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Bbinn nposegerbl nccnegosanust TpaHcnopTHoix ceoicte MAM-ctpykTtypel Fe/SiO2/n-Si B Buge guopa LLoTT-
KN Ha NepemMeHHOM TOKe B MarHuTHbiX noasix go 9 Tn. O6Hapy>XeHHbI# COBUT MaKCUMYMOB Ha TEMMepPaTypHbIX
3aBNCUMOCTSX LeNCTBUTENBbHOR YacTy UMMNeaHca B MarHUTHOM MOJie, COMpOBOXAaeMblli 3chdeKTOM MarHu-
Toumneganca (MU), npoucxoanT Tonbko Npu onpeseneHHoli OpUeHTaLn Nosisi OTHOCUTENIBHO MJIOCKOCTM 06-
pasua. BeisieneHo, uto MU cBsizaH ¢ nepesapsigkoii npumecHbix coctosiHuii. Beuin paccunTtanbl aHeprun Eg
MPUMECHbBIX COCTOSIHWIA B MarHNTHOM MOJie, @ TaKXKe B €ro OTCYTCTBUU. DHEPrusi NPUMECHbIX YPOBHEN HennHeil-
HO 3aBUCUT OT MarHUTHOIO MOJSi N MOXET BbITb KA4YECTBEHHO ONUCaHa B paMKax Teopun ruraHTckoro acbdekta
3eemaHa B pa3baB/ieHHbIX MarHUTHbIX NOJYNPOBOAHMKAX. Henb3s Takxe UCKAOYaTh BKNAA APYrX MexaHn3-
MOB BO3AeliCTBUS MarHUTHOro noasi Ha TpaHcnopt B M/M-cTpykTypax Ha nmepemMeHHOM TOKe U, B H4aCTHOCTH,
Ha nepesapsiiky NPUMECHbIX COCTOSIHWMA, 4TO TpebyeT panbHelwero nccneposanusi. [onyyeHHblie pesynbTaThl
MoryT obecne4unTs bonee rnybokoe NoHMMaHNWE NPUPOALI MarHUTOPE3NCTUBHbIX 3hheKTOB B NONYNPOBOAH KO-

BbIX MaTepmasnax v UCMOJb30BaTbCA Npy pa3paboTke 1 CO3A4aHNN HOBbLIX YCTPOWCTB MArHUTO3IEKTPOHUKM.
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1. BBEAEHUE

CrpyKTyphI
nonyuposonuuk (M/IT)  sBisiorcs BaKHBIM — KOM-
[IOHEHTOM COBDEMEHHO! 3/eKTpOHHKH. OHU IITHPOKO
UCHOJIB3YIOTCS B HOJIyIPOBOJHUKOBON — TEXHOJIOTMH

MeTaJIJI— IUJICKTPUK—

U HaXOAAT MHOTOYHUC/IEHHBIC IPUMEHEHUS B JIEKTPO-
uuke [1], onrosnexrporuke [2] u Guosnekrponuke [3].
MJIII-crpyKTyphl JiezkaT B OCHOBE 1008 [4], koropbie
B HACTOsIIEe BPEMs MOJIYyUU/IU JajibHelllee pa3BuTue
B HOBBIii TUII TYHHEJILHBIX JIUO0B, 00JIaIAI0IIIX MEHb-
MM TOKOM OOGDATHOTO CMEIEHHsI W 00JIee BBLICOKUM
NEPEXOIHBIM TOKOM [5]. VI3roToB/IeHre OJIEBLIX TPaH-

* E-mail: bia@iph.krasn.ru
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sucTopoB Takxke cBazano ¢ MII-crpykrypamu [6].
Ha coBpemeHHOM 3Tame pa3BUTHS TEXHOJOTHU IPO-
M3BOJICTBA, TIPEJJIATAIOTCA PA3IUIHbIE PENICHUS IS
YIYUdIIeHUs XapaKTEPUCTUK YCTPOMCTB Ha OCHOBE
M/III, mampumep, TPAH3UCTOPHI C BBICOKON ITOIBUK-
HOCTBIO 3JIEKTPOHOB C JIBOMHBIMH H30JATOPAMH JIJIsI
YMEHBIIEHUsT TOKa YTEUKH Ha 3aTBOpE, yJIydIIeHUs
BBIXOJIHBIX M CHJIOBBIX xapakrepuctuk [7]. Coszmanme
HAHOCTPYKTYP PACHIMPUJIO TIPUKJIAJHONW IMOTEHIMAJ
MOJIyTPOBOJIHUKOBBIX TIPpUGOPOB. 1losIBHIIACh BOZMOXK-
HOCTH WCIOJIB30BATH HAHOIMPOBOJIOYHBIE yCTPOHCTBA
JUIsl  peau3alud  KBAHTOBBIX W
TPAaHCHOPTHBIX 3(P@PEKTOB B  HOIYIMPOBOIHUKOBBIX
npubopax [8] u npu usrorosiaeHnn 6uoceHcopos [9].

