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PaccmarpuBaerca BOIpoC 0 BO3MOXKHOCTH POCTa M MArHUTHBIX CBOMCTBaxX TOHKHX ILTeHOK MAX-dassr

Mn,;GaC ma mommoxkax AloOs paznuunoil opuentanuu. B paMkax reoMeTpuvyecKoro moixoja CIPOrHO3U-

poBaHBI HambOJ/Iee MPEeATOYTUTETbHBIE OPUEHTAIMOHHBIE COOTHOIIEHNsT U UHTEPdeHCHbIe TNIOCKOCTA B CHCTe-

me MnyGaC//Al2Os3, ykaspiBaomue Ha BO3MOXKHOCTh pocTa Ha momnoxkkax camdupa C-cpes (0001), S-cpes

(0111), N-cpes (1123), u R-cpes (0112). C momompio MeTosma GyHKIMOHATA 3T€KTPOHHOMN TITIOTHOCTH PACCHTH-

TaHbI BO3MOXKHbIE MAarHUTHBIE CBOMCTBA, CILIOIITHBIX YAbTPATOHKUX ILJIEHOK Mn2 GaC opu yCJI0BUU COXPaHEHUA

OIHOPOIHBIX pacTsikeHnii/cxarnit pemerkn MAX-das3bl,BEI3BAHHBIX POCTOM HA IIPECKA3AHHBIX IIOJIOKKAX:

ompeneneno BausHue medpopmarnmu pemerkrn MnaGaC Ha MarHuTHOE YHOPSIOYEHUE U BEJIMUNHB MATHUTHBIX

MOMEHTOB, OIIeHEHA BO3MOXKHOCTH IMEPEX0a M3 AHTH(MEPPOMATHUTHOTO COCTOSIHUS B (hEPPOMATHUTHOE IO

neficTBIEeM BHENTHUX MarHUTHBIX moJieil. [Tokazano, uro poct dheppomaruuTtHoit miaenkn MAX-daszsr MnaGaC
Hambosiee BeposiTeH Ha momyioxkkax Al;O3(0001), AloO3(1123) u Al,O3(0112).

DOI: 10.31857/S1234567822170098, EDN: jtczql

BBeaenue. N3Bectunie ¢ 1960-x TT. coequHeHUsT
OECKUCIOPOAHON KepaMuKu, Tak HasbiBaeMmble MAX-
daspl, B MOCIEIHEE IECATUIETHE TEPEKUBAIOT HACTO-
dIIIee BTOPOE POXKIEHWE. ITO ceMmeicTBo a3z, ¢ obirei
dopwmymnoit M, 1 AX,,, rie M — nepexonnbiii MeTasmt, A —
sstemenTbl noarpymnmbl A rpymn IIT u IV (B ocHoBHOM,
Al, Ga, Ge unu Si), X — yriepo, uiu a30T, COUeTaeT B Ce-
0e CBOICTBA KEPAMUKHN U METAJLIA, CIIOCOOHOCTH K CaAMO-
BOCCTAHOBJIEHHUIO, & TAK¥KE CTONKOCTH K BBICOKOTEMIIE-
PATYPHOMY OKHCJIEHWIO U PACTPECKUBAHWIO TPU PE3KOM
Harpese/oxnaxaennu [1]. Braromaps cioucroif BbICO-
KOaHu30TponHoM crpykrype MAX-da3 Bo3MOXKeH cuH-
T€3 yIbTPATOHKUX (DYHKITHOHAIBHBIX [LJIEHOK BILIOTH JI0
TOJIIIUHBI B HECKOJIBKO HAHOMETPOB, UTO JEIAeT UX HO-
BBIM TEPCIEKTUBHBIM KJIACCOM JIJIsi IPUMEHEHUsI B pa3-
JIMYHBIX 0DJIACTSIX TEXHUKH.

Jloiroe BpeMsi CYMTAIOCh, UTO ITU COEAUHEHUS He
MPOSIBJIAIOT MArHUTHBIX CBOHCTB, 0aHAKO B 2013 1. OBI-
Ja Haiinena nepsasg MAX-(dasa ¢ JajgbHIM MATHUTHBIM
nopsikom: 6bi1a cuaresuposana, (Crg 75 Mng 25)2GeC B
BHJIE SMUTAKCHATBHOI TOHKO# mienkn va MgO(111) [2].
Tlocnenyrormue uccaemoBanuss OOHAPYKUIH HECKOJIBKO
rpoitubix u uderBeprHbix MAX-da3 wma ocwose Mn ¢
KOHKYPHPYIOMUMHA (heppo- n aHTH(EPPOMATHUTHBIMI
(BHYTpU- U MEXKIUIOCKOCTHBIMHU) B3aMMOIEHCTBUSMHU,

De-mail: mav@iph.krasn.ru

MPUBOISAIIMMU K OOINEMY CJIOYKHOMY MarHUTHOMY OT-
KJIUKY, 3aBUCAIIEMY OT MOJI W Temieparypbl. Hemgas-
HO JETaJIbHOE M3y4YeHue MarHUTHBLIX cBoiictB MnsGaC
MPUBEJIO K OTKPBITHIO MEPBOH MarHUTOKAJIOPUUECKOMN
MAX-dassb! ¢ BBICOKOH TeMIepaTypoil yIopsI0IeHus 1
HHBEpCHell 3HAKAa MATHUTOCTPUKIAU U MATCHHTOCOITPO-
THBJIeHHs TIpH (Ha30BoM Trepexose [3]. DT HoBbIE CBOI-
CTBa, MATEPUAJIOB TIPEIJIATAIOT HOBBIE (DYHKIIMOHAIHHBIE
BO3MOXKHOCTH [IJIsi MHTEJJIEKTYAJTBHBIX JATYUKOB U aK-
TYaTOPOB, KOTOPbIE BOCTPEOOBAHBI JJIsI WHTEPHETA Be-
Ieii.

