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st orage’ §¥St edfsanthnopt h&Jo1BRINGLI Chdi@Vi &893 1¥dch Bipkey meagneti c th| n film
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mar k-et Pl acedem a& fgr gher epr;:er%gztrclagge and low cost electronic

circuits, 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
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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 ié 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
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m xers, a coftrBMWe®indhesq MERMPPESPRsE 19Ty de’sﬁeer ToPGBtain a |inear
magnet icr espesroese regaispezivahiaskoappldiegin dthet dralisagiedse nagnetic hard
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and since the
uniaxial, but that it also have simple sin?(g) or negat:.ve

cos (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 density 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




origin in the energy function is arbitrarily defined the use of sin 2 (0)
or COS (E)) yield equival ent physical 25 behavior. Item|[1) of Figure I
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versus the angle of the magnetization vector with respect to the easy

axis located at zero degrees. Figure 2 illustrates the response of the
components of the magnetization, M,. and M, 30 as a function of applied
field, H = H,,, along the hard magnetic axis direction, x. The linear

curve kinks only at the point [21 where the nagnetizati on becones
saturated, . or fully aligned with the applied field. For this special
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M since Mb2os Mt MedeundRSEE ManbtiaBfed AUdlor £OASLAAL, saturation

magneti zation vector nmagnitude., ,t.he anisotr ener i's uniaxial,
BT 5 N QO ARMPBTRY (RETTY dBal CoEH R B f thaPT GRS R¥t hen t he
magnetic resiponsilers, neinilpnedmctiiovwdy eformhehenoftbee maghetigppl i cant . knows
of no real neépohad ieXxAAPLBRaeXhisbidiey Heetbtorare Unhaxippliemer gy curve and a
non- i ngar thac:@; %fstrid- s sz t}@afaayiaqr-ef;été(%fersi aé:&iﬁf@l'thei thioeﬁ khe siStr12(9)
ener ensi ty. nctlqn [mare o # e in oner -
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In 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




a sanple and the applied driving field is exactly parallel to the hard
axi's then domain wall notion can comonly be 25 observed. This notiaon
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| ossl ess behavi or .of sanples represented by Figure 2 is due-to the

magneti zation rotating in response to the applied field rather than a
response via donmain wall notion. Miulti-axis anisotropy 30 materials al ways
swi-tch via wall nmotion and so suffer Jlosses. It is also well 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'direction, to 35
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even 1 n strong nysteretic ) . .
: mdst 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
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This type of .tag response has al so been disclosed as enabling nmultiple
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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 available
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 procesging and in many other signal processing
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symmetry of cubic materials, achieving a single axis 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
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the magnetic field 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
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bei ng nat ur abriFhoGERes | TRy, welf tq Fb%v preilides é‘ﬁ%ﬁ*‘?j?lsuﬁsat rfSFe i s chosen,
such as an anb¥phowrsuretsall, thewbd 11 ntsctige waturad 1y hercdep@si ting materi al ,
the fcc 1611ije bexdtinen@nds tdhe dmerfaki0)s hoxiwsreimyat sichl hy aaccur. On 15 t he

other hand, Lfidibgs ssbstéal éhers BRN-NBLEINGy SHE:85 8&hasOX%bdi zed surface
‘where the deB :fd tidg, tfsa)?&l Lﬁé&gs 0 1:RP0d 4O L&%lgxxgﬁﬁcétoms to limt

the-atom c sur enlt i'S-CO [Im,ted orientation
in the dep o@?kilgatlfl IrTﬁ’E éf FRmmpn o5 8F° ot gngg%é’rf‘%r%aﬁ%oes %20 The fcc '

cryst al tendEth chePB?%ﬁeGnlfyl“\ﬁeaﬁ ?’H]?e?taﬁdset of mixed textures.
_ 20 The fcec crystal tends to form only weak {111} and

{001) textures while the becc crystal tends te 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
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of the ordereguRBass:s&dpP Rl éﬂé’@eé&l@ of RENCLEn B8Oy 8P)KKAS the result of
shape ani sot g @Adof tagg » SecRpd Rhas QE ”ﬁfaﬁla&al oA Nushapes, ot her
than spheric %_TI erate consi d | 1ape ani.sofr Qpy  energy. It
shoul d be pofﬁﬁ‘ g‘;gvg?nerf"ﬁ%t c?fbﬂ 8al pe aniso :
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
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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
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of these haLshgagnresr appdduesdd onss i ta | Tud@Sd r alabBadeentnCofqror ate soft
nmagnet i ¢ it ehidkSailn@1 epRaNca 10V RERS. p%tq@&erfanriﬁ orddy @¥anpl e,
per pendi cul af, Jo%{lnfl &mer e«r;grgnngl rreg Bl E ?Qgieggghgl sgyssed as a
future repl acene ';.L di-n&f T wever, in order
fuctre repl acSint L of 30 Lonartudindl, Thy IR OYEIRPRDIB hat  a sof
magneti c keep#tr PeEBRSEte osidmdef| &per Peﬁ%erﬁFﬁ‘bléa dirdt ERSBIGsi te side of
t he per pendi cedoaditmldysmdmnet i the rewodthndehdyerThis omnfthéaysercor di ng head.
Thi s sof tisl ayiem dbovibes apEDid desura fdriX dreELN cpderradorf | itk concentr at or,
for the recesdirag,Lad Hehel dS1a8S ¥eld1188s, @ EldX cERSUr gutRat h  for
stabilizing bhe Jiggondeg, Nt s, Q%%Q&tm%”ﬁ&[l%&& 2gbi-Qhec 19004 gI es after the

head is renmoved rmer ena
energies a tgr rrt?he q’l is removed The former enables

recording heads to function with higher coercivity wmedia
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
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w der acr 0ss, Ihe ra,tgor defg hgq% ]g_ S:.rl% EEC{ rr;glﬁﬁé,t hg,.dgsi red

ani sotropy confi gurati on har magneti c axis
to be al ong e FE8ofdE 1% e?éﬁe?t? tﬁé’fcuf“ %rené’a Yaxi §19% < 8cross the track
direction. Herteaxiprfath spEadpersiial laﬁr&?o"fdtéks SPREEWHCE i npli es t hat
the easy axis of ©hedsgfdesf idomtdhoflidldre mhodewsdedby athical fipx while the
har d axi isi Stlinseeicnd 6f rbunmhakenddoabing 154G ethdmagRasyamiohs of the soft
magnetic | aygg..Qf ééﬁltﬁecmfal mgn@uco@a drS r&tat20 ﬂﬁ%@@smmubhe fields
produced by the flux 15 t t t9§1 hqlroglcgnecl%r %B dsayer, the

the nol ei, %n:§alt Ifx? néom%
magneti zation Vvector 0 % ] % er rot, g]aes )c(llspl n rotation
and the noi s&* Vdé‘ﬁe‘r’"at‘ﬁ“f’l?"’d’&rrﬁ" wWaT® Frb‘i BRI
orientation w solve a long- stand:.ng 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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Having -a uni axial soft nmagnetic underlayer with radial orientation wll
sol ve a | ong-standing technical problem 20 As data stora reaJh 0cé)gnsi ties
are pushed forward, magnetic grain sizes have been reduc 2e xt ent
that the magnetlc recorded.state is near the thermal stability limt.
Hence, even longitudinal recording stability and the transition |ength

al so benefit fromthe use of a soft 25 nmgnetic underlayer to reduce the
bit transition denagnetizing effects. Again, because of domain wall

notion generates. noise the ideal orientation of the soft wunderlayer easy
axis should be radial to mnimze the potential for domain wall noise.

- Similarly, anisotpégsp 3ardr dbsk atdnghtwdnek okedian coveistst ofagneti c t ape and
X-y addr essablyergdaialstcorafe [Yyst@mpodnd psoanicdilly ac kegpetal | ayer wherein
the magneti zghiQR Y@rﬁoﬁiy %1 &Rbat 80 thY SRbfratbObRinkON MAgGLAaMAI n val |
motion is m ggnéxle‘% ink htﬁe 5'1 80t EQR, th@fragédnﬁiltgﬂeﬁé’éé guBgnetic material s,
represent%El o 3! nlal cant % | mprovi ng futurée 8 qﬁ\/b [TEdI a. Background
For Hard ghet I CcoFi i*ERt At | On fgsfS E\uuthﬁo "hard di sk

| ongi t udi nal Th’eﬂlc’él%ﬁ?r%‘t ‘éartile%?ssp%%/E?%f‘ﬁ‘Fqsisﬁﬁy R Ei‘1"°|*’“f1I"H’iecorrposed
essential |y tfFiagisavied mqgnddtionr dweioal @ik | vehesdon ek e BWbstrate pl ane.
Pl ayback byiaweeaty mgdihe mi gadasidalom dleevirgndisariaysiorsneficed grains 5
results in apricOltoOiefodi@SHONSTE tAEOWAh t AAmdiiSkedsadoms . smallli S orientation

randommesg hérﬁmﬁ%egf ngﬁ%ﬁééc ntﬂoﬁgoﬁﬁ tﬁﬁcuﬁf\é&&ﬁlﬁ oynd.emgul ation during
di sk rotat On O a\: es o served pl oWeav r th X ie %a@'rgnc:?"altt g (:HROOVI ng the disk
surface pri of ed’e fie et ATrimla sttal | 10 anount

of ‘orientati 6h EF%nE)a‘idhé“aé?‘?t&ﬁnFE‘Faé’ﬁf‘F%l a’(ﬂ“ﬁec,t[“Foﬁraciks lhs"orﬁi“ifal nmes observed.
However, theratisdnrandnsncy disi geldom mopd thee Raf danfadiezei ef4¥@nanence al ong
the track totgiiealhadilass renanence ksdsekdorhesnr elechearitg 2 aand nore of ten
typi cal | sl egsodehattsl nhvanskdaanade edmoderd-easiingedis kB1asibaideat es have been
made snoot hegy,gad, medi a £ihie pRAS, tatyeaﬂerretcer&@@blsemgmr ar eal

recordi ng deﬂskﬁtwlleés’ %k% 1 Eh%h%atéogrgwlhms coer q:h\?/l tigs in the two
directions i s fes teferred t grientaftion
dzrectlons is also sometimes 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
| 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 orien;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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ratio, OR, and its maximumvalue is also typically simlar 20 to that of,
the magnetic remanence ratios. The origin of this hard -gtictﬁggeria
orientation has been in dispute for several years. Wile Tt Yl n
argued by sone that it originates froma 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 dimnish or- vanish-if the
disk is thermally cycled before nedia deposition, but after the nechani cal
-grooving. This latter phenonenon has resulted in sone arguing that the
orientational origin is due to a thernmal stress_develognent,SO bet ween t he
substrate and@°FHESf F1AH | SFEFLLAR™ tREIVUBEt9RPEI T 18T (FsEPRTEHE ated with the
grooves rel agesefipdmathen lsehiqueuzngde W theddrhatardfacur 97 £de deposition.
In US Pat ent ex&y89,1684, palvant wer ot,606 38 . GUille ndds spyes=adh pat ent s and

publ i cati ons s6bwt oy diFet€VaAlhabhBoC aestLRl AR UL 35i3ni Pid@Eyat i on. and then
i nvokes Sty €55, RRAPBR ARG LVERvEL YolRELLNG Abhentat HQ;%ESEQ:L&J alma cause
for orlentat%gaxﬁgureggﬁihg ggQOSLHh_QCq& anigg iCQQ&| iaI oy on a
mechani cal | y ‘groqQved SuU sFrate. &hers aéyclalnea o 14 2 - August 2005
achi eve snal FERITEHTTACE off At os By WEpBEer i O GFYTHREIEEPRS material s at
an oblique angtEnt it Hdid] skientrtinre ofSeet fhrs Tbegnpleger UPSD Pat ent No.
4,776, 938. Wiitmlyhstetapproacdvehasnd $holn psomiblefthettit tish&® not resulted
in a signiofi&anpintibld ramapy eeErGROVerIngspore tbes uhss radeepatsd t he deposition
met hods descuLhedofi® S FRibd.Cadt |peal-helid cligntncklod N fgpQsi tion of

mat eri al . Fug::g}c ertore, E'Ethgsccru%%n%llll ogragphic _origin of this orientation

ef fect has al'SO Never %een cl ear Statedror proven and it is possible
that it is due 10YTPEIFFcl e EitBpe BRGRECES. i‘ﬁ“"spi PEBE2F1% the patent
descri ption ariapess.oft pearkeeR@yovee tAvthbensisciplt ta mageetifol ogy that is
current | y5useecdrdimr oderct ronieviNey ehidbel-e sssofutdmm Waed esdpritdre ori entati on
ori gi nates, higda@se bemiux prexsasidion berdgmef | anal Heacemgnebiwai 15 recordi ng
for 'achievi pgfingher frsal uf 198 ANdoSHOLLA MBONREL Cadg-b der ansi tion

| engths and Peld ef  LIGLIRI 31.5t3PLEAdN e TDOEGLS hidd |ReH04RL that a greater

degree of ) ) .
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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this orientation is of benefit to future hard disk data storage systens.
Li kewi se, in particulate tape the 20 individual' acicular I, netSL 0
particles are conmonly oriented physically during the wet™c 4 %0 Sr ocess
to have their long axis, and hence their easy magnetic axes, to lie along
the track direction. This results in a higher signal I|evel, shorter
transition | ength, and higher recording 25 -densities. It is an interesting
observation, that for best perfornmance, the easy axis orientation of  the
hard magnetic nedia |ayer, whether |ongitudinal or perpendicul ar nedia,:
shoul d be along the applied head field direction, while the easy axis
orientation of arPP8s§6ciat etPssorft®Reciiérd | P80 ¥hoied Bkimacross the
recordi ng trddkps perpendiccarew wivhttie abppl isgdardweddod | wled thio ection for
| ongi t udi nal mmEdi Airfhde tor ARfimi£: @BpOdtdnbe heneld teaesfy.magret i ¢ nonent
r ﬁt atron | P& B sOfendomaddn rwlaLl s%lgoﬁt&rﬁca\&y&ahhﬁn@aﬂﬁhé’é&er ?ﬁ! sef_ I
phenomena e y ackgr a infilm
15 §2)5 gku suﬁv?xfax% 0%% 8£fa5: il{]oms ?o:% (E Q &lﬂgg?ée %&r%e&%

growt h e cornicepts is that thin

.most_ offen s|ti,
Pilms profor POOGEEN WL TR HESREAr AAGETSn THE FRTH P11 m surface to
m ni m ze the I8 dfeciBoRdiigee B fire daniyativapl itee {HAL teFfluffost stable
atom c cryst deleélwpssimfacehim didnsbagaese tte stefiaceeattbasnésr mt he densest
arrangenment ctesslySpetdedWbh heibeceys¢al Hinki pBaret r ucheireext Thés: neans t hat
for the for |@hhdndf, o8RG riff WobiNALMES  bd NBe( k3dD) L@Xidrene develops in a

thin filmbecayse Ll 8! Wika Uelsd ol bazdik 0 Sy ulBEKAL Bl Ni S

crystalline n e next st commonl ¥ qccurring texture would be the
(001) while &ﬁ’é %Pil_ £t eXPUr &ho0rE 5 En %ﬁl y(#lé} elv.}:é'ﬁ? t he ot her hand
for the bcc, PARE BRI ALY | SPEIRSs, 28 W de1b9e MRt Uiesehr #refntial |y

devel ops, as ckystadlizdee PAsgE. cl o8 yaptickerbt ceygerly | pecykingse. The next

nost commenl gewaedr EeNghd S({doex! ureilies théie (11001 kextitel est hevdrll 1) texture is
never obser yggbrvkd. I AF i1t aRABBceSUGHcRSadIaRGEENRE 1A U5 Patent No.

5,693, 426 it puag, f QUNG kBl ,E 0l SATRABLCLAR! $or [dlhe BrareRE dET i VaLi ve,

_cryst all'ine %%.el; t,urb%c ngé/rivgéirpe,a' crystalline structure may form a

(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
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(112) texture if deposited under the correct conditions. 20 However, even
the 32 crystal will easily formthe (110) texture on non-Q@xj di zte%g
surfaces, where the initially deposited atons have high Bi lity
during the film growh. Likew se, for hexagonal close packed (hcp)
crystals the (0002) texture is the nost closely packed and 25 nost

‘commonl y devel ops. Likew se, there are several publications describing the
epitaxi al rel ationships, which prevail when a second crystalline materi al
is deposited directly upon an underlayer. U S. Patent No. 6,248,416

di scusses a nunber of 30 these, Assuming that the atomic _|attice spacing of
the first maPEMFet 9ARtF AT CELTRATHERErTRFIS SFYT G ety @Fch a nunber of
second | ayer op etedit.c 1eiokdHatg. rsdrals ovitRpFit substhetesirst | ayer texture
have been found. Thoweeetyresf ddvelomidondc |thkseé cesubmtheng are not sufficient
then epit axi @J:tr%éei@r OMrBndl 08511 BA1ngC QUM OBed¥aMBE € orddrS.ankat ent  No.

6,248, 4164 ngrng Illgﬁpa[tggﬂat ed ltpert%&gl tBé Lef ergpge.sn Lagheth et al. have
di scussed, er rl%nagngtl %’e 16 2° l{%Uét t200§lftfg%<£n rersccgrovvn as

quasi - epi taxP Sthghe crys At n wln -oxrdi zed, single
crystal  Si- sE%?F?*aa:'tsescanTﬁﬁltta&kT]&P’e?ﬂ’é\}ﬁﬂoﬂp&ac}b tthﬁﬁsg "é’ul’f%"?rat es are
extrenel y stpdifg teneH gat | Réksaipr gitvdeditfereit dederatprdalss cghngl e

ori ent at i on. epitakirldypgt®@ntuypcandadhn cohdrerwigbhiblthe atamensgexitrehas been shown
that twoadi fffdetide,f &R dTEE@fehal opCAm2phliaXhnl dpicagi=0n Uuped each ot her

with the sagh.l exldiEned WM SR séﬁ[@t@kﬁr@re”ﬁo&c‘inté@&@f al's can

epi taxial ly ,GLoW URon,agh oblier W L, hﬁ,.snae”gate%gfre Li kewi se, two
di fferent hc €rical S-can upon each offer with the

same textur egeﬁﬁ?ﬁ’r'éedl RBY és‘iﬁfﬁ enth‘b’iﬁé ?é“aFﬁ%‘a&a%J@B\ﬁheN"Bne crystalline
mat eri al cl a®&lYi §5. ereFbatliee Wﬁﬁféﬁrea igfydedr éno dhgststond nyat eri al ¢l ass.
Not onl y¢5i shy cahpsepdtaixbel teexttlr @ni obciddst Ntayethetizetendizkayer 15 by the
epitaxia | gadam theONihiRakhd r Stidn@yelon td¥e t1ext séddnd anged hesi n- pl ane
orientati on @fceclRfe8ChPNMe! AUSE 1aFer ARLEEIU RRE MMAhR b T $be| ayer texture
and ori entat [on., FOp,  £XBIMLE ¢ 2kh a5 anchBlilk & A4k 416 Rhpvs that a clean

Si (001)
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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single crystal can induce fcc Ag (001) texture and if bcc 20 C is grown
on this then (001) texture results. The authors then shO\éﬁd that &Bp Co
(1120) texture grows on the C (001) texture and that th p% ?e c- axes
orientations is predetermned, to be only two possible directions, by the
crystalline directions of the single crystal Si wafer. 25 Likew se, they
showed that if a Si (110) textured single crystal is used as the substrate
then the highly unusual fcc Ag (110) texture develops and on this, the
unusual bac C (112) texture, develops. CO (1010) texture is induced by
this C surface and the in-plane single cc c-axis lies 30 parallel to the
Cr <110> di r SERFEHE PRt sRaFepit 939%&P °ft 89] Uh3eF Pt i6nSitp described in
U S. Patent TeR48sd1¥edcsibedobest] thi$ styuctyyiet | withskhrglusecey st al Si
substrate is Tllder ddnebepisédtbadrowl BerdAgagnatid¢ pbepdndidylatrext ur ed and
oriented . in (bb&)pkanrtNef1be. SaRy diieabt O cahet Rw Jr byt al . i f 35

another f L£Cq &HC& Che aruN texthfe ARROSLLEL %Poghé his dobesy it too will

be epitaxia tax ureg carry t e:ll)‘3 texture ane P,%rl e tatl . Each of these

8 1in Separat gcacin
textures is stron r| ntedr bEcatse™ fE p? OWI? |s strongly

ori ented and S8R ﬁ117 Bsomult 995 E?on‘f"‘i"nuﬁ Fthé'a%lll ax¥4 growth of one
| ayer on theDp¥xtlLambFtloy “Fpbtrxdel cyidyeld pbwivddreryvstaickaurmrélomni th the use of
a Ti |ayer ocamedtecusedrdiaggeedia lfardrrmagheidaet zespendagudtass,Cc  (0002)
texture fid mag(shheyodhi, dphols76le861) bashyiCis Weul thogag @w an  hese (111)

texture fcc ¢l aygrs . .Qr gheL,glo lg,OOQZ)La ﬂxyr% I@yeﬁ exent hel ess in
separate publ, gcat gtons Rao, D.E.

Laughl i n and 13 r%dt agnﬁ% tpr?(?ért = OV\Eﬁ Bt hln mé(sot "al Co-al | oy

magnetic recGFERMGE nEdPAEeEs, nad o i‘%sphéfﬁ“ﬁhgﬁgh &, 10 35(9),

1999, pp.26768R668Fil &s WS By, 5T52-Z3Rbakrd nowrd &haf upep t‘z"&ngar "J., B. Lu,

D. E. Laughl |(maandu£§;1eNcr}tsaabe&1hﬁubétsatm@tzdrs.tbaaqhelvagemttasldlropert| es of

gg} C<()8)Thi Rp::i(ltm %Cigx%eh%ééilggﬁg%gij ba@wrrng;hs ﬁa‘;:hp%ppiddetcihgh{;i Ei“;/ol .
Qe el

single cr ystélrz%g ;(t %g?%eindéf#zzeguentcrggéglgi 1ip Eﬁ?ﬂltsextur ed fcc

| ayers -when a 0 texture resul t ed.
However t hergﬁﬁgﬁﬁ%;ar while th foc atomic arrangément

crystalline plane has hexagonal symmetry. 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]

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

g4(111) [101],

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

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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arrangenment of the- (110) bac crystalline plane is rectangular while the
f.cc atom c arrangenent of the (111) 20 crystalline plane r}_ﬁs hex al
symmetry. Gong et al notes, as does Zangari et al, that FR hr ee
possi ble ways (variants) for the bcc Cr (110) plane to orient on this
atom ¢ hexagonal |y 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 atomc lattice plane of the (111) textured
fcc. They samfdinrgdutt Res@agtntde yc Meyeniaby iwhtaly SHal i ant 30 35

rel ati onshi psash phttresé chremder Yagientw fathepedibdniieg ¢rot(aeilon:

Cr (110) [ 0011Ag4d-ktysthil 104:Siantd hbre lokiQhedr ( Ihiy (6O 11AGE | tHen] 1011Si (111)
[1011 0(110L£9&1L£9§Qa11&;[@4&11$0(1w bbéiiad. eddieikepUbldecaldans, as well as

U S Palent p2d8.dlQn WEECC: TAGUSGE Upon, *}@g&thcpheartg f4. fcc magnetic
structures that 20 couPd r own and o] ce of wor ki ng with
i s 25 August “BUH8 a4 b SHOTE- rH %#’éﬂ ‘bt cﬂra{” a™§ SGch as . Upon

each of. theséW?J’fYﬁeéc’ﬁlb&ﬁr?aasm §x%u‘|ilﬁ5’6§%‘?“l§+e'ﬁi‘&rﬁ @se (§9r1)° quad- crystal
vari ants wer erhbtaiivedl pPhEshiCitiesyEor teheh ofc ohe ditmee groakHgew th four
possi bl e easyraxesartit ecti ons 5 when grown on.each Cr variant. As a result,

the Co quad- crygig@lress rlugﬁwretgeoe&é%slmongrﬁl 08 8Bk tdr one of twelve
possi bl e easy j?agrérl%'n[ﬁ%;oh&ﬂ%ar 5€ &1 ?‘e%%]ﬂ(te tﬂé'é@t ,9nal

possibilities lants O Figure 3

hr SS
i | lustrates EREPOY FOHSGS ?ﬁl %ﬁ?r%g' ety beq ﬁﬁ?eté?f P&t i onal variants
[4] rel atlveatloextaﬁ@lef cél3z £ey d’éﬁi"?’aﬁﬁ &re (AP ot n?SﬂLthE?%I e <001> bcc
directions amelevamt exewshblogtdphicf g reftiont i ofergre Shownuklisng with ot her
rel evant 1scr ysieaht @y, apdtacedi thet | @hsre Hanee thide poddible Cr

variants that can grow on the (111} fce textured substrate.
The same result would apply to amy size single crystal
provided it is (111} textured fcc and the lattice 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
25 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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15 literature, states that there are three possible & variants that can
grow on the (111) fcc textured substrate. The sane result ‘Eé"g ly to
any size single.crystal provided it is (111) textured fcc an %%Igatti ce
constants are sufficiently matched to induce the epitaxial growh. 20
Hence, since polycrystalline fcc films, grown on a non- single crystal
substrate, with' strong (111)- texture, <contain a |arge nunber of single
crystal grains, one could obtain the sane result for each individual
grain. However, if the grain were small enough, it is possible that only
25 one or two of the three possible bcc (110) textured orientational
“variants mght grow on a given grain, but it 1is also possible, depending
upon t he deposit Mesrgyiededsturgry Eomevt PHNSLOX Fartuef THinee variants coul d
coexi st an arFimisngle fcc (111) textured grain. Furthernore, since the 30
probability of growth for each variant is equal then a sufficiently large

sanpl e wild cont gbn afieelish \@kUMRapbeiLathoyariant And @dyegnetic
material wl J%Qg rtila&nei‘b%v%ccsz}{a %%lles(:% orl ent at !!.191 al r‘rgg_netl C

properties. I'S rue | axi al i occurred on a
single 35 cr{<s af%ﬁff%et r 4% eTINeT ¢ Fhe f‘?"%ﬁ?ssflPFnF%rE BpoPYRfystal line and
had been gr offE"GROFYRBI-1$1A (FIRésAryRY srexyhyheatee repestdzatioact will now be
expl ai ned i nit erargiredd thetheahhgotil bpplemerafy adehgilé yeryEBaRofAugust 2005
Magnet i Cc 18Ni s@dikcOpytdrial gy 0éndiddd)chbexhupB@e Thalt Rid15 abonle under st and t he
magnetic pr OQ&ff%b@S[s‘?f of BlQ)ngree¥dMERE JFROALT(H €0)DCEx BT £3S grown on a.

