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,e3e: F:\"6TFfuUl 1 S E P 2002 ,, MAGNETIC STORAGE MEDI UM F(RIVF
NANCPARTI CLES FI ELD OF THE | NVENTI ON The present invention reﬁat(igp ZUQZ
magnetl c storage nedium of very high information bit storage density. Mre
particularly, the invention relates to a magnetic storage_ nediun1uti|izing
magneti c nanoparticles to forma |ayer on a substrate.

BACKGROUND OF THE I NVENTION 2 Patterning a substrate is cri tlw ”WI I"
fabrication of integrated circuits and data storage nedia. T

of conventional |ithographic patterning for di nensions be|OM/0 1 *r$bi6a*0N 100

nm) are well known, and are described in "Lithography fo nu @/m‘
Ckazalci, _in a reV| ew er val . Proceedi ngs o] l
opt | MAONEHE Wéﬁ%@é N‘?ﬁé’ég‘% Bﬁgl tra-viol m‘ﬂm" l l""
expected to serve |n circuit and nedia fabrication for feature si z@soociown
to about 0.05 micron (50 nm), but not for smaller sizes. At present, there
are no inexpensive nethods for lateral patterning/texturing of solid
substrates on a 1 to 50 nmscale, which is nuch snaller than the present

| ithographic feature size. DUV optical lithography is currently anticipated
to be extended to | ateral dinensions of 50 nm but such extension is not
certain and may be expensive. At dinensions below 50 nm X-ray |ithography
and Extreme UV |lithography are being considered but both require enornous
capital investnents (both for the radiation sources and the supporting

opti cglmip Fﬁ_ﬂ; oW ite systens including electron beam and scanni ng
pr obe based ography are in devel opnent, but the serial nature of the
pattering process nakes these prohibitively slow for nmanufacturing.

M crocontact printing and nano-inprint |ithography are new patterning

t echni ques whi ch hol d ) . L o
e 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. ,



-

sone promse in and around 50 nm feature sizes but these nethods.are-not o
wel | “proven at the present. It would be desirable to have an ineipbﬁ%tﬁéluuz
| arge ,area, nmethod for lateral patterning that does not require

l'i thography, and that is suitable for feature sizes below SOnm ~ ~ S EP
2002 3 In the case of magnetic storage nedia, for exanple tapes and di sks
havi ng coatings of magnetic particles thereon, a nunber of difficulties
prevent attai nment of high densities. Fgr exanple, where the usual coatings
of nNEBACKGROEWUND cOESTHEEINWPNTEONON fl exi bl e nedia, wide variations in

i ndi vidual particle dianeters raise the mninuminformation bit storage
size, and thus decrease the attainable areal information bit storage
density. In the case of conventional rigid nagnetic storage nedia,

sonetinmes called "hard drive”, disks,. magnet.ic fil.ns are often applied by
sputter de%BE‘?rfanrﬁ‘.s peate é*s‘iﬂt‘f’gllrff’§‘§?‘Uﬁ@f%b?tlé@¢grﬁ§?icgﬁu‘ﬁﬁ“’&r&£&“%’i%§%s and

i nter-granul ar spaci ngs creates both |ow effective areal bit densities and
undesimedial yThedimitatignsbf converdionel lithogrephic p&tesming ferdemensiomstbelvas0.d miicron (
uniformty of the dianmeters of the particles is acceptable, the strong

nmagnel 0@ nin)t & ¥/l ikabwhf add e Badckbed ﬁS‘L‘i’thB?ﬁpl@aM§@§,SFi By 4. i0laRiki] G eases in

m ni mum i nformation bit storage size due to aggloneration of nutually

magnetically attracti rgicl in s.of.particles, thereby .

Goor obbidty e b B ol 3488 ProfeGindsd SREL Y PRl RpEifefy Fity e Seo n
nmeasured in bits per square inch). In fact, current|ly attainable area

i nf or therdegp uH:taovla@te(“M?V’a)enﬁ skpected to parvarisouicuit endymygdigi fabriqetien foy featereisizen

al t hough sone devel opers hope to achieve 40 gi gabits per square inch by the
year 264 tdabdut 0.05ahieaess(S0Oanpke nvdfop dnalie stes. NAgpebdnt, thereareicimexpnbrtt |,
for exanple) with dianeter in the 5-50 nmrange have been described by

(o o5t hod g e R B Y o s R L O PR e R i oy
~1SE ZthZ 4 . . .
smaller than the present lithographic feature size.

DUV optical lithography is 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 lithography 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



et al patent application describes formati on of magnetic cobajt )
partfcles with nean dianeter D, where D=8 to 10 nm, and ﬂh ﬁtgpﬂgrd
deviation in the size distribution of 5 % Mthods for self assenbly 0
- 70 nm particles nmade of |atex or other polyner are described by

M cheletto et al in Langtnuir, 1995, v. 11, p 333 and by Du et al in
Langmuir, 1997, v. 11, p. 2538 . A general nethod to forma thin film of
smal | particles is described by Nagayana in US Patent No. 5, 505, 996.

Mor eover, formation of ordered arrays of 5-10 nm size sem conductor
particles is described by Murray et al in Science, 1995, v. 270, p. 1335

and by, Baki i ' Qt&%! [ iskd Ring ¥odti ne of
t he p)rﬁllor argétjéfr e Fg{:]gﬂg{;hgt eac é%&@?%ﬁrﬁ%?ﬁ%di a %ﬁ%ﬁﬁﬁgg})&mki ng
ordered atrays frompartic). hat have_siron netic.interactions which
s e PaTEIS BT § Mol ofcifibulied bredsht st RiAReY Taet JeEtRu AR PRERDIE, Where,
general object of the present invention to nmake a highly ordered, periodic,
ar r ay thewsunkcdatings of mhagpetic patticles are apphiesheni Bgxable oredia, wide variafiens inof magneti c
particles having dianeters not exceeding 50 nm and to stabilize said array
on a shdisidodlipartsdlé didfRierSRsRithemitifuat inftthatiGBIE Stophge iz Ll theddedage

particles to aggl onerate together due to magnetic interaction and thus

ot hate SRS LR i B UARIF o Y Ghe of eohviniopafhipid el | 1 1 ©

(separation distance) between the nmscale magnetic particles conprising
sai d &Rrgge megdiapomstimep ealledghard diwe” ¢iskse magnefis W?O'@@Pilﬁ‘ég}’ﬁl)‘éﬂeﬁurpose
of the present invention to use magnetic particles of a selected magnetic
mat er idepositiors dhel regnitant brdad distabutéomtofighedn sEesetd intepgranuiar spavings\cresitéstboth
robust protective filin, and hence to make a magnetic storage nedi um havi ng

an ar §al chbdtivd@psl bit d@ﬁ‘s‘i‘t‘?&%ﬁ&n&&(&agqlgésbisig%apﬁtno‘i&iﬁﬁé‘s..i Ien Mdreeven
approaching as high as 10 2 bits (1 Tbit) per square inch. It is a further

obj ect _of .the present invention to si npl e. chem. cal .self assenbl.

or oc e R HR R RBBED® Ot R RS inpoehustie BE H R IP oL o

ordered arrays of nmscale o ) L ) o
interaction of the particles often causes significant increases in minimum information bit storage
size due to agglomeration of mutually magnetically attractive 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 square inch although some developers hope to achieve 40 gigabits per square inch by

the year 2010 A.D. .

