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AHoOTALA

Kap6iBcbka JI.I. EnekTpoHHI BIACTMBOCTI Ta MEXaHI3MHM BIIOPSIKYBaHHS
0D-, 2D- ta 3D — HaHOCTPYKTYp Ha OCHOBI METalliB Ta METAJOOKCHJIB —

Kpanidikamiitna HaykoBa mparis Ha IpaBax PyKOIUCY.

PoGota Ha 3m00yTTS HAayKOBOTO CTyNEHS JOKTOpa (Di3MKO-MaTeMAaTHIHUX
Hayk 3a crneriainbHicTio 01.04.07 — dizuka TBepaoro Tina. IHCTUTYT MeTanodi3uKu

im.I'.B.KyparomoBa HAH Vkpainu, Kuis, 2019.

PoGota npucBsiueHa TOCTIHKEHHIO €1eKTPOHHOI, aTOMHOI OY/I0BH, BJIACTUBOCTEHN
Ta MexaHi3MiB BOoOpsiikyBaHHS 0D-, 2D- ta 3D — HaHOCTPYKTYp Ha OCHOB1 METAJIIB Ta
METaJT00KCHU/IIB.

VY poboTi HaBe/ieH! pe3yIbTaTH EKCIIEPUMEHTATIBHUX Ta TEOPETUYHUX JOCIHIIKEHb
€JIEKTPOHHOI, aTOMHOi OyJOBHU Ta MOPQOJOTNYHMX OCOOIMBOCTEM MOHO- 1
OararomapoBUX HAHOCTPYKTYp OJIAarOpoJHMX METaliB, HIKEIIO Ta 1HAII0 Ha
MoHOKpucTamyHux noBepxHsax Si(111) 7x7, Si (110), InSe (0001) ta GaSe (0001)
npu X TEPMIYHOMY HAHECEHHI B YMOBaX BHUCOKOTO Bakyymy. JlOCTi/DKEHO MeXaHi3MU
dbopMyBaHHS HAHOCTPYKTYDP 0JIarOpOJIHMX METaliB, HIKEII0 Ta I1HIII0 Ha
MoHOKpuctamiuaux moepxHsx Si (111)7x7, Si(110), InSe (0001) ta GaSe(0001)
npu O0araTocTaaiiHOMy TEPMIYHOMY HaHECEHHI.

Po3po0sieHa TEXHOJIOTIS OTHUMaHHS CaMOBMOPSAKOBAHUX TI'€KCAarOHAJIbHO-
nipaMiaTbHUX HAHOCTPYKTYP MiJl Ta 30JI0Ta Ha MOHOKPHUCTAJIIYHIN MOBepXxHi Si
(111) 7x7. Mexanismu (GHOpMyBaHHS TEKCArOHATBHO-TIIPAMITAIBHUX CTPYKTYP
30J10Ta Ta MiJli BU3HAYAIOTHCSI OCOOIUBOCTSIMH MOBEAIHKH €IEKTPOHHOI TYCTHHH Ha
Kpasgx MOHOATOMHOI 1abmuau pocTty. CaMOBHNOPSAKOBaHI TreKcaroHajabHO-
nipaMiiajibHi HaHOCTPYKTYpHU 30JI0Ta Ta MiAl TPH BaKyyMHOMY TEPMIYHOMY
HaHeceHH1 (popMyroThes nuire Ha Si (111) 7x7 miomuHi, Toal SK JJIsI TUIOMUHA Si
(110) cnocrepiraioTbcs JUIIE MOHOIIAPOBI I'€KCAaroHadbHI YTBOpeHHs. Cumerpis
moBepXHI MOHOKpHUCTaIiyHO1 rtomuHu Si (111) 7X7 € geTepmiHy0U00 B MEXaHi3Mi

pOCTy TeKCaroHaJbHO-TIpaMiJaIbHUX CTPYKTYp  MiOl Ta 3050Ta. MexaHi3M
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€JIEKTPOHHOTO BHPOLIYBAHHS 3a/0BUIBHO OMHUCYE (POPMYBAHHS TI'e€KCAarOHaJIbHO-
mipamMiJaTbHUX HAHOCTPYKTYP Mifi Ta 30JI0Ta.

Bnepiie oTrpuMaHi JyCOYKOBI MOHOIIAPOBI CTPYKTypu 30Ji0oTa. HasBHICTH
TOYKOBUX Je(PEKTIB B JaMEIIX 30J0Ta BU3HAYAETHCS HEOOXITHICTIO MiHIMIi3aIlii
€Heprii TyCoOuku. ATOMHE BIOPSIKYBAaHHS, IO CIIOCTEPITAETHCS B TYCOUKaX OJIU3bKE
1o kpuctajorpadiuroi mionmar Au (111).

ATtomapHo TUTacka IUTiBKa  Ag  He Moxke OyTH oTpuMaHa Ha
HaIBIPOBITHUKOBIM mMOBepxHI MOHOKpucTany Si (111) 7x7 3a momomororo
TEPMIYHOTO HAHECEHHS B yMOBaX HAJABUCOKOTO BaKyyMy Ipyd KIMHATHIN
TeMmriepatypi. BinOyBaeTrbcsi yTBOpeHHS JAeKUIbKamapoBux 2D kiacTepHHX
yTBOPEHb, MPOTPIB SIKUX TpPH KUIbKAcOoT rpamycax llenbcis mpu3BoguTh 10 ix
pPO3TATYBaHHS B aTOMHO PIBHE MOKPUTTS MOBEpPXHI. YTBOpPEHHs e(exTy “KoBApH™
OIUCYETHCS MEXAHI3MOM €JIEKTPOHHOTO BUPOIIYBaHHS.

BcranoBneHo cimaOKy B3a€MOJII0  MOHOIIAPOBUX  TOKPUTTIB  Ag 13
MIIKJIAKOI0, 110 MPU HE3HAYHOMY IPOrPiBi JO3BOJISIE OYUILYBATH MOHOKPUCTATIYHY
MOBEPXHIO BiJI METANIy 13 BIATBOPEHHSIM peKOHCTpyiHoBaHoi moBepxHi Si (111) 7x7.
3anponoHOBaHUM  METOJ  JOBFOCTPOKOBOIO  30€peXEHHS PEKOHCTPYWOBAHOI
noBepxHi Si(111) 7x7 wmoxxke OyTM BUKOPUCTAaHUM IS 3aXHCTy TaKHUX
MOHOKPHUCTAJIIYHUX TIOBEPXOHb Bl pyHHYBaHHS.

BcranoBneno wexadisM BrHopsiikyBaHHs (0D-HaHOCTPYKTYp HIKENIO Ha
MOHOKPHUCTAIIYHUX TOBEPXHAX KPEMHIIO TIPH BaKyyMHOMY T€PMIYHOMY HaHECEHHI.
CumeTtpis po3TamryBaHHS KIJIACTEPHUX YTBOPEHb 3d-MeTaliB Ha TMOBEPXHI
Si(111) 7x7 moOBTOpIOE CUMETPIIO MIAKIAAUHKA. BCTaHOBJIEHI HAHOTPUOOJIOTIUHI
napamerpu cyomopcrkocti R, R, R R, Sy, U1 NOBEPXHEBO HAHECEHUX
HAHOCTPYKTYp METaJIB.

BcranoBneno manwmii BrumB noBepxHi inTepdericy InSe (0001) ta GaSe (0001)
HA TEOMETPII0 HAHOCTPYKTYP METAJIB MPHU iX TEPMIYHOMY HAHECEHH1 y BUCOKOMY
BakyyMmi 0€3 OXOJIO)KEHHsS 3pa3ka. MexaHi3MU YTBOPEHHS HAHOCTPYKTYP Mifl 1
30J10Ta Ha BaH-JIEP-BaajbCOBHUX IMOBEPXHSAX MOHOKPHUCTAIIB HE MOXYTh OyTH

O/JIHO3HAYHO OMHCaHI BIJOMUMU MEXaHI3MaMU poCTy. BakyymHe TepMiuHe
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HanecenHs Cu 1 Au Ha moBepxHO MoHOKpuctana InSe (0001) mpu omHakoBHX
yMOBaX HaHECEHHS JEMOHCTPYE Pi3HI MEXaHI3MH OCa/HKCHHS 3 aTOMapHOi METaJIeBOi
razoBoi ¢azu. s Mil xapakTepHH MOHOMOJAIBHUI PO3KU]I PO3MIPIB KJIAaCTEpiB,
B TOH Yac K JJIs 3070Ta (POPMYIOTHCS MOHOIIIAPH JTAMENIEBOI CTPYKTYPH.

MerogaMu  BHCOKOBayyMHOI ~ 30HJOBOi  MIKPOCKOII Ta  TYyHEJNbHOL
CIEKTPOCKOIIi JOCHi/PKeHa JauHaMika TpaHcdopmarlili mopdosorii moBepxHi Ta
TYCTUHU eJeKTpoHHuX cTaHiB AMC B yMoBax CTPYKTYpHOI peiakcarii.
CnocrepiratoTeCsi ICTOTHI HEOJHOPIHOCTI TYCTHUH €JEKTPOHHUX CTaHIB Ha
MDKKJIACTEPHUX MEXKax, M0 CBIIYUTH MPO iX CKIAAHy oOpradizaiito. B mporeci
TepMIuHOi 00poOKM aMop(HOro CIUiaBy, IO CYIPOBOKYETHCS CTPYKTYPHOIO
penakcalii€ro, BiIOYBa€eThCsl OUIBIIMI MEPEepo3Nnoil aToMiB O00py Yy MOPIBHSHHI 3
aToMaMH 3ajii3a Ta KpPEMHII0, M0 IPHU3BOAUTH 10 POCTY CTaOLIBHOCTI aMOp(HOI
cTpykrypu. PiBenp depMi HOCHIKYBAaHUX CIUIABIB 3HAXOAUTHCS B JIOKAJIHHOMY
MIHIMYMI TYCTHHU €JIGKTPOHHUX CTaHiB, IO BifnoBigae kpurepito Harens-Tayka
po yTBOPEHHs amopdHoro crany. [Ipu mepexoji Bii KIMHATHOI TeMIlepaTypu A0
temriepatypu 500 °C rycTuHa 3alWHATUX EJIEKTPOHHUX CTaHIB XapaKTEePU3YEThHCS
3MIIIEHHSIM OCHOBHOTO TTIKY d-30HH 3aji3a y 01k piBHs Depmi.

Jns BuximHux moBepxoHb AMC Ha OCHOBI 3alli3a XapakTepHa MPUCYTHICTh
OKCHJIy Ta KapOigy KpemHilo, O0Op Ha MOBEpXHI 3HaXOAUThCA y cromyii BN.
KoHueHTpanis KpeMHII0 Majio 3MIHIOETbCA MPHU MEPEXO/l Bl MOBEPXHI 10 00 eMy
3pa3ka. B 00'emi 3pa3ka BCTaHOBJICHAa HAasBHICTh HE3HAYHO! KUTHKOCTI BYIJICIIO Ta
KHCHIO, 10 3 OTJIAAY Ha BCE, BU3HAYAETHCS TCXHOJOTIYHUMH YMOBaMHU OTPHMAaHHS
CILIaBIB.

Bnepmie oTpuMano TiOpuIiHI HAHOCTPYKTYPH Ha OCHOBI HaHOIMCIIEPCHOTO
TipOKCoanaTUTy KajbIlil0 1 HaHOauCIIepcHoro rpadity. JochimkeHo MopdoaoriuHi
0COOJIMBOCTI Ta €NEKTPOHHY Oy/IOBY KOMIUIEKCIB. BecTanoBieHo, mo mMoaudikaris
KOMITO3UTY Ha OCHOBI HAHOJUCIIEPCHOTO amaTUTy, rpadiTy Ta METI0I03HUX BOJIOKOH
€MOKCUHUM OJIITOMEPOM 3 3aTBEP)KyBaue€M Ma€ CYTTEBUM BIUIUB Ha KOMIUIEKC
BJIACTUBOCTEH OTPUMAHOTO Martepially, 30KpeMa, MNPU3BOAUTH 10 BUHUKHEHHS

€JICKTPOITPOBITHOCTI 3pa3Ka.
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Annotation
Karbivska L.I. Electronic properties and ordering mechanisms of 0D-, 2D- and
3D - nanostructures based on metals and metal oxides. — Qualified scientific work as

a manuscript.

Work for a Doctor of Sciences degree in speciality — 01.04.07 - Solid-state
physics. G. V. Kurdyumov Institute for Metal Physics of the National Academy of
Sciences of Ukraine, Kyiv, 2019.

The work is devoted to the study of the electronic, atomic structure, properties
and mechanisms of ordering of 0D-, 2D- and 3D - nanostructures based on metals
and metal oxides.

The work represents the results of experimental and theoretical studies of the
electronic, atomic structure and morphological features of mono- and multilayer
nanostructures of noble metals, nickel and indium on the Si (111) 7x7, Si (110), InSe
(0001) and GaSe (0001) single-crystal surfaces under their thermal deposition in
high vacuum. The mechanisms of the formation of nanostructures of noble metals,
nickel, and indium on the Si (111) 7x7, Si (110), InSe (0001) and GaSe (0001)
single-crystal surfaces under multistage thermal deposition are studied.

Technology for the production of self-ordered hexagonal-pyramidal
nanostructures of copper and gold on the Si (111) 7x7 single-crystal surface has been
developed. The formation mechanisms of the hexagonal-pyramidal structures of gold
and copper are determined by the behavior of the electron density at the edges of the
monoatomic growth steps. Self-ordered hexagonal-pyramidal gold and copper

nanostructures under vacuum thermal deposition are formed only on the Si (111) 7x7
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plane, while for the Si (110) plane only monolayer hexagonal formations are
observed. The surface symmetry of the single-crystal Si (111) 7x7 plane is
determining in the growth mechanism of the hexagonal-pyramidal structures of
copper and gold. The electronic growth mechanism satisfactorily describes the
formation of hexagonal-pyramidal nanostructures of copper and gold.

An atomically flat Ag film cannot be obtained on the semiconductor surface of
Si (111) 7x7 single crystal by thermal deposition under ultrahigh vacuum at the room
temperature. The formation of several-layer 2D cluster formations occurs, the
heating of which at several Celsius degrees leads to their stretching into an
atomically even surface coating. The formation of the “carpet” effect is described by
the electronic growth mechanism.

A weak interaction of monolayer coatings of Ag with a substrate is
established, which, with slight heating, allows the single-crystal surface to be cleaned
of metal with restoration of the Si (111) 7x7 surface. The proposed method for the
long-term storage of the reconstructed Si (111) 7x7 surface can be used to protect
such single-crystal surfaces from destruction.

The mechanism for ordering 0D nickel nanostructures on single-crystal silicon
surfaces during vacuum thermal deposition has been established. The symmetry of
the arrangement of cluster formations of 3d metals on the Si (111) 7x7 surface
repeats the symmetry of the substrate. The nanotribological parameters of subsurface
roughness R, R, R R, S, for surface deposited metal nanostructures are
established.

A small effect of the surface of the InSe (0001) and GaSe (0001) interfaces on
the geometry of metal nanostructures under their thermal deposition in high vacuum
without cooling the sample was found. The mechanisms of the formation of copper
and gold nanostructures on the van der Waals surfaces of single crystals cannot be
unambiguously described by known growth mechanisms. The vacuum thermal
deposition of Cu and Au on the surface of InSe (0001) single crystal under the same

deposition conditions demonstrates various mechanisms of deposition from an



atomic metal gas phase. Copper is characterized by monomodal scatter of cluster
sizes, while for gold monolayers of lamellar structure are formed.

The dynamics of the transformation of the surface morphology and density of
electronic states of iron-based AMA under structural relaxation conditions are
studied using highvacuum probe microscopy and tunnel spectroscopy. Substantial
inhomogeneities of the densities of electronic states are observed at the intercluster
limits, which indicates their complex organization. In the process of heat treatment of
an amorphous alloy, a greater redistribution of boron atoms occurs compared with
iron and silicon atoms, which leads to an increase in the stability of the amorphous
structure. The Fermi level of the studied alloys is at the local minimum of the density
of electronic states, which corresponds to the Nagel-Tauke criterion on the formation
of an amorphous state.

Upon transition from the room temperature to 500 °C, the density of occupied
electronic states is characterized by a shift of the main peak of the iron d-band
toward the Fermi level. The initial surfaces of iron-based AMAs are characterized by
the presence of silicon oxide and silicon carbide; boron on the surface is in the BN
compound. The concentration of silicon changes little when moving from the surface
to the volume of the sample. The presence of an insignificant amount of carbon and
oxygen was established in the sample volume; apparently, this fact is determined by
the technological conditions for the production of alloys.

For the first time, hybrid nanostructures based on nanodispersed calcium
hydroxoapatite and nanodispersed graphite were obtained. The morphological
features and electronic structure of the complexes are investigated. It has been
established that the modification of a composite based on nanodispersed apatite,
graphite and cellulose fibers with an epoxy oligomer with a hardener has a
significant effect on the set of properties of the obtained material, in particular, the
conductivity of the sample appears.

Key words: quantum wells, monolayer metal structures, electronic structure,

morphological features, OD- and 2D-clusters, ordering mechanisms, amorphous



metal alloys, carbon nanostructures, nanodispersed apatite, 3D-nanocomposites,

density functional theory.
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BCTYII

AKTyalIbHIiCTb TeMH. SIKICHUII TPOPUB HAyKOBOTO Ti3HAHHSA 3a OCTaHHI
JIECSITUPIYYS TIOJISITa€ 'y 3MIHI MIKpOOO €KTa JOCHIKCHHS 3 aToMa, MOJICKYJIH -
IPUPOTHOTO TIOXO/DKEHHS Ha KiacTep, (ylepeH, HaarpaTky, KBaHTOBY TOYKY 1 T.J.
MITYYHO CTBOPEHUX, WI0 Hajgae OuUIbll IIMPOKI MEPEAYMOBU  HAYKOBO-
OOrpyHTOBAHOTO TIOIIYKY Ta MPOEKTYBAHHS MaTepialiB 3 KOMIUIEKCOM 3aJaHMX
BJIacTUBOCTEH. TakuM YMHOM BIOYJIOCS CTAaHOBJICHHS HOBOI MapaJiIMH HayKOBOTO
M3HAHHS 3HU3Y - BrOpYy 1, SIK HACHIJIOK, HAPOPKEHHS HOBOTO HAIPSIMKY - HAHOHAYKH.
Bigkpurtss B 1985 pomi MosekynsipHOi opmu ByTJIeL0 - (QyJIepeHiB JI03BOJIMIO
PO3LIMPUTH KOJIO HOBUX MaTepialiiB 3 HE3BUYAMHUMHU (PI3UKO-XIMIYHUMH BJIACTUBOCTSIMH.
VY 1991 porii HayKoBUH CBIT Ji3HABCS PO MOKJIMBICTh CHHTE3Y BYTJICIIEBUX HAHOTPYOOK,
10 BOJIOAIIOTh HE3BUYAWHUMM EJIEKTPUYHUMH 1 MEXaHIYHMMHU BiacTHBOCTsMHU. Ha
CbOTOJIHI 3pO0JIEHO 3HAYHMI MPOPUB Y BHUBUEHHI HAHOMATEpIAIB 3 PO3Mipamu
ombkuMuy 110 1.0 HM. MiHiaTIOpu3allisi Cy4yacHUX €JIEKTPOHHUX MPHUCTPOIB MpHU3BeEIa
JI0 CTBOPEHHS OJIHOEJIEKTPOHHUX TPaH3UCTOpIB. Marepiaiy, siKki BAKOPUCTOBYIOTHCS JUIs
CTBOPEHHSI TaKHX TPHJIAJIiB, € Kiactepu 3 po3mipoM a0 1.0 HM abo JBOBUMIpHHI Ta3
eNICKTPOHIB B METAJICBUX CHCTEMAX.

B ocTtanH1 pokM JOCSITHYTO 3HAQYHHMX YCIIXIB Y PO3BUTKY (PYHIaMEHTAITIbHUX
JOCIIJIKEHb 1 PO3POOKH TEXHOJIOTIM CTBOpeHHS 2D- 1 HaHOCTPYKTYPOBaHUX
MeTajeBUuX CTpYKTyp. Ha chOrojgHi 3HayuMMICTh TakMX MareplajiB MO3HAYWIaACsS B
Oaratbox cdepax, 30KpeMa, B EJEKTPOHIIi, B HayIll MPO MOBEPXHIO, OCBOEHHI
KOCMOCy, 010J10T1i, HaHOMEOUIMHI Ta 1HII. AKTYaJbHICTh HAyKOBOTO MOIIYKY
00yMOBJIEHa 3POCTAIOYNM CHEKTPOM MPAKTHYHOTO 3aCTOCYBaHHS HaHOMAaTepiamiB. 3a
YMOBH BUPIIICHHS PSAY HAYKOBUX 1 TEXHIYHUX MPOOJIEM 31 CTBOpEeHHS 2D-CTpyKTyp
METaJliB 3 HEOOXIJIHUMHU IMapaMeTpaMu 1 BUTOTOBJICHHS HEOOXITHUX EJIEMEHTIB 1
KOHCTPYKIIiH, X BUKOPUCTaHHS B HAyIll 1 MPAKTHII OOIISiE PEBOIIONINHI 3MIHHU.
Martepianu Ha iX OCHOBI MOXYTbh 3HAWTH 3aCTOCYBaHHS B OOYMCIIIOBAJIbHIN TEXHIII],
IIPU CTBOPEHHI KBAHTOBUX TI'€HEPATOPiB, B KOCMIYHHUX JOCIIDKCHHSIX, B 00JacTi
ONITUYHUX KOMYHIKaIlii, B eHepreTuill Tomo. Cnemudika XiM3B s3KiB, MOXITHI BiJ

HUX OCOOJIMBOCTI CTPYKTYPHOT'O CTaHY HAHOCTPYKTYpOBaHUX 1 2D-cTpykTyp MeTaniB
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O0OyMOBIIIOIOTH YHIKaJIbHY CYKYMHICTb 1X (D)I3MUHUX BIACTUBOCTEH Ta B psAJIl BUTIAIKIB
HE MaroTh BiIOMHUX aHanoriB. Bce 1e pobuth HaHOCTpYKTypoBaHi 1 2D-cTpykrypu
METaJliB IIKaBUMHU 00'ekTamMu B (i3uIll 1 XiMii TBEPJOro Tija 1 BUKJIWKAE JO HUX
BEJIMKUI TEOPETUYHHH 1 MPAKTUIHUNA 1HTEpPEC.

Posrnsan ¢pizuunux crpykrypHux mojeneid 0D-, 2D ta 3D-cTpykTyp MeTaniB B
Teopii KOHJIEHCOBAHUX CEPEIOBUII YacTO J03BOJIAE€ CHOPMYITIOBATH Psijl 3arajbHUX 1
TOYHUX Ppe3yJibTaTiB, MPABUIBHICTh SKUX B CBOIO 4YepPry Moxe OyTH
eKCIIEPUMEHTaIbHO OOrPYHTOBAHA MIPU JOCIIIKEHHI peajibHo cuHTe30BaHux 0D-, 2D
ta 3D-cTpykryp M™MetanmiB. Ilpu mpoMy B TepMmiHax CTPYKTYpPHOI CaMONOA10HOCTI,
1HBApIaHTHICTh JJII TAKUX CTPYKTYp JOCSTAETHCS LUISIXOM MHOXKHHHOTO Ha0opy
TaKMX BHUMNAJAKIB, MPU SKUX pEali3yeTbCcsl pealbHa KapTHHA EKCIIEPUMEHTY.
CTaHOBIJIEHHSI METOOJIOTIi BUBYCHHS BIACTHBOCTEH 1 CHHTE3y HAHOCTPYKTYPOBAHUX
1 2D-cTpyKTyp MeTaliB MPUBEJIO 0 3HAYHOTO MPOrpecy B 111l He030pii 00acTi.

0D-, 2D Tta 3D-cTpykTypu MeTajiB Ta METAJOKCUIIB MPEICTaBISIOTHCS
CKJIAQAHUMHU 00'eKkTaMH, yMOBH (POpPMYyBaHHS, CTaOUIbHICTh, (PI3UYHI 1 XIMIYHI
BJIACTUBOCTI SIKMX BHU3HAYAIOThCSI HE TUIBKM ATOMHHUM OCTOBOM 1 THUIIOM
YOOPSIAKYBAaHHS, ajieé 1 HAsBHICTIO PI3HOTO POAY HEAOCKOHAIOCTEH: JTOMIIIKOBUX
IIEHTPIB, MOBEPXHEBUX CTaHIB 1 1H. ToMy, MEeTOH, 110 MPETEHAYIOTh Ha aJCKBAaTHHM
CYBOpUW OMNKC peajbHOr0 Marepiaidy, TMOBHHHI BpaxOBYBaTH BCE PI3ZHOMAHITTS
YUHHHUKIB, 1110 BIUIUBAIOTh HA HAOYTTSI BIACTUBOCTEH. Y 1IbOMY CEeHC1 (h13UYHI METOIU
JOCTI/PKEHHSI € OJHUMH 3 HAWBAKJIMBIIIMX 1HCTPYMEHTIB BHUBUEHHS CTPYKTypHU
pedoBuHU. CTBOpPEHHS HOBMX MaTepialiB 13 3aJlaHUMHU BJIACTUBOCTSIMH HEMOKIIHBO
0€3 HIMPOKOTO0 BUKOPUCTAHHS HOBUX (PI3MUHMX METOJIB JOCTIKEHHS PEYOBUH 1
METO/IIB KBAaHTOBOMEXAHIUHOTO MOJIEIOBAHHS 1X €JIEKTPOHHOI CTPYKTYpH. ApceHal
CydyacHUX (I3UYHUX METOMIB HACTIJIbKM BEJIMKWNA, a 3aCTOCYBaHHSI iX HACTIJIbKH
PI3HOMaHITHO, 110 TOTPIOHUNA CUCTEMATUYHUN PO3TIISAT TOPAI 3 TEOPETHUHUMHU
3acajamMH 1 BJOCKOHAJICHHSM TE€XHIYHOTO 3/1HCHEHHS MOBHOBAXEHb iX NMPAKTUYHOTO
BUKOPUCTAHHS.

Opni€0 3 TOJOBHUX MpOOJeM $KI BHUPIIIYIOTbCS (DI3SUMHUMU METOJaMH €

imeHTudikaiiss 1 BCTaHOBJICHHS OyJI0BU pedyoBUH. [Hopmalls MNpo peUuoOBHHY
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3aJIeKUTh BiJ CIIOCOOY BIUIMBY Ha HHOTO B MPOIEC] EKCIIEPUMEHTY B PE3yJIbTaTi 40T
CUCTEMa TMEpPEXOJUTh B JEAKUWA 30y/KEHUW CTaH, MNOJMANbIIMKA PO3MaJ] SIKOTO
3abe3reuye MosBY 3a MEKaMu CUCTEMHU (DOTOHIB, €IECKTPOHIB 1 MOJICKYJISIPHUX 10HIB.
Peectpariisi cemianbHOIO amapaTypor0 MPOAYKTIB PO3CIIOBaHHS JA€ PI3HOTO POIY
CreKkTpu. BusHaueHHs 3MiH BHUIPOMIHIOBaHHS MICJS B3a€MOJIIi 3 PEUOBHUHOIO, IIIO
BOJIOJIIE CYKYMHICTIO (DI3MYHUX BIIACTUBOCTECH - MpsME 3aBJaHHS, OJHAK O1lJIbII
BAXJIMBUM € DIlIEHHS OOEpHEHOi 3ajgadi - BU3HAYEHHS (PISUYHMX BIACTHUBOCTEH 1
rapaMeTpiB Ha OCHOBI 3a3HAY€HMUX 3MiH. [HTerparis pi3HHMX METOJIB JOCIIIKESHHS
30UTbIIy€ iX MOJKIMBOCTI y BH3HAaueHHl (I3UYHUX MapameTpiB 1 3I1HCHEHHI
JiarHocTUKU. HakonmuyeHHs pi3HOPIAHUX TaHUX JO3BOJISIE BUSBIISITH 3aKOHOMIPHOCTI
1 BCTAaHOBITIOBATH KOPEJSALI MK PI3HUMH XapaKTepuCTUKaMu. JlaHi KOKHOTO METOIY
€ YHIKaJIbHUMH, aJI€ HE JIUBIISITYUCh HA JOCSITHYTY PpO3pOOJIEHICTh PSALY METOMIIB,
MpOLIEC PO3BUTKY, MOTJIMOJEHHS 1 PO3IIMPEHHS 3aCTOCYBaHb MPAKTUYHO BCIX
MeToaiB TpuBae. OAHIEID 3 HAWBAXIMBIIIMX MPOOJIEM 3aJHINAETHCS ONTUMABHUN
BUOIp MeTOTy a00 TpyIMy METO/IIB 3 ypaxXyBaHHAM iX MOXJIMBOCTeH. He3zanexxHo Bia
MPAKTUYHOI  JOCTYMHOCTI TOTO YW IHIOIOTO METOAY TIOCTIMHY  I[IHHICTH
MPEACTABISAIOTh IPUHIIUIIOB] MOXKJIUBOCTI METO/IIB, 1X OCBOEHHS MAa€ CIPHUATH OLIbIIT
rIIMO0KOMY PO3YMIHHIO Ta €(EKTUBHOMY BUPIIICHHIO HA3P1BAIOYHX MTPOOIIEM.

[losBa B ocTaHHI OECATWIITTA HOBHUX 30HIOBHX METOMIB JOCIIIKEHHS
JIOKaJIbHOI aTOMHOI Ta €JIEKTPOHHOI OyAOBM — 30HAOBOI TYHEJIBHOI MIKPOCKOMIi Ta
CHEKTPOCKOMIi, 30HJ0BOi aTOMHO-CHUJIOBOI MIKPOCKOIIii (HOPMYIOTh HOBHI MIIX1T J0
BUBYEHHS PEYOBHMH B HAHOMETPOBOMY Jl1alla30HI.

BukopucranHs KOMILJIEKCHOTO TIJIXOAY MPH JOCHIKEHHI 3aJa€ lepapXidyHe
PO3yMIHHS PaKypCiB ySIBJICHHS TIPO JOCTIKYBaHy cucTeMy. KOMITJIEKCHHM MiaXia B
JIOCHIJDKEHHSAX MO’KE BHBECTH Ha KOMIIO3MIII CKJIQAIB 3 I[IKABUMH BJIACTHUBOCTSIMHU,
OJIHAaK METOIO TMPENapaTUBHOTO MOIITYKY 1 OCHOBOIO CHHTE3Y CIOJYK 13 3aJlaHUMU
CKJIQJIOM, TIPOCTOPOBOIO OPTaHI3AIEI0 Ta EKCTPEMATBHIUMU JIJISI HUX BJIACTUBOCTSIMU
MOKE€ CTaTH TUIBKM OCATHEHHS 1 OBOJIOAIHHA MEXAHI3MOM 1HIIIHOBAHUX
nepeTBOpeHb. HampaBneHHU CHHTE3 HOBHX MaTrepiajiB MOXJIUBHUH JIAIIE 32 YMOBU

rIMOOKOTO 1 BCEOIYHOTO JOCHIIKEHHS HAsSBHUX Y PO3MOPSIKEHHI JOCIIIHUKIB
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CTOJYK, a TAKOXX EMITIPUYHO MepeAdadeHnX 1 CAHTE30BAHUX i1 Yac MOIIYKY.

3ragani pizHOMaHiTHI BiactuBocTi 0D-, 2D ta 3D-CTpyKkTyp MeETaliB SIK
B1JIOMO 3HAYHOIO MIPOIO BH3HAYAIOTHCA iX €JIEKTPOHHOIO OYJ0BOIO, BHACIIJOK YOTO
BCTAHOBJICHHSI 3aKOHOMIPHOCTEH (OpMYyBaHHS €IEKTPOHHOI CTPYKTYpH BIIEpILE
CUHTE30BaHUX CIIOJYK € HaWBaKJIMBIIIUM €TarioM B pO3pOOIi METOAMK OTPUMaHHS
HOBUX MaTepiaiiB-aHAJIOTIB 13 3aJlaHMMHM  XapaKTepUCTUKaMU. 3Ba)kaloud Ha
BaXJIMBICTh O3HAUEHOI MPOOJIEMHU B 1aHUK yac MaOyTh BaXKKO BKa3aTH Ha TI METOH,
K1 HE BUKOPUCTOBYBAJUCS O MPH JTOCHIJKEHHI HEBIOPSIKOBAHUX CIIOIYK 1 cepel
HUX CHEKTpaJdbHI METOAM € OJHMMH 3 HalOuIbll e(EeKTUBHUX Yy BHBYEHHI
CJIEKTPOHHUX BJIIACTUBOCTEH PEUOBHH.

Ha cporonni, He3Bakar4M Ha JOCUTH BEIUKY KIJIBKICTh POOIT, MPUCBIYCHUX
JOCTIPKEHHIO PSITy KOHKPETHUX PEYOBHH 3TaJlaHOTO THITY, TEOPisl €IEKTPOHHOI
OyZ0BH HEBIIOPS/IKOBAHUX CIIOJIYK BCE 1€ Jajieka BiJl CBOro 3aBeplueHHs. Lls
oOcTaBHHA MOB'sI3aHa HAacaMIlepe1 3 BIJACYTHICTIO MEPEKOHIMBUX CUCTEMATU30BAHUX
JAHUX TIPO XapaKTep MIKaTOMHUX B3a€MO/IIM, 3aps/I0BUX 1 CIIIHOBUX CTaHaX aTOMIB,
E€HEPreTUYHOMY PO3IOALT BaJCHTHUX €JIEKTPOHIB PI3HUX CUMETPIH 1 B MEPILY Yepry
BIJICYTHICTIO HACTUIbKH YHIBEPCAJIBHOIO MIJIXOy SIK Teopema bioxa /sl peqyoBUH 3
JAJTBbHIM TIOPSJIKOM.

CTpyKTypHUIl CTaH KOHJEHCOBAaHMX CEPEIOBHUIL OCTaHHIM YacoM IIOTIOBHUBCS
HOBUM TOHSATTSAM - ()paKkTaILHOI CTPYKTYPH, siKa (DOPMYETHCS B PE3YNbTaTl MPOTIKAHHS
HEPIBHOBRKHUX TEPMOJVMHAMIYHUAX TIPOIIECIB TpHU JAucHmaIii eHeprii. dpaxrtaabHa
CTpYKTypa (DI3UYHMX TLT 1€ 3HAXOUTHCS B CTa/Ili BUBUEHHSI, OJTHAK 3aKOHU (hOPMYBaHHS
(bpakTaTbHUX CTPYKTYp BKE 3apa3 BUKOPHUCTOBYIOTHCS I CHHTE3Y YJIbTPAJUCIICPCHUX
MarepiaiB 1  CTBOPEHHS  CEPEIOBHIN, 10  TMOIJIMHAIOTH  €JIEKTPOMArHiTHE
BUIIPOMIHIOBAHHSI.

[lepexin pedoBUHM B HAaHOMETPOBHM MAacCIITa0 MPU3BOAWUTH JI0 MOSBH HOBUX
BJIACTMBOCTEH y TMOPIBHSIHHI K 3 OKPEMHUMHU aTOMaMH, TakK 1 3 MAaCHBHUM TBEPAUM
TutoM. Ha cporogni 1m0 KiHIST HETOCHTIKEHOK O00JIACTI0O € HaHOCTPYKTYpPOBaHI
CHUCTEMH, 30KpemMa aMopdHi MeTayieBi cIiaBu. llepcrmexTuBa 3acTOCYBaHb TaKHX

peUYOBUH 0€3MOCEPEIHBO MOB'sA3aHa 3 JOCIIPKCHHIMA B HAHOMETPOBOMY Jl1alia30Hi.
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OTpumaHHST HAHOCTPYKTYp METaJiB HAa AaTOMAapHO YHCTUX IOBEPXHIX
HaITIBIPOBITHUKOBUX MOHOKPHUCTAJIIB € OJHIEIO 3 aKTyaJlbHUX MPOOJIeM HOBOI Tary3i
aTOMHO1 1H)KeHepli moBepxHi. JlocaimKeHHS MeXaHi3MIB YTBOPEHHS METAJICBUX
MOHOIIAPOBUX HAHOCTPYKTYpP € OJHUM 13 HANpsSIMKIB aTOMHOI 1H)XEHEpii MOBEpXH,
sKa J03BOJISIE OTPUMATH 1H(OPMAIlIIO PO MPOIECH CaMOOpTaHizallii Ta MEeXaHI3MH
POCTY HaHOOO'€KTIB, 110 CTBOPIOE MEPEIYMOBH ISl CHHTE3Y MaTepiajiB 13 3aJaHUMU
xapaktepucTukamMu. JlocnikeHHs TporeciB (opMyBaHHS HAHOCTPYKTYp 30JI0Ta,
cpibna, MiJl Ta HIKEIIO MPU TEPMIYHOMY HAHECEHHI € aKTyaJIbHUM HE TUIBKH 3
(GyHIaMEHTAIIBHOI TOYKHM 30pYy MPUHLHUIIB OpraHi3aimii HaHOCTPYKTYp, 30KpeMa,
OJTHOKOMITOHEHTHUX METAJICBUX, a ¥ 1X MOXJIMBUM MPaKTUYHUM 3aCTOCYBaHHSM,
30KpeMa, B HAaHOEJIEKTPOHIII].

ToHKI MUIIBKM € OCHOBOIO CY4YaCHOi €JIEKTpOHiIKA. BOHM 3acTOCOBYIOTHCS B
SAKOCT1 aKTUBHUX €JIEMEHTIB B IHTETPAIbHUX CXeMaxX Ta IaCUBHUX €JIEMEHTIB
3'enqHanb. Di13UYHI BIIACTUBOCTI MOHOIIIAPOBUX CTPYKTYP, 30KpeMa, HAHOUIOPCTKICTh,
MopdoJIoTisi TOBEPXHi, HIUIBHICTh E€JIEKTPOHHUX CTaHIB BU3HAYAIOTh iX MOJKJIMBE
3acTocyBaHHA. HaHoCTpykTypu  OnmaropoJHMxX  MeTaliB, 30Kpema, cpidisa
BUKOPUCTOBYIOTBCA B 0araTbOX TEXHOJOTIAX 1 BHECEHI J0 IIMPOKOIO CHEKTPY
CIIO’KUBYMX TOBAPIB, SIKI €KCIUTYyaTyIOTh iX ONTWUYHI, MPOBIiJIHI, Ta aHTUOAKTEplaIbHI
BrnactuBocTi. HanowacTuHku cpibna  e€PEeKTUBHO  BUKOPUCTOBYIOTHCS  MpHU
KOHCTPYIOBaHHI ONTHYHUX EJIEMEHTIB, MOTJMHAIOUMX Ta PO3CIIOIYMX CBITJIO, Ha
BIIMIHY BiJi 06ararboX OapBHUKIB 1 MITMEHTIB, MAalOTh KOJIp, SKUH 3aJCKUTh BiJ
po3Mipy Ta HOpMU YACTUHOK.

BunaingioTe 1B1 OCHOBHI Tpynu OIHAPHUX MOHOIIAPOBUX HAHOCTPYKTYP,
30KpeMa, MeTaj-MeTall Ta MeTaj-HamiBIPOBIAHUK. Y Tepmii Tpymi 3a3BUYAl
PO3TIIAAAIOTh KOHTAKT AMIOMIHINA — 30JI0TO, Y 3B’A3KY 3 IIUPOKHM BHKOPHCTAHHIM
JAaHUX MaTepialiB B MIKPOEJIEKTPOHIIll B SKOCTI 3’€IHYIOYMX MPOBIIHMKIB. Y TPy
METaJI-HAMIBIPOBIIHUK BEJIMKY yBary NpPUIULIIOTE CHUCTeMi MeTan/Si, 110
NpEJCTaBIsA€ 1HTEPEC 3aBISAKH MOMJIIMBOCTI  1HXKEKIII  CIIH-TIOJSIPU30BAHUX
CJICKTPOHIB B HAMIBIPOBIIHUKOBUNA IIap, IO BIAKPUBAE HOBI MOXJIMBOCTI MAJIs

MIPUCTPOIB CIIHTPOHIKHU.
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OpauM 13 coco61B ynpaBiliHHSA (I3UKO-XIMIYHUMHU BJIACTUBOCTSIMU PEYOBUHU
Ta CTBOPEHHS HOBUX MaTepiajiB € CHHTE3 HaHOKOMIIO3MTIB, 30KpeMma,
HAHOJMCIIEPCHUN anaTuT- ByrJieleBl HaHoMaTepianu. OgHak, Juisl [IeCpSIMOBaHOTO
CHUHTE3y TaKHX CTPYKTYp HEOOXiJHI 3HAHHS 3aKOHOMIpPHOCTEH ¢dopMyBaHHS
CJICKTPOHHO1 OYyJI0BH B 3aJICKHOCTI BIJ CKJIaJay, YMOB CHHTE3Y, 3MiH PO3MIPHOCTI 1
TOIOJIOTIT KJIFOYOBUX €JIEMEHTIB, 3B'SI3Ky MIXXK OCOOJMBOCTSMH CKJIaAy 1 CTPYKTYpH
CIIOJIYK 1 €JEKTPOHHOI0 Oy70Bot0. Ha choromni HalOIBII MUPOKE 3aCTOCYBAHHS B
MEIUYHUX JOoAaTKax Ui YCYHEHHS Je(eKTIB KICTOK 1 JIKyBaHHS IIEpeIOMiB
3HaXOJATh MpenapaTH, CTBOPEHI Ha OCHOBI TpoKcoanaTuTy Kaibilito. HoBl MeanuHi
pPO3pOOKH BUMAararoTh BEJIUYE3HUX KaIiTAJIOBKJIAJACHb 1 Yacy, 3a3BMYail CKJIaIOBUX
JUTs1 HOBO1 po3po0kH 15-20 MUTEHOHIB JT0J1apiB 1 MIHIMYM BOCBMH POKIB, 1100 MPOUTH
NUIAX Bl KOHIEMNIi JO CXBAJICHOIO ISl 3aCTOCYyBaHHsA mnpoaykry. L{i Bumoru
HAKJIa/Jal0Th JKUTTEBY HEOOXIJHICTh HA MPOBEAEHHS AOCII)KEHb 3 CHHTE3Y Ta
(b13UKO-XIMIYHUX BJIACTUBOCTEH HAHOKOMIIO3UTIB.

[TuTaHHSAM €NEKTPOHHO-CHEPTETHYHOT OYJOBH BAJIGHTHUX CMYT, B3aEMO3B'SI3KY
aTOMHOTO Ta EJIEKTPOHHOI OYJ0BH, a TaKOXX (PYHKI[IOHAIBHUM BJIACTHUBOCTSIM Ta
MexaHi3MaMm BropsiikyBaHHst 0D-, 2D ta 3D-cTpykTyp MeTaniB Ta METaIOO0KCH/IIB
MPUCBSYEHA 1151 poOOTa.

OO0’ €KkTH NOCHITKEHHS — HYJb-, JBO- Ta TPUBHUMIPHI HAHOCTPYKTYpHU Ha
OCHOBI METaliB Ta METAJIOKCHJIIB CHUHTE30BaHI aBTOpoM Ta y cmiBmpaii B IM®
iMm. I'.B. KypatomoBa HAH VYkpainu.

IIpeamer pociaimkeHHs1 — eneKkTpoHHa OyAoBa, MeXaHi3MU (HOpMYBaHHS
HAHOCTPYKTYp METaJiB NpHU TEPMIYHOMY HAaHECEHHI HA MOHOKPHCTAJIIUYHI MOBEPXHI
HAIIBIPOBITHUKIB, HAHOMIOPCTKICTh MOHOIIAPOBUX CTPYKTYp METajiB, KPUTHYHA
TOBUIMHA IUTIBKM, peJIaKcalliiHl MNpOLECH Ha MOBEPXHI aMOpPHUX MeETaJIeBUX
CILTABIB.

Metoan pociaimkenHsi. OCHOBHHMH  METOOAMHM  OOCILIKEHHS, IO
BUKOPHUCTOBYBAJIUCS Yy JHUCEpPTAIliliHIi poOOTI OyJM BHCOKOBaKyyMHa CKaHyBaJlbHa
TyHEJbHA MIKpPOCKOIISI 3 aTOMHOIO po3auibHOI0 37aTHicTio (CTM), ckanyBaibHa

tyHenbHa  cnektpockomiss  (CTC), aromHo-cunmoBa  Mikpockomisi, EXAFS,
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peHTreHiBcbka (ortoenekTponHa crnektpockomiss (PDC), omruuHa cmekTpocKormis,
TpaHcMiciiiHa enekTpoHHa Mikpockoris (TEM), kBaHTOBOMEXaHIUHI PO3pPaxyHKH
CJICKTPOHHOT CTPYKTYpH Ta (HI3UYHUX BJIACTUBOCTEH Ha OCHOBI Teopii (yHKITIOHATY
ryctunu (TOI).

JlocTOBipHiCTH OTpUMaHUX B PpoOOTI pe3yibTaTiB  3a0e3MeuyeThes
BUKOPUCTAHHSAM BHCOKOUYTJIMBUX EKCIEPUMEHTAIBHUX METOMIB JOCIIPKEHHS Ta
3aCTOCYBAaHHSM KOMILJIEKCY HE3aJeKHUX EKCIEPUMEHTAIbHUX 1 TEOPETUYHHUX
METO/IIB, PE3yIbTaTH SKUX BIJNOBIIAIOTh CYYaCHUM YSIBIEHHSAM (DI3UKH TBEPAOTrO
T1Ja 1 Y3TOKYIOThCSI MK COOOIO.

3B's30k  poGOTM 3 HAYKOBHMH MpOorpaMaMi, IJIAaHAMH, TeMaMHU.
Hucepramiitna po6oTa BUKOHaHA Yy BiIAUN (I3UKH HAHOCTPYKTYp IHCTUTYTY
metanodizuku M. I'. B. KyparomoBa HanionansHoi akageMii Hayk YKpaiHu B paMKax
OCHOBHMX HAayKOBO-JIOCJIIJIHUX POOIT 1HCTUTYTY: TeMu “Po3poOka (pi3nko-xiMI4HUX
OCHOB CHHTE3Y, JIarHOCTHMKHA Ta (opmyBaHHS (QYHKIIOHAJIBHUX BIIACTUBOCTEU
HAaHOCTPYKTYPOBAHMX METaJeBUX 1 MeTalooKcuaHux cucrem” (2011-2015)
(PKO111U000762); “CrtpykTypHO-(ha30Bl HpUHIHUNN (POPMYBAaHHS BIIACTHUBOCTEH
METaJeBUX MarepiaiiB BIAMNOBIAHO J0 BUMOI CYYaCHUX HAYKOEMHUX TEXHOJIOT1H”
(2013-2015) (PKO113U002185); “Po3pobka ¢hi3MKO-XiMIYHMX OCHOB CHHTE3y Ta
JIarHOCTUKU HAHOCTPYKTYp Ha OCHOBI MertaniB Ta OioremriaTiB” (2016-2020)
(PKO116U003051); “CunTe3, MeTOIU IOCHIIKEHHS, CTPYKTypa Ta BIACTUBOCTI
METaJOBMICHUX CHCTEM B CHJIBHOKOPEIHOBAHOMY Ta HAHOCTPYKTYpPHOMY CTaHax’
(2017-2021) (PK0113U004588); “KBanTtoBa mpupoga MeXaHI3MIB yTBOPEHHS Ta
JI1arHOCTUKA BJIACTUBOCTEM HAHOMACIITAOHUX CTPYKTYp 1 MPUCTPOIB HA iX OCHOBI”
(2018-2019) (PK0118U007087).

Meta i 3apaui gociigzKeHHsl. AKTyaJdbHICTh TEMH JUCEPTAIlIMHOI POOOTH
0OyMOBJTIOE METY Ta 3aBJIaHHA TOCHTIKeHb. OCHOBHA METa JIaHO1 POOOTH ToJIsATaNa y
BUSIBJICHHI OCOOJIMBOCTE 1 BCTAHOBJEHHI 3aKOHOMIPHOCTEH  €JIEKTPOHHO-
€HEePreTUYHOI Ta aTOMHOI OYJIOBH B 3aJICKHOCTI BiJ] CKJIaly, PO3MIPHOCTI 1 TOIOJOTI]
KIIIOYOBHUX CTPYKTYPHHUX €JIEMEHTIB PI3HOBUMIPHHX HAHOCTPYKTYp. BcraHoBieHH1

MexaHi3MiB pocTy MoHomapoBux (MII) crpykryp metani. Ilomryky kopemsiiii
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€JICKTPOHHOI €HepreTuyHoi OynoBU 3 (I3UKO-XIMIUHMMHU XapakTepuctukamu 0D-,
2D- ta 3D — HaHOCTPYKTYD.

Ha ocHOBI 11bOT0 BUpIIIyBaJMCs HACTYITHI OCHOBHI HaYKOBI 3a/1aui:

- po3poOKa TEXHOJIOT1i HAHECEHHS MOHO- Ta 0araToIIapoBUX HAHOCTPYKTYP
Cu, Ag, Au, Ni Ta In Ha aTrOMHO-TJIaJKlI HaIIBIOPOBIJIHUKOBI MOBEPXHI
MOHOKDHCTAJIIB MPU  TEPMIYHOMY HAHECEHH1 y HaJIBUCOKOMY Bakyymi Ta 0e3
OXOJIOJIKEHHS 3pa3Ka;

- JIOCJIJDKEHHS BIUIMBY TEPMIYHOI OOpOOKM y BakyyMi Ha MOPQOJIOTiio
MOBEPXOHb METAJIEBHX ILTIBOK;

- XapakTepu3alilisi OTPUMaHUX IUTIBOK 3a JOMOMOTOI0 METO/IB MIKPOCKOII 1
CHEKTPOCKOMIT Ta BCTAHOBJICHHS HAHOTPHUOOJIOTIYHUX MapaMeTpiB AOCTIIKYBaHHUX
HAHOCTPYKTYD;

- BCTaHOBJICHHS MEXaHI3MIB (OpPMYBaHHS HAHOCTPYKTYp OJaropoaHux
METaJiB B 3aJEKHOCTI BiJI TEPMOJMHAMIYHUX MapaMeTpPiB HAHECEHHS Ta TOIIYK
KOpeJsilii  MDK ~ XapakTepUCTUKaMHU  HaHOpeNnbe(diB  MOBEPXOHb,  30KpeMa,
CyOIIIOPCTKICTIO, YMOBAMH OTPUMAHHS Ta TEPMIYHOI 00pOOKH;

- BCTaHOBJEHHS (I3WYHUX BIACTUBOCTEH, 30KpEMa, PEHTICHIBCbKUX Ta
TYHEJIbHUX CIIEKTPIB JIOCIIIPKYBAHUX HAHOCTPYKTYP;

- BCTAaHOBJICHHSI 3aKOHOMIpPHOCTEH (OpPMYBaHHS €JIEKTPOHHO-€HEPreTUYHO1
CTPYKTYPH BaJ€HTHUX CTaHIB 1 XapaKTepy XIMIYHHMX 3B'S3KIB y cepii HAHOCTPYKTYp,
0 JOCHIKyBajduch. BuBUeHHS e(eKTIB BIUIUBY €JIEMEHTHOIO CKJIaay Ha
eJIEKTPOHHY OY0BY JOCIHIIKYBAaHUX CTPYKTYD;

- BCTQHOBJICHHSI BIUTUBY HEBIOPSAKOBAHOCTI Ta TEPMOOOPOOKH Ha €IEKTPOHHY
OyZ0BY HAaHOCTPYKTYD;

- BUSIBJICHHs BIUTMBY IEPEXOAY MOPSAIOK-HEBIOPSAKOBAHICTh Ta PO3MIPHOTO
eeKTy Ha eJIeKTPOHHY OYyJ0BY 1 (h13MUHI BIACTUBOCTI CTPYKTYP;

- po3poOKa OpUTIHAIBHUX METOAUK BUAUICHHS CTPYKTYpHOI iHopmarii 3
EXAFS- 1 peHTreHIBCbKHX CIIEKTPIB HEBIOPSIAKOBAHUX CUCTEM;

- CHUHTE3 HOBUX HAaHOKOMIIO3UTIB Ha OCHOBI HAHOCTPYKTYD;
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- TOCII/DKEHHS AaTOMHOI Ta eJIEKTPOHHOI OyJOBHM aMOp(QHHMX MeETalIeBHX
CILJIaBiB;

- CITIBCTaBJICHHS EKCIIEpUMEHTAIbHUX JaHUX 3 pe3ynbTaTamMmu
KBAaHTOBOMEXaHIYHUX PO3PaXyHKIB 1 JOCHIIPKCHHS IUHAMIKKA 3MIH EJIEKTPOHHHUX
I'YCTHH CTaHiB;

- TMIOIIIYK KOPEJISIINA MK XapaKTepUCTHKAMH €JICKTPOHHOT OY/10BU Ta (P13UKO-
XIMIYHUMH BJIACTUBOCTAMHU JOCTIKYBaHUX O0O0'€KTIB, 3 METOI0 MPOTHO3YBaHHS
HaIpaBJICHOTO CHUHTE3y 3pa3KiB Ta BCTAHOBJIEHHS (yHIaMEHTAIbHUX MPUHIUIIIB
oprasizaiiii HeBIOPAJIKOBAaHUX CTPYKTYP;

- HaJaHHS PEKOMEHJAI II0JI0 MOXJIMBOTO TPAKTHYHOTO 3aCTOCYyBaHHS
OTPUMAHUX HAHOCTPYKTYD.

HaykoBa HOBU3Ha o/lep:KaHUX pe3yJIbTaTiB. YCl BHIIE TepepaxoBaHi 3a1adi
€ OpUTIHAJIBHUMHU HAyKOBUMHU IMpoOieMaMu, 1o Oynu Brepiie chopMysiboBaHi 1
BUPIIICH] Y TOMY BHUIJISI, IO NMPUBOAUTHCS B AucepTalii. Y IMoegHaHHI Pi3HUX
EKCIIEPUMEHTAIbHUX METOAIB 1 KBAHTOBOMEXAHIYHUX PO3PAXyHKIB MPOBEICHO
CUCTEMaTUYHE JOCIHIDKEHHSI eJNEeKTPOHHOi, aTOMHOi OyJOBH 1 BJIACTUBOCTEH
HIMPOKOTO Py 00’€KTIB 1 BIIEpIlle OTPUMaH1 HACTYIHI OCHOBHI HAyKOBI PE3YJIbTaTH:

- BIIEpIIIE OTPUMAHO CaMOBIIOPSIIKOBAHI TeKCaroHaJbHO-TIpaMilaibHI
HAHOCTPYKTYPH MiJli Ta 30JI0Ta Ha MOHOKpHCTamiuHid moepxHi Si(111) 7x7 Ta
OMMCaHO MeXaHi3M iX (opMmyBaHHSA. BcTaHOBIEHO, 110 CHUMETpis MOBEPXHI
iHTepdeiicy MoHokpucTamiyHoi tomuHau  Si(111) 7x7 € nerepMiHylO4YOI0 B
MEXaHi3Ml POCTY Te€KCaroHaJbHO-MIpaMiTaIbHUX CTPYKTYp  MijJl Ta 30JI0Ta.
CaMOBNOPSAKOBaHI T'€KCArOHAJIbHO-MIIpaMifalibHl HAHOCTPYKTYPH 30JI0TAa Ta MiJl
IpY BaKyyMHOMY TE€PMIYHOMY HaHeceHH1 ¢hopmyroThes e Ha Si (111) mmomuni,
ol sik auist roionHU Si (110) crocTepiratoThes JUIIE MOHOIIIAPOBI T'eKCaroHaIbH1
YTBOPCHHS,

- BIIEpIIE OTPUMaHi MOHOILIAPOBI JIYCOYKOBI CTPYKTYpH 30J0Ta.
HasiBHICTP TOUKOBHX Je(EeKTIB B MOHOLIAPOBHUX JaMelsX 30JI0Ta JETepMIHOBAHA

HEOOX1/IHICTIO MiHIMI3allll eHeprii;
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- aTOMHOIIacka TUIiBKa Ag He Moxe OyTu oOTpuMaHa Ha
HAMIBIIPOBIIHUKOBIA miakaaAmi MoHokpuctamy Si(111) 7x7 3a momomororo
TEPMIYHOTO HAHECEHHS MPU KIMHATHIN Temriepatypi. BinbyBaerscs yTBOpeHHs 2D
KJIACTEPHUX YTBOPEHB, MPOTPIB SIKUX NPH KITHKACOT Tpaxycax Llembcis mpu3BOAUTH
0 1X KOHCOJIJamii B aTOMHO pIBHE IOKPHUTTS TOBEpPXHI. YTBOpPEHHS e(]eKTy
”KOBJIpU™ OINHUCYETHCS MEXaHI3MOM €JIEKTPOHHOTO BUPOITYBaHHSI;

- Tpancopmaiiisi 2D-rpaHuilb 3epeH MOHOIIAPOBUX KJIACTEPIB cpibia Ha
noBepxHi Si(111) 7x7 npum Biamaymi TPU3BOJAUTE JO TOSBH TOMOJIOTTYHUX
HeoHOp1AHOCTEN rmubuHoro 10 0.04 HM;

- BCTAHOBJIEHO CJIA0KY B3a€EMOJII0 MOHOIIAPOBUX MOKPHUTTIB Ag 13
M1KIIAKO0, 10 MTPU HE3HAYHOMY MPOTPIBI JI03BOJISIE OUMIIYBATH MOHOKPUCTATIIYHY
MOBEPXHIO Bl METay 13 BIATBOPEHHSIM pPEKOHCTpyioBaHOi moBepxHi Si (111) 7x7.
3anponoHOBaHUI METOJI MOYKHA BUKOPHUCTOBYBATHU JIJISl 3aXMCTY MOHOKPHUCTAJIYHUX
MOBEPXOHb BiJl pyHHYBaHHS,

- BCTAHOBJICHO MEXaHi3M BIOPSJIKYBaHHS HYJIbBUMIPHHX HAHOCTPYKTYD
HIKEJIF0 Ha MOHOKPHUCTAJIIYHUX TMOBEPXHAX. Bu3HauanpHUM (DakTOpOM BUCTYMNAlOTh
IpaHuUlLll JBIMHUKYBaHHS, K1 1HIIIOIOTh YTBOPEHHS JIHIMHOTO BIOPSAKYBaHHS;

- TepMiuHE HaHEeceHHs 1HAir0 Ha moBepxHio Si (111) 7x7 1 Si (110) iHimiroe
YTBOPEHHSI KJIACTEPiB MPaBUILHOT KyOi14HOi (hOpMHU, 110 CBITYUTH MPO (OPMYBaHHS
HAaHOKPHUCTAIIB 1HAIIO;

- BCTAHOBJICHO Mauii BIUTMB ToBepxHi iHTepdeiicy InSe (0001) ta GaSe
(0001) ma reomMeTpir0 YTBOPIOBAHMX HAHOCTPYKTYp Mijal 1 30j0Ta. MexaHi3zmMu
YTBOPEHHSI HAHOCTPYKTYp MiJil 1 30JI0Ta B yMOBaxX BHCOKOIO Bakyymy Ta 0e€3
OXOJIO/DKCHHSI 3pa3ka Ha BaH-JCP-BaallbCOBUX TIOBEPXHAX HE MOXYTh OyTH
OJIHO3HAYHO OIHUCAaHI BIIOMUMH ME€XaHi3MaMU POCTY;

- penakcaliiifii TeMneparypHi mpoiecu B aMOphHUX METaJeBUX CIIIaBax
CYIPOBO/DKYIOTBCSL YTBOPEHHSIM Ha TOBEPXHI 3pa3KiB HAHOCTPYKTYp MPaBUIbHOT
dbopMHU y BUIJIAI CTPWKHIB — HAHOKPHUCTAIIB 3aii3a. BcTaHOBIEHO TemIepaTypHi

3aJIEXKHOCTI TpUOOIOriyHuX napamerpiB HaHomopcerkocti AMC R, R, R, u R, nns
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amMop(HUX METaJeBUX CILJIaBiB HAa OCHOBI 3aji3a B IHTEpPBaJl HArpiBy BiJl KIMHATHOI
temnepatypu 10 700 °C;

- METOJIOM TYHEJIbHOI criekTpockorii B AMC Ha OCHOBI 3ai3a BUSBJICHO
00acTi 31 3HUKEHOIO MPOBIIHICTIO, 0 XapaKTepHO JuIsd yTBOpeHHs HaHoda3 Fe-Si
ta Fe-B. CnocTepiraroTbcst iCTOTHI HEOHOPIAHOCTI IIUIBHOCTI €JIEKTPOHHUX CTaHIB
Ha MDKKJIACTEPHUX MEXKaX, 10 CBIIYUTH MPO iX CKIaaHy opraHizaiito. Piens depmi
JOCTI/PKYBaHUX CIUIaBIB 3HAXOMUTHCS B JIOKAJIBHOMY MIHIMYMI IIUTBHOCTI
CJIEKTPOHHUX CTaHIB, IO BiANOBigae kputepito Harens-Tayka mnpo yTBOpeHHs
aMop(HOTO CTaHy;

- HAaHOKPHUCTAIM 3ajii3a MpU MOMIPHUX TEMIEparypax BIANATY MAarOTh
po3mip ~ 15 HM, 10 BIAMOBIAA€ JOBXHHI MarHiTHOI OOMiHHOiI Kopensiii. Taka
KapTHHA PO3MOALTY CEPEeIHBOTO PO3MIPY KIacTepa MPU3BOIUTH IO MPOCTOPOBOTO
yCepeaHEHHsS MAarHiTHOI aHI30Tpomii Ta, SK HACIIJIOK, JO0 ICTOTHOTO 3HHYKEHHS
KOEpLUTUBHOI ciIM. B mporeci nporpiBy aMop@pHOro CIuiaBy, 1110 CyPOBOJIKYETHCS
CTPYKTYPHOIO pelakcali€ro, BiIOyBaeThCcsl OUIBIIMN MEpepo3noall aToMIB Oopy y
nopiBHSAHHI 3 atomamMu Fe 1 Si, mo nOpu3BOAUTH 10 30UIBIICHHS cTaOimizamii
aMOp(HOI CTPYKTYpH;

- B Iporeci TemmeparypHoi penakcaiii  ¢GopMmyroThcs  00JacTi
HAHOKPHUCTATIB 3aji3a, Kl Ha paHHIX CTaiaX KpUCTami3alli po3jaiieHi M co00io
amop(HOI0 (hazoro 1 00'€AHYIOTHCS 31 30UIBLICHHSIM TEMIIEpaTypH 1 4acy IpOrpiBy.
[inbHICTh €IEKTPOHHUX CTaHIB XapaKTEPU3YEThCS 3MIIICHHSIM OCHOBHOTO MIKY d-
30HU 3aii3a, y Oik piBHsS Depmi, mpu mepexoni BiJg KIMHATHOI TeMIepaTypu 0
temneparypu 500 °C;

- BIIEpIIE CHUHTE30BAaHO KOMIIO3UTH HAa OCHOBI HaHOJUCIEPCHOIO
riIpOKCOAnaTUTy  Kalbllil0o 1  yIbTpagucnepcHoro  rpadity.  JocmimxeHo
Mop(doIioriuHi 0coOIMBOCTI Ta €JIEKTPOHHY Oy/OBY KOMIUIEKCIB. BeTaHoBieHo, 110
MoaudiKaiis KOMIO3UTY Ha OCHOBI HAHOJWUCIIEPCHOTO amaTUTY, HAHOIUCIEPCHOTO
rpadiTy, 1LETI0JO3HUX BOJOKOH EMOKCHUIHUM OJITOMEPOM 3 3aTBEp)KyBaueM Mae
CYTTEBUH BIUIMB Ha KOMIUIEKC BJIACTHBOCTEH OTPUMAHOrO Marepially, 30Kpema,

IMPU3BOANUTDL 1O BUHUKHCHHS CJ'ICKTpOl'[pOBiIlHOCTi 3pa3Ka.
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IIpakTuyHe 3HA4YeHHs OJep:KaHUX Ppe3yabTaTiB. Pesympraté poboTu
JI03BOJISIIOTh 3HAYHO PO3MIMPUTH 00JAacTi 3aCTOCYBAaHHS MOHOILIAPOBUX CTPYKTYP
MetaniB. OIliHeHa 3aCTOCOBHICTh PI3HUX METOJMK B paMKax Teopii (PyHKIiOHaia
TYCTHHH JUTSI KUTBKICHOTO 1 SIKICHOTO OIHUCY €JIEKTPOHHOT CTPYKTYPH 1 BIACTHBOCTEH
MeTaneBux 2D-cucrem.

PesynbTatn pobGoTH cKiIanaloTh HEOOXITHY OCHOBY B YIAOCKOHAJEHHI 1
pO3pO0ITll METOMIB IIJICCIPSIMOBAHOTO CHHTE3y HOBHX MaTepiaiB Ha OCHOBiI 2D
CTPYKTYp METaliB. 3ampONOHOBAHO METOAMKY JIOBIOCTPOKOBOTO 30€pe:KEHHS
MOHOKPHUCTAIIYHUX MTOBEPXOHb 32 HOPMAJILHUX YMOB.

BceranoBneni edgexktu ¢hopmMyBaHHS HAaHOKPUCTAJIB 3alli3a B MOP(OIOTIUHII
KapTuHi ToBepxoHb AMC Ha OCHOBI 3aili3a 3 XapakTEpHUMHU pO3MipaMu TMpU
TEpMIYH1N 00pOOILIl J03BOJIATh BUPOOUTH MPAKTUYHI peKoMeHauli no oopooui AMC
JUTSI TIOKPAILEHHS iX MarHiTHUX BJIACTUBOCTEH.

3anpornoHOBaHO METOJUKY CUHTE3Y €JIEKTPOIPOBITHUX 010HAHOKOMIIO3UTIB Ha
OCHOB1 HAHOJIMCIIEPCHOTO aMaTUTy KajbLII0 Ta YJIbTPaJAUCHEPCHOrO rpadiTy A
noTpe6 010J0rii Ta MEAUITUHHU.

OcoOuctuii  BHecok aBtTopa. Jlucepraimiss mpeAcCTaBise Pe3yibTaTH
JOCIIJIKEHb, BHUKOHAHI O€3MocepeHh0 aBTOPOM. ABTOPY HAJICKUTH BHUOIP
TEXHOJIOT1M CHUHTE3Y 1 KOMIUIEKCY AOCTIAHUIBKUX MPUIMOMIB, MOCTAHOBKA 3ajad
JOCTIPKeHb Ta y3arajJbHEHHS oOJepkKaHuX pe3ynpTaTiB. (OCHOBHAa YacTHUHA
EKCIIEPUMEHTAJILHUX POOIT BHUKOHAHA CIIJIBLHO 31 CHIBPOOITHMKAMU, acIipaHTaMu
[ncTutyTy Metanodizuku im.I.B.KypaiomoBa HAH Ykpainu. Marepianu auceprarii
HE MICTATH 171ed 1 po3p0o0OK CiBaBTOPIB MyOiKalliil.

Anpobauia podoru. Mi>xkaapoaHa KOHPEPESHITIS:

- IEEE 39th International Conference on Electronics and Nanotechnology
(ELNANO) — Kyiv, Ukraine, 16-18 April 2019;

- OyHKIIOHAJIBHI MaTepiany /uid iHHoBauiiHO1 enepretuku (PMIE-2019)
— KuiB, Ykpaina, 13-15 tpaBusa 2019;

- International Conference Nanotechnology and Nanomaterials (NANO-

2019) — Lviv, Ukraine, 26-29 August 2019;
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- XXIV Galyna Puchkovska International School-Seminar — Odessa,
Ukraine, 25-30 August 2019;

- International Conference Nanotechnology and Nanomaterials (NANO-
2017) — Chernivtsi, Ukraine, 23-26 August 2017,

- IV Mexnaynaponnas HayuyHas KoHpepenius “HanocTpykTypHbIe
marepuanbl - 2014: bemapyce-Poccus-Ykpanna” — Munck, benapycs, 7-10
OKTs0ps1, 2014 1.5

- IV Mexnynaponnass HaywyHass koH(epeHnus “‘Hanopaszmephsbie
CHUCTEMBI: CTpoeHue, cBouctBa, TexHonorun “HAHCHUC-2013” — Kues,
VYkpauna, 19-22 nos6ps 2013;

- International Conference “Functional Materials” ICFM’2013 — Yalta,
Crimea, Ukraine, 29 September — 5 October 2013;

- Microscopy Conference 2013 — Regensburg, Germany, 25-30 August,
2013;

- International Conference «E-MRS Fall Meeting» — Warsaw, Poland, 17-
21 September 2012;

- Meeting Clusters and Nanostructured Materials «CNM-3°2012» -
VYxropoa, Ykpaina, 14-17 sxoBtHs 2012;

- VI Mixnapogauii cumnosiyMm «®DymiepeHbl W HAHOCTPYKTYPHI
B KOHJIEHCUPOBAaHHBIX cpenax» — MiHcek, Pecnyoiika binopycs, 14-17 uepBHs
2011;

- International Conference “Functional Materials” ICFM 2011 — Partenit,
Crimea, Ukraine, 3-8 October 2011;

- International Symposium and Summer School in Saint Petersburg
“Nuclear Magnetic Resonance in Condensed Matter” 8th meeting: “NMR in Life
Sciences” — Saint Petersburg, Russia, 27 June — 1 July 2011;

- I Mexnynapoanas HayuHas KoHbepeHuus “HaHocTpykrypHbie

marepuansl-2010: benapyce — Poccust — Ykpaumna” — KueB, Ykpauna, 19-22

okTs0pst 2010.
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Iy6aixanii. OcHOBHI MaTepianu AucepTaliiiHoi poboTu mnpeacrasieHl y 39
HAYKOBHX Mpalsix, y Tomy uncii 1 monorpadii, 1 po3aini monorpadii, 25 craTTsix y

q)aXOBI/IX BHUJAaHHAX.
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PO3JILI 1

CHUHTE3, MEXAHI3MU BIIOPAAKYBAHHA TA ITPOLHECU
PEJIAKCALIIl B HAHOPO3MIPHUX TA HAHOCTPYKTYPOBAHUX
CUCTEMAX

1.1 2D — crpykrypu metajiB. KBaHToBi smMu

JlocmipkeHHsT  TOBEIIHKM  HAHOCTPYKTYp METalliB Ha aTOMapHO-YUCTHUX
MOBEPXHAX HAIIBIPOBIJHUKIB € OJHUM 3 HANpPSAMKIB aTOMHOI 1H)XXEHepii MOBEpXHI,
sKa JO03BOJISIE OTpUMATH 1H(MOPMAIlI0 TPO MPOIECH CaMOOopraHizaiii 1 MeXaHi3Mu
pPOCTY HaHOOO'€KTIB 1 CTBOPIOE MEPEAYMOBHU JUIsl CUHTE3y MaTepialliB 13 3aJaHUMHU
xapaktepuctukami [ 1, 2]. Pe3ynbpTaTu Takux JOCHIKEHb Ha3BUYAHO BaKJIMBI J1JIs
CTBOPEHHSI €JIEMEHTIB HAHOEJIEKTPOHIKM Ta CHHTE3y HYJb-, OJIHO- 1 JBOBUMIPHHUX
HAHOCTPYKTYp. SIK BIIOMO, PICT HAHOOCTPIBIIB MeTaqy Ha MOHOKPHUCTaJIYHINA
MOBEPXHI HAIIBIPOBITHUKA 3aJICKUTD BiJl BIACTUBOCTEH MOBEPXHI MAKIAIKH [3, 4].
Tak, pekoOHCTpYyHOBaH1 MOBEPXHI MOHOKPUCTAJIIB YACTO MAIOTh ICTOTHHM BIUIMB SIK Ha
MOJIOKEHHS! OKPEMUX aTOMIB Ha MOBEPXHI B TOYATKOBHI MEP10] OCAJKEHHS, TaK 1 HA

MOPQOJIOTII0 HAHOCTPIBIIIB METAIIB B IIIOMY [5].