(111) text ur%ci | C¢.. SHD g%&?t? Wep:. Qnsi d%o$§%%x8£r§‘%§?ﬂgsﬁﬂl JLhe cubi [

magnet ocr yst ne _ani-s is confined to
the thin fil APEARSFS %r“g‘é’ﬁ%ﬁ”%‘rl"fol%tﬂ . Consi der the
i n-pl ane uni t119a| FrsaettaHJe‘-e Tfeacés(‘B)ELEF‘:%P"SPﬁgF@l\?aFPﬁn%hléf t he (110)

t ext ur ed 15i | singde ovarient HgguKe-03 anfi Gupe ATlshowgneatherysighbimecr ysal | i ne

energy pl Ott@ﬂargwefeﬁsiﬂﬁ H@gry@%ézzaworhlm )Conééenedp gxglweof(llo)

crystalline Iane t nof,, IS 15 sinal e variant for
Ki >0 and K2= g egne1s:1 LHM: AP ablg Eoshln J.kazuml, a%

nét ocr ys
49~ 256), wherg:

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




energy density is given by Eiio (e) (See *Physics of Ferromagnetism t ad
Edition" by Soshin Chikazum , pages 249-256), where: % u(spg @ Ki {
(1/4) sind (0) + sine (0) cost (0) } + KR2{(1/4) si n4(0)cos ( 51% Q'II gher K
terms. Or when expanded into the harnmonics of 0, 25 Elio (0) - (1/32)Y 1{7-
4cos (20) -3cos (40) } + (1/12%) K2{2-cos (20) -2cos (40) -cos (60) },
where 0 is.the magnetization vector directi-on neasured fromthe <100> bcc
direction in the filmplane, and K. and 30 K2 are the first and second
order magnetocrystalline anisotropy energy density constants,

respectively. The higher order energy terns are usually nuch smaller and
are negl ect é@rverEre .ForB2pur £oFk, ¥ | ©sdfesen ifuotd®PuEo B&-about +4.7 x 105
35 erg/cc, bohtoaptinglyt akchor &d bg'lueheﬁwceﬁotadd:hm oseregn dride ot her hand

t he di sorder gflsh@erdOra1ofs GRsoEBSe it8e belreewnen i k@ abemic - 1.5 x 105
erg/cc whilepthenerdered BeCeel, 25, Augusiy Zeﬂirg%d \f@&l:ycgsFEQZ form of

CosoFese s Ghoul gerg.., LI Srestifol, Ehecdteeialde gt bath the or dered
and di sordered oy%éare Pg sang tomc percent is

35% or | ess. 8Y e1%y cp"‘l‘rﬁﬁc‘e&ﬁSfét@eer ﬁdt° d%?o?agﬁes the Fe val ue
for Co conteﬁt-gfbfmal B3kiet RAR 1%%5‘?395“&13%‘???5 PEFPY5E+YS &l &r i nterest due
to its very fhagrion] of waimpesignch.i ntSeeeskodegnaMeswtiopfetgrtyderties as a
functi on of Gﬁiﬁﬂ:@ﬁidsi el ABEEicabhdar ibyMRgret o cialitley, i sdges B, nci pl es and
Appl i cat i QNS 9PYedR akisdOrbi Hol¥oanP@Ofm 180 143 ¥82 Lanrafiasot r opy
constants anga %gfzajtﬁnfoxﬁalﬁé‘é ur at i-gn %&Q?“gﬁeﬁ:or‘#ﬁ%ﬁ%y The hi gher

order anisotro cons ,_such but are

a
usual Iy  snmafP&FaPye- nﬁ'@% eide 6 gersé; Yetq %Toé"& I%Ust *He in the energy
expressi on. EfLler nin FegRitife rand; pee r“@F%ht&Fi iﬁsslﬁ‘e?\é‘ﬁéfsl‘i‘d%@ani sh do the K2
terns seem t engigay e¥prsegind.i camly iwm| eadeq whewse gl ealatHoris. In the
descri ptimn eéndsats anhisis @bSth ke hewhd |sebvldoopl e laovignifi¢smti nportant to
note the 20 88 IBNHSe Wdikulttd¥na demidhat @adol s vshl$£va£mt40 har moni ¢

tends to Cangglls QTH:thh EH.{ZI %&M %Eltghhelg shq[;nHMaEt to note the

23 harmonics will play a dominate role while the 49
harmonic tends to cancel out. Furthermore, the &g harmonic
20 of the second order anisotropy energy term is wéighted
significantly less than the 2§ or 4g harmonic. Herice, 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

21




20 of the second order anisotropy energy termis weighted significantly
less than the 20 or 40 harnonic. Hence, in nost cases the effect of this
60 harnonic can be neglected. Wiile one skill "in the fiel§lAafusr@go®ti sm
wi || understand that the higher order anisotropy energy densities may play
25 a small role in this invention, for sinplicity of explanation they wll
be neglected in the following derivations. Wiile the snmall est energy

m nimum for the function (K1>0) is at the in-plane <100> direction there
are two 30 equal “maxi muns al ong the in-plane <111> directions [7]. Hence,
there is a localized mnimum|[8] |ocated between the two <111> directions
and dir ect edtBirgetdye cutv)vhexi thet Fermondde rorseivhbly contdirke “does not

yi el d uni axi atvedbithiayizod Iwd loss SHbriecimapoetdonadntigatdtiowtwagn resulting in
35 highly nopiddinearsossd ChiAgndRhcdl | di regtdppnsiigf appliad field when
the sanmple i aaﬁekw&i@&aﬁst%&%Hftalqn-pom@éae alofigdcheasenably a large
regi on of monot ont ¢ bepa}:/ﬁe%r 49N 2 atgg) é}%%@toﬂ%O%gﬁﬁ]el S eneray curve wher e
the respofse tOIea?V By “RBultd BT Feversrdl €%nd Fow To8s™ 1 the magnetic
confi gur at i oft¥as»2%d (fgee Hofdi APRrEEntitifoRte GFRBYTR TaMY B%f the

magnet i zat i orevegsibiisy | aheycea| Lopdieat ed wtdhg Hire BOUeriBagionecti on and then
is rotated tapmicdcioidie thé tdrd erigpl amewevek]llas hered magest-ilbytizn applied field
the process gpud=dahae (Bypeisd bl banRceidNSEa%d thehidbzthaymagneti zation

approacheq t e NaLfh 2% tne HOWBMEE aRrb G TRGRELZad QR -pEdeSSed the
i n-plane <11 1>:wd| rectian it ul.d.then abruptly 10..,unmp tovwards the
Yy

localized en&tgy MArmmat the i A-pl ane 21105 difrecti nghcﬁ;éhi s junp is not

reversi bl e aREPEB5eh  OSEN (FEOE 0P Pro 85 LaTef (OB § gree domain
al most  al wagbwaxal Waklxi etigts.ororf diomes. Heetieeh %hse ™ERHEERYSRI on  pointing
al ong the i npqinaimy <@8iz> theadn<giERe ionecindonslot-hdéiredbional thempti on dom nat es
any possiibl eysnt abot 0fal acBedtARI 8 pdec@ble BouatidhbESudhadaiects in the film
structure wogld, ¢aus@ tacald 288 Mal i5Mhi OB 1l R SuctRBal Rofs@sul ting in |oss
mechani sms. LN Lhe 0,10 48% SIS 8O Qint DETPEIIY A PLAE:
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 K;<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

22



20 Figure 4, we see, for the case of K1>0, the one minimum (9], two

maxi muns (71, and a localized mninmum[83 corresponding to the single

<100>, two <111> and single <110> directions, respectivel ¢} Asfgust20Dant [ 63

- of Fi gup#tidar, Thes eirguitioamedealsOukith | AV estiuctufe tfoe dhiewd. uiixedr [y, this 25

curve ?Ewﬁﬁ{e'oﬁéﬁfmﬁﬂ kia R usdbt thORxthiRlof BodiYeRélcd bubid@@)@k i ¢ materi al .

SUMVARY;, EJ\E%Q}&V@Q Raﬁth&rﬁﬁls tgf&/q{?tgb&pal'tﬁe fid soced generally to
CLi

gre'nggﬁge {imns %englrsfﬁ%%fi]ﬁgte i 4% Iza{.m HAES e 0el Uy monetic
¢ ecor di i MR, o frgiiap-poneq] i e aud by %ﬂvatg'ﬁ&zﬁ?%ﬁaa#%n The oaid. thin

film orfiseed BS crustrded cviieh bq»VPagogd awantatwef Bigh dpagpetigrtion] hish

cryst al peoyeabibibi and|1dw lassds e Rresldeviricn arfejuised ioudetset ofl dstegmisie magielint ed magneti c

| ayer sfigldsc stareesmd uttribvezdaryg amdtoetrarafosn sualy oaperfororelectronic kighal and cobal t,

and al | gycessig. t RpravadEmagdndti@ 2préperfigUsit odifiatiopast ithdll miignetibi s i nventi on

deal s %&Berﬁé%f Hfel MEBrihiQ vﬂfé‘ﬂ'&w 1&@&&%&@1%’3@%@1@%&&?%@&%&?9 orientation

via the bse of§ ‘?10&: tr‘ﬂ{ecﬁ tru 9) %f%ffﬂfe:e%a% r&r‘i gf? body centered
it

cubi c ve cr e alt he bcc or bee
deri vat séltngﬁa %19%“%? eglg?stﬂp iﬂ”’%” FrsiEasb han face
cent er eWUEHSH BCRAPTORKE 1§ HEBHE ‘ia(S'ﬁIYO‘FnIHPV P&tSF’BH e ER3GrE dke bee and bee
der i vatiraditigngl mpgnstis mafarighgrucae withvhaoresy tigctive desgibsd hefeibed, whi ch have good
orientation, high magnetization, high perneability and | ow | osses. These
devi ces IiddceortkmesiwittOa et Bpdct Ntheiatedtion, therelivygoeddde migneticAmaterislt or e and

retri evm&%%omﬁfﬁﬁgwsuwﬁfés&%da@ SR BEAY 1296 Wadhii0 kb RlE @rin@Bic Signal
Processifighal LRI Ay et k@ﬁ" anssrs%&%aﬁf ViR baH | 9 Reliedt NE MBgNEL i C

propertles en us es result in better
technic fiaé?tf)lglrc%ig Slposgfl B o‘?S"P%Mtec%nﬁdrué‘?ﬁ n of smaller, faster or
| ess ex nsive systens. In m)st exi sting magnetic devices, with designs
utilizi cfxrr FQW@WWQ&WE@PE&W@W%WG i pIPYjdad FriEagneticHeVisser f or mance i s
si gni f i lwwing ingorporgedsireein Hypagnetinstiryctyre pinpeising) astbetrate; ptdetsttonobratd nagnet i ¢
mat er i alhyes ivhidh isttiagnatic ! formiiiiea Mréaiab symmading beokelesmetieeahdaelesst one | N accor dance
Wth a fid ProvRBRESY110S tdxRied R¥Shdl Ofomit REkatd Jisps@Y bel@enasa@Bgneti ¢ materi al
StrUCt%uﬁsn?Q@R{éaﬁ'bE@dla& substrate; at |east one bee-d layer which is
magnetlc ormng a uniaxial symetry broken structure; and at |east one

| ayer ovi di.n textured. hexagonal atomc tenplate di sposed
~ bet vveen d@g‘b%’fﬂgégﬂ@}dﬁﬁe"%ﬁ{tﬁe BrYeign. el p“?‘?#%éﬁ&?‘%% &With a second
aspect %ﬂm{%é‘ PAgrstY jowfeTiak HElcrG CopPrRNed 8 dSYRMIPEY NutekEE dE9Sese  havi ng
i ncor porechadsnt, et eineany feralgprsiting atdeasiuene reed berprhiichi ip gagngticeidst rat e; at | east
one becfofining 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.

In accordance with a fourth aspect of the invention, there is provided a method of
producing a magnetic 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,

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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| ayer which is magnetic, formng a uniaxial symetry broken structure; and
at least one layer providing a (111) textured hexagonal atomc tenplate

di sposed between said substrate and said bec-d layer. In a&dogdsRf85with a
t hird aspect Figfre 3haoivi i Nikis@aion tof ke hisridal Gitéed@Gentioappairadnus for  form ng
a magneldm.0RbRJrdle §hfyict ure, conprising a symetry breaking process
mechani sm "and a neans for depositing at | east one bec-d | ayer which is
magnetic and formng a uniaxial synmetry broken structure, on a substrate
having at | east one |layer providing a (111) textured hexagonal atomc
tenplate for said bcc-d layer. In accordance with a fourth aspect of the

i nvention, there is provided a nethod of producing a magnetic structure
conprising: providing a (111) textured hexagonal atomc tenplate; and
providing at | east one bcc-d |ayer which is magnetic, formng a uniaxi al
symmetry broken structure. BRI EF DESCRI PTI ON OF THE DRAW NGS The advant ages
of the present invention can be better understood by reference to the

drawi ngs in which: Figure 1 shows a plot of the magnetic ani sotropy energy
density for the uniaxial Stoner-Whlfarth nodel. Figure 2 shows the
magnetic hard axis response function, Mk, to an applied field along the
hard axis, H,,, for the uniaxial Stoner-Whlfarth nodel; and the' magnetic
easy. axi s response function, My, to an applied field along the hard axis,
H,,, for the wuniaxial Stoner-Whlfarth nodel. 23 25 August 2005 Figure 3
shows an illustration of the historical three orientational variant
arrangenent of the crystal 23a 25 August 2005 plane of a bcc crystal in
conparison to the atom ¢ arrangenent of the (111) crystal plane of an fcc
crystal. Figure 4 shows a plot of the nagnetic anisotropy 5 energy density
versus nmagnetization direction in the plane for the {110} texture plane of
a cubic crystal, where the first order anisotropy energy density constant,
positive. Kz. is 10 Figure 5 shows an illustration of two of the six
possi bl e orientational variants of the (110) crystal plane
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of a bcc-d crystal in conparison to the atom c arrangenent of the (111)
crystal plane of a hexagonal lattice tenplate crystal. 15 Figure 6 shows a
plot of the magnetic.. anisotropy energy density versus tRheAugushPéde
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 nmininmum and one energy

maxi mum per 180 rotation occurs. Figure 7 shows a plot of the magnetic

ani sotropy energy density versus the in-plane nagnetization direction 25
for the specific case of two (al and c2) coupled (110) variants, of the

si x possi bl epbets dof 120)Pacextriyrert vhr i SARATLGRTENTK] ¥8° 0 25AC8 = 5. 26
degrees. Onl promaeeser gy the nililmerasidlopienenels gy Frexfmstaper 180 rotation
occurs. 30 Figure 8 shows a plot of the nmagnetic anisotropy energy density

versus the in-pl ghg,Ronetizat hoR1di r gt kR whetbbeasfiRelddyc case of four
(a2, bl, and cl I i.ant s, .t h i i bl e bcc-d
(110 tex'?zureeaerggr?%jﬁogg ‘\%%3%4& %Et %énl%g é.l:mg.lZ% gzela%rl}fégeg.?&%nl y one energy
35 ni ni num afd® o éh gf??’f?é‘f?niﬁ'f‘?)e?fa%ﬁ St SEYOR octlrs. ®Ffigure 9 shows

t he magneti c fieAtd B6es PBEIISHIRY FgReX | 8ensiiK, carrfabhe Fragriétic easy axis
response funebsidiye24 25 August 2005 My, for an applied field along the
hard axis, Hx, for the coupled variant pair (al and c2) when I(1 >0 and 8
= 5.264 degrees pigheFisdWwd Oas hoVst A thbAt off chdectragietdie ani sotropy
ener gy densi by, el o UL b ! 01 HB0NR LEALLoH delBChl Pilnef OF the
specific case_of t r(%e 2, and,cl tcogﬁ)l egom%la':p variants, of the
possi bl e si x°hct T OV FurSHPFEPT &%t SR KLE 0N d $ = 5. 264
degrees: Onl 9Eoie 1B%8nerrahiripitmfan PERE e M fFARGSREHI Ser 180 rotation
occurs. Figureyskelshows a plot of - the nmagnetic anisotropy energy density
versus thes i n-pl ane magneti zation direction 15 for the specific case of two

(al and b2) coupkeshdelld)shows a plot of the magnetic.. anisotxopy
' energy density versus the in-blane magnetization direction
for the specific casg 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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variants, of the six possible bcc-d (110) textured variants when Ki > 0
and $ = 5.264 degrees. Two energy mninmuns and two energy maxi muns per 180
rotation occurs. 20 Figure 12 shows a sketch of the coordi Bathegest208m f or
defining the angle of atomc notion during angle of incidence deposition.
The substrat'e plane is x-y and the depositing- materials arrive along r.
The angle of deposition, m is defined as the angle between the z-axis 25
and r vector. '‘Figure 13 is a schematic illustration of -a new sputtering
cat hode geonetry relative to a disk surface for angle of incidence
deposition. 30 Figure 14 is X-r ole figure data denonstrating the

exi stence of Msi ¥°BceR Frpiisd ft—@%&&@‘éﬁ VFEE | Batds axi ot Bx$ for 5tiEG4 where

vari ant al aeeug2ddemiast eaifhe(zat BeT RPUhenval i ANkt -pEOTHACE a Symetry
broken struchilgesA so 35 shown are the three Ag (220) peaks. The sanple
was produced using angle of incidence deposition. 4 25 25 August 2005
Figure 15 shows the uniaxial magnetic hard axis response, MX, function,

and easy &xis reSpdtSe PufbPToorf PGy, “datBet B‘a%ﬁ?téprF‘Fj&TtF‘?Pé’l d al ong t he
hard axis, Heneqsyr derifﬁtFé’e("ﬁ%G}le srplee regratéariier dimgetEasy axi s al ong
the 5 hexagoﬁa:t thenpbedidicldfde dfr elcteeortbl, THe, s pnirety)y donglEdi ng  nmechani sm
was an appl i ethoyagaeidnesf ie dnal pagibhe sﬂclzac i (reet i@atuﬁat ail ed

Description g%l'gggs n,%h%he;({ ed JEb (&gl meng fl'?le Eﬂterl 8! ructures of the
a

i nvention can i ed mag ne |ca rd an sé’fet nmagneti c
devi ces il GUIHY RGP é“‘?l Eine E‘s"?ﬁ%rgaxll“}“&ng“cmc’eﬁ”s rotatiBtronic circuit
conponents, A®¥Btic solid state nenory, 15 antitheft devices, recordi ng
heads, recording nedia, and data storage systens, incorporating the said,
thin fil m ori entefhr8nghehévsa 6flod| Srafbde MRFRLPAr idiGuladyy,
crystall ographi4a! bohst) &RLEL AL Nid bl MMREGIE 83 180 i rection
15 for the specific case of two {al and b2) coupled (110)
variants, of the six possible bce-d {(110) textured variants

when K1 » 0 and § = 5.264 degrees. Two energy minimums and
two energy maximums pér 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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oriented magnetic layer structures utilizing materials such 20 as iron,

ni ckel , and cobalt, and alloys of the sane. These structures are

especi al |y useful where the enbodi ment of the device requi¥Asgegpodal
magnetic orientation, specific linear or non--linear response, or a |ow

| oss response. By carefully controlling the epitaxial growh 25 conditions
of (110) crystalline textured bcc or bcc derivative thin filmmterials on
highly oriented (111) hexagonal atom c tenplates the applicant has
invented a new set of six crystalline variants with special orientational
rel ationships. By the selection and the growth of a very 30 speci al
exchange coupl ed Fég#iSet *of “hetes et xvifkent afiBiralc \l?aﬁlaﬁi“é a synmetry

br oken uni axirafpamgnelt«: c fivitioni | andi saspbidisnegdsprofie faietjon.ext ured fcc,
(111) textured fazea terahvapplied filelamnlcdgOthe hexd xad, NGp pdrystal s are
exanpl es  of ahhﬁe((lc};lo)) Lexdidr gekaexaganal vidt Qi dxe5Phing. e each 35 of

these casgs ﬁ%ﬁr&e&a{@ﬁc@e [ BOPLALE. AL c&:gﬁsg ks %rma a highly
g 8ty

oriented (11 ona vai y ented hcc or
bcc derivati V&° ff‘uggpgst Eu&“f‘%ﬁe >g<’°| al | ?/ng own. Wth the
conbi nati on éﬁr%m‘g h| ghly oriented and t he use of speci al 26 25 August
2005 processing techniques the six new variants can be constructed. Since
under many circumstainee Desheidtéen amdrhet hsefoeteddBiiodahente Materials form a
single class of behavior, we shall consider the notation "bcc-d" to 5
represent either Tae boweteriad .dycccichees vati wdecripstionstqancthgr e. Li kew se,
the notati onembdBed" :8haldenbanays@dchny repuesaid eifchefagascdccc or _fcc

deri vative Cuysial SELUALYT GaokllicOauRE Cachiths, MLeriaksri th (he Nad

prototype structure are co sidéred.to _he é aLive as there is a
cl ose packed efgamc 1r compo’fentf TEoIn m 019 g “feo The (111)

pl ane of at ofikt ’&Fef’ﬁe‘%eé’l‘f’%% dFecaritt “%o p’F%ﬁf’é ¥tals are al ways
cl ose packeddagmdtosags eSYGF?‘T‘FeréﬂFqRQéﬁ‘iﬂtnﬁetPilﬁldat Le E%’%tal pl anes of
many fcc Bravaleitkdt thagestiorhingherirgs nodnd| oserpaaketicuiadlror exanpl e, the
Si, dianond stydted \bRapkhldhsiy abeidifted rREDErcidh tdeettOsBrasais lattice
'F3dm space 0LPHted magnetic 1ayer structures utilizing matexrials 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 £ceo, (111} textured fecc
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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Li kew se, the Cs (Strukturbericht designation) is a nenber of the F3dm
group, which does not have a cl ose packed (111) plane. From Figure 3 one
can see that there are three 20 hexagonal tenplate <110> diTAugusdA@05si i | ar
to [10]. it was found that, by carefully controlling the epitaxial film
growm h conditions, a strongly (110) textured bcc-d crystal could be nade
to growwth one of its <111> directions parallel to the hexagonal

tenpl ate <110> directions. This 25 orientation is different than was
obtained by the processing of Gong and Zangari. In our processing the
bcc-d <110> directions are no longer parallel to the hexagonal tenplate
<112> direct PEASSSFP 25°AMGHSTS 2685 BEfor 8%0i sSGUST g fHe Méw 6 crystalline
(110) textur EepstEReLsd - vafiRift U35t ERFY t Cizsuhidepftthi e PeF fardt her "anal yze
the 3 cryst akhe nbc¢ 1 88¥ivagitaur sekevarisanforgy st emingllke Slaghercgy expr essi on
for the singbenavastante EXR4O{ O chnsimsrgithen ndtatidrmer “drddadi seussed in the
context ofs Fk%ﬂe@eﬁh kicdes 4 NMBREEt ARt §0pROI NerOWMritbaterldcaihere were two

domi nat e VaEL Eﬁr %Iléfu%lgﬁe BS%Qt%EdeSCdHOPhél?ebé%QE (411) textured

fcc crystal ace "an wer e net |ca by being in

u
contact or vF%préﬁBIEthere"ﬁléﬁnetaf‘c ESfat &F | a?cqoel A aﬁl‘&eontﬁg ith each of
t hem t hen t hetruelgfret | zBPY ofafBEt-orhaye SRERFIGhs t WAt aftearfaflwoul d tend to
nove or r ot abectobyest eructiuirk ewies eondifietdderce bwerse fgk| dedivedvevari ants, as
illustratied by frékeiis H gube: Faard espoitmed dfucéid oEr atéms Rath the Gong and
Zangari |itegad ungs) gidnt hernet NIAE YdLl-aBESaiMakeFagnRati £al-ky coupled the
magnet i zati o, 4 of ogﬁcﬁjl\gggl te dcﬁgtgﬂvearw L ngacﬂ*tsgeﬁ kgg course Cr

. has no magnetéc momeny, S0 el ther &0) nos ngar,i I scussed this.
The ani sot ropy> &8ePty &5%%’?ey ISabton o ﬁm’ec F&Y *ZobHt§5of each of
these three &F y&py| ‘f"‘rl@r?/‘ff}llsa?'ﬁ‘t:‘?lce% F’Fll‘ilhér?ra‘ﬁ%’fef:?-%sft PB?'?‘eldot ating toget her
woul d be 1%r i Fererexaaple hechsurdiof dimrohd oftucbunsar isahttratEl3is (9) =
{ Eua(9) +El i 0&:80) bfEl tie (Locl 28avhi8. 125 iker e3gni spidre gnge of the
magnet i zat i o1 eREsOr tid s (REPAGELd:AchilRAesiEbidi) 666 fawrE the ori gi nal
SI ngl e cf 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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variant [6]. Because the underlayer in-plane fcc <112> directions are at
60 degree intervals, the-two other bcc 30 (110) texture variant easy axes
are located at 60 degree intervals with respect to the fi2§HAughst200ipl e
trigononetry it can be shown that the sumof the energy of these three
variants is a constant of (7/32)1(1 and has no g dependence. Hence, there
are no net anisotropy directions. 35 However, in actual materials, since
domain walls can form the localized anisotfopy of each variant, in
conbi nati on 28 25 August 2005 with material defects, results in a
significant coercivity and |ossy behavior. Because the reference point in
any energy calculation is arbitrarily chosen one can always add a const ant
to the 5 energy Beferst fosruaFidgothe ebwrfgrnrtehblngr édi0dt extptapsi cal behavi or.
Al so, since tohe-dontbianed sgagyiti bs thethiiride tyafurdhér caseéyjeust di scussed
[ ﬁ a const an]Ethei & i&y@&uiugst (dbat ltia:&utrla@r eamhel Q@l‘-%m}.]V\D aeupl ed v?r ilgntrs]
t he ener gy unction_ woul- e npl.y. proportion t he negative o t he
singl e vari ant - CAs& P \WT ‘inng"’f ﬁf';hg %%gFeeneaﬁ antﬁagﬁégr?gt?acsalgﬁ% (Ella (0)+Eilo
(0- 60) +Ei | u( Garyizy) and gliscusegd in the L LAREEXT 1Yy FA9WEL &ri af* viSth only two
vari ants E2' ifigjrtant Fid ceqift 60yt+ R0 if QthauE)wekg 2tgo 1do@dnater| j o (0) /2.
Ther ef ore, afvketanier pal tEinng(iihe esarngyd dewsidy the tdage 201appropriate unit
vol une of mafkefivkd iecARREYYsEEIMCaRd i endperers Gidpbad eyl ants is sinply
1/2 the ifyverted AnarOYneGHr U& Ofonthe Shpoheavanbalt dfaghbgcsame total unit
volume of materl ai. bl{]ne clr veon§hca£pewi%gd Lnergy nimune and - maxi muns
i nt erchange PBSTTTON EHY SO t P8 Rar d axes and “easy" 25 axes di rections woul d
i nt er change. "APRPLLERSEPT 76 tea sy 28Ghs °f dlee gyt HiRPHF" S téh as [81, woul d
becone a | ocabireod rdrare tagsthenr &nkswive naki Bhave ReEearil £keee t he const ant
in the energyriaxpsessi dhdudtsatadbibyr &1y iandifas noaed fepbued the physi cal
response S0 itbr C&) BE S@BSkaer®egt dd eafsiial 13€krda@uAsr and nehany anal ysi s.
Hence, the regpange Qi@ wdFBORRLhECALh Yy CRUPIRA RAIdagRlcibResR variants
appears as a . single variant JIRLSId gl 5l 2cflangs: | BuslIn,of the Ki
haz no magnetic moment and so neither 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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val ue and a decrease in the anplitude of the differences in the energy
extrenes by a factor of 1/2. Hence, whether the 35 material of a (110)
textured cubic nmagnetic material is conposed of a single 2aAbgust 200500
coupl ed variants or three coupled variants the nmagnetocrystalline

ani sotropy energy density function does not yield uniaxial behavior, but a
29 25 August 2005 form of bi-axial behavior. Therefore, when there are
three possible variants of bcc nagnetic nmaterial |ocated at 60 degree
intervals, as advocated for the non-nmagnetic bcc C by Gong et al and
Zangari et al, and whether a (110) 5 textured cubic magnetic filmis

pol ycryst al | Fier gptedal ofsifeads  aFesHLl§e oith SoR1ERisi RJCeCRenPaYY, it cannot
‘possess uni axd dbshekendvdrr.- Hence, the M versus H response function wll,
have coercivity aschusesye rbefrawidpoifturihheimerergy daladhadonbehavi or cannot
bebP?t al _n:ad §¥E‘el}b¥.€ratr|i“ \eabitesndfcal 0aRRGH £k L%nEEH&et¥aJ1§[ea”t5 ar et |
arbitrarilly sele N, . Y 0 ‘ : s are not equa
we herein” re?erlﬁ&t %gftl te lgam%hg’ﬁié g%ée%ﬁﬁg " E;/én:gtte%gé%% gl%%fél.lit is also

clear that sREWE % 12 ERr B R8s ARt §° ne%r ELERY, *Buf T h&T & t her one or
nmore than on¥Henbfcafsr dust) BigeaAe thah PREEHENets 1hERVIWE ener gy
properties ofhdthdfl &hepsr vweoe urmyvare apduwrled | YariengortibpakeergyTo clarify
this, sinplyutans defuld e cdsglofprbhaptiend. Weekre tndyasive wdl unme fraction

of 1/2 whil ecfde sCihli?fé twR; 8RUaLa YOl UNE wWatidNt $hidhaVvfa@emlune fraction
of -1/ 4 each.m;r&gga%cglﬂj_ the volune 20 of 6 is equal to the volune of each

of the other tTwo. So the energy terns fromthese three quarters of the
total volume would be equally portioned and sumto a constant. This then
woul d I'eave the (Bndbhihg @+ oFusi@ri120t/% =t 8/32r ovi de an energy curve of
t he shape of Figure 4: Hence, 25 we herein referred to the | arger vol une

variants 13s highd0sor dOaLS: Subd ohfy I-IDkAHal 0 MOLe that nowhere in U
S. Patent 6,248,416 or in Gong et al or Zangari et al, was the use of any

magnetic bcc or bcc derivative thin filmdiscussed. 30 Nor were magnetic
bce or bec deri vE'i(%e nHEef ¢ afl + Funfesiiaf% =01/8dvofar &) /As the magnetic
| ayer. |f they o '

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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had been investigated, and found to have the sane three variant
crystalline orientational relationships that were found for bcc (110) Cr
when pl aced on a (111) fcc layer, 35 the magnetic properti 2§ Awguit@0bave had
to have been lossy and to have significant coercivity. Furthernore, they
never suggested that they obtained a sanple situation where the volunes of
each of the variants were not equal. Hence, 30 25 August 2005 at no tinme
did they discuss a symetry broken variant systemnor a dom nate variant
system Likewise it is inmportant to note that in their discussion of FeCoN
thin films Sun and Wang provided no 5 evidence regarding any (110)

t ext ured var Fa¥t I Fnexik dshavior hcBheptioar edvhen Egskagrst ithyeef or t he

ani sotropy. bphesidbserarddnandibdcausgnthied mabeiisdt hopyedi @ d® appeared to
be the sane wbpidieintetvay, REr{mMbéNYIVAS PhaGRd-wiEetic bBeidr CoFeN film

their result g, Wage nat gepﬂad%ggmogtoglloa@ywﬂgtggfeg g@i’d jant structure.
Furt her nore, ¥ %lrgdrgsul ts shg a,strai nng I {8.angd & signi ficant
lélluc magheCic f:.

