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REW?'ﬂlh‘» NG APPARATUS BACKGROUND OF THE

I "um ,um“ present invention relates to a
pe'ﬁl'%' magneti c recording medium for use in,
e.g., a*®Ward disk drive using the magnetic recording

techni que, and a perpendicul ar gnetic _
recordi ng/ reproduci ng apparatus. 10 Recent hard di sk

drives have becone s a mal |l er, and a product
havi ng a di sk dianetgﬁ%£?£§ $ﬁc%§Eo?NY%§§I%%S been
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mediumis to reduce noise by reducing the size of the
Jragneti c criis¢ gprgsannsinven heomagebd i €s ree o dbdwpendicular
| ayer. Conventionally, in a 20 method of stacking

thin MIFREHYC u@ﬁqffgrcilgnﬂ tregd gy fot a4 simeducpd By hard
changing the thin filmmaterials or optimzing the
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apparatus.
10 Recent hard disk drives have become smaller and
smaller, and a product having a disk diameter of
1 inch. or less has been proposed. In addition, to
realize an inexpensive, high-speed, large-capacity
recording medium, the recording density is required to
15 further increase. One of the most effective methods
of increasing the areal recording density of a
magnetic recording medium is to reduce noise by
reducing the size of the magnetic crystal grains in
the magnetic recording layer. Conventionally, in a
20 method of stacking thin films by using sputtering,
size is reduced by changing the thin film materials or
optimizing the thin film formation conditions.
However, in the method of simply stacking thin films,
the grain size is often naturally determined and
25 cannot be unconditionally controlled. For example,
the average grain diameter of an underlayer below the

magnetic recording layer is about 8 nm. Also, when a
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25 cannot be unconditionally controlled. For exanple,
the average grain dianeter of an underlayer bel ow the
magneti c recording layer is about 8 nm Al so, when a
*@00002* granul ar recording |ayer is used as the
magnetic recording |ayer, the average grain dianeter
can be reduced to about 6 nm but further reduction
has been found to be very difficult. 5 Al though it is
being attenpted to further reduce the crystal grain
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the degs@ed ofo by Sty odi et@tion of the magnetic
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grains. As descrlbe i's gené€ra
grain density was low by using this method. It is

preferable that the degree of crystal orientation of
the magnetic crystal grains is as high as possible,
and the orientation variance is as low as possible.

15 In the granular structure described above, however,
the crystal orientation generally worsens and often
becomes random, and this greatly increases the medium
noise. Also, the crystal grains sometimes grow into
spheres instead of columns. Even when the crystal

20 grains grow satisfactorily into columns and relatively
uniform nuclei form on the upper surface of the
underlayer, some crystal grains often become enlarged,
inhibit growth, or subsequently combine with other
grains. As described above, it is generally difficult
25 to grow magnetic recording crystal grains while a
predetermined grain size is mainterial in the

direction of thickness of the magnetic recording



25 to grow magnetic recording crystal grains while a
predeterm ned grain size is mainterial in the
direction of thickness of the magnetic recording

| ayer. Also, the nmagnetic recording |layer is becom ng
thi nner and thinner, and the signal output |ower and

| ower. Therefore, if the crystal grain density 5
greatly decreases, it is necessary to greatly increase
t he saturation nmagnetization of the nmagnetic crystal
grains_in order to maintain the output. To increase
the sat?¥®fion nagnetization, a large change in

composi tion is gegfrall requi red. However, the 10
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disrupted, increases the medium noise, so this method
is also not easy to put into practice.
In addition, as described in, e.g.,

Jpn. Pat. Appln. KOKAI Publication Nos. 2001-52330 and

15 2003-59037, it has been proposed to form small
island-like nuclei on the underlayer or substrate, and
epitaxially grow magnetic crystal grains or grow the
grains into columns from these nuclei, thereby
reducing the size of the grains. The size of the

20 nuclei can be reduced in principle by reducing the
formation amount of the nuclei. However, the
individual crystal grains, having grown from the
nuclei, enlarge in the in-plane direction until the
gaps between adjacent nuclei are filled, unless the

25 granular structure as described above is used. It
seems possible, as a model, to imagine the high

density of the nuclei. In practice, however, it is



seens possible, as a nodel, to imagine the high
density of the nuclei. In practice, however, it is
physically very difficult to realize a state in which
fine nuclei spread such that they do not forma

conti nuous filmbut separate fromeach other, in case
of depositing, on the nuclei, magnetic crystal grains
5 in an anbunt with which a contiquous filmcan be
formed. Generally, a continuous filmis formed, or

| arge islands are forned at | ow density. BRI EF SUMMARY
OF THEPRRWERHLEN vehe @iéSéaulinventéahi hasabeeatenie which
in 10 consideration of the above situation, and has as
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to provide a perpendicul ar magnet

r ecor di oghs@pr @@@éﬁ@ll@pp@r@éwlmw f Ch epsego they,
surface recording 20 density by using a perpendicul ar’

magnetizrgecbsthmdgs aeeli forhayiag bodi gdn slegy ee of
crystal alignnent, a decreased crystal grain size,
and | ow nedi um noi BRIEA PerpaRdi el arE mBgVEeN T CON
recordi ng nedium of the present invention is
characterlz%@ebgr%%ﬁ®¥|%mﬁ%n250@ hapseeen enade in

dnﬂtll aye rgg underla including a first netal
n eration f the above "situation, and has as its

object the provision of a perpendicular magnetic
recording medium capable of columnar growth which
achieves both high crystal alignment and reduction of
size of crystal grains, exhibits low medium noise, and
15 is capable of increasing the surface recording
density.

It is another object of the present invention to
provide a perpendicular magnetic recording/reproducing
apparatus which increases the surface recording
20 density by using a perpendicular magnetic recording
medium having a high degree of crystal alignment, a
decreased crystal grain size, and low medium noise.

A perpendicular magnetic recording medium of the
present invention is characterized by comprising
25 a substrate,

a multilayered underlayer including a first metal

underlayer formed on the substrate, a second metal



underl ayer forned on the substrate, a second net al
underl ayer fornmed on the first netal underl ayer and
having a hole, and a third netal underlayer fornmed on
t he second netal underlayer, having solid solution
properties with respect to the first netal underl ayer,
5 and having no solid solution properties with respect
to the second netal underlayer, &nd a nagnetic
recording |layer formed on the nultilayered

nder | ayer.. A perpendi cul ar. _.magneti c
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first netal underlayer forned on the substrate, a
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underl ayer and having a hole, and a third neta

under laykerhdwirmehondhel sedond sretgdopdiiderd ayiath respect
having solid solution properties with respect to the
first tettdle wedaridyertalanthdendiaygemo argbl i d sol ution
properties with respect to the second 20 net al
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medi uragnpirSi® idRd 4 HERRIRicular magnetic recording medium
having a substrate, a multilayered underlayer
including a first metal underlayer formed on the
substrate, a second metal underlayer formed on the
15 first metal underlayer and having a hole, and a third
metal underlayer formed on the second metal
underlayer, having solid solution properties with
respect to the first metal underlayer, and having no
solid solution properties with respect to the second
20 metal underlayer, and a magnetic recording layer
formed on the multilayered underlayer, and a shield
type magnetic head.
In the present invention, columnar growth of a
perpendicular magnetic recording layer can be
25 performed while a high degree of crystal alignment and

a small crystal grain size are maintained. This makes

it possible to reduce the medium noise and increase



the surface recording density of a perpendicul ar
magneti c recordi ng nedium Additional objects and
advant ages of the invention will be set forth in the
description which 5 follows, and in part wll be
obvious fromthe description, or nmay be | earned by
practice of the invention. The objects and advant ages
of the invention may be real ize® and obtai ned by
means of the instrunentalities and conbi nations
particularly 10 pointed out hereinafter. BRI EF
DESCRI'P1§ N R THE SEVERALY WV tTOF ofHE DRAWNG igular

general_architecture that inplenments the various
featuﬁ?QﬂeE%ﬁaE?ﬁﬁﬁﬁ%Qﬁ1Wﬁ4$h%bm1be described with
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BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWING
A general architecture that implements the
various feature of the invention will now be described
with reference to the drawings. The drawings and the
15 associated descriptions are provided to illustrate
embodiments of the invention and not to limit the
scope of the invention.
FIG. 1 is a schematic view showing the sectional
structure of an example of a perpendicular magnetic
20 recording medium according to the present invention;
FIG. 2 is a first example of a binary phase
diagram of metals usable in the present invention;
FIG. 3 is a second example of a binary phase
diagram of metals usable in the present invention;
25 FIG. 4 is a third example of a binary phase
diagram of metals usable in the present invention;

FIG. 5 is a schematic sectional view showing



recordi ng nmedi um according to the present invention;

FIG 6 is a schematic view showi ng the sectional

structure of still another exanple of the 5

per pendi cul ar magnetic recordi ng nmedi um of the present
invention; FIG 7 is a schematic view show ng the
sectional structure of still another exanple of the

per pendi cul ar magnetic recor di‘ng7rredi um of the present

10 invention; FIG 8 is a partially expl oded

perspective view show ng an exanple of a magnetic

r ecor i SprGtHE Iy °%a HUP Wiy HEPnate©
present_inventiaon; .FIG_9 is.an AFEM neasurenent .inmage . .
showi ng %reael NS & CEHA D D sperceo%e&r}tm%réwgletlon’
underlayer;?fafaﬁﬁé%'f S-d f!"&i%w show%ﬁ%_the ectional

t hr ee-di nensi ona plots the surface con ion o
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i mge of an exanple of a perpendicul ar nagnetic

recor dinwemedirum according to the present invention;

FIG 13 is a nodel view showi ng an exanple of the way
third met alFrai hst leposihemit & seleyhdshmstialg 25he sectional
underl ayer; FIG 14 is a npodel view show ng the
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10 invention;

FIG. 8 is a parﬁially exploded perspective view
showing an example of a magnetic recording/reproducing
apparatus according to the present invention;

FIG. 9 is an AFM measurement image showing the
15 surface condition of a second metal underlayer;

FIG. 10 is a view which three-dimensionally plots
the surface condition of the second metal underlayer;

FIG. 11 shows the surface structure in the
initial stage of a third metal underlayer;

20 FIG. 12 is a cross-sectional TEM image of an
example of a perpendicular magnetic recording medium
according to the present invention;

FIG. 13 is a model view showing an example of the
way third metal grains deposit on a second metal
25 underlayer;

FIG. 14 is a model view showing the example of

the way the third metal grains deposit on the second



the way the third nmetal grains deposit on the second
metal underlayer; 5 FIG 16 is a nodel view show ng
anot her exanple of the way the third netal grains
deposit on the second netal underlayer; FIG 17 is a
nodel view showi ng the other exanple of the way the
third netal grains deposit on the 10 second netal
underl ayer; and FIG 18 is a modé Vi ew showi ng the
ot her exanple of the way the third netal grains
deposit on the second netal underlayer. DETAI LED
DEgamqﬁﬁ?idQﬁﬂgﬁk?¥$NENTlON 15 A per pendi cul ar
magneti c rego dipg nmedi um of . the present invention
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under | ayeq1 inedddesy & first metal 20 underl ayer, a
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FIG. 18 is a model view showing the other example
of the way the third metal grains deposit on the
second metal underlayer.
DETAILED DESCRIPTION OF THE INVENTION
15 A perpendicular magnetic recording medium of the
present invention has a substrate, a multilayered
underlayer formed on the substrate, and a magnetic
recording layer formed on the multilayered underlayer.
The multilayered underlayer includes a first metal
20 underlayer, a second metal underlayer formed on the
first metal underlayer and having one or a plurality
of holes, and a third metal underlayer formed on the
second metal underlayer, having solid solution
properties with respect to the first metal underlayer,
25 and having no solid sclution properties with respect
to the second metal underlayer.

The first metal underlayer can be exposed to the



underl ayer function as nuclei when the third netal 5
underl ayer is grown. In the present invention, when
the third netal underlayer is grown on the second
nmetal underl ayer and on the nuclei, crystal grains can
be grown into colums while enlargenent in the in-

pl ane direction is suppressed and a hi gh degree of 10
crystal orientation and a smald &ystal grain size are
mai nt ai ned. This makes it possible to reduce the
medi um noi se and increase the areal recording density.
FIG 1hekes schbminat iwwely show awet heorsterinommlan arbitrary
structure of an exanple of the perpendi cul ar nagnetic

i s recHRMY Hedidin 2 ey o &R laent In this manner,
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substrate 1, a discontinuous second netal underl ayer

4 formete athihe mdtddisturimddlawnderd ayewr, orhatdGdcond
plurality of holes 3, and made of a plurality of

nmet al ngEta InuradeEngert atnd ot ethalmaclo i espodialy grains can
the holes 3, and a third 25 netal underlayer 5 forned
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under | ayer 4. The  perpendi cul ar magnetic recording
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maintained. This makes it possible to reduce the
medium noise and increase the areal recording density.

FIG. 1 is a schematic view showing the sectional
structure of an example of the perpendicular magnetic

15 recording medium according to the present invention.

As shown in FIG. 1, a perpendicular magnetic
recording medium 10 has a substrate 1, multilayered
underlayer 6, and perpendicular magnetic recording
layer 7. The multilayered underlayer 6 includes a

20 first metal underlayer 2 formed on the substrate 1, a
discontinuous second metal underlayer 4 formed on the
first metal underlayer 2, having a plurality of holes
3, and made of a plurality of metal grains arranged at
intervals corresponding to the holes 3, and a third

25 metal underlayer 5 formed in the regions of the holes
3 and on the second metal underlayer 4. The

perpendicular magnetic recording layer 7 is formed on




i ncludes a discontinuous |ayer such as an island-Iike
5 structure. Portions between islands partially
connect to each other, and a portion surrounded by
the islands fornms a typical hole shape. The
arrangement of a plurality of nmetal grains shown in
FIG 1 is nerely an exanple, and it is al so possible
to separately arrange 10 i ndivi dt@l Tret al grains
and/or a plurality of aggregates nade of netal grains
formed with no, spacings between them In one

enbodi Tt oFr g H%é)tﬁrJeMelilrﬁMfrﬁi%n, the second net al
under | ayer s aplurality of holes. 15 In sqne ,
enbodi nent ‘6t°The eressee(ﬁ(fryﬁJ HQ/eet}ﬁo]If o?ﬂd‘?‘%eay% 3?%‘”6?‘3 tHes or 2
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size of the third nmetal 20 underlayer grown on the
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less than 1 nm and this tends to nmake the

cryst dld igadty anrrsat,i sfratteompordifort lidhalunded dtyh the islands
exceeds 80 nmat the w dest portion, no fine grain
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aggregates made of metal grains formed with no
spacings between them.

In one embodiment of the present invention, the
second metal underlayer has a plurality of holes.

15 In some embodiment of the present invention, the
width of the hole is 1 nm or more at the narrowest
portion and 80 nm or less at the widest portion.

If the hole width is less than 1 nm at the
narrowest portion, the grain size of the third metal

20 underlayer grown on the first metal underlayer exposed
from the hole becomes less than 1 nm, and this tends
to make the crystallinity unsatisfactory. If the hole
width exceeds 80 nm at the widest portion, no fine
grain effect can be obtained, so the suppression of

25 enlargement of grains in the longitudinal direction

tends to become insufficient.

In one embodiment of the present invention, the




If the ratio is less than 10% nost of the third 5
nmetal underl ayer tends to be forned on the second
netal underlayer. If the ratio exceeds 90%

enl argement in the |ongitudinal direction of the
crystal grains in the third nmetal underlayer tends to
be suppressed any longer. This tends to nake it 10

i nmpossible to obtain the effect bf decreasing the
grain size. The netal under | ayer having the hol es can
be forned by ., Sputtering or vacuum evaporation.
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i ncreases the surface roughness of both the magnetic
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ﬁlﬁly affectsC{he stable flat of a head.
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impossible to obtain the effect of decreasing the
grain size.

The metal underlayer having the holes can be
formed by, e.g., sputtering or vacuum evaporation.
Alternatively, an island-like surface structure can be
artificially formed by using physical processing or a
chemical reaction.

In one embodiment of the present invention, a
10-point average roughness Rz of the surface of the
second metal underlayer is 0.2 to 20 nm. If the
surface roughness Rz is less than 0.2 nm, it tends to
bé impossible to stop the growth in the longitudinal
direction of the crystal grains in the third metal
underlayer. If the surface roughness Rz exceeds
20 nm, the effect of planarizing the surface by
burying the third metal underlayer in valleys does not
tend to function well. This often increases the

surface roughness of both the magnetic recording layer



first netal underlayer has a hexagonal close packed 5
structure or face-centered cubic lattice structure.
The first netal underlayer can be a nenber selected
fromthe group consisting of, e.g., titanium nickel
pal | adium and platinum In one enbodi mrent of the
present invention, the 10 second netal underl ayer and
the third netal underlayer havelda Hexagonal close
packed structure or face-centered cubic lattice
structure. In one enbodi ment of the present invention,

t he %M%%lvﬁndéﬂearyera”@a@dd’@ré%ﬁe@ eI dthey stable
from 15 the p consjsting of copper, silver, and
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nmetal underlayer, the size of the atom of copper is
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conponent of the 25 magnetic recording | ayer, and

t hei r sedtedted daest diites gravy alovs idtdsw déperdiong dritanium,
the crystal structure. Therefore, high crystallinity

can b@iexsily reBaicien 13ndewdr tiBugh an

approprlatel selected third nmetal wunderlayer as an

i nterlayer. Hmeferpta The RARFE S s tdon, the

the f%%%%nd metal underlayer and the third metal underlayer

have a hexagonal close packed structure or
face-centered cubic lattice structure.

