APPARATUS | NCLUDI NG A PERPENDI CULAR MAGNETI C RECORDI NG LAYER HAVI NG A
CONVEX MAGNETI C ANI SOTROPY PROFI LE BRI EF DESCRI PTI ON OF DRAW NGS [ 0001]
FIG 1 is a schematic diagramof a hard disc drive. [0002] FIG 2 is an
exanple of a plot of nagnetic anisotropy versus distance fromhard | ayer
for a magnetic recording |ayer conprising a continuously graded
conposition. [0003] FIG 3 is a schematic block diagramillustrating an
exanpl e oAPRARATUSIINGCIRERINGA 2ERRENDIAUAARMAGCHENICHREGRDENGpr i si ng a
first magnet LAYER &#IAVINGIA CONKERMMGNETHE ANKSOTROPYCPROFIIEgnet i ¢

| ayer, a second exchange break | ayer, and a third magnetic |ayer. [0004]
FI GS. 4A-4E are exenplary plots of magnetic ani sotropy versus nmagnetic

| ayer for a plurality of recording Iayers according to the present

di scl osure. [0005] FIGg Jg¥ pRAWIR@@M i I lustrating an
exanpl e of a magnetic recordl ng a er corrprl sing n nmagnetic |ayers

al t er nat i[OPIWFIG. Inish sehﬂhamghagrmﬁaif alhaydedisc drive.

[0002] FIG. 2 is an example of a plot of magnetic anisotropy versus distance from hard
layer for a magnetic recording layer comprising a continuously graded composition.
[0003] FIG. 3 is a schematic block diagram illustrating an example of a recording
media stack including a recording layer comprising a first magnetic layer, a first
exchange break layer, a second magnetic layer, a second exchange break layer, and a
third magnetic layer.

[0004] FIGS. 4A-4E are exemplary plots of magnetic anisotropy versus magnetic layer
for a plurality of recording layers according to the present disclosure.

[0005] FIG. S is a schematic block diagram illustrating an example of a magnetic
recording layer comprising n magnetic layers alternating with n-1 exchange break
layers.

[0006] FIG. 6 is a flow diagram that illustrates an example of a technique for forming a
magnetic recording layer.

[0007] FIGS. 7 A and 7B are a switching coercivity contour map and a reduction in
energy barrier contour map, respectively, for an example of a magnetic recording layer
constructed according to the disclosure.

[0008] FIGS. 8A and 8B are a switching coercivity contour map and a reduction in
energy barrier contour map, respectively, for an example of a magnetic recording layer
constructed according to the disclosure.

[0009] FIGS. 9A and 9B are a switching coercivity contour map and a reduction in
energy barrier contour map, respectively, for an example of a magnetic recording layer
constructed according to the disclosure.

[0010] FIGS. 10A and 10B are a switching coercivity contour map and a reduction in
energy barrier contour map, respectively, for an example of a magnetic recording layer

constructed according to the disclosure.



[0006] FIG 6 is a flow diagramthat illustrates an exanple of a technique
for formng a nagnetic recording layer. [0007] FIGS. 7 A and 7B are a
switching coercivity contour map and a reduction in energy barrier contour
map, respectively, for an exanple of a magnetic recording |ayer constructed
according to the disclosure. [0008] FIGS. 8A and 8B are a sw tching
coercivity contour map and a reduction in energy barrier contour nap,
respect i BHTAIEED DEESEREIPBIANof a magnetic recording | ayer constructed

accordin discl gsure. [0009] FIGS.. 9A and .are.a swtching
coor o1 vi TMALRIE PG i ool mreteHe dhe ALy LTI G SR .
respect i Y&boyding fedfith £¢8fihEtoVnedspRUVEE Hrsiistidibre. BYRIdrERNSt r uct ed
according to the discl osure. 5001 FI GS. 10A and 10B are a switching

coer ci vi t§cledspbaserl 2ramg temeover d échewnpartially sneawgy. Base 1 2¢omypesotiith map,

esects el B IR S B L i GROTRL b
more rotatable magnetic recording media 18. Magnetic recording media 18 are attached
to spindle 24, which operates to rotate media 18 about a central axis. Magnetic
recording and read head 22 is adjacent to magnetic recording media 18. Actuator arm
20 carries magnetic recording and read head 22 for communication with magnetic
recording media 18.
[0012] Magnetic recording media 18 store information as magnetically oriented bits in
a magnetic recording layer. Magnetic read/write head 22 includes a recording (write)
head that generates magnetic fields sufficient to magnetize discrete domains of the
magnetic recording layer on magnetic recording media 18. These patterns of domains
of the magnetic recording layer represent the bits of data, with changes of the magnetic
orientation representing a "1". A "0" is represented by a region comprising a constant
magnetization for about twice the bit length. Magnetic recording and read head 22 also
includes a read head that is capable of detecting the magnetic fields of the discrete
magnetic domains of the magnetic recording layer.
[0013] Perpendicular magnetic recording media are magnetic recording media 18 with
a perpendicular magnetic anisotropy field (Hy) in the magnetic recording layer and
magnetization forming in a direction substantially perpendicular to the plane of the
magnetic recording layer. Perpendicular magnetic recording media may be employed in
magnetic recording systems. Perpendicular magnetic recording media may be
fabricated with polycrystalline CoCr or CoPt-oxide containing magnetic recording
layers. Co-rich areas in the polycrystalline magnetic recording layer are ferromagnetic
while Cr- or oxide-rich areas form proximate grain boundaries in the polycrystalline
magnetic recording layer and are nonmagnetic. Lateral magnetic exchange coupling
between adjacent ferromagnetic grains is attenuated by the non-magnetic areas in
between grains.
[0014] Progress in magnetic data storage devices, such as disc drive 10, comes

primarily through increasing the storage capacity of the device, i.e., though increasing



100111 FIG 1 illustrates an exanple of a magnetic disc drive 10 incl uding
a magnetic recordi ng nedi um according to one aspect of the present

di sclosure. Disc drive 10 includes base 12 and top cover 14, shown
partially cut away. Base 12 conbines with top cover 14 to formthe housing
16 of disc drive 10. Disc drive 10 also includes one or nore rotatable
magneti c recording nedia 18. Magnetic recording nedia 18 are attached to
spi ndl e 24 areahiecordoygateasigsofi the nagndte reemdiag hdedabouf (expressed ml Gigabits.

Magnetic _recordi.n . b head 22 is | agent to nmagnetic r.ecording nedia
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Per pendi cul ar magnetic recording nedia are mag%neti c recording nedia 18 with
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Per pendi ¢ul ar netic recardjn dia may be fabricated with

pol yprys%?%%wgmlwgwgﬁg)?cont ai ni ng nmagnetic recording |ayers.
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energy competes with thermal energy fluctuations, which would reorient the

magnetization of the grains randomly. Thermal energy fluctuations depend on
temperature of the magnetic recording layer (kg7, where ksis the Boltzmann constant
and T is temperature). The ratio of magnetic anisotropy energy to thermal energy
(K.V/kT) is referred to as the energy barrier, which is a measure of the magnetic
stability of the grains and is proportional to the volume of the respective grains. Thus,
reducing grain size (grain volume) increases areal density but reduces thermal stability,
for the grains having the same magnetic anisotropy energy per unit volume, K, While
K, is the label for magnetic anisotropy energy per unit volume, K, will be termed
magnetic anisotropy energy hereinafter for conciseness.

[0018] One method of overcoming the reduced thermal stability due to a decrease in

average grain size is to increase an average anisotropy field, H;, of the magnetic



[ 0015] Hi gh density perpendicul ar magnetic recording nedia nmay benefit from
a bal ance of several magnetic properties in the magnetic recording |ayer,

i ncl udi ng high magnetic anisotropy for thermal stability; |ow sw tching
field for witability of the recording | ayer by the nagnetic recording

head; sufficiently |low |ateral magnetic exchange coupling anong the
magnetic grains to maintain a small correlation | ength between nmagnetic
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[0017] TheagiB@&idrEatibhaiffise $Bind] thiidinthasing MRANgicAa fitldused ieRtadi on due to
nmagnetic ani sotropy energy, which is proportional to the grain volume (K1l

V. wheredri# i s magneti c ani sotropy energy per unit volune and V is volune).
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anisotropy portion, squared (Hal/x’, where x is the distance from the highest
anisotropy portion). In other words, it has been suggested that the magnetic anisotropy
of the magnetic recording layer should decrease more quickly in and proximate to the
high anisotropy portion of the magnetic recording layer and more slowly as the distance
from the high anisotropy portion increases. As illustrated in FIG. 2, this results in a
concave shape to a plot of magnetic anisotropy versus position in the magnetic
recording layer. In examples in which such a Hya.I/x’ magnetic anisotropy gradient has
been proposed, the highest anisotropy portion of the magnetic recording layer is
thermally stable without the contribution of the remaining, lower anisotropy portions of
the recording layer.

[0021] Magnetic recording media 18 shown in FIG. 1 includes an ECC recording layer

structure according to the present disclosure. A schematic block diagram of one



[ 0019] Described herein are exchange-coupl ed conposite (ECC) structures for
magnetic recording |layers, which nay facilitate witing data to the

magneti c recording |layer while maintaining thermal stability (i.e., the
energy barrier) of the nmagnetic recording |ayer at or above an acceptable
val ue. I n sonme enbodi nents, the ECC structures described herein both
facilitate witing data to the magnetic recording | ayer and increase
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Magneti c cording nedia 18 shagwn in . FIG 1 includes_ an, ECC recording |ayer
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di sclosure is iTlustrated In "Nagnetic recording medium1
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a first inter 3 second interlayer 38, a perpendicul ar recording
| ayer 40, é%ﬁ’%a%ﬁ%fE??Fgg’overcoat 54. [0022] Substrate 32 may include any

material [DOXS] First intélasdt! 3 dnd s_@&)nﬁﬁﬂt@rlgﬁr BB HeCusk & fdsehiblish aRdi a,
i ncl udi n%l for exanple, Al, NP plated A, glass, or ceram c glass. [0023]
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such as [ ZrCr, or CoZrNb,or a CoFe-containing alloy such as
Corezs b e amed dpiee s VB

[0027] Perpendicular recording layer 40 may be formed on second interlayer 38, and
may include a first magnetic layer 42, a first exchange break layer 44, a second
magnetic layer 46,a second exchange break layer 48, a third magnetic layer 50, and,
optionally, a CGC layer 52. First magnetic layer 42 has a first magnetic anisotropy
field, Hy;, second magnetic layer 46has a second magnetic anisotropy field, Hy, and
third magnetic layer 50 has a third magnetic anisotropy field, Hy;. The magnetic
anisotropies of first magnetic layer 42, second magnetic layer 46, and third magnetic

layer 50 are each oriented in a direction substantially perpendicular to the plane of



