Perpendicular Magnetic Recording: Writing Process

In this article, a detailed overview of the methodology to design a write transducer for recording
onto perpendicular media at areal densities beyond 1 Thit/in.2 is presented. The two basic modes
of perpendicular recording, single-layer recording media in combination with a ring type head and
double-layer recording media with a soft underlayer in combination with a single pole head, are
compared with each other theoretically and experimentally.
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In this article, a detailed overview of the methodology to design a write transducer for recording
onto perpendicular media at areal densities beyond 1 TBit§mresented. The two basic modes of
perpendicular recording, single-layer recording media in combination with a ring type head and
double-layer recording media with a soft underlayer in combination with a single pole head, are
compared with each other theoretically and experimentally. Moreover, perpendicular recording is
compared to longitudinal recording from the perspective of the writing process. The system
efficiency is redefined for perpendicular recording to take into account the critical role of the soft
underlayer. The effects of using “soft” magnetic shields around the trailing pole are analyzed. It is
shown that at least a factor of 2 increase in the field can be obtained at areal densities beyond 500
Gbit/in2 if shields are used. Such an open issue as the skew angle sensitivity in perpendicular
recording is analyzed. It is shown that using soft magnetic shields around the trailing pole
substantially improves the skew angle sensitivity. Moreover, using shields substantially improves
the system efficiency and to some degree fulfills the role of the soft underlayer in perpendicular
recording. © 2004 American Institute of Physic§DOI: 10.1063/1.1695092
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cording clearly demonstrate the strong interest of the data  Yoke Trailing edge
storage industry in this alternative technology tofiay. \

Compared to the conventional longitudinal recording mode, e, Coil

it is believed that perpendicular recording is capable of de- 3 /
ferring the superparamagnetic limit to a substantially higher . .
areal density due to the thicker recording layer and/or the US€ yritten

of a soft underlayetSUL).® Although perpendicular record- moment : ! | “Gap” field
ing is certainly the closest alternative to conventional tech- inmedia i ¢+¢/

nology, its novelty also brings up new issues, not ever en-p....« \‘f ‘ f
countered in longitudinal recording. These issues have to bejayer ~ :

well understood before the technology can be fully and most
efficiently implemented:!° Major questions related to per-
pendicular media and perpendicular playback and writing
heads have been previously considefed: 23263 However,
relatively little attention has been given to the writing pro- (@) _
cess at areal densities beyond 100 Gbft/fiFor example, /C"ﬂ Yoke
the role of soft magnetic shields in the writing process is still l/ J
an unresolved: although the use of soft shields around the Y
main pole of the writing head certainly increases the field ] 7 F
gradient, its influence on the magnitude of the recording field : |1 + Trailing

Transition s, -
“4sssnnnnnann amEsanm

ll*

is still controversial. Another fundamental question is the ’ pole
role of the soft underlayer in the writing process. These and erneeee _‘______‘.'
many other questions associated with the writing process Fringi Recording
need to be considered altogether for the most efficient desigr fnngmg /mcdium

. . . . . . ields
of the write head. Therefore, the intention of this article is to

analyze the writing process in perpendicular recording from f f 1 f
the global perspective of maximizing the achievable areal -
density. / Written moment
Transition in media
(b)

FIG. 1. Diagram showing a cross section of the side of a perpendicular
Il. DIFFERENT MODES OF PERPENDICULAR system of(a) the first mode, including a SPH and a double-layer medium
RECORDING with a SUL, and(b) the second perpendicular mode, including a RH and a
single-layer recording medium.
There are two basic modes of perpendicular recording.
The first mode utilizes a single pole he¢®PH for record-

ing onto a double-layer perpendicular medium consisting oparison of these two recording modes, some of the critical
a recording layer and a SUL, as shown in a diagram in Figfeatures of perpendicular recording can be made fairly appar-
1(a).2 As described below, the use of the SUL is one of thegnt.

most critical factors contributing to one of the best-known Besides the two basic modes, in some cases, some kind
advantages of perpendicular recording, which is the ability tf an intermediate mode, e.g., a RH and a medium with a
generate a recording field of the order ofMls, whereMs  SUL, or a SPH or a RH and a medium with a tilted magne-
is the saturation magnetization for the recording headization with or without a SUL, can also be preferred, as
material”'® For comparison, in conventional recording, the discussed below. Moreover, it is shown that substantial
maximum longitudinal recording field generated by a ringmodifications to basic head structures are required for the
head(RH) is approximately 2M.*! The ability to generate ~ ability to record at densities beyond 1 Thitfitn the follow-

a stronger field makes it feasible to record on a medium withng, advantages and issues associated with different record-
higher coercivity, which in turn further defers the superparaing modes are discussed in detail.

magnetic limit to a higher areal densifThe second mode
utilizes a regular RH for recording onto a single-layer per-
pendicular medium, as shown in a diagram in Fig)1Al-
though, the first mode is more widely exploited due to the  As mentioned above, the second mode of perpendicular
advantages of the SUL, it is still reasonable to start with therecording, which uses a conventional longitudinal ring head
description of the second mode, because the latter is fairlpnd a medium without a SUL, still remains an arena of ex-
similar to the conventional longitudinal mode and, therefore ploration because of its resemblance to the conventional lon-
is going to be a good transitional step towards developmergitudinal mode and the lack of the “not-yet-understood pe-
of a structured theory of perpendicular recording. Both theculiarities” of the SUL in the first modé A diagram showing
longitudinal recording mode and the second perpendiculaa conventional longitudinal system is shown in Fi¢p)2The
recording mode rely on the utilization of a ring head alongonly structural difference between the second perpendicular
with a medium without a soft underlayer. Through a com-mode and the conventional longitudinal mode is in the me-

A. Second recording mode: Ring head and a
perpendicular medium without a soft underlayer

Downloaded 10 May 2004 to 129.7.205.68. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



J. Appl. Phys., Vol. 95, No. 9, 1 May 2004 Appl. Phys. Rev.: S. Khizroev and D. Litvinov 4523

Coil
k
- L// Y‘;) e
! ~ K 3
t ¥

. *
'lllllll‘llllll'

.. Recording
Frnging medium
fields T /
— l +— I . 3
/’ Written moment k-
Transition in media ® [
© 1
(@) " :
: . Cr/CoCrPt ./
Drive coil 0.54 y
y
-1.0 T T T )
-10 -5 0 5 10
(b) Axis along the track, X (um)

FIG. 3. (8 MFM images of the perpendicular and longitudinal field profiles
taken at the ABS of a RH with 200 nm gap length) Cross sections of
these field profiles taken along the center line in the track direction.

(MFM) technique to separately measure individual compo-
nents generated by such a RH, the perpendicular and longi-
e o / tudinal field profiles at the air-bearing surfa@BS) of such
e » w2 a RH were directly measured, as shown in Fita)3° The

n G T2 cross sections of these field profiles along the center line in

the track direction are shown in Fig(l3.