1.1.1 Pexoncmpytiosani nosepxHi MOHOKPUCMAI68 HANIBNPOBIOHUKIG

EnexTpoHHI BIAacTHBOCTI Ta aroMHa OyJl0Ba MOBEPXHI BIAPIZHSAIOTHCS BIJT
00’eMy BHACHIIOK TOrO, IO B aTOMiB IOBEPXHEBOT'O HIapy XIMiuHI 3B’SI3KU OyayTh
pO3ipBaHi MPU PO3KOJI KPUCTATy 1 TOMY MOBEPXHEBI €IEKTPOHU MAIOTh TEHICHITIIO
10 (opMyBaHHS HOBUX 3B’s3KiB. TOOTO HecmapeHi €JEeKTPOHU TOTOBI YTBOPHUTH
3B'SI30K 3 UYXKOPIAHUMHU aTOMaMH, SIKi aJicopOyIOThCsl Ha TOBEpPXHI a00 3 aTroMaMu
TOTO 5K CaMOI0 €JIEMEHTY. AJie SIKIIO MOBEPXHS aTOMAapHO YMCTA Ta rjajka 1 Ha Hii
BIJICYTHI CTOPOHHI aTOMH, TO B IMOBEPXHEBUX EJICKTPOHIB 3AJIMIIAETHCS MOXKIUBICTh

YTBOPUTH JAOAATKOBI 3B’A3KM 3 aTOMaM{ IMOBEPXHI. Y HAWNpPOCTIIIOMY BHUIAAKY
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CYCiJIHI aTOMH TOBEPXHEBOTO IIapy 3’ €THYIOTHCA B TIApH (IUMEPH), aTOMH KOKHOTO
TuMepy 30JMKYIOTBCS OJWH 3 OJHUM Ta OJHOYACHO BIIJAISIIOTHCS B CYCITHIX
aTOMIB Ha TIIOBEpPXHI, SKI YBIANLIM B 1HIII auMmepd. [lpm 1npoMy Ha MOBEPXHI
3MIHIOETBCS TEPI0JT KPUCTAIIYHOI IpaTKU 1 POPMYETHCSI PEKOHCTpYHOBaHa MTOBEPXHS.
[Ticns dhopMyBaHHS TUMEPIB MOBEPXHSA CYMICTHUTBCS cama 3 COOO0, TIIBKH IMiCIIS
3CYBY Ha BIJICTaHb MIXK IIEHTpaMHU CYCIJHIX JUMEPIB, sika BIBIUl OUIbIIEC TMEPIOAY
IpaTKH y BHYTPIIIHIX IIapaxX. Taky peKOHCTPYKIIIO MO3HAYAIOTh SIK 2% 1, 11€ 03Havae,
IO MEpioj B3IOBXK OJHOTO 3 HANPsIMKIB Ha MOBEPXHI 30UIBIIMBCS BIIBOE, a B3I0BXK
IHIIOTO 3aJUIIMBCSA HE3MIHHUM. [licis peKOHCTpyKIi Ha MOBEpXHI BHHHKA€E HOBA
noBepxHeBa (a3za. [ToBepxHs 30epirae cBoi HaIBIPOBIIHUKOBI BJIACTUBOCTI, MPOTE
BOHU OyIyThb BIJIPI3HATHCS BiJ 00’eMy. PexoHcTpykiliss 2X1 € HaWmpoCTIIoOw Ta
MOXE pI3KO 3MiHUTHCA. Hampukiang B KpeMHII HpU JAESIKUX TEMIEPaTypHHUX
HABAHTAKEHHAX MOXE 3 SBUTHCS OUIBII CKIagHA CTPyKTypa 7%7, TOOTO mpHU
PEKOHCTPYIOBAaHHI aTOMHU MOBEPXHEBOTO IIapy 00’ €IHYIOTHCS B 301IbIIEHI KOMIPKH.
Cnig BIOMITATH, WO TOBepXHEeBa (ha3a 1€ JBOBUMIPHMA IIap Ha MOBEPXHI
MOHOKPHCTAIly, SKUW 3HAXOJIUTbCA B TEPMOJMHAMIUHIA PIBHOBa3l 3 00’ €MHOIO
¢dazor. Skio NpoBecTH HANMUIEHHS HAa MOHOKPUCTAIIYHY MIAKIAAKY MOHOIIAPY
Yy>KOP1THOI PEYOBUHH, TO B TEPMOJIMHAMIYHO PIBHOBAKHUX yMOBaX Ha TOBEPXHI
Oyne ¢opmyBaTucs iHIIA TOBepxHeBa ¢aza, TOOTO HOBa pPEUYOBHMHA 3 aTOMIB
MIJKJIQJKUA Ta YyKOPIJHUX aTOMIB 31 CBOEHO BJIACHOIO €JIEKTPOHHOK CTPYKTYPOIO,
KPUCTAJIIYHOIO PEIIITKOK Ta BIAMOBIIHO 31 CBOIMH BIacTHBOCTSIMH. [Ipu 1pomy
MOTPIOHO PO3PIZHATH aTOMHU, IO BXOIATH O CKJIaay MOBepxHEBOi (a3u (aroMu B
¢da3l) Ta aToMu SKi 3HAXOAATHCS B HAJJIUIIKY MO BIJHOIICHHIO 10 KOHIICHTpAIli
Yy>KOPITHUX aTOMIB, KOJIU BCSI IOBEPXHSI TIOKPHUTA MOBEPXHEBOIO (pa3oro. BigmiTumo,
[0 aToMH «B (pa3zi» MarOTh BIAHOCHO CHJIBHO 3B’s3aHI 3 MIAKIAIKOK. ATOMHU «Ha
¢a3i» BIAHOCHO cllabo 3B’s3aHl 3 MIAKIAIKOI0 Ta HE OEpyTh y4yacTh B PEKOHCTPYKIIT

MOBEPXHI 1 HE 3MIHIOIOTh 11 BaJICHTHICTb.
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1.1.2 Mexanizmu pocmy MoHo - ma 6a2amoulapo8ux HAHOCMPYKMyp Ha

MOHOKpucmClJZillHMX NOBEPXHAX

OTpuMaHHS HAHOCTPYKTYp METajliB Ha AaTOMapHO-YHCTUX TMOBEPXHSIX
HaIIBNPOBITHUKOBUX MOHOKPHUCTAIIB € OJHUM 3 TOJIOBHUX JOCTIIHUI[BKUX
HanpsMKIB i1 (axiBIiB, IO 3aliMarOTbCS BHUBYCHHSAM IIOBEPXHI MarepiajiB 1
MPOIIECIB POCTYy TOHKHMX IUTIBOK, 30KpeMa dYepe3 Te, M0 MeXKa pOo3AUly MeTal-
HAMIBIIPOBIIHUK € pOO0YOI0 KOMIIOHEHTOI0 0araThOX €JIEKTPOHHUX IMPUCTPOIB.
Opnak, HE3Ba)KaOUM Ha 0araTo pokKiB IHTEHCHUBHUX JOCIIKEHb B IbOMY HaIPSMKY,
dbyHIaMEeHTaAIbHI JOCIIIKEHHS B 11 00J1aCT1 BCE 11I€ TPUBEPTAIOTH BEJIMUE3HY yBary
3aBJISIKU Py LIKaBUX €EeKTiB.

MexaH13MH pOCTYy TOHKHX IIJIIBOK METaNIB HA PI3HUX MIJKIAIKaX ONMUCYIOTHCS
TphOMa OCHOBHUMHM THUIIAMH — TIOIIAPOBUHN picT 3a nmpuHiunom dpanka — Bau gep
Mepse (puc. 1.la), npu mHbOMy aTOMHU IUTIBKM OyAyThb 3B’s3aHI CHJIBHIIIEC 3
MIJKIQJKO0 HDK OJWH 3 OJHUM. BHacHmigok HbOro PIiCT HACTYMHOTO IIapy HE
MOYHETHCS] JI0 TUX MIp MOKH HE 3aKiHYUTHCS (OPMYBAHHS MEPIIOrO, MA€ MICIE
CTpOro JIBOBHMIpHMI picT. [pyruii — momapoBuii pict 3 noaanemuM 3D poctom
octpiBiiB 1o MexaHi3My Crtpanckoro — Kpacranosa (puc. 1.16). Januii mexanizm
IIMPOKO BUKOPUCTOBYETHCS JIJII CTBOPEHHSI KBAHTOBUX TOYOK B HAIIBIPOBITHUKOBHX
CTPYKTypax 3 pI3HUMH CTATMMH KPUCTANIYHOI IPATKU. J[0 TpeThOro BIAHOCUTHCS PICT
3a mexaHismMoM @onpmepa — Bebepa (puc 1.16), mpu sSKOMY CIIOCTEpITa€ThCS
BIJIHOCHO CWJIbHUH 3B'SI30K M1 aTOMaMH TUTIBKM B TTOPIBHSHHI 3 aTOMaMHU M1AKIAIKH
[6,7]. Takmii MexaHi3M pOCTy 3a3BUYall peali3yeTbcs NpU  TEPMIYHOMY
BUIIAPOBYBAaHHI MeETaly B HAJBUCOKOMY BaKyyMi Ha TOBEpPXHIO MIAKIAIKA 3
noAabIIUM (POPMYBAHHSIM OCTPIBKOBOT METAIIUHO1 TUTIBKH [§].

dopMyBaHHS OCTPIBKOBHUX IUIIBOK 3 Ta30BOi (pa3u MmpeicTaBisie coO0I0 MPOIieC
BUHUKHEHHS 3apoJKiB Ta iX mojgampimmii picT. OTKe, KOHTPOIIOHUYN
3apOJIKOYTBOPEHHSI Ta PICT HAHOCTPYKTYp Ha MIAKIAIII MOXKHA CIPOTHO3YBATU
BJIACTUBOCTI OCQPKEHUX TOHKOIUTIBKOBUX CTPYKTYpP. 3apOJKOYTBOPEHHS Ta PiCT

TOHKHMX TUTIBOK 3ajIeXaTh BiJI 3HAYHOI KUIBKOCTI (DaKkTOpiB, KOHTPOJIOBATH SKI y
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MpoIleci POCTy € Haa3BUYAHO TpooOsematudHo. J[o Takux (HakTopiB BiTHOCSATH
piBEHb BaKyyMy, IIBUJKICTb OCAKEHHS, KpalioBy Iu(y3it0, TEMIEPATYpy MiAKIaIKN
ta ii cTpykrypy [9, 10]. Ili Tpu THmM POCTYy MOXKYTh MaTH BIJIMIHHOCTI IIpH
BapiloBaHHI TepMoauHamiuHux mapamerpiB [11]. JloBruii uac BBaxkamocs, IO
BUPOII[yBaHHS METAJiB Ha HAMIBIPOBITHUKOBUX IMOBEPXHIX IMiAMOPSIKOBYETHCS

BHUIIE3a3HAYECHUM PEKHUMAM POCTY Ta € TeTEPOCTITAKCIHHUM.

a

I I B

6

I S S

8

I S S

Puc. 1.1. Mexanizmu ¢popMyBaHHS TOHKUX TUTIBOK: @ — pexkuM dpanka — Ban nep
Mepse (momapoBuii pict); 6 — pexum Crpanckoro — Kpacranosa; 6 —

pexuM DoapMepa — Bebepa (ocTpiBKOBHI PicT).

Opnak, y 1996 pomi npu mocmiKeHHI pocTy cpibiia Ha MOBEPXHI MiAKIaAKH
GaAs (110) 6yso 3anmpormoHOBaHO HOBUH MMiJIX1/I, 3aCHOBAHUM HA KPUTHYHIN TOBIIUHI
TTiBKY [12]. ABTOpM TMOKa3ajid, 110 MPH TOBIIMHAX MEHIIUX 32 KPUTHUYHI — IUTIBKA

(bOpMyeETHCS HEPIBHOIO, a TIPU 301IBIIICHH] TOBIIMHU — B1OYBA€THCSA PICT TIIAIKOI
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IIBKU. Byno 3acTocoBaHO OBOKpOKOBHMU MeTon [12], 3ampomoHoBaHHM paHilie
Evans et al. [13] mama pocty cpibna Ha moBepxHi GaAs(110) mpm HU3BKHX
temriepatypax (~135 K) Ta mopaibliMM BiANaJOM MPH KIMHATHUX TEMIIepaTypax.
BusiBieHo, 1m0 KoM CHCTEMa MPOTPIBAETHCA N0 KIMHATHOI TEeMIEpaTrypu, TO
CIIOYaTKy HEepiBHA IUTIBKa Ag, IO CKIaAaeThcsi 3 HaHOpo3MmipHuUx 3D kiactepis,
CaMOOPTraHi30BYEThCS B aTOMApHO TJIAJIKYy IUIIBKY. BUIbII TOTO, TaKWil mepexia Bij
KJIACTepHOI opraHizallii MOBEpXHI 0 aTOMAapHO PIBHOI CIIOCTEPIraeThCs TUIBKU TO,
KOJIM 3arajibHa KUIbKICTh IIapiB CTAHOBUTH HE MeHIIIe mecTy MoHommapis (M) [12].
®dizuyHa TpUpOJA ITLOTO HOBOTO BUIAY KPUTHYHOI TOBIIMHH POCTY MpHU3BETA 0
Mojenl “‘€NIeKTpOHHOTO BUpollyBaHHa [14]. ¥V TOHKHMX TIUTIBKax €JIEKTPOHHU
KBaHTYIOTBCSI B3JIOBXK HANPSIMKY HOpMaJi 10 MOBEpPXHi. J{edKi 3 eJeKTPOHIB MOXKYTh
PO3CIIOBATHCSl Ha TpaHUIll PO3AUTY IUTiBKA — mifgkiaagka. OTxke, Mae Micle 3ajexHa
Bl TOBIIMHM 3MIHAa €JEKTPOHHOI €HEprii, sKa BKJIIOYAE EJICKTPOCTATHUHUN
MOTEHI[ia]l BHACIIJIOK BUHUKHEHHS TMOABIMHOTO E€JIEKTPUYHOIO IIapy 3 PO3CISTHUMU
CJIEKTPOHAMU Ha TPAHUINl PO3AUTY Ta OCHWISIINA €JIEKTPOHIB B3JIOBXK HAIPSMKY
HOpMaJIl J0 MmoBepxHi. bamaHc MK IIMMH SBHIIIAMU BHU3HAYA€ TOBIIUHY, MPH SKIH
MOBHA €JIEKTPOHHA €HEepTisi Mae JoKadbHUM MiHiMyM [14]. TakuM 4MHOM, TUTiBKa
mparHe 0 BUPIBHIOBaHHS Ta HaOyBae aTOMapHO TIIaKy MOPQOJIOTiIO.

[cHyBaHHS KpUTUYHOI TOBIIMHH B TaKiii CUCTEM1 MOXHA MOSICHUTH HACTYITHUM
apHOM  [14]. Tak sIK IHO 30HM BHpaxaeThes sK E,=(h*/2m)-(nm/d)’, To 3aeKHICTh
BIJ] TOBIMHM E€HEPIii €JIEKTPOHIB MoXe OyTH omucaHa gk Egys ~ 1/d*. OnHouacHo
CJICKTPOHU PO3CIIOIOTHCSA Ha TPaHUIl po3aury. Po3citoBaHHS eleKTpOHIB 00YMOBIICHE
CJICKTPOCTAaTUYHUM JUMOJBbHUM IIapOM Ha MEXi1 po3AUTYy IUIBKA-MiAKIaaKa, 1€
MO3WTUBHHUM (HETAaTUBHUMN) 3apsijl PO3MOAUICHHUN BCepenuHi (30BHI) TOHKOI TUTIBKH.
[elt nunosbHUN AP 3HUXKYE ENEKTPOCTATUYHHUI MOTEHLIa] €JIEKTPOHIB B TOHKIN
TOTIBIL.  3aJIKHICTh TMOHWKYIOUOTO TIOTEHIIAly, BHKJIMKAHOTO PO3CIFOBAaHHSIM
CJICKTPOHIB, B TOBIIMHU IUTIBKM, HE € MPOCTOI0, XO4ya TEepen0adacThCs, IO
pPO3CitOBaHHSI KUIBKICHO 3MEHIIYEThCS 31 30UIBIICHHSAM OOMEXYKOYOTO MPOCTOPY.
Omnak  po3paxoBanwii JKanrom moHmwkyroumii moreHmian Ec, BHKIMKaHUN

JUTIONBHUM IIapoM, fo0pe BianoBigae Bupasy Ec ~ -1/d. Takum uuHOM, MOBHA
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SJICKTPOHHA EHEePTist MOXke OyTu Tpy0bo omrcaHa 3a gormomMororo dhopmyinu (puc.1.2)

Eppar = Egws + Ec = a/d* — p/d (1.1)

(o, PB: mo3uTuBHI KoedilieHTH) sSK (YHKIIA BiA TOBIIMHM TIUTiBKH d. Jlerko
BCTAHOBIIOETHCS, MO E,y, Mae JOKaabHUM MiHIMyM (puc. 1.2) mpu KpUTHUHIN
TOBILMHI.

deris = 200/ (1.2)

Omnintoroun Ey, K BEIMUMHY, 3aJI€KHY Bl TOBIIMHU d, IEpea0avaEeThCsl, 10
IUTiBKa Ag panToBO OTPUMYE aTOMAapHOMY IUIOCKY MOpP(OJOri0 Mpu KpUTHUYHINA
TOBIIUHI d ¢, @ TOTIM 3TJ1aPKEHICTh MOCTYIIOBO MOTIPIIYETHCS 31 301JIBIIICHHIM d.

[1ig yac ocamkeHHs BKpail BaXJIMBUM € 30€pe’KEeHHSI HU3bKUX TEMIEpaTyp, TaK
K OCaJKEHHs IMpU KIMHATHIN Temmeparypi Npu3BOAUTH B pe3yabTaTi A0 3D pocrty,
KU XapakTepusyeTbCsi (OPMYBaHHSM BEJIUKHUX TIpaHOBaHMX oOcTpiBLiB. Lle
MOSICHIOETBCS THUM, 1110 3aHAJTO BEJIMKA PYXJUBICTh B MICIl POCTY MPU3BOJIUTH /10
MOYaTKOBOI KOH(QIrypalli, siKka 3aHaATO JaJeKO 3HAXOAMUTHCS B KOHDIrypariiiHoMy
MPOCTOPI Bl aTOMAPHO IIACKOT KOH(ITYpaIrii.

TakuM 4YWHOM, JOCIHIJKEHHS MpoLeciB (OpMyBaHHS HAHOCTPYKTYp Mil,
cpibia 1 30JI0Ta MPU TEPMIYHOMY HAHECEHHI Ha MOHOKPHUCTAJIYHI TMOBEPXHI
HaIMIBIPOBITHUKIB € aKTyaJlbHUM HE TUIBKU 3 (YyHIAMEHTAJIbHOI TOYKHU 30Dy,
OCKUIbKH JTO3BOJISIE OTPUMATH 1H(OpMAIiI0 MPO MPUHLMIKA OPraHi3alli MeTaJeBUX
HAHOCTPYKTYP, 30KpeMa, METaJIeBUX OJHOKOMIIOHEHTHHX, a W 3 MPAKTUYHOTO OOKY.
CporofHi, HaHOCTPYKTYpPH OJIarOPOJHUX METaliB BHUKOPHUCTOBYIOThCA B 0araThox
CIIOKMBYMX TEXHOJIOTISIX, Kl EKCIUTyaTyroTh iX (Di3W4HI BIACTUBOCTI, 30KpeMa,

ONITUYHI, €JICKTPOIPOBiAHI, aHTHOAKTepUIU IHI 1 1H. [15-19].
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KpuTHuHa TOBILIUHA

Puc. 1.2. 3anexHicTp BiJ TOBHUIMHM €HEPrii KBAaHTOBUX cCTaHIB  Eqws,
€JIEKTPOCTATUYHOI TOTEHIIHOT eHeprii Ec, BHUKIMKAHOT IUIIOJIBHUM

[1apoM Ha TPaHUIll PO3LTY, 1 3araJIbHOI eEKTPOHHOT eHepril By .

Ha pmapmii yac BHOUIAIOTH JBa OCHOBHI INAXOOW O BHUIOTOBJIEHHS
HAHOCTPYKTYPOBaHUX TMOBEPXOHb. JlucmepramiiHuii, sKud 3aCHOBaHUW Ha
OTPUMaHHI ME30CKOMIYHMX O0O0'€KTIB HUISIXOM MOAPIOHEHHS MaKpOCKOMIYHUX. BiH
BKJIIOYA€E B cebe MexaHiuHe noApiOHeHHs, GoromiTorpadiro, Ja3epHe BUTAPOBYBAHHS
ta 1H. Jlo Jgpyroro MoOXKHa BIJIHECTM KOHJACHCAIIMHMM miaxig, TOOTO
HAHOCTPYKTYPOBAHHM CHHTE3 3 OKPEMHX aToMiB ab0 MOJICKYyJ, JaHWUW TIiIXi
peanizyerhbcsi 0araTbMa METOJIaMH KOHCTPYIOBAHHS METaJIIYHUX HaHOYACTUHOK [20),
21]. Anme ogHUM 3 HAWIEPCIEKTUBHIIIMX Ta BIJHOCHO MPOCTHX METOJIB JIs

dbopMyBaHHS HAHOCTPYKTYP € HATWJICHHS B HAJBUCOKOBAKYYMHUX YCTaHOBKax [22].
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1.1.3 Bnaus napamempie Hanecen s HA picm MemanivHux N08ePXOHb

OcakeHHs MOHOIIAPOBUX TUTIBOK, HE3AJIEKHO B METOY iX OTPUMAHHSI, SIBIISIE
coboro mporiec ¢GazoBoro mepeTBOpeHHs. [lin dac 3iTKHEHHS 3 MIAKIAAKOI aToM
BTpayae HAJIMIIKOBY TEIJIOBY €HEPIrilo Ta MEPEeXOAUTh B aJIcOpOOBaHUM cTaH. SIKIIO
TeMIlepaTypa IMOBEpXHI HE € 3aHaATO HU3bKOIO, a Yac penakcaiii HaJIMIIKOBOI
TEIUIOBOT €HEPrii BITHOCHO BEJIMKUH, TO aJcOpOOBaHi aTOMH OyAyTh MaTH JOCTATHBO
BEIIUKY PYyXJUBICTh Ha TMOBEepxHI miakmanku. lleit ¢akt B 3HauHiil Mipi Oyne
BU3HAYATH MOAAIBIINIH mpotiec (GopMyBaHHS KOHICHCATY.

[Ipyn TepMi4YHOMY HAHECEHH1 y BaKyymi aTOMHU BHUXOISATH 3 ra3oBoi (a3u Ta
3aJIMIIAIOTHCS HA MMOBEPXHI y BUIJISI/IL aaTOMIB, SIKI MITPYIOTh Ha IMOBEPXHIi, TOKU HE
3HUKHYTh y pe3yJbTaTi MOBTOPHOTO BUIIAPOBYBaHHS B Ta3oBy (a3y 3a paxyHOK
JIOCTaTHBO BHCOKOi TEMIEpaTypu MiAKIaAKUd, abo MOXyTb 00’€qHATHCS Ta
chopmyBatu kiactep. JlaHi kinacTepu, K MpaBUiIO € HECTAOUTLHUMH 1 PO3MaIal0ThCs
Ha OKpeMi aToMu. Y MpoLEci pOCTy BOHU CTalOTh OUIBII CTaOIILHUMH, TOOTO
WMOBIPHICTh 1X pOCTY BHIA 3a WMOBIPHICTH po3nagy. Ha mouaTkoBiil crasii
3apOJKOYTBOPEHHSI KOHULEHTpAIlisl adaTOMIB CYTTEBO NEPEBUILYE KOHLEHTPAIIIO
OCTPIBIIB, B HACIIJOK IIOT0, MPOILEC 3apOJPKCHHS HOBOTO OCTpIBISA Oyle
nepeBakaTu HaJ MPOILIECOM MPHUENHAHHA ajaromMa 10 Bke icHyrouoro. [Iporsrom
OCAJKEHHSI KOHUEHTpALisl OCTPIBUIB 30LIBIIYETHCA 1 CTa€ CHIBPO3MIPHOIO 3
KOHIICHTPAIIEI0 aJaTOMIB Ta TOYMHAETHCS PICT MPOMDKHUX MOKPpUTTIB. Jlami
KOHIIEHTpAIlisl aJaTOMIB JIOCSITHE TMIEBHOTO MAaKCUMyMY Ta IMOYHE 3MEHIITYBATUCh, TIPU
bOMY KUIBKICTh OCTPIBLIB MNPOJOBXKY€E 3pPOCTAaTH BXXE 3 MEHIIOK MIBUIKICTIO.
KoHnieHTpartiss ocTpiBIiB 30UIBIIYETHCS 10 TUX TMip, KOJMH CEPEAHs BIJACTaHb MIXK
HUMU TpHUOJM3HO JOPIBHIOE JIOBXKMHI MIrpamii aaaroMiB JO BHUIapOBYBaHHS.
[Tomanbiie HaHECEHHS! MPU3BOJUTH TUIBKU JI0 30UIBIIEHHS PO3MIPY OCTPIBIIIB, a iX
KOHIIEHTpAIlisl JOCATaE CBOET MaKCMMAaJIbHOI BETMYMHHU. J[anml mOYMHAEThCA MpoLec
KoaJiecleHIli Ta nepkoisiii. OcTpiBLl NOYHUHAIOTH 3 €HYBATUCh OJUH 3 OJHHUM TaK,
10 MIOYUHAETHCS PICT APYTOro MIapy, BHACTIAOK I[bOTO 3HOBY 30UIBIIYETHCS TYCTUHA

agatomiB [9,24]. Jna npochijkeHHS MOpPQOJIOTii METATYHUX HAHOCTPYKTYP
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3a3BUYall BUKOPHUCTOBYIOTH METOJU MPOCBIUYIOUOi 1 CKAaHYIOUOi €JIEeKTPOHHOI Ta
30H/I0BOT MIKpOCKOIii (ATOMHO — CHJIOBOi MIKPOCKOTMII, TYHEJIbHOT MIKpOCKOIIi Ta
iH.) [23].

OpHi€ero 3 0COOMMBOCTEH MPOLIECY POCTY MOHOIIAPOBHUX CTPYKTYP € OTpyOiHHs
MOBEpXHI 3 YyacoM. ABTOpH B po0OOTI [24] METOJOM YHCEIHHOTO MOJICIIFOBAHHS
MOKa3ajy, 110 Ha PaHHIX CTaJIsIX POCTY BUHHMKAE BeJIMKa KIJIBKICTh OCTPIBIIIB, TOOTO
CyOIIOPCTKICTh TOBEpXHI € Benaukor. Cama CyOmIOPCTKICTh (B TOMATIBIIOMY
IIOPCTKICTh) BIJHOCUTBHCS JI0 HAHOTEOMETpIi TBEPAOro Tijda Ta BHU3HAYAE MOrO
HaNMBAKJIMBIIII €KCIUTyaTalliHl BIacTUBOCTI. Hacammepes 3HOCOCTIHKICTB BiJ TEpPTH,
MILHICTh, TEPMETUYHICTH 3'€/IHAHb, XIMIUYHA CTIHKICTH 1 T.A. Ha O1ibI1 Mi3HIX cTaaisIxX
BHUCOTa OCTPIBIIB 30UIBIIYETHCSA, OJIHAK 3MEHINYEThCS IXHS KUIbKICTh. Jlami
MOYMHAETHCS HACUYEHHS, TOOTO BUCOTA OCTPIBIIIB CYTTEBO HE 301IbIITy€EThCs. BIiius
napamMeTpiB HAHECEHHS Ha XapakKTep BHUPOIILYBAaHHA Ta CTPYKTYPY MOMIJIHMBO
BCTAHOBUTU INUIAXOM BHUBYEHHS iX Jii HaA MPOIEC 3apOJKOYTBOPEHHS Ta POCTY.
Hanpuknaa, 30UIbIIEHHST BMICTY JIOMIIIOK, TIEPEHACUYCHHS, MEPEOXOJOMKEHHS Ta
3MEHIIICHHS] €HEeprii TPpaHWlll PO3JUTy TPHU3BOAUTH 10 3OUIBIICHHS IIBUJKOCTI
TETEPOT€HHOr0 3apOJKOYTBOpPeHHs [25]. ToMy B ymMOBax HU3BKOrO Bakyymy IMpH
BHCOKIH IIBUIAKOCTI OCAQJKCHHS Ta BITHOCHO HHU3BKIH TemmepaTypi (HOpMYHOTHCS
npiOHOKpuUcTamiyHl a00 amop(dHI TUTIBKH. 3 1HIIOTO OOKY IS €MiTaKCIaIbHOTO POCTY
HEOOXITHUH BUCOKHIA BaKyyM, HU3bKa IIBHIKICTh HAHECEHHS Ta BUCOKA TEMIIEpaTypa
nigknaaky. [ligkinagka B CBOIO 4epry MOBHHHA OYTH MOHOKPHCTAIIYHOIO Ta MaTu
MOBEPXHIO 3 HU3bKUMHU 1HJIEKCAMHU MULIepa, a HEBIANOBIAHICTh KPUCTATIYHUX I'PATOK
IUTIBKK 1 MIAKIAJAKA TMOBUHHA OYTH BIJHOCHO HEBEJMKOK. OIHUM 3 OCHOBHHX
KpUTEpPiiB B TMPOTHO3yBaHHI (DI3UKO — XIMIYHUX BIIACTUBOCTEH NpPHU HAIWJICHI €
BIIMOBIAHICT YW HE BIJMNOBIAHICT, KPUCTAJIYHUX TIPATOK PEYOBHUH, IO
OCaJKYIOTHCS, Ta T IKIAIKH.

Bulbip migkimaaku Jig  €HITakCialbHOTO  BHUPOINYBAaHHS  OOYMOBJICHHU
MIHIMyMOM €HEpTii TpaHulll po3JUTy IUNBKa — MiAKIaAKa. B 3a1exHOCTI BiJ yMOB
3MOYYBaHHS, SIKI BH3HAYaIOThCS IOBEPXHEBOIO EHEPri€lo c(hOopMOBaHOI TpaHHUIIl

pO3ILTY, Ha MiAKIAIIl BUHUKAIOTE 3D 3apoaku, a00 OHOPIAHUI JTBOBUMIPHUH IIap.
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[Tpu upoMy ans QopMyBaHHS €MITAKCIAIBbHOI TUIIBKM HEOOXITHO HE 3MEHIICHHS
IIBUKOCTI 3apOAKOYTBOPEHHS (PICT BiJ OJHOTO JO 1HIIIOTO 3apOJIKY), & CTBOPEHHS
yMOB 7151 (pOpMyBaHHS OPIEHTOBAHUX 3apOJIKiB, OO BCI 3aPOJIKK Ha IMIAKIAA Main
OJTHAKOBY Opi€eHTaIlit0. ICHye psn ¢akTopiB, MO0 BIUIMBAIOTH HA MOPQOJIOTIF0 TOHKHX
IJTIBOK B ITPOIIECI POCTY.
Temnepamypa nioknaoku. Ilpu MABUINEHHI TeMmIepaTypu  30UIBIIYETHCS
MOBEPXHEBA PYXJUBICTH aaTOMIB, B HACTIJOK IIhOTO, 30LIBIITYETHCS WMOBIPHICTH
MIPUEHAHHS aJlaToMa JI0 3apOJIKY, Ta 3MEHIIIYETHCS TOBEPXHEBA I'YCTHHA 3apPOJIKiB Ha
MOYaTKOBIN cTanli. SIKk pe3ysabTar, 3MEHILIEHHS MOBEPXHEBOI I'YCTHUHH 3apOAKIB ITiJT
BIJIMBOM KOQJIECLEHIII B MOJIKPUCTATIYHHUX IUTIBKAX 30LUIbIIYETHCS CEPEIHIN pO3MIp
KpucTaiiB [26]. ¥ 3B’s3Ky 31 30UIBLIEHHSM PYXJUBOCTI aJcOPOOBAHUX aTOMIB
B110yBa€ThCS 3alIOBHEHHS MYCTOT, Kl BUHUKAIOTh B mpolieci pocty. [ani daxTopu
MPU3BOJSATH 0 MOHMXKEHHS IIOPCTKOCTI MOBEPXHEBUX IUIBOK [27, 28]. 3rigHo 3
poboToro [27] 301IbIIEHHS] TEMIIEPATYPH OCAKEHHSI TOHKUX MIiBoK Ag Big 100 1o
300 K BUKIJIMKa€ 3HAYHE 3MEHIIECHHS IIOPCTKOCTI MOBEPXHI. AHAJIOTIYHA CUTYyaIllsl B
poOoTi [28], mpu 30UIbIICHH]I TeMIiepaTypu cuHTe3y Big 573 mo 723 K ryctunHa
ocTpiBIiB Ha moBepxHsX Al Ta AlCu maiBOK 3MEHIIyBaJlach BTPUYl Ta OJHOYACHO
CIIOCTEPIraioCch 3Ha4YHE 3MEHIICHHS iX BUCOTHU. [lomiOHa 3amexHICTh TeMIepaTypu
OCaJKEHHSI BiJl MIOPCTKOCTI TMOBEPXHI CHOCTEpirasach s HaIiBIPOBITHUKOBHUX
wiiBokK. [TniBku Si, mo BupoieHi npu 600 K MaroTh OUTbII TIaAKUANA pebed, HIK Taki
cami ctpykrypu nipu 400 K [29]. Lle moB’s13aHO0 31 30UIBIIIEHHSM PO3MIPY 3€pEH MpHU
MOHW)KEHH1 Temmneparypu. 3O0UIbIICHHS TeMmneparypu mnpu romoemitakcii GaAs
TaKOX MPU3BOAUTH 10 (hOpMyBaHHS OUIBII TJIAJKOT MOBEPXHI IUTiBKH [30].
[Tommpenum ans oTpuMaHHs moBepxHeBoi (aszu Sb Ha moBepxni Si(111) €
HarpiB nigkinagku 1o temneparypu 920 K ta nanecennst Sb 31 mBuakictio 1 — 5 MIII
B CeKyHIy. B maHomy aiama3oHi TemmepaTyp Ha moBepxHi (opmyeTbest (aza Sb —

Si(111) 3 mokputtsim Sb B oauH MoHoImIap. Ta BUHUKae HOBUM nepion a3y KpeMHii

— cri6iit "V3XV3" Atomu criGiio OyaIyTh 3HAXOAUTHUCH B MOHOIIapi “Ha ¢asi”,
TOOTO BOHM MalOTh CHJIBHUK 3B'S30K 3 MIAKIAIKOI0, ajleé camMe TMpH TaKhX

TEeMIEpaTypax BOHU JIETKO N1ecopOyIoThcs 3 MoBepxHi. AToMu “B (asi”, B TOM yac
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OyInyTh 3HAXOAWTHCH Ha MIAKIAAII (MOBepxHEBa (aza KpemHid — cTibiif He Oyne
pyvinyBatucs) [31]. Takuil MeTOX € AyXe 3pyUHUM Il OTPUMaHHS TAKUX CTPYKTYD,
TaK sIK HeMa€ HeoOX1JHOCTI KOHTPOJIFOBATH Yac HAHECEHHSI.

B psani po6it [32-34] mokasaHo, MO Mepexi Bil TPUBUMIPHOTO OCTPIBKOBOTO
POCTY /10 JABOBUMIPHOTO IMOIIAPOBOTO BIJOYBAETHCS MPHU MOHUKEHHI TEMIEPaTypH.
3okpema, B poOoTi [33], y pIBHOB&XKHHUX YyMOBAaX, MEPEBUILCHHS JESIKOT BU3HAYEHOI
TOBIIMHUA TPU3BOAUTH 10 (OpMyBaHHS OCTpPIBIIB Ha MoOBepxHi IIiBKU. Crocid
30UTBIICHHS 11€1 KPUTHUYHOI TOBIIMHU (MOJENb “‘©JIEKTPOHHOTO BHUPOIIYBaHHS )
peanizyeTbesl 3a paxyHOK 3amoOiraHHsi JIOCATHEHHSI PIBHOBArd B CUCTEMI, ILIIXOM
3MEHILEHHS MEPEHOCY MacHu MO MOBEpXHI. TOOTO HEOOXIAHO 3MEHUIMTH JOBXHUHY
nudy3iifHOTO MpoOIry ajgaromy A:

A= (D)2, (13)

ne, D=Dyexp(-E/kT) — xoediuieHT noBepxHeBoi audysii, Dy — crama, E —
eHeprig aktuBaumii Audysili, k — crana bonpumana, T — TemmepaTypa, T — 4ac
nepeOyBaHHs aIaTOMy Ha IMOBEPXHI.

3 ¢opmynu (1.3) BumMBae, MO OAHUM 31 CHOCOOIB 3MEHIIEHHS JTOBXKUHU
nrdy3iiiHOro MpoOIry 1 BIAMOBIIHO 3MEHIICHHS ITOPCTKOCTI TUTIBKH € 3HIDKCHHS
TeMrepaTypy MiIKIaaKd. 3 UM Y3TOKYIOThCS JaHi podotu [35], 3rigHO 3 SKUMU
3MEHIIIEHHS TeMIepaTypH MiAKIaIKN B MPOIIECi HAHECEHHS TUTiBOK Pt mpu3BoAUTH 110
3HIDKEHHSI CEPEIHhOT0 PO3MIPY HEPIBHOCTEW Ha MOBEpXxHI. MeToa HamuieHHS Ha
XOJIOMHY TIAKIAAKy BHKOPHUCTOBYETHCSI B TOMY BHUIAAKy, KOJM Ha TOBEPXHI
MOHOKPHUCTQJIy MOTPIOHO CTBOPUTH HE TUIBKM TOBEpXHEBY (azy, a TaKoxX
copMyBaTH JeSKy HAJUIMIIKOBY KUIBKICTh UYKOPIIHHUX aTOMIB, HAaNpHUKIaa B
BUTJISAZII OCTPIBIIB. ABTOpU B poOOTi [31] mochiKyBaJii TPOIECH TMOBEPXHEBOT
nudy3ii Au Ha MOHOKpuCcTaniyHii moBepxHi Si(111), A 11b0T0 BOHM OYyJU MOBHHHI
3a0e3neunt (OpPMYyBaHHS JOCTAaTHHO BEJIMKOI KUIBKOCTI PYXJIUBUX aTOMIB, SKi
Mor 6 audyHIyBaTH IO TMOBEPXHEBIN (a3l kKpemHid — 3070T0. Tomy aBTOpH
HAHOCWJIM OUIbIIYy, HIK MOTPIOHO, KIJIBKICTH 30JI0Ta JJIsl moBepxHEBOi ¢azu. Ilpum

BiI[HOCHO HHU3BbKHX TEMIICpATypax HiI[KJIaI[KI/I aTOMHU 30J10Ta, IO BXOOWJIN OO0 CKIIaay
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NOBEepxHEBOi (pa3u, 3aNUIIaANUCA HEPYXOMUMH, a BCl 1HII HAJUIMIIKOBI aTOMH MaJld
3MOTy IU(YHIYBATH MO MMOBEPXHI.

HIguokicmo ocadxrcenns. Inmmm GakTopoM, SIKMM BU3HaUYa€ MOPQOJIOTIIO0 MTOBEPXHI
€ MBUJKICTh HAHECEHHS, 0 3aJICKUTH BiJl TYCTUHU MOTOKY Majardnx aTtomis. [Ipu
BUCOKIA IIBUJIKOCTI POCTY 3OUIBIIYETHCS WMOBIPHICTH (POPMYBaHHS CTPYKTYpH
MOBEPXHI 3 IMIJBUIICHOIO IIOPCTKICTIO. 3rigHo 3 [36], 3MEHIIEHHS HIBUJIKOCTI
oca/pKeHHA MTiBOK ZnTe mpu3BOAUTH 10 3HAYHOTO 3TJa/KyBaHHS MoBepxHi. ToHKI
IUTIBKM aMOp(GHOTO KPEMHII0, SIK1 BUPOIIEH] 31 MBUIKICTIO 1.16 Hm/c, TakoX MarOTh
BIJIHOCHO BEJIMKY LIOPCTKICTh B MOPIBHSHI 3 TAKUMHU K CTPYKTypamu, BUPOLLEHUMU
31 WBHAKICTIO 0.10 1m/c. ABTOpH [29] MOACHUIN 1€ TUM, 11O Y 3pa3KiB, K1 BUPOILEHI
3 BEJIMKOIO MIBUJIKICTIO OCAQ/IP)KEHHS CYTTEBO 3MEHIIIUIIUCS PO3MIPHU 3€pPEH, ajie 3HaYHO
30ubImIachk ix ryctuHa. LIBuAKICTh OCaIK€HHS TaKOX BIUIMBAE HA IIOPCTKICTH
HAJIIPOBIIHUX TOKPUTTIB. ABTOpamMH B [32] moOKa3aHO, IO IOMIAPOBUNA PICT
BiI0yBaeThCcsl npu mBUIKOCTI HaHeceHHS 0.01 ww/c Ta mpu HU3BKOMY (HOHOBOMY
TUCKY OKCUT€HY, 3OUIBIICHHS IIBUJIKOCTI HAHECEHHS 1 THUCKY MPU3BOIUTH [0
30UTBIIIEHHST TIOPCTKOCTI TOKPUTTS. B CBOIO uepry, 301IbIICHHS MIBUAKOCTI POCTY
TUTIBKM 3MEHIIy€e yac rnepedyBaHHS ajaromMa Ha MoBepxHI miaknaaku. Lle mo3soise
3MEHIIUTA HOr0 JOBXHHY BIIRHOTO MPOOITy 1, SK HACTIAOK, HE OMYCTUTU
dbopMyBaHHS TPHOXMIPHHUX OCTPIBIIIB Ha MOBEpxHi TuiBKUA. B poboTi [33] mokaszano,
110 MpH 301IBIIEHHI MBUAKOCTI POCTY IUNBKKM Ha mifgkiaanui GaAs Bix 0.46 mo 1.26
MIII B cekyHy, KITBKICTh IIapiB, K1 BUPOIIEHI MOMIAPOBUM METOJIOM 3pOCTaE Bif 7
1o 12 MIII.

Cmpykmypa nioknaoku. SIKiCTb TOBEpPXHI IOCIJIa€ HE OCTAHHE MiCIle y MpoIeci
3apoaAKOyTBOpeHHS. OCKITbKH JAe(EKTH, K1 MICTAThCS Ha MOBEPXHI MOXKYTh CTAaTH
KOMIpKaMH JIJIsl 3apOJKOYTBOPEHHS. SKIIO HA MOBEPXHI MPUCYTHS BEJIMKA KUIBKICTh
nedeKTiB, TO B MPOIIECT POCTY OTPUMYETHCSI TIOKPUTTS 3 BEIIMKUMU TIEpernajgaMu 10
BUCOTI. 3asIexHICTh MOPQoJIoTii TOHKHX TUTIBOK SrTi05 Bi SKOCTI MIAKIAAKUA OKCUIY
MarHiro O0ysna gociimkeHa B poooti [37]. SKicTh MOKPUTTS 3MiHIOBAIH 32 IOIIOMOTOIO

tepmiuHoro Biamamy. Ilpm 7=1073 K mnoBepxHS MIAKIAIKA CTajla CYTTEBO
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rIajxKimoro, ane sianai npu 7 = 1373 K 3H0BY 301/1b1IyBaB HIOPCTKICTH MOBEPXHI 32
paxyHOK YyTBOPEHHS Ha MiJIKJIAIL1 TePACHUX CTPYKTYP.

IHosepxneeo — axmueni peuosunu (IIAP). [is IIAP mnonsrae B peanizari
JBOMIPHOTO TOLIAPOBOTO POCTY B 3aMiHy TPUBHMIPHOTO OCTPIBKOBOTO IO
MOSICHIOETHCS 3MEHIIICHHSIM [TOBEPXHEBOI €HEeprii BUPOIIYBAHOTO 1Iapy 3 MOJANbIIIOI0
3MIHOIO KIHETHKHU pocTy. Judys3is agatomis, ocamxkeHux Ha [TAP 3menmyetses. [Ipu
IPOHUKHEHHI agaToMy B HIKHI mapu [TAP, BiH Bigpa3y yJIOBIIO€THCS MiIKIAAKOIO 1
CTa€ HEPYXOMHUM 3a paxyHOK HaJJMIIKOBHUX 3B’s3KiB B IIAP, mo yHeMoxuBiO€
(GbopMyBaHHS TPHUMIPHMX OCTpPIBLIB. YTPABIIHHSA POCTOM Ha aTOMAapHOMY piBHI
MOXJIMBO BuKopuctoByroun IIAP B cucremi Si — Ge. B poGoti [38] s
perymtoBadHs pocty Ge Ha miaknaakax Si(100) BukopuctoByBaBcst MoHoriap As. B
3BUYAMHUX YMOBAaX MpPHU HAHECEHHI I'€pMaHII0 Ha YHUCTY IOBEPXHIO KPEMHIIO, BIH
Oyne poctu momapoBo mpotsrom 3 — 4 MII, a mami peamizyeTbcss OCTPIBKOBUIMA
pexum pocty. Lle BimOyBaeThCs B HACTIIOK HEBIAMOBIAHOCTI KPUCTATIYHUX IPATOK
Ta 0ajaHCy eHepriil rpaHUYHOro 1apy. MoHotap As nmacuBye MOBEPXHIO MIIKIAJIKH,
1 3QJIMIIIAIOYUCH M1 9ac POCTY 3BEPXY aTOMIB T€PMaHII0, CIIPHUSIE TTOMIAPOBOMY POCTY
3HAYHO TOBCTIMX MOKPUTTIB (1o 15 MII). [loxiOumii edekT cmocTepiraerbcs B
pe3yNbTaTi macuBallii MOBEPXHI MIIKIAIKA MOHOIIApoM Sb Mpu eniTakciitHoMy pocTi
repmanio Ha Si(111) [39]. Buecenns aromiB Sb 103BOJISIE OTpUMATH ITOIIAPOBHI
Metoj pocy npotsarom 40 — 50 MIII. Takox BukopucrtanHs crtibito B poii I[TAP B
emitakciitHoMmy pocti Ge Ha Si(100) mo3Bossie YHUKHYTH (DOPMYBAaHHS TPhOXMIPHHUX
KJIacTepiB Ta 3pOOUTH MOBEPXHIO OUTBII TIAIKOIO.

Ha ocHoBi po3paxyHnkiB Ta moaemtoBanus [40, 41] meronom Mounte — Kapio
BCTAaHOBJICHO, II0 BaKJIMBOIO BEJIIMYMHOIO, SIKA BIUIMBAE HA CHOCIO BHPOILYBaHHS €
eHeprig aktuBauii (E,) oOMiHy MIDX aJaToMaMd PEYOBHHM IO HAHOCUTHCS, Ta
atomamu [IAP. HaitGinbm riiajgki moBepxHi MOKIIMBO OTPUMATH TP TEMIIEpaTypax
Hwkunx 3a 0.1E,. B manomy Bumanky IIAP mpurniuye yTBOpeHHsS OCTpiBLIB Ha
Tepacax, JO3BOJSIOUM ajaToOMaM IIBUAKO AUQPYHIyBATH IO HAMOMMXKYOI TepacH, Jie
BOHU 3akpimiaThes mia atromamu [TAP. SIkmo temmepatypa € Bumor 3a 0.1E, To

OTPUMYEThCS He TIaaka mnoBepxHs. Ciijag BIAMITUTH, IO JIaHE TBEPKEHHS
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CIIpaBEJIMBE JIMINE JJIi BUMAAKY B SIKOMY PEaTi3ye€ThCsl TOBHE MOKPUTTS MOBEPXHI
mapom ITAP.
Buympiwini nanpyzu. Ogaum 3 GpakTopis, 110 BIUIUBAE Ha (OpMYBaHHS HEPIBHOCTEH
Ha MOBEPXHI € BHYTPIIIHI HAMPYTH, IKi GOPMYIOTHCS B CUCTEMI IUIIBKAa — MiAKIaIKa
[33]. Haiibinbm eeKTHBHOO IS 3MEHIIIeHHs JedopMallii € MOopCcTKa IUIBKa B KN
€ MOJJIMBICTh YaCTKOBOI peiakcailii cTajioi I'paTKM B IUIONIMHI IMOBEPXHI A0 ii
00’eMHOTO 3Ha4eHHs. ToMy penakcallis MPY>KHUX BHYTPIIIHIX HAMpPYT, SIK MPaBHIIO,
OPUBOJUTH JIO OTPUMAHHS TIOBEPXHI 3 OUIBIIO MIOPCTKICTIO. BHUHUKHEHHS
BHYTPIIIHIX Hampyr B TOHKMX IUIIBKaX 3YMOBJIEHO B IMEpUly 4Yepry THUM, UIO
MaTeplaiy IUTIBKM Ta MHIAKIAAKUA Pi3HI 1 MamOTh HEBIANOBIAHICTH KPUCTATIYHHX
rpatok. Ha moBepxHi MiIKJIaJIKK ICHY€ MOTEHIIaJbHUN penbed, sIKU 00yMOBIICHUN
MEPEPO3MOIITIOM aTOMIB B By3JaX IpPaTKd. ATOMaM pPEUOBHHH, SKa HAHOCHUTHCA,
C€HEPreTUYHO BUTIHO OCICTM HA MOTEHLIAJBHUX SMax, TUM CaMHUM J00Yy/IOBYIOUYHU
KpUCTAJIYHY IpaTKy miakiaaaku. [Ipu 30uIblIeHH] KIJTBKOCTI a/laTOMIB MOYHMHAIOThH
30UIBIIIYBATUCh CUJIM iX MDKATOMHOi B3aeMoli. [losiBa maHOi cuiauM Ha TpaHUIl
O3y TPU3BOANTE A0 Acdhopmaliii HaHECEHOTo IIapy Ta MiAKIAIKH, B pe3yJbTari
HEBIAMOBITHOCTI KPUCTAIIYHMX TIpaToK. B mpoueci emitakciiinoro pocty Ge Ha
KPEMHI€BIN MIIKIAI, Yepe3 HEBIAMOBIAHICTh iXHIX MEPIOJiB IPAaTOK, BUHUKAIOThH
BHYTPIIIIHI HAMpyTH, sKi 30UIBIIYIOTHCS 3 POCTOM TOBIIMHM Imapy. [ami, micis
JNOCSITHEHHSI ~ JIeAKol ~ KpUTH4YHOI  JoBxkuHU (~4 MII), pict mmiBku  Ge
TpaHchOpMyeThCsl B OCTpiBKOBHiA [42]. B Toit wac, dopmyBaHHS TPHOXBUMIPHUX
OCTpIBILIIB TPHU3BOAUTH JIO peJlakcallii eHeprii MNpyKHUX Hanpyr. Tomy B
PIBHOBKHHUX YMOBAaX, OCTPIBKOBHUM PICT MOYMHAETHCS MICHS JOCATHEHHSI BU3HAYEHOT
TOBITMHU. T0OTO, MEXaHI3M pefakcailii sBiisg€ coO0I0 JesKe TEPEMIIICHHs IEHTPIB
POCTY B3JI0BXX MOBEPXHI MIJKJIAJKU B 00JaCT1, 1110 MalOTh HAWMEHIITY BUIbHY €HEPT1I0
(BEepIIMHU TEpacHUX CTPYKTYp) [34].

HanzeuuaitHo BakiauBUM ()aKTOpPOM JJii BUHUKHEHHSI BHYTPIIIHIX HAOpyT €
HEBIAMOBITHICTh KoedimieHTiB TermioBoro posmupenHs (KTP) miaknagku Ta
OCaJKyBaHOT PEYOBMHHU. TOBIIMHA MIAKIAAKA HA TOPSIKA OUIBIIA HIK TOBIIWHA

IUTiBKKM. BHAcCHiOK 1BOTO IUIIBKAa B MPOIECI HArpiBy abo0 OXOJIOJKEHHS, TOBHHHA
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3MIHIOBAaTH CBOi pPO3MipH, L[00 BIAMOBIIATH pO3MIPY MIAKIAIKU, SKAH TaKOXK
3MIHIOETBCS TIPU TepMidyHOMY HaBaHTakeHHI. Skio KTP peyoBunu, 1m0 HaHOCUTHCS
Oyne OiIBIIMM B MOPIBHSHHI 3 MiJAKIAIKOI0, TO IUIBKA Oyje 3a3HaBaTH CTHUCKaoul
HANPYTH MiJ 9ac HarpiBaHHs Ta PO3TATYIOUI MiJ Yac 0XOJIoKeHHs. | HaBmaku, Komu
KTP miaknagku OUTHIIMM 3a KOE(IIIEHT PO3IMIMPEHHS IUIIBKUA, TO MPH HarpiBaHHI
CIIOCTEPIraloThCsl PO3TATYIOUl HAIPYTH, a MPU OXOJOIKEHHI — cTuckatoul. [lpu
OXOJIOJKEHI TIACTUHU S1 micis TepMivyHOro okucieHHs [43] Ha T moBepxHi
BUHUKAIOTh CYTTEBI MEXaHIYHI HAmpyru (CTUCKArO4l B OKCHJII Ta PO3TATYIOYH Ha
IUIACTUHI) B CHIJIy PI3HMUII KOE(IIEHTIB TEIUIOBOIO po3IMpeHHs. B peanbHHX
yMOBax BiOYBa€TbCSI KOHKYPEHIISI MK HEBIANOBIAHOCTAMH KPUCTAIIYHUX IPATOK
ta KTP. B pobGotri [44] mpu ocamkeHHI MOJIOACHY Ha MIAKIAAKY KPEMHIIO
(mmommHoo — 100) ToBmMHOKO 3.20 mm cHocTepiraaucs CTUCKAaK4l HampyrH.
301IbIIEHHS TOBIIMHUA MPHU3BOAMIO 10 IOCTYNOBOrO (OpMyBaHHS Ha IOBEPXHI
PO3TATYIOUMX HaIpyT. SIK 3a3Havanocs BUILE, IIBUAKICTh OCAPKEHHS TaKOX BILUIMBAE
Ha (hOpMYBaHHS MOHO — Ta 0araTolapOBUX CTPYKTYP, B TOMY YHCIII 1 HA BAHUKHEHHS
MOBEPXHEBUX HAmNpyr. 3riHO poOotH [45] 301nbIIeHHS Yacy HaHECEHHS TOHKHUX
TIiBOK Pt Ha OKHMCJEHI KpEeMHI€BI MIIKIAIKH MPUBOAUTH A0 MOSBU PO3TATYHOUHMX
Harpyr. CyTTeB1 Halpyrd MOBEPXHEBI MOXXYTh BHHUKATH B HACIIZOK, TOTO KOJIU
TeMIiepaTypa MiJKJIAIKd HIDKYa B TOPIBHAHHI 3 TEMIIEPaTypoO0 PEUYOBUHHU, IO
HAHOCUThCS. XIMIUHI Ta CTPYKTYpPHI 3MIHM TaKOX BHOCATH BKJaJ B (POpPMYBaHHS
MeXaHIYHUX Harpyr [46].

Hanmpyrs MOXyTh Tako)X BHHMKHYTH Ha TpaHUIl JIBIMHMKYBaHHS, TOOTO Yy
BUMAJAKYy KOJM [IBI CYCIJIHI IUIOIIMHHU, SIKI pO3TalllOBaHI Ha OJHOMY piBHI,
KOHTaKTYIOTh OJIHA 3 0JHOI0. OJTHUM 3 MOKJIMBHUX BapiaHTIB JIJIsl 3MEHIICHHS HANpyT
€ TI0sIBa JUCJIOKAIlM Ha MOBEPXHI OCAIHKEHOTO MOKpUTT. Kirou 10 BiAMOBIAI MOXKHA
3HAWTH B JOCTIDKCHHSIX, BUKOHAHUX Maepom 1 Pizepom [47]. Bonu mocmimkyBanu
wiiBkun Ag Bucotoro ~ 40 MII wa migkmaakax Si(111) 7X7, ski BHpOIIyBauCh
JTIBOKPOKOBUM criocoOoM. IIpu niboMy crmoctepiranucs yacTkoBi auciiokarii [lokii.
Januit pe3ynpTaT MIATBEPAXKYe TOW (HakT, IO B aTOMApHUX IUIIBKax Ag

CIIOCTEPITa€eThCsl OCIA0JICHHS €Heprii Halpyru HEBIANOBIIHOCTI, MPU BUHUKHEHHI
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4acTKOBUX auciokaiii. Y meranpHomy CTM pocmimpkerHi [48] moBIqoMIISsLIOCS, 110
YaCTKOBI JIUCITIOKAIlli 3 BHUCOKOK IIMUIBHICTIO 3'SBISIIOTECS O€3MOCEepeaHBO TICII
3aBepiieHHs (popMyBaHHS aToMapHO IUIOocKoi MmBku Ag. ILIinpHICTE aUCTOKAIIIM
3MEHIIIYETHCS 3 TOBIIMHOIO Ag, TOMI SK 3TJIa/DKCHHS TUTBKA Ag TOCTYIOBO
MOTIPIIYETHCS 3 YTBOPEHHSAM MOHO- 1 OaraTorapoBux ocTpiBliB. CriocTepexyBaHy
3AJIEKHICTh IMIJIBHOCTI JUCJIOKAIIM BIJ TOBIIMHHU IUIIBKM MOYHA NOSICHUTH
HACTYMMTHUM 4YWHOM: (OpMYBaHHS 0araTomrapoBUX OCTPIBIIB MPHU3BOIUTH 0
OCJIa0JICHHSI BIUIUBY CHUJI TPYXKHOCTI, TOsIBa SKUX TOB'Si3aHa 3 BIAMIHHOCTSMH B
KPUCTAJIIYHIN CTPYKTYp1 IUTIBKH 1 MIJKJIAJKU. AJBTEPHATUBHUI crociO ocinadiieHHs
nedopMaiiiitHoi eHeprii € (QopMyBaHHS JUCIOKallli B JBOBHMIPHHMX ILJIIBKaXx.
dopMyBaHHS TPUBUMIPHUX OCTPIBIIB, 3 EHEPTETUYHUX MIpPKyBaHb, OUIbII IMOBIPHO
yepe3 yTBOpPEHHs Juciokaiiit [49].

Po3mip  nHanoknacmepie  (ppacmenmauin  Hanoxaacmepie).  BnacTupocTi
HAHOKJIACTEPIB JIOCTATHBO CHJIBHO 3aliekaTh BIJl iX pO3MIpIB Ta K HACHIIJIOK
XapaKTEPUCTHKHA MaTepialiB  MOXKHA TIPOTHO3YBaTH MIJISXOM 3aJlaBaHHSA  Ta
BapilOBaHHS PO3MIpIB HAHOYACTHMHOK. [l Toro, 1mo0 3HAWTH NPUHIUIN
MPOEKTYBaHHS HOBHX MaTepiajliB Ha OCHOBI HAHOKJIACTEPIB, MPUHILIMIIOBO BaXKJIMBO
JOCIIITATH BJIACTUBOCTI CUCTEMHU, IO CKJIAJIAIOTHCS 3 MOHOJUCIEPCHUX YACTUHOK.
OaHuM 3 TMEpCNEeKTHUBHUX IMIAXOMIB € OCa/PKCHHS TMONEPEeIHbO BUOPAHMX
HAHOKJIACTEPIB 3 Tra30Boi (ha3u Ha TBepal nmoBepxHi [50]. Ajie B 1aHOTO MIAXOAY €
JEKUJIbKa HEMOMIKIB, fKI 3aBaKarOTh 30epiraTd HaHOKJIACTEpaM iX MOYaTKOBHIMA
po3mip, a came parMeHTallisl HAHOKJIACTEePIB IIPH 3ITKHEHHI 3 ToBepxHero [50, 51] ta
nudy3iiiHa arperaiis (3TUNaHHSA) 0CaJKEHUX YaCTMHOK Ha moBepxHi [52, 53]. Tomy
HEOOXITHO BHUKOPHCTOBYBAaTH METOJM HEPYHHIBHOTO OCAQ/DKEHHS Ta (dikcarrii
HAHOKJIACTEPiB HA  TBEpAUX MOBEpXHAX. [lOTy)kKHMM  iHCTpYMEHTOM  Ta
yHIBepcabHUM MeTonoM [54, 55] ans yHukHeHHS (parMeHTarlii € OCaKCHHS
HAHOKJIACTEPIB Ha HHU3bKOTEMIEPATypHY IUIIBKY 1HEPTHOTO Ta3y, sika YTBOPHJIACS
(KoHJIEHCYBaJlach) Ha TMOBEPXHI MIJAKIAAKUA IUIIXOM OXOJIO/UKEHHS 11 B aTMocdepi
ineptHux rasiB (remiit (He), Heon (Ne), apron (Ar), kpunron (Kr), kcernon (Xe)).

To6TO mpu HammycKaHHI B KaMepy, HAPUKJIaJ, aproHy, BiH Oy/ie KOHJIEHCYBAaTHUCS HA
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XOJIOJHIA TOBEpXHI 3pa3ka Ta YTBOPIOBAaTH Ha HiMl TOHKMI IIap aToMiB rasy.
JloBeaeHo, M0 JaHWUN METOJ MOKHA 3aCTOCOBYBATH JI0 METAJIOOpraHIYHUX [56], a
TaKOX JI0 METaJIEBUX HAHOKJACTEPIB [SS5]. V 11boMy MeToA1 BaH — Jiep — BaajbCiBChKa
MaTpHULIA aTOMIB OJIaropoTHOTO Ta3y MPHU HU3bKIM TemrepaTypi e()eKTUBHO MOTIHNHAE
€HEPrii0 3ITKHEHHS, 0 NPU3BOAUTH A0 HEPYHUHIBHOTO OCa/KEHHSI HAHOKJIACTEPIB Ha
MOBEPXHIO.

BunanenHs KOHIEHCOBAaHOTO Tra3y MICHsA MPOLECYy HAMWICHHS, IUIIXOM
HarpiBaHHs M1AKIaJKH, IPU3BOAUTH O YTBOPEHHS YUCTOTO MOKPUTTS HAHOKIACTEPIB
[55]. OnmHak B 1bOMY MpOIECI XOJIOAHI HAHOKJIACTEPH MOXKYTh aJacopOyBaTH
MOJIEKYJIH 3aJUIIKOBOTO Ta3y, Taki sk H,O HaBiTh B yMOBaxX HaJBUCOKOTO BaKyyMYy.
Jns  nmedakux  cremiajdbHUX — [UICH, HAOpUKIam JJIs  XIMIYHHUX  JOCIIJIKCHb
HaHOKJAacTepiB [57-62], 11 agcopOaTu CTalOTh CKIAJHUMH NEPEIIKOJAMU Ha MUIAXY
70 BHUBUYEHHS JAHUX HAHOCTPYKTYp. ToMy 1 TakuxX JOCHIKEHb (iKcaiis
HAHOKJIACTEPIB MPHU KIMHATHINA Temmneparypi Oyna O OUIbII CIpUATINBOIO. ABTOpaMu
y pobOoTti [63] neTaqbHO OMHCAHO EKCIIEPUMEHTAIbHE, TEOPETUYHE Ta UUCEJIbHE
JTOCITIJIKEHHS TIPOLIECIB BTPATH €HEPTil AJI KJIacTepiB 10HIB aMiaKy, sIKi CTUKAIOTHCS 3
MOBEPXHEI0 TOHKOI IUIIBKM anmaszy. 3TiJIHO 3 AOCTIIKEHHSIM, IPU €HEePrii Najgarodoro
BUMIPOMIHIOBaHHS MeHIIe | eB mpoiiec aucumnaiii eHeprii KiacTtepiB amiaky
3HAXOJMUTHCS B “pEKUMI HEMPYXKHOCTI” B TOMY CEHCI, IO BEJIMKAa YacTUHA
MOYaTKOBOI KIHETUYHOI €HEPril BTPAUYa€ThCA Ha BHYTPIIIHE 30yPKEHHS KJIACTEPIB.

B psai pobiT [64-66] Oyno mokazaHo, IO MPH EHEPrisiX HAHECEHHS, SKi
MEPEBUIYIOTh TTUTOMY IOPOTOBY €HEPTil0, HAHOKJIACTEPH PYWHYIOTH MOBEPXHEBI
3B'SI3KM Ta MPOHMKAIOTh B TMOBEPXHIO a00 3aKpIIIIOIThCA Ha JaedekrTax, sKi
CTBOPIOIOTBCST caMHMH Kjactepamu [67]. B poGoti [68] mOBimOMIsSETBCS TIPO
JOCIIJIKEHHSI ~ METAJIeBUX  HAHOKJIACTEpIB  HIKEIK HAa TBEpAld  MOBEpXHI
MOHOKPHUCTAJIy KPEMHII0, HalWJIEHUX 3 JOMOMOTOI0 METOAY 10HHOTO PO3MHJICHHS
py KIMHATHIN TeMIepaTypi Ta iX 6e3mocepeHe CrioCTePEKEHH.

Hikenb 1 kpemHili Oyiau oOpaHi JJIs €IEMEHTIB HAHOKJIACTEPIB Ta IMiAKIAIKH,
Tak SK I1X TpaHHLs PO3ALTY HACTIIBKA XIMIYHO AaKTUBHA, HIO0 MNPU3BOIUTH MO

YTBOPEHHSI CUJIIIMIY HIKENI0, TOMY IMepeAdadaeThCs, 110 HAHOKJIAcTepu OyIyTh
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IIUJIBHO TPUKPIMJICHI A0 TMOBEpXHI. ABTOPH AOCIIKYBAalU KIACTEPU 3 PIZHOIO
KUTbKicTIO atoMiB Nij, Ni; Ta Nig (0uH, Tpu Ta 1€B’SITh aTOMIB Ha Kiactep). Nij, Ni;
1 Nig HaHocuian Ha noBepxHio Si (111) 7%7 mpu nyke Manux €Heprisix MajiHHsA,
menme 0.3 eB/kmactep Uil yHWKHEHHS (¢parMmeHramnii. ExcnepumeHTanpHa
yCTaHOBKa JJIA TeHepallii 1 0CaJKEeHHS HAHOKJIACTEPIB JIETAJIbHO OMKCaHa B PoOOOTI
[68]. Hanoxmactepu Ni HaHOCHUIIUCS METOJIOM BHUCOKOCHEPreTUYHOIO 10HHOTO
TpaBnenHs. Knactepu Ni 3imroBxyBanucs 3 aromamu He, mpu 11boMy 3MEHIIIyBaBCs
iX po3moAll 3a MIBUAKOCTSIMHU, Jlaji BOHM MPOXOJUIU (CErapyBaCh) 4Yepes
KBaJIPYIIOJILHUIA Mac — JETEKTOP 1 3HOBY OXOJIOXKyBanucs razoM He, Ta HaHocumcs
Ha OXOJIOJDKEHY KPEMHIEBY TMIJIKIAAKy, Ha fAKId Oylla NpUCYTHS TOHKa IUTIBKA
KOHJICHCOBAHOI'0 1HEPTHOTO razy. JIBOCTYIEHEBE OXOJIOJKEHHS Ma€ BHUpIIIAIbHE
3HAYEHHS JIJIs1 3MEHIICHHS PO3KUAY KiHeTWYHOI eHeprii. [licis KOKHOTO HanmMJICHHS
BUMIPIOBAJIM IHTEHCUBHICTh (POTOEJIEKTPOHIB Ha OCTOBHUX PIBHAX Ni 2p 1Sl OIIHKH
BIJIHOCHOI KUJIBKOCTI BCiX aroMiB Ni Ha MOBEpXHI Si, a MOTIM 3 BUKOPUCTAHHSIM
METOAY CKaHyloouoi TyHenbHOi Mikpockonii (CTM) BinOyBanocsa Oe3mnocepenHe
CTHIOCTEPEKEHHS 0CaHKEHUX HAHOKJIACTEPIB.

Ha puc. 1.3. [68] nmoka3ani XPS cnekTpu, oTpuMaHi micias ocakeHHs Ni
(amxkHii), Ni; Ta Nig (BepxHiit). [liku Ha 853 Ta 870 eB Bkazani aiig 2ps3, 1a 2p;,
OCHOBHMX piBHIB Ni BIAMoBigHO. OCKUIBKM 1HTEHCUBHICTh (DOTOEIEKTPOHIB
NpUOJIM3HO MPONOpLiiHA YUCITY BCiX aromiB Ni, sIKI OCIJIM Ha MOBEPXHI IMIIKIAIKH,
pe3yNbTaT OJJHO3HAYHO MMOKA3yBaB, 1[0 UMOBIPHICTh MpUiUNaHHs Ni; 3HAYHO MEHIIIE,
HIX Yy Ni; a6o Nig npu eneprii ocamxennsa 0.3 eB. L{ikaBuM ¢akroMm Oyno Te, 110
MoHoMepH (Ni;) 3aMiCTh TOT0, OO MPUIIUIIATH A0 MOBEPXHi Si (BpaxoByrouH, 110 Ni
YTBOPIOE CHIIIIHI, TOOTO BiH MILJILHO 3B'SI3YETHCS 3 Si) BIAOMBAIOTHCS BiJ TOBEPXHI
(puc. 1.3).

ToOro, #MOBIpHICT, TpwIuNaHHs MoHOMepiB (Ni;) 3HAYHO MEHIIE
AMOBIpHOCTI mpwiunanHs kiactepiB Ni; Ta Nig, 0 TakoX BIINOBIAAIO
cnoctepexkeHHio CTM. Ane HaHeceHHs Ni; CYTTEBO HE pYyHHYE IIOBEPXHIO
OiAKIaaKd. SIKIIO BTpaTH €HEprii OpH 3ITKHEHHI MEpPEeBUINYIOTh MOYaTKOBY

KIHETUYHY €HEPrilo, TO YaCTUHKU OyJayTh 3axXOIUICHI B MOTCHIIAHIM SMI B OKOJI
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MOBEepXHi 3pa3ka. B iHImIOMY BHMaaKy, OCKUIBKM YAaCTUHKH BCe Ile 30epiraroTh
CHeprito JJIsl BUXOJY 3 MOTEHIIHHOI MU, BOHU MOXXYTh BIIOMTHCS BiJl MIOBEPXHI 3
KIHIIEBOIO KIHETMYHOI eHepriero. Tomy IIJIKOM MOXJIMBO, IO HEBEJIUKa
WMOBIPHICTh MPUJIMIIAHHS MOHOMEPIB 00yMOBJIEHa Mol €(EKTUBHICTIO AUCHUIIALI]
eHeprii.

Jns xnactepiB Niz HesBaxkaroun Ha Te, mo npu CTM gocmimkeHHSIX
CIIOCTEpIraBcs PsJ HAHOCTPYKTYP, aBTOPH BUCYHYIIH NPUITYIICHHS, 110 BOHH HE €
okpeMuMHU KjacTtepamu Ni;, a (parMeHTYIOTbCS Ha OUIbII MEHIIl KJIAacTepH Ta

T YHAYIOTh Ha MOBEPXHI 1 00'€JTHYIOTHCS B XapakTEpHI HAHOPO3MIPHI CTPYKTYPH.

2P3p

Photoelectron Intensity (a. u.)
Z
w

7lllllllLlllLllllllllll

880 870 860 850 840
Binding Energy (eV)

Puc. 1.3. Cmexktpu XPS nns craniB Ni 2p;, Ta 2p;, I OCQKEHHX

HaHokJsactepiB Nij, Niz Ta Nig [68].
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g Nig 3 CTM — 300pakeHb Oyino BUAHO, 110 HA TIOBEPXHI MPUCYTHI OKpeMi
MeTaJIeBl HAaHOKJIACTEpH SIKI BIAMOBIAAIOTH Nig, BOHH OKpPEeMO (IKCYIOTHCS B TOMY
MICII1, JIe BOHH BIIJIM MIPH HAITWJICH] TOOTO HE AUGYHIYIOTH [68].

Otxe, naHi GakTopu 3aliMarOTh HEBIJ €EMHE MICIIE B MPOIIECI POCTY MOHO — Ta
OaratomapoBux CTPYKTYp. MO’KHa TakoX BUAUIMTH Takl MapaMeTpH, sK yac
HAHECEHHs, B1JICTaHb BiJl KIOBETH JI0 3pa3Ky, TUCK B KaMepl, TeMIlepaTypa po3IliaBy B
KIOBETI, BAapilOBaHHsS SKUMHU J1a€ MOXJIMBICTb OTPUMYBATH CTiIMKI HAHOCTPYKTYpHU
MeTajiB Ha MOHOKPHUCTAJIIYHUX MOBEPXHsX [69].
3MOUYYBAHHA MA €NeKMPOHHA ChOpPiOHeHicmb. ['0JIOBHOIO XapaKTEPUCTUKOKO
rigpodubHOCTI (T1ApoPoOHOCTI) TOOTO 3MOYYBaHHS HA MOBEPXHSIX TBEPIUX TII €
KpaiioBuii KyT #. B 3aranbHUX BHUMaJKaxX BBaXKA€THCA, 110 MOBEPXHsI TBEPAOIrO Tijia
ABJII€ COO00 a0COJIIOTHO IIaAKy MOBepxHIO [70]. Ase moBepxHs peajbHUX TBEPIAUX
TIJT € HEOJHOPIAHOIO MO XIMIYHOMY CKJIaay Ta He miankor [71, 72]. Sk Hacmigok
BUHHUKAE HEOOXITHICTh B BU3HAYEHH1 XapaKTEPUCTHUK 3MOYYBAaHHS, 110 00yMOBJICHA
IIMPOKUM BHKOPUCTAHHSIM JAHOTO SBHUINA B PI3HOMAHITHUX MPHCTPOSX Ta
TEXHOJIOTIYHHUX Tporecax [73].

KpaiioBuii kyT (kpaiioBuid kyT FOHra) 6y BU3HaYa€eThC SIK KYyT MK JOTUYHOIO
AB, mpoBeneHOIO 10 MOBEpPXHI 3MOYYBaJbHOI PIAMHM, Ta 3MOUYEHOIO IOBEPXHEIO
TBepaoro tiia AA (puc. 1.4 [74]).

3HaueHHs Oy BXOOUTh B YCl MOJENbHI PIBHSAHHS, 110 OMUCYIOTh 3MOYYBaHHS
PIAVH Ha peajbHUX TBEPIUX MOBEPXHSIX, TOOTO MOBEPXHI 3 TIEBHOIO MIOPCTKICTIO Ta
CTylI€HEM HEOJHOPITHOCTI B CHCTEMax piaMHa — TBepae Tino. KpiMm Toro,
BUMIpIOIOYM )y Ta MOBEPXHEBY EHEPril0 0, MOXXHA OILIIHUTH eHeprito aaresii W,.
Hampuknag st 3010Ta, cpibma, mimi Ta kpemuioo o = 1400 moc/m® [75], 1140
moie/® [70], 1720 moic/m® [70] Ta 2000 moc/m° [76] Bimmosimeo. W,
XapaKTEepPU3ye TEPMOJMHAMIUHY CTIHKICTh TPaHUIL PO3IAUTY MDK PI3HOPITHUMH
MaTepiajaMi Ta IIUPOKO BUKOPHCTOBYETHCA HA MPAKTHUIl AJIS MPOTHO3YBaHHS iX
NOTEHIIMHUX 3B'A3yl0uMX BiacTUBOCTEil. IIpoTAroM oCTaHHIX JECATUIITH Oyiu
3po0jeHl  3Ha4yHI  TOKpAlleHHSs B  BUMIPIOBaHHI  KOHTAKTHUX  KYTIB

BUCOKOTEMIIEpAaTypHUX cucTeM [77].

53



Puc. 1.4. BuznaueHHs1 piBHOBaXKHOTO KpanoBOTo KyTa Oy, /715 TJIaCKOi1, TIIaJIeHbKOT

Ta XIMIYHO OJHOPIJIHOI TBEP/101 TOBEepxHi [74].

BHyTpimHi#i KOHTakTHUH KyT 6y B CHUCTeMi TBepAe TUIO — piAMHA MOXKHA
BU3HAYHTH 3a JOTIOMOTOI0 KilacuuHOTro piBHsSHHS FOHra (piBusiHHS (1.4a)) Ta FOHra-

Mronpe (piBasHHA (1.40)) [75] :

__ Ugy—Tgl
msﬁ'}, = —Gl
v (1.4a)
W
msﬁ'}, =—2-1
o (1.46)

Jle BenmuuuHU 0y, Ta 0; BU3HAYAIOTH BIJMOBIJHO IOBEPXHEBY EHEPTIIO
TBEPJIOTO Tijia Ta PIUHU, a Gy — IOBEPXHEBA €HEPTIS PO3LITY MK TBEPIUM TIJIOM Ta
pinuHoro. W, — eHepris aaresii CHUCTEMH, SKa BU3HAYAEThCA SK EHEPris, IO
HEoOX1/Ha AJi1 PO3MOAUTYy TBEPAOTO Tija Ta PIIMHHU, SIKA Ma€ CHUIbHY TPaHULIO
OJIMHUYHOT TIJIOIII1, CTBOPIOIOYH JIB1 BUIBHI TOBEPXHI, OJIHY TBEPJIE TLJIO — ra3 Ta OJIHY
pimuHa — ra3. Otxe, W, noB'si3aHa 3 MOBEPXHEBUMHU €HEPTISIMU CHCTEMH BUPA30M

W, =0, + 0, - 04.
['pannynuii  KOHTYp (IIEpUMETP OCHOBH PIAMHH) HA3UBAETHCS JIHIEIO

tpudaznoro kontakry (JITK). Lleit Tepmin miakpecitoe, 10 B 3MOYyBaHHI OepyTh
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yudacTh Tpu (aszu: 1) TBepae Tijo; 2) 3MouyBaibHa piauHa; 3) (asa sika nepeOyBana B
KOHTAKTi 3 TBEP/I0I0 TIOBEPXHEIO /10 HaHECEHHS pinuHu [78].

