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IIpencraBiieHbI PE3YAbTAThl PACYETOB DJIEKTPOHHOM CTPYKTYPHI, ONTUYECKOTO CIIEKTpa M IKCIIEPUMEH-
TaJbHOTI'O MCCIeJOBAaHMS ONITUYECKUX CBOMCTB crutaBoB [eiicnepa Mn, _  Fe, ; Al (x=-0.5,0,0.5, 1). O6-
HapyXeHO aHOMAJbHOE [JII METAIZIMYECKUX CUCTEM ITOBENEHUE ONTUYECKON MPOBOAUMOCTU CILUIABOB B
MK obnactu criekTpa — OTcyTcTBUE I pyaeBCKOro pocTa M BHICOKUI YpOBEHb MEXX30HHOTO ITOIIOLLIEHMUSI.
IToka3aHo, 4TO TaKO€ MTOBEIEHIE OIPEIEIIETCSI OCOOEHHOCTIMMU DIEKTPOHHOM CTPYKTYPBI: ypoBeHb Dep-
MU PacIojIoXKeH B 00J1aCTU BBICOKOM INIOTHOCTU COCTOSTHUI, (hopMUpyeMoii d-cocrossHussMu Mn u Fe.

Knroueswie croea: crinaBsl [eiiciepa, a71eKTpOHHAs CTPYKTypa, ONTUYECKHe CBOMCTBa
DOI: 10.31857/S001532302260201X, EDN: CNPMQN

1. BBEJIEHHME POMAarHUTHBIM  YVITIOPSTOYCHHUEM.

DneMeHTapHas

Cpenu Oosblioro cemeiictBa cruiaBoB leiiciepa
X,MeZ (X, Me — d-metamn, Z — snemenT 11—V rpyn-
mbl), Matepuaibl ¢ Mn u Fe nipencrasisiioT ocoObii
HHTepec. Xumuueckoe nmomoore Mn u Fe obecrieun-
BaeT B3aMMHYIO pacCTBOPUMOCTh, pa3HOOOpa3Hbie U
CJIOXHbIE MarHUTHbIE (ha30Bble NMAarpamMMbl COENU-
HeHuit [1—8]. CriiaBbl MCCIEAYIOT KaK MepPCeKTUB-
Hble MaTepuasbl JJisi MArHUTOJIEKTPOHUKM, CO3/1a-
HUS XKECTKMX MarHUTOB 0€3 pelKO3eMENIbHbIX DJe-
MeHTOB. HemaBHMe wuccliemoBaHUsl ToKa3zaiud, 4YTO
HEKOTOpbIe cIjiaBbl [eiiciepa paccMaTpuBaloOT Kak
MaTepuaibl, MEPCHEKTUBHBIE IS TEPMODJIEKTpUYE-
cKoro nmpumeHeHust [8—11].

TpanuunoHHO cuuTaeTcsl, YTO CIUIaBbl [eiciaepa
umeroT crpykrypy L2,, (Cu,MnAl tun, npocrtpaH-
cTBeHHas rpymma Fm-3m, 225) [12], HO TakKe BO3-
MOXHa uHBepcHas X-crpykrypa (Hg,CuTi tun, npo-
CTpaHCTBeHHas rpymnma F-43m, 216) [4, 6]. Xumuue-
CKO€ WJIM CTPYKTYPHOE pa3ynopsiioyeHue MPUBOJIUT K
YaCTUYHO pa3ynopsiioueHHON B2- uin A2-CTpyKType.

DKcnepuMeHTallbHbIe UccienoBaHuss Mn,FeAl u
Mn, sFe, sAl nokaspiBaloT (OPpMUPOBAHUE TEOMET-
pudecku HpyCTpUPOBAHHOW CTPYKTYphI THIMa 3-Mn
(mpoctpaHcTBeHHas rpynna P4,32; 213) c antudep-

siyeiika CTpyKTypsl 3-Mn comepxut 20 aTOMOB, KO-
TOpBbIE pacnpeeseHbl Mo ABYM HEAKBUBAJIEHTHBIM I10-
sutmsM: 8¢ [0.06361, 0.06361, 0.06361] (rmozutms 1) u
12d [1/8, 0.20224, 0.45224] (mo3uuus 1I) [1]. Ha-
O0IeHe MarHUTHOTO YMOPSIOYEeHUS B CILJIaBax C
B-Mn CcTpyKTYpO#i BBI3bIBAE€T CIIOPHI M3-3a TEOMET-
PUYECKOTO pas3inyusl MEXIy IBYMS HEIKBUBAJIEHT-
HbiMu Tto3uuusiMu (1, I1). I[IpennonoxeHue, 4To Mo-
sunms 11 HeceT MarHUTHBIIZ MOMEHT, a mo3uuus |
CYUMTAeTCsl HEMAarHUTHOM, 10 CHUX TOp SBJSIETCS
MPEIMETOM CITOPOB. DKCIeprUMeHTallbHasl CTabuIb-
HOCTh [3-Mn-CTpyKTyphl MOATBEpKICHA pacyeTaMu
3JIEKTPOHHOM CTPYKTYPhI, BBITTIOJHEHHBIMU IS pa3-
JIMYHOro pacnojioxeHus aromoB Mn, Fe u Al. Tlo-
JIpoOHOE MCcCael0BaHUE MAarHUTHBIX CBOMCTB CILIa-
BoB Mn,FeAl u Mn, sFe, sAl co crpykrypoii 3-Mn
MoKa3ajy SKCHNEePUMEHTAIbHYIO peaan3aluio 0Co-
OEHHOCTe CIIMHOBOTO CTeKJa, MOATBEP>KIEHHBIX
aHaJIM30M YaCTOTHO-3aBUCUMOI BOCTIPUMMYUBOCTH
K TepeMEHHOMY TOKY C UCMOJb30BaHMEM KpUTUYE-
CKOTO CTeNeHHOro 3akoHa U 3akoHa Dorenss—Dyii-
yepa [1, 2].

