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PaccmaTtpuBas pasBuTMe Hay4YHO-UcCcaefoBaTe/bckux paboT no ¢pusmMke U XUMUKU peaKo3emesibHbIX
3IEeMEHTOB U WX COeAMHEeHUW C HemeTa/ulaMu, TMpOC/IeXUBAeTCsl CTaHOBJIEHME HOBbIX
HanpaB/ieHUN uccnefoBaHUA B ¢usuKe TBEpPAOro Tesa: MarHUTHbIX MOJIYNPOBOAHUKOB, Cabon
CBEpXNpOBOAUMOCTU, CUIbHO KOPPESIMPOBAHHbIX CUCTEM U, HAaKOHeL, CMUHTPOHUKU. DTN paspgenbl
TBEpPAOTE/IbHOW Hayku BO-MHOFOM oOnpeaensiioT COBpPEeMEeHHOe pa3BUTUE MUKPOIIEKTPOHUKMU
M BbICOKOTEXHOJ/IOrMYHbIX NPOMbILL/IEHHbIX TEXHOJIOrUIA B MaTepuanoBefeHumn 20-ro cTtoneTus.
Examining the development of scientific research in physics and chemistry of rare earth elements and
their compounds with nonmetals, one can observe the emergence of new research areas in solid-state
physics, i.e. magnetic semiconductors, weak superconductivity, strongly correlated systems and,
finally, spintronics. These spheres of solid-state physics largely define the contemporary development

of microelectronics and high-tech industry in the 21st century’s material science.

enKo3eMelbHBle MeTa/asl (P3M) BRIOYaT 14

371eMeHTOB IIepHOAHUYeCKOKI Tabnunel ¢ 57 o 71

HoMep oT slaHTaHa (La) mo nroTerus (Lu), Ha3bl-
BaeMBIX TaKyKe JaHTaHouJaMHu. Ilo cBoeMy 3/1eK-
TPOHHO-30HHOMY CTPOEHHIO OHH IOJO6HBI U OTIH-
YaIOTCSl TOJIBKO 3amonHsieMocTbio 4f-opburtanen
anekTpoHaMmu: 4f1-4fl% cornmacHo KBaHTOBO-MeXxa-
HHU4YeCKOMYy OpUHOuUNY Ilaynu. OcobeHHOCTBIO
CTPYKTypPBl U CHMMETPHH 3TUX OpbuUTaNell SBs-
eTCsl TO, YTO M3 BHYTPEHHHUX 3IeKTPOHHBIX COCTOSI~
HH aTOMOB OHU BBITECHSIOTCS S- K P-CBSI3YIOIMKUMHU
3JIeKTPOHHBIMU OpPOUTaMHu B 30HY MeTaynoobpa-
3yIOIIHUX CBOOOAHBIX 5d-371eKTPOHHBIX COCTOSIHUH,
dopmupys xapakTepHsle ans P3M 4f-5d - snex-
TPOHHBIH obMeH U cBO¥MCTBAa. B yucToM BUge P3M
He HAIllJIM JOCTAaTOYHO LIMPOKOTO IpUMeHeHU,
OIHAaKo X Hebonbmue No06ABKU CyHIeCTBEHHO
OTPa’>kalOTCsI Ha MeXaHHUYeCKHX, TepMUUYECKHUX
U APYTUX QHU3HUYeCKUX CBOKMCTBAX CIIJIABOB C IIepe-
XOLHBIMH MeTallaMH, KOTOphle IpUobpeTaroT
TBePHOCTb, H3HOCOYCTOMYHBOCTb, >KapOIIPOYHOCTb,
JealoTcs TYTOIJIaBKUMHU U 1p. CIIJIaBEl cCamMapus
c kobanpToM, B yacTHOCTH, pa3el SmCos 1 Sm,Co;-,
BIIepBble CUHTe3HPOBaHHBIe B 70-X ToJlaX IIPOIIJIOLO
BeKa, obnamanyu peKOpAHBIMU MarHUTO3HEPreTH-
YeCKHUMHU I[TapaMeTpaMHU U [0 HACTOSIIero BpeMeHHU
OCTAIOTCSI OCHOBOM IIPOMBIIIJIEHHOT O IIPOKU3BOACTBA
MOCTOSIHHBIX (KeCTKMX) MarHuToB. TolIbKO B KOHIlE
1990-x rozioB 10 3TOMY ITapaMeTpy KX obolleI CI11aB

c npyrum P3M - HeonrMoMm (Nd-Fe-B), mpoMblIIIIeH-
Has TeXHOJIOTHsI KOTOPOIO /10 CUX IOP MPOAOKaeT
COBEPILIEHCTBOBATHCS.

