
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 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. 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. 



[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.  DETAILED DESCRIPTION 



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.
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. 100121 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. 100131
Perpendicular magnetic recording media are magnetic recording media 18 with
a perpendicular magnetic anisotropy field (14) 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. 100141 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  an areal recording density of the magnetic recording medium 18
(expressed in Gigabits per square inch (Gb/in2)). Magnetic storage media 18
with smaller average grain diameters may allow an increase in the areal
recording density of the magnetic recording media. 



[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 coupling
among the magnetic grains to maintain a narrow switching field distribution
(SFD); and sufficient uniformity of magnetic properties among the grains to
maintain thermal stability and minimize the SFD. [0016] As areal recording
density continues to increase, magnetic grains with a smaller average
diameter may be used to maintain at a similar value the number of magnetic
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 (K11
V. where Ku is magnetic anisotropy energy per unit volume and V 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
(kaT, where kBis 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, Ku. While Ku is the label for magnetic anisotropy energy per
unit volume, Ku 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, lib of the magnetic  grains. (Hk=2KINIs, where M, is the
saturation magnetization of the material.) Magnetic grains having a higher
magnetic anisotropy field usually have higher magnetic anisotropy energy,
lc, and are thus more thermally stable than a similarly sized grain having
a lower magnetic anisotropy field. However, increasing the average magnetic
anisotropy field of the grains also may increase the magnetic field used to
change the magnetic orientation of the grains, thus increasing the magnetic
field used to record data. 



[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 layers. [0020] Some ECC structures have been proposed in which
the magnetic recording layer is composed of a continuously graded material
(e.g., a composition of the magnetic recording layer changes substantially
continuously and is not divided into separate sublayers),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 (Ilkal/x2, 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 lika.//x2 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  embodiment of an ECC recording layer according to the present
disclosure is illustrated in FIG. 3.Magnetic recording medium 18
illustrated in FIG. 3 includes a substrate 32, a soft under layer (SUL) 34,
a first interlayer 36, a second interlayer 38, a perpendicular recording
layer40, and a protective overcoat 54. [0022] Substrate 32 may include any
material that is suitable to be used in magnetic recording media,
including, for example, Al, NiP plated Al, glass, or ceramic glass. [0023]
Although not shown in FIG. 2, in some embodiments, an additional under
layer maybe present immediately on top of substrate 32. The additional
under layer may be amorphous and provides adhesion to the substrate and low
surface roughness. [0024] A soft under layer (SUL) 34 is formed on
substrate 32 (or the additional under layer, if one is present). SUL 34 may
be any soft magnetic material with sufficient saturation magnetization
(A/fd and low magnetic anisotropy field (Hk). For example, SUL 34 may be
anamorphous soft magnetic material such as Ni; Co; Fe; an Fe-containing
alloy such as NiFe (Permalloy), FeSiAl, or FeSiAlN; a Co-containing alloy
such as CoZr, CoZrCr, or CoZrNb;or a CoFe-containing alloy such as
CoFeZrNb, CoFe, FeCoB, or FeCoC. 