CIIMH-3aBUCHUMBbIX

l'ubpugnble CcTPYKTYpHI
KaTh BHUMAaHWE HUCCJIeoBaTeseil B CBA3U C IIUPOKUM

MIPOJIOJI?KAIOT — IIPUBJIE-

CIIEKTPOM HX IPUMEHEHUd JJId PelleHud COBPeMeH-
HBIX 3a7a4, B TOM 4qucye sHepreruku [10]. BaxkubiM
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HalpaBJIeHHEM B 9TOH 00JlacTH SABJISETCH HU3yde-
HUE TPAHCIOPTA 3IJIE€KTPOHOB M WHIYIUPOBAHHBIX
MATHUTHBIM 10J1eM 3G dEKTOB, HAIPUMEP, MArHUTO-
conporusienust (MC) [11, 12] u MarHuTOMMIIEHAHCA
(MI1) [13]. CucreMbl ¢ IUMraHTCKUM MATHATOMMIIE/AH-
com (CMU) npeacTaBiasioT 3HAYMTENbHBIH HAyIHBIH
uHTEpeC, OOYCIOBJEHHBIl  CyNIECTBEHHBIM
UAJIOM Il TPUMEHEHHSI B MATHATHBIX CEHCOPAX
u jpyrux ycrpoiicrBax [14]. Kpemuuii B Hacrosiee

IIOTEH-

BpEMsl SIBJISIETCsl HAMOOJIee IMIUPOKO HCIIOJIB3YEMbIM
MaTepruajioM Jjis AHAJOTOBBIX U WHMOPMAIMOHHBIX
cxeM um cucrteM Ha kpucrauie. B M/III-crpykTypax
Ha OCHOBE KpeMHUs HAOJIOMAIOTCS pa3andnbe 3pdek-
o1 MC, Hampumep, 35-IIPONEHTHBIN OTPUIATETHHBIH
abdexr MC B jguone IMorrku (CozFeAl)/p-Si, o6y-
CJIOBJIEHHBIH CHUH-3aBUCAMBIM TPAHCIIOPTOM B PEXKIIME
obpaTHOrO cMereHus [15] Wi CBA3AHHBIA ¢ KpeMHIEM
apdexkr MC, omucbiBaeMbIi c1aboi  JIOKAJIH3AIIEH
U JIDyTMMH MeXaHH3MaMU KBAaHTOBOI'O TPAHCIOPTA
B Si, sgermpoBanHoM Sb u obmydennom Xe+ [16],
U HOJUKPHUCTAJUIMYECKOM  KPEMHHU-HA-M30JIATOPE
(KHI) [17].

Panee mbI coobmam 06 MHTPUTYIOMIUX TPAHCIIOPT-
HBIX U MATHUTOTPAHCIOPTHBIX CBOWCTBAX CTPYKTYD
merasn/Si02/Si [18]. Mbl 0GHAPYKHUIN BJIMSHEE Mar-
HATHOTO TOJIsT HA CTPYKTYPBI HOJOOHOTO THIIA U IIPO-
JIEMOHCTPUPOBAJIN BO3MOYKHOCTH YIPABJIEHUSI UX CO-
[IPOTUBJIEHUEM C IOMOIIBIO HANPSI?KEHUsT CMEIIEeHUSI.
WccnemoBanust mokaszaim, 49To Bo3HuKHOBeHWEe M-
addekTa HeTb3sT 00bICHUTD (DEPPOMATHUTHBIM COCTO-
SIHEEM MeTaJlnaeckoii mienku [19] u uro adgdekr Bos-
HUKAET HE3aBHCHMO OT THIIA W TOJIIUHBI U30JIATO-
pa B koHcTrpyknuu auonos Ilortkum. Takke Mbl Ha-
Gurrotann aragornaHbii addekt B crpykrypax (KHIT)
U YCTAHOBUJIU, UTO BeaudnHa 3dderTa B 3Tux obpas-
nax sbime [20]. Ha ocHoBamME MOTyYeHHBIX pe3yiib-
TATOB MbI IIPEIIOJOXKIIN, ITO ITO sIBJIEHNE BO3HUKA-
eT m3-3a BO3JIEHCTBUSI MATHUTHOIO IIOJISI HA 30HHYIO
crpykrypy auogos [Horrku [21]. Ha naHHbIi MOMEHT
Boripoc 06 m3menenun 3ddexkra MU npn uzmeHeHmn
BEJINYUHBI W HAIPABJIEHUS MATHUTHOTO TIOJISI OCTAeT-
cst 6e3 orBeTa. [locKOIbKY KOMILIIEKCHBIE NCCIIEI0BAHUS
B 9TOit 00JIACTU OTCYTCTBYIOT, HAIIU UCCJIEOBAHUST MO-
I'yT IOMOYb PACIIUPUTDH MOHUMAHHUE TIPUPOJIBI JTAHHOTO
SIBJICHUSI.

