;e3eCCLFf 6. T;° WO 02/069356 -1 DESCRI PTION COVPOUNDS EXHI Bl TI NG Gl ANT

NMAGNETORESI STANCE AND SPI N- POLARI ZED TUNNELS, THE PRODUCTI ON THEREOF AND
THEI R USE The present invention relates to conpounds suitable for use in

magnet oel ect roni cs. Magnet oel ect ron[mﬂle” }1“ el d of electronics

i nvol vi ng k£ conponents tha mw et or espetper/BigRCct s and
spi n- pol arv?gg@%g‘@g% rons, or will enpl ovodbdaemin the fut ure.%e to their

magnet or esi stive properties, such conpounds nay be enpl oyed as, anong ot her
t hi ngs, magnetic-field sensors. The "magnetoresistive properties” involved

are a change in electrical resistivityinduced by an exter I
field (magnetoresi stance). Due to the spin-polarized tunnelrn M‘m@mﬁmm%urs
at roomtenperature, such conppundsC ReyP gl pO e enpl oyed as i ng

bl ocks in fabricating nmagnetic random access nenories (MRAM afié?!%8pi n
transi stors. "Spinpolarized tunneling” is defined as tunneling

(quant um mechanji r &l t i i ctrons, where
t he probabili t@@%ﬁﬁﬁ?ﬁﬁgﬁmwéﬁﬁﬁ%‘%@n S @%@ﬁlgﬁé}vrﬂﬁgpl n

pol ari zation. Magneti c-figND SFINSPOEARIZEDBTUNNELSE nmagnetic heads of
hard-di sk drives that are enployed as, e.g., external conputer storage

devi ces. Conventi ondHERRQRPUE %IMFANBWER&% and directions of
magnetic fields based on a current induced in a coil. However, as recording
density increases, the space available for recording a bit decreases, and
the resul TAatpréseamngivention @las 0 domm@uadd) aditayledfoe nease mddnttosleBRAGS Ve
magnetic-field sensors that cannot be manufactured usi ng conventi onal

t echnol ogMagnetpelesteapigsris @ new, ficdd pbelectrpiesiarolygieleckonicrampeagiiathat fi el ds.

Utraresp i B et . ti Lk i si st ance
(R or Fipiod mABRRELsGarce S8fes 303 3pfhofiithzc ookl Graih GRAEWAEF:

"1 nnovat i ongpofigutei AueMag Hefromiaghdatoresistkve’ pipysick asuchcénmiiBluads enay5be (3) (
1999), pp.. 53 -,56). Magnetic-field PCT/EPQ2/01876 .. W) 02/ 06935

PCT] EP02) BBIRSE 350 BSBE SthHahingh mgpe'{lrﬁﬁﬁﬁt SeT s Tho e MAPERT e

t enper at UpRpedicdt Mtk oRRACarRl £ cBiNPeOMEd etthicAlNRsBINIBMMduded IbOatS kkiérnaf\ t hough
utilizing col ossal nmagnetoresistance (CVR) in conpounds, such as manganese
oxi des, amegigicAiald (magngtasesisance). Dvgito dhespiepelarreddves! mgdhatmggyrsatide

| _ pelpedoe e
i e r oSSR I BRFATE ch ool iy ASCR hABLAT datle ety (' O

basi ¢ bui fabiringtirlyl megeetit aandprreaddess mombrve MRRAMB andVipilBraagistbisn €Spihe

benefits of, seni conduct.or nories (rapid access nd netic erials
(hi'gh st opgEedefianeitisys dERRehas umeihy (AT e deictagon of &

nondest r ugbteieal baRfer) XU rofis, RIERS thR rétiaBilith vt ARRYIM ANl SeculMagnalit C
menories are rugged, require no external power supplies, and wthstand

radi at i onupartheir spigipelagizatigignet oel ectronic effects all ow fabricating
magnetically switchable spin transistors for electronic circuits have a new
type of design, where TMR-devi ces and/or hybrid magnetic-sem conduct or

devi ces nMylghetiveficdsenyoed afeotised @nf thg unagngti¢ heausi ofttard-disk adrivies Yhat Gpe n
field-effect, transistors (SEi n- FET) are re s:(gﬁlgg (:onstruct,eg‘lrs';a an the
usual met §PPYNFUES el CHREIGE FYPPYIPEFATagE IaKFes: YA MERRSSEEPIS and bot h
of their glaliqhe (hRARGAAMICLIGH FMhARAL FaRS 6ARAUR 4 BfhenfiRIUBAIMC at i | €.
Mul tival ued-1 ogi c devices m ght be configurable by conbining nagnetic

met al | i ¢ ctibrilaadves| agresnrdingidetsitydnireanesiube ispage giveildblaforgbamding s Kitf . G
Bayr eut her, and S. el ;.. "Magnet oe tropik undl agenf.or schung. -

Zakunt t of BERASPO AP e Fopliant GRRRETo G Sl L Saee WRERpRgye

sen net al magydtiedfiad RbgBrsShaNcaabebd ARhuRBUPIIORKindeonFeMi@Rl echrilesicsi al

choice for tabricating either TMR-devices or spin transistors. /brid
nmagnet i c- Aigt Esduited stom detesting t ich sweake extesinl apagusts elicldn VHearpspensivhat a

gnet i c- ¢ s ot 5l aes rrpeRYha
Phoce onplapaie g PR AN CHLEY ol ARRE- e ARSI & Rihelibd 2 1

r esi st ancmagfetdfesistaacul {BVIR) hybyr | Knaevi ¢ef. wSuMitngelr y “Inndvatiohepoteitiat | ve
orientations of the nagneti, ions, of I t | ectro .. Howev in order
to achi evﬁpasﬂgp?le?tfowf ﬂ’%@ﬁf%@% ?!Wr 5%??)5@%93, PR éugﬁﬁfwgﬂeﬂ@-?m‘dar i zed

currents by injecting spin-polarized




WD 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 |long enough to allow themto reach the analyzer.
Al though the latter requirenment has al ready been net, there have been no
reports of,. idized netallic materials that have hig J of 70 %
spin pol M%%&ﬂégﬁit roomtenperature. The i rrportancepggﬂ/ﬁrggﬁgfﬁﬁesi stive
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 sui42able for fabricating products
exhibiting GVR-effects incorporate virtually exclusively material s

i nvol vi ng_3d- al s, 1.j - |.S.:havi i nc - i » SLhce such
mat or | al SSSXHRo I cabbiE orae b RaBHE Ol e R s S B 0%

conpat i bl gmpiolybd ih eheSadtbmofiverndaess iAlthougl Riligiug Solofdud infaghefoedsistance
characteristics, such as the magnitudes of their magnetoresistive effects,

thei r max(GMIR) dpesoattionnds, shphe pamanganese 98idspetlipmsraftaining effgets tba ase t he
resul t ant netic-freld. S s bl i Ykl s been
v oved SRR st b Fepufjaanteten upl flofRIERASI oL pelnoiBhitar inBE PRON
appl i cati gie Rrthefovaisldyedpohsieiics thdnsulfhe 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 | ! ’fm’ T NCET PRef : I has
been knownrrﬁg glﬁ%%:g%%%gghhlﬁg%&jg%ﬁn% y gn%ég![b {rﬂll(;]lgggloi nt gr? ae%gyéqlwglgtg@(i n the
case of nMRAMBaMRAYEt@mbing dfe. beGefityanf deaiicntludd- meBBrizd (bphl) accddhrp

resi stance of such syst.e i1l be |ow whenever the pair of iron filns are
for  omagnEls ERENGHEBHETER BiEn Hroen RO for Rty BE aradiie BhERSiTF 1 T hen
be abl e t goddestdgdtive] afiMmagtic mindrics Mrd tub ABnwiIdiAE. MbshAdimahéfdsidg their
spins. On the other hand, the resistance of such systems will be high if

t he spi nsrugged,requivenci exdernalifomer suppliesend withgardmadiationl | y coupl ed.
"Ferromagnetisni is generally defined as a collective magneti sm under

whi ch electron spins are aligned parallel to one another for tenperatures

bel ow t heln priiRifle/ Bagdatelechomcbffeblo A110W 81ridating agadtiRall Rkwitehable spin
"Antiferromagnetisnt is defined as a collective _ magnetism__under which

el ect ron Ypnsitorsfor glscpwg crfuith daxg pene dyrsnel desedmm orhere TR oxicss ur es

bel ow t he ot 3 . I enpenat T i,.stance of an
anti paral f&f/{)igup deh%%ﬂcﬁteg{}%nﬁgitg? g?nﬁ l:errsera’z?lls rebg ‘ﬁgltﬂ \)/)véeedn ﬁlﬁ-t é&?‘nﬁﬁ)ﬁ@é‘l | s,
may be si tyansisterarditcyitryedSpied fisld-effece xtransintdrh y (SpppFEEY anegmatre csifipdy d.  The