In one embodiment of the present invention, the
second metal underlayer can be a member selected from
15 the group consisting of copper, silver, and gold.

In some embodiment of the present invention, the
second metal underlayer is copper.

In one embodiment of the present invention,
copper has no solid solution properties with respect
20 to any of titanium, nickel, palladium, and platinum
used as the first layer.

Also, when copper is used as the second metal
underlayer, the size of the atom of copper is close to
that of Co or Fe often used as a main component of the
25 magnetic recording layer, and their lattice constants
are also close depending on the crystal structure.

Therefore, high crystallinity can be easily obtained




nmetal underlayer and Cu grows on this Ti layer, fine 5
i slands can be forned under normal sputtering
conditions as described in detail fromthe vi ewoint
of the interface interaction in "Journal of Applied
Physics", Vol. 94, pp. 3492 (2003). As the third netal
underl ayer, it is possible to 10 _use a netal having
solid solution properties with }%spéct to the first
nmetal underl ayer, and having no solid solution
properties with respect to the second . neta

under | 3P . HRCTHe %i?QPFﬁREﬂaEﬁ&%Hq%%&ﬁEeAttq%gd metal
ossi bl e t 15 use,.e.g....  H, &, Co, N, Cu, Ru, Rh,

gd, A@?n$§§haﬁfr %ﬁuﬁ%ﬂ#ﬁ%&f%&%?ﬁy cont ai ni ng t hese

metals. In 9999' . (P i.on, .

the third heta undie(%e%%ér%igshfhﬁé%gﬂrﬁé NP (i che first

the saohdh Sokitd O OPEIY i@ Mk AD NErLiTh arRer, fine
properties by which, in a binary phase diagramof a

ret al ,i4hendetedn flog nBoBned | irtieOIndindl flutacdmbitig of

2 at%or nore within a range |ower than the

t enperedntet pynsvm £ hde der el i ates idl | fopm dhephaisepoint
If the metal forms a solid solution at a ratio 25 of

| ess tHarte atvhetfrcereinfie et o) sigl i 'Papmal of Applied
properties, FIGS. 2 to 4 illustrate exanples of binary

al | oy BYSifiise ¥ hgrdte Rt mdt2d s(AR&bie in the

Elr ﬁ;?;t phlag segf%}gg?taml:}c?‘méztasfoﬁ/\ﬁdgr ae}a(eappliet o:'fs apossible to

10 use a metal having solid solution properties with
respect to the first metal underlayer, and having no
solid solution properties with respect to the second
metal underlayer.

As the third metal underlayer, it is possible to
15 use, e.g., Ti, Cr, Co, Ni, Cu, Ru, Rh, Pd, Ag, Pt, Au,
and alloys mainly containing these metals.

In one embodiment of the present invention, the
third metal underlayer is ruthenium,

Note that the solid solution properties used
20 herein are properties by which, in a binary phase
diagram of a metal, the metal forms a solid solution
at a ratio of 2 at% or more within a range lower than
the temperature at which the metal forms a liquid
phase. TIf the metal forms a solid solution at a ratio
25 of less than 2 at%, the metal has no solid solution
properties.

FIGS. 2 to 4 illustrate examples of binary alloy



of rutheniumand copper. 5 1In FIG 2, reference synbol
L1 denotes a liquid phase nmainly containing Cu; and
L2, a liquid phase minly containing Ru. As shown in
FIG 2, at a tenperature of 1,084.67C or |ess,

rut heni um and copper have al nbst no conposition range
within which 10 they forman alloy, i.e., have no
solid solution properties. (€u)*Ruy indicates the
state in which Cu and Ru formsolid phases and do not
mx. Cu and Ru partially formliquid phases if the

t enperitafe dsgexns af gt s, u ¢ ohp| e presemtige
into ljquid 15 phases if the tenperature exceeds

2, 334(‘%’%%‘1‘}_%0“1 ndi cates the state in which Cu and Ru

do not m x n,in the form of liguid..FlG sho

an exampl o bICh Bl MAYYS A IBER b OfPHiT henbhiin GrgLagzan
gol d. g¥)édkgg5;u§,a$&.&g§5gg§ a liquid phase mainly
contai ning Au; and L2, a Tiquid phase mainly

gontai ning Ry.rAs. Showe f&rFhé&e Symbait hﬁ?'&é@u@f@s g9l ti quidg
have a region where they forman alloy at a

t enpergtiase odid] Y6 o1l BsE . ClHowaverL, F ud hetduia A5hase
and gold have no solid solution properties because the
conposiaimky rerrgea isiabR . 2 Ad %Wloowid elss . FIREG 2 4 sthens

an exanple of a binarf(ﬂyaseodiagran1- 15 of

rut herfietpeit wie vaf . 140844 C4 o1 1 egénotred henijuguisad
phase nainly hcontaining Ag; and L2, a liquid phase

main|y:oppe ave almost no composition range within which
10 they form an alloy, i.e., have no solid solution
properties. (Cu)+ (Ru) indicates the state in which Cu

and Ru form solid phases and do not mix. Cu and Ru
partially form liquid phases if the temperature
exceeds 1,084.67°C, and completely change into liquid

15 phases if the temperature exceeds 2,334°C. Lj+Lp
indicates the state in which Cu and Ru do not mix even
in the form of a liquid.

FIG. 3 shows an example of a binary phase diagram
of ruthenium and gold.

20 In FIG. 3, Lj denotes a liquid phase mainly
containing Au; and Lp, a liquid phase mainly
containing Ru. As shown in FIG. 3, ruthenium and gold
have a region where they form an alloy at a
temperature of 1,064°C or less. However, ruthenium

25 and gold have no solid solution properties because the
composition range is about 2 at% or less.

FIG. 4 shows an example of a binary phase diagram



containing Ru. As shown in FIG 4, at a tenperature 5
of 920C or less, ruthenium and silver have no region
where they can forman alloy, i.e., have no solid
solution properties. The average crystal grain

di ameter of ruthenium is less than 8 nm In one
enbodi nent of the present 10 invention, the average
crystal grain dianmeter of ruthent¥imis 1 to 8 nm If
the average crystal grain dianmeter of ruthenium
exceeds 8 nm it is often inpossible to obtain the
nedi uRhdi S St ia eF¥ QL. 15 In the holes of the

second net erl ayer, an oxide ]ayer can be ,
further foﬁﬂzgﬁg@t eIa}Bi?efrfoatr%ﬁ %&Fﬁ%‘f%tpl”t?esfcr“i‘%é}jly
above. FI.G. 5 is.,a schematic sectional view show ng

anot hér° exanbi’s 197 ﬁ&&;grzﬁer?diei&ﬂ%da%?eet i”hali#y

recor digyg SEg corg t.he sgnt j.nvention.

As shown in F!réj“%’? aAS’Je:%en [ cluh] aEﬁrG‘rsfaglﬁetaltc B Qem%%r_ature
g ecor §MPIEdi bh 2@sBasrhibBepa0R 8hAUCEYLErA8aFRONB KBgion
FIG 1 except that an oxide |layer 8 exists on the

first wietradl trederdaay eformh drheriegi,ons «af, thedhelesalid

25 The oxide layer 8 can partially or entirely block

the codtiddorbeinpartims.first and third netal

underlayers in the regions of the holes 3. However,

i f the oxi ddelEVerams @YV ataderasiuf fdiginetdy athimithenium
t he thi rq nmetal underlayer is perhaps practically

wel | ¥ | ddhasy 8 e filfsOnfeaPodigentapdr tha mgesent
lOto ox&%%%n QC%ndthe average crystal grain diameter of

ruthenium is 1 to 8 nm.

If the average crystal grain diameter of
ruthenium exceeds 8 nm, it is often impossible to
obtain the medium noise reducing effect.

15 In the holes of the second metal underlayer, an
oxide layer can be further formed as the arbitrary
component described above.

FIG. 5 is a schematic sectional view showing
another example of the perpendicular magnetic
20 recording medium according to the present invention.

As shown in FIG. 5, a perpendicular magnetic
recording medium 20 has the same structure as shown in
FIG. 1 except that an oxide layer 8 exists on the
first metal underlayer in the regions of the holes 3.
25 The oxide layer 8 can partially or entirely block the
contact between the first and third metal underlayers

in the regions of the holes 3. However, if the oxide



diffusion to the upper and | ower |ayers. 5 Exanpl es of
the oxide are silicon oxide, chromum oxide, and
titanium oxide. In sone enbodi nent of the present
invention, the oxide is titanium oxide. Wen titanium
oxide is used as the oxide, the 10 crystallinity does
not easily worsen even if this oxide |layer is forned
between the first and third Treth? under | ayers havi ng

a cl ose packed crystal structure. In one enbodi nent

of the present, invention, the 15 volune of the oxide
i's 10 10/%0 Vol %WIh FESPETEY (He brotdle Vo hge mstal
the firs tal_underl ayer and .aoxide. |n.ane

enbodiun%% rr%fy%rhel Sprpeesr%atp S RAESHS dle"tyhéf’ el&ol%uﬁf‘ced oy
titani i [ gt 0. Ml 0X] b
fornmed si ?rﬁﬁs]ftigtnengeu% y %‘1%} taﬁjee fog)?m ietoon)go %ltal%éei%n nd

secondy it i dded lawerydPe SR arddd 1Ry disi ng an

oxi de target together with the target used for the

ssecond net atxatshesd ayerchdod e sihstdiati®sor todide, chromium
possible to use, e.g., a 25 glass substrate, an

Al - based dd,| ®and ubstardtuen exidseram ¢ substrate, a

carbon substrate, an Si  single-crystal substrate

havi ng an oXt R Fiddiceent ot drhey pfpantatievention, the
obt ai ned by plating any of theses substrates with NP

or the3i%% I oEhAEIDHORE gl ass substrate are

amor phous When titanium oxide is used as the oxide, the

10 crystallinity does not easily worsen even if this
oxide layer is formed between the first and third
metal underlayers having a close packed crystal
structure.

In one embodiment of the present invention, the
15 volume of the oxide is 10 to 50 vol% with respect to
the total volume of the first metal underlayer and
oxide.

In one embodiment of the present invention, the
volume of titanium oxide is 20 to 50 vol%.
20 The oxide can be formed simultaneously with the
formation of the second metal underlayer by sputtering
by using an oxide target together with the target used
for the second metal underlayer.

As the substrate, it is possible to use, e.g., a
25 glass substrate, an Al-based alloy substrate, a
ceramic substrate, a carbon substrate, an Si

single-crystal substrate having an oxidized surface,



gl ass and crystallized gl ass, and general - purpose 5
soda-linme glass or alumnosilicate glass can be used
as the anorphous glass. Al so, lithiumbased
crystallized glass can be used as the crystallized
glass. As the ceram c substrate, it is possible to
use, e.g., sintered materials mainly containing 10
gener al - pur pose al um num oxi de, Bl urfi num nitride, and
silicon nitride, and fiber-reinforced materials of
these sintered materials. As the substrate, it is also
possi Bl%e & §UhSE @ tes phlEiaesd St Hilndd 8y agr mitnghases
Ni P I%Xﬁ{tpnt}he 15.s .E@ce %f t e}yetal substrate or
non- mEt Al &S A& D §édc b aBdViE by plating or

sputtering. ther nor t Vi er

wll be talgexr?':n?sletz}ﬁ dgﬁnﬁ ?1(#%%;%%?&?%%%% rﬁn{r%%phous
thin fHilags 01 stehstirRle Jinsshe ahdl I@MNG 1 -purpose
expl anation, the 20 sane effect can be obtai ned by
SvacuumoeMafammat igdasel orelagcinioplsatliingtel 1R can be used
per pendi cul ar magneti c recordi ng nedi um of the

pr esents itinee@imoaphoass gflia smagnétliso,| dyeh icarbased

fornmed between the substrate and nultilayered 25

under IcayertalRigeds gilgss saltelst Ucod e $hewiorysitied 1ized
sectional structure of still another example of the -
18 p&ipEsdi cdSalt NeaGieeid o sebEditag SmediturhSofasisdble to

present invention. As shown in FIG §, .a .
perpeH&FCuFaﬂ'WaGﬁ@FF€ed materials mainly containing

10 general-purpose aluminum oxide, aluminum nitride, and
silicon nitride, and fiber-reinforced materials of
these sintered materials.

As the substrate, it is also possible to use a
substrate obtained by forming an NiP layer on the
15 surface of the metal substrate or non-metal substrate
described above by plating or sputtering.

Furthermore, although only sputtering will be
taken as an example of a method of forming thin films
on the substrate in the following explanation, the
20 same effect can be obtained by vacuum evaporation or
electroplating.

In the perpendicular magnetic recording medium of
the present invention, a soft magnetic layer can be
formed between the substrate and multilayered
25 underlaver.

FIG. 6 is a schematic view showing the sectional

structure of still another example of the



recordi ng medium 30 has the sane structure as FIG 1 5
except that a soft nagnetic backing layer 9 is further
formed between the substrate 1 and nultilayered
underlayer 6. Note that in FIG 6, the regions of the
holes 3 are filled with the third nmetal underl ayer.
However, as shown in FIG 5, the oxide 8 nay al so be
10 formed on the first nEtaI'Und%?layer 2 in the
regions of the holes 3. By formng a

hi gh-perneabj lity soft magnetic backing |ayer,

so- calﬂ%&%@”&ﬁ%mt Lﬁerr%r?&‘délﬁllgalmeﬁ’édl% mfhé\%engresent
t he per q,cular magneti ¢ 15 recording | ayer on the
soft gnéklcrbacklng |ayer is formed. In this

doubl e- | aY%[{derbQ{rP%rhd'ché alg ”Ead:q rppentcﬂ%us.l.%r magnetic

magneti ¢ backing 1ayer hor’i zdntall'y “passe

r 6COr Qigd® IRGRL ek 130 H20M:R STRGRER! 's%r'%%g@vree a$ £18. 1
si ngl e-pol e head for magneti zing the perpendicul ar

smagnetdxedp@C ahditng |sayfer may@trie! wakkihli  akReeomndi ll@g further
magnetic field to the magnetic head, thereby

per f orfminmgda beamteeof tihlee sfultsctraar Af ahkie mmmAghebive red

head. That is, the soft magnetic backing | ayer can

i ncr eadeleti@ yieac ér-di Ngltice phadudni ﬁGefﬁncwéﬁcyebyozs of the
applying a sufficient steep perpendicul ar netic

1ol dPdetng ﬁé&nétlléeldeé’dlt@l fgel &perd mééttaﬁeuélelﬁtrlayer
TRl back g Loigh R0 1. SO W9, o e
logglEZ%P?H%QN%%bE%%Zﬁ?%%FFagggﬁeﬁpgffq%§%% 2ahko¥%e5%%Gions
of the holes 3.

By forming a high-permeability soft magnetic
backing layer, a so-called double-layered
perpendicular medium having the perpendicular magnetic
15 recording layer on the soft magnetic backing layer is
formed. 1In this double-layered perpendicular medium,
the soft magnetic backing layer horizontally passes a
recording magnetic field from a magnetic head, e.g., a
single-pole head for magnetizing the perpendicular
20 magnetic recording layer, and returns this recording
magnetic field to the magnetic head, thereby
performing a part of the function of the magnetic
head. That is, the soft magnetic backing layer can
increase the recording/reproduction efficiency by
25 applying a sufficient steep perpendicular magnetic
field to the magnetic recording layer.

As the soft magnetic backing layer, materials



FeAl - based al | oys, FeSi-based all oys such as FeAl, 5

FeAl Si, FeAl Si Cr, FeAl SiTiRu, and FeAl O FeTa-based

al l oys such as FeTa, FeTaC, and FeTaN, and FeZr-based

all oys such as FeZrN. It is also possible to use a
material having a mcrocrystal structure such as

FeAl O, FeMgO FeTaN, or 10 FeZrN contai ning 60 at % or
more of Fe, or a granular structb®e Tn which fine

crystal grains are dispersed in a matrix. As another
material of the soft magnetic baking layer, it is

possi BTN &l g &F'sGo Ml 1 AN dm & ail e csedls dinbrenles are

| east one of Zr, H, Nb, Ta, Ti,_and Y. |In one ,
erbodi T RS Thet Pt mushvhifem Bt hesoh mak drased

Cois nt.al ned.,. Thi . al Jeadily forns o
anor phaglglso aysg'}rCh\/\haesnSEaequi ‘] rﬁ egillb{cﬁedﬁaﬁ[%b i rfcgﬁ%\hlso]y
sput t exd A0, -k r u f t i teri,al
hows L B A e e T o e s Feat,
shas norg1ofi Craeiiad i TRINRIA1G A RO rORY e St e\f}elTa—based

defects, and a grain boundary. It is also possible to

r educealtlgy sTedidina10i seer )y sy tdics Rt safdr-based
magnetic material. 25 Exanples of the anorphous soft
magnetald oyt eruc@dl asarke2@%r -, CoZr Nb-, and

CoZr Ta- based alloys. B can be further added to these
materi al s tih & @lsalpowwidsy to 2pe fammats b bfhaving a
anor phous. A CoPt-based alloy or the |like can be used

as t hé" FperdiddulSht Yrghet i e &St disfy Arafistig0, FeTaN, or

10 FeZrN containing 60 at% or more of Fe, or a granular
structure in which fine crystal grains are dispersed
in a matrix.

