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* 1591 59* -Magretic Structure and Method for Form ng

Sane ' Field The present invention relates to
o ABTH
nano

res and nore particularly

gnetic structures and net hods of
fabricat?®f§such structures. 5 Background of the
I nvention Hard nagnetic materials are characterised by
hi gh coer quugné®s Seruaiifle laAlW Mtabfat FOmifBEhbzat i on.
Soft magnetic materitals, on the other hand, are

har acteri sed by | ow coercive force and high
Igéﬁﬁﬂﬂiﬂﬂgn magneti zati on. Wien magnetically hard and
soft phases are uniformy m xed on a nanoscal e,
exCiN BRedett GAHHtIORTeRRBY S rﬁ@?ﬂ&%nsthhﬁulf&f 8n@"HoreOpérticularly
magneti ¢ phases and the nutualTy exchange-coupl ed
nansiteswositekeagneticnsirudidiesanst inethasts efffabiieatingosirai steuctures.
force from the hard magnetic phase and hi gh
rat| . zation fromthe soft magnetic phase
Ba?@?gm%iéﬁﬁﬁagkgﬁ%éfcoupled systens have a | arger
energy product than conventional single-phase
matkandaimagaatic inmaterihis| aregecheacteriead oy high @abreiveddrcel &nd low

st IRIRR R B b MagRetsy imteBalbyedit | &8 Qierghand, are
chdrdetedbed Wﬁwrﬂdé%ivéﬁfb]téé‘gnﬁ%igﬁ] satﬂfﬁiiqﬁpH{ég]?ﬂ'eitiEQtidrﬁ' When

7], have been explored for the “preparation o
magRreticaly ard @ndespftrabasessareHaniéarary miked oscunasaseale f @xchange

colB853Es SR Bh b, AT oh e s AR oty

exchia@igeldotpiid phasestk@son fthé leRariceddtiabi sirhigh cdeedive force from
exchange- coupl ed systens. Zeng, et al. disclose in

thehBreHaRgBeliG BpPee andnbiebrisidiatien myarezatiopyfrom the soft magnetic
argi 5 el Ya -

oA S 8L S3RRRIC Rl e §30rel et product than

corsentionals sinleyphaseh onatedalsvand dhus daichegreab bramisef for advanced
nanosgal e 2 iﬁ;co%rol. i n exchange- coupl ed magnet

PerRn m%ﬂﬂ& €8YON senmbl y appr oach

- 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 building blocks
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di scl osed by Zeng, et al. involves synthesizing two
types of nanoparticles fromwet chem cal solutions
and i ncorporating these as nanonetre-scal e buil di ng
blocks 1 111111211 1111 12122122222 1H0HE HF | ~~~~
~I1 ~ *@00002* into binary assenblies. Subsequent
anneal i ng converts the assenbly of hard and soft
, noparticl o _exchange- coupl ed nano osi tes.
I ADIRBG GRS TTBNES | S S AENSAIT o rihe ssecdlyiof hard and
sofﬂ%ﬁ%ﬁéﬁ%lég ?HtB%)&fhaﬁgéico%%d“ﬁéﬁoé@rﬁﬁs&té‘s PhRgRughap®mising
obt ai nabl e using the descri bed net hod
resgis farla@ge‘rmhw@ppmfabnamqsqaieﬂm&dg of soft mdl hard qaagnetic phases

areﬁﬁ@l :gfq%ié Bgﬁ\gst " cglbgficrgﬁ{htog H'ge]; %I?%ﬁ%nﬁqya?ﬁ%r%%fch is limited
to shrilihecsle mlﬁafnbnmgmahoawm&ol of thedharido apd t €ofth magnetic
in | ard%g| scal e roductl ons. Thus, there eX| sts a need

phasss ig PW@)@”Gf“”ﬂ SF R TAAINg ﬂaWGJ‘tﬂfﬁ@é'ﬁdﬁQ magRetic phases is hard
to 5&5,{4% H{r&etsggfe %Qﬁbg&% control over the hard and soft

i 0 nanophases during production. There al so
eX|sts a need for a method of form ng a nanoconposite
magﬁms cthere uexiaise at mgedatari aveethed fofr forming ng pANnademposite

and .soft gnet nano ses. There further
madRelic 2SGu il tnaF BB doBOF e Fafknbimsel rpeaneti
nambvscmﬁwgulsrbdneuématrhbse el &as.tAhbed 96r 8 rhéthdd of forming
scale. Summary of the Invention is Accordingly, the

a w@g@mosm@mgmcmtmwesthat ackieves §ﬂ'f@'§’@@¢'t<lngapf the hard and
somr%?\%uf:q{ano %géé]g Tﬂe@?\ﬂ'ﬂwte% %txf’ét%lécﬁéﬁffort t{)@ggformlng a
conpt I'sI'ng: ura

roviding a avin
nandcopapesite mMagnstid stngctarenﬂmhsi lnmlameatataé onra kargdaecale
pores of the tenplate, thereby formng a plurality of

