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(57) ABSTRACT

Disclosed herein are sliders that include at least one leading-
edge pocket, data storage devices comprising such sliders,
and methods of manufacturing such sliders. The at least one
leading-edge pocket increases the amount of gas flowing
into the leading edge area of the ABS, which can improve
the performance of the slider in low-pressure environments,
such as sealed helium data storage devices. The at least one
leading-edge pocket can have a variety of shapes, sizes, and
features to achieve the desired slider performance (e.g., fly
height, stability, etc.) in low-pressure environments.
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SLIDER GAS-BEARING SURFACE DESIGNS
WITH LEADING-EDGE POCKETS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application 1s a divisional of U.S. patent
application Ser. No. 15/846,168, filed Dec. 18, 2017 and
entitled “SLIDER GAS-BEARING SURFACE DESIGNS
WITH LEADING-EDGE POCKETS.” U.S. patent applica-
tion Ser. No. 15/846,168 1s hereby incorporated by reference
in 1ts entirety for all purposes.

BACKGROUND

[0002] Data storage systems are used to store large
amounts of information. A data storage system typically
includes a read/write transducer for retrieving and storing
information. Some data storage systems use rotating storage
devices, such as rotating optical devices (e.g., CD and DVD
drives) or hard disk drives containing rotating magnetic
disks (also referred to as platters or media). In some such
data storage systems, a suspended slider supports a head that
includes the read/write transducer. The slider provides
mechanical support for the head and the electrical connec-
tions between the head and the rest of the data storage
system.

[0003] When the data storage system 1s in operation, the
slider floats a small distance above the recording medium
(1.e., a hard disk 1n a hard disk drive), which rotates at high
speeds. Components of the data storage system move the
slider and, therefore, the head to a desired radial position
over the surface of the rotating medium, and the head reads
or writes information. The slider rides on a cushion or
bearing of air or gas created above the surface of the medium
as the disk rotates at 1ts operating speed. The slider has an
air-bearing surtface (ABS) that faces the medium. The ABS
1s designed to generate an air-bearing force that counteracts
a preload bias that pushes the slider toward the medium. The
ABS causes the slider to fly above and out of contact with
the medium.

[0004] Many data storage devices, such as hard disk
drives, are operated 1n a standard air (e.g., nitrogen, oxygen,
and water vapor mixture) atmosphere. Spinning disks 1n
hard disk drives at high revolutions per minute against the
friction of an air atmosphere 1s largely ineflicient and
requires a certain amount of power. As an alternative, data
storage devices, such as hard disk drives, can be filled with
a lower-density gas, such as helium, and sealed to control
and maintain the device’s internal environment. Sealing
mitigates or prevents leakage of internal gases from within
the storage device. The use of helium, which has a density
that 1s approximately one-seventh that of air, reduces friction
and vibration in the device, thereby creating less drag and
turbulence. Consequently, by running the hard disk drive in
a less-dense atmosphere, such as an atmosphere of helium or
a helium mixture, friction on the disk 1s reduced, thereby
causing the disk to require less power 1n order to spin at a
similar rate as the disks 1n drives that operate 1n standard air
conditions. The use of helium also reduces the operating
temperature of the drive, as well as noise generated by the
drive.

[0005] The lower ambient pressure 1n sealed helium drives
poses challenges to ABS designs, however. When operating
in helium or a helium mixture, rather than air, a slider with
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a conventional ABS shape (1.e., designed to operate 1n a
standard air atmosphere) can lose 1ts pitching stability. Thus,
there 1s an ongoing need for slider designs that improve the
performance of magnetic storage systems 1n lower-pressure
atmospheres.

SUMMARY

[0006] Daisclosed herein are novel slider designs and data
storage devices comprising sliders embodying the novel
designs. Sliders incorporating the disclosures herein are
particularly usetul 1n low-ambient-pressure conditions, such
as, for example, 1n sealed helium hard disk drives. The
designs include at least one large front opening etched out of
or created 1n the leading-edge surface of the slider (a feature
referred to herein as a leading-edge pocket) to increase the

amount of gas flowing into the leading-edge area of the
ABS.