FIG. 2. Diagram showinga) a cross section of the side of a typical longi- In'ggnera!, the R.H S.trUCture hé.ls been Wldely. studied in
tudinal system, including a RH and a recording medition.3D schematic ~ aSSoclation with longitudinal recording, and there is plenty of
diagram of a RH. literature which contains more detailed information about the
RH design. In this work, the authors only discuss the aspects

. L ) ) . of RH design, which are of interest for perpendicular record-
dium magnetization orientation: the magnetization is in the,,

plane and pe_rpendicular to the disK plane for th_e longitudinal ™ gatore going into details of the head design analysis, it
and perpendicular modes, respectively. Also, in the perpeng \vorth recalling that, traditionally, the Karlgvist two-

dicular mode, the medium’s “easy” axis is ideally aligned in 4mensional2D) model has been utilized for describing the

one dlrecpon_(ln the dl_rect_|on perpendicular to the disk magnetic propertie¥. However, today, as the areal density

plane, Wh'le_ n the_longltut_jlnal mode, the “easy axes” are reaches the point at which the track width becomes fairly

randomly oriented in the disk plarte. o small, 2D calculations cannot give sufficient accuracy.
Because the RH is a critical part of longitudinal record'Therefore in this article, results of three-dimensiof@)

ing, a more detailed diagram of a conventional RH is Showrl:alculations made with boundary element mo@BEM)-

in Fig. 2(b). Although, in most practical cases, the leadingpased commercial field solver Amperes are shofvn.

pole, P1, is typically substantially wider than the trailing

pole, P2, here in Sec. Il A, the assumption that both poles, P4- Gap length dependence

and P2, have the same thickne¥4,=T2, is used for sim- The 3D calculated along-the-tra¢K-) and perpendicu-

plicity to explain the key issues. Because the actual recordar (Z-) field components for a RH without a SUL at satura-

ing takes place near the trailing edge of the gap length, th&on for a set of four values of gap length, 30, 70, 150, and

effective track width is predominantly determined by the500 nm, are shown in Figs(@—4(d), respectively. In these

width of the trailing pole, W2, and does not strongly dependcalculations, the value for the flying height was 5 nm, and

on the width of the leading pofé. Moreover, in the past, the track width and the pole thickness were modeled to be

some recording head manufacturing companies, for exampl@00 and 500 nm, respectively. Nevertheless, the efficiency

ReadRite Corporation, did utilize a ring head with identicaldepends on the gap length exactly as in longitudinal

leading and trailing poles of the type shown in Figh)2®  recording'''® The dependence of the system efficiency on

Using a specially developed magnetic force microscopythe gap length is reflected in the saturation current depen-
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FIG. 4. Longitudinal and perpendicular field components vs the distance down the track for a RH with track width of 200 nm and pole thickness of 500 nm
at four values of the gap lengtke) 30, (b) 70, (c) 150, and(d) 500 nm.

dence on the gap length, as shown in Fig. 5. The normalizaregion, thus resulting in a weaker recording field. Eventually,
tion factor (NF) necessary for determining the exact drive the recording field becomes too small to overcome the me-
current value depends on specific head parameters, includirfium’s coercivity field. For example, in this particular case,
its dimensions and the location of the drive coil with respectthis trade-off value of the gap, below which the longitudinal
to the ABS™ The saturation current is determined as thefield component starts to drop, is in the vicinity of the 70 nm
current at which the recording field under the gap center at galue, as seen from Figs(a&—4(d). The trade-off value is
5 nm flying height starts to saturate. Going back to the demostly determined by the flying height and the track width.
scription in Figs. 48)—4(d), with a gap length of 70 nm, the The scenario is different for the perpendicular field compo-
parameters chosen approximately correspond to areal densif¢nt, for which a fairly large value can be noted far beyond
of 50 Gbit/in? the gap region. As a result, in this case, recording is pro-
Although, in practice, both field components, in planeqyced not by the field in the immediate vicinity of the gap
and perpendicular, simultaneously influence each recordingsgion, but rather by the field near the trailing edge of the
event, ideally, the perpendicular and longitudinal field COM-railing pole, as long as the field near the trailing edge is
ponents reflect 'the perpendicular and. longitudinal recording;arger than the coercivity fieltP Also, it can be noted that
modes, respectively. From the plots, it can be seen that e perpendicular field component at saturation even in-

Iongitud_inal field_ Component_is fairly well Io<_:f'ilized in the creases as the gap length is increased in the range consid-
gap region. In this case, t_he field near the trailing _edge of th%red. This is caused by the reduction of the longitudinal field
gap produpgs the recordlng_. As a resglt, by h_avmg thg 98B0 ntribution to the net flux as the gap increases, thus making
length sufficiently small, a fairly sharp field profile and fairly the net field predominantly perpendicular. It can be noted

large areal densities can be produced. However, there is tﬁat, unlike in longitudinal recording, the maximum field and

) X Yhe trailing field gradient are defined not only by the physical
with reduction of the gap, less flux leaks out through the gapgap length but also to a substantial degree by the trailing pole
tip geometry.

However, for the both systems, the efficiency depends

200+ fairly strongly on the gap length because of the use of a RH.
For any recording mode for which a RH is utilized with a
S 150 medium without a SUL, transitions are produced by the
T . . .
~. fields which fringe out from the gap of the “closed” mag-
_E 100 netic loop of the RH? In other words, the gap region be-
_/. comes a part of the magnetic flux loop, and therefore the
50 ./ efficiency of the loop strongly depends on the gap region.
The dependence of the efficiency on the gap length is pro-
0 200 400 portional to the dependence of the saturation current on the
Gap (nm) gap length. Assuming that the saturation current is defined as
FIG. 5. Maximum field current vs the gap length. the current at which the longitudinal field at the center of the
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FIG. 6. Longitudinal and perpendicular field components vs the distancé_hus enhancing the perpendlculgr c_omponent of the magnetic
down the track for a RH with track width of 100 nm and gap length of 70 field. Therefore, the SUL is an indispensable part of the re-

the gap length is that shown in Fig. 5.

2. Trailing pole thickness dependence

The calculated field components for a gap length of 7¢the recording head, as shown in a schematic diagram in Fig.
nm and a track width of 200 nm are shown for a set of three/- This replacement is theoretically justified provided the
values of pole thickness, 100, 200, and 500 nm, in FigsSUL can be approximated to be idéalAccording to the
6(a)—6(c), respectively. It can be noted that, although thetheorem of differential equations, the Laplace equatian
longitudinal field component does not vary substantially agonsequence of the Maxwell equations, convenient to use for
the pole thickness is increased from 100 to 500 nm, the pef€alculating the magnetic fieldhas an unambiguous solution
pendicular component increases by more than a factor of 3f sufficient boundary conditions are satisfidit appears
Moreover, while the perpendicu|ar Component is noticeabbﬁhat in the case with the ideal SUL the bOUndary conditions
smaller than the longitudinal component at the smallest valu@t the SUL top surface are the same as those in the case with
of the pole thickness, i.e., 100 nm, it becomes comparable thie mirror half space provided that the magnetic “charges”
the longitudinal component as the pole thickness in increasei@verse their polarity when reflected into the mirror half

to 500 nm.
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FIG. 7. Diagram showing a mirror image of a perpendicular system with an
ideal soft underlayer.

pendicular recording field can be increased by at least a fac-
tor of 2, i.e., it can reach#Mg, if a medium with a SUL is
utilized.

