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BBenenue

B03MOXHOCTP  CyIIECTBOBAHHMSI  CBEPXIPOBOJUMOCTH MpPU  KOMHATHOM
TeMIiepaType u Bbillle 00ocHOBaH JlaypeaT HoGenerckoit npemun B.JL.I'uu30ypr [1]
u Y. Jlurta [2]. IMu moka3aHO, 94TO OJHOW M3 CaMbIX Ba)KHBIX MPOOJIEM B 00JIACTH
HAHOTEXHOJIOTUHN SIBJISETCS CO3JaHWE KOMHATHOTEMIIEPATYPHBIX CBEPXIPOBOJIHUKOB
(KTCII) [3]. Hanorexnonoruss KTCII mo3Bossier, B TpUHIUIE, KOHCTPYHPOBAThH
HCKYCCTBEHHBIE CJIOMCTBIE CBEPXIIPOBOJHUKOBBIE HAHOCTPYKTYPBI, HAHOCS aTOMHBIE
CIIOM HE TOJBKO M3 TEX MAaTepUaJiOB, y KOTOPBIX MapameTpbl KPUCTAJUIMYECKON
pemeTky OJU3KHU YT K Apyry (Kak TpedyeTcs Juisl MOIYIPOBOJIHUKOBBIX CTPYKTYP).
[Ipy HAHOTEXHOJUIOTMM MOXHO WCIIOJIb30BaTh ToOpa3io Oosblilee pa3zHOOOpa3ue
MIPOBOAHUKOB U IUANIEKTPUKOB, HAHOCS MX MOHOCJIOHM C aTOMHOM TOYHOCTBIO IS
CO3J[aHUsl UCKYCCTBEHHBIX 3JIEKTPOHHOTO U (POHOHHOT'O CIEKTPOB, HEOOXOAUMBIX JIJISI
KTCII. HmeHHO »3TO mMO3BOJIIET CHEJaTh HCCICAOBAHUS M  IMPOU3BOJICTBO
CBEpPXIIPOBOJSAIIMX  MAaTepHAJIOB  HEKUM  “TIONUTOHOM™ 11 OTpPabOTKH
HaHOTEXHOJIOTUYECKUX METOAOB ISl CHIIBHOKOPPEIMPOBAHHBIX CTPYKTYp. IloaTomy,
cozganue KTCII - 3To, B 3HaUnTENBHONU Mepe, HAHOTEXHOJOTHUYECKas podiema u, Ha
HAalll B3IJISI1, OJHA U3 BAXKHEUILINX.



ITocne  otkpeiTMst B 1986r. 3a  pyOekoM  BBICOKOTEMIIEpaTypHOU
ceepxnpoBoauMocty, co3ganneM KTCII B Poccum 3anumarorcst 45 opranuzanui u
(GupM, HO pe3yJbTaThl Y HUX OTCYTCTBYIOT, TaK KakK (PU3MYECKHI MEXaHH3M 3TOrO
SIBJICHUSI HEU3BECTEH, a ouiuanbHas teopus ceepxmnpoBogumoctu bBKII (bapauna-
Mpuddepa - Kynepa) He MOKET OTBETUTH Ha BONPOC, KakuM noimkeH 0biTh KTCII.

HoOeneBckuii laypeaT B 00JacTi cBepXxImpoBogumocty J. JlerreTt [4], omnupasch
Ha TBEPJO YCTAHOBJIEHHBIE HKCIIEPUMEHTaJIbHbIE (PaKThl, CPOPMYIUPOBAT OCHOBHBIE
TpeOOBaHMs, KOTOPHIM JIOJDKHBI COOTBETCTBOBATH  COBpPEMEHHBIE (DHU3UUECKHUE
ocHOBbI cBepxnpoBoaumoctu (CII):

1- ucnonp30BaTh 3apsii HOCUTENS TOKa -2¢;

2- YYUTBHIBaTh CITUH HOCHUTEIA, paBHBIN O (CHHIJIETHOE COCTOSHUE);

3- o0BsACHUTH, TmoyeMy uMeHHO B kympatax (CuO,) nHabmogaercs

BBICOKOTeMIIepaTypHas cBepxmnpoBoaumocts (BTCII);

4- 0OBSACHUTH OTHOCUTEIBbHYIO HEe3aBUCUMOCTH (opmupoBanusa 3¢pdexra BTCII
B CMEXXHBIX CIIOSIX KyIIPaTOB,;

5- yCTaHOBUTH MPHUYUHY PA3THUUS B U30TOMUIECKOM IPPEKTe T XUMHICCKUX
AJIEMEHTOB, SBJSIOMIMXCS  HU3KOTEMIIEPATYPHBIMU  CBEPXITPOBOJAHUKAMU
(HTCTII);

6- 0OBSICHUTH APPEKT CBEPXIIPOBOAUMOCTH /sl -3JIEKTPOHOB;

/- 00BSICHUTH HaOJIO1aeMbIe pa3Mepbl HOCHUTEJNEH TOKa B mpeaenax 1..3 HM.;

8- BBIICHUTH NMPUYMHBI BOSHUKHOBEHUs U poiib nceBaomenu B BTCII, a Takxke
B3aMMOJICUCTBHE DJEKTPOHOB B OOpAIIEHHOM COCTOSSHUM C Pa3IMYHBIMU
CIIMHAMM.

Bce oObsicHeHUsSI NOKHBI OBITH JaHBl C €IUHOM TOYKH 3pEHUSI U B HUTOTre
HEOOXOMMO OTBETUTh HA TIJIABHBIA BOMNPOC, KAKYl0 CTPYKTYPY AOJKEH HUMETh
CBEPXITPOBOJHUK P KOMHATHOMN TEMIIEpATypE.

Pa3zpabotannbie u uznokeHHbIe HIDKe (Qu3ndeckue ocHOBbl CII cooTBeTcTByeT
BBIIIEIIEPEUNCIEHHBIM TPEOOBAHUSIM.

Metoa usyuenuss BTCII Ha ocHOBe HCKYCCTBEHHOT0 HHTEJJIEKTA

HoBbie Bo3MoOxkHOCTH B ycraHoBieHuu npupoasl CII  mpenocraBistor
WH(POPMAIMOHHBIE TEXHOJOTMM Ha OCHOBE HCKYCCTBEHHOTO HHTEJUIEKTa B BHUJIEC
HEUPOHHBIX CeTeW. ABTOpaMH NPEIIOKEHO HWCIOJb30BATh AHAJOTHI0 MEXIY
CTPYKTYypaMHu 3JEKTPOHHBIX oOonouek [lepuognueckoil cHUCTEMBI 3JIEMEHTOB U
YeJI0BEUECKOro Mo3ra. M3BecTHO, 4TO MO3r MpeACTaBisieT cOOO0M pa3BETBICHHYIO
CeTh, COCTOSIIIYI0 M3 HEMPOHOB. llepronnueckue CBOKCTBA 3JIEMEHTOB B CHCTEME
JI.1. MenpeneeBa U acCOlMAaTUBHBIE CBOMCTBA HEHPOHOB B CETH 00ECTICUMBAIOTCS, B
TOM U JIpYyrOM cily4ae, KBaHTOBbIMU 3Pdexkramu. MoaenupoBaHue CTPYKTypbl MO3ra
B HACTOAIIEE BpPEMsI XOPOIIO M3YYEHO M JOBEACHO [0 YPOBHS BBIUUCIUTEIBHBIX
nporpaMM. Hampumep, MHOrocioiHass KOMIIBIOTEpHAas MOJENIb IEpCEnTpOHa
CrocoOHA OMUCaTh MEPUOJANYECKUE HETMHEHHBIE 3aBHCHMOCTA MEXIy CBOWCTBAMH
2JIEMEHTOB IPAKTHYECKH C JII000H 3aJaHHOM CTeneHb To4dHOCTH [5]. B ciydae
Hanunuus B [lepuogmdeckoil cucremMe «reHeTHYecKoin» WHGOopMaIu 00 IJIeMEHTax,
orBeTcTBeHHBIX 3a CII, oOyueHHass HEHpOHHAs CeTh TMO3BOJIIET WX BBISBUTH H
OTIpeeTUTh HEOOXOAUMbIE CBOWCTBA.



[ToaTomy co3manuto ¢usndeckux ocHoB CII mpenmecTBoBaso u3ydeHUE
[lepuoauueckoii cucteMbl yka3zaHHBIM MeTon0M. [Ipexae Bcero, Oblia yCTaHOBIIEHA
11e71ecO00pa3HOCTh MPEACTABICHUS MEPUOJUYECKUX CBOMCTB B BHUJIE CYIIEPMATPUIIBI
8- m 10- kpaTHBIX pa3MEpOB C BBUICICHHEM OCOOOH POJIM YETHBIX AJIEMEHTOB [6].
3aTeM, MPOBEPUIU HAJECKHOCTh METOJa MyTEM OMpeAeiacHUuss PU3NKO-XUMUYECKUX
CBOMCTB HOBBIX XUMHYECKUX 3JIEeMEHTOB. [IpenckazaHHbie HEMPOCEThIO CBOMCTBA ISt
anementa Ne 112 (deBpanbp 2005r.) coBmamum C €ro peaibHbIMH CBOMCTBAMH,
YCTaHOBJICHHBIMH  IO3KE SKCIepuMeHTaabHo (Mait 2006r.)[7]. Ilocime mpoBepkwu
HAJEXKHOCTH, HEHUpoHHas ceTh (puc.l) OblIa MpUMEHEHa /I pacdeTa BIUSHHUS Ha
TeMmIiepatypy cBepxmpoBozsmiero nepexoga (Tc) dSIeKTpOHHBIX TMIJIOTHOCTEH
BEPOSITHOCTA B BHUJE BOJHOBBIX (DYHKIIMI BAJEHTHBIX 3JIEKTPOHOB XHUMHYECKUX
ayieMeHTOB [8].
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Puc.1. UckyccTBennast HeliponHnas ceth, co3gannas s usydenns BTCII co
CTPYKTYpOU, aHAJTIOTUYHON CTPYKTYpPE ANEKTPOHHBIX 000JI0UYEK U
GYHKIUSMY aKTUBAIIMA HEMPOHOB B BUJIE BOJTHOBBIX (DYHKIIMM BaJIE€HTHBIX
AJIEKTPOHOB XUMHYECKHUX JIEMEHTOB.

BrisiBieHa YHUKaIbHOCTh HMX BOJHOBBIX CBOMCTB, MPOSIBIISIIOIIASCS B BHUIE
BBICOKOW M COCPEIOTOYEHHON B 00JIACTH MAJIbIX Pa3MEPOB JICKTPOHHOM MIOTHOCTH
(puc.2). bpulo ompenereHo, UYTO MEPEXOA XUMUYECKUX JJIEMEHTOB B
CBEPXIMPOBOJSAIIEE COCTOSIHUE COMPOBOXKIACTCS MOSBICHHUEM KAau€CTBEHHO HOBOWU
CaMOCTOSITEJTbHOM YacCTHIlbI, 00pa3ylolleicsl Mpu B3aUMOJEHCTBUHU JBYX U 0Oojee
BAJICHTHBIX AJIEKTPOHOB.
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Puc.2. BomnoBas pynkius (2)- (a) 1 sKcriepuMeHTaIbHas KapTa
nehopMaIMOHHON AIEKTPOHHOMN TUIOTHOCTH (0) HOBOM KBAaHTOBOM
qacTHIBl — MyJIbTHIIeKTpoHA [9].(1)-(2) BomHOBas pyHKIMS aToMa
BOJIOpO/Ia MIPUBE/ICHA JJIsI CPABHEHUSI pa3MEPOB.

