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COBPEMEHHBIE METO/IbI UCCJIEJOBAHUA IIOBEPXHOCTH
TBEPADbIX TEJI: ®OTO3JEKTPOHHAS CIIEKTPOCKOIIUA U
ANPPAKIUA, CTM-MUKPOCKOIIUA

B Hacrosmem paszgene naH 0030p COBPEMEHHBIX METOJIOB HCCIICOBAaHUS MOBEPXHOCTH TBEPIBIX Tell. B kadecTe
MpUMEpa PACCMOTPEHBI KITFOYEBBIC METO/BI, MPEICTABIIAIONINE TPH YCIOBHBIX HAIPABIICHHS aHAJIH3a TOBEPXHOCTH:
cnekrpockonio (PODC, 30C), mudppakuuto (PO, IMD) u mukpockonmio (CTM, ACM). CoBMecTHO JaHHEIC
METO/Ibl MO3BOJISIIOT HM3y4YaTh XUMHYECKHIl COCTAB W CTPYKTYpy MOBEPXHOCTH, HCCIEIOBATh DICKTPOHHYIO
CTPYKTYPY TBEPHBIX TEN, MOIydYaTh U300pa)KEHHs MOBEPXHOCTH C aTOMAPHBIM Pa3pElICHUEM, MaHUITYJIHUPOBATH
aTOMaMH Ha MMOBEPXHOCTH M U3Y4aTh MTPOLIECCHI, IPOTEKAMOIIME HA TIOBEPXHOCTH.

1. MeTobl aHAJIM3A OBEPXHOCTH

Yto MBI Ha3bIBacM MOBEPXHOCTHIO? [l0-BHIMMOMY, KOPPEKTHO HA3BIBATh MMOBEPXHOCTHIO HECKOIBKO ATOMHBIX
MOHOCIIOEB TBEPAOTO Tejla TONIMHWHOW ~ 1 HM, KOTOpBIE PACIONOKEHBI Ha TpaHHIE pas3fesia TBEpAOrO Tela C
BaKyyMOM, Ta30M, XHIKOCTBIO, IpyTUM TBepAbIM TesoM (puc.l). laxe B cilydae nieaabHON CHCTEMBI, HAIPUMED,
CKOJIa MOHOKPHCTAJUIa B BaKyyMe CTPYKTypa IMOBEPXHOCTHBIX CIIOEB OyAeT OTIMYaThCcA OT TaKOBOH B oOBeMe 3a
cYeT pernakcanuu (B psje cliydyaeB CTPYKTYPHOM MEPECTPOMKH) aTOMOB C LEIbI0 MUHUMHU3ALUN TOJHON SHEPTUU
cucteMmbl. B O6bl‘1HI>IX YCI0BUAX IpHU B38HMOJI[61>10TBI/IH C razamMu, nmapamu BOAbI U T./I. COCTaB MOBCPXHOCTU CUJIBHO
OTJIMYaeTCcs OT COCTaBa OObeMa BEIIECTBAa, COOTBETCTBEHHO OTJIMYAIOTCS M CBOMCTBA MOBEPXHOCTH. B 1enom,
MOXXHO TOBOPHUTH O CYIICCTBOBAHHU ITOBEPXHOCTHBIX (a3 — TOHKHX CJIOCB HA IOBEPXHOCTH MAaTEPHAJIOB,
HAXOMAIINXCS B TEPMOIAMHAMHYCCKOM paBHOBeCHH ¢ 00beMOM. [1o CyTH 3TO CBEpXTOHKHH CIIOW, OOJIamaromuit
CBOCH COOCTBEHHOW KPUCTAILUTMYCCKON U SJICKTPOHHOH CTPYKTYPOH C HOBBIMHU CBOHCTBaMU JBYMEPHOTO MaTepHaa.
Ecmun m3ywarorcss o0beKTHl Oonbmiedd TOmmuHBI - OT 1 mo 10 HM, TO ONEpPHPYIOT TAKHUMH TOHATHAMH Kak
VIBTPAaTOHKHE CIOM W IUICHKH, OT 10 HM 10 1 MKM — TOHKHE IDICHKAaX M TOKPHITHSA, fanee (>1 MKM) MOXHO
TOBOPHUTH O CBOHCTBAX M XapaKTEPUCTHKAX 00beMa MaTepHaa.

3adgeM Hy)XHO H3Yy4aTh MOBEPXHOCTb B “MUKPO- U JlaKe "m“;’;"’ rnbm:umﬁ nmemER
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. 1-} aTomHbx GiToes]
odepenb K 3TOH 00JIaCTH OTHOCST 3JIEKTPOHUKY W JIa3epHYIO — d

MTOJTyTIPOBOTHUKOBYIO ~ ONTHKY, TETCPOTCHHBIA  KaTallu3,
pasnu4Hble  COPOCHTBHI U  BBICOKOIUCIIEPCHBIC CHUCTEMBI,
MOPOIIKOBYIO METAJLTYPrHi0, KOMIIO3UIIMOHHBIC MaTepHalIbl U
T.1. BO3MOXHO, 3/1eCh MOXHO TOBOPHUThH O T€HHOM MH)XEHEPHU
U MEJUIIMHE, XOTS 9TO CBOHM Ba)KHBIC M HEBEPOSTHO ITUPOKHE
obmactu. CyTpb  HAHOTEXHOJOTWH  3aKNIOYaeTCs B
HCIIOIb30BAHUHI cneumpvpmecm/lx CBOWCTB HAaHOMATEPUANIOB U py. | TTOBEPXHOCTH, TOHKAS ILTGHK, TIOKPHITHE, OGHEM
NPUMCHECHHE JTHX CBOWCTB B PasiMYHBIX HHHOBALMOHHBIX  rpeporo Tena
MIPOCKTaXx.

Uro CBA3bIBACT HAHOTEXHOJIOTHHM M  IOBEPXHOCTH,
KOTOPYIO MBI coOupaemcsi u3ydarb? Pa3smep aroma W MeKAaTOMHBIC PACCTOSIHHS B KPUCTAJUIMYECKOM pelieTke —
JICCSITBIC TOJTM HAHOMETpA, MapaMeTp KPUCTAIUTMYCCKON STUehKH (ompeerstonie a3y u, ciae10BaTeIbHO, CBOMCTBA
BEIICCTBA) OT JCCATHIX HAHOMETpa JIO CIUHHII M JaXe JCCITKOB HAHOMETPOB. EciM MpencTaBUTh YaCTHUUKY
BEIIECTBA B BHJE IIapa, COCTOSIIEr0 M3 aTOMOB (MaJCHBbKHX IIAPUKOB) C IUIOTHOW YITAKOBKOMW, TO MPHU pasMepe
gacTurel 50 HM 0N aTOMOB Ha MOBEPXHOCTH K OOIIEMYy YHCIY TAaKOBBIX B YacTHIE COCTaBHT MeHee | %, mpu
muamerpe 10 HM 3Ta BenmymHa Bo3pacTtaet 10 ~ 7 %, npu quamerpe 2 HM — 40 %. To ects B obmactu gactur g0 10
HM pOJIb TOBEPXHOCTH YpE3BBIYAHHO BBICOKA. IJTO MOATBEPXKIACTCS MHOTOYHCICHHBIMH HCCIIEIOBAHHUSIMHU:
HammpuMep, B KaTaiu3e, IJie BCe IPOIECCHl MPOTEKAIOT HCKIOYUTEIbHO Ha MOBEPXHOCTH. 31ECh CTPEMSTCS
MaKCUMaJIbHO JUCIIEPTUPOBATh MaTEepHall KaTalu3aTopa C IEIbI0 YBEIUYUTh Pabd0UyI0 MOBEPXHOCTD MOCICIHETO.
OpHaKo 0Ka3ajoCh, YTO MPH JOCTH)KCHUH pa3Mepa 4acTull (HampuMmep, IUIATHHBI WK cepedpa) 0 ¥ HUXKE 5 HM,
KaTaJIUTUYCCKUN BBIXOJ[ PEaKIMU MajaeT. Takke B 3TOM 00JIACTH MEHSETCS MPOBOJIIIME CBOWCTBA METAJUIOB,
MPOBOJIUMOCTh TanacT. [loHmKaeTcs TakKe TeMIlepaTypa IUIABICHUS, MUKPOTBEPJOCTh, HAMPOTHB, BO3PACTAET,
HM3MEHSIOTCS MAarHUTHBIE CBOMCTBA.
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O‘ICBI/I[[HO, 4YTO TPAAUMIHUOHHBIC AaHAIMTHUYCCKUE METOABI HE MOAXOIAT AJId U3YUCHUS TOBCPXHOCTH. Ecnu B3sa1h
o6paserr mIomapio 1 cM?, To Ha ero moBepXHOCTH OKaxercs mopsaka 10'° atomos. Ipu Hamuunu 1% npuMecu Ha
IIOBEPXHOCTH UYBCTBHTENILHOCTh MpHOOpa nomkHa cocTapiarh 10" aromos. HamomumM, uto B 1 cM’ xmakoro
o6pasua Haxomurcs ~10? momexyn u 10" momekys cocrasister 1ppb 4yBCTBUTENBHOCTH, UTO UPE3BBIYANHO MAJIO.
OT0 O00BSACHSET, MOYEMY TaKOH IOIMYJSAPHBIA W paclpOCTPaHEHHBIH CIEKTpaJbHBIM Meron Kak SIMP (mpenen
o6Hapysxenust 10" MorekyT) He MOXeT GBITH IPUMEHEH JUIS H3YYCHHUs OBEPXHOCTH 33 MCKITIOUEHHEM 0OPA3IOoB ¢
OYEHb PA3BUTON MOBEPXHOCTHIO.

UrobObl  mpencraBuTh  Mmacmrad, B -
KOTOpOM MPUXOIUTCS paboratb
HCCIIeIoBaTeNsIM B 00NacTu surface science ———
v v --__‘__T_
NPUBEJCM CICAYIOUIMA MPOCTOH IpHUMep: —_—.
00HApPYKUTh HAHOPA3MEPHYIO CTPYKTYpy Ha

8848 M

MMOBEPXHOCTH  00Opas3la  pa3sMepoM lem®
COIIOCTaBHMO C IIOMCKOM IIIBEHHOI HIOJIKH,
HO HE B CTOT€ CEHa, a Ha BEpIUHE DBEpecTa

(puc.2).

Ecnn  momycrnts, d9ro TEXHHKa C  Pyc.2 Hamoctpykrypst NbO Ha mosepxuoct Nb(110), mBeiinas uromnxa
YHUKAJIBbHO BBICOKOH 4YyBCTBUTENBHOCTBIO  u ropa DBepecr.

BCKOpe OyzeT co3ZaHa, TO BO3HUKACT IpyTast

cepbe3Has IpobiieMa, CBsI3aHHasl ¢ Pa3elICHHEM CUTHAIOB OT MTOBEPXHOCTH M 00beMa oOpasna. B npuniumne, 3nech
BO3MOXKHBI JBa BapHaHTa, KOTAA: i) CUTHAJ OT MOBEPXHOCTH CIEKTPAJIBbHO CABHHYT OTHOCHUTEIBHO CHUTHANa OT
o0beMa M MOXXKHO HACTPOWTh JETEKTHPYIOIIYI0 CHUCTeMy NpHOOpa Ha ciadyio JIMHUIO TOBEPXHOCTH Ha (hoHE
WHTEHCUBHOM TOJIOCHI OT 00BhEMa; MU if) CUTHAJ OT 00beMa CJiad M0 CPaBHEHUIO C MOBEPXHOCTHOM COCTABJISIONICH
¥ UM MOXXHO IpeHeOpedb. VIMEHHO BTOpOE NMpHUOIMKEHHE UCIIONIB3yeTcs B OOJBIIMHCTBE COBPEMEHHBIX METOIOB
aHaJM3a MOBEPXHOCTH, Hampumep (oroanekrponHoit n Oxe-criekrpockonuu (POSC n D0C), BTOpMYHON Macc-
cnekrpomerpun (BUMC), mudpakium MeaneHHBIX 31eKTpoHOB (JIMD), ckaHHupyrolIel TYHHEIbHON WIH aTOMHO-
cmnoBorr Mukpockormnu (CTM u ACM) u ap. JlaHHBIE METOABI HAa3BIBAIOTCS TOBEPXHOCTHO UYBCTBUTEIHHBIMH H
HIDKE pedb NMOWAET MMEHHO O HHX.

Ho mpexne oOcyanM W3BECTHyIO JWarpaMMmy, IEMOHCTPHPYIOIIYIO aHAIUTHYECKHE BO3MOXKHOCTH
COBPEMEHHBIX METOOB (pHucC.3) ¥ MOCMOTPUM, TJe Ha HEH HAXOAATCS METOMBI JIs aHaJIH3a OBEPXHOCTH. 3A€Ch IO
ocu abcIycc OTIOKEH pasMep aHAIN3UPYEMOTO IISITHA, a 110 OCH OpJIUHAT — IMpPEed YyBCTBUTEIBHOCTH METOAA,
LBETOM 0003HAY€Hbl BO3MOKHOCTH METOJ/IOB aHAIM3UPOBATh XUMHUECKYIO CBSI3b, ONPEACIATh JIEMEHTHBIH COCTaB
U BU3YaIW3UPOBATh OOBEKT HCCIIEAOBaHUS. BHIHO, YTO C TOYKHM 3pEHHS NPOCTPAHCTBEHHOIO pPa3peleHUs
munupyioT MeToasl CTM-MHKpOCKONMHHM M TNPOCBEYMBAIOLICH 3JIEKTPOHHOM MHKPOCKONWH; JaHHbIE METOMbI
MO3BOJISIIOT BU/IETH aTOMBI, OJHAKO HE JAl0T MH(OpMAaLMK O cocTaBe aHAIM3UpyeMoro oobekra. Bropuynas macc-
cnekrpomerpust (BUMC) u razosas xpomotorpadust (GCMS), HarpoTHB, 001a1al0T OYE€Hb BHICOKOH 3JIEMEHTHOMH
YYBCTBHUTEIIBHOCTBIO, HO UX NMPOCTPAHCTBEHHOE pa3pemeHue noka He npessimaer 100 am (ans BUMC).

Puc.3. AHanuTHyeckre BO3MOXHOCTH PAa COBPEMEHHBIX

e metoguk: CTM  —  ckanmpyromas  TyHHenbHas

WGP Muxpockonusi; ACM — aTOMHO-CHIIOBAsT MHUKPOCKOITHS,

100% Tonko 1e27 TEM — mnpocBeuuBarolias 3J€KTPOHHAS MMKPOCKOIIHUS;
10% 1E24 FE-SEM — cxanupyiomas 3JeKTpPOHHasT MHUKPOCKOIUS C

% 1E20 nosieBoit Omuccueit; SEM - ckaHUpYIOIIas AJIEKTPOHHAs

o 0] 1E19 §  MHKPOCKOIIHS, FE-AES —  »JexTpoHHas Oxe-
E 100pen | €18 & CIEKTpOCKONHsL C mosieodl omuccuedi; EDS-snepro-
Z o 10ppm 4e7 & JACTIIEPCHOHHBIM  aHanmu3; Raman — PamaHOBCKast
g teem '1515 g CIIEKTPOCKOTINS; UK-Dypve - nHppakpacHas
& W 1E15 cnekTpockonus; P@A — pentrenodasosblii anamns; RBS —
i 1E14 Pesep-oproBckoe obparHoe paccesHue; PPIC —
et o iE1s pEHTreHOBCKast  ()OTODJIEKTPOHHAS  CHEKTPO-CKOMMS;
::" "I" ' 112 BHMC — BTOpu4Has MOHHas Macc-cieKTpomerpust; TXRF

pp

R TR e e — PpEHTreHoBCKHH (uyopecueHTHbli aHanmu3;, GC/MS —
Pa3MOD HANHIHEYOMOR NATHE ra3oBasi XpoMoTorpadus/macc-CrieKTpOMETPHSI

OTrMmeTuM, 4YTO WMeEeTCS (U3MYCCKHMIA TpeIes, CBS3BIBAIOIIMKA MPOCTPAHCTBCHHOEC pa3pelIeHUuEe U
YYBCTBUTEIHFHOCTh METOJIOB (Ha JUarpaMMe OTMCUEH JIMHUCH U1 OOpaslloOB pa3HON TOJIIMHBI): YeM MCHbIIE
pasMep aHAIM3HPYEMOTO IIATHA, TEM C MCHBIICH TOYHOCTHIO MOKHO ONPEACIUTH COCTaB 00pasia. XOTs CleIyer
NPHU3HATH, YTO MPEAE] YyBCTBUTEILHOCTH OOHAPYKEHHS MPUMECH B 1% MpH pasMepe aHamm3upyemoro mitha 1 A
BRITJLANT BredaTistommM. Ocoboe BHIMaHUE CIIEAYET YACIUTh METOAaM, TIO3BOJIIONINM H3BIIEKAaTh MH(DOPMAITHIO



0 XHMMHYECKOH IpHpoJe BELIECTBA W €ro DIEKTPOHHOH CTPYKType. 34eCh BHE KOHKYPEHIMH CTOMT METOJ
PEeHTreHOBCKOM (hoToanekTpoHHOH criekTpockonuu (POIC).

[IpencraBnennas quarpaMMa He BBIIEINISICT HOBEPXHOCTHO YyBCTBHUTEIILHBIE METO/IBI CPE/IN IPOUYMX, TOKA3bIBas,
YTO JaHHBIE METOJbl OPraHWYECKH BCTPOCHBI B OOIIMI psii aHaJMTHUECKHX IMOaxonoB. Ho ecnu BHMMAaTenbHO
NPOAHAIU3NPOBATH METOJUKH, BBIICICHHBIC HAa AUarpaMMe, MOKHO OTMETHTB OJTMH OOIINI MOMEHT, CBOHCTBCHHBIH
OONBIIMHCTBY U3 HUX. Peub naeT o riry0oKoM BakyyMe, IpH KOTOPOM HNPOBOJISATCS IKCIIEPUMEHTHI. J{efcTBUTENBHO,
(u3nUecKue NPUHIMIBI TPeOYIOT riyGokuil BakyyM (He Xyxe 10° MM.PT.CT.) B MeTOJaX MPOCBEUMBAIOIICH H
CKaHHpYIOLIEil 7eKTPOHHON MHUKPOCKOITHH H CBEPXBBHICOKHiT BakyyM (~107'" MM.pT.CT.) B MeTOaaX, KOTOpPBIE MbI
olpesiersieM Kak MOBEPXHOCTHO YyBCTBHUTENbHBIC. [IpHUMH U1 OpraHU3alyy SKCIICPHMEHTA B YCIOBUAX TIyOOKOTO
BaKyyMma JIBe: [) COXpaHEHHE YMCTOThI MOBEPXHOCTH HCCIeayeMoro obpasua u i) jajauHa cBOOOJHOro mpobera
YacTHUIIBl B Ta30BO¥ cpere. M3 mpuBeneHHON HWKE TaOMUIBI | BHIHO, YTO TPH JABJIICHHM Ta3a, HAIIPUMED, 107
MM.pPT.CT. (HH3KHI BakyyM) JJIMHa CBOOOJHOro mpoOera 4acTUIlpl (HApUMEp, BBUICTEBIICTO C IOBEPXHOCTH
3JIEKTPOHA) COCTaBJIsIeT Bcero 50 MKM M B TEYEHHE OJHOM MMJUIMCEKYHIbl Ha YHUCTOW IOBEPXHOCTH 00paszyercs
MOHOCIIOH ajfcopoara.

Tabnuya 1. I'pamarus cTeneHed BakyymMa

CreneHp JlaBlieHre ITmoTHOCTE Taza Cpenusis nmHA Bpemsa/ML
BaKyyMa (MM.pT.CT.) (MoTeKy1 M™) mpobera 4acTUIIHI B (cex.)
ra3oBoi cpene (M)
Artmocdepa 760 2x10% 7x10-8 10-9
Huskuii Bakyym 1 3x10* 5%10-5 10-6
Cpenuuii BaKyym 10° 3x10" 5x10-2 10-3
Bericokuii Bakyym 10° 3x10' 50 1

CBepXBBICOKHH BaKyyM

[TOHATHO, YTO 3THX YCJIOBUSX HEBO3MOXKHO IMOJIyYUTh MH(GOPMAIIMIO O COCTaBE U CTPYKTYpPE MOBEPXHOCTH.
TonbKO B yCIOBUAX BaKkyyma Jyulle 1070 MM.PT.CT. MOXHO COXPaHHUTh IMOBEPXHOCTH 00pasiia YUCTOH B TCUCHHE
9KCIIEPUMEHTA M HHBEIHMPOBATh IMOTEPH OT YNPYTMX M HEYNPYTHMX CTOJKHOBEHHH YacTHI, SMHUTHPOBAHHBIX W3
obpasia ¢ MoJeKyJaMH ra3oBoil ¢as3bl. Henb3st Taroke 3a0bIBaTh, YTO B HAYYHOM OOOpYJIOBaHMH HCIOJB3YHOTCS
MOTEHIIMAIIBI B IECSITKU K3B M Ipu HU3KOM BakyyMe peanbHO BO3HUKHOBEHHE 3JIEKTPHYECKUX MPOOOEB, YTO KpaiiHe
HEXXEJIATEeTbHO.

B 11e110M, Ba)XHO MOHATH, YTO B HACTOSIIEE BPEMS HET €AWHOTO YHHBEPCAIBHOTO METOJa, KOTOPHIM MO3BOJIIII
ObI pemaTh Bce 337a4M, CBSI3aHHBIE C TIOBEPXHOCTHIO. [IpHUHSTO MosaraTh, 4TO AT MOJTHOTO TIOHUMAHUS POOIIEMBI
MIOBEPXHOCTH CJIEAYET HCIOJIb30BaTh HAOOp B3aMMHO JAONOJHSIONIMX MeTonoB. Hampumep, coueras MeTopbl
IUGpakIuy MEUIEHHBIX 3nekTpoHoB ([IAMD), snextponHOl oxe-criekTpockomuu (D0OC), peHTreHOBCKOI
¢dorosnexTponHoi cnektpockomuu (P®OC), Bropuunoil Macc-crektpomerpun (BUMC) u  ckanupytomei
TyHHENIBbHOW MuKpockonuu (CTM) oka3biBacTCs BO3MOXKHBIM MOJIyYUTh KOMIUICKCHYIO HH(POPMAIIUIO O CTPYKTYpE,
COCTaBC U XUMUYCCKOM COCTOSIHUM IMMOBEPXHOCTH.

MoxHO mogaHTa3upoBaTh W MBICIEHHO IOCTPOUTH NMPHUOOP, KOTOPBIH MO3BOJSUT OBl BCECTOPOHHE H3y4aTh
noBepxHocTh. [10J00HO KyXOHHOMY KOMOalHy OH JIOJDKEH cOueTaTh B ceOe psifi METOANK, B3aMMHO JOTIOJTHSFOLIHX
npyr npyra. Kakyro mH(MOpMamuio O BEHIECTBE Ba)KHO MOIYYHTh B NEpByI0 ouepens? Bo-mepBbix, cremyer
BU3yaIN3UPOBAaTh HM3Y4aeMblii OO0BEKT. Bo-BTOpBIX, y3HaTh €ro KpHCTAJUIMYECKYIO CTPYKTYPY; B TPETBHX, -
OTIPEJICTINTh AJIEMEHTHBIN COCTaB, B YETBEPTHIX, - YCTAHOBUTH XUMHUYECKYIO PUPOAY BellecTBa. Jlanee HHTEpecHO
ObU10 OBl M3YYUTH 3JCKTPOHHYIO CTPYKTYPy OOBEKTa M CBOMCTBA: JJIEKTPHUUYECKHE, MArHUTHBIC, IIPOYHOCTHBIE,
onTuyeckue U T.4. U rimaBHOe, cleqyeT OpraHM30BaTh MPOIECC CHHTE3a HEMOCPEACTBEHHO B IIPUOOpPE B yCIOBUSIX
IiyOOKOTO BaKyyMa, YTOObI MOXHO OBIIO M3MEHSS YCJIOBUS CHHTE3a yCTAHOBUTH SHEPIreTHUECKUE XAPAKTEPUCTUKH
(hopMHPOBaHUS CO3/1aBaEMBIX OOBEKTOB.

ITockoabpKy MBI UMEEM JIEN0 C YIbTpaMaIbIMU KOJHUYECTBAMU BEIIECTBA, BAKHO CO3AATh CBEPXUUCTHIC YCIOBUS
pOBEICHHs JKCIepuMenTa. JIIs 3TOro, Kak yXe OTMedanoch, HeobXoauMm BakyyM Ha ypose 107" mm.pr.cr. n
Hiwke. [Tono0HBIN BakyyM, OTMETST CKENTHKH, CWJIBHO OTPAaHMYHMT MAaHUITYJISIMU C 00pa3loM, 00beM KaMephbl He
JIOCTaTOYHO BEJIMK, 0COOCHHO, KOTJIa pedb 3aii/IeT 0 MPOMBIIIIEHHOM ITpou3BoAcTBe. ONTHMHUCT 3aMETHT, YTO IS
Hay4HBIX HM3BICKAHMH MecTa JOCTATOYHO, a JUIA NPOMBIIUICHHBIX 33/lad y HEro Ha MPUMETE €CTh IOIXOMSIIAs
KaMepa, COBCEM HEJANIEKO OT OTCIOAA, KHWIOMETPOB JIBECTH BBEpX. JleHCTBUTEIBHO, €CIIM TOBOPUTH O MEPCIIEKTHBE,
TO KOCMOC — HAEAITBHOE MECTO JUIS CHHTE3a CBEPXUHCTHIX MaT€pPHANIOB, CO3/IaHMS IUIEHOK M TETEPOCTPYKTYp Ha MX
OCHOBE.

Takum 00pa3oM, HcClIeIOBaTENILCKHI KOMIUIEKC TOJDKEH paboTaTh B YCIOBHSAX IIyOOKoro Bakyyma. Bropoe
ycinoBue, NpHOOp MOHKEH COAEPKAaTh HECKOJIBKO HE3aBUCHMBIX OTCEKOB. OJTO KaMepbl ISl MOATOTOBKH
MOBEPXHOCTH 00pa3IIoB M Pa3IMUHbIX METOIUK CHHTE3a, aHAJIMTHYECKHE KaMephl JIJIsl HCCIIeIOBATENILCKMX METOJIOB
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W LUII030Basi KaMmepa OBICTPOro BBOJA-BbIBOJA 00pasloB 3 atmochepbl. B kadecTBe HpUMEpOB MOJOOHBIX
npuOOpOB MOXKHO Ha3BaTh CO37laBaeMble B HacTosimee BpeMs cucreMbl Hanopaod 100 (NT-MTD, Poccust) 1 Multi-
Module Claster tool (Omicron, 'epmanmust) (puc.4).

Puc.4. Cucrems! Hanoa6 100 (NT-MTD, Poccus) nu Multi-Module Claster tool (Omicron, I'epmanns)

B naHHOM JIEeKIMHM MBI OCTaBUM 3@ PaMKaMU METOIUKH CHHTE3a, BBIJICINB TaKUE U3 HUX KaK 3MUTAKCHAIBHBINA
POCT IJIEHOK MPU TEPMUYECKOM, JIEKTPOHHOM HJIM JIa3€PHOM HCIIAPEHUU, HOHHBIC METO/BI OCAXCHUS MJICHOK MIIH
HOKPBITHH, XHMHYECKHE METOMBI OCaXICHUS M3 ra30BOi (a3bl, HOHHYIO MMIUIAHTaLHUIO U T.A. Hike MBI KpaTko
OCTaHOBHMMCSI Ha OIMCAaHUM HECKOJBKHUX HamOoJiee MOMYJISIPHBIX METOJOB aHali3a TOBEPXHOCTH M IUICHOK Ha
MOBEPXHOCTH, a UMEHHO:

. POOC VP — penrtreHoBckas (POTOIIEKTPOHHAS CIIEKTPOCKOIIHUS C
YTJIOBBIM pa3pelIeHUeM;
O3C — oxe-3NEKTPOHHASL CIIEKTPOCKOTIHS;
BUMC — BropuuHas Macc-CleKTpoOMeTpHs;
JAMD — mudpakuus MeIICHHBIX 3JICKTPOHOB;
CTM — ckaHupyromas TyHHEIbHasi MUKPOCKOIIHSI.

2. PenrrenoBckas ¢oTo3/1eKTpoHHas cniekTpockonus (P®IC)

PenrtreHoBckass (OTOPNEKTPOHHAS CIIEKTPOCKONHMSI BENET CBOE HAyallo OT IIEpBOrO  HaOJIOACHUs
tdoroanektponnoro 3¢ dekra ['epriem (1887 r.), TeopeTrdeckoe OOBICHCHHUE 3TOMY SIBJICHHIO nan A. DWHIITCHH B
1905 romy. Wcropus pa3Butus Merona (POTORIEKTPOHHOH CIEKTpOocKomuu xopomio omucana B M.IL.Cuxom u
J.Bpurrcom [1], a taxoke JI.H.Mazanossm B 0030pe 111 COPOCOBCKOTO KypHauna [2]. Himke s IprBOXY OTPHIBOK U3
3Toro o63opa [2], kacaromuiics ucropuu POIC-meToa.

PentrenoBckass (hOTO3IEKTPOHHAST CIIEKTPOCKONUS (HaKTUUECKH 3apojuiiack B T€ AalEKHE TOIBI MpPHU
HCCNEeIOBaHUAX (POTORIEKTpHIECKOTO0 3(dekTa, B XO0A€ KOTOPHIX PEHITCHOBCKHE JIyYd TPHUMEHSIH Ui
BO30YykaeHUs poToanekTpoHoB. Tak, MHec B 1907 romy omucan ONMbITEL, B KOTOPBIX NCIIOJIB30BATH PEHTTEHOBCKYIO
TpyOKy M TIPOBOJMIIN aHAJIN3 CKOPOCTEH AMUTHPOBAHHBIX (POTORIEKTPOHOB MO OTKIOHEHHUIO MX B MarHUTHOM MOJIE
C mocienylomyM (OTONETeKTUpOBaHUEM (perucrpanus Ha (oTomieHke). B To BpeMs wupeanbHBIMH
BO3MOXKHOCTSIMU JUIsi TIPOBEICHHMS TaKMX HCClenoBaHMN obOnanana jaboparopuss Pesepdopraa B Manuecrepe
(AHrnus), KoTopas 3aHUMalach HCCIENOBaHHEM sIJ[pa, B YaCTHOCTH HCCIEIOBAaHHEM [3-1yueil (2JIEKTPOHOB),
UCITyCKAaeMbIX DPaIMOAKTUBHBIMU BelllecTBaMH. [lepBble JKCHEPHUMEHTHI 0 HM3YYEHHIO PEHTTCHOAJIEKTPOHHBIX
CIEKTPOB OBLTH ocyInecTBIIeHB Mo3mu, PaynuHrronom u PoOMHCOHOM erie 1o Havyana nepBOi MEPOBOI BOWHBL B
1914 roxy Pesepdopa crenan mepBbiid mar K BEIBOAY OCHOBHOTO ypaBHeHUsI POOC, KoTOopoe BIOCICICTBIH OBLIO
npuBeneHo k Buny E., = hv - E.. Ilocne BoiiHel PoOuHcoH mpomomxni 3t padotsl. B 310 Bpems POOC
paccmarpuBanach Kak HHCTPYMEHT HCCIIEAOBAHUS CTPYKTYpPBl aTOMa, JIOMOJHSIONIMH  PEHTT€HOBCKYIO
CIIEKTPOCKOIIHIO, M B CBA3H C yCIIEXaMH ITOCIIeTHEH METO HE MOIYy4HII I0JDKHOTO Pa3BUTHSL.

[Mocne Bropoit mupoBoii BoiiHbl Creiixapn u Cepdac u3 ynuBepcutera Jlexait (AHMIINS) pEUIiIg BO3POAUTD
meTton POOC B kadecTBe aHATUTUYECKOTO METO/A, B YAaCTHOCTU JUISl MCCIECIOBAHHS XMMHYECKUX IPOIECCOB HA
noBepxHoctH. Pabora Creiixapia Ha coMCKaHHE CTENEeHW NOKTopa (uiaocoduu ObUla O3ariaBieHa MPOPOYECKH:
"PentreHoBckasi (HOTOINIEKTPOHHASI CIIEKTPOCKOMHMS JUIsi XUMHUYeckoro axanmuza". HOBBIH 3Tanm pa3BUTHS
PEHTI€HORJIEKTPOHHOM CIIEKTPOCKOIIMK ObUI CBsi3aH € pabdoTaMu, NpOBOIUMBIMU ¢ 1954 roma B YmmcanbCckoM



¢usnueckom uHctutyTe (LlIBenmsi) Kaem 3urGanom, ChIHOM BbIIaromierocsi IBejackoro ydenoro Kapna Manze
3urbana; mociueHUH IHUPOKO NU3BECTEH CBOMMH PabOTaMu B 00JIACTH PEHTI€HOBCKOW CIIEKTPOCKOIINH.