[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 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, HkI, second magnetic layer 46has a second magnetic
anisotropy field, Hk2, and third magnetic layer 50 has a third magnetic
anisotropy field, Hs. 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  recording layer 40
(e.g., the magnetic easy axes of first magnetic layer 42, second magnetic
layer 46, and third magnetic layer 50 may each be substantially
perpendicular to the plane of recording layer 40). First exchange break
layer 44may be used to adjust the vertical exchange coupling between first
magnetic layer 42 and second magnetic layer 46, and second exchange break
layer 48 may be used to adjust vertical exchange coupling between second
magnetic layer 46 and third magnetic layer 50. In some examples, magnetic
recording layer 40 may include additional exchange break layers and
magnetic layers (e.g., n magnetic layers and as many as n-/exchange break
layers). [0028] Each of first magnetic layer 42, second magnetic layer 46,
and third magnetic layer50 may be granular, and may include magnetic grains
substantially separated from adjacent magnetic grains by non-magnetic
material. In some embodiments, at least one of first magnetic layer 42,
second magnetic layer 46, and third magnetic layer 50 may include 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, at least one
of first magnetic layer 42, second magnetic layer 46, and third magnetic
layer 50 may include, for example, an Fe-Pt alloy or a Sm-Co alloy. In some
embodiments, at least one of first magnetic layer 42, second magnetic layer
46, and third magnetic layer 50 may include alternating thin layers of a Co
alloy and a Pt alloy or a Co alloy and a Pd alloy. In some embodiments, the
non-magnetic material separating the grains in at least one of first
magnetic layer 42, second magnetic layer 46, and third magnetic layer 50
may comprise an oxide, such as, for example, Si02, TiO2CoO,Cr203, Ta205,
which separate the magnetic grains. In other embodiments, the non-magnetic
material separating the grains in at least one of first magnetic layer 42,
second magnetic layer46, and third magnetic 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 Hk 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
layer 44 and second exchange break layer 48 each comprise a material with
relatively low saturation magnetization (M). For example, at least one of
first exchange break layer 44 and second exchange break layer 48 may
include a CoxRui, alloy. As another example, at least one of first exchange
break layer 44 and second exchange break layer 48 may include or consist
essentially of ruthenium. As used herein, "consist essentially of' may
indicate that the layer consists of the named material, but may include
impurities deposited with the named material, or other elements or
materials that have diffused into the layer from adjacent layers. In
examples in which first exchange break layer 44 or second exchange break
layer 48 comprises a Co,Rui.x alloy, the break layer 44 or 48 may comprise
a thickness of less than approximately 3 tun In examples in which first
exchange break layer44 or second exchange break layer 48 consists
essentially of Ru, the break layer 44 or 48 maybe thinner, e.g., less than
approximately 3 A. [0031] In addition to Ru or a Coxilui,alloy, first
exchange break layer 44 and/or second exchange break layer 48 may
optionally comprise a non-magnetic oxide, such as, for example, Si02, Ti02,
Co02, Cr203, Ta205. The non-magnetic oxide may serve to facilitate
subsequent deposition of a granular second magnetic layer 44 on first
exchange break layer44 or a granular third magnetic 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  oxide, such as, for example, Si0",
TiOx, Ta0., WO., NbO., CrO., Co0.. In other embodiments, CGC layer 52may
not include an oxide (i.e., may be free from any oxide). [0033] The
particular compositions of first magnetic layer 42, second magnetic layer
46,and third magnetic layer 50 may be selected to provide a predetermined
magnetic anisotropy field, Pik, for each of the respective layers 42, 46,
50. In particular, the composition of first magnetic layer 42 may be
selected to provide a first magnetic anisotropy field, Hki, the composition
of second magnetic layer 46 may be selected to provide a second magnetic
anisotropy field, Hk2, and a composition 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 magnetic layer,
which may be first magnetic layer 42 in some implementations, may be
limited to a magnetic anisotropy field of approximately 30 kOe (e.g., when
formed of a Co alloy). Because of this, the hardest magnetic layer may not
be sufficiently stable when an average grain size of magnetic recording
layer 40 is sufficiently small. In order to overcome this, an average
anisotropy of first magnetic layer 42, second magnetic layer 46, and third
magnetic layer 50 may be relatively high such that at least two of the
three magnetic 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 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 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  proportion of magnetic recording layer 40 being formed
of a material with a relatively high magnetic anisotropy field. [0035] The
particular values ofHU, HU, and Hk3 may depend on, for example, a recording
head used to write data to magnetic recording layer 40, a size of the
individual grains in the respective layers 42, 46, 50, the respective
magnetic anisotropy field of the other two layers, a thickness of the
respective layer, a saturation magnetization of the respective layer, or
the like. In some embodiments, the range of 11k values for the respective
layers 42, 46, 50 maybe affected by the contribution of the K"V magnetic
anisotropy energies of each of the layers 42, 46, 50. For example, a first
magnetic layer 42 with a lower value of ICV is easier to write to than a
first magnetic layer 42 with a higher value of ICV (i.e., it allows a lower
applied magnetic field to switch magnetic orientation of the grains in a
layer 42 with a lower value of IC"V). Thus, a first magnetic layer 42
having a lower value of IC"V may allow use of a second magnetic layer 46
having a lower Ho value and a third magnetic layer 50 having a lower Hk3
value to drive the ECC-assisted writing process. However, the lower value
of K"V may use a greater magnetic anisotropy energy contribution (K,,V)
from second magnetic layer 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 Hk value,
the K"V anisotropy energy contribution may be affected by changing the
saturation magnetization, Ms, of the material, as K"V=2HkV/M5. Additionally
or alternatively, the effective volume, V. 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). 