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



,particles on the surface of a substrate. The present invention r

y prOV|des a magnetic storage mediumconprising a) a substrate hagrﬁ$§5$5?002
surfage, b) a layer of particles disposed in a substantially unifornmy
spaced-apart relationship upon the aforesaid surface, the particles having
a substantially uniformdianeter not gxceeding 50 nanoneters and conpri sing
a magnetic material selected fromthe group consisting of elenents Co, Fe,
Ni, Mn, Sm Nd, Pr, Pt, Gd, an internetallic conpound of the aforesaid
el eneettad patantrpplication desctibes forBator?6maghetit kobaltfCo3 pardickes avithinean diametenar y
all oy of said elenments, an oxide of Fe further conprising at |east one of
sai d pl e B =98 §810 ﬁxliaaran&%qth%wﬂm& §&vidtion in Ackizd diQwibltioh 6y %l te. c) a
coating surrounding thé particles and adhering to the surface to maintain
the aforesaid substantially equally spaced-apart relationship, and d) an
affinity | ayer disposed between the |ayer of particles and in a selected
pattern over at |east part of the surface of the substrate. Preferably, the
magnet i c sMsthogle foragifimssembiyp of 42<7Gnmaparticles madsif Jatgror etbar polymer exgosed
over the particles to protect them from abrasion, the abrasion-resistant

coat | agcrbed B Rdhel et EPal i TAAgRuBL I5] ﬁ|1159|333Taﬁd bﬂ:&mﬂat\ﬁ uccpgsi sting
of dianond-Iikecarbon, amorphous carbon, anorphous silicon, m ni um

oxi de, gn co [ [ have a
ot dey. PG, 2440 By A 0 i FEGHIR! R e#é e

coateg[mnth an bIe naterlal sel ected fron1the roup con5|s%|n §lgold,
si | veMNag®ama 1p Hy Patert Ny 20899 Mereeves fapnationqf erdesgd ar Erﬁ'ﬂ e a
mul tilayer formed of substantially equally spacedapart partl cl es di sposed
at a gimicehductior phrtitlestiadessibéd diyMineaysetral acBcierdces 955 ulA0; pt B35land bye
specific exenplary form such a nultilayer may conprise a first nonol ayer

of papabbhiRsettd Y Cﬁerhf%&y af Maesald 19943'%/' 6)9.218. ﬂ@hé‘éﬁh@ pHSET # fe!br&%@ fdctppart
rel ationship and a seconhd nonol ayer of- parti cl es dlsposed over th e
§

aforesaid co rdln t.he t he
2 11 nRpeiRh  medin sor mofiofs OF AR aRES Y AP o BRGHAChe e StORE
preferentially attract and retain said partlcles |n the aforesaid sel ected
pat t eFiegaetiy intepretionbwhichicause agglomeratonend thes prablames; nat eri al may conpri se
bi -functional nolecul es which can be expressed generally in the formX-RY
where X and Y are the active head groups and R is a hydrocarbon or

fl ourocarbon chain preferably containing 3-22 carbon atons. The functional
groups X and Y are chosen from sulfonic acids sulfinic acids phosphinic
aci ds phosphoni c acids carboxylic acids thiols

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.



trismet hoxysilane trisethoxysilane trichlorosilane R-S020H R—chrdgéﬁQE?
YR-OP(OH) 2 R-COOH R-SH R-Si (OCH3)s R-Si'(OCHZCH3)3 R-Sid 3 In a'g MQ

affinity nol ecule the chemical functional groups X and Y may be the sane

al t hough they are generally not, because the substrate surface and the

nanoparticle surface are generally conprised of different materi al s. ~1

S EP 2002 8 One exanple of an affinity layer is trisnethoxysilylpropane

thiol, which may be expressed as (CH3Q), Si - CHz- CH2- CH2- SH , whi ch

sel ectively binds noble netal coated nanocrystals to silicon oxide

surfaces. For the purpose of the present application, "substantially

uni f or m di JFRldabthes ga{ekalBBjeHM%éﬁle%t irvefifdi tolddtol ihes R AR bdparatidnt | CI es

have di ameters characterized by a standard deviation of |eSs than 10% of
their average. The_.present invention.al so pr.ovides a net of f.orm a
mgne SRR PepyBeh iRl el PRt SPmBrSie SER et Vet e PRGE b B o s
of a) preparing a liquid dispersion, in a solvent, of magnetic particles
coat edrdértlaldngani ¢ stabilizer nmaterial, said magnetic particles having a
substantially uniform di aneter not exceeding 50 nanoneters, said particles

conprising a magnetic material selected fromthe group consisting of
el ements Co, Fe, Ni, Mh, Sm Nd, Pr, Pt, Gd, an internetallic conpound of

t he af oresaid, el ienar 0 i . a t | 1 oy of
sai d el ot & &SRB Busohe YRR oo eion e b R plricf cBh 3Rk

el ements other than Fe, bariumferrite, and stroptiumferrite, b) applying
sai d |Taghetic matenel 4n spidapray.dp @vergeat theamagnelig particlgsaray yyith a sbystgyotective
evaporating said solvent to thereby form upon said surface of said

subst rfiire andhérmges make 8 aagnatigsteipe mpdiuin bdviisg aroatsditddanbkitysexcdedingy 00 c
stabilizer material, said nmagnetic particles being

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 invention 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, N1, Mn, Sm, Nd, Pr, Pt, Gd, an intermetallic compound of the aforesaid elements, a binary



