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Magnetic Structure and Method for Forming Same Technical Field The
present invention relates to magnetic structures and more particularly
nanocomposite magnetic structures and methods of fabricating such
structures. 5 Background of the Invention Hard magnetic materials are
characterised by high coercive force and low saturation magnetization.
Soft magnetic materials, on the other hand, are characterised by low

coercive forcq,apg bighsiatuaonmAgRetzater AlheR ragRetically

hard and soft phases are uniformly mixed on a nanoscale, exchange to
coupling occurs between the hard and soft magnetic phases and the
T—e?ﬁt@llﬁéhgE—eefé:change-coupled phases take on the characteristics of high
coercive force from the hard magnetic phase and high saturation
polarizativadgenhithe stitmaiplietictphaaegrelicSsithatwgmaget soargeparticularly
naf SIS RIS LRIE6E SO RIAHE! HIAR ANERIRNA FRUE R G56otures.
erial this

mat san old great promise for advanced 15 perimanent

magnetic applications. A number of conventional techniques, for example,
Bﬁ%@%ﬁﬁﬁ&@!—%@ﬂ%hmical milling [4, 5], and sputtering [6, 7], have

been explored for the preparation of exchange-coupled magnets.

Howésmet  rtteg nedjici neratentfler anandsa@eteontd| of iigh tbednandaiodesofind low
saf[AdRRUGPhAsGe L3 ensureeiicient 20 XcPANGRSQUPING BSeSner hand, are

significant challenges In the preparation of such exchange-couple
chasatarised dnyy, lewakelisclesefintExahd et ailedtamovagpeisiation.  When

o S D R S o M (e 3 pBbEhe) chnane
coﬂMr;go@dn@mmfbﬁmwral&asiwﬁtrahm eaﬁharr@@aeépmaamﬁm the mutually
ex@rﬁg%%y&%ﬁ;tﬁgg Pﬂlg'?«?g%g@yo%oﬁ{(g%rg'é%ggﬁgsb&%aﬂ’ &Bgrlcfye force from

Involves sy sizing two types of nanopartic rom wet~chemic
thes blaib nssgnetincphesatinglthigle satnmaiomeane atzagbuifdng heckeft magnetic

phase [1]. Such exchange-coupled systems have a larger energy product than

conventional single-phase materials and thus hold great promise for advanced

permanent magnetic applications.

A number of conventional techniques, for example, melt-spinning [2, 3],
mechanical milling [4, 5], and sputtering {6, 7], have been explored for the
preparation of exchange-coupled magnets. However, the requirement for
nanoscale control of both the hard and soft magnetic phases to ensure efficient
exchange coupling poses significant challenges in the preparation of such

exchange-coupled systems.

Zeng, et al. disclose in “Exchange-coupled nanocomposite magnets by
nanoparticle self-assembly”, Nature, 420, 395-398 (2002) [8] a wet chemical
based nanoparticle self-assembly method to overcoming the problem of nanoscale
control in exchange-coupled magnet production. The self-assembly approach
disclosed by Zeng, et al. involves synthesizing two types of nanoparticles from wet

chemical solutions and incorporating these as nanometre-scale buiiding blocks
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1 into binary assemblies. Subsequent annealing converts the assembly of

hard and soft nanopatrticles into exchange-coupled nanocomposites.

Although promising results arising from successful nanoscale mixing of

soft and hard magnetic phases are obtainable using the described

method, the self-assembly approach is limited s to small scale

applications. Nanoscale control of the hard and soft magnetic phases is
intaifiivaty assemibbies. nxpepatent RankahdseRmagsdie prresssityeirbard and
soﬁoﬂﬁﬂﬁéﬂlﬁ&e:ﬁﬁﬁe‘l%ﬂﬂg%goﬁ JIBHSnHMBESHISLS feRECR f?{o%gﬁem%lsmg

of ormlng a nanocomposﬂe magnetlc structure that prowdes control over

restits [ditinth B eofsheepRain! naneafaih s gueingohraadchar Maseciisphases
areeétﬁtér?aB?@@léf?{%atm?@@?c%gﬁ%%%%@WQ@QQ%@%%Q%&@H&?M Gmited

that achieves uniform mlxm% f the hard and soft magnetic nanophases
to sk AsdierapRitetofed YrAGREAR BNty thenhR RRFosRE Magnetic

ph&RagNSsBEuEkHE hatisimpiemgiabie A lardestaleagnenmarasts is hard
the Invention 15 Accordlngly, the present invention provides, in a first

to afk3ladn eraemea!foP RGNS magnetic structure, the method
comprising: providing a template having a plurality of pores; depositing a
metﬁihiasn&t@ﬁal iakistse @omdf the tamptatmdthefrefoy;fnjngir@ m@rhmd:iﬂyposite
LRRRCRIEFemEN: [SmAMo el I N REng3EAlean maanetic
m gl'é Gt B%r%?mlng ana ngCBpocessOon the Ranoscalé elemeants 207
nammtdhem@medakaaemmiéhwmaisa ittty ofdretdonagmettbod of forming
2 PRSI ReR S RRRALAG Sell B Slir R SHRIRERSRE i anc
Retic Maroscale ele ment ereb
soﬁhmmﬂmge nisferphacsEay. th"@wdn@r(&magnet{tshaacmdbferememﬁmtafs‘@dmmg a
naﬁ%&?&fﬂp%&&% e?d%%%@td%%ﬁé?”&y@%?%éﬂ%? 5?4%} %%8 QLA
occurring on a scale of nanometres (hm). For example, an ele ent aving

a maximum diameter of approximately less than 100 nm would be
Suramaryeef Helnvention

Accordingly, the present invention provides, in a first aspect, a method for
forming a magnetic structure, the method comprising: providing a template having
a plurality of pores; depositing a metallic material into the pores of the template,
thereby forming a plurality of nanoscale elements; removing the template from the
nanoscale elements; performing an annealing process on the nanoscale elements
to convert the nanoscale elements into a plurality of hard magnetic nanoscale
elements; and depositing a soft magnetic material between the hard magnetic
nanoscale elements, thereby forming a soft magnetic nanophase interspacing the

hard magnetic nanoscale elements.