[00361 The ranges of values which HkI, 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 embodiments, &I may be greater than
approximately 24 kOe or less than 16 k0e.  Some examples of values for Hki
include approximately 20 kOe or approximately 24 k0e. [0037] In some
embodiments, Hk2 may be between approximately 12 kOe and approximately 24
k0e, while in other embodiments, Hk2may be greater than 24 kOe or less than
12 k0e. Some examples of values for Hk2 include between approximately 12
kOe and approximately15 k0e, approximately 16 k0e, approximately 19 k0e, or
approximately 24 k0e. [0038] In some embodiments, Hu may be less than
approximately 15 k0e, while in other embodiments, 143 may be greater than
15 k0e. Some examples of values for 143 include between approximately 3 kOe
and approximately 9 k0e, approximately 9 k0e, approximately 6 k0e, or
approximately 1 k0e. [0039] Considered together, in some embodiments, Hu
may be between approximately 16 kOe and approximately 24 k0e, Hk2may be
between approximately 12 kOe and approximately 24 k0e, and Hk3 may be less
than Hk2, such that the values of Hki, Hk2, and Ho satisfy the relationship
HH-Hk2<Hk2-Hk3. In some embodiments, 141 is between approximately 20 kOe
and approximately 22 k0e, Hk2 is between approximately 17 kOe and
approximately 20 k0e, and Hk3 is between approximately 9 kOe and
approximately 14 k0e. In another embodiment, Pt concentration in layer 1 is
approximately 18-22 at %, Pt concentration in layer 2 is approximately
14-18 at %, and Pt concentration in layer 3 is less than about 14 at %, Hk2
is approximately 17-20 k0e, and Hk3 is approximately 9-14 k0e. [0040] In
some embodiments, the relationship between 142, 142, and Hk3 may be further
defined by a ratio between Hk2and 142 and/or a ratio between 143 and 142.
For example, the ratio 142/141 may be greater than the ratio Hk3/Hk2. In
some embodiments, Hk2/Hia may be greater than approximately 0.6 and
Hk3/Hk2may be less than approximately 0.6. In some embodiments, 142/142 may
be greater than approximately 0.7 and Hk3/Hk2may be less than approximately
0.7. In some embodiments, Hk2/Hk, may be greater than approximately 0.9and
Hk3/Hk2may be less than approximately 0.9. In some embodiments, Hk2/14/ may
be greater than approximately 1.0 and Hk3/Hk2may be less than approximately
1.0. In one embodiment, Hk2/1-4/ may be approximately 1.2. 