[0025] First interlayer 36 and second interlayer 38 nmay be used to

establ i sh an HCP(hexagonal cl ose packed) crystalline orientation that

i nduces HCP (0002) growth of the first magnetic |layer 42, with a magnetic
easy axis perpendicular to the filmplane. 100261 A protective overcoat 54,
such as, for exanple, dianond |ike carbon, may be forned over perpendicul ar
recordi ng | ayer 40. In other exanples, protective overcoat 54 may i ncl ude,
for exanpbenrdiap larpddog sthe andpnetid eagp nxdshetiiritundgnetic layer 42 sscoln;l drogen or
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the Hj gradient may be defined by the Pt content of first magnetic layer 42, second



magnetic | ayer 46, and third magnetic layer 50. In other words, in some
exanples, Pt,- Pt2<Pt2-Pt3, where Pt the Pt content of first magnetic |ayer
42, Pt2 is the Pt content of second magnetic |ayer 46, and Pt3 is the Pt
content of third magnetic |layer 50. In one enbodiment, Pt, is between
approximately 18 at. % and approximately 22 at. % Pt2 is between
approximately 14 at. % and approximately 18 at. % and Pt3 is | ess than
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2t i cien s PBRe T ERieRabRE o oo o S B L 1R TRl PPTEY
exchange ldasteak df diystrethanpe beabk iuyee44 hahgeomt erkangeyeeakd8yarai3ansit s
essentially of Ru_ the break | ayer 44 or 48 maybe_thinper, e.qg., |less than
appr oxi niftedds aCoxRup.ealloyy Ap another expwnles af least gre of fsksrchangs) hr?f\% laygry st
exchange 4hr, : 3

opt 1 onal 'y a8 tesof EkerttaPBICalley ROy BRI NS sch B o FIRm ) 11 02,
Co02, Cr 233isedbd6in, “cbneistessentimliy of 1 maypindibaterthyt tbelayer consikamaifthet at e
subsequent deposition of a granul ar..second etic layer 44 on first
exchange MBRES Rarayb SHmay the e dmantrio drppateHag oie Semay Brtestsh. o oigh onc
exchange efaffagls or WfedrifhSthal Khve AFRuEAHRG HEBRF frohh AfjhceRX RHARIM break |ayer 44
and second exchange break layer 48 may conprise substanfially simlar

conposi t exarsplesvni Wiich firs eharangnireak fayert 44 orfsecatd excbdnge pecalirlayek 4Bayer 44 and
second exchange egk | ayer._ 4 conpri di fferent conpositions. [0032]
Vagnot | 6 PERORS Ry uecing BioPR T I% RgF riay eREP T e Ry er 2.
CCC | ayekhandppRXiiABRI &8, InfeRhmBed WPWRichFirfQR&ERnBe BtdaRYayet4 §&8€ond
enbodi nents, the CoCrPtB all oy nay be dolgeghbg a netal or rare earth

pghe pig

el enent , exdhangakrealf pyerAteasisists esgentiplly of als layer #heroth mayhes, CGC | ayer
52 may i QG e I ; oxi de, such as, for exanmple, SiO",

Ti O, Tag)}%’lﬂ%\ﬁg %%han%%&g@%y%@rn ot her enbodi nents, CGC | ayer 52may
not incl (@81 aiditi iR weor, a OBRub@alloy eftrsf ¢xehuraebrenki layer 44[200/68 becbhé

particul ar compositions of first magnetic | ayer 42, second magnetic | ayer
46, and t RXANERbsal layer 48, 8ay spiionally sempE s PEHMRgnstic oxidse Sueh#cf9Et er ni ned

TRgnet | ¢ RARISeRYT b, Bl 1810, ARGl bR RRRRAR Y Rrl it s 42, 46

50. In particular, thé conpositTion netic | ayer 42 nay be
sel ect ed facditpiesubstquent lepasitiomadregramul arseswidrmggnefic Eyds 444 first he conposi ti on

of second nef i ayer 46 may be .selected to ovi de second netic
i Sot r OBy TRIES bese3t1ad gt o SFRUHAR duTd TR 1T PO OHratinet T agEh T80 nmy. be
sel ect edidyer 8.0 séifie BmbbAiLEnfSRAREEXhaRgl 0K RPN 44 Slidecdid extRange e

enbodi ment's, the magnetic ani sot ropél field of "the hardest nagnetic | ayer,

whi ch naypragk 14yier 48 maggamprise subglentially similgoepmposisioasrevhiletinother may be

limted t magnet.i nisot.ro field of approxi natel 0 k .g., when
f or med oF&gg%negﬁr %V?.e %3%%&1@88%]@'?% 4s ,n%tsﬁ%(P a“'?‘&fé eﬁﬁeéﬁgﬁe(rz%g&gr may not
be suffi gbmptiseydiserht mifeiions. average grain size of magnetic recording

| ayer 40 is sufficiently small. In order to overconme this, an average

| Y. . :
ani sot r o833} Magnetic reeqyding leyer 40 eptianallygespivaherigelade €GGlpser 26 CGMd t hi r d
magneti c . L.v.e { hy t of the
t hree naglgdﬁ/g%/ ?jcmlggﬁer én%g f &?é%%’ lflzg:r?t@rdlg%u@eé?tlg Sftaﬂ{eere?rﬁaqoldgﬁéﬁf’w%)y of the
magnet i ¢c CoCrRtBt dloly mmydie dopgd by aandtdoorat earth algment) Buch as, for example,

Ru, W, or Nb. In some embodiments, CGC layer 52 may include a small amount of an



[0034] One way to acconplish a relatively high average nagnetic ani sotropy
field for first magnetic | ayer 42, second magnetic |ayer 46, and third
magnetic | ayer 50, while still obtaining benefits provided by an ECC
structure, is to select the conpositions of the first, second, and third
magnetic |ayers 42, 46, 50 such that a difference between and Hu
(i.e.,Hkr-H) is less than a difference between Hk2and 143 (i.e., Hk3-Hk3).

| n ot her ondlegsich bt fommampld, Si@y TS0, Tapy, Wi NeOj, €Dy, Ced). In ather s 42, 46, 50

[ ti . dj 40 d . sl ow [ ,
or ox it ETPROTRE R e 2riay i e 3R ANHESrSBX PhEPE TPy s

di stanceokjge first magnetic layer 42 increases. Such a distribution of
magnetic anisotropy fields in magnetic recording |ayer 40 may be referred
to as a (M3I3kXhemartietlaccamposisions pf/fifst mlagnedicdayer B2t eopnd magnshiv dayeragnet i ¢

ani sotro frel.d distributi ma [,OVI t hermal st abi | i of the magnetic
ori ent at %ﬁn%ﬁ“ ?‘%}ef“é P%ygﬁgéjﬁﬂaﬁée E‘gf/‘g?g%@r%lge \%APF?&SECW%‘%‘?@)f%W? tﬁ% recordi ng
| ayer 40anikétrsp3nicl@¥aRIreach &f th Faspectivadyets 42, a6 001 padcins thel but i on may

result in a greater proportion of ma%getl c recording | ayer 40 being forned

of a mat epmpositign ¢f firsimpgnetio ddypr 42 glay bagelected taaprovigde adhist magaietic [ 0035] The
particul ar. fHU, . HK de recordi ng
head used™® %;t%\ﬁsl ﬁ?eéatfg‘t’ ,éh{‘%dnﬁ%lﬂéoﬁifsg%}ég rnaélpgglggg(f %g’grriﬁ%l?ﬁgggﬁ !%Cgedo t he

i ndi vi dugtovidead sesondimbfietic ag6RdpWEell A Er shddlconffsition of tHirl megeect | ve
magneti c_ani sotro%y field of the other two | ayers, a thjickness of the
respect i VYer 2@y bg selseted ta promidaadhisd magastismnbptopwicldsdecty sp@q ayer, or

the like SRR ngﬁg i pective

| ayers 4§r,nl0§f%l, 50° nay %ngﬁ ?%@%oet{?%gf eﬁgﬁggfﬁ?@%ﬁ%ﬁ;ﬁ?§%gﬁ%§\lﬁﬁégnet iC
ani sot r oply ﬁmhma%hesc_ la%ere@ldh sorfneﬁmplehmy?tilensf}ﬁ;ayzbﬁ,hnfﬁmd tfamg_ntamplt e, ﬁ first
magnetic |.ayer a |l.owe e 0 S easi.er e to than a
first na@’ﬁ‘é%/tf‘ﬁ’yl @&P% %’z’r%lmtei‘/ %%ﬁ%ﬁe'%aW% I(F?FmF%Q% ?pf’é‘?lf)%r' CEMSBRE a | ower
applied ' ' ' ieCs 01 ' f ins in a
Ryer a2 ey A, Bald 18l RO SEEICRY SRR il o vkl AT

havi ng asizoewEémagedtigacairdinglayend issdulffcienilyesnudll. In erdentodvarmgnetthis, dmyer 46

havi | Ho . val da third tic | r .50 ' I Hk 3
val ue t 0 YP PRI RIORKE! HEX meBatt iy o oppsl megletie sy 40, Y over val ue

of K'V Wmégﬂétfb 1By @503h & bd RGHSEIyhi@NduRR KR BY 180 SR8 f fRMkfck Bibghat (K, , V)
from second magnetic |layer 46 and third ma%netl c layer 50 in order to

mai nt ai nlayeerdZafto.sx0heniribue tofthgmapetabilibiofihe mesentigiosigniatipe pf wegnells a whol e.
For a | ayer, ;. cond magnetic |ayer 46, conprising a given Hk val ue,
the K'V g%?%%%%g?@ﬁer gy contribution may be affected by changing the

sat ur at i ¢003dhOnetrvayad acompsh a oflativety high avérage magndfic\indbledpMaecldAodi ti onal |y
or alternatively, the effective volune, V. can be changed by changi ng the
| ateral 6 MASNBICRYH A1gtecand AgSugtis laxer dos andiihird magpelitdeyY S0ayBie “whi ch can

magnet i ¢ o PeRrEd UReRARUE £ AEBCC el G oURiRhe Mmfligidii ofhal. change
the first, second, and third magnetic layers 42, 46, 50 such that a difference be'tween Hy
and Hy; (i.e.,Hy-Hp) is less than a difference between Hyyand Hy; (i.e., Hkz-Hys). In
other words, the magnetic anisotropy of the individual layers 42, 46, 50 in magnetic
recording layer 40 decreases more slowly, or may even increase, proximate to first
magnetic layer 42, and decreases more rapidly as distance from first magnetic layer 42
increases. Such a distribution of magnetic anisotropy fields in magnetic recording layer
40 may be referred to as a convex magnetic anisotropy field distribution. A convex
magnetic anisotropy field distribution may provide thermal stability of the magnetic
orientation of magnetic recording layer 40 and writability of the recording layer 40. In

some examples, a convex magnetic anisotropy distribution may result in a greater



[ 00361 The ranges of values which Hkl, Hk2, and As may take may be defined
individually for sinplicity, but may be better understood when defined in
conmbi nation with each other, as the differences between Hki and Hand Hk2 and
Hk3are one way of defining the predeterm ned magnetic recording | ayer
structure. Considered alone, without reference to the Hk val ues of the

ot her layers, Hk] may be between approxinmately 16 kOe and approxi mately 24
kCe in spmeporndrooli megietic récording kyeredtboaingrfonnsd ofa mateyiabwithagelavely han
approximately 24 kQe. or le than 16 kOe. Some exanpl es of values for Hki
incIudengbé}%??ﬁ§P€P§°§@”k dor approxi mately 24 kOe. [0037] In some

enbodi nenbe3s) Hke paRkuhe v&lﬁéél\@ﬁﬂk],%,{%r sl R hRY Mepehdidae fanrdampR! #Xi mately 24
kOe, while in otﬁer enbodi mrents, Hk2may be greater than 24 kOe or |ess than
12 kOe. Senadiag hagsl wssd &9 wyitd dasatofmpgnake r¢mt<ﬁnﬁi@¥§e‘l%éﬂe@|§ﬁl€oxi mately 12

kCe and I . 0 appr.oxi pptel 6 €, [ OX].: | kOe, or
appr oxi ng{?el:{/@ﬁél? ﬁlgéyé?gg?%fctﬁvﬁqg%ﬁi’%#ﬁb%q, #%enﬁlégq&ﬁﬁgﬁlﬁ%le ié:ég%fo an

appr oxi nmetetd yfthéoﬁﬁetwcy\h'yé@,dmidkhbssrofﬂmqieaﬁmﬁgerlé@amnﬁobe greater than
15 kOe. Sone exanples of values for 143 include between approxi mately 3 kCe
and appr dxagratizatipn of fhgaespgphivedyeraerehy like. ln éqmas@be%mﬁeﬁv rgngecd Hior

appr oxi S| L hirents, Hu
mmy be bariiek ot e espaclle BheS I HE S0 Ty b AL UEH bk CAP RS UE Ty e

bet ween d@qprmagnetit ehiyoticpykehergiasdf @pgh aithérRiyeds w2 246, 50e Foaathnhi anfirgt be | ess
t han Hk2, such fhat the v Iuesﬁgﬁolgki .Hk2, and Ho sgti sé%}?the rel ationship
HH- Hk 2<HRBagnRYC layr 4%0vhth 8 devwer v K.Y i3 easier i pitect thh? Bt M3BRstlF 20 koe

and appr gx : i t i I : d
ppr ox it ue Syt et 1.7 (5} KERSSERIRE ofBIE Mo £ FETE
appr oxi newetick nisgnéteoridntatian of Hergrainbodi lapert42 with e bowanmahetafdali.n layer 1 is

i |y 18-22 at. % Pt tion i i i |
1A 18 ac s pRa e dhver 42 RERE A I9araris . PeSey Sk vibAShe % 1o
i's appr oxhdpabet Maydr42Ravidiea 100RE HlAicSan@RRhRE niBh&INager 56 Ha0Rg of 0040] In

some enbodinments, the relationship between 142, "142, and Hk3 rmay be further
def i ned Hywer Hawvilye bedmerthe BKCLaassdistedvmtng process rBewevendhedsaver valBe ahd 142.

