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20 media of longitudinal rececrding, an attempt is made

to reduce medium noise in order to ensure signal-to-
noise ratio (S/N ratio) in high-density recording.
In order to reduce medium noise, magnetic particles
forming magnetic regions are reduced in size,

25 thereby reducing the zigzag of the boundary between
magnetic regions, that is, a magnetic transition
region. However, miniaturization of magnetic
particles reduces their volumes, thus causing a
residual magnetization thermal stability problem in

30 that residual magnetization is reduced because of
thermal fluctuation.

In order to achieve high-density recording,
a magnetic recording medium having an object of
reducing medium nocise and ensuring the thermal

35 stability of residuvual magnetization at the same time
is proposed (see, for example, FIG. 7 of United
States Patent Application Publication No. US



States Patent Application Publication No. US S -2-
2002/ 0098390). According to a magnetic recording
medi um 100 shown in FIG 1, a recording |ayer 101 has
a structure in which an exchange coupling |ayer 102
formed by a first nmagnetic layef 103 and a 5 second
magnetic |ayer 105 antiferromagnetically
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head than the thlr magnetic layer 108 is.
Accordingly, the intensity of a. recording magnetic
field applied thereto is relatively low. Further,
since the second magnetic layer 105 and the third
magnetic layer 108 are not exchange-coupled, an

25 exchange coupling magnetic field does not act on the
second magnetic layer 105 from the third magnetic
layer 108. This makes it difficult for the
magnetization reversal of the second magnetic layer
105 to occur, thus causing a problem in that writing

30 performance such as an overwrite characteristic is
degraded. Degradation of the overwrite
characteristic causes degradation of the SN ratio,
thus making it difficult to achieve higher recording
density.

33 On the other hand, it is possible to
improve the overwrite characteristic by reducing the
anisotropic magnetic field of the second magnetic



density. 35 On the other hand, it is possible to

i nprove the overwite characteristic by reducing the

ani sotropi c magnetic field of the second magnetic - 3-

| ayer 105. However, reduction ip the anisotropic
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20 According to one aspect of the present
invention, there is provided a magnetic recording
medium, including a substrate; and an underlayer, a
first magnetic layer, a non-magnetic coupling layer,
a second magnetic layer, a third magnetic layer, a

25 non-magnetic separation layer, and a fourth magnetic
layer stacked in order described on the substrate,
wherein the first magnetic layer and the second
magnetic layer are antiferromagnetically exchange-
coupled, and the second magnetic layer and the third

30 magnetic layer are ferromagnetically exchange-
coupled; and the third magnetic layer has an
anisotropic magnetic field smaller than an
anisotropic magnetic field of the second magnetic
layer, and has a saturation magnetization greater

35 than a saturation magnetization of the second
magnetic layer.

According to the above-described magnetic




ani sotropic magnetic field of the second magnetic

| ayer, and has a saturation magnetization greater 35
than a saturation magneti zation of the second
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20 magnetization of the second magnetic layer becomes
easily reversible. BAccordingly, compared with the
case without the third magnetic layer, writing

performance such as an overwrite characteristic is

»
2

improved according to this magnetic recording medium.
25 Further, since the first magnetic layer
antiferromagnetically exchange-coupled to the second
magnetic layer is provided, the thermal stability of
residual magnetization is ensured. Accordingly,
this magnetic recording medium can enjoy high
30 recording density.

According to another aspect of the present
invention, there is provided a magnetic storage unit
including the above-described magnetic recording
medium and a recording and reproduction part

35 configured to write information to and read
information from the magnetic recording medium.

The above-described magnetic storage unit



fu

30 recording density. According to another aspect of

the present invention, there is provided a nmagnetic
storage unit including the above-described magnetic
recording nediumand a recording and reproduction
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conjunction with the accompanying drawings, in
which:

20 FIG. 1 is a cross-sectional view of the

recording layer of a conventional magnetic recording
medium;

FIG. 2 is a cross-sectional view of a
magnetic recording medium according to a first

25 embodiment of the present invention:;

FIG. 3 is a cross-sectional view of
another magnetic recording medium according to the
first embodiment of the present invention;

FIG. 4 is a characteristics table of the

30 magnetic recording media of an example and a
comparative example according to the first
embodiment of the present invention;

FIG. 5 is a graph showing the relationship
between the overwrite characteristic and tBr of each

35 of the example and the comparative example according
to the first embodiment of the present inventilon;

and




FIG 4 is a characteristics table of the 30 magnetic
recordi ng nedia of an exanple and a conparative
exanpl e according to the first enbodi nent of the
present invention; FIG 5 is aw?raph show ng the
rel ati onship between the overwfite characteristic and
tBr of each 35 of the exanple and the conparative
exanpl e accor dj ta t. t
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Referring to FIG. 2, the magnetic

recording medium 10 of this embodiment includes a
20 substrate 11, an underlayer 12, a recording layer 13,
a protection film 20, and a lubricating layer 21.
The underlayer 12, the recording layer 13, the
protection film 20, and the lubricating layer 21 are
stacked in order on the substrate 11. The recording
25 layer 13 includes a first magnetic layer 14, a non-
magnetic coupling layer 15, a second magnetic layer
16, a third magnetic layer 17, a non-magnetic
separation layer 18, and a fourth magnetic layer 189,
which are stacked in order from the underlayer 12
30 side. _
The substrate 11 is not limited in
particular. Substrates such és a glass substrate, a
NiP-plated aluminum alloy substrate, a silicon
substrate, a plastic substrate, a ceramic substrate,
35 and a carbon substrate may be used as the substrate
11.
A texture formed of many grooves along a