[0007] In some embodiments, a slider for a data storage
device comprises a first side-edge surface, a second side-
edge surface, a leading-edge surface extending between a
front edge of the first side-edge surface and a front edge of
the second side-edge surface, a back-edge surface, an air-
bearing surface (ABS), and at least one leading-edge pocket
in the leading-edge surface. The ABS has at least a first level,
a second level, and a third level, wherein, 1n an orientation
in which the ABS 1s oriented upward, the first level 1s above
the second level, and the second level 1s above the third
level, and the third level 1s above the back-edge surface. The
at least one leading-edge pocket does not intersect either the
first side-edge surface or the second side-edge surface. In an
orientation 1n which the ABS 1s oriented upward, a depth of
the at least one leading-edge pocket 1s at or below the third
level. At least a portion of a cross-section of the slider
intersecting the at least one leading-edge pocket and taken
between the leading-edge surface and the trailing-edge sur-
face and parallel to the first side-edge surface has a shape of
an obtuse angle where the cross-section intersects the at least
one leading-edge pocket.

[0008] In some embodiments, a distance between the first
level and the third level 1s between approximately 0.35 um
and approximately 5.2 um. In some embodiments, a distance
between the first level and the third level 1s greater than
about 2.5 um.

[0009] In some embodiments, a width of the at least one
leading-edge pocket 1s between approximately 1 um and
approximately 300 um.

[0010] In some embodiments, the at least one leading-
edge pocket comprises a first leading-edge pocket and a
second leading-edge pocket, a midpoint of a width of the
first leading-edge pocket 1s a first distance from the first
side-edge surface, and a midpoint of a width of the second
leading-edge pocket 1s a second distance from the second
side-edge surface, wherein the first distance 1s substantially
equal to the second distance. In some embodiments having
a first leading-edge pocket and a second leading-edge
pocket, the first and second leading-edge pockets are sub-
stantially identical.

[0011] Insome embodiments, the at least one leading-edge
pocket comprises a first leading-edge pocket and a second
leading-edge pocket, and a width of the first leading-edge
pocket 1s substantially equal to a width of the second
leading-edge pocket. In some embodiments having a first
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leading-edge pocket and a second leading-edge pocket, the
width of the first leading-edge pocket 1s between approxi-
mately 1 um and 300 um.

[0012] In some embodiments, the at least one leading-
edge pocket comprises a first leading-edge pocket and a
second leading-edge pocket, wherein the first and second
leading-edge pockets are substantially identical, and
wherein a distance between the first level and the third level
1s greater than about 2.5 um. In some embodiments having
a first leading-edge pocket and a second leading-edge pocket
a width of each of the first and second leading-edge pockets
1s between 100 um and 300 um.

[0013] In some embodiments, at least a portion of a
cross-section of the shider intersecting the at least one
leading-edge pocket and taken between the first side-edge
surface and the second side-edge surface and parallel to the
leading-edge surface has a shape of a portion of a rectangle
or a portion of a trapezoid where the cross-section intersects
the at least one leading-edge pocket. In some embodiments
in which at least a portion of a cross-section of the slider
intersecting the at least one leading-edge pocket and taken
between the first side-edge surface and the second side-edge
surface and parallel to the leading-edge surface has a shape
ol a portion of a rectangle or a portion of a trapezoid where
the cross-section intersects the at least one leading-edge
pocket, a distance between the first level and the third level
1s greater than about 2.5 um.

[0014] In some embodiments, at least a portion of a
cross-section of the shider intersecting the at least one
leading-edge pocket and taken between the first side-edge
surface and the second side-edge surface and parallel to the
leading-edge surface includes a right angle where the cross-
section 1ntersects the at least one leading-edge pocket.
[0015] In some embodiments, at least a portion of a
cross-section of the slider intersecting the at least one
leading-edge pocket and taken between the first side-edge
surface and the second side-edge surface and parallel to the
leading-edge surface includes an obtuse angle or an acute
angle where the cross-section intersects the at least one
leading-edge pocket.

[0016] In some embodiments, a slider for a data storage
device comprises an air-bearing surface (ABS), a leading-
edge surface, and at least one leading-edge pocket in the
leading-edge surface, wherein, 1n an orientation of the slider
in which the ABS 1s oriented upward, the at least one
leading-edge pocket has at least one surface that 1s neither
horizontal nor vertical.

