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-1 TI TLE OF THE | NVENTI ON PERPENDI CULAR MAGNETI C  ......
RECORDI NG APPARATUS BACKGROUND OF THE | NVENTI ON The mm|“mmmm

present invention relates to a perpendicular 5 Jmmmu
magneti ¢ recordi ng apparatus. A perpendi cul ar mag

recordi ng apparatus has a perpendicul ar xisq1s0e
doubl e-l ayered nedia including a soft wunderl ayer

CsPrare pol e heat) i nel uding & main 10 ple. & ?2?3M\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

yoke, and an exciting coil, and records data by using «goooo2*
magneti ¢ coupli ng between dtherumagrRetinerbgad and the

soft underlayer. Since the soft underlayer of the

per pREREEND B U kR M AGN B EC eRE O®RID BNG cAPPARATERgar ded as

a part of the magnetic head, it 15 is necessary to
stabilize magnet i ZHGKERAUND K" SIBTE INMENSIIGN/ er and
reduce noise fromthe soft underlayer. Magnetization

of the sd?@eu%€%$$%9e¥nV%n§%9@|F?%é@eﬁytgsﬁngeapendlcular
structure pinni t he magneti- zation of the soft
undé‘ialgdiﬁ'etrl‘? n HRLAFRMEF D0 whi ch the soft
netization

ayer. Fob BSTRr e CulSe RARAr b afcragRLbeC appgrituz has
B r
recol g S A1 & PAROSED L Y01 oD, |1l gne oo

sof ty fRanel&r | AYera ﬁé@b&cﬁ’f&@f@ﬁ' f@é@fdiﬁgomwg, and

a magnetic head (single pole head) including a main

pole, a return yoke, and an exciting coil, and
records data by using magnetic coupling between the
magnetic head and the soft underlayer. Since the soft
underlayer of the perpendicular double-layered media
can be regarded as a part of the magnetic head, it
is necessary to stabilize magnetization in the soft
underlayer and reduce noise from the soft underlayer.
Magnetization of the soft underlayer is
stabilized by using a structure pinning the magneti-
zation of the soft underlayer in one direction in
which the soft underlayer is formed on a magnetization
pinning layer. For example, a perpendicular magnetic
recording media is proposed in which an in-plane hard
magnetic layer, an intermediate layer, an in-plane
soft magnetic layer, and a perpendicular recording
layer are stacked on a substrate, and the intermediate
layer is a magnetic layer having saturation magneti-

‘zation smaller than that of the in-plane hard magnetic
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25 |l ayer are stacked on a substrate, and the
internmediate layer is a magnetic |ayer having
saturation magneti- zation smaller than that of the

i n-plane hard magnetic |ayer, a nonnagnetic | ayer
having a thickness smaller than 0.5 nm or an oxide

| ayer of the in-plane hard magnetic |ayer (Jpn. Pat.
Appl n. KOKAlI Publication No: 2003:=162807). In this

per pendi cul ar magnetic 5 recordi ng nedi a,

magneti zati on devi ati on caused by an external

magnedyer f i 1 tohisaguppl €s38der angvikei & tROEEReES smaller
reduced. Al so, as described above, in the

per pemai cl @arnmregnesn cox eder tapgr appatbeé usndpilaget hard
perpendi cul ar 10 doubl e-l ayered nmedia and the single
pol endgnelt igataves f&ebr deat byApeling KP¥ARagnelication
coupling_ between the single pole head and the

per J&¥hdi €29 37 L (BT k- | a?%r%}éllsn@‘éﬁﬁen@l@llaé RRGREBEC
magnet i c %%#x fr mthe main go e tg the return yoke

t hr U T HE S JiE Ju%e‘??%%?lz 519Per @Y b7 B1ORi SBHase BY

info t|on rec or ded nedi a_readi | ccur

to f%gg%en rna gret s 2z a&l%npl?% At hd %%?%r%%¥% éo gla
thi s, probl réh fethod which prevents n1serase by
reduci ng the renanent nmagnetization in the main pole

after reQ&IQéngagyd@QcFPgé&yéggvéhelﬁhéﬁé %E Fgﬁdﬁﬁhmar

pole is proposed (Jpn. Pat I cation

No. ﬁH&E&@@?%%@@rdiﬁﬁwﬁﬁﬁaréﬁhér@blﬁ@CKthﬁétﬁ¥nérghlar

of the perpen- dicular recording nedia increases
si zelamibldwel a yet et pod @i degh @asies . s oG 1 €xgopt ehe b, data

realize 200
is recorded by using the magnetic coupling between the
single pole head and the perpendicular double-layered
media, i.e., a flow of magnetic flux from the main
pole to the return yoke through the soft underlayer.
Therefore, miserase of information recorded on the
media readily occurs due to remanent magnetization
in the main pole. To solve this problem, a method
which prevents miserase by reducing the remanent
magnetization in the main pole after recording by
modifying the shape of the main pole is proposed
(Jpn. Pat. Appln. KOKAI Publication No. 2003-317212).
However, as the track density (TPI) of the perpen-
dicular recording media increases, the size of the
main pole decreases. For example, to realize 200
kTPI, a track width of 0.13 pum or less is necessary.

Therefore, the main pole is made into a needle-like

shape and becomes magnetically unstable. This makes
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25 kTPI, a track wdth of 0.13 .tmor less is
necessary. Therefore, the main pole is nmade into a
needl e-1i ke shape and becones nagnetical ly unstabl e.
This makes it difficult to reduce the remanent

magneti zati on and prevent m serase only by nodifying
the shape of the main pole. In addition, when the
track wwdth .of the main poel e3deereases, the field
strength of 5 the main pole al so decreases. This makes
it difficult to maintain the recording quality.

Fur tiherdior & cdiad d i sdaid Mase a¥&nd D Y 74 11 &ar
navi gati on systens and household electric ~appliances
as weld A% dantpefisHad s€ QA &5y, madide ey lthdegiapé ngr
to be used in wi de tenperature environnents
accadrtdi mgiiyn dEslpeci dlnl yadibicaise, avimagndte ct radorwdidich
nmedi a changes its coercivity in accordance with the
us e aferfer aradime palec olali rap adwr dadteriisticsstatenggmof
tenperature, high tenperatures, and |ow tenperatures
15 R A58 RO fHeremiecrRmees or &hifarer kR skl drdidbicult
are required to he able to wite and read data
wi t FGUteeiyF arb qQPRﬁ%RQtQHﬁﬁﬁ%Mure enV|ronnents
atures to

f I t
spec f1 oAy G e n el Qs 4 FRES 8 e Shrange

20 filu d
char act%te:i?g{t ge&tsrhaﬁﬁ eg{n%)ea%la 3}%@&&%&1 ST e
Gy i oo Lar o ol ARSI g oo

beginning to be used in wide temperature environments
accordingly. Especialiy because a magnetic recording
media changes its coercivity in accordance with the
use temperature, recording characteristics at room
temperature, high temperatures, and low temperatures
may also be different. Therefore, hard disk drives
are required to be able to write and read data
without any problems in wide temperature environments
from low temperatures to high temperatures. More
specifically, it is necessary to maintain high thermal
fluctuation resistance and good fringe characteristics
at high temperatures, and maintain high overwrite
characteristics and a high S/N ratio at low
temperatures.
BRIEF SUMMARY OF THE INVENTION