Fe4N second E ase Ji.ndicati % possi bl E dnid me Ta

chani$m associ at ed
with strain § t’fﬁgﬁéye\gf‘%"ﬁ‘t aé 8?%65%’@6"’ B}/ C’rﬁ I{’é‘E’t’,ﬁ‘ﬁ POFEeS%s wel | known
t hat cryst al PBHFapt

behaviicnni Fghemntha ¥ veushe &t reeronge 1Rncpioanes of the
bcc-d. Thesew{lll Zavpl anesciviont amd bebh &ekaviOr. anduathektdze,di recti on.
Hence a pai r unidibic Gebatith NGanfat HeOtBalhdd ed¢h LBt @l a6xmat @ag t he pl ane
cont ai ni ng t bgcx BE el Eméuwgﬁ%ﬁtgqrmrbaeﬂaﬁ@zgtsaglebm ON@henOf the
hexagonal tegpéﬁ,t«fumelslgg di.r eghd ongmang taryesno ar rfnv% pent, the hexagonal
tenpl ate <11 Irections _colncides Wt h a2 <111>
directions. FRIfEe™ *PRroopRtS &Bqﬁ F@W‘?}FE ITII"F?HS that have grown with a
<111> directi onIba%sal#J@P f’beaa? ﬁéﬁ‘égﬁ}‘ﬁ&idt@#plt&t-’%e JRFdSnid Pecti on, there
are two posspPiisenyvakugntisat Sinter there awee ttheseo®S Hpossityire hexagonal

t enpl at e 1511031ullk I GGinl @RS, ofHies €HAr €he tdikegy NASHLMMias S6f hef tw ns.” Hence,
we are |ead mgtebemlga@%maﬂtfaamtlh% Q1o fatl PORSIRkA YCend, vari ant s t hat

could be grown,, "Qz‘é\{@!(&%_fr thes Xa&as'} d9 Qﬂérehé" aé% RS @ twi nned

conflguratlog to exi ese SiX possi bl e

t
variants are G i© |% H Lﬂhé‘g%arh?héther to 'sGa equal P'volne Vezfant

have a volume frac:tlon 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 thrge
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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ot her four variants can be positions of these two by 60 is neant to be the
variants and it 35 variant would extend distances. The angle forned
illustrative is to constructed by rotating the and 120 ded 4sgust700%:
sketch :in showing the orientation of be understood that a single over a
consi derabl e sone of atom c between the bcc-d <111> direction and the bcc-d
<100> direction is given by arctan(/2) = 54.736. 31 25 August 2005 degrees.
Li kewi se, the angle between the <111> direction - and the <110> direction is
arctan (1//2) = 35.264 degrees. The sumof these two angles is of course
90 degrees and forns the-angle between the <100> and <110> directions. 5
The i nportanee ab tthms 8 7A3Byddysewsanglammednye brekdrhataxidnt di ffers from
the 60 degreeyitdrehdiala @dnibie ¢ddiQac diveesd.i ons of the hexagonal tenplate
by 5.264 degrees p;kf.GaNtikasis t fnpdrBend hESen¥ed | ids pbsenygd by Gong and
zangari, the ;71d00z¢0n dif GblPu0! (1NS BLOPOSE el XpBah YT T Nt s do not
lie 10 paral I'el_to any of fhe hexagonal tenplate 219057qTr ect i ons.

Fur t her nore, S{HERE®as TP~ 1HE Ay anﬁufénga FE&AMet FFEaFE ar r angenent
wher e none offurthereqre] >thsycokfiered PPoHPLRRAE 10p foF| thel 2riFEF®Yhexagonal
tenpl at e <11B@ke délrseetedonrsd Hepruseheeveaniavi@ny sfigiés ofppeweedbcc-d <111>
directions |itesbdxHeakatd ahetierone it phendie¥poeRablicaphada <110>
directions apgh:t REpHE Grith <HAQ? st O WARe ARESafRhabdte upak alnl €l to-the

<110> hexlaogolggxlfe%r%;g%cgt%rﬁggn%gm tg;i%a qutgﬁlée% 'cd-eéﬁxj'sxt %uMere 0 =0 at

t he hexagona EI on 1, { ( variant crystal <100>
directions aftEdsy FRGREEFc1208%i 8% 1A S99 PPE BeNak§f®E of pi = 0 1
$,601 6 and PHEFE @ndigafinsed REFEHRIeganisgbrapycreRkpRAT=2539C3¥Addegrees. I n

FigL“'e with strain or shape effects as discussed by Chikazumi.

It is well known that crystallographic twinning can

15 form at the (112) planes of the becc-d. These (112) planes

contain both a <110> and a <1ll> direction. Hence a pair

of beec-d twins can form with an interface along the plane

containing the thin film surface normal and containing 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

concépt 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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5, it is also inportant to note the orientation of the two <111>
directions of each of the two the bcc-d variants. They match the 60 and
120 degree hexagonal tenplate <110> 25 directions, but neals AhgusD2d¥gr ee
axis they differ fromthe <110> axis by + and. - 28. Wen exchange coupl ed
this variant pair will be represented by an energy function E2.. ,1,2 (0)
in the discussion below For a (110) textured bcc-d crystalline structure
30 containing six equally occurring magnetically coupled variant vol unes

t he ani sotropy energy density function is witten as: E6(0) {Ello(0$)+
E11lo(0--6015) +Ei i o(6-12015)}/6, 35 where the + and - signs are to represent
two functi ongegfess. ebidisvigrgl &he nandies befyrensthonlinz defeti®n it can be 32
25 August 20Q5g r@bkheimati gadebyions hoWRcthat (1 Loialeaniegotdnpy . energy of

this symmetrigal Ly, bal gﬂé‘s% S rangerent of Six Vahl 8h3.s Sl E110 energy

d
terns; has ng _angul ar penaence and so the _anjisotropy -energy density
function is a°EBnSTANE I RaCHF .tgeFﬁHﬁWeFﬁdoF”ﬁérFf%%*é?mﬁnterest her e
are the c&sefPHHERCTEATS CAnthod oo 2 ©\AeRrSfuADEYS VoFuepas tthetli&r variants are
coupl ed. 1t BEstierpoizornthet 60 deardedénterhial odntheortlor dimsceionsf t he si x
vari ants coubfl fmessddabyngr oapdateabhexagonagredsenpiatentaad: itb 1 S not a
requi rement thatentbeYaalRear odsrddd b dbnBakds z0hg2t, acRakanced, equal
amount s of Mgt erh Al JHOWRY§hopdh SlanidYe LG e g Sgussion of the
next few parqgﬁ F % we mnél 03g5|der t he gqpunﬁg of, materital in each
variant of aPg g °gFBup" S VETPITS TP DA ERCBH 6 B equal . That is
‘to say, for EVEmEIEere; fvheRerd® 4P ORI §onesard) AsBedrEr PEMESTt5tpl ed t oget her
we shal | assewesngérantt wherey glogaecdf thachllgh fhe thresti¢ns ddegal . If there is
only one of phelseX teardhanhexasghel tdeepl=eeekgywsdenseédtiofsincioron - si nply
reduces to that Qf vEHGLE) Shid tedchy theapaiiiCuiaseniahd anlesOf fset angl e 20
Pi. Li keWsSep,jf1LNeheos Sef L nffadblifr SietpAL 8S &f1€0kionsi Ml arly to the
ear | rer Togi & gnd_ i grof i ngt he i fRortants, gneray fqSLam.of fset or
origin, the fesurting normalized , '

<110> hexagonal template. Hence, for a coordinate system

where § = 0 at the hexagonal template direction [110], the
bee-d variant crystal <100> directions and easy magnetic
20 axis (Kp > 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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energy density function is negative 1/5th "the. energy function peak to
peak val ue of the mssing variant. As 25 shown in Figure 4, since the
.0(()) function has two maxinmuns, one mi ni num and a | ocz} Argubt 005 num
(for Kx>0, or two mninuns, one maxi num and a | ocalized maxi mum for
K, <O, 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 variants per conbination. However, there is nore than one way to
formeach of these, as there are six variants to choose from Here, we
continue to cihbsmsicaddyhslyfmt ffbaty gliea a3 sinipotroget ensygbechal anced or of
equal vol une ubfs magmwetaical s stlated betorentdiere arie shxigmossi bl e bcc-d
variants eaGixVkid edertyNgdrehsC Iisst b ldnBe1x1 @osendbiRC bh@Msd Brd he pl ane (and
casy magnet i Graxli.o %aeﬂy ae@n{,yfdagtfsn 206 %ngea.st?» gprahpigust 2005 six

angles pi = + 8, e eno e these six
possi bl e Var F%H vsert'J °f hgarﬁ:éﬁ%%r %;;%rﬁgg Eere 21: 5 h2(0-8),
cl (120+8), arfd 762?112‘61‘36)"’5 IER ™ | RPN ‘E]ﬁ‘é Boﬁ ng parent hesis

represents tifeuslegaguitais| gwariast &F copgidescthptt me’nai?%@f-‘?%n for the
gi ven vari amif rteeatiwevardatiye colld>paisiielyt igynw Chl) aohetdgenahexagonal
tenpl ate. W te@gatbatind fi@r iexaplae redliee@dntandat aReyasgp@Bt Sin are | ocat ed
at, or dey attembypaﬁé 8Pdor BARELERS, e&me%bmlsyoff Refa. ke 60 degree
posi tion_of gahbe 10 b Ql;arweﬁt'&g ol Lhelexgoepal, | eIml le. Speci al

Case: es rves for the

e 'dr scussin ener ] t u
15 varl ous otPﬁE'?’ EBIFﬁ)lwﬁa‘fﬁ %°n8f exfaﬁ"% 3‘“1“:{3 % mg%‘f’ﬁf‘ﬂa’tri é%%o consi der
t hree parti cPEIanEe?s aofouphed SooR of vapriatfisstofee bxanped &Pt fifteen cases
of pairs. Howewvsl., Vikahows wtormBvyderot hecapplsi dif tase wwrenothe devi ation
angl e of ishe thved v@pPiant8, chplBot cRPURdr W GhzXr Glsatfed Ahat Str64 degrees, 20
but is exact Ivgllg,gugg ehfn GeSeleahRRS s ERGatt.hree particular sets of energy
density functionsgofinterest 19r e.awitten as, R2:;:hl 22749 5dE10(00-7.5)+
Elio (0 -60+7.5) /g

énsity funegtion .simply reduces 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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25 E2-.1,~2"(()) = [ELI o(O60-7.5+ EI3.0(()-120+7.9))/2, and E2 -
clb2"(0) = (Elio (0-120-7. 5) + Elio(()-0O+7.5)j/2. The subscripted energy
function notation, for exanple, R2-bl&21'(0) -represents RhAugwsd20GH i ants
bl and a2 coupled as 30 a pair. The quotation mark, 11, is used to- denote
this special 7.5 degree case. W see that in each of these three cases
t he coupl ed vari ants are phase shifted by exactly 45 degrees from each
other. it can easy he shown, by trigononetry for this particular 8=7.5
degree angle, 35 that for each of these pairs, which are separated by 45 34
25 August 2005 degrees phase angle, the only dependence on O is of the
form of cos 2Zis)angles pard +eut dr+60 15 end Hi2o sBodwyredmt | WE2hpila2" (0) =
(KI164) {14 Gegsd 4Rl Geos c(sé@lecggglamg@sg,) the ndhoF2 A6 (0) _ (K /64)
{14-8cos (45) +16¢0s (45) QOS2 ) o) satnd E2¢] b2 (0) R'64) T14-8cos
(45) +16co0s @35§°“§bstb (Brae0y2 P- 5)E2° [£8%0)( 0379 cfzé?z"éﬁ)arrﬁ e represents
acbupl ed pai rhef anglar imntle thetespersiiag Stacﬁethevbhllfeanredmnhardwam s at zero 10
degrees amnd eagylaaXld&adliod0rfdegreesgd' whol alit-beriondfas emalgivesar i ants have
their easy axgs:ditl0Q1adiveectd 091§efQ£10|§| Bkecontll il 67u and 112.5

degrees. In Qltejggon tde?]ugl‘_gt%ch sebNgse p?&r ed.vari apts e in an energy

function that Is sanme unctl onal form as the uniaxi a Stoner 15
Wohl farth nodél W%?‘Ftén aFgs\LogRtes (3 >09F afFiiete obdt edd1FERf - bet ween t he
easy axis di aehieeBs @fspbdravby ERdl vhéual dedirei podite@sBEapteS . | ocati ons.
Thi's Stongy - V@Nfgg;&tlg)@g@v{g@rhé}g gnaqc égpgapgcause of the coupl ing of the
two variants and their specif = 45 degree orientation 20 with
respect to each other. It is aI so clear that if the anisotropy energy
density const ant SK¢cied €dve:di rebi5i Basreds the resulting easy and hard axes
of the coupled pair of wvariants invert. Each of these paired variants not
only results in @erdR Wkaidsdhg AR YedgyNebiNRy BltvesagodliguUssed earlier

for figure %arioﬂsa?t%%ocolrn%éajga{s ofXlag i s V%Mm‘é‘é%«;@&o response

function and nse fl,énctl on. (To a

Tl
reasonabl e afip? eﬁa?}f 5h P?’ﬁq:é'cu N rgeff%r% %ﬁ? f%upéfsﬁ Be thé*case for $ =

60- ar ct an(42j: g possible 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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30 5.264 degrees.) Each of these three coupled pairs (8= 7.5) represents
an ideal way to construct an ideal uniaxial response froma (110) textured
bcc-d magnetic material. As before, because the sum of th#& Angus§005
functions:of all six possible variants is equal to a constant, Ki(7/32),
then in 35 each of these three paired variant cases the sumof the

remai ni.ng four variant energy functions is equal to -1/4 of 35 25 August
2005 the sumof the paired variants. Hence, there are three particular
sets of four coupled variants that sumto yield a Stoner-Whlfarth type
energy function, however because of the negative sign, its hard and easy
axes are rot aegtedsy pBése5 agely,eeder el idepertdentdeonc @r Hespbneheng coupl ed pair

and the peak,tp peakaner gy amliiyude SW.00 HeSsrbd dat of the coupl ed
pair case. Hence, these three sets of four coupled variants result" a

Stoner-Whl farth, linear and | ossless Mversus H response functi ons when
driven al ong the Fngte: 1) -HAHr/64 hidiss Boder( 6P A6 aTst (45 ) aor’ @uemdpoi nt we shoul d

state thaty the ggupl qg}y@{/s@p{ﬁ §&gr(@§)qﬁggg(gy,goge(egrerégg function E2_
bl a2" (B) and correspondl ng, E4- al6 " (A) are c gents. After all,
2

similarly to bef @Félbﬂ‘ﬂe)lfé“‘l/(‘sé){lf‘zﬁﬁ’séﬁ’z"l £ 4 °°3F_‘@'éq) bl c2" (A)
}/6=FCL(7/32) =constant. It should also be noted that, there are twelve
other possible gopRingt, aRs kaak! Sr&fresoital gqoa@@aapgfr a3d that 20 none

of themyiel qﬁ%‘#‘%a?hﬁh i Qer g)éto}fgchoﬁqiaré?”}?ar%r %xzé"%xﬁt zdgan others in

terns of the e, the
corresporfc?l ng°¢ Fv%ndoteﬁfé‘F a"‘bﬁsasii t?l e %?fr"rﬁ?eﬁ@‘ﬁ taryer b’tﬁlé'b?ﬁ?j of coupl ed
vari ants caniBtianyf gpayeyhiedsi s3syhéKe® i GRo0bhedaeddorhdiprckh®Pe witten in 25
terns of theanpkeduat a%vdl asdUpk ed dpgwees . ofInceytetraldrdgr aphh @f variants. This
anal ysi s nowtnédey phbadesadibrtd wesilt iPQasSehédoyt F@Rtied et Ssof three

- coupl ed vari 3Bt £nk0 Qe GORSIidRLedeo Ry sk n‘ith@r uh®Bii61 agebsgd before, ten of

them are g&kﬁzﬁgﬁm&eqﬂﬂ gﬁsgasgfameua&ts' ach ) 10EQUG! 242 of 30 them
ou

have elther ﬂﬁm muns Oofr |ze dw]_&ua?mss The ot her

Si X sat| sfy ﬁl'ewe&gf ¢t P @Pc:.:arr? caf.ons cf e two In

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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ani sotropy energy functions, but each does contain a wavy portion [111 of
the energy curve |ocated about mdway between, and only on one side of,
the single mninumand 35 the single maxi mum A response c¥hegwit@dldriven
at an angle between this wavy portion and the hard axis would be nearly
| ossl ess, but non-linear over |large portions of the response curve. I|f
driven aI ong an angle constrained to the 36 25 August 2005 snooth part of
the curve near the hard axis [12] the response. would be |ossless and nore
linear over just this portion of the drive. A representative plot of one
of these six energy curves, E2 al-b2"(0), is shown in Figure 6. 5 in
summary, not HPACFIHiYHg thRePHFEYi WHEPYERi sdleesed WP%e ¥EndliFe® variants and
the null caseapficalir seks afthewr gpeplefli Yaxjantis thas siubl & ¢dedbi nati ons of
equal |y wei ght sebnevandhafirsh tieRCereralh enttiony Hdwvatdr pbesgeadml e 1S set to
7.5 degrees, thhefsga@4R Sigh, POSShilE Ral-a0¢ atley Ak aRicadll @94y Nati ons that
will yield eé@giee_ét? DSk PR Ald BobldsBon ARG Shloflll LEE: aﬁ%q Bﬁrresond' ng M
y

versus H response ere .are,sl x,pQss anced vari ant
conbi nat i ons PERAL " que]a en r&i’unmb&%t‘é  SBle wav3/2e(r}1°2l 5 defisi ty functions.
Al others ylcéP%f-eﬁon‘lﬁni’aé)‘?l alHeBEtrathesie CAEPergRts Binfout ¢irdBEed we brief |y
consi der t he veffaags xsbulhilghey SbendervWeEaviy opireanamgylassiens. An ener gy
expressi on exaapiwe, H @espdeee ufiaiabnsC aden odrizes Oalpingd thai fietof  vari ants,
when the secaBgi Qkder BRdS Ot ARBY BNEE GYpEBISHE hoRANstaR! thdk2, 1S non-zero,

i's given by: 1?19 c%gpfédcg rl(axgls re%x'l.r.ge’lslegééd ﬁa}4the8g%%g{4@nc%§&9% (45) cost (0)
}+ (K2/64) (1-Cos (45) /2+cos 60} /2. W\

i nvesti gat ed®#hi(® fﬁﬁ%t FBFFeéH‘Ef‘dFLB%n§41“ﬁ%§t‘=2i I% 358 éPF‘%’(?E“EB’fE ‘the 60 harnonic
is of nost sk ptlanetnitlerith&o hwfaxs al behavi or. when the magnitude of K2
is conparable to or larger than the magnitude of Kl. However, for many
material s;fthis ig. qgf: {Be, ama?@ and in nost cases K2 is so insignificant
that it is unknown r’?) for iron, 30 it is somet i nes reported
that 1K1/ K21%Bs eugerez"i() }é%“ 6ab‘rq06§'€5}1’6ﬂs it is unmeasurable. Neverthel ess,
i f needed,
' It should also be noted that 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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a simlar analysis could be conducted including K2. Special Case: $ = 5.264
Degrees 35 we now return to the case where the variant phase angle S, is
gi ven by 60-arctan(42)= 5.264 degrees. The 37 25 August 2005Amg@#200degree
phase angle is not largely different frotd the 7.5 degree value and the
resulting energy curves for the sanme conbinations of variants, but using
5.:264 degree phase shifts, are simlar to the special 7.5 degree cases
just 5 discussed. Uniaxial energy density curves are obtained.for the sane
three sets of pairs of variants as observed before,- but using the smaller
$ value: 10 E2 bl a2a% {Elloéo 0--5.264) + Elio %0 -60+5.264) } /2,

E2 alc2(0) =FEIAY( £36b- 8T 2885 + BTG 8532088 2o /&t J18 i (0) ={El10
(0-120- 5. 264 FesEnpe (Yould 0bs 1pgadesy/ gnd Vera| li@efptarer hittste &¥s of t hese

ener gy funct ponsionopf vlay i Gmive pai Asreprestrttatenmwlot ofnphy gfhase shifted by

60 15 degr eefedNsihe. g%ag@,g,@g Qof £1R! Hcbn £2rbhal gO) = E2 aie2
(0-1-60) E2 c1 3 82 %quei e correspondl ng;

e
20 conpl er'T:’ent ary varl an’fy'f our ng\iud”t"% ?’ revaousqﬁl'ﬁscussﬁd Si¥verted and
reduced anpl Ff‘%ﬂ’éa’al‘fafré?%‘?cégd ety Eﬁ?"i/é’§ 2l fiEnef R e % each of these
energy funct fbfy, eix vaceaiitle femmbdoridons | oIt heawddr iveightasl y phase
shifted by 6®aridegsecesiednet hdaehewagonalanat pase tegid disese?30As an exanpl e
of the functironadeghape WhetSeatd 1sdx pkdsiBrantbapdedl Nrabgitre 7 the

ani sot r opyy epEfifYa GRS t¥ar fHAEL 9é1df %Ecacf.E &one%ﬁiﬂ)ﬂh iﬁée' 0
(0-60-5. 264)+ E110(8 A20+5, %642 in_Fi gupe 8 Jlotted the

An
res
ani sot r opy enery enS|t unc |8?1° cl)lrlgth corrﬁ’lserrent cBup ed vari ant set,

cor r espondi n§* o ¢t fP&HFsB]F%evé‘FFaﬁfx CRATSMAR i 2R PEA b2 (0) = {E110
(0-0-5.264) sowpingtiogs.- a5, 9H4) yiel@ouppxdy- HIEQ-VEVIE4PerF io (@
-0+5..264) 1/ d4en38y Xunfuigust 20D%thers yield non-uniaxial behavior.
15 . For completeness, we briefly consider the effect of
higher order anisotropy energy terms. An energy expression
example, for the wuniaxial case of a coupled pair of
variants, when the second order anisotropy energy density
constant, X., is non-gzerxo, is given by:
20
' 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
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‘As di scussed earlier, ignoring the additive constant, the ani sotropy
energy density function of Figure 8 has a peak to peak difference of is
just -1/2 the anplitude difference of the energy density RHiduigta2005
represented in 5 Figure 7. Wile these functions are very sinmlar to the
sin (0) or the cost (0) dependence of the Stoner-Whlfarth nodel the
curvature around the maxi num and the mininumcan be seen to differ. They
are uniaxial in behavior, but the hard axis magnetic response function is
somewhat non 10 linear, but free of glossy processes. The curve shape at
the extrenes invert, and so the easy and hard axes deviations, fromthe
St oner - Woh! f art4 AB3RAS PhafeeridiEnbe H°W9R}Y<6"fﬁ?¥§nfvlfrﬂ3’] eversus H and
the My [14] Ve?s%rFE,Va%“ésmﬂﬁs‘-éec{ﬁwé%lf@oﬁ%@oﬁﬂﬁf?g £er Bheqlc2(0) are
plotted in kbudicguiriga®ionbhet Meris@tsudutl ysiogrswee4 siebrad) pdwews t he non
linearity resuiddsgaid QTn1ldi0to CKIRE tdpYoRAUAL b Ngegfed cdalegr pas. However it
represent s adL&%%lsé‘és ﬁ%&@%%ne%eded\ﬂt %%P&Hlﬁ%r&%\!@m%ﬁ% S' m larity to
the quadratig¢ bgggew%egf Lhe Ston If‘%r %gh‘{gesa% e, B{Egr

f coupl ed

conpl et eness i gure 'S provide show
vari ant ener Q?fce-”ﬁr \lélth?lI‘g—@leZBEF*lélé’grﬁé’ééue which is anal ogous to that of
Figure 6 where 8 =7.5 degrees. The <curve is alnost flat on the right side

of the maxi mum gHOWRYET, {ﬁltm(?w gl26r4§:prqu§@é11§}+g %I} gxd,al material. From 25
t hese conpari sons “we can for a =5. gﬁees there are also 12

‘possi bl e }¥ni axi aF-uealpl d {Frenlp éﬁrf’s?éﬁé* EHPFG ﬁGPﬁ LidE-a%iimare
constructed fromegacagpl-ede.vAasiiants. paiys, ef,pfo -exsugske} £2-,,:L,2(0), and
other portions of the filmare constructed froma coupl ed vari ant

foursome, 30 fof_ g&asrgpllgteE%ﬁgtlaZgr}bgf (t%sé Jotat efum ergr ees then they
bot h have a commbn FtiOns must not be

Sy
strongly couptea"sP¥fiat Jt%é:thiFmeséﬁa?’&Péchﬂ?ﬁFeﬁh’\fﬁg‘?a'?ﬁ %8ets function
i ndependdft | gegrepern Ehre hejReopdin 2FPmicakenpéatsonse functions can average to
yield 35 a net response function that is nearly |linear. However we have

found that the rgszoreg,e <Ok, PhYskHal & qbqpé+ ymy 39 25 August 2005 contain
Some wavi ness. 'S Important to realize at to

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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achieve the rotation of the foursone the tenplates for the two portions of
the material need to be rotated relative to each other by 90 degrees so
that the hard axes of the two 5 material portions coinci de&5 Orgusb2i®e
because the hexagonal tenplate repeats very 60 degrees of rotational it
inmplies that the tenplate actually only needs to be rotated 30 degrees to
be equivalent to a 90 degree shift. This is because the symretry breaking
mechani smis common for both 10 variant sets. O course it is obvious that
ot her variant sets, perhaps not bal anced, can occur for tenplate
orientations between the 0 and 30 degree d| rections and may vyield near
| i near behavi or. AFhilkscestrdeptsliof., UOPPTiRENEe FARE-1VRaPPISA®Yr oup of
di fferent setseodnigotppedencany adinsidb fiunclalepi ngl Blosaaps ehasi 8 very power f ul
as it enabl epebihero dgsel ApERdIEn®f deald yjdscneayz maghednpaifw@sponse functions
even for pol yerustald 'd}etﬁélg)er%'?)(&éﬂéggy ARee bl iofReactbld axi al |y grown_on

polycrystalliLn ndo i en 111) hexago t tenpl ates. This
nmeans tha’?’ e\L7ﬂe§fl|‘i fO tho ®a %elsﬁg?eﬂcg%ésta su%gg r?ﬂ =5 P{nt&%ﬁel d the best

and nost ea§F$y9hn‘a’ert§Fo@RF e fOgpensisaes ‘?fa\ﬁhﬁgs‘aj%Fn‘@héfﬁtyst al is not a
requi rement med<ckhevwartdteraeabudd nearmaidul end fhessimmgnetanc r esponse

function. Theer&Qui t&ERBterl. S iRk Yard Rafax@achngbeiiRiof, sauphed variants be
sel ected andhQi@CQ:giszﬁna%HQcha@eéf)&{strﬂuﬂE@io\ﬁ‘ ot aedhol yprystalline grain

tenplate so as_to ear rd_magnetic is for the
entire saSé ? égbug #‘Eﬁ? ’gfi ngr'e EFystari lri:% S egtsgaéqe atat)’glused for the

deposi tion oFx%Faﬁ‘F@lﬂnVe’(tB 1‘1‘3 S°t‘é‘}& ﬁF“?—:}ﬂ aﬁSIWFy%’feﬁl FFHat ﬁ‘g?agonal at omi ¢
tenpl at e t hefsor the Mtgnag-Vohlardy nedads intgreHagand vBeai¥mP-wi th random i n-
pl ane orientati omhe The (BEhniegees t Bx Odbtdali tﬁengdyt hessamerswsadiy and hard

magneti ¢ axi g.hgl nglarrv@y&%ie@gz g "8 EPQ zv(gryélteaéhbaeedsaﬁpl eis to
i nduce the a?f;:%urprl at e,géllo textured ? Qho i axial variant set
for each 6f 55°t andom' y OFreht&d® exagona s "Fhe nethod of
achi evi ng t hilsndagitio peeniktkes aﬁr@neﬁgetqtca‘##ayt%ih \?E‘Fﬁlgrl@wt"hs process t hat
preferenti al byg:eebectimwtna apprppesaie £aupbbshs vasgoant. samef or each
hexagonal téﬁp' hEpRkk entuatd ORpbRI NG1Q a2B AUBYSttnd00miadratic _