[0017] In some embodiments, the at least one surface that
1s neither horizontal nor vertical 1s a surface that, in opera-
tion, opposes a direction of a flow of gas.

[0018] In some embodiments, the at least one leading-
edge pocket comprises a first pocket and a second pocket,
wherein the first and second pockets are substantially iden-
tical.

[0019] In some embodiments, a depth of the at least one
leading-edge pocket relative to a highest level of the ABS 1s
greater than about 2.5 um.

[0020] In some embodiments, a slider for a data storage
device comprises a first side-edge surface, a second side-
edge surface, a leading-edge surface extending between a
front edge of the first side-edge surface and a front edge of
the second side-edge surface, a back-edge surface, an air-
bearing surface (ABS), and at least one leading-edge pocket
in the leading-edge surtace. The ABS has at least a first level,
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a second level, and a third level, wherein, when the ABS 1s
oriented upward, the first level 1s above the second level, and
the second level 1s above the third level, and the third level
1s above the back-edge surface. The distance between the
first level and the third level may be, for example, between
approximately 0.35 nm and 5.2 um. The at least one leading-
edge pocket does not intersect either the first side-edge
surface or the second side-edge surface and has a depth that
1s at or below the third level. The width of the at least one
leading-edge pocket may be, for example, between approxi-
mately 1 um and 300 pm.

[0021] The distance between the first level and the third
level may be, for example, between approximately 0.35 nm
and 5.2 um. The at least one leading-edge pocket does not
intersect either the first side-edge surface or the second
side-edge surface and has a depth that 1s at or below the third
level. The width of the at least one leading-edge pocket may
be, for example, between approximately 1 um and 300 um.

[0022] In some embodiments, at least a portion of a
cross-section of the slider intersecting the at least one
leading-edge pocket and taken between the leading-edge
surface and the trailing-edge surface and parallel to the first
side-edge surface has at least one right angle where the
cross-section intersects the at least one leading-edge pocket.
In other embodiments, at least a portion of a cross-section of
the slider intersecting the at least one leading-edge pocket
and taken between the leading-edge surface and the trailing-
edge surface and parallel to the first side-edge surface has a
shape of an oblique angle where the cross-section intersects
the at least one leading-edge pocket (1.e., the cross-section of
the at least one leading edge pocket includes an oblique
angle). In some embodiments, at least a portion of a cross-
section of the slider intersecting the at least one leading-edge
pocket and taken between the leading-edge surface and the
trailing-edge surface and parallel to the first side-edge
surface has a shape of an acute angle where the cross-section
intersects the at least one leading-edge pocket (i.e., the
cross-section of the at least one leading edge pocket includes
an acute angle). In some embodiments, at least a portion of
a cross-section of the slider intersecting the at least one
leading-edge pocket and taken between the leading-edge
surface and the trailing-edge surface and parallel to the first
side-edge surface has a shape of an arc where the cross-
section 1ntersects the at least one leading-edge pocket.

[0023] In some embodiments, at least a portion of a
cross-section of the slider intersecting the at least one
leading-edge pocket and taken between the leading-edge
surface and the trailing-edge surface and parallel to the first
side-edge surface has an irregular shape where the cross-
section intersects the at least one leading-edge pocket. The
irregular shape may include, for example, at least one
protrusion or at least one cavity.

[0024] In some embodiments, the at least one leading-
edge pocket comprises a first leading-edge pocket and a
second leading-edge pocket, and a midpoint of a width of the
first leading-edge pocket 1s a first distance from the first
side-edge surface, and a midpoint of a width of the second
leading-edge pocket 1s a second distance from the second
side-edge surface, wherein the first distance 1s substantially
equal to the second distance. In some such embodiments, the
width of the first leading-edge pocket 1s between approxi-
mately 1 um and 300 um.

[0025] In some embodiments, the at least one leading-
edge pocket comprises a first leading-edge pocket and a
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second leading-edge pocket, and the width of the first
leading-edge pocket 1s substantially equal to the width of the
second leading-edge pocket. The width may be, for example,
between approximately 1 um and 300 um.

