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(57) ABSTRACT 

A magnetic recording disk is patterned into discrete mag 
netic and nonmagnetic regions With the magnetic regions 
serving as the magnetic recording data bits. The magnetic 
recording layer comprises tWo ferromagnetic ?lms separated 
by a nonferromagnetic spacer ?lm. The spacer ?lm material 
composition and thickness is selected such that the ?rst and 
second ferromagnetic ?lms are antiferromagnetically 
coupled across the spacer ?lm. After this magnetic recording 
layer has been formed on the disk substrate, ions are irradi 
ated onto it through a patterned mask. The ions disrupt the 
spacer ?lm and thereby destroy the antiferromagnetic cou 
pling between the tWo ferromagnetic ?lms. As a result, in the 
regions of the magnetic recording layer that are ion 
irradiated the ?rst and second ferromagnetic ?lms are essen 
tially ferromagnetically coupled so that the magnetic 
moments from the ferromagnetic ?lms are parallel and pro 
duce a magnetic moment that is essentially the sum of the 
moments from the tWo ?lms. In the non-irradiated regions of 
the magnetic recording layer, the ?rst and second ferromag 
netic ?lms remain antiferromagnetically coupled so that 
their magnetic moments are oriented antiparallel. The com 
position and thicknesses of the ?rst and second ferromag 
netic ?lms are selected such that essentially no magnetic 
?eld is detectable at a predetermined distance above the 
magnetic recording layer corresponding to the height that 
the magnetic recording head Would be located. 

16 Claims, 4 Drawing Sheets 
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PATTERNED MAGNETIC RECORDING 
MEDIA WITH DISCRETE MAGNETIC 
REGIONS SEPARATED BY REGIONS OF 
ANTIFERROMAGNETICALLY COUPLED 

FILMS 

Matter enclosed in heavy brackets [ ] appears in the 
original patent but forms no part of this reissue speci?ca 
tion; matter printed in italics indicates the additions 
made by reissue. 

TECHNICAL FIELD 

This invention relates generally to magnetic recording 
media, and more particularly to patterned magnetic record 
ing disks with discrete magnetic regions. 

BACKGROUND OF THE INVENTION 

Conventional magnetic recording media, such as the mag 
netic recording disks in hard disk drives, typically use a 
granular ferromagnetic layer, such as a sputter-deposited 
cobalt-platinum (CoPt) alloy, as the recording medium. Each 
magnetized domain in the magnetic layer is comprised of 
many small magnetic grains. The transitions between mag 
netized domains represent the “bits” of the recorded data. 
IBM’s US. Pat. Nos. 4,789,598 and 5,523,173 describe this 
type of conventional rigid magnetic recording disk. 

The challenge of producing continuous granular ?lms as 
magnetic media will grow with the trend toward higher areal 
storage densities. Reducing the size of the magnetic bits 
while maintaining a satisfactory signal-to-noise ratio, for 
example, requires decreasing the size of the grains. 
Unfortunately, signi?cantly reducing the size of weakly 
magnetically coupled magnetic grains will make their mag 
netization unstable at normal operating temperature. To 
postpone the arrival of this fundamental “superparamag 
netic” limit and to avert other dii?culties associated with 
extending continuous granular media, there has been 
renewed interest in patterned magnetic media. 

With patterned media, the continuous granular magnetic 
?lm that covers the disk substrate is replaced by an array of 
spatially separated discrete magnetic regions or islands, each 
of which serves as a single magnetic bit. The primary 
approach for producing patterned media has been the use of 
lithographic processes to selectively deposit or remove mag 
netic material from a magnetic layer on the substrate so that 
magnetic regions are isolated from one another and sur 
rounded by areas of nonmagnetic material. Examples of pat 
terned magnetic media made with these types of lithographic 
processes are described in US. Pat. Nos. 5,587,223; 5,768, 
075 and 5,820,769. 
From a manufacturing perspective, an undesirable aspect 

of the process for patterning media that requires the deposi 
tion or removal of material is that it requires potentially dis 
ruptive processing with the magnetic media in place. Pro 
cesses required for the effective removal of resists and for 
the reliable lift-off of ?ne metal features over large areas can 
damage the material left behind and therefore lower produc 
tion yields. Also, these processes must leave a surface that is 
clean enough so that the magnetic read/write head supported 
on the air-bearing slider of the disk drive can ?y over the 
disk surface at very low ?ying heights, typically below 30 
nanometers (nm). 
An ion-irradiation patterning technique that avoids the 

selective deposition or removal of magnetic material, but 
uses a special type of perpendicular magnetic recording 
media, is described by Chappert et al, in “Planar patterned 
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2 
magnetic media obtained by ion irradiation”, Science, Vol. 
280, Jun. 19, 1998, pp. 1919*1922. In this technique 
PtiCoiPt multilayer sandwiches which exhibit perpen 
dicular magnetocrystalline anisotropy are irradiated with 
ions through a lithographically patterned mask. The ions mix 
the Co and Pt atoms at the layer interfaces and reorient the 
easy axis of magnetization to be in-plane so that the irradi 
ated regions no longer have perpendicular magnetocrytalline 
anisotropy. 
IBM’s application Ser. No. 09/350,803, ?led Jul. 9, 1999, 

