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MaruutHOoe U 3JIEKTPOHHBIE COCTOSIHUS 2Kejle3a B I'eKCArOHAJIBHON IIJIOTHOYIAaKoOBaHHOH c-Fe daze mc-
CJIEZIOBAHBI METOJIOM CHHXPOTPOHHOH MeccbayspOBCKOii crekTpockonuu Ha siapax Fe-57 (merommka NFS —
nuclear forward scattering win sinepHoe paccesinue Brepes). VI3MepeHus BBIIOJHEHDI DU BHICOKUX JIABJICHUSIX
P ~ 55—241T'lla B ainanaszone temneparyp 1" ot 4 no 300 K, a Tak:ke BO BHENTHUX MAarHUTHBIX MOJsIX 10 5 Tir.
Ycranosieno, 4to Bo Bceit P—T1 obnactu arombl Fe naxonsarcs B nemarHuTHoM cocrosgHuu. [Ipemgnomaraemas
TeopHell MarHUTHAasI HEYCTOMYIHBOCTh U KBAHTOBBIE CIIMHOBBIE (DJIyKTYyaI[ui, KOTOPbIe MOT'YT OBITH CTAOUIN3H-
POBAHBbI MArHUTHBIM BO3MYIEHUEM (HANPHMMED, BHENTHUM MACHUTHBIM II0JIEM) HE IOATBEPKIAETCI HAIIUME
n3MeperusMu NFS criekTpoB BO BHEITHEM MArHUTHOM I10JI€. YCTAHOBJIEHO, 9TO 3aBUCUMOCTH H30MEDPHOIO C/IBH-
ra or masjenusi 1.S(P) HOCHT HeJMHENHbIH XapakTep, U IpH MakcuMmasibHoM JasieHnu 241 I'Ila 3nauenue IS
JIOCTUTAeT KOJIOCCAIbHOI BesmunHbl &~ — 0.8 MM/C, yKa3blBasi Ha OY€Hb BBICOKYIO JIEKTPOHHYIO ILIOTHOCTH
Ha sape 2KeJse3a. Pe3koe m3MeHeHUE 3JIeKTPOHHON INIOTHOCTH Ha sipe 2Kesie3a npu TeMneparypax 100-200 K
yKa3bIBaeT Ha (Hha30BbIi IEPEX0/] C U3MEHEHUEM 3JIEKTPOHHON CTPYKTYPBI, ITO MOYKET OBITh CBSA3AHO C PE3KUM
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1. Beaenne. ?Kene30 — ojiH U3 caMbIX PaCIIpO-
CTpaHEeHHBLIX 3JIEMEHTOB Ha Hameil 1anere. Dynia-
MEHTAJIbHBIE 3JIEKTPOHHBIE, MATHUTHBIE U CTPYKTYPHbIE
CBOMCTBA »KeJle3a YPe3BLIMAiiHO BayKHbLI KaK JIJIs ITOHHU-
MaHUsI CTPOEHHA CHJILHO KOPPEIUPOBAHHBIX 3JIEKTPOH-
HBIX CUCTEM, TaK U JJIsl HCCIIEJ0BAHUI CBONCTB BHY TPEH-
HUX cj0eB 3emud. B Kope m MaHTHIHBIX CJIOSX 3eMJIn
JKEJIe30 PACIPOCTPAHEHO B POPME MPOCTHIX U CJOKHBIX
OKCHJIOB, Y KOTOPBIX MATHUTHBI MOMEHT HCIIBLITHIBA-
erT KoJutalc npu gasienusx soime ~ 50 [la [1,2], npu
9TOM y OKCHUJIOB HADJIIOIAETCs TEHICHINSA K METAJLIA3a-
nuu 1o JasienueM [2—4]. diapo 3emin, o coBpemeH-
HBIM IPEJICTABIEHUSIM, B OOJIBINON CTENEHU COCTOWT U3
skesesa [5]. ZKese3o Takke sIBIISIETCsI OHUM U3 BasKHei-
HIMX TeXHOJOIMYECKUX MaTepUuaJioB U, B TO JKe BPeMsl,
OJTHUM W3 CAMBIX CJIO?KHBIX 3JIEMEHTOB /IS COBPEMEHHOT
Teopun. Kpome TOro, »kene3o mpH BBICOKHX JABJICHU-
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SIX SIBJISIETCSI IIPEKYPCOPOM JIJIsl CUHTE3a, [TOJIUIMJIPHJIOB
FeH, [6-8|, KoTOpbIe B CBOIO OYepeilb SIBISIFOTCS BO3-
MOXKHBIME COCTABJISIOIINMHA BHYTPEHHUAX CJI0EB 3€MJIH,
a TakyKe MOIYT OBITh BBICOKOTEMIIEPATYPHBIMH CBEPX-
nposogHuKamMu [7,9]. B ¢Bsi3u ¢ 9TMM u3ydeHue Keje-
3a U COeIMHEHUI Ha ero OCHOBE ObLIN B IIEHTPE BHUMA-
HUsl SKCIIEPUMEHTAJIbHBIX U TEOPETUYECKUX UCCJIE/I0Ba-
HUI TOCJIeHUX JIeCATUIETH. B rekcaroHaibHOIM I1J10T-
noynakoBauuoit daze xkesesa (I'TIY-e-Fe) obuapyxena
CBEPXIIPOBOINMOCTD B juanas3one mgasiaeruii 15-30 ['Tla
u npu Temneparypax Hmke 2K [10]. B To Bpems Kak
CTPYKTYDHBIE CBO¥ICTBA 2Kejie3a MPU JIABJICHUSIX HIKE
100 T'TTa xopomio uzBecTHbI [5], X JIEKTPOHHBIE U MAr-
HUTHBIE CBOHCTBA BCE €I1e 00CYKIATOTCS.
IIpu armocdepHOM jaBjieHUN WCXOAHAas pasa -
Fe umeer 00 beMHO-IIEHTPUPOBAHHYO KYOUIECKYIO KPH-
crajumnaeckyio crpykrypy (OIIK) ¢ npocrpancrBenHoit
rpymmoit I'm3m; mapaMeTp 3JIeMeHTapHON F9efiKi Ipu
HOPMAaJIbHBIX YCJIOBUAX COCTABJSET Qg = 2.8665 A [11].
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DTa CTPYKTYpa COXPAHSIETCS JIO0 BBICOKOM TEMITePATY PhI
okouso 1185 K [12-14]. ATombl Kejie3a 3aHUMAIOT O30~
U B IIEHTPe U B y3JiaXx KyOW4yecKoil pemerku u obpa-
3yIOT JIB€ MATHUTHBIE MOJIPEIIETKH, KOTOPBIE YIIOPSII0-
quBarOTCs (bepPOMArHUTHO. Bejimania MAarHiTHOTO MO-
MeHTa Ha aToM Kesesa cocrasiser 2.22 up [13,15], a
remmneparypa Kiopu okoso 1043 K [16].

IIpu KOMHATHOI TemIepaType W JABJIEHHU OKOJIO
13T'TIa upoucxomur CTPYKTYPHBINA HEPEXO/T XKejie3a u3
da3zbl a-Fe B rekcaroHajibHYI0 IJIOTHOYITAKOBaHHY IO (a-
3y e-Fe (I'ITY = hep-crpykrypa I'12) ¢ npocTpaHCcTBeH-
HOit rpymmoit P6s/mmc [17-19].

Panee npu BoicoKux maBienusx B e-Fe Obumm uccie-
JIOBaHbI KPUCTAJIMIecKas: CTpyKTypa [17,19, 20], smek-
rponnble [17] u marnuTHBIe [21,22] cBoiictBa. Ilo pe-
3yJIbTATAM UCCJIEOBAHUSA MecCOAyIPOBCKUX CIEKTPOB B
daze e-Fe mabiogasics KoJuTanc MArHUTHOTO MOMEHTA
[21, 22], KOTODBII SIBJIsIETCST PE3YJIBTATOM [EPEXOA YKe-
Jie3a u3 (HPeppOMArHUTHONO B HEMATHUTHOE COCTOSIHUE.
VeraHOBIIEHO, UTO (v — € TIEPEXOJ] B KeJjie3e sBJISIeTCs
PE3KHUM IE€PEXOJOM IIEPBOIO POJA, HO C OOJIBIINM I'H-
crepesucoM. /Jlazke B Takoil IHIpOCTATUYECKON Cpeje
kak resmii (He) npsimoii mepexoj uzer 1pu JaBJICHUU
15T 1a, a obparasiit npu 10.6 T'Ila [17]. B mHeruapocra-
THUYECKUX CPeJlaX IIUPHUHBI IPSIMOTO U 0OPATHOIO Iepe-
XOJIOB CYIIECTBEHHO yBeamuuBaiorcs [17, 22].