As used throughout this specification, the “nano-" prefix means relating to or
occurring on a scale of nanometres {(nm). For example, an element having a
maximum diameter of approximately less than 100 nm would be regarded as a

nanoscale element.
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nanoscale element. 2 Also, as used throughout this specification, the term
"hard" makes reference to a magnetic material having a large coercivity,
for example, a magnetic material having a coercivity greater than 10,000
Oersteds (Oe), and the term "soft" makes reference to a magnetic
material having very small coercivity, for example, a s magnetic material
having a coercivity of less than | Oe. The method according to the first

aspedtpraddesgancocghinalk ohier dasdifisad goftinaagnetithaadiophkasssreference
o gurgg% S lg%:ti?en'ie% %Sv?%?%rgle}lf th% reseqt invention i im Iementz%]ble tarial

on a‘frarge 5Cate TR a preP rBdEmb6 wﬁ%’r\ﬂ,)iheof)grxeasn%t?eea rarﬂagaef [Gatena
hawimgyanitienctiaiy igrisatel dtea T his G680 iQdesteds d e Mxmp thbthermatdadtidnakes

etic nas h e pores ave a diameter of

ref g%\'/%%ﬁ %b%urﬁél %@o rasf“b%(;tut ﬁ&ﬁ%ﬁéﬁ%%@é@ & eeratgj\r@{ ’m;as)g heg\?emple, @
magheighneteralbavizdheutEeneivity ebiess30amil Dige nanoscale elements

may be substantially rod-shaped. 15 The nanoscale elements are

prefanabnannedlgdddraihd @ NRe SirRoSERERt danes Lhmstalisrdfeier hard
formed on exposed surfaces of the nanoscale elements during the

ang nRel NP ARSI aNRPHRRBS cAR BRMERE AIQP- belepiireieg iy the present

invieniparaiurepiraehvssie aBoytRoe dedree Celsius (C) to about 800 C. 20
In a preferred embodiment, a substrate is formed on a surface of the

temﬁﬂate Brl%ttpge%e r% ig%gﬁ%% m tgllic material into theﬁf/ores of the thin th
templafe. P THE EeHstrans BRI S HRFre L% A0RMGER il teyeihin the
tertaplete The T statditakay havéfer thickrgisg ofdiettheerhablibuthf ngofb magnetic

about 200 nm. The .substrate is preferably formed on the template
”328 ar %Se'pogs]ﬁlcohn QEZH?h%Or%eestaqﬁ%ymﬁa?\efﬁa? r(r{"%m ce(#’}]rp(r;l%segeotn\'m"eg 8 aacot{)%ll? nm 1o
aboohgCofe) alloy, a

The nanoscale elements may have a height of between about 5 nm to

about 50 nm. The nanoscale elements may be substantially rod-shaped.

The nanoscale elements are preferably annealed in air.  In one
embodiment, a layer of metallic oxide is formed on exposed surfaces of the
nanoscale elements during the annealing process. The nanoscale elements may
be annealed at a temperature of befween about 500 degree Celsius (°C) to about
800 °C.

in a preferred embodiment, a substrate is formed on a surface of the
template prior to depositing the metallic material into the pores of the template.
The substrate preferably comprises a conductive metallic seed layer. The
substrate may have a thickness of between about 50 nm to about 200 nm. The

substrate is preferably formed on the template by sputter deposition.

The metallic material may comprise one of a cobalt iron (CoFe) alloy, a
cobalt platinum (CoPt) alloy and an iron platinum (FePt) alloy. Preferably, the
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cobalt platinum (CoPt) alloy and an iron platinum (FePt) alloy. Preferably,
the 3 metallic material is deposited into the pores of the template via an
electrodeposition process. The template may be removed via a wet
etching process. The template preferably comprises anodized alumina
oxide (AAQO). 5 The soft magnetic material may comprise one of a cobalt
iron (CoFe) alloy, a nickel iron (NiFe), cobalt (Co), nickel (Ni) and iron
melfediic Preisteidy, the stdpobitgnetiemataial ipstegosied briwesmpiate via an
olgan gscale Iements via an electrodeposition process. The soft magnetic
nan BFePe(PaCﬁy comprises a plurality of nanorods interspacing the
nanoscale elements. io In a second aspect, the invention further provides

a magdrietiensplataursaicdapesinyedragularsgtagtoningrdneggsstic The template
pré?é%ﬁ%%rﬁ(}?@%@téneﬂﬂzéosaf&rﬂ?ﬁ&l%&&&@&&@}%e interspacing the

array of hard magnetic nanoscale elements. As will be understood by

thosg of skill in the art, the use of the term "regular” throughout this
specfIEBH DASERIISARERE RN, SOMBHEH AP 2N AarRal HaRdGafig) aloy.

a laaentsrin ME@yrambfmst(cepqamelemn sinidt eonforeaity witefpestagt the soft
re é r|ty| ometrlc sen %ther it sh%gljld be underT?ood that

