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HU3KOpa3MepHbIe KaTaIM3aTOPbI, CEHCOPHBIE 3KPAHBI, MPO-
BOJISIIIME YEPHUIIA, JIEKTPOHHAS OyMara, OpraHu4ecKue CBe-
Tou3rydarone auoasl u T.4. Yepes 10—-20 net oxumaercs
BHEIPEHNE TPAH3UCTOPOB U APYTUX JOTHYECKUX YCTPONCTB
Ha ocHoBe rpadena [5].

OCHOBHBIMH TPETSITCTBUSIMU TSI IIIEPOKOTO MCIOJIB30-
BaHUs IpadeHa B 3JICKTPOHUKE SIBJISIFOTCS TPEOOBAHUS K BbI-
COKOMY Ka4yeCTBY €ro aTOMHOW CTPYKTYpbI IPU CHHTE3E, a
TakXe OTCYTCTBUE 3alpeléHHoi 30Hb1. [Tocneanee siBsieTcs
(byHmamMeHTanbHOW TPOOJIEMOM, YHUBEPCAIBHOE DEIlCHHUE
KOTOPO# 0 CHX TOp He HaljeHo. Kaxaplii U3 mpeaioxkeH-
HBIX [TOJXO0JIOB, KaK, HapuMep, GYHKIIMOHAIN3AINsI, BHECE-
HUE e(PEeKTOB B CTPYKTYPY WU pas3jesicHue rpadeHa Ha OT-
JIeJIbHBIC JICHTBI, UMEET CBOU HeIOCTAaTKH [6]. JleiCTBUTEIb-
HO, XUMMYECKas aJICOPOIMsI CTOPOHHUX aTOMOB Ha TpadeHe
OPHUBOJIUT K U3MEHEHUIO TMOPUAN3ANNT ATOMOB YIJIepoaa ¢
sp? Ha sp’ ¢ pa3pylIeHNEM T-CHCTEMBI, OTBEYAIOLIEl 3a Ipo-
BOJIMMOCTb Ipadena. [IpenioxkeHHbIi BApUAHT ¢ YaCTHIHON
¢dyskonanu3anuedl myTéM (GOpPMUPOBAHUS THAPUPOBAH-
HBIX [7] wim pTopupoBaHHBIX [8] yuacTKOB (B KauecTBe Mpe-
JIETBHOTO ciIydasi — (GOPMHUPOBAHUST OTACIbHBIX IIEPHOIH-
YeCKU PACIOJIOKEHHBIX Lenovyek Bogopona [9—11]) pemaer
YKa3aHHYIO MPOO0JIeMY, MIOCKOJIBKY MEXIY TaHHBIMH y4acT-
KaMH B rpadeHe OTKpBIBAETCS 3alpeli€éHHasi 30Ha 3a CUET
pa3mepHoro 3¢dekra. OaHAKO Takol crocobd, HeCMOTPS Ha
JKCHEepUMEHTAJIbHOE MO ATBepkaAcHUE 3 dekTa [12], TpedyeT
aTOMapHO TOYHOH afcopOIUU ATOMOB, UTO HA TAHHBIA MO-
MEHT SIBJISICTCSI TPYIHOBBIIOJHUMOM 3a1aueii [13].

Takum 00pa3oM, aTbTEPHATUBHBIM MYyTEM MOXET CTATh
UCTIOJIb30BAHNE MOHOCIIOEB IPYIOr'o COCTaBa, TeM 00JIee YTO
nuoHepckas padora [1] mpoieMOHCTpUpOBaia THOKOCTD MO/-
X072 MHKPOMEXaHHYECKOTO OTILUETICHHUS [JIs1 TOJTyYeHUS
MJIOCKUX ABYMEPHBIX CTPYKTYP U3 JIFOOBIX C1a00 CBSI3aHHBIX
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Puc. 1. AToMapHO TOHKME IUIEHKH, MOJIy4eHHbIe B pabote [1] mero-
IOM MHUKpomexaHmueckoro ortiternieHus: (a) NbSe,, (6) rpaden,
() Bi,Sr,CaCu,0,, (r) MoS,. M306paxenusi (a, 6) HOIy4YeHbI C HOMOLIbIO
ATOMHO-CHJIOBOM MHKPOCKOIHH, (B) — C MOMOIIBIO CKAHUPYIOIIEH
3JIEKTPOHHOM MUKPOCKOIHUH, (T) C TOMOILBIO ONTHYECKONH MUKPOCKOIIHH.

CIIOUCTHIX KpucTasioB (puc. 1). TlosyyeHHBIE MaTepHabl
HUMEIOT IJIOCKYIO CTPYKTYPY TOJIIIMHOW BCErO B OJMH WJIA
HECKOJIbKO ATOMHBIX CJIOEB, B TO BpeMsl KakK IOINEpEeYHbIN
pasMep MOXET IPEBbIILATH HECKOJIBKO MUKPOMETPOB. ATO-
MapHasi TOJIIMHA, KBAHTOBbIE pa3MepHbIe 3P QeKTHI, BHICO-
Kasl aHU30TPoNHs GU3NUECKUX, XUMUUECKUX, IJTEKTPOHHBIX U
ONTHUYECKUX CBOMCTB IByMEPHBIX HAHOMATEPUAJIOB, & TAKXKE
HIMPOKUE MEPCIIEKTUBBI UX MpuMeHeHus [14] HeyctanHO noa-
JIEP>KUBAIOT OTPOMHBINH UHTEPEC CO CTOPOHBI MUPOBOIO Ha-
YYHOT'O COOOIIECTBA.

HccnenoBanust B 001acT oOHAPYKEHUS! HOBBIX KBa3H-
JIBYMEPHBIX MJIEHOK OKa3aJCh HACTOJIBKO 3 GEKTUBHBIMH,
4710 K 2020 rogy ux yXe HaCUUTHIBAIOCH HECKOJIBKO COTEH;
9TO MPHUBEJIO K MapaJoKCAILHON CHTYaIlH, P KOTOPOi y
HAYYHOTO COOOIIecTBAa OTCYTCTBYET JOCTATOYHOE KOJIHMYe-
CTBO pecypcoB sl ux mnojpoOHoro usyueHus [15]. Boiee
TOrO, MOCJIEAHNE TEOPETUUECKUE HCCIEAOBAHMS YKa3bIBAIOT
Ha BO3MOXHOCTb CYIIECTBOBAHHS B KBA3UABYMEPHOM CO-
CTOSIHMU el OKoJIo 5—6 Thic. coenunenuit [16, 17], uto B
KOHEYHOM cué€Te neyiaeT 2D mMaTepualibl OJHON M3 CaMbIX
OOLINPHBIX X MAJIOUCCIIEOBAHHBIX 00JIACTEH COBPEMEHHOT O
MaTtepualioBeseHus (puc. 2).

3amavyeil HACTOSILETO 0030pa SBJISIETCS O3HAKOMJICHHE
IIUPOKOTO KPYyra YATATENIe C TeKYIIIMM COCTOSIHUEM MaTe-
puanoBeleHAsT B OOJACTH HEYIJIEpOTHBIX 2D cTpykTyp.
OnHako B CHJIy paHee OTMEUYEHHOI'O 3HAYUTEJIBHOIO 4ucia
OTKPBITBIX U MPEICKa3aHHBIX IBYMEPHBIX KPUCTAJUIOB 00-
CYXJICHUE B IaHHOU paboTe OyAeT chOKyCHPOBAHO JIUIIIL HA
IJIEHKAX aToMapHOi TomuHbL. [1pr 3TOM Bo3HUKAET ompe-
JeséHHAsT TPYIHOCTD C KJIaCCU(UKALUEH OMUCBIBAEMBIX CO-
eJIMHEHUI: SBIISFOTCS JIH, HANpuMep, MEHKH hocdopena [18]
uimm cwmneHa [19] atomapHo ToHkuME? JleHCTBUTEINBHO,
00€ CTPYKTYPbI UMEIOT TOJILIMHY B OJIUH aTOM U Pa3JIN4aroT-
Csl JIMIIb CTENEeHbI0 TOQPUPOBAHHOCTH PEIIETKU. [[aHHBIN
(daxT TpeOyeT BBeJICHHMS KPHUTEPHS, COTJIACHO KOTOPOMY B
MIPEICTABICHHOM 0030pe OyAyT pacCMOTpPEHBI IMperMYyIIle-
CTBEHHO JIUIIIb T€ COSIMHEHNU S, CTETIEHb TOPPUPOBAHUS KOTO-
PBIX (CMEILEHNEe aTOMOB U3 ILNIOCKOCTH, 4) MHOI'O MEHBIIIE,
4eM mapaMeTp peréTku Kpucrajia, ¢, T.e. 4 < a (puc. 3). B
JaCTHOCTH, HMCIOJIb30BAHUE YKA3aHHOTO KPHUTEPHS HCKIIO-
qaeT U3 paccMoTpeHus GpochopeH, HO TpedyeT ONuCaHUs CH-
JIUTIEHA ¥ IPYTUX POJICTBEHHBIX MaTEPHAIOB.

Janaplii 0030p BKJIIOYAET TPU OCHOBHBIX pazneia. B
paszgene 2 pacCMOTPEHbI MOHOCIORHBIE TUIEHKH, COCTOSILIHE
HCKJIFOUUTENIbHO M3 aTtoMoB MetasuioB (Fe, Au u ap.), u
BO3MOXHOCTb UX CTAOMJIM3ANUU MIPH TOMOIIU IPYTHX JBY-
MEpHBIX MaTepuajoB (IpenMyIecTBeHHO rpadena). B pas-
niete 3 moIpoOHO OMMCAHBI PA3JINYHBIE JIBYMEPHBIC COCIMHE-
HUSI METAJUIOB, B YaCTHOCTH, OKCUAbI U KapOUIbl IEpeXo-
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Puc. 2. TTosisipHasi THCTOrpaMMa, 0TOOpaXaroIiasi KOJIMIECTBO CTPYKTYP, IPUHAJISKAIIMX K JIECITH HauboJiee 4acTo BeTpedaromumcest 2D nmonutunam
cpeau oOHapy)eHHOro MHokecTBa u3 1036 cimabo cBsizaHHbIX 2D coeauHenuit. IIpumep aTOMHOW CTPYKTYpBI JUIS KaXIOrO THIA, & TaKkKe
COOTBETCTBYIOILAS CTPYKTYpHAst popMyJia U MPOCTPAHCTBEHHAS IPYMIA YKa3aHbI JOMOJHUTEIBHO [16].
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Puc. 3. ToppupoBanHas (a) u mockas (0) MOHOCTIOWHBIE CTPYKTYPBI.

HbIX METaJIJIOB. Pa3zen 4 mocBsAIEH IIEHKAM, COCTOSIIMM
u3 3neMeHToB XIIT—XVI rpynn nepuoandeckoit TabIuibl
A.N. MenneneeBa: cunuieHy, 60podeHy W pOICTBEHHBIM
MaTepHuaam.

2. MoHoc.10iiHbIe IVIEHKH HA OCHOBE METAJLJIOB

C pa3BuTueM O00JIACTH JABYMEPHBIX MaTEpUAJIOB ObLIU
OBICTPO UCUYEPHAHBI KPHUCTAJIMYSCKUE COSAMHEHUS, NMEFO-
1€ CIIOUCTYIO CTPYKTYPY, MO3BOJISIONIYIO PACIIENHTH ¢€ U
U30JIIPOBATH OT/EJIbHBIE IBYMEPHBIE CJIOU. DTO IPUBEJIO K
TOMY, 4TO HCCJIEIOBATENN CTajM oOpaliaTb BHUMaHUE Ha
HECJIONCThIE COCTUHEHNS U MTBITATHCS CTAONIM3UPOBATH UX B
BH/JIE CBEPXTOHKHX IIEHOK. Takue ucclieIOBAHMS MIPUBETU K
MOJTYYSHUIO0 HOBBIX HeOOBIMHBIX (a3 2D mbaa [20], kpemHe-
3éma [21], aimmaza [22], remaTuTa [23] ¥ 1p., a TaKXKe MMEJIBIX
KJIACCOB HOBBIX MaTepHUAJIOB, KaK, HAPUMEP, MaKCeHBI [24].
B03MOXHOCTh cTa0MJIM3AIIMU 3TUX CTPYKTYpP CBsi3aHa ¢ 00-
pa3oBaHMEM B IJIEHKE CUJIHLHBIX HAMTPABICHHBIX XHMIYECKUX
cBs3eil. TeM He MeHee OCOOEHHO 3aMaHUYMBBIM KaXeTCs
pellieHre HeTPUBUATIBHON 32/1a4H 1O 00pa30BaHUIO MJIEHOK,
COCTOSIIIMX TMOJHOCTBIO U3 aTOMOB MeTasuia. JledCTBUTEIb-
HO, U3-32 00OOIIECTBJICHUS JCKTPOHOB aTOMBI METAJIJIOB
CTPEMSITCSl K 00pa30BaHUIO TPEXMEPHBIX MJIOTHOYMAKOBAH-
HBIX CTPYKTYp. DTHM OOYCJIOBJIEHA CIIOXHOCTH (MU Jaxe
HEBO3MOXHOCTB) CTAOMIN3AINT OTACIbHBIX 2D MeTamimye-
CKHUX CTPYKTYP B CBOOOTHOM cocTosiHuu. C Ipyroi CTOPOHBI,
I0A00HbBIE MJIEHKU MOT'YT OBITH ITOJIyYEHbI HA TOBEPXHOCTSIX
WJIM B APYTUX ABYMEPHBIX MaTepHaIax.

TlepBoe cooOiiieHre 0 Bo3MOxHOCTH (hopMupoBanus 2D
CJI0S1 U3 aTOMOB METAJUIOB OBLIO clejlaHo B pabote [25],
OTIMCBIBAIOIIEH JKCIepUMeHTaIbHOe Habmonenne 2D Fe ¢
HEOOBIYHOW KBaJIpATHOW PEIIETKON BHYTPH MOpPHI IpadeHa
(puc. 4a). Otra pabora NMPoOAEMOHCTPUPOBAJIA TIEPCIECKTUB-

Puc. 4. (a) [IDM-u306paxeHue 1ByMEPHOM CTPYKTYPbI HA OCHOBE XkeJjle3a
B nope rpadena [25] v ero MHTEpIpPETALMS KAK BO3MOXKHOT'O COSAMHEHUS
aToMOB XeJe3a ¢ (0) yriepoaoMm [26] wu (B) kuciaopoaoMm [27].

HOCTb MCIOJIb30BaHUS NephOopupoBaHHOro rpadena B kaue-
CTBE MATPHIIBI 1JI CHHTE3a ABYMEPHBIX MeMOpaH.

MHTepec k peAcTaBIeHHBIM Pe3yIbTATAM CBS3aH HE TOJIb-
KO C HEOOBITHOW CTPYKTYPOil MOTyUYeHHOH IIIEHKH, HO U C e€
MOTEHIMAILHBIMEI CBOHCTBaMH. Hampumep, TeopeTHuecKd
ObL10 Tpencka3ano, uto 2D moHocnoln Fe 6yaer o6nanats
MAarHUTHBIM MOMEHTOM, PAaBHBIM ~ 2.6 —2.7 up (g — Mar-
HeToH Bopa), 4To 3aMeTHO BBIIIE, YeM ISl CIIydasi 00BEM-
Horo Kpuctasia (2,2 ug)[28, 29]. Kpome Toro, miénka 2D Fe
JI0JDKHA 00J1a/1aTh OOJILIIION MONIEPEYHO MATHUTHON aHU30-
TpOTHEHl, YTO MOXET OBITh YpPE3BBIYANHO MOJIE3HBIM IS €€
NpUMEHEHNsT B 00JIaCTM MAarHUTHOW 3amucu MHpopManuu
[25]. Oxmpaercss Takxke, YTO JABYMEPHBIE METAJUIBI MOTYT
TMPUMEHSITHCS [IJIS1 CO3/IAaHUSI HOBBIX AKTHBHBIX KaTaJIN3aTO-
POB U Ta30BbIX ceHCOpOB [30] Grarogaps CBOe XMMUYECKOH
AKTUBHOCTH, 3aMETHO OTJIMYAIOIIEICS OT TaKOBON OOBEM-
HBIX KpUCTAJLI0B. CYIIECTBYIOT IPEAIOJIOXEHHUS, YTO TaKH1e
CUCTEMBI MOTYT 001a1aTh 2D cBepXnpoBoauMOCThiO [31].

Bnocnencteuu mpencraBieHnbie B [25] pe3yIbTaThl HEOI-
HOKPAaTHO 00CYXIAJINCh B Psifie APYTUX UccienoBanuid. Tak,
aBTOPBI TEOPETUUECKHUX paboT [26, 29, 32, 33] mokasau, 4To
HauboJiee SHEPreTHUECKU BBITOAHON PELIETKONR JBYMEPHOTO
KeJieza sIBJIsieTCs He KBaJpaTHasl, a IUIOTHOYHaKOBaHHAs
reKcaroHajbHasi (3TO MOATBEPXKIAETCS NAHHBIMH PaOOTHI
[34], rie Habmro1aIach UMEHHO Takasi cTpykTypa 2D Fe).

B cBsI3M ¢ UMEIOIUMUCST PA3JINIUSIME MEXIY IKCIIEPH-
MEHTAJIBHBIMA M TEOPETUYECKUMHU JAHHBIMU PSIT ABTOPOB
[26, 27, 33] BBICKa3aJU TPEAINOJIOKEHUE, YTO IOJyUCHHAS
IJIEHKA TIPENICTABIISET COOOM COeMHEHUE Kelle3a C APYTUMU
aTomMamu. [[edCTBUTENBHO, €ClI ypOBEHb 3arps3HEHUN B
3KCHEepUMEHTE [25] pacnoJIoKeH HIKe Ipe/iesia 1YyBCTBUTEIIb-
HOCTH HCIOJb30BAaHHOTO METOJIa CHEKTPOCKOIHMH XapaKTe-
PUCTUYECKUX IOTEPb 3HEpruu 3JekTpoHoB (CXIID3), To
HeNb3s UCKIIoYaTh (POPMUPOBAHUE B HKCIIEPUMEHTE COCIM-
HEHUH XKeJe3a ¢ YIJIEpOJOM MM KHCIOPOAOM, a HE TOJIBKO
YHCTOM MeTaJlmmyeckoil éHku. B aTom ciayuae atomsr C
i O cTaOMIM3UPYIOT KBAAPATHYIO PEIIETKY XKeleda U
MO3BOJIAIOT chopMUpOBATL ABYMEPHBINA cloil (cM. Hajiee
pasnenst 3.2, 3.3). boisiee Toro, atromuble cTpykTypbl FeC
(puc. 40) u FeO (puc. 4B) XOpOIIIO COTJIACYIOTCS C IKCIIEPH-
MEHTAJIBHBIMU pe3yibTaTaMu (puc. 4a). Tak, niuHa CcBSI3U
Fe—Fe B npenckasannsix coeunenusix FeC (2,45-2,85 A) u
FeO (2,76—2,80 A) Gimke K 9KCHEPUMEHTAJILHOMY 3Have-
Huro (2,65 A), yeM B Mmojesn "uncroro xenesa" (2,35 A)[25].

B pa6orte [35] 6pL1a pennpuHsATa MONbITKAa (POPMHUPOBA-
HUst MOHOCJIOs MoJTOieHa u3 2D MoSe, myTém Bo3ieiicTBUS
Ha HETO JIEKTPOHHBIM TyuykoM. CHHTE3UpOBaHHBIE MeMOpa-
HBbI UMEJIM TeKCArOHAJIBHYIO CTPYKTYPY (pHC. 5a), HO U3Me-
PECHHBIE B 3KCIICPUMEHTE JIJTMHBI CBSI3€i HE COBIAIIM C TEOpe-
THYECKUMHU IpeAcka3zanusMu. Kpome Toro, mponecc yaase-
HUS1 ATOMOB CeJIeHa 3aHIUMAJl JUIUTEJIbHOE BpeMs (HECKOJIbKO
MHHYT), YTO BBI3BAJO BONIPOC, MOYEMY HE HAOIIOIAJNCh
npyrue Gpa3bl ¢ IpOMeXyTOYHOU CTEXHOMETPHEH, B OTIINYHE
0T, HAIIpUMep, TUXaJTbKOTCHHUIOB 0JI0Ba [30].

B nocneayromeit padore [37] Ob1710 OTMEUEHO, UTO U3 IKC-
NePUMEHTAJIBHBIX N300paXEHUH, MOJTYYEHHBIX C TOMOIIBIO
CKaHUPYIOILIEH MPOCBEUMBAIOILIEH IJIEKTPOHHOU MUKPOCKO-
run (CII9M) B KOJIbIIEBOM TEMHOM I10JI€, BUAHO, UYTO OOJIb-
11106 KOJIMYECTBO CBsi3eil MMeeT JUIMHBI mopsiaka 3 A; aTo
MIPEBBIIIACT YKa3aHHbBIE B cTaThe [35] 3HaueHus (2,7 /OX) OoJtee
yeM Ha 10 %. ToT xe BBIBOA MOXHO CAEJIATh U U3 aHAJIU3a
HJIeaJIbHOM FpaHuUIbl pa3aesia Mexay MoSe; u HOBoI (a3oii,
KOTOpasl MpeanoaraeT OJM3KUe MO 3HAUYCHHUIO MapamMeTphl
peméTku obenx ¢a3. Takas Oombinas nepopmManus pactsoke-
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Puc. 5. CpaBHeHre n300pakeHHs, IOJIyYeHHOI'O B OKCIIEpHMEHTE, W
BO3MOXHBIX MoOJiesiel. (a) DKcrnepuMeHTaabHoe [35] U cMOJIeIMpOBaH-
Hoe CITDM-u3o6paxenusi 2D Mo; (0, B) HU3KOIHEPT€TUIECKUE CTPYKTY-
pbl Mo4Ses (6) 1 MosSe; (B) M COOTBETCTBYOIIUE UM CMOJICIIMPOBAHHBIE
CITOM-u3obpaxenus [37].
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Puc. 6. MoHocI101 30J10Ta: TEOPETHYECKHUE U IKCIIEPUMEHTAJIbHBIE J1aH-
uele. (a) Ilpenckasannas cTpykrypa 2D Au B nope rpadena [40] u B
cBoboaHoM coctosinnu [39]; (0,B) M300pakeHHs] MOHOCJIOSI 30JI0Ta,
MOJIy4YeHHbIE ¢ MOMOIIBI0 MeTo10B CIIDM B KOJIbLIEBOM TEMHOM MOJIE
npu Oosbimx yriaax (6), [ID9MBP ¢ koppekuueit abeppauuu (B) u
COOTBETCTBYIOIIIE UM TeopeTHYeckue Moaend [42].

HUs (OCOOCHHO C YUETOM 3KCHEPUMEHTAJILHO HAOII01aeMOM
MUTpaIui aToOMOB Mo B 06J1acTH MeMOpaH) 1aéT OCHOBAHUE
COMHEBATBCS, YTO TeKCATOHAJIbHAS PEIIETKA SIBJISIETCS TIPE/I-
nouytutespbHOU. Tak, B pabdote [37] ObLIO TTOKa3aHO, 4YTO, B
otsmuue ot 2D Fe [26, 29, 32, 33], B 2D Mo sHepreTuuecku
BBITOJIHOW SIBJISIETCS. UMEHHO KBaJpaTHAs peleTka. buuio
BBIIBUHYTO TPEIOJIOKEHUE, 9YTO B dKcIepuMenTe [35] Ha-
Osrofasicst MOHOCeJIeHUA MoJmbaeHa, MoSe, uim psig apy-
rux coeluHeHui coctaBa Mo, Se,, UMEIOIIUX CUMMETPHUIO 1
napaMeTpbl PeIIETKH, OJM3KUE K IKCIEpUMEHTY: MosSey
(puc. 56), MosSe, (puc. 5B). Takxe ObLIO OTMEYEHO, YTO
TaKue CTPYKTYPBI SHEPTEeTUUECKU BHITOIHBI U IS IPYTHX CO-
craBoB: Mo,S,, W.S,, W.Se,, Mo, Te,, W, Te,.

