HIGH SPEED LOW POWER MAGNETIC DEVICES BASED ON CURRENT ICED SPIN-MOMENTUM
TRANSFER The present paten application claims priority to |_PIl mion Serial No, 11/932;745, filed
October 31, 2007, the contents of which are hereby incorporated by reference in its entirety. This'ion
was made with government support under Contract Number NSF- DMR-.0410.5620 entitled
"Nanoscale Spin Transfer Devices and Materials" and Contract Numbers NSF- P11Y-0351964 and
NSF-PtfY-0601179 entitled "Noise-Induced Escape in 1Multistable Systems" awarded. by Science
Foundation, and Contract Number ONR NIX/14-02-1-0995 entitled 'Gate Controlled Ferromagnetism in
Semiconductor NAHeBHIEED BR FQPHRAEGHES 16 REVHFREBASE S hE B Fiment of Defense.
The government certain rights FIELD OF THE. INVENTION TéE resent invention generally
relates to magnetic devices use%"%{frﬂg%ﬁﬁ%ﬁ MEM&%’F&%’E @%ﬁg applications, such as giant
magnetores e,c (GM) devices. More specifically, the present invention describes a high spetd. and low
power method by which a spin. 20polarized electrical current can be used to control and switch the

direction of magnetization andiar helieit.ala magnetic reglon 1o sieh 3 device, BAGKGROUND OF
THE INVENTION lﬁﬁéﬁ’guéé}vrce's" at'tise a flow of spin-polarizec él8etronsitheres for magnetic

memory and infoEmafionprocRssing APPIEAINS UG AARHRS JRNEIAIY RLESRE! by
N _
reference in its entirsly,
This invention was made with govermnent support under Comtract Number N&F-
DMR-0403620 entided “Nanoscale Spin Transfer Devices and Materials™ and Comiraet
16 Nambers NSF- PHY-0351964 and NSF-PHYW0601179 entitied “Nofse-Induced Escape 0
Multistable Systems® awarded by the National Science Foundation, and Contract Number
ONR NOGI4-02-1-0995 entitled “Gae Conrolled Ferromagnetism in Semiconductor
Nanostractwres™ gwarded by the (¥Tice of Naval Research of the Depériment of Defense.
The government bas certaiu rights in the mvention.
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FIELD OF THE INVENTION
The present invention gencrafly telates 1o magsetic devices wsed W memory and
information processing applications, sach a8 giant magnetoresistance (OMR) devices.  Muore
specificatly, the pz;f:sem invention describes 2 high speed and Jow power method by which a spin
2 polwized clecirical cument can be used to control and switch the direction. of megnetization

and/or helicity of ¢ magnene region i such a deviee.

BACKGROUND OF THE INVENTION
Magnetie devices that use a flow of spin-polarized elecirans are of interest for magnetic
35 mewoery and nformation processing apphications. Such u device generally inchudes at least two

ferromagnetic electrodes thal are separated by & non-magnetic material, such as a wmewt or



ferromagnetictreks that are separated by a m m inctic material, such as a int, insulator. The
thicknesses of the electrodes are typically in the range of | run to 50 nm. If the non-magnetic material
is a metal, then this type of device is known as a giant magnetoresistance or spin-valve device. The
resistance of the device depends on the relative magnetization orientation of the magnetic electrodes,
such as whether they are oriented parallel or anti-parallel (i.e., the 5 magnetizations lie on parallel
lines but point in opposite directions). One electrode typically has its magnetization pinned, i.e., it has
a higher goergiyity thandie.alheroelectiads-aad leawissiarastiraaneticfields o §me90k?%9d
currents to change the orientation of its magnetization. The second layer is known as the free
electroderenthitsetagnestizaltion dieattidwmnctus hypehddgackrslativertathafommegzlefoesiadien aan be

stored in the orfen%ation of this second Iap(/sgr. For ex é‘%% "1" 10 or '0" can be represented by

anti-paraifel g nSHE B thaSI B aVEKRP R PeB LG FRRHY S FRRERRRIDD SRR will be

different fprilaeseginacstaasoand taus lhaserice fRpistRNasarl Be-urgbiodisinanishi’d’ figm "0." An
important feature of such a device is that it is a non-volatile memory, since the device maintains the
inforfnatiByeaErRUATS HitHE praik inetbieoiniia garanihéingcinns. Thre tlagreledipitrdidesdtn be

sub-micron o IpigIal SiFe.and e Lamagnalization diedlion £an, sl be slable v fespeg fg thermal
fluctuations: In cohventional magnetic andom Access memory fl\ﬁ M designs, magn%ef'lc fields
are usedhiagaatitciiithiz magmnepsatiedectas of tharfteairlagicatsiol hesrsmagneatiadields ne
produced using current carryinﬁgvires near the magnetic electrodes. The wires must be small in

qross-sefz"tf&’%do _ HUSSRIEm A efWEé’éeﬁgﬂg‘?si“@f %Wé@%%’b@_iﬁﬁﬁﬂmcé%l@. ohangrd Fﬁﬁﬁﬁ"etic 20
fields frop dhenyitrs. orRGIAIRJR RGNS tRagNRIGAeids dmagnetic dalfs %?%yop%@ﬁéhelmvefse of
the distance from the center of the wire) there will be cross-talk between elements of the arrays, and
oneldeviee Vil expddenpeestmeh y naticietts] frbigntiamioti ghe dayessaithi®Cross talloyvitktiiii the

density of the memayy and/or cause errors jn. memory operatjons. Further, the magnetic fields
generateaél%li/mse&?:'h evfi}r%sqg‘r“ecﬁ NIGRROK aﬁvédt]&f{?gé%ﬁatf S5ESitiER SPifE 285 &g%t%gg‘,"ﬁ?nich

leads to slgMdeyies opesation dspgrianty: geaentionah mMemadesigRSRISRIISASIRERARNE
(random) processes or fluctuating fields to initiate the switching events, which is inherently slow and

unreliablé {s@8PoY BHMBRGRY - HIRD B¢ 86WFe PREaIRGhe iaferBaiguaeioUe)he powerdsyfl. Patent
No. 5,695,864 I%Q%%é’?fﬂhoﬁh% puplicati ( I l%ew Ici, Journal of Magnetis d
Magnetic Materiafs 159, Li (1996))?{}%‘%1%%}6%&0%893\%%3%6%§§i A %ag et %ﬁills?ﬁt ryﬁ Wﬁ%ﬁ%& e
spinspolanmedizarieniicamidecas editbedirgdt ywithangedhe mhagneihatgidadion of a magnetic electrode.
In the proposed mechanism, the spin angular momentum of the flowing 5 electrons interacts directly

with the backgroUREPHEEE R ZBHBIT 5 AT AR RETL BN hEROMRCEH o e grsHE rBpI4SHBtion of
their spiR:aR0arMaMeRtamsiRibaiSckeraIRd snagnetization.ad Pragduce aiaiame @tihge.
magnetization in this region. This torque can alter the direction of magnetization of this region and
switch it9TPIFAS SHROPHERRICERITY LI FHHTER, RIS Ihechaenolrislistrallesindihit withs amtst bn seglbis through

which thgrcc)susr—g%c E(ﬁ’lo e%'a‘t'fég Vr\ﬁ%\r{l%rfyt Gy crec')spgosn%%t 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
mverse 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 limit 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. Importantly, conventional memory designs also
use stochastic (random) processes or fluctuating fields to initiate the switching events, which is
inherently slow and unreliable (see, for example, R. H. Koch et al., Phys. Rev. Lett. 84, 5419
(2000)).



10 mechanism was purely theoretical. Slonckewslci's patent describes MRAM devices that use
spin-momentum transfer for magnetic switching. However, the proposed devices are slow and rely on
fluctuating magnetic fields and stochastic processes to initiate magnetization switching. Further, large
current densities are needed to switch the devices. In describing the preferred embodiment of his
"latch or logic 15 gate,” Slonckewski states "...the preferred axes of the 3 magnets F1, F2, and F3 are
all "vertical” (i.e., in the same direction or orientation) as discussed above. Other orientations can

serve as long ag,hey sghpiallel ipdhepamasa ariR.aface GeloY, Qdhdgvise TRl use of

layer magnetizations that are not parallel to the same axiS, to great advantage in speed, relia ility, and
power carisviagptidsm 204U \Bagretie M trials 256, 2286 (Hd6ihathian SSanalkalsskascribes dewidasithat use
current-induced magéletic switching and demonstrates in experiment the operation of such devices.

HoweveP e f SR BRIFSESE GErent AR b Rsed Sontirecthasitee dBhIEES RAFFIEEA18 device
characterigigsid-Uitbebathe pstimairgdine sealedRmMmagnglic suitelind wesmn Reesdaippgsation at

large current densities. 25Devices are needed that exhibit high speed and reliable operation under the
action ofeieeippnspolarigtddgerbnwithiiseihatigeovdbviess thatiopetateagittiovegiopovkee anad ingve lower
threshold cutgregt for, switchingﬂthle agnetization orientation. SUMMARY OF THE INVENTION

e

In view O the TITATIORS ARLOCIAtEd With BorvERtonAr BeaigRS DI EEAEE Xt Meg EHmHRL Mentum

transfer,@odabjest otdhe piesenhigveniiaiongSitoRO vigea Stiugivigdhatis optimaldarirmanretic
memory or magnetic information processing device. 5It is another object of the present invention to
produce BATSHAEIRN FEVIRE 58IoRA8 4 AVARkale e RSN deirnf opErheforitis interaction is

local, since it only acts on regions through which the current flows. However, the proposed

10 mechanism was purely theoretical.

Slonckewski’s patent describes MRAM devices that use spin_—momentum transfer for
magnetic switching. However, the proposed devices are slow and rely on fluctuating magnetic
fields and stochastic processes to initiate magnetization switching. Further, large current densities
are needed to. switch the devices. In describing the preferred embodiment of his “latch or logic

15  gate,” Slonckewski states “...the preferred axes of the 3 magnets F1, 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 conswmption.

