-1- PERPENDICULAR MAGNETIC RECORDING MEDIA INCLUDING A
UNIFORM EXCHANGE ENHANCEMENT LAYER FIELD OF THE
INVENTION [0001] This invention relates to magnetic storage media and
more particularly to perpendicular magnetic storage media. BACKGROUND
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recoding layer, and a protective overcoat. The magnetic recording layer has

a perpendicular magnetic anisotropy. The protective overcoat protects the

magnetic recording layerfigmsosrosiop povredyces frictional forces
between the disc and a read/write head. In addition, a thin Iagyer of lubricant
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columnar grai t%separated by grain b?unda ies comprising voids, oxides .
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betwi a\lthe agnetic grains. In contrast to conventional %;rpenﬂéerular
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argon (Ar), deposition of the granular perpendicular magnetic layer is
OVEOritilicted at relatively high pressures and low temperatures and utilizes a
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coppuitesial geisanipitingrdde svand ok rikrdes, wyhib iscistence of strong lateral
exchange coupling between magnetic grains. A granular perpendicular recording
medium comprises a granular perpendicular magnetic layer having magnetic columnar
grains separated by grain boundaries comprising voids, oxides and/or nitrides. The grain
boundaries, having a thickness of about 2 A to about 20 A, provide a substantial
reduction in the magnetic interaction between the magnetic grains. In contrast to
conventional perpendicular media, wherein the perpendicular magnetic layer is typically
sputtered at low pressures and high temperatures in the presence of an inert gas, such as
argon (Ar), deposition of the granular perpendicular magnetic layer is conducted at
relatively high pressures and low temperatures and utilizes a reactive sputtering technique
wherein oxygen (O,) and/or nitrogen (N) are introduced in a gas mixture of, for
example, Ar and O,, Ar and N, or Ar and O; and N,. Alternatively, oxygen or nitrogen
may be introduced by utilizing a sputter target comprising oxides and/or nitrides, which is

sputtered in the presence of an inert gas (e.g., Ar), or, optionally, may be sputtered in the



sputtered in the presence of an inert gas (e.g., Ar), or, optionally, may be
sputtered in the -2- presence of a sputfering gas comprising 02 and/or N2
with or without the presence of an ineft gas. Not wishing to be bound by
theory, the introduction of 02 and/or N2 provides oxides and/or nitrides that
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act to_couple neighboring grains to form mag@netic clusters, which are larger
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volume by forming magnetic clusters. As a result, the cross-track correlation
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compromises the_precision with which neighboring transitions can be placed
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media fabrication, this means reducin%éthe portion of voids or non-magnetic
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the average inter-granular spacing is reduced, there will be more grains
as§BHBmH§seg(};ﬁre granularity of media is not included.

[0006] The conventional way of introducing inter-granular exchange into media
is to decrease the average physical spacing between the grains. In media fabrication, this
means reducing the portion of voids or non-magnetic materials at the grain boundaries.
For example, reducing the Ar pressure during magnetic sputtering can mitigate the
shadowing effect, which gives rise to more densely packed grains. Also, reducing the
oxide amount during co-sputtering of the oxide and CoPt will lead to thinner grain
boundaries. However, there is always a distribution of grain boundary thickness. When
the average inter-granular spacing is reduced, there will be more grains touching each
other. When grains are touching, the exchange coupling between the grains increases

significantly. The strength of the exchange field between two grains depends on their

contact area and separation distance, and there will be a distribution of inter-granular



other. When grains are touching, the exchange coupling between the grains

increases significantly. The strength of the exchange field between two

grains depends on their contact area and separation distance, and there will

be a distribution of inter-granular -3- exchange coupling. In addition, the
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gradient, while weakly coupled grains can. This will add to irregularity in the
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inter-granular exchange coupling in order to optimize the media recording
lep@ibrmance. SUMMARY OF THE INVENTION [00081 This invention
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exchange enhancement layer formed on the surface of the granular
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of the media with increasing Pt cap thickness. [00151 FIG. 7 js a graph of .
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[0010] FIG. 2 is a cross-section of a thin film layer structure constructed in

accordance with the invention.

