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60-70 Gbit/in2 in certain products, and is increasing at a rate of
approxi mately 60-100% per year. Data rates are i ncr easi ng 8 RECIEMBER 28060 f
approxi mately 30-40% per year. An earlier perceived density limt of 40
fgln ; /e 'n2 has been sUy@3004/003945 andt y rrrﬂrrmrmrmrlrmurmrmrru NI R IRkl he
O v
recordi ng technology densrtres in the range of 100 1000 Gbrtlrnz have been
targete@’maﬁﬁ”“éf f@?gﬂﬁ%WQH’Weagkb@@i These projections are general |y
based qﬁwﬁgﬁimugxgwo’“’ %ﬁ“mma"’eﬁ?OJected future technol ogi ca
advancemént’s i i the areas read/wite heads, 20 recordi ng nedi a, channel
el ectronics, tribological coatings, head-to- drsc interface and narrow
track servo capabilities. An area of particular inportance in magnetic
recording is nmedia noise suppression. At higher areal densities, snaller
particles, or grains, are required to reduce the intrinsic nedia noise and
to obtain a higher signal-to-noise ratio in the readback data. In addition
to 25 reducing and scaling the nmedia grain size, control of the magnetic
grain isolation and wuniformty and control of the crystall ographic
texturing are al so used to suppress nmedia noise. Achieving | ow noise nedia
by scaling to a small grain size, however, is |imted by thermal
instabilities. Such thermal instabilities are exhibited when using grain
di aneters bel ow approximately 8-10 nm and may render today's conmonly
used cobalt-alloy based 30 recording nedia unsuitable for archival data
storage purposes. It has been found that smaller, stable grains can be
obtained fromnnagnetically harder materials, such as tetragonal L | o
phased iron-platinum (FePt) or cobalt-plati num8 DECEMBER 2006 WD
2004/ 003945 PCT/ US2003/ 004620 2 (CoPt) conpounds, or artificially layered
materials, such as Co/Pt or Co/Pd multilayers. FePt and CoPt conpounds are
known for their high magnetocrystalline ani sotropy and magnetic nonent,
properties that are desirable for high density magnetic recordi ng nedi a.
O her candidates for smaller, stable grain sizes are rare earth transition
nmetal conpounds, 5 such as Co5Sm or Nd2Fel4B. However, it may be difficult
to maintain these materials in a chemcally stable state in hard disc
nmedi a where m nimal overcoat thickness is nmandatory.




A common probl em wi th high anisotropy materials, such as FePt and CoPt
conpounds, is their large coercivity, which can reach val uéSESFMBIR08r der
of 50, 000WQa004/dBewb | arge coercivities far exceed the wpCrastéosloos2o
capabilities of today's magnetic recording 10 heads. In an effort to
alleviate the problemof large coercivity, vertical recording and thermally
assi sted recording schenmes have been proposed. Lithographically patterned
medi a, al JQCRIOWEIRPABKINGAERST¥Y'IN SERF-OREANIZEDIVIRGNETIC/ARRAY t her nal
instabilities in the recording nedia. Bit-patterning conbines several
hundred media grains into one single nmagnetic island, which does not
require large 15 coercivities. A conprehensive review of such
'|'I t hogr aphi cal | y patterned nedia techniques can be found in G Hughes,
CEZH g; nsd (I\a/gdl I%I i n Physi CSEkoffIEUthIaW{EUN%Nﬂ(D Magneti c Recording,
7, . urer, van Ek, WelTer, Springer (2001), which reference is
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15 perceived density limit of 40 Gbit/in® has been surpassed in laboratory demonstrations.

Densities in the range of 100-135 Gbit/in® have been demonstrated. In perpendicular
recording technology, densities in the range of 100-1000 Gbit/in® have been targeted, and
are considered feasible. These projections are generally based upon scaling assumptions
and projected future technological advancements in the areas of read/write heads,.
20 recording media, channel electronics, tribological coatings, head-to-disc interface and
narrow track servo capabilities.
An area of particular importance in magnetic recording is media noise suppression.
At higher areal densities, smaller particles, or grains, are required to reduce the intrinsic
media noise and to obtain a higher signal-to-noise ratio in the readback data. In addition to
25  reducing and scaling the media grain size, control of the magnetic grain isolation and
uniformity and control of the crystallographic texturing are also used to suppress media
noise. Achieving low noise media by scaling to a small grain size, however, is limited by
thermal instabilities. Such thermal instabilities are exhibited when using grain diameters
below approximately 8-10 nm, and may render today's commonly used cobalt-alloy based
30 recording media unsuitable for archival data storage purposes.
Tt has been found that smaller, stable grains can be obtained from magnetically

harder materials, such as tetragonal L1¢ phased iron-platinum (FePt) or cobalt-platinum



3, 2001, entitled CHEM CAL SYNTHESI S OF MONODI SPERSE AND NA

NANOCRYSTAL CONTAINING THIN FILMS; U.S. Patent No. 6, 331, 363;5&1%% P@A!Q_fLOY
Decenber W8,202003945enti t| ed PATTERNED MAGNETI C RECORDI NBCWHEDBRGA3IHOMGINTAI NI NG
CHEM CALLY- ORDERED FEPT OR COPT. Enbodi nents of the present invention
provide solutions to these and other problens, and offer other advantages
over the prior art. SUMVARY OF THE I NVENTI ON A sel f-organi zed magnetic
array includes a plurality of magnetic primary 10 nanoparticles . A
plurality of magnetic interstitial nanoparticles are positioned between at

| east some of the primary nanoparticles in the self-organi zed magnetic
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thermally assisted recording schemes have been proposed.
Lithographically patterned media, also known as bit-patterning, may postpone the

arrival of thermal instabilities in the recording media. Bit-patterning combines several

hundred media grains into one single magnetic island, which does not require large

