MAGNETI C STORAGE MEDI UM FORMED OF NANOPARTI CLES FI ELD OF THE
TNVENTI ON The present invention relates to a nagnetic storage nedi um of
very high information bit storage density. Mre particularly, the
invention relates to a magnetic storage nediumutilizing magnetic
.nanoparticles to forma |ayer on a substrate.

2. BACKGROUND OF THE | NVENTI ON Patterning a substrate is critical
to fabrication of integrated circuits and data-storage nedia. The
I'imtations of conventional |ithographic patterning for dinensions bel ow

0.1 mcron ( 100 nm) are well known, ,and are described in "Lithography
for ULSI", by S. Ckazaki, in a
MAGNETIC STORAGE MEDIUM FORMED OF NANOPARTICLES

FIELD OF THE INVENTION

The present invention relates to a magnetic storage medium of very high information bit storage
density. More particularly, the invention relates to a magnetic storage medium utilizing magnetic

nanoparticles to form a layer on a substrate.
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«eview paper (p. 18, vol. 2440, Proceedings of SPIE ). Optical |ithography

‘With-a light source in the deep ultra-violet ("DUV') is expected to serve

in circuit and nmedia fabrication for feature sizes down to about 0.05°

mcron (50 nm, but not for smaller sizes. At present, there are no

i nexpensive nethods for lateral patterning/texturing of solid substrates

on a 1l to 50 nmscale, which is nuch srrgller than the present |ithographic
lit

feat ur gASIIGROUND OF qghn(mtn'@ﬁl ography is currently anticipated
to be extended to |at era| I mensions of ~50 nm but such extension is not

certain and may be expensive. At dinmensions below ~50 nm X-ray |ithography
and Extrene UV |lithography are being considered but both require enornous
capital investnments (both for_the radiation sources _ and the supporting
optical sysPatteningp; substrate igrqritisaktp abisiegtiomef intgeratpd.insuity and datanstorage ,
scanni ng probe based |ithography are in devel opnent, but the serial nature

of t hempdial Shelignipitions 6cotivtttionklithegraplib phitdrhing ifor ditenviémsrbetownOflanicesn (9. |
M crocontact printing and nano-inprint |ithography are new patterning

techni @Wﬁgﬁ%ﬁ@eﬁ%ﬂwﬁﬁ&@ OdTBEd H“L%G%rr%gﬂj‘f%? Iﬂ,%l’”% ??%eﬁgz isxxlzafs but

t hese net re not proven at the sent. It able to
have an L nexpensiv | ar, ar.ea, th c Jate atterning. ,that does-
ot © r CTRHPEDRIE RBo %} 2920 4 Piokeediies S SPIEh 0P BinoBRphg viadienh Siser 85

nm ' 3 In the case
of magthetdesp vltr-viglst (ENIY) is oxpasteditp serve apeircuiand tiediasfabrigatioy fardeatimeizes
magnetic particles thereon, a nunber of difficulties prevent attainnent of
hi gh dashité gout B@S5 MieAdHA{SO ) Bhithot for smaller sizes. At present, there are no inexpensive

methods for lateral patterning/texturing of solid substrates on a 1 to 50 nm scale, which is much

smaller than the present lithographic feature size.

DUV optical lithography ié currently anticipated to be extended to lateral dimensions of
~50 nm, but such extension is not certain and may be expensive. At dimensions Below ~50 nm
X-ray lithography and Extreme UV lithographj} are being considered but both require enormous
capital investments (both for the radiation sources and the supporting optical systems). Direct
write systems including electron beam and scanning probe based lithography are in development,
but the serial nature of the pattering process makes these prohibitively slow for manufacturing.
Microcontact printing and nano-imprint lithography are new patterning techniques .which hold
some promise in and around 50 nm feature sizes but these methods are not well proven at the
present. It would be desirable to have an inexpensive, large area, method for lateral patterning

that does not require lithography, and that is suitable for feature sizes below 50 nm.



t"he . usual coatings of nmagnetic particles are applied en flexible nedia,
wi de:variations in individual particle diameters raise the m niinmm
‘information bit storage size, and thus decrease the attainabl'e areal o
information bit storage density. In the case of. conventional rigid nagnetic
storage nedia, sonetines called 'hard drive" disks, magnetic filnms are
often applied by sputter- deposition. Bhe resultant broad distribution of-
grain sizes and inter-granul ar spacings creates both |ow effective areal
bit densities and undesirably | ow signal-to-noise ratios.. Even where-

Megni t UBfhe 8448 of RiakA ét{Eétdi'agémwiﬁ ﬁre%; & 81p6d arld WisloH wn@eaauﬁg;s@?&g@g@@'e

the strong magnetiC interaction of th part I cl es often cause I cant
I ncreas n| mum i nf or b| t st | aggl oner n of
mt ual G efol § e of Bt i reyeof pitimen ofFigh sBntsfeg 1%
t her eby decreasi ng attainable areal i nf ormati on_ storage, b|t den5|ty (e g.

as meastieagual coafings ofmpgnaliparticlesraepypplied opdlexiblesmedia, Widp variationa bl e ar eal
i nformati on storage bit densities are about 10 gigabits per square inch

al t hougindsadoal gartielectimneters egise the naainmeu énféfingion it sterageesize; ghid s degiBaday
the year 2010 A D. . Met hods to nake nonodi sperse magneti-c

par t i cl @3 afEARBIL lareal MiForfih: bt Lhie ave
been descral bed by I\/Urr%ly ggil?g to‘Pé foreﬁgﬁglﬁ%ﬁg%o& egﬁégl?@sd%g%%ht

I t - - o Filed t I
gggc: ]? ?%tlgﬁgigg, °f1’r‘i'r §0We§fgllec? %ard &nve)’ d1sk|s rgagnseltlc aneo ?m%pp %\g{msputter
4 et al patent application describes formation of nmagnetic cobalt (Co)

part i cl ¢epopition. Theaesuliantlroad dismibutibe pEgrain-sizs and merrgmnulamlbamngmraatss botHar d
deviation in the size distribution of 5 %

low effective areal bit densities and undesirably low signal-to-noise ratios.. Even where
magnitudes and uniformity of the diameters of the particles .is écceptable, the strong magnetic
interaction -of the particles o.ften causes significant increases in minimum information bit storage
size due to agglomeration of mutually magnetically attréctive particles into clumps of particles,
thereby decreasing attainable areal information storage bit density.(e. g. as measured in bits per
square inch). In fact, currently attainable areal information storage bit -densities are about 10
gigabits per équare inch although sofne develppers hope to achieve 40 gigabits per square inch by

the year 2010 AD. .

Methods to make monodisperse magnetic particles (cobalt, for example) with diameter in
the 5-50 nm range have been described by Murray et al in aforementioned United States patent

application --/---.--- (YO 998 - 169), filed simultaneously herewith. Specifically, this Murray



Vet hods for sel f-assenbly: of 40 - 70 nm particles made of |atex or other

‘pol ymer are " described by Mcheletto et al in Langnuir, 1995, v. 11, p 333

and by Du et al in Langmuir, 1997, v. 11,p. 2538 . A general nethod to
forma thin filmof small particles is, described by - Nagayama in US Pat ent
No. 5,505,996. Moreover, formation of 8r der ed arrays of 5-10 nm si ze _
sem conductor particles is described by Murray et al in Science, 1995, v.

270, pet dlPatenoasplioutiogdababesifordiatioh of fhaghetivi cobaly (CF) pPubtiolssi wilsmedDdidmeter 6,
p.216. None of the prior art references teach mmgnetic storage nedi a nor

met hodg, %h&@%}ggtwlﬁ%fjanﬂr&iﬁi’és&ﬁ%ﬂ 'ﬁ%{%ﬁxghégﬁé gir@ﬁaﬁapm magnet i c

i nteractions I ch cause” aggl oneration an r pro SUMMVARY
OF THE | NVENTI ON It is a general object of the present invention
to make a highly ordered, periodic, array in the forma |ayer (whether a
nonol ayer or a nmultilayer) of magnetic particles having dianeters not
exceedi ng SMcmpdseﬁousql%asemblyldfée-§ainm.@artb:;esomadc ofl ntaxraxiothes polymer are

despite the strong tendency of such magnetic particles to aggl onerate

t oget helescgiibed bp MiBEEISHD & al i Binaaiui)1998)&. § NYS3I¥ SMBYDH Bieal il DériPndif) 1997,
such an ordered | ayer. :

5 v. 11,p. 2538 . A general method to form a thin film of small particles is described by

Nagayéma in US Patent No. 5,505,596. Moreover, formation of ordered arrays of 5-10 nm size
semiconductor particles is described by Murray et al in Science, 1995, v. 270, p. 1335 and by
Dabbousi et al in Chemistry of Materials, 1994, \(.6, p.216. None of the prior art references teach
magnetic storage media nor methods of making ordered arrays from particles that have strong

magnetic interactions which cause agglomeration and other problems.

