APPARATUS INCLUDING A PERPENDICULAR MAGNETIC RECORDING LAYER HAVING A
CONVEX MAGNETIC ANISOTROPY PROFILE BRIEF DESCRIPTION OF DRAWINGS [0001] FIG. 1
is a schematic diagram of a hard disc 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
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layers according to the present disclosure. [0005] FIG. 5 is a schematic block diagram illustrating an
example of a magnetic recording layer comprising n magnetic layers alternating with n-1 exchange

break layers. BRIEF DESCRIPTION OF DRAWINGS
[0001] FIG. 1 is a schematic diagram of a hard disc 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 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

constructemgﬂ%tﬁg&ﬁgﬁyﬁ. [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
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a magnetic recording layer constructed according to t sclosure. DETAILED DESCRIPTION
includes base 12 and top cover 14, shown partially cut away. Base 12 combines with

top cover 14 to form the housing 16 of disc drive 10. Disc drive 10 also includes one or
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 example of a magnetic disc drive 10 including a magnetic recording
medium according to one aspect of the present disclosure. Disc drive 10 includes base 12 and top
cover 14, shown partially cut away. Base 12 combines with top cover 14 to form the housing 16 of disc
drive 10. Disc drive 10 also includes one or 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.
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grains in a recorded bit. However, magnetic stability of magnetic recording media
becomes a greater concern as the average grain diameter decreases.
[0017] The magnetic grains maintain their magnetization orientation due to magnetic
anisotropy energy, which is proportional to the grain volume (K, ¥V, where K, is
magnetic anisotropy energy per unit volume and ¥ is volume). The magnetic anisotropy
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] High density perpendicular magnetic recording media may benefit from a balance of several
magnetic properties in the magnetic recording layer, including high magnetic anisotropy for thermal
stability; low switching field for writability of the recording layer by the magnetic recording head;
sufficiently low lateral magnetic exchange coupling among the magnetic grains to maintain a small
correlation length between magnetic grains or clusters; sufficiently high lateral magnetic exchange
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1s composed of a continuously graded material (e.g., a composition of the magnetic
recording layer changes substantially continuously and is not divided into separate sub-
layers).In such continuously-graded ECC structures, it has further been proposed that
the composition gradient should be selected such that a magnetic anisotropy of the
magnetic recording layer decreases proportional to a distance from the highest
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-coupled composite (ECC) structures for magnetic recording
layers, which may facilitate writing data to the magnetic recording layer while maintaining thermal
stability (i.e., the energy barrier) of the magnetic recording layer at or above an acceptable value. In
some embodiments, the ECC structures described herein both facilitate writing data to the magnetic
recording layer and increase thermal stability of the recording layer compared to some other magnetic
recording lyREudinAL b PO I RIS B\ PIRR BRI R TRl 6 ©Cording
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[0026] A protective overcoat 54, such as, for example, diamond like carbon, may be

formed over perpendicular recording layer 40. In other examples, protective overcoat
54 may include, for example, an amorphous carbon layer that further includes hydrogen
or nitrogen. Although not illustrated in FIG. 3, in some examples, a lubricant layer may
be formed on protective overcoat 54.

[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 may be used to establish an HCP(hexagonal close
packed) crystalline orientation that induces HCP (0002) growth of the first magnetic layer 42, with a
magnetic easy axis perpendicular to the film plane. 100261 A protective overcoat 54, such as, for
example, diamond like carbon, may be formed over perpendicular recording layer 40. In other
examples, protective overcoat 54 may include, for example, an amorphous carbon layer that further
includes hydrogen or, nitrogen. Although nat.illustrated inFIG. 3, in some ex le lubricant layer
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some examples of the disclosure, the HK gradient may be defined by the Pt content of first magnetic
layer 42, se@@gaetic layer 50 may comprise Cr, B, C, or another non-ferromagnetic element.

[0029] In some examples, at least one of first magnetic layer 42, second magnetic layer
46,and third magnetic layer 50 may comprise a Co-Pt alloy. One method of controlling
a magnetic anisotropy field of the layers 42, 46, 50 is controlling the Pt content of the
respective layers. For example, a magnetic layer including a greater Pt content may
have a higher magnetic anisotropy field than a magnetic layer including a lower Pt
content. In some examples, a high magnetic anisotropy field layer may include greater
than approximately 18 at. % Pt. In accordance with some examples of the disclosure,

the Hj gradient may be defined by the Pt content of first magnetic layer 42, second



magnetic layer 46, and third magnetic layer 50. In other words, in some examples, Pt,- Pt2<Pt2-Pt3,
where Pt the Pt content of first magnetic layer 42, Pt2 is the Pt content of second magnetic layer 46,
and Pt3 is the Pt content of third magnetic layer 50. In one embodiment, Pt, is between approximately
18 at. % and approximately 22 at. %, Pt2 is between approximately 14 at. % and approximately 18 at.
%, and Pt3 is less than approximately 14 at. %, and Pt1-Pt2<Pt2-Pt3. [0030] First exchange break
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particular, the composition of first magnetic layer 42 may be selected to provide a first magnetic
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second magﬂgltligraé]gofégpﬁlgg M&@g)&q’cgmposition of third magnetic layer 50 may be selected
to provide a third magnetic anisotropy field, Ho. In some embodiments, the magnetic anisotropy field of

the hardest #9ddh&tiaddijion {prfehamnaf- ol HrstHeag fieticxepengobredo ketp andériaerais may be
imited to 2 gpaEASARRARPYS RIS ARNAN DRIEH SOKOR (BrndEBHITIRA b agro alloy).

Because of this, the hardest magnetic layer may e sufficiently stable when an average grain size

of magneti€¥aewgirng Qay EiQ0 §=oSuffferePsiyTenttl ThederemagsobecHie R iv@\8rage anisotropy of
first magneie1ayeE dbsegRARtESRRICGIEY BF:AR AP MIBEaRIf Ry RAY be relatively high

such that at least two of the three magnetic layers 42, 46, 50 contribute to thermal stability of the

magnetic ofTheEMbErTk Ayreatit Py aniiFdimagnetic layer 50 on second exchange break

layer 48. In some embodiments, first exchange break layer 44 and second exchange

break layer 48 may comprise substantially similar compositions, while in other
embodiments, first exchange break layer 44 and second exchange break layer 48 may
comprise different compositions.

