H GH SPEED LOW PONER MAGNETI C DEVI CES BASED ONCURRENT
| NDUCED SPI N- MOVENTUM TRANSFER The present patent
wa@ppbiog@ri on clainms priority to U S. Patent ApptT/Us1008081893
Serial No. 11/932,745, filed Cctober 31, 2007, the
contents of which are hereby incorporated by reference
inits entirety, This invention was nade with
governnent s ort under Contract Nunmber NSFDVR- '
04K e GPEEDM?\S PONEROYMINE TR IE Y EsB AP ERGN U RN
Materi al s" and Contract Nunbers NSF- PHY-0351964 and
NSF- PHY- 0601 INTA(HD SPINGMONENIEM TRUANSFERScape in
Mul ti stabl e Systens" awarded by the National Science
Foundati on, and Contract Number ONR NOO 14-02-1-0995
entitled "Gate Controlled Ferromagnetismin

s mI‘ﬁQ gugt :fx&ﬁ&'a\&li?l?ﬁ%[z&%el%n%%mﬁ@’% qe%ef%u{ rl%p % 31°€er@l No

Naval esea

ver.nneg t ghts in th nvention.
| R TR Tl B, LRt Fish e Rer Sy ingbroated by
relates to magnetic devices used in mermry and
li’feifﬁ“ﬂe‘?ﬁﬁ’ﬁﬁ@ﬁ%r ocessi ng applications, such as giant
magnet or esi stance (GVR) devices. Mre specifically,
t he Thisememtion mueemidde witiegormines apfirghndep €evirmndiuhbey NSF-
power nethod by which a spin polarized el ectrical
DR 20C aNibe “Nagdedi® SpRNT R ferapeki@w dug MEB®Is™ and Contract
direction of magnetization and/or helicity of a

‘0 ﬁﬁ&nekﬁﬁ pRYLAR A %HQ‘E‘SP&P!‘#‘?\O G879 Eﬁgﬂmwmg&ﬁ\wpe in

I\/hggetl c devices that us
VBB YA 2%? it oﬁ Sollt é&%@ﬁ Shfblial 3 TROGGL Syber

device generally ast_two ferromagpetic
OQBG&QPB% PP egtlst %‘gi’ at @gpa & “HB‘HE‘%@%W Semiconductor
mat eri al , such as a raC| al ori nsul ator. The
Nunktekchess evaged bhébeelBise 10 dasal di«eéeatthﬁ‘d&zt Pyparmenhel’ Defense.
range of 1 nmto 50 nm If the non-magnetic materi al
Thesotern@bsabhgs dehgn ritdd & thypeembn.devi ce is known as a
gi ant magnet or esi stance or spin-val ve device. The
13 resi stance of the device depends on the relative
magneti zation orientation of the magnetic el ectrodes,

Hggg@fa@imgthﬂqm{hey are oriented parallel or
anti-parallel (i.e., the magnetizations lie on

i o niete oy t 300 TH e s
g?g?itilrggdéghétyigfuggﬁ «Bﬁ am I’HQK\DHPQHS{LRE el LS f]S}.‘) i %R and

mformation processing applications, such as giant magneioresistance {GMR) devices.  More
specificaily, the present imvention describes a high speed and fow power method by which a spin
20 polanzed clectrical current can be used fo control and swiich the direction of magnetzaiion

and/or heharty of o magnene region in such a device.

BACKGROUND OF THE INVENTION
Magnetic devices that use a flow of spin-polarized electrons are of interest for magnetic
25 wmemory and information processing apphicavons. Such a device generally imcludes at teast two

ferromagnetic electrodes that are separated by o non-magnetic material, such as a metal or

1.
SUBSTITUTE SHEET (RULE 26)
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magneti zation pinned, i.e., it has a higher coercivity
than the other electrode and requires |arger nmagnetic
WO p@baso0or spi n-pol arized currents to change tPEI/US2008/081893
orientation of its magnetization. The second |ayer is
known as the free electrode and its magneti zation
di rection can be changed relative to the forner.
insulator Nf IHeNBick AR sz adt the el%Et%d%g akdt ff&)féﬁll}o il BRUBIOS PhmifisH nm. If the
second | ayer. For exanple, or- "0" can be
non-magRqlicesaeriat ds Hyneanttherpmisadybebf ddvicg MERAwOAs 4 Figntl 1B3p@EBresistance or
and "0" or "1" by parallel alignnent. The device
spin-valve giesicein dde wgdidtarige od ithef davénet depends tonabe rélaviveshagneszagionl orientation
thus the device resistance can be used to distinguish
of the migneflﬁ Gtectrodes, Aychi appwhether thee gre peeni¢d saretel gordanirrealiet (i.e.,

it is a.non-volatile nmenor since the device
magnetizaitns e b Peihue s BHcRgn @mnéﬁgmoa@ &%eerleqt@d%fypwaﬂy has its

magnet%lltli(o% L@nﬂ%gn%t '1? hgﬁa;g lehey L) Voeerm 1ty hh&nq € OWg t?ozdgtaing r{equlres larger

n1Croﬁ Si 7

magneti‘é' 86 bPRpif %laﬁtzécl utént$ tt@l%h%g\é" thd oh%ﬁtﬁﬁ&{ f s trﬁfgrn%atlon The

| uctuations. |In convention magnet i c Fandom ac
second Hi?Bins knéWMRrAMbe R d@dtsrodBENRS inGgrieti®dtids dfebtidtS@E teQhanged relative
switch the magneti zation direction of the free
to the f@imect irdicenatibh ese berstgreetin chef oréeneision be thiy edowieldydts iHvg example, “1”
current carrying wires near the magnetic el ectrodes.
or “0” 'ph@ bgj represamipst by ants-prarjallelj dligomentsofs thet layers had 408eor “1” by parallel
devi ces _consi st of dense arrays of MRAM cel | s.

ahgnme)ﬁ\% e ﬁavg??ef?sastq%wag ¥ GHOreTE {oF 11base g@ieptaier and thus the device
rsioank SO0 SRR LTBIAGHIG, 98 T R e St s v
itis a né%—(/&l)itllg Ii‘:ge?]rg)rw dide l?ﬁ‘e &Jv?wﬁP%lﬁéahls kﬂ?etlﬂﬁ)%a #} %Ht\xﬁle? fthetln)%ver is off,

arrays, one eVI ce experi ence e magne

like a thagk@s hhfdomitde ﬂkﬂﬁﬁglﬁlﬁ\éleﬁﬁﬁes Thh SeCudstictH lﬁ I’Mtérlll size and the
limt the density of the nenory and/or cause errors in

magnetingionrdjrecter @histh be sfatiletwiet respdaetoraginal figethitRingls
gfnerated by such wires are limted to about 0.1 Tesla
cerventpens] triagnetisf randem elcesss medwsy (WRAM) ldesighs, nogsdtmwfields are
devi ce operation., Inportantly, conventional nmermory =
used tod?—;‘@?‘"ﬁn’%‘eaﬂ“%leﬁ%aél%t &rqetien jof %? drrgorlfctdscedbess wagnetic fields are

oo B R P RGBS B LB b st o

cross—se%'gg% ?u eBnedflgy%%Q{l E: rﬁ\}gt ogﬁ%ég 'angs igﬁé@\(/{ecr%gf é\%l[ge magnetic

fields fRMPD IR Hide®NRnérBreTlong Fange ShAsHeE Wakds: |
e Magnet | sr% };nég I\/tggr?g§ T teér}feal %9(11;%%%?5196%)@0?0 only as the

inverse &f thadiseansk frotethe berb@dofahmﬁ'bﬁﬂhbﬁrﬁ/ﬂlWeV&ﬂbséhalﬂ between elements of the
spi n-pol arized current can be used to directly change

arrays, trigeoneedgnist ivdll erpariened thonmaghetic fidlgn&bincthebthet dodes. IThis cross-talk
t he proposed nechani sm the spin angul ar nomentum of

will lungth@efquWyn@f the memory and/or cause errors In memory operations. Further, the

magnetic fields generated by such wires are limited to about 0.1 Tesla at the position of the

electrodes, which leads to slow device operation. Importantly, conventional memory designs also

use stochastic (random) processes or fluctuating fields to initiate the switching events, which is

inherently slow and unreliable (see, for example, R. H. Koch et al., Phys. Rev. Lett. 84, 5419

(2000)).
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electrons interacts directly with the background

magneti zation of a magnetic region. The noving
we@b@onswons transfer a portion of their spin-aneCi/EB2008/081893

nmomentum to the background nmagneti zati on and produce a

torque on the magnetization in this region. This

torque can alter the direction of magnetization of

HRES T PAER N AR M6l Gid 'sé\ﬁerﬂ%ﬁ{é?ghﬁﬁtah&ﬁ @i eJCtSFd?l@kewskl Journal
Further, this interaction Is si nce |t only act

of MagﬁalsfrﬁgidCMSgdehE ogdtiand i 59) 111h€ 996)5,r Rk SfdneMéwskiHIWENd: a mechanism
t he proposed nmechani smwas purely theoretical.
by whi@l ersploepuddrized cpatmntandsesused te slifdByVichiange akes ntapadticusréentation of a
spi n-nmomentum transfer for magnetic swtching.
magnetllclo%eqﬁ@de t Wethsr ropesed raeohprisrs, Hreespih Gngelad mogleptugn of the flowing
fluctuatjn netic fields and stochastic processes
electrons dnﬁemﬁsl%gﬂw%h B9 DarkproHnd MABRHIZAPD Fir BRgHeELIC |raar1@ré The moving
{ de ed to smntc devi

clectrorf it p RS e B ARE RGBT AEND. Grtnd PEERiR Fgpeation an
produce| ?Qbﬁq‘gg Prthe é&%ﬁﬁwkﬁl ;1}1 tﬁ¥sa}e§§> ar Thfshﬁ%nﬂlr eé rzﬁ%?,,tﬁ]@( Qftection of

3 magnet and e al ver

magnetizhtic® of fhik f-egﬁ)nszﬁﬂes\ﬂtchQ%t n2FneBraton! BRLASD. OBurd@&r, this interaction is

di scussed ove. Qther orientations can serve as |ong
local, sametiheylyadoss parredibe threughhwhisRRe airsnt 'floAs. Welodeser, ithe proposed

bel ow, our device nakes use of |ayer nmagnetizations
mechanishavasepugelpigheopadicall | el to the same axis, to great

advantage in speed, reliability, and power

"prpateyf descpibes MRAM dsVisess thap Juise ospybﬁlamﬁammsuﬁnsfer for

T T

fields aﬁ@&géﬁktmges&g %1 uﬁ&é{% ?r?a%netﬁ'gtt Vs%nch lg.ﬁﬁ]exc el?rge current densities

re unre
are nee@N®! HiRAGNe Whlides! elgalfegcrﬁﬁ?ngdﬁl\é';ﬁ'&eﬁg@'éﬁggﬁﬁieﬁtt bfCis “latch or logic
Further, the estimated tinme scale for magnetic
gate,” Sumcke\hskm gtaw®S .. Jkk pie6grekiGixeOPEIhaBinigndds H1aFgeaiUF3 ertall "vertical”
densities. Devices are needed that exhibit high speed
(i.e., indhgisams] dircotien gpaieatation) asntigusseth@baet | @therodrieatations can serve as long
spi n-pol arized current. This includes devices that
as they @peepaltaléelm the |same raxSoneAs arrddesariee belaer ouhdederomakes use of layer

magnet SRS ot i e PR AR 1Sy gctitiy, and
ons associated with conventional designs of
powmnﬁhﬁﬁﬁkéhthat use spinmomentum transfer, an object of
e PrES ert 6336808119 Morlafhah BuR 286! & rbes Elé\}ﬂ&:ts Wi ubd@rrent-induced

i's optinal for a nmagnetic menory or nagnetic
magnetit BWVREHTAE bADdEHOBESRE MeXRYilfest the operation of such devices. However, the

devices proposed were unreliable, as there was little consistency with regard to device
characteristics. Further, the estimated time scale for magnetic switching was 50 nsec for operation
at large current densities.

Devices are needed that exhibit high speed and reliable operation under the action of a
spin-polarized current. This includes devices that operate with lower power and have lower

threshold currents for switching the magnetization orientation.
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It is another object of the present invention to
produce a magnetic device that has advantages in terns
wW@Roogpsmadl of operation. It is a further objectPOF/US1968/081893
present invention to produce a nagnetic device that
has advantages in terns of reliability. It is a
further object of the present invention to produce a
SUMMMONeH THEeNVERTHORt requires | ower power to operate.
It is a further object of the present invention to
[ OGIE Bf ehd TRANSIINE ad@¢iated WiiRcoMastiGAY ABBaST defick€ fHI® use spin-
of the stability of the stored information. It is a
momenfunr trimesferom elgject of thehwegenemeerttion nyv@nirovide & stryrtwrd vic issoptimal for a
magnetic device that has a | arge read-out signal.
magnetic{BROTy 9 MAGHeLIc) infoanatyls) rrecessing deviee. i nvention are
%cconplished,by a device that enploys nagnetic | ayers
i'h 1wanether Refta gl thenRERSERL PEENIOR @i ProdtseoAsmagnetipidericg that has
mianmaéng t he same xis.fFor i nstance in one enbodi nment,
vantages in ey isp eSPBﬂ?lﬂhve magneti zations that are

9 riéqggﬁggéro?ﬂ}?& j)tn}h%n xjegélﬁt iiﬁ’ve ti&?g@%&ﬁlc f?avl'q% netic _device that has

conpris erromagnet1 ¢ and non- magneti.c yers
advantagly RUsihsWrirgilnaldy rent can flow. The magnetic device is
conprised of a ferromagnetic layer wwth a fixed
magne firtet objectdoft the tprasntainderaion tth @kodued b anm@erd teévice that requires
| ayer separated fromthe first by a non magnetic
lower powgi Wropetaét. has a nagnetization that is free to rotate
i.n response to applied currents. Athird ferromagnetic
Majsep, fugher H‘?Je%te@gﬂlﬁt RIGSt dRMenHen ¢ pEpdiiceya gpagnetic device that has

non- net.ic |layer, -has a fixed magneti zation

sdvantad TadRAGpt g Y it B e St adout ¢ ho
. . e .| .

@3&%‘% 6@%& gié {h??)g%s?fgtnlgg?ntrngg tt(lg gﬁgu%efg frﬁg}?&l@ %te{llge that has a large
read-ouf §f@MBgnetic layers are not all along the sane axis.

In"one of the preferred enbodi nents, the first fixed

e geoarmigaditionall Gvje@ts 6f MBdNedntid@tateditclinpReticd ®) d Sevice that employs

perpendi cular to the plane of the |ayer, while the
magneticrleyer§ ér wbithghetayer magmetizgiomadjreetivmsadd oot liesalpmg thieesame axis. For
_ pl ane of the layer. As descri bed above, a current flow
Instance,istaRe EMbPHEIeNG (WP F2gpiitIERIPRS RAYE MagnejizRUens MRAtars Qhogonal.