IIpupona marmerusma B e-Fe 10 cux mop HesicHA.
U3 meccHayspoBCKOrO SKCIIEPUMEHTA YCTAHOBJIEHO, 9TO
upu gasjaennn 21.51'1la B dasze e-Fe ne mabisromaercs
CBEPXTOHKOE MATHUTHOE TI0JI€ MPHU JII0OON HU3KOU TeM-
neparype BiwioTs 10 0.03 K [21]. Oanako npupoga sToro
s dekTa ocraercs: Hem3pecTHOI. Teopernyeckue pabo-
Thl [23-25] mpeickasbIBaIOT, YTO KOJLIMHEADHOE AHTHU-
deppomarnurnoe cocrosiaue (AFM-II) miu Gosiee ciioxk-
Hoe AFM-cocrosinue [26] MMeOT 9HEPrUN MeHbIIe, YeM
HEeMarHuTHoOe cocrosinue. Tem He menee, dasza AFM-II
He ObLTAa ODHAPY?KEHA B MeCCOAYIPOBCKUAX IKCIEPUMEH-
TaX. BoJjiee Toro, reoperuyeckue ONEHKH TEMIIEPATYPbI
Heena Ty naror makcumasibaoe 3uadenne 69 K s e-Fe
upu gassenuu nepexoga (12 I'la) ¢ nociemyrommum cuu-
xkenueM Ty ¢ pocrom pasiienus [27]. Oanako B Meccbay-
sposckoM NFS skcnepumenTe co cmiaBom e-Feg gNig g
[25] 6butO0 mOKazano, uro mpu gasienun 21 I'la Ha
anpax Fe-b7 HeT CBEpPXTOHKOIO MArHUTHOTO IIOJIS, IO
Kpaiireit Mmepe, 10 Temneparypsl 11 K, xorst arombr Hu-
KeJis JIOJKHBI yBEJIUYUBATh MarHUTHBIE MOMEHTBI Ha
COCETHUX aTOMAaX 2KeJjie3a. 1y T HaOJI0IaeTCst SIBHOE IIPO-
TuBOpeune Mexuy ab initio pacueramu st AFM das
e-Fe u skciepumenTom. Ciemyer orMeTuTh, 94T0 hasa &-
Fe cranoBuTCst CBEPXIPOBOJSAIIEH B TOM K€ JIHANa30He
nasJiennii, aro u npeackasannag AFM e-Fe daza [10].
B sToMm caydae Teopusi mpeicKa3bIBAET ‘HEKOHBEHITHO-
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HAJIBHBIA’ MeXaHU3M CBepXupoBoaumocTu [28], B KOTO-
POM cIlapuBaHKe OCYIIECTBJISIETCs He 3a cueT (POHOHOB,
a 3a CYeT MarHUTHBIX KoppeJsinuii. Bece a1 HesicHocTH
U IPOTHUBOPEYNS MOKA3AIN, YTO (PU3UIECKOE TIOBEICHUE
I'TIY dazwr e-Fe npu maBnerusx soime 13 I'lla nmeer
CJIO’KHYIO KapTUHY, U POJib KOPPEJISIIIUOHHBIX (P deK-
TOB 3a IpeJeaMi CTAHIAPTHON MOe I Teopun OyHK-
mronasta wiorHoctn (DFT) B dusuke sroro Marepnaa
u3ydeHa HeJIOCTATOYHO.

B jaJsibHeMIIuX uCC/IeI0BAHUSX CUHXPOTPOHHBIMU
MeTOJaMu HEYIPYTroro saeproro paccesaus NIS u NFS,
npoBesieHHbIX 110 gasieHuii ~ 70['Tla, Obu1o obnapy-
KeHo, 4uro ¢daswel e-Fe u e-FeggNig 1 mperepresaror
9JIEKTPOHHBIN TOIOJIOTMYECKUI TIepexo/l IIPU JIaBJIEHUU
okouio 40 I'TIa [29]. Do Tonomornyeckoe N3MEeHEHNE Mo~
BepxHOCTH PepMU IIPOSIBJISIETCS Yepe3 aHOMAaJIbHOE I10-
BejieHrE J1e0aeBCKOIl CKOPOCTH 3BYKa Vp, OTHOIIEHMS
napaMeTpoB DeIleTKu ¢/a u 0CoGeHHOCTH Ha Gapude-
CcKoii 3aBucHMOcTH u3oMepHOro ciasura (1.5) B NFS akc-
nepumente [29]. MojenupoBaHue M3 EPBBIX IIPUHINU-
OB B PAMKaX MOJE/NHN IUHAMUYIECKOTO CPEIHEro I0-
ag (DMFT - dynamic mean field theory) nokasaso,
YTO ITOT TOIMOJIOIUYECKHIA IIEPEX0/l BBI3BAH MHOI'ODJIEK-
TPOHHBIMU P peKTamMu, OTCYyTCTBYET B OIHOIJIEKTPOH-
HBIX PACYETaX U IPEJICTABJSIET CODOW YeTKOEe CBUJE-
TeJIbCTBO KOpPpeJsiinoHHbIX 3dderkToB B ['IIYV dasze
e-Fe [29].

B nmannoit paboTe mpeJcTaBIeHbI PE3yIbTAThl HC-
ciaenoBannit (asel e-Fe ¢ mOMOIIBIO CHHXPOTPOHHOM
MeccOay3poBCKoit  criekrpockoruu  (nuclear  forward
scattering — NFS) na sinpax Fe-57 B obiactu Temmepa-
Typ ot 4 10 300 K tipu Beicokux masienusx mo 241 'la,
CO3/1aBaeMbIX B KAMeEpPaxX C aJIMa3HbIMU HAKOBAJbHIMHA,
a Tak»kKe BO BHEITHUX MAlHUTHBIX MOJIsIX 110 D T

2. MeToauka skcrnepumeHTa. B skcriepuMeHTax
HCIIOJIF30BAJICS [TOPOITIOK KeJie3a, 000TAIIEeHHOTO M30TO-
oM Fe-57 1o ~ 96 %. Hua NFS uccnenosanmit u3 mexo-
HOT'O IIOPOIIKa IIPECCOBAJINCH INIACTUHKHU C XapaKTePHbI-
MI pasMepaMa oT 8 X 5 x 0.5 Mxm® 10 17 X 12 x 1 mrm3,
UccireroBannst mpu BBICOKHUX JABJIEHUAX TPOBOIUIINCH
B KaMepax C aJIMa3HbIMHA HAKOBAJIbHSIMH, B OCHOBY KOH-
CTPYKIMH KOTOPBIX MOJIOXKEHBI uzen u3 paborsr [30].
Bouu mpoBenensr gBe cepun n3MepeHUil B IByX Kame-
pax, 3KCIIEPUMEHTAJIbHbIE COOPKU KOTOPBIX ITOKA3AHBI
Ha puc. 1.

Boumn  ucnonb30BaHbl  aJIMa3Hble HAKOBAJBHH C
HUCXONHBIM auaMeTpoM pabodeit mmockoctu 300 MKM.
Iocse numdoku Gepesor (CKOCOB) mox yriaoMm 8.5
rpaJIycoB Ha ajiMas3ax ObLin cOPMUPOBAHBI ILJIOCKUE
paboune twromagaku muamerpamu ~ 30 u 50 MKM ISt
IepBOl M BTOPOI KaMephbl COOTBETCTBEHHO. B mpo-
kinanke (rackere) u3 Boubbpama (W) ¢ momonipio
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Puc. 1. (sernoii onnaitn) Pororpadun sKCrepuMeHTAIBHBIX COOPOK B JBYX KaMepax BBICOKOro masienus. (a) — Kamepa
“LX-6”, obpazer Fe-57 pasmepom 8 x 5 x 0.5mrm®, rackera Al,Oz, cpena AlyOs, nuanason gapnenuii P = 54—241TTla,
juanasoH remmeparyp 7' = 10—300 K, 6e3 Bremnero marautaoro noust (Hexe = 0 Tur). (b) — Kamepa “Cell-3”, o6pasern Fe-57

pasmepom 17 x 12 x 1 mrm®

IUAIIa30H BHEITHUX MArHUTHBIX OJied Hexy = 0—5 T

Jla3epa BBICBEPJIMBAJIOCH OTBEPCTHE JTUAMETPOM OKOJIO
400 MKM, B KOTOpO€ 3allPeCCOBBIBAIACH BCTaBKa U3
yinbTpajguciepcaoro mopomka AlsOs ¢ HebOJIbIION
IPUMECHIO STOKCUIHOM cMosibl. B nepsoit kamepe (LX-
6) upsamo B AlyOs rackery BupeccoBbBaJICs oBpaser
Fe-57 dousbru (cMm. puc. la). Bo Bropoit kamepe (Cell-3)
B Al;O3 rackere mpoXKHUrajgoch OTBEPCTHE Pa3MEPOM
0k0s10 40 MKM, KOTOPOE CJIy?KUjI0 pabodanm obobemom. B
paboumit 00beM BTOPOIl KaMepbl IIOMEIAJICS 0obpa3zerr
Fe-57 doubru. 3arem pabounit 06beM 3aIIOIHSIICS CPe-
Joi, epejatomeil qapjerue. st 3Toro uCrob30BaICs
bopan ammmaka NHsBHs.