[TockobKy M3BECTHBIE 3JEKTPOHHBIE 00pa30BaHMs TUIA “KylnepoBcKas mapa’,
“OKCUTOH”, “NOJNSPOH” W T.M. B JAHHOM Cllydya€ HE COOTBETCTBOBAJIM HaWIECHHOMN
BOJIHOBOHM (DYHKIIMH, TO 3Ty YaCTHIIy aBTOPbI Ha3BaJIU MYJILTHIIEKTPOHOM (Me).

IIpennonaraeMblie NPUYUHBI 00PA30BAHMUS MYJILTHIJIEKTPOHA
BosnbIiine BO3MOXHOCTH B M3YyYCHHH B3aMMOJICHCTBUS BAJICHTHBIX JJICKTPOHOB B
tBepaoM Tene mpu CIT mpenocrariseT cOBpeMeHHas MPEIM3UOHHAS PEHTICHOBCKAs
tomorpadust [9]. OmHako Mertogwka OOpaOOTKH JKCIEPUMEHTANIBHBIX KapT
neopMaIMOHHOW 3JEKTPOHHON IUIOTHOCTH B HACTOSINEE BpeMs HE SBISICTCS
coBepiieHHOW. Kak mpaBWiio, OrpaHUYUBAIOTCS  ONPEICICHHEM  KOODPIMHAT
XapaKTEePHBIX 00JacTeil MepeTeKaHus ICKTPOHHBIX 3apsIOB C BAJICHTHBIX 000JI0YEK
aTOMOB M  30H TMOBBINICHHON 3JEKTPOHHOW IUIOTHOCTH, XapaKTepHBIX IS Map
3MIEKTPOHOB KOBAJICHTHON XMMHUYECKOH CBSI3H.
B Hacrosmieii  pabore, C 1EeNbI0 YTOYHEHHS (PU3UUECKOr0 MeXaHH3Ma
B3aMMOJICUCTBHSL BAJICHTHBIX JJIEKTPOHOB B Kpuctawiax npu CII, npumeHum
JIOTIOJTHUTEIILHBIC METO b 00PaOOTKH IKCIIEPUMEHTAIBHBIX AaHHBIX (puc.3).
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Puc. 3. Kapra gedopmarmonnoii anekrponnoi miotanocta BTCII [9]
(Nd, Ce),CuQ4.5 (T= 23K): + - ieHTphI aTOMOB, ® -MYILTUAIEKTPOH,
Ry — pagmyc oOMEHHOTO B3aUMOICHCTBUSI.



Tak, mo KoopauHATaM JIMHUM PaBHOW AJIEKTPOHHOM IUIOTHOCTH PacCUUTAIH
BekTop rot F(r), xapakTepusyromuil 3aKpydeHHOCTh OpOWTaNel 3JICKTPOHOB B
00JIaCTH TOBBIIIEHHON 3JIEKTPOHHOM IJIOTHOCTH BEPOSITHOCTH, BO3HMKAIOIIEH H3-3a
HAJTOKEHHUs] BOJHOBBIX (yHKIUH yactur. Omnpenenwid, YTO KOBaJEHTHAs
AIIEKTPOHHASI TIapa WCIBITHIBAET B 3TOM 00JacTU COOCTBEHHOE BpAICHUE IO 3aKOHY
F(N= w X Ry, OKoJ0 00IIero IeHTpa ¢ YIJIOBOW CKOPOCTBIO W M KJIACCHYCCKUM
pagnycom R, = 6..8 mm (cm. puc.3).

Jlanee, wucmonb3yss W3 KBAHTOBOM MEXaHUKHU TIOHATHE TMPUBEJIEHHON MAaCChI
(Mpe=0,5-m,), ycTaHOBWJIHM, YTO CBSI3aHHBIC OJJICKTPOHBI TIPU CBOEM BpAIICHUU
o0pa3yloT NOpOCTEHIIYI0 BOJOPOAONOJOOHYI0 CHUCTEMY (MYJIBTUIJEKTPOH) C
XapaKTepHBIM OOPATHBIM YHEPTETUYECKUM CIIEKTPOM B ONITUYECKON 00JIaCcTH:

Eme(n) = 2Ry +E./n*, n=1,2,3,4,56,
rae E., —sHeprus cBsi3u MyJIbTUINEKTPOHA;
Ry — nocrosunas PunOepra,
N — TJIaBHOE KBAHTOBOE YHCIIO.
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Puc.4. DHepreTnyeckuii CIeKTp MyJIbTHIIEKTPOHA!

* - KCIepHMEHTAIbHBIC 3HAYCHUS YHEPTHH 10 gaHHbM [10].

JI7151 OLIEHKW JOCTOBEPHOCTH BBIBOJOB MPOM3BEIIM COMIOCTABJICHUE PACUETOB C
SKCIIEpUMEHTaIbHbIMA  JaHHbIMH E.®. I'pocca [10], ycTraHOBICHHBIMH IS
aHAJIOTMYHOW dYacTHUIbl (OMAJCKTpPOHA) C mpHBeaeHHOM Maccor 0,6-m, (puc.4).
[Tomyuunu coBHageHUE PACUYETHBIX 3HAYECHHH HHEPTrUU C IKCHEPUMEHTATbHBIMHU
BEJIMUUHAMH, JIJIS1 YeThIpEX KBAHTOBBIX unces N= 3,4,5,6 ¢ OTHOCUTEIILHOM OIIUOKON
6,5%.

Pacxoxnenrne OOBSICHUINM BO3MOXKHOCTBIO HaXOXEHHUS BaJIEHTHBIX DJIEKTPOHOB B
pa3IMYHBIX COCTOSHUSX (S- , P-, d-, f-) mpu 0Opa3zoBaHUM MYJIBTHIICKTPOHA.

Takum 00pa3oMm, TOJNYYCHHBIE PE3yIbTaThl IO3BOJUIN YCTAaHOBUTH, UYTO IIPH
B3aUMOJICHCTBUU BaJICHTHBIX JJICKTPOHOB B KPUCTA/UIaX MX KUHETHYECKas SHEPTUS
IIPU JIBIKCHUH MOXKET IMEPEXOIUTh B SHEPTUI0 B3aUMHOIO BPAIICHUS BOKPYT OOIICH
OCH. OTOT TIPOIECC COMPOBOXKIAACTCA HMCUYE€3HOBEHHEM MOMEHTa HMIYJbca
AJIEKTPOHOB OTHOCHUTEIBHO KPHUCTAJUIMYECKON pemeTku. Tak Kak MYJIbTHAJIECKTPOH



UMEEeT OTPULIATEIBHBIN 3apsig 2€ U Majible pa3Mepbl, TO TPU HAXOXKJECHUU B 30HE
MPOBOJIMMOCTH U JIBUJKEHHH B 3JIEKTPUYECKOM I10JI€, OH HE HCHBITHIBAET TEIJIOBOIO
CONPOTHUBJIEHUSI CO CTOPOHBI PEHIETKHM M IO3TOMY SIBJIIETCA HOCUTEJIEM TOKa IpH
CBEPXIPOBOJAUMOCTH.

Oco0oe BHUMaHKE 00OpATUIIM HA TOJYYEHHYIO C TIOMOIIbIO HEHPOHHOM CETH U KapT
AJIIEKTPOHHOM IUIOTHOCTU BEJIMYMHY paauyca oOMeHHoro B3aummozeiictBus R,. Ero
cpenHee 3HadeHue, paBHoe 7,48 mm okasanoch B 7,1 pa3 Mensiie paagnyca bopa s
aroMa Bogopojaa (52,9 nm). Ha TakoM KOpPOTKOM pAacCTOSSHUM IOTEHIIMAJ
KYJIOHOBCKOTO  OTTaJKUBaHUS JUIsl  DJIGKTPOHOB, ONPENEICHHBIM C  Y4eTOM
KBaHTOBaHMS UX opOuTajnei, coctasiser ~2900 3B. DTa BeIMUYMHA B 10° MIPEBBIIIAECT
3HAUYEHUE PHEPTUH KOBAJCHTHOM CBA3M U MOATOMY HE MOXET ObITh CKOMIIEHCHPOBaHa
TOJIbKO 3JEKTPOMArHUTHBIM B3auMOJEHCTBUEM dacTuil. Jljis OOBSICHEHHS CHJ
OPUTSDKEHUST MEX]y BaJCHTHBIMU JJICKTPOHAMH B MYJIBTHUAJIEKTPOHE MPUMEHUIH
AHAJIOTHIO MEXIy 3apsIOHE3aBUCHMBIM B3aWMOJICHCTBHEM JJICKTPOHOB (€) B TOJE
aToMa U KOPOTKOAECHCTBYIOIIMM ME30HHBIM OOMEHOM MEXIYy HYKIOHAMH B MOJEIH
atomHoro sypa X. FOkaser [11].

Me30oHHasE TeOopusi OCHOBBIBAETCSI HA 3aKOHOMEPHOCTH MEXIYy pPaJnycoM
B3aumoeiicteus vactui (R,) m Maccoii oOMmenHor wactuiel (M) B Buae R,=
h/(c-my) (puc.5). CoznaBas teoputo, FOkaBa 3Han 3HaueHue R, paBHOE pazMepy sapa
atoma (10™°cM), 4TO MO3BOMMIO €My ONpEICINTh MAacCy HOBOH YAaCTHIBI — T —
ME30Ha W paccuuTarb OOMEHHBbIM mpouecc B sape. Cama yacTuia, Kak Tenepb
U3BECTHO, OblJIa OOHAPY>KEHA 3HAUUTENLHO MO3/IHEE.
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Puc.5. U3meHenne macchl HOCUTENEH 0OMEHHOTO B3aUMOJICUCTBUS MEXKTY
YaCTUIIAMU B 3aBUCHUMOCTH OT PACCTOSIHUS (CM).

IIpu paspadotke ¢pusmueckux ocHoB CII mpumennan gaHHbIN moaxon HOkaBbl
JUIS  ONPEJCICHUS XapaKTCPUCTUK IPEANoIaracMol BHPTyalbHOW dacTuilsl (el-
M€30Ha), KOTOPOW MOTYT OOMEHUBATHCA MEXAY COO0Ol € B CBSI3aHHOM COCTOSHUHU.
Jlns maiinennoro R, = 7,48 nM. paccuurtanu mapameTpbl el-mMe3ona mo ¢opmynam
FOkagwr [11]: (my= 26,329 K5B (5,1% ot m,- maccel ¢), cnun 0, 3apsa 0, Bpems
B3aumozeicTus (km3un) 1=2,3-10%%cex). Takum oGpasom, el-Me30H 3aHHMaeT o
Macce IMPOMEKYTOYHOE MECTO MEKIY HM3BECTHBIMH YaCTULIAMHU. T -ME30HOM H
(hOTOHOM U COIJIaCHO KJacCU(PUKAIIUU YaCTHUIl SBISETCS TCEBIOTOJIICTOYHOBCKUM
6030H0M (TIIE000TOM) [12].



BBumy Manoro BpeMeHH Ku3HM €l-Me30H, Tak e Kak M T -ME30H, MOXKET
pacmanathbes 1Mo kanany el — 2y. OOHapyXeHHe Y — KBAHTOB CTOJIb HU3KOH SHEPTUU
ABJISIETCSI  NPEIMETOM  CHEIHUANbHBIX  SKCIEPUMEHTOB C  HHM3KO(OHOBBIMU
u3MepeHusiMu. Takue H3MepeHUsT ObUIM  BBIOJIHEHBI [I1MA® wum. Bb.IL
KoncrantunoBa PAH B sHepreruueckoMm CHekTpe (POTOHOB U 3JIEKTPOHOB,
BO3HUKAIOLIUX IPU pacnane saapa 125MTe [13]. IlonydeHHbIE 3HAYEHUs DHEPTUH 2y ~
22,1 K»5B, moaTBEpAMIN BEPOSTHOCTb CYIIECTBOBAHUS CBEPXJIETKUX CKaJISPHBIX
rit000JI0B, KOTOpbIE MOTYT OBbITh NEPEHOCUYMKAMHU B II0JIE aToMa HOKAaBCKOTO
B3aMMOJICHCTBHS MEXY DJICKTPOHAMU.