20 U.S. 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 reliable operation under the action of a
spin-polarized current. This includes devices that operate with lower power and have lower

threshold currents for switching the magnetization orientation,



It is a further object of the present invention to produce a magnetic device that has advantages in
terms of reliability. It is a further object of the present invention to produce a magnetic device
that requires 10lower 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. Itisa
further object of the present invention to produce a magnetic device that has a large read-out signal.
15These and additional objects of the invention are accomplished by a device that employs magnetic
layers in which the layer magnetization directions do not lie along the same axis. For instance in one
embodiM%&&&n&@%&Ycﬂyﬁgﬁe magnetizations that are orthogonal. The invention is a

magnetic de_ViC%CQE%Pr&%ﬁ@ﬁﬁ’ﬁf&%ﬂ@%&ﬁ%ﬁﬁ%&”eﬂ?ﬁ&ﬁﬁﬂﬁﬂ@é%%_é"ﬁ@thdé’sh E_iE‘t Q&&Er%é%caf‘ flow.
The magnetic device is comprised of a ferromagnetic layer with 20 a fixed magnetization direction and
another fapoensigh&ussiEycrrseliertod thérpreseheifivsatnnasio praigaatidrregitnhinbls lwatmahfayhetization

that is free to rotate in response to applied.currents. A tgird ferromagnetic layer, again, separated from
magnetic memory o {na$net1c I rmatfon %I’OCGSS]II th].CC. . . :
the othersat%/ a non-ma’éne ICtayer, has a fixed magneétization direction and can be employed to

readgut the magngfizatiardissrtionoitbefeeaferomagnaticiayree Tharnaghetiaation gikeetons of the
ferromagnetic layers are not all along the 25 same axis. In one of the preferred embodiments, the first
fixed ferrHaRiHHEa A A5/8rOhRG PRz AlIALRection is perpendicular to the plane of the layer, while the

free ferromagnefiqJayer,smaAgnelizalin e Rlane;ol e Jauer s dessiRedahave,2 gurent flow

between the layers transfers spin-angular momentum from the fixed magnetization layer to the free
magnetizaiiaintd gasecin amchprddeicgsmytorque on the magnetization of the free layer. The torque is
proportional to the vector triple product of the magnetization direction of the fixed and free layer, with a

factor of proportioilify st GRISEHAS B RFRSAhAITPERNY thE SPNTGb IEAS AN I5Y e BRI FERT™ large
torale is|prrdyeRE MR magnetization directions of the fixed and free layers are Sorthogonal.

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 rmagnetic device that has a large
read-out signal.

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

The invention 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

20  a fixed magnetization direction and another ferromagnetic layer separated from the first by a non-
magnetic region that has a magnetization that is free fo 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 free
ferromagnetic layer. The magnetization directions of the ferromagnetic layers are not all along the

25 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 Jayer. As described above, a current flow between the

layers transfers spin-angular momentum from the fixed magnetization layer to the free



This large torque acting on the magnetization direction of the free magnetic layer causes the
magnetization of the free magnetic layer to rotate 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 10magnetic field, a
‘demagnetizing' field, which is perpendicular to the plane of the layer. This demagnetizing field
forces the magnetization vector of the free magnetic layer to precess, i.e., for the magnetization

direction to rottat .arqund thg dir%ction of the dqugnetiza ioq.ma i fielpl. The.demagnetizing field
magnetrZz4aion {ayer ?ﬂ Foduces a Oli 11e¢ 011 margng 173tk 1%.1%6 C 1aVEr, . e torgue 18
also deternvines the rate of precession. rge demagretizing fie ulfs In“a high precession rate,

which is piogptisal eoneitiemsion fastbiunagnetissyitchingn Aradvantge pidbismagneeevice is
that random fluctuating forces or fields are not necessary to initiate or control the magnetic response of

the layer¥ith a faciRy tH aF Qs EeR B HBA AR EEHOBrbG SeEatAst HEtR B RRE AR h e FefeRénce
magnetic, Iqyer having 2 ixehoagnrliche %A%&%é%%ﬁ%%ﬂ%ﬁgpﬁ{gﬂ%@ St rla{i'&geaeré“agneﬂc

layer with at [east one magnetization vector having a changeable magnetization 20 hélicity, and
non-fmagnétigdaaler spatially separating said free magnetic layer and said reference magnetic layer.
The magnetizatjon helicitt)(/1 of the free magnetic layer.can be ¢changed using current induced

spin-momentun A RERErNHACHPEfEP EF SPABRHARSR, HHEcHETiek e drae JBEit KTt Eaped

structurenanghiaerefercBesHNagRakghayRr INRIEE SaleaaY (s SHBRantiallyipriperdickiag to the
reference layer and a fixed magnetization 25 perpendicular to the plane of the reference layer.
Alternatitiapjneie vetes drreeriagestindivoe s drsetiny dssdbstantlengttp diperrdvosldhtgelsideference

layer ang, a magnetic.helicit sgpstantiall clgckwise or cqunter-clockwise about the ring-shaped
o it R St el e TR RN S L e
present imyerdiofivid) bedspoigeasidily foparendHiiopeipedoioyyinoidepaitrcboigsaapiton and drawings of
the illustrative embodiments of the 5invention wherein like reference numbers refer to similar elements
throughout the Vs Legrgnsiinipeceld forces the magnetization vector of the free magnetic layer to

precess, i.e., for the magnetization directio_n 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

15  magnetic switching.. An advaniage of this magnetic device is that random fluctuating forces or
fields are not necessary to initiate or control the magnetic response of the layers.

A further aspect of the invention provides a magnetic device including a reference
magnetic layer having a fixed magnetic helicity and/or a fixed magnetizatibn direction, a free
magnetic layer with at least one magnetization vector having & changeable magnetization

20 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

25  perpendicular to the plane of the reference layer. Alternatively, the reference layer includes
an easy axis substantially perpendicular to the reference layer and a magpetic helicity

substantially clockwise or counter-clockwise about the ring-shaped structure.



Figure | 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 | 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 magnetic device;
Figure 3B is an illustration of an alternate current waveform that may be applied to the magnetic
device; 15Figure 4 is an illustration of a memory cell according to one embodiment of the present
invention; Figures 5A-5E are illustrations of the free magnetic layer showing the magnetization
vector and the demagnetizing field of the memory cell of Figure 4; Figure 6A is an illustration of
a currenBrEMeDESCHRIRTOEY OF ApiiiERroNmsGiemory cell 200f Figure 4 during a write operation;
Figure 6B is an illustration of a resistance measured from the memory cell during a readout oiperation

before and aftel A CEFRME FRfsQ RN RANFFERIURE BRTRLIDYENORIFIN LT AR TRELBAIBSPthe free
magneti |y enof @ fsialednemeei&etntion and drawings of the illustrative embodiments of the

5 invention wherein like reference numbers refer to similar elements throughout the views and in
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
.10 pulses of current as illustrated in Figure 3A;
Figure 3A is an illustration of a current waveform that may be applied to 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 illustration of a memory cell according to one embodiment of the present
invention;
Figures 5A-3E are illustrations of the free magnetic layer showing the magnetization
vector and the demagnetizing field of the memory celi of Figure 4;
Figure 6A is an illusiration of a current waveform that may be applied to the memory cell
20 of Figure 4 during a write operation;
Figure 6B is an itlustration of a resistance measured from the memory cell during a read-
out operation before and after the current pulse shown in Figure 6A is applied;
Figure 7 is an illustration of the free magnetic layer of a 4-state memory cell;
Figure 8 is an illustration of an example of a current waveform applied to the magnetic
25  device;
Figure 9 is an illustration of the magnetization components of the free magnetic layer

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



Figure 8 is an illustration of an example of a current waveform applied to the magnetic 25device;
Figure 9 is an illustration of the magnetization components of the free magnetic layer during and after
the application of the current pulse shown in Figure 8; Figure 10 is an illustration of a memory cell
according to one embodiment of the present invention in which during writing operations no net current
passes through the free magnetic layer; Figure 11 is an illustration of an annular magnetic device
according to the present invention; 5Figure 12 is an illustration of an annular memory cell according to

one embodiment of theyAteseRt imaRtion: Almor, g iEchRds AR UHstaomAEATARIMAL B mOrY

cell according to a further embodiment of the present invention'in which separate read and write
contactsiarvenpirovid edtickGD BT Mty BESGRERD GNcCOFMHEREMBORIMENTS Stancturenera Basic
Magnetic Device To illustrate the basic concept, Figure 1 shows, a multilayered, pillar-shaped

magnetic devic& E8HipHsikg® pivEahdhett B NTERRH a SRS ASERERSation Siki&Bh and a

free magpetigilgyer FM2 with a free magnetization direction. Frz, Is the-magnetization vector of the

5 Figure 12 is an illustration of an annular memeory cell according to one embodiment of the
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 illusirate the basic concept, Figure 1 shows a multilayered, pillar-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 #, is the magnetization vector of the free magnetic layer FM2.

The pinned magnetic layer FM1 acts as a source of spin angular momentumn.

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 pillar-shaped magnetic device is typically sized in

20  nanometers, e.g., it may be less than approximately 200 nm lateratly.

The free magnetic laver FM2 is essentially a magnetic thin film element mmbedded 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 30 nm.

These pillar-shaped magnetic devices can be fabricated in a stacked sequence of layers by

25 many different means, including sputtering, thermal and electron-beam evaporation through a sub-
micron stencil mask. These magnetic devices can also be fabricated in a stack sequence using

sputtering, thermal and electron-beam evaporation to form a multilayered film followed by a



15 pinned magnetic layer FM 1, andis 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 Ni that
spatially separates the two layers FM1 and FM2 such that their mutual magnetic interaction is
minimized. The pillar-shaped magnetic device is typically sized in 20nanometers, e.g., it may be less
than approximately 200 nrn laterally. The free magnetic layer FM2 is essentially a magnetic thin
fim elemeptRRCHSAAR AU SlRpedMAdBRLCAsYica Ih e A HHopRLIRYRER, thesplRDCd
magnetic layer FM1 and the non-magnetic layer Ni. The layer thicknesses are typically approximately
1 rim to @evite o heskspilamsfapedichagtetiofievitesicdntberfadmicatéokima stackidgeyatence of

layers by 25 many different means, including sputtering, thermal and electron-beam evaporation
through a sub-HEFS AR SRR AL e 0 B8 R B BRb e 4

sequencayging spiieingyailienmaland elrciranRearme R iaforema Diliayaraehiim followed

by a subtractive nanofabrication process that removes materials to leave the pillar-shaped magnetic
deviée ometadubsrats Swfide PsUtiVasSthat efrapsititons of athish Sermeantilicuisfaramsengtiedwafer.
Materials for the {erromaglneti layers 'nctlude t%ut.gre n%téirgiiite hgo) Faehgg,ogliiﬁgnsql Ilgy X these
elementS SUE LSRE 5 Xh o§/% i 'écsglgerror@ﬁbgsh aﬁc Metars with: n-magnetic 5 metals, such as
Cu, Pd, RiaN@/nShratieo napasikions inye|Ghieamaterials(aie fer mmaghnetivalnocierad, algroom
temperature; conducting materials; and conducting magnetic oxides such as Cr02 and Fe304. For the

nonmag#AgdicthycFse raia famiarseie (05 e rBoRGPRIARED WFTH, e, 2senke, drgasering el
requirement for %gﬁu—ﬁ%@%ﬁbﬁ%e:}i&@ s NEAPSANGE O RCHE NP QT HR8 GleGiiR,sin-direction on a

short length scale, which is less than about the layer thickness. 10An electric current source is
connected to thapiisederagesetisolayerif-hbrangdhe fileepinned 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 I is applied to the pillar-shaped magnetic device so that the current I

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 Figufe 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 nitial
state of the free magnetic layer FM2 before the current | 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 transfer of angular momentum from the pinned



magnetic layer FM2 so that an electric current | can traverse the pillar device. Method of Magnetic
Switching An electric current | is applied to the pillar-shaped magnetic device so that the current | 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 | 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.