[0032] Magnetic recording layer 40 optionally may further include CGC layer 52. CGC
layer 52 may comprise, for example, a CoCrPtB alloy. In some embodiments, the
CoCrPtB alloy may be doped by a metal or rare earth element, such as, for example,

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



[0034] One way to accomplish a relatively high average magnetic anisotropy field for first magnetic
layer 42, second magnetic layer 46, and third magnetic layer 50, while still obtaining benefits provided
by an ECC structure, is to select the compositions of the first, second, and third magnetic layers 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). In other words, the magnetic anisotropy of the individual layers 42, 46, 50 in
magnetic recording layer 40 decreas loyvl a n jere praximate to first magnetic
layer 42, and g’c?%%ﬁlséss’ rf;é(r)%( %%&ry%z@dﬁ%ggv réf%#;}ﬁ&ir\rﬁé\fgﬁetgﬁ’é;t:@’? l|€}r{1((é:)rrztié%{‘ses. Such a
distribution evhmodunetis, £ HO fiyey Fizruzy inotiaghetanerdddiielayey4® fes foemeferred to as a
convex maggledtig anisotropy field distribution. A convex magnetic anisotropy field distribution may
provide thermanJtabiIity of the magnetic orientation of magnetic recording layer 40 and writability of the
recording 1408330 n samie:ax aapiesitioos oféstmggetic daysotdpsechodimagoatindayeesult in a

greater pr i ' rding layer ' f] [ tively high
magnetie s R e T o
example, aamsomdiply felddlisét tachribthataspectiag ety d2ofdir) | dpgranicudasi theof the individual
grains in the respective layers 42, 46, 50, the respective magnetic anjsot field of the other two
layers, a thfa(mnlégsssl%%ﬁe résstpnel%ﬁ?/%pa?fg’re,raf%é?& a |%rsle%%%ge(r?elg i?:ft%\cl)lrcli of El?rg%rélsg eéﬁ%e layer, or the
like. In sommnisntiygyifieldid/théhangemisitido\f seohdmiagretsp botivd fapepshé ek idlionaybe

affected byt conbMIIRN SLING: K CAGRG e AIRDLIQRY SSAIGS 84 eRFM8h g RYsLS 42. 46, 50

For example, a Tirst magnetic fayer ower vafue o easler to write tothan a first
magnetic ldgzerd0wity heéglestedatioprofida tihird mafoers atsweopy fkédl Magiestgrfeeld to switch
magnetic of| i t ns.in al i - u Irst.magnetic layer
42 having aéﬁ%%v%&rl%%ﬁge’ %fel%ﬁg mlja%/ga %%v% %t\({)vfg i@ﬁ%ﬁ%&% c%%[e)lra %}h&a}\ﬁﬁ% %{al%wer Ho value
and a third badysletiegaytie 5iy¢raddrg sorowanpledsrdhiions, dracbh BrEE tegssagiatinting process.

H , the. [ ! i ' lbutien (K,,V)
o, S S TR itesle SRR vy suer
perpendicutbisy ¢oohdidgstaye gddi ks yemhajendt be auffieigntly stableoviibmayaetiega\gsains, comprising a
i Hk " ' huti f j h turati
et S T e
volume, V. &eanage ghian@ewmi ﬂnﬁngmme_lmt@r&ﬂmg_@mmemm' ’g&fatrﬁ@r?gl@thiné_ within the
magnetic 'ar}{ﬁgn\é‘ﬁﬁ9%&?@&%&%&%&@%&!@%@% Gl HYSIE Sia% R iaes hghaits that change

magnetic orientation under su itions).
layers 42, 46, 50 contribute to thermal stability of the magnetic orientation of magnetic

recording layer 40.

[0034] One way to accomplish a relatively high average magnetic anisotropy field for
first magnetic layer 42, second magnetic layer 46, and third magnetic layer 50, while
still obtaining benefits provided by an ECC structure, is to select the compositions of
the first, second, and third magnetic layers 42, 46, 50 such that a difference between 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
simplicity, but may be better understood when defined in combination with each other, as the
differences between Hkiand Hand Hk2 and Hk3are one way of defining the predetermined magnetic
recording layer structure. Considered alone, without reference to the Hk values of the other layers, Hk]
may be between approximately 16 kOe and approximately 24 kOe in some embodiments. In other

embodime r | ly 24 r les . amples of
values Ifor %Ff?eﬁ%ﬁéﬁg@?r%{g@ %%%%%%@rﬁé%%ﬁ é)f igé?%ég‘%%llg %Ber%zf%%)édiments,
Hk2 may béightwegnctipprosomepsljidid. kOe and approximately 24 kOe, while in other embodiments,
Hk2may be . ans}2 290 I r Hk2 include
between ap[parfg)%gm%g @géélg(fj%%a%%é%%yz%nﬁ% é%&i%&%%%%em@’e yyl%%?gépﬂroximately 19
kOe, or appresentinglhead kerd {0088 Idatoinmegnstidireemdinglleyangbe e ahithie approximately 15
kOe, while it g3 tegt for 143
e while SI0RRErRAEImE s Aoy BEAUSBIercan 48 KRR AP Esmp G ABles for

include between approximately 3 proximate e, approximately 6

kOe, or appfstihadithy athaéwobBsTCathickaess eddbeirespastsonieyernberiimating, Hu may be between

approximat [ ly. 24 kQe,, Hk: e : ' e and
approximatgl%%% ‘%ﬁ%ﬂ%%ﬁfy&%@ I%gserfh%eghl-el &%}égﬁ%ﬁﬁg@\/ﬁgﬂ%{%ﬁﬂ@g%ﬁ 62:1?%6{‘?1% Ho satisfy
the relationsklpesi Fpi-ke 2¢spectinglayersoideddmibuiaybeaffacdadib ypwemiripsioxphthely 20 kOe and
approximately. Hk?2. | imat / d,ap O@gc]' ate k nd Hk3 is
between ap%?t’é%m t%RPQ (é)%et? ﬁg%%%gﬁﬁﬁgé ﬁ){}fsg%%%%g’tﬁg’r géhbo imé@? %’[ %glﬁ%entration in
layer 1 is apprenatiaieyeri4? withalowercahee afrKiBnsinasigeioowsiigip ibrinfafiehy magnstie %, and Pt
concentration in Jay. ISt ]!gﬁ -at %, | [ I - d Hk3 is
approximatg%%-%%%g. [0 4%{?5@?&@%‘%}%?%@25%1e?%?gg)éﬁg%i&g¥bn(gdt égﬁglgégﬂ, and Hk3
may be furth‘é!itdémm%iﬂ@ﬁ&ﬂtﬁm&lwIﬁ@aﬁﬂlmzy&né?owﬁhati@\b@tméﬁ afsR.Ehd 142. For
example. NP A kbR L LIAIGY A IR 67kl i PG ST GFRERy Hic/Hia

may be greater than appréximately 0.6 an Hk2may be less than approximately 0.6. In some

em bodimeﬂt@;gmﬁﬂlwqmé@hﬁé’@wgﬂemﬁaﬂkawmml@. mmmméﬁ\hmmss than
apprOX|mat%gr7HkI3r\,§R{y ?o%{H99ﬂ&@‘ﬁt&%‘é&%ﬁ%ﬁ@%%ﬁ%@%ﬂb%ﬂﬁﬂé%m?@m oend

Hk3/Hk2ma less than approximately 0.¢ some € ments, Hk2/14/ may be greater than
approximat&ly” 1Nt HEcHKE 4412 magnbitcaisoitePH sproginanshibutdn tkoke Bamsetansht, Hk2/1-4/ may

be approxingaiel¥itcdayer 46 and third magnetic layer 50 in order to maintain thermal stability of

perpendicular recording layer 40, as a whole. For a layer, e.g., second magnetic layer
46, comprising a given Hy value, the K,V anisotropy energy contribution may be
affected by changing the saturation magnetization, M, of the material, as

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 some embodiments, regardless of the value of Hk2/Hki, Hk3/Hk2may be less than
approximately 0.6. In some embodiments, Hk3/Hk2may be less than approximately 0.1. [0042] The
saturation magnetizations of first magnetic layer 42, second magnetic layer 46, and third magnetic
layer 50 may be the same or may be different. In some embodiments, the saturation magnetization,
M5, of each of first magnetic layer 42, second magnetic layer 46, and third magnetic layer 50 may be
petween angialEm ARG SIRICRY AN ARROXAIGNAOR STRGER b rAmRRIDIPIeS. the
saturation magnetization of at least one of first magnetic layer 42, second 'magnetic layer 46, and third
magnetic |&/@¢50 may be between approximately 450 emu/cm3 and approximately 700 emu/cm3. For

example, the i IAUGRSABRSIRAIRG 7, AkEAS: BRG/eL Ik RAgslis 3¥5d2asecond magnetic layer

