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I nvention PCT/US01/ 08080 Technical Field The present invention relates to
menory systens and in particular,to systens and nmethods for witing data
to maghW® P Aory systens using spin-polarized 5 el ect PERUSALARISO
Background Art The predom nant nass storage device in conventional
conputer systemis the r I A } drives are relatively

| ar ge, el ectronmechani calgﬁé\%wgﬁﬁgéﬁa@gﬁggwens of gigabits of data.
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sl ower than the nanosecond tinme 15 scales at which processors operate. The
di Scr etOR REAMS| eave the processor starved for data. One proposed data
storage systemthat nmay provide both higher data densities and faster

access ti o8, JNARUAR T peddfifhbAthis ipRcdcokadPedivehiuaal compuayrs

spi n-pol ari ons to read data fromand wite data to a storage
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Pat ents No. 5,546,337 and 5, 64, 706 descri be systens that enﬁég¥ i n-
pol ar i thadcal sot tesoftgigabitantdata. Tha stored dateds REGSAsED t%fPB%a‘b BFapiG ??‘Ea‘il]'he
di scl osed systens 1

that rides on a cushion of air above the rapidly rotating disk. The read/write head moves

10 radially to access data in different tracks of the rotating disk. Data transfer is limited by the
speed at which the disc rotates and the speed with which the read/write head is positioned
over the required track. Even with the fastest devices, access times are on the order of
thousands of microseconds, due to the relatively large mechanical motions and inertia
involved. This time scale is at least five orders of magnitude slower than the nanosecond time

15  scales at which processors operate. The discrepancy can jeave the processor starved for data.

One proposed data storage system that may provide both higher data densities and
faster access times than currently available mass storage devices employs spin-polarized
electrons 1o read data from and write data to a storage medium. Electron beams can be
manipulated by charged-particle optics, which operate on time scales closer to those seen in

20  processors. U.S. Patents No. 5,546,337 and 5,64,706 describe systems that employ spin-

polarized electrons to transfer data to and from a storage medium. The disclosed systems
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beans fromthe magnetic nonents associated with different storage
|Ocati0’060?)5}53t9§‘e mediumto read data fromand, arguably, to wite data to
these | ocations. One problemwith the disclosed system PSTAURAVOS0H:
characteristics of the storage nedia 5 that provide desirable magnetic

pr operscawes spinskplaniged slqctgnbeary from the alagastictiesentsragsneiated witlogdfersnes, i . e.
to wite data, using electron beans. A typical storage nmediumincludes a

r el at isvsraye lobitivris@yiahe fledAiROBEd d&ta foheardahrgustl ¢ Nodsrite daa 16 igkse deposi ted
on a layer of a conductive, non-magnetic material. This conbination of
mat er i aqoﬂy_ers creates a quantum well. Using a thin |layer of nagnetic
material forces the easy axis of nagnetization out of the 10 plane of the
magnetic | ayer. The resulting perpendicul ar nagneti zati on supports denser
packi ng of Ohepmbpneivit 1RodiBilosedishaemis Hae iR thatabhMi @ WA thelRbRg®iredia €. -
the storage locations. The thin nagnetic |ayer of a storage location is
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sour ce-t o- medi um s%;l)aration&grovi des tinme and space to steer the beamto

the 1PPRIHEY &8 QivGilgglata Bung elgpronbragiser? typialsig@ermediim insdndes i vers t he
beam el ectrons to the nmagnetic |layer at normal or near normal angl es of

i nci dembtagyely tein layer o€ adnagokiae mawrinh sudhhdsnroagFe), deposited om addyet bfa magnet i c

| ayer. The volunme of the magnetic |ayer sanpled by the el ectron beam
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el ectrons in the magnetic |layer ("target electrons"”) to which the beam
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el ectraqn V@J Fs (eV), At these energies, the probability of an incident
el Wct rRiane Hfdhemagathrdayss. (e repuline pernesdiculas magReUAMiOm BURRRSR SERSET | ayer i s
greatly reduced. The

packing of the magnetic domains that represent individual data bits, e.g. the storage locations.

The thin magnetic layer of a storage location is illuminated with a spin-polarized
electron beam emitted from a source located as close as a few millimeters above the storage
medium. The source-to-medium separation provides time and space to steer the beam to the

15 targeted storage location. However, this geometry also delivers the beam electrons to the
magnetic layer at normal or near normal angles of incidence, i.e. perpendicular to the thinnest
dimension of the magnetic layer. The volume of the magnetic layer sampled by the electron
beam (“interaction volume™} is thus rclativ‘ely small, and the number of electrons in the

magnetic layer (“target electrons”) to which the beam electrons couple is similarly small.

20 An additional problem is that electron beam sources produce electron energies of
several tens of electron volts (eV). At these energies, the probability of an incident electron

being bound by the quantum well formed by the magnetic layer is greatly reduced. The

2
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of magnetic material, the normally incident beam and the high electron
energy thus limts the strength of the coupling between the spin-polarized
el ectr SHOIHEHM and the target electrons. In order to fliRCTHHYIOBRS state
associated with a storage |location, the relative nunber of 5 spin up and
spi N genbinatliccsfthe shinlsyier bPmagnedt seteribfthe posilly-inatent dearopandebé highs ns
restore the status quo. In ferromagnetic materials, exchange interactions

anonge L Oeo Pl REH GRS 1iﬁ?§?he Mvﬂgtmﬂﬁ@aiupﬁ% BetWeah thePirpSibaRideiddian t he

mnority spin State. a relatively smalT portion "of the dom nant spin
el ectLons [ eract“\‘g/i th the spin-polarized el ectron beam any spin
f1i ppPFfF £P7 BigdEst BF-HNE beam wi || be aneliorated by spin-rel axation

mechani snms. 10 Effective spin flipping thus requires the incident beam of
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the magnetic materi target electrons) over a relatively short tine.
The el ectron beam nust, eff ect critic unmber of t.ar |
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reestablish itself. Systens have been devel oped that allow the coupling
bet weehe satnque| by feremagmetisireaterialn sxehaaee deTaeliops among &he lerirons make
magnetic material to reverse the ngjority spin state. For exanple,

ScannigOddridnRel spitdstate ¢icrs sRPRIN{nThdAin@ingIspin ssamanifiaveiativelg stralitpostion
positioned within a few Angstrons (A) of the surface of the nmagnetic
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formed by the magnetic |layer and nove laterally along the |ayer, allow ng

A8 et £ QMR TR plrahBa ensa bk ot o115
interact with a large number of electrons in the magnetic material (target electrons) over a

relatively short time. The electron beam must effect a critical number of target electrons

within a spin-refaxation time, or else the dominant spin state will reestablish itself.

Systems have been developed that allow the coupling between spin-polarized
15 electrons and the target electrons in the magnetic material 10 reverse the majority spin state.
For example, scanning tunneling microscopes (STMs) employ scanning tips that are
positioned within a fcw Angstroms (A) of the surface of the magnetic layer. The scanning tip
may be modified to cause spin-polarized electrons to tunnel from the tip into the medium.
STMs may emit electrons into the target material with energies substantially below 1 eV. As a
20  result, the spin-polarized electrons tend to become trapped by the quantum well formed by the
magnetic layer and move laterally along the layer, allowing each incident electron to couple to

many target electrons before it exits the magnetic material. STM's can provide very high spin-

3
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several mcro anps per square nanoneter. The conbi nation of quantum well

t rappi ry high current density has been denonstrated to reverse

t he naag?lgpfggygense of a thin magnetic film The STM geoheVF§O 8 %physi cal
transl ati on mechani smare not suitable for high 5 performance storage

nedi aPeleprsdeTesh densiins, e gasfyeal midie 2pPs B SquaRinaneetsr. Thsscombinstirngit i p

to the surface limts the area of the storage nediumthat may be scanned
by defhantmmnell trepping eed von highanrrehndendity hasdseen Sdivbsutarsd togeteesethe ques
translate the entire STM apparatus relative to the nedium nmaking them

too s gn&grscggéjgp§§gﬁnﬁ@géticcfﬁh{_ons. The present invention address these
and ot her problens assocrated with witing data to to nagnetic nedia using

spi n-pol arized el ectron beans. Brief Description of the Draw ngs The
present i n&ntSTv peametre and pleysiiaboranstdtion merhenismaee bt suhabié 6drlogh ng
drawi ngs, in which like elenents are indicated by |ike nunbers. These

dr 3w BEForfhce S EHaedia abbilcABbAR For LRarfifik Sk 8ibse BRARNTIPBE e QLariliy i €5 et

invention and are hot intended teo limt e scope of the invention. Fig.

1 Al SC .1 ¢ _representation of system f.or readin nd. w.iiing
ragnets oA s HEPAERRTE SoPbkeRoedhad i FRy el b0 e el bl LD, o\
di agram of a conventignal_ magnetic recording nediumfor _use with 20 the
syst etlesiroppgamy hp additom S3pvb scagmmg techniques translate the entire STM apparatus

relative to the medium, making them too slow for processor applications.

The present invention address these and other problems associated with writing data to

10  magnetic media using spin-polarized electron beams.

Brief Description of the Drawings

The present invention may be understood with reference to the foliowing drawings, in
which like elements are indicated by like numbers. These drawings are provided to illustrate
15 selected embodiments of the present invention and are not intended to limit the scope of the

invention.

Fig. 1A is a schematic representation of a system for reading and writing magnetic

media using a spin-polarized electron beam.

Fig. 1B is a block diagram of a conventional magnetic recording medium for use with

20 the system of Fig. 1A.
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t he spi n-dependent transm ssion properties of ferromagnetic materi al s.