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

39




use. In the experinental results that are to foll ow we have used both a
magnetic field applied along the desired easy axis direction during
magnetic variant filmdeposition or angular vacuum vapor Xepasist 2005 of the
bcc-d material to 5 select a direction for the crystallographic orientation
grow h. Deposition in an applied field was found to yield superior

uni axi al behavi or. However, unique subsets of the nany variant sets were
obtained in both cases. . These nethods result in a controlled uniaxial
behavior for the 10 -magnetic film Oher nethods of supplying an
energetically favored crystallographic growh direction may include

chem cal pl atPHGirns@e sppinces mighet impottasitdto civeitalthapltrt i ng from a

bat h sol ut i oachiwve htHel owsatdbong tixe fostHumier diee templatpariorctlear di recti on,
deposi ti on OBw@ pdiSionSofC Yhe Hab@HQ1 Ciasat & peURSLERL @eladige d@POSi tiOn upon a
strained, or egéﬁto‘éﬁézeq?;h%@ﬁ%@els LNl Bhe WardElEVE: LRt JuSt as there is

a preferegcem£€ ria{ue err%tlgor}ng% IovvesB enernggle aggn;u%ear{ angenent s t hat
can cause pgl? Eited SCryetal | TR text ur ed. thers.is ar 20 mechani sm

in the symefFFoEPEake S48 IR S EST0 56 GBS0 P GREREIBHL (4 of t he
crystalline él‘i“ﬁ’léeﬁlté'ﬁ‘é teelete Artylavienly mesde ticchs actatnd a surface the
resul ti ng texe uegreass tushealketyivehentmosta Gloodegrpackddt at e i&r r angenent .
Hence, for apgtsisdepRskiin@bsy Grediteydndthbeidlis @mRoMk-Opotd5 expect the
<111> di rgCt xRSt osett%ndof occﬁ&hegmtwltahom%usdtﬂa%%w& Qhidg depositing

mat eri al . Furt Qher ng{)r%ap ﬁogatq%gn foun thagurm nce thalergf Are two <111>

directions in I cfur’e p?ane and ol ti P "5<110> hexagonal
tenpl ate di r8’é’tein5?1"31°flﬁetie§ ¥l 7ot PO TSR HEehierhérd 3 Yone of the
<111> direct ¥tfld aPpgnli@RattPshalitath t Hdie] eepcert endf ate€2é#imecti on paral | el
to the deposrefeoshai romet gomwport dilfferemt sdtsgrivwdupleheragfantise <110>
directi ons ain +a Ofingle 68ampdegr eSverFhpolattrar &8 USualabyed hieCase for

unaxi al . mat g&jedbSnend ae,ném ensii-eaadfechis | MIOnIB#RRIBASt be 35 just
bal anced agafﬂyglt the 3’%3’%&5 i;_L ngi NG gRer ggegﬁuregt herwsecthis symretry

breaking wi | t uan ess the

not
processi ng c%?‘f&iaﬁaglrig gFE™ | cﬁ]stlmﬁ?’ Ftﬂg‘lm%'nlff‘\%mfﬂty tHEUH Y ant s not . be’

symretry 41 (111} hexagonal atomlc 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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25 August 2005 broken, but the variant set will be the three variants

di scussed by Gong and Zangari rather than the six new ones. By adjusting
these conpeting energies the desired film structure can e ANaUS

Adj ust nent paraneters include S deposition rate, substrate tenper atur e,
vacuum qual ity against film oxidation, and hexagonal tenplate atomc
spacing-and naterial conposition. W have found that it is not necessary
to achi eve magnetic coupling between variants to achieve a symetry br
magneti c behavior the appropriate set of variants nust be exchange

coupl ed. The exchange coupling may be directly between the individual

t ouchi ng vardsant simhehe ehedrineitad apthispathatg srs secfelipwtwa he exchange
| ength i s compa¢ al¥ee bsthnet mighesimldieOrpal Bdl kbokb thardsfitedqyrai n si ze.
However, nor eapy akes r@dedsioh Gnphiaf GagnetTBORRLLS: ReXAGepA gl ate nateri al

‘directly -' n Qogﬁga'f;r bl % TRIRSH 6066 1l doLinik0eARs! &) the exchange

coupling v hexagona Lle it has been
obser ved t ?‘le HexZgoha Cmmaaf%ﬁet |Lc ﬁﬁ’sé:ag#é’ﬁa%hic °§I"|\rll% t9%er may be

pl ace ‘eit her 9ﬁﬂ‘tﬂ"é*r B?Poﬁht’t"t?pmoﬁ‘n PRELREg At v cEoymd | ey &itedd is nost
preferred tospberier ftiagirlepelpdvdot. iHongveranehisgye gdubgets@fi theas the as the
hexagonal at eahg tedtphat eetd tweirs absdined albh ebdtth butiskd. nwhége e  al ternating
| ayers of hexagoal réanpl ahes aR@rONedduniadbairaghelidc lsayefie To illustrate
that not g l. mé%ﬂét@@tfﬁ.ﬁt S o¥hé&! Qe@hodg%@éhﬁpl&nﬁgﬂ%%eﬁ:&&qtchﬁ'} a three

vari ant set, i's Flgure 11 early this is
not ~ uni axi aI %Ed %ryStalelogr hﬁc rB Orho%&e"t % {fére artcaaa | ar ge nunber

of possible \ﬁ/h?“’s“’ﬁ} PLEIPTI Y %‘"et%PP&f'e‘%/a‘FaiQ&ﬁ?’sc tioeadhi ‘éR?E‘l%t"‘ | ossl ess
magnet i zat i oRlrtEggonEenf ihcbpgh. sFbitiapi takeal Llgrowekengn thei ngl e crystal
substrat es t lsebstestd tinng hartdcedsd désactdwes depos.téor raal ateibst 0 t he
substrat e1sdi kget is9AgLe HorysBEOWHubkdABe, CQRbAidepBRtibR| @pyar iaant séts
correspondi n@.tQkthe o ChdshAldl ﬂ@taggﬂaqn;_%ilg&s of the individual hexagonal
tenplate grains 3. Thg,appr AR QL £8tn@le GOUP! G HALLANR, 48125 August 2005

formation of lowest . energy 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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are selected for the particular orientated polycrystalline hexagonal

tenpl ate via processing conditions and synmetry breaki ng 259Chanii‘nida5 These
coupl ed variant sets do not have to be equally weighted i n the
sanple. Also key,' 5 for used of both randomi n-plane oriented

pol ycrystalline hexagonal tenplate filns, and for single crystalline
substrates is the concept that the variants of the selected coupled set be
sufficiently strongly magnetically coupled so. that the magnetization
vector of each of the variants of 10 the set rotates together. The coupling
is nost likely via magnetic exchange couplin Hence, we adopt the phrase
"uni axi al sy®RetRy BRBkEH WEEltEndeé rhel CIP%/S‘% I Itbﬁ?eap‘fﬁréan'-‘@har acteristics
of these uni d@xsalssahdyneawl yndAsepardl rathec theh rhe evikathey, owdd.ch have | ow
coercivity amg, a8pusthiny tnss LompRGAGt kfiedfiopetid efesifedr yaimal | ographical ly
‘symmetry brsema rdTBla8r bél orea i4lef | nﬁ & de@néit! E:a%%ﬂefé“@h!lﬁéa' vari ant
sets do nqt Q&@%E‘on - uaI u%QPéé@E Q {atur%rea?cume- g% 10) textured

bcc-d vari ants g ras I ng aﬁl snmi' to

descri be t he *&heéPhi cfs 1§ b E‘é:s“‘gn'by ﬁx © % e Br BREHS crystal | ine
structure i §P%P§|?f§’dma‘8§éah§€mmﬂf‘h@ cUﬁd@ﬁFu%“néo‘?ﬁ?Fek‘i ti and A

mul tiplicitynef nehesery st estseveumabgatd cosrupl thasbelssed variadtgnght t he cases
wher e the vakbadthietf aasg@idphedreiein etructard.antisweaee, afuakdey wei ght ed

(bal anced) i @ova@hyé% of urd Bx AL Ridnakic ThhsvidpaseNMpr-BoMart Gdie the situation
and other i gk eLesilng ﬁﬂ&r 9. THNGLLANSARG.L eSPONSE QULkgR can be
obtained for th ca V|a case . can be

envi si oned by & ﬁg-ci’cféaryl ?Elc c]?) 8%%0': rrg‘%evlg?eﬁ(l %O8thE€d variants. |f
the vol une oVeERERs vErquarieis %’cﬁ‘j’alanéo sPﬁ‘éiﬂg 48 Futledthfsf JB8, the energy
density funcekdnngs langtorist aenpagsklehas Ik @M@péhd@qmered-m/ever, if two of
the six mar vatilagt afr@infsidef f eloestery Ohdrieepidtafrddnés aicheladeodr then

uni axi al behﬁé@r@‘:z.@%x@@&iéjlt refRRSL dﬁétetrhsl salrmbtgy gaseoNhes the two
variants wth. {;ﬁer eﬁ; gkl IMBS. of ggm 1s@r izl ggﬂaq% as one of the

t hree Stoner- ari.ant c1paELr the quantity of
materi al for °T'H énsbaﬂa' S 1% 3’5\ th “Sfour variants

then this woltidebigalbas hée%‘yrﬁf]%FWdar?&aHSthe IR AL

20 exchange coupling layer may be place either under or oa top

of the magnetic bece-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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25 August 2005 uni axi al behavior would result. However, the energy density
di fference between the m ninum and the maxi rum woul d be c%cj&eastegq@y t he
relative difference in volume of materials. For exanple, “of aYe coupl e
vari ants suppose 5 that each of variants of the Stoner- Whl f arth 1|ike
coupled pair occupied 30t of the total Volunme and each of the other four
variants occupied 10% of the total volune. Then this would result in a

m ni mum to maxi mum energy difference equal to 4026 of what woul d be

obt ai ned when all the 10 material. was in just the Stoner-Whlfarth |ike
pair. .Hence, the magnetic response function would be nore sensitive to
the applied BrelstlegtedhEoqithe RantierlaaxeTHERTateAePYy B FREt&¥ce woul d be
smal  er for theadootlaltenpipvet via mokbesmng Tinmgiviepsesehtsymaetiyt hod of

adj usting thersdrepe metharilsh0 Wakd edubha FRGRAE | €rbeddtioyehgyer neabi | ity, of
the magneti¢,rgsRANSA Yl YOGhEQD inl DolRBY iATRUDCLdnp1 e VH168SKdt, - | S

advant agequs L0 0aYCor Mhh! PLEoh N LML AELS . pd3RY dd s, hey heed to
magnet i cal’l y_ or electroni ca?yl n%ePa?:'g sqQ_the e%z__t% . 20 to be

n
speci fi cal | yP&Fi%EeYY o f§™PFRntat Ponaf™ el%ﬁf i SHEH E/)SC &Y them For
“exanpl e, to #miPpAtREs Roitde ingerll that ithe vaxiandfetly the eTdroted apply a
control ling kowumed absnget keffigasntinxssronfla meggidratiosicotphed fornmati on or
notion of 25spagRetine eapRtivanbdd Seddbrt bt ea@ndr cheaveriaats ofhis i ;

sonet i Mes; (aC ¢RIt ShRde by tBhAGERT @nbasipiBENeL ivosiBi el @lviaat the ends of

a rectangul ar _sh d vice rovid snal g o] i.c field or to
exchange cou@f‘%r,le?ggt%’%gg%%t Jog?#n%?' Li ‘Egl\?mces'e?’gi hd{% g%dg%/:i'a%gs there is a
need to bias 30-FHE TEMETY ZRTTSH | W SR Partralt Forsredd 'State. This

al | ows the naEbrReErsEettif PH RFhJbAHRL s 19areY difda*ifdgadtiVe toward the
hard axi's and tawrd$atss abbihd hevgnaw cedicppityg aod. esa.r épe RFR-1inearities.”
In this ani SahdRRiE pbhegreids.r esiast afeeadevrgmitdlaysi tyaketrgsi St ance vari es
with 35 the grientatiea-;anglie ledifien megnakivathen teddbbwa,to the current
flow diTection,; Hence, & S2eo0dcbayel oQfa1 GRMEOLE edihaldness or

ani sot r opy, en pl aced 1 n contac or. proximty of .1the first |layer, can
pI’OVi de theséh‘ilkl(ﬁo? texture(c::l .qyc:c-& varia Es. \ma Xse t;le rhrase

“gymmetry breaking 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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25 August 2005 stabilizing or orienting effects. Likewse, in a spin valve
or magnetic tunnel junction type magnetoresistive sensor %Ig% el %gb@:n spin
transport across an interface between the two stacked nag S is
effected via.the 5 relative orientation of the two magnetic layers. R C.

O Handl ey's text, "Modern Magnetic Materials and Principles and
Applications" discusses the structures and nmechani sns of these

magnet oresi stive effects as well as other nagnetic applications. This
technol ogy is now well devel oped for 10 field sensors, magnetic data
storage pl ayback heads and is rapidly being devel oped for Magnetic Random
Access Menor pHEmRAMPebyyien t4oeltmgastlitzat | HavORTt hébewsngBghet i ¢ | ayers

i s aligned tdensitgctdiftamlenreshivantethes mimdim zedl ashespraximir ansport acr 0ss
the interfaceouty eaaddedada pphdRCAAatFa albfereanphevols@asémg an external

fieldis accqapéflabsed Py enarnyieng:foeﬁe Isétyecrougg@k,aﬁanrcgtﬁpb% Wwhi [ e | eaving
the other ; fregg tQ deh Oifa%gn &% Qﬂé oéeé%sﬁ%s%r? Mgr éegltm films are

antlparallel and a common

direction asPfhe 5ﬁ‘ﬁﬁegd3°f‘| %%g}‘? %l ?E‘%eaglé%l W\e% flhee | ayers are not
al igned the fayaivRabIES coATdRtsd &A% B hh%ttat:@s vat@enot TReSnERYF and t he
conducti vi tywpeldminsispizeth 4 nmidisse typescipim densrgpsdidfferardeety of
orientati on geaIettd esothave aen WusCUBE bbtdihed Wkhéreratiurege but for all of
these theesi grad-1al Waxs depepds 2BeUpRdnih@onidaetdl nEEUIC@disagneti zation

orientation h@&ges be\gé{@g o4 hgeﬁgggge@umggt |‘90u&§yege -méxré sone device
ere

geonetries t , and the
magnet or esi sfﬁ?ﬁf‘él“éﬁ‘ fe8ctt fsa %i‘%(? lﬁ%cg W e’f%Fh‘glm%‘ﬁd’if’ct"laf)‘hm"bet ween t he

nul tiple fil APFIFeftHeEenceHuRtd PReSMILLT dival thretterat MfasgetSpl i ed fiel d or
magneti c st aveluvs. d8tisr nearsdedF ehuetihicd| of iadduestddg arhyl eldid.f er ence bet ween
t he pairssof alayed8iedl ers | yagnbhi: | ROeEper afdraeridfiitygyess the which the

ani sot r opy ca&&elp%g@nsgme@idned is essential to inproving these types

- of devi ces. The '1@3&4 :? t&é@;ﬁ? b{tolggnag@agﬁg&éoqlsl ayefadeechnol ogy

i nvented, and dIS consi d rable value f.or_ each of these

devices. A F‘H‘r‘& g’?’d‘ mei]iaé’efs er "8FY u&tT%e, “KRt i 157 Offagnetic, or
synt het i ¢ anﬁ?ﬁ’éF%‘EﬂH@n‘é‘fl e‘F%’Eﬁ%ﬁ'ca& SEEFAEIRRT G FosTg needs

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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45 25 August 2005 magnetic |ayers can be used to pin or exchange coupl e to
one or nore of the sensor magnetic |ayers. Control of the ﬁgl sot% y O

this layer is |ikew se of value in the device designs. @O%t
conposition of two layers to have 5 differing anisotropy constants one

| ayer essentially appears hard to rotate while the layer with the | ower
ani sotropy constant can appear to be magnetically softer and frees to
rotate. Later in this application, we will discuss another nethod of using
t he uniaxial symretry 10 broken t echnol ogy to orient hard disk magnetic
medi a. This sanme approach can also be used to create or orient these hard
or antiferrofagretEtnd Brerordertiegurtiecta newikeiiegr atedaciFP¥ui t technol ogy

i s energing lva¥ed owpwmunetie sipinnel r amsport fupec ewmsnetwdesipoive he ori entati on
of 15 nagnetsefisdrayieS kdidoal shon t bRERpoHStaddoseuss. idtzsadeechnol ogy i's
sonetines refgriRd 42 8% %eaazeraorﬁugaatmw@yer@vg e%fém:le@ $f. tiese concepts is

2 mROneti & SR, dLaN3LALOL: g8 e CAURLLA. L Sy Aelynctpon Of magnet ¢
Spl ns Inj ect eg ?O a current_contro

nre ‘The current 20
control Iing c?oﬁad‘élg?ylss el oqOIE" B9t HEC F’eﬁ?l Scomt IPS?“"&P “field control
produced in &°8pararatdernt] cligowErectie FEAMETISEHrandHIRERAELoDS or
Spi ntroni cs, of hehege iraghetarenissive effiegineds wehbreenpthar wdsaetimcti on regi on
of the devi ceppﬂm&e:rdﬂsnesuzhibe tephividgpendeant: welleclevervpall tdie el ectronic 25
carriers.igHer¢era GeRMdral rﬁ&‘gné&% QaﬂaeBE@J&g@%ﬁ%aéﬁ@ma&BﬁQH@tﬂsC state of
these | ayer s b B9S8R bovdibole setMiALONCdLRAL ALallshiahars can be
construct ed ﬂ V\g ‘ﬂ& ectroni ct, E devi Q‘F Furtherm)re
because M per " EBs Fifin "REiTe T Ee Qe{:té cte‘{’ﬁ 'F‘%W&ic Y& 30 el ectri cal
power is rerré?ei‘il’-gif‘?d|téleeﬁ%°§Fb‘F?édr?Wa%‘We§é miEpl ek aEafPifossess menory
functi onal i t yradFpeste atutasr the dhesxfromiie geblebornenhapese | Ferunf or eseen
desi gns . amsd ekanpat| oBahdinby anbuixtenaiasperd is assonpedshedondyr ol of the
ani sotropy epekfgdsnshbye206a@8L SRIEORY: Qhintaldien wid beds be critical.
The uni axi al fgymtlraea kel TBENAN D8N ARV A2 Pt hadol oy for

controlli ng t r!\.egn ipa gl aa'.’]n bnglgneft t%er%t gre allowed to rotate

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 magnet:o'resistance 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 magzﬁetic layer structure, antiferromagnetic,

or synthetic antiferromagnetic layer constructed from hard
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46 25 August 2005 ot her magnetic circuit conponents, which'’ can benefi t
frominproved ani sotropy control, include inductive prop h% e are
envisioned to include small traditional inductor georretrl gﬁztl C
materials in 5 proximty of current carrying conductors. The perneabi lity
of the magnetic materials enable the additional storage of energy and so
can be used to mani pul ate signal waveforns as in filters or to transfer or
convert power to alternative voltage or current levels. Thin fjilm
structures would be 10 especially useful at the mcrocircuit scal e where

hi gh frequencies would nornmally elimnated the use of bulk nmagnetic

mat eri al s. BoedrdtAadubivers <ard beragesi dpneis car exclengd stawndl twher e serpenti ne
pat hways of loayess mefe dFORBEICieoss angndtAgNEdviees NEletidl sfwoel d be used to
formthe :L5apagnet yco@eaﬂleeﬁayeme go&kgf REeHS Uk Oid BEORPIAt e a

consi der abl edgfgnse o, %%QEH Ehéb cu@o%mnche%elay@rert%eﬁmt0 achi eve a

reasonabl y_ hi extrinsi, Co t_JLence il LSLEncY For |inear

signal transfertE iRar  FHs °‘PY SR T8 r¥honstT s “GETFAbBYe, whereas for

power transf 8PPEISt BREd | €0 nHTtakhy E%i“ilﬁ &ar &ﬁY?rss‘Uéh Shet h&¥St her hand, an
anal og si gnakajdoreery aonbangoawb rAPpeanptoked naenstddiidy Goffani cati on,
requi res a nendl ixxedr té espanse,tapht cin cansbeppidlotaionedwé rethla uni-axi al

material vi agtiRiseashotne:S merce&aaoaeeuéﬂlga $1ar rXks10rdywRedryi €/ d in the
presence @ew rc%énb’:@c%ngio%%(d ALeNG: L A16 RN ga%ﬁtlémé@ MEr, gijgportant to each

-of these ces i s cgt ggletl o} Ioszcc;,;{eate & OJI:IYEBIEL': thCl herw se t he

devi ces i nj eEF"hSPEEI Rt §°% K231y i %h Sat “as energy is

di ssi pated i Ha’é%leﬁ W&Fﬁr%ﬁ‘ﬁ‘}a’ﬁo%@é@ssﬁﬁt‘r‘ﬁeﬁed frequency response.

Cearly the uniaki a¢v Jotegrphefetciyoudt okernmindivahf stFeEaiRIpb¥Fide a

met hodol ogy fipen therdpinldrengpotrherveersetnd uam SOtropynatdenmifent ati on and so
enabl e thgsemmi@bhgygeviﬁalﬁrt ridbutiese Anet hatssmgnet itaski el d sensor,

which utili Z@écﬁnlafoé}or}.s beﬁb%%e! TReANLg tyngd | neml&eneffhtn_s t remendous| y
from 6L 35Ios sl P%ﬁes and Lghfre uegL ?FP tion,. i.s known as the

fluxgate. FlUXga ts Aonty tsed t o "Seénse EAFTh S field and are
ext ensi vel y Ue&#§ Fﬁn"c"ﬁél‘?ﬁel P &r "‘I“Fl“rﬂj1 ot “‘agnemc 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 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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process to nonitor direction of the drilling process. This 47 25 August

2005 is especially inportant for deep well drilling such z:ﬁssf%‘n E &ﬁg
i ndustry where the cost of pulling the drill is quit sig ving a

robust field sensor to provide information for avoiding hitting certain
materials is quite 5 valuable.. There are a nunber of physical designs for
t hese devices. However, they all work on the sinple concept of driving
one nmagnetic axis and inductively neasuring the tinme rate of change of the
magneti zation i nduced by the external magnetic field al ong an orthogonal
axis. A non 10 linear response yields a signal, which is proportional to
bot h t he ext er naPtiqremggnatdc deirguitf resqoerreys, arideh i gam begefiond harnonic to
the drive fi éteh f rieguerdy. afisoteoryhe cofiesPponsendlesder opdotiisral to the drive
frequency, tpeoperenal, amplebéudge folvigi&Rl | c@pRkbadef | Qﬂtad:f. can be
nerease 15 coDSLARRAOUNakhSy (HEniSh Bl o8 BLLLLS chpenEN duhve.  However,

if the mater|al the” dr ed and it the
| osses ar @ dﬁmxtm%tyhggé:émﬁ%nt carryl%?‘l cong&?!t"r%tss&‘ha £ "'md"’a!é> Ptﬁ domai n wal |

noti on then PhebenBRERgrEndnteriahsierbie For 2dditirmadi ¢ rssiofed. 1f the 20
magnet i ¢ nat erdxal drdssa chp e besl beimeripHlaresyonse vataforghai ned by a

uni axi al ' symmetinyednr oketp Stranfettr &y dodaeert gewerc @ocaltereadper ated t o hi gher
frequenci es aswlagé tdr chetdner16R0si titdihysdia exheiefds Wbeldse Another family
of magneti,C dewi-685,CaReh8 Ue?ceq:hf mcgéu%&itfl'&a&é” VRédd aflgg and article

identificati I an]gm%gewouﬂ%mo 1y { mmate% atel ta S §or§)e f these devi ces
operate on t e non- Jr “others operate on the

princi pl es o‘f‘aanFt’éérmEtté?t?&ﬁse %‘H’pl Uﬁ“ﬁb"rser?é‘ﬁg}ri’tﬁf’ﬁ'@%'sf érel ater

radi ation.' FHEsEeelr obhere t RETBTLaRH s RAtbPrsen@Egy 1aa¥si t yfand direction

i s essenti al comducigas handTihegnrdic mabednls eepbhde wed cegotwpheal |y all ow t he
swi t chi ngsof midaer fRgMSA 6 St atree allebtnl Yndddd WAl |indBideBte whi ch generat ed

I arge am)untéorf%ﬁdél%ﬂ@@eﬁ:?eeotoft%ngﬁ Viehg il dosiW C.EH &gt hen detect ed
via picked up via,35 electromn ehi [ sensu ngc antenaﬂja_sL the si mpl est

mani f estati on tahe nonal Irggl‘ I‘ g I'S EY
hence, efflc:tency For 11near s:r.gnal transf a near 1:. ear
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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of very soft magnetic material with a uniaxial anisotropy 48 25 August 2005
direction. This is easily produced utilizing our uniaxi aI met r (Broken
material structures. The linear tags work on the princi pI “%‘56%? ng the
nmagneti zation orientation to the mechanical resonance of 5 acoustic
vibrations in the tag. This is done via the nmagnetoel astic properties,
which is a conplenent property .to nmagnetostriction, of the' materials.

For these materials a large magnetostriction coefficient is desired. Wen
t he magnetization is rotated away fromthe easy axis by a drive 10 field
along the hard axis the material either elongates or contracts dependi ng
upon t he coefifi esrefialdiyghmPoFliet fieapeeerc Hageristisgusyrll éntit o an acoustic
wave travel i ngeabidngndtdteyt aereWrdn téme adopsiliogwelve drédthiss t he end of
the materialquit dighAdschax.r ebi-Bet abaskwar dss1aHeatwr td gdaeideag 15 is driven
W th magneti qnfdebeidnaby Q%Qidi 1192t Wd BeftREMIRLr1 89" {£3RHAMI Ng tO the
acoustic tJf aqg}tl&abgl meTQ ends ﬁfs Lhe dte%% re ?s]lorlggge IS obt ai ned.
Li kewi se, 1f t rive xedffp I°én St the fag can

adj usted to dﬁ’ﬁ’tcc?ﬁ F%C}W TS‘Eﬁ k Fr%‘fearl al’® &e\‘?f‘c@? W&Fe ?’H:?PE ‘%s no 20
substrate, tHEIHEGUSR? CIFTEPET LTS aPe él%‘%"éF%H%Jr@de?s“trhég Ecousti ¢
properties oftlmdnerarfcagnét fimngat ef | gl wHgpehiertiopf induvednhgnetd ¢ material is

I'am nat ed W teRtamal heignariceEield @longl@posiimdontioaxis.Subshemt e t hen t he
acoustic iy opagahl QlupoREORBLLALS asrlénéiet ehidnned ﬂbgb?ﬁoﬁaﬂbdd?w properties
of the 25 ”a%”ueﬁ'&e”%’x Liah %991# %Ql natg 81Sen%9 ?Lﬁcﬁt &g However, the

acousti c resonan econ |t|on materlals ust still
be matched t §°¢HE HAGIELT Qflté’fadd"”drrel f‘ 2?:% 818 d8t%ct i on occurs
after the nagRERIES Er PW"FH—ﬂnall%" the SBhts ﬁa%renmet% St lacousti c
resonance 30awpidtpdsy bisat inuemalio aeptﬁregatfeeémd eonteacincgeasshe  nechani cal
resonanceuxsf r eamdeyablyi arigagimet osder | €4 | @€ higbugkredgntp tdhreveacousti c

vi brations t hswémgn%@fi 2Rl iRBeriMEChLY 1084dsl LRl @siad f&@@;e&ﬁ@*r hani ca
frequency, fak1 Ngqa ig] etl'ogs%é eLg ak,d hE«‘%V@ﬂ%eﬁ

resonance 35 uenc et ect

As with the “g‘%?g‘F%ar egfss%ﬁ/te '*’é1t8 d8ﬁ%’6‘rs aﬁﬂ

measurement sensitivity is also noise liwmited. If the

cham cal
ct lon ant ennas.