now US. Pat. No. 6,331,364, describes an ion-irradiated pat 
terned disk that uses a continuous magnetic ?lm of a 
chemically-ordered Co (or Fe) and Pt (or Pd) alloy with a 
tetragonal crystalline structure. The ions cause disordering 
in the ?lm and produce regions in the ?lm that are low coer 
civity or magnetically “soft” and have no magnetocrystalline 
anisotropy. 
A potential disadvantage of the Chappert et a1. and IBM 

ion-irradiated patterned disks is that the regions separating 
the discrete magnetic regions from one another are not com 
pletely nonmagnetic, but sill have some magnetic properties. 
Thus the magnetoresistive read head in the disk drive will 
detect noise and/or some type of signal from these regions. 
In addition, these ion irradiation techniques require the use 
of a mask that is dif?cult to fabricate because the holes in the 
mask are used to generate corresponding nonmagnetic 
regions on the disk, whereas it is desirable to use a mask that 
has the same hole pattern as the resulting magnetic bits on 
the disk. 
What is needed is a patterned magnetic recording disk that 

has discrete magnetic regions separated by completely non 
magnetic regions so that only the magnetic regions contrib 
ute to the read signal, and that is made by a patterning tech 
nique where the mask pattern of holes matches the pattern of 
discrete magnetic regions of the disk. 

SUMMARY OF THE INVENTION 

The present invention is a magnetic recording disk that is 
patterned into discrete magnetic and nonmagnetic regions 
with the magnetic regions serving as the magnetic recording 
data bits. The magnetic recording layer comprises two ferro 
magnetic ?lms separated by a nonferromagnetic spacer ?lm. 
The spacer ?lm material composition and thickness is 
selected such that the ?rst and second ferromagnetic ?lms 
are antiferromagnetically coupled across the spacer ?lm. 
After this magnetic recording layer has been formed on the 
disk substrate, ions are irradiated onto it through a patterned 
mask. The ions disrupt the spacer ?lm and thereby destroy 
the antiferromagnetic coupling between the two ferromag 
netic ?lms. As a result, in the regions of the magnetic record 
ing layer that are ion-irradiated the ?rst and second ferro 
magnetic ?lms are essentially ferromagnetically coupled so 
that the magnetic moments from the ferromagnetic ?lms are 
parallel and produce a magnetic moment that is essentially 
the sum of the moments from the two ?lms. In the non 
irradiated regions of the magnetic recording layer, the ?rst 
and second ferromagnetic ?lms remain antiferromagneti 
cally coupled so that their magnetic moments are oriented 
antiparallel. The composition and thicknesses of the ?rst and 
second ferromagnetic ?lms are selected such that essentially 
no magnetic ?eld is detectable at a predetermined distance 
above the magnetic recording layer corresponding to the 
height that the magnetic recording head would be located 

For a fuller understanding of the nature and advantages of 
the present invention, reference should be made to the fol 
lowing detailed description taken together with the accom 
panying ?gures. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic sectional vieW of the magnetic 
recording disk showing the antiferromagnetically (AF) 
coupled layer prior to patterning. 

FIG. 2 is a schematic illustration of the process for pat 
terning the AF-coupled layer by ion irradiation through a 
stencil mask. 

FIG. 3 is a magnetic force microscopy (MFM) image of 
the patterned AF-coupled layer shoWing discrete oblong 
shaped magnetic regions. 

FIGS. 4Ai4B are schematic vieWs of the disk structure of 
the present invention shoWing different magnetic bit states 
With their corresponding signal pro?les. 

DETAILED DESCRIPTION OF THE INVENTION 
Preferred Embodiments 

The magnetic recording medium of the present invention 
is made by ?rst forming a continuous (non-pattemed) mag 
netic layer of tWo or more ferromagnetic ?lms that are 
exchange-coupled antiferromagnetically (AP) to their neigh 
boring ferromagnetic ?lms by one or more nonferromag 
netic spacer ?lms. FIG. 1 illustrates the cross sectional layer 
structure of the disk 10 With the AF-coupled magnetic layer 
20 prior to patterning. 
The disk substrate 11 may be made or any suitable 

material, such s glass, SiC/Si, ceramic, quartz, or an AlMg 
alloy base With a NiP surface coating. The seed layer 12 is an 
optional layer that may be used to improve the groWth of the 
underlayer 13. The seed layer 12 is most commonly used 
When the substrate 11 is nonmetallic, such as glass. The seed 
layer 12 has a thickness in the range of approximately 0.5 to 
5 nm and is one of the materials, such as Ta, CrTi or NiAl, 
Which are knoWn in the prior art to be useful as seed materi 
als for promoting the groWth of subsequently deposited lay 
ers in certain preferred crystalline orientations. The under 
layer 13 is deposited onto the seed layer, if present, or 
otherWise directly onto the substrate 11, and is a nonmag 
netic material such as chromium or a chromium alloy, such 
as CrV or CrTi. The underlayer 13 has a thickness in the 
range of 5 to 1000 nm With a typical value being approxi 
mately 50 nm. 

