-1- THIN FI LM MAGNETI C RECORDI NG MEDI A FI ELD OF THE | NVENTI ON s The
present invention relates to magnetic recording nedia. In particular, it
relates to thin filmmagnetic recording nedia for data storage devices.
BACKGROUND OF THE I NVENTION .0 The rapid devel opnment of conputer and
information technology has .resulted ipn great demand for high capacity
storage devices. Currently, these stor glg"e devi ces are being pushed to
their limts by applications as diverse as digital video editing and

genonmi cs. Therefore, tk}gngggggyrw(g@gyg?%{:@hﬁmG wbmual | y under

pressure to increase th Storage devices. One is of the
primary nmethods to increase capacity is to increase the recording density
of the magneti c recording nedia in nost storage devices. To achieve an

ul tra- hi gﬁ'l LpeQErHT'ﬁdNé@ﬁ‘gT'Q}\’ of , for exanple, about 100 Ghits/inch2 or

hi gher, magnetic recording nmedia are required to possess a | ow
remmant -t hi ckness product (M ), a high coercivity (Hc) as well as a high
si gnal -t o- mediThepiesen{ Bividmfion 28lates o omynetitirecaldimpgreztia.c Im padradiarg it

medi a, such,as, a,Cohalt (Co). based. all oy, non-magnetic, el ements such as
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magnetic recording nedia to reduce the grain size as well as to reduce the
intergranul ar coupling effect of the magnetic particles in 25 the recording
medi a. THACKGRQUND @FmblghdNVENEEXNdi ng medi um having a grain size of

about 8 - 12 nanoneters (nm wth a distribution width of about 20% or
nore. In this context, the term"distribution width" denotes the Full Wdth

at oHal f  Maxi g (rEidMddvelapmhedf of heo@patat sihde isfoahatidwt ieehnoBQy! hagr der
to obtain a high S/Nm magnetic recording nedia, the grain size and their
di st ri burfegHted it wreat demangsfarnbighneapagibmalosrge dlpiicery Heuripety. tthese
MAgnet i C o JLgh NFed P& BUI9R HuheGOR (R RfhitsObY WpBAIGHR 8 §0e as
digital video editing and genomics. Therefore, the data storage industry is
continually under pressure to increase the capacity of data storage devices. One
15 of the primary methods to increase capacity is to increase the recording density of
the magnetic recording media in most storage devices. To achieve an ultra-high
recording density of, for example, about 100 Gbits/inch? or higher, magnetic
recording media are required to possess a low remnant-thickness product (Mr ),
a high coercivity (Hc) as well as a high signal-to-media noise {(S/Np).
20
In a conventional magnetic recording media, such as a Cobalt (Co) based
alloy, non-magnetic elements such as Chromium (Cr) and/or Boron (B) are
incorporated into the thin film magnetic recording media to reduce the grain size
as well as to reduce the intergranular coupling effect of the magnetic particles in
25 the recording media. The result is a magnetic recording medium having a grain
size of about 8 — 12 nanometers (nm) with a distribution width of about 20% or
more. In this context, the term “distribution width” denotes the Full Width at Half

Maximum (FWHM) height of the grain size distribution.

30 In order to obtain a high S/N,, magnetic recording media, the grain size and
their distribution width as well as the intergranular coupling between the magnetic

grains must be properly controlied to further scale down.



-2- Reduction of grain size for Co-based alloy recording nedia is limted
by the thermal -instability of the nmagnetic grains or particles, comonly
referred to as the "superparamagnetism' effect. Attenpts to overcone this
limtation are illustrated in "Effect O Magnetic Ani sotropy Distribution
In Longitudinal Thin Film Media" by 5 e et al (J.Appl.Phys., Volunme 87,
5535-5537, 2000) and U. S. Patent No. ©+I83,606 to Kuo et al. The Hee
article discloses a nmethod using highly oriented nedia to allow further
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above methods provide possibilities to obtain magnetically stabled grains
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L10 FePt or CoPt. L@ortu ately, this high tenperature annealing process
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distri butiondwi dth, .these fil mslhave %ﬁe entedI rat her poor recording
proper t | S8COTANG ISR With,very SRRl agn FBPIEAAINS: t he hi gh-t enper at ur e
anneal ing process is not conpatible with existing magnetic recordi ng nedia
fabrication process and materials. 25 SUMVARY OF THE | NVENTI ON The present
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provi des deposition annealing process, a high temperature, for example 600° C or above,
is to apply fo the substrate in order to obtain recording media with an appropriate
15 crystallized structure or with chemically ordered L1y FePt or CoPt. Unfortunately,
this high temperature annealing process also increases grain size from about 10
nanometers (nm) to about 30 nm in the deposited thin film, which eventually
reduces the recording density. In addition, no solution is provided by these
methods to control the grain distribution width. Due to the larger grain size and
20 their wide distribution width, these films have presented rather poor recording
properties, in particular a very low S/Nn. Moreover, the high-temperature
annealing process is not compatible with existing magnetic recording media

fabrication process and materials.
25 SUMMARY OF THE INVENTION

The present invention seeks to provide a method and apparatus for forming
thin film magnetic recording media with higher recording density by virtue of the
reduced grain size and distribution width. The present invention also provides a

30 thin film magnetic recording medium formed accordingly. The present invention
successfully eliminates the post annealing process necessary for the conventional

methods as the deposition is done after the magnetic particles are crystallized,



30 thin filmmagnetic recordi ng nmedi um formed accordi ngly. The present

i nvention successfully elimnates the post annealing process necessary for
t he conventional nmethods as the deposition is done after the magnetic
particles are crystallized, -3- therefore avoids the grain growh after the
formation of the thin filmmagnetic regording medi a by heating up the
substrate for annealing purpose. According to the present invention, the
magneti c easy axis of the nagnetic particles are finely controlled during
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a method for formng a thin filmmagnetic recording nedia, the nethod
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substrate after crystallized and therefore after the deposition, it is
unnecessary to heat up the substrate. is In accordance with a second aspect
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a thin fithedepgsitibhCit icaonsiesganeth heat dhthawsbgiimteonpri ses a non- nagnetic

substrate and a magnetic thin filmlayer disposed on the substrate. The
magneti c

15 in accordance with a second aspect of the present invention, there is
provided an apparatus for forming a thin film magnetic recording media onto a
substrate. The apparatus comprises a first chamber, a second chamber
connected to the first chamber, and a third chamber connected to the second
chamber. The first chamber has a source for generating magnetic nanoclusters.