For exa the ratiq 142/141 nay be greater than rati o Hk3/ Hk2. In
orre. enb ot R e heoAtes gl plerat BB BRIl AR 50T ane

Hk3/ Hk2mayagdpetid Rger 46 @id thdd kighetRt eyt 50.i8 orde te@aR AN RethamEsdbolity bd2/ 142 may
be greater than approximately 0.7 and Hk3/ Hk2may be | ess than approxi mately

0.7. I n Pemendishlarrasaiding lapprAOps a whglepBorgy layeres. g+ Keeand prgasticntay®l y 0. 9and

Hk3/ Hk2 i 0.9 | i , Hk2/ 14/ may
be gr eatrrg)r6 ’ ?(ﬁna% a%p% gl??nrrgjf? 2%195’ tﬂgkgkﬁnlgﬁgg%ﬁfg%%ggﬁ@fggﬁ ﬁﬁghﬁgappr oxi mately
1.0. I n affectedbydhamyiig thelsthfatién mmpyetiatiam ot thetnedtyrial, 8.

K., V=2H,V/M;. Additionally or alternatively, the effective volume, ¥, can be changed

by changing the lateral magnetic exchange among grains within the magnetic layer,
which can change the effective magnetic cluster size (a cluster of grains that change
magnetic orientation under substantially similar conditions).

[0036] The ranges of values which Hy;, Hy,, and Hj; may take may be defined
individually for simplicity, but may be better understood when defined in combination
with each other, as the differences between Hy;and Hyand Hy; and Hy; are one way of
defining the predetermined magnetic recording layer structure. Considered alone,
without reference to the H) values of the other layers, Hy; may be between
approximately 16 kOe and approximately 24 kOe in some embodiments. In other

embodiments, Hy; may be greater than approximately 24 kOe or less than 16 kOe.



[0041] In sone enbodi ments, regardless of the value of Hk2/Hki, Hk3/Hk2may
be | ess than approximately 0.6. In sone enbodi nents, Hk3/Hk2may be | ess
than approximately 0.1. [0042] The saturation magneti zations of first
magnetic | ayer 42, second nmagnetic |ayer 46, and third nagnetic |ayer 50
may be the sane or may be different. In sone enbodi nents, the saturation
magneti zation, Mo, of each of first nmagnetic |ayer 42, second magnetic

| ayer 46 Somecxampled ofrmgnes for Hluandudesppraxymatel it kideor apppaxanpteht24 y 350
enu/ cnB 3?% approximately 700 emu/cnB. In sone exanples, the saturation
magneti zation of at |east one of first magnetic |ayer 42, second magnetic

|l ayer 4606374 4 SUnidlerBaiidEAtS, HaYeRly bebefdéenRpplsini@ely 12k0entidmat el y 450
emu/ cnB and approxi mately 700 emu/cnB. For exanple, the saturation

nmagnet i z apProwinagtely 24 kfles whie in etherfambadimenisdiemay bg gieatgpthan 24 &6 dagnet i ¢

| ayer 46, t{hi etJ Y. b J : / cnB.

[ 0043] Akfs%l o Ags%&om rés)!taﬁlr?rllaegr?gﬁl 31219? g@(@‘z ‘i‘ﬁﬁﬁg;{?&g’égﬁéﬁﬁé’é‘%ﬁg%g%xi mat el y
5 nm and k@epadxppakihatel$ 05 kO, appidXirakBBsS ke, approrindrlgokice, bayer 46 nay
be between approximately 3 nm and approximtely 7 nm and a thickness of
third magR@eKEnatelyet k&S naybe | ess than approxi mately 10 nm As descri bed

above, a i frt f Y i S 46, 50,
may have [gdnysiw g@?e %ﬁbﬁéggtg’l g’%‘f?‘% grP%g%g?lI&lden BIPQE va: gﬁgl@né o?’ ‘)"?eré%ﬂ/l val ue for
t he respedter embbdiyrents, A% mache gifater thaw he kOnimnererampléshef viahies kordgs of
second magnetic | ayer 46.may be |l ess than approxipmately 4 n Hki / Hk2i s
or ot er | CHAMHY S RO ABE KOG A S RITEIhes kO AR BN EPB y O 6.

[ 0044] FI ot dE 6 e, OF Araktatdly Ygbeat i ng exanpl es of magnetic
ani sot roggﬁﬂxel d (Eonfi gur glﬁrons af oir, il rest magnetic | ayer 42, second

magnet i ¢ [0039¢ Congderad tbgethier,dn serge embedimeyer B mdy lehetwigentppidxiimatelyat e
exanpl es ,of conf.i gurati qons qf etic, recording |layer,40.ja which the
compos: ¢l PRRnAER AKTS Barvs SEREG P raitalen s ke G ang
third mgﬁ@*ﬁiéﬁnz{taﬁm KOS, %@Hgallx( sstHaDHLN@ch e (el Yl ess s, iy Hk2 s

| ess than di fference 142- . As described above, the relationship
bet ween HE Hdeatisfytke takeagionship bl -fertfheddd & someleibhodimentsskingbgteeen

Hol | dl : tiq Hk3/Hk2, | ) i|lustrat
= rmonet reeRiERis g KOl BRI GyR KR Ho R a2 oS
Addi t i on&lOeand lalsgrokifiiatég 2 0K® e akPHB s bdtaBertipr ARl ed ¥08.aid and in sone

enmbodi nents, may be greater than approximately 0.9. The ratio Hk3/ Hk2of the
yelwﬂég;C ( PR. y

conf i gur 4PPI6H b another gmbgdimept Pt gondeptrafionyigdagrilpss FI G 4A may be

| ess t ha LRSI Y 0f. . . J¢ , 14/
oy be baPUOCm Ay TR & voiFd cofllelith Hacfaie dtifhatey, TS S AE, 0 he
bet ween ®ppomentnztionliy ldy2r R Qelessttiamghpud X4 atYoe Hy, 12 diiexinmtaly 14-201ké)e, be | ess
t han approxiyately 15 kQe. | ne enbodi nent, Hd is approximately 20 kOe,
Ho is apﬁP‘éHZE‘éta r9let§68:14§ﬂ§e-Ho is approxi mately 9 kOe. In another

enmbodi Meno40iith $cmARRbIMERS ShY redfidhSKip beRydeR HAP Qmaﬁwk?ﬂnxy bOrlkhier and H

k3 is approximately 6 kOe. In a further enmbodi nent, I's approximately 24
kOe, ' | eidsfingsiiryoxiatiatbetween @1 edd Hiaamil/ ot dadtip betyson ok andtFdb\For ek@uvple] 0046] As

th | G 4Bill ti di.ng | 0 in which
Fir - picon 388 Py mil3 e OB e RIS I SR eI R, ang
Hk2/ Hki i Yot Rkr thﬂﬁﬂpﬁ&ﬁﬁﬁt@l&;ﬁ%a&w Hio/B, 648t 188 thé&ﬁg}ﬁi}%ﬁﬁie@y 0.6.
nmen

approximately 1.2. In the enbodi illustrated in FI the ratio
Hk3/ Hk 2y sosae pmbedimsats, Hpdiiomanmbe @rsatay tsnapgroximatsbif anbHeiHemay, my be

oo, ez o SRRRER PleRinty 7 1B SHRE CFBRGHILRE W e e BPERGPAE <! 20

approximately 0.9and H,;/H;, may be less than approximately 0.9. In some

embodiments, Hy,/Hy; may be greater than approximately 1.0 and Hy3/Hy, may be less

than approximately 1.0. In one embodiment, H;,/Hy; may be approximately 1.2.
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[0047] FIGS. 4C-4E illustrate enbodi nents in which magnetic recording | ayer
40 includes a CGC | ayer 52 fornmed on third magnetic |ayer 50. In

enbodi ments in which CGC |ayer 52 is formed directly on third magnetic

| ayer 50, CGC layer 52 and third nagnetic |ayer 50 nay act as a single
conposite | ayer for purposes of the ECC effect of third nmagnetic |ayer 50
and CGC | ayer 52 on second magnetic |layer 46 and first magnetic |ayer 42.

I n ot her [GEd{iE soanddsmbﬂdnaelsts weggybieeschfahevageo gty Ido/dh mey bolegs fi el d, H

k34, may be a roxr by a thjckness ht ed average of 143 and a
raghet & 2 TR OBRTRY Il dn Some by enss e A ey H O SHBGOPIEIT S, (¢ hi r o
magnet i c gljayer 50 and CCC | ayer 52) may be consi dered together for

contribution of magnetic anisotropy energy | CV and the cal cul ation of lc V
for the tMHBb3Ihe sathratien maglyctizetimdné fivst swacgnotic kakier 420 sdsioné thaghéteklaysss and

magneti c . of thir eti er 50 and r 52. The conposite
| ayer coﬁgoarr}r’?%ﬁgmﬂl% ﬂﬁ{ﬁﬁgp ylcbfxfg @%{Fé‘}lﬁgﬁ exert an ECC
ef f ect 0@mb@@lﬁﬁﬂts”ﬁﬁ@%ﬁloh@ﬂ%ﬁleﬁz@u@ﬂ cMsf, of §z§chf6¥gii’ﬁtﬂ1£gnE96/ ?

substantially si mlar to a si ngl e |'ayer conprising a magnetic ani sot r opy

field 14sersonrlaftaenarc le)mhlénged thod phagngticalaperd Ognay bebwm app@wma@%er 52 may

decrease netr sed to SW. { r| entation of
grains w Wrgmﬁp é@?&%ﬁﬁé‘&' ¢ alrlg&rg? eﬁ%&a uaﬁlt T4 but 1 over

| at er al maghaﬁgﬁoﬁoﬂallea@gonemu&st mﬁg@ﬁ@ﬁyeﬂm;dedmatrﬁagntaﬂi@lagéﬁmbnd/e 1434
may be | ower than the thickness-weighted average of Hk3 and 144.