&Lon1the fixed nmagneti zation J%ﬁeﬁ to the . i

©INEYRSL 1574 D38 AHCSFEICC PR T At BETomagBetif andoppry agnetic layers

throughg(gl%a? El;l&é}}[ 'c?ﬁ] {18&/ tﬂlee 1215 en%tic': ?ér{\:faic%fi g%%ﬁlg%;%%d?&% fet%i%nagnetic layer with

roportional to the'v or

a fixed ﬁﬁ?ﬂ&fzhﬁ(ﬁf ARG BREAARR %rr&rf]?%nfe@ﬁ( Egela%garfafeg%rdn@t’kﬁ:rﬁrst by a non-
with a factor of proportionality that pends on the
magnetie UEFiOA that ek & ReigEtizatiRoinal iszade ©roffe inh@sporkd ®Ndpplied currents. A
third ferromagnetic layer, again, separated from the others by a non-magnetic layer, has a fixed
magnetization direction and can be employed to readout the magnetization direction of the free
ferromagnetic layer. The magnetization directions of the ferromagnetic layers are not all along the
same axis. In one of the preferred embodiments, the first fixed ferromagnetic layer’s
magnetization direction is perpendicular to the plane of the layer, while the free ferromagnetic

layer’s magnetization is in the plane of the layer. As described above, a current flow between the

layers transfers spin-angular momentum from the fixed magnetization layer to the free
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A large torque is produced when the magnetization
directions of the fixed and free |l ayers are

woedkosponal . This | arge torque acting on the PCT/US2008/081893
magneti zation direction of the free magnetic |ayer
causes the magnetization of the free magnetic |ayer to
rotate out of the plane of the |layer. Since the

magnetﬁ@i&f‘ﬁ?ésarﬁggpr{gt ef Bq&ﬁﬂ}@gﬂ G ?}ﬁ%@e}’iﬂtioin.sofl tfte ?re% E@@r.t e torque is

w dth and | di mensi ons, ~rotation o
proportiRGINGLthe ddctnrifle prb@uct befe MREASIAafiod a¥&%ioRWE t1f fidelnd free layer,
a

pl ane of the | ayer generates a |arge magnetic field,

with a facterafypreporribmity fhatdaghendstuncthe cerr¢ae b thdispinl polarizatidrhé the current.
pl ane of the layer. This demagnetizing field forces

A larga insqueatsneroflucad i vdrenvibe traagnefizatipre direesonsreg g fised aydfret dayers are
precess, i.e., for the magnetization direction to

orthogopglt at e around the direction of the demagneti zation
g@%gﬁ%eﬁtggdu? lﬁgﬁl}lg-arglg tlzdﬁerrrrla ngtéz!gélpgﬂgegtk)er{ gq,%lgsfgee magnetic layer causes

net -z [ . e | ' r SSi rate, o

the maGEHRRIR Jrah et -aeliCRH: o boheE o0 35 o SERE! R AR since e

thickne SV 1tE& 128 maDReRAM A 18 9&s Phant Mk SviBRIRA UL 1H BMA&Siohs the rotation of
that randomfluctuating forces or fields are not

the magiRCeaBAryf the fréd agh®icOlay&0bitr 6f tHehflanBoneakd Caye $RMRSEs a large
of the layers. A further aspect of the invention

magnetipfield, d€demagmatpieg ' ifeld exhicheis ipaxpendiculay ta theplenccofobe layer.
magnetic | ayer having a fixed magnetic helicity and/or
dhisi desepgnetizme fioldt foates dhe awagneivatien vewer phiisefrbe magyedic layer to

netization vector having a

with_at |east one . o
precess o fuBF SHRRG AR, BIGCRP FroTate RPUnd ke SHERRLIAR gh e demagnetization

| iall 1t ] i d fr tig | :
o4 4 AR U 8 OO LRI .
demagnB@ih &L irfedd AsuliI6n T ﬁigla MRERELibLE rhBY FhichaR é’nf é)?)ﬁfﬂ?lg @%}%ﬁetion for fast

usi ng current induc Spl n-nonentum tran

magnetiplsefiehingd Ameeint®Blof thidendRViiE BeigsisahaUhali@nttiudlubting forces or
ring shaped structure, and the reference magnetic

fields adeaypenedessatyutdasitiate oe asytra xhesmsgrietit agspomak loy the layers.
per pendicul ar to the reference | ayer and a fixed
Madrdier zZspecoof phe peydiion|paevides & eagrletinedeyfcet imgluding a reference
reference layer. Alternatively, the reference |ayer
magneticrlaygideyingna dixed magpeficshlicits rnpir) a fiped pegrstization direstion, a free
the reference |ayer and a magnetic helicity L
magnetis, By e Mila Y yeast 9Bk PRECHFALOGUHEEIT BrgRk i shangsahle magnetization

et RSl 5L S PP LS LN G T e s
eteren® S8R, HRE e bR BB Bt P Rl B an e
changed lu.Lngtcru?lIehy ?nd%rcrgd) gﬁiﬂlerrrl%rgerﬁlflmt {%z?nsfer. In one preferred embodiment, the
device has a substantially ring shaped structure, and the reference magnetic layer includes an
easy axis substantially perpendicular to the reference layer and a fixed magnetization
perpendicular to the plane of the reference layer. Alternatively, the reference layer includes

an easy axis substantially perpendicular to the reference layer and a magnetic helicity

substantially clockwise or counter-clockwise about the ring-shaped structure.
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i nvention wherein |ike reference nunbers refer to
simlar elenents throughout the views and in which:
WO2@u0s9011 i s an illustration of a nmagnetic devPCEUS2008/081893
according to the present invention; Figures 2A-2E are
illustrations of the free magnetic |ayer show ng the
magneti zation vector and the demagnetizing field of
the electronic device of Figure 1 during the
application of pulses of current as illustrated in
BRIEF BIESOREP BN BFRODME IB8AWINGS il lustrati on of a current
waveformthat nay be applied to the magnetic device;
Hihg UpeegBiBg iasd ather |feaisies af itenpefenamnvahti@r wat be euore eeddily apparent
waveformthat may be applied to the nagnetic device;
from theu émoevmg detadgd idpscriptiomand rrawings wéribe yll@%nanva@mdumgts of the
g?odlnent of the present_invention;
inventiog v BGEC A ke TefeGGICE ARFTURS TSrer (RS ?faaﬁ%fhreua g%lihe views and in
Which_shovvlng t he magneti zati on vector and the denmagneti zi ng
"field of the nmenory cell of Figure 4; Figure 6A is an

{Fléélﬂitl rlsaﬁd ﬁ)lﬂstpaftio o? H?ﬁagﬂéticvﬂvgg g&!&&ﬁg'io @i@?ﬁé@@m%ﬁi@rﬂ

e nenory ce I gure urrng a w
Rerat DRDE kel Hfu@trﬁﬁm‘s Sofetfe | fréel filafdtic ORy & sidwing the magnetization
resi stance neasured fromthe nenory celr during a rea
vector andtthe demagreoring diclr ef thndlaafromic detiee oflFighné 1pdurimg thd apypdication of
in Figure 6A is applied; Figure 7 is an illustration
meﬁmmmﬁﬁmmwmﬁwﬁWaofa4smwrmmwcal
gure 8 is an illustration of an exanple of a current
\Eé&}lé? SAms ApInEERtion of e CYrERIA mvefoaa\;h%énawb@ @prlied tpgthe magnetic
an illustration of the nmagnetizati on conponents of the
‘free magnetic |ayer during and after the application
F%uhé;?lﬁglty ragﬁﬁﬁsftﬁmﬁ Ot %H %Yi@rn%ll% (EllI‘IQ:H{ %a\?efgﬂng ltﬁa? n?agl Be aﬁ)ﬁed to the
nmgmﬁ@mpgggnent of the present |nvent|on in mhlch durlng
witing operations no net current passes through the
Figeee AugartiilGihayed! a mhanore cdll hetcddiap to lohelsinbadiment of the present
an annul ar magnetic device according to the present
inventionpvent i on;

device;

Figures 5A-5E are illustrations of the free magnetic layer showing the magnetization
vector and the demagnetizing field of the memory cell of Figure 4;

Figure 6A is an illustration of a current waveform that may be applied to the memory cell
of Figure 4 during a write operation;

Figure 6B is an illustration of a resistance measured from the memory cell during a read-
out operation before and after the current pulse shown in Figure 6A is applied;

Figure 7 is an illustration of the free magnetic layer of a 4-state memory cell;

Figure 8 is an illustration of an example of a current waveform applied to the magnetic
device;

Figure 9 is an illustration of the magnetization components of the free magnetic layer

during and after the application of the current pulse shown in Figure 8;
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Figure 12 is an illustration of an annular nmenory cell

according to one enbodi nent of the present invention,
wapwIlsmare 13 is an illustration of an annul aPCTERNE081893

cell according to a further enbodi nent of the present

invention in which separate read and wite contacts

are provi ded. DETAI LED DESCRI PTI ON OF THE EMBCDI MENTS

%@H@tmfl? aRfilnRerBas 6 J\/Hﬁﬂﬁ) ¥ Eelpgé(:b QS dde! éé‘lﬁatoﬁﬁﬁé?lt b fhe present

basic concept, Figure 1 ows a nu ayere
inventidll inlviHictsMaRRovitRE et fioBEND A& cﬁﬁ@ﬁrpa%eﬁ fhrughi thBEe magnetic layer;
magnetic layer FM with a fixed magneti zation
dHigwet Ilois andillastfatior ofagmenindarl aygnetleMBevidet hcardingeao the present
magnetization direction. nl Is the nmagnetization
inventiapect or of the pinned magnetic |ayer FM, and n? |s t he
rmgnetl zatign vector of the free ma netl c. | ayer
THETR il Akeen gFion of paparulpmeneryscel aceordigg e en%ﬁmeﬁﬂnﬁent of the
4} mantum The pi nned magnetic |ayer FM and
presemt“ﬂ% ?Ibél gnetic Iayer FM2 are separated by a first

[ all . S .
W é?gg Eﬁu’l ﬁldééix_t% ! u C laf B?e%]rgo?# cdl ?(,ec%?c{u% gonzé ;ﬁﬂ'ﬁle} Wibodiment
of the p!ré%Eﬁrlﬁ%h@Im il Whih Bdpat A& fbad THE whitd acRNRPpRvIRgNet i C
device is typically sized in nanoneters, e.g., it may

be | ess than approximately 200 ran Iaterally. The free

magnetic |ayer FM2 is essentially a magnetic thin film
DETAIBEPnRRECRIFIEANF THEREMBORIMENZEBed nmagneti c devi ce

wi t h two addltl onal layers - the pinned nagnetic |ayer
Structunengf af3ag g Dg :.-"' c layer N . The |ayer

8 SKAESR: By bl B LR L bl S
device écf?% e?r%%% gmlngd ﬁ‘laﬁﬁ&%lﬁggarsﬁﬁ&'% x%% %yagﬂéchzg ?nn'glr%:tlon and a free

means |ncIu érima

magnetir%htlg)ﬁe.tr rI—fllﬂZ %ﬂﬁh HeRRR4 {1&1@1011 I'Hu%Ut%h. largtg Y’%Eﬂe%ﬁ%ﬁeﬁﬁ?ﬂg Jector of the

ese nagnetlc evices can a

pone Bl SRS SRR ol e B e P
fab t t hat
e pin SR T Ao e R P e T S agner |
?Ipﬁﬁle@ gl}a%ngtﬁtﬁ%rrqil\ﬁl 2H4 ftl%cﬁee iy 119%2{}}6P?M20£re%f:%arated by a first

con enlconductlng or 1ns

non- ma@m@uﬁk 1R s bstﬁan;y %Eﬁa@ﬂ@sgfl‘l%ttWG 1Ay%yseml 0§ mﬁs&a What their mutual
are not limted , Ni, and alloys of these

magnetie| @reation SudhidkeN 1TXEillarashhseds magndtiies&ice is typically sized in

ferromagnetic netals with non-nmagnetic netals, such as
nanome(@us, eFxl, itPaay bdildds Shan appraxanpelyi 200oms latemaliyhi ch t he

materials are ferromagnetically

The free magnetic layer FM2 is essentially 'a magnetic thin film element imbedded in a
pillar-shaped magnetic device with two additional layers - the pinned magnetic layer FM1 and the
non-magnetic layer N1. The layer thicknesses are typically approximately 1 nm to 50 nm.

These pillar-shaped magnetic devices can be fabricated in a stacked sequence of layers by
many different means, including sputtering, thermal and electron-beam evaporation through a sub-

micron stencil mask. These magnetic devices can also be fabricated in a stack sequence using

sputtering, thermal and electron-beam evaporation to form a multilayered film followed by a
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ordered at room tenperature; conducting materials; and
conducti ng magnetic oxides such as G2 and Fe3™. For

w0 b@pasmomagneti ¢ | ayers, materials include (buPCHDS2008081893
l[imted to) Cu, C, Au, Ag, and Al. The main
requi renent for the non-magnetic layer is the absence
of scattering of the electron spin-direction on a

subtracﬁ\;ko ﬁﬁndfzﬁﬁlﬁﬁtlibns gﬁcgss Y Ehdves 8RS A8 1800 e gﬁﬁr dl‘?%)@& magnetic

hi ckness. ctric current source i s conn
device &'nh@ subsine @uﬂ?ﬁﬁn SiichGs kiRY 6f a EiNtorPobthdi@ehic@BAPBAN6E inSulating wafer.
| ayer FM2 so that an electric current | can traverse
tMigtenidl$ lfar thel efetromagnivkit ho@drsofncMdg (it are Swt tiatiledgo)ARe, Co, Ni, and
el ectric current | is applied to the pillar-shaped
alloys qfdlpseelemedisy bush as Vit fiigy; allops elithesenferrompgapiic metalowith non-magnetic
the various | ayers of the device, fromthe pinned
metals, ﬁﬁﬂh@t ¢ Rdayiér NEASE, 3t eoraPasitions ihyhiCHamBRteralp agﬁeierlnmagnetlcally

e SR EF il e RS £ o o

and F%? n%ﬂgﬂﬁ?ﬂ?ﬁ%{fe Ezi‘:%y%fs E‘Mgerr%ﬁsslﬁelﬁd{) ﬂg%?pﬁllh tgd 2¥3%r Cr, Au, Ag,

and ALf I'Pie G PRUNEHESR fof Ghe Hoﬁ fha fcmﬁflercﬁﬁh@ hOQHEE oﬁ scattering of the
torque. Figures 2A-2E show steps in the nethod of

electrom@géiréctioss \0h taGhord Geng i saglef WRiCHRYIRE then SRt e 15/e0 WMickinBss.
Figure 1 and for conveni ence, Figures 2A-2E only show
tAneelketde caergmiesduccel myonndeldd @nitie tpimnedagagptiic dyeoRM1 and the free
vector_of the free magnetic |ayer FM2. Figure 2A shows
magneticigyer FM2 sol thatagyedecsic qureent | ean raygrretthepillendavicEnp
before the current | is applied. As shown in Figures
2B-2D, applying a current |, which can be of a form as