SUMMARY OF THE INVENTION

It is a general object of the present invention to make a highly ordered, periodic, array in
the form a layer (whether a monolayer or a multilayer) of magnetic particles having diameters not
exceeding 50 nm, and to stabilize said array on a substrate surface, despite the strong tendency of

such magnetic particles to agglomerate together due to magnetic interaction and thus prevent the

formation of such an ordered layer.



- 4t isvanother general object of the present invention to control the
“spaci ng (separation distance) between the nmscale nmagnetic particles’ ,
conprising said array, with the spacing on the order 1-10 nm ' I t
is a specific purpose of the present invention to use magnetic particles of
a selected nmagnetic material in said array, to overcoat the magnetic
particle array with a robust protectiv film and hence to nake a nagnetic
storage nedi um having an areal bit density exceeding 100 gigabits per
square inch and even approaching as high as 10[err] bits (1 Thit) per

square inch... Lt - object. af SR e ion to
oo st pl e et general obielt F he'Prkoial B o Bondl In B Rg (ecplieBh OF |
printing) to make the aforesaid ordered arrays of nmscale _particles on
Phe s uratenselbetwoen the msesle magneie PEFisiss OTPHSRE #1S Ak dh BlecPasiag PR e o
magneti c storage mediumconprising: a) a substrate having a surface, b) a
| ayer @kdepdrl0oes di sposed in a substantially uniformy spaced-apart
rel ati onship upon the aforesaid surface, the particles having a
substantially uni form di anmeter not exceeding 50 nanoneters and conpri sing.
a magnetic material selected fromthe group consisting of elenents Co, Fe,
: 2' : erreNhnt s ?ma Ilglfsr‘?a %emi% l’aurpGgs’e o?'?;hel ;%s%ilpﬁfvgrllt{(;n(‘to %s‘?e”B%é&‘e%c %];rtfcpe% O%Lgélgcsfgcll d
6 alloy of said elenents, a ternary alloy of said elenments, an oxide of Fe
f ur t hermagnetie imsiterigl dn seidagray, to overcoat the magnetic particle array with a robust protective

film, and hence to make a magnetic storage medium having an areal bit density exceeding 100

gigabits per square inch and even approaching as high as 10' bits (1 Tbit) per square inch.

It is a further object of the present inve;ltion to use simple chemical self-assembly
procedures (not lithography or contact printing) to make the aforesaid ordered arrays of nm-scale

particles on the surface of a substrate.

The present invention therefore provides a magnetic storage medium comprising :

a) a substrate having a surface,

b) a layer of particles disposed in a substantially uniformly spaced-apart relationship upon the
aforesaid surface, the particles having a substantially uniform diameter not exceeding 50
nanometers and comprising a magnetic material selected from the group consisting of elements

Co, Fe, Ni, Mn, Sm, Nd, Pr, Pt, Gd, an intermetallic compound of the aforesaid elements, a binary



“*one bf said elenents other than Fe, bariumferrite, and strontiumferrite,
“and' ¢) a coating surrounding the particles and adhering to the surface to
mai ntain the aforesaid substantially equally spaced-apart rel ationship.

Preferably, the magnetic storage nmedi um conpri ses an abrasi on-resi stant
coating disposed over the particles o protect them from abrasion, the
‘abrasion-resistant coating preferably conprising a material selected from
t he gdlloyof 6416 elehidnty) a @4ty Alloy 6f daid elements i oxidasfiFedusther abimphisingattaaghous -
silicon, alum num oxide, and silicon oxide. Optionally, the nagnetic
parti : L ifar ' [ exceedi ng 20

8e3 Mo T R Ukl e el ol T Rl B

e
nanonet er e neta térial selected fromthe

group .consj.sting of.go]d, si]ver | atinu and pal |l adiu .

2t FORRSE ittbuRinds i grteley o efieding b Thesiine'ts saiatidhe atopseidnc i ar 1y
equal |y spaced-apart particles disposed at a plurality of distances from
t he swbstapballyf equally spaced-apartreldationsip. specific exenplary form such a

mul tilayer may conprise a first nonolayer of particles having the
aforesaid coating to maintain themin spaced-apart relationship and a
second nonol ayer of particles disposed over the aforesaid coating.

7 Ac ' t r odi ment -affiniiy.| i d
pet nesis i e RUBhAR s b B confifisd abidblationbalPRbelily BsBPARer o
of the surface of the substrate, the affinity |ayer being conposed of an
af f i niteyparelestp Rrotery ismetonebmsiane fherAbrasiqnyresiptaptropting prefeazbly qowansng a
particles in

material selected from the group consisting of diamond-like-carbon, amorphous carbon,

amorphous silicon, aluminum oxide, and silicon oxide. Optionally, the magnetic particles may
" have a substantially uniform diameter not exceeding 20 nanometers and may be coated with a

noble metal material selected from the group consisting of gold, silver, platinum, and palladium.

Furthermore, the layer may comprise a multilayer formed of substantially equally spaced-apart
particles disposed at a plurality of distances from the surface of the substrate. In one specific
exemplary form, such a multilayer may comprise a first monolayer of particles having the
aforesaid coating to maintain them in spaced-apart relationship and a second monolayer of

particles disposed over the aforesaid coating.



f’;-f:t‘-he_-af*“oresai_d-sel‘ect ed pattern over the substrate surface. Such an affinity
materi-al may conprise bi-functional nolecul es which can be expressed
general ly in the formX-RY where X and Y are the active head groups and R
s a hydr ocarbon or flourocarbon chain preferably containing 3-22 carbon
atoms. - The functi onal groups X and Y gre chosen from sul foni c acids
R-SO err] OH sul finic

aci ds  Accbrdihgld another embodlment, an affinity layer may be disposed between the magnetic
phosphi ni c "aci ds R2 POCH

22?;823{3}% acing% aﬁe%f 9&%'&&5& least part of the surface of the substrate, the affinity layer
thiols R-

tri smetisgcomposed of aq:gﬁgu(.w{egplr qc}ap@firt? preferentially attract and retain said particles in
trisethoxysilane R-Si(OCHerr]CHerr])3

tri chl dhesforesaid seleRtedip@itfrarovir the stbstrategiuviace. Suth i sffinity matarab may eormlpeise c al
functional groups X and Y may be the sane although they are generally not,

becaus gjiffigctioniThbRbflessWhicR egn Bé‘ Qxﬁr%ed‘ géiﬁ&ﬁtytm(ﬂh@foﬁﬁ X-RCE vitiefe RUMA R btey
conprised of different materials.

rsrayot;: tgéﬁé{g@}gﬁég@gpg@gﬂ?%&%r rcﬂﬂlfsmetgox%s; ll%/ @ﬁ?@ane t. hi O{ﬁn%%lm ch

sel ectively binds noble netal coated nanocrystals to silicon
carbon atoms. :

The functional groups X and Y are chosen from:  sulfonic acids R-SO,O0H
sulfinic acids R-SOOH
phosphinic acids R,POOH
phosphonic acids R-OPO(OH),
carboxylic acids R-COOH
thiols R-SH
trisme_thoxysilane R-Si(OCHs);
trisethoxysilane R-Si(OCH,CH:);

trichlorosilane R-SiCl,

In a given affinity molecule the chemical functional groups X and Y may be the same although
they are generally not, because the substrate surface and the nanoparticle surface are generally

comprised of different materials.



-oxi de “sur f aces. .~ For the purpose of the present application,
"substantially uniformdianmeter” shall be.understood to mean that the
magneti c particles have dianeters characterized by a standard devi ati on of
|l ess than 10% of their average. The present invention also provides a
met hod of formng a nmagnetic storage nmegi umupon a surface of a substrate
conprising the steps of: a) preparing a liquid dispersion, in a solvent,
of magrkiekamplelof 6h Qﬁiﬁ@%}%ﬂi@’ﬁi&ﬂﬂeﬁbﬁﬁﬂy&r&aﬁbﬂﬁﬁzﬁmchmﬁd resScl
y uni form di anet er

magnetic particles havihg a substantial not exceedi ng 50

i R AL, L i R 0

internet%]lic conmpound of the aforesaid elenents, a binary alloy of said
el enenP¥ide gusaehary al | oy of said el enents,  an oxide of Fe further
conprising at |east one of said elenents other than Fe, bariumferrite, and
strontiumferrite, Db) applying said |liquid dispersion to said surface of
said substrate, and c¢) evaporating said solvent to.thereby form upon said
surface of said substrate, a layer of said nmagnetic particles coated with
said organic stabilizer material, said magnetic particles being

9 mai ntained in substantially uniformy spaced-apart rel ationship upon said
surface by said organic :

For the purpose of the present application, “substantially uniform diameter” shall be understood
to mean that the magpetic particles have diameters characterized by a standard deviation of less

than 10% of their average.