Accor di n#iitd magnedie fyer pd By behetvecs approkemieldShsmuigey asly be consi dered
when def | g i g0t r me

embodi mepposinitty 7D HRORG ok, 3R LR PP b U st oRE 0 e
magnetr c ofifiiss otapngtic 1ayceeldd, sctddk] mhpadticilsyel 46sant hlkind miagsatiodayen S0 addyy equal to
143. gome enbodi rrsn S, asillustrated in FIG 4C, a difference between

t he rragn £ ARPIQRINARLY {}Cm OMis of oo | ayer 52 and third magnetic |ayer 50,
Hk4- Hk 3, 9r, t he
convex riong) AGnRKRESST ook 18hcr (IR D in e AiEle Phiimd S,
100491 Iapm‘bimmat@yrﬁﬁdmréniﬂm,lmes aflséawadmatgachdalyyﬁlllﬁmabﬂpe bi#twetdk3 may not be

greater than th fferepnce 143-| I n e convex
Tonet | c PSRy P BRIAgraley Fag Aot s iR Glhe Baset Rt oo, but
may extegg xrﬁazr’laé 1381 Had laprokihAHGN 0 ninf, s dEBEHIRH 260V Y Hhitidnes$ SLQIIH ofRgNEt i C
llayer 46, and third magnetic |ayer 50. 100501 In ot her enbodi nents, as

i 11 ust r athedesneciyeanagretic Goer 4y 46, B mayyhavo apeifent on ﬂm}iﬂ@tm@oﬁméﬁt ropy

field, 14 rat han Hk3., Si t..in which
et ks e MU/BIE R RRUSH b RARCHE 1oy, 36, $0 8 BnETRRSITR ule? W
than HM tﬁlﬂmemseaona&ﬁagefetlcla@et 4@inaP py 1ds etad agpmdhﬁznélymwmaﬂd extend into
CCGC | ayer_52, but extend substantially through first gnetl c layer 42,

second. méHEk @zawpa%'éﬁamapr@zﬁalarqweé il el lest 0 SRPTONBEIL 04 thouah ¢
b
?ngrﬁd?n nge&%’él)ﬁgtﬁla%e efp@?lﬂsﬁ%%%?ﬁrrpg?ﬁ Y, %nﬁﬁfl R%y I'n some

enbodi rrenmrﬁ@lratmgaédm ﬁrstrrﬁa:gnedc tuyet @etf:cdmﬂynagneﬂmligermﬁr and timnd rhdgnetic nagnet i ¢
| ayers. n th ncept of tic. rec | ayer. i ncl uding a
convex ni?dﬁ&% @@h f‘ﬁé@v r@ﬁﬁa@&?@ﬁlﬁﬂﬁ%ﬁ@’e saionBetm eiﬁre%ﬁ%lﬁ%?aysr

magnet i € 4hay&hth tf@éorﬁﬁtﬁ,mng of first ﬁﬁ@ﬂ\%c‘ IQyé? 4. seebhd ﬁa @%yei? 468f@r di ng

| ayer 60 may includ l'ayers, i ncludi ng’ n magnetic |ayers alternating
wi th n- 1thxchagngtic Eﬁ’yeaio amselrest;ed\mérthatrthe élf&nencnt‘ﬁgldrz lsg}egaﬂlem thehan or equal

to 3. Addi,t/ onaII d .op a nt'.c ecordi ng, | ayer i ncl ude a
CaC | aye P RORs el ASMessiben abovey R Tl s GotRest e e 8 Hip oy

particul gg furmeﬁdetﬁﬁdwauﬁrsfahssrky/ﬂuaﬁafbr AB&ORA te&lolmgﬁrkz 62, which may be a
gr anul ar gnetr c layer with a conposition that results in a relatively

hi gh mag t Eon p&%émle,dilGr falifustrptes araegnetiv tecardinlayerAp mrvehl@h Bir-Hier st
magneti c o] di t I dicular to
t he pl anleJ lo%get%ecofzdéﬁg‘&{k?%ﬁﬁlgo (‘ZZH ﬁayﬁ]g%ﬁ%h{g é%g{l} axes o%ragral ns in

first magnemecerhibydhmes, ﬂ@yb@gewb&mapﬂrakimtmnmemﬁe edtlodf ;1H), ke pl ane of

recordi ng . . . . .
configuration of magnetic recording layer 40 illustrated in FIG. 4A may be less than

11



| ayer 60). First magnetic |ayer 62 nmay conprise a Co alloy, for exanple, Co
in conbination wwth at |east one of C, N, Pt, Ta, B, Nb, O, Ti, Si, M,
Cu, Ag, Ce, or Fe. In sonme enbodinments, first magnetic |ayer 62 may

i nclude, for exanple, an Fe-Pt alloy or a SmCo alloy. In sone enbodi nents,
first magnetic |ayer 62 may include alternating thin layers of a Co alloy
and a Pt alloy or a Pd alloy. In sone enbodinents, the non-nmagnetic

mat eri al appieaimaately@.q, aad gragibedess thani ¢ s tFomaxample ik Bk be betweg) conpri se an

oxi de, such as, for l.e. Si02. Ti O,, C 20 a205, whi.ch par at e
Che magndpPEtgpad s R Biep R Hou ey AN HeRin B R ErEimel CHERHY &

separ at i Ng Kwandrappidirthitellyl 24&De"RANTRS iy b3 Y&k thea appioxaaaely 15&k@s., InB, C, or
ot her non-ferronmagnetic elenents. [0052] First exchange break |ayer 64 is
formed ong embedimeghdii i apprpsima@gly 20ikQOp; Heads RRRTEEIMAE R k6 kQgetndddis iy

i ncl ude = e [ 5%?@ break | ayer 64
may i ncl %Bé}gg&%%lﬁgﬂs(%@é% g@ﬁ??&ﬁb@ﬁ@&fr{’?gﬂ%k@%&g anp eg’q{kﬁ{SMi ch first
exchange appwakmatelyd9 k&, andviy;is gspraxifdadRu6 kOeallh o Yurtehembodiadent, #ids 64 may

conprise a thjickness of |less than approximately 3 run. In exangl es in which
first excpBRgEnaelyLe KOsy B2 18 aprrengatsly 16 £Qsrandias s pprogimatelel KPeak | ayer

64 may b ' t ha [ ol i d

magnet i CT?%@%Q%%NPSI ggn 1%1%2% {?E‘é@f}g{fgﬁqnge&Lqrggﬂé}ng;gﬁgg,@gﬁ may be a
granul ar Hm@ﬂf gt gess lrlllayéz_sz-m; Addl_tmnfﬂiwﬁ{kt-ﬁbﬁs ldsgthane_smL gm:l {)Iygp/lﬁ;d magnet :j c
anisotropy field that .is re]ative i gh. escri ve, secon
magnet | o B PREKHATD LOrRhes (& Sanelh ABBYEHIY 12 (LGE ¢ han,
subst ant ieghodin®G AluskrRted M FIT. 98 &le bGP, IS iBARAEdsGha UppRdxiRRklPd.6f | I st
magnetic |ayer 62. The magnetic ani sotropy of "second magnetic |ayer 66 is
ori ent ed ang, ia saing embpdimentsh siagibe iless thanppproxindatelyl Gak. In one pmbedimeat, of
recording,l ayer 60 . 0. A he easy axes qf ins in second.magnefic |ayer
66y besRASPERIT AP O hils e ety A2 Deaind B K ERETUPRGD hyer 60)
Second nggretic | ayer 66 may conprise a Co alloy, such as Co in conbination

with at least one of &, N, Pt, Ta, B, Nb, O, Ti, Si, M, Cu, Ag, Ge, or
Fe. | n sd®@47d ko8 4eAES] lustrateoambadimgents incwhigh sragaeiomggordingl laees 40f or  exanpl e,

an Fe-Pt . | qy. .10 i t . netic | ayer
56 my | AR SOE IR 52 6T ieom i B BT ST R BRSSO 2 b
al l oy. | TGOmMeesddbired directipen gt mMagiticilgycrad saCGeallages2aad thig t he grains
in second magnetic | ayer 66 may conprise an oxide, such as, for exanple,

Si 02, Ti EBAEHENC leyers®) mawaei s agimelerommpsitaleyer IREPWRETRS Of thegfGF gfectiod ot her
thodi ; ey . . . . . . .

cecond mannLTRER IS CrERaR COCRORA dn bR hienhERRIcPU) 30 hiRE Orains 10

non- f er r omeepetit lagered2e freother L OM@S Althidkgesstwaighted avalagegnignetic amiSotnapy | ncl ude

an arbitr unmber .of nmagnetic¢. | ayers and exchange br | gyers in an

al t er nat |f$?£fy é’ﬁt’ é‘?aﬁ’.beEaQB‘f?_g%'ﬂﬁtQéHﬁé_ lckéﬁgﬁl@tq%gpgﬁﬁggkwg #conposi tion
sel ect ed ngdpabrid HadotrHpYTRId 6 CGC U B, H3Y The @S’m?&‘iﬂquj%? (tBir@ HUsRYidTRgNEt i C
ani sotropy field gradient anong its plurality of magnetic |layers. |In other

P et .
wor ds, t rh@'ecéﬂp@ctgﬁ(?olﬁseroﬁ?) mw%e@gp@dmd@gnﬁrgh&ricenméymn ofpagstisel ect ed

such that Hk03. 2)-Hkoj..P is.les han D Hkot hwhere L1 ki is t

manet | ¢ P COrBsAK L g eyl oY SR bR st S b sl o
first magasdddh thayenhbiaed tsaeesichn bli€mbaeart oftfird ag@nétid layérdomagnet i ¢

| ayer (not_shown) may be selected such that Hi ck-Hk2 is _|ess than Hk2-Hk3.
Exchange {rledaver 3 dhegompgsite lgyarspmpeisiog thishmagnetic|laxes 0 and CGlolayehown) .
Exchange dr yern ' ' ' al | oy,
and oy RadEsef b ECC el oSl Hplgnple fafbi N S Rt RERLMST BT DY,
di f f er entsulestarpiay sinditar tdasingler Sjer exnprsiae a Magadtid ayitropst fieldHgnnme

enbodi nent s, exchange break |ayer n-1 68 may consjist essentially of or
consi st SR EREHNERFOURHIESTIONE GBS WiRB S fridies 52 &@aﬁaﬁrgéseﬁﬁ%awpheéyer n-/
68 may C%@flwﬁfﬁd%k@d}%%w&fb% hic GridhtatiofrOf Briinswithi wt?il ePspto Ru or a
CxR 1 ,, a on,1 exchange breadﬁﬂ?/gzyer n-lf 68%@ olptli ona I%/y'ef)ncl ude a

non- nagnetinparss itele Jaysuwith as eqiiad H; butlopieelategalGZ chahigeRGalingr Phi®s, ior Ta205.