Lenpo HacTOsIIIEro MCCASIOBaHUS SIBISETCS pac-
YeT 3JEKTPOHHOM CTPYKTYpbl U ONTUYECKUX CBOMCTB

257



258 INPEOEP u np.

Tabomuna 1. CTpyKTypHOE COCTOSTHUE CILJIAaBOB

Oo6pa3elr CtpykTypa ple_:[ii iﬁf:lj&
Mn, sFe, sAl B-Mn 6.36
Mn,FeAl B-Mn 6.357
Mn, sFe sAl B-Mn 6.344
MnFe,Al (I) B-Mn +A2 6.33; 2.91
MnFe,Al (I1) L2, 5.815*

* IMeeTcst HEKOTOPBIi aTOMHBbII Oecriopsinok B o3uumsx Fe u Mn.

crasos [eiticnepa Mn, _ Fe, , Al (x=-0.5,0, 0.5, 1),
noJiydeHrue MH(popMarum 00 JIEKTPOHHOM CTPYKTY-
pe€ 13 3KCIEPUMEHTAJIbHOTO UCCIeA0BaHUS ONTHYC-
CKMX CBOWMCTB. BMecTe ¢ HOBBIMM JAHHBIMHU IS
Mn, sFe; sAl 1 MnFe,Al Mbl mpuBOAUM 3KCIIEpU-

MEHTaJIbHbIE TaHHbIE, MOJIyYeHHbIE paHee ISl CIia-
BoB Fe,MnAl [13], Mn,FeAl [14], Mn, sFe, sAl [15].

2. OBPA31IbI
N METOAMNKA SKCITEPUMEHTA

IMonukpucraninyeckue o0Opa3lbl  CIJIABOB
Mn, sFe, sAl, MnFe,Al (I), Mn, sFe, sAl 6bu1n npu-
TOTOBJIEHBI TJIABKOI B IYTOBOI M€Y COOTBETCTBYIO-
mux nmopuuii Mn, Fe u Al (4ucToTOi Jydille, yeM
99.95%). I1naBieHMEe MTOBTOPWIN HECKOJIBKO pa3 st
MOIY4YeHUS Jy4lleil OMHOPOAHOCTHU, IIPU 3TOM BECO-
BbIe ToTepu coctaBwin MeHee 0.4%. IlonydyeHHbIE
CIIUTKU ObLIM OTOXKEHBI B BaKyyMe B KBapLEBBIX
aMmiyJiax B TeueHue 3 nHeil mpu remneparype 1000°C.
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Puc. 1. PentreHorpamma obpasua crutaba Mn, sFeg sAl
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ITocne aToro o6pas3upl ObUIK oxyaxaeHb! 10 650°C ¢
NaJlbHENIIIUM OTKUTOM B TeUeHHUE 3 JHEN U MeIJjIeH-
HO OXJIaXJIEHbI CO CKOPOCThIO 5°C/MUH.

O6pasubl MnFe,Al(IT) 1 Mn,FeAl Obiu npuro-
TOBJIEHBI B MHAYKIIMOHHOU MeYu B aTMochepe oun-
IIIEHHOr0 aproHa ¢ TPeXKpaTHBbIM MeperiaBoM s
MOJIyYeHUS JIy4llIeil OQHOPOIHOCTU MO cocTaBy. Pe-
3yJbTaThl OMNPEAeJeHUsS] CTPYKTYPHOTO COCTOSIHUS
CIUIABOB U3 PEHTreHorpaduyeckrMx JaHHBIX TIpe.-
cTaBJieHbI BTa01. 1. Takum oO6pa3om, cpeau ucciaeay-
€MbIX 00pa3loB eCTb KaK onHO(a3HbIe, TaK U HEO/l-
Hoa3Hble, BBITJIABJIEHHbIE B JYTOBOW WU UHIYK-
LIMOHHOI MeYU W MOJABEPTHYThIE PA3HBIM peXUMam
TepMooOpaboTku. Ha puc. 1 B kauecTBe mpumepa
MpuUBeJeHa peHTreHorpaMmMa oopasua Mn, sFe, sAl,
uMmeroniero B-Mn-cTpyKTypy, C YTOYHEHHEM TaHHbBIX
PEHTIeHOBCKOU qudpakiuu MeTonoM Putsenbaa.

3epKajibHblE TTOBEPXHOCTHU ISl ONTUYECKUX HC-
clieIoBaHWIT ObUTU MOTyYeHbI UTU(OBAaHUEM 00pa3-
110B Ha MUKPOIIOPOIIKaxX Kapouaa 6opa pa3Hoii Auc-
MEPCHOCTU U MOJMPOBAHUEM Ha OKMCU Xpoma. Ya-
CTOTHAsl 3aBUCUMOCTb JEUCTBUTENbHON €;(®W) U
MHUMOH €,(®) 4acTu AMIJIEKTPUUECKO MpOHHUllae-
MOCTHU (® — HUKJINYECKast 4YaCcTOTa CBETOBOI BOJIHbI)
HcciefoBaHa JUIUIICOMETPUYECKUM MeTonoM but-
T NIPU KOMHATHOW TeMIepaType Ha BO3IyXe B UH-
tepBasie criektpa 0.07—5 3B (A = 0.25—13 MKM).
ToyHOCTh M3MeEpPeHUit cocTaBisia 2—5% B uHdpa-
KpacHOI, BUIMMON 1 YJIbTpadUOIETOBOI 00JIaCTIX
cnekTpa. OnTuyeckas IpoOBOAMMOCTb BbIUMCIIEHA 1O
dbopmyie 6(w) = &,mw/4m.