S [ 3A and 3B, results in the transfer of
Method J?%g%nepﬁlghgr "ﬁ%s;u fromthe pinned magnetic |layer FM to

tAhe t I

éE‘n%E{tﬁ%‘ﬂ?%%qt R i Pl A o e eyl current 1

flows tirB@ethe ovatioyeTaybYbf RROAAGES fRork Apian@NmbfiRtioBYRETMI to the first
nmonment of the free magnetic |ayer FM2. The torque per

non-magmetit laygeg Ndttozlx fremmagnetindayler €d12.aYbe apmiep copenttliresudts in a transfer
to the vector triple product ), where is a unit vector

of angujan mereengim drom Bi¢ RIfNed BAZRAEN tyeic Fdnterthe §ke miangticdayer FM2. As

netic F F and is a unit vectaor in the

stated ag%)a eetqaa ebg e aﬁm ﬁ‘&ﬁge?ﬂe IBFngeH% r?ﬁlq{h@danother can produce a

magnetic | ayer FM. The prefactor, al , depends on the

current |, the spin-polarization P of the current 1|,

@%rés A SRSHDE s?efps i e ANGh& Qfﬁl\ﬁﬁfe'ﬁc tsul‘?tcﬁlﬁf fisif! the magnetic device

pihned nagnetic Fayers, cos(q
shown in Figure 1 and for convenience, Figures 2A-2E only show the free magnetic layer FM2

torque.

and the magnetization vector m, of the free magnetic layer FM2. Figure 2A shows the initial

state of the free magnetic layer FM2 before the current I is applied.
As shown in Figures 2B-2D, applying a current I, which can be of a form as shown in
Figures 3A and 3B, results in the transfer of angular momentum from the pinned magnetic layer

FMI1 to the free magnetic layer FM2. This transfer of angular momentum from the pinned
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such that ) . is the reduced Pl anck's constant, g is a
function of the spin-polarization P and cos(q), Mis

W@ b@ossgynet i zati on density of the free | ayer, BCT/BS1008081893
charge of the electron, and V is the volune of the
free |l ayer (see, J . Slonczewski, Journal of Magnetism
and Magnetic Materials 159, L 1 (1996)) Thus, a | arge

tor roduced whe nonent t he .

magnet G i ﬁ?%y@sn%mﬁgwgﬁgﬁe biRUER TR GHaRS sl 8 dpe magneti
H&Q are per endlcul . This torque , which acts on the

momen dh%??% faysf F free magnetic |ayer FM2, causes
t he magneti zation of the free nagnetic |layer FM2 toO )
B¢ 401U G5 PST Ui anagneliatist of e fregylayer isprppartiondl to the vector triple
thickness of the free magnetic layer FM2 is less than

productt i, wi(6it B 7aNdwheaghh idh il seaos infhetdikcfisresf tegMghéte moment of
Iayer FM2, the rotation of the magnetization vector of

the free Ih%ﬂcefl@ ?aggfg?@; @X?E u%N%e&‘& 119¥hetcp%cg$r?9f3ﬂ19 ngﬁgtlc moment of

er ge rge nmagnetic

neti zi | d, which is pe pen i cul ar t he o
the pinnl SRETR 1755 HVeY e T Fib ot ol IREETOA (g F PG o S polarization
t he magneti zation vector of the free nagnetic | ayer
P of themyprentol, pp@ tdexwsing obthe apgle hgiweeen thehirechand pitmed magnetic layers, cos(0),
magneti zation direction rotates about the magnetic
such thdti &|=0hikP sos(F))HeMBaghetsithé RglutddePldne's cordahergriinegunction of the
the rate of precession. A |arge demagnetizing field

spin-polafiSdtioh P Al QR(E5XM RTRL Mlagﬁ&gatwne&:ﬁﬁﬁi ONhE HeB 1ayeh)i £H thScharge of
an opti mal condition for fast magnetic sw tching.

the electrB Sand'\ﬂ is%fle QQItuthBclf 15OREd QY&ALdOn. @fonéﬂéﬁlsﬂaﬂﬁl?ﬁdl ©f Magnetism and

m)ry device for fast naghetic sw tching

MagnetﬁalgIQQ} rTth Q@?ﬁ%hq? %2&1;&?%%?&51% 7 %GJucE%Heﬁ the magnetic

per en ér t ree®magnetic
momen FIXF thean d Ei il gggt%glgyl%cl? {he %E tnrllae n{etqce g?f%\gf Fta)reI qeg;lgendlcular

?‘k&gt E'quls PR of i Eﬂaé% i ﬁ's?éeertt 4‘? Jeseliganatis daver FM2
t'e%‘ﬁ%{ge%:tg%u?%tgf e FRgHeL L SYALENL 00, PT0F Egﬂﬁa@ﬁ@t gfcthe layer.
since 3 thip RIS HL B¢ ﬁ&ieéﬁniﬁgﬁ%ys@?%ﬁ%%a@ it Bt 2, Bfeg ignensions of
the freedw??l%ﬁgﬁ%yef SR B BEpERE o e iﬁ%t%nﬁﬂegmggﬁéhgﬁi%ﬁ@e magnetic
tayer 3 gt B TRIDEeL B VovEG e s T Dt el 2 flembsmetizing: fie,
which is perpendicular to the plane of the layer.

This demagnetizing field forces the magnetization vector m, of the free magnetic layer

FM2 to precess, i.e., to move such that the magnetization direction rotates about the magnetic field
axis. The demagnetizing field also determines the rate of precession. A large demagnetizing field
results in an extremely high precession rate, which is an optimal condition for fast magnetic
switching.

Thus, in an optimal configuration of the magnetic memory device for fast magnetic

switching, the magnetic moment of the pinned magnetic layer FM1 is perpendicular to the plane of
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short duration, a first positive current pul se

foll owed by a second negative current pulse. This form
wW@Roogmsyoent i nput results in witing a '1' or BCTDUS2008/081893

Al ternatively, the first current pulse can be negative

and the second current pul se can be positive, as |ong

as the two current pulses are of opposite polarity. In

the fre@%ﬁn&ﬁs yer 'FM:Z S&rﬁ‘lt ﬁleolfnaér{éﬁc Wﬁ&ﬁ@ﬂt'&f ﬁﬁbtfré@ Haﬁf?&c layer FM2 is

changed from' final
perpendiduddr@o e dxidder th@ 911}’2‘1@ @ﬂﬁﬂﬁ@érs Qfld hﬁeml tﬁé blaﬁé of» thetfeeeGhagnetic layer
the bit). The current input shown in Figure 3A is used
FM2. in the nethod of magnetic sw tching described above
and shown in Figures 2A-2E. Using a current input
fregune d Eothompche dreeemagnstic davsr ddddjafter the magngtie spvitching process is
magneti ¢ swi tching process. The first current pul se
Comple@? ar fl}?@’npﬂlécFé%‘gF%r?%fan?h%E G BREDCT HHtGhEgt BFocRy causes the
of the free magnetic |ayer FM2. After the conpletion
magnetigationngectqry &% @g the efiige mag%eéw layrs BME oRrdsvaishr h fevgisingedirection by
is applied to stop the precession at a desired state.
rotating Ti§8° second current pul se |s not essential to the

er at f t he devi nabl es hi gher speed .
U imgnd égrshgwaw @Ffe&e et SR JoR dFR RS b applied to the

magnetlc q%%cg iﬁ} | cSur F’el(ljov\(/)rf 1nan’I eg!z,ﬁ F %8m£>r1¥e% ()vroecnlﬁrrent pulses of
erna S|ng e negati ve current pu

short dﬁ'fﬁ’bforf"lasﬁrsp oﬁﬁ’@é b\?rgentt QulsPGorlgReHaesy § sg(%\ﬁhcrﬁ'gat%ve current {)ulse. This

Si nmul atlon sho many different types of curren
form ofmuh‘éﬁtslnflwl esils MVBritihparef oF £ ‘0levAenAReRatteOfirsi Surrent pulse can be
certainly not limted to the current pulses shown in
negativd-egflithe Sc@idr cictemt @uisé can bemposiyivEeds! long as mgtved cwrent pulses are of
devi ce descri bed above can be incorporated into a
0pp081terrmmty debpthfcgsesi telstatd @frth¢ magnesic batywilldle qhemdyfrqzrerh g0 ‘0" or ©
. %e ? % netic menory. According tq on
to 1’ <1efim616' #ehttatg Vil D6 e F%nni?ra%m@f e ipyiig] ﬁa‘grpétﬂ?ecblaeﬂ heeeurrent input

resen? nvent S a ne
t

shown @ ipth€, B 5 Fith i B BT o5 et SR B AT BT, shown i
Flgures?/’pﬂﬁd Wgt Pﬁehta%gﬁt 1F Mxe f Rv@c&ﬂl{%‘f?%l gﬁ@ﬂe@?l‘tszﬁtd Bldter magnetic

rection, ree gnetic ayer ree
switchi e@ggzatlon direction, and a read-out magnetic |ayer
M3d with a fixed nagnetization direction. is the

T8’ rfﬁ'gt' cﬁﬁ‘lte'nppul‘é@ Glafts (A piddSssRinnitetle W&ﬁiaﬁoﬂ Qé(é%r FMlof the free
is the magneti zation vector of the free magnetic |ayer

magnetiE Wgyer b B fles tﬁ@@oxﬁ@&ﬂﬁt 6fztﬂtt: 'fi?ﬁ MR, eh&cond current pulse is

read- out magnetic | ayer . The pi'nned magnetic | ayer
applied FMkod prétessidneg armgmistae.l ayer FM2 are separated by a

first non-magnetic layer N that spatially separates

The steund | canyrents pikdl isanat éshéhtialioh thehepterdtioai of theitdeadce, but it enables
higher speed switching. For example, the current input shown in Figure 3B is comprised of a
single positive current pulse. Alternatively, a single negative current pulse may also be applied to

the magnetic device. Simulations show that many different types of current pulses switch FM2.

Therefore device operation is certainly not limited to the current pulses shown in Figure 3.

-10 -
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magnetic interaction is mnimzed. The free magnetic

| ayer FM2 and the read-out nagnetic |ayer FMB are
waepanstoed by a second non-magnetic | ayer N2 tP@E/US2008/081893

spatially separates the two | ayers FM2 and FM3 such

that their nutual magnetic interaction is m nimzed.

The pillar-shaped magnetic device is typically sized

StructulebfRWNGABLAfS, € 9., it may be I ess than approxi mately
200 run. An electric current source is connected to

tihe nitighardievag Ridrbed a®e chiVibe aitdrjobfed Bi@fa @i¢inory cell for inclusion
magnetic | ayer FMB so that an electric current | can

into arrhysavfemsmotyheelipith Indake dgpva amgnedicvinéhonyt eAcéosdiog mmnend eshbodiment as
to the pinned magnetic |ayer FM and the read- out

shown meltjgereids theagpagneripvBevioe ohthe présentrigeingipr.nekenofnpidneented as a memory

. magneti c device can be neasured to thereby read the .
cell, is 3 Biulityersdntpdir shaped tdeuicheipiing & @ioned maeRdis Jevsr FMI with a fixed

e BEHCE TR Rl STRP RS 5t 5 B GREkion, an s
L ER AT AN, LA R, S ——

vector inside the menory cell is set in one of two _
of the piosi wlagneticilayer HMbnw,t © hedragnhazatiogiveetbr valtheefepfmagnetic layer
"0'" and '1'. This magnetic device, when inplenented as

FM2, afd 75D hifinktizatis® SedibreofTRs fad oef mig@netdyér BMBt chi ng
descri bed previously in order to store bits of

TRE PidFRE in%%net@lﬁyémmylaﬁ@ et ARBeti€ thyeP FRIPONERefdrfed by a first
| ogical val'ue in the nmagnetic device. The magnetic

non-magiestio Nyyetl 8Mi tha sgastlyisofaatadme ewalth eSOV ahd FM2siick titht their mutual
stores one bit of information since the free nmagnetic

magnetic agteracidvRishaisingized. nghe fremgrghétvdayes M2 and thewieadrout wmagnetic layer
stabl e magnetic states. An electric current | is

FM3 arg senarasefl ba serongnpp-gragagiicdayer Migthat sratiginsspirage thedwodayers FM2

hat . the current | flows. through the varjio | ayers o :
and PN St oG T 3P0, BLETRRDrs TR inod D RgHES g magnetic
. : read-oqut. t ] Y.
aeviee ARl B PP BT L ROTEILS gLiBhsF ] o

MBS RE Ri NG dBI ML pifindd@N S nefiMaytOFiGnd the read-out
free magnetic layer FM2. Figures 5A-5E show steps iIn

magnetit N8y eTEtNI® Go Qhat VWihi dlédiBc ichifrént MB¢anOmavidsse NBe HIRr MBEBE!T i voltmeter is
menory device shown in Figure 4 and for conveni ence,
connectéd g tlespibred>magmtiy 18y heanflrtbe resslgove tmagnbtay Byer-KWRI3 so that the
~and the magnetization vector of the free nmagnetic
resistanges pb therpRgnatic flevice AN dheomeasured fontherehy reacathe logicalhgontents of the

free magnetic |ayer FM2 before the current | is
memoryaifgl1. i ed.