Fig. 3 ts the center of nass scattering anplitudes for el ectron
pairs t%@ieillg&ggr allel and anti-parallel spins. 5 Figs. A9CTASY 0880 nat i ¢
representation of one enbodi nent of a systemincluding a spin-dependent

el ectron t Fi 2i1p agemplifetaadmads] dstrgingdbnspinopendeririransmgssionaB i s a nore
detail ed di agram of one enbodi nent of the spin-dependent electron trap of
Fi g. fropeftieg.of ferremagretic weatergyhy: esenti ng the nmean free path of an el ectron
in asolidas a function to of its kinetic energy. Fig. 6Ais a
sinplified band nodel of a half netallic material suitable for use with
the presehig-idreerrsewsh themegter ghmassealicsingammitedes SoredecHonPriry hengt at es
data for the half netallic material N MSb. 15 Detail ed Di scussion of the
| nvenpamtlellane dnoil-panallelgpoisscussi on sets forth numerous specific details to
provi de a thorough understanding of the invention. However, those of
ordinary skill in the art, having the benefit ,  of this disclosure, wll
appr eci at e hgrafA 5@ STheraaits TSPFFF&@“‘!?@ of P embadiment %&ﬁys{eﬁbglélugﬁk% fic 20

details. In addition, various well-known nethods, procedures, conponents,
and cispedependeav electron tlap énactesianidoenh thre pledeai invemionr der to focus
attention on the features of the present invention. 5 20 SEP 2004

Figs. 4B is a more detailed diagram of one embodiment of the spin-dependent electron

trap of Fig. 4A.

Fig. 5 is a curve representing the mean frec path of an electron in a solid as a function

10 of its kinetic energy.

Fip. 6A is a simplified band model of a half-metallic material suitable for use with the

present invention.

Fig. 6B represents calculated density of states data for the half metallic material

NiMnSb.

Detailed Discussion of the Invention

The following discussion sets forth numerous specific details to provide a thorough
understanding of the invention. However, those of ordinary skill in the art, having the benefit
of this disclosure, will appreciate that the invention may be practiced without these specific

50 details. In addition, various well-known methods, procedures, components, and circuits have

not been described in detail in order to focus attention on the features of the present invention.
5



WO 01/ 75894 PCT/ US01/ 08080 The present invention provides a systemjfipsep 2004
reading data fromand witing data to a storage nedium using a beam of

Spi n- pk@eirAes €l ectrons. A systemin accordance with t@?‘%@{?ﬁf“g@é b
| et ween

i nvention enploys a storage nediumthat pronotes enhanc

the spi n-,gﬁl arized el ectronsd of the B.eam 4b am el ect ons."é and t he

el ectrons OF° BeHElAR{EREoR Ripy]des 3isysiedoTepling daigdram ang wiiking data to a

el ectrons"). Beamelectrons_of a particular spin polarization are

pr ef eRterage Medium,usHigctbsam ef spin-paanzedaleqtoas.udsystemdn gagardance withyte,

al l owi ng each beam electron to undergo energy transferring collisions

Wi t h pnebdnt plventian graployh actoragesmédivmnbattphemoepptainte cppling bétaveera diei on. The
spin polarization of the beamelectrons that are preferentially trapped is

10 de§mpPoReidedylebtbéhs Bt bdan SBkdn stea&@nsof afd¥Re 8leBéAs 0¥ Mhgreli 1aRgNet i C
material at the target |ocation (target electrons). This majority spin -

stat e ] . i a h I tion. .. The el ectron beam
e airh ok StoReHRedilf (BAREHeCUSE] Bl biefipons B balRuiaf SEinSofiiaGh, o o1
its conponent .el ectrons (beam el ectrons The magnetic state of a |ocation
may b&e AriFspEdlhyarRed] ﬁa?qmrgth@mchuae%'{’r FrepfUicHays, dlavding sachaam havi ng
a net polarization (majority 15 spin state) that is opposite to the

maj or elegtrepiorindeegoeenefgyttraas teannpeolbsions wighaultipls tapgea glgcirens havingithe
accordance with the present invention includes a magnetic material that

I s sabppdspbesinlpelaeetiospi n-mirror materials to forma spin-dependent

electron trap. For one enbodi nent of the spin-dependent electron trap, a
| ayer of a_hard magnetic material is sandw ched between first and second
| ayers of Jp¢ epinipotagizanen eff thabsam elscieons'thaiyeee prefegentistlgtmpped ne or nore
atom c | ayers, the actual nunber and conposition of which nay be varied
t 00 t uBEleithifed by firIhajesitydpin Batesdlithe €leqing eftheahfekiOmatariapat the BRpdHEP 2004

location (target electrons). This majority spin state deterrnines the magnetic state of the

location. The electron beam has a net polarization that is determined by the majority spin

state of its component electrons (beam electrons). The magnetic state of a location may be

flipped by illuminating the location with an electron beam having a nel polarization {majority

15  spin state} that is opposite to the majority spin state of the target electrons.

A storage medium in accordance with the present invention includes a magnetic
material that is sandwiched between spin-mirror materials to form a spin-dependent electron
trap. For one embodiment of the spin-dependent electron trap, a layer of a hard magnetic
material is sandwiched between first and second layers of spin-mirror materials. Here, "layer"

20  refers to one or more atomic layers, the actual number and composition of which may be

varied to tune the properties of the spin-dependent electron trap.



WO 01/ 75894 PCT/ US01/ 108080 The spin-mrror material is a magneticel® $EP 2004
pol arizable material that is characterized by a relatively |Iow density of

el ectr at its Ferm |evel for electrons in a fi ' tate
and a re gt’%ify hi gh density of states for el ectrons .f@’@%ﬂ"&ﬁ
apposite s&i n state. This_  electronjc structure increases the probability
that an el d&f FBW‘?’HTQTHB“F??ISRagﬁ‘gﬂe%"?ﬁi eolafztdemptenal ‘Qatt'ﬁéh%rﬂ'?‘ﬁﬂ?ﬁdr Yor
material will be reflected rather than transmtted through the spin-mrror
mat er aatlatively &fw densitytdfelespion states mbits hartredéval fqpeteetrdesinsyfinst spopsadent
transm ssion/reflection for electrons in a range of incident energies.

Whi | e afigti@élhmbety Wghhdegiki@ps Bitattfan eleirénsdf ASkdrAS oppdsit® ik SfatdTEbhiPe used
for the present invention, they will not be as effective as those having

zer o denghhic %?’Hcgthg%itélgﬁegsegggﬂnﬁ@k:%tp@yﬁé@iah%mcﬁoﬁ Ef%ﬂg%};gﬁk@g@?ﬁ%ﬂeﬂ%ﬁg-& 10

El ectrons i n € capt ure € spin-mrror

materials. by injecting.themjnto the i n-dependent el ectron trap at

rePat i‘%‘m}"ﬂ%ﬁﬁ' taterab il E‘héﬁd@ﬁég ratferghan %%ﬁ‘%ﬁ‘ﬁ%’@ &he $RN-PUFRS | evel |
Col l'i sions between the incident electron and the electrons of the storage
medi umaterihlc én effiect; the ispiermiresr awtero peovides spinedepemdegy rarsmassienigdedtionwhi ch
the spin- dependent transm ssion properties of the spin-mrror materi al

becomgopdlp@rddBiin a lirpél ofiiMgdeho enmgiest Whildedériad with g6 thdhezebo\densasr s of
spin-mrror material allows each trapped electron to interact with many

tar getofﬁ{aag‘egr%gﬁf%]us%ﬁ fBﬂﬁi‘atc ?F&%gﬂt%\fﬁﬁ?i%gﬂ?éi\lv[lﬂlét%%tﬁ‘gngtﬁm@ea@ ’ﬁ-@s@?ﬁ&i spin

mrror € res ng cou itates flTrpping o e 8pin

state of the. nmagpetic . nateria For o enmbodj nent of the invention, the
oo Rt s B Siafe” sialF e ki lebid e ow RO AARSi ol hal f weral s &

ferromagnetic material in which ferromagnetic decoupling shifts the energy

| eyel s for eﬂﬁ}&&oﬁgiigﬁgg@g §ilihéndybel APRFed BliwkOEhORRAShirfor Whdtiat{ at e to

provide th

by injecting them into the spin-dependent electron trap at relatively high incident energies, i.e.
energies above the Fermi level. Collisions between the incident electron and the electrons of
the storage medium reduce the incident electron's kinetic energy to a range in which the spin-
dependent transmission properties of the spin-mirror material become apparent. Providing

15 magnelic material between the two layers of spin-mirror material allows each trapped electron
to interact with many target electrons, as the beam electron is reflected between the two spin
mirror layers. The resulting coupling facilitates flipping of the spin state of the magnetic

material.

For one embodiment of the invention, the spin-mirror material may be a half metal. A
20  typical half metal is a ferromagnetic material in which ferromagnetic decoupling shifts the

energy levels for one spin state relative to those for the opposite spin state to provide the
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nmetal acts as an insulator to electrons in one spin state and a conduct or
to el ewoé]&% J4n the other spin state. For another enbodi nent of the

i nvent Fono VPR magnetic material is a hard nmagnetic matF&rT U0 AFH0 ¢ he
spin-mrror material is a soft magnetic material. Here, hard and soft 5
nagnetbiove descaibed Plsclapric gaeasinealAshalhetad acta ayen InsHatos g e EFONs 4 PBS BRI es,
respectively. Generally, soft magnetic materials have fewer mnority spin
el ectst@dand A coiductdrad Blecyony inttheothtespin staevel . Strain induced in these
materi al s under appropriate deposition conditions may perturb the

el ectronic_structure of these soft materials sufficiently to provide to
convert t HEsarofcscmpeimest af 1hF aneatien. hq BagheliaRaeTAl T3 furd andanetic
materials. 10 The increased coupling provided by the present invention

al | owpatehiel iddahe epiaahirmn saterial & s gpdCinbgedcspiteriat Hee, hardtandisefter energy to
a greater nunber of target electrons. The Pauli exclusion principle

e%surx%a AR s SRGRS¥rAIS haviaR $r8ér 2 sRiaRECIRRbViAL, Yesbectivalyget el ectrons
t hat %ve spin alignnents oppoSite to the majority spin state of the beam

ol | orireneralty bR EeesEus el B VS min Ul g8 Rt RLABTE PP T

spi n-dependent energy transfer to the target electrons enhapces the

pr obabermitgrvebf Stspiafiedusat imihespmateripls pwierppPPERprigiesienasiven FONdNQNSBYY det ai |
below. Fig. 1 Ais a schematic representation of a system 100 for reading
and Wpérhirb thedenednicsinucade af thife st matetiakaafficichly o psyvide-tpabavdrzhem

el ectrons. System 100 i ncludes a source 110, an electron optic system

120, ﬁate{g@ﬂu&mmﬂua{awiaié&near sliehRa8ICRdlenas140 and a control 20 nodul e

150 for ectron optics 120. Source 110 generates spin-polarized
el ectrons, which are directed to selected storage |ocations 160 on
st®rage nmedheinctéed cmiphiog pr@ddedby tppresentiadentiotallowhibe tsamratesronsii ude,
for exanple, electron beam m cro-colums. Each |ocation 160 on 8
a specified spin state to transfer energy to a greater number of target electrons. The Pauli
exclusion principle ensures that this energy is transferred preferentially to target electrons that
have spin alignments opposite to the majority spin state of the beam electrons (“opposite spin
electrons”) over those that have the same spin alignments as the beam electrons (“same spin

15 electrons”). The resulting spin-dependent energy transfer to the target electrons enhances the

probability of preferential spin flipping, as discussed in greater detail below.