- 20Figures 2A-2E show steps in the method of magnetic switching using th tic device sh :
Figure TRHMGY CBRACE, PiodfEs ZAEZEONY EnoAl anE U AGRCUS et Pt AR

magnetization vegctor jh2 of hetfgqg m Etic layer FM2. Figure 2A shows the initial state of the free
magneti({:nlcgyr}%urtlgﬁgeb%] gr%a %lée %:urr)éenﬁ%@ applied. As shown in Figures 2B-2D, applying a

current I, whichgan e Qf 2 fBEM:as 3PN dRoBHE s A1 ARH i§%raﬁéﬁlsﬁaimmgr@éa&§%@g1@n?uIar
ster o

momentum from the pinned magnetic layer FML1 to the free magnetic layer FM2. This tran

angular POREN fropn g Opﬁi]%@e TRGRSliGIRUREGME tﬁeﬂmgasmwmﬁx&é MpeRraduces a

torque fI on the rhagnetic morment of the free magnetic layer FM2.

5  the free magnetic layer FM2 and s, is a unit vector in the direction of the magnetic moment of

the pinned magnetic layer FM1. The prefactor, a,, depends on the current I, the spin-polarization

P of the current I, and the cosine of the angle between the free and pinned magnetic layers, cbs(e),

such that g, = ﬁIg(P,.cos(B))/ (eMV). % is the reduced Planck’s consfant, g 1is a function of the

spin-polarization P and cos(8), M is the magnetization density of the free layer, e is the charge of

10 the eleéctron, and V is the volume of the free layer (sce, I. Slonczewski, Journat 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 rotate 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 1, of the free magnetic

layer FM2 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 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 perpendicular to the plane of



The torqueper unit magnetization of the free layer is proportional to the vector triple product a Ik x
V122 x /1JO , where riz2 is a unit vector in the direction of the magnetic moment of 5 the free magnetic
layer FM2 and rill is a unit vector in the direction of the magnetic moment of the pinned magnetic layer
FM!. The prefactor, al, depends on the current I, the spin-polarization P of the current I, and the
cosine of the angle between the free and pinned magnetic layers, cos(0), such that a = hig(P
,€0s(6))1(elliV) h is the reduced Planck’s constant, g is a function of the spin-polarization P and cos(0),

Mis the gragnetigalion ity e, ety i e SRR G SfdOr b Suslaglions andis e volume

of the free layer nczewslcl, Journal of Magnetism and Magnetic Materials 159, Li (1996)).
Thus, a {aigentticqlie bhishproduckdaviide tialiealgpetamddirent she ke pih thedneragestetiddyes FM1 and
the free magnetic layer FM2 are perpendicular. This torque Fs , which acts on the magnetic moment of
the free ﬁﬂgnetic layer FM2,  causes the magnetization of the free magnetic layer FM2 to rotate out

of the plane of e Jayer: ERRIDGRthRdNickness eflierier Mmegralinlavend Madsiasibassthe width
and length dimensions of the free magnetic layer FM2, the rotation of the magnetization vector th2 of
the free mapiritit layer EiMZoun ofihaslade efdhelayide qongieite sy RghiRe nPARfITaticCHiaes, e
‘demagnetizing' field, which is perpendicular to the plane of the layer. This demagnetizing field forces
the magABEREHBH P YEsFYT7 72 dYitrileriEe FHRgREIT %Xfér%% N $BIHL QS EVEEs it HHEGROBURN that the
magnetizatign df'g%gti'on rotates about the magnetic field axis. The demagnetizing field also deteunines
the rate Eﬁt%}}%%essi(jn. A large demagnetizing field results in an extremely high precession rate, which

is an optimal cangitienIQrfastpaghe e iteheng forms of Thutsndndo: opdinmalycantipplietionté the
magnetic memory device for fast magnetic 25switching, the magnetic moment of the pinned magnetic
layer FMB2gG sletitsroul AR Bl dRdtbfhown in Figure 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 current pulse can be positive, as long as the two current pulses are of
opposite polarity. In both cases, the state of the magnetic bit will be changed from ‘1’ to 0" or ‘0¥
to ‘17 (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 & 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.
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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 layers and lies in the plane of the free magnetic layer FM
2. Figure 2E shows the free magnetic layer FM2 after the magnetic switching process is 5
completed. As shown in Figures 2A and 2E, the magnetic switching process causes the magnetization
vector Th2 of the free magnetic layer FM2 to switch by reversing direction by rotating 180. Figures
3A and 3B show two different forms of current input that may be applied to the magnetic device. The
current igqﬂ&qlrhowq mg&pr%gﬁx is comprised of two current pulses of 10 short duration, a first positive
current pulse Tollowed by a second negative current pulse. This form of current input results in writing
a'l' or a'0'. AltEmnativalyti¢hieicstdestribag pise canboencegatisedant) thexgecnnettderentlpsilge can be
positive, as long as the two current pulses are of opposite polarity. In ?.oth cases, tq)e CPtate of the

- magneti®RAFPES THSTYEY ?Féﬁ]“i“[’&k?)”é?radm?@‘% _lﬁ.’élfriir)?gfinglc SOLTERT SBGHTE R HBTaNiENt of the
initial stage,of therireT NensUHER P Bt AW bR WeeRAvis Used injhaemethed oheagnetic
switching described above and shown in Figures 2A-2E. Using a current input formed of two current
pulsés resilitssin atasteremagnitic-swirehifryiseobesgss Pheimmed cutzasliinse JiNHs W Frétedsion of

the magnetization vector b12 of the free _.magnetjs layer FM2. After the. let the,first current
pulse, thréiasgélg%a e r%rgﬁ% l.ﬁall’sg ?gefongiéiﬁ fécd ?%%tc?ﬁ%ewﬁ%ge%gfoﬁ%%ng lcyi%%gr}gﬁ {é%?tlé% ' aﬁal'ée second
current pulse is pabesseRa! IDS ARG BNRNSIe Aeviea:bulds enablembighesspass switshing. For
example, the current input shown in Figure 3B is comprised of a smgfe positive current pulse.
Alternatiyely. 3.single Regative urent PUlse May.also-he:amplieckio,he: meonelic-demse 1igulations

show that many different types of current pulses switch FM2. 25Therefore device operation is certainly

not limiteg £ they %G@@ﬁ@h&'@&@&%@d&ﬁw fi3read-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 Jayer 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 typically 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 I can traverse the pillar device. A voltmeter is
connected to the pinned magnetic layer FM1 and the read-out magnetic layer FM3 so that the
resisténce 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
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Structure of a Memory Cell The magnetic device described above can be incorporated 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 5cell, is a multilayered, pillar-shaped device having a pinned magnetic
layer FM1 with a fixed magnetization direction, a free magnetic layer FM2 with a free magnetization
direction, and a read-out magnetic layer FM3 with a fixed magnetization direction. in", is the
magnetizgian yRelrRLdnG piARGY MAMIRIE XY M. Figtd:laedRonalizalignarciaatife free
magnetic layer FM2; and tii3 is the magnetization vector of the read-out magnetic layer FM3."10The
pinned miagiceticstaiter kbbicand thewrer FagretigdasamE ViR drafoepariatednby hdifisenpepm@gnetic
layer Ni that spatially separates the two layers FM1 and FM2 such that their mutual magnetic
interactidiyis Mkt acIEhemesasiEgae fedayernrvith Ave tHblecarEBitiiahetic layer FM3 are

- separated by a second non-magnetic layer N2 that spatially separates the two layers FM2 and FM3

! : ' n
“such that their mBtEEFHRGHERRNA S ARIEH € it F12PRE PHEICUR PR csﬁéﬁaé\ﬁ% is
typiCs’?‘”Y SizRelin HRARMESISh Q- Y B?el%séft@% ARPreMately-2 QR viks; fr_omﬁdﬂﬁﬁﬁﬁ%ﬁ current
source is connected to the pinned magnetic layer FM1 and the read-out magnetic layer FM3 so that an

electric corgsati¢ daretrEYErsie tihe phitdraevicengtis ditrpretdylis corseanalictb thespinhaebwiadnetic layer

FM1 and the read-out magnetic |ayer FM3 so that.the resistance gﬁ etic device can be
measurg‘éafgf[%e?eBr)ifgregd%??%g%éafrg%tﬁéﬁtg%}eﬁ]gl %118?133?; c?e ?ﬁ/?g%ﬁggrﬁeo%ﬁﬁﬁ%ﬁﬂ%rmaﬂon
FM2.

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

10 memory device shown in Figure 4 and for comvemience, 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 initial state of the free magnetic layer FM2 before the current I 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 layer FM2. Figures 2A-2E and 5A-5E show the change in the
orientation of the magnetization vector m, of the free magnetic layer FM2 as a result of applying

the current to the magnetic device.
Figure 6A shows a form 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 foliowed 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
can be positive, as long as the two cufrent pulses are of opposite polarity. In both cases, the state
of the magnetic bit will be changed from ‘1’ to ‘0’ or ‘0’ to ‘1’ {(i.e., the fina] state will be the

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

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

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

- 12 -



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 pulses are applied to change the
logical value in the magnetic device. The magnetic memory device described above and shown in

Figure 4 §loi@S.PuR bleQntiRmalio RN hEHEE MpselhdaYRb FMaHas £ Single,maghekzation

vector rrn2 with two stable magnetic states. An electric current | is applied to the pillar-shaped

magnetic/eoRmeLy denddessentizatdbeapecHmMEnt hdlowvedhrough the various layers of the magnetic
memory device, from the pinned magnetic layer FM1 to the read-out magnetic layer FM3. The applied
current | resultshiguretiGih sfews kargaplendriertemespormitge pivnec magn evita e mming the free

magnet Ia)‘/%'l’ulrzlle\:{lezr'co ectec'f i%u,&%% xgé_Se%csglOVr}aIOSte e?v%getrs] omgtﬂlo]gi()f Wr'ti‘;“rl%ai\nforr%ﬁt(i:gn using the
magnetic T0 memory device shown in %Illgure and for convenience, Eilgr;‘fjres 5 ly L8 the free

magpeticypyet, iM2 angihe: magnelization vactpidizaoiibe flag-nagestisuayer ivd2rdkighg 5A
shows the initial state of the free magnetic layer FM2 before the current | is applied. As shown in

Figures SESSereapiityithg %%M??Wigﬁﬁéﬁfﬁﬂeaﬁﬁ PR QSTsHANiTIn Aigheeait 9 $BYresults in
the trans{g %%%‘9?4'%?8%‘&?&‘%&9&‘ [%%M@&R'&H%%E@f%@y&lﬁﬁ& 18 at a constant low value, At

the final state shown in Figure SE, the resistance is at a constant high value.