As another material of the soft magnetic baking
layer, it is possible to use a Co alloy containing Co

15 and at least one of Zr, Hf, Nb, Ta, Ti, and Y. In one
embodiment of the present invention, 80 at% or more of
Co is contained. This Co alloy readily forms an
amorphcous layer when a film of the alloy is formed by
sputtering. The amorphous soft magnetic material

20 shows very high soft magnetism because the material
has none of crystal magnetic anisotropy, crystal
defects, and a grain boundary. It is also possible to
reduce the medium noise by using this amorphous soft
magnetic material.

25 Examples of the amorphous soft magnetic material
are CoZr-, CoZrNb-, and CoZrTa-based alloys. B can be

further added to these materials to, e.qg., allow easy



In one enbodi nent of the present invention, the 5
ratio of Coto Pt in the CoPt-based alloy is 2 : 1to

9 :

1 in order to obtain a high uniaxial crystal

magnetic ani sotropy Ku. In sonme enbodi ment of the
present invention, the CoPt-based alloy contains at

| east Cr or oxygen. 10 Oxygen can be added as an
oxide. This oxide is particutar?y preferably at |east
one nmenber selected fromthe group consisting of
silicon oxide, chrom um oxide, and titaniumoxide. In
one enfodiateimn off tao et i nvention, 15 nagnetic
crystal grains argﬁﬂ%;gersed in the perpendicular

magnetic reeordf

ALY soneFhenbioth meaft R tiRd as the

gr esent invention t he netic cr.yst Q{aé%r ai ns have a

ol unmar

ETucture Wi Eh S VeSS Jypge ds t hr ough

t he per pendfr? r?é' m&&@oof%gﬁ%éﬁgnveﬂﬁon, the

formation of this structure can

ove

or i entrafd i At Crtml limidne fodtheadmgnatidy arystal 1 o
grains in the perpendicular magnetic recording |ayer.

As a consdquenceder JQgrAltdior ROINSRyh natiaxisul tad &t

hi gh-density recording can be 25 obtained. In one
enmbodimagrte tafc tare gortesgnt Kunverlin aromet lembocimteant off the
the oxide for obtaining this structure is 3 21 to 20

ol % BaSs ands gewtentd arhe tthet o Pambwsebfaldey @ontadmg at

Pt

In some enbodi nent of the present invention, the

cont emt€3SE £ PTIOXHHAD: These ranges are

10

15

20

25

Oxygen can be added as an oxide. This oxide is
particularly preferably at least one member selected
from the group consisting of silicon oxide, chromium
oxide, and titanium oxide.

In one embodiment of the present invention,
magnetic crystal grains are dispersed in the
perpendicular magnetic recording layer. In some
embodiment of the present invention, the magnetic
crystal grains have a columnar structure which
vertically extends through the perpendicular magnetic
recording layer. The formation of this structure can
improve the orientation and crystallinity of the
magnetic crystal grains in the perpendicular magnetic
recording layer. As a consequence, a signal-to-noise
ratio suited to high-density recording can be
obtained.

In one embodiment of the present invention, the

content of the oxide for obtaining this structure is 3



favorable as the content of the oxide in the 5

per pendi cul ar magnetic recording | ayer because the

oxi de separates out around the magnetic crystal grains
when the layer is forned, so the magnetic crystal
grains can be isolated and made fine. If the content
of the oxide in the perpendicular 10 magnetic
recordi ng | ayer exceeds 20 not %2t he oxide remins in
the magnetic crystal grains to deteriorate the
orientation and crystallinity of the magnetic crystal

grai nsk© 149 &RAY iYOED tIRSRAG I % e dids loamouadorE Co, Cr,
Chem GHAbITE 1 o FOrTE SRS AUbtiie RAREamE 1nvention,
verti Y, ds. he .per pendi cul ar_nmagneti c

recor ﬁrég ciog%)j:tee?& ISJTSt H]gctéggin% emr?tl ‘of ?ﬂheesoexirtfenqessglaerses

than &g blté"eaémcg{éetdgﬁltg t% tg{eaio@a 9n the

i nsufficiently separated and made fine. nsequently,

520 t hed@ReIdi /e QAL ON Q1A N UKRTE SR 12 e
make it inpossible to obtain a signal-to-noise ratio

Sui t edrigliehisgipadensist o ute ardling .t Hen narg eanodinyenia 10fgrains
the present invention, the content of Cr in the

per pendiegultdre negset iic rMegmedi,ngo 25d mpamets ) drys3@l

at% In sonme enbodi nent. of the present invention, the

cont er 491 Q3¢ P& dRlated wed madeodtiew: fall s

within these ranges, the unjaxial -, 22  crystal ,
magneti c a%fsc@feoﬁ%?r&f G ﬂ?agﬁi@tqec Jd‘r)%lealper@eé}_ddscular
does nat e4gessivel .decr.ease nd higl}0 q&gget% %flon

a
is marSoREtds RSO q%&%“%ﬁyef exceeds 5 oxide

remains in the magnetic crystal grains to deteriorate

10

the orientation and crystallinity of the magnetic
crystal grains. In addition, the oxide separates out
above and below the magnetic crystal grains to often
15 make them unable to form a columnar structure which
vertically extends through the perpendicular magnetic
recording layer. TIf the content of the oxide is less
than 3 mol%, the magnetic crystal grains are
insufficiently separated and made fine. Consequently,
20 the recording/reproduction noise increases to often
make it impossible to obtain a signal-to-noise ratio
suited to high-density recording.
In one embodiment of the present invention, the
content of Cr in the perpendicular magnetic recording
25 layer is 0 to 30 at%. In some embodiment of the
present invention, the content is 2 to 28 at%. If the

Cr content falls within these ranges, the uniaxial



recordi ng/ reproduction characteristics suitable for 5

hi gh-density recording and satisfactory thermal decay
characteristics can be obtained. If the Cr content

exceeds 28 at% the Ku of the nmagnetic crystal grains
decreases, and this worsens the thermal decay
characteristics. In addition, since 10 magneti zati on
decreases to | ower the reprodUcéﬁ25|gnaI out put, the
recordi ng/ reproduction characteristics often

deteriorate. In one enbodi nrent of the present ,

i nventGors tahdaPsitiehta oS PRy the rtﬁ‘éiwd‘iacﬂﬂ%lc crystal

magneti c rec d|n 15 layer,is 10, to 25 at% e
cont erﬁraplr‘b'sf B P AR REGHARRE r A o

becau
per pe

ﬁ% {5 Nass bl e rr‘iaﬁm:oc‘pltnaéd1 Ky, nec lyt for the

\C Ul ar maghetic  layer and inprove t

cryst glddd¥d dh A rd @ @td o 10fra s agnad |5Q110cra\bgltea|for
grains, and as a consequence 20 thernal decay

schar agiieyH-sld S tAn e d QGO Y d eprOdddtyYry thermal decay
characteristics suited to high-density recording are

obt ai nechrddt dhiestftcc ardrente eotoeeidsee®5 at % a | ayer

having an fcc structure fornms in the magnetic crystal
grains, 25famhofGercadeteri orxtesds B8 atyfst dité ffu yof the
and orientation. If the Pt content is less than 10

at@b

Wri‘ecﬁ'lcob%réfisr‘ﬁan]g G el e dfeER P Shardd erttist jwagsens

obta| Ita% S A Q%%g@geqflzgﬁgﬁﬁsgﬁkﬁg ann déﬁilon, since

lOand trM%éR%é%%atfg% decreases to lower the reproduced signal

15
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25

output, the recording/reproduction characteristics
often deteriorate.

In one embodiment of the present invention, the
content of Pt in the perpendicular magnetic recording
layer is 10 to 25 at%. The Pt content preferably
falls within the above range because it is possible to
obtain Ku necessary for the perpendicular magnetic
layer and improve the crystallinity and orientation of
the magnetic crystal grains, and as a conseguence
thermal decay characteristics and
recording/reproduction characteristics suited to
high-density recording are obtained.

If the Pt content exceeds 25 at%, a layer having
an fcc structure forms in the magnetic crystal grains,
and often deteriorates the crystallinity and
orientation. If the Pt content is less than 10 at%,

Ku for obtaining thermal decay characteristics



per pendi cul ar magnetic recording |ayer can further 5
contain one or nore types of elenents selected from B,
Ta, Mo, Cu, Nd, W Nb, Sm Tb, Ru, and Re as additive
conmponents. \Wen these elenents are contained, it is
possi ble to pronote form ng of the fine magnetic

crystal grains or inprove the crystallinity and 10
orientation of the grains, and aim
recordi ng/ reproduction characteristics and thernma

decay characteristics nore suited to high-densit _
recor ditig-2ble it dnsdaideai tof rﬁ?@rﬁrlé’@eﬁtaf’inﬁe?ﬁhei Gktained
the 15 total content of the additive conponents is 8

at % ort" MY 9%59%te content exceeds 8 at% a phase

other thanan fich phiase, i@ M. | n e Bonell ¢ Giyst

grains and distur he crystéflanty and orieéntat’i on

of t hgqe td 8 & Ylle tAT @ISR0 ARSLAUERA YoarGurther
recordi ng/ reproduction characteristics and therm

sdecay cohhaf=A6 eStdrCmord ttafJed foFr hiegRndensieiected from B,
recordi ng cannot be obtained in many cases. As the

per pertdi,cMcgr dugmet,i &,r eédgr dirmg Thay &u,, iaihd iRe alssadditive
possi ble to use, instead of the alloys 25 descri bed

above cattrare rCaRt - itsed tdldsgy £ le@eOtsbaged coaltlagysed, it is
CoPt Cr - based al l oys, CoPtOQ CoPtCrQ CoPtSi, .

CoPt CPSiss iflie iYoaypsraa tst iggmimes odf the drideamagys tis

mai nly containing at | east one el enment selected from

the grddp STy OO BPIPE R, CENE Rl L addy and

1000/ Ry Gon R IR 3¢ QRIiIR0 Wipied hy adding &,
recording/reproduction characteristics and thermal
decay characteristics more suited to high-density
recording.

In one embodiment of the present invention, the

15 total content of the additive components is 8 at% or
less. 1If the content exceeds 8 at%, a phase other
than an hcp phase forms in the magnetic crystal grains
and disturbs the crystallinity and orientation of the
magnetic crystal grains. Consequently,

20 recording/reproduction characteristics and thermal
decay characteristics suitable for high-density
recording cannot be obtained in many cases.

As the perpendicular magnetic recording layer, it
is also possible to use, instead of the alloys

25 described above, other CoPt-based alloys, CoCr-based
alloys, CoPtCr-based alloys, CoPtO, CoPtCr0O, CoPtSi,

CoPtCrSi, multilayered structures of Co and alloys



B, and O to these nultilayered structures. 5 In one
enbodi nent of the present invention, the thickness of
t he perpendi cul ar magnetic recording layer is 3 to 60
nm In sone enbodi nent of the present invention, the
thickness is 5 to 40 nm Wen the thickness falls

Wi thin these ranges, a magnetic 10

recor di ng/ r eproduci ng apparatts €4n operate as an
apparatus nore suitable for high-density recording.

If the thickness of the perpendicul ar magnetic

r ecor A Hay@niai g dhaeassthmne r%le?r(ﬁ?fr%oﬁﬁzle@i:ted from
is too | d of t t i se 15
oot J1en RO SRE O bt e Porbn ATl S and
' i ; duced
eneiddd AR DA PR, SHEP SR AR RN LER P USAL, c:,

one erpodifen f ﬂ%@rﬁlﬂléﬂﬁgi%uéa?rescggrd ve

force of the perpendi cul ar magnetic recordi ng

d ayer is 23 e AiBdBi: ) e ¥ &sedf fddention, the
coercive force is less than 237,000 A/ m (3,000 Ce),

t he t herindnadecayf resd sianendiends i madgosrteas ece dardiney
enbodi nrent of the present invention, the

per pendiYall ars styuar éfegun s atliro sofme eanlpetipeandi cfl dyhe

25 magnetic recording layer is 0.8 or nore. If the

per pemAS AT YRRy s it it isknesss ihah 1@ 0 tie  When:

resis decr ease. -

et o IS5 S AR LIS e el B b

1 Orsrﬁ g \?\/Ie tnrlgeQ:tchgﬁglr C/itﬂl'égznrj ac?:}’{ﬁ{j: n cf ! a%p a7r ai thf csaq] eorb%tri ate’ i &V an
apparatus more suitable for high-density recording.

If the thickness of the perpendicular magnetic
recording layer is less than 3 nm, the reproduced
output is too low and often lower than the noise

15 component. If the thickness of the perpendicular
magnetic recording layer exceeds 60 nm, the reproduced
output is too high and often distorts the waveform.

In one embodiment of the present invention, the
coercive force of the perpendicular magnetic recording
20 layer is 237,000 A/m (3,000 QOe) or more. If the
coercive force is less than 237,000 A/m (3,000 Oe),
the thermal decay resistance tends to decrease.

In one embodiment of the present invention, the
perpendicular squareness ratio of the perpendicular
25 magnetic recording layer is 0.8 or more. If the

perpendicular squareness ratio is less than 0.8, the

thermal decay resistance tends to decrease.



structure of still another exanple of the 5

per pendi cul ar magneti c recordi ng nedi um of the present
invention. As shown in FIG 7, a perpendicul ar
magnetic recording nmedium 40 has the same structure
as FIG 1 except that a protective layer 11 is
further fornmed on 10 the magnetic recording | ayer 7.
Note that in FIG 7, the region¥® of"the holes 3 are
filled with the third netal underlayer. However, as
shown in FIG 5, the oxide 8 may al so be forned on
the first rMetRICkAerTayaYer iR e s oF thee
holes 3. In 15 addition, as shown .in FIG 6, the soft

magnetd P BEEIG HG I é‘iﬁegr”%t%feéﬁ%réhﬁ’eg fiGYifEd bet ween
the subst rlff(;e ]‘7 a:Lnsd a{m%éﬂén?a}/teircedviuenvgesrl'li%a%ienrg 6c'lrle-rhs(:"ectional

protective layer prevents corrosi on of

per pendi Gl @l JTRgNEl € T eGdidg d:a%kive YH dyLvent s
20 damage to the nmedi um surface when a nmagnetic head

scones garpenftianil ad trdbdrive: it dideBr EDryleRs & df@he present
material of the protective |ayer are those contai ning

C, Si Ghyveartdofr.02. I n one enbodi nent of the present

i nvention, the 25 thickness of the protective |ayer

is 1 to 10 Ammsh@imcien tHiG. decregsedit dilstamegnetic
between a head and the nedium the mediumis suitable

for hirg?rF—Od%ﬁs'lQ ynezt;unr déordgisng.he Ramgorstaadtvg e @perf1G. 1
(not shomq? can al so be forned _on the protective

| ayer S¥ce t that a protective layer 11 is further formed on
10 the magnetic recording layer 7. Note that in FIG. 7,
the regions of the holes 3 are filled with the third
metal underlayer. However, as shown in FIG. 5, the
oxide 8 may also be formed on the first metal
underlayer 2 in the regions of the holes 3. 1In

15 addition, as shown in FIG. 6, the soft magnetic
backing layer 9 may also be formed between the
substrate 1 and multilayered underlayer 6.

The protective layer prevents corrosion of the
perpendicular magnetic recording layer, and prevents
20 damage to the medium surface when a magnetic head
comes in contact with the medium. Examples of the
material of the protective layer are those containing
C, Si0p, and ZrOj.

In one embodiment of the present invention, the
25 thickness of the protective layer is 1 to 10 nm.