B pabote [38] U3 mepBBIX MPUHIMIIOB ObLJIA N3y4eHA ATOM-
Hasl CTPYKTypa MOHOCJION cepebpa u MoJiyyeHa OIleHKA ero
CTaOMJIBHOCTH BIUIOTH A0 TOYKH IuiaBienus 1y, =1235,08 K.
JunamMuueckass W TeMIepaTypHas CTAOMJIBHOCTb Taxke
ObLJIa TEOPETHUYECKH OILICHEHA ISl CIy4aeB OECKOHEUHO MPOo-
TSOKEHHOTO MOHOCJIOS 30J10Ta [39] M MOHOCIOS 30JI0Ta B
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neppopupoBanHom rpadene [40] (puc. 6a). [TokazaHo, uTo B
obomx cmyyasx mpu Temieparype go 1400 K monocnoit
COXpAaHSIET PETYJISIPHYIO TeKCaroHAJIbHYIO CTPYKTYPY, B TO
BpEeMsI KaK MOBBIIICHAE TEMITEPATYPBI IPUBOIUT K MEPEXOITY
COEIMHEHMsI B [ByMEpPHOE XUAKOe cocTosiHue. IIpu sTom
OTMEYaeTCsl JOCTATOYHO BBICOKAs MPOJOJIbHASI MEXaHHYe-
ckas xéctkoctb 2D Au: Cy; = 52,9 I'la, C1, = 30,6 ['Tlan
Cy4 = 11,1 T'Tla, uyto Gobiie, 4veM y 2D Ag, u cpaBHUMO C
cusmnenoM [39]. B pabote [41] 1onoTHUTEIBHO OTMEYAIOCH,
4TO OTACJbHBIE aTOMBI 30J0Ta JIETKO AU(PPYHIUPYIOT MO
MOBEPXHOCTH rpadeHa u 6e3 SHepreTUIEcKoro dbapbepa npu-
COCIUHSIOTCS K KpasiM MOPHI.

Oco00ro BHIMAaHUS 3aCITyKUBAIOT KCIIEPUMEHTAbHBIE
paboThI IO GOPMHUPOBAHUIO IBYMEPHBIX 30JIOTHIX IIEHOK.
Tak, B pabote [42] ObL1 IpOBEAEH KOHTPOJIUPYEMBIN pacna
crutaBa Ag—Au. IToa Bo3zeilcTBUEM 3JIEKTPOHHOTO IyyKa
MPOUCXOJIUIIO TMIOCTEIIEHHOE UCTOHYeHHE 00pa3na u GopMu-
pOBaHME MIECTUKOOPAUHUPOBAHHON MOHOCIONHON CTpYyK-
TYpBI, TpecKa3aHHoi paHee B pabore [39]. ABTOpHI [42]
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OOBSCHSIFOT MeXaHU3M (POPMHUPOBAHUS MOHOCIIOS CJIEIYIO-
UM 00pa3oM: KOT1a MpH BO3AEHCTBUM JIEKTPOHHOTO IyY-
Ka o0JlacTh 00pasia CTAaHOBUTCS JIBYXCJIOMHOM, KOOP/MHA-
IMOHHOE YMCIIO ATOMOB 30JI0Ta B HEl yMEHBIIIAeTCs IO IIIec-
. [Ipu 3TOM IJIOCKasi MECTUKOOPIUHUPOBAHHAS MOHO-
CJIOMHAS CTPYKTYpPa TAKXKe UMeeT KOOPAMHALMOHHOE YICIIO 6,
HO oOJyajiaer 0oJjiee BBICOKOW CHMMETpPHEH, YTO JejiaeT e
0oJtee YHEPTETUYECKU BBITOTHON. ATOMBI M3 HUKHETO CIIOS
NIBUTAIOTCSI B BEPXHUU CJIOH, GOpMHDPYS SAPO MOHOCIIOSI.
DTO MPHUBOIUT K PACIIUPEHUIO PEHIETKH MOHOCIOSI U BBI-
OMBAHMIO ATOMOB M3 T'PAHUILI pa3jesia WK ke K ux aud-
(dy3un B Ookpyxaroluil cruiaB. B pe3ysibTaTte OMUCAHHOTO
nporecca (GopMupyeTcsi MOHOCTION 30JI0Ta pasMepoM 10
57 um?. AToMapHas TOJIINHA IUIEHKH ObIjIa MOATBEPKAEHA
c nomMotnpto Metoga CITOM B kos1b1IeBOM TEMHOM TOJIE TIPU
Oompmx yriax (puc. 60), aHanM3a TPOTSHKEHHOW TOHKOH
CTPYKTYPBbI CIIEKTPOB PEHTTEHOBCKOI'O MOIJIOLIEHUS (CIIEKT-
pockonun EXAFS) u npocBeunBaroiiieit 3J1eKTPOHHOW MUK-
pockonuu Beicokoro pasperienus (IT9MBP) ¢ xoppekiueit
abeppamuu (puc. 6B).

IlepcriextrBa (HOPMUPOBAHUS METAJLTUYECKAX MOHO-
CJI0€B B MAaTpHLE APYroro IByMEPHOro MaTepuasa OTKPHI-
BaeT MPUHIMIINAILHO HOBBIE BO3MOXHOCTH ISl CO3JAHUS
JIBYMEPHBIX TeTePOCTPYKTYp. Tak, B TeopeTnueckoir padbore
[43] OBLIO BBIMOJHEHO CHCTEMATHYECKOE UCCIIEAOBAHUE T10-
JIy4eHUs] MOHOCJIOEB METAJITIOB B Topax rpadeHa. B kauectse
KPUTEPHUEB CTAOMIIBHOCTH TAKHX JIBYMEPHBIX TUIEHOK ObLIH
PacCMOTpPEHBI SHEPTUU JBYMEPHBIX U TPEXMEPHBIX KJIacTe-
POB, MPOYHOCTH CBSI3M ATOMOB MeTaJljla ¢ KpaeM rpadena,
MEXaHHYeCKOe HANPSDKEHUE Ha TPAHMIE paslesa u3-3a pas-
JINYUS napaMeTpoB peméTku rpadena u 2D metaua, cCTpeM-
JieHne MmeTaiia chopMHUpOBaTh Kapoua (4To, TakuM obpa-
30M, JeJlaeT TPAaHUIly pasjesia MeTalul/TpadeH HeCcTaOuIb-
HOH), a TakXe BeJIMYMHA MU3rUHOHOTO MOJyJis (T.e. croco0-
HOCTb 2D MeTajiia COXpaHsTh IIJIOCKYIO CTPYKTYPY). Pe3yib-
THpYIOMmasl TabJIMIa, CoAepKaiasi ONeHOYHYIO BBITOTHOCTh
dbopmupoBanust 2D meTayuioB B rpadeHe, IpHBelcHA HA
puc. 7. OT™MeueHo, 4yTo HauboJiee NEPCIEKTUBHBIMU IS 3a-
noJHeHus nop rpagena siisirorest atomsl Cu, Zn, Ag, Au.

B To Bpems kak Haymume nop y rpadeHa no3poisietr cop-
MHUPOBATh B HEM OTIEJIbHBIE KiacTepsl 2D MeTasioB, MHO-
TOCJIOMHBIE CTAOWIIbHBIE IBYMEPHBIE CTPYKTYPBI OTKPBIBAIOT
BO3MOXHOCTh (DOPMHUPOBATH MEXIY CBOUMH CJIOSIMHU JIBY-
MEPHYI0O METAJJINYECKYIO DELIETKY, OIDAHMYMBASI BBIXOJ
aToMOB W3 IutockocTH. [lomoOueii "HaHOpeakTOp" paHee
OBLT yCIIEIIHO MPUMEHEH [JIs1 CHHTE3a ABYMEPHOTO JIbAa
KaK Mexay ciosiMu rpadena [20], Tak U MeXAY CIOEM Tpa-
(dena u MoS, [44]. TlepcnekTHBa HMCHOJB30BAHUSI TE€TEPO-
CTPYKTYphI TpadeH/MoS, ObuIa Takxe MPOIEMOHCTPUPO-
BaHa B TeopeTuyeckoil pabore [45] mis ciaydaeB Gpopmupo-

Li Be

24 17

Na Mg Al

20 19 17

K Ca Sc Ti V Cr Mn Fe Co Ni Ga

24 25 28 28 25 26 17 15 |16 |16 15

Rb Sr Y Zr Nb Mo Ru Rh Pd Cd In Sn
26 26 35 29 25 |21 26 22 21 19 20 27
Cs Ba Hf Ta W Re Os Ir [Pt Hg TI Pb Bi
25 28 31 27 23 25 23 21 |16 26 24 26 27

Puc. 7. OueHouHast BBIrOAHOCTD (hopMupoBanust 2D MeTauios B ope rpa-
(beHa (4eM 3HAYCHUE MeHbIIIe, TeM (popMUpoBaHue 6oJiee BeposTHO) [43].

BaHUs ABYMEPHOI'O JIUTHS U 30J0Ta. bbulo moJjydeHo, uTo,
xoTsi oba Merayuia (GOpMHUPYIOT IUIEHKY MOHOATOMHOMN
TOJIIMHBI, OHH MO-PA3HOMY B3aMMOJAEHCTBYIOT KaK IPYT C
ZIPYroM, Tak U ¢ OKpyXkarolei 1ByMepHoil MaTpuneil. Tak,
Au popmupyeT CBI3aHHYIO MOHOCIIOHHYIO CTPYKTYPY, KOTO-
pas cnabo B3aumoeicTByeT ¢ rpadgeHoMm u MoS, u coxpa-
HSIET 3JIGKTPOHHBIE CBOMCTBA OTJIEJILHOTO cjios 2D Au.

C mpyroit cTOpoHBI, HHTepKasIKs Li mpuBOAUT K yBe-
JINUSHHIO CBSI3BIBaHUS C TpadeHOM m MoS, n3-3a mepeHoca
3apsiaa Ha ciou. [Ipu 3TOM OTTAJKUBAHUE MEXKIY aTOMaMHU
Li mo3BoJsisieT mpeAnoarath, YT0 MOHOCJIONH MOXeT ObITh
cOpMHPOBAH TOJBKO MYTEM NPUIOKEHUS BHEIIHUX CHIL
D10 OBLIO caenaHo B pabote [46], B KOTOpOU aBTOpaMm yjia-
JIOCh Peain30BaTh KOHTPOJIMPYEMBIE IPOIECCH JIUTUPOBA-
HUS (IeJTMTHPOBAHUS) IBYXCJIOHHOTO rpadeHa myTéM mpu-
soxenus: Hanpspkenust Ug = 5 B (Ug = 0 B). UnTepkanu-
poBaHHbIi Li 6b1cTpo 1udPyHIUPOBAT B IJIOCKOCTH U PaB-
HOMEPHO pacnpeelisiics o Bcemy ouciioro rpadena, ¢pop-
MUPYsl IBYMEPHYIO IIEHKY (puc. 8a).

OnTuMu3anus TeOMeTpUI MOHOCIOHHOH (a3bl JIUTHUS 11O0-
kazaJa, uto KoHpurypanus CgLiCq ¢ Li, pacrnosioxeHHbIM B
copasMepHoii (V3 x v/3) cBepXbsueiike ¢ MOCTOSHHON pe-
méTkn 4,26 A, SIBJISIeTCS SHEPTeTHYECK) BBITOIHOIA (pHc. 861),
OJTHAKO JIBYX- U TPEXCIIONHbIE KOHDUTYpauu OJIM3KHU K HEl
no osHepruu. [locie aHanIM3a SJIEKTPOHHON CTPYKTYPBI U
pacmpeieneHus 3apsiaa ObUT OOHAPYKEH CYIIECTBEHHO MEHb-
it epeHoc 3apsaa oT Li k rpadeHy 1T MHOTOCJIONHBIX
CTpYyKTYp 1o cpaBHeHMIO ¢ pazoit C4LiCg. bblna Takxke oOHa-
pyXeHa o011asi TeHACHIMS YMEHBILIECHHS CPETHEro mepeHoca
3apsaa Mpy yBeIMUeHNH yuciia cioéB Li. DTo MokHO 00bsic-
HUTB TEM, YTO YACTh JJIEKTPOHOB yIACTBYET B OOPA30BAHAN
CBSI3M MEX]y MOJIOKHUTEIHLHO 3apsKeHHBIMH MOHaMH Li B
MHOTOCJIOWHBIX Li-cucteMax, a He MEPEHOCUTCS B 3JICKTPOH-
HbIE COCTOSIHMS rpadeHa. ITo BUIHO, HATIPUMED, U3 pacIpe-
JleJIeHus] TUIOTHOCTH 3apsiia MO CPABHEHHUIO C M30JIMPOBAH-
HBIMU KpucTajutamu rpadena u Li (BctaBku Ha puc. 80).

IIpenckazano, 4To cTaOUIIBLHBLIN MOHOCIION JIMTHUS MOXHO
peanuzoBaTh s ciaydass AA-ynakoBku rpadena [46]. ITo-
CKOJIbKY Takasl CTpyKTypa rpadeHa 3HEpPreTHYECKU HEBBI-
rojHa, MOHO HCIIOJIL30BATh OUrpadeH, CJIou KOTOPOTro Mo-
BEPHYTHI IPYT OTHOCUTENILHO ApYra u GopMupyroT myap, B
obmactsix AA-ymakoBku kotoporo Li crpemutcst chopmu-
poBaTh 2D kjacTepbl, Tak YTOOBI HAXOOAWTHCS B MEHTPAX
YIJIEPOIHBIX IIECTUYT OJILHUKOB [47].

B pa6ore [48] xpome Li ObLIM paccCMOTpPEHBI U JIpyTUe
menounsie MeTawisl: Na, K, Rb, Cs. IToka3ano, 4yTo MOHO-
cioitabie cTpykTyphbl K, Rb, Cs MOTYT OBITH CTA0MIM3UPO-
BaHBI MEXIy ciosMu AA-ynakoBaHHoro rpadena. Taxxe
OHM HamboJiee SHEPTeTUYECKH BBITOJHBI [IJIs CIIyYasi BCETO
PacCMOTPEHHOTr0 Psiia METAJJIOB MPU (POPMUPOBAHUM MO-
HOCJIOSI MEeX 1y ciosiMu MoS;.

Mexay clIosSMU APYTUX JUXAJIbKOTEHHIOB IEPEXOIHBIX
metasioB (NbS,, NbSe,, TiS;, TaS; u VS,) MoryT ObITh chop-
MHPOBaHbI JIByMEPHbIE METAJUTIYECKUE CJION MEIH MPU KOM-
HATHO TeMIepaType 1 aTMOCHEPHOM JaBJICHUH, KAK 9TO OBLIO
IKCIIEPUMEHTAJILHO IPOAEMOHCTPUPOBAHO B pabdoTe [49].

IIpencraBieHHbIe Pe3yIbTATHI SBISIFOTCS OCOOCHHO aK-
TyaJbHBIMH B CBETE€ HCCIIEIOBAHUN ABYMEPHBIX T€TEpO-
CTPYKTYP, B KOTOPBIX MOHOCJION PA3JINYHOTO COCTABA KOM-
OMHUPYIOTCSI B HOBBIIl HAHOMATEpHUAas ¢ KOHTPOJIUPYEMBIMU
cBorictBamu [50]. CHTE3 MOHOCIIOEB METAJIJIOB HA pa3jinyi-
HBIX ABYMEPHBIX HAHOCTPYKTYPaX MOXKET O3BOJIMTH MHKEK-
THPOBATH CIIUHBI B 2D CTPYKTYpBbI, CIOCOOHBIE CTATH OCHO-
BOM J1JIs1 CHUHTPOHHBIX yCTPOUCTB [51].
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WUCCJIEJOBAHUE IJIEHOK MOHOATOMHOM TOJIIMHBI: COBPEMEHHOE COCTOSIHUE 35

JIutupoBanue

113 ¢

157 ¢

266 ¢ 327¢

o

Puc. 8. (B usere onaiin.) (a) Poct 2D Li mexy aByms ciosimu rpadena. Kpucramueckue 3épHa pa3IndHO#M II0CKOCTHO OpUEHTAIIMU OKPAIIICHbI B
KpACHBII, 3eIEHbIA U cHHUiA 11BeTa; (6) Momenu 2D Li mexay cinosimu rpadena, (I) monocnoiinast koudurypamust CoLiCg mpu pacnosioxkenun aToMos Li
B cBepxpeméTke (v/3 x v/3); (IL, II1) onTumimsupoBanmsrii apyxcaoitusiit (I1) u Tpéxcioiinsrit (IIT) kpucTamt Li. ATOMBI yriiepoaa u CBSI3H MexX/1y HUME
OTMEUEHBI CepbIM LBETOM, aTombl Li — ¢uoneroBsM (/). Ha BcraBkax B (I-1II) mpuBenens! mudpaknumoHHBIE KapTHHBI COOTBETCTBYIOIICH
KPHUCTAJUTMYECKOH CTPYKTypbl. KOoHTypHBIe Tpaduky Ha pUCYHKax MpENCTaBISIIOT coOoil mepeHoc 3apsima Mexay Li um rpadenoM mo cpaBHeHHIO C
OTJEIbHBIMI KpHcTajulamMu TpadeHa u Li. VBennueHne 31eKTPOHHON IUIOTHOCTH (OTPUIATENBHBINA 3apsia) 0003HaYeHO CHHMM (2), a YMEHBIICHHE
3JIEKTPOHHOM IJIOTHOCTH (TOJIOKUTEIBHBIN 3apsiT) — KpacHbIM (3) 1iBeToMm [406].

Teopernuecku nokazano [52], uro rpadeH crocobeH cra-
OMIM3UPOBAaTHL MOHOCJION U3 aToMoB poaud. Ilpu sTom B
c(hopMHPOBAHHOW BYXCJIOWHON TUIEHKE aTOMbI Rh umeroT
JIUCKPETHBIA HAOOp 3HAYEHUII MATHUTHBIX MOMEHTOB, PaB-
HbIX 0 up, 0,45 1 1 0,81 g, 9TO CBsI3aHO ¢ TOQPUPOBAHUEM
MIEHKA. ABTOPBI 3aKIIOYAIOT, YTO MPEICKA3aHHBIA UMHI
apdexT momepeyHOW MAarHWTHOW AHM3OTPOIMH B OHMCIIOE
Rh/rpaden MoxeTt ObITh UCIIOJIB30BAH [JIsI CIMHOBOTO TPAH-
CIopTa NMOJISIPU30BAHHBIX HOCUTEJIEH 3apsiaa B ciioe Rh.

Merannnyeckue MOHOCJIOU TAaKXKe MEePCHEeKTHBHBI IS
HCIOJIb30BAHMSI B KAUECTBE KaTAJIM3aTOPOB, KAK, HAIIPUMED,
3TO OBLIO TPEIJIOKEHO IJIs MOHOCIOs miaTuHbl [30, 53]
naytaaus [30] Ha rpadene.

3. MoHoc.10iiHbIe IIEHKH
HA OCHOBE COCJIMHEHUIl MeTAJIOB

Kax ormeuasiocs B paznesie 2, MHOTHE HCCIIEIOBAHUS JBY-
MEPHBIX METaJUIMYECKUX TJIEHOK BBI3BIBAIOT aKTHUBHOE 00-
CYXKJICHHE, IIOCKOJIbKY 3a4aCTYIO €CTh OCHOBAHHUSI MPEATOJIa-
raTh, YTO B 3KCIEPUMEHTE MOJIyueHa HE YACTAs] MeTaJlInye-
ckas TJIEHKA, a e€ coenHeHne. B 9TOM CMBICiIe HAMpaBJIeH-
Hble KOBAJICHTHBIE W MOHHLIE CBSI3M OOJIBIIE MOAXOIAT Ha
POJIb OCHOBHBIX THIIOB MEXAaTOMHO CBSI3U IpU (POPMUPOBA-
HHUH CTa0MIBbHEIX 2D Cc10éB.

B maHHOM paszjesie Mbl 0OpaTUMCS K TEOPETHYECKUM U
3KCIEPUMEHTAJIbHBIM HMCCJICIOBAHUSAM, TOCBSIIEHHBIM MO-
HOCJIOMHBIM IUIEHKAM Ha OCHOBE COeJUHEHUI AaTOMOB METaJI-
JIOB C aTOMAaMH YyIJIepo/ia, KUCIOPO/Ia U JIp.

3.1. Dddexr "nonnoii rpapurHzamn"
K HacTOAIIEMY MOMEHTY CYINECTBYET OOJBINOE YHCIO
Coco6OB CHHTE3a BCEBO3MOKHBIX HAHOMATEPUAIIOB, PA3JIH-

3*

YAFOIUXCSl IO TOMOTEHHOCTH COCTaBa W CBoucTBaMm [54].
Hanpumep, IAPOKO M3BECTHBI METOJIBI Ta30(pa3HOTO OCAXK-
JICHUSI, MATHETPOHHOI'O PACHBUICHUSI WA CHHTE3a B HAHO-
peakTopax, OTHOCSILIMECS K KJlacCy MeToauK "cuusy BBepx"
(bottom-up). B To xe BpeMsi IByMepHbIE HAHOCTPYKTYPHI
TOJIIIMHON BIUIOTH OO ATOMAPHBIX BEJIMYHH MOTYT OBITH
MOJIYYCHBbI HATPSIMYIO U3 OOBEMHBIX MAaTEPUAJIOB: COHOXM-
MHsI, 3JICKTPOB3PBIB, MEXaHUYECKasl dKc(oauanus (Hanpu-
Mep, rpadeHa) — 3TO TPyIna MeTOI0B, 00beAUHEHHBIX
napaaurmoii "ceepxy Buu3" (top-down). OgHAaKO, TOMHMO
BBIIIETIEPEYHCIICHHBIX CIOCOOOB CHHTE3a HAHOMATEPUAJIOB,
CYIIECTBYET PsIIT BHYTPEHHUX (PU3UKO-XUMUYECKAX MEXaHU3-
MOB, NPUBOSIINX K OOpPa30BaHHIO HOBBIX COCIMHCHHIA.
Cpenu takux 3¢dekToB 0coOOro BHUMAHHS 3aCITYKUBAET
npouecc rpaduTH3ANMK YIIEPOIHBIX MATEPUATIOB, & TAKXKe
ero "ueyriepoansiii" anasor.