Method For Writing Information

The magnetic switching process is used when information is written into a memory cell.
To store a logical bit of information in a memory cell, the magnetization direction of the
magnetization vector inside the memory cell is set in one of two possible orientations to code the
logical values of '0' and '1'. This magnetic device, when implemented as a memory cell, uses the

method of magnetic switching described previously in order to store bits of information. Current -

-11 -
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As shown in Figures 5B-5D, applying a current |, which
can be of a formas shown in Figures 3A and 3B,

wo e®als®7i n t he transfer of angul ar nmonment um fPONUS1968/081893
pi nned magnetic |layer FM to the free magnetic |ayer
FM2. Figures 2A-2E and 5A-5E show the change in the
orientation of the nmagnetization vector of the free

pulses tﬂr%g%lﬁﬁigd: td Wfiloe P 163caR véﬁg Yhtnd E{‘agﬁ&lcyh&ﬂ?t heng ?Ja{gﬁéeﬁc memory

e magnetic device. Figure 6 OWs a formao

device GesCHBIA aboAPAd dhBWh ih FighRPA biBfks e bl Of NGRS LR B ¥ree magnetic
devi ce shown in Figure 4. The current input of Figure

layer FR2 HaB @/ sHRAESmAMi£dtoh GBI 3 Mo RS @aé’r}éﬁé“sﬂaf%ﬁ‘: a
first positive current pul$e followed by a second
1.\/ . i.c r t i . 1t '
TROBLLE GHERELls GBS 0 10\ filler 58 DpdrRi el dBvice so that the
currentCRAoWe (ROYSH ithee varshst ﬁﬁer?r QFORE 1RANNERN imdHr P &1cbRE, BBm the pinned
positive, as long as the two current pul ses are of
magnetgplapai FBl1pol thei teyd-obthmbgielic dagesEMB heThd aptiedf cukieat I results in a
magnetic bit will be changed from'1 to '0" or '0" to
transfer qf angulas momensurhfreph the pinsedyitlagndtie layes I ApD dhe friee ofiagnetic layer
the initial state of the bit). The first current pulse
FM2. starts the precession of the magnetization vector of

R b R T TR L A—
o ERBLE 0y 91 By BT S PR S 0 e e

vice of
f [ he ' j d 0.
magne RIERER) BT R A PUSRE, Bl OBREE, M0 riure s

o QRS ol YL E BB S PP R .o
az MBRaYh q:ﬁ{glmfs Eﬁ-%ljf o bgﬁgeﬁ cﬁ‘rﬁ&ﬁ QCLRkHt Qunt l%eoin?%} L€ shown in
nmenory devi ce shown |ﬁ I gure with a small curren

Figures@PhhddB, fes@lts inth€ Wahet of iHeBRS infomdited flofs fhe tpi@Rd tighetic layer
used in the current pulses. The resistance increases

FM1 taaftheefree heagnetic éayter (M3 es Ffurdsi JARE 6l SAeSEBROW ettle tabange in the
the device. At the initial state shown in Figure 5A

orientationeff ahembfreetiationt veptos i, Vthe e edgnpid B§dr, FMBP&s a result of applying
resistance is at a constant | ow value. At the final

the currsiitab éhesagmatic deviitegur € 5E, the resistance is at a
constant high value. Thus, the states shown in Figures
Figuss 6A SEowoa fespafitbie twrent inpyt that is\apblisd tofthe' @ignietic trlemory device
initial state and a | ogical value of "1" in the final
shown igFigure 4y cEhscquiriepbinput qﬁ%@gmg%mcwé@a oYp susrenbpuless of lskort duration,
[ FEM2 in the final state shown in

. free magnetic I% er ) . -
a first pﬁpbl&er guregat pulse fo %W@d &ﬁﬁo%ef:?@ RAZAEYE: GUBTSDE A pe, tYHuch results in writing
' et ' vector of the free net.ic |l ayer F i n
a'l or{%gﬁi nllklfe?xtg*tgfgﬁtyaﬁmée @rﬁto gvz%’rﬁna pulse can B@gega V& andfhe seco%?i current pulse
can be positive, as long as the two current pulses are of opposite polarity. In both cases, the state
of the magnetic bit will be changed from ‘1’ to ‘0’ or ‘0’ to ‘1’ (i.e., the final state will be the

complement of the initial state of the bit).
The first current pulse starts the precession of the magnetization vector m, of the free

magnetic layer FM2. After the completion of the first current pulse, the second current pulse is

applied to stop the precession at a desired state. For this embodiment of the magnetic memory

-12 -
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Fi gure 5A. The necessary anplitude of the current
pul ses can be estinmated by nunerical nodeling using
w0 b@espeat i ons of micromagnetics, the Landau- LPEmERID$081893
G | bert equations including the spintransfer torque
di scussed earlier (see, for exanple, B. Cezyilnmz et
al ., Phys. Rev. Lett. 91, 067203 (2003)). For a free

device bﬁﬂ‘l@ r&ORMAYeng6n, Othe gﬁacwsfoh 1§stﬁﬁ93@ex17ﬁeﬁait80@r1‘otg§&§6ft the Rfagnetization
‘%Oemnmm bert danpi ng paraneter a

e current P of O 4 and
vector grﬁ%ﬁhegﬁraneg%nﬁ%%?bfﬁ‘l‘ié[%ﬁg%c?ﬂéeg%@ field of 1000 kCe. (In

FP%L& @Ssﬂ%% he ek#rgﬁ!—: gP@ ;eh oﬁémg%s%s?a&{c@ Bgmf%%@s'&égé mbasured by

the vol@i&ttérr@ﬁﬂl&fbd ﬂbnﬁe Q%gﬁétﬁemEﬁbe%/rdév&eeshG%t H'F‘?éﬂn@ﬂdxvllﬁf"ﬁ small current
| at eral di nensions of nmby 60 nm W find that a

appliedg e, enturpdat $reergity anmhi lb&sdt‘ha@iha5 ubel inStheRufrefith@ilses. The resistance
sufficient to swtch the layer. The current necessary
increas¢sqaftenthechirrehtepuliey of Biguse 6/ drecappliby todbe dedsd. ngt thhénidialzstate shown
of the Co free |ayer; increasing the spin-polarization
in Figugss 54 Keefergrthe fEst Posiiveesusiopl Rulsepyythe sesisgange p #frieepnptantdpw value. At
r degree of. s ol ari zati.on; and
the fmaﬁ”étetf:éﬁ%wmglhffelﬁ%re earﬁélstaﬁqega T HERPs3pt gk VAN ng t he
[ nt 2 I|tud a .35 pSeGn -
h}.\? %5 sg?e 9\91.‘1 uf ? urergSS\jl\} %BE orragt?? {)g]xcaé V&]é\gi ? eO in the

eISSU |C|en 0

i ST WA A abtion e
o GERAGTH Hed TSP FERUES PR SR e i

ayer and the free | a er netlzatlons are injtial
than the, AU YD Uh e siinfe fi6e CSTARRSHE MYCEARES e i sigle shown in
at this requires a current of approxinmately 10 mA
Figure 3pl i ed for approxinately 10 ns in a devi ce mﬁth a

S oo Bty aTont RSGhmn T e® BA it oo s modetng
using tHeSeqhmb?ls f )ﬁnc%%m%gnehcs che i%ndéu&&@ﬁﬁ&aéhﬁﬁp eqL[}_aﬂg?spﬁmﬁmg the spin-

requi r ement device is quite sma

transferD@Eqid SlsdubRd iatse® (s, GBr eXmMpI¥ EBY déﬁﬂflﬁﬁzizy et 41N PBist Re®f Lett. 91,
the large current densities, 1 A/ m?

067203 g2@@3)). orHog raafree ayies cempesﬁdedf CEwtmermagmt1MMﬁ density of M=1400
operated such devices at current densities 5 tines
emu/cmg,r@g}(ilbert tiraping parameter Y& of 6101 extspincotirizatidnoefsthe current P of 0.4, and

approximately 1 minute) with no device damge (see,
an m-Pl o B9 HePUEPY §FIA, OfAIPQ KOy (i gase e g@famg gmiaxial anisotropy
2003)). Method For Reading Infornation The read-out
Constanhlégﬁ £ 118yee/omNe Fer thequirnases ofrfhistrstiaptqn, dast Co free layer is 3 nm
nplenentatlon of the . )
thick and has lateral dimensions of 60 nm by 60 nm. We find that a current pulse of amplitude of
5 mA is more than sufficient to switch the layer. The current necessary to switch the device is
reduced by decreasing the size of the Co free layer; increasing the spin-polarization of the current,
for example, by using a pinned layer with a higher degree of spin-polarization; and decreasing the

in-plane anisotropy or decreasing the Gilbert damping. For this current amplitude, a 35 psec pulse

1s sufficient to switch the device.
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magnetic nenory device. The read-out magnetic |ayer
FMB has a magnetization vector with a fixed
wore@nes90zat i on direction. The magneti zati on veR€DUSH8/081893
the read-out magnetic |layer FM3 can be fixed in a
nunber of ways. For exanple, the read-out nmagnetic
Iayer FMB can be formed thicker or of a higher

SR8 k% GRS of PP Re e BumBoB 08 12 1. s eneray

dlss1patgc§é\c\fegrrena %fcgﬁlr)ﬁ)érl?e quh S%r??%éynﬂ%e Bcg{t heﬁc%? eglggr?e?lc dev1ce with a spin-
polarlze%nﬁlrfe%[ r\"fﬂgﬁ han?le(!l q%%f aftdl qh(% lﬂr%e f]%fe? gﬂgt%ahSnsl g%eﬁntmlly aligned

gneti1’c ani sotropy
along t@N§dnleesAi® m?&&ﬁft leGpdrAN&is §1%§Uﬁ1taf5tﬂl§1rc@ufi‘é’§ senirag d?fapbfb‘?umately 10
ferromagnetic | ayer so that |arger magnetic fields and
mA appligd feNippréxiattigOM fiscidt 4 Gevideani@te a irésSst41e@ BEHiGahd @Be, R. H. Koch et
direction. The resistance of the magnetic nenory

al. PhySleRECELAS 92 088T2NQ004)Y e THR érRfey @kpdtatLisOthheBt:atio®n]. Thus, in
of the nmagnetization vector of the free nmagnetic | ayer

comparﬁw tﬁ@g \Tvé'}ere ﬂﬂﬁﬁ:ht ZortduP BeM@CHs Quit® Emile aGuAtdr, BRABRLhE pulse is on
| ayer e resi stance of the nmagnetic nenory
only verjebriefly, nms;i’nﬂegiﬁelﬁatlavg&emrﬂehiedamﬁgmatll KAini*Ono ¥lectk@nigraaiod is expected.
of the free magnetic |ayer FM2 and the read-out |ayer
Further FN@, hay's rpetatededuph dgviges af ewrant demsitics & times gm@mtthanmes value for

resi stance of the nmagnetic device is | owest_ when
extendedpeHetsi (3RrrPERatFEC EhaapilinRo oo dpnegs (seroB a(ﬁ%FY#WBZ et al., Phys.

respe re in parallel alignnment. Thus, a
Rev. Leé'i' %1 é&?ég %pgﬁce measur ement can det ernine t he
orientation of the magneti zation vector of the free
magnetic | ayer FM2. The fixed orientation of the
Method T8 RehdiBAAfOMiegt Or of the read-out nmagnetic |ayer
FMB is set so that it is either in parallel or
ant i repdoal magnedici gpere AM3wid Redquired riﬁgnetslmplbmonnpleﬁéxwlon of the
of the free magnetic |ayer FM2, dependi ng on the

magneti@ medUrfde@de. 0Thd f&d%ﬁ@ﬁﬁgﬂeﬁaldy@ﬂFm%@ﬁ dgnédRtibd @&tor 7, with a
nagnetlc | ayer FM2. Since the orientation of the

fixed mg%% fo%labllrlegt?%lv eﬁle? %ggﬁet%gt?opg\%egﬁé gg he rﬁ%d’jl Xlﬁ magnetlc layer FM3

ES SO

cn e G SR PP 3R b SRR 6 Y b formes
thicker '(#1' "‘\:% ?eﬁl ﬁé}lt' @& ll(ie k@%neﬁﬁfﬁllﬁeﬁ% %5' %rr%gt pla§édo ra%?a%ent to an

e B| netic

antlferr&ﬁé/%anG& Q?&CtB'uIQ@ %e%@ﬂ&né}ﬁ%f %H&Wﬂ%é B‘iaf h@ufrﬁthé pﬂ@ﬁorﬁe\ﬁg of exchange
l e annetlc states and is able to store one

biasing,i thé Osuptihg BEtweACHO fadliifefrofragtio i@t ardTide déri@nignefic Iabl@r and the large
present invention, a magnetic nmenory device can be
magnetic cmssoropt efl theoasiferrenmgrietic pdyer yedufts ofi a hardening of the ferromagnetic

layer so that larger magnetic fields and currents are required to change its magnetization direction.

The resistance of the magnetic memory device is very sensitive to the relative orientation
of the magnetization vector m, of the free magnetic layer FM2 and the magnetization vector i,
of read-out magnetic layer FM3. The resistance of the magnetic memory device is highest when

the magnetization vectors m, and m, of the free magnetic layer FM2 and the read-out layer FM3,
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information. FIG 7[[6]] shows an exanple of a free

magnetic layer FM2 with four stable nagnetic states. A
WOore@nes90c1 menory devi ce conprising a free nagneCT/TS2008/081893

| ayer FM2 with four stable magnetic states is able to

store two bits of information. In this enbodinent,

current pulses are applied to switch the magneti zati on

respecti_?_ﬁ&y\%%%%{i%ﬁiaillglnﬁfglﬁxgﬁfeud Gtk Fr88istce Ut thﬁf] ﬁltagl?égl? Qiféclvil:gq)s lowest when

is can be acconp by current pul se

the ma@ﬁgﬁzﬁéﬁ %ctgx%r 5 @%&ﬁ?gﬁgﬁ Fa’yelﬁgﬁ/lg %1'5 23’1%3 p}é%ﬁe%ﬁve(f)?ﬂaerg Sn parallel

I'n anpPitude or-s ur atti on.
: readqut layer (FMB) is then aligped such that 6 each of.
aignnepfE ol FugEls o0 Bhe sParuEmal anaipgpin o titallion of e
resistance., This_.requires tha er eadout | ayer
magne“ﬁ%f&’i’e‘fef:tfét"?zoﬂpthﬁtﬂeﬁ g{i‘én%ﬂff lpygr Bﬁ%e conponent t hat

points parallel to any of the four states nor at 45 to
tThe $ixed onicriationEx{athp nwgTétzatpeyvestiron, of therreadragirvagnetic layer FM3
devi ce was simul ated using Landau-Lifzshitz G| bert

is set sl iiOBighek 'ﬁ?Fe_&’r@ilél Gr anRHardilbl ApnhRht &Rk HéCmadrletkiBn §ector 7, of
shows the anplitude of the current input applied to

th et | ry . .devi st.ar.ting an initial tjme.

te free; HEerkRENSL Frl” EPoehai onile SRR oy BlelPirtd veslstivmn of e
conprises two current pulses simlar to the current

free magRefin laypiowY3- n FngsuthesorgAtatiqe @ athe Anagnelizagign deeigE 7, of the free
positive current pulse is applied to the magnetic

magnetingager ¥ Mikwiched © thbtair tart beerqoatal 8805, dr mignetiation vectors m, and m,
magneti zation vector of the free nmagnetic | ayer FM.

of the fAfetiBigrkiid faydOFMRI HASRE e6dd-dut 1ayen FMBY IrsPectely, must be in either anti-
14- pi cosecond negative current pulse is applied to the

parallel vagaellélcligementy device to stop the precession of the
magneti zation vector of the free nmagnetic |ayer FM2 to
achieve a desired state of the nmagnetization vector