A perpendicular magnetic recording apparatus

according to an aspect of the present invention

comprises a perpendicular double-layered media
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25 A perpendi cul ar magnetic recordi ng appar at us
according to an aspect of the present invention
conprises a perpendi cul ar doubl e-layered nedi a
conprising a substrate, a soft underlayer including a
soft magnetic layer, an internedi ate | ayer and

anot her soft magnetic layer in which the two soft
magnetic |ayers are antiferromegnetically coupled with
5 each other, and a perpendi cul ar recording | ayer; and
a magnetic head conprising a main pole, a return yoke,
and compexicd indigs coilbst wdies £i &1 o f€l aidonshyr behveeding
an antiferromagnetic coupling force Hex-afc of the two
sof ta reagnetiagietyier slayet uded imté¢iredbdte ubalget ayed
10 and a full width at half maxi mum MAWin a cross

t r acdiotdigecidioh md@re el ¢ ol Yeegiendyich ghlag¢ tgo soft

recorded on the perpendicular recording Iﬁ%er by the
magMRIRE Head 2 %8 sTi o2 R el ¢ or Pead Ryt  6f fliy acotpled with

Hex-af¢ > 1.6*In . 23- 2*100 + 25.6., 15 A

pe)r(ﬁa@ﬁ:g] QRO o t3 P %%@%ﬁpﬁ?ﬁ?ﬁgm%c%mrhgand
to an spect_ of the present invention co i ses

o D B A st S Sp e ol A eohpr <1 RECRES voke,
SUb§£{fuéﬁ é&é%gfnd”ggﬁ4ﬁyﬁﬁef@fﬁqg' ?la@ié@%ﬁi Jpetween
magnetic | ayer, an antiferronmagnetic Tayer a%

anmahﬁ%rﬁﬁ@eiﬁﬂﬁ‘?ﬂ&ﬂ@%%uﬁﬁiﬁ\f‘iﬁ@r@é‘cﬁe)?oifc of the two
r an

magnetic | aye the antiferromagnetic |ayer are
couplogt Wddhegaich 1ot hers bin Exedadgen conp! st @ndler i Hger

two soft magnetic |ayers are not coupled, and a

per pevtdiac iwdrl neictirtdiaty Haly@ermaainhm M@gnet i £ deasls track
direction when a low-frequency signal is recorded on
the perpendicular recording layer by the magnetic head
satisfies the following formula:

Hex_afc > 1.6*1n((0.23-MWW)2*100)) + 25.6.

A perpendicular magnetic recording apparatus
according to another aspect of the present invention
comprises a perpendicular double-layered media
comprising a substrate, a soft underlayer including
a soft magnetic layer, an antiferromagnetic layer
and another soft magnetic layer in which each soft
magnetic layer and the antiferromagnetic layer are
coupled with each other by exchange coupling, and
the two soft magnetic layers are not coupled, and a
perpendicular recording layer; and a magnetic head
comprising a main pole, a return yoke, and an exciting
coil, wherein a relationship between an exchange

coupling force Hex sw between the soft magnetic layers
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25 conprising a main pole, a return yoke, and an
exciting coil, wherein a relationship between an
exchange coupling force Hex-sw between the soft
magnetic | ayers and the antiferromagnetic |ayer
included in the soft wunderlayer and a full width at.
hal f maxi mum MW in a cross track direction when a

| ow- frequency signal is recorded-on the perpendicul ar
recording |ayer by the 5 magnetic head satisfies the
follow ng formula: Hex-sw > 1.6*I n((0.23- MW 2*100)) +

25. GanBRIHEF HESGR AN HE SRERA MAEMS OF ThE soft
DRAWNG FIG 1 is a sectional view showi ng a perpen-

di culrade mipegreet iand ec ofdi INgv spytarst Usa B o eimgn (oWl Oin a
the first enbodi nrent of the present invention; FIG 2
i s et itk \dievestioon nthen perijpan-f b querary neiggmed 1 cis
recording nedia as a nodification .of FIG 1; FIG 3
i s asseptdashain ihey sshovg il e lpar pegrondingy ckdyer by the
magnetic recording nedia as a nodification of FIG 1;

FI GRaPNat i d8ad ordt S48 sHei iy P et ettt ar
TROTeL € LS TR B AL fe TS
T o T A A R
bet ween tf%hﬁmyvfg“%r@é%%fgﬁ%fzﬂf%w showing a perpen-
dicular magnetic recording apparatus according to
the first embodiment of the present invention;
FIG. 2 is a sectional view showing a perpen-
dicular magnetic recording media as a modification
-of FIG. 1;
FIG. 3 is a sectional view showing a perpen-
dicular magnetic recording media as.a modification
of FIG. 1;
FIG. 4 is a sectional view showing a perpen-
dicular magnetic recording media as a modification
of FIG. 1;
FIG. 5 is a sectional view showing a perpen-
dicular magnetic recording media as a modification
of FIG. 1;
FIG. 6 is a graph showing the relationship
between the MWW and miserase rate;
FIG. 7 is a graph showing the relationship
between an absolute value of a nucleation field Hn

at which magnetization reversal starts and a thermal
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25 FIG 7 is a graph showng the relationship between
an absolute value of a nucleation field Hh at which
magneti zation reversal starts and a thernal 5
fluctuation resistance TD of a nedia; FIG 8 is a
graph showing the rel ationship between the thickness
of soft magnetic layers included in a soft underlayer
and the fringe characteristi-cs;6 FI-G 9 is a graph
showi ng the relationship between the overwite
characteristics (ON and the bit error rate (BER);

FI G£1Md fa @ o apds Shom g thecf eh akd@nshi p  bet ween
an antiferromagnetic coupling force 10 Hex afc of a

soft underi@yed phdatdeaveshowing thar asletishshsp ON
FIG 11 is a graph schematically showng the results

of regsweaneitis Uiidkhes nagret osfatnagndiaiactayers stncsuded
(magneti zation curve) of a perpendicular 15 magnetic

r ecarmdiangs afediundeclan ngprd perp el vus agharaeordl agics;
filmand soft underlayer; FIG 12 is a graph, show ng

the rel ati¥nsh? pis bRt Feaiph c%@‘?‘é%@gt?h%r%¥a5l%ﬂhhpand

| ow SR T R B GES 191 GO K ShoWh TS Che

rel at.i onshl t we he ant i ferromagnetl c coupling
fore%e of~ aoosol?éfet Eékl‘ ayer of a nedia and the

mserase gt e 1 WNED 2 JRLL, POL &, EXY1 PALT PO MWYRER P21

mis use
between an antiferromagnetic coupling force

Hex afc of a soft underlayer and the overwrite
characteristics OW;

FIG. 11 is a graph schematically showing the
results of measurements of the magnetostatic charac-
teristics (magnetization curve) of a perpendicular
magnetic recording media including a perpendicular
recording film and soft underlayer;

FIG. 12 is a graph showing the relationship
between coercivity Hc of a media and the difference
in BER between room temperature and a low temperature;

FIG. 13 is a graph showing the relationship
between the antiferromagnetic coupling force of a
soft underlayer of a media and the miserase rate
when a main pole exhibiting MWW of 0.21 pm is used;