B HOpPManbHBEIX YCIOBUSAX P3M CBOMCTBEHHO
YyCTOMYKBOE TPeXBaJeHTHOe COCTOsIHUe R3*, B KOTO-
POM OHH HCIIONB3YIOTCS B KaduecTBe H06aBOK s
NPUJAHUS LIBETOBLIX OTTEHKOB ONTUYECKHMM MaTe-
pHanam, CBETOM3JYy4YaIUM HOKPBITHUSAM, CTe-
K1aM. M TO/IBKO OCTATOUHO Y3KOMY KPYTIy CIIel[Ha-
JIHCTOB MU3BeCTHA CII0OCOOHOCTb HEKOTOPBIX 'CPeHH-
HBIX' IIpefCcTaBUTeNel psma P3M - camapus, eBpo-
U U TOJIBMHUS — K IBYXBaJIeHTHOMY COCTOSIHUIO R
c xanpkoreHamu - O, S, Se, Te. [IpuueM, eciu Sm U
Ho crtocobHEI 6BITH JBYXBAT€HTHBIMHU TOJIBKO BHY-
TPHU CTPYKTYPhI KAKOro-T160 TBEPLOTO PACTBOPA, TO
Eu ob6pasyeT ¢ 5TUMU HeMeTa//IaMU CAMOCTOSITeIb-
HYIO JOCTaTOYHO XMMHUYECKH YCTOMYHBYIO ByXBa-
NTeHTHYI0 a3y, CTaBIIYIO POAOHAYaIbHHUIIEH [I0XHU
"MarHUTHBIX IIOTYIIPOBOLHUKOB".

Tak MONYy4YUIOCh, UTO IOKOJeHHe QU3UKOB,
IpHIIeIlee B TBEPAOTEIbHY HayKy B 60-e romsl
IIPOLIJIOTO CTOMETHSI U BOCIIMTAHHOE HAa IIPHU-
OPHUTETHOCTH TpeX "KIacCHYeCKUX' MPUHIIHUIIOB
"HE" (1 - He COBMeCTHMBI CBePXIIPOBOLKMOCTD U
deppoMarseTusm; 2 - peppomMarHeTHU3M IIPUCYIIL
TOJILKO MeTaJ/l/IaM M HX CIIJIaBaM; 3 - MarHeTHU3M
crrocobeH HabIIOAATHCS TOJIBKO B TPeXMEPHBIX
CTPYKTypax), HamJao B cebe CUIB KPUTHUYECKHU
IepecMOTPeTh CIOKUBIIKeCs. yCTAHOBKH, ONKpa-

3A0 "SOnTex CN6"/
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SICh HA OTKPBITHIE B 3TH IOAbl 3P PeKThl, B OCHOB-
HOM, HMeWIHe KBAHTOBYIO NpUpoOAY. B mmepsyio
oyepenb, 3TO OTHOCHUTCS K TYHHeIbHOMY 39 deKTy
JI>xko3edcona (1961 ron) - IPOXOKAEHUIO KYIIepPOB-
CKOU Iaphl MeXAY OBYMS CBEPXIIPOBOSHHKAMH,
pasfeNleHHBIMU AU3JIeKTPHUUYECKUM OapbepoM,
OTKPBITHE KOTOPOTO II0JIOXKUJIO Haualo 6ypHOMY
Pa3BUTHIO paboT 1o c1ab0oi CBepXIPOBOSHUMOCTH
U IIPaKTHYECKOMY CO3JaHHIO YCTPOMCTB KBAHTO-
BOU KPHUO3JIEKTPOHHUKH ~ CKBHUJ0B.

Taxske B 1961 rony 6b11 OTKPBIT peppomMarHe-
THU3M KJIaCCHYeCKOTO II0JIYyIIPOBOJHKKA Ha OCHOBE
P3M - MOHOOKCH A € BpOIIH I (EuO), ¥ HavaIHCh 3pa
MarHUTHBIX ONYIIPOBOAHUKOB U IIPaKTHYECKOe
obocHOBaHUe rer3eH6eproBCKOro MarHeTHu3Ma.
YyTb mo3ke (1967 r.) HobeneBCKUM JlaypeaToM
JI.9caku U Ap. 6B OCYIIeCTBIEeH KIACCHYeCKUM
BapHaHT OJHOYACTUYHOTO TYHHEJIUPOBAHUS 3JIeK-
TPOHOB MeXIY ABYMs HOPMaJIbLHBIMH MeTajlJlaMH,
Pa3feneHHBIMH NPOCIOMKOM U3 MAaTHUTHOIO JH3-
nexkTpuka EuS u EuTe. ®aKkTHYeCKH, 3TO OBIIO IIEP-
BBIM HabioleHHeM CIIMH-TIOJISIPU30BAHHOTO TYH-
HeJIBHOTO TOKA, IIPOTeKaILIero B TAKOM KOHTAKTe,
IIOCKOJIBKY Ha3BaHHBbIe OapbepHBble IIPOCIONKHU IIPH