external magpeti ield forc a ferromagnet i lig nt..of the. spins of
bot b 1 1 onCHEARied g e, “iEl dPePelife crinmodnitar AT RS wlASiRR Dea to
achi eve apMURPET),f &t both ot theRsdtatdd (Panstondeing aiPaswtdssendhbttngPrt ef f ect
.is currently already at the engl neerl,nlgl-appl ication stage, in particular,
for fabriservolgilerddiltivrlued-legiceideviees sright by canfigureblgh nigE MAgNELE; sk
drives (ahekaﬁl}é 'Xﬁézﬂi%blh MRG0T Gtk St ?c%nﬂécti%ﬁ]p%h 4" etlé}ﬁéntsdegg' bes the
percentage change in the resistance of a systemin the presence of, and in
t he absen€e Befreuthenamh 8t Mengdl ei' Magnktdehekdraniky Gramatiapet forebiusg afvlainfiss def i ned

dugtjon i, trical resist i f
oxt or nal - abdppEnf VIR Briob o TR iRt hant o S SePogrRgieg ©' "
present. dyA gblfaﬁ%tidﬁg mi@hi et iaOMSghdf bepeficieNtchoRe MRGNFilRIcashStéee” are in

general use. The definition of "percentage nagnetoresistance,” MRO, that
will be efdpRoyfeviceson span éranwsters. Hybrig magaetic-npigestsemicanduetae stnotyres ence

s rosi st hRES A uf ERpALe Bahf, APRERER B o BRACS Lkt © ¢ =10

r esi st ancearrierstsifil@s ensse efipldyednoosios enightdectonfifitredrasihgumgietidflniss 100 %
An al ternative definiti onwge. g., that enployed in_Gennan Patent DE-A 38 20
475) is enpe sgpistancn of Hie rexdianiphybrideleyics wrauldhyars athdbe selatieeorieniatipnef f ect .
Int hi's C@Pgre mé) eﬁ?zﬂfoﬂggf %W@EQE@?&%F ﬁg\%’ver, i!}{%'?d%'ﬁ agﬁta{/é"ﬁlqt Ef§w'ﬁhe .
di fference Det n € resistance of a device in the absence d6f a nagnetic
field andbé treceseays fianye to nuppie spirepemizedodureentsaby ejectirfg sjinkpobirizedled by
its resistance when the magnetic field is present. Its maxi num 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/ EPO2/ 01876 to tunnel through the resultant potential barrier and
current will be able to fl ow between the pair of nmagnetic filns. The
tunneling probability is also spin-dependent, which |[eads to high
magnet or esi stances for parallel magnetization of the spins in the nagnetic
tunneling-contact filnms, conpared to those for antiparallel nagnetization
of their ¥YPPH2/069366rials that have excl usively spin- pBCIVERGHOESHct r ons
woul d exhibit a large effect. Since the tunneling probability is

spi n-dependent, in view of the relationVMrR=1 p2 , the nagnetoresistance, MR
wi |l be a maxi num when all spins, P, haye the sane pol arization. However,

t he af orenenti oned nmagnet or esi stances are neasurable in chem cal elenents
and thin filns of. chem cal elenments only. large, magnetoresistances were

di scover eEMTES CHRISELRASBE SeReonayaior BYRr gy Seedby topravie theb Pissspin

magnet or eﬁbﬁﬁ@ﬁf&;'oﬁt@@wﬁaﬁt@%retﬁhmamaﬁﬁnwlo@lg%n&gh toRlloWAferigh M0l d,  J.
Wecker, B. Hol zapfel, L. Schulz, and K. Sammer, Phys Rev Lets 71 (1993), p.
2331) att reach ¢t vl yzgni Although éheclatter whwisement ag hlseagy biean tiebi theredwivet ance

B or cmont PEEAS FEr Ity a8y dnhe AR nhP iR ik A GRRs e

CVR- ef f echpihpoRiizhfidrsiaffdoen Rhfpefdturean ef fect occurring within a chem cal
conpound), and the extrenely large change in resistance is due to

suppression of a netal-insulator transition at the Curie tenperature, Tc.

The "Curie,tenmperature” 1s defined as . itical te ature | ow whi ch
2 spont andBEARaBANSE of maeBr LB mABrA o FlaehFenh GAEA Heghlite it P e <
on those gordpei IgRbaoWNGinahe¥ely 9dr GBcent yairs,Oaride sudhOmateriaRl kb aty C
alignment," occurs. At tenperatures above Tc¢, spins w |l be randomy

or i ent ed, begame Shipaioh aempeEsial sigwififance, Majruals suiteble,for fabsisatingspodues s

(sem condugit: . t r el , Y I A1ET ERATRIRSL i C

net al s. Tﬁgﬁl%ef egt &g\%fs"s ? El%r?&ﬁgas\g*%%&f Oetrx@%gy‘gfg_ v%?grrll%:ls Erangaﬂ se

oxi des, sddimetals,lic]l, mSalsMadidg ifitompletg dtliovletaldR sinba sudicimatesalis xhibé thase of
CMR is attribytable to the.redu tign igrggin gisorgeﬂtation t hat .occurs.
The el ect AFHEH TBRRIFHE AroRSries, 3nct a5 latgey canpptible yith fhe Sgheopapracessipg ni ng-
bet ween 'V&%Finighéses TREH MMjdr SéHapscterRfich, t Bidh " 4ROPHRE Nnagnit¥¥es0Z/fOGRAP6 - 6
PCT/ EP02/ 01876 occurs only when the nagnetic nonents of the two Mh-atons
are al i gnawgpeiprpisiye teffeetse theivtmatimugs opgrating feEpewhuehdthecc opersting A

nmetal -ins L1 ) [\e . presence
of an app%ﬁ%‘%&gﬁ ﬁiclzé *e:gelltagl?q#%@e%% g{:)lggsle%b%)’ gkﬁﬁ%ﬁ%ﬁgﬁsw&% thilglﬁ%rease as
t he degr ebeaf iMi@bvairagaethe gastl fegnyeand, dlthonghase dptianatl soletiors canamgwnll |
decrease. The effect is tqgs ¥§#®IIy greatest at the Curie tenperature.

Al t hough AR} FGHS BAS IF RSP ‘of the CMR-effect are al so thought to be
feasible, the greatest effect is usually observed at tenperatures bel ow

roomtenperature, rather_than at tenperatures falli ng within the
oper at i ngThe afsementianed YRsefert pecaes emylilayer systemedpdbssiviplestsasgr e al so

still too ! i I al - n I I ilicon
waf er s co%‘%c?l\rllﬁl}%@l SF r%@?n n%@%@%ﬁ%%%g@?@@ gﬁg’l ?g'éagb\é%@%ngﬂnﬁi ghly
conpact eds¢patdtal by amhon@agmtio ddmexlgl, @i dhrorgiuihBInCNReab MBG e ffeundwkicD Baexhi bit a
so-cal | ed, "powder - magnet or esi st ance' (PMR), effect. (cf, A. Gupta and J. Z
Sun: " Spi Regoknav™: &@CE AR5 resyblreghertopas iiktedpreectfart Maghetsee aki des, "
J. Magn.  Ma@ibhab0dy<20s)((cE98&manPPate4DE- A 38 20385). PRIONGEDREL oFYLEE
tenperature, these conpounds exhibit high polarizations of electrons at the
Ferm enesypemswvilt he lovadbenayes theglasoftiteatfilma\ece tprramagnesicallin coupdedelhi bi ti ng

| ar ge magpet Qresi stances in ak ma tic field s.much as 20 %at 4 K
and 0. 1 TFE G Ao fnod iR PR By #0547 Bttt iadeioan@ntiE' abi o <o
tunnel t ot athes vatholEaBEMRY tHeg S, 'On tthabtHeaandli fhkefesiBlahde of isgeled spi ns.
An insulating oxide film probably forns the tunneling barrier. Their

nmeasur ed BYstemes sl ebe Bighhifighe spige.of Ahe dwpoeirorh filing gt antéferrpapgnagically al i gn
all spins e t hel.r kesi Y t.hel. & ' rons
w1 PhonoBiehrE S baRA "5 RUPIRE SeFh8r s 5 BlleofR BEhbh et |
conpounds whivht elbatud Gemoane dtigosd piralle ab enexhothet fonaempérawenibetoveftiect at
roomtenperature. Since all such conpounds are al so oxides, transferring

t hese devices to wafers presents problens. The | argest effect at room
tenmperature (6 %at 1 T, c¢c K -1. Kobayashi, Nature 395 (1998), p. 677) was
measured in Sr2FeMb06. Conposites conposed of a netallic material having a
hi gh spin pol arization and an insulating, or at |east sem conducting,
material, e.g., an oxide, such as A1203, MO or WO 021 069356

PCT/ EP02/ 01876



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

sem conducti ng, conpound, such as a polynmer or oligoner, such as

pol ystyrene, polyethylene, an epoxy resin, etc, should be suitable
‘materials for use in magnetoel ectronics due to their PVR-effects. The