The present invention also provides a method of forming a magnetic storage medium upon a
surface of a substrate comprising the steps of :

a) preparing a liquid dispersion, in a solvent, of magnetic particles coated with organic stabilizér
material, said magnetic particles having a substantially uniform diametei not exceeaigg 50
nanometers, said particles comprising a magnetic material selected from the group consisting of
elements Co, Fe, Ni, Mn, Sm, Nd, Pr, Pt, Gd, an intermetallic compound of the aforesaid
elements, a binary alloy of said elements, a ternary alloy of said elements, an oxide of Fe further
comprising at least one of said elements other than Fe, barium ferrite, and strontium ferrite,

b) applying said liquid dispersion to said surface of said substrate, and

c) evaporating said solvent to thereby form, upon said surface of said substrate, a layer of said

mzignetic particles coated with said organic stabilizer material, said magnetic particles being



~’Stabil'izer material. Preferably, the nethod conprises the further steps
“of: *d) renmoving the organic stabilizer material, and e) depositing an
adherent coating, which rmay optionally be abrasion-resistant, over the
magnetic particles to maintain themin the aforesaid substantially

uni formy spaced-apart rel ationship. 9 Optionally, renoval of the organic
stabilizer material is carried out by evaporation using at |east one of
heat i ngmaitameet infsubgantially wiformiynspacedidpeait eclationghiptupen sdid amiface byahid dr
material conprises a |ong chain organic conpound of the form R-X ere R
Ls a neqilslizeehaf&dfd fromthe group consisting of 1) a hydrocarbon chain in
straight or branched formation, said hydrocarbon chain conprising 6 to 22
carbon atons, and 2) a fluorocarbon chain in straight or branched

formati on, sai d fluorocarbon chain conprising 6 to 22 carbon atons , and
where X is selected fromcar boxyl I ¢ acid, phosphonic acid, phosphinic acid,
sul fonil()*}'e%&hb’ themethed ccomaprisss the @tepSQge desirabl e choice of organic
stabilizer material is oleic acid.

10  BRIEEmDHSE R rgNc Sabilier MRk INGS

e) depositing an adherent coating, which may optionally be abrasion-resistant, over the magnetic

particles to maintain them in the aforesaid substantially uniformly spaced-apart relationship.

Optionally, removal of the organic stabilizer material is carried out by evaporation using at least

one of heating, dry etching, and vacuum.

Preferably, the organic stabilizer material comprises a long chain organic compound of the form
R-X, where R is a member selected from the group consisting of 1) a hydrocarbon chain in
straight or branched formation, .said hydrocarbon chain comprising 6 to 22 carbon atoms, and 2) a
fluorocarbon chain in straight or branched formation, said fluorocarbon chain comprising 6 to 22
<;arbon atoms , and where X is selected from carboxylic acid, phosphonic acid, phosphinic acid,

sulfonic acid, sulfinic acids,and thiol. One desirable choice of organic stabilizer material is oleic

acid.



Figure-1 is a transm ssion el ectron mcrograph (TEM photo of an ordered
-monol ayer of Co particles, each black dot being a single 8 nm dianeter Co -
particle, with an inset showing an electron diffraction pattern fromthe.

ordered nonol ayer (not only froma single particle). Figure 2
shows the general steps of a fabrication nethod for form ng a nagnetic
storage nediumof the present inventign on a substrate. Fi gure

3 shows a plan -view of the magnetic storage nedium of Figure 2.
Figure 4 is a sectional view of a magnetic storage nedi um based on a

oul il s) hRP OIS SHETDRGRIVINGS Par ti cl es. Figure 5is a
: F DES ( . :

sectional view of an al ternative magnetic storage nedi um based on two

ordered nonol ayers of nonodi sperse nmscale Co particles. Fi gure

6 is a transm ssion electron mcrograph (TEM photo of an ordered

mul til ayer of Co particles of Figure 4, each black dot being a single 8
nm di anet eFigle bisra traxismission electron micrograph (TEM) mhetomf prrogigred monolayer of

Co particles, each black dot beiﬁg a single 8 nm. diameter Co particle, with an inset showing an

. electron diffraction pattern from the ordered monolayer (not only from a single particle).

Figure 2 shows the general steps of a fabrication method for forming a magnetic storage

medium of the present invention on a substrate.
Figure 3 shows a plan view of the magnetic storage medium of Figure 2.

Figure 4 is a sectional view of a magnetic storage medium based on a multilayer of

monodisperse nm-scale Co particles.

Figure 5 is a sectional view of an alternative magnetic storage medium based on two

ordered monolayers of monodisperse nm-scale Co particles.

Figure 6 is a transmission electron micrograph (TEM) photo of an ordered multilayer of

Co particles of Figure 4, each black dot being a single 8 nm. diameter Co particle.



“Fi gure 1 is a transm ssion el ectron m crograph (TEM photo of an ordered
nonol ayer of cobalt particles, with each bl'ack dot being a single 8 nm

di aneter particle. The dots are regularly separated by the organic
stabilizer |ayer, which appears as the lighter regi-on between the

particles. The TEMwas récorded at 120 KV el ectron beamenergy on a
Philips EM 420 m croscope. Figure 2 shows the general fabrication
met hod to formthe nagnetic storage me hyum of the present invention: :
creating a periodic array or. layer 4 of nmscale nagnetic particles 1 on a

subst rgEq-AF[LEgngEgmﬂ@m l'izing the particles 1 in their positions within

| ayer 4. First, a nonodi sperse sanpl e of ferromagnetic particles
1 with dianeter of the order 5-20 nm (" nanoparticles”) is nade according
to the methods of the aforesaid patent application --/---,- -- of Mirray

and Sun. The particles | consist of an inorganic core 2, surrounded by a
organi.c st Bigre Lisnjiransyission elgjron sricragraph M) phptorafan grdessd morglayer of zi ng
| ayer 3, the particles 1 are soluble in a hydrocarbon solvent such as

dodec aﬁuhalt@ahwlésL witheatteblackndot beihgauosingle 8 ani diemefed partieled The dois areggelarly
particles 1 dissolved in the dodecane is prepared accordlng to the nethods

 convent BAr b e SARRIALN LD riiciippat s Sﬁt‘?" b i orveen (hEpartiles
ap Pr OX%Mwas reogrrdaeggt Pio ﬁ?rreﬁec%oﬁ' %eam eoergj} on atPEu%pg tEM (1%1 ?nclg:gsedope.

Figure 2 shows the general fabrication method to form the magnetic storage medium of the
present invention: creating a periodic array or layer 4 of nm-scale magnetic particles 1 on a

substrate 5, and then stabilizing the particles 1 in their positions within layer 4 .

First, a monodisperse sample of ferromagnetic particles 1 with diameter of the order 5-20
nm (“nanoparticles™) is made according to the methods of the afoﬁsaid patent application --/-—-,-
-- of Murray and Sun. The particles 1 consist of an inorganic core 2, surrounded by an organic
stabilizing layer 3. By correct choice of the organic stabilizing layer 3, the particles 1 are soluble
in a hydrocarbon solvent such as dodecane. A bottle containing dodecane and the aforesaid
ferromagnetic particles 1 dissolved in the dodecane is prepared according to the ﬁethods
described in the aforesaid Murray et al application —/---,-—-. As a convenient example, the
concentration of said particles 1 can be approximately 0.1 grams of particles in 0.01 litre of

dodecane.