Bennunna nasienns namepsiach mo aaMa3HOM K-
Je [31] ¢ mOMOIBIO PAMAHOBCKOIO CIIEKTPOMETpa Ha
6aze monoxpomaropa Shamrock SR-500i-A u CCD-
nmerexkropa DU940N-BV. [Ijs1 9TOro mcnoab30BaIcs 3e-
JIEHBIN J1a3ep JJIMHON BOJIHBI 532 HM B SKCIIEDUMEHTE
¢ ueppoii kamepoii (LX-6) u KpacHblil nasep ¢ -
HOU BOJIHBI 660 HM B 9KCIEPUMEHTE CO BTOPOU KaMepoi
(Cell-3). YcraHoBJIEHO, YTO IPaJUEHT JABJICHUS Ha 00-
pasiie B IIEPBOil KamMepe JlaxKe IIPU MaKCHMAaJIbHOM JaB-
gennn (241TTIa) 6e1 me Gosree 10TTIa, a BO BTOpOI
kamepe co cpenoit NHsBHgs me 6omee 5 'la. 1o cBu-
JeTeJIbCTBYET 00 YI0BJIETBOPUTE/ILHON CTEIIEHN T'HIPO-
CTATUIHOCTH CPEJIBI.

Cunxporponubie MeccoayspoBckre NFS crekTpsr oT
snep Fe-57 obpasnos e-Fe caumasincy Ha cranmun P01
cuaxporpora PETRA-III (DESY, I'epmanus), paGora-
ormeMm B 40-0amdeBoM pexkume. B skcnepumMente ¢ mep-
Boit Kamepoii (LX-6) mcrosib3oBasics rejeBblil KpHo-
crar ¢ pabouynM jJauanaszoHoM Temmeparyp ot 7—-10 K mo

, rackera AlxO3s, cpena NH3BHs3, masmenune P = 110 I'[la, nnanazon Temuneparyp T' = 4—300 K,

300 K. B skcniepumente co Bropoit kamepoii (Cell-3) uc-
MIOJIb30BAJIACH Te/INeBasi KDHOMATHUTHAS CUCTEMA, B KO-
TOpPOIl KaMepbl BBICOKOI'O JABJIEHMS OXJIAXKIAJIUCH JI0
Temieparyp 3.8-4.3 K. B 3Toit ke Kamepe ObLIM BbI-
nonuerbl NFS skcrepuMeHThl ¢ MPUIIO2KEHNEM BHEIII-
HEro MarHUTHOTO HoJjd B auamnazoHe Hey = 1—5To
Cucrema KB-3epkas obecnieunBaer (hoKyCUpPOBKY CHH-
XPOTPOHHOIO IIy9YKa Ha 00pa3ile B MATHO C Pa3MepaMu
4 X TMKM mpu 9Hepruu MeccHayIPOBCKOTO M3JLyI€HUST
14.41 x3B.

JlaBjileHue B KamMepax MEHsIJIOCh CHApPYKU KPUOCTa-
Ta IPU KOMHATHO TeMIiepaType. 3aTeM mmepBas KaMepa
(LX-6) nomeranach B KpHOCTAT, U B IIPOLIECCE OXJIaZK e
HUsl TIPU HECKOJIbKUX (PUKCHPOBAHHBIX TeMIIepaTypax
npoBogmiock Hakorerane NFS crnekrpos ot Fe obpas-
ma. Takxke BBINOJHSINCH U3MEPEHUs OT Mapbl 00pa3-
II0B, IIPEJICTaBIECHHBIX B BHje “comasuya’ Fe + SS, rme
SS (stainless steel) — s1o dosbra HepKapewoImel cra-
s ToJiuHoi 25 MrM. Postbra SS HAXOIUIACH CHADY 2KH
KaMepbl U BBOJUJIACH B CHHXPOTPOHHBIN ITyIOK BOJIA3U
BXOJ/IHOI'O OKH& B KPHOCTAT BO BpeMsi U3MepeHus. 1a-
Kasl METOJMKA MTO3BOJISIET U3MEPATH M30MEPHBIE CABUTH
(IS) B obpasne Fe. Uccaemyemblit obpaszer; oxJiazKial-
csa jio remieparypsl ~ 10 K. IIpu ororpese mporemypa
MIOBTOPSIJIACH B OOPATHOM TIOPSIJIKE.

C xamepoii (LX-6) ObLin NIpPOBEIEHBI U3MEPEHUSI
B Jauara3one japienuii 54—24111la, u B aunamaszone
Temieparyp 10-300 K. Ilo okonyanmum TemmepaTypHO-
ro nukia ngasienue B Kamepe (LX-6) monosmHHTENB-
HO KOHTPOJIMPOBAJIOCH IPU KOMHATHON TeMIiepaType.
CTabuabHOCTD JIaBJIEHUsI IIPA TEMIIEPATYPHOM IIUKJIE
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HEOTHOKPATHO IIPOBEPSJIACH W COCTABJIAET BEJIMIUHY
He xyxe b I'Ila.

Bo Bropoit cepun skcniepumentos kamepa Cell-3 mo-
MEIAJIACH B KPHOCTAT U OXJIAXKIAJIACH JI0 TEMIIEPATYPBI
~ 4 K. 3aTeM mIpoBoauI0Ch HECKOJIHLKO U3MEPEHMIA B pa3-
HBIX MArHUTHBIX 10JisX B guarnaszone or 0 go 5 T Ilo-
caie aroro kamepa (Cell-3) ororpesasach 10 KOMHATHOI
TeMIlepaTypbl U B Hell KOHTPOJMPOBAJIOCH JIaBJIEHIUE.
Iepen oxnaxienveM jasierne B Kamepe (Cell-3) 6bi-
g0 mopsaka 99 I'lla, mocsie rukia oxaak/1eHne-0TOrpeB
~ 114 T'Tla. Takum o6pasom, nasienue B kamepe (Cell-3)
npu T' ~ 4 K mbt orieauBaeM P ~ 110 I'lTa. [Tonyuennsre
NFS cruexTpsr 06pabaThIBAINCE C IIOMOIIBIO ITPOTPAMMBI
MOTIF, paspab6orannoii FO. Isbiasko [32].

3. Pesymbrarhl 3kcniepuMeHTOB. [lockobKy
NFS cnekrpsr npu masnennsx no 40TTla yxe Obuin
u3ydeHsl panee [33], Mbl Hadasu u3MepeHUs ¢ Gosee
BbicOkoro gnaByeHusi 54 I'lla, mpum kKoTopoMm :kejie30
y2ke 3aBeoMo HaxomautTcs B dase e-Fe. Ha pucynke 2
npuBenenbl s cpaBaennss NFS coexTpsr obpasma
a-Fe npu gasnennn 3TTla u3 paborer [33] u cnekrp
obopasna e-Fe mpu masmenun 54.6 ['Tla, momydennbrit
B Hameit pabore. Boicokouacrornbie 6menus B NFS
criekTpe «-Fe 00ycC/IOBJIEHBI HAJIMIUEM CBEPXTOHKOTO
MarHUTHOTO IoJIsI Ha siapax Fe-57, BeaudmHa KOTOPOToO
Ipu KOMHATHOI Temmeparype cocrtaBiaser 33.3 Tu.
IIpssvonuueitnbiii Bun NFS cmekrpa B 0bpasme e-Fe
YKa3bIBaET Ha OTCYTCTBHE MATHUTHOI'O IIOJISI.

C teopueit u merogukoit NFS sxcnepumenTta Mox-
HO JEeTajJbHO O3HAKOMHUTLCH B paborax [32-34]. B Tom
caydae, Korja MeccbayspoBcKue sijpa Fe-57 ne momnsep-
2KEHBbI BO3JEHCTBUIO JIEKTPUICCKUX KBAIPYIIOIbHBIX
U/WIM MarHUTHBIX JUIOJBHBIX CBEPXTOHKUX B3aHMO-
nevicrBuit, NFS crekTpsl npejcraBisitor coboil pacra
SAZePHOTO BO30YKIeHUs (BBI3BAHHOIO CUHXPOTPOHHBIM
UMILYJIbCOM ), KOTOPBIi IIPOMCXOIUT BO BPEMEHHU 110 IKC-
[MOHeHIMaJIbHOMY 3aKoHY. B sToMm ciaydae NFS crekrpbr
B JIOTapUPMIIECKOM MACIITa0e UMEIOT BUI IIPSAMBIX JIH-
auil. [lpyn HAIMYMKM MATHUTHBIX U/UJIM HEOIHOPOIHBIX
SJIEKTPUYECKUX TIOJIell Ha siJIpax »Keje3a B CIEKTPax
NF'S BosHukaror ocrmuisiun (KBAHTOBbIC OHEHMS ).