Since this decreases the distance between a head and

the medium, the medium is suitable for high-density



As a lubricant used in the lubricating layer, it 5 is
possi bl e to use conventionally known materials, e.g.,
per fl uor opol yet her, al cohol fluoride, or fluorinated
carboxylic acid. FIG 8 is a partially expl oded
perspective view show ng an exanple of the magnetic
10 recordi ng/ reproduci ng apparatus of the present
invention. As shown in FIG 8§ &%hard disk drive
(referred to as an HDD hereinafter) as a disk device
has a rectangul ar boxy case 110 havi ng an open upper
end, A %0p cover (not shown) which is screwed

toth by a pluralit f t I t.n

upper - end  IbpRH T The Pue. (e THUE L FE GHEH Re
ti I Sk - | di I ndl

ot or TS Th ShsaR e ST i Fat es L he magneti ¢

di sk 112, gy dmagneipc head J33H WH 6hhd eG¥bdS-ating layer, it
i nformati on on and reproduces information fronf%he
sragnetis ghssdible headactdmivaint ik M dhowmvatdterials,
supports the magnetic head 133 with respect to the
magnetd .qy .di ghe rdfli2jompadi e heod | atimtagro 12 5 J(ucefieter,ecdbdt 0

as a VCM hereinafter) 116 which rotates and positions

t he heddiaginadiast ,carbanpldd lasddi-ng mechani sm 118

whi ch hol ds_the magnetic head 133 in a 27 position ,
separ at ed fiidm thel TeyRaitclafi Sk SISk PHRRpREGive view
head ngves to the outernos eri phery of the magnetic

di sk, YiiEr 97 qxaat"tpﬁienf ﬁ‘Faﬁﬂ 26 whi ch

10 recording/reproducing apparatus of the present
invention.
As shown in FIG. 8, a hard disk drive (referred
to as an HDD hereinafter) as a disk device has a
rectangular boxy case 110 having an open upper end,
15 and a top cover (not shown) which is screwed to the
case by a plurality of screws to close the upper-end
opening of the case.
The case 110 contains a magnetic disk 112 as a
recording medium, a spindle motor 113 which supports
20 and rotates the magnetic disk 112, a magnetic head 133
which records information on and reproduces
information from the magnetic disk, a head actuator
114 which movably supports the magnetic head 133 with
respect to the magnetic disk 112, a voice coil motor
25 (referred to as a VCM hereinafter) 116 which rotates
and positions the head actuator, a ramped loading

mechanism 118 which holds the magnetic head 133 in a



hol ds the head actuator in a retracted position when 5
an inpact or the like acts on the HDD, and a fl exible
printed circuit board unit (referred to as an FPC unit
hereinafter) 117 on which electronic parts such as a
preanplifier are mounted. A printed circuit board (not
shown) which 10 controls the operations of the spindle
nmotor 113, VCM 116, and magriet i</ head via the FPC
unit 117 is screwed to the outer surface of the case

110 so as to face the bottomwall of the case. The
nmagnetios idilon perparasesd dirarettdie srInetdc dipk shiepmthe
(2.5 in.), .and has, a magnetic.recording |ayer..  The
maneFPEHRaE PEFS ST & G SR (Rt SRSy e g of the
t he spindl e .notaqr. 113, l. I - [ :
108 SHEBALE DL B 0B, LSRN0 unicn

prede <N S isndl.e t.Qr @ 1 20
i ver o e gners - hoad T35 s " "eo egi ed Lo nad e

shead fa0r TRgaRRt rSuhet antdealdat st @et am@ulH@D, Slaindefa (Meikible
shown). The magnetic head 133 has a wite head having

a si nglre nelde cdtrraundttuibea ral nedd head eusienlg t@ @¥Rafhi [FFIARC unit
25 or TMR film and an magnetoresi stance (MR) head for

r ecor dierg iaad tregpr dddctonowhiTive edegpiatong chead tE33uch as a
fixed together with the slider to a ginbal unit forned

28 oRPIFEREPHIHET ex¢ POites -of a suspension 132. The

pr esent inventLon%gll, be .descri bed in re

d i
bel ow by m&,?ﬁqu é;gﬁé:rqlr{e Oaﬂrdex(é‘r?&l lown) G%Nt’hailch

10 controls the operations of the spindle motor 113, VCM
116, and magnetic head via the FPC unit 117 is screwed
to the outer surface of the case 110 so as to face the
bottom wall of the case.

The magnetic disk 112 has a diameter of, e.g.,

15 65 mm (2.5 in.), and has a magnetic recording layer.
The magnetic disk 112 is fitted on a hub (not shown)
of the spindle motor 113, and clamped by a clamp
spring 121. The magnetic disk 112 is rotated at a
predetermined speed by the spindle motor 113 as a
20 driver.

The magnetic head 133 is a so-called combined
head formed on a substantially rectangular slider (not
shown). The magnetic head 133 has a write head having
a single pole structure, a read head using a GMR film
25 or TMR film, and an magnetoresistance (MR) head for
recording and reproducticon. The magnetic head 133 is

fixed together with the slider to a gimbal unit formed



Experi mental Enbodi nent 1 5 Manufacture of

per pendi cul ar magnetic recording nedium A disk-Iike
cl eaned gl ass substrate (manufactured by Ohara, outer
dianeter = 2.5 in.) was prepared as a nonnmagnetic
substrate. This glass substrate was 10 placed in a
filmformation chanber of a magnetron sputtering
apparatus (C 3010 nanufactured k%/BAn'eI va), and the
filmformation chanber was evacuated until the base

pressure of 2 X or less. After that,

sput t ét'l rFS‘ e%ﬂ G158 1 Fed e 5% 391 an
%SOALma?E: c tecgt?ﬁ%) pnrveesn urenoi\)ffn;el epades%lr'rgt%éd in more
magnet y t td )

mul ti Idae;:/tealr gd%enl?;rldxer @qj_ | rs%nreq}ltst:dclonezzlye‘hcl r%g%

third netalgyhderdaners E\ﬁ@}coc{lq{é}ﬁ;d as 20 fol |l ows.
Next, a 5-nmthick Ti filmwas formed as the first

Sret al  underMayefactivies u it se idlired 18 fnigred iuS it ading
atomc force mcroscope (AFM and X-ray

diffrastdmster (XRD) in a 25 case in which a Ti |ayer

was stacked on a CrZrNb soft nmagnetic |ayer fornmed on

t he substrdt gt ks Cc]e%?éleq g Mt Sc 1P U ST r 4 tegy elmapaf actured
di rec&ﬁy tacked on the - substrate, thereby

checkig @ rt?dtal‘ﬂeéearnﬁ 2crs‘ysltnal laiseﬁ’tr&tgac?ﬁ'd as a

of each Ti un rIa nsequent |
that t17& rff’ig@ro Lfyé'ﬁfrt ahfd WY Masd B2 s

10 placed in a film formation chamber of a magnetron
sputtering apparatus (C-3010 manufactured by Anelva),
and the film formation chamber was evacuated until the
base pressure of 2 x 1072 Pa or less. After that,
sputtering was sequentially performed as follows in an

15 Ar ambient at a gas pressure of 0.6 Pa.

First, a 100-nm thick CoZrNb alloy was formed as
a soft magnetic layer on the nonmagnetic substrate.

Then, a multilayered underlayer including first,
second, and third metal underlayers was formed as

20 follows.

Next, a 5-nm thick Ti film was formed as the
first metal underlayer.

Measurements were performed using an atomic force
microscope (AFM) and X-ray diffractometer (XRD) in a

25 case in which a Ti layer was stacked on a CrZrNb soft
magnetic layer formed on the substrate and in a case

in which a Ti layer was directly stacked on the



crystal orientation of the Ti underlayer remained 5

al nost unchanged regardl ess of whether the CoZrNb soft
magnetic | ayer was forned. That is, the CoZrNb soft
magneti c | ayer was found to have large influence on

the recordi ng/ reproduction characteristics using a

head, but have substantially no influence on the 10

medi um structure above the Ti-und®rlayer. Sinilar
effects can be obtained by the medi um descri bed bel ow
even when no CoZrNb soft magnetic |ayer is forned.
Subseqtitiiptey GReR8R HBAHg A & ddfegestructure and

equi val ent. to an average | ayer thickness of 1 nm was

15 f or el sk tHe SeAPhdtfal et dpsgepypyer. |
tteri t by, .f ' I havi .
?ﬁg e%o:rng%’s o e'LreVSfu?/ alow;a}r% n’%)oua%%ﬁgér/ gca‘ée ﬁ‘\é'fgﬁ% N fure ang
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was si reduce romthe sputtiering

scondi td100ss tUNGRIh A i [y d dq s RASSIHY @0 i M&F rnb soft

thin filmhaving a substantially uniformthickness

and antadyreknesd afer W33 Manmesd obtRiated 4y tdd cdodde soft
roughness on the surface presunably had no | arge

i nf | ueraEnedn @ Hayareasur diventd dfo thevef ilangehiigknlessice on
This special 25 expression is used because the Cu

| ayer ks Tfstorg ingyr@r 1edHatd o (et Sidfss $ g a

a di scontj nyous, layer .in which the Cu atons or their

cl ust Cgrgwt-hﬁYQG§HQ§§%ﬂ%#ﬁgﬂhﬁﬁ’ﬁmﬂﬂPq%ﬁaH61é$e
bet“B%QxPQS§% i sl.ands._,Not e thaH“Cu %puttering was .o

per f offsd Sh 5%%%%%&6 above the Ti underlayer.

effects can be obtained by the medium described below
even when no CoZrNb soft magnetic layer is formed.

Subsequently, a Cu layer having a thickness

equivalent to an average layer thickness of 1 nm was

15 formed as the second metal underlayer by sputtering,

20

25

thereby forming a Cu layer having holes. The
expression "equivalent to an average layer thickness
of 1 nm" means that the sputtering amount was simply
reduced to 1/100 from the sputtering conditions under
which it was possible to form a thin film having a
substantially uniform thickness and a thickness of
100 nm was obtained by which the roughness on the
surface presumably had no large influence on the
measurement of the film thickness. This special
expression is used because the Cu layer was not a
layer having a uniform thickness but a discontinuous

layer in which the Cu atoms or their clusters grew




90 mmin dianeter at a DC i nput power of 40 Wand a 5
deposition rate of 0.2 nm sec. An average |ayer

t hi ckness of 1 nm was obtai ned when sputtering was
performed for 5 sec under the conditions. The
deposition was stopped after this Cu sputtering was
perfornmed, and the substrate was 10 renoved fromthe
vacuum chanber to observe the sutface condition with
the AFM FIG 9 is an AFM neasurenent inmage show ng

t he

surface condition of the second netal underl| ayer.

Ref er Hrﬁgo tis |ngs gngaeh s e les BiRtwash fhese

portion is the Cu grain, and a bl ackish portion is the

Ti

det " exposed fromthe hol es between the Cu
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addiidlonadd ywier fron Mayy ocb@ansteds simn Bemiteing was

M croscope (TEM and Energy Dispersive X-ray 25
anal ysier {aBED}¥d flar H Ge®@,undeyr dher agadjrtaiansdi anet er
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removed from the vacuum chamber to observe the surface
condition with the AFM.

FIG. 9 is an AFM measurement image showing the
surface condition of the second metal underlayer.

Referring to FIG. 9, each island-like whitish
portion is the Cu grain, and a blackish portion is the
Ti underlayer exposed from the holes between the Cu
islands. As shown in FIG. 9, the obtained second
metal underlayer was found to be a discontinuocus layer
having a plurality of holes and made of a plurality of
Cu islands arranged at intervals corresponding to the
holes. That the whitish portions were the Cu islands
and the blackish portion was Ti was confirmed by
additionally performing Transmission Electron
Microscope (TEM) and Energy Dispersive X-ray
analysis (EDX).

In FIG. 9, the average grain diameter of the Cu

islands was estimated to be 10 nm or more. It was



It is readily possible to estinmate that a simlar 5
structure is obtai ned even when the average | ayer
thickness of Cu is equivalent to less than 1 nm Wen
the way of growth, the grain size, the density, and
the like are taken into consideration, however, a
simlar structure is presunably obtained until the 10
average | ayer thickness is edqui v ent to at |east 5
nm In one enbodi nent of the present invention, the
average | ayer thickness of the second netal underl ayer
was 2 e Tamnd px Kire seasec tipaato I5 ﬁtaté\}&eadélage
rough 2.5 nm, Then, .on the Ti

et oiﬁ@efﬂa&ﬁ@w ﬁ%.% ealﬁ@xa?lﬂgy@rfewa&.n&a Hatds

was formed, a% i &J%y %rﬁ/ ]Bl’iju \Mye‘?ch o 'Egr 1 1%91|taQJ.o[n| of Ti.
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wth the AFM First, to inprove the visibility of AFM

obser watiicknesds Gf lcayers kawiing lerthitekniess etuinvdl ent. When
25 to an average |l ayer thickness of 2 nmwas sputtered

on thdeTivaynddr Igayerth FitGe braiisn ®ivieewthls clensity, and
three-dinensionally plots - 32 the neasurenment result

i ndi cdthend itkige agier fraden davwdi (o8 161 e OFec SRY Stal 2

nder | rth
under | ayer, thug  oftained Referring (9 EhGedOndl e

average layer thickness is equivalent to at least

5 nm. In one embodiment of the present invention, the
average layer thickness of the second metal underlayer
was 2 to 5 nm.

In this case, the 10-point average roughness Rz
was 2.5 nm.

Then, on the Ti first metal underlayer on which
the Cu layer having holes was formed, a layer of Ru
which forms no solid solution with Cu and forms an
alloy or intermetallic compound with Ti depending on
the composition was stacked as the third metal
underlayer. The initial stage of the formation of
this Ru layer was observed with the AFM.

First, to improve the visibility of AFM
observation, a Cu layer having a thickness equivalent
to an average layer thickness of 2 nm was sputtered on
the Ti underlayer.

FIG. 10 is a view which three-dimensionally plots
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i sland-1ike whitish portionis the Cu island, and a 5
bl acki sh portion is the Ti underl ayer exposed fromthe
hol es between the Cu islands. As shown in FIG 10,

al t hough the dianeters of the Cu islands were | arger
than those in the second netal underlayer shown in
FIG 9, the structure was basically the sane in that a
10 di sconti nuous | ayer having a%& urality of holes and
made of a plurality of Cu islands arranged at
intervals corres ondln to the sizes of %ﬁe hol es was

obt ai H&§. "REGCETE e tavtBFaGEa traget "PhPERIESS 15

« L th d he Cu
| nor 22804 Jrg'ég‘ﬁt S S S SR TN
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| ayer lfshla%nezs_%eamwl%lﬂ e tGonngGt | 't@x@ %‘hafﬂsiiah%l 2Qnd a
difficult to specify. However, even when a partlally

connegliadkpeht peRte¥nstis, thie Tlla)(lelﬁehfs_ afegaespdsasl darom the
di sconti nuous layer as long as the netal grains form

an i shaiésl beewsenutcher €u Qg lwasisspuiisestédwonder FIG. 10,
various conditions in 25 addition to the above

condi eilghougnd togs s apgtgfrisciet t@ﬁaﬁ@- Hiskandg gﬁéﬁnéarge r
were forned were checked The poi nt aver ag

rought8é8 RROSE &nch Pa?@FOPH WﬁF@H un§§rlF§F£n&hP Rein

Cu f d b
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inven%h%%bn@@ﬂu@%@ 1a§eE°h§thGe% Ea%r%&§%§g%f holes and

made of a plurality of Cu islands arranged at
intervals corresponding to the sizes of the holes was
obtained.

Note that if the average layer thickness
increases, the grain diameters of the Cu islands
increase, and adjacent islands partially connect to
each other in some portions. Since it is difficult to
directly observe this partial island connection, a
layer thickness at which the connection starts is
difficult to specify. However, even when a partially
connected portion exists, the layer is regarded as a
discontinuous layer as long as the metal grains form
an island-like structure.

Cu was sputtered under various conditions in
addition to the above condition, and cases in which
island-like Cu grains were formed were checked. The

10-point average roughness Rz of a Cu layer in which



| ayer thickness in sone enbodi nent of the present 5

i nvention. The division of the ordinate in FIG 10 is

8 nm The 10-point average roughness Rz was about 5

nm Since the average |layer thickness of Cu was
equivalent to 2 nm the 10-point average roughness Rz

was about 10 2.5 tinmes the average |ayer thickness. In

addi tion, when a Cu | ayer was f d on the Ti

under | ayer by increasing the average |ayer thickness

to be equivalent to 10 nm no such clear island-Iike
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Dot o RS B W, B e
th'ccgﬁ%%eﬁtll%%%n% b%%%.%%an‘Ssggc% tQ%@%V%%e average
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portions where the Ti underl ayer is exposed are

sper hapgsvaustoanti al Iy el i m nated when the average
| ayer thickness is half the grain interval. Note that
it is generdld Widiiffilcouldf tthegroowl igraaiens rs BAIE .t Hat itshe8 nm.
height is larger than the dianmeter. Therefore, when 25
t he aviéreadd rayert wElvieglages g oughin@sge Rzt Was elbeugr ai mm.
interval, a continuous film having no hole presunably
f or ms Smcm tho a¢erese drvedr ﬁhﬁ@%t“ﬁésf orfe CRu wg’tﬁaleﬂéuvalent
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10 2.5 times the average layer thickness.

In addition, when a Cu layer was formed on the Ti
underlayer by increasing the average layer thickness
to be equivalent to 10 nm, no such clear island-like

structure as shown in FIG. 10 was observed, and the

15 surface roughness was obviously small. The intervals

between the Cu islands in FIG. 9 (average layer
thickness = 1 nm) are about 20 nm. Since, however,
the Cu islands grow in the in-plane direction of the

film as the average layer thickness increases,

20 portions where the Ti underlayer is exposed are

perhaps substantially eliminated when the average
layer thickness is half the grain interval. Note that
it is generally difficult to grow grains such that the

height is larger than the diameter. Therefore, when

25 the average layer thickness is larger than the grain

interval, a continuous film having no hole presumably

forms.



interlayer was fornmed on the layer. The surfaces 5
after the Cu |ayer and Ru | ayer were forned were
observed with the AFM As a consequence, although the
roughness on each surface were originally smal

because the vall eys between the Cu grains were filled,
on the Ru surface the roughness of the Ru grains were
10 overlaid on those of the Cu stdface. This is
probably because if no Ti layer is exposed between
the Cu grains, Ru does not growto fill the valleys
bet ween t R GEfEa s @rming dihe ddare Shutarsias twas
have an average 15 | ayer thickness equivalent to 2

nm a HPNSF WRED HAA [y She 98 erddife | knafsciafesyr was
[ I tt put.t the third t al

onder e e T P e T racd SF FOELAE B ¢ he

initial I i tal

Showin T AT ¢ vt Skt Bt et B S ne bl ages

sshal | err rand flatdienarydhamd kat 1shewn dere Fldemet0wdrte

is difficult to presune that this roughness was

fl att eneet hecauseH ecCarmr.a s antdisediened) xadhaiudh the

reconstructed on the surface. It is 25 rather possible

t 0 estriomthedsisatont e gursfiaada osasve rfd attierned 1igc smsd 1

the third nmetal Ru which hardly forns a solid

sol ut ibesaniseh thige veddevd rasttalecOu tdigd Cu IF ardgisaters filled,

easily fornms a solid solution with the first netal Ti

was sé&Pedtdd Rissurfamss theefregihness i dbsodit exdims were

Othe h%&e reqions where t ﬁﬁ %pderl er
e u surrace.