[ 0055] Magnetic l.aye 7Q.1 s fgrnmed on. exchan r.eak | aye -1 68, and in
some enbggﬁnﬁﬁﬁgdlﬁé?gsb&ef%&%ﬁﬂﬁ’éfmﬁ%gﬁlﬁweé r&f?’g&ﬁ? ﬁ‘[‘lﬁssﬁsﬁéﬁétteac ani sot r opy
that is relatively low, e.g., |lower than the nagnetic anisotropy of any

ot her of the magnetic layers in recording |ayer 60. Magnetic |layer n has a
magneti c anisotropy field oriented i nlr?a direction substantially

perpendi cul ar to the plane of recording | ayer 60. Magnetic |layer n 70 may
i nclude, for exanple, a Co alloy, an Fe-Pt alloy, or a SmCo all oy, and
mayor may not include a non-magnetic oxide, such as, for exanple, Si02,

Ti @2CoO, Cr 203, or Ta205, as described above. The conposition of magnetic

1" rrc a2 o " Y -, i - N ~ o~




[ 0056] In sone enbodi nents, CGC layer 71 (shown in FIG 5B) may be simlar
to CCC | ayer 52 described above with reference to FIG 3. [0057] A nethod

of form ng a perpendicul ar nmagnetic recording layer is illustrated in FIG
6. The nethod may forma first nmagnetic |ayer having a nmagnetic anisotropy
field, lin (72), formng a first exchange break | ayer on the first magnetic

| ayer (74), and form ng a second nagnetic |ayer on the first exchange break
| ayer (7 Gt)lerag’shef Hgpeod dlma@mrdinglbraiylesombambadhmm dnlyeignend ootdhi, BBY r opy

field, Hk2. so(ire HB%E?TBWE t he net hod f(#rther (hncludes formng a
second e Er‘fﬁﬂsd‘éer when Pe Hi5 SPRYEXIBRBITHS ANGHRYE P& (78) and forming a
third magqoess) i k&ﬁ@ém@éﬁlh@ﬁtssﬁqﬁﬂﬁmﬁ‘éﬁ%ms 4r eak4bageC 163?)52 nldle third
magnetic |layer has a th d magnetic ani sotropy fiel d, Hk3. I'n sone

embodi mespBpripka maglzetxcgnlseﬁgpy field, Hiu2thekis less tiomayr spbstansiadn eawed telflise

Wi o ReRHe PRpaREERls ROpaRR o dtioacor itRlebbften BEGHAMBL e | ey
not i ncl udRoRopy Bellis bAYET 1R R aAd ﬁﬁfiﬂnﬁlgﬁehc yeRsl), FELH,;, MG R dréatbray er s.

For exanpl e, a nmagnetic recording |layer may include a second nmagnetic |ayer
46 and a thami th@ldﬁ&gws iFs-FHay &t other weuds; thgporfvek magnetimarasodiopy ekl acent each

ot her, g%m&{tﬁﬁyekféﬂlﬁwtg@@él f%d break | ayer 48. This concept may be
00

ext ended pai rs of I'C layers, such as first magnetic |ayer 42

and secor[ﬁbm@meﬂqecerhmcﬁmeﬂt@ asAﬂﬁhnfatsdrl@leIG 4DnHerligdhayendt e ighsatandi ng nor e
than three tél c layers &t} enbodj nents such as those described with
r ef erencéh er@?“%fﬁé’h@ $ich@p PNty s CoRyexMASNFHY AROTIBY many as
2n-1 1 aygfg mi;d %:‘aﬁ'l%Hﬁh “Hot’kx%g’?%'@(}é f 52 %@Fﬁg cXRRY s@dtddtdlPieen ayers.

I n such enbodi ments,” sone adj acent netlc pairs may 1 nc e

i nt er venifingg rhrr@akc laymdlzssecatMnagﬂBac laayér 46,emtl t]magnmgmencllageenSOpal rs may not

B e o
recordi n%dﬁ@ﬁ@éﬂls&%ﬁrmgﬁﬁd %Hlﬁi/l@rgre%err‘ﬂ%%k? SiRSaF iPRId@hentRY al so be
utilized in other applications. For "exanple, the magnetic |ayer structure

descri bedvtheér BinHmesynds graater thanghe duﬁfeacnna@heﬂmwemgwmgreamgh@tfé/&es| stive

random S Sonvex nnmggXetl(c amsMr'opy Eéﬁ'\é?a!l‘cgesnt may not extend into CGC layer 52, but

may extend substantially through first magnetic layer 42, second magnetic layer 46, and
third magnetic layer 50.

[0051] Although the above embodiments have been directed to a magnetic recording
layer including three magnetic layers and, optionally, a CGC layer, in some
embodiments a magnetic recording layer may include more than three magnetic layers.
In general, the concept of a magnetic recording layer including a convex magnetic
anisotropy gradient maybe extended to any number of magnetic layers. For example, as
shown in FIG. 5A, a magnetic recording layer 60 may include (2n-I) layers, including »
magnetic layers alternating with n-/ exchange break layers, where » is an integer greater
than or equal to 3.Additionally and optionally, magnetic recording layer 61 may include
a CGC layer 71 formed on magnetic layer n, as shown in FIG. 5B. In particular, FIG.
5A illustrates a first magnetic layer 62, which may be a granular magnetic layer with a
composition that results in a relatively high magnetic anisotropy field. The magnetic
anisotropy field of first magnetic layer 62 is oriented in a direction substantially
perpendicular to the plane of recording layer 60 (e.g., the magnetic easy axes of grains

in first magnetic layer 62 may be substantially perpendicular to the plane of recording
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[ 0060] The followi ng exanples are illustrative of enbodi nents of the

di scl osure, but do not limt the scope of the disclosure. The exanples were
based on theoretical calculations using idealized magnetic | ayers. The
magnetic | ayers each had the sane values of M and H The magnetic
recording layers in the exanples did not include a CGC |ayer. In the

foll owi ng exanpl es, paraneters are defined as follow ng. Equation 1 defines
an effectlaywe6ﬁ)a§lrettm@g116tlcdﬂyneé%mycampamco allgy,: fon\mample;QQqnat | on 1 where

A181|sasturat|o net i Z a hi,ck f layer
MO0 %) BoRiligh wi AR SRR e B B e, 04T 138, Gl EE et
llayer), andorz emao@in{ehtschfseﬁﬁg@étlcllayeem hay 1{1&Q@e1]f015&uﬂﬁ)wan Fed%n@yes an

effective ani sotropy of a |ayer Ki: MsiiiA SiHA
or a Sm-Co alloy. In some embodlments first magnetic layer 62 may include

alternating thin layers of a Co alloy and a Pt alloy or a Pd alloy. In some embodiments,
the non-magnetic material separating the grains in first magnetic layer 62 may comprise
an oxide, such as, for example, SiO,, TiO,CoO, Cr,03, Ta,0s, which separate the
magnetic grains. In other embodiments, the non-magnetic material separating the grains
in first magnetic layer 62 may comprise Cr, B, C, or other non-ferromagnetic elements.
[0052] First exchange break layer 64 is formed on first magnetic layer 62. First
exchange break layer 64 may include a CO,RU1-x alloy. As another example, first
exchange break layer 64 may include or consist essentially of ruthenium. In examples
in which first exchange break layer 64 comprises a COxRu, 4 alloy, the break layer 64
may comprise a thickness of less than approximately 3 nm. In examples in which first
exchange break layer 64 consists essentially of Ru, the break layer 64 may be thinner,
e.g., less than approximately 3 A.

[0053] Second magnetic layer 66 is formed on first exchange break layer 64, and may
be a granular magnetic layer with a composition that results in a magnetic anisotropy
field that is relatively high. As described above, second magnetic layer 66 may have a
magnetic anisotropy that is less than, substantially equal to, or greater than the
magnetic anisotropy of first magnetic layer 62. The magnetic anisotropy of second
magnetic layer 66 is oriented in a direction substantially perpendicular to the plane of
recording layer 60 (e.g., the easy axes of grains in second magnetic layer 66 may be
substantially perpendicular to the plane of recording layer 60). Second magnetic layer
66 may comprise a Co alloy, such as Co in combination with at least one of Cr, Ni, Pt,
Ta, B, Nb, O, Ti, Si, Mo, Cu, Ag, Ge, or Fe. In some embodiments, second magnetic
layer 66 may include, for example, an Fe-Pt alloy or a Sm-Co alloy. In some
embodiments, second magnetic layer 66 may include alternating thin layers of a Co
alloy and a Pt alloy or a Pd alloy. In some embodiments, the non-magnetic material
separating the grains in second magnetic layer 66 may comprise an oxide, such as, for

example, Si0,, Ti0,Co0, Cr,0s, Ta,0s, which separate the magnetic grains. In other

14



r- M HALirfl AL Equation 2 where Ms/ is a saturation magnetization of
| ayer i, HA/ is a nagnetic coercivity of layer i, (5, is a thickness of
| ayer i, Ms/is a saturation magnetization of layer 1, Ho is a magnetic
coercivity of layer 1, and blis a thickness of |layer 1. [0062] Equation 3
defines an effective coupling between a layer i and a layer j, Xy: 214 XL)
- Kl embodiments, the non-magnetic magnetic material separating the grains in second

magnetic layer 66 may comprise Cr, B, C, or another non-ferromagnetic element.

[0054] Magnetic recording layer 60 may include an arbitrary number of magnetic

layers and exchange break layers in an alternating pattern. Each subsequent magnetic .

layer may have composition selected such that magnetic recording layer 60 includes a

convex magnetic anisotropy field gradient among its plurality of magnetic layers. In

other words, the compositions of the respective magnetic layer may be selected such

that Hin.2)-Hygn-1) is less than Hyg.;)-Hiwm, Where Hk; is the magnetic anisotropy field of

layer i. For example, the compositions of first magnetic layer 62, second magnetic layer

66, and a third magnetic layer(not shown) may be selected such that Hy;-H;. is less than

Hi,-Hy;. Exchange break layer n-1 68 is formed on magnetic layer n-1 (not shown).

Exchange break layer n-/ 68 may comprise ruthenium or a ruthenium alloy, and may

have a similar composition to first exchange break layer 64 or a different composition

than first exchange break layer 64. In some embodiments, exchange break layer n-1 68

may consist essentially of or consist of ruthenium, while in other embodiments,

exchange break layer n-/ 68 may comprise a ruthenium alloy, e.g., COxRy1«x. In

addition to Ru or a CO4R, « alloy, exchange break layer n-/ 68 may optionally include

a non-magnetic oxide, such as, for example, SiO,, Ti02C00,Cr,03, or Ta;0s.

[0055] Magnetic layer n 70 is formed on exchange break layer n-7 68, and in some

embodiments may be a granular magnetic layer with magnetic anisotropy that is

relatively low, e.g., lower than the magnetic anisotropy of any other of the magnetic

layers in recording layer 60. Magnetic layer » has a magnetic anisotropy field oriented

in a direction substantially perpendicular to the plane of recording layer 60. Magnetic

layer n 70 may include, for example, a Co alloy, an Fe-Pt alloy, or a Sm-Co alloy, and

mayor may not include a non-magnetic oxide, such as, for example, SiO;,

Ti0,Co00,Cr,0;, or Ta,0s, as described above. The composition of magnetic layer n 70

may be different than the composition of first magnetic layer 62 and/or second

magnetic layer 66, such that magnetic layer n 70 has a magnetic anisotropy field that,

along with the magnetic anisotropy fields of the other magnetic layers in magnetic

recording layer 60, results in a convex magnetic field gradient. For example, magnetic

layer n 70 may include similar components as first magnetic layer 62 and/or second

magnetic layer 66, but in different proportions.
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Equation 3 where Jii is a quantum nechani cal coupling between |ayer | and
|l ayer j, KL is a magnetic ani sotropy energy of layer 1, and Si is a

t hi ckness of layer 1. [0063] For the foll owi ng Exanples, certain paraneters
were held fixed. For exanple, A2=6.3=0.5 .6.1. In other words, the
effective thicknesses of layers 2 and 3 were set to be equal, and each
one-half the effective thickness of layer 1. [0064] In evaluatlng Exanpl es
1- 3 bel ovP0%K) p serhe embedimentad€GCdager 7 gt md 1GohHB) may by sewmiar thi ng

