WO 2009/059071PCT/US2008/081893 SPEED LOW POWER MAGNETIC DEVICES BASED ON
CURRENT INDUC PIN-MOMENTUM TRANSFER  The present |catjon claims
priority to U.St azt%@t% B—"p}lication Serial No. 11/932,745, filed. October gﬁ%@?ﬁ%%%ntents of which
are hereby incorporated by reference ts This invention was made with ovemment support under

Contract Number DMR-0405620 entitled "Nanoseale Spin Transfer Devices and Materials" and

Vialdstable Systerie WEFHEE ) RN SRSt Seh  E SIS MR Number ONR
NO014-02-1-0995 entitled "GateGoptplles Qrepr afispiggmiconductor Nanostructures”

awarded by the Office of Naval Research of the Department of Defense. The government has certain
rights in the invention. IS D OF THE INVENTION Th- present invention generally relates to magnetic
devices used in memory and g applications, suelviEas giant magnetorcsistanee KAM devices. More
fly, the present invertigpeescribes ahighispeass andilow posveseepti-yowbichk aspin 2opolarized
electrical current can be used to control and switch. the direction of magi ,tization

11932745, filed Ociober 31, 2007, the coniemts of which are hereby incorporated by

teference i S entiraty,
This invention was made with government support under Comract Number NSF-
DMR-0403620 entitled “Nanoscate Spin Tramsfer Devices and Materialy™ and Coniract
o Numbess NSF- PHY-0351964 and NEF-PHY-0601179 entited “Noise-Induced Escape in
Multistable Svstems® awirded by the National Science Feundation, and Contract Number
ONR  NOGT4-02-1-0995 entitled “Gate Conmolled Ferromagnelism i Semiconducior
Nanostroctures™ awarded by the Offiee of Naval Research of the Depariment of Defense,

The government has certain tights in the invemion.

FIELD OF THE INVENTION
The prosent wvention gencrally wlafes o magpetic devices used m memory and
mformation proccssing spplications, sucly'as giant magncloresistance (GMR) devices.  Mare
specifically, the present invention deseribes 8 high speed and tow power method by which a spin
2 polwrized clectrical cument can be used to conbrol and switch the direction of megnelization

andior helivity of o magnete region in such a device.

BACKGROUND OF THE INVENTION
Magnetic devices that use 4 flow of splu-polarized electrons are of interest for magnetic

memory and information procossing applications, Such s device generally Includes st least two
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{erromagnetic clectrodes dhat are separated by o non-magnetico material, such vy & metal or
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‘and/or helicity of a magnetic region in. such a device. BACKGROUND OF THE INVENTION Magnetic

devices that use a flowin-polarized, electrons are of interest for magnetigczl%’ggr&?@{% d information
: ity 2009/0590£ ) . 00870818
processing applications. Such a device generally includes at least two ferromagnetic electrodes that

are separated by a. non-magnetic. material, such as a metal or - - SUBSTITUTE SHEET (RULE 26)
WO 2009/059071PCT/US2008/081893 insulator. The thicknesses of the electrodes are typically in the
range of limmator5OThenhifhesaOsE hagheticiaater inpicidyrmetsd, riaen 4his iype 60 device tseknown as a
giant magnetoresistance or spin-valve device. The resistance of the device depends on the relative

magnetizAlfSTBARSHRTSI S #8 BN Bl OPSQEEe Yty AWM At ARy A8PE AL RACE Shrallel or

anti-parallglitl-euvih@vrdnagnetizatiansdienenigaialiepdine sbwepeini eppesiladiraationsy One
electrode typically has its magnetization pinned, i.e., it has a higher coercivity than the other electrode

and requirdsTargerttig eSSt ahirbporarbet CarErcdoreilflge tHiidrefithtioh offts
magnetization.thasecend jayetisknouasdhefirecestada anehiisiiasnatzrigmdirgstion can be

changed relative to the former. Information can be stored in the orientation of this second layer. For
example, mjagnetization pinned, i.e., it has a higher coercivity than the other electrode and requires larger
magnetic fields or spin-polarized currents to change the orientation of its magnetization. The
second layer is known as the free electrode and its magnetization direction can be changed relative
to the former. Information can be stored in the orientation of this second layer. For example, “17
16 or “0” can be represented by anti-parallel alignment of the layers and “0” or “1” by parallel
alignment. The device resistance will be different for these two states and thus the device
resistance can be used to distinguish “1” from “0.” An important feature of such a device is that
it is a non-volatile memory, since the device maintains the information even when the power is off,
like a magnetic hard drive. The magnet electrodes can be sub-micron in lateral size and the
15  magnetization direction can still be stable with respect to thermal fluctuations.

In conventional magnetic random access memory (MRAM) designs, magnetic fields are
used to swiich the magnetization direction of the free electrode. These magnetic fields are
produced using current carrying wires near the magnetic electrodes. The wires must be small in
cross-section because memory devices consist of dense arrays of MRAM cells. As the magnetic

20  fields from the wires generate long-range magnetic fields (magnetic fields decay only as the
inverse of the distance from the center of the wire) there will be cross-talk between elements of the
arrays, and one device will experience the magnetic fields from the other devices. This cross-talk
will iimit the density of 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

25  electrodes, which leads to slow device operation. Importanily, conventional memory designs also
use stochastic (random) processes or fluctuating fields to initiate the switching events, which is
inherently siow and unreliable (see, for example, R. H. Koch et al., Phys. Rev. Lett. 84, 5419
{2000)).



10 or "0" can be represented by anti-parallel alignment of the layers and "0" or "1" by parallel
alignment. The device resistance will be different for these two states apg thus,lagsdguice resistance
can be used to distinguish "1" from "0." An important feature of such a device is that it is a non-volatile
memory, since the device maintains the information even when the power is off, like a magnetic hard
drive. The magnet electrodes can be sub-micron in lateral size and the 15magnetization direction can
still be stable witla reSp@eteto Xoeteat Battudtiensal othénobliveictio (rag madgivetikerasitd Gouaeicess

memory (MRAMB) designs, magnetic fields are usl% switch _the magnetization direction of the free
electrode TNBSE AL TRHIE MEBHOU a0 Lrart ST Ce NEa (e HRetic

electrodesy Thawiresmpshhesmaltin €i098-aaationdrecay seaigene iy davicesiemasis! of slense arrays
of MRAM cells. As the magnetic 20 fields from the wires generate long-range magnetic fields

(magneticHERFEHEIST Shty I BieRIPased Brehisrdhe SR ATSHB BRITBRNY Wite] & will be

cross{alk-hehuaeneliementsof the akayskaothansdevieswibrexperiencedismmagoetisfields from the
other devices. This cross-talk will limit the density of the memory and/or cause errors in memory

operation§eFPIE STaRHEr th ABHHEN CFiBIS YBroean BYrSaR R 8% SreMErtRY TESRpHatier Fo¥esta at the

position 0{;%(;2591 GlRGEOge S vRIGh ARG S I ﬂ%mge oA atione IMRaIianti geryshtignal memory
designs also use stochastic (random) processes or fluctuating fields to initiate the switching events,

which is irtrerettRfietood Sndrasiee|iel e ek Hforasashpion FRIEEtRp cH Tl Ry SReiiopdst. 84, 5419
(2000)). Q3 2003/05 9071 R YV IZNBIARLEN i b BB BB MOS0 apshseyeral other

publications (e.g., J. Slonckewslci, Journal of Magnetism and Magnetic Materials 159, LI (1996)), John
Slondkewskibiesenivas e divardgri.-by which a spin-polarized current can be used to directly change

ihe magnetc origpiRtan.ot 2 madnelie slecpde e AraResed MeEARIS"G A0 pguler

momentum of the(fﬁ)wmg 5 electrons interacts with the background magnetization of a
magnetic negienc Fhidhiayingelectrods trevpshed dqyarsonmeositvemdpicivaeg Glatunomentmmito the
background magaelization and Rroduce. adoraue.on he magnetzation n his segion,Jhis.forque can
alter the direction 6 magneptlzatlon of this region and switch its"magnetization direction. urther, this
interactionrs teakl} sincatihahdydadtsoninedionbity dugbrafdntel shddimenbflbvsddovevegicthe
proposed 10 mechanism was yr(%/ theoretjcal. Slgnckewski' tent describes MRAM devices
that dse sﬁ?‘?—’mglr?%ﬁmﬁ]?t%ﬁege'r' er?ﬁ%%rﬁ%%i%xg‘f‘/v?tfcrﬁf’n% %’Wé\?ésr,E%z’ea%ércgpgoasrgé%ev\ﬁ%le@ are slow and
rely on flugteatinginage atiedields anehstashasticareeeases. (@iniiatt-maghetizadion swikehing.

Further, large current densities are needed to switch the devices. In describing the preferred

embodim éﬁtt%ﬁyh%eu%a[r@ﬂeblr%taf:csame axis.” As we describe below, our device makes use of layer

magnetizations that are not parailel to the same axis, to great advantage in speed, reliability, and
power consumption.

20 U.8. Patent No. 6,256,223 to Jonathan Sun also describes devices that use current-induced
magnetic switching and demonstrates in experiment 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.

25 Devices are needed that exhibit high speed and reliabie 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.



15 gate," Slonckewski states "...the preferred axes of the 3 magnets Fl, F2, and F3 are all "vertical”
(i.e., in the same direction or orientation) as discussed above. Other orientations can serve as long as
they are parallel to the same axis." As we describe below, our device makes use of layer
magnetizations that are not parallel to the same axis, to great advantage in speed, reliability, and

power co%gmgﬂﬁg{;.%§ 1DQ- 6,256,223 to Jonathan Sun also describes devices that use
current-induced magnetic switching and demonstrates in experiment the operation of such devices.

However, the dévices pfchosediatiene asrreliadleiths-thenainms dittignsarisistencyhwitsaegiard to device

characteristics. Further, the estimated time scale for magnetic switching 50 nsec for operation at
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action of agpinpolanaechcueentichihisrinaiudesdavicgddiiat.operate with lower power and have lower

threshold ts for switching th tization orientation, SUMMARY OF THE INVENTION |
Viow of the Tmithtrt SLShATRH U BB BN e 0elorie oo CRectiae L e

transfer, amvehjget of thepresert infgirtiglds to provide a structure that is optimal for a magnetic -
memory or magnetic information prqocessing device. . It is another object of the present invention to
produce a magneticBUE ANEHT AR BFESGE I PrepiedtoraFstSidH ce thEtidas further
object of the.prpsent inveniiortnmreduce a magnetic device that has advantages in terms of reliability.

It is a further ob{'e.ct of the present invention to produce a magnetic device that requires lower power to
operate t is a further object of the present invention to produce a magnetic device that requires

lower power to operate.
It is a further object of the present invention to produce a magnetic device that has
- advantages in terms of the stability of the stored information.

It is a further object of the present invention to produce a magnetic device that has a large
read-out signat.

These and additional objects of the invention are accomplished by embodiments that employ
magnetic layers in which the layer magnetization directions do not lie along the same axis. For
instance in one embodiment, two magnetic regions have magnetizations that are orthogonal.

According to one aspect, there is provided a methed of magnetic switching using
current-induce spin-momentum transfer in 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 layef; a -
read-out magnetic layer with a magnetization vector having a fixed magnetization direction; and
a second non-magnetic layer spatially separating said free magnetic layer and said read-out
magnetic layer, wherein the second non-magnetic layer includes an insulator, said method
comprising the steps oft applying an electric current that flows perpendicular to the layers of
said magnetic device whereby said electric current consists of pulse which is one of either a
positive current pulse or a negative pulse; transferring the spin-momentum to the free magnetic

layer while the electric current is applied; and stopping said electric current application and the



It is a farther object of the present invention to produce a magnetic device that has advantages in
terms of the stability of the stored information. It is a further object of the present invention to
produce a magnetic device that has a large read-out signal. These and additional objects of the
invention are accomplished by embodiments that employ magnetic layers in which the layer
magnetizafion, diections domot e along the same axis, For inglance none empodiment, two
magnetic Tegions have magnetizations that are onthogonal. < TACESTERG 5 Brie A&Fet R here is
provided enmethoi efamagnetiaswitehing ubingieurodnbid durespinumomentyhytraastar ia a magnetic
device com risig.%; a pinned a}gnetic layer. with a magnetization vector having a fixed magnetization
direction: & fre6 maghatictayetit ea{f’fgé%tfz HE S HeiL Abo A e R PRARIKYA Bremiehife
magnetization slirectionslantiist iponmagneticdayer.spatially separating said free magnetic layer and
said pinned magnetic layer; a read-out magnetic layer with a magnetization vector having a fixed
magnetization dit&EHIMERFRCLEE SR HoHiTal REaETaS & TRLGLIRS Sasartinyg echirerbEthagnetic layer
and said teaeieudRagRsticHayRhiwhereiTiNg secandRaRageslisiayer insilides.amingulator, said
method comprising the steps of: applying an electric current that flows perpendicular to the layers of
said maghefic HEVicB PR SrgteTdeiec Fredt Bamsidration siiediomic ires Bageiclmer a positive
current pylss naNedative RSN BSIRHNG e SRiRIeMem. IR hesfes maghetic Jayer while the
electric current is applied; and stopping said electric current application and the spin-momentum
transfer viféRae [nys raGH O RAEHBE 6RithE franasmstndticsTaiist widnbesdronstie bisaid magnetic
state veclpys (. the lieLLaAILMAANE N AiRle. SRR LN BIAN IS BAARIS slplg,in which the
magnetization vector of the free magnetic layer is caused to rotate out of the plane of the free
magneticapfamng an dedtedivgeet dhothlermaspeetndiater ivopioyidedsaohethibthafmagietic: switching
using curiaptidised spin- MATIENITLUBRSIEL AMAdRels dfvice comprising; a pioned magnetic
layer with a magnetization vector having a fixed magnetization direction; a free mggnetcfcalayer with at
least onensragetizhtion veoler Havirgahictrapgealelench agneivzatione: divedtion rarfifst-mgniragnetic layer
spatially separating,.said free magnetic layer and said pinned magnetic layer; wherein the first
non-magﬁ%%b gr)r/lg%lur%%odteg g}? Ei%’slatﬁg b aai r‘ﬁqelﬁ?o é?:%l%ﬁ}fsfﬁlég ?Htelss%’égeo :%’5&%%% electric
current thaidfldwsipermpentipplantothedayessiohsaidmagneticed eviaetiehesehy: saicnelestic current
consists c())g &%‘%%QNIQLC%? qne ofﬁzitb’er P(Positivefcu.r ent pulse or a negative puI%((; or a pulse that
combines positive ARd negative GoS pETHoNS: ¢SRS SIS 1R S ESiIN RS E5 tAEfde magnetic
layer whiledhe:kleatd ceusre by is-apgliedinand stapping saidhalechderegfeentapplicatior ard the
spin-momentum transfer when the magnetizaéi n vector of the free magnetic layer changes from one

of said mAGHEAESHE SRS TE I P B PS DA PRAG AL SEaaattsr&Bs way of an intermediate
state in which thecBaagnetizatiensesiocofitbe fkegdnasnaticdayardscaused Qfokate it of the plane
of the free magnetic layer. According to another aspect, there is provided a method of magnetic
switchingPUSRIG Blrrah R TRASer L- FRER Tt A tRSRERS (r S A BRESE 8 &V RIBNEA MBERSAY: a pinned
magneticiigyeswith A-mrapatizalionyagiarharing adixed madnetization diection.a-figgmagnetic
layer with at least one magnetization vector having a changeable magnetization direction; a first
nonmagn&ti $hlferpaaIgReBRERITRG 8RN fabarrinseaila sprenalira i diptrined milgmetic layer; and
wherein %@d@x@f&ﬁ@&!@ﬁ&&ﬁ%&rﬁyﬁﬁﬁ@&% ReERnAIGHancomaqnantig g magnelic.anisptropy said
method comprising the steps of: applying an electric current that flows perpendicular to the layers of
said magfi¢iitetit @ wisdrengstilalechde corpmionsiserobpiise Wisichisoeughsitrer a positive
current PUREQRACSRINE R R, uIsE Al sombines.pasiive: i (5gRleARiNg paTions
transferring the spin-momentum to the free magnetic layer while the electric current is applied; and
stopping Batgsalbetrcrormreit dpplicatiorebinehitielspire morastumstsarisfelswhbivithie maghetization
vector of ree magnetic laver changes from one of said nefic state.vectors to the other of said
mag neticég%tieae\%%%%%é %}Eﬁa v@lg%/éuo?‘gaor}{ f‘ngté%?ﬁé"é fate state” %S\?VF%:%?%% Madnetiafion Ve of the free
magneticgaye rigtosnss sdrtdaotat e loupof-therplancetoflibgrfre eumagiekigdaydiic theAteatding to
another aspect, ithgrelig &t_)rgr\lgdsetg aimetho f rtnagnetictswit(ihinlgJ using %urrent-induced
spin-momentum trafister’in a maghetic device comprising: & pianed Magre e g
magnetizatiofevettorthaving aifixecd meagnefitation disgetianagfreaipagneticdayeranth at least one
magnetization vector having a changeable magnetization direction; a first nonmagnetic 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 a
non-magnetic element said method comprising the steps of: applying an electric current that flows
perpendicular to the layers of said magnetic devige whereby said electric current consists of pulse
which is one of either a positive current pulse or a negative pulse or a pulse that combines positive
and negative going portions; transferring the spin-momentum to the free magnetic layer while the
electric current is applied; and stopping said electric current application and the spin-momentum

transfer when the magnetization vector of the free magnetic layer changes from one of said magnetic
ctate vecrtore tno the nthar nf ecaid mannetiec ctate vvactore hy wave nf an intermediate otate in which the