1 erlaid on those o

This is probably
because if no Ti layer 1s exposed between the Cu
grains, Ru does not grow to fill the valleys between
the Cu grains.

On the Cu layer sputtered to have an average

15 layer thickness equivalent to 2 nm, a layer of Ru
having an average layer thickness equivalent to 2 nm
was sputtered as the third metal underlayer.

FIG. 11 shows the surface structure in the
initial stage of the third metal underlayer.

20 As shown in FIG. 11, the surface roughness was
evidently smaller and flattener than that shown in
FIG. 10. It is difficult to presume that this
roughness was flattened because the Cu grains and Ru
were mixed and reconstructed on the surface. It is

25 rather possible to estimate that the surface was

flattened because the third metal Ru which hardly

forms a solid solution with the second metal Cu and



was exposed, and buried the holes between the Cu 5

i slands. Small roughness on the surface shown in FIG
11 are nuclei or crystal grains of Ru, and well
correspond to the growth and structure of Ru to be
explained later. Note that in FIGS. 10 and 11, sone
nucl ei of Ru presunmably grew on the Cu grains as well
10 when the sizes of Ru and Cu g?%iﬁs are taken into
consi deration. However, this structure is obviously

not a npdel, in which Rufgrains grow/preferentiaLl% on
Cu nudisdid Gy Sdre S8G-1dne @6F?5e§p§ﬁ&éﬁce°’°\?viuttﬁoé‘aé’ﬁt the

other... 15 On.the Ru | ayer .sputtered until the agverage
ayer Ete T s “aa e ArEE 0 52 KR es,PEstersitially
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decr eqgisNG iR e, Alah S Inhe 1WRS 2@ elhaisnedtqwen When cu
the Ru layer was formed with the Ar gas pressure

sbei ng ikGpindat. 0.smaRa asudeselsisbed abeveurfhiet Bhdwn in
experinmental exanple, however, after a 10-nm thick Ru

| ayer Fi&s fldr mee atucd eliowrAcrgasapr gssuine off RO, 6 aPal, well
the Ar gas pressure was raised to 6 Pa to 25 further

f or m gorgFesmonid ¢l Ithgegro8gharadelsErusitane vifeWUTEM be
anal ysis was perforned on an Ru |layer forned at a

uni f offPy- ARiNGH APt§ds 38OtSr &8k N EFFSequéneiy, Liltr some
was possi,bl.e to formthe fine crystal grains, and

ef f ectiéry ?&pﬁ?eggeﬁPEPHlysﬁf@wépgpépgigH.gFﬁlns as well

loaddit%%%n Q%%b%qg%sa%%rﬂﬁoﬁ%d Cu grains are taken into

consideration. However, this structure is obviously
not a model in which Ru grains grow preferentially on
Cu nuclei in one-to-one correspondence with each
other.

15 On the Ru layer sputtered until the average layer
thickness was equivalent to 2 nm, sputtering was
subsequently performed to a thickness of 20 nm to form
a final third metal underlayer.

The effect of decreasing the grain size was

20 obtained even when the Ru layer was formed with the Ar
gas pressure being kept at 0.6 Pa as described above.
In this experimental example, however, after a 10-nm
thick Ru layer was formed at a low Ar gas pressure of
0.6 Pa, the Ar gas pressure was raised to 6 Pa to

25 further form a 10-nm thick layer.

Separately, plane view TEM analysis was performed

on an Ru layer formed at a uniformly high Ar gas



grai n boundary which | ooked Iike white gaps were 5
observed between the crystal grains, so the effect of
pronoti ng di sconnection of recording |ayer grains to

be formed on the Ru | ayer was expected. On the other
hand, the crystal orientation worsened. In one

enbodi nent of the present invention, therefore, in 10
order to inprove the crystal‘brﬂ%ﬁtation, the | ow gas
pressure and high gas pressure were used in the first
and second hal ves, respectively, of the film
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simlar effect can be obtained regardl ess of the |ayer

t hi ck pesmotdhigo diEeotimeck itohe ofr aieccsidiagoflatylee Brains to

| ayer, the substrate was taken out fromthe vacuum

chanbée flogmed2®nt b ef Gundiiyer ofast lsgpRetlegyer Onaghe other

conpl eted, and plane view TEM observati on was

per f ofy@@d, \WREn CEOIFPare @ HETER TRET dpErensdmed Iitn OPke

same 'n§7 manner. as above ex%ept th%t no g% Iager ,
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decfe%i%%r %%EQmp&%%eg%%Enc%@%%%lo%rgg%tg%i%EXSE%% low gas

gral ns were
pressure and high gas pressure were used in the first
and second halves, respectively, of the film
formation, thereby obtaining totally favorable
recording/reproduction characteristics. Note that the
same effect can be expected as long as the gas
pressure in the second half is relatively higher than
that in the first half, and this gas pressure in the
second half may also be 10 Pa or more. Note also that
the layer thickness was 10 nm in each of the first and
second halves of this experimental example, but the
similar effect can be obtained regardless of the ‘layer
thickness ratio.

To check the grain size of the Ru layer, the

substrate was taken out from the vacuum chamber when
the formation of the Ru layer was completed, and plane

view TEM observation was performed.

When compared to an Ru layer formed in the same



anal yzed, the average di aneter was about 9 nm when no
5 Cu layer having holes was forned, but was about 6 nm
when this Cu |layer was forned. In the Ru interlayer

of the conventional underlayer, form ng of the fine
crystal grains was limted to a grain di anet er of

about 8 nm even when the underl ayer materials were 10
opti m zed. Accordingly, the éffett dT decreasi ng the
grain size by the discontinuous second netal

underl ayer made of Cu is ver¥ | ar Al so, to _check

t he gF@%Pﬁro@Sc@§§W§Ie§F§Pﬁs Rt %ﬁeCPlﬁﬁﬁﬁﬁléﬁﬁé§§ holes
direction, ss secglonal TEM 15 observyati gn was
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t hroughout the entire thickness of the Ru layer. In
addi t woen séver &u éxyeri maist Soweeel. candutkedubynterlayer
changing the material of the first netal 25 underl ayer

wi t hogtf the seovsatieral underlayer., fosniaguedt Ithe ifiine
was found that the Ru layer did not |argely depend on
the m&t¥stal oradRs fesst imétsd 38 auﬁaérmayiéuameéﬁa of

often grew i.nto colunn deternlned
o e B o Pl SRR b i e i aRET YoR MoAEr L] Shrere

eXp|aEB%qm9%%%W d%@%g%%&%%§§’tQ%% effect of decreasing the

grain size by the discontinuous second metal
underlayer made of Cu is very large.

Also, to check the growth of crystal grains in
the film thickness direction, cross-sectional TEM
observation was performed after a magnetic recording
layer was formed.

FIG. 12 shows a cross—-sectional TEM image of an
example of the perpendicular magnetic recording medium
according to the present invention.

As shown in FIG. 12, Ru crystal grains grew into
columns while the grain size was substantially
constant throughout the entire thickness of the Ru
layer. In addition, several experiments were
conducted by changing the material of the first metal
underlayer without the second metal underlayer.
Consequently, it was found that the Ru layer did not

largely depend on the material of the first metal



the effect of decreasing interlayer grain size by Cu 5
i slands i s obtained even when an interlayer does not
grow with a predeterm ned grain dianmeter. However,
the characteristic that Ru grains are hardly enl arged
in the filmlongitudinal direction with increasing the
| ayer thickness is suitable for the material of an 10
interlayer. In this cross-secti otfal TEM i mage shown in
FIG 12, a Cu layer having a very snall average | ayer
t hi ckness, whi ch was supposed to exist in the boundary
bet wedH'3%He & Y rayEd R IEHeriP LTINS edrily F5
observed nd an R interhgyer was a rentﬁén 20 nm was
S .
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measur enent points. The | argest anount's of Cu wer

gdet ectigd divpy fhedolntal efd¥oSwheh ah iaftk rd)ayeae! WRRIs not
the Ti underlayer and Ru interlayer, and al nost no Cu

was detmst editim & hereletederr el eyr (iMo.d iEmesapar attedvever,
fromthe boundary and in a mddle portion (No. 1) of

25 t he&lRu ghiad tapers t ithdda tr dsulara ipyoleatsl yagiedw tedarged
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10i sl andishtégllsa%ert_he crystal orientation of the Ru | ayer
was
In this cross-sectional TEM image shown in
FIG. 12, a Cu layer having a very small average layer
thickness, which was supposed to exist in the boundary
between the Ti layer and Ru layer, was not clearly
15 observed, and an Ru interlayer was apparently
substantially grown on the Ti underlayer. Since it
was difficult to directly observe Cu in respect of
contrast as well, composition analysis was performed
using EDX. Marks * shown in FIG. 12 indicate the
20 measurement points. The largest amounts of Cu were
detected near the boundary (Nos. 2, 3, and 4) between
the Ti underlayer and Ru interlayer, and almost no Cu
was detected in the Ti underlayer (No. 5) separated
from the boundary and in a middle portion (No. 1) of
25 the Ru interlayer. These results probably show that
Cu does not form a layered structure not because of

diffusion or solid solution, but forms a discontinuous



eval uated by XRD. Consequently, the sane high degree
5 of orientation as when no Cu | ayer havi ng hol es was
formed was obtai ned even when a Cu | ayer having hol es
was fornmed. It is evident that the Ru | ayer was
formed not only on the Ti |ayer but also on the Cu

| ayer, fromthe fact that the Ru grains have a snaller
10 grain size and a higher densii3¥ than those of the
Cu grains, in addition to the results of the
structural analysis described above. Additionally, it
i s eashpliad-lige i qurdtute ashelesropsittsld jaiave ofanch®u grows
Cu layer is lowor is not (111) orientation, the
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represents that the Cu |layer had (111) orientation

and hifglrmesy siaal Idbtaihecard dnhévhids @F Ysit dlayedr #aRSng holes
epitaxially grew on the Cu layer. In other words, the
cryst alasstfioxotedr.e dnd icr wstialenitnitihy tofcthieh®u Qa yleay efas

play i nportant roles. In one enbodi nent of 25 the

pr esedrmede moito®nliyf anhéher st dlaystr dpettued sof anhghe Cu
interlayer is a close packed structure such as hcp or

fce, tRYeErydram dheudtdite thatt ke enBlualgnadysr hayemad smaller

40 before that is also.a.close packed structure. In
some %gﬁggdﬁ&éﬁtagp fh%lﬁpg§eﬁFn%ﬁG§hﬁp8ﬁ,t%ﬁée of the Cu

CrySt%&gﬁ%gtyini%d@H%QO%iQ%‘the results of the structural
analysis described above. Additionally, it is easy to
imagine that if the crystallinity of the Cu layer is
low or is not (111) orientation, the degree of crystal
orientation of the Ru layer on this Cu layer worsens.
Accordingly, although it is difficult to observe the
peak of Cu itself by XRD because the Cu amount was
small, the result that the crystallinity of the Ru
layer was high and the crystal orientation was (00.2)
orientation represents that the Cu layer had (111)
orientation and high crystallinity, and the Ru crystal
grains epitaxially grew on the Cu layer. 1In other
words, the crystal structure and crystallinity of the
Cu layer play important roles. In one embodiment of
the present invention, if the crystal structure of the
interlayer is a close packed structure such as hcp or

fce, the crystal structure of the metal layer formed



The rel ati onship between the Cu | ayer forned on 5 the
Ti layer and having holes and the fine crystal grains
of the Ru layer grown on the Cu layer will be
expl ai ned bel ow by using a sinple nodel. FIGS. 13 to
15 are nodel views show ng an exanple of the way the
grains of the third netal deposit on 10 the second
netal underlayer. FIG 13 assune® a tase in which a Cu
| ayer 24 made of a plurality of Cu islands having,
e.g., .a_horizontal |y extended shape and vertically

exten&eeoforﬁq&ﬁ@ G &5 Grifed S0P i SelPRGRFE piugtuge.” In some

| ayer 2 forne a _substrate 21. .FIG 14 sho .
the way &gﬁhﬁ?s PISSEREp A EN TR T hd PR Grdpdatlinity
22 and E%y é&é inthe initial stage of Ru |ayer
fornatlon U is selected as a material having

affinity hlqg{befré’l%ftaném%ﬁ Huddh 42 Ry, Q_ra%}erls %med on

do not selectively formon, e.g., vertically long Cu

5i sl andsie THe 1Ryeqr ainks h&5rmgde@<1%lst QehdOR hROii RNt s a1
long Cu islands stay on them if they cannot well nove

to thgriinsaydr talet Roudla vieley rosme osit albleeiCuod atyieer Hill be

| ayer. 25 FIG 15 shows the state in which the

f or matS¥er aghed e lry Pay e ing pustiied ecawdiedued and Ru
grows into _colums on the basis of holes in the Cu

layer 24. -FIEP- BIlGto g défsnfadftles st shine igrr @gy example
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10the LA & %n%h%etal underlayer.

FIG. 13 assumes a case in which a Cu layer 24
made of a plurality of Cu islands having, e.g., a
horizontally extended shape and vertically extended
shape is formed on a relatively flat Ti layer 22
15 formed on a substrate 21.

FIG. 14 shows the way Ru metal grains 25' deposit
on the Ti layer 22 and Cu layer 24 in the initial
stage of Ru layer formation. Since Ru is selected as
a material having affinity higher for Ti than for Cu,
20 Ru grains 25' do not selectively form on, e.qg.,
vertically long Cu islands. The Ru grains 25'
deposited on horizontally long Cu islands stay on them
if they cannot well move to the Ti layer although they

are stabler on the Ti layer.

25 FIG. 15 shows the state in which the formation of

the Ru layer is further continued and Ru grows into

columns on the basis of holes in the Cu layer 24.



end portions of the Cu islands can be expected. Wen 5
Ru is thus grown, Ru grains grown on the Cu islands
and those grown on the Ti underlayer are in contact
with each other. However, a grain boundary readily
forns between these Ru grains since they are different
in lattice strain and interface diffusion, so the 10
effect of preventing the Ru graitls fTom connecting to
each other to formlarge grains can al so be expect ed.

On the ot her hand, two Ru grains cag%%{OM/mﬁthout ,
connedtithg 120 4SRN Gt Sort ate TG iS£5RCH 1OF ISORPrEFSing

island in the center. .This . s.so hecause Ru.is a.1l5
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smal l er than those of naturally forned grains. As

descr ialned thloeee griownona emeodiimemideaf] atylee @rresemt contact

invention, Ru is presunably suitable as the third _

met al Wiitdle€lagfe o thegy .Futioweviesr, e @ @red-onimoumideky readily

per pendi cul ar magnetic recording |layer was fornmed on

the t KOFESmBeAM S Sind&E1Say &1 By 24Pt Sericig theyp are different

(Cb-lGat%gt-lOatW -1 Onol U&i conposj.te target.
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StaCk%%f%%tu%kn%r%V%nting the Ru grains from connecting to
each other to form large grains can also be expected.
On the other hand, two Ru grains can grow without
connecting to each other on the horizontally long Cu
island in the center. This is so because Ru is a
material which can easily grow into columns while a
predetermined grain diameter is held. The growth in
the in-plane direction of these Ru grains also stops
when they come in contact with the Ru grains which
have grown on the Ti layer and prevented from
enlarging. Therefore, the grain diameter can be made
smaller than those of naturally formed grains. As
described above, in one embodiment of the present
invention, Ru is presumably suitable as the third
metal underlayer.