Fig. 1A is a schematic representation of a system 100 for reading and writing magnetic
media 110 using a beam 112 of spin-polarized electrons. System 100 includes a source 110,
an electron optic system 120, a vacuum housing 130, a storage medium 140 and a control
20 module 150 for electron optics 120. Source 110 generates spin-polarized electrons, which are
directed to selected storage locations 160 on storage medium 140, using electron optics 120.

Suitable sources include, for example, electron beam micro-columns. Each location 160 on

3
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data bit. In Fig. 1 A electron beam 112 is shown directed to read or

write dgfonakgdyocation 160" . Each storage |ocation 160 tynleall 0#0”“ udes
a magnetic material that nay be nmagnetized in one of two orirentations to
represent a data bit in a high or |ow |ogic,state. .The §.t. al i gnments of
the meRPaES PELEh! E*agjé?%?sgﬁﬁ %/S%Fi&r ki, @"‘af‘ée“?&%?‘&}pﬁza{%g""' i n- down"
but the actual direction of alignment depends on the structure of the

st or aghrevtedita neadrorwriteidgta-aidevetiey 16X or age devices, the preferred
alignments are parallel and anti-parallel to a surface normal vector(n).

Fig. 1 Bis_a,block diagram.of an,enbodi nent of.a con i st or age
redi um 140 EXb NS e QSRR RAgHE T Taersisraral i ey be
anti-parallel to surface normal n. Storage nedium 140 includes a

rel at | magnetized in onpyafitwororienghens te represent aflata by ipa high ardewdeeis staleo et i ve,
non-magnetic material 148. The different crystal structures of nagnetic
mater i alo alibftheatcoMAd magngRkiion artgendrally fedBradeotas itpimupdamtizapin-dagn™, St r ai n
between the different crystal structures at boundary 146 forces the easy

axi s OfyTRONGEA Z6YeLG6h efﬁn%%ehmepeh@m thS sHRARRIIf thel B Akdiund, FFaaddi ti on,

the discontinuity at i1nterlayer boundary 146 creates a barrier that

coupl sHEP AR LEed SiFrs P e R R i BE AR A RIEAR B0 (i

of a location 160 as it is illumnated wth a spin-polarized electron
beam 11ta'.fac¢men§@n@étoam54 ifier detects the anobunt of current that passes
t hrough the nmagnetic |ayer rather than being reflected fromthe netallic

| ayers. 20 i n=pol ari zed el ectr [ 158G or ed
at one of Igggat]pdﬁg%fé% ‘g%ff"&?}fﬁg@"‘gg@‘gﬁ‘ ééfeig?%@tﬁ ﬁlﬁe&gg%gl%ggr@gmgf beam
scattering behavior on the relative orient ati?n of .t he b?amsand t ar get
el aet r designsidrio pooade magpedigations parallel or anti-parallel to surface normal n. Storage

medium 140 includes a relatively thin layer of magnetic material 144 deposited on a
conductive, non-magnetic material 148. The different crystal structures of magnetic material
144 and non-mangetic material 148 meet at a boundary 146. Strain between the different
crystal structures at boundary 146 forces the easy axis of magnetization out of the plane

15 magnetic layer 144. In addition, the discontinuity at interlayer boundary 146 creates a barrier
that limits charge flow between the materials. Non-magnetic layer 148 is coupled to a sense
amplifier, which may be used to “read” the logic state of a location 160 as it is illuminated
with a spin-polarized electron beam 112. The sense amplifier detects the amount of current
that passes through the magnetic layer rather than being reflected from the metallic layers.

20 Spin-polarized electron beam 112 reads the logic state stored at one of locations 160 by taking
advantage of the dependence of beam scattering behavior on the relative orientation of the

beamn and target electron spin polarizations.
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the electron energy |evels (bands) present in storage nedium 140. Fig.

i ncl ud igpl i fi ed band nodel representation of a fer i

mat er i gfogggdsgﬁat is suitable for magnetic |ayer 144. A‘{%}ﬁ%ﬁqgﬁbarri er
270 associgtedg.wth interlayer boundary 146 nd a .conductjon band 280
for non- mgiﬁgi’%?smgﬁéﬁ‘?fgyﬂé‘ﬂ‘éfe egfron E’I&%Ieé{aé%%ﬂﬂgg) HEWRhIN SQrage e |
known, the R({)Opul.ati ons of spin up and spin down electrons are different in
f er r omadiwgt 140 niaige? insludes Fisanpldiedrhand srodgkreprssenddtiono afegomegneticat erial i s

determ ned by which spin state is nore popul ated. An exchange interaction

st abi nameial 200t Bryaitatle fdrenagherdiyenBdt A tRineling baTiGD 70 Rsdvidiad Wath and
tends to maintain the net magnetization of the 10 material. Changing this

net i i i i PRI fehlcl e : . spi ns
Lol br RO ARy S AER cOlduEb Gordl 780 f0f Ok BapiiiE ol igheigl) OP 1S

tCSE aH wed, en 5% | evels for electrons in ferronagnetic nmaterial 200
(vert ?rcd'n;aossfn, 5 a function of wavenunmber, k (horizontal axis).

Separat e bands 220, 228 and 230, 238 are indicated for spin-up and
spi n-down alecieRRaowhdthe P§ﬂﬂ§ﬁdr&@f¥pin§5}§§}i§ in! dodhn c‘Pécfu%EE a&eaimﬁﬁt frands

220, 228 and 230, 238 I ndicates the en | fference between the two

spin aliagnnent states. -kerromagnetic rial 200 has ,a net .magpeti zation
Th ¢ nEreRR e S ER JrEne0RRERTator o B pRensit e ARt ariBe T R <pi n
dowmn electrons. A Ferm |level 260 is shown jn Fig, 2 to indicate the
hi ghe¥hicaHpHYSIAEdy BOTHPRANAIH Y excmnsqw@méawé@pmbglzsﬁ elgetransiiath00. For
transition netals, the conduction band is derived fromthe partially
fill epredemirzint &hsjonfy)tshim popojador atd mataloanain@irsthe asdmégretizaticaval the40 | i es
within the

10  material. Changing this net magnetization requires flipping a sufficient number of electron

spins to reverse the predominant spin state.

The band model of Fig. 2 represents the allowed energy levels for electrons in
ferromagnetic maternial 200 (vertical axis), as a function of wavenumber, k (horizontal axis).
Separate bands 220, 228 and 230, 238 are indicated for spin-up and spin-down electrons,

15 respectively. The vertical offset between bands 220, 228 and 230, 238 indicates the energy
difference between the two spin alignment states. Ferromagnetic material 200 has a net
magnetization in the spin-up state, because there are more spin up electrons than spin down

electrons.

A Fermi level 260 is shown in Fig. 2 to indicate the highest energy level occupied by
20 the electrons of material 200. For transition mclals, the conduction band is derived from the
partially filled d-orbitals of the component metals atoms, and Fermi level 240 lies within the

conduction band, as indicated. The actual band structure for transition metals is more

10



conduction band, as indicated. The actual band structure for transi%}ﬁggpzum
netals is nore 10 2 0 SEP 2004 WO 01/ 75894 PCT/ US01/ 08080 conpl ex t

that ingioqabhadsi n Fig. 2, but the sinple nodel suffices B%IPEEI%SRM pose of

this discussion. A spin-up band gap 224 represents a ban nergi es

' om RFEIRpi Ao e e kis- By B aRET Balsmod soriger or RepHbGH GBI r ons i n

magnetic naterial 200 nay have energies t hat faII above or bel ow band gap
224, Wligcussi®y namy not have energies that fall within band gap 224.
Si m | arly, spin-down band gap 234 represents a band of energi es between

ZFES??ZLS”{F%‘@%%&@W%Q‘ﬁ%cgﬁ%a%”%rbéﬁé bRy Bt Ao RGPl 2205, o

are dlscussed for ex in Kittel "lntroductlonto SO|Id State

Physi @d anoth they basd "ﬁo‘&c depesgiendigmywhichspuoe elestons arsexptded: Ehy. 2 are
a spin up el ectron 240 and a spin down el ectron 250. The energy with
whisch iglspot uposiect@4B in AB@neticamatenal &b maydwve eacrges ithat fidt ahavalor BEOWi tand
indicated by their position along the vertical energy axis. Spin down

el ect rap 2250t thdy'\Rhf REEhaQ8 eRERERS tHat fallWitIEhIbahd ZA22E SithiRAG! Gin-Ioh
corresponds to band gap 234 for spln down el ectrons in 15 magnetic

mat er i t from
ragne i 8aR 274 BRERHE Al o McReiOMELF R Rl 200 B aBERE RRG (LT
i nci dent ener.gy ces n.u electro 2 O0,at  an ener | evel
corr eﬁaﬂaﬁﬁg%@rq%ﬂgﬁcgmﬂgﬁr%aﬁ& ezﬁfﬁlde whapkmegs TeRRESenAton 8 240 may
nmove freely through magnetic material 200. If magnetic material 200 is
deposimaghetin matermhoare Wiscessadrfonepmytlé, an Kattedr {introdiiction to Sglid SweePhysisk'n up
20 el ectron 240 may tunnel into |ayer 148.