B 1954 rony B Ymmcane ObUI MOJIydeH TEPBBIH PEHTTCHOBCKHH (DOTORJIEKTPOHHBIH CIIEKTP OYMIIEHHOTO
KpHCTaJUla XJIOpHJa HaTpus. B ymrcaibckoMm cnekTpe BIepBble HaOrojanach IMOJHOCTBIO pa3pellieHHas JIMHMSA,
COOTBETCTBYIOIIAs (POTODJIEKTPOHAM, HE IOTEPSBIIMM DJHEprui0. PaHee CyIIeCTBOBaJO MHEHHE, 4YTO
COOTBETCTBYIOIIYIO JINHHUIO HaOMIomaTh OyaeT TPyAHO, TaKk Kak 3JIEKTPOHBI, BBIXOJSIIME W3 KpUCTAIA, OYAyT
TEpATh YacCTh CBOEH SHEPTHH W3-3a CTOJKHOBEHHH C aToMaMy KpuCTamia. B nmampHEHIneM rpynma ydeHbIX IOJ
pykoBozactBoM K. 3ur6ana Habmronana W CABHT BHYTPEHHHMX YPOBHEH aTOMOB MOJ BIMSHHEM XHMHUYECKOH CBS3M
(xumuueckuit capur). 3urban Been st HazBanHoro merona tepmuH ESCA (Electron Spectroscopy for Chemical
Analysis). Pycckas abOpeBuarypa nHazaHus Mertoga DCXA (9JIEKTPOHHAsE CHEKTPOCKOIUS Ui XHMHYECKOTO
aHanmM3a) B HACTOAIIEEe BpeMsi OJHOBpeMeHHO ¢ aHriuiickoi ESCA mmpoko HCHOIB3yeTcss B OTCUYECTBEHHOM
Hay4YHOU JIuTepaType.

Urak, cBoum pazsutuem Metoa PODIC (nnmu ECXA) Bo MHOorom o6s3an paboram Kas 3urbana. B 1981 r. K.
3urban ObLT ymocToeH 3a 3Ty pabory HobOeneBckoil mpemuu. B Hacrosimee Bpemsi mMeeTcsi psia MOHOTpaduid,
CIPaBOYHUKOB W CcOOpHHMKOB TpymoB [1-5], rme mnoapoOHO paccMaTpuBalOTCS OCHOBBI PEHTTEHOBCKOM
(hOTO3IIEKTPOHHOH CHEKTPOCKONHH, IPUMEPHI IPAKTUYECKUX MPHIOKEHUH JaHHOTO METOJIa M AKCIICpUMEHTaIbHAS
texHrka POOC. OcranoBuMCs Ha OCHOBHBIX acriekTtax POOC, BaxKHBIX IS €r0 MPAKTHYECKOTO NCIIOJIb30BAHMSL.

Ilpunyun _padomst. POOC ocHOBaH Ha M3MEPEHHH OHHEPTUH (POTOIIEKTPOHOB, BBIOHUTHIX C Pa3THIHBIX
SHEPreTHYEeCKUX YPOBHEH aTOMOB IpH OOJIyYCHUH BELIECTBA PEHTICHOBCKUM M3Iy4YeHHEM WiH, B ciydae YDPOC -
MeTOo/la, M3Iy4eHHEeM YIbTpadHosieToBoro auanasona. Cxema Merona mpencrasieHa Ha puc.5. Ilox melictBuem
KBaHTa CBETa U3 BEILECTBA BHIOMBAIOTCS SJICKTPOHBL, SHEPIHsl KBaHTA IV B COOTBETCTBUH C 3aKOHOM COXPAaHEHUS
SHEPruM TPATUTCS Ha DHEPrHI0 MOHM3alMK E., ¥ cooOlIeHHe 3TOMY 3JIEKTPOHY KHHeThueckod sHepruu (E,,, =
mu*/2). TIpouecc GoTOIIEKTPOHHOI IMUCCHH, KaK Y’Ke OTMEUAIOCh, OMHCHIBACTCS YPABHEHHEM

hv= Ece. + EKMH.+¢9 (2~1)

rae hv - 3Heprus Majaroulero KBaHTa; K. - SHEPrHs CBSI3U BAJICHTHOIO JJICKTPOHA MM 3JIEKTPOHA OCTOBHOTO
ypoBHS; E,,, - KHHETHYeCKas SHEprHs BBUIETEBLIEr0 >JIeKTpoHa Inocie Qoroaddekra; ¢ - pabora BEIXOAA
MarepHana crekrpoMeTpa. I1ocKonbKy BeIMYMHBI AV U ¢ U3BECTHHL, a E,, omnpenensercs 3KCIEPUMEHTAIBHO,
ypaBHeHHe (2.1) M03BOJIAET JIETKO paccuuTath E, .
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Puc.5 Cxema ®DC-skcnepumenta. B kadecTBe HCTOYHHKA (HOTOHOB

Pﬁc ucnonp3yerca Y®-namna, pEHTTCHOBCKUI HCTOYHHUK MM CUHXPOTPOHHOE

W3Iy4YeHHe. OJEKTPOHBl JETeKTUPYIOTCA (B OONBIIMHCTBE  CIy4aeB)

8 JJIEKTPOCTAaTUUECKAM aHaiIu3aTopoM. Ha mpaBoM pHCYHKe NpelcTaBleHA

—.‘300 JIUarpaMMa JHEepreTHUecKHX 30H B TBEpAOM Telne, 3a cueT (ororddexra

JIEKTPOH C BHYTPEHHETO YPOBHS HHKEKTHUPYeT B BakyyM. Ha HikHeM
PHCYHKE CXEMaTHM4YHO IOKa3aHbl IPHHIMIBI  CHEKTPAIbHBIX METOJOB
penTrenoBckoi (oroanexrporHoi cnekrpockonun (POIC), crekrpockonun
noryionieHus: peHTreHoBckux nydei (CIIP), peHTreHOBCKOH SMHCCHOHHOMN
cnekrpockonuu (POC) u anexrpornoit Oxe-criekrpockornuu (30C)




Ha CIeIyIoIIeM PHUCYHKE
WILTIOCTPUPYETCSI CBSI3b MEXIY
JMarpaMMOW 3HEPreTHYECKUX COCTOSHHI
JJIEKTPOHOB B TBEPIOM  Telle |
9HEPreTHYECKUM pacripeaeneHueM
AIEKTPOHOB (pOTOIMHCCHTL.

B nmpencrasnenHoM Ha puc.6 ciaydae
il Mmerayiula  yposeHb  Depmu  (Ef)
HaxOJUTCSl B BEPXHEH TOUKE 3aIllOJHEHHOU
BAJICHTHOW 30HBI W OTHEJIEH OT YPOBHS
Bakyyma (E,,) TOTCHIHAIOM pPabOTHI
Bbixoza ¢. Eciiu nornonienue ¢porona
MPOMCXOIUT HAa BHYTPEHHEM YPOBHE,
9HEpPrusi CBS3M  KOTOPOTO  COCTaBJISIE€T
BEJINYUHY E., TO BBLJICTEBILIUH
(hOTO3IIEKTPOH PErUCTPUPYETCs B BaKyyMe C
KUHETHYCCKOU 3ueprueit £, = hv - E,, -¢.
Takum 00pa3oM, CIEKTP SMHUTTHPOBAHHBIX
(hOTONIEKTPOHOB B MIKajle KHHETHYECKHUX
SHEPTUH KOTIHpYET SHEPreTUIEcKOe
pacripefiefieHHe  JIEKTPOHOB B TBEPIOM
Tene. Ilockompky KakIObli XHMHUYECKUI
3JIEMEHT HWMeeT CBOH Habop 3HaueHWd FE,,
JUIsl BHYTPCHHUX JJICKTPOHHBIX YPOBHEH, TO
CIIEKTp (OTORIEKTPOHOB ~ OTpa)kaeT
JJNIEMEHTHBI cocTaB BemecTBa (Kpome
BOJIOPO/Ia H TeNIHs).

OKCHEepUMEHTAIBHO — HalJtoaeMble
P®3-cnextpst NPEACTABISAIOT coboit
CBEPTKY SHEPreTHYECKOro pachpeieieHus
¢oroHa, JJIEKTPOHHON CTPYKTYpPBI
HAyaJlbHOTO M  KOHEYHOTO  COCTOSIHHH
U3y4aeMoro oOpasra, YIIHAPSFOIUX
3¢ (dexkToB BpeMEHH JKH3HH HWOHA TIOCIE
(horononmzanuy, CTPYKTYpPBI
SHEPTreTUYECKUX MOTEPh 3JIEKTPOHOB IPH
BBIXOZIE M3 TBEPJOrO TeJla U almapaTypHOU
(YHKIMH CIIEKTPOMETpa.

Ha puc.7 1noka3aH  TUIMYHBII
o030pHblii  PDD-ciektp  mOBepXHOCTH
MoHookcuaa Hnobust NbO. B nononHenue x

BaJICHTHBIM AJIEKTPOHAM, KOTOpBIE
ONPENCTSIIOT ~ XUMHYECKYI0  CBSI3b B
KpHCTaJlIe, B 0030pHOM CHEKTpe
MIPUCYTCTBYIOT JMHUT BHYTPEHHHX

00oyoueKk HHUOOWS W KHCIOPOAa, a TaKKe
MOJIOCHI, OOYCJIOBJICHHBIE OXKe-NepexoaMu
JJEKTPOHOB, WHHUIUHPOBAHHBIX
(hoTosmMHECcCHEl IITEKTPOHOB.

[Tpu ucnonp30BaHUU J1Ta0OPATOPHOTO
pEHTreHoBCKoro, Hanpumep, Mg K, -
HCTOYHHUKA (1253.6 3B) yaaeTcs
AHAJM3UPOBATh BHYTPEHHHE YPOBHU BILIOTH
10 Nb3s-obonmouku. B mpunnume Takoit
SHEPruu ¢dotona XBaTaer, YTOOBI
HMOHHU3MPOBATh DJICKTPOHHBIC YPOBHH BCEX
JJIEMEHTOB  TNEPUOJMYECKOH  CHCTEMBI,
npuyeMm B OOJIBIINHCTBE CITy4acB
XUMHYECKHH 3JIEMEHT DPEruCTPHpYETCs II0
HECKOJIbKUM  3JICKTPOHHBIM  COCTOSTHHSIM
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Puc.6 Konctpykmus snextponHoro cmekrpomerpa ESCALAB MK 11
CBsi3p MEXIYy AMarpaMMO JHEPreTHYECKUX COCTOSIHHH DJIEKTPOHOB B
TBEpAOM TeJ€ W DHEPreTHYECKHUM pacHpeseNICHHEM  JJIEKTPOHOB
dorosmuccuun
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Puc.8 Dmueprum cBS3M 3aHATBHIX YJIEKTPOHHBIX OCTOBHBIX ypPOBHEH IS
psiza HIEMEHTOB IIEPUOANIECKO CHCTEMBI [ 5]



(puc.8). OT0 oueHb YJAOOHO B MPAKTUYCCKUX H3MEPEHHUSX, MOCKOJIBKY MOXHO HIACHTU(PHIIMPOBATH DJIEMEHT IO
COBOKYITHOCTH JIMHUH, a B Clly4ae KOJIMUECTBEHHOr0 aHajli3a BEIOMpaTh Hanbosee OJIM3KO pacroioKEeHHbIE YPOBHU
Pa3HOCOPTHBIX aTOMOB, YTO IMOBBIINIAET TOYHOCTH OIEHKH cocTaBa. O0o3HaueHUsT POIC-CEKTPOB AIIEKTPOHHBIX
YpOBHE#H PUBEACHKI B Ta61.2 HApsSIy ¢ SKBUBAICHTHBIMHA UM PEHTTCHOBCKUMH 0003HAYCHUSIMH.

Tabnuya 2 Cuekrpockonmnyeckue obo3HaueHus B POOC

KBaHTOBBIC UnCIIa PeHTrenoBckuii MHIEKC PenTrenoBckumi CrieKTpoCKOTM4IecKuit
YPOBCHb YPOBEHb

N L J

1 0 12 1 K sy

2 0 1/2 1 L, 281

2 1 1/2 2 L, 2pin

2 1 32 3 L; 2p3n

3 0 1/2 1 M, 381

3 1 1/2 2 M, 3pin

3 1 32 3 M; 3pan

3 2 3/2 4 My 3dsp

3 2 5/2 5 M;s 3ds,

uT.O.

Hauwnnas ¢ p-obomouex, POD-criekTpbl OCTOBHBIX YPOBHEH NMPEACTABISIOT cO00i AyOeThl, 00yCIIOBICHHBIE
CIIMH-OPOUTALHOM jj-CBs3bt0 (cM. puc.9). Ilpu />0 BO3MOXHBI JBa COCTOSHUS, Pa3IMYAIOIIACCS KBaHTOBBIM
yuciaoM j=lts. PasHocTe SHepruii AE; 3TUX JByX COCTOSHHMH COOTBETCTBYET ‘“NapajjieibHOMY” U
“aHTHINAPAICIILHOMY” PaCIIOIOKEHUIO BEKTOPOB CITMHA U OPOUTAILHOTO YITIOBOIO MOMEHTA 3JICKTPOHA.

BennunHa 3HEpPreTHYECKOro pacHICIUIEHHsT MOXKET w0egese
JIOCTHTaTh HECKOJIbKO 3JIEKTPOHBOJIELT; oHa Nb3d,,
YBEIUYUBACTCA C YMEHbLIEHUEM [ IIPU IIOCTOSHHOM 7 (Ha ' 204.97 3B
puc.7. ama HuoOus pacmerierne 3p>3d), a Takxke |
3aBHCUT OT XHMHYECKOTO  COCTOSSHHS  3JICMEHTAa. 103198 | :\lb3d3,2

CooTHOIICHHE OHKOB B JyOJere  OmpeensieTcs
OTHOIIEHHEM HX CTENEeHH BBIpOXIeHHA (2j+1): mmsa p-
o0oJiouek OTHOIIeHUe Iwiomaneit nonoc I(psp)/I(p1,)=2,
s d-yposHed  (dsp)/I(d3)=3/2 wm pas frypoBHei

Kfo)/1(f5)=4/3. BennuuuHa paclIENIEHUs OCTOBHBIX == r . ]
204 208

Poocssod

1
212

i i 200
YPOBHEN U COOTHOILIEHUE MHTEHCUBHOCTEH ITMKOB YacTO OHeprus: cesay, 9B
OKa3bIBAOTCS MOJIE3HBI IPU UHTEPIPETALUNA HIIEMEHTOB B
MHOTOKOMIIOHEHTHBIX COCIUHCHUSIX. Puc. 9. ®orosnexrponHsid crektp Nb3d-3mexkTpoHHOTO

YPOBHS HHOOUS

OnHolt M3 BaKHBIX XapaKTEPUCTUK (POTOIICKTPOHHBIX CIEKTPOB sBisercss mupuHa POOC- nuHMH Ha
nosoBuHe BbicoThl (LLITIB), koTopast BkitouaeT B ceds COOCTBEHHYIO IIMPHHY BHYTPEHHETO ypoBHS (AE,), mUpuHY
JIMHUH PEHTTEHOBCKOTO NCTOYHMKA (OTOHOB (AE,) 1 pa3pelieHne aHann3aTopa 3J1eKTpoHoB (4E,):

(AEY'~(AE)+(AE)+(4E,)’ (22

B nabopaTopHbIX HCTOYHHMKAX IIMPHUHA PEHTTCHOBCKHUX JIMHUHN cocTaBisier ~0,68 3B s Mg K, u ~0,83 »B
it Al K, ucrionbs3oBaHre MOHOXpOMATOpa MO3BOJISIET YMEHBIINTH 3Ty BeanduHy 10 ~0,2 3B, X0Ts mpu 3TOoM
3HAYUTEIHHO CHIDKACTCSl MHTEHCHBHOCTh CHUTHasA. Paspemniaromniasi CIlocOOHOCTh aHaiM3aTtopa JIEeKTpoHOB (AE,)
3aBHCUT OT THUMA Tmpubopa, B ciydae nomycdepudeckoro ananmmzaropa (IICA) ¢ mpenBapuTenbHBIM 3aMeIICHHEM
JIEKTPOHOB armaparypHas (YHKIHS ONpeleseTcss SHEepruedl NpOIyCKaHWs aHAIM3aTopa W Ha COBPEMEHHBIX
mpudopax mgocturaetr AE,< 3 mdB. Ecim Beraects u3 LIIIB Briag AE, oT peHTreHoBckoi ymHHU Mg K, TO
OCTaBIIAsICS YaCTh MPUXOANTCA HAa COOCTBEHHYIO MIMPHHY OCTOBHOTO ypoBHS Ag 3ds;, M pa3peleHne aHann3aTopa.
[lupyHa JMHUM OCTOBHOTO YPOBHS OTPa)kaeT HEONPENCICHHOCTh BPEMEHHM JKHM3HHM COCTOSHHMSA HOHA,
obpazyromerocst mocie pororamuccun. CaMble y3KHe OCTOBHBIE YPOBHH cepebpa, HampuMmep Ag 3d MMET BpeMs
KU3ZHA MEXKITY 10" 1 10" ¢, B To Bpemst Kak caMmble MHPOKHE (HAIPHMED Ag 3s) — 6muskoe k 1077 ¢ u nawe
HECKOJIBKO MeHbIIe. B pe3ynprare 3HaueHus £, U3MEHSIOTCA B IIUPOKHUX Mpeenax OT AECATKOB JI0 JECATHIX J0JeH
3JIEKTPOHBOJIBTA.

Brime ormewanock, uro POIC-cnektp ompenensercss Kak HadajdbHBIM, TaK U KOHEYHBIM COCTOSIHHEM
MHOTO3JICKTPOHHOM CHCTEMBI. biarojgapsi KyJOHOBCKOMY W OOMEHHOMY B3aUMOJCHCTBHSIM SMHCCHS OJHOTO



JJIEKTPOHA TPHUBOAUT K BO30YXKIEHHIO SIJIEKTPOHOB BCEH CHCTEMBbL. JHeprusi BO30OYXKIEHUS OTHHMAETCs OT
KHHETHUYECKOW DSHEPruM BBIXOJAIIETO 3JIEKTPOHA, IMO3TOMY KpoMe OCHOBHOro curHaga B POPIC-cmektpe
MIPUCYTCTBYET PSA JOHOJHHUTENBHBIX (CATEJUIMTHBIX) JIMHUKH CO CTOPOHBI MEHBIIMX KHHETHYECKUX OSHEPTHi,
MIPEACTABIISIONINX BO30YXK/ICHHBIE COCTOSIHUSI CUCTEMBI. BBIIEIAIOT 1Ba MICTOYHHKA CATEIUINTHOH CTPYKTYpHl B DO-
CHCKTpaX: “BHYTPCHHHE” TOTEPH, BO3HUKAIOIIUE B MpOIecce caMoil (POTOAIMECCHU, U “BHEUIHHE , CO3/IaBACMBIC
aneKkTpoHaMH (poTosmMuccuu Onaromaps B3aMMOACHCTBHIO C IPYIMMH DJIEKTPOHAMH NPH MPOXOXKICHUH K
MOBEPXHOCTH. B TmociemHeM ciydae 3JEKTPOHBI IIOJBEPralTCs HEYNPYIOMYy pAacCEesHHIO C TOSBICHHEM
JIEKTPOHHO-JIBIPOYHBIX MAp M IIa3MOHOB. Bropuunas crpykrypa POOC-crieKTpoB 3HAUNTEIBHO YCIOXKHSACT BH[
CHEKTPOB, TPHBOAS, HANPHUMEP, B CIydae METAIIOB K ACHMMETPHHM OCTOBHBIX YPOBHEH, MYJIbTHIUIETHOMY
PACIIEIUICHHIO ITUKOB B CUCTEMAaX C HECTIAPEHHBIMHU 3JICKTPOHAMU Ha BAJIEHTHBIX YPOBHAX, CATEIIIUTaM “‘BCTPSICKH
U “CTpsAXUBaHMA’, TUIA3MOHHBIM CaTeIMTaM U T.A. JIOMOJHWUTENBHO B CHEKTPAaX NMPUCYTCTBYIOT PEHTITCHOBCKHE
CaTeJUIUTHl U “OyXW’, CBA3aHHBIE C HEMOHOXPOMATHYHOCTBHIO cTaHmapTHeIXx Mg K.- n Al K- anTtnkaromo m
MPUMECHBIMH 3JICMCHTAMH B PEHTTCHOBCKHX UCTOUHHKaX. [lompoOHo careumuTHas ctpykrypa PODC obcyxmaeTcs
B paborax [1,3,6,7].

Bkparue ynomsiHeM 00 oxke-Tiepexojiax, HHAYIMPOBAHHBIX PEHTIEHOBCKHM BO30YykaeHHeM. B oTiimuue ot
(DOTOAIIEKTPOHOB KHHETHYECKAasi HSHEPrHsl OXE-DJICKTPOHOB HE 3aBHUCHUT OT THUNA BO30YXKIAIOLIETO HW3ITydYeHHS,
MIOATOMY COOTBETCTBYIOILIUE 0XKE-ITUKH JIETKO BBIIEISIOTCS IpH niepexone oT MgK,- k Al K,-HCTOUHKKY; TIpH 9TOM
P®OC-ypoBHu cmemarorest Ha ~233 5B B cTOpoHY OOJIBIINX KHHETHYECKUX SHEPTHH, TOTAa KaKk SHEPreTHUECKoe
MOJIOKEHHE OXKe-cepur He MeHseTcd. Ojke-NMHMKM 9acTO HCHONb3YIOTCS NpU HHTeprperanuu PDD-crnexTpos.
Hanpumep, anamusupyeTcs Tak Ha3bIBaeMBId O)ke-miapamerp (0l) OmpenessieMblii Kak CyMMa OSHEPTHUH CBSI3U
(DOTORNIEKTPOHHON JIMHUM HM3Y4aeMOTo OJJIEMEHTa M KWHETHYECKOH SHEPriMHM COOTBETCTBYIOILCH OXe-JIMHHU.
[TapameTp o HE 3aBUCHT OT 3apsiIKM 00pa3lia ¥ 4yBCTBUTENEH K XHMHUUECKOMY COCTOSIHUIO JIEMEHTA.

Xumuueckuii cosuz. brnaronapst paboram K.3ur6ana [§] ycTaHOBIIEHO, YTO MPH MEPEX0Je OT OAHOTO XUMHUIECKOTO
COEIMHEHUSI K JPYroMy IPOHMCXOIUT XUMUYECKHH CIOBUI BHYTPCHHHX JICKTPOHHBIX ypoBHEH AE,.,. Bennmunna
C/BUTAa MOXXET JOCTUTaTh HECKOIBKO 3JIEKTPOHBOJIBT, M, MOCKONBKY TOYHOCTE PPOC-meToma B ompeneneHUH
MOJIO’KEHHUsI OCTOBHBIX YPOBHEH B CTaHAApTHHIX crHekTpomerpax coctasiser 0,05 3B, To mnst OGonbpmimHCTBa
XUMHUeCKHX coenuHenuit PDIC  sBnsercss S(GQGEKTUBHBIM METOJOM H3Y4YSHHS THUNA XHUMHYECKOW CBS3H.
XUMHUUECKUH CABUT IEKTPOHHBIX COCTOSHUH KOHKPETHOTO aToMa B Pa3sHBIX COEAMHEHHSX MOXKET OINpeNeNAThCs
paznuuueM (opMaIbHOTO COCTOSIHUSI OKHCIICHHMS, OJNIDKaWniero OKpyxeHuss W T.0. Dusuueckas npuyrHa
XUMHMYECKOTO CJIBUT'a WILUIFOCTPUPYETCS OTHOCHTENBHO IPOCTOH MOJIENBIO, KOTOpas JOCTaTOYHO YCIEHIHO
HCHOJb3YETCs Al MHTEPIPETALUH JAaHHBIX 10 XUMHUECKUM CJIBUTaM, @ IMEHHO MOJIENBIO 3apsAA0BOro MoTeHuana
[1,3]:

E, =kQ+V+L—Epm (2.3)

rne E. — saeprus ces3u (JC) BHyTpeHHero ypoBHs;, () - 3apsa Ha aroMe (MOHE) OTHOCHUTEIHHO HEUTPaIbHOTO
aTtoMa; V' - moreHmman ManenyHra, ONpeAesAIOmni BIMSIHUE ONIDKailiero OKpykeHus B Kpuctauie Ha JC
JIEKTPOHA, KPOME BIICKTPOHOB U A7[pa COOCTBEHHOTO aTOMa; L — 3HEprus CBA3U CBOOOAHOTO HEWTPAIBHOTO aTOMa;
E,e; - dHeprus penakcauuu (BHYTPEHHSSl M BHELIHSsA), BHI3BAHHAs NOJAPU3ALMOHHBIM BJIMSAHHEM OCTOBHBIX H
BAJICHTHBIX JBIPOK HAa OKPY’KAOIIHE 3JICKTPOHBI.

B pesynbraTte pasHMIa B SHEPTUAX CBA3M (XMMHMUYECKHI CABHUI') OCTOBHBIX YPOBHEI aTOMOB OJHOTO COpTa B
JBYX Pa3IHYHBIX COCTUHEHUSX A U B OIleHHBaeTCs Kak

AECH(A,B)Zk(QA _QB)+(VA _VB)_(EApEJI _EBpe/v) (24)

B OosbiMHCTBE ciy4aeB M3MeHeHHE 3HaKa AE. NpU IEepexojae OT OJHOTO0 XHMHYECKOTO COCIMHEHHS K
JIpyroMy ompeieniseTcs u3MeHeHreM 3Haka 3apsijia AQ, pexe - uamenenuem AV. IlocneaHuM 4aeHOM B ypaBHEHUH
(2.4), cBsI3aHHBIM C pellakcalield, 4acTo MPEHeOPEralT, pacCMaTpUBas TOJBKO HAYaJIbHBIC COCTOSHHS SHEPTHMA
CUCTEeM. DTO MHOT/A MPUBOJUT K OIMIHOKAM JIaXKe PU KAYeCTBCHHOM MHTEPIPETAIINN PE3yIETATOB.

YroOsl JTydmie MOHSATH MPUPOAY XHUMHYEcKoro casura B POOC-crekTpax pacCMOTPHM MPOCTYIO CXEMY.
[IpencraBuM MoJeKyiy U3 IBYX aTOMOB: METajlula M HEMETaula, 00pa3yIomnX XUMHUIecKyto cBs3b (puc.10). Ces3p
(opMupyeTcst 3a CHEeT MEPEeHOCa BHEIIHMX JICKTPOHOB C aTOMa METaljia Ha IyCThIE HE3alOJHEHHBIE COCTOSHUS
Hemeta/uia. Kak pearupyror Ha 3T0 cOOBITHE OCTaBIIHECS AJICKTPOHBI, PACTIONOKEHHBIE HA BHYTPEHHUX 000JI0YKax
IByx aroMoB? B ciydae meraiia moreps BHELIHHMX 3JIEKTPOHOB IPUBOAUT K Oojiee CHIBHOMY 3HEPreTHUECKOMY
CBSA3BIBAHMIO OCTABIIMXCS AJIEKTPOHOB C MOJOXUTENbHBIM siipoM. Kak cnencreue, B POOC-criekTpax BHYTPEHHHUX
AJIEKTPOHHBIX COCTOSTHUN HaOJIIOAAETCs XUMHUECKUI cBUT AE,, B CTOPOHY OOJIBLIMX SHEPTUil CBs3U. XUMHUYECKUI
caBur TeM OoJjbplie, YeM BBINIE CTENEHb OKHCIEHHS MeTajula. B ciydae HeMmeraiuia, HamnpOTHB, IOSBICHHE
JIOTIOJTHUTEJBHBIX 3JIEKTPOHOB Ha BHEITHMX 000JIOUKAX CHOCOOCTBYET OCJIA0JIEHHUIO CBSI3M BHYTPEHHHX 3JIEKTPOHOB



C SAPOM M HaONOJaeTcs CIEeKTpaJbHOE CMELIeHHE
COOTBETCTBYIOIIIMX  3JIEKTPOHHBIX  COCTOSHUM B
HaNpaBICHUU MEHBUIMX SHEPrUi CBSI3U, BEIMYUHA
AE., Takxke OINpeAessieTcsi YHUCIOM 3JEKTPOHOB,
MepemeIInX C MeTalIa Ha HeMEeTall.

Ha puc.10 noctpoena runoreTuyeckasl mkaia
SHEpruil cBsA3M. B KkadecTBe TOYKHM OTCUeTa B3AT
ypoBerb @epmu (E., =0 3B) Ha ycrmoBHOI rpaHHIe
MEXKAYy aToOMaMH, B IPOTHBOIOJOKHBIE CTOPOHBI
OTJIO)KEHBI OCH OTpPULATENbHBIX 3HAYEHUH 3HEpPrui
CBA3U BHYTPCHHUX OJICKTPOHHBIX COCTOSIHUH ABYX
aroMoB. B Takoi cxeme xummueckuii casur AE,,
JJIEKTPOHHBIX ~ YPOBHEH OyAeT HampasieH B
IPOTUBONOJOXKHYI CTOPOHY OT BEKTOpa MepeHoca
OTpHLATENBHOTO 3apsina Q.

B kadecTBe mpHMepa KOpPpPEISLHMH MEXKIY
xumMudeckuM ~ casurom  AE,, PDOC-momoc wu
3¢ (}eKTUBHBIM  3apsAIOM Ha  COOTBETCTBYIOIIHX
atomax mnpuBeaeM cuctemy Nb-O. Ha pmuc.11

Metann Hemerans

-E ca E, £ -Ece

Puc.10. Cxema, cBs3bIBaroLIas EPEHOC 3apsAaa ¢ aToMa MeTajuia
Ha aToM HeMeTaila U xumuueckuil capur B PODC-cnexrpax
BHYTPEHHHX 3JIEKTPOHOB

npeactaBiacHbl Nb3d-criekTpbl MeTauiinueckoro Huoous u okcunoB NbO, NbO, u Nb,Os. Ha noBepxHOCTH HU3IIHX
OKCHJIOB NPHCYTCTBYET €CTECTBEHHBINH cilol meHTaokcuaa Nb,Os tommuHoit ~ 1 HM, coorBercTBytomue Nb3d-
MOJIOCHI yIOOHO HUCIOJIb30BaTh B KadecTBE pernepa mpu cooTHeceHHH Nb3d- u Ols-mosioc Tpex okcumaoB U Nb-

MeTaiia.

Amnanuz OJICKTPOHHBLIX CIICKTPOB 6I/IHapHI>IX OKCHJOB U MCTaJlJIa NO3BOJIACT YCTAHOBUTHL WHAUBUAYAJIBbHBIC

mapaMeTpel POOC-nuHUI JaHHBIX COCAMHCHWIA:

OHCPIreTUYCCKOC IIOJOKCHUC, MHIMPHHY Ha MOJYBBICOTEC

MaKCHMYMOB, COOTHOIIIEHHE pactipeneneHuii Jloyperc/["aycce s onmcanus “XBOCTOB” JTHMHHH,

mapaMeTpbl aCHMMETPUH CIEKTpOB. B maHHOM
KOHKPETHOM CIIydae TOJYy4eHBl 3HAYCHHS SHEPIHU
cBs13u Nb3ds,-rmonoc: 202.2 5B mig MeTaIn4ecKoro
arobus, 204.4 s NbO, 206.4 3B st NbO, u 207.9
3B  mns NbyOs. Mexny cocTtaBoM (CTEIEHBIO
OKHCIICHUS HUOOMS) U SHEPreTUYECKUM MOJIOKECHUEM
Nb3d-ypoBHs MeTaia CyHICCTBYEeT KBa3WJIMHCHHAsS
3aBHCHMOCTb, TO3BOJIAIONIAsI OLIEHUBATh XUMUYECKOE
COCTOSIHHE HHMOOMSI B COCIUHEHHSAX IIOCIECTHErO C
KHCIOPOAOM.