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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magnet oel astic tag device works best if a DC bias field is enployed to
tilt the magnetization fromthe easy axis. in 49 25 August 05 tg@g manner
- the magneti zation vector oscillates about the bias point, Pt i d
frequency doubling and inproves efficiency and sensitivi ty. For thin
filnms, deposited on thin Si substrates, or very then substrates etched
fromSi 5 structures, the high nechanical Q of the Si further inproves the
mechani cal -resonance process. A multitude of resonance frequencies can be
utilized if substrates of different |engths are enployed. The

M cro- El ectro- Mechanical structure, MEMS technology, is ideally suited to
10 be i ncor potaeeEdorn Bdenisn Etféﬂité’rﬂﬁéﬁdau?ﬁ}llﬂltmd’@ro‘ﬁn%ﬁiﬁue tags are
desired. Resowamgeybsaien obtedeal cusuttemgshs can  be micro-nmachined on to a
si ngl e substrat e ther1iaesi NGge wdd@Vbl ahe Thensngaeboaloasiing tmt eri al

deposi ted on n{agn@cllgaafon LhEREAR. cdUshe ar§ec‘l%ﬂ:rn:a@| SeidRALE L reuit

technol o9y, Y.yl Lhisss. oVl CBs, call DeupLOGeSaed. O 2 fe wafer i

par al | el Ice Is drive an-osmilam netic field
SRR M AN o\ et L RS
frequency- vitBreageeEafirigiispe %n@?egyat%yajsﬁnee‘fﬂrnﬁh%%e‘“ﬁﬁr\’lﬂsf requency and
t hen 20 el ectar dmigeahignekesitréniing goedfigieant iendesied. t Héeradieat ed nmgneti c
field responsegeachabnt e rbeart HaguBbhi vl ¥3sy0hxishpy apakiseng an i npul se
field andid hef-0bsesny Re tH@qVANLLOUSE mbeSRENSAthéLQUEAREES ox@ VEry uni que

si gnal si gna, énteras@%] AABen il ARG VLAY AGOURL Cabu NENBLG! ructUres can'

be 25 desi gne ? tructure V\:h:l_ g pr ogr ammed
after the deVrd¥e APeTHNBIFicRd™® RSFPUIEKSNSFE SV et WEcRAMScal danmpeni ng
of pr.edet er mthedt4eanihed ifedrPystic | EiYgt KeeBers athf 8 8&vid®e, a uni que

si gnal si gnatarerishritbéendsbtai reddectHbadwards.onfHencei nf #h¥BEM8 processed Si
subst r at e1s30 ishaisandstiofnaynétquerieag whevicesizass hataongkritat ed. Hence, it
i s concei vablgrilpbiigh 2ACHe REQMEE Mahdl tURIdUBethREn RVLLER, each with a
-?R'eqﬁﬁnf'r3Pa'°ﬁsﬁﬁ2?%*r%8°qah’ﬁé 3 phndly, e L oy anor gy, 55
The unaxi al % %ké:ﬁ n‘gg‘ﬁg %fu%‘f’ehgdlcagt Eﬁc’i‘%’ Q?‘g%

. match For bulk ma rlal devices, where there is no

20 substrate, the acoustic properties are determined by the

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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ideal for this application. Also, as discussed earlier, in hard disk nmedia
it is potentially valuable to have a soft keeper |ayer qﬁﬁéose ?&x?5
August 2005 proximty to the hard nmedia |layer. By using a

material and controlling the orientation of this~ layer relative to the
recording track, and to the preferred direction of the hard nenory | ayer,
can yield inproved 5 areal densities via inproved nedia noise, SNR, PWO,
thermal stability, and overwite properties. W have also found that the
use of the orientation determ ning bcc-d variants as an underlayer can
result in'some control of the orientation of the hard magnetic layer. 10
By i nvesti gathigy mehesepiteaRiaet pasitth veFtamcisoiislabes mboyt ddles on single
crystal subsbiad esive, havighf eumid tfhratuenthedeurdisg Sawe mproese epi t axi al

rel ationshi pgséfabtndavea heketaitpr e st ceeRiimy eattiosa Wai | i zed, as wel |
as, some  whigfy %@aglh%tyguegueozck}éaa%&; '&é%t%%cﬁéﬁ*@k&ﬁ%w th the 15
new y |nv%nte gupled var i ar strﬁctggfs VE |Qves% qlthree Si crystal
substrate t exture i eh atléhs P103E &N irst
depositing &BTESF APeARS AR B! tﬁ%‘-‘?&a’t‘ﬁeea’ﬁ‘é‘ﬁﬁur anE‘ié% lt%?ré’fepl t axi al

rel ati onshi pgegamaned r Ezegyenaionn cf obs tidiz@ht tht s@teat248,0416, Heng,
Zangari, anddsifecear pehdthsat axnsewpleyed. f orhexafiplke;Eleherogr owt h of
Cu(fcc) on Agédnze)cal perurBhd)yidMsCledbRoAGyf Ci) 1062100 (fue€dd t&0(fcc) on
Cu(fcc) op Qgrlmwa@d €8 )such @ abPCE)wiRR Adnfifi ) of ThidlBOP) on Ag (f
cc) i or  CoLDEp).oN i {DEC) oBLonIhlGRLIRIE il el exhenshvel v, 25
However , ) €Se Wor KS was evi dénce resgn eéz of depositing
bce-b nagnetP% WﬁF@ﬁFﬁ?@mﬁanoF°tﬁesnﬁ%geFW%?Fﬂﬁ’6? y*Rftet ry broken
structures dfigeicasede mwera%ﬁﬁéswséﬁﬁﬁé&aéﬁ?ﬁeﬁﬂrtyedb?rbwena‘slt eéict ures by

appl yi ng'  symrbeans.br @sdti @ wiret kb rantt corduiol tachgolidag eposi tion 30
process qendot i @hsse F@dviexaNphe, baephanesdisesh bat 1 degesi tihon in an
applied fiel gam@leﬁepqmew PR Alae@bANG! Grivedn o gl YsQnh&nkgd hexagonal

t errpl ates t Ojna%%xteg‘zl.cn hfl%li'.dy oﬁl?rXt lt':lingge S%mT%é Y aids Ok%ﬂel r Qezigthr en conpounds
I

and iron

corresponding to the. driving field frequency vibrate and
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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35 Also, we have found, as has been disclosed in the Iliterature,, that we
can epitaxially grow one bcc-d on another and again on angther while
mai ntain the strong texture and orientational relationshi %%Alﬂé‘ﬂ%@?ﬁ each
of the 51 25 August 2005 bcc-d on each of the three Si crystalline
textures, <100>, <111>, and <110>. There are al so other relationships.
Hpitaxial fcc Ag, Au or Al always forns the sane texture as the Si
substrate surface. On this fcc-d substrate, a 5 nunber of epitaxial
rel ationshi ps can be obtained for the follow ng |ayers. Upon these |ayers
yet other epitaxial relationships are formed. Wen a bcc-d is grown on
anot her  bccrdoxivdtgare thex bepde mediu| fayerWheby fusdrg # swgestdd on fcc- d the
sanme textur e maestikl s andoneser]llingenhbcoxikoratien alfs thsaneyepitaxially
grown upon, denglied BY 'the, ré&tdthgratLickal Snd Otc argd Verdmexidd € t he
fol low ng texture el o i oRSHPS nEfiy! hayBOC-dnt SXLIY e fo6s4h texture (100)
(100M 1 00), 15 (IO CI3 LT d LR . Wied Togs d"gierials are
epi taxial I'y grown_on bc¢c-d tTe OIOT’QWl ng :texlﬁure’ rel"ationsHi ps result:
fce-d textur_g}“ﬁ‘&‘@;ds’iaé’%i"cﬁye 250 SYFOBF ] FOOFCETYL) / FE1ty™e ¥F0) / (112)
When hcp mat épird sshagutke dapeCofakhoyeriepbatiopi éebarnitipg §eevin on bee-d the
fol | ow ng relatizaunshispsn negetinye? sahopstBX tiorgimbceedrdexfurte (1120) /
(100) (1011) bl htidnlOd @he/nakd k2nMienidhieri s epitaxially grown on fcc the
resultingeli is ?pm%@t didend aldiowing gﬁ?ﬁ:ﬂr@f ek ahisORSRI P can
resul ted: hcgt;\réks %):(1t %I;Lgélecccrgrs Xatlurs%bsigrgaggs)wé l(xa:.l‘v]él)found that
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 symmetxry 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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However, -the bul k phase diagrans of Co all oys show both an hcp phase"at

| ow tenperatures and an fcc phase at sonewhat 35 higher, but not_ extrene,
tenperatures and so it is possible to grow either hcp or e aist 3fen gr own
on an fcc underlayer we found the epitaxial Co to nost conmmonly form the
fcc phase and texture of the underlayer. Hence, it 52 25 August 2005
behaved just as other fcc-d materials deposited upon fcc-d tenplates.
However, when formed on bcc-d it formed the hcp phase and the texture

rel ati onshi ps noted above resulted. Wen Co is epitaxially grown on
another hcp it is hcp and 5 has the sane texture and orientation as the
under | ayer h&ps-¢ PR ¥gBhobthe Hewee cHs esystaktipst tegnurehe <€8%e. of the six
bcc-d vari ankistsr uehdr eslamnderTidescassi dize toaked megdleabmnshipd.ent at i onal

rel ati onshi pspiekeangcdeldotad ok milUalwys Padx@Bt thebs 281 &dre aRd publ i cati ons
by Heng and laue ZaN9@istrHQ HQUEYLS . W, haueg Iffaueetltstﬁastpét% ngw rel ationshi ps

i nvol vi ng ¢ e§ g\hépéga}%%m%at:mns Onétcralflac%: g almﬁ_}ré]e\Q/‘:)_,(_;Ie‘gi1 ces. For the
ec

three fcc rre s Of t hese, we

have found t A% 1°t"ffég S Fifre PR hE SRt LS CERF b‘@‘hFBr‘?‘%‘&aﬁ’sa oxi des and then

when the saneelptianships jaget freRedeplaint edPqrpBnist BFmsoR faaeEhssxi de t he second

netal | ayer bsofetharesne pekiaxe atdsplgr.oWserafide s $eineswt e f@xt ure and

i n-pl ane ori antit bofe ReRdry ASutlbt@ugBobdverf ivish v&Rtalmatkadae had not - been

OXIb dlt zefl 1utTht§e %t@éagﬂmty ¥BSm GHad dRoP&a bt,rUﬁ fwc alrjlatE?:[a@.t@hOf thte Slt o

substrate textures i.n e. e nost stable
% ]9 IS L 2YE gﬁ:‘% Q%L_ f@lé_)? V\?LO ‘text-ag-ﬁ %atn]onsg 5

agai ns oxi dat n I ( | owe east stable S(110).
And so when § i taxi aI films, by our current t echni ques, usually
‘the films that dE‘?Fé‘Ido ’t‘}ﬁr%’ffi'ldl)te’éq”ée of the 'highest quality and their
resul ting texturésf (x4 25 foll owi ng | ayers are al so of higher quality.
Hence, they are(mmg(ilhe easiest to analyize. Because of the high degree
of texture and | agle)pfiidopr ge angl e grain boundaries, when these netals are

exposed to o e h nor t hi n oxi de
|)a(.5€? and thgiﬁcggéegyﬁﬁg Eﬁl o %%%gk altlg gé es?(‘I1 |¥t°¥\1dfsmegt| rr:at edXIt hat

even for §‘6’rf§oF%xé‘§ or§g?te“°f‘5h]:§’tgnﬁesgblﬁt'é‘rl c condi'tions the oxides -

foce-d texture/bcc-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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can be as thin as 1 to 3 manoneters, but could also be grown thicker by
direct epitaxial oxide deposition or with the addition of heat or noisture
during a post deposition 35 exposure to oxygen. Wile extr érdygustROAS and
difficult to neasure each of these oxides nmay formthe rhonbohedral
corundum crystal Il i ne phase commonly designate as prototype oc-Al12C3.
Interestingly enough -Cr203 and & Fe203 forma 53 25 August 2005
continuous solid solution. It was found that when the first netal was a Cr
al l oy, then oxidized, and the second nmetal was Fe, that the second netal
formed, to a limted degree, the same texture and orientation as the
first. The sdfBagdds=t egectihigeniqahé TEenialst fepokitest upet dccahd the O was
the second. tdoplares, WhesverhehEe fmasedOxhdiczed ianfoinedstief B nmany of its
nmagneti c propgkté emdvere wegirdedladibnaddst idRa aﬁd%%f @eé‘lﬁ%ecimny addi ti onal

el enents t hatwh‘éﬁ-rbob@_sa%%gxf:aﬁlpgrowgeon Qﬁotﬁler ' zed into the
ayeri&-t

same crysta tergézuteugexturor Sxarrg%tahgrgta?ht |2CB phases

exi st . The a 0 SO €6 limted
anounts of Al ca nb%acé‘dafecfhﬁe 5% d%9Tet %‘2@? E?iﬁs?ﬁlqhien%’-"structure still
resul ts when %%idi wriany | Kegprseesi unfer kdiommesibat FeTi B8 plateTi O3, CoTi OB,

Ni Ti O3 15 camrbertatitedltxelafFa2EBipsatéer @s ategotd & ge sumbesntof ot her netal s
that in smalle, cumnatétl i afd canbhraaddad 0 kbey Cand Fey fRnghti.and when

oxi di zed 1@t igbkeve@SUhd nhie tllﬁeent% &4203ey %ﬁéﬁ%ﬂgﬁps%\i@{n it should be
recal | ed that l&souvrmlcﬁa%b?g thhe ox de tl S r%{ ty and |g was difficult

to 20 determ. act cry stal iy e o e"i'se‘ﬁ%)cessl bl'€“that nore than

one oxi de st rtg?:tﬁl?r@e est§‘ Fhe efFur%ndarﬁ} P eftati9RSE the first
metal |ayer #&¥fe °§eé‘B‘?ﬁf me hmee fopndothetaltBe fertare hef cailsi ¢ spi nel
structure, AbBR204 cande foreed aareides ypnd ridesiheontiresalespewadd conbi nati ons
of 25 netwl sisthah eapsbedadsed this dhesret oxigki the k0EdMdt h&a1Spi nel . There
(s also the pagsi Bohddiked Natieiharoxidles, L UL CaiDiiedhan one crystal

t t Cr t t ly.half fill d
e e A

orientation il FFe‘Wéﬁhz&‘?rs
‘ trua for all three of the 8i substrate textures

20 investiéate. However, the 8i(111) is the most gtable 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 commortly designate as prototype

o0~A1;0;. Interestingly enough -Crs0; and g-Fe:03 form a
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in a spin valve or tunneling structure. The corundum however, is an
excel l ent candidate for the oxide due to its stability ar}%H%s cg%nl y
known to formon Fe, C and Al netal surfaces. Wile anor S es al so
form it is 35 hard to believe that the strong texture could be passed
fromone netal to the other via an anorphous oxide. 54 25 August 2005
Furthernore, for the <110> bcc-d texture, we have found that the texture
of the six variants discussed propagates the variant crystalline
orientations if one bcc- d is place directly on another metallic bcc-d or
if it was 5 placed upon the oxidized surface as just discussed. Hence, it
i s possible tenteretvFobF FPuttisymibtiey Eruskerhatinthexi the fhest-d | ayer,

epi taxi al ly gebal aagezohdadlametign brokendbcmd thd ayesnd oxtadi ze it, and
then grow yetwaaned, hefiatheBe GebayPhet0N rbiRAOXEAQ YirdiBed RRgSAITE texture as

the first bCQ;hQ sahid SOFRL NERS %ﬂéﬂ%gt{ea,ga@t b aibangengpt sgan be
constructed | Elcgpu%%%g Lavel wgg -hBYES o extuie o r,el At bonshlt%s. if the two

vari ant sets 't ave been epifaxia grown o 'S one anot her, and
have. ani sotrcﬁ‘ﬁ?’z"rﬁéineFI v&’é’ns"‘fhéﬁt PSS Ke® @‘3%"6‘5 E"t%éﬁ’frf"’}?é easy axes are
al i gned. How@¢&¥ °fa¥Fslﬂaﬁf&?Fbﬁ‘f @¥ensF§lenveradegese f Ién@id{lay@r has a positive
and the othékee pegaehy @dditiiont) epsmepherigpt demsbe pddahsbant,. This results
in the two Iaryers:: hm/i BfY CHSY a¥exalliRa degs ecse temeOReysydat her. -This.
means th o] 1t N.: b nd byt he br eaki ng
mechani s?n£ angg agéoroues:faﬁ' Peé E%Oé:lh gecﬂ %‘e T§2\6TT§££ayn| sot r opy

const ant si gﬁm%the %@ywﬂé’s rmEh @ §éé¥ﬂnd5q1&9€?n |“§thobta‘iee‘ét 90 degr ees

W th respect al g thgiddar Shoudes- ok |A§Y85.n ®éehaMdt ROUte the wige -0f a process

that would n I ui k t NRLT Y, J.he second bcc-d
film Fﬂrt herg‘irm%lr-jl #%%gﬁzl . &rtggcthge F S pe%ulé%ne |c x%lﬁ | ayer, which
e

can be pl acé‘bkaﬁ’é tlﬁegﬁmfn\/\ﬁ Mavers, C‘??éﬂa'bé] f2d to adj ust

t he magnéisi ccelxcbha#@@dcmlpd-r‘%ga be‘tilmrenanehe 1ae@y;erzs-1mb.efl' iEso@m be adj ust ed
from bei ng sheong tRcWaRlkmas tidasici¥Ncdmgaeidsed | @y eke ics, mage t hi cker.

Adj usting this non 3tg Org% net% J!ng%(erst%ﬂ cjlgggu a.nd Eh;ée tthcdmess-satur ation

n'agnet| zation pr OdUC
structure. However; it should be recalled that :Ln 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 tunnéling 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 belj:eve that the strong texture could be passed
from one metal to the other via an amorphous oxide.
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.adj usts both the angle between the nagnetization vectors and the in-plane
orientation of the two magnetic |ayers. Hence, because e nge pling
strength between the two 35 nagnetic bcc-d |ayers a can bgﬁggwapﬁﬁﬁgd by
sel ecting the coupling material or by controlling the coupling |ayer

t hi ckness the net magnetic easy axis orientation of the coupled film
structure can be selected. These features are 55 25 August 2005 useful in a
variety of magnetic device designs as they allow the angle between the two
magnetic |layers, as well as the stiffness to changes in the angle, to be
varied wthout the use of an additional hard or anti-ferromagnetic 5

| ayer. This type Foktipghaxs.orfors the wde0d nbaedi cextwensweudtveoon such as spin
val ves or spaathdlepeitdetie daxfred | 8f Gryi 6€6. v aatsS0aisumReed hat a strong
(111) fre-d GeXiddBes qg¥e\la9@a§.r1t\’\’@%tgiﬂ.% Qﬂ.ehtﬁlghﬁ( l\fa&aeaﬂaé_ of the bcc-d.

10 Furt her nore, Opq Fén% ?Ul? ol |ag?‘g ﬁé:aﬁsgrg%? fn% direction as the

under | yi ng hexa na g ructure such as
bce- d(110)7 f &2 ed‘(P?crr) F’Becc?"b‘%’ff%ﬁ“ﬁ&“( 23 PASLEFESTEr ( FE27°15 is vi abl e,
where eit her itols POEFLLLET t1 HEVHER- 8. Ixgy evy@mey bEsperetripxbiloken by the
use. of the $yareteryerhr ezikeniplivesioan seroidHeymmeney bgekdrhieqot ati on t hat
the fil mon taheaydrefdéxiaizd he, "dua L}Serdgm,siy’éeobrai:h@a" btbai fieygn on the right

of 20 the "/'on ErOM:tiAe Lidd BRILEOftddbtre /as ithel 818AS¥HckM, recall which
layer is gn ts?:f? mQLr&w%gs%agmacagpéa QRER-AS 0 AP LLESBED, 1 he substrate
i's polycryst orle n.avera g rocess.

Vi a
Fur t her nor e, W{%n%ﬁS? hlalﬁeé *Y'e tﬁﬁﬁgeur’fia 3G gFship e edkyt¥xes of the two
magnetic 25 BER "&r’raé?eﬁ%tscg??tbéa‘é?d}’ﬁ%% euiteiatlvyere® encRP ®tther by usi ng

t he symmet ryobe exlother .meofi amvwemaatsdrbfereantraangnesantioprf edeh | ayer. I n
anot her, exagphe,signMutienplBe | @g@r axepidraXx hdigneal axiddevkayeain structure can
be for med.sas 136bR6ErY EddeOh Gl dhdiaxild hhi SURSLtalE andSA0ai M, here, the

"/ symbol dgpgtes A.bAYEL &QQS‘&%py"‘@Hérgy 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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the "O' l|ayer represents the exposure of the prior film surface to oxygen

or air. The bcc-d layers are magnetic, (110) textured, a
broken. This Chrom um exanple represents a non-magnetic E%iégm}%%@% al
that is ‘epitaxially grown on the magnetic bcc-d |ayer and allows an oxide
| ayer that does not contact the magnetic layer. This z 56 25 August 2005
structure allows the two nmagnetic |ayers to be electrically insulated from
each other via the oxide |ayer and yet wuniaxial behavior is obtained by
utilizing the synmretry broken structure. Inplied in this structure, but
not 5 shown, are the variant exchange coupling materials or |ayers. For
exanpl e a nagwsefilc iere (VBEisty afemagpetifrgdevice| desipngorsumkethmon t hat the
hex (111) | ayllow khelCGingl€ HeSwesti0fliz0 806 m@fnemiEcldyhas, anewdlayses . Li kewi se, an
fcc-d  magnetidne \éagfﬁ@esceaplahaggésayﬁr ereUCihgds, NePepeCanrbes 10 placed on
top of the fijg.clsd uls@yo%r an agalt\igﬁyl bhkg ogxarfiﬁe tayeranspin dependent
el ectrical tunnel gn uctl on V|bcgs .have een construc ed as a large
effect maghetPe Tiel d &

&ns ese device?, Pust®as i t9 " The spin val ve
device, rely SGBHFIEHE el Bty o‘?ﬁ c SPHRNZPBIE 1% hEPTRS sBFRSEFYe to t he

rel ative ori enneglion dsvi¢ase nagnetic |ayers. However, in tunneling devices
the current is dier edked fpetdetititc 4 astioagt et | mcp-ldanﬂexaimda tunnel i ng nust

occur throughetdiepeoxien JFadi bhonad | ¥ix t-hesendr eusdtdl Inse-gonstructed from

fcc Co 0f1d09fp{{§éﬂe9é{oxl‘éagrk%' C:.nl fY&ES o‘%éﬂa@orﬁ“as@um&’g“ Qﬁe' Dsil ator layer.
The use of a oxid 5 Sth hed upon. However,
e has

* pup
deposition o r‘?cﬁ:éo%xf’l Lﬁléig’ft:\&syﬁg%’d%{e agém\a,\jf g#g}and aﬁl on of a

deposi t ed, vé‘F?’:E’c'hFr?‘ab’B‘F VEFYSTaF 19978 38 oxi de | ayer usual ly results in
conduction pin holes. Sonetinmes the Al has been 25 deposited as a netal and
t hen post oxi di zé&de-dinu) Hfecallsy) Gice-d (Live /hexiiin thodpial 4siyr10f t he underl yi ng
netal textmure uniformty of the polycrystalline oxide is still a problem

The oxi de | aygrvihekngsse shieuts epldorhe sbeut dod-@ ZayeRBnaneters in order
,f or the tunne ern%gglyenbawl @ﬂetQSQe go - %ﬂg@gl eblgég}(% Clearly the

'hlghly ori entec anism %Here we use the notation that the £ilm on the

left of the “/” is deposited after the film on the right of

20 the w/#,  From the tilt angle of the “/7 it is easy to

' recall which layer is on top.) Of course this approach 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

56




to make the oxide structure |listed above, where the Al is wused to replace,
or in addition to, the first C layer would benefit the in de ent
tunneling device. This is especially true when construct?g"g‘fﬁ?ﬁtpfoﬁg single
crystal Si 35 substrate. The uniaxial properties of the symretry broken
structure enable a considerably sinpler device or construction process to
be devel oped. - 57 25 August 2005 Yet another, exanple, of a multiple
epitaxial set of layers allows both an oxide insulator, 0 to separate a
conductor, such as fcc Ag or Cu, fromthe two nmagnetic |ayers 5

bcc- d/Cr/O’Cr/Ag/Cr/O’Cr/bcc d/ hex(111l)/substrate. For brevity, the

t ext ur e- and' ¥ UEHER PoIPYEekRft ten RIS iarieyerptoshoRhectsifaldie understood to
exi st as di sétusdetedbince. 26h Wigrert éa Aghe omdidet Gryearandesyed current, the
two magneti Cunid&gall bapeis: Ol dBciiiRanbgnetilezihdixcigenstwadag in a cl ose
path around bhs.RORdUElAte (©: Gy, shN thil SCRRLLAI ahitooreach of both

magneti c Iay [ SRy, be n| axial W iLh agl sot.ra -"-%é dij ;Ee{;tallons equal or
different. owdln “tHe 15 relative {’% rneapi | Eg/ I's greater than
one and t hat a‘fﬁthog" PAPFFTRIT ¢ BeFehtY ][?é(Fﬁs H&v&*%een constructed

t hi s repr eseht st "ebnERROFNE} ddek offisc hehi H1H | FAYeF ngtrcsite 4fd with, the use
of addit i onakowrereilicdr sroand thamgred | dayexy eriskawlsei plan t éeardel ect roni c
transf or ner sugmec20 Berieanstoytisg. ldyedlchancead SNfHeOpahi @Bal to the

magnet Ib cllo[ e} Blce¥ CorP 85 RRDE e malviecchavlea élpund that relative t
erneapl i1t es e LN i ruct ur es
P ﬁ?ize Q%I;'ggtl'g‘gl gx:.deq'f %XI a 3“9‘1 %eﬁ?rrg:leng %p gE %

"exceeded several un uni cc-d film

structures. BiFeh e‘?%}l‘étmf‘o‘?ev?%est BRFE REEAITOREETRESR taiscaf rﬁ’ﬁ t he maxi num
operational e¥fieehAEytis faplh eeneet e?’?ﬁ%ﬁeée‘b‘;‘/’eﬁheﬂ’fsér forHGhet i ¢ resonance
frequency or tipy sptdlyvalue rdaviiss, itkly hwost thec telieesronde erpaeterthi ck. Qur
nodel i ng isndbEiateserisbeivel td ThelelgtiveeaSenbddiontdE expeaatnaper ati onal
frequenci es fyedsf eWodlle@ gaRerduindiSngg k61 Qs Feeal bien: FQE uni axi al
materials th:‘recEé&)Bé@&e%diéﬁgP%%’hé 1 01 QP LAk {hGwis00t of the
occur through the-oxide. Traditionally, these are usually
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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cross product of the saturation nmagnetization, M5, and the anisotropy
field, HK For linear uniaxial materials HK = 2Ku/ M. an&@ n%ﬂf 005
ferronagnetlc resonance frequency is 35 proportional to thé€a o%ropy
energy density, while the perneability is related to the inverse of this.
For thicker filnms where the operational frequency mght be Ilimted by
eddy currents, making chem cal additions of only 58 25 August 2005 a few
percent of secondary materials, such as Si, NN, C, or A to Fe or FeCo can
increase the resistivity substantially. For exanple 3% Si by weight in Fe

results in a 5 f{ol dang creag}@m! . co duct|V|t 8 ltga:'pmtﬂetratlon S depth, or
skin depth, of e ?ﬁ/ carrent 879 |nver el 5’ Poral °t Fhe squar e root

of the inver S&erPefHaasi F"PP&/ Torfauee i Vi a?‘?%ql?eﬁt?y §5PUTRTEL 2 Qur esti mat es
i ndi cat e t hatorfdprtarhe spelopdss etfcgdgner r fuit hizomt lbe t e krrgseticof t he nagnetic
| ayer wi Il hamerto approach one or mcrons 10 before the eddy currents
limt thesoperational frequency. Hence, inductors, transforners, and

sensors nade utillzisng, vREES,EYBVELLY:-HHOKEaR ppsq,ggélglt structures should
function in the G ZI I—/Ig? z&rsénée |/t c'!sﬁjgu dﬁbé stated again that due to

the variety of 15 s mretry broken coupl ed variant sets and the fact that
epi t axi al gr B I]?r?ﬁ&éﬂ' dth5e PR Pes OREE R Mg T RIREASRAIEPT (7dPVi dual grain

of' _ a pol ycrssishem, nburgreryngeryised eto eai@ture fcussednsgbivss. and t he
devi ce caoncepie ahplag kondwetdr @orier ystatdenne thiel hvstmagedtires and singl e
crystal 20 swdiat w@&spé@aaracé QBgEthg| €6 Yedaahesllat patrRsesuch as Si.