QiAo ¥ GHFbelfoct PRSIy, R ERSAILS JARSSREIF o slERE S Ve an

eldmero«:mnoé@iﬁa)#eaﬁdtmwn'i‘dead;sﬁpm@gmtcbeﬁweephhedwardfm@!wnomprzses a
le elem nts in the array, are al so e Jnl%ass{ed by the term

03¢
piura Mlar"n%% ta%rg s {/‘Qbe'caaﬂgg magnetlc nanoscale

eIements are unlformly distributed and embedded within the soft
maghietic pee@phasnemifdne MigRYor iurbengrsoidesghategnetic structure,

cof? %“?ﬁﬁ:%snlé EP%‘?%;?BP%?M’?H %m;é“F}QHSEEa?HUQ Hﬁ%ﬁtga%ea soft

ning as an exchange-coupled hanocomposite. Additionally,
mma@m asatiolassppeironael afidwsoftEsthiagaestin aaopnaseselaments.

be achieved during production, the present invention is
As will be understood by those of skill in the art, the use of the term

“regular” throughout this specification is not intended to mean that the hard
magnetic nanoscale elements in the array must be positioned in strict conformity
with perfect regularity in a geometric sense. Rather, it should be understood that
deviations from perfect regularity, for example, a separation of about 10 per cent
(%) less than an ideal separation between the hard magnetic nanoscale elements

in the array, are also encompassed by the term “regular”.

Advantageously, because the hard magnetic nanoscale elements are
uniformly distributed and embedded within the soft magnetic nanophase, uniform
mixing of hard and soft magnetic nanophases is achieved. Consequently, the
magnetic structure is capable of functioning as an exchange-coupled
nanocomposite.  Additionally, because good contro!l over the hard and soft
magnetic nanophases can be achieved during production, the present invention is

implementable on a large scaie.
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implementable on a large scale. 4 The hard magnetic nanoscale elements
in the array may have a diameter of between about 5 nm to about 50 nm,
and a height of between about 5 nm to about 50 nm. The hard magnetic
nanoscale elements in the array may be substantially rod-shaped. A layer
of metallic oxide may be formed on surfaces of the hard s magnetic
nanoscale elements in the array. In a preferred embodiment, the magnetic
strudtbeeHartheragprafitises as salestiaigontyvinichdherayay of hakd a diameter of
agnetic nanoscale elem and the soft magnetic panophase
b P K18 Bl S0 oS o L GO RGLH S MERAHE Scup to about
S0layer. The babdtratgnedy meare adiielaiessaoftbétvtberaicaaboat/ Iensniietantially
0 nm, T rd magnetic.nangscale elements in the array m
rod e R 58 7 B SRR By TG Gy here
magme i haroskaingie(Fefy iallby. arhaysoft magnetic nanophase may
comprise one of a cobalt iron (CoFe) alloy, a nickel iron (NiFe), cobalt
(Co)rnigkpkéhiirand drap dbmheRteiBiabatetie SO BRNSIFRRPARIASRses a
comprises a plurality of nanorods interspacing the array of hard magnetic

subgireiscaie wBirRihe offrey il Arroadlisntaioseripeirveemisnan the soft
maRfprame fpRseRsEomrdhadpiauing detriled grseitptiondriaBIP comprises a

conjunction with the accompanying drawin%f, illustrating by way of
[

copguriNR Retalincgsed BYRE inAA S BaYaNptBiliskhess of between

abBiasings thafiawing defailed description of preferred embodiments of
the invention will be better understood when read in conjunction with the

e e A A A 0 MR g o2, TRArach s one of
cobaitancéSafdicalogimileoahinpdatis Ldd 6RL) PAdfaat @anlaogeplatinum (FePt)
aE!3§955rﬁ80§i8ﬁar!fa\éi§r\§vestii(|:|uns%a&g]ga%em%g]y?dcgonﬁprise one of a cobalt iron (CoFe)
alloy, a nickel iron {NiFe), cobalt (Co), nicke! (Ni) and iron (Fe). Preferably, the
soft magnetic nanophase comprises a plurality of nanorods interspacing the array

of hard magnetic nanoscale elements.

Other aspects and advantages of the invention will become apparent from
the following detailed description, taken in conjunction with the accompanying

drawings, illustrating by way of example the principles of the invention.

Brief Description of the Drawings

The following detailed description of preferred embodiments of the invention
will be better understood when read in conjunction with the appended drawings.
The present invention is illustrated by way of example and is not limited by the

accompanying figures, in which like references indicate similar elements.

FIGS. 1A-1F are enlarged cross-sectional views illustrating a method for
forming a magnetic structure in accordance with one embodiment of the present

invention; and
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forming a magnetic structure in accordance with one embodiment of the
present invention; and 5 FIGS. 2A-2F are enlarged cross-sectional views
illustrating a method for forming a magnetic structure in accordance with
another embodiment of the present invention. Detailed Description of the
Invention 5 The detailed description set forth below in connection with the
appended drawings is intended as a description of the presently preferred
emifeGidedts-oF thesirvdatiper} andds-sethitent edios afretatintpeaonigthod for
forf R 10 vich (G Present, [vENIOn X e PIAGICER- NS 3 BBodiment of the
r8to0d that the sarme or equwa etions may be accomplis
prebedifferentiembodiments that are intended to be io encompassed within
the scope of the invention. FIGS. 1A-1F illustrate a method for forming a

