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BACKGROUND OF THE I NVENTION 1. Field of the Invention This invention is
directed to nagnetic material 5 structures, nethods for na%‘?&% tic
material structures and devices nade frommagnetic material structures. 2.
Description of the Prior Art As the hone, office, transportation system
busi ness 10 place and factory beconme nore automated and el ectronically
connected, and as el ectronic devices and appliances such as conputers,
comuni cati on devices, wreless conmunication devices, electronic ganes,
entertai nment systens, personal data assistants, transportation vehicles,
manuf act uri ng 1SMéo@tdic Mehepal otlrsetard, Feniceapiid ¥atlegisbecane. nore

sophi sticated there is, andextdckRoh®, cmrEevVBWERTIONEasi ng demand for hi gher
performance and LowsCostne!l @GEAQRLC Circuits, sensors, transducers, data

storage systens apd ;0f ngomgnﬁg QQeyé q‘ggne\@g_bq&tggpgloy magnetic thin film

20 materials. In order etltlvelnthe

mar ket pl dceS“HEEW Sy o‘ﬁe’l‘fg‘?ds gﬁ]érm ﬂ?nmagfﬁfg’fc gt?lnaﬁ Strﬁer"’f or i ng,

unobt rusi ve a#fideviagsl Fage ?”é’g‘s‘“agéﬁb’éhg‘?%l?héﬁr‘fcﬁé‘rﬁ -evi ous. Hence there
are ever i ngreadewgipemanes thoPriechnt cal i nprovenents in the 25
materials and structure of these devices. For all of these applications the

magnetic materi ahs HAS ndke,| MREQMED PALOFIRNGE dfscbhe vuRgRNALI C properties
can be hgtt ac%oglxlicf %L@oqydygaomg &A}@ &%asgéacgh@mlezmn&aﬁl i ar

properties, i ch are sonetines ¢ dered né)aﬁgllntrlnsm 0 magnetic

properties, &PE°fH s%lf PRITISR-ITR %e i Zati 0 S 2°

magnet ocrysta?“}PPFl%rsanl‘?B‘E‘%ﬁ?t‘é’ﬁerdﬁifl?f@ns|""t'“y79 e@SnscPﬁ‘Pﬁr’éc?Ué’Bal |y denoted by
" a subscri pt edeceynizdeytrofie sapennicnteShimeghetytenn SSEFGPY energy is that
the nagnetidsda ossswetdrishaveasspprefwon edetiialest | eapuict@8indi rections, of

orientatihgn. :diat ishopt N&BBEr G¥a0f hdnlde afM$4QH8sI Spébchk NBhordhen the
magnet i zat i OQ?%@Q%%@@'%% %O%dc%ﬁﬁl Qedlér?Céx}eQD&crIQ&%s directions are

referred to demané. ig eIrC peear Ny anc{ fow cosq:.ag&eecltron:%r d axes 25
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. gircuits, sensors, transducers, data storage systems and
other magnetic devices which employ magnetiec thin £ilm
20 materials. In order for these devices to remain
. competitive in the market place each product generation
must be higher performing, unobtrusive and, usually, Lleas
expensive than the previous. Hence there are ever
increasing demands for technical dimprovements in the

25 materials and structure of these devices.

For all of these applications the magnetic material
has an improved performance if the magnetic properties can
be better controlled during the construction. Two familiar
properties, which are sometimes considered to be intrinsic

30 magnetic properties, are the saturation magnetization, Ms,
and the magnetocrystalline anisotropy energy density
constants (usually denoted by a subscripted K symbol). The
wmeaning of wmagnetic anisotropy energy is that the
magnetization would have a preferred direction, or

35 directions, of orientation. That is, the energy of the

' system is minimal when the magnetization vector points
along certain directions. These directions are referred to
as the rﬁagnetic eagsy axes while the magnetic hard axes




coincide with magnetic orientations where the energy is maxim zed.
However, it should be noted that the magnetic anisotropy is not actually
an intrinsic property in the sense that the materials ar e5cowesh?dPnot
made perfectly. 5 Neverthel ess, good performance in device applications is
al nost al ways dependent upon there being a single preferred nmagnetic
orientation or anisotropy direction and so in the manufacturing process
one strives to achieve a desired uniaxial anisotropy. An objective of the
present invention 10 is to provide new nechani sns for controlling the
magnet ocrystal l i ne ani sotropy of thin magnetic filnms. By doing so the

per f or mance efingideostithl ragnegiet dxiedasioes whexe &hyi s19588difo be i nproved.
I n general tdexiaikesiot rpyevenerigyshald feumotedrthef thee maddetdei ent ati on of
the magneti zaliie@h-opgChor n¥ tectifiSpech taAns iRppRySimalkhaxi s. Here, we

define a "un e%!eaéhat 2 %&Em&xst& ébmonlyfnémaaénﬁe%éaﬂy energy density

function onl I_ns cLing maxcrmgn a ev &S l:.%at : ILNE frum as t he
magnet i zati o es?) Sop Sted by 18 i’ﬁ de ¢es Troma physical axis.
Li kewi se we %i’é‘PF’hé‘ Yy FEI%%‘F‘EMUHP%&FE?IE SRSt r Y e REF O % exist if the
ener gy equatmmetmgr’eﬁﬂtytﬂamsm2@@?0@0%(ﬁéze@aieépﬁﬁdéﬁc’él tRaterials and
devi ce processupgethoigc hhrevessa desistetvesr | tentathiiere oz desirsdtropy i s
commonl y di fdieuldl anthososmt.i Al oHiBRASSi & ehe 2rpenthapsedrasause heretof ore

the mechapi syp f g a%b&\ﬁ.\ééngne@n'négﬂanghac Ofarent:aﬁexemm@s Rat been wel |
-under st ood Furt

orm cont of t Lientati of the
nmagneti c am’%at?fl?%‘”pﬁyftal?ﬂe f s?ﬁrf’%l trothm ﬁla%HEth EQ %m% ainin a
manuf act ur i nPipe gicesle \Rﬁﬁ‘?%mﬁ'éﬁ?y"ﬁlaﬂf“ésr eﬁf gﬁgﬁeé%ﬁ S8t &FFTal properties
'must be obtezivAetpnediteube dieersly. Background for Oriented Soft Magnetic
Films 35 : | n nmagneeheradevhiec esisdtorpye xaequyeis sudhnatsosedsGhs, transdugers,
transf or RBr SorieMHIGERI S tié OR@hetlizielidh vhbibe weaHCeBb&at @bSa recordi ng
nedi a keeper‘_:’sm,egat}ﬁ1 LECOr ding. andHei:g ayhaclgkransducens$aitikie S conmon t hat

the rmgnetl ¢ 25 AUQL*:O exlsé %ng%nseaélgo&oggrl nggg'gjl gv.lzrgs:.ppssess hi gh
sensitivity "‘é\r‘ﬁﬁ Pl
function only contalns a single maximum and a single,

minimum as the magnetization angle, g, is rotated by 180
20 degrees from a physical axis. Likewise we define an “ideal
" uniaxial” anisotropy enexgy to exist if the energy equation
has only a sin®(g) or cos®(g)dependence. Materials and
device processing to achieve a desired orientation ox
anisotropy ils commonly difficult and sometimes impossible,
25 perhaps because heretofore the mechanism for achieving
anisotropic orientation has not been well understood.
Furthermore, uniform control of the orientation of the
magnetic anisotropy is often difficult to achieve and
maintain in a manufacturing process where many different
30 desired material praperties ‘must be obtained
simultaneously.

Background for Oriented Soft Magnetic Films

35 T In wmagnetic devices, for example, such as sensors,
transducers, transformers, inductors, signal wmixers, flux
concentrators, recording media keepers, data recording and
playback transducers it is common that the magnetic




the sane tine, low coercivity (Hc). O stated sinply, the nmaterial
possesses essentially non-hysteretic behavior. For this type of ger%avi or
the device is constructed so that 5 the applied field is d?lsséﬁg‘b“ﬂ A ong t he
hard nagnetic axis of a uniaxial magnetic material. This results in the

m ni m zation of coercivity and hysteric effects, which are nany tines
associated with magnetic domain wall notion of naterialsthat are

mul ti-axial. For. exanple, a material, 10 which has bi-axial anisotropy,
will have two easy and two hard nagnetic axes and will exhibit hystersis
and losses. in many of these applications a |linear, or near |inear
response i s aksponad\tant agdvuy, fididl posisasothlier sappltizdty end at such as si gnal
M xers, a CoBhé Qahettinan-loNeiclETPONES .i Solsraasi siuplyo Rt ain a |inear
nmagnetic response. r gdiddsess beddcapnkying -gyddeeld al eigvide magnetic hard

o oot ooy s A0bE Ul BRLLENCEAY G0N % %i‘gggﬁcwd nat.gn! y be
3

uni axi al , ative , Cos 2 (())

dependencé \t,“p,%,a@plr,eg Fheeldahﬁldér?%tngu??d@b Ehé'cma feti zation
vector direcPfon HAiPHiAR prapettal PaFeriget er RtifeFefuifetic ¥48sy axis. Since
there is themimatiberieti calcoexddnity pnd shvstio) )effﬁgsmi@(l(é)% and s.ince
the origin hint hen@ekgycibbaT ti@n hagnatdd dpadinl yaliefdonesh tdfe use of sin2

(0) or _COS2,Li})adegbd wwﬁkﬁmxlwysr&alex%épt@h%wﬁteriﬂem[1) of Figure
| illustrgtes, Ihehg.gtﬁr a1 SLBOL , ADISALIORYoCORhOU-ianSI Ly curve shape

versus the ect W|th ect_to t he easy

a%]?d g |on Lh T espec
axi s | ocat edP&® FBFYAE ?’ﬁeésan w@ e’ﬁu th d’%’ts'ﬁeﬁ e8 e ~°Fe&ponse of the
conponent s antWYnﬁné?‘?%eatﬁpéhmaMms dhd-par 30PTad 3% f 4t on of applied f
ield, H Hrespoatorig dlve madtamwemhaleaxn stley eppliortisas . The | i near
curve Ki nks Bidty a8t sighhE ci@édd, b 2donsheYiedt fien-MhgHaet ragbhen dsecones

saturat edg Ofesifildl | Y3l biiaed Wi iihdaRe mapmlch@drddpahsh, RRGuikiss speci al
uni axi al ani sotr Qg%lyﬁﬁé% Q%%raio% él‘%e Qg&%ué‘% %k@sva@lhuaxa% of Hk al ong

the x direction, ﬁ sg}oglopxot i el '[)hese response
curves are sOffet iFETPRE e FPEEYL o oS ?sté’?@m 8 | 5%ps "Bven though they
exhibit no 3udiExpalgudut 2068 Hysler siage $impie qmeteéhalpewe@tw?e si n2(0)

energy funct| l:cgsn(e) dependence, where, 9. ig the angle measured between
20 the magnetization wvector direction and the physically
determined magnetic easy axis. 8ince there is the
mathematical identity, sin?{p)= 1- cos®(g), and since the

- origin in the energy function is arbitrarily defined the

use of sin?(g) or -cos®(p) yield eguivalent physical

25 behavior. Item [1} of Figure 1 illustrates the squared
' sinusoidal anisotropy energy de;nsity curve shape versus the
angle of the magnetization wvector with respect to the easy

axis located at =zero degrees. Figure 2 illustrates the
response of the components of the magnetization, My and My,

30 as a function of applied field, Hx = Ha, along the hard
magnetic axis dirvection, x. The linear curve kinks only at

- the point [2] where the magnetization becomes saturated,‘ or
fully aligned with the applied field. For this special
uniaxial anisotropy this occurs at the applied field value

35 of Hy along the x direction, which is known as 'the
anigotropy field.  These re-sponse curves are sometimes
referred to as hysteresis loops ‘even though they exhibit no




that causes the response, M, along the hard axis to be Ilinear and to be
fully reversible. ML is the response in the y direction to' a I|ed
field in the x direction. 5 The curve shape shown is quadr%ﬁt ‘ég“lsbf 0éppl i ed
field magnitudes |less than Hk, where My is zero for larger nagnitude
fields. The quadratic behavior is necessary for |inear M since Ms2 =

M 2+My2, where M is the total, constant, saturation nagnetization vector
magnitude. if 10 the anisotropy energy is uniaxial, but is not governed by
the, ideal, sin2(g) functional formthen the magnetic response is not

| i near. Ho.wever, heretofore, the applicant knows of no real material
exanpl es exhhjpddelrsiy.bat hia thenkBageabs etter ginTor vaneagyl funnoienl | near M

versus H  1gnlehaviqr wniatesdaks, axhi Qiénﬁnghé a3 razis‘?)toerﬂﬁr gy density
functional er{“a%f dOftEeQ r&he. r:%@ei bi‘é 'I‘Q&LOP@J ondPhLf arth behavi or

after the farmu uni axi a ne lza lon t heor
9 y.

However, thi A®§iY rfiér‘a?temﬁo %0W39%|feﬁl c)’ﬁ‘al ei?e they m ght
exhibit tfe Tat ne(®p ARt BhAM etfer FRUErGm B aaHPEJE:%ﬁ i f dpasis. Unl ess
t he hard axisaghiredssi oiesis thhe Hanevlmrealy pei rmesoi or alszaepl e and t he
appl i ed dri vingghitiue diéisexartd yuppeald ekhatiort i nhashaaxi®rt hen donmain

wal | notion eaR.comyoRkyden 25 -ohgaiyed.ynibi SuOtE ORnE eSBkd1S i N coercivity
~mechani sns a s QXtSt esragtgfa(élglpetg%el:%%g& 1;@&@01!‘ %@%ebeh%w or of sanples

repr esent ed netizat| rotaring in response

to the appli g‘f‘ifrf’%?f FRFFThaR Biordd or"i’?% Wa go%‘ﬁﬁeﬁm\a/val ¥ not i on.
Mil ti-axis atrkssotidepy. 3@1mfﬂ9)errfm¢rlma\ﬂ,ay‘éorsw’th@h \Hhe Wabhetist i on and .so
suffer | ossesspohde it6 mleSoinsak| kBeWar] hatketdfobe s@ht applécenal thin fil ns,

by’ first applyjngea 4dJ etdial prg-ihe Sasyiaxi &mibfidngt B8BnbY keeping a
constant bi agnfl eld eﬂﬁrlt his' ql__wreecr=l lon, 519 n-32nEl n],lna;,gr%leo flegree domain

wal |l s, one can Torce a material to appear to singl e domain as
the har d 18xi 8H8&*% hen dr| ven Hence,- because of this bias field, Ho = Hy,
in 4 25-August 2B&Eridle easyilixizmg dithect #0¥i (d)he eapydyi cdehgityof any finite
H. functional form are o&ften referred te as having Stoner-
‘ Wohlfarth behavior after the famous ideal uniaxial single
domaln magnetization theory. However, thin films are
20 commonly multi-domain even though they might exhibit the
sin®(g) functional energy form on a localized basis.
Unless the hard axis direction is the same at all poinkts in
a sample and the applied driving field is exactly parallel
to the hard axis then domain wall motion can commonly be
25 observed. This motion results in coercivity mechanismg and
hysteretic energy losses. The lossless behavior of samples
represented by Figure 2 is due to the magnetization
rotating in response to the applied field rather than a
response via domain wall motion. Multi-axis anisotropy
30 materials always switch wvia wall motion and so suffer
losses.
It is also weil known that, for soft uniaxial thin
films, by first applying a field along the easy axis, and
then by keeping a constant bias field in this directiom, to
35 eliminate 180 degree domain walls, one can foxce all of the
material to appear to be single domain as the haxd axis is
then driven. Hence, because of this bias field, Hy = Hy, in




field along the hard axis can never quite drive the nmagnetization vector
conpletely to the energy nmaxi num (3] and the response wl ]l always be
reversible and so lossless. 5 This is not the case for matZr August H%n

mul tiple ani sotropy axes. For uniaxial materials the rotati-onal response
is key to many sensor devices and it is comon in various fornms of

magnet oresi stive sensors to provide a bias field along the easy axis -by
ei ther applying a small field or by exchange 10 coupling the magnetic -
sensor material to a hard magnetic naterial that has been so oriented to
provide an effective bias field. For some sensor applications, such as
anti-theft tHevéasgsaxghdiispedioal thd epptmgcéomiofi mgy cFidbaetEdevi ces, 15
soft, | ow | os$eldregioeti cher bper taxds ape deshr edasiteuld-émeotisl y wWith a
speci fi ¢ NONuhint@efadi8s PARESr ddiplddiafecanpll €Mdg@NGaxi® (M1l ving field has
historical lygnande MRSLALOFNLYyayB86N 04 d8¢H K0 130 QR0 AR1648Y axis or in
the di regtion, ofistnh% L}gé/\%gé magneti g anis, hro‘-{i seneray. mlrcp 20 this

di rection magnesti & Honaih Weld 1-°hotion i € ‘Ustal y PSi gnrti cant. This domain

wal | notion EHTTORPY WERHRL SERTR IS T FYF3hoPRAL FeRrEfedfotide or even in
strong hyst etetiagy sshoyidsricegerndailh i@nceumehefn varioup cfarmg 9fvei | | ance,
article 25 magnritbfdsdativensaisornivienpesvwideontriet fieldceElengethe upon

det ecting haes®niagisignakenerWbbilyins & gearr aterh by b &chagpe- | i near

exanpl o5, ot **%"ft@% e e e e bed 1 1 U S
X : | y, urvei ribed in US.
Pat ent No. 38?'_?,1"'}_ ,%@B%B‘Fh?‘%& ?%eor(%]gn'feggs;¥cr’e%rﬁgh€eeaﬁaegftjg té{g"‘ebeen di scl osed
as enabling RAR Pt bits of information to identify objects in U S.

Pat ent No. 5, 538F803sanherenagrt appeleadondeviusds af eMdse®Riipon t he

magnet oel ast.devicetf eatd aspbciE hellzictednip e sbnisngc e ireinier eleydess. i ng exi st 35
bet ween tiae gm@net izat i arsand hiipepBehapidpatbeiskr aidtei N deBeregmat erial . An

example, of LOLS LyREAf #:2Y laS oGbSGi0S80h 1 Mnedt FeshalsRNt Na. 4,510,489. In
these |ater g vices it .S fi% Lrable to driyve %Qseto@gaqtq_%[zq}dl on towards a
hard axis so Au%f’us? %5% that FOt at i On o? T he nMRAgNetT z iion doni nat es
and 'lnagnetiEpSt commonly, been directed along an easy axis or in the
direction of the lowest magnetic anisotropy energy. In
20 this direction wagnetic domain wall motion is usually
significant. This domain wall motion commonly results in a
highly non-linear response or even in strong hysteretic
behavior.
Certain anti-theft, article surveillance, article
28 identification or inventory control devices rely upon
detecting harmonic signals, which are generated by this
non-linear behavior or upon materials being driven in to
saturation. One of many examples, of this type of
surveillance system and tag is described in U.S. Patent No.
30 3,747,086. This type of tag response has alsc been
discloged as& enabling multiple bits of information to
identify objects in U. S. Patent No. 5,538,803 Other
article tag devices are based upon the magnetoelastic
effect and wmechanical rescnance, where coupling exist
35 Dbetween the magnetization and the mechanical strain in the
material. An example, of this type of tag is disclosed in
U.S. Patent No. 4,510,489. In these later devices it is
desirable to drive the magnetlzation towards a hard axis so




hysteretic | osses are minimzed. By using this node, and by using the
field to drive the device at its nechanical resonance fr nc
significant anounts of energy can be 5 stored in the devi %ﬁ&%ﬁ&%‘?“ww
after the drive field has been renoved the nechanical vibration continues,
the magnetoel astic properties are then used to invert the process to
transmt a nagnetic field as the nechanical stress causes the .
magneti zati on vector direction to. 10 rotationally oscillate synchronously
wi th the nmechanical vibration. This tine dependent” magnetic dipole
radiates a magnetic field at the distinct resonance frequency, which can
be detected terbyepFatiophes tthg Se®wrstadhet. CoWhTaber afnd ARERYHEFopy i s needed
in such a dewyrwertigcadbsmeecard oinilzkdssdy. ube thbid lvedemgmeét oel asti c
coupl i ng bet wpemihferndTEehBNiIteakirSier @8hdé) dRbcd e MAgNRIdheni@OENt Ori entati on
the fundamepial,.fe tﬂ}_@qtf@xepaﬂ%%@kid’aﬁ§0%@sf6@%9&9’_d:a'il_ pgnitted as an
oscillating TAGREtLE HIPALRL! € fancOWRUEN seddf chSHOLaKI, ani sotTopy |
[ non

. e%h (
non-i deal ~and Tesults -1 1. hear ,restg,onse t hen 3:3 arnoni cs woul d

n t
al so be avaPtadieer 6?‘“°€f§$e S SRPH e FrEdefte °B¥-"RU% 1 Vi8%signal . Thi's
i s advant ageBigpeteplestiter erRavecReer KO8R 262 | BB &nveFat &PPal s from which
to-form suchpeecgewi te bemere: 4. tkemnetie fisldnad ogheri meshawicetuit devices a
non-linear g2&:ekeSpPtses | Sheeshdond:i b t wecisepanhteetsdnusei dal signal s
are si milihangush dhah iPosad 105k2 HARhINEM1yCiwies Endandcanicg@nponent a
mul tiplicati on.RLOGESSES U sbflBeRPRLLE 10" o1 e SR Slopal s. Thi's

results in additl onal at | um an erencq(-‘iﬁ requenci es of

rnonj cs
the initial SFgFats 8 Fﬁn(‘fg‘? PRETGT GPREEFSH C6MEYed™ i a nodul at ed
carrier fretRieheydeimial WarveBEYsithe (a8’ Foskissante-f r FgiRMiey. Typically
this i s doneatigottiplt ishece@ddrimt suat cardepiing tbamdmateh g a hi gher
carrier  fisequenrey. banaw it the( Meghd-asliadn)c Ofouplinyg Behesdnnfc@emat i on carryi ng
bandwi dt h 35;&ingRala1036k::dOXME ttBe andRRo HohedtOGat &EaBES tner nearer to,
zero fr equeng%dfa‘%nt%rmépl atd Oﬂech-gg‘féﬁ techpigues pfuefiLpaygncy shifting
are Commn to t € Ecomr}ilm G %a%n ana neiligngi o?é Of%.%%&.l ngim?fgv%rl n many other
si gnal proceSYtHE" 6528 AFGLs-2H0 5= P y
if the uniaxial anisotropy is non-ideal and results in a
20 non-linear response then the harmonics would also be
- avallable for detection in the presence of a drive signal.
This is advantageous, but there have never been availlable
materials from which to- form such a device before.
Likewise, in analog mixer circuit devices a non-linear
25 response is desired. When two separate sinusoidal signals
are simultaneously imposed on a nonlinear circuit device
component a multiplication process results in a beating of
the two signals. This results in additional harmonice at
the sum and difference frequencies of the initial signals.
30 Hentge, the information contained in a modulated carrier
frequency signal can be shifted to a beat £requency.
Typically this is done to shift the information carrying
bandwidth to a higher carrier frequency bandwidth
{modulation} or bring the information carrying bandwidth
35 signal back down to a bandwidth located near, or nearer to,
. zero frequency for demodulation. These techniques of
frequency shifting are common to telecommunication and
signal process‘ing and in many other signal processing

6




applications. The non-linear circuit response, circuit conponents, and
circuit inplenentation used to perform these signal m xi roc s are
described in many electrical engineering circuit text boogg e@§ npl e
texts 5 are "El ectronic Comuni cations. Techni ques” by P. K. . Young and
"Physics of Sem conductor Devicesy by S. M Sze. Ideally the non-linear
device used to mx the signals is' efficient, lowloss, and | ow noi se.

Usual ly non-linear silicon active devices are used for this. In the past
when 10 magnetic devices were used for this application domain wall notion
caused both | osses to the signal and induced noise. A magnetic materi al

wi th non-|i meRLieadpomseThatorpétaescingyll ofrFraee magietisat i on rotation
rat her than dompdomaen awdl kit t odmplsmentaridesieabl &2 PerfPyr nost al |
transducer aMissensghaiappitingt i eR8esaMdi Cive I @gutiribed OWh aniagpt ropy val ues in
order to pr Oéaiegeurﬂcai 1§£é1§h§ iVbdMe thepruse OofuLulinpiersextal line materials

are  compn.  ougyer. .y ia“&lﬁ&taaﬁﬁeefef&hguggwya”'ﬁe yo¥gmeL ry of cubic

materials, achi eyl n er den3| ty, which

opy. e
is al nost al¥ys = g’e‘i’?tl méc%rﬁtugf?ﬁ ng=t &% d é¥réd ow'1°05s, | ow noi se,
magnetic prioisaty éde per-dirsercAeYiceTHRR tor “'f-ﬁl‘iﬂ% stotabemiferial s are
comonl y enpitdyeikntFolowexaspl eanfarhpwdavizes, Gushlvasondbingast or age pl ayback
transducer s gsinitdeladeiveansduveerse 2dedcoomanly. ohi the @adacdenabnt ered cubi c,

fcc, thifgfidagheticydtBlcks RRr&BLeE | @Rh-StniShosidcdtivseadmaieniadl s be prepared
with a (001), %;e(,ftcalllfw%oéﬁwée% EDeANLA0LE O EREIAN ndie 3 functi on of

"angle in th easgra%nd hard axes in

the film pl aphé“a eélg ﬂ:eﬁléowﬁ%kh nﬁ?n%&?a’érﬁ?s:ﬁonsfaelf’eﬁ cPHagneti ¢ response
resul ting iy ﬁ@?’s%’%ﬁ @'ﬁﬁ‘r-estlzi%ﬁ%emt&t(ﬂri11)""‘:33?’3/5'11’&}‘I PhedtExture is -
desired, wherdlinctdem ipevarat drsdpalileal |y shown for the case .of the-
magnet i zasi on bedsigneanbinedadsdutdre afhd Ebhsdexplrieat jnaneshithat due to the
crystal l'ine fdnp fi1okdasydonetyy Wlivadd iherREd] @ctieiidf faige (111)
crystall'i ne é&zgfﬁ S tj.h'at QI.SL hgf CJI:!:L c%m.etli:{ehgnaggpiaq_s”@t:g“ al wll
possess no net rst order anisotropy en rgyfcl nsi Vel for only
noder at e sa‘iﬂ‘?‘%ﬁlon}f?gﬁgt’lzﬁlo%tﬁlngf cfhemi)”l |zat|on|s7
~ symmetry of cublc materials, ach:.ev:.ng a single ax:.s of
20 anisotropy energy density, which is almost always essential
" to obtaining the desired low loss,.low noise, magnetic
properties, is difficult. Thin, or thick, film materials
are commonly employed. For example many devices, such as
data storage playback transducers or field transducers,
. 25 commonly utilize face c¢éntered cubie, £co, thin £film
crystalline materials. Should these materials be prepared '
with a (001) crystalline texture the anisotropy energy., as
a function of angle in the film plane is bi-axial, has '
multiple easy and hard axes in the film plane yielding a
30 non-linear and hysteretic magnetic response resulting in
noisy signals. Hence, & {1l1l} crystalline texture is
~ desired, where it can be mathematically shown for the case
of the magnetization being confined to the (111) texture
plane, that due to the crystalline three fold symmetry of
35 the projection of the {111} crystalline directions into the
film plane, the cubic material will possess no net first
order anisotropy energy density. Even for only moderate
saturation magnetization thin films, the magnetization is




25 August 2005 essentially confined to . the film plane by the

demagneti zation forces associated wwth the planar film s pﬁ. To, hi eve a
single uniaxial anisotropy in a cubic 5 material with (1% PR %P?’@ t he
material - is usually subjected to a thermal treatnent, or is deposited
directly, in the presence of an' applied nmagnetic field. The resulting
single magnetic easy axis is aligned along the applied nagnetic field,
while the hard axis is 10 perpendicular to this applied field. Furthernore
the M versus H response function is a linear response. Wile the
mechani sm for the cause of this induced magnetic_ anisotropy is not well
under st ood i E5FRtEFEn FoFERedt hde - dbeat FHE pati=cor & i ndinechani sm
occurs to breskegnhizabiay nfretcey efsqdietedi reichi oie indarde £8M) pl ane for
each grain ehagehe material. That is, on a |local scale inside each grain,
pairs of atons a&bgacrﬁleoggatafngaephhﬁqlai el so€htbplyN@nt he cdgRosi tion, or the

anneal i Ng ;pr gee33.1 t guLeduasy, the RENLLC rﬁat%walengggxmugﬁ@erest' ngly,

annealing in rlentat

alter this
Mduced ani SVIFS fﬁ £ e ety ey sli g fal gl sl ter thie
mechani sm i sl?e\FB? siPprEencet 9fs Hb| pRRALED t I‘Fﬁ?"-ettl’rf’s Eipdtal i Z8¢ ordering
al l ows fcc nmuenitis sdngle avordtdcNe®mey axi$ oy, aljererhldloypy te have a snal |
i nduced uni azp@lie@5 amirebid OpFielNhgnebile t kha f kkrd boakisceniser ed cubi c,
bcc, or jRcCpdghyaliiye @t efisalappl sacFiase FerurbRGRorEethe gnd  similar

conposi tions,, el e cfy applk i,Q0s....heca the required
(111) crystal: ]?s%g i_gtgu er}g‘%e\(gmﬁ&:LéengS gag %lar@frf%%e g3| ty%ﬁeof t he bcc

symetric cr Tt 5 | °RAerSt 5647t A flu Gri"Rg"ThS growth of thin
netal films E’é’rsP'é“FcfPYt e tRfe Bt SPHStOP’ dehd PFRPIEBFT tMAflese .are driven
by the m ni nkzasighcopasnr prdeeinnerepraninh wgrEackS bbreindgheonsi der ati ons
and are modi fynedely surdrac@irembohs tin igwudsiiwglehe c&or beackonmewhat

control | ed byraid5Scsuhst hateiand pracessi kg §0osbali eafe eRsigsi nple rule of

thumb is thaladg-bid Moaud age engr qxlg,é > aibill zelpihien Eaq atom c surface |
~configuration I.s tegDOSl | osel y or afcs:t%r)és& the atonms in

I 10 B e annealln rocess
the surface afe ?mr]'{ n g
the magnetlc fleld energy. Interestingly, annealing in a

20 field of different orientation can often alter this induced
" anisotropy direction demonstrating that the orientation
inducing mechanism is reversible. It ig believed that this
localized ordering allows fcc materials such as the NiFe
alloys, permalloy, tc have a small induced uniaxial
25 anisotropy. Magnetic thin film body centered cubic, beg,
or bee derivative materials, such as Fe, FeCo, FelAl, and‘
similar compositions, are seldom used in such applications
because the requifed {111) crystalline texture never
develops during deposition of the bce symmetric crystals.
30 It is well understood that during the growth of thin
metal films certain texture orientations tend to appear.
These are driven by the minimization of surface energy and
surface bonding considerations and are modified by surface
mobility issues, which c¢an be somewhat controlled by
.35 gubstrate and processing conditions. One simple rule of
thumb is that the £ilm surface energy is minimized when the
atomic surface coﬁfiguration is the most closely packed.
For a fecc crystal the atoms in the surface are most closely




25 August 2005 packed in the (111) plane and so this texture is t he nost
likely. The (001) texture is less energetically likely, 2@ g@@ﬁlble
where as the high surface energy (110) texture never see

the other hand, for a bcc 5 crystal the atom c surface nost closely packed
is the (110) texture and this commonly appears, the (001) texture is the
next | owest energy and is sonetines induced, but the high surface energy
(111) texture never seens to occur. Hence, for fcc crystals we refer to
the (111) texture as being 10 natural where as for the bcc crystal we refer
to the (110) texture as being naturally occurring. If a |ow surface

ener gy subst Patkedi 3n cihgs i) spEaReadnhFoaisp AetisrAet mlthe WWECh tends to wet
to the deposiltkalyg. mates i o) t bexthoe is( 1243 drexpgenigabivd kelyvbcc (110)
texture natubat| ¥s OfsedinreOvnkbe tte Wieh@ighankiabd &haggubstnate is

hon- wet ting, téﬂﬁzlg'ean':'evgg seQis %Z@&ﬁur foﬁC&e\A@a{e@ 1ha, df&oalﬁacng mat eri al

tends to éjond tal t e O%(é(r‘gen a e mos {nea}{l packg& qg‘% Sltl{lozi‘ce mobi lity,

then it is-co I m eal orien eposited filns or at

best a set of‘e’fﬁ"%ﬁoar’tde'k]i"lfr EYWOBYY FRREFEC WPy §°[°él’ tteé‘ﬁ‘&% t8 F8rm only weak
(ill) and (061 lexedh EINH F@dtWeSWlﬁ?%/§Pé‘chdenH§ ttef et only weak
(110) and (Oedyfatexdnsgres. (1EDY temgHret nevecubtamscty Steghyt n&endelhi n fil m grains
with (110) Okof Ofkk) chpadautewd hetrer afe thaulilipl eeensy es baimd axes in the
filmplang ohathig: GNALE.- a2 2ok tnaUHL ERRLaDaEAVSALR6 1IN 2i8) has™ a random
in-plane orientation ﬂﬁﬁlné‘t hé’t%rSﬁ o;ﬂgrrrg;l?l NS¢ ti‘%«:‘% ggl__yag ystalline

magnetlc rraterla S I es ral ns I"gri tlple random
e

ani sot r opy . aReF Y TRERYTAEL e’rsl a"‘lhg‘5 I ol WSﬁplfouﬁeg? sponse, as wel |
as, high coereichi togndy) B strti &Pedbon dapopidisgs mafrriabi s&e Héfice, bcc or bee
der| vat.i ve nmilEni edssuretdnd hthel pass (140 wesps-uge owtwialiy (CE0¥. Opr (001)

texture, mretselodnsn used forindesiveette Dy nbiiwetrtimasemht &e ahi gh saturation

nmagnet i zat i ogxMakiie QIerse.c wHEBL ethdl &phama nhangelN abeedndsnayai l able to the
device 35 dgslones Hy3BES Al Ris2YR! % PUBERL Yaldns BOLLOkeeONe need only
consult the %ﬁ aut éﬁl’lt Lve text, 3%@ gch) Ferronmagneti sm 2d
Edi ti on" by PRaFunf ; “PEgR 2 §8° Bh FThet et 7y "Mnduced
ani-sot r opy the depos:.ted films or at best a set of mixed textufes.
20 The fecec crystal tends to form only weak {111} and
‘ {001) textures while the becc crystal tends teo form only weak
" {110} and (001} textures. For magnetic cubic crystalline
~thin film grains with (110) or (001) texture there are
multiple easy or hard axes in the film plane of the grain.
25 In addition, because each grain has a . random in-plane
orientation relative to other grains, these polycrystalline
magnetic materials result in an ensemble of grains with
multiple, random, anisotropy axes. These materials yield
both a non-linear response, as well as, high coercivity
30 associated with loases and noise. Hence, becc or bce
derivative materials, which almost always grow with (110)
or (001) texture, are seldom used for devices. For this
reason the ‘high saturation wagnetization wvalue of bee
materials have largely been unavailable to the device
35 designer who wishes to avoid domain wall motion.
' One need only consult the very authoritative text,
"Physics of Ferromagnetism, 2™ Edition” by Soshin
Chikazumi, pages 299-309, on thermally induced anisotropy




9 25 August 2005 of permalloy to see that the degree of understandi ng of
the cause of uniaxial anisotropy in cubic materials is p {ﬁ{ ssor
Chi kazum _details the literature on the subject and note t‘%‘%ﬁu é) t heory
attenpts to explain this 5 "phenonena in ternms of "directional order,"” or
an ani sotxopic distribution of different atomc pairs such as N-Ni,
Fe-Fe, or Ni-Fe." The logic is that the.atomc spacing between the N -Fe
pair is snmaller than the other possible pairs and so a lattice distortion
resul-ts fromthe 10 atomi c pairing. A magneto-crystalline uniaxi al

ani sotropy is then proposed to result fromthe magneto-elastic energy
associ at ed weEhrerRel¥str EEAFErattte cdesdpe tdr widsastandied @§s'ére Chi akazum

al so outl i nesassssefondiddiebranisetnghy chn ¢ubip smitagsaired st kedr.or deri ng
occurred by tbherfgeomtdhiRizukd aitatidcihevoltsraswaf oshhenor«desed phase, and

expl ai ns theanandluesg @ﬂé@OEﬁ@p&‘.h@&yt h&treﬁﬁwttef sBape amﬁotropy of the
second ph tri, gl n éh@%‘f?ect%@aeﬂ gg]_, ,,sp riga al, could
generate conslplaeera% e éﬁatp sgﬁggg ray d}rbe poi nt ed out
however, thaf*HS PRSI 84 réﬁutéﬁl %elf 'brat Wg’ é’FT’FFeFuS %*hese theories
has been pr §¥iHed FeSfaperali st f opyhs 51%‘% A€ eEhatctih8l BFoE6ntf or ti ng

expl anat i on, sascinbi Betpkemorendn-Hes pain tie chesbraralbhan ithe etlgargat ed nagnetic
particles SU@bss’iS:ldal&ﬁdré RndBgnetlattde piddoreidraresulas Edhomhage tapes and

bar shapegh pﬁ%ﬁ&'&e,@&nﬁ@gnﬁt:&@é%-kbﬁ%ﬂ.liﬁeuHBQﬁ%IU §nﬁ%§¥op§rx' s is aligned
with the | OQgethe é?o’raggeod‘to FP‘QEi/@rfmmrle m§§n%285e~°1§5 &g %@é
t di pol e-di pol e

illustrates at ,a al_r

i nteractions 7&’58"3%3(1 b"ﬂl‘“tRleeI 3an ]ﬁélé% t qggsﬁtﬁtr ér 'y explain field
i nduced ani st?%’ﬁ?"r Chttezry Atso ﬁEFé‘r’rFP% & Feendgt “Hdbhe comments
"The reasonsithys tpesnedd dibabecrdprérgreprcursechdty diseaiohesttiney lie in the
appr oxi malse easédifet esolohed/ adf Gh8 Guddielit pRsse, aRdd | éxflaidirthe to attain
conpl et e t hes f@lce® s kbbb ﬁ@s e veniReb £58apd BnBRreapTBAlLS el egar di ng the

texture of t terjalst Y et nn g S ffective for,
be IR G§lilaBl S T NAeone TRALK bfasdl SRLENT beEndiDSinag

< > < > "
111 anneal | r!k% J..Cl essco%&éeggzrlle‘égte cons:.%era[ble shapeeasg.n:l.%];LECtI ve fOI‘ 100 .

energy. It should be pointed out however, that no physical
20 evidence supporting either of these theories has been
' provided. .

Shape anisotropy 1is an intellectually comforting
explanation, as this phenomenon is guite observable in
elongated magnetic particles such as used in magnetic

25 particulate data storage tapes and bar shaped permanent
magnets. In these, the magnetic easy axis 1s aligned with
the longer dimension. However, while Professor Chiakazumi
illustrates that a rather complex pailr ordering model with
dipole-dipole interactions proposed by Neel can be used to

30 qualitatively explain field induced anisotropy, there is no

' quantitative agreement and he comments “The reasons why

guantitative agreement is not obtained may Ilie in the
approximate estimates of wvarious quantities and in failure

to attain complete thermal equilibrium.” Nevertheless, he

35 comments regarding the texture of the materials that
“magnetic annealing is wmost effective for, <1ll> annealing,
less effective for <110>, and least effective for <100>.”