2. 9KCIIEPUMEHT

Jlsist TIpOBejieHWsT SKCIIEPUMEHTa OBLIN W3TOTOB-
aerast MIT-crpykrypsr Fe/SiOs/n-Si u ycrpoiictso
B Buae muoma Illorrku ma mx ocmose. Ilosmkpucras-
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Judeckas IUleHKa Fe Oblia HaHeceHa Ha BEPXHIONO
9acTh JIETHPOBAHHON (hochopoM KpeMHHUEBOI ILIaCTH-
el (100) ¢ ymespHBIM comporusiaeHueM 7.5 OM-cMm
(n ~ 10'% cm~3) ¢ menob30BaHEEM TEPMEIECKOTO HC-
napenust. [10/102KKu ObLITH OYUIIEHBI XUMIIECKIM Me-
TOJIOM, & 3aTeM MOMENEeHBl B POCTOBYIO Kamepy [22].
Ilocsie aTOro0 MOIOKKM OT?KUTAIIACH B YCJIOBUSX CBEPX-
BBICOKOTO Bakyyma (octarodnoe masiaennme 1078 Ila)
npu Temmeparype 400 °C B Teuenune 30 MuH 1y1d yaasie-
HUsl OPTaHUYECKUX 3arPA3HEHUI C IIOBEPXHOCTH KPEM-
nus. IlonrorossienHast CTPyKTypa IpeJCcTaBiisijia CO-
601t TOIOKKY n-Si TosmuHol 350 MKM, CJI0it OKCHIa,
(SiO2) ToMmuUHOK 2 HM W IUIEHKY »KeJie3a TOJIIUHON
12 um. Ha puc. 1 nmoka3aHo momnepevHoe cedeHue mpo-
cBeanBaronieil asiekTpoHHol Mukpockonun (IT9M) cun-
TE3UPOBAHHOU CTPYKTYpPbI. BUIHO, YTO BCe CTPYKTYP-
HBIE CJIOM JIOCTATOYHO POBHbBIE, C YETKUMHU I'DAHUIIAMU,
6e3 B3amMHOI quddy3un.

100nm

Puc. 1. N5M un3sobparkeHne nonepeqHoro cevenns untepdeii-
coe ctpykTypbl Fe/SiO2/n-Si

Ha ocHoBe 1oJiy4eHHOl CTPYKTYPhI OBbLI H3rOTOB-
nen muon IloTTku pasmepoM 3 X 3 mm2. MaMmepenus
MMIIEIAHCA CTPYKTYPBI OCYIIECTBIISJINCH IBYX30HIO-
BoIM MerosoM. Ha mrenke Fe m momoxkke n-Si ObI-
Jin ¢c(POPMHUPOBAHBI OMUYECKNE KOHTAKTHI C HUCIIOJIB30-
BaHUEM SIIOKCHUIHOIO KJjesl Ha ocHoBe cepebpa. ILmo-
Ma/Ib KOHTAKTHBIX IIOMAI0K cocTansia 1 mmZ. Cxe-
Ma yCTPOMICTBa IIpeJICTaB/IeHa Ha BCTABKE K PHUC. 2.

Jlsist m3MepeHus TPAHCIOPTHBIX CBOMCTB Ha TO-
CTOSTHHOM TOKE WCIIOJIb30BAJICS JIBYXKAHAJBHBIN 1C-
tounukomep Keithley 2634b. BAX M/JIII-cTpykTypst
(puc. 2) UMEIOT BHINPSMIISIONIUI XapakTep, 9TO CBUIE-
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Puc. 2. Bonbt-amnepHble xapaktepuctuku MAMN-cTpykTypbl.
BcraBka: cxemaTnyHoe nsobpaxeHue ycTpoiicTBa

TeJILCTBYET O (POPMUPOBAHUY B KPEMHUU O0OJIACTHU TIPO-
CTPAHCTBEHHOTO 3apsa u Haanauu Oapbepa [HlorTkn
Ha rpaHuiie paszena. TpaHCIIOPTHBIE U MATHUTOTPAHC-
[IOPTHBIE CBOMCTBA OOPA3IOB UCCJIEIOBAIUCH C TOMO-
IIBIO YCTAHOBKY I U3MepeHus pU3nIecKux CBOWUCTB
Quantum Design (PPMS-9). lamepenust npoBoauInch
B Jmara3one Temnepatyp ot 5 g0 300 K Bo BHemrHmx
MarHuTHBIX nosgx g0 9 Tu. Hanpasienne marauTao
nosist H MeHSJI0Ch OTHOCHUTEJIHLHO TIJIOCKOCTH 00pa3l
U HAIPABJIEHUsI TIEPEMEHHOTO TOKa. V3MmepeHus e
CTBUTEJIbHON M MHHUMOI 4YacTeil uMMIIeJIaHCa OJHOBD
menHo nposogmwinchk Ha LCR-merpe Agilent E4980.
Yacrora 1mepeMeHHOTO TOKa BapbUpPOBAJACh B IIPEJ
gax 20 I'm—2 MI'm.

3. PE3VJIBTATHI 1 OBCY2KJEHUE

IIpu uccienoBanuy TeMIepaTypHBIX 3aBUCHMOCTY
JeficTBUTEIbHON YacTy uMmneaanca Z = R+ 11X Ha 1
PEMEHHOM TOKe ObLI 0OHApy2KeH IuK Ha Kpusoil R(%
ke 50 K (puc. 3). Ilox meficTBueM MarHATHOIO II
a8 H MaHHBIA UK CABUTaeTCs B 06J1acTh H60J1ee BBIC
kux temneparyp. CaBmkka cocrasiser okoso 2 K g
marauTHoM 1ose 1 To. Ilogobable ocobeHHOCTH MM
JIAHCA XOPOIIIO M3BECTHBI U3 CIIEKTPOCKOIINHN & IMUTTan-
Cca, OCHOBAHHON Ha& HU3MEPEHUAX AeHCTBUTEJbHON 4Ya-
CTH aJMHUTTAHCA HA YACTOTaX U TeMIlepaTypax, obec-
[IEYNBAIOIIUX CKOPOCTH SMUCCUU HOCHUTEJIEH C JIOBYIIIEK
CPABHUMYIO C 4aCTOTOI n3Mepenuit [23].