whi ch are stacked in order fromthe underlayer 12 30
side. The substrate 11 is not limted in particular.
Substrates such as a glass substrate, a N P-plated
alum num al | oy substrate, a silicon substrate, a

pl astic substrate, a ceram c substrate, 35 and a

car bon substrate may be used as the substrate 11. A
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20 thereon is improved, so that the crystallinity and
the crystal orientation of each magnetic layer of
the recording layer 13 can be improved. Further,
the underlayer 12 may be multiple layers of Cr or
the Cr-M1 alloy. This layer structure can prevent a
25 crystal grain in the underlayer 12 from increasing
in size, and further, can prevent the crystal grains
of the recording layer 13 from increasing in size.
The film thickness of the underlayer 12 is
not limited in particular. Preferably, however, the
30 film thickness of the underlayer 12 is greater than
or equal to 3 nm in terms of a sufficient
improvement in the in-plane orientation of the
magnetic layer 16, and is less than or equal to 30
nm in order to prevent the magnetic particles of the
35 magnetic layer 16 from increasing excessively in
size.
As described above, the recording layer 13



of the recording layer 13 fromincreasing in size. The
filmthickness of the underlayer 12 is not |limted in
particular. Preferably, however, the 30 film
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20 Each of the first through fourth magnetic
layers 14, 16, 17, and 19 is formed of a
ferromagnetic material selected from the group
consisting of CoCr, CoPt, and Colr-X1 alloys, where
X1 is at least one selected from the group

25 consisting of B, Cu, Mn, Mo, Nb, Pt, Ta, W, and Zr.
The ferromagnetic material of each of the magnetic
layers 14, 16, 17, and 19 has a hexagonal close-
packed (hcp) crystal structure.

Preferably, the first magnetic layer 14 is

30 formed of a ferromagnetic material selected from the
group consisting of CoCr and CoCr-X2 alloys, where
X2 1s at least one selected from the group
consisting of B, Cu, Mn, Mo, Nb, Pt, Ta, W, and Zr.
If the first magnetic layer 14 thus does not contain

35 Pt, its anisotropic magnetic field is relatively low.
Accordingly, it is possible to avoid an adverse
effect on the overwrite characteristic.
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The ferromagnetic material of each of the magnetic
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20 matching with the first magnetic layer 14 and the
second magnetic layer 16 because Ru has an hcp
crystal structure. Examples of the Ru-based alloy
include Ru-M2, where M2 includes one selected from
the group consisting of Co, Cr, Fe, Ni, and Mn.

25 Further, the film thickness of the non-magnetic
coupling layer 15 is in the range of 0.4 nm to 1.0
nm. By setting the f£ilm thickness of the non-
magnetic coupling layer 15 in this range, the first
magnetic layer 14 and the second magnetic layer 16

30 are antiferromagnetically exchange-coupled via the
non-magnetic coupling layer 15.

Preferably, the second magnetic layer 16
is formed of a ferromagnetic material selected from
the group consisting of CoPt, CoCrPt, and CoCrPt-X3

35 alloys, where X3 is at least one selected from the
group consisting of B, Cu, Mo, Nb, Ta, W, and Zr.
Ferromagnetic materials suitable as the second



i nclude Ru-M2, where M2 includes one selected from
the group consisting of Co, C, Fe, Ni, and M. 25
Further, the filmthickness of the non-nagnetic
coupling layer 15 is in the range of 0.4 nmto 1.0

nm By setting the filmthickndds of the non- magnetic
coupling layer 15 in this range, the first mgnetic

| ayer 14 and the second magnetic Ia¥er 16 30
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the second magnetic layer 16 is too low. As a
result, the overwrite characteristic improvement
effect due to the low anisotropic magnetic field of
the third magnetic layer 17 is not sufficiently
25 produced. On the other hand, if the film thickness
of the third magnetic layer 17 is greater than 5 nm,
the ratio of volume of the third magnetic layer 17
to the second magnetic layer 16 is too high. As a
result, the static coercive force of the recording
30 layer 13 is reduced.

As described below, at the time of
recording, the third magnetic layer 17 has its
magnetization reversed by a recording magnetic field
lower in intensity than the magnetization of the

35 second magnetic'layer 16 so as to apply to the
second magnetic layer 16 an exchange coupling
magnetic field that facilitates reversal of the



the second magnetic layer 16 is too low As a result,
the overwite characteristic inprovenent effect due
to the [ow anisotropic magnetic field of the third
magnetic |layer 17 is not sufficiently 25 produced. On
the other hand, if the filmthitkness of the third
magnetic | ayer 17 |s greater than 5 nn1 the ratio of
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non- magnet separa 1 on
20 coupling 1s likely to act. If the film thickness of