20 The second chamber is to receive the magnetic nanoclusters and crystallize the
magnetic hanoclusters. The third chamber is to receive the crystallized magnetic
nanoclusters from the second chamber and deposit the crystallized magnetic

nanoclusters onto the substrate positioned therein.

25 In accordance with a third aspect of the present invention, there is provided
a thin film magnetic recording medium, the medium comprises a non-magnetic
substrate and a magnetic thin film layer disposed on the substrate. The magnetic
thin film layer comprises magnetic particles isolated by a non-magnetic material,
and the magnetic particles are formed on the substrate after crystailized.

3¢



thin filmlayer conprises magnetic particles isolated by a non-nagnetic
material, and the magnetic particles are forned on the substrate after
crystallized. 30 -4- BRI EF DESCRI PTION OF THE DRAWNGS Figs. 1A is an

enl arged cross sectional view showing a thin filmmagnetic recording

medi um according to one enbodi nent of the present invention. s Figs. 1 Bis
an enl arged cross sectional viem/shomﬁhﬁ“a thin fil mmagnetic recording
medi um accordi ng to anot her enbodi nent of the present invention. Figs. 2A
is an enl [ how [F=1N magnetization !0 orientation of
t he nagné$$@§ﬂ£ﬁ§§ﬁﬁﬁ?ﬁkﬁéeﬁ%fﬂéﬁDE?@@hﬂg g to one enbodi nent of the
present invention. Figs. 2B is an enlarged top view show ng a

circunferential nagnetization orientation of the nmagnetic nanopartic]|es
formed accor digst dAdAMenlarged erssdsertinabiviavhehpwerkeatthimiientpagnetic gs.

magnot | 200 B Pan e O TFRn RN RERS PRRaRE FRAFNEH 2tcor ai ng

tod4he present invention. 20 Fig. 4 is a schematic di agram show ng an

apparatus for formng magnetic thin filmonto a substrate according to one
enbodi nent of Fig8- pPLS Rt eniaiaas c&es segtignab xiewsshawinase thinefile Raagiistic

di agr ans ghou; il ; L [EaTats I i ccordi ng
to the prrésengﬁ]?rqxég{%'frﬂlf%ncga?lggq%bﬁgf@sche?rdéhetgtpgf {@a'@e?@%tsgﬁ%m"%ﬂ%ﬁ'
apparatus for formng magnetic thin filmonto a substrate according to
anot her enbodi[;nant of the present {'nvention 30 o
Igs. Z2A is an enlarged top view showihg a parallel magnetization
0 orientation of the magnetic nanoparticles formed according to one embodiment of

the present invention.

Figs. 2B is an enlarged top view showing a circumferential magnetization
orientation of the magnetic nanoparticles formed according to another

15 embodiment of the present invention.

Figs. 3A and 3B are enlarged cross sectional views showing perpendicular
magnetization orientations of the magnetic nanoparticles formed according to the

present invention.

20
Fig. 4 is a schematic diagram showing an apparatus for forming magnetic
thin film onto a substrate according to one embodiment of the present invention.
Figs 5A, 5B and 5C are schematic diagrams showing various
25 configurations of the magnetic field according to the present invention.

Fig. 6 is a schematic diagram showing an apparatus for forming magnetic
thin film onto a substrate according to another embodiment of the present
invention.

30



-5- Fig. 7 is a schematic diagram showi ng an apparatus for form ng nagnetic
thin filmonto a substrate according to a further enbodi nent of the present
invention. s Fig. 8 is a flow chart showing a nmethod for form ng magnetic
thin filmonto a substrate according to one enbodi nent of the present

i nvention. DETAI LED DESCRI PTI ON OF THE PREFERRED EMBCODI MENTS o Fig. 1A
illustrates a thin fil mnmagnetic recorﬁ?ng medi um formed according to one
enbodi ment of the present invention. The thin filmmagnetic recording

medi um 100 conprises a substrate 110, a thin film netig layver 120 ..
deposi ted  ontid0t AdS ABAIF TGS Hgratsiofiig e APvRrBUR b iy maseti
deposi t edhpn filiieohtdl B SlbstrateRgd®irimg dyes flARer Ersb&diRent abfe tHel Qpragentbe
formed of a non-magnetic material 1s such as silicon, glass, or alunm num

al | oy. THavemioR.fi | m nagnetic |ayer 120 conprises a plurality of nagnetic
particles 122. Exanples of nagnetic materials that nmay be used to form
magnetic particles 122 include Co, Fe, Ni, Sm Pt, C, Ta, Nd, Pd, &, B,

N, C, P, Ti, WigW.is &dloviRghaAshoing Bomelyod forlfonaing mihagtiofthindfioresai d
el enents, a ternary al]oy of said elenents, an oxide of Fe further 20

. Oy . .
conpri si RgSistiatasecomingto e eghadiseahehthe rrerept NNERti®R, barium ferrite
and strontiumferrite, carbide and nitride of the said elenents. The
preferred magnetic naterials are, for exanple, CoPt, FePt or CoPd. The

magnet i ¢ EATAILEHRDESORETE Odh Cap SHEAPBE AR RED- BRi@DIMENESeri al 25 124a.
The magnetic particles 122 are oriented with its nmagnetic easy axis 126
aligned parallel to a surface 114 of the substrate 110. In Fig. 113, the

magnetic parfigl £8 kA% atdLadhFPRRCrhRItBGcEURM AldidiOrormdd écﬁﬁ?@iH?' y
with a non- magnetic material 124b, such that _the magnetic particles 122
are di spée sw¢ embeidimenthef o preggrdtingenterr i Bhe thinbilm magnaficdraserding

o o] gyt od e 2L ARhe S SLBUD Pl PSP TG B,
(Fig. 2) onto tHiesatharge IH0WdIA ©rowietive ovbfaritingel 30 desbiRd on the thin film
magnetic layer 120. The substrate 110 may be formed of a non-magnetic material
15 such as silicon, glass, or aluminum alioy. The thin film magnetic layer 120
comprises a plurality of magnetic particles 122. Examples of magnetic materials
that may be used to form magnetic particles 122 include Co, Fe, Ni, Sm, Pt, Cr,
Ta, Nd, Pd, Gd, B, N, C, P, Ti, W, Mo, Ag, Ru, Au, Nb, Pb, Dy, a binary alloy of
aforesaid elements, a ternary alloy of said elements, an oxide of Fe further
20 comprising at least one of the said elements other than Fe, barium ferrite and
strontium ferrite, carbide and nitride of the said elements. The preferred magnetic

materials are, for example, CoPt, FePt or CoPd.