CoryiacHO COBpPEMEHHBIM MpEeACTaBICHUSAM KBaHTOBOM xpomoauHamuku (KX]II)
oOMeHHoe B3auMojeiicTBue KOkaBbl OTHOCUTCS K OCTAaTOYHBIM OT CUIIbHOTO. CUITbHOE
B3aMMOJICCTBHE, B CBOIO OYEPE]lb, OCYILECTBISICTCA Yepe3 0OMEH MEXy KBapKaMH U
TJIFOOHAMH, HECYIUMU IBETOBOU 3apsia. CUUTAETCS, YTO DJCKTPOHBI, SBIISIOITHECS
JENTOHAMHM, HE WMEIOT IIBETOBOTO 3apsifga W HE YYacTBYIOT B CHJIBHOM
B3aMMOJICCTBIMU. JDTO MHEHHE OCHOBBIBACTCS HA 3aKOHE COXPAHEHWs JIENTOHHOTO
yHcaa B MpoOIEeccax B3aWMOJCHCTBHUS JJIEMEHTApHbIX dactuil. OmHAKO C
TEOPETHUECKOW TOYKH 3PEHUS HET CIEIHUATLHBIX OCHOBAHWUW CUYMTATh JAHHBIA 3aKOH
abcomoTHO cTporuM [12]. Hampumep, B moodenu ob6veounenus @yHOAMEHMATbHBIX
ezaumooeuicmeuti  Ilatm — Canama S3TOT 3aKOH HapylmleH W [ 3JEKTPOHOB
JENTOHHOE YHUCIO TIO0 CMBICIY SBISIETCA XapaKTEpUCTUKOW ueTBepTOro (0enoro)
1iBeToBOro 3apsina [14]. M3BecTHO, YTO Ui IIBETHOTO B3aMMOJCHCTBHS XapaKTEPHO
ABJIeHHE KOH(palHMEHTa, 00eCNeUYMBaIOIIEro yJepKaHUe YacTHI] B CBOEOOpPa3HOM
“kBaHTOBOM Memike”. B Hamem ciy4ae, IS DJEKTPOHOB, OCOOCHHOCTH
KoH(paltHMeHTa N300pakeHbI Ha puC.6.

Nlatstiat, 58,

Fagumyo, =8 aa

Puc.6. DnextpoHHbIi KoH(DaiMeHT: df — MPOTSHKEHHOCTh
“KBaHTOBOTO MeEIIIKa .

JlaHHasi 3aBUCMMOCTH ONHUCHIBAET NOTEHIHAIBbHYIO sIMy ¢ Oapbepom. OOpamaet
BHUMaHHE 4pe3BbIUaiiHO Yy3kas mupuHa “‘kBanTtoBOoro Meika”(dr=0,29mMm), 1o
CpPaBHEHMIO C pa3MepaMH aToMa | BBICOKHN MOTEHIMaNbHBIA Oapbep (~2503B), 10
CPaBHEHHMIO C DHEpPrHeil CBsI3M. OTH OCOOCHHOCTH OOBSICHSIOTCS MaJlod Maccoi



AJIEKTPOHOB U OOMEHHBIX YaCTHUIl U OOJIBIIUMHU PACCTOSTHUSAMHU. DTO IPUBOIUT K TOMY,
4YTO sIBJI€HUE KOH(aHMEHTa HAOJIONAETCS TOJBKO HA JJIEKTPOHHBIX OPOHUTAIAX
BOJIM3U aTOMOB, TJ€ MMEETCS BO3MOXKHOCTH KOMIIEHCALIMM KYJIOHOBCKOIo Oapbepa
MOJIOKUTENBHBIM 3apsAIoM szipa. [ cBOOOAHBIX 3JIEKTPOHOB, MPU HX COJIMKEHUH,
KOH(aitHMEHT He HaOII0JaeTCs.

OyHIaMEHTATLHOCTh  DJIEKTPOHHOTO KoH(allHMEHTa TPOSBIACTCS TPHU
B3aMMOJICHCTBHUH JICKTPOHOB HU3KUX 3Hepruid (< 200 3B) ¢ BemecTBOM:

— B OIIbITax I[eBI/ICCOHa-I[}KepMepa I1I0 paCCECUBAHUIO JJICKTPOHOB,

— B MEXaHW3Me DJJIEKTpOHHBIX pe3oHaHcoB (AMC) Ha 3JEKTPOHHBIX 000JI0YKAX
aTOMOB, HOHOB M MOJIEKYT;

— TpU CHApUBAaHUU DJEKTPOHOB IMPHU 00pa3oBaHUU (PEPMHOH-0030HHBIX CTPYKTYP
AJIIEKTPOHHBIX 000JI0YEK aTOMOB XUMUYECKUX DJIEMEHTOB;

— 1pu 00pa30BaHUM aHHMOHOB, IPUIMIIAHUHU AIEKTPOHOB U 3 PexTe Kazumupa;
— IIpY BOBHHMKHOBEHUU JIABUHHBIX MPOIIECCOB B MOJIYNPOBOJHUKAX U T.]I.

X. IOxaBa TAaKkK€ HEOJHOKPAaTHO TMOAYEpPKUBAJ, UYTO €ro OOMEHHOe
B3aMMOJICHCTBUE HOCUT YHHBEPCAIbHBIM Xapakrtep. Hampumep, mnpuMeHsior
noteHnuan FOkaBel JuUIsi pacyeTa XUMUYeckor cBsizu [15]. DiekTpoMarHuTHOE
B3aMMOJICICTBHE TaKXKe SIBJSIETCS YaCTHBIM ciiyyaeM moTeHimana FOkassl mpu mM,=0.
[TpuBenem psig M3BECTHBIX (U3MUECKUX dPPEKTOB M IKCIEPUMEHTAIBHBIX (PaKTOB,
KOTOpBhIE€ KOCBEHHO TOJTBEP)KIAIOT, YTO BO3MOXKHO YKa3aHHOE B3aMMOJICHCTBHE
MEXIY € !

-porosddext B Hey, KOTIa B HAYAIBHBIH MOMEHT HAOJIOJAETCS BBUIET U3 aToMa
CBSI3aHHOM mapsl €, GuKcupyemoi kak me [16];

-3 ekt Pam3zaynapa, npu KOTOpOM HaOI01aeTCs AIIEKTPOHHAs
“CBEpXIPOBOJAUMOCTD” B OJaropoHbIX rasax [17]. 3mech BO3HHKHOBEHHE M pacraj
ME MPOUCXOJUT B MOJI€ HEUTPAIBHOIO aTOMa, B pe3yJbTaTe Yero 3aKOH PaccerBaHUs
€ Takoh e, KaKk M B CJIy4ae pE30HAHCHOTO pACCEHBAHUS MYYKOB TSXKEIBIX
3apsKEHHBIX YaCTHUI] — TPOTOHOB, OOMEHHMBAIOIIUXCS T-Me30HaMU [ 18];

-Hannuue B Kpucrawie BiJ; Owdnekrpona [pocca, sHepreTHueckuil CHEKTp
KOTOPOTO sBisieTcs criekrpoM me [10];

-3a()UKCUPOBAHHbBIC JIOKAJbHBbIE “MUKHU~ SJIEKTPOHHOW KOHILEHTpauuu (ropsaue
TOYKH 0coOeHHOcTel BaH XoBa), Bo3HUKaronue Ha nosepxHoctu @epmu npu CII u
COOTBETCTBYIOIIUE MECTY PACIIOJIOKEHUS Me B kpuctayuie [19];

-o0HapykeHHasi M30BITOYHAS DIIEKTPOHHAS IUIOTHOCTh B CpEIHEH TOUKE MEXKIY
ABYMsi cocemHUMH atoMamu Si B HampasieHuu (111) B ero kpucTalIM4ecKoi
pelieTke W paBHAs SJICKTPOHHOW IUIOTHOCTH ME. MBOBITOK MJIOTHOCTH BBI3BAaH
OOMEHHBIM B3aUMO/JICHCTBUEM JBYX BAJICHTHBIX € C MOMOIIBIO0 TPEThEH YaCTHIIBI TIPU
00pa3oBaHUM UMU KOBaJIeHTHO# cBs3u[20];

-HaJIMYHe 3alpelICHHOT0 PEHTICHOBCKOTO OTpaxkeHUs (222) B KpHUCTaJUIC ajiMasa,
YKa3bIBAIOIIETO HAa MOBHIIIEHHYI0 KOHIIeHTparwio € (0,4 31eKTpoHa, 4TO COBIAALT C



¢ MpUBEACHHBIM 3HAYCHHEM IS ME), yYaCTBYIOUIMX B KOBAJICHTHOW CBS3H MEKIY
coceqaumu aromamu [20].

Y4acTue MyJIbTUAIEKTPOHA B XUMAYECKON KOBAJIICHTHOM CBSI3U M TPAHCIIOPTE TOKA
MIPU CBEPXIPOBOJUMOCTHU MO3BOJIMIO YCTAHOBUTH AHAJIOTHIO B €0 PACHOJIOKEHUU B
kpuctaimiax HTCIT u BTCII (puc. 7) u pa3paborath 0OIIyH0 MOJEIb s
¢usnueckux ocHon CII.

Puc 7. Ananorus B pacnonoxxenuu Myinbtusnekrpona B HTCIT u BTCII:
a) omnpenencaue paauyca KOkaBel Ha OCHOBE PEHTEHOTPAMMEI
3JIEKTPOHHOM TUIOTHOCTHU B PEIISTKE ajMasa Mo JaHHbIM [21];
0) snekTpoHHas nojapenieTrka u3 me B npocteix HTCII;
B) DJIGKTPOHHAs MOJApeIeTKka u3 me Ha npumepe kyrpatoB B BTCIL.

YCcTaHOBIEHHOE C IIOMOIIIBIO MCTOAA IOkaBblI 3HaueHUE Ru, OBILJIO HUCIIOIB30BAHO B
MaTEMaTHYECKOMN MOJICIIN, HBJIHI-OIHGI\/'ICSI COCTaBHOM YaCThIO (I)I/ISI/I‘IGCKI/IX ocHoB CII.

MaremaTnueckast Mmoaesab BTCII Ha ocHOBe MyJIbTHIJIEKTPOHA
duznueckas MOCTaHOBKA M MaTeMaTtndeckasi popmynupoBka 3agaun pacueta CII
BBITIOJTHEHBI YNPOUIEHHBIMA U HUJeanu3upoBaHHbIMU. OJHAKO uaeanu3anus u
YOPOIICHUSI SIBISIOTCA OOILECTPUHITHIMU M anpOOMPOBAHHBIMU Ha MPAKTUKE, YTO
MO3BOJISIET € JIOCTATOYHOM  TOYHOCTBHIO BBHIMOJHSATH HEOOXOAUMBIE WH>KEHEPHbIC
pacuetsl Tc npu pazpabOTKe HAHOTEXHOJIOTUH.