FIG. 14 is a graph showing the relationship
between the MWW and the antiferromagnetic coupling
force Hex afc at which the miserase rate is saturated;

FIG. 15 is a sectional view showing a
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FIG 14 is a graph showing the relationship 25
bet ween the MWV and the antiferronmagnetic coupling
force Hex afc at which the m serase rate is saturated,
FIG 15 is a sectional view showi ng a perpendi cul ar
magneti c recordi ng apparatus according to the second
enbodi nrent of the present invention; FIG 16 is a
sectional view showi ng a perper’- dicul ar magnetic
recording nmedia as a nodification 5 of FIG 15; and
FIG 17 is a sectional view showi ng a perpen- dicular
MaLg s i e i cBiC XH N Gn Rtk 8l @Sr €cdpdll dd Capponat v &t€ording
15. DETAI LED DESCRI PTI ON OF THE | NVENTI ON 10
Enbodh nerd sseaforidesrasiomnt nvEnthompnesénbeinvention;
descri bed bel ow with reference to the acconpanying
drawi ngs.FFF G 14 Showssechperpehdy taV ashaugnet fcperpen—
recordlng apparatus according to the first enpbodi nent
of tHeeuliar graEEaliic KRR T HHNT TSl ped pendnedi hEcation
nagg§{| recordlng apparatus includes a perpendicul ar
iclCy nmedi a (per pendi cul ar

doubl I d.
o onal T Jo% 5800 S TR INEL S8R g "B pergen-
has d§&fé¥nﬂg éﬁh&w¥égbfﬁfﬁ)tm 1¥n9§réaﬂgﬁlglcatlon

i ncludi ng a so magneti c I nternedi ate
| ayess 4-nd ahot her soft magnetic Iayer 3b, and a
per pendi cul ar recording |l ayer 5 are stacked on a

nonmagneti ¢ mrsittaire cksCRI®TRINEE o HIe ati s NMIoN

Embodiments of the present invention will be
described below with reference to the accompanying
drawings.

FIG. 1 shows a perpendicular magnetic recording
apparatus according to the first embodiment of the
present invention. This perpendicular magnetic
recording apparatus includes a perpendicular magnetic
recording media (perpendicular double-layered media)
and a magnetic head. The perpendicular double-layered
media shown in FIG. 1 has a structure in which a soft
underlayer 2 including a soft magnetic layer 3a, an
intermediate layer 4 and another soft magnetic layer
3b, and a perpendicular recording layer 5 are stacked
on a nonmagnetic substrate 1. The magnetic head shown
in FIG. 1 is a recording head called a single pole
head, and includes a main pole 51, a return yoke 52,
and an exciting coil 53.

The soft magnetic layers 3a and 3b are made of
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in FIG 1 is a recording head called a single pole 25
head, and includes a nain pole 51, a return yoke 52,
and an exciting coil 53. The soft magnetic |ayers 3a
and 3b are nmade of a soft mmgnetic material having
hi gh perneability. Exanples are CoZrNb, FeTaC, FeZrN,
an FeSi alloy, an FeAl alloy, an FeN alloy such as
permal | oy, an FeCo-based akl o$ swch as Pernmendur, an
FeCoNi alloy 5 such as Perminvar, an Ni Co all oy,
sendust, MiZn-based ferrite, MVh-based ferrite,

MIZnr Rased rRfiddies mdeA i@, HeQulNpbIiBnh eGateability.
FeGeSi, FeSi C, FezZrB, FeZrBCu, CoFeSiB, CoTi, and
CoZEkamplhss iateeroomhing e Helysy, &dzrN oraredradi R layy,

the 10 like. The two soft magnetic |ayers 3a and 3b

i nclamdé®Ali mltlhey ,safit Hatderdlayer Qicr ees permalloy, an
antiferromagnetically coupled with each other through

t he Faticepsdicated Iy eruch aeerframeindiar amdgriGaNl alloy
recording nmedia of 15 nodifications of FIG 1 will be
desétiPed hdlGHintath rdf A& lPw @endugly gingn-based

er pendi.cul ar magneti c. recordi n dia sho in FlIG
D ha€ I e uMEIFE B35 ShiTaF 5 ot MAAUGA SRfbr o T LEe

: gsleﬁlré%}r&% a EsegutNéDrgla:‘Lﬁ#etﬂ'e%C#Gg%erFe%éSian . %i?,gﬁg%%éﬁ, 20

S
d secon ermedi at’e 1ayer 14 an

sof tnd ,i CCJE%ﬁseigB,s%oﬂnd FhPespend] cul ar recording
are stacke

"ayer on a rnonnagnetic substrate 1. Ru

or the lifg i wstbddtd henydi ef "Bdi 8 End QYSF ¥u or the

like. The two soft magnetic layers 3a and 3b included
in the soft underlayer 2 are antiferromagnetically
coupled with each other through the intermediate
layer 4.

Perpendicular magnetic recording media of
modifications of FIG. 1 will be described below
with reference to FIGS. 2 to 5.

A perpendicular magnetic recording media shown
in FIG. 2 has a structure in which a soft underlayer 2
including a soft magnetic layer 3a, an intermediate
layer 4, a second intermediate layer 14 and another
soft magnetic layer 3b, and a perpendicular recording
layer 5 are stacked on a nonmagnetic substrate 1.
Ru or the like is used for the intermediate layer 4,
and Co or the like is used for the second intermediate
layer 14. The antiferromagnetic coupling between the
two soft magnetic layers 3a and 3b can be enhanced by

the stack of the intermediate layer 4 made of Ru and
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and Co or the like is used for the second internedi ate
25 layer 14. The antiferromagnetic coupling between

the two soft magnetic |ayers 3a and 3b can be enhanced
by the stack of the internedi ate |ayer 4 nade of Ru

and the second internedi ate |ayer 14 made of Co. A

per pendi cul ar magnetic recordi ng nedia shown in FIG

3 has a structure in which a séft -underl ayer 2

including a soft magnetic layer 3a, an internediate 5

| ayer 4 and anot her soft magnetic |ayer 3b, a nonnag-

net it@ el REIdnY €m th ri@itd & g arsyendi il dd esoral ng

| ayer 5 are stacked on a nonmagnetic substrate 1. The

per pendi Gulmrrmaghietula r exaoyrds thige neel: @ dhrogvme dhii a F$iwn

3 differs fromthat shown in FIG 1 in that the 10
nonragidd.c ulhder laaydir B tiur o dmed it ieesp itheursdgtlayer 2
under | ayer 2 and perpendicul ar recording |ayer 5. The
medil@cAsicd@dc an a9 b adead Iy igse of3ahethonnejfieedate
underl ayer 6. A perpendi cul ar magnetic recordi ng nedi a
showdYSTs 4 @08 @NofNeds s idt MARTE T ntafithim @ nonmag-

B35 IS TR S o % T 220 ot
' | , i nt | at )
NGy et Sl 1 ARl LA, 1.

recapd t‘g!%ﬂf@fﬂic%l%&e Ak et QI & P HBRGNS d Kown in

substra . The perpen-" di cul ar nagnetic recording
medirg cshowd il fF HsG £ rbm difdtershdwromd hatc shownh ithdt Ghe