Thus, the states shown in Figures 5A and SE correspond to a logical value of "0" in the
10 initial state and a Jogical 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 m, 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 f.he 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/en’, 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 kOe. (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 puise of amplitude of
5 mA is more than sufficient to switch the layer. The current necessary to switch the device is
reduced by decreasing the size of the Co free layer; increasing the spin-polarization of the current,
for example, by using a pinned layer with a higher degree of spin-polarization; and decreasing the
25  in-plane anisotropy or decreasing the Gilbert damping. For this current amplitude, a 35 psec pulse

1s sufficient to switch the device.
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15 FM1 to the free magnetic layer FM2. Figures 2A-2E and 5A-5E show the change in the orientation
of the magnetization vector 512 of the free magnetic layer FM2 as a result of applying the current to
the magnetic device. Figure 6A shows a form 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 '1 or a '0'. Alternatively, the first current pulse can be negative and the second current pulse
can be positiv ‘long as the.two cur ulses are of opposite. polarity. In.Lo S, L tate of
the magnetic mﬁﬂl %ceg ¢ anrsgg}/v rg?nqﬁeé:g)%p or %¢ 618 i.éfsfﬁaglﬁﬁa{f s%a?ep\?villi?ect?lﬁé%ceonrgg ement of
the initiah glaie:oh thalribar2 el B ity ant Piiss sialsiths regeasiontithe-maonetzatian vector
Fri2 of the free magnetic layer FM2. After the completion of the first current pulse, the second current
pulse is ppiptiactitowron thbeprésepiiveddased asiclicsiage . | Moy thiazephibodinm ene ghitalnaligstc
memory device of the present invention, the precession is stopped when 18Q0 rotation of t
agney AT RSB 7 oFHE TS Ty P S Edeavb e g B BLE T8
examplengh thecarrespepdnmiesisianceinhtne de e assspastyed PYOHies \(edRieM cBaeeted to the
magnetic memory device shown in Figure 4 with a small current 5 applied, i.e., a current intensity
much lesé tRaysthReusedirPthd8RA08n2pM3Es. THeecrergstdirswitecréndass diter 8 durrBmtspises of
Figure 6A are applied to the device. At the initial state shown in Figure 5A (before the first positive

current ﬁ&@é}}”iﬂ?é’r€’§iméqguﬁieﬁl%rfgfaﬂ%fﬁw%lﬁéi“ﬁ? i1 ethes SREANTT iR SR the
reSIStan%%ls/s \?etr? ﬁ@é}ﬁlﬁﬁt Jﬁﬁ@o\f%qarge 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 Information

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

15  magnetic memory device. The read-out magnetic layer FM3 has a magnetization vector 7, 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 antiferromagnetic layer and the ferromagnetic layer and the large
magnetic anisotropy of the antiferromagnetic layer results in a hardening of the ferromagnetic
layer so that larger magnetic fields and currents are required to change its magnetization direction.

The resistance of the magnetic memory device is very sensitive to the relative orientation
of the magnetization vector 7, of the free magnetic layer FM2 and the magnetization vector 7,
25  of read-out magnetic layer FM3. The resistance of the magnetic memory device is highest when

the magnetization vectors 7, and s, of the free magnetic layer FM2 and the read-out layer FM3,
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Thus, the states shown in Figures 5A and 5E correspond to a logical value of "0" in the 10initial state
and a logical value of "1" in the final state, respectively. The magnetization vector 1722 of the free
magnetic layer FM2 in the final state shown in Figure 5E is in the opposite directiOn than the
magnetization vector th2 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 SRIGEISERe fﬁraﬁﬁ%ﬁl Brieri AR $EaliafBYor REYnaeaMiOde 1B 208w \REn FOr a

free layer comprised of Co wi magnetization density of M=1400 emuicd, a Gilbert damping
parametefeaneizdddtabs Ria-prlarnzatian Bl o ek R-of0244 M Rrrdipplanasuniaxialanisetropy field
of 1000 kOe. (In this case, the in-plane uniaxial anisotropy 20constant K is K=7 x 105 erg/cm3.) For the
purposesiggthisiestimiatong thiengle fredstayer imé&isulfehitickean ddewsnldterabeiménsidns of 6Gam by 60
run. We find that a current pulse of amplitude of 5 mA is more than sufficient to switch the layer. The
current rfeeEsHANTD WwhitEhtheldbvitedsasaeicelttsy BMEreasing 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-porafizedicrieipiinn eérba InngubiécsBIA - Plelne ainisbihspirask ¢t dragrste MyerGiart
damping. For this current amplitude, a 35 psec pulse is sufficient to switch the device. With a device
resistande sf 5o0Rni isreitlien dngiriddipation-ms el aigumis witle fyy magnetization vector 1, of

the free magnetic layer FM2, depending on the orientation of the magnetization vector m, of the
free magnetic 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 #, and i,

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 stable

15 magnetic states and s 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) 1s then aligned

such that each of the four magnetization states has a different resistance. This requires that the



dissipation value can be compared to the energy needed to switch a magnetic device with a spin-
polarized current when the pinned layer and the free layer magnetizations are initially aligned along
the same axis. Recent experiments show that this requires a current of approximately 10 5mA 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 10-12 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

(he 12198 GEENLENSilER:(t, A6 A BAVE BRUBIMAIRNARR ARSHR GoFHENRGINEAYS Qpatated such

devices at curren es 5 times greater than this value for 10extended periods (approximately 1
minute) with Do device; damagr.(see 8. Oezyilmaz et al., Phys. Rev. Lett. 91, 067203 (2003)). Method

For Readin Information The read-out magnetic layer FM3 is required in the simplest implementation of
the
Example
5 The operation of the magnetic device was simulated using Landau-Lifzshitz Gilbert
equations including a spin-transfer torque.
Figure 8 shows the amplitude 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 vector ., of the free magnetic layer
FM2 to achieve a desired state of the magnetization vector #,. 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 components m, and m, of the magnetization vector
m, of the free 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 initial state, which corresponds to Figure 5A, to the
final state, which corresponds to Figure SE. The magnetization components (m, , m, ) are able ic

switch between (-1,0) to (1,0) as shown by the present invention.
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15 magnetic memory device. The read-out magnetic layer FM3 has a magnetization vector ni3 with a
fixed magnetization direction. The magnetization vector riz3 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 antiferromagnetic layer and the ferromagnetic layer and the large magnetic anisotropy of
the antif@[aqm@@gic layer results in a hardening of the ferromagnetic layer so that larger magnetic
fields and currents are required to change its magnetization direction. The resistance of the magnetic
memory deviceTBa/kighsenativexdersrralagimioferitatirine ofaatniyghey S5SrEIEEib PHIR Y the free

magnetic layer Iigand é?ﬁa&}?%?%zf%?'S”e}’aﬁf&?ﬁ 11322908 read-oul magnelic ayeh EM3, e
resistance offﬂ%e magnetic memory O%VIC IS |g?1est wﬁen?he magnetization vectors ||1§ and W13 of
the free miggnetiglarentMs: amdid)erend-autidayeick M3ha pspecivebntare Whanipanatakalignment.
The resistance of the magnetic device is lowest when the magnetization vectors ih2 and of the layers
FM?an&PM@?%%’édﬁ}é%ﬁ%ﬁfg At pAPRTENAIRSEHEYThus, a simple resistance measurement can

determine the ofientation.of {he magnetizatian eCier rip2Afilbedies mpeReticRyerFMe.a The fixed

orientation of the magnetization vector 77 h 3 of the read-out magnetic layer FM3 is set so that it is
either in patdlle for amiy papditetialiy snebrs witbothpumagné tiratible victormii2iefitee freparmagmetic layer

FM2,d di the orientati fth jzati tor hi2 of the f ic | FM2.
Since (n BHEATATEH ol e EG S A DALion 55 BFIFS HSEHBRATE 0 ERZ SVERES o that it

can be roiatodriBthathe mmﬂéﬁﬁa&w%&&@ BBehftic 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 ferroelectric RAM (FRAM);

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

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

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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100f 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 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 info, 'nation. FIG. 7[[6]] shows an example of a free
magnetic layer FM2 with four stable magnetic states. A magnetic memory device comprising a free
magnetigtayeh Mz Wit siable masnstissisiesdepblodastoméwehitsef jdanmatienidn this
embodiment, current pulses 20 are applied to switch the magnetization between directions that differ

by 90 indtesedled 180LTHisheaftiicativomiphistidadhy dusibhrpmens il arrdrdm feigh aperdx@mple, the
current pulses_can be smaller.in amplitude. and/or. shorter. ion. The te: t layer (FM3) is then
aligned S O B e e B B RO D0 i th
the readout layiemagietizatiomnet dfaye aipin-glesie comporentaibgiduoinks,paralielto aayenf the four
states nor at 45 to these states. Example 5The operation of the magnetic device was simulated using

Landau-{HF£8ARE & ABREERIEGn S RERIGIAY ATSpifHiF0RSaH BT iR rehablei R &S KBNS W dfhplitude
of the cuirentdnRNtLaRPlisLI0 the MA0RGHEMEMP Y AGUECSBIUNIRL A kR et TR afdending at

t=30 picoseconds. This current input comprises two current pulses similar to the current input shown in
Figures 8é¢anat 6y on stochastic (random) processes or fluctuating fields to initiate switching events.

According to one embodiment of the present invention, multiple bits of information can be
stored on each device so that even more information 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 fxulses. The
pulse characteristics (shape, amplitude, and period) can be chosen such that each pulse individually
does not switch the device, yet the combinéd 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 combined 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
AlLQ,, 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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10A 16-picosecond positive current pulse is applied to the magnetic memory device to start the
precession of the magnetization vector M2 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 magneti7ation vector r722 of the free magnetic layer FM2 to achieve a
desired state of the magnetization vector Fii2. For magnetic memory devices, 15the precession is
stopped after achieving a 180 rotation of the magnetization vector rii2 of the free magnetic layer FM2.

Figure 9 showsghyadnagpetzaliancomPRNSRRMN a0 BY Sijhe NRYUBHIZAIONNEHA, Shihg ree

magnetic layer FM2 in the x- and y-directions shown in Figures 2B and 5B. The magnetization
componéhsemgneimdting dieoneastiréd duringagneiafteyeth&Mpplidaton oithe 20cuerént inpatishown in

Fi 8. .Fi 9 that th tjizati tor /712 of the f tic | FM2
150 from 12 R S AR CBRG A0 B G5B THE A Cate IR EOTPESs o

Figure Sk thoe-spagRaHZATINR QOB SIS (R of K 126R: 0 @ dOnBpiHEs tREDAGER thi 181 4d:0) as
shown by the present invention.
5 layer NI and the free magnetic layer FM2. The device readout is performed using current source
B. The voltage is measured when a small current from B passes between the free magnetic layer
FM2 and the readout layer FM3. This voitage will depend on the relative magnetization directions
of the layers FM2 and FM3 so that the magnetization direction of the free magnetic layer FM2 can
be determined to read-out the device. This device has the advantage that the readout signal is large

10 since the tunnel junction resistance can be large (1 Ohm fo 100 kOhm). Readout signals can be in

the range.from 10mvViolV.