Pdu3nyeckas MOCTaHOBKA 3agauM. [IpuHsanu, yro HocutTeneM 3apsga npu CII
SABJSIETCA ME, 00pa3yloluii MPOCTEHITyI0 BOJOPOJONOJ00HYI0 CHUCTEMY U3
CBsI3aHHBIX €. CBSA3aHHOE COCTOSIHUE BO3HUKAET MPU CYIIECTBEHHOM COJIMKEHUHU
BAJICHTHBIX € OTJIEJbHBIX aTOMOB KakK B cliydae 0Opa30BaHHUsl KOBAJICHTHOU CBS3H,
TaKk W MPU MX JBWKCHHHM Ha MoBepxHOocTH Pepmm B suelike kpucramia (puc.8).
COnxeHre TPOUCXOIUT TMPU OXJKICHUHM, KOTJa PAcCTOSHUE MEXIAY aToMaMH
YMEHBIIIAETCSA. DJIEKTPOHBl PACCMOTPEIM C MPOTUBOMOJIONKHO HAIMPABICHHBIMU
CIIMHAMM, Korja, corjacHo npuHnuny Ilaynu, wmexay HUMH  BO3MOXHO
BO3HUKHOBEHHUE  CBSI3aHHOTO COCTOSIHUSI C OOLIMM CIMHOM PaBHBIM HYIIIO.
B3aumogeinictBue  IByX € OCYLIECTBIISIETCS B PE3YJbTUPYIOLIEM IIOJE CHJI,



omnpenenseMoM oJHOBpeMeHHO noTeHunanamu FOkaBsl 1 Kynona. Cuibl Kynona st
€, UMCIOIUX OJIMHAKOBBIN IO 3HAKY 3apsi/l, SBISIOTCSA OTTAIKUBAIOIIMMU CUIAMHU.

[Ipunsiin, 9yTo TIpu OOpa3oBaHUM ME KUHETUYECKAasi YHEPTHSl COCTABJISIONIUX €
MEePEXOIUT BO BpallaTeIbHYIO SHEPTUI0 BOKPYT MX OOIIEH OCH W KOMIIEHCUPYETCS
MOTCHIMAJIBHON BSHepruel mnputskeHus. CraeaoBaTeNnbHO, IO OTHOUIEHHUIO K
KPUCTAUIMYECKON pemieTke Me UuMeeT MOMEHT U CIHH, paBHbIE HYIJIIO,
OTPULIATENBHBIN 3apsi 2€ U Majble pa3mMepsl. ECaum Me He ydacTByeT B KOBAJE€HTHOM
CBSI3U Y HAXOJUTCA B 30HE MIPOBOJMMOCTH, TO B 3JIEKTPUUECKOM I10JI€ OH CTAHOBUTCS
HOCHUTEJIEM TOKA, KOTOPBIA MpPU CBOEM JIBU)KEHUU HE HMCHBITHIBAET PACCEMBAHUS Ha
peleTke.

Takum oOpazoM, Me mpeAcTaBiasieT coOOM KBAaHTOBYIO 4YacTUIy B BHUJE
CBOEOOpA3HOTO  “OJIGKTPOHHOTO HMOHA”, KOTOPHIA HAXOAUTCA B  COCTOSHUHU
ANEKTPOCTATUYECKOTO PABHOBECHS C OKPYKAIOIIUMHU €T0 AIEKTPOHAMU U aTOMAMM.

Tpebyercst ompenenutb pa3Mepbl ME, €ro HHEPruio0 CBSI3U (IUCCOLMAIUN),
ONpPEeEIAIONIY0 1C U yCIOBHUS 00pa30BaHUs.

Puc.8. Ob6pazoBanne MyJIbTHAIEKTPOHA BOJIM3H MMOBEPXHOCTH
®depmu (0003HAUCHUS B TEKCTE).

MaremaTuueckasi GopMyJMpPoOBKa 3aJa4vu. YCIOBUs 0oOpa3oBaHUsS U CBOMCTBA
MYJIbTUAJIEKTPOHA OMUCAJIM CIEAYIOIIMMU OCHOBHBIMHA 3aBHCUMOCTSIMH
E  +E_+E,+E  +E__.+E =E=-E_; (1)

nocm Kyn spauy Koned 603My1Y c6

1 Rme 2n°r, 1
- Cu——exp( - + b 4 =-E ; )
Rme Pl Ru ) Rme? Rme e ()
1 Rf
-+ = _E . ; 3
Ro Ro?  © (3)
2
ka—CK":|—Em; Rof,rb*:e—; (4)
2Rya 2E 6’
drR Rbl - Ro
o =exp(C, + C,Ln((RbIK, Tc® + RmeK(me) Tc)™ 5
da Rbl]{mpTC2 + RmEKmempTC p( 1 2 (( mp ( )mp ) )) ( )
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M BCIIOMOI'aTCJIbHBIMH YPABHCHUSIMM.

1 | Rf en’ m,m, 1 IN, r

-—+——=-E_(T y I = y M :—1Rf: 1ne: 2 ' 6
Rbl  Rbl? T o m.e’’ ™ m, +m, m M (©)

_ 9 B120°Nk, 8T | p*N k,Tc! PNz

K ¢ : , /
" 388 5 9o ¢ T, + 2E, ( )
IIpunsareie o6o3HaueHus: E=-E ;,Erocr Exoness ExynBusEspamsEsosvymsBn -~ — 2HEprus

CBs3M, IIOCTymaTelbHas, KojeOarenbHas, Kynona, HOkaBbl, BpamareiabHas W
BO3MYIICHUSI, HWOHM3alUU CcOOTBeTcTBeHHO, Cu-koHctanta IOkaBel; Rme -
KJIACCHYECKUH pajuyc Me; N —IIaBHOEe KBAHTOBOE YMCIO ME; Iy, —pamuychl Bopa
UIsl Me W noHu3auuu; RO —paauyc 31eKTpocTaTuueckoro paBHOBeCHs ME B siueiike
kpucrama; Rf —paguyc nmosepxuoct ®epmu; Rbl — momoBrHa paccTOSHUS MEXITY
ommxammmMu cocensiMu; Ky, —octostaaas boneiiMana; K- KOOpIMHAITMOHHOE YHCIIO;
o —noctosinHas Manenynra; Ry —nmoctosinHas Punbepra; a — mocTosiHHAsi peIIeTKH;
Kip —KO3pQHUIMEHT TepMUUYECKOro pacmmupeHus pemerkd; Kme,, —koddduiment
tepmuueckoro pacmupenus me; C,,C, —xoapdunuents agantauuu monaenu; Ty, —
TeMIeparypa IUIaBJICHHUS KpPUCTAIa; € —IUAJIGKTpUYecKas MPOHUIaeMocTh; h —
nocrosinHas [Inanka; € —3apsn 1eKTpoHa; My, — MpUBEAECHHAs Macca Me; M, —Macca
AJIEKTPOHA; Ne —3JIEKTPOHHAS KOHIIEHTpAlLMs; Z —BaJleHTHOCTh; N, —uucio ABoraapo;
p —mIoTHOCTh, M —aroMHas macca; y —koadduiuent ['pronaiizena; B —oO0bemMHBII
MOJYJb YIpyroctH,; Op —temneparypa Jlebas; T¢,Es—remneparypa u sueprus depmu.

Ocob0enHocT Moaen, 0a3bl HCXOAHBIX IAHHBIX M PelICHUS

B paccmorpenHoil  (u3MUEeCKOM  TOCTAHOBKE  OMPENEISIONIUM  SIBISIETCS
KOMIIEHCAllUsI KUHETUYECKOTO MOMEHTa € M D3JIEKTPOCTATHUYECKOE B3aMMOJICHCTBUE
Me, IMO3TOMY pacueThl MPOU3BOIMWIA B YIPOIICHHOM BapuaHTe, npuHsaB B (1)
Erocr=Exonc6=Eposwym=0 ¥ mpu n=1. VYpaHenue (2) omuceiBaeT KOH(aHHMEHT
(ynepxaHue) KOpoTKoAeHcTByromuMU cuiamMu FOkaBbl 3J€KTpOHOB B ME B
3aBUCHUMOCTH OT paccTosiHusi. OHO COJAEPKUT JOMOJIHUTENbHBIN YWICH, YUUTHIBAIOIIAMA
KBaHTOBaHWE opOWUT mo mpaBmwiy bopa mis aroma Bomopoma. 3aBucumocTh (3)
OTpakaeT KJIACCHYCCKYH0 HMOHHYIO cBs3b [20], BO3HMKAIOIIYIO H3-3a KOMIpOMHCCA
MEXly KYJOHOBCKOM CHJIOW TIPUTSIKEHUS] U CWIOW OTTAJIKHUBAHUS IEHTPAIHLHOTO
nmoJis, JeWcTByromero Ha pacctosuun Rf. Pammycsr Rme n Ro saBagrorcs
PABHOBECHBIMU, ONPEACIISIONIUMHU Pa3Mepbl U MECTOMOJIOKEHNE B PEIIeTKe Me Jis
uckomoit -E., u, cormacuo, (4) Tc. YcmoBue Ro<r," OTpe/IeNIIeT HaXOoXJAeHuEe Me B
30He mpoBoaumMocTH. [Ipu Ro=Rbl ypaBHenue (3) mepexoauTt B 3aBUCUMOCTH (6) 1UIs
KOBaJIcHTHOH cBsizum ¢ dHepruel —E ,(T,,). Takum o0pa3oM, KOBaJCHTHAas CBS3b
MPEJICTABISAECTCS KAK YaCTHBIM CIydyaid MIOHHOM CBSI3M € ydyactueMm me. Ilo u3BecTHhIM
s kpuctamna —Eg(T,,) m Rbl, naxomurcs coorHomenne K./oo mas me.
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DMnupuYeckas 3aBUCUMOCTb (5) B OTHOCUTEILHOU (pOpMe CBSI3bIBACT MapaMeTphbl Me
C pa3MepamMu KPUCTALTUICCKON PEIIeTKH MPH €€ TEPMUIESCKOM PACITUPCHHH.
3HaMeHatenb (5) MpeACTaBIsSAeT JUHEUHYIO CYINEPIIO3UIMI0 U3MEHEHHST pa3MepoB
pemetkn u me. Koapdumumenter C; m C, coykar o aganTaiidd MOJICTH K
peanbHBIM  ycloBUsAM. OcCTallbHBIE YpaBHEHUS COOTBETCTBYIOT —KJIACCHYECCKUM
MIPEACTABICHUSIM CBOOOHOTO AJIEKTPOHHOTO Taza depMH M TEOPUU TEIUIOEMKOCTH
pemretkn 1o Jlebaro. B mTore cucrema Tpex ocHOBHBIX ypaBHeHui (2), (3) u (5)
COJIePKUT TpU Hen3BecTHBIX RMe, Ro u Tc u, cnegoBarenbHO, UMEET pelieHue.
Hcnonbs3oBaHHas B pacuerax 0a3a JaHHBIX, COJAEpXk aia TOJbKO OOIEU3BECTHBIE U
JOCTYIIHbIE CBEJEHUS O (PU3UKO-XUMUYEeCKUX cBoMcTBax siemeHtoB u HTCII,
IPUBEICHHBIX B CHPAaBOYHMKAX W y4eOHBIX Mocobusax [22,23,24]. UwucineHHbie
3Ha4Y€HUs] OBUIM B3ATBHl "KaK €CTh , 0e3 Kakoi-a1u00 TMOArOHKHA TMOJ MOJIENb.
Xapakrepuctuku BTCII cooTBeTcTBOBaAIM 3HAUEHUSAM, PUBEACHHBIM B [23, 25].
YucrneHHOe 3HaUeHHE KOHCTAaHTHI KOKaBbI IPUHSIIN TaKOE Ke, KaK U NIl CUIILHOTO
B3aMMO/JICHCTBUSI HYKJIOHOB, C TIONPaBKOM Ha paccTrosHue u3-3a 3ddekra
noysipu3aruu Bakyyma. Cu=41,1 moxkaspiBaeT, BO CKOJbKO pa3 cuibl HOKaBbI
npeBbIaoT criibl Kyltona Ha paccTosHIH KOH(paitHMeHTa IeKTpoHOB [17].
Pemenue cuctembl ypaBHEHHMA TTPOU3BOAWIN YHCICHHBIM METOJOM C ITOMOIIBIO
KOMIBIOTEPHOU MPOTrpaMMBbl, COCTABJIICHHOM C UCTONb30BaHUEM HeliponakeToB EXNP,
SNN 4.0F u mpouexyp Excel.

