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the popularly employed longitudinal (or in-plane)
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30 addition, in the longitudinal recording system, the
thermal stability of the magnetic recording medium
becomes a problem due to the self-diamagnetic field
with respect to written bits and the diamagnetic
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35 high-density recording.
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The development of the magnetic pole material must
not only satisfy the high saturation magnetic flux
30 density, but must also simultaneously satisfy
various required characteristics, thereby making the
development extremely difficult.
A Japanese Laid-Open Patent Application
No.2001-056924 proposes a magnetic recording medium
35 which simultaneously realizes reduced medium noise
and thermal stability. This so-called Synthetic
Ferrimagnetic Medium (SFM) has a recording layer



15 first magnetic |ayer, a nonmagnetic coupling | ayer
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A further object of the present invention is to
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nitrogen gas in a range of 0.01 vol.~ to 0.50 vol.~; a
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and made of Cr or a O alloy having a bcc crystal
structure forned in a gas atnosyghere 30 incl uding

nitrogen gas in a range of 0.00 vol.$ to 0.10 vol.~; a
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anoufHPSt 1rst underlayer provided on the
substrate, a second underlayer provided on the first
underlayer; a first magnetic laver provided on the

30 second underlayer; a nonmagnetic coupling layer
provided on the first magnetic layer; and a second
magnetic layer provided on the nonmagnetic coupling
layer, wherein the first and second magnetic layers
are exchange-coupled, and have magnetizations that

35 are mutually antiparallel in a state where no
external field is applied to the magnetic recording

medium, the first underlayer is made of Cr or a Cr



-12 nitrogen gas in the enbodi nent VI of the present
invention; FIG 8 is a diagramshow ng a relationship

bet ween a resolution and the anount of added 5

nitrogen gas in the enbodi nent VI of the present
invention; FIG 9 is a diagram-ghow ng a relationship

of an overwite perfornmance and the anount of added
nitrogen gas in the enbodi nent VI of the present 10
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and uéégrf£§% feﬁﬁg%ldedloﬂr¥f@té82d layer, and made of
Cr or a Cr alloy having a bcc crystal structure
formed in a gas atmosphere including nitrogen gas in
a range of 0.01 veol.% to 0.50 vol.%; a second

20 underlayer, provided on the first underlayer, and
made of Cr or a Cr alloy having a bcc crystal
structure formed in a gas atmosphere including
nitrogen gas in a range of 0.00 vol.% to 0.10 vol.%;
a first magnetic layer provided on the second

25 underlayer; a nonmagnetic coupling layer provided on
the first magnetic layer; and a second magnetic
layer provided on the nonmagnetic coupling layer,
wherein the first and second magnetic layers are
exchange-coupled, and have magnetizations that are

30 mutually antiparallel in a state where no external
field is applied to the magnetic recording medium.
According to the magnetic disk of the present
invention, it is possible to improve the coercivity
squareness ratio, resolution, overwrite performance,

35 S8/N ratio and thermal stability.

A further object of the present invention

is to provide a magnetic storage apparatus



FIG 17 is a cross sectional view show ng a second

enbodi nent of a magnetic recordi ng nedium according to
the present invention; 5 FIG 18 is a cross sectional
view show ng a third enbodi mrent of the magnetic

recordi ng medi um according to the present invention;

FIG 19 is a cross sectional view showing a fourth

enbodi ment of the magnetic recordi ng nmedi um 10
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30 approximately the same as the thickness of the first
underlayer 14 having the single-layer structure that
is made up of a single layer. When the first
underlayer 14 has the multi-layer structure, it is
possible to suppress the crystal grain size of the

35 grains forming the first underlayer 14 from becoming
large, to thereby suppress the enlargement of the
crystal grain sizes of the first magnetic layer 16
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25 inproved conpared to that for the case where no
nitrogen gas i s added. Accordingly, fromthe results
of FIGS. 13 through 16, it nay be seen that the anount
of nitrogen gas added to the Ar gas atnosphere when 30
form ng the second underl ayer 1%4-s preferably set in
a range greater than 0 and 0.1 vol.%or |ess. Next, a
description will be given of enbodi nents of the
magnetol, ¢ Niecoraj ng, medi amdaccbl aly sgthe riele .pr eBleat
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a textured glass substrate that has been subjected

30 to texturing, a 25 nm thick CrseTise first seed layer,
a 10 nm thick AlsgRusy second seed layer, a 3 nm
thick first underlayer, a 3 nm thick second
underlayer, a 2 nm thick CogCrip first magnetic
layer, a 0.8 nm thick Ru nonmagnetic coupling layer,

35 a 16 nm thick CogCrigPti11BsgCus second magnetic layer,
a 5.5 nm thick DLC protection layer, and a 1.5 nm
thick AM3001 lubricant layer.



-41 recording medium 30 shown in FIG 17 has a first

seed | ayer 12, a second seed |layer 13, a first-A

under| ayer 19A, a first-B underlayer 14B, a second

under| ayer 15, a first magnetic layer 16, a 5
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30 Moreover, in the magnetic recording nedium 32, it

is preferable that the second underlayer 15 includes
substantially no nitrogen. FIG 19 is a cross

sectional view showing a fourth enbodi nent of the

magneti c recordi ng nedi um 35 ac@m-ding to the present

i nvention. A magnetic recording nmedium 35 shown in

FIG 19 has a first seed layer 12, a second seed | ayer
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30 Cr(N) first underlayer 14 and the Crg;. sMos.; second
underlayer 15 is compared to the comparison example
C4 having the Cr first underlayer and Crg; sMos.s
second underlayer, the coercivity squareness ratio
of the embodiment IV increases by 0.09 compared to

35 that of the comparison example C4, and the
resolution of the embodiment IV improves by 2.1%

compared to that of the comparison example C4.
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5 enbodi nent of a nmagnetic storage apparatus according
to the present invention, by referring to FIG 20.

