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1 MAGNETI CALLY- ANNEALED NANOW RES AND METHODS OF.

FABRI CATI NG THE SAVE 5 FI ELD OF THE | NVENTI ON Thé
present invention relates to magnetically-anne

nanowi res and nethods of fabricating the sanemlllmmmlmlm"|m|||||||||
particular, but not exclusively, the present _inventipg.
relates to nagnetic filns fornmed with

magnet i cal | ¥€anneal ed nanowi res and nethods of 10

f abrVMAGNEYIE€AL LOGANNBAGEERNANO YARES-AND/METHODS OF

typi cal nmagnet pro : ' ' in a
particul ar vol une \g} spa@%mﬁyﬁér%%{ﬂ 15to

traditional bul k nagnets, thin magnetic filns are
being used in mcrodevices in which a magnetic field
is required vvithi n a confined space (m croneter range)
FIRLD bﬁﬂ? ﬂ?ﬁﬂanl sm of the devices. Recently,
magnetic films in e formof magnetic nanow res have
been devel oped as a 20 pernmanent magnetic filmfor
such applications. The nanowi res may be provided in an

rr farm and be enbed d|n matri x. An exanp
Ths pRsssRt IRSRORR Fa %é%@a%awiﬂ anmsled rs@np‘glrase%@rme@adﬁ ot
an article entitled 'Effect of Magnetic Field
fariveting thy seymen IiCparfrwlhr, Ratmotiexelusivbly, Blkprésentdnvertion relates to
whi ch was published in Volune 42 of the |EEE
nlagantsafitmhofosmed with gmegneticall yZmnealed 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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It is an object of the present invention to either
provi de nanowires with inproved hard nmagnetic
properties, or at |least provide the public with a
useful choice. SUMVARY OF THE I NVENTION 5 |In general
terns, in a first aspect, the2present invention
relates to a nmethod of magnetically annealing

nanay\bjes of Wel grestit dveritedoQitBefirevide hadiiiresarith B sroved hard
ThIS may have the advantage that a substantia

tic P&, bx”at ﬁ%%déﬁﬂé‘gﬁﬁln%%mw uédfi) cHitle! N9

IS av0| 10 I'n general ternms, 1n a second
[ ndependent aspect t he present invention relates to
magnet i cal | y-anneal ed nanowires, with an average

' t f s.. . This may have the advantage
ghgﬁa@ﬁgy%EﬁﬁgﬁfhﬁgB%@ﬁKgﬁtion (Br) is inproved. 15 In
a first specific expression of the invention, there is
provi ded a nethod conprising: providing a plurality
of nanowires, with an average di aneter of 60nmor |ess

bngenbmil tegms an adirgtedpeatitbt arasemlibvwenpian adlates tat omethol of
ot her along their |ongitudinal axis, annealing the

AR CEIRS anrRABIN @RS, WithBE BRirhge dibubi@r b6nm 8r less. This may
alrgned with the longitudinal axis of the nanow res

Rlvel thaadvaRAkE ik b ¥bubiidAf ARG 2i b 'S 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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20 In a second specific expression of the invention,

there is provided a nagnetic 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 used3herein, the terns
“conprising' and 'conprises' nean consisting at | east

in part of, that is to say, when interpreting

statenments in this specification and clains that

AB6bdddRrdiRl AR telBE FRmpriithgf GAd YWoRsrREETRERC c@ﬁ’smtnlﬁ@ at least in part

terns in each statenent all need to be 5 present

O Nk i &)astag)a\gﬁerf: %&r@eﬁgéggte e‘ﬁ'?septthlg -gggcﬂ%a?%ﬁ Tha cltahrrés that

|nVent I on orconsi's

el enent referred to or |nd| te
fagfug thost, bz et ares Rt Bud tgmR} ins3rh Satemsal @l?nee% to be
and any or all conbinations of any two or nore said
prasans butegtherdeatyres car dge be Eesetind where 10 specific
i ntegers are nentioned herein which have known
equi valents in the art to which this invention
rel ates, such known equival ents are deened to be
The presk fivedltidieney Alsabe saifl braudly iodsonkisyinghé par®y, Elements and
BRI EF DESCRI PTION OF THE FI GURES 15 Exanpl e
RARPAI RS 10'bf IndRQi¥d k‘ﬁ@thréeﬁe&ﬁPaqri)nvvrxrdwaﬁl@r&r&;ﬁeéﬁely, and any