3. TEOPETMYECKHWE PACYETbI
OJIEKTPOHHOU CTPYKTYPhI
1 OIITUYECKOTI'O CITEKTPA

PacueTrsl 371eKTpOHHOM CTPYKTYPHI BHIIIOJTHEHbI B
KOMIIBIOTEPHOM NakeTe ImporpamMMm Quantum Espres-
so (QE) [16] ¢ 06GMeHHO-KOPPEISALIMOHHBIM MTOTEH-
[MaJOM B MPUOIWXKEHUN OOOOIIEHHOW TpaaueHT-
Hol1 TIonipaBKu B 1onaxone Ilegpro—bypke—3OpH3eH-
xopa (PBE). BonHoBbie (yHKIIMU pa3ioXeHBI I10
IUIOCKWM BoOJIHaM. B 6a3uc opOUTATbHBIX COCTOSTHUI
OBUIM BKJIIOUEHHI 4s-, 4p-, 3d-COCTOSIHUS TIEpeXO-
HBIX METAJIJIOB MapraHila u xenesa, 3s-, 3p- u 3d-co-
CTOSIHUSI aJIlOMUHUS. B pacyeTax ucnonab3oBaHbI Te
K€ cTaHIapTHEHIC YIbTpaMsSTKIE IICEBIOIIOTCHIINAIIBI
n3 oubmorexku QE, uto u B padore [1]. dasg moctr-
KEeHUsI TpeOyeMOoil CXOAMMOCTH B LIMKJIE caMocoTia-
COBaHUSI UCIOJb30BaH Mpeaen sHepruu 60 Ry mig
MJIOCKUX BOJH. MHTEerpupoBaHue B 0OpaTHOM MpPO-
CTPaHCTBE MPOBENECHO IO CETKe U3 kK-Touek 8 X 8 X 8.
Kon mocrobpabotku QE epsilon.x [16] ucnons3oBaH
IS BBIYMCJIEHUS IEACTBUTEIbHOM U MHUMOI YacTei
JIUBJICKTPUYECKOTO TEH30pa COBMECTHO C TMJIOTHO-
CTBIO COCTOSIHMI, MCXOISI M3 BBIYMCIIEHHBIX COO-
CTBEHHBIX 3HAUYeHUI M COOCTBEHHBIX BEKTOpPOB. B
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6 Mn, sFe sAl

N(E), 1/(3B &. e.)

6F Er

1 1 1 1 1 1 1 1 1 1
-6 -5-4-3-2-10 1 2 3 4 5
E,»B

Puc. 2. KpuBble mioTHocTu coctostHuii N(E) criiaBa
Mn, sFe sAl co cTpykTypoii B-Mn mist ccTeMbl 30H €O
CnHaMM 110 (BEpXHsISI MaHeb) W MPOTUB (HIDKHSIS IMa-
HeJlb) HanpapjIeHs HAMarHM4eHHOCTH.

pacyeTax 3TOro Koma 6epyTcst MeXK30HHbIE IIEPEXOIbI
C COXpaHEHHUEM UMITYJIbCa BJIEKTPOHA K.

B pabote nmpuBOAMM pe3yabTaThl pacyeTa 3JeK-
TPOHHOW CTPYKTYphI criiaBoB [eiicnepa Mn, sFe, sAl
co cTpykTypoii B-Mn u MnFe,Al mist pa3HbIX CTPYK-
TYPHBIX COCTOSIHUIA.

Kaptuna ninotHocTu coctosiHuii Mn, sFe, sAl mo-
JToOHa TeM, KOTOpble paHee ObLIM IOJYYeHBI IS
Mn,FeAl u Mn, sFe, sAl co crpykrypoii B-Mn [1, 14,
15]. U3 puc. 2 BUOZHO, YTO CHJIbHO TMOpUAN30BaHHEIE
3d-cocTossHus Mn u Fe popMupyroT o0111yIo d-30HY,
m1puHOU ~8 3B B cucTeMe 30H CO CITMHAMU IO Ha-
MpaBJeHNI0 HaMarHMYeHHOCTU U ~7 3B — ¢ nmpoTu-
BOITOJIOXKHOI CTMHOBOI TTpoeKiueit. YpoBeHb @epmu
pacriojioxkeH B 00JIAaCTH BBICOKOM TIJIOTHOCTU COCTOSI-
HUI1 B 00erX CIIMHOBBIX TTofcucTeMax. [1moTHoCTb 3s-,
3p-cocTosiHuit aToMOB Al, 4s-, 4p-COCTOSIHUI aTOMOB
Mn u Fe HeBbICOKasi, pacrnpeneiieHa I10 LIUPOKOM
obmactu sHepruii. IloMHBIA MarHUTHBIIZT MOMEHT
Mn, sFe, sAl monydyeH B pacuere Kak 5.5 Ug/d. en.
IIpu 3TOM MarHUTHBIE MOMEHTBHI MOHOB OOpa3yloT
¢dbeppuMarHUTHBIN TUIT YITOPSIIOYEHU ST, CBI3AaHHBIM C
MPOTHUBOMNOJIOXHBIMUA HaMNpaBI€HUSIMA MOMEHTOB
MOHOB Mn, KOTOpbIE IO BEJIWYMHE COCTABISIIOT OT
2.0 no 2.8 Uz. MarHuTHbIE MOMEHTBI PAa3TUYHBIX
MOHOB Mn MMeIOT 3HaUeHHUs1 B yKa3aHHOM J11ana3o-
HE 10 MPUYKUHE PAa3IUIHOTIO JOKAJIBHOTO OKPYXKEHMUS
npyrumu moHamu Mn, Fe, Al, kotopbie pacrnonara-
IOTCS pa3yrnopsiIoueHo B TTO3ULIMS ABYX TUIIOB: 8¢ 1
12d [1]. bonee moapoOHO MarHUTHBIE CBOMCTBA JaH-
HOTO COCTaBa U BO3MOXHbI€ BAJIECHTHOCTU MapraHiia
B HeM OynyT MccleqoBaHbl U OIMYyOJIUKOBaHbI B J0O-
MOJIHUTEJIBHOI cTaTbe. MarHUTHbBIE MOMEHTHI MOHOB
Fe u Al coctasnsiior 1.6 u 0.1 Lz cOOTBETCTBEHHO. Bun3-
KWUe T10 BEJIMYMHE MarHUTHbIE MOMEHTbI ObLITN MOJTyYe-
Hbl 1 U1t Mn,FeAl B B-Mn ctpykTtype B patore [1].

