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particular, but not exclusively, the present invaghion
relates to magnetic filnms formed with

Faor AN EATE R AN ARAR R Ry e ARt ERops o

typi cal nmagnet proviKEBRECATING THESAME i n a

particul ar volume of space. In contrast 15 to
traditional bul k magnets, thin magnetic filns are
being used in mcrodevices in which a magnetic field
is required within a confined space (m croneter range)
fRIELIDO FVDHE INVENTFEOAN sm of the devices. Recently,
magnetic films in the formof magnetic nanow res have
been devel oped as a 20 permanent magnetic filmfor
such applications. The nanowires nmay be provided in an

f or es%ﬁ’tr im%%n %Xte? oelgxggl’ge%qgﬂjy %e@leﬁq{aﬁ&\%r eéqﬂxd%&g%s of

nanow res e matrix 1s escr
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whi ch was published in Volume 42 of the |IEEE
hagastic hineformed Withmeagnetically-annealed nanowires and methods of

fabricating the same.
BACKGROUND TO THE INVENTION

A typical magnet provides a magnetic field in a particular volume of space. In contrast
to traditional bulk magnets, thin magnetic films are being used in microdevices in which
a magnetic field is required within a confined space (micrometer range) for the working

mechanism of the devices.

Recently, magnetic films in the form of magnetic nanowires have been developed as a
permanent magnetic film for such applications. The nanowires may be provided in an
array form and may be embedded in a matrix. An example form of nanowires
embedded in a matrix is described in an article entitled ‘Effect of Magnetic Field
Annealing Upon Co-Rich Nanowires’ by Sharif et al, which was published in Volume

42 of the IEEE Transactions on Magnetics.
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*@0002* 2 It is an object of the present invention
to either provide nanowires with inproved hard
magneti c properties, or at |east provide the public
with a useful choice. SUVWARY OF THE I NVENTION 5 In
general terns, in a first aspegt, the present

i nvention rel ates to a method of magnetically

nealln erage di anet e

1s ansogj e%tr%tatglo RIS )§e %Hl&veé&l?ﬂg gg‘%‘m e I}aﬂg\fwrgs w%fu 1mproved hard

substantlal deterioration in repnant nagneti sation
(BSCUUPIOREICE AT ShlcH Proddathsipyllic With ajuseiybriries:

ternms, in a second i ndependent aspect, the present
invention relates to magnetically-anneal ed nanow res,
Wi th an average di aneter of 60nmor |ess. This nmay
FUMMARYoOFaFTHEJONVENTIONe remmant nagneti sation (Br)
is inmproved. 15 In a first specific expression of the
invention, there is provided a nethod conpri sing:
providing a plurality of nanowires, with an average

%ﬁrtetgfn ﬁP&‘H}s? egﬂ?gseﬁfe %ntio‘ﬂr F:lg{ég ?c?% method of

St antli par a eac er a

i nal IS, anneal . t he r :
sl A nededeatrres i PV Froed RGeS iﬁ?wpﬁéess- This may
| ongi tudi nal axis of the L o )
have the advantage that a substantial deterioration in remnant magnetisation (B,) during

annealing is avoided.

In general terms, in a second independent aspect, the present invention relates to
magnetically-annealed nanowires, with an average diameter of 60nm or less. This may

have the advantage that the remnant magnetisation (B,) is improved.

In a first specific expression of the invention, there is provided a method comprising:
providing a plurality of nanowires, with an average diameter of 60nm or less and being
arranged substantially parallel to each other along their longitudinal axis, annealing the
nanowires, and applying a magnetic field that is aligned with the longitudinal axis of the

nanowires at least partially during annealing.

In a second specific expression of the invention, there is provided a magnetic film
comprising an array of magnetically-annealed nanowires, with an average diameter of
60nm or less and being arranged substantially parallel to each other along their

longitudinal axis.
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nanowi res at |east partially during annealing. 20 In a
second specific expression of the invention, there is

provi ded a nmagnetic film conprising an array of
magneti cal | y-anneal ed nanowires, with an average

di aneter of 60nmor |ess and being arranged

substantially parallel to each, other along their

| ongi tudinal axis. 3 As used herein, the terns
"conprising’ and "conprises' nean consisting at | east

in part of, that is to say, when interpreting

statenents in this specification and clains that )
iAPcUsed BeieH de teEns s OmpHging eafidy cREPHsest BIS@Ry qopsistieg at least in part
terms in each statenent all need to be 5 present but

of héhat isgatsay, ovhepantegirstmgtatpmente it thisTpecificatse dnd claims that

i nvention may al so be said broadly to consist in the

freol ticke, thedectsiiid, sheaflestures @adfceddy thé Grme th tarhQtatémelit@iltneed to be
in the specification, individually or collectively,

e Bat offer Alatur&OHRI AR HePReset, any two or nore said

parts, elenents or features, and where 10 specific

i ntegers are nentioned herein which have known

equi valents in the art to which this invention

ﬁﬁlates .such.knomnle ui val ents are deenmed to be

iTRE BrERtIPERUR mAY plspse sad broadlyitey gasis) i the Prgs.(lements and
BRI EF DESCRI PTI ON OF THE FI GURES = 15 Exanpl e )

denberes raferred tpior indigaiedoia thie specifivationiindividupldy errallectively, and any
t he acconpanyi ng

or all combinations of any two or more said parts, elements or features, and where

specific integers are mentioned herein which have known equivalents in the art to which
this invention relates, such known equivalents are deemed to be incorporated herein as

if individually set forth.