the acconpanying figures in

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 epplied 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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Figure 1 is an exanpl e graph of magnetisation (M
versus applied magnetic field (H. 20 Figure 2 is a
flomchart 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 with the longitudinal axis of the
array of Figure 3. 5 Figure 4B is a perspective vie
Iigureifeh isaparinentveayiew pf amagaghie ficldahatys aligned vdth the longltudmal
nanowi res fromFigure 4A. Figure 5 is an inage of a
dxinofl the afraypafBiguiress wi th an average di aneter of about
350- 400nm 10 Figure 6 is an inmage of nanowires wth
an average di aneter of around 65-70nm enbedded in a
matrix. Figure 7 is an inmage of a single nanowire with

ﬁ%ul%véﬁf RS RIBIEFieW of AP arrNoR maé&tlgdlguirﬁlegleﬂ S

M H curve of nanowires wth an average di aneter of

aroun Figure 9 is an MH curve of
Ihanﬁovlr\ﬁggglvmﬁ%ﬁ&amﬁqaverage di anet er of around 65-70nm

20 Figure 10 is an MH curve of nanowires with an
aver age di aneter of around 45-50nm

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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5 DETAI LED DESCRI PTI ON OF EXAVPLE EMBCDI MENTS The
performance of a magnet can be assessed by a
hysteresis curve. An exanple 5 hysteresis curve for a
plurality of nanowires shown in Figure 1, neasured
parallel to the longitudinal axis of the nanow res.
Two magnetic characteristics fhat can be extracted
fromthe curve are coercivity (He) and rennant
magnetisation (Br). A high He indicates that the
magnet will not be demagnetised easily. A high Br
DE‘i"ACIEfE?ﬁDES@m'PT'Im@tF EXAMPLE BMBOBIMENTS be
del i verabl e by the sane vol unme of nagnet. Hence, a
hi gh 10 performance permanent magnet shoul d ideally
have a high He and high Br. The applicant has

denti.fied that both and Br ., of netic nanQw res
s A A ot e oe O RHPSHS Cupgpan sxemBls

and post-fabrication processin As used herein, the
hysteesinegrfor ealyplitrniaanewires ol inFigie f omeasyesd pasallel to the
refers to 15 nanow res that have been anneal ed at

loegittdipa axisaif the nanowires. pFesenagnené clamacagystice that can be extracted
magnetic field that is aligned with the |ongitudina
RahshoturlerenaBRNifyE,) Sidichiahymagtttisationl (B;). MBRAH Sindicates
annealing' in relation to nanowires refers to the

ya I
PREBESRGIL RLL 00 K68t RSt BRak it g

S U By S YU B0 B SR S5
e e”?ﬁ%%%a&%e@oﬁ'gha%’lfy % ahfgndds e T
nanomnres have an

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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average dianeter of 60nmor |ess and are arranged
substantially parallel to each other along their

| ongi tudinal axis. In step 24, the nanowires are
annealed. In step 26, a 6 nagnetic field is applied
to the nanowires, aligned with the |ongitudinal axis
of the nanowires, at |least partially during
anneal i ng. The nanowi res are conposed of an all oy
magrletidfinlg is afelied tatite nanowireCalighed Wish tleedangiedind azis of the
conposition of CoXFey, where x is 45-55, y is 45-55.
fanb®ires; @RAS iphitANy diF)g Bendafiggl 1 ncorporating, for
exanpl e, one or nore o? iron, nickel, cobalt and
silicon, depending on the requirenents of the
application. Providing the nanow res 22 may be