S nanosc Ite | ements; renoving the tenplate fromthe
—%%%@&34-%—&-&&@{1“ € NGRS perform ng an anneal i ng process on
t he nanoscal e el enents 20 to convert the nanoscal e

el epeddingh,ahe preded invEntidn P%\ﬂdé@gﬁ% first RRpesta method for
el enments; and depositing a soft magnetic nateri al

forminanadnagnetistrctiesy ibe ineethad seswuuisings |Iseding, a teraplatg having
a ;IISFamWQf 3or°e(§f; tdeB’Bgﬁ]iﬁb'é: nﬁ@gl‘ﬂehﬁét%nbp %6 %R@‘Ho‘?gs totf“fhe 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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hard magneti c nanoscal e el ements. As used throughout
this specification, the "nano-" prefix neans rel ating
to or 25 occurring on a scale of nanonmetres (nm. For
exanpl e, an el enent having a maxi num di aneter of
approximately | ess than 100 nm woul d be regarded as a
nanoscal e el enent. 2 Also as used throughout this
spe ification, the t “har d nake

ref er to a
l5pi 65 HapQRUGRGUH (i SPelicpiono Biecienny Jiarg gpakes reference
to @ﬁgd{g?ieﬁc rﬁamﬂﬁh{nﬁgrﬁﬂaﬁ{;é %erc!"\ﬂw S é‘x&ﬁﬁfec 'aVr'nbgjnetlc material

er than 000" Cers , "and the term "sof
ham@scoef@wy @neater than ﬁﬁ@ﬁ@t@erat@dae@a) am/thegtevr@r yaoft makes

erBbh o525 bbbl oy M, SRR ORI S,
magnetis fiateridl havirgy & icoetcivisfdésgthem 1O, good cont r ol

over hard and soft magnetic nanophases during

ol B3R pRral o dp ghedlral 8Spea ROPEP A SontSi over hard

an&"géﬂdw&‘tlctnﬁwdm{a%%s @rl RO8Eion? aorRde Yl‘g l’t}?é‘ present

~ the late.” This i'tates uniform
lnven@m@rlmpéemeetafoie ﬂﬂ@‘latgecscaianophases. Each of t he
pores may have a di aneter of between about 5 nmto

g?ol%t %gen adTgﬁlbgﬂﬂﬂéﬁtaltﬁe o %‘?%E@ ﬁ%%@vﬁ ah %ﬂ]ﬁ?fr\}vnthm the

nmto € nanosca
tengdlateent T higyfabiitateds uaifdinal hvxm@dofshmBedwardSaﬂibe soft magnetlc
nanoscal e_el eants areerFIr ef er abl y annealed in air.

nagRRasERb GAGHLAL MePpiEFomayhaYe AtIAmOEEddersepB Rt 5 m to

ab&ﬁ fxmpsed surfaces of the nanoscale elenents during

e anneal i ng process. The nanoscal e el ements may be
anneal ed at a tenperature of between about 500 degree
Cel Eheyngnopcale elements soey haveoal neighpoéfhetwedan about 5 nm to

an R e, el B nd i FATES PN s e
into the pores of the tenplate.
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 between 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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The substrate preferably conprises a conductive
netallic seed |ayer. The substrate nmay have a

t hi ckness of between about 50 nmto about 200 nm The
substrate is preferably formed on the tenplate by
sputter deposition. 25 The netallic material may
conprise one of a cobalt iron (CoFe) alloy, a cobalt

mefgll?tlyrr%uag:aiﬂ |§%|c%po§ﬁ%3n%1tsgttb{eﬂ] rI atl@? gl]pélgemplate via an

eleB@ORSIdsRibr Ploeetfe pores of the tenplate via an
el ectrodeposition process. The tenplate nay be renoved

via_a wet etching process. The ten&ﬁate preferablx
confhe demplatednay dearemeyed ¥id acvelhatohing progessof fhe template

t [ a cobalt iron
preffRaRY CcpiR A DY offiRe 3B @Z}(?icobal t(Co).
nickel (Ni) and iron (Fe) Preferably, the soft
maghtee soft magnetil miatert%pw cemptiee weernftaheobahven 4CeFe) alloy,

a ritieh e (ER Rl (bl anakyNib AR Mt TE8). , FiBtarRbly. the soft
magheti@NRiAs5ali eaéE@gte@g hdtpeBANARE AhanBs&ATBNtefeméhlts! Nia an
a second aspect i nvention further provides a

eleﬁ*ﬁ@fﬂﬁiqs@'% p(ﬁﬁ%ﬁe Th%§ﬁf§l‘m§gﬁ@m @aﬁ@ﬁlﬂsgr pr@f@rg?lycﬁompnses a
oS oIS RSB BB FOPCL L TR0t €

op ase |n ersp e array har ‘magnetic
nanoscal e el emsnts As will be underst ood by those of
skilnl ai sedomel aspectt tree irpeentibnt fuethiee rprovides gulraagnetic structure,

t hrqughout this s eC| ion is, not intended to, mean
compishgng Feguler 28 RNagh e & TAIRRIcENeT AR HEmeRILRad a soft

magh&fiy nBRGHh 22 |H€é?§bé<9ﬁ§%é Brra ok BhrE R gﬂbﬂb Hén%éé]e elements.
perfect regularity in a geonetric sens Rat her, It

shoul d be understood that deviations from perfect

reg$ avillt §e unsleratoqapPy thase faskdl iiBther aBbde use pérthe term
reﬁLﬂQF tHrfl ﬁ@&stﬁgaibe?{hdaﬁﬁﬁl is f\B?rlﬁtreh?Edbﬁt ‘Pﬁ‘géh tthgt the hard