AlanTanusi MAaTeMaTH4YeCKOH Mo/1eJIM U IPOBEPKA aIeKBATHOCTH

Apanrtanuio nposenu nytem onpeneneHuss C; u C, METOIOM CTaTUCTUYECKON
00pabOTKM U3BECTHBIX JKcrnepuMeHTanbHBIX ganHbix 1mo HTCII u  BTCII,
MPEACTABJICHHBIX B BHUjae oOoOmaromiei 3aBucumoctu (5). Pesymbpratel 00paboTKH
IIPUBEIECHBI HA puUC. 9.

B wurore momyuens! 3Hauenus misi C;= 0,507138219 (¢ ommbkoit 7,3%) u C,=
0,994150391 (¢ ommoOkoit 0,5%). Iloka3aTenb HaAEKHOCTH afanTallid B BHUJEC
kod(durmenta koppemsuun st (5) cocraBmin I = 0,9987. O6mas cranmapTHas
omuOKka He peBbicwia 23,2%, otHocuTenbHas - 17,7%. [losTomy ObLT cieniaH BHIBOJ
0 JOCTaTOYHON CTENEeHH aJeKBAaTHOCTU pa3paboTaHHO MaTeMaTudyeckoi mozaenu CII
U €€ MPUroTHOCTH JJIsl TPAKTUYECKOTO MPUMEHEHUS.
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Ln((Rbl-Ro)/da)

0 2 M M M M M M M M M M

-1 1 3 5 7 9 11 13 15 17 19 21 23
Ln(1/da)

® - 3KCNepumMeHT = pacuyer

Puc.9. Ooo6mmaromas HTCIT u BTCII 3aBucuMOCTb U1 aJanTaiiu
Y IIPOBEPKH aICKBATHOCTH MaTEMATHUYECKON MOJEIIH Me

(xBanpaTtHbie Touku - BTCII, pacnoyioxkeHre TOYEK COOTBETCTBYET

p}II[y: YBazCu307-SrNdCu02-BigSrzLaCuOG-La-Se-Bi- Pb-Ba-Cs-Hg-P-

Tc-Nb-Te-In-Ga-Sn-Tl-Ge-Sb-Si-V-Ta-Ce-Th-Y-Al-Zn-Cd- Re-Os-Ru-As-Mo-

Zr-Ti-Ir-Hf-Be-W).

CBoiicTBa MYJIbTHIJIEKTPOHA U CPABHEHHUE MX C N3BECTHLIMH TEOPUIMHU
CBEpPXIIPOBOAUMOCTH
OcCHOBHBIE TapaMETPbl U SHEPreTUUYECKHE XAPAKTEPUCTUKUA MYJIbTHUAJICKTPOHA
npuBefeHsl B Tabmuuel um Ha puc.10. MakcumanbHas BEIMYMHA SHEPTUH CBS3U
(rryOuHa “mOoTEHIUMANBHON sIMBI) JUIE Me mocturaetT ~8,8 »B. DTOH 3Hepruu
JOCTaTOYHO JUIsi OOpa3oBaHUs HW3BECTHBIX KOBAJEHTHBIX CBSI3ed B XUMHUYECKUX
JIEMEHTaX M COSAMHEHMsX. B cBoGOIHOM coctosiHnn Me eé 3nauenue (E.,~10" 9B)
Majo0 M YacTUIAa MOXKET HAXOOUThCS 3a MpeleiaMu «IOTECHIMAJIbHOM SIMbD» Ha
3HAYUTEIILHOM PACCTOSHHM B pe3ylibTaTe TyHHeENbHOro sddekra (puc. 11) (mo
aHanoruu ¢ aeiirporom). s Te=300K pPacCTOSHUE, HA KOTOPOM MMEET MECTO
TyHHeNnbHBINH 3¢ dekT, paBHOo 1,8 HM, a pu Tc=10K — 9,6 um. Ilpu uccremoBanusx
BTCII >tu paccrosinusi GUKCUPYIOTCS KaK pa3Mephbl 4acTHUIlbl. TyHHENbHBIN d(dekT
OTBETCTBEHEH 3a KOJUIEKTUBHBIE MMPOLIECCHI B KpUCTasuie, Bo3HuKaromue npu CIIL.
N3oronmueckuii 3G EKT Ak Me moydaeTcss €CTeCTBEHHBIM 00pa3oM, Tak Kak

MaccoBoe YHciio M BXOIWT B pacueTHbIC BeIpakeHUs (6). ITo M03BOJISET 000OIIHUTH
AKCIIEPUMEHTAJILHBIC JIAHHBIE 10 U30TOMUYECKOMY (DPEKTy U OOBSICHUTH MPUUUHY
pPa3IMYHON YYBCTBUTEIHLHOCTH BiausHHSI M Ha Tc. PesynapTaThl Takoro o000IeHUS
nokazanel Ha pwuc.12. OHu wumewT kodpdurnment koppemsiuuun 1=0,948 u
cTaHaapTHylo omuoky 2,1%. HarnsgHo BUAHO, YTO TPUYUHONW HEOAMHAKOBOM
YYBCTBUTEIHHOCTH AJIEMEHTOB K H30TOMHYECKOMY A(D(EKTy SIBISETCS pa3IndHOE
PacCIOJIOKEHUE B HUX ME OTHOCHUTENBHO MOBepxHOCTH Depmu, KOTOpOE 3aBUCUT OT
pasnoctn (Ro-Rf) (cm.puc.8). B cBorwo odepeab, 3Ta pa3HOCTb ONPEACIACTCS
UHAVNBUAYAIBHBIMH IS KaXK0T0 3iieMeHTa cootHomeHnueM (K./o) 1 BaleHTHOCTBIO
Z.
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OCHOBHBIE CBOMCTBA MYJIBTUIJIEKTPOHA

Tadomuma 1

Ne i/t [Tapametp O6o03HaueHNEe PasmepHOCTB 3HadyeHne
1 [TpuBenenHast Mine En. maccel e 0,5
Macca

2 3apsin €me En. 3apsina e -2
3 Crun S h 0
4 Koncranra IOkaBb! Cu - 411
5 Paguyc HOkaBbl Ru At.en 0,141353
6 Macca oOMeHHOIH

YaCTHUILIBI my 5B 26 329"
7 Paanyc MynbTHINIEKTpOHA

KJIACCUYECKUHN Rme Art.en. 0,13256609**)
8 DHeprus CBs3H Ees 5B 0,000294421™"

*) -

**)

0,051 o mg;

cpennue Benuuunsbl 1y HTCIL.

Rrp

nputaxeHne

AN

OoTTarnkmBaHue

>l
S|

A 4

>
l

Ru

A 4

Rme

n=4
n=2
Eme

MoTeHumansl, aT.eq.aH.

-4

Paguyc, at.eq

Puc.10. DHepreTudyeckre 3aBUCUMOCTH JIJIsi MYJIBTUIJICKTPOHA:
1 — sueprus me, 2- sueprus Kynona, 3- 1o6aBka kK 3aK0HY
Kynona, yuutsiBaroras KBaHTOBaHHE opOuUTamu me,

4- sneprus IOkaBbl, R, — rpaHnIa IPUTSKEHUS U
orrankuBanus (E., yCIIOBHO NOKa3aHa He B MacIiTaoe).
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A 4

v

Rme 1UKme r

Puc.11. 3aBucumocts mexay sHeprueit (E) u paccrostauem () mis
OTIpe/ieNICHUs] BOJTHOBOTO BEKTOPa MYJIBTHIJICKTPOHA!
Rme, Kme — paanyc 1 BOJIHOBOM BEKTOP ME, COOTBETCTBEHHO;
1/Kme — paccTosiHEe, Ha KOTOPOM MPOUCXOAUT IPOHUKHOBEHHUE
Me CKBO3b TOTEHIIMATIBHBIN Oaphep MyTeM TYHHEIbHOTO dPdeKTa.

Ru-Os-Zr-MoCd-Zn-Sn-Pb-Hg-TlI

exp(a”~2,7)

LN(Ro-Rf)

€ OJKCNepuMeHT pacyeT

Puc.12. U3oronuueckuii 3¢(heKT MyJIbTUIIEKTPOHA

(mapametp a’ cooTBeTCTBYeT 3aBucumocti M?* Tc=const,

PacCIOJIOKEHUE IKCIIEPUMEHTANBHBIX TOUYEK

COOTBETCTBYET PSAY FIEMEHTOB, YKa3aHHOMY BBEPXY).

BinsiHue SIEKTpOHHOM  KOHIEHTpanuu Ha Tc  1mokazaHo Ha  pwuc.l3.

JKCTPeMaIbHBIA XapakTep 3aBHCHMOCTH ompenemsercs coortHomennem (Rf/RO),
Bxo M B (3). [Ipu yBenuyueHun 371eKTpoHHOM KoHIeHTpaluu Rf|, a Rot. B utore
UMEET MECTO ONTUMaJIbHAsi 3aKOHOMEPHOCTH s Tc, HaOrojaemas Ha mpaktuke [25].
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1,120 1,126 1,132 1,138 1,144 1,150 1,156

n, wT./at.eq.ky6..

Puc.13. PacueTHast 3aBUCUMOCTH T OT 3JIEKTPOHHOU KOHIEHTpaIuu (N) 11s
BTCII La,.4SrCuO, (LSCO) ¢ T.=40 K.

AHQJIOTUYHBIM MYTEM MOHO MPOCJIEAUTh 3aBUCUMOCTHU JIi MAarHUTHOTO MOJIs
WM JIPYTHUX BO3MYILAIOMIMX BO3ACHCTBHM, 3a/1aB HE00X0IUMOE Epqsyyn70.

[Torennman FOkaBpl He  HakJIaAbIBA€T OTPAHUYECHH HA  KOJUYECTBO
B3aMMOJICHCTBYIOIIMX 3JIEKTPOHOB U MX THII (S- WiH 0-31€KTPOHBI). DTH 0COOCHHOCTH
MOXXHO y4ecTh, 3amMeHHB (2) ypaBHeHueMm IllpenuHrepa mis pacrpeneiacHHs
ANEKTPOHHOM MJIOTHOCTH BEPOSITHOCTH B ME.

CpaBHeHHE MapaMeTpoB ME C XapaKTepucTUKaMH oOmmenpuHarbix teopuit CII
TIO3BOJIMJIO YCTAHOBHUTB UX B3aUMOCBs3b. Hanpumep, teopust BKII [24] nyis pacuera
pa3mepa 3Heprerruueckoil menu CII npuMeHsieT BeIpaxeHue:

A= 1,76k,Tc.

CpaBHeHue naHHON (Gopmyiibl ¢ (4) moKa3bIBaeT, YTO SMIUPUYCCKAs XapaKTepHas
Besin4KHA 1,76 — 3TO HE 4TO MHOE, Kak cootHomeHue (K./a) ams me.Ycepennenue Beex
n3BectHbIXx HTCIT u BTCIT nmaer (K./a)=1,9. CaenoBatenbHo, MOJIEIb ME MO3BOJISET
ONPENENATh AMIUPUYECKYI0 KOHCTaHTy B BKIIl pacueTHbIM myTem W, TEM CaMbIM,
YTOUYHSET U3BECTHYIO TEOPUIO.

Koneunslii paanyc koppemsiunu napamerpa nopsiaka E(T) B teopuun I'mu30ypra-
Jlannay [27] — sBasercst ananorom 1/Kpe it me.