10 John Wiley & Sons, New York (1996). -

Also shown in Fig. 2 are a spin up electron 240 and a spin down electron 250. 'fhc
energy with which electrons 240, 250 are incident upon magnetic material 200 is indicated by
their position along the vertical energy axis. Spin down electron 250 is incident on magnetic
material 200 at an energy that corresponds to band gap 234 for spin down electrons in

15  magnetic material 200. Consequently, spin down electron 250 will be scattered from
magnetic material 200 with high probability. On the other hand, this same incident energy
places spin up electron 240 at an energy level corresponding to allowed energy band 228,
where spin up electron 240 may move freely through magnetic material 200. If magnetic
material 200 is deposited on a conductive non-magnetic matcrial, i.e. layer 148, spin up

20  electron 240 may tunnel into layer 148.

A location 160 comprising the magnetic material 200 may store a logical one or a

logical zero, by associating each logic state with a spin statc. The spin alignment of location

It



A location 160 conprising the magnetic material 200 may store a | og? 6&EP 72004
one or a logical zero, by associating each logic state with a spin state.
The spj lj.gnment of location It 20 SEP 2004 WO 01/75 / 8080
160 rraybnedsgdg’ad" by illumnating it with a spin-polari j’%ﬁ‘”’gﬂ@k@ n beam
and neasuring the e|lectron current in layer 148. |n the systemof Fig. 1
A, fololamanhs eread hey dlnminsingthyith@ spinepRiwied eilﬁffﬂ@k’?éﬂé@d Fyrimedhe 170. It

is thus a relatively sinple process to read the spin state of target
| ocat¢lestrobG@urreBt ifidaywri 148. dn tpeysttmoflFog)ild, Soraxample, thetcarmgat mapdat i on, t he
electron optics illumnate the location with a spin-polarized el ectron

beam éé&u@ﬁﬁﬁ%}ﬁn@@%ﬂiﬁ& 1hes i1 Gi8 @tehistaOrefatilvely tshifple @fie 5520 re £40th8 spinf
necessary, to the appropriate spin state. For exanple, if spin up

repre t fi l,agi ¢ state and a second logic state is to be witten
tot raaEsly %‘r%l,’éﬂﬁ'r{%‘ 8.ation is illuninated wth a spi n- pol ari zed

el ectron beam 112 aligned to flip the dom nant spin. One !'o. factor that

def erm ne TH&ekheh spécifiOlogidiftai P ﬂtﬁ%@ti@caﬁbnllﬁeeleﬂ@@i optitsfillirafatesthe he
strength of the coupling between the spin-polarized beam el ectrons and

the tal.oel \9[Lﬁétséglgﬁrc])lg{izetd@cc%mbﬁﬁﬂtl&2igbiﬁgig@eﬁiegﬁeﬂﬁﬁﬁ{ ﬂ.o%ieéﬁé;- In

parti cular, ectrons shoul Inte W t a-rel ati | ar ge

portign of the spin up elegtron population in the neti.c material. O her
F act oRQTITABE SPell PESSHER. U 16 APBIBEAIE PIf THFnGOT FAMR 1t 341 UBTSPTEENS 2at | o
time of the material, the spin 15 dependént tunneling current out of the
magnefirst lagi¢ gateaindfaceceridlepicistatgistto bt extiteoto hedpesption, the lgcatiomis

spi n-i ndependent current into the nagnetic material. Fig. 3 represents

cal cul|pindidaeg alithed $pig paliEkéd ele@fone@rmAN aigded el fiipeke édrRivanspinadnes
havi ng parallel spins and el ectron pairs having anti-parallel spins,

r ?&peﬁ}c-&cﬁ%ﬁ 'deﬁ%frﬁgﬁﬂﬁi\&or 3RS irn: stile BFE 164HER ﬂrobjs(?s ﬂ'ﬁ@tr@@&h HRvhe

represent paralle ant1-paralfel” spin pairings

coupling between the spin-polarized beam electrons and the target electrons of the dominant
spin state of material 200. In particular, the beam electrons should interact with a relatively
large portion of the spin up electron population in the magnetic material. Other factors that
may contribute to spin flipping include the spin-relaxation time of the material, the spin-

15 dependent tunneling current out of the magnetic material for given target electron energies,

and the spin-independent current into the magnetic material.

Fig. 3 represents calculated scattering amplitudes 310 and 320 between electron pairs
having parallel spins and electron pairs having anti-parallel spins, respectively. For example,
scattering amplitudes 310 and 320 may represent parallel and anti-parailel spin pairings

20  between colliding beam and target electrons, respectively. The Pauli exclusion principle
allows the electrons with anti-parallel spin alignments to approach more closely than the
electrons with parallel spin alignments. Consequently. the electron pair with anti-parallc] spin

12



20 between col liding beam and target el ectrons, respectively. The FafilISEP 2004
exclusion principle allows the electrons with anti-parallel spin

al i gnn%@l,_;s%approach nore closely than the electrons \reaa_ }%@Sbl el spin

al i gnnment s. nsequently, the electron pair with anti-pé’ nl1l2 2 0
SEP 2(?.04 WD 0, 1/ 75894 PCT/ US01/ 08080 laIi nment i nteract nore gci,rongl y and
t hei r2ERTER GHeLf SLUE SlE0n Fircatalaied sEgieriag sBRliAg 15 comespguding!an t hat

determ ned for the el ectron pair with parallel spin alignnent. In
par t i lengeathan thi dewwpained forihe alepiron paiewath patabiel spiti dignniegt.fuphrticniakithe f or
el ectron pairs with parallel spin alignments than for those with

ani t -feanaidgedmpode &l li. Hradems $s mbclashsler fig eddtlof paité GithGaallel Spinadi ans are
associated with collisions that transfer energy efficiently fromthe

i nCi dg¥hmeRisQRAd R tise With R farAl sSih a0 %{ntﬁ.e%ﬁtgﬁﬁ%%ﬁﬂrs&“ pRs’

nonent Um vectors. The nee or strong c I ng netwe e I nci dent

(19 uceparotrearon o Bith BoStops Bl an 0 Soe s bR POERERC 1 111 p

process. Energetic spin-polarjzed electrons in a first spin state, e.g.
spi n desiren af ghecpaipand siroagbiredirecatheelegiions trapmentus westorsns i n t he second
spin state, e.g. spin up, as indicated in Fig. 3. This preferenti al

coupling ifcrea the avera ner of .the spin up target, B el ectrons
relative t‘ghet ?155??%? 5‘5"&%%%\%%%@%%%8Pb“b‘i‘?‘bﬁ‘%&fﬂnnb%fﬂraé@tq& 13458t nci dent
spin-pol arized el ectron beampreferentially heats target electraons having
the ofersens forspimilippineamaybeiljugeaied wath relstesie inprieprepased sieshanism ferr ong,
each spin down electron in the spin-polarized el ectron beam 15 may undergo
ener ghe spiarfip eracessy Energetisispimspoldrizedrebmytoneins fokt spn Nlagpe. pagpiredoweh,ect r ons,
resulting in significant magnetic gain. An estimate of the nunber of

ORPOS&cIuﬁleSﬁ}Eférén@i%H?Rvighg { £ ForR% tHeQEcdhd sﬁmtép&.gl-espm &, g BfdicledGh On

beam el ectron is provided by the ratio of the beam electron's kinetic
energy. .to F vier t her.mal ener f the tar el ectrons.. |n, general.
the. o Boso o5 EIeA0E oo VB e BASG s At Rrb B R il Bl el BEE)
relative to that of spin down target electrons. In effect, the incident spin-polarized electron
beamn preferentially heats target electrons having the opposite spin state. Provided the
coupling is sufficiently strong, each spin down electron in the spin-polarized electron beam
IS5 may undergo energy-transferring collisions with many tens of spin up target electrons,
resulting in significant magnetic gain. An estimate of the number of opposite spin target

electrons excited by each spin-polarized electron beam electron is provided by the ratio of the

beam electron’s Kinetic energy to the average thermal energy of the target electrons.

In general, the probability that an electron tunnels through barrier 270 (Fig. 2)
20  increases with the electron's energy. In the above example, this means that the tunneling rate
for target electrons to non-magnetic layer 148 increases with the target electrons' energy.
Further, the Pauli exclusion principle ensures that the tunneling current to non-magnetic layer
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20 increases with the electron's energy. In the above exanple, thi S, q}gp%m
that the tunneling rate for target electrons to non-nagnetic |ayer
increases with the target electrons' energy. Further, the Pauli exclusion
princi pY@ 0¥ es that the tunneling current to non- magnBETASPLBEEE0 13 2 0
SEP 2004 WO 01/ 75894 PCT/ US01/ 08080 148 includes a |arger proportion of

spi n Up8 irlgies addrget propsrtivhaf smpiup tefgerel¢ciroge thaalspot dosymstargeh electrores

el ectron trap is illum nated with spin-down beam el ectrons. The net effect

of  pr@feRiBdlbRtdrAXGIilifGafedi Wit ibit-26 @R beShRECHERS Tie et EFEYGEI on in the
popul ation of spin up electrons in the nmagnetic material through

char @ isaah DSt BRI P Pfecdbel Bod 18 JRARER AL clpl@MBL o fulug °F 05 @

| oss of electrons remai ns unconpe sateg. The resulting electric field
gener &lestons indhe magaelq maten! PIPUGAEMEEN&ct rons from the non- magneti ¢
| ayer flow back into the magnetic |layer to offset the charge inbal ance.