DOU3NKA METAJIJIOB U METAJIZIOBEONEHUE
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Puc. 3. PacueTHBII1 crieKTp MEX30HHOW OITHYECKOI
MPOBOJMMOCTH CIJIABOB.

Pacuer MexX30HHOI1 YaCTH ONITUYECKOI TTPOBOIM -
MOCTH CILJIaBOB BBITIOJIHEH [1JIs1 criiaBoB Mn, sFe, sAl,
Mn,FeAl, Mn, sFe, sAl, umeroiux -Mn-cTpyKTypy.
ITokazaHo HaTMUYMEe UHTEHCUBHOTO MEK30HHOTIO MO~
TJIOIIEHUS TIPAKTUYECKHU C HYJIEBOM SHEPTUU B 00erX
CIIMHOBBIX ITOA30Hax (puc. 3).

Hus crutaa MnFe,Al 30HHBIE pacyeTbl ObLTU BbI-
MMOJTHEHBI C YYETOM KPUCTAJTMYECKOM CTPYKTYPHI pe-
aJIbHBIX 00pa3lloB, KPUBBIE INIOTHOCTU COCTOSIHUIA
npuBeaeHbl Ha puc. 4. B obpasuie MnFe,Al (I) peHt-
TEHOCTPYKTYPHBIM aHaIu3 TOoKa3ajl Halu4yuhe IBYX
da3 — B-Mn u A2. [TosTOMY KapTHHA TUIOTHOCTH CO-
CTOSTHUI MpencTaBieHa ABYMs BKiagamu (puc. 4a).
Bxian ot B-Mn-CcTpyKTyphl TOTOOEH TOMY, Y4TO ObLI
noiayyeH mist Mn, sFe, sAl, Mn,FeAl, Mn, sFe, Al
CunpbHO THOpMAM30BaHHbIe 3d-cocTosTHUST Mn 1 Fe
dopMUPYIOT 00IIYI0 d-30HY, IIMPUHOK ~8 3B B cu-
CTeMe 30H CO CIMHAMM I10 HarpaBJICHUIO HaMarHu-
YeHHOCTU U ~7 3B — ¢ IpOTHMBOMNOI0XKHOM CIIMHOBOM
npoexkuueit. ITpu 3ToM o4eBUAHO, YTO BKJIAJ COCTO-
SSHUM CO CIIMHOM IIPOTUB HAaIIpaBJCHUS HaMarHu-
YeHHOCTU OTJIMYAEeTCS OT BKJIAIa C IIPOTUBOIIOIOX-
HOM TIIPOEKUMUEN HEOAHOPONHBIM CMELIEHUEM II0
sHeprumn. g pasynopsmodeHHOUN A2-CTPYKTYpPHI
KpUBAas IJIOTHOCTHA COCTOSTHUM MMeEET OOJIbIIIee KO-
JIMYECTBO MUKOB B IIIMPOKOU OOJIACTH IHEPTUM IS
00enx CIMHOBBIX noacucrteM. CTpyKTypa 3HepreTH-
yeckux 30H MnFe,Al B 06enx Kpuctajuinueckux ga-
3ax TaKOBa, 4TO ypoBeHb DepMHU JIOKATU30BaH B 00-
JIACTU BbICOKOM MJIOTHOCTU COCTOSIHUIA.

IIpyHUMIIMAIBHO OPYryI0 KapTUHY IUIOTHOCTU
cocTosiHUI Tmonyvyaem g cruiaBa MnFe,Al co
CTPYKTYpOM L2, naxe ¢ y4eTOM HaJIMYMS aHTUCTPYK-
TYpHBbIX aTOMOB (puc. 46). [ns ctpykTypsl L2, ypo-
BeHb PepMU pacIlOoXeH B TIIyOOKOM MUHHMYME
JJISI COCTOSIHUIA CO CIIMHOM (T) U B 00JIaCTH NpPaKTU-

Ne 3 2023
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Puc. 4. Kpusbie ruiiotHoctH coctosinuit N(E) crmaBoB MnFe,Al: (a) co ctpykTypoii B-Mn u A2; (6) st uneanbHoii L2 -cTpyK-
TYPHI ¥ C YYETOM aHTHCTPYKTYPHBIX aTOMOB, [UISI CUCTEMBI 30H CO CITMHAMMU I10 (BEPXHSIS TAHENb) U TIPOTUB (HIKHSS ITAHEb)

HarpapJICHUS HAMarHM4€HHOCTU.