According to another aspect, there is provided a method of magnetic switching using current-induced
spin-momentum transfer in 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 nonmagnetic layer spatially
separating. said: fres MARLYS iAYeHANS saidpinned macheliclayer. andwhetain aaid free layer
comprises one or more of Co, Ni and Fe and is alloyed with Ti, V, Cr, Mn or Cu said method
comprising thecktépsrafneippiyingarretd thedreumesnetat floviscperpeindigaiaptbohiad alrxs of said
magnetico?%qglaegvnqagreekg% §aai€g electric current consists of pulse which is one of either a positive
current pulse or a neé%ltlve 5uﬁ'se or a pulse that combines positive and negative going portions;
transferring the gpir:tiomentunhdo diyed;ebemag neticdal e mtiitel thieneleotric surrdnteisamplied; and
stopping said ?_Ie%tric dcurr.ept argglicatign d the sgin-gncogpentum transfer when éheamaggetization
vector of e freé nul%\egn(s-illi)il(r:1 Irél?/er %uglnéaérés fom ONe=of sai Vﬁﬁgéﬂ%ﬁgssl{lgtea\?én&%rsmtcﬁﬁe other of said
magneticistatevite atarshyiwayotairenmes ftedstate s wivehitheimagngtiz atigmn:te tipgrof the free
magnetic layer is caused to rqtate out of the plane of the Iree maﬁgetic I ccording to another

yer,
aspect, tHEFB F5 FEVER BN SEHMLJALHE SWIISHG TSR EUFERR MtHEY &SIRiMBentum

transfer ima:magnNeic Penice sonphisingidarpinnectmagreticlayan with-a magsetizatgnraector having
a fixed magnetization direction; a free magnetic layer with at least one magnetization vector having a
changeal1BREgHEtiZSh SH B IS M CRBIF A ettt Spatihity Sepdr iy SaidHee magnetic
layer andisaid;pingadmasnaticiaysmangwhareinsaig fier lavaiaompiisesone atdmorg of Co, Ni
and Fe and alloys of these elements, that-are further alloyed with an element which increases
magnetizéRIBHaARpiRy E5iFHRethSFCORTPYIBRRF NI St 08 dbe APyt andveiettufifttthat flows
perpendicyilarto he layers ofsaid-megnelindaas WhesRbyriaitelectic e Whealk cansists of pulse
which is one of either a positive current pulse or a negative pulse or a pulse that combines positive
and negaltiREat§singlssortiérigpahsfemmyntierspiithiomarguiricgeie redepaghatstmEyeiiwhile the

electric cusiehl s apalied: A0t sloRRIN st GRHIe LURALARRIRANN ARG APlsgpentu

transfer when the magnetization vector of the free magnetic layer changes from one of said magnetic
state vectois ¢sthis otheniebphidtivmgrktic sarevecrivsiiipyéy whemthstormedicaeostateldn which the
magnetizafigh ¥eetor Ofe’éE‘ci;Jr%?c’ﬁ‘a%%QeH&kaé’% {F SRYRY t&i@’é@%@ 8L %31%' &flgsree
magnetlcqayer. ccording to another aspect, there IS provided a method of magnetic switching
using currergeinduscedvspinrmhpmeyitafuiratsierdiata saagneticc aiosagomiprisingeaquinhiéd magnetic
layer with.a ma n%&zgtigquv(%%%o& ?oa}éi l9.a J@ﬁ?%@?g@%ﬁﬁé?@edg{g%iﬁg?;a g_lcee magnetic layer with at
least one 'rﬁ{:étgral1 iZation vector ﬁavmg a c(hangealge magne Zaton cﬁrec%n’; a first nonmagnetic layer
spatially separatingsaickfre aragnaetedayrsrandmsaiitiginn ecthedgifeticgayer sahchivheséip said free
layer is doped with one or more of Pd or Pt said methaod comprising the steps of: applying an electric
current tHAE TR SO AU R s B LRI A ATREE Wik FeBy S MRt current
consists oijuisenhichnsipaecafeienapositive Culrantipuise dranegative puisewr Aypulse that
combines positive and negative going portions; transferring the spin-momentum to_the free magnetic

layer whilE A& dratt AR Ra R Ta B PIFE L SR G & B e Bt TBreR AR ST dHS PR the |
spin-momgenisinctiarsiennerdhe.magnrtizalionvectasyef the dremagnsiiabayaeschanges from one

of said magnetic state vectors to the other of said magnetic state vectors by way of an intermediate
state in whitFcth&#f TRyt IEito Yt thaAse hidgnatedderts EAlea4d iBtate out'of the plane

of the freg agneiCslayShethod AGERIING AARRIICHASPRRLADEEE iSREQVidad:A Rthadaf magnetic
switching using current-induced spin-momentum transfer in a magnetic device comprising: a pinned

magnetic RESRSPUAHHR th Hignietigatifns R peiA s AchXERE TRk it AR FOHCIFBEIO T OB T magnetic
layer with atlestanemagnatizplignuecionhaying.e shangsable magpstzaiondissting; a first
nonmagnetic layer spatially separating said free magnetic layer and said pinned magnetic layer; and
wherein szieitireendyesds g aoat withaaid esyitri he spiidupeanbandenisdsingueciedpyenf: applying
an electrig gyrrgnt.ihat flows. Retpendicularta s laxeis el said Magnsis devieswhrrghy. said electric
current consists of pulse which Is ohe of either a positive current pulse or a negative pulse or a pulse
that combinespositiveskrdvhey tiveaguitigeportivasr tidhsfeceing thaispirentbmert immtonhe free
magnetic layer while the electric current is applied; and stopping said electric current application and
the spin-momentum transfer when the magnetization vector of the free magnetic layer changes from
one of said magnetic state vectors to the other of said magnetic state vectors by way of an
intermediate state in which the magnetization vector of the free magnetic layer is caused to rotate out
of the plane of the free magnetic layer. Accorthing to another aspect, there is provided a method of
magnetic switching using current-induced spin-momentum transfer in a magnetic device using current
to switch magnetization direction in the magnetic device, the magnetic device characterized by 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
read-oirit mannetic lavvar with 2 maanetization vvectar havina a fived maanetization direction: and at



Herein disclosed is a magnetic device comprised of ferromagnetic and non-magnetic layers through
which current can flow. The magnetic device is comprised of a ferromagnetic layer with a fixed
magnetization direction and another ferromagnetic layer separated from the first by a nonmagnetic
region that has a magnetization that is free to rotate in response to applied currents. A third
ferromaggetlc; Ayl A8 ReRatRIedd ol PPy A paRmagnalic avar, as A e
magnetization dlrecgtlon and can be employed to readout t & magnetization direction o fhie free
ferromagnaticntalyer. THe magndtiZationgirectionsveftirefetro ey netisclay érgaie aotalltalong the
same axi%{Iage%rdgo?ftgpegg{gfi%%%gemxggdirgg&tse,rthe first fixed ferromagnetic layer's magnetization
direction 1s perpendicufar to the plane SFihe IaV}/er', while the free ferromagnetic layer's magnetization is
in the plane of thectayinz As desenbapeahdves & quoredidflowmdBid eé mtzeclay exsittansiersespin-angular
momentum from the fixed magnetization layer to the free magnetization layer and produces a torque
on the mSHRENZRHE bR RR AR Pt BT STHGR &P R G eBP HDIR Bt of the
magnetizatjenviitectionefithecixedianthiieg dayen withaifacter &fpropostienalifsiba degends on the
current and the spin polarization of the current. A large torque is produced when the magnetization
directions*SPtHc FRetPa AT FPER4LIPBrLeEY BRivsdnecabipfiegarh ety (st SR th&®magnetization
direction ghtheifres snagmelic layennauses themagnrtization ofhe fes magnetiadayes e rotate out of
the plane of the layer. Since the thickness of the free magnetic layer is less than the width and length
dimensiolE<tHE FEhSH BF th MBI RS tRSTOF ¢ ﬁ%é‘ﬁ]ﬁ@ﬂ%?iéqgﬁ@f"mw‘ﬁﬁ% HaREtSf the layer

generates,g |3 ge.mRoRelicdicldh andamagnstizingniieldewhich danatrendisiatia thediane of the
layer. This demagnetizing field forces the magnetization vector of the free magnetic layer to

precess, FRLPIBHIESIN APz ARDH titcttiBifcto ¢ statenhrbiindPtrengirsatishlet ihéedvagwétization
magneticﬂﬁ!%@?&@%@@@ﬂé}%@lﬁ BISOAelEmINES, thE: 3¢, ALPIAGAS IO, A fafgR Agmagnetizing

field results in a high precession rate, which is an optimal condition for fast magnetic switching. An
advantageosititisisumeratic degiceciithantsndonrilsethativngivnce switfieldedarerotrmsdessary to

initiate or,ontrol e MAGNSHE JSRONREREING VLS mae:ASAAISCIRRETS 8. Magnelic device
including a reference magnetic layer having a fixed mag%etlc helicity and/or a fixed magnetization
direction,aaified; mdghetioiayet ditiratdeast epgiraagnetiy tionivestorchavinguaihanhge disle

magnetizalionnelel and NN maonelic avel shalally sepaiaing spid s magnele axer and said
reference magnetic layer. The magnetiZzation helicity 6f the free magnetic fayer can be changed using
current ingdugedoggin-oh eme nisgmatiansier vivonetprefeyred emiodinednte thietdéviediasia substantially

ring shaped structure, and thfet refgrence macgpetic.la er igcludes an e%ﬂ%axils subfs an%ally
Xé [

perpendié][fﬁg?ett(]laz‘?lﬁlgﬁrér 8?%n%e&5yeef AR ikt %g’gnaél |zaﬁ)orn°t6teer8‘étn icUTar 16°tHe ‘Prane of the

referencenlagenicAltesnatively, the reference layer includes an easy axis substantially perpendicular to
the reference layer ar(]ld a magnetic helicity substantially clockwise or counter-clockwise about the

s )
ring-shaped struefiPE /S % %@’6%é@?/fﬁ%ﬁé@&%@?%ﬁl@%@%@ﬁ@%‘ﬁlﬁF THE

DRAWINGSehhadocegeingandeathardeaiiras afthepresenlinventanwilkhs.mareeagily apparent
from the foIIowingedetailed description and drawings of the illustrative embodiments of the 5invention

wherein IRETETEFeh BEFHGHRENE YR (i Srsit P aid memetrisngHEG tne A AR 1astetn laver

with at least one magnetization vector having a changeable magnetization direction; a first non-
magnetic layer spatially separating said free magnetic iayer and said pinned magnetic iayer; and
wherein said free layer is doped with one or more of Pd or Pt said method comprising the steps
of: applying an electric current that flows perpendicutar to the layers of said magnetic device
whereby said electric current consists of pulse which is one of either a positive current pulse or a
negative pulse or a pulse that combines positive and negative going portions; transferring the
spin-momentum to the free magnetic layer while the electric current is applied; and stopping

said electric current application and the spin-momentum transfer when the magnetization vector

de



which: Figure 1 is an illustration of a magnetic device according to the present invention; Figures
2A-2E are illustrations of the free magnetic layer showing the magnetization vector and the
demagnetizing field of the electronic device of Figure 1 during the application of 10pulses of current as
illustrated in Figure 3A; Figure 3A is an illustration of a current waveform that may be applied to the

et oty EIA B A A B MPLIBIT e ol
present imyeggtn state Figoreky5Ab8 anarthustrdiionsaof the fidetheagneticdayer shawirfghthe
magnetizglion YEeer Ang he.demagnetizine s ofie memen,cell of figure 4

According to another aspect, there is provided a method of magnetic switching using
current-induced spin-momentum transfer in 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 andl said pinned magnetic layer; and
wherein said free layer is doped with rare earth atoms said method comprising the steps of:
applying an electric current that flows perpendicular to the layers of said magnetic device
whereby said electric current consists of pulse which is one of either a positive current pulse or a
negative pulse or a pulse that combines positive and negative going portions; transferring the
spin-momentum to the free magnetic layer while the electric current is applied; and stopping
said electric current application and the spin-momentum transfer when the magnetization vector
of the free magnetic layer changes from one of said magnetic state vectors to the other of said
magnetic state vectors by way of an intermediate state in which the magnetization vector of the
free magnetic layer is caused to rotate out of the plane of the free magnetic layer.

According to another aspect, there is provided a method of magnetic switching using
current-induced spin-momentum transfer in a magnetic device using current to switch
magnetization direction in the magnetic device, the magnetic device characterized by 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 read-out magnetic layer with a magnetization vector having a fixed magnetization
direction; and at Jeast one non-magnetic layer spatially sei)arating said free magnetic laver from
other layers, wherein at least one of said non-magnetic layer includes an insulator which has a
thickness such that electrons can traverse the insulator by quantum mechanical tunneling said
method comprising the steps of: applying an electric current that flows perpendicular to the
layers of said magnetic device whereby said electric current consists of pulse which is one of

either a positive current pulse or a negative pulse or a pulse that combines positive and negative

going portions; transferring the spin-momentum to the free magnetic laver while the electric

4d



Figure 6A is an illustration of a current waveform that may be applied to the memory cell 20 of Figure 4
during a write operation; Figure 6B is an illustration of a resistance measured from the memory cell
during a readout 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 AgHrren vy%geg%gnﬁ%%ﬁhed to the ma netlcn%Sde ice,; ol g[Hre 9.is an | |IIustrat|on of the

15”4 said eect CUIT 1ca 10 rn n% ?J{TP]
magnetlzatlon com nenTs 0 magnetlc ayer durin arter tne ap|5’ ICa IOI‘I 0 e current

pulse showmsfwroguretBe m@@ﬁ@ﬁ@%%&@ﬂfﬁﬁmm&ﬁ&%&@er chirigew €44 isnarvillsgdration of a

memory cell accor to on%%ilg %%}rgl{antgf theégresent inventjon in which durin ertln operations

no net cufren f:plz?lsssaé‘i‘ t Crt(()JlrJSg free magnet f%nlailcesrmte VE 1i(gﬁrﬁrey f149s° nll’fﬂfgfpéfi ot4h annular

magnetic idextiteh siecokding iaitey presentiaventieynbidgayer I2cisaa ilustsation of @s gianular memory
cell accorgiirt‘ul% tgegrﬁ% &Qﬁ%g}@em of the
Herein disclosed is a magnetic device comprised of ferromagnetic and non-magnetic layers
through which current can ﬂow. The magnetic device is comprised of a ferromagnetic layer with
a fixed magnetization direction .and another ferromagnetic layer separated from the first by a non-
magnetic region that has a magnetization that is free to rotate in response to applied 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 fiee
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

de



present invention, and Figure 13 is an illustration of an annular memory cell according to a further
embodiment of the present invention in which separate read and write contacts are provided. 10
DETAILED DESCRIPTION OF THE EMBODIMENTS Structure of a Basic Magnetic Device To
illustrate the basic concept, Figure 1 shows a multilayered, pillar-shaped magnetic device comprising a

pinned mz%gn%g(zza@éefa@'}:ﬂalnﬁv ith gfixed maanetization direction angd a free magpetic layer FM2 with a
free magnetization direction. 1s tne magnatization vector 6f the 15 pinned Magnatic idyePFM1, andis

the magngtigational/ector atthetfrdemagneticiayepti2s Fhéipitne dimadghetedayee fME, acts as a
source of spin angular momentym. The pinned magnetic layer FM1 and the _free magnetic layer
FM2 are gé%ﬁrg (é%r 8%:%0 |P§l%n3lﬁz¥ﬁ%ﬁﬁgﬂ%1§f&gﬁf% P tﬁ%)?pé%ﬁ%}?&?&%gﬁ%%s FM1 and
FM2 suchthagdheijra diuyabinagnetienmerasioniisininimizeshs rempilneshapedmagnetic device is
typically sized in 20nanometers, e.g., it may be less than approximately 200 nm laterally. The free
magneticollé B#12 is essentially a magnetic thin film element imbedded in a pillar-shaped magnetic

device with two BdditiRablayessimthenpirnesmagnaticiaves M handdhe aRnmagneticdayer Ni. The

layer thicknesses are typically approximately 1 rim to 50 nm. These pillar-shaped magnetic devices
can be fa@ﬁdﬁ%@&efﬁf’é@a&@a gga@g}g@@nﬁf}ﬁﬁéﬁg Bg;ate out of the plane of the layer. Since the

thickness of the free magnetic layer is less than the width and length dimensions, the rotation of
the magnetization of the free magnetic layer out of the plane of the layer generates a large
magnetic field, a 'demagnetizing' field, which is perpendicular to the plane of the layer.