I 0 g G b Gl 65 I B8

current isin ectrons are

preferentially "kicked out" of the gnetic |ayer by the spin d beam
el ect tBhEagegiGand AoRTBIENEHE iaéfﬁisnam% OEWﬁtr@ﬁmmé%ém%n&ﬂaW@ﬁBc back
into the magnetic |layer. The net effect of spin-dependent heating and
ej ect iresuldrig ¢lestygefield ganeratass eadtivewsdenyin avhigpélectiond éleenthemontmagnetiv e
current is a reduction in the nunber of spin up electrons in the 15

magnet|hfer fRWEBack Sh@tthy fabfetichgydd urb et e chakgt ifbaaned. ETHY e %dnf:r_a'tdﬂie
coupling is sufficiently strong and the a-beamintensity sufficiently

coup | ._ tensi ty sufficrent
donn. SN B R TREaf Bhtn oot 5% SRARERS faerRIGELPoRE, Phatic ikRR0 0

storage | ocation when the spin-down Location.is illumnated with a beam of
el Bct ?%ectrons are prefecrcnllally “Excked out” of t%c magnetic fayer by the spin d%wn beam

electrons, equal numbers of spin up and spin down electrons diffuse back into the magnetic

layer.

The net effect of spin-dependent heating and ejection of target electrons followed by a
spin-independent reactive current is a reduction in the number of spin up electrons in the
Is  magnetic layer relative to the number of spin down electrons, If the coupling is sufficiently
strong and the e-beam intensity sufficiently high, the net magnetization of the magnetic
material will flip to spin down. A similar mechanism flips a spin-down storage location to a
spin-up storage location when the spin-down location is illuminated with a beam of electrons
polarized in the spin-up state. The present invention provides a system and method that

20  significantly increases this coupling.

Fig. 4A is a schematic representation of one embodiment of a storage system 400 in

accordance with the present invention. Storage system 400 includes an electron source 410
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pol arized in the spin-up state. The present invention provides a syibgm, 2004
and nethod that 20 significantly increases this coupling. Fig. 4A i

- schematyg giBbdegsent ati on of one enbodi ment of a storage in
accordance V\n&{gh the present invention. Storage system 406&@?%@@% an

el ectron source 410 14 20_SEP 2004 01/ 75894 PCT/ US01/ Q808 nd a

ot or adBENTTaRs mSRE Bl FBRTab e HOPT Y TR O P URAE SO | 2ed
el ectrons 412 to a specified |ocation on storage nmedi um 480. Storage
medi urf 1290 ajspecibipd kaseHeran swrags megdium ¢80 Stopige -mbshamn 480 is rprestnierhas araps
430(1) - 430(n) (generically, "electron trap 430"). Wiile actual systens

enpl oyartaywfdpitedepiendalt ebuctray srapd 43 EGt 430(n )t (penrsic4lBp) “akeciron frag43d’). a one 5
di mensional array is shown for purposes of i1llustration. Each

spi n- dgmaRdemh! SkRald GRplby ARo-AfRkers ArS§S oPelPBREATANE 4T8LS Ipir% f‘,ﬁagonc-

sandwi ched between first® and second spin mrrors 440, 450.

foll owi.na di squssian,, "spin mrror"...refers to a nmagnetically-pol arizabl e
natser}l\éﬂrgpﬂgﬁ 4y ! sqoévrfg@rBf’"pé’ﬁcesrod‘i’lél?,?mb?’bf erentially reflects electrons
in one spin state, while transmtting those in the opposite spin state. In

the 10 abseps® Pin-afpemblelaion tégmbbe&nﬁﬁge%,mé BLiSRiattrat M EsAliwidhed
mrrors self aligns to the curren spin-state of the magnetic materi al

bet we ' | Gh [ kb e ot } SShON i S
st sReT s ERBHE AR oA 00 RSl SRS, SPRSIRE, G0
wher e he inci dent EI ecLarg_on sanpl eai the{: quantumwel | str ctur.ﬁ of the
el ect r6feTE fapmegpetisady ossizable griteral 1% 19T 2596 ot sraies RretrighEtlly o g.
several electron volts (eV), energy bands are 15 available to transmt
el ect reflscis gldoons mpine spinestate, whitetraragateng twist 10 tho bpposiaispia sther maher of
spin mrrors 440, 450 is indicated by the alignment of their spin states
W it Ssend oftaneextergalb) Agplied feret,ahe diflstattlsd thdinfirdts 5416 AidgHsita tivcurrent
spin-state of the magnetic material between them. The energies at which this spin-dependent
transmission is most pronounced are typically near the Fermi level of electron trap 430, where
the incident electron samples the quantum well structure of the electron trap. At energies
significantly above the Fermi level, e.g. several electron volts (eV), energy bands are

15 available to transmit electrons in both spin states.

The magnetically-polarizable character of spin mirrors 440, 450 is indicated by the
atigpnment of their spin states with that of the magnetic material 420. The spin-differentiated
transmission of a spin mirror may be controlled through the composition of the material or it
may be induced by straining a material that does not otherwise exhibit spin-differential

20  transmission.

For the disclosed embodiment of storage medium 480, electron trap 430 is shown

deposited on a conductive, non-magnetic layer 460. Spin mirrors 440 and 450 act as spin-

15



transm ssion of a spin mrror nmay be controlled through the conposigil§aP @ik
the material or it nay be induced by straining a nmaterial that does not

ot her wi §& @xBsdRit spin-differential 20 transm ssion. For ' sed
enbodi ment of storage nmedi um 480, electron trap 430 is sﬁmsglé'gsﬁ)’gft ed on

a condyctiyve, non- netic layer 460. Spin mrrors 440 and 450 act as spin
5”50 4Bt R beam RSt dasRe R SR P WBUNREISFERA Fohe 415
havi ng _a given spin state within electron trap 430. Trapped beam

el ect rBfs Tirgpned deamedsotioas) insthe apest fadspiasiate dape amplsppponwnityiocouploupl e
strongly to target electrons in the opposite spin state, as the trapped

el ect rstrosglyapeapeciisctrons at the bppasikBpinsegnes it wagped ertbirddGepatstdden | ayers
440 and 450. As discussed below, non 5 nagnetic | ayer 460 provides a

pat hwayat@'in GleafilgRMe ndidial A6 bewekh B eRM40UHI48D ORS di¥chiiel Bﬁlo»\bﬁélf.ﬁ
30. Fig l'o¢k T evel

el ectrons to nove away fromelectron trap 430. Fig. 4B i1s a

di agr A i fo eliectro rap 430.in r.eat er. detail.
Tha o Tagts AL BBGp RIS s Rl o e oS M R e el BRL M Py o o
non- netic material 470 _between spin mrror 440 and magnetic materi al
420. ;% LHRaS IugEVe aWap froRuHesHagiEPiB0nat erial 470 is in el ectrical

contact with non-nmagnetic material 460 to provide an efficient pathway
for excited:el O~ o L e | 0 sp. A ndi cat ed
n Fg. a5 AEE ARk el ALt RoIR e LB o oon G fag
material . For . l.e,, spin mrrors _440, 450 nay. include between 3 and 20
monol &7EHEr Griaily ThEqisciased.ambodiment of plsftromiep 447 iokiesa pesordiyer $indised t o
sl ow down the incident beam 15 el ectrons through beamtarget collisions.
Magnetmagnsiie eraterial 42§ betweken dpindnitmor 260 andhmbegneticsnaterial 420.aThe segnetayer

materi al, depending on the desired direction of nmagnetic polarization

anpng oftod@maghictig matdal 4 MO TRtk et trival @nitath withaRdnansrddd nmi¥eedial 460 t4de
approxi mately 100

provide an efficient pathway for excited electrons to reach non-magnetic material 460.

Also indicated in Fig. 4B are exemplary thicknesses for the different layers of

material. For example, spin mirrors 440, 450 may include between 3 and 20 monolayers of a
half metallic material. The thicker structures be used to slow down the incident beam

15 electrons through beam-target collisions. Magnetic material may include 3 to 20 monolayers
of a hard magnctic material, depending on the desired direction of magnetic polarization
among other things. Non-magnetic materials 450 and 470 may include approximately 100
monolayers and approximately 5 monlayers, respectively, of a non-magnetic material. The
thicknesses of these layers may be adjusted to tune the properties of electron trap 430, as

20  discussed below in greater detail.

The number of atomic layers (or monolayers) of magnetic material 420 and spin

mirrors 440, 450 may be selected 1o tune the magnetization propertics of electron trap 430.
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nmonol ayers and approxi mately 5 nonl ayers, respectively, of a non- mag0eEPQ004
material. The thicknesses of these |ayers may be adjusted to tune the
proper t, | ectron trap 430, as 20 discussed bel ow i detail.
The nu (gﬁlﬁo% 942torric | ayers (or nonol ayers) of nagneti CPW%%QZO and
spin .mrrors 440. 450 nay be. ected to.tune the magneti zati on

o o FoT e, S IER R s HpRab 20,6 isncs Sitkes Ao B Aloma Isyeey

exanpl e, when nmagnetic material 420 is iron, a thickness of two to four

at om may g Epraxiphty depesitgsi eaxigabpip relgpo4it. ddismmtches betwepn theriatticer  450.