[0026] In some embodiments, at least a portion of a
cross-section of the shider intersecting the at least one
leading-edge pocket and taken between the first side-edge
surface and the second side-edge surface and parallel to the
leading-edge surface has a shape of a portion of a rectangle
where the cross-section intersects the at least one leading-
edge pocket. In some embodiments, at least a portion of a
cross-section of the shider intersecting the at least one
leading-edge pocket and taken between the first side-edge
surface and the second side-edge surface and parallel to the
leading-edge surface has a shape of a portion of a trapezoid
where the cross-section intersects the at least one leading-
edge pocket (e.g., the shape includes two or three of the four
legs of a trapezoid). In some embodiments, at least a portion
ol a cross-section of the slider intersecting the at least one
leading-edge pocket and taken between the first side-edge
surface and the second side-edge surface and parallel to the
leading-edge surface includes a right angle where the cross-
section 1ntersects the at least one leading-edge pocket. In
some embodiments, at least a portion of a cross-section of
the slider intersecting the at least one leading-edge pocket
and taken between the first side-edge surface and the second
side-edge surface and parallel to the leading-edge surface
includes an oblique angle where the cross-section intersects
the at least one leading-edge pocket. In some embodiments,
at least a portion of a cross-section of the slider intersecting
the at least one leading-edge pocket and taken between the
first s1ide-edge surface and the second side-edge surface and
parallel to the leading-edge surface includes an acute angle
where the cross-section intersects the at least one leading-
edge pocket. In some embodiments, at least a portion of a
cross-section of the slider intersecting the at least one
leading-edge pocket and taken between the first side-edge
surface and the second side-edge surface and parallel to the
leading-edge surface includes a protrusion where the cross-
section 1ntersects the at least one leading-edge pocket. In
some embodiments, at least a portion of a cross-section of
the slider intersecting the at least one leading-edge pocket
and taken between the first side-edge surface and the second
side-edge surface and parallel to the leading-edge surface
comprises an arc or a curve where the cross-section inter-
sects the at least one leading-edge pocket.

[0027] Also disclosed are methods to fabricate sliders with
at least one leading-edge pocket. A fabrication method may
comprise, for example, 1on milling to create the at least one
leading-edge pocket.

BRIEF DESCRIPTION OF THE DRAWINGS

[0028] The disclosure herein 1s illustrated by way of
example, and not by way of limitation, in the figures of the
accompanying drawings, in which like reference numerals
refer to similar elements and 1n which:

[0029] FIG. 1 1illustrates several components of an exem-
plary hard disk drive that may incorporate various of the
disclosed embodiments.

[0030] FIG. 2 illustrates a prior-art slider.

[0031] FIG. 3A illustrates the flow of air over the ABS of
the prior-art slider of FIG. 2 when the slider operates 1n a
standard-pressure environment.
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[0032] FIG. 3B illustrates the flow of air over the ABS of
the prior-art slider of FIG. 2 when the slider operates 1n a
lower-pressure environment, such as in helium.

[0033] FIG. 4A 1s a perspective view of a slider with at
least one leading-edge pocket 1n the leading-edge surface 1n
accordance with some embodiments.

[0034] FIG. 4B shows a portion of a cross-section of the
slider of FIG. 4A.

[0035] FIG. 4C shows another cross-section of the slider
of FIG. 4A.
[0036] FIG. 5 illustrates the eflect of the at least one

leading-edge pocket on the flow of gas over a portion of the
ABS of the exemplary shider of FIGS. 4A through 4C.

[0037] FIG. 6A 1llustrates a slider that includes at least one
leading-edge pocket 160C with a slope angled away from
the leading-edge surface in accordance with some embodi-

ments.
[0038] FIG. 6B shows a portion of a cross-section of the

slider of FIG. 6A.

[0039] FIG. 7A illustrates a slider that includes at least one
leading-edge pocket with a slope angled toward the leading-
edge surface in accordance with some embodiments.
[0040] FIG. 7B shows a portion of a cross-section of the

slider of FIG. 7A.
[0041] FIG. 8A illustrates a slider that includes at least one
leading-edge pocket with a curved slope 1n accordance with

some embodiments.
[0042] FIG. 8B shows a portion of a cross-section of the

slider of FIG. 8A.
[0043] FIGS. 9A-9C illustrate portions of cross-sections

of exemplary sliders that include at least one leading-edge
pocket having various characteristics 1 accordance with
some embodiments.