the non-magnetic separation layer 18 is greater than
3 nm, the third magnetic layer 17 is distant from a
recording element so as to be less easily recordable.
As a result, the overwrite characteristic is
25 degraded. Further, the non-magnetic separation
layer 18 stops the growth'of the crystal grains of
the second magnetic layer 16 and the third magnetic
layer 17 so as to prevent the crystal grains from
 increasing in size, and avoids an increase in the
30 width of the grain size distribution of the crystal
grains. As a result, the SN ratio of the magnetic
recording medium 10 is improved.
The fourth magnetic layer 19 is selected
from the same ferromagnetic materials as for the
35 second magnetic layer 16. Further, the film
thickness of the fourth magnetic layer 19 is in the
range of 0.5 nm to 20 nm. The fourth magnetic layer



less than 1.0 nm antiferromagnetic exchange 20
coupling is likely to act. If the filmthickness of
the non-nagnetic separation |ayer 18 is greater than
3 nm the third magnetic layer 17 is distant froma
recording elenment so as to be TE43 easi |y recordabl e.
As a result, the overwite characteristic is 25
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ferromagnetic materials of the second nagnetic | ayer

16 and the third magnetic | ayer 17
20 Hk3 < Hk2 and Ms3 > Ms2. - {1)

As a result, writing performance such as
an overwrite characteristic is improved. The action
of this is as follows.

25 The third magnetic layer 17 has a smaller
anisotropic magnetic field than the second magnetic
layer 16. Accordingly, at the time of recording,
the magnetization of the third magnetic layer 17 is
reversed by a recording magnetic field from a |

30 recording element, which is lower in intensity than
the second magnetization layer 16, in the direction
of the recording magnetic field. As a result of the
reversal of the magnetization of the third magnetic
layer 17, an exchange coupling magnetic field in the

35 direction to reverse the magnetization of the second
magnetic layer 16, as well as the recording magnetic
field, is applied to the magnetization of the second



are determned so as to satisfy the follow ng
relationship: 20 Hk3 < Hk2 and Ms3 > Ms2. (1) As a
result, witing perfornmance such as an overwite
characterlstlc is inmproved. The_action of this is as
follows. 25 The third nmagnetic igyer 17 has a smaller
ani sotropic magnetic field than the second nmagnetic
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20 The anisotropic magnetic field can be controlled by
the Pt content. For example, it is possible to
reduce the anisotropic magnetic field by reducing
the Pt content. Further, the saturation
magnetization can be controlled by the Co content.

25 For example, it 1s possible to increase the
saturation magnetization by increasing the Co
content. The third magnetic layer 17 may be formed
of a ferromagnetic material of a composition that
does not include Pt.

30 Further, it is preferable, in that the
overwrite characteristic is conspicuocusly improved,
that the second magnetic layer 16 and the third
magnetic layer 17 satisfy the relationship:

35 Hk3 + 2000 (Ce) = HkZ, = (2)

and more preferably, the relationship:



el ement is expressed in atonmi c concentration. This

sel ection nmakes it possible to satisfy the above-
descri bed rel ati onship of Hk3 < Hk2 and Ms3 > Ms2. 20
The ani sotropic nmagnetic field can be controll ed by
the Pt content. For exanple, it 143 possible to reduce
the ani sotropic magnetic field by reducing the Pt
content. Further, the saturation nagnetization can be
controlled by the Co content. 25 For exanple, it is
possi bl e to i ndk8age XMED $@& ur &t H&Z ,nagnet i zati on by(3)
increasing the Co content. The third magnetic |ayer
17 may be fornmed = of .a ferrpnmagnetic q?terlal of a
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%?%% %ﬂ%? 1P is preferable, in that the

lanlsotroplc energy of the third magnetic layer 17 is

sufficiently e red, a amagnetic | ayer..
16 and the thir %diy%éf ¢ %ggr§ 4£h|sfy t he (4)

rel ati onship: 10 Ms3 > NBZ + 200 enmu/cnB, (4) where
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described saturation magnetization relationship (4)
at the same time.

20 In the second magnetic layer 16 and the
third magnetic layer 17, the above-described
preferable difference in the anisotropic magnetic
field or the saturation magnetization is applied
when the preferable difference can be ensured.

25 Further, preferably, the second magnetic

~ layer 16 and the fourth magnetic layer 19 are formed
of the same material. &As described above, the
second magnetic layer 16 and the fourth magnetic
layer 19 have the function of recording each bit of

30 recorded data. Therefore, by forming the second
magnetic layer 16 and the fourth magnetic layer 19
of the same material, both magnetic layers 16 and 19
can have substantially the same magnetic
characteristics and substantially the same

35 magnetization transition width and bit length.

Further, the fourth magnetic layer 19 may
be formed of a ferromagnetic material having a



20 In the second magnetic layer 16 and the third
magnetic |ayer 17, the above-described preferable
difference in the anisotropic magnetic field or the
saturation magnetization is app]ied when the
preferable difference can be enstted. 25 Furt her,
preferably, the second magnetic |ayer 16 and the
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to that of the second magnetic layer 16, the
magnetization of the first magnetic layer 14 is
easily reversible so as to ensure formation of a
magnetization antiparallel to the magnetization of
25 the second magnetic layer 16 in the condition where
no external magnetic field is applied. _
The anisctropic magnetic field is a
physical property value characteristic of a
ferromagnetic material. The anisotropic magnetic
30 field can be measured with a torgue magnetometer or
a vibrating sample magnetometer that can detect
magnetizaticns in two axial directions.
Letting the residual magnetizations of the
first through fourth magnetic layers 14, 16, 17, and
35 19 be Brl, Br2, Br3, and Br4, respectively, and
‘letting the film thicknesses of the first through
fourth magnetic layers 14, 16, 17, and 19 be tl, tZ,



followi ng respect. As a result of formng the first
magnetic |ayer 14 of a ferromagnetic material having
20 an ani sotropic nmagnetic field smaller than or equa
to that of the second magnetic |ayer 16, the

magneti zati on of the first nagne Tc layer 14 is
easily reversible so as to ensure formation of a
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through fourth magnetic layers 14, 17, and 19,
so that it is possible to increase the thermal
stability of the residual magnetization of the
entire recording layer 13.