IMuku Ha kpupoit R(T) MOXKHO OOBSICHUTH HAJI-
queM IMPUMECHBIX COCTOSHWII U UX yIaCTUEM B IMUC-
cun/3axBare Hocureseil. Korga upu onpezeneHHOi
TeMiepaTrype ypoBenb Pepmm FEpr Haumnaer mepece-
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E 2.OX106- ‘: Es = 41.9 meV
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Puc. 3. TemnepaTypHas 3aBUCUMOCTb AeliCTBUTENBHO HacTw

umneganca R(T) 6e3 nons v B none H = 1 Tn B AByX Ha-

npasnexusix. Bcraeka: saBucnmocTs In(w) ot obpaTHoii nuko-

BOUi TeMnepaTypbl 4J151 ONpPeAeneHNst SHePreTUHeCKNX ypoBHeE
NPUMECHbIX COCTOSIHMIA

KAThb YPOBHU SHEPIUU ITOBEPXHOCTHBIX COCTOsHM Fg,
repeMeHHoe cMmerienne V, . MoayaupyeT nojoxenne Fg
OTHOCUTENHHO Fp, MHUIMUPYsI 3aXBAT/IMUCCUIO DJIEK-
TPOHOB C MMOBEPXHOCTHBIX IEHTPOB B 30HY MTPOBOINMO-
cru (puc. 4).

Ec

Si0: E

n-Si

Puc. 4. Cxema 30HHOIli guarpammbl obpasua. Er — ypoBeHb
®epmu, Es — nprMecHble ypoBHU, H — MarHutHoe nose,
Vac — NpUAoXeHHOE NepeMeHHOe HamnpsiKeHune

Makcumym Ha R(T) [mo/KeH COOTBETCTBOBATH
w({te) = 1, rme w 2nf — yruoBas gacrora Vi,
a (To) — CpeiHee BpeMsl DEJIAKCAINH, OIIPEJIeJISO-
mee 3apsanKy/pa3psanKy HHTEPQEHCHOTO COCTOSHUS.
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Wsamenenne moOJIOXKEHUsT MUK B MATHAUTHOM TI0JIE
BOZHHMKAET TOJIBKO TOIJIa, KOIJia I[10Jie HAIPABJIEHO
[apaJjulesibHO IIOCKOCTH CJIOEB 00pa3na U MepIIeH u-
KYJISIDHO HanpasyieHuIo rnepemeHHoro toka (H L ja).
B mporusrOoM ciyuae mamHBI 3ddeKT HE BO3HUKAET.
JIist OTeHKU 3HEPIUM IPUMECHBIX IIEHTPOB B HyJIe-
1

BOM U HEHYJIEBOM MArHHTHOM IOJI€, HCIIOJIb30BAIOCH
BhIpazkeHue [24]
<To>>

rae T, — nosoxenne MakcuMyMma Ha R(T') mpu mocto-

— ES
ksT,’

In(w) = ln( (1)

SIHHON w, (Tp) — CpeiHee BpeMs DeJlaKCcaluu, kg —
nocrostHHasi bosbiMana. Bennauna sHeprun oreHuBa-
JIaCh C IOMOIIBIO JIUHEAHON annpoKCUMAaIIUU IKCIIEPU-
MeHTasbHOl 3aBucumoctn In(w) or 1/7), u n3Biedenust
HAKJIOHA JINHUY AIIIPOKCUMAaNuy (BCTaBKa Ha pHC. 3).

ITostyieHHble SHEPIUU IIPUMECHBIX I[EHTPOB COCTAB-
asiior Eg(0) = 37.7 M3B Jy1st HyJ1eBOro MarHUTHOT'O 110~
ag u Eg(H) = 41.9 maB ga H = 1 T D71u 3uaue-
HUsT XOPOIIIO COTVIACYIOTCSI C dHeprueit mpumecu docdo-
pa Juig n-mojytoKKu Si [25]. DHepreTuueckne ypoBHH
IIPUMECHBIX COCTOsiHH cMmernatoTces Ha 4 M3B mof neii-
CTBHEM MAarHUTHOTO 1oJjist. Jljist cpaBHEHUsT 3eeMaHOB-
CKO€e paclIellJIeHre 3TUX yPOBHell cocTaBideT He Oojiee
0.06 M3B mpu S =1/2 u H = 1 Tu. DHeprust 3eemana
OIIEHUBAJIACH TT0 (POPMYJIE

AEz = gﬂBH‘L (2)
rae pp — maruetoH bopa, g — g-daxrop Jlange, H —
MarHuTHOE ToJie, J — TOJTHBIN yIJI0BOM MOMEHT 3JIEK-
TPOHA.

JI71s1 BBISICHEHUSI IPUPOJIBI STOTO SABJIEHUS] MATHUT-
HOE TI0Jie B dKcrepumeHTe ObLao yBeaumueno mo 9 Tor.
Kak Buano ma puc. 5, cmemenue nuka va R(T) B no-
Jie, OpUEHTUPOBAHHOM IEPIIEHUKYIIAPHO TOKY jge, CO-
crabisiter yxke b K. OmHako MOXKHO 3aMeTHUTh, UTO
W TpH JPYroil OPUEHTAIIUHU IOJs THMK TaKKe CMEIIa-
ercsa Ha 1 K, wero He mHabiromamoch B 6oJiee caabbIX
MAarHUTHBIX TOJISX.