B. First perpendicular mode: Single pole head and a
perpendicular medium with a soft underlayer

As shown in Fig. 1a), besides the presence of a SUL,
the first mode is different from the second mode also in the
type of recording head: it is a SPH instead of a RH. Unlike
the RH, the SPH, utilized in combination with the SUL, has
a physical gap that is substantially larger than the flying
height. The purpose of the large gap is to force magnetic flux
to flow through the SUL rather than through the gap region,

cording head as well as it is of the recording medium.
1. Magnetic image model

It is convenient to use the so-called “magnetic image”
model for a clearer description of recording processes in a
system with a SUI?° According to this model, the SUL is
replaced with a half space, which contains a mirror image of

space. Together with the image head, there are essentially

In general, it could be noted that with respect to thetwo heads involved in each recording event, thus the net

recording field, the second perpendicular mode is quantiteecording field becomes fairly large compared into the
tively similar to the longitudinal mode. In both cases, the€quivalent longitudinal case, as discussed below.

maximum field never exceedssMg of the head material.

Previously, the implementation of the RH writer in combina- 2. Permanent magnet approximation for SPH field
tion with perpendicular media with a SUL has also beenc@lculations

reported in the literature, therefore it is not going to be pre-

The fastest way to estimate a magnetic field generated

sented in this articlé? In Sec. II B it is shown that the per- by a SPH at saturation is probably to use the permanent
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FIG. 8. Diagram showing the location of the origin of the coordinate system 4 a\? b\?2
utilized in the calculations. z X—=| +|ly+—-| + 22
2 2
a b
X+ 5 y— E
magnet approximation. In this approximation, the SPH is —tan ! (10
presented as an infinitely long vertical magnetic bar with a\? b\ ?2 )
finite cross-sectional dimension$y (track width and T z X+E + y_E t+z

(thicknes$, with its magnetization alignetsaturateg along
the vertical axis. In this scenario, the magnetic field compo-

The origin of the coordinate system is at the center of the

nents can be directly calculated using, for example, thgoole tip ABS with the vertical axisZ, directed downward, as
equivalent “charge” modef® Thus formulas derived for a shown in Fig. 8. Moreover, the presence of the SUL can be
saturated SPH without the presence of a soft underlayer agimply taken into account by using the magnetic image
shown by expressions(d—1(c). Because of the problem model described above. In other words, the same expression
symmetry, it is sufficient to calculate the field in one coordi-can be utilized to calculate the extra recording field due to

nate quadrant>0 andy>0.

( b \/ a\|? b\2
+=—+\/|x—=| +|y+=| +z
M, Ty 2 Ty
Hy=—+ In
2 b \/ a2 b\2
——+\/|x==] +|y—=]| +z
| [7 2 2] "\ 2
[ b \/ a\? b\2
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y 2 2 y 2
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V73 o) 1Y
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YR 2 2 2
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2 a a\? b\?
X——— x——=| +|y—=| +2
| 2 2 2
[ a a\? b
X+ =+ x+—| +|y+=| +2°
2 2 2
—In
a a\? b
X——+ x—=| +|y+=| +7°
L 2 2 2

. (13

the image head located at the other side of the recording

layer. The difference in spacing between the real and image
heads is equal to the recording layer thickness plus the sepa-
ration between the recording layer and the SUL. The sum of

the two fields gives the total recording field.

3. Recording by the field in the gap (perpendicular)
versus recording by the field fringing from the
gap (longitudinal)

When using the magnetic mirror image model, besides
the physical gap length, the effectivmagneti¢ gap length
can also be introduced. The effectifrmagnetig¢ gap, defined
as the spacing between the ABSs of the real and image
heads, i.e., the twofold separation between the ABS and the
SUL, can be meaningfully compared to the physical gap of
the RH?® It can be noticed that the SPH considered along
with its image resembles the RH rotated 90° around the axis
along the cross-track direction, but with the difference that
the recording is produced in the “gap” itséff.In contrast, in
the longitudinal case as well as in the case of the second
perpendicular mode, field fringing from the gap region pro-
duces the recording, as shown in Fig. 9. Any system that
exploits a RH without a SUL is intrinsically built for the
system to be efficient, so the gap length should be fairly
small. It should be remembered that the more efficient a
system is, the smaller the amount of magnetic flux that leaks
out on its way from the sourc@rive coil) to its destination
(ABS). Consequently, a substantial amount of magnetic flux
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Fields
in the Gap

Medium

Fields fringing from
the Gap

FIG. 9. Schematic diagrams showifa a recording by the field in the gap
in perpendicular recording arth) a recording by the fringing field in lon-
gitudinal recording.

just circulates in the magnetic ring yoke without being ex-
ploited for the purpose of recording itself, and, as note
above, only the fringing field produces the actual recording
Typically, the maximum fringing field which can be achieved
in a recording system of this type is less than\, where
M, is the saturation magnetization of the head matétial.
This limits the coercivity of a longitudinal medium on which
the recording head can recdfdOn the contrary, it is due to
recording by the field in the gap region that the use of th

Appl. Phys. Rev.: S. Khizroev and D. Litvinov 4527

The anisotropy field defines the field which needs to be ap-
plied to switch magnetization in the recording layer. In turn,
the higher anisotropy medium means the higher density to
which the superparamagnetic limit can be deferred. At this
point, the SUL is assumed to be ideal. Also, the default mod-
eling settings included a physical gap length of 1000 nm, a
track width of 100 nm, and a throat height of 500 nm, with
20 nm separation between the ABS and the SUL. It can be
noticed that, for the first perpendicular mode, the field pro-
files are qualitatively similar to the field profiles for the lon-
gitudinal mode shown in Fig. 4, provided that the field com-
ponents are exchanged with each other according to the
transformatiorH,—H, andH,— —H,.?° However, as pre-
viously mentioned, from a quantitative perspective, due to
the use of the SUL the maximum perpendicular field in per-
pendicular recording is approximately a factor of 2 larger
than the maximum longitudinal field in longitudinal record-

ing.

4. Is the increase of the recording field due to the
use of a SUL sufficient for proper recording?

The use of a soft underlayer provides a twofold increase
of the recording field component compared to conventional
longitudinal recording mod&However, comparison of the
two recording modes is not equivalent. Above, it was shown
that, in the longitudinal mode, in the gap region, besides the
longitudinal field component, there is also a substantial per-
pendicular component. For example, for a typical gap length
of approximately 150 nm, as shown for the case in Fig),4

oth longitudinal and perpendicular components reach ap-
proximately the same value, i.e.77®1 ¢ of the head material.
On the contrary, in the perpendicular mode, the maximum
longitudinal field component is substantially less than the
perpendicular field component. For example, for the case
shown in Fig. 10, the perpendicular component almost
reaches 4Mg, whereas the longitudinal component is sub-

estantially less than #Mg, i.e., the difference is almost a

SUL in the first perpendicular mode provides such a dramati(t,aCtor of 4. As a result, the actual recording field is directed

increase in the recording field at saturation. The calculate
perpendicular and longitudinal field components for a SP
with a gap lengthG, of 1000 nm, a pole thicknes®T) of

500 nm, and track widthyV, of 100 nm at saturation are
shown in Fig. 10. It can be noticed that in this case th
maximum perpendicular field is of the order ofr. This

allows writing on a medium with a higher anisotropy field.