LDl d by depasiting th - o e 10
BRI PR giet A SRR st e (Dose), topxamle
RN o oo BTt A E00. R aEt o, OPRECABIggs may be used

dianmeter may be |ess than 55nmor |ess than 50nm For
inperpenating, fohexagiplerone or maye oleirere nigkeh cobrdt Bimiticon, depending on
bet ween 45-50nm |In one enbodi nent, the nanow res have

tha raupaemagats oflthemppbcatioh. 50nm | n anot her enbodi nent,

there is no significant portion (e.g. greater 15 than

5% of nanow res having a di aneter above 60nm In the

| atter enbodi ment, the nanowi res may be provided as a

Isrlépﬁl?xjg RE néhdvAtdoh rgé)l?)%@e’inf iler?%gg%% \ﬁlgp(;rsgﬁ%et.f{@}é%&eb@ﬁﬁes Wthin

aver age di aneter out

nanow r es, .3 have a cylindrical shape w.th I gh

Bt Pt Bmifef piboitie A B3ps Searin ik da i

| ateral dianmeter. This may provide the nanowires 30 .
Wlpwlrgﬁgefyg an average diameter léss 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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ani sotropy, which, in turn, provides better nmagnetic
properties (e.g. high coercivity). Wth such
properties, the nanowires 30 can be used as a

per manent magnet or magnetic filmw th a nmagnetic
axi s along the longitudinal axis of the nanow res,
shown generally wth referenZe nuneral 34. 7 The
matrix 32 is, for exanple, an anodi sed al um ni um oxi de
(AAO) matrix. By using an AAO matrix, the nanow res
may be formed cost-effectively using an

'Pllleexﬁﬁﬁﬁ%qg,sfb{ Fm%%ﬁ%ﬁdisgfﬁlumw&&?e (‘(?{])ﬁ(g : L. By using

nanow res shou a 5 conposition o -1ron

N and.the matrix i n Q natt.i t he nanow res
b, pedaapBii B i At ColifelliokgSaRER e} ue
of the AAOwith an_electrically-_ conductive materi al
¢lectyndgnosifionpreesss: Fogipstangey Whetpthe narowiges shoyeheys 2 k
gold layer may be sputtered. Alternatively, silver or
eorgesitios of cebaleiros Kol asand 4be mafrixcisrap de@ shatiipth¢ panowires
carried out using a rotating disk electrode systemvia
may bt vieotosiepbdditpdibyriirstopuaérindSonesstde dthp AtAS siithran electrically-
chloride (Ag/KCl) is used as the reference el ectrode
WHdL&vR iRAtERalRb PrIVALTA sebll 1B ek SFOISIRGtaASe, h RO0BAMEIEK g layer may
exanpl e conposition of the electrolyte solution for

?ée%p‘ﬁ]h&%&l %tlf.eﬁgitigglgresiw f E{ éebp&).gfecc%% 68 usdd ihagadg‘"}\ﬁ)ectrodeposition is

ate' is given’in Ta ectroplatin

condi tions of I ren ensi.t nd agitation ed. a .
RO v GBthe roflph 8 AR g Syrditn s Ediergrap ISR, sitver
overal | plati glg area i nclusive of the anodi sed .
ROtRsSIU cpage xe/BE1}H s gsehas the ipferenee elesieadewhile agpse platinum
0.53 A/cnR. El ectrochem cal Bath Conposition

Qun cewsed as theranpdo FAR example composition of the electrolyte solution for
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 Alem?.

Electrochemical Bath Composition Concentration (CoFe)
B(OH); 0.6 mol/L
CoS0,4.7H,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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B(OH)3 0.6 nmol /L CoSO4. 7H20 0. 125 nol /L FeSO4. H20
0.095 nol/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 3.7 Table 1. Summary of
El ectrol yte Conposition & El e roplating Conditions
During el ectropl ating using the above-specified

par aneR£h Temperaturdanowi res woul d 5 o Gh freRiPetaige
bottom of the pores (i.e. fromthe seed |ayer) and

al ong Nzﬂ@rafﬁﬁtﬁ s of the pores of {he AAO matrix. As
aresult, arra of CoFe nanowires woul d be

fabri 22 Aok
matri x. Usi ng t hi s process nanow res of di fferent

di aneters can be fabricated by controlling the size of

t heTplleds Summanyeof KAvtralytei Gompositine &a Bldciroplatingy€ onditions
found that as-deposited nanowires exhibit a relatively
low H, which stens froma | ow degree of

crystallinity, high internal stress and defects in the

Dufih@sletteslatig @ing the amrecweeleﬁ%d ﬁIﬁrﬂe’f@% QT el diBowres would
t he nanowi res are anneal ed,