FIG 20 is a plan view showi ng an inportant part of
thi s enbodi nent of the magnetic storage apparatus
according to the present inventizgn. 10 A magnetic

st orage apparatus 40 shown in FIG 20 is generally
made up of a housing 41. A hub 42 that is driven by a
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In FIG. 3, magnetization directions of the
first and second magnetic layers 16 and 19 are
indicated by arrows for each of the points A, B, C



35 -46 WHAT IS CLAIMED IS 5 1. A nethod of producing
a magnetic recording nmedi um conprising the steps of:
(a) formng a first underlayer on a base; and (b)
successively formng, on the first 10 underl ayer, a
first magnetic |ayer, a nonmagnetg-c coupling |ayer and
a second magnetic |layer, said first and second
magneti c | ayers bei ng exchangecoupl ed via the
nonmegrethk doyoapkowg,| ayeriredicdig i heapiinzariat 1 el

gn%ta!g@%ﬂlig?étwn s%*a%té% %etﬂ'é Qﬁtgibta%rarﬁ.el

magneti1cC s applie netic recording
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W Ehig, d Le Laclud é‘l: R9G1 9251 Z0 g, The
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net ho g Tt hé nmag recor di ng nmedi um
as cl ai rred |n cAapﬁrmpoaMt@ eﬁYP%aIiﬂdgm?éﬂC( Neaddsady up of

anmoundy ofndiid £ 99Nt it FRP8 iRt \aq{d%OGMR

reater an 50 vol.% or |ess. . The met hod of
e ranT P ot g R EME T b 6 T e AP amiRe dHSR MegeRRntS Of

cl ai mhy mheskihisal dnst el @) ramegnat@e dadagysdhatr
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furth%fﬂf%éuge§e§lpheral velocity of the magnetic disk
to 12.6 m/sec. An average output Siso at a linear

15 recording density of 89 kFCI was obtained as the
average output. The resolution (%) was obtained
from (Resolution) = (Average Output at 89
kFCI)/ (Average Output at 714 kFCI) x 100. The
overwrite performance (dB) was obtained by measuring

20 an output V1 at 89 kFCI, writing a signal at 714
kFCI, measuring a residual output V2 at 89 kFCI, and
obtaining (Overwrite Performance) = 10 x log(V2/V1l).
The S/Nm ratio (dB) was obtained from 10 x log{S/Nm),
based on the average output S at 357 kFCI and the

25 medium noise Nm. The Siso/Nm ratio (dB)} was
obtained from 10 x log{Sisc/Nm), based on the
average output Siso at 89 kFCI and the medium noise
Nm,

[Embodiment VI and Comparison Example C6]

30 Next, a description will be given of
characteristics of a magnetic disk in accordance
with an embodiment VI, by referring to FIGS. 4
through 10. In the embodiment VI, the amount of
nitrogen gas added intc the Ar gas atmosphere when

35 forming the first underlayer 14 is varied from 0 to
0.50 vol.% in 0.05 vol.% increments. In addition,
the CrysMozs second underlayer 15 is formed within an



5 5. The nethod of producing the magnetic recording
mediumas clainmed in claiml, wherein said 10 step (a)
uses an inert gas atnosphere including at |east one

el enment selected froma group consisting of He, Ne,
Ar, Kr and Xe. 15 6. The nmet hodz@f produci ng the
magneti c recording nediumas clained in claim1,
further conprising: 20 (c) formng a seed | ayer nade
of aAmaigerd adthaesphgra Bdtstadoddireibh aisulisierateas.

prior to form ng, tFﬁ f| ISt u%ﬂ,#ggonsg}%l@@;lg heg

seed | ayer forns the basé.
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for ngag tike addedd uddecamferof rbhecr:h@p:aa:t@rlaﬂws shown

havi g & Qee, CiyﬁﬁﬁbuﬁhrW@l”éhé%h&té?h%ﬂidﬁﬁ%lues are
at rmsphere |ncI ud |ggsan amount of nitr as tha L‘d

0.1 vOrteRnslaked. basessom thteChAFAGE aR Tr ke
t he ogreired recotdeng,Edivod &6 tharemenitrs.claim 7,

J‘[’\‘gere' n said Stﬁg 58)1:1‘652%%911@' Loy othah ddGh Hdes at

ast one el enen sel ect om a group conS| stl n
Mo, Bmbedsimgpt TVI &pdg thﬁwél%@%aseﬂ sl gh&éere
magneldde eceh dtRg redilbWiasy C4oaoREd St@du&iﬂnﬁe made up of

wherein said ste us o hat furth
i ncl G‘dg:se’%: glg‘??? @sﬁcroa Jf) 8gu0| g b(ener{ Stibjected
magn et d:af>e1c1®rmlngg ﬁecﬁﬁijEstblLaknéfdrsn'ﬁled divggt seed layer,
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met hakcafngroddeirdgyehre raghatm cthecér diorgC madifuim sis

clai gedfdy fLai Qylr, WIS HRPLIEK"u nonmagnetic
coupling layer, a 16 nm thick CoeCrigPti1BsCuz second

20 magnetic layer, a 5.5 nm thick DLC protectien layer,
and a 1.5 nm thick AM3001 lubricant layer.
Conditions under which the layers of the stacked
structure are formed, except for the first
underlayer, are the same as those of the embodiment

25 I described above.

FIG. 4 is a diagram showing a relationship
of the coercivity squareness ratio and the amount of
added nitrogen gas in the embodiment VI. 1In FIG. 4,
the ordinate indicates the coercivity squareness

30 ratio, and the abscissa indicates the amount (vol.%)
of added nitrogen gas. In the magnetic disk in
accordance with the embodiment VI, the Cr(N}) first
underlayer 14 is formed within the Ar gas atmosphere
including the nitrogen gas. When the amount of