The AF-coupled magnetic layer 20 is made up of tWo 
ferromagnetic ?lms 22, 24 separated by a nonferromagnetic 
spacer ?lm 26. The nonferromagnetic spacer ?lm 26 thick 
ness and composition are chosen so that the magnetic 
moments 32, 34 of adjacent ?lms 22, 24, respectively, are 
AF-coupled through the nonferromagnetic spacer ?lm 26 
and are antiparallel in Zero applied ?eld. In the preferred 
embodiment the tWo AF-coupled ?lms 22, 24 of layer 20 
have magnetic moments that are oriented antiparallel With 
the loWer ?lm 24 having a larger moment so that the net 
magnetic ?eld from the AF-coupled layer 20 is close to Zero 
at the recording head located above the disk. Each of the 
ferromagnetic ?lms 22, 24 is preferably a Co alloy, such as a 
CoPtCrB alloy With 4 to 20 atomic percent (at. %) platinum, 
10 to 23 at. % chromium and 2 to 20 at. % boron, and the 
nonferromagnetic spacer ?lm 26 is preferably ruthenium 
(Ru). 

Before the deposition of the ?rst ferromagnetic ?lm 24 of 
the AF-coupled magnetic layer 20, a very thin (typically 1 to 
5 nm) Co alloy onset or nucleation layer 14 is typically 
deposited on the underlayer 13. The nucleation layer 14 has 
a composition selected to enhance the groWth of the hexago 
nal close-packed (HCP) Co alloy of ?lm 24 so that its C-axis 
is oriented in the plane of the layer. The nucleation layer 14 
may be a CoCr alloy With a Cr composition selected so as to 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

4 
make the layer 14 nonferromagnetic or very slightly ferro 
magnetic. Alternatively, the nucleation layer 14 may be a 
ferromagnetic Co alloy, in Which case the nucleation layer 
14 Will affect the magnetic properties of the ?lm 24. If the 
?lm 24 is CoPtCrB, then the nucleation layer 14 may be 
CoPtCr or CoPtCrB With B less than 6 at. %. All of the layers 
described above from the seed layer 12 to the top ferromag 
netic ?lm 22 can be sputtered in a continuous process in 
either an in-line sputtering system or a single disk system, 
such as commercially available single disk systems With 
multiple sputtering target capacity. The sputter deposition of 
each of the layers can be accomplished using standard tar 
gets and techniques knoWn to those in the ?eld With the 
modi?cations described above. 
The AP coupling of ferromagnetic ?lms via a nonferro 

magnetic transition metal spacer ?lm, like the structure of 
layer 20 in FIG. 1, has been extensively studied and 
described in the literature. In general, the exchange coupling 
oscillates from ferromagnetic to antiferromagnetic With 
increasing spacer ?lm thickness. This oscillatory coupling 
relationship for selected material combinations is described 
by Parkin et al. in “Oscillations in Exchange Coupling and 
Magnetoresistance in Metallic Superlattice Structures: 
Co/Ru, Co/Cr and Fe/Cr”, Phys. Rev. Lett. Vol. 64, p. 2034 
(1990). The material combinations include ferromagnetic 
?lms made of Co, Fe, Ni, and their alloys, such as NiiFe, 
NiiCo, and Fe4Co, and nonferromagnetic spacer ?lms 
such as Ru, chromium (Cr), rhodium (Rh), iridium (Ir), cop 
per (Cu), and their alloys. For each such material 
combination, the oscillatory exchange coupling relationship 
has to be determined, if not already knoWn, so that the thick 
ness of the nonferromagnetic spacer ?lms is selected to 
assure antiferromagnetic coupling betWeen the tWo ferro 
magnetic ?lms. The period of oscillation depends on the 
nonferromagnetic spacer material, but the strength and 
phase of the oscillatory coupling also depends on the ferro 
magnetic material and interfacial quality. The oscillatory 
antiferromagnetic coupling of ferromagnetic ?lms has been 
used in spin-valve type giant magnetoresistance (GMR) 
recording heads to design continuous magnetiZed antiferro 
magnetically coupled ?lms Whose magnetic moments are 
rigidly coupled together antiparallel during operation of the 
head. These type of spin-valve structures are described, for 
example, in IBM US. Pat. Nos. 5,408,377 and 5,465,185. 
The ’ l 85 patent describes a structure used in many commer 
cially available spin-valve GMR heads, namely a laminated 
antiparallel pinned ferromagnetic layer having ferromag 
netic ?lms Whose moments are rigidly coupled together and 
remain stationary during operation of the head. This type of 
magnetic structure of tWo ferromagnetic ?lms antiferromag 
netically coupled across a very thin nonferromagnetic spacer 
?lm, such as used in spin-valve heads and shoW in the 
AF-coupled magnetic layer 20 of FIG. 1, is also called a 
“synthetic antiferromagnetic”. In the case Where the struc 
ture has no net magnetic moment because the moments from 
the individual ferromagnetic ?lms cancel, the structure can 
be called a “compensated” synthetic antiferromagnet. 