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 500°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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is aformof thermal treatnment to effect changes i.n
the mcrostructure of materials. 15 Annealing the
nanow res 24 may be inplenented by exposing the array
36 to a relative vacuumand at a tenperature of

bet ween 100C and 500C. For instance, the nanow res
may be anneal ed at a tenperat @ e of 500C. Also, the
anneal i ng process nay be carried out for between 1
hour and 5 hours. For instance, the nanowi res nmay be
anneal ed for a 20 duration of 2 hours. D fferent

{Aﬁmﬁfg'ﬂ‘é Mﬁgnéiﬁ%e@@ﬁﬁﬂﬁ%e\{ﬁg%%yas RBoWR ?r?l; fsgﬂg% £RATRE applied

osSe descri bed above, “and One or nore cyc
nneal i e _carfr.i ut .dependi on the
BB P o i P Bbinup SRR QT By 40. The
lying a magnetic field 26 be i npl ement ed as
@‘?} 1cafly-gnsg 63 DAROWIFRR4 deg%y argahyEt ingigpeg 4B. 4la the form

aligned with the | ongitudinal axis of the nanow res
gowiythe matggfaitias Apenremoved felpwing anealing a8l appigaticdof the
are shown in Figure 4B. In the form5 shown, the

magnétic f&dd. hisanteematieabored thohdnowirey maghaat bew aiginally
application of the mnagnetic field. In an alternative

proRided tWitholedhe\WdtAR, ifBvhifiavRe BRENI s Yol HAAR It Yem Vel ipfsiflice the
without the matrix, in which case there is no matri x

B A el e RIS s RoTiour 4B e 4. 10

netic nanow r es
The magnetic field applied to the nanowires may have a
density of between IT and 2T. For instance, the

netic, fj éd y have a density of IT. As with the
EE sa?twrfﬁ ﬁlapql%éa? gﬁ sRowires M3k hrysiydensHy of beyeey 1§and 2T.
the magnetic field nmay be changed to suit specific
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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needs or desires. A change in any of the above
paraneters may affect the structure and nmagnetic
properties of the nanowires, and so the paraneters nay
be altered to suit the 15 eventual application of the
nanowi res. Typically the magnetic field is applied at
the sane time as annealing tHe nanowires. The
application of the magnetic field starts when the

tha g aftemmagned c asseabihg iay, bechethv &mdis Yodndr 5t Yochi ghen crekwesg 1% and
process ends. Depending on the application the start
sndfiger, Rt Rbstt 36 hihet tHaA R OIS bdfhR MRERAL hfnealihg! d
may be at different"tines to the start and/or end of
annealing, as long as the 20 application of the
magnetic field is applied at |least partially during

nneal i ng. The anneal | f na Lres.with an average .
BT attisaton. sBGuamare UDR fosc i Bk Bt uite L Seriment
above ma revent. any substantial deterioration of
prishifrangsul %MFP%‘HPP%“C’(TBW“@II& dpsegibgs e tieienperinrerd apy example
after magneti c annealing nay be inproved. For
parameterseind Bfe notressaBtialaf t er nagneti c anneal i ng may be
between 1 % and 25 % hi gher, between 1% and 5%
hi gher, or at |east 3% hi gher than the val ue before
magneti ¢ anneal ing. For clarification, an exanple wl|

Reeegsdrinkad thek Afehityp&f FI e HahOwREs RiRBIffFER diarmeters,
and its results. The conhditions and materials

. . ™ . ] . N
BER6L 536 oty GE76KRER: TSR0pR! R BIMsilAhe TR deposition

di fferent. types. of .CoEe.nangwires with. different ) ;
Hosrs cercibed RaTiery TG TN Amster PO L ATS SIGGhfRspectively in
were grown using the el ectrodeposition 10 process

the seanningelecdyon; rarcrostppric (P ENVY inpges iif Finmires S, \4- ridgure 6 shows

are shown respectively in
a regular pattern of uniformly distributed nanowires embedded in an AAO matrix, while

D,

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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t he scanning el ectron mcroscopic (SEM inmages of
Figures 5, 6 and 7. Figure 6 shows a regular pattern
of uniformy distributed nanow res enbedded in an AAO
matrix, while Figure 5 and 7 show nanowi res that have
been renoved fromthe AAO matrix. Renoval, in the
experiment, was done by wet-cHen cal -etching the
nanowi re array in 15 sodi um hydroxi de sol uti on havi ng

®agadtivehyistedsisonasaheabivel o a diredtich Farfltsl & thafnafdwires, before and
el ectrodeposition of the nanowires. One batch of each

- a .