Tem He MeHee, CHHTE3 KadyeCTBEHHbIX IIeHOK MAX-
da3 Ha JAHHBI MOMEHT OKa3bIBAETCS BECHMA, CJIO¥K-
HBIM [4] W, TeM caMbIM, OTparkaer OOIIYI Tpobie-
My TIOMCKA MOIXOJSIIMX TEXHOJOTHIECKUX TOIJIOKEK
JIJTSL POCTa, 33/IAHHBIX KPUCTATLTHIECKUX LIeHOK. Panee
HAMU ObIJ MPEIJIOKEH IBYXCTYMEeHYATHIH KPUCTAJIIO-
reoMerpudeckuii Merox [5], KOTOpbIii MO3BOJISET OIpe-
JIETUTH HADOP MPEANOYTUTETHHBIX OPUEHTAIHOHHBIX CO-
OTHOIITEHNH MeXKIy MOJJI0YKKONH M 3MUTAKCHAJIBLHO pac-
Tymeit Ha Hell mweHku. OIHAKO CBOWCTBA TOHKUX
[JIEHOK, 0Opa30BaHWE KOTOPBIX MOYKET IIPOUCXOIUTH
HA JTHX TMOJJIOKKAX, OCTAIOTCS 33 PAMKAMHU TaKO-
ro MeTona W TPeOYIT OTAENbHOro ulydenusi. B ciy-
Yae, eCJIU pedb HJIET O HOBBIX MAJOW3yYEeHHBIX Ma-
TepUAiaX, KPalHe BBINOJHBIM IPEICTABIAETCS MPE/I-
BAPUTEJILHOE HCCEIOBAHNE OXKUIAEMBIX CBOWCTB TEO-
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PETHYECKUMHU METOJAMU, HAINPUMEP BBICOKOTOYHBIMEI
KBaHTOBO-XUMUYECKUMU PACIETAMHU.

Taxkum 06pa30M, AKTYAJTBHOM TTPEICTABIISIETCS 33,0~
9a HAXOXKIEHUsT HANDOJIEE TPEIMTOYTUTEIHLHBIX OPUEHTA~
LIUOHHBIX cOoOTHOIIEeHnH MarHnuTHbIX MAX-da3, nanpu-
Mep, MnyGaC, ¢ KpuCTAJINYECKO# CTPYKTYpOii Ccat-
dupa Al,O3 — TEXHOJOrMYECKH BarKHOI'O MATEPHUAJIA,
U3 KOTOPOrO MPOU3BOMATCS KAYECTBEHHBIE MOIJTIOKKHI
IpOu3BOILHON opuenTarun. [Ipu 3ToM 0coObIit mHTEpEC
MOXKET MPEICTABISATH BO3MOXKHAS I1e(hOPMAIHS PEIIeT-
KM pacTyIeil IJIeHKH Ipu oOpa3oBaHuu mHTEepdeiica ¢
MOJITIOYK KO, KOTOPAst MOYKET CYIIECTBEHHO MOBJIUSITH HA,
MarHuTHBIE CBOiicTBa [6, 7]. COOTBETCTBEHHO, B JAHHOI
pabore MBI cHadaja TTPOBOJWM MMpeICKa3aHne Hanbo-
Jiee IIPeANOYTUTE/IbHLIX ILIocKocTel mommoxkek Al,Og,
a 3areM WCCAeIyeM METOJAMH KBAHTOBO-XUMUUECKUX
pacYeTOB MAarHUTHBIE CBOWCTBA HANPSIKEHHBIX TIJIEHOK
Mn,GaC.

IIporuo3supoBaHne OPUEHTAIIMOHHBIX COOTHO-
HIEHWH. YUYUTHIBasg OOJBIION pa3Mep W UUCIO HEIK-
BUBAJIEHTHBIX ATOMHBIX mo3uiuii B siuefikax MnsGaC
u Al;O3, B manHoii pabore olpaBIaHO KCIOIL30BAHHE
YHUCTO MEOMETPUIECKOTrO MMOIX0A K TIOUCKY BO3ZMOMKHBIX
CPAHWUII PA3Ie1a MeXK Iy druMu aByms daszavu. [Ipemto-
JKEHHBI HAMMW KPUCTAJLJIOTeOMETPUYECKUN MOIX0/I, KO-
TOPBIH TOCTATOYHO MPOCT JIJIsl TOUCKA TI0 MHOTMOYUCTIEH-
HBIM BAapWAHTAM, YK€ TOKa3aJ CBOK 3(MMEKTHBHOCTH
JUISE 3371% SMUTAKCHAIBHOTO pocTa [5].