35 nitrogen gas added to the Ar gas atmosphere is 0.05
vol.% and small, the coercivity squareness ratio
dramatically increases and the coercivity squareness



(d) form ng a seed |ayer made of a material 30 having

a B2 structure on a substrate prior to formng the
first underlayer, so that the seed | ayer forns the
base. 35 12. The nmet hod of producing the magnetic

-49 recording nedium as clai med3n- claim?7, wherein
both said steps (a) and (c) use a Cr.alloy that

i ncludes at | east one added el ement selected froma

gr oupaddnsistacgesf aMpaxivh arall 7é sbenhdthe henadoedof
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or | assurd0 d#- aJJanrratﬂ% n %@ngéaahb@e OTEgReS 1 £
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nonw%%@%lngcgwglkggska%%héyfgggfdlQngEQ%tly increases
the coercivity squareness ratio.
15 FIG. 5 is a diagram showing a relationship
of the coercivity and the amount of added nitrogen
gas in the embodiment VI. In FIG. 5, the ordinate
indicates the coercivity (kA/m), and the abscissa
indicates the amount (vol.%) of added nitrogen gas.
The coercivity of the magnetic disk in accordance
with the embodiment VI decreases as the amount of
added nitrogen gas increases. Compared to the case
where no nitrogen gas is added, the decrease in the
coercivity is approximately 22 kA/m (278 Oe) when
the amount of added nitrogen gas is 0.50 veol.%, but
it has been confirmed that such a small decrease in
the coercivity will not affect the thermal stability.
In addition, by setting the substrate heating
temperature to a relatively high temperature, it is
possible to suppress or prevent the decrease in the
coercivity. According to the experiments conducted
by the present inventors, it was confirmed that the
amount of decrease in the coercivity becomes large
if the amount of added nitrogen gas exceeds 0.50
vol.%, and that the coercivity dramatically
decreases if the amount of added nitrogen gas
exceeds 0.75 vol.%. Therefore, from the point of




-50 first magnetic |layer; and a second magnetic | ayer
provi ded on the nonmagnetic coupling |ayer, wherein
the first and second nmagnetic layers 5 are

exchange- coupl ed, and have magneti zations that are
mutual |y antiparallel in a statgowhere no externa
field is applied to the magnetic recording nedium and
the first underlayer is made of C or a C 10 all oy
havi agew mﬂ:ﬂnqsmakg$hr@¢twrbdumhm@chHQh@gnﬁtdx@E@ {or
151 . ' cecordi me I
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ComPtorus arRSin” Enteridye t Lo ourhta et dasiitheof
firsﬁddﬁd@M&ﬁ&ﬂgandgahelh|tﬁermmmednmehayéﬂ; anbh FIG. 6,

made gt grﬂna@tglﬂhhegt%%v'{}ge % PERafb¥SRlupling field

structure or, allo aV|ng a bcc crysta
st r uékdra) ancPrS"{i) Hw E‘B’lsﬁglsrﬁat rifehcags s ghermount
magneztrlo(l I%acafﬂl agdeadnimrasyel ada®d | OnclFFiGN 1¥,described

er r e e e
el ShBrs e ber QAR Ol UxbalBEC Huht (R CFifg, chac
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gas lg‘%xoyggﬁw\éqr]gglt he Bic 1Sét rll'xllc lu(gaetggdbl Sf %r nq(derll nllne and
the major loop is indicated by a solid line on a

15 positive magnetic field side of a point D. The
exchange coupling field Hgxy was measured by once
setting the applied magnetic field H to a vicinity
of the point D from the point C, for example, and
then increasing the applied magnetic field H in the

20 same direction, so as to obtain the minor loop ML.
An exchange coupling field is alsoc cbtained in a
similar manner on a negative magnetic field side of
the point B, and in this case, the exchange coupling
field can be measured by once setting the applied

25 magnetic field H to a vicinity of the point B from
the peint A, for example,'and then increasing the
applied magnetic field H in the same direction, so
as to obtain a minor lcop. The exchange coupling
field from the first magnetic layer 16 acts on the

30 second magnetic layer 19, and the exchange coupling
field from the second magnetic layer 19 acts on the
first magnetic layer 16. The thermal stability
improves when the exchange coupling field is large,
but it becomes more difficult to switch the

35 magnetization directicons of the first and second
magnetic layers 16 and 12 by the recording magnetic
field, to thereby deteriorate the overwrite



10 including nitrogen gas in a range of 0.00 vol.%to
0.10 vol.% 15 20. The magnetic recordi ng nmedi um as
claimed in claim19, wherein a nitrogen concentration
within the gas atnosphere in which the second
underlayer is formed is | ower thgg a nitrogen 20
concentration within a gas atnosphere in which the
first underlayer is formed. 25 21. The nmgnetic

I ecopeintp meth ¢ asdc lthiemsSy Nmm cahi o 15 wherein the

Cr alloy includ | east dpelemgnt
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firsed %}tﬁile@nﬂlﬂﬁﬁg@@n%d:ﬁmyglhiétsé5. ®ve using tfﬁe S/Nm
successivel y_stacked, ,the second. | ayer closer to

first ?ﬁalgrfetl %y‘é’rﬂﬂ‘aw ng as%léln%%ét e&n’ S5 t #‘ Fndex.
added el enent i RIGt. %mSgraerd1¢\<anamhahomnm@flrﬂs@tlonshlp

i@yebﬂth?@ra*}@rEB@ %%w@taﬁnd 2@h85amm@1trr&gmeéd1@ed
recordi ng nedi um as c&%@ze in pla|m17 rthEeIG

conpPidiRfe 5985t APy FErenpr 8 dec;n 7, the
i Mmediratielateniieditheefs ntte nderbagyeputaput ngdépop) Cr and

aﬂﬁézﬁﬂéyisgg indicates the amount (vecl.3) of added

nitrogen gas. As may be seen from FIG. 7, the

20 average output of the magnetic disk in accordance
with the embodiment VI is approximately constant
when the amount of added nitrogen gas is in a range
greater than 0 and 0.50 vol.% or less. Hence, it
may be seen that the addition of nitrogen gas to the

25 Ar gas atmosphere does not affect the output
obtained from the magnetic head when the magnetic
head reads the information from the magnetic disk,
and thus, it may be regarded that the in-plane
orientation of the first underlayer 14 does not

30 change by the addition of the nitrogen gas when
forming the first underlaver 14.