46, and third magnetic layer 50 may be approximately 550 ému/cm3. [0043] A thickness of first
magnetic |a3raraeinglydbkbvewhidpinoftinismodiments dapppkinsieeipribani4 KQsiokness of

second ma?é%?’@ﬁa&?ﬁrk&.”%&‘irﬁg A 2RRIRURAEY i%&ﬁ&é‘l?é’t@@éﬁ%ﬁ&[ﬁh’a?eﬂz”ﬂz and a

thickness of third magnetic layer 50 less than approximately 10 nm. As described above, a
thickness ok@adndaphrorsaaeaivé kidg aptrorkipeielyd Mdempprayinzaielyd LkGet oh the selection of
the Hk valugpﬁﬂ%}ﬁm 4\1&%? for the respective layers 42, 46, 50. In one embodiment, the
thickness of ' second médgnetic layer 46 may be less than approximately 4 nm and Hki/Hk2is greater

than approiﬂﬂ&%l@@m@%k@@ l@mh;ah@pm@%&map@mmma{d@mzﬁ] IF%SVMHE are diagrams
illustrating QAP RIS MAWIHS ARSEL SRS IE SO T8 R ALORR I A% S 1diaanRlic P 14 3, Second

magnetic layer 46, and third magnetic layer50. FIGS. 4A-4E illustrate examples of configurations of

magnetic raBekeiapeiyeemappravinesiehel dddepasitionsosimateln A dilai epayerinriez dbkidanagnetic
layer 46, a”a%é%ﬁxﬁ%@&?%ﬁl%@ygf %ﬁﬁg{ggqq@éch that the difference HkrHKk2 is less than the
-H ) i

difference 1 k3. As'described above, the relathnéhip between HE, Hk2, and Hk3 may be further
defined by 03 faapsidseddnertics secoms ealertinsrrikjouws|rdictxasnsipporINallustrates a

magnetic reeprdiRg aYRL AImMDIS HBEE SHEs RN R HiGo AP RN Akgikr may be

greater than approximately 0.6, and in some embodiments, may be greater than approximately 0.9.

The ratio HRBPERBRIEY 2drtderanid M ommasdedess iben ingshepdhactha whate efidlEI &liaA may be less

than_approgianaiel sy AckanmoenI57,090 Ork. 76 YRR SOMALRE BEINRMARR OXimately
16 kOe and approximately 24 kOe, 1-42 may Be betwéen approximately 12 kOe and approximately

24k0e, gnd@@@ﬁ%@&lé@&%@dmﬁmwﬁ kbee, Iﬁl@iﬁebé%%ﬁﬁm@m&‘walﬂproximqtely 20
ke, Ho is apmraimisiid s ANdlodsanpiR Al BhRkiifatgURoeTpdiment, Hu s
approximately 20 kOe, Hp is approximately 19 kOe, and H k3'is approximately 6 kOe. In a further
embodimerfPMRKiBnatshrddiraeein 2nqtber aalodppeskiftiaensardrrien dnlp¥ekBis approximately 1 kOe.

[0046] As %@Hﬁﬁﬁéfb@ﬁ%aﬁ% ABPUSHARFR NGNS seeQshiRgkavReidd aniwhioh, HidaHk2is less
than H k2- . Additionally, HU-H Is less than zero, and Hk2/Hki is greater than asgrommately 1.0,

such as, foPbsapsprératioprovdmystalysiless thapabapbbiahéndiuisirRzaximaidy 48; i & Pssio

Hk3/Hk2may, p¢7leRsaia0.arRioN mateldd.6 and, in some embodiments, may be less than
approximately 0.1. In one embodiment, 14/ is approximately 20 kOe, Hk2 is approximately 24 kOe, and
143 is apprg;émgtg});qnp@@mbodlmems, the relationship between Hy;, Hy,, and Hy; may be further

defined by a ratio between Hy,and H;; and/or a ratio between Hj; and Hy,. For example,
the ratio Hy,/Hy; may be greater than the ratio Hy;/Hy,. In some embodiments, Hy/Hy,;
may be greater than approximately 0.6 and H;;/Hy, may be less than approximately 0.6.
In some embodiments, H;,/H;; may be greater than approximately 0.7 and Hy3/Hj, may
be less than approximately 0.7. In some embodiments, Hy,/Hy; may be greater than
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 embodiments in which magnetic recording layer 40 includes a CGC layer
52 formed on third magnetic layer 50. In embodiments in which CGC layer 52 is formed directly on
third magnetic layer 50, CGC layer 52 and third magnetic layer 50 may act as a single composite layer
for purposes of the ECC effect of third magnetic layer 50 and CGC layer 52 on second magnetic layer
46 and first magnetic layer 42. In other words, a thickness-weighted average magnetic anisotropy field,

H k34, may, roximated by. a thickness:awei da era%efpf 3 magnetic anisotropy field
of CGC Iayg?(%ilo ﬁi??ﬁgrrc%?ﬁié)%lgl tes’lé%arr%iléllsrs(% ?r:tglar‘l’éi}éelayet“ kéfn%"?g@finl“a?%er}}eé%%may be
consideredttegetpmofomatelirib Gtibmsofrma agrbetimaeyiso fth pi e meay b ¢@désctheint bppeakcuiatiédyn of Ic V for
the compo%'t layer may be made based on the combined thickness and magnetic moment of third
magnetic layer 50 and CGC layer 52. The composite layer comprising third magnetic layer 50 and
CGC layer fD42{ exeatuaatio M pffietizatione of fulstmaggetic myer 45 sexbiidsnagaghelicytayer 42
substantially similat to,a single layer comprising,a magnetic anisotr field 1434 Lateral exchange
coupling ar%gh%néer%gll#is %ﬁ%%@éeﬁ%/%er Sr%e%lll %Seacg%aosre ﬁgbfp%ﬁ?géger%%g%g i field used to switch
magnetic ocimbtatioems giwissturihim @Gghétigetial, donufaeet of fddypagnitticalayenddl 14 but lower
lateral exchs%g e46au 'i&% l'le" hgs4' so({%? egmbodiéplgn%s 1‘; (rar{geclgié/ge 4%4 ngag g)%rlgvtve r than the
thickness-weig gatgil erageyo¥ Fanhd"f f%@cord‘iﬁéﬁ , In'some embo e fs, on?y k3 and not
Hk4 may b8 dbersigieratiand epprietiniate i @dtbemescnraginetimmerisempins hediatyraliiMas1 In some
embodiments, as.illustrated in FIGS. 4¢ and 4D, CGC layer,52 may comprise a netic anisotropy
Fola, 144, (oo AT A e e b R G R s SR BRI AR 0T
4C, a differthcbrhagnasiraier (annsthe deisaropyiekinefeBAGUaysr & s third magnetic layer 50,
Hk4-Hk3, ma .gr n the difference Hs-H., In other .words, th nvex. magnetic anisotropy
fld graciet g Laq D0 it T RS o R R AN AR 2 P
Hk4-Hk3 mefyfirstt hegnatistérydrad? tiecdifferagpeticAdstan 46, snd thard empoatimeytr thi@ mayivex magnetic
anisotropy fiel i ot extend into CGC layer 52, but may extend substantially through first
magnetic I%%?ﬁg’%%@o% mggr?e |C%§/ér 46, and third magnetic layer 50. 100501 In other
embodimerf9433 AlukicktessinfHlGt nEg@GC dzyed S hayde betweisepproagnatitysnisotogdy field, 144,
which is gr - imilgr n emhodiment in which Hk4 ' r than the
difference gﬁé?%“%&\%ﬁjr? %ﬁllg gtbg%%gﬁstﬂgnsﬁm.g r%aggﬁ\}gg(a eéé?ﬁ%i%g%%%s%ﬁield gradient may
not extend Mo GGG telysr B2, dndtapprpxixtetelystibstaartihiHicknegh dfrthtird agagtatitalpyert 2, second
magnetic | thir nefi 100511 Althqudh the [ ts have been
directed toagﬁr#laﬁgggt%qﬁggg%cﬁ%g?gﬁa%}émﬁ%n tr%‘éé} er%é%ﬁnegtﬁg%{/%%%gﬁg,g 8%p%:§ge(a¥yﬁ%%CGC layer, in
some embdbkrrespEsaveaggeticorbaysrditd, KyOnmagiheksianrefestthnththseleatieynéthelByers. In