~ In this statement he is zreferring to the parallel

10



In this statenent he is referring to the parallel 10 25 August 2005
orientation of the applied field and the crystalline di r?%ts/&onst?dbrsi ng the
anneal i ng process. Very recently a publication; "Soft H g AtRrati on
Magneti zati on (Feo.7C00.3) 7.-XNN Thin Filns For Inductive Wite 5 Heads,"
| EEE Transacti ons On Magnetics, Vol. 36, No. 5, Septenber 2000, by N X
Sun and S. X. Wang, clained to achieve orientation of the bcc like °
material during deposition in an applied nmagnetic field. The publication
appears to indicate that the Nitrogen content was 10 necessary, i nduced
strain into the filnms, and created a small grain structure as it shifted
t he angl e of erifffatisroastfenthe ewrRdied16teld r ayd dithe r SEXSGALP€ak. They al so
i ndi cat ed t hdiretigisganfingatite ameabidy pfogssecond crystalline magnetic
phase, Fe4N, appeatedrddantiie { igumBiciSolp Cuckaziigh saggesism perhaps this
ani sotropy bg O atliSn AU, ,ddp . . N&, ShERI M 1RE BhaP&ueti-Rakfi@rdering
associ at eq Wt NeresGONCLR0ASE. chl vhndedLer SRl NG ! OdI0te that they

[

obtained "this ofjentation on an oxi diz (10 tcei]_)étur'e ‘substrate and

by the appli CERIE™R 5138 ards t hé- FéoRPE110)* 1 %P EPE™2D Reak. They went
on to indi caperieHat BN chf nghehePccretdN f FatFFBR: weBR-"Bwo per mal | oy
filns the hadepcaxiin doerpti sprlyed owadetie ddeidadiad, pbhiticetiop di d not
~indicate or apddaes atry duiddence dHaat the onisddeat | enteht t hasFeCoN film was
i mproved 1Ry deR@sidy, NdnERel BauipenaBd | te HilnfaCng ‘cBedgcanmpari son of
hard axis NysfehSics.lP0RS L0kl 1M PIaRALLd tfh‘é" %ggfé’doé’)" thgut the
pernalloyflzrrslr?%cae lar _anj.sotr |e5{s cessary to saturate
t he magneti z3¥798R° 'Tﬁ%‘% %ﬁ)dxl i c%'?grﬁcﬁg%/nt%e@ per%&?‘fo *Payer did not
i mprove the dtdiERtast i §R2% n & hérfondfieratur 8mowh” Bk gPoufi®®8r  Orientati on
with Hard Magristhblife| mpgmpticshiased TraNnopperteHain ¢h¢ifddufi dd sensing and
ener gy transtoikang deydtes ddrhdpsUsHbd lapis@tuby dedofiior3ds magneti c
"materials, gewWhees SUCRrahpRANChAG: beERHE NG sodREba ABE dper Nnanent nmagnets
demand hi gher ik axial. 201508 1QRYARE" &Y nbik QhdeNnlp BehiLye high
coercivity I-_'Itg.tl‘rj.s orientation on an‘oxidized 8i (100) textured substrate
and by the applicant’s standards the FeCoN (1i10) texture is
20 weak. They went on to indicate that by sandwiching the
' FeCoN film between two permalloy £ilms the hard axis
coercivity could be decreased, but they did not indicate or
offer any evidence that the orientation of the FeCoN film
was improved by depositing upon the permalloy. In fackt, ‘a
25 comparison of hard axis hystersis lecops for films prepared
with and without the permalloy £ilms indicate similar
anisotropy fields necessary to saturate the magnetization.
This would indicate that the permalloy layer did not
improve the orientation in their structure.
30
' Background For Orientation with Hard Magnetic Filma

It should be noted that wunlike field sensing and

energy transforming devices that usually require soft

- 35 magnetic materials, devices such as wmagnetic recording
media and permanent magnets demand higher uniaxial
anisotropy energy in order to achieve high coercivity He,

and a preferred orientation in order to achieve a high

il




and a preferred orientation in order to achieve a high 11 25 August 2005
remmance val ue. For notors or actuators this directly affects the anount
of -work that a device can deliver while for recording nedSaAugusid0éct |y
affects the output signal |evel and signal pulse width, or flux transition
wi dth, 5 and, hence, the recording density. Even in sonme of these hard
magnet applications it is desirable to incorporate soft nagnetic nmaterials
to enhance overall performance. For exanple, perpendicular thin film
recording nedia has |ong been discussed as a future replacenent for 10

| ongi tudinal thin filmedia. However, in order for a recording systemto
function proEE‘MaycﬂV‘T*]slledesﬁpablf“et?lﬁat"r &cswForangia | Ereeklyer | ayer, or
under | ayer, béfgrtacde emounthef oppositbe siddeiad chmalepiypemiileul ar hard
magnetic reger diekdgrdidyehedinomt tditebteig0bdidgshamd culiits sseidl | ayer 15 then
provi des a fhukesr %Hr BipRalNputde fdid¥n CORCEALE A A1 Wi, recording head
fields, ag well ag,.a &e%la%%re %%EDY f%r Et bihh 139 L0 recorded bits

agai nst demagnetl zati1on pﬁ'_ner c# IS, . renove The forner
enabl es rectftf AFIABRIFR' S ﬁ%’?l’(ﬁ LS i Sr *RodPETWPES e edi a 20 and
with better Feoltagreric NtreialRe tParBragsPoPVERdl PApFUWERECSst ability to the
recorded pat fer nscabyleal perpetiiogaratipor tiidn oécorfimaselefiiademegnet i zati on
energy associédged bewht hapehpesadi cidl ara r ool NGepladefehtOngidrudi nal
recordingg @&ft@amitﬂmﬂrﬁtmcmémer %u&&kral 3q bmxow;%rt he 25 stability

of the recorde gﬁ% %PQtSemb)!o H\Qio%gpé P f' sdefmanehizgli.on energy of
the hard - recor 9 }Ul er ore lg F’t magneti c-

under | ayer has*B&eRoFs5 %d‘eFBe% a%{a"ﬂs'atc*irs’f"é ke PSP for either
per pendi cul aFb%r PRAFGFE uditral ofredha ﬁrwdg%&rrrétaﬁéd W“‘B‘Gccont rolled the
ani sotropy oreemtibtyg dayvdrasredieaveddrdbie headof tThimogrdti éayerder | ayers,

W t hout asuntiew prande€@NENG] kethrnamitapt 0Pyt ictwtht fdtor; el tS I n dormi n
wal | i nducedtﬁ@%@omﬂ% &ﬁawﬁe@@aalaa wah! 2 d1oti eﬂuBaiJfJ@HSﬁthphenonena As

the magnetl Eo:r.hes% ?_1.?93 % ﬁeMt@ gﬁ]ﬁ.sﬁtd&nfaégglzgaog 35 shorts out

the stray nedi a I nge s causin Q&tterns in the

sof t magnet i R bt ol-18 |§.€7ng Stkf 0 hre s removed, Then%grmer en

recording heads to functlon with higher coercivity media
20 and with better resolutiocn, while the later provides
improved stability to the recorded patterns by eliminating
a portion of the self-demagnetization energy associlated
with perpendicular recording. . In longitudinal recording
media a soft magnetic layer would also Iimprove the
25 stability of the recorded patterns by reducing the self-
demégnetization enexrgy ‘ of the hard - recording layer.
However, heretofore, no soft wmagnetic underlayer has been
found to be a satisfactory keej)er layer £for either
perpendicular or longitudinal media as no good methed of
30 controlled the anisotropy orientation has been available.
Soft magnetic underlayers, without a uniform and controlled
anisotropy direction, results in domain wall induced media
noise via domain wall motion Barkhausen phenomena. As the
_ magnetic head passes over the media data it effectively
35 shorts out the stray media bit fringe fields causing the
magnetic patterns in the soft magnetic underlayers to relax
to new positions. If there are significatn domain- walls
involved in this process they commonly break loose from

1z




to new positions. If there are significatn domain- walls involved in this
process they commonly break | oose from 12 25 August 2005 I§ |IZte‘$+(l)gl nni ng
def ect s causi ng sudden changes in their nagnetic confi ng e

Bar khausen phenonena causes noise signals to appear in the data playback
head. For either perpendicular or |ongitudinal hard disk recording, 5
where the recorded bit or flux patterns have been wi der across the
recorded track than the bit Iength, the desired anisotropy configuration
for the soft layer is for the hard mnagnetic axis to be along the recorded
track so that the easy axis lies across the track direction. Hence, for a
10 traditi ondbcaiarell diigkingy dedsnte hpapsingpldudden rbengefe i8adipiraxis of the
soft film shesdmdtbe cinfépiredisradi ahis/ Bawkhdugen tftenbesrd gxusesi s directed

ci rcunf erent haldey sihd16€ thNgppeRASYn tes dofa taybLit naBgnetas | ayer of this
configurati Ogltﬂe§ %m%gdp&gage& tlgng,ﬁ@diﬂaql dscpraducedpyidhe flux 15

transitions o t %hhard rgccprblt ma netlzatlon vector of the

n e
soft magneti &Fayer-r by s % Q"tfﬁ%%eﬁns g%vet beex@orlseﬁgeneratl ng

domai n wal | Prﬁciséntli‘es r‘é\’%dﬁ@o‘:”a"%ﬁg‘:m bihll&ﬁ?té’l 5Bt °fitf§fet i ¢ under| ayer
Wi th radial awidobremat fonfigitdtignlfoe the| tafg- Lavandindor ¢dBntadl problem 20
As data stor agmeateaxidensilid edomy ehpusheddddormarkd, so rhgneatiec grai n si zes
have been redusedxi® 1ike exiwBtthdatack hﬂraagafeti cudm@epreedast ate i s near
the therngl giahkldday thcfnélsng n ENED {p0gid udapaknd e&ardi ng stability

and the trans: t| gntLen&E ?fo gu%f!bg g en]:é@eraﬁgl% e??lslgft 25 nmagnetic

under | ayer tO re UCG nSI | on 1zl n cts. Again,
g g

because of dbffaitF*RaPt® nist i BrcgEHe FRTRET e’?“r‘BFgaéﬁFhe N Fi entation of
the soft unee ayiy cashe &xfk meprarie Yroer fi shig (5’°ﬁﬁﬁuﬁ?"z1é’nt he potenti al
for domain wal anobse de@rass| awl ywhearfiisbisr apwd@@dorientts | Buxcontrol can
benefit megnetdrcitape aNdh%- ¥ardadehessaphey«dat enstmagagazsyishens by
providing a keeperos Itﬁxegof\eh@ag%ﬂct ﬂ@yép-g@l?ét'egaﬂl} @Blﬂ%EQtflth rotated by
p| n rotatiogn atr}ld (118 e"‘@raﬁu@t' hswﬂlmmggé Tfyvg% gl nvention,, of
) a g

?L![ 5pteegazg]ce§l?%n ngl i,f%:.ax:l.aer Is%ft magnggfcsegrgdzrlayer W1L19nl éCilnt l'y inproving
orientation will solve a long-standing technical problem.
20 As data storage areal densities are pushed forward,
- magnetic grain sizes have been reduced to the extent that
the magnetic recorded state is near the thermal stability
limit. Hence, even longitudinal recording stability and
the transition length also benefit from the use of a soft
25 mwagnetic underlayer to reduce the bit transition
demagnetizing effects. Again, because of domain wall
motion generates noise the ideal orientation of the soft
underlayer easy axis should be radial to minimize the
potential for domain wall noise. Similarly, anisotropy
30 orientation control can benefit magnetic tape and x-y
addressable data storage systems by providing a keeper
layer wherein the magnetization wvector is rotated by spin
rotation and domain wall wotion is minimized. This
invention, - of oriented soft magneti¢ wmatexrilals, represents

35 a significantly improving future magnetic media.

Background For Hard Magnetic Film Orientation
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Background For Hard Magnetic Film Orientation 13 25 August 2005 Modern hard
di sk longi tudi nal nedia consists of a polycrystalline thi il osed
essentially of uniaxial grains randomy oriented in the sﬁd‘g ug%%gpane.
Pl ayback by averaging the signals fromthe randomy oriented grains 5
results in an isotropic response around the disk radius. This orientation
randommess has been necessary to avoid the tw ce around nodul ation during
di sk rotation of "a non- isotropic nedia. By nmechanically grooving the disk
surface prior to deposition of the thin filmlayers some small 10 anount
of orientation along the circunferential direction is sonetinmes observed.
. However, the ori ¢pdern drerdadisk BRoitwfnehemdrird avpgisdei @fr émanence -al ong
the track topbherysadiate rtenmmene ecanposel dofaorbsiayt hainuiaRizand nore often
typical ly | egsadriapacachipngiasa baerndanieasitadpanel5 Bubsidkat es have been

made sroot heg,, mrg&%atﬁa lsqgnaqu@romt bﬁmsﬁdcm enalhe.dighel, areal

recordi ng 5denS| tlltes:_n L :'_5\1\4;ro e re e aro c{] cgerm V|dt& es in the two
directions i &§%%8tsé &% If Pe‘ferré’a? ¥ he6r i ent atron rati o, OR and

its nmaximm \'7“5%%@‘:}%"331:’5‘15‘ f‘i‘fﬁf"&%ﬁslsyh%?’l H‘F?”af‘e%sf‘ﬁy tRat"o6f, he nmagnetic
remanence ratvise aFpendriquptdbn  thrigghgdek negasioe afaterfes- orientation
has been in dsspups: mkaia.Semenathaypbad1ly dhbblring thddssheentamregued by sone
that it originates fdepsiaisd ightenRr ehes enqe Qbyéhe Lmaxkasaiaf the

hexagonal qcl Qzﬁ&nﬂa%egmehmuo&%%h% ald Q-)i::&&fkk&t@é?”&r%lf)&o@ grooved
direction, it has al so 0 r-.vani.sh if, the disk is

e di
thermal |y cydf S8 Ber6re” Se]f:l‘fe% eposi ti 6 Eﬂe Oﬁletn AF8r "YRS’ niechani cal

groovi ng. ThP§ F]ésft]é?rd Wgﬁ‘?fr’rﬁn(’fﬁmad’ﬁgc‘? ei{ﬂnﬁe(’f PntE¥ie & ditng that the
orient at i onakFadieilgiramdngner cls Fetdaharnal thepr ds3 @tﬂ\/éﬂ%ﬁr@ n30 between the
substrate antydikel¥y | dedaayehs as.1 hendubkstr dteen Sleressimgsesi ated with the
grooves rgl ay@sschki® e hpdh ni&edsmBthgenguahedha Gulhgnddae depositi on.
I'n US Pat ent th:ﬁn%gg &/ 4en%@ nﬁfg(ﬂeft @ealoq‘alcb%%gse&@fsél:l&at ents and
publications ckal m ng {10 reveal Eh% cause of .nedia,35 orientation and then

= rat:l.o
i nvokes st ress sﬁaf alTrhe orient ati on to *Cl ai m a cause
fibﬁ?ctlons J.s also sometlme referred to as the orientation

ratio, OR, and its maximum value is also typically similar
20 to that of the magnetic remanence ratios. The origin of

for orientat

this hard magnetic material orientation has been in dispute
for several years, While it has been argued by some that
it originates from a slight preference of the c-axis of the
hexagonal close packed, hcp, cobalt alloy to lie along the
25  grooved direction, it has also been shown to diminish or-
vanish 4if the disk is thermally cycled before media
deposition, but after the mechanical grooving. This latter
phenomenon has resulted in some arguing that the
orientational origin is due to a thermal stress development
30 Dbetween the substrate and the film layers as the substrate
stress assoclated with the grooves relaxes from the heat
used, or generated, during the deposition. In US Patent
'5,989,674, Marineroc et al. outlimes several patents and
publications claiming to reveal the cause of media
35 orientation and then invokes stress, shape and even
crystalline orieni:_étion to claim a gause for orientation
during the deposition of an hecp c<obalt alloy on a
mechanically grooved substrate, Others had claimed to
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during the deposition of an hcp cobalt alloy on a mnechanically grooved
substrate. O hers had clainmed to 14 25 August 2005 achi ev;ﬁgﬁll 0
orientation ratios by deposition of the media naterials ]ﬁg%b%q &ue
angle to the disk surface. See for exanple, U S. Patent No. 4,776, 938.
Wil e this approach has shown sone effect it has not resulted in a
significantly 5 inproved OR over grooved substrates and the deposition
met hods described are significantly inefficient in the deposition of
‘material. Furthernore, the crystallographic origin of this orientation
effect has also never been clearly stated or proven and it is possible
that it ‘i s dGERRYet PPArtsierRrinngatias BEt%ePC’f”rF"lecl‘fet’Eﬁ "FHi% the patent
descri ption &apeRiBeé? a6f 2y ehtvaRPFAENERNGEsk Fupdrcea  Feeckarol ogy that is
currently usedaigleprinductatent Nieverrvhees fhifle aminhepesseh kdxe ori entation
originates, isholtASoh&CEEREOVEAN Hap & eBEIdeal 8k 4 Osigm@fRkhely 15 recording

for *achi avi ng, hi.ghebrr 6501 U&a!o%@e@ngub%@%ée%r ABORGL | 9e5c!s*i¥.1c§nr ansi tion

| engt hs and be hor tyer%ed %&9 |l Ai¥s ool tci:rellg gllcgé Ite J~ou t-that a greater
degree of thAr& G SAFSETON 15 of BensfTt o Fotdr rd disk data storage
systenms. Li kélﬁi’%sét“?% Oﬁa‘f“'ﬁec‘fh?]at eFF%ﬁr'i‘cﬁﬁ Plog ﬁa}’%ﬁaah%qmp% cul ar nagnetic
particles ar er RS Vehipr cstrnedt sy SitEatt yhafuridrg tisEexwebesfioat i ng process
to have theictedmdpngstaced, orapthbvirenod theis pemsipleangrnetitc iaxéde, to lie al ong
the trackiodi kechi@icle hibaps esaflebSs.i N m Rbgherossiignal thd euednt shorter
transition | gogth,.apd hlrglgggr r&cq;quangé tlger,\@tflg,desls lfoel & @n interesting

observati on, at-for st manc aX| s orientation of the
hard magneti cegmogiogg Fgaet \X/% % 10 lri BdD F‘¥ rQig?e\l:?pendl cul ar nedi a,

shoul d be al ong FREZAB e‘ls@d hefﬁﬂ’“‘fl el“”EF "F’éctl'ﬁ’r‘? Wﬁ’ BREPR easy axis
orientation 6FiHRxEREsoLt pedegBiRroKeL Ferby &?@?fl%a]s EBUtegeigcacr oss t he
recor di n@st r aekqrdper péedi ecthi@vitn hiwherapmspbdiheadndli efbdrdkzr ecti on for
| ongi t udi nal mag@ias ifMuxordansitdickn) Rhgthe haaefidrs=©of tmagReti c nonent
rotation ingtgad;qf, d%@enlwl&t@hb@ﬁ Ra@\Obeedcle Barkbayssen noise

phenorrena of tﬁ:ﬂe 0@'9&1&1:&%?&961 o@yggnef’i? to future hard disk data

storage systems. Likewlse, in particulate tape the
20 individual® acicular magnetic particles are commonly
' oriented physically during the wet coating process to have
their long axis, and hence their easy magnetic axes, to lie
along the track direction. This results in a higher signal
level, shorter transition length, and higher recording
25 -densities. It is an interesting observation, that for best

performance, the easy axis orientation of the hard magnetic
media layer, whether longitudinal or perpendicular media,
should be along the applied head field direction, while the
easy axis orientation of an associated =oft keeper layer
30 should be across the recording track, perpendicular to the
applied head field direction for longitudinal media; in
order to enjoy the benefits of magnetic moment zrotation
instead of dowmain wall motion to avoid the Barkhausen noise
phenomena of the soft keeper layer.
35
Background for epitaxial thin £ilm growth
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Background for epitaxial thin filmgrowh 15 25 August 2005 One of the nost
often sited concepts is that thin filnms prefer to growvm the ﬁ
arranged on the thin filmsurface to mnimze the atom'c gfdo ergy.
This inplies that the nost stable atom c crystalline surface 5 grows when
the surface atons formthe densest arrangenent consistent with the
crystalline structure.. This neans-that for the fcc lattice, and fcc
derivatives, the (111) texture develops in a thin film because the atons
are the nost closely packed on this crystalline plane. The next nobst 10
commonly occurring texture would be the (001) while the (110) texture
woul d be seen onlGrer &felle T™Ftt RELHT HELehapencePt YheMBEC thdnd bece
derivatives, filws (Fke09r ttex vurve wiph efier ehtwsalakyardedepwopshe gbint i s the nost
cl osely packesdlmcsfu;tsacaé lebn@ifihmase thd heconex tbaiasiy easrpnl yTeacurring 15
texture is th%&ﬁglkhaMtﬂé ddBe Eddphl Lexhidr @rlscdieVel «RRs&rved. In rare

| nstances, saﬁmgx?séi{e o H-bﬁs b S dfsest %%%%1% 4d was found

that for so rial erlvative, structure may
form o (1191 PRI BF: oS PER AR P RE o FEEL REdHRg| e sirct
However, everforHdesdec Lyiise. iinf| fogadsniyatiorem tthe (Hid)texte& ure on

non- oxi d| zed dsvelfopeesn ahblrig thém | padebed | the dapwsidwed theomssthave hi gh
surface nobi ldlbselgupadi@dt be fHikmergrantine bidtew sehe fxthessrgonal cl ose

packed (haP) coffidhslabscurBond ARQL)rel G%LLH Ehd StHehQoDStugloselsy packed and
a5 most comMnly deNShORRuw 4 KCUE ot %@&ﬁgreoﬁ%@ Btndipldcations

d bi a d
crystalline M orhal BE. qapis Pe iy O ot Rl dEERgor U S, Pat ent

No. 6,248, 416’r6¢9§8ﬁ'§§‘ééyadel’fﬁ*ﬂi’ér lF’h m°;'-\%s‘£?1?i3 tPﬁa‘fedt he atomic
lattice spamcn:gst(gtﬂlime p¥anest nﬁlﬁer pedt awmrektt h@me@hmdomemsal sufficiently
mat ch a rsunhextwat secend [mypr tetkutie f lidowicagturel dki amedti ps to the
first layer tgxdseg. hawe heenifaundes Hawewess ddscifira akopig lattice

mat ching i s aggen%ukél ol 864, Lhen enitAal 3% Lo, dess Dl occur. For

-?é?g?gﬁce en%cc daﬂﬁééﬁé,4ég%ta H%Q géﬂm CorQQQaEEd nerein by

(112) texture if deposited under the correct conditions.
20 However, even the B2 crystal will easily form the (110)
' texture on non-oxidized surfaces, where the initially

deposited atoms have high surface mobility during the £ilm

growth. Likewise, for hexagonal close packed (hcp)

crystals the (0002) texture is the most closely packed and
25 most commonly develops.

Likewise, there are several publications describing
the epitaxial relationships, which prevail when a second
crystalline material is deposited directly upon an
underlayer. U.S. Patent No. 6,248,416 discusses a number of

30 these. BAssuming that the atomic laktlce spacing of the
first material and the second material sufficiently match a
number of second layer texture following relationships to
the first layer texture have been found. However, 1f the
atomic lattice matching is not sufficient then epitaxial

35 growth does not occur. For example, U.S. Patent No.
6,248,416, which 4is incorporated herein by reference,
Lambeth et al. 'have discussed, non-ferromagnetic, Cr

is



Lanbeth et al. have discussed, non-ferromagnetic, Cr 16 25 August 2005
textures grown as quasi-epitaxial single crystal thin fil on n,
non- oxi di zed, single crystal Si substrates. The textures g%JEE%ﬁggﬁgn t hese
substrates are extrenely strong indicating a high degree of order and 5
single orientation. In this patent, and in other publications, it has been
shown that two different fcc materials can epitaxially grow upon each
other with the sane texture. Likewi se, two different bcc materials can
epitaxially grow upon each other with the same texture. 10 Likew se, two
different hcp materials -can epitaxially grow upon each other with the
sane text ur e FERNBFES (R0t 88t TG SPREREFLSIoELe (&S CAsE MhEH"Sne crystal line
mat eri al cl ass dlsan.deposkidigedpringladrtissprbfil evsafratdsine material cl ass.
Not only is, cryssaldektneresexdaretopedduaed that® tdubsismtend drayer 15 by the
epi taxial gr ox¢ARnory tdi@ohd r Slaikanas, at hegk eaddiee, of aBgadrh@mian- pl ane
orientatiQn gf,hhe sacond:Layer ks 4eferdmped by s he figsk.layer te~kture
and orientat] &f 5o QS €X, o ~Irl'g)al S -s?sdwnP}thg t-6 2€&f411§nts OWS that a cl ean
Si (001) sifig e_crys?hl can | nduce 1cCc AQ ?06%3 exture and i f bcc 20 Cr
i s grown on PRI Nefaro6RItaExtHr 877t SHCEs S2Fhe?thsht s Hfien showed t hat
hcp Co (1120%2ueeketruregr ohbkeyhse hdwo Riffgoant thegt urteradkF t99at t he possible
C- axes oOri entpitegir.lyi grer eget eemitnedhert ovilse oht ysdamwo tpessebl e directi ons,
by the aoystidebidtg divé enfrE@Rat Olopt Rereshiagy @afir sfFkakiadiy Waber . 25 Li kewi se,
they showed {OAt chdh BeRbr GhiR)edeCXidy @dxSiRT! Cuorel YSidbksifglised as the
substrate thﬁé‘weEh;? Qgg&lé}r/c unu ue%l an%c SAﬁg ﬁiln%o)nat:[e%)i‘%gc evel ops and on
this, the unusual ‘bac ,fl teiﬁuf%,,éevelo S. gi 16; texture is
i nduced by PHCEMYEE R &cE EAREAF N YPRR PRSP e % c- &RFs lies 30
paral l el to ®H¢ &F <VFD3Lldre certbere iAfteHeinepithaxserondt Byetre rel ati onship
descri bedsi nby).thS. ePataendl @r248 4b6ths fimet ethyekf tHee temiureal single
crystal Si sabstfid eih-$lbdd 1pridnbeciepi taXi Ble f s€cofg Wakér bes(111) textured
and orient edaddrmil B} 3RE #i3st MR SANRLELILGhE WS ASthBE. SbrCrystal . if 35
another I CCuifd) 85 Spllepbla ok JEPASLE SGalPOT LI SaT (R 11 too Will e
%fs t he P 11) texture an

epi taxi al an car ry % )
single crystal can induce fcc Ag (001) texture and if becc
20 Cr is grown on this then (001) texture results. The

authors then showed that hep Co {1120) texture grows on the
‘Cr (001} texture and that the possible c-axes orientations
iz predetermined, to be only two possible directions, by
the crystalline directions of the single crystal Si wafer.
25 Likewise, they showed that if a Si (110} textured single
crystal is used as the substrate then the highly unusual
fee Ag (110) texture develops and on this, the unusual bcc
Cr (112} texture, develops. Co {1010} texture is induced by
this Cr surface and the in-plane single Co c¢-axis lies
30 parallel toe the Cr <110> direction. Another epitaxial
texture relationship described in U. S. Patent 6,248,416 is
noted. If the initial single crystal Si-substrate is (111)
the epitaxial fce Ag will be (111) texturesd and oriented in
the plane in the same directions as the Si crystal. If
35 another fcc, such as Cu or Ni, is deposited upon this then
it too will be epitaxial and so carry the (111) texture and
orientation. Each of these textures is strongly oriented
because the layer below it is strongly oriented and one can
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orientation. Each of these textures is strongly oriented because the |ayer
below it is strongly oriented and one can 17 25 August ZoggigontL%aﬁ t he
epi taxial growmh of one layer on the next. They al so descti s this
structure, with the use of a Ti layer can be used to grow hard magnetic
per pendi cular Cc (0002) texture filns. They did not describe how C would
5 grow on these (111) texture fcc layers or the Co: (0002) textured |ayer.
Neverthel ess in separate publications HH Gong et al, (H Gong, W Yang, k.
Rao, D.E. Laughlin and D.N Lanbeth, "Epitaxial growh of quad-crystal
Co-all oy magnetic recording nedia,'r XREE Transactions on Magnetics, 10
35(S), 1999, °APLiZET6rH RSl WBTIWtRs Of PR YT | “ttBSI. PE*E -G -Zangar " J.
B. Lu, D. E. ThengisPndeasdipd hpw [thidettructurS; r vidhutke avvd dMhdgnetic
Properties ofriSmyep cHai Be FiskdBoofrow(ndAighsynet berpeatedjculdowranal of Applied
Physi cs, Vol .(o8) €8}turlPfiksl15,thkf~8ia pB: &b2rHeSh6 Jr wh@ted that upon
the 15 (1k1) gsbpale t%\%\%ét?iluﬁ' cSMPSd ' Ale 18pd S UbSeguent @pbdaxial - (111)
textured fcc tI %}Ierr 1a e%n alstl v%gt cgleg\éarin ds% é)rsatltged %i aﬁ{ir 89 G (110)
texture resulted. - V5 The atome tarrangenent 6fothe: ('110) bac
crystal | i ne SP&heY &1 ¢ Btt §ARfUI &r VR et P cB-Tat GATE AR r #Hgement of the
(111) 20 cry®t¥ | harbephan@rhasinexanpuhl oS ympdt exyst@onep-ellel notes, as
does Zangari me¢neglc ddvatdinbevediar e TEbR eerapeasiiine onvalygnetyed,i ants) for the
bcc O (10) sptane1ssy,oph @BYs-BBs3 K, hias R10Nhe, kexapansal ly ar r@ange surface.
These crystalyl i ng gnlangs and §ryg! alhigneidi LeEtd ONg, alfubdd ustrated in
Figure 25 3. .These thre rientations. corr or . <001>
di rections of ggﬂlé:%(lﬁel gt@Wﬁ?lé:dtpé?pﬁritéesexogfz?T“;t%pg‘?#l{l%g?m% 20% t he <110>, or
per pendi cul aF={ig/BheT&Pidtes. i yREprbn oWPPLERT "B FondP atBmic | atti ce

pl ane of the (BLAPPrikextSur BP% ceR- 5ThEy78hnma PPy thlesWorhfee O (110)

ori ent at inal{1var istuntle3CrB3Bal aliatilpnshtpsindl sukshguehnt cepitrdsidlayer

vi at hef ol | owitpgr)n@leati-@n: £6 (1hiEyd GARAAY( bid )orf W30 1&poeidel) al: k101

strong Cr (110} texture resulted. However, the atomic
arrangement -.of the. {110) becc crystalline -plane is

. rectangular while the fcc atomic arrangement of the (1il)
20 ce¢rystalline plane has hexagonal symumetry. Gong et al
‘ notes, as does Zangari et al, that there are three possible
ways (variants) for the beec Cr (110) plane to orient on
this atomic hexagonally arrange surface. These crystalline
planes and crystalline directions are illustrated in Figure

25 3. These three orientations correspond to when the <001>
directions of the (110) textured Cr lie exactly parallel to

the <110>, or perpendicular to the <112>, directions of the
hexagonal atcmic lattice plane of the (111) textured fcc.
They summarized these three Cr (110} orientational wvariant

30 relationships with the foc underlayer via the following

notation:

Ag(111) [120]
Ag(111) [10L]
Ag{111) [o11]

si(111) [110],
si(i11) [201],
si(i11})[o11].

Cr(110) [001]
Cr{110) fooll
35 Cr{110) [001]

Their publications, as well as U. S. Patent 6,248,416, were
focused upon hard hep and soft foc magnetic structures that
40 could be grown and they show no evidence of working with
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Cr(110) (0011Ag(II1)[21011Si(111) [1011 Cr(110)(001]1Ag(111)[0111Si(iii)(0113.
Their publications, as well as U S. Patent 6, 248, 416, vver focpg(ﬁg upon
hard hcp and soft fcc nagnetic structures that 40 could bé t hey
show no evi dence of working with is 25 August 2005 anything but

non- magnetic bcc materials such as Cr. Upon each of these three Cr
variants four possible hcp Co (1011) quad-crystal variants were obtai ned.
This Co |ayer then contains grains with four possible easy axes directions
5 when grown on each Cr variant. As a result, the Co quad- crystal
structure consists of grains, each with one of twelve possible easy axis
directions. Fheméng et pef-TEBRetaF| kit Apteriatle gos8i H1 |t i e¥For each of the
t hree possi bleech 6f share aarge CrOvdigure £8uf phesiblaties thdlfidi ti ons of the
three bcc Cr quidliBystalli eadiahtOnatrevardaanés. [ 4jhiketa@tiayert ehenhe fcc (111)
epi taxi al tegphdtfs [ MainbEXal &ot0013:A68e déa[s%Cta‘xQQSdﬁ:%Qtlcﬁﬁ exanpl e <112>
fcc di rect |on¥%ar grg‘%}ﬁvm g%glngr trhmgg heg J@eSXﬁnt thech c{ographl o

directions ature re are three
possible Cr cﬁ’éﬁ"?l\ﬂf%’"‘l" ute ‘?5?\/\/‘8% FREY '1ff f(%tl} e‘?ﬂe’ur d substrate.
The same resti¢lvRoBPEFiRPPI 5230 a&h‘?/ direstiqnggl @het’-’reyﬁfal foBr &Pided it is
(111) textur edidntetiznegl tdvesikifitics Consedntd the echged fiossniely .mat ched to
i nduce the epktwsiadtsgrowth. 20 Hence, since polycrystalline fcc filmns,

grown on.;y non- §i§lﬂ-lae3 QL&Y&J{:%E{::%JQE& rakEsiohk d¥ t&d keRg: bdd Lk texture,
contain a | ar% yNUPH eg:dlg ingi NALE. &k yﬂ]alrega(t% Spq Qe LUk obtain the sane
a

result for each indivi ver.e smal | enough,

g
it is possibPB*'Efit 5ﬁ1“1§jlla§8 E)E'ﬁé oﬁxﬁﬁ' ofm{lﬁe ?%:ﬁéég‘ﬁ&ggf 5% bec (110)
textured or Fert@RP¥hatlarfrantiFent it 258 chosh HopF vERRGPHEIS, but it s
al so possi bl eselegependiysgalivonagiic dépedtiivhon Prseesshhgruldndi tions, that
al | threasvanigrbtueQul sta€oeXxitsit anhare Shagl ehtec pddsiplé extur ed grai n.
Fur t her nor e, vgiR6es thg: %Qnrl_r:@ba&i khd Yi10f) geowehedRu aaghraari ant is equal
then a suffigientl yr[agl;lg;e ngf%) Sotd,! ltOCQI[ISI aglqeaglggqgalcryggaqrre of each

variant and a prov:.gec? it :Lsm?g.f gexture fag n%r tl'tleolai?t:.ce constants

are sufficiently matched to induce the epitaxial growth.
20 Hence, since polycrystalline fec £ilms, grown on a non-
' gingle crystal substrate, with’ .strong {111) texture,
contain a large number of single crystal graimns, one could
obtain the same result for each individual grain. However,
if the grain were small enocugh, it 1s possible that only
2.5 one or two of the three possible bece (110) textured
orientational variants might grow on a given grain, but it
is also possible, depending upon the deposition processing
conditions, that all three variants could coexist on a
single fecc (111) textured grain. Furthermore, since the
30 probability of growth for each variant is egual then a
sufficiently large sample will contain an equal volume of
each variant and a magnetic material will appear to have
symmeﬁrical orientational magnetic properties. This would
be true if the epitaxial growth occurred on a single
35 crystal substrate or if the final filam were polycrystalline
and had been grown on a non-single crystal substrate.
These effect will now be explained in terms of the
anisotropy energy density.
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symetrical orientational magnetic properties. This would be true if the
epi taxial growh occurred on a single 35 crystal substrate2 %;tidb% final
filmwere polycrystalline and had been grown on a non-si ngle rystal
substrate. These effect will now be explained in terns of the anisotropy
energy density. 19 25 August 2005 Magnetic Ani sotropy Energy of (110)
Textured Than Filns 5 To understand the magnetic properties of (110)
textured magnetic bcc materials grown on a. (111) texture fcc substate we
consi der the expression for the cubic nagnetocrystalline anisotropy energy
when the magnetization is confined to the thin filmplane of a single
~crystal of 10 cubic material. Consider the in-plane unit cell atomc
surface (6) of a¥symwflie Apardtanry Goexdyeof 1{1BY) Textuyed@d™™™inrl m grown in Figure
3. Figure 4 shows the magnetocrysalline energy plotted, where the

magneti zation is confined to the (110) crystalline plane, as a function of

angle for gthis 1@05|mlegséégal e fgggnlgl,:gp %;ggpgg%lgs Thre negpetocrystalline
ener gy den3| %gx | ven_by | | o) aﬁ yS| CS Fer rragnetl sm tad

Edition” &agﬂkie Ui , p esl 1545%‘?6% é9 % S5 8 (0) = Ki{
(1/4) si n4 (67‘: +S'§1$ﬁ%t9( O‘J’e c‘b‘%’t‘ali“i’ﬁ ghe, RPYPFAFT LPTI4EES cS‘ébZGO)} + hi gher K
ternms. O whepgrekpruyaballine Grisrtrhay eoatays viin Ohe IBomYigatigr = (1/32)Y, 1{7-
4cos (20) - 3toscdpd{bed) te thel LARPFIKR PRavo>L( 209ing2e 0xyEd4d) ofcos (60) },
where 0 i19 t bebikagaeddizal | OtoMeaéoOrtid rigchi-ne oRas wWd af&am t he <100> bcece
direction.ingfi@edi{ch Bt aNQinfARUvdes 2B Ge30ndT186)€ bl dlr Sinand second
or der magnet 8&%%3'# gﬁfe éi”' SeqtgﬂPe°y4 & EWQV eﬁl% dogﬁgﬂéiﬁ%t

respectively h smal |l er and

are negl ect EFHERECE ﬂ?? It—'}ée Wg%/"s‘z%ff’t"é‘n Lfé’f‘@d“eflo B Sbout +4.7 x 105
35 ergl/cc, bu’cl%aﬁrltﬁéal%ﬂé?iel BEaE bys chehinegionaddi #9988s fovnthife ot her hand
t he di sonder ethddecvédent ofoxCEsOFesd ¥:50bel Tlev @dgndtocihystabbme -1.5 x 105

erg/cc wWhil e.f{digy OTHLQERY DEE given by Eielp) (See *Physics of
Ferromagnetism, 2" Edition” by Soshin Chikazumi, pages
249-256), where: i

20 Ei0(@) = Ki{(1/4)sin*(@) + sin®(p)cos®ig)} +
Ko{(1/4) sin®*{g)cos?*{g)} + higher X terms.

Or when expanded inte the harmonics of @,

25 Ei10 (@) = (1/32)K1{'f- 4cos(29) -3cos(48)} +
' {1/128) Kz{2~cos (29) -2cos (48) ~cos (69) },

where p is the magnetization vector direction measured

" from the <100> bee direction in the film plane, and K; and

30 K; are the £first and second order magnetocrystalline

anisotropy energy density constants, respectively. The

higher order energy terms are usually much smaller and are
neglected here.

For pure Fe, K, ig often quoted to be about +4.7 x 10%

38 erg/cc, but can be tailored by chemical additions. ©On the

other hand the disordered bec form of CoseFesy is believed

to be about -1.5 x 10° erg/cc while the ordered becc

20




20 25 August 2005 derivative, B2, form of CosoFese is about zero.
Interestingly, the K value for both the ordered and dis red oys are
about the sane when the Co atom c percent is 35% or Iessoisldg gruftfddf
erg/cc for Co35Fe6s 5 and approaches the Fe value for Co content of |ess
than 25% This alloy is of particular interest due to its very high M,
val ue and i.nteresting anisotropy properties as a function of conposition.
See "Moddern Magnetic Materials "Principles and Applications” by R- C

O Handl ey, pages 190, 10 192 for anisotropy constants and page 145 for
saturation magnetization values. The higher order anisotropy constants,
such as K2, &peiveeke.wel|82.knd®ft beft afwoffsualisy J19HF| eRSIN magni t ude and
are wei ght ed Thessstiggyy| ythear Khevalamerfyy eéopheddrorprd@idy and cases where
the role of Klsdk@etendsiée: Wi sboudo thbesdf2 tRENBLIRCa® koofllcay a -

signi ficant apéegtlfgtafs@serc@sgul %I ong;. »l Aot kegples bl pid,ga,0f variant
sets whi ch w %g#éjéﬁe eLlQW | E«B aggntggtnégg.eggetha%o har moni cs

will play a 5 arnoni c_ten to cancel out.

e i
Furt her nor e, tﬁ#%nﬁs °f2’ﬁf‘r8f'°'ilﬁ5 BEEORT SHaef® éﬁFs Y ropy energy term
i s wei ghted §F5§h|‘$€| Fathel Pof edrter priing hanipot¥PY 4B PREADIN &5 Bence, in  nost
cases. the ef ffewitigi ¢thiensésitarmpniSeec dModsannbgdretiedMatewWsllse one skill'in
the field of peagapldss andviabblitadRmst aiydr. thad’ Haheldyi, gbeyesorsder ani sotropy
ener gy densi tbLSeFRUnUARYoRP BnStERL: 4 @abd 1id¥ %kny@amtrh@mn for simplicity
of explanatjon they.wll, g negl ecl.}l d fu%hgpe r% eLo%go %E(I vations. Wile
the smal | est e ?%%Srmnlrmm orth Clhag‘? 1>0) 1s at.-fhe in-plane
<100> di rect FBH eS% e 2F i a§5 Wetrre" W1 8FY “FRE ¥n- pl ane <111>
di rections [ ?J2llpenie maghidide |%ﬂdaa’€%d’&F$1¥€& it F?E??f“[lg] it J&5t ed bet ween the
two <111> di pegvorsprzadicti-r ecnéd & ofpephehex] Oche gptece?d dh. Hence, this
texture deestésls yo etaditinidaxitid k. bebayiseem adplsy subjedfi¢@tdonai n wal |
nmotion resul LiNg 1hNerdae NegbhYacBofk.| | Beahe SHdcehii@nf &F vakiandi'r ections of
applied T1eLg g bsglfaésg!l&, 81411 VBN 9qhod AnB AlYILBLL QB ThETE 1S @

reasonably a large region nmonot oni ¢ _behavt or on
2¢ harmonlcs will play a dominate role while the 4p

harmonic tends to cancel out. Furthermore, the &g harmonic
20 of the second order anisotropy energy term is weighted
significantly less than the 26 or 4g harmonic. Hence, in

most cages the effect of this 6 harmonic can be neglected.

While one skill in the Ffield of maénetism will understand

that the higher order anisotropy enerqgy densities may play

25 a small role in this invention, for simplicity of

explanation they will be neglected in the following
derivations.

While the smallest energy wminimum f£or the function

{K1>0) is at the in-plane <100> direction there are two

30 egual maximums along the in-plane <lll> directions [7].

. Hence, there is a localized minimum [8] located between the

two <11il> directions and - directed along the <l11l0>

direction, Hence, this texture does not yield uniaxial

behavior and is subject to domain wall motion resulting in

35  highly non-linear switching for all directions of applied

field when the sample is driven near to saturation. There

is a reasonably a large region of monotonic behavior on
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21 25 August 2005 this energy curve where the response conceivably could be

reversible and low loss if the nagnetic configuration was single domain
orientation. Conceptually if the mnagnetization is initial2yAabhstpodht ed

al ong the <001> 5 direction and then is rotated toward one of the in-plane
<111> hard axes by an applied field the process could be reversible, hence
| ossl ess, until the magnetization approached the hard axis. However, as

the magneti zation crossed the in-plane <111> direction it would then
abruptly 10 junp towards the | ocalized energy mninmumat the in-plane

<110> direction. This junp is not reversible and so represents a | ossy
process. Sintkim egfrajegreee dberd rfhal rpprnsg|ogagsivivady ceristbe, or f or ns,

bet ween t he pagsreibzakhdnlowpObsH iigtid ongnétie corfibareic®OE&= and <110>
directions themid5 wahiidotdQendesbnat es aoyc4Peesi e 1ot afneonal mechani sm

Gain boundagl s, ofaudsh 6k S hit Ll LM heUd Wiayouhd gause | ocal i zed
wal | motian lﬁur$s gai,n re ut| theOto 180

degree real 0 ﬁergy pf of® t?‘g ’f—owqrd °nf °§ Lée m Ppa t he case of
K1>0, the oné1¥ﬁ>nF‘ﬁ{ﬁnax€9] Y tafo SRRMEAURESLET Fhe éﬁac‘?fsl 6’8‘&” P&d i ni num [ 83
cor r espondi ngetersiiles, si hgmc@ <lo®sless o watil> Hhrd gieapttdzatdPRO> directions,
respecti vel yapmboattadd aheé h68 ekisfhi goeedr, Ehesiee esetnerestimoul d i nvert if
the Kl.<0. CLesysby,trehiS-p2inLuime @oestid i6aldusd thetrabdafilgi tion for a
uni axi al Om%&t Itgwmtse{:ﬁeallocéqw%‘egy TnHEi&M/ EINT{:]Q\I 1310pi|-atﬁ@ present

invention is regitedtqeneral,ﬂhyto orlentedthlnfl tlc materi al s

: s um re ers:l.ble
and devi ces | nC0| u magneti| C sénspors rans ucers, , Ct ron| cC circuit

conponent s, F%F%ﬁtﬁ ah"é’éﬁ% PTPRRESr oG e 4P 29°9ARY dﬁﬁ?’a{‘ P¥Fage systens,
i ncor por at i nglvelye yalld exibEr a1 rfosPs erRSHeS5 Hheg TeERecinationi al s and, nore
particul arl ypolmng@taabﬁgnghaplnrpﬂahlew@apeamdectumhl dtrertiongatieni al s and
ori ent ed 18R0R&HI Guok BNErdchl fdteh URDS plskhbl N@raBilAL] ahdehattdm. as iron,,
ni ckel, and 8394?&"1' rbou@d&@ié"’é l&y%egécttshq_nS@H@- f:il'ﬁl %%ructure would
cause localized wall mption jumps, again resulting in loss
mechanisms.
In the 0 to 180 degree region of the energy plot,
20 Figure 4, we see, for the case of Ki»0, the one minimum
[9]1, two wmaximums{7], and a 1localized minimum [8]
corresponding to ‘the single <100>, two <11ll> and single
<110> directions, respectively, of variant [6] of Figure 3.
These extremes would invert if the Ki<0. Clearly, this
25 curve does not satisfy our definition for a uniaxial

magnetic material.