The magnetic particles 122 are encapsulated by non-magnetic material

25 124a. The magnetic particles 122 are oriented with its magnetic easy axis 126

aligned parailel to a surface 114 of the substrate 110. In Fig. 1B, the magnetic

particles 122 are disposed on the substrate 110 simultaneously with a non-

magnetic material 124b, such that the magnetic particles 122 are dispersed within

the non-magnetic material 124b. It should be appreciated that the intergranular

30 coupling effect of the magnetic particles isolated by the non-magnetic material
124a (Fig. 1) and 124b (Fig. 2) in the above structure can be effectively reduced.



-6- Figs. 2A and 2B show two exanples of the highly oriented alignnment of
magneti c easy axis of the magnetic particles in the magnetic thin filmfor

| ongi tudi nal recording nedia. Fig. 2A shows that the nagnetic easy axes
226a of the magnetic particles 222 are parallel to the surface of the
substrate 210. Fig. 2B s shows that the magnetic easy axes 226a of the
magnetic particles 222 are parallel tobthe surface of the substrate 210
and are circunferentially aligned. Fig. 3Aillustrates a thin filmnagnetic
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110 and a protective overcoating 330 deposited on the thin film magnetic
| ayer 12dongihslinalbsconsting madliany ida2A shows that henvagnath eepy as &208107 made

of, for anpl e, .a sil.i,co fer r alumn al.l . L1 m
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COMpr i si Rhows tROIRE nggRBLIC ERaY Sixes POBaas the mathetl parities 422 4, patalie!Nd,

Pd, &d, B, N C_ P, Ti, W M, Ag, Ru, Au, Nb, Pb, Dy, a binary alloy of
af or esai dodheseraee OBth@eiiLiﬁﬁ*Sﬂte%1%0@“%13‘@@!@1f@ﬁ%@fﬁ"éfﬁ“ﬁﬁe@xi de” of Fe
further conprising at | east one of the said elenents other than Fe, barium
ferrite and strontiumferrite, carbide and nitride of the said el enents.

20 The nmagnet iRigpaAtilustesesS 22har filne magrsaticateedrdivg anddiyeT fopmedosmsonedingt i ¢

materi al 324a according to the nethod .illustrated helow and with ift.s
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conpri sesnade of, for example, a silicon wafer, glass or aluminum ailoy. The thin film
magnetic layer 320 includes a plurality of magnetic particles 322 comprising
15 magnetic materials, such as Co, Fe, Ni, Sm, Pt, Cr, Ta, Nd, Pd, Gd, B, N, C, P, Tj,
W, Mo, Ag, Ru, Au, Nb, Pb, Dy, a binary alloy of aforesaid elements, a ternary
alloy of said elements, an oxide of Fe further comprising at least one of the said
elements other than Fe, barium ferrite and strontium ferrite, carbide and nitride of
the said elements.

20
The magnetic particles 322 are encapsulated by a layer of non-magnetic

material 324a according to the method illustrated below, and with its magnetic
easy axis 326 aligned perpendicular to the surface 314 of the substrate 310. In
Fig. 3B, the magnetic particles 322 are disposed on the substrate 310
25 simultaneously with a non-magnetic material 324b, such that the magnetic

particles 322 are dispersed within the non-magnetic material 324b.

As shown in Fig. 4, an apparatus for forming magnetic thin film onto a

substrate according to one embodiment of the present invention comprises a

30 cluster-forming chamber 410, a heating chamber 420, an encapsulation chamber
429 and a deposition chamber 430. The cluster-forming chamber 410 comprises a

target 416 made of a magnetic material selected from, for example, Co, Fe, Ni,



30 cluster-form ng chanber 410, a heating chanber 420, an encapsul ation
chanber 429 and a deposition chanber 430. The cluster-form ng chanber 410
conprises a target 416 made of a nagnetic material selected from for
exanple, Co, Fe, Ni, -7- Sm Pt, C, Ta, Nd, Pd, &d, B, N, C, P, Ti, W M,
Ag, Ru, Au, Nb, Pb, Dy, a binary alloy_of aforesaid elenents, a ternary
all oy of said elenents, an oxi de of Fe” ’furt her conprising at |east one of
the said el enments other than Fe, bariumferrite and strontiumferrite,
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rate, ratio of Ar and He. A diaphragm417 is provided at one end o
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deposi ti on chanber 430. The pressure of the deposition chanber 430_is

preferably operates at a working pressure in a range of about 0.1 Torr to 1 Torr,

15 which is higher than that of the conventional sputtering pressure. The purpose of
using a pressure for sputtering in this level is to provide more collision chance of
the particle and to form large particle. The parameters of controlling the particle
size include gas pressure, gas flow rate, ratio of Ar and He. A diaphragm 417 is
provided at one end of the nitrogen cooling unit. Another diaphragm 418 is

20 provided to connect the cluster-forming chamber 410 and the heating chamber
420.

Pumping systems 433, 434, and 435 are provided for adjusting the

pressure of the cluster-forming chamber 410, the encapsulation chamber 429 and

25 the deposition chamber 430. The pressure of the deposition chamber 430 is
maintained at a level lower than the pressure of the other two chambers to enable

cluster transportation from the cluster-forming chamber 410 to the deposition
chamber 430. The pressure range of the cluster-forming chamber 410, the
encapsulation chamber 429 and the deposition chamber 430 can be set to about

30 0.1 —1 Torr, 10™ Torr, and 10° Torr, respectively.



mai ntai ned at a level |ower than the pressure of the other two chanbers to
enable cluster transportation fromthe cluster-form ng chanber 410 to the
deposition chanber 430. The pressure range of the cluster-form ng chanber
410, the encapsul ation chanber 429 and the deposition chanber 430 can be
set to about 30 0.1 - 1 Torr, 10-4 Toré, and 10-6 Torr, respectively. -8-
At the start of the process, energized argon gas ions (Ar+) are accel erated
towards the target 416 to eject atons 421 fron1the target 16 upon i npact.