Ha pucynke 3 110Ka3aHbl HAIU IKCIEPUMEHTAJIbHBIE
NF'S criekTpsl uncroro xkesesa e-Fe (1.e. 6e3 penepa SS),
mosryaenuable B kKamepe LX-6 mpm maBjieHusx B obJia-
ctu 54.6-241.3'Tla u Temmeparypax ot ~ 10 g0 298 K.
Nmenno u3 npsimosnHeitHoro xapakrepa NFS criekTpos
caenyer, 9to ¢dasa xejesa e-Fe B ykazauuoit P—1 06-
JIACTU HAXOJUTCS B HEMATHUTHOM COCTOSTHIH.

ljisi uccyeioBaHus 3JEKTPOHHBIX CBOUCTB (hasbl &-
Fe momosuurensuo 66 mamepenst NFS crekTpsr xe-
Jesa ¢ pemnepom u3 Hepxkaseromeii cramu (Fe+ SS),
10 KOTOPBIM MOKHO IIPOCJIE/INTD JUHAMUKY H3MEHEHUsI
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Puc. 2. (Ilgernoit onnaiin) Cpasaenne NFS crnekrpos 4u-
croro xkenesa (Fe-57) B marautHoit a-Fe dase n Hemar-
untHOil e-Fe daze. B marmmrHoit a-Fe dasze mabioma-
IOTCSI BBICOKOYACTOTHBIE KBAHTOBbIE OHEHMs:, 00yCIIOBJICH-
Hble CBEDXTOHKUM MATHHUTHBIM II0JIeM Ha sapax Fe-57. B
HeMarHuTHOU e-Fe daze sxcrnoHeHIMaIbPHOE TaJeHNE UH-
TEHCHUBHOCTH

M30MEPHBIX CABUTOB B £-Fe mpu Bapuanusx JaBJIeHUs]
u remneparypsl (puc.4). IIpu KoMHATHON TemIlepaTy-
pe u armocdepHOM J1aBjIeHuU MeccOAYIPOBCKUI CIEKTP
HepKaBeroIIeil craan SS B 9HEPreTHIECKOM ITPEICTABIIE-
HUU COCTOUT U3 OMMHOYHOI juHuu. [Ipu srux yciaosu-
sIX MI30MEPHBI caBur a-Fe oTHOCHTEIBHO SS cocTaBisieT
(IS) =+0.1019(3) mm/c.

[Tockosbky mpu BbIcOKOM JaBieHun B £-Fe dase
MeccOAYIPOBCKUI CIIEKTD MPEICTABIEH OINUMHOYHON JIM-
Hueil, To crekTp “comgsuya’ Fe + SS noskeH mMerhb
dopmy aydsera. B NFS criekrpe 910 nposiBisiercs B mmo-
SIBJIGHUM HU3KOYACTOTHBIX KBAHTOBBIX Onenuit (puc.4).

Kak BumnaO 3 puc. 4, nmpu gaBieHusx B odsactu 98—
241.3TTla u Temueparypax ot ~ 10 mo 298 K ma NFS
crekTpax “conasuya’ Fe + SS, nHabsrogaiorcs HU3KOYA-
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Puc. 3. (Isernoit onaiin) somonusa Meccbaysposckux NFS crekrpos xkenesa Fe-57 B dase e-Fe ¢ pocrom nasinenus jjist
Pa3IMYHBIX 3HAUEeHWH Temueparyp (pasmep obpasuma ~8 X 5 x 0.5mMkm): (a) —upu T = 10K; (b) —upu T = 70K; (c) —
npu T = 140K; (d) —upu T = 210K; (e) — npu T' = 298 K. CuMBOJIBI — 9KCIEPUMEHTAJIBHBIE TOYKH, CIUIONIHBIE JIMHUMA —
noxaronka 1o nporpamme MOTIF [32]

CTOTHBIE KBAHTOBBIE OMEHNsl, XapaKTepHbIE JIJIsT 1y DJIeT- 60B u3mepenuss NFS crekTpoB ycranosieHo, 4o ¢asa
HOI OPMBI MeCCOAYIPOBCKUX CIHEKTPOB B SHEPrETUIE- xese3a e-Fe B ykazannoit P—T obsiacTu HAXOIUTCS B
CKOM TIpejicTaBiieHnu. TakuM 0O6pa30M, U3 JIBYyX CIIOCO-  HEMATHUTHOM COCTOSIHHH.

IIucema B 2KOT® Tom 117 BRm.1-2 2023
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Puc. 4. (IIsernoii onmnaiin) Jsomonus Meccbaysposckux NFS crexrpos kenesa ¢ saemnnm penepom (Fe + SS) ¢ pocrom mas-
JIEHUsl JIJIsl PA3JIMYHBIX TeMIIepaTyp. B KadecTBe perepa MCnob3oBasiach dbosbra u3 Hepzkaseomeil cramu (SS) ToamuHoil
25 MKH

Bo Bropoit cepun mamepennii B kamepe Cell-3 6br- IIPaBJIEHO BJIOJb CHHXPOTPOHHOTO IMyYKa, HEPIEHINKY-
JIO U3ydeHo moBeseHue ¢as3bl xKesesa e-Fe Bo BHemHeM JIsipHO 1I0cKOCTH 0o6pasna. 1lo cuekrpam NFS ompese-
MarauTHOM T0Jie Heyy 10 5 Tt ipm maBaenun ~ 110 I'Tla JISJIACH BEJIMYMHA CBEPXTOHKOI'O MArHUTHOIO 10J1st ( Bhy)
u temueparype ~ 4 K. Marauraoe none Heyxy ObLIO Ha- Ha sgnpax Fe-57. Dposmonus crnektpoB NFS B umcrom

IIucbma B 2KOTP Tom 117 Bpm. 1-2 2023
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xkejese e-Fe ¢ POCTOM BHEIIHET'O IIOJIA IIPpUBEICHa Ha
pI/IC.5. Ha BcraBke B pI/IC5 IIpuBeZieHa 3aBUCHMOCTDb
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Puc.5. (LlgerHoit onsaiin) DBostonust MeccOaydIPOBCKUAX
NFS cnekrpos B xkesese e-Fe npu gasrennn P = 110 '[1a
u temuneparype 1I' = 4K ¢ pocToM BHeIIHEro MarHUTHOI'O
nons Heyxi. Ha BcTaBke Imoka3aHa pacCYUTaHHAS IIO IIPO-
rpamme MOTIF [32] 3aBrcHMOCTD CBEDXTOHKOI'O MATHHT-
HOro moJist Bpe Ha smpax Fe-57 oT BeJIMYMHBI BHENTHETO
MarHuTHOTO MOJsT Hext. 3HadeHust moseit Hexy u Byf pak-
THUYECKU COBIIAJAIOT, YTO CBUIETEIBLCTBYET 00 OTCYTCTBUAN
CBEPXTOHKOI'O MAarHUTHOTO IIOJIS HAa sSApax 2Kejie3a B dase

e-Fe

CBEPXTOHKOIO MarHUTHOrO I0Jist Byf Ha sapax Fe-57
OT BEJWYMHBI BHEIIHEr0 MATHUTHOIO MOJs Heyy. Ode-
BHUIHO, 9TO BCs BEJIUYMHA IO By B mpeaesax dKc-
IIePUMEHTAJIBHON OMUOKN O0YCIOBJIEHA TPUJIOKEHHBIM
BHEIITHUM MATrHUTHBIM ToJieM Heyg. OTO, BO-TIEPBBIX,
yKa3bIBaeT Ha TO, 9TO £-3Keje30 npu stux P—T' ycio-
BUSX SBJISIETCA HEMAarHUTHBIM, W, BO-BTODBIX, BHEIITHEE
MarauTHoe noJje 710 5 Ti He co3maer mogMarHnYuBaHue

9JIEKTPOHHON CUCTEMBI YKejie3a, JOCTATOYHOE JJIsi CITH-
HOBO IIOJISIPUBAIMY S-3JIEKTPOHOB. DTO BayKHO, TAK KaK
IJIABHBIM UCTOYHUKOM MAUHUTHOIO I0Jisi Byf siBJIsieT-
Csl CIIMHOBAsI TOJIIPUBAIIUST S-IJIEKTPOHOB, 0OYCJIOBJICH-
HAasl HEKOMIIEHCUPOBAHHBIMU CIMHAME 3d JIEKTPOHOB,
OTBETCTBEHHBIMHU 33 MarHeTusM (Tak Ha3blBaeMoe “KOH-
takTHOE B3anmMozeiicterne Pepmu’ [35]).