XO0poIIo N3BECTHA TEHJICHIINS K TPaQUTH3AIMH TOBEPX-
HOCTH ajiMa3a, KOTopasi HTpaeT MPEeBAJUPYIONIYIO POJb B
Cllydae CBEPXTOHKHMX aJIMa3HbIX IUIEHOK HAHOMETPOBOMU
TOJIIIMHBI — auamMaHoB [55]. JelcTBuTtenbHO, rpaduru3a-
[UsI IPUBOIUT K PACIICILICHUIO IUIEHOK aI1Ma3a TOJIIUHON B
HECKOJIbKO aTOMHBIX CJIOEB HA OTIEJIbHBIE MOHOCIOU
rpaduTa, menast uX CTpyKTypy HecTaOmIbHOM [56, 57]. Un-
TEPECHO TO, YTO IPPEKT paCIIEIICHHS CBEPXTOHKHX MIEHOK
HMEEeT MECTO M B CJIydYae OPYTHX COCTABOB C HMOHHO-KO-
BaJICHTHBIM MEXATOMHBIM B3aHMOJICHCTBHEM, I[PH 3TOM
MPUPOA PACHICIUICHAS NPUHIUINATIBHO HWHAs. DTOT 3b-
(ekT, Ha3BaHHBI Hamu "woHHOU rpadurmsanuei” [58],
ObLT M3HAYAJILHO MPEICKA3aH JJIs CIIydast IIEHOK C MOJISIP-
HOW TOBEPXHOCTBIO, UMCIOIIUX CTPYKTYpy Broprura [59,
60], a B majpHEWIleM paclIMpeH Ha CEeMEHCTBO IJIEHOK CO
CTPYKTYpOH THIA IMHKOBOW OOMaHKHU U KAMEHHOMU coJn [58,
61—-64].
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Puc. 9. Dpdext "uonnoii rpaduruzanun" — paciienyieHue CBEpXTOHKUX IIIEHOK C MOJISIPHOI OBEPXHOCTBIO; (&) PA3HULIA FHEPT Ui CBSI3bIBAHUS MEXKLY
MJIEHKOM C TIOJISIPHO# TOBEPXHOCTHIO, UMEFOIIEH CTPYKTYPY IMHKOBOM OOMAHKH MM KAMEHHOH COJIH, ¥ rPaUTONOA0OHOM CTPYKTYPOii B 3aBUCHMOCTH
OT KOJIMYECTBA CJIOEB IS CIIydast XJIOpHIa HATpusl, HUTpHAa 6opa, pocdara 6opa u kapouaa kpemuus [62]. 11 cpaBHEHUS IPUBEICHBI TaHHBIS ISt
yriepona u kpemuus. [1ojoxuTeIpHOE 3HAUCHHE YKAa3bIBAET HA BHITOJHOCTH KyOHMUYECKOi peléTKH, OTpHIATEeIbHOE — Ha BHI'OJHOCTb I'PAaUTOIIOH00-
HOM CTPYKTYPBI; (6) clleBa — aTOMHast CTPYKTYpa TPEXCIONHOI TUIEHKH CO CTPYKTYpPOH BIOpIIUTA, MMEFoILEel oNspHyIo nosepxHocTh (0001)/(0001), u
COOTBETCTBYIOIIAsl pacuieriéHHas rpadguronogo0Hast M€HKa; CipaBa — CpaBHEHHE YHEPTMU PACIICIUJICHUS MIEHKA HUTPUAA TaJUIUsL CO CTPYKTYpOi
BIOPLIUTA, UMEIOLIEH MOJIIPHYIO M HEMOJISIPHYIO MOBEPXHOCTH, U rpaduTOno100HOM MIIEHKHU, B 3aBUCUMOCTH OT KOJIM4ecTBa CI0EB [60].

Jannblit 3¢¢GexT BUACH U3 NPSMOTO CPABHEHUS SHEPruil
CBSI3BIBAHUS IJIEHKHU C MOJIIPHON MOBEPXHOCTBIO U COOTBET-
CTBYIOIIIEH el rpaduTonoao0HoM CTPYKTYpHI [62] (puc. 9a).
W3 3aBuCHMOCTH pa3HUIIBI JHEPTUH OT YUCIA CIIOEB B IUIEHKE
BujHO e€ nepeceyenue st BP, SiC u NaCl npu uuciie ciioés
3,4 u 11, yTo CBUIETEILCTBYET 00 IHEPreTHUUECKON Tpel-
MOYTHTEJILHOCTH MAJIOCJIOWHOHN TpauTONOT00HON TIIEHKH.
Taxoe cpaBHeHHE YIOOHO eIIE U TeM, YTO TOKA3bIBAET He-
BO3MOYKHOCTbH PACILIETICHUS IJIEHOK KPEMHHS Ha OTAETbHbIE
rpaduTONO00HbIE CIION, a TaKXKe CTpeMIIeHHe K rpaduTH-
3aI[MK CBEPXTOHKUX IJIEHOK ajiMa3a.

ITpu 3TOM BaXXHO OTMETHUTD, UTO (yHAAMEHTAIbLHAS TPU-
YUHA TAKOTO POJa PACLICIUICHUH pa3anyaeTcs ISl CIyyaeB
MOHHBIX M KOBAJICHTHBIX MaTepuajoB. Tak, mepepacnpene-
JICHHE 3JIEKTPOHHOHN TUIOTHOCTH B CJIydae KOBAJICHTHBIX Ma-
TEPHUAJIOB OTrPAaHUYEHO TOBEPXHOCTHIO W CHAAAET J0 HYJIS B
06néMme MaTepuaJia (puc. 10a). B To ke BpeMst B MaTepuaiax
C MOHHBIM BKJIaA0M (puc. 106, B) 3a c4€T HAJIUUUS TOJISIPHBIX
MIOBEPXHOCTEH! Nepepacipe/iesieHHe JIEKTPOHHOM IITIOTHOCTH
ropas3fo CHJIbHEE U 3aTParuBaeT OOJIbIIIee YHCIIO CIOEB, YTO
MPUBOJIUT K BO3HUKHOBEHHIO JHIIOJBHOIO MOMEHTA, Ha-
MIPaBJICHHOTO MEPIEHIUKYJISIPHO MOBEPXHOCTH. Bo3HMKaro-
L€ TIOBEPXHOCTHBIE HAIPSDKEHUS PACILEIUISIIOT IUIEHKY Ha
OTAEJIbHBIE CJIOU, YOUpasi AUMOJIbHBIT MOMEHT M TOHIKast
BKJIAJI MTOBEPXHOCTH B OOIIYIO DHEPTUIO CHUCTEMBI. BakHO
OTMETHUTD, YTO JHEPTUs rpadUTONONO0OHON TUIEHKY 1JIsI He-
CKOJIBKUX CJIOEB YACTO HIDKE JHEPTHU IIEHKH HE TOJIBKO C
MOJISIPHOM, HO U C HEMOJIIPHON TOBEPXHOCTHIO, KaK 3TO OBLIO
oJiy4eHo, Hanpumep, 11 GaN (puc. 96).

Omnpeaensiroluil BKJIa1 371eKTPUUECKOT O AUMOIHHOTO MO-
MEHTa OBLIT MPOJEMOHCTPUPOBAH HA TPUMEPE COCITUHEHUS
NaCl B pabote [63]. BbL10 MOKa3aHO, YTO 3aBUCUMOCTD Be-
JIMYUHBI TUTIOJILHOTO MOMEHTA, HAMPABJICHHOTO TEPICHIN-
KyJsipHO K noBepxHocTH (111), oT ToImmHbI rpaduTonogoo-
HOU M KyOMUECKOU TIIEHKU KOPPETUPYET C pA3HUIICH SHEPTrUuit
MEX/y 3TUMH CTpykTypamu (puc. 10r). I1pu 3ToM 3HEprus
MEXKCIJIOEBOTO CBSI3BIBAHHSI B I'padUTONONOOHBIX IIEHKAX
MOHHBIX COEJMHEHUI MO MOPSIIKY BEJIMYHHBI COOTBETCTBYET
9HEPTUU CBSI3U BaH-Jep-Baanbca W cCpaBHEMa C COOTBETCT-
BYIOIIICH BEJIMYMHOU [T KpUcTajuia rpadura [63], uto cBu-
JIETENIbCTBYET 00 OTHOCUTENBHON HE3aBHUCUMOCTH OT/EJIb-
HBIX CJIOEB B IUIEHKE M 00 UX BO3MOXKHOM OTJIEJIEHUH C UC-
MOJIb30BAHUEM PA3JIMYHBIX METOJIMK 3KC(HOIHANNN TIPH TO-
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Puc. 10. (B nBere onnaii.) Pa3HOCTB 2JIEKTPOHHOM IIOTHOCTH Ap MEX Ty
TIOBEPXHOCTBIO M COOTBETCTBYIOLIMM KPHCTAJUIOM C KyOmueckoi (Io-
BepxHOCTH (111)) nrpadurononodHoi (moBepxuocts (0001)) cTpykTypoit
s ciydast (a) yruepona, (6) ¢gocdara 6opa u (B) XJopuaa HaTpusl.
3HaYeHHs H30MOBEPXHOCTH Ap, = 5 x 107 ¢ A=3. OGnactu ¢ u3GbIT-
KOM 2JIEKTPOHOB OTMEYeHBI TEMHBIM IIBETOM, OOJIACTU C HEJOCTATKOM
3JICKTPOHOB — CBETJIBIM [62]. (r) Pa3HOCTB 3Hepruii Ha CTeXuOMeTpHYe-
CKyIO eqUHHLY (4€pHast JMHUS /) W Pa3sHOCTb IHUIOJIBHBIX MOMEHTOB
(cunsist uHUS 2) auis rpaduTononobHon n kyouueckoil mi€nku NaCl B
3aBUCHMOCTH OT KOJIMYECTBa CJI0EB (TOJIIHMHBI) [63].

MOIIIH JXUJKUAX PACTBOPOB [65] MM MEXaHUYECKUX BO3[ICH-
cTBui [1].

Hcnonb3oBanue 3BOJIIONMOHHBIX AJITOPUTMOB TO3BOJIH-
JIO TIpeJIcKa3aTh cyliecTBoBanue rpaduronomoonoro NaCl
Ha moBepxHoctu anmMa3sa (110). [TokazaHo, 4TO BCilenCcTBUE
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CHJILHOTO CBSI3BIBAHUS C MTOJIOKKOM BBIPAILIEHHBII 1ByMep-
HBII MaTepuajl HacJIe1yeT CAMMETPHIO OITOXKKH. [Tpencka-
3aHusI ObUIH IOITBEPK ICHBI IKCIIEPUMEHTATHLHO C TOMOIIBIO
MEeTOJIa MAarHETPOHHOTO pacnbuieHus1. C moMoIsio audpak-
UM 3JICKTPOHOB OBLIO 3a(DUKCHPOBAHO OOPAa30BAHUE TOH-
koro cios rpadguronogodHoro NaCl Ha TOBEPXHOCTH TOJIH-
KPHUCTAJUIMYECKOT0 U MOHOKPUCTAJIMYECKOTO ajimasa [66].

Takum oOpa3om, clenaHHble IPEACKa3aHUsl CBUACTEb-
CTBYIOT O TOM, YTO B IJIEHKAX PA3JITYHOTO COCTaBa, UMEIO-
IIUX TOJIIIUHY B HECKOJBKO ATOMHBIX CJIOEB, BO3MOXHO
(bopMupoBaHue HOBBIX TpapUTONONOOHBIX (Pa3. DTO yBeu-
YrBaeT MHOroobOpasue (a3 B MaTepualiax c npeodiagarorien
HMOHHOH MeXaTOMHOH CBSI3bIO.

TeopeTnyeckue BBIBOIIBI OBLTH MONTBEPXKIEHBI B Psijie
IKCIIEPUMEHTAIIBHBIX pa0OT MO UCCIIETIOBAHIIO KAPOHIA KPEM-
Hus [67], HuTpuaa amromuHus [68] m okcuaa nuaka [69]. Tak,
B paboTe [68] y1aock mosyuuTh kiaactepsl g-AlN TpeyroJib-
HOH (OpMBI TONIIUHON 10 12 MOHOCJIOEB, YTO MOJHOCTBEO
COOTBETCTBYET MpeacKka3zanusm [60], B KOTOPBIX IHEpreThye-
cKasi IpeanoYTUTeIbHOCTh IEHKH g-AIN Hag w-AlN Ha-
Oromaercst sl TOTO Xe 4ucyia cinoéB. B mocnemyroieit
pabore [70] Ha mosepxuoctu Si(111) ymajnock MnoJy4uTh
0oJiee TOHKME IUIEHKU rpadUTONOI00HOTO HUTPU/IA AJTFOMHU-
HUS TOJIIIMHON 10 5—6 MOHOCIIOEB.

3.2. 2D mMoHOOKCHABI MepeX0HBIX MeTAI0B
TeopeTuueckn mpeacka3aHHask BO3MOXHOCTh (pOpMHPOBa-
HUSI IBYMEPHBIX CJIIOEB M3 UCXOJHO HECJIOMCTBHIX MaTepua-
JIOB, TaKUX Kak KyOwdeckue [62] u BropruTHbIe [60] HOHHO-
KOBAJICHTHBIE KPUCTAJLIbI, 3HAUUTEIBHO PACHIMPSET MTOTEH-
MAJIbHOE CEeMEWCTBO NBYMEPHBIX MATEPUANIOB. DTH Iped-
CKa3aHWs OTHOCSTCS M K OKcHIaM MetajuioB. Tak, B pabote
IonsikoBckoro u ap. [64] Ob110 OKa3aHo, yTo A1t MgO Kak B
CBOOOJHOM COCTOSIHMHU, TaK M NPHU €ro pasMeElleHHH Ha
noaioxke Ag(111), Bo3MOXKeH mepexoi U3 CTPYKTYPhI Ka-
MEHHOM COJIM B TeKCArOHAJIBHYIO a3y IpH TOJIIMHE MIIEHKA
HIDKE KPUTHYECKOH.

B cepum skcnepuMEHTAIbHBIX U TEOPETHUYECKUX PadboOT
[59, 69, 71—-73] Ob11a moaTBepxkaeHa TpaHchopmanus ZnO
u3 (asbl BIOPIUTA B JIBYMEPHYIO CTAOUIBLHYIO TpadUTOIO-
IOOHYIO CTPYKTYPY, g-Zn0O (puc. 11a). Okcup munaka (ZnO),
OTHOCSIIIMICS K Kjaccy nojynpoBoaHukos [1-VI, umeer B
CTAaHIAPTHBIX YCJIOBHSIX CTPYKTYPY BIOPIIUTA W SIBJISIETCS
KJIFOUEBBIM TEXHOJIOTHYECKUM MaTepuajioM. Ero HeneHTpo-
CUMMeTpHUYHas KpucTajuiorpaduyeckass (asa NposBIsSET
CHJIbHBIE MbE303JIEKTPUUECKHE 1 MUPOIJIEKTPHIECKHIE CBOM-
ctBa. [To atum mpuaraam ZnO 9acTO UCMIOJIB3YETCS B TPO-
M3BOJICTBE TAKHUX YCTPOMCTB, KAK MEXaHUYECKHE TIPUBOIBI U
be30aJIeKTpuieckue natunku. Kpome toro, ZnO sBisieTcs
MOJIYIPOBOJHUKOM N-THUIA C IIUPOKON 3aNpeliEéHHON 30HOU
(3,37 9B) u oGnagaeT BBHICOKOU 3HEpPIrHUed CBSI3U SKCUTOHOB
(60 M3B), 4TO nenaeT ero MpUBIEKATEIHLHBIM MATEPHATIOM
IJIS1 KOPOTKOBOJIHOBBIX ONTOZJIEKTPOHHBIX MPWJIOKEHUH U
JIFOMUHECIIEHIIMH YIIbTpaduosieToBoro (YD) uzryueHus npu
koMHaTHOU Temmnepatype [74]. IIpu atom ZnO npospayen
JUTS BUIUMOTO cBeTa. BropuuTHbeiil ZnO sIBIsSETCS OCHOBOR
JUIS TeJIOTO CeMEHCTBAa HAHOCTPYKTYP, TAaKUX Kak HaHO-
TpyOKH, HAHOTIPOBOJA, HAHOCTEPKHH, HAHOJICHTHI U TETpa-
ozl [74, 75].

B nenasueit pabote [72] metonamu [TOM 6b1tn 06HADY-
JKEHBI IByMEPHBIE KJIACTEPhl OKCHa UHKA C FeKCArOHAJIb-
HOHM peméTkoi B mopax rpadena. JaHHBIA pe3yiabTaT HO-
MOJTHUTEIHHO MOATBEPKIAET NEPCIEKTUBHOCTH MPUMEHEHUST
rpadeHa Kak MaTPUIIBI I pOCTa HOBBIX JBYMEPHBIX Ma-

dzn-0

Puc. 11. Cxemartnueckas moneas ZnO (a) B ¢dase BropuuTa U B BHIE
rpadUTONONOOHBIX MOHOCIIOEB, OOHAPYKEHHBIX OSKCHEPHMEHTAJBHO;
(6) CTM-u3006paxeHue ABYXCJI0WHOTO rpaduTonogoouoro ZnO Ha 1o/1-
snoxke Ag(111) [69]; (B) [IDM-u3o6paxenue MmoHocs0éB ZnO B 061acTsax
A ¥ B, noJyty4eHHBIX ¢ HOMOIIBIO THAPOTEPMAIBHOTO MeTo 1 [76].

Tepuasios. I[Ipu 3Tom oOpa3oBaHue CBsI3€il ¢ rpaHUIIAMU Ha-
HOMOP crnocoOcTByeT crabunm3anuu g-ZnO, HO OTpaHUYH-
BAeT ero MoIepeyHbIi pa3Mep.

DKcrepuMeHTaIbHOe OOHApYXKeHHe MIEHOK g-ZnO ¢ unc-
JIOM aTOMHBIX CJIOEB 110 YeTHIpEX [69, 73, 77 — 79] mOTHOCTBIO
COOTBETCTBYET TEOPETUIECKON OICHKE CBEPXY, BBIIBUHYTON
B pabote [60], T1e TOKa3aHo, YTO rpaduTONO100HbIC IIEHKU
ZnO sHepreTHyuecku 0oJjiee BLITOJIHBI, 4eM (pa3a BropuuTa C
HETOJIAPHON U MOJISIPHOM MOBEPXHOCTHIO IPHU TOJIIMHE 0
IIATH U JEBSITH CII0EB COOTBETCTBEHHO.

B HanbGosee pacnpocTpaHEHHOM METOJIE CUHTE3a CJIOEB
g-Zn0O UCroB3yeTCs MPOIECC OCAKICHUS U3 TApOBOM (ha3bl
Ha METAJUTMYECKYIO MOJIOKKY B YCJIOBHUSIX CBEPXBBICOKOTO
BakyyMa (puc. 116). B Takom mpornecce MeTaJTHuecKuii Zn
OCaXIAeTCsT Ha METAJUIMYECKYIO TOJJIOKKY M OKHCIISETCS
JI100 B IpoLECcCe PEAKTUBHOTO UCIIAPEHUSL, JINOO MOCIIE OCaXK-
neHust Zn (MocTokucienus), oopasys ciou g-ZnO. B kaue-
CTBE IMOJIOXKKH JJIsI BBIPAILUBAHUS MOTYT OBITh UCIOJIB30-
BaHBI pa3jIMyHble METaJUIbI ¢ ToBepxHOCTHIO (111): Pd [80],
Pt [81], Au[73, 78], Ag[69, 77, 79].

B pabGote [76] mis cunTe3a g-ZnO MCHOJIB30BAJICS MST-
KM THAPOTEpMAJIbHBINA MeTOI. BoaHBIN pacTBOp C rexcaru-
ApaToM HUTpaTa 1uHKa (Zn(NOj), - 6H,0), rekcameTnies-
teTpaMuHOM U 1iuTpaTom Hatpus (Na3;CeHsO7) momeracs
B Te()JIOHOBBII KOHTEHHEP U TEPMETU3UPOBAJICS B aBTOKJIA-
Be. Ilocne mporpesa B Teuenue 3 u npu temneparype 95°C
MPOU3BOIMIIACH PUIbTpanus U cynika. Ha npuBeéHHOM Ha
puc. 118 II9M-u306paxxeH1H BHICOKOI'O pa3pellieHusl IoKa-
3aHbl CHUHTE3UPOBAHHBIE HAHOYACTHIBI KPUCTAJUIMYECKOTO
ZnO, cBUACTETLCTBYIOIINE O HAJIMYIH OJHOCIOWHBIX U ABYX-
CIIOMHBIX MJIEHOK g-Zn0.

B psime Teopermuecknx paboT OBUIM M3y4YeHBI JJIEKTPOH-
Hble, MarHUTHbIe [82—84], ynpyrue W Nbe303JIEKTPUIECKHE
cBoiicTia [85, 86] MmoHoc0EB g-ZnO. CorjlacHO OIEHKAaM, I1IH-
puHa 3anpeiménHoii 30HbI g-ZnO cocrasiset 3,58 5,64 5B
[82, 86], uTo GoJIbIIIEe, 4eM Yy (pa3bl BEopHuTa. BhLIN MOTyYeHbI
3HAYCHUs MapaMeTPOB, XaPaKTEPHU3YIOIMINX MEXaHUYeCKHe
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cBoiicTBa g-ZnO. Be3 yuéra Heonpene€HHOW TOJIUHBI MO-
HOCJIOS] YIPYTue KOHCTAHTHI U HEe302JIeKTPHIECKIE MO Ty
g-ZnO umeroT cnenytomue sHavenus: C;; = 131 Hm ! [85],
102HM ' [86],92,6 HMm ' [87], 86 HM ! [88], C1n=43 HMm™!
[85], 72 H m~! [86], 61,9 H m~! [87], 57,3 H m~! [88] (4O
MeHbIIIe, YeM 3HaueHus jis rpadena, rae Ci;=358,1 Hm™!
C12=60,4 H v ! [89]), e;;=0,48¢ A~! [85], 0,18 A~! [86],
0,17e Al [87]. ITocneanue BeIMYMHBI MOXKHO CPaBHHUTH C
naussivi uist h-BN (0,23¢ A=, 0,16¢ A= [90], 0,15¢ A~
[91]). [Tpu 3TOM XECTKOCTD IPH U3rUOE MOHOCIIOSI COCTABJISA-
et 0,15 9B [85], yTo Ha MOPSITOK MEHbIIIe, YeM 1 TpadeHa
(1,46 9B [92]), a koapduuuent Iyaccona v = Cy,/C}; 6omee
yeM B Tpu pasa Bbie (0,71 [86], 0,67 [87, 88]), uem mist
rpadena (0,17 [89]). CTOUT OTMETHUTH, YTO PE3YJIbTATHI Pa-
0O0THI [85] CYIIECTBEHHO OTJIMYAIOTCSI OT BCEX MOCIIETYFOIIUX
WCCJIETOBAHUN.

B teopernueckux padortax [93—95] 6pum TaKKe U3YYEHBI
BEPTHUKAJIbHBIE TETEPOCTPYKTYPBI HA OCHOBE Tpadena u g-ZnO.
Taxk, B pa6ote Hu u nip. [93] 661710 0T™MeUeHO citaboe BaH-/1ep-
BaaJIbCOBO B3aMMOJIEICTBUE W, KaK CJIEJICTBHE, MPAKTHICCKA
MOJIHOE OTCYTCTBHUE IIEpPEHOCa 3apsia MexIy TpadeHoM U
MoHocoeM g-ZnO, a Takke COXpaHeHUe CBOMCTB IpadeHa
BOym3u ypoBHss ®epmu. B wactHocTH, ckopocTh Pepmu B
Touke [upaka rpadeHa B HCCIEAYEMOIl TeTepOCTPYKTYpe
TIOYTH COBIIAJAET CO CIIyYaeM M30JIMPOBAaHHOTO Tpadena. Tax-
e aBTopaMu ObLT TpecKa3aH pocT 3PEKTUBHOCTH MOTJIO-
mennst Y ®-u3syueHust B reTepocTpykType rpaden/g-Zn0O, 4to
MOJXET HAWTU MpHUMEHEeHue Uil 3aaa4 (oTokaTanusa u ¢Qo-
TOBOJIbTauku. B npyroii padore Yao u mp. [94] momumo
UCANIbHOM reTepocTpYKTYphI rpader/g-ZnO ObUIM TaKKe UC-
CJIeIOBaHBI KUCIIOPOIHBIE BAKAHCHH U TIOJIYYEHO, YTO UX HAJIU-
4pe He BJIMSET Ha 3JICKTPOHHBIE CBocTBa rpadena. Kak u B
pabote [93], aBTOPBI 3aKJIFOUUIIH, 4TO g-ZnO MOXHO paccMaT-
PHUBATH B KQUeCTBE MEPCHEKTUBHOM MOTOXKKH 17151 rpadena.