This demagunetizing field forces the magnetization vector of the free magnetic layer to
precess, ie., for the magnetization direction to rotate around the direction of the demagnetization
magnetic field. The demagnetizing field also determines the rate of precession. A large
demagnetizing field results in a high precession rate, which is an optimal condition for fast
magnetic switching, An advantage of this magnetic device is that random fluctuating forces or
fields are not necessary to initiate or control the magnetic response of the layers.

Also disclosed is a magnetic device including a reference magnetic layer having a fixed
magnefic helicity and/or a fixed magnetization direction, a free magnetic layer with at least one
magnetization vector having a changeable magnetization helicity, and non-magnetic layer
spatially separating said free magnetic layer and said reference magnetic layer. The
magnetization helicity of the free magnetic layer can be changed using current induced spin-
momentum transfer. 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.



25 many different means, including sputtering, thermal and electron-beam evaporation through a

sub-micron st%,noc!zl [B%Sl% 1These magnetic devices can also be fabricateg in assga%%egquence using
sputtering, thehRalBna eléctron-beam evaporation to form a muItiIayereoc fiiowes by a WO

2009/059071PCT/US2008/081893 subtractive nanofabrication process that removes materials to
leave the pillar-shaped magnetic device on a substrate surface, such as that of a silicon of other

semiconducting or insulating wafer. Materials for the ferromagnetic layers include (but are not
limited to) Fe, Co, Ni, and aIIOés of these elements, such as Nii,Fex; alloys of these ferromagnetic

metals witﬁ%ﬁ-ﬂ?&&r\%ﬁ@‘@% FaTﬁ%Q&%ggw Pd, Pt, NiMnSb, at compositions in which the

materials are ferimagaghisalivosdrrad.aksoemie mpRRIHFRNGANAMC IR hmaterals, apdgenducting
magnetic oxides such as Cr02 and Fe304. For the nonmagnetic layers, materials include (but are not

limited to) @ & Aoxgeatiriad TIseTHRERS reuieniest o the ety rathedayarssoth@absence of
scattering;f 16,2 19RLFen SRIVIURENION.ARASRRA 18RaH.SCalt WIgRISIBSS dRanaRalk the layer

thickness. 10An electric current source is connected to the pinned magnetic layer FM1 and the free
magnetic k§elR:FM2 so that an electric current | can traverse the pillar device. Method of Magnetic

Switching An elegiig.cueqh) 5 apglisc @ e pilarshansd maguelic deyiss, sp fhat the current 15

“flows through the various layers o evice, from the pinned magnetic layer FMT to the first
non-magnetic layeguit tdARE free Rhsgnatic lof dreFwe . Timmajoplicer cinrent | tesuligngtizetransfer of

angular momentupn o the pinned mpanetic layer ENL 1o the free magnetig layer,EMa, g stated
above, a trans]fer o anglﬁ{a% mom%n’tum rom one magneltlc reglgn (0} ano%r caﬁ produce a torque.
10 pulses of current as illustrated in Figure 3A; '
Figure 3A is an illustration of a current waveform that may be applied io the magnetic
device;
Figure 3B is an illustration of an alternate current waveform that may be applied to the
magnetic device;
15 Figure 4 is an #llustration of a memory cell according to one embodiment of the present
invention; |
Figures S5A-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
20  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 aﬁer the current puise 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 waveforin applied to the magnetic
25 device,

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

during and after the application of the current pulse shown in Figure §;



20Figures 2A-2E show steps in the method of magnetic switching using the magnetic device shown in
Figure 1 and for convenience, Figures 2A-2E only show the free magneti Iager FM2 and the
magnetization%%ﬁ%?rwﬂ%ﬁ%f the free magnetic layer FM2. Figure 2A shows the Initial sg%ate of the free
- magnetic layer FM2 before the current 1 is applied. As shown in Figures 2B-2D, applying a
current I, which can be of a form as shown in 25Figures 3A and 3B, results in the transfer of angular

momentum frompie-pinedunagiatish ayarMiriocthafreaimagnalicelayaridilr s feaqsfer of
angular momentum from the pinned WO 2009/059071PCMS2008/081893 magnetic layer FM1 to the

free magnBtiePfiopar RIS JrolE CEEBOPERIERS 87 THe HHABHRATChIMIRTEA s Hise FREFEIGFRtic layer

FM2. The torquerfs perynit maangtizadtienotihentias: |avenisPepeeionakinihe vaetordiple  product
a iih2 x frri2 x Ml), where a, is a unit vector in the direction of the magnetic moment of 5the free

magnetic BY&HFEM2 and ph, is a unit vector in the direction of the magnetic moment of

5 Figure 12 is an iflustration of an annular memory cell according to one embodiment of the
present invention, and -
Figure 13 is an illustration of an annualar memory cell according to a further embodiment

of the present invention in which separate read and write contacts are provided.

i0  DETAILED DESCRIPTION OF THE EMBODIMENTS

Structure of a Basic Magnetic Device

To iHlustrate the basic concept, Figure 1 shows z muitilayered, piliar-shaped magnetic
device comprising a pinned magnetic layer FM1 with a fixed magnetization direction and a free

magnetic layer FM2 with a free magnetization direction. m, Is the magnetization vector of the

15  pinned magnetic layer FM1, and m, is the magnetization vector of the free magnetic layer FM2.
The pinned magnetic layer FM1 acts as a source of spin angular momentum.

‘The pinned magnetic layer FM1 and the free magnetic layer FM2 are separated by a first
non-magnetic layer N1 that spatially separates the two layers FM1 and FM?2 such that their mutual
magnetic interaction is minimized. The pillar-shaped magnetic device is typically sized in

206 nanometers, 2.g., it may be less than approximately 200 nm laterally.

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

25  many different means, inchuding 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



the pinned magnetic layer FM 1. The prefactor, al, depends on the current I, the spin-polarization P of
the current I, and the ine of the angle between the free and pinned ' cos(0), such
that al = hIg(P%%%%ﬁﬁ%?&V). h is the reduced Planck's constant, g is z?f%%%%%@%% tf‘lﬁ%
spin-polarization P and cos(0), M is the magnetization density of the free layer, e is the charge of 10
the electron, and V is the volume of the free layer (see, J. Slonczewski, Journal of Magnetism and
Magnetic Matariale 2a9dbkich880):cthwsha largevterguedssiscpraduand wirenihedagietic moments
of the pinned magnetic layer FM1 and the free magnetic layer FM2 are perpendicular. This torque

fis, which SRESOM! thePrEih SHEfR TSR freali TR R RERToRIS e B S T48etization of

the free magnetigrlayen M2 e rtis.cueltheplanaef e lbyen 1B.Riaee) the thickresmef the free
magnetic layer FM2 is less than the width and length dimensions of the free magnetic layer FM2, the

rotation ofH¥sRABNEIZaHeH v eRBRinY e tieiivve oh gl IayeInRin el oTith 8HEHEsHEhe layer
generates a.13t9¢, mageetiedield, gadamagnstizingfigld, whighds perpendicularigheflane of the

layer. This demagnetizing field forces the magnetization vector i2 of the free magnetic layer 20 FM2 to
precess, i @detedrabiems P thiccondeptiag Zetioinidiractisrnduttie SablE Edmayetit $éld axis. The

demagnetiging fsld gloq dSISHRIGS.1e:re(s ALAIRGRIHAM A JArgs demacgeding fild ggsults in an

extremelyaﬁlg précession rate, which is ah opfimal condition for fast magnetic switching. Thus,
in an optirmal édnfifbration ofghientay fetibnTemoagdtviteforfdbe ragretid 28dwitehielgththe magnetic

moment of the pined;magnetic 'aven Mt ERCReAdearo B R'SIL: tickaess.
10 An electric current source is connected to the pinned magnetic layer FM1 and the free

magnetic layer FM2 so that an electric current I can traverse the pillar device.

Method of Magnetic Switching

An electric current 1 is applied to the pillar-shaped magnetic device so that the current 1

15  flows through the various layers of the device, from the pinned magnetic layer FM1 to the first
non-magnetic layer N1 to the free magnetic layer FM2. The applied current I results in a transfer
of angular momentum- from the pinned magnetic layer FM1 to the free magnetic layer FM2. As
stated above, a transfer of angular momentum from one magnetic region to another can produce a
torque.

20 Figures 2A-2E show steps in the method of magnetic switching using the magnetic device
shown in Figure 1 and for convenience, Figures 2A-2E only show the free magnetic layer FM2
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 1 is applied.

As shown in Figures 2B-2D, applying a current I, which can be of a form as shown in

25  Figures 3A and 3B, results in the transfer of angular momentum from the pinned magnetic layer

FM1 to the free magnetic layer FM2. This trapnsfer of angular momentum from the pinned



WO 2009/059071PCUUS2008/081893 the free magnetic layer FM2, and the magnetic moment of the

free magnetic layer FM2 is perpendicular to the axis of the pillar of thin | ng lies jn the plane of
the free magn‘gt(?t/:ZPg%?g N2. Figure 2E shows the free magnetic I%%/%M ngt%# the magnetic

switching process is 5 completed. As shown in Figures 2A and 2E, the magnetic switching process
causes the magnetization vector in2 of the free magnetic layer FM2 to switch by reversing direction by

rotating 180,.c;c e A Al SREnAUE MR q&;fafwi%pamscur{&fah.i,n@ytosb%mﬂy%@&i@pplied to

the magnetic device€. The current input shown in'Figure 3A is comprised of‘two current pulses of 10
short duragiehes bif Sido@sitive o entpaise. followed by a second negative current pulse. This form of
current input results in writing a ' 1' or a '0". Alternatively, the first current pulse can be negative and the
second current pliiséorms e pusitenzsadongascthbenier dareent puksstoarb o fisprstsitdtidfarity. 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 compleredist oftha (fitialidtardier e ity THevetiraRt hfptiteEoa\ii maEnstiremeat ¥ed in the
method of magnetic switching described above and shown in Figures 2A-2E. Using a current input
formed of WedTECPaRREHEILEE BYGIAh 4 fEsteihaiiRatR GRittrilhPo B HE AR d &ht pulse

starts the precessjon of the magnetization vector In 2 of the fre netic layer FM2.. After the

| ma
completiol dPIHEFTACEEtRER e, thB° SEeBRT e frrelfPRIE &1L RSBl d RIS Pt At ession at a
desired SIS e ofNSSCORNALUIER' PUIS A MRl S3EAlAl 0, AREIAAN-RL (A devigm, out !

th .
enables hlgﬁer gﬁ%réﬁ Switc Ing. For examplg, the current input shown in Figure 3B Is comprised of a

single posifive garient pulse.Alnatively. A single-argatis UL ek RMISS May elsadle.Applied to the
magnetic device. Simulations show that many different types of current pulses switch FM2.

spin-polarization P and cos(6), M is the magnetization density of the free layer, ¢ is the charge of

10 the clectron, and V is the volume of the free layer (see, J. Slonczewski, Journal of Magnetism and

Magnetic Materials 159, L1 (1996)). Thus, a large torque 7, is produced when the magnetic
moments of the pinned magnetic layer FM1 and the free magnetic layer FM2 are perpendicular,

“This torque 7, which acts on the magnetic moment of the free magnetic layer FM2,

causes the magnetization of the free magnetic layer FM2 to rofate out of the plane of the layer.

15 Since the thickness of the free magnetic layer FM2 is less than the width and length dimensions of
the free magnetic layer FM2, the rotation of the magnetization vector s, of the free magnetic

layer FM2 out of the plane of the layer generates a large magpetic field, a 'demagnetizing' field,
which is perpendicular to the plane of the layer.
This demagnetizing field forces the magnetization vector m, of the free magnetic layer
20  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

25 switching, the magnetic moment of the pinned magnetic layer FM1 is perpendicuiar to the plane of



25Therefore device operation is certainly not limited to the current pulses shown in Figure 3. WO

2009/059071PCT/US21108/081893 Structure of a Memory Cell Th é}}ﬂgge%q vice described
WO 20007059071, . : 7 00%/08 ﬁs»s
above can be Incdrporated into a memory cell for inclusion into arrays of memory cells to make up a

magnetic memory. According to one embodiment as shown in Figure 4, the magnetic device of the
present invention, when implemented as a memory 5 cell, is a multilayered, pillar-shaped device
having a pipned:-magnetic laye T 1 withia ixedmagnetizationudirection:@dreapadreticilayer FM2
with a free magnetization direction and a read-out magnetic layer FM3 with a fixed magnetization
direction. RFIPROMHEIRA Syhe 2 tROnG Sdar o THR Iviaretid st e P;J:\%Pérqui,frﬁﬁ“@gﬂ%#ﬂ&hetization
vector of thgriree magnetic layer FM2, and in3 is the magnetization vector of the read-out magnetic
layer FM3. 10The pinned magnetic layer FM1 and the free magnetic layer FM2 are separated by a first
non-magnetic laya$nsl Brathayatianyise paratedc i sivBMaysisr %ﬁl“ﬁ‘ﬁ&ewgﬁéﬁgtﬁé&cﬂ%éﬂs mutual
magngic RigrReien IRz G hed eamagnaic lY shMAa0d i Eeprkent maancie layer FM3

are separated by a second non-magnetic layer N2 that spatially separates the two layers FM2 and
FM3 such-thgidhatiomutuml mMggoetie itter actianis myieirfMedo Thédillar-shaped disghetidyl5device is
typically sized in nanometers, e.g., it may be less than approximately 200 nm An electric current
source is EFARECIEN to the pinned magnetic layer FM1 and the read-out magnetic layer FM3 so that an

electric current | g tayers tehilandevice 4 olimelenis sonnactes iaenipned magnetic layer

FM1 and the read-out magnetic layer FM3 so that the resistance of the magnetic device can be
measuremgmwi%adfﬂﬁecmg?i@ain%hﬁéﬁwéllltﬁém'e 3A is comprised of two current pulses of

10 short duration, a first positive current pulse followed by a second negative current pulse. This
form of current input results in writing a '1' or a ‘0°. Alternatively, the first current pulse can be
negative and the second cﬁrrent pulse can be positive, as long as the two current pulses are of
oppostte polarity. In both cases, the state of the magnetic bit will be changed from “17 to ‘0" or ‘0’
to ‘1’ (i.e., the final state will be the complement of the initial state of the bit). The current input

15 shown in Figure 3A is used in the method of magnetic switching described above and shown in
Figures 2A-2E. Using a current input formed of two current pulses results in a faster magnetic
switching process.