(A ) Tand st 06 Tes i of ife PRGGRS SRaRUIRT Hudth B9 Torl’ PRkl sbffsflge” 9
cool i ng HOWbrdblﬂweiingét h%ltw@]@@tpﬁbh@:ﬂfﬂ@mrﬁ hﬁeqarzgélulﬁa 436n angatn tmgl ing
the ejected atons 42 form a set of clusters 4 Af ter bel ng exposed
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424 may consi st  of seyeral hundred magnetic atons up to several mllion
magnet i c%?‘i?rﬁ%fCW?r@hX?aﬁ"e | oosely bonded with each other. In the process,
atons are aggl onerated together to formclusters, and nore atons are is
attached to the boundary portions of the clusters continuously. As a
result, the cqﬁmttmisg\ﬁprse@témmmbm phséafAer), ﬁiaei@sb&;gl@ieﬁh&he'somcat ed
smal I tes

t th t d I t I
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clusters 423 can be trimmed off by the di aphragm 20 As a result, the

cl ust er s disphrpgist hd, and dudhet fwnuﬂaymaiagmrww mathe ha@tfmhamber G2Ped
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1 amto ;Za(r)Oc;ess, atoms are agglomerated together to form clusters, and more atoms are

15 attached to the boundary portions of the clusters continuously. As a result, the
clusters will be formed with larger sized agglomerates located at the center portion
and with relatively smaller sized agglomerates locates at the boundary portion.
Upon passing through the diaphragm 418, smaller sized agglomerates located at
the boundary portions of the clusters 423 can be trimmed off by the diaphragm.

20 As a result, the clusters 424 passing through the diaphragm will have the smalier
sized agglomerates removed. Therefore, clusters with a distribution width smaller
than that of the clusters 423 before the diaphragm 418 can be obtained. In this
embodiment, the dimension of the clusters 424 is in a range of about 1 nm to 20
nm and a distribution width of about 10% or iess.

25

It should be appreciated according to the above iilustration that various
parameters may be adjusted to control the dimension and distribution width,
including the pressure of the ciuster-forming chamber 410, the sputtering rate of
the target materials, the ratio of the helium to other noble gases, the distance

30 between the target 416 and the diaphragm 417 and the size of the diaphragms

417 and 418, etc.



nmand a distribution wdth of about 10%or less. 25 It should be

appreci ated according to the above illustration that various paraneters
may be adjusted to control the dinension and distribution width, including
the pressure of the cluster-form ng chanber 410, the sputtering rate of

the target materials, the ratio of the heliumto other noble gases, the

di stance 30 between the target 416 and- he di aphragm 417 and the size of

t he di aphragns 417 and 418, etc. -9- The apparat us further conprises a
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pur pose. ust 425 are then ved he,enca s | ation
chanber ﬁg& A{meg ac entaiéé?r?saéﬁeﬁlrguﬁﬁpv%'ae(?o Qﬁgglbé?ﬁ af'l ﬁanber
by 5 a spranoenatée %wutﬁ@d\e@@d%r@@@ﬂldesﬁfuctﬂ'ﬂ@f@%faa@fo?é@e parpesef erably a
material O which can be absorbed by the magnetic nanocrystals 425 to form

encapsul ated magnetic nanocrystals 426. The surfactant 427 may be sel ected

froma group ofne ?ﬁ%@%t& rﬁ%ﬁ&lu‘% e h?f' N B d fr[w&?( d""% ae!r{&ébsﬁl@th !

al kyl diul fides it Pes and Kyl™ i'son an en
group t hmambeltﬁtZQaCAemrtamtadtelmrtEEnQ;uppﬁ@@w ytsd ahsa;ébaﬂatdhehambéabyant

| b t h 12 ts |
T i es & sey o oo AlEh i BvIaRUIpRE ThayRGHRcaRh i Brorts & materialom
ad Qer I NG vifch f&%n%@%’b ftfed Byttﬁ ?@ﬁ Qﬁo&?@% hQQ%%%eéﬁca[p-ghf'ateéler m

to 12 units | ong" enotes t yrrer materials, Its structure is
chau n- | ink@gnetier nancrpitels” @fﬁmﬂ'he smfeentamtmzmmayﬁw neﬁct&d:fmneagroup of

fcugctc| gh%g%nﬁﬁ%%fgﬁamm% g@@bgﬁhge%y §§ IkﬁaJ;ui?He r]Qyi Sirfdand
alkyl isonitiles, which is an end group that is attracted to the magnetic
nanocrystals 425. The surfactant may also be a methylene having a chain 8 to 12

15 units long, which provides steric repulsion to prevent the magnetic nanocrystals
425 from adhering to the substrate in the subsequent deposition process. The

term “8 to 12 units long” denotes that for polymer materials, its structure is chain-

like, for example “8 unit” refer to the chain structure of C-C-C-C-C-C-C-C (C

means carbon, other bonds of carbon bond to the function group such as

20 hydrogen, -OH etc.)

The encapsulated magnetic nanocrystals 426 are then transported into the
deposition chamber 430 to be deposited onto the substrate 431. As illustrated
above, because the magnetic nanocrystals 425 are crystallized before reaching

25 the substrate 431, the magnetic nanocrystals 425 are usually a single domain.
Because the energy of the magnetic nanocrystals 425 is very low, the
encapsulated magnetic nanocrystals 426 will remain intact after deposition onto

the substrate..

30 An external magnetic field 432 is provided adjacent to the substrate 431,
which forms a relatively uniform magnetic field direction as illustrated in Fig. 4.