1in that the in-plane hard nmagnetic layer 7 as a
magnehmaanedl plumidid ayer 6 is formed between the soft
underlayer 2 and perpendicular recording layer 5. The
media noise can be reduced by use of the nonmagnetic
underlayer 6.
A perpendicular magnetic recording media shown
in FIG. 4 has a structure in which an in-plane hard
magnetic layer 7 as a magnetization pinning layer, a
soft underlayer 2 including a soft magnetic layer 3a,
an intermediate layer 4 and another soft magnetic
layer 3b, and a perpendicular recording layer 5 are
stacked on a nonmagnetic substrate 1. The perpen-
dicular magnetic recording media shown in FIG. 4
differs from that shown in FIG. 1 in that the in-plane
hard magnetic layer 7 as a magnetization pinning
layer is formed between the substrate 1 and the
soft underlayer 2. CoCrPtB, CoSm, CoPt, or the
like is used for the in-plane hard magnetic layer

7. Magnetization of the soft underlayer 2 can be
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| ayer is formed between the substrate 1 and the 25
soft underlayer 2. CoCrPtB, CoSm CoPt, or the |Ilike
is used for the in-plane hard magnetic | ayer 7.
Magneti zation of the soft underlayer 2 can be 10
stabilized by formng the in-plane hard magnetic

| ayer 7 as a magnetization pinning |ayer for the soft
under | ayer 2. A perpendicular hagnetic recording nmedia
shown 5 in FIG 5 has a structure in which an

i n-plane hard nmagnetic |layer 7 as a magnetization

pi NN tb 4 ByAdd b fRgatd ey NorpRgneth£rd ayegndtic
havi ng saturation magnetization smaller than that of
t he laygy dheadhar dnagregnieta ol drayeinyin@ baye¢r uhoertiager
2 including a soft 10 magnetic layer 3a, an

i nt erafitdiundetlangr £ and another soft magnetic |ayer
3b, and a perpendicul ar recording |ayer 5 are stacked
on a nonn?hwp%n%%wétréaqnetrh% 5%@%%%%%?151 shown
magneti ¢ recordi ng nmedi a shown, FI.G 5 js obtained

by ot n“?Ing tﬁwé%g%e%%%frurl% o 137 1oyRrage hard
t t t J h

e TR T g0 P e

-l OIS 4L A (B 20l uades Yo

2int perpen ghetic ” Tecor dias

in F f nder
cannlb I}urt%%?l sta | zedo%hago%e%nagﬁe%% %? }‘Bf%% Kard

nonﬂ%j}%ﬂfcﬁ?é’fér& 4 dsral gPessidt 2t nededeng a soft

per pendi cul ar

magnetic layer 3a, an intermediate layer 4 and another

soft magﬁetic layer 3b, and a perpendicular recording
layer 5 are stacked on a nonmagnetic substraté 1.
The perpendicular magnetic recording media shown

in FIG. 5 is obtained by forming the magneﬁic or
nonmagnetic léyer 8 having saturation magnetization
smaller than that of the in-plane hard magnetic layer
7 between the in-plane hard magnetic layer 7 and
the soft underlayer 2 in the perpendicular magnetic
recording media shown in FIG. 4. Magnetization of
the soft underlayer 2 can be further stabilized by
the magnetic or nonmagnetic layer 8.

It is also possible to use a perpendicular
magnetic recording media obtained by appropriately
combining the second interlayer 14, the nonmagnetic
underlayer 6, the in-plane hard magnetic layer 7,
and the magnetic layer 8 shown in FIGS. 2 to 5.

As the size of the main pole decreases, the
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magnetic recordi ng nedi a obtai ned by appropriately
conbi ning the second interlayer 14, the nonnmagnetic 25
under| ayer 6, the in-plane hard magnetic |layer 7, and
the magnetic layer 8 shown in FIGS. 2 to 5. As the
size of the main pole decreases, the - 11 m serase
rate of information recorded on the perpen- dicular
recordi ng nmedia i ncreases dde id renanent
magnetization in the main pole. This will be

expl ai ned bel ow on the basis of data. FIG 6 shows 5

t he (fie)atd nsid d het waerb ther MWV a8es Flis@r @sethat Serpen-
The MWW is equivalent to a track width recorded on

t he querylendi xad A d 118¢ afiehi 1 1 1y esa Hy's t dige MBd Nr PdLen OF
the recording head, and related to the physical track
w dintagofe ttiea tiedm jpol ehe Thel M 1s. deTleisn wedl e as a
full width at half nmaximumin the cross track

di r exkalerindrerbal dwverd ridupidrmyl sighadats. r B¢ de@ slows
t he perpendi cul ar recording | ayer by the magnetic
head:NeA 5f Idr s PFVERR | Hel dMsarPapipRrase rate.
m serase _occurs in any sectors, and a 100% recordi ng
15 oper g?"%nlsi se%h’s‘iﬁn])éf‘d’?t 1P dntrask ,Wjag%l s’é@r%%g?%t @n
of J,c 0% iendieca es_ that m serase ccursbi n 15’1:1| I sectorf.
FI GUE SR HA e (He betOTes S bl ¢ P haRCLe
0. 225 Mhd %dél}iéﬂrﬂq;%éaacﬁ,e 208 uptd ¥e d 4 5@81}?%2&%%1@1

2
ingly, to reduce the mserase rate agai nst ure
20 reduot i anyd i MWL thd Sy NSCESSaryh HwP®N ¥ &termined

i nprove the magnetic head but also to inprove the

magnRed 1L full width at half maximum in the cross track
direction when a low-frequency signal is recorded
on the perpendicular recording layer by the magnetic
head. A miserase rate of 0% indicates that no
miserase occurs in any sectors, and a 100% recording
operation is ensured. In contrast, a miserase rate
of 100% indicates that miserase occurs in all sectors.
FIG. 6 shows that when the MWW becomes smaller than
0.225 pm, the miserase rate abruptly rises. Accord-
ingly, to reduce the miserase rate against the future
reduction in MWW, it is necessary not only to improve
the magnetic head but also to improve the magnetic
recording media.

As described earlier, hard disk drives are
incorporated in car navigation systems and household
electric appliances as well as in personal computers,
so the use temperature range i1s widened from low

temperatures to high temperatures. Therefore, there
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recordi ng nedia. As described earlier, hard disk
drives are incorporated in car naV|gat|on systens and
househol d 25 electric appliances as well as in
personal conputers, so the use tenperature range is

wi dened fromlow tenperatures to high tenperatures.
Therefore, there 12 are two requirenents, that is,

(1) to maintain a high thermal2fluctuation resistance
and good fringe characteristics at high tenperatures,
and (2) to mmintain high overwite characteristics
and ax ity N feddriz At drove teperat wesmafAtaind a
shows the rel ati onshi p between an absolute value of a
nuclreath arhefrined Id Hud@g)t iadn we s teegretand zaddédnfringe
reversal of the nedia starts and the dependence of

si gredla rasysutl el iady atiadn ipurendtmres, eandal4D to
thermal fluctuation resistance TD (dB/decade). FIG
show itrein el e i e TR it iR TRes ks HE Bfand k@ehbgh
nore jn order to nalntaln a thermal fluctuation

r esiYParded 19 glerl YhdEPOR W% Rc. Furt her nore,

th t. high t t
Tower 1 nd hal %}O%Jfﬁ? i TR RS p8oapeotute
te”Rz% ef |5 J cyn dee dl I—?n k% ora{mwﬁlékq ) ﬁétl—

to nmaln a| n a hl rrml uct uat n resistance e

at @ﬂl&rﬁ%@éﬁ'ﬁ%f iz Rshove: 4hes rﬂ@tﬁ}‘i’é‘scﬁ‘éﬁendence

between the 20 thickness of the soft nmagnetic |ayers

i nclgrded gl output deterioration upon time, i.e., a
thermal fluctuation resistance TD (dB/decade). FIG. 7
shows that the media need only have an Hn of 1 kOe
or more in order to maintain a thermal fluctuation
resistance higher than 0.05 dB/dec. Furthermore, -
since the Hn of the media at high temperatures is
lower than that at room temperature, the Hn at room
temperature is desirably made 1.2 kOe or more in order
to maintain a high thermal fluctuation resistance
even at high temperatures.