9 ~ SEP 2002 9 nmaintained in substantially uniformy spaced-apairtj SEP 200(:
vrel ationship upon said surface by said organic stabilizer material.
Preferably, the nmethod conprises the further steps of d) renoving the
organic stabilizer material, and e) depositing an adherent coating, which
may optionally be abrasion-resistant, ovér the nmagnetic particles to

mai ntain themin the aforesaid substantially uniformy spaced-apart

rel ati onship, ti.gnal | renoval ;of t.he.organic stabili.zer terial.i
a1 eq ourtigy R okf ARmehls, 2TERKS B o 30 UHRAS o bRty e uRertobrighEang
vacuum Pr Ehi%a@tgdme%offsﬁﬁ e:cwmm &h&tt&/ﬁi Fé,lﬁﬁuﬂﬂi&bﬂfté,?%d@ﬁﬁmlidrﬁﬁagiteJ ong chain
i t R- X,. R i ted f t
O oUp. Gone B {RBIEE SUPURIRG AR BT AdhAr P OJDY BHTEArE 16 M G oresaid
formati on, i r &l 1S 6 to 22 carbon atons, and 2) a
fl uorocar bosﬁg%t%g%ﬁ,ie ﬁ@{;&ﬁa%ﬁwgg %@gﬁ%ﬁg%@g%r mation, said fluorocarbon
chai n conprd)sinraffigity y22disposbd bettesnmihe lagercofipastidesXandsinsesadect esbipdtteomover
carboxylic i d h hori.c agi.d, osphinic acid, sulfonic acid, sulfinic
aci ds, and t ?e(?Ff.p%@ﬁ%%ﬁ%ﬁf’gh}?%?%@%gf organic stabilizer material is
ol eic acid. 11 S E P 2002 - to BRIEF DESCRI PTI ON OF THE DRAW NGS Fi gure

1 is a transnyssion electron mcrograph (TEM photo of, an ordered nonol ayer
of Co part releeableathe mRogRiciGLoes r@egu@i ﬁ@!ngﬁé‘ﬁmandP‘?Iﬁé‘?%‘r’eséﬁa‘BaF?W‘lge,

Wi th an i nSiposbPBitahé ParicRS th PRotedtithéd dtd AbR@Ioh S e afb"rék’i@ﬂ-ﬂ@is%ﬁi%ﬁﬂllg
nonol ayer (not only froma single particle). Figure 2 shows the genera

steps of a Hrefsrabbacomnrising lothafesial Selestehdrom gy geoupcconsisting of rdiameond-bke-t he

present inv i_on. o u t [ qur eq: h . | ap: (\i st he .

magnetic s (B é)gé%r%ogpgor%% o&a%ﬁ'lgrgur 0151_1% g’\lhgorﬁ Athirful gﬁdg, %Osﬁhcog oxide.
Optionally, the magnetic particles may have a substantially uniform diameter not
exceeding 20 nanometers and may be coated with a noble 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.



Figure 4 is a sectional view of a magnetic storage nedi um based on a

mul til ayer of nonodi sperse nmscale Co particles. Figure 5 is ﬁ sectional
view of an alternative nmagnetic storage nedi um based on two or E‘Iréép 2002
nonol ayers of nonodi sperse nmscale Co particles. Figure 6 is a

transm ssion el ectron m crograph (TEM pWO‘to of an ordered nultilayer of Co
particles of Figure 4, each black dot being a single 8nm dianeter Co

article. F . and. ../B OW: 1 Nek a f f i i to
Iooc ally rrod*‘%@%@op?rgoﬁlé?teﬁl&o\ﬁb@pﬁ &%e .gﬁ#y faérgfgsné;onafosgé‘g) E ﬁé?a&gﬁl?@ %wr}% L ~
T or oar anh (TN Dt 6 ol an ot s e monol At ot Copal & par fr ol e
each bl ack CYBE B SHETRLE i gt eS U him A BRCT Bl BLeY CoBorignd- Bittong) Bdteotles
regul arly s@pel sieble BYprbfi8d QERRMFinSthe Bbin ZER-Y aMRke XMULH #PMEA4divahehde

| i ghter region between the particles. The TEM was recorded at 120 KV

el ectron bezearsraadgl ivga hydmeatbopsor Hlguomrbencehast prederalily pontaiing o carhen
general fa |E' tion method to formthe magnetic storage nedi um of the
present invention: creating a periodic array or |layer 4 of nmscale

magnet i ¢ pditeifahaodndl grougs X ubd Yraé ehdsen fioeh: t fhidfonit alidsl | zi NR-SOyOHparticles 1
in their positions within layer 4 . First, a nodi sper se ﬁ%[@éﬁ of
ferromagnetic particles 1 with diameter of tHEIBCAEdss o0 Ry
("nanoparticles”) is made according to the npidipHmiOcidshe RIFOEEaI d pat ent
application --/---, -- of Murray and Sun. The particles 1 consist of an

i norganic core 2, surrounded by an organic sPkasphoni¢ agjds ayRrOPO(@:zcor r ect
choice of the organic stabilizing |ayer 3, t Wy S 1Ipe luble in a
hydr ocar bon sol vent such as dodecane. A bott%bc rll%é‘?ir(ll?ng %%ﬂgggﬁe and the
aforesaid ferromagnetic particles 1 dissol vethiols the dodecRiis prepared

according to the nethods described in the afgresaid rrayy,ef.

application --/---,---. As a conveni ent exan&s&eﬁpﬁg%ﬁce Sﬂ@l@#lg?% of said

particles 1 can be approximately 0.1 grans ofrispihbkysilas | NRBIECHICHH, of
trichlorosilane R-SiC1;

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.



dodecane. ~ 1 S E P 2002 12 The magnetic nanoparticles utiljzed in this
i nvention conprise a magnetic material selected fromthe groupido@ﬂfﬁk?@gz
of elements Co, Fe, NN, Mh, Sm Nd, Pr, Pt, Gd, an internetallic conpoun

of the aforesaid elenents, a binary alloy of said elenents, a ternary alloy
of said elenments, an oxide of Fe further conprising at |east one of said

el enents other than Fe, bariumferriteéand strontiumferrite. Qptionally,
the particles may be a Copt alloy (ConPt with n=1, 3 or 0.33) with Copt

