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EXH Bl TI NG G ANT MAGNETORESI STANCE AND SPI N- POLARI ZED TUNNELS, THE

PRODUCTI ON THEREOF AND THEI R USE The present invention relates to conmpounds
suitable for use in magnetoel ectronics. Magnetoel ectronics is a new field
of electr ving el ectronic conponents that enp

magnet or e @%pzlr%gye fects and spin-pol ari zed el ectrons, bgﬁwy?lsgr?pl oy them
in the future. Due to their magnetoresistive properties, such conpounds may
be enpl oyed as, anong ot her things, glnetl c-field sensor

"magnet oresi stive properties" involved'are a change in el @n@
resistivity induced by an external magnetic field (rragnet

to the spin-polarized tunnelinpgRat RACBTON room tenperat Ut815”such
conpounds may al so be enployed as basic building blocks in fabricating
magneti c random access nenories (MRAM and spin transistors. "Spinpolarized

tunneling" is j t m tion of a
potenti al barrlﬁgi%d%@ﬂjlgﬁg%@i%ere% progI ﬁﬁhlﬁﬂlﬁ unneling wll
occur depends upon thei rmsanMLAHIZ@DTUMHSC f| el d sensors are used
on the magnetic heads of hard-disk drives that are e Io ed as, e.g.,

. Due

ext ernal conput er SE&%BB%UC”&!@NT:HWFM heads detect the
strengths and directions of magnetic fields based on a current induced in a
coil. However, as recording density increases, the space avai l abl e for

recor di ngTke picserddnveanioaselatsdotdompoasds sidmblenfagmed irc nfagaétddestidniicsgr adual |'y
decrease._ U trar esponS| ve na%%% ipgelfl el d sensors ihat cannot be

manuf act UM@ENSieslerironiss e ANy RFHEANGSi 1B YOlKing € e@HﬂP‘F@B‘T‘ﬂ’SPe‘%E}@&t i ng
such vvea np%l[n t sensors
that util |n§ﬁgt)g e%%ﬁ{n‘g?giﬁeg% gﬁ%é%‘(éﬁ%&%?%t{%ﬁg :Eﬁg‘mrqra e{) ofﬂ{efzgjl st ance
(TMR) ar einkthewfutyre. Bue Mengmeir miAgnetaresistivenpopertiag, i such Magipeunéd alayr bml K,

Physi kal i sc dtter 55 199 ghetic-figel

097 06935 DO PptP R it (kS DlagndRe- Bl sniombhE ORELF ISV  ect s
at t enpergbpériss aimReRed 220G ahidhge Rl S¥@Hcdl NrebibgviaUindiBdd B9 dnnektefnal -

Al t hough utilizing col ossal magnetoresi stance (CVR) in conhpounds, such as

manganes enwleaéﬁe?ch (magpetozesistange Huefte mwlﬁ-h@@ﬂ%ﬂd@@@l@gahat@ﬁ@é B 8t of

magni t ude e rest due
o the. | aaor Erepekiane? ORRARR: ki o WEmAth CR1AS SR MAUENEL L TR
form the fabic¢atinguhagtietig rhidoakaccés:srmgheﬁéd MR AM oarlcs pidRéAdvsistdfsASpiaombi ne

t he benefi s of sem copduct qmsm)rl es (rapid accesslqagnd magnet i c

mat eri al PO e 1} &RHNGG asfunngling (RRRBMsMeslRical RARGITIRR Reks i s
nondest r Ltfétéﬁ{ﬁl bﬁﬂ@r)r@%l&irbﬁs WRIERY 8 HréHaBilit) Hﬁﬂ&lmga\lrilll @ccu}\@éﬂéﬁﬁé c

menori es are rugged, require no external power supplies, and w'thstand

r adi at i oruponrthgir Smnpplaezatmgnet oelectronic effects allow fabricating
magnetically switchable spin transistors for electronic circuits have a new
type of design, where TMR-devices and/or hybrid magnetic-sem conduct or

devi ces mMuidfietieeri@dRempadareQfsed @Rfthe Widghetid hedds i oFthard-isk Giives Yhat pd N
field-effect transistors (Spin-FET) are nore sinply constructed than the
usual netemployaddes, segw ederaakeumpyteiestorage feviees: GonyensiooplsmemEEETRds and bot h
of their t ol atil e.
i 1 val R 35 S SR8 el Bk aR FAS BRI d AienBuBATNY 7

metal lic cml‘i\leMo&&lvelelaemmngmdbnkm@emremduhé smeahamb&aforeé@mhnga icf. G
Bayr eut he and S. Magnet pe tronik dI age rschung -

Zukunf t st Fﬁ#asogvggw f%Fa“*rét?ﬁﬂﬁﬂcoé&E%&ﬂ rgmﬁue %75 < firerye

sem met al mH?dé'n@Qie"i’d Qérﬂbrsstﬁhtncaﬂ%taﬁé #iahi ABuFEdARingd&nderti ] ﬂécm%b@ al
choice for Tabricating eit - devices or spin transistors

magnet i c-arat equisnéd Jemdetectiog tsuch sweakc extenwl anegristis eficldn Uhmrésgessivhat a

Phose onpPORRILIFG SETELS EnEUbE Sl IO Er GG HeOnes ¢ FIPRDE The
resist anclﬁagﬂetéréﬁsta@%ul tAIR) hyky | Rndlayi ¢, WeUMRnyas y“l\ﬂh@mﬁ)hﬁ)owtﬁt ive

orientations of the rragnetlzatlons of its two el ectrodes. However, in order

to achi evidaghrieelektrony,] Phbak#@eéeﬁémger 553t P99), PR S3udsd-Magickicisidir i zed

W
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WO ‘021 069356 -3 PCT/ EP02/ 01876 charge carriers via the sem conductor |ayer
and,' secondly, to provide that the spin polarization of those currents is
.-retained over a distance |ong enough to allow themto reach the anal yzer.
Al though the latter requirenment has al ready been net, there have been no
reports of unoxidized nmetallic materials that have high (in excess of 70 %
spi n pol aNQ 82/069356at r oom t enperature. The i nport ancePEH/ERYHRI&Tbesi sti ve
materials to nagnetic sensors and nmagnetic data storage has grown i mensely
over recent years, and such materials have al ready becone of major
commercial significance. Materials sui-t2able for fabricating products
exhibiting GVR-effects incorporate virtually exclusively material s

involving 3d-netal s...4..e€., tal.s,.havi i nc I - i | nce such
mat er i al SSBSHF bt%‘? teﬁléllbgegag%nﬁorﬁ%&ﬁ‘éet ietf&%F o%e%gﬁjgga@ﬁ%d%&e&al 2@%@ ya%

conpat i bl @nptoidd imhheSdutdra@iivePin@aRss iANtob e Dili£iHg Soloddae nfagh®fofdsistance
characteristics, such as the nmagnitudes of their magnetoresistive effects,

their max(GMR) dpeempbneds: swgheasnmanganese legidep eallowis rritaining effgets tat a8 t he
resul t ant ic-field. cafd L Vi ki Gty ve been

| mor oved SRR PRl fefhifap 3Rt il Sl RS RAS e ok penoiBhita inlBE PRON
appl i cat i @ue tatigsldwhiteld Yy&shomsatied tu@sulifhe af orenenti oned GVR-effect occurs
in nmultilayer systenms. In the sinplest case, such nmultilayer systens
consist of a pair of nmagnetic filns, e.g., a pair of iron filns, separated
by a non i éﬂh ,,ﬁ{’% b g R : L has
been knomn%g&s]?énsctgds%b , I\@EQ‘B? gglggna y gﬁhgel?(%){rﬁ?dr%ggglol nt g?%eggglé?%gtg&](i n the
case of nMRAMkaSR AMSsteemb)ne the Genefits dPaemidonDioctdy B8mpPHest fapid ackess)

resi stance of such systens w !l be | ow whenever the pair of iron filnms are
For r onmgrih BAE1C COBTEA (P SHESERFBRIHSRY i ofsdBe Bagfie BRESRIT  t han
be abl e tgyride@RRtive, dndhaiRié t¥mdries Atd Aub REnWIARE. MhilaEim@hdRiiag their
spins. On the other hand,” the resistance of such systems will be high if

t he spi nsrugged, hesuingmoiextanmal ipbwer suppliesaand withssandyadiatieml | y coupl ed.
"Ferromagnetisni is generally defined as a collective magneti sm under
which el ectron spins are aligned parallel to one another for tenperatures
bel ow t heln prifeigle) RE3RRccttoCEHEED AN6W fibifafihd hAghaidRIRY S itERble spin
"Antiferromagnetisni is defined as a collective magnetism_under which

el ect r on Egisistorader glecheria wistithared parew &ypsned dasianh evhere TMRswices ur es

bel ow t he_ cr i ti.6ad S f t hat 1) i stance of an
anti paral qng(drc%&deﬁg%ﬁ%tc?ﬁ%%;@}) ﬁé%;grt g%]ﬂ Leﬁe@%ﬁgg %ﬁeﬁ \)?\%eed npolqt £0%?1g§rﬁlﬁé]i | s,
may be sitgansfstorarirtyitrye dSisied fibld-effecextrarsivedrs y(SpRPFEEY aragnwiré Csifiplf d. The
external nma neti((ﬁ %\i eld forces a ferr rraoq%neti c ali g@ggn%f&of t he spi ns of
bot h i rorPFIYECGI BAY ife WSH | deitlroxlds ofymisqpductar £iielf-effect JEANSISION zed t o
achi eve 90[MU§PEﬂ,fa%t bé&th ot thBPStatdO(1Pn8dondfQ Rgt ﬁﬁp%rﬁﬁaﬂﬁ&ndﬂ'&ﬁ)g% ef f ect
is currently already at the engineering-application stage, in particular,
for fabrimumvolagleriHtvalged-logicodeyines anightf ey configunablgdbyreeahiniog negnetiali sk
drives (at | inz). net oresl stance | s..a pakaneter that de i bes the
per cent adgetgﬁ{yng‘%nﬁc%lheé\{%ggﬁgt ani 8?““%9029/%%“8%1 icil]nelexhcg prei%%eﬁése g&’ and in
t he absengeBsfreutBer@@NSMengdel :€iMagnltoelekgahiky GrirRigipeh RiRhUSE apsiainfiss defi ned
as a reduction in electrical resistance that occurs in the presence of an
ext ernal ehjiedagie?t VBT echrylegiciratrpe (! RAD) ihastahar sragimstal hayingadighs

present. W fering i Rt LO iy ant n i st " are in
Genoral (ol UGAAERROng Bel bR pRERART CAGR: TRATTIACETIS (HAEF N

wi || be ehdRegedcdsrorispm trasestat. Hiteridmageetic-materaltsemicondudtbestdictires ence

bet ween the resjstance of a device in the presence of .a magnetic field and
"t resi SHaMESRY on Chfoidep dht de PORTiEEr e g e TN (OF dicRTby! Fiasee

resi st ancgridys kil RS HsE eﬂfélo%drﬁ%lﬁfck tniphtWeonfifiitedBihFHEL NG UfinisS 100 %

An alternative definition (e.g., that enployed ih German Patent DE-A 38 20

475) is €him eyistincaof the resudtentdfybtid elevicamtoultayame withdbé sdlativeerie@dRpnef f ect .