I nsul ati ng . rJ prevents short-circuiting of the | rticles,
and probagvgﬁgﬁgégé@rves as a tunneling barrier. The gf@ﬁ?@h&%ﬁﬁﬁ@ssed 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-disk-drives in current use, which are
based on a GVR-effect or the TMR-effect and all ow reachi ng recording

densities0f. about 1 it/ . at.ern] NV I I xhi bi t
e e il Sbbp oAb PR ARG R € et o VPR SRt

enpl oymeniyhash elddod@ping afe Aipded MntiiatalleElorsme hadthesfor Wniperam@nbelewake st ances
at tenperatures I n excess of roomtenperature are necessary | f they are to

be enpl oyexiticsd terapgraturec(the Ne¢l tempestuse)i hhe rrsistance aben watipasallpdceypledher e

t hus exis . e o] ' LW exhi, bt ]

ot operti oliRyet 35einb g E hahpad NErohditns S8 BE iahfMeabfly rélbRObY |
systens t mat etéthially t agplict¥Rnighett | fieldindhy: extbingh mhagdedcr éisldorfsfces taes, a
| arge effect at the operating tenperatures fQf raiad- he%g}sd[i a stabl e effect
over a br &upmagnptis alignment ghihe spis @f bothjrony tilmsralonecthe piglddirestipa Thig of

compounds cchat Sl Mikzoft LRl RONR ORI oY ot s} JiclBbom kA gBaiEld ect Tn a

bul k mat eri nposi te conpose an 1nsulating material and a
metal | i ¢ Tht eGMR-c€fetti s tdungntdy hilgpadys pit ntheo leagineatngeapplivdtione stape, éi f ect

wi |l not be strongly,_ dependent upo e thickness of the intervening film
as in thePdticulaps lg%%g"e‘ﬁaﬁﬁgf%@}egcgww SensQys |@'69%°8%‘5’Eﬁ1_3 pierish 01876
drives (at IBM, Mainz).

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



for ‘'use in spin electronics, high spin polarization at tenperatures as

cl ose as possible to roomtenperature. The present invention now nmakes

avai l abl e conpounds that conbine the favorabl e characteristics of the
GWR-effect and CVR-effect with one another and exhibit high spin

pol ari zat | tenperature. Their nagnetoresista t hose of
G\/R—systewgaggzpéggnsystens by a factor of about threeﬁ&mﬁgw&l di ng
field responsivities better than those of manganese oxi des. Although
sensors based on a GVR-effect or TMR-effect enployed on hard-disk drives

al | ow reaching recording densities of -dbout 1 Gbit/cnR2, conpounds according
to the invention should allow reaching higher recording densities (up to 10
Cbi 1S/ CN2j lrfhel RO WS FRLMA: PoRiHLP batel Ghi TfrefOWRP BRI 18 ifnf OMpOUNd
accordi ng %0 the Tnvention an n Insulating, or at |east sem conducti ng,
mat er i al ) betagae ther mn sﬁmugleab ffiebak ST heef tuamelmgqmolmbﬂaﬁ150/81Q<B@1mﬁepdrdemt

resistance_.in the a nce of netlcfl or.700 %.qf their saturation
rmanet | 2abbist cA8/8 TRER Fagel e BHTCoT (o P PHogRE7280n Ab eiBdn e  he

fol | ow ngp tagﬁafcgﬁhﬁéi CRRRHRRAL | cfiPared fhegeefoﬁr%h@;kdralrel HRERAMAon of
i ncorporating 3d-netal’s as constituents m ght neet the above requirenents,
si nce sucthetrcnmmuﬂ\dhxemalglthat diavel Ex il bpingehirized elebizordesould dxpibotpert i es of

both the taII | ti]layer S d co nds .t hat. exhi bi

motal -1 ns{AFER GHIeFt A1EF (s CTeTYE | ORI s FRUAPPSHACHngn rigsyr P the
tenperature will conpinue to exceed roomtenperature (23C) in order that

t he | ar gerslatiohfMdR & , the magneforesistanoe, MBnpét he amegirhuh|whey alli spirisn t he
oper at i ng- terrperatL]J range of read-heads. A Curie tenperature in excess of

BOOC woul vor | e he .PVR-ef f ect
room tg’ng %Q éa”%gtﬁ%g&ﬂdp Cé%efgl% ngg{l%d;g]ia%p g?{F 8%%606)5( it the

effect vmleasmiﬁwln dflfiﬁﬁéﬁil@&ﬂienﬁfanﬁﬂ{mﬁﬂlﬂﬁUf@xen@éb@élehhﬁtsto@lwel’at ure range

i nvest i gated, i.e., tenperatures up to 400 K W 021 069356 -9

PCT/ EP02/ 01876 An understandi ng of the theoretical nodel that describes the

physi cal | agy% t [ npounds

neeting t %ﬁg?‘(ﬁgﬂ Frtg%%?stne ﬁéxgaﬁ(ﬁcgﬁ%r%{l gngM§&{nHL 2 gﬁﬁgr]b?c%ilrsr%g’ue dis an

i nsul at or of thee col(&saiahmewremMmcng(@Ml%)vﬁfechunbmngambseva}hdcmecfeRewrr ons, or

e e P b BV 5 AT HER APl PRRE B CTRT T o, o

a conpound.998)as 238 8 eiRbled WRUBFiEE Rtetek STRONAE ichAnd¥Bn MRirl RESlahed from
the di stance between those atons in the solid state. That such esti mates

are possi When i gyemad pagnesizi Seldnwas dippled avast mysh ogrswer tian dorydhaal | i ne
structur eat%ien%éh%né’d ﬁl%ﬁHQ}QPsttér}@c ﬁ‘ﬁ&@(‘f@f a{e%w%%lﬁé?x&c%& 'R Wpfecend 11

el ectroni c and nagnetic properties. ence-el ectron concentration" is
defi ned a§ athéntninsibeeffeof (smalefadeohouigr wlthlnperchammai |cmnpblmdt),oamd1 ltiee uni t
imvol ved. "Val ence el ectrons” ar e def |§ed as_el ectron on blt? of

chemi cal SYERHY s3EGt SI2HES tRPgaRce 1§ Ghedo %“R%rffs‘?jbé’ s"hBﬁ M4Re case of
the transirinson Bt fleSCurid @nipeYalRNTe. The CTuAB e ffi&at%reeh@(ifeﬁﬁé‘tﬁ as the

p-el ectrons, and d-electrons, and, in the case of the |anthanides, f

el ectr onscxascah/éermperatn@e, deloot pbithca spantanepwsemegnetizatinn mvakinge paedel | bed in
t f fi t
Chr acy, GRSy ShIL G AN, RSP PPV B Uleh Y Ll &

accuracy. Cture € SO e enérgy 1evels of
nmol ecul es“feﬂfbmagdmmtam(gmnents’t dacatsuAe eentferatmries atsoveEl, hmnmﬂlsw exdoimiyng

spectrosco t hgds, such_as phot ssi o e tros emati c study
of the el i @Gt r PERAuads ofhaRnS%f‘\méoﬁpo'gNﬁg %6?16%“ oned
el ectroni @eﬁﬁ%ﬂﬂﬁ&ﬁﬁs '&t REPREEEEEI AT 2k YWRH bef i‘éfrofnﬁﬁnefub midtalb] Tho

fornulating an initial recipe for synthesizing conpounds exhibiting giant
magnet or eEMR -effcets wasi figgt amédsinmred efqur mmted-vabdncy Gnarigaheser oxiles, Sewhaalr i , A

R Seshadl-MaSEMISD The Hegalie MB (kbR et S MR AN 008 - p.
677) . VQdQé’tthxﬁﬁf?s?y% dikOriEedti JaRPEY SQtBréOThe electrical conductivity that occurs is

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




The GVR-effect in the aforenenti oned Fe-Cr-Fe-system may al so be expl ai ned
on the basis of the electronic structure of chrom um and the spin-density
wave (to be expl ai ned bel ow) and magnetismof iron (cf. P. Bruno and C.
‘Chappert, Phys. Rev B 46 ( 1992), p. 261 ). The "doubl e- exchange" ("double
Zener-exchan%e'é} nmechani sm (cf. C. Zener, Phys. Rev 82 195}%&%@;).403) IS
usual |y i WOREP6935&r der to explain the giant magnet orBRGT& 86 the
manganese oxi des, the CVMR-effect. However, that approach to an expl anation
is confined to the m xed-val ency nmanganese oxi des. There is no general
theory. Spin-density waves, which are-ergely responsible for the
GWR-effect, are al so under discussion as the probably cause of

hi gh- t t ducti vi t f..G, Byrdett: Chemcal Bapding i
Sor' s RO HER 4 ragiciehirien s nE pg Bl s AT BPeBA RRERIR L at s
and MaNgages gndikdrd8s it ¥idl foirbmagndid aldVA alet@Shsuit PansitiohWealdsYat the

interrelated. Spin-density waves were thought to be coresponsible for giant
magnet or e€ge deroperatase. |Iorthe poesencs dfoggagpdied nagnet¢ Sield, the pobabilit of A