TpowuH Anekcel Baaepbesuu,
2eHepanbHbIl Odupekmop
3A0 "InTex CI16", K.¢.-M.H.
Alexey Troshin, CEO at Eltech SPb,
Ph.D.

bopyxosuy ApHoabd CamyunosuH,
npogeccop kapedpsl pusuko-ma-
memamuyeckux oucuunaux PITIMTY,
0.0.-M.H.

Arnold Borukhovich, Professor of
the Department of physical and
mathematical sciences, RSVPU,
D.Sc.

are earth metals (REM) include

14 elements of the Periodic Table

rom 57 to 71 - from lanthanum

(La) to lutetium (Lu), that are also
called lanthanides. They resemble in
their electronic band structure and
differ only in the electron occupancy
of the 4f orbitals: 4f1-4f14 accord-
ing to Pauli quantum-mechanical
principle. The specifics of the struc-
ture and symmetry of these orbit-
als is that they are expelled from the
internal electronic states of atoms by
s- and p-binding electron orbits into
the metal forming free 5d-electron
bands, thus resulting in 4f-5d elec-
tron exchanges and providing prop-
erties typical for REMs. Pure REMs
are not widely used, but when they
are added in small quantities, they
significantly improve mechanical,
thermal and other physical proper-
ties of alloys with transition metals,
which become harder, more wear
resistant, heat resistant, refractory,
etc. Alloys of samarium and cobalt,

in particular, at the phase of SmCo5
and Sm,Co,;, first synthesized in
the 1970s, had the highest magnetic
energy parameters, and they still
form the basis for industrial produc-
tion of permanent (hard) magnets.
Only in the late 1990s, they were
beaten in this parameter by alloys
with other REMs - neodymium
(Nd-Fe-B), the industrial technology
of which is still under development.
Under normal conditions, REMs
are characterized by a stable trivalent
state of R3*, in which they are used
as additives to impart color shades
to optical materials, light-emitting
coatings, panes etc. Only a narrow
circle of specialists know the capac-
ity of some of the "middle" types of
REMs - earth samarium, europium
and holmium - to come to a bivalent
condition of R? with chalcogens - O,
S, Se, Te. Moreover, while Sm and Ho
are able to be bivalent only within
the structure of some solid solution,
Eu forms a self-sufficient chemically

stable divalent phase with these non-
metals, which became the forerun-
ner of the "magnetic semiconduc-
tors” era.

It so happened that a genera-
tion of physicists who developed the
solid-state physics in the 1960s, and
believed in the priority the three
“classical” NOT principles (1 - super-
conductivity and ferromagnetism
are not compatible; 2 - ferromagne-
tism is a characteristic of only metals
and their alloys; 3 - magnetism can
be observed only in 3D structures),
were courageous enough to review
their current assumptions, taking
into consideration the effects dis-
covered in those years, mostly hav-
ing a quantum nature. Primarily,
it refers to Josephson tunneling
effect (1961) - moving of Cooper pair
between two superconductors sepa-
rated by a dielectric barrier, which is
a discovery that marked the start of
the rapid development of weak super-
conductivity research and practical
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reJIMeBBIX TeMIlepaTypax 0671afaoT CIIOHTAHHOH
HaMarHUYeHHOCTBIO U CJIY>KAaT CIIMHOBBIM QUIJIb-
TPOM /IS HOCHUTeJIeH TOKa pa3HOU CIIMHOBOU OPH-
eHTauuu. O6 3TOM CBUeTeIbCTBOBAIA 3aMeTHas
Pa3HOCTH IIPOBOAMMOCTEH IIPHU IPSIMOM H 06pat-
HOM HaIIpsSKeHHUSAX CMeIleHHsd Ha KOHTaKTax.
IIpaBAa, fJaabHeMIlee pa3BUTHeE JAHHOTO HAallpaB-
neHUus B QHU3UKe TBEPLOTO Tesa He OBIJIO CTOID
yCIIeIIHBIM, KaK IIePBOT0, TaK KaK B 3TOT IIepPUO],
Habaromancs moabeM HCCIefOBAHUM B 06/1acTH
IIOJIYIIPOBOAHHUKOBOX MHUKPO3/IeKTPOHHUKH, OCHO-
BaHHOM Ha Si-TeXHOJIOTUsX. EC/IM TPaH3UCTOPHBIE
YCTPOMCTBA HAa KPeMHU U paboTanu B HOPMaIbHBIX
YCIIOBHUSX IPU KOMHATHOM TeMIlepaType, TO Bce
Ha TO BpeMs CO3[JaHHble MAaTHHUTHBIE I10JIyIIPOBO-
OHUKH ObTH 160 KPUOTeHHBIMHU MaTepHaslaMH,
nubo ux Temnepatypsl Kiopu, B Iydliem ciaydae,
COOTBETCTBOBAIH 06JIaCTH TeMIIepaTyp KUAKOIO
asoTa. ITo3ToOMy OHU IIPeACTaB/SIKN, B OCHOBHOM,
TeopeTHYeCKHUH UHTepecC KaK MoJleJIbHble 06beKTEI
IJIs UCCIIeJOBAaHUIM.