In this c , _'percent age, magnet or esj stance, " MRP, i s defined as the

't £ or encl 6 rEBHTAERBR BT (b t8tiGed B0 fee Mordanus aHSEHE B Wihagnet i
field andpd heceksy,SHANGEd Bufpgh? sPesfaeRd dur@ni¥egneljb&ing fislpoRiivéded by
its resistance when the magnetic field is present. Its maxi mum val ue may
thus be arbitrarily large. The aforenenti oned TMR-effect is based on an
insulating fil msandw ched between a pair of magnetic films. If this
insulating filmis sufficiently thin, electrons will be able



WD '02/ 069356 -5 PCT/ EP02/01876 to tunnel through the resultant potenti al
barrier and current will be able to fl ow between the pair of nmagnetic
films. The tunneling probability is al so spin-dependent, which |eads to

hi gh magnet oresi stances for parallel magnetization of the spins in the
magneti c tunneling-contact filnms, conpared to those for antiparall el

magnet i zaMA2/869336ei r spins. Materials that have exclRETIERQR/01876

spi n-pol ari zed el ectrons would exhibit a large effect. Since the tunneling
probability is spin-dependent, in view of the relation MR=1 p2 , the

magnet or esi stance, MR, will be a maxi mam when all spins, P, have the sane
pol ari zati on. However, the aforenenti oned nmagnetoresi stances are neasurabl e

in chemcal elenents and thin fjl s of chem cal el enents onl Lar ge
magnet or CUPEEFERES 1§ d1e i RIGOMMEIPY 1YL ot Rt s ORI e h46 88 P s cover y
of the "GRliAsAabn GRESE irtdhSts38GRed 0WHM) difthhQCbng BndRAYSERSR tionh #eS (cf .
R von Helnold, J. Wecker, B. Holzapfel, L. Schulz, and K Samer, Phys.
Rev Lett .regch the r@oiyyer. Althoaghithe lattarraguirethenbhasialieddy beeremes ttherg have t he

ich or eReEP FErEROTLP CReIdF o Bedihis nBE R RS b R 3T 780RLa o

chem cal wliepEptization st rodit-tehpaaturé.s an intrinsic effect (an effect
occurring within a chem cal conpound), and the extrenely |l arge change in

resistance is due to suppression of a nmetal-insulator transition at the
Quri € { emes AU Buod S mIBfioreUEHG HATRAL 8 W fnerlcSecfighd BefnAsndfiesfL 1 L1 cal

t enper at ure, Oel ow Whi ch®a spont aneous magnheri zat'i on 1 nvol vPAg a paral | el

al i gnnentst@bgs D gh®sE Hintenbely se rédent eéagd) biaidi sigh ahaeBals ihive hlieadyal so
termed a "ferromagnetic alignnent," occurs, At tenperatures above Tc, spins

will be rossedgiof naoTsonunercih aiepticarisnYietertals suiteblietipt fabrieafmedmpdudts wi |1 be

i nsul at or ] C@{ﬂ@l@- ) 5 g e : T 3 | :
ferronagnez(thlgb?:& tals. %ﬁé@%@%g@?%&ﬁaﬂ% %é?%%gggu?%%éﬁ%l m")lgievﬁal ency
manganes e3demiethéss i.es neialabating incB8mphdtd 3d-ofilitalsn siged suoh MiRetidlaexlobitultes i n t he
case of is attributable to.the reduction.in spjn,disorientation that
ccours. TRSITE SEAGPUSPIEBHES POV RS c5ueiPE WEh b STGORGTEFHAE ons

" hoppi ng"te&&ﬁc\g@@n Mhelit- fajd?s Abfaciidicssi §iR%, @Ndhé haagnMRRPT 8" theiMO

02/ 069356 -6 PCT/EP02/01876 occurs only when the magnetic nonents of the
two Mh- atoagnetaresistivieg affectpathein enaximumneperabng demperstures (the pesratitgagnet i c

o esence roaat b bR el RAF Bt il B ook A EEL MR w1

i ncr ease tentipraedr®er ahe havtrfowagias) iathalghgivreptimhnssleRGESoveing dlesi st ance
Wil | decrea?,e.,The effect 1s thus usually greatest at the Curie

t enper at (APBIICAIONFERA HaE KEiDGERFAUAE: appl i cations of the CMR-effect are al so

t hought to be feasible, the greatest effect is usually observed at
tenperatures bel ow roomtenperature, rather than at tenperatures falling

wi t hi n t hBheopferemdntigneds GipdR ffgeteoqearsginsmultilayen slystemasd dn thei simglasesgsensi vi ti es
axe also still o low and epitaxial grow t he conpounds invol ved on
2T con virbrt e e in iR B e o hReiic Sughye RRAF BT ren gl oo o

hi ghly coppaetedbyrehdhsnefic ERAPORNEThRdMILAI fild) T he BMEMERf&RE, fvattth Aoy Cr 02
exhibit a so-cal l'ed "powder-nmagnetoresistance" (PWR) effect (cf. A Gupta
and J. Z.besprknowspiincep b8 ily etesemably por extantic ingikaectitest §indhe easenofagneti ¢
oxi des, " : . lyﬁﬁp te _, - ) voc; their
Curie terrr%(élrtl %Jrges, e%ég@o%r@%ﬁ satéenzﬁl?%ipf gfg?%ﬁ%ﬁb{[g'r%irfg tlg{écneggtgx\ée ectrons
at the Feyysiemgneilldye, lowhwhdneleatis paio of aoplfidms bleaferrbmdgnegicall yncdupluadsy | es

exhi biting | arge nmagnhet oresi stances_in ak magnetic_. fields (as nuch as 20
%at 4 K (ndhtmium Hinsneecenross “@I%élﬁnvfeoq@? [/ rasitnToBIORRIPE IR Bt rons
are abl e 4@ JHlnGinbs @te?fngstheﬁ_@%sg@%@amgf dA$ hbaksiayg df Ghat ently
aligned spins. An insulating oxide tilmprobably tornms the tunneling
barrier. sphtems widhdbearldgh rifshessping efitbe twasirdnafityes arn artidewromagnetiagihet i c
field will align.all spins and reduce their resistance, since their

conduct | 6P BIo6t PR Adh ESEeray delird e actol e oM GRIFTh g GP A ns.
Nevert hel ggigh efebtrofl QERRUNE aliEMat pRAKSE 16 VA ARtk BORAR téRpdtatufesBeliwithe NO

noti ceabl e effect at roomtenperature. Since all such conpounds are al so
oxi des, transferring these devices to wafers presents problens. The |argest
effect at roomtenperature (6 %at 1 T; cf. K -I. Kobayashi, Nature 395 (
1998), p. 677) was neasured in Sr2FeM06. Conposites conposed of a netallic
mat eri al having a high spin polarization and an insulating, or at |east

sem conducting, nmaterial, e.g., an oxide, such as A1203, MO or WO
02/ 069356 _7_ PCT/ EP02/ 01876



Cr203, a fluoride, such as MyF2, or sone other insulating, or

sem conducting, conpound, such as a polyner or oligoner, such as

.pol ystyrene, polyethylene, an epoxy resin, etc, should be suitable
materials for use in magnetoel ectronics due to their PVMR-effects. The
insulating material prevents short-circuiting of the netallic particles,
and proba Q0&40§83%Qarves as a tunneling barrier. The p?GIS(%ﬁQZA T8ssed by
the present invention is making available materials that will allow
realizing higher (up to 8 Ghits/cnR) recording densities on hard-disk
drives that in the case of the hard-di-sk- drives in current use, which are
based on a GVR-effect or the TMR-effect and all ow reachi ng recording

Senei 1 ooy T oA PRI L0 4 HOERTegl ef o

enpl oynenwhizh eldvifofl 8ping e aigfled ntipafaticEloatt ansthesfor tdngerammgnbelowahe st ances
at tenperatures in excess of roomtenperature are necessary if they are to

be enpl oyesficak temnprastiedthe W temperatuse) hhe rrsistance aben gatipasgllebcpypledrer e
or : . . . it o

bropert i LB SGileno gl bvpat R8lpitaine TH BE anfifally LAy
syst ens tdmtexgethalby tapplic/Rmagieict fiekhnihy: extbingh hagledcr ésjdorfeices ta es, a

| arge effect at the operati t enper.at ur.es of read-heads, .. a .stafjl.e effect
over a brisHaMAgRgs aligiment g é,SP‘é}ﬁ8fg°‘¥‘H€)“f@Wrai‘P}1get E%‘gﬁia@feépp%t' $ of
Cormoundsefffé&f\gqa?gr@ &flitze@t%i&tafaﬁ%m-@ﬂ@ag:ﬂ at MRt R)Ge# Ty tdrfedfuef fect in

a bul k materi a conposite conposed an insulating nmaterial and a
met al | i ¢ Tt cGMR-effadti i taumgntly helghdys pit ntheo leagineaingeapplicdtione stapg éf f ect

B e e T e R s L S Tt P

for use igyeRi(R IBMeQVEIAR).CS, high spin polarization at tenperatures as

cl ose as possible to roomtenperature.
Magnetoresistance is a parameter that describes the percentage change in the
resistance of a system in the presence of, and in the absence of, a magnetic field. A
“negative magnetoresistance” is defined as a reduction in electrical resistance that
occurs in the presence of an external magnetic field, relative to that when no magnetic
field is present. Two differing definitions of “percentage magnetoresistance” are in
general use. The definition of “percentage magnetoresistance,” MRy, that will be
employed in the case of the present invention is the difference between the resistance
of a device in the presence of a magnetic field and its resistance in the absence of a
magnetic field, divided by its resistance in the absence of a magnetic field. Its
maximum value is 100 %. An alternative definition (e.g., that employed in German
Patent DE-A 38 20 475) is employed in the case of the giant-magnetoresistance
(GMR) effect. In this case, “percentage magnetoresistance,” MRp, is defined as the
difference between the resistance of a device in the absence of a magnetic field and its
resistance in the presence of a magnetic field, divided by its resistance when the

magnetic field is present. Its maximum value may thus be arbitrarily large.

The aforementioned TMR-effect is based on an insulating film sandwiched between a

pair of magnetic films. If this insulating film is sufficiently thin, electrons will be able



The present invention now nmakes avail abl e compounds that conbine the
favorabl e characteristics of the GWR-effect and CVMR-effect with one anot her
-and exhi bit high spin polarization at roomtenperature. Their

magnet or esi st ances exceed those of GVR-systens and TMR-systens by a factor

of about jle providing field responsivities hose of
mnganese@ﬁﬁggm,&lthough sensors based on a GVR- eff@T@P@mﬁgFfect
enpl oyed on hard-di sk drives allow reaching recording densities of about 1
Ghit/cn2, compounds according to the invention should allow reaching higher
recording densities (up to 10 Gbits/cr#)y. In conposite form (granul ar
material s conposed of the conmpound according to the invention and an

i nsul at i ’Iﬁ’tuﬁﬁeéaﬁudu?ﬂsﬁxeSx%mlf‘aﬁf“ﬂ%htiﬁgbarﬂ@# gid dlrelTPRNELOTBR & e ef fects
of as nuch as 80 % (80 of their resistance in the absence of a magnetic
field, orbef@&nitheiairldinmagaeticifibng. die tergebing probabitily isalse spiedependeniy ed. The
i nvention has.been based on the follow ng.theoretical considerations: An

i nt er met awl?lgﬁ l@gﬁfﬁ)g’r@ WWF%W%?Wcﬁb?%&a%&tegl@%?z %ﬂb?f@'ﬁéﬂ% et meet
the abov %%ﬁﬁtib RRFRIAS corthd TRmS USdinfarsiPeUneke ot Srktipafdl Bl nk gieiopsdny o X hi bi t
the desired properties of both the nmetallic, nmultilayer systens and
conpoundsheih apinexMiatsirialsathatehavie- exgbigivabyospin-pelaszed eactrans wiuld eslibenef i ci al
if their Curi eyt eratyre, will conti t.0 exceed room.tenpper re (230
i n or der Eg: S Pulg ot bithelng by 28 RS PIRR SRR & B o g
within the operatingetenperature range of read-heads, A Curie_tenperature
in excessreléfm@@@@fngzdt magneieghistangep MRyl heop meximum wilign ellispigsand f or
the PVR-effect at roomtenperature. The conmpounds according to the
inventio L by . i I i t I over
the.t erpor dpie e i rdleliZfibn, Holighe e ABRERENARY mBnd SRREAAREEE V0
02/ 06935 ned3uidblt/ifrlehéihidaBeleméxts amblghirsfilmch{vhemdicat élemtfteonigt i cal nodel that
descri bes the physical basis for the CVR-effect will be useful in