—~ 201G =1000 nm _railing

E 1.5 gHedge

= 1.0 ; L2

" 0.5 T

2 g0l A

T -0.54 POle  mamee— W =100 nm
1.0 region PT =500 nm

0 750 1500 2250

Down the track (nm)
FIG. 10. Longitudinal and perpendicular field components vs the distanc

down the tracKalong the center lingor a SPH with gap length, of 1000
nm, pole thicknes$PT) of 500 nm, and track widthW, of 100 nm.
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gt angle values of approximately 45° and 15° with respect to
edium magnetization for the longitudinal and perpendicu-
ar modes, respectively. From the ideal Stoner—Wohlfarth
model, the switching field differs from the anisotropy field
depending on the angle between the recording field and the
easy axi$® Moreover, switching is expected to be substan-
tially easier for the 45° case than 15° case. Another differ-
ence between these two recording modes results from the
different nature of the recording medium. For the perpen-
dicular case, the magnetization is aligned in one direction,
i.e., the direction perpendicular to the disk plane, while, for
the longitudinal case, the magnetization is directed randomly
in the disk plane. Therefore, although realistic recording me-
dia might be substantially different from the ideal Stoner—
Wohlfarth model, for a fair comparison of the two recording
modes, all the factors described should be taken into account
in more precise calculations. It is not done in this article
because the purpose here is to describe the main concepts
éhat help distinguish perpendicular recording. However, it
can be noted that the second perpendicular mode, i.e., the
mode without a soft underlayer, is based on the use of the
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201 SPH: H Track direction, X
EID
& 1.5
= RH: H
1.0 *
©
&

=0.5
T
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-10 0 10 20 30 40 50 60 70
Drive Current (au)

-
. o _ Twoside
FIG. 11. Maximum recording fields for a RH and a SPH, each with track
width of 500 nm, and a RH with throat height of 500 nm and gap length of FIB-made trenches
70 nm, and a SPH with a gap of 1000 nm, ABS to SUL separation of 35 nm,
and throat height of 250 nm. FIG. 12. SEM image of a FIB trimmed Censtor héAdBS view at 20° tily.

ring type head, similar to the longitudinal mode, with all the & Focused-ion-beam trimmed single pole heads

advantages a result of the larger torque angle between the Using focused ion beartFIB) trimming of regular rela-

recording field and the magnetization. This similarity to thetively large RHs or/and SPHSs, it is possible to fairly eco-

longitudinal mode makes implementation of the seconchomically fabricate a set of individual recording SPHs with a

mode simpler than implementation of the first mode. Therefequired set of parameters, including the track width, pole

fore, the second mode should not be totally ignored. thickness, gap length, throat height, shape of the leading
(trailing) edge, and otherS. Study of the FIB-fabricated de-

5. Quadruple ratio between saturation currents in vices can give good insight into the operation of realistic
perpendicular and longitudinal recording magnetic devices.

ST TS ST SIS I e 11 o ek
. . SPH in a narrow-track SPH

the SUL the effective number of current sources is essen- . ] _

tially double (see Fig. 8 As a result, the perpendicular sys- ~ Courtesy of Censtor Corporation, relatively wide SPHs

tem needs approximately only half as much current to gentWith approximately a Jum track width were available for

o . . . . O .pe . .
erate the same magnetic field in the effective gap comparefyrther modification via FIB trimming?” Modification in-
to an equivalent longitudinal system. In Sec. 1B, it is cluded reduction of the track width down to approximately

shown that in the perpendicular case the recording is prot00 M. A scanning electron microscof®EM) image of a
duced in the effective gap region. This is unlike the longitu-F!B-fabricated 120 nm wide SPH is shown in Fig. 12.

dinal mode, for which the recording is produced by field ~ MFM images of the perpendicular and longitudinal com-
fringing from the gap. Because field fringing from the gap isPONeNts of the_fleld generated at the ABS of this head with
about only one half the field in the gap and the effectivedrive current in the oversaturated reginiabove 1000
number of drive current sources in the perpendicular systerfPAturn) are shown in Figs. 18) and 13b), respectively.

is twice that in the longitudinal system, for the perpendicular' "€ center cross sections of these field component profiles
system it takes approximately four times less drive current t&'€ Shown in Fig. 1®). Although there is no SUL in this
generate the same recording field as in the longitudinal syscase, the symmetry of the measured field profiles look simi-

tem, with the other conditions equivalent. Although such alar to the symmetry of the modeled profiles with a SUL
fairly rough estimate does not take into account any nonlinShown in Fig. 10. As mentioned above, the SUL has mostly a

ear effects that can take place in a recording system, it prcguantitative effect and'thus does not substantially change the
vides a good sense of the saturation currents in the two sy§hape of the field profile.

tems. As an example, the maximum recording fields

generated by RH and SPH versus the drive current are showh Example 2: FIB trimming of a RH in a narrow-track

in Fig. 11. In this calculation, each of the two heads wasSPH

assumed to have the same track width of 500 nm. The RH Courtesy of IBM Corporation, relatively wide track RHs
was modeled with a gap length of 70 nm and a throat heightwith approximately a lum track width were available for

of 500 nm, while the SPH was modeled with a pole thicknesgurther modification via FIB trimming. Modification in-

of 500 nm, a gap length of 1000 nm, an ABS to SUL sepa<luded not only reduction of the track width down to ap-
ration of 35 nm, and a throat height of 250 nm. It can beproximately 60 nm, but also increase of the gap length from
noted that the linear region slope for the SPH is almost fouits original value of 150 nm to the required value of approxi-
times as large as the linear region slope for the RH. If remately 1 um. A SEM image of the FIB-fabricated 60 nm
corded on media with the same coercivity, the saturation cuwide SPH with 1um gap length is shown in Fig. 14.

rent for a perpendicular system should be four times less A MFM image of two adjacent 65 nm wide tracks with
than it is for an equivalent longitudinal system. periodic sets of transitions recorded onto a CoCr-based per-
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FIG. 14. SEM image of a SPH FIB made from a RABS view at 40° tily.

tions of this head design and motivate an approach for future
modification. The limitations are fundamentally caused by
the inability to infinitely maintain linear scaling of the sys-
tem dimensionsto increase the areal densithelow the
value at which the flying height reaches the smallest value
physically feasible. It is believed that it is unlikely to be able

- to maintain a steady flying height below approximately 5 nm
®) 0 nm 400 nm because of its proximity to the size of the air molecules that
critically participate in the recording head flying process.

0.8 Therefore, deviation from straightforward scaling law is nec-
06 essary to further increase the areal density. This can be ac-

El 0.4] complished by modification of the SPH design. Hence, un-

5 02] derstanding the principles utilized to design SPH geometry

o 0.0l ~ Perpendicular well make SPH modifications more efficient for satisfying

; 0'2 the demand for an areal density increase.