BRIEF DESCRIPTION OF THE FIGURES

Example embodiments will now be described with reference to the accompanying

figures in which:
Figure 1 is an example graph of magnetisation (M) versus applied magnetic field (H).

Figure 2 is a flowchart of a method of fabricating magnetically-annealed nanowires

according to an exemplary embodiment.

Figure 3 is a perspective view of an array of nanowires embedded in a matrix.
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figures in which: Figure 1 is an exanple graph of
magneti sation (M versus applied nmagnetic field (H)
20 Figure 2 is a flowhart of a nethod of fabricating
magneti cal | y-anneal ed nanowi res according to an
exenpl ary enbodi nent. Figure 3 is a perspective view
of an array of nanowires enbedded in a matrix. 4
Figure 4A is a perspective view of a nagnetic field
that is aligned wth the longitudinal axis of the
array of Figure 3. 5 Figure 4B is a perspective view

FgdrbBAries ?Eﬂsb&ﬁw@ RAeW of0f maBeHHRflefPihalisANBRA Wih the longitudinal
nanowi res fromFigure 4A. Figure 5 is an Inage of a

§§§Qk?595“@qﬁﬁﬂéfg§ with an average di aneter of about
|

gure 6 is an inmage of nanowires with
an average di aneter of around 65-70nm enbedded in a
matrix. Figure 7 is an inmage of a single nanowire with
an average di aneter of around 45-50nm_ 15 Fi e 8is
AFSUE #Bem perseRctiNg Misw ofdhe rasulting array ef mgendlica &lé‘@@?eal:ﬁd
around 350-400nm Figure 9 is an MH curve of
narovicesdromiFiguratAaver age di aneter of around 65- 70nm

Figure 5 is an image of a bundle of nanowires with an average diameter of about 350-

400nm.

Figure 6 is an image of nanowires with an average diameter of around 65-70nm

embedded in a matrix.

Figure 7 is an image of a single nanowire with an average diameter of around 45-50nm.
Figure 8 is an M-H curve of nanowires with an average diameter of around 350-400nm.
Figure 9 is an M-H curve of nanowires with an average diameter of around 65-70nm.

Figure 10 is an M-H curve of nanowires with an average diameter of around 45-50nm.
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20 Figure 10 is an MH curve of nanowires with an
aver age di aneter of around 45-50nm 5 DETAILED
DESCRI PTI ON OF EXAMPLE EMBODI MENTS The performance of
a magnet can be assessed by a hysteresis curve. An
exanpl e 5 hysteresis curve for a plurality of

nanow res shown in Figure 1, npasured parallel to the
| ongi tudi nal axis of the nanow res. Two nmagnetic
characteristics that can be extracted fromthe curve
are coercivity (He) and remmant magnetisation (B,). A

high H indicates that the magnet will not be
DIEARLEPRESCRIPTION OR EXAMPLE EMBODIVENTS
magnetic field strength will be deliverable by the

same vol unme of magnet. Hence, a high 10 performance
per manent magnet should ideally have a high He and

hihgpeBbrmaite of appighetadah beassesstdmlyl f hygterésivadurin ah ddample
and B, of magnetic nanow res are dependent on the

B SereBisRUrviabEeS bﬁﬁzﬁit#)?ﬁ’a[ﬂo‘éﬂfeis QR0 th Pigste | aRGLGEd p&Yllel to the
processing. As used herein, the term

;l%?%t?lgfnitagﬂigéf i rﬁﬁt%v%je's. '”[Qm{ &%%\&/éél%r&hgr%ctgﬁm)c\éﬁtﬂag %grtl be extracted

nanow res tha been anneal e

l.eas artially i.n.t presence of an. applied . o
SRR e pderkiticy K80 B GBR Fiag sl PO UE  Adghe indicates
axis of the nanowires. Simlarly, the term nmagnetic )
At e agnet will pey Qﬁde@ragp@tlﬁﬁaﬁmf.(fr efs hightbh indigaestafigh magnetic
process of annealing nanowires at least partially in

tfield yircagthneid! tef dediveraplsitiyatie sagmetlimefof elagnéeth dfence a high
aligned wth the longitudinal axis of the nanow res.
perférmiaich pemainehergreasicund ¥ealRekaed High HO a@dhigh B,. The
exenpl ary enbodinent is illustrated in

applicant has identified that both H; and B, of magnetic nanowires are dependent on the

choice of materials, fabrication and post-fabrication processing.

As used herein, the term ‘magnetically-annealed’ in relation to nanowires refers to
nanowires that have been annealed at least partially in the presence of an applied
magnetic field that is aligned with the longitudinal axis of the nanowires. Similarly, the
term ‘magnetic annealing’ in relation to nanowires refers to the process of annealing
nanowires at least partially in the presence of an applied magnetic field that is aligned

with the longitudinal axis of the nanowires.