When the encapsulated magnetic nanoclusters 426 reach the substrate 431, they



The encapsul ated nmagnetic nanocrystals 426 are then transported into the
deposition chanber 430 to be deposited onto the substrate 431. As
illustrated above, because the magnetic nanocrystals 425 are crystallized
before reaching 25 the substrate 431, the nmagnetic nanocrystals 425 are
usuall'y a single domain. Because the energy of the magnetic nanocrystals

425 is very low, the encapsul ated rragﬂ@t“l c nanocrystals 426 will remain
intact after depositi on onto the substrate 30 An external magnetic field
432 is pr0|de to t trat rel.ati.vely
52 1 o PN A o 5 FHERbR Rl Sod Hhaandtl e 35 P LB BLYS

encapsul Qirﬁ%ér%'&girhfé ABAOAtHES hegh efid Othire A bb@ thERSHE FoendS with ly10-
wi Il be aligned by followi ng the direction of the magnetic field 432 whil st

deposi t i Mgiented hegreliss epsy exialonthe piggietenyneddirettipm eaniralieénbydheor med

with hig magneti c easy axis along a predeterm ned direction
controll Ehg%?/& Clhtié]&gggheti c field 432. 5 Figs. 5A and 5B show alternative

configurations of a magnetic field adjacent to a substrate for aligning
the orientatiaon of the ma%@etlc partlcles I per manent

magnets or el éd@¥-oRfyEds b3 Ehog Alssnafive @%ﬁ'ﬁé@gionﬁn%r%éﬁﬁﬁnﬁt"é Sy at e
531. Th | |
of magnefbpsit I Ebarae, B He pRERAR of e BpBflic pEhiigy., SaP! ©
magnet i c Fig.ebél, 5&0. pe‘l’hmnmgmmgrteté icrl elebZOmalkyngtss 58ha amgﬁéf’bcarepplabedl es

| di t | | el t t f 531 th t 31
Gurt g aopEerisR & Brbatie S, e houBTraReIC peltaR At et e S G 453,
537b mayoh rr@tg@qregé pé% of e demBsid Hchl GeRacerk o Qﬁ@lg,%gtram 690ty of

the 1.s magnetic thin film osition shown I n Fig.
ci rcunf egeneraetel g- mrageﬁhfedla@gﬁ?élu cThe ghagsatr field 520 eligns tbe magpedsi ng

through %grt?clg NdePh %éc?noﬁ?’garanélo%qn’té ?op GBRLEL 814 BPthe substrate 531

during deposition. In addition, the substrate 531 and the magnets 537a, 537b
may be rotated during the deposition process to achieve uniformity of the

15 magnetic thin film deposition.

As shown in Fig. 5B, a circumferentially-oriented magnetic field 540 may be
obtained by passing through an electrical wire 538 through the center of the
substrate 531. The magnetic field 540 aligns the magnetic clusters during

20 deposition along a direction parallel to and circumferential with respect to the a top
surface 531a of the substrate 531.

As shown in Fig. 5C, a magnetic field 560 with a direction perpendicular to

a top surface 531a of the substrate 531 may be obtained by placing a solenoid

25 539 around the substrate 531. The solenoid aligns the magnetic particles during
deposition along a direction perpendicular to the substrate surface. It should be
appreciated that magnetic thin films having different magnetic orientations may be

obtained by applying an appropriate magnetic field adjacent to the substrate.

30 Fig. 6 shows an apparatus for forming magnetic thin film onto a substrate
according to another embodiment of the present invention. The apparatus

comprises a cluster-forming chamber 610, a heating chamber 620, an



substrate 531. The nmagnetic field 540 aligns the magnetic clusters during
20 deposition along a direction parallel to and circunferential with
respect to the a top surface 531la of the substrate 531. As shown in Fig.
5C, a magnetic field 560 with a direction perpendicular to a top surface
531a of the substrate 531 may be obtained by placing a solenoid 25 539
around the substrate 531. The solenoid“ﬁhigns the magnetic particles during
deposi tion along a direction perpendicular to the substrate surface. It

or  ont at | GRCTRUAIGD C GSLE AP A FIopeRg o8 EEpP el P 5 thig et dea P g

adj acent fh@ éﬁt%p%ﬂ@%&)haéf%mb%} 629is Qoﬁbl%wsbétﬂleéﬁp@n'éaét%te?%rrﬁtﬁ NéH8nber
magnetic thin filmonto a substrate according to another enbodi nent of the

present iGleand e headngppanieus20conpri ses a cluster-form ng chanber 610,
a heating chanber 620, an -11- encapsul ati on chanber 629, and a deposition
chanber 630. In this enbodi nent, the encapsul ation chanber 629 is coupl ed

betyeen the clusée@oémymme@h&iﬂ@fetlc6aan@@dsﬁeh§ greptbmged Biies ddsters The
| oosel y bonded magnetic nanocl usters 624 forned by the cluster- formng

chamber de0niechamhshérllearg teospaded fbtpia sncahsulatianhasnioer ﬁ29spAaK of
o oapsal STTEERE pfiarilt ShBEhTBF sffdclhf oz i ot WiAnBELF B8 B R 10

t he enc&pmlpablaﬂionmhaaihm&%o&ﬂ&. witlo tHd enagymetip ndmicataa @R tesfoemsthe25

are transported i chanber 620 thereafter. The encapsul ated
nanocl ust pﬁ?@éeéi%”‘?@é%@ égg*t he heaters 619 to a tenperature of about

900, Cto formcrystalized magnetic nanoclusters 626. At the same time, the
organic materials encapsul ating the is nanoclusters will be carbonized by
the heating perewcapaehaéednr@anmsieyst&aa iared tramapoded cinfantel dsding 626

are enca%%lél dﬁéﬁ erea &Y thé Ean%ggélﬂaf)eds nanoct?usnters 624a are heated by the
heaters 619 to a temperature of about 900 °C to form crystalized magnetic
nanoclusters 626. At the same time, the organic materials encapsuiating the

15 nanoclusters will be carbonized by the heating process, therefore the crystallized
magnetic nanociusters 626 are encapsulated with a layer of amorphous carbon.

The encapsulated magnetic nanclusters are then deposited onto the substrate

631 located in the deposition chamber 630.