synt hesi zi ng conpounds neeting the aforenentioned requirenments profile.
Whet her ia?%ﬁ%ﬂeﬁs@ﬂcés%é Qsbverdd fr confhoRRICH @hu RYHGH DiSkcRUaN nurber

of val ence el ec s, or a netal, i.e., a materia aving an odd nber of
val ence alfgbe r‘orlessal magnetatesistancd” (ViR effactein mangapeseadmdBdchieR atan or  4f

netal s are,consti tuents of C u t he tatenents, regarding J.ts
magneti s ‘?lrﬁvﬂi;é]l W‘?‘%ﬁe‘% H‘ﬁaﬁﬂ?ﬁ@ g&y%n@gj ge?%gﬁr’t%g'e ﬁf"ohﬁ&i'}ﬂ t he

sol i d stqie93)Tpar3Nycditratéd MRIAHI® MtdtesSkidte the chagetia thbie eitahence of a
rel ati on anong the crystalline structure of such a conpound, its

val ence- avhest gpnexternal masaeliodieldnvas eppliade #tas ompeh giepteraifivat far Preoperti es.
n V | - H n H H
al ence a%r@ﬁﬁeﬁt%heﬁ%?Eaé/[eféa’rs%ﬂ'rsadoﬁma?éd @le%'e@g%ﬁ Q&{y{aéﬁ{é’?%e ey akgace

el ectrons per atomin u I NV ence el ectrons" are
defi ned as aal mttinsineffect @nbeffat ocodrriapewitidal a ehaniealt sompdwsidiieartdhéhel ast ,
closed, in rt-g/aia she I n the case o(ﬁ the transiti op met hei r

n&l € L&

| . ,
val ence &FBEP & é’Lg‘!gﬁl Bl F7S5ince oS efusc 1 SHRPTessiR § B‘(‘?F 'E‘?fé‘?at"arnd, in

the case i@hstiBf dt ané tmiedRmpefan TL. MRS “@SridVRinhperat i@ 8% AEHANASL tht ruct ure
of a solid may be described in terns of its bandpstructure, and may

cur r ent | eriticalcismperagerembelpwswhich @i spontaneansrmagnetiz@mndnselvingt aiparallels t he
sol i dstate anal.og. of. the energy,|levels.of nolecules.. .The electronic

st uct ur SeBneuCH Fum mgmle HaoR TidmgPEs S OSHN E RTRSEE Cuch as
phot oem Sgifimsest ERGHAEY,” ooVt eABlempediuielyabdle ThEspRhsLGilI R MadShIyuct ur es
of known conpounds_ having the aforenentioned el ectronic and nagnetic

propert i @sieRd, appbweempeyidst Hbatf j exdibit | ap CYIBreffacht iy H6 iinsWatars reci pe
for synt LRI i .St [.ng a
1 nger prap FoReEP AR EHIIAEIAP TS, GBY yTRRRTLA AR ORI B,

Mat er : CHEVIR-&fdct 1988 Mfirstp medfifed aor mixedohlepcy amahgbhesSestidads isuch. asl nor g.
Mater. 2 (Raye Co nor at i ol ume, 2000), p..677). .. WO Q2/069356 -10
PCT! EP02/FTaTe G CRRDGRY L MR Aok REPUEt B Bhic i f QK asio el 42 them may
al so be expl@bASH sPi disorientation that occurs. The electrical conductivity that occurs is

due to eg-electrons “hopping” between Mn’*sites and Mn**-sites, and that “hopping”



the basis of the electronic structure of chrom umand the spin-density wave
(to be expl ained bel ow) and magnetismof iron (c P. Bruno and C. Chappert,
.Phys. Rev B 46 ( 1992), p. 261 ). The "doubl e-exchange" ("doubl e
Zener - exchange") nmechanism (cf. C. Zener, Phys Rev.82 (1951), p.403) is
usual ly invoked in order to explain the giant magnetoresi stance of the
manganeseWskPH86933he CVR-ef fect. However, that appr oadRGTEPEAIBIEI anati on
is confined to the m xed-val ency nanganese oxi des. There is no general

t heory. Spin-density waves, which are largely responsible for the
GVR-effect, are al so under discussion-&s- the probably cause of

hi gh-t enperature superconductivity (cf. G Burdett: Chem cal Bonding in

o L B PR VS R Sl PSR 1 coPr e

i nt err el agROanolitirNasdRNthe f¥rrvMygRtivRns. A eegMindulnthietraRitRarRatiskit ¢hd or  gi ant
magnet or esi stances as |long ago as 1998 (cf. C. Felser, R Seshadri, A

Lei st, arfdung tepppesatire. jn thaapessenceradran @plied gvggnefic fipBiyythe prababididhef ty waves

Computat 1 OREPDE Rl LT e i, ReforPleb i it IHRRRRACHR o, °°°

band- st r uetidtafice AP de@biseNThakffeoy is e gRualyngeabetah eie Quigd waipeeanieound wil |
exhibit a S{])i n-density wave, Theoretically, one needs a four-dinensional

pl ot i nvohlihenghrenginepingapplications of dhe GMBretsct are alsp thavehhioshsateasiblend t he
energy i I r r j i I oni c

ot uat ur angEREiest et SRLERRT b ricd R REhITRRIR RBloPlofhn BmghidfrE S

r epr esentthbm an térspersturey falimgi wokinaehg@pemtisgHdnamegtua mogdsanferead-headsst ant

energy (i ment um,space) . The isoenergefic surface i.ch separates
ocoun ed Bl ESPOTnBEL 80! SOQIGE, Ao K ALY hsth PECETTRRECR he
associ at gelvEeINed 8Y silitoh WafdrEEHtinBEa0 PYeseriiSbleBi S representation of
el ectronic structure, spindensity waves are identifiable as parall el

surfaces on the isoenergetic surface. Due to WO 02/ 069356 -11

PCT/ EP02/ 01876 the s tr f.rtheir crystalline structures..and their
val ence- di ARvHTES MU ot Bisaly" Siresinichls] BE Sinpiiidtt Sitiing, me

"fi nger premiR-efféct tahe iarOs| exBibitOh b called UpbudeSmagsredistend¥R (BRIRS Sffeek | des
that exhibit a CMR-effect also exhibit an additional, |ocal, nagnetic

monent . "EhnPovat andili PWY sSnawalarized) feanpRorhid nnegneiaredgandgein as

conpounds.,hak: 4NN b e n p td 0 .Spins are
ragnot i caT T L A b SR Mo LN TRORE f 28 DTBP R et IED T
Local magDwié tcemporatotes these nmngonadsesxidabie highu peldribations pdrdécalohy at ithd ed

el ectron shell, in thi ase, the half filled t2g she]l of manganese.

For mat i or G £t Wﬁ»@a@bmmw F%d@ﬁ%r&falﬂév’uﬁ%ﬁ? exhibitng laage of
cormound%nfa%aembéist?ﬁ&e%%mm Bitic s (@ mlchs 3016, M@tv[g'aﬁ e.tlhr)%nirggg

Spi n-densi wave (a result of “their band structure) the di'sta
bet ween m@greetof cthairotataliyn spinepalariized. el€etrans” hifengblepta riunnel i toe states poh- densi ty

ey SRoR DT el B AR, TR IR G e P o

st r uct ur gsrobdbly Upeis Hedtighélivgy BaFPO Urtes mMmeskuean sdsitaddé iasi laadel ¢t of the
nodel have led to prediction, and subseguent experjinental verification, of
a COVR- ef fexdemalnmegnesic figld will alignsal} sping and redugeatheir resistangg: since thedim 9 (

1999), p. - (- Thi , b, em 9 (
Tooo) " b coffendly clbettoryilihen Bt BB to Wifheflto PARBRG grabng MRAGHRAGRP™ B
Si mon, J.alBodmpousida tieat Gaeerbecbine knol80®)datgex1iBif no Gotideabkeceffoes at room
ferromagneti cal Ig &rra&?ed at 290 K and ,exhi gi ts a CMR- (%I}ésgcdte havi n

. g a
magnet or dSTPELHIE. SiRes, all spchyeorgpotinds arealsqpxides, drapgering HCEhBugh t hi s

conpound Wagd ﬁfcs&ﬁg gﬁsw&ﬁgrﬂlehmgéw effbct @ IFOHERRBERINE §6 YOI || 1t;he conpound
according to the 1nvention was synthesized, engineering applications were

precl uded<dlu&abayishi NwtarecS (2B vo.t Y77) t wasaweasuradt hin H3rFel®Osand Oz)

dits | field i Vit / . tly ., d, .nodel
roanwh | cCORBRES SR BRSN"on s mbtaly PEpEhERse LebdLHRN PP BB G s ¢y
wave, a sagsh@nd ok Bt lehd? séiRoRARMNEMAEHALT €5., 8 o%idBRABINASABORI Mighi, B8 t he
CVR-effect is beneficial. A saddle point, conformng to the




WD 02/ 069356 -12 PCT/ EP02/ 01876 mat hematical definition of the term in
their spin-polarized band structure |eads to a high state density. "State
.density" is defined as the total nunber of energy levels falling within a
specified energy interval. A high state density (nore than three energy

| evel s pey. y cell and eV) at the Ferm energy t he ener t hat
separates di@i@%ggﬁgtates from unoccupi ed states, uﬁgxﬂ%?%ﬁﬁﬁﬂyor t he

el ectronic systemand is thus ternmed an "eIectronrc instability." Incidence
of these two types of instability, spin-density waves and saddl e points, at
the Fenni energy is favorable for the-dgroundstate properties of conpounds
havi ng unusual el ectronic and nagnetic properties. The "fingerprint" for
CoMpoUNdSCEY g Bt At JRANRLOREShAkANEE: tiRERNSE Shhi@habliGe
factors: saddl e pol nt,, "a ensrty wave, and a-1o0c magnet1 ¢’ nonent .