[Mpupoga XUMHUYECKOTO CIBHTAa W METOIUKU
ero pacderoB oOcyxkmarorcs B pabortax [3,6], rme
MPUBOIATCS  TakXKe  CIPaBOYHBIE JaHHBIE  II0
SHEPreTUYECKOMY TIOJIOKEHUIO OCTOBHBIX YypPOBHEH
3JIEMEHTOB B XHMHYECKHX COCIUHCHHUSAX. Bbompmryio
moMoms B mHTeprperaimn  PODC-criekTpoB
OKa3bIBAIOT IEYaTHbIE U DIICKTPOHHBIE BApHAHTHI 0a3
JaHHbIX OC BHYTpEHHHMX YpOBHEW 3JIEMEHTOB IS
pa3nuuHbIX coenuHeHuil [4]. Hakonen, s ouieHKH
XMUMHYECKHX  CABHIOB  YyA00HO  HCIOJB30BAaTh
KBaHTOBO-XUMUYeCKHe pacyeTsl. [1o100HbIE pacyeTsl,
HampuMep, C UCIONB30BaHUEM IaKeTa IPOTrpaMM
Gaussian-03 B paMKax MOJENTH MallbIX KJIacTEepPoOB
JAIOT BIIOJIHE TOYHBIC 3HAYCHHS OJHEPTUH CBS3U
BHYTPEHHUX JIEKTPOHHBIX COCTOSHUN M XMUMUYECKHE
CABUTH IIpH Tepexoje OT OJHOTO COCOUHEHHUS K

JpyTOMYy.

Crenete omicnerys Nb
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JHEPruA cBAan, sB

Puc.11. P®OC Nb3d nuobus u Ols kucnopoaa cucrembl Nb-O:
METaNIMYECKUH HUOOUH, YaCTMYHO OKHCJICHHBIC O BBICLIETO
okcuga moBepxHoctd NbO, NbO, um Nb,Os. BceraBka Ha
PHCYHKE: XUMHYECKUH cABUT ypoBHS Nb3ds/, B 3aBUCHMOCTH OT
COCTaBa OKCHJIA U CTETICHN OKHCIICHNSI HUOOUS
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Inyouna ananusza. XapakTepucTuyeckoe

PEHTIEHOBCKOE H3JIyYeHHE WOHHU3MPYET BHYTPEHHUE
YPOBHM aTOMOB Ha JOCTAaTOYHO OOJBIION TIIyOWHe.
OnHaKO Ha MOBEPXHOCTH BBIXOJSAT TOJBKO 3JIEKTPOHBI,
9)KEKTHPOBAHHBIE B TOHKOM IMPUIIOBEPXHOCTHOM CJIO€,
ompenensieMbM JUTMHONW CBOOOAHOTO mpobera (M)
(oTO3NIEKTPOHA B M3y4aeMOM MaTepHaje. JJIEeKTPOH ¢
sHepruert 5-2000 5B, mpoxons yepe3 TBepHOE TeIO,
TepsieT ee uepe3 paccesHHEe Ha  IUIa3MOHAX,
OJHOYACTUYHBIE JJIEKTPOHHBIE BO30Y’KIEHHS,
BKJIIOYAIOIME BAJICHTHBIE JJICKTPOHBI, ¥ HOHU3AIMIO
OCTOBHBIX 3JIEKTPOHOB aTOMOB, BXOZSILIMX B COCTaB
oOpasia. 3aBUCUMOCTD JUIMHBI CBOOOIHOTO npobera ot
SHEpPIr'uHM AIEKTPOHA MoKa3aHa Ha puc.12 [1].

Kak Buaum, B [uana3oHe KHHETHYECKUX
9Heprui, xapakrepHoix s POOC (<1500 3B), mmna
cBoOOmHOrO  mpoOera  DJEKTpOHa  OTpaHUYCHA

HECKOJIbKUMH HaHOMETpaMH, a B WHTEpBaJe SHEPrUid
50-200 3B — menee uem 1 um. Hanpumep, g tutana
npu pentreHoBckoM Mg K -Bo30yxnenun (1253.6 3B)
KuHeTHdecKass »Heprus Ti 2psn-  (POTORNIEKTPOHOB
cocramsier ~ 800 3B u® ciemoBaTelbHO, IMHA
cBoOoaHOrO mpobera Qotoanekrpona (cM. puc.12) He
npesbimaer 15-20 A, T1.e. 3-4 mapameTpa ¢ pemerku o-
tuTana. KoHedHo, (OTOINEKTPOHBI BBUICTAIOT 0e3
morepp W ¢ TiryOmH Oomee omgHOrO A, Ha pmuc.l3
MOKa3aHa COOTBETCTBYIOIIAS 3aBUCHMOCTh
WHTEHCUBHOCTH CHTHaJla OT JAJMHBI CBOOOJHOTO
mpobera.  YcTaHOBIEHO, YTO mpuMepHO  65%
WHTEHCUBHOCTH cuTHama (GopMHUpYyeTcs 3a  CHeT
(bOTOf)J'[eKTpOHOB, BBUICTCBIINX U3 IMOBEPXHOCTHOI'O
CJ105 TOJIIIMHOMN MeHee A, 85% - TonmmuHoi MeHee 2\ U
95% - meHee 3.

I[J'IH IIOBBIIIICHUA YYBCTBUTCJIBHOCTU K
nosepxHoctd  POOC-u3zmepeHuss  HpoBOIAT  MOJ
HEKOTOPBIM ~ yIJIOM K HOpManu noBepxHocTH (0), B
9TOM ciydae TIiyOmHa ananmmza (d) ompenensiercs
cooTHomeHueM: d=3Acos®. Hampumep, mpu 6=75°
ToJMHa aHanu3upyemoro ciost Ti cocraBmser 0,72,
um 10-15 A. Bompoc KOppeKTHOCTH pe3yNbTaToB MpH
KacaTeJIbHBIX yriax MeEHee 15° ocraercs
JMICKyCCHOHHBIM, B O3TOM Cllydyae HaKJIaJbIBAIOTCS
3¢ QeKThl  IIEepOXOBAaTOCTH  IOBEPXHOCTH, pazMepa
oOpasma, TemecHOro yriaa cbopa (OTORNIEKTPOHOB,
BHYTPEHHETO OTPAXKCHUS HHU3KOIHEPTeTUIHBIX
9JIEKTPOHOB, MPUOJIM3MBIIMXCA K TOBEPXHOCTH MO
YTIIOM CKOJBKEHUS, U Ap. OJHAKO UMEIOTCS COOOICHHUS
00 ycremrHpIx PODC-3KcniepuMenTax mpu KacaTelTbHBIX
yriax Mesee 5°.

W3mensiss yronm perucrpanuil (hOTO3IEKTPOHOB,
MOXHO BapbupoBarh TiyOuHy POOC-ananuza, a wu3
YIJIOBBIX 3aBHCHMOCTEH BOCCTaHABJIMBATh MPOQHIH
pacnpezeneHus JIEMEHTOB B IPUIIOBEPXHOCTHOM CIIOE.
[peumymectso PO®IC YP cocrour B cnocobHOCTH
pEeTUCTPHUPOBATh HE TOJIBKO aTOMBI Pa3HOTO COPTa, HO U
OJTHOTHITHBIE aTOMBI, HAXOISIINECS B HEOKBUBAIICHTHBIX
XUMHIecKnx Gopmax. Hampumep, ecinn Ha TOBEPXHOCTH
METAJUTMYECKOTO KPEMHHUSI HAaXOAWTCS TOHKUH CIOH
okcnpa SiO,, B chekTpax KpeMHus Si2p, 3anmcaHHBIX
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Puc.12 3aBucuMOCTh JNMHBI CBOOOAHOrO Mmpodera

9JIEKTPOHA B TBEPIOM Telie (A) OT SJHEpIuH deKTpoHa [1]
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Puc.13. 3aBucuMocT, HHTEHCHBHOCTH P®DOC-

CUTHAJIa OT JUTMHBI CBOOOTHOTO mpobera A

Si0,/Si

1.0 2.0
i d=1.08 Hm L
n i o
5 0.8 159
[} o
5 =
5 g
z 102
X
£ s
= .
; s
z 05§
(@] T

00 1 1 1 1 1 00

0 20 40 60 80 8 4 0
Yron BbINeTa aNekTpoHoB, rp.  OTH. DHeprus ceA3u, 3B

Puc.14. PODC Si2p mnoBepXHOCTH KPEMHUS, MOKPBITON
TOHKHM CJOeM OKcuzaa. IIpu mepexome K KacaTelbHbIM
yrilaM BO3pacTaeT YyBCTBUTEIBHOCTh K IMOBEPXHOCTHBIM
CIIOSIM
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NpU pasHbIX yrilaXx BbUIeTa (POTO3JIEKTPOHOB, NMPUCYTCTBYIOT MOJIOCHI OT IMOJUIOKKH M HOBEPXHOCTHOTO OKCHJA
(puc.14). CooTHoOIICHHE WHTCHCHUBHOCTEH 3THUX MOJOC ompexaensercs yriom P®IC-aHanmuza: B HamnpaBlICHHH
HOpPMaJIM K IIOBEPXHOCTH B CIEKTpaxX IMPHUCYTCTBYIOT 00€ KOMIIOHEHTHI, NPH KacaTelbHBIX YIJIaX, HaIpPOTHB,
JIOMHHHUPYET COCTaBIISIOIIAS OT HOBEPXHOCTHOTO OKCHA.

Bo3MOXHOCTH BOCCTaHABIMBATH MPOQHIb pACIpPEIENICHNUs] JJIEMEHTOB 10 TJIyOMHE |3  YIJIOBBIX
3apucuMocteii POOC mMeeT BakHOE MpaKTHYecKoe 3HaueHHe. Pedybr maee 00 O4eHB TOHKHX CJIOSAX - A0 6 HM,
HEMHOTHE METOJBI TO3BOJITIOT aHAIM3UPOBATH CTOJNH TOHKHE CIIOW, TPHYEM pPACIpENeNisiTh B HUX DJICMCHTHI B
Pa3THYHBIX XUMHYECKUX (popMax 1Mo TayOomnHe. B oTinmume oT TpaJuirOHHOTO TOAX0Ja HOHHOTO MPOQITHPOBAHHS,
KOTJ]a ITOBEPXHOCTHBIC CIIOM PACHBULIIOTCS MOHHBIM IydkoM u mpoBogurcsi POOC-, 30C- wm BUMC-anamms,
3[1eCh HE TMPOMCXOIHUT pa3pyIICHUS TOBEPXHOCTHOTO CJIOS U HET 3(P(PEKTOB CEICKTHBHOTO PACIBUICHUS IEMEHTOB,
HCKaXXAOINX KOHIIEHTPAIIMOHHBIH MPOQHIIb.

Ha ceroansiiHuii eHb POrpaMMBbl 10 BOCCTAHOBJICHUIO MPO(MIS KOHLEHTPAIMH AJIEMEHTOB U3 YTIIOBOI
3aBucuMoct P®OC BCTpOeHBI BO MHOTHE CTaHAAPTHBIE ITaKeThl OOpPaOOTKM 3KCIEPUMEHTAIBHBIX JIAHHBIX,
Hanpumep, nakeT Avantage Data System 1 TUHEWKH
9MeKTpoHHBIX crnekrpomerpoB VG  Scientific  (Thermo
Scientific). Ha puc.15 moka3zaH mpumep HCIOIB30BaHUI prz
TaKOM  TpOrpaMMBl IS TOCTPOCHUSA  Mpoduis Si0,
rerepocTpykTypel  HfO,/Si0,/Si.  Wwmerorcs  ymoOHBIE
TIPOTPaMMEI B HuTepHeT-pecypcax:
http://www.chemres.hu/aki/’XMQpages/XMQhome.htm
OTnenbHBIA BOMPOC KacaeTcsi KOPPEKTHOCTH M TOYHOCTH
BOCCTaHOBJICHHUS PO U3 yrioBoit 3aBucumoctu POSC.
HauGonee TouHble pe3ysbTaThl MOJYYAIOTCS B Cilydae
POBHBIX CMEHSIOIIMX IOPYyr Apyra IUIEHOK Ha WIealbHBIX 40 | Hf si*
KpHUCTAJIJIaX TOJIIMHOM HECKOJbKO HaHoMeTpoB. ['opasno
CJIO’KHEE BOCCTaHOBUTH NMPOGIIIHL 0 TIIyOHHE Ha MOPOIIKaX 20 | \

WIN TIOJIMKPUCTAIUIOB C IIEPOXOBATOM ITOBEPXHOCTHIO HIIH \

KOT/1a TIOBEPXHOCTHBIE CTPYKTYpPbhI HPEICTAaBICHBI B BHIC 0 < . !

OCTPOBKOB CO CMCHHOW CTEIICHBIO MOKPHITHS, WIH B CITy4ae 0 05 1 15 2
MPOTSDKEHHBIX MHTEP(EUCHBIX 30H TBEPIBIX PAaCTBOPOB U my6uHa, HMm

T.1. B moboMm ciay4ae mias KOPPEKTHOTO BOCCTAHOBIICHHS

KOHIIEHTPAI[HOHHOTO MPOQUIsl TOJIE3HO HCIOJIb30BaTh Puc.15. Boccranosnennplit - npoguis  rerepo-
anroputm  MEMSYS, HCNONB3YIOIEr0 METOJ IOUCKa crpykrypst HFO»/Si0,/Si u3 nanmex POSC VP
MakcuMyMa dHTpomnuu [9].

Ecnu BepHYTBCSI K PUCYHKY 12, MOXKHO 3aMETHTh, YTO C POCTOM DHEPIHHU DJIEKTPOHOB BEIMYHMHA A TaKkKe
BO3pacTaer. JTOT (haKT HCIOJIB3YIOT Ha CIIEKTPOMETpax B CHHXPOTPOHHBIX IIEHTPax, IJIe SHEPrusl Iaaouiero
PEHTTCHOBCKOTO HW3JIYYCHHUS MOXET JocTurath 5-15 k3B. B coorBerctBum ¢ ypaBHenueM (1.1) ¢ poctom hv
BO3pacTaeT M KHHETHYecKas SHeprusi (OTodJNeKTpoHOB Ey,,. B 3TOoM ciyuae ypmaercss cTpouth NpoduMIN
pacmipeneneHus sneMeHToB 1o riryomHe mo 10 M [10]. dns Gonee rimyOoKoro mpo(MIMPOBAaHUS MPUMEHSIOT
WUCTOYHHUKHA MOHHOTO PAaCIBUICHHUS, B TOM CIIydae yaaeTcs UccleoBaTh TommuHb B 100 HM 1 Ooree.

)
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wn
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80

60

AtomHas koHueHTpauus (%

Konauuecmeennwtit_ananus. Ecnu BepHYThCSI K 0030pHOMY crniekTpy Nb (cM. puc.7), TO MOXHO 3aMETUTbh, 4TO
WHTEHCUBHOCTh PDD-CIIEKTPOB OCTOBHBIX 3JEKTPOHHBIX YPOBHEH 3JI€MEHTa M3MEHSETCA MpPH MEPexoie OT OJHUX
QJICKTPOHHBIX COCTOSIHUH K JAPYTUM. DTO CBI3aHO C OTIHYHEM B CEUYECHHU (1)OTOI/IOHI/ISaLlI/lI/I OJICKTPOHOB Pa3HbIX
000JI04eK 101 IeHICTBUEM PEHTI€HOBCKOTO M3JTyYCHHUS.

B O6HI€M Cjlyqyac TrOMOI'€HHOro mno cCOCTaBYy 06pa3ua HHTEHCUBHOCTh P®DC-curuama ot BBIACJICHHOI'O
3JIEMEHTA MOXKET OBITH 3alIMCaHa CJICayromum 06pa3OM:

1=NoDJLAAT 2.5
rae: N — umCcI0 aTOMOB/CM’; G = cedeHue (POTOHOHM3ALMH COOTBETCTBYIOLIETO HIEKTPOHHOIO YPOBHS, cM’; D —
3¢ peKTHBHOCT feTekTopa; J — MOTOK PEHTTCHOBCKOTO H3IydeHHs, (GOTOH/cM’-cek.; L -  opOHTambHBIL
CHMMETpHIHBIH (akTop; A - JIMHA CBOGOAHOrO mpobera, cM; A - mmomane amammsa, cM> T — QyHKIHS

MOPOIyCKaHUs aHaJIn3aTopa.
HpI/I pacCMOTPCHUN 6I/IHaprIX CUCTCM KOHLCHTpALUA 3JICMCHTOB OLCHHMBACTCA IO OTHOWICHUIO

nHTeHcHBHOCTe PDOC nuHmil 1BYX 351eMEHTOB (/;) C y4ETOM COOTBETCTBYIOIIMX CEUEHHH (OTOMOHM3ALUH (C) U
anmapatypaoro dakropa (7):
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C I, o
4 4 Op
—A_7.AZE 2.6)
Cy I, o,
B CJIOKHBIX COCMHEHHSX aTOMHYIO KOHIGHTPALHIO OTAENBHOTO dIeMeHTa 4 Hanbosiee 4acTo ONpeIelsioT,
KaK

_—, 2.7)

rae Sy - aTOMHBIA (DaKTOp YyBCTBUTEIHHOCTH JIAaHHOW JIMHHMM, BKIJIIOYAIIMN B ceds ceueHrne (OTOMOHHM3ALMH U
annapaTypHbli akrop u3 ypaBHeHus (2.6). Bennunna Sy MoxkeT ObITh paccuMTaHa TEOPETHYECKH WIIM OIpe/iesieHa
9KCIEPUMEHTAIFHO C TOMOIIBIO CTaHIAPTHBIX 00pa3LoB.

VYpaBHenus (2.6) u (2.7) cripaBeaMBhI P YCIOBUM PaBHOMEPHOTO PacHpe/IeIeHHs SIEMEHTOB I10 ITyOnHe
AQHAIM3UPYEMOTO CJIOS, B NMPOTUBHOM Cilydae, HalIpUMeEp NpPH IMOBEPXHOCTHOW CErperanid WINM TeTepPOTrCHHBIX
BBIJICTICHUSAX OTHOTO U3 DIIEMEHTOB, TpeOyroTcs Oonee koMruiekcHble Beramcienus [1,11]. U3 (1.7), B gwactHOCTH,
CIIeZlyeT ps peKOMeHmamuid sl KommdecTBeHHOro P®DC-anammsza. WuteHcmBHOCTE PODC-curnana (I)
oTpeneNsIeTcsl Yyepe3 IUIOMAAb MO COOTBETCTBYIOIIMM IHKOM M TOYHOCTH €€ OICHKHM B 3HAUWTEIHLHOW CTETICHH
3aBUCHT OT MPAaBWILHOTO BbluMTaHus (ona. Hambosee mpoctoil cnoco® ero BBIUMTAHHS - MPOBEJCHUE JIMHUU
MEXIy BBIOPAHHBIMH TOYKAMH CIIEKTPa. DTOT CHOCOO JOCTATOYHO TPyO, OJHAKO BO MHOTHX CIy4asX ITO3BOJISET
JIOCTaTOYHO KOPPEKTHO YUYUTHIBATh (POHOBYIO cOCTaBisitOIyt0. [IpM aHanm3e CIOXHBIX CIIEKTPOB HCIIOJB3YIOT
BbIYMTaHUE HeNMHEHHOro (oHa MetoxoM Illupnu [12], rae amminTyna GOHOBOM COCTaBISIIONICH B TOYKE CIIEKTpa
MPONOPLIHOHATbHA IUIOMAAN IPEAIECTBYIOIIEH YaCTH CIEeKTpa.

Puc. 16. Ilpumep BeIMMTAaHHS HeNHHEHHOro QoHa U3
runoreruyeckoro PO3-cnektpa [12]

OnuH U3 BapHaHTOB 3TOro Meroja onucal B [1,13] u umttoctpupoBan Ha puc.16. B cnekrpe takoro tumna
BeNMMYMHA (POHA B TOUKE X OTPEENACTCS KaK

a->b)-
B(x):w_,_b’ 2.8)
P+Q
rie a u b — HadanbHOE W KOHEYHOe 3HadeHUs GoHa B Toukax /[ u k; (P+(Q) — cyMMapHas IUIOIMIAagb BCETO MHKa IOCIe
BbIueTa (hona (BS); O — omaap NMKa OT TOYKH X 10 k 32 BEIYETOM (POHA BEIYHCIISCTCS TI0 METOLY TPATICIIHIA:

k
O=h|>y |-05(, +y) | (2.9)

[Tnomane BS=P~+Q BeIMHUCISETCS CHavYaa JUIs MOCTOSHHOTO JMHEeiHoOro (ona B;=b. [lony4ueHHOe 3HaYCHUE
MOJICTaBNsIeTCA B ypaBHeHHE (2.8) it BeramcieHus ¢oHa B, KOTOPBI B CBOIO OYEpEIb HCIIONB3YEeTCS I
ompeneneHus mwiommann BS=P+(Q, npuBoasiei kK GoHy B; v T.1. ITOT MPOIECC MOBTOPSACTCS A0 YCTAHOBICHHS
paBeHcTBa P=Q.

W3BecTHBI npyrue BapuaHThl BbluuTanus ¢oHa u3 PDD-cnekrpos [14]. B nrobom ciydae 3Ta omepaius
SIBJIICTCS BaXKHCHINCH TpH OmpeleNieHWH WHTCHCUBHOCTH CHTHala ¥ (Hapsay ¢ aTOMHBIM  (hDaKTOpOM
YYBCTBUTEIHHOCTH S4) MPSAMO BIUSCT HA TOYHOCTH KOJIMYECTBCHHBIX OLIECHOK COCTaBa MIOBEPXHOCTH.

Hpyrue xapakrepuctuku POIC, HanpuMep NpOCTPaHCTBEHHOE pa3pelleHne, YyBCTBUTEIbHOCTb, FEOMETPHSI
cbopa (HoTOINTEKTPOHOB, HHTEHCUBHOCTh CHTHAJA M T.H., 3daBHCAT OT KOHKPETHOTO CHEKTPOMETPa W IMOCTOSTHHO
coBepIICHCTBYIOTCS. OIHUM U3 MHTEPECHBIX TeXHUYEeCKHUX pemeHnii B POOC sBisiercs yrioBoe BpalieHne oopasia
(umm  aHanmm3aTopa JJIEKTPOHOB), B 3TOM CJIy4ae YyHAeTCs HCCIEO0BaTh IPOCTPAHCTBEHHOE paclpeeneHue
3JIEKTPOHOB SMHCCHH U B CITydae YHOPSA0UYCHHBIX TOBEPXHOCTHBIX CTPYKTYP M3BJIEKATh HH(POPMAIHIO O CTPYKTYpe
MOBEPXHOCTH HJIM IIPOCTPAHCTBEHHOW OPHEHTAIIMH MOJIEKYH afcopOaTta.

Hcmounuku ynompaghuonenogozo u penmzeno06cko20 uziyienus. B 3aBUCMMOCTH OT THIA BO30YXJarouiero /-
M3JIyYeHUs] pacCMaTpUBAEMble HAMH METOJIbI JACNATCS Ha YJIBTPA(pHOIETOBYIO (POTOIIESKTPOHHYIO CIIEKTPOCKOIUIO
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(Y®3C), pentreHoBcky (hoTosniekTpoHHyto crnekrpockonuio (POIC) u GOTOIMUCCHOHHYIO CIEKTPOCKOIHUIO C
cuHXpOTpoHHBIM H3nydeHreM (GIC CU). [lanHbie METO b O0BEIUHSIOT O0IIHe PU3MUCCKUE MPUHIIUIIBI PAOOTHI U
annapaTypHoe opOpMIIEHHE B YacTH BaKyyMHOH CHUCTEMBI W OOOpYJOBaHHMS JUIS PETHUCTPALMH (OTOIEKTPOHOB.
OTnuuue 3aKiIoyYaeTcss B MCTOYHMKAX BO30YXKIAIOIIET0 H3JIyYeHHMs M, KaK CJEJCTBHE, OJKCIIEPUMEHTAIBHBIX
BO3MOXKHOCTSIX METO/IOB.

B cnyqae YOOC-cieKTpoCKOIMN UCTIONB3yeTCs Ta3opaspsaHas renuesast ammna (puc.l7a), reHepupyromas
Hel- u Hell-uznyuenue c sneprusamu 21.2 u 40.8 3B, coorBercTBenHo. Ha pucynke 18a moxazan Y®IC-criekTp
Menau ¢ ucnonb3oBanneM Hel-msimydenus. [laHHas METOANKA TO3BOJISIET C BBICOKUM SHEPTETHYECKUM pa3peIIeHIEM
U MHTCHCHUBHOCTBIO 3allUCHIBATH CIIEKTPHl COCTOSIHMM BAaJCHTHBIX OJJIEKTPOHOB OKOJIO ypoBHS ®Pepmu u
KBa3MOCTOBHBIE YPOBHH, OJHEpPIusi CBA3UM KOTOPHIX MEHbIIEe SHepruu Bo3Oyxnaenus momoc Hel wu He 1L
OrpaHWYeHHBI CHEKTPANbHBIA JAMANa30H SBISAETCS CYIMIECTBEHHBIM HemocTaTkoM Y DIC-cnekTpoCcKomuH,
MOCKOJIbKY HE TIO3BOJIICT MPOBOJUTh XWMHYECKUH aHAINM3 MOBEPXHOCTH M aHaJIM3UPOBaTh BHYTPEHHHE
AJIEKTPOHHBIE YPOBHH 3JIeMEHTOB. OJIHAKO MPH M3YYEHHUH 3JIEKTPOHHOU CTPYKTYpHI BaJIeHTHBIX 30H YDIC-meron
JIEMOHCTPUPYET NMPEKPACHBIE PE3YJILTATHI.

9]

Puc.17. VcTOYHUKN MOHU3MPYIOLIETO M3TyYeHUs] B MeToAaX (OTOANeKTpoHHOM crektpockonuu: Yd-namma, peHTIeHOBCKUIA
QHO/I, LICHTPBI CHHXPOTPOHHOT'O U3ITyYEHHUS

Audf
Au BanexTtHaa
nonoca
BHyTpeHHue
// CU( 1 0} YPOBHW Aubd
/ hv=21.2 aB { X 20
/ r=0.8 aB
/ Ausp
/ >

//
BTOPHYHbBIE /
INEKTPOHBI ///
// 7NN

_,—«—J/ 4 : 7 80 60 4I_0 20 0=EF

=0 (aB) 12 4 g0 6 OHeprus cBsau, 9B

Pnc.18. DOTOIIEKTPOHHBIE CIIEKTPBI MEIIU U 30JI0TA, 3alIMCAHHEIE C HCIIOIb30BaHUEM YIIbTPahHoneToBOro (a) u
CHHXPOTPOHHOTO (6) U3ITydYeHHI

B merone peHTreHoBcKoil (oroanekTpoHHO# cnekrpockonuu (POOC) B kayecTBE MCTOYHHMKA HM3ITYUEHHS
BBICTYIIA€T PEHTIeHOBCcKas TpyOka ¢ oguuMm u3 aHopoB: Mg Ka, Al Ka u np. (Tabnuya 3). 3nech, B oTindue OT
Y®OC, nnanazon pabounx sHepruit Oosiee mmpokuid: ot Hyis (ypoHs ®epmu) mo 1250 u Gomee 3B, To ecth
OXBaTbIBAET IPAKTHYECKH BCE O3JICKTPOHHBIE YPOBHM XHMHYECKHX O3JIEMEHTOB. OTO TII03BOJISIET: BO-IIEPBBIX,
MIPOBOANTH KAUECTBEHHBIH aHAJIM3 MPHCYTCTBHSA TEX WM HHBIX HJIEMEHTOB Ha IOBEPXHOCTH IO COBOKYITHOCTH
TaOyJTMPOBAHHBIX II0JIOC; BO-BTOPBIX, OIPEAETATh COCTAaB IIOBEPXHOCTH, HCIOJIB3Ysl MHTCHCHBHOCTH IIOJIOC
BBIJICJICHHBIX JIEMEHTOB; B-TPETHUX, YCTAHABIMBATH CTENECHb OKUCIECHUS (BaJCHTHOCTH) JIEMEHTOB M, HaKOHEII,
n3y4yaTb 3JEKTPOHHYIO CTPYKTYpy BAQJICHTHBIX COCTOSIHMMI oOkomo ypoBHsS @Pepmu. B mocnemHem ciydae
sHepretudeckoe paspemienne POIC HamHOro ycrymaer TakoBomy B Y®DOC, kpoMe TOro 3HAUMTEIHHO HIDKE
MHTEHCHBHOCTb 3aIIICAaHHBIX CIIEKTPOB BaJICHTHBIX COCTOSIHUM.

Tabmuna 3. Ucmounuxu penmeenosckozo uznyuenus 6 POIC
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HeBbicokoe  aHeprerudeckoe — paspeureHne  Marepuan | Usiyuenne Oueprus, °B Mnpuna

P®OC onpenensiercs, B MepBYI0 o4epenb, UIMPUHON nuamm, 5B
nonocel  Bo3Oyxkmatomero  usmydenus  (Ta6n.3.). Y M 132.3 0.50
Vayymmrh 3TOT TNOKa3aTeslb OTYAaCTH YIAETCs C Ti La 3953 3.00
TIOMOILBIO MOHOXpOMaTopa PEHTI€HOBCKOTO Cu La 9297 3.80
mnyderns (puc.19), KOTOpHIA TMOBBINACT  Kak Mg Ka 1253.6 070
SHEPreTUYECKOE pa3pellleHUue CHEKTPOMETPa, Tak H

OTHOIIIEHHE cuTHaN/mryM. KpoMme Toro, MOHOXpoMaTop él le igigg (1)28
MO3BOJISIET HM30aBUTHCS OT MAPA3UTHBIX CATEITUTOB 7 LZ 20 42' ) 1' 0
TIEPBUYHOTO PEHTI€HOBCKOIO W3ITy4EHUs u Ag To 20843 260
3HAUUTENBHO YMEHBLIUTh pa3Mep aHAIU3UPYEMOTO T K 4510.9 300
MATHA: B COBPEMEHHBIX MNpHOOpax OH JOCTUTAET Cr K 54148 210
JIeCSITH  MUKpPOMETpoB. B 3TOM cnyuae, oJHaKo, Cu Ka 3048.0 260

BO3HHUKACT r[p06neMa BBICOKOH JIOKAJILHOU 3apAaaKu
06pa311a (I[CCSITKI/I SB), KOTOpas pelacTcsa ¢ NOMOLIbIO CIICHHUAJIBHBIX KOMICHCUPYIOINX HUCTOYHHUKOB 3JICKTPOHOB
U UOHOB.

6e3 MoHOXpoMmaTopa

paspelweHue 0.72 aB,
oTHOWeHWe curHan/wym=5.5:1

AHanuaatop S 2p

AMEeKTpOHOB

C MOHOXpOMaToOpOM

paspeweHue 0.44 3B,
OTHOLWweHWe curHan/wym=24:1

Obpasel,

PenTreHoBCKWiA Kamepa f L T T T T T T T T d
MCTOYHUK aHanusaropa 153 157 161 165 169 173

OHeprua ceasn, 3B

Puc.19. MoHoxpomaTop peHTTeHOBcKoro u3nmydenus (a), PODC-cmextpsl S2p-cepsl, MolydeHHBIE 0e3
HCIOJIb30BaHUS MOHOXPOMATOPa U C MOHOXPOMATOpoM (6)

HanbGonee coBepiueHHbIH UCTOYHUK PEHTTEHOBCKOTO M3JIy4EHHS — TOPMO3HOE M3IIydEHHE CHHXPOTPOHHBIX
YCKOpUTEJIeH AJIEKTPOHOB. JTOT THI MCTOYHUKOB YHHMBEPCAJICH — OH IMO3BOJIAET (POPMUPOBATH PEHTTEHOBCKHE
KBaHTbI B SHEPIeTHYECKOM JIMAIla30He OT HYJIS 0 EIUHUI] KUIIOIEKTPOHBOJBT C 3aMeYaTelIbHbIM SHEPreTHYECKUM
paspemienueM (menee 0.1 3B) M BBICOKOW MHTEHCHBHOCTBIO PEHTITCHOBCKOTO IIydka. IIpHM CHHXpOTPOHHOM
MU3IIy4eHUU peanusytorcs npeumyniectBa kak Y DPIC, tak u POOC meroauk. B mocneanee BpeMsi MOBBILLIEHHBIN
MHTEPEC BBI3BIBAIOT HCCIIEIOBaHHUS B OOJACTH BBICOKHMX SHEPrUil CHHXPOTPOHHOrO M3nmydeHust 5-15 kaB. 3xecw
yJaeTcs MOBBICUTH TiTyOuHy ananuza POIC u, uto Oosiee BaXKHO, MOIYYUTH CTPYKTYpHBIE JaHHBIC, OCHOBAHHBIE Ha
a¢¢dexrax audpaxIr BEICOKOIHEPTETUIHBIX (POTOIICKTPOHOB.