( n=1)Onzeéxampleef anadiinityt layes if trismietlaxysilylpropansithioki whielhmay be expressed kdHys bei ng
uni form t hroughout the nanoparticle. Optionally, each particle 1 has a 2

| ay er(CELOWSE-OHE-CIRPSHS SHNAvisiEh seléqiveR Baidtaioble hotabedated nahecrydthl} tesilicsiinded
by a noble netal layer ("shell" of Pf, Au, Ag, Pd). Such a nobl e netal
sheIIo &é%§§%§ t he magnetic core against oxidation, and is also useful in
forniﬁg covar®nt 1inks between the particles 1 and the surface of substrate
5. The preferred substrate is a Si wafer, or a glass substrate, with the
requirenent that the surface is flat. lIdeally, the rnms roughness of the
substrate should be simlar to the particle dianeter, hereinafter called "
D'. The dianmeter D of the magnetic nanoparticles 1 of this invention is
preferably 5 - 15 nm An inportant feature of the present invention is that
opti mum ordered, periodic formati on of nonolayer 4 is best achieved when
the particles 1 have a substantially uniformdianeter---when the size

di strjbution of the nanoparticl.es s narrogw l.n rticular, it i.s degired
that  §ordhepureeol tirRresret pplishtiom e stheuyia Y bpifemb diapaler' ol bgiunfitieiopd bo <

10 % with 7%or smaller being preferred. 1 ~s E P Zoos 13 For exanple

t he ntonudamythat themagnetit partidiéschave dianaters clearacterizeddypeaatariderdedevigtion oflesss si ze
distribution. It is desirable that the distribution of particle diameters
be < thef010d4 ofitReiPiRiAel €d t hat

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 stabilizer
material, said magnetic particles having a substantially uniform diameter not exceeding 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 fernite,

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

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

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



.the distribution be 7 % (or less). Wile this narrow size distyibution is

. optimum broader size distributions and nonol ayer arrays with ﬂp@EchQaz
orderiing may al so be formed in accordance with the present invention.
shown in Figure 2, the particles 1 conprise the inorganic, magnetic core 2
descri bed above, and are surrounded with an organic stabilizer |ayer 3
havi ng an effective thickness of abou 1 - 5 nm with 2 - 4 nm bei ng
preferred. Suitable nolecules for this organic¢, stabilizer_|ayer 3 inc|lude
| ong Eatained gnsHbstantisiowun fesmby spaped-apartreltiguship upen saiq surfy d oEgapiect ed
fromthe group consisting of 1) a hydrocarbon chain in straight or branched
f or maktabilizesssan@ribly dr ocar bon chain conprising 6 to 22 carbon atons, and 2) a
fl uorocarbon chain in straight or branched formation, said fluorocarbon
chain conprising 6 to 22 carbon atonms , and where X is selected from
carboxylic acid, phosphonic acid, phosphinic acid, sulfonic acid, sulfinic
acid,and. thiol. The effective thickness of the aforesaid organic stabilizer
Iayer%ggﬁﬁg&bgwéﬂ?§§f83”89“§ﬁ5% §ﬁ§‘§érbon chain length, with Aeic
Aci d having an 18 carbon chain being an inexpensive and conveni ent exanple
( 2 nd) ednheing the organekstatsibizer Meteraldended | ayer 4 of the nanoparticles 1 is
formed as a nonol ayer on the substrate 5 by any suitable nethod. For

exanp bﬁd%ﬁkﬂiﬁg%%@ﬁér@ﬁﬂ &atisg, wiieh may ¥piénally ®8eBrabiohFesiftantbvep tidimagnétic S E
P 2002 14 thi ckness as described in rray et al, Science, 1995, v. 270,

p. 1335 L S dec ! i t 4 ved by
o7 o e BfhatER e M35 ERR RbshHEy AR Bl R shale S
tenperature). The ordered array of the present invention forns as the
solvent is slowy renmoved , and a driving force to formsaid array is an
attractive force between the Aeic acid organic stabilizer |ayer 3 of

mut ualOptioadly cenbdvalof therokgalicstabilizépenaerdd] ineiniabisut biyviyoratioadsing at tast a
filmof uniformthickness of the liquid dispersion containing both

parti 0, ol J but not limted to dip coating, spin
coati%%?%gﬁﬁﬂggﬁ%ygg%ﬂg$g%agg%@gﬁe moved at controlled speed parallel to
the substrate surface. Alternatively, the Langmuir - Bl odgett assenbly
nmet hod as described in MC. Petty,

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

—r—

carbon 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.



"Langnuir-Bl odgett Filnms, an Introduction” , copyright 1996 ﬁy Canbri dge
v Univ. Press, NY. ISBN # 0 521 41396 6, may be used to formt e‘]08 @UUZ
nonol ayer of particles. Note that wet chemi cal processing is used up to
this point, and that dry, vacuum based processing is used subsequent to
this point. The sanple is placed in a pl Hsta enhanced chenical vapor
deposition (PE CVD) tool, or simlar plasma reactor. The organic stabilizer
coating 3 may now be renoved if desired ( see Step 1, Figure 2 ). Suitable
met hods for Step 1 are hBRIERPESCRIRTION ORFSHUDRAWINGS i ght, and
exposure to an oxygen plasma. (If the latter nethod is used, a hydrogen

pl asma exposure is used to renove any oxide fromthe |ayer 4 of nmagnetic
nanoparticles 1.) . Alternatively, the aforesaid organic stabilizer coating
3 may be left inligueel is avtransmission plepinerp migrogeaphr TEYLY tphete af apherdesieder ed
| ayer array 4, and fore permttin ny repositiagning of the run-scal
particles, @W%@@?&O@aﬁt 5 gaghblagkydot Hmg e wegle Snine 1ap}ptqrr€o B‘l‘%’@‘é‘ﬁsmtﬁti on
step ( see Step .2, Figure , to hold the nanoparticle .l of nonol ayer, 4 in
ol abe and (B B EBEY b pleaton HETaCham pefter Sgr tscomigied Tank AARE oY o
the substrate 5.. Steitabllg) materials for the protective overcoating 7

i ncl ude di 3%?6%51% FUE'Bon (DLC), anmorphous C or Si, and oxides such as

[ ke carbon ( bLoFEUs SebOFs meknRal bEhe STy BRLEHR mp @b 3bblthe s higgRyg ™"
300C, and' %ﬁ?g@ fﬁgéim%fﬁﬁ?ﬁ{e%?‘ %v@n@&[‘?sﬂsﬁﬁt@a _(or sim |l ar carbon source

nol ecul e) e preferre ness r coating 7 is at least 10 nm and nay

conveni ently be 2Qs§r@ 330oWEk blintvidw bP'Ee naghbtivétblagb edRe berRask 2. hat the
coating 7 may be deposited by any suitable nethod known to those skilled in

the art. For exa ¢ 459 ABediRORIOHSW W alh#defic RbAgFMmcaNiabasd shefuGidhyerapor
deposition (PE CVD) tool, or a reactive sputtering tool. Moreover, it may
be conveni efimdnodidp@aesihm-dchle Gopdrii¢lgs. 7 i n t he sane chanber or tool that nay
have been used to renove the organic stabilizer layer 3 fromthe particles
1. Figure 3 showSFigurplSds aseaivnelf vicweof pnaltematve mapoadicrstoragomedinhsbased on
invention, after Step 1 of Figure 2 (the protective overcoating 7 is not
shown ). THworddred medolepris phmomrdisperseann-s¢ale Cppartisdest or m of nanoparticl es

1 is about 12 nm_in this exanple, the preferred dianeter (D) of
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 8nm. diameter Co
particle.
Figs. 7A and 7B show the general steps of a fabrication method to locally modify

the properties of different regions of a substrate.