Leist, angd W. Tge .. J. Mater. en: . 1998 . 787).. Spi n-density
waves are R%ygﬁté@rwet%e{hﬁn‘g&?&! oy eééomqgm):t&c 5{1%‘&? r‘B%‘%?ﬁeS’nﬁ anese
oxi des. CouRtheé Wil YeSbadeh The efBit O MHus 1BLAINCErEAtes aPthel b@SECtepfpEPRuRdS based
on band-structure computations all ow recogni zi ng whet her a gi'ven conpound

wi | | exhi Bithoeghseriginegring iapglications. of the 6MR effget| aje alsp ghavghidle be feasible,

pace)  anieero BiEl i AR P cte (T ERE R SR ChBBRRRe hRe™or L he

el ect r oni haftat Yehpérateds Rl withinGhe opeatfg-taipetdtineiafgesadf @ad-heads.

t hree-di nensional representatiqgn is using the |soenergetic surface, a
surface oficlbrrspansviteepgyalee atildae hetnindaritaxial prewinsefetierpanoandyr f ace,
whi ch Sepﬁlrvgfv%ﬂoﬂgﬁfégh%fe% edfifubd QP BAGHIALRY States, is the Fenni
surface, and the associated energy is t Ferm energy. Under this
representation of electronic structure, spindensity waves are identifiable
as parallgl, surfaces on.the isoenergetic suyrface. Due to . 02/ 069356
per! Epoz) BANSER R G RO Fortieted BT BF epmESwieR bl B thei
val ence- eCRA -effBctCAdCEIT, eXhitinNg so-GHNAIHRHAeOmbsiRtoresifthtet (BMR) effect
"fingerprint" in their electronic structures. gnetic manganese oxi des

t hat exhi (sift Aa GopRe and eb . 8PBo “SniRiPblarizedh teaaapart Gnd| magnstasesistaregnin i c
nmonment . "

n hisbi i ng 0 ' Nt | ned as
conpoundslgﬁg;\?e?%gg’aﬂ%gi 'r,'e “ P’eé@gg'ngﬁtp%@gﬁ%ﬁgt%Q%o&%)o%gsbgﬁ%gleerspi ns are
magnet i caClisie aémperatiirag t thesenganmiundse sxibbit diglt beladzdtions aif eleztions at tilee, TC.

Local nmagpeti.c nonents i nganates are caused. b artjall illed
ol ot r on EAEH [enelg: prine Sesde 18 GRBPIER ot oy aapit Agvadhefe csbBiiiglpse.
For mat i onm@pneidredsittahdedin MERE RRAEh&icHAIRNEEMROR adBY %% AW ahd0l1B). Oage of
conpounds as wel |, depending upon the ratio of the wavel ength of the

spi n- denssame \afy Ehejra totaldy| spiopolatiesidr elgetrenss aieueblgr t9) tempel He sliatss apice

bet ween tic a N Sl Thi- s “fingerori. “l.e. . n-density
waves, h<r'31i§é1 g@’eor? ngbééé%{rﬁ\%e%laf ﬁ?ggﬁggﬂrféggﬁgugltl reg éa{)% nlgrgrll'ne]s[hlla(tzmgy%ﬁlg?msfﬁ@xhi biting
negati ve prbasyofoaas shanamsling<baniet diieigmicated raiitanbe ietiretlagei tn
structures of superconducti ,nlg corrp]gun,ds aad gonsi stent applicatioon of the
model havextemal mespsticafield; Wi aligiy 2l spie Gud feduese g Fesittancey 8ipee thedt i on, of
a CVR-eff b - I lori t 9 (
To90) . p. gbRuFORAIGE il 564 BERNETS iy bRe A ond wdf® oo 1 (o
(1999), pall 4g@poumid tiiat et becomaknosimto date gxhibit apmoticeahls ¢ecSatsioaur i, and
A. Sinon,,J. Solid,Stat em_ 147 1999). .9, 19).. Gdl 2 becones

fer romagnistinetny: S8 A iR romatgt acaisd ey Pl e e BV RE g a
magnet or e%&&@gf@entmbl%siﬁh%aagesf efiEnt LR TG Akmiberatinel (¢ %l at ATt hgugh this
conpound was the world-record holder at roomtenperature until the conpound

accor di ngKe-b KohaypshisedYature 308s @99heasi H8d) wayi measpiedg impprFeMolons were

precl uded~due t.o its chemcal r Vit I: tS.:W HR, ,..and Q2)
et to 1 SRPolfes PRoRSRTHORimA e ki b § S S bl Hron i
nmeanwhi | eilggRtingeyrat RRGdemiddnasiiing] @iteti4l, & BearboidevaE] 40NBA,, MIEO; sensi ty
wave, a saddle point in the band structures of conpounds exhibiting the
CVR-effect is beneficial. A saddle point, conformng to the WO 021 069356
-12 PCT/ EPO2/ 01876 mat hematical definition of the term in their

spi n-pol ari zed band structure leads 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 per elenentary cell and eV) at the Ferm energy, the energy that
separates occupied states from unoccupied states, is unfavorable for the

e - S a o o T -

o




The' "fingerprint” for conpounds exhibiting giant nagnetoresistance thus
consists of three factors: a saddle point, a spin-density wave, and a | ocal
magneti ¢ nonent. The saddl e point apparently leads to a ferromagnetic
‘coupl ing anong nmagnetic atons (cf. Hedin, J. Magn. May 177 (1998), p. 599),
whil e the_spin-d ity wave |l eads to an antiferromagnetic arrangenent of

t he spi ns"@& (ﬁé‘}@%gﬁn ng atons. This conpetition bet vweBG TP fetic and
antiferromagnetic coupling appears to be the cause of the |arge change in
resistance at the Curie tenperature, and is thus responsible for the giant
magnet or esi stance that occurs in conpouhds. If the materials involved al so
exhi bit high spin polarizations at the Ferm energy, magnetoresistance

effects wd |l be riicul arly | e.."spin [.gatio t..a specified

ener oy~ | Ersr indoHuSy nEh i M or SR o Jhlfben D MBS <o
orientati ghfip&ind, Rath Q&S B¥lymEN@r olsbimE sudh 4 pRlysspdne, P@ly@ﬂiy?eﬁb,i en is
unity (a nonnmagnetic conpound has a spin polarization of zero), and

nmagnet or eSpaxyaresid, etgnisheuldibe suifable amatetials toreusenn-magnstoelegiranich duaiR- ef f ect |

woul d be depe ' [ [ i | . () m i i ew of
the. el at NN RELTeReEs TREEuBRAE rafdel Reyqlts; ol sEREh'cf 3 midblie 02
trifactor pisiets) dyeobubly sl serasns htynnetingbarsiad | ocal magnetic nonent)
"fingerprint,"” further requirenents have, WO 02/ 069356 -13 PCT/ EP02/ 01876
appropriately, arisen. Although, instabilities frequently occur in the band
structure f I i i doaf f b j operties
only if tﬁ“é‘g pé@@h#‘dfdﬁrésﬁ%‘i @fté‘.“’nf’{%é“é‘f"‘*‘{ “te‘é“gés?%}akfé‘g?r"éﬂ}mliﬁ t%{l..l% i i
t he Fer mi wéheHgy realizing higherqtp ea8 IGpits/om*arebording diehsiticbapi yd-diskairyesind wi t h
el ectrons or holes, in practice, .it frequently is difficult to achieve. The
Fernm enefty lﬁa@ebgsghﬁ)f? g et v ot CQHE‘%/tgP@s R GET Mg PR 2

el ectroni gRaCH Bl fth€ AriRVG L |aﬁa‘?aﬁlp®n?éa9hi§§ feYor@iap! dsitfel HMgHoRe. Whi ch

will allow repositioning the instability in band structure precisely on the
Ferm enel §3bit/éopiThg natertaipimynkyed sheskd also ShiioBigh wpit ipokkieationsasraonvol ves
repl acing, the correspondin ractid on of . stronti tons by | ant hanum at ons.
The. on v tSrige B RAPE BE b 8o iicte st iRl b R St an IR AL ™ e
may be dopRreirorics High hadgnewtesistanoss ataeiperatuessniii exodss @i Sosth teMperatiad

el ements and in which individual atonps may be repl aced by other atons.

| nt er met aPTe RECEHARYOM MRy, arg (@ e supiqyed %fnagmoﬁ&?nsarédn ihg aYtymati¥s t he

prer equi smd%arﬁenanded: - atrifactor "fingerprint” in their band
structure, consisting of a saddle point, a spin-density wave, and a

| ocal magnetic nmoment. - They are seminetallic, ferromagnets having

There thus existed a need for materials that will exhibit the following properties when
combined:

- the favorable characteristics of multilayer systems that exhibit a GMR-effect,

namely:

. high field responsivities,

. a large effect at the operating temperatures of read-heads,
° 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