[Mpegnaraemas METOIUKA UCIOTB3YET CHCTEMATHIEC-
CKYI0 KOMOWHAIIMIO METOHA HAJOXKEHUS s9eeK DPsiI-K-
psiny (edge-to-edge matching) [8], aT0OBI HAKTH BO3ZMOXK-
HBIE OPUEHTAIMOHHBIE COOTHOIIEHUST U MOTEHINAJIHHBIE
uHTePdERCh, W TMOCTELYIONIYI0 MAKCHMHU3AIUIO JTOTH
6mu3Ko-coBmanaomux y3i0e (Near-Coincidence Sites,
NCS) [9] mast mPOTHO3MPOBAHWST OTHOCHTENBLHOTO MO~
noxkenusi a3 HA TPAHWIE PA3Ieia U JJisd CPDABHEHUS
pa3auYIHbIX HHTEpdecoB Mexay coboit. [Ipu aTom KoH-
MU IIOTHOCTH ATOMHBIX PSIIOB mepedopMyInpyer-
cs Jist ydera HeOONBINUX ATOMHBIX CMEIIEeHUil, KOTO-
poie qnexar B ocHoBe Meroma NCS, u, Takum obpazom,
0ba MeroJa MCHOJIB3YIOTCS YHUMDUIIMPOBAHHBIM 00pa-
3om. Tlonyuennas uuadopmamys 06 y3j1ax COBIAJIEHUM
PEIeToOK MO3BOJISET MOCTPOUTH MPOCTYI0 ATOMHUCTHYIE-
CKYIO MOJEJNIb CTPYKTYPbI nHTEpdEiica, KOTOPas MOXKET
HCIOJIB30BATHCS B KAYECTBE BXOIHBIX JAHHBIX 151 O0sIee
COBEPIIIEHHBIX METOJIOB MOCTPOEHUsI ATOMHON CTPYKTY-
por (Meromsr Monre-Kapio, 9BOMIONMOHEBIE UM JDPY-
IMe YBPUCTUUCCKUE AJTOPUTMBI) WU HEIIOCPEICTBEHHO
B MOJIEKYJISIPHOM JUHAMUKE WJIH KBAHTOBO-XUMUIECKUX
pacuerax.

B niepByto odepen isi 3asBIEHHON Maphl KPUCTATI-
JudeckuX (a3 ObLIM BHIOPAHBI KJIIOYEBbIE MMapaMer-
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pBI MeTona moucKa wHTepdeiicoB. B kawgecrBe KpuTe-
pusi COBMAJEHUsT OJIM3KOPACIOJIOKEHHBIX Y3JI0B peIle-
TOK GBLIO BIGpaHo paccrosiane 0.46 A, koTopoe SKBIBa-
JIEHTHO CMeTeHusaM aToMoB 70 0.23 A, 4TO COOTBETCTBY-
et npumepro 12 % ot mmun ceaseit Mn-C u Al-O. Tna
TOJIIUHBI WHTEPMENCHOrO CI0sT OBLIO B3ATO 3HAUEHUE
2.8 A, 4TO MOJIHOCTBHIO UCKJII0YaeT B3auMO/JIeliCTBUe aTo-
MOB, HAXOJISAIIAXCS 0 PA3HYI0 CTOPOHY OT WHTEepdeiic-
HOTO PEruoOHa, TaK KaK HAWOOJBINNI QTOMHBIN paanyc
e mpesbimaer 1.4 A (vapramerr). B kadectse Kpurepust
IJIOTHOM YHAKOBKH KPHUCTAJLIOTPAMDUIECKAX HATPABIIE-
HUl, KAK W B TPOINLIBIX PAabOTaxX, OBLIO BEIOPAHO OTHO-
CHTEITBHO HeBBICOKOe 3Hadenne (6 A)~!. MakcnmabHoe
paccoriacoBaHue BEKTOPOB TPAHCIISIMI HA PACCMATPHU-
BaeMbIX HHTEpdeicax OBbLIO0 OrPAHHYEHO M0 BETHINHE
nedopvanun untepdeiica & = (g2, + Eiy + ExzEyy +
€2,)"%, nie €45 — KOMIOHEHTBI TeH30pa JedopMaIym.
Bce unrepdeiicoi-kanauaarer ¢ gedopmanueii € dosee
5 % orbpacwBammck. II0OCKOILKY BEIMYMHA £ HEOTPHIIA-
TeIbHA, OHA HEe OTPAXKAET 3HAK MPEUMYIIEeCTBEHHON Jie-
dopmanmn, T.e. OyIeT Ju PACTYINAsA HA MOAI0KKE ILTEH-
K& CKUMATHCS WM PACTATHBATHCS. [ OTCIeKuBaHUsT
9TOTO MCMOJIH30BAIACH PA3HOCTD IJIOMIAIEH TPUMUTHB-
HBIX sT9€eK TPAHC/ISIUU B IIOCKOCTH HHTEpdeiica, 9.9,
MpUBEICHHAS K ILIOIAIN sueiiku moioxkkn Al, Oz, na-
Jee 0603HAUEHHOM S .