OuenuBas HEPIUU MPUMECHBIX IEHTPOB, MOJIYYa-
em Fg(0) 39.5 M3B B Hyse€BOM MArHUTHOM IIOJIE
u FEg(H) = 45.6 M3B B marauraoM nosie 9 Tur. Usmene-
HUe SHEPTUHU COCTaBIseT 0KoJI0 6 M3B. O 1HAKO 1 B 9TOM
cllydae B II0JIe, NaPaJUICIbHOM TOKY, TAKYXKE UMEET Me-
cro casur Ha 5 M3B g0 smeprum Eg(H) = 44.3 m3B
(puc. 6). B To ke Bpemd ciielyer OTMETHUTH, YTO 3HAE-
Hus (7o), XapaKTepU3yOIIue 3apsAIKy /Pa3psaIKy IIpHU-
MECHOTO COCTOSTHHSI Ha TIEPEMEHHOM TOKe, TAK¥Ke pas-

JIMYAIOTCS JIst 9TUX JIBYX HAIIPABJICHUI: DA3HAIA MEZK-
Iy (T0)par 1 {T0)perp cocTaBisger okoso 10 %. dpyrumn
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8.0x10° f = 10 kHz

LI B e S S S i S i B e i e e e e
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T, K

Puc. 5. TemnepaTypHasi 3aBUCMMOCTb AEACTBUTENLHOW Ya-

ctv umnegarca R(T) 6es nons n 8 none H = 9 Tn B AByX

HanpaBneHusix. BcTagka: cxemaTnyHoe nsobpaxxeHne ycTpoii-
CTBa C yKa3aHWeM HanpasfeHWii MarHUTHOro Noss

CJIOBAMHU, XOTsI MArHUTHOE II0JIe CMEIaeT SHepreTude-
CKHil ypOBEHb TOYTU OJUHAKOBO, 3(DHEKT, OUIE€BHUIHO,
AHM30TPOITHBIN, HE3ABUCUMO OT OPUEHTAIINYA MATHUTHO-
r'O TIOJIsT OTHOCUTETBHO Jgc-

144
124 H=0
1 H Es=39.5 meV
€ 10+
= |
—
84 Es=45.6 mev
Es=44.3 meV
6_

0.030 0035 0040 0045 0050 0.055 0.060
1/Tp

Puc. 6. 3aeucumoctsb In(w) ot obpaTHol TemnepaTypbl nuka

1/T, pns onpepeneHnst SHEPreTUHeCKUX YPOBHEN MPUMECHbIX

COCTOsIHWIA B oTCcyTCTBUE nosisi u B none H = 9 Tn B gByx
HanpaBsieHnAX

Hnsa opuentaruu monss H | j,. mpu Temmeparype
okosio 20 K mabmomaercss HeboJIbINoOil eperud, cBujie-
TEJILCTBYIOINI O HAJMYUN Jpyroro nuka. Mojeaupyst
9Ty 0COOEHHOCTDH PA3JIOXKEHUEM Ha, COCTABJISIONINE, MBI
BUIUM, YTO HambOJIee TOYHOM SIBJIIETCST MOJETb TPEX
[IUKOB, CKPBITBHIX B OJHOM (puc. 7). DHEpruu moJjrydeH-
HBIX OCODEHHOCTEH JIOCTATOYHO OJIM3KHU 110 3HAYEHUSIM
(Es1 = 45.8 M3B, Ego = 46 m3B, u Fg3 = 46.8 Mm3B).
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9T0 MOXKHO OOBSICHUTBH TE€M, UTO B MHTEepdeiice MOTyT
CyIIECTBOBATDH PA3JINIHBIE JIOKAJTN30BAHHBIE COCTOSHUS
C pa3auvHoit sHeprueit u Kourentparueit. Hebombima
PA3HUIA MEXKJy SHEPIUsSIMU YPOBHEH MOXKET CBHU/I
TEJILCTBOBATH O TOM, YTO OHU UMEIOT OJMHAKOBYIO IIpI
pO/ly, HO HEMHOTO PA3JIHIAIOTCS JIOKATHHBIM OKPY K
nneMm. Hanbosiee MHTEHCUBHBIN MK COOTBETCTBYET C(
CTOSTHUSIM C MAKCHAMAJbHOI KOHIEHTparmeil. 9Tu c«
CTOSTHUSI, BEPOSITHO, HAnbOJIee IyBCTBUTEIHLHBI K Mal
uurHOMYy noJi0. Ilostomy B marmutaom mose 9 T
MBI MOYXKEM OOHAPYKUTH IBa JOMOJTHUTEIbLHBIX JHE]
FEeTUYECKUX COCTOSIHUS B 3allpelneHHoil 3one. JIpyro
WHTEpIpeTayell BOSHUKHOBEHIST HECKOJIbKUX YPOBHE
B MArHUTHOM TOJIE SIBJISIETCST 3€EMAHOBCKOE PACIIEILIIt
HUE U/WJIU PaCUIEIJIEHNE HA HUXKHIOI U BEPXHIOIO Xaf
6ap0BCKUe HO30HBI [26—29).
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Puc. 7. Mogenuposanue nukos R(T") B maruutHom nosie 9 Tn
npu 4actoTe nepemenHoro Toka 10 kly