BBUIYy OTCYTCTBHS BUAHMMBIX TeXHHYECKHUX
MIpUJIOKEHHH, JAaHHOE HAllpaBIeHHe TBepAoTe/lb-
HOIl HayKH He pa3 MepeXHBajo NaJeHHe HHTe-
peca co CTOpOHBI IPAaKTHKOB. IIepBBIH CYUYHIICS
B Hayaje 1970-X romoB, KOrga MOIBITKA IPYIIIBI
coTpyaHUKOB MPII AH CCCP oCcymecTBUTh A3KO-
3epCOHOBCKOE TYHHEJIUPOBAaHHE CKBO3b peppo-
MarHUTHBIU 6apsep (mpaBaa, oH 6B BHIIIOJIHEH
u3 Fe Tonmuuon Bcero 0,05 HM) oka3anach bes-
yCIIeIIHOMN. ITOT pe3yJbTaT TOJbKO IIOATBepXKAall
CJIIOKMBIIHECS K TOMy BpeMeHHU B QH3NUECKOU
HayKe IpeJCcTaBJeHUS 00 aHTAaTOHUCTUYHOCTH

1 HEeBO3MOXXHOCTH COCYILeCTBOBAHHU S CBePXIIPO-
BOJHMMOCTHU U peppomMarHeTusma, B TOM 4YHCJIe, B
KOHTAaKTHBIX CUCTeMaX.

HccnenoBaHHsS MAarHMTHBIX IOJIYIIPOBOSHMU-
KOB IIPOJIOJIKATHCh B OCHOBHOM Ojaromaps Teo-
petudeckum paboram T.Kacyrs u 3.JI.Haraesa,
Ipe/cKa3aBIIMX BO3MOXHOCTb 06pa3oBaHUS TaK
Ha3blBaeMBIX IIPUMECHBIX MAarHHUTHBIX COCTO-
SHUN - "deppOMarHUTHBIX KBAa3UMOJIEKY1" - B
JIeTUPOBAHHBIX MAaTHUTHBIX IOJYIIPOBOJHHKAX.
Kaxk 6BI710 3KCIIepUMEHTA/JIbHO YCTAHOBJIEHO K
Hayaay 1980-X rogoB KOJNIJIEKTHUBAMH aMepUKaH-
CKHUX U COBETCKUX (POCCHUMCKMX) UCC/Ief0BaTesIeH,
[OSIBJIeHHe TaKKUX KBa3HMMOJIEKY/ B TBepAbIX pac-
TBOpax Eu, ,R,0 (R-La, Gd, Ho, Sm) npuBoguio
K HOBBIIIEHHIO UX TeMIlepaTtyp Kiopu mo 120-130
K, uto Bcensno Hamexabl. Tem He meHee, K 1985
rofy MCCaeL0BaHUS MAaTHUTHBIX IIOYyIIPOBOAHU-
KOB Ha 3amajie U3-3a OTCYTCTBHUS UX TeXHHUYeCKHX
NPHIOKEeHHUH NPaKTHYeCKH IIpeKpaTHJIUCh. Ta
JKe CUTyalus cJoXkuaach U B CoBeTckom Coiose,
CBHU/IeTeJILCTBOM deMy 6bI/1 Ony6IHMKOBAHHBIH B
CIelM34aHHH OTYEeT O HAay4YHOHM KOMaHIHUPOBKe B
ONUH M3 HUCCIe[0BaTeJbCKHX LeHTPOB PpaHIIUU
KM3BeCTHOTIO COBeTCKOro ¢pu3uKa - mpodeccopa U3
JIeHHHTPaACKOro GU3UKO-TeXHHUUYECKOTO UHCTH-
TyTa AH CCCP. T'ocymapcTBeHHOe QUHAHCHUPOBA-
HUe paboT B 3TOM HaIlpaBJIeHUH OBLJIO IPHOCTA-
HOBJIEHO, HO IPHUKJaAHbIe paboTsl, CBSI3aHHBIE
C BO3MOXHBIM IIPUMeHeHHeM TOHKOIIJIEHOYHBIX
MaTrHUTHBIX IOJNYIPOBOLHUKOB B YCTPOHCTBAX
KPHO3JIeKTPOHUKH, BCe Ke IIPOJOJIKAIHCh: B
CIIA - ycunusaMu rpynnob ¢usukos U3 MTH