“The ragnetic nanoparticles utilized in this invention conprise a nagnetic.
‘material selected fromthe group consisting of elenents Co, -Fe, N, WMn,

Sm Nd, Pr, Pt, Gd, an internetallic conpound of the aforesaid elenents, a
binary alloy of said elenments, a ternary alloy of said elenents, an oxide
of Fe further conprising at |east one of said elenents other than Fe,
bariumferrite, and strontiumferrite.1 Optionally, the particles may be
a CoPt alloy (Co[err]Pt with n=1, 3 or 6.33) with CoPt (n=1) being the
easiest to fabricate, the conmpositions of said alloys being uniform -

t hr oughout ?&E@. . e TP TAL-1P E&SP iC s 2 | ayer
structure g%lESI %?1)03 0 b%h?%?‘rlonagﬁg?}l%ﬁ:ore %&,Aﬁ%ﬂ&%urpstgﬁﬁlded by a
nobl e tal .l ayer ("shell" of , Au, Ag, Pd).. Such a nohle petal shell

pr ot eé§§° ga@alpeow@gajgfeﬁ%ems&@,g’&%mm&?b%enm in

form ng coval ent |inks between the particles 1 and the surface of

subst intermefallid bempovekief thechforekmid eletrenissa binary allyef saidrelemeitsy ateratyhslloyat e,
with the requirenment that the surface is flat. ldeally, -the rns roughness

of t hef silslehRh®, ars BAMS Qfﬂg@ﬁﬁl&?é&ﬁ risﬁlgtde@eae%ﬁeidf'ssid%&ﬁ&k@%emaﬁmaf ter

called " D The dianeter D of the nagnetic nanoparticles’ 1 of

this i td on s eferably 5 - 15 nm An inportant feature of the
preserltl) %l\ﬁé%??’gﬂd%o %?P%%ttei mum ordered, periodic formation of nonol ayer

4 is best achieved when the particles 1 have a substantially uniform
di ameter---when the size distribution of the nanoparticles is narrow. In
particular, it is desired that the standard deviation of the distribution

of paQpitiohallyitenwirtcles ey se 4 CoPt alldyt (Tof% withaFa) 3 6f 0.88) WithToPh @i Hbeing

the easiest to fabricate, th_é compositions of said alloys being uniform throughout the nanoparticle.
Optionally, each particle 1 has a 2 layer structure consistihg of a ferromagnetic core (Co, Fe, Ni)
surrounded by a noble metal layer (“shell” of Pt, Aﬁ, Ag, Pd). Such a noble metal shell protects
the magnetic core against oxidation, and is also useful in forming covalent links between the
particles 1 and the surface of substrate 5. The preferred substrate is a Si wafer, or a glass
substratg, with the requirement that the surface is flat. Ideally, the rms roughness of the substrate

should be similar to the particle diameter, hereinafter called “ D”.

The diameter D of the magnetic nanoparticles 1 of this invention is preferably 5 - 15 nm.
An important feature of the present invention is that optimum ordered, periodic formation of
‘monolayer 4 is best achieved when the particles 1 have a substantially uniform diameter---when
the size distribution of the nanoparticles is narrow. In particular, it is desired that the standard

deviation of the distribution of particle diameters be < 10 %, with 7% or smaller being preferred.



13 For exanple the nonol ayer depicted in Figure 1 consists of Co partlcles-
with a 5%size distribution.-It is desirable that the distribution of
particle diraneters be < 10% It is preferred that the distribution be 7 %
(or less). Wile this narrow si ze di stribytion is optimum broader size
di stributions and nonol ayer arrays wi t# i nperfect ordering may al so be
formed in accordance wth the present i.nvention. As shown in

Fi gur eFér examplepthe monblayeridepintest indtigurh ¢ cmsmgafﬁlcpamalgmmﬂl@ Pbsize2 described

above, and are surroundéd with an organic stabilizer |ayer 3 having an

ef f ect g8t K NSS destiabledhMihe distribatibilbfpdriicle dantedbd€ 10%. [t BfpéfeRed that

Sui t abl e nnlecules for this organic stabilizer layer 3 includé |ong chain

or gani 0 e fo mhere el ect [ om t he
ar oap. DS ETBOHES BF 7 5 08 1655h TSRl aEy i Bt ondf B hbacf 8%
formation, said h drocarbon chai n co r|5|ng 6 to 22 carbagn atons, and 2)
a f | uoflistEhutions nolayes epraysy ithgmpetest erdering may alseibs dormedta agqordanse ar bon
chain conprising 6 to 22 carbon atonms , and where X is selected from

car boxyliththepfegent fiveatibroni ¢ aci d, phosphinic acid, sulfonic acid, sulfinic
acidand thiol. The effective thickness of the aforesaid organic stabilizer
| ayer 3 may be adjusted by changing the carbon chain length, with Aeic
Aci d having an 18 carbon chain bei.ng an i nexpensive and conveni ent exanple
( 2 nmeffective thickness). An ordered | ayer 4 of the
nanoparticles 1 is forned as a nonol ayer on the substrate 5 by any

sui tabl e net hod. For exanpl e, slow evaporation of the solvent froma film
of uni f orm As shown in Figure 2, the particles 1 comprise the inorganic, magnetic core 2 descri

above, and are surrounded with an organic stabilizer layer 3 having an effective thickness of -
about 1 - 5 nm, with 2 - 4 nm being preferrgd. Suitable molecules for this §rganic stabilizer layer
3 include long chain organic compounds of the form R-X, where R is a member selected from
the group consisting of 1) a hydrocarbon chain in straight or branched formation, said hydrocarbon
chain comprising 6 to 22 carbon .atoms, and 2) a fluorocarbon chain in straight or branched
formation, said fluorocarbon chain comprising 6 to 22 carbon atoms , and vlvhere X is selected
from carboxylic acid, phosphonic acid, pho-sphinic acid, sulfonic acid, sulfinic acid,and: thiol. The
effective thickness of the aforesaid organic stabilizer layer 3 may be adjusted by changing the
carbon chain length, with Olei<-: Acid having an 18 carbon chain being an inexpensive and

convenient example ( 2 nm effective thickness).

An ordered layer 4 of the nanoparticles 1 is formed as a monolayer on the substrate 5 by

any suitable method. For example, slow evaporation of the solvent from a film of uniform



‘14 t'hickness as described i.n Murray et al, Science, 1995, v. 270, p. 1335,
may' be used. The dodecane or other suitable solvent is renmoved by air
drying, or heating in an oven to about 40 [err]C (or slightly higher
tenperature). The ordered array of the present invention fornms as the
solvent is slowy renoved, and a drivang force to formsaid array is an
‘attractive force between the Oeic acid organic stabilizer |ayer 3 of

mut uakhiskness exdescrizal ipaviviray etsl, Sciches,ci995, wi700pl$336 mdydbeused, The dodehna
filmof uniformthickness of the liquid dispersion containing both

-parti of eherdifitablR! SoRRAS is ré6vedby i Weﬂhéa tifi irP4h 6Rndb BbER A0 °CY (orSh iy

coating, and coating using a blade noved at controlled speed paral | €

the s trat Alte natl vel t he i .r odgett
nssentigeh & '8&%?2'@&8F4%W% G Vbl St P e “% {5 o %
Introductlon opyright 1996 by canbr | dge Univ. Press, NY. ISBN # O 521
41396 TGOV apd a g forcede fﬁw%m@enmhwwhﬁmﬂlemecwd Not e
that wet chem cal processing is used up to this point, and that dry, vacuum

based opganixestabilizer layer 8 of thutusiyadjseait Copdriicles DoSasteral“ﬂﬂahaBﬂndlpbe aseditaced in

a pl asma enhanced chenical vapor deposition (PE CVD) tool, or siml ar

pl as 61HP q"’:?z‘ﬁ b&ﬂ?’ﬁﬁ’%

desi ?g‘éét( seeesiw‘sl%tl-'er%ﬁi1 gg?gﬁ%@lﬁ ul t Epegﬁgﬁ nmet ngB%n lggTliare eatl ng
in vac X re.t ht and osure Lo an ox n (I'f the
| at t RS B f@fE’e&?ﬂan attag SR b ag B8R plRIRD e any
oxide fromthe |layer 4 of magnetic nanopartlcl es 1.) . Alternatively, the
af or esantpolipdsapedparalld toithesubstsateiswda®. may be left in place..

y-

Alternatively, the Langmuir - Blodgett assembly method as described in M.C. Petty,
“Langmuir-Blodgett Films, an Introduction™ , copyright 1996 by Cambridge Univ. Press, NY.

ISBN # 0 521 41396 6, may be used to form the ordered monolayer of particles.

Note that wet chemical processing is used up to this point, and that dry, vacuum based processing
is used subsequent to th1s point. The sample is placed in a plasma enhanced chemical vapor
deposition (PE CVD) tool, or similar plasma reactor. The organic stabilizer coating 3 may now
be removed if desired (see Step 1, Figure 2). Suitable methods for Step 1 are heating in
vacuum, exposure to UV light, and exposure to an oxygen plasma. (If the latter method is used, a
hydrogen plasma exposure is used to remove any oxide from the layer 4 of magnetic nanoparticles

L) Alternatively, the aforesaid organic stabilizer coating 3 may be left in place.