FIG. 8 shows the relationship between the

thicknese of the soft magnetic layers included in
the soft underlayer and the fringe charecteristics.
The fringe characteristics indicate the ratio of
the amplitude of an on-track signal measured after
data is recorded on an adjacent track 10,000 times
relative to the amplitude of an initial on-track

signal. Accordingly, an amplitude ratio of 100% means

that there is no amplitude deterioration.
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the soft underlayer and the fringe characteristics.
The fringe characteristics indicate the ratio of the
anpl i tude of an on-track signal neasured after data
is recorded on an adjacent track 10,000 tines 25
relative to the anplitude of an initial on-track
signal. Accordingly, an anplitude ratio of 100% neans
that there is no anplitude det&Bioration. 13 Wen a
single-layer filmof CoZrNo [240 nn] was used as the
soft underl ayer, the anplitude ratio was 40% Wen a

si ngl e- | ayesn fd | $1.:0618025 pr [ 420 n5F cyBeNYSErla @Snihe
soft underl ayer, the anplitude ratio 5 was 60% By
contwaastusarheds acidiraefd ayedefldyef Fl€he lamelit€adrNptio
[60 nm/Ru/CoZrNo [60 nm (the total thickness of the
sof twarmghEt i ¢ Wiagrers swasg 120l ayg r waslsetl GsZte ELZQ@ nm]
under| ayer, the anplitude ratio greatly 10 increased

to 98% ysesd,aswidre ssafy eendeykaryeid niled arGoliNede 4matio
nn/Ru/CoZrNo [45 nni (the total thickness of the

sof t"afadif&ti ¢ | ayers was 90 nn) was used as the soft

under| ayer, al npst no litude deterio- ration_was
f ound. A?He%%‘?%%%%b@%‘? h ??‘Fﬁg@’% EfInOTet8 1) of

R A6 551 LA I DB VR WL [t ckness

candt HISIIE AR AL LR (1) LF A5

si ngje-dHy &lo SO n ey &Y elehe amplitude ratio greatly
increased to 98%. Also, when a three-layer film of
CoZrNb [45 nm]/Ru/CoZrNb [45 nm] (the total thickness
of the soft magnetic layers was 90 nm) was used as
the soft underlayer, almost no amplitude deterio-
ration was found. As described above, the fringe
characteristics can be improved by using the soft
underlayer in which the two soft magnetic layers
sandwiching the intermediate layer (in this case, Ru)
are antiferromagnetically coupled, instead of a
single-layer soft underlayer.

FIG. 9 shows the relationship between the
overwrite characteristics (OW) and bit error rate
{BER). The overwrite characteristics indicate a wvalue
related to the quality of recording. In perpendicular
magnetic recording, to write low-frequency signals
is more difficult than to write high-frequency
signals. Therefore, a value which represents,

in dB, unerased high-frequency signals obtained when
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20 FIG 9 shows the relationship between the
overwite characteristics (ON and bit error rate
(BER). The overwite characteristics indicate a val ue
related to the quality of recording. in perpendicul ar
magnetic recording, to wite | owfrequency signals 25
is nore difficult than to wite high-frequency
signals. Therefore, a value-whié¢h represents, in dB,
unerased hi gh-frequency signals obtained when 14

| ow-frequency signals are overwitten after the

hi gh-dw-eTuefiteh & WiRgria B €a v i dd @i Bt t6eda BiSe ANt hadex
of the overwite characteristics. The overwite

charagirerfirsdquesn @V sairgn ales | 4 b | wr Bist dvh ghs assgdsss bhe, index
5 because if the overwite characteristics ONare

det exfi drtat edjenvhel tBERH ar st tseor Ot 6T $ or dfleel. oveEh @it

shows the rel ati onshi p between an antiferronmagnetic
coughatg Fterdes tHese W fe tdrs sAkR1ly undlerl Gy ez s apasshele,
overWW|te characteristics, ON 10 Conpared to a

t hr && #ﬁIqﬁ%ﬁ°?§ﬁﬁ4&ﬁ¢ﬂﬁ?§ﬁﬁ?&ﬁrl%F*%ﬁwowa%%?

S 2, M SR 0 e iyer

on Ru caﬂgﬂ?ﬁﬁﬁ?s§h$$§ @K@'f§ﬂ£9f9§$ﬁ{¢cbigﬁggk can

force, ereb i g it pOSSi

t pgo%gegrfgﬁﬁﬁnn%ﬂ% %511[%?/ SoRddnigy aféf@fttﬁ@nsoft

ngg?%i%?{%%f%%&N&hé”E%éHWff@%réHE%H@%é§1§@y@é'@ﬁ
Compared to a three-layer film of CoZrNb/Ru/CoZrNb,
a four-layer film (FIG. 2) of CoZrNb/Ru/Co/CoZrNb in
which very thin Co is sandwiched as a second interme-
diate layer on Ru can increase the antiferromagnetic
coupling force, and thereby making it possible to
improve the overwrite characteristics. A similar
effect can also be obtained by a four-layer film of
CoZrNb/Co/Ru/CoZrNb.

The antiferromagnetic coupling force Hex afc of

the soft underlayer is obtained as follows. FIG. 11
schematically shows the results of measurements of the
magnetostatic characteristics (magnetization curve)
of a perpendicular magnetic recording media including
a perpendicular recording film and a soft underlayer.
Referring to FIG. 11, a represents the magnitude of
‘a reversal field of an antiferromagnetically coupled

upper soft magnetic layer of the soft underlayer, and

b represents the magnitude of a reversal field of
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the soft underlayer is obtained as follows. FIG 11
20 schematically shows the results of neasurenents of
the magnetostatic characteristics (nmagnetization
curve) of a perpendicular magnetic recordi ng nedi a
including a perpendicular recording filmand a soft
underl ayer. Referring to FIG 11, a represents the
magni t ude of 25 a reversal field of an
antiferromagnetically coupled upper soft nmagnetic

| ayer of the soft underlayer, and b represents the

”HgmﬁléktiﬁeﬁtdmaqﬁéﬁﬂciifﬁCkéﬁpleéfﬂoﬁﬁk soft magnetic
antiferromagnetically coupled | ower soft magnetic

| ayeraydr tdfe tdof tsafidaiidyeYaydy valaeraahd habd ofiat he
magnetic field b shown in FIG 11 is defined as the

ant idferyremagpmetetti cali Idhdo foroen Hex BI€. Not ks 5d¢e haned as
the antiferromagnetic coupling force Hex afc is