Ha ceropnsmHuii AeHb CyIIECTBYET Psii CHHXPOTPOHHBIX HCCIIEIOBATENbCKUX IIEHTPOB, TJE Ha BBIXOJHBIX
KaHaimax cMOHTHpoBaHBl POIC-crekTpomerpsl, nmpuMep moxobHoro nentpa BESSY II (r. bepnuH) mokasan Ha
puc.176.  lluknuueckne YCKOPHTENNM CHHXPOTPOHHOTO THIA (OPMHUPYIOT CIUIOMIHOW CIHEKTP TOPMO3HOTO
W3JTyYeHHsl B AMANa30HE OT HyJIs A0 JIECATKOB K3B BbICOKOH MHTeHCHBHOCTH. Ha BBIXOAHOM KaHaje ¢ MOMOIIBIO
MOHOXPOMAaTOpa BBIACISIETCS y3Kasl JIMHUSI PEHTICHOBCKOTO U3JIYYEHHsI C KOHTPOJIMPYEMbIM 3HaYeHHEM dHepruu. B
3aBUCHMOCTH OT 33/1a4d BEJIMYMHA OHEPruM /i~KBAaHTOB JIMOO (QHKCHpOBaHa, JMOO HM3MEHSIETCS BO BpEMs
9KCIEPUMEHTA. JJOCTOMHCTBAMU PEHTTEHOBCKUX MCTOYHHMKOB CHHXPOTPOHHOTO M3JIyYEHHS SBILIFOTCS: [) BBICOKAsS
WHTEHCHBHOCTb; ii) BapbUpyeMasi SHEprHs BBIXOJHOTO ITydKa Y-KBAaHTOB; iii)) BBIOOp BEKTOpa IOJISIpU3ALMN
PEHTIEHOBCKOTO M3iIydeHus. Bce 310 nenmaer metol (hOTOINIEKTPOHHON 3MUCCHU C CHHXPOTPOHHBIM HM3Iy4eHHEM
Hanbojee HAyKOEMKMM ¥ TIPOJABMHYTHIM B IIIaHE U3YYECHHUs OSJICKTPOHHOM CTPYKTYphl TBEPIOro Tea.
OTHOCHTENBHBIM HEJOCTATKOM JaHHOro BapuaHta P®OC sBugeTcs ero AOpPOTOBH3HA, TEPPUTOPHAIBHASL
JOKaJIM3alMsi M OrPaHWYEHUs] BO BPEMEHHM NPOBEICHUM OJKCIIEPUMEHTOB. B 3Tom mmaHe mabopaTopHbIe
cuextpomerpsl POOC u YOIC HECOMHEHHO TOJE3HBI, IOCKOJIBKY IO3BOJSIIOT MPOBOAWTH UIMTEIBHBIC H
MHOTOIIJIAHOBBIE OPUTHHAJIBHBIE JKCIEPUMEHTH. HO Ha 3aKIIOYMTENBHOM 3Tare BBICOKOTOYHBIE W3MEPECHUS

15



JKenaTeabHO MPOBOJIUTH Ha CIEKTPOMETPAX C CHHXPOTPOHHBIM H3NyueHHeM. Ha ceromHsmHuii 1eHb B MHpE
HMEETCS COPOK palOTaroIIUX IICHTPOB CHHXPOTPOHHOTO H3JIYYCHHS, €IIC ICCATh IUIAHUPYETCS IOCTPOHUTH B
ommkaiitiee Bpems. Ha puc.20 orpaxkeHa reorpadus pacmoiOXKEHUS CHHXPOTPOHHBIX IICHTPOB 10 CTpaHaM M
KOHTHHEHTaM. BUIHO, 4TO HanOoJIbIIee KOJIMIECTBO Takux eHTpoB npuxonutcs Ha CIIA, Smonuto u EBporry.

Puc.20. Lentpsl cuaxpoTporHOTo M3mydenus B mupe (http://www.srs.ac.uk/srs/SRworldwide/)

Bricokoe sHEpreTHUecKoe pazpelieHre COBPEMEHHbIX aHAIM3aTOPOB 3JIEKTPOHOB (eauHUIBI MAB), Y- nmm
CHHXPOTPOHHOE H3JIy4Y€HHE, BBICOKOE YIJIOBOE paspelleHue (oMM Trpajayca) W CBEPXHHM3KHE TEMIIEpaTypbl
(emuannbl K) mo3Bonuinu B mocnenHee AECATHIETHE 3HAYUTENBHO NMPOJABHHYTCS B OKCIEPUMEHTAIBHBIX PDIC-
HCCIIEIOBAHNAX JNEKTPOHHON CTPYKTYpBI BaJICHTHBIX 30H TBEPABIX Tell. [10100HbBIE SKCIIEPUMEHTHI BBITOIHIIOTCS
Ha MOHOKpHCTa/UIaX, a TOYHEE, WX IIOBEPXHOCTSX, COOTBETCTBYIOIIMX KaKOH-THMOO KpucTamiorpaduieckon
IUTOCKOCTH PEUIETKN KpHcTaula. B pesynpraTe MONydaroT SKCHEpHMEHTAIbHBbIE 30HBI bpuiumosHa (oTpakeHHe
siueiikn Burnepa-3eiitiia B 00paTHOM MPOCTPAHCTBE), MoBepxXHOCTH Depmu, KapThl JHUCHEpCHU 30H U T.1. Panee
nongoOHyr0 MHGOPMALUIO MOXKHO OBUIO IONYYHTh TOJBKO M3 KBAHTOBO-XHMHYECKHX DAcyeTOB 3JICKTPOHHOMN
CTPYKTYPBI TBEPABIX Te. DTH BO3MOKHOCTH PODC YP OyayT 00CyKAaThCst HUKE.

3. PeHTreHoBCKasi QOTOI)JIEKTDOHH&S[ Z[I/E)DaKIII/lﬂ

Pentrenosckas dortosnexrporHas audpakius (PO ), kak Bapuant metoga PODC ¢ yrinoBeIM pasperieHrneM
W3BECTEH JIOCTAaTOYHO JaBHO, II€pBbIe HaOMIOAEHUS IU(pakiuy (OTOIIECKTPOHOB HAa MOHOKPHCTAJUIMYECKUX
obpasmax ¢ momomeio POIC VP crenyer otHectn K Havarmy 70-x rT. Ha ceromusmiHuii [eHh HAKOTUICH OOTaTHI
OMBIT Kak B TpoBeneHHH P®DJ[-okcriepiMEHTOB, Tak MU B TEOPETUYECKOM MOJICIMPOBAHUU (HOTOIIECKTPOHHOM
mudpakuuu (cMm. 0630per [3,15,16-21]). Tlomyepkuem, yro meron P®J] paboraer TOJNBKO Ha HMOBEPXHOCTSIX
MOHOKPHCTAJUIOB MJIH 3MUTAKCHAIIBHBIX IUICHOK, T.C. TaM, I'7le UMEETCS MOPAAI0K B PAcIOiI0KEHHN aTOMOB. B aTom
IUTaHE Ba)XXKHO BBIJCIHUTH MECTO (POTORJIEKTPOHHOU JUPPAKIUK Cpeld JPYyTrHMX METOAOB aHallu3a CTPYKTYPhI
MOBEPXHOCTHU: JU(GPAKIMK MeIUIeHHbIX 3eKTpoHOB (JIMD), EXSAFS-merona (puc.21). Ormerum, uto EXAFS —
00BbEMHBII METOJI: B KQUECTBE MaJIalOLIEr0 U3JIyYSHUs 3/1€Ch UCIIOJIb3YETCsI PEHTI€HOBCKHE KBaHTbI, aHAJIM3UPYETCS
TaKKe peHTreHoBckoe manydeHne. EXAFS mo3Boisier u3y4ath CTpyKTypy ONmKaiiiero okpys>keHus BBIOPAaHHOTO
COpTa aTOMOB M HCIIOJIB3YETCS B UCCIIEOBAHUSIX MOHOKPHUCTAIIIOB, IIOJIMKPUCTAININYECKUX U aMOp(HBIX 00pa31oB,
pactBopoB u T.n. OcHoBHOe mnpenmyiiecTBO EXAFS — yHuBepcanbHOCTh, HEIOCTATOK — HEOOXOIMMOCTH
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CHHXPOTPOHHOTO M3JIy4YEHHs U CJIOXXHOCTH B 00pabOTKE M MHTEPIPETALMH IKCIICPUMEHTAIBHBIX JaHHbIX. J[pyroi
MOIIIHBIA MeTOA — Nudpakuus MeIeHHbIX 31eKTpoHOB (JAMD) (puc.21). 3aeck HCIONB3yeTCsl MOHOXPOMHBIH ITy4YeK
MeJUIEHHBIX 3JIeKTpoHOB (10 100 3B), KkoTOpbIif, majas Ha IMOBEPXHOCTh, pPAacCcEMBAeTCsi OOpaTHO W HeceT
nHpopMalUI0 O CTPYKType NOBEpPXHOCTH. JlaHHBIM METOJ| XapaKTepu3yeT IalbHUH TMOPSIOK CTPYKTYPHI
MTOBEPXHOCTH M HE HECeT XMMHYECKOW MH(OpPMAIUH, T.€. HE BBIAEISIET CTPYKTYpHBIE HMO3UIMH aTOMOB Pa3HOTO
copta. K nocromrcrsam JIMD crienyet OTHECTH on-line pexXUM MOTYICHUS CTPYKTYPHOU HHPOPMAILIUN H XOPOIIYIO
MaTEeMaTHIECKYI0 OCHOBY JIJIsl HHTEPIIPETAIINH TUPPAKIHOHHBIX H300paxeHnii. Takum 00pa3oM, POTOIIEKTpOHHAS
mudpakous, ¢ OXHOH CTOPOHBI, HMMEET CYIIECTBEHHBIH MHHYC M0 cpaBHeHHMI0O ¢ JIMD — OGonblryio
npoaOIKUTENEHOCTE PDJI-3kcniepumenTa. Ho, ¢ apyroit ctoponsl, PO/l nMeeT HEOCIOPHMOE NPEUMYIIECTBO —
BO3MOXKHOCTh aHAJIM3UPOBATH CTPYKTYPHBIC MO3UIMK aTOMOB BBIJEIEHHOTO COpPTa U, OoJjiee TOro, yCTaHABJIUBATH
MO3UIUH aTOMOB OTHOTO COPTA, HAXOISAIINXCS B PA3HBIX XUMHUECKHX COCTOSTHHSAX.

PO

k
EXAFS /

0999 00
O%- 80 an,?ﬁep ‘ Imurrep O O O O
o0 o o o so9

PaccenBarens

o

PacceuBareib

BEEEEEEEEEEEl s m nmmmum sBm mnm mnm 2eo%eom

EXAFS la Jla Ja Ja
P®/1 Ja Ha Ha Het
JAMD Ha Ha Het Hert

Puc.21. Bosmoxknoct Metoi0B EXAFS, POJ] u JIMD nipu u3yuyeHuu CTPYKTYPhI TBEPABIX TEJ

PentrenoBckasi poTodneKTpoHHAs (MK oxe-) qudpakuus ocHoBaHa Ha 3 dekTe paccesHus Gporo- wim oxe-
9JIEKTPOHOB Ha MOHOKPHCTAJUTMUECKHX MOBEPXHOCTSX M PEAIN3yeTcs, HalpUMep, B PEKHME 3allUCH YIJIOBBIX
3aBucuMocreii POOC mu o0Xe-CreKTpOB 3HEProAMCHEPCHOHHBIM aHAJIU3aTOPOM WJIM HEMOCPEJICTBEHHO Ha
noycepruyeckoM aHalM3aTope MUCIUICHHOrO THIa B y3KOM HHTepBajie dSHepruii ¢oto- (oxe-) ayekTpoHOB. B
OTIIMYHUE OT TUPPAKINU MEUICHHBIX AMeKTpoHOB ([IMD) u mudpakmm oTpaskeHHBIX OBICTPHIX 31eKTpoHOB (OBD)
B METOJIE PEHTTCHOBCKOH (POTORIEKTPOHHOW AM(PPAKINH PETHCTPUPYIOTCS (DOTONIEKTPOHBI, 3MUTHPOBAHHBIC
HETIOCPECTBEHHO C BHYTPEHHHX YPOBHEH IMOBEPXHOCTHHIX aToMoB. C MOMOMIBIO aHANIM3aTopa (POTOIEKTPOHOB
BBIJEISIETCS] CTPYKTYpHast MHPOPMAIMs O KOHKPETHOM COpPTE IOBEPXHOCTHBIX aTOMOB M JaX€ HMX OTACIBHBIX
XMMHYECKH HEOKBUBAJICHTHBIX COCTOSIHUSX.

WHTEeHCHBHOCTh BBUICTEBIIUX (DOTOIIEKTPOHOB H3MEPSAETCS Kak (QYHKLHMA OT HalpaBIeHHS 3MHCCHH
(dotosnekTpoHa k WIM KaKk (QYHKIUS OT SHEepruM (PoToHa /v, HCHOIB3YyEeMOTro Uil BHIOMBAHMSA AJIEKTPOHA.
®doTodnekTpoHHasT TUQpaKIKs MOXET ObITh peajn30BaHa IyTeM CKAaHMPOBAHUS IO YNy JIMOO MO 3HEPruu
NaJlalolero u3iy4eHus. B nepBom ciyuae 1octaToyHo J1a00paTOPHOTO PEHTIEHOBCKOTO MCTOYHHMKA C IIOCTOSIHHOM
9Hepruei /v-poToHOB. DTOT BapHUaHT OOECIIEYMBAET BBICOKYIO KHHETHYECKYIO SHEPrHi0 (OTOIIEKTPOHOB M
MOJYyYWJI Ha3BaHUWE PEHTICHOBCKOW (oroanekrponnoi mudpakumu (PDJI). ns ckaHUpoBaHUWsS 1O 3HEPTUU
TpeOyeTcsi CHHXPOTPOHHOE U3JIydeHHUE (B JaJbHEHIIEM MbI Oy/aeM 0003HAYaTh 3TOT METOJ Kak ()OTOIICKTPOHHAS
mudpaxuus - OMI). Cunraercs, uro ®J] naer Gosnee ToUHbIE KOJMUECTBEHHBIE OLIEHKN reoMeTpun oobekra. Hike
o0cyXIaeTcss B OCHOBHOM BapHaHT PEHTIEHOBCKOH (POTORJIEKTPOHHOH MU(PAKIMK CO CKAHMUPOBAHHWEM IO YTITy

(POLI).

Ilpunyun memooda, npudausicenue 00HOKPAMHO20 pacceanus naockux oan. OCHOBHbIC (PM3UYECKHE TIPOLIECCHI,
OTIpeNIeIIAIONIIEe MHTCHCHUBHOCTh (DOTORNIEKTPOHHON An(pakiuy, WILIIOCTpUpPYIOTCs puc.22. Jias Toro dYroOBI
HArJISIHO TPOCIEINTh B3aUMOCBS3b CTPYKTYPHBIX ITapaMeTpOB M MHTEHCHUBHOCTH (HOTOIIEKTPOHHOU AUPPaKIHH,
paccMOTpuM HamboJiee MPOCTYI0 MOJIETHh OJHOKPATHOTO PACCESHHS IUIOCKUX BOJH B IMOBEPXHOCTHBIX ciosx (SSC-
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PW). B aTom cityuae n3aMeHeHHE MHTEHCUBHOCTH (POTORIEKTPOHOB OT HampasieHus smuccun [(k) ompenensiercs
uHTepdepeHIreii HepacCestHHON BOJHBI ¢ U BOJIH ¢, YIIPYTO PacCESHHBIX HA aTOMaX, OKPYKAIOIIUX aTOM-IMHUTTEP:

I(k) o |¢o + 2, 5], G.1)

rie k - BOJTHOBOI BEKTOP 3JIEKTPOHA; ¢ - IPAMast BOJIHA; ¢ - PACCESIHHBIE BOJHBL.

Puc. 22. HnamocTpauuss OCHOBHBIX IIPOLIECCOB  IIPH
¢doTtosnekTpoHHOH  mudpakiuu. BapmaHT  OXHOKpaTHOTO
paccesiHus B IPUOIIVDKEHUH TUIOCKHUX BOJH [21]

B npocreiimem BapuanTe GOTO3MHUCCHH C S-000T9KH (cM. puc.22) ¢ HadanbHBIM S (//=0) - 1 eTUHCTBEHHBIM
KOHEYHBIM p (/=1) - COCTOSIHUAMHU IUTOIBHBIA MaTPHUHBIH JIEMEHT (OTO3MHCCUH MPONOPIMOHANIEH CKATIPHOMY
MPOM3BEACHUIO €MHUYHBIX BEKTOPOB IMOJISIPU3ALNY 1a/IAI0IIET0 U3JTyueHHs: £ U COOTBETCTBYIOLIMX HAIpaBICHUN
MHKEKTHPOBAHHBIX (OTOAIEKTPOHOB (k=A/k - Il HEPACCEAHHOH BOJIHEI ¢y, F=r/r; - JUIl paccesHHBIX BOJH ¢).
WNuTercnBHOCTE (HOTOIEKTpOHHON Audpakimu /(k) IpUHIMAET B 3TOM CIIy4ae BHI

10 o (2 R)exp(-Lo/200) + 3 (& —) 158 Wyexn(=L;/20,) x expli {lr (1 = cos ) + (81|, G.2)

I'ne f(8) = | f](Gj)l exp[i(pj(gj)] - KOMIUIEKCHBII (DaKTOp paccesHHs IIOCKOW BOJIHBI j-aTOMOM W3 OKPY>KEHHS
SMUTTEPA; |f](9])| u (pj(Hj)- aMIuIUTyZa U (a3a aTOMHOTO PAaCCESHUS; exp[i {krj(l — cos Hj)}] - (¢a30oBbIi
MHOKHUTENb, ONPEJICNAEMbIH PA3HOCTHIO X0/1a HEPACCETHHOM U pacCesHHOH BOJIH Ha aToMe ¢ KOOpAMHATOH rj;; W, —
takrop [lebas-Banepa, yuuThIBalommid JWHAMHYECKHE ATOMHBIE CMEIICHHS B TBEPAOM Telle, exp(—Lj/ZAe)—
SKCIIOHEHIMAJIBHBIIT MHOXWTENb OCNa0JieHHs] MHTEHCHUBHOCTH 3a CYET HEYIpPYroro paccesHus Ui j-aToMa-
pacceuBatens. Beipaxenue (3.2) B Gosiee TpaJUIMOHHBIX IS AU(PAKIMOHHBIX METOJOB aHaJM3a 0003HAYCHUIX
MOJKET OBITh 3aIIUCAHO B BUIIC

I(k) < |Fy + X Fiexp[—ik - 7|, (3.3)

rac
Fo=(&-k)exp(—Lo/2A,), (3.4)
Fy=(&-5/m)|£;(6) | Wyexp(~L; /2. )exp|ig; (6;)|exp[ikr]. (3.5)

[Ipeobpa3zys ypaBuenue (3.3), noiaydaem

I(k) o |Fo|* + X;[FsFiexp{—ik - v;} + FoFexp{—ik - r;}] +
Y, Xkl F Feexplik - (r; — ri)} + FoFjexpfik - (ri.—r;)}]- (3.6)

[lepoe cmaraemoe |Fy|? = Iy(k) cOOTBETCTBYeT paclpeleNecHHI0 HHTEHCHBHOCTH (OTOIMUCCHH B
OTCYTCTBHE KAaKOrO-THMOO PACCEesiHUs HAa COCEAHHMX aroMmax. Besi crpykTypHas uH(opmaius 00 aHaIH3UpyeMoid
IpyINE MOBEPXHOCTHBIX aTOMOB (KJacTepe) 3aKiIloueHa B CICAYIONIMX ClaraeMbiX, cojepkamux (a3oBsie
MHOKHTEIH exp[i {krj(l — cos Hj)}], KOTOPBIE OIPENEISIOTCS B3aUMHBIM PACIIONIOKEHHEM aTOMOB SMHUTTEpa H
pacceuBateneid. Takum 00pa3oM, pacrpeieieHHe WHTEHCUBHOCTH (OTOIMHCCHUHU OTpaXkaeT MPOCTPAHCTBEHHYIO
reoMeTpuio Omkaiiero okpyKeHus BbIOpaHHOTO aroMa sMuTTepa. [Ipu Hanu4nu onpeneseHHoN 3aKOHOMEPHOCTH
B PACIIONOXCHHH AaTOMOB IOBEPXHOCTHOIO KJIAacTepa OTHOCHTENIBHO IAHHOTO 3MHTTEpa ATH BKJIAObBl JAIOT
OCIIIJUTHPYIOLIYIO COCTABISIONIYI0 B 3aBHCUMOCTh MHTEHCHBHOCTH OT BOJHOBOTO BekTopa. M3mepsemas B PD/I-
IKCMIEPUMEHTE WHTCHCHBHOCTh (DOTOIMHCCHHU SIBISCTCSA Cymeprno3uuueil MHTeHcuBHOCTel [(k) OT OTAGNBHBIX
HEKOTEPEHTHBIX aTOMOB-3MHTTEPOB, KAX/IbII 3 KOTOPBIX UMEET CBOE JIOKAIILHOE OKPYKCHHE.

CrnenoBatenpHO, OUQpakuOHHBIE 3((EeKTh, CBA3aHHBIE C paccesHHEM Ha ONKalIIeM OKPYKCHHH,
HanOoJee SIPKO TNPOSBISIIOTCA B CHUCTEMax C YHNOPSIOYCHHBIM PACIIOJIOKCHUEM aTOMOB-IMUTTEPOB H aTOMOB-
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pacceuBaTeneil, HampuMmep MOBEPXHOCTEHl MOHOKPHCTAUIOB, YJIBTPATOHKHX O3MUTAKCHAJIBHBIX  IJICHOK,
a7ICOpOMPOBAHHBIX CJIOCB HA MOHOKPHUCTAJUIAX WU T.I. DTU OOBEKTHI SBISIOTCS OCHOBHBIMH yis PD/[-meroma. B
TaKMX CHUCTEMaxX HOPMaJIM30BaHHAS aHW30TPONHS MPOCTPAHCTBEHHOH 3MUCCHUH (POTOAEKTPOHOB (/iax-Limin)/ Imax=01/
Lo mocturaer ~ 50-70%. Ha puc.23 mpencrtaBiieHbl XapaKTepHbIC MpUMEpbl 2m-nipoekimid potosmuccuu I(k),
MOJIy4Y€HHbIE Ul COBEPIIEHHOM MOHOKpHCTauIMyeckod noBepxHoctd Nb(110), n npossisomield o4eHb 4eTKoe
MIEPUOANYECKOe pactpe/esieHne TU(PaKInOHHON HHTEHCHBHOCTH.

Puc.23. DKcIiepuMeHTaIbHAS u
TeopeThuueckas  2T-Au(paKkIHOHHBIC
KapTuHbl ToBepxHocTH Nb(110) B
n3nyuyennn  QoroanekrponoB Nb3d
(aneprus 1050 3B)

L0 ® s,

P®J] cmpykmypuolii ananu3, npudnudyicenHue npamozo paccesnus. PaccMOTpPUM OCHOBHBIE OCOOCHHOCTH
PEHTIeHOBCKOH  (DOTOINNEKTPOHHOH AM(PAaKIMM M BBITEKAIOIIME OTCI0Jja BO3MOXXHOCTM U OTpaHWYCHUS
CTPYKTYpPHOro aHanu3a mnoBepxHoctd P®J[-meromom. IIpexae Bcero, OTMETHM  3aBHCHMOCTh KOMILJIEKCHOTO

(akTopa aTroMHOro paccesnus f{6) = | f](BJ)| exp[iqoj(ej)] B ypaBHeHHH (3.6) OT KHHETHYECKOW HHEPTUHU

2
(doTosnexrpoHa E,,, n yria paccesnus &. Kak nokasplBalOT pacyeThl aMIIUTYIbl aTOMHOIO PACCESHHsA | f](Bj)| ,
BBIIIOJIHGHHBIE METOZOM  (Da30BBIX CABUIOB IapUHUAIBHBIX BOJH, B OOJIACTH KHHETHYECKHX JHEpPruii

2
dorosnextporos £, > 1000 5B yrioBas 3aBHCHMOCTH BETHUHMHEI | f](61)| OKa3bIBAETCSI CYIIECTBEHHO

aHM30TPONHOH (prc.24). 3HaUeHUS aMIUTUTYIBI aTOMHOTO PACCESHHUs, OTIUIHBIE OT HYJISI, COOTBETCTBYIOT Y3KOMY
HHTEPBaIly yIJIOB 6 BOIM3M HAaNpaBIEeHMS HA PACCEMBAIOMIMKA aToM; d(PdEKTH 00OPaTHOTO pacCesHHs MPAKTUYECKH
OTCYTCTBYIOT. TakuM 00pa3om, B 3TOi oOsacTu dHepruit uHrephepeHunoHHble d3PQPEKThl BOJH, PACCESHHBIX Ha
OmKalieM OKPY)XEHHH, CTaHOBATCS IPEHEOPEKHMO Majbl, U MaKCUMyMbl WHTEHCUBHOCTH (OTOIMHUCCHUU
HAONIOJAIOTCA JIMIIL B HANpaBIEHUAX TpsAMOro paccesHus (@~0°), COOTBETCTBYIONIMX HANpaBlIeHUAM F; Ha
OKpY>Kalolue SMUTTEp aToMbl. KapTuHbI pacipeaeneHusi OCHOBHBIX MAKCHMYMOB HHTEHCUBHOCTH (POTOBJICKTPOHOB
B JTOM Cllyyae NPAKTUYECKH MOJIHOCTBIO OTPaXKalOT I'EOMETPHUIO OJIMKAKWIIEero OKpYXKeHUs SMHTTepa. Takoe
npocreiiniee NpuOIMKEHUE paccestHUus POTORIEKTPOHOB HCIIOIB3YETCsl JOCTATOUYHO YacTO M IO3BOJIAET IOJIy4aTh
BeChbMa IICHHBIC JIaHHBIC, HAalpUMEp, O CHUMMETPUHM M MapaMeTpax CBs3ed B aJCOPOIMOHHBIX MOJICKYJISPHBIX
cucreMax, 00 OpHEHTAMM W COCTOSHHM pACTYIIMX OIHMTaKCHAIBHBIX cioeB. [l MOHOKPHCTaJUTMYECKHX
moBepxHocTeli P®JI-KapTHHBI  TONHOCTBIO  COOTBETCTBYIOT — cTepeorpadudeckuM MpOCeKIHsIM  Hamboiee
IUVIOTHOYIIAKOBAaHHBIX HAINpaBICHUHA M IUIOCKOCTEH Ui paccMaTpUBaeMOW OpHEHTALlMM MOHOKpHCTALIa (CM.
puc.23).

C yMeHbIIEHHEM KHHETHYECKOH sHepruii dortosnektporos £, <1000 5B pons MHTEphEepeHIMOHHBIX
3¢ ¢eKToB B MpSIMOM M OOpaTHOM pacCessHUM BO3pacTaeT M JUIs OMNpeNeNieHHs CTPYKTYpHBIX IapameTpoB
MOBEPXHOCTHOTO KJIacTepa HEOOXOAMMBI TIOJIHbIE pacueThl WHTeHCHBHOCTH (otoamuccuu I(k). Crpykrypa
HAMIy4IIero COOTBETCTBHUS YCTAHABIHMBACTCS ITyTEeM MOJAEIMPOBAHUS XapaKTEPHBIX VYTJIOBBIX MOJSPHBIX HIIH
A3UMYTAJIBHBIX 3aBHCUMOCTEHl MHTEHCUBHOCTH ()OTOIMHCCHHM C MHUHUMAJbHBIM OOIIMM 3HaueHHeM (akropa
JIOCTOBEpHOCTH R = Z(|1Teop - IaKCD /2 L. PaccMOTpeHHBIN paHee IMOAXO0J OJHOKPATHO PACCESIHHBIX IUIOCKHX
BoJH (SSC-PW) mnst s—poToIMICCHU TIO3BOJISIET MIPOBOIUTH JIMIIb SMIMpUYecKuil aHamu3 P®D/J[-akcnepruMenTa u
AKTUBHO UCIIOJIb30BaNcA A0 cepenunsl 80-x IT.
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Puc.24. VYrioBoe pacmpe-aeneHHe aMIUIATYIbI
paccestiust anekrpona |f(6)| Ha aromax Ni u O
npu sHeprusx snekrpona 60-1000 s3B. Yron 0°
COOTBETCTBYET HAaIPaBJICHUIO HPSIMOTO
paccesaus [22]

Ilpuébnuscenue pacceanua cgepuueckux eonn. Pacmmpenue Bo3moxHOocTed P®J[-metoma g pemeHUs
CTPYKTYpPHBIX 3a7ad CBS3aHO C OoJyiee MOJHBIM TEOPETHYECKUM OIMCAHHWEM IIPOIecca YHPYroro pacCestHUs
(hOTOI/IEKTPOHOB B TBEPAOM Teje. OTO MO3BOJISAET KOPPEKTHO aHAIM3UPOBAaTh TOHKWE HHTEp(EpEeHIMOHHBIE
spdexter PO/I-kapTuH Bo BceM Jauana3oHe KUHETHYECKHUX SHepruil ¢oroanekrponoB. K HacrosiieMy BpeMeHH
pa3paboTaH psiJl PEATUCTUYECKHX KBAHTOBO-MEXAaHUYECKUX MOJIENEH, ONMUCHIBAIOLIMX paccesiHue (POTO3IEKTPOHOB
cepryecKUMH BOJIHAMH, W YYHTHIBAIOIIMX 3()(EKTH] MHOTOKPATHOTO pacCestHUSl - T.H. METOABI PACCESHUS
chepuyeckux  BomH  (SSC-SW, MSC-SW). Ilpubmmkenue  s—(QOTOIMHCCHM — TakKKe  OKa3bIBacTCA
HEy/I0BJICTBOPUTENBHBIM. OrpaHuueHHE 3TOT0 NOAX0AA JJIsl HHTEPIPETalny (OTOAIEKTPOHHOM- 1 0Xke-Tudpakunu
MPOJIEMOHCTPUPOBAHO IUKJIOM OCHOBOIIOJATAIONINX IKCIIEPUMEHTAIBHBIX U TEOPETHYECKUX paboT, B YacCTHOCTH,
npodeccopa Y.Demnei. bBbputo  yCTaHOBIEHO, UYTO XapakTep KOHEYHOTO COCTOSHHS OMHUTTHPOBAHHOTO
(hoToanekTpoHa (THIT BOIHEI - S, p, d, f, g WU /) OKa3pIBaeT pelnaromiee BIMSIHUEC Ha AudpakiuoHHbe 3QQeKTHl,
O0COOGHHO NPH HU3KUX KHHETHYECKHX OJHeprusx E,, < 100 3B, rme 4yyBCTBUTENBHOCTH METOAA K TOHKUM
CTpYKTYpHbIM 3(dexram Bo3pacraer (puc.25). B 3TtoM ciydae HEOOXOAMMO BBINOJIHUTH PACUEThl JHUIIOJIBHBIX
MaTpPUYHBIX 3JIEMEHTOB (OTOIMHUCCHU JUIS KaXKJOr0 W3 BO3MOXKHBIX KOHEUHBIX COCTOSIHUI (lf‘mf) n HX
MapuuaNtbHEIX BKIANoB. B cimydae PDJ] - 3T0 ABa KOHEYHBIX MHTEP(EPUPYIOIIUX COCTOSIHHAS C OPOHUTAIBHBIMU
KBaHTOBBIMH unciamu [p = [; + 1.