SR e ORI SRRt i

:[I)la C? elc{ ép?ll&gtgur In%g% geﬁg%%nr}ggglﬁlgﬁgg l%)e e%?ég:t%led in ?able2
neall appli.cation of a netlcfleld hat

beew and g 'ﬂnl%hx#‘@ %%P‘F%‘Fﬁg?w%%? kiggres8ifg 10. The term

nanow res. _The density of the magnetic field was 1 T.

mormall’ in 1elationde annealedan iTablears farator anmgaling thatris garvigd guhiwithout

envi ronnent at 500C for 2 hours. 11 Magnhetic

imysdpplieastion ofasnagreticifield. in a direction parallel to the

nanow res, before and after annealing, for all four

bat ches (350-400nm 65-70nm 45-50nm and 45-50nm wi th

magnetic field appl icati on) The resul ting rmgnetl c

PRERE, { g ADRCAPLe) ?%?P%p%ﬁ’f’éaﬁnéshg%”.vn T TEeee o
0. Th | d
F5(am5 r cpardtion, are&Fng s () car fhdbChur  He (<00

wit hout any application of a magnetic field Sanple

25(h400 i ng Memesle Anreling Aft@F Anneal i hd 0.4
65-70 Normal 6.58 1.9 7.77 23
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-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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Size (nm Condition Br (kG H, (kCe) 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-D anmeter Nanowires 10 As can be
observed in Table 2 and Figurgs 8-10, the H, of the
as-deposited nanowires wth an average di aneter of

BID 42043 Hat Smb @i prpeytiesait Sndy ¥ bellefi €185 1R tHeHAROWRes with

by nuch after normal annealing. A higher H was

SRASUSHe Epéndttg%@l?e g@BgﬁAﬁ%ﬁéﬂHngp Q%‘ﬁgaﬁﬁﬁw th an

aver age |arreter m an was further

i mproved after 15 normal annealing. A still higher H,

was neasured for the as-deposited nanowires with an
average dianmeter of 45-50nm and that H was al so

The rerBlfs prisblssetlsashasy theshaage indhiafisr anmgaling Hos nanowires with
therefore evident that coercivity (He) of the

iR geakiametgr indh¢ rapee 0E350-4Q0me of GHi7Agni the Ba smpreivesafter

to have an average di aneter of 60nmor |ess. Since a
horgtal ddnealihg. Fordianawirss With dnrmerage diampeted petheir&sge dfi45-50nm,
may be beneficial to formthe nanowires with such a

HoweRE Ghe Blfhal detbHblald r&%ngﬂ;é&‘t’l? afiBendifabP¥nRAREGA Hfd}ﬂnng from

The results in Table 2 show t he change in
628 & GNh

ARG BRAG) T cdh OSBRI e e é%r“’?ﬁiva%g&%ﬁ“y gpnealed
naq}%wues %avmg 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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normal annealing. For nanowires with an average

di aneter 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 be
contrasted with the results of magnetically-anneal ed
nanowi res having a simlar dildneter. As can be seen in
Table 2 and in Figure 10, the 10 magnetical | y-anneal ed

HRRE WakRAreTRBted ChfiRE i1 ARhes HR Aéthed eRBHdin dht frii?talso apply to
may have an inproved Br, for exan‘pl e I ncreasing from

around 3. 2% .
ﬁ%széﬁ%q“ggr\l/@dﬁ%%ﬁtt&é?ﬁ | cat e ter| oration in Br of
nanowi res having an average 15 di aneter of 60nm or
| ess, can be avoi ded during annealing. Any such

reyention_in _Br deteri oratl on woul d i nprove the
%Bq toregoins describgs examplary @abediments, Wbb@hn%ﬂ will be understood by those
applications in magnetic mcrodevices as a thin
slalledoimghe antaschd subjdct t mBvsyatiationher madidiganaenstin design,
relating to a nmethod above, there is also disclosed an
2éhseuttiodi oreperation afithogt depaming dfondtheakope of the present invention as
magnet i cal | y-anneal ed nanowires. A schematic of the