A method of fabrication 20 according to an exemplary embodiment is illustrated in
Figure 2. In step 22, a plurality of nanowires is provided. The nanowires have an
average diameter of 60nm or less and are arranged substantially parallel to each other

along their longitudinal axis. In step 24, the nanowires are annealed. In step 26, a
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Figure 2. In step 22, a plurality of nanowires is
provi ded. The nanow res have an average di aneter of
60nm or | ess and are arranged substantially parall el
to each other along their longitudinal axis. In step
24, the nanowires are annealed. In step 26, a 6
rmgnetlcfleld is applied to the nanow res, aligned
with the |ongitudinal axis of the nanow res, at | east

B DR R A, i T SR BRSSH

exanple 5 a conposition of Co,,Fey, where x is 45-55,
panawipss, adeastpaytiplly depngsanneding. may be used

i ncorporating, for exanple, one or nore of iron,

ni ckel , cobalt and silicon, depending on the

requi renents of the application. Providing the

Ta8 axioveises A2 EGpd3ed b sitNhelddiy dB#loshd irig(CIRR), for example
nanowi res within 10 pores of a matrix 32, formng a

Q%Bﬁ%ﬁﬁ‘o@f)f @Y, FaS whefe SRS, 1) ifh 451'55 ©O3her EBfipositions may be used
nanovvl res have an average di afreter [ess than 60nm For

Rl fingt B UBHRIECH MBS oMok (o838 ohHAGER Mhending on

I'nstance,
g ween 40-6 En1or bet ween 45-50nm | n one
s FRmAnts ofihe applisaios have an average dianeter of

50nm I n another enbodi nent, there is no significant
portion (e.g. greater 15 than 5% of nanow res havi ng

a di anmeter above 60nm In the latter enbodi nent, the
Reoviding € naaywires P2 omy the dnplenentdliyeiepoditing themgaowires within
group of nanowires that may have an average di aneter
poiies bflg nitrik & foReve ahan@Rire ey B@ KO vhéwes indBigiRey3. hve

a cylindrical shape with a high aspect ratio i.e.

h&{&res have an average diameter less than 60nm. For example, the average diameter
may be less than 55nm or less than 50nm. For instance, the diameter may be between
40-60nm or between 45-50nm. In one embodiment, the nanowires have an average
diameter of 50nm. In another embodiment, there is no significant portion (e.g. greater
than 5%) of nanowires having a diameter above 60nm. In the latter embodiment, the

nanowires may be provided as a subset of a larger group of nanowires that may have an

average diameter outside of the above range.

The nanowires 30 may have a cylindrical shape with a high aspect ratio i.e. large
vertical height to small lateral diameter. This may provide the nanowires 30 with shape
anisotropy, which, in turn, provides better magnetic properties (e.g. high coercivity).
With such properties, the nanowires 30 can be used as a permanent magnet or magnetic
film with a magnetic axis along the longitudinal axis of the nanowires, shown generally

with reference numeral 34.
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20 vertical height to small lateral dianeter. This may
provi de the nanowires 30 with shape ani sotropy,

which, in turn, provides better nmagnetic properties

(e.g. high coercivity). Wth such properties, the

nanowi res 30 can be used as a pernanent magnet or
magnetic filmwth a magnetic axis along the

| ongi tudinal axis of the nanow res, shown generally

with reference nuneral 34. 7 The matrix 32 is, for
exanpl e, an anodi sed al um ni um oxi de (AAQ matrix. By

u an_AAQ matri x, the nanowi res may be faorned
@gﬁnaéw 8215, fer1 sxamplenan anpdised abimigepesife (SAOY metdes By using
For instance, where the nanow res should have a 5
@oQimatnx, thé naywivares niaydre foudejost-effiertiviky usatgranx i s

an AAO matrix, the nanowires may be el ectrodeposited
liectrod osisiphl pteessn OF od iristahicel evltdre thegaAd\drd shoukirhave a
electrically conductive material to provide a seed

<8 u?f)smgﬁf)f éd%ft@%QCoPe)z QIQF%ttﬁHtﬁ% iSO AA DAY x "BY naliGwires

tered. Alternatively, silver or copper could be

\Jr?as' edl J‘gcttl%ﬁgposELcFﬁ)t' ﬁ?sg g[gﬂt%hhg gﬂe Elﬁe o? glr rAﬁg wHE anuaéagcally-

otating
anosta tent| st at SI|V r 10 ot asgi.um
Eapg RS iterliocpranu R h3tdpira s RieBEs A oRRrRck 2ald fayer may
ure latinum wire is used as the anode. An exanple
¢d. ghlterpatively, silegror 6PBRACE ceyf beusad instead. Electrodeposition is
electroplating CoFe within the pores of the AAO
camet autusding grotamg disklelbéteode systéhedd a ggatdstag/potentiostat. Silver
conditions of current density and agitation speed are
pbssigh\chvride (A @) islused Bs e rsfeftpcatierodefwhiltea pure platinum
overal | plating area inclusive of the anodised

kTS Didams ke Sholdde ANRSLRABR cottpobfidh of Bl2dctrolyie 80184n for
0.53 A cnt.

electroplating CoFe within the pores of the AAO template is given in Table 1.
Electroplating conditions of current density and agitation speed are also given in Table
1. In consideration of the overall plating area inclusive of the anodised aluminium

oxide regions, current density is about 0.53 A/cm’.