W3 mpencraBieHHBIX BBINIE PE3YJILTATOB SIBHO CJle-
JiyeT, 4ro 3aBucUMOCTb Fg(H) sBisiercs HeJIMHERHOI,
HO3TOMY JIJIst Onpe/iesieHnst €€ yHKIMOHAIBHON 3aB1-
cumocTn OblIH BbIIOJNHEHbI u3Mepernss R(T) B mpo-
MEKYTOYHBIX MArHHUTHBIX IOJAX B JHAA30HE OT 1
1o 9 Ta. Paccunrannbie no dpopmysie (1) snepruu npu-
MECHBIX [IEHTPOB B 3aBUCHMOCTH OT MATHUTHOTO ITOJISI
[IPEeJICTaBJIEHB! Ha pHC. 8. Ec/m OneHnTh 3eeMaHOBCKOE
pacuierienue yposueii jist S = 1/2; To B mosie 9 Tut
oHo coctaBut Bcero 0.54 M3B, 4TO Ha MOPATOK MEHb-
me Habmomaembix 6 MaB. Kpome Toro, acdekr 3ee-
MaHa, JIMHEHO 3aBUCUT OT 110Jist (2) U, CJIe0BaTeIbHO,
He MOXKeT O0bSICHUTH HOJIyYeHHbIH pe3yabrat. JIpyroii
BO3MOZKHBIl MEXaHU3M — YBEJIMUEHNEe SHEPIUH IIPHMeC-
HOT'O yPOBHS B IIOJIYIIPOBOHIKE 34 CUET CXKATHs BOJHO-
BbIX DyHKIWMI B MarHuTHOM 11071 [30]. D10 TpeImoa-
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raeT IMPOMOPINOHAIBHOCTD Fg K v/ H, 94TO TaK>Ke HE CO-
OTBETCTBYET 3KCIePUMEHTAJIbHOI KpuBoit (puc. 8).
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Puc. 8. lNoneBasi 3aBUCUMOCTb 3HEPruvi MPUMECHBIX YPOB-
veii Es(H) B Ananasone oT Hynsi o 9 Tn n paccumTaHHas
no chopmyne (4)

Yr00bI
na FEg obparumcs kK Teopun pa3baBIEHHBIX Mar-
HUTHBIX Tosynposoguukos (PMII) [31]. B mamewm
cAydae TPHU TOHWMKEHUHM TEMIIEPATYPhl 3JIEKTPOHBI

OObSICHUTH BJIMSIHAE MATrHUTHOI'O IIOJISI

ITPOBOJIIMOCTH  «BBIMEP3aI0T» W 00pa3yloT Mmapamar-
HUTHBIE TIEHTPLI ¢ S = 1/2, joKanu3ysach Ha aToMax
dropa. Torma B HameM cirydae JefiCTBUTETBHO MOXKHO
npeactaButh kKpemunit kak PMII. B PMII umerorcsa
JIBe CIIMHOBBIE CHCTEMBI: 3JIEKTPOHOB IPOBOIMMOCTH
M MATCHUTHBIX I[PUMECEH, U ITU TOJCUCTEMbI B3au-
MOJIECTBYIOT Jpyr ¢ apyrom. Ilpupoma obMmeHHOTO
B3anmoyieiicTBusg B PMII moxkeT ObITH pa3u<Hoil, u eé
JeTajibHOe OOCYXKJEHWe BBIXOJIUT 38 PAMKH JIaHHOMN
cratu. MBI MOXKeM JIHIIb TIPEJIION0KUTh, ITO H3-33
HU3KOM KOHIIEHTPAINYA MATHUTHBIX ITPUMECeit, KOTopast
MEHbBIIIe WX PaBHA KOHIEHTPAIMK aTOMOB (ocdopa
(mopsimka, 1015 cm™3), obmen mnambosiee BepoOSTHO
OCYIIIECTBIISIETCS YePe3 JIEKTPOHBI TIPOBOANMOCTH [32].
Torna oOMEHHYIO SHEPIHIO B MATHUTHOM I0Jie, Ha-
MIPABJIEHHOM BJIOJIb OCH Z, MOYKHO MPEJICTABUTL B BUJIE
Ecvch ~ (Sz)$8:, TIe S, — NIPOEKIUS CIMHA SJIEKTPOHA
IPOBOJIMMOCTH HA OCh Z, & (Sz) — CpeJHsisl IPOeKIus
COUHA JIJIS BBIMEP3IIUX JIOHOPHBIX YPOBHEl, KOTOpas
OTIPE/JIETISETCST yPABHEHHEM

gupSH

<Sz> = —SBS inT

(3)

Snecs Bg — dyHKIuMsa BpuiuiosHa, KOTopasi OIKCHI-
BaeT CTATUCTUKY 3aIl0JTHEHUsI yPOBHeH noHa docdopa
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B MarHuTHOM T1ojie. HecMoTpst Ha TO, 9TO mpupoga o6-
MEHHOI'O B3aUMO/JIEHCTBUA OCTACTCA HEACHOW, MBI MO-
JKeM TIPeJJIOKUTE KadecTBeHHOE onmcanne Fg(H) kak
CyMMY 9HEpPruii B OTCYTCTBUE BHENIHEI'O MAIrHUTHOI'O
oJit ¥ OOMEHHOU dHEepruu, KOTopas Oy/1eT UMeTh BUJT

(4)

rae A = g*upS/(kpT), g* — sbdexrusnsiit g-dbaxrop,
H — wmarnutHoe mose, T — abcoJioTHas TeMIlepa-
Typa, E2 — sHeprus mpuMecHOro ypoBHS B HyJIEBOM