For this AF-coupled structure of layer 20 the orientations 
of the magnetic moments 32, 34 of adjacent ?lms 22, 24, 
respectively, are aligned antiparallel and thus add destruc 
tively. The arroWs 32, 34 represent the moment orientations 
of individual magnetic domains that are directly above and 
beloW one another across the AF coupling ?lm 26. In the 
absence of an applied magnetic ?eld, When the bottom ferro 
magnetic ?lm 24 is deposited onto the nucleating layer 14, it 
Will have a granular structure With multiple adjacent grains 
being coupled together to form individual magnetic 
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domains. In the absence of an applied magnetic ?eld the 
moments of these domains in ?lm 24 Will be essentially 
randomly oriented. The spacer ?lm or AF-coupling ?lm 26 
is then deposited to the correct thickness directly on ferro 
magnetic ?lm 24. Next, the second or top ferromagnetic ?lm 
22 is deposited directly on the AF coupling ?lm 26. As the 
grains of ferromagnetic ?lm 22 groW they Will form mag 
netic domains With moment orientations that are antiparallel 
to the moment orientations of ferromagnetic ?lm 24 that are 
directly across the AF coupling ?lm 26. 

The type of ferromagnetic material and the thickness val 
ues t1, t2 of the ferromagnetic ?lms 22, 24 are chosen so that 
the ?eld strength above the disk at the height Where the 
recording head is located is essentially equal for the tWo 
?lms. The Mrt for the layer 20 is given by Mrltl-Mr2t2. In 
the preferred embodiment, Mrltl should be less than Mr2t2 
because ?lm 22 is closer to the head. This may be accom 
plished by using the same ferromagnetic materials in the tWo 
?lms 22, 24 and adjusting t1 and t2. If different ferromag 
netic material compositions are used in the tWo ?lms 22, 24 
so that the magnetiZation (the magnetic moment per unit 
volume of material) of the tWo ferromagnetic ?lms is made 
different, then the thicknesses are adjusted accordingly. In 
an alterative embodiment, the tWo ?lms 22, 24 can be With 
Mrltl=Mr2t2 so that the layer 20 has substantially Zero net 
magnetic moment. In that case there Would be some small 
?eld detected at the head because the upper ?lm 22 is closer 
to the head. 

While FIG. 1 is shoWn for a AF-coupled magnetic layer 
20 With a tWo-?lm structure and a single spacer ?lm, the 
invention is extendible to structures With multiple spacer 
?lms and multiple ferromagnetic ?lms. 

The nonferromagnetic spacer ?lm 26 in FIG. 1 is a 0.6 nm 
Ru ?lm. The Ru spacer ?lm thickness Was chosen to be at 
the ?rst antiferromagnetic peak in the oscillatory coupling 
relationship. It may also be desirable for each of the CoPt 
CrB ferromagnetic ?lms 22, 24 to include an interface ?lm 
consisting essentially of 0.5 nm of Co at the interface With 
the Ru spacer ?lm 26. These ultra-thin Co ?lms increase the 
interfacial moment betWeen the ferromagnetic ?lms and the 
spacer ?lm, resulting in enhanced antiferromagnetic cou 
pling. HoWever, antiferromagnetic exchange coupling Will 
occur Without incorporating the Co interface ?lms in the 
CoPtCrB ferromagnetic ?lms 22, 24. 

After the AF-coupled magnetic layer 20 has been formed 
it is patterned to form discrete isolated magnetic regions 
separated from one another by “nonmagnetic” regions that 
produce essentially no magnetic ?eld at the head. The dis 
crete magnetic regions are siZed to function as discrete mag 
netic domains or bits. This patterning is performed Without 
the need for selective deposition or removal of the magnetic 
material. Regions of the AF-coupled layer 20 are trans 
formed by ion irradiation from tWo ferromagnetic ?lms 
AF-coupled across the Ru spacer ?lm 26 to tWo ferromag 
netic ?lms that are ferromagnetically coupled so that their 
magnetic moments are parallel. 

In the preferred patterning method, a stencil mask is irra 
diated With a dose of nitrogen ions (N+) and the ions are 
selectively transmitted through the holes in the mask. The 
ions pass through the holes in the mask and impact the 
AF-coupled layer 20 in selected regions corresponding to 
the pattern of the holes in the mask. The ions disrupt the 
interface betWeen the Ru spacer ?lm 26 and the ferromag 
netic ?lms 22, 24, and destroy the AF-coupling of the ferro 
magnetic ?lms 22, 24. This occurs essentially Without dis 
turbing the magnetic properties of the ferromagnetic ?lms 
22, 24 and creates regions Where the tWo ferromagnetic ?lms 
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6 
are coupled together ferromagnetically With their magnetic 
moments oriented parallel. The regions not impacted by the 
N+ ions remain AF-coupled and thus have essentially no net 
magnetic moment as measured at the head. As a result the 
magnetic regions are separated from one another by “non 
magnetic” regions that have no magnetiZation. Thus the pat 
tern of holes in the mask corresponds to the pattern of mag 
netic bit regions on the disk. 