DefSRNEICsSHaRN S INhaERIIRRGS With one embodiment of the present
invention. Referrlng now to FIG. 1A, a template 10 having a plurality of

pores 12 js das own. The 12 extend between.fop,and
otHF A THE RS TP Io%eh (RO IR 15 SR e AUl dpppended
draa‘rr@gsvmihiﬁtmmjmawwcﬂpmcbenmlm IfréisontigepobidA@danchbadienents of
h thickness Tte patet about 50 n ;%o abou 50 OOO . E%c ¢
PR TRR 1D et S LREIER Do s 57 BEEe b dRrs 1 A i egyesen
invaniiandwagytee foacicEoh the terplate dl@dwsmedtrtbxa’adlmcabmd}zatmvaient
fqr example 20 Referrin to F t for
o B B dee o M e e AL e s BTt o ve

encoorEk SR evithetatlic seepdayéheinvardioan array of hard magnetic
nanoscale elements and a soft magnetic nanophase interspacing the
har¢ magnac. Apnggeale elemetsibHe@F a4 @it Jornedp ruRsegvebiure in

processing steps described below. The substrate 18 has a
accordance with one embodiment of the present invention.

Referring now to FiG. 1A, a template 10 having a plurality of pores 12 is
provided as shown. The pores 12 extend between top and bottom surfaces 14
and 16 of the template 10 and are arranged in an array within the template 10.
The template 10 is made of AAO and has a thickness Tiwempate1 Of between about
50 nm to about 50 000 nm. Each of the pores 12 has a diameter Dggrer 0f between
about 5 nm to about 50 nm and may be formed in the template 10 by

electrochemical anodization for example.

Referring now to FIG. 1B, a substrate 18 is formed on the bottom surface 16
of the template 10 as shown. The substrate 18 acts as a conductive metallic seed
layer on which an array of hard magnetic nanoscale elements and a soft magnetic
nanophase interspacing the hard magnetic nanoscale elements in the array are
formed in subsequent processing steps described below. The substrate 18 has a
thickness Tsuwsirate1 Of between about 50 nm to about 200 nm and is formed by
sputter depositing a layer of electrically conductive material such as, for example,

goid (Au) or copper (Cu) onto the bottom surface 16 of the template 10. Because
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25 thickness Tsubstratet of between about 50 nm to about 200 nm and is
formed by sputter depositing a layer of electrically conductive material
such as, for example, gold (Au) or copper (Cu) onto the bottom surface
16 of the template 10. Because 6 patrticles of the electrically conductive
material are of a larger dimension than the diameters Dporet of the pores
12, the electrically conductive material is merely deposited on the bottom

pamm@s:@ﬂﬁx@f@kmﬁmt,at@k@mdxémsmiaeimﬁ #¥ea W@@irllcﬁnfezp]sion than the
._Referring,now to FIG. 1C, a metallic materjal 20 - a CqFe alloy in the
aTESi, BRhARE. ROIbogel b 1 oS S2 MR oA A dlamerely
dephsitenl Arpltiralibotibaubstdatiallyd oof thapeshhsiatesddlesglenaents A2t enter the
po%étﬁiE”ted in an array within the matrix of the template 10, is thus formed

inthe pores 12 of the template 10. The metallic material 20 is deposited
into the pores 12 of the io template 10 via an electrodeposition process

suckReeTheeepIE Eeirdflathdreteiin énstetdepdsitiorpptotegsaloy in the
pre¥enknowpdaifene ol silldadbei@d. The Bagssale alomenisadiaued 10 as

height Heiementi of between about 5 nm to about 50 nm and a diameter
sheygiendeRiHsR iR REEHRABOIE WPt eiRRe SO AR SPRIQIRIGRAtS 22, distributed

in MeemBNILPhINCHARNCRIQ LIRBEHSAAEOTIESBARINENHES Hametshres 12 of
ther[()gpore of the is pores 12. Referring now to FIG. ID, the template 10 is

RBD&Gr R thEFameailie BRiTeRAtsDISRRTRS Rshiltioa ieiraRipe 12 of the

terfigigtelancing BANsISeaEIRISHRANIA Brocthe WiBRlate I8 BrarheIEemR@Splating.
via a wet etchin ,ﬁ)rocess using, for example, a sodiumr{gydroxide NaOH)
?f’é?% a

SugBIfiBAtroe iy RRRFEsTesara (M R, Beshiilafiyl drodbes gt The

nafesisiIBeioncils NANNELRAIS IRAIREIMS 2210 6PBYBKIEEE ABBASEAMM to about 50
elemen;% 22 into a _plurality if hard ma%%netic nanoscale elements 24. In

THANG B LRSIt (e YRHEECARP IR BraheUmib ARy thatiameter
D.ahadesipesaiizecyicorivenaie D Geehonding to the diameter Dyoes of the

pores 12.

Referring now to FIG. 1D, the template 10 is remaoved from the nanoscale
elements 22, leaving behind a plurality of free-standing nanoscale elements 22.
The template 10 may be removed via a wet eiching process using, for example, a

sodium hydroxide {(NaQOH) solution.

Referring now to FIGS. 1D and 1E, an annealing process is performed on
the nanoscale elements 22 to convert the nanoscale elements 22 into a plurality of
hard magnetic nanoscale elements 24. in the present embodiment, the nanoscale
elements 22 are annealed in air at a temperature of between about 500 °C fo
about 800 °C. This oxidises the nanoscale eiements 22 of CoFe into hard

magnetic nanoscale elements 24 of cobalt iron oxide (CoFeO).