3rigHo 3 piBHSAHHAM (1.40), KOHTaKTHUN KyT Oy B cuCTeMi piluHAa — TBEpJE
TIJIO € Pe3yabTaTOM B3a€EMOJIIT JBOX TUMIB KOHKypyrouux cui [79]: (1) mputaranss
MOJIEKYJI PIAMHU J0 HAMOMMKYMX MOJICKYN TI€l K PIAMHU Ha MOBEPXHI KPAIUIMHU
(cunu xoresii). Y po3paxyHky Ha onuuuiio gopxuau JITK ne cuia moBepxHeBOro
HATATY PIOAHA Y, (MH/m), Ta (2) npursranas tux >xe wmoiekyn JITK pmo
HANOIMKUMX MOJIEKYJ Ha MOBEPXHI TBEpPJE TLIO — Ta3, I cujla COpsIMOBaHA B3JJOBXK
MOBEPXHI TBEPJIOTO Tijia B 30BHIIIHIO cTOpoHny Bi JITK (anresiitna cuna (B MmH / m)).

3BuuaiiHi piaKi MeTanM € piMHAMMU 3 BHCOKOIO HOBEPXHEBOIO EHEpricro. IXHs
TOBEPXHEBA CHEPIist o), 3HAXOMUThCS MiK 0.5 Jow/v’ IS MeTamB 3 HHU3BKOIO
TEeMIIEPaTypoOl0 IUIABICHHS, TakuX sk Pb i Sn, ta 2.0 /ow/M° OpH BUCOKHX
TeMIlepaTypax IUIaBJICHHS g MeTaniB, Takux sk Fe ta Mo [80]. Lli 3nayeHHs, siki
B1I0OpakaloTh BUCOKY KOT€31F0 METAIIB Yepe3 iX MeTaIiuHUH 3B'A30K, Ha OJIUH — JBa
NOPSIIKK OUIbIlIe TOBEPXHEBUX E€HEPriil piAMH IpH KIMHATHIN TeMIiepaTypl, B SKHX
3B'SI30K  JIOCSITAETHCSl  CJIA0OKOI0  MDKMOJIEKYJISIPHOIO — B3aeMofiero  ((hi3MUHOIO
B3aemojier0). Toxi BinmoBigHO A0 piBHSAHHA (1.46), Xopoiie 3MouyBaHHA (KYT
KOHTaKTy B KiJibka a00 JECATKIB TpaaycCiB) PILAKOTO MeTady Ha TBEpAiM IMiaKiIali
MO>KE CIIOCTEpIraTUCs, KO €Hepris aare3ii 0JmM3bKa A0 eHeprii Koresii piauHu 2oy,.
[le MOXJIMBO TIIBKH B pa3l CUIIBHOTO 3B'SI3Ky MDK MOBEPXHSAMHU, TOOTO iX XIMIYHOI
npuponu. Ll yMoBa BHUKOHYEThCS MJIs PIAKMX METaJliB Ha TBEPAUX MeTajlaxX
HE3aJIEKHO BiJl 3MIIIYBAHOCTI MK PIAMHOIO Ta TBEPAHUM TIJIOM, OCKIJIBKH B I[bOMY
THUIII CUCTEMU MIK(a3HUHN 3B'I30K € METaJIYHUM.

Jlesiki piiKi MEeTalll TaKoK MOKYTh 3MOUYyBaTH HamiBnpoBiaHUKH (Si, Ge abo
SiC), y SKuX HE TUBISYNACH HA HASBHICTH MEPEBAXHO KOBAJCHTHOTO THUITY 3B'SI3KY B
00'eMi, MOOIM3Y MOBEPXHI MEpeBakae MeTaJeBUU THUII 3B sA3Ky. Hampukman, raphe
3MOYYBaHHSI CIOCTEPIraeThCs ANl PIAKOro Ag Ha TBepaoMmy Si, HE3BaXKAIOUM Ha
BIJICYTHICTh OyJlb — SIKOi 3MIIITyBaHOCTI B 111 cuctemi (Tads. 1.1). Hapemrri, piaki
METaJId TaKOX J100pe 3MOUyIOTh KepaMiKy, TaKy sk KapOiau, HITpuau abo Gopuau

MepexiJHUX METalliB, OCKUIbKM 3HAayHa 4YacTMHA Kore3ii I[uX MarepiajiB

55



3a0e3Mevyy€eThCsl METATIUHUMU 3B'si3KkaMu. TBep/i Tija, siKi HE 3MOUYYIOTHCS XIMIYHO
IHEpPTHUMH PIIKMMHU METajaMH, IpeCTaBIeH] Pi3HUMHU (opMamMH BYTJIEIO, 10HHO-
KOBJICHTHUMHU OKCHJaMU Ta TMEPEBAXXHO KOBAJICHTHOIO KEPaMiKOIO 3 BEJIUKOIO
MIMPUHOIO 3a00pOHEHOI 30HM, Hampukian Taki sk BN. VYV mux He3mouyBaHUX

CHUCTeMax aJre3is 3a0e3meuyeThcs C1a0KO0 BaH — JIep — BaallbCIBCHKOIO B3aEMOJIIEIO.

Tabmurs 1.1. 3MoYyBaHHSA KPEMHIIO PIAKUMHU METallaMU

Enementu 0° 3pa3ku
Au >>9(° Au/Si (111) — 137°[75]
Ag <<90° Ag/Si(111)—33-65°[81]
Cu <<90° Cu/Si (111) —45° [82]

Piusaas (1.4. a,6) narote “FOHrIBCHKIN KOHTaKTHUM KyT~ 6y piauHUA Ha
17IeaJbHO TJIAJKIA Ta XIMIYHO OJHOPIAHIA TBEpHOi MOBEpXHI. Aje B OUIBIIOCTI
BUIAJIKIB XIMIYHI HEOJHOPITHOCTI (HANpUKIad, OKCHJHI CHOJYKH Ha METaIl4HHX
MOBEPXHAX ) Ta MIOPCTKICTh PEATbHUX TBEPAUX MOBEPXOHDb MPHU3BOIATH 0 BIIXHIICHD
CIIOCTEPES)KYBAaHUX KpPalOBHUX KYTIB, SIKI MOXYTh JIOCATAaTH JEKIIbKOX ab0 IECATKIB
rpanycis [77].

[opcTKicTh TBEP/101 MOBEPXHI BIUIMBAE HA 3MOYYBAaHHS 3a JIONIOMOTOIO JTBOX
pi3HHUX €(EeKTIiB: Mo — mepiie, 301UIblIeHHS (aKTHYHOI IUIOIII TTOBEPXHI, 10 — IPyTe —
3aKpiIuIeHHs 1e(eKTiB Ha JiH1i TpU(Pa3HOrO KOHTAKTY.

[Tepmmii eekT MOKHA OMKCATH 3a JOTIOMOTO0 piBHSHHS Benrens [83]:

cosf,, = s,.cosb,

(1.5)

Jle s, 1ie BimHOMmIEHHS (PAKTHYHOI IUIONI 0 TIocKoi ruiomi (s, > 1). 3rigHo
BOTO PIBHSIHHS, KO Oy < 90°, TO KpaiioBoi KyT Benuens Oy Oyae Huxue, HiX Oy, 1

s s, >1/cosfy Oyne coctepiraTics i1eajgbHe 3MOUyBaHHS.
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Puc 1.5. @ikcauis niHii Tpu}azHOro KOHTaKTy MpU 3MOYYBaHHI HA IIOPCTKIM

noBepxHi [84].

Hpyruit edext moB's3aHuil 3 TUM IO JAe)EKTH MOXKYTh 3B'SI3yBaTH JIIHIIO
TpU(a3HOr0 KOHTAKTY B IMOJIOKEHHSX, NAJEKUX Bl CTIMKOI piBHOBar", T00TO Mpu
KyTaX KOHTaKTYy, Kl TOMITHO BiAPI3HSAIOTHCS Bif Oy.

[eit edexT cxematnuHo 300paxkeHo Ha (puc. 1.5), ne € — MakpoCKOMIYHUIN
(abo cmocrepexxyBaHM) KpaOBUW KyT KOHTAaKTy, o — Haxwi jaedekry, Oy —
MIKPOCKOITIYHUN KpaOBUM KYT.

s xoHIrypalis BIANOBIIa€ METACTA0ITILHOMY CTaHy PIBHOBaru (JIOKaJIbHOMY
MIHIMyMY MTOBHO{ €HEprii CUCTEMH), J€:

9=9},—|—cx (1.6)

Komu 6y >> 90°, 3MouyBaHHSI TBEpUX TLT 3 BUCOKOIO MIOPCTKICTIO MPUBOIUTH
JI0 9aCTKOBOTO KOHTAKTy IOBEPXHI 3 PIIKMM METAJIOM Ta, SK HACHiIOK, HHU3BKOI

3MouyBaHOCTI (puc. 1.6a).
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Y 1upoMy BHNAAKy HaBITh HE3HAUHE HANPY>KEHHS, [0 BHUHUKAE WpU
OXOJIOJKEHH1, TPU3BOJIUTH M0 BIT'€IHAHHS 3aTBEPILIIOTO0 METaly BiJ MiIKIAJAKU

[UIIXOM YHCTO aAre31iHOTr0 pO3pHUBY.

0, >> 90

a)

L
XA

0,>>90

6) =
> > > X > O

Puc. 1.6. MikpockoniyHa KoOH(]irypailisi Ha TPaHUIAX PO3JULY TBEple TUIO —
piguHa: (a) Ilpu 6y >> 90 °, B MIKpOCKONIYHOMY MaciuTadi, piauHa
KOHTaKTy€ 3 IIOPCTKOIO TOBEPXHEI0 TBEPJIOTO TUIAa TUTBKH B JIEIKUX
toukax. [lim wYac OXOJOMKEHHS 3aTBepAiia piiMHA BIIIUISETHCS

CaMOBUIBHO BiJ TBep0i peuoBuHU; (0) st 3HaueHs Oy << 90° [84].

VY cucremax 3 xopomuM 3ModyBaHHAM (fy << 90°) 1 mpu 3HauyeHHAX Oy, gKi
Oomu3bki A0 90° TicHMI KOHTaKT OyAe ICHYBaTH B KOXHIM TOYI MIIKIAAKU (puc.
1.60).

PiBHOBakHMI KpallOBHII KyT Ha TETEPOTCHHIA TOBEpXHI BHU3HAYAIOTh
piBasiHHSIM Kecci [83]:

cosO, = f,co88, + fpcos6g (1.7)

ne f, 4acTKa IUIOIIl IOBEPXHI MATpHIl, fz YacTKa IUIOIII NMOBEPXHI yacTHHOK. Ile

PIBHSIHHSI TaKOX MOK€ OYTH 3aCTOCOBAHO IS IIOPUCTHUX IMIAKIAIOK, KO MPUAHATH

0= 180°.
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XapakTepucThKa 3MOYYBaHHS IOBEPXOHb PIJKHMH METaJlaMHd Ta 3arajibHa
KapTHHA POCTY METAIIYHUX HAHOCTPYKTYp Oyje TakoK 3aJeKaTH BiJ CJICKTPOHHOI
CTIOPIAHEHOCTI MIAKIAAKK 1 PEYOBWHH, IO HAHOCUThCS. Hampukmang mis Au Tta
Si(111) enexrponHa cniopigHeHicTh ckiaanae 2.309 eB i 1.385 eB [85] BianoBiaHO, 10
MOKE€ BKa3yBaTH HAa HH3bKY 3MOUYBAHICTh 30JI0TAa Ha MOBEPXHI MOHOKpHCTAla
KPEMHIIO, 1€ TaKOoX MIATBEPIKYETbCSI aBTopaMu B poOoTi [75]. 3HadeHHs
SJIEKTPOHHO1 CTIOPITHEHOCTI JUIsl KPEMHII0, 30JI0Ta, cpibia Ta Mifl MpeacTaBieHl B

tabmui 1.2.

Tabmuusg 1.2. EnexTpoHHA CIOPIAHEHICTH 711 KPEMHIIO, 30JI0Ta, cpi0ia Ta Mijl [85]

Enement Si Au Ag Cu
CnopiaHeHICTh 10 1.385 2.309 1.304 1.235

enekTpoHa (eB)

[TopiBHIOOUM maHHI 3 Tabmuib 1.1 Ta 1.2 MoxxHa MiATBEPAUTH TOU (HAKT, IO
JUIS TaHUX THIIB MaTepiajiB, YMM OJMXK4Ye 3HAYCHHS EJICKTPOHHOI CIOPIAHEHOCTI
MIJKJIAJKA 10 €JIEKTPOHHOI CITOPIAHEHOCT! PEUYOBHUHHM, SIKa HAHOCHTHCS, TUM Kpale
Oyze 3HaueHHS 3MOYYBaHOCTI JIs JaHUX CTPYKTYP.
Bnnue mepmiunozo eionany na opmysanns noeepxuesux Hanocmpyxkmyp. Ha
JAaHUH Yac PO3BUTOK CYYaCHUX TEXHOJIOTIH BHCYBA€ KOPCTKI BUMOTH JI0 KOMIUICKCY
XapaKTEPUCTUK TOHKOIUIIBKOBUX CTPYKTYp, a caMe CTa0UIBHICTh iX CKJIaay Ta
CTPYKTYpPH TIPH JTOBrOTpUBAIOMY 30epiraHHi 1 B mporieci excruryaraiii. B 6iibmocTi
BUMAJKIB TOHKI IUIIBKU SIBJISIOTH COOOK CHJIBHO HE PIBHOB&KHI CHUCTEMH, TOOTO
TepMOJAMHaMIYHUK noTeHian ['1006ca B Takux cuctemax Oyu3bkuil 10 Hynsd. Tomy B
TaKMX CHCTEMaX 3 YacOoM BIJOYBAaIOThCS MPOIIECH MACOMEPEHOCY, SKI 3MIHIOIOTH
CTPYKTYpy Ta (i3U4Hi BJIACTUBOCTI OCaKyBaHOI peuoBUHM. [ ¢dopmyBaHHS
NOBEpXHEBOI (Pa3u HEOOXITHO MATH ACSIKY KOHLIEHTPALIIIO Yy>KOP1ITHUX aTOMIB, TOOTO
[UX aTOMIB MOBHHHO BHUCTAYUTH ISl YTBOPEHHS aToMmiB «B a3y (po3aun 1) ta
TepMOJMHAMIUYHY piBHOBary. Bigomo, 1o Ha 4YHCTIH TOBEpXHI KpPEMHIIO B

HAJBHUCOKOMY BaKyyMmi MICIS BIJAMOBIAHOI TeMIepaTypHOi OOpOOKH, BHHHKAE
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KpeMHieBa moBepxHeBa ¢aza Si(111) 7x7 [86]. Ilpu Hanecenni monomrapy Al Ha
MOBEPXHIO YHUCTOI TOBEPXHEBOI ha3u KpeMHII0 TpH KIMHATHIM TeMIeparypi,
noBepxHeBa (aza Si — Al He yTBoproeThesi, xoua popmyBanHsa Si — Al ¢da3u Oyno 6
CHepreTUYHO BUTIMHO HDK 30epiraHHs cTpyktypu Si(111) 7x7. Takuii mpouec
MOB'SI3aHUM 3 THUM, IO TEpe]] YTBOPEHHSM HOBOi IMOBEPXHEBOi (a3u MOTPIOHO
3pylHYBaTH cTapy, fKa Ma€ JesIKy TepMOJUWHAMIYHY CTIHKICTh. 3BMYalHO, BCA
cuctema OyJie mparHyTy 10 TEPMOIMHAMIYHOI PIBHOBAru HUIIXOM GopMyBaHHS (dazu
Si — Al. B peanbHuX ymMOBax JAjisl IUIBUJKOTO (pOPMYBaHHS IOBEPXHEBOI (pa3u 3pa3ok
HeoOxiaHo Harpitu [31].

ToOTo, Bax/IMBY poJib B JOCHIIKEHHI MOP(OIOrii MOHO—, OararomapoBUx
CTPYKTYp Bifirpae TepmiuHuii Biaman. TemmeparTypHi HaBaHTaXKEHHS BITHOCSTH JI0
30BHIIIHIX (PAKTOPIB BIUIMBY Uil (POpMYBaHHS TOHKOIUTIBKOBUX CTPYKTYp Ta
HaInpy>XeHb Ha iXHIM MOBEPXHI, aJKe€ B 3araJIbHUX BHUIAJKaX BiAmaa BIIOYBa€ThCS
micysl 3aKiHYSHHS MPOIECY OCa/PKeHHS TOHKHUX IUTBOK. [Ipu 3MiHI TeMrepaTypu B
reTepoOCUCTEMAaX BUHUKAIOTh 3HAUYHI BHYTPIIIHI HAMPYTH, SIKI OB’ s3aH1 B OCHOBHOMY
3 HecriBnaginaaM KTP mmiBku Ta migknaaku. OTxe, TOBEPXHS TOHKUX TUTIBOK MOXKE
CWJIBHO TpaHC(OPMYBATHCS, 32 PaXyHOK peraKcalii BHYTPIIIHIX HAMPYT.

ABtOopn B po6oTi [35] mocmimKyBadu BIUIMB TEPMIYHOTO BIAMAly Ha
dbopmyBaHHS MOPPOIIOTIi MOBEPXHI TOHKUX MJIATHHOBUX TUTIBOK OTpUMAaHMX mpu 550
K 3a jonoMoro Meroay 10HHO — IJIa3MOBOI0 HanujeHHs. Binman B atMocdepi KUCHIO
npu Temmeparypl ~ 873 K mpu3BoauB 110 30UIBIIEHHS PO3MIpy KPHUCTAIB Ta, SIK
Hachiaok, HepiBHOcTed 3 10 wm mo 200 wm. 3HayeHHS HIOPCTKOCTI MOHOTOHHO
Criaiajo 31 3MEHIICHHSM TOBIIMHHM OCAQ/KyBaHOI PEYOBHMHHU. 3MEHIICHHS BIUIUBY
TEPMIYHOTO BiJIMay MOKJIMBO 3a0€3MEUYUTH 332 PaxXyHOK MIJIBUIINEHHS TEMIEPaTypH
CUHTE3Y JIaHUX CTPYKTYp. JJIs MiIaTHHOBUX IUIIBOK, IO OTPUMAaHI MpU TeMmepaTypi
800 K, TepmiuHMM Bimai, B Alama3oHl JOCHIIKYBaHUX TEMIIEpaTyp, Bi1JIHOCHO
cJ1abKo BIUIMBAaB Ha 3MiHY MOP(QOJIOTii MOBEPXHI HA BIAMIHY BiJ] TAKUX CAMHX ILTIBOK
orpuMmanux npu 550 K [35]. Ananoriune aociimkeHHs: 0yJIO MPOBEICHO y BHUIIAJIKY
HaHeceHHs Al Ha KpeMHI€EBI MIAKIAAKA TPH KIMHATHHUX TeMmIeparypax 3

BHUKOPUCTAHHAM MGTOI[iB MAarda€TpOHHOI'O Ta €JICKTPOHHO — IIPOMCHCBOI'O HAITUJIICHHA
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[6]. Manmi ctpyktypu BignamoBamu 10 700 K 1 B pe3ynbrari Ha MOBEpPXHI
CTHIOCTEPIrajnch CYTTEBI HANPYTW CTUCKAHHS, a MPHU MOJAIBIIOMY OXOJIOJKEHHI
OTpPUMYBAJIM Hampyru po3Tsary. Penmakcanis Hampyr CTUCKaHHS NPU3BOAMIIA JI0
dbopMyBaHHS BHUCTYMIB Ha TOBEPXHI TMPU JOCATHEHHI JI€AKOi KPUTHUYHOI
temriepaTypu. s pi3HUX METOAIB OTPUMAHHS METATIYHUX TMOBEPXOHb BOHA
BapiroBasiach Big 400 K y Bumaaky ejleKTpoHHO-IpoMeHeBoro Ta 500 K —
MarHeTpOHHOTO HaHeceHHs. [Ipu 301nblIEHH] TOBUIMHM TOHKUX IUIIBOK OJHOYACHO
3pOCTajo 3HAYEHHS! KPUTUYHOI TeMIiepaTypu. BBeeHHs JOMIIIOK B TOHKI METaJeBl
MOKPUTTS J103BOJISIE 3MEHILUTH PO3MIP KPUCTaJIB, Ta MiJ 4ac TEPMIYHOIO By
JOMIIIKM MOXYTh BIATEPMIHYBaTH IMPOILEC pPEKpUCTAMI3alii 1 TUM CaMHUM
cTabuII3yBaTH CTPYKTYpPY Ta MOP(DOJIOTit0 TOHKHX TUTIBOK [38].

B poGoti [87] Oyno TEOpPETHUYHO OMMCAHO BIUIMB TEPMIYHOIO BiANaTy Ha
HAHOCTPYKTYPOBaHI TOBEPXHI HIKEII Ta HOro mnojaiblly Tpancpopmarniio. B
nepmomMy Bunaaky (puc. 1.7, maiBopyd [87]) miiBKy Hikento ToBIIMHOIO ~ 15 MIII
BiJINamoBasIK 1ipu Temneparypi 460 K 3 yTBOpeHHSIM MPOMIXKHOI (pa3u 30araueHoro
meraigoMm cuainuny NipSi. HarpiB no gesikoi kputuunoi temmeparypu (850 K)
MPU3BOJUB 0 YTBOPEHHS MOJIKPUCTAIIYHOI MOBEPXHI AUCUTIIUAY HIKeT0 NiSi,.

[Ipu mepeBuUIleHH] KPUTUYHOI TEMIEpaTypu BiOyBa€ThCs TpaHchoOpMarlis
TUTIBKM JTUCWIIIUAY B OCTPIBKOBI CTpyKTypu. B apyromy Bumaaky (puc. 1.7,
npaBopyu [87]) po3risaannuch BITHOCHO TOBCTI MUNBKH Hikemto (~ 150 MIII) B sxomy
3HAUCHHA KPUTHYHOI TeMIiepaTypu mijaBuinyBajioch g0 1000 K mpu sKii Takox
BiI0yBanocs (OpMyBaHHS OCTPIBKOBUX HAHOYACTMHOK. TepMIUHMI Biaman as
TOBCTILIUX MJIIBOK MPU3BOAMB J0 YTBOPEHHS HOJATKOBOI (ha3u CHIIILMAY HIKENIO Npu
650 K .

Takox, TOCUTH IIKABUM METOJAOM OTPHUMAaHHS MOBEPXHEBHX HAHOCTPYKTYp €
nudy3iifHe TPUCKOPEHHS, WOTO BUKOPHUCTOBYIOTH JJII OTPMMAHHS Ha TOBEPXHI
JIEKITIbKOX TMOBEPXHEBUX (Da3 3 pi3HOIO KOHIICHTpAIl€l0 4yXopiaHux aromiB. Llei
METOJ1 MOJISITa€ B TOMY, 100 Ha MOBEPXHIO MIAKIAJAKH HAHECTU CMYTY UY>KOPIAHHX

aTOMIB TOBIIIMHOIO B JICK1IbKAa AaTOMHHUX IIAPIB 13 MOJAIBIIAM BiAITAIOM.
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Puc. 1.7. CxemaTtuuna mojziesib OpMyBaHHS CHITIIIUMY Ha MOBEPXHI KPEMHIIO.
3niBa - ToHka rmiiBka (~ 15 MIII nikento). CrpaBa - BiIHOCHO TOBCTa
wiiBka (~ 150 MIII Hikento). @ — npu KIMHATHINA TeMmmneparypi, 6 — 0

MpU BKa3aHUX Temneparypax [87].

Sk pe3ynbTar, aTOMU YY>KOPIJTHOI PEYOBUMHU OYyIyTh AUGYHIYyBAaTH IO MOBEPXHI B
YUCTI 00JIacTl MIAKIAJKA 1 TaM J€ IXHA KOHLEHTpAlis T0CSIrae AEsIKOi KPUTUYHOI

BEJIMUMHHU, 1110 HEOOX1Ha 17151 JOpMYBaHHS TOT UM 1HIIOI MoBepxHEBoi (aszu [31].
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OTxe, KOHTPOJIOIOYM TMapaMeTpyd TeMIepaTypHOro  Biamaly Mepen
HAHECEHHSIM Ta IICAS HBOTO, MOXIHUBO OTPUMYBATH CTPYKTypU 3 3aJaHUMU

XApAKTCPHUCTHUKAMMU.

1.1.4 EnexmponHti énacmusocmi

ABTopamu poOotu [88] mochimkeHa IUIOMIMHHA JUCHEPCisS eJIeKTPOHHHUX
ctaniB kBaHToBUX siM (CKSl) B emitakciiinux turiBkax Ag (111), BupomeHux Ha Si
(001) 1 ma Si (111). JlocmimxeHHS TPOBOAWINCH METOJAOM (POTOEIEKTPOHHOI
CHEKTPOCKOMIi 3 KyToBUM J103B0JIoM (ARPES).

S 1 p BaJIEHTHI €JEeKTPOHM cpibjia B IUTIBLI IPOCTOPOBO OOMENKEHI 1
KBaHTYIOThCS y3710BK HopMaJi a0 maiBku Ag (111). ns o6'emuoro metany Ag (111)
E (k||) € 130TpomnHOI0, OIHAK PO3MIPU TUCIIEPCii CTalOTh 3HAYHUMH y pa3l ydacTi B
riopuau3zamnii 4d craniB [89, 90]. Sk BcranoBuB Miiller et al. [91], m||* sp 30Hu
30ubIyeThes 3 Eg, (cyminpHa midis puc. 1.8). 3MiHa TUIONMHHOI JUCTIEpPCli MOXKe
OyTH BHMKJIMKaHa MONEPEYHOI0 JedopMaliero IIIBKH, sIKa O0yMOBIIEHA IPaTKOBOIO
HEBIAMOBITHICTIO 1HTEepdeticy 1 TriBku [92]. Leit edekT nedopmairii OyB oTpuMaHuit
teopetnuHo. OnHak, 11e He nosicHioe pe3ynbratiB st CKA B Ag/Si (001) 1 Ag/Si
(111), sixi cyTT€BO BiAPI3HAOTHCS BiJ 00'€eMHOTO Ag.

[Ipu nocmimxenHi mapiB Ag Ha moBepxHi V (100) Valla et al. [93]
CHOCTepIraii BEJNHMKY po301XKHICTE Ag sp 30HHOI jucrepcii 3 00'eMHOIO
noBeniHkoro. Valla et al. mpunycTunum cuibHy TIOpUAM3AII0 MK JBOMA
CICKTPOHHUMHM CTaHaMHM. ['10puau3ariis 3 eJeKTPOHHUMHU CTaHAMH ITIKJIAJAKA MOXKE
BUKJIMKAaTH He3BuyaitHi quctepcii CKSA, ski cnoctepiratotbest B Ag/Si (001) 1 Ag/Si
(111). Onnak, HE 30BCIM 3pO3yMIJIO, K TOpUIM3AIlis MOXKE BIUIMBATH HA IUIOMIMHHY
30HHY JUCIIEPCII0 TUTIBKH TOBHIMHOIO B 14-16 MIIl mpu BimoMux BeIWYHMHAX
eKpaHyBaHHs BcepeauHi merany [94, 95]. IlpaBuibHUI TEOPETUUHHM ONMKMC BUMAaraB

3HaHHS 30HHOI CTPYKTYpH IUTIBOK Ag Ha MIIKJIaJKaX MOHOKPHUCTAIIYHOTO KPEMHIIO.
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Puc. 1.8. CniBBigHOmEHHA (TUNIONMHHOI) €(EKTUBHOI MacK m; * 10 Macu BUILHOTO
€IIEKTPOHA 1My, K (yHKuli eHeprii 3B'13ky CKA npu ky = 0 muis mniBku Ag
(111) ma migkmagkax Cu (111) [91], Si (111) 1 Si(001). lani oTpumani npu
hv=122.7,10.319.3 ¢eB BIANIOBIIHO - ®, W, ¢.

[Ile oqHuM He3BUYAWHUM acnekToM IuioumHHOo1 aucnepcii CKS e Toit dakr,
mo CKSA 3n =28 Ag/ Si (001) mae posmiernyieHHss Ha ABI MIA30HU 31 3HAYHOIO
nucnepciero  (puc. 1.9). TlomiOHi po3MIETUICHHS 3 MEHIIOK WMOBIPHICTIO
CIIOCTEPITAIOThCS IS BEIMKUX KBAaHTOBUX YMCeN, HanpukiIaa n = 3 [96, 97]. MoxHa
IOPUITYCTUTH, 110 PO3LIEIUICHHS MOKe OyTH BUKIMKAHO BKJIAaJaMHU PI3HUX YacTUH
IUTIBKK  cpi0ya, SKI MawTh pi3HYy TOBUIMHY. OpfHaK, 1€ MOSCHEHHS TEX He
BUIIPABIIAJIOCh, TaK K OYyJI0 MOKa3aHO, IO IUIIBKU Cpibjia OAHOPIAHI 3 Bapialfi€ero
Bucotd B = 1 ab6o 2 MII 1 ouikyBaHe eHEpreTMyHe pPO3UICTUICHHS MPH TaKHX

Bapiallisx BUCOTH Habarato MeHIe, HiXK crocTepiraethes [98, 99].
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Puc. 1.9. Miarpama Eg - k; 1ust Tonkoi mniBku Ag (111) Topmmnuoro 14 MIII Ha
migkmammi Si (001) y3momx oci [101] migkmaakd, OTpUMaHa IIPH

hv = 22.7 eB [88].

Ilosepxnesi cmanu Illokni.  IloBepxHeBl  enexktpoHHi cranu  [llokmi  Ha
eMiTaKCIMHUX IUTiBKax cpibna, orpumanux moBepxHi Si (111) 7 x 7, mocmimxeHi B
po6oti G. Neuhold [100]. IIniBku Oynu OTpuMMaHi ABOKPOKOBUM MeTojoM [12].

Meton JIIE mokasas, mo 10 Bigmamy CIOCTEpITalMcs TUIBKM PO3MHUTI IUIIMH, a
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micHsl - 4iTKO BUpakeHl rexcaroHu (puc. 1.10). Sxmo map cpibna po3risaatu sk
KBaHTOBY SIMy 3 BJICHTHHUMH €JIEKTPOHAMH, XBUJIHOBI BEKTOPA CTAIllOHAPHUX CTaHIB
B sIMI MalOTh 3HAY€HHS, SIKI ONMHUCYIOThCS PIBHSAHHAM k, = (na/Na) + C, ne a —
MIMpUHA ATOMHOTO Iapy, N — YHCJIO aTOMHHMX IIapiB y MeTajeBidl IUMBI, n —
rojioBHe kBaHTOBe uucio. [lonpaBka C BUHUKae yepe3 KIHIEBI BUCOTH CTIHOK, SIKi
dbopmytoth simy. Lls BenmnuumHa Moxke OyTH 3HaiiieHa TEOPETUYHO 1 3MIHIOBATUCS B
JESKOMY €HEepPreTUYHOMY Jliarma3oHi ayxe HezHauno [101, 102]. Tomy nane piBHSIHHS
OIMKCY€ YMOBY KBaHTYBAaHHS 3HA4Y€Hb K, sIKi B CHJIy MOHOTOHHOCTI 30HHOI CTPYKTypHU
NPU3BOJATh JI0 JUCKPETHUX pPIBHIB €HEprii, SKi BIEpLIE CIOCTepiramuca y
doToenexkTponHiil cnekrpockomnii Wachs et al. [103].

VY 3aboponeHiil 30H1 B370BX HampsmMky ['-L (3amTpuxoBanHa 00J1aCTh 3HU3Y
puc. 1.10) icuytors moBepxHeBi cranu Lok, sxi garoTh mik 61u3bko Er Ha ciekTpi
Ag / BOIIT Ha puc. 1.10. Moro enepris - 50 meB mmxue Er npu temneparypi 130 K
[104]. IlpumiTHO, 10 miK BiACYTHIH B crekTpi cucremu Ag (111)/Si(111)7x7,
OTpUMaHO1 MOAIOHMM 4YuHOM. byrna mpoBeaeHa eKCIEpUMEHTaJbHA OIlIHKa
3aJICKHOCT1 €Heprii MOBEPXHEBUX CTaHIB BiJl BEJIMYMHU POOOTH BUXOJLY.

BmivB KpaiB 30H Ha €HEpPril0 MOBEPXHEBUX CTaHIB, OKPIM 1HIIOIO
(medopmartis, pi3Ha TOBIIMHA TOIIO), NPEJACTABISAE TMPsSME TOSICHEHHS 3CYBY
nmoBepxHeBoro ctany B Ag/Si (111)7x7.

['pyna nocniguukiB Ha 4ol 3 C.-S. Jiang [105] metonqom CTC BuBUania TOHKI
wiiBku Ag, BuporeHi Ha miakmaai GaAs (110) i oTpuMani TBOKPOKOBHM METOOM
[12]. Meton CTC pno3Boiisie BUBYMTH HE3aHHATI €JIEKTPOHHI CTaHW Ha MOBEpPXHI
IUTIBOK, SIKI 3HAXonaThcs Buie piBHI Depmi, Ha BIAMIHY Bl METOay
(bOTOENEKTPOHHOI CIEKTPOCKOIIi, B SIKOMY Jlana3oH €Heprid oOMexyBaBCS PiBHEM
®epmi. CTC cnektpn, mo BimoOpaxkaroTs 3anexkHICTh (dI/AV)/(I/V)eepenne B

Harpyru V, 300paxeni Ha puc. 1.11.
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Puc. 1.10. TlopiBHsIHHS (POTOENEKTPOHHUX CIEKTPIB, OTPUMAHMX MPU EHEPrii
dbotoHiB 30ymxeHHs 47 eB 1 emicii mo Hopmaii 10 Ag (111) ToBmmHOIO ~
50 A ma BucokoopieHTOBaHOMY miponituuHoMy rpaditi (BOII) i Ha
Si (111)7x7. BeraBka Ha pucynky aemonctpye JIIE Big momiBku Ag (111)
Ha S1(111)7%7 [106].
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Bci cnektpu MaroTh TpHM 3HAYHMX MIKM LIUTBHOCTI CTaHiB. /[Ba 3 HHMX mOB's3aHi 3
3afHITAMU (V HETaTUBHE) €IEKTPOHHUMHU CTaHaMH 1 OAuH - 3 He3auHatuMm (V
no3uTtuBHE) cTtaHoM. Iliku, sKi crmocrepiraloTbes Hiwkue Ep, ToOTO mOB's3aHi 3
3aHITUMHU CTaHAMH, 3MIHIOIOTHCS MPU 3MiHI TOBIIMHH IUTIBKH, X04Ya MK BUIHHOTO
€JICKTPOHHOTO CTaHy HE pearyBaB Ha TOBIIMHY IUTIBKU. 3alHATI CTaHY MOXYTh OyTH
noB's3ani 3 CKS, mo 3'sBunucs npu oOMeXeHH1 MO Z IUIBKU Ag, B TOW yac sK
HE3alHATI cTaHW € moBepxHeBUM cTaHOM lllokmi (eHepreTnyHO BiH 3aiiMae MO3HIIIIO

Ha piBHI ~ 180 meB).

(b)

v

(d1/dV) / (I/V) (arb. units)

-1 0 +1
Sample voltage (V)

Puc. 1.11. CTC cnektpu mmBok Ag i3 ToBumHow 2.0-4.5 HM. Cnekrtpu

B1100paxkatoTh 3Ha4eHHS (dl/dV)/(I/V)cepemne [105].
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AHai3 J03BOJMB OTPUMATH JUCIEPCIIO S-p 30HUM B TOHKUX IUTIBKax Ag. A
3pemTor0 komanna [105] moBena, oMy HE BUHUKAIW 1HIN HE3aWHATI CTaHW IS
CKH4l. s-p 3o0Ha enektponiB ['TIK Ag mae mupoky 3a6opoHeHy 30HY 4.2 €B B310BXK
HanpsaMky ['-L 6mm3eko Touku L [107]. YUepes riopuauzariito mepeadoadaerses, mo Eo
3CYBa€ThbCAd BHHM3, a m™ cTae Bce OUIblle MpU 3MEHIICHHI TOBIIMHU. OpHaKk B
EKCTIIEPUMEHTI CIOCTEPIraJIuCs 3BOPOTHI 3aJIEKHOCTI B TOBHIMHU. Tomy Oyio
BUKIIOUEHO 3 PO3MVISIAYy TiOpUAM3alii0 TOBEPXHEBUX CTaHIB, SK MPUIHHY
CIIOCTEPEKYBAHOTO 3CYBY IMMOBEPXHEBUX CTaHIB TUTIBOK Ag (111).

K. Sawa 1 1H. po3riananu 3MiHYy B €JIEKTPOHHIM CTPYKTypi IUTIBOK Ag,
BukiMkany Hanpyroto [108]. TlocriitHa rpatku s Ag Ha 25% meHuie, HixX s Si.
Po3paxyHOK 3 J0MOMOTOI0 EMIIIPUYHOrO TMceBaonoTeHiianbHoro Meroay (EITM)
MIPOJIEMOHCTPYBaB, IO TUIONIMHHA Jedopmarltis po3TaryBaHHs 3pymye E, Bropy Ha
noBepxHi Bk Ag (111) [108].

JiticHo, Tipu 30UIBIICHHI TOBIIMHU TUTIBKM HaIlpyra HEBIIMOBIIHOCTI
MOCTYINOBO cjialIiae B rerepoemnitakciiHux cucremax [109]. 3 wiei Touku 30py
MOXHa  TPHUIYCTUTH, 1O E( 3CyBaeThCs Bropy, Tak SK TOBIIMHA IUNBKU Ag
3MEHIIYEThCS, OCKIJILKM 3MEHIICHHS TOBIIMHU 30UIbIIYE TUIONIMHHY AchopMaliio
po3TATyBaHHS. Take MOSICHEHHS Y3TO/DKYEThCA 3 pe3yJbTaTaMU JOCTIIKCHHS 3a
JIOTIOMOTO10 (DOTOENIEKTPOHHOT CIIEKTPOCKOIT Ta 3aJIKUTh BiJ] TEMIIEpAaTypu 3CyBY
Ha rnoBepxHsAX oO'emHoro Ag(111)[104]. Ilpm pOCHiAKEHHI  METOIOM
(bOTOENEKTPOHHOI CHEKTPOCKOMIT CIIOCTEpIraeThes 3pylieHHs Bropy E, mig dac
MIJBUIIICHHS TeMriepatypu. Takuil ke epeKT CIIOCTEPIraeThes 1 3a paxyHOK HaIPyTH.
Kea3zinepioouuni cynepcmpykmypu cpioaa Ha MOHOKPUCHATNIYHUX NOBEPXHSIX.
30BHILIHINA BUIIISI CYNEPCTPYKTYPH, sIKa YTBOPIOETHCA IUIIBKOIO Ag Ha IMOBEPXHI
GaAs (110), suBuenuit Ph. Ebert B po6oti [110]. Byno BctaHOoBi€HO, 110 Ha TLIiBII
YTBOPIOIOTHCS ~ OAHOMIPHI  KBa3lKpUCTAIM. BOHM €  KBa3UMNEPUOIUYHOIO
CYIIEPCTPYKTYPOIO 3 camonoi0HicTI0. OAHOBUMIpHA KBa3ilepioAHYHA CTPYKTypa
CIIOCTEPIraeThes NMpU PopMyBaHHI TOHKHUX IIapiB Ag TOBIIMHOMWO Bia 1.5 10 1.7 HM 3a

JIOTIOMOTOI0 ABOKpOKOBOro Meroay [12]. Bei miniBku Ag mposBIsAiOTH OAHOBUMIPHY
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MOJIYJIALIIIO TIO BUCOTI, 1110 IPUBOAUTH 10 MOSIBU cMyT 3 6opo3Hamu 0.05 um Ha CTM

3HIMKax (puc. 1.12).
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Puc. 1.12. CTM 300paxkeHHs CynepCcTPYKTypH IUIBKA Ag TOBIIMHOIO 1.5 HM [12]

Ha noBepxHi GaAs (110). Crnpasa nokazano ®yp'e-neperBopenns [111].

Puc. 1.12 nemoHCTpye, IO CMYT'M € YITKMMH, HE MalOTh OJHOTO 1 TOTO X
nojauty 1 He (POPMYIOTh SBHOI MEPIOUYHOI CYNIEPCTPYKTYpH. MOKHA BUAUINTU JIBA
p13HUX 0a30BHX IHTEPBAIY MOJLTY 3 BIICTaHAMH MiX cMyramu Omm3pko 1.2 + 0.2 1
1.7 £ 0.2 am (puc. 1.12 (b)). ABTopu no3Haumimm ix Kopotkumu (S) i gorumu (L)
ninsHKaMu BianmoBigHo. Ha puc. 1.12 (a) mokazaHo, 10 Ipu Majiux 30UTBIICHHSIX
CTM 3HIMKH MIOKa3yHOTh CMYTH, MOJ10HI 10 TUX, 1110 Ha puc. 1.12 (b). IIpote Ha puc.
1.12 (a) Mk cMyramMu € 3Ha4HO OUIBII BICTaHi, HIXK B pasi JIBOX 0a30BHX CMYT.
CMyTu BETMKUX PO3MIpIB BUHHUKAIOTh Y€pe3 JOJATKOBI MOAYJSIII MO BHCOTI, sIKa
MEPEKPUBAETHCS 3 MOAYJIAIIEID 0Aa30BOi BUCOTH, SIKa MPU3BOJIUTH JI0 TMOSBHU JUISTHOK
L 1 S. Ha puc. 1.12 (c¢) nokazano ®yp'e-neperBopennss cmyr. Iliku B Dyp'e-
NepeTBOpPEeHHI 100pe omucaHi 1 mpoHyMmepoBaHi [111] B 6a3uci 3 gBOX 0Oa3uCHUX
€JIEMEHTIB, JOBXHUHU SIKUX CIIBBITHOCATHCA MK COOOI0 3a NMPUHIUIIOM 30JI0TOTO
NepeTruHy B 3BOpOoTHOMY npoctopi. [liku 3a mexkamu 1/S moB'si3aHi 3 cyOCTPYKTYpOIO
CMYT 1 MPOSIBIISIIOTH BIACTUBOCTI, SIKI OMUCYIOTHCS MPUHIUIIOM 30J0TOTO MEPETUHY.
3aBasaku  Dyp'e-MepeTBOPEHHIO, a TaKOX MPOCTOPOBUM 300pakeHHAM Oyi0

BUSIBJICHO, III0 BIJIHOIIEHHS JIOBroro iHTepBasly j0 KopoTkoro B CTM 3HIMKax
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craHoBuTh 1.55 £ 0.15. Ile BimHOIIEHHS Y3TOJKYETHCS, B paMKax MOXHOOK, 3
BITHOIIICHHSM JIBOX ITOCJTIOBHHX 4WIEHIB MOCHiOBHOCTI DiOoHAYUI NP BEITUKHUX

3Ha4YeHHSX X HOMepy (F), F,,; — YICHHU MOCIIII0BHOCTI,

lilﬂ Fﬂ-‘l‘l — in 9 He o — 1 + \/5
n—+a0 Fﬂ - ¥ 2
piBae 1.618... - 3omotuit meperun). CamononiOHicTh 1 Dyp'e-epeTBOPEHHS HE

cyrepeuaTrh KBa3inepioAnuHOMY THITY TOPSIKY.

Cmyrd (QopMyIOTh TMOCIIIOBHOCTI 3 JOBIHX 1 KOPOTKHX JUISHOK. Taka
MOCIAOBHICTh BKa3aHa B HWXKHIM yactuHi puc. 1.12 (b). Bymno mpoananizoBaHo
BEJIMKY KUIBKICTh TAKUX MOCIIIIOBHOCTEH (3 JOBKUHAMHU 110 135 NUIAHOK 1 3arajIbHOIO
KUIBKICTIO AUIAHOK ToHaa 1500, B3ATUX 3 PI3HMX IUTIBOK Ag), 00 CTaTUCTUYHO
BU3HAYHMTH, SKa CTPYKTYpHAa  MOJENTb  Kpame  BCiX  y3TOKYEThCS 3
EKCIIEPUMEHTAJILHUMU CIIOCTEPEIKEHHIMH.

[TopiBHssHHA 3 mocmigoBHicTI0O @Di0oHAY4l MOKazye, 110 JaHl, 5Kl
CIOCTEPIraloThCsl €KCIEPUMEHTANBHO, HAWKpalle Y3roJKyITbCs 3 MOCIIJOBHICTIO
3oi0otoro mneperuny DiOonayui, Tak SK BOHA Ma€ HaWMEHINY KUIBKICTh
HEBIJIMOBIJTHUX TMOcHiAoBHOCTeNH. Haiikpamie crocrepiraerbcs B E€KCIIEPUMEHTI
KBa31MepioANUYHA TOCTIIOBHICTh 30JI0TOTO TEPETHHY 3 JIOBKWHOI KOTE€PEHTHOCTI
npuOnu3Ho 12.5 HM. JlaHui BHUCHOBOK Y3TrOJDKYEThCS Takox 3 ganumu JIME, ski
MOXYTh OyTH A00pe 3p03yMiJli 3a JIOMOMOTOK KBa3IMEePiOJUYHOTO YHOPSIKYBaHHS
30JI0TOTO MepeTuHy. He MO)Ha BUKITIOYUTH, IO TaKa CTPYKTypa MOXKE OMUCYBATUCS
32  JIONOMOTOK  alpOKCUMYIOYOI  MOCIIJOBHOCTI BHUCOKOTO MOPSAKY. Auie
anpOKCUMYIOYl MOCIHIJOBHOCTI BHUCOKOTO MOPSIAKY 1 KBa3lEpioJWyHl CTPYKTYpH
BIJIPI3HSIIOTECA Majo, 1 PO3Mi3HABaHHS HA TaKOMY DPiBHI 3HAXOJMUTHCS 3a MEKaMU
JTAHOI CTAaTUCTUYHOI TOYHOCTI.

Kpim mucnokariii Bce K ICHYIOTH iHII AedeKTH, SKi BiAMOBIIAIbHI 3a
oOMeKeHy JOBXHUHY KorepeHTHOCTI. Puc. 1.13 mokasye HailOuIbm 9acTuil 1eexT -

bazoHHUN 1e(DEKT.
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Puc. 1.13. CTM 3HIMOK TIOBEpXHi MJIiBKH Ag 3 (ha30HHUM Je()EeKTOM.

Benuka cTymiHb HEBHOPSIKOBAHOCTI OOyMoBJIeHa (a30HHUMH ACPEKTaAMH.
®da3zoHHI JeEeKTH 3a BU3HAYCHHSAM € JIOKAJbHHM 3MIMICHHIM OJHI€T TO3uIIii
KBa31MEePIOANYHOI I'PATKU JI0 1HILOI CYCIAHBOI MO3UIII1, HOPYIIYIOUN KBA31MEPIOIUUHY
ctpyktypy. IloBepxueBi a3oHHi gedeKkTH crocTepiraiucs 3 KOHIEHTPAIE
NpUOIN3HO 10" cm™ [111].

3nauyHa yactuHa (a3oHHUX AePEKTIB HE € OIHOPITHO PO3MOIIJICHOI IO
noBepxHi. OueBuaHO, 1O (a3oHHI Je(eKTH BUHUKAIOTH OJM3BKO [0 sapa
nucnokaiii. CTM 3HIMOK BKazye, 10 (a3oHHI JePeKTH TOJIOBHUM YHUHOM
MONIUPIOIOTHCS B30BXK HarpsMky [001] Big aucimokariiftHoro sjapa. ABTOpu poOOTH
[110] 3HalinumM, MmO BCl MOPYIIEHHS CMYyTr 3a paxyHoK (a3oHHUX Je¢eKTiB
B1IOYBaIOTHCSI B CTOPOHY, MPOTUJICKHY TUCIOKAIHHOMY siApy. TakuMm dYUHOM,
JUCIIOKAIlli BUKIIMKAIOTh OpieHTOBaH1 pa3onHl nedektu. [loaBy dazoHHUX AedeKTiB
MO>KHA TOSICHUTH 3 TOUKH 30pY 3HATTA HANpPykKEHb, OJM3bKO PO3TAIIOBAHUX 0 SApa
JUCIIOKAIlil, Tak K (a30HHI AePEeKTH 30UIBIIYIOTh PO3MIP MI)KCMYTOBOTO 1HTEPBAIY,
10 HEOOX1/IHO MPH BKIIOYEHHI T0IaTKOBOT CMYTH NpH AUcCOoKalii. B nboMy Bumaaky

CTaTUYHE T0JIE HAMPyT HABKOJIO JUCIOKAIM € mkepesioM (a3oHHUX AedeKTiB, TOII
72



K paHHI POOOTH MO 1KOCAEAPIUHUM KBa3iKpHCTajgaM MOBIAOMIISUIM TpPO Te, IIO
BUHUKHEHHA (Da30HHOT HEBHOPSAKOBAHOCTI MOB'I3aHO 3 PyXOM Auciokamii [112,

113].

1.2 HanoctpykrypoBani ta 0D — BumipHi cuctemMu

1.2.1 0D — sumipni cucmemu. Hanowacmunku ckniaonux oxcuoie ma memaiis

MiHepanu 1 CHHTETHYHI CHOJYKH 31 CTPYKTYPHUM THUIIOM amaTUTy YTBOPIOIOTH
Bemuke ciMeicTBO: A1g(XO4)sY> (A=Ca, Sr, Ba, Pb, Na, Mn, Cd, Fe, K, Li,
pinko3emenbHi enementu (P3E); X=P, Si, Ge, As, Cr, N, V, S; Y=F, Cl, OH, O, Br, J,
COs;). [lIupoxke nouupeHHs B 610- 1 giTochepi MOPsi 3 OCOOTUBOCTIMU €IEKTPOHHOT
Ta KPUCTAIIYHOI CTPYKTYpU BHU3HAYAIOTh iX O€3MocepeaHiil BIUIMB Ha PI3HOMAHITHI
aCIeKTH TEXHIYHOTO, EeKOJIOT1YHOro 1 OIl0JIOTIYHOTO 3aCTOCYBaHHSA. 3a YMOBH
BUPILIEHHS Ay HAYKOBHUX 1 TEXHIYHHUX MPOOJIEM MO CTBOPEHHIO anaTiTONOJI0O0HHMX
MaTtepiaiiB 3 HEOOXITHUMHU TapamMeTpaMH, iX BHUKOPHUCTAHHS B HAyIll 1 MPaKTHUIIL
o0ilsie peBOJIIOMINHI 3MiHUM. Marepiai Ha OCHOBI amaTHTONOJAOOHUX CIOJIYK
MOXYTh 3HAWTH 1 BXKE 3HAXOJMSTh CBOE 3aCTOCYBaHHS B OOYMCIIOBAJIBHINM TEXHIII],
IpU CTBOPEHH1 KBAaHTOBUX T'€HEPATOpPIB, B 00JIACTI KOMYHIKAIlIWHUX 3aco0iB, smart
biosensors ta bioelectronic devices, B eHepreTuill, B HAHOMEAUIMHI, B HAHOO10HIII
Ta KOCMIYHUX JociikeHHsIX. KocMiunuMm areHTcTBoM NASA mpuitHaTa nporpama
Advanced Life Support (ALS) B pamkax sgKoi KOMIUICKCHI JOCIIPKCHHS
amaTITOMOJOOHUX CITOJYK TPOBOIATHCS 3 METOK BHUKOPHUCTAHHS iX, SK JDKEpelna
rpyHTOBOTO (hochOopy 1 KUCHIO, JIsl JOBTOCTPOKOBUX KOCMIYHUX MICIH 1 TOCENIEHb Ha
Micsami 1 Mapci. CporomHi 3 yHEBHEHICTIO MOXHa 3pOOMTH BHCHOBOK, IO B
Cy4yaCHOMY MaTepiajio3HaBCTBI C(hOpMYBaBCsl HOBUI HANPSIM — anamumo3Hagcmeo.

OpHuM 3 BaXKIIMBHX UYMHHUKIB, IO BIUIMBAE€ HA BJIIACTHBOCTI € CTPYKTYpHUU
ctaH pe4yoBUHH. CTaHOBIEHHS METOJO0JIOTIT BHBYEHHS BIJIACTUBOCTEH 1 CHHTE3Y

anaTiTONnoJOOHUX HAHOCTPYKTYp MPHU3BENIO 10 3HAYHOTO MPOTpecy B Ik Heo30pii
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obnacti. PeyoBuHa B HaHOMETpOBOMY MaciuTabi HaOyBae HOBUX BIIACTUBOCTEU B
MOPIBHAHHI SK 3 OKPEMHUMH aTOMaMH, TaK 1 3 MAaCHUBHMM TBepAHM TiioM. Kpim
OCOOJIMBUX BJIACTUBOCTEH 130JIbOBAHUX HAHOKJIACTEPIB, HE3BUUYANHI IKOCT1 pEYOBUHU
BUHUKAIOTh TMpPH 00'€IHAHHI KJIacTepiB B HAHOCTPYKTypu abo mpu (opMmyBaHHI
MaTpUYHUX HaHOCHUCTEeM. PeasibHi a00 MOTEHINIHHI MPaKTUYH1 3aCTOCYBaHHS alaTUTIB
OOyMOBJICHI, TOJIOBHHMM YHHOM, OCOOJMBOCTSIMHU iX HaHOCTpyKTypu. HoBu3Ha
BJIACTMBOCTEH HAHOAMCIIEPCHHUX aMaTUTOMOMIOHMX CIONYK CTaBUTH LI MaTepiaid B
psa HaOLIBII NEPCIIEKTUBHUX B CTBOPEHHI IIMPOKOTO KOJa 3aCTOCYBaHb.
HaHocTpykTypH1 MaTepianu K (pyHKIIOHAIbHI CynepaacopOeHTH NOTEHIIITHO
3HaYUM1 JUIsI BUCOKOUYYTJIMBUX METOJIB KOHTPOJIO 1 OYHINEHHS HaBKOJHUIIHHOTO
cepeloBHINA. IX aHOMaNbHa peaklliiiHa 37aTHICT 0OYMOBIEHA BENHKOIO KiJTbKiCTIO
0o0IpBaHMUX XIMIYHHUX 3B'A3KIB 1 BHCOKOIO IMTOMOIO IIOBEPXHEIO, IO JOCSTae
JEKIJIbKOX COTE€Hb KBaJIpaTHUX METpIB Ha rpaMm. Taka CTpyKTypa CTBOPIOETHCS B
MaTepiajax 3 BEJIMKOI0 IMO3UTHBHOIO (HAHOMOPOUIKM) 1 HETaTMBHOIO KPUBU3HOIO
NOBEpPXHI (HAHO- Ta ME30MOPUCTI CHCTEMH). Y IbOMY PsiAl MaTepialiB
anmaTUTOINOI0HI HAHOCUCTEMH 3aiiMalOTh OJHY 3 MPOBIAHKUX MO3UIIIN, TaK K MAOTh
HIUPOKHUM CHEKTP acOpOLIMHUX BIACTUBOCTEW, MOMIMHAIOYM SIK Jerki enemeHntu (H,
O, C), tak 1 Baxki metanu (Sr, Pb, TpancypaHOBi eneMeHTH).
3apooxoymeopenna. Y psai poOiT, 30kpema, B [115], goCHiIKEHO KIHETUKY POCTY
kpuctany Ca-I'All. Ctynminuacti mBHaKocTI pocty Ca-I'All B ¢izionoriyHux ymoBax,
K (yHKIIT BHCOTH CXOAWHKH, IPOCTOPOBOTO 1ii PO3MIMIEHHS 1 JIOKAJIHHOTO
NepecuYeHHs po3uuHy, BUMiproBanucs 3a fonomororo MAC. [lokazaHo, 1o xapaxkrep
POCTY HE 3aJIeKUTh BiJl AUQY3ii 1 Aerijiparailii, a JIMile BiJ IHKOpHopauii ¢parMenTa
Ha TIepPeNHI CTOpOHI cXOAMHKU. KiHeTHuHUN KOe(DIIIEHT HApPOIIYBaHHS CXOAMHKU
BUSIBUBCA TOTO  TOPSAIKY, IO 1 JUIsl MAaKpPOMOJIEKYJISIPHUX BIPYCIB 1 OIJIKOBHX
KpHUCTaliB, 1 OyB Ha KiJIbKa MOPSAIKIB MEHIIE, HK y BHUIAJKy HEOPTaHIYHUX 10HHHUX
KpuctaniB. Ha miil mijcraBi 3ampomoOHOBAHO, IO «OAWHUIT pocTy» Kpucrana Ca-
I'AIl € kmactep, a He ioHHUU accorar. Ilepenbauaerbest [116], 1m0 MBUIAKICTH
3apOJIKOYTBOPEHHsSI € (PYHKINI€I0 cepeaHboi 10HHOI aKTHBHOCTI, a TIOIepeYHa

IIBUJIKICTb POCTY 3apOJIKIB KEPYEThCS KOHIICHTpAIli€l0 10HIB Kaubilito. [IpuitHATO
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TaKOX B PO3paxyHOK MOPIBHSIHO MOBUIbHE (hopMyBaHHs (yHKIIoHansHUX rpyn OH 3
MOJIEKYJ BOJAM, 3aXOIUICHUX [IOBEPXHEI0 KpHCTala. BUKOPUCTOBYIOUM YacTOTY
Ti(y3HUX CTPHUOKIB, MO 3AIMCHIOIOTHCA 10HAMHU KaybI[il0, OTPUMAHO TEOPETUUHE
3HAYeHHs IBHIKOCTI nponecy pisHe 1.6-10°¢™.

['eTeporenne  3apoakoyTBOpeHHs  ¢ocdary  Kajbpllildo B MOHOIIApPi
niceB0¢1310J0T1YHOTO  po3uuny gociimxkeHo MAC. Hanowactunku —Qocdarty
KanpIito giamerpoM 5-10 HM ¢QopmyBammcs Bke Ha TOYaTKOBIA  cTasii
3apoakoyTBopeHHs (MeHme 3 rogaun) [117]. Ilicns miei cramii, MOBEpXHS MOKPHIIACS
3aponakamu ¢ocdary kanbiito giamerpom 20-30 Hm. IHTeprnperaniss JaHMX IO
ocajkeHH0 Ca-I'AlIl B "Mokpomy" cHHTE31 yCKIaJHEHa BIJICYTHICTIO KJIACHYHOIO
MIIX0My J0 OMHCY 3apOJAKOYTBOPEHHS. 3alpolOHOBAHO MeEXaHI3M (opMyBaHHS
YaCTUHOK, IO BKIIIOYAE arperamiro sjaep 1 KepOBaHWUN HAJJIMIIIKOM IOBEPXHEBOI
€Heprii, 10 BPIBHOBaXYE€ CHJIM BIJIMTOBXYBaHHSI MDK vacTuHKamu [118].
CykynHicTh arioMepaTiB popMye MepeMHUUKH, a PICT B OKPEMUX YaCTUHKAX TPUBAE
3aBJISIKY CHJIaM BiIIITOBXYBaHHS.

Jlesski HOBI acCHeKTH TOBEPXHEBOTO 3apOJKOYTBOPEHHS, BHUSBJICHI TpU
3poctanHi 1 po3unHeHHI Ca-®DAIl 1 Ca-T'AIl [119], npuBenu 10 mneperisLy
MEXaHI3My ITUX MpoIeciB 1 (OpPMYJIIOBAHHIO HOBOI KOHIIEMINi, 110 BUKOPUCTOBYE
KOHIIGHTpAIlli 10HIB KaJbI[iI0 3aMICTh CEpelHIX 10HHMX akTuBHOCTeW. KoedimieHt
oOMexxeHHa mnoBepxHeBoro pocty i po3unHeHHs Ca-®AIl 1 Ca-I'AIl imoBipHO
MOB'SI3aHUM 3 THUM, IO 10HW KaJbI[il0 3IIACHIOIOTH AUQPY3HUH CTPUOOK MpHU
OJIHOYACHIM YacTKOBiM jerigpartariii. [ Takux TMpoIECiB eKCIepUMEHTaIbHI
3HAaueHHS Vi;=10" ¢!, 10 Y3roIKyeThes 3 TEOPETHUHUMH, KPiM BUMAAKy pocty DATI
npu pH 5.0, 11t TOSICHEHHS! IKOTO 3alPONOHOBAHUM MOHOHYKJICAPHUI MEXaHI3M B
HaIpPSIMKY MIHOPHOI OCi 1 6araTosiiepHUiA B HAIIPSIMKY TOJIOBHOT OCI.

B po6ori [120] onrcano cunTe3 amopduoro noidocdary Kaabllito 1 BABYEHO
3MIHM HOTO MOJIEKYJISIPHOTO CKJIaay B Xoji jgeriapararii. IlokazaHo, mo mnpu
HarpiBaHHI PEYOBMHA CIIOYATKY TiIPOJI3ye€ MiJl BILIUBOM YTPUMOBAHOI B HbOMY BOJHU
3 YTBOPEHHSIM KHCJIMX MOHO- 1 audocdaTiB Kajbllito, SKI IpU OUIBII BUCOKIM

TEMIIEPATypi 3HOBY MEPETBOPIOIOTHCS B moidocdar.
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Cunre3 amopdHOoro momdocdaTy Kambllifo 3MIHCHIOBABCS MUISIXOM 3JIHMBAHHS
10% -ux BOAHUX PO3YMHIB BUCOKOMOJIEKYIsIpHOTO moiidocdara Hatpito (NaPOsj), 1
xyiopuny kanbifito. Pozuun (NaPO;), MOBUIBHO MpU 1HTEHCHBHOMY IE€pPEMIIIyBaHHI
nonaBamu 10 po3uuHy CaCly, KIIBKICTH SKOTO B 2 pa3W IEpEeBUIyBajia PiBEHb,
HeobOXimuuii mis 3aminu ioHiB Na' ma Ca2'. Ocamx 6inoro KOJIbOPY MPOMHUBAIH
X0JIOIHOIO BoJoI0. Meton SIMP Stp MO0Ka3aB, 1110 CBDKOOTPUMAHUM, 111€ HE BIAMUTUN
BiJl XJIOPUIB OCAJI 10 MOJICKYJIIPHOMY CKJIaAy MaJio BiIPi3HIETHCS Bif momdocdaTy
HATPII0, BUKOPUCTAHOTO JUIsl CUHTE3Y - B HbOMY HeMae IUKIiuHuX (ocdaris, 3are
NPUCYTHA HEBEJIMKA KUIBKICTh MOHO- 1 audocdatiB. B xoml BiAMHBaHHS BiJ
XJIOPHU[IB CKJaJ OcCaay HE 3a3Ha€ 3MiH, HE3BaKal0YM Ha JOCTaTHIO TPHUBATICTDH
IIpolLeCy.

BigmuTa Bij XJOpUIIB peUYOBHHA MPU KIMHATHIA TeMmmepaTypl MOCTYIOBO,
npotsarom 100-120 rox., po3mapoBYEThCS 3 YTBOPEHHSM IMPO30POro Teiio 1 mapy
piIvHMA HajJ HUM. PosmiapyBaHHS BiIOyBa€ThCS BHACTIIOK BUIIJICHHS HATHIIIKOBOT
BOJIM, 3aJy4€HOi B XOJI oca/keHHs. [Ipolec cymiiHHS CympOBOMXKYETHCS 3MIHOIO
MOJICKYJIIPHOTO ~ CKJaay, IO BHUPAKAETHCA B 30UIBIIEHHI B Tell  BMICTY
HU3BKOMOJIEKYJISIpHUX (GopM. B xoni merigparaiiii resib cTae Bce OLIbII B'A3KUM 1 3
yacoM TBep/iHe. byyun BUCYIIEHUM BiH 30BHI Harajaye CKJo, MpoTe AykKe KPUXKUH 1
MOKe OyTH JIETKO PaCTepTUI y TIOPOIIIOK.

Ocamxennss Ca-I’AlIl 3 BOAHOrO poO3uMHY - II€ MacoBa KpHUCTami3auis 3
YTBOPEHHSIM 0e371i4l JpiOHMX KPHUCTAIB B pe3yJIbTaTi XIMIUHOT peakinii Mix ¢ocdart-
ioHamu Ta 1oHamu Kaibliliio. Ca-I'All € naiimenm po3uumHHO Tnipu pH> 4 cepen
4oTUphOX Moaudikamiil kansiiidocharnux coneit (Ca-I'All, OK®, Opymwur i
MOHETHUT). MexaHi3M 3apomkeHHs 1 pocty kpucrtainiB Ca-I'All 3amummaerbces
MPEIMETOM YUCIICHHUX €KCTICPUMEHTAIBHUX 1 TCOPETUYHUX JTOCTIPKCHb 3 OTJISAY Ha
BEJIMKY 3alliKaBJICHICTb y CTBOPEHHI €(pEKTUBHUX O0101IMIIAHTATIB, a TAKOX MITYYHOI
KICTKOBOT TKAaHWHH.

Yacmunku-naieku-nokpumms. IlopoxHi yactuaku Ca-I'AIl moxxHa TpUTrOTYBaTH
mipomizom  aeposzomo  posumny — CaCl,-(NHy)  H,PO,, npm  Bmmsi

YABTPAaBUCOKOYACTOTHOTO E€JEKTPOMArHiTHOro BuUMpoMiHioBaHHs [121]. VYTBopeHi
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YaCTMHKHM HeoOX1HO BiamamtoBaTu. BusBneno, mo HarpiB npu 1050 °C npusBoautsb
70 POCTYy KPHUCTATITIB Ha IMOBEPXHI YAaCTUHOK. [[1s TMOMIKpHUCTATIYHUX YaCTHHOK
PO3MIp KPHUCTAJITIB KOHTPOIIOETHCS SIK (PYHKITIS B Yacy BiJIay.

B poGoti [122] 3anponoHOBaHU METOJ CHHTE3Y C(HEpPUUYHHUX YaCTHHOK
docdary Kanblil0 B MIpoleci cTapiHHA po3uuHy, mo mictuth CaSO4 NaH,PO,,
ceuoBuHy (1 Momw/mM’) i cypdaxrant mpu 80 i 100 °C. Po3mip i Gopma 4acTHHOK,
10 YTBOPIOIOTKCS, 3aJekKaTh BijJl KOHIIEHTpallli peareHriB i temneparypu. Cpepuuni
yactTuHkn Ca-I'AIl  ocamkyBaiuca TUIBKM Y BY3bKIM 001acTi KOHIEHTpaLii
pearentiB, Hampukiam, mpu [CaSO,]=2.0-107 moms/am’ i [NaH,PO,]=7.9-10°
* Moss/mv’ mpu 100 °C i mpoTsroM 3 rof. IpeCTaBIsIA cO60I0 arioMepaTH MaInX
YaCTUHOK, CKJIaJl KUX HajexaB J0 B-tumy xkapo6onatnoro Ca-I'All, B sikomy PO,>-
ionn 3amimeni 4.8 Bar. % CO;’-ionamu. Pe3ynbTaTH eneMeHTHoOro amamizy i TI
JI03BOJIUIIH 3anucaTu bopmyy YaCTUHKHU K
CagsNa; 5(POy4)s54(CO3)08(OH)7-1.2H,0. Tekcrypa 1 KpUCTaTiUHICTh CHEPUIHUX
yactTuHok Ca-I"All 36epirammcsa no 1000 °C. BusiBunocs, 1110 4aCTUHKYU MPOSBISIOThH
3IaTHICTH 0 BUOIpKOBOI aacopo1iii Mosekyn H,O, 1o 3pocTae micis Bianany 3pa3KiB
Ha MOBITPI.

VY pasi chepuyHUX YaCTMHOK amaTUTY, TPUTOTOBAHUX METOJOM TOMOTE€HHOTO
OCQDKCHHSI B MPUCYTHOCTI 5 Mac. % WMOHIB MarHir, 10HHO-OOMIHHUM TECT Ha
tokenuni iouu (Pb*", Cd*" ta Ni*") mokasas, 110 IOPOIIKH aNaTUTY, SKi MiCTATh i0HH
MarHiro, Majld Kpauly 3JaTHICTh IO BHUBEIEHHS TOKCHHIB, HIK MOPOIIKU araTuTy,
BUlbHOro BiJ MarHito [123]. KigbkicTe 3aMillyrodux 10HIB B MAarHiiBMICHUX
IOPONIKAaX aaTUTY 3MCHIIYEThCA B HACTYITHOMY HOPSAKY: Pb*">>Cd*>Ni*",

[IpuroryBanus mnopomky Ca-I'AIl 3a MeTOauKOW 13 3aCTOCYBaHHSIM
ynbTpa3Byky [124] Hamae MOXIUBICTH YHOPaBIIHHSA  MIKPOCTPYKTYpOIO 1
xapakrepuctukamu mop Ca-I'AIl [125]. 3pa3ku mpurotoBaHi 3 BHKOPUCTAHHSM
PI3HUX BUXIJHUX MOPONIKIB 1 CHIKaHHS TPH PI3HUX TEMIIeparypax 1 MOCTIHHOMY
TucKy. OO0'eM 1 pO3MOAUT MOP 3a PO3MIPOM ICTOTHO 3alieKaTh BiJ TeMIeEpaTypH
crikanHg 1 Mopdosorii Buxigaux mnopomkiB Ca-I'AIl. ®pakimis BiaAKpUTOL

MOPUCTOCTI BYCOMOAIOHOTO MOpoIKy, 1o cmikaerbes npu 900 1 1000 °C cknana
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100% 1 96% BignosigHo. [iamerp 1 o0'em mop mpu mnpuroryBanHi Ca-I'All 3
BYCOIOAIOHOTO TOPOIIKY Oynu OUIBIIMMH B TOPIBHSAHHI 31 CQEpUYHUMH 1
CTEP>KHENOJIOHMMH TTOPOIIIKAMHU.

MoxmuBicte  otpuMmanHs ~ Ca-I’AIl  "ByciB", BHUTATHYTHX  Y3IIOBX
KpucrajgorpadpigyHoi oci ¢, TIAPOTEPMAIBHIUM METOJOM 3 BUKOPUCTAHHSIM JTUMOHHOL
KHCJIOTH TI0OKa3aHa B pobOori [126]. BuxigHi po3uMHM 3 JIBOMa PI3HUMH
KOHIICHTpaIlissMu KOMIOHEHTIB 1.7 1 4.4 Bar. %, cTexioMeTpis SKUX BiAMOBigaa
ckiaany Ca-I'All, mpuroroBaHi METOJOM OCAKEHHS 1 TEPETBOPEHI B poOouuit
pPO3YMH JOJABaHHAM HeoOxigHoro mia po3unHeHHs ocany Ca-I'All kinbkocTi
JINMOHHOI KHCIOTH. Posumuu o6'emom 1.0 aM° HarpiBamucss B aBTOKJIABi mpu
temneparypax Bigx 180 go 220 °C mporsrom 0, 1, 2, 3, 5 1 10 rox. Buxin
KpUCTAIIYHOI (pa3u MPOAYKTIB, 3TIJHO 3 JAHUMHU IOPOILIKOBOI PEHTIEHIBCHKOI
nudpakiii, BHU3HAYABCS KOHIICHTPAIIEI0 pearyloyux KOMIIOHEHTIB B PO3YHHI,
TEeMIIepaTypH 1 TpUBaIOCTI HarpiBy. YTBopeHi Byca Ca-I'All manu noxuny Big 10
10 30 MkM 1 giametp ~ 0.5 MKM.

[TnazmoBe nanunenus cycnensii (ITHC) mopomky Ca-I"All onrcano B po6oTi
[127]. Cyts [THC nonsirae B Tomy, o0 OTpUMYyBaTH LIUIbHI MOPOLIKA CPEPUUHUX
4acTUHOK 3 cycmnensii ApiOHux (<10 Mkm) abo HaBiTh ynapTpaapiOHux (<100 HM)
nopomikiB. [lomepenqnuk IIHC € artomizoBanuM B 1mja3mi ra3om. PinuHHe
BUIMAPOBYBAHHS, YIIIJIBHEHHA 1 CHIKaHHS B1AOYyBaeTbCcd B IMPOILEC IJIa3MOBOI
TEPMOOOPOOKH.

Ocamxennss Ca-I'AIl B mpoueci MikpoxBuiboBoro HarpiBy Ca/uurpar /
dbochar po3unHiB TpeacTaBieHO B poOoTi [128]. OTpumano kamnbliiaediuTHI
HaHopo3Mmipai (<100 um) wactuaku ['AIl 3 romuacroro mopdosnoriero. XiMiuHi Ta
Mopdosoriuni xapakrepuctuku Ca-I"All He 3MIHIOIOTBCS B Yaci 1 moA10H1 10 TUX, SKi
Oy oTpyMMaHi Mpy MIKPOXBUIILOBOMY HarpiBanHi Ca/mutpat/docdar pozuuny. [Ipu
bOMY CTIMKi CTaHU JTOCSTHYTI MIBUAIIE, HIXK npu ocajkeHHl Ca-I'All B peakropi 31
CTaHJAPTHUM HarpiBaHHSIM.

Jleosumipno-kpucmaniunuii  Ca-I'AIl.  Jlo TenepimHbOro yacy po3poOieHi

pi3HoMaHiITHI criocoou cuHTedy Ca-I'All 3 pizHOO (PopMOIO 1 pO3MIPOM KpPUCTAIIB.
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OnHak MOXIJIMBOCTI CHHTE3y HOBHX (DOpPM BHUSBWIHCS HE BHUYEPIAHUMHU: METOAOM
MIBUJKICHOTO 3MIIIYBaHHA PO3YMHIB pEAarcHTIB B TMEBHUX TEMIEpPaTypHHUX 1
rigpoguHaMiuHuX ymoBax oTpuMaHo Ca-T'All y nBoBuMipHO-KpuCTamidyHii dopmi
[129].