FIG. 2 illustrates the patterning process schematically. 
The layer 20 remains AF-coupled across the spacer ?lm 
(represented by cross-hatching of ?lm 26) in the regions 52, 
54 not aligned With a hole 56 in the silicon stencil mask 60. 
In the region 55 of layer 20 that is aligned With a hole 56 in 
mask 60, disordering of the interface betWeen the Ru spacer 
?lm and the ferromagnetic ?lms 22, 24 has occurred (as 
represented by the dotted area of ?lm 26), and the magnetic 
moments of the tWo ?lms 22, 24 become ferromagnetically 
coupled. 
The stencil mask 60 is a non-contact mask that comprises 

a Wafer, such as silicon, With holes etched through it. The 
ions, depicted by arroWs 62, are transmitted through the 
holes in the Wafer. The silicon stencil mask Was fabricated 
from a commercial silicon-on-insulator (SOI) Wafer With a 
10 um-thick top side silicon layer, 0.5 pm of SOI oxide, and 
a 500 um-thick silicon carrier substrate. The stencil holes 
Were ?rst patterned by optical lithography and then trans 
ferred into the 10 um-thick Si layer of SF6-based, high 
aspect ratio reactive ion etching (RIE) With the SOI oxide 
serving as a reliable etch stop. WindoWs Were then etched 
from the back side through the carrier substrate, using a 
similar RIE process, and the remaining SOI oxide Was 
removed With a Wet HF etch. The resulting silicon mem 
brane is approximately 10 pm thick and covers an area of 
1x1 mm. The holes in the membrane are nominally 1 pm in 
diameter, although someWhat irregular in shape, and are rep 
licated throughout its area With a regular spacing of l to 10 
pm. In making the patterned media tWo such stencil masks 
can be aligned With their holes overlapping to create holes 
With effective diameters in the range of 100 nm. HoWever, it 
is possible to fabricate a single stencil mask in this manner, 
With much smaller holes in the sub-100 nm range, to pro 
duce patterned media With the desired areal density. A 
detailed description of the use of stencil masks for ion-beam 
patterning is described by B. D. Terris et al., “Ion-beam 
patterning of magnetic ?lms using stencil masks”, Appl. 
Phys. Lett., Vol. 75, No. 3, Jul. 19, 1999, Which is incorpo 
rated herein by reference. In the preferred embodiment the 
mask has holes formed in a pattern to form a magnetic 
recording disk With concentric circular tracks, With each 
track having discrete magnetic regions spaced along it to 
serve as the individually recordable magnetic bits. 

While nitrogen ions Were used, other ion species that may 
be used include ions of He, Ar, Ne, Kr and Xe. The voltage 
and dosage of the ion irradiation required to achieve the 
desired disruption of the interface betWeen the Ru spacer 
?lm 26 and the ferromagnetic ?lms 22, 24 can be determined 
experimentally. 
The preferred method for patterning the media With ion 

irradiation is by a non-contact mask, such as the silicon sten 
cil mask described above. HoWever, it is also possible to use 
conventional lithography, Where a photoresist is formed on 
the AF-coupled layer and then patterned to expose openings 
aligned With portions of the layer intended to become the 
magnetic bit regions that are separated or isolated from the 
“nonmagnetic” regions. 

After the AF-coupled layer has been patterned, a conven 
tional protective overcoat (not shoWn in FIG. 1) can be 
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formed over it to complete the fabrication of the patterned 
magnetic disk. The protective overcoat may be a typical 
overcoat of sputter deposited essentially amorphous carbon 
optionally doped With hydrogen and/ or nitrogen. The over 
coat is typically less than l5 nm thick. 
Experimental Results 
An AF-coupled structure of CoPtCrB/Co/Ru/Co/ 

CoPtCrB Was prepared on a 50 nm Cr metal substrate. The 
ferromagnetic ?lms of CoPtCrB Wer Co68Pt12Cr2O alloy 
doped With 5 atomic percent (at. %) B. The loWer CoPtCrB 
?lm Was 10 nm thick and the upper CoPtCrB ?lm Was 5 nm. 
The tWo ferromagnetic ?lms Were interleaved With a Co(0.5 
nm)/Ru(0.6 nm)/Co(0.5 nm) trilayer that coupled the CoPt 
CrB ?lms antiferromagnetically so their moments Were ori 
ented antiparallel. The thickness of the CoPtCrB ?lms Was 
chosen such that there Would be essentially zero magnetic 
?led at a predetermined distance above the magnetic layer. 
This distance is the height above the disk Where the read 
head is located (i.e., the nominal ?ying height of the read 
head). Since the upper ?lm 22 (see FIG. 1) is closer to the 
read head, the ?eld from it Will be higher than the ?eld from 
the loWer ?lm 24. Thus the thickness of loWer ?lm 24 is 
made thicker to compensate and make the net ?eld essen 
tially zero at the head. 