SUMMARY OF THE INVENTION

30 The present: invention is directed generally to
oriented thin film magnetic materials and devices including
magnetic sensors, transducers, electronic circuit

- components, recording heads, recording media, and data
storage systems, incorporating the said, thin film oriented

35 magnetic materials and, more particularly,
crystallographically oriented thin £ilm materials and
oriented magnetic layer structures utilizing materials such
as iron, nickel, and cobalt, and alloys of the same. In
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25 August 2005 particular, this invention deals with a structure to

achi eve uni axi al magnetocrystalline orientation via the use of the texture

of body centered cubic (bcc) or body centered cubic derivabiAvgust2@8s al

- thin fipanicildrPCcthiy etvedtibngedralsal with he beactore bee aclievd vadidxie® nmat eri al s have
hi gher satnioatimeReabh 7R RS of theldxthRGE béBHehibRE caidibec)dnd  t he

| nvent i iy %Ent&@dﬁlﬁca&ehgﬁlvgg%ﬂépﬁnﬁlnpﬁ%cﬁgg RGEn N he Bld Y&pcEmt eri als all ows
new de(YI Valvemamas%gvrésln UCtg]ra‘u%nma thalonstﬁlanqgce% e&&tbd: hi gh

magnet | a 1 on evices are used to

detect F mHEP @Prﬂf%ae?%ﬁﬂefﬂl%ol UEAR MR A

t r ansf ofSHiCBNET §5 COMSUBEE GrHshe havet §ooR | siculstippa high ﬁ’i‘%‘“é@%t}oﬁg high iy oved

magnet i perpeabiitr auiddew dussesr Them devicen asfusechle detegnatdetermipe opetdtites of the

mat er i afiddswhere andadrieve ditag land evirasform eserky of perfoerh tedectrérde bipnad al per f or mance
or all Op'ifﬁceﬁéi&{g t Rproved Sthighetié OproPértisBdr @fientisd e3f Gk | @sgetixpensi ve

Syst ens, Jrﬁeé@ﬂhe%ét%ﬁhl@%}{éﬁ%@& i€ saV iSRS r&‘ult*in G&ﬁzk Qéaﬁméhfll | i zi ng

tr adi t | &'ea[llo%s ttl%rdo txoﬁtort" Hﬁ:}lféf ?a%telt‘ %‘ Ess %ﬁ{ nagn etic
t
¢

si gni flgl

mat eri a I’é‘ﬂé%ugggmgﬁel %/Vﬁcgsr% ‘Eefﬁlgs&’d%‘ﬂ Olnal &11‘?%8 tﬁalsl n accor dance
with a fruptdes, fieperqrogice i ep iR YoPTeKed BY i simBolARiRTnE thagneti c materi al
st r uct Uradidenahmpaictig materisl Haiciue withhe Illeé‘a%lﬂl‘?tbfﬁéﬁﬁé@d Bergiyer which is
magnetic, formng a wuniaxial symetry broken structure; and at |east one
Layer pmgﬁﬂaﬁgﬁ:mﬁaﬂ&ﬁmpzmﬂ;zﬂgmczd&?ﬁﬁaﬁmﬁdaMma@emm di rs]posed .
et Weensu-% auﬂﬁﬁlgaé QbARR: & Godld lagtSihichl i mag s, d3Rae aM th a secon
aspect gf HAAN ek ARE Snd & 10EOHCAE: prolReR %t e¥kGe  having
|ncorpohat%d ther aﬁcﬁ?gsﬁé%éc structure ¢ g}a ?e a substrate; at |east
one bec GERA 81?“ V\%npé 4 RetT BT RCAY un| axial symetry broken
structure; and at | east one |ayer providing a (111) textured hexagonal

at oni ¢ Ineavprdanes Witlspisennd aspest WbbR Inyeition, thetpis PPHded aapgndisidevitfec- d | ayer. |In
accor daimeiag wictrhorated thireinla magnetist stradture paenpiripivg A sybstmte; atesstené kel ovi ded an

appar at leger fvbich isfmaghatio Fomninpg mrédxiat symheay ibadkers dtructaiiel ke at leashpel Si ng a synmetry
br eaki ngydprRGREE a TBIHARuSD headidna RO Serhditc ARPRE] bitREnadaid east one bec-d
layer whhGhelfi JRYPE; bfprand forming a uniaxial symetry broken structure,
on a substrate having at |east one layer providing a (111) textured

hexagon tenmpl.ate for aLd bcc | ayer . In accordance with a fourth
- aspect gfa"f?fga“icﬁwl%  aspagofl ?gwffﬂ“f}’i’n‘gcé?jlsé’ 88 WS Fduci ng a

magnet i fernapg @c?@@”@tl%é‘ﬁffﬁﬁsﬁtﬁ}j %o r @RIl @ oSYPopty hreding  RIereffexagonal at omi ¢
t enpl atmechanimh, prdoy inging dor alepdsiding ot Leasieons bee-d layeryvarichvim magnelicangagnet i ¢, formi ng
a uni axfomhing s yninedl symibegkleckes tstrucire) loe a sBbirdte hiNEECRIDAT | Oblalr THE DRAW NGS
The adviabdi 10f) tekited BEASAMatontkAGRp1aE For Sl beba 1d3@t t er under st ood by
reference to the draw ngs in which: Figure 1 shows a plot of the magnetic

ani sot rgn r&%ée%lﬂ%’}ﬁﬁﬁly I{; fof Bg m&éﬂﬁo%i‘ ale 1?5 e%\g% tﬂoadr &h model . Figure
2 shows t Xl S.res Tfﬁ :
ucmg a Thagnetic structure comprising; pi v1 g a extured hexago atormc
template and providing at least one bee-d layer which is magnetic, forming a uniaxial
symmetry broken structure,

BRIEF DESCRIPTION OF THE DRAWINGS

The advantages of the present invention can be better understood by reference to the
drawings in which:

Figure 1 shows a plot of the magnetic anisotropy energy density for the
uniaxial Stoner-Wohifarth model.

Figure 2 shows the magnetic hard axis response function, M,, to an
applied field along the hard axis, H,, for the uniaxial Stoner-Wohlfarth model; and
the' magnetic
easy axis response function, My, to an applied field along the hard axis, H,, for the
uniaxial Stoner-Wohlfarth model.
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applied field along the hard axis, H,,, for the uniaxial Stoner-Whlfarth
nodel ; and the' magnetic easy.axis response function, My, to an applied
field along the hard axis, H,,, for the uniaxial Stoner-\WhlAugnitROabdel .
23 25 AuQUStFig@03 shbivguh QhdtrdOWS tRNhistodiddB trét br@ghtQfonkiheariint ori cal three
ori ent afi-QRahe Mk tyR41r angenent of the crystal 23a 25 August 2005 plane
of a bcc crystal in conparison to the atomc arrangenent of the (111)
crystal plane of an fcc crystal. Figure 4 shows a plot of the magnetic
anisotropy 5 energy density versus nagnetization direction in the plane
for the {110} texture plane of a cubic crystal, where the first order

ani sotropy energy density constant, positive. Kz. is 10 Figure 5 shows an
illustration of two of the six possible orientational variants of the
(110) crystal plane of a bcc-d crystal in conparison to the atomc
arrangenment of the (111) crystal plane of a hexagonal lattice tenplate
crystal. 15 Figure 6 shows a plot of the nagnetic.. anisotropy energy
density versus the in-plane magneti zation direction for the specific case
of three (bl, b2, and cl) coupled (110) variants, of the six bcc-d (110)
textured variants 20 when 1(1 > 0 and $ _ 7.5 degrees. only one energy

m ni mum and one energy nmaxi mum per 180 rotation occurs. Figure 7 shows a
pl ot of the magnetic ani sotropy energy density versus the in-plane
magneti zation direction 25 for the specific case of two (al and c2) coupled
(110) wvariants, of the six possible bcc-d (110) textured variants when K1
> 0 and 8 = 5.26 degrees. Only one energy mninum and one energy naxi mum
per 180 rotation occurs. 30 Figure 8 shows a plot of the magnetic

ani sotropy energy density versus the in-plane nagnetization direction
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for the specific case of four (a2, bl, b2 and cl) coupled (110) variants,
of the six possible bcc-d (110) textured variants when KL > 0 and d = 5.26
degrees. only one energy 35 m ninum and one energy maxi nud$ pegust8005
rotation occurs. Figure 9 shows the magnetic hard axis response function,
MX, and the nmagnetic easy axis response function, 24 25 August 2005 My, for
an applied field along the hard axis, Hx, for the coupled variant pair (al
and c2) when | (1 >0 and 8 = 5.264 degrees. 5 Figure 10 shows, a plot of

t he magneti c ani sotropy energy density versus the in-plane nagnetization
direction for the specific case of three (bl, b2, and ci) coupled (11'0)
vari ants, of PL#Re pBSsidblRecsiseypeal dif 1E®‘)‘Patréﬁ‘ifhré‘ﬂ thar #5AHS when K1 > 0
and $ = 5. 264rzegeresy. oOthy @A) ByewdrpAangi ¢ eanfcEngrwshal ener gy maxi num
per 180 rotation occurs. Figure 11 shows a plot of - the magnetic

ani sotropy ener gy gensd t ynower §u§15{1eog N+l aaggmgaeghge@&@@ direction 15

for the s eC| flgc . ca i’g § ‘;e\ggus( %E%&Q zggl))ncg% ed L}OQhe ¥ .ants, of the

si x possi bl e *bccyd extur ar when 0 $ 5. 264
degrees. Twot8he rﬁi V\%:J t"r?'k]'ms per 0 rotation

occurs. 20 FifgErte %‘?EEhGW%rWet%’?@f fl‘?ﬁfl porerstatle s§stdfm for  defining
t he angl e of patiddve. noti on during angle of incidence deposition. The
substrate plane is x-y and the depositing- materials arrive along r. The

angl e of 1odeposn Fi Qe M drdwslehd Nethuasrdthen apgl ewbebmean the z-axis 25 and

r vector. t [ of Sew sputterin
Cat hote geo gggibié Aﬁe&a%mgwax%am SEL LA L@ Olery £l %gl trering
ig

deposi ti on. cfﬁStfa Wp"’kﬁ‘f"’%n f%°g %‘Fe a&a‘f‘lc rranﬁs‘flratl ng the
exi st ence of °8itbehétlld FESHL t@i%%r‘jéda\}éﬁ"?ﬁ?ﬂa% 13tiRe $P K364 wher e
vari ant al amdgvsg2ldom nate the other four variants to produce a symetry
br oken stasucture. Also 35 shown are the three Ag (220) peaks. The sanple
Wwas Figure 6 shows a plot of the magnetic. anisotxopy

energy density versus the in-blane magnetization direction

for the specific case of three {bl, b2, and cl} coupled

{110) variants, of the six bcc-d {110) textured variants

20 when K1 > 0 and § = 7.5 degrees. Only one energy minimum

and one energy maximum per 180 rotation occurs.

Figure 7 shows a plot of the magnetic anisotropy

energy density versus the in-plane magnetization direction

25 for the specific case of two {al and c2) coupled (110)
variants, of the six possible bee-d (110) textured variants
when K1 > 0 and § = 5.26 degrees. Only one energy minimum

and one energy maximum per 18¢ rotation occurs.

30 Figure 8 ghows a plot of the magnetic anisotropy
energy density versus the in-plane magnetization direction
for the specific case of four (a2, bl, b2 and cl) coupled
{110) wariants, of the six possible bece-d ({110) textured
variants when K1 > ¢ and d = 5.26 degrees. Only one energy

35 minimum and one energy maximum per 180 rotation occurs.

Figure 9 shows the wmagnetic hard axis response
function, M., and the magnetic easy axis response functionm,
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produced using angle of incidence deposition. 4 25 25 August 2005 Figure 15
shows the uniaxial magnetic hard axis response, MX, function, and easy
axi s response function, My, data to an applied field al ongd5 August2005 axi s,
H,, for "an Fe ,(Ki >0) sanple prepared with the easy axis along the 5
hexagonal tenplate <112> direction. The symretry breaki ng nechanismwas an
applied magnetic field along the <112> direction. Detailed Description O
The Preferred Enbodi nents 10 The material .structures of the invention can
be enbodied in both magnetically hard and soft magnetic devices including
magnetic field sensors, transducers, electronic circuit conponents,
magneti c sol Mg SPEL & fPRLISE fisdhatrrhdie B éess: FecdPHi ¥i$ heads,
recordi ng nedb@gleanchridmi da$t Ofaagend Wah eian KNCAY pad af i=-ng.ddae said, thin
film- orientgdyfmagnetic materials and, nore particularly,
crystall ographically oriented thin filmmaterials and oriented nmagnetic
| ayer structures utilizing materials such 20 as iron, nickel, and cobalt,
and al |l oy$ of thgl%tifﬁe.loT%Eg‘ég- FRRE FFedPar BAEG5ECT aMSPEERT ul where the
enbodi nent ofReNdedeRSI L &erEfuithe sinpietea mamaghertiion oddzeat i on, specific
| i near or nofex | {hreaperidépormse, obr thrdeovbl S22, esporide.coByledar ef ul | y
cont r ol lji Bg i) ephtaaka) @&Mhp%s%‘éb?@lrgi&t bod st qfn@ll&)ct@felﬁst all'ine .
texture cc_Of. rivatiye thin fj ials o i y oriente
(111) hexagg%%]agg‘%own%(lg kde/ablae/ltaglg fhe gbﬁ%ﬁ%ﬁ{éeﬁés i%gﬂg%g a new set of
six cryst'@l | FRENafi &8 {PE hoUpeTI®arY oF PEftRt PHnat®? rofatiBnshi ps. By the
sel ecti on an8<¥¥é&-gromt h of a very 30 special exchange coupl ed subset of
these six orientational variants a symetry broken uniaxial magnetic thin
filmis obtai negigukBe 1 13AJwst exXtpioed ckCehe (dddhti@xitiwethdpgC derivative,
or an (0002) ef&h Uidtds BiF RreCES bRk Si AL EarkX ARES2atQhn LiGebilibh) textured
hexagonallsat om C.Lem Laffeé Ln e%(%ht3o ﬁfl taql%_s%zfases t%e( tO(?m; of the
tenpl ate are c’f,ose p cked. . Wien  a |g? ori éen e’a°T’(Pii ) _.hexagonal tenplate
is variants, of the six possible bcc-‘ {110) textured variants

when K1 » 0 and § = 5.264 degrees. Two energy minimums and '

two energy maximums per 180 rotation occurs.

20 Figure 12 shows a sketch of the coordinate system for
defining the angle of atomic motion during angle of
incidence deposition. The substrate plane is x-y and the
depositing materials arrive aleng . The angle of
deposition, ¢, is defined as the angle between the z-axis

25 and r vector.

Figure' 13 ig a schematic illustration of a new
sputtering cathode geometry relative to a disk surface for
angle of incidence deposition.

30
Figure 14 is X-ray pole figure data demonstrating the
existence of six bece-d (110) textured variants with 5§ =
5.264 where variant al and c¢2 dominate the other four
variants to produce a symmetry broken structure. Also
35 shown are the three Ag (220} peaks; The sample was

'producad using angle of incidence deposition.
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avai l abl e a highly oriented hcc or bcc derivative (110) texture structure
can be epitaxially gromm. Wth the conbination of being highly oriented
and the use of special 26 25 August 2005 processing techni gudsgest@085 x new
variants can be constructed. Since under many circunstances the bcc and
the bcc derivative materials forma single class of behavior, we shall
consider the notation "bcc-d" to 5 represent either a bcc or a .bcc
derivative crystal structure. Likew se, the notation "fcc-d" shall be used
to represent either an fcc or _fcc derivative crystal structure. For
exanple, here materials with the NaCl prototype structure -are considered
to be a fcc deri Fagisfe 3D §8°%ehethe | $igxirlosBagngtked A adtifal pattern of
atons in theefdchiy, phandundiien 1) epbanaxigl ratmmseofudtée fcc-d and
(0002) planewmpf daep ©F wat abs iad ecizhneyiong| ase hpad kads, amg 5@ are di fferent
fromthe (111 ﬁéomfo)crsxlﬁglal pBlARES with ¥RNYaEF GxBLayang Ll tices, which

are not close Q%%E%P % LlﬁéaHPJeSanhe e JhATRP,SLEUET Ure, substrat e

is a nmenber ravai s ftice F3d kevmse the Cs
(Strukt ur ber|m81;ﬁan8§‘%|‘éaﬁatainoﬁfpjr’§%amﬁ%’?%é? P}(ﬁiﬁt ﬁ“ec'r&’s?f egr%#p, whi ch does
not have a clé¥¥tpeRked (111) plane. From Figure 3 one can see that there
are three 20 hexagonal tenplate <110> directions simlar to [10]. it was
found that, by caeefilkl\wezoeriptabd iofigricherefpiriaiX B@bodimédns gr om h condi ti ons,
a stronglys (110) textured bcc-d crystal could be made to grow with one of
its <111> directiToas maparial | edtrtaurbe héxadenainveernphat@n<E0> directi ons.
This 25 ori eateddied iif didthernpBhedibanyasarabt aidnesbady ddd@etipr ocessing of
Gong and Zanqa&icesl qngy&dlagoql%ﬁéﬂq tﬂ@lé’cgeﬁlsorgll%aﬁléduggﬁd ons are no

| onger paral |l E trgn:l.c c:.z?cﬁ;)n(. Oo\?\r/&%%nentterrplas%xe ig iﬁigdétaggtnl QLQ% 27 25 AUQUSt
S

2005 Bef ore dirscu ture bcc-d vari ant
system i t5 aﬁb’rtflﬁ%l‘?eé’l?%g f FEERET "R nBFRS % %r A 17e (110)

textured var faFR HPSeesm SYFRENS éﬁé?wré%ﬁﬂe§§?oﬁalfdor Wik §4¥gl e vari ant,
EXx0( 0) Was grisgmed magnetic materials and, wmore particularly,

crystallographically oriented thin £ilm waterials and
oriented magnetic 1ayer structures utilizing materials such
20 as iron, nickel, and cobalt, and alloys of the same. These
structures are especially useful where the embodiment of
the device requires special magnetic orientation, specific
linear or non-linear response, or a low loss rasponse.
By carefully controlling the epitaxial growth
.25 conditions of ({110) crystalline textured bcc or bee
.derivative thin film materials on highly oriented (11l)
hexagonal atomic templates the applicant has invented a new
set of six cryétalline variants with special orientational »
relationships. By the selection and the growth of a very
30 special exchange coupled subset of these six orientational
variants a symmetry broken uniaxial magnetic .thin film is
obtained. The (111} textured £cc, (111} textured fcc
derivative, or an (0002} textured hcp crystals are examples
of the (111) textured hexagonal atomic template. In each
35 - of these cases the atoms of the template are close packed.
When a highly oriented (111} hexagonal template is
available a highly oriented bee or bee derivative (110)
texture structure can be epitaxially grown. With the
combination of being highly oriented and the use of special
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earlier and discussed in the context of Figure 4. it is inportant to point
out that if there were two domnate variants of this (11\(%5textured bcc on
the same (111) textured fcc crystal surface and if they AugnshAeds cal |y
10 coupl ed by being in contact or via another nagnetic material being in
contact with each of themthen the nmagnetization vector of each of the
variants would tend to nobve or rotate together. Likewise, if there were
all three variants, as illustrated by [4] in Figure 3 and espoused 15 for
Cr, in both the Gong and Zangari literature, and the three variants were
magnetical ly coupl ed the magneti zation of each would tend _to nove with the

others. OF cBEI¥ESTE FREEPY esrméﬁ%tl%xrmﬁ%"ht EREES nEft hdf Gong nor
Zangari di sEoREEHChee s, STIRe RO MEBY yCIEITEPRFraRh Sey Peuaedi on for 20
equal anmount shef beacieofvatires emttteréelcr fstmal 4 | wénadgr | @rss, ofwith t he
nmagnet i zat i OBel=Rtiad,i Nget ag@lhercommidedl hdeW ddchelon asbddie” sum of each of the
vari ants: sE3yefQkemt { Bugle?) tEl b0k 9-00) #Elkl (Rriflthve/ IxysdliHere g is the

angl e of the %%@ﬁéé zaimuly, %lfg éeétqonr%% ecf:ts qltﬁ'ee &9% direction of
the origi nal varl % ause aye |n-plane fcc <112>
di rections aF%pr&g %e P tefﬁfal 8T tHeE ¢t r‘d’taﬁé’fe b(‘E’E"’So‘iﬁl (110) texture
vari ant easys’é’s&%uﬁe I eat é’ff““a%erGOhetfégr“é‘ée“laPiEeW‘ér sERA t¥rlespect to the
first. By siopitetyne isjowanee rarei tomddelrg shobm # gt ddm@vativeof t he energy
of thesast hegecheasi PNt diBsa paonsi aRkadihal Had2ed( bfagbodEasinno g
dependence. Hencgaif I’kﬁ.‘éﬁearﬁem@lﬂ@tpﬂiHeSQErQMsdbfe&Ie'sQn.@cc 35 However, in
actual materjgal (1005&}”%%5;99 g gjtj" Ehﬁlcl sacall,zged ani sotropy of
each vari antéc} Lion . g(tn{zi 0 trrgt { def ect s,
results in a % g”"ﬁ’u ?u ca e@Fcur\?f“t © ﬁ&&%ml%éﬁﬁ% P PERause the

ref erence poPht™aEy %ﬁfyBéﬁ‘?rlﬁylﬁFE%ﬂ'af”Hﬁ? are %ﬂtbi‘:i‘i’%?r PRGKe@hosen one can

al wvays add aFeonstapte.t chehdi. Sdimrendgy sfgewieon swbstrege ehangl ng the

predi cted physiveal diehsie ofcc Abmoaisi Degiche manbispeck egaiugy in the three

variant caseriuslsdli 86419960(dr8aueONILAN hesidnat Sor) DV QUSember

of the F3dm group, which does not have a close packed {(111)

plane. From Figure 3 one can see that there are three

20 hexagonal template <110> directions similar te [10]. It

was found that, by carefully controlling the epitaxial film

growth conditions, a strongly (110) textured bee-d crystal

could be made to grow with one of ites <11i> directions

parallel to the hexagonal template <110» directions. This

25 orientation is different than was obtained by the

processing of Gong and Zangari. In our processing the bee-d

~ <110> directions are no longer parallel to the hexagonal
template <112> directions.
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that if there were only two coupled variants the energy function would be
sinply proportional to the negative of 10 the single variant case. Witing
this statenment nathenatically: (Ella (0)+Eilo (0-60)+Ei | ugdAugag)20pi3 =
7/32. 15 Hence, for a material with only two variants E2' (0) _ {Ello
(0-60)+ Ello (0O- 120) }/2 2.1/64 - Elio (0) /2. Therefore, after
normal i zing the energy density by the 20 appropriate unit volune of
material, the energy curve of the two, coupléd variants is sinply 1/2 the
inverted energy curve of the single variant of the same total unit vol une
of material. The curve shape and energy m nimuns and maxi nuns interchange
position and so the hard axes and easy 25 axes directions woul d

i nterchange. Any Hebeed Preaypseinsy theingv SoFrEtel Hipeni Hiouka=xtstrsh as [81, woul d
beconme a | ocakbzedrarharnd sgrtiesn Ar enevayhwieide ntion £URebed |arkipde t he const ant

in the ener g¥eeXpragsiNasnd s(aopi Ee:afuyeandaﬂaatn@ye&efnect e the physical
response o |te§anebe e%g{aosn ggl[et to,. b - lé@lnt30 to7erQ iLn.any analysis.
Hence, the r 8Sponse Of  a FcEITYC coupr ed pﬁfre o™ fe5e vari ants

appears as aea§3rlr?§l énﬂléirlﬁ‘é‘f*ﬂse?ra’crbrtlhal c‘?ﬂtﬁﬁt L FAAGE n sFan“"of the K1
val ue and a depexiase fn pdiatanpl | thatde 16f theére diefe ekencdemingte t he ener gy
extrenmes by a&atoetsr off thi2. (3Henceextwhed heec tdre 3 nmier i(all)of a (110)

textured cubicexfBgaetdC ARl kride 2EONBOSRE, Qbra mebR@ieaMar i ant, two
coupl ed vay i aaLs Q" d&wrﬁeqn C%p'@oqtmr' apt mh%namqet[%wﬁtcal line

ani sotropy ene nsi func LQn s no i.el un X behavi or, but a
29 25 August "2 é%é% %em(?f B % r& °ch be’l%g lt" ¥’ tg‘ H'? V\f]tgln there are

three possi B‘F‘%“E\Féﬁt&ﬁf‘s"e&f“”b(?é ?ﬁﬁn@fl‘%’enﬁ?‘ﬁ"ﬁfl%ﬁ "’I°BJC%1t 8 4 60 degree
interval s, agsowlegcetete frggetihee- ndakedgnetifctiisee @re dy Bieg et al and
Zangari et alvariandswhet H@tusaré{tletOpy5 [4lexnurégureuli endregpetded filmi s

pol ycrystal | icBe &, 1§ b&pl tAxidnbYak @aRgA Ai6draghf:, Cadstiale, it cannot
possess uni %ﬁ@el va-m\ég qgerem@tléalﬂ oSl end] n(a@-ﬁmg§&ofnun0tl on . wll,

have coercivity a V1 Or . F rt.her npr Qehavi or cannot
be obt ai ned e% eaCh W?’ﬁ%s,)\ée’lig@o gt Elh f].h nPth ?ﬂr ee var| ants are

arbitrarily gé? eE? er&anW]Jé?n moment and so ne:.thar Gong nor Zangari
discussed this. The anisotropy energy density equation for

20 equal amounts of each of these three crystalline variants,
" with the magnetizatidn rotating together would be written

as the sum of each of the variants:

. E3’ (9) = {E110(0) +E110 {0 —60) +Ex10 (06— 120) }/3.
25

Here @ is the angle of the magnetization vector with
respect to the <100> direction of the original =single
variant [6]. Because the underlayer in-plane fco <1i2>
directions are at 60 degree intervals, the two other bcc
30 {110} texture wvariant easy axes are located at 60 degree
intervals with =respect to the first. By simple
trigonometry it can be shown that the sum of the energy of
these three variants is a constant of (7/32)X1 and has no @
dependence. Hence, there are no net anisotropy directions.
35 However, in actual materials, since domain walls can form,
the localized amisotropy of each wvariant, in combinaticon
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the volunes of the three variants are not equal we herein refer to the
sanple as being "symmetry broken." .it is also clear that should all three
variants be present, but that either one or nore than one2bAugist@dle 15
vol unme than the others then the energy properties of the |arger vol une
variants will be domnate.' To clarify this, sinply consider the case of
Figure 3 where 6 has a volune fraction of 1/2 whi-le the other two equal
vol ume variants have a volune fraction of-1/4 each. Then 1/2 of the vol une
20 of 6 is equal to the volune of each of the other two. So the energy
terns fromthese three quarters of the total volune would be equally
porti oned andidumpterigl cinfstient resulif sin e AtAMBEHERCe8RAFCEWEYr emai ni ng 1/ 2
of variant 62td loprnobeiderian.- energy curve of the shape of Figure 4. Hence,
25 we herein ref gesRBetthel Berdran@e o] URPamalhardys casevnetizg "dom nate.”
It is inportapt, §0: et e, (ReLelOMNCLE iNalk a3a PalRBLant6e248,e416 or in Gong

et al or Zanga et iy . u f,,__a ' bcc derivative
thin fil m%di g%%ﬂggeéyg%doﬁﬁﬁ?%\%rﬁ%- ?rg 1%?09%%2‘@%?% 1lbe% gl%is%%tli ve materials

i nvestigate SFPHdVocat'8a’ a8 %Re & %g%l@e?a%err?fl 2t fi8y “WE§ been

i nvest i gat ed Vgt f eAf%d JveF W&?‘é‘lﬁﬁﬁg $arfe CRFEEE. VY i EntPEIPSt al | i ne

ori ent at-i onakhatelidt itbershivese t frity \wee ecodpded dvirdpntyc d-he1885x9@r when pl aced
on a (111) f eendrayerwoudd behesifBNirbforiepar ttioe shavbdgethaverhad t o have
been | ossy and tQnhave il | cagd. coenglividgyy. thid t haLeDke they never
suggest ed thg;thteggt)écg%gi ned a sanple situation where the volunes of each
of the variants were t equal. Hence, 30 25 August 2005 at no tine did

t hey discuss a synmetry broken variant system nor a dom nate vari ant
system Li kewi se{Fio(p$+Eumbor 6EnEd(0-N20d/2 maf/32n their discussion of FeCoN
thin films Sun and Wang provided no 5 evidence regarding any (110)

t ext ur ed j¥ardeant s sof W LNREIDN Gict BEYy @ff 6sedat@ expl anation for the
ani sotropy the observed and because their anisotropy fields appeared to

be the sane whether or not permall oy was placed.under their CoFeN film
their results weP& (Mot thpéhdent Tpdh-30)1/2 = 21/64 - Euole)/2.

Therefore, after normalizing the energy density by the

20 appropriate unit wolume of material, the energy curve of
. the two, coupled variants is simply 1/2 the inverted energy
curve of the single variant of the game total unit volume

of material. The curve shape and energy minimums and
maximums interchange position and so the hard axes and easy

25 axes directions would interchange. 2Any localized easy axis
or energy minimum, such as [8], would become a localized
hard axis or energy maximum. Recall that the constant in
the energy expressions is arbitrary and has no effect on
the physical response so it can be considered to be equal

30 to zero in any analysis. Hence, the response of a
magnetically coupled pair of these variants appears as a
single variant material with a change in sign of the K;
wvalue and a decrease in the amplitude of the differences in
the energy extremes by a factor of 1/2. Hence, whether the

35 material of a (110} textured cubic magnetic material is
composed of a single variant, two coupled variants or three
coupled variants the magnetocrystalline anisotropy energy
density function does not yield uniaxial behavior, but a
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10 any ordered variant structure. Furthernore, their results showed a
strained lattice and a significant Fe4N second phase indicating a possible
ani sotropy mechani sm associated wth strain or shape effe@f3ugast2005

di scussed. by Chikazumi . it is well known that crystallographic tw nning can
15 format the (112) planes of the bcc-d. These (112) planes contain both
a <I10> and a <111> direction. Hence a pair of bcc-d twins can formw th
an interface along the plane containing the thin film surface nornmal and
contai ning one of the hexagonal tenplate <110> directions. In this 20
arrangenent the hexagonal tenplate <110> directions coincides with one of
the bcc-d <1fesn ¢ifrctrdps Pehbpiries; Theoerfdyec-whep1Ulgret asg ghxeef i | ns t hat have
grown with. apadslibe hniests arf pae atdgebtiico matdgedgbnaiced eaplat e <110>
direction, tbffe aitRriils,PasSddbeatedriadntbe nShNERnEAR 8cal® three 25

possi bl e hexggoa@glg tmlataglddzjdggaﬁl @ctallon%dtmhgpege (11djr ee possible

sets of tw Hepce,, we a“rte Le :.Clmt hles co srt {ﬂne herle are 6 possible
bcc-d vari ants tt”ﬁa cou Be - gi wever ¥ Se vari ants do not have to
be in a tw FREGEOAE] gﬁ?‘*ﬁ& iBn talfé%%rasfmﬁa]r c’ttaﬁaf"?f’ FFSHno. of 30 these
si x possi bl eusriahbehariershdrict nti Jurersss Hpeswrmerfugtionvari ants can be
posi tions of viHeswvewzobycifity sambahissy o bblatihe. varuwathssmared it 35 vari ant
woul d ext endunitixsénBeRsviorheannog e SaiRel elddISEralel V@ unSs to constructed by

rotating foheead@nds 13 g@ﬂaree%m];m; sarék%tbqbrmmysggq%m thghe@ri entation of
be understooght%iungessbg h%h%’gz err agl e so ofh ;_eom c between the
elng

bcc-d <111> ecf1on and . |rect|on I's grven by arctan(/2)
= 54. 736. 313: ‘symmetry broken.”

It :'Ls also clear that should all three variants be

present, but that either one or more than one be of more

15 wolume than the others then the energy properties of the

larger volume variants will be dominate. To clarify this,

simply consider the case of Figure 3 where 6 has a volume

fraction of 1/2 while the other twe equal volume variants

have a volume fraction of 1/4 each. Then 1/2 of the volume

20 of 6 is equal to the volume of each of the other two. 8o

" the energy terms from these three quarters of the total

volume would be equally portioned and sum to a constant.

This then would leave the remaining 1/2 of wvariant 6 to

provide an energy curve of the shape of Figure 4. Hence,

25 we herein referred to the larger volume variants as being
“dominate.*”

It ig important to note that nowhere in U. §. Patent
6,248,416 or in Gong et al or Zangari et al, was the use of
any magnetic becc or bee derivative thin f£ilm discussed.

30 Nor were magnetic bce or bec derivative materials
investigate or advocated as the magnetic layer. If they
had been investigated, and found to have the same three
variant crystalline orientational relationships that were
found for bece (110) Cr when placed on a (111} fcc layer,

'35 the magnetic properties would have had to have been lossy
and to have significant coercivity, Furthermore, they

- never suggested that they obtained a sample situation where
the volumes of each of the variants wexe not equal. Hence,
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degrees. Likew se, the angle between the <111> direction and the <110>
direction is arctan (1//2) = 35.264 degrees. The sum of these two angl es
is of course 90 degrees and forms the angle between the <A8ugud0@110>
directions. 5 The inportance of this 54.736 degree angle value is that it
differs fromthe 60 degree interval of the <110> directions of the
hexagonal tenplate by 5.264 degrees. In contrast to the three variants
observed by Gong and Zangari, the <100>, directions of the proposed six
bcc-d variants do not lie 10 parallel to any of the hexagonal tenplate
<110> directions. Furthernore, where as for the Gong and Zangari

symmetri cal =ar mangeémentiidvhgreg dos@isef at hemmédtky> bipokendivegedntons | i e

paral |l el 'to tshechexaganadniheiphationsld@eawli rections, for our new variants
one of the bcc-dglddizedisectd oglr'g,polr{:g& 15, pakad | gjlatto onepof, t he hexagonal

template <11Qz, u|Lsrse§ >‘}Rsﬁec onzg’l fe bﬁ’% d <1%'éd> Al re%}ovggeéj%%s not lie

paral l el to-t ordi nate system
where 0 =9 ﬁlqe}’f@ehexﬁ?ﬁﬁ 9t erfPfat e ]d1 Pect'ie&‘ﬁ“‘[?lofa’?ﬁ%ts bee-d vari ant
crystal <1003 ugthespeiconiheanel feasy "Rugmeenation foxi the RUISOLTYY |je at angl es
of pi 0 1 $p60drstreedt] ah2(ecBusalafrbe snikerery fHe60s ampbarddd2) = 5. 264
degrees I N kbgbé ched sahd whStidrSOr i ROMkaM{116P Rt elide@ andeant at-i on of the
two <111> dicheGt i9Rsy Hiigadh: Of rdslied WRrd hetbe%peqd&er ugbt on They match

the 60 a 20..d t , but th
0 degr een%m S ¥h%3{eg§? f\%}»‘:@%‘ ngltr%,ggpéa Eeer ) tgé{xe&tels \t;\hezear ©

exchange coufFeEs i sStrWidaE?t §Fraﬂﬁl"1‘ f)’egn?g’pﬁa\é'éeﬁ?‘gd o)Vl n ener gy
function E2. Phasel1‘2d’(°(9‘flfignatﬂ?ésb‘?%cﬁ%@PBFPPb’e‘FWmﬁﬁﬁ‘r 2gfoC4a%sF textured bcc-d
crystalline girhuetwmia oB8Ghepmehfentagssikswgeed by Gékaauming nagnetical ly
coupl ed vari ant ryolidnesiit Recwnithat r apisceriepgyphdensvinpifgingtl on is witten
as: E6(0)1g{ Elchaf @) éh@ki@i)o?laﬁﬁé%f*@hb%& -420kR)3d QuiBSprheie the + and -
signs are toc&%%a.ﬁ%% E"‘Qnogn 08“§111‘°>°E;&%E&ﬁal gh&éenatﬁﬁﬁ expression. As

gﬁr gz)ter OIp; f:a wins caglusfgrm w:.?h az;.[ qgterface algng the anhat the total

conta:.n:.ng the thin film surface normal and conta:.n:l.ng one

of the hexagonal template <110> directions. In this

20 arrangement the hexagonal template <110> directions

‘ coincides with one of the bcc-d <111s> directions. Hence,

for bee-d (110) texture £ilms that have grown with a <I111>

direction parallel to a hexagonal template <110> direction,

there are two possible wvariants. 8ince there are three

25 possible hexagonal template <110> directions, then there

three possible sets of twins, Hence, we are lead to the

concept that there are & possible bce-d variants that could

be grown. Howaver these variants do not have to be in a

twinned configuration to exist. For clarity, only two of

30 these six possible variants are shown in Figure 5. The

other four variants can be constructed by rotating the

positions of these two by 60 and 120 degrees. This sketch

is meant to be illustrative in showing the orientation of

the wariants and it is to be understcocod that a single

35  variant would extend over a considerable some of atomic
distances.