The saddl&mm;mulnti emp:aaeratﬂ;ql%aads oligoraer suclo ampobistyeenep pplyethyleaspag
magnetic atoms (cf 1998 599), while the

spi n- dens¥ROXY &Y/ Ftéaéi%o“tl% bﬁr?“%%? F‘@F‘F%é‘ﬁe‘iéd“é??é‘ﬁ@ékﬁﬁ?mﬁﬁ AP0 spi ns of
nei ghbor i fg;, 3 \REeffebty, %h@qqﬂﬁﬁﬁrg'r @Qttegﬁtgfet%&gg gg(?}g gﬁgpﬁﬁ% of 3 metallic

antiferromagnetic coupling appe | arge change in

r esi st ancpartitlet, aad Grotiablytadsymervas as @ tunaeking lartierus responsi bl e for the gi ant
magnet or esi stance that occurs in conpounds. If the materials involved al so
exhi bit high spin polarizations at the Ferm energy, nagnetoresistance

effects Wrhd pRibIRR Ml by tHeaﬁrgé%nt 1r§Qhﬁorpg‘| RiakiBplavailatAd nfutGREC Hfat €d
energy” is defined as the ratio of e state densities for the two spin

ori ent at i wibaliaw réadizingrhighpy (uprteed Gh»ts/mrhrv@rdueg dﬁnsstpﬁsmndmlr@rmSkaQm is

magnat or cORRPRRE, < are Ak iR B A2 Rl uf Bttt ofR ot 1 oot

woul d be Gmamt oxurtm TMRRffeet aid aBbwORachihg |redvedifipxXdemkizies ofi dbovt ew of
the rel atr on z. Furthernore, in addition to the aforenenti oned,

trifactor @ba@m eTbemtenabpnwlu@ﬂwgﬁaAm ibitleigh mamomwmsetmmant)
"fingerprij, reh ui 6 PCT{ EP02/ 01876
appropria Q‘I%r,adégi@eﬁ;dkl hSE o ns?ﬂﬁﬁwnf?t\e\?s Olrzl(é&u(z%?%s/ %h?cur nﬁFt he band
st r uct ur esle@fonias| Hdgh rﬂargnétaleﬁlstahdsesmtwhberahfeeqh ek b3k rofeb@ﬁttémpexﬁtuw operties
only if they occur hrilthe Vi Ci nrtl')(/) oJ t he Fer ner %‘;[hough a shift in
t he” Fer ni 28 RErgsarE dhthey HEbIoRs saploye b%‘“&&‘?ﬁ“@ B%ﬂsﬁfém‘ WePARGUNd wi t h
el ectronsjn@fsihiol s, in practice, it frequently is difficult to achieve. The
Ferm energy rmay be shifted toward hi gher energies by doping with

el ectronics, and shifted toward | ower energies by doping with holes, which

T L iSRRI R ki W Do RRIR Ao ge ARl Y, o, e

repl aci ngednitgdn&dar r espondi ng fraction of strontium atons by | ant hanum at ons.
The only candr%at es for uch rep Iac%errer,rts are thus conmpound systens that
may be doped, é‘avoreb{atc aasteristics of yliilgyer sysams that ieghiditgr G M%ﬁr fegl)

el ements and i wWhch individual atonms may be replaced by other atoms.
Internmetal | ic conpounds, such as Heusl er compounds, accurately neet the

o high field responsivities,
. a large effect at the operating temperatures of read-heads,
L a stable effect over a broad temperature range, and

- the favorable characteristics of compounds that exhibit a CMR-effect, namely:
. an extremely large effect in a bulk material or a composite composed

of an insulating material and a metallic material exhibiting a high spin

polarization, where the effect will not be strongly dependent upon the

thickness of the intervening film, as in the case of the GMR-effect, and



prerequi sites demanded: - a trifactor "fingerprint” in their band

structure, consisting of a saddle point, a spin-density wave, and a
-l ocal magnetic nonment. - They are senminetallic, ferromagnets having - a
vari abl e val ence-el ectron concentration, - highly symetric structures,

- Curie
an MR- ef

t enper at

strongly dependent upon the thickness of the intervening film as in the

case of

and

ures > 500 K. The prerequisites for pqtential occurrence of
;‘S@)S%(Sé?;“a high field responsivity, a Iarg@%?’ﬁé’é&z/qlﬁaﬁ t he

operating tenperatures of read heads, stability of the effect over a broad
ure range, and WO 02/ 069356 -14 PCT/ EP02/ 01876 an extrenely | arge
effect in a bulk or conposite materi al8-where the effect should not be

the QR ef ff%? tu'se in spin electronics, high spin polarization at temperatures as

close as possible to room temperature.

The present invention now makes available compounds that combine the favorable
characteristics of the GMR-effect and CMR-effect with one another and exhibit high
spin polarization at room temperature. Their magnetoresistances exceed those of
GMR-systems and TMR-systems by a factor of about three, while providing field
responsivities better than those of manganese oxides. Although sensors based on a
GMR-effect or TMR-effect employed on hard-disk drives allow reaching recording
densities of about 1 Gbit/cm?, compounds according to the invention should allow
reaching higher recording densities (up to 10 Gbits/cm?). In composite form (granular
materials composed of the compound according to the invention and an insulating, or
at least semiconducting, material) magnetoresistive effects of as much as 80 % (80 %
of their resistance in the absence of a magnetic field, or 700 % of their saturation

magnetization) have been measured.

The invention has been based on the following theoretical considerations: An
intermetallic compound incorporating 3d-metals as constituents might meet the above
requirements, since such compounds might simultaneously exhibit the desired
properties of both the metallic, multilayer systems and compounds that exhibit a
metal-insulator transition. It will be beneficial if their Curie temperature will continue
to exceed room temperature (23°C) in order that the largest effect will be attained for
temperatures falling within the operating-temperature range of read-heads. A Curie
temperature in excess of 300°C would be favorable for spin-polarized tunneling and
for the PMR-effect at room temperature. The compounds according to the invention
exhibit the effect, virtually independent of temperature, over the temperature range

investigated, i.e., temperatures up to 400 K.



In the case of applications to spin electronics: high spin polarization at
tenperatures close to roomtenperature. Internetallic conpounds are a
.reasonabl e choice for attaining high field responsivities in the case of
conmpounds exhi biting giant nagnetoresistances and, in particular,

semnetal lic ferr gnets will be found anong the Heus "Heusl er
phases™ a“@)pﬁ@ ﬂ%&?allic conpounds havi ng the generalﬁgiwgg@ﬁﬁﬁgﬁ X2YZ,
and crystallize into the BiF2 type of structure (cf. Pearson's Handbook of
Crystal l ographic Data for Internetallic Phases. ASM International, The
Materials Information Society ( 1991 )-)9-1ncluded anong intennetallic
conpounds are conpounds involving a) two or nore true netals (T1 and T2),

b) one or groups,
and c) t AWn%e}s{aﬂﬁ}%eéﬂhﬁ twﬁﬁ)&g g%ﬁgé&:“ er ea}% gif&%l %Ar})%pgrr t§ ll.‘lée)s becone
| ess net aCMR-effast widr Be Iuséfel trhmhasfzutg manpdmds oadeting nipo afodementtiened hey
undergo a tranS|t|c)q£ Cl ass ass The C|aSSIfIC tion into true

- metal s an@IBRERFS P f’%‘e'b? CP‘H‘BO‘EP ‘lﬁbaﬁrlaﬁ}’é%toﬁ d-ep AsPgtenal &3 1 of

R C Ev I C I A rlag,
Berlin aﬁ%\%ﬁeﬁm\}’fgw{m&&%&h&&*§wg]\/%e(r)gzﬁate§§l5%a% PégT/ e M e e

Met al sChevilerse &bcﬂr(ma,t B mfm&ttwe of- Sufegtuoe p TeetaiB, R trieBdNavgMmegilski@aSc Ti V

Cr M Fe Co Cuz rY Zr, Nb Tc Ru . Pd A dn S

ShTe Co Bl SO tus i a0eiponnd Sheniiigmonts Sepet s FREPQisTHAY G Eeee

actini desffgl Qnegd&tﬁncg Bé&twedr? thost! RitdmsS I Hiel 41i@Sstib, The BichZstimbRs ake

characterized 1y four internesting fcc-lattices. X and Y are usually
Q

transiti opossibleaisslueTo thenexistenceaiflagelabion ainongthescrystalling structurg of secdra h

glr eglza)n t. czc)lﬁpsou%dnoﬂz vglgreléel-&egle(;[nalcogcren gt?oqlEt gnld (1@ neleeLt?grﬁg t ar}cdr % Su b(gr oup Bl
properties.

‘“Valence-electron concentration” is defined as the number of valence electrons per
atom in the formula unit involved. “Valence electrons™ are defined as electrons in
orbitals of chemical elements outside the last, closed, inert-gas shell. In the case of the
transition metals, their valence electrons are s-electrons, p-electrons, and d-electrons,

and, in the case of the lanthanides, f-electrons as well.

The electronic structure of a solid may be described in terms of its band structure, and
may currently be computed with sufficient accuracy. “Band structure” is the solid-
state analog of the energy levels of molecules. The electronic structures of solids may

be measured using spectroscopic methods, such as photoemission spectroscopy.

Systematic study of the electronic structures of known compounds having the
aforementioned electronic and magnetic properties has allowed, for the first time,
formulating an initial recipe for synthesizing compounds exhibiting giant
magnetoresistances using a “fingerprint” (cf. C. Felser, R. Seshadri, A. Leist, and
W. Tremel, J. Mater. Chem. 8 (1998), p.787, and C.Felser and R. Seshadri,
J. Inorg. Mater. 2 (Raveau Commemorative Volume, 2000), p. 677).



Due to their nmagnetic behavior, the magnetooptic Kerr effect, Heusler
phases have acquired technol ogi cal inportance. The magnetic properties of
nost known Heusl er phases have thus been rather well investigated. In
particular, their ferromagnetic Curie tenperatures and nagneti c nonents are
known. Ho ir electronic properties, such as tjgir i.cal
conducti v%dgé/%hgﬁa been investigated in rare cases oﬁﬁ?mﬁéﬁﬁfﬁﬁe
exception of the recently discovered sem conducting, nonnmagnetic, Fe2VAl,
all Heusl er conpounds that have thus far becone known, i.e., several
hundred distinct phases, are netals. Stderal ferromagnetic Heusler
conpounds have band structures characteristic of semnetallic ferromagnets.
The hi gh R%R- ¥Rt heirpeohine. v, : oven

f avor abl e?ﬁ%lue t hégfegtcszcur r ee{nf%:‘rgﬁ%lp Eékfégcliercgﬁrfg S?%ér#ghﬁ ?]t%? 2)? . é%(l—plgdtl}iélaeQ?r{ phases
exi st ovetheaasil aft the electrbnisastructung ef ofirovatire rend- the espin-dansity mnasat(toabé ons,

whi ch neans th dopi.n hem wi.t h el ectrons hol es, requi red, should
bresent rOEHIBE SRSt AL NePE ChnpabitS L & LaaRbeh: PBis

thoroughl g\ BV&GE1i099), d26Hhe Curie tenperatures of unknown, new, or doped

conpounds may be inferred fromthe ferromagnetic Curie tenperatures of
known WO 021 069356 - 16 PCT/ EP02/ 01876 conpounds. Band-structure

tations, i ous.,, | ds , h hat,this,cl f
ComoundsTiF by et Ry ARG e DR BRI L Pl ST
neet thenggy, 8§h‘%i951\],a|pfa9§) ekeakidly RNt RtaBs B expldint ahky gadi usted by

varying their elenental conpositions. For a val ence-electron concentration
of 6.9S -megEtorpsigthrgeatiithe mapgneseoxides, thefaYIRreftachHoveeves that@proagind, nuch

to be preferr 6.9S . .02 . valenc I rons. per_atomin.their formula
ani v Eheerark ESpimfapras Padfie, Bt difaPahin Plo Bk bR, e v ec)

occurred gdnetdheieorsker m energy. Qther instabilities in Heusler conpounds
occur for val ence-el ectron concentrations of 5.5 ~ 0.5, 6.95t 0.5,
preferably 5.5 ~ 0.2, in particular, 5.5t 0.1, and, nuch to be preferred,

5.5t 0. I\ j i N uni .13 ~
R R O e e g
pref er r eddiscusdiGn ~a. B2, prvablablyc eavdecaif r bigh-tpmperatuoen supetdoaductifvity m(dfa uni t .

concent r a1 BHECEVERs AL BPRdbs TR s tierd Gn sy Fiesy L9S5ffeheds

auxi liar YSu%@féGhddcﬂﬂ% &fprades afld GHhAGINERMBRIdA! WkRibithld kIO OMRRifRcL g range
applicabl e to read-heads), doping of the known conpounds was necessary,

where it shastusalbuimerrelaiad. Spiardensishvages weteuthougltutodbe sordsponsitieferd by

dopi I J ] hi ftedo(the."rigi.d- bandnodel "
R
af or ement WoTeghélngaVigter.COR&.08 6F98),4A187)VEfin=dehsitpvavésatEcbnseihcdGa ( VEC =