ard nmagn 27T hano enmen € array, are

maghetnc eanosmiiesaeembytst inethieeanmay megs b posiddned |n strict conformity
oscal e

a because t he hard netic na
with PEHBE, oSt e amalrin SSehRAMA 1 SBRUEHSS dnderstood that
deWhtidHs frbRCpe@ddt rBBARSRY, FoP BRAMPRS & sEPAERBA 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 control over the hard and soft
magnetic nanophases can be achieved during production, the present invention is

implementable on a large scale.
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m xi ng of hard and soft nmagneti c nanophases is

achi eved. Consequently, the magnetic structure is

capabl e of functioning as an exchange-coupl ed

nanoconposite. Additionally, because good control over

the hard and soft 25 magneti c nanophases can be

achi eved during production, the present invention is

[ engntabl e on a |ar ale. 4 The hard magneti

ngub%%ng BRgREHE @ar\ﬁsgﬁﬁ% eiﬁff‘%@/tsd%h% auaydnay amee é‘rd'%'i‘“eter of
betW%bW%%)u@B% t9 abBut QOEHPH’LHn&Q h@l’@ht %ﬂ@eﬁvé@ﬂ gbbutos nm to about

bet ween about 5 nmto about hard magnetic

30 nahogbalr@rdlraa@mﬂtg: hamsoaleaelementayn rt:l@e guiasrtraayub@l $ybstantially

aped y lLic [ far ned
o0 HPRes Roloveh e EpIte BRin el B8 (RBueh e ShERERT o He hard
magh@n@hmyscalme@nmérﬁfsemtr@aﬂa@odl ment, the magnetic
structure further conprises a substrate on which the

array of rd eti c nanoscal e el enents an he soft
magfefi E“—‘R %‘E)r%{ggo‘é'f‘%e”f or“??ed“ag'h%t"‘s §PM?ef%rt“er comprises a
sutfé&r%ft@bﬂb\bvmcﬁofﬁér b8y ot hr@HNGhetEnaRb I ‘élérﬁ@ﬁts and the soft

'ayer. The substrate may have a thickness of between
magoetibonan@hase tareaoume@00 hine mtraatedpn@fgmlyccompnses a

corRRTPE Heiafic L vl g St o BEVR i frichisp orbetween

abcﬂJt'B@ynrﬁrtda@)@thOOnﬁhatlnum(FePt) all oy. The soft
magneti ¢ nanophase may conprise one of a cobalt iron

(Coke) alloy, a nickel |ron (Ni Fe), cobalt (Co),
n| ckl¢ hard magretic nanosealp elements 'Qt#‘? argayemey cRRrise one of a

o o e AR 2 b2l i RGBPY oy ahch an AERf3um (FePy
allogl effbatsoft Gdgmetiaspiphaseday\campisesond df ke cobalt iron (CoFe)
allgaraiokd Fe NG SREAE SEeh TRl AR s (G 9n Prderably. the

sofBAfHRa0 Yiandphds& WoRfptisek d prRitaIRy bR aR¥rotRYintrsgXang lte array
the principles of the invention. 20 Brief Description

of hgrdihegmetipmanpscaleeeledandsi ng det ai |l ed description of
preferred enbodi nents of the invention

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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will be better understood when read in conjunction

ith the appended drawi ngs. The present invention is
illustrated by way of exanple and is not limted by
the acconpanying figures, in which |ike references
indicate simlar elenents. 25 FIGS. 1A-1F are enl arged
cross-sectional views illustrating a method for

form netic structure in accordance with one
emSa e 251 St SN EsRATOsT-seEiRNAbViewn dlustiatiag, a method for
forritg2 & ﬁ{éi}fn@ﬁbaét%&ul?é GS Sagerdatitiwitd edtidr! BRdoaih88t of the
a et hod formng a magnetic structure in

presewrtondenticm. wi t h anot her enbodi ment of the present
invention. Detailed Description of the Invention 5 The

Det%ﬁ% ?‘nd esg,ngi 855 bt fld Pesfidn fOrth below in connection
ppewdvc?—g-r-aw—n s is intended as a

description of the presently preferred enbodi nents of
t heThmdetHlliedndesmqbtle Mtforthttmrldwdmtmrrrmmtleaamth tthe appended

whi ch th
craings fecatendud B 7 GongiliBerCisopERaLY PHeeRgdempodiments of

theQAVEMRINE ind iE Mt tihieRBedBY rQﬁre%%ﬁPfﬂé bﬁ@%rrﬁ%n%ﬁlt:ﬁrtﬁ@tpresent
embodi nents that are intended I 0 enconpassed

inveptian mayhee qyapkcest. tthis tmbemndﬂnstopdc;sat e sEMe or equwalent

b8! AcBB DR APl LAETRRE RuBRARSh pBL B SR 10 v

enodmv;mﬁsednmtrﬁbftm scoye obthetiavéntion. 1A, a tenplate 10
having a plurality of pores 12 is provided as shown.