25 The protection film 20 is, for example,
0.5 nm through 15 nm in thickness, and is formed of
a material selected from amcrphous carbon,
hydrogenated carbon, carbon nitride, and aluminum
oxide. The material of the protection film 20 is

30 not limited in particular.

The lubricating layer 21 is formed of, for
example, a lubricant having a main chain of
perfluoropolyether of 0.5 nm to 5 nm in film
thickness. For example, hydroxyl-terminated or

35 piperonyl-terminated perflucoropolyether may be
employed as the lubricant. The lubricating layer 21
may be either provided or not provided depending on




product of the recording layer 13 is determ ned so
that a reproduction output suitable for a nmagnetic
storage unit is obtained. Providing the first

magnetic |layer 14 in the recording |ayer 13 can 20
increase the total filmthicknesé~ of the first

through fourth magnetic | ayers 14, 16, 17, and 19, so
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20 Next, the underlayer 12 and the layers 14
through 1% of the recording layer 13 are formed in
order with a sputtering apparatus such as a DC
(direct current) magnetron sputtering apparatus or
an RF (AC) sputtering apparatus using their

25 respective sputtering targets formed of the
corresponding materials described'above.
Specifically, film formation is performed at a
pressure of, for example, 0.67 Pa with a
predetermined input power supply, using a sputtering

30 apparatus in which film formation chambers for
forming corresponding layers by DC magnetron
sputtering are successively disposed and feeding Ar
gas into the film formation chambers. Preferably,
the sputtering apparatus is evacuated to 1077 Pa in

35 advance before film formation, and thereafter, an
atmospheric gas such as Ar gas is fed.

Next, the protection film 20 is formed on



mechani cal texture processing that forns nmultiple 15
grooves on the surface of the substrate 11 along the
circunferential direction thereof if the substrate 11
has a disk shape. By formng such a texture, it s
possi ble to orient the c-axis of®The recordi ng |ayer
13 in the circunferential direction. 20 Next, the
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element side (the side opposite to the substrate 11)
of the second magnetic layer 16 forming the
recording layer 13. Since the third magnetic layer
17 has a smaller anisotropic magnetic field than the
25 second magnetic layer 16, the magnetization of the
third magnetic layer 17 is reversed by a recording
magnetic field smaller than a recording magnetic
field that independently reverses the magnetization
of the second magnetic layer 16. As a result of the
30 reversal of the magnetization of the third magnetic
layer 17, an exchange coupling magnetic field is
applied, parallel to the third magnetic layer 17, to
the magnetization of the second magnetic layer 16,
which is ferromagnetically exchange-coupled to the
35 third magnetic layer 17. As a result, the recording
magnetic field and additicnally the exchange
coupling magnetic field are applied to the second




solvent is applied using dipping or spin coating, SO
that the lubricating layer 21 is forned. Thereby, the
magnetic recording medium 10 according to this 15
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magnetic |ayer 14 antiferromagneti'ca
2@xchegerrédng aedivrr 3P olaFd ugesyitdwi, S%BSFﬁéttet Hetr and
thermag st akield thayer 31, the underlayer 12, a non-~

magnetic intermediate layer 32, the recording layer
13, the protection film 20, and the lubricating
layer 21 stacked in order on the substrate 11l.

25 The seed layer 31 is formed of an

amorphous non-magnetic alloy material. Preferably,
the seed layer 31 is selected from CoW, CrTi, NiP,
and ternary or higher order alloys employing CoW,
CrTi, or NiP as their principal components because
30 these alloys are particularly excellent in reducing
the grain size of the crystal grains of the
underlayer 12. Further, preferably, the film
thickness of the seed layer 31 is in the range of 5
nm to 100 nm. Since the seed laver 31 is amorphous,
35 the surface of the seed layer 31 is
crystallographically uniform. 'Therefore, compared
with the case of forming the underlayer 12 directly



* 10 of residual magnetization is ensured. Accordingly,
the magnetic recordi ng nmedium 10 of this enbodi nent
can enjoy high recording density. FIG 3 is a
cross-sectional view of anothe# magnetic recordi ng
medi um 30 according to 15 the” 9Fst enbodinent. In
FIG 3, the sane elenents as those descri bed above are

das &P pEReroBREPE Tk T TEBR CRSTars ot otk Bo5iP1e

err
thehﬂnﬁﬁ@l@ E@OM@ﬂﬂQHn@hﬂeﬁndﬁm@ﬁyaﬁl%geglthe
Sub%fﬁ@aiiogéa hlftasa@1§@eeo gyer Z?c]c;oi@i?nﬁmf}e”t%éef

on- netic inter | ayer
rec&%ﬁl ?E?gri §s{i&$%f g@ & |*?ﬁ2% aﬁ&ﬂﬁﬁ?l
Bubmtmucngrelaﬁa'ﬂmbst@rkeuaﬂﬂlmuny amdtheystal