[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 between approximately 350
emu/cm3 and approximately 700 emu/cm3. In some examples, the saturation
magnetization of at least one of first magnetic layer 42, second magnetic
layer 46, and third magnetic layer 50 may be between approximately 450
emu/cm3 and approximately 700 emu/cm3. For example, the saturation
magnetization of at least one of first magnetic layer 42, second magnetic
layer 46, and third magnetic layer 50 may be approximately 550 emu/cm3.
[0043] A thickness of first magnetic layer 42 may be between approximately
5 nm and approximately 10 nm. A thickness of second magnetic layer 46 may
be between approximately 3 nm and approximately 7 nm, and a thickness of
third magnetic layer 50 maybe less than approximately 10 nm. As described
above, a thickness of each of the respective magnetic layers 42, 46, 50,
may have an effect on the selection of the Hk value and/or the M, value for
the respective layers 42, 46, 50. In one embodiment, the thickness of
second magnetic layer 46 may be less than approximately 4 nm and Hki/Hk2is
greater than approximately 0.8 and Hk2/Hk3is less than approximately 0.8.
[0044] FIGS. 4A-4E are diagrams illustrating examples of magnetic
anisotropy field configurations for first magnetic layer 42, second
magnetic layer 46, and third magnetic layer50. FIGS. 4A-4E illustrate
examples of configurations of magnetic recording layer 40 in which the
compositions of first magnetic layer 42, second magnetic layer 46, and
third magnetic layer 50 are selected such that the difference HkrHk2 is
less than the difference 142-Hk3. As described above, the relationship
between HE, Hk2, and Hk3 may be further defined by a first ratio
Hollmandlor a second ratio Hk3/Hk2. [0045] For example, FIG. 4A illustrates
a magnetic recording layer 40 in which HkrHk2 is less than Hk2-Hk3.
Additionally, Hk2/Hkr may be greater than approximately 0.6, and in some
embodiments, may be greater than approximately 0.9. The ratio Hk3/Hk2of the
configuration of magnetic recording layer 40 illustrated in FIG. 4A may be
less than  approximately 0.6, and may be less than 0.1. For example, 14/
may be between approximately 16 kOe and approximately 24 k0e, 1-42 may be
between approximately 12 kOe and approximately 24k0e, and 143 may be less
than approximately 15 k0e. In one embodiment, Hid is approximately 20 k0e,
Ho is approximately 16 k0e, and Ho is approximately 9 k0e. In another
embodiment, Hu is approximately 20 k0e, Hp is approximately 19 k0e, and H
k3 is approximately 6 k0e. In a further embodiment, Hki is approximately 24
k0e, 'leis approximately 16 k0e, and H k3 is approximately 1 k0e. [0046] As
another example, FIG. 4B illustrates a magnetic recording layer 40 in which
Hki-Hk2is less than H k2-Hk3. Additionally, HU-H is less than zero, and
Hk2/Hki is greater than approximately 1.0, such as, for example,
approximately 1.2. In the embodiment illustrated in FIG. 4B, the ratio
Hk3/Hk2may be less than approximately 0.6 and, in some embodiments, may be
less than approximately 0.1. In one embodiment, 14/ is approximately 20
k0e, Hk2 is approximately 24 k0e, and 143 is approximately 1 k0e. 



[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 be approximated by a thickness-weighted average of 143 and a
magnetic anisotropy field of CGC layer 52, 144. The composite layer (third
magnetic layer 50 and CGC layer 52) may be considered together for
contribution of magnetic anisotropy energy ICV and the calculation of Ic V
for the composite 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 52 may exert an ECC
effect on second magnetic layer 46 and first magnetic layer 42
substantially similar to a single layer comprising a magnetic anisotropy
field 1434. Lateral exchange coupling among grains within CGC layer 52 may
decrease the applied magnetic field used to switch magnetic orientation of
grains within CGC layer 52 compared to a layer with an equal 14 but lower
lateral exchange coupling. Thus, in some embodiments, the effective 1434
may be lower than the thickness-weighted  average of Hk3 and 144.
Accordingly, in some embodiments, only Hk3 and not Hk4 may be considered
when defining the convex magnetic anisotropy grading. 100481 In some
embodiments, as illustrated in FIGS. 4C and 4D, CGC layer 52 may comprise a
magnetic anisotropy field, 144, that is less than or substantially equal to
143. In some embodiments, as illustrated in FIG. 4C, a difference between
the magnetic anisotropy fields of CGC layer 52 and third magnetic layer 50,
Hk4-Hk3, may be greater than the difference Hs-H. In other words, the
convex magnetic anisotropy field gradient may extend into CGC layer 52.
100491 In other embodiments, as illustrated by FIG. 4D, Hk4-Hk3 may not be
greater than the difference 143-lin. In such an embodiment, the convex
magnetic anisotropy field gradient may not extend into CGC layer 52, but
may extend substantially through first magnetic layer42, second magnetic
layer 46, and third magnetic layer 50. 100501 In other embodiments, as
illustrated in FIG. 4E, CGC layer 52 may comprise a magnetic anisotropy
field, 144, which is greater than Hk3. Similar to an embodiment in which
Hk4-Hk3 is not greater than the difference Hks-Hk.2, when Hu is greater
than HM. 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. 100511 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-1) layers, including n magnetic layers alternating
with n-1 exchange break layers, where n 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 