Cpenu COBpEMEHHBIX METOHOB OIMCAHHUA (DOTORIEKTPOHHOM SMHMCCHM HAMOOJNbIIEe PACIPOCTPAHEHHE IS
CTPYKTYPHBIX NPUIIOKECHUI TOJyYMIIM MAaTPUYHBIA MeToJ pasjenieHHbIX QyHkuuid ['puna (merox Rehr-Albers) u
MPUOJIMKCHHE MAarHUTHO-KBAHTOBBIX YHCEN C pa3fiokeHHeM B psiabl Teitmopa (Metonq TS-MQNE). O6a metona
anMpOKCUMUPYIOT PacCeHBAaIOIIYI0 CHCTEMY KJIACTEPOM HHAWBUIYaJIbHBIX aTOMOB, YTO XOPOILIO COOTBETCTBYET
JOKIFHOMY Xapakrepy (opMupoBaHus IU(paKnIUOHHBIX A(P(PEKTOB B MOBEPXHOCTHHIX cHosAX. OmHUM U3
MPEUMYIIECTB KJIACTEPHBIX METOJIOB SIBJISIETCS BO3MOKHOCTH MOJICIMPOBAHUS OTIEIBHBIX CTPYKTYPHBIX A(EKTOB
KaK TOMNOJIOTMYECKOTr0, TaK W KOMIIO3MIIMOHHOTO XapakTepa. BmecTe ¢ TeM, Kak M BCe KBaHTOBOXUMHYECKHE
TTOJIXO/TBI, 3TH METOJbI HE YUUTHIBAIOT CPEAHECTATHCTHUECKUI XapaKkTep pacHpesesieHuss CTPYKTYPHBIX 1e(eKToB.
Hwmxke paccMorpum ocHOBHBIe monokeHus Meroma Rerh-Albers (R-A) mist ompenenerus (oTodIeKTpoHHOM
IUpakIny B IPUOTIHKEHUN OTHOKPATHO paccesHHBIX cdepuueckux BoiH (SSC-SW).
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Puc.25. Paccunranubie 2m-mpoeKuuu JUQPAKIHUH DICKTPOHOB
(Eww=60 5B) nHa moepxnoctm Cu(001) B npubIMmKCHUN
OJHOKpaTHOTo paccesHust cdepuueckux BoiH (SSC SW). Ilpn
HU3KHX KHHETHYECKHX SHEPrHsX THUIl BOJHEI JIEKTpOHA (a — S-
in, 6 — p, 6 —d, 2 - f, 0 — g, e - h) CHWIBHO BIUET Ha BUJ
TU(PaKIUOHHO 21-KapTUHEI [23]

Ilpubnuxncenue pacceanus cehepuueckux 6onn. Pacmmpenne Bo3MokHOcTell P®J[-meroma miust pemieHHs
CTPYKTYPHBIX 3a/lad CBSI3aHO C Oojee IOJHBIM TEOPETHYECKHUM OIIMCAHWEM IIpOIecca YIPYroro pacCestHus
(hOTO3/IEKTPOHOB B TBEPAOM Teje. OTO MO3BOJISET KOPPEKTHO AaHAIM3UPOBATH TOHKHE WHTEP(EpEeHIMOHHBIC
a¢pdexter PO/[-kapTuH BO BceM IHana3oHE KMHETHUYECKUX dHepruil (orodnexkTpoHoB. K HacTosmemy BpeMeHHU
pa3paboTaH pAl PEATNCTHYECKHX KBAaHTOBO-MEXaHHYECKHX MOZEINEH, ONHCHIBAIOIINX paccesHre (pOTOIICKTPOHOB
cepuuecKUMH BOJHAMH, M YYHUTHIBAIOIIMX S(PQPEKTs] MHOTOKPATHOTO pAacCestHUS - T.H. METOABl PacCesHUS
chepuyeckux  BoaH  (SSC-SW, MSC-SW). Ilpubnmwkenue  s—(QOTOIMHCCHH  TaK)Ke  OKa3bIBacTCs
HEY/I0BJIETBOPUTENbHBIM. OrpaHuueHHe 3TOr0 NOAX0AA JJIsl HHTEPIpeTaluy GOTOAIEKTPOHHOM- 1 0xke-audpakunu
MPOJIEMOHCTPUPOBAHO IUKJIOM OCHOBOIIOJIATAIONIMX IKCIIEPUMEHTAJIBHBIX U TEOPETHYECKUX paboT, B YaCTHOCTH,
npodeccopa U.Demreit. ObIIO MOKA3aHO, YTO XapaKTep KOHEYHOI'O COCTOSHUS IMUTTHPOBAHHOTO (POTORIIEKTPOHA
(T BOJHHIL - 5, p, d, f, g WK h) OKa3bIBaCT pelIarollee BIMSHUE Ha TUdpakunoHHbIE 3()(deKTs, 0COOEHHO NpHU
HU3KUX KHHETHYEeCKnX 3Heprusax E,,,<100 3B, rae uyBCTBUTENBFHOCTh METOJA K TOHKHM CTPYKTYPHBIM 3((deKTam
Bo3pactaet (puc.25). bputo ykazaHo Ha HEOOXOJMMOCTH BBIITOJHEHHUS JETANBHBIX PACYETOB AUTOIBHBIX MAaTPUIHBIX
3JIEMEHTOB (POTOAIMHCCHH JUISA KaKA0I0 U3 BOSMOKHBIX KOHEUHBIX COCTOSHHH ([, my) M MX MapluaIbHBIX BKJIaI0B. B
ciayyae POJI - 910 1Ba KOHEUHBIX HHTEPHEPUPYIOIIUX COCTOSHHSA C OPOUTATEHEIMU KBAHTOBBIMH unciaamu /=l 1.

Cpenu COBpEMEHHBIX METOLOB OIMCAHHUA (DOTORIEKTPOHHOM SMHMCCHM HAMOOJNbIIEe PACIPOCTPAHEHHE IS
CTPYKTYPHBIX NPUIJIOKECHUI TONyYMIIM MAaTPUYHBIA MeToJ pasjeneHHbIX QyHKkumid ['puna (merox Rehr-Albers) u
MPUOJIMKCHHE MAarHUTHO-KBAHTOBBIX YHCEN C pa3iiockeHHeM B psiubl Teitmopa (Metonq TS-MQNE). O6a metona
aNMpOKCUMUPYIOT PacCeHBAaIOIIYI0O CHCTEMY KIIACTEPOM HHAWBUIYalTbHBIX aTOMOB, YTO XOPOIIO COOTBETCTBYET
JOKIEHOMY Xapakrepy (opMupoBaHusl IU(pakuUOHHBIX A(P(EKTOB B MOBEPXHOCTHHIX cHosAX. OmHMM U3
MPEUMYIIECTB KJIACTEPHBIX METOJIOB SIBIISIETCS BO3MOKHOCTH MOJICIMPOBAHUS OTIEIBHBIX CTPYKTYPHBIX Ae(EKTOB
KaK TOMNOJIOTMYECKOTr0, TaK W KOMIIO3MIIMOHHOTO XapakTepa. BmecTe ¢ TeM, Kak M BCe KBaHTOBOXUMHYECKHE
TTOJIXO/TBI, 3TH METOJIbI HE YUUTBHIBAIOT CPEAHECTATHCTHUECKUI XapaKkTep pacHpesesieHuss CTPYKTYPHBIX Je(eKToB.
Hwmxe paccMorpum ocHOBHBIe monoxkeHus Meroma Rerh-Albers (R-A) mist ompemenerus (oTorIeKTpoHHOM
TUPpaKIuU B IPUOTHKEHUN OTHOKPATHO paccesHHBIX cdepuueckux BoiH (SSC-SW).

OyHIaMEeHTATFHOE YpaBHEHHE WHTCHCHUBHOCTH (DOTORNEKTpoHHON audpakuun /(k), MCIONB30BaHHOE B
merone R-A st ciydast OAHOKPaTHOTO pacCesiHUs, 3aUChIBACTCS CIEAYIOLUIMM 00pa3oM:

do
[(k' n;, li' mi) X E (niJ lil m; - E}(m—u kr lf; mf) o

iS¢ O(p MR B 2
o ZLf:(liil,mi) my, (&) exp{i6€ls} x [GOO,Lf (Ry — ) + Goo,L, (R, Ry — ) (3.7)
do o
rme E(k) - ceueHHe (POTODIEKTPOHHON OSMHCCHH JUI JAHHOTO HAYAIBHOTO COCTOSHHS, OIMCHIBAEMOTO
KBaHTOBBIMH 4HCIamMu N, [;, m;; mLfC(s)— amIMTyia M 0/, - (asa JMIONLHOrO MaTPUYHOTO 3JIEMEHTa

(We,, k| €T | Pn,1,m,) TIEPEXONIA B KOHEUHOE cOCTOsHUE Ly = (lf, mf) C KHHETU4ecKo# sHeprueil E.; Gog f(o) -
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¢ynkuus ['puna HyseBoro mopsiika IJisi HEPAacCeSTHHOM cQepHyecKoi BOJHBI (g; GOO,Lf(l)' ¢bynkuust ['puna
TIEPBOTO MOPAJAKA I BCEX j -KOH(HMIypanuii OJHOKPAaTHOTO PaccesHus Ha HEHTpax ¢ mosuuusamu Ry, R, .. R;
(Bcex OIHOKPaTHO PpaccesHHbIX cgepuueckux BojH ¢;). OOmas cymma Oepercs MO BCEM KOHEYHBIM

cocrosiHuam Ly = (lf, mf).
Marpu4HBIN JIEMEHT JUIONA M, fc(s) ISl KOHEYHOTO COCTOSHMS [y onpenensercs yepes paauaibHbie R (7)

Y YIJIOBbIE KOMIIOHEHTHI V), (6, ) aTOMHBIX (YHKIIMH Kak

my, =D Ry IR, )% (Y, @O (O.0),,, 0.9)), (3.8)
e (4n/3)"? (ylf_mi(e, d)Y10(0, )Y, m, (0, d)) - kodpdunmentsi [aynra.

DyHKIMA OJHOKPATHOrO paccesHus I'puna Ggg, f(l) Ui cepuvIecKol BOJNHBI, B CBOIO oOYepenb,
BBIPAKAETCA Yepe3 MATPHIly PacCESTHHUS tlj(R]) W MaTpU4HbIE 3JIeMEHTHl (PYHKLMM Iporararopa CBOOOIHOTO

o
SJIEKTPOHA GL].,L ; (p_j) B COCTOSHHE C YIJTIOBBIM MOMEHTOM L;, y3namu 6asuca L, L, u BekTopom Oasuca f; = kR;:

GVoo.L, (I_éj’ﬁd) = ZGOO,L]. (Pa ), (Ej)GLj,Lf ») > (3.9)
(L}
rae ﬁj = k(ﬁd - I_?)j), I_?)d - BEKTOD, XapaKTEepPU3YyIOIIUH MOJIO0KEHUE AeTeKTOopa. MaTpUyHbIl 2J€MEHT GL,-,L f (ﬁ])
XapaKTepHU3yeT BEJIWYMHY BKJIaJa NPOMEXYTOUHON L; -KOMIIOHEHTBI C(EPUUYECKOI BOJIHEI, PACCEHHON Ha LIEHTpE
ﬁj, B L,/ -KOMIIOHEHTY KOHE4HOH cepudeckoit BonHsl. B MeTone R-A ynanock paspaborats Nporeaypy pasaeneHus
MaTPHYHBIX JIEMEHTOB (DYHKIMH pacpOCTpaHEHHUS GLJ_‘L f (ﬁ j) 1o mapameTpam L; u Ly .

B pesynaprare psma npeoOpaszoBanmii  ypaBHeHui#t (3.7)-(3.9) momydeHO KOHEYHOE BBIpaKEHUE
MHTEHCUBHOCTH (POTORJIEKTPOHHOM AN PaKIUH, YA0OHOE Il CTPYKTYPHBIX HPUIIOKESHUI:

10,100 |81,y c@exp (165} X |expipal/pal (4m) V2, 1 01 b1) + lexplipa)/pal x 5, [exp(ipy (1 -

00,L
. . ) (0 )2
c0s6))}/pj] % T Fao e (bW (03)|I (3.10)
rae F, /1"(pd,p j) - MaTpulia aMIUINTYZA pPaccesHHs, WIW, APYTMMH CJIOBaMH, OOOOIEHHBIH (haKTOp paccestHus
o o =3 00,L
C(bepI/I‘IGCKOI/I BOJIHBI, OTHOCAIIUUCAA K LECHTPY pacCesaHrsd B MO3ULIAU Rj, V|/:)0 A..f-pa&ZLGJ'IeHHaH MaTpuna yrjioBbIX

MOMEHTOB, 3aBHCAIIAs TOJIBKO OT COCTOSHMA Lf = (lf, mf) (mavaneroro) u Ly = (0,0) (koHEUHOro — IUIOCKAast

BOJIHA, (QuKcupyeMas JeTeKTopoM R;). MoXHO BHAETh, YTO B KOHEYHOM BBIPQKEHHH JUIS BEJIWYHUHBI
WHTEHCHBHOCTH (DOTOSMHCCHH BBIICJICHBI WICHBI, OTHOCAIINECS K HCXOAHOW HEpacCesiHHOW BOJHE ¢y U
paccesHHbIM BonHaMm ¢;. Ilocnennue BKIOYaOT B ceOsA pasieNeHHblE OOOOIIEHHBIE CTPYKTYPHBIE (aKTOPBI

Foox (pd,p j) U (a30Bble MHOXKUTEIH exp[i{krj(l — oS Hj)}], COJIeprKalllie BCIO CTPYKTYypHYyIO MH(OpManuio o
MOBEPXHOCTHOM Kiactepe. [lompaBkM Ha HEYNPYroe paccessHHe W JHHAMHYCCKHE AaTOMHBIC CMEIICHUS B
BeipaxkeHuH (3.10) monpoOHO u3naratorcst B padoTe.

[TlpumeHneHne METONOB pacyeTa WHTEHCHBHOCTH (DOTORJIEKTPOHHOW JMU(paKIMKd B  anmpoKCHMaluu
cepryeckuX BOJIH JaXe B IPUOMIDKEHWH OJHOKpaTtHoro paccesHus (SSC-SW) cymiecTBeHHO yiydmraeT
BO3MOXKHOCTH CTPYKTYPHOTO aHAIIM3a YIOPSIOYCHHBIX aJCOPOLMOHHBIX W SIUTAKCHAIBHBIX CTPYKTYp. B
pe3ynbTaTe TakuxX uccnenoBanuii PO/I-kapTHH npsAMoro u oOpaTHOTO PACCEsIHUS YCTAHABIMBAIOTCS THIT PELICTKH,
oOpa3yeMoil ajgaToMaMHM, WX IO3HLHM HA IMOBEPXHOCTH, BKIIOYAs I'€OMETPUYECKHE IapaMeTpbl. XapaKTepHbIC
3HaveHHs (HaKTOPOB JOCTOBEPHOCTH R TMpHU OMNpEAEICHUH CTPYKTYPHBIX mapameTpoB Mmerojgom SSC-SW
cocTaBisiioT He 6osee 10-12%. IIpubnmkeHne OMHOKPATHOTO paccesHusl Hanbosiee KOPPEeKTHO npu aHamuze PDJI-
KapTHH, IIOJyYEHHBIX B pe3yJbTaTe HHTepPEepEeHIINN 00paTHOPACCESHHBIX dIEKTPOHOB. [y TOro 9T00B 3P PEKTHI
00paTHOTO paccesHusi ObUIM CYLIECTBEHHBI, B TAaKUX OKCIIEPUMEHTAaX aHAIM3UPYIOT JJIEKTPOHHBIE YPOBHH C
HU3KUMHU KHUHCTUYCCKUMH OHEPrusiMu (bOTO:)J'IeKTpOHOB. B aJICOp6IJ,l/IOHHbIX CUCTEMAaxX C HaJANIOBCPXHOCTHLIMU
CTPYKTYpaMH aJIaTOMOB UCIIOJIB3YIOTCSI, KaK MpaBuio, PO/[-3aBUCUMOCTH 3JIEKTPOHHBIX COCTOSIHUM ajcopbara st
MaJIBIX W CPEAHUX TMOJSPHBIX YIJIOB OTHOCHTEIBHO IIOBEPXHOCTH. B cilydae BBHICOKOTOYHO BBIITOJHEHHBIX
9KCMEPUMEHTAIBHBIX M TEOPETHYECKUX HCCIIENOBaHMH 00paTHOTO paccesHust (PaKTop JOCTOBEPHOCTH MOXKET
Jocturate 5%, W BO3MOXHO OIpEACICHHE HECKOJIBKUX CTPYKTYpPHBIX HapaMeTpoB € JOCTaTOYHO BBICOKON
TouHoCThIO (~0,03 A) mpotieypoii MHOTrONapaMeTpUIECKOTo COOTBETCTBHS MEK/Ty TEOPHEH M SKCIIEPHMEHTOM.

B uccnenoBanusax P®J[-kapTMH A8 aTOMOB-3MUTTEPOB  MOHOKPHUCTAUIMYECKOM MOIJIOXKKH, T
TupakInoHHBIe YPPEKTH ONPEAETAIOTCS IPAMBIM PACCESTHUEM H TJIe KJIaCTepPhl COAEPIKAT YXKE HECKOIBKO CIIOCB
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paccenBarouX aToMoB. biaromaps MHOTOKpaTHOMY paccesHHIO, KaK MOKa3aHo B PsJie IKCIEPUMEHTANbHBIX [24] 1
TEOpPETHYECKHUX paboT [22,25,26], NPOUCXOAUT 3aMETHOE OCITA0JICHHE MHUKOB NPSMOTO PACCEsHUs, CBSI3aHHBIX C
OMmDKalIIM OKpYXXCHHUEM SMHUTTEpa, U BO3HUKAET JAOTOJIHUTENIbHAsS TOHKAs CTPYKTypa AN(PaKIHOHHOW KapTHHBI.
Ha puc. 26 npencraBieHsl pe3yabTaThl TEOPETHUECKUX PACYETOB MHOTOKPATHOTO paccesHust 1yt Al 2s-371eKTpoHOB
(Ewn=1336 5B), BbimomHeHHble MeTonoM R-A. MokHO BHIETB, 4YTO 3(QQEKTHl MHOTOKPATHOTO pPAaCCESHUS
BO3HHKAIOT YK€ JUIA JIBYX PACCEHBAIOIINX aTOMOB B IIEIOYKE. POIb MHOTOKPaTHOTO paccesHUs NCCIIEJOBAaHA TaKKe
JUIS. MAJIBIX ABYXCIIOWHBIX M TPEXCIIOHHBIX PACCEHBAIOIINX KIIACTEPOB — BAPHUAHT, aKTYAJIbHBIA JUII MOJICKYIISIPHBIX
a/ICOPOIIMOHHBIX CHCTEM, a TAK)KE CUCTEM C TIO/ICIIOMHON JIOKaIH3aIiel arToMapHoro azcopbata. B mocienane roapt
Onarozmapsi yCOBEpIICHCTBOBAHHIO MaTEMAaTHYECKOrO ammapara METOJa MHOTOKPaTHOTO PACcCesiHUS CepUuecKux
BOJIH M OBICTPOMY paclpOCTPAaHCHUIO KOMIIBIOTEPHBIX IPOTPaMM pacyeTra OOJBIIMHCTBO CTPYKTYPHBIX
uccrenoBanuii PO-gudpakunu ¢ npeodinafaronyM NpsiMbIM pacCessHUEM BBINOIHAESTCS HMEHHO C UCITIOIb30BaHHEM
3TOr0 HOAXOJA.

e [101] Puc.26. ComocraBneHne pe3yiabTaTOB  PacueTOB
OJHOKPaTHOTO M MHOTOKPAaTHOTO paccesHHs Ha
npuMepe  gudpaknum  GorosnexrpoHoB Al 2s
(Ea=1336,0 5B) na nuueiinoit Al[101]-uenouxe
aTOMOB aJIOMHHUs. B KadecTBe sMuTTepa BHIOpaH
kpaituuit Al-atom (oT™MeueH Ha BcTaBke) [25]

80

MHTEHCUBHOCTE, OTH. €4.
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Penmezenosckan cpomonekmponunan 2onozpagpua. Brimie paccMOTpeHBI BO3MOXHOCTH CTpyKTypHOro P®JI-
aHaIW3a TPH HCIOJIB30BAHUM PACIPOCTPAHCHHOW M XOpOWIO pa3pabOTaHHOW METOAMKH MOAEIMPOBAHUS
9KCIEPUMEHTAIBHBIX YIJIOBBIX 3aBUCHMOCTEH HMHTCHCHUBHOCTH (oTosmuccuu. llocnenHue mocTwkeHHs B
UCCJIEJOBAaHUU CTPYKTYPBI TIOBEPXHOCTH METOJaMH (DOTOIIEKTPOHHOW M OXe-AU(PaKIHUK CBS3aHBI C Pa3BUTHEM
HPSIMBIX CTPYKTYPHBIX MeTOZ0B. OCHOBOM 3THX METOJIOB SIBIISIETCSl MHTEpIpeTanus qaHHbIX PD- u oxe-nudpakunu
C TOYKHU 3peHUs rojorpaduu 1 BO3MOXKHOCTH C TOMOIIBIO MaTEMaTHYEeCKON IPOLETypbl BOCCTAHOBUTH TPEXMEPHOE
n300pakeHHe OKPYXXCHUSI SMHUTTEpa B pEaJbHOM IPOCTPAHCTBE. BrepBble 3TO TEOpeTHYECKH ObLIO
nposeMoHcTpupoBano B 1988 roxy baproHOM, KOTOPBIH NOMYyYHIT TpEXMEPHOE N300paKEHNE MOJICIIFHOTO KJlacTepa
C UCTIONB30BaHNEM (ypbe-TIoT00HBIX HHTErpasoB. IlepBoe BOCCTaHOBICHHE H300payKeHUSI aTOMOB B IIPOCTPAHCTBE
M0 SKCHEPHUMEHTAIBHBIM AU(PAKIMOHHBEIM KapTHHaM BbIMOMHEHO it mosepxHoctn Cu(001) mpodeccopom
Xaprom ¢ xomteramu B 1990 r. K HacrosmemMy MOMEHTY KOJHYECTBO pabOT mo (pOTO- M OXKe-IIMeKTPOHHOU
ronorpaduu J0CTaTOYHO BENUKO. KpaTko paccMOTpHM OCHOBHBIE IIPUHIUIIBI 3TOTO METO/A.

Hcnone3ys romorpaduueckuil mMOAXOJ, OKa3bIBaeTCs BO3MOXKHBIM — HMACHTU(QUIMPOBATH  NPSIMYIO
(HepaccesHHYI0) BONIHY ¢hg C OTIOPHOHM BOJIHOM, @ BCE PACCESHHBIE BOIHBI (b; B CBOKO OYEPENL C OOBEKTHBIMH
BOJIHAMH, KOTOpbIE, HHTEP(QEPHUPYs C ONOPHON BOJHOW, GOPMUPYIOT TojorpamMmy. I10CKOIBKY KaKablid akT GoTo
(0ke)-aMHccHn HE3aBHCHUM, TO TpsiMasi BOJIHA ¢, (OIOpHast) AEHCTBUTEIHHO CBSI3aHA C KOTEPEHTHBIM HCTOYHHUKOM.
Takum oOpazoM, pacnpeneneHne MHTEHCUBHOCTH [(k), M3MEpEHHOE BO BCEM HHTEpBAJE TEJIECHBIX YIJIOB JIMOO
SHEPTHU, MOXKET PaCCMaTPUBATHCS KaK TOJI0rpaMMa.

CyTh MaTeMaTH4ecKOH MPOLEAYPHI MOIYIECHHS TOJIOTPaMMBI 10 TAHHBIM PEHTT€HOBCKOHM (DOTOIIEKTPOHHOM
Judpaknouy cocToMT B ciemyiomeM. I[Ipexne Bcero HEOOXOIUMO BBIYHCIUTH (YHKIHIO HOPMAIM30BaHHOMN
MHTEHCUBHOCTH, TMOJ00HO TOMY, KaK 3TO JENAeTCsl MPH aHAJIM3€ Pa3BUTOW TOHKON CTPYKTYpPbI Kpas MOTJIOLICHUS
pertrenoBckux ayueit (EXAFS-metom):

x(k) = [1(k) — I, (R)|/1,(K), (3.11)
rae Iy(k) = |Fy(k)| - MHTEHCHMBHOCTD B OTCYTCTBHH KaKOTO-THOO paccesHus, ONpeNeieHHas paHee B yPaBHEHUSIX

(3.3), (3.6). Ucnonw3ys ypaBHeHue (3.6), mMmoilydacM CIEQYIONICe BBIPAKCHHE I HOPMAIM30BAHHOM
HWHTEHCHBHOCTH:
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x(k) o Zj|F0(k)*Fj(k)exp{—ik . r]-} + Fo(k)Fj(k)*exp{ik . rj}| + % Zk|Fj(k)*Fk(k)exp{ik- (rj -
i)} Fj(K)F (k) exp{—ik - (r; — 1)}, (3.12)

[Ipocreiimumii MeTOA NOJYYEHUS] NPOCTPAHCTBEHHOI'O PACIPEAEIEHUS aTOMOB U (x,y,z) HCIOJIb3YET

ontuieckyto reopemy I expmromnsia-Kupxroga

UGxy,2)o0|f f; xUexplik - rldoy|. (3.13)

T/ie HHTEeTpaj OepeTcs 1Mo BCeM HaIpaBIICHHUSIM BOJHOBBIX BEKTOPOB K cepruecKol MOBEPXHOCTH S, IUTSI KOTOPHIX
u3MepeHa rosorpamma. B ciyuae, xorma |Fy| > |Fj| U MOXXHO TIpeHeOpedYs ABOWHBIMH CyMMaMH (TpeTbe U
4yeTBepTOe ciaaraemele) B Beipaxenun (3.12), dypoe-tpancdopmanta y (k) naer peansHoe n300pakeHHe CTPYKTYPHI
Ommkaiinero OkpykeHus osmurrepa; nuku QysHkuun U(x,y,z) HOABISIIOTCS TOIBKO IJI BEKTOPOB 7,
COOTBETCTBYIOIIMX IO3ULUSIM aTOMOB-paccenBareliieid. [1onpoOHOE N3II0KEHHE OCHOBHBIX MPOOJIEM IONYYCHUS H
MHTEpIpeTanun royiorpapuyeckux (HOTOINEKTPOHHBIX N300pakeHHH MpoBeieHo B 0o03opax [16,27,28]. Ha puc.26
MOKa3aH TPUMEpP BOCCTAHOBJICHHS CTPYKTYpHl MMoOBepXHOCTHRIX cioeB Cu(001), wucmome3ys MeToxm
nuddepenmansHoOi GoTodIeKTpoHHON ToNorpaduu.

Puc.27. TpexmepHoe uzobOpaxenne nosepxHoctu Cu(001),
HOJIyYeHHOE METOIOM i depeHuanbHo
¢doTodrnexkTponHoit ronorpadun [29]

(A) —

[001]

Oobnacmu npumenenuna P®J]. POJl-3kciepMeHTBI, Ha CETOJHSAIIHUI JI€Hb, BBINOJHEHBl HAa LIMPOKOM Kpyre
00BEKTOB: MOBEPXHOCTEH, TOHKHX CJIOEB, aACOPOIMOHHBIX cucteM. [Ipn 3TOM 0JMHAKOBO YCIIEIIHO MPUMEHSIETCS
KaK METOJIMKa CKaHMPOBaHMs N0 ’Hepruu najgarouiero mydka (PJI), Tak u BapuanT GOTOIIEKTPOHHON AUDPAKIIUH C
paspemeHreM (CKaHMPOBaHWEM) IO a3UMyTalbHOMY UM moisipHoMy yrmam (P®JI). st monenmpoBaHUA
(hoTO3/IEKTPOHHON ANGpPaKIMKA Ha aJCOPOIMOHHBIX CHUCTEMax HCIIOIB3YIOTCA pacdyeThl Ha OCHOBE OJHO- HIIH
MHOTOKpPATHOTO TpUONMMKeHUH paccesHus amekTpoHoB (SSC u MSC), B psame paboT CTPYKTypa aacopOIMOHHOTO
CII051 BU3YaJIU3UPYETCSI METOAOM roJIorpadui.

B kauectBe mpumepa ucnonn3oBanus PDJI-metonukn B UXTT YpO PAH MOXHO TpPHUBECTH PE3yIbTaTHI
uccienoBanus ancopoiuu razoB (N,,0,,CONO) na Ti(0001). [Tpu aucconmuaTHBHON XEeMOCOpPOIMM Ta30B Ha
TUT@HE aTOMBI MOCJIEAHUX PACIOJIATAIOTCS KaK Ha IOBEPXHOCTH, TaK M B IOJIIOBEPXHOCTHBIX MEXKIOY3JIHUIX
Mmerawia. B ciydae xemocopbuuu azora B PODC-criekTpax MPUCYTCTBYIOT JIBE COCTABJISIOLIME, OTHOCSIIHECST K
HEOKBHBAJIICHTHBIM XeMocopOupoBaHHbIM (opmam N; u Ny Ha moepxHoctH Ti(0001) (puc.28). [nst Toro, 4roObl
OIIPEJICTINTh CTPYKTYPHBIE MO3MIMHK JBYX (opMm a3ora ObuM BbImoigHeHb! P®D/I-skcniepuMeHTHI Uil KaXIOH M3
HaOrotaeMbIX rojioc N1s-a30Ta 1 IpoBeIeHbI pacyeThl BO3MOXKHBIX CTPYKTYPHBIX HO3UIMH a30Ta B MPUOIIKCHUT
OJTHOKPATHOTO paccesHus PoTodneKTpoHoB (SSC-pacuetsl). OKa3anock, YTO OCHOBHOE AIIEKTPOHHOE COCTOSHUE N
(puc.27a) COOTBETCTBYET aroMaM a30Ta, JIOKAIW30BAHHBIM IO/ TIEPBBIM ITOBEPXHOCTHBIM CJIOEM THTaHa B
OKTadpUIECKAX MESKIOY3IHAX. B 3ToM cirydae pOTOIIEKTPOHBL, SMUTHPOBaHHBIE ¢ aTOMOB N ¢ sHeprueit 850 3B
(hopmupyroT An(paKIHOHHBIE MAKCUMYMBI B HanpasiaeHUsX N-Ti-cBsi3ell ¢ aTOMaMu THUTaHa, PacloIOKEHHBIMU B
IIEPBOM IIOBEPXHOCTHOM cJioe. 3a cueT OyIo4HOH CTpyKTyphl Ti-MOHOKpHCTaIa, IU(paKIMOHHAs KapTHHA
XapaKTepU3yeTcsl CUMMETPHEH HE TpPEThEero, a IIECTOro Mopsiaka. ATOMBI a30Ta Ny, pPACHONOKEHHBIE Ha
MOBEPXHOCTH THUTAaHA, HE CO3Mal0T BhIpakeHHON P®dJI-kapTuHbl, mocneaHsst GOpMUpYETCs 3a CueT OOpaTHOro
paccesinus Nls-dpoToanexktporos oT nmopioxkku Ti(0001). Takum oOpa3oM, ¢ momorisio PO/] ynanocs onpeneinth
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MO3UIMMU a30Ta Ha IMOBEPXHOCTU THUTaAHA W OLUCHUTH KOHUCHTPALUIO N B KaXJOM U3 BBIJCICHHBIX LHCHTPOB
a}]cop6u1/m. 910 MOMOTJI0, B KOHEYHOM HUTOI'C, MIOCTPOUTH (beHOMeHOJ'IOFI/I‘-ICCKyIO MOJCIIb B3aPIMO)IeﬁCTBPIﬂ asora ¢
MOBCPXHOCTHIO TUTAHA B BAKYYME.

Puc.28. PO®OC- wu Pd/I-uccnenoBanue
agcopbunu azota Ha Ti(0001): @ — cmektp
Nls-a3zora ¢ JIBYMsI BBIJICJICHHBIMU
COCTOSIHUSIMU; 6 -CTPYKTypa HOBEPXHOCTH
Ti(0001) ¢ BO3MOMKHBIMH HO3ULHKSIMU a30Ta
Ha TIOBEPXHOCTH W B IIOANOBEPXHOCTHBIX
OKTa3ApHUECKUX MEXA0y3usax; ¢ — PD/I-
mpoekiusa It monockl Nyjy, ¢ — POJ-
mpoekus st mojockl N, 0 — SSC-pacyer
P®A Nls amg no3unud — a3ora B
OKTa’>pHUIECKOM MEXKIOY3IHH MOBEPXHOCTU
Ti(0001)

CBoJIKa HEKOTOPBIX HaMOOJIEe MHTEPECHBIX MPHUMEPOB MCIONB30BaHHsS (HOTOIICKTPOHHOU AHGBpPAKLUK VIS
HCCIICA0BAHMS YHUCTHIX MIOBEPXHOCTEH MOHOKPHCTAIIIOB METAJIIOB, Pa3IMYHBIX HHTEP(HEHCOB, aJcopOIMu Ta30B Ha
MTOBEPXHOCTH TBEP/BIX TEJI U T.J. JaHa B 0030pHBIX padorax [30,31].