development of quantum cryoelec-
tronic devices, or squids.
Furthermore, the ferromagne-
tism of classical REM-based semi-
conductor, europium monox-
ide (EuO), was discovered in 1961,
when the era of magnetic semi-
conductors and practical realiza-
tion of Heisenberg’s magnetism
started. Slightly later (in 1967),
Nobel Laureate L.Esaki et al. car-
ried out the classical single-par-
ticle electron tunneling between
two normal metals separated by
a layer of magnetic dielectric of
EuS and EuTe. In fact, it was the
first observation of spin-polarized
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tunnel current flowing in this
type of contact because the men-
tioned barrier layers have sponta-
neous magnetization at helium
temperatures and serve as a spin
filter for the current carriers of dif-
ferent spinning directions. This
was evidenced by a marked dif-
ference in conductance of forward
and reverse voltages of contact
displacement. However, further
development of this area in solid-
state physics was not as successful
as the first one because this period
witnessed the rise of research in
the field of semiconductor elec-
tronics based on Si-technology.

Although silicon-based transis-
tor devices worked under normal
conditions at a room tempera-
ture, either all magnetic semicon-
ductors created by the time were
made from cryogenic materials, or
their Curie temperature, at best,
matched the temperatures of lig-
uid nitrogen. Therefore, they were
mainly of theoretical interest as
models for research.

Due to the lack of apparent tech-
nical uses, this area of the solid-
state science experienced falling
interest from practitioners. This
happened first in the early 1970s,
when a group of scientists of the
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(Kembpupsx), B CCCP - rpynnoit u3 UXTT AH CCCP
(EkaTepuHOYPr). B 1982-83 rofbl 0OHU OCYLIeCTBUIH
I>k03e(PCOHOBCKOEe TYHHEJHPOBAHHUE KyIepoB-
CKOM IIapbl CKBO3b OapbepHYIO IIPOCIOKNKY, BBIIION-
HeHHYI0 U3 EuS u EuO CoOTBeTCTBeHHO. B 3THUX
paboTax GaKkTHUYeCKU BIepBble OB OCYIIeCTBIEH
TPUIIETHBIM MeXaHHU3M "KYIIepOBCKOro" CIIapH-
BAHHUS 371eKTPOHOB, HUJIH, TOBOPS B COBPeMeHHBIX
TepMHHAX, CIHHOBBIM TOKOIIEPEHOC B TYHHEJb-
HBIX CBEPXIIPOBOASIIUX CTPYKTypax. [lomobHBIe
HCCIe0BaHUS TOJNIBKO B IIOCIe Hee AecsaTUIeTHe
MOJYYU/IU IIHPOKOe pa3BUTHe, KaK U TEOPeTHU-
yecKoe 060CHOBaHMe TPHUIIJIETHOTO MeXaHH3Ma
"KymepoBcKoro" (IapHOro) CiapuBaHUSI ITE€KTPO-
HOB B CBePXITPOBOASIIUX CIVIABAaX U CTPYKTypax,
comepKamuX GeppPOMArHUTHO yHOpsSIA0odeHHbBIe
obracTu. B Te ke romsl IPyIIIBl COTPYAHUKOB
caHKT-leTepbyprckoro HUHM "®eppur-lomen" u
exkaTepuH6byprckoro HOM AH CCCP HavyasK KOH-
TaKTHBIe HCC/IeJOBAHUS GepPOMAarHUTHBIX I10JIY-
IIPOBOJAHUKOB C HEMAaTrHUTHBIMH IIOJIYIIPOBOSHHU-
KaMH, BO MHOTOM IIpeJoIIpe/ie/IMBIIHe ITOSIBJIEHH e
COBPeMEeHHOI0 HallpaBJleHHUs MOy POBOSHUKO-
BOM MarHHUTO3JIeKTPOHUKHU — CIIUHOBOK 3JIEKTPO-
HUKU (CHHHTPOHUKH), PA3BUTHE KOTOPOM 6YpHO
IIPOJIOJIKAETCS U B Hallle BpeMs.