15  coercivities. A comprehensive review of such lithographically patterned media techniques
can be found in G. Hughes, "Patterned Media" in Physics of Ultrahigh Density Magnetic
Recording, bhapter 7, ed. Plumer, van Ek, Weller, Springer (2001), which reference is
hereby incorporated herein by reference. The achievable densities using this bit-patterning
lithographic approach is limited by lithography. In order to achieve approximately 1

20  Thit/in, the island and space between the islands should be less than 12.5nm. This is far
beyond the projected Semiconductor Industry Association Roadmap for the next decade.

In order to push beyond the density limit set by lithography, self-assembled

nanoparticle arrays have been proposed. These self-assembled, ordered and uniform nano-
magnet arrays provide conceivable solutions to many proposed future recording schemes,

25  e.g., conventional granular media, perpendicular media, thermally assisted recording and
patterned media recording schemes. Such arrays are referred to as self-organized magnetic
arrays (SOMA). The formation of such self organized magnetic arrays is described in, for
example, U.S. Patent No. 6,007,623, issued December 28, 1999, entitted METHOD FOR
MAKING HORIZONTAL MAGNETIC RECORDING MEDIA HAVING GRAINS OF

30 CHEMICALLY-ORDERED FEPT OR COPT; U.S. Patent No. 6,086,974, issued June 11,
2000, entitled HORIZONTAL MAGNETIC RECORDING MEDIA HAVING GRAINS
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of a three dinensional array of a self-organized magnetic 33FFRYBERR@ 4A
is a di agvarmwiosdssi | | ustrates interstitial void sites ipoTaSRed/00diceeNsi onal
hexagonal array. 5 FIG 4B is a hard sphere nodel of the diagramof FIG
4A. FIG 5A is a schematic diagram show ng atons al ong the face of the fcc
structure. FIG 513 is a diagramshow ng tetrahedral sites in a three

di mensi onal self-aligned array. FIG 5Cis a diagram show ng tetrahedral
sites in a self-aligned array. FIG 6A is a TEM (Tunneling El ectron

M croscope) inmage of a self-assenbled bi- 10 nodal array. FIG 6B is a
schematic diagramwhich illustrates the particles of FIG 6A FIGS. 7A and
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making a self-organized magnetic array includes forming a self organized magnetic array

having a plurality of primary magnetic nanoparticles and a plurality of magnetic
interstitial nanoparticles which are positioned between at least some of the primary
15  nanoparticles.

The invention also includes interstitial nanoparticles which are smaller than the
primary nanonparticles. The invention also includes a magnetic medium formed with such
a nanoparticle array.

The invention also includes a surfactant which surrounds the nanoparticles.

20 The array can be a two or three dimensional array.

The invention includes trigonal, tetrahedral and octahedral shaped voids.

Other features and benefits that characterize embodiments of the present invention
will be apparent upon reading the following detailed description and review of the
associated drawings.

25 BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a graph of packing density versus surfactant molecule length.

FIG. 2A is a schematic diagram showing nanoparticles in a self-organized
magnetic array.
FIG. 2B is a diagram of a hard sphere model of the nanoparticles of FIG. 2A.

30 FIG. 3A is a diagram of a hexagonal two dimensional array of nanoparticles.



pl ot 100 shown in Figure 1 is for a two dinensional array and the plot 102
is for a three dinmensional array. The carbon chain | engt h88FECEYIR;R20¢c| d
and ol eylwoizo@/aosd4ecul es is about 2 run. 30 Figure 2A i Ca/use@gnedsee howi ng
surfactant chains 120 extending from danoparticles 122 in a self-organi zed
magnetic array. Figure 2B is a nodel of the nanoparticles 122 in which 8
DECEMBER 2006 WD 2004/ 003945 PCT/ US2003/ 004620 5 the surfactant chains
120 are nodel ed as a hard sphere. As illustrated in Figures 2A and 2B,

wi th nanoparticles having a four nanoneter dianeter, and with the carbon
chain of the oleic acid and ol eyl am ne nol ecul es of about 2 nm the
inter-particle distance will be about 8 nm 5 The packing density of the

di d ticl Whj 2
heref of o det or MG by Erien Shgorer ERRT ARl P orBr B FRERYE, | 2