The angle formed between the beoe-d <11i> direction and

the bee-d <100> direction is given by arctan{y2) = 54.736.
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this symmetrically bal anced arrangenent of six variants, six E110 energy
terms, has no angul ar dependence and so the anisotropy -energy density
function is a constant, Ka(7/32). 5 However, of particul ar23 Anguseg8§0here
are the cases when only an odd or even nunbers of particular variants are
coupled. It is inportant to consider that any one or nore of the six
variants coul d possibly grow on a hexagonal tenplate and it is not a
requi rement that they appear in 10 twin pairs or of a balanced, equal
amounts of material.- However, for clarity, during the discussion of the
next few paragraphs we will consider the amounts of material in each

vari ant of adesugskedbienige, ofthy apricdat betweehetbml dddrddinscbion equal . That is
to say, for exa@npkecisol 4HREEIA! €s QcYarl Jajihee yankandgredipl ed toget her

we shal | asSue § et BE.ccVOLyTReSl, CASLOToLE LhT 85, cel . 11 there is

only one of t S1.X varlané. t % e ener%¥ en51% unction -sinply
reduces to t St of-2eEARYE) SRFITEd© ? tHE>paPe i ctif8r “VEF9 A of f set angle 20
Pi . Li kewiPseTh¢ flmppigraegyod thigeShi7 3¢ Hegxes 2pals dmtys ihéhet Winilarly to the
earlier | ogi éifiedsifyoorihegst [degxees porvahtef dmeriO>céhsichirmsof f set or
origin, the pesitethaigoticilmedrpzett berergy densdd.y frupeiddrast its negative 1/5th
'the. energytnd waetd @arNeak (RePRAKLYAIME Ra bhesd¥ sSimag Y@Ll ant. As 25
shown in Fi gﬁﬁf‘ecﬂi s 36€efd§rBho %‘Q x HRCHT Q01 DS T80 Lo dTBlMUE, one

m ni mum ?gd a qﬁrgi!tzed m%ni__tpirurg_l1 or aﬁxi}o or_ %wo g1ne|cnums, one maxi mum
and a | oc8l | PR HEKISTUTRY 8F Uk, BFICPREEPING 5oL BHEEETS of coupled
‘vari ants yi eFEFtheRE gy YFRE t3%0MS* tHHEt CU ARl FBptesertmeGite™ti al magnetic 30
mat eri al behavizpgemeihemberyr enophr 8 thherllfosdrbl dixstionsf ligunbers of

coupl ed vari amtSlel i, thhr eexagamd freuplarar <aid-s dipestiessnbifeat i on. However,
there is nmoregut hak epeiMBY &@ Jrokm egéhaotiiNesere@schherRsare six
variants ;50 £hoQsg brom JFehe nWEeAM IS e SOR '&lﬁ:rec?%g of the
variants 35 10 g, g€t L9 g bal.anced, of, of gayel volys of mgterial. As
stated befor &8 FEF*5re S°% possiBra BEe-Fvart e —cach Wth a single
crystal | i ne €4¥0>DEF3988E} Orf PP CheHpitBne £ ah "WASPAR BTSSR axi s when Ki >
0) lying at omeeof + hMeaBFh2bhekagusil Refpfate direction [110], the ‘

bee-d varlant crystal <100> directions and easy magnetic

20 axis (K3 > 0} lie at angles of Bi = 0 & §,60% § and 120+ §

degrees where § = 60-arctan(y2)= 5.264 degrees. In Figure
5, it is also important to note the orientation of the two
<111> directions of each of the two the becec-d variants.
They match the 60 and 120 degree hexagonal template <110:>
25 -directions, but near the 0 degree axis they differ from the

<110> axis by + and, - 2§. When exchange coupled this
variant pair will be represented by an energy function E..
atez (@) in the discussion below.
For a (110) textured bcc-d crystalline structure
30 containing six egually occurring magnetically coupled
variant wvolumes the anisotropy energy density function is
written as: '

Eg{0) = {E110(6%8)+ Eui10({0 —60%3) +E110 (6 — 12045) } /6,
35 _ '
where the + and - signs are to represent two functions
for each angle in this expression. As before, it can be
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six angles pi = +0 8,460 a and +120 a degrees. W shall denote these six
possi bl e variants by the nanmes: al (60+8), a2(60-8), bl (0+3), h2(0-8),

cl (120+8), and c2(120-6), where the angle in the correspoiAnguspad@Ent hesi s
represents the 5 angular |ocation of the bcc-d t1 00> direction for the
given variant relative to the <110> direction CIQ of the hexagonal

tenpl ate. W see that, for exanple, the al and a2 variants. are | ocated
at, or deviate by, +5 and - 8degrees, respectively, fromthe 60 degree
position of the 10 <110> direction of the hexagonal tenplate. Special
Case: & = 7.5 Degrees Before discussing the energy density curves.for the
15 vari ous otuichemsshtAlAnt Plonys Shaty arfieaerad tanisotxapyrerarevect o consi der
three parti cuhds spitetofcal i dapded warageientofof tdie peskinbte fifteen cases
of pairs. Howaxet,, WReRQPWe2G@NSHBCHo ldAGuECabiindbsL ableddy the devi ation

angl e of the .y ,engrfy aergqftyeﬂrﬁatlanol@% @5&&@9&4%wéz?64 degrees, 20
sets of energy

but i tl t
oo St abuSlIR o O artw?iegr m‘?erespeﬁe“’er o thras ICU@ lEl 1 0(0-0-7.5) +

density functions of eres are W T

Elio (0 -60+P"Y §%2° Ay o gven T BibEEs ) oL PREFLFYHEE FHLIP

El 3. o( () - 120FPusS)e 2, Ttaid impprtang| §p’ “(Deﬁldﬁr(‘l’:’}artoar{m-omimr? mowy  +
Elio(()-O+7. ®Ej ftBe Fhe subsori poetd ermssdlylyf wyowi om mohetdgongl f or exanpl e,
R2- bl &21' (0) temppRresemd Stt e A0 avakdndRbGert| tB0 thdy Capelediras 30 a pair.
The quot aig Omerf)(alrglor|§f uasqg.lgﬂcedde@@;a@. LRAbSatsSREChAlerTaY. 5 degree case.
V¢ see that in ed ch of %f‘ 'sL%és r:%e &% ﬁ%gﬁ%gl&ogplt%g yali ant s are phase

shifted by exact 5 eas e shown, by
tri gononet rfo"B‘?grf" 56 a‘PgrrLc‘Eﬂnﬁ 1= ?h%' aﬂ%‘tﬁté STl F%‘“aQS”i ﬁg'fh for each of
these pairs, YRalah of @ %‘éﬁ@é?%ﬁéﬂuﬁ)y?f4‘5%@1‘?’5‘5%@@%%1329% t8ekfr ees phase

angl e, the orehyaldeperlndencse on Bvyi sfof &hepld.oim chexwosr2(e}ly I n particul ar,
it can beishewhed hatiadtd biwdded (gethdd (e )khiihd-Beam (o +dicos. (45) cost
(0+60) 1}, 5v§2un@1§f?'ea(:19)of edKErRA) 14 duPcos (45) +16cos (45) G082 (()) ),
oo L2, o e S RO {10 (l0nts (RlutOthel 0usbD) 1 T EZ ale2

f r ex | e pr n
(0) , or e anE 1%5,6 unct;.,on s:.mplg)/ re uces to that of

BEi10{Q )} shifted by the particular variant offset angle

20 P Likewise, if there are five of the six wvariants then,
' similarly to the earlier logic and ignoring the unimportant
energy constant offset or origin, the resulting normalized
energy density function is negative 1/5th - the . energy
function peak to peak value of the wissing variant. 2s
25 ghown in Figure 4,' since the Ej30(g) function has two
maximums, one minimum and a localized minimum (for X;>0, or
two minimums, one maximum and a localized maximum for
K1<0), these two possible sets of coupled variants yield
energy functions that do not represent uniaxial magnetic
30 material behavior. There are three other possible sets of
nunbers of coupled variants; two, three, and four wvariants
per combination, Howaver, there is more than one way to
. form each of these, as there are six variants to choose
from. Here, we continue to consider each of the wvariants

35 in a set to be balanced or of equal volume of material.
As stated before there are six possible bce-d wvarilants
each with a single crystalline <100> direction in the plane
(and eagy magnetic axis when ¥y > 0) lying at one of the
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~variants that has a Stoner-Whlfarth hard axis at zero 10 degrees and easy
axis at 90 degrees,'while the individual variants have their easy axes
(<100> directions for KI>0) angled at +67.5 and 112.5 deg2eAsgust 0@ her
wor ds, each of these paired variants result in an energy function that is
of the same functional formas the uniaxial Stoner 15 Whifarth nodel with
an easy axis (K1>0) angle located half between the easy axis directions of
the two individual variant easy axis .locations. This Stoner-Whlfarth
behavi or only occurs because of the coupling of the two variants and their
specific 60 - 2% = 45 degree orientation 20 with respect to each other. It
i s al so cl earsikleigled pihe +0anidsdt & dpyned reziyy sddagsees, cdnshalt K1 <0 t he

direction of s Lhg rgssd tsaggpo%@m apgd.-hard W%ﬁeqiamtepe anb'tp-x- Ed pai r of
variants invert. Each of these alred variants not only results in a 25

uni axi al ene@ﬁ&s‘?@hcﬁléﬁ*a)'bﬂzwé@ dFs'dadeied %ﬁ‘rlqzé?z"r“@r’ “Pe%fure 2, in a

zero | oss hanrdeamigdedin vidie Wirregpoudsdndboarenspens erdpuaspinteontiend a

non-1|inears Guaaaat Lealjory @ StHdXbod-asaans alitaagiohofor ¢Ho gavaneasonabl e

appr oxi Mt i ORabfting Mdzhbidelr fb oeﬂetguanhsodltiecéi& cape fa ghe= 60-arctan(42)
30 5. 264 d@lggcgg%;ai N fat%f t tmae:e ,gpgal Ls (8=..q7- 5) represents

an ideal way to constru t an |J§%Zﬁ ®uni axi a onse froma (110) textured
bce-d magnet 2@ HREERGEE 2tAs 1I5R¥SST eat'be%ug%‘”taﬁ% §’Mm &P 3Ae “ener gy
functions of sakbressX rd2pe&iilbkey,vardmBhs doSdefeal pdfatdorc@Bst@Nt, Ki (7/32),

then in 3R eaghy.0f;thess: Lerag péga%grgalvgéﬁpqg,ge cases the sumof the

remai ni ng four variant energy funcfions Is equal to -1/4 of 35 25 August
2005 the sum'of the paired variants. Hence, there are three particular
sets of four coupbecialafdsant®=thgtDeaayeeso yield a Stoner-Whlfarth type
energy function, however because of the negative sign, its hard and easy
axes are rotat edBQYox%O RsHRQE KL ScnebAllgye abfkilche ceRrkespondieng coupted pair

and the a%&&ugeﬁéﬁe@r&%}’nﬁwﬂ Ek'qr% P95 d § 1%%0%@1«;9“ othe coupled

pal r case. hree sets varl ant result in, a

R ey 2veh! 1 SPesieet | Hige RrtirRcy got faur souel ERSERE Funct i ons when

driven a| Ongtf‘?lep‘?ﬁ?tlble fifteen cases of pairs. However, we now
consider the special case when the deviation angle of the

variant, § 4is not equal to 60-arctan{y2)= 5.264 degrees,

20 but is exactly equal to 7.5 degrees. The three particular

sets of energy density functions of interest are written

ag:

Bz pra2® (@) = {Bi10(9-0-7.5)+ Euio(p-60+7.5)}/2,
25  Ep 12" () = {E110{9~60-7.5)+ E110(0-120+7.5)}/2, and
By 2" {0) = {E110(0-120-7.5)+ Eazelg-0+7.5)}/2.

The subscripted energy function notation, for example,

Ea-maz* (@) represents the two variants bl and a2 coupled as

30 a pai‘.r. The guotation mark, “, is used to: denote this
" sgpecial § = 7.5 degree case. We see that in each of these
three cases the coupled wvariants are phase shifted by
exactly 45 degrees from each other. It can easy be shown,

by trigonometry for this particular §=7.5 degree angle,

35 that for each of these pairs, which are separated by 45
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10 hard axis. Froma notation standpoint we should state that the coupled
variants represented by the energy function E2_ bl a2" (B) and

correspondi ng E4-al62clc2" (A) are conplenents. After all258bgustd3fdy to
before 15:E6" (0) {2E2 alc2" (0) + 4E4 bla2blc2" (A) }/6=FCL(7/32)
=constant. It should also be noted that, there are twelve other possible
conbi nations of pairs of coupled variants and that 20 none of themyield a
“uni axi al energy function. Sonme are worst than others in terns of the depth
of the localized energy mninmum Likew se, the correspondi ng twelve other
possi bl e conpl enmentary foursones of coupled variants cannot vyield uniaxial
behavi or, bedagsest beysecamsle whet bely idep@bieher N @f ithef ndre uni axi al .

coupl ed pairs,0f & ysbkal)l 0Pl Goua! | AN, plhipwANakysis now only | eaves
the twenty possibilities for”sets of three coupled variants to be -
considered. By simlar logic as used before, ten of them are conplenents
(negatives) of t He rat'Her= Kei64) Reubeadas ofLs8e: (Ehkmeshawedi t her doubl e

mni muns of maxi Y, ét@fi(kc%@i{14e§lcosqzs§;r+%€§s<4m%so(fehg 284X satisfy the
definition of uniaxial aniso @14 éjlc energy functijon ut each does contain
g

a wavy portion [Fapp'df 1 o&h ct'?df"\-‘/)é*lﬁ‘b‘i,ﬁa{f*@d’%b‘@ufo i dway between, and

only on one side of, the single mninumand 35 the single nmaxi num A
response curve V\/rig.gl;lmgr(b)verroaet eﬁg}nplapgggprlaggmer&cgﬁylgdmggﬁ Qggrtl on and the
hard axis woyld, be Qﬁ? ri %S%Jt‘ﬁiesr wliteDon-Linear, over Large portions of

the respaonse curve. |ven a an an ons ralned the 36 25
August 281(?5 SRPOER Pt 38 FHE Tu |3\9e nearst H‘g‘ ﬁ%lrt&eaﬂ‘ "'f“_ilL"f]?L the response
woul d be | osé’Fé’saé‘t%nléF"ﬁDF@lFl FesEr 2B%er (0%t dRpLtiopyrirot¥? the drive. A
represent ati wegjdoet of7 dnendfll2 tthdseresisx dmeoigyprcuprdes caBR ofl - b2" (0), is
shown in Fi guh€sed pafrddNvadiBiiey Yesul@t ih NGl wdidg Ehecpsrechatidlky di scussed six
~ singular var b@ntﬁearﬁm&h%uaéﬂlbnﬂasgom 84 | tﬁéxmima@ &tBnerdi fty six

possi bl e }:919%0841 %9&9 L%%?dﬁlltseﬂm}!? 814 Slbciﬁﬁcﬁa when the
vari ant as% eis rees e are s Joqs& bl e bal anced
et n the easy ax:l.s directfons of the tweo :|.n wid

vari ant
: variant easy axis . locations. This Stoner-Wohlfarth

behavior only occurs because of the coupling of the two

varlants and their specific 60 — 2§ = 45 degree orientation

20 with respect to each other. It is also clear that if the

anisotropy energy density constant K1 <0 the direction of

- the resulting easy and hard axes of the coupled pair of
variants invert.

Each of these palred variants not only results in a

25 uniaxial energy function, but, as discussed earlier for

figure 2, in a zero loss hard axis driven My wversus H,

response function and a non-linear, quadratic My vers Hy

regsponse function. {To a reasonable approximation this

will turn out to also be the case for § = 60-arctan{y2)=

30 5.264 degrees.} Each of these three coupled pairs (§=
7.5) represents an ideal way to construct an ideal uniaxial
response from a (110) textured bece-d magnetic material. As
before, because the sum of the energy functions of all six
possible variants is equal to a constant, Ki(7/32), then in

35 each of these three paired wvariant cases the sum of the
remaining four varlant energy functions is equal to -1/4 of
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10 conbinations that will yield exact Stoner-Whlfarth |ike energy curves
and corresonding Mversus H response functions, plus there are six

possi bl e bal anced variant conbinations that will yield un2adugist2f0f wavy
energy density functions. Al others yield non-uniaxial behavior. 15 For
conpl eteness, we briefly consider the effect of higher order anisotropy
energy terns. An energy expression exanple, for the unaxial case of a
coupled pair of wvariants, when the-second order anisotropy energy density
constant, K2, is non- zero is given by: 20 E2_alc2" (0) (K1/64) {14--8cos
(45) +16cos (45) cost 1? (K2/64) (1-Cos (45) /2+cos &5 C0s2 (a) +COs
(45) COS {60}thF25u“V‘é”f| ¥ %sﬁlﬁa‘?e‘dﬂtlﬁ’i“‘ss f ufeEFon WRATE fBEndREdt the 25

ef fect of the280ichdznerie dfsfofr gowtledi gilhntanbat sumt tve vdeldaxi al behavi or.
when the magnri sther ofchkKParts ©@epadaabl efvheticn; Howeger bedaizetd® nmagni t ude of
K1. However, th@lneBBfte SBInGT i@l Baddbsa le8sPQked hRCARBANGyI b NOSt Cases K2
IS so  insd oy rtegnéehﬁlﬂﬂe L, £1§e %Qiﬁ%%}é'&hdlﬁgrcousf@% S?rc de@l gd 0N, 30 0t is

sonet i nes repg % 1K1/ K21>5,. but 11 atLopls it is
unmeasur abl e: f\i‘evertphe eSS gF’f n%e& €i i ySts-toul'd be

conduct ed i nCPBRIEAPHS. c@ﬁemH&Fc@aﬁes%tmﬁ? 2%% DngP&Es“&Bl‘iﬂe now return to
the case wherariagngs zesithntinplra§eonegnidtd £&:th, sligiegr mnByl@@legsct an(42) = 5. 264
degrees. The ¥M3Tre2msAlgurespdd8Siind? bdhs=dafreedpilas calmgl eht snarot | argel y

di fferentid r aheh bhes. 7romleHRet MRl BEarAPEidthee BsuWld bbgtecoRIgy curves for

the same complnalhons vofiuas 'x%BLésen@éﬁ bYStid e§erg§6§un@%95z?% phase shifts,

are simlar to the special 7.5 degree caSes |ust di scussed. Uni axi al
energy densi ty2"¢@ vB8Y aFBTGEPANNEY fortect-nd 05 afEet IFPBRITELE -of pairs of
variants as éftwar ebld sbuiflerk; tohsforsing the smaller $ value: 10 E2 bl a2
(6) _{Ello (0-0--5.264) + Elio (0 -60+5.264) } /2, E2_alc2(0)

={ E110( 8-£0- 5. 264)« F;LJ{%S 12g+5 264)}/2 and E2 cI b2 (0) ={E110

(0-120-5.264) +El] ?
4E, blazblcz“ e) }/6=K:1{7/32 constant

It should also be noted ﬁhat,there are twelve other

possible combinations of palirs of coupled variants and that

20 none of them yield a uniaxial energy functiom. Some are
worst than others in terms of the depth of the localized

energy minimum. Likewise, the corresponding twelve other
possible complementary foursomes of coupled variants cannot
vield uniaxial behavior, because they can be written in
25 terms of the non-uniaxial coupled pairs of crystalleographic

variants. This analysis now only leaves the twenty
possibilities for sets of three coupled variants to be
considered. By similar logic as used -before, ten of them
are complements (negatives) of the other ten. Fourteen of
30 them have either double minimums or maximums and localized
extremes. The other six satisfy the definition of uniaxial
anisotropy energy functions, but each does contain a wavy
portion[ii] of the energy curve located about mildway
between, and only on cne side of, the single minimum and
35 the single maximum, A response curve when driven at an
angle bhetween this wavy portion and the hard axis would be
nearly lossless, but non-linear over large portions of the
regponse curve. If driven along an angle constrained to the
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W al so note that each of these energy functions, or variant pairs, is the
sane if sinply phase shifted by 60 15 degrees on the hexagonal atomc
tenplate, E2 bla2 (0) = E2 aie2 (0-1-60) = E2 clb2 (8+120) 2% Alewit2803 her e
are three sets of corresponding; 20 conplenentary variant foursones that
yield simlar, but inverted and reduced anplitude differences, energy
curves. Furthernore, each of these energy functions, or variant

foursones, is the sane if sinply phase shifted by 60 degrees.on the

hexagonal atom c tenpl ate. an exanpl e of the functional shape we use
]z1=1 K2 0 and _plot in_Fi ure 7 the anisotro energ% density function
for: E afl??‘(t@) rart EPf o gf) BEEYS. 262 + T 1875t 2395 138Uy ¥, " 30 And, in

Figure 8 is prercnee Ived o JoErlssy ®termgye demat tayer uiieati 8k or t he
conpl enent couplied vértlentdgee, Borsmspordtine twlotheff owsr sefe vari ant
combi nati on: Fdsb182GhB2 A Q&mS %]Il,gz((?l r 04%. gﬁ,@, th Eihle(H, -60+5.264) + 35

ELLO(S- . 120-5. 264) £ £l (@ Qi 2 L[4, 38,25 Auaiss, 2008 4s di scussed
earlier, ignori the addi tTve cons h it SO rop ergy density

function of Bt 'ér8"aﬁé§nté 2P dibet Bu]deaﬂsedlc’Ff é’rjerﬁ'}é' ofh&rg #4fst -1/2 the
anpl i tude diffftor eate oPbseideenerpynidnss t wif unewdldy regdobadnted in 5
Figure 7. Wivhkeiahhese Heunetl iviias thee veeiantSpmdeamngle tikesesite (0) or the
cost (0) depensieaggrert, t e OBLY - YOhI basdibile Mpdedndebe @ttt ure around the

maxi mum and Lhe AL NiUMLEAN whe $e8R teQaQ! fit%her-mﬁi/fa&fcﬁ plaaxial in
behavi or, but_the har aX|n% nagnetic. resppnse.d unchl on, i S sorrewhat non 10

| i near, but jrarerffyof oss% FOCESSEes. © curve Uha e a’f Pﬂ extrenes

invert, and §tHigP%a HHar FTExBE d%?ﬁsé}?:‘reor@lamferdorﬁafﬁaé‘

St oner - Vbhlfa@rﬂﬂinﬁ‘i?@éﬁ thaf ew%:lﬁaﬁgéldmh@ﬁxk?kob@hé“alw EEIg¥ver sus H. and
the My [14] desssiusg ﬂdngt:.qnesp@ﬂaSe:thewa/ergelcdonme&pdeamgaethavE&«ach(0) are
plotted iy 15 FrgtrénBietbiesdyl weebsisEill, codibye €foldedcshgws the non
linearity reﬁkﬁﬂe&:%dfafc%x@o%i:y%@?& Xeﬁ&ua|MQang§v %%%%- However It

{ﬁggﬁggﬁ Zt? Ios§ €S8, f CERONS LI E ML T SPONSE,S rvepas_Lr we simlarity to
variants, when the second order anisotropy energy density

constant, X., is non-gzerxo, is given by:
290
' E2 a1c2" (@) = (K1/64) {14~8cos (45) +16cos (45) cos® (@) }+
{K2/64) {1-cos (45) /2+cos {45) cos®{p) +cos (45) cos (6g) /2.

We investigated this function and found that the

25 effect of the 6§ harmonic is of most significance to the
uniaxial behavior when the magnitude of K; is comparable to
or larger than the magnitude of K;. However, for many
materials this is not the case and in most cases K2 is so
insignificant that it is unknown. For example, £for iron,

30 it ig sometimes reported that |Ki/Ky|>5, but in some
publications it is unmeasurable. Nevertheless, if needed,
a similar analysis could be conducted including Ks.

Special Case: § = 5.264 Degrees
a5 '
We now return to the case where the wvariant phase

angle §, is given by 60-arctan({2)= 5.264 degrees. The

37




-behavi or of the Stoner-Whblfarth response. For 20 conpl eteness, Figure 10
is provided to show the E2_bnb2 (0) coupled variant energy curve for

8=5. 264 degrees, which is analogous to that of Figure 6 w2grmg8st2D05
degrees. The <curve is alnost flat on the right side of the nmaxi mum
However, it still represents a uniaxial material. From 25 these conparisons
we can see that for a =5.264 degrees there are also 12 possible uniaxial
coupl ed variant sets. |If portions of a filmare constructed from a coupl ed
variant pair, for exanple E2-,,:L,2(0), and other portions of the filmare
constructed froma coupled variant foursone,” 30 for exanple E4_bla2clb2

(0) , rotated -8 deFrEcRbaNeirtLRel” HOE HATIGE ALELHIBH A8y BEnd hard axis.
The two fil m7-potasrensvaist antbithperepui Bingl predsyplcereso fehatihet he two
separ at e coupkes cuslrinahtomsetds vhurat s Obut nodpercdemd IdggreEhelmset he t wo
non-1inear respmaseafdNGinis t6athal\RERRR 105 Ydirde Imsas NPlstr esponse
function tshapi,_gélsggcgrl ¥ ddx LR ene ddIVEMRE £ VR urir'@Vﬁré QuBg Johatot he response of
physi cal sar‘rg @}9{&%55 égug% %ngg c%nt‘% Wab[ Srelg§% It is

Ize |on of

inportant to rea Ve the rota foursone the
tenpl at es foPefare Rukoupeet Fhsngradfiey B@ahift:eri al need to be rotated relative
to each other by 90 degrees so that the hard axes of the two 5 materi al

portions coincidg, g(epquqﬁgﬂ(pgpguz%q,ﬂ]&qm eg@goggql)}yzenpl ate repeats very
60 degrees of rota‘tl on i the tenplate actually only needs

‘to be rot®ted 3’62-e}eﬂdﬁ)ee‘s{¥1@(@)gpeatﬁsééﬁ @F\’P(Qﬂz&”"@@sﬁlb}dﬁe@%hl ft. This is
because the symmef Ly.(br eakingem@omnssm kg, @ouweRskpy/2both 10 vari ant sets.
O course it is obvious that other variant sets, perhaps not bal anced, can

occur for’ terrplae orienta ns _het theOan ree dlrectlons and
may yield near I'Tnear Q'h tCth pﬁﬁ A’L‘e%ﬂese ept. . Of (’:1""‘rtugll‘:’r1’5q % nore than one

group of dif Y& éAt RfE: off (FBEp?aé‘ﬁ V‘lﬁr?‘&ﬁll% Iil'?ans%%F‘?wdTYe anple, is very
pover ful s Pegrenalsneshe hexaagedieroprrentemstatrear |y |inear magnetic response
functions even for pol ycrystal line ULO) textured. bcc-d films epitaxially

grown on pol ycrysgt al lihne, g qg@@ga)g griepd.eqy . (111) hexagonal atomc
tenplates. This means that "~ -

Likewise there are three sets of corresponding;
20 complementary variant foursomes that yield similar, but
inverted and reduced amplitude differences, energy curves.
Farthermore, each of these energy functions, or variant
© foursomes, is the same if simply phase shifted by 60
degrees on the hexagonal atomic template.
25 As an example of the fFfunctional shape we use Ki=1,
K=0 and plot in Figure 7 the anisctropy energy density
function for:

Ez atc2(8) = {E110(9-60-5.264)+ Esno(9-120+5.264)}/2.
30 And, in Figure B8 is plotted the anisotropy energy

density function for the complement coupled variant set,
corresponding to the foursome variant combination:

Ea-biazeisz (0} = {E110(9-0-5.264)+ E11p(0 -60+5.264) +
35 F10(0-120-5.264) + E110(9_'0+5.254)}/4.
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20 though a single crystal substrate will yield the best and nobst easily
under st ood perfornmance, having a single crystal is not a requirenment to
achi eve the near linear and low |oss magnetic response f udfchugist20G5e
requirenent is only that each group of coupled variants he sel ected and
pl aced 25 upon an appropriately- rotated polycrystalline grain tenplate so
as to produce a nearly common hard nmagnetic axis for the entire sanple.
When a non-single crystalline substrate is used for the deposition of a
highly (3.11) textured polycrystalline hexagonal atom c tenplate the 30
filmb will consist of individual grains with randomin- plane orientation.
The techni que to3sbtddcnPtng ehdisaneonerisy Bl aiditd vAeegfTeét#®: -axi s behavi or
across an enthe eanipotayepyysteaby | denssgnpluectiont of | Fiduece & Hesappropriate (110)
t ext ured bcapbaiowpl ghxunil rdrahea/asd atd figk f-arz eagdh afp1thme35 randomly
oriented hexagenaknie! aheSenIhf ABLNOH BhceAmNire¥iddntdd 9nis to provide
an_ener getdl cgliy.dol vep JLotfl, PLOGSESS, Lhal BLeLelall al lyesel ects the
a] ~propri ate C%upl ed varrant se F6r “ead hexé’gonall enplate- orientation
bei ng 40 25 Aimfigt @OCBeuses’ (@)n denenderprerdimedeaPronesuicdianstlt are to fol | ow
we have usedoldl bha duBgitele Grbuml dhappixied: ahdngwet hinidesicaed easy axi s
direction dupkngeABENQELEferVariaptafd Ll H2R0SIN beiavioF, dagulhar vacuum vapor
deposi tion of_the,bec-dnntieriak.ned akech adidaelhan {pL the
crystal |l qgraphi c orientation. or owtg.essDaeéao%t iQn.dnan apphied field was
found to ]& el a3 uperi 6r uni axi Al Thenavior . HOwever, uni gue subsets of the
many vari ant *SEEeReTEeTht 87hE8 TIF K6Th RaseY axePn BB B Fhods result in a

control | ed ufiraxiche Sserrrvigrlipo regell Ointpaghrees.c vReR <0 her net hods of
suppl yi'ng an enerpet Mcalllyy -feawor esk candstttel ogr aphl c vgrowmt Hixdi recti on may

include chegigal, bl abiBY idk-8%aARRld @4 MRINAL| Cadd ghdecsaheni cal  pl ating
froma bath solutign V\%If’]e(:h f1ows al onEc&vt hﬁ 13%25'[123'[ e.n a particular
direction’® dEpBEFtFon &= €8 5 GF7'Si n§Peer V&5l “Stostrate, and
deposi tion upbresaityt reduitthg ofrel sbormoed ¢wexbiponabvalénpl at-B. We bel i eve
that just asqthees. | Scdepirefieraneesdme & bssiammetipnsof |mmaest energy
atom c arrahﬂ?”@ﬁ&&n@-ﬁatcu&:@eﬂ ‘shows similarity to the quadratic )

behavior of the Stoner-Wohlfarth  response. For
20 completeness, Figure 10 is provided to show the Ez-pine{p)
coupled variant energy curve for §=5.264 degrees, which is

analogous to that of Figure 6 where § =7.5 degrees. The

curve is almost flat on the right side of the wmaximum.

However, it still represents a uniaxial material. From

25 .these comparisons we can see that for § =5.264 degrees
there are alsc 12 possible uniaxial coupled variant sets.

If portions of a film are constructed from a coupled

vériant pair, for example Ea aig2{(0), and other portions of

the film are constructed from a coupled varxiant foursome,

300 for ex-ample E4 prazeinz {0490) , rotated 90 degrees then they
beoth have a common easy and hard axis. The two £ilm
portions must not be strongly coupled so that the two
separate coupled variant sets function independently. Then
the two non-linear response functions can average to yield

35 a net response function that is nearly linear. However we
have found that the response of physical samples way
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cause preferred crystalline textures, there is a simlar 20 nechanismin
the symetry breaking nmechani sns to cause orientation in of the
crystalline directions in the film plane. In particular, 28nagstzdosce the
resulting texture is usually the nost close packed atom c arrangenent.
Hence, for angle depositions of bcc-d materials one would .25 expect the
<111> directions to tend to align with the direction of the depositing
material. Furthernore, it has been found that since there are two <111>
directions in the bcc-d (110) texture plane and nultiple', <110> hexagonal
tenplate directions there is sone |latitude as to whet her 30 one of the
<111> direct Coreial $e EXEEEF- Htt he t portarg>to txaspizg &haf rect i on paral | el
t o t he deposkthimvedibeecbiayiomrof timatfoutscmki ¢he wetrlaoee fok tHwe <110>
directions akwd Rktionsbé tHEGEaSa1Thed & ek istatsiiablatibbaLase for

unaxi al  mat eaaalo‘éheﬂb@%otdasr@aaegglégtoéhé Loa TQLOBld Qe NURE be 35 just
bal anced aga Qéetriafe urface Q&rﬁgi 1 enepgi es rsoe:th rgm se ”LS symetry

br eaki ng Wl|g cdur . Trk we have Tou ﬁaf_u 18Ss the

processing ¢ ﬁ’ﬁ’igf’fl?)]h?%te ﬁ?g?attsi Wiicd ﬁ%tde@ﬁ??}g RFH""FT‘Fémﬁbrﬁ ants not be

symetry 41 Z‘EP%GQLFé’th@GStﬂPéR%ac‘ﬁtﬂllﬂf@lvmqeéﬁtt%b? apEetedpe the three

vari ants di seugeeksbyoGengaaivdlaengard Soatdmeee tdiditt h&hss Xisnew ones. By

adj usting t hes&ueonpet kjthee N Gt nh heeciaisne ds f ddmhbn Hok-usdtur € can be

obt ai ned.;oAdj LSl AB N etRAl BFBIRESe | 1IC11408R HEPORIL! | 'ogﬂezr aqta@laﬁubst rate

t enperature, g&cuuggrq]gsl [ tl%t algaall Rsls fi I n ox] %ﬁ_tl Qn, d ?ﬁxagonal tenpl ate
Vi o WEC oun(ff’

atom c spaci CONPOS] ave not

necessary to° ’é%’ﬁf%v nﬁabﬁﬁgf‘?nct]?:%ﬁpf‘?%aob%etg%%‘aer‘?l%ﬁtllaﬁ &dM3¥achi eve a

symretry br okEds@edict Hngar HerhsvErt - | FPF depPRBPb, t oF detiité%@ga uni axi al
magnet i ¢ behwedeothath @ngpprapr phtd LS@tent ofehsapi agrvpladistarbatexchange

coupl ed. 1Bheiexghangee soupkj N MEtybeowhrract by hetarered héei ndi vi dual

t ouchi ng vaaémg?ewbeeft H@dﬂysnzreeaanqlagsmee 48 dpdnsdI Chunk-Pfast he  exchange

|l ength is copparabl 1 SE‘,ﬁl qal | (1T ggurteca 19.ari ant,.9rain size.
v do Sttt Fove

However, nore | ona npl ate materi al

directly -i ne%l(’fﬁf"a Y \ﬂf?"ﬁ‘ tcﬂ’e ?Fé’FF%ﬂgg% dr?’ldP‘ﬁ{ag"ré?’é'feé’r the exchange

(111} hexagonal atomic templates This wmeans that even

20 though a single crystal substrate will yield the best and
most easily understood performance, having a single crystal

is not a requirement to achieve the near linear and low
loss wagnetic response function. The requirement is only
that each group of coupled variants be selected and placed

25 wupon an appropriately - rotated polycrystalline grain
template seo as to produce a nearly common hard magnetic
axis for the entire sample. When a non-single crystalline
substrate is used for the deposition of a highly {111)

. textured polycrystalline hexagonal atomic template the
30 films will consist of individual grains with random in-
plane orientation. The technique to obtaining the same
easy and hard wmagnetic axis behavior across an entire

" polycrystalline sample 1s to induce the appropriate (110)
textured bec-b coupled uniaxial variant set for each of the

35 randomly oriented hexagonal templates. The method of
achieving this is to provide an energetically driven growth
process that preferentially selects the appropriate coupled
variant set for each hexagonal template orientation being
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coupling via the hexagonal shaped | ayer. Furthernore, while it has been
observed that the hexagonal magnetic 20 exchange coupling | ayer be

pl ace either under or on top of the magnetic bcc-d | ayer 4% ?@Sh%fﬁ)(s
preferred to place it under the filnms and so also use it as the as the
hexagonal atomc tenplate. it is also viable to build nultple alternating
| ayers of hexagonal tenplates and bcec-d 25 magnetic layers. To illustrate
that not -all variant sets yield-a wuniaxial energy function a three variant
set, E3-blb2el, exanple is plotted in Figure 11. Cearly this is not

uni axi al , but bi-axial behavior. 30 Clearly there are a | arge nunber of
possi bl e waysisef Eougle sgredpentgl warilgat shato sxehkevieeldov ous| ess

magnet i zat i omaresedskotdhuaChigmetidcieBDidpakieal ags@Mehe ofesisédngl e cryst al
substrates thasyasuhtdiRgethiahdndneh @A50Lta%OfriRNE tEOK Weparietd O the
~substrate dirg Céﬂgfamér Ja'gmvsg orfggpoéam e(ytxét@clmgtéﬂgit&at es the

epi taxi al | r N rra rrespondlng to the
crystalli n% %r i'o'%wr%t aa'tl‘(s)nr%'ﬂée'Ct o0 %Jéjrl i ?VF%J%FY:EEC‘%%% i on?nta t9te grains - The

appropri ate SEP¥EF BERASLELFarT offt SPRYIedS figle, RS Jfnys a%yé%]tdect'ed for the
particul ar orskesriar echipsiaic byavabti Movetrerx aguiane IwsAptacd Wea processing
condi ti ons amdngyvarghny sérsecaleragobecihadi $m bditesesegupl| etessari ant sets do
not have - tonkenRgUabdiitWeh 0ht @dckdnieal Uik th@asaiilser Aleso key,' 5 for
used of bgfh,Landemd;Rgpl %@ﬁez%é%fd@doﬂo%ﬁ&ﬁﬁfﬁé ah! éﬂ&‘%geﬂ%éﬁgpnal tenpl ate
films, and f%r S|eggl e cgyﬁo LliLne mWsh rate c,_tllgnthe conce that the
variants of t ; 8‘51 v St ntmla§ sltr y magnetically
coupl ed so FH%T”’F%eP%ﬁ%t s atd O?PR}é%dc o‘Fa‘-”BFt’éhcq'?'eEﬁ t s %(331 ants of 10 the
set rotates PpégenberfroTher chapt i Aglutdompybich kELgwsyj alongagiet i ¢ exchange
coupl i ng. Hemoestrase aickopt péttdcplaradérectiion axkepdsisyonretr ¢ bissken” to denote
the crystal | gt aphihgle CBAFsREL eldubidr@8e Of ahiesRpUMitA¥h alupand anear |y

uni axi al, bcge,d ARt %t;_,l A S ortMai gggcagglyaq L 1Q9@rci vity and, so, |low loss 15
magnetic pr opertl €S, a1 Sl gta@él Qgrap herael 1¥ sp\éngellenge ALroken” material is

defined to exit mﬁen i n
formation of lowest edergy atomic arrangements that can

cause preferned crystalline textures, there iz a similar

2¢ mechanism in the symmetry breaking mechanisms to cause
' orientation in of the crystalline directions In the £ilm
plane. In particular, on a surface the resulting texture

is wusually the most close packed E.tomic arrangement.
Hence, for angle depositions of bee-d materials one would

25 expect the <11l» directions to tend to align with the
direction of the depositing material. Furthermore, it has
been found that since there are two <l1ll> directions in the
bce-d (110) texture plane and multiple’ , <110> hexagonal
template directiongs there is some latitude as to whether

30 one of the <1ll> directions align exactly with the <110>
" template direction parallel to the deposition direction or
that it align with one of the <110> directions at + or - 60
degrees. The 1later is usually the case for unaxial
materials. Also, the energies of film formation must be

35 just balanced against the surface bonding energies
otherwise this symmetxry breaking will not occur. Dikewise,

we have Ffound that unless the processing conditions are
just right not only will the wvariants not be symmetry
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variant sets do not contain an equal amount of all six of the- (110)

textured bcc-d variants. W use the phrase "symetry breggkgg ngﬁggnisnf
to describe the energic 20 process by which a "symetry b talline

structure - is obtained. Because of the conceptual conplexity and

mul tiplicity of these systens, we have only discussed at |enght the cases
where the variants of a coupled set of variants are equally weighted

(bal anced) in volune of 25 nmaterial..This does. not have to be the situation
and other interesting energy functions and response curves can be
obtained for these cases. One trivial, but inportant case can be

envi si oned byreisi #8F i By aaristh copyskl Y ke trse GFdpMteEd variants. |f
t he vol une ofdisashed &yi Govg asl dapgal-i IRthirevhamshactisdndeborss, t he energy
density functy0Rgjsstang Comskartbnpitdnflasndkyibs dependanees Hawever, if two of
the si i( VaL's@N&u@é &8 bQic{ﬁt@Eﬁ‘é&ﬁ_ gﬂh}ﬂﬁméﬂ?@a#}%wﬁéﬁﬁciﬁ&t ht hf”

uni axi al he ol ..can u ider sipl e se n e two

vari ants %tﬁ%ﬁsh:leoﬁieﬂ;tﬁ&\s}aél snu@gg%f%eis i %rt}lrﬁ' a?aecuggl ﬁ\é\gﬁ:yas one of the

three Stoner 2fHFFarth™ VA AP palPe E’?‘g(:’ﬁ?al oFSE2EDT ) 5Pt he quantity of
mat eri al for P89 pad mplerdpl FIRpPSpigient B¢ hyanfquRé Wikett iFour variants

then thi s wonbd roresdery e syrire: magestd c4SRbindubesee? OBS1iantsaxi al behavi or
woul d resul t toHonessd a EfnereeriebgykendetBictiirdli f Eereaee inebymen the m ni num
and the maxi RyMAch d BRAear faped: D¥ehiia of alndt dpeoghtkersgpce in vol ume of
materials. FRE GXAMLE nfl. (HE Slf.SAUPLGYAL] ANt SyaURREsEe (hat each of

variants of the _Stoner- | T arth |ke.§%upl d . ir occ,L?pl ed 30t of the
total Vol une St B0t REESERerPeath Var '3 vs}d'g cBPEY"%0% of the total

vol une. ThenV#HiPEts WitATd tPedtil #4%en 3@dnisRPTARM 6 FEsH nthAterf®fgy difference
equal to 4026xdfanghadengeiulig bempebildiened witemo adnall heonb@revhtterial . was in
j ust t he 15t operiaM6hdrkai tdizk | Keopaddr, mddengsfeitsd BQREbLLce @sponse functi on
woul d be Nnorgagraensi hd:¥8ord? tBEp13RP! hadhie! 8 raseiyhanmeBhdem t 0 maxi mum
energy di ffeg,%cet%g)uk‘gm%lgigrrgg o fQr the ;&égL @9”%}&:&1 g\éol ume. This

od o 15 al Fed t

represents a _neth usti ng the sl ope, SQ.C he magnetic
rel ative per ﬁ% il]l'.lqt'\y?:l’.a (a)\f et ﬁ:eexagonat.ﬂ sﬁape% layer. gurt ermore,

while it 'has been observed that the hexagonal wmagnetic
20 exchange coupling layer may be place either under or oa top
" of the magnetic bcc-d layer it is most preferred to place
it under the films and so also use it as the as ‘the
hexagonal atomic template. It is also viable to build
multple alternating layers of hexagonal templates and beco-d

25 magnetic layers.

To illustrate that not all wvariant sets yileld a
uniaxial energy function a three wariant set, Ei-nvaei,
example is plotted in Figure 1l. Clearly this is not
uniaxial, but bi-axial behavior.