The magnetization of this structure Was then measured 
With a Kerr looper over a range of external applied magnetic 
?elds. A very high magnetic ?eld (e.g., 8 kOe) suf?cient to 
overcome the antiferromagnetic coupling of the tWo ferro 
magnetic ?lms Was ?rst applied in the negative direction, 
and the Kerr data shoWed that the ferromagnetic ?lms had 
their moments aligned parallel With the applied ?eld direc 
tion. The ?eld Was then reduced and the Kerr data shoWed 
one of the ferromagnetic ?lms sWitching magnetization 
direction, near the ?eld strength that Would correspond to the 
antiferromagnetic coupling ?eld, so that the ferromagnetic 
?lms then had their moments aligned antiparallel. As the 
?eld passed through zero toWard a positive applied ?eld the 
ferromagnetic ?lm moments remained antiparallel until the 
positive ?eld exceeded the antiferromagnetic coupling ?eld, 
at Which point the ferromagnetic ?lm moments became ori 
ented parallel to one another and aligned With the positive 
applied ?eld direction. Thus the Kerr data shoWed that this 
?lm structure is a synthetic antiferromagnet. 

Next, this structure Was bombarded With N+ ions at a dose 
of 2><l0l6 ions/cm2 at 700 ke V energy. When the structure 
Was once again exposed to the same range of external 
applied ?eld the Kerr data shoWed no AF-coupling of the 
ferromagnetic ?lms. Instead the structure behaved like a 
single ferromagnetic layer, indicating that the ion bombard 
ment had destroyed the antiferromagnetic coupling across 
the Ru spacer ?lm. One can thus conclude that the ion bom 
bardment had disrupted the interface betWeen the Ru spacer 
?lm and the ferromagnetic ?lms and intermixed the Ru With 
the adjacent ferromagnetic ?lms. The structure had full 
remanence and a coercivity of about 1500 Oe. 

Patterning of this same type of AF-coupled structure Was 
then demonstrated using N+ ions. A 10 um><l0 um area of 
this structure Was exposed to a dose of 6><l0l5 N+ ions/cm2 
through a Si stencil mask With micron size oblong-shaped 
holes. After patterning, the structure Was ?rst magnetized 
With a large magnetic ?eld (20 kOe) in one direction. This 
?eld strength is suf?cient to align the magnetization of the 
non-irradiated regions and to overcome the AF-coupling 
?eld in the non-irradiated regions so that the magnetizations 
of the ferromagnetic ?lms in the non-irritated regions are 
aligned parallel to one another and to the applied ?eld. This 
?eld Was then removed, Which caused the tWo ferromagnetic 
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8 
?lms in the non-irradiated regions to become AF-coupled. 
Next, a ?eld of 2 kOe Was applied in the opposite direction. 
This 2 kOe ?eld is less than the AF-coupling ?eld of the 
non-irradiated regions but large enough to sWitch the magne 
tization direction of the ferromagnetically coupled ?lms in 
the irradiated regions only. FIG. 3 is a magnetic force 
microscopy (MFM) image of the patterned structure, With 
the oblong-shaped regions being the irradiated regions 
Where the Ru spacer ?lm in the structure Was disrupted so 
that the ferromagnetic ?lms in these oblong-shaped regions 
are ferromagnetically coupled. The light and dark contrast 
lines on the long edges of the oblong-shaped regions origi 
nate from magnetic transitions betWeen the top (or bottom) 
ferromagnetic ?lm in the non-irradiated AF-coupled regions 
and the ferromagnetically coupled ?lms in the oblong 
shaped irradiated regions. 
The tWo bit states in the recording media according to the 

present invention, Wherein the magnetic ?eld strength above 
the disk at the height Where the recording head is located is 
essentially equal for the tWo ?lms 24, 22, are depicted sche 
matically in FIGS. 4Ai4B. The magnetic transition regions 
are designated 80, 82. In FIG. 4A, only the transitions 
betWeen the top ?lm magnetic states, 70*72 and 72*74, con 
tribute to the signal S1 because the bottom ?lm magnetic 
states, 71*73 and 73*75, do not have magnetic transitions in 
the regions 80, 82. In FIG. 4B only the transitions betWeen 
the bottom ?lm magnetic states, 71*73 and 73*75, contrib 
ute to the signal S2 because the top ?lm magnetic states, 
70*72 and 72*74, do not have magnetic transitions in the 
regions 80, 82. In FIG. 4A the magnetization of the top 
ferromagnetic ?lm 22 of the AF-coupled non-irritated 
regions 70, 74 are oppositely aligned With the magnetization 
in the ferromagnetic irradiated region 72*73, leading to a 
typical magnetic ?eld pro?le as indicated by S1. This repre 
sents one Written state, a “1”. Conversely, the other Written 
state, a “0”, is accomplished by applying a ?eld larger than 
the coercivity of the ferromagnetic regions 72*73 but 
smaller than the AF-coupling ?eld betWeen the top and bot 
tom ?lms 70*71 and 74*75 in the AF-coupled regions. In 
this Way, only the ferromagnetic region 72*73 sWitches its 
magnetization and aligns parallel to the top ?lms 70, 74. An 
inverted signal S2 is the result. The signals S1 (FIG. 4A) and 
S2 (FIG. 4B) depicted above the transition regions 80, 82 
shoW that While the signs of the signals from the transitions 
are different, the amplitudes are the same, regardless of the 
directions of the transitions. This is because each of the fer 
romagnetic ?lms 22, 24 is designed to have a magnetic 
moment so that the ?elds from the ?lms, as detected at the 
head, are the same, even though ?lm 22 is farther from the 
head. 