Sur fact ant sagrhgvi ng shorter carbon chains can be used to reduce the

inter-particle distance. . This wl. ccordi ngly LnGreas iing
density. Howeverf1Ga#A & adipgran yhis IJ(% , atﬁféﬂ““\%f%ﬁlds]?tgsfl?lgﬁwétaaﬁ%%%%ﬁﬂai ns,
there is stjdchochbiMali cant void space that is not utilized in the 10 array.
The present invention provides a techni que for ilizing this void space to
i ncrease’ the pddfi Hyisedigd § ?rerFlngﬂﬁ?ﬁ@éarﬁofﬁyeﬁ%‘T on, the void space
bet ween adj acentpiafQ R dch&haie diskram sHoRéhg atdnisalénp!thy fate dflthe fepsintciurd.es t o
thereby increase the packing density. The ig&re sed, alcslgrknﬁ gensi ty
provi des i nEiGe4Bdtia dipgpany shewing friahedrl sitgign f HEef WRERIBH SHAGHET 84y st or ed
data 15 and de%g@f?‘i’sddiéﬁ& skwih$@trkteliral ERDEI 4 defMifighdd adhayr a- hi gh density
storage systens. Self-asse ed nanoparticl es behave |jke ato i.nsi de a
crystal such t hafIGt 6ys a BEVAKemelipg:Rigettopddicioscope) igags .Seh“ua@iﬁg’gleékl‘i s a
di agram ghovxjo%aqaga wo di nensi onal hexagonal array 150 formed by
sel f-ordani 2&d" na Oparticles 122 on a substrate 152. Figure 3Bis a
di agr am showi ng RiBe6Riszschenatictdiagfan whick dlustrasesghmpareces P pH i cl es when 20
a nunber of hex ar j i GRAlL¢ ¥melpoOn one
another i th - ASCOSt K B e R EL oRl-RRARR dhd R b eTRpaY ¥

during formation of nanoparticles.

DETAILED DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS

15 In order to achieve areal densities beyond 1 Terabit/in%, Self-Organized Magnetic

Arrays (SOMA) have been proposed. The demonstration of the synthesis of
monodispersed high anisotropy FePt nanoparticles with stable magnetization reversal
transitions at room temperature has increased interest in the field. In forming such Self-
Organized Magnetic Arrays, the FePt nanoparticles are coated by a layer of surfactant

20  molecules such as oleic acid and oleylamine to prevent agglomeration. However, these
surfactant molecules, while preventing agglomeration, are also a significant factor in
defining and limiting the distance between adjacent nanoparticles. The inter-particle
distance in an array of self-assembled particles is determined by the length of the
surfactant molecules. Thus, the packing density of the molecules is also a function of the

25  length of the surfactant chain. Figure 1 is a graph of packing density in percent versus
surfactant molecule length in nanometers as calculated for 4 nm diameter particles. The
plot 100 shown in Figure 1 is for a two dimensional array and the plot 102 is for a three
dimensional array.

The carbon chain length of oleic acid and oleylamine molecules is about 2 nm.
30  Figure 2A is a diagram showing surfactant chains 120 extending from nanoparticles 122 in

a self-organized magnetic array. Figure 2B is a model of the nanoparticles 122 in which



Monodi sper sed nanoparticles coated with surfactant nol ecul es can be
regarded as hard spheres. In the follow ng analysis, the $§PREFMBERR0ES
assuned twobeosasmsged in a hexagonal array when assenpCedseomsoom20 attice.
Both two dinensional arrays and threes25 di mensional arrays may be used for
I nformation storage. In the follow ng analysis, the nanoparticles are
assuned to have a dianeter of 4 urn (for exanple, FePt) coated with two
nanonet er surfactant nol ecul es. The packing density is defined as the areal
or volume fraction which is occupied by the magnetic particles. Table 1
gives the definition of synbols used in the subsequent discussion: 30
SYMBOL DEFI NI TI ON PA Packi ng density for 2-D array Pv Packing density for
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with shorter carbon chains, there is still significant void space that is not utilized in the
10  array. The present invention provides a technique for utilizing this void space to increase
the packing density.
In the present invention, the void space between adjacent nanoparticles is filled
with interstitial particles to thereby increase the packing density. The increased packing
density provides increased signal strength during read back of magnetically stored data
15  and decreased jitter at the bit transitions in ultra-high density storage systems.
Self-assembled nanopatticles behave like atoms inside a crystal such that they
arrange themselves in a lattice. Figure 3A is a diagram showing a two dimensional
hexagonal array 150 formed by self-organized nanoparticles 122 on a substrate 152.
Figure 3B is a diagram showing the arrangement of the self-organized nanoparticles when
20  anumber of hexagonal arrays 150 are stacked three dimensionally upon one another with
ABC stacking (face centered cubic, i.e., fcc).
Monodispersed nanoparticles coated with surfactant molecules can be regarded as
hard spheres. In the following analysis, the spheres are assumed to be arranged in a
hexagonal array when assembled into a lattice. Both two dimensional arrays and three
25  dimensional arrays may be used for information storage. In the following analysis, the
nanoparticles are assumed to have a diameter of 4 nm (for example, FePt) coated with two
nanometer surfactant molecules. The packing density is defined as the areal or volume
fraction which is occupied by the magnetic particles. Table 1 gives the definition of
symbols used in the subsequent discussion:

30 SYMBOL  DEFINITION
Pa Packing density for 2-D array
Py Packing density for 3-D array




of the surfactant nol ecules. As used herein, this void region is referred
to atrigonal hole and has a radius Rs (i.e., the radi us 8PEQREMEHA cl e
170). Rs wanob@osascul ated as: Rs = (RL + L) / cos 30" PCIRIS26Q004520 20 The
voi d between the three nanoparticles i6s of size to acconmobdate a sphere of
up to 0.3 095 RL. Thus, the packing density PA, for this configuration can
be cal culated as: PA ={[2*,vRs |, rRf ]+1}*{()TR2 *3/6)/[0. 5si n60( 2R,
+2L)2]} EQ 3 = 27.0% Thus, if the trigonal holes are occupied with
magnetic material, the packing density will be increased by 4.3%to 27%
As used herein, nanoparticles 122 are referred to as primary 25
nanoparticles and a nanoparticle 170 which fills the void between primary

nanoparticles i r ef erre}q%{}% o??ar%n a].\-tfﬁeegr(lﬁ%énteg@éor noparticle. The
1S

interstitial nanpparticl Ianmeter than a primary

nanoparticle 128%and is p&Fi%URE 1a1111maé§i)1 gy |east some of the primary
nanoparticles 139 in the SE4P 311'3 o] r&ﬁé?n tic array. The interstitial
voids in a threedi mensi ofdl =ar. LAy c%;‘_%ﬁ si)l e filled to achieve a 30
packi ng Hensity i ncrease EPEH EAPHFCRERFNSt achieved with a two

di mensional array. Figure 5Ais a v;rgg f. atons along the face of the fcc
structure of a self-assenbled array. f“g'ulre 5B illustrates the filling of
"t et rahedr ajy"hiy e;'taﬁhfpié el Mint Madbtel MAREEd Rdnbgtirtiddanoped with RenfsulR@IVBER 2006
WO 2004/ 003945 PCT/ US2003/ 004620 7 170 and Figure 5C shows the filling of
"oct ahedr al molggiles, Bitles with interstitial nanoparticle 170. According to
Figure A the fg, b%‘éi POk By P, CBa bee demvi@divoumdasidndatdy 5Q 4 The

packi ng densit i

r. a self-assenbled three dinensional array is as

foll ows: 5PP« Lfkaﬁ%rhxsgiﬁwezzgghzzob 7% Wth 2RL=2'/2a/4. THE] in a
three di nensignal array, 91% of the.space .is n occupi ed. . T are two
types of voh#illgraied bydiquatqo, B’eata‘iorf‘étﬂ%siﬁ’ﬂ?}lm\a%i %a?cffﬂéya.reallﬁemtfolggé) ed; ype is a
"tetrahedra;g);'m &c fahiekidied by nanoparticle 170 in FIG 5B) and the second

i " h " hol i I. i )
E )e/,[) re thZd ?QJ hgf é'ggtgg_m R lép?%gphgrfeInlloldgldang)ﬁ'igqx?enﬁ? 1asratcfle?g|ra?n %vzlg:h IllﬂlstEallt% the5 C). The

15  void area formed between three adjacent nanoparticles in a two dimensional array. At the
central location between the three particles, a void area is formed between the intersection
of the surfactant molecules. As used herein, this void region is referred to a trigonal hole
and has a radius Rg (i.e., the radius of nanoparticle 170). Rs can be calculated as:

Ry =(R, +L)/cos30° -2R, EQ.2

20 The void between the three nanoparticles is of size to accommodate a sphere of up to
0.3095 Ry. Thus, the packing density P4, for this configuration can be calculated as:

P, ={[2*aR2 | 7R2]+ 1} *{(#R] *3/6)/[0.55in60° (2R, + 20?3 EQ.3
=27.0%

Thus, if the trigonal holes are occupied with magnetic material, the packing density will be

increased by 4.3% to 27%. As used herein, nanoparticles 122 are referred to as primary

25  nanoparticles and a nanoparticle 170 which fills the void between primary nanoparticles is
referred to as an interstitial nanoparticle. The interstitial nanoparticle 170 is smaller in
diameter than a primary nanoparticle 122 and is positioned between at least some of the
primary nanoparticles 122 in the self-organized magnetic array.

The interstitial voids in a three dimensional array can also be filled to achieve a

30  packing density increase even greater than that achieved with a two dimensional array.

Figure 5A is a view of atoms along the face of the fcc structure of a self-assembled array.

Figure 5B illustrates the filling of "tetrahedral” void sites with an interstitial nanoparticle



10 sphere with a radius of up to 0.449RL. The octahedral holes can
accormodate a sphere with a radius of up to 0.828RL. \Wen3PREENRERAifedr al
sites arewbi2bd4m3odshe packing density for the three di mposiusaab/ooses ay can
be derived as follows: RL+L+Rr =3"2a/4 R, = 0.449 RL P6, (2 *
[42c(0.449RL )" 13] /(4)rR3 /3) +1}*{4*[42rRL'|31/a 3) =11.0% 15 EQ 6
Simlarly, for the octahedral sites illustrated in Figure 5C, the packing
density is as follows: RL+L+RL +L+2Ro =a Ro = 0.828 RL Pv {[4,;
r(0.828RL)" /3] EQ 7 I(41rRL" /3)+1}* {4 * [4rSL' /3]/a3 14.6% 1 f only
the tetrahedral void holes are occupied, the packing density is increased
by 20 1.7%to | 1% If only the octahedral void holes are occupied the

packi ng density is inpgcrease . 5.3%1tp 14 6% . j. th t.
tetrahedr al [&htpddéeasn gé Isngsﬁg‘f g'im%?é ‘%@“&Eﬁgi ‘éoda Sﬁ%%g%tﬁﬁs%téﬂ 8%‘}? gﬁ'ggi s

i ncreased by7¢ %ckérdik %Figu@%g)ﬂﬁaaﬁﬁvmg dduatiaah boterBed:8 DECEMBER 2006 WD
2004/ 003945 PCT/ US2003/004620 8 P' = {2 * [42r(0.449RL )' /3] [(4;rR13 /3)