Referring now to FIG. 1F, a soft magnetic material 26 is deposited between
the hard magnetic nanoscale elements 24, thereby forming a soft magnetic

nanophase 26 interspacing the hard magnetic nanoscale elements 24. A
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about 800 C. This oxidises the nanoscale elements 22 of CoFe into hard
25 magnetic nanoscale elements 24 of cobalt iron oxide (CoFeO).
Referring now to FIG. IF, a soft magnetic material 26 is deposited
between the hard magnetic nanoscale elements 24, thereby forming a
soft magnetic nanophase 26 interspacing the hard magnetic nanoscale
elements 24. A 7 nanocomposite magnetic structure 28 having a regular

naBdeohebdeitd magnetic sanesarlexsenants;24 angldssoirraadeetitard magnetic
nanophase 26, in the form,of a plurality of nanorods, interspacing the

ol 1R HBnede AR S R CoR G GRS R BRE dofen of

plunagign efic arateyial, A6terapdigranthef an@ofef alkoy, mddjRetrallapnCocali elements

and Fe and is deposited between the nanoscale elements 24 via an
24 1s thus ormeg. : .
electrodeposition process such as, for example, electroplating. Since the

hard magnetic nanoscale elements 24 are non-metallic and therefore

nondomaattimagaaiissnaiesighefc rritdfaPee 1f i sedepasiaad amNiie alloy, Co,
Ni mgtglliesubsiiale 184006 eBdREANOFRAIS 8IRIBERIS 2AandMYIdsURia an

from there; the soft magnetic material 26 is not deposited on the to

I ) )P
clegliesenostion: REPARBEHAN: ABndREASBIBIReEOTORatag bSitem the hard
m ! @aibsdbR NAEhTBAGNSHC AlRNASRAIRALRRCAIR 2 REFOBIIRERYonductive,

Istributed and embedded within the soft magnetic nanophase 26 is and
theymiRfknnAsaeg OrRataM d2d isn e HerrpibithResthCadnriolie. pHBstrate 18

beRAROCARW PRI SoagNUSHEHEWE 26iF e saprkieRTECiaRBG 88 dbgnetic
exchange-coupled nanocomposite. FIGS. 2A-2F illustrate a method for

matstiahg® imagharresiietirNithaden eracaaehinbrEhiBagnsdnat panoscale
eldRRI€3ant invention. 20 Referring now to FIG. 2A, a template 50 having

a plurality of pores 52 is provided as shown. The pores 52 extend

bethSe réé%pbaen%é)eoﬁt FPJnSquﬁg.e 3 l§4 the hard magnetic nanoscale elements 24
are uniformly distributed and embedded within the soft magnetic nanophase 26
and uniform mixing of hard and soft magnetic nanophases is achieved. The
nanocomposite magnetic structure 28 is thus capable of functioning as an

exchange-coupled nanocomposite.

FIGS. 2A-2F illustrate a method for forming a magnetic sfructure in

accordance with another embodiment of the present invention.

Referring now to FIG. 2A, a template 50 having a plurality of pores 52 is
provided as shown. The pores 52 extend between top and bottom surfaces 54
and 56 of the template 50 and are arranged in an array within the template 50.
The template 50 is made of AAC and has a thickness Timpae2 Of between about
50 nm to about 50 000 nm. Each of the pores 52 has a diameter Doy Of between
about 5 nm to about 50 nm and may be formed in the template 50 by

electrochemical anodization for example.
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and 56 of the template 50 and are arranged in an array within the template
50. The template 50 is made of AAO and has a thickness Ttemplate2 of
between about 50 nm to about 50 000 nm. Each of the pores 52 has a
diameter Dpore2 of between 25 about 5 nm to about 50 nm and may be
formed in the template 50 by electrochemical anodization for example. 8
Referring now to FIG. 2B, a substrate 58 is formed on the bottom surface

56 Gﬂl‘ftfmﬂﬁ?ﬁtmﬁtéqrﬁ@h%y\@ sﬁbﬁﬁdﬁbﬁﬂ@i@ raels as ﬂwéqmlittﬁﬂv@ rface 56
etallic see er on which.an array o magnetic nanoscale ,
of R S T R St ae HeAeramns e e-meatic seed

layeanosediietelementsyinfhesdrmagrebdomes dalsublkequatt anocessiftgnagnetic
ﬁte S gescribed below..Th su(llazstrate 58 has a thickness Ts lEso-a
na % ase Inht

2 of
wean about 50 i t%]eabo%rt B5*ART 4Rd R3S l?yegbetﬂ gr'" Eﬁe array are
fordegbsitisgbadayentireteotssally sepdudtserihatt bal swch s fontesteatpl8s has a
- Cu onto th t f 6 t te 50.Because particles
thgo t%se é%btsr‘fétﬁﬁjo f&%ﬁ?ﬁ\eﬁ r%w% ﬁia a?@%f?éqg%e{# |r%§n%ri%naﬁ10§rilsﬂf8rmed by
spdiemdapediirgreniayeofahelpoticaiy, chodilstivizatipteviadscdre anaferiaixample,
[ re ! t L
A e e R T ot e

clechieeliicpod dotigptmalsyialietpbsiteddntodinesnsies 200f the diapiiees Doore:
of BABSWER At!?&‘@@&%a?ﬁbé%{?é%@%%?@ﬁﬁp ganse CRIBBRRIS on the