SUb%J{]féﬁt&’g:lo%Sa-g?ee f?{fééier %I‘tﬁhélorg?HEOf an

anmor phous non netic frat er erably,
t he Cs@é%ltab}ém@y |a§1%e¢1é%teay\sﬂc@r% Qrdertation pf the
and i@t has n@tlm!ﬂﬁﬁeﬁmdﬁiaab|waeﬁﬂﬂbyaﬂﬁ €h¥ recording

aT e
TR hrE Dl ST P A 12
1fhe awrai bmpirewed. t Hes ca yseallgnaitde of-aneés in- plane

Und%ff&ﬁfa%%onﬁéﬂcheihepiﬁf-g‘l%?l'ey cddecitbMorce of the
t hi ckness of the seed | a

n the ran
nm RIBBEAM PEHIdE R %geaarcgy tlh?smaﬁe%ﬁ&;sf’a%%rs 14,
t he @y f ate ahd N seedthayeecdkrdinng layer 13
crys i_cal l o] ' r o I
LLSRRRNESA) oLl OpBee IS 0185 SOBRBIRng Layes
1520 1% uhées*;@rfcatdtemlwen@@@@t)rar@ 1HMPFevRd, 5o that

possibé ereberaMeigl MAvidpreduke ivideshaygeetd2iwWtits are
crystallo phi ¢ “ani sotropy. Accordingly, the

unde*T%.%g %2 islikely to formits own crystal 5
structure, so tthattheystalihicei tthearmkedysager 31 is

or'%ﬁﬁ@i%ﬁgugre'HWHQVﬁgssEBﬁ%h%b k{81 ah¥eLR! IHHY torystal
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20 grains and to narrow the grain size dispersion of

the crystal grains of the underlayer 12. This
reduces the grain size and narrows the grain size
dispersion of the recording layer 13 through the
non-magnetic intermediate layer 32, thereby

25 improving the SN ratio. Further, a texture may be
formed on the surface of the seed layer 31 along the
circumferential direction. 1In this case, the
texture on the surface of the substrate 11 may be
omitted.

30 The non-magnetic intermediate layer 32 is
formed of a Co-M3 alloy having an hcp crystal
structure, where M3 1s one selected from the group
consisting of Cr, Ta, Mo, Mn, Re, and Ru. The non-
magnetic intermediate layer 32 further improves the

35 c¢-axis in-plane orientation of the recording layer
13. That is, the non-magnetic intermediate layer 32

synergistically increases the in-plane orientation




non- magnetic internedi ate | ayer 32 and the recording

| ayer 13 that epitaxially grow on the underlayer 12 10
are inproved. As a result, the c-axis in-plane
orientation and the in- plane coercive force of the
magnetic particles of each of The™ magnetic | ayers 14,
16, 17, and 19 of the recording |layer 13

(hereinafter y referred t r di 5o laver
15 190l hen i BEARLE Fh: Ehs' BpBRr iRk L 20 00HY o
t he fruecorelr ngmam@veemwu@taémsmmh@e s@regng.aéuon of

i nprouede EYELRRE, 19ce 1he seed layer 31 is

anorphous, it is possible to niniaturi t he, crystal
20 grains and €8T IhetBFarhsS féﬁz of SHBF B8R %feXture

$he aor ysttal sgbaitrete Theonntbel sperd Maydhi 81,r édwecest fect
the a&ﬁe%gﬁtm;éa%{a O%ﬁttamrcae beidfe dhaBRISAY 12

of the recording hrough t he non-magneti ¢
i nt @bdi e enpay@racmetJe%eiewr@@d%ﬁﬁ%vlwgefhé?sﬁre

ratichmibiniéa rsoaﬂﬁﬁﬂLEEe”B&cBQdﬂﬁyTEﬁ&@ﬁ tBehas an
surface of | ayer 31 _alo

o ol Vot el SO RS, 19 ghe, dimagrion
1on tire whiéhcehef ttd‘»etlsn@sisaﬁerlf@dmyﬂb@t bAvt ed . tigp

Theﬁ%%??@ﬂﬂ tﬁﬁfégf¥@§d'ab§eE@W§bf¥2'@hefgﬁﬁﬁgﬂﬂlékness
| oy havi ng hcp, crystal,, structure, g?e éyﬁb

s Gife R cBPBATEIIR HH @Pssﬁmmﬁ%tﬁgesﬁ 15 nm

Mo, i, 1®Renmand Ru. The non- nmgnetic internediate

| ayer 32 furth%ﬁhergéyf%?&th%%e'ig&éb#%lgha%% ﬁ?e

orientation of ecor
lhon-maghetic mr:@rrrﬁbwermmeﬂay@r 3312, ymesgrgt ilaxay 31 and

'nCr@@éeﬁohhﬁédhéﬂf@elﬁfégﬁbﬁwdﬂb fﬁ-ernBEO&w@%Hase the
effect of the u erlq¥ ﬁ $9 urther lrrprove

Che ©-2818 FR-BLTE dvf LREAATOR oY HeOF otBr & e

| ayerodBcifer tfharce iof t heecaseoafd froy nlagen féxt wmed &t the
on thensupshiat €y £RE §289d WEle 3dnal BEr&idPtne

20 grain size dispersion of the recording layer 13,
thereby improving the SN ratio.