FIG. 8 is a diagram showing a relationship
between the resolution and the amount of added
nitrogen gas in the embodiment VI. In FIG. 8, the

35 ordinate indicates the resolution (%),and the
abscissa indicates the amount (vol.%) of added
nitrogen gas. It may be seen from FIG. B that the



26. The magnetic recording nediumas clainmed in claim
15, wherein the first underlayer has a thickness in a
range of 0.5 nmto 6.0 nm 35 -53 27. The magnetic
recording nmediumas clainmed in claim 15, further
conprising: a seed |ayer, provi_dgd between the
substrate and the underl ayer, and nade of a
nonmagneti c 5 anorphous netal or an alloy having a B2

StrUQ%@HiuﬂibQSOfTEﬁemmyyﬂéﬂhéEﬂﬂﬁﬁlmg mRdcid@ésce with
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15 an second layer. is made. of an on havi
B2 stfudtz.v2d-39°rTHE Sfgnet F cMAECE ?Eﬁ13§°m FIG.
cl ai gedHat cklaém 2Re wmmuﬂﬂ1dﬁeaddedagnamaganmg@homs 0.50

netal_i;s el gc fr a I St
AT S Ty L 865 50 R SU T RaR 18 Pl T T Be
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B2 StIrtU(iﬁaU_,F ech 5139 get edifide@ graUpPteeNT it dgv oty
Ruﬁﬁ%ﬂgeggggg%atlos%a% rgg§%es getl r%%gf%@gment of
the resolution, since the resclution increases even
though the coercivity decreases as shown in FIG. 5
when the amount of added nitrogen gas increases.
FIG. 9 is a diagram showing a relationship
15 of the overwrite performance and the amount of added
nitrogen gas in the embodiment VI. In FIG. 9, the
ordinate indicates the overwrite performance (dB),
and the abscissa indicates the amount (vol.%) of
added nitrogen gas. It may be seen from FIG. 39 that
20 the overwrite performance of the magnetic disk in
accordance with the embodiment VI greatly improves
by the addition of a small amount of nitrogen gas on
the order of approximately 0.05 vol.% or less.
Since the coercivity decreases as shown in FIG. 5
25 when the amount of added nitrogen gas is in this
range, it may be surmised that the improved
overwrite performance is caused by the decrease in
the exchange coupling field shown in FIG. 6 rather
than the decrease in the coercivity. Hence, it may
30 be surmised that the small amount of added nitrogen
gas addition on the order of approximately 0.05
vol.% or less decreases the exchange coupling field,
to thereby improve the overwrite characteristic.
It may also be seen from FIG. 9 that when
35 the amount of added nitrogen gas is greater than
0.05 vol.%, the overwrite performance is further
improved. It may be regarded that the further



claimed in claim15, wherein the first magnetic |ayer

is made of CoCr, CoCrPt, CoCr including an added
material, or CoCrPt including the added naterial,

wherein the added material is selected 5 froma group
consisting of B, Mo, Nb, Ta, W-384 and all oys thereof.

10 32. The magnetic recording nediumas clained in
claim15, wherein the first magnetic |layer is nmade of

CoCr Tarparqv &3nddn Tainnthediove e bidelede mdipemaal Ge whereansed

the g gdec%éﬁ;@g@%/gbsllﬁﬁ% e&é@ﬁciwwﬁf%luo%m the

consi Cu and all oys thereof
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CrPt or, CoCrE’& |ncll ug %[adwltée\{gg%q gﬁto%.n I,Oawhereln

the added nmateria 2 rom a
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subs irst.u rlayer. pr ed on e
Subetin @ ehat L iBRa SR e P UNB radd Dol and the
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e unger e ti 0 in
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secoﬁ&tr\"égrféfl‘%h?a?éﬂnﬁrtd\ﬁ dje]os nlflhécgommew%h the
couplemg:d:ay@ﬂit vhegeieatiihe fmpstvasdbyectind adgieion of a
Iayer re ge+C le a n I OpS
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exte@mﬂquxm@te Ya@ppﬁeWQM>%rﬁ¢nﬁgﬁétlcﬂﬂuﬂﬁ@ﬂﬁﬁono even

1®di 4Hen the amount of added nitrogen gas is 0.50 vol.%,
the S/Nm ratio is 0.2 dB higher than the case where
no nitrogen gas is added. Hence, it may be seen
that the S/Nm ratio can be improved when the amount
of added nitrogen gas is greater than 0 and 0.50

20 vol.% or less. Moreover, compared to the case where
no nitrogen gas is added, it may be seen from FIG.
10 that the addition of even a small amount of
nitrogen gas on the order of approximately 0.05
vol.% or less, such as 0.01 vol.%, for example,

25 greatly improves the S/Nm ratio.

From FIGS. 4 through 9, it may be surmised
that the resolution and the overwrite performance
improve due to the increase in the coercivity
squareness ratio and the decrease in the exchange

30 coupling field when the nitrogen gas is added to the
Ar gas atmosphere when forming the first underlayer
14, and the S/Nm ratio improves as a result.