62, distributed in an array within the Is matrix of the template 50, is thus
bolsrin sy iresedsorb & sotempaie P ans sipemeohestaninaaerss 88 is

deposited into the pores 52 of the template 50 via an electrodeposition

prografsatie ABWAHERARIE, elesicepintingatavie srlectradeppsitinby or a FePt

rocesses are _known to those of skill in the art. The nanoscale elements

. ts
aligp maledeReRIIRAHBEMER PO ReeRh BB JGMPIRIPIG ABSUR MY im Anbligrality of
suBSrahamistenPeiementhahbsbaresiehiits M WARBUtGDIAMNtAGray within the

L e e o s Y SRR 8%, The
metallic material 60 is deposited into the pores 52 of the template 50 via an
electrodeposition process such as, for example, electroplating. . Such
electrodeposition processes are known to those of skill in the art. The nanoscale
elements 62 have a height Hgementz Of between about 5 nm to about 50 nm and a
diameter Dgemenz Of between about 5 nm fo about 50 nm, the diameter Doementz of

the nanoscale elements 62 corresponding to the diameter Dy of the pores 52.

Referring now to FIG. 2D, the template 50 is removed from the nanoscale
elements 62, leaving behind a plurality of free-standing nanoscale elements 62.
The template 50 may be removed via a wet etching process using, for example, a
NaOH solution.

Referring now to FIG. 2k, an annealing process is performed on the
nanoscale elements 62 to convert the nanoscale elements 62 into a plurality of
hard magnetic nanoscale elements 63. In the present embodiment, the nanoscale

elements 62 are annealed in air at a temperature of between about 500 °C to
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Referring now to FIG. 2D, the template 50 is removed from the nanoscale
elements 62, leaving behind a plurality of free-standing nanoscale
elements 62. The template 50 may be removed via a wet etching process
using, for example, a 25 NaOH solution. Referring now to FIG. 2E, an
annealing process is performed on the nanoscale elements 62 to convert
the nanoscale elements 62 into a plurality of hard magnetic nanoscale

abelerae0ts@3. Anithe prfsertslitbodineeot teeftanedcaicerarnenis isats of the
anneqled gn aérn ?t %ée dm eragﬁlre of betyveen about 5

0Cto 9 t 800
e S T SUUReh C TPl 6 PPt eba e A gl B g aton of e
meatalfioscaeaknthts 6heuapgrtid anetdlingopideesd duastapliitddness Toxge Of

idati f m ta%' rial 60. The layer of metallic oxide 64 has a
be‘%% ﬁé)ﬁso to ?&rg o? %%vggagg abdut 5 nm to about 20 nm. 5 Referring

now to FIG. 2F, a soft magnetic material 66 is deposited between the

hard¥#igiREORENBEER elEmesefionaeriisyTrieiia) BG6mdnRgAked between
thena{mh%%g%éaateﬁ%t?@ﬁi;egiéh%t@qﬁ@m&%@ﬁqm@%f%&ﬂﬂ@eg%ﬁ- fhagnetic

nanocomposite magnetic structure 68 having a regular array of hard
napoaiistc GRinbeesPatiseiies Akt SIsm ity MARCssAKpIRIEE eI 63. A

naiRéeRPLeRE imBlHatity efrleRREOES IntPRALNGHIBARAYRS bArHard magnetic

magnetic nanoscale elements 63 is thus formed. The soft magnetic

naposter|sl BiSMa)SeBhbratt 5rE AMGPReTGraalrRNss, i afit Figaftim of a

plussligpesiad Mk entiiefiand gnagngtia paiossrierplgMaineacddaf elements
elmdfaposigon process such as, for example, electroplating. Since the

63ils H8%ide layer 64 is non-metallic and therefore non-conductive, the
soft magnetic material 66 is first deposited between the hard magnetic
nandseatofetaamméi® SatetibUbdsupyfloerothe e, shBcdodt aflagnetidiFe alioy, Co,

Ni g‘r%eﬁ'g‘lel% 5 QPetﬁggggg 'Ejee%\?getrq c?htg%gpéf%ggsncghtg %Q%%crg%gg%“rﬁents 63 via
nanoscale elements 63.

an electrodeposition process such as, for example, electroplating. Since the

metallic oxide layer 64 is non-metallic and therefore non-conductive, the soft

magnetic material 66 is first deposited between the hard magnetic nanoscale

elements 63 and builds up from there; the soft magnetic material 66 is not

deposited on the top surfaces of the hard magnetic nanoscale elements 63.

As can be seen from FIG. 2F, the hard magnetic nanoscale elements 63
are uniformly distributed and embedded within the soft magnetic material 66 and
uniform mixing of hard and soft magnetic nanophases is achieved. The
nanocomposite magnetic structure 68 is thus capable of functioning as an

exchange-coupled nanocomposite.

As is evident from the foregoing discussion, the present invention provides
an exchange-coupled nanocomposite magnetic structure having uniformly mixed
hard and soft magnetic nanophases and methods for producing such a structure.
Because good control over the hard and soft magnetic nanophases is achieved

during preduction, the present invention is implementable on a large scale.
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As can be seen from FIG. 2F, the hard magnetic nanoscale elements 63