[0011] FIG. 3 is a graph of bit length, cross-track correlation length, and jitter
with varying magnetic coupling.

[0012]  FIG. 4 is a hysteresis loop of an exchange decoupled media.

[0013]  FIG. 5 is a hysteresis loop of a media with increased exchange coupling.

[0014] FIG. 6 is a series of hysteresis loops of the media with increasing Pt cap
thickness.

[0015]  FIG. 7 is a graph of alpha parameter against the Pt cap thickness.

[0016] FIG. 8 is a graph of the RMS read-back signal at 600 kFCI versus Pt cap
thickness.

[0017] FIG. 9 is a graph of AeSMNR vs. alpha indicating poorer on-track
performance when exchange increases.

[0018]  FIGs. 10 and 11 are graphs of MOKE sweep rate results showing K,V/kT
and Hj trend against Pt cap thickness.



[00171 FIG. 9 is a graph of AeSMNR vs. alpha indicating poorer on-track
performance when exchange increases. [00181 FIGs. 10 and 11 are graphs

of MOKE sweep rate results showing KV/KT and Ho trend against Pt cap
thickness. -4- [00191 FIG. 12 shows hysteresis curves of a fully-decoupled
mesiiy) and-afully sHewuRiRE-saRdia bt NAIRLIRBARR I Hrdldshaws fully-

MOKE sweep rate measurement showing dynamic coercivity versus
degpupiistaerdigiteiing BMEt[00211 FIG. 14 is a graph of eSMNR of media
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extraction applied to a sample Pt capped granular oxide media. [00231 FIG.
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series. [00251 FIG. 19 is a graph showing log BER cross-track performance
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constructed in accordance with this invention. The medium includes a
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interlayer 16 is positioned on the soft underlayer. A magnetic recording layer

S¢8%s positioned on the interlayer. The magnetic recording layer includes a
plyoalis) of grains120is22 @agh?éholvmaongtia PRigaY-anckafdtfoatiyet of the Pt
boundaries 26, 28 of non-magnetic material, such as oxides, nitrides, or other

capBed MedAetic material, that separate the grains of magnetic material. An
exchange couphrd /AAnEmCHSeRIRYED SWRITe EaiedENdap hyer, is
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can be, for example, glass. A soft magnetic underlayer 14 is formed on the substrate and

may comprise a plurality of layers. An interlayer 16 is positioned on the soft underlayer.
A magnetic recording layer 18 is positioned on the interlayer. The magnetic recording
layer includes a plurality of grains 20, 22 and 24 of magnetic material and a plurality of
boundaries 26, 28 of non-magnetic material, such as oxides, nitrides, or other non-
magnetic material, that separate the grains of magnetic material. An exchange coupling
enhancement layer 30, also called a cap layer, is positioned on the magnetic recording
layer. A protective layer and lubricating layer (not shown in this view) can be applied to
the top of the cap layer.

[0027]  The soft underlayer (SUL) is the layer that conducts the magnetic flux
from a recording head in the writing process. The interlayer (IL) sets up the orientation
and microstructure of the adjacent magnetic layer, which has a very well decoupled grain
structure. The cap layer is the exchange coupling enhancement layer. In a practical
embodiment, a diamond like carbon overcoat and lubricant would be added on top of the

cap layer to make a flyable media.



from a recording head in the writing process. The interlayer (IL) sets up the
orientation and microstructure of the adjacent magnetic layer, which has a
very well decoupled grain structure. The cap layer is the exchange coupling
enhancement layer. In a practical embodiment, a diamond like carbon
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flyable media. -5- [00281 Media constructed in accordance with this invention
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material can be platinum (Pt), but other spin polariz% materials such as Rh
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approach for infroducing a upiform exchange between the grajns of :
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relc%rr] ég rl‘jnl@/ 51%\%9]%8 1905%‘[%101?(;83%1}&% at about 1 nm Pt capping layer thickness,
indicating a polarization effect of Pt at the Pt/CosPt interface. These findings provide an
approach for introducing a uniform exchange between the grains of perpendicular
magnetic recording media. Consequently, by controlling the inter-granular coupling, the
transition parameter and cross-track correlation length may be adjusted to achieve the
highest possible recording density.