HakoHell, Kpax TpeTbero mocrtynara "HE" Mb
HabnomaeM B BO3MOXHOCTH OCYINeCTBIEeHHUS
MaTrHHUTHOTO YIIOPSIIOYeHHU I, B TOM YHCJe U pep-
poMarHeTH3Ma, B TOHKHUX (HAaHOTOJIIHMHHBIX)
IJIeHKaX MaTrHUTHBIX MaTepHaA/IOB HJIH B Ipade-

HaX, ABIAIOIIUXCSA, PaKTUYECKH, JBYMEPHBIMHU
CHCTeMaMH. YCTPOHCTBA C HCIOJIb30BAaHHEM
MHOTHX U3 HUX, B YaCTHOCTH, MY/JIbTHC/IONHEIE
MeTaJ/UUIMYeCKHe CTPYKTYPHI YK€ HAXOAAT IIHPO-
KOe MpHUMeHeHHe B TeXHHKe, 3 MATHUTOYIIOPS-
JOodYeHHBIe IOTYIIPOBOAHUKU JOJIKHBI CII0C06-
CTBOBATh Pa3sBHUTHIO HAHO3JIEKTPOHUKH, KaK yxKe
CyIIeCTBYIOIIEeH, TaK U CIIMHOBOM.

TakuM o6pa3om, OTKPeITHE peppoMarHeTH3IMa
B MOHOOKCH/Ie eBpOIIHs B 1961 roany, obiagaromniero
K TOMY >Ke I10J1yIPOBOJHHUKOBOM IPOBOJHUMOCTEIO,
M3MEHHMJIO IIpeCTaB/ieHKe 0 BO3SMOXHOCTHU IIPO-
saBleHUs] GepPOMAarHUTHBLIX CBOHCTB TOJIBKO B
MeTamnax. PaKTHYeCKH PyXHYyJa CTPOHHAs Teo-
pusd peppomMarHeTrsMa, OCHOBAHHAs Ha 30HHBIX
IpefCcTaBleHUsIX U KOCBeHHOM 0OMeHHOM B3aH-
MOJEeMCTBHH Yepe3 HOCUTe U 3apsaa.

I[IpakTH4YeCKU OgHOBpeMeHHO ¢ EuO, TeMIie-
parypa Kiopu xotoporo T,=69,4 K, ObI1H CHHTe-
3UPOBAHBl U M3y4YeHbl MATHHUTHBIE XapaKTepPH-
CTUKH POACTBEHHEBIX €My MOHOXa/JIbKOTeHU0B
OByXBaJIeHTHOro esponusa - EuS, EuSe, EuTe.
deppoMarHeTHKOM M3 HHUX OKa3aJiCsg TOJIBKO
MmoHocynsdun (T, = 16,5 K), EuSe obnagaeT mera-
mMarHeTusMoM, a EuTe aBasgeTcs TUIHYHBIM
aHTHeppOMarHeTUKOM, IIpHUYeM BCe OHHU IO
CBOHMM 31eKTPHYECKHUM IapameTpaMm 6IH3KH
K AH3TeKTPUKaM. Heob6BIYHOCTE 3TOro psifa
MOHOXaJIbKOT€HH 0B 3aK/IDYaeTCsSI B TOM, UTO
HOH eBPOIUS HAaXOAMUTCS B HUX B HaIMeHbIllel
IJis peaKo3eMe/JIbHbIX MeTaJjIJIOB CTeIleHH OKHC-

Institute for Physical Problems of
the USSR Academy of Sciences failed
to carry out Josephson tunneling
through a ferromagnetic barrier
(despite the fact that it was made
of Fe with a thickness of only 0.05
nm). This result only confirmed the
assumptions existing then in the
physical science relating to antago-
nistic effects and the impossibility
of concurrence between supercon-
ductivity and ferromagnetism, inter
alia, in contact systems.