VUuUTBIBas CXOKECTh XUMUYECKUX CBSI3€H, KOTOPhIE
MOTyT 0OpPa30BLIBATEH BXOAAIINE B 00€ (ha3bl ATOMBI, ObI-
JIO BBIOPAHO, YTO COBHAJAIONUME y3JIAMH CYUTATUCH
napel Mn-Al, Ga-Al u C-O. OTneasHO CTOUT OTMETHTD,
1o uckaodenue napbl Ga-Al TpUBOIUT K HE3HATUTE -
HOMY HW3MEHEHWIO MOPsiIKa WHTep(EHCOoB M0 CTeneHn
MPEIMTOYTUTETHHOCTH.

Ha mepBhix 3Tamax moucka OBLIO OOHAPYIKEHO,9TO
BBIOPAHHBIE KPUTEPUM COTJIACOBAHUS PEIIETOK JOIMYyC-
KAIOT OMPOMHOE KOJIMYECTBO MPeIBAPUTETHHBIX BapU-
AHTOB MHTEP(MENCOB, BKIIOYAMONINX B OCHOBHOM BBICO-
KOWHJIEKCHBIE MI0CKOCTH camdupa. [1ockoabKy KOHed-
HOW TIeJTBI0 IOUCKA, SIBJISIETCST BHIOOD TTOJIOXKKH JIJTsT CHH-
re3a MAX-@a3bl, 66110 permreHo oropocuTsb uHTepdeii-
col ¢ mnockoctsiMu Alo O3, KOTOpBIE HE UCTOIB3YIOTCS
JIJIsT M3TOTOBJIEHUS MOIJIOXKEK. B pe3ynbrare mouck ObLI
orpanmden miockoctamu Al,O3 R-cpes (0112), A-cpes
(1120), S-cpes (0111), M-cpes (1010), C-cpe3 (0001), V-
cpe3 (2243), N-cpes (1123) u cpesnr (1129), (1126) u
(1014). DTO NO3BOIUIO CHUUTD YUCJIO AHATUIUPYEMBIX
OPMEHTAITMOHHBIX COOTHOTeHnH mo 12197 BapmaHTOB.
s Kaykaoro w3 HUX ObLTa PACCIUTAHA JOJIST COBIIA-
AKX y3/710B B mHTEpdeiicaoMm peruone. B Tadbaume 1
npejcraBiaensl BapuanTer ¢ goneit NCS 6osee 0.4.

DKCIepUMeHTATbHbIE MOATBEPXKIeHNUsT pocta  (da-
361 MnsGaC orpaHudeHbl CIydaeM pOCTa HA MOIJIOXK-
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Tabsuna 1. Haubosiee BepOsiTHBIE OPUEHTAIMOHHBIE COOTHOmEHns: u nHTEpdeiicesr MnaGaC//Ala O3

# NCS (hkil) (hkil) Cpes [uvtw] [uvtw] g, 05/So0, %
MAX Al203 Al203 MAX Al203
1 0.92 (0001) (0001) C [1120] [1100] 4551 —11.40
2 0.46 (1123) (0111) S [1100] [2110] 2.275 —2.86
3 0.44 (1103) (1123) N [1120] [1100] 2.375 —4.22
4 0.43 (1102) (0001) C [1120] [1010] 2.722 +0.07
5 0.43 (1126) (0112) R [1100] [2110] 2.461 —4.76
6 0.42 (1014) (1129) - [1120] [1100] 4.852 —1.61
7 0.42 (1100) (1120) A [1120] [1100] 2.318 ~1.96
8 0.41 (1120) (1100) M [1100] [1120] 2.318 ~1.96

kax MgO(111). B cBowo ouepenn dhOpMUpOBaHUE TOH-
kux mieHok MAX-da3z, comepKampx aToOMbl XPOMa
(Cr1—zMn,)2GaC, Habmromanoch Ha pPa3IUYHBIX MOJI-
Ja0kKax, B ToM umciae Ha Aly03(0001) [10]. Ipemmy-
MIECTBEHHAS OPUEHTAIUS TAKWX ILIEHOK HaO/II0IaeTcs
Ha mtockoctb (Cri—, Mn, )2GaC(0001). Oxnako rekcry-
pupoBarne MAX-dassr o0HaApPYKMUBAETCI W Ha TLIOC-
koctu (0113) u (1010). IIpu 3TOM KpUCTAIIATHI JTaH-
HBIX OPHEHTAIWI He MMEIT MHTepdeiica ¢ MOBEPXHO-
creio Alo03(0001). Wx pocT MpoUCXOmUT Ha GOKOBBIX
rpansax Kpuctaaauros opuentaiuu (0001) ma srame Ko-
anecuennuu [11].