YeCKM HYJIEBOM IUIOTHOCTh COCTOSIHUIA IJISI COCTOSI-
HUI CO CITMHOM (i). Takas kaptuHa N(FE) 1o3BoIsIET
OTHECTH CILJIaB K ITOJIyMETALINYECKUM (heppoMarte-
TUKaM. YdeT Oecrnopsigka eCTeCTBEHHBIM 0O0pa3oM
MPUBOJIUT K Mepepacipee;IeHUIO TNIOTHOCTU COCTO-
SIHUI, ogHaKo ypoBeHb DepMu ocTaeTcsl B NIyOOKOM
MUHUMYME 111 00erX CIIMHOBBIX MOA30H.

IMonHbilt MarHUTHBIN MoMeHT MnFe,Al nonyueH
B pacuere wist J-Mn-cTpykTypbl Kak 3.0 Wg/dh. ., wist
A2 cTpyKTyphbl BennuruHa coctaBuia 1.5 g/d. en. B cay-
yae uaeanbHoi L2,-ctpykTypsl MnFe,Al nosHbIi Mar-
HUTHBIA MOMeHT coctabiisieT 2.0 Ug/d. en., ¢ yuetoM
AHTUCTPYKTYPHBIX aTOMOB B L2, — 1.8 lg/d. en. Kak u
B npyrux criabax Ieiiciepa Mn, _ Fe, . ,Al, tun
MariHuTHoro nopsinka B MnFe,Al octaercs deppu-

300 L~ MnysFegsAl

....... Mn2F6A1
250 ---- Mn, sFe, sAl
200 L --- MnFeAl ()

—— MnFe,Al (1)
150 + -
100 +

50 + ;
0 e
—50 + | !
0 2 4

Puc. 5. [leiictBuTenbHasd €; 1 MHUMAs €) 4aCTU AUIJIEK-
TPUYECKOI MPOHULIAEMOCTH CILIABOB.

DOU3NKA METAJIJIOB U METAJIJIOBEAEHUE

MardmMTHBIM C ITPOTUBOIIOJOXHbBIMU HaIIpaBJICHUA-
MM MOMCHTOB MOHOB B ITOAPCIICTKE Mn.

4. OITUYECKHUE CBOMCTBA
4.1. BHympu3zonHnoe noeaoujenue

HucnepcuoHHbIe KpUBBIE €;(M), €,(®) 1 G(W) cIuia-
BoB MnFe,Al(I), Mn, sFe, ;Al mpuBeneHb! Ha puc. 5 u 6
BMECTE C JAaHHbIMU Juisi cruiaBoB  MnFe,Al(I),

Mn, sFe, sAl u Mn,FeAl, nonyyeHHbIMU HAaMU paHee
[13—15].

B UK-o6mactu criekTpa OCHOBHBIM MEXaHM3-
MOM, OIIPEIeISIONIMM ONTUYECKNE CBOICTBA Me-
TaJIJIOB, SIBISETCS BHYTPU30HHOE IIOIJIOIIEHUE —
TakK Ha3bIBaeMoe “apynaeBckoe”. Ero Bkiiam ornpene-
JISIETCSI TTapaMeTpaMM 3JIEKTPOHOB MPOBOAUMOCTU:
TUTa3MEeHHOM YacTOTOH 2 M 4acTOTOM peslakcanu Y,
U yObIBaeT MPOIIOPLMOHAIBHO KBaApaTy 4YacTOThI
MaJaolIero cBeTa M2,

OnTuYecKMM KpUTEPUEM METAJJIMYEeCKOTO Xa-
pakTepa IpOBOIMMOCTH SIBJISTIOTCSI OTpUILIATEIbHBIE
3HAYE€HUS AECTBUTEIbHOM YaCTU TURJIEKTPUIYECKOMA
npoHuuaemocTu €,(®) B MK-obnactu cnekrpa [17].
Ha puc. 5 Mb1 HabI04a€M MOHOTOHHOE YBEINYECHHUE
€, C YMEHBIICHUEM 3SHEPTUU TMANAIOLIEA CBETOBOU
BOJIHBI U HEBBICOKME OTpULIATSIIbHBIC UJIU MOJOXHU-
TEJIbHBIEC 3HAYEHUS €, BIUIOTh IO TPAHUILIBI UCCIIEIO-
BaHHOTO MHTepBaia. AOCONMIOTHBIE 3HAYEHUSI HEBE-
JIMKM, 3HAYUTEJIbHO HUKE TE€X, KOTOPbIE XapaKTePHbBI
JIJISI XOPOILIMX METaJIJIOB, U YKa3bIBaeT Ha TO, YTO UC-
cJiemyeMble CIUIaBbI SIBJISIOTCS INIOXUMM METaJUIaAMMU.

B nepByto ouepenb Takasi CUTyalldsI MOXET ObITh
CBsI3aHA C HU3KOM 3((PeKTUBHOI KOHILIEHTpaluei
cBOOOMHBIX HOocuTeel N,q. B paborax [14, 15] mua
Mn,FeAl, Mn, sFe, sAl Ob111 caeaHbl OEHKU KBa/l -
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parta r1a3MeHHOM YacTOThI 2JIEKTPOHOB IMPOBOJIUMO-
cti Kak Q2 ~ (0.9—1.3) X 10%° ¢ u cBsA3aHHOII ¢ Heil
3¢ HEeKTUBHOM KOHIIEHTpAalIMel CBOOOTHBIX HOCUTE -
neit N,y = Q’m/4ne’ ~ (3—4) x 10 cm~3 (e, m — 3a-
psill ¥ Macca CBOOOIHOTIO 3JIEKTPOHA). 3HAYEHUST IV,
MPUMEPHO Ha 2 MopsiKa HUXe TeX, KOTOpbIe XapakK-
TepHbI W51 xopolux metayoB. s MnFe,Al (I) u
MnFe,Al (I1) kpuBble €;(®) HE3HAYMTENIBHO OTJIMYa-
10TCS1, HO OJIM3KU K IPYTHUM CITJITaBaM BO BCEU ucciaeno-
BaHHOI 00JIACTU, 3HAYMT, OJIM3KU 3HaUeHus1 Q2 U Ny