ITo pesyapratam m3mepenus NFS cmekrpos “canm-
Buua” e-Fe + SS (cM. puc.4) mamu GbLIO TIIATEIBHO
HCCJIeJOBAHO 3HAYEHNe IIapaMeTpa W30MEPHOT'O CIABUTA
(IS) B obnactu nasnenuii 54.6-241.3T'TIa u Temmepa-
Typ ot ~10 mo 298 K. Ycranosieno, uro B ¢aze e-Fe
3HadeHne [ S MMOCTENEHHO YMEHbINAETCsSI C YBeJIMIeHneM
JIABJIEHUS ¥ C POCTOM TeMueparypsl (puc.6), a ero us-
MEHEHUE TIPU MAKCUMAJIBLHOM JIABJIEHUU B 9KCIIEPUMEHTE
(241.3T'TIa) npumepHO paBHO — 0.8 MM /C IO OTHOIIEHUIO
K IS xeneza B a-Fe daze npu armocdepHoM napiieHun
U KOMHATHOII TeMmepaType.

DKCIIepUMEHTaJIbHBIE CIEKTPhl ObLI 00pabOTaHbBI
JUTsl BCeX M3MEepeHHbIX 3Hadennit P—T', u B pesysibrare
OBLIN TTOJTY9€HbI 3aBUCHUMOCTH 1S OT IaBJIeHUs U TeMIIe-
parypsl. Ha pucynke 6a mpuBeeHbI HAIIK JAHHBIE JJIsT
temrepatyp 10 u 298K B cpaBHeHuu ¢ JaHHBIMU U3
pabornl [29]. Takzke 10 pesyiabraTaM TUX H3MEPEHUH
MOXKHO peKOoHCTpyupoBarb P—T (da3oByio jauarpamMmy,
KOTOpasl IIpUBeJIeHa Ha puc. 6b.

OueBUIHO, 9TO HEMPEPBIBHOE TAJIEHUE H30MEPHOTO
caBUra 1pu pocre gasjenus (puc.6) obyc/oBJIeHO yBe-
JIMYEeHUEM IJIOTHOCTHU S-3JIEKTPOHOB Ha sijpe Fe-57, uro
SABJISIETCH CJIEJICTBUEM CXKATWUsA 00pa3ra. 3aBUCHMOCTH
IS(P) socar HeMHENRHbLI XapaKTep, U JJisd UX AIIIPOK-
CUMAIMKM HEOOXOJUMO WCIIOJIb30BATh KBaJIPATUYHBIE U
00J1ee BBICOKUE CTEIIEHU B PAa3JIOZKEHUH 110 MaJjIOMy Ia-
pamerpy (P) masienus. Haubosiee Touno usmepena 3a-
sucumocthb 1S(P) ayis KoMHATHOH TemrepaTypbl. Mbl
YCTAHOBUJIN, YTO FKCIIEPUMEHTAIbHBIE TOYKU MOYKHO XO-
POIIIO OnKCcaTh (AIIPOKCUMUPOBATH) KYOUIECKUM I10JIU-
HOMOM BHJIa:

IS(P)=1ISy+k-P+b-P?>+c- P> (1)

Pesynbrar
yek IS mnpu KoMHaATHOH TemmepaType K (QyHKIUH
Buza (1) maer ciepyrolue 3HAYEHHs IIAPAMETPOB:
ISy = —-0.22645mm/c, k = —0.00386 mm/c - I'Tla,
b = 7.66279 - 107 %mm/c-TTa%, ¢ = —6.34349 -
1079 mm/c - T'Ta3.

B obmrem cirydae m3oMepHBIN CABAT BKJIIOYAET JIBA

IIOATOHKHA 9KCIIEpUMEHTaJIbHBIX TO-

BKJIAJIA:
1. “Temmneparypsblii casur’ (d7) WIM JIONILIEPOB-
CKHUil cIBUT BTOPOTO mopsizika. st nebaeBckoit Momein
TEIUIOBBIX KOJIEOAHWMIT OTHOCUTEIbHOE N3MEHEHUE KITHEe-
TUYECKOI SHepruu siapa npu remueparype T > 0 BbI3bI-
TTucema B 2K9TO

Tom 117 BoII.1-2 2023
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Puc. 6. (Ipernoit onnaiin) (a) — 3aBUCUMOCTb OT JABJIEHUs W30MEPHOIO CZABHUra B 2KEJI€3€ JJIs PA3IMIHBIX TEMIIEPATYP.

M30MepHBIE CIBHUT TIPUBEICHBI OTHOCUTEIBHO (-Fe, HaxosImerocss npu KOMHATHOM TeMIeparype u arMoChepHOM JABJICHNN.
O6beMHbBIe CHMBOJIBL — JaHHBIE U3 pabors! [29]. Cronnble sinaun — noaronka o gopmyie (1). (b) — ®asosas P—T nuarpam-
Ma JKeJjl€3a: TPEyTOJbHBIMU CHMBOJIAMU OTMEYEHBI IKCIepuMeHTaIbHble P—T Touku, B KOTOPBIX u3Mepsinch NFS crekTpst

B HalleM 3KCIEpHUMEHTE. Bo Bcex U3MEPEHHBIX TOYKAX 2KeJI€30 HaXOAUTCA B HEMAarouTHOM COCTOAHUNU (NM)

BaeT CMeIIeHne MecchayIPOBCKOrO CIEKTPA HA BEJIUIU-

uy (Av) [36]:
Av

—3KT/2Mc(1 — 30 p/8T), 2)

rae M — macca sjpa, ©p — remneparypa lebast u ¢ —
CKOPOCTBb CcBeTa. B cirydae MeccOayIpPOBCKOrO M30TOIA
5TFe, ysenuuenne Temueparypsl Ha 1 K BbI3bIBaeT cMe-
menne jaunnn za —7.0 x 1074 MM/C.

2. MzomepHsblii capur (nam “xumudeckuit casur’ §)
OOYCJIOBJIEH  3JIEKTPOCTATHIECKUM — B3aUMOJIeHCTBHEM
sJIpa C OKPYKAWIIUMH 3JIEKTPOHAMU B pe3yJbTare
KYyJIOHOBCKOTO B3aUMOJEHCTBUs sIIEPHOTO 3apsijia C
IJIOTHOCTBIO 3JIeKTpoHHOrO 3apsiaa —e| ¥ (0)|?. Dueprus
9TOr0 B3AMMOJEHCTBUS PA3IUYIHA JJIsl JIBYX SIIEPHBIX
u30MepoB (OCHOBHOTO U BO30YXKJEHHOIO COCTOSHUIA,
TaKk KaK y HHUX pasJjuuHble pajuychl R), mosromy
cABUr HasbIBaeTca usomeprolm. s snep °'Fe za-
BUCHMOCTH M30MEPHOI'O CJBHUIA OT ILJIOTHOCTH 3apsija
3d- n 4s-37IeKTPOHOB JJIsI PA3/IMIHBIX KOHMUTYpaInii
SJIEKTPOHHOU OOOJIOYKH ObLIa BIEPBLIE IIPOAHAJIHU-
supoBaHa B pabore [37] ¢ IOMOIIBIO DPACIETOB IO
metonny Xaprpu—Poxa. IlockosbKy TOJBKO aTOMHBIE
NS-0poUTAIN Pp (1) UMEIOT OTJIMYHYIO OT HyJisl ILJIOT-
HOCTb B O0JIACTH sJipa, TO ILIOTHOCTH 3JIEKTPOHHOIO
sapaga |W(0)[?
HAXOAANUMUCH Ha PA3INIHBIX S-opouTansax |U,(0)
Mecchaysposekoro atoma, T.e. [¥(0)]2 = S [¥,,4(0)[%

n

B OCHOBHOM CO3/Ja€eTCd IJICKTPOHaMH,
|2

Os1HaKO p- U d-3JIEKTPOHBI, HE CO3IAIOIIUE IIPSIMOTO
BK/Ia/a B 3Hadenne |W(0)|?, MoryT, Tem He MeHee, 3Kpa-
HUPOBATH S-3JIEKTPOHBI U TAKUM 0OPA30M BJIMATH HA BE-
JmauHy capura 6. Hanpumep, nobasiienue 3d-31eKTpoHa
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YMEHBIAET KYJIOHOBCKUN MOTEHITUAJ, TPUTITUBAIOIIII
35-3JIEKTPOHBI K s1JIPY, U BBI3bIBAET pa3Ma3blBaHUE BOJI-
HOBOH (QyHKIIUU 3S-3JIEKTPOHOB, YMEHBIINAS IIJIOTHOCTH
ux zapgana |U(0)? ma sape. dro npuBoauT K Cyiie-
CTBEHHOMY YBEJUYEHHUIO0 XMMHUYECKOTO CIABUra (HAIOM-
uuM, uro s O Fe AR/R < 0, e AR = Rey — Ry).