M smat ches between the lattice constants of magnetic material 420 and

Spi n borstadts ffagheaa irtateial amaﬂmsfmgﬁ\e@morméa@é sedin lRagnetRikdlerifldabes its
easy axis of magnetization out of the plane forned by t%e | ayer of

Magnelyhichtoiidsls édby #,89 of Eﬁg@&xg‘%tg%{] e%?gxéﬁ%aslﬁgag?%g lge{,]ﬁgﬁ%ﬁﬂgf ﬁ'l%gﬂ&ﬂd

non- magnetic materital 470 nce trapping of
beam el ect . The absence of spin-dependent reflection for high
i nti dme”é’Lgﬁgi es allows beamelectrons in the spin state that is
reflected at | ower energies to penetrate electron trap 430. These

el ectrons qaE{HHBRERYSRHiN 411&418;%%548102& add AU oneti@ nﬁ?%}ajljzgﬂfay‘t’éf;listro}&

el ectrons o SpIrn mrrors nd nagneti c” nat er

el ectrons” The thichnesses of spin myragrs 44Q, 450 and/ or netic

at or PPt Fincs AR S o1 3liods < ThE Rt thicaitr dropti b al IS o for

el ectrons undergo enough collisions to reduce their energies to |evels at
whi chhighdycidem epargisrallowa bpara eleptrans in the sninstatesln is whoctedat losver er nat e
enbodi ments of the present invention, additional |ayers of a material 15

may bendlgieo® perdirame claaponirap@io. These@leckdhs tan subsigaasy lobeerree thedughg
probability (and energy |oss) of incident beam el ectrons. For exanple, 10

{ 0 20 AGIhE wARkRIcRohd ORI ictll9 429,495 @l aded, to increase
t he sgatlterlgng o} ci ﬁc% dent beﬁ‘ectré?fs.g %@g@(ﬁl?i%@a]@o '
electrons™). The thichnesses of spin mirrors 440, 450 and/or magnetic material 420 may be

adjusted to increase the likelihood that beam electrons undergo encugh collisions to reduce

their energies to levels at which they can become trapped by spin mirrors 440, 450.

For alternate embodiments of the present invention, additional layers of a material
15 may be deposited on top of spin mirror 440 to increase the scattering probability (and energy
loss) of incident beam electrons. For example, 10 to 20 atomic layers (roughly 100 A) of
material may be added to increase the scattering of incident electrons. The additional
collisions also tend to impart a momentum component to beam electrons that is transverse to
their direction of incidence, distributing them over a wider volume of magnetic material 420.
20  The benefits of this approach are discussed in U.S. Patent Application Serial No. 09/211.233

entitled “Quantum Magnetic Memory™.
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collisions also tend to inpart a nonentum conponent to beam el ectr ohB SEREL04
Is transverse to their direction of incidence, distributing themover a

wi der vahbimgef nagnetic material 420. 20 The benefits o LS roach
are discussed I1n U S. Patent Application Serial No. 09/ thﬁlffggoyo%@qﬁt itled

"Quant um netic Memory" 17 2 0 SEP 2004 WO 01/75894 PCT/ USOL/ 08080 It
is well k%&W#L%@@%%ﬁtr%g&a{tw%@ ﬁoﬁﬁ%@?tﬁé) baygirglatiyelydewa rel ativel y
|l ow probability of altering the spin state of the scattered el ectrons.
The riuababilivyfof némm therspinl stete iofithecsoattered detrans. Thphumberyofonoteestumt
magni t ude greater than the nunber of spin flipping collisions per unit

ti me.alteringdolilisions is tybRally ofirly 6f hapritiaé pRa@PIRAMWMAER Of 88inTRbpikgi ON 5
provi des a transverse conmponent to an eFect ron's momentumis relatively

hi gh. : SR W R alo I . .about a 50%
Chanc oMo RRTAN time. 1 addyoR e BhGtRb i e RO P e Ak ST G e e
system V\;i'aen It collides with an opg_os,i te spin targgt el.ectron. In the

| 2borBPYGS # FARYYSEY CPBIROPE AR an gleglron pmomeginm sy refabively dvgle For exampls.
storage nedium 480 is represented, the scattering anplitude in the

| at erfag. Hindicatdasshatradvrarmelessiaprialiabeutta, 504h chamé of pding schleredaiS? or inoge imvent s
further enhance the probability that a beamelectron acquires a | ateral

nonenhe emenglangiicoordigate bystdi® Whed it@allites HithAn'dppof&ap!d ket Biecira. Clal at ed
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curve 510, ap.electron's r’rFaH free path decreases, and_it undergoes nore
col | ingﬁﬁ%“,wJ;éhq featteringpamplit %rrb‘gsé@?ra direcHan grradinpugfisand; and mulipip

el ectrons incident on storage material 400 at 10 eVs have on average nean
f Hee ssati¢ringofvenisgnohé¢rrahanoe thd probalmiityt tbat a Heas) eleairohGRqirdsaylateral

momentum component.

Fig. 5 shows a curve 510 representing the calculated mean free path of an electron in a
metal as a function of the electron’s kinetic energy. Here, “mean free path” refers to the
average distance an electron travels between collisions with other electrons. According to

15 curve 510, an electron’s mean free path decreases, and it undergoes more collisions, as its
energy increases. In the disclosed system, beam electrons incident on storage material 400 at
10 eVs have on average mean free paths of approximately .1 nanometer (1 A). A 100 A layer
of material 410 (10-20 monolayers) thus provides significant opportunities for lateralizing

collisions.

20 The increase in collision number with increasing encrgy reflects the larger number of
target electrons with which a beam electron can interact as its cnergy increascs. A target

electron in the magnetic material can only be scattered to an available, i.e. spin allowed,
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of material 410 (10-20 nonol ayers) thus provides significant opportJiSEP @8f4
for lateralizing collisions. 20 The increase in collision nunber with

[ npreag{,(gg]rggﬁr gy reflects the larger nunber of target s@tﬁﬁ%\ﬁ%gﬁgw th

whi ch a beamelectron can interact as its energy increa

electronlnth I c. jmat er an be scattered to. an.avail abl e,
o vy Sre Ghete e d emi e, sboie B Herbaomonides ETFEIRD tiner gy st af e

above the Ferm |evel, and the beam el ectron provides the energy for this

t r anstrassitinn. Hligher energyrpambelesions san pestier lergst eleetrans fromaenpsgy lvelstthdsns f r om

energy levels that are further below the Ferm |evel of the magnetic

mat er jrlfuithabeantHePeemi RRer ¢fithdrapretiel reatfnisan ckhlowertdnergyteanlient ener gy
of a spin-polarized beam of electrons is another variable 5 that may be

tuned, 1%@55{;“?% He%aaﬁt eae%gte“ pfh- %d'_l%xgzed%a @ eéiraapé is bhe@ledBinbley Of

states et a sulta OI' use as a spin mrror

. ts a distribut f | ect
v | 3 et 00 stERE RNl Ru T of wawenomber (k) for Spin up.

e! ectrons in half-netal 600. The Ferm |level for half-netallic 600 falls
wi thin thef%vaha??' m{cgaen%ﬁ&f&ﬁa@ﬁﬁ%%mrﬁ@laﬂﬁ riMerf 688 sBildble for use

Consequent al 600 behaves as a conductor for spin-up electrons.

Curve 620 .represen i bution ctrens._qve i.labl e energy
ot t o8 &3PiR TrARERIi-rurkt P btk RRa BB EEh LT R A Yot el T ¢
material 600. Curve 620 has no energy levels at the Ferm Ievel of

mat er awdilabBEnerpystatevassa fuagien alovaveanmber (k) doesrin gp elepwonsinthalfznefal (curve
630) is shown approximately .7 eV above the Ferm |level, consistent with
band @ap. The Periidevet frdial (nerlfccb00t ks withinttee awilable Sherge seasatprestaitesit 1 oom
tenperature have thermal energies of approximately .025 eVs, the .7 eV

bapd g3RuAeR!16S EdhSeqderilHHalflHARE 60VBehh&is o5 3 conductor for spin-up electrons.

Curve 620 represents the distribution of electrons over available cncrgy. states as a
function of k for spin-down electrons in half-metallic material 600. Curve 620 has no energy
levels at the Fermi level of material 600. The lowest available energy levels of the next band
(curve 630) is shown approximately .7 eV above the Fermi level, consistent with band gap

15 values calculated for these materials. Since electrons at room temperature have thermal
energies of approximately .025 eVs, the .7 eV band gap represents a significant barrier to
reaching energy levels in which spin- down electrons can move freely through half metallic
material 600. Consequently, half-metallic material 600 behaves as an insulator for spin-down

electrons.

20 The band structure of half-metallic materials may be attributable to ferromagnetic
coupling. Generally, half-metallic materials behave as conductors for the predominant or

majority spin state electrons and as insulators for the minority spin state electrons. For
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reaching energy levels in which spin- down el ectrons can nove freelM SEP 2004
through half netallic naterial 600. Consequently, half-netallic nmaterial
600 be%ﬁﬁ-*sﬁ%, an insulator for spin-down electrons. 20 The band
structure of half-netallic materials may be attri butabl GIEUSEOSRagnet i c
coupling. Generally, half-netallic materials behave as conductors for the
pr ed c¥aAig, half-metallismatgrial §0R mayaepressns apin emisrosath 043, 4566 bhelectsorf wap t he
mnority spin state electrons. For 19 2 0 SEP 2004 WO 01/5894

PCT/ UBQ{j)0 86 d0teelabupt ssoftmaidnetie traktdrials amitottidr aatéls may atRivedEMheaRid
mrrors 440(j), 450(j) of electron trap 430(j). As noted above, soft
magnedlédrdmd fhicalrés fnfla igrd RG] : Ilic

el ectronic structures Sg%d\ﬁgtrﬁﬁtshg%&égﬁié?ggﬂgﬁ{eﬁPgﬁg@agﬁsgi n-i nduced
perturbations. 5 Fig. 6B represents cal cul ated densities of states for
spin up and spin down electrons in the half-netallic material N MiSb. The
| ocation of the Ferm level is indicated by the arrows and the band gap

for mnorif) in electrons around the Ferm |evel is apparent. Another
met eri al eééegﬁéEPsz?F"é%ﬁ’?%‘i?zt‘c‘Lg?r\‘sﬂﬁéPgF‘Pieé F&Séﬁﬁ\/‘i%ﬂf""isﬁ" QWsplectEnsdnal |y,
materi al s having narrow bands, energy gaps in their spectra, and strong
f er r otkagadtmeialiigrezterialiNo inSha\Thexbéation of thelfainhi leetlds Inidecapaddpetht aersws

Addi tional materials and conpositions may be coerced into exhibiting

hal f - arel the bared gapofoe biiherdty whaieledtfoas Betind TREF it koell i9 8pshir&it U agioter has
focused on the spin-dependent electron trapping properties of storage

medi amqﬁﬁgg%@ecdca téemsﬁﬂm.%ei%h@ bmgio%?ﬁmﬁsﬂ. 'U&J&E{ Nenatd ';ais%%ing:)her

properties these storage nedia and thelr conponent “&lectron traps nay

also effect the 15 nedia § susceptibilit o witing by a spin-palarized
ol ot PP LREIE STeL RS Bic EctEh and Fonns (GRamPERRE fuPiss boBes By O o 1 i p
the spin state of a given storage |ocation depends in part on a

10 alf-metallic properties. Additional materials and compositions may be coerced into

exhibiting half-metallic properties when strained.