Furthermore, a 10-nm-thick perpendicular magnetic

recording layer was formed on the third metal

underlayer by sputtering a



After the filmformation was perforned to this 5
point, the |layers below the interlayer were renoved by
ion mlling or the like, and plane view TEM
observation was perfornmed. Consequently, the

per pendi cul ar recording |ayer had a segregated
structure in which crystalline 10 nmagnetic crystal
grai ns were separated by a ne"arl@2 anor phous grain
boundary. It was possible to estinate that the
average grain dianeter. was about 5 nm and the

averag@”iﬁ%ﬁqFﬁﬁﬁﬂﬁ%ﬂS%QQﬁiﬂaﬂﬁiﬁqﬁﬂﬁ APHROSE Yt ST -
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crystal graffise el P it atd dd th SO AL to M Adki@AE N o this
other. That is, nagnetic separation between the 20

S ndi vipdualt ,magreetlissy ey Hedlowg rten s i rdfa yrrewd v @xemoved by
colums was likely to worsen in the structure. Since
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i ndex of separation between magnetic crystal grains in
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magneti c characteristics were eval uated by usiqg a
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amorphous grain boundary. It was possible to estimate

that the average grain diameter was about 5 nm, and

the average grain boundary thickness was about 1 nm.
Even when a target containing 8 mol% of SiOy was

15 used, the average grain diameter slightly increased

but did not great change. In this case, however, the

thickness of the grain boundary decreased, and the

crystal grains were partially in contact with each

other. That is, magnetic separation between the

20 individual magnetic crystal grains which grew into

columns was likely to worsen in the structure. Since

the slope of a magnetizatidn curve can be used as an

index of separation between magnetic crystal grains in

a perpendicular magnetic recording medium, the

25 magnetic characteristics were evaluated by using a

vibrating sample magnetometer (VSM). As a

consequence, the magnetic coupling between the



Al so, when the addition amount of Si Q2 was 5 changed
from8 to 10 nol % the nagnetic separation between

the magnetic crystal grains which grewinto colums
was obviously inproved by the thick grain boundary.
To encourage this effect, therefore, the anount of

Si 2 can be further increased. In this 10 case, the

ef fect of further decreasing Théﬂﬁréin size of the

magneti c crystal grains can also be expected. In

addi ti_on r.oss-secti.onal_ .TEM observatio

per f of MG G R Y5511 (¥ 106 ﬁ“&'?dlo@mlﬂl :]rﬁ'gr%'ﬁo@ger in an
recor ¢jng, edig GaueNtd %o 1t°h%a rl%e”% %U't%

15 magnetic rec rf ng layer, sim to
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the formof colums on the Ru grains in one-to-one

cor r espondenics WidHereadte oidigrtioh laddure dAMBd®, was
showed that the close packed (crystal) surface of t he
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cl osed packed surface of the interlayer. This crystal
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Accordingl'y, thisis a vora e conbi na
of the magnetic crystal grains can also be expected.

In addition, cross-sectional TEM observation was
performed on the obtained perpendicular magnetic
recording medium. Consequently, in the perpendicular

15 magnetic recording layer, similar to FIG. 12, the
magnetic crystal grains grew from the interlayer into
the form of columns on the Ru grains in one-to-one
correspondence with each other. A lattice image
showed that the close packed (crystal) surface of the

20 recording layer epitaxially grew parallel to the
closed packed surface of the interlayer. This crystal
structure did not unexpectedly change even when the
grain size decreased. In one embodiment of the
present invention, when a CoPtCr-based oxide granular

25 recording layer having the hcp structure is formed on
an Ru interlayer having the hcp structure, the

characteristics as a perpendicular medium, e.g., the



Since the Ru grains and magnetic crystal grains 5
have a one-to-one correspondence, formng of the fine
Ru grains can accelerate formng of the fine magnetic
crystal grains as well. Al so, when the volune ratio
of the crystal grains to the anorphous grain boundary
in the recording |layer is constant, the thickness of
10 the grain boundary decreases 44 the grain size
decreases. In effect, a conposition of 8 nol %
previously used as conparison is an appropriate val ue
when e Sgradi i ndi ahrets@g qavatiesd REGURtellsy efoqcigrenforce,
or nore. It can be predicted even with this sinple 15
r easofth AR FE G150 ST St et é&b‘?e‘?"teé“r%ﬁwm
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gral nAboun ar)g écreases, a he T nteraction
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anor phous grai n boundary by increasing the oxi

CONPORUY igaaiins e reeIdmad amimy o drie fdidentagnetic

up to the protective layer were stacked as descri bed

abov e c e asuystariatse asasvarldnovéd sd5 whreomthee fdllume ratio

formation chanber, and a 1.3-nmthick _

per f | $6r P& yafdrR | @dided itey Yhey emaged ofUst ek igh bayendary

protective I%yer by di ppi ng, thereby obtaininggg 45
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decreases. In effect, a composition of 8 mol%
previously used as comparison is an appropriate value
when the grain diameter in the Ru interlayer is 8 nm
or more. It can be predicted even with this simple
reason that if the grain diameter decreases to 6 nm
while the composition is fixed, the thickness of the
grain boundary decreases, and the interaction
increases. To keep the magnetic balance, therefore,
as the grain diameter of the underlayer decreases, it
is desirable to raise the volume ratio of the
amorphous grain boundary by increasing the oxide
composition in the recording layer.

After the layers up to the protective layer were

stacked as described above, the substrate was removed
from the film formation chamber, and a 1.3-nm-thick

perfluoropolyether lubricating layer was formed on the

protective layer by dipping, thereby obtaining a



is not shown. 5 The recording/reproduction

characteristics were evaluated by using a read-wite

anal yzer (1632 nanufactured by Guzik of the U S A)

and a spinstand (S1701WMP). Al so, information was

recorded and reproduced by using a conbi ned head for

per pendi cul ar 10 recordi ng which includes a single

pol e recording el enent made of <oFeNi, and a gi ant
magnet or esi stance effect (GWR) reproduci ng el enent

with an intershield distance of 90 nm Note that as _

t he néteamedIdisiu ige Magnedridi earagied mesdlum. The obtained
materials such as CoFe, 15 CoFeN, NoFeN , FeTaZr, and
FeTaNRfPIES W udPnatil ¢ 18 Carse o dsihm fgchddie same
addi tiye elenents t hese = magnet | terials as.mm
corrponset(r?rtusc.t elf r?g[Gﬁ'ereJG?oe éaé% %th alr{%&tlb%tr/lﬁgiﬁlﬁﬁ layer
noi se ; & ald0 ffokhe obtai ned perpendicul ar magnetic
recording 20 nedium was neasured, a high value of

522. 8 dB wasrheohtdidet nghegreirducsd HatRlteristics were
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out put/ medi um noi se ratio is the root-nean-square

val ue eofa lneitsel Wyem sieeodirkgd-ws iper hormdeat @632

anpl i tude/linear recording density 25 of about 800

KFCl atarnaflaoteaed éyorcdizig dénginey UofS . Aabowindl @0 sipk@ktand
and wll be referred to as SNRm hereinafter. 46 On

t he ot(fdr’ CHYRA,- whds hé nfepradiead wsisgrgicorded and

out put/ medi um noi se rati o of a_ perpendi cul ar magneti c

r ecor dithg FRFETMNaViSHGING EQMPAPSEE WesIndQLuPETPed cular

recording which includes a single pole recording
element made of CoFeNi, and a giant magnetoresistance
effect (GMR) reproducing element with an intershield
distance of 90 nm. Note that as the material of the
recording magnetic pole, materials such as CoFe,
CoFeN, NbFeNi, FeTaZr, and FeTaN may also be used. It
is also possible to add additive elements to these
magnetic materials as main components.

When the reproduced signal output/medium noise
ratio of the obtained perpendicular magnetic recording
medium was measured, a high value of 22.8 dB was
obtained.

The reproduced signal output/medium noise ratio
is the root-mean-square value of noise when recording
is performed at an amplitude/linear recording density
of about 800 kFCl at a linear recording density of
about 100 kFCl, and will be referred to as SNRm

hereinafter.



SNRm was 17.2 dB. 5 Fromthe foregoing, the formation

of the Cu layer had a very large effect of reducing

t he nedi um noi se. Experinental Enbodi nent 2

Per pendi cul ar magnetic recordi ng nedi a were

manuf actured foll owi ng the sane procedures as in 10
Experi nental Enbodi nent 1 except that Ni, Rh, Pd, Pt

Ag, and Au having the sane fcc as’ Cu were used as the
second netal underlayer instead of Cu. As in

Experi ment a| Enbodinent 1, to check the rowt h of |

ne?al crys?g}tgghi ,eﬁlﬂ§q44lﬂ TS diPRkgSucest signal
st opp t d t.al terials re .
put S s TSR R ol e b T skl e rrpganetic

Surfa%%c%%%ﬂ%%e§%di%ﬁf%%%Q%SW%%DCEhQay%QuM%%rh@%surgd, the

anount of the second netal underlayer “'was | ncrease

or degmeased.s Wyerne gpecessary, within the 20 range
equi valent to an average | ayer thickness of about 0.5

5to 2 nm Tireef atey fdrdgoipiegs Wbl rr@@ssinblog, the Cu layer
depending on the filmformation conditions, to form

met al hgaianyeiryt d argleards eartd odbtraiduca nge tbred meggtial noise.
under | ayer having holes, regardless of the nmetal 25

mat eri al usedesds mene adeEFPdiEEat énderl ayer. Then, to
check the grain sjze of Ru, plane view TEM

observati orf SK&§ %ﬁ%ﬁu?%%fqﬁﬁﬁ §§§F§d&F€aFf€&ﬁbVeE?
' ' f. [ t "
oo g8, e L LR L S TE e she

Consequently, the éffect

100f th@xB%rHﬁ%%EaWa%m%%@q%e%Qr1A%x%%gtAEhaWhﬁQ, Rh, Pd, Pt,

Ag, and Au having the same fcc as Cu were used as the
second metal underlayer instead of Cu.

As in Experimental Embodiment 1, to check the
growth of metal crystal grains, the film formation was

15 stopped when these second metal materials were
sputtered, and AFM measurements were performed.

The surface roughness increased when the
sputtering amount of the second metal underlayer was
increased or decreased, where necessary, within the

20 range equivalent to an average layer thickness of
about 0.5 to 2 nm. Therefore, it is presumably
possible, depending on the film formation conditions,
to form metal grains into islands and obtain a second
metal underlayer having holes, regardless of the metal

25 material used as the second metal underlayer.

Then, to check the grain size of Ru, plane view

TEM observation was performed on the state obtained by



conpared to cases in which they were not sputtered. 5
However, no fine grain effect was found for N, Rh,

Pd, and Pt. In addition, layers up to a lubricating

| ayer were formed, and the recording/reproduction
characteristics were evaluated. As a result, the 10

ef fect of increasing the SNRm was obtained for Ag and
Au, when conpared to a case in vihi ¢ no second net al
under| ayer was forned. However, no effect of reducing
t he nmedi um_ noi se was found for_  Ni, Rh, Pd, and Pt

Fur t SRR NG & Seffiod@ad 10n @de tdssithg Toh &g pndeglayer.
size and reducing t medi_.um noi s e, found whe .
netal grai (r:cgor{ﬁeer%’q‘%aﬁd% rﬁr}%%c& \&Ff dﬁgc,reaahsdm/ﬂjrka{‘se grain
the s d I dar.| [,.C r '

whi ch%%%%sgg%g)ene%?laﬁa n eﬂagyg%dg%fog?%d%%ﬁf,ﬂugh,When

Pd, arénPartsed ATadke second detidley 2 renGRy ayRittered.
forma substantially conplete solid solution with Ru

sused amwidvert, hinod fielealg rundedaeert. waAccaudidnglor, Nihe Rh,
crystal grains were effectively nmade fine by the
st oppéd,f raowa tPie third nmetal underlayer to the
magneti c recordi ng | ayer probably because the 25 netal
grains in the asisidndmetldyanfder drem flodmigsating layer
di sconti nuous island-like structure on the first netal
underW&ﬁﬁny£m$QHu?W9ﬂHn§|ﬁ99ﬂrq&ﬂ@€ﬂgﬁﬁ9dW99¥%M on
48 th sec%lnd .n%t.al under | %ygr had, no _solid sol

i f

pr oper TIPS WEH StesFe & o T YRS oS s rier?utl%fél The
105econd Rt Al UNderd vl ngTRELR Wat AR AMRAIFE g and
Au, when compared to a case in which no second metal
underlayer was formed. However, no effect of reducing
the medium noise was found for Ni, Rh, Pd, and Pt.
Furthermore, the effects of decreasing the grain
15 size and reducing the medium noise were found when
metal grains were formed by mixing Cu, Ag, and Au as
the second metal underlayer, compared to a case in
which no second metal underlayer was formed.
Ni, Rh, Pd, and Pt used as the second metal
20 underlayer form a substantially complete solid
solution with Ru used as the third metal underlayer.
Accordingly, the crystal grains were effectively made
fine by the stopper from the third metal underlayer to
the magnetic recording layer probably because the
25 metal grains in the second metal underlayer form a
discontinuous island-like structure on the first metal

underlayer, and the third metal underlayer formed on




of the present invention, since the close packed 5
structure is particularly suited for the Ru | ayer in
order to obtain a high degree of crystal orientation
in the perpendicul ar magnetic recordi ng nedium Cu,
Ag, and Au having the cl ose packed structure are
preferable, and Cu by which the nost favorable 10
characteristics were obtained i ¢&ore preferabl e as
the metal material used in the second netal
underlayer Experi mental Enmbodi ment 3 Per pendi cul ar

nmagnetiie rE&catd My bddiv digriavers mlﬁlpa@ﬂ}léid solution

foll owin the sane procedures as in irl h
Enbodi erl 1@)&@& HASAGCT RP B¢ Mst §al&l§ ifjp the

and T first eH

Inste} 4%Ela nentafﬁgﬁﬁ%%% %ne embodiment
check afhech@ ;ﬁ@g@r& qfnJ@{taﬂ rgragl%e the fdllo@e packed
formati on was stopped when was sputtered on the

s irst gwmhaltunderd @é&%lClﬂ%l@FMd}:&;@jﬂf@fﬁ&m WeI' @ayer in
perfornmed. The surface roughness increased when the

sput t erndey anowittadfin Gu hiagh idegressed arydecrleasd@ntation
25 where necessary, within the range equivalent to an
aver age! Itdyeepearperidiansl aof magmet i Facer2ime rdice, Cu,

t he sputterln anount was small, therefore, 49 it is
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10 characteristics were obtained is more preferable as
the metal material used in the second metal
underlayer.

Experimental Embodiment 3

Perpendicular magnetic recording media were
15 manufactured following the same procedures as in
Experimental Embodiment 1 except that Ni, Rh, Pd, Pt,
Ag, Au, Nb, and Ta were used as the first metal
underlayer instead of Ti.

As in Experimental Embodiment 1, to check the
20 growth of metal grains, the film formation was stopped
when Cu was sputtered on the first metal underlayer,
and AFM measurements were performed.

The surface roughness increased when the
sputtering amount of Cu was increased or decreased,
25 where necessary, within the range equivalent to an
average layer thickness of about 0.5 to 2 nm.

Since the sputtering amount was small, therefore,
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holes on the first metal underlayer, regardless of the
5 netal material. Then, to check the grain size of Ru,
pl ane view TEM observation was perforned on the state
obtai ned by stopping the fornmation of the Ru | ayer.
Consequently, the effect of form ng the fine grain of
the Ru layer 10 (by form ng Cu islands) was found when
Ni, Pd, Pt, Nb, and Ta were uséP as the first netal
under |l ayer, but no fine grain effect was found for

Rh, Ag, and Au. In addition, layers up to a _

| ubri dat iy Ar@pemabijer ISGid@® AfPerdng on the film
recordi ng/ reproductjon 15 chargcteristics were .-

el ustoR e ABT AR oTie L pudt Mt ain g e
SNRm (;hy _foymn I_sl ands was obt ai ned, far. N, .Pq,.
and Ptl?")itgﬂlﬂ’tarsn(SanrgrieCllé)utr%lr?oiases)ecroer1 uét}e%ga&lef%gicetrq\ﬁé’ser% (gllfgfdmg

for RioiA% AUc.riand Taef1un Ig%%ardt he fIHA8US of the

of decreasing the grain 20 size an cing the

medi umRat@ilsaae fignm ng Cu i slands as the second

nmet al underl ayer were found when the first netal

under | ayer Twash ,f ararethdnk rind nrafin siMe d,RigngpIRine view
Even when the first netal underlayer was formed by

addi n§ENb cdorse riva tient hese pesifio 126 C omp dahentssattehebtained by
effects of decreasing the grain size and reducing the

medi uRteEPde Dy NcobATTG tePn Sifakds Rierle YS8t-ai k@@ sSesyently,
For Nb and Ta, the fjne grain effect was found, ut

no SNRRS fdrEss R éﬁrr&}tg“%éé‘eo endd 3tthiod the ! layer

per haq%yn%ior}:lnx_n%a ueqsq)éntcps% %vra)éStf%lunsdtrv\r CetnurNels, (llzfd,Ntllz’t, Nb,
and Ta were used as the first metal underlayer, but no
fine grain effect was found for Rh, Ag, and Au.

In addition, layers up to a lubricating layer
were formed, and the recording/reproduction
characteristics were evaluated. As a result, the
effect of increasing the SNRm (by forming Cu islands)
was obtained for Ni, Pd, and Pt, but no medium noise
reducing effect was found for Rh, Ag, Au, Nb, and Ta.

Furthermore, the effects of decreasing the grain
size and reducing the medium noise by forming Cu
islands as the second metal underlayer were found when
the first metal underlayer was formed by mixing Ti,
Ni, Pd, and Pt. Even when the first metal underlayer
was formed by adding Nb and Ta to these main
components, the effects of decreasing the grain size
and reducing the medium noise by forming Cu islands

were obtained.



and Ta. O the first nmetal underlayer materials, No 5
and Ta al one had the bcc structure. Therefore, even
when the Ru layer as the third nmetal underlayer was
directly stacked without form ng any Cu | ayer as the
second netal underlayer, the crystal orientation of
the Ru layer was inferior to those of the other first
10 netal underl ayer naterial S. Rwever, Ru had (00. 2)
orientation. This is so because especially when the

filmthickness is small, Nb and Ta readily formfine
crystal s af®hale a6 dreattlenfiimend&agn S Gty sigg found,

i ti Ru.. If thick Nb Ta | O 15 ) .
o et ShaRinkede ey B o eiba PRl SdpFgng ghis s
R I i i f
Db S PR PRI BB R LETCRL 0 BXEEP kB tures of Wb

undergaweﬁa.théfi%b@n%akg%em%E%QCB%F%rqa@eQem%@bQ@%1s, Nb

clearly observed and the first nmetal undérlayer is 20

sreadi yndkept aexpesedd heeawse bathchhrand Tacharere) even
solid solution properties with respect to Cu.
Howevehenetdr RuoedaRerwas foenttdioa tie¢adunhdee lbiyke was
this, the crystal orientation did not particularly

i mpr o¥id regitd yositpcRed( 00 thpusr fenranionnye &ked atyikan ags the
the other fcc gclose packed structure) was obtai ned.