Terepoctpyktypa Buaa rpaden/MoS,/g-ZnO/rpaden
ObLIa uccaemoBana B pabore [95]. [TokazaHo, 4TO HaIHUIHE
CIUTBHOTO B3aUMOJICUCTBUSI KPAeBbIX I'Pa(EHOBBIX CIOEB C
MoS,/g-ZnO npuBoauT K 00pa30BaHUIO MPSIMOU 3arpemiéH-
HOM 30HBI, B OTJIMYUE OT CJIydasl U30JIMPOBAHHOIO OHCIIOS

MoS,/g-ZnO. N3meHeHne opueHTaum rpa)eHOBbIX JUCTOB
Mo oTHOoIIeHUIO0 K MoS; 1 ZnO npuBOINT K PACIICTIIICHUIO
30H rpad)eHa u3-3a pa3IuuHON CTENeHU JIerupoBaHus rpade-
Ha. Pacu€Thl 37IeKTPOHHBIX CBOMCTB TaK)Xe€ MOKA3aJId CHJIb-
HOE JIONMPOBaHUe TpaeHOBBIX CJIOEB M HYJIEBYIO 3aNpEIIEH-
HYIO 30HY, YTO HO3BOJIMJIO CAEJIATh BHIBOJ O BO3MOXHOCTH
UCTIOJIb30BAHUS TAKUX CTPYKTYP B (DOTOIIEKTPUIECKHX U Ba-
JINTPOHHBIX MPUIOKECHUSIX.

CTOHT OTMETHTB, YTO CTAOMIbHASI ABYMEpHAs da3za Mo-
XKeT ObITh MOJIyYeHA HE TOJIbKO MyTEM pacCIICIICHUS! U3HA-
4aJbHO OO0BEMHOTO coeduHeHus. bosiee Toro, ABymepHas
CTPYKTYpa MOXET CYIIECTBOBAThH U B OTCYTCTBHE €€ 00BEM-
Horo aHajora. Tak, Hanpumep, kyouueckas ¢paza CuO sB-
JISIeTCsl HeCTaOMILHOW B CBOOOJHOM COCTOSIHHH, OJHAKO B
pabotax Kano u ap. [96] u Yin u ap. [97] BuepBbIe 3KcIe-
PUMEHTAILHO HAOJIFOAJICS IBYMEPHBINA OKCU/T ME/IH HA TIO/1-
Joxke rpadena. TeM He MeHee, B OTJMUYUE OT, HAIIPUMED,
MoHoctos g-ZnO, pemérka 2D CuO oka3zanachk He rekcaro-
HaJIbHOM (rpadeHono100H0i1), a IPAMOYTOJIbHOM (puc. 12a).
IMocnenyromme DFT-pacuérel (DFT — Density Functional
Theory) moATBepIMIIH, YTO TOJBKO KJIACTEPHI U3 MOHOOK-
cua MeIu MOTYT COXpaHsITh ABYMEPHYIO PEIIETKY Ha Ipa-
(ene, B oTIIMYME OT KapOuaa MeIU UK TUIEHKU U3 MEJIH.

KBaHTOBO-XMMHIUECKHE pACUETHI MOATBEPIWIN, YTO ATO-
MBI KHUCIIOPOJIa CTPEMSITCSI PACTIOIOKUATHCS B IIEHTPE KBAJ-
pata U3 aTOMOB MeIM, TEM CAMBIM YKPEIUIsid PEIIETKY U
yMeHbIIIasi BHEIUIOCKOCTHOE UcKaxkeHue. [lojoxkeHue ato-
MOB kHuciopoaa B 2D okcuae Menu Takxe HOATBEPKIAETCS
CITOM-anann3om. Ha pucynke 120, B ipe/iIcTaBJICHBI IKCIIE-
puMeHTaIbHOE B cMoepoBanHoe CIIDM-n300paxenus
COOTBETCTBEHHO, a MHTEHCUBHOCTH JINHEHHBIX Tpoduiet Ha
puc. 12r cooTBETCTBYIOT O€JIOW MITPUXOBOU JIMHWH. bim-
30CTh IKCMEPUMEHTAIBHBIX U TEOPETHYSCKUX TMPOpUiIei mo-
3BOJISIET 3AKJIIOYUTH, YTO JBA HAOIIOAAEMBIX MEPHOINYECKU
MOBTOPSIIOLINXCS MUAKA C PA3HBIMU HMHTEHCUBHOCTSIMHU 00pa-
30BaHbl UMeHHO aToMamu Cu u O. Taxxe B paboTte [97] 6bL10
MPEICKA3aHO, YTO JBYMEPHBIA OKCH]I MEIH SIBJISETCS TOJIY-
[IPOBOJIHUKOM C IIMPUHOH 3anpeliéHHol 30161 2,7 3B u cia-
ObIM aHTU(QEPPOMATHUTHBIM YIIOPSA0OYEHIEM, TOT A KaK CO-
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Puc. 12. (B usere onnaiin.) CpaBHEHHE SKCIIEPUMEHTANILHBIX U CMOCIMPOBAHHBIX TaHHBIX 1 2D okcuma Meau. (a) ATOMHast MOJelb kiaacrepa 2D
OKCHJIa MeU Ha rpadeHe, BUJ CBepXy U cO0Ky, mocie ontumusanuu MetogoM DFT. (0) Veenmuennoe u orduiabrpoBanHoe CITOM-u3obpaxenue 2D
xyacrepa CuO. (B) CmozpemmpoBannoe CITOM-n3o6paxenue st Monenu (a). (r) JImHeitHbIe TPOGHIIH, COOTBETCTBYIOLINE IITPUXOBLIM JIMHUSIM Ha
pucyHkax (6) u (8). Arombl Cu, O u C 1 MX OJIOKEHHS Ha poduie 0003HaUYeHbI KpaCHBIMH (1), cMHUMH (2) M cepbIMH (3) IIIapUKaMU COOTBETCTBEHHO.
I TpuxoBast uHUs TpoduIsi B (T) HOKA3bIBAET MHTCHCHBHOCTD OTACJILHO CMOJIEJIMPOBAHHOTO TpadeHoBoro ymcta 6e3 kiacrepa 2D okeuaa meau [96].
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AFMI1
E = —14,23 3B/FeO

AFM?2
E = —14,33 3B/FeO

FM NM
E = —14,22 5B/FeO E = —12,57 9B/FeO

Puc. 13. (B uBere omnnaiin.) (a) Pasnocts sHepruit N Monocioés 2D FeO (ymakoBka AA), o0jamarolux IBYMEPHOH MPSIMOYTOIBbHOU (Eoy) HIH
rekcaroHaj bHOM (Epex ) peruéTkoii, n N-cioiinoi miénkn FeO(111) B pase kamenHoii cos (ERs), 0003HaYeHHbIE CHHUMH (/) M KPACHBIMH (2) MapKepamu
cooTBeTCTBeHHO. Ha BcTaBke mokazaH 0e30apbepHBIA MEPEX0]] reKCaroHaJbHON PEIIETKA B HPSMOYroJibHYr0. (0) MarnuTHble KOH(UIYypamuu
monocios 2D FeO, rie AFM1 u AFM2 — antudeppomarautusie, FM — deppomarautHoe, NM — HemaruutHoe ynopsigouenus. s HauOosee

BBIT0/1HO# KoHpurypamuu AFM2 npuseneHbl napaMeTpsl petuétku [27].

OTBETCTBYIOIIUI OOBEMHBIN KPHUCTAJLT SIBJISICTCS Iapamar-
HETHKOM C 3alperéHHol 30u0i nmopsiaka 1,4—1,7 2B [98].

ABTOpBHI pab0THI [99] m3yumim 2D CuO B mope ABYXCIIOH-
Horo rpadena. Tak, MOMHMO HCCIIETOBAHUS OCOOCHHOCTEH
crabmmsaruu kiactepoB CuO B mope OGurpadena, Obia
IpeacKa3aHa BO3MOXHOCTh (OPMHPOBAHHUS Te€KCATOHAJIb-
HoU meTtasmueckoi pemétku 2D Cu. Ilomydeno, uTo mpu
coequaenn CuO ¢ rpadeHOM TPOUCXOIUT GOpMHUpPOBAHHE
CIWH-TIOJIIPU30BAHHBIX COCTOSHIM Ha TpaHUIe pasjesa.

B npyroii Teopetuueckoii padbote [27], MOCBSIIEHHOM 1BY-
MEPHOMY OKCHUAY >Keje3a, ObLI Takke U3y4deH MpOIecc pac-
cioennst o0béMHOTO Kprctauia FeO Ha oTaesbHbIe MOHO-
CJIOH TIO paHee ONMMCAHHOMY MeXaHU3MY HOHHOM rpaduTuza-
MU KPHUCTAJIJIOB CO CTPYKTYPOM THIA KaMeHHO# coyn. Tak,
aBTOpaMH OBUIO MOKA3aHO, YTO MPH TOJIIUHE HCXOIHON
IEHKN 00bEMHOTO Kprctasuia FeO MeHee 1eBSITH CITOEB Cy-
LECTBYIOLINIA AUMOJIBHBIE MOMEHT CTPEMHUTCSl PACLICUTh
€€ Ha OTIeNbHBIE MOHOCJIOM ATOMApHOW TOJIIWHBI, KaK
cJIeTyeT U3 MPeICTABICHHOTO YHEPreTHYECKOro OajlaHca Ha
puc. 13a. I1pu 3TOM, B OTJINYHE OT paHEe U3YUCHHBIX IBYMEP-
HBIX coJjieil [58], aHepreTUYecK! BBITOJHASI ATOMHAS CTPYK-
typa 2D FeO npeacrapisier coO0OW He TeKcaroHaJIbHYIO, a
ILIOCKYIO IIPSIMOYTOJIbHYIO peméTky (a=2,80 A, b=2,76 A,
puc. 130), aHAJIOTHYHYIO paHee MOJyYCHHOMY ABYMEPHOMY
okcuay Menu [96]. beuto moxazano, uro 2D FeO sBisieTcs
MOJIYIIPOBOTHUKOM C IIMPUHOM 3anpeméHHon 3010561 2,12 5B
(2,05 3B s 0o6bEMHOrO KpucTasuia) 1 obiagaet aHtTudep-
POMArHUTHBIM yHopsinoueHueM. [Ipu 3TOM pasHuIa 3HEp-
TUI MeXy aHTH(EPPOMArHUTHBIM M HEMAar HUTHBIM COCTOSI-
Husimu paBHa 1,7 9B/FeO mns ciyuas 2D FeO u 1,5 3B/FeO

IS citydasi o0 bEMHOTO KpucTasuia. [IpuBeéHHbIC 3HAYCHUS
CYIIECTBEHHO MPEBBIIIAIOT AHAJIOTUYHYIO BEJTINYUHY JJIS IBY-
MepHoro okcua Meau [96]. Tem He MeHee pacu€T POHOHHBIX
4acTOT ¥ U3TUOHOrO MOJYJIe IPOJEMOHCTPUPOBAJ HECTa-
OGMIILHOCTH MOHOCJOSI B cCBOOOAHOM cocTosiHuM. C IeJblo
u3ydeHusi Bo3aMoxHoctu crabunusamuu 2D FeO 6wumn pac-
CMOTPEHBI IJIOCKHE TeTePOCTPYKTYpbl Ha OCHOBE OKCHAA
Kene3a U rpadera. ABTopaMu paOOThI [27] OBLITH MOJTYYSHBI
AHAJIMTUYECKUE BBIPAXKEHUS JIJI SHEPIUM I'PAaHULBI pa3jeia
2D FeO/rpacden npu npou3BoIbHON B3aUMHON OpUEHTAIUU
KOMITOHEHTOB F€TEPOCTPYKTYPHI, & TAKXKE OIUCAHA PABHOBEC-
Hasi opmMa IBYMEpPHOTO KJacTepa OKCHIA JKejle3a B MOpe
rpadeHa B 3aBUCUMOCTH OT BHEIIIHUX YCJIOBHH (3HAYCHHS XU-
MMYECKOI0 IIOTEHNUAIA JIs1 aTOMOB XKeJle3a U KUCIOPOo/a).

3.3. 2D MoHOKApPOHIBI MEPEXOAHBIX METAJIJIOB

B pa6ote Fan u np. [100] meTogamu ab initio u 3BOJIFOIIMOH-
HOTO aJIrOPUTMA OBLIH MPEICKAa3aHbl B IByMEPHbIC (ha3bl
MoHOKapOuaa xene3a. [lepBasi W3 HUX, TeTparoHajbHas
(t-FeC,a=b=3,49 A), aHaJIOTUYHA paHee W3yuYeHHbIM 2D
¢dazam t-TiC [101], t-YN [102], t-SiC [103] u He sBIsSETCS
aTOMAaPHO IUIOCKOH C XapaKTepHOH BeJIMYNHOM rodpuposa-
aust d =126 A (d/a~36%), puc. 14a. Teoperuueckue
OIICHKH BEJIMYUHBI a7COPOIMHU, EMKOCTH U BeInIuHbI AU dy-
3MOHHOTO Oapbepa MO3BOJIUIIH MPEINOJIOKHATH IEPCIEKTHBY
ucnosb3oBanus t-FeC B kauecTBe KOMIIOHEHTA JINTUI-UOH-
HBIX OaTapeek. JJOMOHUTENbHBIN aHAIN3 JIeKTPOH-()OHOH-
HBIX B3aUMOJCHCTBUIl MO3BOJIII TAKKE OLCHUTH KPHUTHYC-
CKYIO TEMIIEPATYPY CBEPXIIPOBOIUMOCTH [IJIs1 JAHHO# (a3bl,
pasuyto 5,31-6,77 K.
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Puc. 14. ATomHbIe CTPYKTYPBI (B CBepXY U cO0KY) 2D MOHOKapOUI0B MepeX0IHbIX METAJLIOB: (a) TeTparoHaibHas t-TMC [100] 1 opTopoMOuyeckue

(6) B-TMC [104] 1 (B) - TMC [105] (TM — niepexOoaHbIA METaJLT).

Bropoii obnapyxenHoi nsymepHoii ¢azoit FeC okaza-
Jlach paHee He HaOJroJaBILIAsCs HEAJbHO IJIOCKasl OpTo-
pombuueckas pemérka o-FeC (puc. 140), o6pa3oBanHas 5- u
7-KOOpAMHUPOBAHHBIMU ATOMAaMH yIJIepoaa U Kele3a COOT-
BETCTBEHHO. [IpakTHYeCKH OJHOBPEMEHHO C MpeAbIAYIIei
pabotoii [100] ObLIO ONMYOJUKOBAHO CIIE OJHO TEOPETHYEC-
CKO€ HCCJIeIOBaHue, B KOTOPOM ILJIOCKasi OpTopoMOuyeckast
peméTka ¢ 5-KOOPAMHUPOBAHHBIMU aTOMaMH YIJIepoJa
ObL1a BIepBble OOHapyskeHa JuIs kapouaa kobansTa [104]. B
paboTe [104], HOMIMO TOKa3aTEIbCTB CTAOUILHOCTH MOHO-
CJIOSI B CBOOOHOM COCTOSIHMU W UCCJICIOBAHMS METAJLITIYe-
CKUX CBOWCTB, aBTOpaMHM OBLTN PACCUNTAHBI MEXaHUYCCKHE
cBolicTBa. Tak, ObLIO IMOKA3aHO, YTO BEJMYMHBEI KOHCTAHT
it omHoocHoU nepopmaruu, Ciy U Coy, paBHBI COOTBETCT-
BeHHO 229 m 241 H M~!, uTo mouTw B ABA pa3a TMPEBLITIAET
aHAJIOTHYHBIE 3HAYeHns 11 MoS, (140 H m~!) 1 conocrasu-
Mo ¢ BesmarHamu it h-BN (293 H m~1). ITpu aTom Bompoc
0 NOTEHIMATbHBIX MATHUTHBIX M KATAJTUTHYECKUX CBOMCTBAX
0-CoC ocTajcs OTKPLITHIM. BrocieAcTBIM psil HOBBIX ILJIOC-
KHX JIBYMEPHBIX (a3 COeTMHEHHI NMEePeXOTHbIX METAJIJIOB C
OpPTOPOMONYECKON PENIETKON OB TOMOJIHEH MOHOKapOH-
JIOM HUKEJISl M MeJIH, & TakXke ObLIa HalijileHa MoauduKanus
it kKapbuna kobanpra, o-CoC, ¢ HHOM B3aMMHOHN OpHeHTa-
nueit siueek Cor (@ Cog [105] (puc. 14B).

ITonbITKOIM 0000IIIEHHS CEMENHCTBA HETABHO MpEACKa3aH-
HBIX MOHOKapOuaoB nepexoaubix Metasuios (FeC, CoC, NiC,
CuC) aBnsiercsa Teoperuueckas pabora [106], B koTopoit oT-
MeYaeTcsl, YTO YKa3aHHbIE YeThIPE COeIMHEHMsI He ObLIH paHee
CHHTE3UPOBAHbI B 00bEMHOII (ha3e, B OTJINYME OT U3BECTHBIX
moHokapounoB 3d-meramio ScC, TiC, VC, CrC, MnC,
UMEIOIIUX OOBEMHYIO PEIIETKY KaMEHHOW coiu. Ab initio
pacu€ThI MOATBEPIWIIH, UTO THIIOTETHYECKAs (ha3a KaMEeHHON
comu s cityvast FeC 6ymm3ka 1o suepruu, a qiis CoC, NiC,
CuC 3HAYUTENIPHO MEHee YHEPTeTUYECKH BBITOJHA, YeM, K
MpUMEpY, YIIAKOBKA U3 CJIab0 CBSI3aHHBIX MOHOCIIOEB, 00J1a-
JTAFOIIUX paHee MpeAcKa3aHHON OpTOPOMOUYECKON periéT-
xoif, kak B 0-CoC [104]. Tem He MeHee, TOCKOJIBKY HU 3Ta, HU
Jro6ast npyras paza 00 BEMHOTO KPUCTAIITA YKA3aHHBIX YSThI-
pEX KapOWJOB K HACTOSIEMY MOMEHTY He HaOJI0/1ajiach
9KCIIEPUMEHTAJILHO, METOJAMU 3BOJIIOIIMOHHOTO AJITOPUT-
Ma aBTOpamy ObUIO MOKA3aHO, YTO B CJIy4ae OrpaHHYECHUs
tosuusbl Co,C, n Fe,C, (4To MOXET OBITh pealn3oBaHo,
HaIpuMeDp, MyTEM HX TOMEIIIEHUS] MEXTY CJIOSIMHU IPYTHX JIBY-
MEpHBIX MATEepUaJIOB) UM 0oJiee BBITOJTHO CHOPMHUPOBATH
uckomblit MoHokap6ua (CoC u FeC cooTBETCTBEHHO), YeEM
JIIOOYIO IPYTyI0 CTEXMOMETPHUIO, BKJIoYas GopMHUpOBaHUE
TPaHUIBl pa3jesia MeTaJul/TpadeH, Kak 3TO HaOJrogaeTcs
st CuC u NiC. ITonyveHHbIe pe3yJIbTATHI COTJIACYIOTCS C
pabotoii [43], Tie, HAIPOTHB, OBLIK JETAIBHO U3YYEHBI TIPH-

Li Be
—0,17 —0.16

Na Mg Al
0,57 0,84 0,57

K Ca Sc fTil V. Cr Mn Fe Co Ni [Cu
0,71 0,56 0,57 =1.24 ~0.78 —0.24 0,08 0,17 —0,02 0,10 [0.81

Rb Sr Y Nb Mo Ru Rh Pd
0.86 0.87 —0.27 —0,60 —0.12 027 0,32 0,35

Cs Ba W Re Os Ir Pt
0,90 0,70 —0.23 0,34 0,60 045 0,32

min(Aécarbide ), 9B

Puc. 15. DHeprus dopmupoBaHus KapOUIOB Pa3JIMYHBIX METaJLJIOB.
Vka3aHHble 3HAYCHHUs] COOTBETCTBYIOT MUHUMYMY JHEPIUH CPEId TPEX
PaCcCMOTPEHHBIX ABTOPAMH ATOMHBIX KOHpurypanwmii [43].

poaa u ocobeHHOCTH POPMUPOBAHUS METAJUINUECKAX MOHO-
CJIOWHBIX KJacTepoB B moOpe rpadena. Tak, B 4aCTHOCTH,
aBTOpaMu OBLIO TOKa3aHo, 4TO rpanmna pazaena Co/rpa-
(ben HecTaOMIIBHA, U SHEPTETUYECKH BBITOJHBIM MPOIECCOM
siBIisieTcst popmupoBanue Mmonokapouma CoC (puc. 15).

B T0 e BpeMs 1151 IEpBO#i MOJIOBUHBI KapOuaoB 3d-me-
tasioB (ScC, TiC, VC, CrC, MnC) 6su1o nokazauo [106],
4TO HamboJiee SJHEPreTHIECKN BBITOHAS ABYMEPHAS CTPYK-
Typa — TeTparoHaJbHAsI KOPPYTUPOBAHHAS — SIBJISIETCSI He-
CTAOWJIBHON U CTPEMUTCS] TPAHCPOPMHUPOBATHCS B OJTHY W3
00BEMHBIX (ha3 (rekcaroHasbHas Gasza oo (a3a kKaMeHHON
cout) 6e3 IHePreTUIECKOro Gapbepa.

4. JIBymepHbIe NIEHKH
Ha ocHoBe 3jieMeHTOB XIII-XVI rpymn

4.1. CumMien u repMaHeH

IlepBoe mpencka3anue (a3 cuimMiieHa W repMaHeHa ObLIO
caenano B pabote Takeda u Shiraishi [107], mocBsiménHON
BO3MOXHOCTH CYIIECTBOBAHHMS IUTAHAPHBIX (POPM KPEeMHHUS 1
repmanus. BeL1o moka3zaHo, 4To, B OTJIMYUE OT yriepoa, Si
u Ge cTpemsarcs o0pa3oBaTh HE IUIOCKYHO, a TO(PpUpOBaH-
HYIO CTPYKTYypy ¢ cummetpueit Diq. BmocmenctBum, yxe
nocjie OTKPBITUS rpadeHa, ST HpeAcKa3aHus ObLIM MO.-
TBEPXK/ICHBI TMPU HWCCIICAOBAHUNA KPEMHHSI M TePMAaHUs KaK
BO3MOXHOM OCHOBBI JUIsl IBYMepHOro ciosi [108]. Dddext
ropupoBaHus B JAHHBIX CTPYKTYpax BO3SHUKACT B Pe3yJib-
TaTe IICeBI0-sIH-TEJLUICPOBCKOT O HCKAKEHHUSI, KOTOPOE IPUBO-
JIUT, C OJHOU CTOPOHBI, K YBEJIMIECHHIO CTAOMIHLHOCTH G-CBSI-
3eff, a ¢ IPYroil CTOPOHBI, — K IECTAOMIN3AINH T-CBSI3CH.
OmHAKO, IMOCKOJIBKY NEPBHIN 3QQEeKT mpeBajupyeT Han
BTOPBIM, 00Iasi CTaOMJIBHOCTh CTPYKTYPBI BO3pacTaeT
[109]. Ouuua cBszu Si—Si B roppupOBaHHOM COCTOSTHUHU
(2,247 A) Goublie, YeM y IIOCKOH CTPYKTYpbl (2,226 A),
9TO IPUBOIUT K OOJIBIIIEMY pa3Mepy 3JIEMEHTapHOH sTIeikn
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[107, 109]. Tem He MeHee B TOPPUPOBAHHOU CTPYKTYpE
9JIEKTPOHBI O0Jiee AEIOKATM30BAHBI U MMEIOT MEHBIIYIO
SHEPTHIO MEXKIJIEKTPOHHOTO OTTAJIKUBAHUSI.