Electrochemical Bath Composition Concentration (CoFe)
B(OH); 0.6 mol/L
Co0S04.7H,0 0.125 mol/L
FeSO4.H,O 0.095 mol/L

Current Setting 0.15A

Plated anodized aluminium oxide area 6mm diameter circle

Agitation (Rotation) Speed 250 rpm
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El ectrochem cal Bath Conposition Concentration (CoFe)
B(OH)3 0.6 nmol /L CoSO4. 7H20 0. 125 nol /L FeSO4. H2O
0.095 nmol/L Current Setting 0.15A Pl ated anodi zed

al um ni um oxi de area 6mm di ameter circle Agitation
(Rotation) Speed 250 rpm 8 Bath Tenperature Room
Tenperature Natural Bath pH % 7 Table 1: Sunmmary of

El ectrol yte Conposition & Electroplating Conditions
During,el ectropl ati ng using the abovg-s i fied

par arre?%tlhgfe"@cﬁe—aé”tﬁanovm res would 5 gﬁBﬂﬁfefegmeW‘ére

bott om of the pores (i.e. fromthe seed | ayer) and

al ong Nawrad Batihes of  the por es of $e AAO matrix. As
aresult, arrays of CoFe nanowires would be
fabricated and enbedded within the pores of the AAO
matrix. Using this process, nanow res of different

di amgbR'E Suimbiey Sﬁ@febﬁﬁiﬁécbﬁlfi”o@ﬁiohc& IF18@rdgi8tind Conditions
the pores of the AAO matrix. 10 The applicant has
found that as-deposited nanowires exhibit a relatively
low H, which stens froma | ow degree of

gl%%tgae elc{rp){)ltayihg Qél Q the A 8\r/tggll)ec1s 1erdepsa§an?qurs,d &f)}?ecrtlasnolwri]rets r\Jv%uld

grow from the bottom of the pores (i.e. from the seed layer) and along the channels of
the pores of the AAO matrix. As a result, arrays of CoFe nanowires would be
fabricated and embedded within the pores of the AAO matrix. Using this process,
nanowires of different diameters can be fabricated by controlling the size of the pores of

the AAO matrix.

The applicant has found that as-deposited nanowires exhibit a relatively low H,, which
stems from a low degree of crystallinity, high internal stress and defects in the
microstructure of the nanowires. To improve the H, the nanowires are annealed, which

is a form of thermal treatment to effect changes in the microstructure of materials.

Annealing the nanowires 24 may be implemented by exposing the array 36 to a relative
vacuum and at a temperature of between 100°C and 500°C. For instance, the nanowires
may be annealed at a temperature of S00°C. Also, the annealing process may be carried
out for between 1 hour and 5 hours. For instance, the nanowires may be annealed for a
duration of 2 hours. Different temperature and duration values may be used instead of
those described above, and one or more cycles of annealing may be carried out,

depending on the application and/or desired characteristics.
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m crostructure of the nanowires. To inprove the H the
nanow res are anneal ed, which is a formof thernal
treatment to effect changes in the mcrostructure of

mat eri als. 15 Annealing the nanowi res 24 may be

i npl enented by exposing the array 36 to a relative
vacuum and at a tenperature ofy between 100C and 500C.

For instance, the nanow res nay be anneal ed at a
tenperature of 500C. Al so, the annealing process may

be carried out for between 1 hour and 5 hours For

i nstance, the nanowires nmay be anneal ed for _a

dAPhrns A megnetiqfigld 26 mayredmplgmangsdnsishpwp an Erwre 4A. The applied
duration val ues nay be used instead of those

deagoetibheld 48 oy aljgned witrtbe bngitodisalaxed e@fshoharmwirald0nghe
may be carried out, depending on the application
aigheticallg sinh&ledimbaitee 16 ptddased &e sKPph 3 Figuie 4B 0mMahé orm
field 26 may be i nplenmented as shown in Figure 4A. The

ARV, e mABRGNEL A bebeldthda ifsilAlihg Qﬁl‘ijeal’i'hr% Bnd Bblication of the

l'ongitudi nal axis of the nanow res

E?a%ﬁ&ﬁé ﬁéﬁih |4é‘l ﬂfﬁ?e aqgflpg&%?\gﬁé’ ﬁ oﬁv@r ? a@%%‘ég b&nS 402'§ r?%

ure mat ri X

been re foll aw n neal i and ap |cat|on of
pﬁ%wd%"ﬁaw‘g (eI, I IERCRE (R SIOV/BR RS R (6 produce the
nanow res nmay have been origi nal | provi ded without

pray rhmagnetically-prnealed pagewirefedteof égvr@ 4Batrix to renove

to produce the array of magnetically-anneal ed

nanowi res 46 of Figure 4B. 10 The magnetic field

applied to the nanowires may have a density of between

The attignic ficlFappliddsd AcCeanotvites FAGMEYE & déisaly @f BByweBAVE and 2T.
a density of IT. As with the tenperature and

For instance, the magnetic field may have a density of 1T. As with the temperature and
duration of annealing, the density of the magnetic field may be changed to suit specific
needs or desires. A change in any of the above parameters may affect the structure and
magnetic properties of the nanowires, and so the parameters may be altered to suit the
eventual application of the nanowires. Typically the magnetic field is applied at the
same time as annealing the nanowires. The application of the magnetic field starts
when the annealing process starts, and ends when the annealing process ends.
Depending on the application the start and/or end of the application of the magnetic

field may be at different times to the start and/or end of annealing, as long as the

application of the magnetic field is applied at least partially during annealing.