[0044] FIG. 10A 1illustrates an exemplary slider that
includes leading-edge pockets with sides angling inward,
away from the side-edge surfaces in accordance with some
embodiments.

[0045] FIG. 10B shows a cross-section of the slider of
FIG. 10A.
[0046] FIG. 11A 1llustrates another exemplary slider that

includes leading-edge pockets with sides angling outward,
toward the side-edge surfaces in accordance with some

embodiments.

[0047] FIG. 11B shows a cross-section of the shider of
FIG. 11A.
[0048] FIG. 12A 1illustrates an exemplary slider that

includes leading-edge pockets with sloped sides 1n accor-
dance with some embodiments.

[0049] FIG. 12B shows a cross-section of the slider of
FIG. 12A.
[0050] FIG. 13A 1illustrates an exemplary slider that

includes leading-edge pockets with at least one protrusion in
accordance with some embodiments.

[0051] FIG. 13B shows a cross-section of the slider of
FIG. 13A.

DETAILED DESCRIPTION
[0052] The following description 1s made for the purpose

of illustrating the general principles of the present disclosure
and 1s not meant to limit the inventive concepts claimed
herein. Furthermore, particular embodiments and/or features
described herein may be used in combination with other
described embodiments and/or features 1n various possible
combinations and permutations.
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[0053] FIG. 1 illustrates several components of an exem-
plary magnetic hard disk drive 500 1n accordance with some
embodiments. The hard disk drive 500 includes a spindle
515 that supports and rotates a magnetic disk 520. The
spindle 513 1s rotated by a spindle motor (not shown) that 1s
controlled by a motor controller (not shown) that may be
implemented 1n electronics of the hard disk drive 500. A
slider 525, which 1s supported by a suspension and actuator
arm 530, has a combined read and write magnetic head 540.
The head 540 may include only one read sensor, or it may
include multiple read sensors. The read sensors 1n the head
540 may include, for example, one or more giant magne-
toresistance (GMR) sensors, tunneling magnetoresistance
(TMR) sensors, or another type of magnetoresistive sensor.
An actuator 3535 rotatably positions the suspension and
actuator arm 530 over the magnetic disk 520. The compo-
nents of the hard disk drive 500 may be mounted on a
housing 3545. It 1s to be understood that although FIG. 1
illustrates a single disk 520, a single slider 525, a single head
540, and a single suspension and actuator arm 330, hard disk
drive 500 may include a plurality (1.e., more than one) of

disks 520, sliders 525, heads 540, and suspension and
actuator arms 530.

[0054] In operation, the actuator 535 moves the suspen-
sion and actuator arm 530 to position the slider 525 so that
the magnetic head 540 1s 1n a transducing relationship with
the surface of the magnetic disk 520. When the spindle
motor rotates the disk 520, the slider 525 1s supported on a
thin cushion of air known as the air bearing that exists
between the surface of the disk 520 and an air-bearing
surface of the slider 525. The head 540 may be used to write
information to multiple tracks on the surface of the disk 520
and to read previously-recorded information from the tracks
on the surface of the disk 520. Processing circuitry 510
provides to the head 540 signals representing information to
be written to the disk 520 and receives from the head 540
signals representing information read from the disk 520. The
processing circuitry 510 also provides signals to the spindle
motor to rotate the magnetic disk 520, and to the actuator
535 to move the shider 525 to various tracks.

[0055] To read information from the magnetic disk 520,
the slider 525 passes over a region of the disk 520, and the
head 540 detects changes 1n resistance due to magnetic field
variations recorded on the disk 520, which represent the
recorded bits.

[0056] The slider 525 has a gas-bearing surface that faces
the surface of the disk 520 and counteracts a preload bias
that pushes the slider toward the disk 520. For convenience,
in this document the gas-bearing surface 1s referred to as the
air-bearing surface (ABS) and the gas 1s generally referred
to as “air,” although 1t 1s to be understood that the gas used
in a hard disk drive 500 may be a gas other than air (e.g., the
gas may be helium). For simplicity, throughout this disclo-
sure, the surface of the slider 525 that faces or that will
eventually face the disk 520 1s referred to as the ABS.