HecrannaprHoe noBeeHmne n30MEePHOTO CIABUTA B 3a-
BUCHMOCTH OT JIABJIEHUsI U TEMIIEPATYPbl 00CYKIaeTCs
B CJIEJIyIOINEM pa3Jieie.

Kpome Toro, mamum ObLam mpoBesieHbI pacdeTsl 1S
B 3aBHUCHUMOCTHU OT JIaBJIEHUs JJIsl CJIeJYIOIuUX (bukcu-
poBaHHBIX Temmneparyp: 10, 70, 140, 210 u 298K (cm.
puc. 7a). Jng Kaxuoii Gapudeckoil 3aBUCUMOCTH Obl-
JIM CIIeJIaHBI TIOATOHKY K aHaJuTudeckoil dyuxkmun (1)
(AaHAJIOTMYHO MOATOHKE GapuiecKon (DYHKIMHU JIJIsi KOM-
HATHOH TeMmIilepaTypbl Ha puc.6a) M 3aTeM [IOCTPOe-
uel 3aBucumocta 1S(T') 71t pa3inIHbIX JaBICHUH (CM.
puc. 7b).

Bruto ycramosieHo, 94TO B TeMIepaTypHOM IHAaIa-
3oue or 10 mo 140 K wm3omepHbBIil CABUT TPAKTHYIECKH
HE 3aBUCUT OT TEMIIEPATYPbI, OJHAKO B auana3one 210—
300 K npoucxoaur ero najaenue npumepso Ha 0.05 mm/c.
B pesysbrare na temueparypuoii 3asucumoctu IS(T)
HaOJII0/AeTCsl AHOMAJIBHBIN T1eperu6 (“KuHK”), 10JIoxKe-
HIe KOTOPOI'o cMelaercs ¢ jgapienueM ot ~ 250 K mnpu
P = 100TTIa mo ~200K mpu P = 240T'Ila. 910 cBu-
JIeTeIbCTBYEeT 00 aHOMAJIUU B 9JIEKTPOHHBIX CBONCTBaX
e-Kejie3a IpU 3TUX Temieparypax. s jeMoHcTpanyn
sToro adhdekTa Ha PUC. 8 MOKA3AHA, IBOJIOIUS BEPOSAT-
HOCTHBIX DPACIIPE/IEJIEHUI N30MEPHOIO CIIBUTA C U3MEHE-
HUEM TeMIepaTyphl g AByx masjiaeHuit 160 u 217 ['1a.
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Puc.7. (LlperHoii onmaitn) (a) — 3aBUCHMOCTb HM30MEDHOIO CABUTA B ¥Keje3e OT JABJEHWs JUls PA3JIMYHBIX TEMIIEPATYD.

Crioninele JIMHUU — AIllIIPpOKCUMaIIU ITOJIMHOMOM II0 (I)OpMyJIe (1) (b) - TeMHepaTyprIe 3aBUCUMOCTU U30MEPHOI'O CABUTI'a

JJIl PA3HBIX ,ZLaBJIeHI/Iﬁ (I/I3 aHHpOKCI/IMaL(I/Iﬁ Ha puc. (a)) 3HadeHust U30MEPHBIX CABUI'OB JaHbl OTHOCUTEJBHO O(-Fe7 HaXOIs1-

Ierocs 1pu KOMHATHOM TeMueparype u aTMOCd)epHOM JdaBJICHUU

st mposicHernst 3TOro 3dderra HeOOXOMUMBI JIOTIOJI-
HUTEJIbHBIE IKCIEPUMEHTBI, PACIETHl U TEOPETUIECKUE
ITOJIXO/IBI.

4. Obcyxaenue pesyabraTtoB. [lo mpemmosoxe-
uuto 'ynenada [15], B nepexonubix 3d MeTaIaxX BHEII-
HUE S- W P-3JIEKTPOHBI 3aHUMAIOT YACTUYHO 3AII0JIHEH-
HbIE, IePEeKPBIBAIOIINeCs: S- U p-30HBL. llpm sTtom 3d-
SJIEKTPOHBI MOTYT OBITH KaK JIOKAJM30BAHHBIMH, TaK
U KOJIJIEKTUBU3UPOBaHHBIMU. [lapamerp Rt siBJisieT-
C KPUTHYECKHM MEXKATOMHBIM DACCTOSHUEM, TIPU KO-
TOPOM IIPOUCXOJIUAT IIEPEXOJ], OT JIOKAJU30BAHHOTO CO-
CTOSIHMSI K KOJLIEKTHMBU3UPOBAHHOMY. IlOCKOJIBKY p-
1 d-371€eKTPOHBI UMEIOT aHU30TPOITHOE PACIPEJIEICHUE
CIIUHOBOH (3JIEKTPOHHOM) IUIOTHOCTH, TO XapakTep 06-
MEHHOT'O B3aUMOJIECTBUsI 3aBUCUT OT KPUCTAJIIMIECKO
CUMMETPHUH U OT PACCTOSIHUS MEXKIy MATHUTHBIMHU aTO-
MaMH B OIPEIEICHHBIX y3/IaX KPUCTAJINIECKON Perer-
KH, a TAKXKe OT CTEIeHWU 3alojHeHus 3d-opbOuraseil ¢
OIIP€/IeJIEHHBIMU KBAHTOBBIMU YHCJIAMU.

IIpaBuio  obmennoro
karuoHamu  (deppo-
B3aMMOJIEHCTBHE), KOTOPOe IIPHMEHSIETCs JIsl  JIO-

B3aMMOJIECTBAA ~ MEXK/IY
Wi aHTuGEPPOMATHUTHOE

KAJIM30BAHHBIX  (-3JIEKTPOHOB, TJIAaBHBIM
B3anMMO/IEICTBUEM, OIPEJEIAIONINM 3JIEKTPOHHYIO KOp-
PEJIANHIIO CPeTU KOJIIEKTUBU3UPOBAHHBIX d-3JIEKTPOHOB

OCTaeTCcd

[IPU YCJIOBUU, KOTJIa PACCTOSTHUE MEXKJIy HUMH OJIN3KO
K KpuTudeckomy R — Repis.

Coruacuo T'ynenady [15], B OLIK-crpykType mepe-
XOJ[HOIO MeTaJljla JIBeé MArHUTHBIE MOJPEITeTKH JIOJIXK-
HBI YNOPSAJOYMBATHCS AHTUIAPALIEILHO (aHTHdEPPO-
MAIHETHUK), €CIIU {o,-OPOUTAJIH 3aII0JHEHbl HALIOJIOBHHY
win MeHee (ng, < 3), m mapazensHo (deppomarme-
THK), €CIN tog-OpOUTAIN 3aIIOJHEHB! OoJee, eM HAaIlo-
aoButy (nog > 3). a-ZKeneso umeer Gosee 6 BHem-
HIX 9JIeKTPOHOB, a nMerHo, BoceMmb (Fe® — 3d®4s? mmm
Felt — 3d"4s') u asasterca dbeppomarmerurom [15]. Ec-
JII BBINOJIHAETCS YCJIOBUE Nog < 3, U IPU ITOM eg4-
yPOBHU He 3anosHeHs! (ng = 0), T nepexoaHbli MeTasuI
sABJIseTcs napamarserukom tuma Ilaymm [38]. Dro Tak
HA3bIBAETCS CIIMHOBBIN IapaMarHeTU3M KOJIJIEKTHUBU3U-
POBAHHBIX 3JIEKTPOHOB (JIEKTPOHOB IIPOBOJMMOCTH) B
MeTasIax. TaKuMu CBOWCTBAME, HAIIPUMED, O0JIAIAI0T
OLIK-Ti (d%s?) m OLIK-V (d®s2,d*s!).

B mtoTHOyIIaKOBaHHBIX CTPYKTYPaX, K KOTOPBIM OT-
HocuTCd TekcaronasbHas hep dasa e-Fe (crpykrypa
I'12), kpurepuem deppoMarHeTusMa WA IapaMarHe-
tusma llaynn sBisiercst CyIecTBOBaHHE YACTHYHO 3a-
[OJTHEHHBIX COCTOSTHUI JIOKAJN30BAHHBIX JIEKTPOHOB.
B daze e-Fe d.o-smexTponnl MOIKHBI OBITH JIOKAJIU-
30BaHBI, a CBaA3bIBalONIast 30Ha (p, d°) He obpasyercs.

TTucema B 2K9TD  Tom 117 2023
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Puc. 8. (IIpernoii onmaiin) DBOMOIMA BEPOITHOCTHBIX PACHPEIEJCHUN U30MEPHOIO CIBUTA C TEMIIEPATYPO I JBYX JIaB-

sennii (a) — P ~ 160T'Ila u (b) — P ~ 217 I'Ila, paccunranubix mo nporpamme [32] uz skcrnepumenrtaibabix NEFS crekrpos

nyst Fe+SS obpasma. Ha BcraBkax mokasaHbl TeMIIEpATypHBbIE 3aBUCHMOCTH W30MEPHOIO CIIBHUTA JJIsl Pa3HBIX JaBJIEHUIL.