. each Co nanoparticle bit is 8 nm and the preferred distance beszﬁ§
*particles (E) is about 4 nm The distance Eis 2 X the effectiv E&%

of the organic coat, before renoval of said coat. See Figure 2A.) The
resulting information density using‘l nmagnetic particle / bit , is 6 x 10'z
(6 11 S E P 2002 16 Thit) per square inch. By contrast, current
technol ogy using nagnetic thin filnms rather than magnetic nmscal e
particles provides a density on the order of 109 to 10' ( 1 to 10 Goit) per
squarei nch. The foregoi ng enbodi ments gfficiently use ordered arrays of
nmscal e particles, specifically magnetic particles ordered in a single

| ayer ppfAAIMVED DESCrmgtofnood, alternative enbodi ment of the ordered arrays
of the present invention nay use nmultiple |layers of such nmscale
particles. Magnetic recording nedia based on multiple |layers of nagnetic
particles are especially useful when multiple-valued recordi ng schenes are
used, wherein each magnetic recording bit can be assigned > 2 values for
exanpl e 3 §igute | a$ v Erensmiasion elgeteen micrograph GREVphote of anyurdered monglayer ofhus
achi eved. The magnetic recording nedia shown in Figures 4 and 5 are useful
for tBebatt papticles; ath cabh black doMsdingea siagler8iim dissmdterrpartiold €THe do i
states of each bit are defined and the 3 magnetic states are all particles

par ol Papie by [RRES s“?%t‘?ﬂﬁ*%% e tac e fgin %2‘5{*%% Pl
%’Z I f I
mgnet e‘ﬂgﬁimiefr%gr%ﬁt 370 Rl o e TR PO BTSRRI T ocul t s

in a larger magneti zation signal for a given b|t area. Figure 4 is a
section view of a magnetic recording nmedi um based on a nultilayer 4A of
nonodi sperse nmscale Co particles 1. As shown in Figure 4, the recording
medi um co n%‘i?ﬂré 2Ghows the! gknéral ébﬁcd?m%%&h&?toafoﬁy t}fetrﬁ@grﬁué stof’a%e Mﬁhﬁ QBtheb
(coating on the substrate), a nmultil ayer 4A of cl ose packed nmscal e
partlcles 1. and a rotectlv overco he substrate ei t her
ot o Prrimein Sl g adrefic Rl 7 Byer s pLRF RO PgBfo e PG | ¢

pl astic disc. An undercoat 6, which is applied to the substrate 5 to

pr oo sBbsiatRt.@ad than stabilizng therpastiglesnl milicis pesiiens withan layendt i on of cheni cal
| i nks between particles 1 and substrate S, may preferably conprise an
affinity material conprising bifunctional nolecules of the formX-RY,
wherein Ris selected from hydrocarbon and

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 aforesaid 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 1is prepared according to the methods
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.



., fluorocarbon chains of between 3 and 22 carbon atons, and X and Y are

sel ected from sulfonic acids R-SOZOH sul finic acids R-SOOH pho‘{;p]hiSEf) 2002
aci ds \R~?00H phosphoric acids R-OPQ(CH)z carboxylic acids R-COOH thiols
R-SH trisnet hoxysilane R-Si (OCH, )3 trisethoxysilane R Si (OCHzCH3) 3
trichlorosilane R-SiCl, . The nultilayer 4A is preferably fornmed on
undercoat 6 by evaporation of a solvent froma filmof uniformthickness,
said filmbeing a solution of the nmggale particles in a solvent such as
dodecane. 1 1S EP 2002 18 The nmscale particles 1 in Figure 4 may
preferably have a chem cal conposition and size distribution as descri bed

above in %fe%%l@ﬁc hahophiieles utilizdd ARl Ynvehtion | § hétid mhtefifloul d be
sel ected fromthe group consisting of elenents e, Ni, M, Sm Nd, Pr,

, F
Pt nelnternetal lic €0 n f - QIS I bi nary all oy
ot " 87588 B0 B BRouBlcob o Tt Ch e RN RPN BT BE G ol P01 Pher
conprising at |east one of said elenents other than Fe, bariumferrjte, and
st r onatermetpllic compoundnfdhe eforesaid elaments, o hinagynallqyaf saidplgmenty pdemaryalipy
conposed of a ferromagnetic transition nmetal ( Co, Fe or N ), or are
bi naroyf sgillleteyitents, afooxidé of B firlier comiprisiig@tpasabheofsaif eléthets othectimn e,
Optionally, the particles may be a Copt alloy (ConPt with n=1, 3 or 0.33)
W th ! =1) b AGk: siest to fabricate, the conpositions of said
al | o&gﬁgfenlt%gﬁ%frﬁnpglg%%gﬁg out the nanoparticle. Optionally, each particle
has a 2 |l ayer structure consisting of a ferromagnetic core (Co, Fe, Ni)
surrounded by a noble netal layer ("shell" of Pt, Au, Ag, Pd). The di aneter
of the particles should be 5 - 15 nm and the standard devi ati on of the
di st rQpgicnally, thé particlepaaay ibe lacCafit aley €2aPis ithi ra=1pB of 8r33hvthifeoPt (tFsh) betngh 5 %
(or less) being nost preferred. Figure 5 is a section view of an
al t ertfiebdsyedt (PEBALatS; the esthPbsion¥RA saiMallBp beirifons thfoughout the nanoparticle.