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

20 applied to stop the precession at a desired state.

The second current pulse is not essential to the operation of the device, 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.

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

210 -



20 memory cell. 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.i ry cell, the
magnetizationwd?rtza%o i0R Of the 25 magnetization vector inside the memoa%}c?é"%goé}é%%%oﬁe 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
informatiogg-getiient : WE38084059071PCT/US2008/081893 pulses are applied to change the logical
value in the magnetic device. The magnetic memory device described above and shown in Figure 4

stores one bit of MfoPHEsER Girieedetehedbahoig satifaramemsdiale 4 Brmy e st vector rii2
with two sipBlemagnetiestafesnfn slertrip GURRALhisRRRIR to.tbriplllal-shansshamagnetic memory

device so that the 5 current | flows through the various layers of the magnetic memory device, from the
pinned mabpiaticn djerEi4 thioresiairytt PAARRIGECRAFRICHID. IS BpHBEREdrreAIFEsHits in a

transfer of gnoylgr mAmeaM Samdhepianed MAdelioigvar EMLie fiefren magnstigdayer FM2.

magnetization direction, a free magnetic layer FM2 with a free magpetization direction, and a

read-out magnetic layer FM3 with a fixed magnetization direction. ﬁz, is the magnetization vector
of the pinned magnetic layer FM1, m, is the magnetization vector of the free magnetic layer

FM2, and s, is the magnetization vector of the read-out magnetic layer FM3.

10 The pinned magnetic layer FM1 and the free magnetic layer FM2 are separated by a- first
non-magnetic layer N1 that spatially separates the two layers FM1 and FM2 such that their mutual
magnetic interaction is minimized. The free magnetic layer FM2 and the read-out magnetic layer
FM3 are separated by a second non-magnetic layer N2 that spatially separates the two layers FM2
and FM3 such that their mutual magnetic interaction is minimized. The pillar-shaped magnetic

15 device is typicaily sized in nanometers, e.g., it may be less than approximately 200 nm.

An electric current source is connected to the pinned magnetic layer FM1 and the read-out
magnetic layer FM3 so that an electric current | can traverse the pillar device. A voltmeter is
connected to the pinned magnetic layer FM! and the read-out magnetic layer FM3 so that the
resistance of the magnetic device can be measured to thereby read the logical contents of the

20 memory cell.

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

25  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 -



Figures 5A-5E show steps in the method of writing information using the magnetic 10 memory device
shown in Figure 4 and for convenience, Figures 5A-5E only show the free magnetic layer FM2 and the
magnetization%%‘f?ﬂ’“sfﬁ%f the free magnetic layer FM2. Figure 5A sho%fﬂ%gqﬁﬁf?gfsé’éue of the free
magnetic layer FM2 before the current | is applied. As shown in Figures 5B-5D, 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 pipned MAgREHS BYGhz B LR ihe MRS MAoNSln Y Hil2. Tiowesaf-2kiid SA-SE

show the change in the orientation of the magnetization vector 177.2 of the free magnetic layer FM2
as a resultefigpiineedrdeigrahshort & agndidodeioe bit of iFfgmatiensishois feefomeofithe current

input that is applied to the magnetic memory device_ shown in Figure 4. The current input of Figure 6A
i S aeBels &

includes tWo ¢ B HERE S PLREHRIPRIGHODB: PTG B e followed by a second

negative current pulsg. OIS ERSHILS R MEITBCHR HioF BeBie HEIANNEb dhefiet crieRt puise can be

negative and the second current pulse can be positive, as long as the two current pulses are of
opposfte pokaeRy 11 AGstibeais Ithaasiate bitre vhagnadensitowiepers highiged fromthe' mngdor '0' to "1

(i.e., the final state il s ,the camplemsntofibe.nifial siate ofrihe,Bif). 2aLhs first.eyrrept pulse starts
| h

the precession of the magnetization vector ti72 of the free magnetiC layer FM2. After the completion of

the first cureasfepofsestie seeomdsufrenttulsenis! apiedctéestopihe prbedssiomatetidisied state. For
this embogiment of the magnetic memory

Figures 5A-5E show steps in the method of writing information using the magnetic

10 memory device shown in Figure 4 and for convenience, Figures 5A-5E only show the free

magnetic layer FM2 and the magnetization vector m, of the. free magnetic layer FM2. Figure 5A
shows the initiai state of the free magnetic layer FM2 before the current ] is applied.

As shown in Figures 5B-5D, 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
15 FMI1 to the free magnetic laver FM2, Figures 2A-2E and 5A-5E show the change in the
orientation of the magnetization vector 1, of the free magnetic layer FM2 as a result of applying

the current to the magnetic device.
Figure 6A shows a for;:n of the current input that is applied to the magnetic memory device
shown in Figure 4. The current input of Figure 6A includes two current pulses of short duration,
20 a first positive current pulse followed by a second negative current pulse, which results in writing
a'l" ora ‘0", Alternatively, the first current pulse can be negative and the second current pulse
cant 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 ‘G’ or ‘0’ to ‘1’ (i.e., the final state will be the

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

magnetic layer FM2. Afier 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
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- WO 20091059071PCT/US20081081893 device of the present invention, the precession is stopped

when 180 rotatlgrgmogfﬂ'][glg%?rlnagnetlzatlon vector th2 of the free magnetic @é(,?}f[g%%&}%hleved
Figure 6B showsan eXample of the corresponding resistance of the device as measured by the

voltmeter connected to the magnetic memory device shown in Figure 4 with a small current 5 applied,
i.e., a current intensity much less than that used in the current pulses. The resistance increases after
the currenidqpidsestad frigureitAnim appheddaithesdayisel Midhesomtiatsaiershomspirtzigivre SA (before
the first positive current pulse), the resistance is at a constant low value. At the final state shown in
Figure 5E}’=Eh?érré'8i§féh‘téqu meepdisriayantMig ks vedligecdThus, the states shown in Figures 5A and 5E
correspond to aé_pr%_‘g yalue of "0"in tp g initial stat and a Io%ca value of "1" in the%[%al state,

ol

respectively. Th REATAML ANEEENR BT 'BF tRE FRU IS JRUTIATS, & BMS IR (I RAT &Ea8E shown in

Figure 5Etis imﬂfu&@pp@ﬁlﬁewm%@ﬂnﬁgwxmgdm&gmzﬁtmw&e@t%g&d the fieminagaetic layer FM2
in the initial state shown in Figure 5A. The necessary amplitude of the current pulses can be estimated

by numeritH ifoddting ‘i‘%fffglr‘l‘&efﬁgyeﬁ]ﬂﬁhbﬁﬁ% B oG Re e TR BHFSu- LS SRilsBSbert

equationsiipedudingithe.spin-irapsies terpuediscussagirarichiseeidor examnlea Buoeryilmaz et al.,
Phys. Rev. Lett. 91, 067203 (2003)). For a free layer comprised of Co with a magnetization density of

M=1400 eFhETEHFR3>4 @Bt bR 4 AHERs PG 09 TOHS B BIHS G S Hheirrdit P of 0.4,
and an in-plape RlRXRANIRHRRY Jig!thofd QR kRe: dRJNIR.A2SS taRdN-Plane uniaxial anisotropy

Thus, the states shown in Figures 5A and 5E correspond to a logical value of "0" in the

10  initial state and a logical value of "1" in the final state, respectively. The magnetization vector m,

of the free magnetic layer FM2 in the final state shown in Figure 5E is in the opposite direction

than the magnetization vector s, of the free magnetic layer FM2 in the initial state shown in
Figure 5A.

The necessary amplitude of the current pulses can be estimated by numerical modeling

15  using the equations of micromagnetics, the Landau-Lifzshitz Gilbert equations including the spin-

transfer torque discussed earlier (see, for example, B. Oezyilmaz et al., Phys. Rev. Lett. 91,

067203 (2003)). For a free layer comprised of Co with a magnetization density of M=1400

emu/cm®, a Gilbert damping parameter ¢ of 0.01, a spin-polarization of the current P of 0.4, and

an in-plane uniaxial anisotropy field of 1000 kGe. (In this case, the in-plane uniaxial anisotropy

20  constant K is K=7 x 10’ erg/cm®.) For the purposes of this estimation, the Co free layer is 3 nm

thick and has lateral dimensions of 60 nm by 60 nm. We find that a current pulse of ampiitude 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

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

is sufficient to switch the device.
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20 constant K is K=7 x 105 ergfcm3.) For the purposes of this estimation, the Co free layer is 3 nm
thick and has lateral dimensions of 60 nm by 60 am. We find that a current lsglse of amplitude of 5 mA
is more than sUMZIGHTTO Switch the layer. The current necessary to switth the davice s 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 25in-plane
anisotropy or degrpgingie Gilaark.darmnineh,Cor bis, gurigatamplluse. 35 pprpulsg s sufficient
to switch the device. WO 2009/059071PCT/US2008/081893 With a device resistance of 5 Ohms, the
energy disEReiphisn: isama k) 15 chnihisEnetgyetissipatitid vakwdtcan hegaetaparize tothespmergy needed
to switch a magnetic device with a spin- polarized current when the pinned layer and the free layer

magnetizRToHEE SIHHAIRSRdhe A AISR (4156 TniRea¥s R R RPEsEr et RO thattht requires a

current of apki exdreatelyxk0 Readvoppiashdak aRproxiNAte hedlrosdnardavicappithimsesistance of 5
Ohms (see, R. H. Koch et
5 mA applied for approximately 10 ns in a device with a resistance of 5 Ohms (see, R. H. Koch et

al. Phys. Rev. Lett. 92, 088302 (2004)). The energy dissipated is thus 5 x 10" J. Thus, in
comparison, the power requirement for our device is quite small. Further, because the pulse is on
only very briefly, in spite of the large current densities, 1 A/um?, no electromigration is expected.
Further, we have operated such devices at current densities 5 times greater than this value for

10 extended periods {approximately 1 minute} with no device damage (see, B. Oezyilmaz et al., Phys.

Rev. Lett. 91, 067203 (2003)).

Method For Reading [nformation

The read-out magnetic layer FM3 is required in the simplest implementation of the

15 magnetic memory device. The read-out magpetic layer FM3 has a magoetization vector m, with a

fixed magnetization direction. The magnetization vector m, of the read-out magnetic layer FM3
can be fixed in a number of ways. For example, the read-out magnetic layer FM3 can be formed
thicker or of a higher anisotropic magnetic material or can be placed adjacent to an
antiferromagnetic layer to use the phenomena of exchange biasing. In the phenomena of exchange
20  biasing, the coupling between the antiferromagnpetic layer and the ferromagnetic layer and the large
magnetic antsotropy of the antiferromagnetic layer results in a hardening of the ferromagnetic
layer so that larger magnetic fields énd 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 s,
25  of read-out magnetic layer FM3. The resistance of the magnetic memory device is highest when

the magnetization vectors m, and i, of the free magnetic layer FM2 and the read-out layer FM3,
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al. Phys. Rev. Lett. 92, 088302 (2004)). The energy dissipated is thus 5 x 10-12 J. Thus, in

comparison, the power requirement for our device is quite small. Further, b?csausg %h%spulse is on only
) i VE0:2009/030071 e .P’C'liU 2008/0818
very briefly, in'spite of the large current densities, | A/mn2, no electromigration Is expected. Further,

we have operated such devices at current densities 5 times greater than this value for 10 extended
periods (approximately | minute) with no device damage (see, B. Oezyilmaz et al., Phys. Rev. Lett. 91,

067203 (2egRMethadireiReatinguisheimation ThegeadoulmagheticlaeriEMa.s weanired in the
simplest implementation of the 15 magnetic memory device. The read-out magnetic layer FM3 has a
magnetizatio megttorfit8 wiithra fixetidnagnétizatiyardirdtiiond FRNS meagretizhtioreveatoriidB of the
read-out magnetic layer FM3 can be fixed in a number of ways. For example, the read-out magnetic
layer FM3*E&M58 fornth tHicREbT GFEPHTgRePEATISEREDI CTRagH B i AreP it by ghéced
adjacent to an ntggrron}g]gneti%@é/?r to gg&&@gﬁgg_wena of exchange biasing. In the phenomena

magnetizaoon vecior-m, o tee

of exchange

5 The fixed orientation of the magpetization vector my, of the read-out magnetic layer FM3
is set so that it is either in parallel or anti-parallel alignment with the magnetization vector n, of
the free magnetic layer FM2, depending on the orientation of the magnetization vector m, of the

free magpetic layer FM2. Since the orientation of the magnetization vector m, of the free

magnetic layer FM2 switches so that it can be rotated 180°, the magnetization vectors ra, and m,

10 of the free magnetic layer FM2 and the read-out layer FM3, respectively, must be in either anti-

parallel or parallel alignment.

Storage of Multiple Bits of Information

The magnetic memory device described above and shown in Figure 4 has two stabie

15  magnetic states and 1s able to store one bit of information. According to another embodiment of
the present invention, a magnetic memory device can be constructed to store multiple bits of
information, FIG. 7{[6]] shows an example of a free magnetic layer FM2 with four stable
magnetic states. A magnetic memory 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

20 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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20 biasing, the coupling between the antiferromagnetic layer and the ferromagnetic layer and the large

magnetic anls‘%torc% Y, /f%‘%_}(le antiferromagnetic Iaygr results in a hardenlng@é&g&&gg&q@ggnetlc 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 r772 of the free magnetic layer FM2 and the magnetization vector rit3 250f

read-out magnglicJayehEM3- 406 dasislange iplibs Bagneianemedevicadshighest when the

magnetization vectors hi2 and 1113 of the free magnetic layer FM2 and the read-out layer FM3, WO
2009/05907:ReiH US2008708438%3taspectively, are in anti-parallel alignment. The resistance of the
magnetic device is lowest when the magnetization vectors ch2 and ii/3 of the layers FM2 and FM3,
respectively, are in parallel alignment. Thus, a simple resistance measurement can determine the
orientation.of the magnetization vector tii2 of the free magnetic layer FM2. 5The fixed orientation of the
magnetization vector ni 3 of the read-out magnetic layer FM3 is set so that it is either in parallel or
anti-parallel aligriire npevitiothef nizg metizstio iiewstow i 2 ofulhedrasian dgmdic laypentE Nibere pending on
the orientatjon. of thehggla?netizqttljonf\c/retctlp{ié:ri 2 of the free magnetic layer FM2. Since the orientation

£ions. ) . . .
of the maﬁﬂ‘gtlfg ion vector ih2 of the free magnetic layer FM2 switches so that it can be rotated 1800,

the magnetizatiofigree ®rboii@ tanekdpliligle of the current input applied to the magnetic memory device
starting at an initial time t=0 and ending at t=30 picoseconds. This current input comprises two
current pulses similar to the current input shown in Figures 3A and 6A.

10 A 16-picosecond positive current pulse is applied to the magnetic memory device to start
the precession of the magnetization vector m, of the free magnetic layer FM2. After this 16-
picosecond current pulse, a 14-picosecond negative current pulse is applied to the magnetic
memory device to stop the precession of the magnetization vecior m, of the free magnetic layer
FM2 to achieve a desired state of the magnetization vector m,. For magnetic memory devices,

15  the precession is stopped after achieving a 180° rotation of the magnetization vector m, of the
free magnetic layer FM2.