Th res 12 extend between top and hottom surfaces 14

eFalE% EA‘rzF ﬂ\ést{%tﬁp@atr%etﬁe Fﬂi iprEing r AnGEAINEHC gptructure in
acﬂéﬁce%ﬂﬁbﬂeté?ﬁbécﬁﬁﬁni‘h?t reSBAt ﬁ\@gRﬂ?ﬁe 10 is made
O and has a thickness en'p at el bet ween about

50 nmto about 50 000 nm Each of the pores 12 has a _
di dRefegingpeweto biGhéAneciempiateulO having a piBtalty 5O peres 12 is

ol s P, e 2 AR SGRe ng pote igocs 14
ancdhd® d¢fothel templlafs, 1@ amdbate atrandéd iis droamag withih tke template 10.

bott om syrface
The template qo is ma&e of AAO and has a thickness Tiempiate1 Of between about

50 nm to about 50 000 nm. Each of the pores 12 has a diameter Dyore1 Of 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 Tsubstrate1 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
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of the tenplate 10 as shown. The substrate 18 acts as
a conductive netallic seed |ayer on which an array of
hard magneti c nanoscal e el enents and a soft nmgnetic
nanophase i nterspaci ng the hard magneti c nanoscal e
elenments in the array are forned in subsequent
processi ng steps descri bed bel ow. The substrate 18 has

parﬁ%‘SﬁtOf%Ckne ylugosﬁ el@ ’ﬁ%tel?'g gﬁe Ep gﬁ%ﬁ%sq?mﬁgsgn than the

diamRYérs O !Eo,e¢| &"Cfﬁé R@Péé’ 120MH&I b MACHR] Bbh@licti/eC Fhaﬁémalf 8" merely
exanpl e, or copper (Cu) ‘onto the bott

depasited 1@9 @pttprre sue‘ﬁpqa dtteofl the Bropiate 1068pdrd0€tsl Bet efiter the
por[angel ectrically conductive material are of a |arger
I mehsi on than the dianeters DpOfei of the pores 12,
the electrically conductive material is nerely

demﬂfetring aowt tee FkGt t1an s unétattie haterfal t20e L+ eanCeie alle in the
does not enter the ore éﬁe 5 Ref r|n now t

pfeﬁ?@e Odé[“ﬁ%‘tarl'?cd%‘?sé dintedfie pores i 41 By fempite 10 as

shaWrE SABuIiRPef Q@E‘étantlélﬁ/ @%mde%%éﬁa&até@leﬁ%r% 252 gftributed
the tenpl at'e 10 shown. A plurality of

in arudgaumithin the mﬁins I@M@@Iteranka@éDelSelwﬁe‘mmeQZn the pores 12 of

oS TARIGS T Bt 2 AR s B 2 of
teniptatel 10 gialéh eU@roﬂl@F@élhbﬁ PS¢ e §dch2e§)s ifor dRampld, &flectroplating.

into the pores 12 of the io tenplate 10 via an

Sugh @Jﬁqt@@i@pegmpnowo&eé%%%@r@d@wms to ftgpsexafngile,in the art. The

d
nar el QSRR 02 RS Bl HALE 3T e oR 6L B 6 Shout 50
nmenehe diangeribwe.m dbetineereatsom s nmofo bledwtesh nal)dbié (ﬁameter
nmto_about 50 aeand a ameter Deienenti of betwee

Deiegipasiuf E1eniaRQsCalsy B2 e smoaanalo hessigmater Dater of the

pore§d@2nanoscal e el ements 22 corresponding to the
di aneter DpOfei of the is pores 12. Referring now to
FIG 1 D the tenplate 10 is renoved fromthe
narfRefesing neweleehiG 10, thectemplatenthiis seraoped feam thye amnoscale
a . l.at
elelfxfeﬂfsbﬁé T&H\ﬁ@dgﬁﬂﬁﬁfsg v@y%llwph%egsﬁ%%%ggem%%?@ glreJrTQents 22.
Theetempib&a 1@ mayp e uantoved oia devétNetchingsrodes® sing, for example, a

sodium hydroxide (NaOH) 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 to
about 800 °C. This oxidises the nanoscale elements 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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20 Referring nowto FIGS. 1 D and 1 E, an annealing

process is performed on the nanoscale elenents 22 to

convert the nanoscale elenents 22 into a plurality of

hard magneti c nanoscal e el ements 24. In the present

enbodi nent, the nanoscale elenents 22 are annealed in

air at a tenperature of between about 500 C to about

800 C. This oxidises the oscal e el enents 22 of CoFe _
narGrOB RS oG RlG IR o RO ST & ERERARIo 578y op! pashtagnetic
nadsRBIeL¥leHRehtsOPs Qind RPisBftr MgnBAY ddhdphise 126 ir? t8@fbrm of a

magnetic material 26 is depoSited between the hard
pluraighet haneredss inderspetisgehe ar@y, oft herdgbagneticrnagoscaie elements