three-1 ay i,C . r.din a n h the three magnetic | ayers
had rragnedte(?'g laa?%f S%F?SSBE%(gal%ﬁve { %%ié% L‘bié%‘lgdl and HA3=0.51-14] . Such a
magnetic ems-g@t ebd Gf SrfdiRslh ?%eﬁ(ﬁé‘wﬂbﬁrﬁﬁgﬂeﬂc 2o %&g@f iTRURRhIeq i@Ni SOt r opy
<H4> of 5HAI. I n making the Exa t hen, > was kept constant,

and a K2 Hgi éeThameﬂ@rié@%@nn\mﬂrémwxetw yenbayingd Magset 2aquoPs were free

t 0 I I I
Par aTe! g 002, ST 085k pFEPiyeP b AR GEnbble 3t g e
kOe, the mﬁgﬁghlsecoaﬁhﬁacghb@maymadmse ﬁlrttAZchaﬁge Bi&glﬂﬁiyeﬁ(%wmre sécomds 16 kOe,

and the magnetic ani sotropy val ue, of . magneti c | ayer was 9 kOe. Such
magnet i c Mg#nghe laygrhag .ass@?qr@um@ﬁtvf gméptwmf@d %ﬂw@tspweémbgétm% ther adi ent

accor ! o et BBV Y B D o 2 4

(0. 5625) .layen (B an ferming ARiBmmthelic 1dye2athé, second =R cizidige break layer (80).
The third magnetic layer has a third magnetic anisotropy field, Hys. In some
embodiments, Hy;-Hj; is less than Hy,-Hys.
[0058] Although magnetic recording layers described herein have included break layers
alternating with magnetic layers, in some embodiments, a magnetic recording layer
may not include a break layer between each pair of adjacent magnetic layers. For
example, a magnetic recording layer may include a second magnetic layer 46 and a
third magnetic layer 50 (FIG. 3) formed immediately adjacent each other, without an
intervening second break layer 48. This concept may be extended to other pairs of
magnetic layers, such as first magnetic layer 42 and second magnetic layer 46.
Additionally, in embodiments including more than three magnetic layers (e.g.,
embodiments such as those described with reference to FIG. 5), magnetic recording
layer 60 may include as many as 2n-/ layers, including » magnetic layers and as many
as n-I/ break layers. In such embodiments, some adjacent magnetic layer pairs may
include intervening break layers, and other adjacent magnetic layer pairs may not
include intervening break layers.
[0059] Although the foregoing disclosure has been primarily directed to an apparatus
that includes a magnetic recording medium, the magnetic layer structure described
herein may also be utilized in other applications. For example, the magnetic layer
structure described herein may be utilized in a magnetic sensor or magnetoresistive

random access memory (MRAM).
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[ 0067) Magnetic orientation swi tching performance of Exanple 1 was conpared
with a reference three-layer magnetic recording | ayer that swtched
coherently, e.g., in which the three magnetic | ayers were coupled and acted
as a single nmagnetic layer with an effective anisotropy cal cul ated as an
effective thickness-wei ghted average of the anisotropies of the respective
| ayers, The first nagnetic |ayer had an ani sotropy of HA) =20 kCe and a

rel ati ve RXAMRILE® t hi ckness oft, the second nmagnetic |ayer had an

i sot =0. 8HA/ =16 kOe and a.relative.effective.thick f 0.5,
o e THodth The EaTkrine exRyies is Mt <ofbmpsinae s kb g ik, g o
rel ative @@fo€hnitBe sddpe b &eHiRlosired ThSbkdInfed REBBhsdd chithestEhicudY

distribution resulted in an effective thickness-weighted average magnetic
ani sot r oplceiptigns wingidgalzedumagngiclgyerslhegnagnghic biyersgpctbad thesanehange

AE/ AE, of 1. rier _ch i.ndi c f. t he second
o hi ¢ qlieS &by ACE P ABRE rElorBERD iR e albics o 01 Ghad 4'C

recor di n@G@Y@er.Qﬂtﬁbafbﬂdwi% eXaifB 8 Giar S étes Af S eThed ay Bllowisd. Bduipron! y t he
first magnetic layer. [0068] In conparing nagnetic orientation swtching

per f or naReENes yemagngtic ghickness of alageideAc oher ent | y- swi t chi ng magneti c
recording layer, a mninmumnornmalized 1llval ue(an effective coercivity of
the magnetic recording layer; equal to the applied magnetic field at which
the orientation of the magnetic recordn@;l ayer switched, normalized by the
coercivity of the first magnetic Pa?éﬁjfgﬁs found at an energy barrier
substantially equal to the energy barr1*8r *of the reference magneti c
recording layer (1.625), Wth reference to FIGS. 6A and 6B, approxi mate
coordinates of circle 82 are X12=0.45 and 723=0.45. Turning to FIG 6A, the
normal i zed H, value at x12-0.45 anBqua&ia0l 45 is approximately 0.73, as
illustrated by circle 84. Conparing this to the normalized H, value of the
reference film 0.8125, the magnetic anisotropy gradient in Exanple 1

provi des vehek EPMIGS 4 Qiturafo R pRetizE8sh dillayer i Y, isAPRIRNRERRY By¥r A M4 islah ot her
words, a magnetic regopdln? | ayer conprising three magnetic |ayers selected
to provi geturationmesxeizagonof byemi §st.radpyt magmtie leyenagndsdsis & thicksess efasi | y

t han and  have conparable thermal stability to a magnetic recording | ayer
conprisi%@m?ﬁree magnetic | ayers selected to provide a |linear magnetic

ani sot r o061 Bduitn 2 SRS hn ERadtive@nidotropy of a layer i, ;-

o = Maitaile  Ha
Y Mg Ha 6 " Hgy

Equation 2
where M; is a saturation magnetization of layer i, H;is a magnetic coercivity of layer i,
d;1s a thickness of layer i, My,is a saturation magnetization of layer 1, Hy, is a magnetic

coercivity of layer 1, and d;is a thickness of layer 1.

[0062] Equation 3 defines an effective coupling between a layer i and a layer j, Xj;:

- 2/, 7
Equation 3
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[0070] FIGS. 7 A and 7B illustrate an exanple in which the magnetic

ani sotropy value, HAI, of nmagnetic |layer 1 was 20 kOe, the nagnetic

ani sotropy val ue, HA2, of magnetic |layer 2 was 19 kOe, and the magnetic

ani sotropy val ue, HA3, of magnetic layer 3 was 6 kOe, Such magnetic

ani sotropy distribution is a convex magnetic ani sotropy gradient according
to the disclosure. HAI-HA2 is 1 kOe, which is |less than HA2-H43, which is
13 kOe. PFurerddyis algaditu mecheniod conplingbetweaylewirdrand teyar HA3 I @agi@ti8158) . I n
Exanpl e 1,.A2=6. 3=0. 56 x2=Q. 475, .x3=0..15. 071]1 Magnetic orientation

swi t chi ngSrPRY FRSHEO Y aﬁ?&@@%‘?&%fﬁf{){g?ﬁﬂ with a reference

three-| aygo63reEsiehd folloRefy Bhahh1b2¥Ekait PAhmehd GERheOMAIIERS] dkanled- . 1N
which the three magnetic 1ayers were coupled and acted as a single magnetic
| ayer wi th=4s70eF Asclniotker avrirds thegffecting thidkaessds aflayers fahé dtwereset to be

t hi ckness- wei ght ed. ave of..the anisotrapies,of the respective |ayers.
The fi .rsteqﬁ@g%g[‘?agh Pg&’ég@ﬁ?c?fg?ﬁa‘é%t&c&?%ﬁg?yfr r=20 kCe and a relative
ef f ect i vqo04H) 0k BRESatidl Ekandpld 1ISPEE6W, E81apteisbe wadRde Rpdiredpective sot r opy of
HA2=0. 95HA1=19 kCe and a rel ative effective thickness of 0.5, and the

third nmagabereely switshingfliregrlayminagnetipiecerdingdayay, ipwhigpthg three magaetic r el at i ve |
AR . : iy . di st i buti
Fesult ed srHameAs allsohonticlt 2, TRI0Gof EahS B S R R 55 R oe,  and

an ener gyndpatticinishapgeishibutidnlresufited irbabavelfdpe nedqpaety adisitiopy <dtiange
indicates. the effect the second and third nagnetic | a eraﬂhave on t her mal

st abi | i t ¥ Y Hae [Rapking the Egamplgs.iben, sfr ¥ F ejnstagt, andrg ia ¥plUE WA8cor di ng
| ayer in i fi.fst et 2] In conparing nagnetic
ori ent at fé%l‘égﬂgg'mq?l&éﬁﬂlx %%§%3f08¥%22%8%3 @g%f!@ﬁr%&? % the reference

coher ent |[g06SMExalipdgl nagneti c recording layer, a m nimum normalized 11"

I t . bat h tantial | | to th
bar i er 39060 B8 o4 B BE it el P RSt g A e O pY HADEY of ence
to PGS Aot 1:98P1 O3 MBkOARPRHEAAISRiRlp) 1ALe 19D SifiahlAcO, 45

andx23=0.45. Turning A, the nornalize val ue at 2=0. 45 and
x23=0. 45 laysr 2pyasdpikiae, end/thd nggnetasanisdtiepy value dH sy oLinagrietic $gyer Eovas&ring thi s

to the naqr ized Hs val ue of. the.reference film. 0.8125 th gnetic

ani sot r ogyeaPu ey aERa i elisHERiT 8 OB Sunbetio fintoy ST e Neq o

appr oxi mat&driling @¢4heAlisvlddure? HYRARAS U4 ke WRICH i kss R I, SPNPWISEHE 7t hr ee

magnetic | ayers selected to provide a convex nagnetic anlsotropf gr adi ent
24

may swi t &kQendiuatheta &b/t ia &8, ahichhia geeates thearfabiFé: ((he639a) Indixabipld to a

magneti c J egQrd yer rising three magnetic |ayers selected to
provi de aAZI g%ggér’rkq@dg%e'gi (():'Eggnripsotropy gradient. [0073] Exanple 3

[0067) Magnetic orientation switching performance of Example 1 was compared with a
reference three-layer magnetic recording layer that switched coherently, e.g., in which
the three magnetic layers were coupled and acted as a single magnetic layer with an
effective anisotropy calculated as an effective thickness-weighted average of the
anisotropies of the respective layers, The first magnetic layer had an anisotropy of
H,4;=20 kOe and a relative effective thickness of 1, the second magnetic layer had an
anisotropy of H4,=0.8H,4=16 kOe and a relative effective thickness of 0.5, and the
third magnetic layer had an anisotropy of H,3=0.45H ;=9 kOe and a relative effective
thickness of 0.5. Such a magnetic anisotropy distribution resulted in an effective
thickness-weighted average magnetic anisotropy <H,> of 0.8125H4;=16.25 kOe, and
an energy barrier change AE/AE, of 1.625. The energy barrier change indicates the

effect the second and third magnetic layers have on thermal stability of the magnetic
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100741 FIGS. 8A and 8B illustrate an exanple in which the magnetic

ani sotropy value, HA], of nmagnetic |layer 1 was 20 kOe, the nagnetic

ani sotropy val ue, HA2, of magnetic |ayer 2 was 24 kOe, and the magnetic
ani sotropy val ue, HA3, of magnetic layer 3 was 1 kOe. Such magnetic

ani sotropy distribution is a convex magnetic ani sotropy gradient according
to the disclosure. HAI-HA2 is -4 kOe, which is | ess than HA2-HA3, which is
23 kOe. Fegardiog laylenoorhparedtola @ageitic cérording tayat wcludingronia e Hig( 0. 0417). In
Exampl e 1, A2=6.3=0.5, k2=0.6, x3=0.025. [0075] Magnetic orientation

swi t chi nd™BFEGAYEce of Exanple 3 was conpared with a reference

three-1 aygpesyas B&hpﬁiﬂgerﬁﬁ’%lﬁ'ti%rikﬂ){ﬁdn §\in&rhir@(’])3érﬁ>ﬁﬁ%d’c®f%fxﬁﬁbleylg whho., in
whi ch the three magnetic Tayers were coupled and acted as a single magnetic
| ayer wi tthe referendeaohergntl mawidtingmagesiicaedaadiag laysr, armisirhemtriovmalized

t hi cknessy;welght ed.average of. t ani sotropies of the r ctiv ayers.
The 117 s ugen e et inye BBy §ring ey Sol iR Beblied &1 5 e
ef f ecti venddneskneigsit @hich thderichanbMBImMainetic rédoeding deBswitdhed Ot r opy of