20 are uniformly distributed and embedded within the soft magnetic

material 66 and uniform mixing of hard and soft magnetic nanophases is
achieved. The nanocomposite magnetic structure 68 is thus capable of
functioning as an exchange-coupled nanocomposite. As is evident from

the foregoing discussion, the present invention provides 25 an

exchang desauipitdnmantreo mpisite dnagibetitrstuki wetha\ingsenifonrdntion have

mixed hard apd soft magnetic,nanophases and methods for, producin
e oSt PR ORI S0 SR B LA R oo
be mxhapiséisesistadhmel/tt: chwandipnadutttofgihe pgresestmvéhtidhbe appreciated
oy BREMSRABIE on (IRTGE SEAIE A The.deseipton o e PISSHEd mpogiments
embodiments of the present inventiorf have been presented for purposes
destrilhgstrationamndtbestdptentihutireribeifteaibthie iy exionstivetioeneof. 1t is
Jmiheynventia F‘éthﬂw@{”’cﬁ'gis%‘fe‘?ﬂ' I WiLl b apnERGIaIRd LY S articul
unsgl}hged in'the art ;Eat’changes (I:ould e rrfl%de to tﬁe em o%iments 5 particular

emgstintssisaBiprosadobtl spaRMgMewidalionsad thirilivessomsepf the present
inv@ﬁfﬁﬁfag &ﬁﬂ@ﬁbﬁ}?ﬁg’a@ﬁéﬁ@é@ thatdhis invention is not limited to the

particular embodimients disclosed, but covers modifications within the
scope of the present invention as defined by the appended claims.

FurthieFtipeddRET B CABIRK rfiArs Brasiese SRR RBu toughout the
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like are to be construed in an inclusive as opposed. to an exclusive or
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depositing a metallic material into the pores of the template, thereby
forming a plurality of nanoscale elements; removing the template from the
nanoscale elements; performing an annealing process on the nanoscale
elements to convert the 10 nanoscale elements into a plurality of hard
magnetic nanoscale elements; and depositing a soft magnetic material MCSLLP
between the hard magnetic nanoscale elements, thereby forming a soft
Clamagnetic nanophase interspacing the hard magnetic nanoscale
elements. 1s 2. The method for forming a magnetic structure according to
claim 1, wherein the pores are arranged in an array within the template.
3. T ' netic. str re,according to claim 1 or 2,
T e R S R RS e
(nmynevidngsotarBp ate. Mavite andthetitfoe fooniisg a magnetic structure
accggmgéaaag%gggﬁ %aea R(efeding %%ﬁl}g‘%mn the nanoscale

elements have a heig between about to ‘about 50 000 nm. 25

5. THeDORItN fr foptallly datejintintridereatepreihghe deynpirtaf thereby
forflIRg I §HEAINE JriBRovbsie dhfRRNoscale elements are substantially
MCS

0 ) : :
rod-shaped. 1 LLP 6. The method for forming a magnetic structure

acctriiRyitgdhe tpraripindraretwim csnals alperemisa layer of metallic
OXiqifdRARRAAN SRORHL SHTRESS & 1R PARRAIR LRIMRIHE AU Rshvert the

the annealing process. 5 7. The method for forming a magnetic structure

NaNQSSEHEIRAID AP oMe & he afte ddiaticleaesetihernaspRlasivsedts; and
e"*'BéBE?sﬁfﬁgaQWﬁ!@ﬁ@ti@-n?é‘ﬁ@ﬁ%?tﬁéﬂ/\@éﬁofﬁ@%ﬁd”?ﬁg@ﬁgﬁc nanoscale

structure according to any one of the _ )
elements, thereby forming™a soft magnetic nanophase interspacing the hard

magnetic nanoscale elements.

2. The method for forming a magnetic structure according to claim 1, wherein

the pores are arranged in an array within the template.

3. The method for forming a magnetic structure according to claim 1 or 2,
wherein each of the pores has a diameter of between about 5 nanometres (nm) to

about 50 nm.

4. The method for forming a magnetic structure according to any one of the
preceding claims, wherein the nanoscale elements have a height of between
about 50 nm to about 50 000 nm.

5. The method for forming a magnetic structure according to any one of the

preceding claims, wherein the nanoscale elements are substantially rod-shaped.
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preceding claims, wherein the nanoscale elements are annealed at a
temperature 10 of between about 500 degree Celsius (C) to about 800 C.

9. The method for forming a magnetic structure according to any one OfMCSLLP
the preceding claims, wherein the substrate comprises a conductive
metallic seed layer. 15 10. The method for forming a magnetic structure
according to any one of the preceding claims, wherein the substrate has

6. a thidkhdaehoseide MmN AT ARNSHCBBLFRIE RFCYEING. tPhatetrgdof the

prefydioEnongimsNagRe sl usfreoaeeersling dRiaBYORFAEH 8 nEREBAEW surfaces
claims, wherein the substrate is formed on the template by sputter

of the RSk SiamenisiLi 16 R Al g R8RS ructure according to
any one of the 25 preceding claims, wherein the metallic material
comprises qpe pf.a cobalt iron (CoFe) alloy, a cobalt platinum (CoPt)
7. oy BRI iR BrtyaaBet S et o RPIGMS A one of the
preozaiing titasitnec whe sicoitingatooa bxlendcphthes precedingakiaimsaiwherein
the metallic material is deposited into the pores of the 3o template via an
electrodeposition process. 14 MCSL.LP 14. The method for forming a

8. magietiosthotl feratmoniiggaasynetie althetupeeaedinginpitosamhersinet the
the Iemglla,te is removed,via a wet etfhi%%’g}%c‘:ess. 15. The

pregeding claims, W in-the nang F&ﬁg ign%rgﬁﬁgegigi%loé?r{gr%perature

orming a'magne IESHUcHTE AR
of hehirasvahereirb kdegrpaeatsinnp (e staraithe @@lutdna oxide (AAO).