Li kewi se, ot fgs, shagheoss Koidle témﬁtg ahes. oan ey leaﬁﬂgut_-&lraaoduce the
uni axi al symietry_k r%oglg ctures WI th e Xcept, |t9nal |y strong

ma ne l
texture oriehtation, - such 5 t’[ ers ey

mmnl aval | abTECe anb GaAs, can be
used 25 proviRhERTTRmKL HEFRECL R I?F%a]l e % b pr B’é‘ﬁ’ﬁfm’t%é‘hﬁex (111)

t enpl at e1éndr€t1ha%veepmr@%ihalperrhﬁaﬁlﬁtlymgmtqrs thashres ged.th¥et anot her
exanpl e of aliddvicehidrilycanrlebbrefl i tobrom thackeynmistvey bBreeken structure is
the growth oforn¥egnebdcC.chisGeposahel RYcspALe. cl8etAntbanhargdifagnetic | ayer

is usually inductor; and with. the use of additional conductors .and
magnetic layers 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 field, Hg. 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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conposed of hop Co alloys such as CoCrTa, CoCrPt, CoCrPtTa, CoCrPtB,
CoCrPtCuB and the like. In each of these the desired crystal st ture is
hcp to enable a high anisotropy energy density constant. <Fr _‘éﬁ“ﬁ 1y,
hop Co 35 is grown on Cr or O alloy underlayers to control the
crystalline texture and di sk substrate is nmechanically textured
(scratched) along the recording direction-to achieve a preferred
orientation ratio to be greater than 59 25 August 2005 one, when conpared
to that perpendicular to the recording direction. Having a hard disk
recording nedia oriented preferential along the recording direction
results in aa fEwyhercegberic petangaramdtodplies sublerasafisabfi iory. It is well 5
docunent ed that tponFsa 'dx (Feltd) text uiredeamrdernthayeresimeiviCy al |l oys

devel op (1013)pseb¥Staal) Neot exbpes 3the: UgXtuighe $n Fef@Esrd to as the Co

al | oy quad ChyS aé &%aeé&eg@eerﬁ WBaudeQWLe,ROSSIRL e LAYl S Qi entations on
a single 11 textur Th| IS, N9t the ideal hcp

10 textur écpause % he’i‘]‘ﬁ“:tl e >(| s WPEh IR magn Jtmereeagy axis, is
tilted in orPERCTHonehe F‘i’l rthepI AB2EY aﬁ?ﬂh 25 reé§“’erﬁ8vert hel ess,
thi s textur epdrasalpddny1pspductéxitonstampycy prodveti a “dndestindteswer e ori ent ed
al ong the rectcdtnghéi edod the eedposnd i deomstdyd theer ¢he cdriskaesabl e 15
benefit. Beca@&@eorﬁaghbemdeweiinzaawrtof kfdrda@f ohbidr whbtsxs the

magnet i zghi of.NeCt Ofc k&S dB.Lde @mte%zeogbqummf Ergkey.i NO the plane
of the film_This en_reduces _the possible glnpane

?ncg, :.nr;'iuctors tﬁ ffom r? an sens?rs &ad Lhi_:d %[ ur ed

proj ections rieptatlons

crystallite FW%OS%"WI@? %ﬁé“aﬁFr’zﬁJrglsE?c&Fref’ SEAY-S PRE“&Pctan (1/42) =
35. 26 degr ee¥n Wwihe [Figedisatt ®@89%-he hcc-d <160> directions. |f one considers
th for epitaxiakt Ghoald &p grayed hagshentidve dusyipmshe yvalsiekeetffi | s provi de a
tenpl at e 1w t%@@f}erﬁﬁden 280l EE CdrQBnt OBetsh@n@@O tAk | Bycd ocgeow upon. This

t echni que of %1 gk £gt |d}g‘“,@}1 t gt egh adQ5i gt aoddnder | @y edachr ovi des a

pathway to ag dl sk or| ent d. e onsid t coupl ed vari ant
palr E2- 1, tmt EuFE gra:.n f E gaﬁl g W Fla’l g’?es

' yme ¥ CoU vari ant has the its
<111> cryst aFofuEe FeEete ’Eﬁllpé oFf'ée dteﬁ’acte 8 IgeB’éﬁ* é‘PP:@'f P§° he (111)
hexagonal polycrystalline film structures and single crystal
20 structures prepared on single crystal substrates such as
' 8i. DLikewige, other single cry.étal 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 densgity 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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tenpl ate <110> directions, along the 0 = 60 and 120 directions. From
Figure 5 it is easy to see the <100> directions of the tv&ﬁ&cc-&gﬁ)lls.
Wen a Co alloy quad- crystal is grown, the projection of H is 35
approxi mately at +40.3 or -40.3 degrees with respect to the bcc-d <100>
direction. Table |I lists all of the possible quadcrystal structure Cc

all oy in-plane easy axes directions when grown 60 25 August 2005 an all of
t he six possible bcc-d variants di bcussed. An ideal, hcP c/a = 24(2/3)=
1.63; crystalline unit cell was assuned for these angle cal cul ations. As
an exanple to- understanding the calculations in Table | consider the 5
first vari antpe ajwhen Témepatd) Xodiadc Prorenidscdlpst bul tie 6&26ingdegrees in
Figure S. Hemtesctibe tmrihd- pl aaed Coisk- atkesSrdipgomedid onSentudl d he at

appr oxi mat el ¥, d3efr 30 2280 tHeORLESRIORL 80 kOid&eturttd i @ntries in the f

t f I t-h 10
Ibll: gke:]O\IIEVZO- h}.-%grecd’]ﬁrc%)lnc gt?c{ bgl%q[egg%r}/e Ql.e st'. IYLQ{'I aBE SJ.SOI-JE e symetry

u e_can ct the Co
al | oy magrfat 88?%?%1?‘71 |tﬁ%t éﬁ??‘é& F5p e%ttl‘“f)'?%ls“ﬁﬁ r&ﬁyem e selected from
t hose of Tabélqys deysdse F\Rél’oc,CEY’EFﬂ@/ﬁﬁ éﬁ‘f"é‘re\'/\he‘ihﬁe?;e’%‘ﬁ?)lléd or not, would
i nduce- the eefprred psséhbite Co adlbyp\auedrdrants fssweeatiedevdteh obt ai ning two
15 quadcryst @bsr pbeeiewaddstisherfamations each aingiéecdyspalalcr and c2 bcce-d

variants. Howeysf .wiRECAUS® ¢dxeuUt OfniRl ane nsdermgnehizatisgpn forces. would
drive the mag Esﬁ'édréaﬁécgﬂ ik Hop £ a%ast hRubRi thi rmaghm% ddpe four c-axes

pr oj ectlons in and eqr e@s for a, and
155 20 and 73<%ddfr BEte o? °“§| ’g lg’thé ;fsr%tplan?wd” ar%eg:cl Oser to the 90

degree di r ecBPFifef han P‘ﬁée’fthle?'?ts t WoHEr et E T he NG5 d¥fPee i ect i on t he net
. coercivity akwrpsitedy9f6r degfiieeandli ¥fediti yare sotiiegtrst alhmeh ¥%at al ong the a
degree posit retordidg eaidly, dikecuiesoridi nguld abé shoubdsigerawleent ed al ong t he
25 90 degiseepngdidree! i OReltAusablAI Rn@NadmRgnali-Ge Rl eRbad i O f@ki 0 greater

than one. Un A B oLty ed o off OF good SN-R,
t hat the fou%kgossgg éﬁ@ggtmgg&{ - \f_d,é nﬂ% :i’éf'%ﬁ%}; %’?ﬂlg?gtgugl grains, which
magn

e
are decoupl edP® FBFT APE° té‘ﬁsﬁfane hﬁes etic symetry

the possible number of 1n—p1ane pro;ect:.ons of ~ c-axis
orientations on a single Cr (110) textured crystallite 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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30 broken bcc-d provide the tenplate for the Co alloy to grow. However,
magnetic bcc-d symetry broken tenplate can first be gr ow %H@St%gﬁ the
non-nmagnetic variant tenplate can be epitaxially grown ont

di scussed earlier, while not necessary in all nedia structures it may al so
be 35 desirable to have a soft magnetic keeper |ayer below the oriented
hard nmagnetic | ayer. The ideal easy axis direction for the keeper would be
perpendicul ar to the recording track so that the stray fields fromthe
recorded bits drive 61 25 August 2005 the keeper |ayer magnetization al ong
its hard axis. However, the easy axis for the E2-alc2 exanple is also at
the 90 degree 3dsPfilde. it repsiddsskay-darddierthcesecedit *8 easily
reoriented toadshe Reegaes POs/HL0D. LY ehpRsSiNgeaudidmberiak With a K < 0.

Due to the WQEEH t e IS cuPici@ngirc o preferred
symmetry br 4&3:5@9{1%% gé)néltg&@ & %tt gﬁg #{4 35( %'t"g |lal h]'(rgadl ally on the

po
round di sk tlte catl P%lons el altl'geéb £o Ut HEPEUHEt (AFe normal . Qur

findi ngs ar ef’t‘ﬁ‘&t Varieghmet ryTlt?ré ‘é‘ﬁ 5’%1’??&16‘? éecanstid #8 HHR4&i ned even for
pol ycryst al | feexrets | By Piayve ded Hevee( 18 tweeXageisakr Cenptatie is highly

t ext ur ed andpitdiecilepesivouth bangke apptdximesgect 14506t hadsudsstrate normal is
constrai ned cdRebfontlithidd the G+ Gagdegafesed r@MchderiR@t Bdw ofhe i nci dent

angl e Is shoym, kN Flcgugfdet& g%htt@matatl%w &%@&Csyftmé@terial travel s
al ong - ch is_at an 1 M Lhorespect toanr%_ (z) to the

substrate ® ol BFE=T xE3 c?/\ﬁ’en t‘ﬁ U SEi FrSf gt & al°"aPFTVes at grazi ng
angl e, 75 d8yr et Phé“aé‘t‘?'i"EF’éﬁ‘iEF’&F ﬂ’é‘ﬁBEﬁctPYo‘%’fFé’é’s"é‘s WitEt he symmetry
breaki ng net¥idd bs ssdegtesf feen ithese Wietrtlhel 20 Gep¥sitiPobrcafigl e is near the
normal , 15 degrestss, twhethedepogiltd orxr efcki cwverldy ihducsuphs i @ighbut t he symetry
breaki ng tepylsibe doMalish. valiitappbiakin Wt ackmgnaid ewbiel d is also

very eff%@“é&%dﬁ%@iﬁiéy QEQ@J('wQ&dr%Eh%m Byt Achcss dnel @eLiW th K1 > 0 and
a field directed a]hong he track 25 dqu)ctlon ttgeachle e the E2 ,,.,2 are.
t

ari nts lane
required. D% § sTHARAFd nBALT act uT] Nng process. o i ol taneous

deposi tion GIeRREEFFHE %ﬁt’cﬁ%twﬁuﬁ deireofht H@gﬁ‘?t'&ﬁa%“’f“aﬁ?%ﬁy directed or
circunfer ent jnklol $heli thdet SHLf pdire. | sheofouweryaxesndtiegeions 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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to incorporation in to nodern hard disk nedia manufacturing 30 process.
" Table 1 Variantbcc-d <100>Two in-lane ro'e wuad stal NayIE, dogn an

i eprojected c-axes angles relative relative to tenplate.to ter%‘?tt% <110>
direction, =0. =0 <110> direction.+ al 65.264100.52930. 000
a254. 73690. 00019. 471 62 25 August 2005 b15.26440. 529-30. 000
b2-5.26430. 000-40. 529 C1125. 264160. 52990. 000 c2114. 736150. 00079. 471 Al so,
we found that by first depositing a netal 5 wetting |layer on a typical
hard di sk substrate surface-that strong (111) texture could be obtain. The
i ncreased atom c surface nobility provided by the wetting | ayer allows the
cl ose packedthexkeaerert oldyer m agnehigabioragaieny tEyepl Ml  axdseri al such as
fcc Ag, Cu, BbyevhiFehereagyedxia $meptieo sll.akkaple Asnesaragndki ¢ Co al |l oy of
Cox-,, Orx, Whgr&egre®aidsriixplat isi sidpuedRr adhieh a¥shangeircqupl ing of the

bce-d - is not, dﬁqa§'£ee deat@s LURdJLhale 3.06R8H! beduaprghaus  metallic

sed
| ayer proyide n_exc F ent ttin n any

appl i catidn WH&F&*h ™ eli‘ % wg fge\?\?a %geesf“af%%ceurmﬁocmﬁ%%inconpos| tions of
Ni P or materfhl% °1¥‘H’é€rd?'i'c‘f ‘B’GI RrsfarEsd SV“‘%EYIIP”&F‘F% B8¥Et i ons woul d
form C15 ori<t4 @Erwstfalthsthqsrc@ wmegerizd eradisl Io pm trcrdundddisinor phous
wetting | ayessrfeberendastian degis irkbskivExanpihessutsfrdttee n€hdland Cl4

structures ap@ @ihadnbaXafnek Xa Xd¥aet 8 p20kdre|strdduke ath bed, -, , Nox where

55<xe75 %or%aeﬁé&%oan fo& baycmttsm tehylma{ormdwechgzﬂi@aa' | oys the
equi librium ‘g? ase geh te tenperature

e
phase .tran 2iafg%na:"f rtS 1aat8rgs Y r DECUr e o %C% éep&iqstloflt is believed
by the aut hofP*SiRatitth&eTRecEi iy Be f‘ Fhekgats FoFed 38 E?Iifltf’?’tf’tefium crystal
structure enbanee wibkieinpnepensi ky7$ oleganes afvomphisusaokindlm t ahkormin the

i on-equi | i briguatdd Rnbid Me depRsithi @Ry yHe0685Suner8 €AChBBXagonal atomic

tenplate 15 Dbee-d material travels aléng -r, which is at an angle Q

with respect to a normal (z) to the substrate plane (x-y}.
When the deposition material arrives at grazing angle, 75
degrees, the effici'enéy 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
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material case, fcc-d or hcp, the use of these anorphous - |ayers resulted
i-n strong, (111) or (0002), texture 30 respectively. in tgg @%g ¢ Sfost hese
two C15 materials it was found that they could be exposed to xygen and a
reasonabl y-strong texture still devel oped. Hence, the grain sizes of the
hexagonal tenplate | ayer and following |ayers could be made snmaller in a
process controlled 35 manner. 93 25 August 2005 Wile a cylindrical
geonetry is not needed for magnetic nedia that i-s not to. be used in a
disk format, it is needed for nodern hard disk nedia. In order to achieve
uni formand symetric deposition, with preferred nmagnetic 5 orientation
around a di sk subgiirate stsa&ture, |a new.s2acuum spao.ner i ng| cat hode was
devi sed.. Figure|132i ||l ustr8286 a _¢ross3oeot i onial v#edeof al rod shaped
sputtering target 115] cogpesied off bcdeasaeat erf al $®800depoisiti on on to a
di sk substrate.l A2shi el d1j48§6 and!nmagrea.eod 17]1 to Ia4dllitate 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 sputtere eri 2 1o arrive at .the disk
surface along a S%\ Hal Jadltiregt d%’ngatb ft%rs'i Zil 158561 el %tence Ar gas is

15 i nt r odGcedetirg Yemer PRch dPLtidnberd Giak é“?ﬁftrﬁ‘ﬁ%fufﬁ%ﬁe ¢t ween the
target and asveemar (1830 keektetd epeld FajcbraioncB fageegsthetepidt t eri ng gas
[25] in the wintané tyobdfityherowigadtley ithy vettged luyerndllombz@® it in the
vicinity of tivse GaSked URStial 60 THRmSBYLd €4 | Rkagasalal e@ppirevi des.a cool i ng
20 mechani S%L&raglanéicﬁr aQeééc Al:gorfbahqq ,ahge! 40 &Be wehgl cocool ed shield.

A low ga oPr essure eS|re 49 epa bl 18, sgatt nmegn free path of the
sputtereé ’lef”al %*o & TED arabPetgl Or %n %ﬁ'?%é a{;%e di stance from

the target %‘“‘t’ﬁéf’od?"sks ﬁiﬁgﬁrlrﬁ? et THEREngP e‘?f’é’ﬁ’r % Rk trhﬁnifif)‘f‘ndzatl on of 25
t he directi ofs ofott Hesissdt t efledramafeiicalthyly aaPsPeritgd gareeBR*e col | i si ons.
Sputtering weardlidheéatar getvidad anpeeddlenedettdng lspeewhat coni cal shape
causi ng a deposi ti OpaRatdLal-f O doye abarigetidn0 vhbe di sktatagdie desired range
Of» i nci dej_@t .wgé‘lgi!eg.%‘ré&e,t %&E&rﬂyﬁa&”@o&p%s@?ﬁnéeéf I&’i'@wgilerﬁateirialgas been

that under bulk material egquilibrium conditions 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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30 found that a nore narrow angle distribution centered about 45 degrees
i's preferred. The target rod dianeter is small conpared t0 1%@{iﬁﬂsred

i nsi de disk recording dianeter and so the material |eavingt ar get
essentially follows a radial path toward the disk at all |ocations on the
di sk 35 surface. In conbination with the target surface profile shape, the
disk to target distance is adjusted to set the deposition angle. To avoid
non-uni formty produced by the magnetic fields of the sputtering cathode
magnets the 64 25 August 2005 magnet structure may be rotated around the
target rod during the deposition process. Wile not needed for this
current work it MBilenvRsioRéerinat opevetay gdef vl steeiedotiery to a sonewhat
coni cal .poi ntagde-bmimegid hrdat arsgett tto B leeddwancéidk faimati M6 to t he
magnet s, towasthdeh&s dos knodeetiRba adieRneaifor mal opmi-htd ra@midvde di sk surface
and center dudpg Lhe sﬁiﬁxp&%é'&@oﬁu@ﬂ)’ WG ?kéﬂ%rré'c{“u%gﬂééig"\’s for

ad] ust ment, 0112 AROSLLLST, BNl €, AN0.HERPSILLD, LaLS, Slouiar ! ous

posi tions "al on ?l athuse of “tHe g ek. L * 2107t he advancenent of

the overal |l ‘83 FH’r‘-? 5f ‘i“?‘?@ Faf gdee[‘”serdel afigFs g3t Akt L}?ﬁﬁ?l‘éefs al |l ows for
cont'i nuous remsacé?@mnaloffi%ef\mmd tshpRRsk SPUTESIng FevestdESdsition on to
- many di sks befored t it Fedumrirarssl biwropiepesition repl scea tdisk consuned
targets. An ks2Esd.i Ng d1ABEd | LeRrdn8efagheod [15] s padiigriteeasputteri ng
nmagnet s apouBthdeBeidandgina The 10Emg.eetgh§ t&ldsed ramrb rmgnets can be so
arranged to  provide,a,spall, | ﬁée nQR; N§ d9isbLe, ?mgg}g%{ q:i?fel eld at the

0

di sk surface drrecte aroug}é1 rcu er ence Thi s

di rectional | ?P"r}FBVi“ﬁeEargﬁt brftf § b? EaRFH h?OSPH'EE?fSFH sm in

addi ti on to ®MHerdRpdsrl itenagtivamrtafe éils NEUréRet gy ore ¢hariiem of deposition
in a nmagnéti éifeiceiak tandhedp apr emaitee BT cinbidenagnt at Aongeé tthe magnetic

mat eri al .15FointraagHRat iigebcend oRdRni ahamdel-h WK1>Q tdaehpronpiked easy axi s
from both sypamiey lefl@ata%nﬂtrr%aaru SHarepi Rebies. sriRi1dkt hoggsand structures
to obtain anc&c‘eﬁ@&%gf teﬂk%oéésuﬁ?qglﬁ Qﬁe Sxy:.m:t. yop Qgen structures

have been invente ese, can8 e fuigd to pin, via

exchange cougﬁ’u{ §r”’?h5ar59§f:t griettéct ayerd ¥

isk 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 from
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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the magnetic devices utilizing a soft magnetic layer. 30 To further confirm
the information al ready described in this invention descrj'spAﬁgg]gtﬂ)Ogel ected
set of physically constructed materials and the anal ysis of these
materials wll be described in nore detail. A large nunber of thin film
sanpl e structures were 35 fabricated and anal yzed. Four types of
substrates were initially utilized: Si(111), Si(110), .Si(100) and gl ass.
The substrates were carefully cleaned via intensive washing wth solvents
such as. acetone, toluene, and isopropyl 65 25 August 2005 al cohol and then
washed wi th detergentand hot water. They were then rinsed extensively with
distilled wategnet issoprtopy| may cbhokotatedt prdwd ideertaygrt werde bl own dry.

Thi s r enoveddatingOotigaiepodi@sbml pescessat eRhidRd no® teeBed Xbratigaus netals from

the substrat g@grrefbe woki SURStIAt &1Vl tdhep ahehadrfar appioxi mately 30
seconds in 48%“'5&?%%%%%&5&&1%%0%% ;Ql&/val Mng HhE strates were
t

attached to g carrler .and were qul I ntroduced | nt he, wacuum system
via a | oad | BBk SVEFEM THEHE etTh™6t 1WESTD SiofE Wg}fei %’risovm to | eave a
resi dual hydFEYER HEREI hGoum! PHE Sronsthe diek SPtaenpRst SPFYSY prevent

~oxi dati on. THeringatwrindspepbspti-oh anysreem ek bofhitraidgehifodl |y and turbo-
nol ecul arl y pajtiaedsntAcY achilfepaleiqdr esgly eandfl déplsCeibnTante adr better was
comonl-y obt 3iAeds Plsdtfonkagisal) fRNi-Rathat 6F ,tndibaddre sunshiate carrier was

attached 0 %%"; OfvhbLRS: oAt €. GALLIE" BORIILHORE tReaWRLderthin film
%

deposi tion. subst rafe carrier opunt faci Itl.tat edrsélpr oXimately a 7-inch
radi us pl anef E}Z;Fﬁ)ttic’oﬁ P Ve (7 cAl® pPane "There Were three possible
posi tions foPftHe N8t FafEEt20 C&tY iBe¥E SBesHoGht 84; *2 vi™8n t he pl anetary
circle and oftsksi frefbxe cehet alrcwm tivstplanererad &6 Ferln® t¥agnet ron
sputtering tamgeheposatdedns alAnowsttewgstiog f bemefdif fagiet fuwpaterials to be
deposi t edsat syidnk @ StidN FpBbreRinglGRoitld Qroun®afie rBdkddl € menes 1f needed,
during one dgpastid OF 23 SBAHCNGE: nddH-CE LA OR! Ssd'BhZaRddsanged al ong the
edge of an approximtely f.)neh Ladius,eirelo, whioh wge gligned with the
pl anetary po&itions & °tHe SubsStrate carrierpositions. .,

: disk surface directed. around the clrcumference of the disk.

aCEl{li}l'.Lt

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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in this manner the three targets and the two 'concentric substrate hoI ders
coul d be brought into alignnent to face 30 each other for n@
deposition or the substrates could be rotated into any arzt}otr ry p05|t| on
on the planetary circle for angul ar deposition. For exanple, one target
could be located at the equivalent position of three AMon the face of an
i magi nary clock and the substrate 35 carrier, which was spaced an .

adj ust abl e di stance along the nornmal to the planetary plane, could be
rotated to any position on the opposing inmaginary clock face. The
substrate carrier could be.nove away or toward the targets . 66 25 August
2005 over appL@stblbingl yhem Vashedwishi dgergdthami bbnivater spdeiyng of | ess
than 2 inchegerdlh@nkQuristar oslendiseipcakied abiddiglecenaesr,of the

planetary mobLon.gul SafRflol,N &<RLANA Wakb: gy pggaermg@ﬁge;ﬁ Li kewi se, the
third substr 1té carrier, 5_position was_locafled vg%}]_;h 8' a]qf ary center in
ro

Smave ues
the substra g (o} m a planetary

Tarrier gslrﬁne cLﬂaie Carriers ¢
position tto tR&3eeMteme b5k She S‘E‘ﬁér"“‘?‘?é’chaﬂl?ecfll ﬁ’él?ﬁtﬁﬁ Stor inatine

frame of | esyerchathepnestchphufer arPRwkERYehY eB0t GoFPeRAST 8pid43¥xial growth. 10
The one and tyworofDgdridi ankd eand abigets duer e Realsuystrehed | wveaenpared to the
di stance bet yeerRntdect argetsenndatiee Guilsly aln@Sodubdd aingbnidear manner to
that di SCU55$QcJu9rsyét::leHUxFl% &3loaIthoé)! Q?Qt&ﬁs %ﬂpnéiﬁﬂuﬁe&eat the target

surface 0I oy anﬁge? é"“'%ot‘{ L)rle%vgay N9 L%at‘i ;ﬁ?&%geﬂe}% “_Jﬂ o5 length in the

rest of t sca f,1he depositing

mat eri al . A §]é%o§ida?‘§ff@?fs a1y FAMEURAIEE RFOFH %’SL?F B so %% i ntroduced via
the same pavcuym daposhidont BYstah| Wa PattecareIThcwWivhathévetRPosited | ayers.

- Each subst r ahelecatadler pyposit i on vaasw hdepandentdeyoR(Lxiedt Bkrand noni t or ed
and the tenpefaledtdr Gasl@dmidlyasstathed.r OMar @oMcLeAREALAIIEEE, 0 about 350

degrees Gg Eéﬁf&nmmeﬂ@e @3&9@& rmet ScedRh&s RS HRL r@_ﬂtgfbermleaedal e substrate

textures smutaneousy t cted to optimze the
oS1t ohs %1% ?{Iﬁn si@ c% p
process for i cul ar SI n cr a te 25 texture chosen. The

e
substr at es were %tsé‘BE‘"pﬁ‘a]tBrcat iehdw ﬁrﬁaﬁ tﬁée BB And to a Iinited

degree, the a 7- inch radius planetary motion 1n a vertical 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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tenperature coul d be changed as each | ayer was deposited. The Sputtering
cat hodes were DC powered with up to 500 watts avail able. Ogglgyﬁjogal

di mensi ons when a bcc-d was 30 deposited fromthe center cath eto a
substrate that was on the planetary circle allowed angl es of deposition
ranging from75 to 33 degrees neasured fromthe substrate normal. For
smal | er angl es the substrate was nounted at 45 degrees to the substrate
carrier and then the target to 35 carrier angle was adjusted. Al so, under
sonme circunstances deposition at snaller angles could be acconplished by
using a target and substrate position both on the planetary circle, but
W th the substdratppratiesitedly rel atihyte swing heri€y L3iAbgustEp2€005 target. O
course the disthanseanbetnvegihekhernkargotn andgéth@as Substddake theul d al so be

adj usted, buf. 1.l sofduqie g,ﬁg@ettgr)[a moP e Bki Abndlishf £r8068 Wibn dgROSi tion rate.
Wile a lar ge nun‘q: E?n ﬁsﬁewllson' cg nd| thl ggs \é\g%tecatg 68¥ estigated it was

soon found th nm t hi ck

facilitatéd %%fg'%‘t‘n orﬁ‘si cé‘l’ca eﬁa(ﬁiet?hf aWﬁnﬁ?Wosﬁepﬁ?ﬁ ur® df8lysis. Hence,
most of the sWeErakef F#lfﬁ;emlénﬁr eFhe eepraier®0 oo §° 200RM FR¥Pckness.  Mbst
of the Ag | ayepsamznafy sodistoat es whe e c4fraymdndi dechandria0 theneti nes a

second Ag Of mddhahB%Er n@kigd0idb-as deposd tendsor aebs naharcappi ng | ayer to

prevent corrpsien Qhohi im@eéa gayéxaa{ﬁtamﬂegmnal terml ate thi ckness
varied a coul d_be asat [r:p y ta ewegg ¥aS 40 nm

Typ| cal l a nm ?\%etl C exc an e cou exa was kept 15
m ni nal | § t hFeat gompgrss ﬁf’n"sl't? flhﬁagf?]é”%ﬁﬁ?ﬂ? %ﬁegﬁéf-‘i’%ts B’I‘% 8Fti es \R/ere not

significant edwhmted-toInt Re shetlad "ABRATettC thtfoprrpesd f‘Fﬁl s facilitated
easi er interipuetatk ontlef Argen negmeva<c dateduc@dnrbnlkye i hywssti gat ed
materi al s. i nglred11g,a Plasmdi whil20iddizEesindl theCacandrEoGata, which are

fee; O, 1B€ 1 Men NiA kneFeER: WRI Gheal@a@ldr, PGGad soand Tiided CoCrTa, which
are hcp. CIJﬁer