[Embodiment VII]
Next, a description will be given of

35 characteristics of a magnetic disk in accordance
with an embodiment VII, by referring to FIGS. 11 and
12, In the embodiment VII, the thickness of the
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magnehide nlecordi hg 26 opeditlvg order of approximately 0.5
nm and small, compared to the case where no Cr (N}
first underlayer is provided. 1In addition, the

20 coercivity squareness ratio shown in FIG. 11
gradually increases when the thickness of the Cr(N)
first underlayer 14 is 1 nm or greater. Accordingly,
it may be seen from FIG. 11 that the thickness of
the Cr(N) first underlayer 14 needs to be

25 approximately 0.5 nm or greater.

FIG. 12 is a diagram showing a
relationship of the Siso/Nm ratioc and the Cr(N)
layer thickness in the embodiment VII. In FIG. 12,
the ordinate indicates the Siso/Nm ratio {(dB), and

30 the abscissa indicates the Cr(N) layer thickness
{nm). As may be seen from FIG. 12, the Siso/Nm
ratio of the magnetic disk in accordance with the
embodiment VII has a maximum value when the
thickness of the Cr(N) first underlayer 14 is

35 approximately 1.5 nm, and the Siso/Nm ratio in a
range of 0.5 nm to 6.0 nm is improved compared to
the case where no Cr(N) first underlayer is provided.
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fwdegka%ﬁ%rogen gas added intco the Ar gas atmosphere
when forming the first underlayer 14 and the amount
of nitrogen gas added into the Ar gas atmosphere
when forming the second underlayer 15 are set to the
same amount, and this amount of added nitrogen gas

15 1is wvaried from 0 to 0.50 vol.% in 0.05 veol.%
increments. In the embodiment VIII, a 3 nm thick
Cr(N) first underlayer 14 and a 3 nm thick
CrssMozs (N} second underlayer 15 are used, and the
other layers are the same as those of the embodiment

20 I described above. In the embodiment IX, no
nitrogen gas is added to the Ar gas atmosphere when
forming the first underlayer 14 and the amount of
nitrogen gas added to the Ar gas atmosphere when
forming the second underlayer 15 is varied from 0 to

25 0.50 vol.%. In the embodiment IX, a 3 nm thick Cr
first underlayer 14 and a 3 nm thick CrssMozs(N)
second underlayer 15 are used, and the other layers
are the same as those of the embodiment I described
above.

30 FIG. 13 is a diagram showing relationships
of the coercivity sguareness ratio and the amount of
added nitrogen gas in the embodiments VIII and IX.
In FIG. 13, the ordinate indicates the coercivity
squareness ratio, and the abscissa indicates the

35 amount {(vol.%) of added nitrogen gas. As may be
seen from FIG. 13, the magnetic disks in accordance
with the embodiments VIII and IX have approximately
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atmosphere only when forming the first underlayer 14.
FIG. 14 is a diagram showing relationships
of the average output and the amount of added
20 nitrogen gas in the embodiments VIII and IX. In FIG.
14, the ordinate indicates the average output (uVp-
p), and the abscissa indicates the amount (vol.%) of
added nitrogen gas. As may be seen from FIG. 14,
when the amount of nitrogen gas added to the Ar gas
25 atmosphere is in a range greater than 0 and 0.10
vol.% or less, the average outputs of the magnetic
disks in accordance with the embodiments VIII and IX
are approximately the same as that for the case
where no nitrogen gas is added. When the amount of
30 added nitrogen gas exceeds 0.10 vol.%, the average
output dramatically decreases. Thus, it may be seen
that the in-plane orientations of the first and
second magnetic layers 16 and 19 deteriorate when
excessive nitrogen is added to the CrysMozs (N} second
35 underlayer 15. Therefore, it may be seen that the
amount of nitrogen gas added to the Ar gas
atmosphere when forming the second underlayer 15 is
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embodiments of the magnetic recording medium
according to the present invention, by referring to
35 FIGS. 1 and 17 through 19. 1In FIGS. 17 through 189,
those parts which are the same as those
corresponding parts in FIG. 1 are designated by the
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-THGhH%irst embodiment of the magnetic recording

5 medium according to the present invention. The
magnetic recording medium 10 shown in FIG. 1 has the
first seed layer 12, the second seed layer 13, the
first underlayer 14, the second underlayer 15, the
first magnetic layer 16, the nonmagnetic coupling

10 layer 18, the second magnetic layer 19, the
protection layer 20 and the lubricant layer 21 that
are stacked on the substrate 11.

The first underlayer 14 is made of Cr or a

Cr alloy having the becec crystal structure. The

15 first underlayer 14 may be formed by forming a layer
of a material made of Cr or a Cr alloy having the
bcc crystal structure within an inert gas atmosphere
added with nitrogen gas in a range of 0.01 vol.% to
0.50 vol.%, for example, and preferably in a range

20 of 0.05 vol.% to 0.50 vol.%.

The second underlayer 15 is made of Cr or

a Cr alloy having the bcc crystal structure or, Cr
or a Cr alloy including nitrogen. The second
underlayer 15 may be formed by forming a layer of a

25 material made of Cr or a Cr alloy having the bcc
crystal structure within an inert gas atmosphere
added with nitrogen gas in a range of 0.00 vol.% to
0.10 vol.%, for example. The second underlayer 15
may include substantially no nitrogen. 1In this

30 specification, a layer made of a material which
includes substantially no nitrogen refers to a layer
which is formed within a gas environment not added
with nitrogen by use of a material including no
nitrogen.

35 FIG. 17 is a cross sectional view showing
a second embodiment of the magnetic recording medium

according to the present invention. A magnetic
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‘%() ﬂh ﬂggfg+égpéﬁig%&ﬂQy é fgqaf(éé%gnd magnetic
layer, a protection layer 20 and a lubricant layer
21 that are stacked on a substrate 11.