Structure of an Annular Magnetic Device

A pillar-shaped magnetic device 1100 having a closed periodic structure is illustrated in
15 Figure 11. Magnetic device 1100 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, perpendicuiar 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 {ree 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

-19-



Advantages The high speed, low power magnetic device of the present invention uses energy only
for read and write operations or logic operations. When not energized, the information is stored without
significant loss. Thus, the magnetic device of the present invention, when implemented as 5a memory
cell, can be used as a non-volatile memory.  The non-volatile memory provided by the magnetic
device of the present invention is 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

providespsgyerl pgvantagesuidcpPerivanansaniitie Nukshaesdylonneuesiaaiels gaviee of the
present invention compares ‘10 favorably with flash memory and other types of non-volatile random

access ragieoey (RAM), subhres conpiénionaliitagriefioRMBENIR AT aperers deMe piciRMM (FRAM).
The current-induced torques act only on the ma&%etic device that is energized, '%e , to which a current

is applied. TherdYo R RTHRENFHGIRYE MHG AR ERRBE SR RirS S R B s e S TR RS agnetic
memoryntgggf.&ﬂléﬁgéﬂﬂ%%ﬁﬁmﬁn&ﬁgﬁ%&p&gFeﬁe%%ﬂ@g"gai@qayéﬂqtﬁz@cﬁm,@gs%walk")

between ne oring elements’in the array, unlike in conventional magnetic memories in which
magnetidighuisioni g gshasiC o plishedl gadsinghmagneti fiefits] grad UEEY b psriesdbtufesgecthaying wires
near the magnetic elements. The method of magnetic switching by current induced tort

provided, THekpresehtliaamBrsasusay thah i Ere Bt SRE RS STHEY UBE fits fbtic fields
to switch, gt maghatzalon tesiian. dhasa. RN AR OREAIRRS A HigdrrRent

inventior! CAN be complete nanosecond time scales. Conventional magnetic hard drives are
very slowigompareisgdie mannetisinaenenyghiheopreseffidientiaisineddtisgchnvetiionpinhard
drives have data access times of the order of milliseconds. The method of magnetic switching by

current iGDERATIH RS PRORACRECHpRIBIHRNSE R85 IAVIERIch PRGTHHESIREbBIREIOT s is especially
advantageous fr uge in portgble lectionic deyices, e melipd ol MAGNGIE SHIYGHING by current
indd2ed torque provide %ﬁe pr s_en{ invention |s¥deaHor sub-mlcroﬁ scale devices since the lateral
dimensiqp-pé BermagneHssleVier as permalloy, cobalt, nickel, iron, and alloys of those materials.
Additionally, alloys including non-magnetic elements, such as copper, may advantageously
reduce the magnetic moment of the layers. Alternatively the free magnetic layer can include
magnetic oxides such as Cr0, or Fe,0,.
15 As illustrated in Figure 11, each layer of the magnetic device 1100 is preferably ring-
shaped (i.e. annular). An annular shape can minimize the number of edges or sharp corners
that may act as magnetic nucleation sites which reduces stability by increasing the rate of
reversal of magnetic helicity. A symunmetrical 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 nucleation and reversal of magnetic helicity. Geometries
that include sharp corners provide strong nucleation sites that encourage helicity reversal and
are preferably avoided.

25 Typicaily 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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of the present invention may be less than approximately 200 urn. Therefore, the present invention is
scaled to allow the fabrication of ultra-high density memory cells so that a vast amount of information
can be stored in the magnetic memory provided by the present invention. The basic architecture of the
high speed, low power magnetic device of the present 5 invention is straightforward, and read-out and
write operations are reliable and are less sensitive to changes in temperature Unlike conventional
magnetic memory devices, the present invention does not rely on stochastic (random) processes or
fluctuating,figlds-duiniiiaSVHCRING BYENtBe  intHEAKIBHNI Or9pRAPLOFIMENt QishRPresent
invention, multiple bits of information can be stored on each device so that even more information can
be storegiogthexmagmaticymemanses 1 SoThenist posvef reagrestico shatgsthehyloutyent induced torque
provided by the present invention can he used for logic operations, as well as for magnetic memory

devices. Since MHBRERORRIESHGIIPENISH et RN AT 1AL SR A5 AT B U FAIURABEY OB the
current gg&&%{%ﬁ&‘ﬁ GRS PHISS 10 P BC R C mrﬁ@s%W%g%U%hf%éﬁ&d%UEﬁ%@e

combined to produce a logic function, such as an AND gate. For example, two current pulses can be
combinediimdbrisegindeaa rticediyt puisesihat érgvengesathetebeyisferatriotets the ‘Shim, ahé¢hazenaf current
pulses. The pulse characteristics (shape, amplitude, and period) can be chosen such that each pulse

individudfty 46EETBEERRCAAASHEG S, etahe RehiBHER Bl UBOS RIFEHINS WEWERTHRISS; this is an
e Blodb WO AREI AR IEME S ST RNIGHING 108 Slole LHMedIR: AMOT Sn0 A e

operation can ned to uce a NAND function, which Is a universal digital logic 20gate (i.e.,

all digital logic fssveliging&ai PeaganstiuGiechl eumbANE! gatesapnetiziiefecare Seyerakpaasibie
geometries and layer configurations that are provided by the present invention. For example, an
embodiniéht be the sitadgtiahe Hegicdof thaippadartnpiehighh Meip BEIEEigisy SHEEROHS ftt current

passes tiough the free magnetie laver EM2 durng e, dbsiations. This,s IliS(aleg i Fig, 10 which
shows an embodi nto € present inventuon Including current source’A, current source B, and

layer 12 jubiehiis@bih by ingulatinddayimeadeisdHifasafasrerammplg. néhis ayigabinyebi2ns 0.5 to 3
rim thick and is thin enough so that electrons can traverse the layer by quantum mechanical tunneling.
In the devikgnetieanon nmigdaeasgrrenidhulse sharsizepplider wing davmasssobeisavahe enberl sigse

magnetization directign of the free, magnetic layer FM2. Using cyrrent source A, current flows from
VL to (RSEAH o Bk A B A AL o R A RO L TR e

magnetic,jayg&EMA Y plieation @figlectrons at the interface between the non-magnetic 5 layer Ni
and the free magnetic Fayer FM2. The device readout is performed using current source B. The voltage

is measured wHésizisgithtisepmeperfiomaBipassepcdotwemmtithe fice srapnditigayéfemhghdihe
readout layer FM3, Thi§ vo;(t}%zg_e will depef%g{on t e‘frélative mz)g)netization jtr,ectio s of the Iﬁgers FM2
and FMISSARUEAHR RAIRSATOR SFETon SRiHe TReS NaRLRARE Ay E o2 HERBHTHEd to
read-outype.deNice of His deMics,NasiRtadyaniags aldng RadRVERIINGMISIRAS, 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 stable 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 radius can provide a very stable magnetization. Thus, if it is not a goal

of the device to modify or reverse the magnetization of the device, a magnetic ring having a
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10 since the tunnel junction resistance can be large (1 Ohm to 100 kOhm). Readout signals can be in
the range from 10 mV to 1 V. Structure of an Annular Magnetic Device A pillar-shaped magnetic
device 1100 having a closed periodic structure is illustrated in 15 Figure 11. Magnetic device 1100
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

magneticgliciy: i3aand smageelisivaciennaving v ies dirgatiopiahadkedstemaneg,angle. The
free magnetic layer 20 1110 preferably has a free magnetization helicity 1115. The reference layer
1130 prefedabhngetst ages goeatee hisdhe angedhsiseomentum. The free layer 1110 and the reference

layer 1130 are preferably separated by non-magnetic layer. 1120. The reference, layer 1130.is
preferably maghetRAIhAPRRIAR A ¢ %Bqaﬂ}% ﬁiﬁ%ﬁ&%ﬁ@?&?ﬁfﬁﬁ% 3 W@ﬁ%&ﬁr%ﬁ‘?ﬂggnetic

state. This,Braperty:can.pe agRi ek enampls. by A3HsIngAdAYE! Hiakis thiskerthan hadree layer

or a material having a larger magnetic anisotropy than the material of the free layer 1110, such as
Cobalt, theol ifatphaseahfi@Rt-or EeEldyke layientdistruatiire safmolidthwibd\ mkatiatibernathely, the
desired hardness can be achieved through exchange coupling to a thin anti-ferromagnetic layer, such

as IrMn STEERS _IaYthé%?tS’n-Prﬁﬁfﬁfﬁ@‘E Ié&?ér 11 PR BREREr PRGN NSRREs 2pifi%tbrdRtif ofthe
reference MAONGHGAYEE L1 PAEUING,SRIMUANSROMLAGEYSEHIE RPbMPINENGI NS EE Y eLiys, the

spin
P having a direction at a predetermined angle 1236 and a fixed magnetic helicity 1235.
Preferably, the predetermined angle of the fixed magnetic vector 1236 is substantially
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 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 pulse from control current source 1270 may initiate the reversal of the free

15  magnetic layer helicity 1215. - The spin-momentum of the reference magnpetic layer 1230 may
be transferred to the free magnetic layer 1210 so as to change the magnetization and induce
reversal of the free maghetié 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 control current
source 1270 can be used to 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 spontaneous magnetization in a ferromagnetic material) that is substantially
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5 diffusion length of the material used in the non-magnetic layer 1120 is preferably longer than the
thickness of the non-magnetic layer 1120. Examples of materials that satisfy the desired properties
include any of the noble metals (e.g., Cu, Ag, Au). The non-magnetic layer may also be an insulator
such as Al203 or MgO. For a sufficiently thin insulating layer the spin transport will occur by electron
tunneling so as to form a magnetic tunnel junction. 10 The free magnetic layer 1110 preferably
includes a soft magnetic material having a large exchange length, such as permalloy, cobalt, nickel,
iron, andygliQyaiel thogereatetian Adiitianaih, ileys indudingeprpmagnetis eletentaserah as
copper, may advantageously reduce the magnetic moment of the layers. Alternatively the free
magnetiofdbe freamingiade layayheinpXidies such as Cr02 or Fe304. 15As illustrated in Figure 11,
each layer of the magnetic device 1100.is preferably ring- shaped (|.e.. ann ? An annular shape can
minimize the ndhi5EP5 E&‘@"&g‘%#gﬂrbzgérﬁéﬁ% ﬁ%‘ﬁ%rﬁ?%%@tca%yﬁfa%ﬂﬁ% A%% gt Pgtied fich

e n'sies w

reduces Stapiiy (% IREIRATING NG Fale of e vRtzalot nvg&p.e%@%&&y-r&agﬂmm@m&rmsswcture is

one of the preferred shapés which can be usedto avoid unwanted reversal of helicity, however the
present ivkixidn fmayxatipempioysinanylayaricus iorimsief closatiqiviothptructrreswhidhummg provide
similar advantages. The lower the rotational syn,uneﬁreégf the shape of the device, the morﬁ/llikely it is

that certailFegicRReIAIIhRMSRIERY Brismatrtialiefdhfdreaiay Fverdh Bemay Hehh iyt
o re DA Bt KIPHGE SR Pl DS S G Bl R0 RACRUE AL EOER ERdEE ol o o o

and are are known in the art result in a tradeoff between
the stabilifyepfisheStospr infnrmmat drore mie Sertech pycthelisee MaQhetic layendplicityldyki 3 26d the
speed and power requirements of changing the information.Typically, as the stability of the

programﬁf?ééhH@ﬁEiﬂ%Fiﬁd@%ﬁ:@%ﬁﬂ_%%@b&i@ﬂ@&é}&é@’%-Jﬁa‘ﬁ@éﬁ’f‘e‘ﬁéﬁcﬁﬂﬁﬂatm&?ﬁ@j%yeometriés
ma)(%o royﬁ%es\q/fg&{dsgae%?errpg_qge&z 9 o Eit%t' e 'xﬁ(%%%i?@ﬂ%r@%&ﬁa@%“i% [eversler
y n g5 di