Optionally, each particle 1 has a 2 layer structure consisting of a ferromagnetic core (Co, Fe, N1)
surrounded by a noble metal layer (“shell” of Pt, Au, 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
substrate, 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.



| ayers of ordered nonodi sperse nmscale Co particles 1, with a protective
“coating 7B deposited between |ayers 4B and 4C of nmscale parti cﬂeSElP Zgﬂz
shown.in Figure 5, the recording medi umconprises a substrate 5, an
undercoat 6 on the substrate (preferably but not necessarily of affinity
mat eri al as described hereinabove), a first |ayer 4B of nmscale particles
1 (an ordered array as in Figure 3), ®first protective coating |layer 7B, a
second | ayer 4C of nmscale particles 1 (another 11 S E P 2002 19 ordered
ar r ay Fas exampl¢ thermom®]ayendepicted inciigurepl esmgistsi of Eopasticlesgvitthy 8% 58 The
substrate S may be either rigid (such as glass, or a Si wafer) or flexible,
such asstabiivny TEis idesifibisthh€the iditribution @f partigleidmetad & GOH%,) It is prifitddaatt O
the substrate to pronote ordered nmultilayer formation. The thickness of the

first over ] | . . jnterac .he first
ordere %iﬁﬁ{c?)’ aélye?’eégﬂ’mlﬁpsﬁhgﬁggﬁlﬁ%&%% aye?“@l@?“ld% ona ,?’)H}aﬁér 4'sl%lar ucture
of Figure S.may continue with re layers, as wll b eadi |y under st ood.
Fi gur digribulions ARG RORPLEYST Srays St iwp gerngmay 418<E§5 505364 B PORANGS dor e
mul tilayer of Co particles of Figure 4, each black dot being a single 8 nm
di anetveth the ppsentiinventiofhe t op- nost | ayer appears bl ack, and a m ssing Co
particle is highlighted by the while arrow (this is a defect mthe ordered
mul tilayer array). The second | ayer down appears as gray dots. The
mul tilayer 4A of Figure 4 is formed by sol vent evaporation froma sol ution
of the same particles described above mreference to Figure 2 , which
depicts formation of an ordered nonol ayer), but in the multilayer case a
hi gher tenperature may preferably be used to increase the particle nmobility
and to renmAeshosiniadiigure 2athe pattistesrlgomprise thedpengphie, megnstipngpreid dgjerbeghose
TEM photo is shown in Figure 6 was prepared at 60C 11SEP 200z 20
above, and are surrounded with an organic stabilizer layer 3 having an effective thickness of

about 1 - 5 nm, with 2 - 4 nm being preferred. Suitable molecules for this organic 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 where X is selected
from carboxylic acid, phosphonic acid, phosphinic 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 Oleic 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



As noted herein, the "undercoat” |ayer 6 on the substrate 5 may, ¢onprise an
affinity material which enables the formati on of chemical Ii nks1 3e8\a@n2@@2
parti.cles 1 and the substrate 5. Such an affinity material conprises

bi -functional nolecules of the formX-RY, wherein Ris selected from

hydr ocar bon and fl uorocarbon chains of between 3 and 22 carbon atons, and X
and Y are selected from sulfonic acidds R SOZOH sul finic acids R-SOOH
phosphi ni ¢ aci ds RzPOOH phosphoric acids carboxylic acids R-OPQ(OH) 2 R- COCH
t hi oltkickméss me tésvriped indviermay etsal; Seisncei 1999e VR 70-PR335,(nooH) wef- The dulecans) |
trichlorosilane RRSIiCI3 . Preferably, at one end of the bi-functional

M| e G bothel S6itddld solvent Is! remlbo¥QIBIPAt aafm@ bPhéatingih B b abeuti40 € S@@ﬁghtly
silanes being preferred), which wil'l Tink covalently to Si02 and netal

oxi de.surfaces. A, gl.ass substrat or Si. .waf sr it ' { a netal
oxi d étﬁ?étt‘ftﬂ%erwet)h Qe Ay ?fgﬂlﬁp’éelsg}téwe)l}gﬁ% gogf%ggge G gﬁﬁ{ lfg?s}aﬁva?' he ot her
end of the bifunctional nolecule there is a carboxylic acid, phosphoric

aci d,remaveshiandiacdrixdngiforen toforomsaid anpyjis apatiseative forg@ between theQlgic agidoup. 11
S E P 2002 21 In the cases of carboxylic acid and thiol, these groups form
str ortg%a:raas bakilizét layea3 dfhlmithﬂlﬁidriédahﬂge partickes 1o Sevaral methods inay berased to
nmscale particle or with a noble netal (gold, silver, platinumor

pal | ag| . ' : _ ) .
hyclr oat Tt B R i B 1o aREIBA Rph SRS R BEROISBER e o
different, regions. of the, subsirate is depicjied.~n Figs.,7A and ,7B. Figs. 7A
and W@ﬁ%ﬁ%&‘t Ret lggtedio dip gogtingsship W?W’Sn%‘?‘t‘fﬂau%ﬂs‘ﬁg atqlﬁcé mAYeASh it is
possible to create an ordered nonol ayer of nmscale particles in selected
r egi csomtrofledispead paratieletosthe felstratevdwiface.| eavi ng t he renmi ni ng regi ons of the
surface free of said particles. According to this nethod, selected regions
of the substrate 5 can be nmade with custom zed properties by selective
pl acenent of ordered arrays (layers 4) of nmscale particles 1. To
acconplish selective placenent of particles 1, the undercoat |ayer 6 on the
substrate conprises an affinity material (enabling the formation of
chem cal 1inks between the particles 1 and the substrate 5 M and the
under coat Alpmeatigely.he Langmpuic o Blodgght asssmbly methed @s descahedhin MiCRPE(tY.7A usi ng
standard |ithographic

“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 this 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