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 an
oxide, such as, for example, Si02, TiO2CoO, Cr203, Ta205, 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 COxRU1-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 COxRui_" alloy, the break layer 64 may
comprise a thickness of less than approximately 3 run. 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, 0, 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,
Si02, TiO2CoO, Cr203, Ta205, which separate the magnetic grains. In other
embodiments, the non-magnetic magnetic material separating the grains in
second magnetic layer 66 may comprise Cr, B, C, or another
non-ferromagnetic element. 100541 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 Hk03.2)-Hkoi.D is less than Hko,_D-Hkothwhere Ilki 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 Hick-Hk2 is less than Hk2-Hk3.
Exchange break layer n-I 68 is formed on magnetic layer n-1 (not shown).
Exchange break layer n-I 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., CO,Rui.x. In addition to Ru or a
COxR,1_,, alloy, exchange break layer n-1 68 may optionally include a
non-magnetic oxide, such as, for example, Si02, TiO2CoO,Cr203, or Ta205.
[0055] Magnetic layer n 70 is formed on exchange break layer n-I 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 n 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, Si02,
TiO2CoO,Cr203, or Ta205, 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. 



[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 has a second magnetic anisotropy
field, Hk2. In some embodiments, the 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, Hk3. In some
embodiments, Hkr-Hkz is less than Hk2-Hk3. [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-1 layers, including n magnetic layers and as many as n-1 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. 100591 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).  EXAMPLES 



[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
A181 is a saturation magnetization of layer i, 5, is a thickness of layer
i, Msi is a saturation magnetization of layer 1 (i.e., a first magnetic
layer), and SI is a thickness of layer 1 . [0061] Equation 2 defines an
effective anisotropy of a layer i, Ki: MsiiiAiSiHAi 



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 



Equation 3  where Jii is a quantum mechanical coupling between layer I 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 switching
three-layer magnetic recording layer, in which the three magnetic layers
had magnetic anisotropies of HAI, 11,42=0.75H41, and HA3=0.51-14] . Such a
magnetic anisotropy distribution resulted in an average magnetic anisotropy
<H4> of 0.8125HAI. In making the Examples, then, <HA> was kept constant,
and a K2 value was selected, which set the 1c3 value.x12 and 723 were free
parameters. [0065] Example 1 [0066] FIGS. 6A and 6B illustrate an example
in which the magnetic anisotropy value, HA!, of magnetic layer 1 was 20
k0e, the magnetic anisotropy value, H A2, of magnetic layer 2 was 16 k0e,
and the magnetic anisotropy value, H43, of magnetic layer 3 was 9 k0e. Such
magnetic anisotropy distribution is a convex magnetic anisotropy gradient
according to the disclosure. HAI-H42 is 4 k0e, which is less than H42-H43,
which is 7 k0e. Further, HA2/HA, is 0.8, which is greater than HA3/H42
(0.5625). In Example 1, A2=A3-=0.5, IC2=0.4, ic3=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 HA) =20 kOe and a
relative effective thickness oft, the second magnetic layer had an
anisotropy of 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 magnetic anisotropy
distribution resulted in an effective thickness-weighted average magnetic
anisotropy <114> of 0.8125H4I=16.25 k0e, 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
recording layer compared to a magnetic recording layer including only the
first magnetic layer. [0068] In comparing magnetic orientation switching
performance of Example 1 with the reference coherently-switching magnetic
recording layer, a minimum normalized 11value(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
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 H, value at x12-0.45 and 723=0.45 is approximately 0.73, as
illustrated by circle 84. 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 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 recording layer
comprising three magnetic layers selected to provide a linear magnetic
anisotropy gradient. [0069] Example 2 