' anophase 26 interspacing the hard magnetic

24E§%g§gél edélem&*nts 24. A 7 nanoconposite magnetic

structure 28 having a regular array of hard nagnetic

nantse abfé nedgratictraatediab?6l neaysiod bnewdaeCoEe ailoppd disee alloy, Co,

in the, form of pluralit¥ of nanor

. 26, ; ds, .
Ni {35l e 2iich gt REPaped, batvegh o the renacaleablements 24 via an
elerérﬂét eri aIﬁ |02r%ﬂ>ﬁd§asﬁeéi§cnr2@g??ﬂ' %%Frﬁbgl’ %é(%tr a| NiI Ede' gﬁl[\g@,the hard
magpetic Renasehleelementss 2d ggresiaretedltioead thieeefoesh nooadomductive,

neShSRRbS0R SRl o FE S0 ReRBSIGd 2B MRS oot 1

betweghethbondrusearabrned st Sndbuids upofiofethdird] theasétt magnetic
t heref ore non-conductive, the soft magnetic materi al

mategial 26¢ isrnat dpnesdpdan Hie tapeswurtacas eictheubaid magnetcingnoscale
t he nanoscal e el enents 24 and builds up from
elepﬁg‘}f\%?@t he soft magnetic nmaterial 26 is not deposited
on the top surfaces of the hard nagnetic nanoscal e
el e chs 12¢ sedn feam BIS.sHenthier andFRin@gnétid- nanbecdlarelements 24

areg QT RS AL TBRE YR ach i ek Bt Fheenia panophase 26
and UMFBRASAIMRg Jfoharyd aHAT §6F Madndtitdn@hoftidsbsaid agRfelved. The
magnet i ¢ nanophases i s achi eved. The nanoconposite

naﬂ%@mqsﬂesmmiﬁesggcﬁugetmsiscmw@p@mq @hciunstionigg as an
excdingB-cotpfPRSRs EHPLL, nanoconposi te.

FIGS. 2A-2F illustrate a method for forming a magnetic structure 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 AAO and has a thickness Tiemplate2 Of between about
50 nm to about 50 000 nm. Each of the pores 52 has a diameter Dpqre2 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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FIGS. 2A-2F illustrate a method for form ng a magnetic
structure in accordance with another enbodi nent of
the present invention. 20 Referring nowto FIG 2A a
tenpl ate 50 having a plurality of pores 52 is

provi ded as shown. The pores 52 extend between top and
bott om surfaces 54 and 56 of the tenpl ate 50 and are

F ertdiingfod do BGETRr b sbRets ot iR R fbedpotiom surface 56
of tﬁé Qé‘iﬂb%tt@%ooés bedwg e T habQistrafds8 @cf@a@%%nd@@tn@@?nélmlc seed

ch of the pores 52 has a dianeter Dpore2 bet ween
Iay%orawmh an mﬁnayoafartardtmwetm ranbseale blenfemtssreddmsoﬂh enagnetic

BRSSPSR B304 b o wp ey ore

forrhed ﬁfeéubﬁeqmmﬂbbmlﬁgléfmadéﬁnb@ﬂ Heew! emr ﬁﬁ&t@e& has a
shown._ The substrate 58 acts as a conductive netalli

thickBess Tisyrere2 G RAWERN AbosK 98 NBY th aPauhREAeImcand is formed by
sputier g@gﬁnﬁlae%f' ﬁ); %ﬁ%ﬂlgféon%g{‘@é teHé\Wﬁ‘?@ for example,

I nt er Spaci tic nanoscal e el ene
Au oh @Laomf@ythartmtﬁmh sunfede i56 ofuithe dgupldte 0o cBesause }salelptes of the
ow. .The subs

bed b te 58 has .a . thickn
eleGERAl ParustyB ThatiELAE5hA farger Aimecsian AN SE0CRASIRER Dooe:
of the pOHeRES? bthe BRIty dRPRRICEVE Indtekiay & nidrely dep03|ted on the
el ectrically conducti ve mat eri al such as, for exanple

botiqm surface §Atas theéerpplate AP andrdaes B8 ester the pasapibat e

50. Because particles of the electrically conductive

mt@éfgmngahgwqﬁ Ag. P4 g&gﬁg%@ge .g,hea the &aﬁggj oY/ 3 a FePt

Dpore e pores rircally con
alloyaet-eisi ddpasitedantel theqepes i5Reaf the témplate &t mhuwﬁaote phfrality of

f the t ate 50 and dos not ores
SUERIAIATY (O RBAPES TENEscale SIamepls.67: GsiiLtad i Sp @Ay within the
mafPFsf thk!tedn fdP%teaéd:QEfthusafdrﬁﬁéd'm'tﬁe%@@§'5t29& thBtt@mth@(e 50. The

ores 52 o he tenpl ate as shown. A plurality o
ligs materiall 69 lﬁo@emtﬁédlnﬁaﬁbgdmres@%ménthg Emplate 50 via an

ar hi g t | r f
oSSR DRAR s Y s T Rl s
elettﬁdfdﬁ;ﬁisﬁloﬁﬂproﬁbese%t@khd)\m mattessenbf 6Killiis tekeR@s| Teg nanoscale
0 the pores 52 of the ten‘pl ate 50 via

i nt an
elegents PoIAYESA NPt frooesOfhifrtwear abogt Sexarigiabout 50 nm and a
diaflef DIRLY b Betwéabout 5 nm to about 50 nm, the diameter Dejementz Of

the nanoscale elements 62 corresponding to the diameter Dpore2 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. 2E, an annealing process is performed on the
nanoscale elements 62 to convert the nanoscale elements 62 into a plurality of
hard magnétic nanoscale elements 63. |n the present embodiment, the nanoscale
elements 62 are annealed in air at a temperature of between about 500 °C to
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el ectrodeposition processes are known to those of
skill in the art. The nanoscale elenents 62 have a
hei ght Hei enent2 of between about 5 nmto about 50 nm
and a 20 di aneter Deienent2 of between about 5 nmto
about 50 nm the dianeter Delenent2 of the nanoscal e
elenents 62 corresponding to the di aneter Dpore2 of