6.95), and %Cr 0. 2wvn0. 8AI, (VEC = 6.95), subsequ,entlré exhi bited the
expect ed i Bt Ureyak elsclenis: cBuyes phaningaaesei ofeso fsomputatins, ofethsct r oni ¢

proper ti égediRiic WRICRIrELHUELSDmPdNEbAERbn B@Fggghﬁg%&gg%@%@gg’ 4Ga, and

conpounds according to the I nvention, Co2C
Co2Cr 0, 2MeCoB¥ting c siibiheeda t pyeh acamptind pridipexxhibits o©f spilnder@iR- efdvect (hi gh

field responsivities) and the -effect (a. large. effegt in a co und) .
Hous! o1 - plOResalio Bl nBEd & nE BTN U oG Bioor ef s HRRELS of t he
sane or degoopdinfed M Hidenehturh PaEe) Odndt R é@ﬂ%ﬂm togfer (oh®present a three-
"col ossal - magnet oresi stance effect” (CVR-effect)) and field responsivities

as hi gh adimenggnalgilot pletheiglediionicestrusinse of@ solideOngingans fergitavigeliat ance

effect” (t%-(ﬁ“egﬁ&z?l' representation is using the isoenergetic surface, a surface of
constant energy (in momentum space). The isoenergetic surface, which separates
occupied states from unoccupied states, is the Fermi surface, and the associated
energy is the Fermi energy. Under this representation of electronic structure, spin-

density waves are identifiable as parallel surfaces on the isoenergetic surface. Due to



WD 02/ 069356 -17 PCT/ EP02/ 01876 Since neasurenents of the effect were
conducted on polycrystalline sanples, it may be concluded that spin

.pol ari zation was nearly 100 % O her conpounds according to the invention
are, for exanple, Co2MWnh0.8Cr0.2Al1, and Co2Wn0.8Cr0.2Ga, for both of which
VEC = 6.95, and CoZNhGeO 5G0. 5, Co2MhSi 0. 5Al 0. 5, Co2MhSn0. 51 n0. 5

Co2Mh0. 5CAOHZ069386\h0. 5Fe0. 5AI, Co2Mh0. 5Fe0. 5Ga, Co2RET/EPEH0 1537&
Fe2CoCGe0. 5Ga0. 5, and Fe2. 5Co0. SGa for all of which VEC = 7.13. Conpounds
according to the invention are thus inorganic, internetallic conpounds that
contain at least two chem cal elenmentsiper fornula unit and exhibit

negati ve nmagnet oresi stances having field responsivities >5 %per 0.1 T, in

particul a > 10 er 1 ref to be
preferr ed{H p rtgﬁl fryftalﬂ c ﬁ@gﬁ\r‘%& ar?S%B%{[/ %&gﬁceﬂ%‘it&opncggg%t égenhances
the PVR- efri‘aﬁganesé’mﬂesr Ex@fibic SUTACLTRIEeRRROT idithdr tlectiditc bifweites. Magietic
intermetal lic conpounds that exhibit cubic symretry, preferabl y havi ng few,

or no, stmaeganesg dxigssr thattexbibit ar §Mﬁr€ff@ﬁ{aﬁls‘i’ rﬂa‘élrbﬂb@tlr giditionah.elogak i ned as
lattice p S t » 0.c and
pr ef er abl *;Ha @%}tent? Cg}é%gﬁrdglr?;‘hﬁ) &]%a{bﬁ?gr\?g%{éwqﬂ&ﬁ%etng?r Cl alea/af t he
conpounds cdﬂﬁb@.ﬂ‘@s tlevirige uhjerireld e¢leqiivns,e parafagrnetio nchsnuads: avhoge tspins hare

i nvention exhi bl el ectqsonl c instabil |ei| es 1gsaddl e points, spin-density

vaves, A nmaggpl YreRdigBeq 2t nismasratyres belqye ¥ c(rrmcrly Perpflfereten Lo gy, An
i nst abi | By £ fill&d d&dioRMcitsn B

i nstabili %r%égétﬁf%?x?ﬁr‘étbﬂmah%/%n‘a esgﬁaﬁgeygy olrrcr':)dre th oan E n S V,

pr ef er abl yasepthehak-filled it -shél] af mwhganesepar t i cul ar no nore than ~ 0. 1 ev,
and, nmuch to be preferred, no nore than ~ 0.02 eV. It will be beneficial if
corrpounds according to the invention exhibiting the conbined CVR GVR- ef f ect
exhi bi t tP&HnéifoBQﬁTanaéntﬂfWgﬂEM @ﬁarig@m@?ftcxﬁﬁy‘t? o&ur K9 &Y éa@éfﬁﬁ&ﬂﬁ%ﬁrﬁhdé 230) .
Such conpounds are characterized éva ence-el ectron concentrati ons of 6.95
~ 0.5, pr@swreﬁmemeeh%uporoﬂ@ ratiqmopite wayeleagth OStI%Spm denbity avage (migsHltt o be
preferred 5 0 r i r. O her

! N f ﬁie?r. ba{ %tur%l BC e s g.ﬁ)c% beg&'?%ulsrﬁéﬂ £t0m8 1H1{Lg 55’[{;L.C”Ehls ar e

|nstab|I| I es |n er “conpoun preferre

observed f‘@rligeV]ﬁ'irﬂ,l’fCﬁe ebgﬁtdeﬁmwmcwtlraatbeemab@érv&i 5n*su9er50ndﬂbt©fseﬁﬁ@| y 5.5t
0.2, in particular, 5.5t 0.1, and, nmuch to be preferred 5.5~0

el ect r onsMggnetic werms/ eHobitie negatpieTmapEoresisansent baowlsdes gained rﬁmna uni t,
and 7.13 nd nuch
to be pr ehg(r)e:rl%arogrfegi%%ﬂp%%gzsu E’grlccer(l:(%?lrc %n% E&n?&fg&ig%&? gé?shsg?n%;i?%hcqu a iJnlt The
opt i m zedtheamedeeh®ieeketr onpredictient arai subrseqmtht speriniéntal cenificatias ofey be

have. t nusCM-SHedrt e fiecl Fee i . ShpBRaL dgstreara IR, B AT oS
Co2Cr 0. 6FeQFdi&e, IQ“ﬂ\lQﬂgQanZNthsﬁé\in a.nmmveaaénﬁ@ Qe@)v)otpsesgledndAs a
sanpl e conput ation, Co has 9, el emental has 6, has and Al has 3

val ence efCeEelsgn. Ainst R HKesmery prd c%r%&rsarim @nd o %mmrd 6‘#4@ State yi el ds
2 9) + 6 I
ni  and, CPer 147 (008, B 18y TGilh Spedipl, Sl LBRG S1FEL AW I0HK and” T2

val ence eksbitons E@MR-fiféct ahdviegl a naggetoresigmieNtMRer of s eatt sooper at ur e

exceedi ng roomtenper tur ( The preferred co oun cording to the
i nvent i on{CMESHRENE WOl 0'{&?2@800%‘%“ C%as tg T %Q%r glfoonyy o

sem net al {én)f})eiaffﬁ{eoﬁﬁﬂln%é cofifctlid | Zcchfiing N6l rhen%%rrﬁ@rﬂ wid 8Ghfedi &,
particularly large. Conposites according to the invention, which exhibit a
PMR- ef f ecengindingoapplicadiofis Werd prepladed dud @rifs cheRtcalorpaetividy it Teacpsrwttler abl y >

50 % per T referred > 80 %per 0.1 T, at room
t enper at u%é’l‘i%% a&ag??bf’%ff”%tﬁ’tw t?qu SPRRNENst i ng of conpounds according to the
invention and an insulating material, such as A1203, in adm xtures

containing nole fractions of, for exarrple 15 %~ 15 % preferably 15 %t
10 % in panewcgreatly improyed; Bodel has theamwiaite b@nbtevskoeccbrln@ddltm toothe 2 94 of

the latter netoresistive effects u d.to their
Fesi st ancBORREN S SRS Tl el PR 18 sfSoeifes BELGEFRRALT ot o
their sat gxiabRiag Ma@NCNMRA4TRD, ishbuRfibREN ATRaddleegoihgr c@nﬂshmrrgt gritaks. The
effects remain stable over broad tenperature ranges whose breadths exceed
50C, in particular, exceed 100C, preferably exceed 200C, and, nuch to be
preferred, exceed 400C, i.e., the effects vary by < 50 % in particular, <
20 % and, much to be preferred, < 10 % over those tenperature ranges.
These materials, either in the formof bulk materials enbedded in other
materials, such as epoxy resins or polymers, or in the formof granul ar
films, may be enployed "as is" as magnetic-field sensors for use in

magnet oel ect r oni cs. WO 07/ 069356 -19 PCT/ EP02/ 01876



Compounds according to the invention, in the formof either bulk materials
~or conposites, exhibit - |large negative magnetoresistances (Mo > 10 %
‘preferably > 20 % and, particularly preferred, > 80 % (80 % referred to
their resistance in the absence of a magnetic field, or 700 % referred to
their saturated magnetization)), which are thus nuch | arger than those for
G\/R—systeWQ,OZ/Q@”tsgrrperatures exceedi ng room t enper at HEel/EROMBZG| y at the
typi cal operating-tenperature range of read-heads, i.e., around 25C to
around 55C), - large nmagnetoresistive effects over a broad tenperature
range having a breadth of > 100C, pref®ably > 200C, and, particularly
preferable, > 400C, - high field responsivities (> 10 % per 0.1 T,

pr ef er abl . 9 : ; 1 QL€ . %.per 0.1
o £ 2P apepicl) Bffnilod o gy, AL SHlilyr 08 Bl Sbureded 00,

parti cul digly spretiensith) eState Shshy’péyr définkd Tgs tht toabmuinbemef aherpe levelshi gh

resi stances, to thermal deconposition (up.to tenperatures of 50C, preferably
up to sodallingavithimp spesified engrayriatesyabish Bighsiate densgy Cnorgthamihgee GESH cal
stabiliti i ) B2 rLicul arl e

resi st ané?etl%ﬁ)gi%%éﬁg%gy tﬁ?‘l&?ﬁ ?se) , at @gcr?peg? ?Sﬁrg?’yﬁ\%vi %ﬁﬁfggi {hlg{:o -a%rt%scessi ng

t echnol ogicespiedistdtes filongimepupied states,iig ahfavorablefobihe Hleciromt sysadrh yndis70 %

and, partjcularl referable, > 90 9% at the Ferm ener L0 order to

o ovi to. 15 tsed oBr SFapi EABIA T JnGYETRGRGROE '8t DB £b Mo bunds
accordi n%phpdérﬁﬁY WAVEN A d IR poltfes, 3P BR TRhRfeded 8Nk iR rsble FBtRe glogAdCAl

el enents, where the types and quantities of thé chem cal elenents involved
ar e chosstaeptopetiizs of cenpawds having easpaehettrovicyand adghetec prapestieuibi ¢ crystal s
whose lattice WD 021069356 -20 PCT/ EP02/01876 constants differ by <_ 10
% preferably by <_ 5 % in particular, by <_ 2 % To a first

appr oxi mefHeOHingefint” fofRbofmpoihdsedxhitin@iantRbeididreastaké thilecdmistsost of the

atomc radii otgbt he atonms involved (cf. R C "Evans: Einfuhrung in die
Kri st al | dhiegifectorpas seddlepoia, @yspir-depsity ayve.Bud| 4 localaagustic womeng. Tiez6) | p.