T Before going into detall, it is worth mentioning the ma-
0.41 Longitudinal jor requirements for a write head in perpendicular recording:
o , : , : — (1) the ability to generate a sufficiently strong field to record

) 280 -H0 O 166 - 200 onto a medium with adequate coercivity;

Distaree:aowntne track (i) (2) the ability to generate sufficiently large trailing and side

FIG. 13. MFM images of théa) perpendicular andb) longitudinal field field gradients to record sufficiently sharp transitions and

components generated by a FIB trimmed Censtor head with track width of  Narrow _traCkS! re;pectively; o o

120 nm and pole thickness of 200 nfig) Cross-sectional profile the per- (3) the ability to localize the recording field in a fairly lim-

pendicular and longitudinal components. ited region along the track so that the skew angle sensi-
tivity is minimized (see Sec. I B1§ and

) ) ] o (4) the ability to maintain reasonable efficiency of the re-
pendicular medium with a SUL, shown in Fig. 15, clearly cording system.

indicates the functionality of this fabricated SPH despite its
nanoscale size track width. It should be remembered that Below, analysis of the parameters which influence the
there is a general concern that, as the SPH pole tip dimerabove-listed requirements is presented. Before going into a
sions are reduced to sizes substantially less than the charagescription of the design methodology, it is worth mention-
teristic domain wall width in the soft material of which the ing that even today the flying height in every state-of-the-art
pole tip is made up, the magnetization not only might be-
come fairly “hard” to switch but also might display substan-
tially nonzero remanence. A more detailed analysis of this is
presented below.

9. Single pole head: Design strategy

A more detailed description of the SPH structure is now

presented to explgin the approach chosen to _deSign the SRk, 15. MFM image of two adjacent 65 nm wide tracks recorded on a
geometry, shown in Fig. 16, and thus to clarify the limita- CoCr-based perpendicular medium with a SUL.
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11. Throat height dependence

The throat, being the narrowest part of the magnetic flux
loop (circuit), typically is also the highest reluctance link of
the magnetic loop* Thus, by reducing the throat height, the
relative contribution of the throat region to the net reluctance
of the magnetic circuit is also reduced and therefore the over-
all efficiency of the system is increased. Also, as described
below, by reducing the throat height, the recording field at
saturation is increased. There are two competing factors that
FIG. 16. Schematic diagram of a SPH. contribut(_a to the inf:reasg in reco.rding fﬁeld as a result of
throat height reduction. First, the field is increased because,
as a result of throat height reduction, the point inside the pole

recording system is of the order of 5 nm, which is alreadyt'pBgt Véh'fh IsatLijratlon sta.rts FO oceuris sh|ft|ed cIoEer to the
close to the size of the air molecule. Therefore, it is hard t - Calculated magnetization contours along the center

see how the flying height can be further reduced, because tﬁ:éoss-tra_ck pl_anes |n5|de_z _the main pole tip in two extreme
air flow process is a critical link in ultimate operation of a cases with fairly tall sufficiently short throats are shown in

magnetic hard drive. This means that the established ov p9s- 182) anq 18D), respectively. Th? magnetization pro-

decades trend of increasing the recording density in a ma !_Ies at saturation along the centerve_ruca_l line inside the pole

netic recording system only by direct application of the scal-'P for these two cases are shown in F'.g'(d)s It can be

ing law should be adjusted to create next generation magfbservgd that, for the tall throat, saturatlpn occurs near the

netic technologies. In other words, to obtain the maximum op region of the .throat, thus only a relatlve!y sma}ll part of

benefit and achieve the highest possible areal density, spec%\e initial magnetic flux generated by the drive coil reaches
i

attention should be given to each component of the magnet e ABS. As the current Is mcreased beyond the saturation
recording system. value, most of the flux is going to leak out of the magnetic

loop on its way from the drive coil to the ABS. In contrast,
for the short throat, saturation starts to take place at the ABS,
10. Definition of efficiency thus the maximum possible flux reaches the ABS and there-
fore the maximum possible fielfor a flat surface, of the
rder of 4rM,) can be generated. In other words, in the
atter case, there is essentially more magnetic charge gener-

be redeflned for .pgrpend.lcular rec.ordﬂﬁgl.n Iong|tud|_nal ated at the ABS. The charge at the ABS is the source required
recording, the efficiency is the ratio of the magnetic flux A
for the recording field.

ge.n%ated n the deep gap of the RH anq the fluxin t.he c'Jrl've Because charge is located at the ABS, the ABS dimen-
coil.”® As mentioned above, for perpendicular recording it is_. ; : o
sions of the pole tip determine the recorded bit size. There-

not the physical gap but rather the effectiveagneti¢ gap, fO{e, being local in origin, this is a favorable effect of throat

defined as the separation between the SPH and its image, tha . . :
is equivalent to the physical gap of the RH. Therefore, i,?we|ght reduction. Unfortunately, the throat height reduction

i 2 ) results in another effect which deteriorates the field gradi-

makes sense to define the efficiengypf a magnetic system . . X
. . . .ents. This effect is due to charges created on the tilted walls
of the first perpendicular mode as the ratio of the magnetic

flux in the magnetic gaygthe flux under the pole tip ABS above the throat height of the main pole, as shpwn in F|g._19.
. . . . These charges generate an extra field which is not localized
and the flux in the drive coil, as shown in Fig. 17,

and therefore results in deterioration of the field gradients, as
7= BgafAgap/ NI, shown below. As the throat height is reduced, the charge at
tilted walls moves closer to the ABS, and thus, the contribu-
tion of this unfavorable field increases.

It should be remembered that, although a perpendicular
medium is ideally symmetric with respect to any of the two
in-plane directions, i.e., along and across the track, a typical
SPH, shown in Fig. 19, is néf. Because of fabrication pro-
cess limitations, typically the throat top boundarit® lines
at which walls start to deviate from being verticalre de-
fined only at the two cross-track side walls of the main pole,
and not at any of the two along-track side walls, as shown in
Fig. 19. It should be noted that magnetic charge is propor-
tional to the change in magnetization component normal to
the boundary surfac&.Therefore, in this particular case, the
magnetic charge is concentrated on the cross-track sides
rather than on the leading and trailing sides of the main pole.
FIG. 17. Diagrams showing magnetic “circuits” in a longitudinal system AS & result, because of the different amount of the charge in
with a RH and a perpendicular system with a SPH and a SUL. these two cases, the throat height dependence might be quan-

Before going into details of the design, a basic quality
indicator such as the efficiency of a recording system shoul

whereAg,, is the deep gap cross-sectional area.