Kak BHIHO W3 TOIYYEHHBIX PE3yIbTATOB, TPEI-
CKA3aHHBIH KaK HamboJiee BEPOSTHBIN mHTEepdeiic mei-
CTBUTEBHO COOTBETCTBYET SKCIIEPHMEHTATBLHO HAOJIO-
naemoit opwenrtarun uienkn MAX-daszsr (0001) wa
nomioxkke AlyO3(0001). OnHako Heib3si HE OTMETUTH
GOMIBIIYI0 BETMYUHY CKATHs, KOTOPOMY MHOIBEPraeTcs
daza Mny,GaC mpu TakoMm BapuaHTe cuHTe3a. Jlaxke
[IPU BBICOKOM CTEIeHH ILIACTUYHOCTH, npucyineir MAX-
dazam [1,12], aT0 npensTCTByeT POCTY CILIONIHON MO-
HOKPUCTAJIJINIECKON TIJIEHKU U CIOCOOCTBYeT (DOpMU-
POBaHMIO KPHUCTAJJIUTOB IPYTUX OPHEHTAIwii Ha HGOKO-
BeIx rpaasx MAX-daser (0001) 115 HOHUKEHHS TIOJI-
HO# sHepruu. CTOUT OTMETHUTD, YTO JJIsT STOM TTOIJIOK-
KU MMEETCsT IPYroe OPUEHTAIMOHHOE COOTHOIIeHne, # 4
Mn»GaC(1102)//Al,03(0001), mpudem 3TO eAUHCTBEH-
HBIA BAPHAHT W3 YHCIA JIUAEPOB, T KOTOPOTO ILIEH-
Ka OKas3bIBaeTcst pactsHyToit, 45/Sy = +0.07 %. Onna-
Ko Besmunna nedopmanun narepdeiica (2.722 %) yka-
3BIBAET HA 3HAYUTENBHYIO AHU30TPOIUIO PACTSIKEHUS.
Bwmecre ¢ stum, Ttakoit maTepdeiic nmeer BIBOE MEHb-
mryto 1010 NCS 1o cpaBHEHUWIO C HAWIYUIIUM BapUaH-
TOM, ¥ TIOSTOMY POCT TAKUX ILIEHOK He HaOIIOIAeTCs.

OtrmenbHOrO BHUMAHUS TPeOYIOT BApUAHTHI F# 7
u #8. Ilomumo TOro, YTO OHH COOTBETCTBYET pac-

IPOCTPAHEHHBIM THIAM  CamUPOBRIX  IOAJTOKEK,
Al;03(1010) M-cpe3 n Al;03(1120) A-cpes, onn Takxke

00JIaAI0T JOCTATOYHO HU3KUMU ITOKA3ATEJISIMUA e~
dopmaruu. Besencrsue Toro, uro mwienka MAX-(dasbl
OKa3bIBAETCS MEHee CYKATOi MO CpaBHEHUIO C # 1, MOryT
U3MEHUTHCS €€ JIEKTPOHHBIE M MATHUTHBIE CBOWCTBA, &
Tak:Ke CTeleHb WX aHu30Tpomnuu. /laHHoe 00CTOATEh-
CTBO MOKET MOMOYb IOJIYYEHUI0 HOBBIX MATEPUAIIOB C
3aJAHHBIMU CBONCTBaMU. 37€Ch K€ CTOUT OTMETUTh,
aro papuanT # 2, MnoGaC(1123)//Al205(0111) raxwxe
MOKA3BIBAET OTHOCUTENHHO HEOOJBIINE TMOKA3ATETH
CKATUS TUJIEHKW, YTO TaK¥Ke MOXKET TPeICTaBIATh
WHTEepeC I JAJTbLHEUTITNX UCCIeIOBAHUIA.
MeToauka pacyera 3JEKTPOHHOU CTPYKTYpPBI
M MarHuTHBIX CBOMCTB. Bce pacuers TMpOBOIMUIINCH
B COUH-IIOJISIPU30BAHHON Bepcuu Teopuu (HYyHKIUOHA-
Jla IJIOTHOCTH B paMmkax makera VASP 5.4 [13,14] c
UCTIOIB30BAHUEM TCEBIOTOTEHIINAJIOR 0 MeToxy PAW
[15,16]. B kauecrBe 06MEHHO-KOPPEJISIIIUOHHOTO IOTEH-
nuasia 6bw10 Bbibpano upubiuxkenue GGA-PBE [17],
MOCKOJIbKY paHee ObLIO MOKA3aHO, 9TO B PAMKAX [TaH-
HOrO MPUOJIHKEHUsT KOPPEKTHO OMUCHIBAETCS JJTEKTPOH-
HOE COCTOSIHME aTOMOB IepexogHoro merasia B MAX-
dbaze MnoGaC [18] maxke Ge3 TpHMEHEHWs OTIOJIHN-
resabHbIX Koppekiuit tuna GGA + U, u To, uTo maHHOe
npubInKEHHEe B [EJIOM XOPOIIO MPUMEHUMO K CeMeii-
crBy MAX-da3 [12,19] u Al O3 [20, 21]. Ucnons3oBamncs
6a3mc MIOCKUX BOJIH, pa3Mep KOTOPOTO OTPEIESIICS Ma-
pamMerpoM OOpe3aHus MO IHEPTUH, KOTOPBIA ObLT paBeH
520 5B a1 Bcex pacueros. Ilepsas 3oua Bpusiiosna co-
riacHo mpornenype Monxopcera—Ilaka [22] pasbuBanach
Ha CeTKY k-TodYek ¢ pazMepamu 12 X 12 X 4 myis1 yaBoeH-
HOIT cynepsadeiiku. Kpurepnit cXoauMOCTH TP MAHIME-
3alUK JIEKTPOHHBIX CTEmeHeil CBOOOM ObLI yCTAHOBJIEH
ma yposHe 1077 3B. PacdeT mosHO#t 3HEPTUM CTPYKTY-
pbI TIPU ONTHUMU3AIMYA MEOMETPUHU TTPOBOIUICST 0 TEX
MOp, TTOKA, OCTATOYHBIE CHUJIBI, MTEHCTBYONINE HA ATOMBI,
re cramormmich meree 0.015B/A.
Cuadana ObLIH PACCYUTAHBI PABHOBECHBIE O0BHEM-
uele anrudeppomarautaas (AOM) u deppomaruut-
TTucema B 2KQTO
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Puc. 1. (Ilgernoit onnaita) Pacuernsie sueiixku AOM u ®M da3z MnpGaC