+ [47r(0.8ZSRL-I)B=B§10//4(4)rRL' [ 3) + 1} * {4 * [47rR3 [/ 3] / '}4 = 16. 3%
EQ 8 The nanopﬂet ﬂa%llci%g %nrs@/ P\f/ R e f-gs)éentﬂ;]gd R&e‘e%&sf&ﬁﬂ% fslaS k§Rwand the

5 P,=4*[4nR,’/3]/a’ =9.30% EQ.5

With 2Ry =2"2a/4. Thus, in a three dimensional array, 91% of the space is not occupied.
There are two types of void holes for a three dimensional void array. The first type is a
"tetrahedral” hole (filled by nanoparticle 170 in FIG. 5B) and the second type is an
"octahedral" hole (filled by nanoparticle 170 in FIG. 5C). The tetrahedral holes can holda
10 sphere with a radius of up to 0.449R;. The octahedral holes can accommodate a sphere
with a radius of up to 0.828R;.
When the tetrahedral sites are filled, the packing density for the three dimensional
array can be derived as follows:
R,+L+R,=3"%al4
R, =0449 R,
P, ={2*[47(0.449R,)* /3}/(42R,> / 3)
+1}*{4*[4aR,’ /3] a®}
=11.0%
15 EQ. 6
Similarly, for the octahedral sites illustrated in Figure 5C, the packing density is as
follows:
R, +L+R, +L+2R,=a
R, =0.828 R,
P, ={[47(0.828R,)’ /3]
[4aR,> 13) +1}*
{4*[4zR,> 13) &
=14.6%
If only the tetrahedral void holes are occupied, the packing density is increased by
20 1.7%to 11%. If only the octahedral void holes are occupied the packing density is
increased by 5.3% to 14.6%. However, if both the tetrahedral and octahedral holes are

EQ.7

occupied, the packing density is increased by 7% to 16% in accordance with equation 8.



interstitial nanoparticles can be fabricated using any appropriate

t echni que. For exanple, 5 chem cal synthesis of FePt nanop&PEFEVIRER 28¢n be
used. Morwadizepensed nanoparticles can be forned using oows2emanbesati on and
grow h steps. Reagents are injected i®8to a reaction vessel to raise the
precursor concentration above the nucleation threshold. Then, a rapid

spont aneous nucl eation burst occurs to relieve the super saturation. Next,
a slow and controlled gromh on the nuclei is perfornmed. The separation
bet ween the nucleation step to and the growh step is required to obtain
nonodi spersed particles. Previously fabricated nonodi spersed nanoparticles
(such as FePt) can be forned to a desired size and used as seeds. The

seeds are put into a reactjon vessel and the .y 3 £QN LAt b0 B, be
control l ed t =ﬂé*é4ﬂt(9ré‘ﬂ91bé% W dHe REtPSeHY kﬁi&%@%bdf 33?* (i}%g%o@émf Réf/% }
nucl eation thrgghebid. 1f the reagent concentration is bel ow the nucl eation
15 threshold, there will be no additional new nuclei formed andQ.lse growth
reaction will be dom nated by the already existing seeds. Mver, if the
reagent concentr at i orThesazipoisle arefomed bythe pHmarynanepgrtigles fiucl ei are
fonned and at_the same tine 1St fafe teBBIYLE. FoferlafipB] OW. Thi s
will result! Eﬂst{q%nw%adﬁ%?slcg%}ggfa%ﬁ%a?]%lpl{ag?llg?gfg@m a\?ien% two diff efent sizes,
Fi gure 64 i sheaniddEMpritiaiyef BEPtaatpanicldatandiesised. Monpdispersed panepatisles @pds 20
formed in agcordance with this techniqu Fb gy i St 156 1SR L diC

repr esent at %Weg?s’?%!glo“ﬁﬂuﬁlﬁ?tynﬁﬁ epar ﬁ%ﬂsé%&gi%\rgs igﬁtldé‘%ét ithal _

nanoparti cl @&sseld rdide@hepeduesor aincentration fbovertse mucledtion theesholdelThear PPl ed, t he

size of both the large and the small . .nanoparti ol led. If
the size of SR%‘@“%‘?H&’InF%Fauﬁﬁ?’P'isg‘fcégrg?‘)srehﬁ’.eg@g%lp?rﬁ%&gl? I?'t ggﬁggég;e%lapart i cl es,
cl ose packi pghtRfledgloweh ¢4 thiefsdl@ faperformicdy Thssegarstion Hobrben 26 natleation istp
real i zed. The packing density will increase fromz22. 7%to 27% Three

di mensi dAal agg thggrowih gtep BF?Pé‘He‘WE’l(}l?&"hmgl?ﬁslpgrtsefpgghcnﬁsme. Turning to one
speci fic exanpl e, thepgyipidiembicattll nk@blispeaseo patopirtties(su¢hhas FaRhcan isol yol
process to reduce the platinum acetyla glt O{legte and t her r’rﬁl %I%?Q:g})tgéi tion
of iron pentamed bonasiredsizeand usqdappeeds 185 85507 ¥F BYL W& 'EFHYHEST 280 By the 30

above et h O‘f‘eaﬁ@&t RoddBirdiidh bhrfbe doRkbIRAY bd &iMBr RESW e atdeniph thaatoldloat | num
acetyl acet onate as 8 DECEMBER 2006 WO 2004/ 00394n . PCT/ USZOPB /111146211
above the nucleation threshold. If the reagent concentration is below the nucleation

15  threshold, there will be no additional new nuclei formed and the growth reaction will be

dominated by the already existing seeds. However, if the reagent concentration is above
the nucleation threshold, new nuclei are formed and at the same time the existing seeds
will continue to grow. This will result in the production of nanoparticles having two
different sizes. Figure 6A is a TEM image of a bi-modal distribution of nanoparticles

20 formed in accordance with this technique. Figure 6B is a schematic representation of the
primary nanoparticles and interstitial nanoparticles. .