20 Fig. 7 shows an apparatus for forming magnetic thin film onto a substrate
according to a further embodiment of the present invention. The apparatus
comprises a cluster-forming chamber 710, a heating chamber 720 and a
deposition chamber 730. In this embodiment, the loosely bonded magnetic
nanoclusters 724 are formed in the cluster-forming chamber 710, and transported

25 into the heating chamber 720,

After heating in the heating chamber 720, the loosely bonded nanoclusters

724 become close-packed and crystallized magnetic nanoclusters 725. The
magnetic nanoclusters 725 are then transported into the deposition chamber 730

30 to be deposited onto substrate 731. At the same time, non-magnetic materials are

also deposited onto the substrate 731 by a source 736. Examples of non-



The encapsul ated magnetic nanclusters are then deposited onto the substrate
631 | ocated in the deposition chanber 630. 20 Fig. 7 shows an apparatus for
form ng magnetic thin filmonto a substrate according to a further

enbodi ment of the present invention. The apparatus conprises a
cluster-form ng chanber 710, a heating anber 720 and a deposition
chanmber 730. In this enbodi nent, the |'oosély bonded nagnetic nanoclusters
724 are fornmed in the cluster-form ng chanber 710, and transported 25 into

| oosety boasRatnaraefal uph Ry MEFLEAR i Gubice SRon TSR T NS paltth

magnet i ¢ mafrogenstegislym@b. The magnetic nanocl usters 725 are then
transported into the deposition chanber 730 30 to be deposited onto
substrate 731. At the sane tinme, non-magnetic materials are also deposited

onto the subst 5 LG:

Tt eri als that ey SEtsed TSN EER rftarid SnERy faRERens feodBiTheia
hyds ogena&cﬂ:qndxhgrterthe g:mgserﬁ tm!mnbmga Inea{ ﬁms:d bk G, n[l@g;mntm:g:mddilixsielfsi dn?a_ :
magneti c recor medi s, agcording to resent invention In a firs
b1 ek B0ASTRIRE MeMhanBptt: dr e dieat Bigre AR dhe roReRoGgeocusteTs Fek

bl ock 804 edteg tm%ﬁ}étﬁhﬂﬁm 'té:’rﬁb@i‘a?tut%r ewh gemetﬁx n@ﬁé’ 'o'cl #rsOdke

terrper ature, vvhere t he magnetl ¢ nanocl uster ar e rys al |1 ze so that to
process m@gﬂtzey %’ﬂ(ﬂpﬁrto prodass tatesssrppagpetiespios alata sthegeapugposen a

2" mon: magH BT P2t e R B8 Hg FEATEN S APAGT BRI ied ™ 1

crystal | ivzigd araghehiayreanoaiastisr s and ﬁb@frﬁé@ﬁ@c trﬁ@tehat r@apiuladd the
coupling effect of the magnetic particles w be reduced. In a next block

808, t he @ytalizat aagneticaRmraclésiaenard tRerefereathe inteigsaranreeplingsatiest at e
to form spldREgs&ic PRIRRE RilPRE Fe&l&k. P a next block 808, the encapsulated

magnetic nanoclusters are disposed onto a substrate to form solid-phase
magnetic particles.
15
It should be appreciated that according to the above method, since the
desired crystalline structure are obtained before deposition, the substrate after the
magnetic nanoclusters deposited thereon needs not be heated up for annealing
purpose. Accordingly, the grain growth by the post-deposition annealing is

20 successfuily eliminated.



It should be appreciated that according to the above nethod, since the
desired crystalline structure are obtained before deposition, the substrate
after the magnetic nanoclusters deposited thereon needs not be heated up
for annealing purpose. Accordingly, the grain growth by the
post-deposition annealing is 20 successfully elimnated. -13- CLAIMS 1. A
met hod for formng a thin fil mmagneti e1Becordi ng nedi a, the nethod
conprising: s generating nmagnetic nanoclusters; «crystallizing the nagnetic
nanocl usters; depositing the magnetic nanoclusters onto a substrate to form
a thin filGhABSmagnetic particles thereon, wherein the magnetic

nanocl usters are crystallized by being heated in 10 gas phase. 2. The
nmethod as recited in claim1, further conprising mxing and encapsul ating
t he magnettf.c nahewmthsd érfomhing atmofitmagngidtic rebelingmediatthe enethbde

non- magnetic material conprises an organic solvent. 15 3. The nethod as
recited in cl aiAMP"¥NFt her conprising mxing and encapsul ating the

magneti ¢ nanocl usggk ra%%gng%@f&-wgtgr@t erial, wherein the
ri

non-magnetic materral co es a surfactant. 20 4. The nethod as recited
in claim1l, furtherystadliging Hengpagnetioganhelustegseti ¢ nanocl usters with a

non- magnetic material ,..wherein the mxing js rfaor fare the. netic
nanoc uster s are £epusify fisimaonste fannaislsis sB% a3 Pala@Todbtn A i MHbr ef n
crystallizing of thefimadifiticphard8icdan@@nst ers conprises heating the
magneti c nanoclusters and fixing the non-magnetic material onto the
magneti ¢ nanocl uswbegsin the magnetic nanoclusters are crystallized by being heated in

10 gas phase.

2. The method as recited in claim 1, further comprising mixing and
encapsulating the magnetic nanoclusters with a non-magnetic material,
wherein the non-magnetic material comprises an organic solvent.

15

3. The method as recited in claim 1, further comprising mixing and

encapsulating the magnetic nanoclusters with a non-magnetic material,

wherein the non-magnetic material comprises a surfactant.

20 4. The method as recited in claim 1, further comprising mixing the magnetic
nanoclusters with a non-magnetic material, wherein the mixing is

performed before the magnetic nanoclusters are crystallized.

5. The method as recited in claim 4, wherein crystallizing of the magnetic
25 nanoclusters comprises heating the magnetic nanoclusters and fixing the

non-magnetic material onto the magnetic nanoclusters.

6. The method as recited in claim 1, further comprising providing a magnetic
field adjacent to the substrate to control the orientation of the magnetic

30 particles upon deposition.