The studies of magnetic semi-
conductors continued mainly
thanks to the theoretical research
by T.Kasuya and E.Nagaev, who pre-
dicted the possibility of formation
of the so-called magnetic impurity
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states - "ferromagnetic quasimol-
ecules" - in doped magnetic semi-
conductors. It was experimen-
tally established in the early 1980s
by teams of American and Soviet
(Russian) researchers that the emer-
gence of such quasimolecules in
solid solutions of Eu, ,R,O (R-La, Cd,
Ho, Sm) resulted in an increase of
the Curie temperature to 120-130°K,
which inspired hopes. However, by
1985, the studies of magnetic semi-
conductors in the West practically
ceased due to the lack of their tech-
nical application. The same situa-
tion happened in the Soviet Union,
which is confirmed by the special
report of a scientific mission to one
of the French research centers by a

famous Soviet physicist - Professor
of the Leningrad Physical-Technical
Institute of the USSR Academy of
Sciences. The governmental fund-
ing of research in this area was sus-
pended, but applied research related
to a possible use of thin-film mag-
netic semiconductors in cryoelec-
tronic devices continued in the
United States by a group of physi-
cists from MIT (Cambridge) and in
the Soviet Union by a group of scien-
tists from the Institute of Solid State
Chemistry of the USSR Academy of
Sciences (Yekaterinburg). In 1982-83,
they carried out Josephson tunnel-
ing of Cooper pairs through a barrier
layer made of EuS and EuO, respec-
tively. In fact, these works first






HAHOTEXHONOrMN. DNEKTPOHUKA

JeHHus R, aBASIONENCS aHOMAJIbHOHN U MeHee
XUMHYECKH YCTOMYMBON B HOPMAJIbHBIX YCJIO-
BUSX, UeM IIPHUCYIIasi UM CTelleHb OKHUCTeHUs R3*.
9T0 06CTOSTENIBCTBO, B CBOIO O4Yepelb, [IOPOLHIIO
MoCJIeAyOM NI HHTepeC K CHHTe3y U HCCIeoBa-
HUIO CBOUCTB COeJHHEHUH peIKO3eMelIbHbIX U
[IepexXOJHBIX I7IeMEeHTOB B aHOMAJ/IbHBIX CTEIIeH X
OKHCIeHUS (BAJIEHTHOCTAX). B HacTosmee BpeMs
JaHHOe HaIlpaBJeHHe M3BeCTHO, KaK "GH3KKa
MarHHUTHBIX (B YaCTHOCTH, peppOMarHUTHBIX)
IIOJTYIIPOBOAHUKOB" U SIBISETCS ONHUM U3 Haubo-
7ee aKTYaIbHBIX U IIMPOKO Pa3BUBaeMBIX B Hayke
0 CIIMHOBOM TOKOIlepeHOCe B TBEPAOTeNbHEIX
CTPYKTypax - IOAYIPOBOAHHKOBOMN CIIMHOBOH
3JIeKTPOHHKe. [laHHOe HaIllpaBleHHe UCCIe0Ba-
HUU JIeSKUT B OCHOBe PabOTHI yCTPOMCTB 3aposKaa-
IOIeKCs KBAHTOBOM MHKPO3/JIeKTPOHHUKH — KBaH-
TOBOT0 KOMIIbIoTepa. CTPYyKTYypbhl, ColepsKallHe
MOHOOKCH], eBPOIIH S C ero BB LAIOMIMMUCS GU3HU-
YeCKMMHU IIapaMeTpaMH, B YaCTHOCTH, PeKOPA-
HOM [/1s1 GeppOMarHeTHKOB HAMarHUYeHHOCTBIO
HachleHU s (MAarHUTHBIM MOMEHTOM) M =2,4 Tn

npu T=4,2K, u noutu 100%-HOK CIIMHOBOM IO/~
pH3yeMOCTbIO HOCHUTeJelH 3apsifia, CIOCOOHBI
HUIPaTh 3[leCh He IIOC/IeJHIOK POJIb.

JOCTaTOYHO XOPOIIO MCC/IeJlOBAHHAs KapTHHA
06MeHHBIX B3aUMOJEHCTBUH JelaeT MOHOXa/Ib-
KOTeHH bl eBPONUS THUINYHO rer3eHbepros-
CKMMH MarHeTHUKaMH U 06beKTaMH pPacCMOTpe-
HUs s-d/d-f-obMmeHHOI Monenu C.B.BoHCOBCKOTO.
Jlo cuX IOp OHU SIBASIOTCS Haubosee obcyskaae-
MBIMH MOJeNbHBIMH 06beKTaMHU B TEOPHH Mar-
HeTH3Ma U CAyXaT 'mPpobHBHM KaMHeM" s
IIPpOBEPKU HOBBIX HJeM B 3TOM 06/1acTH QU3UKHU
KOH/eHCHUPOBAaHHOIO COCTOSHHUS, a TaKXe I
COBepLIeHCTBOBAHHU S MeTOL OB PeIsITUBUCTCKHUX
KBAaHTOBBIX pacyeTOB HX 3JIeKTPOHHO-30HHBIX
CTPYKTYP. Ba’kHO, 4TO IpynIe oTe4eCTBeHHBIX
HCClenoBaTeled yaanoCch CHHTe3HPOBaTh Ha
OCHOBe JaHHOIO MOHOOKCHAA KOMIIO3UTHBIN
CIJIaB, cOfepsKalllMll B CBOEM COCTaBe TBEpPIABbIH
pactBop Eu-Fe-O c T, = 480 K u obnanmaromui dep-
POMAarHeTH3MOM U IOTYIPOBOJHUKOBBIMHU CBOU-
CTBAMH IIPX KOMHATHEIX TeMIeparypax. Ilo cTe-