IIpumep peanuzayuu P@J] na nabopamopnom cnekmpomempe. Ha puc.29 nokazana cxema PD/I- skcriepumenTa
Ha crnektpomerpe VG ESCALAB Mk I, ucnonszyemass 8 UXTT YpO PAH. B nanHom mpubope mnosoxeHue
PEHTTEHOBCKOTO MCTOYHHMKA M aHAJIM3aTOpa 3JIEKTPOHOB OTHOCHTEIBHO 00pasia (pUKCHPOBAHO, YroJl MEXIy HUMH
coctaBmsier 50°. [lns mosrydeHUs! TMONHBIX 27-AN(GPAKIHOHHBIX NMPOEKINH TOCTATOYHO OPraHW30BaTh BpAICHUE
o0pasiia 1o a3uMyTaabHOMY (¢) M mogpHOMY (0) yriiaM M yMEHBIIUTb TEJIECHBIN yTroi coopa ¢poTodneKTpoHOB (£2).
INocnennee ocymecTBIsAETCs, HAIIPUMEP, BBIKIIOYEHHEM (DOKYCHPYIOIIMX JHMH3 — B 9TOM CIydae TeJIECHBIH yrodi
OTIpEIeTIsIETCs] pacCTOsIHUEM OT oOpasia 1o aHanmu3aTtopa (~600 MM) u pasMepoM BXOIHOH mienu aHaimu3aropa (3
MM). B pesynbprare yaaercs yMEHBIIUTD TENECHBIH yros coopa (GOTORIEKTPOHOB ¢ ~25° 10 ~1°; IpH 3TOM, OAHAKO,
WHTEHCHBHOCTb CHTHaJa (OTOIMHUCCHH TamaeT
MTOYTH Ha JBa mopsiaka. OnucaHHbIA cIOcO0 MPOCT
U TO3BOJIIET 0€3 Tpyma MeHATh pekum PDIC ¢
ycpenHenuemM 1o yray Ha P®/I-meromuky c

YIJIOBBIM pa3pelieHueM. P®/I-3xcniepuMeHT
MIPOBOJAT CIEIYOLIM obpazom. IIpn
(hUKCHPOBAaHHOM MOJISIPHOM yrie 6
OCYILIECTBIIAETCS CKaHUpOBaHHUE mno

asuMmyTainbHOMy yriay ¢ ot 0° mo 360° c¢ mmarom
Ad, Hanpumep, 2.5° (B ciiydyae  U3BECTHOM
CUMMETPHH KpHUCTAJUIa HANa3oH CKaHWPOBAaHUS
MOXeT OBITh YMEHBLIEH). 3aTeM HOJISPHBIA yroj
MeHseTca (Takke Ha 2,5°) M CKaHHPOBaHHE IO
a3UMYyTaIBHOMY YIJIy TIOBTOPSUIOCH, IHMana3oH
HCCIEIYyeMbIX  MOJSPHBIX  YIJIOB  OOBIYHO
cocraBiger 0-70° OTHOCUTENBHO HOpPMalU K
noBepxHoctu. B caydae P®DJ] ¢ paspermeHuem
XMMHYECKHX (MJIM MAaTHUTHBIX) COCTOSIHUH yTIIOBOE
BpamieHHe o00pas3la COBMEINAEeTCs C 3alHChI0
P®OC crmekTpoB HHTEpECYIOUIET0 3JEMEHTa B
kaxnoi Touku (0, ¢). B pesynprare momydaercs
maccuB, npumepHo, u3 5000 (OTOITEKTPOHHBIX
crektpoB. Kaxaplii crekTp pasmaraercs Ha
COCTAaBJIAIOMKE, OTBETCTBCHHBIC 38 Puc.29. Cxema peanmsaunu Meroma PO/l Ha cnekrpomerpe VG
HEIKBUBAJICHTHBIE (hopmbl aneMeHTa, ESCALAB Mk II

OIIpEeJIeIISIETCSl MHTEHCUBHOCTD KO IMOJIOCHI, U
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CTPOSITCS MAaCCHBBI MHTEHCHUBHOCTH OTHEIBbHBIX cocTosiHuil (0, ¢). B wmrore cosmarorcs 2m-mudpakiioHHbIe
MIPOEKINH HEAKBUBAJICHTHBIX COCTOSHIM BBIICIIEHHBIX 2JIEMEHTOB.

Bonee rpdexrusnblii Bapnant PO/l-akcneprmMenTa ucnonbyercs npodeccopom deeii (beprm, CILIA). B
ero naboparopuu nepen (HOKyCHPYIOIIMMH JIMH3aMH YCTaHABJIMBAIOT SYEHCTBHIA KOJIJIMMATOpP, MPEICTaBIISIOMINI
co00if Ha0Op TOHKOCTEHHBIX TPYOOK Majioro AMaMeTpa WJIM MHOTOKAaHAJIBHYIO IUTACTHUHY. [loCKOJIBKY 3MHcCHs
(hOTO3IEKTPOHOB TPOUCXOJUT TPAKTUYECKH CO BCEH IUIomann obpasna, TO KOJUIMMAToOp [aeT OTrpaHUuCHHE
TEJIECHOTO yriia 0e3 KaTacTpo(pUIecKOro CHWXEHHS WHTEHCHBHOCTH curHaja. Hampumep, makeTHBIH KOJUIMMAaTop
n3 337 tpybok muamerpom 0.5 mm, jumHOM 10 MM 1 TommuHON creHok 30 MM mporyckaer depes3 cebs 10 84%
(hOTOANIEKTPOHOB C YIIIOBBIM paspelneHneM o+1.3° (MoJ0BHHA BEIUYUHBI TEJIECHOTO yria coopa (hOTOIIEKTPOHOB).
CHWXEHHe MHTEHCUBHOCTH cUrHajia ¢otosamuccuu B 40-100 pa3 oT4acTu yaaeTcs KOMIICHCHPOBATh MOBBILICHHEM
SHEPrHH MPONyCKaHWs aHamm3aTopa ¢ 31ekTpoHoB U, ¢ 10-20 3B mo 100-200, a Takke HCIOIB30BAaHUEM
MHOTOKaHAIBHOM IUIACTUHBI MJIM  HECKOJIBKUX BTOPMYHBIX DJIEKTPOHHBIX YMHOXHTENEH pEerHcTpanud
(hOTO/IEKTPOHOB Ha BBHIXOZE JHEproaHanusaropa. YBenmdeHue U, OJHAKO, NMPUBOIUT K yumupeHuto POIC-
CIIEKTPOB, YTO 3aTPyIHSET MOJy4YECHHE XMMHUYECKOW WH(OpPMALUK O COCTOSHUM aTOMOB, BBHIODaHHBIX B KayecTBE
SMHTTEPOB DJIEKTPOHOB. Takoi BapuaHT P®]] ucnonb3yercss ¥ MHOTUMH J1a0OpaTOpUSIMH, OJHAKO Tpedyer
JIOTIOJTHUTEJIBHBIX TEXHHUYECKUX PEUICHUH 10 NMEepeMEeIIeHHI0 KOoJUIMMaTropa B KaMmepe CIIEKTpOMETpa MpH CMEHE
pexuMoB POSC u POJ], nmockonbky HOpU HCCIEAOBAHHM MOBEPXHOCTEH MOHOKPHCTAIIOB OAMHAKOBO BAXKHO
Jn00MBaThCs KaK BBICOKOTO YIJoBoro paspemenusi B PDJ[-merone, Tak W MaKCHMAaIbHOTO CHIDKEHHUS YTJIOBBIX
3¢ dexToB, Harpumep npu KoardecTBeHHbIX POOC n3MepeHnsx cocraBa MoBEPXHOCTH.

Kak Bumum, cranmaptaeiii POOC-crieKTpoMeTp MOXHO HCIONB30BaTh Uit moctpoeHuss Pd/I-kapTuH,
BBITIOJIHMB JIBA OCHOBHBIX YCJIOBUS: [) YMEHBIIUTH Yroy coopa (hotoanekTpoHoB (MeHee 1+2°) u ii) opraHnzoBath
BpaleHue obOpasna mo moisipHoMy (0) u asumyrtansHoMmy () yrmam. Ilocrmemnee aenaeTcs € MOMOIIBIO
MaHUIyJATOpoB (puc.30), KOTOpbIE YIPaBIAIOTCS C KOMIIBIOTEpA 4epe3 MeXaHWdeckue MpuBojbl. CIOXKHOCTh
3aKJII0YaeTcsl B MHOTO(QYHKIIMOHAIBHOCTH JepiKaressi oOpasma: oOpaseln J0JDKeH cBOOOJHO IepeMeliarscs U3
KaMephl aHAJIM3aTopa B COCEHUE KaMephbl U HapyXy M3 CIIEKTPOMETpa, OH JI0JDKEH HaXOAWUTHCS I10JI MOTEHIIUAIOM
3eMJIM TIpM 3allFCH CIIEKTPOB, OXJIAXAAThCs WM HarpeBaTbcsi B 3aBUCHMOCTH OT IIOCTaBJICHHOH 3ajaud,
MIPELM3HOHHO MEPEMENIaThCsl BHYTPH KaMephl B X-y-Z-HanpaBieHusAX. [loaToMy opraHn3oBaTh BpalleHne o0pasia,
ocobenHo Ha 360°Bokpyr ocu HOpMaiH (), ZOCTATOUHO CIOXKHO.

adlie

Puc.30. Hdepxxatenn o6pasnos, ucnonasdyembie it POOC YP- u PD/I-skcepruMeHTOB: OpraHu3yeTcs
BpaleHue oopasuos 1o asuMyTaabHoMy () u mosipHOMY (0) yriaam

B Hacrositiee BpeMsi Co31aHbl ClIeIMAIN3UPOBaHHbBIE CIIEKTPOMETPHI JJIs IPOBEIeHUS dKcniepuMeHToB PODC
C YIJIOBEIM pa3pernieHueM U (poTodnekTporHoi mudpaknuu. Hanpumep, mpubop Theta Probe (Termo Scientific)
(puc.31) mo3BosieT OAHOBPEMEHHO 3aIUCHIBATh (DOTOIIEKTPOHHBIE CHEKTPHI B AHMAINAa30HE HOJSIPHBIX yriioB 60°
(8:23°-83°) ncnonp3ysa 96 yrioBsix kaHamoB U 110 kaHAJIOB 11 3amKCH CHEKTPOB. J{JIs1 MOCTPOCHUS 2 TT-IIPOESKITHIA
P®J] ¢ pa3neneHreM XMMHUYECKHX COCTOSIHHIA 3]1eChb HEOOXOJMMO OpPraHM30BaTh BCEr0 OAMH TOBOPOT 0o0Opasia
BOKpYT ocH HopMauiu. Mmeronieecst mporpaMMHOE 00eCIiedeHUE MO3BOIISIET OBICTPO PAa3NIOKUTh (DOTOIIEKTPOHHBIE
CHEKTPHI HA COCTABIISIOIIUE U TOCTPOUTH Jist HUX PD/I-npoekium.
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Puc.31. Cnexrpometp Theta Probe (Termo Scientific)
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Haxkomner, cremyer OTMETHTH eIlle OTHO COBPEMEHHOE HalpaBiieHHE B (OTOAEKTPOHHOH mudpakunu. OHO
CBSI3aHO C HCIOJB30BaHHEM Uil BO30YXKICHHS (OTOIMHCCHU JKECTKOIO PEHTTCHOBCKOTO CHHXPOTPOHHOIO
n3nydeHus. Ota paboThl Bexytcs npodeccopom Damieil ¢ KouleraMd Ha CHHXPOTPOHHOM ILieHTpe B Bepkiu
(CILA). Panee yxe oTMeYaaoch, YTO MPU HCIIOIb30BAHUH )KECTKOTO PEHTTEHOBCKOTO U3ITyYCHHS U, KaK CICACTBHE,
BBICOKOW KMHETHYECKOI SHEPIHU BBUICTAIOIIHUX C MMOBEPXHOCTH (POTORIEKTPOHOB IPUMEPHO B 2-3 pasa Bo3pacraeT
riy6rHaananusa teepjoro cios (10 HMm u Oonee). Ecnu BepHyThCs K puc. 24, TO MOKHO 3aMETHTh, YTO [IPU SHEPTUU
35eKTpOoHOB B 5+20 k3B addexTsl mpsiMoro paccesHus Ha OMKaMIIMX aToMax OyIyT He MPOCTO AOMHUHHPOBATH,
OHH OyIyT MOJHOCTBIO OMPEACTATh CTPYKTYpy P®JI-n3o0paxkeHuil (TOIMUCCHE TEX MM HHBIX (OTOIIECKTPOHOB

C TeX WM HWHBIX aTOMOB peuieTku. [Ipuyem,
BBICOKasl SHEPrusi POTOAIEKTPOHOB MO3BOJISIET C
00IBIION YBEPEHHOCTHIO paboTatb B
npuomKeHnu  s—poroamuccun. OpHako, B
HacTosIiee BpeMsl eme He IPOBOAMINCH
n3MepeHnst (POTONIEKTPOHHON IU(paKIMU IS
TaKMX BBICOKMX DJHEPIuil, XOTA BO30OYXKICHHE
PO/  xecTkUM  PEHTTEHOM OTKpBIBAET
JOTIOJTHUTEIbHBIC aHATNTHYECKNE BOSMOXHOCTH
B M3y4eHHH OOBEMHBIX CBOWCTB MAaTEpPHAJIOB.
MoOXHO, OAHAKO, INOKa3aTh HEKOTOPHIE TaKHE
BO3MOXKHOCTH  C  IIOMOLIbIO  MOJEJBHBIX
pacuetoB. Ha puc.32 mnokazaHsl NpUMEPH!
pacuetHbix P®Jl-xkaptun moepxHoctn C(111)
anMasa jansg sHepruéd Qotoanekrpornos (0.5-20
k3B. Xoporro BuaHO, YTO C POCTOM 3HEPrUU
tdoroanektponoB Beime 1000 »B B POJ-

KapTHHAX HaYMHAIOT YCHIIMBATHCS
JUTMHHOTIEpHOJHbIe ~ OperroBckue  3(QeKTsl,
W3BECTHBIE KaK TIOJIOCHI Kukyun.

WuTeHCHBHOCTE U (OopMa 3TUX IOJIOC, a TAKKe
VX IIMPHUHA, paBHas yABOCHHOMY yriy bperra,
HecyT HHQOpMAIMIO O CTPYKTYpe TBEpPAOro
Tena.  MOXHO  TIPEANOJIOKUTH,  YTO
omwkaiiiem Oymymniem P®J] BbICOKHX SHEpruit
(hOTO3TIEKTPOHOB Oyner IIHPOKO
HCIIOJIb30BATHCS.

Puc.31. Pacuerst P®/I-xapTuH (OTOINMEKTPOHHOW AUGPAKIUU
nosepxHoctu C(111) anmasa st suepruit ¢potossnexkrponos 0.5+20
B
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B kauecTBe moOcCieIHEro NpUMeEpa HCIOJIb30BAaHMSI PEHTIEHOBCKOW (DOTORIEKTPOHHOH CHEKTPOCKOIHMHU C
VIJIOBBIM paspellleHHeM M €€ CTPYKTYPHOW COCTaBisiiomed — (OTO3JIEKTpOHHOW IHU(PaKUuK IpHUBEAEM
HCCIIeJIOBaHNS 3JIEKTPOHHOW CTPYKTYpBI TBEpABIX Tel. B 3ToM ciydae neTaqpHO H3ydaeTcs SHepreTHdeckas
CTPYKTYPBI BaJCHTHBIX 3JIEKTPOHHBIX COCTOSHHMH, KOTOpPasi ONpeeIieT XUMHUECKYIO CBS3b AJIEMEHTOB B TBEPIOM
Tele ¥, B KOHEYHOM UTOTe, BCe (PU3NKO-XMMHUYECKHE CBOMHCTBA UCCIIEyeMOro BemecTBa. I10CKOIbKY XUMHYECKHE
CBSI3M B KPUCTAIMYECKOW pEIIeTKe HOCAT HAIlPaBJICHHBI XapakTep, TO Hepell 3KCIIEPUMEHTaTOPaMH CTaBHTCS
3ajjada 3ammcaTh 3JICKTPOHHYIO IUIOTHOCTH BAJICHTHBIX COCTOSHHH BO BCEX HAIPABJICHHWAX HaJl ITOBEPXHOCTBHIO
oOpasma m 3Heprusix ot ypoBHI @Depmu go 5-10 3B. Jlpyrumu cnoBamu, B pexxume P®J], korma yrioBoe
paspemieHne CIEKTPOMETpa BENMKO, 3alUCHIBAIOTCS CHEKTPbl BAJIEHTHONH IIOJOCHI C OYEHb XOPOIINM
SHEPreTUYECKUM pa3pelIeHHEM U IIaraM CKaHHUpPOBAHUS IO SHEPTUH. B pesympTare CTposSTCS KapThl AUCIEPCHU
JHEepreTU4eckux 30H (puc.32a), onpeaensoure IOTHOCTh AIIEKTPOHHBIX COCTOSHUN KpUCTaiia B oOpaTHoM k-
npocrtpaHcTBe. Ecian 3aduKcHpoBaTh 3HEPTUIO0 PErUCTPUPYEMBIX (POTORJICKTPOHOB Ha YpoBHE 3Heprun depmu, To
pe3yIbTHPYIONIAsl KapTHHA B OOpaTHOM TMIPOCTPAHCTBE naeT moBepxHocTh Depmu (puc.326). IlomydyeHHbIe
pe3yibTaThl yAO0OHO CONOCTaBIATh C TEOPETHYECKUMH 30HHBIMH pacueTaMH U CYIWTh O IPHUPOJE 3JIEKTPOHHOTO
CTPOCHHMS M XMMHUECKOH CBSI3U B UCCIIEyEMOM KpHCTaJlIE.

a o

mMmogeb SKCNEepUMeHT

ay rel o E,

Binding Ener

Puc.32. Tlpumep nocTpoeHuss KapThl TUCHEPCHUH 30H U IOBEPXHOCTHU
®epmu Cu(100) Ha ocaoBe nanuHbIX POOC YP

B 3akmoueHnn x pasgenaM mo (OTOIEKTPOHHON CIEKTPOCKOIHMU M (OTORIEKTPOHHOH Mudpaxunu emie
pa3 MoJuepKHEM KCIIEPUMEHTAIIBHBIE BO3MOKHOCTH JJAHHBIX METO/IOB:

MIOBEPXHOCTHAS YyBCTBUTEIBHOCTB, ITyOnHa aHanu3a PODOC u PO/ Bapsupyercs ot 0.1 1o 10 HM;
KaueCTBEHHBIN 1 KOJIMUECTBEHHBIN 371eMeHTHbIN aHanu3 kpome H u He;

XUMHYECKHUH COCTaB U XUMHYECKas CBs3b,

aTOHAas CTPYKTypa OBEPXHOCTH;

JJIEKTPOHHAs ¥ MAarHUTHAsI CTPYKTYpa BaJICHTHOM 30HBI;

KOHIIEHTPAIMOHHOE TPOMUINPOBAHUE 3IEMEHTOB 110 TITyOHHE ¢ HCMOJIb30BaHHEM AT -pacTibLICHUS;
JaTepanbHOE pacipeseeHIe 3JIEMEHTOB Ha MOBEPXHOCTH ¢ paspenieHneM 10 Mxm.
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4. Cxkanupyvooiiasi TYHHeJbHasg Mukpockonus (CTM).

C MOMeHTa CcoO3JaHusl TIEpPBOTO CKAaHMPYIOIIETOo TyHHenbHOro wmwukpockoma (CTM) B mapre 1981 1.
mBeHIIapckuMK ydeHbIMH [epnom bunnurom u I'enpuxom Popepom (HaydHO-HMcciemoBaTesbcKas J1abopaTopust
IBM B r. iopuxe) CTM-MeTon cranm OJHMM M3 BaKHEHWIINX W MOMYJISAPHBIX WHCTPYMEHTOB JUIS W3y4YEHUS
MTOBEPXHOCTH TBEPHABIX TEI M MPOILECCOB, NMPOTEKAIOIMNX Ha TMoBepxXHOCTH (puc.33). 3a co3maHne TYHHEIBHOTO
mukpockona B 1986 roxy I'. bunaunr u I'. Popep Ovutn ynocroers HobOeneBckoit mpemMun o pU3UKe.

TI'epd BuHHue I'enpux Popep

Puc.33. Coznmarenu nepsoro CTM-Mukpockona (1300pakeH cieBa) meeinapckue yuensie [ epa bunaur u 'eapux Popep

Crnenom 3a CTM mnosiBUiKCh HOBBIE ONM3KHE MO CyTH METOJBI, TaKHe Kak aTOMHAs CHJIOBask MHUKPOCKOIIWS
(ACM), ckanupyromas HOHHas MHUKPOCKOIHMS, 3JEKTPOXUMHYECKas M TEIUIOBAsh MHUKPOCKOIIHS, OJIMKHENOIbHAS
ONTHYECKass MUKpOCKOmMs M Jpyrue. Bmecte mepeunciennsie merop! mmnoc CTM oObenuHEHBI moj oOmmm
Ha3BaHMEM - CKaHMpYIomas 30H10Basi Mukpockonus (C3M). B Hacrosmiee Bpems 30H10Bass MUKPOCKONUsSI OypHO
pa3BUBaETCS U OPUEHTUPYETCSI HE TOJNBKO Ha (pyHIaMEHTAIbHBIC HCCIECAOBAHMUS TIOBEPXHOCTH TBEPIBIX TEJ, HO H
3ajaud Uil OMOJIOTHH, KaTaliu3a, 3JIEKTPOXHUMUHU, METPOJIOTHM, HCHONb3YEeTCsl NMPH H3Y4YEHHHM MOJIHMEPOB U
MOJTYTPOBOJHUKOB, B MHUKPO- M HaHO-TexHOoJorusAX. C3M 1o CyTH SBISETCS MUKPOCKONMYECKHUM METOAOM, OJIHAKO
OH HE OTPAHUYUBAETCS B POJIM NMACCUBHOTO HAOMIOJATENs U YaCTO MPUMEHSETCS JJIsl MPOCKTUPOBAHUS M CO3JaHUS
MIOBEPXHOCTEH C 3aJaHHOW TOMOJIOTMEH M JUIs M3TOTOBJIEHUS W3JENUM MHMKpO- W HaHO-ypoBHA. llpsmas
MaHUITyJsAOusa € IMOMOIIBIO C3M MOBCPXHOCTHBIMU aTOMaMH IIOKa HMCIHOJBb3YCTCA IJId U3TOTOBJICHUSA 3M6J16M nu
KapTuH B aTOMapHOM MacmTaGe, HO WTIOCTPUPYCT MNOTCHHUAJIBHBIC BO3MOXKXHOCTU JaHHBIX METOAWK B
HaHOTEXHoJorusx Oynymiero. Kpome Toro, mapamienbHO ¢ BU3yalM3alued HAHOCTPYKTYP MPOBOAATCS M3MEPEHUS
JIOKAIBHBIX (PU3NKO-XUMHYECKHX XapaKTEPUCTHK IOBEPXHOCTH: MHKPOTBEPJIOCTH, MPOBOAWMOCTH, MarHHTHBIX
CBOMCTB U T.A.

3a mpomieqmne JBa ¢ MOJOBHHOW AECATWICTHS OBbUI HammcaH psn MOHOrpadmi M OO30pHBIX cTareil Imo
CKaHUPYIOIIEH TYHHETBPHOH M aTOMHO-CHJIOBOW MuKpockommu [32-37]. B HHUX paccMOTpeHBI Kak OOIIHE TEeMEI,
TIOCBSIIIIEHHBIE TEOPUU U ammaparypHoMy am3aiiHy C3M, Tak M KOHKpETHBIE IMpuUMepsl ucroib3oBanus C3M mns
aHaJIM3a IIOBEPXHOCTH TBEPAOTENBHBIX MaTepuanoB. Hmke MBI KpaTko OCTaHOBHMMCS Ha MPUHIOMIAX PaOOTHI
CKaHUPYIOILEH TYHHEIbHON MUKPOCKOIIUH U aTOMHO-CHUJIOBOM MUKPOCKOIIMU M IPUBEJIEM IPUMEPHI HCIIOIb30BAHUS
CTM B cOOCTBEHHBIX HCCIEIOBAHUAX U PabOTaxX IPYrHX aBTOPOB.

Ipunnun  aedictBuss  CTM-MHKpOCKOIa JTOCTATOYHO IPOCT, OJHAKO TpPeOyeT BHIMOJHCHHE psaa
BBICOKOTEXHUYECKUX pelieHnil. ToHKoe MeTaulMueckoe OCTpHe, CMOHTHPOBAHHOE Ha 3JICKTPOMEXaHHUYECKOM
npuBoze (X, Y, Z-no3uiroHepe), CIyKUT 30HI0M JIJIsl HCCIICIOBAHUS yYaCTKOB MMOBEPXHOCTH 00pasna (puc.344a,0).
Korna takoe octpre moJBOANTCS K MOBEPXHOCTH Ha PAacCTOSHHE JIECATHIX 0JIeH HAHOMETpA, TO MPU ITPUIIOKEHUN
MeXIy octpueM M oOpasuoMm Hebosbimoro (ot 0,01 mo 5 B) HampsbkeHust V' depe3 BaKyyMHBIH MPOMEXKYTOK dz
NPOTEKAaeT TYHHEIbHBINH TOK / TIOPSIIKA HECKOIbKHX HaHoamrep H Huke. TyHHETbHBI TOK ocaabeBaeT B ¢ °~7.4
pasa IpH yBETHYCHHH PACCTOSHHS MEKIy diekTpomamu Ha 1 A (puc.346), €ro memaer MaHHBII METOX KpaiiHe
YyBCTBUTEIBHBIM K OINHCAHHUIO 3JIEKTPOHHOW CTPYKTYpBI MOBEpXHOCTH. llosarasi, 4To 3JIEKTPOHHBIC COCTOSHHUS
(opbOuTanmu) nOKaMM30BaHBl HAa KaXJIOM aTOMHOM YydYacTKe, IPH CKaHHPOBAaHHHM IOBEPXHOCTH oOpas3ma B
HampaBlneHUH X M Y C OJHOBPEMCHHBIM H3MEPCHHEM BBIXOAHOTO CHTHala B LENH Z MOIYy4YaloT KapTUHY
MIOBEPXHOCTHOIM CTPYKTYpbl Ha aTOMHOM YPOBHE. JTa CTPYKTypa MOXeT ObITh OTOOpakeHa B JIBYX pPEeXHMax:
M3MEpEeHNE TYHHEJIBHOTO TOKa IPHU TOAJEPKAHHU PACCTOSHHS dz OT OCTPUsSl O IOBEPXHOCTH oOpasla Wiu
M3MepEeHNUE MOJI0KEHHS OCTPUs (TO €CTh PACCTOSIHUE JIO TIOBEPXHOCTH 00pa3iia) MpH NOCTOSIHHOM TYHHEJILHOM TOKE,
BTOPOW PEXKHIM UCTIONB3yeTcs Jamie (puc.35).
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b) atomic scale:

a) macroscopic scale:
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Puc.34. Ipuruun padoter CTM-Mukpockona (@), Uria-moBepXHOCTh HA aTOMHOM YPOBHE (6), 3aBUCUMOCTH TYHHEIBHOTO TOKa /

OT PacCTOSIHUS d MEXKIy UTJIOH U TIOBEPXHOCTBHIO (8)

Brime yxe ormewanock, uto CTM ocHOBaH Ha SBIEHUU
TYHHEIUPOBAHUS 3JIEKTPOHOB 4epe3 Y3KHHM AMANEKTPUUECKUil croi
(moTeHIMaANBHBIM  Oapbep) MEXIy METaUITMYECKMM 30HJIOM U
MPOBOAAIIMM O0pasloM BO BHEIIHEM JJIEKTPHYECKOM  TIOJE.
Paccmotpum Oonee BHUMATENbHO SIBICHHWE TYHHEIBHOTO IIEpEeHOCA
anekTpoHoB. Ha puc.36 mmmoctpupyercs aBa B3IIsga Ha SBICHHE
TepeHoca JMeKTpoHa depe3 nmoreHnuanbHEI Oapbep (E). C Toukm
3pEHUST KJIaCCHYECKOW (M3MKHM 3JIEKTPOH, B CIydYae, €CIH €ro
SHEpPrusi MeHbUIE TJIyOWHBI TOTEHUUAIBHON SMBI, HE MOXKET
NpeoJIoNIeTh NOTCHUHMAIBHBIA Oapbep (AMDIEKTPUYECKUN CII0H) U
Oy/eT JIOKaJM30BaH B HAYAJIILHOM COCTOSIHUHM Ja)e B HPUCYTCTBHU
JJIEKTPUYECKOTO ToJIsl. B KBaHTOBOW (hM3MKE HJIEKTPOH o0sazaer
KOPIYCKYJSIPHBIMA U BOJHOBBIMH CBOWMCTBaMH, IO3TOMY OH
CIOCOOEH TYHHEIIMPOBATH yepe3 IOTEHIMANbHBIN Oapbep aaxe B
ciryqae E<U (puc.3606).

Hwxe mnpuBenem paccyxaeHus u3 MoHorpadum B.JL
MuponoBa “OCHOBBI CKaHHPYIOUIEH 30HAOBOW MHUKPOCKOIHHU~ IS
OIIPEZICTIEHNUs TYHHEIIBHOI'O TOKA YEPe3 PACCTOSIHUE MEXIY 30HAOM U
MOBEPXHOCTBIO o0Opasma [32]. B ckaHupyoomedl TyHHEIbHOH
MHUKpPOCKOIIUM 30HJ TIIOJBOJUTCS K IIOBEPXHOCTH o0Opas3ia Ha
paccTosHMA B HeCKOJbKOo aHrcrpeM. IIpm »sTom o6pasyercs
TYHHEJIbHO-TIPO3pauHblil  TOTEHIMANbHBI  Oapbep,  BEJIMYMHA
KOTOPOTO OIPEAEsIeTCs, B OCHOBHOM, 3HAYCHUSIMH PaOOTHI BBIXOZA
3NIEKTPOHOB U3 MaTepHana 30H7a ¢, U 006pasna ¢;.
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Puc.35. Pexumbr paborer CTM: pexum
MOCTOSHHOTO ToKa ([=comst) (a); pexuM
TTOCTOSIHHOM BBICOTBI HIIIBI (dz=const) (0)

TYHHENUpyoLWm1in
acpcpekT

Puc.36. UnmocTpanuss MexaHU3Ma TyHHEIUPOBAHUS JIEKTPOHOB Yepe3 NOTCHIHATBHBIN Oaphep: KIAaCCHYECKU MEXaHU3M (@) 1

MEXaHHU3M C TOYKHU 3PEHHsI KBaHTOBO-BOJIHOBOH TeopHH (6)
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[Tpu Ka4ecTBEHHOM pPAacCMOTPEHUH Oapbep MOXKHO CUUTATh HPSMOYTOJIBHBIM C 3(PQEKTUBHOI BBICOTOH,
paBHoOI1 cpesiHeii paboTe BhIxoa MaTepuanos (puc.37a):

1
fol—
¢" =2 (0p +05) 4.1
Kak m3BecTHO U3 KBaHTOBOW MexaHWKHU [38,39], BEpOSATHOCTh TYHHEIMPOBAHUS ANEKTPOHA (KO3 HUIHEHT
MIPOXOXKICHHUS) Yepe3 OTHOMEPHBIA Oaphep MPAMOYTOIFHON (hOPMBI paBHA

[4el? _ —
= o = g kIAZ (4.2)
| 4ol
rue Ay - aMIUTITY Ja BOJTHOBOW (PYHKIIMH 3JIEKTPOHA, IBIDKYILErocs K 0apbepy; 4; - aMIUIMTY/a BOJHOBOH (QyHKINH
JJIEKTPOHA, TMPOIIEAIIETO CKBO3b Oapbep;, k — KOHCTaHTa 3aTyXaHWs BONHOBOM (yHKIMH B 00JacTwy,

COOTBETCTBYIOIIEH MOTEHINATBHOMY Oapbepy; AZ - mmpuHa 6apbepa. sl TYHHEIBHOTO KOHTaKTa JIByX METaJIIOB
KOHCTaHTY 3aTyXaHHsI MOXKHO TIPEJICTaBUTD B BUJE

k= dzme (43)

h

rzie m - Macca dJIeKTpoHa, ¢ * - cpenHsas padoTa BBIXOJa dIEKTPOHA, /i — mocTostHHas [1nanka. [1pu npunoxeHnu K
TYHHEJIbHOMY KOHTaKTy pPa3HOCTH IMOTEHIMAIOB } MEXAy 30HIOM M 00pa3loM MOSBISETCS TYHHEJIbHBIH TOK

(puc.376).