I/I30MeprIe CABUTU JaHbI OTHOCUTEJIbHO Hep}KaBeIOH.IefI CTaJix 1IIpu KOMHATHOM TeMIileparype u aTMOCd)epHOM JdaBJICHUU

Ko/1eKTHBU3npOBAHHBIE 3JIEKTPOHBI HAXOJATCA B Me-
TAJJIMIECKOM COCTOSIHUW, W TPH N2 < 2 das3a e-Fe
JIOJIKHA, ObITH (PePPOMArHUTHON, a HpH Mo > 2 U
ny,y = 2 — 910 mapamarseruk Ilaymu [15]. B mior-
HOYIIAKOBAHHON CTPYKTYPE MATHUTHBIA MOMEHT DABEH:
w=1/2[q(ng + 2)lup = 0, rue (ng + 2) — 4UCIO JBIPOK
B d-3omue. Ilocko/IbKy BCe JIOKAJIM30BAHHBIE 3JIEKTPOHDI
MMEIOT CHAPEHHBIE CIIUHBI, COSTUHEHNE SBJISETCS Tapa-
MarseTukoMm [39].

B Hammx MHOrOYHCIEHHBIX HCCICIOBAHUSX OKCUIO0B
JKeJ1e3a [IPU BBICOKUX JaBJieHusx [1| 6bL10 yeTaHOBIIEeHO,
9TO C yBEJIWIEHUEM JABJIECHUS POCT KPUCTAJJIMIECKOTO
II0JIsI IPUBOJUT 3HAUUTEILHOMY PACIICIUICHUIO tog ¥ €4

IIucbma B 2KOTP® Tom 117 Bpm. 1-2 2023

yposaeit. [Ipu 10CTaTOYHO BHICOKOM JIABJIEHUU SHEPIHUST
KPHUCTAJIJITIECKOI'O II0JIsl CTAHOBHUTCs OOJIbINIE SHEPIUH
BHYTpPHATOMHOIo obMeHna XyHIa U Bce 3d-3JI€KTPOHBI
[epexoaT Ha HIpKHUe ypoBHU. Ilpu sToMm crapuBanue
CIIMHOB IIPUBOJUT K HU3KOCIIHTHOBOMY COCTOSIHUIO, KOTO-
pO€e IIPU YETHOM KOJIMYeCTBe 3d-3JIEKTPOHOB fABJISETCH
JMaMATHIATHBIM.

[To-Bumumomy, anaaorudHbiil 9pDEKT MOKHO OXKH-
nath u B daze e-Fe. B arom ciryuae npu BbICOKUX J1aB-
JIEHUSX JIOKAJIN30BaHHBIE d-3JIEKTPOHBI 0OPa3yIOT Jina-
MarHUTHOE COCTOSIHME, a KOJIJIEKTUBU3UPOBAHHLIE S-, D-
U d-3JIEKTPOHBI HAXO/ISATCS B IapaMarHUTHOM COCTOSIHUN
tuma [laymn. Takoit Ka4ecTBEHHBIH aHAJN3 ITO3BOJISIET
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00bSICHUTH HEMATHUTHOE COCTOsTHIE (pa3bl £-2Keje3a, Ha-
6JIF0/IaEMOE SKCIIEPUMEHTAJIBHO.

B smmreparype nuMeercst MHOIO MOIIBITOK ITPUMEHUTH
Pa3JIMYHBbIE METO/bI TEOPETUIECKUX MCCJICIOBAHMIA J1JIsl
u3ydeHnsT MArHATHBIX CBOUWCTB Gasbl £-Fe, ocobemmo
B CBS3U C OOHAPYKEHUEM CBEPXIIPOBOIUMOCTH B 9TOM
matepuadie [28,40]. Panee pacuerbl 30HHOH CTPYKTYPBI
[41] upenckazanm oTCyTCTBHE MATHUTHOIO YIIODSIOYe-
uus B e-Fe. CoBpemenubie pacaeTs (pyHKIIMOHATIA TIJIOT-
HOCTHU C HCIIOJIb30BaHUEM IIPUOJINKEHUsT 0000IEeHHOTO
rpaguenta (GGA), KoTopble OOBIYHO CUMTAIOTCS Ha-
JIE?KHBIMU JIJTs1 3d-METAJIJIOB, Y€TKO IMOKA3bIBAIOT AHTHU-
dbeppomarauTHOe 0cHOBHOE cocrosiHue [40] miu HekosI-
JINHEApPHOe MArHUTHOE COCTOSIHHME, HO He IapaMarHWuT-
Hoe 28, 40]. AuTudeppoMarHuTHOE OCHOBHOE COCTOSTHUE
HEOTHOKPATHO MpeicKa3bBasoch misa ['IIY-daser xe-
sesa e-Fe [24,27,42-47], Ho naHHBIe MecchHaydIPOBCKOM
CHEKTPOCKOIIHNY YKA3BIBAIOT HA OTCYTCTBUE CTATUICCKUX
MATHUTHBIX MOMEHTOB.

B paGore [25] 6buia npoBepeHa uies 0 TOM, YTO &-
2KeJIe30 sIBJISeTCsl aHTU(DEPPOMATHUTHBIM, HO HE IIPOsIB-
JISIeT CBEPXTOHKOT'O MATHUTHOIO IIOJIsI Ha siJipe KeJjie3a
13-33 KOMIIEHCAIIUYU BKJIAJIOB OT TJIOTHOCTH JIEKTPOHOB
C IIPOTHUBOIIOJIOXKHOI opueHTarmeil cuuHoB. Jjist 9Toro
OBLIM BBIIIOJIHEHBI PACYETHI [TOJIHOTO roTeHIuasa DET ¢
JINHEAPU30BAHHBIMU [TPUCOEIUHEHHBIMU TIJIOCKUMH BOJI-
Havmu (LAPW) B npubimkeHnn 0GOGIIEHHOIO Ipajiy-
enra (GGA). B pesysibrare aBToOpbl IPUILIA K 3aKJIHO-
gernio, uro ¢yukmuonan GGA mepeorienuBaeT 0OMeH-
uyio cBs3b B daze I'IIY-Fe u meBepno mnpecka3biBa-
€T MarHuTHBIA mopsigok. OJHAKO CyLIeCTBYeT BEpOsIT-
HOCTb, YTO KBAHTOBBIE CIUHOBBIE (iryKTyanuu [28,40]
B £-2KeJie3€e MOTYT OBITh CJIUIIIKOM OBICTPBIMU JJIS MECC-
6ay’pOBCKOI0 BPEMEHHOI'O OKHA B HECKOJIBKO HAaHOCE-
KyHJI, 1 TIO9TOMY CBEPXTOHKOE MarHUTHOE I10jie He 00-
HapyKuBaerTcsd. ABTOpPbI [28] UpPUILIM K BBIBOLY, 9TO
Borpoc 0 maruerusme B ['1IV-kesie3e ocraercss OTKpbI-
TeiM. Ecim naxke I'IIV-xejre30 jieiicTBUTE/IBHO HEMAr-
HUTHO, OHO JIOJI?KHO OBITH OY€Hb OJIM3KO K MArHUTHOM
HEYCTOWINBOCTU. B 9TOM Cjiydae MArHUTHOE BO3MYIIE-
HUe (HAIpUMep, BHEIHee I0JIe) JOJKHO CTabHIn3HpO-
BaTh MArHUTHOE COCTOsiHUE. [Ipr 9TOM BO3HUKHOBEHUE
MOJIAPU3AIIN JIEKTPOHOB TPOBOINMOCTHU JIOJI2KHO CO-
3/1aBaTh U3MEPUMbI€ CBEPXTOHKIE MAIHUTHBIE II0JIsI HA
anpax xkesesa. Oanako namm usMmeperns NEFS criekTpos
BO BHEITHEM MATHUTHOM I0JI€ OTBEPralOT 3TO P00
xkenue. Bo BHemHux mosisx 10 5 Ti1 cBepxToHKME Mar-
HUTHbBIE II0JIsI HE BOSHUKAIOT.

Jaee HEOOXOMMO OTMETUTH OOHAPYKEHHOE B Ha-
1ieit pabore HeperyaspHoe TOBEJIeHIe H30MEPHOTO C/IBU-
ra IS B 3aBACHMOCTH OT J[aBJIEHUASI U TEMIEPATYPBI

(puc. 6a, 7a, 7b).