0 Ref err i ng wtao FIG 2D, thete | at e
oty BOB UG Biver O e RS patHoe 4 15 T '% Teiapd RnseXPDSeOeRTasgs of the
narﬁ%@b!édelén@n‘t’é 62 'Mlngfthéraﬁﬁeﬁﬁ fd&sg"{‘fﬂj%stB @ltc?ﬁtéﬁ of the

he te ate e Via a
me}alltfcmemh EB fibe I@xanmfeme@lhczsxmacﬁnshﬂuma thickness Toxige Of

bet\ggeﬁrarboﬂ%m%vtéwgbgbﬁo %Fﬂ an anneal i ng process is

ormed on 't nanoscdl e el ements 62 to convert the
nanoscal e elenents 62 into a plurality of hard

maReferringaowso H16. @Feresufsmagnetic mdteripir 66 endeposited between
eF‘b cgl nment,.. t he nan scall eI e nt s 62 are anneal ed in )
theypardymagnetie, feRearale oflepnta ot athifieby doreing, a goft magnetic

narffpPidke 888 fnterphd rtﬁé ﬁ@rtda%é el %%n@écé!é %fb’rﬂ@ﬁsom A

exposed surfaces o nanoscal e el enents 62 during
nandeemposdel mgnph@@éwttdae&ﬁ d\qwa‘rg iaaregutard atrag nofohatdhenagnetic
netalli e of metallic,oxid
narfReAle lariRnSsa5 el e S6% MBERRLE naRE0RSs Gt o hipdogm of a
plurity81 nandietis! ntérdpangitRe Frfay cffhard maghetiRBaRbscale elements
material 66 is deposited between the hard magnetic

63 Isdhus famedks| enents 63, thereby forming a soft magnetic
nanophase 66 i nterspacing the hard nagneti c nanoscal e

SRNESH r@tlc Wﬁé&%ﬁaﬂ@fﬁ%ﬁ%@ﬁﬂa Sfacsts lé%g i |\Iﬁ18e alloy, Co,

haV| ng a re array o netic nano
Ni ancherand i§3epodited betweem tirechardd magneﬂlraean@eﬁcale eldments 63 via

an giechleponisPe” Rifisksp: icth Aedar SXemaiin Electopiatda; hince the
mefaMidTestideT y/ef 064 |§B|%}€‘-Mé1am8t@rﬁd Qhel@@or@a)’\oﬁﬁzo‘h@l@cﬁ\fe athe soft
CoFe alloy,” a NiFe allo Co, N and Fe and is

mag@@mum@terlabﬁﬁemfltsﬁedmeda@eme@ Hhen beed reaghetice magoscale

ele% #p%B %ﬂpebﬁﬁé{)%g’?&%y tggﬂec trh%CSSE rsnléggﬂefag maPenaI 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 production, the present invention is implementable on a large scale.
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15 netallic oxide |layer 64 is non-netallic and

t heref ore non-conductive, the soft nmagnetic materi al
66 is first deposited between the hard magnetic
nanoscal e elenents 63 and builds up fromthere; the
soft magnetic material 66 is not deposited on the top
surfaces of the hard nmagnetic nanoscale el ements 63.

As can be seen fromFIG 2F, the hard nagnetic

nanb& deecrintionssit thegsefesrederabadimestsiof ﬂaﬁ pfgsentinygntion have
beémere%@shﬁ&dﬁﬁ pwr,s&és 6ﬂﬁ’u§FHtfon@rW8éé&ld??%ebb?‘é%aﬁoﬁﬂfénded to

uni f orm m Xi ng of sof t magnet| ¢ nanophases IS
be exihausiive.orth élmlhﬂnedomarpim toetheefgries idésciasedic t ltimdll B8 appreciated

S C I f fu ion as an chan C | ed .
by ki SREBS) e oA haCRhareds e B TRREGIS MR 8bodiments
desbrlb@dsébdv@ withsutidegsetvig frovetHd Brodelr uaveﬂmﬁe c@Rcabt thereof. It is
exch ange-cou | ed nanoconp05|te nagnetlc structure

undegstong. uiereione.y thakcis naventen '§ofrt0 mH@H@Ejl do the particular
emPBERRIAS s ASET U WvelO M ﬁ?% ?? s%gé“btf%g present

ecause good control over t net
MVewmnpaaéeﬁneGba¢heappdnd@ﬂcbngsproduct|on, t he present
i nvention is inplenentable on a large scale. 10 The

d i th foth
or ot uRos o8, B0BleSh e dRBUTEL' GpBhgbPpdumucpput the

deddriptish raidi the caithsiaRe Wdrts OBemptte'areomptisingt andetetlike are to
be exhaustive or to linmt the invention to the forms

be gpastrupckin am inclisive pe appeseditaaadexdhysive, o5 €xbaustivedsense; that
; it R t he enbodi nents
mtéggggbﬁpggghg%g€€g§%dﬁgﬂtﬂtRStﬂ?ﬁﬁ%h$fon1the br oad
i nventive concept thereof. It is understood,
Refenenadfsore, that this invention is not limted to the
particular enbodinents disclosed, but covers