Shfnded. Wor bi WRild the HHIRAT GEbJIRRBNY Ha8 DebSdSBAVEY With reference
Fi gure 4B and was described briefly earlier in this

@gs\?@ sith 68 LhPid ofiSinR&leh Hafy or&%eg%qﬂé%ﬁ‘éc{ fridy b8 nf fiél St that the

aver age |ams er o nm or S an

e B Pl e FREE SRR drg %Espﬁhs 2o

the features and properties 13 of the nanow res noted
eedifiedsuchthaiadditions! steps aErisdeatio Suehisaintivantioninstanee gre
apply to this enbodinent relating to the array of
mderaled teebe covered by the scope of the present invention as claimed.



10

15

20

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 invention as cl ained.
For exanple, while the nethod4enbodi nent has been
described with reference to steps to be carried out
CnA®Msertain order, the nmethod nay be nodified such
that the steps are carried out in a different order,
where appropriate. Also, the nethod may be 10 nodified
such that addi tional steps carried out. Such

var i K ng 6forslnstance are intended to be covered
%y t 81 pe SR S%e present invention as clained. 14

CLAIMS 1., A netho S|n rovidin ur al i

of nandevidang ‘?/\P]Pf?q g&" a@gd@ﬁﬁlﬁ 6PB‘¥‘ rless
5 and bei ng arranged substantlally araIIeI to each
wdrhsingarsnged sibstentighyparalial #apacaﬂther alongfheir langitudigal axis,
nanowi res, and applying a magnetic field that is

al i gnemnmblirtgmhaaﬂlcnvigéstartd nal axis of the nanow res

at least partially during annealing. 10 2. The nethod

as cl aigpeng B ntdgaktie fieldhied @d dlignee withnvidrgRudiavleaxaof the
average dianeter of 55nmor less. 3. The nethod as

ﬁn@mgat'lgas?hgﬂtml}d}mlg%ﬁhﬁaﬁ > nanow res have an

average dianetero nm or €ss.

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 is 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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15 4. The nmethod as clainmed in claim1l wherein the
nanowi res have a conposition including cobalt and
iron (CoFe). 5. The nethod as clainmed in claim4
wherei n the nanow res have a conposition of 20 CoFey,
where x is 45-55, y is 45-55. 6. The nethod as cl ai ned
in any one of the precedi ng clains wherein providing
the nanowi res conprises enbedding the nanowires in a
matrix to forma nanowire array. 15 7. The nethod as
claimed in claim6 wherein the matrix is an anodi sed

Al UNTHYE MBtho @44 BRI AVIR)CIAFRLE Wwhereth fhe nidkEx IRAREdRSd aluminium
claimed in claim?7 wherein enbeddi ng the nanow res

ctrodepositing a conposition into a
%ﬁurg*$?i oﬁhgores in the matrix. 9. The nethod as
clained in clai m8 wherein el ectrodepositing

conprises: sputtering one side of the AAO matrix with

a |layer of electrlcall¥ conductive 10 material, and

%1 ecthemethod ag clasmed nflaime’ whstsioeraledsing the napqwirgstGoprises
using a rotating disk electrode system having a
&lédtrodepritingss campasiticorinthea Plgpl o) pores artbe omtrix.

el ectrode, a pure platinumw re anode and an

el ectrolyte solution conprising around 0.6 nol /L of

boric acid (B(OH)3), around 0.125 nol/L of cobalt

sul phahemeHISR4 cialiREd 1nadmn138 Wﬁfélﬂ-ae&r&ﬁﬁom& LorRprises:

ferrous sul phate (FeS04
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,0).