I n t héerRgRefetaletHAGIrAGYREM GRCacEYBdRAg OrdenRetion of

2, ooehel BSTEAED. L1 Sl O S 9 200 S e
10711t %%%ﬁ'u%ﬁ%%&hg%%rmakg§ﬁgﬁgﬂe’ %Q%v§§3”kh”%%%aﬁb%gz>
effecFIby formng fine grainsis ogtalne , but a’l ow
orientation. This is so because especially when the
film thickness is small, Nb and Ta readily form fine
crystals and have no great influence on the crystal
orientation of Ru. If a thick Nb or Ta layer is
15 stacked and the original (110) orientation strongly
appears, Ru probably has orientation except for
(00.2). Also, when Cu is sputtered on the Nb or Ta
underlayer, the island-like structure can be rather
clearly observed and the first metal underlayer is
20 readily kept exposed, because both Nb and Ta have no
solid solution properties with respect to Cu.
However, even when Ru was formed on the surface like
this, the crystal orientation did not particularly
improve, and only Ru (00.2) orientation weaker than
25 the other fcc (close packed structure) was obtained.

In the magnetic recording medium according to the

present invention, the crystal orientation and SNRm
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crystal orientation presumably cancels this increase 5
by fine grains. As described above, in one enbodi nent
of the present invention, a netal having a close
packed structure is suitable for the first netal
underlayer material used in the present invention. 10
Then, the underl ayers having the sane close packed
MrUMUrevwrecommrajinré]&?bn?oforMng t he
fine Ru grains. As a result, the effect was obtai ned
by N and Pt, byt no effect was found for, A agd
% pe the

Pd, ,
Au. WRENSt R ST edghdicder e#P6R the 9Badis 1§5USE
b - L d del ich f the fi i n.of ,
oy eATEN SSd TRl LA RIS R L g, B easing
effeth%%th% %&y Eﬁn%s %?%%nﬁgl%btgﬁﬁgﬁsaﬁﬁt a low

that RU preferentially grow aon € underlayer (ather

than onihe 1i $lardsatich prRsuidvey 2@nakhisnichy shiighekase
for the underlayer than for the isSlands. One

critepyofiofe heiaflf.inity is the ease wth which an

alloy forns. However, while Ni, Pd, and Pt form

subst ant i alAsy demmplidtesd sdldwe s dlnutonenemuiodimeRy, ofg the

and Au hardly formany conplete solid solutions 25

wi t h R¥es@hén 1Ryeind ifosy med mefthd heviel Baslaseapgeked

difference in affinity between the underl ayer _and

i sl an@$TUSHITENd S &iidrigs foTs e Tdireferehdd angderiayer

52 does naot allog eas selectivg gromﬁQ” Thi s

probaBP%erPS&dgsﬁ the PFe SEFEE 0 BNEE t3P he fi ne

grain eff%%%n, the underlayers having the same close
packed structure were compared in relation to forming
the fine Ru grains. As a result, the effect was
obtained by Ni, Pd, and Pt, but no effect was found
for Ag and Au. When this is considered on the basis
of the above-mentioned model which forms the fine
grain of the interlayer with islands, in order to
obtain the effect of the stopper, it is presumably
necessary that Ru preferentially grow on the
underlayer rather than on the islands, i.e., Ru have
affinity higher for the underlayer than for the
islands. One criterion of the affinity is the ease
with which an alloy forms. However, while Ni, Pd, and
Pt form substantially complete solid solutions with
Ru, Ag and Au hardly form any complete solid solutions
with Ru. When Ru is formed, the former has a large

difference in affinity between the underlayer and

islands, but the latter has a small difference and
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Note that Ti fornms no conplete solid solution 5 wth
Ru but fornms an all oy depending on the conposition,
so Ti has affinity higher for Ru than for Cu. From

t he above consideration, in one enbodi nent of the
present invention, it is presumably favorable for
meki ng fine that the second nety under |l ayer fornms 10
no solid solution with the third“metal underl ayer, and
the first nmetal underlayer forns a solid solution with

the third netal nder | ayer n one.enbodi.nent of

the p é?énpolnﬁéﬁPloﬁas G&FcéﬂvﬁngQWFQr t%ghSTPrP%ably
f f b Ti .
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i ncreasisQgt he SNRm Possible main causes are the
contributions of the size of the island-I1ike

structure feiredhRy the f@trﬂsﬂn@n@%n?ﬂ@tfeh%ogﬁ@i Bo3iuZAE on
of the first netal underlayer itsel 20 Experi nent al

Enbodiwient R4 Berpeéndimeubhar amagyetiepenadandiong tivedi a

were manufactured follow ng the sane procedures as in
Exper compali tEobodiswefitt haexedftintitiat higbert fers&sondtan for
metal under|ayer was sputtered, not only Cu as the 25

met al C§rai FXREt SPEaPPBUE &P861TROAtTPER, 13. ope gRgodiment

Cr233 si mul tanequsly sputteredq. As th

si mul Pgeég&s%ﬁ&?t“ér eﬁgeﬁé&ﬁad it a8 pESSélB‘&Ptlé(r tAYoBFoLe
whi ch |ndep dent .targ Itane us

i schdPge PRt S GHpas et Sgerstrd IRTER  Bitigrgaver fomms

Ox'deﬁom§5§1@]é%Qu%§5% %%%ﬂ tﬁgm@ﬁgEd metal underlayer, and
the first metal underlayer forms a solid solution with
the third metal underlayer.

Also, in one embodiment of the present invention,
Pd or Pt is better than Ti in respect of high affinity
for Ru, but Ti is suitable as a whole in view of the
effect of increasing the SNRm. Possible main causes
are the contributions of the size of the island-like
structure formed by the Cu islands and the grain size
of the first metal underlayer itself.

Experimental Embodiment 4

Perpendicular magnetic recording media were
manufactured following the same procedures as in
Experimental Embodiment 1 except that when the second

metal underlayer was sputtered, not only Cu as the

25 metal grain material but also TiO, TiOp, SiOp, and

Crp03 were simultaneously sputtered.

As the simultaneous sputtering method,



some ot her nmethod may al so be used. Note that in one 5
enbodi nent of the present invention, TiOis suitable
because it is conductive and can be di scharged with DC
during co-sputtering. In sone enbodi nent of the
present invention, even when a conposite target is
used, no abnormal discharge readily occurs, and 10
partlcles are not easily produced when conpared to a
case in which SiQ2 as an insulator or the like is

m xed. As in Experinmental Enbodinent 1, to check the
gr owt IFCofS PVEHLAIT Ihdaibys Whiled ANCRPRACeaLE; 6ﬁ‘r\%§§ Ss{&pFed
15 when Cu and the oxjde descrjbed above wer

Si mul CHASHISTP S E1'68 ot S 1 SomRpegte targets in
prAeal el @”%@@ SASULETENL S MBr G her faied. Ve,

when t structure was

cl ear Isyom bsoeJhVeerd’meacrllxqmt Iﬂl ' A8 %fe tL&%d‘ sl gpds \&elraec 4% one

decr ease I'ncreasi ng the conmposition of the oxid

sWhen En@d’éﬁ%é‘&e%f fiie @ARAR, iidvamas opQsaiikl a st %ultable
decrease the grain dianeter to about 7 to 8 nm by

addi npethdse 5@ gl Yonthern,ivied athieclart e griaanasigeel ofith DC
Ru, plane view 25 TEM observation was perforned on

t he stoatre raptcirmdiihe rigtpppilng sdve feoeatimemtofoft Hére

third metal underl ayer. Cbnsedyently the effect of

decr easiaRethd Njrediti a3l z @ verp A Nedf & KOMRPSidpertagget is

| ar ger when the oxi de was added to Cu.than when Cu
anne‘%ﬁ%Luéédaqﬂﬂ'Wﬁ&uﬂﬂ%? QQQ? 9%ﬁ§%ﬁ¥ oGins, and

dlaneter
rtlsiégxgge no'neasrly produced when compared to a

case in which SiOp as an insulator or the like 1is
mixed.

As in Experimental Embodiment 1, to check the
growth of metal grains, the film formation was stopped
15 when Cu and the oxide described above were
simultaneously sputtered on the first metal
underlayer, and AFM measurements were performed. Even
when the oxide was added, an island-like structure was
clearly observed, and the sizes of the islands were
20 decreased by increasing the composition of the oxide.
When TiO was used, for example, it was possible to
decrease the grain diameter to about 7 to 8 nm by
adding 40 to 50 vol%.

Then, to check the grain size of Ru, plane view
25 TEM observation was performed on the state obtained by
stopping the formation of the third metal underlayer.

Consequently, the effect of decreasing the grain size



50 vol % of Ti O was added. 5 As described previously,
when the grain size of the Ru | ayer decreases, the

bal ance of the mcrostructure of the magnetic
recording | ayer also changes. Therefore, the
conposition of the magnetic recording |ayer was

optim zed. 10 Furthernore, layers up to a lubricating

| ayer were forned, and the recdrdi ng/reproduction
characteristics were evaluated. As a rsult, the

effect of increasing the SNRm was | arger when t he

oxi de ofag hedded liyeCu waltard adlger Glhredl dhe wid dgse@s psided to
For exanple, the SNRmwas as very hjgh _as 24.5 dB when
40 t 0 50 BAGINHBRITICO RAS TSI HES, ulsr‘?dadletoiroﬁxag\P V\ﬁg’i’?
sputtering was erf

and CAY&F ltaﬁléategf‘“'@& §bg)fu1' gcrné“a§¢ o) t4he to

grain sj ze @nd ci ng the, 20 nmedi um noi se (by addi ng
the oxi’dés) méDeﬁgbuH@% S%u to which the oxide was

Sadded the é@gecf‘rrl'ﬂég:{ od’ﬁ%'%&@sﬁ% rain size of

decreased in or ronote fine grain and i ncrease

the SNRA ruCansRAUeRldrsa RSN tikebdie Rddif itere amount
was 25 50 vol % for, e.g., an average |ayer thickness

equi valienosttauz ttune tdfe ttet in@ gofe ttile r@dodeliwes layer also
equivalent to 1 nm A small anpbunt like this is - 55
gener alhangdist.f | Aletretfondot ddte CPORsHEdK arhe@ fndh e Magnetic
oxi de functioned, therefore, analysis was perfornmed in
the dinesemddmdbflay@s Wasy S 289vs. As a result,

10 Furthermore, layers up to a lubricating layer
were formed, and the recording/reproduction
characteristics were evaluated. As a rsult, the
effect of increasing the SNRm was larger when the
oxide was added to Cu than when Cu alone was used.

15 For example, the SNRm was as very high as 24.5 dB when
40 to 50 vol% of TiO was added.

In addition, even when sputtering was performed
by mixing TiO, TiOp, SiO, and Crp03 as oxides, the
effects of decreasing the grain size and reducing the

20 medium noise (by adding the oxides) were found.

For Cu to which the oxide was added, the
sputtering amount was increased or decreased in order
to promote fine grain and increase the SNRm.
Consequently, even when the addition amount was

25 50 vol% for, e.g., an average layer thickness
equivalent to 2 nm, the ratio of the oxide was

equivalent to 1 nm. A small amount like this is



the oxi de existed near the boundary between the Ti 5
underl ayer and Ru interlayer as in the case of Cu,

al t hough the position was difficult to locate. Al so,

XRD neasurenment was performed on a 20-nmthick film
formed by simultaneously stacking Cu and Ti O by
sputtering. As a result, the peak position did 10 not
shift, and the same result as whih only Cu was used

was obtai ned. Fromthe foregoing, Cu is presumably
phase-separated from Ti O wi thout conbining wth Ti or

oxi di ASGraMien A iavdity thicc e teedul t § ofcheacke the way the
CoPt Cr- 5102 recording, | ayer e also taken into 15 ,
consi F&F&S N GTd B de ZiSr] PIGYSES Wi St R THanped in

at a Scthcc)eI cc:{llr%rcr:%tirolnc.orfaf/c\i,]e%%e%neruaslilry Squer’s aa result,

granular structuré in anl anor phous ~grai n

boundary. il U%@&sgrt Rl 1 O %GNG QTR c?b)i"i

addi ng an oxi de, an e effect of decréasing the

591 ai N Hidze 1efy e nd Y&t alntidla agled 3% Gah the @sRectad.cy,
Furt hernore, when the AFM neasurenent was perforned

af t er alhecQgH itha foarsmatiioon walst MET iRESS ke 1date.

observe distinct islands as in the case where no

oxi de was RdsiccaldRD avcheth Heglaritongts tower flameedqyreal i 28 -nm

effect was obtained). Wwen this is also taken into

accourttlkh& idx derpreshdy v iawildasneomsiiye sfiacking Cu and
under | _ayer exposed hetween the Cu islands, i.e., in 56 ,

the hdl*&s B8f SPME T&&30Fd méralR Eﬁc?é%lltayé?le &éﬁ‘ofoé&.tlon did
Si nce the degree of, crystal orientation did no

105art 1 ST Mhor 408 GBS e ey 68 81 ik Cu ves

used was obtained. From the foregoing, Cu is
presumably phase-separated from TiO without combining
with Ti or oxidizing. When the analytical results of
the CoPtCr-Si0Os recording layer are also taken into
15 consideration, no oxide necessarily exists in the film
at a stoichiometric ratio. Generally, however, a
granular structure in which an amorphous grain
boundary surrounds crystalline grains can be formed by
adding an oxide, and the effect of decreasing the
20 grain size of the crystalline grains can be expected.
Furthermore, when the AFM measurement was
performed after the Cu film formation, it was possible
to observe distinct islands as in the case where no
oxide was basically added (although the fine grain
25 effect was obtained). When this is also taken into
account, the oxide probably exists on the Ti

underlayer exposed between the Cu islands, i.e., in



orientation of the Ru layer which grew on the Ti |ayer

5 did not worsen even in the presence of the oxide. In
effect, Ti O having a thickness equivalent to an
average | ayer thickness of about 0.5 nm i.e., having

a thickness on the order of about twi ce the size of an
atom does not exist as a thin filmin a conpound state

10 at a stoichiometric ratio-of 3 : -1, and

particularly O perhaps slightly diffuses in the Ti

| ayer or Ru layer. In this state, the Ru | ayer can be
subst &R€i BPLES pégahgedegsnfaiiehg lgrodrréayeemdide of Cu.
| ayer, and the oxide does nat degrade the Ie%ree of

crystal 15 S3TiCentdE SR IGES RE CRYSE arte L&A1 eih@ériray gt d not
It is__rather possible to ex t e effect of formn

the PRRECALAA ot S SGRAEH RiCr 515 SO eBpRFabaryEal

AFM n f ' - Ti ;

ayer Cav 8 A T abse ‘T Sindsd oo haEn, APed ST 7o 1aves
saver aged ayer wbhiseknegenofinl®nBMprAsendel 83Ukhe oxide.

al though the dianeters of the Cu islands increased,

the Caffskbandsibadagisbapetdliesaets aqueivaCkatand an
clearly separated fromeach other, and the surface

had aavhregedilagrsi thakksesacbdr ebaith0a526ml104ipei nt having
surface roughness Rz of 10 nm Wien an Ru_ interlayer

was f8r FBdCEAeERi 9Nl Aper orAdgersaéhabphtetwdrgenbeopake of an
structure as fornmed when the average 57 |ayer

t hi ckAES® BPeBunafoR&ifbséqdi taBnEilH iD AnfolepEnd state
found, _,and the Ru surface s flattened to state in

10uhi ch2bnPy SERGCHPRELAR FeRE LoRaP st r dobar 87gf PAFELCuIETLy O

perhaps slightly diffuses in the Ti layer or Ru layer.