Longitudinal “Circuit” Perpendicular “Circuit”
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2 kOe y,_ Saturated Tjr ailing
region side wal
Cross-track
10 kOe side wall
. TH Magnetic
“charges™
| 1 on side walls
TH
20 kOe o ! w
(@  “charge”at the ABS FIG. 19. Diagram of a SPH pole tip showing the location of sidewall
charges.
19.6 kOe
easier to drive more recording field in the case of the shorter
throat, the undesirable off-track side field also increases due
to an increase in charge at the tilted sidewalls. To illustrate
19.8 kOe Saturated this effect, two cross-track perpendicular field profiles that
e correspond to the two throat height values at saturation are
shown in Fig. 22a). The same profiles normalized to corre-
sponding values at the center of the track are shown in Fig.
22(b). The normalized profiles directly illustrate the fact that
TH . o . . :
20 kOe the shape of the field profile is substantially wider in the
bt ++++an shorter throat height case.
(b) “charge”at/t.he?ABS The field 5 nm below the center of the main pole versus
the drive current at three values of throat height, 100, 200,
1.1- and 500 nm, is shown in Fig. 28. The drive current is
101 o500 nm given in arbitrary units beca_u'se the exact value qf the current
09l depends on a number specific to each head design parameter,
. 0.8] such as the exact location of the drive coil with respect to the
= 0.7 \ ABS, the yoke geometry, etc. The saturation current can be
= 0'6_ defined at the value at which the first discontinuithange
' / of slope in field dependence on the current takes place. This
05] / 1000
0.4+ i’
0.3; —ABS 20/ TH =100 nm
0 200 400 600

Along the central line inside the Pole Tip (nm)
(c)

Trailing TH =100 nm
15 mﬂge '
’ [ 500 au

FIG. 18. Calculated magnetization contours along the center cross-track
planes inside the main pole for two extreme cases at saturasoa:fairly

tall throat andb) a sufficiently short throatc) Magnetization profiles along

the center vertical line for the two cases at saturation.

titatively different for field profiles along and across the
track, respectively, as shown below.

The along-track profiles of the perpendicular field com-
ponent and its normalized value at 5 nm flying height and 20
nm separation between the ABS and the SUL at different
values of drive currentin arbitrary unit$ for two values of
throat height, 100 and 500 nm, are shown in Figgapand
20(b), respectively. In this case, the sidewall tilt angle,
shown in Fig. 19, was modeled to be 45°. The perpendicular
fields and their normalized values for the same set of para
eters across the track are shown in Figs(a2hnd 21b),

H, (10 x kOe)
o

00 02 04 06 08 10
Distance down the track (wn)

0.0
(a) Distance down the track (um)

20/ TH=3500nm

Trailing

- 1.5 dge
o H
- 10 1 500 au
o / 200
= 100
T 0.5

o

(b)

00 02 04 06 08 10
Distance down the track (um)

50
J Sl

0+— T T T T T
00 02 04 06 08 10

Distance down the track (um)

rT]:-IG. 20. Along-track profiles of the perpendicular field component and its
- > __normalized value for two values of the throat heigfa: 100 and(b) 500
respectively. As expected, it is observed that, although it ism.
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FIG. 21. Cross-track profiles of the perpendicular field component and its Throat Height (nm)

normalized value for two values of the throat heigfa: 100 and(b) 500

nm. FIG. 23. (a) Perpendicular field vs the drive current at three values of the

throat height: 100, 200, and 500 nith) Saturation current vs the throat
height.

derived saturation curreriteflecting system efficiengyer-
sus the throat height is shown in Fig.(BB In summary, lated according to the Coulomb law for the “magnetic”
reduction of the throat height has two favorable effects, artharges on the sidewalls. It can be shown that at zero throat
increase of the recording field and reduction of the saturatioReight and tilt angle of 45° the extra field due to the side
current. However, the throat height cannot be reduced erfharges can substantially overcomerMg (the maximum
tirely to zero, because the smaller the throat height, thdield assuming a pole tip with no charge in sidewaifo-
poorer the side and trailing field gradients, as noted abov¥ided the sidewall is sufficiently tall. Considering the side
(see Fig. 22 nature of the source of this field, the field due to the side
Here, it should be mentioned that, for an ideally satu-charge not only increases the field under the polédipthe

rated state, the field due to side charge can be easily calctfack but also creates an unfavorable field at the sigéf
the track and thus deteriorates the field gradient. Therefore,

to minimize the contribution of side charge, it is preferable to
keep a sufficiently tall throat. In other words, there is a trade-

1.6

14] < off between the field magnitude and the field gradient, and
- 1'2 this trade-off can be controlled by the throat height.
Q &
g 10{ ~* : ;
X 0'8 1 12. Dependence on the pole track width and thickness
< ! TH =100 nm Another way to increase the recording field is to make
T

each ABS cross-sectional dimension of the SPH pole tip
(pole thickness and track widttas large as possibfé.The
characteristic dimension at which the field starts to substan-

@ Ogistanceoa-lmss thg-ﬁfack (W“’)~3 tially change is determined by double ttdue the “image”
by the SUL distance between the ABS and the SUL. The
121 track width, W, of the SPH determines how narrow a track
e can be recorded. Therefore, the track width value is set by a
iu 1.0 required areal density value. For example, at an areal density
~ 084 beyond 100 Ghit/irf, the track pitchthe track width plus the
% guard bang should be smaller than approximately 160 nm,
N 0.6 TH = 100 nm assuming a 4:1 bit aspect ratiBAR). Assuming that the
E 0.4 guard band occupies approximately one fif#0%) of the
S track pitch, the SPH should have a track width of approxi-
0.2 TH =500 nm

, : : ‘ mately 120 nm to record an approximately 130 nm wide
0.0 0.1 0.2 0.3 track. As for the pole thickness, as previously mentioned, in
®) Distance across the track (um) perpendicular recording, ideally the actual recording takes

FIG. 22. (a) Cross-track profiles at saturation for two values of the throat Place only near _the trailing edge of the pole, therefore, one
height: 100 and 500 nnib) Normalized profiles at saturation. can have pole thickness as large as necessary for a maximum
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Trailing Pole Recorded Track
1.54 Trailing edge
® e
=
& 1.0
—
T W=120 nm
0.51
0.0 T , <
0 100 200 300
(a) Pole Thickness (nm)
2.0
v 1.54
E /__-_
N
~ 1.04 ; - FIG. 25. (a) Diagram showing the ABS of a pole with skew with respect to
T _-" T - 200 nm the track direction and transitions recorded with the skewed trailing pole,
051 § thus creating a recorded tracdk) MFM image of a track recorded by a SPH
_7/ head on a CoCr-based perpendicular medium at 15° skew angle.
0.0 T r :
0 100 200 300
(b) Trackwidth (nm)

120 nm. Moreover, in real conditions with nonzero skew, the
FIG. 24. Maximum field at saturation \@) the pole thickness for a SPH Nonzero length of the pole thickness,results in substantial

with track width of 200 nm andb) the pole track width at a fixed value of Side recording, as explained next.
the thickness, 200 nm.