general, the, 0GR ANAAARICHeSRIIRgIAYEL inshicing 4 cop v AdRENA AiRDtRPY oradien

maybe extended to any number of magnetic layers. For example, as shown in FIG. 5A, a magnetic

recording lajiskaessadypénendimagretiy layer46imaydieless thagapprokipsiclyidentagng with n-1

exchange bealr|ayers, Wele '&ﬁr@QiiﬂE‘?&%@% %ﬂ?%hﬁi}?‘?sr fRAP }gegi?{ﬂﬁ?é}&%%‘?d optionally,

magnetic recording fayer 61 may include a CGC layer 71 Yormed on magnetic layér n, as shown in

FIG. 5B. In[ﬁﬁﬂﬁdlﬁéﬁ‘&:l@rﬁﬁ amd@ma iﬁl’g&%ﬁg@éﬂ@ﬂ%@pﬁ@@ﬁkm&i}%@ﬁygﬁsmlar magnetic
ayer with ,cRMRRAILAR FBALFCEHlae R ISRIveNsAIBRIMARAEIIE PYEHORNL Biftd g fipgnetic

anisotropy field of first magnetic layer 62 is’oriented in a diréction substantially perpendicular to the

plane of _reé@mY@ﬁﬁ@; EWG%@@ illﬂrﬁérm@mnnl@%@cm@gwgﬁmmﬁmﬁmema@ﬁeﬂana;}émz may be
substantiallyoRGraaRal e A D& RIAS S L R HREGHMic layer 42, second magnetic layer 46, and

third magnetic layer 50 are selected such that the difference Hy-Hj; is less than the

difference Hy,-Hy;. As described above, the relationship between Hy;, Hy,, and Hy; may
be further defined by a first ratio Hy,/Hy and/or a second ratio Hys/Hy,.

[0045] For example, FIG. 4A illustrates a magnetic recording layer 40 in which Hy-H.
is less than Hj,-Hy;. Additionally, H,,/Hy; may be greater than approximately 0.6, and
in some embodiments, may be greater than approximately 0.9. The ratio Hy3/Hy; of the

configuration of magnetic recording layer 40 illustrated in FIG. 4A may be less than
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layer 60). First magnetic layer 62 may comprise a Co alloy, for example, Co in combination with at
least one of Cr, Ni, Pt, Ta, B, Nb, 0, Ti, Si, Mo, Cu, Ag, Ge, or Fe. In some embodiments, first
magnetic layer 62 may include, for example, an Fe-Pt alloy or a Sm-Co alloy. In some embodiments,
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 ar%@@&g%a%g% tg{%%méqeél%nﬂngbq x&ﬁﬁf%?fi';: %Q;bgvgég‘;}_e%ﬁparate the magnetic
grains. In other embodiments, the non-magnetic material separating the grains in first magnetic layer
62 may corappisxitatlyd 6Qsiand approsiroately RdtkQsicthemay [BUB2VFaBERRG¥aMgEeBreak layer 64
s formed of iR AAIRHEIANRL 65 FHB AR RARRY BB LRRIELS PGB X alloy. As

another example, change break layer 64 may Include or consist essentially of ruthenium In

examples iPRgriorbfidinentHan deapnsekimgehc20ddiepfbels appoxmatelal 6k QsedebHicityer 64 may
comprise a JRickRassOh 95500 an ARG MmN i@_’éﬁﬂ}glﬁﬁmemﬁf&tﬁé‘i@ange break layer

64 consists essentially of Ru, the break layer 64 may be thinner, e.g., less than approximately 3 A.

[0053] Secantiraxamataly 18/e0ec fHuriedpmoisnaisbha ke biealdwther embadimerty Beid granular

magnetic layssiifhaagrRRRion RLIESIRIR A RUSLSAT AOIORY ISl LIS T]BR el hioh. As

described above, second magnetic layer 66 may have a magnetic anisotropy that is less than,

substantiallj08déhAsoamatirearempigntiie ﬁﬁ@&@@migmt& m@rdiag_rl@mf ﬁ%/@k‘ﬁ?idlhe magnetic
anisotropy 9&?9%{9{&%!&31%&9%2'%&? ﬁﬁdﬁi%ﬂ&ﬁ@?@,!ﬂé&ig%&maﬁv9&‘&%_'HF%§2,%Qd'CU'af to the

plane of recording layer 60 (e.g., the easy axes’of grains in second magnetic éyer 66 may be

substantiallgrpaigsdhencanpropimdohiahe. spebasrdmgrapmi e pmesortialyagAchitth®yer 66 may
comprise a&%@ﬁﬁﬂeﬁﬂﬁ‘ﬁﬁ&&@@fﬂPﬁﬁl‘Qﬁ‘,at’ﬂ@Qﬂﬁ@}/ﬁ&?ﬁ%e%&%h%zﬁi roRimendp 0% Ti, Si, Mo,

Cu, Ag, Ge, or Fe. In some embodiments, second magnetic layer 66 may include, for example, an

Fe-Pt alloy ¥ 19 Fpme @nbydim%ﬁa@émm&m,aﬁewﬁmmwdiéw %%Wﬁmlude'alternat@ng
thin layers of 2;Co.alianARM 76 R AL 320 AIm AP RAGR AN BN, IHR RAganetic material
separating the grains in second magnetic layer 66 may comprise an oxide, such as, for example, Si02,
TiO2Co00, @_Q@B, Ta2_05, whic_h separate the magn_etic_grains. In other e_mbodiments, the _
non-magnefipqeness RalgtinlsenaAing s AR N IhRASARShRRAREYGIRY L RS fpay comprise Cr,