[0031] FIG. 2 is a cross-section of a magnetic recording disc 40 constructed in

accordance with the invention. Several such discs were fabricated. The discs include a
substrate 42 and a multilayer soft magnetic underlayer 44 positioned on the substrate.

Thin film deposition was carried out at room temperature. The soft magnetic underlayer

(SUL) having a thickness of 200 nm, was deposited first. The SUL includes 4 repetitions



highest possible recording density. [00311 FIG. 2 is a cross-section of a
magnetic recording disc 40 constructed in accordance with the invention.
Several such discs were fabricated. The discs include a substrate 42 and a
multilayer soft magnetic underlayer 44 positioned on the substrate. Thin film
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underlayer (SUL) havin% a thickness of 200 nm, was deposited first. The
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[0032] The SUL-coated discs were reinserted into the chamber for magnetic
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CoCrRu and a 6 nm fIglfyer 60 of Ru. The magnetic layer 62 _was co-depasited
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compromising the stacking fault densjty (H istribution) and average H .
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hysteresis loops of@& egi . The, maxim pplﬂed fie|d was 20 kOe. The
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(Hﬁw?re i@ract?déom%gge r#i%dita@ﬁg ime coercivitgy(H%) and thermal
AP racb R AR G Tdtesh SIS SR PASE B RBRR Vere
usbiOK ménssiieragisei@op loops of the media. The maximum applied field was 20 kOe.
The sweep rate was set to about 2000 Oe/s. The coercivity (Hc), remanence squareness
(S=M,/M), loop slope a (a=4ndM/dH|y-11) and nucleation field (Hy) were extracted.
[0035] The media short-time coercivity (Hp) and thermal stability factor
(KyV/kgT) were measured using sweep rate (R) dependent MOKE hysteresis loop
measurements, with R varying from 10 to 1000 Oe/sec. A direct correlation between the
effective applied field time (tefr) and R can be found easily using known techniques, as
tes=H¢/R, where Hy is the thermal fluctuation field that can be determined from the slope
of H; v.s. In(R). The short-time coercivity (Hp) and thermal stability factor (K,V/kgT)

were then determined using Sharrock’s formula:

H(1)=H, 1_{’%_Tln(&ﬂi

K,V (In2



measurements, with R varying from 10 to 1000 Oe/sec. A direct correlation
between the effective applied field time (teff) and R can be found easily
using known techniques, as teff-Ht/R, wWhere Hf is the thermal fluctuation
field that can be determined from the slope of He v.s. In(R). The short-time

copisavify (HQ) apieldhatmadiaialiitydantaid kvay teBlod weredhendgieriip@dtand
using Sharrock's formula: z Hc(t)=Ho 1- kJ to ft KUV hi2 -7- [00361 A
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RPM at a radius of 0.9" was used. PRBS signals were recorded onto the
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captarouaavrbiagied from the captured waveforms. [00371 The layers of the
structure can be comprised of various materials. Substrate materials
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such as a conventionally NiP-plated textured aluminum substrate or a
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suﬁ?d other metals. The soft ma%netic layer. omp(ises ma%riéticall)y soft .