[Example]
Magnetic recording media of an example
25 according to the first embodiment of the present
invention and magnetic recording media of a
comparative example that is not according to the
present invention were made.
FIG. 4 is a characteristics table of the
30 magnetic recording media of the example and the
comparative example. FIG. 4 shows the overwrite
characteristic of a recording layer, the film
thickness of each magnetic layer of the recording
layer, and the film thickness-residual flux density
35 product tBr and the coercive force of the entire
recording layer.
The magnetic recording media of the



of the texture and the effect of the underlayer 12

and the non-magnetic internediate |ayer 32 are

combi ned, so that the recording layer 13 has an

extrenely good c-axis orlentatlon in the direction 10

in which the texture is formed 2€Rat is, in the

recordi ng direction. Preferably t he filn1thickness

of the.non- netic nter t aye |s 0.
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cl eabaggrana dlqﬂm@tﬂ&e @lhﬂssserv;mg as the fourth
magnetic layer of the recording layer, and a carbon

20 film (4 nm) serving as a protection film were formed
in this order. Further, a lubricating layer (1.5
nm) of perfluoropolyether was formed on the surface
0of the protection film by dipping. Thereby, the
magnetic recording media of the example were made.

25 The second magnetic layver and the fourth magnetic
layer were equal in composition. The above
parenthesized numerical values indicate film
thickness. The numerical values in the above
compositions indicate Pt content in atomic

30 concentration (%).

The anisotrcpic magnetic fields (0Oe) and

the saturaticn ﬁagnetizations (emu/cms) of the first
through fourth magnetic layers are as follows:

35 First magnetic layer: 50 Oe, 600 emu/cm’;
Second magnetic layer: 9400 Oe, 260
emu/cm’;



5 substrate, each |ayer of the magnetic recording
medi a was forned using a DC magnetron sputtering
apparatus as follows. The gl ass substrate was heated
to 200 Cin a vacuum Thereafte% in an argon gas

at nrosphere, a C alloy film (7~ ﬁf serving 10 as an
underl ayer, a CoCr filmserving as the first nagnetic

layer of a recqyding layer, a R JQJIH4Q05 0 ”)480
rEiE 0 P

serV|ng as, the non-na IC coupling |layer o
r ec G¥Te @m?ayéﬁ a CoCrPtlSB filmserving as the

second nmagneti ¢chael wéghleikeaanding bayer ced 60
CbCTF&SF%fﬁIn1serV|ng as the third nmagnetic | ayer of

t he T8¢ 8ing layer, a Ru film (1.3 nm serving as
bhe non-nmagnetic separation layer of the recording
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9300 Ce. 260 SRuTIIA- 38, PFr dmlghet f o ey orLC 400
Ce, ﬂ@@ideaﬂldm&xzﬂﬁh$®tytprmﬂyun|tBrayerd1§ﬂarQn$ in
26OSamples No. 1 through No. 6 of the example.

20 Specifically, Samples No. 1 through No. 6 are
different in one or both of the thicknesses of the
CoCrPt;3sB films of the second and fourth magnetic
layers.

On the other hand, the magnetic recording

25 media of the comparative example were made in the
same manner as those of the example except that the
CoCrPtsB film was not formed as the third magnetic
layer. The film thickness-residual flux density
preduct tBr is different in Samples No. 7 through No.

30 9 of the comparative example. Specifically, Samples
No. 7 through No. 9 are different in the thicknesses
of the second and fourth magnetic layers.

FIG. 5 is a graph showing the relationship
between the overwrite characteristic and tBr of each

35 o0f the example and the comparative example shown in
FIG. 4.

FIGS. 4 and 5 show that the overwrite



emu/cnB. 5 The anisotropic magnetic fields (0e) and

the saturation magnetizations (emu/cnB) of the first

t hrough fourth nagnetic | ayers were obtained as

foll ows. Sanples were forned un? r the same 10

conditions as the nagnetic recofding nedia of the
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element) using a commercial spin stand. First,

recording and reproduction were performed with a

20 linear recording density of 90 kFCI, and further
recording was performed with a linear recording
density of 360 kFCI. Then the residual level of the
first recorded 90 kFCI signal was measured, thereby
obtaining the overwrite characteristic.

25

[Second Embodiment]

A description is given of a magnetic
storage unit including a magnetic recording medium
according to a second embodiment of the present

30 invention.

FIG. 6 is a diagram showing part of a
magnetic storage unit 50 according to the second
embodiment. Referring to FIG. 6, the magnetic
storage unit 50 includes a housing 51. 1In the

35 housing 51, the magnetic storage unit 50 further
includes a hub 52 rotated by a spindle (not
graphically illustrated), a magnetic recording




the conparative exanple by approximately 5 dB with
the sanme filmthickness-residual flux density product
tBr. This shows that the overwite 5 characteristic
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20 The basic configuration of the magnetic
storage unit 50 is not limited to the one shown in
FIG. 6. The magnetic storage unit 50 may have two
or more magnetic recording media. Further, the
magnetic head 58 is not limited to the above-

25 described configuration, and a known magnetic head
may be employed as the magnetic head 58.