If the number of newly formed nuclei can be controlled, the size of both the
large and the small nanoparticles can be controlled. If the size of the smaller particles is
0.3095 that of the larger particles, close packing of a two dimensional array as described

25  above is realized. The packing density will increase from 22.7% to 27%. Three
dimensional arrays are formed using a similar technique.

Turning to one specific example, the synthesis of FePt nanoparticles
through a polyol process to reduce the platinum acetylacetonate and thermal
decomposition of iron pentacarbonyl is used. FePt nanoparticles are synthesized by the

30  above method with the initial ratio of iron pentacarbonyl and platinum acetylacetonate as



9 1.5:1. The average di aneter of these as-prepared nanoparticles is 3.79
nmwi th a standard deviation of 0.37nm These nanoparti cl 8 P EGFNBERYYr ded
as nonodiwpanseiand they self assenble into an organi red/tas@smiiego when
deposited onto a carbon coated TEM grid. Addi ng nore chem cal reagent into
the reaction systemand having the 5 preforned particles as the seeds,

| ar ger size nonodi spersed particles can be obtained. Here, we adopted the
sanme strategy to grow binodal size distribution FePt particles. As a

typi cal experiment, I Oral of the as-prepared particles (around 20nil in
total volune) are washed using floccul ent (Ethanol) and di spersion sol vent
(Hexane). Then, 0. 197g platinum acetyl acetonate, 0.431g

1, 2- He d

e L o M R
the reacti Qlavﬁtycﬁltcﬁ‘mﬂanﬂ ’ﬂl@samopmmslemm/@gamrbn ndnedispanysd aad theesells above
t he boil h t 00) |
added.  t hen FRECHNE AT aRL Ry yio PP PR Ster Rt SBMBREY ) °

heating mantle is turA@ding)ﬁlf)re&neinichleeatgeﬂdﬁtbm rmcnbmswten&nddahwhmg\éd to cool

down, the partlcles SO ut| shed. Fin the . partjcl
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Bimodal size distribution particles and a ABs superstructure of the particles are seen. The
coexistence of the two different sizes particles results in the formation of the
superstructure of ABs. Size analysis shows that two different size particles are formed

20  with the average diameter as 6.14nm and 3.18nm, respectively. Synthesis of the bimodal
size distribution FePt particles can be described by the La-Mer diagram.

The concentration of the precursors produced when the reaction temperature is
reached determines whether or not new nuclei will be formed. If the precursor
concentration is above the nucleation threshold, newly formed nuclei will be in the

25  reaction system together with the existing particles as the seeds. If the precursors
concentration is below the nucleation threshold, there are no newly formed nuclei in the
reaction system. If there is not another nucleation process, which means no newly formed
nuclei, the only seeds available in the reaction system are the existing particles. Therefore
after the growth stage, larger size particles are formed and the particles are monodispersed.

30  However, in the present case, there is a second nucleation process. Therefore, not only are

there the existing seeds, i.e. 3.7nm in diameter, but also there are the newly formed seeds.



after the gromh stage, larger size particles are fornmed and the particles
are monodi spersed. 30 However, in the present case, there BSEGEMRBEAIY

nucl eat i onopooiwssls Therefore, not only are there the exirdiseewg/osseds, i.e.
3.7nmin dianeter, but also there arelt he newy formed seeds. 8 DECEMBER
2006 WO 2004/003945 PCT/ US2003/004620 10 However, the growth of the seeds
is not enough to bal ance the increasing concentration of precursors. This
leads to two sizes of particles after the growmh stage, the larger size
particles based on the particle seeds and the smaller size particles based
on the newly fornmed nuclei. The relationship between concentration of
precursors and tinme (FIG 7A) 5 and between size increasing rate and

precursor c rati o i : l oo dy i
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supers at ur a’%sd_;lﬁlili{y&séﬁ&egtrsﬁdnam C* lthe hundeacions thseshdid. ik nywiyfemmed meclei will
supersaturation exceeds .so critical level . In contrast., t owt h rat
i ncreases g,sgﬁeig{ep@y gt E%r:‘e{f?f"riﬁ’g%eﬁc Qeethgt Vi esﬁﬁ%elr 8‘?%?%{}&%%05’“ at tﬁee
B lrjg lseail on g{e?ggﬁng ?ﬁmﬁ% F;ﬁ’_ﬁ&l&g a@ﬁﬁ%)gl{jpeﬁltl*ed?re hefoined Dhgieleatidizatéiis h t hi s

ent invention, e oleic _acid and ol e m ne can, b exchan f
carbon chai Hugh 897§ %@P&lb{@%peﬁé‘?ﬂtﬂ’@s‘&’e@ﬁﬂwlé‘i‘ &l‘?%ﬁ’ﬁtgfﬂ‘&%?%r é&d@i‘ﬁb‘g?ﬂ% Frengt h
of the syrf apt Aleatibh@tendmbiN G0 aRAdY dpbndehton sapa piuritical theh thagrotreh
i ncreased. Surface roperties can be controlled to increasiv%cgoi ng