The annealing of nanowires with an average diameter of 60nm or less in the manner
described above may prevent any substantial deterioration of remnant magnetisation

(B:) during annealing. The B, after magnetic annealing may be improved. For instance,
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duration of annealing, the density of the magnetic
field my be changed to suit specific needs or
desires. A change in any of the above paraneters nay
affect the structure and nmagnetic properties of the
nanow res, and so the paraneters nmay be altered to
suit the 15 eventual applicatijgn of the nanow res.
Typically the magnetic field is applied at the same

B 5 BTRES BB biSien L R Rt edewp oo and

S ts, and ends en t anneal i ng process ends.

é@%&@% gr 8rieash é‘%@sﬁré 1 B vl betdss magRRI SR e Lof

the application of the magnetic field may be at

different tinmes to the start and/or end of annealing,

as long as the 20 application of the nagnetic field is

&op cladification), emstanmsle wikbt destribedbelawrveie tefi@encEne an experiment
anneal i ng of nanowires with an average di aneter of

QRAMEs 8sult€SPhd EbrldtRNIRAN BlaterfdRSdebétRE iR BRVEXpBBMent are example
prevent any substantial deterioration of rennan

é§g&jg@ o(ém&nﬂﬁr'ng anneal ing. The Br after

gnetic anneal Ing may be inproved. For instance, 10

the Bl after magnetic annealing nmay be between 1 % and
25 thigher between 1% and 5% hi gher, or at |east 3%
h| her than the val ue before netic_anneal ing. For

PPeRERn thregdiffgrenbiveespl ¢°l%e“a@é§’é:fﬁ$ weth diféerent digrmeters,
reference to an experinment 5 and its results. The
oemdlyt 3500 0any 66efi0emi aidst SeEinar, ivieeel growt sengethp electredeposition
are exanple paranmeters and are not essential. In the
prquess destribedtdariRe. Thé BEfeat dian@s mhowiEEard3ROWh FBectively in

with different dianmeters, nanely 350-400nm 65-70nm

AL AN R B trWYeferScBpR (JEMIGmbRE GBSt PARI 1.1 BBure 6 shows
a regular pattern of uniformly distributed nanowires embedded in an AAO matrix, while
Figure 5 and 7 show nanowires that have been removed from the AAO matrix.
Removal, in the experiment, was done by wet-chemical-etching the nanowire array in

sodium hydroxide solution having a concentration of 1M for around 6 hours after

electrodeposition of the nanowires.

One batch of each of the 350-400nm, 65-70nm and 45-50nm nanowires was subjected
to annealing without application of a magnetic field during the annealing process. One
batch of the 45-50nm nanowires was subjected to annealing and an application of a
magnetic field that was aligned with the longitudinal axis of the nanowires. The density
of the magnetic field was 1T. For all batches, annealing was carried out in a vacuum

environment at 500°C for 2 hours.
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10 process described earlier. The different dianeter
nanowi res are shown respectively in the scanning

el ectron m croscopic (SEM imges of Figures 5, 6 and
7. Figure 6 shows a regular pattern of uniformy

di stri buted nanow res enbedded in an AAO matri x, while
Figure 5 and 7 show nanowi res{hat have been renoved
fromthe AAOrratrix Renoval , in the experinent, was

ne chem cal -etching the nangwire array.in,1l
SBRPat hyTRar B8 Eorafr bR HiduieHgn BERORLE R iR ifeb before and
M for around 6 hours after el ectrodeposition of the )
REFRINERNE, E@liHaphptetes £dh*Qfnn, (pe- ASHVRM B9 4Poripm with
and 45-50nm nanow res was subjected to annealing
wmaghetia figld ppplecationn e rasultngeagreticipedmeridesrare tabtddgn Table 2
anneal i ng process. One 20 batch of the 45-50nm
baloovdndehe veaslting hysiefesid grapha areeshioiwndn #Fighrés8 to 10. The term
application of a magnetic field that was aligned with

tl'itﬁTﬂaPriﬂ rd1 sl anAdI &l R TdbE2 AR ﬁl?rﬁ:ahﬂ_@ﬁlafj%%iﬂe\d out without
of the magnetic field was |IT. For all batches,

t in a vacuum environnent at
%?41 o‘_ﬁ‘”ﬁts : .
gg% i our éﬁéﬁdﬁe gnetic hysteresis was neasured
in a direction parallel to t he nanow res, before and

after annealing, for all four batches (350-400nm
65-70nm A5-50nm and 45-50nmwith magnetic field

&pwiplecat | oAnnedting r eBeforé Agneadijget i ¢ pr opéet Aesealing
tabled in Table 2 below and the resulting hysteresis
Sizhm) ar eCohditioni n Bi (k@)es 8 Ho(K®e) TheBf@&Gn 5  H. (kOe)
"normal’ in relation to annealed in Table 2 refers to

35080 Ng Ndghal S capnhued out gnthout apgsapplicagyon
of a magnetic field.

65-70 Normal 6.58 1.9 7.77 23
45-50 Normal 6.23 23 4.79 2.8
45-50 Magnetic 6.23 23 6.43 2.8