- a variabl e val ence-el ectron concentration, - highly symetric structures,
and - Curie tenperatures > 500 K. The prerequisites for potenti al
occurrence of an MR-effect are: a high field responsivity, a large effect
‘that the operating tenperatures of read heads, stability of the effect

over a braf(g ture range, and WO 021 069356 - 14 P02/ 01876 an
extrenely Pz@rgg?é ct in a bulk or conposite materi al ,C%‘g/ﬁﬁgeeffect
shoul d not be strongly dependent upon the thickness of the intervening
film as in the case of the GVR-effect. In the case of applications to

spin electronics: high spin polarizati-#r at tenperatures close to room
tenperature. Internetallic conpounds are a reasonable choice for attaining

S0 1L, Leskons! Yo ey R, AR ORI |

magnet or esi st ances and, erronagnets wl |

found anong the Heusloss asbuasible.to tdden tdneperapirases” are internetallic
conpounds havi ng the general conposition X2YZ, and crystallize into the
Bi F2 type of structure (cf. Pearson's Handbook of Crystallographic Data for

| nt er met a.H]% %&%E@Z@éentf%ﬁgﬁéw%aﬁcgé {/'ﬂaﬁfg c@%gh@ ﬁ'l'éf %rﬁbihgftﬁe{ %i‘a@% Soci ety

( 1991 )). anong 1 ntermeta unds are conpou I'nvol vi ng
a) two orchmicteristios ofBcaliSIR -difechand TRIR-effgctavieh ore amdtler andexhibitaligh and one

or fmore tsrpl{rei\ pﬁgnazla?ior? fattrr(])gmB{e%llfa%?artuorle{psThei?r}rcllagnetoresistances. 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.



c) two or nore netals of the B-subgroups, where their properties becone
less netallic and nore |ike those of true chem cal conpounds when they
undergo a transition fromCass 1 to Cass 3. The classification into true
netals and chem cal elenents of the B-subgroups is based on Table 13.1 of

R C Evaps,, Hi ung in die Kristallcheme, Walter erl ag,
Berlin an?ﬂé@%ﬂgg( 1976), p. 276: WO 02/ 069356 Pgﬁ?‘%g@% 6 -15
True Metal sChem cal El enents of the B-Subgroups | TT- Bf BzLi BeNa MgAl Si SK
CaSc Ti VO M Fe Co N CuZn Ga Ge As SeRb SrY Zr Nb Mo Tc Ru Rh Pd AgCd

In Sn Sb TeCs BaLa Hf Ta WRe Os Ir Pt-®uHg Tl pb Bi Po The | anthanides
and actinides belong to Class T2. Cubic structures of the BiF2-type are

h t f I
ehar act of e hdfbie b URTRHt Aol M CSoef RN SudotRly
el ement. ZMRB- eﬁfeatowmlli@eatseﬁll rﬁietsyuhtheuiznmgmnmpaindé ameahgrmmbfoiementﬁnéxgr oup B1,

or B2). Due to their ti.c behavior, the mggnetooptic Keryr effect,
Veus er  pFABISTRR PraleyNhether 8 RAEOBRY] 15AD IRIEPE difoc MmHeEahhyRg M

properti eg,of qﬁ?éér o‘f@Ql\éﬂcfé‘&é&JoﬁE #3R&, I‘@V&nta{éHﬁl }?fv?r% dr8 ATtk be
i nvesti gated. particular gir ferronagnetic Curi € tenperatures and
magnet i c mem& eleetrensk o anmattéyvefv eonjecturei Hf ektent 3dnietalpoogémétals arsuch as

their electrical co dUCtIVIé,Cth’ have been %nvestl ated in rare c es only.
Wth the EXRsEBIENEPIG campoupd.tBeR pigtepienisaearding é‘ém FHERE ek, e“hfﬁlﬁ gneti c,

Fe2VAl, akdm the distance between those atoms in the solid state. That such estimates are

possible is due to the existence of a relation among the crystalline structure of such a
compound, its valence-electron concentration, and its electronic and magnetic

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).



Heusl er conpounds that have thus far becone known, i.e., several hundred

di stinct phases, are netals. Several ferromagnetic Heusl er conpounds have
band structures characteristic of semnetallic ferromagnets. The high
degrees of symmetry of their cubic structures have al so proven favorabl e,
due the o r f electronic instabilities. Heusle st over a
relativel g#@@gﬁgégge of val ence-el ectron concentratlBﬁ@veéﬁﬁgﬁ%weans t hat
doping themw th electrons or holes, as required, should present no

probl ens, Since the nagnetic conpounds have been rather thoroughly
investigated, the Curie tenperatures ofl0unknown, new, or doped conpounds
may be inferred fromthe ferronmagnetic Curie tenperatures of known WO
02/069356 r ghps for
vari ous Heué&@ﬁléﬁné;gu%n% El%geexﬁés?{t;"ﬁﬁéﬁ"ﬁﬁgr r\s?]Séltgl lggild{) % uﬁés ei t her

i mredi at ethe baes of theeeledtmnéstnidhere ed ahromam and the spnd-tiensﬂytwavbe(m bé their
val ence-el ectron concentrations are_suitabhl X) adj usted by varyi ng their
0

el enent al cxpIAingd i helowks an#omaaw@ameﬁﬁétoa &dt PoRrungn arch G- Lthapperbf Pysos (err)
0.5, pref egbbé%g&ﬁ) in particular, 6.95 (err) 0.1, and, nuch to
be preferred vaI ence el ectrons per atomin their for mul a

unit, the |nstab|I|t|es |nvolved (saddl e points and spin-density waves)
occurr ed their r.m .9V, her ipstafilities in Heusler mpounds
ocour  for Thal Bﬁe@e-@r@@psgﬂ? SBible Aengrenshenssr geehanispy {cf foC s2engr, 915'%(ser r) 0.5,
pr ef er abl Re'i_) @ ((‘?9592 p2403bn1906\1s§1hlf)“|1ﬂ{/0kcﬁ 3n t ofded toa’Biglam‘CﬂBe QidRe

preferred, val énce el ectrons per atomin th formila unit,
and 7.13 ma@néiprepxsmhecr abthy nfanganese pxides) the CMR- pﬁmtd&ulvarer, tatapproacly ) 0. ;

and, much_to be preferr . err val ence el ectr er atomin
their forfuPA SFRipatios ﬁc@“ﬁﬁ‘é‘ﬁP i@u@%’?ﬁ RERFOTHASANESE /Y e%glfh Eﬁp B Ruch
val ence- ebgfdrilqRedtpncent rations (VEC) under all conditions, in particular,
under all auxiliary conditions (e.g., a Curie tenperature falli ng within
the range applicable to read-heads), doping of the known conpounds was
necessaryg be
ol torod by HOREe) kel S e hekIghesp Bl BVl SRS e it

"ri gi d- baddoudion” aasshﬂmﬁrolmb)y dausd aaft hlg}bmsipefatwenwamdwﬂvitpesdfzed based

on the afaqr me i oned .t ry. Qo 6Feo 4Al. (VEC = 6. 2Cr o, 6Feo 4Ga
(VEC = 6. 66T L musal BmlinaciySqide OLhe G eriayigiest (35D, TBRAYS: e « ne
expect ed @iRPlondB& IR @ﬁﬁﬁte&@ﬂcgﬁng&@e |oRYRS t &xBFifi) ThOTCNMREdffecelafET FONI C
properties that were conducted showed that, as had been postul ated,
conpounds Staecterelly rigtetrelatede &pwé@tsltbrwavebz'@% tisrght 1be woappidEdor 4Ga, and
Co2Cro, 2 favor f it effect (high
field res %Hgfl%l\z} e%) k &%S aE?Onél%ﬁ g &{g@ﬁ%ﬁsﬁgﬁ%gﬁlﬁg g\gel o d(;)und)

Heusl er ph\amlnandomtmcvz@mt Be(u)m,e@t’nson Spihildisity mgéueérerceﬁseqﬁ@m@s of the
same or der é ude as, those of the nmanganites
’ col ossal Ohdbnemural | decopic srrcues ({fdvmaﬂlﬁ&pyrfie%ngomp@ﬁwr}se%éhﬁs. vities

as_hi gh aéle&t‘i’&ﬁ@ s@hethid§ oF’eHeEé b@}ﬁogaunay AR %n bhh@ strtt AR coMPRGLY ARWSt ance
effect” (GQVR-effect)).

recognizing whether a given compound will exhibit a spin-density wave.