CVROP &Ml es wit h

density. Surdteddahipdhs puckpeiionatess naghgibly spall yhen B SURFrRLEFIR

tight coati @gtsiflér\‘!&gs AuRQwWheh WeR0Fer@RFatitnlck6RdCRMe RALIELS BFFel. BQofitdsg Wi | |
nodi fy the surtace properties during the assenbly process, onto the

s gbsjt rate athe grawthaate inereessss sradualbyhvi iﬁ%@%s.ingﬁog@é atiog- hresderessvendt Be used to
par 1 cl o, TR e o o o Yo that Till The voi d
spaces i1 the matri x. With this present invention, the oleic acid and oleylamine can be
exchanged for carbon chained surfactants having a shorter length. By reducing the length
of the surfactant, the packing density of the nanoparticles can be increased. Surface
properties can be controlled to increase packing density. Surface modifications of loosely
packed surfactant molecules with tight coatings such as polystyrene and silica can be used.
20  This will modify the surface properties during the assembly process onto the substrate and
also control the thickness. A seeding process can be used to obtain solution phase
synthesis of bimodal or polymodal distributed particles. This provides interstitial
nanoparticles that fill the void spaces in the matrix.
The present invention provides a technique to reduce the jitter noise and
25  increase the readback signal for magnetic storage medium. Jitter noise is proportional to
the grain size at the transition between adjacent bits. The addition of smaller size particles
into the larger size particle array decreases the average size of the grain such that jitter
noise is decreased. Further, with the present invention surface roughness is reduced
because the void holes between adjacent particles is filled. This will provide a smoother

30  medium. The readback signal received by the read sensor is also increased because the

packing density within a particular bit is increased.



The present invention provides a technique to reduce the jitter noise and
25 increase the readback signal for nmgnetic storage nedi uRPEGENBIR20¢f0j se

i s proporwoan@loos®s the grain size at the transition beragars2adjoament bits.
The addition of snmaller size particlesl into the |arger size particle array
decreases the average size of the grain such that jitter noise is
decreased. Further, with the present invention surface roughness is reduced
because the void hol es between adjacent particles is filled. This wll

provi de a snoot her 30 medi um The readback signal received by the read
sensor is also increased because the packing density within a particular
bit is increased. 8 DECEMBER 2006 WD 2004/ 003945 PCT/ US2003/ 004620 11 It
is to be underst t ek | S
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matters of dfiventdr)tids disdosareriailigetrating ondf, 4pd changes thdyi be nodde ipdatailgi pl es of the

present invention to the full extent indicated by.the broad general neaning
of the ter rrrfsl?eﬁlaﬂm %Wq%cgsgbcﬁgﬁ&g%m@ng?%?gf%m x%bt&“é@%e .ncff%erg Ogglgrrpl e, the
particul ar ekdemMEntidito MRriill extefémiiatd by ihd Bieadupnérhlankaaing aphk tarmk ion f or
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functi onal i tPi¢h HHRPEOCEd SIaFTRY 41 SXRTERAd: AT SXRBIRE: D@D A PNEISIPa% WYY pr esent
invention. lgepeddidsioh @ pastlchipagiicdtion faief RiffceginRedadiddEo trdlogtlel bed herein
is directed to a stora eii;léStem for magnetica stori n%ethformati on it

= cal | .

will be appradtpiginggu e e fpegfonainy vrdhoyt derpizg Gofghe #80hTHgs of the
present jonvepiik hE AdsdACinvaitidh! BrhdiioRldlBbughehd profefddntifdinidnt @erilsdch as
those used in spintronics, nanowire, and quantum ¢conput,i ng, Wi t hout
departing f teeinindiresiesiie a sienes pysiam fopmagnesicibystasing informatipn B vill ba 5 g
DECEMBER 2 Oqureé’i\geggyéllowﬁé i M@ﬁ@é&%@f thl:%resent invention can be

applied to other self organized arrays such as those used in spintronics, nanowire, and

quantum computing, without departing from the scope and spirit of the present invention.
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WHAT IS CLAIMED IS: |I. A self-organized nmagnetic array, conprising: a
plurality of magnetic primary nanoparticles arranged in a $BEFENBIRNIzed
magnet i ¢ worag/00a9d a plurality of nmagnetic interstitialPCnase@andiced es
posi ti oned between at |east sone of the primary nanoparticles in the

sel f-organi zed magnetic array. 2. The array of claim| wherein the
interstitial nanoparticles are smaller than the primary nanoparticles. 3.
The array of claiml including a surfactant which surrounds each of the
plurality of primary nanoparticles. 4. The array of claim3 wherein a void
space is created between the surfactant which surrounds adjacent
nanoparticles and an interstitial nanoparticle fills the void space. 5.
Thearray of whaiTs4Wiffdl fx.t he void space conprises a trigonal hole and
the sel f- or‘ga'm'Te@_rm'gﬂm' array conprises a two di nensional array. 6.
The array ofl.cl aiAnself-orgraized magietic wwiyd capprésingeonpri ses a tetrahedral hol e