19
mechanism of ring geometries' may be wea epen on ri ameter beyohd a critically small
size (e.guivpRlKtERS RENanRMEes)ef Mescliie Bi18 ahthadavrmaayfaoidemagrititallaytactor
when compared with most presently used geometries. Thus, ring geometries may enable a gnreater
range ofhpdisithd248 reaiscid o citnsiiassts.c.. the magnetic helicities are both clockwise or bo

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 orientations 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 orientation and a counter-clockwise orientation. The reference layer 1330

preferably has al fixed magnetic vector 1336 having a direction at a predetermined angle, a

fixed magnetic helicity 1335, or both a fixed magnetic vector 1336 having a direction at a

predetermined angle 1336 and a fixed magnetic helicity 1335. Preferably, the predetermined

angle of the fixed magpetic 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.

~23 .



Several factors play a role in the stability of the magnetization of a ring. One factor may be the size of
the ring. For a given magnetic field, there exists a critical ring radius for i0 which a ring having a radius
equal to or greater than the critical size, the stability of the magnetization of the ring is relatively
independent of the ring size. The stability of the magnetization 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 magpefigdayicoeandesesigasionyyeichdhsimnaanctzatipngithe devigeels ggnerally
stable under static operating conditions, but can easily be changed or reversed by applying a current
pulse to apgideyice. Spadifitgiyisdorcsosm thd dejeastiedt negudsstaieiaihy HEkY frercaerEpkiceri®ih no

applied current, the magnetic helicity can be easily revers y lying an electrical current. The
eIectrica?‘EﬁFFeA%&%@@f&&tﬁﬁoﬂfﬂoﬁg%ﬁg d;é}gfgﬁtiIii?ﬁg‘fi:ﬁ%aﬂﬁgeeff%é’ﬁ’\’/éi?flg%nc&rﬁgn{he value

of the criigal.rals QL g ThY'SeARRA%0eYcingepsignd neas thererficet size imstapl and does

not experience unwanted reversal under normal operating conditions, but can be reversed by the
applicatipomémel ativelyrsfeabaumenietic lavkr AR38henpnbpectimfahislinyentiing apgagietiyeing device
that has a radius greater than 25or equal to the critical radius can provide a very stable m,agmnetization.

Thus, if !ﬂéon%ﬁ 856 ANaREs PRI I G RS RSB YRS hah HistiT SR SPrereHe Beeid S Ragnetic
ing having & RAEENALIP JIRE'E 1B hIRGH SRR uERR D200 Sihi b BLCRP AR

memory in a wide range of Sizes greater than the critic Figure™12 illustrates a magnetic ring
device 1206 eRIRBYE: B5 A MagRetidsndrenoelemenin Riafetab puthe ifrahenuagodticdayeid?10 has a
magnetic helicity 1215 with at least 5 two stable orientations - a clockwise orientation and a .
counter-Blaic kit dresrnagaeticiigcichebsityd Hyen poapprarelastyirad s HaBnetic vector having a

fixed direction gtggrgldatr%g?igggeaﬁag %grﬁ? lac%%g%r;?é%ggﬁqgig%mﬁ%?ﬁ g&b&sgi(%g &’Eagnetic

vec_ltgr having a direction at a predetermined angle c helicity 1235.

Preferabhetha pastetsypinescapate of thevbred aragndatice vasiasicBods shstantalynay stop
perpendicular to the plane of the reference layer 1230. The reference magnetic layer 1230 and the

free magrieticthaysscaml gable pretdsahzishaFtawigvsy. . SerpRLymene PHAs 1gmontrol current

source 1370 can be used to stop the reversal of the free magnetic Jayer helicity 1315 more
quickly.

15 A reference layer 1330 having an easy axis (i.e., the cﬁﬁrgeticany favorable direction
of the spontanecus magnetization in a ferromagnetic material) that is .substantiaily
perpendicuiar 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 :ﬁay 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 non-magnetic layer such as Cu, Ag, Au
or a thin insulating laver such as AL,0, or MgO. Small asymmetry in the ring may facilitate
nucleation and reversal through 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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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 pulse 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

12151in _é‘e‘fé?&%%iﬁi‘agxlé%ﬁti%ﬂeﬁﬁglﬁﬁfm%i%% PR 140e @%@Eegrfi&?qﬂgmﬂgbéﬁ@h%fr&e
magnetic layer helicity 1215 in a 20counter-clockwise direction. he electrical pulse from control
current souroeth 200kwisy iowtisdth theursseckakofithy fiecrestipnet alayer thelibitgict2IBXReyelsal of the

free magnetic layer helicity 1215 may stop when the second stable state is reached. However, a

second ESABALD STEIRLIRBIAIRG EafrBRERtiR &y ©oIR)iekh bt uged Bestprimes BHersliofie free
magneti%éﬁglg; IT?QE%‘J@%%@Q&S &?&HS&V A reference layer 1230 having an easy axis 1236 (i.e.,
e dir

the energetically favorab ection of the spontaneous magnetization in a ferromagnetic material) that
is supstantially Cpergeidieuinibie thefiar magoefiddaies iitatiarrdqaildocdatietyspiphiransfes induced
reversal of the free magnetic layer helicity 1215. A second reference layer 1263 with fixed

mag netiéflﬁyléi*hEﬁéﬁ‘}@%@n‘?ﬂ%éﬁ%ﬁﬁ@%ﬁﬁod?ﬂ‘?éﬁﬁéh_@it?aﬁaﬁé“bpﬂlﬂéf%@fn% Aevicdhyer. The
fixed magpetic heliGt tclasnd%gév%ﬁp '?mvgl?erf%&ér‘fi‘t%n%%’rt%égﬁ'?ﬁ'?% ?a%ﬁ%ﬁ%?%fﬁ#ﬂé%ﬂj@??iz c f;iih

retas.re[ah
Iayer or a material having a larger magnetic anisotropy n the ma

as Coballedheil:l 0fhaseaehbirRiideeRd) anlnyamdisisucbtiesddfaphalfuakeickey. Aikevagcond

reference 1263 layer is preferably separated from the free magnetic layer 1210 by a non-magnetic

layer 12688 penfermerig 6 Behiendios-ardghatiemeptaprbenn ol athfRy9al BIcaroniecsdbe Bpveingdlating

layer, 10 the second.reference layer 1263 and the free magnetic | 1210 form a magnetic tunnel
juné?lon.Wpﬁqeoﬁggl}ﬁgg%&?gﬁa@%?%mny Siffgtg)r{dc e 8 ?3§ghc%-gﬁggﬁgﬁgfgygﬁﬁrgﬁcity 1268
are in thgsame SieaHan tbaratheI909REIIR haliciies aneBot mReNiscARAOM: GRsigitlagkwise),

the resistance across the device 1200 may be generally smaller than if the free magnetic layer helicity
1215 anthyie iéfrencthensefasticdayagheicityyee3s Hiclins Bavppokive dinextions, thBrebyrite

diffe rentigi;[fie{r]gtiggtg\{rec%% Egecgvn\églgtteadb ltﬁrg{ligegtc%tril(t)aré% ? &{8 %v rieC [:na% r&lee}gilgég % :clhzr:cléc(;)t 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 include a magnetic contact portion 1363 .;Nifh a fixed magnetization direction or
helicity 1365 and an insulator portion 1366 that separates the magnetic coniact 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 1390.
Preferably, the thickness of the device is approximately 10 to 200 nanometers and has
an outer radius of approximately 0.25 to 1 micron.
Typical multi-elernent 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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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 orientation
and a counter-clockwise orientation. The reference layer 1330 preferably has a fixed magnetic vector
1336 having a direction at a predetermined angle, a fixed magnetic helicity 1335, or both a fixed
magnetic vector 1336 having a direction at a predetermined angle 1336 and a fixed magnetic helicity

1335. Prefeiily, $hacRredeierminegdangepbine dixed magnalicuvesial k380 iscuehstnotiator
perpendicular to the plane of the 25reference layer 1330. The reference magnetic layer 1330 and the

free magivetio kmpgrat 300y emrefdiehiekisparated by a non-magnetic layer 1320. The direction of
the free magnetic layer helicity can_be changed or reversed by applyi electrical pulse across the
layers of magn&¥igelfce %&9%“‘?%83‘?%0?%?%&%&ﬁ?&%nig%p%}%%%%a{%rﬁg%%dﬁ e tsl@% and
contact 1340nThe-poise From eentrabauwsanhsouicsud 3 maxiinliale the rauersalal thrafieg magnetic
layer helicity 1315. The spin- 5 momentum of the reference magnetic layer 1330 may be transferred to

the free inagirstitiahyies aRP0dsd siochangainnvhagrdfisation anhduhdiitdordeisy otitiiefke
magnetigcl(g%erfhﬂicigy ]13}15. An electrical pulse in one direction across the device 1300 may set the
free magn |c(1ayer”?1eel?c’ffy'1315 in a clockwise direction, and an electrical pulse in the opposite
direction may sahihedseenmagoatitolayefffieficityctSbBiin afcauntarg onkyiserdiisation ko The

electrica pilag TOMLEPRIENEN S0ieid HAMRY daiale fhedaretamha’ fipdapdasneye layer

helicity 1 eversal ree magnetic layer. hélicity 1315 may stop when the second stable state
is reach&HOHRARRKFS: [y s sRareler it Hifige ‘ﬁ%ﬂ?%%%f%?&uﬁ%l‘%&ﬁ?ggé IR %é%é% stop the
revegsal déttrerfycmay dgrveties | dlyisr haticityy1 auSmorengaherlizall Speling ndbdafiickneso Hating an
easy aXigéhfisothe %ﬂgg{iﬁ@%{eéﬁ\@mﬂﬁ digggtion of the spontaneous magnetization in a ‘

ferromagnetic erial) that is substanti perpe icu [ 8%({ £ m?gpeﬂcllﬁng 1310 cap lead to
faster spin-tranrgfae{?ﬁ%%J%ae%l?eo\;gsr'ls% ?E)c t?}uéy re%égm{aagr%t% I% er%eﬁjﬁcit 315. Curren?; injection need not