276). Id , ' e . Staleh) he | nvplved are
chosen sﬁsg{j]mtxl?gwg Rég}fg@s)ﬁ@%%snéto co%@&%ﬁlcﬁtg%ﬁ@ %%%‘aﬁe&gﬁédﬁspﬁgses. The
cheni cal KédmehtMaghoan 13NEL9IR).epxH0), twhilte tHeespin-derisity iwase dbadsitbyan( saddl e
poi nt, spin-.densi té,wave in thF Vi ci,ni‘s}y, d.e., wthin ~ 0.5 eV,

pr ef er ablAptif§riomagnetic aanggment, gt ths spins-off ngighpoging ratems,| This gpmpetition o 1 ev,
of the F ] gt : , shoul d
benef | ci ol peedonag (e e epaRRdHightlc QBphAFaiRER 1o T BRCIHR Norr

t heor et i darigechengepunt redistanee vt thei Curixt tenpieraters, afkhes thosinéspansitiaonthecheni cal
el ements chqosen sthoul gﬂﬁlgrﬁ{afr abIB%/. yield cdgrrpounds that have a

val ence- ' BCITERCOEREEREY SHUETNEOROUNG: 5 preferably 6.95 ~ 0.2, in
particular, 6.95 ~ 0.1, and, nuch to be preferred, 6.95 t 0.02. Alternative

val ence-el ectron concentrations are 5.5t 0.5, preferably 5.5~ 0.2, in
parti cul df thesmiterials involwed alspuexhibip high ppintnolarizations & theFepni engrgy.7. 13 ~

0.5, pref ~ - : “« ~ d, 0 be
preferr ed],%gbl .%%esz“%%f f g\gtgl“élﬂc%e&%r‘{é%ﬁ#hﬁ%r%ér élg’lp &%?%rﬁzaglﬂgg%%%hé&uni t. It
woul d be dnengf icdefined fs tHeaatiesithe sfate densifiesifod shenvus! spirm@iemtatiohoatethatmagnet i ¢

nonment and a Curie tenper %ﬁ]‘g]e exceedi ng room tenperature. Fromthese
synt het i @“Engbﬁ&?,x“BW@ i olsspins polarizatignds BARY (4 penraagnetie cynpoynd

ferromagngts, s;ymirrﬂ"mwa{ibn %ﬁyﬁ{ﬁ?ﬁ&m@ﬁa&%sﬁ% WIME Rt Radelpild es for a

. ]
single spin orientation on elr Ferm energy.
PMR-effect and the TMR-effect, would be dependent upon spin polarization, will be

P
1- P’

maximized, in view of the relation MR =

Furthermore, in addition to the aforementioned, trifactor (saddle point, spin-density

wave, and local magnetic moment) “fingerprint,” further requirements have,



In the following, the invention will be explained in greater detail, based
on exanpl es. Exanpl es The conpounds invol ved are synthesized fromthe
.chem cal elenents to be involved, in accordance with their stoichionetric
rati os. Measured quantities are pressed into pellets and fused for around

30 secondsg, ) Lpert-gas atnosphere using an arc -21

pCT/ EPo2) MQPBNEBSE: . Tt will be beneficial 1f this X‘Pf;%ég@ﬁﬁ?%peat ed
several tines in order to honogeni ze the sanples. The resultant wei ght

| osses will wusually be less than 5 % Tenpering the sanples at high
tenperatures for short periods has beed3found to be beneficial. Sanples in
quartz anpoul es that were tenpered in vacuum at 800C for 5 days exhibited
reduced e I g . X- 1 ay.- di i .ndi d no
changes | PERRald UBETNIIRY inabiicf kil ol B MNAT o HEAREC TP
wer e i nvesdlidgairetachythepmdllcdffeag thelreelectiondd propsitiet anbeifnthes ocaneintthe both in

t he presence of an external rragfneti c field and in the abser}{ée of ﬁ,n
ext ernal MsyHetofdhe Ferm enprgys Althaugh, p shidhingthe feamiegnergyccan. theerelicaliee on

sanpl es_wgg Sclﬁﬁgeg,%ry;ﬁr%]) i g’c’)h @d%e@ﬁ%ﬁ&qth' dISloHEB M Sled) G brd c%[ }é‘ﬁﬁgéﬁntwk ng the

four-point net ver e tenperature range

R(T) - cur védfiowt ¢o mekievel €bhef Berndeernergyaonagtbecsifted doward kighexgemetdies byel d of 8
T. The B-field dg{)efdence of dt%ﬁtr g)lec rical resistan e.vvas.tﬁls nmeasur ed
at sel ect SePP&MHE} SIGIRUCH GindaTsieds IPWAEG HR¥ Pc AT @PULY RRGIENY I BHES 8 T to
+ 8 T. Thgnidsedl. aleéPbﬁfioﬁﬂm&i%st\éﬁli%' B A0 diri&thRGréci 8y bR thedgmpr essed

into 8-mmdi aneter pelfets around 1 mmthick using an applied force of 5

metri c t oenergy.ilRoepingatchmponnd sticlyas SuvisOnfwithh eleptedrmvinvolyesofeplainigrthe

el ectrical _resistance, .EXx le..l: 2Cr0.6Fe0. 4A1 A total of 2. of this
conpound. SRESBYRERESRcAR of v ERandmarinbAees) Thopolrapedad op puri vy
Co, suppl fRdubly réMldcRmikisars thuSabnpbuE sysBPasSthat/mpy be d¥péd, i.ealtla exitppl i ed by
Al fa Metals, Karlsruhe, 99.99-%purity A, supplied by Chenpur, Karlsruhe,
and 99. 9- Brpiaripes,cauebinafigs of eberpigal gleraenieand i Whigh ingivides! alomsameybelance
wWthits j.chi .o ratios. Pellets were pressed from wei ghed

quantiti egebgiﬁggkggg%%tgrrnsabout 30 seconds in a 700-nbar argon atnosphere
using an arc wel der operated at a current of 65 A and a voltage of 20 V.
That process was . repeated three tinmes in order to honogenize the sanpl es.
The wei ght"t§rg¥ i QLS ek I%%sﬁ?%gfﬁ sogpourds, AFFHRRiElhf megte e oduct
was checkﬁqré@isﬂg%&;ﬁmé&@di ation on a Sienens D5000 X-ray powder
diffractoheter. The Co2Cr0. 6Fe0. 4Al- phase (a Heusl er phase having a WO
021 069356 -22 PCT/ EPOacto8 TingeyRidt Ain-th¢ir batdatmctng condiitimgsymet ry, with a =
0.5724 nm) exhibited no i iti,es. Its R(T)-curve for O T is shown in Fig.
1. Aplot of its el &ctri ﬁg%éﬁee%‘?lgttance versus tenperature in the absence of
an external magnetig¢ fiehdpigxfehdiiyiwar, Mgad, |ocal maxinumat 300 K. Its
electric resistance decreases as its tenmperature decreases until a
tenperature of about | 50akdakmageetinetbnzandt t hen i ncreases as its tenperature

's Turther reduced, il £h o g 200 ahh g Yunfigl | vE behavior.

— a variable valence-electron concentration,

- highly symmetric structures, and

- Curie temperatures > 500 K.

The prerequisites for potential occurrence of an MR-effect are:
. a high field responsivity,
) a large effect that the operating temperatures of read heads,

o stability of the effect over a broad temperature range, and



Appl ying an external magnetic field of 8 T reduces its resistance at all
t enperatures and suppresses the sharp transition at 150 K, which snoothes
out the local mnimumand shifts it toward higher tenperatures (cf. Fig. 1
). Measurenents of the magneticfield dependence of its magnetoresistance at

4 Kyield j ve magnet oresi stance of nearly 10 g tic flux
density O%%%Rﬁﬁg$él ncreased with increasing temeratﬁ¢39$g0 Yoat 200 K

and nearly 20 %at 300 K (cf. Fig. 2). Measurenents conducted over the
range - 0.1 Tto + 0.1 T yielded an extraordinarily high field responsivity
for this conpound. Saturations at effed#s in excess of 20 % and of 10 were
obt ai ned for magnetic flux densities of 0. I T and about 0.03 T,

respectively. anp : . I 9 T i A1203
The conpound CEZ(Cr Olf“gﬁ%%?ni‘%%vég@gir%gtp@f%gﬁlgsoﬂ%osﬁg%@b&egm Gﬁa%’rﬁgilg?rg?e 1. The

resul tant product weffectisheuld notobmdtromsglyglependent aporanie tluokogeniofdblewi t h 15
% by nole fraction, 99.9-%purity Al203 i.ed Chenmpur. This

adni xture was then PYE¥&uRe f1 ’&SéXB@ICP%ﬁqﬁgﬁg§MI§§ﬁ€¥ts of R(B)-nmeasurenents
on this sanple,at 205 e i | Qvin 3 g i : ield
dependence of Tts nglgtrr\lgtcgs;ee%f?%? g%é%)ﬂ%@ %@%gll?t%%é?ha@n{heg(gﬁ%}g& af
rnagnet or esi st ance teinpeesurey cléftoYpomeémperatdrec 0 it s saturation

magneti zation, at 0.1 T. Measurenents conducted over the range - 0.1 T to +
0.1 T yielded an WD 021 069356 -23 PCT/ EP02/ 01876 extraordinarily high

field respangiellid/cdndlouhli SreQAERAHMIe chbisdtor hahinig lﬁ’%h A8d9édBRIivikias excess
of 40 % was neasured for a magnetic flux density of 0.05 T. WO 02/ 069356,

-24 CLAI MB RETE4EPOS Casf@inds eahibiting giani magneteresistantdsi ands dnpantichlax hi bi ti ng
a PMR of fect Lhol, contang, by beastd 0 ErHeR e TRt oL phole! @ uni
are intermetallic compounds having the general composition X>YZ, and crystallize
into the BiF, type of structure (cf. Pearson’s Handbook of Crystallographic Data
for Intermetallic Phases. ASM International, The Materials Information Society
(1991)). Included among intermetallic compounds are compounds involving
a) two or more true metals (T and T»),
b) one or more true metals and one or more true metals of the
B-subgroups, and
c) two or more metals of the B-subgroups,
where their properties become less metallic and more like those of true chemical
compounds when they undergo a transition from Class 1 to Class 3. The classification
into true metals and chemical elements of the B-subgroups is based on Table 13.1 of
R. C. Evans: Einfiihrung in die Kristallchemie. Walter de Gruyter Verlag, Berlin
and New York (1976), p. 276:



responsivity > 10 % per 0.1 T at tenperatures in excess of 290 K. 2. A
conpound according to claim1 having cubic symmetry, and whose | attice
.constants differ by no nore than 10 % 3. A conpound according to claim1
or claim2 belonging to the class of Heusler phases. 4. A conpound
according to claim claim2, or claim3 that has a s and a
spi n- densw W@ﬁé Its band structure in the vicini tegyfﬁyﬁﬁb&

ener gy, both of which fall within ~ 0.5 eV thereof. 5. Conpounds according
to any of claims 1 - 4, for which the CVR/ GVR-effect occurs at room

tenperature (23C) and hi gher tenperatul8s. 6. A conpound according to any
of cl ains 1 - 5 having a valence el ectron concentration of 6.95 ~ 0.5 per

atomin j cimas A : | - 5§
havi ng a val ence- el ectroﬁ”@%‘?@lﬁtratlon of 5.5 [ 0 Qh%zalﬁlg%e?iﬁ it

formula pnit. 8. A conpound according to any of| cl ayfithe B-Subgrdugyi ngja

val ence-flectron concentration of 7. 13 1 0 5 per atomin ifts formilla unit.
WO 02/ 06p35@,- 25 T, B B,

Li Be

Na Mg Al Si S

K Ca Sc Ti V Cr MnFe Co Ni Cu Zn Ga Ge As Se

Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn | Sb Te

Cs Ba La Hf Ta W Re Os Ir Pt Au Hg TI Pb | Bi Po

The lanthanides and actinides belong to Class T,.