i rr dihs it tfenrpnggnaltee c oo bisenteref  Hewagfet i -Note
zatign pinning layer. FIG 12 shows the rel ationshi

bet id¥t tiee Qﬂﬁﬂ%%RﬁQWﬁQ%FQﬁCtqﬂyﬁﬁﬁﬂ%i%ﬁ%F?rﬁ@X_a c 1S
difference iQ‘ 10 BER between roon1tq&yerat€re and | ow
t enpert Tt e RISt Cat? oW tenperat 17 €°th
any di a, .although the decrease nore or |ess depends
on” the locnoé)rlcr}nvjir%%/glo%yeera'ch medi a. When the soft

under | aygfr g Wag, as}?éwl Lﬁ’é%??’%%a%i%)r%ﬁ{p GOZL e, 120e

nm, the 15 decrease ow tenmper at ure was

abowo - Grdef 1 oA -thd menedisy Wid derplronkeinln

contrast, when the antiferronmagnetic coupling force
BER between room temperature and low temperatures.
The BER decreases at low temperatures in any media,
although the decrease more or less depends on the
coercivity of each media. When the soft underlayer
was a single-layer film of CoZrHb [120 nm], the
decrease in BER at a low temperature was about
an order of -1.2 in a media with Hc of 5 kOe. 1In
contrast, when the antiferromagnetic coupling force
was increased by using CoZrNb [60 nm]/Ru/Co/CoZrNb
[60 nm] (indicated by "Four-layer film" in FIG. 12)
as the soft underlayer, the decrease in BER at a
lower temperature improved to about an order of f0.6
in the media with Hc of 5 kOe, because the overwrite
characteristics OW improved.

As already described with reference to FIG. 6,

the miserase rate abruptly rises when the MWW becomes
smaller than 0.225 um. To solve this problem, it is

effective to increase the antiferromagnetic coupling
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was i ncreased by using CoZrNb [ 60 nnj/ Ru/ Co/ CoZr Nb

[60 nm (indicated by "Four-layer film." in FIG 12)

20 as the soft underlayer, the decrease in BER at a

| ower tenperature inproved to about an order of -0.6

in the nedia with He of 5 kCe, because the overwite
characteristics OVNVinproved. As already described with
reference to FIG 6, 25 the niSerase rate abruptly

ri ses when the MAW becones smaller than 0.225 m To
solve this problem it is effective to increase the

ant iferdeomngid cseotphndgr 1Hyef or CBhdd whel spétexplained
underl ayer. This will be explained below FIG 13
showsltdve. rel ati onshi p between the antiferromagnetic
coupling force of the soft under- 5 |ayer of the nedia
and t he niEerak® shaves whed behathopohép elkbtbeennghesv
of 0.21 mis used. As shown in FIG 13, when the

ant iFreririagea e Coupt eyl ¥ ceowfe tok Bl tsoft under-
underlayer IS increased, the mserase rate caused by |
r enafeffitt igridts 22T oh 356 {Hee et Fe PRt e ’F%te 1ghen a main

don SR Ll S PR % A0 LPISTRONGLLE, O LA 1
e 1o 5 e il

thedfﬂﬁﬁé‘EB%Hf%ﬁﬁ%ﬂ%ﬁ?bfrfé“@M%réé%é@d € miserase rate
antiferromagnetic coupling force Hex afc at which the
M seyAgRd B danSHW dfLtheti &atddn in the main pole is
decreased. Note that the antiferromagnetic coupling
force is desirably about 20 Oe or more, since the
miserase rate saturates when the antiferromagnetic
coupling force is about 20 Oe or more.
FIG. 14 shows the relationship between the MWW
and the antiferromagnetic coupling force Hex_afc
at which the miserase rate is saturated. FIG. 14
demonstrates that a perpendicular magnetic recording
apparatus using a perpendicular double-layered media
having a soft underlayer whose antiferromagnetic
coupling force Hex_afé is present in a region above
the curve shown in FIG. 14 can decrease the miserase
rate and improve the overwrite characteristics.
Accordingly, the Hex afc and MWW need only satisfy
the following relationship:
Hex afc > 1.6*1n((0.23-MWW)2*100)) + 25.6.
Two types of perpendicular double-layered media

including soft underlayers different in Hex afc were
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denonstrates that a perpendi cul ar magnetic recording
appar atus usi ng a perpendi cul ar doubl e-l ayered nedi a
having a soft underl ayer whose antiferromagnetic 20
coupling force Hex afc is present in a region above
the curve shown in FIG 14 can decrease the m serase
rate and i nprove the overwite characteristics.
Accordingly, the Hex afc and MAW need only satisfy
the follow ng relationship: 25 Hex afc >
1.6*In((0.23- MWy 2*100)) + 25.6. Two types of

per paRdi LUl A m Lo el ByEr ethdretha oddet tshdg Sofihiserase
under|l ayers different in Hex afc were 17 actually
manufral tihee thveatvir 1 the crettl ¢ edees tof cen s rpsepeaditic t her
overwite characteristics of perpendicular mnmagnetic

r ec ovady e dap pareat wibiesy | awpanch s ¢ hebec L peipendhesd ar
doubl e-l ayered nedi a were eval uated. 5 Perpendi cul ar
douternedirad aie dlerke shavgred medixa weperevaluated.
manufactured. A four-layer filmof CoZrNp [60 nm/Ru
[0.8 nni/RYRIFENIBD dRfPhRslayeesd gedhe asf ghown

der | . CoCrPt-Si 02 d h i al . of
e pbreivdi e 01SRe MR G 401 ayor COTHEL B66F ch vHhyof
He h th '
dou goez-eﬁq\gby el%]:eod nn@d}l ﬂ\al‘ﬂl)v\taés/pég Sri‘(n&“g ¢ @ﬁ%@%@%g %I? (r:rllﬁ1 }ar was
douly s yerafl esla fiadk 1 4001 aY&ocibils fol N g4NGS8q
ut 5A and ihg

of abo an antiterromagnetic coup orce

o LS B FRaTS Tedtanh a5y il aiecing
layer. The coercivity Hc of each of the two types
of perpendicular double-layered media was 5 kOe.
One perpendicular double-layered media had a Co layer
with a thickness of about 5A and an antiferromagnetic
coupling force Hex afc of 15 Oe. The other perpen-
dicular double-layered media had a Co layer with a
thickness of about 20A and an antiferromagnetic
coupling force Hex afc of 23 Oe.

Two types of perpendicular magnetic recording
apparatuses were manufactured by using each
perpendicular double-layered media and a magnetic
head having a main pole, exhibiting MWW of 0.21 um,
with saturation magnetic flux density Bs of 2.15 T.