‘15 - Bef ore disturbing the ordered | ayer array -4, and before
“‘perthitting any repositioning of the ‘nmscale particles, a protective
coating 7 may now be deposited in the encapsul ation step ( see Step 2,
Figure 2 ), to hold the nanoparticle 1 of nonolayer 4 in place and to
protect |layer 4. The coating 7 nmust be hard and adherent to the substrate
.5. Suitable materials for the protectiqg overcoating 7 include di anond
| i ke carbon (DLC), anorphous C or Si, and oxi des such as al um num oxi de or
Si oxide. The preferred material for coating 7 is dianond |ike carbon
{DLC), depRéfolerlistitbiimk ofdkrdd 1Ry ubay 4 2drkl tefdre paiitting W répdsiiofinglorlfe and

exposi ng the sanple to a hexane plasma (or simlar carbon source

nol ec nrefe -1 ] | .| . and
oy c oot BleF SRR AE T o onf BBt th nonBliod Bep e 715,
the coating Z. may_be_ deposited by any suitabl e nethod known to those

ski | | e¥fep n’f t E@ua%i/ ) tebelddhe panopartigleiof Wwagimphﬁﬁldé°ﬂ‘§%3w§hﬁa%ed
chem cal vapor deposition (PE CVD) tool, or a reactive sputtering tool.
Mor eoveating ¥ nes bébard@nd edheredt to thecbapsimte 5.t [Suiteblatmaterials fon tHelprotestive chanber
or tool that may have been used to renove the organic stabilizer |layer 3

from therddaditgd ¥ iRiudk digmond like carbon (DLC), &thSiphSusC 9P S¥\%n@ dRiRE sidhy Of the
preferred embodi nent of this Invention, aftér Step 1 of Figure 2 (the

protective over.coating.{ Ls not. shown).. The preferred s I n b n

b1 s A Sl Bt St Skide, The Prftea tinterial 3t pSoi5e i ApcR e Saekmp (2L e
preferred dianmeter (D) of each Co nanoparticle bit is 8 nm and the

pr ef erqepasitaddiyheatingthesubsiratn$ td allout 10@10 3¢0°aband exposing the sample tgjaexmre E
is 2 Xthe effective thickness of the organic coat, before renpoval of said
coat . pgiesma (or similar carbon source molecule). The preferred thickness for coating 7 is at least 10

nm. and may conveniently be 20 to 50.nm in thickness. It will be understood that the coating 7
may be deposited by any suitable method known to those sﬂlﬁ in the art. For example, some
methods utilize a plasma enhanced chemical vapor deposition (PE CVD) tool, or a reactive
sputtering tool. Moreover, it may be convenient to deposit the @ating 7 in the same chamber or

tool that may have been used to remove the organic stabilizer layer 3 from the particles 1.

Figure 3 shows a plan view of the preferred embodiment of this invention, after
Step 1 of Figure 2 (the protective overcoating 7 is not shown ). The preferred spacing B between
bits in the form of nanoparticles 1 is about 12 nm. in this example, the preferred diameter (D) of
each Co nanoparticle bit is 8 nm, and the preferred distance between particles (E) is about 4 nm. (
The distance E is 2 X the effective thickness of the organic coat, before removal of said coat. See

Figure 2A.) The resulting information density using 1 magnetic particle / bit ,is 6 x 10 (6



Firgurg 2A.) The result
bit,"is 6 x-10[err] (6
.16 Thit) per square inch. By contrast, current technol ogy using magnetic
thin filnms rather than magnetic nmscale particles provides a density on
the order of 10[err] to 10[err](1 to 1¥ Ghit) per square inch.

-The foregoi ng enbodi nents efficiently use ordered arrays of rmscale

par ti cTlif), persgesre indhaBY Gontedl dutrénttashnb g Ssp Yeigeid thitfikhdYaliRr bayer - As
wi || be understood, alternative enbodinent of the ordered arrays of the

prese [ ny-ent | . L ple J-ayer. 9 , NS e ticles.
Nagnet 2bietE B TRt UBE pifldel Biabndi 3R e Srasf Y W BRI W0 ot o are
especi al | y .ugeful when nultipl e-val ued recordi ng schenes are used, wherein
each IPE recording bit can be assigned > 2 val ues, for exanple 3 or 4
val ues, and a greater information storage density is thus achieved. The
magnetic recording nedia shown in Figures 4 and 5 are wuseful for the
sinpl e case of the 3 value recording schene, wherein 3 magnetic states of

“each bit mmgommmaﬁssmmm&oﬁa%&%&agﬁrgﬁ.kc Ligle§s with

paral | el magnetic nonents in the UP “direction, partictes wth parall el

magnet j ¢ - [ the. D di recti.on, .and [err. article spin UP +
[err] 4&%?% [ﬁlﬁﬁp@&gﬁ'\lﬁm.ﬁ?’? &b ﬁg’rﬂ}lpgflg T P?FEI U¥es nore
magneti C articles per unit area than the ordered nonol ayer, which results
in a |°é’il‘§§§£mﬁ%@f &he ordered arrayspfdhe presant invgntiemmpy usesmuliple layers of such

ing .information density-.using | nagnetic particle /

nm-scale particles. Magnetic recording media based on multiple layers of magnetic particles are
especially useful when multiple-valued recording schemes are used, wherein each magnetic
recording bit can be assigned > 2 values, for example 3 or 4 values, and a greater information
storage depsity is thus achieved. The magnetic recording media shown in Figures 4 and 5 are
useful for the simple case of the 3 value recording scheme, wherein 3 magnetic states of each bit
are defined and the 3 magﬁetic states are all particles with pérallel magnetic moments in the UP
direction, all particles with parallel magnetic moments in the DOWN direction, and % particles
spin UP + % particles spin DOWN. The multilayer of particles simply places more magnetic

. particles per unit area than the ordered monolayer, which resuits in a larger magnetization signal

for a given bit area.

Figure 4 is a secﬁon view of a magnetic recording medium based on a multilayer 4A of

monodisperse nm-scale Co particles 1. As shown in Figure 4, the recording medium consists of



-Pigureg 4 is a section view of a maghetic recordi ng nedi um based on a
“mul ti | ayer 4A of nonodi sperse nmscale Co partlcl es 1. As shown in Figure
4, the recording nedium consi sts of :

17 a substrate 5, an undercoat 6 (coating. on the substrate), a nultil ayer
4A of close packed nmscale particles {3 ‘and a protective overcoat 7. The
_substrate 5 may be either rigid (such as glass, or a Si wafer) or .

f1 exi bl £substigte 5aan andepéoatd (coating es thecsublstsate), Amwnddymrdéabf cliose packet ning-scale
applied to the substrate 5 to pronote ordered nultilayer- formati on and

enabl e &r.{ggera tﬁﬁatacﬁ&e&ﬁve%f&aa# Tﬁdﬁﬁ%sﬁél%?ﬁ?'be%h&ﬂrféx&%su&haﬁglaw%ﬁh@te

5, my onprise an affinity mater conpri sing bi funct i onal

T e Yo ik B R G

sel ected from sul fonic
aci ds substrate R-tgppasnoty ordered multilayer formation and enables the formation of chemical links

sul finic acids R- SOOH

phosphi bétweditpditicles 1 Bh®5ulistaiets, may preferably comprise an affinity material comprising bi-
phosphoni ¢ aci ds R- OPQ( OH) [ errfl

fﬁr bOXYfnGridHat ﬂﬁ)lecﬁ g&ﬁﬁe form X—R—Y wherem Ris selected from hydrocarbon and

H: :gﬁl oH Jam& ? o w%@%%mﬂ and X and Y are selected from:

trichl orosHane R-Sid[err]

sulfonic acids R-SO,0H
sulfinic acids R-SOOH
phosphinic acids R,POOH
phosphonic acids R-OPO(OH),
carboxylic acids R-COOH
thiols R-SH
trismethoxysilane R-Si(OCHs)s
trisethoxysilane R-Si(OCH;CHs)s

trichlorosilane R-SiCl; .

The multilayer 4A is preferably formed on undercoat 6 by evaporation of a solvent from a film of
uniform thickness, said film being a solution of the nm-scale particles in a solvent such as

dodecane.