The first-A underlayer 14A and the first-B
underlayer 14B respectively are made of a material
similar to that of the first underlayer 14 of the
magnetic recording medium 10 shown in FIG. 1. A
total thickness of the first-A underlayer 14A and
the first-B underlayer 14B is preferably set
approximately equal to the thickness of the first
underlayer 14 of the magnetic recording medium 10
having the single-layer structure. By making each
of the first-A underlayer 14A and the first-B
underlayer 14B thin, it is possible to suppress the
crystal grain sizes of the grains forming the first-
A underlayer 14A and the first-B underlayer 14B from
becoming large, to thereby suppress enlargement of
the crystal grain sizes of the first magnetic layer
16 and the second magnetic layer 19.

For example, the combination of the first-
A underlayer 14A and the first-B underlayer 14B may
be made of a Cr alloy including nitrogen, similarly
to the first underlayer 14 of the magnetic recording
medium 10. In this case, the concentraticon of the
added element in at.% within the Cr alloy forming
the first-B underlayer 14B is higher than that of
the first-A underlayer 14A. By setting the
concentration of the added elements in this manner,
it is possible to improve the lattice matching
between the first-A underlayer 14A and the first-B
underlayer 14B, and accordingly improve the lattice
matching between the first-B underlayer 14B and the
second underlayer 15. As a result, it is possible
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recordlng medlum 32 shown in FIG. has a first
seed layer 12, a second seed layer 13, a third
underlayer 31, a first underlayer 14, a second
underlayer 15, a first magnetic layer 16, a
nonmagnetic coupling layer 18, a second magnetic
layer, a protection layer 20 and a lubricant layer
21 that are stacked on a substrate 11.

The third underlayer 31 is made of a Cr or
a Cr alloy having the bcc crystal structure. The Cr
alloy having the bcc crystal structure may be
similar to the Cr alloy used for the first
underlayer 14. The third underlayer 31 may be
formed by sputtering a layer of a material made of
Cr or a Cr alloy having the bcc crystal structure
within an inert gas atmosphere, for example. It is
possible to improve the crystallinity of the initial
layer growth of the first underlayer 14 by providing
the third underlayer 31 which includes no nitrogen
as a base or underlayer for the first underlayer 14.
Moreover, in the magnetic recording medium 32, it is
preferable that the second underlayer 15 includes
substantially no nitrogen.

"FIG. 19 is a cross sectional view showing
a fourth embodiment of the magnetic recording medium
according to the present invention. A magnetic
recording medium 35 shown in FIG. 19 has a first
seed layer 12, a second seed layer 13, a first
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structure or, Cr or a Cr alloy including nitrogen.

A total thickness of the second-A underlayer 15A and
the second-B underlayer 15B is preferably set
approximately equal to the thickness of the second

15 underlayer 15 of the magnetic recording medium 10
having the single-layer structure. By making each
of the second-A underlayer 15A and the second-B
underlayer 15B thin, it is possible to suppress the
crystal grain sizes of the grains forming the '

20 second-A underlayer 15A and the second-B underlayer
15B from becoming large, to thereby suppress
enlargement of the crystal grain sizes of the first
magnetic layer 16 and the second magnetic layer 19.

For example, the combination of the

25 second-A underlayer 15A and the second-B underlayer
15B may be made of a Cr alloy including
substantially no nitrogen, similarly to the second
underlayer 15 of the magnetic recording medium 10.
In this case, the concentration of the added element

30 in at.% within the Cr alloy forming the second-B
underlayer 15B is higher than that of the second-A
underlayer 15A. By setting the concentration of the
added elements in this manner, it is possible to
improve the lattice matching between the second-A

35 underlayer 15A and the second-B underlayer 15B, and
accordingly improve the lattice matching between the
second-B underlayer 15B and the first magnetic layer
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fQQZ&f()' 10 10A magnetic storage apparatus 40 shown in
FIG. 20 is generally made up of a housing 41. A hub
42 that is driven by a spindle motor (not shown),
one or a plurality of magnetic recording media 43
fixed on the hub 42, an actuator unit 44, an arm 45
15 mounted on the actuator unit 44 and movable in a
radial direction of the magnetic recording medium 43,
a suspension 46 provided on the arm 45, and a
magnetic head 48 supported on the suspension 46 are
provided within the housing 41. The number of arms
20 45, suspensions 46 and magnetic heads 48 that are
provided depends on the number of magnetic recording
media 43 that are provided.
The magnetic head 48 may be formed by a
composite head that is made up of a reproducing head
25 and a recording head. For example, the reproducing
head may be formed by a magneto-resistive {(MR)
element, a giant magneto-resistive (GMR} element or
a tunneling magnetic-resistive (TMR). The recording
head may be formed by an inductive head, for example.
30 The basic structure itself of the magnetic storage
apparatus 40 shown in FIG. 20 is known, and a
detailed description thereof will be omitted in this
specification.
| In the magnetic storage apparatus 40, the
35 magnetic recording medium 43 may have the structure
of any one of the embodiments of the magnetic
recording medium described above. In other words,
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also not limited to that described above.

Two or more embodiments of the magnetic
recording medium described above may be
appropriately combined if necessary to suit the

15 needs.

Of course, the present invention is not
limited to magnetic disks, and the magnetic
recording medium, the magnetic storage apparatus and
the method of producing the magnetic recording

20 medium according to the present invention can of
course be applied to other magnetic recording media
such as magnetic tapes.

Further, the present invention is not
limited to these embodiments, but various variations

25 and modifications may be made without departing from
the scope of the present invention.

30

35
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"()- first and second magnetic layers being exchange-

coupled via the nonmagnetic coupling layer and
having antiparallel magnetizations in a state where
15 no external magnetic field is applied on the
magnetic recording medium,
sald step (a} forming the first underlayer from
Cr or a Cr alloy having a becc crystal structure
within an atmosphere including nitrogen gas.
20

2. The method cof producing the magnetic
25 recording medium as claimed in claim 1, wherein said
step {(a) adds an amount of nitrogen gas in a range
of 0.01 vol.% or greater and 0.50 vol.% or less.