Es(H)=E% + F¥BsAH,

MarHuTHOM nosie, a EY — noxromounsiii napawmerp,
UMEIOINit  pa3MepHOCTh SHepruu. Ha puc. 8 mpej-
cTaBJieHa Teopernyeckasi 3asucuMocts Eg(H), momy-
YeHHasl ¢ UCIOJIb30BaHWeM ypabHeHusi (4) co ciemy-
oMy napaMerpamu: S = 1/2, Eg 39.5 m3B,
Eg = 6.4 m3B, A = 0.72. Bocnosib30BaBIIUChH BhIpa-
JKEHMeM i napamerpa A, Mbl MOXKEM OIMpeJIe/UuTh
abdexTuBHbIt g-pakTOp, KOTOpLIH Tipu 1T’ 20 K
coctaBmwI okoj0 10. B meslom mosrydeHHEBIN pe3yabTaT
HanmoMuHAaeT 3P (EKT TUraHTCKOr0 3¢eEMaHOBCKOTO Pac-

mertennss B PMII, ¢ Toit suis pasuuiieit, 9To y Hac
B POJIM MAHUTHOM [IPUMECH BBICTYIIAET «BbIMEP3IIUIi»
gouop ¢ S = 1/2, B To Bpems Kak B JATEparype,
KakK IMPaBUJIO, 00CYK/IAIOTCA MOHBI C BAJEHTHBIMHU d-
9JIEKTPOHAMU, KOTOPBIE TIO3BOJISIOT PEATM30BATL Sp—d-
o6MmeH, vame Bcero Mn [31]. B npunnune, pacieruie-
HUEe YPOBHEl B CJI€JCTBUE TMraHTCKOro 3ddekra 3ee-
mana Mozer jocrurarb 100 MaB [33,34], a addbexrus-
HBIT g-dakrop Moxker npepsbimars 100 [35,36], oxgna-
KO TaKue PEKOPJIHbIE 3HAYEHUs! JIOCTUTAIOTCA B MaTe-
pHuajax ¢ BBICOKOW KOHIEHTPAIMEN MATHUTHBIX TIPAME-
ceit (6ostee 0.1 %) n obyciioBeHsbl Sp—d-0OMEHHBIM B3a-
umozeiictsuem. VI mecMoTpst Ha TO, 9TO ypasHeHue (4)
XOPOIIIO OMUCHIBAET IKCIEPUMEHTAIBHYIO 3aBUCHMOCTD
(puc. 8), ocraercst OTKPBITBIM BOILPOC, C Y€M CBHA3AHO
CTOJIb GOJIBITIOE PACITIEIITIEHHE.

Cilelyer yauThIBATD, 9TO B HAIIEH CTPYKTYpE Mar-
HUTHBIE TIPUMECHBIE TIEHTPBI PACIOJIATAIOTCS B 00IaCTH
[IPOCTPAHCTBEHHOT'O 3apsAJia B y3KOW IPUTPAHUYIHON 110~
J10ce, T/Ie ypoBeHb depmu nepecekaer EY. DTo MoKeT
IPUBOJMTH K KBAHTOBBIM pasMepHbIM 3 dekTaM, oka-
3LIBAIOIUM CYIIECTBEHHOE BJIASTHAE Ha 3JIEKTPOHHBIE
cocrosinusi. Hanpumep, B pabore [37] mokasano, 4to
B TIOJIYIPOBOJHUKOBBIX KBAHTOBBIX sIMAX IPU TOYHOM
ydere HECKOJIBbKUX OJIM3KO JIEXKAIINX YPOBHEH UK MO/
30H BO3MOXKHA HEJIMHEHHAsT 3aBUCUMOCTD PACITIETIIEHS
3eemana OoT MarauTHOro mojiss. Kpome rtoro, 6apbep
ITorTKEN UrpaeT HEMAJIOBAXKHYIO posb. Hampumep, ero
HAJIMYUE MOYKET IIPUBOJIUTH K AHU30TpOHH 3D DEKTUB-
HOTO g-akTopa, 00YCIOBIEHHOTIO JIEKTPUIECKUM T10-
nem Ha uarepdeiice Si/SiOg [38], uro MoxkeT 06bsic-
HSTh AHU30TPOINUIO HADIOmaeMoro Hamu 3ddekra.
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Takum 06pa3oM, yUIUTBHIBAsE OTCYTCTBUE SIBHOW 3a-
BucHMOCTH 3P PEKTa OT MATHUTHOI'O COCTOSTHUS METAJI-
sa KoHTakTa [19], MOXKHO CUNTATH TEKTPUIECKOE IO~
jie B OII3 oxHoit 3 npuunH HabJIIOJaeMBIX 0COOEHHO-
cTell BIUSHIS MAarHITHOTO 1oJIs Ha nMmmenanc B M/III-
crpykTypax. Tem He MeHee, HEJIb3sT UCKJIIOYUTD CYIIe-
CTBOBaHME JIDYTHX MEXAHU3MOB BJIUSTHHUS MATHUTHOTO
nosist Ha TpancnopT B M/III-cTpykTypax u, B 9acTHO-
CTH, Ha TIepe3apsiJIKy MPUMECHBIX COCTOSTHUIT. DTOT BO-
poc TpebyeT JaIbHEeHInX SKCIIEPIMEHTAIBHBIX U TEO-
PETHYECKUX MCCJIETOBAHI.