[0057] As the disk 520 rotates, the disk 520 drags air under
the shider 525 and along the ABS 1n a direction approxi-
mately parallel to the tangential velocity of the disk 520. As
the air passes under the ABS, air compression along the air
flow path causes the air pressure between the disk 520 and
the ABS to increase, which creates a hydrodynamic lifting

force that counteracts the tendency of the suspension and
actuator arm 530 to push the slider 525 toward the disk 520.
The shider 525 thus tlies above the disk 520 but in close
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proximity to the surface of the disk 520. To obtain good
performance, 1t 1s desirable for the slider 525 to maintain a
substantially constant flying height above the surface of the
disk 520. The degree of stability of the fly-height of the
slider influences the performance of the magnetic head 540.
The design of the slider 525 ABS has an impact on the flying
characteristics of the slider 525 and therefore the perfor-
mance of the magnetic head 540.

[0058] FIG. 2 illustrates a prior-art slider 525. The slider
525 has a leading-edge surface 121, a trailing-edge surface
122, side-edge surfaces 123, 124, a back-edge surface 125,
and an ABS 140. The side-edge surfaces 123, 124 extend
between the leading-edge surface 121 and the trailing-edge
surface 122. It 1s to be understood that the side-edge surfaces
123, 124 are not necessarily contiguous between the lead-
ing-edge surface 121 and the trailing-edge surface 122. For
example, 1n FIG. 2, the side-edge surface 124 has a gap near
the middle of the slider 525, and the side-edge surface 123
has a similar gap. It 1s also to be understood that the
side-edge surfaces 123, 124 need not be flat. For example,
in FIG. 2, the side-edge surface 124 includes a step approxi-
mately mid-way between where 1t intersects the back-edge
surtace 125 and the ABS 140. The leading-edge surface 121
extends between the front edge of the side-edge surtace 123
and the front edge of the side-edge surface 124. The back-
edge surface 125 extends between the back edge of the
side-edge surface 123 and the back edge of the side-edge
surtace 124.

[0059] The ABS 140 has several levels, including a first
level 152, a second level 154, and a third level 156. When
the slider 525 1s facing upward as 1llustrated in FIG. 2, the
first level 152 1s above the second level 154, the second level
154 1s above the third level 156, and the third level 156 1s
above the back-edge surtface 125. As shown 1n FIG. 2, the
ABS 140 may include various features at the first level 152.
These features may include a read/write transducer near the

trailing-edge surface 122 and/or a pair of raised side rails.
When the slider 525 1s 1n use, these features face the disk
520 surface.

[0060] FIG. 3A 1llustrates the flow of air over the ABS 140
when the slider 525 operates 1n a standard pressure envi-
ronment. The arrows shown 1n FIG. 3A represent the flow of
air over the ABS 140 at and near the leading-edge surface
121. FIG. 3B 1illustrates the eflect of using the slider 525
with 1n lower-density gas atmosphere, such as 1n a sealed
helium device. As shown by the arrows 1n FIG. 3B, less gas
flows past the leading-edge surface 121 and over the ABS
140, which reduces the pressure created by the shider fea-
tures (e.g., the features of the ABS 140) and thereby
adversely aflects the tlight characteristics of the slider 525.
For example, the flow of gas may not create suilicient
pressure to counteract the tendency of the suspension and
actuator arm 530 to push the slider 525 toward the disk 520.
As a result, when 1n lower-ambient-pressure conditions, the
slider 5235 may not fly at the desired height and/or pitch, or
it might be less stable than desired, which can adversely
aflect the performance and/or lifespan of the data storage
device.

[0061] Daisclosed herein are slider embodiments with at
least one leading-edge pocket (or opening) 1n the leading-
edge surface to improve slider flight characteristics 1n lower-
ambient-pressure environments (e.g., 1n sealed helium hard
drives). As the slider flies over the disk, the at least one large
leading-edge pocket collects significantly more gas and