[0070] FIGS. 7 A and 7B illustrate an example in which the magnetic
anisotropy value, HAI, of magnetic layer 1 was 20 k0e, the magnetic
anisotropy value, HA2, of magnetic layer 2 was 19 k0e, and the magnetic
anisotropy value, HA3, of magnetic layer 3 was 6 k0e, Such magnetic
anisotropy distribution is a convex magnetic anisotropy gradient according
to the disclosure. HAI-HA2 is 1 k0e, which is less than HA2-H43, which is
13 k0e. Further, HAJH A is 0.95, which is greater than HA3/HA2 (0.3158). In
Example 1, A2=6.3=0.5, x2=0.475, x3=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 HAr=20 kOe and a relative
effective thickness of 1, the second magnetic layer had an anisotropy of
HA2=0.95HA1=19 kOe and a relative effective thickness of 0.5, and the
third magnetic layer had an anisotropy of HA3=0.31-I42=6 kOe and a relative
effective thickness of 0.5. Such a magnetic anisotropy distribution
resulted in an average magnetic anisotropy <HA>of 0.8125HAI-16.25 k0e, and
an energy bather change AE/ AEI of 1.625. The energy bather 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. [0072] In comparing magnetic
orientation switching performance of Example 2 with the reference
coherently-switching magnetic recording layer, a minimum normalized 11"
value was found at an energy bather substantially equal to the energy
barrier of the reference magnetic recording layer (1.625). With reference
to FIGS. 7 A and 7B, approximate coordinates of circle 86 are x12=0.45
andx23=0.45. Turning to FIG. 7 A, the normalized H, value at 202=0.45 and
x23=0.45 is approximately 0.68, as illustrated by circle 88. Comparing this
to the normalized Hsu, value of the reference film, 0.8125, the magnetic
anisotropy gradient in Example 1 provides a reduction in normalized 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 



100741 FIGS. 8A and 8B illustrate an example in which the magnetic
anisotropy value, HA], of magnetic layer 1 was 20 k0e, the magnetic
anisotropy value, HA2, of magnetic layer 2 was 24 k0e, and the magnetic
anisotropy value, HA3, of magnetic layer 3 was 1 k0e. Such magnetic
anisotropy distribution is a convex magnetic anisotropy gradient according
to the disclosure. HAI-HA2 is -4 k0e, which is less than HA2-HA3, which is
23 k0e. Further, HA2/HATis 1.2, which is greater than H43/HA2(0.0417). In
Example 1, A2=6,3=0.5, k2=0.6, x3=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  HA ,--20k0e and a relative
effective thickness of!, the second magnetic layer had an anisotropy of
H/f2= 1-2HA1=24 kOe and a relative effective thickness of 0.5, and the
third magnetic layer had an anisotropy off1A3=0.05HA1=1 kOe and a relative
effective thickness of 0.5. Such a magnetic anisotropy distribution
resulted in an average magnetic anisotropy <HA >of 0.81 25HA1=16.25k0e, 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 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 I-L", 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
xi2=0.45 andx23-0.45.Turning to FIG. 8A, the normalized Hsu, value at
x12=0.45 andx23=0.45is approximately 0.55, as illustrated by circle 92.
Comparing this to the normalized 11," value of the reference film, 0.8125,
the magnetic anisotropy gradient in Example 1 provides a reduction in
normalized It", 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, HAi, of magnetic layer 1 was 24 k0e, the
magnetic anisotropy value, 11,12, of magnetic layer 2 was 16 k0e, and the
magnetic anisotropy value, 11,3, of magnetic layer 3 was 1 k0e. Such
magnetic anisotropy distribution is a convex magnetic anisotropy gradient
according to the disclosure. HAi-HA2is 4 k0e, which is less than HA2-11,43,
which is 15 k0e. Further, HA2/HAiis 0.667, which is greater than HA3/H,42
(0.0625). In Example 1, 6.2=A3=0.5, 1C2=1/3, x3=1/48. 