B teopun BOK (bo3e-DitHmrelina) [26] - pagnyc Karm 3JIeKTPOHHOTO
KoHAeHcaTa Ry amamormuen Rme.

Takum 006pazom, MoJesIb ME yTouHseT U 0000111aeT u3BectHsie Teopun CIIL.

dPpPexT odOpaTtHoTeMnepaTypHoii cBepxnpoBogumoctu (OTCII)

YHUKaJIBHBIM CBOWCTBOM ME SABJIAETCSI TO, UYTO OH HMMEET OTPHULIATEIIbHBIN
K02(P(OUIIMEHT TEPMHUYECKOro pacmupeHuss Kme,,, KOTOpBIi ABISETCSA CIEINCTBUEM
KOH(allHMEHTa €, OIMChIBAEMOro (2). 3aKOHOMEPHOCTh M3MeHeHHss Kme,, moka3aHa
Ha puC.14. OHa OOBICHSET MPOIIECCHl CKATHUS U PACIIUPECHUS] PEIIETKH, MPAKTHUYCCKH
HaOmomaemeie B HTCIT u BTCII kak TemneparypHbie aHOManuu [24] v yauThIBacT
3TO SIBJIEHUE B pacyeTax Tc.

Ecin T<Tec, to Kme,, no abcomorHoil BennunHe Oonbme Krp m pemerka
ckxnmaercsi, obecreunmass HTCIT u BTCIL. B caygae Te<T>T, mpeobmagaer
TEPMHYECKOE PACIIMPEHHe, IPH KOTOPOM He BBIIONHSICTCS ycioBHe RO<r, u me,
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XOTSI M CYIIIECTBYET, HO HE CBEPXIIPOBOIMT, TAK KaK HAXOJHUTCS B 3alPEIICHHON 30HE.
B utore oOpasyercs ncepnomiens A , HaOIr0aeMas SKCIIepuMeHTAIEHO [26].

4 [
Ktr HTCH, BTCN Hanuuwme ncespowenu A* | otcn !

|
d » 'l
Bl L g »|

1

A 4

Ktp
dKTtp

T

K(me)Tp

Puc.14. Pacuetnslii 3 pexT oOpaTHOTEMITEpATYPHON CBEPXITPOBOANMOCTH
(OTCIN) (dKTp-u3meHerne cyMMapHOTO KO (UIIMEHTa TEPMUIECKOTO
pacmmpennst  kpuctamia; T -TeMiepaTypa o0pa3oBaHuUs MCEBIOMIEIH;

+ - 30HBI TEPMUYECKOTO PACIIUPEHUS U CHKATHS).

[Tpu T>T cHoBa MPOUCXOJUT CKATHE U CTaHOBUTCA Bo3MoxkeH addext OTCII,
IpU KOTOPOM CBEPXMPOBOAMMOCTh BO3ZHMKAET NPHU HarpeBe kpuctayia. OnHako, IpH
JanbHEHNIIeM poCTe TeMIepaTypbl, €CIM TEIJIOBOE BO3MYILEHUE MPEBLICUT —E.;, TO
me pacrnagaercs. B ciyyae ydactusi me B KOBaJEHTHOM CBS3M MOXKET MPOUCXOJIUTH
da3zoBoe U3MEHEHHE WM Pa3pyIICHUE CTPYKTYPhI PEHICTKH (IUIaBJICHHE KPUCTAILIA).
N3 puc.14 BuaHo, uyto TemmnepaTypHbiii auana3zoH OTCII oTHocHTENnbHO Y30K M
OTHOCHUTCSI K HECTaOMJIbHOM 00JacTH CYyIIECTBOBAHUS PEUIETKH. DTO MPUBOAMUT K
TPYAHOCTSAM MpPaKTUUYECKOro 0OHapyskeHus mporHosupyemoro sdpdexra OTCII, uz-3a
Pa3MBITOCTH YKAa3aHHBIX TEMIIEPATYpPHBIX I'PaHUL] IEPEXOI0B U CBOMCTB KpHUCTAJLIA.

CroeBoil xapakTep  pacHoJIOXKEHUsS dIEeKTpOoHHbIX mnoxapemetok B BTCII
(cM.puc.7B)  BBI3BIBAET OTHOCUTEIHHYIO HE3aBUCUMOCTb OOpa30oBaHMs ME B CIOSX
KynpatoB. Tak, B pealbHBIX KpUCTAJUIaX BCErJa MMEIOTCS T€ WIM HHBIE CIIOEBbIC
HEOJHOPOJIHOCTH, YTO MPUBOJUT K pa3HOCTH —E ., 4711 Me B 10X U BO3HUKHOBEHHIO
MHoromeneBsix CII. Tloatomy KTCII cnenyer oxkupaTh B TaKMX KpHUCTaiiax, T
uMeeTcs HauOoJbllas BEpPOSTHOCTh 00pa30BaHUsI SJIEKTPOHHOM MOApeneTky u3 me. B
KyIpaTax TaKylo BEPOSTHOCTb MPEAOCTABIISIOT, B IEPBYIO OYEPElb, AaTOMBI KUCJIOPOIa
(O) (cm.puc.7.8). Tc B HUX onpeaesIeTcs KOMIICKCOM (PU3UKO-XUMHUYCCKUX CBOMCTB
O: T,=54,8K, M, p, z, B, 0p,(K./a). Moneiar mMe ykas3pIBaeT, 4TO 3TH CBOWCTBA
BIUSIOT Ha TC B3aMMHOKOMIIEHCHPYIOIIMM 00pa3oM, Mo3ToMy npoctas 3ameHa O [uis
nonydeHus: d¢dexra KTCII, nanpumep, Ha rajoreHbl HE MPUHOCUT HEOOXOIUMOTO
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pesynbrara. Jlns orBera Ha Bompoc, kKakuM aokeH ObiTh KTCII, HeoOGxomumo
paccMoTpeTh KoMIUIeKCHbIN Mexann3M CII Ha ocHoBe Me.

MyabTHIJIEKTPOHHBIN MEXaHU3M CBEPXIPOBOAUMOCTH
Axkan. B.JI. T'mH30ypr mnoadepkuBal, 4YTO B PEAJbHOCTH OJHOBPEMEHHO
MPUCYTCTBYIOT paszHble MexaHu3Mbl CII: 37eKTpOHHBIM, (POHOHHBIM, SKCHUTOHHBIN
[27]. Monenp Me mo3BoJIIET PACCMOTPETh COBMECTHOE BIIMSIHUE HA TC 3JIEKTPOHHOTO
¥ (POHOHHOTO MEXaHM3Ma Ha OCHOBE 3aBUCHUMOCTH (5), KOTOPYIO MPEICTABUIN B BUC
¢byukiun Te=f(da) u npusesu Ha puc.15.

W-Be-Hf-Ir-Ti-Zr-Mo-Ru-As-0s-|-Re-Cd-Zn- |-Al-Y-Th-Ce-Ta-Si-V-Ge-Sb-Sn-Ga-Tl-In-Te-Nb-Tc-P-Hg-Cs-Ba-Pb-Se-Bi-La
Bi2Sr2LaCuO6 - SrNdCuO2 - YBa2Cu307
6
300K 7
5p / ‘
95K 7
4 p y 3——
I /
3 p /
12K ®
2 p / e
b / 2 ’. ‘ o [
5 1t /o o °
'_ o
€ « o . o R . L 4 . LYV
- B
- 10 -5 0
-2
1
3 N> HTCN ¢ BTCM >« KTCN
-4
5 &
Ln(da)

Pucl5. BiustHue TepMuuecKoro pacuimpenus pemeTku Ha Tc:

1- npeobnagaHue 3JIEKTPOHHOTO MEXAHU3MA,;

2- mpeobnananue poHonHoro mexanusma B HTCII;

3 - xommeHncanus poHonHoro BodmyuieHus B BTCII (kympatsr)
(pacronoeHue FKCIEPUMEHTAIbHBIX TOYEK COOTBETCTBYET MOPAIKY
HA3BaHWI XMMHUUYECKHX 3JIeMeHTOB U coenuHeHuit: W..0Os—smeMeHTsI
C OTpULATEIBHBIM pacliuperremM; Re..Zn— 3neMeHTsl NepexoqHOM
rpymibl; Al..La —37eMEHTBI ¢ TOI0KHUTENBHBIM PACITUPEHUEM).

[Mpu wm3kux (Tc=0,01..1K) temmeparypax QoHOHHBIE KOJeOaHUS B pEIICTKE
NPAKTUYECKH OTCYTCTBYIOT M MpeoOsafaeT dSJICKTPOHHBIA (MYJIbTHUIJIEKTPOHHBIN)
mexanu3sM CII. Tlpomecc xapaktepusyercss cTeneHbl0 3(h(EKTUBHOCTH B BHUJIE
ko3 UIMeHTa, OTPaXKAIOMIEro Yroj HakJIoHa oOoOmaromeii 3aBucumoctu (1)
(cm.puc.10) x ocu abcumucc u paBHoro 0,82. Ilpu Tc=1..12K mnpeobnanaromnmm
cTaHOBUTCS (oHOHHBIM MexaHu3Mm CII, coriacHO HakJIOHa 3aBUCHMOCTH (2), ero
s dextuBHOCTH MOHMKAeTcs 10 0,12, T.e. moutu B 7 pa3. B kynparax, npu Tc=40K u
BBINIIE, 3aBUCHUMOCTH (3) CHOBa HWMEET BBICOKYI KPYTH3HY, XapaKTEpHYIO IS
anexktponHoro MexanmsMa CII ¢ sddektuBHOCTRIO 0,88. Ilocmemnee craHOBUTCS
BO3MOYKHBIM IOTOMY, YTO B 3JIEKTPOHHBIX MOAPEIIETKAX C ME MMEET MECTO CHIIBHOE
MO/IABJICHHE TETUIOBBIX KOJCOAHUN “XUMHUYECKUM  C)KaTHEM KpUCTaJla.
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C noMo1ibio MOIEIM ME  YCTAaHOBJIEHO, KAaKOI pa3Mep peleTku U KOdPPUIUEHT
TepMuueckoro pacmupenus aobkeH umetb KTCIL. 3naduenus 3THX mapameTpoB
IIPUBEIECHBI HA puUC.16.

1,E-03

|

1,E-04

—e— Tc=300K
—&— Tc=250K
—*—Tc=150K
e Tc=40K

Ktr, 1/K

1,E-05

1,E-06
0,2 0,25 0,3 0,35 04 045 0,5 055 0,6 0,65
a, HM

Pucl6. Heo6xoaumblie pacueTHble 3HAUCHUS KOA(PUIIMEHTA TEMI0OBOTO
pacuIMpeHusl U pa3MEepOB KPUCTAJUIMYECKON PEIIETKH IS
3amanHou Tc.

B peanbHOCTH, OJHOBPEMEHHO C TEPMHYECKUM pACIIMPEHUEM IPOUCXOIUT
M3MEHEHUE YAEIbHOM 3JEKTPOHHONW KOHIEHTpAluu B 00beMe pemeTku. C MoMoIbo
MOZIeTTH ME BO3MOXKHO y4eCTh M ATO siBiieHHE (cM.puc.13).

IKCNePUMEHTAIbHAS OCHOBA HAHOTEXHOJIOT MU

KOMHATHOTEMIIEPATYPHBIX CBEPXIPOBOJHHKOB

B nHacrosimiee Bpemsi CBEpXIIPOBOAHHMK, paOOTarOIMA NpU  KOMHATHBIX
TEeMIIEPaTypax, MOXKET ObITh U3TOTOBJICH KaK B 0OBEMHOM, TaK U B IJICHOYHOM BUJIE.