DCG th F
FeCo i ncl ude wti}g%gv r% qﬁ“ % Sd'sl\é\ﬂ‘gcm g%x.a%e uﬁeger%gggélj %awher fcg gr
material s, Wt ®h S?F&'y ag N Lps‘rea F%Fualesodg&. :Lntroduced AN t

path or ancther 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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Au, Pt, Rh, Pd, and Ir, while other hcp materials, which may be used
i'ncludes Re, Ru, Gd, Ti and Tb . The materials of choice g r@%gp%ﬁ) for
there chem cal, magnetic, or |latt;Lce nmatching properties. rabl e
flexibility in"'30 atomc lattice constant is sometines desirable to
achiever epitaxial growh. The foll ow ng exanple notation wll be used to
desi gnate the sequence of filmlayers that were prepare: 35 :
bcc/ hep/ bee-d/ bee- d<55, <xyzal/ hex/ fcc/ Sub(tex). Again, the notation is that
the .filmon the left of the "/" is deposited after the filmon the right
of the "/". From 68 25 August 2005 the tilt angle of the "/" it is easy to
recal | .whi chtémper Ofscoyrseophe fhetahteetwsarhbhe rrepgesent sthehe singl e
crystal = substysaterd exuld calisede ddimssdh wRpr eBaNtddt beeatagke that the
bce-d is- deposinted anfed-bsunRRposiReSH faes. the angle 5 fromthe film

normal . In ge”erﬁim‘éh%b 1‘:&% g. mlnl%ﬁr o§y5%%| 1t:.o%prc%§ {1l 8nd Nl 8 symet ry

breaki ng nechani smi's netlc field, Ha,

is used td b’?veegﬁlsfaﬁéds§7 5 fnp’ﬁe ° tel“é?rgén%p“bﬁ an 8ng t he
hexagonal cr §8tal=8 rftieoR0&afy $high I?éﬁﬁ-%’éat%eﬁ?sé?ﬁ' AwGLerl10 of deposition
i s used to bremietihengymheriruchers paplyzhae. digneet iwtoff dépgosition
material is ntsa dennd etbreoptadaredy at hm <ty 7zt cropst athidknesti on. Hence, as

witten in tjgsesarkeaLARFAGSHORI dubeRairat 6letcaOVvR, tHice amaul d, be first
deposi ted, Onf‘%ﬂ%m > S&&%ﬁlgaﬁ o@tf:ralgperrrrgk @o@gl@as h@ﬁd};&gyﬁa@exagonal

tenpl ate wou nor an angl eto the

osi t
pl ane nor nal o‘?m%% c&%&?”éﬁegaﬁ‘?{d revmaEI cfog:tsﬁe Hex th'? mnﬁ?a & <xyz>
di rection th&*¥5Ee: d BRFaserate ty@iats ttadcknerherrrded s¥¥Wh o™ ¥8 woul d be
deposi t ed, taerhim asop woahd v badglepodiickkrsafll ®m. ndivipyca licc woul d be
deposi t ed | ast madrnbtic sdchirgee cogs ioxi tixagohdly texplosar eaorkean oxi de was
deposi t edst hgmhiwe1 MOWrd oS | § ecd hat nhayer t8s: achdd'puild wegndtatent 6, 248, 416

and the Gong gré%gg%&e Rup! Isggﬁllf%ﬁmdem{aﬁerdat&ﬂ {rr@tbéala textures and
epi t axi al % relatronsh | DS ;ent] onedr ear | |§r gog d4be grown on Si. This

i nventl onr ejﬂ@as[ngglq (o} t%?l’

interpretation o

grovﬁh of si%*Bec- FVAFrants
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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rather than three, as was found by U S. Patent 6,248,416 and Gong and
Zangari, the exchange coupling of- the variants, and in t%se a%m%d
breaki ng of the coupled 30 variant sets so that they do no e equal
variant volunme weighting. That is, to obtain synmetry breaking, the three
variants, in the Gong and Zangari publications, or the six variants, as
descri-be here, are not balanced. W first investigate the epitaxial growth
of the bcc-d 35 textures even though the surface of the first netal, when
exposed to air, has fornmed an oxide. The key for this aspect of this
invention to be assured is that the wunderlying crystallinity of the film
exhi bi ts exttienmeliyt 6G&gPS cAughust /2085 ismakpi tn recdldniieibht éxtasr e and, while
we do not adgsesSté. s evekt ybvis replesenideRE &singk: heliane this |eads to
the underl yg&gt&aéemtmd}g Y&hY 08RSess \éhgpes%nwt@aeha@eeaﬂarterrel y high

texture, thep.[qr sone bextures Lheodl alf.a houndaul %aigjlg | ow angl e or

there is lit S assures the film

surface tsenﬂ’éomt Bﬁf)a@%l“v%cfré‘ajr‘at H&r 9E173RL o YE%oWT thE in boundaries
to force theréareaetisoriiehe as FEERCEY e PrPAingx PAFIETOF" ThHi BS4¢ ext r enel y

i mportant foemglolydryJtidkdiene ifl G matrertigl Si¢lidkeHRe iswhéegh tend to oxi di ze
badly. FirstpmRkprayi damatperapacthyesfqn tise agpyeae abéng twxt ure obt ai ned
byl Obser}[” Plghécag]ggag. ér{ﬂlfhl&gétﬁgy%z§ca@xlk&fls@ %Qﬂ%t hﬂiﬁ%l

pol ycrys | e, b r :ﬁl isis a

cl assi c, gut € n’éjf"c’lstoflu:&%ut?e sone S tt &%2 ggr?‘z 1d d| sk nedi a.
Upon exani nafis6hct® Pﬁed?“’r'ﬁ}‘?ns'ﬁa&ﬁrg% f‘ﬁu%tf %ﬁ"t? S¥exist. Cr(li0)
had a peak 2Bhehekyfitt cofstabsliFreaBOmcounts and the resulting Co-al |l oy quad-
crystal (1011) pBaicehei ght ®fit2Bacodmt sthad exagpie crgetrghsion1010) peak

hei ght of 40ig@4Ditelyeabbid fedhecli@sae iflest Wasposatdieromnaibey and t here
were no qthegudi-sger nabbe peaksSang1 e vs& the SaRosfanehpi®eand X-ray anode
b e S g bl el Okl 0:20 > P <14 Lagld 93 scan exarples

to be di scusse h with
he plane norma o 55 deg:r:ees and para?lq.e? u yth ac*h t a

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. E. Patent 6,248,416
and Gong and Zangari, the exchange coupling of - the
variants, and in the symmetry breaking of the coupled
30 variant sets so that they do not have equal variant volume
ﬁeighting. 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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" Since the secon

different substrate: glass, Si(100), Si(110), Si(111) where the Si was
¢l eaned and HF treated as nentioned before. 30 They were isﬂt W into
t he vacuum system and quickly heated to approximtely 16 edgrees bef ore
the first Ag ..deposition was made. The | ayer conposition was:

Hcp- CoCr12Ta2(58nm / Fe(37nm) <45/ 0/ Fe(37nm <45/ Ag(44nm / sub 35 Were the

val ue given in the parenthesis is the nomnal filmthickness in
nanoneters. There was an oxidation exposure step in the process. This
required that 70 25 August 2005 after the first two filmdepositions the
sanple be briefly renmoved fromthe vacuumsystem In the follow ng table
the entriesuatferhi stiedteas teXeway agduntid)¢ (vé rday nbexaddreds 33C15- 19- 2:

CoCr 12Ta2 (58@&9 wAEe b3 edfdelide welbemeva4bliAg1éatianmy dmeub CoCr 12Ta?2
(58nm /Fe (34

12501 1 1120) 5 500/ g ﬁ;‘iﬁ””ﬂéﬂgs%%e déQée( 101%1,200/5( 140)600/5( 111) gl ass
16001( 1010) 1300F %’2%%’60 %E: 7“ 9 % "3y %sz‘ (110) X105/
(111)Si  ( F11¥o8dBtitsr sFﬁar? CRLY ﬁ’@l &b ?ﬁgys’t al Jstﬁﬂ)%t second

order diffr abetusan p’é@k§rﬁﬁ‘tﬁr e v%*rlé ABPYEE R ekbayi ftPFaE’c]i“br?urffé’&ks obser ved
i ndicating thendst rrongaseihpikaratissdt uihan oxidireatdosn 6he eaedin| ayer. The
t extures behamedajitst @5 26kder egheCt £imanskofli SMas Satbsesddei eria These results

confirm that,Nee:ssh. Fengy Q\A/seﬂrtsmeltyhemﬁ@ﬁsna eskUp&ScasstGiimhen deposited
on a hexalgongat gm 3he 9, %ggh Yad 82& B pghpile crystal textures.

aks as the first, the
absence of any 1B*%ddi'Ei (ﬁi’&]"l‘i?ea?(speraglp% i tfﬁrtﬁg sg?%‘hgth of the peaks,
is a good iheitoat gbtéhmd bhebtextnger 6edber-weyehiifractionosmdn | ayer of .Fe is
grown on thecpxi drdeg: bl aeRyb:Srstenhe GAln dieubdiget hat of the first |ayer.
However, since the peaks would collinear with the first film peaks there
remai ns the 20 qyes as to whether or not there are any second
| ayer peaEs at HTP tc?%ézrﬁ\qh/e&r ﬁloy peaks and their

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 scan 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 8i was cleaned and HF treated as 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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strength conpared to those on glass tell us that epitaxial growth of the
second | ayer of Fe on the Fe-0 was very good and prOV|dqu dsent
tenplate for the Co alloy film25 growh. This to confirns ﬂﬁﬁﬁfexture of
the second Fe layer is identical to that of the first Layer of the Fe.

The epitaxial growth over the oxide is confirned-for all of these
textures, including the use of glass as a substrate. 71 25 August 2005 This
| ater case is largely due to the excellent texture of the Ag(111) on the
glass. In separated experinents the strength of the Ag(111l) texture has
been seen to inprove several fold over the value of that directly on gl ass
when 5- a wettiergtheférstoftwanbiiphdarss3ri’38d hgasampdpos tbedeflgon t he gl ass
prior to therégved tfrahStneshattul Bescshatiadtidi@blidieng [@mblée agemat ch bet ween
G or Fe, whigh:bas,uifiMakly theay SRUBAY oLyl @ktifs spaceing, and Ag is
not particularly good. Since anot% hexagonar tenplate material (fcc-d or
10 hcp) comJiJﬂnJinuiuLy_gLgmn_anqM}Jxﬁi@u_Lhan_Lhe_bss*d—me i nvestigate
this. Hexagpndi*>t¥tiflates of Cu, Ni, NiFe, and a combinationl|layer fcc-Co
on top of CUCoGHER: (SEER FapTR™ 14540/ &g (3 B r4R/88 (488PYS3PI found to produce a
stronger Fe Qfocm%i‘az?@ﬁhwe- 12 (3R priherad nvest | gat gubdi@aoxi de | ocat ed

bet ween two fferent matlerials the followng fillmstructures were
constructed] 72s@gidugust |20@500QCHS- 1D- oo @G 12Tja2 (g8ed) / ¢ (40nm

/O Fe (37) «45/Ag(40nm. /isub COCr12TaR (5 BnCr(4 nm)-Fe(37nm) Ag

(40nm) Subst § at es9dy (5o} 10]0)MY2BID/)(11@)%@‘0/(1‘(0&11)@1@99) 25 (1120)

1450/ (112 G-2900/{100)1904/{100}t-—8X}-04/—(100}-SHF00)

U7\ U=r7 UU Il .LUU

- 75/ (1010) 759/ ( 1@02!)/7011400 119) 3140@%411@)/ 12@)9%‘}11010) 30?3( (Héb)
40/ (1120) 30186y 6506+11 g
see(t et ) P SIG()Q.O@)Olé)m ;_:x%/ 4x1041\ (110} gfé‘ﬂﬂl\ 1) E; o i3 table we can

B

Other than from the single crystal substrate or second
order diffraction peaks there were mno other diffracticn
peaks observed indicating the strong singular texture
orientation of each layer. The textures behaved just as

10 predicted and discussed earlier. These results confirm
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 first, the absence of any

15 additional peaks, along with the strength of the peaks, i=s

" a good indicator that theé texture, even when the second
layer of Fe is grown on the oxidized surface is identical
to the that of the first layer. However, since the peaks_
would collinear with the first film peaks there remains the

20 guestion whether as to whether oxr not there are any second
layer peaks at all. The hcp-Co alloy peaks and their
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

25 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.
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over the oxide was excellent, however there does not appear 5 to be much,
i-f any, epitaxy via the oxide when Si (111) is wused. It app 30 the O
epitaxy on the Fe-O was quite .good for the Si(110) however thhe Co texture
was not particularly inpressive. To within experinental error the tine
and tenperatures used to prepare this sanple were the 10 sane as were used
on the Fe-O Fe sanples (99CIS-19-2) discussed just before this one. The
roles of Cr and Fe were interchange and the experinent repeated.
99C15-19-4: CoCr12Ta2 (58nm) /Fe (37nm) /A C (40) <45/ Ag(40nm /sub

CoCr 12Ta2(58nm Fe(37nm/Cr (4 Onm) /Aq (40nm Substrate

35/ (1120) 25/ THi30)-a507 €350 80b7ree] Pye &¢s thgarellent texture of

(1120) 1600/ ( £00)24000/)( XOO0khe | KEB2/ ( 100) Sirplraold GFbE1028)s 'the

(112) 1350/ ( 132)2800/dr110) Shg (@1l Qexbie( hd20)eehOQRbénl Ghl)i Rpkat20) 3 | X LOA-/
(110) 1B. SXlQéM&iL)@l&lévﬂe): th?e Zél&5oétﬁu§tdl%ggélﬁgﬁegl\a§smnt hat the Cr

grewhlghlytext rLe he,Fe( 10 L nthe &-0O
However It IS "é %llager o% rﬁgm.*stc n{a é o% I?g& -!:nlx 91 peak was broad

and the Cr aﬁjcf‘sﬁepﬁé’ik§° I”lhé %3(1 réFre?Jsf%F]E'%’é estt%’é'?d & ?it 5t uld be

di fficult tolabder veatcht belpisenr S tdvatFet hE?‘-tCT\Né‘é Ehirsakhhdfieed epit axi al
growt h of t headfee(@tdwmi®) Labtitcei Bpavmsng. dishfli sal ts trotdpstdcnladyt he O (110) was
over whel m ngood. Neygict halstaer thaRadonal akplatpeakearasl t ffecanby one present.
In the Sija110), )Caéiﬁ.dt Eﬁt&@ﬁu habuw N @b(eé&@ih&r%ﬁéﬂb%clcﬂwéppear ed is
strong evi dence 55 Qe OfHexh%naFP tW{'ﬁl a“%’}cf)f E@xtﬂr Grire OG5l | We see that

for the partlcu ar ep 05 f | erat rate, and ' in

-general t he%e"“’“ﬁ’é’f‘attlleﬁl Jefryeﬁrg?f’eg ?fgt(?Ban t$%n & f%GRd that Fe/ 0/ Fe
15 epit axi al F§¢ @8 wmpated] veremplidefom t‘F%PSPd“c"éx? Lﬁtégnge%"?ef 8tnd sinilar
results for G /&Gre.For the &/ O Fe/Ag/Si it appears that Cr(100.) -
texture gsew wel o afitchdie ihdskidldte the oxide located betwsen two

different materials the following £ilm structures were
constructed:
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texture grew sonmewhat.
appears the bcc-d epitaxially grows well 20 on the oxide cg
the bcc-d (100) texture
(110) and
the processing tenperature for the deposition of Ag
tenperature varied 25 considerably with the S

| ati tude was even nore dramatic.

t he i deal
processi ng

appears to grow wel
the (111) textures grow, but not as enthusiastically. W

The Cr(110) texture did not grow well.

5 Aﬁ%@% ﬁoosA' 50

even on O

on

processed at higher tenperatures before it oxidized and

-of the later depositions.
br oadest process 30 tenperature range and the S
o9@-1L3sT tOl€erable process tenperature range.
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e, it
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Si (111) substrates could be

ved some

textured substrate had the next
(110) substrate had the

ogi cal
for an
ure and
upon the
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i ronnment
of the
results
xt ures
nost
ar ger

nzati on

next .

the E2_&TeD thipi hFRtres¥t £ SKEWAPAETIFEY FLIPBW FRISFH m structure
was rmade by amet ghefoxife vdernxcetipsihdverer Thersdapl ast vadPeapr epar ed
si nul t aneaushky, bduiucA5 M biy,Slebiphidyyvil frher enideanginesi tfi1deposi ti on,

different thikgknessespeil tADShe APRLLASE! ¥n ahe did-bew@ntquangl es
good for the 53.(110) however the Co texture was not
particularly impressive. 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.
199C15-19-4:
CoCr,Ta; (58nm) /Fe (37nm) /O/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) 1.1x10%/ (100} si{1l00) |
60/ {1010 - -
/{10L0) ?/(112) 1350/ (112) 5000/ (110) 8i{110)
20/(1120)
100/(1011) 2/(110) |3.1x10*/(110) | 8.5x10%/(111) | si(111)

15
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relative to the tenplate lattice plane direction. This was accorrpl i shed by
nmounting two substrates on the same carrier, but at diffey. agr_%%@bogerrpl ate
angl es. The 20 deposition direction was along t he <110> for 909- 6
and al ong the <112> tenplate direction for sanple 0909-5. The structure is
defined here: Sanple nane: 0909-6 25 ,
Ag(200nm / Cr (40nm / Fe(37nm) <45<110>/ Cu(l Onm / Ag(40nm/Si (11 1) Sanple
~nanme: 0909-5 Ag(200nm)/Cr(40xi m/ Fe(60nm <55<112a/ Cu(l Onm)/ Ag(40nm/Si (11
30 it should be pointed out that the Cu hexagonal tenplate is non-nagnetic
and so does not provide the exchange coupling needed to cause uniaxial MH
curves. Nevert h&tesye dep tmt thfn dekovshhattextnredewdétde iari ant 35 pair
was obt ai nedand ftht hes Qoo wejrew replacednai ¢ of ccadveyediit és ddcFe, or if the

Ni or N Fe W@i@ardgﬁoﬁichegf Ofhel @0 0fi2) hgrewFas than pbhe weuptad pair woul d be
exchange COURLLG tge 40 3. 0XAHB! 81 IEALAAD! Il Co AL T ayers were

applied to avqi rosion of . the Fe after the 75 25
August 2005 ¥aHG B #HSE "é‘é £ ¢° I's'vef ouhd TREF"S fEdk Tayeres especial |y

the O was VEPHF é@%ﬁ?v@%ﬁxﬁﬂeeﬁt“?‘n@f tb6r FoldilBh, PPie*Sdiifl e was st ored
for one yeardififtihgitt toolBiiseern cwr ripsi ¢m{LH0) t vas Feven\ewhedniraude t hi s based
upon 5 the faeterthakesshideecbe(Imaghaidad pd-Opeetoly ane prepynt.sensitive to
oxi dation they giedsaeiio§hange. cniheady ahget ime coAdibayertedivtedi scol or some.

A Xray Bgl el duie ANalisls YR ReThOl Tlly dhiche! R5luacalddys One Lo Totate

t he sanple ese ting the x-ray fraction angle to a specific
reflection pf’?fﬁ ®The Fe is (110) textured so the (100) planes are tilted

at 45 degrees t BYeHRLL SHR f 8% BRAYL HEPTT M p?”ﬁ'é“é%?ﬁ)l‘éeﬂﬁﬁétit‘}fll ted to 45
'"'degr ees andteniperatu@e, 2%depasition tvateef | evd ~ fimonwerrral( 18Fe. cryst al
pl anes. The panpbsawasrddeesingotaidddidnsr dtghslioB8@0tidegiFedd/Fand t he si gnal

was Nnoni tgr eghs tafAGR dbAG: 1Rr ELOUERe3, oRStRS MUSRstimesGongeand Zangari ,

if- there al fsund similar results for cx/o/Cr. For the Cr/0/Fe/Ag/Si
it appears that Cr{100) texture grew well and the Cxr(112)
texture grew somewhat. The Cr(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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only three possible variants then there should be three peaks observed for

each 180 degrees of rotation and they would be equally SPAC 2feQ degree
intervals. These 20 would repeat during the second 180 of Trotation.
However, if there are six variants as advocated in this invention then

Figure 5 i's of relevance and si x peaks woul d be seen per 180 degrees of
rotation; and 12 would be seen during the full 360 degree rotation. If the
variants are equally 25 weighted by volune of material and the substrate
were perfectly cut then all the variants of the set would be seen. W
have observed both types of sets. Hence, not all sanples have the

potenti al of théengerepiepswisnedudop thre enehengsnte gty dasts $aci ated with the
si X variant seichiddhendOvimng spdedangence ! Rpepnivatd all stthes t he nost
commonly obgglMed,AS sLhA teAhgYy NRebaMi SM-{10! b&t aleRgid hAsCrystal pl anes

and then spljtting the diff | QR akiS1 N e h I Lioakn Li@eacconpl i sh.
Figure 14 sh%%’/%vs {%ﬁe hee‘SI ?L% 'srhg%éed %gnigffé?s* 210k ch it é%h 2 CargFuI
a

ol'e Iigu for, sanple 0909- 6.
anal ysi s Gf ?Wéledaf‘a&f% SERBwS  t HEpES _lﬁef’bﬁlf%)?aq’tlg % APaNd ‘the c2 variants
are nore thBeFanpeRdyorhof (L1 hWoPWERtfe st fER a5y BFRefdt HEF vari ant
di ffracti on bhesgsnaiHowerkte mhteriale\aadt thimrmlilpyed gorngaggre is the area

under the peskitufy eraRdmdidtbturesand fepdh tAogusite200Bhiveryldwisne consum ng
and di fficul thdegsuhemeMn Uknshewpedarueonssdermblogidargenef racti on of

mat eri al .hei n DAL ; t heory the scan should only show
t he Fe( 1013) 8% f?%%tg?%nh%%larﬁgﬁggﬁdg%gt:béﬂ;& angl e, was set specifically 5 for
this crystal pl aRE9RE&Iet™ REE £2F87E A3 f?"z‘%f,lsdl Firaction |ine near by
and because BHE -peak i %o ¥R yEz-uer A Re Sthi kS 81°Fhesd 8i x peaks al so
show. Likew S®llovinmerfdlins sthichte edsdanée bY ergleva@fy igeidmg Si (400) peak.
The angl e beé&swentjpai r swofsatbBess wird qaregansdr sbmtlsavamislP éxperinental |y
determ ned tQide A3gme1d( BidfredegnRASs 38. defisicussediidketmBgth earlier.

Houever the ANGLENELWCR:  Bst PERA LA CaPObPeddk G Caddicbs smal I er
because of the

oordinate frame_rot.atiqQns requis.ed t fromthe (110
and (100) pl 5?1]@52“? ﬁotﬂ’@ FRRGFE tlﬁtétlscﬁrpglé'i‘aeb% \?\%télﬁnant%h%g wégi r of p((aaks)
shoul d be - 2g&opr}ished 5 RyegfREELISTHWO | Substrates on  the same

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 sgtructure 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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exactly what is observed. This data is strong evidence of both the six
variant concepts and of the symretry breaking nechanism K ?ﬂ%(% 0909-5
where the deposition direction projection was the <112> ection al ong
the 20 hexagonal tenplate the results were not as clearly defined. It
appeared that there were again tw dom nant variants of the six. However
they were represented by E2-11b2- For reference, the pole figure peaks for
these variants, al and b2, along with the other four, are also noted on
"Figure 14 25 while the corresponding bi-crystal energy curve for E2-an was
illustrated in Figure 11. Cearly, even if magnetically coupled, this

vari ant pairszkpés net ywsded unifaxivak biglagi dhat atthabd | lpeerse, angl e of

i.nci dent. depasietifinyal ey the wasllidexyt eaptatevdi mect pereytiabds and entirely

different 30ccrx%yién e S WHRRAY ,wabh @R LD ORI esheONear awidibl) text ured
single crystal ;subsiy s%aﬁ‘” gL NG a”%e &Fcl @&C&%&élﬁ%@eaal gng the

di rections J USt escCr| rea I'TEC ani S ‘then one set

of varianfs $%l B untRRk a‘%‘lﬁeﬁ%V|“&Qngﬁﬁ t’?‘l’éoPS S d0&¢ not. To

achi eve uni a3ditE%s perrbfaioyithey HEdsRrfrERMREehr é’ﬁ‘l?l?ﬁj’tﬁ’é"clﬁﬁd requires
proper ori et dbyonddd dihecloergsinat e and deposition direction. However, in
bot h orientati onacases dobe Algiteanhalsyi@maeypardsrmeddr aihen. ted? 25 August 2005

it was found,fiRgt suenoviepad hexagopal LeMRl atecok tn@nxlfagnetl c material
vwas enpl gyedsdde, 30RO Q'Po%bs{agea%a. %Cf*i@@&%nc e M@ g@nts and to
obtain the uni ax %& ‘i\ P fh VI Or . of iér ucture just as
5 descri bed Hhen' Pbc'é Bt at™di }f”?e A58 1% on ra %<afd  t enper at ur es
yi el ded di f f &g98aes dPaFli‘P §PE’%"§ea‘?ﬁdtﬁﬁgfr+éY“r c ThexsarRhg a5 ie&H t hem was
possible. itioas aegeedsound iHeat g-ogepasi ddtonoatretiecangten ¢bal d result in
grai n nor pho|Qgj eérystmqun&osw&sggmﬂar LislBes NARBLANLBEAIERPY. However, by
10 studyl1 g 5%9 fLLOE depo tesqglg?al Q&sb th&to@gd<11}2c>§§tﬁ <ch0> hexagonal

tenplate™directi SHE an ng process and

at t et r
“uni axi al behEX3UE? %’au@ed’sﬁ ]&Yc(l"* ‘1? ?Fé‘éﬁﬁe a f’%n &FI1 existed
along with tery &hF%%tWE%Plasé’é’éﬂra&F%dtht HhgFai Fhoshdpee et 88t s. Using the

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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15 proper, strongly textured and matched atomc lattice spacing, hexagonal
tenplate to induce good epitaxial growh significantly hels @% nim ze
particle shape effects. A simlar set of experinents was con vvlth a
magnet i ¢ hexagonal tenplate and an applied field. That is, 20 rather than
using the angle of incident deposition as the symetry br eaki ng nmechani sm
a magnetic field was used. NI was used at the hexagonal tenplate and

pl aci ng permanent rmagnets on the substrate carrier in the vicinity of the
substrates generated an applied field in the 100 Ce range. 25 The sanple
structure was: Ag(200nm)/ Cr (40nm)/ Fe(50nn) <45/ Ni (5nm) / Ag(40nm/Si (ill) The
resul ti ng vavémantimegofsminhand @iEfnpdn nereureednd. B fB¥sappl i ed general ly
al ong t he hexagofadableplgdre frdbt2on dhifr woteirbal habodE2n dbele twhereas, if the
field were amls.g@&é g@m%auyytaécu&gntmuﬁlohayouﬂoecm@metfwm one of the

conpl errent f el enent arlan nSel un| ax]j_al was sel ect ed.
However , %r%‘f‘:flf T chid St 8° obierty Ze E;ra%?@ ?@J}?XE & nmeasur enent

t echni que§ Bracily RRYHRs @tancf fﬁ?l’fe"ﬁ’ér %ﬁ*ﬁes Horft 2 e 20I\Ievert hel ess,
fromthe nedgifdractipeshigesecin bpasndidiecernianddiet pedye ionae ofexyhe symetry
br oken uni axéwons edie. tidarces thekiekeix healanglao ofho¥8 2BkAwigiest 2005 i nci dent

deposi tion tgghpi w%llg@vi&&cgymheyvé@ Reakensi uongpaxiagnetic fiel d.
A

mechani sm upjaxj ah, behayior t gNpt gy fhaghghdss ir ect ed al ong
ei t her - of tltffeHEE )gggeoﬁa %tse%(;rzshtga\é!n irecti or?s <f10> or <112>. 5

Wi | e t hao haW%W%ltfalelﬁwéabﬂmilﬁfi Sthéf Phe sYitndt) \Pe9Breakfig fiel d was
al ong t he <1di@zughedest ilengtiwkrciier audedever hithef argleybgtivgms tdet to appear,
shoul d have haes hhgbrs pdikarFifede tthe dswemubidraniecsete idf whe difficult to

say this Waéoo&&ﬁlacf:@sgram-gheo%@.sﬁé V:!‘etq)i:.ms £Bi grg'efrcﬁln@hé hepzepi axi al 10
magnet 1 respanSGoliahiel vas RRL BSnhdCBle LBESP ndlBMlElLy effects

i ndi cate _the greaPer epari ng t four vari.ant set wher e
t he procéssi®fg* Pﬁt??adfaes]f‘%“ ﬁo\rl"é B Pel* =rHe> r’r%%ﬁ'ﬁ Btide DIt A& applied field
vari ed over s@Relofhehdssapisreed pr dpht datand TerRIsHEISERC® P5 1.5 to 2 nm
si ze segnentisothf tideizamplias werepss Alidedt fupe symmetry breaking

mechanism. For sample 0%05-5 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 uniaxial
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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their individual magnetic properties. Hence, these segnents represent
i-ndi vi dual sanples prepared with various applied magneti fA JpRgni t ude

and direction. Fromthese neasurenments it was estimted t e magnetic
field 20 symretry breaki ng mechani smwas causi ng an observabl e degree of
symmetry breaking for fields as small as 10 Ce. It should be nmentioned

t hat the applicant becane concerned that the earth's magnetic field or
sonme other stray magnetic field mght be influencing the findings. The
stray 25 fields were neasured in'the vicinity of the substrate carrier and
found to be | ess than or proxi mately one Ce, which was conparable to the
measured earth’ sIPra‘g?ﬁetfPén‘fl@laH event @hen 13 hexparsrl heswlate @fper | ments were
conduct ed whesenatree i amgsleeislulysd remptoyrdsinoant pebsible toahplee carrier 30
cont ai ni ng t be-rapgd | eeudieal drarBgitet SandaThen dinaiing dhee undepadi tion process
the substrate Ef‘%%ro@gg pIBRES:. t%mpf@'d@@tﬁrﬁ@u@ewtﬁ and sanpl e

e

were rot atsed 2 hen Qﬂ:geéjsegw d f@ér% ?Sc{egggltlglqul:eltgg { deI d while the
rotation pr OVI chanl sm

Jﬁ%n an drarétgag ied 35 fields.
Li kewi se, a E?“i‘ﬁeF%"r“réi éfH" At TR r P o e ﬁy applied field,
but enpl oyi nngﬂqeg%trngF‘eee@f t#ﬂ*fbi‘%ﬁ@%mbé?mrﬁt:r‘iﬁsbﬂesﬁkf?iﬁ‘dt g¥ni que. For both
symet ry br eadgasdtidneetiningaesle keulvagesilitciy egalin sopphd.ocftimd t o be
unchanged 79wRZ&nhAwgbsdss2800pafuion ssHipk esnpicepayyed \Widweoad, tbye rotation

process. jgengg,qgy iﬁgfl%é Cﬁ.ﬂﬁs%§o&@@&'ﬂ%ﬁg doRBtenst LA adekd®> were not
pl ayi ng any, sggn |cg e 4 D4 gnsexpLFrlngntggmges,_LﬂaEs ¢l anticipate

t hat achi evi ng otr " Tan unraxia results vvouc{ q) be much easier

to obtain ifSYERaH bafaﬁlé’t“tgeipm‘(?éﬁuiﬂﬁ é’?é?’g‘ﬁllaﬂ?aal"%r NSt have to passiva
the Si via HebbowdFrrltrontiataitont eiilhg ot aPOnt i satithdd® 850 degr ees C
| eavi ng behi agisattdpyansSicigwrd attha gréin theogpedbeds. 1(Psigethgref ormed in ' an
ultra hi gl vaedpen) S)skeigly Cleatadd smbsSmaadiedwoitodibe lavaideabl e for the

initial Ag d@,lpél—ih%l @0xagohbl hbLitRat e laﬁuc% ¥eudl dpyesudl gkdwthi gher quality
e, and § L0 ST ey Es a0 do bE8L-COMkE e Ofadiecgueral | process.