Theoretically, one needs a four-dimensional plot involving the three spatial
coordinates (in momentum space) and the energy in order to represent a three-
dimensional plot of the electronic structure of a solid. One means for arriving at a
three-dimensional 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



-17 PCT/ EPO2/ 01876 Si nce neasurenents of the effect were conducted on

Yol ycrystalline sanples, it may be concluded that spin polarization was
‘nearly 100 % O her conpounds according to the invention are, for exanple,
Co2Mnho. 8Cro 2AI and Co2MWnho. 8Cro. 2Ga, for both of which VEC = 6.95, and
Co2MWhCeo. é’ga Co2MnSi 0. 5Al 0. 5~ Co2MhSno. 51 no. 5, Co2Nho. 5Cro. 5Si ,

Co2Mho. 5F 05%/069éé§|\mo sFeo. sGa, Co2Mno. 5Feo. 51 n, Fe286E4BPSRAEH and
Fe2. 5Co0.5G, for all of which VEC = 7. 13. Corrpounds according to the
invention are thus inorganic, internetallic conpounds that contain at |east
two chem cal elenments per fornula unit-1and exhi bit negative

magnet or esi stances having field responsivities >5 %per 0.1 T, in

oo err ea e Srnetgaf oo e Ffin ey RBhccttivdin @t B ennances

the PMR- efrﬁéi‘@hnes?roﬁfd% egklbR QUEPH NSzeRRHRT B their bRctrbific shivdives. Magietic
internmetal tic conpounds that exhibit cubic Sf/mretr , preferably having few,
s

or no, stmangancse Oxiges fthatt exhibkit & SIMReflgetaplsp npdiibibgni additionpl.elageki ned as

pr et er abl gyt proglehf - Chmaoinds Yottt £od T pBEhs Huf e dethedap
conpounds cbﬁiﬁ@ﬂﬂist Ravihe u'dﬁh&ﬁéde ElePiRG3E Parafia fineten Esinpoiwa@s Gitivge tspink Nere

i nvention exhibit electronic instabilities (saddl e points, spin-density

waves, andnagoetisallys gligner c atmieraperatyres rbalowe e cemtical, temperaarerefoi Lestér gy. An
"instabili t

mat ai 11 5egefs bfeltsih Bk los el FBRNAY slie B AeGn Bl

pr ef er abl wamthmfaﬁ-ﬁlﬂmlnzgﬂ}ﬁllbfﬁﬁngmsqaart| cular, no nore than ~ 0.1 eV,

and, nmuch to be preferred, no nore than ~ 0.02 eV. It will be beneficial if

conpounds according to the invention exhibiting the conbi ned CMR GWR- ef f ect

exhi bi t t him&ddie6f a Lndf&?ma@e% %ﬁaﬁé&nﬁﬁ?ﬁ%? oBbur i AP éa%@BPE&B%Hu%dﬁ 23C)

Such conpounds are characterized by val ence-el ectron concentrations of

~ 0.5, prefaevelbtspeddidrg upod tiR; ratin oﬁﬂ'retwmleagth of tesspin-dertsity avace (aestltt o be

et abi 11 07 R ks el B S AREREE RV bR Highdi B thE s iy

observed fgp é&ﬁmm%els@ﬁ]ta&@npm@tﬁa@t&ééﬂsotﬁérvéd In suﬁeé@nd@e@heaa@ y 5.5 ~
0.2, in partlcul ar, S5 ~ 0.1, and, nuch to be preferred,

el ect r ons MagACtc Wrstemy EBbHmE. negabETMERBURIEYsReCeat Kaovieden @med rﬁﬂna uni t,

and 7.13 nd nuch
to be pr egé)?lgc r&{}@gtgtrﬁ%yfigsu]p%fcon&%ﬁ% C&np&gﬁdg%&{{i %Bl{l SzeAt%P éhé?m?y% ﬁnlt The
opt i m zed thealexdek heve tddr tn poxlition; nad |smhsqum’nt sppairhentalceerifeatials ofey be

have. ¢ hus GRS Gl feb i FRdatl R rnbifng it Crsees U, BIAHCT ! €2
Co2Cr 06Fe@, 4eRer, aﬁdm@a@r Oanal\/lmo S8MNadri arJdee eh&R. doq¢9999b§ﬁmy@d and\s a

sanpl e cor&ut ation, has 9, el enental has 6, Fe has 8, Al has 3
I

val ence elCe&elsehsk. Ah@»t Bi KhKaeraery @%%rﬁf@%qdﬂ ordoft. S o; 6?7&4 Apete yi el ds
2 9) + |
ni t and, QR 447 S0 0 0 Gl Geodpry B GniloBMS SR 00K and” T2

val ence elerhibitons @MR-bffbctahhmngl anmggrmtoremmmntMR@,r of T4 eatt evvper at ur e
exceeding roomte Q),.. The ferr d CO oun cordin to t he
i nventi on, e’&?@ﬁ“ﬁe%%w@thgﬁlé?é%c@?ﬁ C%as ‘i‘ﬁg’@f’ I gizfoo

sem t net altémﬁeraﬁfé QURRYNBE S cotbdund 'a@co\”d]b{gttlae'tﬁe rm@e‘ﬁ%@dw@sf fs‘;ﬁ&l&@erde

particularly large. Conposites according to the invention, Which exhibit a
PMR- ef f ectenging@rirg qnplic@liohs Fyere preplaudt:d du¢ tor its shenicalorpantividy (it Teacpsrwitler abl y >

50 % per referred, > 80 %per 0.1 T, at room
t enper at ufﬁ? g?é @E‘ﬁ&%&“ﬁé‘%"éﬁ?@ p@Bﬂ%‘lt%tl ng of compounds according to the

invention and an insulating material, such as A1203, in adm xtures

contai ning nole fractions of, for exanple 15 %t 15 % preferablge % ~
10 % in pamewcerestly improxed, Bodel hananeanwhiie becrhdevgioppdrineadditiog togthe 2 o5  of
the latter S fe Ll o their
resi st ancAEROrABSEREsYRy EHQERRAERANIA Pl sHBecdfes ELGRARALY, (0%
their sat wxkBib@thgrahéeCMRatife, 1sh®\tﬁeﬂzmn Ane@auree@lofnqr confofinifgt er ithés. 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 polynmers, or in the formof granular
films, may be enployed "as is" as magnetic-field sensors for use in
tnagnetoelectronlcs WO 02/069356 PCT/EP02/01876 19 Cbnpounds accordi ng

o M rc e e o .



> 400C, - high field responsivities (> 10 % per 0.1 T, preferably > 20 %
per 0.1 T, and, particularly preferable, > 70 %per 0.1 T), - a PVR-effect
(>5 %per 0.1 T, preferably > 20 % per 0.1 T, and, particularly
‘preferable, > 50 % per 0.1 T) at roomtenperature, - high resistances to

t hermal de sition (up to tenperatures of 50C, preferably up to 80C
and, part%ﬁ[@?‘?@%ﬁgeferabl e, up to 100C) and high cheﬁpa"éll‘:l\{%%/&cﬁ%i ties
(resistance to H20, 2, and, particularly preferable, resistance to acids
and al kalis), - conpatibility with silicon-processing technol ogies, and -

hi gh spin polarizations (> 60 % prefedably > 70 % and, particularly
preferable, > 90 % at the Fenni energy in order to provide for their broad

Teabil te in | . _ ; e :
oy be. o Diemieo BRRIEEY GG 3PS dn iR BP B Bt et 585 bTAS " ana
quant i ti esjphf sthteedenbiey) ‘SHte RlefETBNtiS defin@] ¥e therfoRal Cl@SRer D Celghdevdlie

resul tant conmpounds crystallize into cubic crystals whose |lattice WO
021 069356 falling withinerepecified eaergp interanl & hiph stete depsity (miaye than three eneigyy by <

cyrmret 11 eLvepbaepfingaed, 44.5% B i PRt T P TSP 2 o

i nvol ved bedupidd states frdmaimocdapiddi statésy dCunfivoditge 1ot itlsd élbdtRRHyStem\idtier de

G uyter Verlag, Berlin and New York ( 1,976),@p. 276). ldeally, the chem cal
el enents HWg tEtmoed AR SRleetrgnie dnstabilityy oingidencer of thesss Bko dxrem of Hagtahiliy,

resul t ant I - 1 gal ment s
chosen shgﬁﬁg}%&lmﬁ%gﬁg%@g b&(}ﬁtlsgf‘t:{ﬁéﬁéarg?:%ﬁ?@? Zsséggﬁa@ggg% t(riil? ,gr @&ﬁ n-density
wave) in sfag propérties of, compeundstaivingrunusudl Bleetsoniparef magietiy pwipehies, ~ 0. 2 eV,
and, particularly preferable, within ~ 0.1 eV, of the Ferm energy. If that
shoul d not be the case, the conmpounds shoul d beneficially be doped with

el ectrons « b hith o tohel i 9,5%:“

el ectroni gﬁét?ggt l?%t’s.rfofli' e c%%?ﬁé%%lﬁé of g%agﬂ]&gge?fs{gﬁgén{ehﬁgg o ogégﬁ shoul d
pr ef er abl thre¢ Eictbrs ongaddiedwinthaspinaleasity wanee anda ddaat magneticanareernitr Abé on of
6.95 ~ 0.5 r ef.er abl .95 1t 0, in particuklar, 6.95 ~ 0.1,  an much to
be prefer F%icﬁi?e %(.nggapp a%/fngﬁ .?eaﬂf tt%?%%{mr{}g%\e/é? ‘é%’c?i’p% PEOPE SWgB%}Wc"éWPF g‘?fl ons are
5.5 ~ 0. 5Heping{enaighy Mut5117 Q.928), ipd5PH| Wihdultiee spib-dendityOwdve REdh tomatch to be
preferred, 5,5 ~ 0.02, and 7.13 ~ 0.5, preferably 7.13 t 0.2, in.