TSR EES gt A B, 7881 cBlabd S 3na ¢ e mater
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t hr oughout the o descrlptlon and the clalnB t he

risi e |Like

(2L-ooreeuEh T nHBRO! e PO aop%ogéﬂn‘loé’i’%%a@ i g8 stoms in
or exhaseNbyes 58 ﬁe?nocfdh%os J’esnfa@ném hBpl.NenpENss, 9¥69-7775
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1. Anethod for formng a magnetic structure, the
nmet hod conprising: providing a tenplate having a
plurality of pores; 5 depositing a netallic nateri al
into the pores of the tenplate, thereby formng a
plurality of nanoscale elenents; renoving the tenplate
fromthe nanoscal e el enents; perform ng an anneal i ng
process on the nanoscale elenments to convert the
Claimagoscal e el enments into a plurality of hard magnetic
nanoscal e el enents; and 10 depositing a soft magnetic
mat eri al between the hard magneti c nanoscal e
el ements, thereby form ng a soft nagnetic nanophase
1. i ntAmgihed fer forsinga magnedsstiustuianibeqapthos) eareprising2.
Th ' i ucture according
toﬁgﬁg@ﬁﬁg?qﬁthgéﬁkoﬁgq%EEQ%§¥ggp§%%’arranged in an
ar rdgpositiniy ra trhetatlienpiategal ito Tihe petdodff the ftomplatg, ahereby
c structure according to claim1 or 2, wherein

nmagnet |
forrg Biurality of HAReseAle elemeaBet er of bet ween about 5
Nan@RIVIres tHe & diSte ﬁ&ﬂ%e%@nBE‘éal@?ﬁé’meﬂﬁ,@ met hod for

formng a magnetic structure according to any one of
t heperfaratrg iang@iedling  progesscom thersanaseaie &lamenisriiorganvert the

have, a hei ght. of bhet n_..abqut 50 nmto about, 50 000

narfineBisCoIB R i prgb AT of B hadne AR e Tt e
accqeplisitihg 8 sty mi@edt rhdteriaPbeRRGNtheChaidmhaghBeE flahoscale
t he nanoscal e el enents are substantially rod-shaped.

elegents etheselbi fofmingr @ sPfigMegnele charophiasec inieespacing the hard
j of the preceding clains, wherein
mafipe feisscafe BT,

icC oxide is fornmed on exposed
surfaces 30 of the nanoscal e elenents during the
anneal i n .13 7. The, nethod for fqgrmn

I QCess. g.a .

Flqugﬁ’ hfﬁ’(@'%@dﬁ@gm@lq Hruglyresaecqsdingie claim 1, wherein

theRJorES I ErrBhgedtn aBery WitHiRend@ipiatd. e el ements are
annealed in air.

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.

6. The method for forming a magnetic structure according to any one of the
preceding claims, wherein a layer of metallic oxide is formed on exposed surfaces

of the nanoscale elements during the annealing process.
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5 8. The nmethod for form ng a magnetic structure
according to any one of the preceding clains, wherein
the nanoscal e el enents are anneal ed at a tenperature
of between about 500 degree Celsius (C) to about 800
T. 9. The nethod for form ng a nmagnetic structure
according to any one of the 1o preceding clains,
further conprising formng a substrate on a surface of
the tenplate prior to depositing the netallic

7. Maid Aeth8l Gof RSMARG &5 niigniche sﬁr@ﬁﬁ]r@té‘cco}@in?-%eany one of the
met hod for form ng a nmagnetic structure accorfding to

pregedingholaimsh wheirein the ®@agobeale lementisparessnealasbindict i ve
nmetallic seed layer. 15 11. The nethod for formng a
magneti c structure according to claim9 or 10,

8. WheTle méthed Fobfdriiihg ahamghetibistiuctse sdcopdingeenampede of the
o aboyt 200 nm 12. e method for formng

50 . T a
pfeﬁaalﬁrsn@%m% (harginethgfeasagcaly st areaphedlediahs tepnperature
of Betwéén afagf 5H0 dbb?eé@@%‘i%sa(?ﬁ h& abeggg@t% o the tenplate

by sputter deposition. e net or formng a
magneti c structure according to any one of the

9. Conlit SangdoDTorgIEg sE ageGR SR adkrEna Ty apane of the
preBedingnol@irh &0 Rinhet! tom ﬂ@iﬂ?afbrhﬁr@_aolsabmw@ ohelt urface of the
alloy. 25 14. The nethod for form ng a magnetic

templatgqiripr do depositing dhe sneialic srtedal inteethemares @f the template.
clainms, wherein the nmetallic material is deposited
into the pores of the tenplate via an

10.el eTheadethasli for forning @esiagnétic iﬁuctg@amﬁ.’orhn@ footlaim f9 wherein
formng a magnetic structure according to any one o
thetWQStrB%e?%BP TR &PRPUCRElalliG sReq @%‘ﬁf-ate i s renoved
via a wet etching process. 16. The nethod for form ng

a magnetic structure according to any one of the 5
11.pr ethelimethed dondorming ra inmagriatict singrtutecacenrdings tss claim 9 or 10,

BB B b SEBL opon AR5 AR v 0

the preceding clains, wherein the soft magnetic

material conprises one of a cobalt , _
12.  The method for forming a magnetic structure according to any one of claims

9 to 11, wherein the substrate is formed on the template by sputter deposition.