B, C, or another hon-ferromagnetic element. 100541 Magnetic recordin% layer 60 may include an

arbitrary nuitjades #{dahdayanye iomnef orcthgaasnaic layersth lrembodimpnispgatdishEach
SUbseqUe“UG@QB?QPﬂéM@E&Hﬁ;XMY@cﬁ?’HR%M%I@E&QQy@H%'0 teidnagaess eganding layer 60

includes a convex magnetic anisotropy field gradient among its plurality of magﬁnetic layers. In other

words, the SaaRRSistarer SPimaYaspasavingla GaBwmosiigdryaaiopauersssef e FHtae iR 92)-Hkoi.D is

less than HisgrdrkbRiNRGE Jkhit CECRIBEYS SKRBARMUBHLGE lﬂ(}f&r%%ﬂﬂ%@{“p'e’ the

compositions of first magnetic layer 62, second magnetic layer 66, and a third magnetic layer(not

shown) maPBenstifetaser dacimlieHvRudsk 2 Biskasssrieighied-AVeTESRCNARRIH RIBSOIEORY n-| 68 is
formed on ma@Netic Javay Belaebshone v xirieRRIGRl Ve ANt A8 Bray, cararyise ruthenium or a

ruthenium alloy, and may have a similar composition to first exchaggﬁe break layer 64 or a different

compositioMEIst AESFRRYGck &L ICE laEr 18, fbme b somraittdagsiiihind @8e8stiqayer n-1 68

may ConSiSIa%?SUtﬁUVGIGQrIE%}SSQ? Ny heains el RathabeooRatimRH S exshRAge break layer
n-/ 68 may comprise a ruthenium alloy, e.gi., CO,Rui.x. In addition to Ru or a COxR,1 _,, alloy,
exchange FFESRUAD¥ RIS nta fﬁm gultoRatKnk fomths rompasitrlaysrmax bigmadample, sio2,

TiIO2C00, W23 ¢ the 26mbined aliMagselisd avameticnie inned mirExripasae lajeakdayer n-1 68, and

in some embodiments may be a granular magnetic layer with magnetic anisotrgsé that is relatively low,

e.g., lower thS ¥R CAMBORIL YT BIRS A Magntdsdaxserd Anfdebidikyshyer 60.
Magnetic layeriayagea BRBCElISrRRISH QR el Lrieniad e aslieeiRe: susiaipiengrpendicular to
the plane of recording layer 60. Magnetic layer n 7Q may include, for example, a Co alloy, an Fe-Pt
alloy, or a SHREUALY sTRYaniQAFREL RseT sompE s magRsisianiater figidltor example, Sio2,
TiO2Co0, QraRsi iy causlasc ied 2paves WhRis O eNsf myunRlicalRvae Apfflieaay be
different than the co%‘ggsitio of first magnetic layer 62 and/or second.magnetic layer 66, such that
magnetic 1aJ8FHFY6 hald 4sHhigrvchinasns e iatian Qlosrg o thin G Sdn ¥ Grtsotropy fields of
the other magngiiedayel Sayeriaigh el @4asPH]bE: Ryar tilerasiithan g conyRNgERRS s field gradient.

For example, magnetic. layer n 70 may.include simjlar components as first magnetic layer 62 and/or
second madMaf ?/%‘?lgbg%tﬂﬁ‘? Bﬁ%&é‘fﬁlg{f&ﬁ{}?ﬁiﬁs‘?"‘m than the t ICIfmeSS'Wel ted
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[0056] In some embodiments, CGC layer 71 (shown in FIG. 5B) may be similar to CGC layer 52
described above with reference to FIG. 3. [0057] A method of forming a perpendicular magnetic
recording layer is illustrated in FIG. 6. The method may form a first magnetic layer having a magnetic
anisotropy field, lin (72), forming a first exchange break layer on the first magnetic layer (74), and
forming a second magnetic layer on the first exchange break layer (76). The second magnetic layer

h ' | field,.Hk2. | ' {nclud
forming & oA By o b v

nge e second magnefic Taye orming a third
magnetic layerosideabebon dofthiag dechaniciayegi8il. anirotiopy gradingtic layer has a third

magnetic apj leld, Hk3. i e imer - IS lgss - 058] Although
magnetic ri@&ﬁg%%%%se esogrlll%lgg{ﬁ’earsgmq%%gg ﬁ%ﬁé@? b%ﬁ?aﬁfséﬁg#%ngﬁ(v% magnetic
layers, in seorensishadingnets; anteseinerstif ekl didirthatisdess thanor isubisidotiliyegrabieHeetween each
pair of adja IG. : I etie. ' | a second
magnetic Ia%?agr&ﬂ%%gds é%ﬁ%?ﬁfg r?gi@%g/%éﬁ r%ﬁﬁ%@i%? %fr%%% g%ﬁgﬁeﬁgﬁj&%&a{é each other,
without an imnetespydisktsorfdliG€akyer 52 48d Tid ommrept haayrhd Sliedliednaydberaatirs of
magnetic | S, SuU firstmagneti er 42 and se g nﬂﬁ%?l | ionally, in
embodime%%ng%ﬁgg&%né%%aﬁn' Egeéaggvﬁg%’l%geéﬁgg., e %c{)igir%%gfotrtsr% C gé those described
with referergredisitiBapxtand meincieColajieySayer 60 may include as many as 2n-1 layers, including n

magneti IR0 ARARNGR A ERl RtsiE 1y SED B RdmEntn, ipe Adagent magnetc

layer pairs may include intervening break layers, an er adjacent mag C layer pairs may not
include intethamtheg Giéakrrey éhs-AR0Bosugtithn sgthodarfons Ghernpuissl oagectiagmisetropiimarily directed

to an apparglis ihatilheidesa: BRGNP HGI R0KgRr s e nihe SpRARSIEIRMRARY HEigilescribed
y also™e utilized"in other applications. For example, the magnetic layerstructure described

herein may finstuntigeetinlaymdrsstorsbnsgneticiaypretoyanisthisd rmagoetialases S hemory (MRAM).
EXAMPLE%OOSO] In other embodiments, as illustrated in FIG. 4E, CGC layer 52 may comprise a

magnetic anisotropy field, Hy,, which is greater than H;;. Similar to an embodiment in

which Hj4-Hy; is not greater than the difference Hys-Hyz, when Hyy is greater than Hys,

the convex magnetic anisotropy field gradient 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 following examples are illustrative of embodiments of the disclosure, but do not limit the
scope of the disclosure. The examples were based on theoretical calculations using idealized
magnetic layers. The magnetic layers each had the same values of M, and H. The magnetic recording
layers in the examples did not include a CGC layer. In the following examples, parameters are defined
as following. Equation 1 defines an effective magnetic thickness of a layer i, Ai: Mstai = Equation 1

where S SUARARIBSIEIRD VLA R g o s satratr

2 defines asastiginitiomnidbiablppstioadafdrn, Wi RushipaBiNAi O, Ti, Si, Mo, Cu, Ag, Ge, or Fe.
In some embodiments, first magnetic layer 62 may include, for example, an Fe-Pt alloy
or a Sm-Co alloy. In some embodiments, 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
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r- Ms HA LirflA1 Equation 2 where Ms/ is a saturation magnetization of layer i, HA/ is a magnetic
coercivity of layer i, (5, is a thickness of layer 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) - Kisj

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.