The preceding discussion has focused on the spin-dependent electron trapping
properties of storage media designed in accordance with the present invention. Various other
properties of these storage media and their component electron traps may also effect the

15 media's susceptibility to writing by a spin-polarized electron beam. For example, the electron
beam intensity necessary to flip the spin state of a given storage location depends in part on a
spin-relaxation time characteristic of the magnetic material. The spin-relaxation time
indicates the time necessary to restore the magnetic state of the material when it has been
perturbed from an initial state, e.g. by interaction with a spin polarized electron beam. Faster

20  spin-relaxation times make it difficult to flip spin states, because the initial spin state is re-

established quickly. Slower spin-relaxation times allow changes in the spin populations of the



spin-relaxation tine characteristic of the magnetic material. The 20 SEP 004
spin-relaxation tine indicates the tine necessary to restore the magnetic

state ojolgiesgsat eri al when it has been perturbed from Lot st at e,
e.g. by interaction with a spin polarized el ectron beamapgt@%@ﬁb@

spin-rel axation .tjnes ke it difficult to.flip spin states, because the
P U7 EReBRft fabse LR Re LS asteiri hicp e edieyrcReR Biah Cumisy ersaaEn
times allow changes in the spin popul ations of the 20 20 SEP 2004 WO

01/ 75894PPaYRUEIoNgRYBE oRaiAL: flipping) erdeatr. i nduced by an i nci dent

spi n-pol ari zed el ectron beamto persist |ong enough for spin popul ation

i nversionsg(spin fl.ipping), to,occur pi n-rel tion tinmes depend on the
band str uctS&p'Ere&xaklﬂrgaﬁgg Hepgnd %H%P@ Struefyre %ﬁ%ﬁ’agﬁﬁt@m@f'a %g’rpr esent
invention, the spin-relaxation tinme may be increased by changing 5 the
magnetmbodimsaingithe presend inyantipythe spins¢lpwation tms mpy bhincirasedlynedtangingayer |
Increasing the spin-relaxation tinme reduces the spin-polarized current

dessi the megokad elomanthiether iapure ordilloged foom) irethe fraghetichgerd épaeaénpcihe of
spin-flipping on the various paranmeters of a quantum magnetic spin system

in ac - i ; follows: 10
(1) CgﬂEIQIS%}&;%g“{H %ﬂggﬁcwg%gﬁﬁ ﬂﬁﬁggaﬁ%ﬁFWﬁﬁﬁnrﬁﬁﬁgﬁég 'gg? sn per storage

| ocat i,on_or hi Ts is the spin-relaxation tine, Ibcam is the electron
beam gUF?téorﬁr?'V%rs?ls the el ectron charge, and g Spin is the nunber of
majority electron spins ejected per beamelectron, i.e. the gain. Table I

sumari zes 1HageNaidénse &f sgﬁnﬂfl(ﬁmpfr{gedfﬂ theRak erBa%Jl@rE'Bf ﬂﬁﬁﬁﬁ&ﬁ%gm@nél ip the

spin of a storage |ocati )" for different 15 conbinations of , Ts and

spin.. . . . .
g sp spin system in accordance with the present invention may be represented as follows:

10 (D ee N /T, <Ibcarn°gspin

Here, N; is the number of spins per storage location or bit, T, is the spin-relaxation time, lycam
is the electron beam current, ¢ is the electron charge, and g ;in is the number of majority
electron spins ejected per beam electron, i.e. the gain. Table 1 summarizes the values of the
electron beam current necessary to flip the spin of a storage location (bit) for different

15 combinations of , Ts and g spip.

TABLE 1

Ta\g spin 10 20 50 1060 200 500 1000
1ps ImA | 500pA { 200pA | 100pA | S0pA | 20pA 10 pA
10 ps 100 pA | 50 pA 20 pA 10 pA 5pA 2 pA 1 pA

100 ps 10 pA 5 pA 2 uA lpA | 500nA | 200nA | 100nA
1 ns 1 pA 500nA | 200nA | 100nA | 50nA | 20nA 10 nA
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TABLE | T5\g spi n1020501002005001000 1 Ps1 mA500 A200 A100 A50 A20 ADOSER 2004
10 ps100 A50 A20 A10A5A2AI A 100 Ps10 A5A2A1A500 nA200 nA100 nA 1 nsl A500
nA200 m@d@i};ggé\ﬁo nA20 nAl 0, nA 21 20SEP2004 WO 01/ 75894 gg;r,{,#@%f,g,soso I n

TABLE 1, nA and A stand for nano Anps and mcro Arrps respectively, and ns

TapL £ TRELRCL Pl B G Al £ Rt rovs. BopeAy et

nanoneters (nM on a side that |ncI udes 3 atomic |ayers of Iron (Fe)
at ons Staad forano secends endipico Resonds pespeelivelf. PhesdatainDABDE Inis obteiriedthlyi s 5
geonetry, each bit contains approximately 1.01 x |05 atons. Equation (1)

and t hgumémiid bis (inagieldonais) sizeasfl4OMhGReteRhM)te)a figy/thacinbkdes 3 Stomic
illustrate qualitatively the benefits of the present invention. For

ex arrp \agcrs%? 343 (79) Itonissha‘?féxg aleSrelf %%hb%? sﬁacﬂ%nof"’h & 21§%m! W #h‘i’? for

spinis unity would require a ctr beam "current o
ap roxi ma ocused i nt f 1.6 x 1015 m 2. The present

in enng%ﬂetryléa‘rJrhw83@8@563%0?5]%&%12@& Ky BBK beam el ectron for multiple

traversals of the magnetic material. Each ten fold increase in g spin

reduces t hgqghesi IPihdBamsuts ir?FAB'fL‘ECleﬁ%%EtYthQs fb'ul fhel Ay RGREA RN S Spin

by an order of maghi t ude. Thus, whe ' 0, a“relatively Iow

el ect g rrat eI 100 n sufficient t ip the
opi n RBAE R AAED e bene R RRA IR Aﬁ?fe“:ﬁ‘f‘ﬁ“BI? 3Gfing T ab2 &
relatively easy way to inplenment read-after-

the order of 1"ns, a’storage location for which g yin is unity would require an electron beam

current of approximately 10 pA focused into an area of 1.6 x 10"° m™. The present invention

10 Increases
g spin by trapping each beam electron for multiple traversals of the magnetic material. Each
ten fold increase in g i reduces the electron beam current necessary to flip the location's spin

by an order of magnitude. Thus, when g i, = 100, a relatively low electron beam current of

approximately 100 nA is sufficient to flip the spin of the storage location.

15 The present invention also provides a relatively easy way to implement read-after-
write operations. Read-after-write operations are often used to check that a value has been
properly written to a storage location. They are particularly important in databases and other

applications in which the integrity of data is of paramount importance.

For storage systems implemented in accordance with the present invention, the
20 transmission/scattering behavior of the incident beam electrons depends sensitively on the
state of the storage location being illuminated. The current transmitted through a storage

location may be monitored as the storage location is illuminated with the electron beam. As
22



wite operations. Read-after-wite operations are often used to chegl SERaNQL
a value has been properly witten to a storage |location. They are

parti cW@binksdsPOr tant in databases and other applicatizns,dofoddshch the
integrity of data is of paranmpount inportance. For storage Systens

[ I ted | d W th t t, i ti . th 0
i o A s R L P
sensitively on the state of the storage location being illum nated. The

cur r ewtll ehange as diseessehpdoyh a storage location may be nonitored as the
storage location is illumnated with the el ectron beam As 22 20 SEP2004

WO 01/5894..PCT/ US01/-08080,t he spi.n at e of st or.age | ocat i | . dified
by the ol e2F SPRR AT orEs eeplnd R eRlF tr Fisnl i A8 hRetd i B

bel ow. The inpact of storage |ocation spin,state on current transm ssion

i s il fallopying expmplen A span-up Storzagilogptien imbuinatedshy #SRiprdewWe cleglon 883 on i s
i1lumnated by a spin-down electron beam5 to convert the storage | ocation
t 05 a spionven e Sompe locknon iced $pip-doive statearisinially; the trpnsmpission peopofties bhe

spi n-dependent electron trap that forns the storage location limt the

amoUNtheQdhiP8EENd & eleRitbn ﬁﬁ?@ﬁﬂt RStms@hdsto@@e eatiby Bmita€imddft of Bedtie Spin
down electrons will be preterentially trapped by spin mrrors 440, 450.