Magnetic resp SUI‘ ?zﬁa ?::.g\éenrtg was cor?c{ucteé :J\l.gse sanpl es.

Because the nmagnét |S(‘:m’f]1aél &°Fr 8
magnetic hexagonal template and an applied field. 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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per mnent magnets was not perfectly uniformover the sanple the symetry
breaki ng mechani smwas not perfectly align~d wth the hexz'gg g@ d‘ﬁﬁpl ate
<112> direction. Nevertheless, it was: estimated that the fi 3 I Tection
did not vary by 20 nore than 10 degrees over the neasured sanple and it was
in much better alignnment over the majority of the sanple. This was
sufficiently aligned t6 denonstrate the symretry breaki ng nechani sns via
"~ the magnetic response curves. - Figure 15 shows the Mk and My versus H.
response of one of 25 the two variant exchange coupl ed, uniaxial symetry
broken sanples using the structure: Sanple name: LS1425-20x 30 1) The
coerci vity ofndideniNideaboineomeschrdaser etiemanthef eymdtry dsberekempar able to the
10 Qe obser vggknora thegunbard Axié nt@piad, thisxisampesavidends, it is
observed thap,exchange 3 Cﬁ@@él ng bhectid mMALi abbier naesufficient to

achieve a |ow coerciyvi t%(Tt g.rggégj] agn%% <LouRL tnghé aygr nust al so be
QWN SO

magnet i cal |y soa‘1gfma1P Fh Ee allo was substituted

for the N° aWEFthetl’t?oeFﬁc\/l gﬁlls\/vage’?“& o s¢ ?5 Gust™2 drop to | ess
than 1.0 Oe. briskénefielhviar copaginp, <B\fendigpst e tH Lch\Fayseipl at e t he

sanpl e exhi bkhediduossheisst bethaw eppédr, hsgnldr byee fheshdbishere not used to
drive the sgngl @odldnet bo Wayidnd sai Utava:Omiftivuar Separatehiseasur ement 5

fromFigure 15 ttheca%%nDl @nevvaéexfda.t&ﬁy Gl VigRnat Qg the ®aspalaxis to renmove

nost of the dorra n wal nd driven .alQngdhe hardmaxiks, but only to
appr oxi mat ely %16 rﬁ‘?%n% ¢ ‘Eg%ne ‘éaé c?tsaat ur at e ghult ample. - This m nor

| oop respon§%9“§ﬁb‘?/vec?f5%‘8:|sm quic%fse of° T’es%ref"ﬁ EE " hi'th was 10

appr oxi mat el yrepReitesshat LB | VATIANT e ‘Yi‘Fﬁur@ﬁen’i’mcFﬁWumnt Fi gure
15 clearly shauvgude rignadteneaverunitex ragnitugpefotha aspurdet¥addcti on when the
sanpl e was deinMed évikOson@abiirdki sapaas prapaedaind eswy tsmglivi kar to t he i deal

of Fi 9‘”1% 24 sTRibS2 SiAt Qﬂ%%eg@r@ﬁié @ bol Badebher8ast@eaod 15 axis | oop,

M vs. [1g&e1%ndl}lcl %mg draliGeM; easypeel, S ikl response. The
[‘ﬁ;dh;“rgs'pgg%@e%s ey Al e TS L ne Tl el ehavior  while

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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illustrates the non-linear response. Oher, simlar conposi ti on and | ayer
structured, 20 sanples made by angle of incident depositig @&M

measur abl e coercivity or |osses for the minor hard axis Ioop ﬁese
cases perneabilities ranging from80 to over 1000 were observed. Hard di sk
medi a sanples were prepared using a 25 production hard di sk nmedi a vacuum
system but by a simlar, but |ess ideal than previously described, angle
of incidence deposition technique. 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 acconplished by depositing froma

st andar d spufter sagples argperdduvitbpupddRi yayebidrap¥rcepdr t H6RCOf the disk with
a circul ar phskciid hag dtavinded tiwe eenfyeriecldemesre héle plspirat er ed- nat eri al
exited the holg sagm%ﬁlcaﬂ’tcssgﬁn&n&ﬂgl&paﬂﬂnene&ﬁge&anlsly radially. Several
sanpl es _wer e prea p,t,ge g% a%mnagnayme Q0 ARR 35 ol | ovs:

LSSDK- 0505-1 Cr -4 3S 20
/ gl ass- cersanf"?:s"éi 5 -\ io B Lg%kg %E? had 3hged nrr)-

“CoCr Pt (20nm) Vﬁuclaomtam o) GHE A PEYS SOTR Wﬁﬁ/ﬁw aSs- ¥ &nic 5 The
magneti ¢ pr operdingstuphn the HA- ﬁsthsawmc@n(-w) &k hibivelanksa®r opi ¢ behavi or
with an OR ofthgy eeersitihesh ome.de apdblimeyi dedn cehf Rdenbautt 0899r oceed with
sanpl e 0505 Ee r'EQE c feavas wdhangadcinGii $Orfiet OrmMehe @664dse t he magnetic

results ég&r rue® L E ol 1 0¥ %ltglﬂ t B8R QRS Gas Sefder10 Fe. O the

sanpl es pre ared

when dividin
the circunf ePBHFATS 88’& P% at"ra"?ﬂ]ﬁ&et & %dmﬁstlawg a os@ 3123| rgd danddt hg
over all col¢ (ﬁ‘"ﬂ‘f’?aﬁﬁé"h?'ﬁ ‘"’["l"h]s-d F&ﬂ‘&é: oF Wbty &2 %@c%l}? t he
pol ycryst al | Eiden hewagorrsl ardppteerecdrayel odnthe RECHM X EFOES %anor phous and
ceram c substrat gadi@sia vedpgniarg@gevei ntanfrendntg sete ohadh ffgracti on peaks no
X-ray dat;@ Wegesel ak@Bies N0S@c@husr diHear yagrktid Efelicher:amt .thai || appreciate
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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that a nunber of nodifications and variations can be made 20 to specific
aspects of the material structures, devices, nethod and apparatus of the
present invention without- departing fromthe scope of th@5pgnmestris
i nvention:- Such nodifications and variations are intended to be covered by
the foregoi ng specification and the follow ng clainms. 25 82 25 August 2005
Clains: 1. A magnetic material structure conprising: a substrate; at | east
one bee-d | ayer which is nagnetic, formng a uniaxial synmetry broken
structure; and at |east one layer providing a (111) textured hexagonal
atom c tenpl ate di sposed between said substrate and said bee-d | ayer. 2.
The magnet i cdmpt epi Abssstobget Urke Geeci Heveven. clatisrestingher et§™sai d substrate
is single cryshgl .thd.. Hihe tomgnaeti chaatempid sthikited e Yoesldsed in claiml,
wherein' a suhace,0fiesaish SHDed rakead Srer@ytPhoss @ @obyamystal line. 4.
The magnet i ¢ By erhal oal LUPLYT £ Leqlihad s Gledkich médtikbgheoonpri sing an
n

anmor phous | ayer on sald substrate forned from.an.all o) i P, CrxTal -x,
' CrxNEI -x, S PP T8 M e x b1 2 dn §°° 5%%(’%7%#?’. he’ cr‘r)%tflan%eats?c mat eri al
structure rewtigedoi FEtVE| APF AfhéRei FPUesR d“"%rﬁ?\%d@‘ef“‘a s fornmed and-
the surface afonthehes b @wr phogsorlay sp mPreRERtely Ro%ett % The magnetic
materi al strgichir eéda ted dapucdtai nhd, swihgeei n e mayer Yopbvi di ng sai d
hexagonal a{.é;%'b,gset ShRledt Eodrei$iRh BRG:l 1M BhainCond 0RL hAphomystal line
mat eri al 107-aTr§xim9 f1epdberdial i FGHYr & eeld Cheddirededtm 1, wherein
the | ayer prp‘%ﬁ I ng_sdi ]ﬁexaigon I atem ¢ t%ngl%&:ga}%nmg tic. 8. The
nmagneti c nnth‘?sitﬁ?meg‘ﬁuc g {acy recf:feeaa Yncrai®m1, wherein sa.d bcc-d layer is
epitaxi al |y t¥peoff avPeBfcd TEaatdy™ t el uF e SRERGSy SRR Y4T6hi € Penpl ate and has
a (110) crystadukatient @ré upeiaxapl wasult egastileneter Yo alfsxte ®§rain of said
(111) texturedubexagomals attemtnent cagril a¢e Hoas wpithaxiadrtby Tpdwn thereon at
| east twggang noi Jpore, {Ham, faul Lanmabencvhdd) quadi-at at,i @agl variants. 9.
The magnet | c it g5dal SHLUS! Ur €n806060AG 1Rop! akM Lusdsteddaar compri sing: a
second_ | ayer provi di ng 11}).:15:[an éﬁedorhe)%%gfen%heahor@eﬁpt}rf%gm ate, wherein
sai d second “HeaP8ret ¢ helriat =107 TR& mgneti c naterial structure
accor di ng t otlugkrates Fg P iVGAPTISEPTRE a second bce-d layer which is
non- magneti c. 110tkEme neigabad c cAmmositigl sUClareyr asbBYdrFRf to claim 1,
- further eonpsinpleyg: made S@CengldceE didcdyert whepobitionmagewadi @° 12. The
magnetj ¢ mat gldsalaitr Wei+Hi101 B CaH dicBged Fok| @hen dinckumbhera:denpri si ng:
loop. In these cases permeabilities ranging from 80 to over
1000 were observed.
Hard disk media samples were prepared using a
25 production hard disk wmedia 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 center. Hence, the
sputtered materlial exited the hole at an incident angle and
essentially radially. Several samples 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 bec-d |layer wherein the crystalline orientation of the second
bcc-d layer is epitaxially determned by said bcc-d |ayer. 13. The
magnetic material structure according to claim1l, further 25chygussllig: a
second bce-d layer; and a second |layer providing a (111) textured hexagonal
atom c tenplate wherein said second |ayer providing a (111) textured
“hexagonal atom c tenplate is disposed between said bee-d |ayers. 14. The
magnetic material structure according to claimi1, further conprising: a
second bcc-d layer, which is nmagnetic; and-at |east one oxide |ayer between
said bcc-d layers. 83 25 August 2005 15. . The nmagnetic material structure
according to cla#md 1, further conprising: a second and a third bec-d

| ayers whi ch arevsamx—esgnztic; a fourth bec-d | ayer which is nagnetic; and
at | east one oxdcde: (howeycrhaimmpe s /aai2tng gend (Dea-/gdidsayetaraad said third
bcc-d |l ayer wherein said second and third bead | ayers are di sposed between

said firsy and Tout R bCeed bayeices1%e Thi nAGEE! 'sgmﬂﬁ.%t effedl structure
di t whi ch -
according Ogg)éie%l iicfl_ o? kS ehavngr Iw?.l:ngan ?E o%eﬁqlpeg %%fllgtongyer ich-is

nmagneti c; are exag | ayer between
sai d bce-d I%ﬁﬁeP%‘Wl&ﬁﬂl °°ﬁflqe§‘é%tt°o?ﬁé°°‘6‘§<‘? d’étli‘ﬁﬁ?laog?%eén §§Fd bcc-d |ayers.
17. The magnet ivesnwherded tot FRCIUrAE tecPPRARIFUE? aflih Fag¥@téfei n said bce-d
| ayer form neesaltdicgixtiad hasismmecept lddee wish rihetpropertsegomiosed of Fe or
FeCo or ap akd.oy of ciee s@kplee Gorepdfea Dherdm@gngtfremmtosr kal1.a6ruct ure recited
inclaiml, whergin; Qr.'iq\vhgﬁcd:gléﬁ%eq:hé CH’ﬂ:Eﬁ\'&e@'eﬁHl'a@Xéc@rc;ﬁimt ry broken
structure |s cgt 0s e o1 an Io% Ei%ﬁ/%-[e"v g%dh@# n(gvegn er nore of the

el enent s |. 19. The

magneti ¢ mat ‘écfeirﬁf‘”é‘ﬁfr l‘ii‘&si u’r"e trh%cﬁnéa Pf‘n 8% 1, 9\??@?‘%? nnft °layer materi al
form ng sai dpol(YMnS)ta@@xﬁteur@dagf@ihgéﬁwlaéﬁoﬁaalée’f e} atle |‘§“‘@6rrposed of Ag,
A, Au, Ca, dweephitys f eed Coframily , sNbstraldeFehadt ,a RiverPd, tdvgp- Co, Gd, Re Ru,
Tb, Ti, or alﬂt@)fﬁez&EgOQet obs tfigseadmber badis apnhi-red adu=hwat | east one

el ement. 20.. . thg magnetic mat erl al structure accordi ng to claim1, further
conpri sing: a se ond bgcorc11 er_which i s magneti ¢ eLeifet he, bcc-d
| ayers have ani sO energ ensity const ant s Jf

osite sign. 21. The
magneti c mat ¥taP %‘f‘“beEt‘i’ﬁ é“"éjc’?ﬁ?'aﬁ%ﬁ iR é’laﬁf"’}ﬁlfns Pt E%rmagonprl sing: a

coupl i ng2Payes ;sREREfie SEpeatd BECERP |MBFEFiathiSEFRItEreg98¥itSnher ei n t he
coupl i ng | ayeschoat end alappamatid eof onbgnetexak| yingenpbes vitiewubec-d | ayers.
- 22. The magn@igagtimt etbml rrst EtleUbe aGL Qrdb&y taveltabm 1,sdehrt her

conpri si ng: dé*u%%‘a%ngnsb%ﬁadvarélé{ﬁ%nmx%hlin.Sen&EaJn—.%t b&;cogbihird bee-d
layer di sposgg grteg%gﬂg LDE. 066 Yol AET SR ERRIF IRGREL T .

25
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23. The magnetic material structure according to claim1l1, further
conprising: a second bcc-d [ayer which is nmagnetic; and a_second_(111)

t extured hexagonal atomc tenplate |ayer wherein said secoﬁ%AP@¥i¥ Pext ur ed
hexagonal atomic tenplate is disposed between said bcc-d |ayers. 24. The
magnetic material structure according to claiml1, further conprising: at

| east @Rpgasiagnetic hcp Co alloy layer. 25. The magnetic nmaterial structure
according to claim1l1, further conprising: at |east one magnetic hcp Co

al I oy 1l ayers mubRli&nktesAsGucieOcdadprdinp0y has a (1011) crystalline texture.
26. The magngbdugtematerial structure according to claiml, wherein: said
substrat e iaplefst bdeltkt-dAdpwabh isMRighdit! fef@dy $ LNEHiR sEhdstPirokeRBucturs;ihd ace of

sai d singl e fehy Sﬁ@lhyepf)ﬁ\ﬁdﬂ)g% (811h BXRFedHebbrll ABmid18mfldd BispdsBxbdivas shigxagonal
at om GubsaRRhdif Wecanased between the bul'k of said substrate and said at

| east one bee-d layer. . 84 25 August 2005 27. A magnetic device having
i ncor por at exthe hABkBL haRrifBE IRk GeciBl R clagh 1 SiHekG i ubMARNS Shaldorystd.
substrate; at |east one bcc-d layer which is magnetic, formng a uniaxial
symetsry brigkehaghdilcUnhtbtiR stridhtle rétfited @RShInPNEWha¥iBa i 6ff QEH subktlald )s
-t ext uLadnexAepbRtyadinie. ¢ tenpl ate di sposed between said substrate and

sai d bcc-d Iayer.l§8. The magnetic device recited in claim27, wherein the
device, i s aheR@pRiit mattAhicstaiOledefted SAAM 1, B¥therldoerpiBENSL Aforpleds GeeddCi t ed
in cl ahih sifstralhRfBed frbM SandENGy CE NP, Trtpd &, IPNHIOL FRITEL] 6 F&OBOLDiddg
transaygeet7s, 30. The magnetic device recited in claim?27, wherein the device
is at |l east one of an anisotropic magnetoresistive sensor; a spin valve
NMagnetsor esiTht ink@ndhie M@dral ArdRedREiled ih URARLY, WhiGh 580 amPROABU LS Birhade
Sens Olandihd s@f:dabRhSianf AYRpHIBIRRY ithéd dydaak transducer. 31. The nmagnetic
device recited in claim27, wherein the device is at |east one of. a data
storage MEGE&abketit RERFiElIsHEcHITE teAed i cRah 8, WHeRIRAE LIFBIStidify faCkyxadong medi a
I NCor RRMAS iehPlatts Pith@Nk@sla Kofdor nEPGRRAIII thaMRYL; and a data storage magnetic
recording media incorporating an oriented hard magnetic layer. 32. The
nmagnetzi ¢ dgwk GRgheBE inhRfalisBudthd kdditeifin bR 1 SierdidiBie oW 26vidiBg shidliRdxagonilor age
nagne@kﬁﬁckg@ggngﬁ@§@§§ menory. 33. The magnetic device recited in claim
27, wherein the device is at |least one of an article surveillance tag; an
articlge i dambinkdshéiei BdlerlaSiruchird RGRQL REHIABL 1,CrlRkEdiA 6di€ bbAd laysr FBPRELAR! astic
nul ti Rhdvn HA%IPNILE) BRRRA AbtaBehahtbntd ®mbRE; and s @ (NONciybtABAS tckREDAMER
- mul ti pas BRI ERMIGedRNR bALlNY11a) tdxfik& hexGzondatontidQediFINBSbd EpifiRMILE gro@Ci t ed
in cl adoR G leXEFRind nbthorél@ih foRr ddmiddte [186)driefB®onal vadiint€! ectronic  circuit
i nductive conponent and an el ectronic circuit inductive transforner
- conpoment . TREmadidfc NMBGAAkirGctdeNdcoRINEeS tihfl, el &nfpridikg: Wherein the device
i's a signaly satont MeLb@eIIMS N @ 11)CleXiGidl thefR6RR0 BRAfc template, wherein said second

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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36. The magnetic device recited in claim27, wherein the device is a
magneti c fluxgate sensor. 37. The magnetic device recited in claim 27,
wherein the device is at |east one of an electronic spin 2¢Aneps200i gital
logic circuit conponent and an electronic spin transport analog circuit
conponent. 38. The magnetic device according to Caim?27, further
conprising: at |east one hard nmagnetic |ayer; wherein said at |east one

bce-d (lsay errpahiaghbtit ShafBBANEhdttre af QEIRING cRir i fRrtHeRbo try broken

structure, ,t&ndbRROSRILRE] MEEHwREH she bdrlhlerdegt Ur ed hexagonal atomic
terrpl ate ar&%@gjggc_aq?fe@ﬁghgmﬁg@i@dangagnet|_c _ | ayer. 39. The nmagnetic
devi ce accqf fhfGnt Bxifd BlyBR Rfwech Wil REJon® BEBY (a5 saidlhilRSId 1978 wWhefefh

magnetshig sb@Y@ind (MRPEBIdNaRA 2tk @lpobQBRtweeNRidBEhnIRARG LS lag4er 1S di sposed
between sai d substrate and sai ci) at least one bec-d |ayer. 40. The magnetic
devi cqgaccofydihRgneti® nfdeRhMrédure htotdh to CRIPT, fkHRBcompbsinkeast one hard
magneti C r @GREHAH BEt-d RYE iwhidhieh&hnR:i85 25 August 2005 sard at |east one bcc-d
| ayer whi chy sb&nlBGMPlekifired B&(afédﬂ%t&nfé@énﬁ%ét@lay&%@%&{ Middceliemyent dact ure, is
di sposed bet ueebnsRidd 1ytddawdfxbidb&dd Rgxagonal atonmic tenplate and said at
| east one hard magnetic recording layer, and acts as a soft nmagnetic _
keepery7l ay efthe nfidnetid BateARGREL S rdRYd 15818k EOFHtdROsatdbce daiydt APminvhakakin: sai d
at | eaghmereoiRdnderiREd &l dompbRae 0f B fFet@yeln Mapofred 8bes.red magnetic
orientation perpendicular to the substrate. 42. An apparatus for formng a
magnetigC NMBthe kiageti® takdfih1Wiotur RNEd iR cREN 1 3R RII BecANBRKIAGIND h AGIBHS
nechanisfkirPhdkd sTBaRE if RnpdRROB AL AIRY offe bSRED hPARY HfeCor thokPHRhe Mthénlk | S
magnetA1cg andc fr Wi, Bg N8, MBI Wi dla, akdIMet ry broken structure, on a substrate
having at |east one layer providing a (111) textured hexagonal atomc
tenpl abe f athe $RbAbGR GRadial MRure ABitedINRIARNAGALHS RS OEAhAEH A Gorflird] 0342,
wher ei( 19 axehr&YKBEIoRM aRinid dnpthid sQReRPSsecdBE RRNAS Mul Su, 84-CbERETo0NE:, 8f, an
appl i edrérpgnat pe hig-, GadRé REIRA TRLPNGDYS 8 e LRSI itk ePiaR REImBinAERANSat Ikt
del i vehi BBmediat eri al of sai d bcc-d | ayer at a selected angle of incidence
to said substrate during deposition. 44. The apparatus according to claim
42, wher ei mhs taghetib RafefidlsBudtdre Scclidhle to C1AAPT, ingtRBcondrisiag: shaped sputtering
target of di AEERHYcc-AMIet WhichNE MaBReticNFhélein RS BEd Ihgexﬁllh_ﬁi?@ﬁrﬁé’otr@%y siksy di sk;
a shi glghiaBshsRBk ORGPBLiteRBENECt structure surrounding said rod shape
sputtering target; a gas pathway between said rod shaped sputtering target
~and said shihghlimcad thaRriflaGu@itt hecBRRg 10 BBinEN Gurdter SRlphsih@d shaped sputtering
target; whergigling B9erapaar at us delivers vacuum deposited material
symret ri calyl Yedoh@MhAEAT 1afR SRELESUS T BagneBE SBLEinr ARk ShapR SRyt @lieAal _
t ar getan@err@fagRORhBy Qupleht d@0LRyRHNd i N a generally radial direction to said
di sk.
22, The magnetic material structure according to claim 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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45. The apparatus according to claim44, wherein said symmetry breaking
process nmechani sm conprises arranging said rod shaped sputterin% t ar get
and said disk so as to deliver said vacuum deposited nat e Augatt 28685 angl e
of incidence to said disk of between 15 and 75 degrees. 46. The apparatus
according to claim42, wherein said symetry breaking process nmechani sm
conprises an applied magnetic field directed along said substrate. 47. A
met hog70f pf {i0gevite b dpdFREShERI aShdeHcUhiRerRP B Bfprisidd: OVi di ng a
(111) textuyrgetugxagonal atomic tenplate; and providing at |east one bcc-d
| ayer whi Chy jesst BROREUIISyer RIERTsHhgRetid oRih@h uSHAAB ey BKIRA stridnirbiGhar . 48.
The net hod of Red biajd? pfovRidE A7111) VREE&T x4 JdBal Bfobridleh MBS didpSscd BRASEHT Q@ ON
sai d (sddsthtebbddaild 8- lAgragonal atomic tenplate while enploying at |east one
symmet ry breaki ng mechanism 49. The nethod recited in claim47, wherein
sai d bge- d TaYBbnetis d&delraoiledtd Naifl 2O Whhefdin o iélidelidd nagrde8X8dtd fetagraxaganal
atomc tenplate while enploying at | east one symmetry breaki ng nechani sm
sai d Joesultiyenehohife: dbvic@%BliteBas chith DFOWh&EM Sthatldkvife ist £ ¢hth lsRiragBNAkbgattid east
one Crystdid teiugéai n of said (111) textured hexagonal atomc tenplate has
epitaxially grown thereon at | east two and not nore than four dom nate

(110) sori entpahia@Rak d¥Akd Béted in flm I @héreh MRMCHRE iste tkadt Bn€ bR aMadBotraplter ei n

at | e3sden@hesisiavt dsel i NAtkfin( FAM Riphbleattivenddnsotard idgnetida fundel <juhdton

cr yst ghdoh@reditve Sdnk@and B ddt Qodpsnetic fikyBadckaladsdubsst ur e at approxi mately
+5.26 or -5.26 degrees relative to a <110> direction of the said (111)

t ext ursgd heppaaRBakic 3bREA Ccitcl MPLIFIELT, FhérSB th] RRRe stk 1dafidné 6T @tstorSe 25
AUgUS tmaZ00R odordidd Biedi®l DNasta iRk %&Ehdﬁc Ghadtdd edidhi@iofforitif @ bl oSyHREIRY

br eakingndRINRA A Hsa HSRES Mhirefic Rtordhdiniddi GcotholBME hn bid@fed hatddndghdik)

t ext ungdy hexagonal atomic tenplate at an angle of incidence angle of
between 15 and 75 degrees. 52. The nethod recited in claimb51, wherein said
angl e 39f i NG dRNERIC Eevidh 1668 Gn GRALNE| Wierdih GRE detifiLis<al Eilx sthirdp€ Ghdgasticof sai d
(111) SRsieess haxagonal atomic tenplate. 53. The nmethod recited in claim
47, wherein said symetry breaking nmechanismis deposition of said bcc-d
L ayer 3gpon 198irchghekibldevic® McHEE th HSNATO RAlered! BB devib€ IPAtALRL bik ¢F EREARL C
fieldsaRBilhRd tded af akidle i8@NREALE tagD4 maghocBid1R€cIE @6k b ehehdodidstd Mubigle

Wher eipmsiicheadtlnk @i TR 8hd £ndnlifls) rbsporiit HRGIRBEMES @nbitingdk@ag he <112>
direction of said (111) textured hexagonal atomi c tenplate. 55. The nethod
recited in gk iaBhepid deVibiereitdd if dlaln BRRYHREh HBABAED & af lc@d And f: ah ERGERR
gener kbt inddeBGeohidEnentdnlian @iebestld @RuibhdSdilvélirdnbibiherlcbmboterd hexagonal
atomc tenplate. 56. The nethod recited in claimb53, wherein said applied
nmagnetssC f gk GhaofetiRfdetiod RiclistlR MmOy, WhereS BaliBVice B sigla€ b ectiorii t ed in
cl ai mehduit dottipbipgt, conprising: providing a second bcc-d layer. 58. The
met hod recited in claim57, wherein said bcc-d |ayers have ani sotropy

ener g¥edensiht Ynagnetic 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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constants of opposite sign. 59. The nethod recited in claim57, wherein
sai.d bcc-d | ayers have ani sotropy energy density constants of the sane
sign. 60. The nethod recited in claim57, 58, 59, further ZoABEYsEEOYy
providing at | east one oxide | ayer between the bcc-d |ayers, to form an

el ectrical insulation barrier. 61. The nmethod recited in claim57, further
conpri si NQs,iALOMHLDbcAH 1dyeasiictfis SREANE, foddidg a LB Xl REmBeXGeRAB u@ieM C
tenpl & &sRElaREReS Hidl(19 D% dured BkEEoRal d8fmic 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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