S F netic nory. devi ces, the precession is stopped
_Kiéﬁégégﬁggg%ﬁé@ﬁﬁéﬂgﬁ%@@ rotation of the magnetization

ctor of the free magpeti.c |ayer F Fi gure 9 shows
HRE iheRts rERars eebrbRated Ve dadonp Jiiaeire T B two stable
magnetization vector of the free magnetic |ayer FM2 in_
magneticiigates andrg apledp stse Pon Bit 9F suiRrmation; gﬁﬁ@émzso anethgpembodiment of
The magneti zati on conponents nx and ng are neasured
the prestut imgnerg aafhgneticheempp! doatcd cm bé cotmtrucied rterstore mpaltiple bits of
shown in Figure 8. Figure 9 shows that the
informafBANEIG Z A 6 rshe @6 LA emplb& T4 GremanRtic Clay@yEM2RVRh four stable
reverses 180 fromthe initial state, which corresponds

magneticOtdtbI Y Snaphetid ehld®y device comprising a free magnetic layer FM2 with four

stable magnetic states is able to store two bits of information. In this embodiment, current pulses
are applied to switch the magnetization between directions that differ by 90° instead of 180°.
This can be accomplished by current pulses of a different form. For example, the current pulses
can be smaller in amplitude and/or shorter in duration. The readout layer (FM3) is then aligned

such that each of the four magnetization states has a different resistance. This requires that the
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final state, which corresponds to Figure 5E. The
magneti zati on conponents are able to swtch between
W@ 2090590t (1,0) as shown by the present PCT/US2008/081893
i nventi on. Advant ages The hi gh speed, | ow power
magneti c device of the present invention uses energy
only for read and wite operations or |ogic

i - not .ener hzed, the i nmat
resdou BBl Pt e SRSl S BhudH L o o or
devi ce %% resent i nvention, when inplenented as a
four stafgs figF gt ﬂPf ﬁaﬁé used as a non-volatile nenmory. The
non-vol atile nenory provided by the magneti c devi ce of
the present invention is suitable for many
appllcatlons such as in conputers and portable

I—Eili—p—glectronlc devices. In particular, the hi gh speed, |ow
RRLCSpTRIACHE Gh d%Yé ﬁé’uc"fde%&e vg’ahe éd”\ﬂSH | Pfiday Lifsshitz Gilbert
prOV| s several ‘agvant ages. ornan

equatiohy 1951u§1ﬁ§§@pmh9&ﬂsfé9¥&&ue’mgn3t' C deV' Ce of the present
i nvention conpares favorably with flash nenory and

didiee Styipes thefanipdiedealfahd b@réndidhagitiee 36 tHEemBdnétic memory device
(RAM, such as conventional magnetic RAM (MRAM and

starting fag pn d@tiddime t=Rand ¢rdRAg\Vit t=T30epicesecamds - iThiiumestnt mpefu@sprises two
act only on the magnetic device that is energized,

current pulges simparnif ithecugreainputshows i igures$A aedef ore, when

netic deV|ce are a nged in an arr
gi‘%ﬂ’ qucﬂ“‘ﬁﬁ‘b*ﬁfé‘ieu C&“‘i‘?BhB Y, 1Ste l?fﬁPrfgﬁfnﬁgHﬁl?c‘é‘amgé dpvice to start
ansfer does not produce_parasitic interactions
the Pre%ese%gg TheaRENCUBRH RV > nefi B e Masnstie dwist ' MA Afier this 16-
array, unlike in conventional magnetic nenpries in
picosecqfjd ewr?Pégrﬁ%%ep @ dehipiceprcapd insealive orhsTent ubie b applieh to the magnetic
magnetic fields produced by small current-carrying
memory, flgvice Qe the reagsien picthe|reagpptization Nectpretrhoef Bf free magnetic layer
magnetic switching by current induced torque provided
FM2 tolaehiche aplesiseindtate ¥ et magnetisatfoasteetor t/aN Foumignétic memory devices,
conventional nethods that use magnetic fields to
the prec%‘é‘&&r?'& §t5‘ﬁ)eﬁaa9t@1etaélﬁé\11ﬁ§9 180° £6{atid 0P fne! ﬂX%?feﬁzaﬂBﬁ% BH7, of the
nd wite operations of the present invention can %
ﬁeenmg&gphgkeﬁhtp sub- nanosecond tine scal es. Conventiona
magnet’ic hard drives are very slow conpared to the
[ p e on s .
PR olE T oofeltinPE BB et DX DUER, SUGE shdifiezgion vector
- er of m|]liseconds. The nethod of magnetic
m, of @w FeE PRaggetsy layer FMA D itheotrcaad 3 grerenpriowndadigyes p@ and SB. The
present invention requires |low power. This is
magnetigajpacéabiopertsl vapt age oys afeomeasieed dupg hadb|after teec bpmication of the

current input shown in Figure 8. Figure 9 shows that the magnetization vector m, of the free
magnetic layer FM2 reverses 180° from the initial state, which corresponds to Figure 5A, to the
final state, which corresponds to Figure SE. The magnetization components (m, ,m, ) are able to

switch between (-1,0) to (1,0) as shown by the present invention.
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devi ces. The nethod of magnetic switching by current
i nduced torque provided by the present invention is

W0 dwalsgoor sub-m cron scal e devi ces since the PEL/ESNNS/081893
di mensi on of the magneti c devi ceof the present
i nvention may be | ess than approximtely 200 run.
Therefore, the present invention is scaled to allow

Advmﬂ&%@ fabrication of ultra-high density menory cells so
at a vast amount of information can be stored in the

IThE MEEh $ebE oW boed adadichievich ®f ieesiestht inveRivhi 88s enEAg only for
basic architecture of the high speed, |ow power
read andagnet operaens oe logic tdperappes e 'Whénnu@ndriergizeds the information is stored
strai ghtforward, and read-out and wite operations are
Wlthoutrsegnpfg@ntelogsn dl’ Ia}setheég@gngtgqq@qvgqe\@ theopreseah gwention, when implemented as
erature Unli ke conventi onal magnetic nenory

amemoé'l)ég Ip ¢an b¢ peed s aORTVOIANARETSR - does not rely on

h d
TP s ai&% IR PeBARCSY T Blarots v @ o i ention i
suitable%r IrE s QER 'upgomﬁﬂférg LR Eml?zib'ieselgétrdnﬁf RVIERL. 'IH'?)artlcular

can ore on” each device S0 that even nore
the hlgﬂ Byfeed, mw et Ahagheric iaiQdof the pheTBEN@EibE pFOIdRE Yeveldl@idvantages.
t hod of magnet1 ¢ switching by current induced torque
The permrmanckeof thy highesppegde S@npowveavangriedn devdce biethe pederitdnivention compares
| ogi c operations, as well as for nagnetic nenory
favorabljevitle flash 8emowry andentleeritgpes of mpryplotild, randeint fecess memory (RAM), such

dependent on_t he shape, qpllt ude, _and erlod of the
as convgum@ﬁpaq@sv%BAM GYIRAND angr Hﬂ?le%ﬂ? RaM Mduce a

t t t
g ﬁﬂgaﬁt-la&?c%f”l GBS bomE ' iRt 45 NDH'STafSoeneﬁ%?e
which £S@IRY & adpliSg CHler e, RHHASHUGAR ifin %?J?%Vg&gﬁ?egﬁ%%gm“ array,

such a§L1'1'inIﬁz§ khie Iﬁé‘i@oﬁurtﬁ@ %rﬂ@ﬂtl-lﬁ&%ed THeEn RHINS@r does not produce parasitic
c aracterlstlcs (shape, amplitude, and period) can be

interactioho $®Mnoss Waik" )t teaweenabb neighb&ingnélenviemisiad ke ghess uatike in conventional
swtch the device, yet the conbined pul se does switch

magnetic hmengjeriec an Windls , magnetc isyitahinAND agemplishet. byAubl@T magnetic fields
operation requires sinply switching the state of the

producqslém sl CArWaawwgaWIrmabB@ﬁ%@% fé@merﬁ%e conbined to

d ND fu |
e iR of mopett” Sy e, DY et s bR arofigfd g the present
inventlo(floﬁsl’abi]l‘é? ttﬁzgl fcﬁr‘?gﬂt %’H@e E)ﬁlgls m)eth-{)ﬁ? ﬁat alfsg ﬁg%n%fl?hﬁetlds to_switch the

e geonetries an conf Igurati

magnetlEﬁt%\ﬁ' JeAu&Y of Di?el@r eR&RLouk ANE Wit Bperiif¥ins @féﬂi@bfeser@nﬂventmn can be
enbodi ment of fhe nagnetic device of the present

completed i Nfub@RneEBYondELiHO Nchlgdr edors@ntidial nid@néiRt hardr drigRs are very slow
passes through the free magnetic |ayer FM2 during

compared fotthe openaiicinpamgory Diittes present inusttioatsede ithe dengentibfal\bardcdrives have
shows an enbodi nent of the present invention

data access times of the order of milliseconds.

The method of magnetic switching by current induced torque provided by the present
invention requires low power. This is especially advantageous for use in portable electronic
devices.

The method of magnetic switching by current induced torque provided by the present

invention is ideal for sub-micron scale devices since the lateral dimension of the magnetic device
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i ncluding current source A, current source B, and
| ayer 12, which is a thin insulating | ayer nade of
WOR®IB590fbr exanple. In this device, |ayer 12 PGI/0SH08/081893
3 nmthick and is thin enough so that el ectrons can
traverse the | ayer by quantum nechani cal tunneling.In
the device shown in Fig. 10, current pul ses are
of the pRE¥Rht Rfentoh 'i’rlaifl{{erl@{s}tthaﬁloéﬂb?&h'ﬁ‘at%ffgl 0amge ThiYefore, the present invention
magneti zation direction of the free magnetic l|ayer
is scaledMQ. alldsi g fabficioh FoufreBigh, déuity @mory @eBs &6 @t Mrast @mount of
the non-nmagnetic layer NI and el ectron spin angul ar
informatiomean berstored tim treshagnedmemotyhgrovidedbyrthg ped¢sent ihvepdon. FMV2
by reflection of electrons at the interface between
tﬁl’ilé basis- anghitasture af atherhigh speed. tloe Fawee maegpaEe idevicenpérthe present
. .FM2. The _device readout is perforned using. current R
nventiqgys SEugisforyal. gay reageut andwHE (PSERURATHE AClEhie and @fit egniensitive to
fromB passes..between the free netic Layer FEM2 and . .
changeq [0 EnbeRTE YR BB bl rogndR ey, AGEE TG RRp invention
. . : . . o .
does nof 7 AT ERARY rPelet FE ARG el Fo WRHEL Syicing cvenss
fACe6rdIRAB &t embadififentdRhé presdift iflRh@s)InBGh1E Bit§ S8R @HHation can be
the device. This device has the advantage that the
stored oheacloddvic rthdt even maregiaf@inaten tdncbetstore®in thel iaghedid memory.
resi stance can be large ( 1 Ghmto 100 kChn). Readout
dhgrma¢tbod ah nhpgnetic shischingnge durrent indueed tooque ovided by the present
_ .Structure of an Annul ar Magnetic Device A pillar- _ .
inventiogy£3n bg UsRdgiREI98ic RSTALIRS. EOFLIsPh@aghels JEprpaeviesg; Since there is

a ﬂnesh%%%vcl%i#{: %J&igﬁdgiﬂ? ﬁ@%&ﬁg@%ﬁ@%gﬁiﬂg’ﬁ%ﬁﬁé gurge%\t/ ipﬁl%e, for the

. ic | . e net |

cuens P FENGHEE LEEE o AL O FhSF FRACAPA s g ot

logic funt#&d FBENSIACANG) infie! Y Fod 3Rample TRES @lirént ViREE® calM deNcdbined to
fixed direction at a predeterm ned angle, for exanple,

producepe tyredid ipalgé &at travdrfes thd afbceofhichés thayem,of @i 1@t durfent pulses. The
fixed magnetic helicity 1135 and a nagnetic vector

pulse clazagiemigtics (Bhapedamiplitedst, ianth perioda cpr beletosemsuak thag napghepulsEhadividually
free magnetic layer 1110 preferably has a free o

does nop gyt the deYieh yekiheiompined pylse fines $veitchrtbh devigeay Bhusy fidpis an AND

s N R e IR O R KR e

| t - ic | a2 1120.. The .. . )
0 o B SR B LA U 3 s
gate (165\;2?'[‘(_11%“9 15418 SudcAYR' catt bt CotdicRRi #iaf RRIND Bass.

efined magnetic state. This property can be
anéreeare Gever@ll pd3XiBRPIedmektjes Ui Ny doabiiratididtthatSare provided by the

thicker than the free layer or a material having a
present lirveggon. nEgnetanple, an embodiment of the magnetic device of the present invention
may be configured so that no net current passes through the free magnetic layer FM2 during write
operations. This is illustrated in Fig. 10 which shows an embodiment of the present invention
including current source A, current source B, and layer 12, which is a thin insulating layer made of

Al O,, for example. In this device, layer 12 is 0.5 to 3 nm thick and is thin enough so that

electrons can traverse the layer by quantum mechanical tunneling.
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ani sotropy than the material of the free layer 1110,
such as Cobalt, the L10 phase of FePt orFePd, or
wo 2000080765t ruct ures of Cobalt and Nickel. PCT/US2008/081893
Alternatively, the desired hardness can be achi eved
t hrough exchange coupling to a thin anti-ferromagnetic
| ayer, such as IrMh or FeWh. The non-nmagnetic | ayer

;% ?l%r&'vﬁ‘fe%fﬁ\p}l ¥h P%D?@,Qﬁ?&&ﬁ@%&é u@?{rﬁgﬁﬁm cu:l‘gnt soulice A to change

ence magneti C [ ayer Spin transpor

the mag@sekieffont difecHON oG Eeé GndgANRY 1add2BM2ThURingt ABrediPhdlurce A, current
diffusion length of the material used in the

flows froanFNHQ0Ehé tord-mygretit 13@r N 4ad efcetrab kyinlaag@ar mbhamuhhie transferred
t hi ckness of the non-nmagnetic |ayer 1120. Exanpl es of

to the fregtneagieticslaydrdiM2 ay ireffegtiohef elestiong et the opperface bstwieerc theden-magnetic
any of the noble netals (e.g., Cu, Ag, Au). The

layer Nj sind fhgiies magnetig dayenl2a| The drvicererdontiisaesformedcsingscurrent source
Al 208 or O .For a sufficientl hin ipsulating | ayer .

B, Tod Yol FrmeRaird B il Bl oy Bireses BV iENTeglaet ayer

FM2 anzrariasﬂéén getalfi(gl{t:ﬁ y(re I ligﬁig Fé#%?%]l{}igﬁe%: 081 he ;I;egzﬁisvze);n%%netization directions

of the IRV Gnl VS §Ptha @Y hagndiZh ROBr UG HNEE e ABEReticSMRR FM2 can
as permal l oy, cobalt, nrckel, 1ron, and alloys of

be detetnfif&EtonreaEsutahsdeviddiThiPdsvidethas el 4AYsntAgecha @hdW@adout signal is large
non- magneti c el enents, such as copper, may

since thadwenel pgetomsieyistamdLoas be e geralgObin to 100 kehin) ofReadmt signals can be in
| ayers. Alternatively the free magnetic |ayer can

the rangefegmyd@ nAdheM- ¢ oxi des such as -2 or Fe3O4. As
illustrated in Figure 11, each |ayer of the nagnetic
device 1100 is preferably ringshaped (i.e. annular).