Xopsarckuii ucciegosarens sauen Jlropek [28,29] cunTe3mMpoBan o0beMHBIN
CBEPXIPOBOJAHHUK Ha OCHOBE xuMmuueckoro coenuaenus AgsPb,Os, xoTophiii nmeer
CBEPXIPOBOAMMOCTh B Auana3zoHe temneparyp 215..525 K (puc.17). Ha TexHomoruto
U3TOTOBIIEHUS 3TOTO cBepxnpoBogHrKa B 2001T momyyen Hemerkuii mateHt [30].

=0

»] [
&0 -
i -
30 -
Lt B =
To

+ MM

Il 'l | L | L

=0 |- =

Resistance (mil)

100 T s] 00 AL SO0 [iTes]
Temprarature (K)

Fig 3.

Puc.17. DxcnepuMeHTalbHOE  MOATBEPXKICHHE KOMHATHOTEMIIEpATypHOU
ceepxmnpoBoaumocti (342 K =69 C, Danijel Djurek. et al.).
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JI.LH. I'puropos ¢ corpynuukamu (CIIA (KamudopHus)), ycremHo peaar3oBa
IJICHOYHYKO TE€XHOJIOTHIO TOJYYECHUS KOMHATHOTEMIIEPATYPHBIX CBEPXIIPOBOJIHUKOB
Ha ocHOBe moymMepoB (marentel US: 5,777,292 (1998r.); 6,552,883 (2003r.);
6,804,105 (2004r.)). OpranuszoBaHHas Ha OSTONM OCHOBE amepukaHileM Mapkom
lonmecom  dupma “Yinprpakonaykrop” (Room Temperature Superconductors,
InC.) B Hacrosiiee BpeMs JAEMOHCTPHPYET IUICHOYHBIC KOMHATHOTEMIICPATYPHBIC
CBEPXIPOBOJIHHUKHU U TIPOJAET JIMIICH3UU HA UX OMBITHOE MPOU3BOACTBO. CalT GUpMBI:
(http://ultraconductors.com); PexnamHsbrit BUJICOPOJTHK:
(http://video.google.com/videoplay?docid=982633462340432202).

B Poccum wusnoxkeHHble B HacTosAmed pabore  (QU3MYECKHE  OCHOBBI
KOMHATHOTEMIIEpaTypHBIX CBEpXNpoBOAHUKOB mnpuMeHun B.JI. [lepynoB (3A0
“B3IIIT Mukpon”)[31], co3maB sKkcIiepuMEHTaIbHBIC 00pa3Ibl C 3aJlaHHOW BOJIBT-
aMIiepHoM xapakrtepuctukoid (J1aBuHHble BAX) Ha OCHOBE HAaHOTEXHOJOTHHU.
BrInosHEHHBIE WM MAarHUTHBIE HW3MEPEHUS kod(dduirieHTa JIUaMarHUTHOM
BOCIIPUUMYHUBOCTH (—6-10'2) MOATBEPANIN TOCTUTHYTHIN NOJIOKUTEIbHBINA PE3YIIbTAT.

Takum o0Opa3oMm, CO3MaHHBIM MYJIbTHAJICKTPOHHBIM MexanusMm CII  Hamen
NPaKTHYECKOE OATBEPKICHUE.

JIOCTUTHYTBIE TOJOKUTENIbHBIE HSKCIEPUMEHTAIBHBIE PE3YJbTaThl IOKA3aJIN
11e1eCO00pa3HOCTh TPUMEHEHUS! KOMHATHOTEMIIEPATypHOH CBEPXIIPOBOJUMOCTH
NPEeXJe BCEro B JJEKTPOHHBIX Mpubopax. [loaTomMy HUXKE PACCMOTPEHBI TaKHe
BO3MOXHOCTH ucnonb3oBanust KTCII.

3. Bo3amo:xkHOCTH NMPUMEHECHUA MYJIBTUIJICKTPOHHOI'0O MEXaHU3Ma
CBEPXNPOBOANMOCTH B CHJILHOTOYHOM AJICKTPOHUKE.

CoBepHIEHCTBOBaHWE KOHCTPYKLMH 3JIEKTPOHHBIX NPHOOPOB 3a pyOEKOM B
HaCTosIIIee BpeMsl TpuBeno Kk co3ganuto tpansuctopoB LI mokonenus (IRF 2804S),
CITOCOOHBIX KOMMYTHpOBaTh TOokH 10 160 A, mpu Hampsbkenuu 30-40 B. Takue
TPaH3UCTOPHI YK€ HAILJIU IPUMEHEHUE B aBTOMOOUIIbHON MTPOMBIIIJIEHHOCTH.

['maBHas 0COOEHHOCTH TEXHOJIOTUN COBpeMeHHOro moutHoro M/III-Tpan3ucTtopa —
TO KOpPOTKUHM KaHaj, OOeCHeuMBAIOIINNA HHU3KOE COINPOTUBIECHUE OTKPHITOTO
TPaH3UCTOPA B KIOYEBOM pexume. KpoMe Toro, Majoe cOnpoTHUBIEHHE B OTKPBITOM
pexxuMe o0ecneunBaeTcs NapajuleIbHbIM COCIUHEHUEM OTIAEIbHBIX CTPYKTYp CTOKa
(MHOTOKAHAJIBHOCTb) M COOTBETCTBEHHO BEPTHKAJIbHBIM MX PACIOJIOKEHHEM
(BeptukanpHOCTh). B Momubix M/III-TpaH3ucTtopax 0OBEIUHSIOT HCTOKH, CTOKOM,
KakK IPaBUJIO, SABJIAETCS MOJIOKKA.

OnHako BO3MOKHOCTH KOHCTPYKTHBHOI'O COBEPIIIEHCTBOBAHUSI TPAH3UCTOPOB MPU
WCIIOJIb30BAaHWM OOBIYHBIX HOCUTEJEH TOKAa TMPaKTUYeCKH ucuYepmaHbl. Tak,
COKpAIIICHHE JITTMHBI KaHaJla MPUBOJIUT K CHIDKCHHUIO TPOOMBHOTO HAMPSHKEHUS MEXKTY
CTOKOM M 3aTBOpPOM. BBeleHHEe MOMOJHUTEIHHON aAperioBoii N-001acTH MO3BOJSET
COXpPAaHWUTh 3HAUYCHHE MPOOMBHOTO HAMpPSHKEHUS] TPAH3UCTOpPA, HO MPUBOAUT K
BO3PACTaHUIO COMPOTHUBIICHHUS, TaK KaK N-00JIaCTh SIBISETCS] BLICOKOOMHOM.

ITorepu MomHOCTM B  3ieKTpoHHOM  Kiroye Ha  MJII-tpansucrtope
Y
OTIPENICIIAIOTCS TPEXKIE BCETO MOTEPSIMH B OTKPHITOM cocTosiHUM: P=I"crcy. 3HaueHue
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BBIXOJTHOTO TOKa | 3a7aeTcsl BHEIIHEH HArpy3KoM, MO3TOMY IS CHHOKCHHS TTOTEph P
HEO0O0X0IMMO 00€CIICUYNTh, MUHUMAJIBHOE 3HAUYECHHUE [y

s momnoro M/III-Tpan3ucTopa MOKHO BBIIEIUTH CIEAYIOLIME COCTABIIIONINE
CONIPOTHUBJIEHUS B OTKPBITOM COCTOSIHHUH:

frem = rKaH+ rnp + 'n + f'c + Mok + M+ + Mvers
A€ Iy - COMPOTHUBJICHUE KaHAaa,
lp - CONPOTHUBIIEHHE BBICOKOOMHOM CTOKOBOM OOJIACTH;
[y - COIPOTHUBIIEHUE UCTOKA;
f[c - CONPOTUBIICHUE CTOKA,;
lox - COIPOTHUBJIEHUE, BHOCUMOE HEPABHOMEPHBIM PACIPEACIICHUEM TOKA
CTOKA 10 CTPYKTYPE;
I+ - COMPOTUBJIECHUE HU3KOOMHOM 00JacTH CTOKA;
lver - CONPOTUBJIEHNE METAIIN3ALMN UCTOKA U KOPITyca TPAH3UCTOPA.

HanGonpmmii ynenpHblid BEC UMEIOT CONMPOTUBIEHHS [y H [y, 1IpH yBennuenun
HaIpsDKeHUs1 3aTBOp-UCTOK Uy pacter 3apsj 3aTBOpAa U HECKOJIBKO YMEHBIIAETCS
CONIPOTHUBIICHUE KAHANA [y, & CIIEIOBATENIBHO, U IIOJIHOE CONPOTUBIIEHUE TPA3UCTOPA
rcy. OAHAKO Jpyrue COCTABISIIOIIME 3TOTO CONPOTHBICHUS HE H3MEHSIOTCS.
CrnenoBaTellbHO, IPU UCIIOIb30BAHUU TPAJAULIMOHHBIX HOCUTENIEH TOKA — 3JIEKTPOHOB
U JBIPOK HMEIOTCS TNPHUHIMIIMAIBHBIE OTPAaHWYEHMS Ha CHWXXEHHE morepr P B
TPaH3UCTOPE.

HoBbie BO3MOKXHOCTH YMCHBHICHUA IIOTCPb BO3HUKAIOT B CJIYYAC IMPUMCHCHMUA
MYJIBbTHUIJICKTPOHHBIX HOCHUTEJICH TOKa B JIABUHHOM CBCPXIIPOBOAAIICM PCKHUMC

pa6OTBI TpaH3UCTOpAa. Tak kak cBOMCTBa MYJIBTUIJICKTPOHA OTJIUYHBI OT CBOMCTB
ABIPOK U 3JICKTPOHOB, TO MPUBCACM OCHOBHBLIC ITOJOKCHHUA, KOTOPBIMU H€06XOI[I/IMO
PYKOBOJACTBOBATHCA Ipu pa3pa60TKe TCXHOJIOTHH HN3TOTOBJICHUA

MYJIBbTUIJICKTPOHHOI'O TPAH3UCTOPA.

1. Heobxo0umo ceecmu K MUHUMAIbHO  803MONCHOMY 3HAUEHUIO
KOHUeHmpayuio 00bl4HbIX INEKMPOHOE U ObIPOK 6 KaHAle, MAK KaK Hoc/leoHue,
83AUMOO0CIUCMEYsT ¢ PpeuemKoll  Kpucmainga, Oarom OCHOBHOU 6K1a0 6
conpomuenenue (Vy,* ).

PealbHO TOK TpaH3UCTOpa B JABUHHOM CBEPXIIPOBOASIIEM PEKUME Y
MPEJCTABIAET CYMMY TOKa JBIPOK, SJIEKTPOHOB U TOKA MYJIbTUAJIEKTPOHOB;

IHH = Ie,h + Ime .

Ecnu AbIpKy U 3JIEKTPOHBI OTCYTCTBYIOT, TO cocTaBistomas lep = 0 u TOk yepes
TPaH3UCTOP 0OECTeUrnBaeTCsl TOJBKO MYJIbTHAJIEKTpOHAMU. B pesysnbTaTe BBIXOAHOE
muddepenumansHoe conpoTuBienne Tpanzucropa Ry = 0. Eciau IbIpku U 37€KTPOHBI
MPUCYTCTBYIOT, HO UX KOHUEHTpAIMsl MEHbIIE KOHIEHTPAIMU MYJIbTUIIEKTPOHOB, TO
TPAH3UCTOP HMEET BBIXOAHYIO S - 00pa3HyI0 BOJBTAMIIEPHYIO XapaKTEPUCTUKY
(BAX) ¢ xapaKkTepHbIM y4aCTKOM OTPHIIATENLHOTO conpoTuBieHus: Ry< 0.
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CrnenoBarenbHO, B JIABUHHOM CBEPXIIPOBOJSILIEM PEKUME HE00X0AUMO
obecrnieunBaTh MUHUMAJIBHYIO KOHIIEHTPAIMIO AJIEKTPOHOB U JIbIpOK. Bkiiag me B TOK
po60os (Ime) MOXKHO OLIEHUTH, CHSIB AKCIEepUMeHTabHO BAX.