30

3. The method of producing the magnetic
recording medium as claimed in claim 1, wherein said
step (a) uses a Cr alloy that includes at least one

35 element selected from a group consisting of Mo, W, V

and Ti.
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4. The method of producing the magnetic

recording medium as claimed in claim 3, wherein said
step (a) uses a Cr alloy that further includes B.

5. The method of producing the magnetic
recording medium as claimed in claim 1, wherein said
10 step (a) uses an inert gas atmosphere including at
least one element selected from a group consisting
of He, Ne, Ar, Kr and Xe.

15
6. The method of producing the magnetic
recording medium as claimed in claim 1, further
comprising:

20 (c) forming a seed layer made of a material
having a B2 structure on a substrate prior to
forming the first underlayer, so that the seed layer
forms the base.

25

7. The method of producing the magnetic
recording medium as claimed in claim 1, further
30 comprising the step of:
(c) forming a second underlayer between the
first underlayer and the first magnetic layer,
said step (c}) forming the second underlayer
from Cr or a Cr alloy having a bcc crystal structure
35 within a gas atmosphere including an amount of
nitrogen gas that is 0.1 vol.% or less.
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15

20

25

30

35

recording medium as claimed in claim 7, wherein said
step (c) uses a Cr alloy that includes at least one
element selected from a group consisting of Mo, W, V
and Ti.

8. The method of producing the magnetic
recording medium as claimed in claim 8, wherein said
step (c) uses a Cr alloy that further includes B.

10. The method of producing the magnetic
recording medium as claimed in claim 7, wherein said
step {(c¢) uses an inert gas atmosphere including at
least one element selected from a group consisting
of He, Ne, Ar, Kr and Xe.

11. The method of producing the magnetic
recording medium as claimed in claim 7, further
comprising:

(d) forming a seed layer made of a material
having a B2 structure on a substrate prior to
forming the first underlayer, so that the seed layer
forms the base.

12. The method of producing the magnetic
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, z| NP beggt (pne added element selected from a group
consisting of Mo, W, V and Ti so that the added

5 elements are identical for the first and second
underlayers, and each added element has an amount in
at.% greater in the second underlayer than in the
first underlayer.

10

13. The method of producing the magnetic
recording medium as claimed in claim 12, wherein
15 said step (a) adds an amount of nitrogen gas in a
range of 0.01 vol.% or greater and 0.50 vol.% or
less.,

20

14. The method of producing the magnetic
recording medium as claimed in claim 12, wherein
both said steps (a) and (c) use an inert gas

25 atmosphere including at least one element selected
from a group consisting of He, Ne, Ar, Kr and Xe.

30
15. A magnetic recording medium
comprising:
a substrate;
a first underlayer provided on the substrate;
35 a first magnetic layer provided on the first

underlavyer;
a nonmagnetic coupling layer provided on the
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wherein the first and second magnetic layers
5 are exchange-coupled, and have magnetizations that
are mutually antiparallel in a state where no
external field is applied to the magnetic recording
medium, and
the first underlayer is made of Cr or a Cr
10 alloy having a bcc crystal structure and including

nitrogen.

15
16. The magnetic recording medium as
claimed in claim 15, wherein the first underlayer is
formed in a gas atmosphere including nitrogen gas in
a range of 0.01 vol.% to 0.50 vol.%.
20

17. The magnetic recording medium as
25 claimed in claim 15, further comprising:
a second underlayer, provided between the first
underlayer and the first magnetic layer, and made of
Cr or a Cr alloy having a bcc crystal structure or,
Cr or a Cr alloy having a bcc crystal structure and

30 including nitrogen.

35 18. The magnetic recording medium as
claimed in claim 17, wherein the second underlayer
is made of a material including substantially no
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15
20. The magnetic recording medium as
claimed in claim 19, wherein a nitrogen
concentration within the gas atmosphere in which the
second underlayer is formed is lower than a nitrogen
20 concentration within a gas atmosphere in which the
first underlayer is formed.

25
21. The magnetic recording medium as
claimed in claim 15, wherein the Cr allcy includes
at least one added element selected from a group
consisting of Mo, W, V and Ti.
30

22. The magnetic recording medium as
35 claimed in claim 21, wherein the second underlayer
has a concentration of the added element in at.%
higher than that of the first underlayer.



10 10

10! xH6! 10%&' () - 1! H6! 10%&' () - 1! xH6! 10%W/NV&' ()-1@--./0Y1
WU3P/ 1! xH6" 10%##& () - 1! H6" 109&' () -1!j H6"10%*& () - 1! H6
"10%*& ()-1!~H6"109& ()-1!6"10% " & ()-1Y112a3" 4#4$4%E
wi [ M 1! xH6" 10%## 10== 10== -52-

10==I H6" 10%=&" ()-1!j H6" 10941& ()-1!' H6"10%*& ()- 1! He"
10%=& ()-19%4*445 6J66zX6M 1! H 109%ZZ& ()-!'H

10%&' ()-'H 10%ZZ&: () ThH m%@ﬁ Yic recordlng medlum as

0% 8 0
10()/@&‘@%"%?1%@3& 1aofiRte0 % RS L e Hids Thpve is
& () "ggss o oot H ez% itlamem%wiva coﬁﬁo%@ﬁ@l{ that are
10%2&;&Féﬁ§%ﬁ@?§f%gbck@ﬁg%ﬁ%é)seé@ﬁdeZ%erZdloser to the
FoozantR AOVEE {5- f AT Nt 1OVRCPEagien 28 the
r S1 @Idde@lwml(ly i#laqzzg; Migher than that of the first
layer closer to the substrate.