As described previously, when a main pole whose
MWW is 0.21 pm is used, the antiferromagnetic coupling
force Hex afc of the soft underlayer must be about

20 Oe or more in order to suppress miserase of

information recorded on a media caused by remanent
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t hi ckness of about 20A and an antiferromagnetic
coupling force Hex afc of 23 Ce. Two types of

per pendi cul ar magnetic recordi ng apparatuses were
manuf act ured by using each 20 perpendi cul ar
doubl e-l ayered nedia and a nagnetic head having a
mai n pole, exhibiting MWof 0.21 m wth saturation
magnetic flux density Bs of-2.1% T- As descri bed

previ ously, when a main pole whose MWis 0.21 mis
used, the antiferromagnetic coupling 25 force Hex afc

of tﬂae;rgﬁltzmctﬁfllayewhmnbep@mut 20 Ce or nore in
order to suppress niserase of information recorded on

a nedi a chuseddyperedbnendr -mddnetbgnescaadivg appdhetus
mai n pole. In a perpendicul ar magnetic recordi ng
appaiCampsa r tCorg B senplee Exasipi @) thusipegrpdredicular

per pendi cul ar doubl e-| ayered medi a whose

ant idearrlsardgietied qurmplad ih G4 orlel ke eiagveisi d 5c@apling
the overwite character- istic value was 35 dB, and

m seroFSe dieH it Mg of® QR dritfe e e greeharacter-

pol G5 BF OIS | 15 B o ot GRS it § gima tion
r ec%[ dIanI% aCPpar q:t}'b ef%(flanpocaaugg éJSé n@ éO remanent
per pen

ant 'nfaegfr{eoﬂ%&eltdr? fmﬂé%f@ e cd negdgt in a

no m serase of Information re
causRd-duhdieBngnty monet d Zﬁéé@ﬂiirﬂg teﬂ?pé@‘fﬂl@ot@xample)

occurred. Al so, the overwite characteristic value
using the perpendicular double-layered media whose
antiferromagnetic coupling force Hex afc was 23 Oe,
no miserase of information recorded on the media
caused by remanent magnetization in the main pole
occurred. Also, the overwrite characteristic value
of the perpendicular magnetic recording apparatus
of Example was 37 dB, higher by 2 dB than that
of the Comparative Example. Accordingly, this
apparatus operated without any problems even at
low temperatures.

Note that the media noise can be reduced by
additionally forming a nonmagnetic underlayer between
the soft underlayer and the perpendicular recording
layer in the perpendicular double-layered media of
Example. Note also that magnetization in the soft
underlayer can be further stabilized by additionally
forming an in-plane hard magnetic layer (pinning

layer) between the substrate and the soft underlayer
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15 of the perpendi cul ar magnetic recordi ng apparatus
of Exanple was 37 dB, higher by 2 dB than that of the
Conpar ati ve Exanple. Accordingly, this apparatus
operated w thout any problens even at | ow
tenperatures. 20 Note that the nedia noise can be
reduced by additionally form ng a nonmagnetic
under | ayer between the soft uh®dertayer and the

per pendi cul ar recording |ayer in the perpendicular.
doubl e-l ayered nedia of Exanple. Note al so that

magnef il igdrgdhdeu 1s0f tadb sy ayed @i Heof URkaeple.
stabilized by additionally formng an in-plane hard
magneti c FBEyerlf phowanga payesndbet veemadeesubsteabeding
and the soft underlayer 19 in the perpendi cul ar
doubippdraeredordiding RBxamp esecFG enlBodhnert aof the
per pendi cul ar magnetic recordi ng apparatus accordi ng

to tHeEssdond veaiodithent? ofe iprndipekentdowvbar L dnerad

per pendi cul ar doubl e-1ayered 5 nedia shown in F|G 15

has " EE FYQUe i Shfi chl 2 Rt 12 uiderF EYes D0 Wt oldi g
ft ti I . 3a, a tif t]
1 B oy it 2 domid g B er B Faeee € 18YEE
di_cul . ' I k
ot it theq B Hoye i (A8 (B2 sort

| ay i s fay, €. a
SR, TR B bedliqReSEg B

Cr AlLayERCo MO stfci@lGh dTheomdier 1omnpapset gcbayer
21 ana]each soft magnetic
The antiferromagnetic layer 21 is made of, e.g., an
MnIr-based alloy, an MnFe-based alloy, NiMn, PtMn,
PdPtMn, RhMn, CrMnPt, CrAl, TbhCo, NiO, or Fep03.
The antiferromagnetic layer 21 and each soft magnetic
layer 3a, 3b are coupled with each other by exchange
coupling. Similar to FIG. 1, a magnetic head shown
in FIG. 15 includes a main pole 51, a return yoke 52,
and an exciting coil 53.

In the perpendicular magnetic recording apparatus
shown in FIG. 15, an exchange coupling force Hex sw
between the antiferromagnetic layer and soft magnetic
layers can be considered in the same manner as for
the antiferromagnetic coupling force described above.
Therefore, there needs only satisfy the following
formula:

Hex_sw > 1.6*1n((0.23-MWW)2*100)) + 25.6.

Perpendicular magnetic recording media as

modifications of FIG. 15 will be described below with
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| ayer 3a, 3b are coupled with each other by exchange

15 coupling. Simlar to FIG 1, a magnetic head shown

in FIG 15 includes a nain pole 51, a return yoke 52,

and an exciting coil 53. In the perpendicul ar magnetic
recordi ng apparatus shown in FIG 15, an exchange
coupling force Hex_sw 20 between the antiferromagnetic

| ayer and soft magnetic |ayerd0can be considered in

the same manner as for the antiferromagnetic coupling
force descri bed above. Therefore, there needs only

sat idfjetdiecd odd o). foramdazy7 25 Hex sw >
1.6*In((0.23- MW 2*100)) + 25.6. Perpendicul ar

magnet i ¢ X esorpkmdi dRth A BSgnavile f teadbr@nsg ohefi & shbwn
will be described belowwith - 20 reference to FIGS

16 and AIG. A perpemli sulart megnist i whietox dsoft nendarlayer
shown in FIG 16 has a structure in which a soft '
undet 1 igy@ruding ne| el hgnag ot ic reayrt | 221 agepoBa, magnetic

soft gnetlc 5 under| ayer 22, an antlferrona netic

| aye? (A hedn s%ﬁl%%@m%n%y%r BYET ohl and
ﬁiL%S%&%“r' i s%%iﬁ’a?é}d%t”a o oy i RS Shadieuter

the SAld-afmonelic, underl ayercdz, 4 A eecpendioplar

magnetic r

SUI UGIHNS V!T“ CrNPFéOJE tw@dﬂié‘yﬂ Esd HCLYA NG St

soft magnetic |layer 3a,
magnetic underlayer 22.

A perpendicular magnetic recording media
shown in EIG. 17 has a structure in which a soft
underlayer 2 including a soft magnetic layer 3a,
an antiferromagnetic layer 21 and another soft
magnetic layer 3b, a nonmagnetic underlayer 6, and
a perpendicular recording layer 5 are stacked on a
nonmagnetic substrate 1. The perpendicular magnetic
recording media shown in FIG. 17 differs from that
shown in FIG. 15 in that the nonmagnetic underlayer
6 is formed between the soft underlayer 2 and the
perpendicular recording layer 5. The media noise
can be reduced by the nonmagnetic underlayer 6.
Additional advantages and modifications will
readily occur to those skilled in the art. Therefore,
the invention in its broader aspects is not limited
to the specific details and representative embodiments
shown and described herein. Accordingly, various

modifications may be made without departing from the



an antiferromagnetic |ayer 21 and anot her soft

magnetic | ayer 3b, a nonnmagnetic underlayer 6, and 15
a perpendi cul ar recording layer 5 are stacked on a
nonmagneti c substrate 1. The perpendi cul ar magnetic
recording nmedia shown in FIG 17 differs fromthat
shown in FIG 15 in that the nonmagnetic underlayer 6
is formed between the soft undek¥l ayer 2 and the 20

per pendi cul ar recording |layer 5. The nedia noise can
be reduced by the nonmagneti c underl ayer 6.