LdRal< BRI PG IRRNGEME T OnY EE ARt Bt o ABYR, (ot etimbre (TD,
titahRys-ohisamhand nicks| (heNiualloys) afidostaadmirage miieddX: all@yst@f layer
iron, tantalum and carbgn (FeTaC), alloys of iron]%antalum and nitrogen

n
CORRFSER)) MG Bt oA d BIB A (28RS gy ﬂ%d,r%ﬁ@a geBalt (Co)
allyeCri)exatigys afldfanosiicarnanaisksn{Run (Rakito@lloysaaticabalien (FeN),

it A AR S T vALEERAR A trozen
(Faivan)(AgbysoppérotCad gaita(Acany plasipuot (Rip, déinteidayeromayeCoB),
include. ruthenium (Ry), Ru alloys, such as RuCr, RuCoCr, and non- L
o el BoB OB e 1 SpUSHA) Rt AL g
((samtheagdailip poofRisilg RicondlybdedwhtiNe) (TaZrapiuapiNeybleaked layer
ms‘?e)r’leﬁgrgl%ﬂlsg)th%paﬁjum (Ta), silver (Ag), copper (Cu), gold (Au), and platinum (Pt).
The interlayer may include ruthenium (Ru), Ru alloys, such as RuCr, RuCoCr, and non-
magnetic cobalt-chromium (CoCr) optionally having a third element selected from the
group comprising Pt, molybdenum (Mo), Ta, niobium (Nb), boron (B), carbon (C), and
Ru. The interlayer provides a crystalline seed layer for the subsequently deposited
magnetic layer. The granular magnetic layer includes Co-based alloys comprising oxides
and nitrides, for example cobalt-platinum oxides (CoPtO), cobalt-chromium-platinum
oxides (CoCrPtO), cobalt-chromium-platinum-tantalum oxides CoCrPtTaO, cobalt-
platinum-titanium oxides (CoPtTiO), cobalt-chromium-platinum-titanium oxides
(CoCrPtTiO), cobalt-chromium-platinum-aluminum oxides (CoCrPtAlO), cobalt-
platinum-silicon oxides (CoPtSiO), cobalt-chromium-platinum-zirconium oxides
(CoCrPtZrO), cobalt-chromium-platinum-hafnium oxides (CoCrPtHfO), cobalt-
chromium-platinum-niobium oxides (CoCrPtNbO), cobalt-chromium-platinum-boron

oxides (CoCrPtBO), cobalt-chromium-platinum-silicon oxides (CoCrPtSiO), cobalt-



Ru. The interlayer provides a crystalline seed layer for the subsequently
deposited magnetic layer. The granul%r magnetic layer includes Co-based
alloys comprising oxides and nitrides, Tor example cobalt-platinum oxides
(CoPtO), cobalt-chromium-platinum oxides (CoCrPtO),
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cobalt-chromium-platinum-zirconium oxides (CoCrPtZrO),
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have a thickness jn the range of 3-20 nm. [Q039] FIG. 3 is a graph of the bit
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magnetic grains. The thickness of the continuous uniform exchange layer controls the
inter-granular exchange. If only the grain boundaries are adjusted, the contact area
between neighboring magnetic grains may vary from zero to full side-by-side contact.
This will create a large distribution of exchange interactions between grains; hence a
larger distribution of switching volumes (i.e., magnetic cluster sizes) and switching field
magnitudes.

[0041]  This invention uses a uniform exchange enhancement layer on a granular
magnetic recording layer, wherein the granular layer includes a plurality of grains
separated by non-magnetic boundaries. The non-magnetic boundaries can be, for

example, oxides, nitrides or other non-magnetic materials. The use of a top exchange



oxide in the magnetic layer, which adjusts the width of grain boundaries in a
non-uniform way. Or it can be adjusted by adding a continuous uniform
exchange layer on top of the magnefic grains. The thickness of the
continuous uniform exchange layer controls the inter-granular exchange. If
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and switching field magnitudes. [0041] This invention uses a uniform
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layer. This provides flexibility in designing media spacing. The amount of
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From FIG. Ar%&féc n be seen that the media has a.coercivity Hc-9.11 kOe, .
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and=%@:ving? the following structure: Glass\Ta 3nm\Cu 2nm\CoCr25Ru50 Snm\Ru
Tnm\CoPtO (oxide 28vol%) 13nm\Pt Snm. FIG. 5 shows a hysteresis loop of the same
medium as in FIG. 4 except for a cap layer of 5 nm Pt. FIG. 5 shows that the shape of the
loop changes dramatically such that Hc=7.18, S=1.0, Hn=2.83, and alpha=2.17. The
increase of the slope of the loop is direct evidence of enhanced exchange coupling
between the magnetic grains.