Cubic structures of the BiF,-type are characterized by four internesting fcc-lattices. X
and Y are usually transition metals (T in the table above). Y is usually a rare-earth
element. Z is a nonmagnetic metal or nonmetal (an element from Subgroup B; or By).
Due to their magnetic behavior, the magnetooptic Kerr effect, Heusler phases have
acquired technological importance. The magnetic properties of most known Heusler
phases have thus been rather well investigated. In particular, their ferromagnetic Curie
temperatures and magnetic moments are known. However, their electronic properties,
such as their electrical conductivities, have been investigated in rare cases only. With
the exception of the recently discovered semiconducting, nonmagnetic, Fe;VAl, all
Heusler compounds that have thus far become known, i.e., several hundred distinct
phases, are metals. Several ferromagnetic Heusler compounds have band structures
characteristic of semimetallic ferromagnets. The high degrees of symmetry of their
cubic structures have also proven favorable, due the occurrence of electronic
instabilities. Heusler phases exist over a relatively broad range of valence-electron
concentrations, which means that doping them with electrons or holes, as required,
should present no problems. Since the magnetic compounds have been rather
thoroughly investigated, the Curie temperatures of unknown, new, or doped

compounds may be inferred from the ferromagnetic Curie temperatures of known



PCT/ EPO2/ 01876 9. A conmpound according to any of clains 1 - 8 having a
local magnetic nonent. 10. A conpound according to any of clains 1 - 9
-whose Curie tenperature exceeds roomtenperature (23C). 11. A conpound
according to any of clainms 1 - 10 that is a ferromagnetic sem netal) 12.
Compounds__having t he formul ae Co2Cr 0. 6Fe0. 4A1, Co2CrO. 2Nh0 Al

Co2Cr 0. 6F‘é‘632é@% 933PM0. 8Cr 0. 2A, Co2Mh0. 8Cr 0. 2Ga, CoZRqESEPRAIETS

Co2MWnSi 0. 5A1 0. 5, Co2MhSn0. 51 n0. 5, Co2Wn0.5Cr0.5Si, Co2Mn0. 5Fe0. 5AI,

Co2Mn0. 5Fe0. 5Ga, Co2MWn0. 5Fe0. 51 n, Fe2CoCe0. 5Ga0. 5, or Fe2.5Co0. SGa. 13. A
conposite conposed of at |east one coapédund according to claim1l and at

| east one insulating or sem conducting substance. 14. A conposite according

Lo CLalm ditnogtiSl B! B AU AR or\BRLEOANT BpBURRIAVE SndiPp) OVel 18

enpl oyed T ron 0 or nor e erre he quantity of

t he C0FYD%@ﬂth@@ﬂ@is%ﬁ@nip@uﬁdsaélmbﬁ1rﬁl1ﬁﬁd1®t¢£}dneék5theﬁafmnmnﬁéﬁed cateris; 0f ng t o
claim 13 or claim14, wherein the insulatin sem Conangggtl ng sug}zt ance i s
chosen frWil dnget dhefﬁo’rfethéﬂ' yalencewllecian nepne 'é'é‘o’éﬁ atq, Buitadiy @djusted

fluorides y , 6. o} t a of
cl ai s 13var91%g pﬁhs °l N |ts a W%T ngg\tga&ggaﬁgs??eg mfﬂicr&gg%%ﬁs%l ty > 10
% per 0. 16.95at0.5 qjmkraﬂyjﬁ O§ H (2 einqeasticutdr, 299 +K. 1, antyOnOcH 683 pfeferd,
PCT/ EPO2/ 01876 17. osite accordi o any of cl.ai 13 - ose
PVR of 1 act 95l Valenpegvtrantper %xpm@tﬁeg@%;maﬁd% Bl‘?éPSt{‘EHB%Sr‘QYéV%‘i\,.n
(saddle points and spin-density waves) occurred at their Fermi energy. Other
instabilities in Heusler compounds occur for valence-electron concentrations of
55+0.5, 6.95+ 0.5, preferably 5.5+ 0.2, in particular, 5.5+ 0.1, and, much to be
preferred, 5.5 + 0.02, valence electrons per atom in their formula unit, and 7.13 £ 0.5,
preferably 7.13 # 0.2, in particular, 7.13 £ 0.1, and, much to be preferred, 7.13 + 0.02,

valence electrons per atom in their formula unit.

Since known Heusler compounds do not exhibit such valence-electron concentrations
(VEC) under all conditions, in particular, under all auxiliary conditions (e.g., a Curie
temperature falling within the range applicable to read-heads), doping of the known
compounds was necessary, where it was assumed that their band structure would not
be altered by doping and only their Fermi energy would be shifted (the “rigid-band-
model” assumption). In fact, Heusler compounds synthesized based on the
aforementioned theory, Co,Crg¢FepsAl (VEC = 6.95), Co,Cro¢FepsGa (VEC = 6.95),
and Co,CrpaoMngsAl (VEC =6.95), subsequently exhibited the expected giant
magnetoresistances. The investigations of their electronic properties that were
conducted showed that, as had been postulated, compounds according to the
invention, CoyCro¢FegsAl, CoyCrogsFepsGa, and CoyCrgoMnggAl, combined the
favorable properties of the GMR-effect (high field responsivities) and the CMR-effect
(a large effect in a compound). Heusler phases according to the invention exhibit
magnetoresistances of the same order of magnitude as those of the manganites (the
“colossal-magnetoresistance effect” (CMR-effect)) and field responsivities as high as

those of the multilayer systems (the “giant-magnetoresistance effect” (GMR-effect)).



18. A method for manufacturing a conpound according to claiml, wherein the
conpound is manufactured fromtwo or nore different chem cal el enents,
where the types and quantities of the chem cal el enents are chosen such
that - the resultant conpound crystallizes into cubic crystals whose

| attice constants differ by no nore than 10 % - the conpound bel ongs to
the cl assWd? 0R08933% phases, and - the conpound has anPEldeRG%p1876
instability in the vicinity of (wwthin ~ 0.5 eV of) the Ferm energy. 19. A
met hod according to claim 18, wherein the types and quantities of the

chem cal elenents are chosen such thati1vhe resultant conmpound has a val ence
el ectron concentration of 6.95t 0.5. 20. A nethod according to cl aim 18,

wherein the 1 s _an | ti-e f 1.C t : n such
that the PEStITaRVEBEHSSRY HEET s PURNEE SR - St BR3P "< 5"
0.5. 21. We s@michaiedd akat @pidi polarizatién dabnddily MIOE, eOthet bEmpoipds asdvidiggant i ti es
of the chem cal elenents are chosen such that the resultant conpound has a

val ence ethedavaniosotieetor example, i0zlylngg-ro 24, 3nd Lo:Miosfetoried BE9HHPAG t o
claims 18,181 yvipergbp t Cgﬁgﬁﬁg@‘%@oggz 5 eStriogslA?(!, eCtC‘ol?mSHE,slﬁogsl, es. 23.

A met hod according to " any o Nt he ypes an
quant i ti e€o,MngsCrg;sSi, CosMnyg sFeg sAl, CosMng sFeq sGa, CoyMny sFey sin,

Fe,CoGeg 5Gag s, and Fep sCog sGa, for all of which VEC = 7,13,

Compounds according to the invention are thus inorganic, intermetallic compounds
that contain at least two chemical elements per formula unit and exhibit negative
magnetoresistances having field responsivities > 5 % per 0.1 T, in particular, > 10 %
per 0.1 T, preferably > 20 % per 0.1 T, and, much to be preferred, > 70 % per 0.1 T, at
room temperature. Admixing oxides enhances the PMR-effect. Preferred compounds
according to the invention are intermetallic compounds that exhibit cubic symmetry,
preferably having few, or no, structural imperfections. “Structural imperfections” are
defined as lattice parameters that differ by <10 %, in particular, by <5 %, and
preferably by <2 %. In addition, it has proven to be beneficial if the compounds
belong to the Heusler phases. Compounds according to the invention exhibit
electronic instabilities (saddle points, spin-density waves, and local magnetic
moments) in the vicinity of the Fermi energy. An “instability in the vicinity of the
Fermi energy” is defined as an instability differing from the Fermi energy by no more
than + 0.5 eV, preferably no more than + 0.2 eV, in particular, no more than = 0.1 eV,
and, much to be preferred, no more than + 0.02 eV. It will be beneficial if compounds
according to the invention exhibiting the combined CMR/GMR-effect exhibit that
effect at temperatures in excess of room temperature (23°C). Such compounds are
characterized by valence-electron concentrations of 6.95 + 0.5, preferably 6.95 + 0.2,
in particular, 6.95 + 0.1, and, much to be preferred, 6.95 £ 0.02, electrons per atom in
their formula unit. Other instabilities in Heusler compounds, and thus other preferred
VECs, are observed for valence-electron concentrations of 5.5+ 0.5, preferably

5.5+ 0.2, in particular, 5.5 = 0.1, and, much to be preferred, 5.5 + 0.02, electrons per



of the chem cal elenents are chosen such that the resultant conpound has
WO 02/ 069356 -27 (a) a |ocal nagnetic nonent and (b) a Curie tenperature in
excess of roomtenperature. PCT/EP02/01876 24. A nethod according to any of
clainms 18 - 23, wherein the types and quantities of the chem cal elenents

are chos the resultant compound is a ferr ' I met al .

25. Enpl g@’rﬁ.m}bgw npounds or conposites according tgpgﬂaf%¢ﬁ%ﬁ§?m - 17
for manufacturing read- heads enpl oyed on storage devices. 26. Enploynent of
conpounds or conposites according to any of clains 1 - 17 as magnetic-field

sensors. 27. Enploynent of conpounds el8eonposites according to any of
claimse 1 - 17 in spin electronics. 28. Enploynent of conpounds or

conposi t eg,ACERr 4N anyit0fang! & L5 - gaRuf@st wr i ngLdVR- devi ces.
29. Enpl o@%glnﬁﬁot?bcg)nn%gﬁnglélthé\?langlg%boilsc’ ggﬁﬁ%&??yﬁqg c(g%bi ne%w%l\/R- effect,
and an i nf.i3adl.L dnidemdch espopreferietly7.33 £@.0%, plectrorB. per Ttoasimthginderinuld i el d
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far been computed for the compounds Co,CroeFepsAl, Co,Croe¢FeosGa, and
Co,Crg2MngsAl, and have also been observed. As a sample computation, Co has 9,
elemental Cr has 6, Fe has 8, and Al has 3 valence electrons. A stoichiometric
composition of Co,Crpg¢FepsAl  yields (2x9)+(0.6x6)+(04x8)+3=
27.8 valence electrons per formula unit and, following division by 4, 6.95 valence
electrons per atom. These valence electrons exhibit a local magnetic moment for a
Curie temperature exceeding room temperature (23°C). The preferred compounds
according to the invention, Co,Crq ¢Feg4Al, Co,Cry¢Feq 4Ga, and CorCrg ;Mng gAl, are
semimetallic ferromagnets, which is why their measured effects are particularly large.
Composites according to the invention, which exhibit a PMR-effect > 10 % per 0.1 T,
in particular, >20 % per 0.1 T, preferably >50% per 0.1 T, and, much to be
preferred, > 80 % per 0.1 T, at room temperature are granular materials consisting of
compounds according to the invention and an insulating material, such as Al;Os, in
admixtures containing mole fractions of, for example, 15 %+ 15 %, preferably
15 % £ 10 %, in particular, 15 % + 5 %, and, much to be preferred, 15 % + 2 %, of the
latter. Magnetoresistive effects ranging up to 80 %, referred to their resistance in the
absence of a magnetic field, or up to 700 %, referred to their saturated magnetization,
have been measured for such materials. The effects remain stable over broad
temperature ranges whose breadths exceed 50°C, in particular, exceed 100°C,
preferably exceed 200°C, and, much to be preferred, exceed 400°C, i.e., the effects
vary by < 50 %, in particular, < 20 %, and, much to be preferred, < 10 %, over those
temperature ranges. These materials, either in the form of bulk materials embedded in
other materials, such as epoxy resins or polymers, or in the form of granular films,

may be employed “as is” as magnetic-field sensors for use in magnetoelectronics.
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- high field responsivities (> 10% per 0.1 T, preferably >20 % per
0.1 T, and, particularly preferable, > 70 % per 0.1 T),

- a PMR-effect (>5 % per 0.1 T, preferably >20% per 0.1 T, and,
particularly preferable, > 50 % per 0.1 T) at room temperature,

- high resistances to thermal decomposition (up to temperatures of 50°C,
preferably up to 80°C, and, particularly preferable, up to 100°C) and
high chemical stabilities (resistance to H,O, O,, and, particularly
preferable, resistance to acids and alkalis),

- compatibility with silicon-processing technologies, and

~ high spin polarizations (> 60 %, preferably > 70 %, and, particularly
preferable, > 90 %) at the Fermi energy in order to provide for their

broad applicability in magnetoelectronics.