BbIX0/1 aTOMOB U3 IJIOCKOCTH TaKkKe 00YCIIOBIMBAET Yac-
THUYHYIO SP°-THOPUAN3AIMIO CBSA3EH B CHIIMIIEHE U TepMaHeHe,
4TO CYLIECTBEHHO OTJMYAET MX CTPYKTYPY OT CTPYKTYDBI
rpadena. Takum oO6pa3oM, B OTJIMYUE OT KPUCTAIIOB KpPEM-
HUS U TepMaHUs, 1711 KOTOPBIX XapaKTepHA TOJIBKO Sp°-rub-
punm3anms, B cirydasx 2D Siu 2D Ge nmeet MecTo cMellieHrne
Sp>- U Sp>-COCTOSIHMIA. DTO NPUBOIUT K YMEHBIIEHHUIO CTa-
OWJIBHOCTH CTPYKTYPbI M3-32 MOSIBJICHUS HEHACBHIIICHHBIX
CBsleld, HO, C IPYTrOi CTOPOHBI, TOYPUPOBAHUE TIPEACTABIISET
c0001i TONOJTHUTEJILHYIO CTENEeHb CBOOO/IbI, YTO MOXKET OBITh
UCIIOJIH30BAHO JIJIs U3MEHEHHsI CBOWCTB MaTepualia, Halpy-
Mep, U OTKPBITHSI B MX JJIEKTPOHHOHN CTPYKType 3arpe-
LIEHHOM 30HBI.

4.1.1. Cunre3 cuimuena. M3-3a otcyTcTBUS TpadUTONOq00-
HOI1 (ha3bl KPEeMHHSI B IPUPO/IE CHIIHLICH U IPYIHe MOA00HbIE
MaTepralibl MOTYT ObITh CHHTE3UPOBAHBI B pAMKaX MOIX0a
"cHu3y BBepx', HApPUMED, MYTEM SMUTAKCUATILHOIO POCTA
Ha TOJJIOXKKE.

DTOT mpoLecc IPOUCXOIUT 3a CUET KOHAEHCALIUH ¥ CaMO-
OpraHU3anuy TEPMUYECKH UCTIAPEHHBIX aTOMOB KPEMHUS HA
o/ u10kKe. HecMOTpst Ha TO UTO CHITUIIEH MOXET OBITh CHH-
TEe3UPOBaH Ha pa3nnuHbIxX nojioxkax (Ir [110], MoS, [111],
ZrC[112],Pb[113], Ru[l14]urpadur [115]), yame Bcero st
AMUTAKCUAJIBHOTO pOCTa BbIOMpaeTcsi cepedpo [116—122].
Kpome Toro, MmoxeT OBITb UCIOJIB30BAHA IMUTAKCHAIbHAS
mnénka Ag(111) Ha moamoxkax u3 ciaroaer wm Si(111) [123],
YTO TO3BOJISIET U30€XaTh HEMPAKTUYHOTO HCIOJIB30BAHUS
JIOPOTOCTOSIIET0 MOHOKPHCTAJUINIECKOTO cepedpa n obec-
NEYNTh OTJACJICHHE MaTepuaja IpH IMOCeIyroleil obpa-
O6otke. Yactelit xe BbIOOp Ag(l11) B KavyecTBe MOJIOKKU
00ycJI0oBJIeH OJIM30CTHIO MApaMETPOB PEIIETKU cepebpa u
cwmnena. CTOUT OTMETHTbh, YTO UCIOJIb30BAHUE MOBEPX-
Hocreit Ag(110) m Ag(100) BmecTo Ag(111) ctoco6HO puBe-
CTH K (POPMUPOBAHHIIO KPEMHHUEBBIX HAHOJIEHT, KaK 3TO ObLIO
[IOKa3aHO B PSAE SKCHEPUMEHTAIbHBIX M TEOPETHYECKHX
pabort [124—126].

Jutst cununieHa, nmosydyennoro Ha Ag(111), Habaromarorcs
PEKOHCTPYKIMH Pa3IMYHOTO BIIAa, 0003HAYAEMBbIE B JINTEPA-
Type AByMSI CHOCOOaMU: OTHOCUTEJILHO 3JIeMEHTaAPHOH sTueii-
KM TIOBEPXHOCTHU cujuiieHa uiu otHocutesbHo Ag(111). Taxk,
OTHOCHUTENIBLHO Si HanboJiee N3BECTHBIE PEKOHCTPYKIIMKA 000-
3HAYArOTCS Kak 3 X 3, v/7 X v/7, a orHocutennHo Ag(111) —

kak 4 x 4, V13 x V13, 2¢/3 x 2+/3. 3nech 1 majee is 3THX
THUIIOB PEKOHCTPYKIMN OYyT MPUBEACHBI TOJIBLKO 0003HAaYE-
HUSI OTHOCUTEJILHO 3JIeMeHTapHo# sueiiku Ag(111), umero-
uwe Bux (n x n)Ro, rae n — JUIMHA CUJIMIIEHOBON CBEPXb-
SIMEUKN OTHOCHTEIBHO JJIEMEHTAPHOW SYSHKH TOBEPXHOCTH
Ag(111), R — yrox mexnay HanpasieHueM Si [110] u Ag
[110] (puc. 16). Taxxke M3BeCTHA PEKOHCTPYKIHSA /3 X /3
i 4/+/3 x 4/1/3 (OTHOCHTENLHO 27IeMEHTAPHOI TUEHKH To-
BepxHocTHU cuimieHa uid Ag(111) coorBercTBeHHO). OOBIU-
HO Takas PEeKOHCTPYKIHs obo3HAaUaeTcs Kak /3 X v/3, U B
JAHHOM 0030pe MBI Takke OyJeM MpPUACPKHUBATLCS ITOTO
0603HaueHNUS.

C reomerpuueckoit Touku 3penust Ha Ag(111) moxeT Ha-
0JIF0/1aThCSI KOHEYHOE YUCJIO BUAOB PEKOHCTpYyKIwWit. [leii-
CTBUTEJILHO, BCE OOHAPYKEHHBIE CBEPXCTPYKTYPHI MOTYT
OBITh MOJIYYCHBI MYTEM BpAICHUs! CJI0SI KPEMHUSI OTHOCH-
TEJIbHO NOBepXHOCTH cepebpa [127]. Ha pucynke 16a cxema-
THYeckn M300paxéH cioir kpemuus (111), a Taxxke mpu-
BEJCHBI PACCTOSIHUSI MEXIY HEHTPAMH IIeCTUYIOJIbHUKOB
peméTku. Ha pucynke 160 B ToM ke MaciTade n3oopaxeHa
MMOBEPXHOCTH cepedpa ¢ CeKTOPAMHU Pa3HOTO paauyca, paB-
HOTO PAaCcCTOSTHUSIM, YKa3aHHBIM Ha puc. 16a.

Yare Bcero B 3KCIEepHMeHTe HaOronanack Gasa Cujv-
nena (V4 x v/4)R0° umu npocto 4 x 4 [116, 117, 119, 123,
127-130]. Kax BumHO u3 n3o0paxeHus: Ha puc. 17a, moiy-
YEHHOT'0 METOJIOM CKAHHUPYIOIIEH TYHHEIbHOW MHKDPOCKO-
muu (CTM), ata ¢a3za cOCTOUT M3 JABYX TPEYTrOJBHBIX 3JIe-
MEHTOB, KX/bI U3 KOTOPBIX COACPKUT TPH SIPKUX ISITHA,
4TO AeJIaeT 3Ty Ga3zy OueHb HOXOXKel Ha XOPOILIO U3BECTHYIO
PEKOHCTPYKIHUIO ToBepxHOCTH KpeMHus Si (111)-5 x 5. Ipu-
MEYATENBHO, YTO MEXY PA3IMIHBIMU JTOMEHAMU 4 X 4 MOXK-
HO HAOJIIOIaTh OT/IEJIBHYIO METACTaOMIBHYIO (Pa3y ¢ mepuo-
IAYHOCTBIO 4 X 4, 0603HavaeMyto kak 4 x 4-B [131].

®aza (V13xV/13)R13,9°[116, 119, 121,123,127, 128, 130,
131, 135] 06bI4HO cocyecTBYeT ¢ pa3zoi 4 X 4, YTO TOBOPUT
00 ux OJm3Koi TepMuyueckor cradbmibHOCTH [116, 131, 135].
Takast cMelIaHHast CTPYKTYpa MOXKET MOJTHOCTBIO TOKPLIBATH
MOBEPXHOCTh MOJJIOKKA. B 3aBHCHMMOCTH OT TeMIepaTypbl
OT)KUIa OTHOILEHUE IUIOIIAJEH 3TUX IBYX (a3 MOXET 3Ha-
YuTeIbHO BapbHpoBaThcs. Kak u B ¢daze 4 x 4, B dase
V13 x /13 Taxxke HabmOMATHCH TPEYTOJIbHBIE SJIEMEHTHL,
CBSI3aHHBIE C BHIXOJISIIMMHY U3 TUIOCKOCTH aToMamu. JJis maH-
HOM (pa3el Takke OBLIO MPEIIOKEHO HECKOIBKO TEOPETHYEC-
KHX MOJEJIe], OJJHa U3 KOTOPBIX MJTFOCTpUpPYyeTCs Ha puc. 170.

B ommume ot cocymecTByromux ¢as 4 x 4 u (v13x
xv/13)R13,9°, basza (2v/3 x 2v/3)R30° [116, 119, 121123,

Jmna .
MIPOCHUPOBAHHOIT

0,2216 um
Si[110]
#  Paccrosine
1 0,78 aMm
2% 1,02uM
3 1,15 am
4 1,33 am

cBsi3u S1-Si B CUJIHIICHE

(2v/3 x 2v/3)R30° 6
(V7 x VT)R19,1°
(V13 x V13)R13,9°
(V21 x V2T)R10,9°

(4x4)
Ag[110]

Puc. 16. Cxema Bcex reOMETPHYECKH BO3MOXKHBIX CBEPXPEHIETOK, CHOPMHUPOBAHHBIX MOHOCIOEM KpeMmHHs U ToBepxHOCThEO Ag(111). (a) CTpykTypa
MOHOCJIOSI KpeMHHUsI. PaccTosiHus Mex 1y rekcaronoM #0 u rekcaronaMu ¢ #/ (camoe KOpoTKoe) 1o #4 (caMoe JUIMHHOE) TOKa3aHbl HA PHUCYHKE.
(6) IMomnoxka Ag(l11) co BceMu BO3MOXKHBIMU CBepXpeléTKkaMu. Pa3JMYHBIMU CEKTOPAMHM IMOKa3aHbl BO3MOXHBIC COBIAJICHUS MEXIY CI0EM

TeKcaroHaJIbHOT0 KpeMHUs 1 o atoxkoit Ag(111) [127].
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Puc. 17. DnurakcHaibHbIA pOCcT crimieHa Ha nooxke Ag(111). Bumst
pexoHcTpykumi cuimnena: (a) 4 x 4, (6) V13 x V13, (8) 2v/3 x 2/3,
(r) V3 x /3. Mepasiit psn — CTM-1306paxeHnst BHICOKOrO pa3pelile-
nust: (a) [132], (6) [121], (B) [116], () [133]. BTopoii psia: npeaioxeHHas
aTOMHAasi TEOMETPUS CHIIMIIEHA Ha TToAI0KKe [134].
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127, 128, 130, 136] nabnromaercs Ha BCEW MOJJIOKKe Ag,
npu4éM OHA MOXET OBITh MOJIydeHa MyTEéM oTxura 4 X 4 u
(\/1—5 X \/ﬁ)R13,9°. Tax, Ha puc. 178 SICHO BHUICH NEPHO-
JIMYECKUN PUCYHOK OoJiee IpKUX 00y1acTell, MpuuéM ero yBe-
JINYEHUE IEMOHCTPUPYET CTPYKTYPY, COCTOSIIILYIO U3 UIeaTb-
HO YHOPSAOYCHHBIX IIECTUYT OJIbHBIX KoJiel [137].

®aza (v/3 x V/3)R30° [116, 118, 133, 138] (puc. 17r)
JIOBOJILHO MHTEPECHA C TOUKU 3PEHHSI ATOMHON CTPYKTYPBI
n usmyeckux cBoiicTB. B 3jeMeHTapHO# sueiike TOJIBKO
OJIMH aTOM KPEMHUSI BBIXOJTUT W3 IUIOCKOCTH BBEPX, B TO
BpeMs KaK OCTAJIbHbIE HAXOASTCS IPUMEPHO HA OJAHOM TJIy-
6une. I[Tpy 3TOM 10 CUX O HET €AUHOT'O MHEHHUS 110 TIOBOY
TOTO, SIBIIETCS JIM 9Ta (a3a XapakTEepHOU IJIT MOHOCIOS
KPEMHUS WIHA OHA TOSIBJISIETCS JIUIIb B CIIydae CHHTE3a MHO-
rocjortHoro cuymneHa [119, 120, 132, 139, 140].

B psie 9KCHEepUMEHTAIbHBIX U TEOPETHYSCKUX PadOT
ObLIa MpEANPHUHSTA TOMBITKA TMOCTPOUTH (PA30BYHO JMa-
rpaMMy CUJIMIIEHA, PACIIOJIOKEHHOTO Ha cepeOpsiHON moA-
JIOXKKE, 3aBHUCSIIIYIO OT TEMIIEPATYPhl MOIOKKH 1 CTETICHH
ocaxaeHus kpemuus [119, 141, 142].

4.1.2. Cunre3 repmanena. HauGosiee 1ocToBepHOM CTaThEN, B
KOTOPO# BIEpBbIE OBLIO COOOIIEHO O CHHTE3€ repMaHEeHa,
sBisieTcs pabora Davila u ap. [143]. B mamnoi#t pabote
repMaHuil ObLT HaHecEéH Ha NOAIOKKY Au(lll), B pe3yJib-
TaTe 4ero chopMHPOBAJIACH CTPYKTYpa C PEKOHCTPYKIHEH
V/3 x \/3 Ha cBepxbsueiike 30710Ta /7 X /7. B nanbHeiimem
[144] TeopeTndecku ObLIO MOKA3AHO, YTO MEXKIY CIIOEM Tep-
MaHEHa U 30JI0TOM MMEETCSI CUIIbHOE B3aMMOACHCTBHE C U3-
MEHeHHeM rubpuam3anun ciost. OTMETHM, YTO Ha CBEPXb-
syeiike Au(111) Toro ke pasmepa ObLT TakXke IMOJIyYeH
repManeH ¢ pekoHcTpykmuei 1 x 1 [145].

T'epmanen 6wt ycrieniHo cuaTe3upoBad Ha Al(111) [146,
147] ¢ pexoHCTpyKIMe# 2 X 2 Ha CBEpXbUeHKE MOJJIOKKU
3 x 3. Hawmasle CTM, ¢oTO37eKTpOHHONW mUbpaKIud H
pacu€TOB U3 HEPBBIX NMPUHIMUIOB Moka3zaiu [146], uro guct
repMaHeHa MPeICTaBiIseT COOOM peryIspHyro ToGprUpOBaH-
HYIO CTPYKTYpY. B paGote [147] ObL10 OKa3aHO, YTO B3aW-
MOJIEHCTBHE MEX/y CJI0EM repMaHeHa U MOJJIOXKON HOCUT
9JIEKTPOCTATUIECKUN XapaKTep, IPpU KOTOPOM MPOUCXOIUT
nepeHoc 3apsiaa ot atomoB Al k atomam Ge. Takxke rep-
MaHeH ObL1 yererHo nojyver Ha Cu(111) [148].

B pab6oTtax [149, 150] Ha noanoxky Ge(110) ObLna ocax-
JIeHa IUTATHHA, a 3aTeM IPOU3BEIEH OTXKUT 4O TEMIEPATYPbI
okojio 1100 K. DyekTpoOHHO-MHUKPOCKOIIMYECKUE HCCIIeI0-
BAaHMS MOKA3aJIM, YTO MPH TeMIepaTypax, MPEeBBIIIAIOIINX
1040 K, na nosepxuoctu Ge(110) oOpa3yroTcst 3BTEeKTHYE-

ckue kamm Ptg2,Geg 7. IIpn oxiaxkaeHHM 3BTEKTUYECKas
(haza moaBepraeTcs CIUHOAATIBLHOMY Pa3JI0KEHUIO B YACTYIO
(das3y Ge u Ge,Pt. MI36b1TOoK Ge OTHIeSeTCs OT MOBEPXHOCTH
3aTBepaeBaroux kameab Ge,Pt m obpasyer rodppupoBan-
HYIO COTOBYIO CTPYKTYPY, KOTOpasi OblJIa HHTEPIPETHPOBA-
Ha KaK TepMaHeH ¢ IUPAKOBCKUM XapaKTePOM 3JIEKTPOHHOMN
CTPYKTYDBIL.

Taxoke 3JIEKTPOHHYIO CTPYKTYPY IBYMEPHOTO repMaHeHa
yIaJIOCh COXPAHUTH IpH ero cuaTe3e Ha h-AIN/Ag(111) [151],
MoS; [152] u rpadure [153].

4.1.3. DJIeKTpOHHbIE CBOWCTBA CHJIMIIEHA W repmaHeHa. Pac-
4€Thl HA OCHOBE METOJIa CHJIbHOW CBSI3M U (YHKIIMOHAJA
9JIEKTPOHHOW IIJIOTHOCTH MPeACKa3alid, YTO KBa3WYaACTHUIIBI
B CBOOOHOBHCSIIEM CHIIUIICHE U TepMaHeHe TOTIHHSIOTCS
JINHEHHOMY 3aKOHY JUCIEPCHM BOJIM3M TUPAKOBCKHX TOYEK
K u K’. DT0 roBopuT 0 TOM, YTO KBA3HYACTHUILI B ITHUX
MaTtepuagax mogoOHbI 0€3MAaCCOBBIM PEISTHBUCTCKUM
qacTHIlaM C 3aKoHOM nucnepcun E = hvgk, rae vgp —
(epmueBckas ckopocts [108]. OmHako ro¢pprpoBaHue CTPYK-
TYpbI, OOJIbINIAsl ATOMHAsI Macca KpeMHHSI M TepMaHUs B
CUJIMIIEHE U TFeépMaHEHe COOTBETCTBEHHO YBEJIMYMBAIOT
CHHMH-OPOUTAJIbHOE B3AaUMOJIEUCTBUE U IPUBOASAT K MOSIBJIE-
HUIO 3ampeléHHONW 30HBI BOJIM3U JUPAKOBCKOW TOYKHU
(puc. 18). Tak, cnuH-OpOUTAILHAS 3ampeléHHasl 30Ha B
cumnnerne (~ 1,55 maB) u repmanene (~ 23,9 m3B) [154]
6oubire, yeMm B rpadene (~ 0,001 maB) [155] (puc. 18a—B).
CTOoJb BBICOKOE 3HAYCHHUE 3aNPEIIEHHON 30HBI B TepMaHEeHE
JleJlaeT ero MAeaJbHbIM KaHAUAATOM AJis HAOJIIoIeHUs
KBAaHTOBOTO CIUHOBOTO 3(dekTa Xosuia nMpu 3KCIepUMEH-
TAJIBHO TOCTYIMHBIX TEMIEPATYPAX.

TodpupoBanHasi CTpyKTypa CHJIHIEHA U repMaHeHa 00-
YCJIOBJIMBAET 3aBHCHMOCTh HX JJIEKTPOHHBIX CBOWCTB OT
BHEIIIHUX YCJIOBUH, YTO MOXET ObIThH UCIIOIH30BAHO ISl KOH-
TPOJIMPYEMOT0 U3MEHeHUsI CBoicTB. Hanpumep, 6110 nipe-
CKa3aHO, YTO BHEIIIHHE JJIEKTPUYECKHE U MATHUTHBIE TOJIS,
MexaHnueckas neopManus M Temrepatypa MOTYT CO3J1a-
BaTh Pa3JINYHbIC IJICKTPOHHBIE COCTOSHHS B CUJIUIICHE, BKJTFO-
qasi HOJIyMETAJUIMIECKYIO, TIOJYIIPOBOIHUKOBYIO, CBEPXIIPO-
BOJISIIIIYIO U AM3JIEKTPUUECKYHO (a3bl, a Takxke 0KoJio 16 a3
TOTOJIOTHYECKOTO n3oJsiTopa [158].

IlepBoe sKCIIEpUMEHTAILHOE COOOIIEHNE O BO3ZMOXKXHOM
CyIIeCTBOBAHUY KOoHyca Jlupaka B cruMIeHe OBLIO CACJIAHO B
paborte [117], rae MeTo10M (POTOIIEKTPOHHOU CHEKTPOCKO-
i ¢ yriioBbiM paspernieaueM (PCYP) uzyuanace ¢pazad x 4
Ha moBepxHoctu Ag(l111). 3aTemM 3JIeKTPOHHBIE CBOWCTBA
cunmniiena Ha Ag(111) Obum ucciemoBanbl B pabote [157]
Metonamu PCVYP, nudpakinum HI3KOIHEPTeTHISCKUX JJIEKT-
POHOB M PEHTT€HOBCKOW (POTOIIEKTPOHHON CEKTPOCKOIINH,
U TIOJIyYeHBbl aHaJOTW4YHbIe pe3yiabTaThl. Ha pucynke 18r
BHJIHO, 4TO B crnekTtpe ®CYP HabiaromaroTcsi 30HBI CHIIH-
[IeHAa, UMEIOIINe IMHEHHYIO TUCTIEPCHUIO, IepeCceKatOIInecs Ha
~ 0,3 3B Huxe ypoast Pepmu. i1t anuTakCHATIBHOTO CHIIN-
1IeHa Vg MOXeT OBITh olpenesieHa U3 puc. 18r u umeer 3Ha-
yeHne vp = 1,3 x 10° M ¢!, 4To comocTaBUMO C aHAJIOrHMY-
HBbIM 3HaueHueM i rpadena [159, 160].

[IpencraBiaeHHBIE SKCTIEPUMEHTAIbHBIE TAHHBIC BHI3BAIN
aKTHBHOE OOCYyX/eHNe, MOCKOJbKY JIMHEeWHAsl YacTh 30HBI
npeBsbiiaet 3 3B (Oosble, yeM B cityuae rpadena), a Bo3-
MOJXHOE B3aMMOJICHCTBHE CHJIUIICHA C MOIOKKON MOXKET
ONpeAesaTh Hajauyue HeOOJbIIONW 3ampelléHHON 30HBI Ha
yposue ®epmu [161].

IMoHsATh IpUpOy KBa3u4acTHIl B cuimieHe Ha Ag(l111)
MOJHO W3 UX MOBE/ICHHS B MATHUTHOM TI0JIe, HATIPaBIEHHOM
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Puc. 18. (B nBere onutaiin.) DiieKTpoHHasI 30HHAS CTPYKTYpa (a) rpadena, (0) cununeHa u (B) repMaHena. Ha Bkiagkax B (0) 1 (B) IpHBeIeHO CpaBHEHHE
MOBEJICHUS JIUCHEPCUM 3JIEKTPOHOB B oOstactu 3Hepruu Pepmu 6e3 yuéra (4€pHblil 1BeT, /) U ¢ y4éToM (KpacHbIi LBET, 2) CIUH-OPOUTAIBHOIO
B3aumoeiicTBus [156], () asekTpoHHas cTpykTypa cuimiena Ha Ag(111), uamepennast merogoM ®CVYP [157], (1) maHHBIE CKAHUPYIOIIEH TYHHEJIbHOMN
cnekTpockonuu Juis cuinuena Ha Ag(111) u BOIIT nust pa3iuyHbIX 3HAYEHUH BEJIMYMHBI MAarHUTHOrO moJs [163]. TpeyroJpHUKamMu M Kpyramu
OTMEUCHBI IIKH, IPUPOAA KOTOPLIX 00ycIoBIeHa ypoBHsIMHE Jlanmay 6€3MacCOBBIX I MACCHBHBIX JTHPAKOBCKHX (PepMUOHOB COOTBETCTBEHHO.