Figure 9 shows the magnetization compohents m, and m, of the magnetization vector
m, of the frec magnetic layer FM2 in the x- and y-directions shown in Figures 2B and 5B. The
magnetization components m, and m, are measured during and after the application of the

20 current input shown in Figure 8. Figure 9 shows that the magnetization vector m, of the free
magnetic layer FM2 reverses 180° from the imitial state, which corresponds to Figure 5A, to the
final state, which corresponds fo Figure 5E. 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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100f the free magnetic layer FM2 and the read-out layer FM3, respectively, must be in either anti-

parallel or par‘%lg)el ﬂ%%iﬁn%m§nt. Storage of Multiple Bits of Info,illation Themg&&i@dﬁgwory device

described above and shown in Figure 4 has two stable 15 magnetic states and Is able to store one bit
of information. According to another embodiment of the present invention, a magnetic memory device
can be constructed to store multiple bits of infoi.iiiation. FIG. 7[[6]] shows an example of a free
magnetic Jgyandkdd? with four stable magnetic states. A magnetic memory device comprising a free
magnetic layer FM2 with four stable magnetic states is able to store two bits of inform ti?n. In this

embodiment, curt&hPis0IEES A% BONSH RS TS WRARE (Hle i AT e ZAYBH BRI & & SLhionE that differ

by 900 instaad:ef 480 ThisGan be recomplishad bwetireat pulgesdfredifferanidonm sibraexample,
the current pulses can be smaller in amplitude and/or shorter in duration. The readout layer (FM3) is

then alignB8hoYEHEREEEA s f THE foif RIEETIGHEAIRG PR 8L Mt BV EftiTe AP TR SREME™Y s requires
that the WQ%QQ@/&@Q&]@Q&M@%M@Q@%@QQM layer magnetization not have an in-plane

component that points parallel to any of the four states nor at 45 to these states. Example 5The
operation of the FggiartolElFdeciey dFavlee P usSagnearisule okt Zie ipsetent ovention 1s

suitable for many applications, such as in computers and portable electronic devices. In particular,
the high speed, low power magnetic device of the present invention provides several advantages.
The performance of the high speed, low power magnetic device of the present invention compares

10 favorably with flash memory and other types of non-volatile random access memory (RAM), such
as conventional magnetic RAM (MRAM) and ferroeleciric RAM (FRAM).

The current-induced torques act only on the magnetic device that is energized, Le., to
which a current is applied. Therefore, when muitiple magnetic devices are arranged in an array,
such as in magretic memory, the current-induced spin transfer does not produce parasitic

15 interactions ("cross-talk™) between the neighboring elements in the array, uniike in conventional
magnetic memories in which magnetic switching is accomplished by using magnetic fields
produced by small current-carrying wires near the magnetic elements.

The method of magnetic switching by current induced torque provided by the present
invention ‘is faster than current conventional methods that use magnetic fields to switch the

20  magnetization direction of layers. Read-out and write operations of the present invention can be
completed in sub-nanosecond time scales. Conventional magnetic hard drives are very slow
compared to the magnetic memory of the present invention since the conventional hard drives have
data access times of the order of milliseconds.

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

25  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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equations including a spin-transfer torque. Figure 8 shows the amplitude of the current input
applled to th(_ewnbatz%(qg%%c memory device starting a.t an initial time t=0 qnq)gﬂ m@%gqo picoseconds.
This current input comprises two current pulses similar to the current input shown In Figures 3A and
6A. 10A 16-picosecond positive current pulse is applied to the magnetic memory device to start the
precession of the magnetization vector fiz2 of the free magnetic layer FM2. After this 16- picosecond

current puseeark4deRiGORAGENahAegativeIcurisnRIMarS AP pHed Thctbiie agngaiischiemanisslevice to
stop the precession of the magnetization vector Fri, of the free magnetic Iager FM2 to achieve a

desired st5t&8EhE AATh A APsiavaRT B2 g ﬁ?ﬁﬁ?‘eﬂ‘&’ﬁ‘?@fﬁ& GRURRES, st BTEL8Esion is

stopped affeirAaehia\dnome A&0d afation.ehdhedBasneizaiien pestos e rithe.free magnetic layer FM2.
Figure 9 shows the magnetization components mx and my of the magnetization vector frn 2 of the free

magnetic layer P2 MsheSehisrdif difbioHBls PR iV EiGAPrEs ZBEaeHF 518YithenibgyRetsation
Comp@ne'iﬁ%ﬂﬂioﬁ@gsgb){gﬁ{i%%@?&g@%gﬂ&mgiﬁr\grﬁétgﬁemﬁoﬁpgé%ﬂ%e%me less sensitive to

changes in temperature. Unlike conventional magnetic memory devices, the presemt invention
does not rely on stochastic (random) processes or fluctuating fields to initiate switching events.

According to one embodiment of the present invention, muitiple bits of information can be
stored on each device so that even more inforrﬁation can be stored in the magnetic memory.

10 The method of magnetic switching by current induced torque provided by the present
invention can be used for logic operations, as well as for magnetic memory devices. Since there is
a threshold, which is dependent on the shape, amplitude, and period of the current pulse, for the
current pulse to produce a change in magnetization, current input can be combined to produce a
logic function, such as an AND gate. For example, two current pulses can be combined to

15  produce a current pulse that traverses the device which is the sum of the two current pulses. The
pulse characteristics (shape, amplitude, and period) can be chosen such that each pulse individually
does not switch the device, yet the combined pulse does switch the device. Thus, this is an AND
operation. A NOT operation requires simply switching the state of the device. . A NOT and an
AND operation can be combinéd to produce a NAND function, which is a universal digital logic

20  gate (i.e., all digital logic functions can be constructed from NAND gates.)

There are several possible geometries and layer configurations that are provided by the
present invention. For example, 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

25  including current source A, current source B, and layer 12, which is a thin insulating layer made of
ALO,, 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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20 current input shown in Figure 8. Figure 9 shows that the magnetization vector Fri of the free
magnetic. Iayev(? g%gg);g\gl%rses _180 from the initial stqte, yvhich correspoq%}gsﬁj%fsg@@, to the fi_nal
state, which corresponci)s}to Figure 5E. The magnetization components (mx , my) are able to switch
between (-1,0) to (1,0) as shown by the present invention. WO 2009/059071PCT/US2008/081893
Advantages The high speed, low power magnetic device of the present invention uses energy
only for read anghwiii@ORerakeRSORIOGIc, epesatinnss\Wheppnet Rartgized sthrdnfarardigs is stored
without significant loss. Thus, the magnetic device of the present invention, when implemented as 5 a

memory cBff, BasHRAIER SREUORRE- U6 TRERsETaver NG n e ICHIFE I EHERy hrovitiad by the

magnetic gevice-nf ieIRISEERLDMENIAN issuilable L ey ARRIGRH ARSHHER @S Reqraputers and
portable electronic devices. In particular, the high speed, low power magnetic device of the present

invention préides Saguey anvdiadustetraperfsitrtpric b hiaisiger SeREen B pimassiggnetic
devicg of the preseRtRVERAN A RAeSA farablxvithdash sarmany aig thentxpesof
non-volatile random access memory (RAM), such as conventional magnetic RAM (MRAM) and
ferroelectiic RAVWEFRAN Jneaswhahenracimalhdereea forg Fepasiss Gpilyeon Hisdiasanrasdticdevite that is
energizedy g, RMMIGHAGHIER RSP RIRK IR GlRTEpuien MLURlE Miagneic.deMGea afg arranged i
an array, such as in magneti¢ memory, the current-induced spin transfer does not produce parasitic 15
interactiond ficiossstBM2)aoé té2 rotthet i ghburingiefetnesiteninittie Btrayzamtik&yarddvivemtional
magnetic memories.in.hish, magnete swiching,ls acsemplishied b Usind.miagnetis filds produced
by small currenf—carrylng Wires near the magnetic elements. Bhe method of agnetic’switching by
current indiscechéangnie jprouicedsbyathe grasdatgnyettiones! fAstohtharReuiranigabventierial methods

h magnetic fiel [ h :
that use magnelic ldf o et e

Structure of an Annular Magnetic Device

A piliar-shaped magnetic device 1100 having a closed pericdic structure is illustrated in
15  Figure 11. Magnetic device 1106 includes a free magnetic layer 1110, a non-magnetic layer
1120, and a reference magnetic layer 1130; The reference layer 1130 preferably has a fixed
magnetic helicity 1135, a magnetic vector with a fixed direction at a predetermined angle, for
example, perpendicular to the plane of the layer, or both a fixed magnetic helicity 1135 and a
magnetic vector having a fixed direction at a predetermined angle. The free magnetic layer
20 1110 preferably has a free magnetization helicity 1115. The reference layer 1130 preferably
acts as a source of spin angular momentum. The free layer 1110 and the reference layer 1130

are preferably separated by non-magnetic layer 1120.
The reference layer 1130 is preferably magnetically harder than the free layer 1110 and
preferably has a well-defined magnetic state. This property can be achieved, for example, by
25 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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20 magnetization direction of layers. Read-out and write operations of the present invention can be

completed in (?i&%%?ﬁﬁ?ond time scales. Conventional magnetic hardp%){%%u%ﬁ%@%’ slow
n

compared to the magnetic memory of the present invention since the conventional hard drives have
data access times of the order of milliseconds. The method of magnetic switching by current
induced torque provided by the present 25 invention requires low power. This is especially

advantageipa for useria peikaie echrniaaterees. AlidFheivesthed efsraonetissyitenbag by current
induced torque provided by the present invention is ideal for sub-micron scale devices since the lateral

dimensior? iﬁi@ﬁ?é@%@tfd‘ﬁ’é@&?ecmG@Q/@@D@?ﬁ@@?ﬂ%@‘?@@'@m’lwﬁ'6?Mé?@ﬁfﬁnvention
may be less thapapproximately £90Uitaol DRIEIE. IBGEPEERCRIYERNARLS SEaleddpaliow the

fabrication of ultra-high density meémory cells so that a vast amount of information can be stored in the
magnetic megnaiylpraviddd by itizespire sempmy eationth merbasgnetic itectLrz0of Thes high sppeed, low

power magnetic device of the present 5 invention is straightforward, and read-out and write operations
e refia AL A BTRC b GRS RN OB e O tich oRUAHIBRA M e memory
devices, thie: praseakipYigmaeasart tRAt amstoahastindl andem)ipkotessas e dudiatiag fields to
initiate switching events. According to one embodiment of the present invention, multiple bits of

informatioBreaitise Svdel Bty @ééhﬁqr&h@e%aihé%-éveﬁ%ége mrﬁ“ia@tiaﬁndaﬁgbf@igt@a@a Pethe magnetic
memory. 19, T gg N8INQd.of MAgRetq BVILEhINGPXGHI SRERINEehIRraue Rigvided by.thg present

invention can be used for logic operafiohs, as-well as for magnetic memory devices. Since there is a
threshold,tvehiphrisvilependbpeotthe shagpasmpltvdermndipeniat ofdiee jonetient pulse, for the current

pulse to produce a change in magnetization, current jnput can be combined to produce a logic
functidn, such ad %n KRS I.CF%?’eéxéHglgfeﬁL‘%f ; ﬁ’é)mdﬁﬂlgesé’%dﬂaﬁ’ée%rﬁ‘ﬁfﬁréﬂ #5188 foduce a

current puigedhatisayeisesithe.cevice.whighyisciirisumiel the tweheWie pHises. hhehuse

characteristics (shape, amplitude, and period) can be chosen such that each pulse individually does
not switchAH&itdEslbe Ay thndefinee PRASESto S BERtoh e de\ieRDeTh By iy istasPARID operation.

A NOT opgration e ngﬁ%%csiﬂb?}%@%?‘iﬁénj £ siale s dc%@%.%a%%@éﬁé‘&?e?’lé%'\i'l%%?é’f?raﬂon can
be combined to produce a NAND function, which is a universal igital fogic
magnetic oxides such as CrQ, or Fe,0,.

15 As illustrated in Figure 11, each layer of the magnetic device 1100 is preferably ring-
shaped (i.e. anmular). An anmular shape can minimize the number of edges or sharp corners
that may act as magnetic mucleation sites which reduces stability by increasing the rate of
reversal of magnetic helicity. A symmetrical ring structure is one of the preferred shapes
which can be used to avoid unwanted reversal of helicity, however the present invention may

20  employ many various forms of closed period structures which may provide similar advantages.
The lower the rotational symmetry of the shape of the device, the more likely it is that certain
regions will be favored for magnetic mucleation and reversal of magnetic helicity. Geometries
that include sbarp corners provide strong nucleation sites that encourage helicity reversal and
are preferably avoided.

25 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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20gate (i.e., all digital logic functions can be constructed from NAND gates.) There are several
possible georg%r%g&}%%g,,llayer configurations that are provided by the pﬁsle;?&&g pfign. For example,
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 25 including current source A, current source
B, and laypivle?, veidrensemdhit inkuhaiing thyenfoaaeial Al20g)itanexamnple. Kabiisydexicaelayer 12 is
0.5 to 3 nm thick and is thin enough so that electrons can traverse the layer by quantum mechanical

tunneling. PIREEFIE5E /REEHY I15E7es sSOESf08E 885 er reqpinpbiaistregedhediintEig. 10, current pulses
are applied with gl ¢al SRS @ eRRRAR AN e BRINGHEAAN dUREHARAL (NRMiRR MAGNRLIC layer
FM2. Using current source A, current flows from FM1 to the non-magnetic layer Ni and electron spin
angular moagaetigarids tievesfdrraechonha frdermagretictigre RN 2hyweaklyctiepenfealeotromgat the
interface between,the non-magnetic 5 Jayer Ni and the free magnetic layer EM2. The device readout is
perforined BRSO S G e e s, B s
between the fregconmgnaticiayer b anddheneadoupiaaeiviiMdost pesaliageswideoapeisl on the
relative magnetization directions of the layers FM2 and FM3 so that the magnetization direction of the

free magnEthS4{R8r RS Eieh By FORMAMSErty rangralirthardelrtsaselipradiiieaniqsithe advantage that
the readout signglys-laige 0 pRIpce e fvnneldwnaian Eﬁé%@%;\gﬁzga&% large (10m 4e,100 kOhm).
ruc

Readout signals can be in the range from 10 mV to 1 V. Structure of an Annular Magnetic Device A
pillar-shapedy reaguetics dé vice ihg 00Fhavigy @ clogedip Sbidith e esisenisritisstratgd ddidbifigure 11.

Magnetic device 1100.includes a free magnetic layer 1110, a non:magnetic layer,1120, and a
referice Sed BT 14 Sor THS a2 4 A 150 o T P o s it ety

1135, a maggelieveater With mofixedreiiectioni-pepiesietermunadgarigle, funexamipte, ¢gregrendicular to
the plane of the layer, or both a fixed magnetic helicity 1135 and a magnetic vector having a fixed
direction d?%gb?%@@rmﬁe‘é?%fﬁ@%.fﬁiﬁ%ré“ethﬁa‘@%ﬂ t}};yéng decreases below the critical size.

Additionally, the magnetization may be susceptible to thermal fluctuations and the application
of a destabilizing magnetic field.