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

(CoFe) alloy, a cobalt platinum (CoPt) alloy and an iron platinum (FePt) alloy.
14.  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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iron (CoFe) alloy, a nickel iron (N Fe), cobalt (Co),
nickel (Ni) and iron (Fe). 10 18. The nethod for
form ng a magnetic structure according to any one of
the preceding clains, wherein the soft magnetic
material is deposited between the nanoscale el enents
via an el ectrodeposition process. 15 19. The net hod
for_form neti c structure according, to any one
5.0 e m%ﬁ%& 3@%@@%%&%@? StCiufe difgdReanycone of the
preBEMAR RATMsC AFRF&iA e ferRbléidls dended \ﬂé‘%%@fjétching process.
I nterspaci ng the nanoscale el enents. 20. A nagnétic
structure, conprising: 20 a regular array of hard

16.nan i aethaRIar s, & RGP EAE 2 BB dor SR db any one of the
prebéding ciimseivbieedih she 2dmplale compriees anstlizedtalirdina oxide (AAO).

according to claim 20, wherein the hard nmagnetic 25
nanoscal e el enments in the array have a di aneter of

17.bet1"}‘?@ﬁ\éﬂ98&‘tf0|5£ﬁ?;méﬁ§ gafg]‘égﬁﬁ;cig%trgj?}ui%accgp&ngﬁgt é) 6ne of the

structure accor wher e
prebedidg alaigrsetwheneiam thex abft rebgnetic materialheomprisgs bageofaa cobalt

.__height of bet . about_ 50 0.to. about. 50 000
ron SF5) i, Faliiel Ian U sy BieRe W) 3 Tond eh
clains 20 to 22, wherein the hard magnetic nanoscal e

el ements in the array are substantially rod-shaped. 5
18.24 . Thenenathgd dor forating & magnatic strdichwetascargingrie afy one of the

e e R CERPRI B9 Ep Sl o

nanvapaiecelbmentsviardrselieotrbtepesitiary prodess. The magneti c
structure according to any one of clains 20 to 24,
further 10 conprising a substrate on which the array

19.0f 1KY thetREGGH: ?orﬂﬁﬁ‘g?%cm n%ﬁ@@%ﬂ%&reaé&o?&ﬁgstefény one of the
magnet | ¢ nanophase are forned.
preceding claims, wherein the soft magnetic nanophase comprises a plurality of

nanorods interspacing the nanoscale elements.

20. A magnetic structure, comprising:
a regular array of hard magnetic nanoscale elements; and
a soft magnetic nanophase interspacing the array of hard magnetic

nanoscale elements.

21.  The magnetic structure according to claim 20, wherein the hard magnetic
nanoscale elements in the array have a diameter of between about 5 nm to about
50 nm.

22. The magnetic structure according to claim 20 or 21, wherein the hard

magnetic nanoscale elements in the array have a height of between about 50 nm
to about 50 000 nm.
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26. The magnetic structure according to according to
claim 25, wherein the substrate conprises a
conductive netallic seed |ayer. 15 27. The magnetic
structure according to claim25 or 26, wherein the
substrate has a thickness of between about 50 nmto
about 200 nm 28. The nmagnetic structure according to
any one of claims 20 to 27, wherein 20 the hard
magneti ¢ nanoscal e elenents in the array conprise one

23. Of “ﬁhé?@é’éfﬁetid §lﬁjct(l@5§%or€|r{gobb an¥ Qﬁ*éabf cl%llrﬁE'QUJfB 22, wherein

oy and an iron platinu oy.
themd Wticm@msaamlenmmmﬁgartay wtmsearufallylradmaped
20 to 28, wherein the soft magneti c nanophase
conpri ses one of a cobalt iron (CoFe) alloy, a nicke

24.25 Themadhdti) stractaed taccémling o @Bl ohdligf @aiind 20Nto 23, further
(Fe). 30. The magnetic structure according to an

Corppriging; #rdayes ob mefallighexde formad epsuriaagnfi the Xard magnetic
naﬁ&'&g@aéﬁ]&ﬁgp{]{h% (g plurality of nanorods

I nterspaci ng t array of hard magnetic nanoscal e
el ements. 30 16

25. The magnetic structure according to any one of claims 20 to 24, further
comprising a substrate on which the array of hard magnetic nanoscale elements

and the soft magnetic nanophase are formed.

26. The magnetic structure according to according to claim 25, wherein the

substrate comprises a conductive metallic seed layer.

27. The magnetic structure according to claim 25 or 26, wherein the substrate

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

28. The magnetic structure according to any one of claims 20 to 27, wherein
the hard magnetic nanoscale elements in the array comprise one of a cobalt iron

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

29. The magnetic structure according to any one of claims 20 to 28, wherein
the soft magnetic nanophase comprises one of a cobalt iron (CoFe) alloy, a nickel
iron (NiFe), cobalt (Co), nickel (Ni) and iron (Fe).

30. The magnetic structure according to any one of claims 20 to 29, wherein

the soft magnetic nanophase comprises a plurality of nanorods interspacing the

array of hard magnetic nanoscale elements.
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