If the alternative embodiment Were used, Where Mrltl= 
Mr2t2 so that the layer 20 has substantially zero net magnetic 
moment, then S1 and S2 Would have different amplitudes. 
This is because the tWo ?lms 22, 24 Would then have the 
same magnetic moments, but ?lm 24 is farther from the 
head. Thus the signal S2 from the transitions in loWer ?lm 24 
Would have a smaller amplitude than the signal S1. 

While the present invention has been particularly shoWn 
and described With reference to the preferred embodiments, 
it Will be understood by those skilled in the art that various 
changes in form and detail may be made Without departing 
from the spirit, scope, and teaching of the invention. 
Accordingly, the disclosed invention is to be considered 
merely as illustrative and limited in scope only as speci?ed 
in the appended claims. 
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What is claimed is: 
1. A magnetic recording medium comprising: 
a substrate; 
a magnetic layer on the substrate and comprising a ?rst 

ferromagnetic ?lm, a second ferromagnetic ?lm, and a 
nonferromagnetic ?lm betWeen the ?rst and second fer 
romagnetic ?lms; and 
Wherein the magnetic layer [is] has a plurality of con 

centric data tracks, each of the data tracks being 
patterned along the track into ?rst regions With the 
?rst and second ferromagnetic ?lms being antiferro 
magnetically coupled across the nonferromagnetic 
?lm, and second regions With the ?rst and second 
ferromagnetic ?lms being ferromagnetically 
coupled, the second regions being magnetically 
recordable data bits. 

2. The medium of claim 1 Wherein the ?rst ferromagnetic 
?lm in the ?rst regions has a thickness t1 and a magnetiZa 
tion M1, the second ferromagnetic ?lm in the ?rst regions 
has a thickness t2 and a magnetiZation M2, and Wherein the 
magnetic moment per unit area (M2><t2) is greater than the 
magnetic moment per unit area (M1><t1), Whereby the mag 
netic ?eld from the ?rst regions is essentially Zero at a prede 
termined distance above the magnetic layer. 

3. The medium of claim 2 Wherein the ?rst and second 
ferromagnetic ?lms are formed of substantially the same 
material, and Wherein t2 is greater than t1. 

4. The medium of claim 1 Wherein the nonferromagnetic 
?lm is formed of a material selected from the group consist 
ing of ruthenium (Ru), chromium (Cr), rhodium (Rh), iri 
dium (lr), copper (Cu), and their alloys. 

5. The medium of claim 1 Wherein the ?rst and second 
ferromagnetic ?lms are made of a material selected from the 
group consisting of Co, Fe, Ni, and their alloys. 

6. [The medium of claim 1] A magnetic recording medium 
comprising: 

a substrate; 
a magnetic layer on the substrate and comprising a first 
ferromagnetic film, a second ferromagnetic film, and a 
nonferromagnetic?lm between the first and second fer 
romagnetic?lms; and 

wherein the magnetic layer is patterned into first regions 
with the?rst and secondferromagnetic?lms being anti 
ferromagnetically coupled across the nonferromagnetic 
film, and second regions with the first and second ferro 
magnetic?lm beingferromagnetically coupled; 

Wherein the ?rst ferromagnetic ?lm includes an interface 
?lm consisting essentially of cobalt located at the inter 
face of the ?rst ferromagnetic ?lm and the nonferro 
magnetic ?lm. 

7. [The medium of claim 1] A magnetic recording medium 
comprising: 

a substrate; 
a magnetic layer on the substrate and comprising a first 
ferromagnetic film, a second ferromagnetic film, and a 
nonferromagnetic?lm between the first and second fer 
romagnetic?lms; and 

wherein the magnetic layer is patterned into first regions 
with the?rst and secondferromagnetic?lms being anti 
ferromagnetically coupled across the nonferromagnetic 
film, and second regions with the first and second ferro 
magnetic?lm beingferromagnetically coupled; 

Where the second ferromagnetic ?lm includes an interface 
?lm consisting essentially of cobalt located at the inter 
face of the second ferromagnetic ?lm and the nonferro 
magnetic ?lm. 
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8. The medium of claim 1 further comprising a nonferro 

magnetic underlayer located on the substrate betWeen the 
substrate and the magnetic layer. 