15 Utilizing these properties, a ring-shaped magnetic device can be designed for which the
magnetization of the device is generally stable under static operating conditions, but can easily
be changed or reversed by applying a current pulse to the device. Specifically, for a ring
device that is substantially near the critical size with no applied current, the magnetic helicity
can be easily reversed by applying an electrical current. The electrical current has the effect

20 of providing a destabilizing field and effectively changing the value of the critical radius of the
ring. Thus, a magnetic ring designed near the critical size is stabie and does not experience
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

25  or equal to the critical radins 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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20 1110 preferably has a free magnetization helicity 1115. The reference layer 1130 preferably acts as
a source of splnoazgg,%}l%r[)womentum. The free layer 1110 and the referelgcgleqje%ﬁ%/ggjf%g are preferably

separated by ‘r)l"on-magnetlc layer 1120. The reference layer 1130 is pre y magnetically harder

than the free layer 1110 and preferably has a well-defined magnetic state. This property can be
achieved, for example, by 25using a layer that is thicker than the free layer or a material having a

larger magpatic amisotemthan thesmasarialing thenlReioyeehdesus eas mbalmte D phase of
FePt or WO 2009/059071PCT/1JS2008/081893 FePd, or layered structures of Cobalt and Nickel.
Alternativefjdargngesfréigen areiesbeaharditetieived through exchange coupling to a thin

anti-ferromagnetig,laver, SHGH A3 MR ALEEMEhe devilE P90 fic layer, el PIisrably

conserves spin-momentum of the reference magnetic layer 1130 during spin tfansport across the
non-magnatimdaie PiIR@bIT his, five spgrSicdiffiesioniiehgth aftfremdtdival uSad wmithetriesstmagnetic
layer 1120 is preffratrgr%/ longer thaaé;[ e thickness of the non-magnetic IaZPIer 1120. Examples of

materfals that SANER TEAEL e P pFOSErs SRERRILAATD AR REHIRGHENS PEG LR AdPAU). The
non-magnglisdayerimay atsm beraldisylaley sUchaas:A2 QealoMaR:ifora sulicianthyithindnsulating

layer the spin transport will occur by electron tunneling so as to form a magnetic tunnel junction. 10

The free nEGRBERIRSFrEle d25Fefarbibiy Merngos beiofy mMadheatic hothtariruamgelitargeixchange
lenath, sugh,as Pranallay, PR -Blkksh el anikaloys gldhesgateials. Aqdliqnagysalioys
|nclud|ng non-magnetic elements, such as copper, may advantageously reduce the ‘magnetic moment
of the layers:fiéiteisnatheelyrthiadrameiagniticolysr dardnolagetinagredic ddes swbhasidly02 or
O L P aas o Tt e o The SETCreats g 1530 G Tnes maghanc Tahor B30 ahd 9™
the free magnetic layer 1210 are preferably separated by a non-magnetic layer 1220,
The direction of the free magnetic layer helicity can be changed or reversed by
applying an electrical pulse across the layers of magnetic device 1200 from current source
1270. 'The puise from control current source 1270 may initiate the reversal of the free
15 magnetic layer helicity 1215. The spin-momentum of the reference magnetic layer 1230 may
be transferred to the free magnetic layer 1210 so as to change the magnetization and induce
reversal of the free magnetic layer helicity 1215. An electrical pulse in one direction across
the device 1200 may set the free magnetic layer helicity 1215 in a clockwise direction, and an
electrical pulse in the opposite direction may set the free magnetic layer helicity 1215 in a
20 counter-clockwise direction.
The electrical pulse from control current source 1270 may initiate 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 conirol corrent
source 1270 can be used 1o stop the reversal of the free magnetic layer helicity 1215 more

25  quickly. A reference layer 1230 having an easy axis 1236 (i.e., the energetically favorable

direction of the spontanecus magnetization in a ferromagnetic material) that is substantially
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shaped (i.e. annular). An annular shape can minimize the number of edges or sharp corners that may

act as magne&pcrw&l/%?}&gp sites which reduces stability by increasing t%%@z&]‘sy&\{g#al of magnetic
helicity. A symmetrical ring structure is one of the preferred shapes which can be used to avoid

unwanted reversal of helicity, however the present invention may 20 employ many various forms of
closed period structures which may provide similar advantages. The lower the rotational symmetry of

the shapepefibeidenics, therrrommjikely ikysrthal Cestniatcgitnsribiberinvieraddaemagasiic nucleation
and reversal of magnetic helicity. Geometries that include sharp corners provide strong nucleation
sites that 8hEBUFsHBHEGER el ERiSAd Bre preferably avoided. 25Typically devices that are known

in the art result ig @e&f&ﬂ%‘%@gﬁé\é’ﬁ%éﬁ‘%§t%ﬂitﬁx%&%%%@f@ﬁ}@{q{éﬁa&ﬁ‘z’é%pﬁ%?%@%gewothe free
magnetic layer helicity 1115 and the speed and WO 2009/059071PCT/US2008/081893 power

requirements-oficiiangatigithe o dttofrePypicaityicabittie Stbifisedmhgaprogrelmitieckndlicity

increases,a%? gggsfthe)gov%er eq}uired 0 change the elié:[}i% erir%Fgeometriesig}f}%provide very

stable5magcne‘i|zat|o?1r Stiemtations. Additidhal Y, Ae rﬁcaﬁﬁ DS A FEvaTeal hicBhShR M ofnﬁng

geometries |mayt hameakbhdepandant ar ring-Hadbametaedbryentharriticrlly smalk sige (e0g., typically
tens of nanometers). Thus, the size of the device may not be a critical a factor when compared with

most preseie§ ¢kl heohsBtics iR HrgBestictidalniay Bitkple By fecard relsiresi 48é and
decrease%9&9%@?Qaﬁ%ﬂéparatec??%%%éaf%grﬁe@ﬁé{i@lﬁ?@ i1 1085 PRIIN-QL 108 TgaNpikgation of a

ring. One factor may be the 'size of the ring. For a’given magnetic Tield, there exists a critical ring
radius for which may be a thin non-magnetic metal or insulating layer. In the case of an insulating layer,

10 the second reference layer 1263 and the free magnetic layer 1210 form a magnetic tunnel
Junction. If the free magnetic layer helicity 1215 and the second reference magnetic layer
helicity 1268 are in the same direction (i.e., the magnetic helicities are both clockwise or both
counter-clockwise), the resistance across the device 1200 may be generally smaller than if the
free magnetic layer helicity 1215 and the reference magnetic layer helicity 1235 are in

15 opposite directions, thereby differentiating between the two stable orienfations of the free
magnetic layer 1210,

Figure 13 illustrates a further embodiment of a magnetic ring device 1300 employed as
a magnetic memory element in accordance with the present invention. Preferably, the free
magnetic layer 1310 has at least two stable orientations of the free magnetic layer helicity 1315

20 - a clockwise orienation 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 magnelic vector 1336 having a direction at a
predetermined angle 1336 and a fixed mag'netic helicity 1335. Preferably, the predetermined
angle of the fixed magnetic vector 1336 is substantially perpendicular to the plane of the_

25  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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10° which a ring having a radius equal to or greater than the critical size, the stability of the

magnetizatiorwg 59@/5@97.5 relatively independent of the ring size. The lity,of themagnetization
may decrease rapidly as the size of the ring decreases below the critical size. Additionally, the

magnetization may be susceptible to thermal fluctuations and the application of a destabilizing
magnetic field. 15Utilizing these properties, a ring-shaped magnetic device can be designed for which
the magnetizatiomefdhe-slaviee ineganeraliysiablpysndeanisiaticapesatngeanditienssdeut ban easily be
changed or reversed by applying a current pulse to the device. Specifically, for a ring device that is

substantiZWpREr R eral siee Pt et Qirrersnalie druthdatOon EREIy W B EEYily reversed
by applying, aa.elesigab e e nte thrclestdsalputieri-nasdhe qiechaQ ebarevidingadestabilizing

field and effectively changing the value of the critical radius of the ring. Thus, a magnetic ring designed
near the cviticad $FH isngyabsitize dhd orsennl efpbeidricenannetindel eeVetsatyubitér ndtingipoperating

conditions, but can be reversed by the licati f a relatively small current. In another aspect
of thissinvgﬁ)ﬁ%eﬁfuﬂﬁgéﬁe ?ieffﬁlﬁed’é%cn%qﬂ ﬁrais)%(ién&' ?s)egtr%ﬁ%’rr Y ﬁ%orr E“‘eeqﬂggrt‘%uﬁﬁ%ygrritical radius
can provide @ ¥en stadispeaph atisation e ihihisenetagpat okthec.davigedoimedifyiotyeverse the
magnetization of the device, a magnetic ring having a WO 2009/059071PCT/US2008/081893 radius
that is grebie?-thAR BHeERtcEIFS dLSNE 4HBEWaTYSE S d5iasi A TEA T BhRF T S TEPHAtle range of

sizes gregier thap e GHYcy! éizscmisTnggéﬁoil,? ystrates & Magnglis o devise 20Qigmployed as

a magnetic’memory element. Preferably, the free magnetic layer 1210 has a magnetic helicity 1215
with at leastp st st enogienitatigashebetio tkifi se orientaticncandadmantsr-clockwise orientation.

The reference layer 123Q preferably has a magnetic vector ing a.fixed direction at predetermined
angle036, 5 T AEGHEN CHERCH S5ty ELCHEES AL, UALS: Mo G S eton at a

predetermirRechandiec 1236 aadis fixed mageatic Jralieited 23hnRieieyabhiithe presdeieynisied angle of
the fixed magnetic vector 1236 is s_ubstantiallg

when the second stable state is reached. However, a second current pulse from control current

source 1370 can be used to stop the reversal of the free magnetic layer helicity 1315 more

guickly.

15 A reference layer 1330 having an easy axis (i.e., the energetically favorable direction
of the spontancous magnetization in a ferromagnetic méteriai) that is substantially
perpendicular to the free magnetic layer 1310 can lead to faster spin-transfer induced reversal
of the free magnetic layer helicity 1315.

Current injection need not be symmetric. Local injection of the current may be used to

20  initiate the change in the free magnetic layer helicity 1315. Transfer of spin angular
momentum may serve to nucleate magnetization reversal with current spin-polarized by the
reference layer 1330. Layer 1320 is a spin preserving nop-magnetic layer such as Cu, Ag, Au
or a thin insulating layer such as ALO, or MgO. Small asymmetry in the ring may facilitate
nucleation and reversal throﬁgh spin-momentum transfer. Pronounced asymmetry could reduce

25  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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10 perpendicular to the plane of the reference layer 1230. The reference magnetic layer 1230 and the
free magnetic layer 1210 are preferably separated by a non-magnetic | a.?% he direction of
electr

: sy are _ 108189
the free magn‘g |cz?g¥%:’r9?17e1h0|ty can be changed or reversed by applying an i'cazl pulse across the

layers of magnetic device 1200 from current source 1270. The pulse from control current source 1270
may initiate the reversal of the free 15 magnetic layer helicity 1215. The spin-momentum of the

reference aa@neliglavencl2ge: mabe trapsierigditosihie feemagnatic dayefg2:lo seliagito change the
magnetization and induce reversal of the free magnetic layer helicity 1215. An electrical pulse in one

direction a&mw@molm@w?§§€m@m%ﬁéif@%§éﬂ%ﬁéﬁ9 dorie i3 BEkRise direction,
and an e'%%%%ﬁ!ﬁi%%géptﬁgﬁ PRROSIE rﬂé%%ﬂ@rl‘a?%? SEhDB G R ganeiiclRyerRaligy,1415 in a

20counte irection. The electrical pulse from control current source 1270 may initiate
the reversalinftihs ieereriagnpisidaiiectialicity 1215. Reversal of the free magnetic layer helicity 1215
may stop when the second stable state is reached. However, a secqond curre Rj%se from control

> {
current source 1997685 B RREITIARERS TRV I AP & RCH G R AT T Wi S 515 more

25quickly ,fu referenseiiayehd 230N aving AL aSy. axisdR 30 di BagHiacchargsticalivlavoialle direction
of the spontaneous magnetization in a ferromagnetic material) that is substantially WO

2009/0590°PtRSTRIGROG88 89 parplen ditutart Ghediehiagraitctdyer Sewd cdhadie to faster
spin ransietndeschieveaal el e magnelie ML hElEld b requidh e ACiBIRIENCe layer
1263 withixed %agnetlc F er eTlc:lty 8 may be used to read-o ttﬁe elicity state of the free
magnetic tayeerfbhedsdixedimagrelinhetlCityican Geerations in different locations on the device. A
10 write operation can be performed by control current source 1370, which provides a large
current, and write contact 1350, which can be in direct contact with eithe_r the free magnetic
layer 1310 or the reference magnetic layer 1330 thus having ldw impedancé, The .write
operation circuit is completed through contact 1340 which can be placed in direct contact with
either the free magnetic layer 1310 or the reference magnetic layer 1330 to complete the
15  circuit across device 1300. |
The read operation can be performed using a separate readout circuit. Read contact
1360 can inciude a magnetic contact portion 1363 with a fixed magnetization direction or
helicity 1365 and an insulator portion 1366 that separates the magnetic contact 1363 from the
device 1300, thereby forming a magnetic tunnel junction with the device 1300. A separate
20 readout current source 1380 can provide a smaller current across the device 1300 which is
measured by voltage or resistance readout 1350,
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
25  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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5 achieved, for example, by using a layer that is thicker than the free Iayek or a material having a larger

magnetic ani the material of the free layer 1210, such as CQ??}{J'S & sl Phase of FePt or
FePd, or Iaye%ge%gsﬁ(i%scgt%?és of Cobalt and Nickel. The second reference 263%ayer is preferably

separated from the free magnetic layer 1210 by a non-magnetic layer 1266, which may be a thin
non-magnetic metal or insulating layer. In the case of an insulating layer, 10 the second reference
layer 1263panditheWran magnetic dayeiol 2pe:fonridnnagnetiddunieljunitiondittos feermagnetic layer
helicity 1215 and the second reference magnetic layer helicity 1268 are in the same direction (i.e., the
magnetic FEIGHTEYRENGHY QoML Id0th counter-clockwise), the resistance across the device

1200 may be geqerplly smallesdhpg it ihefagmaonesicday ehhelislly 4 2t 2anshiRaretergace magnetic

layer helicity 1235 are in 15 opposite directions, thereby differentiating between the two stable
orientatiopseshtHevisiermigribthe layisrsiopd (bat vapjyy recd icatiotranay BefinfrehekiDotifnért of a

magnetic ging &‘%%3 2 AEmalovathasamagasicmamancRIanant InariLiancs e present

invention. Prefera ee magnetic layer 1310 has at least two stable orientations of the free
magnetic feyerdidicity<h8d% 20 - a clockwise orientation and a counter-clockwise orientation. The

reference layer 1330 preferably has a fixed magnetic.vector 1336 havin rection at a
predetermined a%r/%%l?% fixet l’I)ni(‘a![1 jhe |c%§ﬁct% I%?é’éﬁg% Bﬁ‘ﬁlg &é&%naggc?\%%lg%%%%%nhaving a

direction RFA5bHTEM TR AR B2 BEEPSHY BREY AilgAelRFNSHCIS PSR E SR AR 9L
predetenrined:amgle dhittre SoratrivhbnetibindotokitRiysis bstantkligr perplisdieuyahts ¥ plane of
the 2frefesenesmiayay 1i338:sEheikeieyence magnsiiadeyenitaBaandibe Tieethidgaetioflager 1310 are
preferably separaied Dy.aynenbagistinday g, 1320. WO 2009/059071PCT/US2008/081893  The

direction of the free magnetic layer helicity.can be,changed or reversed by .applying a g\[\%ctrical pulse
: d Teg £ | D l!)egﬁ i},
across the Iayeré gf"?%% a@ﬁgt%%ﬁsc%ni%d%l r&m control carrent ggursé%mi?}%t rough write contact

n
1350 and %ﬁ%&%‘ﬁ@h@g’?hé’ I & B0 FAEBRIG P R £40 R @ P 6T i B I eVBPSal of the
free magridMgOnirenheligibprteis ThnengpintoBeristamrerneiensoptiie peferriagchiagn EtitcHjE1ce 330 may be
transferregei@dhie fiegemagnatisitayand 31439 asdo ahgngedhe magnellidation aparifiducesreversal of
the free magnglicdaverelieidadoumn AIearICR! BLize.iheng dEesign wREoRRtheEeing 1300 may
set the frag magpefc lyer helicty, 115,15 cloglwise drecjion, and 2y dlegiicsh phisg i, the opposite
direction m y sé ﬂ1eaf?ee magnetic a.yerlheh(‘f"ity‘iﬁlg In a counter-clockwise direction.
achieved. Fither of these materials as well as other insulators may prove useful as the non-
magnetic layers, NI or N2.. _
20 Note that current must pass through the insulating layer during the switching process.
An exception to this is the device represented in Fig. 10, in which there is a separate electrical
contact to N1. This means the insulator must not be damaged in the presence of this current
or, equivalently, the voltage that appears across the junction in the presence of the current.
Thin insulating barriers typically support 1V/mm eleciric fields before damage, known as
25  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 Jayer of the device may include a material with a perpendicular
magpetic anisotropy. A perpendicular magnetic anisotropy gives a preference for the
magnetization to orient perpendicular to the plane of the layer. Thin magnetic layers are
30 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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10The electrical pulse from control current source 1370 may initiate the reversal of the free magnetic
layer helicity 1315. Reversal of the free magnetic layer helicity 1315 m @ e second stable
state is reach&d’ %—cl{c’)g\ﬁgg\%%, a second current pulse from control currenﬁlgﬁﬁ%@ g%stégan be used to
stop the reversal of the free magnetic layer helicity 1315 more quickly. 15A reference layer 1330
having an easy axis (i.e., the energetically favorable direction of the spontaneous magnetization in a

ferromagnetic mpjarial) Hialdssubsiantialpespendicuial thdheideernragaeiie layey< 3l fecan lead to
faster spinagster %’ﬂg%e%eé’?‘?{ 2l ph e e RIagRellc IRYerANCIv LY. fhentinieglion need not

be symmetric. Lgcal injection of the cyrrent may be used to_Zg initiate the change in the free magnetic