MEPIeHIUKYJISIPHO 00pa3iy. JeficTBUTEILHO, B 3TOM Cllydae
B TYHHEJIbHBIX CIIEKTPaX MOXXHO HAOIIOAATD SIPKO BBIPAXKEeH-
HbIe TUKHU ypoBHell Jlanmay. Takue MUK 9KCIIepUMEHTAIbHO
Habmopatorcst B rpadene u B BOIIDT (BBICOKOOPHEHTUPO-
BAHHOM MHUPOJIUTHYECKOM Tpadure) [162], omHAKO OTCYT-
cTBytoT B cuiuiieHe [163] (puc. 181). D10 03HauaeT, 4To B
cumieHe Ha noBepxHocTH Ag(111) OTCYTCTBYIOT ABYyMEDp-
HbIE TUPAKOBCKUE (PePMHUOHBI.

IToznuee 6bU10 TOKa3aHO [164], uTO B3auMoAecTBHE CH-
JIMIEHA ¢ MOJIOKKON cepedpa MPUBOIUT K MOSIBJICHUIO 30H
Ha ypoBHe PepMu U TpaHchoOpMalK CUJIUIEHA B METaJLI,
a JKCIEPUMEHTAJIBHO HaOrogaemMasl JIMHEWHas TUCTIePCHS
CBSI3aHA C THOPHUIM3UPOBAHHBIMH 3JIEKTPOHHBIMH COCTOSI-
HUSIMH, JIOKQJIM30BaHHBIMH Ha TpaHmIie pas3eia [165].

B ciyuae repmaHeHa MMeeTCs PSI OKCIIEPUMEHTAIbHBIX
JTaHHBIX, TO3BOJISIFOLIMX MPEANOJIOKUT HAJTMYNE B HEM KO-
Hyca Hupaka. Tax, B pabore [150] ObUIO TIOKA3aHO, YTO
MJIOTHOCTB JJISKTPOHHBIX COCTOSIHUH CJIOSl TepMaHeHa Ha
mwiaTuHe uMeetT V-o0pasHyro GopMy, YTO SIBISETCS OTHAM
U3 TPHU3HAKOB 0€3MAaCCOBBIX PEJISITUBUCTCKUAX YacTUIl. B
2016 r. Zhang u np. [152], ucnosb3ys CKaHUPYIOUIYIO TYH-
HEJIbHYIO CIEKTPOCKOINIO, OOHAPYXUIH V-00pa3HYyIO 3aBH-
CUMOCTbD MIEPBOY MPOU3BOIHON TYHHEJILHOT O TOKA IO HAIPSI-
KEeHUIO B repMaHeHe Ha MoS,. TeM He MeHee B 000HX CITy-
YasiX IUIOTHOCTh COCTOSIHHU SIBJISIETCSI HEHYJIEBOH B TOYKE
Hupaka, 4To MOXKeT ObITh CBSI3aHO C BIUSIHAEM TIOJIJIOKKHU HA
JIEKTPOHHYIO CTPYKTypy repmaHeHa. Tak, OUpakoBcKas
9JIEKTPOHHAS CTPYKTYPa MHOTOCIIOMHOT O TepMaHeHa, CHHTe-
3UPOBAHHOTO HA MeTaJjljle, HaOII0IaeTCs JIMIIb B CIIOSIX, HE
B3aUMOJICUCTBYOIHKX ¢ HUM. Hampumep, V-o6pa3Hast Iiiot-

HOCTDb COCTOSIHUI ObliIa U3MEpEeHa IS Cily4yasi TepMaHeHa Ha
Au(111) [166] mmm Cu(111) [148].

Kak oTmeuasock paHee, CBORCTBA CHITHIIEHA M TepMaHeHa
MOTYT OBITh MOJAM(DUIIUPOBAHBI TP BHEIITHEM BO3/ICHCTBHH.
IIpenckazano, HANPUMED, YTO BEPTUKAIBHOE JIEKTPUUECKOE
MoJie CHOCOOHO OTKPBLITH 3ANMpPEIEHHYIO 30HY B MOHOCIIOE
CHJIMIICHA W T€pMaHeHa, MPEeBPaTUB HX U3 MOJyMeTayla B
MOJIYyIPOBOAHUK. PazMmephl 3ampeméHabIX 30H KaK B CHJIH-
LIEHEe, TaK U B TepMAaHEHE JINHEIHO yBEJINYUBAIOTCS C BO3pac-
TaHAEM BEJIMYMHBI HANPSHKEHHOCTH JJICKTPHYECKOTO MOJIS
[167]. Kpome TorO0, IpH NPUIOKEHUNA BEPTUKAIBHOTO 3JIEKT-
PHYECKOTO TOJISI B CHUIMIIEHE MOTYT MOSIBUTBCS 1Ba KOHYcCa
Jupaka, comepxaiux 3anperiéHable 30861 ¢ noutu 100%-Hoi
CIMHOBOW MOJISIpU3aIfel, PACIIOJIOKEHHbIE IO YIJIaM 30HbI
Bbputrosna. Takas yHuKaiabHast 0COOEHHOCTH 3JIEKTPOHHOH
CTPYKTYpbI Ja€T BO3MOXHOCTb HCIOJIb30BATh CHJIMIEH B
KayeCcTBE OCHOBBI JJIsl CHMHOBOTO (DUIIbTPA, MO3BOJISIIOLLETO
MIePEKIIIOYATh CIIMHOBYIO MOJISIPU3AIIIO BEIXOJTHOTO TOKA 32
CUET MPUIOKEHUS ITIEKTPUIECKOro moJis [168].

Bri3biBaeT nHTEpEC PSII TEOPETHUECKUX PAOOT, TTOCBSIIIEH-
HBIX MCCJIETOBAHUIO 3aBUCUMOCTH 3JIEKTPOHHBIX CBOMCTB CH-
JIUIIEHA U OT MEXAaHUYeCKOro HampspkeHus. Tak, pacu€Tsl
MIOKA3aJIM, YTO €ro MOoJIyMeTaJuIn4ecKast CTpyKTypa (1 cooT-
BETCTBEHHO CKOpPOCTh PepMH) MPaKTUUECKH HE MEHSIETCS
BILTOTh 10 pacTsokeHus B 7% [169], a mpu Ooublueid e-
(dopManmu CIUMIEH TpaHChOpMUpYyeTCs U3 MoJlyMeTalia B
00bIyHBIA MeTaJl. B npyroit pabore Wang u np. [170]
npeackasain 3pQPeKT caMOoIONMUPOBAHUS B CUJIUIICHE U Tep-
MaHeHe, BbI3BAHHBIN MX AeopManueil U OCylecTBIsIEMbIi
0e3 BBelICHHSI TPUMECEH WIIA OTKPBITUS 3APEIIEHHON 30HbI.
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Cxatue cMelaer TOuky Jlupaka CHUIMIEHAa M TepMaHeHa
HIDKe ypoBHS Pepmu, B pe3yJIbTaTe 4Yero MPOUCXOAUT N-H0-
MUPOBAHUE CHUCTEMBI, TOTAa Kak AedopManusi pacTsHKeHUs
cMeraet Touky Jupaka Boime ypoBHs depMH, YTO MPUBO-
JIIT K p-TonmpoBanuro. B cirydae, ecm HanpasiieHne gedop-
Malyd CXaTusl MEePHeHIUKYJISIPHO IIOCKOCTH TepMaHeHa
[171], rodprpoBaHHBII OHCIION IEPEXOIUT U3 COCTOSIHUS OOBIU-
HOTO MeTajlla B COCTOSIHHE TOIOJIOTHYECKOTO U30JSATOpA,
CTPYKTYpa KOTOPOTO MPEICTABJISIET COOOM TIOCKYIO TeKca-
roHaJIbHyr0 OuCIIOiiHYyr0 pemérky. bosee Toro, mpencka-
3aHO, YTO Takas HoBas (ha3a repMaHEeHa SIBJISICTCS XMMUUE-
CKH UHEPTHOM.

TermonpoBOIHOCTD CTPYKTYP TAKXKE CYIIIECTBEHHO 3aBU-
cut ot nepopmarmu. Xie u ap. [172] TeopeTruuecku mokazaid,
YTO TEIJIONPOBOJTHOCTH CHITUIIEHA AaHOMAJTLHO YBEJIMIABACT-
Csl P pacTATHUBArOIIEH nehopMaiuy u3-3a pe3KOro yBeJIn-
YEHHS] BPEMEHHU JKU3HU aKYCTHUYECKUX (POHOHOB, BBI3BAHHOT O
ucue3HoBenueM roppuposanus. Kuang u ap. [173] cooOmu-
JIM, 9TO TOJA00HBIN 3P PeKT Takke HAOII0IaeTCS U B repMa-
HEHe, TJIe PAcTsDKEHUE CIIOCOOCTBYET YBEJIMUCHUIO BJIASIHUS
pa3MepHOTo 3ddeKkTa Ha TEMIOMPOBOAHOCTE MaTepHaa.

4.1.4. Bo3Mo:kHbIe NpWiIoKeHusi. B CBSI3U C epCrieKTHBHBIMU
9JIEKTPOHHBIMH CBOWUCTBAMH OCHOBHBIM HPHUJIOXEHHEM
CHJIMIIEHA W TepMaHEHa SBJISETCS 3JeKTpoHMKA. [lepBIii
TOJIEBOM TPAH3UCTOP HAa OCHOBE CHJIMIIEHA, paboTaromui
Npu KOMHATHOU TeMIeparype, ObL1 u3roTosiieH Tao u ap.
[174] B 2015 r. M3-3a BiMsiHUS aKyCTHYECKMX (OHOHOB U
paccessHUSl Ha TpaHUIAX 3€peH U3MepeHHasl MOIBUKHOCTH
HOCHUTEJICH 3apsa MIPU KOMHATHOUN TeMIIEpAaType COCTABUIIA
Bcero ~ 100 cm? B! ¢! Opnako pa3pabOTaHHBIN MMOIXOT
K U3TOTOBJICHUIO YCTPOMCTBA peliajl OCHOBHYIO MpoOjeMy
COXpaHEHHS CUJIUIICHA BO BpEMSl IEPEHOCA, YTO MO3BOJIMIIO
MPUMEHUTH €ro K Apyrum 2D miénkam, 1yBCTBUTENBHBIM K
OKpYXarollel cpefie, TAKUM Kak, HampuMmep, TepmManes. Tak,
Madhushankar u np. [175] yaanoce CKOHCTpYyHpOBATH IO-
JIEBOH TPaAH3HUCTOP C HCIOJIb30BAHUEM T'eépMaHaHa (TUOPH-
POBaHHBIN TepMaHeH). ABTOPBI pabOThl COOOLIMIIN, YTO U3-
TOTOBJICHHBI TPAH3UCTOP UMEET OTHOIIEHUE TOKOB BO
BKJIFOUEHHOM U BBIKJTFOUYEHHOM COCTOSIHHSX, paBHOE ~ 107,
1 TIOJBMKHOCTH HOCHTeJelH 3apsama oxkoso 70 cm? B~! ¢!
pu KOMHATHOH TeMIiepaType.

CHJIHIIeH TakKe TEPCIeKTHBEH NP UCTIOJIb30BAHUY B Ka-
YeCTBE OCHOBBI JIJI51 aKKYMYJIITOPOB. Tak, MOHOCIION cuiTiLIeHa
06J1a1a€T BBLICOKOI TEOPeTHYECKOH EMKOCTBIO 954 MA ur~! 1
MaJibiM auddy3nonHbM 6apbepom 0,23 3B, uTO Mo3BOJISAET
TOBOPHUTH O BO3MOXKHOCTHU €T0 MPUMEHEHHS B KAUeCTBE aHO-
J1a 15 INTUR-UOHHBIX OaTapeii [176].

B pabote [177] TeopeTndeckn UCCIEAOBAIOCH IPUMEHE-
HHUE CHJIMLIEHA B KAYeCTBE CEHCOPA /I TAKUX MOJIEKYJI, KaK
NO, NO,, NH; u CO. Iloka3zaHo, 4TO CHJIAIIEH 0OJiagacT
BBICOKOH uyBCcTBUTEIHHOCTHIO K NO 1 NO», HO He k NH3 n
CO. OHaKo TOCeHIE MOTYT OBbITh JETEKTUPOBAHBI, €CIIU
JISTUPOBATD YHCTHIN CIIIHICH aToMaMu B wim N, Tem caMbiM
YBEJINYNB JHEPIHIO CBS3BIBAHMSI W TEPEHOC 3JICKTPOHOB.
Hussain u gp. [178] cooOmmiu, 4T0o BBEJICHUE BaKAHCHOH-
HBIX Je()EKTOB MOXET MOBBICUTH YYBCTBUTEIHHOCTH CUJIH-
IIEHa K TOKCUYHBIM Ta3aM, TakuM kak SO, u H,S. Hammune
neeKTOB TaKXe MPHUBOIUT K 3HAYHTEILHOMY IIEPEHOCY 3a-
psilla OT CUJIMIICHA K MOJIEKYJIaM ra3a M, TaKuM 00pa3zom,
BJIMSIET HA BEJIMUUHY SHEPruy cBsi3u. CX0XKUe TEOPETUUECKHE
HCCIIeIOBaHMsI ObLIIM MPOBEACHBI U [IJIs TepMaHeHa [179], rie
Taxxe HabJIroganach n30upaTeabHas YyBCTBUTEIbHOCTD Ma-
tepuaia k razam (NHj;, SO, 1 NO3).

4.2. bopogen

VHukanbHas JIEKTPOHHAS CTPYKTypa atroma Oopa mo3BO-
JsieT GOPMHPOBATH CaMble Pa3HBIE CBS3M B KPUCTAJLINYE-
cKkuX (a3zax, HAYMHAS OT CHJILHO KOBAJIEHTHBIX JIBYXIIEHTPO-
BBIX CBsI3€H 10 METAJIIIONOOOHBIX MHOTOIIEHTPOBBIX CBSI3CH.
[Tocnennue OTBETCTBEHHBI 3a CBSA3BIBAHME B MHOI'OTPAHHU-
Kax, TOMUHHUPYIOIINX B KPUCTAJUIMIECKOM Oope, HanpuMmep,
ukocasapax Bjp. TubkocTh B pOpMUPOBAHUU CBS3ell C
Pa3IMIHOM KOOpIWHAIMEH CTUMYJIUPOBAIA POCT HMCCIIEH0-
BaTEJIbCKOTO MHTEpeca K OOPHBIM HAHOCTPYKTYPaM, BKJIFO-
yaromuM B cebst HysibMepHbIe (0D) xiactepsl (dysuiepeHsl
[180, 181], 6appenenst [182]), 1D nanotpybxu [183] u 2D
OHOCJIONHBIC JTUCTHI [184].

Kak TeopeTmueckue, Tak W IKCIEPHUMEHTAJILHbBIE HCCIIe-
JIOBAHMS TOKA3ajHd, 4TO HeOOoJbIMe KjiacTepbl Oopa, B,
UMEIOT TEHCHIWIO MPUHUMATDH IJIOCKYI0 GOpMY B CBOEM
OCHOBHOM COCTOSIHUU. DJIEKTPOHHBIE CTPYKTYPBI KJIACTEPOB
CXOJIHBI C TAKOBBIMH Y aDOMATHYECKUX MJIM AaHTHApOMAaTHYe-
CKUX MOJIeKYJ. [1pu yBeImYeHUH pa3Mepa KIacTepoB 3aMK-
HYTBbIe KOHPOPMEPBI HAUNHAIOT KOHKYPUPOBATH MO SHEPTUU
C IUTOCKMMH M CTAaHOBSITCS BCE OoJiee BBHITOJHBIMU, KOTJa
pa3mep mpeBbIlIaeT KPUTUUYECKOE 3HAUYeHUE (11 ~ 28 B HEWT-
PaJILHOM 3apsiA0BOM COCTOSIHUM). OTHUM U3 SIPKUX IpUMe-
POB 3aMKHYTBIX OOPHBIX CTPYKTYp SIBJISIETCSI OKCIEPHMEH-
TaJbHO ONMUCAHHBINA (PyJIepeHOno00HbIN KiacTep By, Ko-
TOPBIH, COTJIACHO IJ100aJIbHOMY ITOMCKY MUHAMYMa SHEPT U,
0Ka3bIBACTCSI OCHOBHBIM COCTOSTHIEM Cpein Tpounx 40-aToM-
HbIX KoH(popmanuii [181]. HanHblil ¢yiuiepeHonoao0HbIH
KJIacTep ObLI M3YyYeH BO MHOIOM OJjlarojapsi BO3HHKIIIEMY
WHTEpeCy K OOpHBIM HYIbMEPHBIM HAHOCTPYKTYpaM H3-3a
npenckaszanns 6oproro Qystepena Bgg [180], m30amexTpon-
HOT'0 10 oTHOIIeHMIO K pyutepery Cg.

[TpoBoast MaabHEHIYI0 aHAJIOTHUIO MEXY YIISPOIOM U
0OpOM, MOXKHO MPEACTABUTH CTPYKTYPY Bgo B BUJIe CBEPHY-
TOrO JIBYMEPHOTrO o-Iucta 6opa, uiau 6opodena. JIBymep-
HBIE CJIOM OOpa COCTOST U3 TPEYTrOJILHOU CETKH, IepeMexac-
MO BaKaHCHSIMU HJIM TOJIBIMH TiecTuyroiabHukamvu (IT1II,
Q), 1 (HopMaLHO MOTYT OBITh PACCMOTPEHBI KaK CIUIaB
B;_,Qy, B KOTOPOM KOHLEHTpalus BAaKaHCUIl paBHA Vv =
= m/N, rae m — WX YHCJIO B CBepXbsiuciike u3 N y3J10B pe-
meTku. Pasznmmunble pacrnosioxxenust u KoHmeHtpanuu [THI
OPUBOJAT K MOJMMOP(HBIM MOIUGUKANUSAM, HMEFOIIIM
63Ky SHepruto [185], mouck KOTOpO# MpeACcTaBIseT Co-
601 CI10KHYI0 KOMOUHATOPHY!O 3a1a4y. Pe3ynbTaThl moucka
MHHUMYMa 3HEPrUM MOKA3bIBAIOT, YTO CTAOMIBHOCTB O0PO-
(ena tecHo cBsizana ¢ koHnenrpanueit I, BausHIEM TI0O-
JIOKKH B xumuueckoit moaugukammeid. Konnentpanus I
OTpPEEIIAETCS. KaK COOTHOIICHHE MEXIY YUCIOM OTCYTCT-
ByrOIMX aToMoB 6opa B ITIII 1 unciioM aTOMOB B HCXOTHOM
TPEYTOJILHOM JIACTE.

Kax nmokazano Ha puc. 19a [186], Ey — sHeprusi oo6pa-
30BaHUs cjiost 6opodeHa B CBOOOTHOM COCTOSIHUU — TIPE/I-
CTaBJIIET COOON HEMOHOTOHHYIO KPUBYIO, IMEIOIIIYFO MUHH-
MyM mpu v = 1/9, BUI KOTOpPO# XOPOIIO COTrJacyercsi ¢
npyrumu pesyibratamu [187]. HTepecHO OTMETUTBH, YTO
9Heprus oOpa3oBaHMs IPU ABYX HEMHOTUM 00Jiee BBICOKHX
KOHIIEHTpALMsIX BakaHcuil, v = 1/8 u 2/15, oyenb Gim3ka K
sHepruu npu v = 1/9. HaiifeHo 3HaYMTEIbHOE KOJMYECTBO
aJJIOTPOIIOB OOpa, SHEprus 0Opa3oBaHUsT KOTOPBIX HAXO-
JTUTCS B TIpeiesiaX HECKOJIbKUX M3B Ha aTOM OT JIMHUU OCHOB-
HOTO COCTOSIHUSA. JJaHHBIH TOJUMOPHHU3M JBYyMEpHOTO 6Gopa
CYIIECTBEHHO OTJIMYAETCSl OT APYTUX ABYMEPHBIX MaTepHa-
JIOB, Takux kak rpaden, h-BN, cuiuiieH nim repManeH (Omu-
CaHBI BBIIIIE), HMEIOIIHUX COTOBYIO CTPYKTYPY.
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Puc. 19. (B uBere onyaiin.) (a) 3aBECEMOCTb 9HEPIUH BCEX HEIKBHBAJIEHTHBIX JHCTOB OopodeHa (Bj_,(J,) OT KOHIEHTpAlNi BAKAHCHOHHBIX ITOJIBIX
LIECTUYTOJILHUKOB (V) B BAKYyyMe, a Takke Ha 1o utokke Au u Cu [186]. (6) DHepreTHYecKuil CIEK TP pa3IM4HbIX MOIU(pUKanuii 6opodeHa B CBOOOIHOM
COCTOSIHHH, a Takxke Ha oBepxHOCTAX Au, Ag, Cu u Ni. Ha BcTaBkax B Ka)K0M CTOJIOIE IPUBEICHBI TPH HanboJIee CTAOUIIbHBIE CTPYKTYPBI, & TAKKE
OTMEYEHA MX JHEPIus OTHOCUTEJILHO OCHOBHOTO cocTosiHMS (M3B Ha atom) m 3Hauenue v [186]. (B) 3aBUCMMOCTBH TeMmepaTyphl Iepexojaa B
CBEPXIPOBOISIIEE COCTOSIHUE (JJIsl PA3HBIX 3HAYCHUI KyJIOHOBCKOTO IICEBJOMOTEHIMANA, () K KOHCTAHTHI 3JIeKTPOH-(OHOHHOTO B3aNMOJCHCTBHS,
A, OT KOHIEHTPAITHH HOJIBIX NIECTUYT OJIbHUKOB (BaKaHCHII) B cJIoe B CBOOOIHOM cocTosiHuH [188].

B 6opodene aToMBI B IIEHTpE MIECTHYT OJLHUKOB CIIYXKAT
"nonopamu", B To Bpems kak Il neiicTByror kak "axuen-
Topel" [189], B3aUMOIEHCTBUE KOTOPBIX KOMIIEHCUPYET
3JeKTpoHHBIA nedurut 6opa [190]. Ecnu Tpu BasieHTHBIX
9JIEKTpOHA Kaxaoro "mornoproro" 6opa OyayT HOJHOCTBEO
0000IIeCTBIICHBI C TEKCATOHAJILHON OCHOBOM (OKpAIlleHBI B
OeJIbIi 1[BET, CM. BCTABKY Ha puc. 19a), To oHa OyaeT U30-
9JIEKTPOHHA IO OTHOLIEHUIO K rpadeny. DTOT NpocToi Me-
XaHHU3M OOBSCHSIET, TOYeMY CJI0# ¢ v = 1/9 sBasieTcst OMHON
W3 CAMBIX BBITOAHBIX CTPYKTYP (puc. 19a, cepas kpusas /). C
Y4ETOM HEKOTOPBIX BTOPUYHBIX (PAKTOPOB, TAKUX KaK B3aH-
MO/JIECTBHE BaKaHCHUsS —BaKaHCUsl (HALIpUMeEp, TaKOe B3aW-
MOJICHCTBHE YCWJIMBAETCS B JIBOWHBIX BAKAHCHSIX), OCHOB-
HBIM COCTOSIHMEM MOXET SIBJISIThCS HoJuMopdHas Moaudu-
KaIysi ¢ HOMHOTO OoJiee BBICOKMM 3HaueHueM v = 1/8. Cron
6opa ¢ v < 1/9 sIBASIOTCSI 9IEKTPOHHO-U3OBITOYHBIMU H [Ie-
MOHCTPHUPYIOT M3rH0 M3 IUIOCKOCTH M3-32 CMEIIEHUS ILIO-
CKOCTHBIX Y BHEIUIOCKOCTHBIX OpOUTAJIEH, TOT1a KaK 3TH ke
JHUCTBI ¢ v > 1/9 siBisirorest abconroTHO 1wtockumu [185].
Croii 60pa ¢ BBICOKUM v 00J1a7aeT JePUIIMTOM 3JIEKTPOHOB
U UMEET TEHACHINIO OTTITUBATH JIEKTPOHBI U3 MOIIOXKH,
4TOOBI CTAOMIM3UPOBATH CBOIO CTPYKTYPY. DKCTpEeMaIbHBIM
puMepoM siBiisieTcsi rpadenono1oouslii 6opodeH (v = 1/3),
HECTAOMJILHBIN B BAaKyyme, HO UMEIOIIHI MUHUMYM SHEPT A
Ha HEKOTOPBIX MOJJIOKKAX M3-3a MEPEHOCA IJIEKTPOHOB W3
METAJJINIECKUX CJIOEB (YTO W OBLIO TOJIYYEHO B 3KCIEPH-
MeHTe, cM. pazzaen 4.2.1).