In

In this state, the Ru layer can be substantially

regarded as having grown on the Ti layer, and the
oxXide does not degrade the leyree of crystal

15 orientation of the third metal underlayer. It is

rather possible to expect the effect of forming the

fine third metal
Separately,

forming a Cu-TiO

underlayer grains.
AFM measurement was performed by

layer having a large thickness

20 equivalent to an average layer thickness of 10 nm. As

a result, although the diameters of the Cu islands

increased, the Cu islands had a shape close to a

circle and clearly separated from each other, and the
surface had a three-dimensional structure with a

25

10-point surface roughness Rz of 10 nm. When an Ru

interlayer was formed on this layer, no such

three-dimensional structure as formed when the average



Ru grains of about 3 nmremained. Ti in TiOof the 5
matri x presunmably helped fill the three-di nensional
structure on the Cu-Ti O surface. However, unlike when
the Ti underl ayer was exposed, no fine Ru grain
formng effect was found. Fromthis result, in one
enbodi nent of the present invention, a netal serving
10 as a base of the oxide for use im the granul ar
matrix can be selected fromthe sane material as the
under | ayer or a material having high affinity for Ru.
Howeveryeirf thiekagepads Cof atlr8cowiage caiNd VaR@ait! &per 0 nm
are covered with a th%gk | ayer, formng of the fine Ru

15 gr §°A§ T&UPFobAaRFy thes R S8dfaRs Ha cF#Bé&eaﬁéxéPha

wh [ iS,f d i_nul t. | i t

For naeragortt HEtEE SR et Bl EhRdar AT Er ok, StaugagTe of
embodirieRt- 19, <t Be QB%%S”E nhn¥%ﬁ%Hﬁ%d.Wh§? ?ﬁe%ﬁbd%f the

| ayer is further formed in 20 t ol es Second

SWEta|mHﬁQQ&'@Y@%umbbl&she@9§8i?ﬁ@ﬁtQh%oﬁﬂkﬁaedﬁh@%sional

crystal grains in the third netal underlayer and form

t he fsmeuetysktabngraiencurTibheurEgaeti ¢ Ho@e@edi, Ngnlike when

| ayer fornmed on the third nmetal wunderlayer. 25 Note

t hat WhenTihenpetrabygraivas empbphedsecondingeRal grain

underl ayer are made fine to shorten the inter-grain

di st ah€EM1RIf phéegEakaSnbaendef FHeM Khig 58Sufbtalin one
nmet al

nder | ayer,,grown qn the surface.of the first _
Onder PRUER L8R pBn thRePREPEN T gl AYRETAPE | 81 REHALagREViNg

lObe nagg giggggro%h%getggi ed%grvhgési%hgwg bganular matrix

15
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can be selected from the same material as the
underlayer or a material having high affinity for Ru.
However, if the surfaces of the oxide and underlayer
are covered with a thick layer, forming of the fine Ru
grains is probably disturbed.

As described above, when an oxide layer is formed
simultaneously with the formation of the second metal
underlayer, and, in one embodiment of the present
invention, when an oxide layer is further formed in
the holes of the second metal underlayer, it is
possible to form the fine crystal grains in the third
metal underlayer and form the fine crystal grain in
the magnetic recording layer formed on the third metal
underlayer.

Note that when the metal grains in the second
metal underlayer are made fine to shorten the

inter-grain distance, a fine grain model of the third



FIGS. 13 to 15. 5 FIGS. 16 to 18 are nodel views
showi ng anot her exanple of the way the grains of the
third netal deposit on the second netal underl ayer.
FIG 16 shows the state in which fine netal grains

24" formng the second netal underlayer are 10 forned
on a first netal underlayer 22. As shown in FIG 16,

if the sputtering amount renel ns®® he same, the

smal I er the grain size, the higher the grain density,
and the narrower the grain spacing. FIG 17 shows the
state H}%%qunﬂaﬂ&rnaraawngroaﬁ rdesurdEge ofs ther filggt

on the fine seco netal alns 4' ce the thir

mot al M in ST rcém& nARaLy G e Atfre formed
t al raiNs ra 4' _.ar ,

o1 T s i TR 'm%sdezl AR, S

grOM/qqdéuaﬁjrgg-mﬁtal underlayer 22 20 exposed
between the netal grains 24" of the second netal

sunder | ayer .FfadmMtdito stAtfse tiridBtalewd alHtsvindd'arfther
the second netal underlayer presunmably function as
st opperxampda rst térd aragermeiat goaittse dfntpleanéird metal
direction of the netal grains 25, so the fine grains
25 of depostiiti i ridteals apeder Inrerl gmolwrilatyercol uims as
shown in FIG 18. In the structure as shown in FIG
17, the thi@%ﬁfﬂ¥6lﬁﬁQﬂsgﬁﬁﬂlﬁ$%§? %ﬂ)Wﬂﬁcuxﬁﬂq%/ﬂﬁﬁﬁﬁ
on the secon%r e aI ains 24'. Theref formn
Che. 1 Ore LA TRl Agh s S25°7 FoRdap et o & RE®
1ocry3t¥ormed on a first metal underlayer 22. As shown in
FIG. 16, if the sputtering amount remains the same,
the smaller the grain size, the higher the grain
density, and the narrower the grain spacing. FIG. 17
shows the state in which third metal grains 25' start
15 forming on the fine second metal grains 24'. Since
the third metal grains 25' basically hardly grow right
on the metal grains 24' and the metal grains 24' are
small, all the third metal grains 25' perhaps
selectively grow on the first metal underlayer 22
20 exposed between the metal grains 24' of the second
metal underlayer. From this state, the metal grains
24' of the second metal underlayer presumably function
as stoppers against enlargement in the in-plane
direction of the metal grains 25', so the fine grains
25 of the third metal underlayer grow into columns as

shown in FIG. 18.

In the structure as shown in FIG. 17, the third



structure and crystal orientation of the second netal

5 grains 24'. Also, the spacings between the second
netal grains 24" are narrow, and this prevents the
formation of nuclei of a plurality of third netal
grains 25'. Accordingly, a fine third nmetal underlayer
can be obtained wthout using, as the third 10 netal
grains 25', a material such a RP by which the grain
size readily decreases. Experinmental Enmbodi nent 5
Magnetic recording/reproduci ng apparatuses were

manuf &&hdrle @ Ui NSorddi 'nidfy NHe gierigendiron &n ridgnasiaend
15 recording nedi a of Experinental Enmbodinents 1 to 4
with 15 3damd Hdsd s used SR it s giokdtidg of the fine

per f oTGY 76 valIAE S HE bie S B Ae BER P e Ty otal
rSU|th¥hcég}é'XH o) b@%ﬁ&%ﬁﬁﬁ% n%fKHJO ! Snd metal
esc |be& d. en

i ncrease I n SNRm above was obtai ne

sthe evalauals @n vwas a1ReY,f eHEed AR iddd B thwke herd fiong

10
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| ongi tudinal magnetic recording, the bER was | ower

than theatalofgriies pearpend eulraowragnet itt ilsegofdich@d s the

head. This is 25 probably because the recording

capabifloirimg tliowe odd nuavierig otfo at Ipd udiaflfieyende thetraeertal

the shapes of the recording elenents, and the SNRm

and r 6¢GA@IsNg %60 PAesOlrgiinga VI, overfdae Thdtrd sietide

per pendi cul.ar magneti c recardi ng head was nore .

f avor ABICE THRAR Tt KEN PEnGPadineal “iddieetti &siddor disnghe third

head'metal grains 25', a material such as Ru by which the
grain size readily decreases.

Experimental Embodiment 5

Magnetic recording/reproducing apparatuses were
manufactured by combining the perpendicular magnetic
recording media of Experimental Embodiments 1 to 4
with the same head as used in the spinstand
evaluation.

Recording/reproducing operations were performed
to evaluate the bit error rate (bER). As a rsult, an
increase in bER corresponding to the increase in SNRm
described above was obtained. When the evaluation was
performed on a ring type head for longitudinal
magnetic recording, the bER was lower than that of the
perpendicular magnetic recording head. This is
probably because the recording capability lowered

owing to the difference between the shapes of the

recording elements, and the SNRm and recording



The effectiveness of the present invention in the 5
magneti ¢ recordi ng/ reproduci ng apparatus i s expl ai ned
in this specification. However, when the properties

of the magnetic recordi ng medi um on which the present
invention has its effect are taken into account, the
present invention can achieve its effect not only on a
10 magnetic di sk apparatus but #%o on genera

magneti ¢ recordi ng/ reproduci ng apparatuses using the
per pendi cul ar, magnetic recordi ng nmethod, regardl ess of
whet hée S 4@ WehReddr uhhdddilem the Peependd qudar

d, i.e., .ind dently of the shape of the _nagnetic
15 1 o8BI IO ARG 6h 4P SadPah, 4GS TaRGE than the

nmodi fi i AL r i.l occur,.to thaose skilled in
t he aﬁ%% %§§§ gﬁeWaQS%glfﬁggﬁpigﬁnﬁnkfﬁg'broader

aspects i s M@l difidieddsd e SRECiHG et qidv%r@%n in the

representative enbodi nents 20 shown an% descri be

5her ei haghetakdirk@loydival/irepsodiedinly epbla@as udBY sb@xplained
made wi thout departing fromthe spirit or scope of

t he gemertalisi syenrtiifieacdoaept Haseveef,i MB@nbyheh@roperties
appended clains and their equivalents. While certain
enbodiofeihe oRgnked licnresirdns ghaee 1 uds obeehidbs thiebgdesent
t hese enbodi nents have been presented by way of
exanpF8VERIty ONaRd Saré Sn6t feRiteAded tegeni ANtO pRECYSEpe the
of M BNt ldeed, the guel 01 TNV AN 1) on o
10510t BErEIE" 4 U RIBRTSES; KAE' B, BF SEhR082 masnetsc
recording/reproducing apparatuses using the
perpendicular magnetic recording method, regardless of
whether a tape medium, drum medium, or the like is
used, i.e., independently of the shape of the magnetic
15 recording medium.

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

20 shown and described herein. Accordingly, various
modifications may be made without departing from the
spirit or scope of the general inventive concept as
defined by the appended claims and their equivalents.

While certain embodiments of the inventions have

25 been described, these embodiments have been presented

by way of example only, and are not intended to limit

the scope of the inventions. Indeed, the novel



the net hods and systens descri bed herein nay be nmade 5
W t hout departing fromthe spirit of the inventions.
The acconpanying clains and their equivalents are

i ntended to cover such fornms or nodifications as woul d
fall within the scope and spirit of the inventions. -
62 WHAT IS CLAIMED |I'S: 1. A perpendicul ar nagnetic
recordi ng medium conprising:.” a bstrate; 5 a

mul til ayered underl ayer including a first netal
underl ayer forned on the substrate, a second net al _
under | ForPEy st dessit ibecaharsder Mayebeaggbodied
havi ng _a h0|ei§ﬁpd tal underlayer fornmed on

third
the sefofid VRta% r?gfe ﬂh%&?efr TFOI‘Fg\fi" ng W&NEFTSSEut VG 1Po'S
prope ro'ﬁf %31 ntsh rs%gjgetcitt utt;q otn@e afnldr %tha teas! o %%rel P& of
and having no solid solution properties wth respéect
to thenseqrt ! alndIRJRNAke e 219 b dRAGRRYIC may be made
recording |layer formed on the nmultilayered
Sunder wadyéloutlseda rA ingdifbdmac®er Gipigito o¢l @h® Inventions.
wherein the second netal underlayer and the third
net al Thededcaypanytiage cdremsf aadhekadanakudivadestts are
packed structure and a face-centered cubic lattice
st ructiitendgd Aonegivem secdr diomgst orchaidmf2 camtiensi as would
the 20 _third netal underlayer is ruthenium 4. A
nedi ufPadc¥ididg toecEgrRE3anghspaitataotcthst Anvgnaians.
size of the rutheniumis less than 8 nm



5. A nmedium according to claim2, wherein the second

nmetal underlayer is a nenber selected fromthe 25
group consi sting of copper, silver, and gold. 6. A
medi um according to claimb5, wherein the second netal
underl ayer is copper. 63 7. A mediumaccording to
claiml1l, wherein an oxide layer is further forned in

the hole of the second netal'un@%rléyer. 8. A nedi um

according to claim?7, wherein the 5 oxide is titanium
oxide. 9. A nmedium according to claim11, wherein the

first metal underlayer H&&Tode GLAdMEExd§énal cl osest
packed structurge and a face-centered cubic lattice
structure. UflO fg.p%pn%rb‘%h?ﬁe]aac%d?aoq%tlt% ‘?ﬁ%‘?%‘slir?g medium
wher eidy 18 sifjd.st netal underlayer is a nmember

sel ected fromthe group consisting of titanium

ni ckel , pald adigygrang. platinum 11. A nmedi um
according to claim1, wherein the 15 second net al

sunder | ayer d snflarimed,dne s piidearling suahe 1 ddidtg 8 first metal
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average |ayer thickness is |less than a 10-point .
aver ag@deguglyees SoRmedl 2n A heediubmtacter,diangdovred aigval
1, further ~conprising a soft magnetic | ayer between

the sypserapyer2dosnga isa frihestf imsttameirederaiperlaykd. and

er pendi cul ar netic recording/reproducing
ngar dgngoﬁp Og%gg@nd a third metal %nderlayer formed on

the second metal underlayer, having solid solution
properties with respect to the first metal underlayer,
and having no solid solution properties with respect
to the second metal underlayer; and

a magnetic recording layer formed on the
multilayered underlayer.

2. A medium according to claim 1, wherein the
second metal underlayer and the third metal underlayer
have one of a hexagonal closest packed structure and a
face-centered cubic lattice structure.

3. A medium according to claim 2, wherein the
third metal underlayer is ruthenium.

4. A medium according to claim 3, wherein a
crystal grain size of the ruthenium is less than 8 nm.

5. A medium according to claim 2, wherein the
second metal underlayer is a member selected from the
group consisting of copper, silver, and gold.

6. A medium according to claim 5, wherein the

second metal underlayer is copper.



a perpendi cul ar magnetic recordi ng nmedi um having a
substrate, 25 a nmultilayered underlayer including a
first netal underlayer formed on the substrate, a
second netal wunderlayer fornmed on the first netal
underl ayer and 64 having a hole, and a third netal
underl ayer formed on the second netal underl ayer,
having solid solution propertie@with respect to the
first metal underlayer, and having no solid solution
properties mnth respect 5 to the second net al

under | ayer, andAd“%%ﬁﬁ%t@%C?%QkﬁQh?ﬁyq%ﬂkﬂ ¥orvherein an
t he nult ered u an Sin e
magnet-c %e oY T4t %ﬁ q%r“éeéﬁ t%be t}g’%ﬁ fmthe
wher eidy . tﬁg&éﬁ(ﬂ%gkgggyg under| ayer and the third
nmetal underlayer have on of a hexagonal cl osest

packed straict uf enadthiR {acsr 8 ared Gl o, ! %Mérceem the
structure. 15. An apparatus accordlng tocldim1

Snher eigxidde d Mirchmiindloxinger | ayer is rut heni um 15

16. An apparatus according to claim15, wherein a

cr yst al grd@n S zeedfun hecoartdiierny o icldiesd ,t hare®inmthe
17. An_ apparatus according to claim 14, wherein the
second imstalmafrde rurngestl dve ra hasnisere odl ecthekafgooml 20 osest
the group consisting of copper, silver, and gold. 18.

An apFRHSTs SIcdsditifg e @ dianerrenisges ﬁm%t]h?e lattice

secon%egﬁéguﬁgperlayer IS copper.

10 10. A medium according to claim 1, wherein the
first metal underlayer is a member selected from the
group consisting of titanium, nickel, palladium, and
platinum.

11. A medium according to claim 1, wherein the

15 second metal underlayer is formed by sputtering such
that an average layer thickness is less than a
10-point average roughness Rz.

12. A medium according to claim 1, further
comprising a soft magnetic layer between the substrate

20 and the first metal underlayer.

13. A perpendicular magnetic
recording/reproducing apparatus comprising:

a perpendicular magnetic recording medium having

a substrate,

25 a multilayered underlayer including a first metal
underlayer formed on the substrate, a second metal

underlayer formed on the first metal underlayer and



19. An apparatus according to claim 13, wherein an

oxide layer is further fornmed in the hole of the 25
second netal underlayer. 20. An apparatus according to
claim19, wherein the oxide is titanium oxide. 65

21. An apparatus according to claim13, wherein the
first nmetal underlayer has one of a hexagonal cl osest

packed structure and a face-centetedcubic lattice

structure. 5 22. An apparatus according to claim 13,

wherein the first metal underlayer is a nmenber
sel ectteaVinrdm hdee graup adisind ingfalf undemiaygr formed on

ni ckel , palladium and platinum 23. An apparatus

accor diftfy IFVIRITAYS. WHaEIaYen0 hae " cohld dretiution
e PSR LTS Moy BLL B A i,
aver a%?‘éd: %ﬂﬁ%ﬁsoﬁ?& ML%DOGH ]ﬂ%%ﬁ%egsﬁéoé’%l gch? orespect

claim conprising a so ayer

et wealy e st tfetad @t Lihg dd F sindret al
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under | ayer.
a magnetic recording layer formed on the

multilayered underlayer; and

a single-pole magnetic head.

14. An apparatus according to claim 13, wherein
the second metal underlayer and the third metal
underlayer have one of a hexagonal closest packed
structure and a face-centered cubic lattice structure.

15. An apparatus according to claim 14, wherein
the third metal underlayer is ruthenium.

16. An apparatus according to claim 15, wherein
a crystal grain size of the ruthenium is less than
8 nm.

17. An apparatus according to claim 14, wherein
the second metal underlayer is a member selected from
the group consisting of copper, silver, and gold.

18. An apparatus according to claim 17, wherein
the second metal underlayer is copper.

19. An apparatus according to claim 13, wherein
an oxide layer is further formed in the hole of the
second metal underlayer.

20. An apparatus according to claim 19, wherein

the oxide is titanium oxide.



10

15

- 65 -

21. An apparatus according to claim 13, wherein
the first metal underlayer has one of a hexagonal
closest packed structure and a face-centered cubic
lattice structure.

22. An apparatus according to claim 13, wherein
the first metal underlayer is a member selected from
the group consisting of titanium, nickel, palladium,
and platinum.

23. An apparatus according to claim 13, wherein
the second metal underlayer is formed by sputtering
such that an average layer thickness is less than a
10-point average roughness Rz.

24. An apparatus according to claim 13, further
comprising a soft magnetic layer between the substrate

and the first metal underlayer.