13. Skew angle sensitivity of single pole head

increase of the recording field. The maximum recording at  One of the most serious issues in future implementation
saturation versus the pole thickness for a given track widtlof perpendicular recording is believed to be the excessive
of 120 nm is shown in Fig. 24). However, in practice, as sensitivity of a typical perpendicular recording system to the
explained below, the pole thickness cannot be made infinitelgkew anglé*> As mentioned above, unlike in longitudinal
long because, in a real hard drive, the skew angle is natecording, for which the recording is produced by the fring-
always zero. The nonzero skew angle results in effectivelyng field in the physical gap region of a RH, shown in Fig. 2,
recording a substantially wider track compared to the trackn perpendicular recording, the recording is produced in the
width of the pole tip. As shown below, the pole thicknessgap near the trailing edge of the main pole of a SPH, shown
value of approximately 200 nm should reduce the skew anglen Fig. 1. As a result, one of the principal differences is the
sensitivity to few percent of the track width value, assumingorder of magnitude difference between typical sizes of the
an approximately 10° maximum skew angle and areal densgap region of the RH and the trailing pole thickness of the
ties below approximately 400 Gbit/fnAt 400 Gbit/in? areal ~ SPH. For state-of-the-art recording RH and SPH suitable for
density, assuming a 4:1 bit aspect ratio, the recorded trackreal densities of the order of 100 Ghitfiffor example, the
pitch should be 80 nm wide. Therefore, the track width of thegap thickness and the trailing pole thickness are of the order
pole tip should be smaller than 80 nm. The maximum satuef 50 and 1000 nm, respectively. This substantially larger
ration field versus the pole track width at a fixed value ofthickness of the SPH pole results in it being extremely sen-
pole thickness of 200 nm is shown in Fig. (B At this  sitive to the skew angle. To help in understanding this, a
point, it is worth noting that the image head is located furtherdiagram of a track recorded by a SPH at nonzero skew angle
away from the center of the recording layer than the reals shown in Fig. 28a). It can be noted that at the condition of
head, as shown in Fig. 9, with the difference in spacing equahonzero skew angle the recording is produced not only by
to the recording layer thickness. Ideally, the net recordinghe trailing edge but also by one of the sides of the trailing
field of 477Mg can be produced as a result of contributionspole. A MFM image of a real track recorded with a SPH with
by fields generated by both the real and image heads, respez-500 nm thick pole at 15° skew angle on a CoCr-based
tively, with a 2rMg field per each head. Assuming 30 nm perpendicular medium is shown in Fig. (Bh

separation between the ABS and the SUL, at such high areal It is clear, therefore, that the thicker the trailing pole is,
densities the track width—<80 nm) is of the same order of the more sensitive the system is to the skew angle. To a
magnitude as double the separation between the ABS and tlsafficient degree of approximation, the side written region is
SUL. Therefore, it is not unnatural that the net recordingproportional to the product af2 X sin 6, whereT2 andé are
field starts to substantially drop as the track width is furtherthe pole thickness and the skew angle, respectively, as shown
reduced. in Fig. 26. Assuming typical values far2 andé of approxi-

In summary, ideally, assuming a zero skew angle, thanately 1000 nm and 10°, respectively, the side written region
pole thickness can be made infinitely large because the resan be of the order of 150 nm, which is unacceptable at areal
cording is produced only near the trailing edge. Neverthedensities beyond 100 Gbit/fnlt should be remembered that
less, the increase in thickness results only in an approxithe entire track width is expected to be less than 150 nm at
mately 30% increase if the track width is kept as small asuch high densities assuming a 4:1 BAR.
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- Trailing edge

T=300nm

"W = 100 nm

Side written
Track direction region " 1.0

FIG. 26. Diagram showing how the side recording is generated due to a
nonzero skew angle. L

The most straightforward “solution” for eliminating the 0 20 40 60 80 100
skew sensitivity is reduction of the pole thickness. However, (a) Distance across the track (nm)
this solution is not adequate, because in this case the record-
ing field drops drastically and thus recording on a sufficiently
high coercivity medium becomes probleméticAs an ex-
ample, the calculated perpendicular field at saturation versus
the distance down the track near the trailing pole edge with
120 nm track width and 20 nm separation between the ABS
and the SUL at two different values of pole thickness, 100
and 500 nm, is shown in Fig. 27. In this calculation, the SPH
and SUL were modeled to be made of a relatively high mo-
ment material with 4M of 2 T3¢ It can be seen that reduc- - .
tion of the pole thickness to 100 nm reduces the field by 0O 20 40 60 80 100
almost a factor of 2. Another approach needs to be found to Trackwidth (nm)
solve the fundamental issue of skew angle sensitivity. It was o _ _
shown that the use of a trapezoidal e pole can partial\ie, 20,9 Yeies 1ot v 1 dsanee seros e vack s o
reduce the skew sensitivily:*®* Good understanding of the 150 nm.(b) Field half width vs the track width.
mechanisms that determine the recording field will help in
finding a more drastic solution.

-
(=]
o

80
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40
20

o

Vertical Field Halfwidth (nm)

—
(=)
~

larger than the separation between the ABS and the SUL.
14. Gap length dependence Detailed analysis of the physical gap’s influence on the re-
?ording characteristic of a system with a SUL can be found

In Sec. Il A, it was shown that as a direct consequence o 5
elsewheré:

recording by field fringing from the gap, properties of a sys-
tem that utilize a RH without a SUL, regardless of whether it
is perpendicular or longitudinal recording, fairly strongly de- ;
pend on the physical gap length, as discussed above. This %SIgn
in contrast with the case of the first perpendicular mode, for ~As mentioned above, the fundamental density limitation
which no significant dependence on the physical gap lengthf the regular SPH design is due to the inability to scale the
can be expected as long as the gap length is substantialflying height as areal density increase demands reduction of
larger than the separation between the ABS and the SUL. Fdhe flying height to values below physically impossibfe.
the second perpendicular mode, the physical gap is part dfor example, it is believed that the smallest achievable flying
the main path for magnetic flux in a recording system. As aheight is approximately 5 nm. It is hard to see how one can
result, in case of the second mode, stronger dependence orke the flying height smaller considering that 5 nm is al-
the gap length is expected. On the contrary, for the first perready of the order of the size of the air molecule. Therefore,
pendicular mode, the main path for magnetic flux does nogssuming a constant flying height of approximately 5 nm, as
go through the physical gap region, rather it goes through théhe track width is reduced to satisfy the areal density in-
SUL, which explains the substantially weaker dependence ogrease, the field generated at the recording layer also de-
the physical gap length as long as the gap is substantiallgreases. Unfortunately, the field magnitude cannot be end-
lessly maintained via reduction of the throat height. As
shown above, as the throat height becomes too small, the
contribution to the recording field from magnetic charge on
\ the tilted sidewalls increases. As a result, the cross-track and
12000 trailing field gradients deterioraté.Assuming the sidewall
\ tilt angle is approximately 45°, the smallest value of throat
height at which gradient deterioration is less than 50% is
0 P'T=°-1jm . approximately 100 nm. The recording field generated at satu-
09 10 11 12 ration under the center of a 300 nm thick trailing pole with
Distance along the track (um) 100 nm throat height at 5 nm flying height versus the dis-
FIG. 27. Modeled vertical fields near the trailing edge for two values of the!@NC€ across the track at three values of track width, 25, 50,
pole thickness, PT: 0.5 and Ogm, with the same track width of 0.Am. and 100 nm, is shown in Fig. 28. For example, at 1

15. Flying height limitation of a single pole head
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Shield X

FIG. 29. Diagram of the ABS of a shielded single pole head pole tip con-
figuration.