H f2= 1-2HA1=24 kCe and a relative effective thickness of 0.5, and the
third nadeepplizeddydhe epsacivity ahthe Sirst sragneia layer) wap bund-24 ak erergnbRrEey ef at i ve
effectiv ] j I pstnl hution

resul t ed%lufr)lﬂgﬁﬁgggﬁ%gféo ﬁnrggéﬁeeéyﬁggﬁelrS@g?{égg@%ﬁh@g@&%ﬁé&&g@g&ﬁa 6. 25k0e, and
an ener gy1l6asy, With efaage tAEIGE/ 64 add 6B Sappidxémeieogditdsrdfeircieliange
indicates the effect the second and third nmagnetic | ayers have on thernal
st abi | i t yu50-45red gl Cumanedp dilago A athe nowpsisad Sov YR ¥aRet’ 34y ecor di ng
| ayer ing) ugi g hrat . Jx i . : ring magnetic
or | ont at 75h s SARRb) 0173, acTREREkG Ly BKEL 84 | ERnE g AR, | 10,

r ef er enc emotnhlezed i), yalsewof thh irefgreneyfibm,i 8 126 c the dhagg eti@aresatropy rgratiient m

| |- 1" 1 ffective,. iyity of t] di
ayer - edamAli! piadES sl vn rasTelfethy ok papRiraty A BT REMhER | on of { he
magnet i ¢ w§ag aGhdeli@WRbrdiy fiHeSmpreindahied %&ghaﬁc_t 1agera8d18Q8d RProtitie t he

first magnetic |ayer) was found at "an energy barrier substantially equal to
t he ener gycobeex inagnetit anisetropyf gradinstemapgmidch rooreeesitythag andlyavie (1. 625). Wth

reference to F 8A,and.. 8B, approxi mate..coordinates.of . circle 90 are

o 220- 45 o ingmi SRR Rpto SRR ghory RE PG i s eedefle o
x12=0. 45 IM%%ﬂéimmiﬁﬁéMa%hytim{roﬁ? F}ddiéﬁ&”at ed by circle 92.
Conpar i ng this to the normalized I1," value of the reference film 0.8125,
t he magndf9ed] &xamnle dpy gradient in Exanple 1 provides a reduction in
nornal i z "nof 10 ; 480 i onst, ‘;gﬁg,peti c
recordi n39?2@ggng%%g??glmﬁt?%%mm%%n& ?%@gﬁers sé g@? ggﬂ?%o@r ovi de a
convex mndfelfintagaeticslayerdpyag2akiDenhe nagnesiviahsbtropy ealeq 4, yoftnpnetand have

ble thermgl stabi|ity t ti dipg |ay. ising th
aghet | o 114 SRS IgIIGIs, g 15 TAeDe i SPOPH G el FEBTRNR JBIEF QPP 3r i ent
[0077] %b&c#mb@%?i@lanﬁb&ﬁ% &éggﬂﬁo@ﬁ a'é_ohb'elﬁéﬁl ti8AniSY adigpttni ch the

magneti ¢ ani sotropy val ue, magnetic |ayef 1 was 24 °kOe, the
magnet i ¢ aacordmgrto the disdlosare. 1M1, 0T kOagwikich cs lessythan B nHg;, Bhidhle 13and t he

ragnet | ¢ KR Jargh YL 0T bRieHS el tn ARy A T i SOEPB gt aci ent
accordi ng;ztzgf;tdjg LEAT%E®15.HA - HA2i s 4 kOe, which is |ess than HA2-11, 43,

which is 15 kOe. Further, HA2/HAiis 0.667, which is greater than HA3/H, 42
(0. 0625) .[00H] Magngtieonentgiq-sngteding petfopnarncg of E3ample@ was compared with a

reference three-layer magnetic recording layer that switched coherently, e.g., in which

the three magnetic layers were coupled and acted as a single magnetic layer with an
effective anisotropy calculated as an effective thickness-weighted average of the
anisotropies of the respective layers. The first magnetic layer had an anisotropy of

H =20 kOe and a relative effective thickness of 1, the second magnetic layer had an

anisotropy of H4,=0.95H 4=19 kOe and a relative effective thickness of 0.5, and the
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[0079] Magnetic orientation sw tching performance of Exanple 4 was conpared
with a reference three-layer magnetic recording | ayer that swtched
coherently, e.g., in which the three magnetic | ayers were coupled and acted
as a single nmagnetic layer with an effective anisotropy cal cul ated as an
effective thickness-wei ghted average of the anisotropies of the respective
| ayers. The first magnetic |ayer had an ani sotropy of HA] =24 kCe and a

rel ati ve thefd megretie laysr bichasanissftropy of Fas (&3 nd6rkidmandi arelatiye effeciiyean

ani sot r opy. of - 3)HA2-16.kCe and a.rel ative effective thickness of
0.'5. and esn i Ui Rtshaaraehes Ry A Shitiony reigd B 1 st 54 bir =1 ke
and a rehlph¥ ffidodebl @7,Rif 0181255,,216.95 ROe M n@nERg MG cRMMgROt I OpY
distribution resulted in an average nagnetic ani sotropy <HA> of 0.677 HAl =

16. 25 kOAE/Abpfdrd25nEheggnesay baraer iadiggicathe effectithgsacontigad 8hek gy barri er
change i [ ffe n nd b r ' e on
Cheroal - BAEARCRydD Rafd dr bt SiaB B0 R A REbeh UL SRS COREELA S8, OF

r ecor di ngndgayted rebdrdingdayd itudhding belyfthe fifst Magmeicilgyer.ayer. [0080] In
conpari ngoqr?%ﬂnet ic orientation sw tching performance qf Exanmple 4 with the

I
ref erenc )i %qma\ymgm%lﬁﬁi%@ri%zgmtwé%h@w@efpﬂ@aqcayéEyalaplﬁ#n‘fe/ m

normal i z ASir; 'ﬂgﬂ” : i ]iﬁ,dhq iakly equal
to the eﬁ%r%t;/&%\aéﬂé?ﬂé#&gm&e&r e?%lr?ggr%gg&ﬁg }a Q{’éggﬁl [ ngﬁf)ggéeﬁr 1. 354).
Wt h ref éfgvalee tas foubat shherrng) it erasnpstantialigtequal ao thdi enatgydanieroftied e 94 are

x12=0. 35 dx23=0.4.. Turning.to FIG_9A the nornalized Hs",_ val ue at
) 02=0. 35 THAEROBMASALIS f%ﬁ?ﬁ‘?‘Bg 13ygE €1-§7250 With referengg i‘i’sﬁlfét gd\ W Brcle 96.

Conparin | 1 P C-Y| f_ i f+ Am 0.677,
Che. mgn o B A e B TR R M on T

nor mal i z & nesmabiedaihp velae atyetQi4Batd 1 7H).45 depprogsimaitlyd.adas ilustraighet i ¢

di ng | i sing.th tjic | | ect ed i d
Convex MRy REEES8- PRSP AEH RTAHES Lol Oy URaeatet IPrER Fhd have
conpar abkig higieis hnigétedgiaJ %'raddeﬁtqn ExREREL provides #Fedubibr RMRIMEIRAEIH,5I Ng three

magnetic | ayers selected to provide a |inear nmagnetic ani sotropy gradient.
[ 0081] Vaf ipnyeximetsabyl 2 @enigainf a magneficgetonding daysnoempresing deesonignetic The

D B AR s R0 ko BR) SABRAPhL R ot 1 1 (1
easily than and have comparable thermal stability to a magnetic recording layer
comprising three magnetic layers selected to provide a linear magnetic anisotropy
gradient.

[0073] Example 3

[0074] FIGS. 8A and 8B illustrate an example in which the magnetic anisotropy value,
Hy,, of magnetic layer 1 was 20 kOe, the magnetic anisotropy value, Hy;, of magnetic
layer 2 was 24 kOe, and the magnetic anisotropy value, H,3;, of magnetic layer 3 was 1
kOe. Such magnetic anisotropy distribution is a convex magnetic anisotropy gradient
according to the disclosure. Hy;-Hy; is -4 kOe, which is less than H;-H 43, which is 23
kOe. Further, H,,/H4;is 1.2, which is greater than H,3/H,2(0.0417). In Example 1,
Ar=A3=0.5, k2=0.6, 1;=0.025.

[0075] Magnetic orientation switching performance of Example 3 was compared with a
reference three-layer magnetic recording layer that switched coherently, e.g., in which
the three magnetic layers were coupled and acted as a single magnetic layer with an
effective anisotropy calculated as an effective thickness-weighted average of the

anisotropies of the respective layers. The first magnetic layer had an anisotropy of

20



1. An apparatus conprising: a first magnetic |ayer having a first magnetic
ani sotropy field, Hkg a first exchange break | ayer formed on the first
magnetic | ayer; a second magnetic layer forned on the first exchange
break | ayer, wherein the second magnetic |ayer has a second nagnetic

ani sotropy field, Ha' a second exchange break |ayer forned on the second
magnetic | ayer; and a third magnetic |ayer forned on the second
exchange M e20kQeaandra, relative effectivia ¢hithriesslofig ginetecond myguetiodayeahachanr d magneti c

gg;);?;{ ngié‘;’tlr‘gé}’g(?frﬁg Jy“vx%@f\c%% EQQ ﬂl“a g tfél?l_tlg‘%e: %fekﬁ%sﬁw(?‘gssg’&éég éﬁgglﬁaﬁ - angc ond

rati o Hkilkragnedic 14y haPRRaR PG oA 20521, MEOShiH Arcldtiveleffedived 1S

greater than approxi'mately 0. 6.
thickness of 0.5. Such a magnetic anisotropy distribution resulted in an average
magnetic anisotropy <H,>of 0.8125H,,=16.25kOe, and an energy barrier change
AE/AE;0f1.625. The energy barrier change indicates the effect the second and third
magnetic layers have on thermal stability of the magnetic recording layer compared to a
magnetic recording layer including only the first magnetic layer.
[0076] In comparing magnetic orientation switching performance performance of
Example 1 with the reference coherently-switching magnetic recording layer, a
minimum normalized Hj, value (an effective coercivity of the magnetic recording
layer; equal to the applied magnetic field at which the orientation of the magnetic
recording layer switched, normalized by the anisotropy of the first magnetic layer) was
found at an energy barrier substantially equal to the energy barrier of the reference
magnetic recording layer (1.625). With reference to FIGS. 8A and 8B, approximate
coordinates of circle 90 are y;,=0.45 andy»3=0.45.Turning to FIG. 8A, the normalized
Hj, value at x1,=0.45 andy23=0.45is approximately 0.55, as illustrated by circle 92.
Comparing this to the normalized H;,, value of the reference film, 0.8125, the magnetic
anisotropy gradient in Example 1 provides a reduction in normalized H, of
approximately 48%. This demonstrates that a magnetic recording layer comprising
three magnetic layers selected to provide a convex magnetic anisotropy gradient may
switch more easily than and have comparable thermal stability to a magnetic recording
layer comprising three magnetic layers selected to provide a linear magnetic anisotropy
gradient.
[0077] Example 4
[0078] FIGS. 9A and 9B illustrate an example in which the magnetic anisotropy value,
Hy,, of magnetic layer 1 was 24 kQOe, the magnetic anisotropy value, Hy,, of magnetic
layer 2 was 16 kOe, and the magnetic anisotropy value, H43, of magnetic layer 3 was 1
kOe. Such magnetic anisotropy distribution is a convex magnetic anisotropy gradient
according to the disclosure. H;-Hy;is 4 kOe, which is less than H4,-H,3, whichis 15
kOe. Further, H,,/Hy,is 0.667, which is greater than H,3/H4;(0.0625). In Example 1,
Ar=A3=0.5, k;=1/3, k3=1/48.
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4. The apparatus of claim2, wherein the first ratio is greater than
approximately 0.9. 5. The apparatus of claim2, wherein the first ratio is
greater than approximately 1.0. 6. The apparatus of claim1, wherein the
first magnetic |ayer conprises a Pt content, Pti, content between
approximately 18 at. % and approximately 22 at. % the second nmagnetic