[0045]  FIG. 6 is a series of hysteresis loops of the media with increasing Pt cap
thickness. FIG. 6 shows data for a flyable media series, which is not the same sample
series as in FIGs. 4 and 5. It can be seen that the slope of the loop increases as the cap
thickness increases. In the meantime, H. decreases as the cap thickness increases.

[0046] FIG. 7 is a graph of alpha parameter versus the Pt cap thickness. FIG. 7

shows that the slope saturates beyond about a 2 nm thickness.



[0044] FIG. 5 is a hysteresis loop of a media with increased exchange
coupling, and having the following strijéture: Glass\Ta 3nm\Cu
2nm\CoCr25Ru50 5nm\Ru  7nm\CoP1tO (oxide 28v01%) I3nm\Pt 5nm. FIG. 5
shows a hysteresis loop of the same medium as in FIG. 4 except for a cap
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dramatically such that He=7.18, S=1.0, Hn=2.83, and alpha=2.17. The
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increases. In the meantime, He decreases as the cap thickness increases.
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1/889“%&" ithha copraiatios exchange coupling strength can be determined as
hex=Hex/(N*Hg), where Hg is the anisotropy field and N is the number of neighboring
interacting grains, typically close to 6. For advanced granular oxide perpendicular media,
hex is typically between 0.05 and 0.1 for media with full squareness (S=1) and negative
nucleation field. This exceeds the optimum level of exchange indicated in FIG. 3. On
the other hand, there are media designs with more oxide doping and as a result, smaller
exchange can be reached at thicknesses between 0 and 0.5 nm. However, the squareness
of such media is typically less than 1. When media is designed to have squareness (S)
<1, exchange coupling can be added to increase the remanence of the media in order to
reduce DC noise.

[0050] In another important aspect, exchange coupling reduces the coercivity (Hy)
of the media, and therefore improves writeability. Hy is the short-time coercivity of the

media. The currently used CoPt granular media has M; as high as 750 emu/cc (per total



slope close to 1 and an offset less than 1 kOe depending on media models
being used. To a first order, the total;xchange interaction field can be
calculated from Hex 4mMs(l- 1/a), an {he normalized exchange coupling
strength can be determined as hex Hex/(N*HK), where Hk is the anisotropy
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When media is designed to have squareness (S) <1, exchange coupling can
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amount of oxide in the magnetic layer, [0052] It can be seen that the
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9 shows a need to separate the effect of Pt cap from the oxide in order to interpret the
data.

[0053]  FIGs. 10 and 11 are graphs of MOKE sweep rate results showing K,V/kT
and Hy trends against Pt cap thickness. It is seen that the thermal stability coefficient
K, V/kgT stays more or less constant as the Pt cap thickness increases. This indicates that
the type of exchange coupling introduced between magnetic layers will not increase the
magnetic switching volume. On the other hand, the increase in Pt cap thickness
dramatically decreases the short-time coercivity Hy. This will improve the writeability of
the media.