Onpenesisiromiast pojib MOMJIOKKH TSI CTPYKTYPBI 60po-
(beHa oOycJioBJieHA T€M, YTO B OTJIMYKME OT, HATIPUMED, Tpa-
(pena umm h-BN, 2D 60p uMeeT HAMHOTO OOJIBIITYIO SHEPTHIO,
4eM ero Kpucrajumyeckas popma. s opranusanuu 6opa B
JIByMEPHBIE CTPYKTYPBI B HECKOJIBKAX TEOPETHYECKUX HCCIIe-
noBaHusx [186, 191] ObLIO MPEISIOKEHO UCIOJIB30BATh Me-
TaJunueckue Mook Ag u Cu JUIsl CHATHSI BBIPOXKIE-

HUSI TOJIMMOPGHON SHEPTUN U KHHETHYECKOTO HATIPABJICHHS
pocta ymcToB 6opa. JeHCcTBUTENHHO, OCHOBHBIE COCTOSIHUSI
O6opodeHa B CBOOOTHOM COCTOSIHUM W Ha TIOJJIOXKKAX OTJIU-
varorcs (puc. 19a). Ha nosepxnoctu Ag(111) Haubosee ycToii-
4uBOIA siByIsIeTCsI (hasza bopodena c v = 1/6. Bropas u TpeThs
CTaOMIIbHbIE CTPYKTYPBI HOSIBIIsIFOTCS Ipu v=1/8 u v=1/12
(puc. 196). CooTBeTcTBYyIOIIAs Pa3HOCTD SHEPTHA OTHOCH-
TEJILHO OCHOBHOTO coctosiust (v = 1/6) BTOpoii u TpeThei
CcTaOUIIbHBIX CTPYKTYp coctaisieT Bcero 0,4 u 2,1 md3B Ha
aToM [186] COOTBETCTBEHHO, YTO YKa3bIBAECT HA COXpPAHCHHE
nonumMop¢puzma 6opodena na mosepxnoctu Ag(111). ITo-
IOOHAST CUTYalusl IMEeT MECTO U JIJISl CIydasi HOBEPXHOCTH
Au(111) (puc. 19a, cunsis kpusast 2). B ciyyae cuHTe3a Ha
Ni(111) sHEpreTuyecKu BbITOIHBIMU TAKXKE SIBJISFOTCS TTOJIH-
Mop¢HbIe MOAUGDUKALUY C PA3IMYHBIMU 3HAYEHUSIMH V, HO
SHEPTHUSI MEXIYy OCHOBHBIM M CIEIYIOLIMMH COCTOSHHUSMU
yBenmuuBaetcs. OqHako Ha nosepxHoctu Cu(l11) HaumeHb-
LITYIO SHEPT U0 00pa30BaHus UMeEroT citon ¢ v = 1/6 (puc. 19a,
KpacHasi KpuBasi 3), TP 3TOM Pa3HUIA SHEPT M MEX Ty OCHOB-
HBIM COCTOSIHMEM U CJIEAYIOLIMMH 3a HUM cocTasiisieT 15,1 u
28,9 M3B Ha aTOM, UTO 3HAYUTEJILHO OOJIbIIIE, YeM HA IMOBEPX-
noctu Ag(111) (puc. 196). JlanHoe HaOJTFO/ICHUE CBUICTEIIBCT-
BYeT O (DaKTHIECKOM CHSITUM BBIPOKICHUS 110 SHEPTHH IS pa3-
JINYHBIX 3HAYCHHH v B CJIyYae CHHTe3a OopodeHa Ha MOBEpXHO-
ctu Cu(111) u cHUXEHUH CTPYKTYPHOTO NOJUMOpPHU3MA.

4.2.1. Cunre3 6opodena. OnvcaHHBIE TEOPETUUECKUE TIPOTHO-
3bI OBLIM BIOCJIEICTBUH TOATBEPIKICHBI B PSIZIE IKCIIEPHUMEH-
TOB, IIPU 3TOM TIOJYY€HHBIE CTPYKTYPhI JCUCTBUTENIBHO [ie-
MOHCTPUPOBaJIH mojmMopdu3M. Tak, ObLI0 COOOIIEHO O CUH-
Te3e Ha PAa3JIMYHBIX METAJUIMICCKHUX MOIOKKAX B YCIOBHSIX
CBEPXBBICOKOTO BakyyMma ciemyromux ¢asz: v =0 (Ag [192]),
v=1/12 (Au[193]),v=1/6,v=1/5 (Ag[184, 194, 195]) u
rpadeHonono6Hoit passr 6opodena (v = 1/3) na Al[196].
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ITpu cuntese 6opodena c v = 0 Ha Ag [192] CTM-ananu3
noxasaj roppupoBaHue CTPYKTYPBI C aMILTATY10# ~ 0,8 A,
4TO COOTBETCTBYET TEOPETHUYECKUM IPEICKA3aHUSIM IS
cioés 6opa ¢ v < 1/9 [185]. C npyroii croponsl, B paboTte
[197] 6pL10 mOkazaHo, uto At noaioxku Ag(111) suepreru-
YeCKH BBITOIHOM (a30il siBIIseTCsl CTpyKTypa ¢ v = 1/6 (Ha
42 m3B Ha aTtom Humxke 1o 3Hepruu), a He v = (. [To3xe B
0630pe [198] ObLIO eI pa3 BBIABUHYTO MPEIMOTIOKEHUE O
TOM, 4TO B 3KcriepuMeHTe [192] moria ObITh CHHTE3UpOBaHA
UMeHHO nosuMopdHast moaudukanus ¢ v = 1/6. Tak, aBTo-
pamu ObLIO MOKA3aHO, YTO CJIOi ¢ v = 1/6 uMeeT BBICOKYIO
TUOKOCTh U CMOCOOCH MOBTOPSTH MEPUOJIUICCKYO TOPPH-
POBKY pekoHCcTpyupoBaHHOU noBepxHoctu Ag(111). Takoi
roh)pupoBaHHBIH CI0i ¢ v = 1/6 MOXET XOPOIIO OOBSICHUTH
IKCIEPUMEHTAIBHO HaOIIoaeMyro0 rodpupoBannyro a3y
[192] ¢ Touku 3peHus tonorpaduy, IJIUHBI BOJIHBI, Myapo-
Boro pucynka u pacnpenenenus ITII. CmonenupoBaHHOE
CTM-u3o0paxenue [198] Takxxe XOpOIIO COBNATAET C IKCIIE-
puMeHTaTbHBIM [192].

Hse dassl bopodenacv=1/6uv = 1/5 6bu1n cunTE3N-
poBaHbI Ha moutoxke Ag(111)[184, 194, 195]. OTu aBe mosm-
MOpQHBIE MOTU(PUKAIIMU SIBJISIFOTCS TUIOCKUMHU 0O€3 BepTH-
KaJILHBIX BOJIH C PA3JIMYHO PACIOIOXKEeHHBIMH psigom TTII.

Pa6GoTa [196] moaTBepaAMIa TEOPETUIECKOE MPEINOJIONKE-
Hue [186] o ToM, uTo rpadenononodHbI 6Gopoden (v = 1/3)
MOXeT OBITh CHHTE3HUPOBAaH Ha MOJIJIOXKKE, 00eceunBaroIieit
CHJIBHBIIN NepeHoc 3apsina. [IedcTBUTENIBHO, Iepepacipesie-
JieHue 3apsga ot nomanoxku Al(111) x rpadgenonogoOHOMY
OopodeHy COCTaBIISET OYTH OUH 3JIEKTPOH, B TO BpeMsl KaK
WCIIOJIb3yeMasi B Ipyrux paboTax MOJI0XKKa cepedpa mpH-
BOJWT K HE3HAUUTEIILHOMY MEPEHOCY DJIEKTPOHOB.

Hecmotps Ha TO uTO B 3kcnepumente [184] Obuia moka-
3aHa OTHOCUTEJIbHAS YyCTOWINBOCTE OOpodeHa K OKACIICHUIO
(merpamanusi CTPYKTYpbl IPOUCXOAUT B OCHOBHOM Ha peak-
THBHBIX Kpasx OCTPOBKOB Oopa), NJIMTEIbHOE BO3ACUCTBHE
OKpyxaroieit cpeanl [192] oka3biBaeT BIUSHUE HA CTPYKTY-
py. DTO COOTBETCTBYET NMPEABIAYIIEMY IPOTHO3Y, COTJIACHO
KOTOpOMY cjion Oopa Ha MeTaJllaX JTOCTATOYHO PEaKIMOH-
HOCIIOCOOHBI M MOTYT CIYXHUTb KaTaJU3aTOPOM DPEaKLIUU
BbIJIesIeHU st Bogopoa [186]. OgHako 3TO HE TOBOPHUT O MEHb-
1Iel CTPYKTYPHO# ycToR4YnBOCTH OOpOodeHa IO CPABHEHUIO C
npyrumu 2D miéakamu. HemaBHO OBLITO 9KCIIEPUMEHTAIBHO
MOJIYYEHO, YTO MOBEPXHOCTh HEKOTOPBIX JTUXAJIbKOTECHUIOB
NEPEeXOJAHbIX METAJUIOB, paHee CUMTABIIUXCS HHEPTHBHIMU,
TaKXke MoJABEpKeHa oKucyieHuto [199].

4.2.2. Mexanu4yeckue cBoiicrBa oopodena. KomOunamnus
KOBAJIEHTHBIX U METAJJIOMOTOOHBIX MHOTOICHTPOBBIX CBSI-
3eil OopodeHa NPUBOIUT K €r0 YHUKAIBHBIM MEXaHUIECCKIM
cBorictBaM [198]. IByMepHBIii MOAYJIb yIpyroctu ¢pa3bl 60-
podeHa IeMOHCTPUPYET BBICOKYIO AaHH3O0TPOIIHUIO, A €ro Be-
JIMYUHA JUISE HEKOTOPBIX MOIU(DHUKAINN SIBJISIETCST PEKOP-
Ho#l. Tak, MOIyJb YIPYTOCTH TeKCArOHAIBHON MOIMMOPd-
Hoii Mmoauukauuu ¢ v =0 Broab HanpabieHus "kpecia"
MoxkeT gocturaTh 398 H Mm~! [192], uto Gonblie, ueM y rpa-
dena (345 H m~! [92]) u mo6oro apyroro MaTepuana, Ipu-
4éM JaHHBIA pe3yabTaT ObLT mostyueH ewmé B 2006 . [200].
OmHako aBTOpPHI padoThl [200] BEIpA3uiM 3HAYCHUE B CTAH-
JIAPTHBIX SIMHAIIAX, XaPAKTEPU3YIOMINX MOJIYJIb YIIPYTOCTH
TPEXMEPHOTrO MaTepuaa, YMHOKUB 2D 3HaueHue Ha
YCJIOBHO BBIOPAHHYIO TOJIILUHY IBYMEPHOI IJIEHKH OOpo-
¢ena. IMonyuennas senmunna 0,87 TIla okazanack MeHbIIIE,
4eM MoAyJib ynpyroctu rpadena 1,06 TIla (3To 3HaueHHe
MOXeT OBITh KOPPEKTHO nepeBesieHo u3 2D B 3D, mOCKOJIbKY

TOJIIIMHA IUIEHKH I'padeHa Gusmuecku 0O00CHOBAHA U COOT-
BETCTBYET DACCTOSHUIO MEXAY OTIEIbHBIMH aTOMHBIMU
ciosimu B rpadure). [Tpu 3TOM, €ciiu epeBecTH HalIeHHOE
aBropamu [200] 3Hauenne B H m~!, To mosyuntes 367 Hm ™!,
YTO OJIM3KO K JaHHBIM paboTel [192]. Takxum oOpaszom,
HEKOPPEKTHAsI MHTEPIpPETAlMsl HE MO3BOJIMJIA CBOEBpE-
MEHHO IIPeICKa3aTh PEKOPAHYIO KECTKOCTH OopodeHa, uTo,
BO3MOYHO, OTCPOYMIIO €0 MaJIbHEWIINA CHHTE3 W TOIpO0-
HBIE HcciegoBanust. OTMETHM, YTO ToJUMOpbhHAsT MOIU(H-
kamus ¢ v =0 u3-3a cBoeil TOPPUPOBAHHOU CTPYKTYPHI
UMeeT TakxXe oTpunarteabHblii koapdunuent Ilyaccona
(—0,04 B nanpasienaun "kpecio" u —0,02 B HampaBieHHH
"surzar"). Kpome nonumopdroii moaupukamuu ¢ v = 0,
MOJYJIN YIPYTOCTH, MPEBOCXOISIINE 3HAUYCHUE JJIsl Tpa-
(ena, umerot 6opodensicv = 1/9 (618,93 Hm Huv=1/7
(545,62 Hwm 1) [201].

CTpyKTypbl Ha OCHOBe O0opo¢eHa OOBIYHO JTOCTATOYHO
rubkue. M3rubHast %ECTKOCTh c1osi Iuist v = 1/6 paBHa BCero
0,39 3B Bnous psmos I, uTo cocTaBisieT 0HY 4YeTBEPTH OT
COOTBETCTBYIOIIIETO 3HAUCHUs ISl TpadeHa, W yBeIMYnBa-
etcst 10 0,56 3B mo psgam T, nemoncTpupyst 6OJIbIITYIO
AHU3OTPOIHIO, YeM MO/IYJIM yNPYrocTH B miiockoctu [202].
Bo Bcex apyrux ciosix 6opa c¢ I, xors u obnagarommx
0oJiee BBICOKOM KECTKOCTHIO MIPH U3rMOE, 3TH 3HAYCHUS T10-
TIPEeXHEMY CYILIECTBEHHO HUXe, yeM y Tpadena. [TpeBocxoa-
Hasi MEXaHWYecKas KECTKOCTh B TJIOCKOCTH W HEOOBIYHAS
THOKOCTB BHE INTOCKOCTH OTKPBIBAIOT BO3MOXHOCTH HCIIOJTh-
30BaHMsI IBYMEPHBIX CIOEB OOopa B KauecTBE apMHUPYIOLINX
3JIEMEHTOB B COBPEMEHHBIX kommno3uTax. C Ipyroit cropo-
HBI, CJIO ¢ v = (0 UMeeT UCKJIIOUUTELHO OOJBIIYIO KECT-
KOCTb IIpH M3TU0E BIIOJIH OJHOTO W3 HampasieHuit (4,9 3B)
13-32 TOPPUPOBAHHON CTPYKTYPBI.

NHTepecHa naeasbHas IPOYHOCTD (TEOPETHYCCKHIA BEPX-
Huil peaes) 6opodena. bbuto mokasano, yTo ciaoiicv = 1/6
MMeeT UAeaNbHYIO MpoYHOCTh 14—15 H M~!, 6mmskyro k
COOTBETCTBYIOIIEMY 3HaueHuto st MoS; [203] u cymect-
BEHHO TIPEBBIMIAIONIYIO 3HA4YeHUs! i1 pochopena [204] u
cusunieHa [205]. ITpu 3ToM BesM4uHA KPUTHYECKOTO HANPS-
XKeHUsl Haxonutcss B amamazone 10—15% [202, 206], uto
HAMHOTO HIDKe, 4eM y Tpadena (~ 25 %). I1pu kputuueckoit
nedopMaIyu IByMEpHbBINA O0p CTPYKTYPHO HE pa3pyliaercs,
Kak B cllydae APYTUX IBYMEPHBIX MATEpHAJIOB, 4 HCIBI-
TBIBAET CTPYKTYPHBIN (Ga3oBblii nepexon. [To Mepe Toro kax
pacTsrusaroas neopmanus yBeJuuuBaeTcs, aTOMbI Oopa
CTPEMSITCSl PEOPTAHU30BATHCSI TAKMM 00pa3oM, YTOOBI pac-
MIAPUTH IUIOIIAAb JIUCTA TOCPEACTBOM YBEJIMYEHHUS! KOH-
neatpanun [l # TemM caMbIM yMEHBIINTH HATSDKEHHE.
CTpYKTYpHBII (ha30BBIN MEPEX0] MOXKET ITOTOJHUTEILHO
YIPOYHUTH MAaTepUaJl 7O TAKOH CTENeHHU, YTO OH OYIET BBI-
JIepKUBaTh OOJBIIME HAIPY3KH, Ja)Ke KOra 4Ype3BbIYaiiHO
pactsnyT. KimroueBast posp I Buana u3 Toro ¢akra, yto
CTPYKTypa noyimmopdHoii Mogudukanuu copodena 6e3 I
(v = 0) siBiIsieTcsl XpyIKoit ¢ mpeAenbHoi nedopmarnmeii B 8 %
(1 city4as pacTspkeHus BIoJib "rpednei™) [202].

4.2.3. DiekTpoHHbIE cBOiicTBa Gopodena. bbLTo pe/icka3aHo,
4TO Bce mojuMopdHbie Moaudukamun 6opodeHa TOTKHBI
MPOSIBJIATh MeTajuInueckue coiictBa [185, 187]. Dkcnepu-
meHT [207] ¢ ucnionp3oBanueM ®CYP noarsepauns nporuos
JUIsL ciydyass nmoJuMopgHoil moauduxkanuu 6opodeHa c
v = 1/6, naxonsiuerocst Ha Ag(111).

HebGounbimas Mmacca atoma 60pa mpeanosiaraeT HaJluiue
CHJILHOTO JIEKTPOH-(OHOHHOTO B3aMMOAEHCTBHS, KOTOPOE,
HapsiAy ¢ OpUCYIIel GOpodeHy MEeTaUIMYHOCTHIO, MOXET
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IPUBECTH K CBEPXIPOBOAUMOCTH. CBEPXIPOBOISIIME CBOM-
cTBa OopodeHa ObLIM ONMUCAHBI B psijie UccienoBanuii [188,
208 —214]. B uactHOCTH, OBLTO IOKA3aHO [188], yTO TeMMEepa-
Typa CBEPXIPOBOISAIIETO MEPEX01a MEHSETCS HEJIMHEHHO, U
€€ 3aBUCHMOCTh OT BEJIMYMHBI V UMEET TOT XK€ BHI, UYTO U
3aBHCUMOCTh JHEPruM 0Opa30BaHUS MOJIUMOP(QHBIX MOIM-
¢dukammii 6opodena (cM. puc. 19a,B), 1 MOXKET JOCTUTATh
40 K nmnsa cinywyas rpadenHomomodbHoro Gopodena (MuHU-
MaJbHas Kputuieckast temmeparypa T, = 4 K Haxomutcs B
Touke v = 1/9). 3T0 moBeeHUE CBSI3AHO C TEM, YTO TAKYIO Ke
3aBUCUMOCTDb UMEIOT JJIEKTPOHHAS TUIOTHOCTh COCTOSIHUMN Ha
ypoBHe PepMH U KOHCTAHTA 3JIEKTPOH-POHOHHOTO B3aUMO-
nercTBus (A) B CBSI3U C U3MEHSIIOIIMMCS BKJIAJOM G-OpOH-
TaJeil B moBepxHocTh Pepmu.

CTOUT OTMETHUTD, YTO TaK)Ke Obljla OOHAPYXKEHA U CyIIle-
CTBEHHAsI 3aBUCUMOCTDb T, OT MEXaHUYECKOU JehopMaIiu U
creneHu jerupoanus [214]. B yactHocTH, OBLIO TTOKA3aHO,
410 AedopManus CKaTus U 3JEKTPOHHOE JIETHPOBAHUE CHH-
karoT T, misg noauMopdHoit momudukanuu OGopodeHa ¢
v = 0. Bosiee Toro, s ciydas nmoJuMopdHoOi MoaudHKa-
1 ¢ v = 1/6 6b110 TEOpeTHIECKH MoJIyYeHo [213], uTo sek-
TPOHHOE JierupoBaHue BeanuuHoi 0, le Ha aTom Gopa cHU-
xkaeT T¢ ¢ 14 1o 0,09 K. 9T0 00BICHAET CII0KHOCTEL JKCIIe-
PUMEHTAJILHOT'0 OOHAPYKEHUS CBEPXIIPOBOAMMOCTH B 6OpO-
(beHe, TOCKOJIBKY OH OOBIYHO CHHTE3UPYETCS HA METaJIIIye-
CKUX MOJIOXKKAX, TOMHUPYIOMUX cucteMmy. Tak, 6opodeH,
cuHTe3upoBanubiii Ha Ag, Al, Cu mium Ni, o aeificTBueM
9JIEKTPOHHOT'O JOMUPOBAHMS 00JIagaeT MEHbLIeH TemMuepa-
TYpO# epexo1a B CBEPXIPOBOISIIEE COCTOSIHUE, B TO BPEMsI
Kak MpH cHHTe3e Ha Au oH OyAeT HONMMUPOBAaH NBIPKAMH H
COOTBETCTBEHHO XapaKTepH30BATHCS OOJBIINM 3HAYCHUEM
T. [198].

4.2.4. Bo3mo:kupie npumeHennsi. HeGombinast macca u mpe-
BOCXO/IHbIE MEXaHUYECKHE XapPAKTEPUCTHKU IBYMEPHOIO
6opa MOTYT OBITh MOJIE3HBI B COBPEMEHHBIX KoMmo3uTax. C
OJHOU CTOPOHBI, IBYMEPHBIN OOP MOXKET BBIAEPKATH OOJIb-
IIyI0 HArpy3Ky, CpPAaBHHUMYIO C TakoBo#l mis rpadena. C
JIPYroil CTOPOHBI, PEAKIIMOHHASI CIOCOOHOCTL BYMEPHOTO
6opa crocoOCTBYET KOBAJIEHTHOMY CBSI3BIBAHHIO C OKpY-
JKAKOIIEH MaTpuUIie, 4To obecreunBaeT 3(PHEeKTUBHYIO MEpe-
Jlavyy HAIrPY3KH.