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



nmet hods The pattern of the affinity coating may have any shape,  either

. geonetric or an arbitrary shape, as shown mFibs. 7A and 7B. ﬂfﬂeSEP 2[]02
patterning the affinity layer 6 as in Fig. 7A, the ordered nonol ayer array
of nmscale particles is formed by the nethods descri bed above mreference
to Figure 2. The result of the fabrication process wth a patterned
affinity coating is Fig. 7B, where ordered |ayers 4 of nmscale particles 1
are then forned only in the selected §ggions covered with affinity coating
6. The selected regions then have the properties of the nmscale particle
| ayer 4. The 11 SEP 2002 22 renmaining regions without the affinity
coat i ng nmeBéfore distifbingthepeddredhyafartapel, and beford pesmitling enyakpasitisiingidfthe .
Wil e the present invention has been described with reference to preferred

enbodi Of 4 fo-fachl i [ t he
o TaCHlE phABIEY pifbcfi0E Eatnd 718} b B BReh®d by AABHAARAACRE ' Can
be enbodi ed_in various ys w t hout departing fromthe scope and spirit of
Che i SgBri BigUE? deip Dol nampnaﬁ@lf%lba peleyal 4 ifplace and fo moiciayes @y Theps
W claim 1. A magnetic storage nedium conprising: a) a substrate having a
sur f amatingy naust by hardaidpehésent to shelsubstvate §. | Suitabla roasterials ifer the protective n vy
spaced-apart relationship upon said surface, said particles having a

subst aptdoalihy 7 WA dhAbAIBkSEarBSt [SPCE 8fbofthond N RAd S8desSabilapar ticl es

conprising a magnetic material selécted fromthe group consisting of

el ements.Co, FE L, M m r, Pt..Gd, _an internetallic.co d of
Che aHlumisih kg ehhedde. ThE prdirged, piasgpab foreapi! BRI BTN oy of
said el enents, an oxide of Fe further conprising at |east one of said

el emedapositadinrheating theesubsisate §ie alequt | 09 ta A0, laaapxmngém saneple k0 a hexapgt i ng
surroundi ng said particles and adhering to said surface to maintain said

subst gatmal(drisimilaradatbbnsseae ndlenild). Tl prefetred nthizkness dordbatin Afsf ariedst 10ayer
di sposed between said |ayer of particles and in a selected pattern over at

| east faflq rﬁLY é&lv@néﬂﬁiiﬁé 80 8 56 findn FHBIEAL €1t Kl 1§e IRGRESA LS RE BGRingeA um

5
as set fort n clarm sal d nmagneti c storage nedi um conprising an
abrasi on;resi stapt coating. di sposed over_ said.particles _to protect
may be (caiepos}tec? Ey any suitagle me o«f I%nown to those s?(llPe?i 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 coating 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 1s 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



,said particles fromabrasion. 3. A magnetic storage nedium as qu gﬁgghggoz
‘claim1, said particles being coated with a noble netal materia

f.rom t he group conS|st|ng of gold, silver, platinum and pall adi um 11 S
E P 2002 -24 4. A nagnetic storage medi um as set forth in claim2, said
abrasi on-resi stant coating conprising a material selected fron1the gr oup
consi sting of dianond-Iike-carbon, aﬁH@phous car bon, anorphous silicon,

al um ni um oxi de, and silicon oxide. 5. A magnetic storage nedium as set

f ort IThit) peraiquard inchaBy cortrdst, chrentiteshnoipgn using meigactinthin Shsaethenthad O
nanoneters. 6. A magnetic storage nediumas set forth in claiml1, said

| ayer LS f 0 d- apart
pamm?@mé?’%*p%%‘e ety YRt LIRS o R I B L0 R0 D
substrate., 7. A magnetic storage nedlun1as set forth in claim1l or 6, Sald
afflrﬁq%qu%ﬁér conprising an affinity material adapted to preferentially
attract and retain said particles in said selected pattern over said
surface. 8. A nagnetic storage nmediumas set forth in claiml or 6, said
affinity layer conprising bi-functional nolecules of the formX-RY,

wher ei n Rmmg%mg%#nﬁddmmem@feﬁﬂngbaa&ea QSFHnkSchlSpaticles, of bet ween 3
and 22 carbon atons, and and ) . Y are selected &m 11 S E P 2042 25

2l ooerR i PoBg i ”'%ﬁ%@ﬁ%ﬁ?&?ﬁ%@?@%ﬁﬁ?@%@%@ﬁ%@?ﬁ ospnont ¢

R-Si ( trisethoxysilane R-Si (OCHzCH3)a trichlorosilane R—SIC|3 9. A
mag neﬁtmboci;mme@éhm@éprwgsywther present inveation mapusemultiplalaxes of sighf ace of
said substrate is silicon dioxide, said particles are coated with a noble

met al niaadegletpatticldsonia @hﬁl@%&ﬁ&n?&ﬂ@ii@ based offmgopld layeisl of eiagnptlicpdrticss arend
pal l adium and wherein said affinity material conprises

tri S”&#ﬁ@&éﬁ hie‘fdl%féﬂ%ﬁ%%‘ L Rluedtaddrdide dc eﬁﬁe{?‘é}%ls% \ﬂzﬁéf'é’iﬂ)eaﬁl ﬁn%ku@“z CHz- SH

10. A gne IC storage Iumas set TFort aim1l, sal
risi n r [
conp Sor%?ngablpgan%eazysglgno > va?ueg?tro} e)?an?pﬁe 3 or 4 values, and a greater information

storage density 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 magnetic states are all particles with parallel magnetic moments in the UP
direction, all particles with parallel magnetic moments in the DOWN direction, and Y particles
spin UP + Y% particles spin DOWN. The multilayer of particles simply places more magnetic
particles per unit area than the ordered monolayer, which results in a larger magnetization signal

for a given bit area.

Figure 4 is a section 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



,~ V.~ , ~1SEP?2002 26 11. A magnetic storage nediumas set {drtSEM2002

" Claiml, the said particles having dianeters characterized by a standard
deviation of less than 10% of their average. 12. A magnetic storage medi um
as set forth in Caim10, said |layer further conprising a second nonol ayer
of said particles disposed over said coating. 13. A nethod of formng a
magneti c storage medi um upon a surfacqgyof a substrate conprising the steps
of a) preparing a liquid dispersion, in a solvent, of magnetic particles
coat ed sylpstiaten}, ganinderseati§i (cpatng onethe substrated, £ raultitayeetA of glasenagk @edlag a
substantially uniformdi aneter not exceeding 50 nanoneters, said particles
conpr partiokgs , Mﬂu@ﬁvﬁwf&o&t 7sThe siitattatersomuy beeitieptPidqsuhias igla’s, oifa Si
el enents Co, Fe, Ni, Mh, Sm Nd, Pr, Pt, Gd, an internetallic conmpound of
the a j j . o] j . . al | oy of
sai o SPEEch SR ETTRN s o Bolftadflt Yot Mo Chabilictodh 8RR is AphiBd REEY 1
el ements other than Fe, bariumferrite, and strontiumferrite, b) applying

sai d Pybstrte Mogsemetesrdared mwittayer formation andiepables teformation of ghemaipal links

evaporating said solvent to thereby form upon said surface of said
subst betwween pattialeerl anfl sabdtrhtenfignst preferably conhprise anaffedty winaterislacanriag) ibi-
stabilizer material, said nmagnetic particles being maintained in

subst affctighdl Yndidbuld" 5 the BRACER-A0 WHereirt RS 5Q8eH Pord P9MrosAbsh sk f ace by said
organic stabilizer material. 11 SEP 2002 27 14 A nmethod as set forth

in dgiml3, ¢ risi,ng the fu er, steps of:, gd) r Vi saj.d organic
st abi APGepathef Bl Sf Sfhweed st Ao Be iR ant SR eP Db s o,
particles to maintain themin said substantially uniformy spaced-apart
relationship. 15. A nethod as set forth in Caim 14, wherein step (d) of
removi ng said organic stabilizer
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(OCH,)s

trisethoxysilane R-Si(OCH,CHa),

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.