Y ey e

states, since 10 they are polarized by magnetic material 42Q, El ectrons
~ fr om {RRPEIRYSPER IRTRISERPRr D DEARR ép%ﬁ‘%géfé‘ﬁﬁ"é‘m °‘W‘8Hé?rﬂlﬂp8€1t‘iﬁrough
el ectron trap 430, because they undergo fewer |arge angle scattering
event spinidowntstase py ¢ltrospimdonvh pearp; spirdovirers 46 a5 0 alsedlip Hedr spimistates since

avai lability of spin-down energy bands in the repolarized spin mrrors
449, 4R 49 pYlaflLed BN RdShdtRIMABEAIM20S Eldc@ohafiem HEEpin-Bywhktdctrof begn tabe

transm ssion of the electron beamas a function of time, the
preferentially transmitted through electron trap 430, because they undergo fewer large angle
scattering events with the predominantly spin-down target electrons and the availability of
spin-down energy bands in the repolarized spin mirrors 440, 450 provide conduction channels

to layer 460. By monitoring the transmission of the electron beam as a function of time, the

15 spin-flip can be confirmed by detecting the resulting increase in the transmitted beam current.

There has been disclosed a system and method for reading data from and writing data
to a storage medium, using a spin polarized electron beam. The storage medium includes an
electron trap formed by a magnetic material sandwiched between spin mirror materials. The
spin-mirrors preferentially trap electrons having a spin state opposite to that of the storage

20 location, allowing the beam electrons to undergo multiple collisions with the target electrons.
The resulting enhancement in beam-target electron coupling allows the storage location to be
written with relatively low intensity spin-polarized electron beams.
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15 spin-flip can be confirned by detecting the resulting increase i) Sb&204
transmtted beam current. There has been disclosed a system and nethod for
reading data fromand witing data to a storage nmedium using a spin

pol ari zed el ectron beam The storage medi umincludes an electron trap
formed by a magnetic material sandw ched between spin mrror materials.

The spin-mrrors preferentially trap electrons having a spin state
opposite to that of the storage 20 | ocation, allow ng the beam el ectrons
to under go nul Thepesamnlihvention havvbédh letritad asing 8pesific efbodinmients. I B&sdrsi N9
enhancenent_in bean}tgkaet el ectron coupling allows the storage |ocation

E) o be wrskilled,inithen axt cangt haydng, theohenefit éwfsﬁhiSyhd@@pwrgdmihlr Tegeghies glaattrtbeﬁe
. 23 SEP200 iy ' . i WS
opeciii o ekl ate SeR0f 3V iiehVERbRRR PR T T T RABELAE,

of this digifil @Ricepd\bf the afseR8ed élainidlat these enbodi nents are subject to a
variety of nodifications that none the less fall within the spirit and
scope of the appended clainms. 2 0 SEP 200; Wat is clainmed is: | A system
for storing data conprising: a source of spin-polarized electrons; and a
medi um di sposed a first distance fromthe source to interact with the

spi n-pol ari zed electrons, the nmediumincluding a | ayer of nagnetic

mat eri al sandw ched between first and second |ayers of spin mrror
materials to forma spin-dependent electron trap. 2. The systemof claim
1, wherein the first and second |layers of spin mrror materials are
magnetically pol arizable materials. 3. The systemof claim2, wherein the
first and second | ayers of magnetically polarizable materials are first
and second | ayers of a half netal.
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4. The systemof claim2, wherein the magnetic material is a hard npgregpijg
material and the first and second |ayers of spin mrror naterials are
first "and second | ayers of Ni MhSb. 5. The systemof claim1, wherein the
magnetic material is a hard nmagnetic material and the first and second

| ayers of a spin mrror material are first and second | ayers of a soft
magneti c “ﬂpgﬁr#auﬂ.a. The systemof claim5, further including first and
second Iaye?s e ﬁ%n-nagnetic mat eri al between the hard nagnetic
material and the first and second |ayers of the soft magnetic material,
respectively. 7. The _systemof claim 1, wherein the spin mrror materi al
is a matefial ASYSHYOISOHNE IRFAMANSINGT " st ates for a mnority spin state at
a Ferm |evel gfovrdtefemhpoladied eRcirdhsimiihod for sw tching a nmagnetic donain
froma first spin state to a_ second spin state, . the method _conprising:

directing at tREeANEndisRasedolirl distance, opthgrsouncetoriptgrast vt the spnseelarized he

second spiigetfnd it m&fdn indfRidig 9 1336 AR fetic hRRRa\GndviBRidbeARePfirst 4@ beam in
t he magnetic domain between Tirst and second |ayers of a spin mrror

mat eri al . segondrgyeryefispiganippr materialy tg form a spifedependgmelestroniTapt oppi ng t he

di rected beam when the magnetic domain is switched to the second spin
state. 10. The method of claim9, wherein stopping the directed beam
conpri ses2-  nodhe sstemplclaim & whersinthe first andesecnind dayers ¢f spimmireol matedals arons; and
redirecti . gnetic domai n when the nonitored
transniss?%ﬁkm?ﬁgﬁggkégﬁgh% a#gg in the magnetic domain fromthe first to
the second spin state. 11. The nethod of claim8, wherein trapping a

portion of therge @Reﬁlomfaﬁrﬁ Q,S»vﬁe;c%PﬁL Rkt Shd second layers of magnetically polarizable

materials are first and second layers of a half metal.

4, The system of claim 2, wherein the magnetic material is a hard magnetic material and the

first and second layers of spin mirror materials are first and second layers of NiMnSb.

5. The system of claim 1, wherein the magnetic material is a hard magnetic material and the
first and second layers of a spin mirror material are first and second layers of a soft magnetic

material.

6. The systemn of claim 5, further including first and second layers of a non-magnetic
material between the hard magnetic material and the first and second layers of the soft magnetic

material, respectively.

7. The system of claim 1, wherein the spin mirror material is a material having a low

density of states for a minority spin state at a Fermi level of the material.

8. A method for switching a magnetic domain from a first spin state to a second spin state,
the method comprising:
directing at the magnetic domain a beam of electrons polarized in the second spin state;

and
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portion of the beamin the magnetic domain between first and second] [ &¢I
of a half netallic material. 12. The nethod of claim8, wherein trapping
a portion of the beam conprises trapping a portion of the beamin the
magneti c domain between first and second | ayers of a soft magnetic

material. 13. A storage structure conprising an array of magnetic bits,
each magnetic 95 h | a

st at e sandw ched‘)ptl)nétal Omon O?rglgi%eaé%artgeew%a‘et%%% e%{leen ﬁrséﬁmﬂseﬁqqdﬁgrem?net Ic

mat eri al ,atmmmﬁrmrsnatmal:i second | ayers of spin mrror material being
polarized in the first magnetic state. 14. The storage structure of claim
13, wherein the spin mrror material is a half-netallic material. 15. The

storage sPruct urhemeﬂlod:bfedlm B3furthdrebmprisigestdpping givalitetted Bda Whentitahagnetic
conpri ses a Ia% oh nducténg_'f mat eri al between the hard nagnetic
materi al SHBR'BHRE °fiﬁ% KPOPEPBY S HEI f netallic material. 16. The storage

structure of clal m 13, wherein the spin mrror material is a soft nagnetic
material. -26 0 SEP, 2004 The stqrage structure of claim 16, wherein
each magnd®ic @?PC'E ?*?FE? gDWB‘f‘?‘gé@Plaﬂﬂ 99?60&%8%&%5?% non- magnet i ¢
mat eri al - bet vegionitéingiahéniBRGMNE tHe@irdBéEcurdlof BEtronfiand | rst | ayer of sof t
magnetic nateri al g A system for storing data conprising: . a source of

spi n pol ari zed“’éil“é‘ttl"ﬁétﬁsbwa fromhe;masngticdomainyvhey shesmonitord| kapsmission st ance

fromthe wa@@amgm\mMa@eﬁﬂmmwn&é firs® lth@&kBor dapRistad)S, each storage
| ocation including a magnetic material sandw ched between first

11. The method of claim 8, wherein trapping a portion of the beam comprises trapping a
portion of the beam in the magnetic domain between first and second layers of a half metallic

material.

12. The method of claim 8, wherein trapping a portion of the beam comprises trapping a

portion of the beam in the magnetic domain between first and second layers of a soft magnetic

material.

13. A storage structure comprising an array of magnetic bits, each magnetic bit comprising a
hard magnetic material in a first magnetic state sandwiched between first and second layers of a

spin-mirror material, the first and second layers of spin mirror material being polarized in the first

magnetic state.

14. The storage structure of claim 13, wherein the spin mirror material is a half-metallic

material.

15. The storage structure of claim 13, wherein each magnetic cell further comprises a layer of
conducting material between the hard magnetic material and one of the layers of half metallic
material.

16. The storage structure of claim 13, wherein the spin mirror material is a soft magnetic
material.
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and second spin-mrror materials to preferentially trap el ectrons %g]gEPZMk
given spin state near the nmagnetic material; and electron optics t

direct the spin polarized electrons to one of the plurality of storage

| ocations. 19. The system of claim 18, wherein the source of spin
polarized electrons is an electron mcro-channel. 20. The system of claim

18, wher e {Mnd hdrile ShuR SR, RO Reh ek R LRGBS @l o

erein

second s peonduitive,mon-egrdtic aia&nartet\mﬁ thc hagigneghetic madrint arelltbe firayef bsofty st em
of claim]18 erelq the first and second spin-mrror materials are forned
fron1stra?ﬂ%ﬁ Fal s.

18. A system for storing data comprising:

a source of spin polarized electrons;

a storage medium disposed a selected distance from the source and having a plurality of
storage locations, each storage location including a magnetic material sandwiched between first
and second spin-mirror materials to preferentially trap electrons of a given spin state near the
magnetic material; and

electron optics to direct the spin polarized electrons to one of the plurality of storage
locations.

19. The system of claim 18, wherein the source of spin polarized electrons is an electron

micro-channel.

20. The system of claim 18, wherein the first and second spin-mirror materials are a half

metallic material.

21, The system of claim 18, wherein the first and second spin mirror materials are soft

magnetic materials.

22, The system of claim 18, wherein the first and second spin-mirror materials are formed
from strained materials.
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