3 . :
-~ Fhe.mal tilayer 4A is preferably formed on undercoat 6 by evaporation of a
solvent froma filmof wuniformthickness, said filmbeing a solution of
the nmscale particles in a solvent such as dodecane.
18 The nmscale particles | in Figure 4 may preferably have a
chem cal conposition and size distribution as described above in reference
to Figure 2. Broadly, the magnetic material should be selected fromthe
group consisting of elenents Co, Fe,. M, M1, Sm Nd, Pr, Pt, Gd, an
intermetal lic conpound of the aforesaid elenents, a binary alloy of said

elenments, a. ernary,allo f said gl enent.s X] f 4.-h -
conpri si ng ePBﬁ%‘)él%ﬂ?é“%i S gH’r g‘glﬂee‘ﬁ@ﬁy grege[rﬂg?ﬂ?ﬁea%gﬁ%r,ﬁ\ca %ﬁp&%‘lﬁgr&r‘ﬂi e
and strontiumferrite. Mre particularly, the particles nmay preferably be
conposé&tﬂuﬂbaaBdpﬂmW@@N@ﬁhﬂnFﬁ@ﬁ@@ﬂp@Haﬁ%?éﬁﬂ@de@@F@gﬂﬁ“NPm?Pddhm@ﬁé”
binary alloys of Co, Fe and Ni, or ternary alloys of these el enents.

Opt i ongéledted frog the giouplcensisting dfelemenes Co,He| My, Nio,frayN@,Rr, B, Gd, mx1, 3 or
0.33) with CoPt (n=1) being the easiest to fabricate, the conpositions of

sal 0 abhESedif g&%«g{&&m& 1Breoua R lentd bgﬁg,ga@tdfshaele%w?édﬁy afiggh

particle has a r structure consisfin erromagnefic core (Co,
Fe, N) _surrpounded by .a ngfl tal | ayer %ﬁ%PeII" of Au,. Ag, Pd). The
di anet ﬁsaﬂefw%ﬂppﬁsgggﬁﬁﬁ&gf%n@- 538 o] S of s slesienfR b v Tt £ on |
of the distribution of the particle dianeters should preferably be < 7%

wi t h 5 busigorfeirise sindistrontiumfistitep Midre partigularly, the particles may preferably be gorgpeseron

view of an alternative nmagnetic recordi ng nediumthat consists of 2

layers 4ph fatslRsgEtiTRAAMISPRERS (00} BEa 19i YCor 8 biragy &ltoyd of \@d, Fe andNotogct i ve
coating 7B deposited

ternary alloys of these elements. Optionally, the particles may be a CoPt alloy (Co,Pt with n=1, 3

or 0.33) wﬁh CoPt (n=1) being the easiest to fabricate, the compositions of said alloys being
uniform throughout the nanoparticle. Optionaliy, each particle has a 2 layer structure consiéting of
a ferromagnetic oor;e (Co, Fe, Ni) surrounded by a noble metal lay& (“shell” of Pt, Au, Ag, Pd).
The diameter of the particles éhould be 5 - 15 nm, and the standard deviation of the distribution of

the particle diameters should prefefably be < 7%, with 5 % (or less) being most preferred.

Figure 5 is a section view of an alternative maghetic recording medium that consists of 2
layers of ordered monodisperse nm-scale Co particles 1, with a protective coating 7B deposited
between layers 4B and 4C of nm-scale parti.cles 1. As shown in Figure 5, the recording medium
comprises a substrate 5, an undercoat 6 on the substrate (preferably but not necessarily of affinity
material as described hereinabove), a first layer 4B of nm-scale particles 1 (an ordered array as in

Figure 3), a first protective coating layer 7B, a second layer 4C of nm-scale particles 1 (another



bet ween | ayers 4B and 4C of- nmscale particles 1. As shown in Figure 5, the
recordi ng medium conprises a substrate 5, an undercoat 6 on the substrate
(preferably but not necessarily of affinity mat eri al as descri bed _

her ei nabove), a first |ayer 4B of nmscale particles 1 (an ordered array as
in Figure 3), a first protective coanang | ayer 7B, a second | ayer 4C of
.nmscal e particles 1 (another

19 or cedered amrayens inFigure B),gnd @ sejondqetective eosting lpyemﬂélct'li'heeubmte Simaly dyer
7C. The substrate 5 may be either rigid (such as glass, or a Si wafer) or

-1 exi bleeme:sxtgth (#Rhas gﬁ.!syr&rals; “%t& bt fexiBIS Csuclf‘aé:é’?ﬁ&lgﬂg?@?la&'{dmg&r&%%tﬁgé S

applledto esubst ate to prom)eor ered mult ormat1 on

| nt or ada PeeRgnt | Fanplied 1o A ira*eﬁﬁpmra%?@rﬁwéamtlﬁ%e r e

4C. QOtlonaII the structure of Figure 6A may continue with rmre
| ayer s,of e Rt overnoating, @B may heradjustaddo ¢hange the interactiph gfithe figstiosdesed monolayer
transm ssi on el ectron m crograph (TEM photo of an ordered nultil ayer of

Co par t4B: iveith thé sécogd ionélayeedfl bl ack dot being a single 8 nm dianeter Co
particle. The top-nost |ayer appears black, and a missing Co particle is
hi ghli ghted by the while arrow (this is a defect in the ordered nultilayer
array). The second | ayer down appears as gray dots. The nultilayer 4A of
Figure 4 is sol vent vaporatl on froma_solution of the sane
particles deé@tqnﬂgﬂ %‘Fféﬁé\ﬂl@éy peAtypRE R more jgyershas Wl be wadily

formation of an ordered m)nol ayer), but in the multilayer
understood.

Figure 6 is a transmission electron micrograph (TEM) photo of an ordered multilayer of

Co particles of Figure 4, each black dot being a single 8 nm. diameter Co particle. The top-most
layer appears black, and a missing Co particle is highlighted by the while arrow (this is a defect in
the ordered multilayer array). The second layer down appears ae gray dots. The multilayer 4A of
Figure 4 is formed by solvent evaporation from a solution of the same particles described above in
reference to Figure 2 , which depicts formation of en ordered monolayer), but in the multilayer
case a higher temperature may preferably be used to increase the particle mobility and to remove
solvent at a faster rate. For example, the multilayer whose TEM photo is shown in Figure 6 was

prepared at 60°C.



¢ase a higher tenperature may preferably be used to increase the particle
mobi‘lity and to renove solvent at a faster rate. For- exanple, 'the

mul ti.l ayer whose TEM photo is shown in Figure 6 was prepared at 60[err]C
20 As noted herein, the "undercoat” |ayer 6 on the substrate 5 may
conprise an affinity material which exables the formation of chemnica
links between the particles 1 and the substrate 5. Such an-affinity

mat eri al  ComRrHokhebdin,{tHO ClrideRdht” TR 6 Whdke ibstrite SrdyBotiprisd anviiffiii§i N R i s
sel ected from hydrocar ‘bon and fluorocarbon chains of between 3 and 22

car bon F@%@f 8@?% 4 XR0 %e &f@lﬁ'% L5548 1k Bbtween the particles 1 and the substrate

sul fon

sul finic acids

phosphPniSgchan ggimty mqt@‘pall perapgises bi-functional molecules of the form X-R-Y, wherein R is
phosphoni ¢ aci ds R-OPQ(OH)[err]

car box yéleetediﬁ'bﬁl&ydﬂcm and fluorocarbon chains of between 3 and 22 carbon atoms, and X and
thiols R- SH

tri smetghgxys ll B fom: RS (OCH-err])[err]
trisethoxysilane R-Si(OCHerr]CHerr])[err]

trichlorosilane R-SiC[err]. Preferably, at one end of the
bi -functional nolecule there is a tri-al koxysilane group (trimethoxy-

sulfonic acids R-SO,OH
sulfinic acids R-SOOH
phosphinic acids R,POOH
phosphonic acids ~ R-OPO(OH);
carboxylic acids R-COOH
thiols R-SH
trismethoxysilane R-Si(OCHs,);
trisethoxysilane R-Si(OCH,CH;);

trichlorosilane R-SiCl; .

Preferably, at one end of the bi-functional molecule there is a tri-alkoxysilane group (trimethoxy-
and triethoxy- silanes being preferred), which will link covalently to Si02 and metal oxide
surfaces. A glass substrate, or Si wafer coated with SiO2, or a metal oxide coating on the
substrate is preferably used. Preferably, at the other end of the bifunctional molecule there is a

carboxylic acid, phosphonic acid, phosphinic acid, sulphonic acid, sulphinic acid, or thiol group.



-dnd triethoxy- silanes being preferred), which will link covalently to
"SiJerr] and netal oxide surfaces. A glass substrate, or Si. wafer -coated
with SiQ2, or a netal oxide coating on the substrate is preferably used.
Preferably, at the other end of the bifunctional nolecule there is a
carboxylic acid, phosphonic acid, phosﬁ inic acid, sulphonic aC|d

_sul phinic acid, or thiol group.