Structufg‘%l £a0 rALﬁlmalrar ﬁlpaagﬁfticcﬁ%i%m?. nimze the number of edges or

. . act as magnetic nucleation
B8 MR AESR R b SAGEGRHLRR AP st o

Figure 31! WahsticRicl ®evRee 100 ihdiBaRr £het rxﬁ%fn%t‘i’@i’a%%r Wi f&RnBEnetic layer

used to avoid unwanted reversal hel rcity, however

1120, dnbi@ RFEERH maftidt bRt NBY. TR AferdREY 1ayarF I PIBple®iriBly Aas a fixed
cl osed period structures which may provide siml ar

magnetizchetioitpqe3s, ahaghaiwerectdiawitioh dixeaittecBoriEd pyedederthfied angle, for
shape of the device, the nore likely it is that

example, eperpémiicudayi torthe plank ol ehd Aayer, ed todr a fixgad @tdgnetic helicity 1135 and a
nucl eati on and reversal of magnetic helicity.

magnetiGevaetirr haying hdixelnditactden shar predetermeined pnglei dée Sreeomggnetic layer
nucl eation sites that encourage helicity reversal and

1110 prgfesally dfae raafses magoétiradon Mglpdityal 11p. d&he ceferembaiayar é130 preferably
known in the art result in a tradeoff between the

acts as g pawce of ypigfangplar srosreatm nflderfeas layerr b Pesd ihe tefergneeniayer 1130
g ee magnetic layer helicity 1115 and the speed

are preferably, separatechby perareaetstlaygeiabdOng the i nf or mati on.

ically, as stabili of the
:H{g referenge layer H&% is preferab}}y magnetically harder than the free layer 1110 and

preferably has a well-defined magnetic state. This property can be achieved, for example, by
using a layer that is thicker than the free layer or a material having a larger magnetic

anisotropy than the material of the free layer 1110, such as Cobalt, the L10 phase of FePt or
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programed helicity increases, so does the power

required to change the helicity. Ring geonetries may
wee@vios®7very stabl e magneti zation ori entati onBCT/US2008/081893

Addi tionally, the magnetization reversal nechani sm of

ring geonetries my be weakly dependent on ring

di anmeter beyond a critically small size (e.g.,

FePd, %xy RyeRk ! Yrub GRS & CORMOLRL ﬁ[c?tll'. Fﬂt\éﬁlatitva . fleZdesid hgﬁness can be -
ev a

ce nmay not e acritica act or en conpare

achieved thibudR SkclRh 88 8Migihe 48 dh BB bRBgnetidUsyer” LM as IrMn or FeMn.
geonetries may enable a greater range of use and

dpe rdasAsketio dbdri PIROCHEEGablPpeoREdhes S5ihOhSmettdN & the reference
role in the stability of the magnetization of a ring.
magnetfdlayéraCi3orduiiayg spén tri@psitzerdst thdorinAgneticQiiyed 1929 €Mhus, the spin
magnetic field, there exists a critical ring radius
diffusidnolengthi afthé nfaterl mesd imgtha noadhaghege ligfker 102Mis prefaitdy longer than
than the critical size, the stability of the
the thiokagsedfi thatnoomaghetih dayer 1§20.s Bxahpldswe] materiale peatcatisfyahe desired
the ring size. The stability of the magnetization nmay
propertips dnelude any pf dheynekde mhatals i(e.g..0fut Ag, AmgThe aosasagetic layer may
bel ow the critical size. Additionally, the
also bengiyestlatoatsush ageyl,Be 08 Mg pFpbResufficienibyr i insulating layer the spin
fluctuations and the application of a destabiljzing
transpofgtjiliedqenr by glegtromfynnebinggp afederpagpegnetie unngl junction.
| ng- shaped magneti ¢ devi ce can be desi gned for which )
e Tirsgratresi ayer bf 10 REferablycBodey araltampgneicaBpigrial having a

large eunder tna i,c eratin ocon itli ori1 e hut cag Osi IO be aterials.
YaRgRIP08, SBYLAS B IAOXp FPRA M UGk T DY AHOYS OF PR

oG By SRR el B EPRS SR, Rl By, aemaeousty
.t . .

educe G Bl A5nIRINShY B B 0035 8Ll BB

- 2Nt of providing a destabilizing
magnel L GRS B P2 FLEFD:

el fecti'vel’y“changi ng the val ue of the
A5 ifrisithed AAFHErOT 1 diEh 14128 of T agReBRAARE! BODIi0Greferably ring-

desi gned near the critical size is stable and does no

shaped €X®e4in@REE WAt sheNEEARMIMABELY the Huider QP RHZds! AOsharp corners
conditions, but can be reversed by the application of

that may i@l &t indgheticsnmdidation rsitenNtwhitin reetheabABP &Yt indfeating She rate of
i nvention, a nmagnetic ring device that has a radius

reversajo€aagnetih halicty. e quaymhetiidad rivg $thcalreriadingsofcén preferred shapes
provi de a very stable magnetization. Thus, if it is

which qaptbeausgdad awbidtumsvasieedi erernsal ofoltlicity ohowenee tiseptebent invention may
magneti zati on of the device, a nagnetic ring having

employgnanyi (agioup dermssofgiessd @eripth aiuethess ovhiich may predieisimilaaadvantages.
be easily enployed in read only nenory in a w de range )

The lowyr the z@gugmb symmefii a4 the, shapejof itheyflevagez ghe more likely it is that certain

regions will be favored for magnetic nucleation and reversal of magnetic helicity. Geometries
that include shar_p corners provide strong nucleation sites that encourage helicity reversal and
are preferably avoided.

Typically devices that are known in the art result in a tradeoff between the stability of

the stored information represented by the free magnetic layer helicity 1115 and the speed and
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Figure 12 illustrates a magnetic ring device 1200
enpl oyed as a magnetic nenory elenment. Preferably, the
wo e@e/osmgnet i ¢ | ayer 1210 has a magneti c hel i cPE/UIDAS081893

with at [east two stable orientations - a cl ockw se

orientation and a counter-clockw se orientation. The

reference | ayer 1230 preferably has a magnetic vector

i [ [ eLtdon; edet 1 angle. 1 :

pover RGN, CISE PN AyRETS, L ONRRE, 280 e 1y of e
prografiBen %Eli&%”i%@fe%eshw 4504 tRe PbweCleh@itedlo &aﬁ%@dﬁ%ﬁ@&ﬁed

angl e 1236 and a fixed magnetic helicity 1235.

Rigf esonhdidies g phoeaet &k kabesmapatRa@dn bAénthtiot8d Additionally, the
magneti c vector 1236 is substantially perpendicular to
magnetiZagop | ravesalf meétenisaf @fenge deametricd 280y behevehkifyed&peti@ent on ring

magnetic | ayer 1230 and the free magnetic |ayer 1210
diametarteypneh erigibhlly seghsat del ghytypicaidy teme g etanemétans@r ThagOthe size of
The direction of the free magnetic |layer helicity can
the devie rofyaneofcht ocritieal arfaetdr bhenpphpared veith eloscpresandly ysed geometries.
across the |layers of nmagnetic device 1200 from current
Thus, ringugeomet2eaonayrerabiud geeater gangearituse and deqreastd poagducion costs.
1270 may initiate the reversal of the free magnetic
Sexessl fagtorcplay a1 i in Hieestatylity. eothe inagnetizationeo! a ring. One factor
reference magnetic |ayer 1230 nmay be transferred to )
may be;the size &f thegRgt i Kor agiyen magpeticoneld, there piplga qriical ring radius for

which {358 B3RS o, PRl o OB ESEATH LR D6 ICEiCR ghonie Sabifity of the
di recti.on across the device 1200 set the free -
magnetfgalt of Ihe 3t T esiivel aBBeRRRT 47 oo dite 86 I BEAGility of the

I rical .pul se,in.th posi te direction.na
magne Gl aS FERCAE P 7 der RRRRY 454ELFT 00wl
.- t.er - i i rect | T rd X OMlgs .
AdaiaE Y ERAEEASR LS TR, LEFTAR gL B i
of a debiliife Haggetmgpi c layer helicity 1215. Reversal of
the free gnetic layer helicity 1215 may stop when
Uhigizm@ GREE prbidtiss, alrddeesiaped BREAGR dVRERYB e RsigR&PTH which the
current pulse fromcontrol current source 1270 can be
magneti#866h bPthetdepict he géRyArsahbleunidtestdticesperiigaion@itiony Sut can easily
helicity 1215 nore quickly. A reference layer 1230
be chardyeiidrgreaerseddy applying 23Gurtdnt @ulsettbetherievige! i $gdcifically, for a ring
favorabl e direction of the spontaneous nagneti zati on
device ihat & fubstanmmlynetar cheneritéeal aizy withaho iapplied current, the magnetic helicity
substanti al | yperpendi cular to the free magnetic | ayer
can be ¢mily rewersédebyl applyingsireelegtpical-qureems f dihei ehebtiiead cnoestr lsal the effect
of the free magnetic |layer helicity 1215. A second
of providitgp dedebilizipe %e@:ggi effacHvely xhanging) thet vadue efytbe critical radius of the

. helicity 1268 may be used to o )
ring. Thus, a magnetic ring designed near the critical size is stable and does not experience

c¥itical size.

unwanted reversal under normal operating conditions, but can be reversed by the application
of a relatively small current.

In another aspect of this invention, a magnetic ring device that has a radius greater than
or equal to the critical radius can provide a very stable magnetization. Thus, if it is not a goal

of the device to modify or reverse the magnetization of the device, a magnetic ring having a
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read-out the helicity state of the free magnetic
| ayer. The fixed magnetic helicity can be achieved,
wo o009e5%mpl e, by using a | ayer that is thickerP@THI200$1681893
free layer or a material having a | arger nmagnetic
ani sotropy than the material of the free layer 1210,
such as Cobalt, the LI O phase of FePt or FePd, or
radius {HRY & &acsf fhdf ¥ &Sl ré&?&?lc%n ae @?Mygééﬁéloye-ﬁhﬁ r??(f S8l (memory ina

reference 1263 layer 1s preferably arat e rom

wide rdnig8 @f BRENGlehier tiAYiehe dBd&i Biea Non-magnetic |ayer 1266,
V\ﬁl ch may be a thin non-magnetic netal or insulating

| & .12 Nukffes aSaPhetRNrihd el e | 1200/ byed BE aSRSOREc memo
reference | ayer 1263 and t%e free naé%@?i% | ayer f%%g i

element.oPreferabhg nBé ifeetuapnelic jlayRet1Rom had & rhipefic BElidBINELS With at least
| ayer helicity 1215 and the second reference nmagnetic

two stdbdey erichetionsi t w d2@8vise erientatine agd e coimacdlockwifé o€ientation. The
the magnetic helicities are both cl ockw se or both

referenco ulayer -1230c pvifembly tHae a esiaghetitc eveator obavihgea déixed edirection at
1200 may be generally smaller than if the free

predeterminedtangld 43, $éixed imagnétil Beligity 1238, raaf otk rac §xed magnetic vector

. magnetic layer helicity 1235 are in opposite _ o

having  (dékectighat 2 Hupdgigrmingdr apglet 1236 rgd bt fivedn magaetionelicity 1235,
stable orientations of the free magnetic |ayer 1210. )

Preferaplyy the Rredetermimed aangde off thet fixed enpenetisevactast 1336 is substantially

perpendiBfiag |p e GlAB O] the EleersE LD The deraseRagnetic layer 1230 and

S e e St
T A b e A 8 BB e

oo S5, PS03, 1 RO DO B, 556 s

1270. WPlgé"ngE #H6h! &rkbi ]c%ﬁ%nt Qbuket 78 ﬁlh%elﬂlctlﬁPegﬁﬁt }&fgrsal of the free
r re ne

vect 1336 having a direction at a predeterm
magnetitnlg#@f He¥éfty angs a Thiexpth-iRgRakHINE 0P @ld fdr¥nck3ARenetic layer 1230 may
Preterably, the predeterm ned angle of the fixed

be tran§feg8&ttd Che/ Bret Qiaghdd6 1dyer I0PG kank itd!chindeeihp ansietiy@font#d induce
the plane of the reference | ayer 1330. The reference

reversalrafj et free hayacticlB3Er kaidity 2151 egn BgRRtal puls@yi®ond Ii@ction across
are preferably separated by a non-nmagnetic |ayer
the devic8220Theaydiet dtot free magndtivelafereteelicitgiet $ in b aloekwinel ditictiyn, and an
can be changed or reversed by applying an el ectri cal
electricplupulee @t thesgppdsie Idargetion ofaynweg it ifice deagnetc 18@0 Hetiony 1215 in a
control current source 1370 through wite contact 1350
countergorkygse ¢ieqctioB40. The pul se from control current
source 1370 may initiate the reversal of the free
wrag slectrical aylse Troam icentrgl amnent sqwee 3770 faaye itite the reversal of the

free magnetic layer helicity 1215. Reversal of the free magnetic layer helicity 1215 may stop
when the second stable state is reached. However, a second current pulse from control current
source 1270 can be used to stop the reversal of the free magnetic layer helicity 1215 more
quickly. A reference layer 1230 having an easy axis 1236 (i.e., the energetically favorable

direction of the spontaneous magnetization in a ferromagnetic material) that is substantially
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of the reference magnetic |ayer 1330 may be
transferred to the free magnetic |layer 1310 so as to
W@ b@ngsorhe magneti zati on and i nduce reversal PET/UR08/081893
free magnetic layer helicity 1315. An electrical pulse
in one direction across the device 1300 may set the
free magnetic layer helicity 1315 in a cl ockw se

perpen(ﬁbl'il@lcid R fré& fa t@llgﬁ% rhg@lcap %aﬁﬁoifﬁstémfp IE o H&élt ﬁlduced reversal

direction may S ree nmagnetic |aye Icit

of the fieblmagrdtid 1@Qyﬁgﬁglqpiﬂgkvm se direction. The electri cal
pul se fromcontrol” current source 1370 nay initiate

AhgecoRy e¢fethcfaybh €247 oan B@aghigheti@Ykr BElidi§ 126818dP be used to
Reversal of the free magnetic |ayer helicity 1315 may

read-oustthe hatieity tshee 9€abadret aapetRt Riyer.i The dredadagnoayaiétitity can be
a second current pulse fromcontrol current source

achievell3 76r eample hyseihg o lstofhat ixethickee ttmalthe fret ieyet be@ material having
magnetic | ayer helicity 1315 nore quickly. A reference

a larget mpenetit3Bisorapy migpnathe eamsria xif she free layer H210, such as Cobalt, the L10
energetically favorable direction of the spontaneous

phase ofdigReer Feltd.on layered ftenetenea gfi €lobalt mad Si¢kel.) Thensecondsreference 1263
substantially perpendicular to the free nmagnetic |ayer

layer isypgefprabiy, Sﬂ@é@ﬂf gomthedreesprgnetic dayer 4210 Al gowa-agnstis dayer 1266,
of the free magnetic |layer helicity 1315. Current

which m?ﬁ Be £itBy neBamagnstic metal\ahiatating lnfgraln fhej @s¢ pPban gpulating layer,

the secpiE aSTRipREIRET| )8 el cires 'ﬁiat@'a;@ttlceﬁygﬁslﬁﬁ o spmyietic tunnel
ol AL TR s MG, LIRS o
he11c1tyI ﬁ%g rel%)’ &ue sa rects(‘)2 OH &5 PIC islegffle ngfﬁ?ohh clockwise or both