Hag (®M) dasbr Mn,GaC. Maruurhoe yropsijgodenue
U MEXKATOMHbBIE PACCTOAHUSI B ITUX JBYX CIydasgx OT-
JINYAIOTCS, 9TO CXEMATHIECKN OTOOPAYKEHO Ha, puc. 1.

B coorBercTBHE C IKCHEPUMEHTOM, MUHUMYMY IO
9HEprum CcoOoTBETCTByeT obObemHas ADM-dasza. IIpu
9TOM MAPAMETPBI PENIeTKH TAKKe COBIAJAIOT C IKCIIE-
PUMEHTAIBHBIMA JAHHBIME, 9TO TOATBEPKIAET TTPUME-
HHUMOCTDb BBIODAHHBIX METOJOB W MApPaMETPOB IJIsi pac-
yera 3JeKTPOHHBIX M MarHuTHBIX cBoiicre MAX-dasbl
Mn,GaC.

[Mocme  ompenenenusi  PABHOBECHOTO
Mn,;GaC wuccmemoBasach 3aBUCUMOCTH MATHUTHBIX
CBOMCTB OT cxkarnsi/pacrskenns pererkn MAX-daswr

COCTOAHUNA

COTJIACHO OPHMEHTAIIMOHHOMY COOTHOIIEHWIO B IIPE/IIIO-
JIO’KEHWHW, YTO BBI3BAHHOE IMOJJIOKKONH MeXaHn9IecKoe
HaIpsKeHne He PeaKCUPyeTcs W COXPAHAETCS BO Beeil
ToIMHe TIeHKU. I 9TOro sdeiiku ObLIu MOIBEpT-
HyTbI COOTBETCTBYIOIEH medopManuy B IJIOCKOCTH
mpexamnosaraeMoro uHTepdeiica, W 3aTeM TPOBeJeHA

ITucebma B 2KOTP Tom 116 BRIL.5—6 2022

MUHHUMA3AINS JSHEPrun  s9efiKkh ¢ BapbHPOBAHHEM
ATOMHBIX TIO3WUNWI M KOMIIOHEHTOB BEKTOPOB SIEHKH,
MEePIEHIUKYTAPHBIMU 33TAHHON TIJTIOCKOCTH, TIPU 3TOM
KOMIIOHEHTBI BEKTOPOB A4YE€HKNA B 3aJaHHOU ILJIOCKOCTH
ocraBauch (PpUKCUPOBAHHBIMU. OQITUMU3ALMSA [EOMET-
pUH TpPOBOJWJIACH OTAEHbHO 1y A®PM wu mua @M
YIOPSAOUYEHUS MATHUTHBIX MOMEHTOB, UTO TTO3BOJIMIO
ONPEIETNTh, Y€MYy COOTBETCTBYET MHUHHMYM SHEPTHU
JIJIST KayKI0M M3 PACCMOTPEHHBIX 1edopMalinii.

MarauTHbIe cBoiicTBa HapaI>KeHHOTO
Mn,GaC na Al;O3. Jlng TeopeTudeckoro wuc-
caenoBaHust MAarHUTHBIX cBoMcTB MAX-a3 B TOHKUX
MJIEHKaX, KOTOPbIE TIPU POCTE HA KPUCTALTHIECKUX TIOJT-
JIOXKKAX MOABEPrarorcs aedopMalium, ObLIA BBIOPAHBI
CITPOTHO3WPOBAHHBIE pAHEE BAPUAHTHI OPUEHTAITMOHHBIX
coorrommennii MnyGaC//Al;O3. Benencrsre pasHoro
xapakTepa 1edOpPMAIUH T9eeK B CAYyIaaX PA3HBIX OPH-
EHTAIMOHHBIX COOTHOIIEHNH, TO-PA3HOMY MEHSIOTCS
MaruuTHble cBoiicTBa MAX-da3nl: OCHOBHOE COCTOSTHIE

4*
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Tabaunna 2. MarautHbie cBolicTBa HanpsixkeHHOro MnaGaC Ha pasznuyusabix nogjokkax AloOs: AFE — pa3Huia 3HTAJIBIWNU C PABHO-
Becuoit dazoit; AE(DPM-ADPM) — sueprug AOM — DM nepexon min(p) 1 max(u) — MUHEMYM H MAKCHMYM BeJIUYIHHB MATHUTHOTO
MOMeHTa y Ha moHax Mn; P — cnmrOBas nosmsipusanwsi; Diin, Dmax — paccrosiHust mexxay cyosimu MnoC (cm. puc. 1)