15



Equation 3 where Jii is a quantum mechanical coupling between layer | and layer j, K1 is a magnetic
anisotropy energy of layer 1, and Si is a thickness of layer 1. [0063] For the following Examples,
certain parameters were held fixed. For example, 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 evaluating Examples 1-3 below, comparison was made to a respective coherently

nisotromed RS T B L e B oo
resulted in &{CAvEeye rdagaatiedaatioveropth 2¢fdrerse0BEEGHAI. In making the Examples, then, <HA>
was kept ¢ ?g%agé?arﬁgtﬁoﬁ%fv??#gggg%iﬁ%&ﬁuy%bgﬁgﬁ%hméoﬁﬁ{ ge Rfdufgsypre free

parameters Example 1 . 6A an ustrate an exarmple in which the magnetic
anisotropy Vafaed.HRe otethadrady fayoralfirsasagnktie layerhagngiarasselicopysaiiopy H A2, of
magnetic layelo? #iaer3f KiRAR 1% WRSRENE BRIRCIEORY offthe st hahMRAASL (st was 9 koe.
Such magnetic anisotropy distribution is a cofivex magnetic anisotropy gradient according to the
disclosure. forning2 rseprdanaghitic kayesontibe firaiexehangerhepals ayko €7 Hukhe sermmd/HA, is 0.8,

which is gregier BN dJa3{b s (Qotrmbolib X AR oby ¥r1d, 3170 B dGtfie Srilo defnlite Tne
method further includes forming a second exchange break layer on the second magnetic
layer (78) and forming a third magnetic layer on the second exchange 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 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 HA) =20 kOe and a relative effective thickness oft, the second magnetic
layer had a@%ﬂﬁ%d HA2=0.8HA/=16 kOe and a relative effective thickness of 0.5, and the third
magnetic layer had an anisotropy of HA3=0.45H41=9 kOe and a relative effective thickness of 0.5.
Such a madfe6e] die deldpyiiseibotides ars ultusiratise efkrsbiodintoknestheadizgshosarenrtage magnetic

anisotropy ghr o4 FAASEHI=H0,2SORAC AL SUIDIGAVIES DGR ARG A 1625. The energy

barrier change indicates the effect the second an agnetic layers have on thermal stability of

the magnetnﬁlwb@i@iﬁgsmgidé@hpémém‘éﬁmﬂ&}mm@ lkeyersigephdiag th@lyame first magnetic
layer. [0068] fﬁééogt?%rﬁgﬁe@gﬁﬁé‘&ng?éﬁé‘?g%ﬁ%ﬁggﬂgg@ﬁ{ﬁ%ﬁ%ﬁﬁg ﬁ?@l%é’iﬁ&uﬁétg the

reference coherently-switching magnetic recor r, @ minimum normalized 11value(an effective
coercivity ofG€ tagem&nithefdlolvingaremplgsapamhetcap ptiedefinahastitoleing Mqeatiorelorientation
of the mag%%E?%%@ff&ﬁ%%%%@ﬁ??ﬂfcﬁ%@g%. e%)béf ;.hg.coercivity 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. 6A and 6B, approximate coordinates of circle 82 are X12=0.45
and 723=0.45. Turning to FIG. 6A, the normalized g vglue at x12-0.45 and 723=0.45 is approximately -
0.73, as illustrated by circle 84. Comparing thig to Shprmalized H, value of the reference film,
0.8125, the magnetic anisotropy gradient in Examplef 1 grovides a reduction in normalized 11,", of
approximately 11%. In other words, 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 redégquiatidnyler comprising three magnetic layers selected
to provide a linear magnetic anisotropy gradient. [0069] Example 2

where M;;is a saturation magnetization of layer i, J; is a thickness of layer i, M;;is a
saturation magnetization of layer 1 (i.e., a first magnetic layer), and d; is a thickness of
layerl.

[0061] Equation 2 defines an effective anisotropy 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;:

I 2] i
Equation 3
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[0070] FIGS. 7 A and 7B illustrate an example in which the magnetic anisotropy value, HAI, of
magnetic layer 1 was 20 kOe, the magnetic anisotropy value, HA2, of magnetic layer 2 was 19 kOe,
and the magnetic anisotropy value, HA3, of magnetic layer 3 was 6 kOe, Such magnetic anisotropy
distribution is a convex magnetic anisotropy gradient according to the disclosure. HAI-HA2 is 1 kOe,
which is less than HA2-H43, which is 13 kOe. Further, HAJH A is 0.95, which is greater than HA3/HA2
(0.3158). In I 475 x3 ri ehing
performancel-:ﬁéf?1 X&%%ff" vtv%g I(%r%hpaggga ml%—Peerf}‘e%gg ?W]glelyllayer &18 dngr:c?r%%% gé;ayer that
switched cohesettyy engrgn Qﬂimnheautdéelmgnd(m‘sayxfrbweﬂe coupled and acted as a single
magnetic '3@6%*%@%3% &Slﬁ‘g"ﬁ%%%sc%&éé %x%ﬁm%{éﬁf{%}é‘ﬁ% 'ﬁiﬁ“&sﬁo‘ﬁ&%ﬂﬁfé average of
es of t ayer had a

the anisotropi e respectiveTayers rst gnetlc n anisotropy of HAr=20 kOe
and a relative®tettiva thitkotes wbﬂdsthh@difemwmhg:kmss&syvfrlhwm andiSotrereyseffto be

HA2=0.95HAL nd a tiv and the third magnetic layer had an
anisotropy oflﬂgu%o i’% Eﬁ@}a anZ%Crle‘{I% ll%ﬁ thciness of 0.5. Such a magnetic

anisotropy d@ﬁﬂuﬁma@&lit@ﬁnmb&dré@mhwgw@mmmymﬂmt@d BPELBHAI-16.25 kOe, and
o oray ML IPA0R A el G o The 2 e A IeE AR ARG Bllagt e second

and third magnetic on th netic recording layer compared to a
magnetic relammdgdapegmnummmmmfm Magﬁbﬁéfhyeﬂnm,%zia AlamSarhg magnetic

orientation r it ]l;ﬁ Zyvg igg magnetic
recording I@é&g{{rﬁ%ﬁ%ﬂ% o?r%%f% dé %%k%g %%Vy\élv%é%oun at a%é?é%i%at s%stgtJ tially equal to
the energy Bat&roi-tHa redkieg e Magmplés, r&mrdiﬁ@hy@s kKep2®nseith antbasnorlee NGS. 7 A and
7B, approxi fcircle 86 are 45 andx?2 Turning to FIG. 7 A, the
normalized%% ?ﬁaggg g\g%%§tﬁ gc 95‘1 er§1 8n af)lé)r?m at%rn %g% as illustrated by circle 88.
Comparing #0863 Bxempimblized Hsu, value of the reference film, 0.8125, the magnetic anisotropy
gracient In SUEUEpIdP N dap dAANEHRN AN BOLAUSR ARl ARRKHIBAIGY @R AP Mgt
recording layer comprising three magnetic layers selected to prov € a convex magnetic anisotropy
gradient may.svafohagirecdawdly tveas 20 & Qavboormgmiabiaisasropyl wihisiliftood magpetitc recording

o ARe R BB R e 5 S REpY U g PRI AR g adient

kOe. Such magnetic anisotropy distribution is a convex magnetic anisotropy gradient

according to the disclosure. H-H,; is 4 kOe, which is less than H4,-H,3, which is 7
kOe. Further, Hy,/Hy;1s 0.8, which is greater than H,3/H4, (0.5625). In Example 1,
Ar=A3=0.5, k,=0.4, 3=0.225.