| ayer conprises a Pt content, Pt2, between approximately 14 at. % and

appr oxi Mm99y Misgnetic. origntatiod swhitehingipeformeagmae bf Exdragled wasreomipared veithpa

tent, Pt3 | t h oximately 14 at. . % wherein Pt1-Pt2is |
Chan: Pt > rgipignes Biceract InaRBAL oS gt dnd swifho eIV A £ ilEhet ¢ o
l'ayer CORRY thf@manbii¢ Rlyed WA LApIsHEHASEicd ab 8 ¥RIglCARRTE S 143@r #ithiahst nmagnetic

material and a first oXide, and wherein the second nmagnetic |ayer conprises
a second effeefiviglanisotrepineal¢watedgean effnebive dickness-weigbied anergaeef bemt eri al and

cont i nuodtrdhien oo tieeEPE EPls, o hof ik 19yl D afRIBREECY, Sy

wher ei n Fe=TOROE M4l fel GivardiffeativeGBITRASS E 1] f¥ Sécohd snagnsdiagéridani sot r opy
field H c4, and wherein Hrs great er than 143. 9. The apparatus of claim

1, furt hepisesemyrafding (3 dbnT I hkidaandp ektivarelieatiysobiokaess 2Y 815, prt WEd on the
third TRl infel oY Slyor KOLLPLD By 6P R LUOY R ILR R 3ha G OORAN difecliy e has a

magnet i ¢ ani Sot ropy Sss or approxi nmately
equal t ottlididhess of 0.5. Such a magnetic anisotropy distribution resulted in an average

magnetic anisotropy <H,> of 0.677 H,;= 16.25 kOe, and an energy barrier change
AE/AE; of 1.354. The energy barrier change indicates the effect the second and third
magnetic layers have on thermal stability of the magnetic recording layer compared to a
magnetic recording layer including only the first magnetic layer.

[0080] In comparing magnetic orientation switching performance of Example 4 with
the reference coherently-switching magnetic recording layer, a minimum normalized
H;,, value was found at an energy barrier substantially equal to the energy barrier of the
reference magnetic recording layer (1.354). With reference to FIGS. 9A and 9B,
approximate coordinates of circle 94 are y1,=0.35 andy,3=0.4. Turning to FIG. 9A, the
normalized Hj,, value at x;,=0.35 andy»;=0.4is approximately 0.42, as illustrated by
circle 96. Comparing this to the normalized Hj, value of the reference film, 0.677, the
magnetic anisotropy gradient in Example 4 provides a reduction in normalized Hj,, of
approximately 61%. This demonstrates that a magnetic recording layer comprising
three magnetic layers selected to provide a convex magnetic anisotropy gradient may
switch more easily than and have comparable thermal stability to a magnetic recording
layer comprising three magnetic layers selected to provide a linear magnetic anisotropy
gradient.

[0081] Various embodiments of the disclosure have been described. The
implementations described above and other implementations are within the scope of the

following claims.
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10. The apparatus of claim1, wherein Hs is between approximately 16 kCe
and approximately 24 kOe. 11. The apparatus of claim 10, wherein Hk2is
bet ween approximately 12 kOe and approxi mately 24 kOe. 12. The appar at us
of claim 11, wherein Hk3is | ess than approximately 15 kOe. 13. The
apparatus of claim1, wherein fluis between approximtely 20 kCe and
approxi mately 22 kOe, wherein Hk2is between approxi mtely 17 kO and
approxi mately 20kOe, and wherein Hk3is between approxi mately 9 kQe and
approxinﬁﬁg*ﬁﬂéﬂ kOe. 14. The apparatus of claiml, wherein at |east one
of the fi gnetic |layer, the second magnetic layer, and the third
magnetic | ayer conprises at |east one of a Co alloy, alternating |ayers of
a Co alloy and a Pt alloy, or alternating |layers of a Co alloy and a Pd
al l oy. 15Anappapipscempasisgnpri sing: N nmagnetic | ayers; and

a first magnetic layer having a first magnetic anisotropy field, Hy;

a first exchange break layer formed on the first magnetic layer;

a second magnetic layer formed on the first exchange break layer, wherein the
second magnetic layer has a second magnetic anisotropy field, Hj,;

a second exchange break layer formed on the second magnetic layer; and

a third magnetic layer formed on the second exchange break layer, wherein the
third magnetic layer has a third magnetic anisotropy field, Hy; and wherein Hy;-Hy;is
less than Hj,-Hys.

2. The apparatus of claim 1, wherein a first ratio Hy,/Hyis greater than a second ratio
Hk3/H k2-

3. The apparatus of claim 2, wherein a first ratio is greater than approximately 0.6.
4. The apparatus of claim 2, wherein the first ratio is greater than approximately 0.9.
5. The apparatus of claim 2, wherein the first ratio is greater than approximately 1.0.

6. The apparatus of claim 1, wherein the first magnetic layer comprises a Pt content,
Pt;, content between approximately 18 at. % and approximately 22 at. %, the second
magnetic layer comprises a Pt content, Pt,, between approximately 14 at. % and
approximately 18 at. %, and the third magnetic layer comprises a Pt content, Pt;3, less

than approximately 14 at. %, and wherein Pt;-Pt; is less than Pt,-Pt;.

7. The apparatus of claim 1, wherein the first magnetic layer comprises a first granular
magnetic layer comprising a first magnetic material and a first oxide, and wherein the
second magnetic layer comprises a second granular magnetic layer comprising a second

magnetic material and a second oxide.
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n-1 exchange break | ayers, wherein n is greater than or equal to three,
wherein the n-/exchange break |ayers alternate with the n magnetic | ayers
in the apparatus, and wherein then magnetic |ayers conprise respective
magneti c ani sotropy fields such that the n magnetic |ayers have a convex
magneti c anisotropy field gradient. 16. The apparatus of claim15, wherein
n equals four, wherein a first magnetic |ayer conprises a first nmagnetic
ani sotropy fiel dwherein a second magnetic | ayer conprises a second nagnetic
ani sotropy..field Hk2, erein a third .magnetic |ayer conprises.a third
mmanet | o ARSI o6 LA & AT RGP BITRS COATR SRS SIGEF ko i ses a
fourth nggaRiion tROHSRAUHARNEE L8k whtfbin MRRLRRUJuS tamitted cofipbiRIayehan ,
Hk2- Hk3, and wherei nl42.143i s | ess thanl43-Hk4. ~17. The apparatus of claim
15, wher dana magnetistantsatropy fkld/Hhi and svhygream s gigater thasébond rati o Hk3/ 142,
and wherein the second ratio is greater than a third ratio Hu/143. 18. A
nmet hod of form ng a perpendi cul ar magnetic recording | ayer conprising:

form ng 9, The parmeysfidgm B Yethdd dvipasidg b icoinudag ?@hﬁl@r adthpexite epypr f i el d,
Hkj; formng a first exchange break | ayer on the tirst nagnetic | ayer;
formed on the third magnetic layer, wherein the continuous granular composite layer
has a magnetic anisotropy field Hy,, and wherein Hy, is less or approximately equal to

Hps.

10. The apparatus of claim 1, wherein Hy; is between approximately 16 kOe and
approximately 24 kQe.

11. The apparatus of claim 10, wherein Hy,is between approximately 12 kOe and
approximately 24 kOe.

12. The apparatus of claim 11, wherein Hysis less than approximately 15 kQOe.

13. The apparatus of claim 1, wherein Hy,is between approximately 20 kOe and
approximately 22 kOe, wherein Hj,is between approximately 17 kO and approximately
20kOe, and wherein Hj;sis between approximately 9 kOe and approximately 14 kOe.

14. The apparatus of claim 1, wherein at least one of the first magnetic layer, the
second magnetic layer, and the third magnetic layer comprises at least one of a Co
alloy, alternating layers of a Co alloy and a Pt alloy, or alternating layers of a Co alloy

and a Pd alloy.

15. An apparatus comprising:
N magnetic layers; and
n-I exchange break layers, wherein 7 is greater than or equal to three, wherein

the n-Iexchange break layers alternate with the » magnetic layers in the apparatus, and
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form ng a second magnetic |ayer on the first exchange break | ayer, wherein
the second nagnetic | ayer has a second magnetic anisotropy field, Hk2;

form ng a second exchange break | ayer on the second nagnetic |ayer; and
formng a third magnetic | ayer on the second exchange break | ayer, wherein
the third nmagnetic |ayer has a third magnetic ani sotropy field, 143, and
wherein Hki-Hk2is |ess than Hk2-Hk3. 19. The nethod of claim 18, wherein a
first rawlmrdiikﬂiemkmag'nsticg}aga‘seompﬁmemecéu@magmfai&iaoismepy—ﬁﬁlds swh.thathe net hod

f | 19 wh ti t t t el 0.6, d
Cher oy e BT 1Pt Bavielal RebPimneic alisEFpReae ghgfigR! ! el o

16. The apparatus of claim 15, wherein n equals four, wherein a first magnetic layer
comprises a first magnetic anisotropy field Hy;, wherein a second magnetic layer
comprises a second magnetic anisotropy field Hy,, wherein a third magnetic layer
comprises a third magnetic anisotropy field Hy;, wherein a fourth magnetic layer
comprises a fourth magnetic anisotropy field Hy,, wherein Hy-Hy; is less than Hy,-Hy;,

and wherein Hj;_H;sis less thanH;-H,.

17. The apparatus of claim 15, wherein a first ratio Hy/Hy; is greater than a second ratio

Hy3/Hy,, and wherein the second ratio is greater than a third ratio Hy/Hjs.

18. A method of forming a perpendicular magnetic recording layer comprising:
forming a first magnetic layer having a first magnetic anisotropy field, Hy;;
forming a first exchange break layer on the first magnetic layer;
forming a second magnetic layer on the first exchange break layer, wherein the

second magnetic layer has a second magnetic anisotropy field, Hy;,
forming a second exchange break layer on the second magnetic layer; and
forming a third magnetic layer on the second exchange break layer, wherein the

third magnetic layer has a third magnetic anisotropy field, Hy; and wherein Hy;-Hyis
less than Hyy-Hys.

19. The method of claim 18, wherein a first ratio Hy,/Hy, is greater than a second ratio

H;3/Hp,.

20. The method of claim 19, wherein the first ratio is greater than approximately 0.6,

and wherein the second ratio is less than approximately 0.6.
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