VU

Puc.37. Cxema TyHHENIHMPOBAaHMSI JJICKTPOHOB 4Yepe3 IIOTEHLUANbHBIH Oapbep B TYHHEIHHOM
MHKpOCKoIe (a), JHepreTudeckas 1uarpaMma TYHHEIbHOTO0 KOHTaKTa ABYX METaIoB (6)

B mporiecce TyHHEIUPOBAHKS YYaCTBYIOT, B OCHOBHOM, 3JIEKTPOHBI C 9HEPTUEil B OKPECTHOCTH YPOBHS
@epmu E r. B ciiydae KOHTaKTa AByX METAIUIOB BBIPAKECHHE VIS ITIOTHOCTH TYHHEIBHOTO TOKa (B OJJHOMEPHOM
npubsImKeHur) ObLJIO moydeHo B paborax [40,41]:

Je = Jo ((p*exp(—AWAZ) —(p" + eVexp(—Ap* + eV AZ)), 44

rac HapaMeTpI)Ij() uA 3a4ar0TCA CJICAYIOINMUA BbIPAKCHUAMMU:

e A= 4T"\/Zm . 45

Jo = 2mh(AZ)2

ITpn ycnoBum MajocTu HampspkeHust cMmenieHus (el < ¢§), BbIpakeHHE Ul IUIOTHOCTH TOKa MOXHO
MpeJCTaBUTh B Ooiiee mpocToM Buzae. JImHeapu3ys BTOPYIO SKCIIOHEHTY B BeIpaxeHuu (4.4) mo mapamerpy el ,
NoJTy4aeM

. , . . AeVAZ
je = Joexp(~Ao" AZ)-(q» ~ (o +en)-(1- Zﬁ)) 46

Hakowner, npexeOperasi 4wieHOM el 110 CpaBHEHUIO C ¥, BhIpaXKEHHE IS INIOTHOCTH TOKA MOXKHO 3aMUCaTh
CIIeIYoIIM 00pa3oM:

Je = jOWTeVAZ exp(—A\/FAZ) = % . é exp (—%,/chp*AZ) 4.7
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ITockonbKy SKCHOHEHIMANbHAS 3aBUCUMOCTh OYE€Hb CHIIbHAS, TO IJISI OLIEHOK U Ka4eCTBEHHBIX PacCyKICHUMN
4acTo IOJIb3YIOTCS YIPOLIEHHON GopMyIoii

am .
Je = jo(V)e mVZmeTAZ 48

B KOTOpOil BenmmuuHa j (V) 0 cunTaercss HE 3aBHCAIICH OT M3MEHEHHUS PAacCTOSHHS 30HA-00pasew. s THImHIHbIX
3HAUYeHHI PabOTHI BEIXOA (P ~ 4 9B) 3HAUCHHE KOHCTAHTHI 3aTyXannus k =2 A, Tak uro npu u3menenun AZ Ha ~ 1
A, xak y2Ke 0TMedaJsioCh BbIlle, BETUYMHA TOKAa MEHIETCs Ha MOpaaoK. PeanbHblid TyHHenbHBIH KOHTakT B CTM He
SBJSIETCSI OJIHOMEPHBIM M MMeeT 0oJiee CIIOKHYI0 T€OMETPHIO, OJHAKO OCHOBHBIC YEPTHl TYHHEIWPOBAaHUS, a
MMEHHO SKCHOHEHIMAJbHAsl 3aBUCHMOCTh TOKa OT DPAcCTOSHUS 30HI-00pasel], COXpaHSIOTCSA Takke M B Ooiee
CJIOKHBIX MOJIEIISIX, YTO TOATBEPIKAACTCS IKCIIEPUMEHTAIBHO.

Yro6s! momyunts CTM-n300paxeHusl MOBEPXHOCTH C ATOMHBIM Pa3pEIICHUEM SKCIEPUMEHTHI CIIEAYET
npoBoauTh B CBB-yCIOBHAX, IPH KOTOPBIX MOBEPXHOCTH MPOIOIKUTEIEHOE BPEMs COXPaHSIET CBOM XMMHYECKHHA
COCTaB M CTPYKTypy. boiee TOro, camMm moBEPXHOCTH M TIOBEPXHOCTHBIE CTPYKTYpBI JIydllle CO3[aBaTb BHYTPH
npuOOPOB B CBEPXUYKCTBIX YCIOBUSX IiiyOokoro Bakyyma. J{is nmomydenus CTM-n3o0paxxeHHii BBICOKOTO KayecTBa
HEOOXOJMMO  M30JIMPOBAaTh NPUOOpP OT aKyCTHUECKMX M  MEXaHWYECKMX BUOpaluii, HCIOJIb30BAThH
OBICTPOJICHCTBYIONIYI0 ~ MAJIOIIYMSIIYIO 3JIEKTPOHHKY W paboTaTh KAa4yeCTBEHHBIMH HWIJIaMH, OOBIYHO,
M3TOTOBJICHHBIMH M3 BOJIb(paMa WiIH IIaTHHEL.

He ocranaBmmBasice monpoOHO Ha Bcex BO3MOXKHOCTSIX CTM-MHKPOCKONHMH W CONPOBOXKIAMOUIMX €ro
METOJUK (HalpHMep, CKaHUPYIOUIed TYHHENBHOH CIIEKTPOCKONHWH) 3aMeTuM cienytomee. Jlokasano, uro CTM-
MeToJl 00NamaeT aTOMHBIM pa3pelIeHHEM W CIOCOOEH M3Yy4aTh AaXe JICKTPOHHYIO CTPYKTYpPY MOBEPXHOCTH
TBepAbIX Ted. Ho maHHBIM METON O4eHb UyBCTBHUTENCH K KadeCTBY IOBEPXHOCTH, KadecTBY 30HAa (W-nrisl) u
peXUMaM CKaHMPOBaHUS (IIOTCHLIHANy W TYHHEIBHOMY TOKY, Ko3(duiueHTy oOpaTHOH CBSI3H, CKOPOCTH
CKaHHPOBAHMUSA, YUETy Jpeida U T.1.).

B ckaHMpyMOIEM TYHHEJIBHOM MHKPOCKOIIE B KadeCTBE 30HIA HCIIONB3YETCA 3aTOYEHHOE OCTpHE,
NPUTOTOBJICHHOE M3 METAJUIMYECKOW IPOBOJIOKH, HampuMmep, BOJb()PaMOBOM WIM W3 cIulaBa OJIArOPOAHBIX
MeTauioB, Hanpumep 80% Pt, 20% Ir. Mrna (30H1) sABIseTcs BaKHEHMIEH 4acThi0 CKAaHUPYIOIIEr0 TYHHEJIBHOTO
MUKpockona. PopMa HUIibl 1 XMMHUYECKOE COCTOSHUE (RJICKTPOHHAs ¥ aTOMHasi CTPYKTypa) padodei MoBEpXHOCTH
(ocTpwus) MBI OIPENEIISIOT IPOCTPAHCTBEHHOE pa3pelleHre, NpaBmIbHOCTh Ha0moaaeMoi (hopMbl HAHOOOBEKTOB,
a TaxKe pe3yJbTaThl CIEKTPOCKOIMMYECKUX HcclieioBanuid. ClaeayeT Moa4epKHyTh, YTO TpeOOBaHUS K (POpME UTJIbI
3aBUCAT OT penbeda KOHKPETHOW MCCIEAyeMOW TOBEpXHOCTH. Tak, ISl HCCIEIOBAaHWSA AaTOMHO-TIIAAKOMN
MOBEPXHOCTH C PEIKMMHU OJHOATOMHBIMU CTYNEHbKAMH BIIOJIHE MOIXOAAT JOBOJIBHO TYyNBIE B MHUKPOHHOM
macmirabe urisl u3 Pt-Ro (v Pt, Pt-Ir), u3roroBneHHbIe pe3aHbEM NMPOBOJIOKH OOBIYHBIMU HOXKHHUIIAMH T10]] YTIIOM
30-60°. YIuBHUTENBHO, HO J@Xe C TIOMOLIBI0 TAKOTO 30HIa MOXKHO YBHIETh OTIENbHBIE aTOMBI Ha [TOBEPXHOCTH
nposoaHuka. OIHAKO, CHUTyalusi MEHSETCS B Cilyyae HCCIENOBaHMS HAHOCTPYKTYpP C PE3KHMH IepernagaMu
penbeda. HanomeTpoBblii pazmep KOHYMKa UIJIbI onpenenseT kadectBo CTM-u3o0pakeHusi, KOTOPOE SIBISETCS
TEOMETPUYECKOM CBEPTKOM (hOPMBI OCTPHUS UIJIBI M MPODUIIS UCCIICAYEMO TOBEPXHOCTH. JIJIs TAKKX MCCIICIOBAHUI
Tpe6leTCH KaK MOXHO 6onee OCTpBIC UIJIbI, T.C. WUIJILI C MaJibIM YIJIOM 3aTOYKH W MHWHHUMAJbHBIM paJnyCoM
3akpyrienus. Kpome toro, st monydeHus: kadectBeHHbIX CTM-u300pakeHuil CyIIECTBCHHOM SIBJIICTCS XOPOIIas
MIPOBOAMMOCTb U YHCTOTa paboyeil TOBEPXHOCTH HIJIBI.

HaubGonee pacnpocrpanenHsiM MarepuasioM juis CTM-30H10B siBisieTcss BOsib()paMoBasi IMPOBOJIOKA
Onarojapst ee TBEpAOCTH M OOJBIIOMY OIIBITY IO ITOJIOTOBKE MOJOOHBIX 30HJOB /IS MCCJIEIOBAaHUN B MOHHOM
npoektope. CymecTBEHHBI HEJOCTATOK JAHHOTO MaTepHana — OKHCJIEHHE IIOBEPXHOCTH BOJb(ppama C
00pa3oBaHNEM IIIOXO MPOBOJAIICH TUICHKH, 3TO CO3AaeT 00OBEKTHUBHBIE CIOXHOCTH npu padbore CTM Ha Bo3myxe.
Onmnako, ecnM  OKOHYAaTelbHass CTaausl TOATOTOBKM W-HWriasl (y#aleHHEe OKCHAA) TIPOBOJUTCS B
CBEPXBBICOKOBAaKYYMHOW YCTaHOBKE, a 3aT€M B 3TOH ke ycTaHOBKe BBHIMTONHAIOTCS CTM—n3MepeHus, TO TaHHBIH
HEJOCTATOK OKAa3BIBAaeTCS HECYNIeCTBEHHBIM. llomuepkHeM, dTOo KOHEUHBIH pe3ynpraT — CTM-m3o0paxenne c
aTOMapHBIM pa3pelieHHneM, MOITHOCTBIO omperensercd kauecTBoM W-uribl. IlosToMy moaroToBku 30HIA mepen
HU3MEPCHUEM ABJIACTCA BaXXHbIM, €CJIM HC KIIFOYEBLIM, 3TAIIOM CTM-:)KCHCpHMeHTa.

O6bI‘IHO TCXHOJIOT'UA HNPUTOTOBJICHUSA W-SOHHOB BKJIIOYACT ABEC WU TpU CTAaJUH MOATOTOBKH. HepBaﬂ -
nepeTpaBiIrBaHue BOJIb()PAMOBOH MPOBOJIOKU B AIIEKTPOXUMHUUECKOI stuelike (puc.38a), BTopas — 6ombapanpoBKa
HOHaMH Ar' B CBEPXBBICOKOM BaKyyMe, TPEThsl — OT/KHUT UIJIbI B BAKyyMe 3JIEKTPOHHBIM MyukoM. COMocTaBjeHHe
Pa3IMYHBIX METOJIOB JIEKTPOXUMHUYECKOTO TPABJICHUs BOJIb()PaMOBBIX 30HIOB NOKA3bIBACT, YTO Hauboiee ocTpble
WITBl TIOCTE TIEPBOM CTaguM TPABICHHS IOIYYalOTCS IPHU HCIOIb30BAHWM IOCTOSIHHOTO TOKa M OBICTPOTO
JIEKTPOHHOTO OTKIIOYEHUS NUTaHus. [1o100Hass TEXHONOTHS peaan30oBana Ha mpuoope st popMupoBaHust W-HTi
TFS-1 (Curma Ckan, Mocksa).
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[Tpu6op mns usroronenns: W-30u10B aiast CTM (monens TES-1) siBisieTcst npelin3nOHHBIM HHCTPYMEHTOM
M paboTaeT Ha MPUHIMIAX JIIEKTPOXMMHUUYECKOro TpasiieHus. lleperpaBnuBanue BoOJIb()PaMOBOIl NPOBOJIOKU
npousBoauTcss B pactBope ruapookucn Harpuss NaOH wimm xamus KOH. K BombsgpamoBoii  mpoBoiioke,
norpyxenHoii B pactBop NaOH (unmu KOH), npuknansiBaeTcsi HanpspKeHHE HMOCTOSIHHOTO TOKa, IMOJ| JCHCTBHEM
KOTOPOTrO MPOHCXOAUT TPABICHUE NPOBOJIOKM HAa YPOBHE IOBEPXHOCTH pPAcTBOpa. B MOMEHT, korga B 30HE
TPaBJIEHHUsS TPOBOJOKA CTAHOBUTCS OYEHb TOHKOHM, HIKHUH KOHEIl TPOBOJIOKHA OTPHIBACTCS M IPOUCXOIWT
aBTOMAaTHYECKOE OTKIIOYEHHE TMpolecca TpasieHUs. B pesynprate 3TOro mporecca mnosydaercss W-30HI €
MHUKpPOOCTpHEM, NpurogueiM st paborer B CTM (puc.386). KauecTBO 30HDA ONpenensioTcs IapameTpaMu
TPaBJIEHUsI, @ UMECHHO: HalPsSHPKEHUEM TPABJICHUS, TOKOM TPABJICHUS, TOKOM OTCEUKH (IIOPOT TOKA TPaBICHHUS, MPU
KOTOPOM aBTOMAaTHYECKH OTKIIFOUAETCS MPOLIECC MIEKTPOXUMHUUECKOTO TPABICHHS).

CymectByeT OO0NBIIOE MHOroOOpa3se METOAOB MPUTOTOBICHUS 30HIOB. sl HAAEKHOTO H3MEPEHUS
npoduiIs 1mepoxoBaToil MOBEPXHOCTH 4YacTO (POPMHUPYIOT 30HABI CO CTPOTO OINPENEIICHHOW TeOMEeTpHel OCTpHs,
HarpuMmep, BBIOUPAIOT Yrojl CXOkKAeHHs KoHyca octpus B 20°. [ ucciieoBaHust OMOJNIOTMYECKHX OOBEKTOB
MPUMEHSIOT 30HABI HeOoubIoro quamerpa (1-2 Mukpona) npu 3HauutensHol amuHe (1015 mxm). [Ipu nzyuennn
MOBEPXHOCTH B JKUAKHX CpeJax, Ha TOBEPXHOCTb MWIJIBI, 3a MCKIIOYEHHUEM CAaMOT0 KOHYMKA, HAHOCAT
JIMDJIEKTPUYECKOe TOKPBITHE — IUICHKY MOJMMepa WJIM MHOTO Marepuana. B Takom ciydae MOXHO HaOmonath
JNEKTPOXMMUYECKOE OCAXKJCHNE EAMHWYHBIX AaTOMOB IIpH O3JeKTponu3e. B OonbmMHCTBE ciydaeB (GupMsl,
nponsBopsmre CTM-MHKPOCKOIIBI, PEKOMEHIYIOT HCIOIb30BaTh W-30HbI, IPOU3BOIUMbIE CAaMUMHU (prpMamu TI0
OTpabOTaHHON TEXHOJOTMM WM TIOCTABIAIOT TPHOOPHI Ui M3TOTOBIECHUS MWIJ C COOTBETCTBYIOLUIMMH
METOMYECKUMHI PEKOMEHAAIMSIMHU.

a 4]

Tungsten
Wire _\ Control

circuit

Copper

/ Ring

¥ 10nm

KOH 2Mm

20 HM Puc.38. Cxema 3/1E€KTPOXUMHYECKOrO TpaBiieHHs W-IIPOBOJIOKU IIpU

= nsroroBiaeHnn CTM-30H10B (@), BONBGPAMOBBIH 30HI C OKCHIHBIM

6 cioeM Ha moBepxHOCTH (6), 30HA Pt-Ir ¢ MHOXecTBOM OCTpHEB,
M3TOTOBJICHHBIN pe3aHbeM MPOBOJIOKH OOBIYHBIMU HOXKHULIAMH (8)

Bropast u TpeThs cTamuy MoAroToBKH W-30HJOB NPOM3BOAMTCS BHYTpH BakyyMHOH CTM-ycTaHOBKH C
LIEJIBI0, BO-TIEPBBIX, yIAJICHNS OKCHUIHOTO CJIOS C TIOBEPXHOCTH OCTPHsI HTJIbI (pHc.386) 1, BO-BTOPBIX, TEPMUIECKON
PEKPUCTAILIM3ALMH CTPYKTYpPbl METAILIA ¢ BBIXOJOM ojHOro W-atoma Ha KoHell octpus. [Tpomemypa HoHHOM Ar'-
00MOapIUPOBKH HITIBI HE BBHITISIUT 00A3aTENBHOM, IMOCKOJBKY H3BECTHO, YTO BBICOKOTEMIIEPATYPHBIH OT)KHUI B
BaKyyMe€ IIOJIHOCTBIO OYHMINAET MOBEPXHOCTH W-30HAA OT OKCHIOB, (OpMHpPYeT HYXKHYIO TEKCTYpy 30HAA H
CTPYKTYpY WIJIBI C OJHHUM aTOMOM Ha KoHIe. IIporenypa TepMmudeckoi O4MCTKH W-HIJIBI OT OKCHJA SIBISETCS
00s13aTeNIbHON B 3aj7ayax, rae Tpedyercs aromHoe pasperienue CTM-mukpockona. [Tomymepsl, Tuna ouncTku W-
UTJIBI cepuell MpoboeM MeXIy MOBEPXHOCTHIO M WIJIOH, HE JIAI0T OJHO3HAYHO IOJIOKHUTENILHOTO pe3yibrata. Ha
puc.39a npuBOIUTCA INEKTPUUECKAasl CXeMa OAHOTO M3 BapUAHTOB OTXMra W-HIJIBI C MOMOIUBIO 3IEKTPOHHOIO
IIy4yKa: 3/1€Ch AIEKTPOHBI, IMUTUPOBAHHBIE C TOPAYETO KaTOAAa U YCKOPEHHBIE PA3HOCTBIO MOTEHIUaIoB 1 k3B
yIapsIOT 110 BEpIIMHE 30H[a, pa3orpesas ero o temmneparyp Bbime 1000 °C. dororpadus Takoro ycTpoucTsa,
CMOHTHPOBAHHOTO B BakyyMHO# kamepe CTM-mukpockona Omicron moka3ana Ha puc.390.
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Puc.39. Dnexrpuueckas cxema yCTpoWCTBa AJs
omkura W-urii B BakyyMme (a) U KOHCTPYKLHS
takoro ycrpoicra Ha CTM-mukpockome VT
STM Omicron (6)

BaxHoii neTanblo CKaHHPYIOIIEr0 TYHHEJIHFHOIO MHKPOCKOINA SIBIISCTCS MEXaHWYECKUH MaHUITyJSTOD,
KOTOpBIH o0ecneunBaeT MepeMelleHHe 30HJa Haj IIOBEPXHOCTBIO ¢ TOYHOCTBIO J0 THICAYHBIX J0JICH HaHOMETpa.
TpamunMOHHO MEXaHWYECKHMH MAaHUIYJIATOP W3rOTAaBIMBAIOT W3 IHE30KEpaMHUYECKOro Mmarepuana. Ecmm u3
mbe30MaTepuaia BbIpe3aTh OalKy NPSMOYTOJIFHOTO CEYEHHs, HAHECTH Ha MPOTHUBOIOJIOXKHBIC CTOPOHBI
METATMYECKUE IEKTPOABl M MPMIOKHUTh K HUM Pa3HOCTh MOTEHIMAJIOB, TO HPH 3TOM IMPOM30MIET M3MEHEHUE
TEOMETPUYECKUX pa3MepoB Oajku. DTO Tak Ha3bIBaeMblil 00paTHbI mbe303¢¢dextr. C NOMOIIbI TakoW Oaiiku
MOXKHO IepeMellaTh 30HJ II0 OZHOH KOOpAMHATE, C IIOMOLIbI0 KOMOMHAIMHK U3 Tpex OaJlok — IO TpeM
KOOpJMHATaM. B mnpakTH4ecKMX KOHCTPYKUHMSX OOBIYHO HCIONB3YIOT IbE30KEPAMUUECKHE MaHHITYJISTOPBI,
BBINIOJIHEHHbIE B BHJE TOHKOCTEHHOW TPYOKH C HECKOJIBKUMH pa3/ieIbHBIMH 3JIEKTPOAaMH. Y IpaBIsioliee
HaNpsDKEHWE BbI3BIBACT VYIUIMHEHWE WM W3rH0 Takux TpyO4aThIX MaHUIYJSTOPOB U, COOTBETCTBEHHO,
NepeMenieHre 30H4a M0 BCEM TpeM IMPOCTPAHCTBEHHBIM KoopauHatam X, Y m Z. KOHCTpYKUMHM COBpEMEHHBIX
MaHHMITYJIATOPOB OOECIICUMBAIOT AMANA30H MEXaHM4YeCKoro mnepemenieHus 3oH1a a0 100-200 MKM B IUIOCKOCTH
obpasia u 10 5—12 MKM 1o HopMaJii K 00pasiry.

CkaHMPYIOIINI TYHHENBHBI MHKpPOCKOIN TNPHMEHSIOT IJISi MCCIENOBaHMS IPOBOASIIMX IOBEPXHOCTEH.
Wzo0paxeHus, MoNydaeMbleé C TIOMONIBIO 3TOr0 MHKPOCKOMA [afoT HWH(OpMAanMi0 O MPOCTPAaHCTBEHHOM
pacIipefieIeHU TUIOTHOCTH JJIEKTPOHHBIX COCTOSHUM BOIM3M mOBEepXHOCTH. OOpa3HO TOBOPS, TYHHEIBHBIH
MHKPOCKOII BUITUT PACIIPEACIICHNE SIEKTPOHHBIX 00JIaKOB MEXIy aTOMaMH penleTkH. M3MeHss noTeHnua: Ha urie
MOXKHO ‘“‘9yBCTBOBaTh’ T€ WJIA HHBIC SJICKTPOHHBIC
COCTOSIHMSI, PACIOJIOKCHHBIE HIDKE ypoBHS Depmu.
Mn on Ag(111) 10 nm x 9 nm Ha puc.40 nokazan npumep tpanchopmaimn CTM-
n3obpaxkeHuss  moBepxHocTH  Mn/Ag(111) mpum
HW3MEHEeHHH NoTeHuuana uriiel ot -100 MB 1o +100
MB. Tlomywaercs, uto npu 3amucu CTM-kapTun
clielyeT BHUMATEIIbHO OTHOCHTBCS K 3HAaKy W
B&JIMYMHE  TIOTEHIMAna WIJdBl W BEIOMpaTh
ONTHMAJIbHOE 3HaYEHUE TYHHEIBHOTO TOKA.

Ha ceropnsmmunii neHp mpoBeneHO OObIIoe
3 gucno  CTM-3KCIEepUMEHTOB  HAa  PasIHIHBIX
e— : ; = Marepuanax: MOHOKPHUCTAIaX, JIHTaKCHAIBHBIX
3 . B IUIEHKaX, aJCOPOLMOHHBLIX CTPYKTypax W T.O. 31ech
MBI  KpPaTko  OCTaHaBIMBAaeMCi  TOJBKO  Ha
pesynsTatax, rae CTM peanu3zoBaH B BapuaHTe
n300pakeHUH C aTOMapHBIM paspenieHueM. Hmke
npexacraBieHa HeOousbmas ranepess CTM-kapTue
Puc.40.  Tpaucpopmanms  CTM-u300paeHnsi TMOBEPXHOCTH  pa3gHYHBIX TIOBEPXHOCTEH, B TOM YHCIE PE3yIbTaThl
Mn/Ag(111) npu n3MeHeHnH MOTEHIMAIA UTJIbI cotpyanukos UXTT YpO PAH (puc.41).
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0.25 moHocnost Ag Ha Ge(111)

K

KBanroserii 3aron: Fe na Cu(111) Kganrossie 3aronst: Fe na Cu(111)

Puc.41. Ilpumepsr CTM-u300paskeHnit HOBEPXHOCTH TBEPABIX TEJI M HAHOCTPYKTYP C aTOMHBIM pa3perieHueM

Tpamummonno anst  arrecramn  CTM-MHKPOCKONOB — HCHOJNB3YIOT — PSII  STAJOHHBIX  MAaTEpHAaJIOB,
Ka4eCTBEHHBIC MOBEPXHOCTH KOTOPBIX MOXHO OCTaTOYHO JIETKO HMPUTrOoTOBUTh. K TakuMm MmarepuanaM OTHOCHTCS
BBICOKOOPHEHTHPOBaHHBIN muponuTudeckuit rpadur (BOII') ¢ yrioBbiM OTKIOHEHHEM C-OCH MeHblIe 4eM 1°.
[oBepxnocts BOIII' roTtoBuTcss Ha BO3AYyXE C IOMOLIbI0 OOBIKHOBEHHOTO CKOTYa, IIOCIEIHHH IJIOTHO
MPHXKUMAETCsl K MOBEPXHOCTH KpHUCTAIa M OTJACNAETCS BMECTE CO CIOEM YIJIEPOJHBIX CJIOEB BAOJb BaH-ACp-
BaaJbCOBOH Mmenu pemieTku rpaduta. Pesyiasrar CTM-mukpockonuu nosepxHoctd BOII nokaszan Ha puc.4la. B
cuity Toro, uto Mero CTM oTpaxaeT 3JIeKTPOHHYIO IIOTHOCTH, @ HE TIO3UIMH aTOMOB, H300pa)KeHHE TOBEPXHOCTH
BOIII" He coBmasaeT ¢ XOpOIIO W3BECTHOW IIECTUYTOJILHOM CTPYKTypoil cios rpadura. B nannom cinyuae CTM-
n3zobpaxkeHne (QOpPMHUpYeTCs 3a CYET OJIEKTPOHHOW IUIOTHOCTH NEpPBOIO M BTOPOTO cJOsi rpadura, KOTOpHIC
pa3BepHYTHl APYT OTHOCHTENBHO japyra Ha 60°. Cnemyer oTMeTnTh, uTo HoBepxHocTh BOIII™ mpomomkuTensHoE
BpEMs COXpaHSET CBOIO CTPYKTYPY Ha BO3IyXe M Hcronb3yercs st arrecranni CTM-MUKPOCKOTIOB, pabOTaromNx
B aTMocdepe Bozayxa. Kpome toro, BOIII' mpumensercs B KayecTBE IOIUIOKKH A W3Yy4EeHHS HAHOCTPYKTYp
METO/IaMH CKAaHUPYIOIIEH TYHHEIbHONH U aTOMHO-CHUIIOBOM MUKPOCKOIIUHY.

Hpyroii momynsapusii MaTepuan aist TectupoBanust CTM - moBepxHocTs kpeMHU (111). Kpemnwmii siistercs
MOJYNPOBOJHUKOM M B OOBIYHOM COCTOSIHMM IUIOXO IMPOBOAMT TOK, KPOME TOrO Ha BO3/yXE €ro MOBEPXHOCTh
okucieHa 10 SiO,. [ToatoMy mcciienoBars AaHHBI MaTepran Ha Bo3aylnHbIX Bepcusix CTM He mpercraBisieTcs
BO3MOXHBIM. OOBIYHO, ITaCTUHY MOHOKpHucTamuia Si(111) momemniarot B BakyyMHyto kamepy CTM-mukpockomna u
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TOTOBSIT CIIEMAJIbHBIM 00pa3oM. Eciyi KpucTann He MMeeT HOCHTeNel 3apsjia, K HeMy NPUKIAJbIBAIOT BBICOKOE
HaIpsDKEHUE U CO37atoT Ne(eKThl, (OPMUPYS COOCTBEHHYIO IPOBOIUMOCTH. Yallle B KauecTBE UCXOIHOTO KPEMHUS
BBIOMPAIOT KPHUCTAJUIBI C NMPOBOAMMOCTBIO p-tuna (Hanpumep, 0.3 Q-cm npu 300°C). [lanee B CBB-ycnoBusx
noBepxHOCTh kKpeMHHs (111) OYHMIIAIOT HOHHBIM AT -ITydKOM OT OKCH/a, HATPEBAIOT KPUCTALT METOIOM BCIIBIIIKH
10 1250°C u miaBHO OCTY’KarOT JO KOMHATHOW TemmepaTypsl. [Ipun 3TOM MpOMCXOANT yAMBUTEIBHOE SBICHUE —
MoBepxXHOCTHasA CTpykTypa (1X1) kpemuust tpanchopmupyercst B ctpykrypy Si(111)-(7X7), CTM-u300paskenns
JAHHOW CTPYKTypbl ToOKa3anbl Ha puc.416,6. Ilosepxuocts Si(111)-(7X7), taxxe kak u BOIIl, mupoko
HCTIONIb3YETCS B KauecTBe 3TayioHa mpu arrectaruu CTM-MHUKPOCKONOB ¥ MOUIOKKH Ul OCaKACHHUS Pa3IHYHbBIX
METaJIJIOB U T'a30B.

Ecnu nponosmkute Temy TectoBbix MatepuanoB it CTM, To B KauecTBE TAaKOBBIX MOXKHO BBIICIUTH
MOHOKPHCTAJLIBI JUXAEKOTCHUIOB TIEPEXOTHBIX METAILIOB, Takue kKak MoS,, TiS,, TiSe, u np. 3T Marepuaisl, mo
AQHAJOTUU C TNHPOJIMTHYECKUM TIpadUTOM, UMEIOT CIIOUCTYIO CTPYKTYPY M XOPOIIO KOJIOTCS BJOJbL BaH-AEp-
BaaJbCOBOM Ieiw, (GOpMHUpYs TMOBEPXHOCTh M3 aroMoB xambkoreHa (S, Se, Te). Ha puc.4loc mpexncramieHo
N300pakeHne MMOBEPXHOCTH CKoJIa B BakyyMme MoHOKpuctaiuia TiSe,. B orimmane ot BOIIT u Si(111)-(7X7) 3mech
otueTnuBO HabOmromaetcst pemeTka (1X1) cemena mepBoro mMonocmost TiSe,. OxHako Ha (HOHE TAHHOW PEIICTKH
BBIJEIISIFOTCS. CYNIEPCTPKYTYPbI B BUAE TPEYTOIBHUKOB, B KOTOPBIX aTOMBI CEJICHA MPUIIOAHATHI HaJl TOBEPXHOCTHIO
Ha JlecAThIC 10M A. DTOT pe3ysIbTaT momuepKuBaeT mpekpachbie Bo3MoxuocTH CTM QHKCHPOBATH CTOIb Majibie
OTKJIOHCHUSI B TO3MIMHM MOBEPXHOCTHBHIX aTOMOB IO BbICOTE. B naHHOM cilydae HaOJIOAaeMble TPEYTroJbHbIE
CTPYKTYpPBI 00pa3yroTcsi 3a CHeT JOKAILHOTO W3MeHeHHs nonuTumna aucenenuna ¢ 17-TiSe, na 2H-TiSe,.

Ha monoGHbIX 00bekTax yIOOHO H3yuaTh sIBIEHHsS B3auMHOro 3ameinenus Ti, Mo, Nb t.a. apyrumum
MEPEeXOHBIMA METaJUIaMH, HMHTEPKAJIAIMIO INEJNOYHBIX W IIEPEXOAHBIX METAIJIOB B MEKCIIOEBBIE ITyCTOTHI,
aJIcopOIMI0 Ta30B, CTPYKTYPHU3ALMIO OCaXJA€MBIX aTOMOB W MOJIEKYJd M T.A. MOXKHO IpPEANoIoKNUTh, YTO
JIMXaAJIbKOTCHUIBI SIBIISIFOTCSL yIOOHBIMU 00BEKTaMH IS, TaK HAa3bIBAEMBIX, ONEpallid 110 aTOMHON cOOpKe, Korna ¢
nomonibio CTM-HIIIBl IPOM3BOIUTCS MEpPEMEIIEHIE aTOMOB Ha TOBEPXHOCTH C OJJHOM MO3UIMN HA APYTYIO.