[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 example in which the magnetic anisotropy value, HA], of
magnetic layer 1 was 20 kOe, the magnetic anisotropy value, HA2, of magnetic layer 2 was 24 kOe,
and the magnetic anisotropy value, HA3, of magnetic layer 3 was 1 kOe. Such magnetic anisotropy
distribution is a convex magnetic anisotropy gradient according to the disclosure. HAI-HAZ2 is -4 kOe,
which is less than HA2-HA3, which is 23 kOe. Further, HA2/HATiIs 1.2, which is greater than

H43/HA2(0 =6,3=0.5..k2=0.6,.X37 i orientati itchi
performagclg%%@%g}u%?? @v&%@rﬁ%gr%ggﬂ% lca%eré) g?ﬁr?c%&ﬁé%%ﬁ%é ]ma ngggﬁ(seq(:r:)ergiﬁgﬁgyzvrltﬁa;ng

switched comegsntig laver, in which the three magnetic layers were coupled and acted as a single

magnetic la t fective anisotropy. calculated as an [ve thi -weightad average of
the anisotro %@L&%& Iﬁe&%e%t?\?ea %}??éés&%{lf st W%%éfﬁﬁ%@f%‘é%p gﬁﬁ%ﬁ%ﬁ%# A ,--20k0Oe
and a relativkeeatftarenes tbnblenensly esfvithki se omgietiageretdifg ybnd anamsoropmalizéd2=

anisotropy LA L HE LT sera s UE R fuencr e I Bapnad meusbhar 0
anisotropy diggistitdicie stiduch tha enventagomddhetiagnétictropyrding\ 2xsi G¥8itched A1=16.25k0e,
and an enefoyhaies 6)aBEAEIAR ot 1635 The:RBRICH BRI ek dhaRDS: Beleles Wpafect the

second and magneétic layers have on therma ity of the magnetic recordifig layer compared

to a magnesiehssedialhyeryaioibr aneeyriigive 6fshensmencimpagnqoorePrdiograyaring magnetic

o Slbes Re forpanes PRI AN RN ARG Bla ARG ey gl owiiching
rdi alue of t

magnetic recording layer, a minimum normalized I-L", an eftfective coercivity e magnetic
recording layerOetfuandoid ddplladnmgdodlic field ttevioichalizedfibniationasiibeOmagndtic recording

aver switohed. gasTelBsRkle 0SNG TS MeR el BB BTG A an cneray barrier

substantially"equal energy Barrier of the reference magnetic record ayer (1.625). With
reference tawIG8IZ8A Hn 8Be ap froxtissanceddiniibid 2 bitkerole WOt eniRE0MAZAdiRABID. 45. Turning

10 FIG. 8, HEABERISA LY MAKBA! KA R 289237 QAR ARRERY Malely Qe as ilustrated by

circle 92. Comparing this to the normalized 11," value of the eference film, 0.8125, the magnetic
anisotropy grexiert aENetinphsardingdeiss eorapristgthirenoragaksiedayeroselpplaskicmpretydssos. This

demonstrat i ' sl | lected to provide a
E%&'ﬂ%ﬁ@g%g@&& Glfs Ig}&?&%ﬁa{}&%ﬁ%@%@é 29&6‘%9 DINEHG BVEIS we

convex magnetic an opy gradier ) asily than d@nd have comparable thermal
stability to ecemaiepiable tbeonalrigability oaTprghet ciecerding okt tamrnEsiniibrsd magnsticie a linear
magnetic aniseioRy.grafisntJAqL 4l 4 100781 HIGS- e 9B illustrate an example in which
the magnetllc%gn%sotreop%g%e, HAI, o@h%ag% |ce{1a%y%nr§%o¥/v%§ Zgz%b%e the magnetic anisotropy value,
11,12, of méfieiFEragmpleRas 16 kOe, and the magnetic anisotropy value, 11,3, of magnetic layer 3

was 1 kOe. fabaggesxanisotmudisiibntionisisawmumasneinansaiepswadigat according
to the disclosure. HAI-HAZ2is 4 kOe, which is less than HA2-11,43, which is 15 kOe. Further, HA2/HAiis

0.667, whicH4s gfaeasnefiatepead/mas2 k52 e maznatissaisotpy: xalue, #1008 MIgnetis-1/48.
layer 2 was 19 kOe, and the magnetic anisotropy value, Hy3, of magnetic layer 3 was 6

kOe, Such magnetic anisotropy distribution is a convex magnetic anisotropy gradient
according to the disclosure. H,;-H,,is 1 kOe, which is less than H4»-H 43, which is 13
kOe. Further, H,,/Hy;is 0.95, which is greater than H43/H,, (0.3158). In Example 1,
Ar=A3=0.5, k,=0.475, 13=0.15.

[0071] Magnetic orientation switching performance of Example 2 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 switching performance of Example 4 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 HA] =24 kOe and a relative effective thickness of 1, the second magnetic
ayer had oA AR LAREEDAZAGA O AN 4 SRNERSERNS HIBHOESRELRS, and the thir
magnetic layer ha(%gn gn%fo%o%y o} HA ; 4 HA’r’élq'g &'nd a re%telfve effect?ve thickness of 0.5.
Such a magmekiseanisodrdpyudistriimagoeticanisetiopyadistibutige resujiedtio aniseragy <HA> of 0.677
HAI= 16.25 kOe and an ¥ hacrien %}%ﬁ?é , anf TE}E barier ghange indicates
¢ anosgﬁ%% mégnet0 ( ¢ AN fsa ﬁﬁﬁ%e é:

the effect the Secon ic layers have on thermal st magiietic recording
layer compadedfo of haghetieerenergiimgrasechinngedindicotdy thecefifentrthegseand apditindso] In
comparing 1G QL I itchi e ' SRGE
coherentIy-?ﬁ%%iEg%‘fgr%%%gggégﬂgglgf%%qﬁg?%%%mﬁ%@f% iz@“ %hlag\}% %/%%f()a Wast%gund at an
energy barmagogbstestedipeiusr tochdiogenly Berfiestsnagesietdazpice magnetic recording layer
(1.354). Wjﬁdﬁ?ﬁﬁr&%%‘%gh%%a A0 tﬁ?&{%ﬂ%%@&%m{ﬁéeo&%ﬂ% ft G af2=0-35

andx23=0.4. Turning to e normalized Hs", at )02=0.35 andx23-0.4is approximately

0.42, as i||ab@a@é@r_@3¢@p@1@%ﬂmmj@dﬁpg mmim@mmwgmmhgmmmmaéi@@nce film,
0.677, the rpagnatic QE&%&Q&%@JEQ&?%%WJ&&R&%WSggu%lrfédt%té%@ﬁ maligegidis. of

approximately 61%. This demonstratesthat a magnetic recording layer comprising three magnetic

layers seIeé@é@@@csrmam@écd@ﬁv&mﬁé@@lﬁt-é}ﬁéo‘ﬂ@ﬁy@f@t@t@ﬁt@%ﬁ@h mér'éBeasily_than and
have Compﬁﬁﬁmﬁimﬂ%QSBF&ﬂpi{léy 39 &rBagpele S%fﬁ’%@{é@(ﬁ@@ RUSHG: Y §§cnagpetic layers

selected to provide a linear magnetic anisotropy‘gradient. [0081] Various embodiments’ of the

disclosure Héﬁ/@%’é@ﬁ@és@r@@é{@miﬁﬁlé%@iﬁamﬁ%@ﬁmﬁbm&@oﬂﬁéﬂwwentations are
within the sgopR Qf §1e EIAPIRA LIRSS afeldMRized H,, value of the reference film, 0.8125,

the magnetic anisotropy gradient in Example 1 provides a reduction in normalized Hj,,

of approximately 20%. Again, 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.