YactuHku BiI10OpaHi 3 peakTopa uepe3 pi3HUN 4Yac t micis mojadi KUCIOTH 1
niggadi cyonmiManiiitHoMy cymniHHi. Ockiibku PDA BusiBUBCS HelH()OPMaTUBHUM,
nojajibllie JOCHIPKeHHS YacTHHOK TMPOBOJIWIM 32 JOMOMOTOI IMPOCBIUYIOYOi
eNIeKTPOHHOI  Mikpockomil. Bussumocs, mo mnpu t=10" ¢ Bci wacTuakm €
HAHOIUIACTMHAMM 1 MaloTh KpuctaniuHy Ipatky Ca-I"All. EnekrpoHorpamMmma K0XHOi
OKpeMO1 HAHOYACTUHKH € TOUYKOBOIO, & arperaTH TaKNX YaCTUHOK JAar0Th Au(dy3iiiHy 3
JIBOMA MIMPOKUMH KUTBISIMUA KAPTUHY €JIEKTPOHHOT AU PAKITIi.

3riHO 3 JaHUMU aHali3y, ¢aza Miclisl CYIIKK Ha TOBITPI MpU Temreparypi 293
K no nocriitnoi Mmacu mana ckian Caio(PO4)s(OH),-3H,0O. O6opoTHE 11 3HEBOIHEHHS
BiOyBaeThest npu 400 K. I[IpudyoMy MoJekynu BOJIM HE BXOJATH B KPUCTAIIUHY
peunitky Ca-I'AIl 1 xemocopOoBaHi HaHOIUIAaCTUHAMH. 3aBASKU  TOBIIMHI
HAaHOYACTHHOK, L0 JOpIBHIOE 1-3 mapameTrpaM KOMIpPKH, CHUHTE30BAaHY pPEYOBHHY
MOXHa  Ha3BaTH  JBOBUMIPHO-KPUCTAIIYHUM  MCEBAOKPHUCTAJIOTIIpATOM 31
ctpykryporo Ca-I"All abo JIT'AIL

OtpumaHi naHi JO3BOJSIOTH MPUIYCTHTH, MO (QocaTH KaIbIII0 MOXKYTh
nepeOdyBaTd B TPAaHUYHOMY JBOBHUMIPHO-KPUCTAIIYHOMY CTaHl, IOpH SKOMY BCI
KpUCTaJIU MalOTh TOBUIMHY h=b nipu [>>b.

Otpumanuii JAI'AIT (b = 0.82 M) He mepeOyBaB B TaKOMY CTaHl BHACIIJIOK
3TUTIAaHHS HAHOIUIACTHH TPaHsSMHU OCHOB. Poyb 37MmaHHS MiATBEpIKye BUSBICHA B
CHeriagbHuX Jociigax 3aiexHicTh BaacTuBocteit OK® 1 JITAIl Big mpucyTHOCTI
KoJNareHy B peakTopi. BcTaHOBIeHO, mo SKmo Tporokonared (M=5-10%) BBectu B
peaktop paszom 3 pozunHoM Ca(OH),, TO 3a KUIBKICTIO KOJareHy, sIKHid TIIIOB 3
TBEpAOI0 (a30r0 KOJIM 1i BWIYYMIM 3 pEAKTOpa, MOXKHA BU3HAYUTH MHUTOMY
NMOBEpPXHIO HaHoriacTuH. B ymoBax pnocniaiB mpu t = 40 ¢ nmuToMa NOBEPXHS
BUSABHIIACA PiBHOIO 900+50 M>/r i G1m3bKOI0 10 moBepxHi 92020 M*/T, po3paxoBaHoi

3 MPUIYIICHHS, 110 y BCIX HAHOIUIACTUH, PO3MOJIJIEHUX 3a PO3MIpOM, TOBIIMHA
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onHakoBa 1 h = b. Ile o3nauae, njo OK® HeraitHO micasi YTBOPEHHS 3HAXOJIUBCS B
TPaHUYHOMY JIBOBUMIPHO-KPUCTAIIYHOMY CTaHi, IKHI CTa01J113yBaBCs KOJIAar€HOM.

3a pe3ynbTaTaMu JOCIiIKEHHS po3podiieHo TexHounorito cunresy Al AIL skuit
BUSIBUBCSI BUCOKOC(EKTUBHUM MEIWYHHM MPErapaToM, IO CTUMYIIOE OCTEOTeHE3

MpH IMIUIaHTAIlil B 1e(EKTH KICTKOBOI TKAHUHH >KMBUX OPTaHi3MIB.

1.2.2 Hanocmpyxmypoeari cucmemu. Amopghui memanesi cniasu

OnHi€ero 13 BaXJIMBUX MPpoOJieM (i3UKH TBEPJIOTO Tijla Ta MaTepialo3HABCTBA €
CTBOPEHHsSI HOBHX MaTepiaiiB, cepel SKUX YlIbHE MICIe 3ailMaloTh CIUIaBU Ta
CIIOJIYKHA Ha OCHOB1 METaIIB 3 3alaHUMH (DI3UYHUMHU, €ICKTPOHHUMHU Ta MAarHITHUMHU
BJIACTUBOCTSAMU. TOMy HalOUIbII aKTyalbHUMHU 3aJMILAIOTHCS MHUTAHHS PO3POOKU
3arajJbHUX TMIAXOMIB, ¢13udHOro dopManizMy 1 MoJenei, Mo J03BOJSIOTH
JOCITIJIXKYBATH M aHaI3yBaTH €JIEKTPOHHY Ta aTOMHY OyJ0BY TaKUX HEPIBHOBAXKHUX
METaJIeBUX CUCTEM SIK aMOp(HI CIJIaBH, a TAKOXK BCTAHOBJIIOBATH B3a€EMO3B'SI30K M1k
€JIEKTPOHHOIO OY/T0BOIO Ta (DI3UYHUMH BIACTUBOCTSIMH TAKUX CHCTEM.

Amopdui meranesi cmaBu (AMC) oTpumaHO MIBCTONITTS Hazal, aje fK 1
paHillie BOHU MPUBEPTAIOTH yBary €KCIEepPUMEHTATOPIB, MTOCHTIKEHHIO X OyJ0BH Ta
BJIACTUBOCTEN TMPHUCBAYEHO BENUKY KUIBKICTb pOOIT, 30KpemMa [130-139].
BincyTHICTh JanbHBOrO MOPSAAKY B po3ramryBaHHi aTomiB B AMC mpu3BoauTh 10
3MiH (I3UYHHUX BIACTUBOCTEH, K1 BAXKKO OTPUMATH B TBEPAOMY TLTI 3 KPUCTATIYHOIO
CTPYKTYyporo. bararo 3 1ux BJIacCTUBOCTEH BHUSBUIMCS BAKJIIMBUMH JIJIST TIPAKTUIHOTO
3acTocyBaHHA. Tak, KOeIIEHT eJIEKTPUUHOTO OMOPY B 3aJICKHOCTI BiJf TEMIIEPATYPH
st AMC moxke OyTr OM3bKHI 10 HYJIS B IIMPOKOMY 1HTEpBa Temmeparyp. OmHak
HaWOUTBIINKA 1HTEpPEC BUKJIMKAIOTh MarHiTHI BJIacTUBOCTI AMC, OCKUIBKH JesiKi
AMC 3 (¢epomMarHiTHUX KOMIIOHEHT € MAarHiTOM SATKUMH  MaTepiajaMu,
XapaKTepUCTUKHU SKUX Kpalll, HDK y nepmanoiB. [lpu npomy mexaHiyHa MIIHICTb
BUIIA, HIK Y BUCOKOTBepAMX crajeil. CrnocTepiraeThCsi TaKOX cliallna 3alekKHICTb

Mar”iTHUX BiacTuBocTeli Takux AMC BiJ 4YacTOTH, IO JA€ MOXKIHBICTD
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BUKOPHCTOBYBaTH iX B OLIbII BHCOKOYACTOTHOMY Jiama3oHi, Je 3a3BUYaid
3aCTOCOBYIOTHCS (DEPUTH.

Ha cporomni HalOUIBII TEPCIIEKTUBHUMHU JJISI 3aCTOCYBaHHS B  SKOCTI
MarHiTHUX MarepialliB cepell aMOppHUX METaJeBUX CIUIaBIB € CIUIaBU Ha OCHOBI
3amiza [132]. Amopdui Fe-Si-B crnaBu BUKOPUCTOBYIOTHCSI B SKOCTI OCHOBHHUX
MaTepiajliB IpH BUTOTOBJICHHI TPaHCPOPMATOPIB HAIMPYTH, OCKIIBKH J03BOJISIOTH
YHUKHYTH BEJIMKUX BTpaT Ha mnepemarHiuyBaHHs. [Ipore, HemonikoM amopdHUX
CIUIABIB 3QJIMIIAETHCS T€, 10 1HAYKI[iS HACHYCHHS Y HUX ICTOTHO HUX4Ye, HDK Y 3%
KPEMHINBMICHUX cTajieid. Xo4da Ha ChOTOAHINIHINA JI€Hb ICHY€ 0araTo JIOCHIIKEHD,
COPSIMOBAaHUX Ha IMIJIBUILICHHS IHAYKUII HAacUYeHHS aMOp(pHUX CIUIaBIB, OJIHAK,
OCTaTOYHO MeTa Ie He jocsirHyta. B amopduux Fe-Si-B cmnaBax mijnBuIlleHHS
KOHLIEHTpAaLi 3a1i3a Crpusie 301UIbIIEHHIO 1HAYKI1i HACUYEHHS, POTE, e 30UTbIIYE 1
BTpaTH B OCEp/l B pe3ysbTari jgectadurizamii aMoppHOro craHy. TakuM YUHOM,
0COOJIMBO BAaXXJIMBO JJIA peaiizaili BHUCOKMX 3HA4YeHb I1HAYKIi HAacCHUYCHHS 3
HU3BKUMU BTpaTaMu OCEp/is 3HAUTH croci0 crabinmizaliii aMopdHOIro CTaHy CILIaBIB 3
BHUCOKHM BMICTOM 3ajiza. OCKUIbKM KpHUCTali3allis aMOp(PHUX CIUIaBIB 1HIIIIOETHCS
Ha TMOBEpPXHI CTPIYKHA, TO NPU NPUTHIYEHHI MOBEPXHEBOI KpHUCTami3alli, CIJiaB
NMoBUHEH 30epiratu amopdHUil ctaH y BcboMy 00'emi. Tomy mocmikeHHs: (i3UKO-
XiMIYyHUX BiactuBocTel HasgsBHUX AMC cuctemu Fe-Si-B € HeoOXiaHUM 3aBIaHHIM
JUIS  HAKOMHMYEHHS EKCIEPUMEHTAIbHOTO 0a3ncy 3 METOI CHPSIMOBAHOTO
MIPOTHO3YBAHHS MarHiTHUX 1 TOBEPXHEBUX BIACTUBOCTEH aMOp(HUX MaTepiaiiB.

Jlo TenepiuHboro 4acy Teopist eIeKTPOHHOI Oy0BU HEBIOPSIIKOBAHUX CIIOIYK
BCE IIIe JajeKa BiJl CBOTO 3aBEPILICHHS HE3BAXKAIOYM HA JIOCUTh BEJIUKY KUIBKICTh
poOIT, PUCBAYEHUX TOCTIIPKEHHIO Py KOHKPETHUX PEYOBUH 3rafaHoro tumy. Ls
oOcTaBrHA MOB'sI3aHa HacaMIlepe]] 3 BIACYTHICTIO MEPEKOHIMBUX CUCTEMATU30BAHUX
JAHUX TIPO XapakTep MIKATOMHHMX B3a€MOJIIM, 3apsj0Bi Ta CIIHOBI CTaHU aTOMIB,
CHepreTUYHUIN PO3MO/IIJ BAJICHTHUX E€JIEKTPOHIB PI3HUX CUMETPIH 1, B MEPILy Yepry,
BIJICYTHICTIO HACTUIBKHM YHIBEPCAJIBHOIO MIAXOAY SIK TeopeMa bioxa njis pedoBuH 3

TATBHIM TIOPSTKOM.
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Tomy mociimkeHHs e1eKTPOHHOI Oy/10BH, aTOMHOTO BIIOPSAIKYBAaHHS MOBEPXHI
MOBEPXHI Ta 3MiH MOP(OJIOTIYHUX OCOOIMBOCTEH MOBEPXHI aMOpP(HUX METaJeBUX
CIUIaBIB MPHU TEPMIYHOMY BIJIAJI 1€ JIOBro Oyje 3aluIaTtuch y (QOKyCl 1HTepeciB

HAYKOBHX (haxiBI[IB Pi3HOTO CIIPSIMYBaHHS.

1.2.3 3D — nanoxomnosumu

Cepen akTyanabHUX MPoOJIEM HAHOHAYKH Ta MaTepialo3HABCTBA € CTBOPEHHS
HOBHUX MaTepialiiB 3 3aJaHUMH (PI3UMYHUMHU Ta (P13UKO-XIMIYHHUMH BIACTUBOCTSIMU IS
noTped GlomMeAnIMHY Ta eKoJorii. OgHUM 13 coco01B CTBOPEHHS HOBHX MaTepiajiB
Ta yOopaBiaiHHSA  (PI3UKO-XIMIYHMMU  BJIACTHUBOCTSIMH  PEYOBHUHM €  CHUHTE3
HAaHOKOMIIO3UTIB 3 OKPEMHX HAHOCTPYKTYpPHUX KOMIOHEHT. OpHak, i
[IJIECIPSIMOBAHOTO CHHTE3y TaKUX CTPYKTYp HEOOXITHI 3HAHHS 3aKOHOMIPHOCTEH
dbopMyBaHHS €JIEKTPOHHOI OyJ0BM BHOpaHMX KOMIIOHEHT B 3aJIe)KHOCTI BiJ] CKIIaJy,
YMOB CHHTE3Yy, 3MIH PO3MIPHOCTI 1 TOMOJOTIi KIOUOBUX EJIEMEHTIB, 3B'SI3KY MiX
O0COOJIMBOCTSIMH CKJIAJTy 1 CTPYKTYPH CIOJIYK 1 €JIEKTPOHHOIO O0y10BOI0. CTaHOBJICHHS
METO/IOJIOTIi CHHTE3y Ta BUBUYCHHS BJIACTUBOCTEH PI3MOBUMIPHHX HAHOKOMIIO3UTHHUX
CTPYKTYp € HEOOXIJHOIO YMOBOI) HAyKOBOT'O IIOIIYKY. Kpim ocobmuBux
BJIACTUBOCTEH  130JIbOBAHUX HAHOKJIACTEpIB Tipu 0O0'€qHAHHI KJIAacTepiB B
HAHOCTPYKTypH abo0 mnpu (OpMYyBaHHI MATPUYHUX HAHOCUCTEM MPOSBISIOTHCS
HernepeadavyBaHi BIACTUBOCTI.

HanocTpykTypHi Marepiaiu Ha OCHOBI HAaHOJIMCIIEPCHOTO aNaTUTy KaJlbI[lIO
NOTEHIITHO 3HAaYuMMI SIK (DYHKIIIOHAJIbHI CYNEpajCcoOpOEHTH ISl BHCOKOUYTIMBHX
METOJliB KOHTPOIIO T4 OUMINEHHS HABKOJHMIIHHOTO CEPEJOBMINA. IX aHOMAaabHa
peakiIiiiiHa 3aTHICTh OOYMOBJIEHA BEJIMKOIO KIJTLKICTIO O0IPBAaHUX XIMIYHHUX 3B'SI3KIB 1
BHCOKOIO TIMTOMOIO TMOBEPXHEIO, IO JIOCATAE JEKITHbKOX COTEHb KBaJIpPAaTHUX METPIB
Ha rpam [114]. Taki cTpykTypu MOXKyTh OyTH OTpHUMaHiI B Marepiajiax 3 BHCOKOIO
MO3UTUBHOK (Hanonopouwiku) 1 HETaTUBHOIO KPUBU3HOK TIOBEPXHI (Hano- ma

Me30nopucmi cucmemu).
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B psny wmarepiamiB JUisi €KOJOTIYHOTO Ta OIOMEIUYHOTO 3acCTOCYyBaHHS
amaTUTOMOAIOHI HAHOCHUCTEMH 3aliMalOTh OJHY 3 TMPOBITHUX TO3UIlIN, Uepes3
IMIUPOKUM CHEKTp aAcOpOLIMHUX BIIACTUBOCTEH, MOTJIMHAIOYM SIK JIETKI €JIEMEHTU
(BOJIeHb, KUCEHB, BYTJICIb), TAK 1 Ba)KKI MeTalu (CTPOHIIiH, CBHHEIb, TPAHCYPAHOBI
CJICMEHTH).

Ha cporoani marepiamu i 3aMiHM KICTKM Ha OCHOBI HaHOJUCIEPCHOTO
amaTUTy KaJbllilo, Cepel I1HIIMX HEAOJIKIB, 30KpeMa, IIBUIAKY PpPO3ZYHHHICTD,
HE3aJI0BUIbHI MEXaHIYHI BJIACTUBOCTI Ta 1HIIL., BOJOJIIOTH HU3BKOI EJIEKTPUYHOIO
MPOBIAHICTIO JUIsl 320€3MEeUEHHS MPOBIHOCTI HEPBOBUX CUTHATIB. TOMY CTBOPEHHS

HOBUX KOMIIO3UIIMHUX MaTepialliB JIJIsl 3aMIHHUKIB KICTKH € BUMOTOIO 4acy.
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BUCHOBKHA

HocnimxenHss MOp@oJiorii MOBEpXOHb TOHKHUX IUIIBOK JI0 HEIaBHHOTO Yacy
3aJMIIANOCS B 3HAYHIA Mipi ONKMCOBHM BHACHIIOK OOMEXEHUX MOMKIJIUBOCTEH
EKCIIEPUMEHTAJIbHOTO ~ OOJIaIHaHHS, $KE BHUKOPHUCTOBYeThCs. llosiBa  HOBHX
TEXHOJIOT1IM OTpUMaHHs 300paXeHb 3a JIONOMOTOI CKAHYBAaJIbHOI TYHEJbHOI Ta
aTOMHO-CHUJIOBOI MIKPOCKOTMI1, CTUMYJIIOBAJIO BEJHKY KIJBKICTh JOCIIHPKEHb B JaHIN
o0nacri.

«KBanToBa THXEHEeP1» BHUPOILTYBaHHS TUTIBOK MeTaliB Ha
HaIlIBOPOBIJHUKOBUX MIAKIAAKAaX O3BOJSIE OTPUMYBATH HOBI ()OPMH PEUOBHHH.
AHani3 pocTy MeTaJeBUX IUIIBOK BKa3ye Ha Te, 10 KBAHTOBI €(EKTH BiAIrparoTh
BYIUBY POJIb Y KOHCTPYIOBAaHHI aTOMapHO TJIaJCHHKUX METaJICBUX IIapiB.

[IpoBenenuil aHaii3 JiTEpaTypHUX AAHUX TOKa3ye, 10 OCHOBHOIO MPUYUHOIO
Jerpajanii  TOHKOIUIIBKOBMX —0araromapoBUX CTPYKTYp € BHCOKHIl pIBEHb
BHYTPIITHBOI HAPYTH, 1[0 PO3BUBAETHCS B TOHKUX METAJIEBUX IUIIBKaxX B MPOIEC iX
HAaHECEHHA. BWHHUKHEHHS BHYTPINIHIX HAMNpyXeHb B TMPOIECI CHHTE3y ILIIBOK
OOyMOBJIEHO BIJMIHHOCTSIMU TIOCTIMHMX IpaToK Ta KOE(DILIEHTIB TEPMIYHOTO
PO3IIMPEHHS TUTIBKU Ta MMiJIKJIAJIKK, HEPIBHOBAXKHUMH YMOBAMH OCAJ[PKEHHS IIJTIBOK, a
TaKOXX XIMIYHUMH 1 CTPYKTYpHUMH 3MiHaMu B mporeci pocty. Ilokazano, 110
napamMeTpu HAHECEHHsA, Takl SK TeMIlepaTypa 1 aTOMHA CTPYKTypa MiJKIaJKH,
MIBUJKICTh OCAQ/KCHHS, BHYTPIIIHI HAMpyrd, (parMeHTallis HaHOKJIACTEPIB Ta
XapaKTepUCTHKa 3MOYYBaHHS, HAJI3BHYAaHO BIUIMBAIOTH Ha (OpMyBaHHS 1
NOJaJbIINKA PICT METATIYHUX TOBEPXOHH Ha MOHOKpPHUCTaNaxX. TakoXX MO)KHa
BII3HAYUTH TaKi MapaMeTpH, SK Yac HAHECCHHS, BIJCTaHb BiJl KIOBETH JIO 3pa3Ka,
TACK B KaMmepi, Temieparypa poO3IUIaBy B KIOBETI, BapilOBaHHS SKUMHU Ja€
MOKJIUBICTh OTPUMYBATH CTIKI HAHOCTPYKTYPH METaTiB Ha MOHOKPHCTAJTIYHHX
MOBEPXHSIX.

3HayHUN 1HTEpeC BUKIMKAae OlHaApHA CHUCTEMa MeTaj-HammiBIPOBITHUK. Taki
CUCTEMU MOXYTb 3HaUTHU 3aCTOCYBaHHS B OITOEJIEKTPOHHUX

CBITJIOBUIIPOMIHIOBAJILHUX MPUCTPOSIX, 1H(PpPaYEpBOHUX AETEKTOPaxX Ta MPUCTPOSIX
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MEPETBOPECHHS COHSYHOI €Heprii Ta 3aBASKH MOXJIMBOCTI 1HXKEKIi CIiH-
MOJIIPU30BAaHUX €JIEKTPOHIB B HAMIBIPOBITHUKOBUN Iap, IO BiJKPHUBA€E HOBI
MOXJIMBOCTI IS TIPUCTPOIB CHIHTPOHIKM. TakuM YHMHOM MAOCIIJKEHHS IPOIECIB
dbopMyBaHHS METaJeBUX HAHOCTPYKTYp Ha MOHOKPHUCTAIIYHUX MOBEPXHSIX
HaITIBIIPOBITHUKIB € aKTyaJlbHUM HE TUIBKM 3 (PyHIaMEHTaJIbHOI TOYKU 30pY,
OCKLJIbKH JI03BOJISIIOTH OTPUMATH 1HGOPMAIlII0 PO MPUHITUIIN OpraHi3allii MeTajJeBuX
HAHOCTPYKTYp, 30Kp€Ma, METaJeBUX OJHOKOMIIOHEHTHHUX, a TaKOX 3 MPaKTUYHOI
CTOPOHHU 1X 3aCTOCYBAHHSI.

Ha cporomni, He3BakarouM Ha JOCUTh BEJIMKY KIUIbKICTH POOIT, Teopis
€JIEKTPOHHO1 OYJJOBM HAHOOO €KTIB Ta HAHOCTPYKTYPOBAHUX CIIOJYK BCE III€ JajeKa
Bl CBOro 3aBepluieHHA. L[ oOcraBuHa mnoOB'sI3aHa Hacammepen 3 BIJACYTHICTIO
MEPEKOHJIMBUX CHCTEMATH30BAaHUX JAaHUX MPO XapaKTep MIKaTOMHHX B3a€MOJIMH,
3apsAIOBUX 1 CIIHOBUX CTaHaX arToMiB, €HEPreTUYHOMY PO3MOJILII BaJCHTHUX
CJIEKTPOHIB PI3HMX CHUMETPI 1 B TEpIly 4Yepry BIJACYTHICTIO HACTUIbKU
YHIBEpCAJILHOTO MIAXO0Ay SIK Teopema bioxa s pedyoBUH 3 JAIBHIM MOPSIKOM.
Tomy, He 3Baxkaroun Mmaike Ha S50-JITHIH Mepioj MOIITYKy, HAa ChOTOJHI JO KIHIIA
HEJIOCIPKEHOI0 OO0JIaCTI0 € HAaHOCTPYKTYpPOBaHI CHUCTEMH, 30KpeMa amMmopQHi
MeTasieBl cmiaBd. llepcnekTuBa 3acTOCyBaHb TaKMX pEUYOBUH Oe3MocepeHbo
MOB's3aHa 3 JOCTIHDKCHHSIMU 1X B HAHOMETPOBOMY J11aI1a30Hi.

OpHum 13 cnoco0IB CTBOPEHHS HOBUX MaTepialiB Ta yHpaBiiHHS (i3uKO-
XIMIYHUMHU BJIACTUBOCTSIMH PEUOBMHU € CHHTE3 HAHOKOMIIO3HTIB 13 OKPEMHX
HaHOCTPYKTYp. OpHaK, JuIsl HIIECHPSIMOBAHOTO CUHTE3Y TAKUX CTPYKTYp HEOOXIJHI
3HAHHS 3aKOHOMIPHOCTEH (OopMyBaHHSI €NEKTPOHHOI OyJOBHM HAHOPO3MIPHUX
KOMIIOHEHT KOMITO3UTIB B 3aJIEKHOCTI BiJl CKJIaJly, YMOB CUHTE3Y, 3MIH PO3MIPHOCTI 1
TOMOJIOT1i KJIFOYOBHMX €JIEMEHTIB, 3B'SI3KY MIK OCOOJMBOCTSIMHU CKJIaay 1 CTPYKTYpH
CHOJYK 1 eJIeKTPOHHOI0 O0y/10BOI0. CTaHOBJIEHHS METOAOJOrI] CUHTE3Y Ta BUBYEHHS
BJIACTMBOCTEH PI3HOBUMIPHUX CTPYKTYpP METajiB Ta METAJOOKCHUIIB OOYMOBIIIOE

3HAYHUH TIPOrpec B 11 HE030pikt 00JacTI.
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PO3JILI 2

METOJU JOCIIJKEHHS JIOKAJIBHOI ATOMHOI TA EJIEKTPOHHOI
BYJJOBU HAHOCTPYKTYP

Opni€o 3 TOJOBHHX MpoOJeM, M0 BUPIMIYETbCS (I3SUMHUMU METOJaMH €
imeHTudikaiiss aToMHOI Ta €JIEKTPOHHOI OynoBM peuoBMHHM. HakonmuueHHs
PI3HOPIIHUX EKCHEPUMEHTAIIbHUX JaHUX JO03BOJISIE€ BUSIBISATA 3aKOHOMIPHOCTI 1
BCTAHOBJIIOBATH KOPEJALII MK PI3HUMH XapakTEepUCTHKaMU. J[aH1 KOKHOTO METOAY
€ YHIKQJIbHUMU, aJI€ HE JIUBIITYUCh Ha JOCSITHYTY PO3pPOOJIEHICTH PSIYy METOIB,
IPOLIEC PO3BUTKY, MOIJMOJEHHS 1 PO3IIMPEHHS 3aCTOCYBaHb MPAKTUYHO BCIX
MeToaiB TpuBae. OAHIEID 3 HAWBAXIMBIIIMX MPOOJIEM 3aIHUINIAETHCS ONTUMABHUN
BUOIp MeTOTy a00 Tpynu METOIB 3 ypaxyBaHHSM iX MOKJIuBOcTed. HezanexxHo Bil
NPaKTUYHOI ~ JOCTYMHOCTI TOrO YM IHOIOTO METOAY IOCTIMHY  I[IHHICTh
MPEACTABIISAIOTh IPUHITAIIOBI MOYKJIMBOCTI METO/IB, iX OCBOEHHS MA€ CIPUATH O1IbIIT
rIIMOOKOMY PO3YMIHHIO Ta €(DEKTUBHOMY BUPIIICHHIO HA3P1BAIOUYHX MTPOOIIEM.

BukopucTanHs KOMIUIEKCHOTO TAXOy MPHU AOCTIHKEHHI HAHOCUCTEM (POpMYeE
0arato pakypciB YSIBIEHHS MPO JOCHIKYyBaHy cucTeMy. KOMIUIEKCHHM miaxig B
JIOCHIJDKEHHSAX MOYKE BHBECTH Ha KOMITO3MINI CKJIQAIB 3 I[IKABUMH BJIACTHBOCTSIMHU,
OJIHaK METOIO MPENapaTUBHOTO MOIIYKYy 1 OCHOBOIO CHHTE3Y CIOJYK 13 3aJlaHUMU
CKJIaJIOM, TIPOCTOPOBOIO OPTaHi3alli€l0 Ta eKCTPEMAIbHUMU JIsl HUX BJIACTUBOCTSMHU
MO’KE CTaTM TUIBKM OCSTHEHHS 1 OBOJIOJIHHS MEXaHI3MOM IHII[IMOBAaHUX
nepeTBopeHb. LlimecnpsiMoBaHui CHUHTE3 HOBUX MarepiaiiB MOKIIUBUN JIHIIE 32
YMOBU TJMOOKOTO 1 BCEOIYHOTO JAOCHIIPKEHHS HAasBHUX Yy PO3MOPSIKEHHI
JOCITITHUKIB CIIOJIYK, a TaKOXX EMIIPUYHO TependadyeHuX 1 CHHTE30BaHUX IIij Yac
MOTITYKY.

3rajiani pi3HOMaHITHI BJIACTUBOCTI HAHOCHUCTEM, SIK BIJIOMO, B 3HA4HIH Mipi
BU3HAYAIOTHCA iX CJIEKTPOHHOIO OYyIOBOIO, BHACTIJOK YOTO BCTAHOBJICHHS

3aKOHOMIPHOCTEN (OpPMYBaHHS E€JIEKTPOHHOI CTPYKTYPH B)KE ICHYIOUHX CIOJYK €
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HAWBaXJIMBIIIUM €TarioM B pO3poO0Ill METOAWK OTPUMAHHS HOBUX MaTepiajiB i3
3aJaHUMH XapaKTePUCTUKAMHU.

3BakaloyM Ha BaXXJIMBICTh O3HAYEHOI MPOOJIeMH B JaHU yac MaOyTh BakKKO
BKa3aTH Ha Ti METOAW, SKI HE BHKOPUCTOBYBaJHMCS O TMpH JOCTIIKEHH]
HAHOPO3MIPHUX YHM HEBMOPSAJKOBAHUX CIIOJYK 1 cepejl HUX CIEKTpajbHI METOAU €
OJIHUMH 3 HaO1Ib1ll €e()eKTUBHUX Y BUBUCHHI €JIEKTPOHHUX BJIACTUBOCTEH PEYOBHH.

Ha cborogui Teopist eneKTpoHHOI Oy/0BM HEBIOPSIKOBAHUX CIIONYK BCE I
JajieKa BiJI CBOTO 3aBEPIICHHS HE3BAXKAIOUM HA JIOCUTh BEJIHMKY KIUIBKICTH POOIT,
MPUCBSYCHUX JOCTIDKEHHIO psALy KOHKPETHHX PEUOBHH 3rafaHoro tumy. Lls
oOcTaBMHA MOB'sI3aHa HacaMIIepe/l 3 BIACYTHICTIO MEPEKOHIMBUX CUCTEMATHU30BAHUX
JAHUX TPO XapaKTep MDKATOMHHUX B3a€MOJIM, 3apsiioBl 1 CHIHOBI CTaHU ATOMIB,
€HEePreTUYHUI PO3MO/1II BAJICHTHUX €JIEKTPOHIB PI3HUX CUMETPIil 1 B MEpILy 4Yepry
BIJICYTHICTIO HACTUIbKHM YHIBEPCAJILHOTO MIIXO0Y SIK Teopema bioxa s peuoBUH 3
JATBHIM TIOPSIKOM.

AHai3 JiTepaTypHHUX JIaHUX MOKa3ye, 10 HE 3BaXKal0uu Ha BEJIMKUI HAyKOBUIA
1 IPaKTUYHHUM 1HTEpEC IO HAHOCHCTEM B TOH k€ yac 0araTo mpoOJieM 3aJuIlaroThCs
HE BUpILICHUMHU. BupileHHs 3a3Ha4eHUX MpoOJieM akTyaJlbHO 1 MOKJIMBO JIMIIE 3a
YMOBU BUKOPUCTAHHS KOMILIEKCY METO/IIB.

Jlanuii po3niy MPUCBSYCHUN EKCMEPUMEHTAIBHUM 1 TEOPETHUYHUM METOJaM
JOCTIPKEHHSI €NEKTPOHHOT CTPYKTYpU 1 BIACTHBOCTEH KOHICHCOBAHWX DPEUYOBHH.
AHaJI3YIOThCSI MOXKJIMBOCTI METOIB PEHTTCHIBCHKOI Ta €JIEKTPOHHOI CIIEKTPOCKOITIi
y BUBUEHHI €JICKTPOHHUX BJIACTHUBOCTEHW pEYOBUH, CIOCOOM 1 MPUIIOMH 1HTEpIIpeTalii
PEHTTEHIBCHKUX €MICIMHUX CHEKTpIiB. 3Ba)kaloud Ha CKJIAIHICTh OJHO3HAYHOTO
ONKCY AaTOMHOI Ta €JeKTPOHHOI OyJOBH HEBHOPSAKOBAHUX CHUCTEM TIIBKU
eKCIIEPUMEHTAJIPHIMH METOJAMH, PO3TIISAAIOTHCS TAKOXK OOYHCIIOBAIbHI METOIU
PO3paxXyHKY €JIEKTPOHHO1T OY/IOBH 1 BIACTUBOCTEH.

Hamu Oyna Bukopucrana Tteopis ¢yHkmionana miabHOcTi  (TOI).
PosrnsnaroTees Tpu miaxoau B pamkax Teopii ¢pyHkmioHana miuibHocTi: JITIIB + JIO
METO/JI, TceBAonoTeHianbuui miaxin 1 PAW-meroa. Po3paxyHku mpoBoauiucs B

pamkax makery WIEN, a takox wmeroauku LMTO. Po3rngHyTo mNUTaHHS, IO

87



CTOCYIOTHCSI METOJUK JOCTIIKEHHS 1 anapaTypH, a TaKOX HaBEACHI YMOBH CHHTE3Y

3pa3KiB Ta iX XapaKTEePUCTUKH.

2.1 CkanyBajibHa TyHeJbHA MiKPOCKOIist

HocmimkenHss B o0jacTi  HAHOTEXHOJIOTIM y 0aratboX  BIJHOIICHHSX
BU3HAYAIOTHCA MOMJIMBOCTSIMU CYYaCHUX AaHAIITUYHUX METOJIB, TEpIl 3a BCe
30H0BUX. Jligwpyoya poib B IHUX JOCTIDKCHHSX, SK 1 paHINIe BiBOIUTHCS
METOJIaM, sIKI BUKOPUCTOBYIOTh TYHEIbHUM MIKPOCKOII.

OcHOBHI TOAli B CTAHOBJICHHI HAHOTEXHOJIOTIM 1 PO3BUTKY CKaHYBaJIbHOL
TYHEJIbHOI MIKPOCKOITII Ta CIIEKTPOCKOIIi OyJIn TaKi:

* 1959 pik — Puuapg deitnman Bu3Hauae aToM SIK HOC1H 1H(pOpMaIii;

* 1971 pik — cTBOpEHHS NeEpIIOi MOIEII TyHeIbHOro npodiaomerpa (R. Young);

* 1974 pix — H. Taniryai BBonuTh NOHATTA «HaHOTEeXHONOT1s» (0.1-100 HM);

e ciueHb 1979 poky - nogana nepia 3asiBka Ha nateHT Ha CTM;

 Hiu 16 Oepe3ns 1981 poky - oTpumaHa mnepia 4YiTKa E€KCIIOHEHLIAJTbHA
3aJIeKHICTh CHUJIM TYHENBHOTO cTpymy | Bim BijcTaHi MK 3pa3KoM 1 BICTPSIM S,
XapaKTepHa JJIsl TYHETIOBaHHS;

« 1982 pik — CTBOpEHHS CKaHYBaJIbHOTO TYHEJIHHOTO MIKPOCKOIIA,
CIIOCTEPEKEHHSI AaTOMHHMX CXOIWHOK Ha MoHokpuctami CalrSny (G.Binning,
H.Rohrer); ctpykrypa 1x2 Ha noBepxsi Au (110);

* 1983 pix — CTM cnocrepexeHHs] aTOMHOI CTPYKTypH noBepxHi Si (111) 7x7
(G. Binning, H. Rohrer, Ch. Gerber, E. Weibel);

* xiHeub 1983 poky - crioctepekenns nanioxka JJHK Ha moBepxHi ByrieneBoi
ILTIBKH;

1984 pik — ctBOopenHss COMBII (ckaHyrou4oi ONTHYHOI MIKPOCKOMIT
ommkxaboro nost) (D. Pohl, et al., A. Lewis et al.);

* 1986 pik — cTBOpeHHs aTOoMHO-cHioBoro mikpockorna (ACM) (G. Binning,
C. Quate, Ch. Gerber);

* 1986 pix — I'.binniary ta I'.Popepy (G. Binning, H. Rohrer) mpucBoena

HoobeniBcbka npemis 3a crBopenns CTM;
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B kinmi 70-x pokiB mMunynoro ctomitts I. binniar 1 I'. Popep 3aiimamnucs
BHUBUYEHHSIM HaanpoBigHUKIB B jaboparopii IBM B Lliopixy. Ilepen Humu crosino
3aBJaHHS JIOKQJIBHOTO CIIEKTPOCKOMIYHOTO JOCIIDKCHHS IUTiBOK. BuximHa iaes
moyisraja HE B CTBOPEHHI MIKPOCKOMA, a B 3AIMCHEHHI CHEKTPOCKOMIYHUX
JOCIi/KEHb JIISTHOK TMOBEpXHi, po3Mipu skux He nepesuiryiot 100 A. Uepes
NESKUM Yac BOHU 3pO3YMUIM, IO MOXYThb CTBOPUTH HE TUIBKU JIOKAJIbHHM
CHEKTPOCKOMIYHUN 30H]I, ajl€ 1 OTPUMYBATH CKaHYBAHHSIM CIEKTPOCKOMIYHI il HAaBITh
tonorpadiyHi 300pakeHHA. TakuM YMHOM, BIJKPUBAJIACS MOXKIJIUBICTH CTBOPEHHS
HOBOT'O THIy MIKpOCKONa. 3a MPUHLUIIOM poOOOTH BIH B OCHOBHOMY Haraiye
npodinorpad, ajge CKaHyIOUMd BICTPS 1 MOBEPXHS HE 3HAXOIATHCS B MEXaHIYHOMY
KOHTaKTi, a pO3TalllOBYIOThCSl Ha BIJICTAHI B KiJIbKa aHTCTPEM, KOHTPOJIbOBAHOMY 32
BEJIMUMHOIO TYHEJIBHOTO CTPYMY, 110 TMPOTIKa€e Mi>k HUMHU.

BuHaxia ckaHyrouoro TYHEIBHOTO MIKPOCKOIIA MOKJIAaB MOYAaTOK HOBOI €pH B
excriepuMeHTanbHId  Qizumi. CTM BuMIpio€ TYHEIBHUH CTPYyM, MIX TOCTPOIO
METaJeBOI0 TOJIKOK 1 TPOBIAHUM 3pa3KoM, IO PO3JAUIEHI TOHKUM IIapOM
JeJIEKTPUKa, 3a3BUUaii BaKyyMOM. [ OJIOBHUN TEXHOJIOTTYHHUIA MPOPHUB CTABCS, KOJIH
KOHTPOJIb BIJICTaHI MIX TOJIKOIO 1 3pa3KoM JOCAT MIKOMETPOBOI TOYHOCTI 3a
JIOTIOMOTOI0  TT'€30€JIEKTPUYHMX TepeTBoproBadiB. KpiMm Bizyamizarii Tomnorpadii
MOBEPXHI 3 aTOMHOIO PO3/IBHOI0 3JATHICTIO, 11€ JO3BOJIMJIO 30HAYBATU JIOKAIBHY
HIUTBHICTh €IEKTPOHHUX CTaHIB. ['0Jika CKaHye MIIONIMHY Xy HaJl 3pa3KOM 3aBISKU X
1 Y mpuBomaM, B TOM 4ac K BHCOTa KOHTPOJIOETHCS 3a JOTIOMOTOK 7 TPUBOIY
(puc. 2.1). Ipuknagarour HaOpyry 3MIMIEHHS MK METaJIeBOIO T'OJKOIO 1 3pa3KoM, 1
HAOIMKAI04M TOJIKY Ha BiJICTaHb KUIBKOX aHTCTPEM, OTPUMYEMO TYHEIBHHH CTPYM.
3BOPOTHIH 3B'SI30K B €MEKTPUYHIN CXEMI CIIYKHUTh JIJISl TOTO, 1100 MIATPUMYBATH LIeH
CTPYM MOCTIHUM, M1JIAIITOBYIOYH BUCOTY TOJIKHU.

KitouoM 10  BHCOKOI BEPTUKAIBHOI PO3AIIBHOI 37aTHOCTI (COTI YaCTKH
aHIrCTpeMa) € EeKCIOHEHI[lalbHA 3alie)KHICTh TyHEJIbHOro cTpymy | Bia BiacraHi
roJika-3pasok d.

2kd _
[~e™™  pe k=375 A
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JlatepanbHa po3AlIBHA 3MATHICTH 0araTo B 4YOMY 3alie)KHUTh B TeOMETpil
KIHYMKa Ta EJNEKTPOHHUX OpOiTanel CKaHyl4Oi TOJKH, SKa OOMEXYye TyHENbHI
CJICKTPOHHU Y BY3bKHUM KaHAJI, HaJIal0UM YHIKAJIbHY MOKJIMBICTH JJIA Bi3yasizallii ax
70 aTOMHUX MaciTabiB. PexxuM 3HOMKH BU3HAYAETHCSI HAOOPOM TPHOX MapaMETPIB:
BifcTaHHIO Mixk enektponamu d (3a3Buuaii 5-10 A), TynensHuM cTpymoM I (3a3Bruaii
1-10 HA), 1 Hampyroto 3cyBy U (3a3Buuait 0.01-2 B). [Napamerpu | 1 U 3a3Buuaii
nigduparoTecs Tak, Mmoo TyHenbHMt omip R=U/I, 6yno B intepBam GQ. Baxnusuii
MOMEHT II0JIATa€ B TOMY, 1110 BUMIPSIHUI TYHEJIbHUN CTPYM - 11€ 3rOPTKA €JIEKTPOHHOT
I[ITBHOCTI CTaHIB TOJKHU 1 3pa3ka. [[[o0 BUBUMTH BIACTUBOCTI 3pa3ka, HEOOX1JTHO
BUKOPUCTOBYBATH BICTPS 3 IIUIBHICTIO CTaHIB 0€3 0co0auBoCTEl 1 moBepxHero depmi
(B imeam cdepuuHoro). Matepianu, 1o HAHOUIBII YaCTO BUKOPHUCTOBYIOTHCS IS
rogku - Au, W, Ir u Ptlr. B gucepramiiidiii po6oti Oynu BHUKOPUCTaH1 BICTpsA Ha
OCHOBI BOJIb(ppamy.

a) Ompumannsa 300paricennn npu nocmiinomy cmpymi. B 1pomy pexumi
TyHEeJIbHUM cTpyM | TIATpUMY€eTbCS MOCTIMHUM  IUIAXOM  O€3MepepBHOrO
MiJUTAMITYBAaHHS ~ BEPTUKAJIBHOTO TOJIOKEHHS TOJKU TiJ 4Yac CKaHyBaHHS dYepes
3BOpPOTHIN 3B's30Kk (puc. 2.1, a). Tak K TyHEJIbHHA CTPyM IHTETPYeTbCS MO BCIX
cTaHax BWIe abo Hmwk4Ye Ep, ax a0 eHeprii, mo piBHa TYHENbHIA HaAmpys3i,
tonorpadis TOCTIMHOrO CTPyMy BIAMNOBIAa€E TPOPUIIO MOCTIHHOT 1HTETpaTbHOI
I[IJTBHOCTI €JIEKTPOHHUX CTaHiB. OCKUIbKHU TOJIKa MTOBTOPIOE HEPIBHOCTI MOBEPXHI HA
MOCTIMHIN BiJICTaHI, MIBUIKICTHh CKaHYBaHHS OOMEXEHa IPOIYCKHOK 3/aTHICTIO
JAHIIOTa 3BOPOTHOTO 3B'SI3KYy, sKa 3a3BMYail 3HAXOOUTHCA B KIJIOTEPIEBOMY
JlamnasoHl.

0) Ompumanna 300pasrcennsa npu nocmiuniii eéiocmani. B 1boMy pexumi
3pa30K CKaHy€ TOJKa, BCTaHOBJIeHa Ha (¢ikcoBaHiii Bucoti (puc. 2.1, 06). s
171eaJIbHOT TOJIKM 1 3pa3Ka, MOIYJISLIS TYHEIbHOTo cTpyMy | (X, y) 3aleXUTh TUTBKU
BiJl 3MiH BIJICTaHI TOJIKa-3pa30K 1 3amuc CTpyMy, sIK (yHKIii BiA BiacTadi, Oyme
BioOpakaTu Tonorpadiro moBepxHi. Llelt pexxuM 103BoJII€ MIBUAKE CKAHYBAaHHS, ajle
oOMeKeHMI 00JIaCTIO MOBEPXHI, /I HEPIBHOCTI HE MEPEBUIIYIOTh KiJIbKa aHTCTPEM,

1o o YHUKHYTH 31TKHEHHS TOJIKH 3 BEJIUKUMU BHUCTYIIaMHU HOBerHi.
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(a) I=const (6) z=const

Puc. 2.1. Pexxumu po6oTH: (@) - TOCTIHHOTO CTpyMY; (6) - TOCTIMHOT BUCOTH.

B nmaniii po6oOTi IOCHIPKEHHS HaHOpENIbe(py MOBEPXOHb MPOBOJIMIKMCS Ha
TyHenbHOMY Mikpockorni JSPM-4610 (Smonis). PobGoumii Bakyym B mporieci
excriepuMenTy OyB He ripme 10 ITa. ITiIroTOBKa MOHOKPHCTAIIYHHX ITOBEPXOHb
KPEMHIIO MPOBOAMIACH 3a CTaHAAPTHOIO MeTOoAWuKow. Crodarky depes IUIaCTHHY
nponyckascsi cTpyM ~ 0.2 A npoTsirom 24 roauH. 3pa3oK OpH [IbOMY HarpiBaBcs 10
temnepatypu ~ 250°C. Ilicas uporo cTpym depes 3pa3ok mijgHiMaBcs g0 3.0 A 1
ButpuMyBaBcs 30 c¢, mo BiAmoBimano Temmeparypi 3paska 6muszpko 950°C. Ilicns
OXOJIOJKEHHST OyJTM OTpUMaH1 TyHeNbHI 3HIMKH moBepxoHb (111) 1 (110) - puc 2.2.

Bci pocniikeHHs Ha TYHEIbHOMY MIKPOCKOI MPOBOJIMINCH B PEXUMI MOCTIMHOIO

CTpyMy.

Puc. 2.2. CTM 300pakeHHsI TOBEPXHI MOHOKPHCTaIa KPEMHIIO:

a) Si (111); 6) Si (110).
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Hanecennst MeraiiB Ha mpemnapoBaHi TaKMUM YHMHOM IOBEPXHI MPOBOJIMIIOCS
METOJIOM TEpPMIUYHOTO HamuieHHs. Po3mumoBau OyB i3 BOJIb(GPaMoOBOi CHipagbHOI
KIOBETHU 3 HaBICKOIO MeTally. BijcTanb B po3nuiIioBayda 0 3pa3ka CTAHOBHIIA ~7 CM.
OTBip po3mwiItoBa4a CTaHOBHMB 2 MM. B mporieci HanmwieHHS 4depe3 BOJIb(PaMOBY
cripajgp mpormyckainu ctpyM ~ 5.0 A, mio BigmoBijgano temmepaTrypi Oiuszbko 100
rpaayciB BUIIE TeMIlepaTypu IUIaBJICHHS MeTany. Yac HaHECEHHSI CTaHOBHUB BIJ
JEKITbKOX CeKyHJ A0 xBwiMH. CepenHsi IIBUAKICTh HAHECEHHS CTaHOBHWIIA
~0.5 MIll/c. HanecenHss mMeTtaly Ha MOHOKPHUCTQJIIUHY MOBEPXHIO MPOXOAWIO 0€3
HIIIrpiBy 200 OXOJIOIKEHHS 3pa3Ka.

CTM ta CTC pochimkeHHs NpPOBOAMIIMCS IpU KIMHATHIA Temmeparypi,

HarpiBi Ta OXOJIOMKCHHI JI0 TEMIIEpaTypH PiJIKOTO a30Ty.

2.2 JlokajibHA TyHeJbHA CIIEKTPOCKOIIisA

TyHenbHUI €PEeKT MUPOKO BUKOPUCTOBYETHCA Y (DI3ULI TBEPAOTO Tida AJis
CIIEKTPOCKOMIi eJeKTPOHHMX CTaHiB. B OCHOBI MeTOmy JI€KWUTh 3aJIe’KHICTh
TYHEJIbBHOTO CTPyMy BIJ 4YHCJIa CTaHiB $KI YTBOPIOIOTh TYHEJIbHUH KOHTAKT
Matepianax B iHTepBaii eHeprii Big 0 g0 3 eB, Bk sIKUX BeneTbcs BiJ PIBHA
®epmi Eg. TyHenbHHI MIKpOCKOT 103BOJIsi€ OTpUMyBaTt BAX TyHENBHOTO KOHTaKTY
30HJI-TIOBEPXHS y OyIb-sIKI TOYIll TOBEPXHI 1, OTXKE, MOCTIIKYBaTH JIOKAIbHI
SJICKTPHUYHI BJIACTUBOCTI 3pa3ka. TyHeNbHUN CTpyM (puc. 2.3) 3aJeXKuTh BiJl YUCIIa
€JIEKTPOHHUX CTaHIB, 0 YTBOPIOIOTh TYHEJIbHUN KOHTAKT MPOBIJHUKIB B 1HTEpPBAJl

eHeprii Bix piBag Depwmi:

)2
I~ J’ p(E)JE 21

n-eu
Bupa3 nns TyHeNbHOro CTpymMy B HaOJMKEHHI KBa3lHENEPEpPBHUX CTaHIB
CJICKTPOHIB B MEBHIM TOUIl Ty HAa MOBEPXHI 3pa3ka 3 ypaxyBaHHSIM IIIJIHOCTI

€JICKTPOHHUX CTaHIB BICTPs MOXke OyTH MPE/ICTABIEHO B HACTYITHOMY BUTJISIJII:

eU
I(rg, U) ~ [pr (B)ps (1o, ED(r o, E)E (2.2)
0
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ne D(ry,E) - mposzopicte 6ap'epy, pr(E) - HIIbHICTD €NEKTPOHHHX CTaHIB 30H[A,
ps (to, E) - IIUIBHICT €IEKTPOHHHUX CTaHIB 3pa3ka B TOUII Ty.

Takum YMHOM, TYHETBHHM CTPYM SBJISiE€ COOOI0 3TOPTKY IIUIBHOCTI CTaHiB 30H1a
1 3pa3ka. OfHaK, sIK IpaBUIO, CTAaHU 3pa3ka JOMIHYIOTh B CIIEKTpi. Y HalmpocTimomy
BUNAJIKY MPSIMOKYTHOTO Oap'epy MpH HHU3BKUX TEeMIIEpaTypax i B MPHUIYIICHHI, 110
IIIIBHICTh CTaHIB MOOIM3Y piBHA Depmi B MeTalll 30H7a MPAKTUYHO MOCTIHHA, BUpa3

(2.2) ans cTpyMy MOXKHA 3alMCaTH Y BUTJISIL

eU
I(t,, U) ~ [pg(t,, E)AE
0

piBEHbL
BakyymMma M:
piBEHb
Bakyyma M:
I _
U@z) @z
-
Q
w
o,
.y
Z >

Puc. 2.3. Mogenp mnorteHmiitHOro 6ap'epy M0BUIbHOI (PopMU B CHCTEMI MeTal-
nieneKTpuK-MeTal. [lo3uTHBHUN TOTEHIIA TPHUKIAJCHUN JI0 TIPaBOTO

MeTamty.

VY 1poMy BUINAJIKY 3aJIEKHICTh TYHEJIBHOTO CTPYMY BiJl HAlpyTd BU3HAYAETHCH,

B OCHOBHOMY, HIUIBHICTIO CTaHIB B €HEPreTUYHOMY CIEKTpi 3pa3ka. Ha mpakrtuii
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BeNMYNHY Ps(Ty, E) OIIHIOIOTH 32 BETMYMHOIO TOXiMAHOI TYHEIBHOTO CTPyMYy IIO
HaTpy3i:

ol

U) ~ —
ps(el) au -

Oco0MBOCTI B HIUIBHOCTI CTaHIB MaTepialy BICTPS TaK camo BigoOpakaroThCs
Ha TIPOBIJIHOCTI, ajie B JESIKUX BUMNAJKaX, HANPUKIAL aJs THapu Bojbdpam -
HAMIBIPOBIIHUK, HaWOUIBII IMiKaBl OCOOJMBOCTI B CHEKTpi 00'eMHHX abo
MIOBEPXHEBUX CTAaHIB HaIIBIPOBIIHMKA JIeXKaTh B J1ana3oHi eHeprii Ex=1 -2 3B, ge
HIUTBHICTH CTaHIB BOJIbGpamMy HE Mae OCOOITMBOCTEM.

OTxe, TyHEIbHAa BOJIbTAMIIEpHA XapaKTEPUCTHUKA  BiloOpaxae 4YHUCIO
CJICKTPOHHUX CTaHIB 1 iX PO3MOJIT B EHEPreTUUYHOMY CHEKTPl EJIEKTPOIiB, IO
YTBOPIOIOTH TYHEJIbHUN KOHTAKT.

HamiBnpoBiTHUKOBI 3pa3Ku MalOTh CKIAJHY CTPYKTYPY €HEPreTHYHOIO CIIEKTpa
eJNeKTpoHiB. HasiBHICTH 3a00pOHEHOI 30HM 1 JIOMINIKOBUX PIBHIB B CHEKTpl
HaIIBNPOBIJHUKOBUX MarepialiiB pooutb BAX TyHENbHOrO KOHTAaKTy MeTal-
HaIIBNPOBIJHUK CUJILHO HENIIHIHHOIO.

TyHenbHI CIEKTPH JO3BOJISIIOTH BU3HAYUTH TIOJIOKEHHS KpaiB 30HU MPOBIAHOCTI
1 B&JIGHTHOI 30HM 100 piBHSI PDepmi, a TakoX 17eHTU(IKYBATH CIEKTPAJbHI MIKH,
MOB's3aH1 3 JOMIIIKOBUMHU CTaHAMU B 3a00pPOHEHIM 30H1 HAMTIBITPOBIAHHKIB.

JloxanbHa TyHENbHA CIEKTPOCKOINIS € HaWOUIbII CKJIQJHUM JOAATKOM, IO
MoskHa peanizyBatd Ha CTM. I{ibHICTS €1EeKTPOHHUX CTaHIB MOXKe OyTH OTpUMaHa,
akmo 3amucyBatu TyHenbHui ctpyMm | (U) mpu 3miHi Hampyru 1 3adikCOBaHOMY
BEPTHKAIBHOMY TIOJIO’KEHHI TOJIKU. SIKIIO TO3UTHBHA HANPyTa 3CyBY MPUKIATAETHCS
10 3paska (puc. 2.4), enekTpoHu OyIyTh TYHEJIOBATH B HE3aMIOBHEHI CTAHU 3pa3Ka, B
TOW Yac K MpU HETaTUBHIN HaIpy3l 3CyBY BOHU OyIyTh TYHEIIOBATH 13 3alHATUX
CTaHiB 3pa3ka. Xoya IHTEpPIpPETallisl CHEKTPY MOXKE BHUSBHUTHCS IJOCHTh CKJIAIHOIO,
MOXHA TIOKa3aTH, M0 TpH iAeanbHUX yMoBax TyHenbHa mpoBimaHicTs dI/dU (U)
JIACHO Ja€ BEJIMYMHY JIOKAJIbHOI TYCTUHM €JIEKTPOHHHMX CTaHIB 3paska. Llel npsmuii
Croci0 1HTeprpeTallii eKCIepuMeHTy BUKOPUCTOBYEThCsl B Ouibiiocti CTM / CTC

JIOCJIKEHD.
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dl/dU cnektp moxke OyTH OTpUMaHUN SK YHCETBHUM AH(PEPEHIIIOBAHHIM
kpuBux [(U), Tak 1 3a JOMOMOTOI0 CHHXPOHHOTO IiJCHIIOBada. SIK mpaBuio,
HEBEJIMKY 3MIHHY Moaymoouy ckiaafgoBy U,cos (wt) HakiIanalTh Ha HaOpyry
smimenass U, 1 BUMIPIOIOTh BIANOBIIHY MOAYJSIIIO TYHEIBHOTO CTPyMY.

Posknanaroun tyHensHMM CTpyM B pax Tewnopa,
dI 2
I=1(U)+ (E)Uaccos(co t)+OU,,) ,

3HaX0AuMO, M0 uieH mnpu uactori o nponopuidnuit dI/dU(U). Lleir Bupa3
crpaBeumBuil TUTbKU AKIIO0 U, << U 1 gxmo I(U) nocuts ranaka. s ontumanbHOT
pO3ALIBHOT 37aTHOCTI 1o eHeprii, U, He TOBMHHA MEpEBUIIyBaTH KiJbKa cOTeHb pU.
[TepeBaroro METOMKM CUHXPOHHOTO MiJCUIIIOBAayYa € T€, II0 YacToTa » MOXe OyTu
oOpaHa 3a MeXaMM 4YacTOT MeXaHI4Hoi BiOparii abo eIeKTPUYHOro IIymy, IO

ICTOTHO ITi/IBUIILY€ Uy TIMBICTH BUMIPIOBaHb.

(a) (6)

3BOpOTHil
3B'A30K

Z Bucorta

3pa3ok

Puc. 2.4. Tlponec TyHemoBaHHSI MiXK TOJIKOIO 1 3paskom. [Ipu Hampysi 3cyBy (+) Ha

3pa3Ky, eJIeKTPOHU TYHENIOIOTh 3 BiCTPs Ha 3pa30K.

IMOBIpHICTP  TyHENIOBaHHS 4epe3 MOTeHLIMHMI Oap'ep BHU3HAYAETHCS
po30picTi0 Oap'epy, MIUIBHICTIO CTaHIB €JEKTPOHIB MO OJHY CTOPOHY Oap'epy i
WMOBIPHICTIO TOTO, IO MO 1HIIY HOr0 CTOPOHY Il CTAHU BUIbHI. Y MeTall IILIbHICTh

cTa”iB p mnoOnu3y eHeprii depmi-Er mocriitHa p=const 1 TyHenbHHU cTpyMm |
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nponopuiiHuil Hanpy3i U, mo npukiagaetscs Ao "OeperiB" mepexony (B oOmacti
Majaux Hampyr). Skmo Ha omHOMYy 3 OeperiB miasHICTE cTaHiB p(E), Tomi
nudepeniiiina nposiaHicTs KoHTakTy dI/dU 1, oTxe, TyHeNbHUN CTPYM MPHU JOCUTH
HU3bKHUX TeMIepaTypax npsimo npomnopuiiauii p (E).

TyHenpHa  CHEKTpPOCKOIIS — JO3BOJWJIA  IPOAEMOHCTPYBAaTH  HASBHICTb
€HepreTUYHOi IIUIMHU B  HAANPOBIAHMKAX 1 IOKa3aTh, 10 BHUHUKHEHHS
HAAMPOBIAHOCTI BIIOYBAETHCS 32 PaXyHOK €JIEKTPOH-(POHOHHOI B3a€EMOII.

Hocnioncenna mopghonoziunux ocoonueocmeii noGepxHi i cyouopcmKocmi.
JlocnmikeHHsT CyOIIOPCTKOCTI MOXeE 3a0€3MeYUTH HOBE PO3YyMIHHS TEOpil TepTs,
3MallleHHs 1 3HoCy. TepMiH CyOIIOpCTKOCTh XapaKTEPHU3ye TyKE II1aeHbKI TOBEPXHI,
HIOPCTKICTh SIKUX BIJIHOCUTBCS O HAHOMETPOBOTO MaciuTaly.

Mop@domnoriuHi 0coOIMBOCTI MOBEPXHI 3pa3KiB y JaHld poOOTI TOCHTIIKEHO 3a
JIOTIOMOTOI0 CKaHyBaJbHOTO 30HA0Boro Mikpockona ¢ipmu JEOL (JSPM-4610).
TepmiuHMil BIJTUB Ha 3pa3oK IIiJ 4ac OTPUMAaHHS TYHEJIbHUX 3HIMKIB MOBEPXHI
3MIICHIOBABCS 3a JOMOMOIOI0 KEpaMIYHOTO HarpiBaya Ha SIKOMY pO3TallOBYBaBCS
3pazok. CTpyM HarpiBy KepamidHOTO HarpiBada 3MiHIOBaBCS B Mexax Big 0.2 A 1o
0.7 A. Temneparypa 3pa3ka BU3Hayaiacs Mo HAaBAaHTAXKYBAJIIbHUX KPUBHUX Harpipaua i
nipomeTpuyHo. TOUHICTH TemmepaTypu MOBepxHi1 3pa3ka Oyma He ripme 3 K.
[IBuakicTe HarpiBy 3paska craHoBuia 2 K/xB. 3niMku Oynu oTpumani micis 15 xB
BUTPUMKHM TIpU 3a3HAYEHUX TeMmIeparypax nOpu Hamnpysi 3cyBy g0 *£3.0 B 1
TYHENBHOMY CTpyMi ~ 2 A. Po6ounit Bakyym 6yB e ripure 107 I1a.

[TapameTpu cyOUIOPCTKOCTI BU3HAYAIKCS MO 3HIMKaxX TYHEIBHOTO MIKpOCKOIA.
JInst  KUTBKICHOI OIIHKM IHOPCTKOCTI TMOBEPXHI HAMHM BHUKOPHMCTAaHI HACTYIIHI
napaMmeTpu:

Cepenne apudmeTnuHe BinxwieHHs npodimo Y Bia cepeaHboi JiHIT B MeXax
0a30Bo1 1oBXuHU / .

R, — cepenne apudpmeTnuHe BIAXUICHHS aOCOIIOTHUX 3HA4Y€Hb MPOQLII0 B

Mekax 0a30BOI JOBXHUHH [:

1 1
Ra = ;»([ [y (o). € y - BIAXWICHHS IPODIIIIO.
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R, — cepenHbokBasipaTU4He 3HAYEHHS BLAXWIEHD IPO(LII0 B MeKax 6a30Boi

JIOBXKWHU [:

R ji; — cyma cepeHIX aOCOJIIOTHUX 3HAYEHb BUCOT I'SITH HAOLIBIINX BUCTYIIIB

pod1Ito 1 TIMOUH I'ATH HAHOIBIIMX 3anauH NpoduI0 B MeKax 0a30BOi JOBKHUHHU:

5 5
;‘ym +IZ=1:‘yvi

Zjis = 5

R

b

1€ Y, — BHCOTAa 1-TO HAMOLIBIIOrO0 BUCTYIY HpOQIIIO, y,; — IIMOMHA 1-U
HANWOUIBINIOT BIAIUHU TTPOPLITIO.
R, — MaxkcumaibHa pi3HUL MK BUCTYIIaMH 1 3allaInHAMU 110 JECSITH TOUKax:

Rz = Zmax _Zmin

ne Zmax 1 Lmin 3HAYEHHS BUCTYIIIB 1 3aIIaMH BiAMOBIIHO.
Takoxx OyJio po3paxoBaHO CIIBBIAHOIICHHS IIJIOII aHAII30BaHOi 00JacTi B pasi
11€aJIbHO PiBHIM MOBEPXHI 10 MOBHOI IO MOBEPXHI aHAII30BaHOI 00J1ACTI.

N

ratio
SO
Sy - TIomIa aHani30BaHoi 00J1acTi B pasi 1/1eajJbHO PIBHOI MOBEPXHI.

S - moBHa 1UIOIIA TOBEPXHI aHAJI130BaHO1 00J1aCTi.

2.3 ®iznuni ocHoBu MeTtoay PPEC

[ToBepxHsi TBepAOro TiTa € YaCTHHOK 00'eMy Matepialy, IO BOJIOMIE
CTPYKTYPOIO 1 BIACTUBOCTSAMH, BIAMIHHUMU BIJl TAKHX K€ XapaKTEPUCTUK PEUOBUHU
B 00'eMHOMY CTaHI 3a JACSIKUMHU (PI3UKO-XIMIYHUMHU OpuuuHamu. [lo-mepiue, nai
BIJIMIHHOCTI BIJIOYBalOThCS 4Ye€pe3 HECKOMIICHCOBAHICTh BaJICHTHUX 3B'SI3KIB aTOMIB,
K1 3HAXOJASTHCS HA MOBEPXHI, a MO-APYre, Ma€ MiCIle CIOTBOPEHHS KPUCTAIIYHOL

CTPYKTYpPH, IO TaKOXX MOXE MPHU3BOIUTH 10 MIABUINCHOI pEaKIiifHOI 3MaTHOCTI 1
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3HAaXO/KCHHIO Ha TOBEPXHI PI3HUX aacopOOBaHMX MoJieKyl. Taka BeauunHA, SK
TOBILMHA MOBEPXHEBUX MIAPiB, 3a3BMuail ckaagae 3 + 50 A, me € yniBepcanbHoIO i
MOX€ CHJIBHO 3aJIeKaTH BiJl B3a€MOJIN Ha TOBEPXHI 1 MpUpoau Matepiany. B nanwmii
Yac eNeKTPOHHO-CIIEKTPOCKOMIYUHI JOCTIIKEHHS BIACTUBOCTEH MOBEPXHI € 001acTIO
3HaHb, II0 Ma€ BEJIMKE 3HAYEHHS IS CY4aCHOTO MaTepiallo3HaBCTBa, (HI3UKU
HAHOPO3MIPHHUX 1 MOJICKYJISIPHUX CTPYKTYP, (Pi3UKHK 1 XiMii TBEpJOTO TiJIa 1 TOHKHUX
wiiBoK. OMHUM 3 HaWOLIBIT 1HOOPMATUBHUX METOMAIB, IO JO3BOJISE MPOBOJUTU
KOMILJIEKCHI JOCTI/DKEHHS TUTIBOK HAHOPO3MIPHOT TOBIIMHH, € PEHTTEeHIBChKa
dbortoenexktponHa crnekrpockonis (PPEC). Bucoka mnoBepxHeBa 1 e€JIeMEHTHA
yyTiauBicTh poOssAiTh POEC He3aMIHHMM 1HCTPYMEHTOM JOCIHIDKEHHS IUIIBOK,
TOBIIMHA SIKUX HE TNEPEBHILY€E JEKUIbKOX HAHOMETPIB,  caM€ Takl IUJIIBKU
KOPUCTYIOTbCSI ~ HAaWOLIBIIMM  IMONUTOM Ui  BUKOPUCTaHHS B  CyYacHId
HAHOTEXHOJIOTIT Ta HaHOeNeKTpoHimi. [IpM TOBMIMHI IUIIBOK, IO HE MEPEBUIIYE
nekinbkox MoHomapiB, POEC no3Bosise TakoX IOCHIIPKYBAaTH TPAHUIIO PO3ILITY
IUTIBKA-MIAKIAJKa 1 peakiii, fKl MpPOTIKalOTh TaM MiJ 4Yac TeMIepaTypHUX 1
pamianiiiauX  BruBiB.  [lomiOHI  mocmimkeHHsS  HEOOXIMHI, HANPHUKIAI, B
HAHOEJIEKTPOHIL1, ¢ (OpMyBaHHS HEOAKaHUX CIOJIYK Ha TPaHULI PO3IULY CYTTEBO
BILJIMBAE HA CJICKTPUYHI XapaKTEPUCTUKN OTPUMAHUX CTPYKTYD.

Meton P®EC 3actocoByeThbcs 10 PEUOBUHU B Ta3oMoOAiOHOMY, pPIIKOMY 1
TBEpJOMY CTaHaX, 1 JO3BOJIAE€ JIOCHIIKYBaTH $K 30BHIIIHI, TaK 1 BHYTPIIIHI
CJICKTPOHHI 0OOJIOHKU aTOMIB 1 MOJIEKYJI, PiBHI €HEprii eJIeKTPOHIB B TBEPAOMY TiIi
(30Kpema, po3MoJIlT €JIEKTPOHIB B 30H1 MPOBIAHOCTI). J[Jis MoJieKys1 eHeprii 3B'sI3KiB
€JICKTPOHIB y BHYTPIIIHIX 000JOHKAX, CTBOPIOIOYMX iX aTOMIB, 3ajie’KaTh BiJ THUITY
XIMIYHOTO 3B's3Ky (xiMiuHl 3cyBu), Tomy P®EC ycmimHo 3acTOCOBYETHCS B
aHAMITUYHIA XiMil i1 BU3HAYEHHS CKJIAJMy PEYOBMHU 1 Yy (Di3uyHIA XiMmii 1S
JOCTIPKEHHS XIMIYHOTO 3B'S3KY.

VY ximii MeToa (OTOEeNeKTPOHHOT CHeKTpOoCcKomii BimomMuid mig Ha3Bowo ECXA -
eJIEKTpOHHA crieKTpockoris aisa ximiunoro anamizy (ESCA - electronic spectroscopy
for chemical analysis). B skocTi OCHOBHMX JOJATKIB METOAY MOXHa Ha3BaTH

HACTYIIHI:
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* SIKicHU 1 KUTBKICHUHM aHali3 MOBEpXHI (BC1 e1eMeHTH, nounHatouu 3 He);

* aHAJII3 3aPS0BOTO 1 XIMIYHOTO CTaHIB BUSBJICHHUX €JICMEHTIB;

* BUBYEHHSI 30HHOI CTPYKTYypHU TBEpPJOTO TiTa (MOXKIMBHM aHali3 BaJeHTHOI
30HH);

* IOCJIKEHHS PO3MOLITY XIMIYHUX CTaHIB IO MIMOMHI (TIpodiroBaHHs);

* 1 IO MOBepxXHI (KapTUPYBaHHs); BUBUCHHs peakIlii Ha MOBEPXHIi, 30Kpema,
KaTaizy;

* aHaTI3 JOMIIIOK 1 Ie(PEeKTIB Ta 1H.

MeTon peHTreHIBCbKOi (POTOENEKTPOHHOI CIEKTPOCKOMIT OyB 3alpONOHOBAHMIA
mBeAchkkuM ¢Q13ukoM Kaem 3ir6anom B cepenuni 60-X poKIB MUHYJIOTO CTOJITTS,
pobotu sikoro 3rogom (1981p.) 6ynu BigzHaueni HoGemniBchkoro npemiero. B ocHOBI
IBOTO0 METOAY JexuTh sABulle (GoToedekTy. KiHernuHa eneprisi (POTOENEKTPOHIB
Exin,» 110 PEECTPYIOTHCS B €KCHEPUMEHTI, BU3HAYAETHCS PiBHAHHAM: hv=Ey+Ey 0.
Enepris 3B's3ky E, Moxe po3risgaTucss sK pi3HUIL €HEpPrii MK OCHOBHUM 1
KIHIIEBUM CTaHOM aToMa MICJsl TOro, ik (DOTOEIEKTPOH MOKHWHYB aToM, (¢ - poOoTa
BUXOJy CHEKTpoMmeTpa (B pasi MpOBITHOTO 3paska). IcHye neskuil posmomin
HMOBIPHOCTI MOJIMBOTO KiHIIEBOTO CTaHy aToMa MIcJs 10H13allli, 1110 MPU3BOAUTH J0
BIJIMOBITHOTO PO3MOAUTY B KIHETHYHIM €HEprii eMiTOBaHMX €JICKTPOHIB. Pi3HUII B
MEepeTHH1 10Hi3allli pI3HUX PIBHIB BIJOMBAETHCS B IHTEHCUBHOCTI JIHIT CHEKTPY
(OTOENEKTPOHIB.

[Tpu ionizarii piBHiB p, d, f BigOyBaeThCsl MO KIHIIEBOTO CTaHY IO €HEPrii B
3QJIEKHOCTI BIJ] CIIH-OPOITAIbHOTO MOMEHTY (P12, P3n, din, dspn, fsn, f7,), 1m0
MPU3BOAUTH J0 PO3/IBOECHHS BIMOBIIHUX JIHINA CIEKTPY (Iy0JIeTH).

Crextp (OTOENEeKTPOHIB, IO OTPUMYETHCS B EKCIIEPUMEHTI, MICTUTH Pi3HI
Ipynu €JeKTPOHIB, SIKI YTBOPIOIOTHCS SIK B PE3YJIbTATI B3a€MOJIi PEHTI€HIBCHKOIO
BUMPOMIHIOBAaHHS 3 aTOMaMHM pEYOBMHH, TaK 1 B pe3yjbTaTi B3aeMOIIi
(OTOENEKTPOHIB 3 €HEPIeTUYHOIO CTPYKTYPOIO TBEPAOIO Tija B MPOLEC] X PyXy A0
noBepxHi. Jlo mepioi rpynu HajekaTh XapakTepHi JiHli (OTOEIEeKTPOHIB, OTPUMaHI
IpU 10HI3allli BHYTPILIHIX €IEKTPOHHUX 000JOHOK aTOMIB 1 BaJIGHTHOI 30HU 3pa3Ka, a

TaKoXX YTBOpEHHMX B pe3ynbTaTi Oxe-mporieciB (Bia iMeH1 (paHiry3pkoro di3zuka
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Pierre Auger, skuil 3ampomoHyBaB MOJENIb ILbOro mporecy). Oxke-mporec —
TPUCTYNEHEBUI TpOIIeC, 110 BUHUKAE TPU 10HI3awill OAHI€T 3 BHYTPILIHIX 00OJIOHOK
atoma (I-it  crymieb), pexkoMOiHaIii  BakaHCii  €JIEKTPOHOM 3  OUIBII
BHCOKOCHEPTeTHYHO1 000JI0HKH abo 3 BajeHTHoi 3oHm (II-cTyminp), mepemaueto
PI3HUII B €HEPIii TPETbOMY €JIEKTPOHY, KN TaKOXK MOKHUIA€ aTOM 1 PEECTPYETHCS B
excriepuMenTi ([I-ctymine). Takum urHOM, OXe-elIeKTPOH OTPUMYE €HEPTiI0 PIBHY
PI3HUII €Hepriid MIXK MOYAaTKOBUM 10HOM 1 IBi4i 10HI30BaHHUM KiHIIeBUM cTaHoM. Ha
TpeTboMy  cTymneHi  Ojke-mpouec  MOXE  3aBEpIIUTUCS  BUIPOMIHIOBAHHSIM
PEHTIeHIBCLKOTO KBaHTA, OJIHAK IMOBIPHICTH I[LOTO MPOIECY JJIsI TBEPJOIro Tijla
3HAYHO MEHIa WMOBIPHOCTI eMmicli enexktpoHa. Ha npyruii 1 tpetiii ctyneni Oxe-
IpoLEeCy HaWOLIbII YacTO 3a/1I0IOTHCS €JIEKTPOHU BaJEHTHOI 30HU Y 3B'SI3KY 3 UUM
pe3yapTytounii  Bua  Oxe-CIEeKTpy TMpeACTaBise Cco00I0 3TOPTKY PO3MOJALTY
CJIEKTPOHHO1 WIUIBHOCTI PIBHIB, $IKI O€pyTh ydacTh Ta MalOTh CKIJIAJIHYy Oaratro
KOMIIOHEHTHY CTPYKTypy. Takum 4yumHOM, (OTOIOHI3AIliS CTBOPIOE JIBA €MITOBAHHUX
eJIEKTpOHA - poToeneKTpoH 1 Oxe-enekTpoH. Cyma KIHETUYHHUX €HEepriid eMITOBAHUX
CJICKTPOHIB HE MOXE TIEPEBUIIYBATH CHEPTil 10HI3yI0UOT0 BUITPOMIHIOBAHHSI.