Thit/in.? density, the track width is approximately 50 nm
assuming a 4:1 BAR. The signal half width defined as the
distance along the track at which the signal drops twice from
its maximum value versus the track width is shown in Fig.
28(b). It can be noted that, as the track width becomes nar-
rower than approximately 50 nm, the half width ceases to (b) SUL
strongly depend on the track width. This is explained by the
fact that, as the track width is reduced below this critical'C: 30- Diagrams showing propagation of the magnetic field for the two
value, the half width is predominantly determined by thecases of interesta) those without andb) those with shields.
doubled separation between the ABS and the SUL along with
the flying height, which, in this case, is 20 and 5 nm, respecthe side field, are substantially relaxed if shields are utilized.
tively. Also, as the track width is reduced below approxi- It should be remembered that, for the regular SPH, the pole
mately 50 nm, the field magnitude drastically decreases fotip geometry is chosen with a fairly large throat height to
two reasons{(1) the field generated by an individual SPH reduce the side field. The cost of the fairly tall throat is
drops as the track width is reduced because the net magnesabstantial reduction of the field magnitude and system effi-
charge is reduced an@) the contribution by the field gen- ciency, as shown above. On the contrary, for the case with
erated by the image SPH drops faster with a reduction ighields, the throat height can be substantially reduced to
track width because it is essentially further away from themaintain fairly large field magnitude without losing field gra-
center of the recording layer compared to the real SPH.  dients. In other words, if shields are used, a substantially
In summary, the main gquestion regarding the write headnore efficient pole structure can be implemented without
at areal densities of the order of 1 Thitfican be formulated losing the field gradient. As an example, calculations were
as follows: How can one maintain the recording field mag-made to compare the recording field generated by a regular
nitude with reduction of the bit dimensions without deterio- SPH with throat heightTH) of 100 nm with the recording

rating the field gradients? field generated by a shielded SRSSPH with 50 nm throat
height and cross-track shield to shield separation of 90 nm
C. Modified first perpendicular mode: Shielded single and downtrack gapG, between the write pole and the trail-
pole head and a perpendicular medium with a ing shield of 20 nm. The shield throat heigt@TH) was
soft underlayer modeled to be 10 nm. In both cases, the pole tip was mod-
1. Shielded single pole head eled to be 50 nm wide and 300 nm thick. The center cross-

One of the previouslv proposed solutions is to build Sof,[track profiles for these two cases at saturation are shown in
P y prop Fig. 31. In practice, however, there might be limitations due

magnetic shields around the main pole, as shown in Fig.
29%
It can be noted that the shields are wrapped only around

the trailing side and the two cross-track sides of the main 151

pole. Only these three sides are critical for recording, be- T

cause the two cross-track sides define the track width and the % 1.0+

trailing side defines the quality of each linear transition. No e N

recording is supposed to take place at the leading side, there- et 0.51 .................................. egular

fore, this side does not necessarily have to be covered with a |
shield. The direct effect of shielding is screening the unfa- 0.0/ ‘'w=100mm
vorable side field from the recording medium, as shown in a ' '
cross-track cross-sectional diagram in Fig. 30. Consequently,
the constraints on the head structure, which were placed oA, 31. cross-track profiles for a regular SPH and a shielded SPH at
the regular SPHwithout shielding to reduce the effect of saturation.

Shielded

0.0 0.1 0.2 0.3
Distance across the track (um)
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1.04 Return Main
08] [sspH ,” pole pole
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FIG. 32. Maximum trailing field at saturatioimormalized to its saturation

valug vs the pole tip thickness for a regular SPH with 500 nm throat height Shleld Main Shield
and a shielded SPH with zero throat height. The track width is 120 nm. po e /
to difficulties in processing. For example, the shortest pos- {\
sible today throat height is going to be dictated by the lap-
ping process accuracy. B\_/\_f

As a direct consequence of the ability to exploit a more »\
efficient pole tip configuration, the improved skew angle per- SUL
formance of the SSPH should be mentioned. Due to higher &
efficiency than SPH, a much thinner pole tip can be utilized
to generate the same recording field. Therefore, the SSPH
has substantially improved skew angle performance com- )
pared to SPH, as discussed below. M?m

For design of the SSPH, the side cross-track and trailing - POg '
field gradients are predominantly determined by the spacing Shield - ”
between the main pole and the shields. This is in contrast to B\ A
the regular nonshielded SPH design, for which the gradients \/\/\J
are determined not only by the flying height and the separa- SUL

tion between the ABS and the SUL but also to significant ©
degree by the throat height. Evidently, the deadly limitationF!G. 33. Diagrams showing the flux return paths far a regular SPH
of a nonzero throat height in the case of the regular SPHFCTORCk ose sectore vana(o o seter Soont i i
design is automatically removed in the case of the SSPH
design. In the latter case, even for a substantially shorter
throat height, the undesired side cross-track and trailings shown in Fig. 33. The shields wrapped around the main
fields are reduced due to the existence of a relatively lowpole not only act as gradient shapers but also play the role of
reluctance well-defined return flux path via the shields. return pole. As a result, a system with shields around the
As noted above, the reduction of throat height to zeromain pole and without a return pole remains approximately
dramatically increases the system efficiency and allows as efficient as a regular system with a return pole.
substantially larger amount of magnetic flux generated by the As a consequence of the shields acting also as a flux
drive coil to reach the ABS. This automatically results inreturn pole, the requirements for use of a SUL are much less
better skew angle performance of the SSPH design compareiht than in the regular SPH case. It can be also observed
to the conventional SPH design, because in this case a he#luat the shielded structure resembles a typical ring head
with a substantially thinner pole tip can be utilized to gener-structure. The purpose of the separation between shields and
ate a field as strong as the field generated by an equivalettie main pole is to avoid the side field and thus to distinctly
conventional SPH with a much thicker main pole tip. As define recording transitions. Similarly, the purpose of the gap
discussed above, the skew angle sensitivity is proportional tbetween the two poles of the ring head structure is to define
the pole tip thickness. The maximum trailing field at satura-recording transitions. Moreover, similar to a system with a
tion versus the main pole thickness for the two cases, a reguing head, a system that utilizes a shielded writer can be
lar SPH with 500 nm throat height and SSPH with zeroutilized without any SUL at all. As shown in Fig. @3, the
throat height, both with 120 nm track width, is shown in Fig. fairly small separation between the main pole and the shield
32. To clearly illustrate the point, the field is shown normal-provides sufficient efficiency. In most implementations,
ized to its saturation value. It can be noted that the field doeshields are coupled to the main pole through the back of the
indeed start to drop at a smaller thickness for the case witpole, as shown in Fig. 38). In this case, the trailing and
shields. cross-track side field gradients are determined by the flying
Another observation that can be made is the fact that iheight and the separation between the main pole and the
shields around the main pole are utilized, as described abovshields rather than by the separation between the ABS and
there is absolutely no need for the return pole to be separateéde SUL. As a matter of fact, for the dimensions considered,
by a fairly large gap from the leading edge of the main polethe only noticeable difference between the two modified sys-
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Ghbit/in. if shields are used. This unresolved issue of skew
angle sensitivity in perpendicular recording was analyzed. It
was shown that using soft magnetic shields around the trail-
ing pole substantially improves the skew angle sensitivity.

1.0  with SUL

Z max sat

Zwith NO SUL

T ] . X . .

~ 0.5 / Moreover, using shields substantially improves the system

IE efficiency and to some degree fulfills the role of the soft
0.0 underlayer in perpendicular recording.

0 50 100 150 200
Drive current (au)
FIG. 34. Maximum field vs the drive current for two configurations: a SSP

with and without a SUL. The field is shown normalized to its saturation
value.
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