Kax cambrii iérkuit 2D MmaTtepuali, 6opodeH BecbMa mep-
CHEKTHUBEH JJIsI BOJOPOIHOM 9HEPTEeTUKH U CIIOCOOEH, CoTJIac-
HO TEOPETHYECKUM OlleHKaM [215], obecneunTh CBEPXBBICO-
KYI0 éMKOCTb XpaHeHus Bojiopoaa. [Ipu aToM, XoTs 6opHas
cUCTeMa XMMHUYECKH OoJjiee aKTWBHA, YeM rpadeH, oHa je-
MOHCTPHPYET HEOCTATOYHYIO SHEPTHIO CBSI3H C BOAOPOIOM
(~ 0,05 3B) o151 ero xpaHeHus P KOMHATHOU TeMIepaType
[215]. JanHyro npobiaemMy MOXKHO ObLIO ObI PEIIMTh MYTEM
JIEKOPUPOBAHUSI OOPHON CTPYKTYPbl aTOMaMH METaJIOB.
[HeiicTBUTEIbHO, paHee ObLIO YCTAHOBIICHO, YTO MOJIEKYJISIP-
HBII BOJOPO/I IPY COSAMHEHUU C ATOMAaMH METAJIOB 00pa-
3yeT CBSI3M MPOMEXYTOYHOTO THIIA, TAK Ha3bIBaeMble B3aM-
mozeiictBust Ky6o (Kubas) u antu-Ky6o. BzanmoeiictBue
Ky6o0 [216] cBs3aHO C B3aMMHBIM OOMEHOM 3JIEKTPOHAMU
Mexay Mojekyramu H, u HezanmomHeHHbIME d-0pOHUTAISIMU
ATOMOB IEPEXOJHBIX METAJUIOB, & TAKXKE MEXY dJIEKTPOHA-
MH Ha aTOMaX NEePEXOTHbIX METAJIJIOB M AHTUCBSI3BIBAFOIIIH-
mu opoutansimu Hy. B3aumoneiicTBue, Ha3BaHHOE B TPOTH-
BoBec nepBomy aHTH-Kybo [217], cBsi3aHO ¢ mossipusanuen
MOJIEKYJIBI BOJIOPOJIa aTOMOM METAJLIA, YTO MPUBOAMT K €€
MPUCOETUHEHNIO K METAJLTy B KBA3MMOJIEKYJISIpHOH hopme
[218]. NmeHHO B3aMMOJEHCTBUS TMPOMEXYTOYHOTO THIA

KaXyTcsi HanboJjiee MEepPCIEKTUBHBIMU ISl aJICOPOIMU BO-
JI0pOoJia, MOCKOJBKY HMX JHEPIrHsl CBS3BIBAHUSI COCTABIISET
~ 1071 3B [219].

HeiicTBuTeIbHO, OOpHAS HAHOCTPYKTYpA C aacopoupo-
BAaHHBIMHU Ha HEeWl aTOMaMM MeTajlla JIEMOHCTPHUPYET MpH-
eMJIEMYIO JHEPTUI0 aACOPOLUU MOJIEKYJISIPHOIO BOAOPOAA
Ha aToM MeTajuia. Tak, ObLI0 OOHAPYKEHO, YTO JIUCIEPCHUST
aToMOB 11es104HbIX MeTaJToB (Li, Na u K) na 6opHoM smcte
3aMETHO YBEJIMYMBAECT JHEPTUIO CBS3BIBAHUS BOJOPOAA U
€MKOCTh HakoIUleHus. JIBymepHbIi Oop mpu 3ToM obecrme-
YABAET MPUCOCIUHECHIE ATOMOB METAJIIOB C MOAJIEPKAHUEM
OOJIBIIIOTO PACCTOSHUS MEXAY HUMH, YTO MO3BOJISIET U30e-
KaTh UX Kjacrtepusaiyu [215]. Hanpumep, npu gekopuposa-
Hum 6opodena aromamu Li ancopOIMOHHAST SHEPTUS MOJIe-
Kyl Hy nocturaer 0,35 3B, a Ha kaxxmoMm atome Li MoxeT
OBITH AJICOPOMPOBAHO IO TPEX MOJIEKYJI BOJOPOA, YTO K-
BUBAJICHTHO EMKOCTH XpaHeHus Bogopoza 10,8 mac. % [215].

Teoperuuecku mpeackazano, 4to dopoden c v = 1/9, ne-
KopupoBaHHBI aTtoMamu Ca u Sc, SBJISETCS OTJIUMYHBIM al-
COpOEHTOM ISl 3aXBaTa M3 OKPYKAFOIIEH Cpeabl MOJIEKYJT
CO,, ipu 3TOM 3HEpTHs aacopdbimu mocturaeT 3,0 3B [220,
221]. JJ1st OTpUIATENBHO 3apsikeHHOro 6opodena cv =1/6
copbrmonHnas émkocTh CO, cocTaBiseT 10 6,73 x 1014 cm~2,
NpUY€M JAHHBIM TIPOIIECC SBJISETCS 0OpaTUMbIM. Tak, mpo-
necc agcopoupoBanus/gecopouposannst CO; MOKHO KOHT-
pOJIPOBATh MYTEM U3MEHEHUS JOMUPOBAHUS OOpOodeHa.

Hpyrue TeopeTHueckne pabOThI TaKkKe MOKA3aJid, 4TO
JIUCTBI 60pa SABJISIOTCS NEPCIEKTUBHBIM MAaTEPHAJIOM C MIPH-
BJIEKATEILHBIMHU JIEKTPOXUMHUIECKIMU CBOMCTBAMM KaK JJIs
Li-noHHBIX, Tak U 1151 Na-uOHHBIX OaTapeii [222 —226]. bsuio
MoJIy4eHo, 4To (aza 6opodena ¢ v = 0 CyIIECTBEHHO B3aW-
MOJEHCTBYET ¢ KJIacTepamu cocTasa Li,S,, 4To nIpuBOIUT K
UX PA3JIOKEHUIO M HEOOpATHMOW MOTepe Cephl BO BpEMs
MPOIIECCOB 3apsaku U paspsiaku [225]. C apyroii CTOpoHBI,
B3aumMoeiicTBue Mexay Li-S u 6opodenomcv = 1/5[225]u
1/6 [226] HAMHOTO MeEHBIIEe, YeM B CiIydae MOJUMOpPQHON
moaudukauu ¢ v = 0, HO 6osbIne, yeM Mexay Li-S u rpa-
(beHOM. DTO yKa3BIBAET HA TO, YTO OTMEUYEHHBbIE (ha3bl OO-
podeHa SBIAI0TCS MOAXOASIIEH OCHOBOM ISl IMTHM-CEPHBIX
Oarapeii [227].

Crout n00aBUTh, YTO IPU MPUCOEIUHECHUN ATOMOB Me-
TaJuI0B 60podeH MOKeT mpeTepreBaTh CTPYKTYPHBIH (azo-
BBI IIepeX 0,1 M3-3a JOMUPOBAHMS JIEKTPOHAMU OT aJicopOa-
TOB, YTO, TAKUM 00pa3oM, TpedyeT TaJIbHEHIINX O APOOHBIX
CTPYKTYPHBIX UccienoBanuii [198].

Bopoden sBaseTcss caMbIM JIETKUM KaTaJIM3aTOPOM pe-
AKIIUU BBIIEJIEHUS] BOJOPOAA C TOUYTH HYJIEBOM CBOOOIHOM
SHeprueil acopOnuu BOAOPOaa, METAJUTMIECKOW TPOBOIH-
MOCTBIO U OOJIBIIIMM KOJIMYECTBOM AKTHBHBIX IIEHTPOB Ha
noBepxHocTH [228, 229]. s ¢pa3wel 6opodena ¢ v = 0 Berea-
CTBUE BBICOKON MOBEPXHOCTHOM AKTHBHOCTU B3aUMOJEH-
cTBHE MeXay aToMoM H 1 60po)eHOM CIIUIIIKOM CHUIIBHOE.
Hdust dasel ¢ v=1/5 akTUBHBIM LEHTPOM SIBJISIFOTCS S5-KO-
OPJMHUPOBAHHBIE ATOMBI OOPA; 3TO MPUBOIUT K TOMY, YTO
cBOOO/IHAS HEPTUS aICOPOIIH BOIOPOIa COCTABIISIET BCETO
0,02 3B, — maxxe Osmxe K HyJIrO, yem Ha Pt (—0,09 3B) [227].
Hist das3er ¢ v =1/6 JIydiiuM aKTUBHBIM LICHTPOM SIBJISI-
IOTCSl 4-KOOPAWHUPOBAHHBIE ATOMBI O00Opa, a COOTBETCTBY-
olllee 3HAUEHUE CBOOOIHOWM SHEPTUU aJICOPOIIH BOJOPOIA
cocrasisieT Becero 0,1 3B. HeGousbias cBoOoaHast sHeprust
ajzcopbuuu Boxopona Oblia Takxke oOHapyXeHa B IIOJIH-
Mopoduoit mogudukamuu ¢ v=1/9 u 1/8. Beicokas karta-
JINTHYECKasi aKTUBHOCTh OOpodeHa CoXpaHsieTcsl U Ha MOJ-
JIoxKe cepebpa [230].
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4.3. /IByMepHbIe IJIEHKH JPYTHX JIEMEHTOB
XTI -XVI rpymn
Kpome onmucaHHBIX BBIIIE ABYMEPHBIX TJIEHOK, KCIIEPIMEH-
TaJbHO OBUIM TOJIyYEHBI W IUIEHKH JIPYTUX COCTABOB W3
paccmaTtpuBaeMbix 3jieMeHTOB XIII—XVI rpynm, onnako
WX TOJPOOHBIC MCCIICIOBAHMS CIIE MPOI0DKAt0TCS. B man-
HOM pa3/iesie Mbl JIMIIb KPATKO OCTAHOBUMCS Ha U3BECTHBIX K
HACTOSIIIEMY MOMEHTY CBOHCTBAX HEKOTOPBIX MATEPUATIOB.
B pabore Kochat u np. Oplia npeacraBieHa METOAMKA
M30JIMPOBAHMS ATOMAapHO TOHKHX IIEHOK HA OCHOBE TaJITusl
(rasuteneH, puc. 20a, 6) MEeTOIOM 3KCHOJIHANNH U3 PACILIaB-
JICHHOM Karum oObEMHOTI0 KPUCTAJIA HA KPEMHHUEBOU MO/I-
JIOXKKE TP KOMHATHOW Temnepatype [231]. Pacuétsr aJext-
POHHOM CTPYKTYPBI raJJIEHEHA MTOKA3aJIM HAJININE YACTUIHO
3aIOJITHEHHOTO KoHyca Jlupaka v HEeTMHEWHOUN MHCIIEPCHUOH-
HOU 30HBI BOJIM3H ypoBHS PepMu, YTO MO3BOJIUIO CACNIATH
3aKJIIOYEHUE O METAJUINIECKOM XapaKTepe ABYMEPHOIO Ma-
TepHuana, Kak 3TO0 ObUIO paHee MOKA3aHO IJIsi HEKOTOPBIX
npyrux aBymMepHbix kpuctauioB XIII rpymnmer (6opoden,
amomuHeH). Kpome Toro, B pabote ObLIIO OTMEUYEHO, UTO 32
cuéT cunbHOTO B3aumozeicTsus 2D Ga ¢ morynpoBOHHUKO-

BbIM MOS; MOCJIeTHUN TAKKE MOXKET MPOSIBIIATh METaJLIHYe-
CKHe CBOMCTBA, a MOJIlydaeMasi Ha OCHOBE ITHX MaTepuaJioB
TeTePOCTPYKTYpa OTKPBIBAET HOBBIE MEPCIEKTUBLI B 00J1a-
CTH IJIA3MOHHUKH ¥ HAHOCEHCOPOB.

2D Sn (craneH, IBYMEpHBIA aHAJIOT KPUCTAJLJIa OJIOBA,
puc. 20B—e) ctajl 00BEKTOM TIIATEIBLHOTI'O HCCIICIOBAHUS
KaK CO CTOPOHBI KCIIEPUMEHTA, TaK M TEOPHU U3-3a Npe-
MIOJIOKEHUST O BOZMOXKHOCTSIX €T'0 HCIOJIb30BAHUS B KAUYECTBE
TOMOJIOTHYECKOTO U30JISITOPA TP KOMHATHOHN TeMIepaType,
a TakXe B KayecTBe CIMHOBOTO (PMIIbTpa B YCTPOMCTBaXx,
paboraromux 3a cuét 3 PeKTa rAraHTCKOro MarHeToConpo-
tussienus [237, 238]. Tak, Zhu u ap. [233] npoaeMOHCTpH-
POBANI BO3MOXKHOCTH BBIPAIIMBAHMS CTaHEHA TOJIIMHON
3,5 Ac HUCKPUBJIEHHON ABYMEPHON PEIIETKON Ha MOJIOKKE
TEJUTypHJa BUCMYTa METOJIOM MOJIEKYJISIPHO-IYUYEBOM dIH-
TaKCHU, a TaKXKe HaJIWYUe 3aNpeléHHON 30HbI BHYTPHU
MEeTaJUTMUECKUX COCcTOsiHMA. B mpyroit padote [232] Obuia
MOKa3aHa BO3MOXXHOCTb CTA0MIM3AIUH CTAHEHA B MIEaJb-
HO IJIOCKOM COCTOSIHUM Ha METAJUIMYECKOW TMOBEPXHOCTHU
Cu(111), tne Taxxke HabIFOIAJIO0CH OTKPBITHE TOIMOJIOTHYEC-
CKoif 3ampernénHol 30u6I B 0,3 3B.

Tannenen

AR R R R R

L | 400 v x 400 vt |

CesieHeH

Puc. 20. (a, 6) [I9M-u3zo0paxeHus cI0EB rajjlecHeHa 1 UX aToMHasi cTpykTypa [231]. (8) CTM-u3o0paxeHue kiiactepa CTaHeHa T'eKcaroHaIbHOU (hOPMBbI
u (T) ero yBeJMYeHUE ISl 30HBI, OTMEUYEHHOI OenbiM kBaapaTtoM [232]. (1) CTM-u300paxeHne MIEHKM CTAHEHA M COOTBETCTBYHOIIAS (€) aTOMHAs
MOJeJb IS CIydaeB BHAA CBepXy U cOoky [233]. (3x) [IDM BeIcokoro pasperrenus 6 HM-IIEHKH TeurypeHa Ha MgO(100), (3) ACM-u3o6paxenue u
BBICOTHBII podmib (Ha BkJIanke) pparMenta Teutypera Toimunoi 0,85 M u (1) CIIOM-u306paxenne OqHOTO U3 HAOIIOJaEMBIX TOJIIMOP(HOB
tesutypena [234]. (x) CTM-u306pakenune IEHKH TeJlypeHa Ha rpadene [235]. (;1) U3006pakeHre OnTHYeCKO MUKPOCKONIUH U (M) COOTBETCTBYIOLIMI
BBICOTHBIN ACM-11poduib MHI000pa3HOro yuacTka MmieHKH cejieHeHa; (H) CTIDM-u3obpaxkeHue cesieHeHa U (0) JaHHbIE 3JIEKTPOHHOM AU pakIvy Ha

COOTBETCTBYIOIIEM yuacTke [236].
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DJIeKTPOHHbIE CBOWMCTBA M3y4yasuCh M JJISl CTAHEHOBBIX
HAHOJIEHT. B YacTHOCTH, M B Cilyyae YHCTBHIX JICHT, U TIPU
MACCUBALIUY MX KpaéB BOAOPOAOM HAOIIOAAIOTCS TTOJTYIPO-
BOJTHHKOBBIE CBOMCTBa. B TO ke BpeMs CIHMH-OpOUTATIBHOE
B3aUMOJICUCTBHUE MO-PA3HOMY 3aBUCUT OT TUNA KPAEB JICHTHI:
B "3urzardbix" HaHOJICHTAX IIMPHHA 3aMpElIEHHON 30HBI
yBeJIMYUBaeTcs, a B "KpecesbHbIX", HAPOTUB, YMEHBILAET-
csi. TeopeTnyeckue pacu€Tbl MATHUTHBIX CBONCTB HAHOJIEHT
BBISIBUJIM UX (EPPOMATHATHOE OCHOBHOE COCTOSIHHE C MPO-
THUBOMOJIOKHBIM HATPaBJICHHEM CIIMHOB Ha Kpasx [239].

WHTEepecHO OTMETHTh, YTO aicopOlHUs aTOMOB Iepe-
XOJHBIX METAJUIOB Ha MOBEPXHOCThH CTAHEHA B 3HAYHTEJIb-
HOW CTENeHH BJIMSET Ha 3JIEKTPOHHBIE U MATHUTHBIE CBOM-
ctBa. Tak, Xing W ap. MOKa3ajk, YTO CTAHEH SIBIISETCS
TOJIYIPOBOJHUKOM Tipu ajcopommu Fe, momxymeraniom B
ciyyae Co M MPOSIBISAET METAJUIMYECKHE CBOWCTBA TNpHU
ancopbuuu Ha noepxHoctu V, Cr, Mn u Cu. [1pu sToMm, B
TO BpeMsl Kak MarHUTHbIe MOMEHTHI Ha aToMax Ni, Cu, Zn
coxpaustorcsi, 2D Sn craHoBuTcss HeMarHUTHBIM [240)].
Wang u ap. B [241] npencka3zayim IposiBJIeHIE KBAHTOBOTO
cnuHoBOoro 3¢d¢dekra Xoyta B CTaHeHe MMOM JeHCTBUEM
C)KUMAIOUIETO UJIM PACTSTUBAIOLIEIO HAIPSHKEHMUSL.

HoBble nBymepHBIE a/UIOTPONHBbIE GOPMBI ObLIM Tpea-
ckasausl 4iis 25eMeHToB X VI rpymmer, Te (puc. 20k — k) 1 Se
(puc. 201 - 0), BKJIFOUAS] HX CIIAPAJICBHIHYIO KOHOUTYPALIUIO
KOBAJICHTHO CBSI3aHHBIX ATOMOB, 3aKPYYEHHBIX BJIOJb OCH ¢
[242]. B To xe Bpems Zhu u np. u Xian u Ap. HE3aBUCUMO
ONyOJIMKOBAIM TEOPETUUYECKUE PAOOTHI MO HUCCIIECAOBAHUIO
HOBBIX (a3 2D Te (TesutypeH) ¢ pa3IMyarOIIMMUCS OIICHKA-
MU uX crabuiabHocTH [235, 243]. Tak, Xian u np. [243] npen-
MOJIOKIIIM, 4TO Hambojee CTAOWIBHOH HU3KOpa3MEpHON
ajoTponHoi ¢opmoit Se u Te sBisietcss 1D crimpaneBua-
Has [ernovka (CTpYKTypHas sueiika 00bEMHOTO KpUCTAILIA).
OnHako UMH OBLIO TIOKA3aHO, YTO TaKWe JBYMEpHbBIEC CO-
eIuHeHMs, Kak "IpAMOYIoJIbHbIN TeJutypen" u "KBaapaTHLIN
Tesutypen", 06J1a/IAt0T SHEPTUAME KOTE3UU COOTBETCTBEHHO
Ha 0,06 5B Ha atom u 0,13 3B Ha aTom OoJbllle, YeM aHa-
JornyHoe 3HaueHue M 1D cnmpasnei. Ilpu atom Takme
"npsMoyrosbHble’ peIéTKM CejieHeHa M TeJlypeHa o0Jia-
JAFOT TOPPUPOBAHHON CTPYKTYpOU (aHAJIOTUYHO paHee W3-
yueHHbIM 2D TI€HKaM IpYrux MOHOCOEIUHEHUN), KOTopasi
MOJXET OBITB IONOJIHUTEJILHO CTA0MIN3HPOBAHA, HATPUMED,
B YCIIOBHSIX AU TAKCHAJILHOTO POCTA HA MOIOKKe Au. Zhu n
JIp. B cBOeid paboTe [235] mpeackazain Tpu BO3MOXKHbIE 2D
PEKOHCTPYKIIMH MOBEPXHOCTH TeJUTypeHa ISl PUKCUPOBAH-
HOro Habopa TOJIIUH ¢ YuciaIoM aToMoB N = 3,6,9, 12 u 15:
cTaOuJIbHAS TeKCaroHaJbHas periérka o-Te, MeTacTaOuIb-
Has npsiMoyroibHas B-Te, a Takxke MeTacTaOuIbHAS reKca-
ronaybHas y-Te. [Ipupoaa cTosib HEOOBIYHBIX OTpAHUYCHUI
10 TOJILIKHE TIEHKM (Hanpumep, N = 3) 0ObSACHSIACH MYJIb-
THUBAJEHTHOCTbIO aTOMOB Te, Ipu KOTOPOH IeHTpabHbIe
ATOMBI IEMOHCTPUPOBAIIA METAJTMIECKUI XapaKTep CBS3bI-
BaHHS (O-CBSI3M), 4 JIBA BHEIIHAX aTOMa CBSI3BIBAJIUCH IO-
CPEJCTBOM JIOHOPHO-AKIIEITOPHOTO MEXaHU3MA.

5. 3akarouenue

JaHHbIil 0030p OCBEIIAET JIUIIL MAIYIO YaCTh OOIIMPHOTO
KJIacca JIBYMEpPHBIX HAaHOMAaTepHaslioB, MHTEHCUBHO H3ydvae-
MBIX B HACTOSIIIUI MOMEHT. TeM He MeHee Npe/ICTaBIICHHbIE
U 000OMEHHBIE PE3yJbTAThl HAIJISIAHO JEMOHCTPUPYIOT
MEPCIIEKTUBY A IbHEHIINX UCCIIEAOBAHUI B 3TOU 00J1aCTH.
Tak, ocoboe BHUMaHHUE yAEJICHO OMMCAHNIO HOBBIX METO-
JIOB CUHTE3a ABYMEPHBIX CTPYKTYP, TAKUX KaK cTabunu3anus

4YOH, 1. 191, Ne 1

2D nnéHok B Martpuie JPYruxX JBYMEPHBIX MaTepHaioB
(HampuMep, POCT MIEHOK Ha OCHOBE d-MeTaJIJIOB B MOpe Tpa-
(ena nnm popmupoBanue HOBOU (a3l B MaTpuiie MoSe;)
UJTI MEX]Y CJIOSIMH, KaK 3TO OBbLIO MOKA3aHO IJIsl ABYMED-
Horo sutus. [Tpu 3ToM 06HApYKUBAaEMbIE BBIIAOIIIUECS Me-
XaHUYECKUE, JIEKTPOHHBIE, MATHUTHBIE Y OTITUYECKHUE CBOM-
CTBa HCCIIEYEMBIX IJIEHOK MOTYT HAWTH IIMPOKOE MpHUMe-
HEHHE B DJIEKTPOHHUKE, CIMHTPOHHKE, (HOTOBOIBTAUKE, (HO-
TOKaTaJM3e, ra30BOM CEHCOPHKE U MHOTHX JPYIUX 00JIacTsIX
(byHIaMEHTAJIbHBIX U MPUKJIAIHBIX UCCIICIOBAHUN.
IIpencraBneHHblit 0630p MOKA3BIBAET, YTO O0JIACTH ABY-
MEPHBIX MAaTEepPHAJIOB MO-IPEKHEMY HAXOAUTCS B AKTHUBHOMN
cTaauu CTaHoBJeHUs. lMerommecs SKCIEpUMEHTAJbHbIE
JIaHHBbIE OBIBAIOT HEMOJHBIME, & TEOPETHYECKHEe pabOTHI He
BCeria CIIoCOOHBI OHO3HAYHO OOBSICHUTH IPUPOLY HAOITIO-
JTaeMBIX IIPOIIECCOB U SIBJICHUN. ABTOPBI UCKPEHHE HAJCHOTCS,
4TO HACTOSIILUM 0030POM IMOANEPKAT MHTEPEC IIUPOKOTO
Kpyra ynuTaTesei Kak K JajbHelIleMy HAaKOTLIEHUO 3HAHUM O
CTPYKTYpe U CBOWMCTBax IIMPOKOTO KJIAcCa yKE H3BECTHBIX
JIBYMEPHBIX IUIEHOK aTOMapHON TOJIIIMHBI, TAK U K CHHTE3Y,
MPEICKA3aHUIO ¥ U3YUEHUIO HOBBIX COCTUHEHU.
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The review is devoted to the current state of research in one of the topical areas of the physics and chemistry of two-dimensional
materials — the study of atomically thin films. The structure and properties of atomically thin monoelemental films, such as 2D iron,
gold, and lithium, as well as silicene, germanene, borophene, etc., are described in detail. Two-dimensional films of metallic compounds
like iron, copper, and zinc oxides and iron, cobalt, and copper carbides are considered. The main approaches to the stabilization of
monoatomic films inside pores or between layers of other 2D materials are presented, and the exfoliation mechanism of ionic-covalent
films with a polar surface into weakly bounded monolayers is described.
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