par t i cul apntifprrmagnegicjarraggement, afithe spige of mgkebboratg atpms3This gompetitien ence

| e i | sooBPeten o
ecul tant Pneen kGl TR ilbic thuntfie «Ppafs RRAR g drind ™

resul t ant ment an

t enper at utazge xbangdiingesisianet a rthe Catia rtempéfatorg, tand 9 tsespensiblecfonplizinds, one

then selects thos% thatt arﬁ semnetallic éen~omagnets, which will be those

conpounds SPERLPAENFIYeAptARce hlPSFYIS ULCHMROURdYi gl e spin orientation only at

their Fenni energy. In the following, the invention will be explained in

greater detail, based on exanples. Exanples The conpounds involved are

synt hesi zHdtherwateripls inyrined also exbibitnkigh tspimpolprzatiope @t thenFerad singeghlice wit h

their stoighi i i . £t yol .ot ellets

and fused " Pap AGElfiod S el BepMiRHaly bk, <Hh, Bl AR 3E bl <
energy” is defined as the ratio of the state densities for the two spin orientations at that

energy. The maximum value of spin polarization is unity (a nonmagnetic compound
has a spin polarization of zero), and magnetoresistance, which, in the case of the
PMR-effect and the TMR-effect, would be dependent upon spin polarization, will be

P

maximized, in view of the relation MR = R

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

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



WD 021 069356 PCT/ EP02/ 01876 -21 welder. It will be beneficial if this
process is repeated several tines in order to honogenize the sanples. The
resul tant weight | osses will usually be less than 5 % Tenpering the
‘sanpl es at high tenperatures for short periods has been found to be
beneficial,, Samples in quartz anpoul es that were tenper I at 800C
for 5 daygwgkﬁﬂgﬁﬁgé reduced effects, although their Xlﬁgvkﬁw¥ﬁﬁg i on
patterns indicated no changes in their crystalline structure. Their

magnet oresi stive properties were investigated by conducting

el ectrical -resistance neasurenents, botl84in the presence of an external
magnetic field and in the absence of an external magnetic field. These

Octora | nepPREAEL RE ARG MR R S N i SRR Cover e

t he tenpersalidy, 6nrfadtg eheyORilKaffect 4hdir elBCTonic Propmpticsesrdy L el drdurf @r theer o
magnetic field and a magnetic field of 8 T. The B-field dependence of their

el ect ri calvi¢iaity of theclerma gnengy cAltraugh reethifhin the) Resmi gnergyrpay: dhaoraticaliy
applied ' ' ' fr.om - tQ.+ .8 . f. bul ar
sanpl es V\rr/?r% ena%fg}fre g%({n%}?g‘glﬁﬂ%gggfﬁggfnéir&g&lale%?&éggg301|e§itl;c{)-péa:ar¥§ﬁ’ﬁ%&? %tgl 1%el l ets
around 1 n¥iffichitcls achieve. The dHephi ederbpmesy bé shifledttoward highepenedgies byt he

i nvestigatjons of the behaviors of their electrical resistance., Exanple 1:
Co2Cr o 6F&ePHmgIWih edectroniss, and, shifted {pwardolowst saergies by omag Withghelesm ¢ he

chem cal S 1 . Bz 9 i i : f | s,

Kar | sr uhesillggjfgm?%l%?ﬁ@g@l?%éﬁesg? Sg‘ﬁgg ?%gﬁbdy&lﬁle@gé ﬁgg lg%qg,%lnlgger sruhe,

99. 99- % puwnetgy. BopingupeimmeindysuChesfuMnOsawith reldegpnaindoBes geplaqmg they Fe,
supplied by Alfa Mtals, Kar]sruhe) in.,accordance with its.stoichjonetric
7P os * pabreiroR e s ST trRR BT hior G RGHARM Aotk g FC B about 30
seconds i FoRsufiGeplasémaHtOare tﬁﬁmgghﬁhe s%l_éib]’ﬂg thaf nidy beVWRIpd@ri.Onahtd:@d at a
current of 65 A and a voltage of 20 V. That proceSs waS repeated three
times in dedesrions comhingtionszef ahomicahehloments amden whichhndividvalatomniney bed wer e

| ess than 2.% .The purity of the product was checked using Cu-Ka radiation
on a Sienéeéa gaﬁﬂ%?Pg?%bowder diffractoneter. The CoZCro, 6Feo 4Al - phase
(a Heusl er phase having a WO 021069356 -22 PCT/ EP02/ 01876
Co2Cr Al -structure and cubic sy try, with a = 0.5724 nm) exhibited no

i mpuri ti edntepetalficTromppyadss ofuch s | Heusleryrrompopnds, accupately omegk the s

el ectri caly&BgliSitRUeRaN@IgSUS tenperature in the absence of an externa
magnetic field exhibits a broad, |ocal maxi numat 300 K. Its electric

resi stance decreases tafactarsfingerpantintheirdend stasture,nonibting afenper at ur e of
about 150 K is reached and %&en increases as its tenperature is further
reduced, which is an indi®% §HO8b active behavi or. Appl yi ng an ext er nal
magnetic field of 84T requpasddnsity Wasd, ahance at all tenperatures and
suppresses the sharp transition at 150 K, which snoothes out the | ocal

m ni mum and shifts it towdoepl magheiic mempatr atures (cf. Fig. 1 ).

Measur enent s ot_the,ﬁ%gn%}%ct}eh@bdﬁﬁgﬁgenqg oﬁnits magnet or esi stance at 4
K yielded a negative 35é¥3?@§ﬁ YT R Qﬁ%yglo % at a magnetic flux
density of 2 T- hat adweciaslasainyd-¢élBctiohcdogagitiagot,enperature to 12 % at 200 K
and nearly 20 % at 300 K (cf. Fig. 2). Measurenents conducted over the
range - 0.1 T to + GughlysYn@egiediusiviestddor di narily high fiel d responsivity
for this conpound. i ts, cts in excess of 20 % and of 10 were
obt ai ned for magnet %ﬁﬁtﬁ&b%ﬁgﬁig@%i‘ 0.1 T and about 0.03 T,
respectively. Exanple 2: Co2Cro 6Feo,4A1 + 10 % by nole fraction, A1203
The conpouynd Co2Cr.0, 6FEeo 4Al, was prepared scri bed under Exanple 1. The
resul tant pICQURIERUisites foy %?‘Vl%gﬁfb‘ﬁ n‘t%sqfﬁﬁ l\gﬁﬁgrr%{’taﬁre'and honogeni zed with 15
% by nole fragtion, =1 ridyi AL1203 supplied by Chenmpur. This

adm xture was tc.hen ﬁrlﬁgggglé;rg#ghgy%l | et. The results of R(B)-neasurenents
on this sanpl e sat 2%5aige@ffectshaiie operdting.terdpertdnsiof edaddoadsf the field
dependence of its na?netoresistance at 295 K yielded a negative

magnet or esi st arfce ofstabdiy 10§ theeftest oviepd Braad derpipsratiing rangeyand i on

magneti zation, at 0.1 T. Measurenents conducted over the range - 0.1 T to +
0.1 T yielded an WO 02/ 069356



-23 'PCT/ EP02/ 01876 extraordinarily high field responsivity for this
tonpound. A saturation at an effect in excess of 40 % was neasured for a
magnetic flux density of 0.05 T. WO 021 069356 -24 CLAI MS PCT/ EP02/ 01876
1. An inorganic internetallic conpound exhibiting a PVR-effect that

cont ai ns I { chem cal elenents per fornula uni

I ntrinsi c%ﬁ%&ﬁ%%ﬁgnsi vity > 10 % per 0.1 T at teme#ﬁﬁ&ggg,i%iszd;cess of
290 K. 2. A conpound according to claim1l having cubic symmetry, and whose
| attice constants differ by no nore than 10 % 3. A conmpound according to

claim1l or claim2 belonging to the cl-dkls of Heusl er phases. 4. A conpound
according to claiml1, claim2, or claim3 that has a saddle point and a

cordi ng 11, claim 2 m: as a saddl !
heray. bot h of ani ot P3N od ieeTE o Gk QF Pt belftah WRHHL o, i ng

to any of clainms 1 -effect kiguldviiot bet ionglVRaépARI&lt Fupoh 6 tifckné@s dfotie
tenperature (23C) and higher_ tenmperatures. 6. A conpound according to any

of claims | - 5 haviinigrening fdme as i the ease af the GMR-effect.

° In the case of applications to spin electronics: high spin polarization at

temperatures close to room temperature.