21 InIhMba@ﬁ&ﬂi@ﬁ%ﬂ&ﬂkﬂﬁ%&hm¢ﬂnnuﬁhﬂﬂ@mﬂhdhﬁns&@gsmﬂgmﬂmbsmﬂnﬂakdbkng@,
carbOX|Iate or thiolate |linkages, respectively, with a nmetal nmscale

parti C'rs e,} Rvidh :{‘gﬁt?e!t:ﬂ oiRsalle é&ﬁ&l@ or ¥ith\iiobldthéthl (UIA, Silver, FRtirRkk &)

coati ng parti Bet weeh the two ends there’is a hy rocar bon chai n.
A gener od to Io al 0 es .of f £egi ons of
the suge{“fé‘?@ rp g ool eiode e B B 1he5E Jf e b e
present invention, and by this nethod it is possible to create an.ordered
nonol ayer of nmscale particles in selected regions of a substrate surface,
while | eaving the remaining regions of the surface free of said particles.
Accor di Agehedalihethod fElobdlly, medifyehié prbperigs of diffefent fegions bfthe atilsstratecie defiietedade
W th custom zed properties by selective placenent of ordered arrays

(layer g, n I Rk gﬁ& f
parti cI es %\RIE'?heni“1 ef%@g{s%rg%/tg?d éftg%-ﬁ{ subs??‘gtaggct:,g%? ?ﬁsétehg,hgﬁ %lrtl)llé)
mat eri al enabl ]gd t he, for tlon of c em cal] Jinks b(#meeg t he rtlcles
1 and tiR& Qe sopolayer koS RAric)as In Seleger FREIIIE A SH i's
patterned as shown in Step A of Figure 7-using standard I|thograph|c

met hodswhilhleaying thermemeiningeegivis ofithe purfarstfieagf saig phriglss.aycoordang:to thist her
geonetric or an arbitrary shape, as showmn in Fig. 7.

method, selected regions of the substrate 5 can be made with customized properties by selective

placement of ordergd arrays (layers 4) of nm-scale particles 1. To accomplish selective placement
of particles 1, the undercoat layef 6 on the substrate comprises an affinity matérial " (enabling
the formation of chemical links between the particles 1 and the substrate 5 ), and the undercoat
layer 6 (affinity coating) is pattemed as ShO\.?Vn in Step A of Figure 7 using standard lithographic
methods.. The pattern of the afﬁnity coating may have any shape, either geometric or an arbitrary

shape, as shown in Fig. 7.

After patterning the affinity layer 6 as in Step A of Fig. 7, the ordered monolayer array of
nm-scale particles is formed by the methods described above in reference to Figure 2. The result
of the fabrication process with a patterned affinity coating is Step B of Figure 7, where ordered
layers 4 of nm-scale particles 1 are then formed only in the selected regions covered with affinity

coaﬁng 6. The selected regions then have the properties of the nm-scale particle layer 4. The



AN ter'patterning the affinity layer 6 as in Step A of Fig. 7, the ordered
" nmonol ayer array of nmscale particles is forned by the nethods descri bed
above in reference to Figure 2. The result of the fabrication process with
a patterned affinity coating is Step B of Figure 7, where ordered |ayers 4
of nmscale particles 1 are then fornegeonly in the selected regions
.covered wth affinity coating 6. The selected regions then have the

pr opereinaiming repions witheatthe affimity icoating) rayiataintthe Phaperties of the original surface of

22 remaining regions without the affinity coating nmaintain the properties
of theygdfigal surface of substrate 5. Wi | e the present invention
has been described with reference to preferred enbodi nents ' thereof in
order to facilitate a better understanding of the invention, those skilled
inthe art will recognize that the invention can be enbodied in various
ways w t hout departing fromthe scope and spirit of the invention as set
forth in the appended cl ai ns.

23 4§ CLAI | S o .
V\%le ﬁle preserl\x/tEBventlon has been described with reference to preferred embodiments thereof
in order to facilitate a better understanding of the invention, those skilled in the art will recognize
ﬂmtﬂwinwmﬁoncmlbemmbodmdinvminwqusvﬁﬂnnudquﬁngﬁnnﬂhcsammandsphﬁof

the invention as set forth in the appended claims.
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1A magnetic storage medi um conprising: -a):a substrate having.a surface,
"b) & layer of particles disposed in a substantially uniformy spaced-apart
relationship upon said surface, said particles having a substantially
uni form di anmet er not exceedi ng 50 nanoneters, said particles conprising a
magnetic material selected fromthe group consisting of elenents Co, Fe,
_Ni, Mr, Sm Nd, Pr, Pt, Gd, an internetallic conpound of the aforesaid
el enents, a binary alloy of said el enfits, a ternary alloy of said
el enents, an oxide of Fe further conprising at |east one of said elenents
ot her WHATHES ClxIMEDISerrite, and strontiumferrite, and c) a coating
surroundi ng said particles and adhering to said surface to maintain said
substantially equally spaced-apart rel ati onship. 2. A nmagnetic storage
medium as set forth in aim1l, said magnetic storage nedi um conprising an
abr asi 9n-,r esj st. I Ag. di .over said particles to protect them
from -ag'r %ﬁ%ﬁ&%g{oﬁgg%ihmgﬁ'%?@@ﬁgr'age medi um as set forth in Caiml,
said particles being coated with a noble. nmetal material selected fromthe
group abhaybsiratehawinggsuracssi | ver, plati num and pal | adi um
24 4. A magnetic storage nmediumas set forth in Caim2, said
abr asi b)a tayer oft particleodispesgd doapubstamiglly anifertrdy spdced-apat tedatiohsiipuple sggdoup
consi sting of dianond-1ike-carbon,.anorphous carbon, anorphous silicon,
al um nyaeRX! G patifles havisgh s@bstAially uniform diameter not exceeding 50 nanometers, said

particleg comprising a magnetic material selected from the group consisting of elements Co, Fe,
Ni, Mn, Sm, Nd, Pr, Pt, Gd, an intermetallic compound of the aforesaid elements, a binary alloy of
said elements, a ternary alloy of said elements, an oxide of Fe further comprising at least one of
said elements other than Fe, barium ferrite, and strontium ferrite, and -

c) a coating surrounding said particles énd adbering to said surface to maintain said substantially

equally spaced-apart relationship.

. 2. A magpetic storage medium as set forth in Claim 1, said magnetic storage medium comprising

an abrasion-resistant coating disposed over said particles to protect them from abrasion.

3. A magnetic storage medium as set forth in Claim 1, said particles being coated with a noble

metal material selected from the group consisting of gold, silver, platinum, and palladium.

|



5. A’'magnetic storage nediumas set forth in Claim4, said particles having
a di aneter not exceedi.ng 20 nanoneters. -6. A magnetic storage nmedi um as
set forth in Claiml, said tayer conprising a multilayer forned of -
substantially equally spaced-apart particles disposed at a plurality of

di stances fromsaid .surface of said s#bstrate. ‘7. A magnetic storage
medium as set forth in daiml or 6 and conprising an affinity layer

" di sposiedA nedgnetivstomige mediven aodet fortht inTlaim 2, mdid abrasiemtesistant copingeompoismg at

| east part of said surface of said substrate, said affinity |ayer

COND i a5 A@rigl sefloteld Hhdny HERESUY &Jnsﬁd@%)bﬁﬁaxhan@liﬁéemaﬁ,laﬂdryhﬁsbmn and
retain sald particles in sai'd selected pattern over said surface. 8. A
magnet i ¢ st orage nmedi um as set fqrth in 9 aim1l or 6 and further conprising
an af fain?ﬁrPéwsls P Eﬁ’é’éa’“@%’t SHegaoxdr. v ar of particles and in a

sel ected pattern over at |east part of said surface, said affinity |ayer
conprising bi-functional nolecules of the formX-RY, wherein Ris

sel ected from hydrocarbon and fl uorocarbon chains of between 3 and 22

car bors. aAanagnetit stodge mskdium as set forth in Claim 4, said particles having a diameter not
25 Y are selected from :

sul f oni e nand rr] OH
sul fi % o am%%o ﬂig&
phosphi ni c aci ds R err] POCH

6. A magnetic storage medium as set forth in Claim 1, said layer comprising a multilayer formed
of substantially equally spaced-apart particles disposed at a plurality of distances from said

surface of said substrate.

7. A magnetic storage medium as set forth in Claim 1 or 6 and comprising an affinity layer
disposed between said layer of particles and in a selected pattern over at least part of said surface
of said substrate, said affinity layer comprising an affinity material adapted to preferentially attract

-and retain said particles in said selected pattern over said surface.