# MnoGaC//Al2O3 AE, AE(OM-ADM), min(u), max (), P, % Diin, Drax,
maB/f.u. M3B/mon Mn 1B UB A A

1 (0001)//(0001) A®M 237.04 1.967 2.117 0 4.174 4211

dM 221.34 —7.85 1.948 —20.9 4.175 4.179

2 (1123)//(0111) A®M 103.31 2.054 2.211 0 4.202 4.264

DdOM 110.71 3.70 2.051 —3.7 4.217 4.218

3 (1103)//(1123) A®M 92.05 2.016 2.181 0 4.142 4.202

DdOM 94.37 1.16 1.987 —10.7 4.159 4.160

4 (1102)//(0001) A®M 168.22 2.148 2.264 0 4.324 4.376

DdOM 179.61 5.69 2.150 —31.9 4.332 4.337

5 (1126)//(0112) A®M 87.09 2.010 2.180 0 4.127 4.188

DdOM 90.18 1.54 1.950 —27.8 4.143 4.144

6 (1014)//(1129) A®M 303.90 1.909 2.170 0 4124 4.235

DdOM 323.69 9.89 1.920 1.990 —50.8 4.133 4.202

7 (1100)//(1120) A®M 121.77 2.117 2.237 0 4.256 4.300

DdOM 131.03 4.13 2.103 —34.2 4.267 4.269

8 (1120)//(1100) A®M 121.70 2.096 2.234 0 4.256 4314

DdOM 129.77 4.03 2.091 —24.4 4.266 4.272

Mn2GaC AOM 0.00 1.992 2.185 0 4.069 4.137

Mn2GaC @M 5.27 2.63 1.951 —17.9 4.058 4.058

(A®M wnu ®M), pasHOCTH IHEPIUM [PU MACHUTHOM
MepPexo/ie, BEJIMYNHBI MATHUTHBIX MOMEHTOB. 3HAUEHUS
MAHHBIX BEJIMYUH MpeacTaBieHbl B Tab. 2. Tlockonbky
MArHUTHBIH OOMeH Mexay craosgmu MnoC, a 3nadur u
MarHUTHOE yTOPSA0Y9eHNE MEXKIY HUMH, CyIIeCTBEHHO
3aBUCUT OT PACCTOSTHUS MEXKIY MACHUTHBIMA WOHA-
MJ MAPTaHIa, HAXOMANIUMUCS B PA3HBIX CJIOSX, ITU
JIAHHBIE TaKKe MPHUBEAeHBI B Tabs. 2. s cpaBHeHns,
aHaJIOrMYHbIE 3HAUEHUs i paBHOBeCHBIX ADOM u ®M
da3 Mn,GaC mobaBiieHbI B HUMKHHWE CTPOKU TabJI. 2.
Takxke, [Jisi OIEHKW TEPCIEKTUBHOCTHA TPUMEHEHUsT
MAHHBIX TOHKWUX I[JIEHOK B CIWHTPOHWKE, IJIs COOT-
BercTBytomux ®M-da3 ObLIa paccunTaHa BEIUINHA
CHOUHOBOU MOJIAPU3AIIAN:

= u.loo%%
pr+pL

TIe py M py — TUIOTHOCTH COCTOSHMI Ha yposHe Pepmu.

B nepByo ouepenn CTOUT OTMETHTD, UTO TOJBKO TPHU
U3 CEeMH PACCMOTPEHHBIX BAPUAHTA YMEHBIMAIT CTa-
ounbaocTs ADM dasbr no orHomenuio K @M, npuuem
BapUAHT # 1 — eIMHCTBEHHBIN, KOTOPHI MPUBOIUT K 00-
pazosanmio ®M mrenku. [Ipu 3ToM pa3Huila B SHEPTH-
ax mexay AOM u O®M dazamu mis BapuaHToB # 3
1 7 5 OKa3bIBAETCSH JOCTATOYHO MAaJja U MOYKHO OIEHUTH
BEJINYMHBI MATHUTHBIX TOJIEH, TP KOTOPBIX BO3MOYKEH

nepexon B ¢peppomarautayo dazy, kak 10 u 14 T, co-
OTBETCTBEHHO.