implemented the triplet mechanism
of Cooper electrons pairing, or, in
today’s terminology, a spin current
transportation in superconduct-
ing tunnel structures. This type of
research was widely developed only
in the last decade, as well as the
theoretical proof of a triplet mech-
anism of Cooper pairing of elec-
trons in superconducting alloys and
structures containing ferromag-
netic ordered fields. In those same
years, a group of scientists from
Saint-Petersburg Ferrite Domen
Scientific Research Institute and
Yekaterinburg Institute of Metal
Physics of the USSR Academy of
Sciences started the contact stud-
ies of ferromagnetic semiconduc-
tors with non-magnetic semicon-
ductors, which in many respects
predetermined the emergence of
the modern area in semiconductor
magnetoelectronics - spin electron-
ics (spintronics), which is still rap-
idly developing.

Finally, we are observing the
failure of the third "NOT" postulate
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in the possibility of magnetic order-
ing, including ferromagnetism in
thin (nano-thick) films of magnetic
materials or graphenes, which are
in fact 2D systems. Devices using
many of them, in particular, mul-
tilayer metallic structures are
already widely used in the tech-
nological art, and magnetically
ordered semiconductors are sup-
posed to contribute to the devel-
opment of both existing and spin
nanoelectronics.

Thus, the discovery of ferromag-
netism in europium monoxide in
1961, which also has semiconduc-
tor conductivity, changed the ideas
relating to the possibility of ferro-
magnetic manifestation in metals.
In fact, the whole theory of ferro-
magnetism collapsed being based
on band assumptions and indirect
exchange interaction via charge
carriers.

Almost concurrently with EuO,
the Curie temperature of which is
Tc = 69.4°K, the scientists synthe-
sized and researched the magnetic

properties of the related monochal-
cogenides of divalent europium -
EuS, EuSe, EuTe. A ferromagnet in
them was only monosulfide (T =
16.5 K); EuSe was a metamagnet,
and EuTe was a typical antiferro-
magnet. All other electrical param-
eters were close to dielectrics. The
strangeness of this monochalco-
genide series is that the europium
ion is in the oxidation degree of R*
being the lowest in rare earth met-
als, which is abnormal and less
chemically stable under normal
conditions than typical oxidation
degree of R3*. This, in turn, aroused
a subsequent interest for a synthe-
sis and study of compounds from
rare-earth and transitional ele-
ments at abnormal oxidation states
(valences). Currently, this area is
known as "physics of magnetic (in
particular, ferromagnetic) semi-
conductors”, and it is one of the
most important and widely devel-
oped in the science of spin current
transport in solid-state structures,
or semiconductor spin electronics.
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This area of research forms the
basis for the emerging quantum
electronic devices - quantum com-
puters. Structures that contain
europium monoxide with its out-
standing physical properties, in
particular, the saturation mag-
netization, which is the highest
among ferromagnets (magnetic
moment) M =2.4TatT = 4.2°K,
and nearly 100 % spin polarization
of charge carriers, can play here
an important role.

The well-studied image of
exchange interactions makes

monochalcogenides europium
related to typical Heisenberg
magnets and research objects of
S.Vonsovsky’s s-d/d-f exchange
model. They are still the most
debated models in the theory of
magnetism and serve as a "touch-
stone" to test new ideas in this area
of condensed-state physics and
to improve the methods for rela-
tivistic quantum calculations of
their electronic band structures.
It is important that the group of
Russian researchers were able to
synthesize a composite alloy on the

basis of this monoxide, contain-
ing the solid solution of Eu-Fe-O in
its composition with T, = 480°K,
which has ferromagnetism and
semiconducting properties at room
temperatures. As for the degree of
spin polarization of current carri-
ers (around 60%), this composite
is a champion among today’s well-
known spintronic materials. Its use
in semiconductor spin electronic
devices will undoubtedly contrib-
ute to the successful development
of the 21st century’s electronics as a
branch of solid-state physics. [ |
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