30 Clearly there are a large number of possible ways of
coupling gsets of variants to achieve a lossless
magnetization response function. For epitaxial growth on
gingle crystal substrates the resulting hard and easy axes
are correlated to the substrate directions. However, for

35 polycrystalline substrates the epitaxially grown £ilms
contain wmultiple wvariant sets corresponding to the
crystzlline orientations of the individual hexagonal
template grains. The appropriate set of couple variants
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magneti c response function. in many magnetic devices it is advantageous to
have nultiple thin filmlayers. Many tinmes they need to net{%@ly or
el ectronically interact and so there needs 20 to be speC|f ésotropy
orientational relationships between them For exanple, to mnimze noise
signal it is extrenely useful to apply a controlling force along the easy
axi s of a magnetoresistive sensor in order to stabilize the device -agai nst
the formation or notion of 25 magnetic domain walls in the sensor material.
This ii; sometimes acconplished by placing a hard magnetic material at
the ends of a rectangul ar shaped device to provide a small magnetostatic
field or to exehghgetedofpy dheoparkécwWart oripptahed PRYRFEE2llinet hese devices
there i s a neeghgotadit@spBlet ta agnetsinat ¢oditivine andavmineddyy rot at ed
state. This patdews ﬂehﬁaﬂmgnemiezatdoaﬂletdovswaag febhipastthae and negative
toward the hapd,axhs.A9d.LLRdss 1% ayRkd $i a8l saph PRI1BE Qﬁ: extrene

non-1lineariti.es [.n % i an| otro I gnetg r %ﬂ”g? %VICG t he signal
ted 1
resi stanceé va?f euSSEd ? o:itl 1en a eOIip%en? %c?Ly% net | zat ion

rel ative to PREIBYrr éﬁTPlFF?)wfd Pact Foh nale S EEGHT er ' of

~control | ed h&werestesols die seAreeRty thath&he pratas of GBﬁtSééF"teSr proximty of
the first | ayewgledaseipbevisdifichaddy 44t@59)ugagteti@8blys tcalledzi ng or
orienting ef tecirat dhek@winge; zak o veé@ior off 2hiie ofif thEagaeiants toinnel j uncti on
type magngt Orcﬁélszkle/&atwmsgéthwe @h@carugmufgpm ho=8NERRNY AGr 0SS an
interface between, th ALY agf;% rraglglggl Cwea}é%;ﬁ: 't%e%fu?a%@d via the 5

relative ori encilat Handl ey' s text,

"Moder n l\/lagne‘t“?’tf”c eﬁyf“%ﬁ"?ya it n"ccf eggte tﬁa PP |]('?La i O?‘Ihl'c di scusses t he
structures afBRYREEITARFELFsOf dheth et iay APCoPLELE (Y a* Bt RIS as wel | as

ot her magnet Acmatgppdisc awhbrs ha¥hi vt ecdnvdiogy apd. nisw wev | 1agével oped for 10
field sengor sagd@@ghebrépedaias .St omagenpayipaedphhesidy argmnstryr api dly bei ng
devel oped f%réﬁgnetﬂaeeﬁamdqm AeGeasa Mesoiyit (WMRAM inddheaudihe magneti zation
of the two nggneti Cﬁ) d:@Y &S Shot ! §on%!t:9’£§1he 8 Qllncﬁﬁﬁ:rbfaalllr g8l gfance is

m ni m zed .as 2P, Lransp ort, gcross the |nt e&e ace. | $,8ng led or enhanced.
For
: *symmetry breakn.ng mechanism” +to describe the energic
20 process by which a "“symmetry broken” crystalline structure
' is obtained. Because of the conceptual complexity and
multiplicity of these systems, we have only discussed at
lenght the cases where the variants of a coupled set of
variants are equally wéighted {(balanced} in wvolume of
25 material. This does not have to be the situation and other
interesting energy functions and response curves can be
obtained for these cases. One trivial, but important case
can be envisioned by considering a film composed of the six
coupled variants. If the volume of each variant is egual
30 then, as noted besfore, the energy density function is a
constant and has no ¢ dependence. However, if two of the
six variants are of different wvolume than the other four
then uniaxial behavior can result. Consider the simple
case when the two variants with different volumes of
35 material are selected as one of the three Stoner-Wohlfarth
variant pairs (Ex“{(g) or Ez(g)). If the quantity of
material for this pair is slightly greater than the other
four wvariants then . this would break the symmetry and
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15" exanple, sensing an external field is acconplished by pinning one

| ayer against rotation while |l eaving the other free to rohgte or ﬂ&smm ng
a structure where the two filns are antiparallel and. bot OPEPSiaYhr e
allowed to rotate toward a comon direction as the applied field is 20

i ncreased. Wen the two |layers are not aligned the  available conduction
spin states are not common and the conductivity is mnimzed. In these
types of devices a variety of orientation geonetries have been discuss in
the literature, but for all of these the signal always depends 25 upon
the- field induced magnetization orientation changes between the stacked
magnetic | ay&rsaxiph dGhevigevicrld geefidtri es ip¥ere: altBe mA"erPl e nagnetic

| ayers, noredehsity Qh6ferance t harweeagnetoregiistranegsl efifeeotaxiisunget er m ned vi a
the conduct wetld 6k WeiebtR BYlltheptd atitandi itfehacas. vdiameeod he 30 signal
det er m ni ”9 %QPéﬂlﬁﬂs fiebd eQlingTRINGL bfe SLRIBubR vEBLALD ﬂ@goa@y the field

| nduced ang! gl Idf oG haLIESh tfn{estegémﬁfamyel g%&y the
A

i ncor poratl on of r ter controlled
is essential P f’bOFﬁ%ﬁ?é 3h° ? ég‘% ttoy'i ]e gmedé’\} c%gh °rll'h UAFEXi al symretry 35
br oken magnefpPer Ivaijﬁﬂtﬁe%q?ﬁs’r??gw rﬂ#eh‘%%&"tﬁnéf%ﬁ’@cus% thisre, is of

consi der abl e wpalduerealt edic ha ofinies etdenaxgmen epkrohi ddffeyarae nagnetic | ayer
structure, asthfiergOnamneds CyhatOrwoaydt Bet bbtAntd f ehgronaynetiiec | ayer

construct@d fheRher ¢add 125 AIUSTHe20RnRaRIdaeth AYEKS &}a{k be used to pin
or exchange ‘EIQH;%' e ‘g% ﬁ%&?{c ngggpoglf < L he sansor, gneg mbAvers. Control

of the anisotrq ayer ew e of ,va e devi ce
by

in
desi gns. By Eﬁlbsd'g’ﬁ %h é"h%oﬁ%éﬂl ofi ¢ B Fmémt 0 H'ﬁ\’fé "B differing
ani sot r opy céﬁ%’%gé{nfléff@ﬁ%“qea%‘ilde%eﬁﬁléF‘f yorapedrsahdig et ot ate whil e
the |ayer wi vblumhe |Bvisr repnseerstsr epyethodseamdiesrinappearsiors.be magnetical ly
softer asd hleeScdlled Othd emagnates idlathies mippeéddaityon,ofvethsi | | di scuss

anot her net hgggﬁtly%ggoﬂsgef@et@@ al symmetry 10 br.oken technol ogy to

~orient hard disk; ng{g(}QEadev-Egé?s 12530 APRLoaGhCaD Al30 be used to
create or orie ihegE’h‘h flr af_.ant | erp{?orragnetlc | ayer structures. A new

i ntegrat ed cf“?@ﬂ? 1S “eher YpIdEE the

magnetically or electronlcally :Lnteract and so there needs
20 to be specifically anisotropy orientational relationships
between them. For example, to minimize noise signal it is
extremely useful to apply a controlling force along the
easy axis of a wagnetoresistive sensor in order to
stabilize the device against the formation or motion of
25 magnetic domain walls in the sensor materizal. This 15
‘sometimes accomplished by placing a hard magnetic material
at the ends of a rectangular shaped device to provide a
small magnetostatic f£leld or to exchange couple to the soft
£film. TLikewise, in these devices thére is a need to bias
30 * the magnetization inte a partially rotated state. Thig
allows the magnetization to swing both positive and
negative toward the hard axis and tends to aveid signal
clipping or extreme non-linearities. In this anisotropic
magneto resistance device the sgignal resistance varies with
35 the orientation angle of the magnetization relative to the
current flow direction. Hence, a second layer "of
controlled hardness or anisotropy, when placed in contact
or proximity of the first layer, can provide these
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upon the spin transport process and upon the orientation of 15 nmagnetic

| ayers simlar to those just discuss. This technology is s tine ferred
to as spintronics. The nost sinple of these concepts is aﬁ%@g’r@f?%d’sgpl n
transi stor  whose -conduction is a function of magnetic spins injected

into a current controlling junction region. The current 20 controlling
concept is analogous to the carrier control or field control produced in a
bi polar or field effect transistor. However, for spintronics, the
orientation of a magnetic nonent in the junction region of the device
determ nes the spin dependent injection of the electronic 25 carriers.
Hence, contr GFaiflieing o4 LaRYiSE &Rtethe MAGHESEc $Rakespi™ t hese | ayers

i s essential vaite i wawreSionedneéhajunctiorsi Biver siagegtopesicoingt ruct ed as wel |
as el ectronisensdagi theanflast@he sgeyi eRmspity tNREEPr an beEgAaWSSE: W th proper
desi gn nagnekltyeihatils 1A bR tapbi £ 1308 B LEECAlaPPWeEnd S renmoved, it
s envisi gned ihial. ! Bene, dey 685 £ANBORSERS [CIRLY, f Ungt ional i ty. These
future electroni ¢ devices may conme in unforeseen designs f\nd

functional I i fyF*5utY 5nEe’étSpe’3f%éei"% hﬁg%ﬁlgcﬁatﬁi’rﬁiﬁo@doipr?’ﬁép i sot r opy

ener gy densi &y ARPIAPIEORF Oy cEHS8Rt Bhe GRTWTreBRse TePhamilend . The uni axi al
symet ry br oleéntheee hegneimreaistips ifeldsaanmehbdsl oghexf wagnevim rol | i ng t 1i ese
angl es and @pgrichtionst at @bis 4ecRiplAgg Uist nd00bent RfreT@gaetdC Circuit

conponentf, WiERh seadbreNRlhbeidf BN EEEYQ¥ech 3BLAOHEORY 268N Ol , i ncl ude
i nductive  PLOPERLI £ing NSRS LE ROVIOPES dhfal'Gluds, YIRLL, [radi tional

i nductor geo netrc nateri proxi mt Ol “current

r n
carrying condt&®rs. ﬁrer%f“ﬁ%réaﬁf‘fﬁlﬁfl kel ttlﬁetwﬁpa?@teftc Y€ al s enabl e the
addi ti onal stBragered chenglfrrafid Iericamndse lasBPMG2¢RIFpaRi&t e si gnal
wavef or ns as trinspbrt Eergssokhe dnterdned dp orebiehwer ¢ntpoeed. t¥pral t ernati ve
vol t age . ais Ceksngnl, | @eRding Hal nexkel A StAiWLE ULES anBspd ikleedl byespeci al | y
useful -at the;iHieh0Gld GHdr 9628t WAREEIR Ghi1el heguegchias owud d nornal Iy
el i minated tBe.disf Ol bulde oImaneti ¢ JRlanlel e Pl Lpguetrs and

transtormers are, . ovi3ioNeqaigls SETRENt LAS RALINRYS Qheadvers of

toward a common direction as the applied £ield is

. 20 increased. When the two layers are not aligned the
' available conduction spin states are not common and the
conductivity dis minimized. In these types of devices a
variety of orientation geometries have been discuss in the
literature, but for all of these the_signal always depends

25 upon the field induced magnetization orientation changes
"between the stacked magnetie layers. In some device
geometries there are multiple magnetic layexrs, more than
two, and the\magnetofesistance effect is determined via the
conduction between the multiple film interfaces. Hence the

30 signal determining applied £ield or magnetic state is
determined by the field induced angle difference between

the pairs oflayers. Clearly, the incorporation of layers in
which the anisotropy can be better controlled is essential

to improving these types of devices. The uniaxial symmetry

35 ‘broken magnetie layer technology invented, and discussed
' here, is of ccnsiderable value for each of these devices.

A third, hard magﬁetic layer structure, antiferromagnetic,

or synthetic antiferromagnetic layer constructed from hard
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conductors and magnetic materials would be used to formthe :L5 nagnetic
devices. The design needs to incorporate a considerable gggé f%xgagnetlc
flux path closure in order to achieve a reasonably high

perneability and, hence, efficiency. For |linear signal transfer a near

| i near- magnetic response is desirable, whereas for power transfer 20 this
is not as critical an issue. on the other hand, an anal og signal m xer, as
is conmonly enployed.in radio comunication, requires a non-linear
response, which can be obtained froma uniaxial material via the easy axis
response to a hard axis drive field in the presence of a 25 bias field

al ong the easyometis. lddgwevess benperdt &at pio cwaekchapde tdrupde davi ces i s that

t he magneti c chesaewobe dti BhérelensorOmhgiatiis eldylees devheas bAj@et noi se into
the signal, tgngdhil-goy Q¥ednibeRlefS COBIGYsd Srhaskpal ekl iggvaach cycle, and

possess a | i glied, o " GUBDGK LLHONSRoos LEA bY AR Rherd0 syt Ty

br oken rrecha |§g1 K de net t g ogg & n% t he magnetic
ani sotropy a i 8ht atm'so Ry S6TTenabl e 1%ehese d:e5|ess% &>ddvi ce
attributes. ARBYHEr PABEGNET i E°tFF%I Hh’sléné%‘F LGP W AEE 15PS edFe non- |i near
response funepistrepd deapksct san r@@%’do@sl%ﬂ megret@Eallls spées] ess process
and hi gh fregu&ntieecopes atotane. imtknoim @sst Bppfieakigat ewe Friligat es are
comonl y used;isissenseridie neeBdd hos hinld @iad @rexrxt earﬁhuﬁlyy used in the

vell dri '"ngﬁo;%aoee%%ﬁoiaaynw'owgntdﬁgz%caisqpmggnewgmqm i ffg gpr ocess. This

47 25 August S 1s e peC|a I |rrpor1giat £ t rels!ellng such as in
the oil indu§f? c’raézt T BET Bt USET I IhGVERE I P TS “Gurt significant.
Havi ng a robb8%f PFén&lgﬁgﬁgnfbl%}%rdétrqcﬁ?’fﬁsmt| on for avoiding hitting
certain material & pev daregrased sirattetechPhlowy A% eMgreiigoR?se8f physi cal

desi gns for tpesehe dpihoesnsddonereresst hey vabt therdeienmtathen oifnpl e concept of
driving ore pRgRelsClayd:s andiipdust | Melsy nResukisgsthe tHige rate of

change of theesmgﬂsgy zgt 's&&tméw%@ez%dt ke aae@p%&%hw@gn%ec field al ong
an orthogonal r.esponse |eI grans%]: which is

XIS
pr opor t i onal m?& s "(:ﬁlﬁ ?ﬁéheset é?rhcaep£?| &l d "Bra cfc VeTire uency, and, is a
second har moRPeESt GORHEEHT V& Fi BPA 1 FeqhelREpety fodnt Heiect=d

into a current controlling junction region. The current
20 controlling concept is analogous to the carrier control or
. field control produced in a bipolar or field effect
transistor. However, for spintronics, the orientation of a
magnetic moment in the Junction region of the device
determines the spin dependent injection of the electronic
25 carriers. Hence, control of the orientation and the
‘magnetic state of these layers is essential. It is
envisioned that tramnsistors can be constructed as well as
electronic logic and state devices. Furthermore, because
. with proper design magnetic states can remain after
30 electrical power is removed, it is envisioned that these
devices can possesse memory Efunctionality. These future
electronic devices may come in unforeseen designs and
" functionallity, but one aspect is assured. Control of the
anisotropy energy density and anisotropy orientation will
.35 Dbe critical. The uniaxial symmetry broken mechanism can
provide a methodology for controlling tRese angles and
magnetic states.
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response is proportional to the drive frequency, the signal anplitude, for
a small applied field, can be increase 15 considerably vi ?ige uf?Qfg a

hi gh frequency drive. However, if the material has | osse

frequency is Ilimted and it the |osses are due to the Barkhausen
phenonena associ ated. with donmain wall notion then the measurenent
sensitivity is also noise limted. If the 20 magnetic material has a

| ossl ess uni axi al response, as obtained by a uniaxial 'symretry broken
structure, then device can be operated to hirgher frequencies and with
better sensitivity to external fields. Another fam |y of magnetic devices
can be used for OPBrampyrstée seireeiy |ompensane. aritick| ean denedifti cati on and are
comonl y ref érored itprevedt agsisoSosmy Ofcotthese diwileés Dydecsive on t he
principle of pAgartidiear respONSEeanchibiéls eperatfun Lhaiprinciples of

l'i near respOE§£a1€MaQY&H&ct§Pe§&%e§}1%r a%‘ In9§ne|t@$ ef.d-adiat isgn. " The control
of the 30 5ani sotroto oEN ergé/nt recti :{’Lttl al in each.

The non- Ilnegr response dev rrlylp? cofl?"z’mﬁ ?%geme\ﬁgf‘cﬁﬁ'ng of the
magnetic stafé %rWFV‘R/F‘% %&F‘?‘s rﬁS‘FPch'nt ° Vi i Gah et SRR I°4r ge amount s of
har noni cs of ere¥gy dandvingan fieehrkd whinghigHiete rdandewertfoynyiag pi cked up via
35 el-ectronagmetiilcersensi try taxnbeienasr doavédie pswapltestliernatifrest ati on the
non-|iear respnage draGuifenti 1g¥eYsa SiihPrilaf sWlcyushf Wotgnreti c materi al
with a unipaxigle.aisotseny AR QémeA%ﬂ‘&:?&cl%QQﬁ diJ.eCt L. ThiA 1S easily
produced uti j_=| zqi%nlgcl%%[]woﬁdaxmmﬁfyymmﬂ"xn? et[lhﬁrrat eri %I stﬂcuct ures. The

| i near tags wor net| “zation

ori entation PYPEREF n%ﬁ‘é’rﬁ gal ?‘é%oﬁ%fﬁﬁ?‘i?f “g &E%‘E@PF‘E“\% Br&tions in the
tag. This isewigAensla wherenn@gaoreinst iratprayser ofes laygvischofs a conpl ement
property .tecmiagnetostd nginediy matedihds natibd bal ssedFoy fohesdematerials a

| ar ge, magpet aggnet ot | @vigeef f i ahentaek Sgrdesddigd . coWieBotdiRatdragnet i zation is
rot at ed away o § 08106 %’éﬁife@%tsmé&ée&cdﬁsh%? p%thdl%LQreahR“&dEPe hard axis the

material eit er %I oneg% er%asognabforhj] gct s%rqggendl r}gs%ngn\,% e coeffl ci ent

sign. This s ape ange 1's eq vetravellng al ong
hence, Effl ney. For 1near s:.gna transfer a near linear

magnetic response is desirable, whereas for power transfer

20 this is not as critical an issue. On the other hand, an

‘ analog signal wmixer, as is commonly employed in zradio

communication, requires a non-linear response, which can be

obtained from a uniaxial material via the easy axis

response to a hard axis drive field in the presence of a

25 |Dbias field along the easy axis. However, important toc each

of these devices ig that the magnetic losses be minimal.

Otherwise the devices inject noise into the signal, tend to

over heat as energy is dissipated in each cycle, and

possess a limited frequency response. Clearly the uniaxial

30" symmetry broken mechanism can provide a methodology for

controlling the wmagnetic anisotropy and orientation and so
enable these desirable device attributes.

Another magnetic field sensor, which utilizes the non-

linear response function and benefits tremendously from a

35 1lossless process and high frecquency operation, is known as

the fluxgate. Fluxgates are commonly used to sense the

earth’s field and are extensively used in the well drilling

process to monitor direction of the drilling process. This
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the tag. Wien the acoustic wave reaches the end of the material it tends
to reflect backwards. Hence, if the tag 15 is driven vm'th net| ({SI eld
that oscillates with a period corresponding to the acoust l‘g“a?ﬁgq time
between the ends of the tag, resonance is obtained. Likewi se, if the drive
field is fixed the length of the tag can be adjusted to match. For bul k
mat eri al devices, where there is no 20 substrate, the acoustic properties
are determ ned by the acoustic properties of the nagnetic nmaterial.
However, if- the magnetic material is lam nated with another material or
deposi ted upon a substrate then the acoustic propagation properties are
det er mi ned by-St BEPecHMY ndBPYF o e for edesdf veHe PELFRgn®idhc 2frateri al and t he

| am nate or gshbstilatiedudiowevibere thhecexrowst pellissorlEncitbnidi tion, of the
conmbi ned set q@it diBheficahs, HaUSlg St rbbusherrmiacbetkot-otd herovagnetic fiel d
driving fr eqliﬁf‘&ﬁﬂlataTﬁagfgﬁtaegidiQQ Dt e U cBfdah ddrer{fBENEl igicdrive fieldis

di t d t { t
| sconti nued., Qg 10 Ll RSk egs&ngﬂcseic;@ &0E.LAg,LqRLISES to

el ongat e an nicaf Te onance c
magnet ostr i ctdleﬁ’eces(:ou%ﬂwﬁﬁ%r't FEhé g "3} b a8 8n§°’%’7’ rfgfgnetl zation

vect or . osci | [GatEggaone heearetiamedl aﬂﬁeqﬂﬁéwﬂéjeﬁéﬁ‘%ﬁrﬁﬁgj &e magnetic field
at the very specifate pEctiamipeabt r ésommoes:idstiopedudwey, bwhileh can be
~detected by teReexial efdgneticafi &M asong As WiiHagbhe BBONEt ar esi-stive field

sensors tfie 19RGRELOY-ASE KA éj%‘ilf:d?ﬁ Wohks BEShrdpbréioRer bias field is
enpl oyed to tb' Li Lhe grgneti %i‘éldo m hefrégééﬁch' Sag,! T 4% 25 August 2005

t hi s manner netizatlo tor t'he  bi as p0| nt,

whi ch avoid FF%‘&'@HﬂE °&b‘i|b‘fci ﬂ: ®a ’alven% eéc're%‘ﬁ‘%l erF(?;l? BantSsensitivity.
For thin fil FESPHEPISi ?’é@"ﬁ'ﬁmnﬁhltﬁ Spe dibe £5rRenclr B9t 3en substrat es
etched from SmpB.teds.uckaar a5, sndfie Rpghiedediakd.catenQ kst idsweSie furt her

i nproves ishe corgliardinagl wiesamancesepr & eas. hidh Mikkdnismde a@friva.esonance

frequenci es gafdag, Uld bhZedebfiasURS! natRs ofe @idd ereflenkenat hs are
enpl oyed. Th'igM %aogﬁge%roche'v%gééu cale SkE CE&" Ehe 8&4&”0' ogy, is

ideally suite e 1 ncor o(;%e [N, suc a multitude of

uni que  t ags PAFETERSI PETCIRESon By é?ogﬁ?f% F%rlsgttf%e can

measurement sensitivity is also noise limited. the

20 magnetic material has a lossless uniaxial response, as

' obtained by a uniaxial - symmeﬁry broken structure, then

device can be operated to higher fregquencies and with
better sensitivity to exteznal fields.

Another family of magnetic devices can be used for

25 article surveillance and article identification and are

commonly vreferred to as tags. Some of these devices

operate on the principle of non-linear response and others

operate on the principles of linear response emﬁloying

energy storage for later radiation.' The control of the

30 anisotropy enexrgy density and direction is essential in

each. The non-linear response devices typically allow the

switching of the magnetic state abruptly via wall motion,

which generated large amounts of harmonics of the driving

field, which are then detected via picked up via

35 electromagnetic sensing antennas. In the simplest

manifestation the non-liear response tag is simply a strip

of very soft magnétic material with a uniaxial anisotropy
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be m cro-machined on to a single substrate for a single devi ce The
nmagnet oel astic naterial deposited on to all of the beam;

~electronic circuit technol ogy many 15 of these devices car? ed on
a Si wafer in parallel. Wen this device is driven by an -osci IIatl ng
magnetic field only those beans with the Iength corresponding to the.
driving field frequency- vibrate and store energy. By sweeping the drive
frequency and then 20 electronically listening via an antenna for the
radiated magnetic field response each of the beams sequentially, or by
applying an inpulse field and then observing the various response .
frequenci es, dreEigruritiBel i raly srgfunedr utidaninge cupbeniianédl. Vari ous
acousti cal wam&e@wcmalbﬂrﬁ&mtes: gned to allow a generic MEMS
structure, whi ch manifiear piaggramres. aht efrihbpideyi cREpBING a@Nstructed. For
exanpl e, Vi g gRahanical damReniRg «of R egleherfi-ned.heans. ofs specific

| engths of_a en _dey , uni ape. signal., signature can b obt ai ned.
Hence, from a%g?sn im?s cgrgsghcf S%a%suTgfLratle 558:1? hghasan(fs of unique tag

devi ces can Blég‘é% ‘§Jtarsﬁ Pﬁ’ét?ffé Whieh 15 &) fOBPIAIFE R3FPPEBel each product
Wi th uni que tt&gmagaé‘?ﬁséémtéaéh ofi ¥h¢ i gtfe sTQnkPess wierir® Critical to
any of these adésigzenadretogperdionomdatSitipst ciontdeoirednd Wheri €mst at i on of the
uni axi al magreghd:ipaniisat IOpyreae Gy SonThe smgxbhals symmakiy broken
magnetic Pt gibA aSidd ehsRrkSaxikded nb@iribhhis ca0Plhaldan. orAl so, as

di scussed ear Imlltezrabt_;, Qiepéz‘iﬂng E’g"ﬁ% goégf%%?tpg}_ ntially.xaluable to have a

soft keeper I I.Lnh clfose miy to the hard nedia

| ayer. By usi® 95 dRi & %lgfle%ttgrf“éla"gﬁﬁtl@oﬁ’f‘g%ltﬁaﬁﬁﬂflﬁe%?ﬁ Zent ati on of

thi s~ layer tPel&9 ve"reR tthe PERWRLET nepver Ardcheanthe #rthet pihef err ed
direction of meherikbrid wewdr yolweféect bagkwprdd.d Hempreovad theafagal densities

vi a i npr oaed isbdiigen ot s maGiNtic PiARAd thhbessebllagbalbiikhty pepdtd overwite
properties. \éerm;{@ndahéoco taundaidiat dbesuseidf nthiRearduent@isi on determ ni ng
‘bce-d - vari a%% t%Pr gQQﬁ{a 8yqls ?@:’A;ﬁ&?“' £;éée§};,§e0”§fc8@ hRlyeOf the

g:: Io\ipt]ag:‘ O\r/]a%x% engthagferthe tag can gStcl‘l %agecp% the epl taxial

match For bulk material devices, where there is no
20 substrate, the acoustic properties are determined by the
l acoustic properties of the magnetic material. However, if
the magnetic material is laminated with another material or
deposited upon a substrate then the acoustic propagation
properties are determined by the combined properties of the
25 magnetic material and the laminate or substrate. However,
the acoustic resonance condition, ofAthe combined set of
materials, must still be matched teo the magnetic £ield
driving frequency. Tag detection occurs after the magnetic
drive field is discontinued. Due to the acoustic resonance
30 the tag ¢tontinues to elongate and contract at the
mechanical resonance £requency. Via magnetostrictive
coupling to the acoustic wvibrations the wagnetization
vector oscillates at the mechanical frequency, generating a
magnetic field at the very specific mechanical resonance
35 frequency, which can be detected by the detection antennas.
As with the magnetoresistive field gensors the
magnetoelastic tag device works best if a DC bias field is
employed to tilt the magnetization from the easy axis. In
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stacks on single crystal substrates we have found that there are sone

uni que epitaxial relationships that have hereto fore not &eﬁ& s;[,\%@(ﬁ[ ed or
utilized, as well as, some which enable unique characteri

combined with the 15 newy invented coupl ed variant structures.
investigated three Si crystal substrate texture orientations, (100),
(110), and (111) by first depositing epitaxial Ag on to these cl eaned
surfaces. Sone epitaxial relationships are already knowmn fromU. S. Patent
20 6, 248,416, Heng, Zangari, and simlar publications where, for exanple,
the gromh of Cu(fcc) on Ag(fcc); permalloy(fcc) on Ag(fcc) or Cu(fcc);
Co(fcc) on Cobitdapnesr ther mdnebigatior gpctorCroschdefeorrbagt (Yhece) ; Ti (hop)
on Ag (f cc) biamrpei@o( hejp)chorvedd bcejuekey TaGkphg Wetde Bipuckead ext ensi vel y.
25 However, Rperfi@b€ey RnhiheseivGiks. Wasranyire i URY)Caegyasantad  of

deposi ting begsb RARRLLL AR L lvééf RO Absthies USRLY BLLPE;OF any symetry
br oken structg es.o di scl qlsed}r( mec v§ 9ps rve m"r?tryff %oken structures
by appl yi ng' FITITET ry BreaksS In fi0dS" afd Ton “the dep05|t| on 30
process condll‘f‘l? HEs TEGr mesba ag r‘?ﬂ@“ﬁé’\‘?epf&?(isbotz‘hm%‘@%ﬁ 9% tFon in an
applied fiel ée%n%p%%lﬁmeat cgh Rhgtieilizedh HE gebpEtortesntodd hexagonal

t enpl at es t odbffeakeat hilghduhs t evet ueeplogydmret r Thir okiernciBlentzad-r on conpounds
and iron al hegenictl AbSerumg haserddubrhgyasidagedegrslsgltosed in the
literaturg, , pt h@ho%rg@éa eplstuaﬁlaahwmgreﬂnogenul@e&uqe% ua{h%her and agai n

on anOt her Wt‘:'a etsazlre g %t rog%b ms ‘V’ r ial Qltqsatc!a

rel ati onshi ps Sbet ween éach o 25 A ? Jf’BBS eb@ on each of the
three Si cry8t aMFREIBRIU &8, F2190sinol %ﬂ tr%’?fd 9116>Smﬁ3r8re are al so

ot her rel ati 8¢&li§ppsthe Pﬁﬂ’leaﬁléﬁtﬂf‘-‘cE‘a?l?gfla%@e@PswEda?WsalﬂoPﬁs t he sane
texture as the bSimssubBiatate with fdedro@iv threiif ctectinsigdggtmaaye,- a 5 nunber
of epitaxisal of ekRédeOnNadiiipss Cadh bree ObtdieBesh f & thesi fwalekowing | ayer s. Upon
these |ayerspyehiof heryRRi taxd aéew.éeellet 'dekﬁéﬁ' aﬁeoécqrmmn Wien a bce-d is

grown on ano %glrt:.cbccfl%lﬁhe xturbeaa‘rn gn flgn 4 I's grown on
fcc- d the sa texture reSLI_l1 3 wever, -d mat e als
-gorresponding to t riving field frequency vibrate an
store enexgy. By sweeping the drive freguency and then

20 electronically listening via an antenna for the radiated

" magnetic field response each of the beams sequentially, or

by applying an impulse field and then observing the variocus

response frequencies, a very unique signal signature can be

obtained. Various acoustical MEMS structures can  be

25 designed to allow a generic MEMS structure, which can be

programmed after the devices are constructed. For example,

via mechanical dampening of predetermined beams of specific

lengths of a given device, a unique signal signature can be

obtained. Hence, from a single MEMS processed 5i substrate

30 thousands of unique tag devices can be constructed. Hence,
it is conceiwvable to label each product with unique tag -

device, each with a unique signal signature. Critical to

any of these devices for operation is the control and

orientation of the uniaxial magnetic anisotropy energy.

35 The unaxial symmetry broken magnetic material structure is

 ideal for this application.
Also, as discussed earlier, in hard disk wmedia it is
potentially valuable to have a soft keeper layer in close
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10 are epitaxially grown upon, denoted by "/", fcc-d materials of a give
texture the followng texture relationships result: bcc-d_texture/fcc-d
texture (100) (100M 100) 15 (110)/(111) (13.2) / (110) 2°(HEWIEER g
material s are epitaxially grown on bcc-d the follow ng texture

rel ationships result: fcc-d texture/bcc-d texture 20 (100)/(100)
(111)/(110) (110) / (112) . When hcp materials, such as Co alloys, are
epitaxially grown on bcc-d the followi ng relationships result: 25 hcp
texture/ bcc-d texture (1120) / (100) (1011)/(110) (1010) / (112) Wen Ti
Is epitaxially grown on fcc the resulting Ti is hcp 30 and the foll ow ng
t exture rel aProrshEy tarrbeeswdd egdihclaysr- t e Hsdrg ce webeiiale (0002) /
(111) . Howeweterithe abdl koygratldingdi aye ansioftaOenaldfohishdwydxot h an  hcp
phase"at | owrbesmesatyr @5e aRbRBifLcephaseaat soMewhapre£35:-4 gher, but not

extrene, tem&‘r‘c‘i’:@ét%ﬁsoﬁnﬁlé%a!ck hém&?s%.'a?éze tc%ngryqlé‘i&'h&%véhclf’ or fcc Co.
When grown on ar’!L genmgl Ser Ay er we n d ahe epl taﬁe 0 nost commonly
form the ¥cé p?l Text ur URder nce, * 52 25 August
2005 behaved tf‘ﬁ’%"ta a§tat‘?tli’1’etry'f%rtd Bv?i'ﬁ’tré’f‘? ézl"gp%iféb?)%'l t &8 ’Eﬁ3’6’naﬁ?c d tenplates.
However, whedotwst gt oRhdcised oft thor orgntdtdoncpetphiniagakdctthe texture
rel ati onshi psanGings axbevemdesaléedan Abeltr Co smreeqirtasd &Ll ghegr own on
anot her hcp kidkabiqn andnd Haas dabRetSaneajeext ure and orientation as the
under | ayefy hcp. gn;gachifptiihese %Eé&aleéfcﬁ:% é@&ra&i‘&scﬁﬁ% of the six
bcc-d vari ant, structures luend% Qllscu gér%@és he havep Anes o
there are some unigue epitaxial relationships that have
heretofore not been invented or utilized, as well as, some
which enable unique characteristics when combined with the
15 newly invented coupled variant structures.
We investigated three Si crystal substrate texture
orientations, (100}, (110}, and (111} by first depositing
epitaxial Ag on to these cleaned surfaces. Some epitaxial
 relationships are already known from U. S. Patent
20 6,248,416, Heng, Zangari, and similar publications where,
 for example, the growth _6f Cu(fee) on Ag(fcc);
permalloy(fcc) on Ag(fcc) or Cu{fecec); Co{fcec) on Culfcc) ox
permalloy{fcc); Cribecec) on Ag(fce); Tilhcp) on Ag{fecc); or
Co{hcp) on Cr{bce) or Ti(hep) were studied extensively.
25 However, nowhere in these works was any evidence presented

of depositing bee-b magnetic materials nor of the
observation of any symmetry broken structures disclosed.
We have observed symmetry broken structures by applying’
symmetry breaking methods and controlling the deposition

30 process conditions. For example, we have used both
deposition in an applied field and deposition at an angle
on highly oriented hexagonal temwmplates to obtain highly

© textured symmetry broken iron, iron compounds and iron
. alloys. ‘

35 - Also, we have found, as has been disclosed in the
literature, that we can epitaxially grow one bce-d on
another and again' on another while maintain the strong
texture and orientational relationships between each of the
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orientational relationships were as denoted in U S. Patent 6,248,416, and
publications by Heng and by Zangari. 10 However, we have invented sone new
rel ationshi ps involving oxides, which enable the const r ucki dreust

devices. For the three fcc netals, C, Fe, and Al; and for selected
al l oys of these, we have found that the surface of the metals can be
forned as oxi des and then when the same metal 15 is then deposited upon

this surface oxide the second netal |ayer sonetines epitaxially grows and
assunes the texture and in-plane orientation nearly as though the first
metal |ayer had not-been oxidized. This statenent was found to be true

for all thre&cefd PhecsSh QUESe rEwes t Excuydeling hveyrpgatdf0However, the
Si(111) is thelnpstkndt ablte.agdiese exd dalfscormtheat | mabedidnghi®s(.100) fol | owed
by the | east gpitakier £5¢ 1H))au ARhIS QIR NEGMOVHRD R tandual i | M8, by our
current techil deSeudstald Yaul-Bied.i | NG, tHAL deuel opuRb-ie(111) are of the

hi ghest Qléa| m}ﬂ)e%n? s thei aﬁsuétltrllgnstn xtures, of gtglene%S foll QW Nng Iayers are
al so of hi'gh f Jtah e é?fls e_easi es ‘io anal yi ze.

Because of t%% J%i“’b‘hg *aE Gt Eee SPore el‘iFe BT ﬁ?ﬁ( T afRfE*HT e grain
boundaries, ¥aEhorshdBe aﬁét‘?ﬂ@e%ﬁ e"esPp B shaF-€ ot sogyYEnor HEYthespear to

passi vat e unbtorinthe wetd taxture rreexide Whegrefoeanid it enwc @asfed30 t o be
consuned ‘i nt 8 € ok tekturs Ashitdt edovdvat, oven fard wmeeeagenabl e exposure
to at nospher hfe eoNdixikORSgidR @aendee@emc;@awb?e«,&s k- :@a%ehatlg 3 manoneters,
but coul d al Qe %O\Qnexgureckcgr l}glgomggt SRl Laxi Hag Lde: gep05| tion or

with the ad |t|o hea noi sture ring a post ep03|t|on 35 exposure
to oxygen. WATT% tEXtremaIy thin and difficult to measure each of these
‘oxi des may for m PFRsSr FRSTHBENEGPE te€dFANdum crystal | i ne phase comonly

desi gnate as profBypéloodc- A1203. tnterestingly enough -Cr208 and & Fe203
forma 53525 Augusto)2005)continuous solid solution. It was found that when
the first netal (a§,e165.2alloy, then oxidized, and the second netal was

Fe, that thewﬁgcqug %eriaqr E E&tgxll ggmge%egbc cihh:%ﬁsarre texture

and orient at o as t true V\/nent e was the first

met al and t he° CP*iss ?’ﬂ: resr&‘% ns}ﬁé\ﬁeﬁ Wnen the Fe was oxidized on its
surface foo-d texture/bee-d texture

20 (100} /(100)
’ {111)/{110)
(110)/{112)}.
When hcp materials, such as Co alloys, are epitaxially
grown cn bece-d the following relationships result:
25 hcp texture/bee-d texture
{1120}/ (100)
{1011)/{110)
(1010} /(112).
When Ti is epitaxially grown on fcc the resulting Ti is hcp
30 and the following texture relationship can resulted:
hep Ti texture/fcc texture
(oooz2)/{111).
- However, the bulk phase diagrams of Co alloys show both an
hep phase .at low temperatures and an fc¢ phase at somewhat
35 higher, but not extreme, temperatures and so it is possibie
' to grow either hep or fce Co. When grown on an fec
underlayer we found the epitaxial Co to most commonly form
the fcc phase and texture of the underlayer. Hence, it
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many of its magnetic properties were degraded. In addition, there are many
additional elenents that can be added to Cr, Fe, or Al and_then be
oxidized into the same crystal 10 structure. For exanple, Bo#Weust¢d83 and
a-Ti 208 phases exist. The a-V203 forns a solid solution with a-Fe203.

Also limted amounts of Al can be added to Fe and the A1203 crystalline
structure still results when oxidize. Likewise, it is known that FeTi C3,
MhTi G3, CoTi(3, NiTi B 15 can be added to -Fe2Q3. aThere are a | arge nunber
of other metals that in small quantities can be added to the Cr, Fe, or A
and when oxidized -still result in the- OC A1203 structure. However, it
shoul d be redghpref ikt 2EnCPEr fafpratsride dedogdtdds upenr yicetd n and it was
difficult to 220ptkker ninesvehe vwexraclorgsd/ shabcest rixCc Eorned tHe h& possi bl e t hat
more than onghaxé dadSthdlGlett@reC 381 NASSsHiBe LUK RNEesAkbgnt ation of the

first metal laygred qst.t@tgﬁfaa@g gl%@naa}ldangheé%éb LS9, fh%”;&dhe cubi ¢ spi nel

structure, B204 ere ar, and conbi nati ons
of 25 metal s]h %hf’he %%Ilnr? F"ex add a(rj‘dtorlfa?rpgtlo . hel Pn#mra?ﬁ'etrhlé ‘spi nel . There
i's also the possiBi 3Ty °% (FREST K85 i %Ptf%’lrrr@'d’ 57 Rbridet Hdn one crystal
structure. CP92-9 svariaptansieiurtyneg poder Idiscuseign. i the ntaplsnehal f fill ed
conducti on bamientatigsdmalationshiglsf wédel ag asmdtrdaisiingse F3Bemragneti c spin
orientation andasaihol dedt peEERAOUsPObeNkb®] ahd dySpPidhgyal.ve or tunneling
struct ur exg Thew&REYUNERave RAVEMRE, séré ﬁéh %iﬂmﬁgﬁlpgaﬂwo@@i%for the oxide

duetoits I n nown to_for on, Fe and Al net al
surf aces. Eﬂpés, tgl‘y ﬁ gnabie g:es ans¥r1%ct:.on cf new d%];é ard E[‘O bel i eve t hat

r pnous. ox
the strong té: ?u%éresg Fd ‘Beetahﬁ’ss%d FFroﬁ?dorPéL nﬁ‘f‘gl 2o & Sther via an
anor phous oxitdERYS52E25heeqde TS frurd heéegortke ferfasheck1th®> bee-d
texture, we hatsds fmuhd foratd mheoxidsd and thkntvhensibe wawe agdad di scussed
propagat es t e ttehi ddtosftaastpdd itREs QuiRRtabiideStid sefmdbgéa1d i s pl ace
direct|y on apainebnd@hal|dfthes1th rold dda WBS3sPLACRdLRAN the oxi di zed
surface as Jush f1-E4a56HubBIGR, nedihy! 55 RISILD!Be! £1ARVELQR 3 f11 St

E?g{(n;;rﬁcgr Olien uﬂaé‘)z(zgl?' been oxi 1ze%y Th:l.setPt:atement was ound 1?'0 Second Symetry

true for all three of the 8i substrate textures

20 investiéate. However, the 8i(111) is the most stable agains
' oxidation followed by 8i(100) followed by the least stable
5(110) . And so when growing epitaxial films, by our current
techniques, usually the films that develop on 8i(111) are

of the highest quality and their remulting textures of the

25 following layers are also of higher quality. Hence, they
are also the easiest to analyize. Because of the high
degree of texture and lack of large angle grain boundaries,
when these metals are exposed to oxygen they appear to
passivate uniformly with a thin oxide layer and then cease

30 to be consumed into oxides., It is estimated that even for
a reasgonable exposure to atmospheric conditions the oxides

can be as thin as 1 to 3 nanometers, but could also be
grown thicker by direct epitaxial oxide deposition or with

the addition of hLeat or wmoisture during a post deposition

35 exposure to oxygen. While extremely thin and difficuler to
measure each of these oxides may form the rhombohedral
corundum crystalliﬁe phaze commorily designate as prototype

o0~A1;0;. Interestingly enough -Crs0; and g-Fe:03 form a

53




d layer, oxidize it, and then grow yet another bcc-d | ayer on the oxide
W th the sane texture as the first bcc-d. 10 Sone interesti'sn‘g rraggﬁ)tsic
arrangenents can be constructed fromthese |ayer-to-Iayer=t
relationships. if the two variant sets that have been epitaxially grown on
top of one another, and have anisotropy energy constants of the sane
sign, then the easy axes are aligned. However, an 15 interesting case
arises if one layer has a positive and the other a negative ani sotropy
energy density constant. This results in the two |ayers having easy axes
at 90 degrees to one another. -This. neans that one orientation -can be

i nduced by t fen&ipRaRt Splist 6aRitAeh ndE Hiesi Smndnthatheienbyhepdizgdi ng a bece-d

wi th the oppoeetile vani 30t epicys orisirapkidizgd, wAnletlgasycendesesfl t he second

| ayer is rotakedrOcHageReSecimd hataspesiled! Ocd Re1fiiksd degeed] | ayer even

Wi thout the yse sé?ufe ee;&ruegeeﬁa tot_néént\mun aQOEﬂ@fh}és@e lgguifed to break the

symetry 0 e PR LDe 5 th| kness of a
non- magnetsglc cwé %q 6 b ﬁgcan eS e ddnge%]“mee ki egie two magnetic
e e PLA5E

| ayers, can B&° ?PéiedH?‘?v)eve’é'd b??@h&ﬁgbtscﬁb‘ﬁﬁq’?g bet ween t he
| ayers. Thi @%ﬁfbﬁisaﬂ?%?w PF?R%‘“—E)@ Wers fegirget o Tiedddisdevhi s -

non- nagnet i ¢ thenrepre slapp@dditiiopkleelenenfdjust i sg bdiagderbmo3B . magneti c | ayer
thi ckness andref hert hi ckitesshematidr aixidlzedMagOet tZAtdm8 pioshaat of each of

the two nggnetic.lavers . . gggmgfets path t_t;;.e%a \%g%l?rgi\eee?) %1@ magnet i zati on

vectors ‘and the 1n-plane orient'ation o gnét ayers. Hence,
because exch&ftfe - code‘lel g vz r 8prgEh aberhkk nealineiewe'i8s meRfadti ¢ bee-d | ayers
a can be contkigd liedidyy seh@esi &9 at N8an WRURLILA tBBEL Hnal el Py control Iing

t he coupling er, e e g e a Ientation of the
coupled fil m%%%/uc Btté!t%gl% sﬁr& rQ gdiﬁTn%tsng?se%Pe?xg?%%S 25 August