Jlo mpyroi rpynu HalexaTh «IUTa3MOHW» 1 catemiTu ctpycy. «I[lmazmonm» —
OCOOJIMBOCTI CTIEKTpPa, 3yMOBJIEHI BTpaTaMu €Heprii (hOTOENEeKTPOHIB Ha 30y KEHHS
KOJICKTUBHHUX KOJHMBaHb €JIEKTPOHIB B 30HI MPOBITHOCTI 3pa3ka. BimmosinHo, BOHU
PO3TAIIOBYIOTHCSI Ha CIIEKTPI MICIs OCHOBHOI JiHIT 3 O0KY BUCOKHX €HEpPIiil 3B'S3KY.
Carenitu CTpyCy MpeACTaBIsAIOTH cOO0I0 Pe3yJbTaT MPOLECIB pernakcallii atoma 3i
CTaHy 30y/UKEHOro 10Ha B OCHOBHMU CTaH, MpU SKOMY €Hepris (OTOETEKTPOHIB
3MEHIIYEThCS HA BIANOBIAHY BenuuuHY. [lojloeHHSI Ta 1HTEHCHBHICTH CATEJITIB
ICTOTHO 3aJIe)KUTh SK BiJ COPTY aTOMIB, TaK 1 BiJ OCOOJIMBOCTEH B3a€MOJii aTOMIB
MDK co0or0. ElekTpoHM, 10 BiIYyBadu OaraTopa3oBe HEMPY>KHE PO3CIIOBaHHS Ha
NUIAXY 10 TOBEPXHi, (OPMYIOTH XapakTEPHHUI (POH, 3pOCTArOYMil MOCTYMOBO B OIK
301IbIIEHHST €Heprii 3B'SI3Ky MICIS KOXKHOI JiHii crekTpy. IMOBipHICTH B3aeMoil
€JICKTpOHA 3 PEUYOBHMHOI 3HAYHO IIEpEeBEpIIyE IMOBIPHICTh Uil (POTOHIB, IO
OPU3BOJAUTH JI0 CYTTEBOI PI3HUII MDK TJIMOMHOIO IPOHUKHEHHS 10HI3YyHOUOTO

BUMNPOMIHIOBaHHSA (MIKpOHM) 1 TJHUOHMHOK BHUXOAY (POTOETEKTPOHIB (AECATKU
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anrcrpeM). TakuM yuHOM TOW (DakT, 1m0 Jwimie (POTOSIEKTPOHU, MO BUHUKIN B
TOHKOMY IIapi B KUJIbKa JECATKIB AaHICTPEM MalOTh HEHYJIbOBY WMOBIPHICTb
3aJIMIIUTH TBEpAE Ti0 0€3 po3CitOBaHHS, BU3HAYAE CYTO MOBEPXHEBY UYTJIMBICTDH
P®E-cnekrpockomii. BaxxnuBoro xapakrepuctukoio Merony POC e rmubuna Bigdopy
aHamiThuHoi 1H(popmariii. OCKUIbKM NHMOWHA TPOHUKHEHHSI PEHTTE€HIBCHKOTO
BunpomiHioBanHss B P®C nHa Oararo Ouiblie TIMOMHM BHUXOAY €MITOBaHUX
CJIEKTPOHIB, €PEeKTUBHA TIMOMHA BiIOOpY aHAMITHYHOI 1H(pOpMAIlli BU3HAYAETHCS
ocTaHHIM (aktopoM. KpurepiemM B JaHOMY BHUIIAJKy CIYXHUTh CEPEIHs JTOBXKUHA
BuUIbHOTO Mpobiry (CHBII) doTtoenektpona. 3a BuzHaueHHsim, CJIBII — 11e BiacTaHb,
IPU MIPOXOJ/KEHHI SIKOTO IMYYKOM €JIEKTPOHIB B TBEPAOMY TUII YHUCIO E€JIEKTPOHIB 3
I[I€}0 EHEPTi€l0 B JaHOMY MyUKy 3MeHIyeThes B e pa3. CIIBII enexTpona B TBepomMy
T — 1I€ CKJIaJIHa (DYHKIIIS IPUPOAH MaTeplay, HOro XIMIYHOTO CKJIaay 1 CTPYKTYpH.
JInst  «pO3plIKEHUX MATpUllb» (HANpUKIIAA, TMOJIMEPHUX MarepiaiiB) TiIuOuHa
B1100OpYy aHamiTH4YHOI iH(opMaIii ctaHOBUTH 5-10 HM, a IS «IIUJIBHUX MaTPHIIb
(manpukmnan, meraniB) - 2-3 HM. Hactimpku mana rnuOuHa BigOOpYy aHAIITHYHOL
iHdopmariii oOymoBIIO€ BUCOKY uyTIuBICTE MeTony PDEC no crany moBepxHi
3pa3ka: pO3MOALLY €JEMEHTIB MO TJIMOMHI, HAsABHOCTI 3a0pyJHEHb, MIOPCTKOCTI
MOBEpXHi. [HTEHCUBHICTH (POTOETEKTPOHHOI JIiHIT B CIEKTP1 3pOCTae 31 301IbIICHHIM
sHaueHHs CJIBII exexkTpona.

OpnHiero 3 HaMOUIBII BaXKJIUBUX MOXUIMBOCTEH meTony PDOC € MOXIUBICTH
BU3HAYCHHS XIMIYHOTO CTaHy aTOMIB Ha IOBEPXHI 3pa3ka 31 3MIHOIO BEITUYHHU
eHeprii 3B'A3Ky JiHIT (XIMIYHMIA 3CyB). ICHye BenMKa KUIBKICTh CIPOO pO3paxyHKy
XIMIYHOTO 3CYBY 1 aOCOJIFOTHO1 €Heprii 3B's3Ky, OJIHAK Ha MPAKTHUIl HEJOCTaTHE
3HAHHS YHUCEIBHUX 3HAYEHb BEJIMKOTO YHWCIA T[apaMeTpiB HEOOXITHUX  JUIs
pPO3paxyHKy TPHU3BOAUTH 10 HEOOXITHOCTI 0a3yBaTHUCSd Ha EKCIEPUMEHTATIbHUX
JaHUX, OTPUMAHUX Ha CTaHIAPTHUX 3pa3kaXx. OCHOBHUM EKCIEPUMEHTAIbHUM
dbakToOM MOXHA BBaXKaTH TE, MO XIMIYHHMHA 3CYyB JIiHII €JIEMEHTa 3aJIeKUTh BIJ
CTYNEHS OKHCICHHS IIbOr0 eJeMEHTa B JOCIIKYBaHIA CHOJyIll, a00 TOYHIIIE
CKa3aTH BiJl TOTO HACKUIbKH CUJIBHO €JIEKTPOHHA MIUTbHICTh IEPEPO3NOIUISIETHCA MIXK

JTOCTIKYBaHUM aTOMOM 1 HOTO cyciiamMu (BEIMYMHHU 3apsily Ha JOCIIIKYBAHOMY
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atoMi). OCKITBKM €Hepris 3B'I3Ky BHYTPIIIHBOTO €JIEKTPOHA 3aJeKUTh BIJ
MOTEHIIaJly CTBOPIOBAHOTO $IK ycCiMa €JIEKTPOHAMHM JaHOrOo aToma, Tak 1
HaWOJMKIOTr0 OTOUCHHS, TO JUIS BEJIWYMHU 3MIHM €HEpPTii 3B'I3Ky B MOPIBHSHHI 3
BUITAJIKOM BIJILHOTO aToMa MOKHA oTpuMaTu Takuii Bupas: AE, =(e, /1)q,+Emad, A€ qa
— edexkTuBHUN 3apsn atoma, E.,q — eHepris ManenyHra, 1m0 BH3HA4ya€ BIUIMB
CYCIJIHIX aTOMIB. 31 30UIBIIEHHSAM CTYII€HS OKHCJICHHS XIMIYHHU 3CyB, K MpaBUio,
3poctae. Ha po3noain enekTpoHHOI IIIIBHOCTI 1 BETMUUHY 3apsily Ha aTOMl ICTOTHUN
BIUIUB MOXYThb HaJaBaTh HaWOMmkul cycimm aroma. [lpu ogHAKOBUX CTYIEHSIX
OKHUCJIEHHSI MO3WTHUBHE 3PYIICHHS €HEprii 3B'SI3Ky 30UIbIIYETHCS 31 30UIBLIEHHSAM
€JIEKTPOHETaTUBHOCTI HallOImx4unx aroMis. [Ipu ibomy eHepris 3B's13Ky 1151 aTOMIB B
GyHKIIOHATBPHUX TpyHax Majio 3aJIeKUTh BIJ XIMIYHOI CHOJYKH, KyJId BXOJUTH
¢dbyHKITIOHaTBHA TPYTa, OCOOIMBO II€ CTOCYETHCS OPTaHIYHUX CIONYK. TakuM 4uHOM,
BU3HAYCHHS XIMIYHOTO CTaHy JOCHIJPKYBAaHOTO aroMa MoOKe OyTH 3BEIEHO 0
BU3HAYCHHS BEJIIMYMHU XIMIYHOTO 3CYBY 1 CIIIBBIJHECEHHS MOro 3 HasBHUMU
JOBIIKOBUMH JaHWUMH JIJISl IIHOTO aTOMa B IOCHIJIOBHOMY DSy CIOJYK 3 Pi3HUM
CTYTIEHEM OKHCJICHHS.

JIns  BU3HAYEHHS XIMIYHOINO CTaHy aToMa Ha TIOBEpPXHI B yMOBax
CJIEKTPOCTATUYHOI 3apsiIKM MOKe€ OyTH KOPHUCHUM BUKOpUCTaHHs Oxe-napamerpa,
10 BU3HAYAETHCA SK PI3HUI MOJOKEHHS (OTOENEeKTpOoHHIN miHli 1 Oxe-miHii Ha
CHEKTPI:

a:EkA-Ekp:Ebp—EbA , (23)
ne Exa 1 Eyp — BiZmoB1AHO KiHETHYH1 eHeprii Oxe-iHii 1 poToeneKTpoHHOI JiHii, Eyp
1 Eya — BIANOBIAHO eHeprii 3B'sA3Ky QoroenekTpoHHoi 1 Oske-nmiHii. OCKUIbKA
xiMiuyHU# 3cyB 171t OsKe-JiHIl MPOSIBISIETHCS CUIIBHIIIE, HIK IS (DOTOCIEKTPOHHOT
JHII, @ eNeKTPOCTaTUYHE 3CYB BHACHIIJOK 3apsiku oJHaKoBe, To Oxe-mapaMeTpu
MOXYTh OyTH €(PEKTUBHIMIUMHA MaJIUX XIMIYHHUX 3CYBiB. /{711 BU3HAYCHHS BITHOCHOI
KUTBKOCTI aTOMIB P13HOTO COPTY Ha MOBEPXHI BUKOPUCTOBYIOTHCS €KCIIEPUMEHTAIBH1
JIaH1 TIpo IO JiHii 1 pakTopa eneMeHTHOI uyTiauBocTi. Lleit mapamerp Hece B co01
iHdopmariito po GOTOCTESKTPOHHUIN TMEPETUH JaHOi aToMHOI opOitaii, TIuOuHY

BUXOZy (POTOCJIEKTPOHIB, €(PEKTUBHOCTI TporieciB (OTOIOHI3aMl JJIsI HOPMAIbHOL
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eHeprii (OTOENEeKTPOHIB 1 anapatHoi QyHKIIi. Y TOW yac sSK OUIBLIICTH MapaMeTpiB
nporecy (GoToeMicii ICTOTHO 3alieXxaTh BiJl MaTepiany, iX BIIHOLICHHS OJHM3bKE 10
MOCTITHOTO 3HAYEHHs, TOMY 4YacTKy aToMmiB aaHoro copty Cy B 3pa3Ky MOXKHa
BU3HAYHTH SIK:

ne | — i1HTeHCUBHICTD JdiHii, S — GakTop eneMeHTHOI YyTAMBOCTI. OCKIIbKHA OCTaHHIH
BKJIOUae B ceOe mapaMeTpu amapartHoi ¢yHKIi, To Halip (akToOpiB €JIEeMEHTHOI
YYTIMBOCTI HEOOXITHUHM JUIsl KOKHOTO JIPKEpEsia pEeHTI€HIBCHKOTO BUIIPOMIHIOBaHHS 3
PI3HHM KyTOM MIX JPKEpPEJIOM 1 eHeproanainizaropom [ 140].

PentreniBcbki (OTOENEKTPOHHI CHEKTPH 3pa3KiB amMOp(HHUX CIUIaBiB Oyiu
oTpuMaHi Ha (doToenekTpoHHOMY criekTpomerpl ¢ipmu JEOL “XPS-9200” 3
BUKOPUCTAHHAMM HeMoHoxpomatnuyHoro Mg K, (1253.6 2B) peHTIeHiBCbKOro
jkepena. PoGounii Bakyym 6yB He ripme 107 /7a. TouHicTh BH3HAYCHHS MiKiB
craHoBmia 0.1 eB. KaniOpyBanHs ciekTpiB mpoBoauiioch no Au 4f nunii E= 83.8 eB.

[onHe TpaByiieHHS TPOBOAMIIOCH B aTMocepi aprony 3 pexxumom 3 kB, 30 mA.
TpuBamicTh KOXKHOTO TpaBJICHHS CKagana 15 xs.

JUist BC1X MOCHIIKYBaHUX PEHTIEHIBCHKUX JIIHINA KUIBKICTh CKaHIB CTaHOBUJIA
He MenIie 200. AHai3 MOBEPXHEBOTO BMICTY €JIEMEHTIB MTPOBOIMBCS 3 ypaxyBaHHSIM

OJIHAKOBHX PEXXUMIB OTPUMAHHSI CTIEKTPIB 1 IEPETUHIB PO3CISTHHS.

2.3.1 Penmeeniscoka emiciuna cnekmpocKonisi

B icToTHI#I Mipi HeE3aJe)XHOK BiJ BIIACTHBOCTEH IIOBEPXHI 3pa3KiB €
iH(dopMarlis, MO0 OTPUMYETHCA B paMKaX PEHTTEHOCHEKTPAIbHOI METOJUKH, IO
BU3HAYAETHCS 3HAYHOIO MIPOHUKAIOYOTO 3JIaTHICTIO PEHTI€HIBCHKOTO
BUIIPOMIHIOBaHHSI.

PeHTreHiBchbKa CIIEKTPOCKOIIS SIK METO/I BUBYEHHS CKJIAJly PEYOBHH 1 iX €JIE€KTPOHHOI
CTPYKTYPH JI0 TENEepillIHHOTO YaCy BHSBIAETHCA B 3HAUHiH Mipi po3pobiaerum. Horo
OCHOBHI 17Iei, Teopis, YHUCJCHHI TPUKIAIA BUKOPUCTaHHS B JOCIIKCHHSIX

CJICKTPOHHOT OYJIOBU aTOMIB, MOJICKYJI, TBEPAUX TIJI MICTAThCA Yy BIJOMHX
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MoHoTpadisax M.A. bnoxiHna, N.B. bopoBcekoro, B.B. HemotkaneHko,
P.JI. bapuacekoro,  B.W. HedpemoBa,  JL.U. MazanoBa, E.A. XXypakoBcbkoro,
A.T. IllyBaeBa [141-149].

XapakTepuCTUYHE PEHTTEHIBCbKE BHUIIPOMIHIOBAHHS, sIK€  BiJoOpa)kae
CJICKTPOHHY CTPYKTYpPY PEUOBHH, BUHUKAE B MPOIIECT BHYTPIITHLOATOMHOI 10H13aI11i
Ipy iX ONPOMIHEHHI MOTOKAMU BHCOKOCHEPIeTHUHUX 3apSHKEHUX YaCTHHOK abo
PEHTTEHIBCbKMX KBAaHTIB 1 TOJAJbIIOMY 3alOBHEHHI YTBOPEHOI €JIeKTPOHHOI
BakaHCii. BukopucTaHHs pEHTTeHIBCHKUX MPOMEHIB B SKOCTI JKepena 30y KEHHS
bOTO BUIIPOMIHIOBAHHS € B sl BUMNAJAKIB OUIbII KpalUM 4Yepe3 iX MPaKTUYHO
HEpYWHIBHUM BIUIUB HA PEUYOBHHY 1 BIICYTHOCTI 3apsiiKU 3paszka. Y JAaHiil poOoTI 13
3a3HAYCHUX NPUYUH 1 OyB BHUKOPUCTaHWM IieH, TaKk 3BaHUNA BTOPUHHHUU a0O0
(dayopeceHTHUI, METOJ 30y IKEHHS PEHTI€HIBCbKUX €MICIHHUX CIIEKTPIB CHOJYK.

PeHTreHiBCbKl €MICiiiHI CMyTH MICTATh 1H(QOpPMAILI0 MPO CTaHW BaJCHTHOI
30HA 1 30HM TPOBIIHOCTI KpucTaina. Ha BiMiIHY BiJl €JEKTPOHHOI MUTOMOI
TEIJIOEMHOCTI 1 MapaMarHiTHO1 CHPUHHATIMBOCTI, 3a JOMOMOIOI SKHUX MOXHa
OIIIHUTH IIIJIBHICTh E€JIEKTPOHHUX CTaHIB Ha piBHI Depmi, BUBYEHHS PO3MOILITY
IHTEHCUBHOCTI B PEHTTEHIBCBKUX €MICIHHUX CMyrax J03BOJS€, B IPUHLUIIL,
JOCIIJIKYBaTH SK BECh EHEPreTUYHUN CHEKTP €JEKTPOHIB PEYOBHHH, TaK 1
€JIEKTPOHHY CTPYKTYPY KOXHO{ 3 HOro KOMIIOHEHT.

[HTEHCUBHICTh PEHTTEHIBCHKUX E€MICIHHUX CMYr MOX€ OyTH BHUpakKeHa

IHTErpajgoM

2

(eM ,,) ,
IVE (k) (2.5)

I(v) =V J.

S(E)

1o 13oeHepreruyHii nosepxHi S (E), ae nns kBagpara MOyt MATPUYHOTO €JIEMEHTA
WMOBIPHOCTI Tiepexoay (BajeHTHa 30HA, 30HA MPOBIAHOCTI - OCTOBHI CTaHU) MOKHA

BUKOPHUCTOBYBATH JUIIOJBHC HaOJIM)KESHHS B SAKOMY

P, =|eM,, ) = Al w,(kr)(E Jyo(kr)dV — (2.6)
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7€ e- HampsMOK BeKTOpa TmoTeHuiany A=Ae, vy, (kr) - XBWIbOBA (PYyHKIIIS
30BHIIIHBOTO EJIEKTPOHA, & W, (k,r) - XBUJIHOBA (PYHKIIIS €IEKTPOHA OCTOBHOTO CTaHY.
[aterpan y dopmyni (2.6) BU3HAYAETHCS TUIBKM Ti€I0 OO0MACTIO 3MIHU 30HHOI
XBUWJIbOBOT OYHKIIT w (k,r), B SIKIA y,(k,r) IOMITHO BIJIPI3HAETHCS BiJ HyNs. SKII0

BenuuuHa P, miusa pizHUX i30eHepreTnyHux mnoBepxoHb S (E) € dyHkIiiero, mo He
3QJICKUTH BiJ K B MekaxX KOKHOI 130€HEPreTUYHUX MOBEPXHi, TO y dopmyni (2.5) ii

MO>KHA BUHECTH 3a 3HaK 1HTeTpasa:

dsS
HE)=v|eM,, )| | ——, 27
0 S(IE) VE(K) 2.7
dsS
e S?L) |V E(k ) _ N(E)- IIUIBHICTH CTaHIB, 1 TOJI:
I(E)= VvV P(E)N(E) (2.8)

VY 3B'I3Ky 3 TUM, IO PO3MOAIA IHTEHCUBHOCTI B PEHTI€HIBCBKUX €MIiCIHHUX
CMyTrax 3aJIeKUTh BiJ JBOX IMapaMeTpiB, BUHUKJIO JBa HAMpPSIMKH B IHTEpIpeTallii
PEHTI€HOCIIEKTPAIbHUX AaHUX. B1NOBIAHO 10 MEPIIOro HAMPSAMKY HependayaeTbes,
10 HEMOHOTOHHHUM X1J] €HEpPreTMYHOi 3aJeKHOCTI I1HTEHCHMBHOCTI B CMyTrax
OOYMOBJIIOETBCSL CKJIATHUM XapaKTEpOM PO3MOJALTY 30BHINIHIX EJIEKTPOHIB 10
eHeprigx. OCTaTOYHO MUTAHHS MPO MPABWIBHICTH TOIO YW IHIIOTO MIAXOAY MOXKE
OyTu BHpillieHe TUTLKK Ha OCHOBI IIMPOKOTO 3ICTaBICHHS (OPMU PEHTTECHIBCHKHUX
eMICIHHUX CMYT 3 pe3yJIbTaTaMU BIATOBIIHUX TEOPETUUHUX po3paxyHKiB. Kpim Toro,
31CTaBJICHHS] CIIEKTPIB PI3HUX cepil gk 3a ¢GopMor, Tak 1 3a OCHOBHUMU
napamMeTpaMu - CIEKTPATbHOMY IOJIOKEHHIO, IUPUHI, aCUMETpii, IHTEHCUBHOCTI -
JT03BOJISIE, AKIIO HE BUKJIIOYUTH, TO, Y BCAKOMY pa3i, BpaXyBaTu BIUIMB HMOBIPHOCTI
nepexony. Ilpyu HassBHOCTI JOCUTH MOBHUX 1 HaJIWHUX JaHUX BUKOPHUCTAHHS LIOTO
METOy [JJs 3'ICyBaHHS €JIEKTPOHHOI CTPYKTYpH MOKE BHSIBUTHCS BEJIbMU
KOPHUCHHUM.

BrnnuB  iHOUBIAyadbHUX — OCOOJMBOCTEH  XIMIYHOTO  3B'SI3KY  MOJIEKYJ,

KOMIUIEKCIB, KPUCTAIIB BIIOOpaXKAETHCS HACAaMIIEpel Ha CHEPTEeTUYHOMY TOJIOKEHHI
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K,i-niHii. ATOM B KOHI€HCOBAaHOMY CEpPEAOBHUIII BIAPI3HIETHCA BiJl BIIBHOTO aTOMA.
Beryn aroma B XiMiuHMI 3B'SI30K NPU3BOAUTH 0 3MIH B HOTO €IEKTPOHHIN
HIUTBHOCTI, 0COOJIMBO YYTIIMBO 3MIHIOETHCS BAJICHTHA €JIEKTPOHHA IIIJTBHICTb.

Eneprii BHyTpilIHIX pIBHIB 1, BIANOBITHO, €HEPTii PEHTICHIBCHKUX JIHIM
CWJIBHO 3aJI€XaTh BIJ BEIIMYUHU PE3YJIbTYIOUOi €JEKTPOHHOI IIUJIBHOCTI HAa aTOMI.
BianoinHo, mapameTpu Oyab-sSKOi BHYTPIIIHBOI JiHIT MOYXXHA BUKOPUCTOBYBATH JIJIS
imenTudikamii XiMIYHOTO CTaHy aTOMIB B pEYOBMHI. 3a3BUYail i1 LbOTO
BUKOPUCTOBYIOThCS XiMI4HI 3CyBU K -miHII TOro YW IHIIOrO atomMa B psAy
JOCTIPKYBAaHUX CIIONYK, TaK SK 1€ JO3BOJSE MPOaHATI3yBaTH XapakTep 3MiH
€JICKTPOHHOT IIUIHLHOCTI 1 3B'13aTH 1X 3 IEBHUM CTAaHOM aToMa.

30kpemMa, B 3arajJibHoMy BUIAAKYy, K, -JiHIS po3lerunoerbes Ha 4
KOMIIOHEHTH. llpu 1boMy miApiBEHb 3 MAaKCUMaJIbHUM j CHJIBHO 3MILIYETHCA B
KOPOTKOXBHJIBOBY CTOPOHY, MPOMNOPIIIHO KIIBKOCTI HECTIAPEHUX 3d-eNEeKTPOHIB, 110
MOSICHIOETbCA  1HAEKCOM acumetpii (Outeie oaumnwmii) s K,-miHii, a  #oro
3aJIEKHICTh MPOMOPIIiiHA YHCITy HECHapEeHUX 3 d-€JIeKTPOHIB.

Orxe, enepretmunuii 3cyB K- m Kgj3 - mHIEM Hece 1H(opMamioo Ipo
Nepepo3IoAii €JICKTPOHIB B aTOMI MPU MOT0 BCTYI B XIMIYHUI 3B'SI30K.

Emiciitni  Kg, s-cMyr  peHTTeHIBCBKHMX CIIEKTPIB HECYTh 1H(OpPMALIIO IIPO
CTaHU BaJieHTHOT 30HHM. CHEeKTpaJbHUW PO3MOIIT 1HTEHCUBHOCTI IMX CMYT
BU3HAYAETHCSI HE TIABKU NIUIBHICTIO CTaHIB, a W IMOBIPHICTIO BIJMOBIIHOTO
nepexony. Tomy BiaTBopuTH Gopmy KpuBoi mmiibHOCTI ctaHiB N (E) B 3arampHOMYy
BUIIAJKy MalXe HEMOXKJIMBO.

Jlo cborogHi He ICHy€ €AMHOI AyMKH I@po HOXomkeHHd Kgpys-CMyrH.
®punman AOK. [150, 151] BBakae, mo Kgps-cMyra BHHHKAa€e BHACHIIJOK YUCTOIO
KBaIpyNOJIbHOTO d—1s - mepexoay, a po3MoAil IHTEHCUBHOCTI B Hiil BigoOpaxkae
pO3NOAUI CTaHIB d-CHUMETpli BaJIeHTHOI cMyrd. IHTeHcuBHICTH Kgs-cMyru 3Ha4qHO
Oulplla 3a Ty, SIKy CJHiJ OYIKyBaTH BHACIIJOK WMOBIPHOCTI KBaJAPYMOIbHUX
Mepexo/IiB.

HemuonoB C.A. 1 MenpmmkoB A.3. [151, 152] maroTh Take MOSCHEHHS

MeXaHi3My il BAHUKHEHHS. Kg,- cMyra BigoOpakae po3noJul eeKTpoHiB d-ciMeTpii B
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BaJICHTHIM cMy31, ajie i IHTeHCUBHICTD € OUIBIIOI0 32 1HTEHCUBHOCTD, 110 BIAMOBIIA€E
YUCTOMY KBaApymHoJdbHOMY d—1s mepexody, BHACHIIIOK HE3HAYHOi OMIIIKH p-
CTaHIB 1 TiOpuaM3alii cTaHiB spd-cumetpii. HasiBHe npumyiiieHHs mpo JesIKUii BHECOK
p-CTaHIB - BHACIIJIOK YOro 301IBHIyEThCA IHTEHCHBHICTH Kgs-cMyr mnepexigHux
MeETaJiB.

Hikonsckuit A.IL. 1 KypakoBcekuit E.A. [151, 153] 3poOunu cipoOy OIIHUTH
CTYIIHb YYacTl KBaJIpYyNOJbHUX IIEPEXOJiB B MeXaHi3Ml yTBopeHHA Kgs - cmyru, a
TaKOXX BUKOPUCTATH KBAJAPYMNOJbHE HAOMMKEHHS [JIi TOSICHEHHS HEMOHOTOHHOT
MOBEAIHKA IHTEHCHUBHOCTI CMYTH 31 3POCTaHHSM MOPSIKOBOTO HOMEpa €JIeMEHTA.
ITokasano, 110 BKIIIOYEHHS B MeXaH13M Kgs-CMyru KBapyInoJbHUX NepexomiB 3d— 1s
7A€  MOJKJIMBICTH BCTAHOBUTH 3B'SI30K MIXK CIIHOBUM MOMEHTOM aToma 1
iHTeHCHBHICTIO Kps-cMyTH.

HaliOu1bm 1OCTOBIpHMM MIAXOAOM IpH iHTeprperanii Kg,s-cMyru KanbLio
aBTOpYy BUAAEThLCA TBEpUKEHHS Hemomkanenko B.B. mpo Te, mo Kgs-cmyra
MOB'sI3aHa CBOIM TMOXO/KCHHSIM 3 JUIOJIBHUM p—1ls - mepexoioMm 1 BigoOpaxae
pPO3MOJLT P-CTaHIB y BaJeHTHIN cmy3l. CTaHW p-CHMETpii BIACYTHI y BIIMOBITHUX
BUIBHUX aTOMax 1 MpPOSBIAIOTHCA JIMIIE MNPU YTBOPEHHI KPUCTAIIYHOI PEUIITKA
BHACIIJIOK TIEPEeKpUTTS S, p 1 d-30H. Lle nmpunymenns miarBepkyoTh bioxin M.A.,
Hukudopos N.A. [153, 154] Ta 1u. [ns miATBEpIKEHHS CBO€I 1HTEeprpeTarrii
Hemomkanenko B.B. nposoguts 3icraBnenns K- 1 L-cmyr. Skmo gopma Kgs-cMyrn
BiJIoOpaXkae po3mojii ctaHiB d-cumeTpii, To BOHA MOBUHHA 30iraTucs 3 ¢Gopmoro L-
CMYTH, SKa € YACTUM JIMIOJIBHUM NepexoioM. HeBenrka qoMilliKa CTaHiB S-CUMETpIi
HE MOKE€ 1CTOTHO BIUIMHYTHU Ha (hOPMY CMYTH.

[{inny iH(oOpMaIliI0 TIPO €IEeKTPOHHY CTPYKTYPY Ja€ 3ICTaBICHHS B €IUHIN
€HEPreTUYHIN MKl CIeKTPIB BCIX KOMIIOHEHT CIHOJYK.
EXAFS-cnexkmpockonin (Extended X-ray Absorption Fine Structure). SlBuiie
JTAJIEKOi TOHKOI CTPYKTYPH PEHTTEHIBCHKUX CHEKTpPIB MOTJIMHAHHS Bimomo 3 30-x
POKiIB MUHYJIOTO CTOMITTA. OHaK Teopis Oyia po3podiieHa 10 movyatky 60-x pokis. B
cepenuHi 80-X pOKIB HOBE KOJIO 3aBJaHb, HOBlI €KCIIEPUMEHTAIbHI MOXKJIMBOCTI, 1110

3'IBUITHCS 34aBJAKN HIWUPOKOMY BUKOPUCTAHHIO CHUHXPOTPOHHOIO BHHpOMiHI-OBaHHH
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3pobm EXAFS - cnekrpockomnito OJHUM 3 METO/IB BUBUEHHS JIOKAJTHLHOT aTOMHO1
CTPYKTYPH, 110 HalOUIbI po3BuBarOThCA. O0macTh EXAFS nmounHaeThes Bij eHEprii
30+40 eB 1 npoctsaraerscs 10 4001000 eB 3a kpaem, Ttak sk B obnacti 10+40 eB
BUOUTHI E€JEKTPOH Ma€ Iie HE AYXKE BEIUKY KIHETHYHY eHepriro. Teopii ommcy
JAIeKOo1 B1Jl Kparo TOHKOI CTPYKTYpU MO>KHA po3aiiuTH Ha "long-range order" (LRO)
- abo "short-range order" (SRO) — Tteopii. [lepmmii meton OyB po3pobiieHuit
Kponirom B pamkax LRO- Tteopii. 3a i#oro ysBIeHHSM MiHIMyMH B Tepepisi
MOTJIMHAHHS 3'SBJISIIOTECA KOJIM (POTOENEKTPOH B PEIIITII BIIYyBa€ OpPETiBChKE
BIIOUTTS, TOOTO KOJIM XBWJIHOBUU BEKTOP (POTOEIEKTPOHY BUSBIISIETHCS Ha Kparo
3ouu bpiumoena. Orxe, s Teopiss EXAFS- monynsiiii 3acHOBaHa Ha 3aJ1€KHOCTI
IIUTBHOCTI CTaHIB IS KBa3iiMIyNbCiB BuIle piBHA DepMmi 1 BUMarae iCHyBaHHSA
nopsnky. Ongnak BoHa He onucyBana EXAFS B HeBnopsakoBanux Tinax. B Teopii
(GakTUYHO HEXTYIOTh JOMIHYIOUYMM €(QEKTOM MATPUYHOTO €JIEMEHTa IMEepPeXoy.
Cyuacue ysaBnenns npo EXAFS rpynryetscs Ha SRO — Teopii, siks chopmyiiboBaHa
B pobori [155].

Jlist moBHoOTO omucy (k) K-kpaiB mornmuuanusa 3d-meTraniB MU BUKOPHUCTOBYBAIH
BUpas [156]:

(k)= S |f (kalsin 2kR, + g, (k) e 77" 20w
K= L5 2 VR SI(2KkR; + @, e ,
J

J

ne k-Moaynb XBUJILOBOTO BEKTOPa (POTOENEKTPOHA,

JamT _ J2m(hv—E,)
h 7 '

R; -BixcTanp 10 j-ro atoma; fi(k,m) - ammmityna posciroBaHHA Ha3aj j-M aTOMOM JUISA

Flek-

€JIEKTPOHA 3 XBUIILOBUM BEKTOpPOM k.

ITix 3HaKOM cuHyca CTOITh (hazoBuii 3cyB. Pisuunsg 2kR; ckimamaerscs 3 3CyBy
¢da3 MK BHXITHOIO 1 BiTOOpa)k€HOI XBWISMH Ha NUISIXY JO j-TO aToMma 1 Hazaj,
¢$ha30BOTO 3CYBY IpHU MOIIMPEHHI eleKTpoHa 3 1 = 1, B moTeHIiall BJACHOTO aToMa

26,'(k) 1 ¢asoBoro 3cyBy 3BOPOTHOro po3citoBaHHA Ha j-M aTtomi @ (k). Taxum
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YUHOM, pe3yJbTylo4a, pisHHALA (a3 BuzHadaeThes cyMmoro: 2kR+26"(k)+¢i(k). 3cys
da3 ¢j(k) nopiearoe cymi 26" ;(k) 1 ¢;" (k).

IcroTHO, mO oOCKUIBKM Kk NOpIBHAHO BeIMKE, NpH BeluKux R; B cymi
3'ABIIAIOTHCS WICHHU, AKI XapaKTepU3YIOThCS IIBHJKOIO OCHUJIAIIEI B K-mpocTopi.
Taki ocuussLii HE MOXKYTh CIIOCTEPIraTUCS B PeaIbHOMY €KCIIEPUMEHTI, TaK sIK BOHU
3rIaKYI0Thes. ToMy B CyMi MO ] BpaxOBYEThCS TUIBKM HAMOJIMXKYe O aToOMy
OTOYEHHS.

Tak sax mgm1 EXAFS o6nacti (E>50 eB) mms npyXHOTO 3BOPOTHBOTO
pO3CIIOBaHHSI HEOOXIIHMM CHJIBHUM TOTEHLIal, PO3CIIOBaHHSA BI1JOYBAa€ThCA
MEePEBAXKHO HA 10HHUX OCTOBAX aTOMIB, B TOM 4ac SK BAJCHTHI €JIEKTPOHHU, Ha SKi
BIJIMBA€E XIMIYHE OTOYECHHS, IPAKTUYHO HE OEpyTh y4acTh B 1bOMY mporieci. OTxe,
s f(k,m) ta o(k) He 3amexarp B XapakTepy XIM3BS3KY 1 JIETKO OOYUCIIOIOTHCS
[157]. dnst oOpoOKM eKCIepUMEHTAIbHUX Pe3yJIbTaTiB OyJia BUKOPUCTaHAa METOIUKA
®dyp'e-nepeTBOPEHHS 3 TECOPETUYHUMHU 3HAUCHHAMU (DYHKIIH 3CyBY (pa3 1 aMIUITy]Q
po3citoBanHsi (Dyp'e-nepeTBopeHHsT 3 (dazor). BHUKOpPUCTAHO TEOPETUYHO
po3paxoBani ¢yHkuii amrmuityn 1 ¢a3 McKale [157]. MHoxHUK exp(-20j2k2)
BBCJICHHI JIJIs1 BpaXyBaHHSI TEIUIOBUX KOJUBAHb.

Muoxnuk  exp(-2Rj/y(k)) omucye mpomec  HENPY:KHOTO  PO3CISHHA
(poTOENEKTPOHA OTOYEHHSAM IOIIMHAIOYOrO aToMa IpU MPOXOJKeHH] BifcraHi 2R;.
v(K) — noBxkrHa BUIBHOrO MpoOIry (OTOENEKTPOH, IO 3aJIEKUTh Bl MOro MOIYJIs
XBUJILOBOTO BEKTOPA.

Bunainenns nopmanizoBanoro EXAFS-cnekrpa - y(k) 3 excriepuMeHTaIbHOTO
CTIEKTpa MOTIMHAHHS MPOBOIUIIOCS 332 CTAHAAPTHOI METOIUKOI0, BUKOPHCTOBYIOUU
TaKWAW BUpPA3:

x)=(rk)-po(k))/(po(k)- i (k)),
ne k — momyns xBUILOBOTO BekTOopa (poroenextpoHna; W(k)— excnepumeHTaIbHUIMA
KoedilieHT MorauHaHHs 3pa3ka; W (K)— koedilieHT NorIMHaHHS, 1110 BUHUKAE Yepes
yCl 1HII MpOLEeCH, 3a BHUHATKOM (DOTOIOHIZAIT JOCHIPKYBAHOI EJIEKTPOHHOT

000JIOHKM aTtoma (10Hi3alisg OUIbLI BHCOKO PO3TAIIOBAHUX EJIEKTPOHHUX PIBHIB,
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10H13aI] IHIMUX XIMIYHUX €JIEMEHTIB, PO3CiFOBaHHSA); Uo(k)—KoedilieHT mormmHaHHS,
KU criocTepiraBcs O y pasi BIICYTHOCTI CYCIJTHIX aTOMiB OJU3bKO MOTIMHAIOYOTO.

Jlns 3Haxomkenns Wy (hv) BukopucroByBanacs exkcrpamnosiis whv) mpu hv<E,
Ha obmacte hv>E,. Ilpu mpomy p,(hv) 3HAXOAMBCS B BUTIIAI MOTiHOMIB BikTOoprHa
C(hv) *+D(hv)*. AHanoriuna nporeaypa 3acTOCOBYBANAcs st 3HAXOMKEHHS o(hv)

YcknagaiorduM (HakTopoM € Ta 00cTaBuHa, 110 Ey He € moTeHIiaaoM 1oHi3arii
B 3araJbHONPHUMHATOMY CEHCl, a BIJNOBiJae €Heprii MOAO0 BHYTPIIIHBOTO PIBHA,
OTPUMABIIIA SKY €JEKTPOH MOKE, JOJETITH JO0 CYCIAHBOTO aToMa 3 HYJIbOBOIO
KIHETUYHO1 eHepriero. O4ueBHAHO, 11O ISl €HEpris MOXe He 30iraTtucs 3 €HEpriero
HEOOX1IHO1 Uil BHUJAQJICHHS €JICKTPOHA Ha HECKIHYEHHICTh, IO BIJNOBIAA€E
3BUYAMHOMY BHU3HAYEHHIO MOTEHINIaNy 10H13a1lli. bijabin Toro, 1 eHepris Moxke 0yTu
PI3HOIO JIJISl PI3HUX KOOPAMHALIWHUX cep, TaK K 3aJE€KUTh Bl POPMU MI>KATOMHUX
MOTEHI[IATIB B HAIIPSIMKY Ha aTOM, IO PO3CIIOE.

3Baxkatouu Ha 11e By Moxe He 30iraTics 3 TOUKOIO MEPETUHy Kparo MOTJIMHAHHS
1 Oyt abo OurbmMM abo MeHmmM. Ilpu mpoBenenHi moxaemtoBaHHsl Ey Oepetbes B
SAKOCT1 BUTBbHOTO mapametpa. [Ipu nibomy BiH Moke He 30iratucs Ha +30 eB.

SAxmo mnepenucaty y(K) 3 ypaxyBaHHSAM (QYHKLII paaialiIbHOIO PO3MOILITY

atomiB (OPPA), To 111 n- KOMIOHEHTHOT CHCTEMH HOPMOBaHa OCITMJIIOI0YA YaCTUHA
K cnekTtpa morinuHaHHS PEHTIEHIBCHKOTO BHUIIPOMIHIOBAHHS aTOMaMH 1- TO COPTY

w(k) npencraBnsieTbes y BUTIIAL IHTErpasibHOTO piBHAHHSI EXAFS:
o ( ) CHS o 2R/7(K)
Xl(k) 4TchZCJ jgu s1n(2kR+(pU(k))e dR,

€ Py — CEPENIHS aTOMHA IIUIBHICTB; Cj— KOHLIEHTPAIlis €JIEMEHTA.
PanmianbHUN po3MOiT aTOMIB HABKOJIO MOTJIMHAKOYOrO0 aroMa B TaKOMY
cee ' .
BUNAJKy BU3HAYAETHCA 3 (I)yHKuu g (R), mo oxep>xana neperBopennsm Dyp'e y(k):

g(R) = J x(l)kre 2 Rai

11’111’1

Bemmunan Ky 1 Kin B B 1i# hopmysii 3a7ar0Th 1HTEPBAJ, B IKOMY BEAECThCS aHaI3
EKCIIEPUMEHTAIbHUX JaHUX TPHUIOMY K. BU3HAYAETHCA BEPXHBHOIO MEKEIO

EKCIIEPUMEHTAILHUX JAaHUX, a K.,;, BUOUPAEThCA Tak, 1100 OyB MiHIMaJIbHUI BHECOK
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B (k) Big OmKHBOT TOHKOI CTPYKTYpPH CIIEKTpa MOTJIMHAHHS. 3a3BU4ail BUOUPAIOThH
knin=2.0v4.0 4, a k,.,=10.0-16.0 4. MHOXHUK K" B BBOAMBCS Ui KOMIICHCAL]
3MEHIIIEHH 7 3 pocToM k (3a3Buyait n = 1-3). HeoOXi1HO BiJI3HAYMTH, 110 HASIBHICTh

IIOTO MHOYKHHKA HE BIUIMBAE Ha OJICP)KYBaHI MapaMeTpu CTPYKTYPH.

g(R)= T x (k)" P(x)e 2™ dk.

BB oOMexeHOoCTI 1HTepBaIiB 00poOKH onucyeThes B paMkax (yHkIli BikHa P (k).
JUis 3MEHIIEHHs BKJIAaQy NOMMJIKOBUX MaKCHUMyMIB OYyJO BUKOPHCTAHO BIKHO Y
Burisial ¢ynkuii ['aycca [156]. Ilpu 1boMy BHKOPHCTOBYETHCS BIKHO HE BHOCHUTH
CIIOTBOPEHD B OJIEpKyBaHi pe3y/IbTaTH, NpHHaiMHi, B inTepBani 0 - 5 4.

Ha croroani icuye 6araro meroguk EXAFS-excrniepuMeHTy 3 BUKOPUCTaHHIM
CUHXpOTpoHHOro BurpomiHioBaHHs (CI), 30kpema: MeToAMKa Ha MPOIyCKaHHS,
meroauka QuyopecuentHoi EXAFS cnekrpockonii  (FEXAFS), weronuka
noBepxHeBoi EXAFS-cnekrpockomnii (SEXAFS), EXAFS-cnexkrpockomnisi 0nNTHYHOI
mominecuenmii  (XEOL), EXAFS -cmekTpockomis TIOBHOTO  30BHIIIHHOTO
B110MBaHHs. Y naHiid po0oTi EXAFS - exciepumeHT OyB MpOBEAEHUHN 32 METOAUKOIO

Ha IPOIYCKaHHS 3 BUKOPUCTAHHSAM CUHXPOTPOHHOI'O BUNPOMiHIOBaHH: [156].

2.4 MeToauky KBAHTOBOMEXAHIYHMX PO3PaXyHKIB eJIEKTPOHHOI OyI0BM Ta

BJIACTHBOCTEH CUCTEM 3 I[aJILHiM MOPHAAKOM

2.4.1 Teopia ¢yukyionany winonocmi i pieuanns Kona-Illema

Teopis dynkmionana uriapHOCTI [158-161] Oa3yeTbcs Ha JBOX TeopeMax
XoeHnOepr-Kona 1 3BOJIUTH 3ajladyy MPO CHUCTEMY B3aEMOJIIOYUX EJIEKTPOHIB JI0
(GIKTUBHOI CHCTEMI HE B3a€EMOJIIOUMX eNeKTpoHiB. [Ipu mpomMy cyma KBaapaTiB
MOJyJIIB XBUILOBUX (DyHKIIN pikTuBHOT cuctemu Kona-Illema nae TouHe 3Ha4YeHHS

J1s1 QYHKIT PO3MOALTY €JIEKTPOHHOI HIIIBHOCTI B MPOCTOPI KOOPAMHAT, a CHEPTis
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(bIKTUBHOI CUCTEMH JTOPIBHIOE €HEPTii CUCTEMHU B3a€MOJIII0OUMX YaCTUHOK [162, 163].
Cucrema Komna-lllema He nae xBuibOBUX (QYHKIH, SKI BIAMOBIJAIOTH CHUCTEMI
B3aEMOJIIOUUX CJIICKTPOHIB 3TiHO 11 MOOyAOBH. AJle Ha MPaKTUIl Pi3HI
CTHEKTPOCKOMIYHI XapaKTEPUCTUKU, SKI OyJIu OTpMMaHi 3a JOMOMOTO0 (HIKTHBHHX
XBUJbOBUX (PYHKIIIM, B OUIBIIOCTI BHUIAJKIB MPEKPACHO Y3TOKyBaIuCA 3
eKcrepuMeHTaIbHUMH JanuMu. Hanpuknan, B [164, 165] Oyno mokaszaHo, IO
pi3HUIIl MIX eHeprisiMu 30ymkeHux craHiB cuctemu Kona-lllema 3HaxomsThes B
XOPOLIOMY Y3TOJI)KEHHI 3 EKCIIEPUMEHTAIbHUMU JTaHUMU.

[cHyIOTh [1Ba TpaHWMYHUX BUMAAKH, KOJA HAONIMKEHHS HE B3a€EMOIIOUHX
€JICKTPOHIB HE Jla€ JTOOPOro y3ro[KEHHS 3 €KCIEPUMEHTOM: 1€ BUIMAJOK CIa0KOi
B3a€eMOJIIi (BaH-Aep-BalibCOBA B3a€MOJIis1), a TAKOX BHUMAJOK CHUIBHO KOPEIhOBAHUX
€JIEKTPOHHUX cucTeM. OCTaHHIA BUHHMKA€E, KOJIU AOCTIIKYBAaHE 3'€JHAHHS MICTUTH
okcup mepeximHoro 3d metany (mpuU4oMy OILIBIIOI MIPOIO II€ XapakKTEPHO s
«mi3Hix» 3d enementiB, Takux sk, Cu abo Ni) a0 MICTUTh €JIeMEHT 3 YacCTKOBO
3aMOBHEHOI0 f-000JI0HKOIO.

Teopist QyHKITIOHANA MIITEHOCTI € HAMOUIBII BUKOPUCTAHOIO METOJIUKOIO HE
TUIBKH JIJI1 PO3PAXYHKIB 3 MEPIIMX MPUHUUIIIB €JIEKTPOHHOI CTPYKTYPH MaTepialiB,
ajle 1 BJIACTUBOCTEH OCHOBHOTO CTaHy. Y 3B'SI3KY 3 LHMM pO3IIMPEHHS Teopil
dbyHKIIOHATA IMIIIBHOCTI 0 Teopii 30ypeHHs ¢yukmionana muibHOCTI (T3PIN)
BIJIKpUBAE JOCTYN ISl PO3pPaxyHKIB TakuX (I3UYHUX BEIMYHUH SIK JIEJIEKTPHYHI
TEeH30pH, (YHKII 3aJ€KHOCTI MICTEKTPUIHUX KOHCTAHT BIiJ 4acTOTH, €()EKTUBHI
3apsini bopHa, (QOHOHHI KOJMWBaHHSA 1 I1X JAUCHEPCIMHI 3aJieKHOCTI, TEH30pH
MIDKaTOMHUX CHJIOBHX B3a€MOJII 1 KOHCTAHTHU MPYKHOCTI, I'€30€IEKTPUYH]1 TEH30PH.
Bci 111 xapakTepuCTHKY 3HAXOIAThH IIISIXOM PO3PAXyHKY TMOXITHUX APYroro MOPSIKY
B €HEprii Mo 3CyBy OKpEMOTO aToMma Y370BXK O0OpaHoro HampsMky ((poHOHHE
0OypeHHsI), TOCTIHHOMY 30BHIIITHROMY €JIEKTPUYHOMY IIOJIIO, 30BHIIIHINA MEXaHIuHIN
Hanpy3i.

VY po3paxyHkax B pamkax Teopii (pyHKIIIOHAja MIUIBHOCTI BUKOPUCTOBYIOTH
HaOmmkenHss bopua-Onmnenreiimepa [166] abo amiabatnune HaOmxeHHs. OTKe,

CJIEKTPOHHY 3aJady MOXHa pO3rsgaTd y TMOJdl HEPYXOMHX flep, TOOTO
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["aminbTOHIAH CHCTEMH MOYKHA PO3AUIATH Ha JIBI HE3AJIEKHI YACTUHU: €IIEKTPOHHY Ta
STICPHY.

Ines Komna-lllema momsirae B TOMy, IO CHUCTEMY B3aEMOIFOUUX EIIEKTPOHIB
3BOJATHh A0 cucTeMu XapTpi-Doka (70 CHUCTEMHU B SKiH BIACYTHS KOPENSINS MiX

enexktpoHaMu) [167-169]. Takum urHOM, (PYHKIIIOHA €HEPTrii 3aUIIETHCS Y BUTTISII

E, [p|=T,[p]+E,[P]+E.[P]+E..[~] (2.9)

ext

Tyt To[p] - dyHKLIOHAN KIHETHYHOI €HEPrii CUCTEMH HEKOPEJIbOBAHUX EJIEKTPOHIB,
Eu[p]-bynkumionan Xaptpi, E.[p] — ¢pyHKIIOHAT 0OMiIHHO-KOPENSAIIAHOI €Heprii,
Eex[p] - ®yHKmioHan eneprii B3aeMofii €JEKTpOHIB 3 mojieMm saep. l[lomryk
EKCTPEMYMY I,OTO (YHKI[IOHATY aBTOMATUYHO MPU3BOJAUTH N0 piBHSAHBb KoHa-

[Hlema.

H, ¢ =<9 (2.10)
Tyt
. R, - 2 N
HKS = 0+V + xc +Vex[ = Vlz-l_ ‘ J‘{)(r_?dl”'-l‘vxﬁﬁvext (211)
! 2m€ 472'50 r—r"

V piBasHHI (2.10) xBUIb0Ba GYHKINIS, KA 3HAXOAUTHCS B MpaBiii YaCTHHI PIBHAHHS,
€ XBUJIBOBOI (DYHKIII€EIO KBAa31YaCTHUHKH, ajieé HE OAHOEJIEKTPOHHOI XBHIIbOBOIO
dbyHKuier0. Y TOW XK€ yac cyma KBaJpaTiB MOJYIIB WX XBWJIHOBUX (PYHKIH
JIOPIBHIOE €JIEKTPOHHIM MIUIBHOCTI. AHAJIOTIYHO & HE € CHEPri€l0 OJHOEIEKTPOHHOI
ioHi3auii. OCKUIbKM JiBa yacThHa piBHSAHHA (2.10) 3anexuTh BiJ €JIEKTPOHHOI
IIUTHPHOCTI CKJIQAHUM YUHOM, TO 11 PIIIICHHS 3AIMCHIOETHCSA 32 HACTYITHOIO CXEMOIO.
Cnouatky pO3paxoBYEThCSl €JIEKTPOHHA INIIJIBHICTh, SKa BIAMOBIAAE 130JIbOBAHUM
atomam. [ 1i€l TIUTBHOCTI PO3paxoOBY€EThCSA OOMIHHO-KOPEALIMHUN TOTEHINal, a
noTiM 1 XBWibOBI  (yHKINi, Bupimyodn piBHSHHA (2.10). Ilicns mporo
PO3pPAaxOBYEThCS €JIICKTPOHHA WIIJIBHICTh, K CyMa KBaJIpaTiB MOJYJIB XBUJIbOBHUX
¢ynkuiii. Ha HacTynmHOMY Kpolli 3HOBY BUpIIIyeTbcs piBHAHHSA (2.10) BUXOASYHM 3
HOBOT pO3pax0BaHOi UIIJILHOCTI 1 TaK /10 HACTaHHSI CaMOY3TOJIKEHHSI.

[Tpo6iemuuM nyHkToM piBHsHB (2.10) 1 (2.11) € Te, M0 SABHUM BUJ OOMIHHO-

KOPENSIHHOrO  MOTEHI[ialy I HUX  3aJUINAEThCS  HEBIAOMUM. Tomy
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BUKOPHUCTOBYIOTHCSl PI3HI ampoKCUMaIlll fK AJii OOMIHHOI YacTUHH, TaKk 1 AJs
KopersiiHoi. B pamkax HaOIMKeHHS JTOKaIbHOI MIUIBHOCTI OOMIHHA €HEprisi mMae

Bursia [170]
3 3 1/3
ELAT = 2| 2 ()3 (2.12)
=3 2] famo

OOminHui noteHmian, skuii irypye B piBHsHHI Kona-lllema, moxxHa 3anucatu y

BUTJISAIL

J 3\
o™ [n](r)= o hown=—| = | n("". (2.13)
dn V4

3naBasiocst 0, 0OMiHHA eHepris y BUrJsAl (2.12) noBuHHA OyTH CIIpaBeJIUBOIO
Juiie s ¢i1abo HEOIHOPITHUX EJICKTPUYHUX TOJIIB, ajle Ha MPaKTUIl BOHA MOXE
OyTH 3aCTOCOBaHa MPHU BHPIMIEHHI OUIBIIOCTI KBAHTOBOMEXAaHIYHMX 3aaad. [Ipore,
JUTSI CUCTEM KIHIIEBUX PO3MIpIB, TAKUX SIK 130JIbOBAaHUI aTOM, MOJIEKyJa abo Kiacrtep,
OOMIHHMI TOTEHI1aJI MparHe A0 HyJsl MO0 €KCIIOHEHTI MPY BUAAJIEHHI BiJl CUCTEMH Ha
HECKIHYEHHY BIJCTaHb, a MOBUHHO Oyt v(X)—1/[r|] mpu [r]—o0. KopensmiitHy
YaCTUHY MOTEHIIaTy anpOKCUMYIOTh, BAKOPUCTOBYIOUM Pi3HI TOYHI METOAMKH, SKi
JeXaTh 32 MeXaMu Teopii (PyHKIIOHANA LIIJIBHOCTI, HAMPUKIAJ, BUKOPUCTOBYIOUH
Metoauky Monrte-Kapmno [171, 172]. JIns Hel icHYIOTh pi3HI mapaMeTpu3allii, cepen
SAKUX HaWOUIbII MommpeHuMu € napamerpu3ailii [lepasto-3ynrepa (Perdew-Zunger)
[173], Bocko, Binka i Hyccapa (Vosko, Wilk and Nussar) [174], bapra 1 Xenina
[175]. B pamkax y3araapHEHOTO TPAaJIEHTHOTO HAOJIMKEHHS alpPOKCUMYIOTh SIK
OOMIHHY YacTHHY, Tak 1 KopeiysiiiiHy. BuxopucroBytoTs ampoxcumarnii [lepasro-
Benra 86 (PW86) [176, 177], llepapto-Benra 91 (PW91) [178], bexke 88 (B8Y)
[179], Iepasto-bypke-Epnzepxoda (PBE) [180, 181]. Ocrtanus anpokcumariisi €
TaKO0, 10 HAWOUIbII BUKOPUCTOBYETHCS B PaMKaxX Y3arajJbHEHOTO TPaJi€HTHOTO
HAOJMMKEHHsI 1 BUKOPUCTOBYBaJIacs B JaHiid po6oTi. OOMiHHA YacTUHA (PYHKIIOHATY
[lepasto-bypke-Epnzepxoda mno-nepiie 3aJ10BOJIbHSE YMOBI MacliTaOyBaHHS, IO-
Jpyre KOPEKTHO ONHCYE YMOBY OJHOPIIHOTO eneKTpoHHoro rasy. Ilo-Tpere,
IPAaBUJIBHO OMHCYE JIHIMHUI BIATYK y MeXaX OJHOPITHOTO €IeKTPOHHOTrOo razy. Ilo-

YETBEPTE 3aJI0BOJILHSE YMOBI JIoKainbHO1 Mexi Jlieba-Okcdopna [182]. Kopensmiiina
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YacTHHA MOTEHINIATY 33/I0BIIbHIE HACTYITHUM BIACTHUBOCTAM. [lo-mepiie, mpaBUiIbHO
BIATBOPIOE JPYTUW WIEH PO3KJIAJaHHS 3a CTYNEeHSIMH TpajieHTa B ci1abo
HeoHOpiqHOMY Tiodi. [To-mipyre, B Mekax, 110 IMIBUAKO 3MIHIOIOTHCS BOHA MParHe J0
Hyns. g ymoBa € HacmiIkoM mpaBuia cyMm Juisi oOMiHHO-KopensiiiHoi aii. Ilo-
TpeTe, KOopessliifHa eHepris 3pocTae JIHIMHO MPpU EJNEKTPOHHINA IIUIBHOCTI, IO

MOHOTOHHO 301JIBIITYEThCSI.

2.4.2 Bubip k-cimku, napamempa 3pizy KiHemuuHOi eHepeii i mpaKmy8aHHs

HanigoCcmosHux opoimaneti

PiBusinHa Kona-Illema 11l BaJIGHTHUX CTaHIB BUPILIYETHCS B MEPIOJUYHOMY
30BHIUIHBOMY €JIEKTPUYHOMY IIOJII, IO MPU3BOJUTH JIO TOTO, IO E€JIEKTPOHHI

XBUJIbOB1 (PYHKIIT MatOTh OJIOXIBCHKUM BUTIISI

v (1) = 1, (r)e> ™) (2.14)

ne GyHKIis U (r) Mae IepioIMYHICTh 30BHIIIHBOTO MOTEHITIATY SIEP.

TakuM YMHOM, XBWJIbOBA (PYHKIIS BaJ€HTHUX EJEKTPOHIB 3aJ€XKHUTh BIJ
napametpa K, orxe, piBHsHHA Kowna-lllema Mae BupimryBaTHUCS JUIsi KOXKHOTO
3HAUEHHA XBHJIbOBOTO BekTopa k, 1o HamexutTs mnepmriii 30H1 bpunmoena. Ha
NpaKTULl 1€ PIBHAHHSI BHUPINIYETBCA Ha CITHI pIBHOBiAMaIeHUX k-To4ok
(Monkxopct-Ilex citii). Hanpuknan, citka a;-a,-a; (1€ a;, a,, a3 — HaTypaJibHI YUCIa)
o3Hauyae, 1110 MacuB 3 k-touok Mae Burisan Ki=(n,/a;)-ky+(ny/ay) -k, +(ns/as) ks, ae ny,
n,, N3 MOXKYTh MIPUHUMATH JOBLIBHI HATypaJIbHI 3HAYEHHA N;<a;, N,<a,, N3<a; Ta HYJII.
VY 6inb1IOCTI pO3paxyHKIB Y JaHii poOOTi B pamMkax nojHonoTtenuiansHoro JIIIIB +
JIO, mnceBIOMOTEHIIAIBHOIO 3 Oa3sMCHUMHM IUIOCKMMHU XBHIsIMU 1 PAW MeTtomiB
BUKOPUCTOBYBaiacs ciTka 2-2-3. AmnHanoriyHa K-ciTka BHUKOpPHUCTOBYBajacs TpH
po3paxyHKax B paMKax JIHIHHOTO BIATYKY. Po3paxyHOK MOBHMX 1 MapuialibHUX
IYCTUH CTaHIB BHUKOHYBaBCS Ha CITIi 3-3-5. Y BCIX BUNAAKaX BUKOPUCTOBYBAJACA
ciTka 6e3 3CyBy.

Po3knananHs XBWiIbOBOI (GyHKIII MO OAa3UCHUM IUIOCKUM XBHJISIM BHUMArae

0oOpUBY HECKIHUEHHOT CyMH 3T11HO (2.15)
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wk,v)= Y o explitk +G)r] (2.15)

[k +G|<K pax

B pamkax noaomnotenmiaasHoro JIIIB + JIO MeToay BUKOPHCTOBYBABCS IMapaMeTp
Rymax=7. OCKibKH B OUIBIIOCTI BUMIAKIB paaiyc HaitmeHmoi MT-chepu nopiBHIOBaB
1.14 A, 10 Kuu=06.14 Biza. ox VYV po3paxyHKax 3a  JIOTIOMOTOIO
niceponoreHuiaibHoro 1 PAW wmeroaiB mapameTp 3pi3aHHS KIHETMYHOI €Heprii
OpaBcst Habararo OumeimuM, E =72 PinGepra, mo Biamosimae 3HaueHHIO K )=12.0
BIJH. Of1.

BukopucTtaHHs MOBHOEJIEKTPOHHUX METOJIMK Ma€ Ha yBasi pIIICHHS PIBHSHb
Kona-Illema nayis BCIX €JIEKTPOHIB, OCTOBHUX 1 BajeHTHuX. [lpu mpomy crif
PO3yMITH, IO TOJILJI HA OCTOBHE 1 BAJICHTHI €JIEKTPOHU B JaHOMY BHUIAIKY JOCHTh
YMOBHE, OCKIJIbKA OCTaHHI CKJIAJalOThCsl 3 BJACHE BAJIEHTHUX EJIEKTPOHIB 1
«HaMmiBOCTIBHUX». |0 OCTaHHIX BIIHOCATH €JEKTPOHHU, SIK1 B JIESIKIM Mipi BijJlalieHl
I0JI0 Sifiep, TOOTO iX EHepreTHYHE IOJOKEHHS HE MEHIIe, HDK MIHYC KiJbKa
onunuIls Pindepra. Takum 4MHOM, €IEKTPOHHA MIUIBHICTh 3aMUIIETHCA Y BUTIISIL:

nr)=n,,(r)+n,.(r)+n.(r). (2.16)
He3Baxatouu Ha Te, mo npu Bukopuctandi meroauku JIIIIIB + JIO piBusaus Kona-
[llema BupiNIytOTbCS JUISI BCIX €JEKTPOHIB TPaHUYHI YMOBHU JUIsl OCTOBHHX 1
BAJICHTHUX €JIEKTPOHIB pi3HI. [[1s BajleHTHUX 1 HaMIBOCTIBHUX EJEKTPOHIB
BUKOPUCTOBYIOTHCS TEPIOANYHI TPAaHUYHI YMOBH, B TOW 4ac SIK XBHJIbOBI (PYHKITIT
OCTOBHHUX €JICKTpoHIB oomexxeHl MT-cheporo, To0TO iX amrutityau 3a mexamu MT-
cthep nopiBHIOWOTH HYJH0. [Ipu BUKOpUCTaHHI TiceBIONMOTeHIIaIbHUX 1 PAW MeToauk
BUKOPUCTOBYETHCSI HAOIMKEHHS 3aMOPOKEHOTO OCTOBA, TOOTO OCTOBHO €JIEKTPOHHA
HIUTBHICTh (IKCYETBCA 1 HE 3MIHIOEThCS B mpouect [aptpi mukiy. Ilpu upomy
dbopmyna (2.16) 3anuIIaeTbCi COPABEUIMBOIO, TOMY BHOIp «HAMIBOCTIBHUX)
opOiTaneil TakoX 3aJUIIA€ThCS aKTyalbHUM. BuOip HamiBOCTOBHUX opOiTaned mis
ncepjonoTeHmianbHux 1 PAW MeTtoauk [jisi OTpUMaHHSI €JIEKTPOHHOI Ta aTOMHOI1

OynoBu JOOCTDKYBAaHUX CTPYKTYp BH3HAYA€ThCSI KOHKPETHUMH YMOBAaMH

PO3paxyHKy.
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2.4.3 Ilosnonomenyianonuu JIIIIB + JIO, ncesdonomenyianvuuti i PAW-

Memoou

[ToBHonorenmianeuuit  JIMIIIX wMeron moxoauts Bixm [IIIX wmetony,
3anpornoHoBaHoro Cuerrepom [183-185]. IcToTHE pO3BUTOK LisI METOAMKA OTpUMaia
npu BBEAEHHI AHJEPCEHOM KOHIENmii JiHidHuX MetoniB [186-190]. VY
noBHonoTeHuianbHomMy JIIIIX + JIO MeToni BUKOPUCTOBYETHCSI PO3OUTTS MPOCTOPY
MT-chepamu, npu npomy Bcepeauni MT-cdep 1 3a 1i MexKaMu BUKOPUCTOBYETHCS

pi3HHMiA Oazuc.
Ve (k ) = CXp (i (k + G)I’ ) - Yy IPOMIXKHIM 0071aCTi

we(k)=2,, ard (ki (r)+ bl (k iy ()Y, (F) - seepemmsi MT-cep (2.17)

3a mesxxamu MT-cdep sik 6a3uc BUKOPUCTOBYIOTHCS TJIACKI XBUJIl, B TOM Yac sIK
BcepeauHi MT-cdep BUKOPUCTOBYIOTBCS «aTOMHI» XBHJIbOB1 (DYHKIIIT 1 iX MOXIAHI.
SHavenns i koedimientie  a"®(k) Ta b *%(k) Bu3HAauaOTBCI 3  yMOB
Oe3mepepBHOCTI XBWIHOBUX (YHKINN 1 X paaiaibHUX MOXIAHUX Ha KopaoHax MT-
cdep.

BxitoueHHsT HamBOCTOBHUX oOpOitaied B 0a3uc BUMAarae J0J1aTKOBOTO
napametpa E,. Bupimenns miei nmpobieMu 311HCHIOETHCS OJTHAM 3 TPhOX HACTYITHHUX
croco0iB: 3MeHIIeHHsIM paaiyca MT-chepu [191] (e mpu3BoaAUTH A0 3JIUTTS 30H
JTOMYCTUMUX 3HaueHb s E), T.3B. NBOBIKOHHWN po3paxyHok [192] abo x

BUKOPHUCTAHHAM JIOKAJIbHUX opOiTaneit [193], 3rigHo (2.18).
brro (” )= 0 -3a mexamu MT-chep

oo ()= Aout (2 Bt B )+ Gt (B2 ()5 MT-cpepax (2.18)

Tyt enepris E; | — 11e enepris BajieHTHOro cTaHy, a B, — HamiBOCTIBHOTO CTaHy, SKa
. . . . o . a’LO
BIJINOBIJIA€ TAKOMY  3HAUYEHHIO KBaHTOBOro uucia l. Hesigomi xoedimientu Ay, ),
o, LO a,LO . .
Bim~, Cim NIOBHICTIO BU3HAYAIOThCS 3 HACTYNMHUX TPbOX YMOB: YMOBa
HOPMYBaHHS 1 YMOBHU PIBHOCTI HYJIO JaHO1 opOiTaii 1 ii moximHoi Ha kopaoni MT-
ctepu. [Torenmian Kona-Illema Mo)kHa 3amucaTy B TaKui Criocio.
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V(r): ZVIGe o y IPOMIXHiM 061acTi
G

V(r)= > Vi (r)v,(f) - Bcepemuni MT-cdhep  (2.19)

Y mpomikHIN 001acTi MOTEHIAT PO3KIAJAETHCS MO IMIACKUM XBWIsM. [Ipum
[IbOMY MepIIHi ujeH, sskuil BianoBigae G = 0, € MOCTIHOIO CKJIaJIOBOIO, a peliTa
BU3HAYAIOTh BIAXWICHHA Bif Hel. IlizcymMoByBaHHS POBOAMUTHCS JJISl BCIX 3HAUEHB
G<=Gpax. [Tapametp BiAPi3KkH Gyyax TIPU BIACYTHOCTI ATOMIB BOJHIO B CIIONYIII OpaBcs
piBauM 16 BigH. oA. [lpu po3paxyHKy eNEeKTpPOHHOI CTPYKTYPH T1JPOKCOANATHUTIB
KaJIbIIi10 1 KagMit0 G, JIopiBHIOBAB 20 BigH. O/I.

Ha croroanimiHiil 1eHb NCEBIONOTEHIIAIbHA METOIUKA 3 TUIOCKUMH XBUJISIMU
B SKOCTI 0a3ucy € HalnmomupeHimuM crocodom BupimeHHs 3aBaaHHs Kona-Illema.
BukopuctaHHs TICEBIOMOTEHIIANly ABTOMAaTUYHO Ma€ Ha YyBa3l HaOJIMIKEHHS
«3aMOpPOXKEHUX» OCTOBHUX opOiTaneir. [Ipu 1bOMy KyJTOHIBCHKMN TOTEHINAI
3aMIHIOETbCA OUIBII CIA0KUM TCEBAOMOTEHLIANIOM, OCKUIBKH OCTOBHI €JIEKTPOHH
EKPaHYIOTh B3a€MOJIII0 BaJICHTHUX EJIEKTPOHIB 3 simpoM. Ha crorogni icHyroTh JBa
PI13H1 MIIXO0U 11 OTPUMAHHSI TICEBIONOTEHIIATY («30epeKEHHSI HOPMUY) - 1€ CXeMa
Xamanna [194] 1 Tprommiep-Maptinca [195]. IlceBmomnoTreHiiany BHUBOASTHCA 3
BUXIJTHOTO aTOMHOTO CTaHy 3 BUMOTOIO PIBHOCTI MO aMILTITYJl MOBHOEIEKTPOHHUX
aTOMHHMX XBUJIBOBUX (PYHKIINA 1 MCEBAO(QYHKIIEID 3a MEXaMH pajiyca OCTOBa T
(oTxe, 1 pIBHOCTI €JIEKTPOHHOI IIUIBHOCTI), @ TAKOXk 3 PIBHOCTI BJIACHUX 3HAYEHb JJIS
TICEBJIOTIOTEHITIANTY 1 «ICTUHHOTO» KYJIOHIBCHKOTO MOTeHIiany. TepMiH «30epiraroTh
HOpPMY» O3Hadae, 110 CyMapHUW eJNeKTpUYHMM 3apsi, SKUH  BIANOBIAAE
niceBn0dyHKIIIT, BCepeUHI pajilyCy OCTOBa JIOPIBHIOE 3apsiay B ik obmacti. Tepmin
«30epiraroTh HOPMY» TaKOX O3HAYa€ BUKOHAHHS HACTYIHOTO CIiBBITHOIIEHHS, 1€
y(e, r) — XBWIbOBA (YHKIlA, AKka € pimeHHaM piBHsAHHSA [lpeninrepa sk s
CHPaBXKHBOTO MOTEHLIAy, TaK 1 JJIs ICEBIONOTEHINIaNy (€ HE 000B'AI3KOBO Mae OyTH

BJIaCHUM 3Ha‘ICHHHM).

I » 2 d [d _ ([T N
_Er |l//(8, r)| de Elnl//(é‘, r) e _IJO |l//(8, r)| r=drdQ (2.20)
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3anpononoBaHa B 1994 bnoknom [196], PAW-MeToMKa € aabTepHATUBHUM ILJISIXOM
70 TICEeBIOMOTEHIlaIbHOTO MeToxy, a Takoxk JIIIIIX wmetomukam BHpIIEeHHS
npoOjieMH, sSKa BHUKIMKajda dYepe3 MIBUAKY OCIHWJIAIIID XBUJIbOBUX (PYHKIIIH
BaJICHTHUX EJIEKTPOHIB B o0Osactsx, Oesmocepennuit Omusbkocti 10 siaep. Ilpu
3actocyBaHHI PAW-MeToAMKM SIK NpaBUJIO BUKOPUCTOBYIOTh  HAOJIM>KEHHS
3aMOpPOKEHUX OCTOBHHUX €JIEKTPOHIB, X0ua Lie¢ HE € 000B'I3K0BOIO BUMOrow. [Ipu
Bukopuctanai PAW-merony iHpopmaliis mpo XBUIbOBUX (PYHKIIISIX MOOTU3Y siiep HE
ryOUTbCSI, Ha BIAMIHY BiJ INCEBIONOTEHLIATBHUX METOAUK. TakuM UYMHOM, JaHUMN
meron, sk 1 JIIIIIB, pae MOXIUBICTD pPO3pAaXxOBYBATH TaKl XapaKTEPUCTUKU
MaTepiaiiB SK TPaji€eHT €JIEKTPUYHOTO MOJs, 130MepHI1 3pyuieHHs 1 T.4. Kpim Toro,
yepe3 Te, 110 T'eHEePYBaHHS IMPOEKTOPIB 1 TIaJAKUX NapliajJbHUX XBHJIb OXOIUTH Bl
yibTpaM'skoi nceBaoPyHkuii, To PAW-MeTonnka sk MpaBUiIO MPOSIBISE Kpally

30DKHICTD IIOJI0 KUTBKOCTI 0a3uCHUX (DYHKIIIH, HIXK MICEBIONOTEHIIIAIbHI METOIUKH.