L ] Y _
be symnSSBeEIReSEAINNBEti SR IHETUPREREIRES HaNGE oo be achieved using magnesiun- oxide

(MgQ) insulating barriers. The magnetoresistance refers to the percentage change in resistance
15 between states in which the layers are magnetized antiparallel and parallel. A
magnetoresistance of greater that 400% has been achieved recemtly with MgO insulating
layers. With an aluminum oxide insulating layer, a magnetoresistance of about 30% has been
achieved. Either of these materials as well as other insulators may prove useful as the non-
magnetic layers, NI or N2.. o
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/nm electric 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 layer of the device may include a material with a perpendicular
magnetic anisotropy. A perpendicular magnetic anisotropy gives a preference for the
magnetization to orient perpendicular to the plane of the layer. Thin magnetic layers are

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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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 non-magnetic layer such as Cu, Ag, Au or a thin insulating layer such
as A1103 or MgO. Small asymmetry in the ring may facilitate nucleation and reversal through
spin-momentum transfer. Pronounced asymmetry could reduce 25the magnetization stability, which is
undesirable. The state of the free magnetic layer helicity can be determined by measuring the

voltage or resistaRcaREOhIbRAavige al #0kbEr e diferdnagneditalay Poheliaipit 3 dBogn ot
reference ARG RN RAl PRI AIRIPIE-ANE ACElPMmY Ry AR Rl hielGliRs@re both

clockwise of both counter-clo Wlsé) e resistance across the device 1300 may.be %@g rally smaller

than if tﬁé’f%@%ﬂ&g‘ﬂ?ﬁ@?&?&%‘@ﬁ%‘i’t}%ﬁ%l%&%@Wé?@%éaﬁ% RHRIRLFe PRI 4%538%e in
oppositarigaetionmta@inrentlyxaugilaibthedgnetc mémmersddevicaseypidadyrédiiiradasanply high

Cu”?mso%r%ﬂéqwtmgeﬂ?&%% EQr\éHiIﬁé NfPEraagien AuCor 'U@déhﬂﬂl"@ MacRtahelicityiRbémeesice),
whereas readout.is oreﬁ with r curre ts but egl,%lrefhm3 e rea%o%) signal. The ring geometry

of the mglﬁf'?é{?cl,sd%\tlﬁlé% 2058 ressee% ﬁtease CoRtra %ﬂ‘l faments. y allowing the performance
of the reading Zhib dansngopesdorinpaifarentin CasAs ofhtmeievile. sSRors\te et can be
performegihy-aaoireffisieent fouier i evdficting Bide Paitaige thuseerienant wiiteatipritelord 350,

which C%ﬁﬁ%%pﬂ{?&{é%?%ﬁ%mr@mstﬁfe MBS Yeb 06 thesaiaiensn mAsRelc layer

1330 thus ow Impedance. The write opération circuit is completed through contact 1340 which

cartbe pRREdS Eﬂf@éﬁ&%@ﬁ%&&"ﬁﬁﬁ%‘?ﬁ‘ﬁsf’%e free magnetic layer 1310 or the reference magnetic layer
1330 to comp|dtketifiesd Buiecisitrargneézadoicditegion switthes iEaEPHIOBEAHIONCEHTSE: FR¥Srfel using a
separateiegpsiautsiFsuiRpadspniass 48B0camaglpdRarmagnatinepotant pquied 186Rviith a fixed
magnetlzatlon d|re lon_or ulgt R netic
contact fggf rom t urr 8V|5e$%§é§ﬁgrggg ?g)%lr&n%g%qrﬁf ne%%ﬁgr%?a&%?ﬁon v?ﬁg i dr(raks:%e 1300. A
separaté%qfééfdéﬁfseﬁfﬁ%%t b b 86 cﬁﬁré@‘fﬁf‘é a‘@nﬂ?&“&ﬂ??@ﬁfl gFB&’éYth%“ e{ﬂ%% 7500 which
is measuarsshbypoltagewerésistandeereadwent 13gditude Frefarielynghd bhisesscizstithedgadive is

approxingately ke 29 RRrame teEsARshhas milek rarivedok ap Araximmdehe &b Amterkimiomon.

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 multilayers,” The European Physical Journal B, DOL: 10.1140 (2007); and {3] ] J-M.

30 L. Beaujour, A. D, Kent and J. Z. Sun, “Ferromagnetic resonance study of polycrystailine
Fe {1-x}V_x alloy thin films” arXiv:0710.2826 (October 2007)
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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 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<AlM5e understood that various modifications may be made thereto, and itis 5 intended
that the appended claims cover all such modifications as fall within the true spirit and scope of the

invention. 4 Mag&%g?ﬁgﬁeedéuegtwﬁ&féﬁ{gths PRRsibityPkye 4 JRraR M agnsAMmsistance that can

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

magnetic |R59LEREPSedIB AN FZAiAM GG THESRIRISR TS B¥REiMin P HFRTHAPY 0 electrons
may traversadfis{ryeshwgcantuavimg chaghieabtsmielingg hdi thiokndissctibthezinBulatwmris typically

between 0.3 and % Crir'eli)he ] \é/%@%?grg%*gﬁ{gs@%n%%w%%% %k%ﬂ%%@%% %mld It has been

shown expen?ﬁﬁgﬁ ally that eforesistance can be achieved using magnesium, oxide
(MgO) insuraganessriases, TramhagherRyasicames nite s RegneratemigriceianGe f ielstance 15
between statagraiivhieh We:Hperseate nagRreizesantipastitckbasd gaialsl. sdpaagngtesasistance of
greater that 400% has been achieved recently with MaQ.insulating layers. With an aluminum oxide
insulating | 9%‘?, rga}ﬁg%%cetgyggis rzllcr?:cséEl ’8? g aégu \é\%%e\gﬂs& g}eza %%h%éhvegganm?ers %%?Hqé;@ r‘ﬁaterials as
well as othenagselitdaganiag!pdesandesulaierthbitoimsafisardialfdrsueh sha 2ledopstedyat current

must pass through he iRsHALNG,IayenQiing: the wdfsiinaiprgcess. An exception to this is the device
represented in Fig. 10, in which there is a separate electrical contact to N 1. This means the insulator

must not be damaged in the presence of this current or, equivalently, the voltage that appears across
the junctionan the presgnetécoddhiec oorentisiynansotethg asnetedaypically supgmretiaaton electric

fields befor%eq:%p%g%’nwmg%agnetization 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; 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 including one or more of magnesium oxide, MgO,
aluminum oxide, AIO or silicon oxide SiQ, the proportion of oxygen to the first

element need not be in the ratio of one to one.

3. 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; 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 iayer 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.
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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 layer of the
device may include a material with a perpendicular magnetic anisotropy. A perpendicular magnetic
anisotropy gives a preference for the magnetization to orient perpendicular to the plane of the layer.
Thin magnetic layers are 30 typically magnetized in the film plane. This orientation is usually a lower

energy configuratign; it reduces the Iaﬁgf ma_gnetosta}gc ener : To ori%gt the ma?_negzation
perpendicuffr to tHe PREE 1R PAFB SRR ¢ SgRBRE LMBBHG TS M EEIHE SumRFERtIGA% e compared
to the magnettstatn/egerdiredf thadagttration difeistioansheachieyretiovidyar mitmbeteaktifferent

materials. Qg examale allgys Oh 6, A PLERRRRE b8 Rin Cara06RI CRaNAAU, Co and Ni.

This can also be achieved by creating interfaces between dissimilar magnetic materials or magnetic
materials aftPaBHiRalElichRaserHERgm B ER fORUREIES [BYRetngrGRiBrdd B8P0 and Ni and
example Sahiméadesyartay esed-struckyrct CoanditlaonigmengiRn Ascashiaviage dikteese layered

materials is_that they .hee e crystalline; polycrystalli fice. is layer serves to spin
polarize the & rr}gri%gjilﬁré rﬁrgtgéié)gisgéﬁdzﬁlg%?gﬁg 3{(?(%% sg@éﬁ%‘gé%r?zézt%r% gé% |%|2%%%/m§nl |ssze[ljc\§jantage of
using Pd orfeeigiaapetie devsie drchtsagpieatyHt Reostim dpypin-SESIRIANG SVARIPREJDRRS the layer

spin-polarizatigReidiggelayRiusrin Polasizatitnahlisviersiedder gfficienhdgvise epeiatigna  The free
layer's magnetization direction swi chfeﬁin response toa curretﬁt ulse.Jt is qgirablﬁtt%g?duce the

amplitude JFFHRESIRRL BURRCESTEGE R RNE ¢ URET RSy Cisceumsie

8vice operation. glrrent requirements
are linked tovdunehiagietizatismdiensityo danigyeg 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 matBriBPYEHESTLES RS BHRING BLIANSF ARG QRN PE SRR PARIZB R tually the
material willbetoo hw/ngra Maghetig)etizatidh sthaekibbeanotedrthandlie isywichitigatusstoamplitude and

SWitching U A1 2 HeUAeRRHIRg™Q" EXARBRIR I HRIGRARARLA2LRBLABASTY EreRRs the time to
reverse the magnetization. . o
magnetic layer spatially separating said free magnetic layer and said pinned
magnetic layer; 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 and wherein said pinned magnetic layer has a
perpendicular component of magnetic anisotropy and includes one or more of alloys

of Fe and P, Co and Pt, Co and Pd, Co and Ni, Co and Au.

6. 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; 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 and wherein said pinned magnetic layer has a
perpendicular component to the magnetic anisotropy achieved through the interfaces

between dissimilar materials.
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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 25states 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] I-M. L. Beaujour , W. Chen, K. ICrycka, C-C. Kao, J. Z. Sun and A. D. Kent. "Ferromagnetic
resonance 4tudy of EptRsRIEderer AefaIdia 4o SRR EBFEIR PR eHRIBYATEI BT 10.1140
(2007); anddjStlehivh20ietiB eaiiials Aobpdicrg BodNi &.Feu, dicgtrofitageetitzresolsance study of
polycrystalline Fe_11-xIVic alloy thin films" arXiv:0710.2826 (October 2007) Claims: 1. A magnetic
device comprising: a pinned magnetic layer with a magnetization vector having a fixed magnetization
direction; a3ree mAghadeatyaeyin CRMPASInsh& riagRePagBRtigdaysF Malifyracenshigiitne
magnetizatigt@ireetiy a fixstinpagnagnalis layecisnatiniisenajMngisaid Jree anagretiadayer and
said pinned magnelc tayer; leadiont magnelicayer wilh a magnetizatioyeglop hayipg a fixed
magnetizationdirection; and & second non-ma&ne iC Iaye?spa%la y séparating Lail ires magnetic layer
and said resd@uttinagreticskaliatiwheperating seddnitasonmapaktidasgeranelusiid arringdilator which
is sufficiently dhinauedythal elerliansiaayHavsyee g DaidgtibyigHa/ME! mRGaRieatgNNeling. 2.