6. The nethod as recited in claim1l1, further conprising providing a
magnetic field adjacent to the substrate to control the orientation of the
magnetic 30 particles upon deposition. -14- 7. The nethod as recited in
claim6, wherein each of the magnetic particles has an easy axis parallel
to a surface of the substrate. 8 The nethod as recited in claim7, wherein
the easy axes are parallel 5 relative-tld-each other. 9. The nethod as
recited in claim®6, wherein each of the nagnetic particles has an easy

axes perpendicular to a surface of the substrate. 10 10. An ggparat us for
form ng a %hi n he metheshas reciteddpGrinyd nuaeiein sack ohthesmpgnets particies

appar at us correra%ié}géagy éj‘ié Crn%?gﬁ?g{%dg%\@er@tﬁegagétﬁ:&efor generati ng

magneti ¢ nanocl usters; 0 r connected to the first chanber for

receiving and crystallizing the nmagnetic nanoclusters; is a third chamnber

connected fo t sec chamber, for r e_?ei Vi ngn he cr%xstal | i zed magnetic
Y Y

d
nanocl ust &s and'®f&F nQ?%éeCt'tﬁg iR Rl Wherg eAeRUalel s onto

the substrate pagiitdanedchBei&i N, wherein the magnetic nanoclusters are
deposited on the substrate after «crystallized. 20 11. The apparatus as
recited in claim10, further conprising a first supplier for providing a

first non-yragnetic terial to encapsulate the netic  nanpclusters. 25
12 “The  agbar auie BETIGL+S Eap A TR R - Whethdt et DR mPE o REEBiRot o
material conpringgarfessy 426 péipendiuldite RORMRL dFthasubeihteed in claim 12,
wherein the surfactant conprises at |east one of a group consisting of

fatty acids, alkyl thiols, alkyl diulfides,
10 10.  An apparatus for forming a thin fitm magnetic recording medium onto a

substrate, the apparatus comprising:
a first chamber having a source for generating magnetic nanoclusters;
a second chamber connected to the first chamber for receiving and
crystallizing the magnetic nanoclusters;
15 a third chamber connected to the second chamber for receiving the
crystallized magnetic nanoclusters and depositing the crystallized
magnetic nanoclusters onto the substrate positioned therein,

wherein the magnetic nanoclusters are deposited on the substrate after

crystallized.
20
11.  The apparatus as recited in claim 10, further comprising a first supplier for
providing a first non-magnetic material o encapsulate the magnetic
nanoclusters.
25 12.  The apparatus as recited in claim 11, wherein the first non-magnetic

material comprises a surfactant.

13.  The apparatus as recited in claim 12, wherein the surfactant comprises at
least one of a group consisting of fatty acids, alkyl thiols, alkyl diulfides,
30 alkyl nitriles and alky! isonitiles.



30 alkyl nitriles and al kyl isonitiles. -15- 14. The apparatus as recited
in claim110, further conprising a rotatable stage for holding the substrate
in the third chanber. 15. The apparatus as recited in claim 10, further
conprising a second supplier 5 for depositing a second non-nagnetic
material onto the substrate upon deposition of the magnetic nanocrystals.
16. The apparatus as recited in claim185-wherein the second non-nagnetic
material conprises at |east one of a group consisting of C Si2, Si3N4, BN

10 and car bon h drogenate polymer. 17. The apparatus as reC|ted inclaim
10, wher ei'tf-t hel heagprAPEISRS E9Gitgd 'n§lﬁ1@r1%é§” er ¢Riisipga wiatgh @r%age

consi sting of S%{BE d, &d, B NN C P, Ti, W
Mo, Ag, Ru, Au%m&gwhsy g%i%]nq?ﬁetﬁg%gagg} UE as recited in claim 17

further corrprl sing at |east one of a group COI’ISI sting of a binary all oy
and a tern he magnet.i.c ria 20 19. Athlnfllm netic
recor di ng Tedi 3'&9% Skiaes TSIg 6 slea 10, TarthREARATPESI0R A SSorh SURpIeT

di sposed on th @&%ea Wesﬁ@'nantrhs SRIREkdfal Ik tHd émét@f@mpbas
o} 3 %ragne

magnetic parti c es I's non- tic content, and 25 a protective
over coat i ng di slepseiicoroftthe nwﬁlplrtartomystalsl m | ayer. wherein the magnetic
particles are formed on the substrate after «crystallization. 20. The thin
filmmagnetic recording nmediumas recited in claim19, wherein 30 each of

t he rrflgtneglsc PIHe &hRfralirSafratRaneh ickimams whdrsin thatsdcdndairsiagasiical | y
orientate
material comprises at least one of a group consisting of C, SiO,, SizN4, BN

10 and carbon hydrogenate polymer,

17.  The apparatus as recited in claim 10, wherein the magnetic material
comprises at least one of a group consisting of Co, Fe, Ni, Sm, Pt, Cr, Ta,
Nd, Pd, Gd, B, N, C, P, Ti, W, Mo, Ag, Ru, Au, Nb, Pb, Dy.
15
18. The apparatus as recited in claim 17, further comprising at least one of a
group consisting of a binary alloy and a ternary alloy of the magnetic

material.

20 19. A thin film magnetic recording medium comprising:

a substrate;

a magnetic thin film layer disposed on the substrate, wherein the
magnetic thin film layer has magnetic particles isolated by a non-
magnetic content, and

25 a protective overcoating disposed on the magnetic thin film layer.
wherein the magnetic particles are formed on the substrate after

crystallization.

20.  The thin film magnetic recording medium as recited in claim 19, wherein
30 each of the magnetic particles has a magnetic easy axis that is

anisotropically orientated.



-16- 21. The thin filmmagnetic recording mediumas recited in claim19,
wherein the magnetic particles having a dinension of |ess than about 8 nm
22. The thin filmnmagnetic recording mediumas recited in claim2l, wherein
s the magnetic particles having a distribution wdth of |ess than about
10% 23. The thin filmmagnetic recording nmediumas recited in claim19,
wherein the non-magnetic content conprid46s at | east one of a group
consisting of fatty acids, alkyl thiols, alkyl diulfides, alkyl nitriles
and al kyl isonitiles. 10 24. The thin film magnetic recording nedi um as
recited i Rkl aitherhin {ile magnetic heceordnmmgatm @sdeaitechin @Jamﬂgswée@n | east
one of C, Si Q2.5 s I s A net hod
for formng a gﬂ?ﬁ%ﬁﬁF%péggﬁgFg@apg@&$§ﬁﬁ%gﬁggkgﬁggﬁégﬁgpﬁégs%®3nprising:
generating magnetic nanoclusters; m xing the nagnetic nanoclusters with a
non- magnetj c materi al crystallizing the magnetic nanpocl usters;