Compounds according to the invention may be assembled from two or more chemical
elements, where the types and quantities of the chemical elements involved are chose

such that the resultant compounds crystallize into cubic crystals whose lattice
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constants differ by < 10 %, preferably by <5 %, in particular, by <2 %. To a first
approximation, their cubic symmetries are determined by the ratios of the atomic radii
of the atoms involved (cf. R. C. Evans: Einfiithrung in die Kristallchemie. Walter de
Gruyter Verlag, Berlin and New York (1976), p. 276). Ideally, the chemical elements
and stoichiometry to be involved are chosen such that the resultant compounds belong
to the Heusler phases. The chemical elements chosen should exhibit an electronic
instability (saddle point, spin-density wave) in the vicinity, i.e., within £ 0.5 eV,
preferably within + 0.2 eV, and, particularly preferable, within + 0.1 eV, of the Fermi
energy. If that should not be the case, the compounds should beneficially be doped
with electrons or holes, in accordance with their theoretically computed electronic
structures. The combinations of chemical elements chosen should preferably yield
compounds that have a valence-electron concentration of 6.95+ 0.5, preferably
6.95+£0.2, in particular, 6.95+0.1, and, much to be preferred, 6.95+ 0.02.
Alternative valence-electron concentrations are 5.5+ 0.5, preferably 5.5+0.2, in
particular, 5.5 £ 0.1, and, much to be preferred, 5.5 + 0.02, and 7.13 + 0.5, preferably
7.13 £0.2, in particular, 7.13 £ 0.1, and, much to be preferred, 7.13 + 0.02, valence
electrons per atom in the formula unit. It would be beneficial if the resultant
compounds would have a local magnetic moment and a Curie temperature exceeding
room temperature. From these synthetic compounds, one then selects those that are
semimetallic ferromagnets, which will be those compounds that have state densities

for a single spin orientation only at their Fermi energy.

In the following, the invention will be explained in greater detail, based on examples.
Examples

The compounds involved are synthesized from the chemical elements to be involved,

in accordance with their stoichiometric ratios. Measured quantities are pressed into

pellets and fused for around 30 seconds in an inert-gas atmosphere using an arc
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welder. It will be beneficial if this process is repeated several times in order to
homogenize the samples. The resultant weight losses will usually be less than 5 %.
Tempering the samples at high temperatures for short periods has been found to be
beneficial. Samples in quartz ampoules that were tempered in vacuum at 800°C for
5 days exhibited reduced effects, although their X-ray-diffraction patterns indicated
no changes in their crystalline structure. Their magnetoresistive properties were
investigated by conducting electrical-resistance measurements, both in the presence of
an external magnetic field and in the absence of an external magnetic field. These
measurements of electrical resistance on samples were performed in an Oxford
Instruments helium cryostat using the four-point method, and covered the temperature
range 300 K to 4 K. R(T)-curves were recorded for zero magnetic field and a
magnetic field of 8 T. The B-field dependence of their electrical resistance was also
measured at selected temperatures for applied magnetic fields ranging from -8 T to
+ 8 T. The fused, globular samples were ground using a mortar and pressed into
8-mm-diameter pellets around | mm thick using an applied force of 5 metric tons

prior to the investigations of the behaviors of their electrical resistance.
Example 1: CoyCrg¢Fep4Al

A total of 2 g of this compound was synthesized from the chemical elements involved
(99.8-%-purity Co, supplied by Alfa Metals, Karlsruhe, 99.8 -%-purity Cr, also
supplied by Alfa Metals, Karlsruhe, 99.99-%-purity Al, supplied by Chempur,
Karlsruhe, and 99.9-%-purity Fe, supplied by Alfa Metals, Karlsruhe) in accordance
with its stoichiometric ratios. Pellets were pressed from weighed quantities and fused
for about 30 seconds in a 700-mbar argon atmosphere using an arc welder operated at
a current of 65 A and a voltage of 20 V. That process was repeated three times in
order to homogenize the samples. The weight losses involved were less than 2 %. The
purity of the product was checked using Cu-K,-radiation on a Siemens D5000 X-ray

powder diffractometer. The Co;CroeFep4Al-phase (a Heusler phase having a
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Co,CrAl-structure and cubic symmetry, with a = 0.5724 nm) exhibited no impurities.
Its R(T)-curve for O T is shown in Fig. 1. A plot of its electrical resistance versus
temperature in the absence of an external magnetic field exhibits a broad, local
maximum at 300 K. Its electric resistance decreases as its temperature decreases until
a temperature of about 150 K is reached and then increases as its temperature is

further reduced, which is an indication of active behavior.

Applying an external magnetic field of 8 T reduces its resistance at all temperatures
and suppresses the sharp transition at 150 K, which smoothes out the local minimum
and shifts it toward higher temperatures (cf. Fig. 1). Measurements of the magnetic-
field dependence of its magnetoresistance at 4 K yielded a negative magnetoresistance
of nearly 10 % at a magnetic flux density of 2 T that increased with increasing
temperature to 12 % at 200 K and nearly 20 % at 300 K (cf. Fig. 2). Measurements
conducted over the range - 0.1 T to + 0.1 T yielded an extraordinarily high field
responsivity for this compound. Saturations at effects in excess of 20 % and of 10 %

were obtained for magnetic flux densities of 0.1 T and about 0.03 T, respectively.
Example 2: Co,Crg ¢Feg 4Al + 10 %, by mole fraction, Al,03

The compound Co,Crp¢Fep4Al was prepared as described under Example 1. The
resultant product was finely ground using a mortar and homogenized with 15 %, by
mole fraction, 99.9-%-purity Al,O3 supplied by Chempur. This admixture was then

pressed into a pellet.

The results of R(B)-measurements on this sample at 295 K are shown in Fig. 3.
Observation of the field dependence of its magnetoresistance at 295 K yielded a
negative magnetoresistance of nearly 700 %, referred to its saturation magnetization,

at 0.1 T. Measurements conducted over the range -0.1 T to +0.1 T yielded an
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extraordinarily high field responsivity for this compound. A saturation at an effect in

excess of 40 % was measured for a magnetic flux density of 0.05 T.
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CLAIMS
1. An inorganic intermetallic compound exhibiting a PMR-effect that contains at

least two chemical elements per formula unit and has an intrinsic field

responsivity > 10 % per 0.1 T at temperatures in excess of 290 K.

2. A compound according to claim 1 having cubic symmetry, and whose lattice

constants differ by no more than 10 %.

3. A compound according to claim 1 or claim 2 belonging to the class of Heusler
phases.
4, A compound according to claim 1, claim 2, or claim 3 that has a saddle point

and a spin-density wave in its band structure in the vicinity of the Fermi

energy, both of which fall within + 0.5 eV thereof.

3. Compounds according to any of claims 1 - 4, for which the CMR/GMR -effect

occurs at room temperature (23°C) and higher temperatures.

6. A compound according to any of claims 1 -5 having a valence-electron

concentration of 6.95 + 0.5 per atom in its formula unit.

7. A compound according to any of claims 1 -5 having a valence-electron

concentration of 5.5 = 0.5 per atom in its formula unit.

8. A compound according to any of claims1-5 having a valence-electron

concentration of 7.13 % 0.5 per atom in its formula unit.
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9. A compound according to any of claims 1 -8 having a local magnetic
moment.

10. A compound according to any of claims 1-9 whose Curie temperature

exceeds room temperature (23°C).

11. A compound according to any of claims1-10 that is a ferromagnetic

semimetal,

12. Compounds having the formulae Co,CrosFegsAl, Co0yCrg2MngsAl,
CoyCroeFepsGa, CooMngsCrgaAl, CosMnggCrgGa, CoaMnGepsGags,
CooMnSigsAlgs, CoMnSngslngs, Co;MngsCrgsSi,  CosMngsFegsAl,
CosMng sFeq sGa, CoaMng sFeg sIn, Fe,CoGeg sGag s, or Fes sCog sGa.

13. A composite composed of at least one compound according to claim | and at

least one insulating or semiconducting substance.

14. A composite according to claim 13, wherein the insulating or semiconducting
substance employed is employed in a mole fraction of 15 % or more, referred

to the quantity of the compound according to claim 1 employed.

15. A composite according to claim 13 or claim 14, wherein the insulating or
semiconducting substance is chosen from one or more of the following types

of substances: oxides, fluorides, polymers, or oligomers.

16. A composite according to any of claims 13 - 15 that exhibits a PMR-effect and

has a field responsivity > 10 % per 0.1 T at temperatures in excess of 290 K.
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17. A composite according to any of claims 13 - 16 whose PMR-effect occurs at

room temperature (23°C) and higher temperatures.

18. A method for manufacturing a compound according to claim |, wherein the
compound is manufactured from two or more different chemical elements,
where the types and quantities of the chemical elements are chosen such that
- the resultant compound crystallizes into cubic .crystals whose lattice

constants differ by no more than 10 %,
- the compound belongs to the class of Heusler phases, and
- the compound has an electronic instability in the vicinity of (within

+ 0.5 eV of) the Fermi energy.

19. A method according to claim 18, wherein the types and quantities of the
chemical elements are chosen such that the resultant compound has a valence

electron concentration of 6.95 £ 0.5.

20. A method according to claim 18, wherein the types and quantities of the
chemical elements are chosen such that the resultant compound has a valence

electron concentration of 5.5 £ 0.5.

21. A method according to claim 18, wherein the types and quantities of the
chemical elements are chosen such that the resultant compound has a valence

electron concentration of 7.13 £ 0.5.

22. A method according to claims 18 - 21, wherein the compound is doped with

electrons or holes.

23. A method according to any of claims 18 - 22, wherein the types and quantities

of the chemical elements are chosen such that the resultant compound has
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and an intrinsic field responsivity > 10 % per 0.1 T as magnetic-field sensors.

30. Employment of compounds having cubic symmetry, combined
GMR/CMR-PMR-effects, and an intrinsic field responsivity > 10 % per 0.1 T

in spin electronics.

31. Employment of compounds according to claim 30 for manufacturing
TMR-devices.