Meron “atomuoit coopku” B CTM-Mukpockonuu ciiefyeT BbIIEIUTb 0c000. Ves Takoii TeXHOIOTHH ObLia
npeanoxeHa eme B 1960 r. 3HaAMEHHUTHIM aMmepukaHckuM (usukoMm P.deiinMaHOM: 4TOOBI COOpaTh HYKHYIO
HAHOCTPYKTYpPY H3 OTJAEIbHBIX aTOMOB, HEOOXOJMMO TMPOCTO TMOMECTHTh HYXHBIH aTOM B HYXHOE MecTo [42].
ITpumep Taxoi BEICOKOTEXHOJIOTMYHOM mporenypsl, kak CTM-MaHuUIy IsIIKs aToMaMu, IoKa3aH Ha puc.413e mis
CHCTEMBI JKelle30-Melb. 37IeCh aTOMBI XKeJle3a pacnonaratorcs Ha nosepxHoctu Cu(111), oOpa3ys, Tak Ha3bIBacMbIe,
KBaHTOBBIE 3arOHBI (corral), KOTOpbIE B PYyCCKOSI3BIYHOMN JINTEPAType MONYYHIIH KaprOHHOE Ha3BaHNUE — KBAHTOBBIE
Kopayutbl. VM3IOMUHKA JaHHBIX CHCTEM COCTOWT B TOM, 4TO C Momolsio CTM-HIbl HanpaBIeHHO Pa3MENAr0TCs
aTOMBI JKelle3a Ha TmoBepxHocTH Menu (111) B BuIe 3aMKHYTOTro Kpyra, oBaja, KBajpara, MHOTOYTOJbHUKA H T..I.
IMockoasky CTM-Mukpockonus “BUANT’ HE CAMH aTOMBI, @ 3JIEKTPOHHYIO IJIOTHOCTh HA aTOMax U MEXy HUMHU, Ha
MOJTYy9aeMbIX HM300paXEHHSIX OTYECTIIMBO IPOSBIISIOTCS BOJHBI 3apsJOBOH INIOTHOCTH W TO3MIMH JIOKATH3alNuN
3JIEKTPOHOB BHYTPH “KBAaHTOBBIX 3aroHOB”. Taknm 00pa3oM, KBAaHTOBBIN 3arOH JCHCTBYET KaK ABYMEpHas siMa UL
3JIEKTPOHOB MOBEpXHOCTH. Kpyrosbie BosiHbI, BuauMble Ha CTM-n300pakeHUH BHYTPH 3aroHa, - 3TO CTOSUIHE
3JIEKTPOHHBIC BOJIHBI, CYIIECTBOBaHME KOTOPBIX IpEACKa3blBaeT peuieHue ypasHeHus lllpenunrepa mmst Takux
TPaHUYHBIX ycnoBUH. Cuuraercss, 4Yro MOJOOHBIE CTPYKTYpel B OyaymeM OyIyT MCHOJB30BaThCs B
HaHOAJIEKTPOHUKe. PomoHavyanpbHHKOM MeTona “aToMHON cOopku” ¢ momompio CTM-urner sBisercs [IBM.
CoTpyaHuKaM 1aHHO (PUPMBI BIIEPBBIE YIaJI0Ch HAIMCATH JIOTOTHI /BM 13 aTOMOB KCEHOHA Ha MOBEPXHOCTH MEJIN
(puc.42a). B mnocnenctBue MOJOOHBIE PHCYHKHM CTaJId CO3/1aBaTh MCCIEAOBATENN JPYTrHUX HAYYHBIX TPy
(puc.426,6).
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Puc.42 JloroTumel, cocTaBlIeHHbIC U3 OTACIbHBIX aToMOB: /BM, kceron Ha Ni(110) (a); snonckoe Kana3u o603HaueHHe aToMa,
Fe na Cu(111) (6), norotun Omicron u3 42 atomoB cepebpa Ha Ag(111) ()
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Cyl1iecTByeT psjJi METOAMK “aTOMHOW cOOpku” Ha moBepxHocTH ¢ momolpio CTM-uriel. Ilo sTomy
BOIIPOCY TMOJIE3HO MpOCIylaTh PsijJ MHTEPECHBIX BUJICONEKLUUNA, BBUJIOKEHHBIX Ha caidte B IHTepHere
http://videolectures.net/kolokviji_saw_stm/. Mcronb3yst Me:XaTOMHBIE CHIIBI MEXKITy “TIOCIEIHAM’ aTOMOM UIJIBI U
aTOMOM Ha MOBEPXHOCTH, a TAKXKeE MIEKTPOCTATUYECKUE CHUJIIBI, NEHCTBYIOIIME CO CTOPOHBI UIJIBI HAa IIOBEPXHOCTH,
WIN K€ TOKH BBICOKOW INIOTHOCTH, MOYKHO LEIUIATh aTOMBI K HIJIe, NEepEeMeNIaTh UX I0 IMOBEPXHOCTH B HY>KHOE
MECTO, yNAIATh HEHYXXHBIC, OCaXKIAaTh IOMOJHUTEIBHBIC aTOMBI ¢ HWIIIBL. MTak, Ui aTOMHBIX MaHUITYISIUN U
HaOIIONCHUS CIIY’)KAT OJUH M TOT K€ MPHUOOpP: MOXKHO CHadaja OCMOTPETh HMOBEPXHOCTh, BHIOPATh OOBEKT IS
MaHUITYJAOAN, TPOBECTH WX, a 3aTeM INPOBEPHUTH pe3ynbTaT. M Bce 3TO B OJHOM CKAHHPYIOIIEM TYHHEIHHOM
MHUKpocKkore [42].

B0O3MOXHOCTP Takux AaTOMHBIX MaHUILYJISLUI
ObuTa BIIEpBBIC MPOAEMOHCTpHpoBaHa B Hadame 1990-x
roZIoB Tpymnmoil amepukaHckoro ¢wusuka J[.Diirnepa. B
KauecTBe TMpuMepa Ha puc.43 MoKa3aHO CTPOUTENHCTBO
YHOMSHYTOTO BBIIIE “KBAaHTOBOTO 3aroHa” (OKPYXKHOCTH
pamuyca 7.1 HM, cocrosimieil U3 48 aTOMOB Keine3a Ha
noBepxHoctd Mean) [42]. [IpuBenenHsIii npuMep, KOHEUHO,
JIOCTATOYHO 3P PEKTeH, HO HEOOXOAUMO OTMETHUTH, UTO IS
(dopMupoBaHHS Jake€ TAKOW OTHOCHTENBFHO IPOCTON
HaHOCTPYKTYPBI TPEOYIOTCS Yachl KPOIOTIUBOW pPabOTHI
omeparopa CTM, dYTO COBEpIIEHHO HE TOAMTCSA IS
MIPOMBIIIJICHHOTO MPOU3BOJICTBA WHTETPATBHBIX CXEM, I7ie
YUCIIO JJIEMEHTOB WCUYHUCISACTCS MHJUIMOHAMH U JIaxe
Oounbiie. Kpome TOro, OONBIIMHCTBO 3KCIEPUMEHTOB II0
MaHMITYJIAIUM aTOMaMU HPOBOJMIOCH MPHU OUY€Hb HHU3KHX
TeMmrepaTrypax, 4roObl  HHUBEJIMPOBAaTh  BO3MOXHOCTh
TemrepaTypHoli nudQy3ur aTOMOB 1O IIOBEPXHOCTH.
Hanpumep, CTM-uzo6pakenne sorotuna Omicron Ha
puc.426 nony4deno mpu 4.8 K.

B cBs3M ¢ 3TUM BO3HHKIO aNbTEPHATHBHOE
HampaBJICHUC (hopmMupoBaHus HAHOCTPYKTYP -
CaMOOpTaHU3AITHS. [purTIT CcaMOOpTaHU3aIuI
3aKIIIOYAETCS B CO3MAHWU TaKUX YCIOBHH, YTOOBI cHcTEMa
cama cTpeMuiiach 00pa3oBaTh HAHOCTPYKTYPBI, IIPUYEM B
JIOCTaTOYHO OOJIBIINX KOJMYECTBAX, CHOHTAHHBIM 00pa3oM.

[Tpumep camoopraHu3aly aTOMOB B YIIOPSIIOYCHHbBIE CTPYKTYPBI Ha IIOBEPXHOCTH Ipe/ICTaBJIeH Ha puc.410.
3necs Ha rpanu MoHOKpHcTaimia Nb(100) dopMmupyroTcs ymopsaIoYeHHbIC CTPYKTYpbl okcuma NbO 3a cuer
cerperanyy Kucjiaopoja u3 odbeMa KpHcTajula Ipy TEMIIEpaTypHOM OTXHIe B Bakyyme. Ha apyroit rpanu HHoOus
Nb(110) Takxke Qopmupyrorcs nuHeituarsie NbO-cTpyKTyphl, HO ApYyroil opMbl W HepHoAn4HOCTH (puc.41k).
Takum 00pazoM, BEIOMpas COOTBETCTBYIOIIUE ITOJUIOKKH U PEXMMBI 00paOOTKH (TemrepaTypa, AaBieHHe rasa u
T.J1.) MOKHO (DOPMHUPOBATH TE WM WHBIE CTPYKTYPHI Ha MTOBEpXHOCTH. [10T0OHBIX IPIMEPOB B JINTEPATYPe MHOTO.

Puc.43 Habop mnocnenosarensubix CTM-u3o0paxeHuid,
WITIOCTPUPYIOIIUX Tpoliecc (OPMUPOBAHUS “KBAHTOBOT'O
3aroHa” u3 48 aromoB Fe, amcopOupoBaHHBIX Ha
nosepxuocta Cu(111) [42]

Crnenyromuii BakHass Metonuka B cocraBe CTM-MuKpocKONMHM CBsi3aHa C BO3MOKHOCTBIO H3MEHSTh
MOTEHIMAaN Ha urie (Hampumep, oT -1 B 1o +1 B) ¢ omHOBpeMeHHOH 3amuchi0 BETHYMHBI TYHHEIBHOTO TOKa. B
pe3ynbTaTe IOJIy4aroTcsl BOJIbTAMIEPHbIE XapakTepucTukd (BAX) ¢ aroMapHBIM JaTepalbHBIM pa3peIICHUEM.
JlanHas MeToAMKa TIIONyYWiIa Ha3BaHHE CKaHWpyromied TyHHenbHOH crekTpockommu (CTC), mockombky oOHa
OTpa’kaeT paclpesielieHue 3JIeKTPOHHOW IUIOTHOCTH IO SHEpreTHdeckoil mkame okoio ypoBHS Pepmu. Humxe
npuBoutcst pasaen ans onucanuss CTC-meronuku u3 kauru B.JL.MuponoBa “OCHOBBI CKaHUPYIOUIEH 30HA0BOM
MHUKpOCKONHUHU . J[71g XapakTepHBIX HANPsDKEHUH Ha TYHHEJIbHOM KOoHTakTe nopsiaka 0.1 — 1 B u TyHHEIbHBIX TOKOB
Ha ypoBHe 0.1 — 1 HA CONPOTHBIICHHE TYHHEILHOIO KOHTAaKTa R, 10 mopsiky BeiuunH coctasiuser 10°+10'" Om.
Kak mpaBuiio, comnpotusienue uccienyemblx B CTM o0pa3ioB Rg cymiecTBEHHO MeHbIe R;, n xapaktep BAX
oTIpeNeNsieTcs, B OCHOBHOM, CBOMCTBaMU HEOOIBIION obacTu 00pasma BOIU3M TYHHEIBHOTO KOHTaKTa (puc.44).

Puc.44. DxBuBaneHTHas1 cCXeMa TYHHEIBHOTO
KOHTaKTa I10 MOCTOSHHOMY TOKY [32]
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XapaxkTep TyHHenbHOM BAX cyliecTBEHHO 3aBHCUT OT SHEPreTUUECKOro CIIEKTpa JIEKTPOHOB B oOpasie. Ha
puc. 376 npuBeeHA DHEpreTHUecKas JuarpaMMa TYHHEIIBHOTO KOHTAKTa JByX MeTayuioB. [Ipu npsiMoM cMeleHun
JJIEKTPOHBI TYHHEIUPYIOT U3 3aII0JTHEHHBIX COCTOSIHUM 30HBI IPOBOIMMOCTH 30H/1a Ha CBOOOJTHBIE COCTOSTHHS 30HBI
npoBoanMOCTH obpasua. Ilpu oOpaTHOM CMeIIeHHH 3JEKTPOHBI TYHHENIHPYIOT M3 oOpasna B 30HA. BennunHa
TYHHEJIbBHOTO TOKa OIPEAENIIeTCs HANpsHKEHHEM CMENIeHus, KO3(QHUIMEHTOM MpO3padyHOCTH Oapbepa U
IUIOTHOCTBIO COCTOSIHMH BONMM3KM ypoBHS DepMu. BripakeHWe I TYHHEIBHOTO TOKA B ClIy4ae IHCKPETHOTO
AIEKTPOHHOTO CIIEKTpa OBUIO  MOJy4deHO B paborax [43-45]. B mpuOmmkeHUN KBa3HHEIIPEPBIBHOTO CIEKTpa
3JIEKTPOHOB BBIPAKEHHUE JIIS TYHHEIBHOTO TOKa MOXKET OBITh MPENCTABICHO B CIICAYIOIIEM BHIE:

dl = A- D(E)py(E)f,(E)ps(E)(1 - f;(E))dE , 49
rae A — HekoTopas noctosiHHast, D(E ) - mpo3padHocTh 6apwepa; pp(E), ps (E )- TIOTHOCTH COCTOSIHUI B MaTepHale
30HJa U HCCIEAYeMOro o0pasia cooTBeTCTBeHHO; f(E) - dyHkuus pacupenenenus @epmu. B mpocreitmem cirydae
NPSAMOYTOJIBHOTO Oapbepa MpU HU3KHX TEeMIeEpaTypax M B NPEANOJIOKEHUH, YTO IUIOTHOCTh COCTOSHHMH BOJIU3H
ypoBHsa depmu B MeTasule 30HAa IPAKTHYESCKH OCTOSHHA, BBIPAKCHUE I TOKa MOXKHO 3aIIMCaTh B BHIC

ev
IV) =B [ ps(E)IE 4.10
B sTom ClIydac€ 3aBUCUMOCTb TYHHEJIBHOI'O TOKa OT HANPsXKEHHUS ONPEACISICTCSA, B OCHOBHOM, INIOTHOCTBIO

COCTOSIHUH B SHEpPreTMYeckoM crekrpe obOpa3ua. Ha mnpaktuke BenuuuHy pg(E) OLCHUBAIOT 10 BEIHMYHHE
MIPOU3BOTHON TYHHEILHOTO TOKA MO HAIPSHKEHUIO:

81
ev)~—. 4.11
ps(eV)~—
HCCJ‘IGI[OBaHI/IH JIOKAJIbHBIX TYHHCJIBbHBIX CIICKTPOB PAa3jIMYHbIX MATEPUAJIOB MNPOBOJAAT, KaK IIPpABHUJIO, B
YCJIOBUAX BBICOKOI'O BaKyyMa (HOCKOJ‘IBKy TYHHeﬂbHLIfI TOK OYC€Hb YYBCTBUTCJICH K COCTOAHUIO IMOBEPXHOCTHU

uccieayeMbIX 00pa3lloB) M NPH HMU3KHMX TeMmeparypax (Tak Kak TEIUIOBBIE BO30Y)KIECHHSI CHIBHO Pa3MBIBAIOT
0COOCHHOCTH B 3JIEKTPOHHBIX CIEKTPAX).

Boavm-amnepnas xapaxmepucmuxa kowmaxkma meman-memani. TyHHeIHpOBaHHE 3JEKTPOHOB uepe3 Oapbep
MEXIy IByMsI METalJIaMH pPacCMaTPHUBAIOCh BO MHOTHX paboTax 3amoiro no nossieHus CTM [46,47]. s mansix
HaINpsDKEHUI CMEIEHNS 3aBUCHMOCTb TYHHEIIBHOT'O TOKA OT HAIIPSDKEHUS JIMHEHHas!, U IPOBOIMMOCTD TYHHEIBHOTO
KOHTAKTa OIpeJielsieTcs, B OCHOBHOM, IapaMeTpaMu Oapbepa:

41 5
Ji = Jo(V)em Y2t 4.12

[Tpu oueHb BBICOKHMX HampspkeHHsX (Gopma Oapbepa OyAeT CHIIBHO M3MEHSTHCS, U TOK OyJIeT ONUCHIBATHCS
¢dopmynoii daynepa-Hopareiima. Tunmunas BAX, HaOmomaemas Jjisi TYHHENIBHOTO KOHTAaKTa METasl-METall,
n300pakeHa cxemaTndyecku Ha puc.45q. Kak BUAHO M3 pPUCYHKA, BOJBT-aMIIEpHAs XapaKTepUCTHUKA TYHHEIBHOTO
KOHTaKTa METaJlI-METallJI HeJIMHEIHA 1, KaK MTPaBUIIO, TPAKTUIECKH CHMMETPHYHA.
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Puc.45. BonbT-amIiepHble XapaKTEPUCTUKH JJIs Pa3IMYHBIX KOHTAKTOB 30HIa M MaTepraia o0pasa: MeTaul-MeTall (a), MeTalul-
MOJTYIPOBOAHUK (6), METAJUI-CBEPXIPOBOAHUK (8,2)

Boavm-amnepnas_xapaxmepucmuka KOHMAKmMa Memai-noaynposoonux. I1oynpoBOIHUKOBBIE 00pa3mbl HMEFOT
Oosee CIIOKHYIO CTPYKTYpPY SHEPIeTHYECKOIo CIIEKTpa 3JIEKTpOHOB. Hannuume 3amperieHHoi 30HbI U IIPUMECHBIX
YPOBHEH B CHEKTpe MOJIYyNPOBOAHUKOBEIX MaTepuanoB Jenaer BAX TyHHENBHOTO KOHTaKkTa MeTalll-
MIOJTyTIPOBOTHUK CHJIBHO HEIMHEHHON (puc.456). CylmecTBeHHBIM BKJIAI B TYHHEIBHBIH TOK [AlOT TaKke
MOBEPXHOCTHBIC COCTOAHNA Y YPOBHH DHCPIHU, CBA3aHHBIC C a[[COp6I/IpOBaHHI)IMI/I Ha MOBEPXHOCTU UYKCPOAHBIMU
aTOMaMH. HO3TOMy HCCICA0BaHMs JIOKAJIbHBIX TYHHCJIBHBIX CIICKTPOB NOJYIIPOBOJHUKOBBIX MAaTECPHUATIOB IIPOBOAAT
B YCJOBMSX BBICOKOTO Bakyyma. HekoHTpomupyemoe MpUCYTCTBHE Ha TMOBEPXHOCTH aJCOPOMPOBAHHBIX aTOMOB
CHJIbHO YCJIOKHSIET MHTEPIIPETALUIO OIyYaeMbIX B SKCIIEPUMEHTE TYHHENBHBIX CIIEKTpoB. Kpome Toro, TemnsoBsie
BO30Y)KAEHHS IPUBOJAT K 3HAUYNTEIHHOMY YIIMPEHHIO JHMCKPETHBIX YPOBHEH OHHEPrHH, COOTBETCTBYIOIIMX
JIOKaJIM30BaHHBIM COCTOSIHMSIM, @ TaKkKe CHJIBHO Pa3MBIBAIOT MOJ0KEHHE KPacB 30HBI IIPOBOJMMOCTH M BaJIEHTHOU
30HBL. B KadecTBe mpuMepa Ha puc.466 pUBEIeH TYHHENBHBIN CIeKTp oOpa3na GaAs, momydeHHbIH B padote [48].
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Puc.46. DuepreTryeckas 1uarpaMma TYHHEIBHOTO KOHTaKTa MeTalI-oaynpoBoaHuk u CTC-
CIIEKTP MOBEPXHOCTH KpHcTayuia n-GaAs

TyHHeJ’ILHLIe CHEKTPLI MO3BOJAKOT OIMPCACIIUTD MOJIOXKCHUA KPACB 30HBI IIPOBOAUMOCTH U BaJICHTHOM 30HEI
OTHOCHUTEIIBHO YPOBHSA (I)epMI/I, a TaKXe I/IZ[eHTI/I(l)I/IL[I/IpOBaTL CIICKTPAJIBHBIC TIHUKH, CBI3aHHBIC C MPUMECHBIMH
COCTOSIHHUSAMU BHYTPHU 3anpeu_[eHH0171 30HBI ITOJTYTIPOBOAHUKOB.

Bonem-amnepuaa xapaxmepucmuxa KOHmMAKma_Meman-c6epxnpogooHuK. B cBEpXIIPOBOAAIIMX MaTepHanax INpH
TeMIepaTypax HIDKE KPHTUYECKOH NPOMCXOAWT (Pa30BBIA IEpEexoi, COMPOBOXKIAIOMIMNCS MEPEeCTPOUKOH
SHEPreTUYECKOr0 CIEKTpa 3JIeKTpoHOB. IIpn HM3KHMX TemmepaTypax 3JIEKTPOHBI O00pa3ylOT TaK Ha3bIBAEMbIE
KynepoBckue mapbl M KOHIEHCHPYIOTCS Ha YPOBHE, OTCTOSIIIEM Ha BEIWYMHY A OT 30HBI NPOBOJMMOCTH.
DHepreTuyecKas AuarpaMma KOHTaKTa METaJll — CBEPXIIPOBOJAHUK MpuBeaeHa Ha puc.47 [49].
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Puc.47. DHepreTudeckas AuarpaMMa KOHTaKTa METaJlT —
CBEPXIIPOBOJHUK (a); DHepreTHdeckas auarpamMMa KOHTaKTa

METaJLT — CBEPXIIPOBOHUK IIPH IPSIMOM (6) U 00paTHOM (6) )
cMmeneHuu [32] Erp

[Tpu mpsiMOM CMEIIeHHH TYHHENTBHBIH TOK Yepe3 KOHTAKT BOSHUKAET TOJNBKO MPH HamlpsuKeHusax el > A. Jlns
MIPOCTOTHI CUUTAEM Oapbep TOHKMM, TaK 4YTO HAa HEM HE NPOHCXOAMT MajAeHHWA MNOTeHIManta. B stom cmydae
QJIEKTPOHBI M3 30HJA TYHHEJIHPYIOT Ha CBOOOAHBIC COCTOSIHUS CBepXIpoBojsiiero odpasua (puc.476). Ilpu
O6paTHOM CMCIICHUN KapTHHA TYHHCIMPOBAHUA HEMHOI'O CJIOXKHEC. HOCKOHbe Ipu TYHHCJIUPOBAHUN JSHCPIUAd
CHCTEMBI COXPAaHSETCd, TO IIPOIECC TYHHEIMPOBAHUA B 3TOM Cllydae IPOUCXOAUT CIEAYIOIMM 00pa3oM.
Kyneposckast mapa paciiemnisieTcsi; Ipi 3TOM OJIMH 3JIEKTPOH YXOJHT ¢ NOTepel SHEPriuH Ha CBOOOIHOE COCTOSHHE
BOJIM3M ypoBHS DepMu MeTaia, a BTOPOi, mprolpeTast 3HEPTHIo A, IEpeXoJUT Ha BO30YKICHHOE COCTOSIHUE B
CHeKTpe cBepXmpoBoaHuKa (puc.47¢). Takum oOpa3oM, BOJIBT-aMIIEpHasl XapaKTEPUCTHKA TyHHEIIBHOTO KOHTAKTa
METalI-CBEpXIPOBOAHUK mpu  Temreparype 7 = 0 K comepxur nse BetBu tpu eV >A  (puc.45e).
CooTBeTcTBYIOMIast INIOTHOCTH COCTOSIHUH B CIIEKTPE CBEPXIPOBOJHUKA IIPUBEACHA Ha puc.45e.

IIpn TtemmeparypaX, OTJIMYHBIX OT HYJS, JHEPIETHUYECKHH CIIEKTP CBEPXIPOBOJHHUKA YaCTHYHO
pa3sMbIBaeTCs, TaK 4YTO B PEAIBHBIX BOJIBT-AMIIEPHBIX XapaKTEPUCTHKAX CIIEKTPAIbHBIE OCOOCHHOCTH
CBEPXIIPOBOAHUKOB BBIPAKCHBI MeHee 4yeTKo. OHUM U3 NPWIOKECHUI CKaHUPYOUIeH TYHHEIbHOW MUKPOCKOIIMU U
CIEKTPOCKOINH SIBJISICTCS CCIIEA0BAHUE HEOAHOPOAHOCTH MIEKTPUUECKUX CBOMCTB 00Pa3IOB CIOKHOTO cocTaBa. B
3TOM Clly4ae COBMECTHBIM aHAIU3 MOPQOJIOTHH IOBEPXHOCTH U BOJBT-aMIICPHBIX XapaKTEPHCTHK, CHATHIX B
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pa3MYHBIX TOYKAaX IOBEPXHOCTH, MO3BOJISIET CYAWTh O pAacHpeiesieHMH pa3inyHbIX (a3 Ha IOBEPXHOCTH
KOMIIO3UTHBIX CTPYKTYp, HUCCIIEAOBATh KOPPEALMH MEXAY TEXHOJOTHUECKUMH IapaMeTpaMH HX IOJy4YeHHSI U
JIEKTPOHHBIMU CBoOMcTBamu. B wactHoCTH, cHUMass BAX B pa3snu4HbBIX TOUKAaxX MOBEPXHOCTH, MOXKHO HUCCIIEJ0BATh
pacripeziesieHue cBepXnpoBosiie (aspl B 00pa3nax HeoHOpoAHOTo cocraBa. C 3TOH Lenbio P CKaHUPOBAHUH
OJTHOBPEMCHHO C pETHCTpalueil penbeda MOBEPXHOCTH B Kaxkmod Touke mnpousBoautcs cHitue BAX. Ilo
nokanpHON BAX paccunTheiBaeTCS 3HaUEHHE MapaMeTpa A, KOTOPOe 3aHOCUTCS B OTICNBHBIHN (aitn. B manpHeitmem
cTpowutcs pacnpenencHue A = f{X,y), KOTOpOe XapaKTepPH3yeT CTPYKTYPY CBEPXIPOBOASAIIETO COCTOSIHAS 00pasia.

CTM-npuGopsl. Brimyckaemple B HacTosiee  BpeMs
CKaHMPYIOIIUE TYHHEIbHbIE MHKPOCKOIBI MOKHO YCJIOBHO
pa3menuts Ha paboTaromue B aTtMocdepe Bo3ayxa W B
YCIOBHSIX CBEPXIIIyOOKOTO BakyyMma (JTydiie 107 ITa). U3
OTEYECTBEHHBIX IPOM3BOAUTEICH MOXXHO BBIICIUTh TaKHE
¢upmbl, kak HT-MAT, IIpoton-MUDT, Curma-Ckas.
[ocnenuss CreUaIn3upyeTcs Ha BBIITyCKE
cBepXBbICOKOBaKYyMHBIX CTM-MHKPOCKOIIOB W IPOHU3BOAUT
BapMaHT MHKPOCKOMNA, paboTalomero IpH KPHOTCHHBIX
temrepatypax (puc.48). M3 3apyOexHbIXx ¢upMm ciemyer
orMeTuTh Takux npomsBoxureneit CTM, xak Omicron
(Iepmanms), Specs (I'epmammsa), Vacuum Generators
(Benukobputanus), CreaTec Fischer (Fepmanmst)
Nanonics (CIIIA) u np.

B wuncTHTyTe XmMum TtBepmoro Tema YpO PAH
(YHKIMOHUPYET CKaHUPYIOILUI TyHHEJIbHbIH MUKpockon VT
STM (Omicron), COCTBHIKOBaHHBIH C BBICOKOBAKYYMHOI P . .

- nc.48. HuskoremmepaTypHbIi (TeIHeBBIH) CBepX-
CHCTEMOFi SJIEKTPOHHOTO CHEKTPOMETPa ESCALAB MK II BHICOKOBAKYYMHEIA  CKAHMpYiOUmH  TyHHENSHEI
(VG Scientific) (puc.49). C HEKOTOPHIMH PE3YNBTATAMH,  yugpockon "SigmaScan STM CRYO"
MOJTy4EHHBIMU Ha JAHHOM MHUKPOCKOIIE MOXXHO O3HAKOMUTHCS
B HHTEpHET-pecypce http:/www.issc-xps.ru/.

IIpuemymectso CTM-Mukpockoma B COCTaB€ HCCIEAOBAaTENbCKOTO KOMIUIEKCA 3aK/IIOuaercsi B
BO3MOXKHOCTH TOTOBHUTH IIOBEpXHOCTH MaTepuaioB miusi CTM-uccrnenoBanuii M NPOBOAMTH COIYTCTBYIOLIHE
W3MEpPEHHsI COCTaBa M XHMHUYECKOTO COCTOSHHMS JJIEMEHTOB Ha MoBepxHocTH Merogamu PDOOC, Oxe-
CHEKTPOCKOIHH H T.JI.

Puc.49. JlaGopatopuss KBaHTOBOM
xumun u cnekrpockonun UXTT
YpO PAH, wuccnenoBatenbCKuii
mpubop Ha 0asze 3IEKTPOHHOTO
cnekrpomerpa ESCALAB MK II u
CTM-mukpockona VT ~ STM
Omicron
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3akjioueHue.

B mnpexncraBneHHOM Marepuane HE 3aTPOHYTHI MHOTHE HHTEPECHBIE TEMBI M METOIBI HCCIEIOBAHUS
nosepxHocTH. I[Ipexne Bcero, oTMETUM Takue (yHIAMEHTAJIBHBIE METOJBI, KAK BTOPHYHAS MacC-CIIEKTPOMETPHS
(BUMC), audpakiust MeIeHHbIX 37eKTpoHOB (AMD), sanekrponnas Oxe-crniekrpockonus (90C), aTOMHO-CHIIOBas
Mukpockonust (ACM). 3aech Mbl ocTaHOBUIHUCH Ha Tpex MeTol: PODC, POJ] u CTM, koTopsbie, C OHON CTOPOHBI,
0€3yCIIOBHO, SIBIISIIOTCSl JIMJIEpaMH MO MOMYJISIPHOCTH W MH()OPMAaTUBHOCTH CPEOH BCEX METOJOB aHaIn3a
MIOBEPXHOCTH U, C APYT'OH CTOPOHBI, MOTYT OBITh TAPMOHUYHO OOBEANHEHBI B paMKax OOIIEro BEICOKOBAKYyMHOTO
KoMIuIekca. JlanbHeiee pa3BUTHE METOAOB (POTOIIEKTPOHHOW CIIEKTPOCKONIMM M AWQPAKIUH BUIUTCA B
HECKOJIKMX HaIlpaBJICHHX:

. [NoBrIeHue MaTepambHOrO | yriioBoro paspemeHus POIC YP-crnekrpockomnmy;

. Hcnonp3zoBanne B 71a0OpPAaTOPHBIX CHEKTPOMETPAX HECKOIBKHX MOHOXPOMAaTH3UPOBAHHBIX
PEHTIEHOBCKHX MCTOYHHKOB C Pa3HBIMH SHEPTHsIMU BO30YkaeHus (0T yiubTpaduomnera 1o 5-8 k3B);

J Hcnonb3oBaHUE KECTKOTO PEHITCHOBCKOTO M3JIyYEHUS] CHHXPOTPOHHBIX HCTOYHHKOB JUIS

npoBeaeHus sxcrepuMeHToB POIC ¢ yrioBoii 3aBucumMocTsio 1 PO/I;

e  [IporpamMmHOe obecriedeHue Juisi pacdyeToB (POTOINEKTPOHHON AUPpPaKIMK U (HOTOINEKTPOHHON
rojorpaduw;

. P®3C u PO/ - sxcriepuMeHTHI IPH SKCTPEMAIbHO HU3KHUX TeMIepaTypax;

e  [lossimuenue ckopoctu PO/I-3kcniepumenTa.

B CTM-MUKpPOCKONIMH BUIATCS CIETYIOIINE NEPCIIEKTUBBL:
e  DKCHEpUMEHTHI IPU HU3KHUX (TEIMEBBIX ) TEMIIEPaTypax;
[Iporpammuoe obecrieueHre A1l aTOMHOM COOPKH Ha TIOBEPXHOCTH;
Hogrle MaTepuansl 11 30HIOB,;
ConyTcTBytomiee 000pyJOBaHUE I OATOTOBKY OBEPXHOCTH U POCTY IMMOBEPXHOCTHBIX CTPYKTYP;
PazBurne MmaOT030HA0BOM CTM-MHUKPOCKOTIHH;

B nenom, MOXHO TPEIIONIOKHUT, YTO OYAYT CTPOHMTBHCS BBHICOKOBAKYYMHBIE KOMIUIEKCHI, COUETAIOLINE B
ce0e METOJpl OCaK/AEHHS TBEPAOTEIBbHBIX MAaTEpPHANOB M HCCIEOBAaHHE HOBBIX MAaTEpPHAIOB CIIEKTPAILHBIMH,
T (paKINOHHBIMA M MUKPOCKOIIMYECKUMH METOJIAMH.
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