s Mn, sFe sAl 3HaueHuUs €,(®) OCTaIOTCS MOJIO-
SKUTETBbHBIMU BIUIOTH 10 JJIMHHOBOJHOBO IPaHULIBI
M3Y4EeHHOTO MHTepBana, OleHKy Q? u N, caenars
HEBO3MOXHO. 3HaueHus &,(®) B MK-obnactu cnek-
Tpa camble HU3KHE Cpeau BCEX WUCCIEeIOBAHHBIX
CIJIAaBOB, YKa3bIBas Ha TO, YTO B JAaHHOM CILIaBe
BKJIa/1 CBOOOIHBIX 2JI€KTPOHOB B ONTUYECKOE TIOTJIO-
LIEHKE CYLIECTBEHHO HUXKE.

st KyOn4ecKrX KpUCTAJUIOB KBaapaT Mia3MeH-
HOJi yacToThl Q2 ONpeneNseTcss CKOPOCThIO 3JIEKTPO-
HOB L Ha moBepxHocTU DepMu, KOTopasi B CBOIO oue-
pelb CBs3aHa C MJIOTHOCThIO COCTOSIHMI Ha ypOBHE
Bepyn: Q° = vdSe, N (Ep) = 1 dSF [17].
Ha yposae ®epmu, coriacHO 30HHBIM pacquaM, OoTMe-
YyeHa BbICOKAsl TUIOTHOCTb COCTOSIHMIA, OOpa3oBaHHast
BKJIagaMu d-coctostHuii atoMmoB Mn u Fe (puc. 2, 4).
ITosToMy ecTecTBeHHO oOXuAaThb HM3KHWE 3HAYEHUS
KBajipara IUIa3MeHHOIl YacTotel Q2 u 3¢ GhEKTUBHOI
KOHLIEHTPALIMK CBOOOIHBIX HOCUTENEN N, 4.

Eme ogHOM IIpUYMHON HEBBICOKMX aOCOJIIOTHBIX
3HauYeHU €,(®) U €,(®) MOTYT ObITh BLICOKHE 3HAYE-
HUSI YaCTOTHI peJlakcallui, KOTopasi BKIIoUaeT B ceOst
BCE MEXaHU3MEI pacCesIHUS 3JEKTPOHOB, B YaCTHO-
CTH, M3-3a CTPYKTYpHOTO Oecropsinka. OqHAKO BU-
UM, YTO KPUBBIE £(M) U &(®) OMU3KU I BCEX
CILJIaBOB, HE3aBUCHUMO OT CTPYKTYPBI WJIM CTEIIEHU
nopsiaka.

4.2. MexczonHoe noeaoujeHue

OnTuyeckasi TPOBOAUMOCTb G((M) SIBJISIETCSI Hau-
oosiee MHpOPMATUBHON (PYHKIIMEH IJIST BBISIBICHUS
ocobeHHocTel onTtuyeckoro mnomtomeHus. B NMK-
00JIaCTH CIIEKTpa IJIs METaJUIOB XapaKTEepHO HaIv-
yue [pyaeBckoro mombeMa Ha KpHMBOM G((®), 00y-
CJIOBJIEHHOTO BKJIaJOM OT IOIJIOIIECHUSI SHEPTUH Ma-
JIalonieii BOJIHBI CBOOOOHBIMU 3JIEKTpOHAMU (BHYT-
puzoHHoe nornonieHue) [17]. I1lo mMepe yBennueHus
YacTOThI MAJaoIIEro CBeTa BKIIOYAeTCsl, a 3aTeM Ha-
YyyHaeT JOMUHMPOBATh MEXaHU3M KBAaHTOBOIO BO3-
OyXIOeHMS 3JIEKTPOHOB. B onTmyecKoii mpoBOINMO-
CTU TIOSIBJISIETCSI BKJIaJ OT MEX30HHOIO IMOTJIOoINIe-
HUsS, [Oalollero uHQGoOpMaLuio 00 3JISKTPOHHOM
DHEPreTUYECKOM CIIEKTpE.

DOU3NKA METAJIJIOB U METAJIZIOBEONEHUE
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Puc. 6. Ontryeckasi npoBOIMMOCTD CTUIaBOB. Ha BctaBke —
o6ojiee mogpooHo MK-o61acThb.

ImaBHOII OCOOGEHHOCTHIO CIEKTPOB OINTHUYECKOU
MPOBOJIMMOCTH HMCCJIEIOBAHHBIX CILJIABOB SIBJISIETCS
otcyTcTBUEe JlpynmeBckoro mombema (puc. 6). 310
CBUIETEIILCTBYET O CIaOOM BKJIae MeXaHN3Ma BHYT-
PU30HHOTO TIOWIOIIEeHUS B (GOPMUPOBAHUE ONITUYEC-
CKuX cBoiicTB. Ha BceM HccaeqoBaHHOM ydacTKe
CMeKTpa JOMUHUPYIOILYIO POJIb UTPAIOT MEXK30HHbBIE
TepeXxonbl, (hOPMUPYsSI CIOKHYIO CHEKTPaIbHYIO 3a-
BUCUMOCTb G(®). Hanbosee MHTEHCUBHOE MEX30H-
Hoe nomoieHue B MK-o61actu cnekrpa orTMe4eHO
B cruiaBe MnFe,Al (1), 1151 KOTOPOro MUKW Ha KPUBOK
o(m) nmerotes yxe npu sHeprusix 0.16, 0.28, 0.66 sB. B
BuaMOit 1 YO 061acTh MTHTEHCUBHOCTD MEXK30HHO-
To MOIJIOLIEHUS TTOCTENIEHHO CHUXKAETCS 1O YPOBHS
o(m) ~ 22 x 10" ¢!, Iucrepcust ornTu4ecKoii MpoBo-
nuMocTu obpasiia MnFe,Al (1), B KOTOpOM BbIsIBIIE-
HBI ABe (ha3bl, B OOIINX YepTax MOBTOPSICT KapTHUHY,
HO WHTEHCUBHOCTbH TomionieHusi B MK-ob6nactu
crekTpa HuxXe nmo cpaBHeHuto ¢ MnFe,Al (I1).