[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 layer had an
anisotropy of HA2-(2/3)HA2-16 kOe and a relative effective thickness of
0.5, and the third magnetic layer had an anisotropy of HA3=(l/24)HAr=1 kOe
and a relative effective thickness of 0.5. Such a magnetic anisotropy
distribution resulted in an average magnetic anisotropy <HA> of 0.677 HAI=
16.25 k0e, 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 1-15W 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
x12=0.35 andx23=0.4. Turning to FIG. 9A, the normalized Hs", value at
)02=0.35 andx23-0.4is approximately 0.42, as illustrated by circle 96.
Comparing this to the normalized 14", value of the reference film, 0.677,
the magnetic anisotropy gradient in Example 4 provides a reduction in
normalized Hs. 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.  CLAIMS: 



1. An apparatus comprising: a first magnetic layer having a first magnetic
anisotropy field, Hkg 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, Ha' a second exchange break layer formed on the second
magnetic layer; and       a third magnetic layer formed on the second
exchange break layer, wherein the third magnetic layer has a third magnetic
anisotropy field, Ha and wherein likt-Hk2is less than Hk2-1-43.  2. The
apparatus of claim 1, wherein a first ratio Hk2/Hkris 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, Pti, content between
approximately 18 at. % and approximately 22 at. %, the second magnetic
layer comprises a Pt content, Pt2, between approximately 14 at. % and
approximately 18 at. %, and the third magnetic layer comprises a Pt
content, Pt3, less than approximately 14 at. %, and wherein Pt1-Pt2is less
than Pt2-Pt3.  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, further comprising a
continuous granular composite layer formed on the third magnetic layer,
wherein the continuous granular composite layer has a magnetic anisotropy
field Hic4, and wherein Hmis greater than 143.  9. The apparatus of claim
1, further comprising a continuous granular composite layer formed on the
third magnetic layer, wherein the continuous granular composite layer has a
magnetic anisotropy field Hk4, and wherein Hulls less or approximately
equal to 143. 



10. The apparatus of claim 1, wherein His is between approximately 16 kOe
and approximately 24 k0e.  11. The apparatus of claim 10, wherein Hk2is
between approximately 12 kOe and approximately 24 k0e.  12. The apparatus
of claim 11, wherein Hk3is less than approximately 15 k0e.  13. The
apparatus of claim 1, wherein fluis between approximately 20 kOe and
approximately 22 k0e, wherein Hk2is between approximately 17 k0 and
approximately 20k0e, and wherein Hk3is between approximately 9 kOe and
approximately 14 k0e.  14. The apparatus of claim I, wherein at least one
of the first magnetic layer, the second magnetic layer, and the third
magnetic layer comprises at least one of a Co alloy, alternating layers of
a Co alloy and a Pt alloy, or alternating layers of a Co alloy and a Pd
alloy.  15. An apparatus comprising: N magnetic layers; and 



n-1 exchange break layers, wherein n is greater than or equal to three,
wherein the n-/exchange break layers alternate with the n magnetic layers
in the apparatus, and  wherein then magnetic layers comprise respective
magnetic anisotropy fields such that the n magnetic layers have a convex
magnetic anisotropy field gradient.  16. The apparatus of claim 15, wherein
n equals four, wherein a first magnetic layer comprises a first magnetic
anisotropy fieldwherein a second magnetic layer comprises a second magnetic
anisotropy field Hk2, wherein a third magnetic layer comprises a third
magnetic anisotropy field 143, wherein a fourth magnetic layer comprises a
fourth magnetic anisotropy field 144, wherein liki-Hk2 is less than
Hk2-Hk3, and wherein142.143is less than143-Hk4.  17. The apparatus of claim
15, wherein a first ratio Hk2/Hki is greater than a second ratio Hk3/142,
and wherein the second ratio is greater than a third ratio Hu/143. 18. A
method of forming a perpendicular magnetic recording layer comprising:
forming a first magnetic layer having a first magnetic anisotropy field,
Hkj; 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, Hk2;
forming a second exchange break layer on the second magnetic layer; and
forming a third magnetic layer on the second exchange break layer, wherein
the third magnetic layer has a third magnetic anisotropy field, 143, and
wherein Hki-Hk2is less than Hk2-Hk3.  19. The method of claim 18, wherein a
first ratio Hk2/Hki is greater than a second ratio Hk3/Hk2.  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. 