8. A magnetic storage medium as set forth in Claim 1 or 6 and further comprising an affinity
layer disposed between said layer of particles and in a selected pattern over at least part of said
surface, said affinity layer comprising bi-functional molecules of the form X-R-Y, wherein R is

selected from hydrocarbon and fluorocarbon chains of between 3 and 22 carbon atoms, and X and

LT



““Pbhosphoni ¢ aci ds R- OPO(OH) [ err]
" carboxylic acids R-COCH '
thiols " R-SH
tri snmet hoxysil ane R-Si(OCCH err])[err]
trisethoxysil ane R—Si-(OCI—l[err_]Cl—l[err])[&%rr] , _ :
._trichlorosilane R-Sid[err] 9. magneti c storage nedi um as set
f ort h Ymrebeldotaddfromher ei n said surface of said substrate is silicon
di oxi de, said particles are coated with a noble netal selected fromthe
~.group consisting of gold, silver, plailfoditaciddand paR-8OIOM and wherein
said affinity material conprises trisnethoxysilylpropane thiol, having a
fornula of (CHerr]OQ[err]Si-CH err]-CH erdjsGHos /1 ( magneti c
storage nediumas set forth in Caim1l, sai cﬁn ayer conprising a nonol ayer
of said particles. L.
26 - 11. A nagnetic storage medium as set fROCSIFhNA agids; m RPORH 5 ¢
particl es having dianeters

phosphoﬁic acids R-OPO(OH),
carboxylic acids R-COOH

thiols R-SH
trismethoxysilane R-Si(OCHs)s
trisethoxysilane R-Si(OCH,CHy);

trichlorosilane R-SiCl,

9. A magnetic storage medium as set forth in Claim 8, wherein said surface of said substrate is
silicon dioxide, said particles are coated with a noble metal selected from the group consisting of
gold, silver, platinum, and palladium, and wherein said affinity material comprises

trismethoxysilylpropane thiol, having a formula of (CH;0);Si-CH-CH,-CH-SH .

10. A magnetic storage medium as set forth in Claim 1, said layer comprising a monolayer of

said particles.

[

L

'

s *



,;characterlzed by a standard devi ation of .1 ess than 10% of their -average.
©12. *A magnetic storage mediumas set forth in Caim10, said |ayer further
‘conprising a second nonol ayer.of said particles di sposed over said
_coating. - 13. A nmethod of formng a magnetic storage nedi um upon a
surface of a substrate conprising the steps of: a) preparing a liquid

di spersion, in a solvent, of magnetic particles coated with organic
‘Stabilizer material, said magnetic par??cles having a substantially

uni form di anet er not exceeding 50 nanoneters, said particles conprising a

magnet \f gma%e@é stéagfﬁﬁeguﬁ 408 fih lﬂrcqmm £0fRIsaid fRotcMs haky Elindtefd, Fe,

, an |nternetal ic compound of the aforesaid
elenents a bi y al ald erna aIon of said

el erren?l%ara‘é‘?f‘zﬁa%ﬁ dﬁ‘é‘%ﬂ’r@ﬂ’él"f 1@/?1‘81.%?“?‘@ one of said elenents
ot her than Fe, bariumferrite, and strontlun1ferr|te b) applying said
liquid dispersion to said surface of said substrate, and <c) evaporating
said solvent to thereby form upon said surface of said substrate, a | ayer
of sai @2, mgﬁém@smFé tretien sk estthnintClaswil 0, saidjayerdurthezloomprisingnat er i al |
said magnetic particles being maintained in substantially uniformy
spaced; Id organic stabilizer
e a;’%&%& hHoRlyePHER I P RAS &éﬁ&e& Bhdr3ai I3t | AL
A nmethod as set forth in Cla|n113, conprising the further steps of: d)
renovi ng said organic stabil.izer material, and

13. A method of forming a magnetic storage medium upon a surface of a substrate comprising the
steps of :

a) preparing a liquid dispersion, in a solvent, of magnetic particles coated with organic stabilizer
material, said magnetic particles having a substantially uniform diameter not exceeding 50
nanometers, said particles comprising a magnetic material selected from the group cons:isting of
elements Co, Fe, Ni, Mn, Sm, Nd, Pr, Pt, Gd, an intermetallic compound of the aforesaid
elements, a binary alloy of said elements, a ternary alloy of said elements, an oxide of Fe further
comprising at least one of said elements other than Fe, barium ferrite, and strontium ferrite,

b) applyipg said liquid dispersion to said surface of said substrate, and

c) evapo?ating said solvent to thereby form, upon said surface of said substrate, a layer of said
@gneﬁc particles coated with said organic stabilizer material, said magnetic particles being
maintained in substantially uniformly spaced-apart relationship upon said surface by said organic

stabilizer material.
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e) depositing an adherent coating-over said particles to maintain themin
sai*d substantially wunifornly spaced-apart rel ationship. 15. A nethod as
set forth in Caim14, wherein step (d) of renoving said organic stabilizer
material is carried out using at |east one of heating, dry etching, and
vacuum 16. A method as set forth in @&aim 13, said organic stabilizer
materi gl, co i sin |.ong.,chai organi c, c ound of. the formR-X where R
“is a ngﬁbérlg&?‘gﬁ%ﬂ?m%lﬁ@g?’dﬁﬂm%%@?E"'E@e{ﬁqepsﬂf a hydrocarbon chain
-in straight or branched formation, said hydrocarbon chain conprising 6 to
22 car ld) reraodng said organic statiilizeo materabemdchai n i n strai ght or branched
formation, said fluorocarbon chain conprising 6 to 22 carbon atons , and
wher e %) dépdsRing@nQdhbrefCdatih® 6vet!shid pétidles tb htifhathen ipsdidsutpatsly ni
aci.d, sulfonic acid, sulfinic acid,and thiol.. ~17. A nethod as set
forth in. ' _ r |fl:.organi c stabilizer material conprises oleic
aci d. Lﬂﬂ%ﬁl&}b&&%ﬁﬁ%ﬁé@@ﬁs orth in daim1l4, said adherent coating
conprising an abrasion-resistant naterial selected fromthe group
consi sting of dianond-I1ike-carbon, anorphous carbon, anorphous silicon,
al um num oxi de, and silicon oxide.
28 15. A method as set forth in Claim 14, wherein step (d) of removing said organic stabilizer

material is carried out using at least one of heating, dry etching, and vacuum.

16. A method as set .forth in Claim 13, said organic stabilizer material comprising a long chain

. organic compound of the forrﬁ R-X, where R is a member selected from the group consisting of
1) a hydrocarbon chain in straight or branched formation, said hydrocarbon chain comprising 6 to
22 carbon atoms, and 2) a fluorocarbon chain in straight or branched formation, said fluorocarbon
chain comprising 6 to 22 carbon atoms , and where X is selected from carboxylic acid, phosphonic

acid, phosphinic acid, sulfonic acid, sulfinic acid,and thiol..

17. A method as set forth in Claim 13, where said organic stabilizer material comprises oleic acid.
18. A method as set forth in Claim 14, said adherent coating comprising an abrasion-resistant

material selected from the group bonsistirlg of diamond-like-carbon, amorphous carbon,

amorphous silicon, aluminum oxide, and silicon oxide.

N



- 19. A nethod as set forth in Caim13, conprising the further step, prior
‘ to*step (b), of applying an affinity layer in a se|ected pattern over at
| east part of said surface of said substrate, said affinity |ayer being
conprised of an affinity material chosen to preferentially attract and
retain said particles in said selected pattern over said surface, said
affinity material conprising bi-functional nolecules of the formX-R-Y,
“wherein Ris selected from hydrocarbon %ﬁd fl uorocarbon chains of between
-3 and 22 carbon atons, and X and Y are selected from

sul f onlg; Aametdd as sét-fofth & Clatd 13, comprising the further step, prior to step (b), of applying an
sul finic acids R- SOOH
[

®

BES: Bﬂ%fallngy gag{zxﬁgx a sel'e%{egg C?[{i‘grr art]least'part of said surface of said substrate, said affinity
carboxylig¢ acids - R . . | . .
t hi ol slayer being comprised ofg ty material chosen to preferentially attract and retain said

trismet hoxysil ane R-Si (OCH3) 3 _
tri set prstigles inesaid seldRtcd faGH| ever $aiHpenfack) Jaid affinity material comprising
trichlorosilane R Sid[err]

bi-functional molecules of the form X-R-Y, wherein R is selected from hydrocarbon and

fluorocarbon chains of between 3 and 22 carbon atoms, and X and Y are selected from:

sulfonic acids R-SO,0H
sulfinic acids R-SO0H
phospiu'nic acids R,POOH
phosphonic acids R-OPO(OH),
carboxylic acids R-COCH

| thiols R-SH

trismethoxysilane ~ R-Si(OCH,);
trisethoxysilane R-Si(OCH,CHs);

trichlorosilane R-SiCl,
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