OcHoBHO1O i1e€r0 PAW-MeTonuku € BUKOPUCTaHHS JIiHIMHOTO omeparopa T,
SAKWWA TUIaBHY (PYHKIIIO MEPETBOPIOE B HEIUIABHY XBUJIBOBY (DYHKIIIIO BaJIEHTHHUX

cTaHiB (sika € pimenHsM piBHsHHA Kona-Illema):

‘Wn>:f lﬁn> (2.21)

TyT 1HJIEKC n - 116 KOMO1HAIllsl HOMepa 30HU V 1 XBUJIBOBOro BekTopa K.

AT\, = 6,0 T

Wn) (222)
Oneparop T TEPeTBOPIOE XBHIIBOBY (DYHKIIIO TUIKH B Oe3MOCepenHiil GIM3BKOCTI
1o sikoi-HeOyapr MT-chepi Ta 3anumiae QyHKIII0 HE3MIHHOIO Ha BIJCTAHSIX JOCHUTh
BianeHux Big Bcix MT-chep. ToMmy ioro 3pyyHo NpeacTaBUTH B HACTYITHOMY
BHTJISII.

f:1+2fa

a

(2.23)

Tyt oneparop 7%, He NOPIBHIOE HYJIIO TiIbKU Beepeauni MT-cdepu a, TOOTO SKIIO
r-R° < r.", ne R* — ne momoxkeHus aroma a, 1.’ — pazaiyc cdepd ayrMeHTaIlii.
®opmanism PAW mae Ha yBa3i BiacyTHicTh nepetuHanHs MT-chep, xoda Ha

MPaKTHULl HEBEJUKE MEePETUHAHHS JOMYCKAEThCA 0€3 BTpaTH TOYHOCTI PO3PAXYHKY.
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Hanpuknan, oOcsar obnacTi mepeTuHy He MOBHUHEH MepeBHIlyBaTH 5% Bia oOcsry
MeHIIo 3 ABox nepeciynnx MT-cdep. Ycepenuni cep ayrMmeHTarii crpaBkHs

~a

XBUIIbOBA (YHKIIISI PO3KIALAETHCA M0 MapLiajbHUM XBHISIM ¢, Ul AKUX MOXHA
1

3alyCcaTy HACTYIHI CIiBBIJHOIICHHS.

#')=(+1)

¢Zl_a><_>fa

¢;ia> = ¢ia>_

[InaBH1 mapimiaabHi XBUJl (OPMYIOTh MOBHUN HaOip 0a3ucHMX (DYHKIIN BCepeauHi

<5i"> (2.24)

chep ayrMeHTalli, TOMy IUJIaBHY MOBHOEJIEKTPOHHY XBWJIBOBY ()YHKIIIKO MOKHA IO

HHM PO3KJIACTH.

r—-R¥<?

7).

(2.25)

‘V7n>:ZP§i
I

OcCkUJIbKY TIepexiJl BiJl MIaJKUX XBHJIbOBUX (YHKIIN 10 XBUIboBUX (yHKUIA Kona-
[llema 3miiicHIOeTbCA 3rigHO (2.21), TO pO3KIAaJaHHA XBWJIBOBOI (DYHKIIT 1O
napIiiaTbHIM XBHISAM OyJ/I€ TAKUM XKe.
—_7hy \— a
‘l//n> = T“/’n> = ZPm

1

r-R? <1r§l

(2.26)

#).

Ockinpku omeparop 7 — JiHIAHHH, TO KoedirienTn P moBuHHI OyTH TiHIHHUME
(GyHKLIOHATaMU TJIaJIKOi XBHJIbOBOT (DYHKIIIT lﬁn. Tomy iX MOXHa 3amucaTv 4epe3

IPOEKTOpH riaakux GpyHkmii P¢ srigno (2.27).

Ppi = <13i“ l/7n> = [dr B} (@-R*) 7, (r) (2.27)

Y poboTI BUKOpPUCTOBYBaJlacs CTPYKTYpHA pelakcailis, $Ka 3HaXOIUTh
MOJIOKEHHST aTOMIB B €JIEMEHTApHIA KOMIpIll, MIHIMI3yIOUH €HEPril0 eJIeMEHTapHOI
KOMIPKHM, BHUKOPUCTOBYIOUM airoput™m pobGotu [197]. B poboTi cTpyKTypHa
omTuMmiszaiis B pamkax moHonoteHiaasHo1 JITITIB + JIO MeTtoanku BUKOHYBajacs
TITBKH TIpH (PIKCOBAHMX, EKCIIEPUMEHTAILHUX MMapaMeTpax eIeMEeHTapHO1 KOMIPKH, B
TOM yac sK Juisl IceBIoNoTeHianbHoi 1 PAW MeTonuk BUKOHyBajacs K peiakcaiis

npu  (PIKCOBaHMX TMapaMeTpax eJEeMEHTapHOI KOMIPKHM, TaK 1 pelakcamis 3

OJIHOYACHOI MIHIMI3AIlI€I0 MEXaHIYHOI HANpyTH, IO JI€ Ha eJIeMEHTapHy KOMIPKY
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(TaKkUM YMHOM, PO3PaxXOBYBAJUCS MapaMETPH PEIIITOK CIOJYK almaTHTOBOTO PSY)
[200, 201].

Po3paxoBaHa eleKTpOHHA IIUIBHICTH B MPOCTOPI KOOPAMHAT B paMKax
noBHonoTeHmiansHoro JIIITIB + JIO meTomy BHKOpHUCTOBYBAjacs sl MOJATBIIIOTO
anamizy banepa. CyTb OCTaHHBOIO IMOJISITA€ B TOMY, IO MPOCTIP KOOPJMHAT

PO30UBAETHCS MOBEPXHIAMHU Ha 00J1aCTi 3 IICHTPAMHU Ha KOXXKHOMY aTOMI, TOUYKaMH, SIK1

3a710BoNbHAIOTE yMoBi VN(I)=0. InTerpyBanHs 006'eMy KoxHOi oOmacti maae
eeKTUBHUN 00 €M, SIKHW BIH 001iiMaB KOXHUM 10HOM okpemo. [lpu iHTerpyBaHHI1
3apsAy BCEpeAMHI KOXKHOI 00JacTi MU OTpUMYEMO €(EKTHBHMM 3apsii BaJIEHTHUX

€JICKTPOHIB KOXKHOTO 10Ha [202-205].
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BUCHOBKHA

[HCTanbOBaHO METOAMKY CKaHYBAJIbHOI TYHENBHOI CHEKTpOCKOmii Ha 0a3i
cepiiiHoro TyHenbHOro Mikpockony ¢ipmu JEOL, mo nHamana 3mMory IOCHiAUTU
CJICKTPOHHI CTaHW HAHOOO €KTIB Ha MPUKIIAII MOHOIIAPOBUX ILIIBOK OJAropoIHUX
MeTaliB, aTOMapHO YHCTOI MOBEPXHI MOHOKpHCTany InSe Ta HaHOKOMIIO3MTIB.
Po3po0isieHo METOIMKY CUHXPOHI3allli CUTHATY 3 HaKJIaJaHHSIM MaJioi CTPYMO3MIHHO1
MOJyJIbOBAHOI Hampyrd [0 Hampyru 3MmilmeHHa 3paska. Jocaimkeno dl/dV
XapaKTEPUCTUKU MOHOIIAPOBUX IUTIBOK METANIB Ta CIEKTPU T'YCTHUH €JIEKTPOHHUX
CTaHIB aMOP(HUX CIIJIaBIB HA OCHOBI 3aJIi3a.

Po3pobnenuit miaxig s gochipkeHHss BAX Moxke OyTH BUKOPUCTAHHM,
HAMpUKIad, [ TEXHOJOTIYHOTO HEPYWHIBHOTO KOHTPOJIIO  BUPOOHUIITBA
HaHOMATEpIAIIB 3 YHIKQJIbHUMU BJIACTUBOCTSAMHM, 30KpeMa, JUIsi HAHOEJIEKTPOHIKH,
CEHCOPHMX €JIEMEHTIB PI3HOTO MPU3HAYEHHS, PI3HUX CHUCTEM TEXHOJOTIYHOIO
KOHTPOJIF0O Ta JIOCHIIPKEHHsSI TPAHCIOPTY O10JIOTIYHO AKTUBHUX KOMIIOHEHTIB B
MEIUIMHI.

[IpoBeneHo OILIIHKY CIOTBOpIOIOYOro BBy Ha Tomorpadiuyni CTM-
300paxeHHs ¢opmu  30HJIA. BCTaHOBIEHO  3aJ€XKHOCTI  BOJIBT-aMIIEPHUX

XapaKTEPUCTHK TYHEIbHOTO MEPEXOAY BiJl po3MIpiB Ta (POPMHU KiHUS BiCTPS 30HIY.
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PO3JILI 3

HAHOCTPYKTVYPH Cu, Ag, Au, Ni TA In HA MOHOKPUCTAJITYHUX
[IOBEPXHAX KPEMHIIO ITPU IX TEPMIYHOMY HAHECEHHI

B ocraHHI poKH AOCSATHYTO 3HAYHUX YCIIXiB Y PO3BHUTKY (yHIaMEHTAIbHUX
JTOCHTIDKEHb 1 pO3pOOKH TEXHOJOTiM cTBOpeHHs 2D- metaneBux cTpykTyp. Ha
ChOTOJIHI 3HAYMMICTh TAaKMX MaTepialliB Mo3Hadymiacs B 0aratbox cdepax, 30Kpema,
K 3a3HA4YaJ0Ch B €JICKTPOHIIl, B HAYI[l IIPO MOBEPXHIO, OCBOEHHI KOCMOCY, 010J10TT1i,
HAaHOMEJUIMHI Ta 1HII. AKTYyaJIbHICTh HayKOBOTO MOIIYKY OOYMOBJIEHA 3pOCTAl0YUM
CHEKTPOM IMPAKTHYHOI'O 3aCTOCYBaHHS HaHOMAaTepialiB. 3a YMOBU BUPILICHHS PALY
HAYKOBUX 1 TEXHIYHUX MPOOJIEM 31 CTBOpEHHIO 2D-CTpyKTyp MeTajiB 3 HEOOX1THUMHU
napamMeTpamMu 1 BUTOTOBJIEHHS HEOOXITHUX €JIEMEHTIB 1 KOHCTPYKIIH, iX
BUKOPUCTAaHHS B Haylll 1 MpaKTHI OO0llf€e PEBOJIOLINHI 3MIHU. MaTepiain Ha ix
OCHOBI MOXXYTh 3HAWTH 3aCTOCYBaHHsS B OOYHMCIIOBAJIbHIA TEXHIIll, MPU CTBOPEHHI
KBAHTOBUX TEHEPATOPIB, B KOCMIYHUX JOCTIPKEHHAX, B 00JIACTI ONTHYHUX
KOMYHIKalii, B eHepretuiii Tomo. Cnermudika XiM3B S3KiB 1 IMOXITHI Bi HHX
OCOOJIMBOCTI CTPYKTYPHOTO CTaHY HaHOCTPYKTYpOBaHUX 1 2D-CTpyKTyp MeTaliB
OOYMOBJIIOIOTh YHIKaJIbHY CYKYIHICTh iX (DI3MYHMX BIACTUBOCTEH, B PsAAl BUMAJKIB
HE MaloTh BIJOMHUX aHaJOTiB. Bce 11e poOUTh HaHOCTPYKTypoBaHi 1 2D-cTpykTypu
METaJiB IIKaBUMHU 00'ekTaMu B (pi3uil 1 XiMii TBEpAOro Tija 1 BUKIMKAE IO HUX
BEJIMKUM TEOPETUYHUMN 1 TPAKTUYHUHN THTEpEC.

Posrnan  ¢i3uyHUX CTPYKTYpHHUX MOJeNed HaHOCTPyKTypoBaHux 1 2D-
CTPYKTYp MeTaliB B Teopil KOHACHCOBAHUX CEPEJOBHUII YaCTO JI03BOJISIE
chOpMYITIOBATH Psi/i 3aTaIbHUX 1 TOYHUX PE3YJIbTATIB, BIPHICTh SKUX B CBOIO YEpPTry
MOXe OYTH eKCIepUMEHTaJIbHO OOrpYHTOBAaHA TMPH JOCHIDKEHHI pPeajbHO
CUHTE30BaHUX HAHOCTPYKTypoBaHuX 1 2D-cTpyktyp Meranis. [Ipu 1iboMy B TepMiHaX
CTPYKTYpPHOi CaMOMNOAIOHOCTI, 1HBapiaHTHICTb IJISi TAaKUX CTPYKTYp JdOCSATA€THCA
[UIIXOM MHOXHUHHOTO HA0Opy TaKWX BHUIIAJIKIB, MPH SKUX peai3yeThCs peajbHa

KapTuHa ekcrepuMeHTy. CTaHOBJIEHHS METOJI0JIOTT BUBYEHHS BIACTUBOCTEH 1
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CUHTE3y HAHOCTPYKTYpOBaHUX 1 2D-CTpyKTyp MeETamiB MPUBEIO [0 3HAYHOTO
nporpecy B Iiif Heo3opiil obmacti. HaHocTpykrypoBani 1 2D-CTpyKTypu MeTaiB
MIPEACTABIIAIOTHCS CKIAIHUMH 00'€KTaMu, yMOBU (POpMyBaHHS, CTa0LIbHICTD, (h13UYH1
1 XIMIYHI BJIACTHBOCTI SIKMX BU3HAUYAIOTHCS HE TUIBKM aTOMHHUM OCTOBOM 1 THIIOM
YIOPSAIKYBAaHHS, aji€ 1 HAasBHICTIO PI3HOTO POAY HEAOCKOHAIOCTEH: TOMIIIKOBUX
IEHTPIB, TMOBEPXHEBUX CTaHIB Ta 1H. ToMy, MeToAu, L0  MPETEHIYIOTh Ha
aJICKBaTHUA CYBOPHI OIKMC peajbHOTO MaTepialy, IOBHHHI BPaxOBYBaTH BCE
PI3HOMAHITTSI YMHHHKIB, 110 BIUIMBAIOTh Ha HAOYTTS BIACTUBOCTEH. Y LIbOMY CEHCI,
(G13U4HI METOIU AOCTIPKEHHS € OJHUMH 3 HaBaXKJIMBIIIMX 1HCTPYMEHTIB BUBUYEHHS
CTpYKTypu pedoBMHU. CTBOpEHHS HOBUX MarepiajiB 13 3aJaHUMHU BJIACTUBOCTSIMU
HEMOXJIUBO 0€3 HIMPOKOT0 BUKOPHUCTAHHS HOBUX (DI3UYHUX METOJIB JOCIIIKECHHS
PEYOBHH 1 METO/IIB KBAHTOBOMEXaHIYHOTO MOJICITIOBAHHS iX €JIEKTPOHHOI CTPYKTYPH.
ApceHan cydacHMX (I3MYHUX METOJIB HACTUIBKM BEJIMKHUM, a 3acTOCYBaHHS ix
HACTIIbKM  PI3HOMAHITHO, IO TMOTPIOEH CHUCTEeMATHUYHUN pO3TJsA  TOpsa 3
TEOPETHYHHUMH 3aCaJaMH 1 BAOCKOHAJICHHSM TEXHIYHOTO 31HCHEHHS TOBHOBAXXEHD X
MPAKTUYHOTO BUKOPUCTAHHS.

Hanoctpyktypu OnaropogHux MeTajliB BUKOPUCTOBYIOTHCS y  Oararbox
CIIO’KUBUMX TEXHOJIOTISX, SIKI EKCIUIyaTylOTh iX (hI3WMYHI BJIACTHUBOCTI, 30Kpema,
ONITUYHI, €JIEKTPOIPOBIAHI, aHTHOAaKTepiaibHl Ta 1HII. [16-19]. Tak, BUKOpHUCTaHHS
HAHOYACTHHOK Ccpi0yia e()EeKTUBHO 3aCTOCOBYETHCA MPU KOHCTPYIOBAHHI €JIEMEHTIB
ONTUYHUX MPUJIAJIIB, 110 MOTJIMHAIOTH CBITIIO [206].

OpHi€l0 3 TOJOBHHUX MPOOJEM SIKI BUPIMIYIOTHCS (I3UMHUMH METOJaMU €
iAeHTHdIKalisl 1 BCTaHOBJEHHSA OynoBH pedoBHH. I[HDopmanis npo peyoBUHY
3aJIeKUTh BiJl CIOCOOY BIUIMBY Ha HHOTO B MPOIIECI EKCIIEPUMEHTY B PE3YNIHTATI YOTO
CUCTEMa TMEpPEeXOAUTh B JEAKUW 30y/KEHWM CTaH, MOJAJBIINNA PO3MaJ SKOTO
3a0e3neuye MosBy 3a MEKaMH CUCTeMH (DOTOHIB, €JICKTPOHIB 1 MOJICKYJIIPHUX 10HIB.
Peectpartiss cnemiaapHOIO amapaTtyporo MPOAYKTIB PO3CIIOBAHHS J1a€ PI3HOTO POIY
CHEKTPH, 10 BHUBYAIOTHCA. BU3HAUEHHS 3MIH BUIPOMIHIOBAHHS IMICIS B3a€EMOJIi 3
PEYOBHHOIO, 1110 BOJIOJIE€ CYKYITHICTIO (DI3WYHUX BJIACTHBOCTEH - MpsiME 3aBIaHHS,

OJIHAK OUIBIII BaXKJIWUBUM € DPIlICHHS OOEpHEHOI1 3ajaul - BU3HAYCHHS (HI3UYHUX
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BJIACTMBOCTEH 1 MapaMeTpiB Ha OCHOBI 3a3Hau€HUX 3MiH. [HTEerparis pi3HUX METO/IB
JOCTIPKEHHsT 30UIbIIye iX MOXMJIMBOCTI Y BHU3HauYeHHI (I3MYHUX MapaMmeTpiB 1
3M1MCHEHH] J1arHOCTHKHA. HaKomuueHHs pI3HOPIAHMX JaHUX JO3BOJISAE€ BHUSBISATH
3aKOHOMIPHOCTI 1 BCTAHOBIIOBATH KOPEJSAIIT MIX PI3HUMH XapakTepucThukamu. JlaHi
KOXXHOTO METOJIy € YHIKaJIbHUMHM, aje HE JUBIAYUCH HA JOCATHYTY PO3POOJICHICTD
psAoy METOMIB, IMPOILIEC PO3BUTKY, NOTIMOJICHHS 1 PO3LIMPEHHS 3aCTOCYBaHb
NPAKTHUYHO BCIX METOMAIB TpuBae. OHIEI0 3 HAMBAXIMBIIIUX MPOOIEM 3aIUIIAETHCS
ONTUMAJIbHUM BUOIp MeToay abo Tpynmu METOJIB 3 YpaXyBaHHSIM IX MOXJIMBOCTEH.
He3anexHo BiJl MPaKTUYHOI TOCTYIMHOCTI TOT'O YM 1HIIONO METOAY MOCTIHHY LIHHICTb
MPEACTABISAIOTh MIPUHIIUIIOB] MOXKJIMBOCTI METO/IIB, 1X OCBOEHHS MAa€ CIPUSTU OLIbIIT
rIIMO0KOMY PO3YMIHHIO Ta €(EKTUBHOMY BUPIIICHHIO HA3P1BAIOYHX MTPOOJIEM.

IlosBa B ocTaHHI JECATHIITTA HOBHX 30HJOBHUX METOIIB HOCIIUKCHHS
JIOKaJIbHOI aTOMHOI Ta €JIEKTPOHHOI OYyJOBH — 30HJIOBOI TYHEIBHOI MIKPOCKOIIi Ta
CIEKTPOCKOTIIi, 30HJ0BOI aTOMHO-CHJIOBOI MIKpOCKOITi ()OPMYIOTh HOBHM MiAXiJa JI0
BUBYEHHS PEYOBHMH B HAHOMETPOBOMY Jl1aMa30HI.

BuxopuctanHs KOMIUIEKCHOTO MiIXOAy TpH JOCHI/DKEHHI 3a/la€ i€papxidyHe
PO3YMIHHS PaKypcCiB YABJICHHS MPO JOCIIKYBaHY CUCTEMY Ta B JOCIIJPKEHHIX MOXKE
BHBECTM HA KOMIIO3MII CKJIQOIB 3 I[IKAaBUMU BJIACTUBOCTSIMH, OJHAK METOIO
IpernapaTUBHOIO TMOIIYKY 1 OCHOBOIO CHHTE3y CHOJYK 13 3aJaHMMH CKJIaJIOM,
IPOCTOPOBOIO OPTaHi3alli€l0 Ta EKCTPEMAIbHUMHU [JIs HUX BIIACTUBOCTSIMU MOXKE
CTaTH TUIBKH OCSATHEHHS 1 OBOJIOJIIHHS MEXaHI3MOM I1HIIIHOBAaHUX TICPETBOPCHD.
HampaBnenuii cuMHTEe3 HOBHX MaTepialiB MOXJIMBUN JIMILIE 32 YMOBH TJIMOOKOTO 1
BCEOIYHOTO JOCIIKEHHS! HassBHUX Y PO3MOPSIXKEHHI AOCTIAHUKIB CIOJIYK, a TaKOX
EMITIPUYHO TIepe0aYeHUX 1 CHHTE30BaHUX ITi]1 Yac TOIIYKY.

Pi3HOoMaHITHI BIacTUBOCTI 2D-CTpyKTyp MeTajiB SK BIJOMO 3HAYHOK MIpOIO
BU3HAUYAIOTBCA 1X EJIEKTPOHHOIO OylOBOIO, BHACHIIOK YOr0 BCTAHOBJICHHS
3aKOHOMIPHOCTEH (HOpMyBaHHSI €JNEKTPOHHOI CTPYKTypHU BIEpIIE CHHTE30BaHUX
CIOJIYK € HaBa)JIMBIIIMM €TaloM B po3poOIll METOJAUK OTPUMAHHS HOBHUX
MaTepiajiB aHaJOriB 13 33JaHUMU XapaKTEPUCTHUKAMHU. 3Ba)KalOUM Ha Ba)JIHUBICTb

O3Ha4YeHOi MpoOJieMU B JaHUM yac MalyTh Ba)XKO BKa3aTH Ha TI METOJHU, SIKI HE
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BUKOPHUCTOBYBaIUCA O MpU JOCHIIHPKEHHI HEBHOPSAKOBAHMX CIIOJNYK 1 Cepel HUX
CHEKTPaJbHI METOAM € OAHMMHU 3 HalOUIbII €()EeKTUBHUX Y BUBUYCHHI €JICKTPOHHHUX
BJIACTUBOCTEN PEYOBHUH.

Ha cporogni, He3BakalouM Ha JOCUTh BEIMKY KUIBKICTH poOIT, Teopis
€JICKTPOHHOI OyJOBH HEBIIOPSAJIKOBaHUX CIIOJIyK BCE 1€ JajeKka Bl CBOTO
3aBEpUICHHSI, MPUCBSIUYECHUX JOCIIKEHHIO PATYy KOHKPETHUX PEUYOBUH 3IaJlaHOro
tuny. Lls oOcraBuHa TmOB's3aHa Hacammepea 3 BIACYTHICTIO MEPEKOHINBUX
CUCTEMAaTHU30BaHUX [aHUX IIPO XapakTep MDKATOMHHUX B3a€EMOJIHN, 3apAJoBUX 1
CHIHOBUX CTaHax aTOMIB, EHEPIeTUYHOMY PO3MOJAUII BaJE€HTHUX E€JIEKTPOHIB PI3HUX
CUMETPI 1 B MepIly 4Yepry BIACYTHICTIO HACTUIBKM YHIBEPCAIbHOIO MIAXOIY SK
TeopeMa bioxa Jij1s1 pe4OBUH 3 JaIbHIM MOPSIKOM.

[TutanHsM JoKasi3alli eIeKTPOHHUX CTaHIB, €JIEKTPOHHO-EHEPreTUYHOI Oy I0BU
BAJCHTHUX CMYT, B3a€MO3B'SI3KYy AaTOMHOI Ta €JIEKTPOHHOI OyJOBH, a TaKOX

dbyHKuioHaTEHUMU BIacTUBOCTSIMU (-, 2D Ta 3D-cTpykTyp npuCBIUEHUH 1IeH PO3ILIL.

3.1 YnopsiikoBaHi HAHOCTPYKTYpPH O0JIaropoJHHUX MeTAaJIiB HA MOBEPXHAX Si

(111) Ta Si (110) npwu iX TepMiYHOMY HAHECEHHI

3.1.1 Hanocmpyxmypu 3010ma

Hanecenns 30710Ta Ha NMIArOTOBJIEH] aTOMAPHO YMCTI MOBEpXHI KpeMHito (111)
ta (110) (puc. 3.1) TpoBOAMIIOCH METOJIOM TEPMIYHOIO 3aMopolleHHs. Yac HaHeCeHHs
CKJIa/IaB BiJ JEKIJIbKOX JI0 IECATKIB CeKyH[. HaneceHHs MeTany Ha MOHOKPUCTAIIYHY
MOBEPXHIO MPOXOAWJIO 03 MIAIrpIBY YM OXOJIOJKEHHs 3paska. JlociiikeHHs
OTPUMAaHUX HAHOCTPYKTYp MPOBOJMINCH 3a TpbOMa CXEMaMH - IPU HarpiBaHHI,
KIMHATHI TeMmmeparypl Ta TeMIepaTypi piakoro a3oTy. Bci 300paxeHHs Ha

TyHeIbHOMY Mikpockoni JSPM-4500 npoBoAMIIKCE y PEeKUMI OCTIHHOTO CTPYMY.
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a)
Puc. 3.1. CTM 300pakeHHs TOBEPXOHh MOHOKpHCTaIy kpemHiro: a) Si (111); 6) Si

(110).

BapitoBanHAM TlapaMeTpamMH HAHECEHHS, a caMe, YacoM 3alopOIIeHHS,
BIJICTAHHIO BiJI KIOBETH JI0 3pa3ka, TUCKOM Yy KaMepl, TeMIEepaTypol0 pO3IUIaBy y
KIOBETI MOKHA OTPUMYBATH PI3HOMAHITHI HAHOCTPYKTYpPHU OJaropoJAHUX METaNliB, K1
HaBeneHO Ha puc. 3.2 [207]. MokHa OTpUMaTH TIeKCaroHaJIbHE YHOPSAKYBaHHS
KJIaCTEpIB 13 MOHOMOJAJIBHHM PO3MOAUIOM 3a po3MipoM ~ 4.0 HM Ta CTOPOHOO
mecTukyTHuka  ~ 5.0 aM (puc. 3.2, a). dopma Takux KiacTepiB OJM3bka 10
chepuuHOi, a TeOMEeTpis CaMOro BIOPSAKYBaHHS OJiM3bka 1O TeOMETpii
MoHOKpucTaniuyHoi moepxHi Si(111) 7x7 (puc. 3.1). Ha (puc. 3.2, b) HaBeneHo
BIIOPSAJIKYBAaHHS KJIACTEPiB MPUOJM3HO TaKUX K€ PO3MIpIB Ta JEH0 3MIHEHOIO
($hopMOI0 10 OBAJIBLHOT Y BUTJIISA/I JTAHITIOKKIB. [Ipy AESIKUX TEXHOIOTIYHUX YMOBAX MH
OTPUMYBAJIM JIUCTOMOJIOHI HAHOCTPYKTypu 3ojiota (puc. 3.2, 1, pwuc.3.3).
CrocrepekyBaHa KapTHHA YTBOPEHHS Ta POCTY TaKUX CTPYKTYp HOCHTH
dbpakranpHuil xapakrep. [Ipu 11poMy 3HaYHA YacTHHA MOBEPXHI MPOJEMOHCTpYBaJia

KJIaCTepHMI KOHCepBaTu3M. [leTasni HepiBHOCTEH OBEPXHI HaBeIeH1 Ha puc.3.2.
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Puc. 3.2. HanoctpykTypu 3050Ta Ha noBepxHi Si (111) (a-1).

TpuBani mpoMiKKHA yacy HaHeceHHs (OMu3bko 1 XBWIIMHH) TPHU3BOAMIN IO
pocty roakononioHux kpuctanis (puc. 3.2, d). Cepeaniil po3Mmip y JIOBKUHY TaKUX
TOJKOMOMIOHNX KpucTaiiB ckiagaB ~ 20.0 M, a giametp ~ 7.0 um. Crnocrepiranock

HE3HAYHE YIMOPSIKYBaHHA (TEKCTYpyBaHHS) HAHOKPHUCTAJIB 3a OOpaHUM HaIPSIMKOM.
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Po3mipu kpucTaiiB BKa3yBajiu Ha HasBHICTh 3HAYHOI YaCTUHHU MOBEPXHEBUX aTOMIB —
omu3pko 18 %. HepiBHOCTI MOBepXHI MpH OILIHII TEpernaay BUCOT CKIafalld He

oinbire 3.0 HM, 1110 XapaKTepHO JJI1 POCTY HAHOKPHUCTAIIB.

4.58HMm
3.67HM

2.75HM

1.83HM
0.92HMm
0.00HM
2.770HMA s N :/,.._\\\
2.670HM- V' ™ 4 1
2.570HM] " A ¥ 1/~ 24 2
2.470Hm+, \/
2.370HM
2.270HM-
8.0HM 16.0Hm 24.0Hm 32.0HMm 40.0HMm

Puc. 3.3. CTM 306paskeHHs moBepxHi 301m0ta: a) 133x133 um’; 6) 83x83 uM’.

OnHuM 13 1IKaBUX pe3yJbTaTiB CTa0 CTIMKE OTPUMAaHHS TIeKCaroHaJIbHO—
nipaMiiaibHuX CTpyKTyp (puc. 3.2, e). ['ekcaroHanbHO-TipaMiiajibHI YTBOPEHHSI IO
yCiil IUIOMIMHI 3pa3ka Majld pi3Hy BHUCOTY Ta IUIONILy BEPXHbOI IUJIOUIMHH, IO
MOSICHIOETHCS  HEPIBHOMIPHUM TMOTOKOM COpPOLIMHUX YAaCTMHOK Ha IOBEPXHIO
kpuctany. OpHaK, JOBOJI YacTO CIOCTEPIrajJoch CIIBMAMIHHSI I1X BHUCOT (SK,
HalpuKiIaJ, HaBEJIECHO Ha pPHUCYHKY). biuHa rpaHp mipamigu QGopMyeTbcs 3a
dpakTaIbHUM MPUHIIAIIOM, IO XapaKTePHO ISl BUTIAJKY YTBOPEHHS HAHOCTPYKTYD B

YMOBAaX JaJIeKUX BiJ PIBHOBAKHHUX.
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Jlnis GBI IeTaNbHOTO aHalli3y TeKcaroHaJbHO-MipaMialbHUX HAHOYTBOPEHb
po3rsiHEMO BUAlIeHI obOmacti Ha puc 3.4a. O6nacte A (puc.3.4) MICTUTH
1H(popMaIito PO OJIMH 3 TaKUX YTBOPEHH 1 1i Bi3yanti3allisl HaBeJleHa Ha puc. 3.5a, e
BUJIHO, IO Tipamiga mae Bucoty ~ 0.6 HM 1 ckimamaeTbcs 3 8§ cxoamHOK. OTxe
cepeHsl BUCOTa CXOJMHKU 3POCTaHHS CTaHOBUTH Onm3bko 0.07 HM, IO BIATIOBIIAE
TOBUIMHI OJHOTO aTOMHOTO Iapy. Y TOW ke 4Yac Oi4Ha TpaHb MIpaMmiid Mae
IPOTSKHICTD ONIM3bKO 25 HM. OTXe, Bizyamizalls 3a3Ha4eHHUX JIIJISTHOK HAaBOAUTHCS 3

pi3auM Macmrabom o X, Y 1 Z (puc. 3.5a, 3.56, 3.5B).

6)
Puc. 3.4. CTM 300pakeHHs TOBEPXH1 30J10Ta, HAHECEHOTO Ha MOHOKPUCTAJ

kpemHito: a) Si(111); 6) Si(110).

[IpaBmwibHa 1mIecTMKyTHa (opMa croctepiragacs s BciXx IactuH. Ha
BEpILMHI T'eKCAaroHaJIbHO-MIPaMiJalbHOIO YTBOPEHHSI pO3TalllOBaHAa TOPHU30HTaIbHA
Tepaca. XapakTEpHOIO OCOOJUBICTIO SIKOi € 30€peXeHHS OJHAKOBOI OpieHTAaIli
IIECTUKYTHUX TUIACTHH B MEXKaX OJIHIE€T YIMAaKOBKW — BIJIMOBIHI CTOPOHM IIJIACTHUH
30epiraioTh napaienbHicTh. [Ipu bOMy BepIIMHU HIECTUKYTHUKIB YyTBOPIOIOTH PEOPO

mipamiJin.
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2.21 Hm
1.77 um
1.33 Hm
0.88 Hm

- 0.44 Hm

0.00 Hm

— 1.2 Hm
e 0.8 HM
e . ' F0.4 HM
7.0 Hm 5.6 HM 4.2 Hm 2.8 HM 1.4 Hm

8)

Puc. 3.5. CTM 3HIMOK MOBEpXHi, MPOCTOpPOBa Bi3yami3alis 1 Mpodiiab MOBEPXHI

dbparmenTiB A, b, C, Buainenux Ha puc. 3.4 a) obnacts A, 6) obnacts b,

B) obmacts C.
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dopma mpodinro OIYHOI TpaHi mipaMmiau BigoOpaskae po3MOAUT MIUTBHOCTI
CJIEKTPOHHUX CTaHIB Ha Kparo BCiX MOHO mapiB 3oi0Ta (puc. 3.5a). 3a paxyHOK
KpaiioBuX €(eKTIB Ha Kparo MIECTUKYTHUKIB aTOMHU 3HAXOJSATHCS B OLIbII BUCOKOMY
CHepreTUYHOMY CTaHI HDXK BHYTPIIIHI aTOMH IUIOLIMHI, 110 JEMOHCTPY€E Tpodiib -
puc. 3.5 (6). Ilouarok KOXXHOI aTOMHOi TIUIONIMHM, SK BHJHO 3 PHUCYHKAa,
XapaKTepU3y€eThCd HE3HAYHUM TOIOJIOTIYHHUM MaKCUMyMOM, SKUH BigoOpaxkae
301IbIIEHHS IIUIBHOCT] €IEKTPOHHUX CTaHiB B MepenkpaioBiit oomacti. [IpocyBanns
BCEpEMHY IUIOIIMHU CYIPOBOKYETHCSI 3MEHILUEHHSIM BHCOTH CHOCTEPEXKYBAaHOTO
miKy [0 TEBHOTO 3HAYEHHS, 3 SIKOTO TOYMHAETHCS PICT HACTYMHOI CXOJWHKH.
HaiiG1nbp1m1 xapakTepHa BiJICTaHb BIJl MOYATKY IUTOMIMHM CKiiana Oau3bko 3 HM. OTxe
3pOCTaHHsl HACTYMHOI IUJIOUIMHU MOYMHAETHCA HE 3 Kparo, a 3 JEsKOl BIACTaHi BiA
Kparo, 110 1 BU3HAYA€E MipaMiJaibHy (OpMy YTBOPEHb. 3pOCTaHHSI KPUCTAJIB 30JI0Ta
Ipy IbOMY BIIOYBAa€ThCS TUIBKM B IUIOMMHI XY, B TOW Yac AK ¢ HampsIMOK
3aJIMIIAETHCS OJIOKOBAHUM.

Sk yxe 3a3Ha4anocs, B ACSKAX BUMAAKaX, MIECTUKYTHI CTPYKTYPH HAIMHIISHOTO
30J10Ta MaJId OJHAKOBI PO3MIpH 1 YITKY BIOPSIKOBAHICTh HA TOBEPXHI MOHOKpHCTaIa
KpEMHIIO (BIAMOBIJHI CTOPOHU BCIX TpbOX (Iryp mapajieiabHi MK co000) - 00JacTi
K, L 1 M puc. 3.58. BrnopsakyBanus i1 ¢opma yTBOpPEHb, BUXOASYU 3 YCHOTO,
MOSICHIOETBCS BIUIMBOM MAKIAAKU (puc. 3.1a), sika 3a/iae MpiOpUTETHI HAIMPSMKH
POCTY CTPYKTYpPH 1 Ma€ MOJ10H1 FeOMETPUYHI MOTHUBH.

Ha puc. 3.6a nmpuBeneHa rexcaroHajJbHO-TIIpaMigaibHa 00JacTh MOBEPXHI, HA
AKIH KpIM MipaMiJadibHUX YTBOPEHb, CIIOCTEPITalOThCS KJIACTEPH 30JI0Ta 13 CepeAHIM
posmipom g0 1.0 HM. Bigomo, 110 HAHOYACTHHKHU 30JI0Ta MAalOTh IEPEBAKHO
HEraTUBHUN 3apsan. MoXIWBO, 10 3apsioBi QuiykTyarii Ha Kpasx MOHOATOMHUX
IUTOIIMH TPUBOANTH A0 KyITOHIBCHKOTO OCaKEHHS B IUX TOYKax. TakuM 4YUHOM
SHEPreTUYHO BUTIIHA JIOKATI3allisg KJIACTePiB HA KpasiX IJIOMMH. MOKHA IPUITYCTUTH,
mo (opmMyBaHHS KIacTepiB 30J0Ta HAa KpasxX Ta BEPXHIM IUIOMMHI Mipamiad 3
XapaKTEepHUM pO3MipoM 0 1.5 HM Moxke BIIOYBaTHCS 3a paXyHOK JBOX MPOIIECIB: MO-

MepIe 3a PaXyHOK HAJUIMINKY aTOMIB 30JI0Ta Ha KPal POCTY MOHOIIAPY, 1 MO-Ipyre
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pu po3irpiBl HABICKKM 30J10Ta B1IOYBA€ThCA YTBOPEHHS HAHOKJIACTEPIB 30J10Ta MPH

BUIIAPOBYBaHHI.

6)

Puc. 3.6. a) Hanoknactepu 3o0mota Ha moBepxHi Si (111), 6) OGnacTi kinacTepHOi

oprasizailii HAHOCTPYKTYp 30J10Ta Ha moBepxHi Si (111).

[HOM1 Ha TOMOJIOTIYHOMY 300paKeHH1 MOBEPXHI HAHECEHB 30J10Ta (hOPMYIOTHCS
o0JacTi HaBeZieH1 Ha puc. 3.60, AKi XapaKTepU3yIThCsl HAHOYACTUHKAMH 3 PO3MIPOM
omu3zpko 10 HM 0e3 BUAMMOI KpHUCTaliyHOI opraHizamii. Ha neskux vactuHkax y
BEpXHIM YaCTUHI CIOCTEPIraroThCsi 00JIaCTI MOYATKOBOIO €Taly 3apoJKCHHS
KPUCTAIIYHUX TIIOLIHH.

[Ipouiec yTBOpEHHS MPOCTOPOBUX CTPYKTYp 30J0Ta HA MOHOKPHUCTAJIUHIM
momumHl Si (110), sx BuaHO 3 puc. 3.4 0, Mae Ti X PHUCH, SKI XapaKTEepHI s
momuHu (111), Xoua coctepiraroThes AesiKi 0cO0IMBOCTI. Ik HaMu OyJI0 MOKa3aHo
B pobOoti [207], TrTekcaroHaJdbHO-TIpaMiadbHl CTPYKTYpH 30JI0Ta  CTIMKO
OTPUMYIOTHCSI TiTbKH Ha TutonuHi Si (111), y Toii yac sk Ha montuHi Si (110) Hamu
OTpUMaH1 CTPYKTypH, HaBeJeHI Ha puc. 3.2, f, ki XapaKTepU3yIOThCS HASBHICTIO

IIECTUKYTHUKIB O€3 YTBOPEHHS IMipamis.
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[le MOXHA MOSCHUTH TUM, IO B Mpoueci GopMyBaHHS HAHOCTPYKTYp 30J10Ta
3aisHl B OCHOBHI MEXaHI3MH: BIUIMB MaTpPHUILl MiJKIAJAKUA 1 BIACTUBOCTI CaMOTO
3070Ta. ¥Y BUnajaky MoHokpuctaia Si(111) cumeTpist peKOHCTpYOBaHOI MOBEPXHI 1
HAHOYTBOPEHb 30JI0Ta 30IraroThCs 1, SAK HACHIIOK, MeXaHI3MH (OpPMYyBaHHS
HIJCUIIOIOTh OJUH OJIHOTO, B pe3yjbTaTl YOro Ha TMOBEPXHI CIOCTEPIraloThCs
reKCaroHaJIbHO-TIpaMifaJibHl  OCTPIBKOBI HAHOYTBOpeHHsA, a B pa3l Si (110)
MOHOIIIAPOBA CTPYKTYpa.

[Ipu He3HayHIN KITBKOCTI 30JI0TA B HABICIIl TICJS MEPUIOTO HAMOPOIIEHHS
npotarom 30 ¢ 3a JONOMOTOK TYHEIBHOTO MIKPOCKOMA OyJIu OTpUMaHl 3HIMKH
noBepxHi - puc. 3.7. Jlanamadt xapaktepuszyBaBcs HepiBHOCTSIMHU 110 3.0 HM, 110
CBIJUMJIO Mailke Mpo piBHOMIPHE HAHECEHHS1 HaHOYACTUHOK 30JI0Ta Ha MOBEPXHIO.
Sk BUAHO 3 MaJlfOHKA BC1 YaCTUHKU Maju JOBracty ¢Gopmy 1 yTBOPIOBAJIU I'POHA, 110
ckrnagatotbesa 3 10-15 kmactepiB. [1o310BXKHI po3MipH YaCTHMHOK 3HAXOIWJIKHCS B
Mexax Binm 15 mo 20 HM, a momepeddi po3mipu ckianu 5-10 am. B Mexax rpon
KJIaCTepY MaJId OJTHAKOBY OPI€HTALIIIO.

AHanoriyHa kKapTuHa (QOpMyBaHHS TPOH 3 KJIAacTepiB OTpHUMaHa HAMH TPHU
JOCIIIJPKEHHSAX YAaCTUHOK 30JI0Ta HA TOBEPXHI MOHOKpPHCTaJa KPEMHIIO (IJIOLIMHY
(111)),  oTpumMaHMX METOAOM XIMIYHOTO CHHTE3y TIPU KHUII'ATIHHI PO3YUHY

TeTpaxiiopoaypara Kajito 3 J0JaBaHHSIM PO3YUHY IIUTPATY HATPIIO 3a CXEMOIO:

20ma (1 MM) KAuCl, + 2min (1%-ro) Na;CsHsO,%2H,0.

[TepeminryBaHHsT BeoCs O TOSBH UYEPBOHOTO KOJIBOPY PO3UUHY, IO
BIIMOBIAJI0 MAaKCUMyMY IUIa3MOHHOTO ONTHYHOrO MOTJMHaHHS. Ha Biaminy Bifg

TEPMOHAHECEHHS Ha MOBEPXHI CIOCTEPIraloThCs MOOJAMHOKI T'POHA.
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Puc. 3.7. CTM 3006paxkenns moBepxHi kpemHito Si (111) micist HamoporeHHs
3070Ta - 5 XB - (a); 3HIMOK HAaHOYAaCTMHOK 30JI0Ta Ha IMOBEPXHI

KPEMHII0, OTPUMAHUX MOKPHUM CHHTE30M. - (0).

[Tonanpire HaneceHHst mpoTsiroM 30 ¢ IPU3BOAMIIO 10 HAHOPEIhE]PY TTOBEPXHI,

MpEACTaBICHOrO0 Ha puc. 3.8.
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Puc. 3.8. CTM 300pakeHHs1 HaHOpeIbed MOBEPXHI AU TOKPUTTS:

6.34HMm

5.07um

3.80HM

2.54HMm

1.27HMm
0.00HMm
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2 N\ 1 e
4.3HM ¢ / N
3.1umi \ —~ \
/ Tl N \
1.9HM : ; ‘ ‘ ‘
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a) po3mip 144x144 um*; 6) posmip 77x77 um”.

Takum 4yMHOM, HANOUIBII XapakTepHUH JaHAWAadT NOBEPXHI MPU TEPMIYHOMY

HAHECEHHI Ha MOBEPXHI MOHOKPHUCTAy KPEMHIIO MPHU HE3HAYHUX MPOMIKKAX Yacy

. . -6 o .
HaHeceHHd 1 BakyyMi g0 107 Ila nHaBemenmii Ha puc. 3.2, g. Cnocrepira€rbcs

YTBOPEHHS KJACTEpiB 13 MaJMM PO3KUJAOM IO PO3MIpy B IHTEpBaIl 6+8 HM.

301IbIICHHS Yacy HAHECEHHS y TaKOMY BHMAAKy MPU3BOIWIO J0 YTBOPEHHS

KoHTJIOMepaTiB kiactepiB (puc. 3.2, h). [lomibni meramopdo3u XapakTepHU3yBaIHUCh

TpaHcopMaIli€ero OKpeMUX aHCaAaMOJIIB KJIACTEPIB Y OJIHY YACTUHKY 13 XapaKTEPHUM

po3mipom 6mu3bpko 60.0 HM (mipodins h). [lepenaa BUCOT Mo MOBEpxXHi, 5K 1 paHiIe,

O0yB y Mexax 3.0 HM.
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Puc. 3.9. CACM 3niMoK noBepxHi 3010Ta - 300x300 HM- 3BepXy.

XapakTepHi nmpodisi “KpatepiB”’ — 3HU3Y.
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[Ipu GombapayBaHH1 c(hOpPMOBAaHOI MOBEPXHI 30JI0Ta MOTOKOM KJIACTEPIB Bij
po3nuiIroBada Hamu 3adikcoBaHa MOPQOJIOTisS MOBEPXHI, 10 HaBeAeHa Ha puc. 3.9.
YTBOopUiMCcS HaHOKpaTepH PI3HOTO AlaMeTpy 13 cepelHiM po3MipoM Oiu3bpko 10-
15 am. Sk BugHO 3 podiniB KpaTepiB, X IIMOMHA 3HAXOAUTHCS B 001acTi 2.2-2.4 HM.
[loxomkeHHs: ~ KpaTepiB  TOSICHIOETBCA ~ TEPEerpiBOM  3aJIMILIKIB  30JI0Ta.
CrocTepiratoThCsi TaKOXX XapaKTepHI OCOOJIMBOCTI B 0OJACTAX 3a KparepaMu -
JAJICKUMU BiJ po3mwioBada. Buamma mnepioguyHa cyOCTpykTypa penbedy 3
xapakTepHuM mnepiogoM 5 HM (puc. 3.9 (1)) Moke XapakTepu3yBaTd 3aCTUTAHHS
pO3IJIaBy 3a KparepoM abo, 110 MIBHUJIIEC 3a BCE, BIAOYBajocCs Ie W HaKIJIaJEHHS
nedopmariii Marepiany MaTpHI IpU yAapi (Ipy>KH1 XBujl). bbb neransHuil aHanmi3
CIOCTEPEKYBAaHUX OCOOIMBOCTEH 3 ypaxyBaHHSIM, HalpuUKIaja, JlaMeTpa 1 Macu
HaJITAIOYUX YACTUHOK, 3aracaHHs OCUWIALII 1 mapaMeTpiB CepeloBUIIa MIr OU aTh
1H(DopMaIrito, 30kpema, Mpo MPyKH1 XapaKTEePUCTUKH CEPEOBUIIIA.

HeoOximHo TakoXX BiA3HAYUTH, M0 Npodib 3ariaubieHb HE 3aBXKIU
croctepiraBcs xpwienoaionum (puc. 3.9 (a-B)). Ocuunsuii crocTepirajiucs
npuoau3Ho B 50% BUNAIKIB, M0 YCKIAIHUIO MOCTAHOBKY METOJIMYHOI YAaCTHHH 1
IHTEpIpEeTaLiio OJHO3HAYHOI NPUPOIHA OCIUIISIIIN.

OpnHak, HAMOUTBIITUN HAYKOBHUI IHTEPEC BUKIMKAE OTPUMAHHS Ta JTOCIHIKEHHS
MOHOIIIAPOBUX METAIIYHUX MOKPUTTIB 3a OLIBII BHCOKOTO BaKyyMy. Y pe3ysbTari
METOJAMYHOI poOOTH HaMHU MiAIOpaHi PeXUMHU TEXHOJOTIYHOTO HAHECEHHS, MPH SIKUX
Oynu OoTpuMaHi JIyCOYKOMOAIOHI HAaHOYTBOpeHHs 3o0yi0Ta (puc. 3.2, 1). Buano, mo
JHIAHI pO3MIpU JTyCOYOK 3HaxoAsaThcs B iHTepBam 5.0+30.0 um. binbm neransHa
KapTMHA TakUX HAHOYTBOpeHb HaBeieHa Ha puc. 3.10. Cnocrepiraerbcst I0BOJI
BHUCOKA BakaHCiHa nedexTHicTh aycodok (puc. 3.10). [eranpHuii anani3 opieHTaiii
JYCOYOK MMOKa3ye, M0 0arato 3 HUX MaroTh HE 30BCIM TOPH30HTAJIbHE TIOJOKEHHSI, 5K
ne HaBeAeHo Ha mpodimi miHii pucyHky 3.10, a. Jlycouka y LEHTpl PUCYHKY i3
npoTsSUKHICTIO ~ 8.0 HM OJHMM KpaeM BucTynae Ha ~ (.16 HM Haj MJIOIIUHOIO
JYyCOYKH, siIKa po3TalioBaHa HUK4Ye. Takuil BUCTYIT MOKE CBIAUYUTH PO T€, IO BEPXHS

aycodyka chopMOBaHa 3 OJHOTO Iapy atoMiB. JIpyruil kpail JTyCOYKHM BUXOIWTH Ha
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TUIOIIMHY, SIKa 3HAXOIUTHCS Ha T JK€ BHUCOTI, 1110 1 HIDKHS JTyco4yka Ta chopMOBaHa
HACTYITHOIO JIyCOYKOIO.

VY nmiBift BepxHi yacTuHl pUCyHKY 3.10, a crocrepiraetbcsi 00JacTh HE J10
KiHIS cpopMOBaHOT Tycoukd. B Tini Bka3aHOi JyCOYKH iICHYIOTh 3Ha4HI 00JacTi, HE
3aroBHEHI aToMaMu. BpaxoByrouw 11e 1 Toi (hakT, 1110 aTOMHI BaKaHCii y 3HAYHIA Mipi
CIIOCTEPIraloThCs Ha Kparo JTyco4ok puc. 3.10, b, MoxKHa IPUITYCTUTH, IO caMO301pKa
JYyCOYOK 3TIMCHIOETHCS 3a PaXyHOK JIBOX MEXaHI3MIB — aTOMIB, SIKI OCIJTM Ha 3pa3oK,
yepe3 MEeXaHi3M TEIUIOBOro Jpu(Ty Ta MOTOKY aTOMIB BiJ pO3IUIaBY, KM HE 10
KiHIM 3amoBHIOE BakaHcli. I Tomy, B 1ijomy chOpMOBaHiI JYCOYKH, SIK YXKe
BIJIMIYaJIOCh, XapaKTEPU3YIOTHCA YK€ BUCOKOIO BAKAHCIITHOIO T€(PEKTHICTIO.

Ha puc. 3.10 b HaBeneno nonepeynuii npodiusib TyCOYKH, aHAJI3 SKOTO TTOKa3ye
CYTTEBUM MPOTUH JYCOUKH B 11 LEHTPI, [0 HAraJay€e€ BUCOXJIUM JIUCT. PI3HUIIA BUCOT
o cepefHii Ta KpalHiM ToukaM npodimo ckianae 0.09 HM mpu MUPHUHI JTyCOUKH
omm3pko 8.0 HM. Iloka3oBO, 10 Takoro poay IMPOTUH HAMH CIOCTEpIraBcs
31e€0IBIIOr0 Yy JIYCOYOK, SIKI OpPIEHTOBAaHI ropu3oHTalbHO. IIpu 1mpomy nepenaau
BUCOT MK HAMOJIMKYMMH JIyCOUYKAMHU, K YK€ BIIMIUaJIOCh BUIIE, CKIATAIHN OJIU3HKO
0.16 aM. Takoro poay pe3yiabTarT MOKE€ HAIITOBXYBATH HA BEJIbMU BAXKJIMBE Ta
IHTpUTYIOUE TMHUTAHHS MPO MOXJIHMBICTh BUIBHOTO TPOBUCAHHSA KpaiB JIYCOYOK.
OCKIJIBKH 1CHY€E CKJIQJIHICTh BU3HAYEHHS 1ILOT'O METOJOM TYHEIHHOI MIKPOCKOTIi, TO
e MoXe OyTH NpeAMETOM TNOAANBIINX JOCHIIKEeHb. [Ipu 1pbOMy HE0OXiTHO
BIIMITUTH, IO BapiaHT BIJILHOTO ICHYBAaHHS METAJIIYHOIO MOHO aTOMHOTO IIapy
NPOTUPIYUTH KaHOHAM (13MKU TBEPAOTO TiJa.

Amnani3 3ariau6nens (puc. 3.10, b), ki MaroTh GpopMy 3araubiaeHb 3 AlaMeTPOM
~0.5 HM CBITUUTH PO HASBHICTH TOYKOBUX nedextiB. Ckopim 3a Bce, B IUX
no3uuisx BiAcyTHI 1-3 aroma 3onota. Takuil po3Mip AePeKkTiB € HalOUIbII
PO3MOBCIO/DKEHUM JJI JaHUX 3pa3kiB. JleranpbHuil aHami3 TMOWMH BakaHCiil (puc.
3.10, ¢) nae 3nHauenHa 0.11 HM, MmO € GiM3BKUM 110 pO3MipiB atoMa. EnekTpoHHi
CTaHU B TaKUX 3arjUOJICHHSX MOXYTh MaTH Crieli(iuH1 0COOIMBOCTI, 30KpEMa, BOHH
MOKYTh KBAaHTYBaTHCS MO MPUHIMNY KBaHTOBHX TouoK. Ha puc. 3.10, d mokasaHo,

0 OJHOYAcHO 3 jAedekTamu aiameTpoM ~ 0.5 HM ICHYIOTH JeQeKTH 3 JAlaMeTpOM
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npuOM3HO B 3 pasu MmeHie (ocodmuBocti A, puc. 3.10, d), mo Bianosigae po3mipy
aToma 30J10Ta. OKpIM IBOTO CIIOCTEPITaIOThCS OCOOIMBOCTI, HaBeaeHI Ha puc. 3.10,
b, e ta f (oco6muBocTi B, cBIT/I TUIsIMHU), SIK1 TIOB’s13aH1 3 0COOJMBOCTIMU IIIIBHOCTI

CJICKTPOHHUX CTaHIB y pe3yJbTaTi HaKJIaJaHHs eIEKTPOHHUX CTaHIB BEPXHBOTO IIAPY

1 aTOMIB, SK1 3HAXOJATHCS HUXKYEC.

4.60x4.60 nm?

profile a profile b

0735 s N A 0350 nm| " ey 0.180 nm

0.510 nm| i L 0.260 nm| 0.130 nm-

0.960 nm 0.440 nm| 0.230nva
60 120,180 240 300 16 32, 48 64 80 06 1218 24 30

(0 nm

Puc. 3.10. HanoctpykTypu 305012 Ha moBepxHi Si (111).

Ak mpukian, Takoro poay €heKTH MarTh Micle Mpu (popMyBaHHI CTPYKTYpHU
tuny Si(111) 7x7. 3 ormsgy Ha BIACYTHICTh YHNOPSAAKYBAaHHS BKa3aHUX

0CO0JIMBOCTEM, MOXKHA 3pOOUTH BUCHOBOK, 110 TUIOIIMHHI CTPYKTYPH € NaJE€KUMU BiJ
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KPUCTAJIIYHOTO YMOPSAJIKYBaHHS 1, CKOPIII 3a BCE, Ma€ MicClle CIa0KO BIOPSAKOBAaHA
CTPYKTypa aTOMIB 30J10Ta y JOCIIP)KyBaHUX MOHOIIIAPAX.

BuximageHe mMoxe BKa3yBaTH Ha Te, IO YKJIaJKa aTOMapHOTO Ta3y 30JI0Ta Y
CIIOCTEPEXKYBaHI CTPYKTYpH HE MOXKE OyTH TOBHICTIO ONMMCAaHA 3TaJIaHUMH CXEMaMH
dbopmyBaHHs HaHOpenbedy. JluHaMiuHa KapTHHA CTIMKOTO IOTOKY aTOMIB piBHA
PI3HMIII TIOTOKIB JO MOBEPXHI Ta BIJ HEi. 3MIHIOIOYM TEXHOJOTIYHI THapameTpu

HAHECEHHSI MU MOKEMO OTPUMYBATH Ty YH 1HIITY MOP(OJIOTIYHY KapTHHY MOBEPXHI.

3.1.2 Mono— ma b6azamowiapo8i HaHocmpyKmypu cpio.na Ha

MOHOKPUCMANTYHUX NOGEPXHAX KDEMHIIO

30BCiM iHIIIa KapTUHA CIIOCTepiraiach MpU JTOCTIKEHHI HAHECEHHS cpibiia rpu
TUX € TEXHOJIOTIYHUX ymoBax Ha mnoBepxHio Si(111) [208]. Jlunamika pocTy
CpiIOHMX KJIacTEpiB Ha HAMIBIPOBIAHUKOBIA TOBEPXHI KPEMHIIO TpPH KIMHATHIN
temriepatypi Oyna BuBueHa P. Kocan y po6Goti [209] 3a pomomMorow Meromy
CKaHyBaJIbHOT TYHEJIbHOI MiKpOCKoTii. BusiBuiioCk, 110 mpu ocajykeHHi aToMiB Ag Ha
MOBEPXHI0 MOHOKPHUCTATY KPEMHII YACTUHKH JOCTATHHO MIBUAKO MUDPYHIYIOTH MO
NMOBEPXHI Ta UIYKAalOTh CHOYaTKy MPUIATHI MiCH sl YTBOPEHHS CTPYKTYp 3i
30UTBIIICHOIO AJICOPOIIIHOI0 eHepriero. Takumu MICIIMU € Kpai pi3HOMaHITHUX
BUCTYIIIB, Y>K€ YTBOpPEHI OCTpPIBKM cpibjia Ta pizHOro poxay nedextu. Y poOOTi
JeTalbHO AOCTIIKeHa JUHAMIKa IMpoliecy HamopolueHHs Ag Ha nmoepxHio Si (111)
7x7 [209]. binbin panHi DOCTIKEHHS BKa3ylOTh HA T€, [0 aTOMU Cpibiia JOBUIHHO
3aXOILTIOIOTBECS Ta YTPUMYIOTHCS TIOJJOBUHKAMH €JIEMEHTAPHUX KOMIpPOK, 13 SIKUX
CKIIQJA€ThCsl peKOHCTpyHoBaHa moBepxHs Si(111) 7x7, nmpudomy mBuigka audysis
CIIOCTEPITAETHCS BCEPEMHI IMX TOJOBHHOK €JIeMEeHTapHuX Komipok [210, 211],
OJIHAK MDKKOMIPKOBI CTpHOKH BiIOYBarOTHCS OyXe€ PIAKO, IO MiATBEPIKYETHCS
BEJIUKMM YacOM KUTTS YACTUHOK BCEPEAMHI TMOJIOBUHOK E€JIEMEHTAapPHHUX KOMIPOK
[212]. Matsuda et al. [88] mpu gociiKeHHI MeTacTabLIBbHUX TITIBOK Ag, BUPOIIICHUX

Ha moBepxHi Si (111) 7x7 npu HU3BKUX TeMmIepaTypax, MoKazaiu, 1o Mopdosoris
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pOCTy IUIIBOK 13 HHU3BKUM CTYNEHEM [MOKPUTTA HE  y3TOMKYEThCS 13
3araJlbHONPUUHATOIO MOJICIUTIO €JIEKTPOHHOTO BUPOIIYBaHHS.

VY poboti [213] mokazaHO BIUIMB TeMIIEpaTypH OCAKEHHS Ha MOPQOJIOTII0
pOCTYy TakUX CTPYKTYp, a TaKoX BIUIMB [EJKUX [apaMeTpiB Ha MeXaHI3M
€JIEKTPOHHOTO pocTy. [lokazaHa HEMOXJIUBICT OTPUMAHHS IJIACKUX IUTIBOK Ag TpH
KIMHaATHIH TeMmmepaTypl HaBiThb 3a KPUTUYHOI TOBIIMHU. He3Bakarouum Ha Te, 11O
NOBEpXHS IUTIBKM JIOKAJIBHO IUTacKa, KOXKHA IIJJacka OOJacTb PO3IITIOETHCS
KaHaBKaMH.

Hamu micng nepmioro HaHeCceHHs IPU KIMHATHIN TeMIeparypi Ha IpoTssl 2 ¢
Ta TeMIEeparypor posmiaBy 0iau3bko 100 rpamyciB BUILE TOYKU IUIABJICHHS, OyiIu
OTpMMaHi  JIBOBHUMIpHI KJIaCTEpW Ha MOBEpXHI MOHOKpucrtamy (puc. 3.11, a), ski
CKJIajanuch 13 3-4 MOHOMIapiB cpibiia, OCKUIBKU IMepenaja BUCOT, SK BUIHO 13
npodimo (puc. 3.11, b), cknas 6nausbko 0.7 HM. Ak BUAHO 3 pucyHky (puc. 3.11, a),
Ha CTYIEHSAX OOpHBY IJIOIIMH MOHOKPHUCTATy KPEMHIIO HE BUSBIISETHCS KIIACTEPIB
cpibisa. JIBOBUMIpHI KJIaCTEpH MOBHICTIO MOKPUBAIOTH TIJIOIMIMHM 1 HE CIIOCTEPITA€ThCS
XKOJIHOTO ~ KJIacTepa, SAKUI pO3TAlllOBaHUM OJHOYACHO Ha JBOX IUIOIIMHAX
MOHOKPHCTAITy, OCKUIbKM TaKa CUTYyal[isl € EHEPreTUYHO HEBUT1THOIO.

Hanecenns cpi0ia mpu TUX caMUX TEXHOJIOTTYHHUX PEeXHUMax Ha Mpotssi 3-4 ¢
MPU3BOJWIIO 10 CUTYaIlli, HaBeAeHoi Ha puc. 3.11, ¢, ne cnoctepiranoch 6JU3bKO 6-7
MoHomapiB Mmetany. Ha BiaMiHy BiJi pUCYHKIB a Ta b, Ha pUCYHKaX ¢, d, f
CIIOCTEPITAETHCS 3JUTTS JIBOBUMIPHHUX KJIACTEPIB Yy BEJHKI KJIACTEPH 13 YITKUMH
MDK3EpEHHUMH TPAHULSAMH. 3 METOIO MOHM)KEHHS 3arajbHOi €Heprii ABOBUMIPHUX
3epeH Ha 0araThOX 13 HUX CIOCTEPIraloThCA AUcIoKalii. JleTaJbHUN aHam3 SKUX

MOKa3ye, 10 TOIMOJIOTTYHO BOHU YTBOPIOIOTH 3arinbnenHs 0im3bko 0.05 HM.
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Puc. 3.11. Hanoctpykrypu Ag Ha noBepxHi St (111).
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[Ticast HeTpUBaIOro MpPOrpiBy Ha MPOTA31 2 XBUIUH 1 TemnepaTtypi 6musbko 350
rpamyciB llenbcist Takoro 3paska croctepiraetbes edext xoBapu (“carpet” effect).
BinOyBanocst 3nmutTd Manux JABOBUMIPHUX KiacTtepiB y Benuki puc. 3.11, g.
[Tomanpimii mporpiB Ha MPOTA31 2 XBUJIMH IPHU Til camiil TeMreparypi Npu3BOAHB JI0
TpaHchopmallii y Maiike cyliibHe moKputts puc. 3.11, h. ¥V Mexax onHi€l mionmHu
CIIOCTEPITa€ThCs MEPKOAMINHUN edekT. [HoAl mpu AOCHIKEHHSX TaKuX 3pa3KiB
CIOCTEPITaiCh 3aMaHIWBl CTPYKTypu puc. 3.12, me MoxHa crocrepiratu 6arato
I[IKaBUX 00’€KTIB (MIEHTaroH, cepiie, nrax i T.1.).

Ha ocranniii cramii [mocmigkeHb MH TPOBOAMIM HArpiB 3paska Ipu
temriepatypi Ommu3pko 600 °C Ha mOpoTA31 JEKUIBKOX XBWJIMH. Y pe3yibTaTi
BiMOyBajoCs  BHIIAPOBYBAHHS  HAHECEHOTr0  cpibima  Ta  crHocrepiraiach
PEKOHCTpYHOBaHa MOBEpXHS MOHOKpucTany kpemHio (111) 7x7 (puc. 3.11, 1). Le
CBITYUTH TPO TE€, L0 MOHOIIAPOBI MOKPUTTS MAaIOTh TPAHUYHO CIHAOKy XiIMIiUuHY
B3a€EMOII0 3 TMOBEPXHEI0 MOHOKPUCTANy, 1 3ampolOHOBAHMNA METOJ MOXKHA

BUKOPUCTOBYBATH JISI 3aXUCTY MOHOKpHCTaﬂquHX IIOBCPXOHBb BiI[ pYﬁHYBaHHﬂ.

50.0 nm

Puc. 3.12. Hanoctpyktypu Ag na nosepxHi Si (111) (nanoart).
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Posrnsmemo Temep OinbIn JA€TalbHO KapTHHY HaHeceHHS cpioma. Otxe,
BIIPOJIOBXK 3 CEKYHJI Ha MOBEPXHIO MOHOKpHcTany kpemHito (111) Oymo 3mificHeHO
HaIoOpOoIIeHHs cpibia, MpU IIbOMY J0 BOJILGPaMOBOI cIipali po3nopolnryBaya Oyiia
nigBeneHa moTyxHicte 12 Bt (3 A, 4 B). Ilicns mporo 6ynu orpumani CTM 3HIMKH

HaHopenbedy noBepxHi (puc. 3.13a).

20.0 nm

20.0 nm 20.0 nm

Puc. 3.13. CTM 3HiIMKH HAaHOCTPYKTYp Ag, HamujaeHoro Ha rnmosepxHto Si (111): a)
KIMHaTHa TeMmIiepaTypa (Tepiie HamopoIlleHHs);, ©0) Temmeparypa
piAKOro a3oTy; B) KIMHaTHa Temiieparypa (IICisi OXOJIOMKEHH:); T)
HarpiBaHHs 3paska g0 Temmepatypu 300 °C. Posmip 3HiMKiB

100x100 am>.
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Jani 3pa3ok OyB OXOJOKEHHUH IO TEMIEpaTypu PIIKOrO a30Ty, pe3ybTaTH
CTM nocmimkenb npeAcTanieHi Ha puc. 3.136. [To mipi BukinaHHs a30Ty (MOBUIBHHMA
HarpiB) B KplocTaTi, 3pa30K HarpiBaBcs J0 KIMHATHOI Temmeparypu. Komu
TeMIlepaTypa 3pa3ka Jocsirajia KiMHATHOI, OyJM OTpHMMaHi 3HIMKH HaHOpeThedy
noBepxHi (puc. 3.138). Hactynaum kpokom Oyj0 HarpiBaHHs 3pa3ka pe3UCTUBHUM
criocobom 10 Temmeparypu ~ 300 °C, mpu mpoMy depes 3pasoK MPOTIKAB CTPyM
[=02A (V=14B). HarpiBauus mpoBOAWIOCS NPOTIroM ABOX XBWIMH. [licis
OXOJIO/DKEHHS 3pa3Kka /0 KIMHATHOI TeMmreparypu, Oyl OTpUMaH1 3HIMKH TOBEPXHI
(puc. 3.13r).

Bbyno BcTaHOBIIEHO, IO OXOJIOKEHHS 3pa3ka 0 TEMIEPATypH PIAKOTO a30Ty,
MPAKTUYHO HE 3MIHIOE MOP(OJIOT1IO TTOBEPXHI.

YerBepTuM eTarnoMm Oyio HarpiBaHHs 3pa3ka, MPOTSATOM JBOX XBHJIMH, [0
temmeparypu 450 °C, mpu 1pOMy 10 MOHOKpHCTAIy GyJa HPHKIAACHA TOTYKHICTH
SBr (I=0.5A; V=10 B). Ilicns oxonopkeHHs 3pa3Kka 10 KIMHATHOI TeMIEpaTypu
Oymu otpumani CTM 3HIMKH, Ha SKMX 3HOBY CIIOCTEpIrajach pPEeKOHCTpyiHOBaHa
noBepxHto kpemHiro Si (111) 7x7 (puc. 3.14).

TakuMm 4YWMHOM, MICHS 4YETBEPTOI CTaAll HArpiBy 3pa3ka MpOTIroM 2 XB MpHU
temriepatypi T =400 °C BigOyBaeThCcsi BIATBOPEHHS PEKOHCTPYHOBAHOI MOBEPXHI
MOHOKpHCTAITy 7X7, IO CBIIYUTH MPO TE, 110 HAHECEHHsS Ccpibja HE MPUBOAUTH IO

pYWHYBaHHSI IOBEPXHI.
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Puc. 3.14. TloBepxHsi MOHOKpPHUCTANy KPEMHIIO 31 CTPYKTYpOIO 7X7 MICIs 4eTBEpTOl

ctajii HarpiBy npu temmneparypi 400 °C.

CTpyKTypH y BUIJIS[I MOHOIIAPIB BUILE3a3HAYCHUM METOJ0M, MOXYTh OyTH
OTpUMaHi JHIIEe 3a TMEeBHUX YMOB. TakuxX SK BHCOKMU BaKyyM, SK B TpoIieci
HAIOPOIIICHHS,  OJHOPIMHICTh TIOTOKY METally IO HANWIIETHCS, HIBUIKICTD
OCaPKCHHS PEYOBUHH, TEMIIEpaTypa 1 CTPYKTypa camoi miakiaaaku i T.1. Hesnaune
HEJOTPUMAHHS JTaHUX YMOB, IMPHU3BOJIUTH IO 3HAYHOI 3MIHM MOP(OJIOrii MOBEpXHI
OTpUMAHUX HAHOCTPYKTyp MeTamB. [litObopoM TEXHONOTIYHUX MapaMeTpiB

BUMApHUKA (Yac HAIIOPOIICHHS, MOTYKHICTh CTPYMY B JIAHIIFO31 CITipalii, BIICTaHb BiJl

147



3pa3ka J0 BUINAPHUKA) Ha MOBEPXHI MOHOKpUCTana Si MOXYTb OyTH OTpHUMaHi:
MOOJAMHOKI aTOMH, KJIACTEpU, KOHTJIOMEpaTH HaHOYACTUHOK METally, HAaHOCTPYKTYpH
y BUIJISA1 IIApiB, 1 K OJHA 3 BUIIUX CTYIIEHIB caMoOpraHizallii caMOBIIOPSIKOBaH1
reKcaroHaJbHO-TpaMianbHi yTBOpeHHs [214].

[ixaBoro ocobsuicTio CTM 3HIMKIB mnpeacTaBieHuX Ha pwuc. 3.13 (a-B) €
IPUCYTHICTh 3ariu0JIeHb MEeCTUKYTHOI popmu. OcoOIuBO 1€ ACKPaBO BUPAKEHO HA
CTM 3HIMKY mpeacTaBlieHOMY Ha puc.3.130, sakuii OyB OTpUMaHuUW MpH
OXOJIOJIKEHHI1 3pa3ka JI0 TeMIepaTypH, OJU3bKOi A0 TeMIlepaTypHu KUIIHHS PIIKOTrO
a3oTy. JloBkMHA CTOPOHM MIECTUKYTHHKA ckianae ~ 3 HM. [lornnbneHHs 3aBTOBIIKH
3 MOHOATOMHHU 1Iap MOXYTbh (hOpMyBaTHCS SIK B OHOMY IIapi, Tak 1 y (OpMyBaHHI
3aru0eHb MOXYTh OpaTh ydacTh KUIbKa MOHOAQTOMHMX ULIapiB OCaPKEHOTO Ag
(puc. 3.13 0). IIpu npomy, HaliIMOBIpHIILIE, 3arJUOJICHHS, 1110 BUHUKIO B HUKHBOMY
11api, ICTOTHO BIUIMBA€ Ha (POPMYBaHHS BEPXHBOIO 1Py, OCAIKEHOTO aToMaMH Ag,
K1 B MPOILIEC] HATIOPOLIEHHSI HE 3allOBHIOIOTH MOMIMOJIEHHS, a POPMYIOTh HACTYITHUI
map. lapu cpibna, siki GopMyroThCs B TIPOILIECT OCAKEHHS, SIK MPABUIIO € JOCUTh
rnagkumu. Ha puc. 3.156 npencrabienuii npodiab MOBEPXHI Y BUTIISIlI XBUIISICTOI
JiHIT, 3 mepiogoM ~ 2 HM, 1 aMmIunTyaor ~ 0.05 Hm. O4eBUIHO, Taki CTPYKTYpH
MO>KYTh BUHMKATH TIPU KOHTAKTI JIBOX CYCIAHIX IJIOIIUH MPU HArpiBaHHI.