I[anee IIPOU3BOAUTCS PACUET I1I0 CI)OpMy.HaM:
Ime = UJIH/ RJ‘IH - RJ’IH/Rd *U
Nnu

Iy /(1 + 1/M)

3necb Uy, Ry, - HanpsbkeHue U CONPOTUBIIEHUE B PEXKUME JJABUHHOTO MPO0O0s

Ime

M0 CIPaBOYHBIM JAHHBIM JIJIsl BRIOPAHHOTO TIEPEX0/1a;
U, Ry - Tekymue HanpspokeHue U Aud . conpoTUBICHUE;
s - CyMMapHbIN (M3MepsAEMbIi) TOK uepe3 P-N mepexo/t;

M — ko3dduimeHT JaBUHHOTO YMHOXEHHs, 3aBUCHUT oT U, m U,
paccuuTheiBaeTcs 1Mo Qopmyne Mwuiuiepa A BBIOPAHHOTO TEPMaHUEBOTO WU
KPEMHHUEBOTO MePexo/a:

M =1/(1-(U/U,)" , n=2..6, B 3aBUCHMOCTH OT THIIa IEPEXO/IA.

JUia  peanu3anii  3TOTO  TIOJOXKEHHUS CJIEAyeT MPUMEHITh H30BAICHTHOE
nerupoBanne kananma (Ge, Sn). Ecrte ganHple, dYro rerepocTpykrypa Ge-Si
o0ecrieunBaeT yBEJIIMUCHHE ITOABMKHOCTH HOCUTEINeH He MeHee 25%.

2. YVnpaenamv J1AG6UHHBIM NPOOOEM U  NEPECOOOM  MPAH3UCMOPA 8
ceepxnposooauiee cocmosHnue ciedyem Hnymem U3MEHEHUs HANPANCEHUA Ha
INEKMPUUECKU UZ0TIUPOBAHHOM YNPAGIAIOUEM INeKmpooe (3amaeope).

OOb14HO JaBUHHBIA pEXHUM JOCTUTaeTcss IyTEM IOJa4d IOBBIIIEHHOIO
HaNpsKEHUS, BBI3BIBAIOIIETO TPOOOM, MEXAy UCTOKOM U CTOKOM. B aToMm cityuae s
CO3/1aHHS  BBICOKOM  HANpPsIKEHHOCTH  JJIEKTPUUECKOTO  IMOJIA  MCIOJIb3yeTcs
OOpaTHOBKJIFOUEHHBIN CTOKOBBIM P-N Mepexoj;, UMEIOLIUI BBICOKOE COIPOTHUBIICHUE.
OpHako TMpH HCMONB30BAaHUM B TPAH3UCTOPE OE3MEPEXOJHBIX CTPYKTYp, (UTO
LEJIECO00Pa3HO MJII CHHKEHHUA [yy;) TOJYYUTh HEOOXOIMMYIO HANPSKEHHOCTh
AIEKTPUYECKOr0 IOJSl TAKUM CHOCOOOM CTaHOBUTHCS HEBO3MOJKHO, TaK Kak 3TH
CTPYKTYPbI UIMEIOT MaJIO€ CONPOTUBJICHUE.

B cllydae yIpaBlIeHHS JIAaBUHHBIM TpoOoeM dYepe3 3aTBOp, KaHal
MYJIBTHIJICKTPOHHOTO TPAH3UCTOPAa MOKET OBITh M3TOTOBJIICH B BUAE aHAIOTa V —
0a3bl IMOJIEBOTO THPUCTOPA (BBICOKOOMHOW OOJIACTH N-TUMA, KOTOpas H3-3a MAaJloi
KOHIICHTPALMU JIOHOPOB TI0 CBOMM XapakTepUCTHKaM OJIM3Ka K COOCTBEHHOM
MPOBOJIUMOCTH TOJTynpoBoAHKMKa [Si]). PaccumTaHHbie  30HHBIC JUArpaMMbI IS
pa3IMYHBIX TUICHOYHBIX TEXHOJIOTUH KaHaJla Mpe/ICTaBICHbI Ha puc.18.
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Puc.18. 3oHHbBIC AMarpaMMBbl IIPY U30BAJICHTHOM JierupoBaHuu Ge/Si MIeHOK:
a)— 0e3 ynpyrux aedopmariiuii; 0) — na momioxke Ge(001);

B) — Ha notoxke Ge (001).
B Tabmuiie 2 pacCMOTPEHBI BO3MOXKHBIE MPAKTHYECKHE BAPHAHTHI TEXHOJIOTHIA
CBEPXITPOBOIAIIETO KaHAla MYJIbTHIJICKTPOHHOTO TPAH3MCTOPA,  YUHUTHIBAIOIINE

YKa3aHHBIC ITOJIOKCHU .
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Texunosnorus KTCII Tpan3ucropa

Ta0muna 2

CytecTByromas
TEXHOJIOTHS
Pexkomennaruu TTOJIMMEPHBIX
Orarmsl Aat . P TexHonorus
Ne MYJBTUIIIEKTPOHHOW | CBEPXIPOBOJIHHUKOB
TEXHOJIOTHU MYJIbTUJIEKTPOHHOTO
/1 KTCII TEOpHH (ITarenter US TpAHBHCTODA
cBepxmnpoBoaumoct | 5,777,292 6,804,105) p P
1 2 3 4 5
> 76,8 %
KOBAJIEHTHOM
Marepuaibl ¢ . .
Br16op marepuana CBSI3U: IMpumenenue [Si],
1 npeodi1agaHueM
KTCII . TOJTHIIPOITHIIEH, [Ge]
KOBaJICHTHOU CBS3H
MOJINYPETaH,
BHCKO3a
OO6pa3zoBanue
CBOOOIHBIX
Coznanne dopMupoBaHUE A
AJIEKTPOHOB,
CBEPXITPOBOIALITIX MOJIPETIIETKH U3
9 CO3/IaHUE U3 HUX OnexTpoHHas
HOCHTEJICH TOKa MynbTHIIEKTPOHOB
2 . CyTIEpPTIOISIPOHOB, pemieTka Tumna
HE00X0 MO C 33IaHHBIMH :
yIOpsA0UNBaHHE anmasa B [Si], [Ge]
CTPYKTYPHI pasMepamu u CTOVKTYDEL
peLIeTKu BenuunHoi KJITP PYKTYP
CBEPXITPOBOIALITIX
KaHaJIOB
Oo6orareHue
MaTepuana
Coznanue
OGecmeueHmne . CyTepIOsIpOHAMHU
o QJICKTPOHHOU 8 9 3
HEOOXOIMMO¥ mo 10°..10° cm
N KOHIEHTPAIIH [T NzoBanenTHOE
3 ANIEKTPOHHOM myTeM
(hopmupoBaHus . nerupoBanue [Sn],
KOHIIEHTPAITUN AIEKTPOCTATHIECKOM
. CBOOOTHBIX [Gel, [C]
HOCHUTEJICH 00paboTKHu
MYJIBTHAIIEKTPOHOB
HanpspkeHuem 5..10
KB
Peammzamus apdexra dopMupoBaHue
oOpaTHOTEMIIepaTypH Hanbimenuem
N N . OnuTakcuanbHAsL
N oi CJIOEBOM MJICHOYHOH
4 Co3nanue cinoeBoi CBEpXIPOBOINMOCTH CTOVKTVDLL ¢ TEXHOJIOTHSI
ctpyktypst KTCII pXIIp PYKTYP CBEPXIIPOBOJSALLETO
MyTeM NPUMEHEHUS paznuuabsiMu KJITP
KaHajia TpaH3uCcTopa
CJIOEB C Pa3IHYHBIM JUTSI TIO/ITIOKKU U
KJITP rnojauMepa
JlazepHas u Jlazepnas JlazepHas u
CraOun3anus P PHad, P
AJIEKTPOMAarHUTHAS MarHuTHasl, AJIEKTPOMAarHUTHAS
5 CBEPXIIPOBOISIINX
HOCHTENCH obpaboTka ¢ YIBTPapHUOIETOBASO oOpaboTka ¢
TEPMO3aKaTKOH O6paboTka TEPMO3aKAITKON
. N3mepenue
TexHnonoruueckum . [IpeunsnonHas
6 IIOCTOSTHHOM pemeTkd | He mpemycmoTpeHo
KOHTPOJIb ToMorpadus

¢ TounocTeo 107
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Texnosoruyeckue tpedoBanus k u3rorosjenno KTCII u BTCII

KoMHaTHO- W BBICOKOTEMIIEpATYpPHBIC CBEPXIMPOBOJAHUKHA B BHIE OO0OJOUCK C
M30JSIIMed HEOOXOAMMO M3TOTOBISATH IO HAHOTEXHOJOTHH W3 COSAWHEHUH C
npeo0IaaHreM KOBAJICHTHOW CBS3U. OTH COCOUHEHUS HEOOXOIUMO TIOJBEpraTh
JA3epHOU W DJIEKTPOMArHUTHOM 0O0pabOTKe C TEPMO3aKAJIKOW JJIsi  YCTOWYMBOIO
o0pa3oBaHMs U CTAOMIN3ALNN MYJIbTHIIEKTPOHHBIX HOCHTENCH Toka [32-35].

OCHOBHBIM TpeOOBaHMEM K CpEACTBAM JIUArHOCTUKH TEXHOJIOTHYECKOTO
npolecca SIBJISIETCSl KOHTPOJIb pazMepoB kpuctamuinyeckoit pemerku KTCIT u BTCIT
¢ To4HOCTBIO He MeHee 107 (ceMb 3HAKOB mOCIIe 3aIIATOiN).

BbIBO/bI
1. C nomouiplo 0O0O0OIIEHUSI HKCIEPUMEHTAIBHBIX JAaHHBIX HCKYCCTBEHHOMN
HEWPOHHON CEThI0 W HOBOW METOJMKHA OO0pabOTKH KapT DJIEKTPOHHOM

IJIOTHOCTH pa3paboTaHbl (HU3NUYECKHUE OCHOBBI MYJIBTURJIEKTPOHHOTO
MEXaHU3Ma CBEPXMPOBOAUMOCTH.

2. YCTaHOBJIEHBI OCHOBHBIE CBOMCTBA HOBOH KBAaHTOBOM 4YacTHUIBl -
MYJIBTURJICKTPOHA. Co3znaHa ero MaTeMaTH4decKasi MOJIeb, ITO3BOJISIOIAs
pacuyeTHBIM METOJOM HAaXOJUTh OCHOBHBIE IMAapaMeTphl Ipollecca U CBOWCTBA
CBEPXIPOBOIHUKA npu KOMHATHOM TeMIeparype. ITomyyeno
AKCIIEPUMEHTAIBHOE MOATBEPKICHUE MYJIBTHAJIEKTPOHHOU
ceepxmpoBoaumoctd Ha 3A0 “B3IIII Mukpon™.

3. IIpakTnueckoe 3HAUCHUEC pa3pabOTaHHBIX buznueckux OCHOB

CBCPXIIPOBOANMOCTH 3aKIOYACTCAd B TOM, YTO OTHU OCHOBBI ITO3BOJIAIOT
OIIpCACIINTL OCHOBHBIC OIICPpAINHN HAHOTCXHOJIOI'MM KOMHATHOTCMIICPATYPHBIX
N BBICOKOTCMIICPATYPHLIX CBCPXIIPOBOJHHUKOB, 4 TAKKXC JdaTb PCKOMCHIAIINN
IO UX H3T'OTOBJICHUIO C 06p8,30BaHI/I€M MYJIBTUIJICKTPOHOB.
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