Table 2: Results of Annealing Different-Diameter Nanowires

As can be observed in Table 2 and Figures 8-10, the H, of the as-deposited nanowires
with an average diameter of 350-400nm is rather low, and that H, does not improve by
much after normal annealing. A higher H; was measured for the as-deposited
nanowires with an average diameter of 65-70nm, and that H; was further improved after
normal annealing. A still higher H, was measured for the as-deposited nanowires with
an average diameter of 45-50nm, and that H, was also further improved after normal
annealing. It is therefore evident that coercivity (H.) of the nanowires may be improved

by designing the nanowires to have an average diameter of 60nm or less. Since a high
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Sanpl e Anneal i ng Before Annealing After Annealing Size
(nm) Condition Br (kG H, (kGCe) Br (kG H, (kGCe)
350-400 Normal 0.14 0.1 1.55 0.4 65-70 Normal 6.58
1.9 7.77 2.3 45-50 Normal 6.23 2.3 4.79 2.8 45-50
Magnetic 6.23 2.3 6.43 2.8 Table 2: Results of
Annealing Different-Di ameter Nanowires 10 As can be
observed in Table 2 and Figures 8-10, the H of the

deposited nanowires .w th an average mater
V5o GBER bR it DroR S e T ELE R e pgires with
by nmuch after normal annealin A hi gher H was
yeelsa fiametes and efugtherjapsaye the P\%M@WW 8g2wi th an
average di aneter of 65-70nm and that He was further
i mproved after 15 normal annealing. A still higher He
was nmeasured for the as-deposited nanowires with an

ahe ré@lrs ¢ e efalsefshd® TIWQﬁh?@ﬁﬁB,tdf@E atifealBe PdrSAnowires with
further inproved after norma annealing. It is

LA %(l@ltage&aﬁl\é{e‘fj &0theriide & gﬁ-QliOU Yor 65€nRf F] : improves after

nanowi res nmay be i nprove eS| gnl ng the nandw res
to hgve an. av Si nc

Pgha £5n el FoERaATHR nr%gaaa el 38 i LB - somm,

ef|C| fo form.the nanowires with sucha
&P§ﬁ§ T {% &lachia W{%%S%%FW@ a%ﬁéﬂ%l%@ﬂ%ﬁahg&qr?@mg from
The results in Table 2 al so show the change in Br

& 23¢G tmhéAkOn grhifenn heanepithstedswith the results ot magnetically-annealed

nanowires having a similar diameter. As can be seen in Table 2 and in Figure 10, the
magnetically-annealed nanowires may suffer no deterioration and, in fact, may have an

improved B,, for example increasing from 6.23 kG to 6.43 kG (an improvement of

around 3.2%).

As the above results indicate, deterioration in B; of nanowires having an average
diameter of 60nm or less, can be avoided during annealing. Any such prevention in B,
deterioration would improve the potential of the nanowires in, for example, applications

in magnetic microdevices as a thin permanent magnetic film.

Besides the embodiment relating to a method above, there is also disclosed an
embodiment relating to an array of magnetically-annealed nanowires. A schematic of
the array of magnetically-annealed nanowires is shown in Figure 4B and was described
briefly earlier in this specification. As before, the nanowires in the array have an
average diameter of 60nm or less and are arranged substantially parallel to each other

along their longitudinal axis. Depending on the application the features and properties
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5 an average dianeter in the range of 350-400nm or
65-70nm the Br inproves after normal annealing. For
nanowi res with an average dianeter in the range of
45-50nm  however, the Br may deteriorates
significantly after normal annealing, dropping from
6.23 kGto 4.79 kG This can Rhe contrasted with the
resul ts of magnetically-annealed nanow res having a

| ar di anete can he se n [ ble 2 and in

Engirey peed i arieEan 1y Da A R e Hegapely to
suffer no deterioration and, in fact, may have an
ithip eBAPedinmsnt relaingde thaareyiafaraeirgsy from 6. 23 kG t o
6 43 kG (an i nprovenent of around 3.2% . As the above
results indicate, deterioration in Br of nanow res
havi ng an average 15 di aneter of 60nmor |ess, can be
aheifekegdoifig destgibas ecad plarg .enbodingéntd) wiiiehy @ iviillbBe ufiddBétood by those
deterioration would inprove the potential of the

RRIMRWiIL &2 attmal BE SQBS@&'% hanRBHAtGHs 0P ﬂﬁ)dlﬁdﬁtlﬂﬁgi’ﬁ%hl%n
m cr odevi ceS as a thi n per nmanent rmgnetl C

ﬁtzgrtlgl%ﬁorﬁ Qlle Spee?;g%%l dg;l wgﬁ%ﬁg@s%ﬁ%'& & g}qgsegt 1tnvent10n as
§&\§%a¥@°{§@% ehng" Fa}lé%%gt?ln e 8 1 nan %’ﬁmt%gﬁ ggﬁcgaed with reference

nanowi res i s _shown in Figure 4B and mas descri bed

9 PtEpS k9 begarriegroyt i g Pﬁrsalrs prsler, themethod maydeyaodified sudhehat the
nanowires in the array have an average di aneter of
68&psamrcatresiouata different oategerha e bppraptiatel Aysoptheahétbdd may be
to each other along their |ongitudinal axis.