Thus, according to one aspect of the
present invention, there is provided a magnetic
recording medium, including a substrate; and an

30 underlayer, a first magnetic layer, a non-magnetic
coupling layer, a second magnetic layer, a third
magnetic layer, a non-magnetic separation layer, and
a fourth magnetic layer stacked in order described
on the substrate, wherein the first magnetic layer

35 and the second magnetic layer are
antiferromagnetically exchange-coupled, and the
second magnetic layer and the third magnetic layer



-25- medium 53 rotatably fixed to the hub 52, an
actuator wunit 54, an arm 55 and a suspensi on 56
attached to the actuator unit 54 and novable in the
radial directions of the magnetic recordi ng nmedi um

53, and 5 a magnetic head 58 sU%EBrted by the
suspension 56. The nmagnetic head 58 is a conposite
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magnebpeetayert f5€. In place of a disk-shaped substrate,
the magnetic tape employs a tape-shaped substrate
such as a tape-shaped plastic film of PET, PEN or
polyimide.

25 The present application is based on
Japanese Priority Patent Application No. 2006-145672,
filed on May 25, 2006, the entire contents of which
are hereby incorporated by reference.



antiferromagnetically exchange-coupl ed, and the

second magnetic layer and the third magnetic |ayer
-26- are ferronmagnetically exchange-coupl ed; and the
third magnetic |ayer has an ani sotropi c magnetic

field smaller than the anisotrt%ﬂt magnetic field of
the second nagnetic |ayer, and has a saturation 5
nagﬁgkbégiéggégigﬁpr ghan t he saturation

mag ' ond magnetic layer. According
to anot her aspect of the present invention, there is
provi ded a magneti c storage unit including t he
above-descri bed nagnetic recording 10 nedium and a
recordi ng and reproduction part configured to wite
bnformation to and read information fromthe magnetic
recordi ng nediym Th | limted
to the speC|fﬁcaIF§%ﬁBé§$ gédkgﬁgﬁﬁh%g t@ea?hg 15
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exchange-couple

the third magnetic layer has an
anisotropic magnetic field smaller than an
20 anisotropic magnetic field of the second magnetic
layer, and has a saturation magnetization greater
than a saturation magnetization of the second
magnetic layer.

25

2. The magnetic recording medium as
claimed in claim 1, wherein the fourth magnetic
30 layer has an anisotropic magnetic field greater than
or equal to the anisotropic magnetic field of the
second magnetic layer.

35

3. The magnetic recording medium as



a substrate; and an underlayer, a first nmagnetic

| ayer, a non-magnetic coupling layer, a 10 second
magnetic |ayer, a third nagnetic |ayer, a non-nagnetic
separation layer, and a fourth gnetic |layer stacked
in order described on the subsfrdfe, wherein the
first magnetic |ayer and the second magnetic | ayer are

t t 5
ecohit HBRa: Tayel Tha hEREI faE et Gddiee
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of the.ggeard tﬂ'giglf‘lﬂf?a 4 glreftl?c'5 Zaydhe magnetic

recordi ng medi um as in claaiml, wherein the
fourth magnetic 3D | ayer has an ani sotropi c magnetic
field greater than or equal to the anisotropic
magnetic field of the second nagnetic |ayer. 35 3.

The magnetic recording nediumas -28- clainmed in claim
1D, wherein the second magnetic layer and the third

magnetl c layer patiBhy Ragh@tdld ONsShbPd9hgHm 4 BP0Ds
where Hk2.is . the anlsotrogbawgP netic
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Vo2 magdletliemu opdy, anbeme3Ved the saturation

magnetization of the third magnetic layer.

20

5. The magnetic recording medium as
claimed in claim 1, wherein each of the first
through fourth magnetic layers is formed of a

25 ferromagnetic material selected from the group
consisting of CoCr, CoPt, and CoCr-X1 alloys, where
X1l is at least one selected from the group
consisting of B, Cu, Mn, Mo, Nb, Pt, Ta, W, and Zr.

30

6. The magnetic recording medium as

claimed in claim 1, wherein each of the second

35 magnetic layer and the fourth magnetic layer is
formed of a ferromagnetic material selected from the

group consisting of CoPt, CoCrPt, and CoCrPt-X3




15 is the saturation magneti zation of the second
magnetic | ayer and Ms3 is the saturation
magnetization of the third magnetic layer. 20 5. The
magneti c recording mediumas clainmed in claima1l,
wherein each of the first throégh fourth nagnetic

| ayers is forned of a 25 ferromagnetic nmateri al

sel e dfro the u con |st|n of Co and
CoCr® X1°4Fr oyd s g{% £)§(1 7 igtaﬁ ead eoﬁggegl C{Dtefdfom the

frorgltdmepgcouyslSd:ams@an,oMOB, Nw, M, Wb, ZNb, gmd Cu.
Ta, W and Zr. 30 6. The nagnetic recordi ng nedi um as
clainmed in claim1, wherein each of the second 35
magnetic | ayer and the fourth magnetic layer is