Hns o6pasua criaBa MnFe,Al (1) co cTpykTypoit
L2, onntuueckasi npoBoauMocTh B MUK-o61actu Bbl-
e, 4eM IJIs OCTaJbHBIX CIUIABOB, KaK YIOPSOAO-
YeHHBIX B B-Mn-cTpyKType, Tak 1 HeonqHOoha3HOM
MnFe,Al (I). B Bunumoii u yabrpaduonetoBoii 06-
JIACTSIX MHTEHCUBHOCTb MEXK30HHOIO IOIJIOIIECHUS
IIOCTEIIEHHO YMEHbIIIACTCS C YBEJIMYEHUEM SHEPIrUn
rnagarpliiero ceeta v npu £ > 2 5B nmpakTuyecku coB-
nanaet co criasoM MnFe,Al (1).

Hns cninaBa Mn, sFe sAl oTMedeHbl caMble HU3-
K1€ 3HAaYEHUS OMNTUYECKOI MPOBOAMMOCTU BO BCEil
ncciienoBaHHOU objylactu criektpa. B MK-obnactu
CIIeKTpa 3TO OIpeleisieTcsl caMoil HU3Kou 3¢ dek-
TUBHOUW KOHILIEHTpaLlME HOCUTEJEH 3apsiia cpeau
WCCIEeIOBAaHHBIX B paboTe cruiaBoB. Bo3MoxHBIE
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IIPUYNHDbI ocnabieHUs MEXX30HHOTO BKJIaga 06CYI[I/IM
HWXKE.

OrcyrctBue JIpyoeBCKOTO TOIbeEMa  SIBJISIETCH
aHOMAaJIbHBIM JUIsl METAJIMYECKUX CUCTeM. B mipene-
ae ® — 0 onTUyeckasi MPOBOAUMOCTb BBIXOAMUT Ha
3HAYE€HNE CTATUYECKOI, KOTOPYIO MOXHO TMOJYYUTh
U3 U3MEPEHUI YIEIBHOIO 3JEKTPOCONPOTUBIEHNUS.
Cratudeckas NMPOBOAMMOCTb NPU KOMHATHOM TeM-
neparype G, MMeeT 3HaueHus 17.5 x 10 ¢! mua
Mn,FeAl [14] u 31 x 10" ¢! g MnFe,Al(IT) [13].
CrenoBarenibHO, B Tipezesie ® — 0 onTruyeckas mpo-
BOIMMOCTb JIOJIKHA E€11I€ YMEHBIINUTBCS.

OOcyxneHrne 3KCHEePpUMEHTAILHBIX PE3yJIbTaTOB
MPOBeIeM Ha OCHOBE PACUYETOB JIEKTPOHHOU CTPYK-
TYpbl YW ONTHUYECKUX CIHEKTpoB. sl crniaBoB co
CTPYKTYpoii -Mn pacdeTsl MOKa3bIBalOT HAIMYUE
WHTEHCUBHOTO MEX30HHOTO TMOIIOIIEHUSI TTPaKTh-
YECKU C HYJIEBOI 9HEPTUM B 00EUX CITMHOBBIX IMOJ30-
Hax. TeopeTnueckue KpuBble ONTUYECKOI TPOBOAU-
MocTu (puc. 3) B OCHOBHBIX YepTaX COINIACYIOTCS C
OKCHEPUMEHTATBHBIMU KpUBbIMU (puc. 6). Hamnuune
nukoB nornoieHuss B MK-obnactu cnekrpa cBuje-
TEJIbCTBYIOT O CYIIIECTBOBAHMM HU3KOZHEpPreThye-
CKUX IleJiel B 30HHOM CIIEKTpEe CIUIaBOB, KakK TIpe/-
CKa3bIBalOT 30HHBIE pacyeTbl. MMmeeTcsl cornacue
MEXIy Teopueid M BKCIIEPUMEHTOM B TTOJIOXEHUU
0COOEHHOCTE! MOIJIOIIEeHUsI BO BCEM MCCJIeIOBaH-
HOM CIIeKTpaJbHOM WHTepBaje. Bknaa B momione-
HYe€ AAI0T Mepexoibl MeXIy TMOPUIAN30BaHHBIMU CO-
CTOSHUAMU (D, d)\in, Fe, Al = (@, P)vn, Fe, a1 B 00CHX
CIUHOBBIX MOACHUCTEMAaX, KOTOpble HAYMHAIOTCS
MpPaKTUYECKU C HYJIEBOI1 DHEPTUU.