[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
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1. An apparatus comprising: a first magnetic layer having a first magnetic anisotropy field, Hu; 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,
lik2; a second exchange break layer formed on the second magnetic layer; a third magnetic layer
formed on the second exchange break layer, wherein the third magnetic layer has a third magnetic
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composite [ager formed over the third magnetic layer, wHerein the contmuous granular composite layer
and the thirshisetyertiofl&de FcbafhriseekQeatha geatvemEdotomposkecstreC.feandrthigured to exert

an exchanger- I jte.effect. having athick Vel e gﬁ@é‘{f nisotropy
field, Hk34%%lr€&t)#§§%ﬁ grﬁlr%i(}égresfég% magbsr?et?g?aoyféyrg 25' iﬁe"éplgggétj&%\%é ??la%mf wher(\a’%n a first ratio
Hk2/Hki is ¢hikieestheli0 sSucind 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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ratio Hk3/142- 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, Pt2, between
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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;=24 kOe and a relative effective thickness of 1, the second magnetic layer had an
anisotropy of H4,=(2/3)H,4;=16 kOe and a relative effective thickness of 0.5, and the
third magnetic layer had an anisotropy of H3=(1/24)H4;=1 kOe and a relative effective
thickness 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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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. 8. The apparatus of claim 1, wherein the continuous granular composite layer has a magnetic
anisotropy field Hk4, and wherein Hk4 is greater than Hk3. 9. The apparatus of claim 1, wherein the
continuous gyAylgseomposite layer has a magnetic anisotropy field Hk4, and wherein Hk4 is less or
approximately equal to Hk3. 10. The apparatus of claim 1, wherein Hu is between approximately 16
kOe and approximately 24 kOe. 11. The apparatus of claim 10, wherein Hk2 is between approximately
12 kOe andiapproxmaiphrAds@enptinghe apparatus of claim 11, wherein Hk3 is less than
approximately 15 kOe. 13. The F?J)paratus of claim 1, wherein Hu is between approximately 20 kOe

|

and approximately?# {oBagnsHrY RIS fiER MaepRYki ATRaRCRY [iBldridapproximately 20koe,
and wherein Hk3 ig beds@RARBRURALSR PokReitiRPRFAgHRNCI4ykPe.

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

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

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

a continuous granular composite layer formed over the third magnetic layer,
wherein the continuous granular composite layer and the third magnetic layer comprise
an exchange-coupled composite structure configured to exert an exchange-coupled
composite effect having a thickness-weighted average magnetic anisotropy field, Hysa,

on the first and second magnetic layers.

2. The apparatus of claim 1, wherein a first ratio Hyo/Hyq IS greater than a second

ratio Hk3/Hk2.

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
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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: tt
magnetic layers; n-1 exchange break layers, wherein tt is greater than or equal to three, wherein
the n-1 exchange break layers alternate with the tt magnetic layers in the apparatus, and wherein the tt

magnetic laygsos@REIEL P ostR RANRHGRISHEIRY it sl Hhat dbREhinpgnetis layers have a
convex maggqetlc amsqgggey field gradient; and a continuous granular composite layer formed

adjacent to HIBEPREGHBHRER & & tRedR 4R RbyBlsisAtRs /N RE¢dntinuous granular composite
layer and the top magnetic layer comprise an exchange-coupled composite structure configured to
exert an exchange-coupled composite effect having%&a thickness-weighted average magnetic

anisotropy fleld on 19 3RRYARISORSEI de PR B6HEN JereBeRfdaves RRsBRitees #dRire.

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.

8. The apparatus of claim 1, wherein the continuous granular composite layer has
a magnetic anisotropy field Hys, and wherein Hy, is greater than Hys.

9. The apparatus of claim 1, wherein the continuous granular composite layer has

a magnetic anisotropy field Hys, and wherein Hy, is less or approximately equal to Hys.

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

approximately 24 kOe.

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

approximately 24 kQe.
12.  The apparatus of claim 11, wherein Hys is less than approximately 15 kOe.

13.  The apparatus of claim 1, wherein Hy, is between approximately 20 kOe and
approximately 22 kOe, wherein Hy, is between approximately 17 kO and approximately

20kOe, and wherein Hys is 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.
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16. The apparatus of claim 15, wherein n equals four, wherein a first magnetic layer comprises a first
magnetic anisotropy field Hu, wherein a second magnetic layer comprises a second magnetic
anisotropy field Hk2, wherein a third magnetic layer comprises a third magnetic anisotropy field Hk3,
wherein a fourth magnetic layer comprises a fourth magnetic anisotropy field 144, wherein 14/-142 is
less than 142-143, and wherein 1421/k3 is less than 143-Hk4. 17. The apparatus of claim 15, wherein
a first ratio hik2/Hkpig ﬁjﬁ%ggr@@ﬁ@mﬁgnd ratio Hk3/Hk2, and wherein the second ratio is greater
than a third ratio Hk4/HKk3. ' 18. A method comprising: forming a first magnetic layer having a first
magnetic anisotropy IACHk|aY8Fning a first exchange break layer on the first magnetic layer:

forming a second magnehargyeraik 1agelisshvisrIange raak Imuarordprain ihrcsenprebinagnetic layer
has a second magnetic anisotropy field, Hu; forming a second exchange break layer on the second

magnetic laj¥ -1 eXShaEE A ek (Presy ARIOUE Wi BHRR A BReoRHRYAEIGENSBRIRTAEY, Aflerein the
third magnefipdaRTinas aighetitRgBRloMHRoI RRp iRk MignandanisiopyHidtiictds egs than
Hikz-Hks; art]f(lje n magnetic layers have a convex magnetic anisotropy field gradient; and
a continuous granular composite layer formed adjacent to a top magnetic layer

of the n magnetic layers, wherein the continuous granular composite layer and the top

magnetic layer comprise an exchange-coupled composite structure configured to exert

an exchange-coupled composite effect having a thickness-weighted average magnetic

anisotropy field on n-1 magnetic layers below the exchange coupled composite

structure.

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 Hys, wherein a fourth magnetic layer
comprises a fourth magnetic anisotropy field Hys, wherein Hy;-Hy is less than Hyo-Hyas,
and wherein Hyo-Hgs is less than Hys-Hya.

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

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

18. A method comprising:

forming a first magnetic layer having a first magnetic anisotropy field, Hyi;

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, Hyo;

forming a second exchange break layer on the second magnetic layer;

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

less than Hy,-His; and
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forming a continuous granular composite layer on the third magnetic layer, wherein the continuous
granular composite layer and the third magnetic layer comprise an exchange-coupled composite
structure and exert an exchange-coupled composite effect on the first and second magnetic layers
substantially similar to a single layer comprising a thickness-weighted average magnetic anisotropy
field Hk 34. 19. The method of claim 18, wherein a first ratio Hk2/Hki is greater than a second ratio

HK3/142. 20. The fyaHglDEMBINICLR grIRII SR BEer RSO TRATAI thanRBENiBAtely 0.6, and

wherein the second ratio Is less than approximately 0.6. ] ) ]
wherein the continuous granular composite layer and the third magnetic layer comprise

an exchange-coupled composite structure and exert an exchange-coupled composite
effect on the first and second magnetic layers substantially similar to a single layer

comprising a thickness-weighted average magnetic anisotropy field Hy.34.

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

ratio His/Hio.

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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