and the self-orgapi zed 1 G i 4 hr, L i I .
T he array of SRR oTREMS ffthd BhoRRIRE SRRed hakaRaAR DO T ol o

and the self-organi zedgnegmedy; endar ray conpri ses a three dinensional array.
8. The array of claim1 erei.n the.pgrimry. nan j C i of
FePt. 9. The arr 39%&%?%%@{% W%Fsﬁaﬁr{@n?%ﬁ?esgggﬁintggg %tﬁgenv&??’géﬁ sélgl?r ounds
the surfactant. 10. Jihtke priiiay nexfopaitialestinGhe seffenrginivet hegstic kage coat i ng
conprises pagl ystyrene. 11. The array of claim9 wherein the surface coating
conpri ses sidi caﬂ’ﬂ??ayﬁjfﬁ:lfﬁﬂgtwhér%%‘ﬁmrﬂﬁlamp%é‘q{gcgmﬁ TaNg t?‘ b €

sel f - or gani zpghappemepdrgela ray of claim 1. 13. A nethod of meking a
magneti c recording for magnetic recording, cooprising: royi dj ng.,a
Substrate; flor m G BTATIAST JAFRIOKERE HAUEACHR! SR oS £348 oL g lualieEor

conpri sing: yghap) dhhepdrfidledf mMagnetic nanoparticles; and a plurality of

magnetic interstitial nanoparticles which are smaller tﬁan Ibhe .
4, The array of claim 3 wherein a void space is created between the surfactant which

surrounds adjacent nanoparticles and an interstitial nanoparticle fills the void space.
5. Thearray of claim 4 wherein the void space comprises a trigonal hole and the self-
organized magnetic array comprises a two dimensional array.
6. The array of claim 4 wherein the void space comprises a tetrahedral hole and the
self-organized magnetic array comprises a three dimensional array.
7. The array of claim 4 wherein the void space comprises an octahedral hole and the
self-organized magnetic array comprises a three dimensional array.
8. The array of claim 1 wherein the primary nanoparticles comprises of FePt.
9. The array of claim 3 including a surface coating which surrounds the surfactant.
10.  The array of claim 9 wherein the surface coating comprises polystyrene.
11.  The array of claim 9 wherein the surface coating comprises silica.
12. A magnetic recording media comprising the self-organized magnetic array of claim
L.
13. A method of making a magnetic recording for magnetic recording, comprising:
providing a substrate;
forming a self organized magnetic array on the substrate comprising:
a plurality of magnetic nanoparticles; and
a plurality of magnetic interstitial nanoparticles which are smaller than the
primary nanoparticles and positioned between at least some of the

primary nanoparticles.
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The net howloahodadoadsm 13 wherein form ng the sel f-organi zedTnasgeeim2ar r ay
conprises adding a reagent to a pluraldty of seed nanoparticles, wherein
the reagent concentration is greater than a nucleation threshold. 15. The
nmet hod of claim 13 including form ng nanoparticles by raising a precursor
concentration above a nucleation threshold to cause a rapid spontaneous
nucl eation burst. 16. The nmethod of claim 15 including performng a sl ow
and controlled growth on the nuclei follow ng the nucleation burst. 17.
The nmethod of claim 13 wherein the interstitial nanoparticles are smaller
than the primry na rticl | £l Al viding a
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surfactant which surrounds adja eqt 3&&$ﬁﬁrticles and an interstitial
nanoparti cl éoqcF?tTago?ﬁegr%qr?lagﬁja{’g‘é?a 030U *FRE" met hod of claim 19 wherein the
voi d space g¢onprTisSsethod 6ficndl ikubldingafaahihgeanopetiflesdrygyaising egresungeret i ¢ ar r ay
conprises a two dinensi onal aryay. .,.The met hod of cl ai . in the
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wherein the void space conprises an octahedral hole and the self-organized
magnet i ¢ ar prsleideiyYing e nucleqtipa Bush nensi onal array. 23. The nethod of claim
13 wherein the pridREHIGFERAMNBIHRS GOTHRTitHE] eabfarticks. ardineallepthitotle of ¢l ai m
18 including providing a surface coating which surrounds the surfactant.
25. The net potagyfnagerartinled4 wherein the surface coating conprises
pol ystyrene g 267, Then SRENSAMAB prdvidifg 26 hgkiQinRoinaSeseH of M6 plutiat 6Ny
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conprises sillica.
primary nanoparticles.

19.  The method of claim 18 wherein a void space is created between the surfactant

which surrounds adjacent nanoparticles and an interstitial nanoparticle fills the void space.
20.  The method of claim 19 wherein the void space comprises a trigonal hole and the
self-organized magnetic array comprises a two dimensional array.

21.  The method of claim 19 wherein the void space comprises a tetrahedral hole and
the self-organized magnetic array comprises a three dimensional array.

22.  The method of claim 19 wherein the void space comprises an octahedral hole and
the self-organized magnetic array comprises a three dimensional array.

23.  The method of claim 13 wherein the primary nanoparticles comprise FePt.

24.  The method of claim 18 including providing a surface coating which surrounds the
surfactant.

25.  The method of claim 24 wherein the surface coating comprises polystyrene.

26.  The method of claim 24 wherein the surface coating comprises silica.
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