9. The medium of claim 1 further comprising a protective 
overcoat formed over the magnetic layer. 

10. A magnetic recording disk comprising: 
a substrate; 
a nonferromagnetic underlayer on the substrate; 
a magnetic recording layer on the underlayer and having a 

plurality of concentric data tracks, the recording layer 
comprising a ?rst cobalt alloy ferromagnetic ?lm, a 
nonferromagnetic spacer ?lm of a material selected 
from the group consisting of ruthenium (Ru), chro 
mium (Cr), rhodium (Rh), iridium (lr), copper (Cu), 
and their alloys formed on and in contact With the ?rst 
ferromagnetic ?lm, and a second cobalt alloy ferromag 
netic ?lm formed on and in contact With the spacer ?lm, 
each of the data tracks on the magnetic recording layer 
being patterned along the track into ?rst regions 
Wherein the spacer ?lm has a thickness su?icient to 
induce the second ferromagnetic ?lm to be exchange 
coupled antiferromagnetically to the ?rst ferromagnetic 
?lm across the spacer ?lm and second regions Wherein 
the ?rst and second ferromagnetic ?lms are not antifer 
romagnetically coupled, Whereby each of said second 
regions [produce] produces a magnetic ?eld a predeter 
mined distance above the magnetic layer that is greater 
than the magnetic ?eld from each of said ?rst regions, 
the magnetic fields above the second regions represent 
ing the bits along the data track; and 

a protective overcoat formed on the magnetic recording 
layer. 

11. The disk of claim 10 Wherein the ?rst and second 
ferromagnetic ?lms of the magnetic recording layer are 
formed of substantially the same material. 

12. The disk of claim 10 Wherein the ?rst and second 
ferromagnetic ?lms of the magnetic recording layer are 
made of a material selected from the group consisting of Co, 
Fe, Ni, and their alloys. 

13. [The disk ofclaim 10] A magnetic recording disk com 
prising: 

a substrate; 
a nonferromagnetic underlayer on the substrate; 
a magnetic recording layer on the underlayer comprising 

a?rst cobalt alloyferromagnetic?lm, a nonferromag 
netic spacer film of a material selected from the group 
consisting of ruthenium (Ru), chromium (Cr), rhodium 
(Rh), iridium (Ir), copper (Cu) and their alloysformed 
on and in contact with the first ferromagnetic film, and 
a second cobalt alloyferromagnetic?lmformed on and 
in contact with the spacer film, the magnetic recording 
layer being patterned into first regions wherein the 
spacer film having a thickness su?icient to induce the 
second ferromagnetic film to be exchange coupled anti 
ferromagnetically to the first ferromagnetic ?lm across 
the spacer film and second regions wherein the first and 
second ferromagnetic film are not antiferromagneti 
cally coupled, whereby said second regions produce a 
magnetic field a predetermined distance above the 
magnetic layer that is greater than the magnetic field 
from said first regions; and 

a protective overcoat formed on the magnetic recording 
layer; 

Wherein the ?rst ferromagnetic ?lm of the recording layer 
includes an interface ?lm consisting essentially of 
cobalt located at the interface of the ?rst ferromagnetic 
?lm and the spacer ?lm. 
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14. [The disk ofclaim 101A magnetic recording disk com- cally coupled, whereby said second regions produce a 
prising: magnetic ?eld a predetermined distance above the 

a Substrate; magnetic layer that is greater than the magnetic field 
a nonferromagnetic underlayer on the substrate; ?om said?rsz regions). and 
a magnetic recording layer on the underlayer comprising 5 

a?rsz cobalt alloyfermmagnezic?lml a nonfermmag a protective overcoatformed on the magnetic recording 
netic spacer film of a material selected from the group lay er 1' 
consisting of ruthenium (Ru), chromium (Cr), rhodium wherein the second ferromagnetic ?lm of the recording 
(Rh)! lrldlum (Ir )1 copper (Cu)! and the” alloys/‘10" med layer includes an interface ?lm consisting essentially of 
on and in contact with the?rstferromagnetic?lm, and 10 
a second cobalt alloyferromagnetic?lmformed on and 
in contact with the spacer film, the magnetic recording 
layer being patterned into first regions wherein the 

cobalt located at the interface of the second ferromag 
netic ?lm and the spacer ?lm. 

15. The medium ofclaim 1 wherein the second regions are 

spacer?lm has a thickness su?icient to induce the sec- ion'irmdialed regions 
ondferromagnetic?lm [0 be exchange coupled anllfer- 15 16. The disk ofclaim 10 wherein the second regions are 
romagnetically to the first ferromagnetic ?lm across the ion-irradiated regions. 
spacer film and second regions wherein the first and 
second ferromagnetic films are not antiferromagneti- * * * * * 