Addistidionial cadsadgest aiie mpidtLatimrentiJd deackpty as
occur to those skilled in the art. Therefore, the

i nvelrtfilored myi ttheraggoerdes pelct Sns sambtthe i tesghi @bl ¢t s .
the specific details and representative enbodi nents
shown and descri bed herein. Accordingly, various

nodi ficati ons may be made w thout departing fromthe -
21 spirit or scope of the general inventive concept
as defined by the appended clains and their

equi valents. 22 WHAT IS CLAIMED | S: 1. A perpendicul ar
magneti ¢ recordi ng apparatus conprising: a

per pendi cul ar doubl e-1 ayered nedia conprising 5 a
substrate, a soft underlayer including a soft

magnetic layer, an internedi ate |ayer and anot her soft
magneti c |ayer in which the two soft magnetic |ayers
are antiferromagnetically coupled with each other, and
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a perpendi cul ar recording layer; and 10 a magnetic
head conprising a nmain pole, a return yoke, and an
exciting coil, wherein a relationship between an
antiferro- magnetic coupling force Hex-afc of the two
soft magnetic layers included in the soft underlayer
and is a full width at half maxi mum MAWin a cross
track direction when a | owfreduency signal is
recorded on the perpendicul ar recording |ayer by the
magnetic head satisfies the follow ng fornula:
Hex-afc > 1.6*| n( (0. 23+HMMNIB TARTMED 2%:6. 20 2. The
apparatus according to claim1l, wherein the

i nter mediht e A ayerpend Riul3r mhgnappar aeasrdtegr dppgratus
to claim1, wherein the internediate layer is a stack
of RPHHEGAY4. The apparatus according to claim1,
further 25 co l&fﬁéﬁga.nonnqgnetlc under | ayer

bet ween the®SdT" T afyiP le%%r%%r%%ﬁH?CEP?PrlSlng
. d t
et e'coanpsr?%e %cha iR | Thr SR o v
o He i i A lf‘“éa""%daw PP A gYee sort
MagRgldrati On Lidwning VJ}%}’&{ 115 ayd nscpf@r}ﬁa{@églc 5la%ers

magnet1 c | ayer.” 7. The apparatus accordi ng cl ai m
whersden arftier d irdil i tid 4 TRanald Ced ayetn | Sasiel 8€h&M, and

fromthe

a perpendicular recording layer; and

a magnetic head comprising a main pole, a return
yoke, and an exciting coil,

wherein a relationship between an antiferro-
magnetic coupling force Hex afc of the two soft
magnetic layers included in the soft underlayer and
a full width at half maximum MWW in a cross track
direction when a low-frequency signal is recorded
on the per?endicular recording layer by the magnetic
head satisfies the following formula:

Hex_afc > 1.6*1n((0.23-MWW)<2*100)) + 25.6.

2. The apparatus according to claim 1, wherein
the intermediate layer is Ru.

3. The apparatus according to claim 1, wherein
the intermediate layer is a stack of Ru and Co.

4. The apparatus according to claim 1, further
comprising a nonmagnetic underlayer between the soft

underlayer and the perpendicular recording layer.

5. The apparatus according to claim 1, further
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group consisting of CoCrPtB, CoSm and CoPt. 8. The
apparatus according to claimé6, further 10 conpri sing
a magnetic or nonmagnetic |ayer having saturation
magneti zation smaller than that of the in-plane hard
magnetic | ayer between the in-plane hard nagnetic

| ayer and the soft underlayer. 9. A perpendicul ar
magneti c recordi ng apparatus 2% conprising: a

per pendi cul ar doubl e-1 ayered nedi a conprising a
substrate, a soft underlayer including a soft magnetic

| ay &Jompami sAMd femt, ﬁ%’l@d@ld@)@nrﬂﬂ% anpiderpstofden the
|1 C

magnetic | ayer in h each soft magnetic |ayer and

20 tshud satatfeeramairegreetd of 1 ayete wlraeyewupl ed with each

ot her by exchange coupling, and the two soft nmagnetic

| ayers arte ndthe apar tenc et pendicutbaimezordiagein
| ayer; and a magnetic head conprising a nmain pole, a

ret (e MERNEIKEa thdmn aninexdia ilmyewils athereimlane hard
rel ati onshi p betvween an exchange coupling force Hex

sw BeORSsH & l%?%ﬁﬁt magnetic layers - 24 and the
antiferr tic layer included, jn the soft

underlayer a % A CRR PSRRI feXi Trudn My i Hherein
Crosgs, :%%Cﬁjjt%h LD o %ﬁ Clolvv-c%greqLuenﬁcQ/l t%oc?"f%éﬁ the

recor € perpenditu Fding 1ayer

%%ﬂ%rmf;idl&aw g s+ o

The apparatus according to claim 6, further
comprising a magnetic or nonmagnetic layer having
saturation magnetization smaller than that of the
in-plane hard magnetic layer between the in-plane hard
magnetic layer and the soft underlayer.

9. A perpendicular magnetic recording apparatus
comprising:

a perpendicular double-layered media comprising a
substrate, a soft underlayer including a soft magnetic
layer, an antiferromagnetic layer and another soft
magnetic layer in which each soft magnetic layer and
the antiferromagnetic layer are coupled with each
other by exchange coupling, and the two soft magnetic
layers are not coupled, and a perpendicular recording
layer; and

a magnetic head comprising a main pole, a return
yoke, and an exciting coil,

wherein a relationship between an exchange

coupling force Hex sw between the soft magnetic layers
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10. The apparatus according to claim9, wherein the

antiferromagnetic |layer is selected fromthe group

consi sting of an Mlr-based alloy, an MiFe-based 10

all oy, Ni M1, PtM, PdPtMh, Rhivnh, CrMPt, CrAl, TbCo,

Ni O and Fe203. 11. The apparatus according to claim

9, further conprising a soft magnetic underl ayer

under the antiferromagnetit |ayert 15 12. The

apparatus according to claim11l, wherein the soft

magnetic underlayer is N Fe. 13. The apparatus

accairdl nthd ard iadn SmdgHdties 1opaprisengdeéd in the soft

nonmagneti ¢ underl ayer between the soft underl ayer

and unve peryrendircllarfuldcoriditty dtaylerl £ maximum MWW in
a cross track direction when a low-fregquency signal
is recorded on the perpendicular recording layer by
the magnetic head satisfies the following formula:

Hex sw > 1.6*1n((0.23-MWW)2%100)) + 25.6.

10. The apparatus according to claim 9, wherein
the antiferromagnetic layer is selected from the
group consisting of an MnIr-based alloy, an MnFe-based
alloy, NiMn, PtMn, PdPtMn, RhMn, CrMnPt, CrAl, TbCo,
NiO, and Fe03.

11. The apparatus according to claim 9, further
comprising a soft magnetic underlayer under the
antiferromagnetic layer.

12. The apparatus according to claim 11, wherein
the soft magnetic underlayer is NiFe.

13. The apparatus according to claim 9, further

comprising a nonmagnetic underlayer between the soft

underlayer and the perpendicular recording layer.