Intermetallic compounds are a reasonable choice for attaining high field responsivities
in the case of compounds exhibiting giant magnetoresistances and, in particular,
semimetallic ferromagnets will be found among the Heusler phases. “Heusler phases”
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

) 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:



concentration of 6.95 ~ 0.5 per atomin its formula unit. 7. A conpound
‘according to any of clains 1 - 5 having a val ence-el ectron concentration of
5.5t 0.5 per atomin its formula unit. 8. A conpound according to any of
claims 1 - 5 having a val ence-el ectron concentration of 7.13 t 0.5 per atom
inits for | W 021 069356 -25 PCT/ EP02/01876 d

accordi ng W@{y@d‘*ﬁcl ains 1 - 8 having a |ocal magnetic T@r@%mw@
9 whose Curie tenperature exceeds
10

conmpound according to any of clainms 1 -
roomtenperature (23C). 11. A conpound according to any of clainms 1 -
that is a ferromagnetic senminetal. 12.-Xonpounds having the fornul ae
CozCr o, 6Feo0 aAI CozCro zl\/ho BAI , CozCro 6Feo 4Ga CozMno, BCr o, zAl, CozMho

gCro, zG, CoZ 1

CozMho, sdr 0. sSi, CozMho VGRS Coz Mo sFeo sGa, W] Elements; .

FezCoGeo {sGao, s, or Fez sCoo sGa. 13. A conposite cgmqﬁgu%oaﬁs | edst one
| east one jlnsulating sem conducti ng

conpound

subst ancd.

sem cond

@ccordi nga to claimil1 and at

1%, Afconposite accofMding to claim13, wiBrein the Bpsul g

ctihg—sybst -—a—RB-o—f-Haet--oh—of—

nore, ref
enpl oyed.
i nsul atin

y 1 aAc e -0y-ae—ts—a 03 e it
ekk ecBe ¢ t he quantity of the conpound according §o claim1l

or cl

; wher
or nore of

gting or
15 % or

n the

t he

1‘3‘? I\%(LOWOSi te according to claim13
g or sem conducting substance is chosen fromone

fol |l ow ng KypeBGa ¢of SabFBit avce€r Wi #es Cof INiorGudes, Pl yGaer $,Geor A9! isgdmer s.
16. A conpgsite accardin o, any of clai 13 - 15 th hi.bits a

PVR- effeﬂ REnd Sthas ¥ ere?]H‘Lr@piﬁsN‘i F@‘ ﬁld"g’/o mer 6‘I“T atSnt leBpedatiures in
excess Off @90 G | La Hf Ta W Re Os Ir Pt Au | Hg TI Pyl Bi Po

The lanthanides and actinides belong to Class T».

Cubic structures of the BiF,-type are characterized by four internesting fec-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



WO 021 069356 -26 PCT/ EP02/01876 17. A conposite according to any of clains
13 - 16 whose PVR-effect occurs at roomtenperature (23C) and higher
tenperatures. 18. A nmethod for manufacturing a conpound according to claim
n the conmpound is manufactured fromtwo or nore different chem cal

1, wherei
el enent s,

where the types and quantities of the chem cal elenents are

chosen sudOtR469356 he resul tant conmpound crystal | i zesPCAYBPBI&I6cr yst al s

whose lattice constants differ by no nore than 10 %
ass of Heusler phases, and - the conpound has an el ectronic
instability in the vicinity of (Wwthin16-0.5 eV of) the Ferm energy.
nmet hod according to claim 18, wherein the types and quantities of the

to the cl

chem cal
el ectron

0.5.

- the conpound bel ongs

19. A

CORBEOR BB RREE sdptat R rot MR BN ot PR e SRR a6
wher ei n t fift tHiP eRsPOCcaMRMhES bidtfer fhnleliatebhRigkts #e AbRIRAtSNR @it&QoeN such

that the resultant conmpound has a val ence el ectron concentration of 5.5 f

will meet them if their valence-electron concentrations are suitably adjusted by
varying their elemental compositions. For 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, valence electrons per atom in their formula unit, the instabilities involved
(saddle points and spin-density waves) occurred at their Fermi energy. Other
instabilities in Heusler compounds occur for valence-electron concentrations of
5.5+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,Cry¢Fep 4Al (VEC = 6.95), C0,Cro¢Feq4Ga (VEC = 6.95),
and Co,Crp2MnggAl (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, Co,Crgg¢Feg4Al, Co:CrpeFepsGa, and CoyCrooMngsAl, 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)).



21. A nmethod according to claim 18, wherein the types and quantities of the
chem cal elenents are chosen such that the resultant conpound has a val ence
electron concentration of 7.13 ~ 0.5. 22. A nethod according to clains 18 -
21, wherein the conpound is doped with electrons or holes. 23. A nethod

accordi ng f..clains 18 - 22, wherein the types ~ltities of
the chem é’gﬁ@%@ﬁps are chosen such that the resul ta?ﬂég#g%/ah%%nas WO
021 069356 -27 (a) a local magnetic nonment and (b) a Curie tenperature in
excess of room tenperature. PCT/EP02/01876 24. A method according to any of

clains 18 - 23, wherein the types and-ddantities of the chenical elenents
are chosen such that the resultant conpound is a ferromagnetic sem netal .

25. Enpl oweent ' or di | Al - 17
for manur ST Pee AR e i IBE AR ATOR Atihing Bnfles 3L BT ot of
conpounds berconclupeaisthuespiapolarigitiog was neayy 600 % Oitlnes cdmpodriidsaecordmpeadi c-fi el d
sensors. 27. . Enpl.oynment. of conpounds or c%mo%iée ac or%i ng to any. of
clains 1 _thelmv,eﬂtlgtbpw, dpraex ¢,c&02Mng gCro2Al, and Co;Mng sCro 2Ga, for both of

which VEC=6.95, and Co,MnGeosGaos, CoMnSigsAlys, CosMnSng;sings,
CoyMny 5Cryp 5Si, Co,Mnyg sFep sAl, CosMny sFep sGa, CosMny sFeg sin,
Fe,CoGeg sGag 5, and Fe, sCog 5Ga, 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, mulch 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



28. Enpl oynent of conpounds or conposites according to any of claims 1 - 17
for manufacturing TMR-devi ces. 29. Enpl oynent of conpounds havi ng cubic
symretry, a conbined PVMR-effect, and an intrinsic field responsivity > 10 %
per 0.1 T as magnetic-field sensors. 30. Enploynent of conpounds havi ng

cubic s i ned GW/ CVR- PMR-ef fects, and an [

responS|yv b(ﬁ/‘ié’%g?per 0.1 T in spin electronics. %Eﬁ?z@%‘ﬁ{)f
conmpounds according to claim 30 for nmanufacturing TI\/R—deV| ces.
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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 S50°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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Compounds according to the invention, in the form of either bulk materials or
composites, exhibit

- large negative magnetoresistances (MRp > 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 much larger than those for
GMR -systems,

. at temperatures exceeding room temperature (preferably at the
typical operating-temperature range of read-heads, i.e., around
25°C to around 55°C),

- large magnetoresistive effects over a broad temperature range having a
breadth of > 100°C, preferably > 200°C, and, particularly preferable,
> 400°C,

- 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: Einfithrung in die Kristalichemie. 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 1 mm thick using an applied force of 5 metric tons

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

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,Crg¢FegsAl-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 ¢Feg4Al + 10 %, by mole fraction, Al,O3

The compound Co;Crg¢Feo4Al 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,O; 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

6@
f
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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.



10 Uz 10% U& ()-YI %40% U& ()-1q6gBqCgUgj qkqg| Z=bC 104| NQ 10% | | | & () -
PNQ10% | 1] & ()- 'NQI0% |1]& ()- NQ109|I[& ()- INQ10%|I|& ()- )!8
S10% | 1] & () - quqnqpquqququObC#SI{ Q'INQLO% |1 & ()- 'NQ10% || & ()-
INQ 109% [ 1] & ()- 'NQ10%]1& ()- #3|~|{Qy?§1qqqqngbC

P QNS Bldgodss) - 73! LQINQION I & N 10% T bt /kbaasonsre

-24-
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.

5. 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 -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 claims 1 -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).

1. A compound according to any of claims |- 10 that is a ferromagnetic

semimetal.

12. Compounds having the formulae CoyCroeFegsAl, Co2CrpoMngsAl,
CosCrg¢Feg4Ga, CosMnggCrgoAl, CoyMngsCro2Ga, Co:MnGeysGags,
CooMnSigsAlgs, Co:MnSngsings, CoMngsCrgsSi, CoaMngsFegsAl,
CosMnyg sFep sGa, CoaMng sFeg sIn, FesCoGeg sGag s, or Fep sCoq 5Ga.

13. A composite composed of at least one compound according to claim 1 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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18. A method for manufacturing a compound according to claim 1, 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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magnetic-field sensors.

27. Employment of compounds or composites according to any of claims 1 - 17 in

spin electronics.

28. Employment of compounds or composites according to any of claims [ - 17

for manufacturing TMR-devices.

29.  Employment of compounds having cubic symmetry, a combined PMR-effect,

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.