Sbgnet

counter!—éqgéf{%xﬁgél) NGel éé/l?tra éeué:c{? @%P@Idg%? (Mh@y b%g_ﬁ?énkraﬂﬁ%g]ﬁtef than if the

1ng may aCI € nuc |on and - reve

free mﬁé}feﬁé'glgyecrphaldtﬁﬁmf@fy hi rtﬁgslfe%ren@agﬁgﬂeﬁfce \XE )fﬁﬂﬁw Y1235 are in

coul d reduce e magnetization st Ity,
opposité @ﬁ@hé@mtﬁereﬂ—ﬁ Qhﬁ"&l%hﬁ'atﬁfg B&%eéﬁ Qe TRONKAHIE dr@¥Bions of the free
helicity can be determ ned by nmeasuring the voltage or
magneticllay&¥tlange across the device 1300. If the free
magnetic | ayer helicity 1315 and thereference magnetic
Fipyes 1hdlisantey alfddhedé¢mbidimeheofsamagbiticatid dsvidd 1390, employed as
the magnetic helicities are both cl ockwi se or both
a magneou mieanory | adakent sia) accotdencecwithttha peesear osventidie desfierably, the free
1300 may be generally smaller than if the free
magnetigdgyeetli3d0 lhay alr letse [twa istaplelFichtaivas of ther fe¢eemegregic layer helicity 1315
magnetic layer helicity 1335 are in opposite
- a clogkwise tqrigggation and a counter-clockwise orientation. The reference layer 1330

preferably has a fixed magnetic vector 1336 having a direction at a predetermined angle, a
fixed magnetic helicity 1335, or both a fixed magnetic vector 1336 having a direction at a
predetermined angle 1336 and a fixed magnetic helicity 1335. Preferably, the predetermined
angle of the fixed magnetic vector 1336 is substantially perpendicular to the plane of the
reference layer 1330. The reference magnetic layer 1330 and the free magnetic layer 1310 are

preferably separated by a non-magnetic layer 1320.
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Currently avail able magnetic nenory devices typically
require relatively high currents and | ow i npedance to
wawiovesdonf ormation (i.e., nodify the magneti c Pel/U81008/081893
of the device), whereas readout is done with smaller
currents but requires a |large readout signal. The ring
geonetry of the magnetic device 1300 addresses these

Q?Qti?éétlsﬁ'(ﬁgtl{e ﬁ‘gé raaEate IQ% rahél NG B8, d]lE&f %?nl%@ersed by

e reading a I'ng operati s In di

applyink %ﬁélb&ﬁ%aloﬁhlg@ GerdsY Hf'ee}ayéfs vyl ﬁl@gr%@ rh,ic@n 3@)@”&9{% control current
perfornmed by control curfent source 1370, which

source FlBWltlﬁ@ﬁglii Wtk $Onfadf 1950 andREntét 1340C0MhaGlulsh388m control current
which can be in direct contact with either the free

source MBYPM &hdyC irlidyte thd Idvereyl dfhde fﬁé&ﬁﬁﬁﬁ&lcﬁﬁgﬁﬁhbl‘i‘cdya]!ﬂi The spin-
1330 thus having | ow i npedance e wite operation

momenaini ofitie feferempuheimetc 1ldyep 1§30 anptbaataniR4fedubitiohfre@malgetic layer
placed in direct contact with either the free magnetic

1310 sd aywr chb84© ther magretivaionr axciadumgretisal dfapefret 3B84neac layer helicity
conplete the circuit across device 1300. The read

1315. dyeelettiior] mdse incornpedifentiondicress e dedep ABRR may satithet free magnetic
circuit. Read contact 1360 can include a magnetic

layer helipityaktlSpora cloakwe 3lingction, sand; sk aleptaigakepulsatin 8¢ opposite direction
direction or helicity 1365 and an insul ator_ portion

may set|the dree yragnside kv ex Belicityd 34 dima cpenteloplogevise Qgsctfonom t he

e 1300, thereby form ng a magnetic tunne
ﬁiﬁﬁ@ %}?amﬂﬁe {FRED FRYRIeCUTEDH SOUCE dgdP dpay rné%?a% {fe reversal of the
rre rce 0 n i de smal ler curr
free magfrtsc By pEF IS0y oLo1 360 | G hFaroreBaERed lwrmf%lavg 8 ymay sor
dout 0., Preferabl t he ess

when e GGTEe FERER SR Blar e o 5o MBS FERE ol current
?gﬁ) f 0 t t .

source @aﬂr Bgtus%d rtéagioﬁeth? rﬁgcg'%g t(%%c etgf%ez Ienglg al\?elggt%l' ﬁ%%fééﬁt?nBIS more

magnet ostatic interacti on between the different

el ements. This interaction can be difficult to

AURbAK 189erCPIH0 Rivind ﬁgeﬁs?fua&ﬁ s H% erfdrgitieRie ﬁﬁorable direction

i ncreasing density and performance of the device.

of the PEp&GRiHeolid) VRALARRAI®RY W N MeZ@niaBR&R | MARHAG! HIRRS is substantlally
Addi tionally, the device avoids the probl ens of

perpendi@gaiedoi the fieel Hsgpeaadiyeg 1800 ¢in 1628 Ub tSstéspil pRAIEY induced reversal
speed witing and readout along with reduction of

of the femermagnetie layer Bélicaty I315poorly controlled fields. Wile
there has been described what are at present
Corrsintdigjeetion nedvlenag e colinmeattis. éfocalhajepiri@s eftheicnwent mey be used to
it will be understood that various nodifications my

initiate Hhe ngage har theo freanmagnetics layer helicity 1315. Transfer of spin angular

.J.D

quickly"

momentum may serve to nucleate magnetization reversal with current spin-polarized by the
reference layer 1330. Layer 1320 is a spin preserving non-magnetic layer such as Cu, Ag, Au
or a thin insulating layer such as Al,O, or MgO. Small asymmetry in the ring may facilitate
nucleation and reversal through spin-momentum transfer. Pronounced asymmetry could reduce
the magnetization stability, which is undesirable.

The state of the free magnetic layer helicity can be determined by measuring the

voltage or resistance across the device 1300. If the free magnetic layer helicity 1315 and the
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i ntended that the appended clains cover all such
nodi fications as fall within the true spirit and scope
w@Rows9ornvent i on. Magnetic tunnel junctions oP¢EDS1008081893

possibility of very |arge nmagnetoresi stance that can

be used to read the state of a magnetic nmenory cell. A
magneti c tunnel junction consists of two magnetic

e - by thin.i ' yer.. .
et SR RPRPEA AT BSLRL y EHR AR AEE, TDSmgne el

are both[AY&HE dhbsth! BYfter BICRYWABS, U TRSHARE GRtost YROEViIRY 1300 may be
The thickness of the insulator is typically between

generalf snAR4 taniMNthe’frb@ B EnARARRIr HeBSH P § 315 fdMhk IrefRFded %rgﬁetic layer
I'ar ge readout signal. It has been shown experinental 'y

helicityt 13365 a¥&inyoppaki@ediregioat. or esi stance can be achi eved
usi ng magnesi um oxi de (MJO) insulating barriers. The
Cagreatly hesilableaunagnetief memoityoddvies pericalit @geire helngeely high currents
resi stance between states in which the |ayers are

and lowagpedinze do amtiiepanf@iration aind. , paodify ehe mAgnetic helicity of the device),
magnet or esi st ance of greater that 400% has been

whereagctddovets daeewith ypmallehci@ts hutegiragy allasgerrsadont tsignaln  The ring
al um num oxi de insul ating |layer, a nmagnetoresistance )

geomettyf ohheuna@eys Wagich d 90 addiessee theseicomeadiesing legeisements by allowing
materials as well as other insulators may prove useful

the perfpsmange ofothe Feaghes ped Walfimgoperations indifferenydecatiopnen the device. A
current must pass through the insul ating_.layer. durin

write OpgEatigf,; GaB Hien Berbegeeds By CaRtrek ewpeRtoipure {H{% which fRrovides a large
curen 5556 B B b B e BOSIR R fee magner
ayer 1307 20 BBl B BB o0 QB I Bl ° o wre
operai R0, IBBIE! Ll oty 158 SRR Sl o e comact i

either t@l;; gfgieagf\;z\lﬁflét%qg?epqg% @riAfagfre @ofHQ%m t'g\lglg#r%rZQ%O to complete the

e‘current required to s junction

circuit 28¢8ds A9lcennBguce el ectric fields in the junction that
exceed the insulator breakdown electric field. The

Fhanedl 5paRedH Eardl BY Perfofméd @sidle\d spariy rédachiuiecidt. Read contact
material with a perpendi cul ar magnetic ani sotropy. A

1360 cpefipdndt & th&inetiagdatace panlonol 3630 Wwili ¥ €txed Pagfetiz@Redirection or
for the nagnetization to orient perpendicular to the
helicitypl 3®85eandfant insulatay @ortiohhl 366nthanephatdsalie hsmgaetic tompact dB3bY from the
magnetized in the filmplane. This orientation is
device U303 thgreby [fommingeneragyetic tunnel junction with the device 1300. A separate
readout current source 1380 can provide a smaller current across the device 1300 which is
measured by voltage or resistance readout 1390.
Preferably, the thickness of the device is approximately 10 to 200 nanometers and has
an outer radius of approximately 0.25 to 1 micron.
Typical multi-element magnetic devices have strong magnetostatic interaction between
the different elements. This interaction can be difficult to quantify or control, and thus results

in problems increasing density and performance of the device. The present invention may

minimize these interactions. Additionally, the device avoids the problems of magnetic field
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configuration; it reduces the layer's nmagnetostatic
energy. To orient the nmagnetization perpendicular to

w0 b@psmne t he perpendi cul ar nagneti c ani sot r oOPYI/BszD8/081893
be sufficiently |large conpared to the magnetostatic
energy of the layer.This can be achieved with a nunber
of different materials. For exanple, alloys of Fe and

spreadiﬁ,i} wiigh 288185 sﬁ%rﬁﬁ‘ ggéd wrRingNfhdPdad & A Mith rS8u@RE of error

Thi's can also be achieved by creating interfaces

due to BEVRSIOOEy SOOI fidlagnetic materials or magnetic
material s"and non nmagnetic materials. An exanpl e of

tWigilef EfREtias bedn Hetab@OwhiLr 416 tatl pRSer feofifiderétlitd\be afiBodiments of the
exanple of the latter is |ayered structure of Co and

present AaveatiorCat anﬂlibePundeAﬂoamhanVagas afodifiratensl mgl}ebtedlade thereto, and it is
materials is that they need not be crystalline,
intendech dhay dhey aprendednaaimsycover allirehcmodifination g dall séthipethettpne spirit and
n polarize the current. The materials should have
Scope Oﬁglédn‘é?BP?P pol ari zat i on effici ency A di sadvant age of

E’fﬂg{)‘%[éc g‘&‘qﬂ Jgggiqsngtro t%ﬁﬁ%gl S/tgl%lt h\éé)ql 1%3%1} re31stance that can

be usedstwi reagchasiazadf a)nnagnang mdrmryrceﬁplmnpghaw wahelgonéton consists of

two magﬁ&%eﬂgérg rsgﬁ r{lﬂe& 'bsrnef thqr?YﬁsﬁFattlgg %feﬁ‘ ?H% 1I;|;nffitd} i§ %ufﬁmently thin that

INn res
electrortSomay cﬁya\re@&q thpsi llayer ot qusntu@smealnﬂnecai dum@émge Tihh ethlckness of the

1nsulato<'i"IP g§ bgiwegglo% GHIBSRL. pulse to |ower the power

evice op eration. Current reqU|renents
ér @rg‘? ﬁkwemesesﬁf@mﬁa\gﬂbpr%a@q nlaggmgeadput gigapl nlg hasbeen shown

expernﬁ%ﬂil‘l@t th(ét Bhys M@ Qﬁaéifetdrbﬁsthlﬂ%e&zﬁl bd NRhieQ¥E fustnBemagnesium oxide
etization enS|t and ma |ca isotro t

MgO) Frbsa&t ng le?érrlleé%{u &ga 9r§ﬂ§tag raa% Ogergmf%g H,Flﬁlége in resistance

betweerl hetatesgriat ivteth othedengertsy a0 margagmaetli cantlgaﬂamﬂermi_ | parallel. A

g 5P S B S 2hod, LR b MDA it

layers. AVittogn abmeiewinr atideo msulatug htyeal 4 ynatghetorﬂatsancabf wbdut 30% has been

achievegg\/I ‘E?tgﬁr gP ﬂle@%ﬁ%ﬁa‘is )af '\JeuS{ﬂsOHéhg {59(%{?%53}1?{0% r].l%eful as the non-

k curren itude an
magnetlcriﬂ)éﬁf@,elﬁ AUéRt-. For exanpl e, Iovver magnet i zat i on

Nensinhy cul‘?&{tQﬁﬁs@$a§§7ﬁlr6ﬁgﬁethteCln§1ﬁé’tﬁfg5ﬁyéxh@urlng the switching process.
magnet i zat i on. be desirabl e to i.ncrease the

An exc?ﬁﬁ’@ﬁé?lﬂilét“r & d@gwﬁlrﬁ@regﬁntqdn@ Kig o 40 .niighaieh there {sch sepgrate electrical
contact it§ N B aBles trﬂf@nﬁiﬂ\/d Bula®ri it lhot }Se dafnagéd ihéhe %iﬁ:élb?f @iis current

or, equbvzilff1 | tn gtf g tﬁmhe da aR:??]sd tﬂ%—Hl&l{lCQii%g,ei%Stﬁ% pa%s\e;p%eeof the current.
Thin insolatidg S)mrltlm’se@pme]my cdpedrb| W /het eleetnic fields before damage, known as
voltage breakdown. The current required to switch the junction must not produce electric
fields in the junction that exceed the insulator breakdown electric field.