, | . . ! 2Q
deposi ti n¢% he gt filen (G SPerdMeNEdling a8JeFiREIN Jard 2t Whersih i1 m
of ghetic pangj ; i i X0 i f e the
magnet | o nanoeltiel SN PHeRes NGB! qistiulloh! i 51 SR (GATBO0RCI PR {1
claim 25, further conprising encapsulating the magnetic nanoclusters with

t he non- net i terial, wherein the non- nmagnet.ic, materi C .l ses an
or gant o salvent NI HTETAGPRER FaoriEd ariu SerarineB iR dReFREBIbr | i ng
encapsul ating tRe noRMAGHERRS ESntBANGSThERSEY at 18hbioAd B6f Ao manesisingBf eri al
wherein the non- magnetic material conprises a surfactant. -17-

fatty acids, alky! thiols, alkyl diulfides, alkyl nitriles and alkyl isonitiles.

10
24, The thin film magnetic recording medium as recited in claim 19, wherein
the non-magnetic content comprises at least one of C, SiO;, SisN4s BN and

carbon hydrogenate polymer.

15 25. A method for forming a thin film magnetic recording media, the method
comprising:
generating magnetic nanoclusters;
mixing the magnetic nanoclusters with a non-magnetic material.
crystallizing the magnetic nanoclusters;
20 depositing the magnetic nanoclusters onto a substrate to form a thin film
of magnetic particles thereon,
wherein the mixing is performed before the magnetic nanoclusters are

crystallized.

25 26.  The method as recited in claim 25, further comprising encapsulating the
magnetic nanoclusters with the non-magnetic material, wherein the non-

magnetic material comprises an organic solvent.

27. The method as recited in claim 25, further comprising encapsulating the
30 magnetic nanoclusters with the non-magnetic material, wherein the non-

magnetic material comprises a surfactant.



28. The nethod as recited in claim25, wherein crystallizing of the

magneti ¢ nanocl usters conpri ses heating the magneti c nanocl usters and
fixing the non-magnetic material onto the nmagnetic nanoclusters. 5 29. The
method as recited in claim?25, further conprising providing a nmagnetic
field adjacent to the substrate to control the orientation of the nagnetic
particles upon deposition. 30. The nethdd-as recited in claim?29, wherein
each of the nmagnetic particles 10 has an easy axis parallel to a surface
of the substrate. 31. The nethod as recited in claim30, wherein the easy
axes are @Faral I'd1e methad s eeqitwddacipint Harwhergirsorystellizing phthe madrels t ed in
cl ai m 30, wheregj : i : t he
substrate. 33, TR GSHRRREm SR BB TRE HordyoetErsaid fffa fle 12
t he nmethod coman-iaggeti@ hajeralroatto tige magmetic hamaohstarst ers;  crystal i zing
t he magnetic nanoclusters; depositing the magnetic nanoclusters onto a
substrate to forma thin film of nmagnetic particles thereon, wherein the

met hod f urigher 1GRMPkE il ' i ; /i
subrsgtratezzgé contro:éﬂfcﬁagaﬂ%ﬂr?tee{?%n o% ’?ﬁghﬁg%%@kyﬁ%%ép@?{”?gﬁgsﬁégg%%
deposi tion. 34 fiefhadmeenbls the subsiratedtoi conticiitime @Bentation loé theo/agnetic ng

m xi ng and encapsyl ating the magnetic nanoclusters with the non-nmagnetic
material, so &Cg?%u?ﬂﬂ dr%’ﬂ-s'ltr‘ﬁaneti c material conprises an organic
solvent. -18- 35. The nethod as recited in claim33, further conprising
m xi ng and encapsul at i r&g@;he magneti ¢ nanoclusters with the non-magnetic

mat eri al , 30wherl&ermetwchas renilgdan ickaimed B rwheretoeaeh ebheanganeticpamicles

10 has an easy axis parallel to a surface of the substrate.

31. The method as recited in claim 30, wherein the easy axes are paraliel

relative to each other.

15 32. The method as recited in claim 30, wherein the easy axes are

perpendicular to the surface of the substrate.

33. A method for forming a thin film magnetic recording media, the method
comprising:

20 generating magnetic nanoclusters;
crystallizing the magnetic nanoclusters;
depositing the magnetic nanoclusters onto a substrate to form a thin film

of magnetic particles thereon,

wherein the method further comprises providing a magnetic field

25 adjacent to the substrate to control the orientation of the magnetic

particles upon depaosition.

34. The method as recited in claim 33, further comprising mixing and
encapsulating the magnetic nanoclusters with the non-magnetic material,

30 wherein the non-magnetic material comprises an organic solvent.



s 36. The nethod as recited in claim33, further conprising m xing the
magneti ¢ nanoclusters with the non-nagnetic material, wherein the m xing
is performed before the magnetic nanoclusters are crystallized, and
wherein crystallizing of the magnetic nanocl usters conprises heating the
magneti c nanoclusters and fixing the non-magnetic material onto the
magneti c 10 nanoclusters. 37. The nethed8as recited in claim33, wherein
each of the nmagnetic particles has an easy axis parallel to a surface of
the substrate. is 38. The nmethod as recited in claim37, wherein the easy
axes are pral |'Ere medhed pg segiteddaciaint Bay further camerigigrpixingsandci ted in

claim37, wher el ABIAAGHNE ¥strtE nahRCRRAG: Uttifthe Rort-Rfaghidtib HisteRh, L e

substrate. 20
wherein the non-magnetic material comprises a surfactant.

5 36. The method as recited in claim 33, further comprising mixing the magnetic
nanoclusters with the non-magnetic material, wherein the mixing is
performed before the magnetic nanoclusters are crystailized, and wherein
crystallizing of the magnetic nanoclusters comprises heating the magnetic
nanoclusters and fixing the non-magnetic material onto the magnetic

10 nanoclusters.

37. The method as recited in claim 33, wherein each of the magnetic particles

has an easy axis parallel to a surface of the substrate.

15 38. The method as recited in claim 37, wherein the easy axes are parallel

relative to each other.

39. The method as recited in claim 37, wherein the easy axes are
perpendicular {o the surface of the substrate.

20