[0054]  FIG. 12 is a hysteresis curve of a fully-decoupled medium and the fully-
decoupled media with a 1 nm Pt cap layer. Curve 100 relates to a fully-decoupled
medium with alpha = 1.02, Hc = 7.7 kOe, S = 0.84 and the medium for curve 102 is the



exchange was not uniform. It was mostly achieved by reducing the amount of
the oxide. Second, the value of alpha does not drop below 1.3. There is still
room to further reduce the exchange and reduce alpha to 1. In other words,
to see the benefit of exchange coupling, we need to compare cases when
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showing K" V/KT and Ho trends against Pt cap thickness. It is seen that the

th&M staldility doetieriiter e\ MBS syssm s onfesureai b owingedypamic

coeeRvhickogsadneieasssd TRisitoRigatastbat tihedypesof gxshange ceupling He
introduced between magnetic layers will not increase the magnetic switching

MR HFRCES R AN R § MR iFtFeSE e P RN rdihatidaIfio- 12-

Tidepleasastha sbaittiinecarsciuiy daeTdisrailitnpronethesvriteabily of1 kOe
the media. [0054] FIG, 12 is a hysteresis curve of a fully-decoupled medium
when R bhigeR SAsLd media with a 1 nm Pt cap layer. Curve 100 relates to
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medium for curve 102 is the -12- same as for curve 100 except for 2 nm of Pt
gr&%%"lﬁé%%&‘@’é BegnshiBeal iR tHEnesthid (dsd hehmereiedigns of

infaedia S RuaspNBRK Hka8 0 Bistefl:OdoayaddinigeprivimiceapHRBSS kEpfesdnded
illustrates a MOKE sweep ratﬁ measurement showing dynamic fodercjvity
e

by, L SPRPR YA SPNENBrG F IS shib ot [ghahoidt gl dB incfease of

eINEER WEATHR S I tey MENKENSWREPt falf IMRINoThnddiessrmedBapesitdb ARy of
in FIG. 12. The plot shows a reductjon of the short-time coergcivity Ho from

ST 8 RS ST D A s PR 8 P Po Ry
and0sy showIdata foslibe sameedsbimpigraetiol | @ cAkiin@ agpaRd ab eSINR@E Pt

media agajnst the Pt cap thickness. FIG, 14 shows fine steps of increasi
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repegyanaialiedlapdsigraloes mediarais iiadioo £ ddNiRe drl echbdsshies libight of the
me%?los%jér%llp%gki rr]glg(reeas%gts? ];he strength of the dibit response, which in turn is a function
of the read-back signal. Thus, the strength of the read-back signal as a function of the
thickness of the Pt capping layer can be derived in two ways: a) using the height of the
dipulse peak, as calculated above, and b) calculating the RMS signal strength of a PRBS
pattern.

[0058] FIG. 16 shows the dipulse extraction signal peak versus Pt cap thickness.
In FIG. 16, the increase in the dipulse peak signal strength in going from 0 nm to 1 nm of
Pt capping layer is a clear indication of the active, polarizing nature of the Pt cap. The
reason that the dipulse peak strength decreases with further increases in Pt cap thickness
is because the Pt broadens the peak (increases PW50), and thus the peak amplitude falls.

[0059] FIGs. 17 and 18 show dynamic coercivity results of the Pt cap thickness

series, showing similar trends as in FIGs. 10 and 13.



eSMNR can be realized by applying the Pt cap layer. This demonstrates the
possibility of fine tuning the exchange gtates in the media and its benefit to

the media performance. [0057] FIG. 15°shows the dibit extraction technique
applied to one of the Pt capped granular oxide media (2 nm Pt cap). The
verdgedines gt the hetiomphRikawing RIY esERt GRlGUAIGE JRERIRRRIONOT the Pt
various kinds of non-linear echoes. The height of the main signal peak

cappsrbaisdia S WrkREh dhhbitiBioreeoiRERVAAR thertthgs afilActiothegparrow
baiteusdrbagidsionaihhbirs thepirenatbdd the eradiback signal-Refunaliac.
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extraction signal peak versus Pt cap thickness. In FIG. 16, the increase in _
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grajns (a=1-2.5) by varying cap thickness. The Pt cap layer provides
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nhancement layer on a granular magnetic recording layer, wherein the

fOEPéiHB%? t includes a plurality of grains separated by oxide boundaries.
While the described examples use a Pt cap layer, other