4. BBIBO/IbI

Uccnenosan Tpancmopt B8 M/III-cTpykTypax Ha me-
PEMEHHOM TOKE B CHJIbHBIX MATHUTHBIX 1OJsix. OOHa-
DPY?KEeHO BJIUSHIE MarHUTHOTO IIOJIS HA SHEPTUIO IPU-
MeCHBIX cocTosdAHmil Fg. Bplo BBIABIEHO, YTO TUKHU 3a-
BUCHMOCTH JeHCTBUTEILHON YACTH UMITEIAHCA OT TE€M-
[IepaTyphbl CMEINAIOTCS BO BHEITHEM MArHUTHOM IIOJIE.
OpHAKO ATOT CIABUT HADJIIOAETCS TOJIBKO IIPH OIpe-
JeJICHHOM HAIpaBJICHHMH MArHuTHOro moJd. llon neit-
CTBUEM CHJIBHBIX MATHUTHBIX IIOJI€H CIIBUT IPOUCKOIUT
yKe Ipu 00enx OpUEHTAIMSX IOJIs, XOTH €ro BeJd-
YUHBI CYIIECTBEHHO PA3JIMYATCs. JTa aHU30TPOIUST
HabogaemMoro sdpdexTa MoOKeT ObIThH CBA3aHA C Ha-
JITYUeM T'DAJINEHTHOrO JIEKTPUIECKOrO 110Jisi Dapbepa
IMorrku Ha rpanuie kpemuus. [Iuk nmeer HECKOJIBKO
0CODEHHOCTE, CBA3aHHBIX C CYNECTBOBAHUEM DPA3JINI-
HBIX JIOKQJIM30BAHHBIX COCTOAHUII C Pa3/IM4YHON dHEp-
rueit 1 KOHIeHTparmeli. PaccauTanbl sHeprun mpuMec-
HBIX COCTOSIHUI B HYJIEBOM U HEHYJIEBOM MATHUTHBIX
mossgx. Ilpn yBeamyeHNN HANPSAKEHHOCTH MATHUTHO-
ro moJist SHeprus Bo3pacraer. Kak okazamock, sneprus
[IPUMECHBIX YPOBHEIl MEHsIeTCsl HeJIMHEHO [IPU yBeJIU-
YeHWH MArHUTHOTO TMOJisi, a 3aBucnMocts Fg(H) mo-
2KeT OBITh KaYeCTBEHHO OIMCAaHA B PaMKaX TEOPHUH I'U-
raanTckoro sddekra 3eeMana B pPa3daBIEHHBIX Mar-
HATHBIX TOJIyIpoBomauKax. OIHAKO OCTAeTCsi OTKPBI-
TBIM BOIIPOC, C Ye€M CBSI3aHO CTOJIb OOJIBIIIOE PACIIEI-
JIeHWe YpOBHeil sHepruu, cocrasisiorniee 6.4 M3B B mo-
ge 9 Tn. Bosee Toro, Haau4due 3JEKTPUIECKOTO TOJIS
B OII3 MAII-crpykrypst Fe/SiO2/n-Si moxker mpei-
[10JIaraTh PEAIU3AINIO TUTAHTCKOT0 aHU30TPOIIHOTO 3€-
€MaHOBCKOT'O PACIeljieHns. 1eM He MeHee Ha JTAHHOM
Jrale WCCIeJOBAHUN TPYAHO JejIaTh OKOHYATEJbHBbIE
BBIBOJIBI U HCKJIIOYATH JPYTHe MEXAHU3Mbl BJIUSHUS
MAaCHATHOTO TOJIsT Ha TEePe3apsIKy MPUMECHBIX COCTO-
aanit 8 M/III-ctpykrypax. Ilomydennsle pe3yabTaTs
MOI'YT PAaCIIAPUTH [TOHUMAHNME TPAHCIIOPTA HOCUTEJIEN
3apsifia B IOJIYIIPOBOJHUKOBBIX CTPYKTYPaX B MarHUT-
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HOM I10JIe U OYIyT cocoOCTBOBATH CO3JAHUIO TIEPCITEK-
TUBHBIX MAarHUTO3JIEKTPOHHBIX YCTPOMNCTB.
BaarogapHocTu. ABTOpBHI  0JlarosapsAT  IEHTP
KOJUIEKTUBHOTO TI0JIb30BaHusl KpacHOSAPCKOro Hayd-
woro tmiearpa CO PAH 3a mnposenenue 37eKTPOHHO-
MUKPOCKOIIUIECKUX SKCIIEPUMEHTOB U BO3MOXKHOCTH
WCIIOJIb30BAHUSL CHUCTEMBI H3MepeHusl (U3NIECKUX
cBoiicts PPMS. ABTopbl BbIpazkaiorT 6J1aroJapHOCTD
. A. BanaeBy 3a mnoJsiezHoe OOCYKJEHHE IKCIEPU-
MEHTAJbHBIX pe3yabTaToB, a Takxke M. H. BomogaeBy
3a mpeocrasienne [[9M-uzobparkenuit.
®dunancupoBaHue. Pabora BbIOJHEHA IIpU
nojyiepkke Poccuiickoro douma (yHIaMeHTaATbHBIX
uccaenosannit, [IpaBurenscrBa KpacHospckoro xpas
u KpacHosipckoro KpaeBoro ¢oHj1a MONJEPKKU Ha-
YUHON M HayYHO-TEXHUYECKON HeATeTHbHOCTH (IIPOEKT

Ne 20-42-243007).
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