layer heliﬁ&%%ai%‘gf%w&%%?ﬁnaﬂﬁﬁfﬁp% AT Se Pl SHFHUE SHE" §gaﬁlét%°é]ﬁon reversal
with curremeswiicpoisiiatd by eneneifont Hicltaper. I8 Buctedyeremrs if §Spd PiedssiagRen-magnetic
layer suchvagi€Clastérgis Aayared thintnsuéihgdey @usuciasnd| PO3or MydaBSmiiltiesytapeetdy in the ring
mc'aly facggﬁﬁ]g%ﬁmglgqﬁgﬂi@%frfd/ﬁ_?ﬁe& %}5@&9&&%@@9@@@@_ | nﬁé%gréegmﬁfee?ronounced asymme}ry could
reduce e magnefjzation stabili : eThe ; ee magpetic layer
helicity can be d%%les:arltn?frigleé2 r{/er%%&ag%iﬁvrﬁ é%#é&%;/g}%aggll%%ég}%taﬁ%%%a%g?(};gg%%er}%é%igg%3 0. If the free

magnetic Pé’;lf'gizﬁ%%ﬁ@i@f@’aﬁoﬁf?@%ﬂ%ﬁ%ééﬁ’gm&é % 1O SR OB E O PRI RS Ragnetic layer
helicity 138%renititetisanevdidetiohigetheraymsghaiiantnie d areciatr dPRRRIEZ8H¥bth
counter-clacleadse Yothefasistante aptoseihe device 1300 may be generally smaller than if the free
magnetic layer hglicitk.l3ierand-heiaiessnsrmaoneiislaver Rglisity 1332@ninpeRrpOoRite directions.
desirable to reduce the amplitude of this current pulse to lower the power required for device
operation. Current requirements are linked to the magnetization density, damping and
magnetic anisotropy of the layers. The lower the magnetization density and magnetic
15  anisotropy the lower the required current amplitude for switching. The magnetization density
of a magnetic is lowered if the magnetic material is alloyed with a non-magnetic material. (Of
course, this only holds in a range of alloy concentrations. Eventually the material will become
non-magnetic.)
_ It should be noted that the switching current amplitude and switching time are
20 interdependent. For example, lower magnetization density increases the time to reverse the
magnetization.
- It may be desirable to increase the magnetization damping of the free magnetic layer to
increase the device reliability. It is the expectation that increasing the damping would increase
the parameter range for switching. That is, the device would switches reproducibly between
25  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 mulilayers,” The European Physical Journal B, DOL: 10.1140 (2007}; and [3] ] J-M.
30 L. Beaujour, A. D. Kent and J. Z. Sun, “Ferromagnefic resonance study of polycrystalline
Fe {1-x}V_x alloy thin films” arXiv:0710.2826 (October 2007)
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5Currently available magnetic memory devices typically require relatively high currents and low
impedance to write information (i.e., modify the magnetic helicity of the device), whereas readout is
done with smaller currents but requires a large readout signal. The ring geometry of the magnetic
devicggd30Q;addresses these contradicting requirements by allowing the performance of the reading
and writing operations in different locations on the device. A 10 write operation can be performed by

contrql curregt Sourca %%7913%{{;3&@ @W&ﬂg%ada%e SHISREANEMIE COMAGT o Gaidiighigan be in

direct contact with either the free magnetic layer 1310 or the reference magnetic layer 1330 thus
having:randieplarcerTpiesingtesdparsdonagretin laves mpletca aanstighierteden Badnemdiedn be

placeg,in diect caniactwith sither the fiee magnaliglaveid 1 ontheralsiaprs aaneticlayer 1330

to complete the 15circuit across device 1300. The read operation can be performed using a
separeliengabbureatizRiéen dsprtienl 366TehmRCIRRR Bli% AByatiEPeEAtRC AR A 368 VHTES a fixed

magnelizalion gectan onhglichydlRGe.And andnsyIalol BRrURRL1 365 zﬁ}%&&ﬁ@@@ﬁ@%tfimg@etic

contact 1363 from the device 1300, thereby forming a magnetic tunnel junction with the device 1300. A
separstston hestieutchineht Beanrcs 28R Hirepionidand stanerliPeRTEABSE thisddvitdabo which

is me@%%?g yaliage. o sesistancecreatoutid 390 ot Brafeiablayhie thickness ottbsrdeyige is

approximately 10 to 200 nanometers and has an outer radius of approximately 0.25 to 1 micron.
Typicatsgntticlerse mavdghaningelatas i ehof gamagisttadharishtctiction between 25 the different
elements. This interaction can be difficult to quantify or control, and thus results in problems increasing

densifPRhdngeMorpiesioe sPEraEutdlawe pe SRIE N AN A3 RTiRhi 581 th SLETAT R T3S
Additignally,thgideyicsR\QidedheRiphiamstmadartic Jifld YA 200M 0590 chitent pi$e0R8/081893

negative pulse;

transferring the spin-momentum to the free magnetic layer while the electric current is applied;

and;

stopping said electric current application and the spin-momentum transfer when the
magnetization vector of the free magnetic layer changes from one of said magnetic state vectors
to the other of said magnetic state vectors by way of an intermediate state in which the
magnetization vector of the free magnetic layer is caused to rotate out of the plane of the free

magnetic layer.

2. The method of using the magnetic device according to claim 1, further comprising -
electrons traversing an insulator of the second non-magnetic layer which is sufficiently thin by

quantum mechanical tunneling.

3. The method of using the magnetic device according to claim 1 wherein the second non-
magnetic layer includes an insulator including one or more of magnesium oxide, MgO,
aluminum oxide, AlO or silicon oxide SiO, the proportion of oxygen to the first element need

not be in the ratio of one to one.

4. The method of using the magnetic device according to claim 1 wherein the second non-

magnetic layer includes an insulator including magnesium oxide, MgO that has an epitaxial
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spreading which results in superior speed writing and readout along with reduction of error due to stray
or poorly controlled fields. While there has been described what are at present considered to be
embodiments of the present invention, it will be understood that various modifications may be made
theretp, a0 b5 Biniandes thatde,apeeqderh dams eover ahsysamediicalions.as Al the
true spirit and scope of the invention. Magnetic tunnél junctions otfer the possibility of'very large
magnétoresistaagreticdeyzamn be used to read the state of a magnetic memory cell. A magnetic tunnel
junction consists of two magnetic layers separated by a thin insulating layer. The insulator is

sufficiéntly thin thethefeetronasmmip traviéisa ghisTay erusieefuiadined nipeharesiurnhdiagieorha thickness
of the jnsulator s hRicain hetyeenhaeNd S AM. 1yt A9 MagnEiaresistangs wiliRryide.a large

readout signal. It has been shown experimentally that very large magnetoresistance can be achieved
using Wiﬁméﬁa@w@j@)ﬁmmm%&ﬁmmﬂe%@ﬁbmm@m@rﬁet@ﬁé@ér@emage
changg,in, [esistARee.doi ARDYCERRIRIRS é“ﬂ&‘?ﬂ%&%h%%%%&%@&’%ﬁﬁ%%ﬁa inarllchandparallel. A

magnetoresistance of greater that 400% has been achieved recently with insulating layers. With

an aluPigneiioXoeriprd ket gt neaisiadorssishmes diabotingovshsiche sty achielvdds Bither of
these paterials.Ag M@ﬁ@@&%ﬁﬁ@ﬁglﬁ@g&&@@prove useful as the nonmagnetic layers, NI or N2..

20Note that current must pass through the'insulating layer during the switching process. An exception

to thisagﬁe%gey#@%eﬁ@sam%i%{gﬂé%siq)w{amimﬁ 19 AIRepAaLe slecliicah caniactdevide This
means the insulator must not be damaged in the presence of this current or, equivalently, the voltage
that apfearRastskelerbifuretion reasstrelsanee vhide e nnent TRt ASIRENG BEFRRY SHASiCamy

SUPPOREAMIDELRIGCHIG RS Belars.AamagesiRun@R¢a: MOlsaE Breakaown. The current required

to switch the junction must not produce electric fields in the junction that exceed the insulator

breakdawsteleeiriadigiin-mombepinrechmagpeliciaver i thedaviceraryinelbde-atmaigpakavith a

perpendicular magnetic anisotropy. A perpendicular magnetic anisotropy gives a preference for the

magn@ﬂéation to orient perpendicular to the plane of the layer. Thin magnetic layers are 30 typically

magnetized in the film plane. This orientagjon.is u:%;}gy lower energy configuration; it reduces the
i

layer'SIHEAE oG cLTRETSy . S e AMECANGN oS BERAEIHAMB D 4Re HEBerB&ndicular
magnetigeasisatiopy coustdiaisufficientynaigesemparpddcrtie snagietadtatipenarguef thadayer.

to the other of said magnetic state vectors by way of an intermediate state in which the
magnetization vector of the free magnetic layer is caused to rotate out of the plane of the free

magnetic layer.

6. The method of using the inagnetic device according to claim 5, further comprising
electrons traversing an -insulator of the first non-magnetic layer which is sufficiently thin by

quantum mechanical tunneling.
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WO 2009/059071PCT/US2008/081893 This can be achieved with a number of different materials.
For example, alloys of Fe and Pt, Fe and Pd, Co and Pt, Co and Pd, Co and Au, Co and Ni. This can
also be achieved by creating interfaces between dissimilar magnetic materials or magnetic materials
and nonmagnetic materials. An example of the former, is layered structures of Co and Ni and example
5 of the latter is layered structure of Co and Au or Co and Pt. An advantage of these layered materials

Is thatzhey negd patiey %Y%féﬂ%%@%%f@'E@@i@)’%&?&mg% claiblis \RYEFENRSHR SR Polarize

the current. The materials should have good spin polarization'efficiency. A disadvantage of using Pd or
Pt is theadhdie bEmeanriugpically intlderstioriyEpi-eeatimeihich reenesi e qaidss MeO,

spin-pQlaHzaliaNkALIR IBYR SRiBARAaIizalo N O Hredsd Sor eflicient device eRAalioRked nof he free

layer's magnetization direction switches in response to a current pulse. It is desirable to reduce the
amplitbel&dhenigtiourfamepaleecto lower the power required for device operation. Current requirements
are linked to the magnetization density, damping and magnetic anisotropy of the layers. The lower the
magnetization density and magnetic 15 anisotropy the lower the required current amplitude for
switching. The magnetization density of a magnetic is lowered if the magnetic material is alloyed with a

non-magnetid NSafaFtard Of Lot dh ERashRfiASIaLHs 251! %ftalrﬁﬁit%b%c‘éfﬂ?ﬁ%ﬁé? EVEhRedny the
materighyilbiecarse nenmeagnetitilator itR@NdReROiRGthatdee SIAIEhing Busrent smplitnde and

switchinf? time are 20 interdependent. For example, lower magr_letization,degc?ity increases the time to
[

revers@tiifE MEJHEIAORID 2t ferby5ePddah SIS héEsSe SRCHAG AMD S H EXTBIIRY Bfthe free
magnefic fryahieiBgtaase the device reliability. It is the expectation that increasing the damping would

increase the parameter range for switching. That is, the device would switches reproducibly between
25states for a greater range of current pulse amplitudes, times and current pulse shapes.
9. A method of magnetic switching using current-induced spin-momentum transfer in 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 pinned magnetic layer has a

perpendicular component fo the magnetic anisotropy said method comprising the steps of:

applying an electric current that flows perpendicular to the layers of said magnetic device
whereby said electric current consists of pulse which is one of either a positive current pulse or a

negative pulse or a pulse that combines positive and negative going portions

transferring the spin-momentum to the free magnetic layer while the electric current is applied;

and

stopping said electric current application and the spin-momentum transfer when the
magnetization vector of the free magnetic layer changes from one of said magnetic state vectors

to the other of said magnetic state vectors by way of an intermediate state in which the
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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. ICsycka, C-C. Kao, J. Z.
Sun and A. D. Kent, "Ferromagnetic resonance study of sputtered CotNi multilayers," The European
Physigal gl ROk 13- SO R0 43 - Mu3lilio BEAMAM: bf e KOMcART helrQUN,
"Ferromagnetic resonance study of polycrystalline Fe_{I-x}V_x alloy thin films" arXiv:0710.2826
(OctobEEReTIa¥ske claim: 1. A method of magnetic switching using current-induce spin-momentum
transfer in 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 ngn-magnetic layer spatjally separating said free magnetic
layer Ad salb st AGHERE LR aeiost b Aeie By PG &4 BRSO NE CEEY Faving a
fixed magnepzatian;sinactic it secand Rapnaagnetivtaysr spatiallystpaating saichfregamagnetic
layer and said read-out magnetic layer, wherein the second nonmagnetic layer includes an insulator,
said HitER MBSy e LS g?é%ing an electric current that flows perpendicular to the layers
of said magnetic device whereby said electric current consists of pulse which is one of either a positive
current pulse or a negative pulse; transferring the spin-momentum to the free magnetic layer while the
electrig.currept is applied: and; stopping said electric current. application and the spin-momentum
transfé:r1 Whmﬁemrgglﬁﬁeggé{%}%v@gor o%r{%%cffseeéi Ir%eaéﬁ%?Fc% 5? c%glrll}ée@g Wé?ﬁ%tges %Fs%llncfl FnH;g netic
state wegtoesi¢d ther dilen pesaiddicagneticngiatenvdotdis mayvey obaisantgnmediatecktdes imevhich the
magnelization ysetoral e fisemaghelic javer {Seausedda forale, outaf the plpng, of the free
magnghc ayer. Y ‘Pﬁe method _o? using the magnetic device éccoarlc]ilng fo'claim 1, further comprising
electrons traversing an insulator of the second non-magnetic layer which is sufficiently thin by quantum
mechanical tunneling. 3. The method of using the magnetic device according to claim | wherein the
secong,nonmagnaieay einiiuden e HAsALNEANGRR ORI NARBRSINT XA IO,
aluminum oxide, A10 or silicon oxide SiO, the proportion of oxygen to the first element need not be in
the ratipisitelwyasrias 4 PEmendithiod smusmgithte ifaghegecieioiseiceprdinbiesed dirpaahiievein the

secong nonmagnetic layeringiudes.an jpsulator including magnesium oxide, MgO that has an epitaxial

13.  The method of using 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 method of using 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

non-magnetic materials including one or more of Cu, Pt, Pd and Au.

-29a-



lattice arrangement with at least one of the magnetic layers, either the read-out magnetic layer or the
free magnetic layer. 5. A method of magnetic switching using current-induced spin-momentum
transfer in 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 ard saig pipardinpagnglictay ek naigindhe fisst-aanmiashetiilayesneineesanspsulater said
method comprising the steps of: applying an electric current that flows perpendicular to the layers of
said niAHEHC deVice SRREFEH)S A BRI RASIANIShYER %m&%%a%ea 1 ORe B BB IE Fositive
currenhpiles QkiaNegatiysnpul S0 mapaise 1At CombineRRRSitivaaiie ARAaHYE GOINgHROTHENRS
transferring the spin-momentum to the free magnetic layer while the electric current is applied; and

stoppifijgatife BABEHAEHIL IHIFEHEBN Al the YpMasTHE T (FRASALPWITRA I s Actication

vectonefdhaitregyBragretisdoyihehangasiiom ene sldsainmagneticpiateyactons peidhe afbe of said
magnetic state vectors ké¥ way of an inteumedjate state in which the magnetization vector of the free

magn&tE§R/er fs TAaRed fRPStatloBUPhHRE plamenttthetiss IBEHaHOMTLY 1 PO MBHSE DS using

the magnedis devisR-actossingiaaly defyither comprising electrons traversing an insulator of the
first non-magnetic layer which is sufficiently thin by quantum mechanical tunneling. 7. The method of
using the magnetic device according to claim 5 wherein the first nonmagnetic layer includes an
insulator including one or more of magnesium oxide, MgO, aluminum oxide, A10 or silicon oxide SiO,
the prapgiitiep afoxiygeittotherdirshelcinent paedudotube incthbeadtipenf ofiestddonewgiB:tiEhéemiethod of
using the E?net'c e&ce accogdigl%f[o cl im15 W er%in the fir§t n nrma}a%rgletgi‘gelgxggi?clﬂggsragl
insulatdrinc ﬁ% %%gn%gm%noﬁ e,lf\\}Fg ?Hasteh“éslgn%&?aex?alefa icé rrangemenfl whth 5t edst one
of the magihetisuByensa pitherthae inbedtnmeagnetcialeegtithegoee: magoetc layer. 9. A method of
magnetic switching using current-induced spin-momentum transfer in 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 ndramsizgretichiayeinspatadytsaper hin§esaitazeetininyvetichiay ¢hanlddaie pinmedismapiede layer;
and WQ&Lein said pinned magnetic layer has a perpendicular component to the magnetic anisotropy
said method comprising the steps of:

stopping said electric current application and the spin-momentum transfer when the
magnetization vector of the free magnetic layer changes from one of said magnetic state vectors
to the other of said magnetic state vectors by ways of an intermediate state in which the
magnetization vector of the free magnetic layer is caused to rotate .out of the plane of the free

magnetic layer.