10

24. The magnetic recording medium as
claimed in claim 21, wherein the second underlayer
is made up of a first layer and a second laver that

15 are successively stacked, the second layer cleser to
the first magnetic layer having a concentration of
the added element in at.% higher than that of the
first layer closer to the substrate.

20
25. The magnetic recording medium as
claimed in claim 17, further comprising:
25 a third underlayer, provided immediately under
the first underlayer, and made of Cr or a Cr alloy.
30

26. The magnetic recording medium as
claimed in claim 15, wherein the first underlayer
has a thickness in a range of 0.5 nm to 6.0 nm.

35
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10 28. The magnetic recording medium as
claimed in claim 27, wherein the seed layer is made
up of a first layer and a second layer that are
successively stacked on the substrate, wherein the
first layer is made of a nonmagnetic amorphous metal

15 and the second layer is made of an alloy having a B2

structure.
20
29. The magnetic recording medium as
claimed in claim 27, wherein the nonmagnetic
amorphous metal is selected from a group consisting
of NiP, CoW, AlTi and CrTi.
25

30. The magnetic recording medium as
30 claimed in claim 27, wherein the alloy having the B2
structure is selected from a group consisting of
AlRu, NiAl and FeAl.

35

31. The magnetic recording medium as
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alloys thereof.

10
32. The magnetic recording medium as
claimed in claim 15, wherein the first magnetic
layer is made of CoCrTa or, CoCrTa including an
added material, wherein the added material is
15 selected from a group consisting of B, Mo, Nb, W, Cu
and alloys thereof.

20
33. The magnetic recording medium as
claimed in claim 15, wherein the second magnetic
layer is made of CoCrPt or, CoCrPt including an
added material, wherein the added material is
25 selected from a group consisting of B, Mo, Nb, Ta, W,
Cu and alloys thereof.

30
34. A magnetic recording medium
comprising:
a substrate;
a first underlayer provided on the substrate;
35 a second underlayer provided on the first

underlayer;
a first magnetic layer provided on the second
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arallel-ln State where no
external field is applied to the magnetic recording

10 medium,
the first underlayer is made of Cr or a Cr
alloy having a bcc crystal structure and including
nitrogen,
the second underlayer is made of is made of Cr
15 or a Cr alloy having a bce crystal structure or, Cr
or a Cr alloy including nitrogen, and
the first underlayer has a nitrogen content
larger than that of the second underlayer.

20
35. A magnetic disk comprising:
a substrate;
25 a seed layer, provided on the substrate, and

made of a material selected from a group consisting
of AlRu, NiAl and FeAl;
a first underlayer, provided on the seed layer,
and made of Cr or a Cr alloy having a bcc crystal
30 structure formed in a gas atmosphere including
nitrogen gas in a range of 0.01 vol.% to 0.50 vol.%;
a second underlayer, provided on the first
underlayer, and made of Cr or a Cr alloy having a
bece crystal structure formed in a gas atmosphere
35 including nitrogen gas in a range of 0.00 veol.% to
0.10 vol.%;
a first magnetic layer provided on the second
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wherein the first and second magnetic layers
are exchange-coupled, and have magnetizations that
are mutually antiparallel in a state where no
external field is applied to the magnetic recording
medium.

36. A magnetic storage apparatus
comprising:
at least one magnetic recording medium; and
a head configured to record information on and
to reproduce information from the magnetic recording
medium,
said magnetic recording medium comprising:
a substrate;
a first underlayer provided on the
substrate;
a first magnetic layer provided on the first
underlayer;
a nonmagnetic coupling layer provided on
the first magnetic layer; and
a second magnetic layer provided on the
nonmagnetic coupling layer,
wherein the first and second magnetic
layers are exchange-coupled, and have magnetizations
that are mutually antiparallel in a state where no
external field is applied to the magnetic recording
medium, and
the first underlayer is made of Cr or a Cr
alloy having a bcc crystal structure and including
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| =n said magnetic recording medium comprising:

a substrate;
a first underlayer provided on the
15 substrate;
a second underlayer provided on the first
underlayer;
a first magnetic layer provided on the
second underlayer;
20 a nonmagnetic coupling layer provided on
the first magnetic layer; and
a second magnetic layer provided con the
nonmagnetic coupling laver, '
wherein the first and second magnetic
25 layers are exchange-coupled, and have magnetizations
that are mutually antiparallel in a state where no
external field is applied to the magnetic recording
medium,
the first underlayer is made of Cr or a Cr
30 alloy having a bcc crystal structure and including
nitrogen,
the second underlayer is made of is made
of Cr or a Cr alloy having a bcc crystal structure
or, Cr or a2 Cr alloy including nitrogen, and
35 the first underlayer has a nitrogen
content larger than that of the second underlayer.
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comprising:
at least one magnetic disk:; and
a head configured to record information on and
5 to reproduce information from the magnetic disk,
said magnetic disk comprising:

a substrate;

a seed layer, provided on the substrate,
and made of a material selected from a group

10 consisting of AlRu, NiAl and FeAl;

a first underlayer, provided on the seed
layer, and made of Cr or a Cr alloy having a bcc
crystal structure formed in a gas atmosphere
including nitrogen gas in a range of 0.01 vol.% to

15 0.50 vol.%;

a second underlayer, provided on the first
underlayer, and made of Cr or a Cr alloy having a
bcec crystal structure formed in a gas atmosphere
including nitrogen gas in a range of 0.00 vol.% to

20 0.10 vol.%;

a first magnetic layer provided on the
second underlayer;

a nonmagnetic coupling layer provided on
the first magnetic layer; and

25 a second magnetic layer provided on the
nonmagnetic coupling layer,

wherein the first and second magnetic
layers are exchange-coupled, and have magnetizations
that are mutually antiparallel in a state where no

30 external field is applied to the magnetic disk.
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