2005 useful FAE*E%r it ye fm??’ﬁ‘g ‘?‘f cFecTée‘i cE TS o8y MHEP: all ow the
angl e betifeeran fpe tddedmayweféz0:- afre, axes awsirge ggmbethefsethetness t o changes
in the angl emetfisbgnatain eflalWgidi@titidsheadibe Lfseancadsl ck-pral hard or

ant i -ferromaggetA%c 5 I ayer . oTDélzeElypa%le Qeefrﬁ\él g_rn éanf 4Y5%, in device
uc

construct| on as spi-n valves or
structure. However, it should be recalled that in our _

samples the oxide is very thin and it was difficult to

20 determine the exact crystal structure. It is possible that

more than one oxide structure can pass the texture and

orientation of the first wmetal layer to the second. Fe and

Cr both also form the cubic spinel structure, 2A;B.0,, and

there are many transition metals, and combinations of

25 metals, that can be added to these to still form the

spinel. There is alsc the possibility that the oxides

formed are wmore than one crystal structure., Cr0; is a

tantalizing possibility as its nearly half £illed

conduction band is essentially half filed with a single

30 magnetic spin orientation and so holds tremendous potential

in a spin valve or tunneling structure. The corundum,

however, is an excellent candidate for the oxide dus to its

stability and is commonly known to form on Fe, Cr and Al

- metal surfaces. While amorphous oxides also form, it is

35 hard to believe that the strong texture could be passed
from one metal to the other via an amorphous oxide.
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tunneling devices. W also found that a strong (111) fcc d texture

devel ops when grown on the six variants of the bcc-d. dgutﬁt herEr@r t he
i n-plane orientation assunmes the sane direction as the un éxagonal
(hex) tenplate. Hence, a layer structure such as bcc- d(llO)/fcc
-d(l1'1)/bcc-d(110)/ hex (111)/Ag(1ll)/si(111) 15 is viable, where either, or
both, of the bcc-d. layers are symmetry broken by the use. of the sym"retry
br eaki ng nmechanism (Here we.use the notation that the filmon the left
of the "/" is deposited after the filmon the right of 20 the "/". Fromthe
tilt angle of the "/" it is easy to recall which layer is on top.) O
course this apprcacthesaheo:, ofwpl iths whedh the-dubbstirate ws peveg/crystalline
via the grai moud i emdtat tH2n aetagi 8§ PhOCESS. vitihber asmssahen bot h

layers are g, &é@‘:@%'tﬁ!e1varrb&te@-J.sgysta%ﬁ.%eoérz.tetl@attlws MRORE! e 25 bee-d |ayers

can be ad USt e Q& Iﬁgeéﬁqé/egn Pngtt.her He(%’allyg brc]:? é %rmet rsy br eaki ng

mechani sm at S ? 53%/ exarrpl e, a

mul tiple IPay&-2° PIE%PXF%? ThEARE de T aSfe Pe “FEC‘PITF’éSS(?&n 58 f%r ned as 30
bcc-d/ G/ O Cr?“thEf:PGFWé%EI $9 Yrseliset # atiest 3ympgiiynProfepeunigpEal' / " synbol

denot es a | ayer-<Rayrge, emiltekilly oWl skagetr symeptes drbkert hec-exposure of the
prior fil'm suriwee saddxy/gen Ok ahdn gihe vReCardthéxy ®ES-Anaydrgnetic, (110)
textured, andnSYRIBLEiMe DEOKEthe TRER GLORIdIMLXRBPES sl BREESENtS a

non- magnefy csgﬁgaﬂqﬁtm&u@'m{;ﬁgﬁml e SRENLELLY U QU QR Lhe TRgnet] ¢

bcc-d | ayer %m oWs_ am_ OXl| Qes not con act the magnetic

| ayer. This TS AUHTSE %6%1’?1 rtﬁﬁ'f‘tﬁee rﬁ’rel‘td\ﬂgsqlﬁﬁ t wo™ nEinetic layers to
be el ectri cafFy VarH é?@dtﬁ%ﬁ?‘éeaéﬁerbleﬁéfrﬂ\’/?]awt FEVBXPHEP Bfer and yet

uni axi al behaw$ ormotienbEai nedehpnigdtiepRy rrgetdte copatrrteyof bytgken st ruct ure.
Inmplied in tBase stiptct the®, thaltedz@t abes hawnal amedl henmakeantanexchange

coupl i ng ¥t ehicdlest By cdRYEFiSes FH oSXARPLE nds "BYHSIH G NBY €xk11) layer. In

fact, other a negative anisotropy energy density constant. This

results in the two layers having easy axes at 90 degrees to

one another. -This.means that one orientation can be
induced by the symmetry breaking mwmechanism and then by

20 -using a bece-d with the opposite anisotropy constant sign
' the easy axes of the second layer is rotated 90 degrees
with respect to the first bee-d layer even without the use

of a process that would normally be reguired toc break the
symmetry of the second bce-d f£ilm. Furthermore, the

25 thickness of a non-magnetic bee-d layer, which can be
placed between these two wmagnetic layers, can be used to
adjust the magnetic exchange coupling between the layers.
This can be adjusted from being strong to weak as this
nbn-magnetic layer is made thicker. . Adjusting this non-

30 magnetic layer  thickness and the thickness-saturation
magnetization product of each of the two magnetic layers
adjusts both the angle between the magnetization wvectors

" and the in-plane orientation of the two magnetic layers.
Hence, because exchange coupling strength between the two

35 magnetic bee-d layers a can be controlled by selecting the
coupling material or by controlling the coupling layex
thickness the net magnetic easy axis orientation of the
coupled f£ilm structure can be selected. These features are
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it is not uncommon that the hex (111) |ayer structure is conposed of nore
that one layer. Likew se, an fcc-d magnetic variant coupliéﬁg Iayg(i such
as N Pe, can be 10 placed on top of the final bcc-d |ayer a ({; thin
oxi de |l ayers spin dependent electrical tunnel conduction devices have been
constructed as a large effect magnetic field sensor. These devices, just
as with the spin valve device, rely upon the electroni'c transport 15 being
sensitive to the relative orientation of two nagnetic |ayers. However, in
tunneling devices the current is directed perpendicular to the film plane
and tunneling nust occur through the-oxide. Traditionally, these are
usual |y consiefigt da fa omrfiety CF owvopddraBbdyrendgeiatisc akapers with 20 an Al
oxi de i nsul atadlod ayerangld @etigeenothaBvdlmagxdtde Bethicasivdulat or is w dely
published upame Hewerieks @ePQsbidddn @f tHhe.Rbdechagebagpiliprd to control

and oxidat i Omlgﬁou% tr?ieelaﬁ’é'otfegn a\é&It)ioLﬂ ﬂaP@|o¥C£I§E§.L§é:err9a%rAI: xi de |ayer
usual l'y I’SeSl.i ts |n h has been 25

n uction prn
deposi ted ‘s tctﬁ’g gst O§Vl(§’rze1(f %ut ecause St the linited
quality of tt?@niﬁﬂé’fllc’% n@i“’r‘i‘et%ﬂ’ £B%t uivalvedni $or APEYF oFSRFESHol yerystal | i ne
oxi de is stiltungelgpgslesrbges-The oxi de | ayer thickness should only be about 1
to 2 nanoneters Wen alkderfohm tixe tanaeldngg (@NEr g¥cdrdr riexkute0 be 30 a
reasonabl e vakugopl @8&d Yodde BhoRLy ofi eplreehdd |41 dsedect® make the oxide
structure,i %B?ﬁxa@Q@ﬁée saerse. ﬂ%e or&énta‘é%-fj LQuheP! 868, QL i N addition

to, theflrst e |, ayer uld elt ndent .tunneling device.
This is espeC| Fei* I:L 1}/true enuncgjﬁ t“e’aa%?g%ﬁ 'gﬁg}sm ﬁg"fe crystal Si 35

substrate. THE“%mi %)&aé'Fr ;?rtﬁb‘étruf?egémjéfast he symetry broken structure enable
a considerably sinpler device or .construction process to be devel oped. -
57 25 August 2005céf@t(11an(:ftche?r(;11e>’¢&n’gﬂ(el,o)ﬁtiexalmmzlsi(:pllysepimaxi al set of

| ayers alisows both an oxide insulator, O to separate a conductor, such as
fcc Ag or Cu;sféQmmihetd JREBLEL bE bdtBYESS the beoc-d layers are

,bCC_ dor/d Crséné@tg'/ gr%énbc_gy' d/tﬂgxgg‘e’l‘ll:{fs"gﬂﬁt rs%&ﬁetry breaking

mechanism. (Here we .use the notation that the film on the
left of the “/” is deposited after the film on the right of
20 the “/#. VFrom the tilt angle of the “/¥ it is easy to

recall which layer is on top.) Of course this appreach also
applies when the substrate is polycrystalline via the grain
orientation averaging process. Furthermore, when both
layers are made uniaxial, the easy axes of the two magnetic
25 bee-d layers can be adjusted relative to each other by
using the symmetry breaking mechanism at diffexrent angles
for each layer. In another, example, a multiple layer
epitaxial uniaxial layer structure can be formed as

30 bec-d/Cr/0/Cr/bee-d/hex (111) /substrate.

Again, here, the */” symbol denotes a layer‘change, while
the “07 layer represents the exposure of the prior film
surface to oxygen or air. The bece-d layers are magnetic,
35 {110) textured, and symmetry broken. This Chromium example
represents a non-magnetic bec-d  material that  is
epitaxially grown on the magnetic bee-d layer and allows an
oxide layer that does not contact the magnetic layex. This

5
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For brevity, the texture and orientation relationships are not shown, but
are understood to exist as discussed above. 10 Wen the Ag.c ndutggi %r
carries a current, the two magnetic bcc-d |ayers guide t ‘ﬁ'b%'ﬁ 302 £ ux
generated in a close path around the conductor (e.g. Ag). in this
configuration each or both magnetic layers may be uniaxial wth

ani sotropy directions equal or different. Providing the 15 relative,
magnetic perneability is greater than one and that |ithographically
defined current paths have been constructed this represents a conpact
electronic thin film inductor; and with, the use of additional conductors
and magnet i EEFUEYErSs 2pdAYsi e tyq magratée tisgate terkmstertirerallidan 20 be

const ruct ed. idndacddanten Saph opdrri ohal tho thidendgpet | rd nekati ve

per neabi it yunidifmveetaoidid dshabrafledt byeutNtiRAbidd tdyhgeryceeding 10 are
quite viabl eb?cﬂ;@n' RS Rire ST T liﬁ{éiireﬁs 1EXQﬁ§£|th§.t%‘£§£é‘| ndied in our

uni axi al , ymetry rbrchklenvggfanq fexc anstruct L{es (g_]'gl@gr myre, for 25 thin
nmetallic mageléfa' maxwrumpcﬁ ! ‘g frequeng s either
det er ni ned by*¥%i8&- f@r"Fo?fﬁ@‘ﬁﬁl magneEbh At el ar %}G “eddy currents,

i f the structbriss nohrengeade” tthitktheoiex ngdel |¥?g’eifnﬁl‘i%’&t:‘é‘ée the it is quite

reasonabl e t ecrerpett ocbperati dhal Preqlavyei esibbwisef evwri30£f@-dahert z usi ng Fe

or Fe all oySmadnetidinianiaat BaiRihdl Bayekhesa@s onanssref, r eguemey i s

proportiagal piReliNg EQOlrOnd Bfha1ChRSE ]Qg,gguct of the saturation

magneti zati on, a@ ﬂgm ani d%otlr}? ].gll %e Hanf 0L 1ec£ﬁec%? uni axi al
erro r

‘materials HK = sonan equency is 35

ic. I
proporti onal type h?ngﬁf?é’f‘rh?zc%sn 5y 68h ﬁ%f‘ﬁ ‘%éast ﬁefarﬁgr meability is
rel ated to tREeChvRRgEetHT fialS semmr - F‘Fﬁséké?‘”fqefsrrsl‘%ﬁeﬁ% “if5k operati onal

frequency m giet spén ‘Elnktdaviby, edily wonr et slesmionig whesgochl additions of
only 58 25 Augiast se20bivd teWwhpesedetiveodrisfenndares Bud @kabmdae such as Si, N,

C.or A toFR.el ESfesan hnocru%.aéle_ngh%e{r@c%sstm@tyurraf;@stl@ntlalIy For
exarrpl e 3% S %ﬁt ‘lggg;%endgcﬁgr §%S :Lln\ ?1 aIx&) lt@mﬂgﬁﬁg%

conductivity. édy currents is

|nversely pPHor ¢ Sﬁ%ﬁ’r"%l ?ﬂgesqf}%ﬁ@ tr1‘816?ﬁ§1’ ?l}?ggt?‘f{?e?lglé%

constructed from fee Co or permalloy magnetic layers with

20 an Al oxide insulatorx layer. The use of an Al oxide as the

' insulator is widely published upon. However, deposition of

the oxide has been hard te control and oxidation of a

deposited, very thin polycrystalline Al oxide layer usually

results in conduction pin holes. Sometimes the Al has been

25 deposited as a metal and then post oxidized, but because of.

“the limited quality of the underlying metal texture

uniformity of the polycrystalline oxide is still a problem.

The oxide layer thickness should only be about 1 to 2

nanometers in order for the tumneling energy barrier to be

30 a reasonable value. <Clearly the highly oriented films used

' to make the oxide structure listed above, .where the Al is

used to replace, or in addition to, the first Cr Ilayer

would benefit the spin dependent tunneling device. This is

especially true when constructed upon the single crystal Si

35  substrate. The uniaxial properties of the symmetry broken

structure enable a considerably simpler device or
construction proceés to be developed.
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perneabi lity-conductivity-frequency product: Qur estimates indicate that
for the proposed geonetry that the thickness of the nagneid il
have to approach one or mcrons 10 before the eddy curren$%§$u%$¥§§qu
operational frequency. Hence, inductors, transfornmers, and sensors nade
utilizing these symmetry- broken material structures should function in
the Gga Hertz range. it should be stated again that due to the variety of
15 symretry broken coupled variant sets and the fact that epitaxial growh
shoul d be viewed as happening on each i ndividual graln of' _a

pol ycrystal line pgater t hese Jlexture rela i ons and the devi ce
concepts apply tgatb er(5I §erPstalf Ae™ 11;9&] H\i E’rputé] ulratlas z}nc‘f single crystal
20 structur e%aWépé}ETs °Eti Nt PR stRLettst tattes SSHIREs® Si. Li kewi se,

ot her singl ecerdpstal, suttzatiss édanobeCwuselkomt §her pfucegpsidcuni axi al
symmetry brokererthin film structures with exceptionally strong texture
orientatign, such as the commonly avail able Ge anb GaAs, can be used 25

provided that thg,d. g?Ewoecf&gpaqge&/ggcg/ﬁgjeﬂtl1;})B%bg,_q)gte(111) tenpl ate and
that epitaxial thin I'm grown i's obtained. Yet another exanple of a

devi ce that can benefit from the synmmetry broken structure is the growth

of magnet i c. FOBHTFEEHr diifg EREYFR. aﬂQeP’éleLnﬁ%t’r?&r Belrigrreties 136er is usual ly
conposed of #ep slermal by £ Eenstoed GroT 8xio @ PRiscep®dPpiye- CoCr Pt B,

CoCr Pt CuBoanghdnhehd iAce condusteachrofest hegerrehe, thestwedragustdtal structure is
hcp to enabl gecdahigfrs afiiset #0080k s RN Ghicka€ANShAAt c1ckkadi tional |y,
hop Co 35 i 3¥59_fh0¥.“£bu918 G %ncﬁrct@:.l '(Qa_ct; unger | gy ‘Eﬁ§s thnE;%I:étﬂ'ont he

crystalline texture d Eﬁ:mst{ e |sarrecban| ca yﬂ twelx%‘ured
(scrat ched) aﬁ‘ ong t he reco 8. di Fectt ol fo “achieve a preferred
orientation FHEPTPY Séreg?é%ﬁ leq'tl??arf’r5§1§%erﬁﬂljustpﬁ7’6§’"‘t?né‘ ®when conpar ed
to that PérpeH@FEl Broussit merreeddtdivnis adertst Flear orMawRAgtbathard di sk
recordi ng metlithograpbitady prdefaregnt i alrradtongpstte r egayedi Nepedi rection
results in acoﬂ@tﬂh@édcqeﬁglr\épieeeafm abeddakt tdlektmdnistualhl dity. 1t is well 5
docunent ed t Nah,ctRON Ba’ Hed 140) wbexSurLds UG | BYefchoR GRa
' magnetic 1ayers multiple turn electronic transformers can
20 be comstructed. Inductance is proportional to the magnetic
'~ relative permeability. We have found that relative
perrmeabilities exceeding 10 are guite viable and in some
structures exceeded several hundred in our uniaxial,
symmetry broken bce-d film structures. Furthermore, for
25 thin metallic magnetic films the maximum operational .
frequency is either determined by the ferromagnetic
rescnance fregquency or by eddy currents, if the structures
are made thick. Our modeling indicates the it is quite
reasonable to expect operational f£requencies of a few
30 Gigahertz using Fe or Fe alloys. For uniaxial materials
the resonance fregquency is proportional to the root of the
cross product of the saturation magnetization, Mg, and the
anisotropy fileld, Hx. For linear uniaxial materials Hy =
2K,/Ms. Hence, - the ferromagnetic resonance E£requency is
35 proportional to the anisotropy energy density, while the
permeability is related to the inverse of this. For
thicker f£ilms where the operational frequency might be
limited by eddy currents, making chemical additions of only
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al | oys devel op (1011) crystalline texture. The texture is referred to as
the Co all oy quad-crystal because there are four possible c-axis
orientations on a single crystal C grain with ' (110) téét‘%‘tl@s s i s
not the:ideal hcp 10 texture because the hcp ¢ axis, which is the magnetic
easy axis, is tilted in or out of the film'plane by about 28 degrees.
Neverthel ess, this texture has been used -extensively for nmedia and if it
were oriented along the recording field direction it would be of

consi derabl e 15 benefit. Because of the demagnetization field of thin
films the magnetization vector lies in the projection of the c-axis into
t he pl ane of atfmy petgept T setdedery vdbeialst such@ssfbl &/ nGnver- - of in-pl ane
projections af ce@xi®e Ofd erfead i Otn Onirareadsegl eh€r (4ddi@kitviext ur ed
crystallite £@,:20ndiW@1y.Theyr %ﬁmﬁia aR0k e yOlveightalfl re tReu@ect an (1/ 42) =

35,26 degreeg, W () £38PECIeh0 1AE NffudtiI0> diheChLafSacichl One considers
the bcc-d COH%) d vari q{nt p&tpgs as. 1§ ate underl ayers fqr epi taxi al Co
fé

r nts
al | oy grO\%/th h tHe bPokERTi 965 I‘OVI Fate with
preferred ZBr‘t‘!’PF"e’(?Pan dr ’E}I"Fe CFUEFT oyt grdw (56 1??5%% ®t echni que of
sel ecting a P@R@ﬂb@dtmn@qtemtefdf{ﬁ%lemhayé?dusf-ovP@léseﬂélmi)‘@Fhway to achi eve
hard di sk orisiiicetk nbei cforcns peayosetl heometotypkleat vhe | @rtkpsmisr, E2-,1,.2 (0)
Thi's symret r ye hihok@yneeRUphpd wall adte PRI kpgiasch RRei &5 msddoka crystal

lattice [ , a8 pafall t e dadlly yagonal tenplate
<110> di ?gc?b%%gg %eiz aéu %r& GSEﬁrfd%llgo&eglgr ecti onrel&gFr mFigure 5it is
|

a.nsforme s, An ensgprs de

easy to see fecﬁ of 't Bcc-d ¢ en a Co alloy
quad- cryst a‘Fh‘iS§ FrOHRATY tlﬁé’k?ﬂ d‘]aéﬁ’f’ia&n SB‘I"“‘C’FHEGSC S&?‘iﬂs‘i fém%tsmapprom mat el y at
+40. 3 or - 4048 tiedilgedieris Fapgspect to the bcee-d <100> direction. Table |
lists all of theipcdeibl dequetedyatadh tisttr du¢ ure tBe wivfiely iofi- pl ane easy
axes diraeti fAmeVHENGkoNchiR1ED Auigunit 245 a8 @hé ehcd h@asi X possi bl e
beo-d vari ants diagussegn Aholdlepl  vikBacka Fafdblisd)dn Ll crystal line

unit cell wag S for these ang L & gtlgg @rpegxarrpleto.

AS
under st andi nmdtlﬁléuaq:scﬁaa{ll ons i.n Pfaﬁﬁg's? consi ﬂ?e s

; texture relationghips- and the device concepts app ¥ to both

polycrystalline film structures and single crystal

20 structures prepared on single crystal substrates such as

8i. Likewige, other single crystal substrates can be used

te produce the uniaxial symmetry broken thin £ilm

structures with exceptionally strong texture orientation,

such as the commonly available Ge anb Gals, can be used

25 provided that the texture is chosen to present the hex

(111) template and that epitaxial thin f£film grown is
obtained. . .

Yet another example of a device that can benefit from

the symmetry broken structure is the growth of magnetic

30 recording media. Here the hard magnetic layer is usually

composed of hcp Co alloys such as CoCrTa, CoCrPt, CoCrPtTa,

CoCrPtB, CoCrPtCuB and the 1like. * In each of these the

desired crystal structure is hep to enable a high

anisotropl} energy. dengity conatant. Traditionally, hep Co

35 is grown om Cr or Cr alloy underlayers to control the

. crystalline texture and disk substrate is mechanically

textured (scratchéd) along the recording direction to

achieve a preferred orientation ratic to be greater than
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5 first variant, aj.. The <100> direction is listed as 65.26 degrees in
Figure S. Hence, the two in-plane Co c-axis projections %e‘%n e(ﬁl%
approxi mately 105.6 and 25.0 corresponding to the + and te% n the f
irst rowof Table 1. Considering only the two variants of the symretry 10

broken E2 - ,:L, _2 coupled variant of Figure 5 one can predict the Co
al l oy magnetocrystalline anisotropy directions which w1l be selected from
those of Table I.. These two bcc-d variants, whether coupled or not, would

i nduce- the eight possible Co alloy variants associated with obtaining two
15 quadcrystals. There would be four for each of the two al and c2 bcc-d
vari ants. Howewervhehecawsesd tthetiant pefrepligdar demdd@rerécratiingn f or ces. woul d
drive the nagasddciad.i omwiegt ar hardit @iskheretbidingi Imsijp andentdde four c-axes

proj ections iPererbhigahi lamxnj ane wauh:dihe d0Rcbidand.dardegnees for a, and
155 20 and 7 %’1@ ﬁ&e@c@§%1t9rangett%'rn&% gh.est: :l.%.%t}V\DI@rl% Qélgser to the 90

degree dlrectl

egdn CV\? 2 qu gk ection the net

coercivity al BRTEHE §°¥F F85P e “F a1 tl'red‘r"'iuf HePFY¥hafP tat al ong the a
degree posit izdtrys €readpp y(10Lhe crEeGidineg tf‘-‘l“a’éﬁ s | B8 ri%ent ed al ong t he
25 90 degr ee refsmwed i ton a6 ochgbfaiallen awdrmrealobpeavsat Fhoreratei o greater

t han one. Unltbiee dobeimef c-aagnetisanthtdoid bih 4 Ssingesi éxgabhle,cxf or good SN R

that the fougpessiikhe (hep c@mﬁe Or et ald ae heel ndiy dual grains, which
are decoup eaextu'ig eetcghée rtﬁ@ Bk ?m bﬁﬁhh':fs Pndo; fma@egasg, symmetry 30

br oken bccd [ oVl row... However, a

£o
nmagneti c bcc s’yr’rﬁeﬁlg Sr er‘hr toélﬁ'p? té‘ cgh fplr s%/ e 3§ dwttand t hen t he
non- nagnet i c S9&eant t dRPEEPELeSEan B SepF ARSI RS gritim off%this. As

. di scussed ealekt@lslvelwhlfbe mestlaneedsifaryy waral ¢rigpeida adpnqictgres it may al so
be 35 desirabkertibndradsld sftcutagneti ciokbkpbe layeoniieleosblieche ori ented

hard magngti gehader . Bhéadsdedl easyadnshsewlizhetdni Ghe1d 06z t ilgnkeeper woul d be

per pendi cul aﬁu_ﬁd& the §RpeLdgn Lfegeé& S0ebhal ddiepsbidusbd geds Trom the
recorded bit rive 5 Aug JO Y g 5 eep ¥er Jragneti zation al ong

its hard axi 5°¢ By éf‘ e Bane aXi S f o1t T2 "éxanple is also at
the 90 degr &B® pBIiPHh. ey é’éus“é’eHla@&rIRr@Fe‘ffdﬁﬁ/ePf cfa’f1§ .

orientations on a single Cr (110} textured cxrystallite to
20 two. They are at angles of + and - the arctan(il/42) =
35.26 degrees with respect to the boe-d <100> directions.
If one considers the bec-d coupled wvariant pairs as
template underlayers for epitaxial Co allecy growth then the
symmetry broken films provide a template with preferred
25 direction for the Co alloy to grow upon. This technigque of
selecting a textured and oriented underlayer provides a
pathway to achieve hard disk oriented media. Consider, the

coupled wvariant pair, Ez-ae:(6). This symmetry broken
coupled variant pair has the its <11l1l> crystal Ilattice
30 directions, that are parallel to the (111} hexagonal

template <110> directions, along the § = 60 and 120
directions. From Figure 5 it is easy to see the <100>
directions of the two bece-d cells. When a Co alloy gquad-
crystal is grown, the projection of the c-axis is
35 approximately at +40.3 or -40.3 degrees with respect to the
bee-d <100> direction.
Table 1 1lists all of the possible guadcrystal
structure Co alloy in-plane easy axes directions when grown
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easily reoriented to the O degree position by choosing a 5 material with a
K. < 0. Due to the manufacturing constrains of a C|rcular&g stﬂkﬁ
preferred symmetry breaking nethod is to deposit the bcc

radially on the round disk surface and at an angle relative to the
substrate normal. Qur findings are that a symmetry broken structure can be
10 obtai ned even for polycrystalline filns provided the (111) hexagonal
tenplate is highly textured and the deposition angle with respect to the
substrate normal is constrained to he within 15 ¢ 75 degrees fromthe
normal . The incident angle is shown in Figure 12, where the arriving 15
bce-d materi gf alfave|deabbhgossiblanbashdi wrientm dApgHseeS?2 Weth respect to a
normal (z) teadshe subsysal eyphane §xsy) cryéébmntah&aﬂ-eaesi tvjaen materi al
arrives at OLazhig ANl Gesd Sang ggsa%azamgs ef ALl anqy ghadeposi ¢ decr ease,

but the sy ectlve he 20 deposition.

rea
angle i s neal” ‘%eﬁ%taﬁ‘(‘)jrm &%15‘:&35@&“%“ tJh% &Eﬁg‘ fogi t96R eefrfl Fency is
superior But £445& §§Ffﬁ?ﬁ’fr VPibr Bk iFheP> CAFRRELPD. i-fsh 25 TR 28ppl i cati on of a
magneti ¢ fi efiebriess & sBHlopee y5 ef feoeei vibs yimeetinyplsmeakeng-a8ehod, but a
bcc-d | ayerpmijebtichs> Wdubhdba fatel gppddxieeteld atamng tdw@ tasack 25 direction
to achieve t88rEBdponding @R @he lLGWEN €0entPilgs 112 the risbangss denanuf acturing

process of SfamiL,t9nec%u§l£@mgsbmyo@heoéwon@;ﬁ@h@é %foeh@ F,tam gl-ges of the disk
a radi al le d]IDr cte or clrc ergnﬂtl% gcted As not very

conduci ve ncorzp“di”afc’u@le VST o Far ny?iuard di’5k camdpa fspuf acturing 30
process. TabTJ? §o \?&rlPéﬁ‘iaB’é%“ﬂr‘@fﬁby'P\ﬁoarflﬁ°F%ﬁﬁ’§ Fegtims el st al
namedi r ect i ofildnbé egslofiect Evore thxws ofnids tel afthewe fepakdove to tenplate.to
tenpl at e <11@iriemtrseCivhether =BouptBd <dr Giptdi w@Qli dndureakbd. iGHd00. 52930. 000
a254. 73690. 0L A7 k631285 AUgUSTts2005ncdted?6A4R. §33i3thd0RR0
b2-5.264309. 090:480,229: ClIaarLG4dR0 1r2820Q- 800 cach of the two at
" and ¢2 beeo-d variantas. However, because the out of plane
demagnetization forces .would drive the magnetization vector
into the thin film plane, the four c-axes projectiocns in
the film plane would be 105.6 and 25 degrees for a; and 155
20 and 74.4 degrees for c:. Since the later two are closer to
the 90 degree direction than the first two are to the 0
degree direction the net coercivity along the 90 degree
direction is higher' than that along the 0 degree position.
Clearly, the recording tract should be oriented along the
25 90 degree direction to obtain an magnetic orientation ratio
greater than omne. Unlike the soft magnetic films it 1is
degsireable, for good SNR, that the four possible hcp cobalt
orientations be individual grains, which are decoupled,
For this reason it is best if a non-magnetic symmetry
30 . broken hec-d provide the template for the Co alloy to grow.
However, a magnetic becc-d symmetry broken template can
first be grown and then the non-magnetic variant template
can be epitaxially grown on this. As discussed earlier,
while not necessary in all media structures it may also be
35 desirable to have a soft magnetic keeper layer below the
oriented hard magnetic layer. The ideal easy axis direction
for the keeper would be perpendicular to the recording
track so that the stray fields from the recorded bits drive
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c2114. 736150. 00079. 471 Also, we found that by first depositing a netal 5

~wetting layer on a typical hard disk substrate surface- th%zﬁ% 111)
texture could be obtain. The increased atomc surface nobrl é}" prOV| ded by

the wetting layer allows the close packed texture to formfrom a hexagonal

tenplate material such as fcc Ag, Cu, Ni, NiFe or even a hcp Co 10 all oy.

A non-magnetic Co alloy of Cox-,,Crx, where 25atk>x>50at* is preferred if

exchange coupling of the bcc-d is not desired. It was found that a

deposi ted anorphous netallic |ayer provided an excellent wetting layer. in
particular, in any application where a wet |layer 15 was desired, a

amor phous corposkedmss biveki Magpetigpidnal sloghattsuntiend bekde-mat eri al

equi | i bri um sengkt] ahs eseyl dkibofan tisl 5.-Qk. EddnpCe Vist alscsht utkures seemto

form excel | edy aFRESNILScIRLLI BY bAYEESeaMagr (LaCHWBvdeposd tigd. Exanples  of

the CI'S and t e I X O_Fel -, Ta,t and
Fod. - Nbx ‘El§ g&&&% S| @E thg eor ?%&‘2% Bgszgl)én- LNP&thén% aro T A

h
O-Ta all Sysm?‘%erl%]qﬁ’rlfl br m ha Qmﬁﬁuésaﬁturmg ?fmsiﬁ %/enperat ure to | ow
tenperat ure Bﬁa?sé‘lrc‘{lﬁﬁr%ﬁsh o‘ﬂ’efP’fﬁﬁe’ér ?g‘f“&qtr}étl?"i?é{‘iﬁgemﬁ? %14 to C15. It
-i's  believediby:ot Erpoaitt Kbe hdgad meherigdi radiglbf ontdseraodpliek 25 equilibrium
crystal strusinfiaee esrldanceart hegpr apbatdive yed (heasubsapmrephonsifi I mto formin
the i-on-equi bibréitaadsbi Bxd idnat &epasbtiOhrBrar @S sucthbe eaeh vhexagonal atonic
terrpl ate Omgﬁ{alﬁ%d G fo&‘cﬁog gstgﬁﬂ.net ??.Ltﬁésgr&)fz.déch%g @ﬂgﬁ phOUS - ayers

resul ted in tron , |vel in the case
of these tvxoﬁ‘?ffg o (tem% age it &uf?'nde Q{ tg etﬂoal%e exposed to

oxygen and aangrl@a‘éiﬁ?ab’Ffpeé’FrB?lgthFeiﬂf‘%a"sﬁ ﬂ"lmﬂe&él B?fé'?&ra’l-rf@ﬁce the grain
si zes of thetdne:)ea@ﬁmmln tiengl at @ Vaydsgraesd froml o ngrodlayerdecoul d be nmade

smaller in anmla&@_ssmgpélt:rsolsh&& 13155'5@{}@6&2 v&ér35t}f¥19.9§£v13905 Wile a

cyllndrlcal ry I.s. not needed for e |c dia_t is not to. be
used in a-di ?‘r%etrlalr ttravnl ég ﬁge‘?fl aan§E *nBdia. In order

to achi eve Vﬂfﬁhf ﬁ?ﬁﬁeahdws?n?@f"ﬂ c‘zéie'b‘i’)éflhﬁl ﬁ#StW‘{ehP%ﬁm@f &1éd magnetic

When the deposition material arrives at grazing angle, 75
degrees, the effic:.ency of deposit decrease, but the
symmetry breaking method is wvery effective. When the
20 deposition angle is near the normal, 15 degrees, the
deposition efficiency is superior but the symmetry breal::ing
tends to diminish. The application of a magnetic field is
also very effective symmetry breaking method, but a bece-d -
layer with K1 > 0 and a field directed along the track
25 direction to achleve the Ez aicz are.required. Due to the
standard manufacturing process of simultaneous deposition
of materials on both sides of the disk a radially directed
or circumferentially.directed field is not wvery conducive
to incorporation in to modern hard disk media manufacturing
30 process.

Table 1
Variant bee-d <100> Two in-plane projected QuadCrystal |
name direction angle projected c-axes angles relative
i relative 1o femplate, to template <110> direction, 6=0. :
a=0, <110> direction. + -
al 65.264 100.529 30.000:
a2 54.736 90.000 19.471

62




5 orientation around a di sk substrate structure, a new vacuum sputtering
cat hode was devised. Figure 13 illustrates a cross-secti o%saAu IsEyaf a rod
shaped sputtering target [15] conposed of bcc-d naterial Tor deposition on
to a disk--substrate. A shield [16] and nagnets [17] to facilitate a 10
sputtering plasma at | ow Ar gas pressures surround the target. A disk
substrate [18] is held on axis with the sputtering target, but at a

di stance to cause the sputtered material [27] to arrive at the disk
surface along a radial direction and at an angle of incidence. Ar gas is
15 introduced into the vacuum chanber via a pathway [26] between the
target and a watlemicool ed shé4l d. Thi s 40c@acent r at e80.0bte sputtering gas
[25] in . the vicinigy jof the2ssputt éri ngsoigaoget nd #AD.629vi zels it in the
vicinity of the| diskl subgpes.zade. The sped.52% i ngl gas9@b®o priovi des a cool i ng
20 mechani smto [treansif er HWearasf romit he 16@oaet tlo thed st er | cool ed shi el d.
A |l ow gas pressure is desired to enable a scattéring nean free path of the
sputtered material to be conparable to, or |onger than, the distance from
the target to the disk substrate hi s..prevents.the random,zation of 25
the direction of Af?f’é sput llewnd o eILF'aIflEs ih5 Eked

. ered e ) yt avail di ng gasegus col I i sions.
Sputt eri n§ wEaEng HevenPet R Potf Al e FUPHTA S SHEMITAt “@%Mi cal shape
causi ng a depesingi Oiiipatestireoarulchie tobtait- t B hecwsprskd akotife desired range
of incident satfghesndretivgeprdbdaddby Sheegetedsyg ldgwevallows ttHeas been 30
found that acidyee gAdkddVesBeHee € Stdrnbutbpna Cral-goedl alaplateAd5 degrees is

preferred. .‘I'Qgte(t],_%gegucgiogs dimelyer «i S iMBhdire CQMALLa t A4 e desired inside
disk rec rbdl N I anpt er Ig_rr}lg 02 ? fh naatLﬁri al %eae/oi ng the target essentially
fol | ows r 21X pat h"Toward the, di sk at>al T | ocATTGNs On the disk 35
surface. |n ¢onBrMRiesrolt WEFFTARR 1R rget® gt r FHeE™r 8 i 1€ ®%%ipe, the disk to
target di st ah®endts dpgfirigdt edtt ¢agefoytfe thdfe Fo SEPPTHeANYIEPRORS avoi d
non- uni f or m tytaplbddepck pyotided ampgrellentf weltdsg dayehe sputtering cat hode
magnets the 64 25n Augustu12@05idragRehpslicdeiddl endpy Dackobaged around the
target rod grifg:ide depesbidan oBERGesRnsVBE iRenel RGeS Oor this
current wor ktfxa?t qusxdeermé{lﬂ ?ng éjr.itag a;..qL;[i i :;[i%tl;tggc;[nd\:{\@i%lﬁg would form
C1i5 or Ci4 crystal structures seem to form excelled
amorphous wetting layers when vacuum deposited. Examples
of the €15 and Cl4 structures are CrixTax and Cri-xNb,, or
20 - Fe,.xTay, and Fe;.Nb, where 55<x<75 atomic percent. It i=s
noteworthy that in the Cr-Ta alloys the eguilibrium phase
" diagram shows a high temperature to low temperature phase
.transition from a crystal structure of Cl4 to C15. It is
believed by the author that the pairing of these complex
.25 equilibrium crystal structure enhance the propensity for an
amorphous f£ilm to form in the non-equilibrium thin £ilm
deposition process. In each hexagonal atomic template
. material case, £fce-d or hcp, the use of these amorphous-
layers resulted in stromng, (111} or {0002}, texture

30 respectively. In the case of these two C15 materials it
was found that they could be exposed to oxygen and a
reasonably strong texture still developed. Hence, the

grain sizes of the hexagonal template layer and following
layers could be made smaller in a process controlled

35 manner.
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snoothly to a sonmewhat conical point allowing the target to 5 be advanced,

relative to the magnets, toward the disk center along a rm! p%jﬂlg from
the disk surface and center during the deposition of anyr%ne I'sk. " This

allows for adjustnent of the deposition angle and deposition rate at
various positions along the radius of the disk. Likew se, .10 the
advancenment of the overall position of the target relative to the nagnets
allows for continuous replacenent of the worn target. This allows
deposition on to many disks before the vacuum nust be opened to repl ace
the consuned targets. An interesting benefit arises from 15 spinning the
sputtering magne®silgr ogndyd hedrigryeeompiey mEgnett cnesdeldstorr om t he magnets
can be so ar maggetk trediprdet de aotsral bg ubed imon-dieyl Fgmbte itmagnetic field
at the diskisuidease rdiraeesl nadd QUBE dddgaCl maustREets @chfevkhe disk.  This
di rectional | ¥, 00041 LEF «y RS ONELBYINTBL! Vi Rhegkifg &P HBadaRi sm in

addi tion o the ge Qsition.at .an a an..gher lya.rrgé:whgnl sm of deposition

. . . orien oL _around a teat Lelibi :
ina magnétic freld o%eflp promte bee- g orientatj on of the magneti c
material . FoPPUSTEHTE (BEHEE- doPaterrsd: wiitH 138 theshFfst 8d easy axis
from bot h syfmasredsiesdi HEPeE FarmPd Pheridh ePeesrigs taggelio!$l and structures
- to obtain ancomiceed eck Harcdd Coateglidbyfarsidegodiltéos yomreta ya-bdisken structures
have heen i sueiketh. |4 diSend SA6C|arnddnats thepecccanchietased to pin, via
exchange 160URLdtREridgN 180 JRUGE ¢ LAY ehSedslrd P NYir@bundt h@eMBgNEL i C
devices UliILglng 2 SOMLexBGISLLE. | AUPT 1o 30EOGL ULLRCL; Gonkrm L he

i nformati-on already desScri 1S I nventi on scri a sel ected set

of physi cal | §PUEBHEE, toEehr MBE ety 81 E=57RFS AR “BHET EF SSR8F Ffiese material s
will be deschaisedel d2fbrie awtiar|at Abe £igh FHiFper 29e~g M Fedlelm sanpl e
structures weimct3s: falsr i zat ed amgleans] yimeddeltgur t Hpewasf igubstrates were
initiallysutidtra@ebedaSiintd1xhe Siichu) charbet 160} anthagh@ss. (26The substrates
were careful bar,eb2angd YhAydkNt£ASiaVSyHRSNIBE1dM 138! VENigsSuch as
acetone, tol H&%%m(;f%}ggs't%pé %B)!éﬁ%ﬁé £3 f’%@“ﬁﬁ tﬁQ%cﬁh&g)‘QE ¢apd then washed
with detergent an ot _wat er. ey Cvere thepn rinsed, extensi vely with
distilled mf%urj:,terlng target and minfmizes it in the wicinity o e
‘ disk substrate. The sputtering gas also provides a cooling
20 wechanism to transfer heat from the target to the water
cooled shield. A low gas pressure is desired to enable a
scattering mean free path of the sputtered material to be
comparable to, or longer than, the distance from the target
to the disk substrate. This prevents the randomlzation of
25 the direction of the sputtered material by avoiding gaseous
collisions. Sputtering wears the target in a predefined
and somewhat conical shape causing a deposition path £rom
the target to the disk at the desired range of incident
angles between 15 and 75 degrees. However, it has been
30 found that a more narrow angle distribution centered about
45 degrees is preferred. The target rod diameter is small
compared to the desired inside disk recording diameter and
80 the material leaving the target essentially follows a
radial path toward the disk at all locations on the disk
35 surface. In combination with the target surface profile
shape, the disk to target distance is adjusted to set the
deposition angle. To avoid non-uniformity produced by the
magnetic fields of the sputtering cathode magnetz  the
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i sopropyl alcohol, distilled water and were blown dry. This renoved all
organi c residues, water and nobst 5 extraneous netals fromdsh at es.
The Si substrates were then etched for approximately 30 secortds 1 n 49%
Hydrofluoric acid and blown dry. The substrates were attached to a carrier
and were quickly introduced into the vacuumsystemvia a |oad |ock system
The HF etch of the 10 Si is well known to | eave a residual hydrogen bonding
on the Si surface and tenporarily prevent oxidation. The vacuum
deposition system was both cryogenically and turbo: nol ecul arly punped. A
vacuum base pressure of I XIO 7 Tarr or better was commonly obtained. Via a
vacuum mani pekatesr stidctiue sebhsbe aretatadr peeundas-hgt ttardrdd 1ag one of three
heat ed carr Berinposhd idepssit@omwabtedshi nwhilemmeiepesiéd cor ke substrate

carrier munkyhagt! ldoili ed capy OxiviBiSlel thaf- itheh traagwswaézanet ary notion
in a vertical &L o 4 anwﬂé(%r&nﬁ.@ £8o gipgqugoc%t \L_aq_,ggt fQr the substrate

20 carriers two on the planetary Cir ne in the
center on-th pF§W3$ ‘%&aé“’%ur tf'nagne PO sputaferlglﬁeg arget posi tions
al | oned up tﬁeﬁtﬁﬁra]dﬁnﬁfaef‘@ﬁfal RifttefTom &h4 (5115]& HEPRFSi T¥U B Far i ous angl es
~of depositi ofuringathe nddrelient dhremnyi Pnmediddd, @bt mjlewe feposition 25
sequence. Theemstasgebs ey eepsdiangecnglOngdt h@o@dgﬂsmﬁsam atapproxi mately
7-inch radi Ugaiohs | gositinghaidg @d gh@dsVbt Nthet dBuKD! ali®edise, posi tions of

the substpat g cagky EediBe! to'foQﬁe obd:ah BolRAGE oteh%hahrtsﬂlettargets and the
two 'concentric str I | d .gnment to face

ders,cou rou t
30 each ot heFlea('j:f”vehoﬁ'c’rrﬁs a'Fla *époe] f°ﬁ %orn 0% e coul d be
rotated i nt o®&nfReartsFer 52%8po SI F]i”o"n B&Fl"‘l’shéiePﬁFJJﬁé’FaPEI 'E:‘? r‘[‘ﬁné‘ for angul ar
deposi tion. fogkseafipie, thoneacrur gest cdal @pered deatiedliae tHe equi val ent
position of téusesed AMhxgetbthe flaceimvbramtingugemsfiy ekrbsde afdmt he substrate
35 carri ek, Wikiny\agheS RGOk raRy athigHsiadeued stRnaGargdtang Mme nornal to

the planetary, 'g{@,fﬁqagdf% rtﬁga&%ew 8L PO tare—gngya ttge opposi ng
i magi nary cl oc Tﬁ substr te.carrier coul dfPe%.? ethavvay or toward

the targets ! %’éd‘ié“ Algust b'i'f)d]gn negr bpr oXI IRt el swing, with a
m ni mum spaciih?d‘ surface dlrected around the cn.rcumferenc of the dlsk

This directionally provides, a second symmetry breaking

20 mechanism, in addition to the deposition at an angle, an
energy mechanism of deposition in a magnetic field to help
promote becc-d orientation of the magnetic material. For
magnetic bee-d material with K1»0 the promoted easy axis
from both symmetry breaking mechanism ceincides.