A magnetic device com'li)risin . @ pinned magnetic layer with @ magnetization vector having a fixed
magnetizatDAHREAB AHRISRaGR R FR5RG AR HIEREE U Keh GBS SRRAEIR SR thy o
changeablersrmagnagizetio negse ction saidirstatbonhagagtietiayeyspatiadie ise ffar asegpsdicidree magnetic

layer and sgid pinped. magnelig\axar,a ieaf-gui AGRSTIcIRYREL A & BRdRsZalipRyegor having a

fixed magnetiZation difection; and a second non-magnetic layer spatially separating said free magnetic
layer and s8RPrealYS Phighdlicarg ée /i alipvehefdBesn &R g ey i @de¥esdh insulator

including ongteEMeretddnagnesienpxide, MgO, aluminum oxide, A10 or silicon oxide SiO, the
proportion of oxygen to the first element need not be in the ratio of one to one. 3. A magnetic device
comprising: a pinned magnetic layer with a magnetization vector having a fixed magnetization
direction; a%ree mégnagnatigeeifn eamuising: e mngaetagnalivdarsr Walirgraagngticrime

magnetizatig-@ireeliony 2 fixsinpagnaanalis layver Rtk senaradingisaid fige snagretiadayer and
said pinned magnetic layer; a read-out magnetic layer with am netization vector h ving a fixed
magnetizati’BﬁQﬁ?é‘@Bﬂ; aﬁ%%)rs Wn%n-ﬁ%?&? ela@@?@%&%??y séﬁ%‘% |rr11’g asalﬁsﬁeneorﬁagnetic layer
and said reachgnstinalgmeticskatElywhepeiatthe seddntiasommaggetiticdager dndusieis aviringdlator
including magaasim.gxide, M, thal has a0 spiaKie) @mss@ﬁmewiﬁafﬁie@m@e of the

magnetic layers, either the readout magnetic layer or the free magnetic layer. \ magnetic device
comprising EEEaINAGIEGHI5y 8P AR E A MR BRIRSIE BYS RRALR LR 8BALGR & tion
direction; afteee magrealic lkyer avith aide astdnet nmagpretizatiyrvecterdiaving astmgeable
m"’.‘g”?“zag%% 5 &t_igpéraﬂ'éﬁ}o%g FURIS 12¥er wRakal aﬁ%é%ﬁéif’cf%%@?ﬁ%@?r and
said pinned magnetic fayer; a read-out magnetic layer with a magnetization vector having a fixed
magnetizatRiedifeeathobne. Alseedha Avh Frllpyetciydi SpdtalNseiparating said free magnetic layer
and said read-out magnetic layer, wherein the second nhonmagnetic layer includes an insulator and

e ARSI PS8 B I SRS iR RS s opy
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; 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 and wherein said free magnetic 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.
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5. A magnetic device comprising: a pinned magnetic layer with a magnetization vector having a fixed
magnetization direction: a free magnetic layer with at least one magnetization vector having a
changeable magnetization direction; a first nonmagnetic layer spatially separating said free magnetic
layer and said pinned magnetic layer; 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 nonmagnetic layer includes an insulator
and wherein said pinned magnetic layer has a perpendicular component of magnetic anisotropy and
includes on&lor mérenefaditiy siefifte cnth Ringoaapidrey CegmdiedyeovaideNtiaQosdingtian. 6. A
magnetic deyige GaMRESing:-a RiAgALiTBASREHGAYR Wilke MApRsUZagnecRIhAYIBE:A fixed

magnetization direction; a free magnetic layer with at least one magnetization vector having a
changeableHRSRFIER R0 NHIVCHH N s ChBRPRAG IR fRAg) el sdirath §"ehidIfse magnetic
layer and saidgpisiie dapagnreticdiy essparaddgostivagaetimayentivitgemagdetizatigirvedtor having a
fixed magnetizati irection; an - ti : ' ing.said free magnetic
layer and sg?ag?é%% -(%J&gr%aggmﬁgﬁcglgy%%%%%cg%g etm%ﬁe]%oﬁ ' n%’%%%rﬂﬁ%@%?%adg’gﬁn insulator
and whereifmaanginaiier draghieticaeddr pREPEDBAFSHARMAHE carapshRtRity thearRAetRI%Nisotropy

achieved thyauohihaditerigeesahetemen-gisstilangatadalayer! Wikednagnetieemdcadecording to
claim 6 wherein tq.e 'nterfacqs e betwe(?qocgifaf%{je&%rer}g%ngg% rf‘pgéeriglsnggc risirnlg gc()) I}Ji or Fe or
alloys of th8SIBRIhEE" BYK r%%aﬁéﬁ%u evice comprising: a plnnera r%agne |(¥?ayer \/\}ljt% a
magnetizatisithvaretor aviagiaierdtnagnetization direction; a free magnetic layer with at least one
magnetizatipn veciorhauing yshangsabiesmeanetiraiipmeisstionyafiistne paganeiiaikyer spatially
separating said free magnetic layer and said é%inned maﬁnetic?l’%\(etr,; 6[1 read-out mia netic layer with a
magnetizattiF P SR PR AL es ARAAFZGHRR AAGRSH Ulr & 18R, MR S ?e@%ﬁ‘d“ﬂgh%ggﬁte%qayer
spatially sepm@tmgamd fx@etmggwﬁt‘ig Iayehamgiaaaiel negdm(titaﬁagnéi;_iedmwr,wlﬁatginmne second
nonmagnetieIayetid Aide AR AR ALARY BRI SR IAmEIRINSNE aKar SaRIPHiRRENe Of more

of Co, Ni and Fe and alloys of theSe elements, that are further alloyed with a non-magnetic element.
9. A magnetieersiicdsmprisayod piaseatinfysetdthgeraans leriagnas iR ol ¥fling a fixed
magnetizatipaghiegiction aitetisnagnetic fayendvilbratlegst oneyeagpetiaafieapsatvighsaiing a

e e SRefae e i ad PR adnsE e el AP WAL RERRAL LG AR e adnele
layer and saldeplnn%demagr?'etlce\ayer, a read-out ma ne‘ﬂc a¥er with a magnetization vector having a
fixed magnétecnwsic dsstiopludas ansiseyifionndhidogieiit sayefrepanagpelispayaing daréfree magnetic
layer and sgjgiread-esttimaenetic layer, wherein the second nonmagnetic layer includes an insulator
and wherein said free magnetic layer comprises one or more of Co, Ni and Fe and is alloyed with Ti,
V, Cr, Mn or Cu. 10. A magnetic device comprising: a pinned magnetic layer with a magnetization
vector haviri@.a fixadagoetatidation dimptisingadreiemdgneativatyavaitivith Rastanediaatienetization
vector having 3£hanarRAR mRARe Izl AiERiany adifsl RREAERAEGIANRR SRty sRparating said

free magnetic layer and said {)lnned,magnetlc layer; a read-out magnetic layer with a magnetization
vector haviftPa lEd ARG RAILTRAY BFe B ShPRPEIS cOBSa BRI FIERIPY e J¥lid Separating
said free magngititayeyeandpsaisllyeadpauimageatic fegenmabeséin thesseaondsaghmingadtic layer

includes an aagienand Wt sitlASERIBPURIEN ShEGTBRLSR UBRIBF AAONRL! iVl and Fe

and alloys of these elements, that are er alloyed with an element which increases magnetization
damping. TEgRSHERjiREtditROMRE G Brisnsend pRhBRIRaERdNelaSRF Rt SERAABIRAIZZIHN vector
having a fixpddnagpetigatiapeditaeticnia ftaa-mnagnetadayeaydth ahleant ane saagnetiaation vector
having a changeabie madneizaiion direction: 3 fish nonaanells e sataly sqpajayno sai free
magnetic Ia?/.'é?l and-sai plnneH magnetlcsféyer, a read-out magnetic T’ayer wit magné’tlzatlon vector
having a fixied ndsgrenizasigateliretisn sasiffisisatp itim o dbpietie ¢hipep spavidiBvessaiating said free
magnetic laygy,ang ggigggﬂgrﬁ)%é@@gﬂ@éiqdﬁugﬁn(?/_herein the second nonmagnetic layer includes an
insulator and wherein said free magnetic layer is doped with one or more of Pd or Pt. 12. A magnetic
device comprising: a pinned magnetic layer with a magnetization vector having a fixed magnetization
direction; a feee magmeticdtiyetewith atteastinneamagedtizationtivclet@nr vdlling raagnabigatdyie

magnetizatiog, diselifL 8 e iagRansiis BrersaRiR ks chasLng skl Ik sagklniaver and
said pinned magnetic layer; a read-out magnetic Ia%;er with a én%%gnetlzatlon vector having a fixed

magnetizatiBRIREERHAN aMBc 5 BRPNENS AYeeaBHARRNsEBEFHRRY BaliSte®Riagnetic layer
and said read-out magnetic layer, wherein the second nhonmagnetic layer includes an insulator and
wherein said free magnetic layer is doped with rarelearth atoms. 13. 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 free magnetic layer and said pinned magnetic layer; 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
lavvar wherain the cecond nonmannetic laver inchhiidece an incrilatar and wherein eaid firet non-manonatic



magnetic layer spatially separating said free magnetic layer and said pinned magnetic layer; 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 nonmagnetic layer includes an insulator and wherein said first non-magnetic
layer includes an insulator including one or more of magnesium oxide, MgO, aluminum oxide, A10 or
silicon oxide SiO, the proportion of oxygen to the first element need not be in the ratio of one to one.
15.A magn@&irgtelitcdacemprisiiallya ssinpetnaagrietid feysnagneicnmaydletBicitide doNRaAving a fixed

magnetizatigg Hegetiansa drasmagnatiglaye 1iyih atleast Qv magnelzalivmyastps kaying a
changeable magnetization direction;g first norg{]na netic layer syatiallétsﬁ?garating{said free magnetic

layer and sAPIRRRYPRYFRHOTa IS & RS MREEIRERE sy BY HittP R R ARtV

iof V&Ctor having a
fixed magné@mﬁmgnﬁt@ﬂmragnhamcicmeddaqm-mmmetic I@y@r,sp@&aﬁy %pasgﬂngdsamhfre_e magnetic
layer and sqid jeag-qut SagRRiieAVR!. MARIRIN A SRAEAG QMagREtiGlakRlRgiidRg 4N insulator

and wherein said first non-magnetic layer includes an insulator mcludinﬁ, MgQ that has an epitaxial
lattice arrarlBeHisHt SR IHEBIARI G ARRTE 18] SragBrpbMHEe ﬁ%n@'ﬁ@‘l’é?y@} or the
pinned magnédis laeor silicon oxide SiO, the proportion of oxygen to the first element need not

be in the ratio of one to one.

18. A magnetic device comprising: a pinned magnetic layer with a magnetization
vector having a fixed magnetization direction; a free magnetlic 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 fayer; a read-out magnetic layer with a magnetizétion 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 and wherein said first non-magnetic layer
includes an insulator including, MgO that has an epitaxial lattice arrangement with at
least one of the magnetic layers, either the free magnetic layer or the pinned

magnetic layer.
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