The pinned magnetic layer of the device may include a material with a perpendicular
magnetic anisotropy. A perpendicular magnetic anisotropy gives a preference for the
magnetization to orient perpendicular to the plane of the layer. Thin magnetic layers are
typically magnetized in the film plane. This orientation is usually a lower energy
configuration; it reduces the layer’s magnetostatic energy. To orient the magnetization
perpendicular to the plane the perpendicular magnetic anisotropy must be sufficiently large
compared to the magnetostatic energy of the layer.
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states for a greater range of current pulse
anplitudes, tines and current pul se shapes. The

w0 odobostgony ref erences are hereby incorporated PYI/US2008/081893
reference in their entirety: [1] S. Yuasa et al,
Appl ed Physics Letters 89, 042505 (2006); [2] J-M L.
Beauj our , W Chen, K. Krycka, GC Kao, J . Z . Sun

. An te c&%@hmﬁ?{l LARen st Hﬁ\ffe‘r‘;ﬁ'ﬁqgﬂ@ﬁﬁs SFHId xa?r{ple alloys of Fe

ropean

uttered ers
and Pt j%)qj@qda]?d BCo payl Pt Q0 ]_aydrd)d{ ﬁma;gd Agngo[agf I]Il _hM cqp also be achieved
by creaﬁﬁg%@Hﬂacespbet@eerf(@ﬁ&nﬁﬁg Iﬂagnege madtials 6EMA H&Wﬁiate‘i’lals and non-

resonance st ud ij ¥pcr ystal line, Fe c&g
magneticHPReRAS A CXRRPLE:of e raipeis (e ghyre GSM/@O @P%.Nhand example
of the lltteﬁsmﬁgé}ed isguét@r 6€Co0dhar AgidtdCo andiPanad d@l&@[ﬁt@gd 6f these layered

materils 3 B e R PecoR e pp D e STputRery s bt i n a

Thskyanservegne tpia giolaivevike tourreha v Ting rralte:ri‘admgl&mﬂﬂ @ave good spin
polarlz%%r%?ﬁ r%r?ct 'S%ngrg%cgv%ﬁ{agg g)lf ngé £d %alﬂ gg h%ﬂ}%%/ Jél‘rémer?% %éplcaély induce
strong :mmm@ﬂtenag rvdnq:h: retdaly@f Qheday@es@lmmlaxrmgmt ibargealyyaqr spilt-holarization
is need%i f@%@ﬁ&érﬁ%‘éb@@ 0}5@1‘5{1815 havi ng a fixed magneti zation

ection second non-magnetic | ayer spatially
The drest IRy’ ssERgNGtizadomalpdioncsWikhes i rspeBsedoriegerraiitpulse. It is

desuabl@&gr}@&m& th@¥giplitiReSrehR dubRnbpEISOEh RANEr TROPEWELCreqddEd for device
includes an insulator. 2 . The magnetic device

operatiofy. c GERCRY TEEPIEMANE pre V\!Héieéu B the agISHER SN dFRNf et jagping and
magneticayﬁisoﬂrdsw Ldieﬂlearrayefbs ulThé olowehi 8B indgsdtizhiici emhélyy taRd Nmagnetic

ect r.on tra e. the sul

anisotr e ¥ o AR eHTTRRS PRI Tor N8k ThE mydlpization densiy
of a magoetar gilogeted i€ i mugnetib enaerialtih ellsydonith aaoampapmetic material. (Of

l.ayer I | ot
course, r%gléﬁoéﬂsj E(?lndg)%?% %{%Salﬂa lj:%fl%élﬁl%% 6§1gs' 4 'ﬁle%ﬁ%lg 'Eher%{lt%rlgl will become
non-magpétige) Si O, the proportion of oxygen to the first ,

F SR 058kl iAol B, 8 sz ame ar
interdepeadesi o ,ng:xmg}%t pyeq gytg}aetpz,qu@dlégs@(nlqc;ﬁgwsatth@rtlme to reverse the
magnetizﬁ\l;i({)ﬂidl ng magnesi uin oxXi ge tI\/lgo t{wat has]c ap epi t axi aI

attice arr ement W at | eas ne o

*tal%yr ked %ﬁ‘ﬁaﬁg’% OtifgreRseriar apeRetizaiien %Bmpi%e(’fqﬁ"ega &' magnetlc layer to

mcreaseﬁ&@nii:tvice reBtslity . 3t 1sAhéTagjbetaiti©ndmtllﬁﬁemrg)thesiaﬁ@mgawould increase

the parz?mer:}er rangegtlgr sw1tc£11n§erl“hv¥ is, i Héavqgee%vloﬁl%t é“%rt]ch\e/:se reprodumbly between

states for a greater range of current pulse amplitudes, times and current pulse shapes.

The following references are hereby incorporated by reference in their entirety: [1] S.
Yuasa et al, Appled Physics Letters 89, 042505 (2006); (2] J-M. L. Beaujour , W. Chen, K.
Krycka, C-C. Kao, J. Z. Sun and A. D. Kent, “Ferromagnetic resonance study of sputtered
Co|Ni multilayers,” The European Physical Journal B, DOI: 10.1140 (2007); and [3] ] J-M.
L. Beaujour, A. D. Kent and J. Z. Sun, “Ferromagnetic resonance study of polycrystalline
Fe {1-x}V x alloy thin films” arXiv:0710.2826 (October 2007)
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having a fixed nmagneti zation direction; a free
magnetic layer with at | east one nagnetization vector
whawpmaspoal changeabl e magneti zation direction; BCEUSRDS/081893

non- magnetic | ayer spatially separating said free

magneti c | ayer and said pinned nmagnetic |ayer; wherein

the first non nagnetic |ayer includes an insulator. 6.
We claibite magnetic device according to claim5, wherein the

first non-magnetic |ayer includes an insulator which

is sufficiently thin such that electrons may traverse

the insul ator by quantum nmechani cal tunneling.7. The
1. ARgngnéts dendeceompiongti agitned ahagnetid layeerwitin at megrfetization vector
having qoﬁkeqarggg‘#e'tﬁat o@yﬁgeclrtﬁggi(y e %g%le% lf%%"r 3’{}}%{ gtx ggl(ﬂ%\lr@g%etization
vector gavigg| { cqhangsab@e n&gmetlzlahen phrqmon,u enfigst monymegnetic tayer spatially

r n

separati‘ng s%tgl fbe Hﬁg?‘ft%e@g%‘.n@{é‘ %g% E&‘?n ﬁét’i(fla?fer Q %ﬁg r%lelpﬂﬁgnetlc layer
with a mh@lemtsqn Y?@prrhagweta féquap&nerlmqwbgecaﬁn,. amém gcod non-magnetic

layer s dﬂﬁily@bﬁkﬁaﬁ@%@f%@ﬁ %&@ic 1MEY dnbasaid Aid Mt ARighédd Blyer, wherein
tti'ce arra rrent h .at 1 east one of the rragnetl c

the SeC(P ma%ﬁel“ﬁ efl‘l‘é"l‘ PPy er or the free
magnetl c layer. 9. A negnetic device conprising: a

p ti.c layer. Wwth a nmggnetizatjon ve
2. b RepsBR BeiCeab it Rty QU OR: G y<Ed fon-magnetc layer
includesrany irstilacor| valyiel issufficiently ﬂmtuahrthatm:’tg:Ms nadyi toavewsedh®insulator by
quanturﬁ?x‘(écﬂ%u@alcc&ﬂ{éﬂﬁgbl e magnetization direction; a first

-nagneti c er spatially separating sai d free
magnetic |ayer and said pinned nagnetic |ayer; and

3. W'TﬁE §hibneat UePicBNREFBINE Lhihay $helds tﬁ‘e @@%&Q%nclﬂlagﬁenc layer

onponent to t he magnet1 ¢ anl sot r.opy
includegj it pgBlagT 1@1:laiim9>nev%én@erp g&a@eﬁmrf@adw\éa@t a@mlal}r@ roxide, AlO

or silichi@8xide [B20 P &iedpropbdion IMRYBENto the fild€cleRmSRChded not be in the ratio of
ani sotropy that is sufficrent to orient that

one 0 Qganet i zati on perpendicul ar to the layer. 11. The
magneti ¢ device according to claim9 wherein said

i, PRERAETEGE LA %S REIPTRLUNRY (RIS ub i
includes| amyigsm{itoFeinahldlrlgt migmesinoh I?xXJdeOol\@Qi fhnt 1@o amdefthxial lattice
arrangegf%nfi(lgth'\lét’ 158 ad nifgﬁ V\#]l;%nei—gqaﬁg n&ﬁie? tg@\fét‘é?ence layer or the free

according to c el n sald pirnned magnet
magnetlcd?!ﬁf has a perpendi cul ar conponent to the nmagnetic
ani sotropy achi eved through the interfaces between

5. A magnetic device comprising: a pinned magnetic layer with a magnetization vector
having a fixed magnetization direction; a free magnetic layer with at least one magnetization
vector having a changeable magnetization direction; a first non-magnetic layer spatially
separating said free magnetic layer and said pinned magnetic layer; wherein the first non-
magnetic layer includes an insulator.

6. The magnetic device according to claim 5, wherein the first non-magnetic layer

includes an insulator which is sufficiently thin such that electrons may traverse the insulator by
quantum mechanical tunneling.
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dissimlar materials. 13. The magneti c device

according to claim 12 where the interfaces are between
waledobesmwnt magnetic materials conprising Co, NPCDDS$0@8/081893

or alloys of these elenents. 14. The magneti c device

according to claim 13 where the interfaces are between

magneti ¢ and non-magnetic materials, with the nmagnetic

. TRE laioBbtid MShdedicBErdRPeIoUaiiPs S hefeitthe fi¥st ARmALetRNayer includes
) u%{ | oy ?f .Co and Ni, an_alloy .of Co ang/’glzg, an .al | g(é(%:: 0
an insuigtor, inglyding ong QryBoR, Of SRIEICHHMe PYIF | BRI Rxids, AlO or
silicon o@ide S¢O, e, préfiortibll of By A, tdThe ArsiRipA®int BeddendtdR in the ratio of one
conprising: a pinned magnetic layer with a
‘magneti zation vector having a fixed magneti zation
direction; a free nmagnetic layer with at |east one
t] v, 1 V| ; | zat] .
. TRERBRAR AN EEL A R AR o BRPRRNS FRERAGR AR e
an insukyyaneltding magngsiimenxiden dig®ithatilay en epriakisldadicpianapgement with at
o . I
st orfH0Y gl MBS RLSRL ol pE e e e
el enents, that are further alloyed with a non-magnetic
9. Al EBMdtic dRice/cMSiigigd:Ca PR SnaRRRE 5P GWitt a RhigRHzation vector
) netic layer wi.th a magnetization vector having a o
having fi g Iﬁ%%j’ﬁ@%%@&t Jigruiany & drer JRASTRtiE (3BT HiGhet logst Oy dpagnetization
vector Watiigad dhaagdablenmaghgnatiod alitedtiov;eat fifst hdvn-mM@getic layer spatially

changeabl e magneti zati pn .di r.ect.i on; first C
separata ARG F1AE iy Y EE BT P ISR e apd pgrein seid pinned
magneticdgyerthias alpaypend@nbir samgomnn nethemagnetic enikatyqpy, and

wherein said free |layer conprises one or nore of Co,

Ni and Fe and is alloyed with Ti, V, C, M or Cu. 17.

10.  Aheragagndtic device eot agim <3,ngvhereipi smddpivaegthempgnetigy dayer has a
perpendr’i‘rglg!ﬁ TopRR&L! £ ﬂh@nxﬁﬁ%ﬁétgr fal?l"i’s\()'tl% y Attt X8 sufficient to orient that

magneti zation directio ree gnetic layer wth at
magnetjza@eh PReN KO thalayeh vect or having a changeabl e
magnetization direction; a first non-magnetic |ayer

atial | eparating. said free magnetic |ayer and said
11 B o Aeice apeapling 1Q Rloigh ROl PHIEC EREBeGC layer has a
perpendiQuliy ¢Emgonenttoothe mugetdd afisotrddy @ddnéledancheadd myse of alloys of Fe

thes nt at urther alloyed wth an
and Pt’éﬂlgea&grﬁi’% ' n?rz)e gzﬁsde’%og?ﬁ%{jﬁ%a@? %%&lgghpi ng. 18. A
magneti ¢ device conprising: a pinned magnetic | ayer
12, $he TeBoBBORENLE B L 6! Qlipl 3 VAR Soid Bftmed magnetic Jayer has 2
perpendieifiat cypRONeay ietheZaagngHe \AasOEPPH amlﬁ@dathm}r/lgtbabmérfaces between
dissimiAPaR&digat i on direction; a first non-nmagnetic |ayer
spatially

to one

13.  The magnetic device according to claim 12 where the interfaces are between different
magnetic materials comprising Co, Ni or Fe or alloys of these elements.

14.  The magnetic device according to claim 13 where the interfaces are between magnetic
and non-magnetic materials, with the magnetic material including one or more of Co, Ni and
Fe, an alloy of Co and Ni, an alloy of Co and Fe, an alloy of Ni and Fe, and the magnetic
materials including one or more of Cu, Pt, Pd and Au.
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separating said free nmagnetic |ayer and said pinned

magnetic | ayer; and wherein said free |layer is doped
wawak/osmel or nore of Pd or Pt. 19. A nmagneti c RPEWUSM08/081893

conprising: a pinned magnetic layer with a

magneti zati on vector having a fixed nmagneti zation

direction; a free magnetic |layer with at |east one

15. magraghétfcaaem y@ﬁﬂs@sﬁn@aa/ ipitthed@ rﬁi}{#@ﬁ@d@e@ vﬂiﬂgﬁ%hg@hkﬂfbn Vectorl
non netic S ai
having §ef§f§§a‘t"?$fbe“§%f Xv) ‘?‘F Oﬂa@ﬁ i Tagnelie aygn d‘gl g'h?td eﬁgt dmagnetization

vector Mmgingt 4 odiaag@ble am(gnmimnem ndisetidn;f mefirst ay@rmagnetiopRger spatially
separatmgtsgidrt%e mggﬂealc layer "Rd said pinned magnetic layer; and wherein said free layer
comprises one or more of Co, Ni and Fe and alloys of these elements, that are further alloyed

with a non-magnetic element.

16. A magnetic device comprising: a pinned magnetic layer with a magnetization vector
having a fixed magnetization direction; a free magnetic layer with at least one magnetization
vector having a changeable magnetization direction; a first non-magnetic layer spatially
separating said free magnetic layer and said pinned magnetic layer; and wherein said free layer
comprises one or more of Co, Ni and Fe and is alloyed with Ti, V, Cr, Mn or Cu.

17. A magnetic device comprising: a pinned magnetic layer with a magnetization vector
having a fixed magnetization direction; a free magnetic layer with at least one magnetization
vector having a changeable magnetization direction; a first non-magnetic layer spatially
separating said free magnetic layer and said pinned magnetic layer; and wherein said free layer
comprises one or more of Co, Ni and Fe and alloys of these elements, that are further alloyed

with an element which increases magnetization damping.

18. A magnetic device comprising: a pinned magnetic layer with a magnetization vector
having‘a fixed magnetization direction; a free magnetic layer with at least one magnetization
vector having a ‘changeable magnetization direction; a first non-magnetic layer spatially
separating said free magnetic layer and said pinned magnetic layer; and wherein said free layer
is doped with one or more of Pd or Pt.

19. A magnetic device comprising: a pinned magnetic layer with a magnetization vector
having a fixed magnetization direction; a free magnetic layer with at least one magnetization
vector having a changeable magnetization direction; a first non-magnetic layer spatially
separating said free magnetic layer and said pinned magnetic layer; and wherein said free layer
is doped with rare earth atoms.
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