25 Methods and structures to cobtain an oriented hard Co
alloy using the symmetry broken structures have been
invented. It is also clear that these can be used to pin,
via exchange coupling, the sgoft magnetic layers in many of
the magnetic devices utilizing a soft magﬁetic layer.

30 To further confirm the information already described
in this invention description a selected set of physically
constructed materials and the analysis of these materials
will be described in more detail.

A large number of thin film sample structurss were

35 fabricated and analy=zed. Four types of substrates were
initially wutilized: 8i(111), 8i(110), .8i(100} and glass.
The substrates were carefully cleaned wvia intensive washing
with solvents such as acetone, toluene, and isopropyl
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of less than 2 inches. The fourth target was |ocated at the center of the
pl anetary notion axis and in a plane with the other tar gejssy %/,“(%5%, t he
third substrate carrier 5 position was |ocated at the pl anetar center in
the substrate. carrier plane. The carriers could he noved from a planetary
position to the center and back via the nechanical manipulator in a tine
frame of less than one mnute allowing layer to |layer epitaxial growh. 10
The one and two inch dianmeter targets were usually small conpared to the
di stance between the targets and the substrates. In a simlar manner to
that discussed for Figure 13, the Argon gas was introduced at the target
surface al | ouléhpl asdativii eshenorieasdatgrgdne ambhot magepat thelb | ength in the
rest of the ghanD@hen andnseat Gedcbndifvel$Catilear i agstiofed herad@nosi ting

material. A §Egp<}gg}91r Yalddfior f | &Westch asell OLndd &:&QI d18l:30aRe i ntroduced via

t he sanme pafh, or ‘another o aIIowmter tion with the deposited |ayers.
Each substrat&-Tarrier OSIiJTI ORNas |n55eaa§ﬁ?:l ZZTZO aﬁleate and nonit or ed

and the t Enp&FERRER=C BEFH & PR ISHEFD elsoor’r?li.‘ PPePAIF8* %% about 350
degrees C. EweeptthgmeretedspefrhenbRronknaeber for 8ol mdl t195 e substrate
textures siHpdo@DwOUus| Beid hend epjpenatitye wadesehbeiiretes ovexst i m ze t he
process for bh@cRad teChl @rrséN@he wrysialcksphiskiadRe@Sidroxiue € chosen. The
substrat es V\'@&&utaeémgmp& 20b i&da@gck QuLidiy thg depesit benuand to a linmted

degree, tfe ofeperat Lamow%gyo 0.6 ¢ %e%;gguaas F§8Eeh AEa P Sodep0St Led.  The

Sputtering caf' hodes wer e vai | abl e. The

physi cal di mER%i FhsSHtare a* teﬁpm’%’o B“é%&%‘ft%’ﬂldf‘?’o% ‘the™€ent er cat hode
to a subst r avecuumadenggitiopnsysen pyasn bRy PrEegatealdy| i‘ﬂﬁa&u%l es of

- deposition menegubgrlyr pumpeB. t & 38cdeybess preasweedt f1@AT t Ferrsubst rat e
normal . For spBlekedr anglRande cuthsidat evisns varuah @dnhiuldbor,degrees to the
substrat &sCagfd ehndidel NER-1 08 Jaérg@éacﬁgd 32 6Ad deknAdiheads adj usted.

Al so, under sorﬁegl ro(s::LLJ{rlI%tnar;:ce§L pall er angles could be
acconpl i shed“Hy Pb%f’ ge an g i{gg% on the
pl anetary ci rcI 3 SHHeCR l%’ﬁﬂ‘ﬁ‘?‘ét “rotAre

I tion bot
ERRHRE Yo the 67 25
August 2005 a 7- inch radius planetary motion in a wvertical plane.
There were three possible positions for the substrate
20 carriers to be mounted; two on the planetary circle and one
in the center on the planetary axis. Four magnetron
sputtering target positions allowed up to four different
materials to be deposited at wvarious angles of deposition,
each multiple times if needed, during omne deposition
25 sequence. Three targets were arranged along the edge of an
approximately 7-inch radius circle, which was aligned with
the planetary positions of the substrate carrier positioms.
In this manner the three targets and the twe concentric
substrate holders could be brought into alignment to face
30 each other for normal angle deposition or the substrates
could be rotated into any arbitrary position on the
planetary circle for angular deposition. For example, one
target could be located at the equivalent position of three
AM on the face of an imaginary clock and the substrate
35 carrier, which was spaced an adjustable distance along the
' normal to the planetary plane, could be rotated to any
position on the opposing imaginary clock face.  The

substrate carrier could be move away or toward the targets
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t?rgeg. O{j course the distance between the target and the substrate could
al so be adjusted, but this did create a potential differ osition
rate. Wiile a | arge nunber of deposition conditions were S%C&r%?gtsit%{agat ed it
was soon found that working with layers that were 20 to 100 nmthick
facilitated easier optical, nmagnetic and mcrostructure anal ysis. Hence,
nost of the bcc-d filnms were prepared at 20 nmto 200nm t hi ckness. - Most
of the Ag layers on Si substrates were 40 nmthick and 10 sonetinmes a
second Ag or O layer or both was deposited as a final capping layer to
prevent corrosion of the magnetic |ayers. Hexagonal tenplate thickness
vari ed and cowdrdap@rox@isatiely na a5 idcnmwang, wetke sradeimsn shackgas 40 nm

Typical ly aofmagpetnen eXchanrge BRUphi-es hieyageasalicterg at ensas kept 15
mnimlly thigGke, ]oft ehé A0 hats &he hubks TRONGhEL. REQRGEL T €S were not
significant cgrpared th 1kl?mse Qi%gnt“ﬁ %Ouﬁ’&errﬁée%amﬂ?' s facilitated

easi er |nter 516t ati o nof t tlcd i.nvesti gat ed

materi al s® PR%I‘GHE‘H gy, 1e%F e?\l Z%ENI Ry d?né?% EBCtTE, gvvhl ch are
fcc, O, Fe, sWistraieArarriFs @ anahi éﬁeaq!ae,rraﬁs Be@ddbe aredi fxRd CoCr Ta, whi ch
are hcp. OQaeplioceady mateitiat Sto Whe h cesberbeandsdaicko vdkl dpewi th  Fe or
FeCo | ncl udepdbhaMbal Vnaldpuiddor a8, aSktiméAlgratd 42U 1286 2harB.oneX her fcc-d

mat eri al s, Vm:fﬁge %Xoﬁ%gufﬁgrlwh% @J.anlal rowth, RN, Pd, and Ir, while

ot her hc rraterl | s, whi_c A ed. Lnc| Ti and Tb .
The mat ergloal S - chma aIlQrtm 105 g H? etf%g e%ﬁﬁ?ﬁéﬁ% etic, or latt;

Lce nat chi ngsriﬁlép‘é‘?“tl"%%d ooy Gé?té‘f}f’eé qﬁlt'é‘?ﬁnbﬁ“? Y rFeTe fic lattice
constant is swbrduees ddsi ralielles zepresvdr thph t AbECuPsSGr dREh. The.
fol |l ow ng exmiygplke ndt athecorhngeh| gbe wsedirntgodugedi ghatket bargsequence of film
| ayers that yeftecdl=RpeF & pBsmacadinepihgeadingCenednbin ey agahex/ fcc/ Sub(tex).
Q]Q?Iep, tﬁlggf In%r@ﬁhorln' S:htehqreslg h%f ft'h!.;-. MPBmihe %g.fitz Bf dherdnsit i SthDOSi ted
angl e of the :|::|tngi gopo glrﬁ matgnglhtpgy éed%ﬂgw 9%905 the tilt
flow such as o H could also be :Lntro ced via the same
path or another to allow interaction with the deposited
layers. Each substrate carrier position was independently
20 heated and monitored and the temperature could be varied
from room temperature to about 350 degrees C. Except when
experiments were performed on multiple substrate textures
simultanecusly, the temperature was selected to optimize
the process for the particular single crystal substrate
25 texture chosen. The substrates were heated prior to and
during the deposition and to a limited degree the
temperature could be changed as each layer was deposited.
The sputtering cathodes were DC powered with up to 500
watts avallable. The physical dimensions when a bee-d was
30 deposited from the center cathode to a substrate that was
on the planetary circle allowed angles of deposition )
ranging from 75 to 33 degrees measured from the substrate
normal. For smaller angles the substrate was mounted at 45
degrees to the substrate carrier and then the target to
35 carrier angle was adjusted. Also, under some circumstances
deposition at smaller angles could be accomplished by using
a target and substrate positlon both omn the planetary
cirele, but with the substrate rotated relative to the
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is on top. The "tex" synbol represents the single crystal substrate
texture used. The <55 represents the angle that the bcc-d4 S50 dERPSI t ed
and the nunber specifies the angle 5 fromthe film nornal. Ingéleneral when
used, the < 'synbol "~ represents that a symmetry breaki ng- mechanismis being
enpl oyed Li kew se, if a magnetic field, Ha, is used to break the symetry
then the field is applied along the hexagonal crystal direction <xyz>.

Li kewi se, when an angle 10 of deposition is.used to break the symetry the
in-plane direction of deposition material is also denoted to follow the
<xyz> crystal direction. Hence, as witten in the exanple expression

i Mmedi at el y aipmes; fOfc cmowkdtlize distagte deposnt bbe dirrgdte andSheubstrate at a
nor mal angl esuisieacd heubexagonat ateptat,e bwoukBideiideposideed at a nor nmal

angl e, then gte.a0iAnglSrdrened Be dgb@glglgyprrg@é of 55 degr ees and parallel to
the hex tenplat ﬁlaﬁ%yzg 1‘11&5?%%8@&@? bee- ‘%@x“'cga %po; J:Ieed Then a
en

second bcc d,wou ﬁop

i osited and
finally a bcén‘(ﬁﬁﬁf%‘tﬁg agp%%ﬁ 88 | 54pd Fpat Wc\é\gf‘?%lc“élq%aga’(ﬁfpdl zed by
exposure or APptoxrEe Haso ARHIE tBEck ﬁéﬁﬁvﬂéa&%ﬁfsﬁ\ﬂ t®titEdr | ayer as a
"O'. U S Patanti6,z2d8nikdk@sndgtitee aGeinyiand Baggariostpebltheat i ons
denonstr at edbédrat fihes tweckupespaaad £pitaximlto 2ZBonel eiiickisdzi. ps nmenti oned
earlier coul godiecftBWmdagire dhiss dudMenideondel 81 a8 dmackh@agrowt h of six
bec-d vanpant et AldNSr LAA8 A6y @&Y&a&f&teﬂdw;yd%os%mf%ent 6, 248, 416
and Gong andk{ia eexcgg%co % g gh arhﬂ and in the
symetry brel Jﬁ‘g o"‘fabPhléq &8P &3 PF5UTAT °8 g 58T 56T Ha gy do not have
equal vari ant2¥F8F unee Bt ﬂ@’la%ﬁl?]?esfo"%ﬁﬁl S GAMER PG breaki ng, the
three vari amt $hin st hewGand vare nZdmgarihighiss é&tz}nensTYPeﬁaaltlhe si X
vari ants, asadesgetiie dxehsqgeakeunlahyg biadxapced. tvéplateswas rkepstigate the
epi t axi allsgreﬂltaaplf tfiRchCCr dio 35 LAXEHI @Sa Ve thaughathaisurface of .the

first netal pmgptlesxmﬁsdnw @agmfb@aamf % e Qxigde Jhagkey for this
aspect of th| s Lpventig at,

n e assur t under l,yi ng
crystallinity AFFthe fprf:’ﬁ?r%ﬁl bits eijglr errel 7" B9 g% gugus?‘ J%605

interpretation of the.magnetic data.
Commonly investigated materials. included: Ag, Cu, Ni,
20 NiFe, Al, Co and CoCrTa, which are fce; Cr, Fe, Nb, Mial,
FeCo, which are all bece-d, and Ti and CoCrTa, which are

hep.
Cther bco-d materials, which may be used to alloy with
Fe or FeCo include W, Mo, V, Cr, Ti, Ta, 8i, Al, N, Cu and
25 B. Other fcc-d materials, which may be used inciude CoCr,
Au, Pt, Rh, Pd, and Ir, while other hcp materials, which
may be used includes Re, Ru, Gd, Ti and Tb . The materials
of choice are chosen for there chemical, magnetic, or
lattice matching properties. Considerable flexibility in -
30 atomic lattice constant is sometimes desirable to achiever

epitaxial growth.
The following example notation will be used to
' designate the segquence of film layers that were prepare:

35 bee/hep/bee-d/bee-d<55, exyz>/hex/fce/Sub (tex) .

Again, the notation is that the film on the left of the /7
is deposited after the film on the right of the “/*. From
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unifoiin oriented texture and, while we do not address it here with

physi cal evidence, we believe this |leads to the underlyi %Aﬁ%ﬁmsng very
dense. Wien a filmhas extrenely high texture, then for sone textures the
grain 5 boundaries are of low angle or there is little space between the
grains. This assures that the filmsurface tends to passivate rather than
oxi di ze down the grain boundaries to force the filmfromthe substrate via
expansion. This is extrenely inportant for polycrystalline 10 materials

| i ke Fe, which tend to oxidize badly. First we provide a perspective for

t he degree of texture obtained by observing a 0-20 x-ray diffraction scan
of a convent tienabklpcingls st citd i*fe ift Lo estsyust wrealll Bhidbpl8aE@rj 2Ta2/ Cr/ gl ass
This is a cl 88dnCroput Thé Maker kbl vepreseitd theSsingpaltdresd for hard di sk
medi a. Upon exami-nal i 0t me X'Tl{ea¥5§% Senfound Lhat tme peaks exist.
Cr(li0) had Fh‘{)l ak-% lsh(aﬁ&ns e aggog%s %ogggéslé@gg tthlgealgge_@ul ting Co-all oy

quad- crysta

tal (1010)
peak hei gfit &F °m45h%ﬁHan9r@§h1 t 8. gﬁ;f?éaba‘g?nl Fﬁ% %es F"Ff}/e noi sy and
t here were noeRFER®RES|¢Rr ﬁaﬁV@“ﬂfé&k@reawgug‘éd’t%S%ah‘b 8§ time and X-ray
anode currentmgngde®5 udkéwige, f OF =alvagodtichéi€hd2 0HX- dayvekd facact i on scan
exanpl es t ophexditheUsER@triOtHenS 8AP| €5c14eri@ EPPEie8i BUbiANA@US| y each with

a different,si §££1at:gystQh8§1§ec1§b£199L> SipéildQke, bl Ll adhere the Si was
cl eaned rad I—f eat.e

giction :Ls

ment. i e roduced into
t he vacuum sgsteer%oan ckufse ﬁe:ﬁ tQ “a b’%ox}ﬂa j]Elénltcz'Tegr ees C before
the first AgHTecHEFOSE t"i‘eﬁ’l‘?S Srla‘}hésl Sr STERD s%lotl

Hcp- CoCr 12 TaP{S 81w F’éi(a\}?hrﬁl@WBPFe( 37nm) <45/ Ag( 44nr’r) /sub 35 Were the

val ue given in thengear eathegrites t he Roswi netamble m eXHTERFETs in

nanonet ers. TheACatkl§ aBovedXifédatl worldaeXposiket Stiepsited he phecess. This

B e T T
sanpl e be br | hlye LIBYEDal L LhGYAEHNT, SURLETL 4D ahbf. f@! owi ng table

the the plane normal of 55 degrees and parallel to the hex

template <xyz> direction the becc-d would be deposited.

Then a second bee-d would be deposited, then an hep would

20 be deposited and finally a becc would be deposited last. If

a surface was oxidized by exposure or an oxXide was
deposited then we would write that layer as a “0%.

U. 8. Patent 6,248,216 and the Gong gnd Zangari

publications demonstrated that the textures and epitaxial

25 relationships mentioned earlier could be grown on Si. This

invention xelates to the growth of six bee-d wvariants

rather than three, as was found by U. 5. Patent 6,248,416

and Gong and Zangari, the exchange coupling of - the

variants, and in the symmetry breaking of the coupled

30 wvariant sets so that they do not have equal variant wvolume

weighting. That is, to obtain symmetry breaking, the three

variants, in the Gong and Zangarl publications, or the six

variants, as describe here, are not balanced.

' We first investigate the epitaxial growth of the bee-d

35 textures even though the surface of the first metal, when

exposed to alr, has formed an oxide. The key for this

aspect of this invention to be assured is that the

underlying crystallinity of the £ilm exhibits extremely
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- film?25

entries are listed as (X-ray counts)/(X-ray texture) 99C15-19-2: CoCr1l2Ta2

(58nm) /Fe (37nm <45/0/Fe (37nm <45/ Ag (40nm /sub @O%T%ug%@ | Fe
(37nm /Ag (40nm) Substrate 50/ (1011) 200/ (110) 600/ (111) gl ass

1450/ (1120) 3. 500/°('100) 1. 6x104/ (100) Si (1 00)

16001(1010) 1400/ (112) 9000/ (110) Si (110) 600/ (103.1)3..4x104/ (110) X105/
(111)Si (111) 5 other than fromthe single crystal substrate or second
order diffraction peaks there were no other diffraction peaks observed
indicating the strong singular texture orientation of each |ayer. The
textures behaved just as 10 predicted and discussed earlier. These results
confirm thatnifotm dorEenggdowsxmizeh ahdie wahe wexunes aXirEss vitken deposited
on a hexagonabrd @ipd ahesdaicaciuente t he Béheke miiBghendar ystale t ext ures.
Since the segg&qli,g,éerfiﬁg wahd JBaye qbadk t he ypape peaks asst he first, the
absence of any. L3.A0qlLh O0Al PEAKS e ALANGME L LLfelifeStnBNGEN O the peaks,
is agood in catar at ihe efexture, even n the secon | ayer of Fe is

€,
grown on PhePSRATLEd ¥Gr P4c e F's FPEENt PTalf®® o the ’;tﬁg? 8%*Fhe first |ayer.
However, sinketvweRe Pealesaingoul Fhésl PFFEaF Wath thaeffi™ $urf39em peaks there
remai ns the 2éndguest ireasivaehentlas tithanhekhéizeordonnt thheperigre any second
| ayer peaks BéundbtiesThe he@rde0 wld oyilpeatemmarthet haibetrader erigt h conpared to
those on gl agg,ah8ldn. Usnihal BhirbaiydlimpdtioNt Eoef pdhersreongel ayer of Fe on

t he Fe-0 er 0 d_pEQvi n tenplate for the Co allo
S pE oot 00 RO LARE B E8Ee bepty ) D Y

_ , [ exture of - 'hedsecce)nqafFe | ayer is
i dentical to thaf*Sf e BOVEE | AyRFBECTNE F&* e “gHiTaxial growth over
t he oxi de i steuste ravegidedr byldbsefving hre 926t ®xtagr eSfrpeikiondsdsg t he use of

gl ass as a syhst k@ventibha? poAYeeta2Q0e rlilthSstrattirecase is largely due to
the excellent texture of the Ag(111) on the glass. In separated

experinments the _strengt the Ag(111) texture has been seen to inprove
sever al F%I d ovelR ﬁgggéﬁéffe)é%?ﬁﬁ?at directly on glass when 5- a wetting

| ayer of anorphous Cr35Ta was deposited upon the .
: This is a classic, but simple structure sometimes

sputtered for hard disk media. Upon examination of the X-
ray scan we found that two peaks exist. Cr(110) had a peak

20 height of about 150 counts and the resulting Co-alloy guad-
crystal (1011) peak height of 25 counts and a uni-crystal
{1010) peak height of 40 counts resulted. The base line
was rather noisy and there were no other discernable peaks.
We use the same =can time and X-ray anode current and

25 wvoltage for all of the g-20 X-ray diffraction scan examples
to be discussed.

Four samples were made simultaneously each with a
different substrate: glass, Si(100), Si{110}, S$i{1il) vhere
the Si was cleaned and HF treated az mentioned before.

30 They were introduced into the vacuum system and quickly
heated to approximately 165 degrees C before the first Ag
depogition wag made. The layer composition was:

Hep-CoCry;Ta; (58nm) /Fe (37nm} <45 /0/Fe (37um) <45/Ag(40nm) /sub
35
Where the value given in the parenthesis is the
nominal f£ilm thickness in nanometers. There was an
oxidation exposure step in the process. Thie required that _

~
b
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glass prior to the Ag. it also should be stated that the lattice match
between G or Fe, which has virtually the sanme atomc Iat ?ﬁﬁﬁl ng,
and Ag is not particularly good. Since another hexagonal % npglé terial
(fcc-d or 10 hcp) could epitaxially growmn on Ag better than the bcc-d we
investigate this. Hexagonal tenplates of Cu, NN, NiFe, and a conbination

| ayer .fcc-Co on top of Cu, when place upon the Ag tenplates were all found
to produce a stronger Fe or Cr texture. 15 To further investigate the

oxi de | ocated between two different materials the following film
structures were constructed: 72 25 August 2005 99CI S-19-3: COCr12Ta2
(58nM) / Cr (40rem) theOfFesy 3% &4/ dgpof#Giony Yheuban@OEr B Pa2efls BnCr (40 .

nm Fe (37nn) Agnotrd® nedufiet FadenMydaen ( Tl 0)aNEn) 26044 EbB) 608/ (: L11) gl ass
25/ (1120) 1450161320 29004 (L0120 Uol9) (4-rad XLz d) 100) Si (100)

75/ (1010) 750/ (112) 700/ (112) 3. . 3x: LO/ (110)Si (110) 30/ (1120)

40/ (1120)30/£100)6500/(110)1. 2 x3. 0/ (111} Si(111) Fromthis table we can

see that fo
does not ap

9%}16 .'b‘b-)2

pi t axy

over the OXIde mas excellent

)é%ﬁrr‘é'at(é%@ /B &Tom) 145 APKFe (BT 566/A9 [49nRhEBxi de Wi

h

wever there
en Si (111)

is used. I
the Si (110)

c@lé‘zp1 2 %5 stnﬂ?/ t

however the

he F@r(:.,-,e,m}z ax
t ext ure _was

/  Ofly (2B&m)Fe-

not part ig

O wasstautd €
ularly inpré

. good for
pssive. To

wi t hin expe
sanpl e were

i mesd/akoznr or
the 10 sanme_ag

t heoot j118) an
were_used. o

l te@opariat ur

es ugledst o |

)repare this

h.t.he Fe-CQ-He s

9C S- 19- 2)

4 ' | :
essxaf”/Cto@nd F&iiddfe i Mt er change and
CoCr12Fa2—{-58rm—Fe—3{nm) /O Cr
—e?@Pﬁrﬁ’/OQZr (4 Shilyto) Aq

)gldb

‘di scussed j ust 1ml/orezod hi § od&o/THe)ro
t he exper | mnt-r nnnaf ad

eated-—{99C15-19-4:
- (40) <45/ Ag 40%90//(3%1)000 1249042 (58Am)
(40nm Subst

L I—lldt\n\dl—r\ll

1\0 J;IL \4x104)/ (110}

-/
C{L € O\JI

600/ ( i{111)

5
Other than from the single crystal substrate or second
order diffraction peaks there were no other diffracticn
singular texture

indicating the astrong

The textures behaved just as

peaks observed
orientation of each layer.

10 These results confirm

predicted and discussed earlier.
that becc-d Fe grows with the same textures as Cr when
deposited on a hexagonal template or each of the other
single crystal textures. Since the second layer Fe would
have had the same peaks as the £irst, the absence of any
additional peaks, along with the strength of the peaks, is

15
' even when the second

a good indicator that the texture,
layer of Fe is grown on the oxidized surface is identical

to the that of the first layer. _
would collinear with the first film peaks there remains the
question whether as to whether ox not there are any second
The hcp-Co alloy peaks and their

However, since the peaks
20
layer peaks at all.
strength compared to those on glass tell us that epitaxial
growth of the second layer of Fe on the Fe-0 was very good
and provided an excellent template for the Co alloy film
growth.- This to confirms the texture of the second Fe
layer is identical to that of the first layer of the Fe.
The epitaxial growth over the oxide is confirmed for all of
these textures, including the use of glass as a substrate.

25
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1800/ (1120) 1600/ (100) 4000/ (100)1.1X101/(100)Si (I oo) 60/(1010) 'P/

(112) 1350/ (112) 5000/ (110) Si (11, 0) 20/(1120) 100/ (1011)7?/ (5% sﬂiq]()'SO‘l'/
(110) 1B. SX10I1ML11)Si (111) is 73 25 August 2005 Here we see that the C
grew highly textured on the Ag and the Fe(100) grew well on the C-O
However it is not clear if much of the Fe (112) grew as the peak was broad
and the Cr and Fe peaks lie extrenely close together and 5 woul d be .
difficult to observe. It appears that there was sone enhanced epitaxi al
grow h of the Fe(11-0), but it was difficult to discern as the Cr(110) was
over whelmng. Nevertheless the Co (1011) peak was the only one present.
In the Si(110)i=caskent hesd 46tlaraaty g4§ f@otg’im?llteékt"tﬁ"éu&fﬂ ogppeared is
strong evi dente Adtati)sonme tbé thesFe Wass{phiyed expbewigentz=Oxdeal | we see that
for the partsgithgtn depesttignaiiemReideUnhes BePOShéd ad HapRveand ' in

1 gener ?' thesg,..RRrdhGUl AL RIOGERS BY GRRdiLI.008, ih y@ssiwend that Fe/ 0/ Fe
epi t axi

ally grew for-all_ three of the Si__textur found simlar
results for @V%’:&? =38 t%eaﬁzp%‘fefﬁfé?%iwasi ?epe{mlgésd ggﬁ{iﬁa (100.)
texture grewSiRse| PERF Fhber Ryt Rt BB r%‘?/v%gﬁ%a%\ﬁg?‘f fie Cr(110)
texture did hjttige owrtchebptverene, oy tFeappeiass beRevhceatiepitaxi al |y grows
wel | 20 on t baneo)dtdeicoflaitisel Bpachlisn tshé bgcia fcrOByrtientamdl® appears to
grow wel | evesodan oirdter anRAdE mexagbhel (thkPlatandatdrher ((Edd)a bext ures grow,
but not ag epthjusiast Loabkya11YroW@icneth bherdl esasshddetanper ature for the
deposi tj on of g ioqeﬁiéndﬁfegug%gaf nal,dhe, (deal, Lemgeal ubg vari ed 25
consi der abl y™Wi ﬁ_":fahe, I orientatl on. € processi ne atitude was even
more dramati . BPERAEEPR STAYEE r 51%5° cBUIGP Bl ProlBTs&deat KPBher

t enper at ur estivePgriempiater| wWire ctl laferndt $7 STPHIEOY SFESHRE EDPTt he | ater
deposi tions. cadhexSire100) textured substrate had the next broadest process
30 tenpenat ure rengRrandd tiReastigdrkl @he Seiiskr béatbadbdthesn rabr onest and

| east toler a@iﬁepérgceﬁée{'ﬂmertﬁgurf%liﬁﬂgg- film structures were

constructed:
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This is logical as this surface is the nost unstable for an
lattice or for an fcc-d lattice. Each substrate texture é& U3
opti mum tenperature and 35 tenperature range and the particul & %enperature
was dependent - upon the deposition rate and humidity during the -tine
interval just prior to placing the substrate in the vacuumsystem W
found the HF etched Si surface quality 74 25 August 2005 to be very
dependent upon the environment prior to the Si reaching the vacuum system
Hence, optimzing all of the conditions sinultaneously were difficult, but
when it was done the results showed that epitaxial growth through the 5
oxide on the other Si textures is significantly inproved. Fortunately the
(111) sufésme-is3the nost stable for the hexagonal tenplate materijal s and
this all 3&@5}12&9{(551%{)9@{(405@”0%@@79;@44/@%5@1%3 and dep03| tion rate. Thi s
al | ows for—the—oxide—t-e—-be—1if grown
for each heas(4gnmlar i [antSulsdtirats urjes i s
denonstr iant set is|l shown. The
fol I owing f30F &P} uclt urg mage %96 e of iqgident | depggighi on.
sanpl es Wweras/prigpar ed sinul tanegusly, but 1b wth sIJgh ly differer
of depos{tTIom, i S T S ntl LM TT
A0 (Rep, 1370 B8, TReap R 31 ool

angl es ice ane
rrier, but at

acconpl i Te& 731l TITTg TWO SUBSTT at €s on
‘di fferent TaNJERY. The%d ¢ %l%ﬁodl(%‘h’tl on b\ﬁ% bl ong the
sanpl e

<110> fo
0909-5. | The/stizakt ur e 30¢ (1e? i ngd shet/dilGanpt xadif8110909- 8 231)
Ag(200nmLCr (40nm) [ He( 37nm)<45<110>/ Cul{l-Onm-+-Ag40rm-+Si{-H1—1—Sanpl e
name: 0909-5 Ag(200nm/Cr(40xi m/ Fe(60n <55<112a/ Cu(l Onm / Ag(40nm/ Si (11
30 it shoul d be pFarhtEdsobtPiehe fife 5§ E%é&;\ngHa’F L1PBhpRIE®<Y s non- magneti ¢
and so does nwer ghewaxdée thae excellent, however there does not appear
5 to be ﬁudh, if any, epitaxy via the oxide when 8i (111} is
used. It appears thg the Cr epitaxy on the Fe-0 was quite
good for the Si{110)

particularly impressive.

fcc Bravai s

I.IILr LUII’JUI MI. uIC

CE%%F@ )r/éfga %nbt:ﬂaetomw Evi ekeneen) of
at ed ™Hex In fact, the E2 alc2 var

Two
t angl es
er ent

however the Co texture was not
To within experimental error the

time and temperatures used to prepare this sample were the

10 same as were used on the TFe-0-Fe samples (99CL5-19-2)
discussed just before thisg one.
The roles of Cr and Fe were interchange and the
experiment repeated.
199C15-18-4:
CoCri:Taz (58nm) /Fe (37nm) /0/Cr {40) <45/Ag{40nm)} /sub
CoCrisTa, (58nm) | Fe{37am)/ Cr {40nm) / Ag{40nm) Substrate
35/ (1120) 257 (100) 150/(110) 300/ (111) glass
1800/ (1120} 1600/ (100) 4000/ (100) 1.1x104/(100) si{1l00) |
60/ (1010 - -
/{1010 ?/{112) 1350/(112) 5000/ {110) 8i{110)
20/(1120)
100/ (1011) 2/{110) |3.1x10*/(110) | 8.5x10%/ (111} | si{111)

15

73



exchange coupling needed to cause uniaxial MH curves. Nevertheless, it
i's. shown bel ow that the needed variant 35 pair was obtali r@dA%%lfsti Cu
were replaced with fcc-Co, N or NiFe, or if the NN or NFe re deposited
on top of the Fe then the coupled pair would be exchange coupled. In this
exanple, the final thick Ag and Cr |ayers were applied to avoid the
possibility of corrosion of the Fe after the 75 25 August 2005 sanpl e was
~made. It was found that these | ayers, - especially the C was very effective
at preventing corrosion. The sanple was stored for one year wthout
obvi ous corrosion of the Fe. W conclude this based upon 5 the fact that
whil e Fe nagnet i eypr opersei Bmtatiee FergrewsuEgbiy ivestungdont ¢beidgn t hey di d not
change. .The pfidttaet Far@o0Agrkaywellded e soobor moreer AtXis aytpol e figure
anal ysi s was pekrf of Rdn Jhiget @8t (113) | 9M5 gReHO phat alz@ bhggsanpl e while

setting the x- i f QN i £ | egtion plane. The
Fe is ?110) ?%%('%l?eép ?ﬂ{dtugéj?&%) l)g’ gijrzfggé“%rlg ?%Fggéf%iigé igegreeg to the

SQ,
surface of t K& f P?ndl'f'géc . S | Ted®PEE 45 " degr ces’ and then, 0--29
was set to r &Pt CELFICEH tiEaxirogyovthy 95 ttr Bt Uil PRReikdfSl e was then
rotated throdiffitsit36® digrews andhehérélighalvanasverbnitedrerd.' According to
Fi gure 3, asnesponseds byheCoag(mnd) jaagards thé-odllyepee gresergnl y t hree
possi bl e var panie shenoh hese sheukdedanbbr 8g, dReaksinbsermed for each 180

degrees qf, §%L§<g i%%z%gsyevi\ﬁgﬂééj cRe. aghal by aRaped..at (£Q)degree
aitid

r
intervals. T repeat during the second 180 of rotation.

However, if® % are six variants_ as advocated in this invention then
Figure 5 is of r8Te¢hhckeafite sFeHKs HBuPETHESTFen 8+ tP80 degrees of

rotation; anterb2ratverkd bidepoettiodur¥atg. tamrs f il -9€Brdégr B'eseotation. If the
vari ants arepaffuahlay Zfoceesigiat echdiyiamsl dvevsel fomkderhed FafFehe substrate
were penrkectditagidiilhgredldoxt RE1 Vatideanhs ofe tdie teRtusul dwee seen. W
ey el ity toe, bl sl e |
gi X vari ant %tetafpp%rés ggaboeér%éfgoﬁd)é?étﬁgrﬁr?retwhfgééél \C/;é_l?i %het %gg?ls‘!i?s t he nmost
commonl y texture grew somewhat The CTr(110) texture did not grow
well. ©Hence, it appears the boo-d epitaxially grows well
20 on the oxide of itself. Also the hccoc-d (100) texture
appears to grow well even on other members. The (110) and
the (111) textures grow, but not as enthusiastically. We
varied the processing temperature for the deposition of Ag
on Si and found that the ideal temperature varied
25 considerably with the Si orientatlon. The processing
latitude was even more dramatie. Si(111) substrates could
be processed at higher temperatures before it oxidized and
this improved some of the later depositions. The 5i(100)
textured substrate had the =next broadest  process
30 temperature range and the Si{110} substrate had the
narrowest and least tolerable proceés temperature range.
This is logical as this surface is the most unstable fior an
fcc Bravais lattice or for an fecc-d lattice. Each
substrate texture had its own optimum temperature and
35 temperature xrange and the particular temperature was
dependent upon the deposition rate and humidity during the |
time interval just prior to placing the substrate in the
vacuum system. We found the HF etched Si surface quality
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observed-as the energy nmechanismfor rotating the crystal planes and then
splitting the diffraction peaks is non- trivial to accorrplj S §%e 14
shows the pole figure analysis for sanple 0909-6. Careful a%uyms of the
data 35 shows t hée peak height of the al and the c2 vari ants are nore than
a factor of. two higher than any of the other variant diffraction peaks.
However, the relevant quantity of nmeasure is the area under the peak curve
and this is a 76 25 August 2005 very tine consunming and difficult

measur enent, but shows a considerable |larger fraction of material being in
these two variants. In theory the scan should only show the Fe(100)
diffracti on pedes vasy tdepeidiely wogl thanvagvimnnee i dbl yhé Sor this crystal
pl ane. Howevesadnbiff echeSvacuhy £228p. dichés achbinitzianeineat thy and because
the peak is gohdMeidns SikOREndNE1Y Alehs @frcihOse BuX pRAKS: alago show.

Ui kewise.  LOSLE ch8 Sldopl saxtedfrtﬁgt %pltgaayegyow%trmu& (#4Q0) peak. The

angl e between pairs cc-d erljrent ally
det er ni ned t 8*1¥¢€ 9% thez(:’gh% d'é t@’ées lESSIgndflcant %dlm? Ysngth earlier.

However the Bfigleatrdywelen tJPré’ %}’é‘éﬂ%e if the TR5EeSEYGr E914Ps smal | er
because of thexagowdr dienptasef parripbt andombiy eddpvest fog darderom t he (110)
and (100) pl anagudd rest hendergtire bhe poeadobetarveen wnypy iblgwai r of peaks

shoul d be -2{;3 T4)TnikaBisleHCREe ddipSritSireCXACtdnt WREde ite @BSErved. This
data is str og%vglv;_&egg o) Qg c ol Qom%agiagl varl ant concepts and of the
[

symmet r [ For sa 090 e .deposi tion
d?lrectl gn pr O] echJcﬁ‘?nﬁ%é’ %ée &9 ¥&F Y rl“%?turgf Tt gnrﬁonsgﬁathggagonal
tenpl ate t he®®®sul t¥ v@t“‘é' nbke of- %#eé{P’FE?HHeFF'neHS E’II“CE""""‘:;tp d&fed that there
wer e agai n t fwlidwirionafiflny geiushure ofas tigde sbx. arpike\PEr Jtnﬁeﬁ}enﬁere repr esent ed
by E2-11b2- &ajositiher emcesamphe pele dregared ptaksafgnsthedatvari ants, al
and b2, il Otag:hwgﬂ:tgﬁth% QliResrfioULng13E e ol Sepdtakesh, OMnifgitne 14 25 whi | e
'It:he cor rlisp cr)égt;almo ner; gyorcalgﬁé/lg, far ggffggterhe/vagnéll Isust rated |dn
i gure netj.ca cOo .5, variant pair does
notg yield unf%?)?tt %/ %7’ B?mpqa'?e gf‘#tlc eas &igei:e of |T?110| dent degom tion
al ong the <i‘1°2’9PF§Hﬁ‘|1atbéf dPEE %N EYR eIBH%StﬁﬁEFSenPT‘ré:Ihﬁ di*f'fer ent
carrier, but at different hex template angles. The
‘20 deposition direction was along the <110> for sample 0909-6
. and along the <l112> template direction for sample 0909-5.
The structure is defined here:

Sample name: 0909-6
25 Ag (200nm) /Cr (40nm) /Fe (37nm) <45<110>/Cu{100m) /Ag (¢0nm) /81 (11
1)
- Sample name: 0909-5
Ag (ZOOIII:IL) /Cr{40nm) /Fe{60nm) <55<112>/Cu{10nm) /Ag {40nm} /Si(11
1)
30 .
It should be pointed out that the Cu hexagenal
template is non-magnetic and so dees not provide the
- exchange ‘coupling needed to cause uniaxial M-H curves.
Nevertheless, it is. shown below that the needed variant
35 pair was obtained. If the Cu were replaced with fcc-Co, Ni
or NiFe, or if the Ni or NiFe were deposited on top of the
Fe then the coupléd pair would be exchange coupled. In
this example, the final thick Ag and Cr layers were applied
to avoid the possibility of corrosion of the Fe after the -
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30 result. In sunmmary, when deposited onto a (111) textured single crystal
substrate and using angle of deposition along the di I’eCtlﬁﬁ V%E?EOOS
described as a symretry breaking nechanism then one set of rrants

yi el ds uni axi al' behavior and the other set does not. To achi eve uni axi al
35 behavior via the symmetry breaki ng nethod requires proper orientation
of the tenplate and deposition direction. However, in both orientation
cases the variant symmetry was .broken. 77 25 August 2005 it was found
"that even when a hexagonal tenplate of non-nmagnetic nmaterial was enpl oyed
it was possible to have exchange coupled variants and to obtain the

uni axi al sysawpley woesokedebehal¥f owas Salippheés et stuhget udeygagst as 5

descri bed whespepifingssext atrdidakeresy depbsitiveon atat gevamdngt enper at ur es

yi el ded di ffggxq,gglcglr alﬂeS|Sg§ﬁeamsn%gggd Ceo@X&hangsr-betweme t hem was
possi bl e. 't?}y@%usa 90880 %¢ Fedepaélésn%puéé 2l apgLe goul d result in

grain nor ssessed ani sotropy. However, by
10 st udyi Rg 'fl'f?e f294 nstlifépo'ﬁp?%d 81 I ?ﬁf‘tch P& Tf§> %8d Pf10> hexagonal
tenpl ate di reEibiie Fe sad=tieR ey I e beiatmet ™) BFEERIWE process and
uni axi al behswileyexdiudadstplortdpmecrystalline orientation still existed
along with the ani-zafopy ASEECaAi1REiNvae grrdbmeshapmieffescts. Using the
15 proper, siyRRgl ¥nd ¢t Yoeseande MBdphedwaiRMscci iyt ke xSpgci ng, hexagonal

tenplate,fo a&%g&gg%ﬁ@' L] Bheflegutfr1sbhl beant | yohelped to minimize
particle shagg e cts