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.
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10. The nmethod as clained in any one of clains 1-9
wherein the nanowi res have an average di aneter of

bet ween 40nm and 60nm 20 11. The nethod as clainmed in
cl ai m 10 wherein the nanow res have an average

di ameter of 50nm 12. The nethod as clainmed in any one
of clainse 1 to 11 wherein annéal i ng conpri ses

appl yi ng an el evated tenperature of between 100C and
500C to the nanowires. 16 13. The nethod as cl ai ned
in claim12 wherein the el evated tenperature is 500C
i ﬂ‘@m@ﬁbﬁ‘ﬁf’cﬁﬁn&l‘ il TR ﬂf‘wﬁ&lﬁn‘m@el@(/atg& ?e' T rmgf% 460°cC.
wher el n anneal i ng conprises 5 applying an el ate
tenperature for a duration between 1 hour and 5 hours
to the nanowires. 15. The nmethod as clained in claim

erein the dur on is 2_.hours, 1 The nmet hod
& T8 Rethonas Qﬁyn%da 2B oBe & ABIMS | i R WhiriuATgea ing Comprises
anneal i ng further conprises applylng an el evat ed
apnkyeg an glexated tempegatune fora durationbetyeen Theungndphows to the
clainmed in any one of clains 1 to 16 wherein applying
samomgrest i ¢ field conprises applying a magnetic field
having a density of between IT and 2T. 15 18. The
method as clained in claim17 wherein the density is
IT. 19. The nethod as clainmed in any one of clains 1

19 19n0befiel s LRy cl gflﬁévhér@ﬁl' {88 afe3fidn F’sfzn g&ﬁs.

nanow res 1S | nprove magnet1 ¢ annea

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 (By) 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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20 20. The nmethod as clained in claim19 wherein the
Br of the nanowires after magnetic annealing is

bet ween 1% and 25% hi gher than the Br before magnetic
annealing. 17 21. The nethod as clained in claim?20
wherein the Br of the nanowires after magnetic
annealing is between 1 % and 5% hi gher than the Br
bef ore magnetic annealing. 22. The nethod as cl ai ned
2In cTied meth8d whelbigned ihkRiailr200khdrbia thaBpwl the aafwifds after magnetic
magnetic 5 annealing is at |east 3% hi gher than the
BheR et BetROANEYI £nd3¥ dheP than A% B HGoBhARR i @8nnealing.
clained in any one of clains 19 to 22 wherein the Br
is neasured parallel to the |ongitudinal axis of the
nanowi res. 10 24. The nethod as clained in any one of

ai 1 to, 23 wherein, applyi a netic field .
£t estiehdn 5 ciriiee GinHaRE Whete BB o he napgiresiaer magnetic
as anneal ing the nanowires. 25. A magnetic film
awapingis ayleast gluhigher thap the By hsfare epepelisranagealg. i n
accordance wth the nethod as clainmed in any one of
the .preceding clains. 15 26. A magnetic film
conprising an array of magnetically-anneal ed nanow res

Imvi Tige méthod ¥e tlatedinami® ofté oDElaRENTD @r2) Whéreinnte Beisifeasured
arranged substantially parallel to each other along

BdRid1 1d HRYbigRIAl 8% bBthe MAndifiresThe Magnetic film as
clained in claim26 wherein the nanowi res have an

average dianeter of 55nmor |ess.

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.



28. The magnetic filmas clainmed in claim25 wherein

t he nanowi res have an average dianeter of 50nm or

|l ess. 18 29. The magnetic filmas clainmed in claim 26
wherein the nanowi res have a ferroelectric
conposition including cobalt and iron (CoFe). 5 30.
The magnetic filmas claimed 8 cl ai m 29 wherein the
nanow res have a conposition of CoFey, where xis
45-55, y is 45-55. 31. The magnetic filmas clained in
any one of clainms 26 to 30 further conprising a

TR I'The th b‘Hl‘mtaQ%la'i‘xﬁE’d)iM dlﬁ?n% hereeddednovifesItve ihe
magnetic filmas claimed in claim31 wherein the

Ergd n i S m (AAO matri x.
%T%.o elfﬁgcfé@% 8§ﬁ§g%qcﬁl%lrégs,(:°%?]t qn&lur Ogryqbgﬁi) one of clains
26 to 32 wherein the nanowires 15 have an average
di anet er of between 40nm and 60nm 34. The magnetic

filmas clainmed in claim33 wherein the average
M. arEheapnagnetis dilm as claimed in claim 29 wherein 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 (AAO) 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.