spin polarizing materials, such as, Pd, Rh, Pd, Co, Ni, and Fe can also be
used as the cap. In addition, the exchange enhancement layer can be
comprised of a plurality of layers. [00631 While the invention has been
described in terms of several examples, it will be apparent to those skilled in
wihig artthatewagous changes can be made to the disclosed examples without
departing from the scope of the invention as set forth in the following claims.
-14- What is! claiméti&PRATANSERIRPERIBC omprising: a substrate; a soft
underlayer gnitersihstrate; an interlayer on the soft underlayer; a magnetic
layer on the interlayer, wherein the magnetic layer has a granular structure

comprising AsRfhBBLeEYHs Lehs B BIFnon-magnetic grain boundaries;

and an exchangegmansemens fayeidesned on the surface of the granular
magnetic layer. 2. The apparatus of claim 1, wherein the non-magnetic grain

boundaries EJMASHEEGIRES Bhdhsr B iRIge, WhftAte iy Mrsnetc layer has a

grifilzhagneiigranatehidisth gl NAapRatatds ffsClabpalatvhesindhie exchangegrain
enhancement layer comprises one of: Pt, Ru, Pd, Co, Ni, and Fe. 4. The
boyadarien; @t claim 1, wherein the exchange enhancement layer comprises a

plurality of layesschanbeecapparatusm Ol gfainfolnwhespifhthe e raab0ehe granular
enhancement layer has a thickness in the range of 0.5 nm to 5 nm. 6. The

MAIAAREEF claim 1, wherein the magnetic layer includes a cobalt-based
alloy. 7. Theapparghds ghsdaifasl, Jartigmeomprigiogina AretesbvaRyattRatgrain

bofl?rggll?%sc’\é%{ntggsguali{afe%sqcf (t)flllg %)%:Ch%rrllggxide, a nitride, or another non-magnetic
material.

3. The apparatus of claim 1, wherein the exchange enhancement layer
comprises one of: Pt, Ru, Pd, Co, Ni, and Fe.

4. The apparatus of claim 1, wherein the exchange enhancement layer
comprises a plurality of layers.

5. The apparatus of claim 1, wherein the exchange enhancement layer
has a thickness in the range of 0.5 nm to 5 nm.

6. The apparatus of claim 1, wherein the magnetic layer includes a
cobalt-based alloy.

7. The apparatus of claim 1, further comprising:

a protective overcoat formed over the surface of the exchange
enhancement layer.

8. The apparatus of claim 1, wherein the grain boundaries have a
thickness in the range of about 2 A to about 20 A.

0. The apparatus of claim 1, wherein the at least one interlayer
comprises at least one of Ru, RuCr, and non-magnetic CoCer.
10. The apparatus of claim 1, wherein the magnetic grains are fully-

decoupled.



enhancement layer. 8. The apparatus of claim 1, wherein the grain
boundaries have a thickness in the rapge of about 2 A to about 20 A. 9. The
apparatus of claim 1, wherein the at least one interlayer comprises at least
one of Ru, RuCr, and non-magnetic CoCr. 10. The apparatus of claim 1,

wherein the magnettic; gisipmare Sl leCoNRPEin- the raknbhe ARRAIAIHS afsize
claim 1, wherein the magnetic grains have a size in the range of about 3 nm

indhe sige 28 A0S e 3PP AARASf claim 1, wherein the granular magnetic

layer includgs oxygee apsheiiitaoenim & concasiratian ahakRYtRAIQMIC layer
. percent to about 40 atomic percent. 13. The apparatus of claim 1, wherein
inglpdes SRYBFABGRERLTAFER ThaSeReBkIHen %ﬁ@e\lﬁﬁt%@@wme&cent to about 40

at6@NcpatEation of about 10 atomic percent to about 30 atomic percent.
13. The apparatus of claim 1, wherein the granular magnetic layer
includes oxygen and/or nitrogen in a concentration of about 10 atomic percent to about

30 atomic percent.
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