OTaembHO CTOUT OTMETHUTH, YTO BEJUYUHBI MEXKC-
JIOEBBIX PACCTOSTHUN Donin, Dmax CIa00 KOPPEIUPYIOT
C OTHOCHTEeNIbHON crabuibHOCTbIO AOM m ®M ¢as,
9TO yKAa3bIBAET HA HETPUBHUAJBLHBIA XapakTep OOMEHA
MEXKIy MArHUTHBIMH MOMeHTaMu B cjosx MnsC.
B cBa3m ¢ aTuM  3amemenue aToMoB A-3jemMenHTa
HA 3JIEMEHTBHI C JPYTUM ATOMHBIM PAIAYCOM BPS.I
JIW TO3BOJIUT YMPABIATH MACHUTHBIM COCTOSTHHEM
MAX-da3sel, omHaKO MOXKET TPUBECTH K yBEJIHUE-
HUI0O MArHUTHOTO MOMEHTA, KaK, HAIPUMED, B CIydae

B 3akiiouenme crouT OTMETHTH, 9TO B JAHHON
pabore OBIIO MPOIEIAHO TEOPETUUECKOe MPeICKa3a-
HIEe BO3MOXKHBIX mHTepdeiicoB Mn,GaC ¢ pa3andnb-
MU TOJJIOKKaMu u3 camdupa, KOTOPbIE DaHee He HUC-
nosb3oBanuch Jyis cuaresa MAX-da3z (3a uckiaoue-
auem Al;O3(0001)), a Takxke pacCUATAHbI MATHUT-
HbIE CBOWCTBA TAKWX ILJIEHOK U MMOKA3aHA BO3MOXKHOCTH
YOPAaBJIEHWS MATCHATHBIM YIOPSAOYEHUEM B CHCTEME
Mn,GaC//Al;O3, uro KpaiiHe aKTyaJbHO IS TPUMe-
HEHUs [TAHHBIX T€TEPOCTPYKTYP B CHUHTPOHUKE.

O06HapykKeHo, YTO MPEICKA3AHHBIA Kak HamboJee
BEPOSTHBIN WHTep@eiic MefiCTBUTENTHHO COOTBETCTBYET
9KCIIEPUMEHTAIbHO HAOII0IaeMOll OPUEHTAINY IIJIEHKA
MAX-daszsr (0001) ma mommoxke AlyO3(0001). dpy-

TTucema B 2KOTO
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rUe BapUAHTHI B3AUMHBIX OPHEHTAIMOHHBIX COOTHOIIE-
HI OKa3bIBAIOTCS 3HAUNTEILHO Hike 1Mo gose NCS, uro
MOXKET 03HAYATh HAJUYME MPODIEeM JJIsi CHHTE3d TIjIe-
HoK MnoGaC apyroit opuenranun. OgHako HaiigeHHbIE
aJIbTepHATUBHBIE HHTEP@EHChI MOTYT OKa3aThCs OoJee
BBITOIHBIMHY OJIATOIAPS MEHbIIeH creneru aedopmanun
pacryieil MmIeHK, 9TO TAKKe MOXKET OKa3aTh BIHSIHUE
HA 3JIEKTPOHHBIE ¥ MATHUTHBIE CBONCTBA, a TAKXKE CTe-
MeHb UX aHU30TPOIUH.

B pamkax KBaHTOBO-XHMHYECKHX PACUETOB ObI-
JI0  ompejeneHo, 9ro JedopManusi  IIeMeHTaAPHBIX
SYEEK, BO3HUKAOMIAS BCJIEJCTBHE IEHCTBHUS TOMI-
JIOXKKWM, MOYKET CYIIEeCTBEHHO TOBJIUATh Ha TAJTbHUH
MATHUTHBIA MOPSIJIOK, MPUYEM ILIEHKH OPHUEHTAIINN
Mn,GaC(0001)//Al;05(0001) coorsercrBytor aedop-
MalliK, KOTOpast MTPUBOAUT K obpasoanmio ®M-dasbr.
Momnoxku Aly03(1123) u Al,03(0112) ymenbiaror
crabunboctb A®M  dasel mo orHomennio K OM
HACTOJIBKO, YTO MOYKHO OKHUIATH MATHUTHBIA TIe-
pexoJl TOoj JAeHCTBHEM BHENIHUX MATHUTHBIX —MOJIei
Besmannaoit 10 m 14 T, coorBercrBenno. Ilpu stom
BEJINYWMHA, CTUHOBOMN mosisipusarmu B ®M-dase mirenku
Mn,GaC(1126)//Al203(0112)  npeBbrmaer  CIUHO-
Byio nmonspuzaiuio ®M-dazsr obbemuoro Mn,GaC u
nocturaet 28 %.

B memom, pesymbrarhl mpenckaszaHust wHTEpdEii-
cop MAX-dasnl ¢ candupoM yKa3blBalOT Ha TO, YTO
OOJIBITION MHTEPEC MOTYT MPEICTABIATH HOIPOOHBIE HMC-
CIIEZIOBAHUST TIO CHHTE3y HA HOBBIX THUIMAX TMOIJIOMKEK,
Al;03(1100) M-cpes u Al;03(0111) S-cpes, a Takxe
Al;03(1123) N-cpes.

Uccnenopannst BRIMOTHSIIOTCS pu (DUHAHCOBOI MO~
nepxkke Poccuiickoro ¢pouga dbyHIaMeHTATBHBIX HCCIIe-
nosanwmii, I[Ipasurenscrea Kpacaosipckoro kpast, Kpac-
HOSTPCKOT'O KpaeBoro (hOHIA HAYKW B PAMKAX HAYIHOTO
npoekTa # 20-42-240012, ITpasurenscrea P® B pamkax
PPaHTa MO CO3JAHUIO JTADOPATOPHUIl MUPOBOTO YPOBHS

(cornamenne # 075-15-2019-1886).
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