Bormed of a ferronmagnetic material selected fromthe
group consisting of CoPt, CoCrPt, and CoCrPt-X3 -29-

al l oys, where X3 is at | east one sel ected from the

group consistifg of I WBINREiCTLEWrFEiNgaAGIANn &S

7- ThEa fRERCHIC J16c0H di Ngwhedicd™ asne CkakBRd llrlhg?déittm:
1, erein the1§fcqu Eggnetic Iq¥ and the ﬂpurt 4 of
magret YET1 80&r thi% ¥opr BRITE §455 roftghefite€ Tormed o

10t ef ¢ at smhgvierg ca sabertedpodianiiong al8age Twaposition.
magneti c recording nmediumas clained in claima1l,

wherein the third magnetic layer is forned of a

ferromagnetic material selected from the group

consi sting of CoCr and CoCr-X1 alloys, where Xl is at

| east one selected fromthe group 20 consisting of B,

Mo, Mi, No, Ta, W Cu, Zr, and Pt. 25 9. The mmagnetic

18ecor di ng medi fn asThe| mRgoetiie cteterdinghaeslinm as

filmihigkaess f1d4he 1t highd rEgNethE tawa madrie®ic layer

ﬁgggfa?f Oﬁgﬁ{dﬁéd% feg}om%%ﬁ%tlgTﬁggg Hlselected from

the group consisting of CoCr and CoCr-X1 alloys,
where X1 is at least one selected from the group
20 consisting of B, Mo, Mn, Nb, Ta, W, Cu, Zr, and Pt.

25 8. The magnetic recording medium as
claimed in claim 1, wherein a film thickness of the
third magnetic layer is in a range of 0.5 nm to 5 nm.

30

10. The magnetic recording medium as
claimed in claim 1, wherein the second magnetic
layer and the third magnetic layer are formed of one

35 of CoCrPt and a CoCrPt-X3 alloy, where X3 is at
least one selected from the group consisting of B,
Mo, Nb, Ta, W, and Cu; and



' claimed in claim1, wherein the second magnetic |ayer
and the third magnetic |ayer are fornmed of one 35 of
CoCrPt and a CoCrPt-X3 alloy, where X3 is at | east
one selected fromthe group consisting of B, Mb, Nb,
Ta, W and Cu; and -30- the thT?Q‘nagnetic | ayer has a
| ower Pt content and a higher Co content in atomc
concentration n the se net i ayer..

The magnetic rtéti:%r d?%r‘?relglggﬁegg% gég%%dxlsﬁ &l g’lokwléf Pt
wheradmtente Aod- @adricaher 10ocoopitiant | Byeatparifcor med

of adrdentabt3eeaitoh f£RE skRrd WY KORSEStIaRG: Of
Ru, Rh, Ir, Ru-based alloys, Rh-based alloys, and
Ir-based alloys; and a film thickness of the
Bon-magnetic coupling layer is in a range of 0.4 nm
to 1.0 nm 15 12. The magnetic recording nmediumas 20
claimed in claim1, wherein the non-magnetic
separation layer is forned of a non-nagnetic all oy,

and a filmthigknessriod hhgnaenoragedt€ifgpakating as
| ayer, is | e of. 1.0 nmt.o

L dSnbf 3o Pel® S 22 430 108 ¢
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structure, ere ML Is a | east one selected fromthe
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The wrepmet e s sr edorthagn oreinemnas icd ademwdlingcllaiyerdl,is in a
furt{ggggo rbghnqﬁnatgefgolgxﬁr bet ween the substrate

e

and under|l ayer,
15

12. The magnetic recording medium as
20 claimed in claim 1, wherein the non-magnetic
separation layer is formed of a non-magnetic alloy,
and a film thickness of the non-magnetic separation
layer is in a range of 1.0 nm to 3 nm.

25

13. The magnetic recording medium as
claimed in claim 1, wherein the underlayer is
30 selected from Cr and Cr-Ml alloys having a body-
centered cubic crystal structure, where M1l is at
least cone selected from the group consisting of Mo,
Mn, W, Vv, and B.




i 5 wherein the seed layer is formed of an anorphous
non-magnetic alloy material. 10 15. The nagnetic
recording mediumas clainmed in claim1, further
conprising: a non-nmagnetic interpedi ate | ayer between
t he underl ayer and the first nﬁaﬁétic | ayer, 15
wherein the non-magnetic internediate |ayer is forned

f a Co-M3 all havi - pac
Crystal. struct ok wris o ApdRedia Y e cfLaTERALly oo
fronstaénghodp cohaimst ingfvrther memposising: Re, and

Ru. 20 16. A negnedéd $hQead®dtiiden CORBr k&b rat® and the
the magnetic recording nmediumas set forth in claim

1; and“&*r&¢&di ng and reproduction part configured
o wite inforndteomainothrd seead 14 véor it forrfadmne f han

magnghb Eph8ed HAI3-MEGhEMic alloy material.

15. The magnetic recording medium as
claimed in claim 1, further comprising:

a non-magnetic intermediate layer between
the underlayer and the first magnetic layer,

wherein the non-magnetic intermediate
layer is formed of a Co-M3 alloy having a hexagonal
close-packed crystal structure, where M3 is at least
one selected from the group consisting of Cr, Ta, Mo,
Mn, Re, and Ru.

16. A magnetic storage unit, comprising:

the magnetic recording medium as set forth
in claim 1; and

a recording and reproduction part
configured to write information to and read
information from the magnetic recording medium.