Rejefiell Jugh etint bdditiaf stepatareivd bine FuRBEAiSTondNr instance, are
properties 13 of the nanowires noted earlier in

ERbRIIQ0 bt Qover&d BRIRQELRIUTARE FRBnt FR%nAbS & ARled. 1O
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this enbodiment relating to the array of nanow res.
The foregoi ng descri bes exenpl ary enbodi nents, which,
as wll be understood by those 5 skilled in the art,
may be subject to many variations or nodifications in
design, construction or operation w thout departing
fromthe scope of the present,jnvention as clained.
For exanple, while the method enbodi ment has been
qﬁighgged with reference to steps to be carried out
[ rtain order, the nmethod nmay be nodified such
that the steps are carried out in a different order,
where appropriate. Al so, the nmethod may be 10 nodified
such that additional steps carried out. Such
Mar i & imetimd cbmprisingt ance, are intended to be covered
by the scope of the present invention as clained. 14
CLAI M5 povidingetprodlissfiahswites with ay iadérﬁ]% damkter aF 60nm or less
of nanowires with an average di aneter of 60nm or | ess

0 r I . a -
i e Y SRR AR i) ALk HipRPAIBhe Bl iRl axis,

nanow r.es, ;and, appl vi.ng a,magnetic field that is
aIigneémﬂﬁ¥ﬁggﬁ%gﬁgﬁgfgfﬁpnal axis of the nanow res

at least partially duri annealing,., 10 2. The t ho

2% of arneRias Deeeu el Beerahened Vi B Fag e sxh of the
average dianeter of 55nmor less. 3. The nethod as
dpReWiEes gt heast partiglly dusimgainnealing. nanowi res have an

aver age

2. The method as claimed in claim 1 wherein the nanowires have an average

diameter of 55nm or less.

3.  The method as claimed in claim 1 wherein the nanowires have an average

diameter of 50nm or less.

4.  The method as claimed in claim 1 wherein the nanowires have a composition

including cobalt and iron (CoFe).

5.  The method as claimed in claim 4 wherein the nanowires have a composition of

Co,Fe,, where x is 45-55, y 1s 45-55.

6.  The method as claimed in any one of the preceding claims wherein providing the

nanowires comprises embedding the nanowires in a matrix to form a nanowire array.
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di ameter of 50nmor l|ess. 15 4. The nethod as cl ai ned
in claiml wherein the nanowi res have a conposition

i ncludi ng cobalt and iron (CoFe). 5. The nethod as
claimed in claim4 wherein the nanow res have a
conposition of 20 CQ Fey, where x is 45-55, y is
45-55. 6. The nethod as clainmgg in any one of the
preceding clainms wherein providing the nanow res
conpri ses enbedding the nanowires in a matrix to form
a nanowire array. 15 7. The nethod as clained in
¢claim6 wherein the matrix is an anodi sed al um ni um
dxi de DeApgtoday Glaignedan S{am‘rﬁé”fﬁé?lﬂél?f 1Ratrix| 15 AR aRpdised aluminium
claim7 wherein enbeddi ng the nanow res conpri ses
@xidst (Add@pwetrii ng a conposition into a plurality of
pores in the matrix. 9. The nethod as clained in claim
8 wherein el ectrodepositing conprises: sputtering one
side of the AAOmatrix with a | ayer of

&, eClheGRdthdd £&sMslHel Y Blaint @ WERE&R 'eﬁlbedcﬂﬂ? the nanowires comprises
el ectroplating CoFe in the nanopores of The AAO matri x

gﬁ{cﬂgd&os{?‘ngga' c%glp@ Fin 1@5 %?pi&r?]%gﬂ%%e? T B2y

ver um-c Ior erence
electrode a pure platinumw re anode and an
el ectrol yte solution conprising around 0.6 nol/L of
boric acid (B(OH)3), around 0.125 nol/L of cobalt
Sul phathe m c}m@i 1B glaim Bgvkegein electrodepositing comprises:

sputtering one side of the AAO matrix with a layer of electrically-conductive
material, and

electroplating CoFe in the nanopores of the AAO matrix using a rotating disk
electrode system having a silver potassium chloride (Ag-KCl) reference electrode, a
pure platinum wire anode and an electrolyte solution comprising around 0.6 mol/L of
boric acid (B(OH)3), around 0.125 mol/L of cobalt sulphate (CoSO4.7H,0) and around

0.095 mol/L of ferrous sulphate (FeSO4.H,O).

10. The method as claimed in any one of claims 1-9 wherein the nanowires have an

average diameter of between 40nm and 60nm.

11. The method as claimed in claim 10 wherein the nanowires have an average

diameter of 50nm.

12.  The method as claimed in any one of claims 1 to 11 wherein annealing comprises

applying an elevated temperature of between 100°C and 500°C to the nanowires.