OtaesbHO 00CYIMM BO3MOXKHbBIE IIPUYMHBI OCJ1adIe-
HUSI MEX30HHOTO TMODIOLIeHUsI B cruiaBe Mn, sFej sAl
10 CPaBHEHUIO C APYTUMU MCClIeTOBAaHHBIMU B pabo-
Te ciuiaBaMu. TeopeTUYyecKUil pacueT MOKa3blBaeT
OIIMHAKOBYIO KAPTUHY G, MO MHTEHCUBHOCTH MEX-
30HHOTO MOMIOIEHUSs UIsI CIUIaBOB ¢ J-Mn-cTpyK-
Typoii (puc. 3). OnHako 60yiee BEICOKOE CoAepKaH1e
Mn B Mn,;Fe;sAl o3Hauyaer, 4yTOo TrUOPUAM3ALIUS
3d-coctosiHuit Mn u Fe He cToib cuiibHasl, Kak B
OCTaJIbHBIX CIUIaBax, Ha ypoBeHb DepMU BBIXOIST
NpeuMylilecTBeHHO 3d-cocTtosiHus Mn. Kak pe3yib-
TaT — 3HAYUTEJbHO CHUXKAETCSI BEPOSTHOCTb MEX-
30HHbBIX IEPEXO/IOB MEXTY 3TUMU COCTOSIHUSIMU, UTO
HaXOAUT OTPaxkeHWe B CHUKEHUHU ONTUYECKOM Mpo-
BOJIVMOCTH.

Hnsa obpasuos cruiasa MnFe,Al ¢ pasanyHbIM
CTPYKTYPHBIM COCTOSIHUEM OTJIWYME B ONTUYECKMX
CreKTpax OTMeuyeHo B obiyiactu 3Hepruii ot 0.1 mo
2 3B, 1.e. He gajee 2 3B ot ypoBHs Depmu. CortacHO
30HHBIM pacueTaM, NPUHIUIHUAIBHOE OTJIMYHE CO-
CTOUT B ITOJIOXKEHUM YpOBHsI DepMu B 00J1aCTH BBICO-
KO TUIOTHOCTU COCTOSIHUM 1S IBYyX(a3HOTo o0pa3-
ua MnFe,Al (I) u mydbokom MUHUMYMe [T oOpasiia
MnFe,Al (IT). UmeHHO naHHasi 0COOEHHOCTb 30HHO-
rO CIIEKTPa MOXET OMPEAESATh YCIOBUS MEK30HHBIX

DOU3NKA METAJIJIOB U METAJIJIOBEONEHUE
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MEePEX0J0B JIEKTPOHOB B TaHHOM 00J1aCTU DHEPTUA.
Kpome Toro, B MK-001acTu ciekrpa BKJaa OT MeX-
30HHOTO MOIJIOILIEHUsI COCYIIECTBYET C BKJIAAOM OT
BHYTPM30HHOTO norolieHus. M3 3aBucumMoctu nei-
CTBUTENbHOM W MHUMOI YacTU OUBJIECKTPUYECKOM
MPOHUIIAEMOCTU (PHUC. 5) BUAHO, UYTO aOCOJIIOTHBIE
3HAUYEeHUS €, U €, U, CJIeOBaTebHO, BKJIaA OT BHYT-
PU30HHOrO TNonioleHus, Boie wist MnFe,Al (I1).

3AKJIIOYEHHME

BBINONMHEHO KOMIUIEKCHOE MCCIeIOBaHUE 3JICK-
TPOHHOI CTPYKTYpbI cruiaBoB [eiicnepa Mn, _  Fe, , (Al
(x=-0.5,0,0.5, 1) Teoperuyecku pacueTamy 30HHO-
IO ¥ ONTUYECKOIO CIIEKTPa U 9KCIIEPUMEHTAIBHO Me-
TOIOM ONTUYECKOM CIIEKTPOCKOMMUH.

IlokazaHo ¢dopmupoBaHue oOIIeil d-30HBI aToO-
MoB Mn u Fe mmmpunoit ~7—8 3B. YpoBenb @epmu
HaXOJIMUTCS B 00JIACTU BBICOKOU IMJIOTHOCTU COCTOSI-
HMIA [UTSI CIIABOB CO CTPYKTYpoit B-Mn. [I1st oGpasiia
CIUTaBa co CTPYKTypoii L2, ypoBeHb DepMU HAXOIUT-
Cs1 B MUHMMYME TUIOTHOCTU COCTOSIHUMA.

OOHapyXeHO aHOMaJIbHOE ITOBEACHUE OITUYe-
cKmx cBo¥cTB cruiaBoB B UK -o0macTu criekTpa — oT-
CYTCTBHE BKJIaga OT BHYTPU3OHHOI'O IMOIJIOIICHUA U
HaJIU4Ue MTHTEHCUBHOIO MEX30HHOTO ITOMIOIICHUS.

IMTonyyeHHast KapTMHA 30HHOTO CHEKTpa U CIIeK-
Tpa ONTUYECKOM MPOBOAUMOCTH IMTO3BOJISIET AaTh Ka-
YyeCTBEHHOE OOBSICHEHE OCOOEHHOCTEM ONTUYECKO-
ro CrIeKTpa IOIVIOLIEHUSI U TUCIIEPCUN TUIJIEKTPHU-
yeckoii mpoHuuaemoctu. IlokazaHo, 4yTO HU3Kasl
KOHIIEHTpaLMs HOCUTEJIEH 3apsiaa U HAINIKMEe ITUKOB
MexX30HHoro noromeHuss B MK-obmactu omnpene-
JISIETCSI CTPYKTYPOM DHEPreTUYEeCKUX 30H.

HccnenoBanus mpoBeaeHBI 3a cueT rpaHta Poc-
cuiickoro HaydHoro ¢oHaa (rmpoekt Ne 22-22-20109
https://rscf.ru/project/22-22-20109/, UPM ¥pO PAH).

Het xoH(MIMKTOB MHTEPECOB.
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