B wucxomaom cocrosHmm atom xesnesa a-Fe mmeer
3JIEKTPOHHYI0 KoHpurypammo 3d°4s?. 3Hauenus uzo-
MEPHBIX CJBHUI'OB 3aBUCIT OT 3aCEJEHHOCTH HE TOJIBKO
NS-COCTOsIHUI, HO U 3d-OpOuTaJIell, KOTOPble MEHSIOTCs
101, BO3/IeficTBIEeM BhICOKUX JaBienuit. st dazer e-Fe,
UCCJIeJOBAHHOM B Halllell paboTe, I0-BUIMMOMY, CJIe/IyeT
paccMOTpeTh OTIEIbHO 3D (EKTHI BIUAHNAS TEMIIEPATY-
pbl Ipu (PUKCUPOBAHHOM JABJICHUU W BJIUSHUE ABJIE-
HUsl Ipu (PUKCUPOBAHHON TEMIIEPATYPE.

Haubosiee moapobHble JaHHBIE 10 W3MEHEHHIO Be-
Jwmanabl 1S ¢ yBesnmdeHuWeM JABJICHUS HAMU IIOJIyde-
HBl Jyisi KOMHATHOH TeMmueparypel (puc.6a). B daze
e-Fe smadenne ISy = —0.22645MM/C OTHOCUTEIBHO
a-Fe 1pu HOPMAJBHBIX YCJIOBUSX (IKCTPAIIOJIUPOBAH-
HOE K HYJIEBOMY JaBJIEHHIO) YKA3BIBAET, 4TO JIEKTPOH-
Has IJIOTHOCTh Ha dAnpax keje3a B ¢aze e-Fe 3uaun-
TesibHO Bhiie, YeM B dasze a-Fe. Basucumocrs I.S(P)
HOCHUT HeJIMHeWHbIN xapakTep. C yBesndeHumeM IaBJie-
HUsI 9JIEKTPOHHASI IIJIOTHOCTH HA S/IPAX 2KEeJIe3a MPOJI0JI-
2KaeT YBeJIMYUBATHCS U IIPU MaKCUMAaJbHOM JaBJIEHUH
241 I'lla saauenue IS mocTuraeT KOJa0CCAJILHON BEJIAIHU-
Hbl & — 0.8 MM/c oTHOCHTEIbHO (-Fe 11pu HOpMaJIbHBIX
ycaoBusix (puc. 6a u 7a).

BecbMa yauBUTE/IBHO, YTO C HOHUXKEHUEM TEMIIEPa-
Typsl 10 10 K ymenbinenne abcosrornoro 3nadenus: 1.5
YKa3bIBAET HA YMEHbIIEHNE JJIEKTPOHHON INIOTHOCTH HA
AIpax Keje3a Mo CPaBHEHUIO ¢ ee 3HavenueM pu 298 K
(puc. 6a u 7a).

Wsmepennsi m30MepHBIX cABUTOB B daze e-Fe mpm
Pa3/IMYHBIX TEMIIEpATypax OOHAPYKUBAIOT ‘HECTaH-
JaprHbil” xapakrep 3apucumoctu 1S(T) upu dukcupo-
BAHHBIX BBICOKUX JaBieHusx (puc. 7b). Hanpumep, npu
napiieausx B ooaactu 100-240 I'lla snagenune IS ocra-
€TCsl TIOCTOSTHHBIM C POCTOM TEMIIEPATYPhI IIPUMEPHO OT
4 1o 200 K. 1o He coorBeTcTByeT J1e6aEBCKON MOJIEIN
TEIUIOBBIX KOJIeDaHWiI aTOMOB 2Keje3a. Dbojee Toro,
Ha rtemneparypuoil 3asucumoctu IS(T) nabiogaercs
peskoe najienue 1S, yKasbiBaolee Ha CKAYKOOOpasHoe
YBeJIMYeHNe JIEKTPOHHO IJIOTHOCTHU HA siTPAX JKeJsre3a
pu ornpeeseHHol Temmeparype. [lomoxkenne “ckaguka’
cumerraercs ¢ gasierneMm ot ~ 250 K npu P = 100 I'IIa
10 ~200K mpu P = 240I'Tla. 910 cBumerenbcrByeT
0 HOBOM (JIOIIOJTHUTEIHHOM) 3JIEKTPOHHOM II€PEXOJIE
B 3Toit P—T obyractu. MOXKHO TIPEIIOIOKUTh, YUTO
pe3Koe yBeJIMYeHUe 3JIEKTPOHHOM IIJIOTHOCTH IIPU JaB-
sennsx B obmactu 100-240I'Ila moxker ObITH CBSI3aHO
C PE3KHMM YBEeJUYEHHEeM I[IPOBOIUMOCTH WJIM JiazKe C
BO3HUKHOBEHHEM CBEPXIIPOBOIUMOCTH.

B 3akJitoueHre oTMETHM, YTO IIOJIYYEHHbIE B JTAHHON
paboTe IKCIepUMeHTAJbHbIE JAHHBIE O MATHUTHOM CO-
CTOSIHMM U 9JIEKTPOHHBIX CBOMCTBax kese3a dasnl e-Fe
OYeHb BaKHbI KaK C (PYHIAMEHTAJBHON TOYKH 3PEHUsI

TTucema B 2KOTO
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GbU3NKYM METAJIIOB U UX MATHETU3MA, TAK U C TOUYKH 3Pe-
Husi pusuku 3eMJId U 3€MHOTO MArHETHU3MA.

Cremyer Tak»Ke OTMETUTh, 9TO HEMATHUTHOE COCTO-
sIHTE JKeJIe3a B IITUPOKOM JINATIA30HE CBEPXBBICOKUX JAB-
JIEHUI W HU3KUX TEMIIEPATYP IO3BOJISIET UCIIOJIb30BaTh
ero B KadecTBe ‘MeccOHay’dpOBCKOr0” ceHcopa MATrHHUT-
HOTO TIOJIsi B SKCIIEPUMEHTAX 110 BBITECHEHUIO MATHUT-
HOT'O II0JIsI U3 CBEPXIIPOBOJHHMKA. DTO OCOOEHHO BarK-
HO IIPU MCCJIEIOBAHUE CBONCTB CBEPXIIPOBOJIHUKA METO-
JaMu Ha ocHoBe ddderTa Meiicuepa. Takas meToanka
ObLIa TIPEJIOKEHA W PeaM30BaHa B HAIINX SKCIEPHU-
MeHTaX IIPHU HUCIHOJIb30BaHUU (DOJIBIM U3 0JI0Ba (Mecc-
6ayspoBckuii uzoron Sn-119) B 9KclIepUMEHTAX 110 BbI-
TECHEHUIO MAarHUTHOTO II0JIsI U3 CBEPXIIPOBOISIIETO 0~
saruapuzaa cepel (SHz) [48].

Asroper 6Guraromapst Ousada  Jleonosbma, Uabio
Cepreesa u l'anca-Kpucrumana Bujis 3a moiaroroBky
sKcliepuMeHTa Ha JimHuA POl ¥ moMoIs ¢ m3MepeHueM
NF'S cnekrpos. Asropsl 6arogapsar [Turepa Jluepman-
na u Koncranruna ['aspipmua 3a momorns ¢ u3mepe-
HUEM JIaBJIEHUsI B IIPOIECCE SKCIIEPUMEHTa Ha JIMHUU
P02. Asrops! Tak:ke Giaarogapar C. . OBunnHuKOBa 328
IPOAYKTUBHOE 00CYKIeHNEe pabOThl I KOMMEHTAPWH.

Pabora ObLra BbIIOSIHEHA TJIABHBIM OOPa3OM IIpH
Mo iepKKe TpaHTa Poccuiickoro HayIHOro QQOHIA
# 21-12-00344. FOcTtupoBoUyHasi cucTeMa PaMAHOBCKOMN
YCTAHOBKMU, HCIIOJIb3YEMOIl IPHU IOJIOTOBKE 3KCIIEPH-
MEHTAJbHBIX COOPOK, OBbLIa CO3MaHA IIPU IOJJIEPIKKE
MunucTepcTBa HAYKH W BBICIIIETO 0OPA30BAHUSA B paM-
KaX BBIOJIHEHUST paboT 1o rpauty # 075-15-2021-1362.
IIpu mojaroroBKe 3apsiaku 0OPA3IOB JJI IKCIEPUMEHTA,
ucmoJib3oBasiock obopymosanne IIKII “Yckopurenn-
HBIIl IIEHTP HEHTPOHHBIX UCCJIEJ0BAHUN CTPYKTYPBI
BeIleCTBa U siJIepHO Meauuabl’ HCTUTYTA SIIepHBIX
uccienosanuii  PAH. IlpenBapuresbHble pPEHTTEHO-
CTPYKTYPHBIE HCCJIEOBAHNS IIPOBEIECHBI IIPH TO/IIEPK-
ke MwuHuCTepCcTBa HAYKU M BBICIIEro obpasoBanus PP
B paMKax BBIIOJHeHUs pabor mo locymapcrBenHOMYy
sagannto  OHUIL “Kpucrannorpacdus u doronnka’
¢ wucnosnb3oBanueM obopyznoarus IIKIT  (mpoekr

RFMEFI162119X0035).
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