10

15

20

15 0.095 nol/L of ferrous sul phate (FeSO4. H20). 10.
The nmethod as clainmed in any one of clains 1-9 wherein
t he nanowi res have an average dianeter of between
40nm and 60nm 20 11. The nethod as clainmed in claim

10 wherein the nanow res have an average dianeter of
50nm 12. The nethod as claingg in any one of clains 1
to 11 wherein annealing conprises applying an

el evated tenperature of between 100C and 500C to the
nanowi res. 16 13. The nethod as clained inclaim1l12
wherein the el eyate tmmmat 14. The o
et hdde rt]*a SFEMER I plping he W Vfte@de@wrmé? i3Q0°C.
anneal i ng conprises 5 applylng an elevated tenperature
for a duration between 1 hour and 5 hours to the

nanow res. 15. The nmethod as clained in claim 14
Wher dihe nidisoddisrcddimed in sny2oreafretaimi Q td @2 wheeeimetideating8omprises
claimed in any one of claims 1 to 15 wherein annealing
fapply R an SQRARMI tSRPeraRiPt ¥ir ragiuadho%lb%me%q Ecﬁﬂﬁﬁ‘d 3HBLR tb the
a relative vacuum 17. The nethod as clained in any
? \§e30|a'”5 | to 16 wherein applying a magnetic

el conprises applying a magnetic field having a
density of between IT and 2T. 15 18. The nethod as
clainmed in claim17 wherein the density is IT. 19. The

nmet hod as clained in_any one of clains 1. to 18 wherein
rmmdhe method as claimed in claim 14 wherein the duration is 2 hours.

16. The method as claimed in any one of claims 1 to 15 wherein annealing further

comprises applying an elevated temperature in a relative vacuum.

17. The method as claimed in any one of claims 1 to 16 wherein applying a magnetic

field comprises applying a magnetic field having a density of between 1T and 2T.
18.  The method as claimed in claim 17 wherein the density is 1T.

19. The method as claimed in any one of claims 1 to 18 wherein remnant

magnetisation (B,) of the nanowires is improved after magnetic annealing.

20. The method as claimed in claim 19 wherein the B, of the nanowires after magnetic

annealing is between 1% and 25% higher than the B, before magnetic annealing.
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magneti sation (Be) of the nanowres is inproved after
magneti c annealing. 20 20. The nethod as clained in
claim 19 wherein the B, of the nanowires after
magneti ¢ annealing is between 1% and 25% hi gher than
the Br before magnetic annealing. 17 21. The nethod
as clainmed in claim20 wherein,the B, of the nanow res
after magnetic annealing is between 1% and 5% hi gher

t he e etig.a neal The neth

217 e e P 20 e £ hetate I B of Sio iRy ne fgnagnetic
after. magnetic 5 anneallng is at | east 3% hi gher than
eReeang pebdveehbigriediote higherhimie Breforpmagraticsanealing.
claimed in any one of clainms 19 to 22 wherein the Br

Is measured parallel to the Iongitudinal axis of the

nanowi res. 10 24. The nethod as clained in any one of

QRai Mhe ndtho@a aMdifregimclaippll § whgrein the@)eff tie nahb®irds after magnetic
conprises applying a magnetic field at the sanme tinme

AAn@HNG 3 AtNast k\% mgﬁe\ma&ﬁﬁe B Qéforeﬁnxggﬂ@maﬁh m

conprising a plurality of nanow res bricate
accordance wth the nethod as clainmed in any one of
the preceding clainms. 15 26. A magnetic film

nprising an arr.a e al | y-anpeal ed. nan res
AT TR i s vt e iRm0 3 2 BbEteipe i easured
arranPed substantially parallel to each other along
waedlel odhglongitndiag! aa;élcs‘p thogenpwireshe magnetic film as
claimed in claim?26 wherein the nanowi res have an
aver age

24. The method as claimed in any one of claims 1 to 23 wherein applying a magnetic

field comprises applying a magnetic field at the same time as annealing the nanowires.

25. A magnetic film comprising a plurality of nanowires fabricated in accordance

with the method as claimed in any one of the preceding claims.

26. A magnetic film comprising an array of magnetically-annealed nanowires having
an average diameter of 60nm or less and being arranged substantially parallel to each

other along their longitudinal axis.

27. The magnetic film as claimed in claim 26 wherein the nanowires have an average

diameter of 55nm or less.

28. The magnetic film as claimed in claim 25 wherein the nanowires have an average

diameter of 50nm or less.
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di anmeter of 55nmor |ess. 28. The magnetic film as
claimed in claim?25 wherein the nanow res have an
average dianeter of 50nmor less. 18 29. The
magnetic filmas clainmed in claim26 wherein the
nanow res have a ferroelectric conposition including
cobalt and iron (CoFe). 5 30. ;Jhe magnetic filmas
clainmed in claim29 wherein the nanow res have a
conposition of CorFey, where x is 45-55, y is 45-55,
31. The magnetic filmas clainmed in any one of clains
26 to 30 further conprising a matrix in which the
A9noWihe srpgagtic Blpavielaignediip ckpm 2pHhereigdle panopiiteprhaye a
clainmed in claim31 wherein the matrix is an anodi sed
déruodlevtricT@npatéionAAndimg tcobalt aiBBironlfGoFepgnetic fil m as
clainmed in any one of clains 26 to 32 wherein the
nanowi res 15 have an average di aneter of between 40nm
and 60nm 34. The nmagnetic filmas clainmed in claim 33

Woer ging nidife®V R #c1FntiEh aith 293P Rin the nanowires have a

composition of Co,Fe,, where x is 45-55, y is 45-55.

31. The magnetic film as claimed in any one of claims 26 to 30 further comprising a

matrix in which the nanowires are embedded.

32. The magnetic film as claimed in claim 31 wherein the matrix is an anodised

aluminium oxide (AAQO) matrix.

33. The magnetic film as claimed in any one of claims 26 to 32 wherein the nanowires

have an average diameter of between 40nm and 60nm.

34. The magnetic film as claimed in claim 33 wherein the average diameter is 50nm.