SkOu 3B'SI30K MIXK IJTIBKOIO 1 TAKIAAKOI0 OYB IOCUTh CUIIBHUM, TO B METaJIEBIN
IUTIBLI TMOBMHHO Oysio O crocTepiraTHcsl Hampy»eHs, OCKUIbKM Ag 1 migkiagka Si
MarTh Pi3HI mapameTpu Tpatku (25% HEBIAMOBIAHOCTI). 3HAYHE HAINpPY>KCHHS B
HAHECEHIA IUTIBIl, BHUKIMUKAHE PI3HOIO KPHUCTAIIYHOK CTPYKTYpOK LHUX JBOX
MarepiaiiB, ciadliae Ipu yTBOPEHHI TPUBUMIPHUX OCTpiBIIB. Hampyra moxe Oytu

e(eKTHBHO 3HATA TOOIU3Y BEPXIBOK TPUBUMIPHUX HAHOOCTPIBKOBUX YTBOPEHbH [215].
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6)
Puc. 3.15. CTM 300paxkeHHs Ta mpodini: a) HAHOCTPYKTYpH Ag Ha MOBEpXHI
Si(111); 6) 300paxxkenHs Ta mnpodins 3aUTTS 2D-knacrepiB. Po3mip 3HIMKa

21x21 v
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Opnak TIiBKK Ag 30epiraloTh aTOMAapHO IJIACKY MOP(OJIOTiI0, HE3BAKAIOUH HA
BEJIUKY PIZHUIIO MapaMeTpiB KPUCTATIYHOI I'PATKH MIAKIAIKA 1 OCAJKEHOI IIJIIBKHU.
[ToBHY eHeprito JaHOi CUCTEMH MO>KHA PO3TJISIIATH SIK CyMy €JIEKTPOHHOI €Heprii Ta
eHeprito aedopmarii rpatku. [lependadeHHs Teopii €IEKTPOHHOTO BUPOIIYBaHHS, B
AKIi HE BpaxOBYEThCA €Hepris aedopmallii, JTOCUTh HEMOTAHO Y3TOJKYIOThCSA 3
pe3ynbTaTaMu €KCIIEPUMEHTY. MOXIHBO, 3B'I30K MK METAJICeBOIO TIUIIBKOIO 1
HAIIBIPOBITHUKOBOIO TIJIKIAIKOI0 B JIAHOMY BHITQJIKy JOCTAaTHBO CIAOKWM, 110 Ja€
MO>KJIMBICTh HE BPAXOBYBATH pelaKcaliio IIiBKU Ag, Sk y Bunaaky miBku Ag (111)
Ha miaknaam Ni(111) [216]. [Hor0 MOXIUBICTIO 3HSITTS HANPYTd € BUHUKHEHHS
qucnokarii. Korou o Bimmosigl MoxkHa 3HaWTH B CTM nociiKeHHSIX, BUKOHAHUX
Maepom 1 Pinepom. Bonu nocnimxyBanu BigHocHO ToBcTi (40 MII) muniBku Ag Ha
nigkiaagkax Si(111) 7x7, ski BUpoOIyBalduCh JBOKPOKOBUM criocoboMm [217]. [lpu
bOMY criocTepiranucs yactkosi auciokaiii [lokmi. lanuit pe3ynapTaT miaTBEpIKYE
TOM (hakT, MO0 B aTOMApHUX IUIIBKaX Ag CHOCTEpIraeTbcsi OCIA0JIEHHS €Heprii
HAlpyrd HEBIAMOBIAHOCTI TMPU BUHUKHEHHI YacTKOBUX pguciokamiii. Y CTM
JTOCTIKeHH] [48] MOBIIOMIISIIOCS, IIIO YAaCTKOB1 JMCIOKAIli 3 BUCOKOIO IIIHHICTIO
3'SIBISIIOTBCS  O€3MOCepeIHhO MICHs 3aBeplieHHs (HOpMyBaHHS aTOMApHO IJIOCKOI
mwiiBkd Ag. IlinpHICTE AMCHOKAIIM 3MEHIIYEThCS 3 TOBIIMHOK Ag, TOAl SK
3TJIQ/DKCHHS TUTIBKH Ag TIOCTYIOBO TIOTIPIIYETHCS 3 YTBOPEHHSM OJWHUYHHUX 1
OararonrapoBux ocTpiBiiB. CrocTepeKyBaHy 3aJ€KHICTh MIUTBHOCTI JUCIOKAIIA Bij
TOBITUHY TTIBKM MOYKHA TIOSICHUTH HAaCTYITHHUM YHHOM: ()OpMYBaHHS OaraTorapoBUx
OCTPIBIIIB IPU3BOJIUTH J0 OCJA0JICHHS BIUIMBY CHJI MIPY>KHOCTI, MOsIBA SIKUX IMOB'sI3aHa
3 BIIMIHHOCTSIMA B KPHUCTQJIIUHIA CTPYKTYpP1 IUIIBKU 1 MIAKIAIKA. AJIBTEPHATUBHUM
crocoboMm ocnabieHHs naedopmaniiiHoi eHeprii € QopMyBaHHSA JUCIOKaIid B
JMBOBUMIPHUX IUTiBKaX. @OpMyBaHHS TPHUBUMIPHUX OCTPIBIIB, 3 EHEPIETHUYHUX
MIpKyBaHb, O1IbIII IMOBIPHO Y€pe3 YTBOPEHHSI TUCIOKALIIH.

Opnak B cuctemi Ag/S1 MexaHi3M pOCTy, IO PeaTi3yeThCs MPU CICKTPOHHOMY
BUPOIIYBaHHI, MPUMYIIY€ IUIIBKY OyTH aTOMapHO IJIACKOIO MPU KPUTHUYHIA TOBILIHMHI.

EnexTpoHHUII BHECOK JOCTATHHO CUJIbHUM, 10O 3pOOUTH TUTIBKY aTOMapHO IJIACKOIO,
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ajie 1€ MPU3BOIUTH J0 3pOCTaHHs AedopmaliitHoi eHeprii. TakuM 4YUHOM, B SIKOCTI
aIbTEpHATUBH METOJY YTBOPEHHS 0araTomiapoBHUX OCTPIBIB IUTiIBKa Ag CTBOPIOE
YaCTKOB1 JAMCIOKaIli, 1mo0 mociaabutu aedopmalliifHi sBuia 1 30epertd IUIacKy
Mopdororiro. [Ipore enekTpoHHUI BKIAaA CTa€ CIAOKIMIUM JIJISi BEJIMKUX TIOKPHTTIB.
TakuMm 4MHOM, TUTIBKAa MOK€ 3HOBY 3MEHIIHUTH €HEPriio Aedopmarlii 3a JOMOMOIO0
dbopMyBaHHs OaraTolapoBUX OCTPIBIIIB, IPH IIbOMY 3MEHIIYETHCS HIIJIBHICTh
JUCIOKalid. ATOMapHO IUTacKi TOHKI METajeBl IUIIBKM CXWJIbHI YTBOPIOBATH PSif
MeTaliB, 30kpema: Ag [213], Au [218, 219], Cu [218], Pb [220].

Ipn migeumenHi Temmepatypu 3paska g0 300°C 6ymno 3adixcosano
3MEHIIEHHs KIIbKOCTI MOHOWIApiB Merany 1o Tpbox (puc. 3.13d). Ilpu upomy
BIJICYTHI (Irypu MNpaBWibHOI (OpMH, BHUCOTa PIBHS 3POCTAHHA HAHOCTPYKTYP
30epiraeTbcsi, a cpidJI0 MOBHICTIO MOKPUBAE MOBEPXHIO KpeMHit0. [Ipu moBuibHOMY
36inbIeHH] Temieparypu 3paska sume 450 °C, mae wmicie gecopOris cpibia, i
BiHOBNeHHsT moBepxH1 Si (111) 7x7. Ile#t (akT cBIAUUTH Ha KOPUCTH TBEPKEHHS,
10 3B'S30K MIXK MIJKJIAJKOI0 1 HAMOPOIIEHUM MeTasioM cinadkuid. CpiGio B mporieci
OCaJKEHHS MPU KIMHATHIN TeMIIepaTypi He TPOHUKAE B CTPYKTYPY Si.

BapiroBaHHSAM mapamMeTpaMu HAaHECCHHS, a CaMe, YaCOM HaHECEHHS, BiJCTaHHIO
Bl KIOBETH JI0 3pa3Ka, THCKOM B KaMepi, TeMIepaTypol pO3IUIaBy KIOBETH abo
OXOJIO/DKCHHSIM 3pa3ka MOKHA CTIMKO OTPUMYBAaTH HAaHOCTPYKTYpH cpibia 1 30J0Ta,
K1 HaBesieH1 B pobotax [207, 219 - 223].

VY po6oti [207] HaMu BUCJIOBJICHO MPUITYIICHHS MPO MOXJIHMBICTH BIIBHOTO
MPOBUCAHHS KpaiB tycouku. OnHaK, TIIbKU 3D-MIKPOCKOTiS MOXKE JJaTH BiAMOBIIL Ha
1€ TTUTAHHS.

AHani3 BUIUMHX BakaHcii (miametp ~ 0.5 HM) CBIIUMTH TPO BIACYTHICTH 1-3

aTOMIB 30JI0Ta, OJIHAK, ICHYIOTh 1 BaKaHCIi, JIe BIZICYTHI! OJIMH aTOM.
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3.2 HaHoCTpyKTypH MiAi HAa NOBEPXHSAX MOHOKPHCTAJNY KpeMHIW npu il

TePMiYHOMY HAHECEHHI

XapakTep MOBEIIHKM HAHOCTPYKTYp MiAl MPU TUX CaMUX TEXHOJOTIYHUX
napamMeTpax HaHECEHHs, 10 1 I 30J10Ta, AyXe OJM3bKUM 10 BHIIEONMUCAHUX
MOP(QOJIOTIYHUX ~ OCOOMMBOCTEH  uisi  3050Ta. [ 'ekcaroHaJbHO-TIpaMigadbHi
HAHOYTBOPEHHS Mi/Ii HaBeIeH1 Ha (puc. 3.16).

I3 HaBenenoro puc. 3.16 BUIHO, IO NpU TEPMIYHOMY HAaHECEHHI Mial Ha Si
(111) YTBOPIOKOTBHCSA CaMOBITOPSIIKOBaH1 reKcaroHaJbHO-IIpamifaibHi

HAHOCTPYKTYPH TaK camo sIK 1 IPU HAIMMJICHHI 30JI0Ta.
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Puc. 3.16.
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Ilpooosorcenns puc. 3.16.

2.2nm
1.9 nm
1.6 nm
1.3 nm
1.0 nm
0.7 nm

10.0nm 20.0nm 30.0nm 40.0nm 50.0nm

Puc. 3.16. HanoctpykTypu Miai Ha noBepxHi Si (111).

YhopsiakyBaHHST — XapaKTEPU3YEThCA  MapayieNIbHICTIO  BIJAMOBIAHUX  CTOPIH
Oimipamiay Mifl, a TAaKOX BIJMOBITHOIO 1X OPIEHTAIlIEI0 TIO BITHOIICHHIO /0 CTOPIH
HIECTUKYTHKA 7X7 CTPYKTYPH KPEMHIIO.

I3 HaBeneHMX BEKTOPHUX NPOQITiB BUIHO, IO BHUCOTA OiMipaMigaIbHUX
YTBOPEHB 3HAXOAUThCS B Mekax BiA 1.0 1o 1.5 aM. CXOAMHKHN pOCTY MarOTh TOBIIUHY

~ (.15 HM, IO BIAIIOBIIa€ TOBIIMHI aTOMa.
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Ha Bcix HaBeneHUX PUCYHKaX CIOCTEPIraeThesi "TEKCTYPOBaHICTB", TOOTO BCi
Oimipamiay MaroTh OJJHAKOBY OpPIEHTAIlII0 IO BIIHOIIEHHIO 0 iHTEepdeicHOoi
CTPYKTYPH OCHOBH.

Binrak, cioctepexyBaHi CXOAMHKH POCTY BiANOBIIAI0Th ATOMHUM TUIOIIMHAM.
XapaktepHa BIJCTaHb BiJ] MOYATKy IJIOIMIMHUA JO POCTY HACTYIHOI, SK 1 Y BUIAAKY
30i0Ta [219] ~ 3 BHM. Sk 1 y BUMaaKy 30J10Ta, aTOMaM MiJi €HEPreTUYHO OLIbIIT
BUT1IHO TIOYaTH (POPMYBaHHS HACTYIIHOI IUIOIIMHY 3 I1€1 BIJICTAHI.

[Ipy HaHeceHHI MiAl Ha MOHOKPUCTATIYHY TOBepXHIO KpemHi0 (110)
CIIOCTEPITa€eThCsl aHAJIOTIYHA KapTHUHA HaHOpPeNbedy, SIK 1 MPU HAHECEHH1 30JI0Ta.
Minp, gk 1 30J10T0, Ha moBepxHi Si (110) He yTBOpIO€E mipamigadTbHUX HAHOCTPYKTYP.

BuieBukianene Moke BKa3yBaTH Ha Te, 10 YKJIaJlaHHs aTOMAapHOTO ra3y Miji
130JI0Ta y CIIOCTEPEKYBAHUX CTPYKTypax HE MOXKe OyTH TOBHICTIO, & BCHOTO JIUIIIE
YaCTKOBO OINKCAaHE TPAAULIMHUMU cxeMaMu (popMyBaHHS HaHOpenbedy. JnHamiuHa
KapTUHA CTIKKOIO MOTOKY aTOMIB JIOPIBHIOE PI3HUIII TOTOKIB JI0 MOBEPXHI Ta Bij HE.
3MIHIOIOYH TEXHOJIOT14HI MTApaMeTPH HAHECEHHSI MU MO>KEMO OTPUMYBATH Ty Y I1HIILY

MOPQOJIOTIYHY KapTUHY MTOBEPXHI 0JIaropoIHOTO METay.

3.3 CuHTe3 Ta BJACTUBOCTI MOHO— Ta 0araTomapoBux IIiBoK Ni nmpu ix

TePMiYHOMY OTPUMAHHI

OpHi€lo 3 BaXJIMBUX XapaKTEPUCTUK IPU aHajli3l MOBEPXHEBO HAHECEHUX
HAHOCTPYKTYp € CYOIIOPCTKICTb, sIKa BIJHOCHUTHCS 1O HAHOT€OMETPil MOKPUTTS 1
BU3HAYA€ MOr0 BaXIIHMBI EKCIUTyaTalliiiHI BJIACTHUBOCTI, 30KpeMa, 3HOCOCTIUKICTB,
MILIHICTh, XIMIYHY CTIMKICTh Ta 1HIII BIacTUBOCTI. CyOIIOPCTKICTh BU3HAYAETHCS 3a
JIOTIOMOTOI0 TIPELM3IHIX METOMAIB Ta 3ac0o01B JOCIIIKEHHS, TAKUX SIK CKaHyBajbHa
30HJI0Ba MIKPOCKOITISI 3 aTOMHOIO PO3/IIBbHOI0 31aTHICTIO. [Ipupoaa cybmopcTkocTi
BU3HAUYAETHCS BHYTPIILIHBOIO CTPYKTYPOIO TBEPJIOTO T1JIa, 1l AepeKTamMu Ta mpoLecamu
B3a€MO/I1i MOBEPXHI 3 HABKOJMIIHIM cepenoBuileM. B pe3ynbpraTi 301IbIICHHS Yacy
HAlOpPOILEHHS MapaMeTpU IOYAaTKOBOI CYOIIOPCTKOCTI MOXKYTh 3MIHIOBATHCS

BHACIIJIOK PEJIaKCAllIiHUX MPOLECIB B CTPYKTYPI, IO CYNPOBOIKYETHCS MPOLIECAMU
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pocty Ta Tpanchopmarii kinactepiB. [Ipu mbomy BiiOyBaeThCs cerperarlisi €JIeMEHTIB
710 TIOBEPXHi, 3MIHIOIOUH €JIEKTPOHHY CTPYKTYPY Ta BIACTHBOCTI MOBEPXHI.

TepmiH cyOIIOPCTKICTh BAKUBAIOTH JIJIS Iy>KE IIAJIKMX OBEPXOHbB, MIOPCTKICTh
SKUX BITHOCUTHCSA /10 HAaHOMETpOBOro Macmraly. BoHa ommcye HalToHIIl aerani

peanbHOi MoBepxHI. BUBYEHHST CyOIIOPCTKOCTI MOKE JIaTW HOBE PO3YMIHHS Teopii

TEpTs, 3MallyBaHHs 1 3HOIIEHHS [224].

Puc. 3.17. CTM 306paxenns: a) 1 ¢, 6) 3 ¢, B) 5 ¢ HanopomienHst Ni Ha

noBepxHto Si(111).

Ha CTM-306paxennsix moBepxni Si (111) micnst ocimxenns Ni Ha npoTssi 1,3
Ta 5 ¢ CHOOCTEpIraloThCs HAHOYACTUHKU, SKI HE MAalTh KPUCTAIIYHOI OTpaHKH
(puc. 3.17, a, 6, B). MacuBH 1IuX YaCTUHOK XapaKTEPU3YIOThCS IMIUPOKUM PO3KHIOM
32 TEeOMETPUYHHMMM pPO3MIpaMH TMPU PI3HUX CTaaisIX HaHeCeHHsA. Bucora
noBepxHeBoro npoduio He nepesuiye 0.30 HM, a JaTepaabHUA PO3MIp KJIACTEPIB
menmie 3 aM (mpodim la, 16 ta 1B). Taka ¢opma xapakTepHa ISl PIAKUX Kpameib
MeTally, SIKl CIUTIONIYIOThCS MPU 3ITKHEHHI 3 miakiaaakoro [225]. Ha pucynky 3.17, a,6

Ta B, MOKHA MOOAYUTH, U0 HAHOYACTHUHKU HEOJHOPIIHO PO3MOJUICHI MO MOBEPXHI
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HiAKIaJKA 1 YTBOPIOIOTH OKpeMi ckymueHHsa. Ha mosepxni Si(111) cnocrepiratoTsbes
ropOu 1 3amaguHu, XapakTepHi A7 1e(OpPMOBaHUX MOBEPXOHB IIAPYBATUX KPHUCTAIB.

JedbopmMariiitHi  mporiecH, sKi CIHOCTEPIraloThCs MPH  OCADKCHHI METasiB
MEepPexXiIHO1 TPYyNH Ha IO TOBEpxHIO [226], MOB's3aHI 3 MPOTIKAHHAM XIMIYHUX
peakiiii [227] 1 3 pyliHyBaHHsIM BepxHix mapiB Si(111) [228].

[Ticyist mepioro HarmopomeHHsT Ha IpoTs3i 1 ¢ Oyau oTpuMaHi 3HIMKHM Ha SIKUX
CIIOCTEPIrajnch MOOUMHOKI HAHOYACTUHKH Hiketo Ha moBepxHi Si(111). JIBoBumipHi
KJIaCTepH Ha TOBEpXHI MoOHOKpuctana (puc. 3.18.) daki, sK BUAHO 3 MPOPIIIO
(puc.3.17. a) cknamanucs 3 2-3 MOHOIIAPIB HIKENIO, OCKUIbKU Iepenaj BUCOT OyB
omm3pkuM 10 0.8 HM. HaHOYTBOpEHHST Ha MOBEPXHI KPEMHIIO MAIOTh XaOTHUYHE
pO3TallyBaHHsS Ta XapaKTepu3yrThecs po3mipoM Bif 1.71 1o 2.01 uM 1 BucoToro Ous

0.11 am (mpodins puc. 3.18).

18x18 nm”?
Eo170 - ﬂ\\\#
0070 >
nm

Puc. 3.18. Hanoctpyktypu Ni npu HanwieHHi 1 ¢ Ha moBepxHto Si (111).
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OcamxkeHHST HIKENIO TMPH TEXHOJNOTIYHUX PEeXHUMax OCaKeHHS cpibna Ta
30J10Ta Ha TPOTs3i 3 ¢ MPUBOAWIO 10 (GOPMYBaHHS KJIACTEPIB, IO CKIIamamucs 3 4-5
MoHomapiB metany (puc. 3.19.) [230]. Jlanmmadt moBepxHI XapaKTepHU3yBaBCs
HepiBHOCTAMU 110 0.3 HM, MO CBITYWJIO MPO Maibke pIBHOMIpHE HAHECEHHS
HAHOYACTHMHOK HIKEII0 Ha TOBEPXHIO. SIK BUJHO 3 PUCYHKA BCI YaCTHHKU MaJd
0JM3bKY 10 chepudHoi GopMy 1 YTBOPIOBAIH KJIACTEPH, IO CKIIAIAIOTHCS MPUOIU3HO
3 5-10 mHanovactok. [TogoBXHI PO3MipH YacCTOK 3HAXOAWIHCS B Mexkax Bim 2.01 mo
2.32 uM ta Manu BucoTy 0im3eko 0.17 uM (mpodins puc. 3.19). B Mexax knacrepis

HAHOYACTKHU MaJIu OJIHAKOBY OpPIEHTAIIIIO.

0.350 /—\
/ S, |

E0230) L

0.110 E—— | | | |
nm ’

Puc. 3.19. Hanoctpykrypu Ni ipu HanwieHHi 3 ¢ Ha moBepxHIo Si(111).
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Knactepu 3 HaHo4yacTok OyiM B IIJIOMY BMIIAJKOBUM YMHOM OPIEHTOBaHI Ha
MOBEPXHi, MPU [[LOMY BOHU MaJM MPUOIU3HO OJHAKOBUN pO3Mip. 3allOBHEHHS BCi€i
MOBEPXHI KJIaCTepaMH JO3BOJIsI€ 3pOOUTH BHCHOBOK, IO MEPKOJAIMHUN edeKT
HACTa€e BXKE TICJS APYroro HAMOPOIIEHHS, Ha BIAMIHY BiJ BUNAAKY 3 HAaHECCHHSM
cpibna Ha Si(111) mpu sxomy panuii edekt He cnoctepiraetbes [207]. Ilicns
TpeTboro etany HaHeceHHS (puc. 3.20) crmocTtepira€TbCs 301IbIICHHS BHCOTH
MOBEPXHEBUX MPOQ1IIB Mail’ke B 1Ba pa3u y MOPIBHSAHHI 3 MEPIIUM HAaHECEHHSIM J0

0.27 aM.

{

0.110 ! , , ;
0.4

- 1.6

Puc. 3.20. Hanoctpyktypu Ni nipu HanwieHH1 5 ¢ Ha moBepxHio Si(111).

[Ipy 11b0My MO3J0BXHI Ta TMOIMEPEYHl PO3MIPU 3ATUIIUINCA MPAKTUYHO O3
cyrreBux 3MmiH 10 2.01 HM (mmpodins puc. 3.20). ToBmmHA MOBEpXHEBO HAHECEHUX

HAHOCTPYKTYp Oyia OJIM3bKOIO 710 5-7 MOHOIIIAPIB METaTy.
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JInis KUTbKICHOT OLIHKHM CYOIIOPTKOCTI OyJM BUKOPHCTaHI Takl MapaMmeTpH SK:
R, R, R R, S,ui, — cepene apuMeTHyHe aOCONIOTHUX 3HAYEHb BIIXUIIEHb
npodio B Mexax 0a30BOi JIOBKWHHU, CEPEIHHOKBAJIPATUYHE 3HAUEHHS BIJIXUJICHD
npodiro B Mekax 0a30BOi JOBKHHHU, CyMa CEPEIHIX aOCOMIOTHHX 3HAYEHb BUCOT
I'STH HAUOUTBIIUX BUCTYIIIB MPOMUIIO 1 INTHOWH M'SITH HAHOIBIIMX BHaAUH MpodiTro
B MEax 0a30BO1 JOBXUHH, PI3HUIS MK BUCTYIaMH 1 BIIaJJMHAMU T10 JECSATU TOYKAX,
CHIBBITHOIIEHHS IJIOL] aHATI30BaHOi 00JacTi B BHUIAJKY 1/€ajJbHO PIBHOI MOBEPXHI
JIO TIOBHOT IIJIOIII MTOBEPXHI 001acTi 0 aHAM3y€eThes [229].

Buxonsun 3 HaBegeHux 3HIMKIB (puc. 3.17 Ta Tabm. 3.1), MoxHa
CTBEp/KYBaTH, 110 B 1HTepBajil HanopoueHHs Big 2-7 MII meramy crnocrepiraerbes
MOHOTOHHE 30UIbIIIEHHS MapaMeTpa R, — MaKCUMalbHOI PI3HUII MK BUCTYNaMH Ta
BITaIMHAMH T10 ACCATHOM ToukaMm. [Ipu 11boMy Maiike He 3MIHIOIOThCS TTapameTpu R, -
cepelHe apu(pMeTHUHE aOCONIOTHHX BIAXWIEHb Ta R, - cepeqHe KBaIpaTUYHE
3HAYCHHS BIIXUJICHb IMPOodiIto 3a BUHATKOM 00macTi 4-5 MIII, mo BiAmoBigae TpboM
CEeKyHJaM HAHECEHHs MPU SIKOMY CIIOCTEPIraeTbcs MEPKOALINHUN ePeKT, 110 TaAKOX

M1ATBEPKYIOTh 3HIMKH Ha puc. 3.17 ta puc. 3.18.

Tabmuusg 3.1. 3mina mapamMeTpiB CyOIIOPCTKOCTI BiJ 4acy HaHeceHHs Ni Ha

nigkimaaky Si(111).

t,c R,, aMm R,, uM R jis, HM R,, HM S atio
1 0.044 0.061 0.494 0.529 1.01
3 0.035 0.045 0.334 0.442 1.00
5 0.058 0.075 0.632 0.749 1.01

OdyeBuaHO, IO Ma€ MICIIE CYTTEBE 3POCTAHHS pPO3MIPY KIACTEPIB MPHU
3arajJbHOMY 30€peKeHHI TEHAEHI[li 3pOCTaHHA NapameTrpa R, JJii OCTaHHIX JIBOX
HAHECEHb, OCKIIbKM MpU TMEPIIOMY HAMMUJIEHI CIIOCTEPIraloch TUIBKH YacTKOBE
OCaJKEHHS HAHOYACTHHOK HiKeTo Ha moBepxHIO Si (111).

ABTopamu pobotu [87] OyI0 TEOpPEeTHYHO IIOKa3aHO, IO MPH HAHECEHHI

npubau3zHo 15 MIII wikemro Ha miakmanky Si (111) HaiOLIBIT KMOBIpHIIIIE OTPUMATH
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npoMixHy ¢a3y NiSi, npu temmneparypi Bianaty 476 °C. IlinBuieHHs: TemmnepaTypu
1o 576°C npusBoguth 10 GopmyBaHHs NiSi, OCTPIBIIB HAa MOBEPXHI MOHOKPUCTAITY
kpemHito. KpiM Toro, B JaHOMy iHTEpBaJll TEMIIEPATYp CIIOCTEPIrajgocsi 3MEHIICHHS
KUTBKOCTI 1e(DEeKTIB, TAKUX SIK TPAHUIIl JOMEHIB Ta KIJTbKICTb CXOAMHOK.

JIist JocnipKeHHs 3a3HaY€HOro SBUINA HaMu OyJio MPOBEACHO HArpiB MEPIIOTO
3paska, 110 BiANoBigae 2-3 MoHomIapaMm Hikento, A0 Temiepatypu 1150 °C npogoBx
JIEKIJTbKOX XBWJIMH Ta HOTO MOAATBIINM OXOJIO/KEHHSM /10 KIMHATHOI TeMIIepaTypH.
Bbynu orpumani TyHenbHI 3HIMKH Mopdostorii moBepxHi (puc. 3.21.a).

TemneparypHe HaBaHTAKEHHSI IPU3BENO A0 J1€cOpOLii HIKEI0 Ta YaCTKOBOTO
BiIHOBJIEHHST moBepxHi Si (111), sx BugHO 3 puc. 3.21. HactynHum etanom Oyiio
oTpuMaHHsg MOPGOJIOTii MOBEPXHI MPHU 3MiHI 3HAKy HAmpyru 10 -2 B Tiei % oOnacTi.
Ha nBox 3HiMKkax (puc.3.21) MoxkemMo 0a4yuTH peKOHCTPYHOBaHY MOBEPXHIO KPEMHIIO
Ha SIKIA CIIOCTEPIratoThCsl CKYMMUEHHS! HAHOYACTUHOK NMPUOJIU3HO OJJHAKOBOI OpMU Ta
po3mipy. Take po3TalyBaHHS € EHEPreTUYHO BHUTIJHUM, aJK€ IpHU HarpiBaHHI
MOBEPXHI KPEMHIIO B1IOYBAETHCS PYX AMCIOKALIN Ta MJIOIIKH.

OTxe, HAHOOCTpPIBII MOIM copMyBaTucs Ha JAePeKTax BHACIIIOK
nepemiieHHs mwiomuH. OCKUIbKY NpHU JaHOMY Bl HE CIIOCTEPIraiocs MOBHICTIO
PEKOHCTPYHOBAHOI IMMOBEPXHI KPEMHIIO, MOKHA 3pOOUTH BHUCHOBOK, IO B3a€EMOJIS
MOHOIIIAPOBUX MOKPUTTIB Ni 3 MAKIAAKOIO € TOCUTh 3HAYHOIO.

HanoyTBOpeHHsI Ha TOBEPXHI KPEMHIIO Malld JIOCHTh HEBEIMKHUI PO3KHUI 32
po3mMipamu Ta BucOTOIO (puc. 3.22). JlopxuHa cknagana 6au3pko 1.21 HM, a BHUcOTa
HaHO4YacTUHOK ~ 0.12 M (puc. 3.22 npodins 1), mo BiANOBiAaE po3MIpy 1 BUCOTaAM
YaCTUHOK $IKI OyJM OTpUMaHl NpPU HAHECEHH1 HIKEJI0 Ha MOHOKPHUCTAl KPEMHIIO

poJoBX 1 c.
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Puc. 3.21. CTM 3oOpaxkeHHs HaHOOCTPIBI[iB Ni Ha TOBEpXHI

moHokpuctainy Si(111) micnsa Binnmany (mpu T=1550 °C),

SIK1 OTpUMaHi Mpu Hampy3i a) 2 B, 6)-2 B.

Ckopimr 3a Bce, MiJ 4Yac MEPUIOrO0 HAMOPOIIEHHS MOP(OJIOris MOBEpXHI
CKJIaganacsl 3 HAHOYaCTHHOK HIKeIto, sIKi Oy XaOTHYHO PO3MOJIiJICHI HA MTOBEPXHI,
(xapakTepHO AJi1 PIOKUX Kpameslb MeTaly), L0 CIUIIOLIYIOThCS MpPH 3ITKHEHHI 3
H1IKIaIKO0.

[Ticns wHarpiBy 3paska g0 1150°C Ta #oro momaibIIoro OXOJOMKECHHS 0
KIMHATHOI TeMIEpaTypH, YaCTUHKH HIKEI0 CHOPMYBAIMCA B OCTPIBII 32 PaxyHOK
TEMIIepaTypHOTOo JApeidy IUIONMH MOHOKpHUCTaldy Ta, CKOpille 3a Bce, SIK Oylo
OIMCAHO BHILE, yTBOpUIIAcs npomMikHa (a3za NiSi,.

B ninomy yTBOpeHHS CHIILMIIB MEPEXiTHUX METAIB Ha MOHOKPUCTATIYHUX
NMOBEPXHAX € BAXKIUBOIO MpoOJIeMOI0 sl MikpoenekTpoHiku. Cepen 0OaraTtbox
[IKaBHX TEXHOJOTIYHUX BJIACTUBOCTEH MOKHA BII3HAUMTH X BAXKIUBICTh Y 3B'3KY 3

YTBOPEHHSAM KPEMHIN-CHITIIU Tpanuili po3aity ¢a3 B konTakti loTTki [206].
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Puc. 3.22. HanoytBopenns nikemto Ha Si(111) mpu T=1150 °C.

3.4 HaHocTpyKTypH iHAi0 HA MOHOKpUcTAdiuHii moBepxHi Si (111) i Si (110)

30BciM 1HIIMH MexaHi3M (OPMYBaHHS HAHOCTPYKTYp pealli3yeThCsl MpHU
HaHECeHHI 1HAII0 Ha MoHOKpuctaniyHi moBepxHi (111) 1 (110) kpemnito (puc. 3.23)
[222]. 3a manux yaciB HaHeceHHs (1-3 ¢) cnoctepiraeTbesi GOpMyBaHHS B OCHOBHOMY

chepuuHNX KiacTepiB iHAII0. KpiM 1mpOro, MOXKHA CIOCTEpIraTé KjiacTepu, OJIU3bKI
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710 MPSIMOKYTHOT a00 1ecTuKyTHOI popmu (puc. 3.23 a). 301IbIIEHHS YaCy HAHECCHHS
o0 5 ¢ mpu3Bogwio A0 (opMyBaHHS IIECTUKYTHHUX KJIacTepiB Ha IOBEPXHI
0e3popMeHnx KiacTepHux yTBopeHb (puc. 3.23). Kpim 11poro, 3 HaBeJICHOT0 pPUCYHKY
BUJHO TIO3MIIIOHYBAaHHS KBaJpaTHUX 1 TMPAMOKYTHHX KJIacTepiB. YTBOPEHHS
KJIACTEePiB MPABWIBHOI CUMETpii OJJHO3HAYHO BKazye Ha (pOpMyBaHHS HAHOKPUCTAIB

1HIITO.

Puc. 3.23. HanoctpykTypu iHAit0 Ha moBepxHi Si (111).
[Haiii, y mOpiBHSHHI 13 30JI0TOM Ta MIJ/0, Ma€ HabaraTo MEHIITy TeMIlepaTypy

maBjieHHs — 156.6 °C. 3acTocoBYIOUYH Ti K TEXHOJIOT1UHI MapaMeTPH HAHECEHHS, 1110

1 1St M1l Ta 30J0Ta, MU OTPUMYBAJIM y 0araTto pasiB NEperpiTUil po3IUIaB 1HAIIO, 110
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B IIPOIIEC] HAHECEHHSI Ha HEOXOJIOMKYBaHY MOBEPXHIO MOHOKPUCTAIIYHOTO KPEMHIIO

MPU3BOJIMJIO JI0 3TOPTaHHS Y KJIacTepH 13 3a3HaU€HOI0 BUIIIE (POPMOTO.

541nm

33nm

3.25nm

2.17nm

1.08nm

108x108 nm?

0.00nm

- VN N
1:8 nm / k""‘\//\ q R S g
12mm 4 ¥ / \/ \N Ny

0.6 nm

20.0nm 40.0nm 60.0nm 80.0nm 100.0nm

Puc. 3.24. TIpodins HepiBHOCTEH 1HAII0 HA ToBepxH1 Si(111).

[Tonanbiie 301IbIIEHHS Yacy HAHECEHHS BUILE S5 ¢ MPU3BOJIWIO 10 YTBOPEHHS
I'POH 3 KJIaCTepiB MepeBaxkHo Kyo1yHoi opmu (puc. 3.23 d
). Po3kua cepemHbOoro po3Mipy CTOPOHH TaKUX KyOIYHMX YTBOPEHB CKJIaB 4-5 HM.
[IpumiTHO, MmO mNpodiny HEpiBHOCTEW MJiI TaKOro poAy  3pa3KiB

XapakTepuszyerbes po3kugoMm BucoT Big 0.6 mo 3.0 am (puc. 3.24). Ilpu mpomy
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CTIIOCTEPIraeThCs MepioANYHA CyOCTPYKTYpa penbedy y BUIIISAL JiHINA rpoH (puc. 3.23

x).

10+

di/dv

6)

Puc. 3.25. IllinpHOCTI €IEKTPOHHUX CTaHIB JJIsi obnacTeit puc. 3.23, a (okpeMuid

Kjacrep) Ta puc. 3.23,1 (CyiapHe TOKPUTTS).

Ha puc. 3.25 HaBeneHi TyHeNbHI CIEKTpH A JBOX 3paskiB. KpuBa Ha puc

3.25, a xapakTtepu3ye€ IIUIbHICTh €JIEKTPOHHUX CTaHIB OJHOTO 3 KJIACTEPIB,
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npeacraBieHoro Ha puc. 3.23, a. Sk BUAHO, NUIIBHICTH EIEKTPOHHUX CTaHIB
XapaKTEPHU3y€e HE 30BCIM METAICBUI KIIACTEP, 3BAKAIOYN HA HASIBHICTH JIEAKOI IIITHHU
Ha "piBHi ®epmi". Binrak, Mo)KHa IPUIYCTUTH, 10 B Kjactepax In i3 po3mipom ~ 10
HM He 110 KiHI copmoBani 30HU. [lepexin mo Mopdororii moBepxHi 3 MOBHICTIO
3alIOBHEHOIO TpPOHAMHU KJIACTEPiB MPHU3BOJAWTH J0 TpaHcdopmarii HIiIBHOCTI
CJICKTPOHHUX CTaHiB, HaBeAeHoi Ha puc. 3.25, 6. KpuBa HIIIIBHOCTI €IEeKTPOHHUX
CTaHIB 3HAUHO OyrK4a A0 Takoi y mMetamiyHomy In. Ilepmi miku B o6nacTi 3aiHATHX
CTaHIB XapaKTEPU3YyIOTh p-CTaHU 1HJIIIO. SKIO JJIT OKPEMOTO KiacTepa BOHU MAaIOTh
BY3bKMI MiK 1 JoKamizoBaHi Ha ~ 1.8 e€B, To mpu mepexoli OO0 MOKPUTTS Iei
MaKCUMYM 3CYBA€ThCA B 00JACTh BUCOKHUX E€HEPrii 3B'I3Ky 1 Ma€ Maii’ke HEHYJIbOBE
3HAUEHHA B 00JIacTi HYJIBbOBUX €HEprid 3B's3Ky. O01acTh BUIBHUX CTaHIB Ma€ Ti XK

TEeHJEHI1i TpaHchopMallii KpUBO1 CTaHIB.

3.5 TyHe/IbHA CIEKTPOCKOIisi HAHOCTPYKTYP MeETAJIiB

Bonbr-amnepni xapakrepuctuku (BAX) TyHenbHMX CHEKTpPIB METaJIEBHX
HAHOCTPYKTYp OTPHUMaHI 3a JOMOMOTOI0 TYyHENIbHOro Mikpockona JSPM-4610. B
polieci TyHEIIOBaHHS Opaiv y4acTh €JEKTPOHHM, SKI MalOTh Pi3HI eHeprii (3 30HH
MPOBIHOCTI, BaJIGHTHOI 30HU 1 JIOKaJIi30BaHUX CTaHiB). OTpuMaHi 3a JIOMOMOIOKO
CKaHyro4oro Mikpockona BAX TyHENbHOTr0 KOHTAKTYy 3 MOBEPXHEIO B JOBUIbHIN
TOYIll JO3BOJISIIOTH JOCHTIIKYBaTH JIOKAJIbHI EJIEKTPUYHI BJIacTUBOCTI. Bupas mis
TYHEJIBHOT'O CTPyMY B HaOJM>KEHHI KBa31HETIEPEPBHOTO CIEKTPY €JIEKTPOHIB B MEBHIN

TOMIII Ty HA TIOBEPXHI1 3pa3ka MOKe OyTH MPEACTABICHO B HACTYITHOMY BUTJISII:

elU

10.0)= T o1 (EVps (1, END ENE

0

ne D(r.E) — nposopicts motenuwiamsuoro 6ap'epy, Pr(E) — minbHicts
CJICKTPOHHUX CTaHIB 30HAY, s (r.E) — minphicts CJICKTPOHHHUX CTaHIB 3pa3zka B
TOUIII 7.
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TakuM YHHOM, TYHEIBHHH CTpyM SIBJIsSIE COOOI0 3rOPTKY ILIIIBHOCTI CTaHIB
30H7a 1 3pa3ka. Y MpUITYIICHH], IO IIIBHICTh CTaHIB MOOIU3y piBHsA Depmi B MeTai
30H/a MPAKTUYHO € IMOCTIHHOIO BEIWYHHOIO, BUpa3 AJIs CTPyMY HaBEICHHUU BHIIE

MOXKHa 3aIlI1ucatTu y BI/IFJISII[i:
eU
I(ro’U) ~ Ips (ro’E)dE
0

VY 11bOMY BHUITAJIKY 3aJI€KHICTh TYHEIBHOTO CTPYMY BiJ HAIIPYTH BU3HAYAETHCS,
B OCHOBHOMY, HIIUIBHICTIO CTaHIB B €HEPreTUYHOMY CHEKTpi 3pa3ka. Ha mpaktwuii
BEJIMYUHY Ps (r.E) owiHIOIOT 32 BENMYMHOK MOXiHOT TYHEJIBHOTO CTPyMYy IIO

Hampys3i:
ol
U)~ =
Ps (e ) U -

ToMmy, TyHenpHa BOJIBT-aMIIEpHA XapaKTEpUCTHUKA BiIOOpakae dYHCIIO
€JIEKTPOHHHUX CTaHIB 1 iX pO3MOALT B EHEPreTHUHOMY CIEKTP1 3pa3Ka.

Ha puc. 3.26 npexacraBiieHi CIEKTPU TYHEJIBHOI CIEKTPOCKOIIi, pO3paxyHKOBI
JaHl IIIJIBHOCTI €NeKTPOHHUX cTaHiB MeronoM TOIl (teopii dyHkmionamy
uriasHOCTI, akeT Wien2k), a takox aaHi Y®OC (yapTpadiosieTOBOI CIEKTPOCKOIIi)
MOHOIIIAPIB 30JI0Ta HA MMOBEPXHI KPEMHIIO.

[TopiBHSAIBHUHN aHAMI3 JAaHUX MPO MIITLHOCTI €JIEKTPOHHUX CTAHIB 3alHATOI Ta
BUTbHOI YaCTHHU BAJICHTHOI CMYTH TIOKA3y€ TapHE Y3TOKCHHSI HaBEJIECHUX METOIB.
CrocrepiratotbCsi OUTBIIT 1CTOTHI BIAMIHHOCTI B KPUBHX IIUIBHOCTI €JIEKTPOHHUX
CTaHIB MAaCHBHOTO 3pa3Ka 1 MOHolapy 300Ta. [Ipu nboMy B 0071aCT1 3aifHATUX CTaHIB
Bin -4.0 mo ~ -1.0 eB nnga MoHOmIapy BHUIHO 4YITKMWA 30Ir MIiKIB KPHUBOI

CKCTIICPUMEHTAILHUX JaHUX 1 oTpuMaHoi MmeTtogoMm TOII].
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Puc. 3.26. [ToBHa MIUIBHICTH €IEKTPOHHUX CTaHIB HAHOIIAPIB 1 MACUBHOIO 30JI0Ta;

DOS - kBanTOBOMEXaH14HI po3paxyHku 1 monomapy (MIII) 30707,

E,

2B

SPS - tynensHa cniektpockorist 1 MIII 3o50Ta,

P®C - macuBHoro kycka 3050ta (POC - peHTreHiBcbka GOTOCISKTPOHHA

CIIEKTPOCKOTIIS).
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BUCHOBKHA

ExcriepuMeHTanbHO Ta TEOPETUYHO JOCHIDKEHO MeXaHi3M (QOpMyBaHHS
HAHOCTPYKTYp OJIaropoJHUX METajiB, HIKEJO Ta 1HI1I0 Ha MOBEPXHIX MOHOKPHUCTATY
kpemuiro Si (111) Tta Si(110) mpu OGararocTamifHOMy TEpMIYHOMY HAHECCHHI.
JlocnikeHo KapTUHU HaHopeabedy MOBEPXHI Ha KOKHOMY €Tarl HalopOIIEHHS Ta
3adikCOBaHI OCHOBHI cTafii Mopdosoriunoi TpaHchopMmaiii. Pict mMeTaneBux
CTPYKTYp Ha HaIiBIPOBITHUKOBIM MiAKIAAUHIN 0e3 11 OXOJIOMKEHHS Ta HAsSIBHOCTI B
po6ouoMy 00" €Mi IHEPTHHUX Ta3iB MPU3BOJIUTH IO CKIQTHUX MEXaHI3MIB 3apOHKCHHS
Ta pocty HaHOCTpyKTyp Cu, Ag Ta Au, SIKi BIAPI3HSIOTHCS BiJl 3arajibHOBIIOMHX
MEXaHI3MiB. 3MIHIOIOUM TEXHOJIOTIYHI MapaMeTpyu HAHECEHHS MOXKHA OTpPUMAaTH
JOCIIJIKEH1 B POOOTI PI3HOMAHITHI KapTUHU CAaMOBIOPSAIKOBAHUX HAHOCTPYKTYp 13
Jy’K€ YiITKUMH Ta MMPaBUILHUMU T€OMETPUIHUMU (HhOpMaMHu.

[TokazaHo, 110 TMpW TEPMIYHOMY HAHECEHHI 30J0Ta Ha IIOBEPXHIO
MoHOKpucTasry KpemHiro Si (111) 7x7 mowaTkoBa cTajisi HaHOYTBOPEHb 30JI0Ta
HOCUTH (ppakTanbHuid Xapakrep. [loganpiinii MexaHi3M pOCTY MOJSATA€ B YTBOPEHHI
KOHTJIOMEPATIB 13 HAHOYACTUHOK 13 TIEPETBOPEHHSAM iX B ENINCOiadbHI YaCTUHKH 3
KIHIIEBUM  (OPMYBAHHSIM TOJIKOMOAIOHMX HaHOoKpuctamiB. Hacrtynmna cramis
TpaHchopmartlii TOJKOMOAIOHUX HAHOKPUCTATIB XapaKTEPHU3YEThCS YTBOPECHHIM
KpucTtajgorpad1yHUX TUIOIIHH.

Bnepiue OTpUMaHI CaMOBITIOPSIIKOBaH1 reKcaroHaJIbHO-TipamigalibHi
HAHOCTPYKTYPH Mijl Ta 30JI0Ta, O14HA MOBEPXHs SKUX C(HOpMOBaHA MOHOIIAPOBUMH
CXOOUHKAMH POCTY MipaMmiJd, KOKHA 3 SIKMX Ma€ MPOTSLKHICTH ~3 HM BIJHOCHO
MOYaTKy POCTY MOIEPEIHbOT TUIOIIHHHY.

MexanisM (GopMyBaHHS TeKCaroHaJbHO-TPaMiaJbHUX CTPYKTYp 30J0Ta Ta
MiJIl BU3HAYA€THCS OCOOJMBOCTSMM IOBEIIHKM €JEKTPOHHOI TYCTMHM Ha Kpasx
MOHOOATOMHOI CXOAWHKKA pocTy. KpailiHi aroMu IUIONIMH MaloTh 3HAYHO OLIBII
BUCOKMN EHEPreTMYHMH CTaH 1 TOMY SIK HACHIIOK pICT KOXKHOI HACTYIHOI
MOHOATOMHO1 IUIOLUIMHU TIOYMHAETHCA HE BIJI Kpaw IUIONIMHHM, a 3 XapaKTepHOi

BiJicTaHHI ~3 HM Bif Hel. Bigcranp ~3 HM 3a0e3mnedye penakcaiiro HeOJHOPITHOCTEH

169



IIUIBHOCTI €JEKTPOHHUX CTaHIB Ha Takiil BIACTaHI, IO 1 BU3HAYa€ MipamiJalibHy
dbopMy yTBOpEHB.

Cumetpisa moBepxHi iHTepdeiicy MoHokpucTtaniyHoi miommuan Si(111) 7x7 €
JETEPMIHYIOUYOI0 B MEXaHI3MI POCTY I€KCaroHaJbHO-MipaMiJalbHUX CTPYKTYp MIifl
Ta 305I0Ta. Bucora rekcaroHajabHO-MipaMilalbHUX CTPYKTYp  MiJl Ta 30J0Ta
JeTepMiHOBaHa JIIHIMHUMH pPO3MIpaMH IIECTUKYTHUKIB OCHOBHM TipaMiId Ta
XapaKTepHOIO BIJCTAHHIO BIACTYMY MOYATKy POCTY HACTYMHO! IAOJMHU Mipamiiu
(~3.0 HM), 110 BU3HAYA€ XapaKTepHy BUCOTY mipamian B iHTepBaii Big 2.0 10 3.0 HM.

CaMOBIOPSAKOBAaHI TeKCAaroHAJIbHO-MIpaMiadbHl HAHOCTPYKTYpPH 30JI0Ta Ta
MIJIl TP BaKyyMHOMY TEpPMIYHOMY HaHeceHH1 (opmyroThcs aumie Ha Si (111)
wiomuHl, Tomal sk juist momuan Si (110) crocTtepiraloThCsi JiMIlle MOHOIIAPOBI
reKCaroHaJIbH1 YTBOPEHHS.

3a yMOB OJM3bKHX JO PIBHOBOXXHHUX OYJM OTPHMMaHI JIyCOYKOBI MOHOIIAPOBI
CTPYKTypH 30j0Ta. CaM030ipKa JTyCOUOK 3/IIMCHIOETHCS 3a PaxXyHOK JIBOX MEXaH13MIB
— aTOMIB, SIKl OCUIHM Ha 3pa30K, Yepe3 MeXaH13M TEIUIOBOTO ApU(PTY Ta NOTOKY aTOMIB
B1JI pO3IUIaBy, KUK HE JIO KIHIA 3aroroe BakaHcli. HasBHICTP TOYKOBUX Je(EKTIB B
JlaM eJIsIX BU3HAYA€ThCS HEOOX1THICTIO MIHIMI3aIlli eHeprii.

MeTtonamu 30HIOBOI MIKPOCKOIII Ta CHEKTPOCKOIIi IMOKa3aHa MOKIIUBICTh
BUTBHOTO 1CHYBaHHSI MOHOIIIAPOBUX CTPYKTYpP OJaropoJHux MertaiiB 6e3 iHTepdeiicy.
ArnomMepallli HaHOYAaCTMHOK 30JI0Ta B MPOLECI TEPMIYHOTO HANWUJIEHHS 1 TpH
"MOKpoMYy" XIMIYHOMY CHHTE31 MOKa3ylOTh OJHAKOBY KapTUHY HaHOpeIbePy 3
YTBOPEHHSM TPOH 3 JEKITbKOX KJIACTEPIiB.

Bussneni tpaHcdopmailii HaHOpelbedy IUIIBKM TMOBEPXHI 30J0Ta TMICHA
OoMOapayBaHHs KJIacTepaMd PI3HOTO PO3MIPY OMUCYIOTHCS KBAaHTOBOPO3MIPHUM
eeKTOoM, [0 BU3HAYAE PI3HUM arperaTHUM CTaH HAHOKJIACTEPIB 30J10Ta — TBEPAUN YU
PIIKHUIA.

Cpibs0, ocamxeHe TEPMIUHUM CHOCOOOM 3a OAMH LUKJ HAMOPOUICHHS MpH
KIMHATHIM TeMmmepaTypl y BHCOKOMY BaKyyMi, MOXK€ yTBOpOBaTH aTomapHi 2D
Kkiactepu. HaHOyTBOpEHHS MOXKYTh MaTH BWTIJIS] MIPABUIBHUX MIECTUKYTHHKIB, SIKI

CKJIQJIal0ThCA 3 KUIBKOX MOHOmIapiB cpibna. Ilpu 1poMy cCHOCTEpIraeThes
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camMooprasizallis HAaHOCTPYKYp MpaBuiibHOI ¢opmu. [Ipu miaBHILIEHH] TeMIiepaTypu
3paska 10 300 °C BinGyBaerbcs 3MiHa MOpPdOIOTii MOBEPXHI, IPH IHOMY KilbKiCTh
mapiB cpibyia 3MEHIIYEThCSI Ta CIIOCTEPITraEThC MalKe MOBHE MOKPHUTTS MOBEPXHI.
Ipu 36inbinenni TemmepaTypu 10 450 °C, Mae Micue aecopOuist cpiGna. Y TBOpEHHS
edeKTy “KOBJIpU~ OMHUCYETHCS MEXAHI3MOM €JIEKTPOHHOTO BUPOITYBaHHS.

BcTranoBieHo ciiabKy B3a€MOJIi0 MOHOIIIAPOBUX MOKPUTTIB Ag 13 MiAKIAIKOIO,
mo mpu HesHauHoMy mporpiBi (580 K) mo3Bomsie oumimyBaTH MOHOKPHCTAIIYHY
MOBEPXHIO BiJI METajy 13 BIITBOPEHHSIM peKOHCTpyihoBaHoi moBepxHi Si (111) 7x7.
3anponoHOBaHUN METOJ MOXKHa BHKOPHUCTOBYBATH JIJIS 3aXHCTY MOHOKPHCTAJIYHUX
MTOBEPXOHbB BiJl pyWHYBaHHSI.

AToMapHO IJ1acka miiBka Ag He MOXke OyTH OTpMMaHa Ha HaIiBIPOBITHUKOBIN
nigkaaan MoHokpuctamy Si (111) 3a 10mOMOrorw TEpMIYHOTO HAHECEHHS MpHU
KIMHaTHIH TemriepaTypi. BinOyBaerbcs yTBOpeHHs 2D KkimacTepHUX YTBOpPEHb,
MIPOTPIB SKMX MPHU KiIbKAcoT rpaaycax llembcis mpu3BOauTh 10 iX KOHCOJIJAIi B
aTOMHO pIBHE MOKPUTTA NOBEpXHI. TpaHcdopmaris “ABOBUMIPHUX TPaHUIb 3€PEH
Py BiANAN MPU3BOAUTH JIO TMOSBHU TOMOJIOTTYHUX HEOJHOPIAHOCTEH TIMOMHOIO 10
0.04 M.

JocmimkeHo MexaHi3M (OpMyBaHHsS HAaHOPENbE(Y HIKEIIO Ha TMOBEPXHI
Si(111) nmpu TepmiuHOMYy BHIapoByBaHHI B Bakyywmi. [licis mepmioro mukiy
HaHeceHHs1 (1 c¢) Hikenb Gopmye aTomMapHi OCTPIBI BHUCOTOK Oym3bko 0.11 HM.
30UIbIIIEHHST B TPU pa3W 4acy HAHECEHHsS MPUBOAMIO JO MEPKOJSAIIHHOTO e(eKTy,
Ipy 1IbOMY HAHOYACTMHKM HIKENI0 MOBHICTIO MOKPUBAIOTH KPEMHIEBY MIJIKIAIKY.
[Ipu 3017bIIEHHI Yacy HAMOPOIIEHHS J0 5 ¢ CHOCTEPIraeThcsl 301IBIICHHS BUCOTH
HAHOYACTMHOK MaikKe B JIBa pa3u, MPHU IbOMY IO3J0BXKHI Ta MOMEPEUHI PO3MIpH
3AIMIIIINCS Maibke 0e3 CyTTEBUX 3MIH.

CuMetpisi KJIacTepHUX YTBOpPEHb 3d-MeTalliB MpH BaKyyMHOMY TEPMIYHOMY
HAHECEHHI Ha pEKOHCTpyHoBaHy moBepxHI0O Si (111) mOBTOPIOE CHUMETPIIO
MiAKIaAMHKA. HaneceHHs HIKeMo (6e3 0X01000CceH s 3pa3ka ma iHepmHux 2a3ie) Ha
noBepxHIO MoHOKpuctany Si (111) 7x7 3 mopampiiuM BiMajaoM MPUBOAUTH [0

yTBOpeHHsI kinactepiB NiSi, 3 XxapakTepHUM PO3KUAOM 3a po3MipoM HaBkojo 1.0 HM
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Ta 00J1aCTIO JIOKaII3allii B3JIOBK TpaHUI JBIMHUKYBaHHS.

BcranoBieHo  MexaHI3M — BIOPSAAKYBAaHHS  HAHOCTPYKTYp  HIKEIIO  Ha
MOHOKPHUCTAJIIYHUX TMOBEPXHAX. Bu3HauanbHUM (akTOpOM BHUCTYNAIOTh T'PAHMII
NBIMHUKYBAHHS, K1 1HII{IIOIOTh YTBOPEHHS JIHIMHUX HAHOCTPYKTYP HIKEIIO.

BcraHoBiieH1 HaHOTPHOOJIOIIYHI MapaMeTpu CyOImopcTKocTi R, R, R R,
Sratio A4 TpaHC(HOPMOBAHUX TOBEPXOHb HIKETIO 1 OJaropoJHUX METaliB, Ta iX
3aJIeKHOCTI BiJl TEXHOJOTIYHHUX mapaMmeTpiB HaHeceHHs. llpu OararoctamiiHoMy
HAHECEHHI Ma€ MICIIE 3POCTaHHS PO3MiIpy KIACTEpiB NpHU 3arajbHOMY 30€peKeHHI
TEHJEHI1i 3pOCTaHHSI MAaKCUMAJIBHOI PI3HHUIII MI>)K BUCTYIIAMHU Ta BIIaJMHAMHU.

HocmipkeHo Mop(oJoriyHi  0coOJMBOCTI  MOBEPXHI  1HAIKD MpU  HOrO
TepMiyHOMY HaHeceHHI Ha moBepxHio Si (111) 1 Si (110). Cnocrepiraerbcs
YTBOPEHHSI KJIACTEPIB MPABWIBHOI KyOI14HOI ()OpMH, IO CBIIYHUTH MPO (HOPMYBAHHS
HAHOKpHUCTAMIB 1HAi10. BcTaHoBNeHa TpaHchopMallisl MUTBHOCTI €IEeKTPOHHUX CTaHIB
In Bix okpemoro kiacrepa (po3mipom ~ 10 uM) Ha noBepxHi Si (111) mo rpoHOBOTO
MOKPUTTS TOBEPXHI MOHOKPHUCTAJA 3 TOBIIMHOIO MOKPUTTA He Oubiie 30 - 40 Hwm, 1m0

XapaKTepU3y€eThCs BIACYTHICTIO IIMPUHU 3a00POHEHOT 30HU JJI1 MACUBHOTO 3pa3Ka.
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PO3JILI 4

HAHOCTPYKTYPU Cu T1a Au HA MOHOKPUCTAJIIYHUX
IIOBEPXHAX InSe Ta GaSe ITPY IX TEPMIYHOMY HAHECEHHI

JocmipkeHHst mporieciB (hOpMyBaHHS HAHOCTPYKTYP MIJI 1 30J0Ta TIpH iX
TEPMIYHOMY HAHECEHHI HAa MOHOKPHUCTAJIYHI TMOBEPXHI HAMIBIPOBIIHUKIB €
aKTyaJlbHUM HE TUIBKM 3 (YHJAMEHTaJbHOI TOYKH 30Dy, OCKIJIBKH JO3BOJISE
oTpuMatu 1HGOPMALIKD MPO MNPUHIUIN OpraHizalli MeTaJeBUX HAHOCTPYKTYP,
30KpeMa, METaJIeBUX OJHOKOMIIOHEHTHHX, a W 3 mpakTuyHoro Ooky. ChorojHi,
HAHOCTPYKTYpH OJAropoJIHUX METaliB BUKOPUCTOBYIOTHCS B 0araThOX CITOXKHUBUYUX
TEXHOJIOT1SIX, $KI EKCIUTyaTylOTh 1X (PI3M4YHI BJIACTUBOCTI, 30KpE€Ma, ONTHYHI,
CJIEKTPOIIPOBiAHI, aHTHOakTepianbHi Ta 1H. [Ilpum BapitoBaHHI TEPMOJAMHAMIYHHMX
napameTpiB pICT IUIIBOK MOXE HE 30BCIM BIJMOBIJATH BIJOMUM MEXaHi3MaM, IO
omnucati B podoti [11].

Y  nmanomy pos3aiuni  gochimkeHi MopdosoriyHi  0coOIMBOCTI  (hOpMYBaHHS
HaHopenbedy Cu, Ag 1 Au Ha moBepxHAX MoHOKpuctaimiB InSe Ta GaSe npu

TEPMIYHOMY BUITAPOBYBAHHI.

4.1 3onaoBa mikpockomnisi Ta cnekTpockomnis miomuuu (0001) InSe

Ha puc. 4.1 naBeneno 300paxennss CTM noBepxHi MoHokpuctana InSe (0001).
Monokpucrtan InSe € BaH-Iep-BaaJibcOBUM, TOOTO B KPHUCTall ICHy€ CJIaOKHil BaH-
JIeP-BaaIbCOBHM 3B'SI30K M1XK Iapamu. 3TiTHO 0a3 CTPYKTYPHHUX JaHHX, CTaJl IPATKH
InSe piBni a = 0.40 uM, b = 0.40 uM, ¢ = 4.0 HM, TOBXUHU 3B’s3KiB In-In ckianarTh
0.280 uM, a In-Se 0.269 M. 3aranbHa TOBIIMHA APy, 110 BU3HAYAETHCS BIJCTAHHIO
Se-Se B HampsMKy MNEpHeHIUKYISIPHOMY NOBepxHI1 craHoBuTh 0.536 HM. Bigrak,
criocTepexyBaHi Ha puc. 4.1 MikaroMHi BifcTaHi 0.45 HM XapaKTepHU3yIOTh BlJACTaH1

MDK aTOMaMH CEJICHY Ha TIOBEPXHI II1apy.
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Puc. 4.1. CTM 300pakerns noBepxHi MoHokpucTaniB InSe (0001)

Beprukansanii mpodins aromapuao unctoi nmoBepxHi InSe (0001) naBeneno Ha
puc. 4.2 a. Voro amami3 mokasye, mo Hepenaju BHCOT CTaHOBIATH ~0.05 HM, o
pomopIiitHO 3 paaiycom atoma. CrocTepexkyBaHl TOMOJIOTIUHI PO3MIPH aTOMIB
3HaxonAThcs B Mexax 0.1 am (puc. 4.1).

HecrtabiapHICTh TEPMOIUHAMIYHUX MMApaMETPIB MiJ YaCc CUHTE3Y IS JNESIKUX
3pa3KiB MOHOKPHICTAJIIB TPHU3BOJUTHL 1O HAABHOCTI Ha TIOBEPXHI TPaHUIIb
nBiiHuKyBaHHS (puc. 4.2 6). ['panuni [ABIMHMKYBaHHS MalOTh OCOONMBICTH B
IIUJIBHOCT1 €JIEKTPOHHMX CTaHiB 3 BuUcOTOl0 ~0.15 HM. Ha HaBeneHoMy pHCYHKY
CIIOCTEPITa€eThCA KUIbKa MapajiebHUX IPaHUllb JBIMHUKYBAHHS 3 Mai’Ke OJTHAKOBOIO
BIJICTAaHHIO MK HUMU.

Sk BumHO 3 puc. 4.2, B IpOIIeCi TAKOTO POCTY KPUCTATIB YTBOPIOETHCS TAKOXK
pAl TOYKOBUX Je(EeKTiB MPUOJIM3HO OJHAKOBOIO po3Mipy 3 aiamerpoMm 10 2.0 HM.
MeTo10M TyHENBbHOI CIIEKTPOCKOIi HaMu OYJI0 MOKa3aHo, 110 XapaKTep MOBEIIHKU
naHux aedekTiB ONM3bKUK 10 KBAaHTOBUX TOYOK, 10, MaOyTh, 1 3a0e3medye ix

JIOBTOTPUBAITY CTIHKICTb.
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1.30 x 1.30 nm

a) 0)

0.074 nm
0.062 nm

0.050 nm
0.038 nm
0.026 nm

0.2nm 0.4nm 0.6nm 0.8nm 1.0nm

1.180 nm
1.120 nm
1.060 nm
1.000 nm
0.940 nm

20.0nm 40.0nm £0.0nm 80.0nm 100.0nm 120.0nm
Puc. 4.2. TIpodim nmoBepxni monokpucramy InSe (0001):
a) CTM 300pakeHHsI OKPEMHUX aTOM;

0) CTM 300pakeHHs TpaHUIlb IBIMHUKYBAaHHS Ta TPO(1Ih MOBEPXHI.

BonbT-amnepHa XapakTepuCTUKa TYHEIBHOTO TMEpeXoAy HaBeIeHa Ha
puc. 4.3 a. Ockinbku kpuBi BAX BUXOIWIU JNOCUTH TIAAKUMH, TO aBTOPH
O0OMEXUITUCS JIMIIE MEePIIOI0 MOX1IHO0 MPU OTPUMAHHI KPUBUX MOBHUX HIIILHOCTEN
3aHATUX 1 BIIBHUX cTaHiB MoHOKpucTtamiB InSe. [llupuna 3a00poHEHOI 30HU

aToMapHO 4YHCTOI TMoBepxHI MoHOKpuctaiga InSe (0001), BumipssHa MeETOAOM
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TYHENbHOI CIIEKTPOCKOIIi MPOJAEeMOHCTpyBaja BiaxuieHHa ~0.2 eB BiA 1HIIUX
metomiB (~1.4 eB mpotm ~1.2 eB), moO O0OOYMOBJIEHO TOBEPXHEBUM €(DEKTOM.
OcHoBHUH TIK B 00sacTi 3aifHsATUX cTaHiB (~1.0 eB) BimoOpaxae, Cya4u 3 yCbOro,
Sp-ctanu iHmito. OOnacTh BUIBHHUX CTaHIB 0€3 JOJATKOBHX JOCIHIIKEHb BaKKO

IHTEpIPETyBaTH.

1509 dav,

a.lu.
20 -+

80 -+

Puc. 4.3. Cnextpu TyHenbHOi criekTpockorii InSe (0001) npu a) kimHaTHIN

temrepatypi ta 6) 77 K.

Jocuth 1iKaBUMH OyJM CHEKTPU TYHENbHOI CIEKTPOCKOINi, OTpUMaHl HpH
HU3BKUX TeMmIeparypax. Tak Tpu TeMmmeparypl pIAKOTO a30Ty Ha TOBEPXHI
MoHokpuctana InSe (0001) BigOyBaroThCs ICTOTHI 3MiHU. B 00J1acTi 3aifHATHUX CTaHIB
NopsiJT 3 OCHOBHUM TiKoM Ha -1.0 eB 3 OoKy BHCOKHMX €Hepriii 3B'A3Ky 3'SIBISETHCA
JOMaTKOBUI K TpUOIM3HO Takoi X i1HTeHcWBHOCTI. [llupwHa miHil TyHETbHOI
cnexktpockomnii InSe (0001) Ha -1.0 eB npu kimHaTH1#I Temnepartypi gopiHioe 0.6 eB,
a aHaJoT1YHOI KOMITOHEHTH po3kianaHHs (puc. 4.3 0) 0.3 eB. Bigrak, npu HU3BKHX
TEeMITepaTypax BiOYyBA€ThCS 3BYKCHHS JIIHIA 1, K HACTIAOK, B €KCIIEPUMEHTI MH
CIIOCTEPIraEMO PO3IICTUICHHS JIiHIT Ha JIB1 KOMIIOHEHTH, BIJICTaHb MIXK MIKaMH SKHX

Takok ctaHoBHUTH (.3 eB. CrnoctepiraeThCcsi TaKOK 1ICTOTHE 3MEHIIIEHHS BIJICTaHI MIX
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NEPIIMMU MakKCUMyMaMH B O0JacTi 3aliHATUX 1 BUIBHMX cTaHiB. Ilpu kiMHATHIN
Temrnepatrypi BoHO cTaHOBUTH 4.0 eB, a mpu KpioreHHHUX Temmeparypax 2.4 eB.
BinOyBaeThcss 1CTOTHE HAOMM)KEHHS BIIBHUX CTaHIB JIO 30HHU 3alHITUX CTaHIB.
MoskHa TIPUTTYCTHTH, IO TIPH HU3BKUX TEMIIEpaTypax IHTCHCHUBHIIIE BiIOyBa€ThCS
YTBOPEHHSI MOBEPXHEBUX TaMMOBCHKMX €JEKTPOHHUX cTaHiB. Cyasiuu 3 yChOro,
CHEePreTUYHUHN piBEHb B 00J1aCTl BIIbHUX CTaHIB OJ13bKO 0.4 eB (HU3bKOIHTECHCHBHA
KOMIIOHEHTa po3kiananHs) € pieHem [llokimi. B migoMy kpuBa HIiIBHOCTI BIIBHHX
CJICKTPOHHUX CTaHIB 30epirae cBoro (opMy 3 JIEIKUM MPOCiIIaHHAM B OiK 00JacTi

3aHATUX CTaHIB 1 3MEHIIEHHSAM MPOTSKHOCTI.

4.2 HaHoCTpYKTYpH 30J10Ta HA MOBePXHi MOHOKpHcTaly InSe, orpumani

METOJA0M TepMi‘IHOI'O HaHECCHHSA

['eoMeTpuyHO MpaBWIBbHI CTPYKTYpH AU Ha MHOBEpXHI MOHOKpucTaia InSe
npencTaBieHi Ha puc. 4.4. BapitoBaHHAM napaMeTrpamMy HaHECEHHs, a caMe, 4acoM
HAHECEHHS, BIJICTAHHIO BIJl KIOBETH [0 3pa3ka, TUCKOM B Kamepi, TeMIepaTyporo
pO3IUIaBy KIOBETH MOXHA OTPUMYBATH PI3HI HAHOCTPYKTYPHU 30J10Ta, JESKI 3 SKUX
HaBe/leHO Hikye. Ha BimMiHY Bijl MOBEPXHI MOHOKPHUCTalTa KPEMHIIO, Ha TIOBEPXHI
MoHOKpucTana InSe cmocrepiraetecss TOmOTrpadyBaHHS JIyCOUOK 30JI0Ta Ha
OJIHAKOBIH BUCOTI, a HE X HalIapyBaHHA - puc. 4.4, a.

YTBOPIOIOTHCS MIECTUKYTHI CTPYKTYypH (pucC. 4.4, 6) 13 cepeAHIM pO3MIpPOM IO
niaronani 10 15 am. HaBenenuii nmpodiiab MECTUKYTHUX YTBOPEHDb XapaKTEPHU3Y€EThCS
KUIbkoMa mmapamu. SIK BUIHO, BEPXHIM IMIap € MOHOATOMHUM. Y TIOPIBHSHHI 3
Si(111) Ha moBepxHi InSe Baxkko oTpuMaTH OO'€éMHI MipaMiJlajbHl CTPYKTYpPH.
Puc. 4.4 a nemoHcTpye BmopsakoBaHi cTpykTypu Ha moBepxHi (0001) InSe, sxi
3yCTpidaroThesl HanuacTime. CrnocTepiraloThbCsi MEPeBaXKHO TPUKYTHI 1 MIECTUKYTHI
cTpykTypu. [daHuii (akT KOpemoe 3 YTBOPEHHSIM KpHUCTAIOrpadiyHOi MJIOLIUHU
3omota (111). Inoni MokHa coctepiratu m'ITUKYTHI YTBOPEHHS, 1110 XapaKTEPHO IS
pOCTY B yMOBax, JaJE€KUX BIiJl pIBHOBaXHMX. HasBHICTb OCi N'ATOTO MOPSAKY

CBIIUMTh TPO MOXJIMBUM  PICT KBazikpucTadiB. HalOiapln  momupeHum
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MOpP(QOJIOTIYHUM MOTHUBOM OyJjia KapTWHA, TpeAcTaBieHa Ha puc. 4.5. IcHyBaHHs
YITKUX MEX MDK KJIacTepaMH BKa3y€ Ha HAsIBHICTh CYTTEBOI MOBEPXHEBOi €HEpTii
KJ1acTepiB. XapakTepHU po3Mip KiiacTepiB nepedyBae B Mexax 70 20 uMm. [Tapamerp

JUCTIIEPCHOCTI TAKUX CTPYKTYP MOXHA BIAHECTH JO MOHOAMCIIEPCHUX CUCTEM.

34.6 Xx 34.6 nm

a) 6)

3.0nm o
2.8 nm
2.6 nm
2.4 nm
2.2nm o

2.0 nm T T T T T T
3.0nm 6.0nm 9.0nm 12.0nm 15.0nm 18.0nm

Puc. 4.4. HanocTpykTypH 30JI0Ta Ha MOBEpXHI MOHOKpHUcTaa InSe.

Bigrak, BakyymMHe TepMiuHE HaHECEHHs 30Ji0Ta (0€3 OXOJOKEHHS 3pa3ka 1
IHEpPTHUX ra3iB) Ha moBepXxHIO MoHOKpuctaia InSe (0001) mpu omHMX 1 THX Xe
yMOBaX HAaHECEHHS JIEMOHCTPYE Pi3HI MEXaHI3MH OCAJKEHHS 3 aTOMapHOi METaJIeBOi
ra3zoBoi (a3u. XapakTepHui Mailke MOHOMOJAJIBHUM PO3KHU PO3MIPIB KiIacTepiB. 3a

YMOBH YTPHUMaHHS CTaOUIbHUMH TEPMOJMHAMIYHUX IapaMeTpiB Ha IOBEPXHI
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moHokpuctana InSe (0001) Mo)kHa CTIHKO OTPUMYBAaTH BHUIIEOMUCAHI MOHOIIAPOBI

CTPYKTYpPH 30J10Ta.

Puc. 4.5. Xapakrepuuit pparmeHt penbedy Au Ha TOBEPXHI MOHOKpHUCTaTy InSe.

4.3 HanocTpykTypu 30/10Ta HAa mnoBepxHi MoHokpuctaay GaSe, orpumani

METOA0OM TepMi‘IHOFO HAaHCCCHHHA

[Ticas HamuimeHHS 3a JOMOMOTOI0 TYHEJIBHOIO MIKpOCKoma Oyl OTpuUMaHi
3HIMKH TIOBepxH1 3osiota Ha (0001) GaSe (puc. 4.6). JlanmmadTt mnoBepxHi
XapaKTepU3yBaBCS HEPIBHOCTAMU A0 1.0 HM, 110 CBIYHIIO MPO Maike PiBHOMIpHE
HAaHECCHHsI HAHOYACTHHOK 30JI0Ta Ha MOBepxHI0. Kiactepu, B 1iIoMy, BHITaIKOBUM
YUHOM OpIEHTOBAHI Ha IOBEPXHI, MPHU I[bOMY BOHHW MaJld PO3KHJ PO3MIPIB 0
~18.0 am (puc. 4.6 6). Uepe3 mOBHE 3aMOBHEHHS BCI€i TOBEPXHI HAMWICHHS
KJIaCTepaMHu MOXHa 3pOOUTH BUCHOBOK, 1110 MEPKOJISIIIAHUN e()eKT HacTae BXKE MiCIIs

Nepmoro HaIruJICHHS.
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Croctepiranucs 001acTi, B IKHX Ha BEpIIMHAX KiacTtepiB ¢popMyBanucs piBHI
IUTOIIMHKY, 1HOAl y BHUIJIsAI MOHomIapiB (puc. 4.6, a). Tomonoriuni po3Mipu TaKuX
MOHOIIIapoBUX obacter He nepeBunyBaiu 10.0 HM. Bigrak, picT KiacTepiB 30J10Ta 3
aToMapHOi a3y B KiHIIEBOMY pe3yJbTaTi 3aBEPUIYETHCS YTBOPEHHSM MOHOIIAPOBHX

CTPYKTYp Y BEpXHIHM YaCTUHI KJIaCTEpiB.

90.0 x 90.0 nm

1.400 nm
1.220 nm
1.040 nm
0.860 nm
0.680 nm

I

T T T T T
18.0nm 36.0nm 54.0nm 72.0nm 90.0nm

Puc. 4.6. KnactepHi CTpyKTypH 30J0Ta Ha moBepXHi MoHOKpucTana (0001)

GaSe.