16. The method for forming a magnetic structure according to any one of

the preceding claims, wherein the soft magnetic material comprises one
9. of a thbatatbad CoFlralloy, 2 mekeleticnsiiNiEk)recabatintey, mickey (Bhie of the

pre@@gngncqgl%'s, wherein the substrate comprises a conductive metallic seed

layer.

10.  The method for forming a magnetic structure according to any one bf the
preceding claims, wherein the substrate has a thickness of between about 50 nm
to about 200 nm.

11.  The method for forming a magnetic structure according to any one of the
preceding claims, wherein the substrate is formed on the template by sputter

deposition.

12.  The method for forming a magnetic structure according to any one of the
preceding claims, wherein the metallic material comprises one of a cobalit iron

(CoFe) alloy, a cobalt platinum (CoPt) alloy and an iron platinum (FePt) alloy.
13.  The method for forming a magnetic structure according to any one of the

preceding claims, wherein the metallic material is deposited into the pores of the

template via an electrodeposition process.
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10 17. The method for forming a magnetic structure according to any one

of the preceding claims, wherein the soft magnetic material is deposited
between the nanoscale elements via an electrodeposition process. is 18.

The method for forming a magnetic structure according to any one of thé&SLLP
preceding claims, wherein the soft magnetic nanophase comprises a

plurality of nanorods interspacing the nanoscale elements. 19. A

14. magdihsienstied.fer dorpngify MecReligiusHES soeardinthdpeaiey one of the
preBEAPRFBISILISMANSE M IRE BRPISICIH PERRIRILVRY SRAGHERG Brveet.

hard magnetic nanoscale elements; and a substrate on which the array of
hard magnetic nanoscale elements and the soft magnetic nanophase are

15.formed. REHbLJ fer MeamatCHmEEHsi3CsRINEdoagedRiHYy WhEFSINRE of the
hard magnetic nanoscale elements in the array have a diameter of
PrefER R AT WHHFID LTSV CTERIES POd7FiRlRIBRAKe (AAO)
structure according to claim 19 or 20, wherein the hard magnetic
nanpscale elements jn the array have a hejght of between about 50 nm to
16. oL DS TSIOMTS J9H08 A AGHGHE St LS BRI 05aly G B Of the
precking 13sina ] witegesin titbedodir draggetticnatesziate elemsestsikti® a cobalt
. a re substantially rod-shaped. 23. agnetic structure accarding
!roqgﬁg%@% n@%%c?a%%% '3 ‘E\,ﬁﬁ?ﬁ\gf) caoﬂ:r?gr@’nguéﬁé@‘%?Pr?e%ﬁ‘c%?ﬁde
formed on surfaces of the hard magnetic 10 nanoscale elements in the
17.8"®he method for forming a magnetic structure according fo any one of the
preceding claims, wherein the soft magnetic material is deposited between the

nanoscale elements via an electrodeposition process.

18.  The method for forming a magnetic structure according to any one of the
preceding claims, wherein the soft magnetic nanophase comprises a plurality of

nanorods interspacing the nanoscale elements.

19. A magnetic structure, comprising:

a regular array of hard magnetic nanoscale elements;

a soft magnetic nanophase interspacing the array of hard magnetic
nanoscale elements; and

a substrate on which the array of hard magnetic nanoscale elements and

the soft magnetic nanophase are formed.

20.  The magnetic structure according to claim 19, wherein the hard magnetic
nanoscale elements in the array have a diamefter of between about 5 nm to about
50 nm.
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24. The magnetic structure according to any one of claims 19 to 23,

wherein the substrate comprises a conductive metallic seed layer. 15 25.

The magnetic structure according to any one of claims 19 to 24, wherein

the substrate has a thickness of between about 50 nm to about 200 nm. MCSLLP
26. The magnetic structure according to any one of claims 19 to 25,

wherein the hard magnetic nanoscale elements in the array comprise one

21. of o (b ANABILD PEBERYQIIBGCREBIRIED IR 18 dBt HhoyhREsHR s hard
magiatiuRafioeenlaleerddniEhg maoaety siavely e arfardingsioasy e @f 50 nm

laim dghg 26, wherein the soft magnetic nanophase comprises one of a
to I% e) alloy, a nickel iron (NiFe), cobalt (Co), nickel (Ni) and
iron (Fe). 25 28. The magnetic structure according to any one of claims 19

22 AL RU L ARy B RariP A BLE i DeLES Coifens, wherei

the hard magnetic nanoscale elements in the array are substantially rod-shaped.

23. The magnetic structure according to any one of claims 19 to 22, further
comprising a layer of metallic oxide formed on surfaces of the hard magnetic

nanoscale elements in the array.

24, The magnetic structure according to any one of claims 19 to 23, wherein

the substrate comprises a conductive metallic seed layer.

25.  The magnetic structure according to any one of claims 19 to 24, wherein

the substrate has a thickness of between about 50 nm to about 200 nm.

26. The magnetic structure according to any one of claims 18 to 25, wherein
the hard magnetic nanoscale elements in the array comprise one of a cobalt iron

(Cote) alloy, a cobalt platinum (CoPt) alloy and an iron platinum (FePt) alloy.

27. The magnetic structure according to any one of claims 19 to 26, wherein
the soft magnetic nanophase comprises one of a cobalt iron (CoFe) alloy, a nickel
iron (NiFe), cobalt (Co), nickel (Ni) and iron (Fe).

28,  The magnetic structure according to any one of claims 19 to 27, wherein

the soft magnetic nanophase comprises a plurality of nanorods interspacing the

array of hard magnetic nanoscale elements.
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