16. A method of magnetic switching using current-induced spin-momentum transfer in 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 laver 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 said method comprising the steps

oft
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applying an electric current that flows perpendicular to the layers of said magnetic device whereby said
electric current consists of pulse which is one of either a positive current pulse or a negative pulse or a
pulse that combines positive and negative going portions transferring the spin-momentum to the free

mag”%ﬁ;ﬁ%%{g%“@%&t}ﬁeéﬁﬁ% Grrenbis 2pelisdaani.stepring saidelsetiscurentapriication and

the spi entum transfer when the magnetization vector of the free magnetic layer changes from

one ofduismiagifetsdtine VbR tsitieidsvFdui ihagaeticBhmenruireIsy wey Brlsn or 2
'“te”][lfﬁ‘%ﬁ%éﬁ%@e'Bﬁ%‘}fiﬁﬁé‘%ﬁa&%'mmﬁ%&%ﬁ(@%@Hé%ﬁ&\f/é freeaagnetic layer is caused to rotate

out o plance of the free magnetic layer. 10. The method of using the magnetic device of claim 9,
wherein said pinned magnetic layer has a perpendicular component to the magnetic anisotropy that is
sufficient to orient that magnetization perpendicular to the layer. 11. The method of using the

magnetic device accopdingdm shrim onhereir saigddinn g eaanalitlayrichas auperpensipular:
component to the magnetic anisotropy and includes one or more of alloys of Fe and Pt, Fe and Pd, Co
and PE€o and Pd, Co and Ni, Co and Au. 12. The method of using the magnetic device according to

claim 9 wherein said pinned magnetic layer has a perpendicular component to the magnetic.anisotropy
2 chieeEPESUGH the I FEHa SR SRR P halhfiafP - momentum transier when ' the

magnetization vector of the free magnetic layer changes from one of said magnetic state vectors
to the other of said magnetic state veciors by way of an intermediate state in which the
magnetization vector of the free magnetic layer is caused to rotate out of the plane of the free

magnetic layer.

17. A method of magnetic switching using current-induced spin-momentum transfer in 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 said method comprising the steps of:

applying an electric current that flows perpendicular to the layers of said magnetic device
whereby said electric current consists of pulse which is one of either a positive current pulse or a

negative pulse or a pulse that combines positive and negative going portions

transferring the spin-momentum to the free magnetic layer while the electric current is applied;

and
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13. The method of using 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 method of
using the magnetic device according to claim 13 where the interfaces are between magnetic and

non- i teri ith gneti rigl i i 1 of ' eanh alloy of
o R, ol o B e e e e Slenls mciuding onc
or moreagh@uameonPdcamdodthe i8¢ M agothisdvfemdynetic Swrchiiglsiig Baseicintrsectors
SPin-eMEntyMLIraRsiglIn BR0al des COMPUSIDI A RNRAMMASRRICIAYSE e ne
magnetization vector having a fixed magnetizationdirection; a free magnetic layer with at least one
magnetiztitinaisatoichiaving tha imageapletindgrrstizatioradirectivateaofitse hBe-plagmefichayérespatially
separ%}%g&%qg ee magnetic layer and said pinned magnetic layer; and wherein said free layer
comprisés one or more of Co, Ni and Fe and alloys of these elements, that are further alloyed with a
non-magnetic element said method comprising the steps of: applying an electric current that flows
perpendicular to the layers of said magnetic device whereby said electric current consists of pulse
which;ig one of githelia oSS GUNEGREMUISE RN NSFRLIVS ISR OiinPise dhah e arRinasinasitive
and negative going portions transferring the spin-momentum to the free magnetic layer while the
electri eePERdS A RIBPEAI S8 PGS HIBEBRIG Y EL Mk HpasastiGRaRd BT S BV RHoRHitim

transfer.whan e magnatizatiopaeqigeRiibefigemacnatisslayes ehangasfiom wrerhadidgmagnetic
state vectors to the other of said magnetic state vectors by ways of an intermediate state in which the

magnehzage etaenstignti e dirrag At @ 1458 TORADREFHS rte Sutolne pambns faidriee

magngliclayeriadg- Adnethomhatmagpeliccamishingusing SHIEERLIREUSRY SPiYBOMAATHIE Sansfer in
a magnetic device comprising: a pinned magnetic layer with a magnetization vector having a fixed
magn&iEStRIP éi%&?&%}da%%%ﬁaﬁ‘?@ﬁ’él iWsfieast one magnetization vector having a
changeable magnetizatjon direction; a first non-ma(%netic layer spatially segg(r%ating said free. magnetic

layer ARBIENE P madetiaiet: SRYWRERIALET TS HerRspsae OHRISPRIS B o, Ni
and FeRadHs allayaecmithelirdft Condis O Gul sichioethetheomatiaing fbeistensiotniappiyiog an
electric current that flows perpendicular to the layers of said magnetic device whereby said, electric
currerﬁ%ﬁéﬁ%tslﬁﬁfﬁjIs%rwﬁicrpfél%e%?%itﬁ'@?’alﬁ%iti%s&w&n%BEIsél%’raQWeggﬂWpl}i’ggl(??%\ pulse
that combines positive and negative going portions transferring the spin-momentum to the free
magnetic layer while the electric current is applied; and

transferring the spin-momentum to the free magnetic layer while the electric current is applied;

and

stopping said electric current application and the spin-momentum transfer when the
magnetization vector of the free magnetic layer changes from one of said magnetic state vectors
to the other of said magnetic state vectors by way of an intermediate state in which the
magnetization vector of the free magnetic layer is caused to rotate out of the plane of the free

magnetic layer.

19. A method of magnetic switching using current-induced spin-momentum transfer in 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
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stopping said electric current application and the spin-momentum transfer when the magnetization
vector of the free magnetic layer changes from one of said magnetic state vectors to the other of said
magnetic state vectors by way of an intermediate state in which the magnetization vector of the free
magnelic Javel 1§ causediorpiate PHEOLIG RI30E ofns fseimagneiiclauat: i ubpaaethad afamagnetic
switching“using current-induced spin-momentum fransfer in a magnetic device comprising: a pinned
magnesidhajenyihidmitpdeirapopine e steasing 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 allogs of these elements, that are

furthePRINGYRY At AR efeRIEITNMch FRISaBED MG AR MIBIH @ s BB EOMPHEng the
steps Qh2ophing apalecticca entihabilons Pemendicuanieiher ayisiifsaif magnstie:device
whereby said electric current consists of pulse which is one of either a positive current pulse or a
negative pulse or a pulse that combines positive and negative going portions transferring the
spin-momentum to the free magnetic layer while the electric current is applied; and stopping said
electrigegutrenpapplicationsantathe spinen posaite an tr ansien when ghemagnetization vector of the free
magnetic layer changes from one of said magnetic state vectors to the other of said magnetic state
vectors by way of an intermediate state in which the magnetization vector of the free magnetic layer is
caused to folale ul ofine planc.of the lee magnaliclaver. 13/ metliod of magnete suifehing using
currentii ucedgspln-l%omen AT & Maghetic device comprising: a pinne ma@ﬁetlc layer
with aamégnetization 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 istalgpeg vsihl ortecirimocerofiPd gipBtaad nmethotheompnisimgitestepsafifapplyleg athelectric
oo R SRR (IR B R SPGB L (S ISR SlRE VI
consisty %?pmse WHIch IS Bne of either pOSIﬁ e curr pu?se or a negative pulse or a pulse that
combinesheosifive afidaidgativedoingaportionsrs by way of an intermediate state in which the

magnetization vector of the free magnetic layer is caused to rotate out of the plane of the free

magnetic layer.
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transferring the spin-momentum to the free magnetic layer while the electric current is applied; and
stopping said electric current application and the spin-momentum transfer when the magnetization
vector of the free magnetic layer changes from one of said magnetic state vectors to the other of said

magnetic statg yeetirs by wayRbianiniernediae statednwhich dhemasnstization vastesofthe free
magnetic layer is caused to rotate out of the plane of the free magnetic layer. 19. A method of
magnERERWICHFGCSSHBUTRETRRIN MU SBH SpiraBrigatam tissrien iiPathsagrenettedicdcoMprising: a

pinned, magneticlave it amagnstizatianyerienbavinga fixed.magnelization diestignyadree
magnetic layer with at least one magnetization vector having a changeable magnetization direction; a

first n&rah P ASHIEAEIS FHEH) S epdFaa g asnetiteBYSh AgHE ¢ ISoel ARE BAENSHREMYEH@tic layer;
and wherglp said-fise.layehiz dopad withirarg.aarihalems: saikrethod comprsing 4be-ptamsof

applying an electric current that flows perpendicular to the layers of said magnetic device whereby said
electrisiiditépnssi et purasisrtirh ShecEraitRaf #bdetverunentpuBstsr kygraialiulse or a

pulse {hat.cambings Positive,ahdinegatveraning prriensfansfRrng ihespintaemertin iedhe free
magnetic layer while the electric current is applied; and stopping_said electric current application and

the sprEGHfKEH BARdsE AR Rt IHe Yy Ak dRstd RGBT oTUHE theleehaRRticaRy B RS from
one of saidMadnglimalalieneritisAthe-athet0d saith iRaRsHS StttV eRIgE S PY way of an

intermediate state in which the magnetization vector of the free magnetic layer is caused to rotate out
of the plane of the free magnetic layer. 20. A method of magnetic switching using current-induced
spin-momentum transfer in a

applying an electric current that flows perpendicular to the layers of said magnetic device

whereby said electric current consists of pulse which is one of either a positive current pulse or a

negative pulse or a pulse that combines positive and negative going portions

transferring the spin-momentum to the free magnetic layer while the electric current is applied;

and

stopping said electric current application and the spin-momentum transfer when the
magnetization vector of the free magnetic layer changes from one of said magnetic state vectors
to the other of said magnetic state vectors by way of an intermediate state in which the
magnetization vector of the free magnetic layer is caused to rotate out of the plane of the free

magnetic layer.

21.  The method of using the magnetic device of claim 20 wherein said pinned magnetic layer
has a component of magnetic anisotropy perpendicular to that of at least one other layer of the

magnetic device.
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magnetic device using current to switch magnetization direction in the magnetic device, the magnetic
device characterized by 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
changgable magnglization dirgriionya rraskost agRetisiaysrvit) ameaneliaRlionyeaiREfAving a
fixed magnetization direction; and at least one non-magnetic layer spatially separating said free
magnetiarysrironihstmsgrges SnivRERsY of faistinh anerasidernhtpeEas pgeendduissdaiPmsulator
whichig@é{_a thickness such that electrons can traverse the insulator by quantum mechanical tunneling
said method comprising the steps of: applying an electric current that flows perpendicular to the layers
of said magnetic device whereby said electric current consists of pulse which is one of either a positive
current pulse or a negative pulse or a pulse that combines pos.-live and negative going portions
transferring thecspishmpaTaniug de: the dres mrgnatisiayamiiile e pleatic cHeaLisappiag; and
stopping said electric current application and_the spin-momentum transfer when the m,agnetizstion

vectorBIIESAR Fheigient RepeH ¢ iraitg RafallY SHRABHES GG rotagiats eutb At HHERSIEL of said
magneti-stale Meelois by washd as[dnierrnesiale,statgdnaich thermagartizakon yactes ofjbe free
magnetic layer is caused to rotate out of the plane of the free magnetic layer. 21. The method of using
the mAGHRARHEAELBE BAFRHEES {¥Rrein said pinned magnetic layer has a component of magnetic
anisotropy perpendicular to that of at least one other layer of the magnetic device. 22. The method of
using the magnetic device of claim 21 wherein the perpendicular component to the magnetic

anisotrgpy orients that magnetization direction perpendicular.to the layer. 23. The method of using the
aonelE dou B8 ST 3b N e o HRAOH  ag e B o is st SRty
spatiathageairaiivg faithfieeamagnktior laydndng saydqinmedniagnetiiriaydeanchhdenendwith
non-magnetic layer spatially separating. said free magnegti r from said read-o agnetic layer.
. THECB SIS P ot LEHeR B Bt LR SO e Aotk St ayer
includesiaa $idulsterdhctbdimgmyigan hoxyaticasha first deeraitaketemeht witththetinsiflatertbhaving
one or more of magnesium oxide, MgO, aluminum oxide, A10 or silicon oxide SiO, wherein the

11E, . . .
propoﬁlon of oxygen to the first element need not be in the ratio of one to one.

25. The method of using the magnetic device according to claim 20 wherein the non-
magnetic layer includes an insulator including magnesium oxide, MgO, that has an epitaxial
lattice arrangement with at least one of the magnetic layers, either the read-out magnetic layer or

the free magnetic layer.

26.  The method of using the magnetic device according to claim 21 wherein said pinned
magnetic layer includes one or more of alloys of Fe and Pt, Fe and Pd, Co and Pt, Co and Pd, Co
and Ni, Co and Au.

27.  The method of using the magnetic device according to claim 21 wherein the pinned
magnetic layer perpendicular component fo the magnetic anisotropy is achieved through an

interface between dissimilar materials.
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25. The method of using the magnetic device according to claim 20 wherein the nonmagnetic layer
includes an insulator including magnesium oxide, MgO, that has an epitaxial lattice arrangement with
at least one of the magnetic layers, either the read-out magnetic layer or the free magnetic layer. 26.
The method of using the magnetic device according to claim 21 wherein said pinned magnetic layer
includes one or more of alloys of Fe and Pt, Fe and Pd, Co and Pt, Co and Pd, Co and Ni, Co and Au.

27. Thgmethog ohstsing dnemagnelig aawiee ascridingdedehaim Zlavhereiribepinheddragoetic layer
perpendicular component to the magnetic anisotropy is achieved through an interface between

dissinfIEHRMENAR IBETGHIHBRGHBRGEHY tHB PHSYHetO deURid SOEGHANG b BRSHFEPF RS rein the

interface occurs between different magnetic materials comprising Co, Ni or Fe or alloys of these
elements. 29. The method of using the magnetic device according to claim 27 where the interface

occurs petween magnetic and. non-magnetic. materials, with the magnetic,material including one or
more 37 Co. NIRMEE i a0y b1 o BRIl S8 SRAE AT ahiy TG et PS4 the
non-magngticanaiarialsgneticding anenngnotie affundRt, Rilatd Augfic Thadriethodwfingingthe
magnetic device of claim 2Q.wherejn said free netic Jayer pri at least ong,of Co, Ni and Fe
and al?&}g%F tﬁggg ’gﬁrfgirégr{\ s?’tﬁ%tag:oeyfﬂgt 8ra§rﬁ]o%%e?aa Wi 1) noéfn?frrgf]ﬁ%%%%t Elément Pﬁl . aLf](t(:ielé\l?:’r’lethod of
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a non-magnetic element.

31.  The method of using the magnetic device of claim 30 wherein said non-magnetic element

is selected from the group of Ti, V, Cr, Mn, Cu or Ru.

32.  The method of using the magnetic device of claim 20 wherein said free magnetic layer
comprises one or more of Co, Ni and Fe and alloys thereof, that are further alloyed with a

chemical element which increases magnetization damping.

33.  The method of using the magnetic device of claim 20 wherein said free magnetic layer 1s

doped with one or more of Pd or Pt.

34.  The method of using the magnetic device of claim 20 wherein said free magnetic layer is

doped with rare earth atoms.