Xper | e s.cqpducted with a
magnetic hex ondt {e’fw’iﬁt&f% é;ﬁde%?l oféf |%]ganf3isef‘zde lf;téf@ 2920 rather than
usi ng the antfgEeef tenehal&Htiagepsithe oiflls tThe SAMBLYAF B’r%&ﬂl ng mechani sm
a magneti c field wWagrdtzednd Nhenwaggused sdt tdoe rhebemgofiedm tteapl at e and

pl gcit ngt per n&%vtt 2 E.L§n&n the % tera&@ tﬁaﬂgéoeatédntﬁmguizgi Qiht.y .of Ithe
supbpstra g er e an 01 c ne sanmpl e

structurggwa%b §E200n5 %qié Q%ﬁ%%ﬁ(%gzﬁi%mnm/sum) The
‘resul ting va?’igéi."ﬁ? %’etasf (?FPT‘}?S 2Y W ePrELd 36" Was *APpl i ed general |y

al ong the hexdgorhres m{s:&:{l@ ¥3qimpts then there should be three

peaks observed for each 180 degrees of rotation and they
would be ecually spaced at 60 degree intervals. These
20 would repeat during the second 180 of rotation. However,
if there are six variants as advocated in this invention
then Figure 5 is of relevance and six peaks would be seen
per 180 degrees of rotation; and 12 would be seen during
the full 360 degree rotation. If the wvariants are equally
25 weighted by volume of material and the substrate were
perfectly cut then all the variants of the set would be
seen., We have observed both types of sets. Hence, not all
samples have the potential of being represented by the
energy equations associated with the six variant set. The
30 Gong and Zangari three variant set is the most commonly
observed as the energy mechanism for rotating the crystal
planes and then splitting the diffraction peaks is mnon-
trivial to accomplish. Figure 14 shows the pole figure
analysis for sample 0909-6. Careful analysis of the data
35 shows the peak height of the al and the c2 variants are
more than a factor of two higher than any of the other
variant diffraction peaks. However, the relevant quantity
of measure is the area under the peak curve and this is a
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direction was E2-alc2, whereas, if the field were applied generally along
the <111> direction then one of the conplenent four-ele { i sets
wi t h uni axi al behavior was selected. However, it was di ??il%c% gtZ?]HtZ;)Hibgbserve
by x 35 ray pole figure nmeasurenent techniques, exactly which set of four
vari ants dom nated. Nevertheless, fromthe nmagnetic response it was
determ ned to be one of the symmetry broken uni axial sets. Hence, unlike
the angle of 78 25 August 2005 incident deposition technique, when the
symmetry is broken wusing a magnetic field. mechani sm uniaxial behavior is
obtain when the field is directed along either of the hexagonal tenplate
crystal direvddyonsne «ousiming aad |PELiglphingasureeeniarkitaghevspér neabi lity,
when the syn@misidersbiedkiqg fireltdomas wdtemtrl heingl if>bdie aobi on, which
CﬁUSEd the $Qupndeari @qﬂtths_@%y ]Etﬁe %Fﬁaéhoummﬂﬂlﬁ Siavesheea (Tvogher Lhan f or
the two variant._ _set. it s diffic to y. this ] se. The
coercivity vx%rs}fﬁ?cgﬁ%grrl érllav?fst fe ‘lt]l?ﬁ é(‘%%lanfggn%agsnesﬁtc %csitgg%élg functi on was
not as idBal forTHedE cH¥Efdet PERTf ecHA'SVARI EBT tife Yriht &2%ifficulty in
preparing t héiffoastivarliast neat byherd hecaugs dhesrddrg is| aeiverde is nore
sever. The nagohd Ude eiilisher afiake eshf pedik aves isddwoveariksedme, of the sanpl es
prepared and.yeby:sSBlibnt e¥DdenteSof tnd ¥Ry StZMgSegma} Spafk.t he sanpl es
vere studi edy[Olygi Dehle olll ¥hAHAloATBGRCLLE BEORC Y EoncdRAGE, 1 hese

segnents represent I ndiVi sanples prepared wth_ various applied
magnet i c1fi etPerEiAFtHde SaFRIMATTR A &R, 2Front Bhé¥e d5FESEur 8ffents it was
esti mat ed t h&tsctérednaigietdth famlidr 20 Heyamewt ¥he draigkbeiyemedhani sm was
causi ng an oksesVvahl ene degeeaigires yrueisr yenbl Bak iegadser £ alhds as smal |l as
10 Ce. It shoubd,he pPRAL epedbhat-dhe-RPRbi ganirdecase gencer ned that
the earth' s mRonebic higld or.Sefe SISl SiJ ArolRUNCLEG: fihe! d might be
i nfl uencing rTmh,e ILndi‘ngs.. The stra ields_were neagured in'the vicinity
of the stbst?PHFeof cBIFTefrANE PoURY &% e 1" 3s&°FHRER" or " Afproxi matel y one
Ce, which verscebmyaralise®eree ndatUGBER d&r FH9I B8R °Fi el d
intensity. Nedrtirelséssvaréxpechrmepts avdr ef dederiretiripeeekinghe sanpl e
substrate wagedABttEned t Grox Ssdmphe cemonier where the deposition
direction projection was the <112»> direction along the
20 hexagonal template the results were not as clearly defined.
It appeared that there were again two dominant variants of
the six. However they were represented by Ez-az. For
reference, the pole figure peaks for these variants, 21 and
b2, along with the other four, are also noted on Figure 14
25 while the corresponding bi-crystal energy curve £or Ez.aipa
.was illustrated in Figure 11. Clearly, even if magnetically
coupled, this variant pair does not yield uniaxial behavior
at all. Hence, angle of incident deposition along the
<112> template direction yields and entirely different
30 result. In summary, when deposited onto a (11l) textured
single crystal substrate and using angle of deposition
along the directions just described as a symmetxry breaking
mechanism, then one set of wvariants yields unilaxial
behavior and the other set does not. To achieve uniaxial
35 behavior wvia the symmetry breaking method requires proper
" orientation of the template and deposition direction.
However, in both orientation cases the variant symmetry was

-bxroken.
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30 containing the applied field magnets. Then during the deposi tion
process the substrate carrier and, hence, the applied fiel gln{(fog and
sanpl e were rotated together. This provided a constant, appp[u@1 ield
while the rotation provided an averagi ng mechani smfor any stray applied
35 fields. Likewise, a simlar experinent was carried out with out any
applied field, but enploying the angle of incidence symetry breaking
techni que. For both symretry breaking techniques the nmagnetic results were
found to be unchanged 79 25 August 2005 from sanpl es prepared w thout the
rotation process. Hence, applicant was convinced that stray fields were
not playing anyZsi fEourdhtthab| evenn Vheie e sErITReht BRTOLRE 19, Ve

antici pat e t hat-maghtévimgetihe e rempdgvednit ak amesgiible Borkael t s woul d be
much easier. Eﬁcrﬁ%@l Bowgflewe BRadasbeddierco vapdaim sypet amiancidi d not have to
passivate the abédkelbOﬂQlawoxfror@ahgﬁeﬁ%fets@mwrgegm gge. It is well

known t hat con qQxi de Sy | N 1 0 5 degrees C
| eaV| ng b hl En(ajscrlf:)?c'l wﬁerslproce%se IEE)? egénégogltlgp ]!“L.tteg a’Q'eref or I’T'Ed | n . an

ultra high vé%’i‘ﬁ?ﬁ?"é%ﬁfeﬁ%ldfpeghgfreregﬁb%’faﬁgt Slﬁ\%%l?fldn a&&?ﬁ Fabl e for the
initial Ag dexdsngs datweepetham vy patwiblei s Ihowedases&Pnd Fa%i gher quality
filns and f dépos$tiancturaes zaglde betliderepdnt tolgrein typapkplegdds: process.
Magneti C I eSpRithe pobfas e stiel® Nilkpue ki stheepyf.or Hobbvdhedy sanpl es.
Because the pRGNLd Gnlishfls fdpBRiRe 21885 HRREHhe"BONSt Sndvasio30t perfectly
o for i over  LieeRaPL &pable MILRLLY, PIEaki0 FReRanial vas not perfectly
al i gned wi t B hex & (}’ ? 93

gCll on. Ne rtheless it
was: esti mat 8d"EhEE bfrﬁ% anigeipﬁ"ciﬁa?e?:rﬁ 6‘H"?ﬁ18 nBTVARY BY"20 Hore than 10

degrees over thheeryataiding enigptaiandstiitlnasistAd AR HaER &™°al i gnnent over
the maj orit yawifsotimpys angpicdatébhivsth wasins ghipsieffredby. al fsghedthe6 denonstrate
the symakr yprdpeepkistgoimehatdaiEedvVi and haat@gaet itoniespensecur ves. Figure
15 shows theg ;lMEiﬁQd hMa JHRE 8 US bt 2t C&P QR R-e0fodiN 8p Rfax2B1 LBGwthwo vari ant

Q

exchange cou unggé'h%&pédvqg%gym@r L0KEN; RAIRLRS by, the structure:

Sanpl e nane:

Ag(200nrr)/Cr(40ni"‘n)gf‘ﬁel(iﬁoﬁ?|‘?')"'<Igl’él?L’?>lrf\l?‘e(”§f7irr)w/al gﬁ'ﬁ??& e @

magnetic hexagonal template and an applie That is,
20 rather than using the angle of incident deposition as the

symmetry breaking mechanism, a magnetic field was used. Ni

was used at the hexagonal template and placing permanent

magnets on the substrate carrier in the wicinity of the

substrates generated an applied field in the 100 Oe range.
25 The sample structure was:

Ag(200nm) /Cx {40nm) /Fe (50nm) <45/Ni (5am) /Ag (40nm) /81 (111)

The resulting variant set for the case when the field

30 was applied generally along the hexagonal template <112>
direction was Bp.aiez, whereas, if the field were applied
generally along the <ill> direction then one of the
complement four-element variant sets with uniaxial behavior

was selected. However, it was difficult to obsexrve by x-

35 ray pole figure measurement techniques, exactly which set
of  four wvariants dominated., Nevertheless, £from the
magnetic response it was determined to be one of the
symmatry broken uniaxial sets. Hence, unlike the angle of
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30 1) The coercivity of the N alone was neasured and found to be
conparable to the 10 Ce observed for the hard axis | oop | ﬁﬁgpl e.
Hence, it is observed that exchange 35 coupling the fil m\c/)jasré'ggﬁgts I'S not
sufficient to achieve a |ow coercivity. The exchange coupling | ayer nust
al so be magnetically soft. Permalloy, a well known soft N Fe alloy was
substituted for the Ni and the coercivity was found to 80 25 August 2005
“drop to less than 1.0 Qe. However, interestingly, even wusing the, N
tenpl ate the sanpl e exhi bited Iossless behavior if high drive fields were
not used to drive the sanple all the way to saturation. In a separate
measur enent - ndidem Hegowididb tethreigganphen vide fywetryrisyverokeiong t he easy
axi s to renduging0s wignbdie REBd Nmedlahfenandntbheinl dbeunioralieng the hard
axis, but Onlaytatlg %HB{ oxldTBisehy 80%iplecthie a]fdngl @:.ﬂ%&de;dz tidesat urate the

sarrpl e. This m nor oop - Lesp h rciyjties.of;]Lss than one Ce,
whi ch was 10 ap nal t%é;é% %Egeélzl gﬁgﬁlﬁ%g Qﬂ# h]fa mjé sur enent

i nst runent. r £ % hBWRE eS| H’%‘?ﬂ GAF axX¥Ar""¢ype of response
function mhehrqaﬂien$aﬁﬁfﬁ¥% “\%ﬁsa](?ﬂﬁv‘éﬁ rht%y dsEachiri SRt Eng2HifCaxi al resul t
simlar to thee itieal vefianFi geir e-02 apidvirs shenldmbare dysehi Biglsst h to t he
narrow hard #8naX%bs tHe0Pwo Marimt bkt [119daamitthwlisonewhatcideadrati c My easy

axis [201 re§9&%@ ca@%e hﬁ{éicé&c‘ivhgpmas '\ﬂ(mghbflaulat £Rd emiatile potential near

| i near behavi or 0 Ll Ust rales. the fgnel i near
response% }'11"”‘6‘5'?5“:lc r?sfron%eowugg?t?%on%a%nd{ LLIS.':'r str tlpt uied .320 sanpl es made

by angle of PHEEHEht TEPTE t FERBHowSE® nF REHs urAb S ter ¢vity or | osses
for the ni noprdparthdaxkhe [E%hH. VEFiarheSetca¥8Ee petifeaiIPETEY ranging from
80 to over 1808udweric obsecrved. Tigr dagiiskderedi ahesaaﬂléé fisl€ prepared using
a 25 productiasahsvred singk offedicasarptedl Preysicénandserbymallsi mil ar, but | ess
i deal thag pieé/thU§lra&1 d@%r bél_ﬁ{éntéi%@ @mOfsamI!l@Ql Aeacen@epasidri on t echni que.

The source bg%lr ﬁv& V?E @ radjalcepat fgds@ over the
[ ggn ver e sur

entire disk Lsk. Thi
segment reprasen é%dual samples pégégrég w;ggavarf%us S Was

applied magnetic field magnitude and direction. From these
measurements it was estimated that the wmagnetic field

20 symmetry breaking mechanism was causing an obsexrvable
degree of symmetry breaking for fields as small as 10 Oe.

It should be mentioned that the applicant became concerned
that the earth’s magnetic field or some other stray
magnetic field might be influencing the findings. The stray

25 fields were measured in the vieinity of the substrate
"carrier and found to be less than or approximately one Oe,

" which was comparable to the measured earth’s magnetic field
intensity. Nevertheless, experiments were conducted where

the sample substrate was mounted to a sample carrier

30 containing the applied field wmagnets. Then during the
deposition process the substrate carrier and, hence, the
aﬁplied field magmets and sample were rotated together.
This-provided a constant applied field while the rotation
provided an averaging wmechanism for any stray applied

35 fields. DLikewise, a similar experiment was carried out with
out any applied field, but employing the angle of incidence
symmetry breaking technique. For both symmetry breaking
techniques the magnetic results were found to be unchanged
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30 acconplished by depositing froma standard sputtering target but by
masking a large portion of the disk with a circular mask 4 ke in
the center. Hence, the sputtered material exited the hol e at "an inci dent
angle and “essentially radially. Several sanples were prepared with 35

| ayer constructions nade as follows: LSSDK-0505-1 C (40nm /Fe (40nm
<-45/Cu (20nm /Cr3STa (20nm /glass-ceram c 81 25 August 2005 and

LSSDK- 0505-2 CoCr Pt (20nm) / Cr (40nm) a- . 45/ Cu(20nm) / CrssTa(20nm / gl ass- cer amni c
5 The magnetic properties of the first sanple (Fe) exhibit anisotropic
behavior with an OR of greater than one and provided confidence to proceed
Wi th sanpl e 6586s2npleheprebarafa¥itbhuinddd I¢ationspregssto HeRcbscure the
magneti c respﬁmaax&f whhezchafed 3efr Ptragl EDyldei ddret het pileparat i es soft 10

Fe. O the sapplesnipienar eshOR rta.egé@gr{nreaeallreéultte 1.15 were obtai ned
when di vi di ng thﬁ Cinlif:gél{'pﬂg\gé et@l&% aaeh%&ﬂ%&'éﬂet ¥ou1b¥azgllg.ﬁt rtﬁ'g.hﬁ’:’.al This is as

desired, and the over e of e of 2500 Ce. Because
of the pdlyEFys F%I‘ﬁ“ﬁg el g‘beﬁfl?r ¥:°V\,a]fsta1fla er gd‘ig % Xed 15 anor phous
‘and ceranmi ¢’ ¥¥BERr &X%eﬂaénda &er3ry 5‘?15% £9 ﬁ‘f‘%"’r’f"éF? nge s§f Yj‘fa Eﬁ ffraction
peaks Nno X- r ayndday afuwms the dlfentciithoseedphioredi naFyiskidlft krewhe art. will
appreci ate thai #henwihesorof oxiBei Shehimeonsrandsyart akbarrs &@n be nade 20
to specifi C 6t & @bating HERLAL aki il #C UESEe . dBVERE ros@ishod and

appar at usg g@ﬁﬁ wva%ntdlepa RO cn HeRFLLING, fengmdzhe scope of the
i nven 1 O U%]l

present tions nd i_at ntended to be
covered by EHEFITS paé’%l]fl cat] on\':ah a“?'}%a?%ﬁ Po%sj'gl‘%: ‘ains. 25 82 25

August 2005 @Ee’ﬂ'nﬁtﬁlpiteﬁc ﬁ‘ég‘ﬁé}‘? Eefbtte it zﬂlg’éﬁ e %’t}ﬁ‘g P™ng: a

substrate; film structures and better control of the overall process.

Magnetic response curve measurements were made for

- 15 these samples. Because the magnetic field £from the

permanent magnets was not perfectly uniform over the sample

the symmetry breaklng mechanism was not pexfectly aligned

with the hexagonal template <112s> direction. Nevertheless,

it was estimated that the field direction did not wary by

20 more than 10 degrees over the measured sample and it was in

" much better alignment over the majority of the sample. This

was sufficiently aligned to demonstrate the syumetry

breaking mechanisms via the magnetic response Ccurves.

Figure 15 shows the My and M, versus Hx response of one of

35 the two variant exchange coupled, uniaxial symmetry broken
gsamples using the structure:

Sample name: LS1425_Z2cx
'Ag(zoonm)/Cr(40nm)/Fe(50nm)<H<112>/Ni(Snm)/Ag(éonm)/Si(ll
30 1)

The coercivity of the Ni alone was measured and found
to be comparable to the 10 Oe observed for the hard axis
loop of this sample. Hence, it is observed that exchange

35 coupling the film variants is not sufficient to achieve a
low coercivity. The exchange coupling layer must also be
magnetically soft. Permalloy, a well known soft NiFe alloy

' was substituted for the Ni and the coercivity was found to
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at | east one bee-d | ayer which is magnetic, formng a uniaxial symetry
broken structure; and at |east one |layer providing a (111) textured
hexagonal atonic tenplate di sposed between said substrat @5angustaitfs bee- d
| ayer. 2. -The nmagnetic material structure recited in claim1, wherein said
substrate is single crystal. 3. The magnetic material structure recited in
claim1, wherein a surface of said substrate is anorphous or

pol ycrystalline. 4. The magnetic material structure recited in claima1,
further conprising an am)rphous | ayer on said substrate forned from an
alloy of NP, CrxTal-x, CrxNol-x, FexTal -x, or FexNbl-x and 55<x<75. 5.
The magneti campt epi déssstubast Lrke Jeeci Eeveven cletiereatingher e39$msai d anor phous
layer is forgmedg ame tie tufdlace ahet hempbé d eahiriphdusiokslser is then

oxi di zed. 6., [hg;dmARCLI S, BLRS iALk1Ed Wdet iR Reed ted dravelmkm 1, wherein
the layer prg OVI |nagls§{e w )ggg%%;amgho%c ts%gpl:gageeméa%uﬁ,@fﬁég{ed froma fcc-d

o or hep Cl’é,rs]e @nlnn;[e%e Jgs{ll ?)I‘S&{??C? wag%qrﬁt é%::.vet%&iar% Er&(&ure recited in

claim1l I Ng_ sai d hex mctenplatels
magnetic. 8.axe tAagONFcoRlt &Fi &Pe SYFEET u‘faellfeé?cfle’a‘ef'in t1af'm 1, wherein

said bcec-d |abpey s dprd axial |Bpt grlowio orpRIakinaCely )8 ofeRE (HP&d hexagonal
atonic tenpl pf@aandedtds @ (ski@ater yat abhigle.t extiuremiamd kop | east one
crystalli ne Qés@bﬁgeogh&&udcc(e&&ién&@%mrB&shm@geﬂalo«aatmn weenpl ate has
epi t axi al, | QOxm‘aL ©0h: AbelRBtor 0ARd SOl D! feddiabndzour dom nat e

(110) ori ent I ona ri,ants. neti : I s deture according
to claim 1, :fltf fwée'n COF%IguIé ‘158° clearf}éonnga %OQBJFJ.% 59 un?.gnlé lé&

er providin 111) textured
hexagonal at &mec°F erasPasss £ & *heR; s & %Wtf Ia’é ‘éﬁ’l ’g ’f?ﬁénetl c. 10.. The
magnet i ¢ mat sxtuaktisnr aod ureiaxéabr Gt t BLILAF N2, tRey %‘l‘F‘é‘ll Coénprising: a
second bcc- drigayerz whithis | sanernrbgupeles botl. tol be nergrrey i kerdat er i al

struct urgsacgQrding, 1@, ¢Lak ko1 fauat her sa@wpal Sub@atia weeepd bee-d |ayer

whi ch is magneti g 20112resg ngﬁ%'&rﬁ%ﬁé AlooS! MHCTUT RisREAQEdI NG to claim
1, further corrprl Sl IaQ/er

Nyt talline
orientation O tpﬁﬁerétgéjc)nlbeaﬁccné?arageehravl S ‘epl aX|t%leI il h% ?%%?’n ned by said
bce-d | ayer. 11?-35trﬁ’fésﬁ§§n%‘iri c‘:”f‘Fﬁ‘Fe%leiSBPnﬁruct ure according to claim1l,
further conpri sifigier. a sie¢brl bewpod itigper andgndagers e EBFHFEIERFer provi ding a
- (111) texburethphexagaralbyatappie ¢Enjlcatientndspesitisai dhowedomgd | ayer

provi di ng a fdekd}adiexicéadvhexagonakseat ai-c thenplmire hhsd dizgposed bet ween

said bee-d | AYQr ey fesclBEsJRPRALERIITRI A kalgisbl HekUEE caC&REdI ng Lo cl ai m
1, further r|S| ngb econd bcc-d | ayer, which is magnetic; and at

| east one ox Q YHye soeé'vween said bce-d | ayers. 83 25 A €=tgust 2005 15.
The magnetl ¢ mat B39da di¥% REdide SEWUPHI N0 BIRPRTYL, “FiHE hér conpri si ng:

production hard disk media vacuum system, but by a similar,
but less ideal than previously described, angle of
incidence deposition technigue. The source bcc-d material
was delivered in a radial pattern over the entire disk at
angles varying over the surface of the disk. This was
30 accomplished by depositing from a standard sputtering
target but by masking a large portiocn of the disk with a
circular mask with a hole in the centexr. - Hence, the
sputtered materlial exited the hole at an incident angle and
esgentially radially. Several samplés were prepared with
35 layer constructions made as follows:

 LSSDK-0505-1
Cr(400m) /Fe (40na) <~45/Cu (20mm) /CrasTa (20nm} /glass-ceramic
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a second and a third bec-d | ayers which are non-magnetic; a fourth bec-d

| ayer which is nagnetic; and at | east one oxide | ayer between said second
bcc-d layer and said third bce-d layer wherein said secordd Augist2i06d bead
| ayers are disposed between said first and fourth bcc-d layers. 16. The
magnetic material structure according to claim1, further conprising: a

- second bcc-d | ayer which is nagnetic; a second (111) textured hexagonal
atomic tenplate |ayer between said bcc-d |ayers; and at |east one oxide

| ayer between said bcc-d layers. 17. The magnetic material structure”
recited in claim1, wherein said bcc-d |layer formng a uniaxial symetry
broken structureais conposed of Fe or FeCo or an alloy of Fe or FeCo. 18.
The magneti c mat ssdred-os5r2ct ure recited in claim 1, wherein said bcc-d
llayer form ng @ocdil (@¥ind)cr (SyanBiy/vu Roak @t skipat)lssbseemiposed of an al | oy
of Fe or FeCo having one or nore of the elenents A, B, &, C Cu, N, N,
Nb, Mo, V. Si, T. Lia L et | teri abSlr uglyre recited in
claim 1, \?\her Ig&%%:lq %gé%z n%?ggl'greggé?mjnﬁgr% %rea(:%%lx Lrlée\z)ﬁtevured hexagonal
atoni ¢ tenpl ts Eoiposed: of Ay A0 AL, o, Yee- fee-cocr, Tr, N,

Ni Fe, "Pt, Rh2aPBTOHERY GHPEAIRoRECRECCTE WHE 3PP oY% 20f Bfe of these

mat eri al s cofdiweed chprdedato| Baste agndoerPekrepscupd, thirh@2gRRiieEt i ¢ materi al
struct ure aceafuldts@rt thet hawder 1ockpy taldoy coniprihsiprypextigseceitd bcec-d | ayer
whi ch isigagReti o whekeirlebherephtss drl oy hava ansses ropy ener gy

density consfant 5,06 0PRRSLI8vIELY Bd - citDEnIRONSkL CcdlESHERl StTuUCtUre
according ta el alm Lo, Jr thef, CQUPTLsiidi et GUPLLNG,IAYER, and a second
bcc-d | ayer i ct .irsa nagnet i ¢ WHer €l ndt e couplin ayer terial

ant i f er r onagFREFFEGIYY YO UM &8t F9Bc 8t 29%y &Fs. %%auﬁ'%e“m&gﬁeti c materi al
structure acedwdryrraibing| diegpdonal uterdRteodpresi A the sBE6Rd bee-d | ayer
whi ch i s ipagaeibbjusandnd tddradidc cubtlst@yper Hisposedebet weeget he becce-d

| ayers whi ch;@kesdmeggetie. o23airFigruiBgnpeine Mt e-kay &ddauciadre according to
claim1, furgher conprising: a second bcc-d layer which is magnetic; and a -

second (111) textured hexagonal at.om ¢ _t late |.aye repn said second
(111) textured .#}%0)?5 Sgaf)ran(a), _csa}?.g'g]pf‘%t gml)s%i_s")lg&s/eg g e?{v?%gn said bcc-d
| ayers. 24. TR& fAal Fc°fnﬁ’l°8’rﬁl§?t’§lnfuﬁ%rvérhact€8$%li‘i"i‘ﬁ D @ @im1, further
conprisi 89: tatsHeedbic gapedragrét the HEpe TR lalsEHyFtEsfer 4895°®5The nagneti c
mat eri al st ruehud e aadcepoiragud oot | ahen predentt Havergdapr withrgt "at | east one
- magneti ¢ hcpadgareddgOrbiyidie; s¥diRr 6 NtiEAigdeban Gavalthioy. hamca (1011)
crystal line \J8¥ W€onlBna THE10BGNETd,G FRILLLAl oShbE UstuE& 8gcording to
claimi, wherein,  sald sulstials, i3qaddl ddhoGiNstaldigne textured singl e
crystal; and™a surtace orf said Si ngsl e crystal provides a | ayer, providing
the (111P°textured hexagonal atonic .
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tenpl ate di sposed between the bul k of said substrate and said at | east one
bee-d layer. . 84 25 August 2005 27. A magnetic device havjing incgrporated
therein a nmagnetic material structure conprising: a subst +afBEusEE0P% st
one bcc-d layer which is magnetic, formng a uniaxial symretry broken
structure; and at |east one |layer providing a (111) textured hexagonal
at om qhsp! at e di sposed between said substrate and said bcc-d |ayer. 28.
The magnetic device recited in claim27, wherein the device is a nagnetic
dat a gt or agemayRtieRhterdal stracife PRGRBIEC device recited in claim 27, wherein
t he devi ce Jgghsadat a storage magnetic recording transducer. 30. The
magnet i ¢ dyice® oh¥ebld@sel Whih AinMarelic, ORBREL Mnibha sHRMESbrblEendtudn@ahd one of
an ani sot r QPjest oARIGRE hAVRTSY(1 M§ texRASIMexagsnat RofidahMic ARGRE] BitR&nshiive
SensOlybhsBa@BANGId Beclduiyeel junction nmagnetoresistive sensor and a data
storage magnetic playback transducer. 31. The magnetic device recited in
clai ma27, wWhehRitit BRtcHS\Etr@urk Secittd ih @RSH 1 QMR saidsubiaf iSdifll@@gstalmagnet i
recordi ng nmedia;, a data storage magnetic recording nedia incorporating an
orientzed sofyt mdpREREhErd Aedhire 3Sted iflalhi $! FhAEE IRBAET CsalE SdEEHNG Medi a
- incor ngoﬁﬂlbﬁ%rgmy%gtﬁﬂﬁ‘f)d hard magnetic |ayer. 32. The magnetic device
recited in claim2/, wherein the device is a data storage nmagnetic random
access;, Menik¥ magrbiic MARHABENG ke Gedted inCaifndC fir@er dofipfibiad A @lorph¥S [:Gerbnt he
devi CQaili SsuBdtrateCfhedO im0 Ayadft NP, €rxFdl Ly @ik NSINE EFxPEL-x, 26t BeéxiNbCIx€and
i dent iskkgatsi on tag; a nmagnetoelastic article tag; a nmagnetoelastic nmultiple
har noni ¢ generating article tag; and a non-linear response nultiple
har nosi ¢ gamemalkhdld ndfdraCtictufOrecited in Takn BRERLLiL Gaill @bBBosaSet @dfoiredC| ai m
27, WRRH B Burte oftBY datBanobpldtis I & thé&id¥fedan el ectronic circuit inductive
component and an electronic circuit inductive transfornmer conponent. 35.
The nggnet ithe dAYieGE maRfhlls@lktird réeli@d Mlclim 1 WARKSM fhe 1436 flONdis@sdiPhakagongnal
M Xi NGtoRlieRipRY i€ forfiéd Both § fG QAP ARLAYstal B maldiR1. MBgNEti ¢ device recited in
claim 27, wherein the device is a nmagnetic fluxgate sensor. 37. The
magnetzi ¢ dgwk GRedeBe bR ealisBudbhrd td¥lidi/in clthif 1 ShHbrdid e B 26vidify Sid hek@dohalone Of
an el epifioRplateSPhigefi@nsport digital logic circuit conponent and an
el ectronic spin transport analog circuit conmponent. 38. The magnetic
devi cg accamdin@ndte rhdt@alnsidtturd WeldiPin QARDPT,IvHeREh sai@bed-@ B5Er RNPithadly
magnetshdivd @y Qlid (1IWNeeRined Stagdordl atoR&StempPRR: 428 Gadla (AP Eryvhlifd ck@rdyBgNAL i C,
- form nGstonétirpidliale EMMBRELY (DN Pkfurdit Rdddahleatomic JerihIHP RSE SpilRiaE evweal d
(111) HePooh i 185t AT AftdhorédhaiitoRr d@RAt@lI0 0 MEna@dnl atiadteast one hard
magnetic |ayer. 39. The magnetic device according to Caim?27, further
~ CoNprigsi NY The AaghcBmbicRl] Stritdr6lad¥BRAIBR b Slaindl, Ririhe¥RipBkiAg:Sal d at | east one
hard magnetisgcdndiBkr bvidingROG S BahNE BBxagakall apHiSchPla®:, ¥Meemadafll Rbordeast

ON€  layer is magnetic.

10. The magnetic material structure according to claim 1, further comprising:
a second bce-d layer which is non-magnetic.

11, The magnetic material structure according to claim 1, further comprising:
a second bee-d layer which is magnetic.

12, The magnetic material structure according to claim 1, further comprising:
: a second bee-d layer wherein the crystalline orientation of the second bee-d layer is epitaxially
determined by said bee-d layer.

13. The magnetic material structure according to claim 1, further comprising:

a second bee-d layer; and

a second layer providing a (111) textured hexagonal atomic template wherein said second
layer providing a (111) textured hexagonal atomic template is disposed between said bee-d layers.

14. The magnetic material structure according to claim 1, further comp_rising:

a second bce-d layer, which is magnetic; and
at least one oxide layer between said bee-d layers.
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bec-d | ayer. 40. The magnetic device according to Claim?27, further
conprising: at |east one hard magnetic recording |ayer; wherein 85 25
August 2005 said at |east one bcc-d | ayer which is magneti 5 Augnsti2f@p a

uni axi al symmetry broken structure, is disposed between said (111)
textured hexagonal atomc tenplate and said at | east one hard magnetic
recording |layer, and acts as a soft nagnetic keeper |ayer. 41. The nmagnetic
devi cq saccofdiigndie nfateRhMdQure WaSE G0 chfh € dkhel &A%HHsARES hard magnetic
recordi ng | a¥ehd Bes: @ir@bh&IALTSw RO hbEmRglegnt ati on  perpendi cul ar to the
substrate. AZuiNcaRRef ehikisishRendiier#4ng a magnetic material structure,
CoNPri Si NG 5t fast WADBIAY 1R AH sRA RERRS bIES B 251 Ml rPbIRAR er FhErein
deposishiiRetoAd ald@RSt beedayRiGrdilRYRIbeMiRhe thid st B RRkth beRdhyéor M ng a

uni axi al symretry broken structure, on a substrate having at |east one
l'ayer 1gr ovitdi Rfdgieil dhibdiallsGudie sbordif B oRMA, rakRPtdmdrRRp! ate for said bcc-d
layer. 43. ;Eh@ndBRa RI&WhRAGORRE:;t 0 claim 42, wherein said symetry
breaki ng prag&as (IMEFldHed ReragonabdiothR 3&hpl 0By @heidRerPRRI et d 15REBNALI ¢ fiel d
directed alpRgk s &iRUBst sed@nandve-dBas for delivering material of said
bcc-d layer at a selected angle of incidence to said substrate during
deposifi on.Thd thagnthe nRRBAsBhdiSre 3AQT Hichfhn § Qvifehedtl Fd2c-dWIRF Rirking @udiagitlbst r at e
is a digketrF ORI sihiditre isttofmpPbhed BARES FROUbE RIIIBPofRIGBECHT di aneter snmal | er
than an inside recording dianeter of said disk; a shield and pernanent
nmagnet;gst r UGk Hianehibl i RHAR G urS dlcfled iAd]afh ARARrHINAIAIRE NG et AEERE 2 unidxiflas

pat hwaymbelky&ekenSahdurk aofipaR8 41 SPMIol OF FOG HeBb URlinPHE ob Alotk SMhedidhiennd a
gas ex{|lBear, QDK N dbol1oSRi 9, T-0shdshaped sputtering target; wherein the
apparatus delivers vacuum deposited material symetrically from near an
end syvbf acerneimagmitid Hidiab fARRC SRkdtiR IR 1, WALERithdlay@ AR SorRing AR dence
and i q1A)e8 ek¥poh@ hohic CnipBAd 1sQBmb&sed 3f AgdAs laa, é6. fcd 8, RPPBCAY NI,

accor ging pt, RhCPEhP-E4 GAMEREI Th, TRioHalfoySTHEInG YF A58 Mekcils REQERESw MEA AR SM
CoNprissesledédiangi Nng sai d rod shaped sputtering target and said disk so as
to deliver said vacuum deposited material at an angle of incidence to said

di sk af. betweaRgrkfc ARLrid0AREE 8Q&3rdiftde cIEAE], FRRF &nipsismgcor ding to claim 42,
wher ei n . saiatheSohATRRE-HYaRF QdlchE nRERASRS WhirBi NANb& 1258 MaTS AfsofBpyaBikdyed
- magnetdegsidy b&ls@n@ of §pbed sehong said substrate. 47. A nethod of producing a
magnetic naterial structure conprising: providing a (111) textured _
- hexagonal  gtheHagncti€ FRicALIQirudite altbRiMledb BEindf, fir@RSéonPRginRCcC-d | ayer which is
nmagnetic, fQpifINGgertiaaxi al symretry broken structure. 48. The method
recited in aclsgiofl 48ec-MBY& Rvtidte iDCamphetiadY Fherk® dRPOSupME OByed Abfdtefidil 1)
texturagﬁenaﬁa@ggg@cogg@g@hgb@m &f.e ile enploying at | east one symetry
breaki ng mechani sm 49. The method recited in claim47, wherein said bcc-d
| ayer 2bs emint axbirtit ¥a@Fif\WRu@ite 3@&bRlidodd dhim 1, further comprising:

a second bee-d layer which is magnetic; and

a third bee-d layer disposed between the bee-d layers which are magnetic.

23, The magnetic material structure according to claim 1, further comprising:

a second bee-d layer which is magnetic; and

a second (111) textured hexagonal atomic template layer wherein said second (111) textured
hexagonal atomic template is disposed between said bee-d layers.

24. The magnetic material structure according to claim 1, further comprising:
at least one magnetic hep Co alloy layer.

25. The magnetic material structure according to claim 1, further comprising:

at least one magnetic hep Co alloy layer; wherein said hep Co alloy has a (1011) crystalline
texture. .
26. The magnetic material structure according to claim I, wherein:

said substrate is a (111) crystalline textured single crystal; and
a surface of said single crystal provides a layer providing the (111) textured hexagonal atomic
template disposed between the bulk of said substrate and said at least one bee-d layer.
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textured hexagonal atomc tenplate while enploying at | east one symetry
breaki ng mechanism said resulting bcc-d | ayer has a (110% crystalline
texture, and at |east one crystalline grain of said (111) 2# @05
hexagonal atomic tenplate has epitaxially grown thereon at |east two and
not nore than four dom nate (110) orientational variants. 50. The nethod
recited in claim49, wherein at | east one said domnate (110) orientational
vari any, h%mgin%écléeﬁce Mﬁﬁg’v\&hkdr%&atéd h86tn aQRbghRictiifer] ARBLRIcolbEsisai d texture
at appr oxi natekMetS- 26 or -5.26 degrees relative to a <110> direction of
the said (LiidstbedctdescPEKRIRNHmMcOBISing £Rka418yhRet R oRN3NEurSfand he
tenplate. 8P)eds oMIGHS brodfihe a3311) [RGrBRARN Qfnti@RmbRteidispbdt d&werh@tde n
sai d syvEmkLid Riesdlddydrechani smis deposition of said bce-d [ayer upon
said (111) textured hexagonal atom c tenplate at an angle of incidence

angl e gf  beLWREHd acdtdedied HRMIROS, wikrein th 8eiBLNPhafREE ad%jst(brﬁglecshfﬁéﬂ o1,

wherein said angle of incidence is directed generally along the <110>
di rectigon ofyeSadeHeticldelice l184el ik G1aliR %20 Ah@binahO AbGicd NP Uah lorR3 . maph&icTet hod
recit ghobdingit-Abdicd/, wherein said synmmetry breaking nechani smis deposition
- of said bcc-d layer upon said (111) textured hexagonal atom c tenplate in

-a magngt i ¢ hi@laghedPREViGtediRd 5RéI8m 270 Whkrah @he Rdice £ 16AR LROSE: r8Ghi&ebpicn Cl ai m
53, WhelRibresidive SRR &d sPRINALE Gndph@bidsibtive dbdnes @ rgRR@IcakIniel Alnoia t he
<112> lichQredifive nsdrahdla Gakd ddrap b dibRbIAVBARARARNCAL om ¢ tenpl ate. 55. The
nmet hod recited in claim53, wherein said applied magnetic field is directed
generaljly TakaRgnedib@evidelrbeited it 86itd DM whkrei Metichibd &o)at 1@ tons 66 I@xagangl

at om GndpRERR! eldRdin® RiedilNg AR tRRde rn%éti@qredofﬁiﬁé flodith HborpoRBhE ki of@itell @apl | ed
nMagnethiendtic@hydr; iafd #HatiBERbS Heghedrcbddb media @dofforatitg an dikdtedBhidatheh@li t €d in
cl ai mgé, further conprising: providing a second bcc-d layer. 58. The

met hod recited in claimb57, wherein said bcc-d [ayers have ani sotropy

ener gyu2densiht YmaghQRSARRE Sedied GRRRSH 28, ¥h&Bin B deviltLisnE ke Qo ithfdeticn cl ai m
57, Whg{dehhcsad e -d | ayers have ani sotropy energy density constants of '
the sane sign. 60. The nethod recited in claimb57, 58, 59, further
~conpr i33i Ng:ThRmA¢h&icN@vidb récasin Qaig DX ivilRrelPierdetied WeRNedshendI6f afl aftRleer s, to
form apreligkk tdeC ah altibRUbedtifiGfion BB & nRbneiddlasticTRECITRigh @hdphdbdlRe tnRltpleal m 57,
furt hehmtmYchshtig artfRleQ¥d; %@Qn@tlideﬁa&ﬁ;o@e ﬁﬂﬁxg&%ﬁﬁ&ﬂa och&fingra@tbi ey agonal
atom c tenplate between said bcc-d |ayers. 87
' 34, The magnetic device recited in claim 27, wherein the device is at least one of: an electronic

circuit inductive component and an electronic circuit inductive transformer component.

35. The magnetic device recited in claim 27, wherein the device is a signal mixing electronic
circuit component.

- 36. The magnetic device recited in claim 27, wherein the device is a magnetic fluxgate sensor.

37. The magnetic device recited in claim 27, wherein the device is at least one of: an electronic
spin transport digital logic circuit component and an electronic spin transport analog circuit
component.

38. The magnetic device according to Claim 27, further comprising:
at least one hard magnetic layer; wherein :
said at least one bee-d layer which is magnetic, forming a uniaxial symmetry broken structure,
is disposed between said (111) textured hexagonal atomic template and said at least one hard magnetic
layer.

39. The magnetic device according to Claim 27, further comprising:

at least one hard magnetic layer; wherein

said at least one hard magnetic layer is disposed between said substrate and said at least one
bee-d layer.

40. The magnetic device according to Claim 27, further comprising:
at least one hard magnetic recording layer; wherein
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said at least one bee-d layer which is magnetic, forming a uniaxial symmetry broken structure,
is disposed between said (111) textured hexagonal atomic template and said at least one hard magnetic
recording layer, and acts as a soft magnetic keeper layer.

4]. The magnetic device according to claim 40, wherein:
said at least one hard magnetic recording layer has a preferred magnetic orientation
perpendicular to the substrate. '

42, An apparatus for forming a magnetic material structure, comprising

a symmetry breaking process mechanism, and

a means for depositing at least one bee-d layer which is magnetic and forming a uniaxial
symmetry broken structure, on a substrate having at least one layer providing a (111) textured
hexagonal atomic template for said bee-d layer.

43, The apparatus according to claim 42, wherein said symmetry breaking process mechanism is
at least one of an applied magnetic field directed along said substrate and a means for delivering
material of said bce-d layer at a selected angle of incidence to said substrate during deposition.

44, The apparatus according to claim 42, wherein said substrate is a disk, comprising:

a rod shaped sputtering target of diameter smaller than an inside recording diameter of said
disk;

a shield and permanent magnet structure surrounding said rod shaped sputtering target,

a gas pathway between said rod shaped sputtering target and said shield; and

a gas exit near one end of said rod shaped sputtering target; wherein the apparatus delivers
vacuum deposited material symmetrically from near an end surface of said rod shaped sputtering
target at an angle of incidence and in a generally radial direction to said disk.

45. The apparatus according to claim 44, wherein said symmetry breaking process mechanism
comprises arranging said rod shaped sputtering target and said disk so as to deliver said vacuum
deposited material at an angle of incidence to said disk of between 15 and 75 degrees.

46. The apparatus according to claim 42, wherein said symmetry breaking process mechanism
comprises an applied magnetic field directed along said substrate.

47. A method of producing a magnetic material structure comprising:

providing a (111) textured hexagonal atomic template; and

providing at least one bee-d layer which is magnetic, forming a uniaxial symmetry broken
structure.

48, The method recited in claim 47, wherein the bee-d layer is deposited on said (111} textured
hexagonal atomic template while employing at least one symmetry breaking mechanism.

49. The method recited in claim 47, wherein said bee-d layer is epitaxially grown on said (111)
textured hexagonal atomic template while employing at least one symmetry breaking mechanism, said
resulting bec-d layer has a (110) crystalline texture, and at least one crystailine grain of said (111)
textured hexagonal atomic template has epitaxially grown thereon at least two and not more than four
dominate (110} orientational variants.

50. The method recited in claim 49, wherein at least one said dominate (110} orientational variant
has a <111> crystalline direction in the plane of the said texture at approximately +5.26 or —5.26
degrees relative to a <110> direction of the said (111) textured hexagonal atomic template in the plane
of the template.
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51. The method recited in claim 48, wherein said symmetry breaking mechanism is deposition of
said bee-d layer upon said (111) textured hexagonal atomic template at an angle of incidence angle of
between 15 and 75 degrees.

52. The method recited in claim 51, wherein said angle of incidence is directed generally along
the <110> direction of said (111) textured hexagonal atomic template.

53. The method recited in claim 47, wherein said symmetry breaking mechanism is deposition of
said bee-d layer upon said (111) textured hexagonal atomic template in a magnetic field applied to said
template.

54, The method recited in claim 53, wherein said applied magnetic field is directed generally
along the <112> direction of said (111) textured hexagonal atomic template.

55. The method recited in claim 53, wherein said applied magnetic field is directed generally
along the <111> direction of said (111) textured hexagonal atornic template.

56. The method recited in claim 53, wherein said applied magnetic field is of magnitude 10 O¢ or
greater.

57. The method recited in claim 47, further comprising:
providing a second bce-d layer.

58. The method recited in claim 57, wherein said bee-d layers have anisotropy energy density
constants of opposite sign.

59.  The method recited in claim 57, wherein said bee-d layers have anisotropy energy density
constants of the same sign.

60. The method recited in claim 57, 58, 59, further comprising:
providing at least one oxide layer between the bee-d layers, to form an electrical insulation
barrier.

61. The method recited in claim 57, further comprising:

providing at least a second (111) textured hexagonal atomic template between said bee-d
layers.
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