this study, the impacts of background interference and track pitch on HAMR recorded pattern were
investigated. The spin-stand test results showed significant performance loss from the low frequency
and PRBS background interference, particularly at 100% track pitch offset. The SNR measurements

9



Percent af nominal TP m| — Percent of nominal TP

e CE] ! ___‘__.\ oS
g 4100 s \ 100
== PR 120 =) | v 10
'5 —
P B
138 & w |
@ o o ] =
= e PRI
S - E
3 i 1.
E 1.5 .-1[ E
b= g o

3
17
Tant Rackarowntl  Tiah Wequaney  Lim Treqmency FRES 2 % Fone background  Tiigh roquenzy  Law frequensy PHRES
Recorded pattern Recorded pattern
Figure 6. Transition SNR as a function of Figure 7. Remanence SNR as a function of
recorded pattemns for non- background, high recorded patterns for non- background, high
(=] {—
frequency, low frequency, and PRBS. frequency, low frequency, and PRBS.

confirmed that both the transition and remanence SNRs were degraded due to the strong remanence
magnetic field of the adjacent background tracks. Finally, interference noise reduction was achieved
by increasing the data rate (decreasing the bit length). Consequently, these observations are expected
to support HDD areal density improvement in order to commercially drive the use of HAMR.
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