material is carried out using at |east one of heating, dry etching, and
vacuum 16. A nethod as set forth in Caim13, said organic stabla

material conprising a |ong chain organi c conpound of the formtﬁx,sﬁﬁez‘gﬂz
is a nenber selected 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
formation, said fluorocarbon chain conprising 6 to 22 carbon atons , and
where X is selected from carboxylic a8 d, phosphoric acid, phosphinic acid,
sulfonic acid, sulfinic acid,and thiol.. 17. A nethod as set forth in Caim
13, wher e Baid, Qrae0l fofk 30 168labGHINE b EemaPbsinSkitibn ahd sid

nmet hod as g%tﬁ?géﬁﬁaéﬁc%%g%ﬂé@g%%ﬁgr nt cozﬁ ng conp%%# ngtglaanS
abrasj.on-resistant . mgterial selected.fro he .grqup consi sting, qf

i nolPY I e RAbe APY R R TR Buris o Pitglls BfnfabeRe Haldaf fomids de.
and silicon oxide. 1 ~ S EP200Z-28 19. A nethod as set forth in daim
13, oelepted dionythelgeoup ronkisting ofglements o, Fey Nit Mp, $m) NdoPr, Bpgid;iang an affinity
| ayer ma selected pattern over at |east part of said surface of said

substih@tfetalRicompbind bt the hftYs3hidgéiéhts QMBMAre 8loyodf saidl edérhénd, baMterfilidyQilloR |
chosen to preferentially attract and retain said particles msaid selected

pat t ey, Y said surfa said affi.nit i .Sl b ctional
ol ccliru m i, Sp HeRE Bo Bl ofapiflad ¥R PS o BT B M G

fl uorocarbon_chai ns of between 3 and, 22 carbon atons, and X and Y are

sel echasyms fegite, and stientiemdfennges Mors paiqularly s the partigles may prefeseply bs semprsadc

aci ds RzPOOH phosphoric acids R-OPQ(OH) z carboxylic acids R COOH tluols
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a ferromagnetic core (Co, Fe, Ni) surrounded by a noble metal layer (“shell” of Pt, Au, Ag, Pd).
The diameter of the particles should be 5 - 15 nm, and the standard deviation of the distribution of

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

Figure 5 is a section view of an alternative magnetic 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 particles 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
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solvent at a faster rate. For example, the multilayer whose TEM photo is shown in Figure 6 was

prepared at 60°C
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selected from hydrocarbon and fluorocarbon chains of between 3 and 22 carbon atoms, and X and

Y are selected from:

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(OCH,);
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 SiO2 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.
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palladium) coating on the particle. Between the two ends there 1s a hydrocarbon chain.

A general method to locally modify the properties of different regions of the substrate is depicted

in Figs. 7A and 7B. Figs. 7A and 7B show a method of the present invention, and by this method it 1s possible
to create an ordered monolayer of nm'—scale particles in selected regions of a substrate surface,

while leaving the remaining regions of the surface free of said particles. According to this

method, selected regions of the substrate 5 can be made with customized properties by selective
placement of ordered arrays (layers 4) of nm-scale particles 1. To accomplish selective placement
of particles 1, the undercoat layer 6 on the substrate comprises an affinity material ~ (enabling

the formation of chemical links between the particles 1 and the substrate 5 ), and the undercoat

layer 6 (affinuty coating) 1s patterned as shown in Fig. 7A using standard lithographic

methods The pattern of the affinity coating may have any shape, either geometric or an arbitrary

shape, as shown mn Figs. 7A and 7B.

After patterning the affinity layer 6 as in Fig. 7A, the ordered monolayer array of

nm-scale particles is formed by the methods described above 1n reference to Figure 2. The result

of the fabrication process with a patterned affinity coating is Fig. 7B, where ordered

layers 4 of nm-scale particles 1 are then formed only in the selected regions covered with affinity

coating 6. The selected regions then have the properties of the nm-scale particle layer 4. The
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While the present invention 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

that the invention can be embodied in various ways without departing from the scope and spirit of

the invention as set forth in the appended claims.
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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 said surface, said particles having a substantially uniform diameter not
exceeding 50 nanometres, 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;

c) a coating surrounding said particles and adhering to said surface to maintain
said substantially equally spaced-apart relationship; and

d) an affinity layer disposed between said layer of particles and in a selected

pattern over at least part of said surface of said substrate.

2. A magnetic storage medium as set forth in claim 1, said magnetic storage
medium comprising an abrasion-resistant coating disposed over said particles to protect

said particles 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.
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5. A magnetic storage medium as set forth in claim 4, said particles having a

diameter not exceeding 20 nanometers.

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, 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, 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
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sulfonic acids R-SO,0OH
sulfinic acids R-SOOH

phosphinic acids R,POOH
phosphonic acids R-OPO(OH),
carboxylic acids R-COOH

thiols R-SH
trismethoxysilane R-S1(OCHs);
trisethoxysilane R-S1(OCH,CH,);

trichlorosilane R-SiCls

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.
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12. A magnetic storage medium as set forth in Claim 10, said layer further comprising

a second monolayer of said particles disposed over said coating.

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 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
magnetic 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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uniformly spaced-apart relationship.

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 form R-X, where R 1s 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 consisting of diamond-like-carbon, amorphous carbon,

amorphous silicon, aluminum oxide, and silicon oxide.
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fluorocarbon chains of between 3 and 22 carbon atoms, and X and Y are selected from:

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-S1(OCHy);
trisethoxysilane R-S1(OCH,CHs);

trichlorosilane R-SiCls

20. A magnetic storage medium according to claim 1, wherein said substantially

uniform diameter of said magnetic particles has a standard deviation of less than 10% of

their average.