[Ipy MOBITLHOMY pOCTI HAHOCTPYKTYp 30j0Ta (Oiible 5 c¢), KiMHATHIA
Temmeparypi Ta THCKy He Huxkue 107 Ila GopMyrOTBCS I'POHA 3 IIPOJOBIYBATHX
KJactepiB 3o0Ji0Ta (puc. 4.7). XapakTepHO MOPGOJIOTIYHOI OCOOIMBICTIO TaKUX
YTBOPEHb € CIOCTepeXyBaHa 'TEKCTypoBaHiCTh' TpoH. Biarak, B Takux
TEXHOJIOTTYHHUX YMOBaX 30JI0TY BUTIAHIIIE (JOPMYBaHHS NMPOJIOBIYBAaTUX KJIACTEPIB 13
nofanbIiuM 00'eMHaHHSAM iX B TrpoHa. [IpuuymHy I1i€i TEKCTypOBAHOCTI BaXKKO
BU3HAUYUTH, X10a 110 IPUITYCTUTH, 110 Yepe3 BEPTUKAIbHE PO3TallyBaHHS 3pa3Ka Il
yac HAHECEHHS MOIJIA TMO3HAYUTHUCS cuia TKIHHS. OCKUIBKM TPOJOBIYBATICTh €

pe3yJbTaTOM POCTY METaJeBUX T'POH 3 Ta30BOi aroMapHOi ¢a3u, a He nedopmarlis
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piakoi Kparuii, TO MmomepeaHsl Te3a MoXe OyTH I'PYHTOBHOIO TUTBKHM 32 YMOBH, IIO

TPOHO B TIPOIIECI POCTY OYII0 PiAUHOIO.

Puc. 4.7. I'pona 3 kiacTepiB 30J10Ta Ha TOBEpXHI MOHOKpHcTasia GaSe.

4.4 Hanopeaned miai na nosepxni moHokpucrtasaa InSe (0001) mican

TEPMIYHOT0 HAHECEHHS

Sk BunHO 3 pucyHka 4.8, mpu yacax HaHeCEHHs Oulblle 5 ¢, ycl KiacTepH
MarTh MPOAOBryBaty (popmy 1 copmoBaHi 3 HaHOUACTUHOK. [103/10BXKHI po3MipH
YACTUHOK 3HaXo[saThcss B Mexax g0 50.0 uM, a momepeuHi 10 25.0 Hm.
CrocrepiraeTbcs CyTTEBE BIOPSIKYBAHHSI KJIACTEPIB 32 OOpaHUM HAMPSIMKOM. Takuii
"TeKCTypoBaHUU'" XapakTep HaHOpPENbe(dy BH3HAUAETHCS MOYATKOBUMHU ITIpoIlecaMu
3apODKEHHS 1 POCTY, CYASYM 3 yChOro, B ymoBax TpaBiTarii. OCKITBKH PICT
BiIOYBaBCS MPOTATOM MACKIIBKOX CEKYHJ, [0 HE MOBHHHO OYJIO TNPUBECTH 0
IpaJIIEHTy TeMIlepaTyp Ha MOBEPXHI 1HTep(deicy, To Te3a Mpo BIUIMB I'paBITaLIMHOL

CKJIaJIOBOT MOK€ MaTH Micle. Takoro poay TEKCTYpOBaHI CTPYKTYPH BUXOASTH MPHU
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MarHeTPOHHOMY HAHECEHH1 MIeNEKTPUYHUX CTPYKTYp, JI€ € 3HAUHI €JIeKTPOMArHiTHI

ITOJIA.

Puc. 4.8. TynensHO-MiKpOCKOTIIYHUI 3HIMOK 1oBepxHi mial Ha InSe (0001).

3a yaciB HaHeCEeHHs 710 2-3 ¢ OynM OTpUMaH1 HAHOCTPYKTYpPH MiJll, HABE/IEHI Ha
puc. 4.9. CnocrepexxyBaHa BUTATHYTICTh KJIACTEPIB 1 iX Opi€HTALis B 33JaHOMY
HAnpsIMKy BU3HAYa€ThCs, IIBUJIIIE 3@ BCE, 30BHIIIHIM BIUIMBOM i 4YaC HAHECEHHS.
Sk yxxe 3rajyBajiocs BHUIIE, 1€ MOKe OyTH MOB'SI3aHO 3 IpaBiTalliiHUM BIJTUBOM Ha
Kparuii, K1 IiJT 4ac poCTy MOXKYTh NepedyBaTu B piikomy cTaHl. [Ipyn Manux moTokax
aTOMIB METally Ha IMOBEPXHIO (POPMYIOThCS Maibke cepuyHi KJIacTepu Mijai, AJs
SAKUX CIIOCTEPITaEThCA YITKAa TEHJICHINS 1O YTBOPEHHS JIHIMHMX HAHOCTPYKTYP.
[[IBuame 3a Bce, Mo3aika KJIACTEPIB MiJlI Ma€ XapakTep CaMOBIOPSIKYBaHHS
(puc. 4.9 6, 2). YactuHa 3 KiactepiB Mae KBaapaTtHy ¢GopMmy, IO CBIIYUTH PO

YTBOPEHHS HAHOKPHUCTAJIIB MiJIl 3 CEpeIHIM PO3MIPOM CTOPOHHU /10 5 HM (puc. 4.9, 6).
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Puc. 4.9. KnactepHo-niHiiiHi cTpykTypu Miail Ha oBepxHi (0001) InSe:
a) - MOBHE MOKPUTTS MOBEPXHI KJIacTEpamu;
0) — YTBOpEHHSI HAHOKPHUCTANIB KyO14HOi (hopmu;
B) — JIIHIMHE BIOPSAKYBAHHS KJIACTEPIB Mi/Ii;

T) — JIiHIT BIOPSIAKYBaHHS.
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BUCHOBKHA

Po3pobiieHa TeXHONOrisl OTPUMAaHHS MOHO- Ta 0araToumapoBUX HAHOCTYKTYD
metaniB Cu Tta Au Ha nmoBepxHsx MoHOkpucrtaniB InSe ta GaSe. Bcranosneno, 1o
4yepe3 HEe3MOYYBaHICTh MOBEPXHI MOHOKpHcTany InSe HaHo4acTMHKM OJIarOpPOTHUX
METaJliB, SIK MPAaBUJIO, OTPUMYIOTBCS Yy BUTJIS1 chepudHOoi hopMu.

HocnimkeHo MexaH13M (popMyBaHHSI HaHOpenbe(y Mifl 1 30J10Ta HA BaH-ACp-
BaaJbCOBHMX MOBEPXHAX HAIMIBIPOBITHUKOBUX MOHOKpHUCTaNiB. BakyymHe Tepmiune
HaHeceHHd Cu 1 Au (06e3 OXOJIO/PKeHHsS 3pa3ka 1 1HEPTHHX Ta3iB) Ha IOBEPXHIO
MoHokpucTtana InSe (0001) mpu oAHMX 1 TUX K€ YMOBaxX HAHECEHHS JEMOHCTPYE
pi3HI MEXaHI3MHM OCaJPKEHHs 3 aToMapHoi MeraneBoi raszopoi ¢aszu. s wmiai
XapaKTepHU MOHOMOJIAIbHUM PO3KH]I pO3MIpIB KJIacTEPiB, B TOM Yac sIK JJIs 30J10Ta
(bOpPMYIOTHCSI MOHOIIIAPH JIyCKATOI CTPYKTYPH.

BcraHnoBieHo 0co0auBOCTI pOpMyBaHHSI HAHOCTPYKTYp 3 yacTUHOK Cu Ta Au Ta
BHMBUYEHO MEXaHI3MH iX arjoMeparlii 1 yTBOpEeHHsI KOHIJIoMepaTiB. BeraHoBieHo, 1110
MPU JOCSTHEHHI KUJIBKOCTI HalMJICHUMX YaCTMHOK Ha MOBEPXHI JAESKOTr0 KPUTUUYHOIO
3HAUCHHSA, B1IOYBA€ThCS TpaHChOpMAIlisl KiIacTepa, KU CKIAJAa€ThCs 3 JEKIIbKOX
HAHOYACTHHOK, B OJHY YaCTHHKY, IO CYMPOBOKYETHCS 3HUKHEHHSIM TPAaHUIbL MIX
YaCTMHKaMHU Ta BUIBHOTO 00°’emy Mixk HuMH. [lpu mnomanpiioMy 301TbIICHHI
KUIBKOCT1 HANMMWJIGHWX YaCTUHOK Ha MOBEPXHI MEXaHi3M YTBOPEHHS KOHTJIOMEpaTiB
INPOTIKAE 3a CXEMOK: I[0YaTKOBa CTallisl KPUCTAJIYHOTO POCTY, IO HOCHTH
dbpakTanbHUN XapakTep — 3apOJUKEHHS TOJKOMOMIOHMX HAHOYTBOPEHb, 3
BIOPSAKYBAHHSAM HAHOKPHUCTAIIB 3a OOpaHMM HampsiMKOM. MexaHi3M pocTy, B
uIoMy, BifnoBijzae Mexanizmy Ctpancki-Kpacranosa.

BcranoBneno manuii BIUIMB CUMETpIi MOBEpPXHI iHTEpPEiiCy Ha reoMeTpiro i
CUMETPII0 YTBOPIOBAHMX HAHOCTPYKTYp Miai 1 3ojota. Ilpouecu yTBOpeHHS
HAHOCTPYKTYp MiJl 1 30JI0Ta IPU 3a3HAYECHUX YMOBAX BaXXKO OMHCYIOTHCS BIJOMUMU
MeXaH13MaMH POCTY.

[[InprHa 3a00pPOHEHOI 30HM aTOMApHO YMCTOI MOBEPXHI MOHOKpHcTana InSe
(0001) BumipsiHa METOJOM TYHEIBHOI CIEKTPOCKOMII JEMOHCTPYE BIIXHIJICHHS

~0.2 eB Bix iHmUX MeToiB (~1.4 eB ipotu ~1.2 eB), 1110 00yMOBJIEHO TOBEPXHEBUM
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epexkrom. IlokazaHo, 1m0 HU3BKI TeMiepaTypu 3a0e3NeuyloTh HafliiHile
JOCTIIKEHHS TOBEPXHEBUX €HEPreTUYHUX piBHIB — piBHI [oxmi.

[Toka3aHo 3a/10BUIBHY BIJIIOBIIHICTh KPUBUX IIUIBHOCTI €JIEKTPOHHUX CTaHIB,
OTPUMAaHHUX EKCIIEPUMEHTAIFHO METOI0M TYHEIBHOI CIIEKTPOCKOIIIT 1 METOI0M Teopii
(GbyHKITIOHATY T'YCTHHHU.

Cnextpu CTC noBepxHi InSe MalOTh CyTTEBY 3aJIeKHICTh BiJl TEMIEPATypH.
[Ipy HUBBKUX TeMmIlepaTypax BiIOYBaeThCS 3BYXKEHHS JIHIA 1, SK HACIIIOK,
CIOCTEPIraeThCsl PO3LICIUIEHHS JIIHIT Ha KOMIOHEHTU. CHOCTEpIra€Tbcsi 1CTOTHE
3MEHILEHHS BIACTaHI MK MEPUIMMU MakKCUMyMaMH B OOJIAcTi 3ailHATHX 1 BUIBHHX
craHiB. [Ipu kiMHaTHIi TemmepaTypi BOHO cTaHOBUTH 4.0 eB, a mpu KpPIOT€HHHUX
temneparypax 2.4 eB. 3a HU3bKHX TEMIEpaTyp Mae€ MicClle ICTOTHE HaOJIMKEHHS
CHEKTPAIbHUX MAKCUMYMIB, 0 XapaKT€PU3YIOTh BUIbHI CTAHU J0 30HU MPOBIJHOCTI.
KpuBa miinpHOCTI BUIBHHUX €JIEKTPOHHUX CTaHIB 30epirae CBOw (opMy 3 JESKUM

3CYBOM B 01K 00J1aCTl 3aifHSATHUX CTaHIB.
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PO3JILI 5

MOP®OJIOTTYHI OCOBJIMBOCTI ITIOBEPXHI, EJIEKTPOHHA BY/IOBA TA
[TPOLIECHU PEJTAKCALIL B HEBITOPSIJIKOBAHUX CUCTEMAX
HA OCHOBI 3AJII3A

Hocmimxenass amoppuux meTtaneBux cruiaBiB (AMC) 3aiumraeTbes BaXIJIMBUM
HanpsIMKOM eKkcriepuMeHTanbHoi (i3uku. Ilepexin kpucraza B aMop@HHl cTaH
CYNPOBO/IKYETHCSI 3MIHOKO LIJIOT0 psAAy (PI3UKO-XIMIYHUX BIACTUBOCTEH, 30KpeMma,
PI3KOI0 3MIHOIO B'SI3KOCTI, TYCTHHH, TEMIEPATYpHOro Koe(dillieHTa pO3IIMPEHHS,
MOJYJISl MPY>KHOCTI, TEIJIOEMHOCTI Ta 1H. Takoro pojy 3MiHU OJM3bKi 10 (ha30BOTro
nepexoay Apyroro poay. B temneparypHomy iHTEpBasi CKIIYBaHHS CIIOBUIHLHIOETHCS
nepedyioBa CTPYKTYpU OJMKHBOIO TMOPSAAKY PIAMHU, a HWXKYE TEMIEpaTrypu
CKJIyBaHHS CTPYKTYpHI NIEPETBOPEHHSI B PEUOBUHI INPUIIUHAIOTHCA 30BCIM. YaCTUHKU
3IaTHI JIMIIE 10 KOJMBAJIbHUX 1 00epTambHUX pyXiB. TpaHchsuiliHa pyXJIMBICTS,
XapaKkTepHa ISl PIAKOTO CTaHy, BTPAdaeThbCsa. PI3HUIM y BIACTHUBOCTSX PIAKOTO 1
amMop(HOTO CTaHy BHU3HAYAE€TBhCA XapaKTEpPOM TEIJIOBOTO PyXy YacTHHOK.
TepMmoauHaMiuHl TapaMeTpyd CKJIOBHIHOTO amMOp(HOro CTaHy BH3HAYAIOTHCS HE
TITBKH TEMIIEPaTypoOr0 1 THUCKOM, ajieé 3alieaTh TAKOXK BIJ[ MEpeaicTopii 3paska,
30KpeMa, MIBUJIKOCTI OXOJO/KEeHHS. [lo eneKTpUYHMX, MAarHiTHUX, MEXaHIYHUX
XapaKTEPUCTHKAX, KOPO3iiHIM Ta pamiariiHiid cTiikocti AMC € OiIbIl BUTIIHAUMH
NOPIBHAHO 3  TpPaguUIMHUMHM  MaTepiaJiaMM.  byaydd  MarHiTOM'SKUMH
depomaraernkamu, AMC 3acTOCOBYIOTBCS SIK Oceps TpaHC(hOpPMaTOpiB, B CUCTEMAX
3B'SI3Ky, BUKOPUCTOBYIOTHCSI TPU CTBOPEHHI PI3SHOMAHITHUX EJIEKTPOMAarHITHUX
KOMIIOHEHTIB B eJekTpoHimi. Takum uymHoM, AMC MarOTh UUIMHA KOMILIEKC
YHIKaQIbHUX (P13UKO-XIMIYHUX BIACTUBOCTEH.

VY cydacHHX KOMEPIIMHMX MarHiTHUX JAMCKaX 3 BEJMKOIO IIUIBHICTIO 3alUCy 3
HEJJaBHBOI'O Yacy OTpHUMalla 3acTOCyBaHHsA 'CUCTEMa MEPIEHIUKYJSPHOTO
Mar"iTHoro 3anucy". [[nst qocsrHeHHS BUCOKOTO BITHOIIEHHS CUTHANY JI0 IIyMy B

TaKUX JHUCKAaX BHKOPHCTOBYETHCA HiI[KJ'IaIIKa 3 MAarHITOM'SKOIro MaTepiaJIy, 1o
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BOJIOJIIE HEBEJIMKUM 3HAUYECHHAM KoepuuTuBHOI cunu [231-235]. 3actocyBaHHS B
SKOCTI MIAKIAJKA MarHiTHUX AUCKIB aMOpGHUX IUTIBOK, FapaHTye HE TUIbKU TapHi
MarHiTOM'siki BJIACTUBOCTI, ajie 1 3a0e3leuye MEHIIE 3HAYeHHS IMITYJIbCHUX 3aBajl
3aBIISKH BIJCYTHOCTI JOMEHHHX CTIHOK. OcoOnuBui 1HTEpec y 3B'SI3KY 3 IIHM,
BUKJIMKA€ BUBYCHHS MMOBEPXHI IJIIBOK OTPUMAHUX 13 aMOP(PHUX CIUJIaBIB, TaK sIK came
NpUIOBEpXHEBA 001acTh Oyle HaJaBaTH OCHOBHUM BIUIMB HA SIKICTh MAarHiTHOTO
JTUCKA.

CoporosmHi aMop(HI MarHiTOM'siKki Marepiaiu 37eOUIbBIIOT0 BUPOOJISIOTHCS Ha
ocHOBI cuctemu Fe-B-Si, 3 nogaBanHsIM psify eI€MEHTIB JIJIsl JOCATHEHHS HEOOX1THUX
BrnactuBocted. Hampukman, mis meraneBoro ckia (Co, Fe);; (Si, B)yy BTpaTtn Ha
gactoTi 1 mly nipu 0.1 T ckimanaroTs 1.8 Bm/cm’, o icTOTHO MeHie, Hix s Mn-
Zn ¢eputiB. IlosicHeHHA psAay (QI3UMYHUX BIACTUBOCTEH IPYHTYEThCS Ha 3HAHHI
CJIEKTPOHHOT CTPYKTYpH, SIKa MOKe€ OyTH HaAWOUIbII MPsSMO BHBYEHA METOJIaMU
PEHTIeHIBCbKOI (POTOENEKTPOHHOI, €MICIMHOI 1 TYHENbHOI creKkTpockomii. Jls
pPO3YyMIHHSI OCOOJIMBOCTEN €JEKTPOHHOI OyAOBM aMOpP(pHUX CIJIaBiB 1, 30Kpema,
IHTepHpeTallli PEeHTITeHOCNEKTPOHHUX 1 PEHTICHOEMICIMHMX CIEKTPIB BaXKJIMBE
3HAHHS AaTOMHOI OYJOBM IUX pe4YOBUH. Bynb-ski 3MiHM B amMOp(HIl CTPyKTypi
MPU3BOAATE 10 (PIIyKTYyaIiii BEMMYMHN OOMIHHOI B3a€MOIII 1, BIMOBIHO, IO 3MIHHU il
MarHiTHUX BJIACTUBOCTEH. Bu3HayanbHUI BITMB Ha MAarHiTHI BJIACTUBOCTI TaKUX
MaTepianaiB Ma€e po3Mip HAHOKPUCTAIIB, K1 (DOPMYIOTh iX CTPYKTYpy. Taka noBeaiHka
3a3HAUEHUX MaTepiaiiB MOke OyTH MOSICHEHa Ha OCHOBI MOJE, 3alpONOHOBAHOI
G. Herzer [236], 3rigHO 3 SIKOIO 3MEHILIEHHS PO3MIpY HAHOKPHUCTAJIIB JO PO3MIpIB,
MEHIIIUX JIOBKMHM MAarHiTHOi OOMIHHOI KOPEJISIii, MPU3BOAUTL 1O MPOCTOPOBOTO
YCEpEHeHHS MAarHiTHOi aHI30Tpomii Ta SK HACHIJOK JO ICTOTHOTO 3HIKCHHS
KOEPLUUTUBHOI CUIIH.

HeoOxinHa cTpykTypa amopHOT0o MaTepiairy IOCATAETHCS 3a3BHUall B MPOIECi
Bignany. Tak Bignman amopduoro crutaBy npu Temmepatypi 550 °C npotsrom omHiel
TOJIMHU, MPU3BOJAUTH O YTBOPEHHS HAHOKPHUCTATIB po3MipoM Onu3bKO 15 Hm [237-
238]. Bigman amopdHHX TIUTIBOK TpU TeMIlepaTypax HWXK4YE TeMIlepaTypu

KpHUCTai3alii CynpoBOKYEThCS TAKOXX CYTTEBHM IMOJIMIICHHSIM iX BJIACTUBOCTEH,
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IO MOB'SA3aHO 3 TUM, 10 aMOp(dHi (epoMarHiTHI IUIIBKUA, OTPUMaHI 3a JIOIIOMOTOIO
IIBUIKOTO OXOJIOJDKEHHS, € TEPMOIMHAMIYHO HECTAOUTBHIMHU 1 TPOTPiB TAKUX ILITIBOK
CYNPOBOJIKYETHCSI CTPYKTYPHOIO peJlaKcalli€lo, CIpsIMOBAHOIO Ha JOCATHEHHS OUTBII
cTabinpHOI cTpyKTypH. CTpyKTypHa peflakcallis B J1aHOMY BHUIAJKY 3T1HCHIOETHCS Y
BUTJISA/II KOMIIO3UIIIMHOTO 1 TOMIOJIOTYHOTO BIOPSAKYBaHHS Ha MayinX BiacTaHsx [130,
239-243].
VY 3B'S13Ky 3 TUM, 110 CTPYKTYPHA peJIaKcallis BIUITMBA€E HA Pi3HI (i3WUHI, XIMIUHI

Ta MEXaHIYHI BJIACTUBOCTI, BHUBUCHHA (EHOMEHa peJakcailii BUKIWUKAE TMEBHUN
1HTEepeC HEe TIUIBKH MO BIHOIICHHIO JO TEXHIYHOI'O 3aCTOCYBaHHSA aMOpP(HUX IUIIBOK,
asie 1 3 TOYKU 30py OLIbII IITMOOKOTO PO3yMIHHS MPUPOIU aMOP(HOI CTPYKTYpPH.

3BakaloyM Ha BUILEBHUKJIAICHI CKJIA/IHOII, Ha CHOTOJHI HE ICHY€E OJIHO3HAYHOTO
N1JX0y B IPOTHO3YBaHHI au3aiiHy (iznuHux BiaactuBoctedl AMC mpu cuHTe3l abo
noganelIii  TepmMooOpoOii. Tomy nmocmimkeHHs (i3UKO-XIMIYHUX BIACTUBOCTEH
HassBHUX AMC € HeoOXiAHUM 3aBAaHHSM [JIsi HAaKOIMMYEHHS E€KCIIEPUMEHTAIBLHOTO
0a3ucy 3 METOI MOOYJIOBH TEOpii HEBHOPSAJIKOBAHOTIO CTaHy CKJIAQJHUX METAJICBUX
CUCTEM, a TaKOX CHpPSIMOBAaHOTO TMPOTHO3YBAHHS BJIACTUBOCTEM aMOpP(HUX
MaTepianis.

VY nanomy po3aisii METOJIaMHU BUCOKOBAKYYMHOT TYHEJIBHOI MIKPOCKOIIi aTOMHOT1
PO3AUIBHOI 3AaTHOCTI, TyHeNbHOI Ta XPS cnexrpockomii gociixkeHo MopdoIoridHi
0COOJIMBOCTI Ta €JIEKTPOHHY Oya0By amop(dHoro meraneBoro cruiaBy Feg,Si4Bi4 mpu
TepMiyHii 00poOIll B IMPOKOMY JHdiama3oHi TeMmIepaTryp — BiJ KIMHATHOI
temrniepatypu (KT) mo 700 °C, a Ttakox cyOmopcTKicTh (Hadani wiopcmkicmy).
Metonom EXAFS-cnekTpockornii gociimkeHo onmxHiA nmopsagok B AMC Ha ocHOBI

3a1i3a.

5.1 EnekTponHa O0yaoBa amopgHUX MeTaJIeBUX CIVIABIB HA OCHOBI 3aJ1i3a

5.1.1 Enexmponna 6yooea amopghnoco memanesozo cniagy Fe7;SisBs
PentrenooToenekTpoHH1 AOCTIKEHHS 3pa3KiB 0€3 MOMepeaHbOro 10HHOTO

OUMIIICHHS TOBEPXHI IMOKa3ajlyd HasSBHICTh HA TMOBEPXHI 3HAYHOI KIJIBLKOCTI KHCHIO,
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Byriento 1 3amiza. Crnekrpu 6opy micist TpuBaioro (500 ckaHiB) HakomW4YeHHs Oynu
TPaHUYHO Majoi IHTEHCHUBHOCTI, IO CBIAYUTH MPO T€, U0 B YMOBaX €KCILTyaTaiii
AMC Ha noBepxHi (10 ~ 40 4) npucyTHi Mani KoHueHTparii 6opy i Hforo cromyk.
Buxonsun 13 3Ha4yHOI IHTEHCHUBHOCTI MIKIB PEHTTeHO()OTOENEKTPOHHUX CIIEKTPIB
KPEMHII0 BHJJHO, III0 TOBEPXHEBa cerperaiis KpeMHII0 B JOCTIHKyBaHOMY CILIaBi
JOCUTH icToTHA (puc. 5.1).

Sk BUIHO 3 HAaBEIEHOTO PHUCYHKY, TOJOBHHM MaKCUMyM JiHII ls Byrierto
3HaXOAUThCs Onm3bko 284 eB, mo € xapakrepuuM s C-C 3B's3kiB, Xodya
croctepiraeTbess ymupeHHss JiHii C ls B o0macTe OUIBII BUCOKHX E€HEPTIH.
Bucokoenepretuynuii mik Oau3bko 287 eB BKa3dye Ha HasABHICTh CKJIAIHUX
BYTJICIIEBUX CIOJYK 13 XapakTepHUM MNoABIMHUM 3B's3koM C=0, 110, MOXIIHUBO,
MOB'A3aHO 3 BHUCOKOTEMIIEPATYpHUM IPOTPIBOM pO3IUIaBy MpHU OTPUMaHHI CILJIABIB,
Tak SIK TICJS 10HHOTO TpaBieHHS led mik 3Hukae. Posknamanns C ls crekTtpy Ha
KOMITOHEHTH TOKa3ano (puc. 5.2), M0 CHiBBIIHOMICHHS croiyk 31 3B'si3kamu C=0, C-
O 1 C-C cranoButh BianoBigHO Omm3bko 1.0 :1.4:8.5. Omxke, MoxHa 3poOUTH
BUCHOBOK, IO BYIUICIIb Ha TIOBEPXHI JOCTIIKYBAaHOTO aMOP(GHOTO METAJIEBOTO
CIUIaBY 3HaXOJAUTHCS B OCHOBHOMY B C1a0KO OKMCHEHOMY CTaHi.

[Tik KHCHIO XapaKTepHU3ye€ThCSl 3HAYHUM PO3MUTTSM, IO CBIIYUTH IIPO
MPUCYTHICTh 3HAYHOT KUIBKOCTI KHCHIO B PI3HUX CTaHaX. JIOCHIIKEHHS NEKIIbKOX
3pa3KiB JaHOi CTPIYKM [OKa3aJId HECTEXIOMETPUYHUI PO3MOMALT EJIEMEHTIB 110
JOBXMHI CTPIYKH, 1[0, HATIEBHO, TIOB'SI3aHO 3 PI3HUM CTYIIEHEM OKHCHEHHS IIJTIBKH 10
JIOBXKMHI, @ TAaKOX 31 CTAHOM DPO3IUIAaBYy, 3 SIKOTO OTPUMYBAJIU CTPIUKy. Y TepMiHaxX
XIMIYHOI caMOMOA10HOCTI CKJIaay CIUIaBy, MOro 1HBAPIAHTHICTh JOCSTAETHCA HUIIXOM
YCEpEIHCHHSI MHOXWHHOTO HA0OpYy BHUIAJKIB, MPU SKUX pPEaATi3ye€ThCs peanbHa
KapTUHA €KCTIEPUMEHTY BIJMIOBIIHA JI0 CKJIaly CILJIaBY.

[lepmie ioHHE TpaBICHHS MPOTATOM S5 XBWIMH 1 pexumom 3 kB, 30 mA
MoKa3ajo, L0 OKMCHEHHWH IIap Mae€ TOBLUIMHY OILibIlle, HDK BJAAJOCAd 3HATH 3a
JIONIOMOTOI0  10HHOTO  TpamieHHsA. CriocrepiraeTbcs, SK 1 paHilmie, 3HayHa

IHTEHCUBHICTH JIiHIT KUCHIO (pHC. 5.3). Sk 1 11 HEOUUIIEeHOT OBEPXHI, XapaKTepHa
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BiACYTHICTh Oopy. Ilomanpiie ouMIIEeHHS TOBEPXHI MOKa3al0 3HAYHO MEHIII
KUTBKOCT1 KUCHIO 1 BYTJICIIIO.

[TokazoBum (hakToM € Te, M0 MPU 3HAYHUX YACOBUX MPOMIKKAX TPABJICHHS -
oinpie 30 XB 1 BUIIEBKA3aHUX IMapaMeTpax, CIOCTEPIraaucs MalOIHTEHCHUBHI JIiHIi
BYTJICLIIO 1 KUCHIO, 1110 CBITYUTH PO T€, IO MPH 33JIaHUX TEXHOJIOTIYHUX MapaMeTpax
OTpUMaHHS aMOPGHUX CTPIYOK BAXKKO JOCITTH MOBHOT HEOKMCHEHOCT1 €JIEMEHTIB.

[HTEeHCHBHOCTI PEHTTEHOCTIEKTPAIbHUX JIHIA €NEeMEHTIB, MPH OJHUX 1 THX
cCaMHUX peXHMax 3HOMKH, IIICIs JBOX 10HHMX TpaBieHb (puc.5.3) 1CTOTHO
BIJIDI3HSIOTBCA, 1[0 BKazy€e Ha 30UIbIICHHS KOHIIEHTpAlli 3aii3a 1 3MEHILEHHS
KOHIIGHTpaIlli Byrjen Ta kucHio. OpHak, s Si 2p-niHiA 30epiraeThes CTaiCTh
IHTEHCUBHOCTEH, 1110 TOB'SI3aHO 31 30€PEKEHHSAM CTAJIOCT] KOHIICHTPAIli KPEeMHII0 T10
TOBUIMHI cTpiuku. DopMyBaHHS MOPQOJIOTTYHUX OCOOJIMBOCTEN MOBEPXHI aMOPPHOI
IUTIBKH Y TPOIIEC] IMIBUJIKOTO 3arapTOBYBaHHS CYMPOBOKYETHCS YTBOPEHHSIM PI3HUX
da3 [244-245]. V pesynbTaTi 4oro BiIOYBA€ThCS YTBOPEHHS TBEPJOTO PO3UMHY Ol
Fe (Si) 1 cnonyku Fe,B. YTBOpenHs Ha noBepxHi amopdHoi miiBku a-Fe (Si), nmeBHo,
BIIOYBAEThCSL SIK HACHIZOK aToMapHOi audy3ii Ha KOPOTKI BiJCTaHi, Tak 1 3a
JIOTIOMOTOI0 3IIUTTSI OKpeMHX HaHokiactepiB. [lpu 1mpoMmy, y 3B'S3Ky 3 THM, IO
MDKaToMHa Biactanb Fe—Si Outpmie Bigcrani Fe-B 1 Omm3eka 1mo Bigcrtadi Fe—Fe
nudy3is TPU3BOIUTH 10 TOro, MO aroMud Si npu (GopmMyBaHHI KPHCTAIIYHOI
CTPYKTypH 3aiiMaroTh Micis artomiB 3amiza [130]. [lIBuame 3a Bce, e OAMH 3
MOKJIMBHX MEXaHI3MIB TIOBEpPXHEBOi cerperamii kpemHito. Otmxe, y Tmporeci
CTPYKTYpPHOI peJsiakcallii BiAOyBa€eTbcsl OUIBIIMI MEpepo3Nnoaia aTroMiB 0O0py y
nopiBHSAHHI 3 aromamu Fe Ta Si.

Takuii mepepo3moAll MPU3BOAUTH JIO0 TOTO, IO aTroMu Oopy, SKi Oynu
pO3TalioBaHi B €HEPreTUYHO HECHPHATIMBUX MICIAX, PYXalOThCS 0 CHEPTETUYHO
OUThII BUTIIHUX TO3uIliA. Bee 11e ToBopuTh mipo Te, mo GopMyBaHHS CTPYKTYp, SKi
MPU3BOJSATE 0 BIIOPSIIKOBAHOCTI Ha CEPENHIX BIACTAHSAX, € OJHUM 31 CIOCOOIB
JIOKaJIbHOI cTabii3alii B mporieci MBUAKOTO 3araptoByBaHHs [ 131]. MikpocTpykTypa
TaKO1 MOBEPXHI1 ABJIAE€ COOOIO MIITbHY YIAKOBKY 3 HAHOKpUCTaIuHUX 3epeH a-Fe (Si)

10 3HAXO/IAIThCA B aMOp(HIN MaTpulli 6opuaa 3asisa.
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Puc. 5.1. PentreniBcbki dotoenexktponHi crnektpu AMC Fe;;SigBys (1-3 pisui

OLNAHKU aMOPPHOI cmpiuKu).
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HasiBHicTh xapaktepHoro miky Ha cnektpi C ls B oOmacti 6musbko 281.9 eB
BKkazye Ha mpucyTHicTh ¢azu Si-C. Posknamanns C 1s cnekTpa Ha KOMIIOHEHTH
nokasayio (puc. 5.2), Mo BigHOMIEHHS KapOiMy KPEMHI0 0 1HIIMX CIIOIYK BYTJICIIO

npu6au3no 1.4 : 1.0.

2836 281.9
2837
| (A
285.6 | C !
287.4 ‘ | Ll
291 288 285 282 279 276 291 288 285 282 279 276
E, eV E, eV

Puc. 5.2. Po3kiaeHi Ha KOMIOHEHTH PEHTTEHIBChKI (DOTOENEKTPOHHI CIEKTPU
C 1s AMC Fe;;SigBys (mo 1oHHOTO TpaBieHHS — JIBOPYY; IMICIA

OCTaHHBOI'O 10HHOTO TPABJIEHHS] — MPABOPYY).

VY psaal BUNAAKIB CXWJBHICTE J0 aMmopdizamii yB'SI3yeTbcd 3 TEBHOIO
CJICKTPOHHOIO KOHIIEHTpalli€l0 B cmiaBi — Tteopiss Harens-Tayka [246]. Merogom
TYHEJIbHOI CHEKTPOCKOMIi OTPUMAHO PO3MOJAUI IIUIBHOCTI €JIEKTPOHHHUX CTaHIB B
okouti piBHs Depmi (puc. 5.4). B o06nacTi 3alHITHUX CTaHIB CIIOCTEPITAETHCS TPH TIKH,
K1 XapaKTepu3yloTh d-ctanu 3aiiza. llIBuamie 3a Bce, 3a3Ha4YeH1 MIKKA BIAMOBIIAIOTH
TPHOM PI3HUM crojykaM 3aiiza. OCHOBHHUI MIK Ha ~ 2.5 eB Bianosinae a-Fe, miku
JIBOPYY 1 MPaBOPYY BiJl HHOTO XapaKTEPU3YIOTh CIOIYKH 3ajli3a 3 KpEMHIEM 1 OOpOM.
Sk BUIHO 3 HABEJIECHOTO PHUCYHKY, piBeHb dDepMi BIANOBIIAE€ MIHIMyMY HIiJILHOCTI
CJICKTPOHHUX CTaHiB. B 00y1acTi BUIBHMX CTaHIB TaKOX CIOCTEPIraeTbCcsl TOHKA

CTPYKTypa CMYTH, L0 € HACIIITKOM YTBOPEHHS PI3HUX KOMILJIEKCIB 3aJii3a.
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Puc. 5.3. PentreniBceki ¢otoenektponni cnektpy AMC Fes;SigBys micns
10HHOTO TpaBieHHS (I — nepwe mpaesnenus - 5 x8, 2 — opyee mpagients - 15

X8, HA CNEeKMPax Ji6OPYY 6KA3AHI IHMEHCUBHOCMI).

BBaxkaetpcsi, mo  amopdizamii  crpuse  TakoX ~ BIAMIHHICTE B

€JIEKTPOHETraTUBHOCTI KOMITOHEHTIB. OpHak, cy4acHl Teopii (B.T.4. Teopis Harens-
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Tayka [246]) Bce K HE HAIOTh MOKJIMBOCTI TOSICHUTH 0arato eKCIepuMEHTaTbHUX
naHux. JlocUTh BemuKa KUIBKICTb CHUCTEM €JEMEHTIB MOXke OyTH OTpuMaHa B
amopbHoMy crtani. [ocmigHukamu Oyno 3poOsieHO ©Oarato copo0 BU3HAYUTH
dakTopu, K CpusAlOTh amopdizallii Ta Kl AeTaJbHO y3arajJbHEHI B poboTax [247-
253]. OngHak, 10 TENepillHhOTO Yacy II€ MUTaHHS 3aauinaeTbes BiAkputum. Cepen
oOroBoptoBaHuX (akTopiB, KpiM €JIEeKTPOHHOro (akTtopa, HEOOXITHO Ha3BaTH
HacTynHi. [lepmr 3a Bce 11e po3MipHHil (hakTOp, B paMKax sIKOTO MependavaeThes, Mo
CXWJIBHICTh J10 amopdizallii MarTh CIUIaBH, KOMIIOHCHTH SKHX BIIPI3HSIIOTHCS 3a
aTOMHMMH paJilycaMd Ha JESIKy KpUTHUHY BenuuuHy (Onu3bko 15 %). Xoua s
JEAKUX CIUIaBiB, 10 amopdizyroThes, Hampukian, Pd-Si, BigHOIIEHHS aTOMHHX
pazaiyciB 6:u3bko 10 1. J[pyruii ¢pakTop onucyeThesi 0OCOOIMBOCTSIMHU JliarpaMu CTaHy
KoMITOHEeHTIB. CIutaBy, y IKMX Temneparypa miasiieHHs (T() 3HrkeHa, a intepBai To-
T, (Temmeparypa CKIyBaHHS) MaJlui, CXWIBHI 10 amopdizamii B OuIBHIINA Mipi.
Hampukiaza, eBTEeKTUYHI CIUIaBH 31 CKJIaJaMH B 00JIACTI «TJIMOOKO1» €BTEKTHUKH 3

PI3KUM 3HIKEHHSM TeMIIEpaTypH JIKBIAYCY B IbOMY KOHIIEHTPALIMHOMY 1HTEpBAIi.

Intensity a. u.
10.0-

8.0
A 6.0 {0
4.0

2.0+

Puc.5.4. [IlinpHicTh BUIBHUX 1 3alHATHX  €JICKTPOHHUX CTaHIB B

npudepmieBcbkiit oomacTti (£ 3 eB) AMC Fe,;SigB;s.
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KpiM i1HmmMX, HEOOXIAHO 3rajaTh KPUCTATOXIMIYHUN (akTop, KU BHU3HAYAE
3B'SI30K MK CXMIIBHICTIO 10 amopdizarii 1 Turnom a3, ki GopMyloTbCcs B JAHOMY
criasi. [lepenbavaerbes, M0 MOKIIUBICT YTBOpPEHHsI aMopdHOi a3y 3anekuTh Bij
XapakTepy TOIMOJIOTIYHOTO 1 XIMIYHOTO OJIMKHBOTO TOPSAAKY B PpO3IJIaBi, IO
3abe3reuye CXWIBHICTh CIUIaBy J0 amopdizalii. bararo crmaBiB amopdizyroTcs B
obOyacTi CKJadiB, SKMM Ha JiarpaMi CTaHy BiamoBizaroTh ¢a3u JlaBeca, o-das3m i
CTHOPIAHEHI 3 HUMH, a TakoX - 1 y-¢azu FOM-Pozepi. CTpykTypa BCix mux (a3 Moxe
OyTu mpejcTaBieHa y BUTJISIl YIIaKOBKHU «HETPABWIBHUX» TeTpaenpiB. Bigomo, 1o
BIIMOBIAHO 70 MOJei bepHana, TeTpaenpuyHa KOOpAWHAISA aTOMIB € OCHOBHOIO B
CTPYKTYp1 aMOp(pHOI pEHOBHHH.

Ha paHuii MOMEHT MNpencTaBIsA€THCS HAWOUIBIN JONUIBHUM KOMILJIEKCHUMN
X1 O MUTaHHS NMPO CXWIBHICTH CIUIaBY 10 amop(di3zailii, B T.4 TaKUM 1110 BpaxoBYye
TaKy BaXJIUBY XapaKTEPUCTUKY K EHepris 3MIIIyBaHHS KOMIIOHEHTIB. Sk
3a3HAYaJIOCs BUIIE, JUIs CIUIAaBiB, IO aMOp(i3yIOThCS XapaKTepHO YTBOPEHHS
npomixkHux (a3. HaBiTh y cuctemax i3 «eBTeKTUKOIO» (Au-Si, Au-Ge), B SIKUX NpHU
3BUYAMHUX yMOBaX KpUCTali3allii He YTBOPIOIOTHCS SIKICh MPOMIXKHI ¢a3u, B yMOBax
3arapTyBaHHSl 3 pIJMHU crocTepiraerbea QopmyBanHd [- 1 y-pasu FOm-Posepi,
Hanpukiaa, ¢asu AuySi (31 cTpykTyporo y-natyni). dopmyBaHHS mpomixkHUX (a3
CBIMYUTh TMPO HETATUBHY C€HEPril0 3MIllyBaHHS KOMIIOHEHTIB. Buxomsum 3
BUKJIQJICHOTO MO’KHA 3pPOOMTH BHMCHOBOK, IO JOCIiIKyBAaHUUM CIJIaB 3a70BOJIBHSIE

OUTBIIOCTI BUKIIAZIEHUX (PAKTOPIB.

5.1.2 POC oocnidoicenns cnnasy Feg;SiyB 4

PentrenodoroenekTpoHHi TOCTIIKEHHS 3pa3KiB aMOp(PHOTr0 METajaeBOro CIIIaBy
Feg,Si4B14 6€3 10HHOro OYHMINEHHS IOBEPXHI TMOKa3alW HAsSBHICTP Ha IOBEPXHi
3HaYHOI KUIBKOCTI KHCHIO, BYIJICLIO 1 3aji3a B PI3HUX CTYNEHAX OKUCHEHHS.
CrnoctepiraeTbcsi HE3HaUYHAa KIIBKICTH OOpy 1 a30Ty 3 eHeprismu B 1s Oau3bko
191.3 eB ta N 15 399.4 eB, mo 3rigHo [254] cBiAYUTH PO HASBHICTH MOBEPXHEBUX

KOMILIEKCIB 31 3B's3kamu B-N (puc. 5.5, 5.6).
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AHani3 IHTEHCHMBHOCTEHW MIKIB PEHTIeHO(OTOCICKTPOHHUX CIIEKTPIB KPEMHIIO
MOKa3aB, IO TIOBEPXHEBAa CETperamis KPEeMHII0 B JOCTIIHKYBaHOMY CIUIaBi HeE
HACTUIbKU BUpakeHa sik B cmaBl  Fe;;SigBis (puc. 5.6). Cnektp 1ls enexkTpoHiB
BYTJICIIIO BUXITHOT TOBEpXHI Mae nBa miku (puc. 5.7) 3 eneprisimu 284.4 eB i
288.3 eB, saxi xapaktepusyioTb C-C 1 O-C=0 3B'a3ku BiANOBiAHO. Po3knamaHHs
CIIeKTpa Ha KOMIIOHEHTH TOKAa3aJI0 TaKOX HasIBHICTH JIIHINA 3 €HEpricro 01Iu3bpKo 285.7
1287.4 eB, sixi BiA0OpaXkaloTh OAMHAPHUI 1 MOABIMHUIA 3B'SI30K BYTJIEIIO 1 KUCHIO, C-

O 1 C=0 BI1AIIOBIIHO.

N 1s

ﬂ hr |
RSO Y T A ni
\ “f‘\\‘{\.f\"“‘t,ﬁ ‘;‘ !(1\“ \‘gv\l “\ ! I
1‘\‘-‘“:‘ P ‘I‘H"\‘H W i 1 'M\ RSN kL
‘“ ’l L\‘ “"," I:‘\\‘ ’J ‘ Y |
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|

410 405 400 395 390
E, eV

Puc. 5.5. Cnextp N 1s AMC Feg,S14B 4 (mouatkoBuii cTan 3paska)

Ha moBepxHi 3pa3ka 0 TpaBJICHHS CIIOCTEPITaloThCsl OKCUAM 3aiiza (puc. 5.6), a
TaKOXX HE CIIOCTEpITraeThCs 3B'SI3KYy BYIUICII0 3 KpemHIeM (puc. 5.7). Bimomo, 1o
KpEeMHI B aMOpP(HOMY CIUJIaBi 3 BHCOKHM BMICTOM 3ajli3a JIETKO OKUCIIOETHCS Ha
MTOBEPXHI, III0 MOXKE IMPU3BECTH JI0 3MCHIIICHHS KOHIICHTpAIIll PO3YMHEHOT'O KPEMHIIO
B aMmop(HOMY CIUIaBI 1, OTKE, 10 3MIHU BIacTUBOCTEH cruiaBy [ 133, 134]. V 3B'3Kky 3
UM B JaHiii poOoTi Oylo 3aCTOCOBAHO 10HHE TPABJIECHHS 3 METOIO MOIIAPOBOIO
aHaJi3y CKJIaJy MOBEpXHI 3pa3ka. Ha moBepxHI HE TpaBJICHOrO 3pa3ka KpEeMHIi

3HaXOJIUThCSI B OCHOBHOMY B 3B's3Ky Si-N (puc. 5.6).
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[lepmie ioHHe TpaBiaeHHS OpOTsAroM 15 xBuimmH 1 pexumoMm 3 kB, 30 mA
MoKa3ajo, 0 OKMCHEHUH IIap Mae 3HA4YHy TOBIIMHY 1 HOTO HE BIAE€THCA BUAAIUTH
MPOTArOM MAajoro 4acy 10HHOTO TpaBJIeHHs. SIK 1 paHillle CIOCTEpIraeThCs 3HAYHA
IHTeHCUBHICTh 1s JiHIl KucHIO (puc. 5.6), NpU 1OMY IHTEHCHUBHICTH IIKY
3MEHIIY€EThCSl B 6 pasiB. IHTeHCUBHICTH JiHII Fe 2p, mpu TUX Ke pexumax 3MOMKH,
30UIBIIMIIACS MPUOIIM3HO Y 8 pasiB.

Jlpyre i0HHE TpaBleHHS MOBEPXHI MOKA3aJI0 3HAYHO MEHIII KITBKOCTI KHCHIO 1
Byrnento (puc. 5.6,5.7). TonoBuuit Makcumym JmiHii 1s Byriemoo (puc. 5.7)
po3rtamoBanuii 0m3bko 282.7 eB, mo xapaktepHo mna Si-C 3B'sa3kiB. [Bumme 3a
BCe, KapOiJ KpeMHII0 (OpMyeTbcs IMiJI Yac BUCOKOTEMIEPATYPHOIO MPOrpiBAHHS
HaBiCKM Tpu npurotyBaHHi. CHOCTepiraeThCs CyTTEBA acUMETpis JiHI 3
BUCOKOEHEPIeTUYHUM 1i pO3MIMpeHHsAM. J[pyra ocoOJMBICTP Ha CHEKTpl OJU3BKO
284.0 eB Bka3ye Ha HasBHICTH C=C 3B's3kiB. Ilik Onu3bko 285.8 eB BKazye Ha
HasIBHICTh CKJIQJHUX BYIJIELIEBUX CHONYK 3 KucHeM C-O, 110, MOXKIMBO, MOB'SI3aHO 3
BUCOKOTEMIIEpATypHUM MPOTPIBaHHAM PO3IUIABY NpPU OTPUMAaHHI, TaK K MICIHs
10HHOTO TpaBJEHHS IIeH MIK Mae Mayly 1HTEHCHBHICTh. He3HauHa 1HTEHCHBHICTH
KOMITOHEHTH OJIM3bKO 288.5 eB xapakTepu3ye Maily IPUCYTHICTh CIOJYK 31 3B'sI3KaMU
C=0 ta O-C=0.

Posknaganas C 1s crmexkTpa Ha KOMIIOHGHTH ITOKa3ajlo, IO CIiBBIIHOIICHHS
IHTEHCUBHOCTEH JiHIN, 10 XapaKTepU3ylOTh Pi3HI 3B'A3KH ICTOTHO 3MIHIOETHCS Y
MOYaTKOBOTO 1 OouHIeHoro 3paskiB (tabmuis 5.1). OcHoBHuil mik crnektpa C ls
MOYaTKOBOTO 3pa3ka BiioOpaxkae C=C 3B's13kH, B TOHN Yac SIK AJIsl CIIEKTPA OYUIIEHOTO
3pa3ka OCHOBHHMU Tk xapaktepusye Si-C 3B'si3ok. OTxe, ByIJiellb Ha TOBEPXHIi
JOCTI)KYBAaHOTO aMOP(HOTO METajeBOro CIUIaBy 3HAXOAUTHCS B OCHOBHOMY B
OKHCHEHOMY CTaHl, B TOH 4ac sk y 00'eMi BiH 3HAXOJWUTHCS y BUIJISAI CIOJYK 13
KpEeMHI€M, IIBUIIE 3a BCE, Y BHUIJISAI KapOimy KpeMHir0. B IijloMy iHTEHCHBHICTH
JiHIT 1S eNeKTPOHIB BYIVICLIO B MOPIBHSAHHI 3 MOYAaTKOBUM CIEKTPOM 3MEHILIUIACS

O11BII HIXK B 6 pasiB.
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Puc. 5.6. PentreniBcbki (ortoenektponHi cnektpy AMC Feg,SiyByy4:

1

MOYaTKOBUH 3pa3oK, 2 — Meplie 10HHEe TpaBieHHs - 15 xB; 3 — npyre ioHHE

TpaBJIeHHS — 15 XB; B Ty’)KKax BKa3aHl IHTECHCUBHOCTI.



AHami3 peHTTeHIBChKUX (DOTOETIEKTPOHHUX CIEKTPIB aMOP(HOIro CIUIaBy
Feg,Si1,B4 mokasas, 1mo Ha MOBEpXHI yTBOPIOIOTHCS OKCHUIU KPEMHiI0, IHTEHCHBHICTD
CIIEKTPIB SIKMX 3HAYHO CJIalIllae Micisl MEPIIOro 10HHOTO TPaBJEHHS 1 Ma€e ClIaOKui
MK TICJSI APYTrOro 10HHOTO TpaBJCHHS. Y TOW K€ 4ac 3pOCTa€ IHTEHCHBHICTD IMIKIB,
BIIMOBITHUX HEOKCHJIOBAaHOMY CTaHy KpemHito (puc. 5.6). Lle y3romkyerscs 3
pe3yibTaTaMu PEHTTEeHIBCHKOI (POTOENIEKTPOHHOI CIEKTPOCKOMIi HaBEACHUMH B
poboTi [255], ne Ha moBepxHi Feg3Si,B s cmocrepiramucs minii Si2p y BTl
okcuiB B obnacti g0 100 A, neokcumuuii cran Si 2p 3HaX0AUThCs Ha rauouHi 60 A.
Jlinia Si2p nng 3pa3ka B MOYATKOBOMY CTaHi 1 MICHS TPABIEHHSA MPAKTHUYHO HE
3CYBA€ThCA 1 3HAXOAMUTHCS B 00sacti 98.5 eB, oAHaK MIMPUHA JIIHIT ICTOTHO OLIbIIE B
noyatkoBoMmy ctasi (2.8 eB), 0 CBITYUTH MPO OUIBINY KUIHKICTh HEEKBIBaJECHTHUX
MOJIO’KEHb aTOMIB KPEMHIIO.

[HTEHCUBHOCTI PEHTTEHOCTIEKTPAIBLHUX JIHIA €JIEMEHTIB, IPU OJHUX 1 THX CaMUX
pexuMax 3MOMKH, TICIS JBOX TPaBJIEHb 10HAMU aproHy ICTOTHO BIPI3HSAIOTHCS, Ha
110 BKa3ye 30UIbIICHHS KOHUEHTpAIll 3a1i3a 1 3MEHIIEHHS! KOHIIEHTpaLli BYTJeLro i
kucHio. OmnHak, nmst Si2p-miHid 30epiraeTbest CTaNiCTh 1HTEHCHBHOCTEH, SIK JUIS
NEepIIoro Tak 1 AN JAPYroro TpPaBJICHHS, IO BKa3ye Ha CYTTEBY IOBEPXHEBY
cerperaiiiro KpeMHiro 1 30epeKeHHS HOro KOHIICHTpAIlli Mo TOBIIMHI cTpiuku. OauH 3
MOXJIMBUX MEXaHI3MIB cerperatiii ajis criaBiB Fe-Si-B Buie onwmcanuii 1715 crijiaBy
Fe;7S1gBys. IIponec mBUAKOro 3arapTyBaHHsI CYIPOBOJKY€ETHCSI YTBOPEHHSIM PI3HUX
da3. B pesynbTaTi BimOyBaeThcs YTBOPEHHS TBepaoro po3uuHy o-Fe (Si) 1 comyku
Fe,B. YTBOpeHHs Ha moBepxHi amopdHOi TUliBKM 0-Fe B pe3ynapTaTi aTOMapHOI
nudy3ii. HeoOximHo BIAMITHTH, 110 BijcTaHb Fe—Si Oinbiie Biactani Fe—B 1 6im3bko
1o Bizncrani Fe—Fe. ¥V 3B's13ky 3 mum audyy3ist IpU3BOIUTE 10 TOTO, 110 aTOMHU Si Mpu
(bopMyBaHH1 KPUCTAIIYHOT CTPYKTYPH 3aliMarOTh MICIIsl aTOMIB 3ajli3a.

[lik KHCHIO MOYaTKOBOTO 3pa3Ka XapaKTEPU3YEThCSA JBOMA TIKAMH, 3aCBIIUYIOYN
OPUCYTHICTh 3HAYHOI KUIBKOCTI KHCHIO B PI3HUX CTaHaX. [HTEHCHUBHICTb
PEHTTeHO(OTOETEKTPOHHUX JIiHIM KHUCHIO 3MEHIIYEThCA Oararopa3oBO IMICIS JBOX

HACTYITHUX 10HHUX TpaBlieHb (puc. 5.6, Tadin. 5.1).
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Tabmuus 5.1. Enepris 38's13ky (eB) 1 mupuHa (B TyXKKaX, eB) JiHII OCTOBHUX

piBHIB aToMiB Feg,Si4B4.

Fegzsi4B14 Fe 2p3/2 O 1Is Si 2p B 1s Cls N 1s
ITouatko | 710.3 529.7 98.5(2.8) [ 191.3 284.4 399.4 (1.2)
uii  crad | (3.2) (1.6) 101.6 (2.0) (1.4)
3pa3ka 531.6 (1.8) 187.2 285.7
(1.8) (1.6) (1.4)
287.4
(1.4)
288.3
(1.4)
ITicist 1-ro | 706.6 530.6 98.6 (1.3) [187.2 282.8
10HHOTO (1.3) (2.0) 101.6 (1.0) (1.2)
TpaByieHHsa | 707.7 (2.0) 284.1
(1.3) (1.4)
709.0 285.6
(1.8) (1.4)
711.0 288.0
(1.8) (1.4)
ITicns 2-ro | 706.6 530.4 98.5(1.4) | 187.2 282.7
10HHOTO (1.3) (2.0) 101.4 (1.0) (1.2)
TpaByieHHsa | 707.7 (2.8) 284.0
(1.3) (1.4)
709.0 285.8
(1.8) (1.4)
711.1 288.5
(1.8) (1.4)
Fe [255] 706.9
FeB[255] | 707.4 187.9
FeB,[255] | 707.3
FeO[255] | 709.6 529.8
Fe3O4 710.8
[255]
Fe, 04 710.9 530.1
[255]
Si [255] 99.4
SiC alpha 100.4 282.5
[255]
Si0, [255] 103.5
B [255] 186.5
B,05[255] 533.2 193.6
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[TpumiTHUM (akTOM € Te, IO MPH 3HAYHUX 4Yacax TpaBieHHS — Ounbiie 30 XB,
CTHIOCTEpirajarcs MajJOlHTEHCUBHI JIiHII BYTJIELIO 1 KUCHIO, IO CBIAYUTH MPO Te€, IIO0
OpU 3alaHUX TEXHOJIOTIYHUX MapaMmeTpax OTpUMaHHS aMOp(GHUX CTPIYOK BAXKKO
JOCSITTH HEOKUCHIOBAHOCTI €JICMEHTIB.

Ax BugHo 3 puc. 5.6 Ha PDC cnektpax B ls mnpucyTHi Takox ik,
BIIMOBIAHUN HITpUAY OOpYy, IHTEHCHUBHICTh SKOTO 3HI)KYETHCS TPU 10HHOMY
TpaBieHHl. HasBHICTH Ha T™OBEpXHI HITpUAY OOpy IMOBIpHO OOyMOBJIEHA
TexHoJoriero orpuManHsa. Crnektpu POC, oTpumani micis 10HHOTO TPaBJICHHS IS
Oopy cBimuaTh Mpo J00pe pPO3YMHEHHS AaToOMIB OOpy B CTPYKTYpl CIOJYKH.
[HTEeHCUBHICTh BIANMOBIAHUX TIKIB 3pocTae. Ilpomec CcTpykTypHOi penakcaiii
XapaKTepU3y€eThCd 3HAYHO OUIBIIMM MEPEepO3NOijIoM aToMiB OOpY B MOPIBHSIHHI 3
aToMaMH 3aiiza 1 KpemHito. HaHOCTpyKTypa Takoi MOBEpXHI SIBJISE COOOI LIUIbHY
YyIaKoOBKY 3 HaHOKpucTamiuHux 3epeH o-Fe (Si), mo 3Haxonstecs B amMopdHiit
MaTpuil 6opuaa 3amisa.

Sk BUAHO 3 puc. 5.6 nosoxxeHHs JiHii Fe 2p;, 175 3pa3ka B MOYaTKOBOMY CTaHI
3HaXOUThcsl B oOaacti 710.3 eB, Todl K TOJOKEHHS OCHOBHOI JiHIT Fe 2p;, nis
3pa3ka Miciis TpaBJIEHHS 3CyBaeThcsl Ha 3.7 eB 1 po3TanoByeThesi B o0nacti 706.6 eB.
[le MoXe MOSCHIOBATHCSA YTBOPEHHSIM Ha MOBEpPXHI 3pa3ka B MOYATKOBOMY CTaHI
Fe;04, monoxxenns miuii gy skoro — 710.8 eB [255].

Jlinis Fe 2p3, ans 3pa3ka micis 1-ro 1 2-ro TpaBJICHHS CKJIAJIA€ThCs 3
JEKUIBKOX KOMMOHEHT (puc. 5.7). Po3kimamaHHs crmekTpa 3aji3a Ha KOMIIOHEHTH
BKazye Ha HasBHicTh HacTtynHux ¢a3: FeBiFeB, (707.7 eB), FeO (709.0 eB),
Fe,0; 1 Fe;04 (711.0 eB). YTBopeHHs Ha moBepxHi amop¢Hoi miiBku o-Fe (Si),
MIEBHO, BiI0YBA€THCA K B HACHIIOK aToMapHOi nudy3ii Ha KOPOTKI BiJCTaHI, Tak 1 3a

JIOTIOMOT'O10 3JIUTTS] OKPEMHUX HAHOKJIACTEPIB.
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Puc. 5.7. Po3knaneHuii Ha KOMIIOHEHTH PEHTTEHIBCBKUNA (POTOEIEKTPOHHMMA
cnektp C 1s Feg,SiyBi4: a — mouaTkoBuii 3pa3ok, b — mepiie ioHHE
TpaBleHHsA - 15 XB; ¢ — xapyre ioHHe TpaBieHHd — 15xB, d —
pPO3KJIaIecHUi Ha KOMIIOHEHTH PEHTTEHIBChKUMA (POTOENEKTPOHHUMN

cnektp Fe 2p Feg,Si1,B14 micnsa qpyroro ioHHOTO TpaBieHHS.

Bigcranp mixk ocHoBHUMHM JiHissmu Fe 2p;, i Fe 2p;», B manomy amopdrOMY

MeTaJIeBOMY CIIaBi piBHa 13.2 eB, st 4ucTOTO 3aji3a 1 BeauuuHa ckiangae 13.1 eB

[255].
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5.1.3 Busnauenns xinokicHo2o cknady nogepxui AMA cnnagis 3a oanumu POC

Bukopucrosyroun meron POC mpoBeieHa iHTErpajbHa OIlIHKA KiJIbKICHOTO
CKJIaay TIOBEepxHi, omuicaHa B [256, 257]. BimHOIeHHS aTOMHUX KOHIICHTpPAIIii

JOCITIJIKYBaHUX €JIEMEHTIB 3HAXOUJI0CA 32 (POPMYIIOLO:

G L5
C2 12 S2
ne C,, C, — aroMHa KoOHIeHTpalisi, [, [,— I1HTerpajibHa I1HTEHCUBHICTb

PEHTIeHOENEKTPOHHOI JIiHI1, S — KOe(IIIEHT €IEeMEHTHOI YyTIUBOCTI. BinHomeHHs

S1/S, Bu3Hauanocs 3a popmyoro [256]:

_ To,4,

S
E T,0,4,

ne T — xoedillieHT MponmyCKaHHs CHEKTPOMETpa, 6 — mepepi3 (hoToioHizalli, A —
rMOWHAa BUXOMY (DOTOENEKTPOHIB ISl AAHOTO aTOMHOro piBHA l-ro abo 2-ro
enemenTa. [Ipu po3paxyHkax BHUKOPHUCTOBYBAJIUCS 3HAYEHHS G|, HaBeJEHI B POOOTI
[258]. Ilepenbauanoch, 1moO A~ (Ek)m, OCKUTBKM JUIi BCIX aHaJII30BaHMX JIHIN
crpaBeyiiBo  Ey > 150 eB [256]. [na Bu3HAYEHHS CKJady BHUKOPUCTOBYBAJIUCS
IIUPOKO po3HECeH] 1o eHeprii JiHii Fe 2p;, ta B 1s, ToMy HEXTyBaTH BITHOIICHHSIM
T)/T, Oyno He MOHA. 3HAXOJKEHHS 3arajibHOro BUTIAny ¢yHkuii 7= f (Ey) B yciit ii
00J1aCTl BUBHAYCHHS € CKJIQJIHUM TEXHIYHUM 3aBIaHHSIM. 3alpONOHOBAHUM JJIsI IBOTO
METOJ1 OnMcaHui B po0oTi [259] nmonsirae y BUMIpIOBaHHI OTOKIB MPYKHO BI1IOUTUX
€JICKTPOHIB BiJl MiJTHOTO 3pa3ka B 0OpaHMX Jiama3oHaxX €HEeprii 1 KyTiB 3a JIONMIOMOI0I0
PYXOMOTO aHaji3atopa HamiBCHEPUIHOTO THUMY 3 aTECTOBAHOK CHEPreTUYHOIO
3aJIeKHICTIO TporyckanHs. OJHaK 1€ HEMpOCTO peajizyBaTu Ha npakTuii. Tomy, B
naHii poOOTI BUKOPHCTOBYBABCS 3HAYHO MPOCTIMIHKA 1 JOCUTH €(HEKTUBHUNA METOJ]
3HAXO/KCHHS BIJIHOIIEHHS 3HAa4YeHb (DYHKIIT MPOMyCKAaHHS MPHU JBOX CHEPrisixX, IO
IIKaBIATh. JIJIs1 3HAXOJKEHHS 3HAYEHHSI HEBIAOMOro koedillieHTa n B 3aJIeKHOCTI
T ~ (Ey)" Busnavanuck BigHotuenss I (Fe 2psp) /I (Fe3p) ta I(Co 2psp)/1(Co 3p),
OTpUMaHi Bif 4ucTuX KpucTamiuaux Fe i Co micis 4MCTKM MOBEpXHi ioHamMm Ar

npotarom 30 xs.
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TabGmuis 5.2 mictuth gaHi o ckiagam nosepxHi kpucranmiuaux FeB, Fe,B Ta
amop(duuxX crasiB Fe;sB,s, FegsBs 1 Feg,Si14B1,4 micis ionHOT yricTku ipotsarom 60 xa,

OTpUMaHl 3 BUKOPUCTAHHSM 3HAMJACHOTO BIJHOIIEHHS KOE(QIIIEHTIB €JIEeMEHTHOI

Yy TIUBOCTI.
Tabmuis 5.2. EneMeHTHH CKI1a] TOBEPXHI CITOTYK
Cknang Cre, aT % Cg, aT %
FeB 48.7 51.3
Fe,B 67.6 324
Fe7sBas 73.8 26.2
FegsBis 87.0 13.0
Feg,S14B14 84.0 12.0

I3 maBenenoi tabmwmii BumHOo, 1o 111 AMC Feg,Si,Bis, Sk 1e 3a3Hauasocs

BUIIE, CTIOCTEPITAETHCS BIAMOBIAHICTH KOHIIEHTpAIIIT KPEMHIIO OPMYIIi CILIABY.

5.1.4 Bnaue xonyenmpayii 0py2020 nepexioHoco Memainy Ha eHepeiio 38's3K)y

ocmosnux pienie 8 AMC Fe-B

JleryBannss AMC cucremu Fe-B ko0anbToM NMPU3BOAUTH 0 CYTTEBUX 3CYBIB
octoBHUX piBHIB. Tak B amopdHuux crnaBax cuctemu Fe-Co-B npu 3amimenni Fe Ha
Co BinOyBaeTbcsi 30UIbLIEHHS €HEprii 3B'sa3Ky B ls enekTpoHiB npu 301IbIICHHI
koHeHTpauii Co, mo pocsrae 0.5 eB npu MOBHOMY 3aMillleHHI aTOMIB 3aii3a
aTOMaM# KOOAJbTY.

IIpu 11bOMy crocTepiraeTbCsi 3poCTaHHsl €HEprii 3B'A3Ky Fe2ps, 1 3MEeHIIeHHS
eHeprii 3B's13ky Co2p;, 31 30umbmenHsM BMicTy Co. BigmideHo 301IbIIeHHS] €HEeprii
3B's13Ky Fe 2ps, Co 2ps, piBHIB B aMOpHUX CIIaBaX BCiX CKJIaAiB BIAHOCHO YHUCTHUX

€JIEMEHTIB.
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[TopiBHSHHS OTpUMaHUX 3aJIeXKHOCTEHN eHeprii 3B's13Kky Fe 2p;/, 1 eneprii 3B'13Ky
Co 2ps, mis ckina cuctemu Fe-Co-B 1 3amexHocTteit eneprii 3B's3ky Fe 2ps,, Ni2ps),
[260] mist amopduux crutaBiB cuctemMu Fe-Ni-Si-B Takoxk BHUSBIsSi€ aHaNOTIYHUN
XapakTep 3MiHH eHeprii 3B'SI3Ky Fe 2p;, Ta (mepeximamit metanm, [IM 2p;,) B
3aJIe)KHOCTI Bij KoHueHTparii [IM = Co, Ni.

B pe3ynbraTi, MOXXHa KOHCTaTyBaTH, IO XapaKTep 3MIHU €HEpPrii 3B'A3KY
OCTOBHHUX PiBHIB 2p3), enekTponiB Fe, Co, Ni i 1s enexktponiB B B KoHIIeHTpaiitHuX
psanax amopduux cmiasiB cucteM Fe-Co-B, Fe-Co-Si-B ta Fe-Ni-Si-B ananoriunmii.
3aminieHHs yacTUHH atoMiB B atomamu Si1 B amopdHomy crasi Fe-Co-B He BruBae
Ha TOBEAIHKY eHeprii 3B'a3ky B ls, 1m0 Moe CBIIUMTH Mpo Te, M0 aTOMH OOpy B
NepIii KOOpaAUHAIIHHINA cepl MaIOTh JIMIIE aTOMU TepexinHoro metany. [loBeninka
eHeprii 3B's13ky Fe 2ps,, [IM 2ps,, B 1s 1 eHeprii 3B'a3ky Si 2s B aMOppHUX CIIaBax
Fe-IIM-B-Si He 3anexuts Bin BUAy Jpyroro mepeximHoro merany [IM = Co, Ni i
MOHOTOHHO 3pPOCTa€ MPH 301IBIIIEHH] HOTO KOHIIEHTpAITIi.

BaxxnuBo BIJ3HAYUTH, 1O eHepris 3B'sa3Ky B 1s enekTpoHiB OIbII YyTIUBa A0
tumy nepexigaoro merany IIM = Fe, Co, Ni, Hixk eHepris 3B's13ky Fe 2ps,, Co 2p3, Ta
Ni 2p;3,, €l1eKTpOHIB, PO 10 TOBOPUTH BEJIMKa BEJIMYMHA 3CYBY €HEprii 3B's3Ky B s
eJIEKTPOHIB. Bennunnau 3cyBy eHeprii 3B'si3Ky B 1s eleKTpoHIB B KPUCTaTI30BaHUX
AMC Fe-Co-B BigHOCHO amopdHHX CIUIaBIB TOMITHO T[E€pPEBAKAIOTH HAJ
BenuunHaMu 3cyBiB Fe 2p;, ta Co 2p;, enekrponiB. lle cBiquuTh npo Te, IIO
XapakTep HAWOIMKYOro OTOYEHHS aToMiB OOpy (KOOpAMHAIIMHE YHCIO 1 pajiyc
KOOpJIMHALIMHOI cpepr) OLIbII YyTJIMBI JO MEPEXOy CIUIaBy 3 aMOP(HOro CTaHy B

KPUCTAJIYHUM, HK XapaKTep HalOIMKU0ro OTOYEHHS aTOMIB 3aj1i3a 1 KOOaJbTy.

5.1.5 Baecamoenexmponui ecpexmu 6 amopghuux cniasax

OpauM 3 MposiBiB OaraToeleKTPOHHUX BIIACTUBOCTEM € mapaMeTp acUMeTpii
OCTOBHUX €JIGKTPOHHMX pIiBHIB aToMmiB MeTajiB. [lapamerp acumMeTpii MiICTUTh
1H(pOpMaLIiI0 TIPO MapLiaibHy MIUIBHICTh €JIEKTPOHHUX CTaHIB IEBHOTO aTOMa CILIaBy

B oKoJuIl piBHS Depmi [261].
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[Tapametpu acumetpii octoBHUX piBHIB Fe 2p;, 1 Co 2p;, HaBeneHi B Tabi. 5.3

Tabmuus 5.3. [Tapamerpu acumeTpii octoBHUX piBHIB Fe 2p3, 1 Co 2p;3))

Cknan [Tapametp acumetpii
Co 2ps3p Fe 2psp

Fe - 1.9

Co 1.7 -

Fe;9 CoisBis 1.4 2.2

Fego Coy5Bis 1.3 2.6

[3 HaBeneHHX MaHUX BUIHO, 110 acuMeTpia Co 2p;, €NEeKTPOHHOTO PIBHA MpHU
301uIbIIeHH] KOoHIIeHTpallii Fe 3smenmyerbes, Tomal sik cumerpis Fe 2p;, eaekTpoHHOTo
piBHA 30UIBIIYETHCS, IO CBIAYMTH MPO 3MEHIUEHHS 1 30UIBLIEHHA EJIEKTPOHHOL

HIUTBHOCTI Ha piBHI Pepmi B Micugx po3TamryBanHs atoMiB Co 1 Fe BiANoBiAHO.

5.1.6 Ocobausocmi ximiunozo 36'a3xy 6 amopghuux cnaasax cucmemu Fe-Co-B

3a oanumu POC

CnocrepexxyBaHni 3MiHM B enekTpoHHiil cTpyktypi cucremu AMC Fe-Co-B
0€3CyMHIBHO MOB's13aH1 31 3MIHAMU B CTPYKTYp1 OJIM>KHBOTO OTOUYECHHS aTOMIB CIUIaBY,
B IIEepIIy Yepry aroMis B, 110 Big0yBaroThCs Mpu 3MiHI KOHIIEHTpalii atoMiB Co.

JUist pocnipkyBaHuX amMOp(HUX CIUIAaBIB 3 pOCTOM KOHLEHTpauii aroMiB Co
CIIOCTEPITAEThCS 3MEHIICHHS 1 OJHOYACHE 3OLIBIICHHS TMapaMeTpiB acUMeTpii
Co 2ps, 1 Fe 2p;, piBHIB BIANMOBIAHO, 10 CBIAYWTH MPO 3MEHIIEHHS MapliaIbHOTO
BKIany d-enektpoHiB Fe 1 30unbmienni Bkiagy d- enektpoHiB Co B 3arajibHy
IIIIBHICTh CTaHIB Ha piBHI Pepmi. Takum 4dMHOM, 31 30UIBIICHHSIM KOHIICHTpAIil

atomiB Co B JOCHI)KYBaHUX CIIOJyKax BigOyBaeThcsl "BIATATYBaHHS" d-NIIIBHOCTI
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Co na 3B'130k Co-B, mo € Hacmigkom Ouibll 0axaHOro 3B'A3Ky O0pYy 3 KOOAIbTOM,
HIK 3 3aJ1130M.

OTxe, 3riIHO 3 OTPUMAHMMU JaHUMU MOKHa CTBEp/KYyBaTd, IO
npiopuTeTHicTh B3aeMoii 6opy 3 I[IM B AMC 36inbiryetses B psny Fe-Co-Ni.

[IpeacraBisie camMOCTIMHHMI 1HTEpeC TMHUTaHHS, SIKE€ IMOB'A3aHE 31 CTaHOM
3apsI0BO1 MIUTBHOCTI B AaHUX crionykax. OHa rpyna aBTopiB 3aiiMae KpaiH1 MO3MUIIIi:
abo Mojenb mepeHocy 3apsamny [262-266], abo mMomens KOBAJEHTHOTO 3B'SI3Ky [267-
272]. Inma i"TeprpeTarllisi pe3yJbTaTiB eKCIEPUMEHTY 1 PO3PaXyHKY BUKOPHUCTOBYE 1
Ti, 1 1HOI ysBieHHS [273-275]. Maitxke Bci aBTOpU pPOOIT CXOIATHCS B OJAHOMY: Y
BIJICYTHOCTI CYTTEBOTO MEPEHOCY 3apsay MOpsaky 1 en./atom 3 aToma MeTaly Ha
atoMm [IM. Takum ynHOM, HasIBH1 B JIITEpaTypl EKCIEPUMEHTANIbHI Ta TEOPETUYHI JIaH1
10 MepeHocy 3apsny B amoppHux cucremax [IM-B HocATh cynepeunnBuil XxapakTep.

AHami3 CyKyNmHOCTI OTPUMaHUX B JaHiii poOOTI PEHTIC€HOETEKTPOHHUX JaHUX
HIATBEPAUB BIJICYTHICTh CHPSIMOBAHOTO IepeHocy 3apsay. CrnocrepexyBaHe X
3MIIIEHHS OCTOBHUX PIBHIB 1 BaJ€HTHUX CMYI B KOHUEHTpPALIMHUX psSAax MOKHA
MOSICHUTH TPOCTOPOBUM TEPEPO3NOAIIOM EJIEKTPOHHO! MUIbHOCTI. OUYeBHIHO, IO
3MEHILIECHHS 3apsJ0BOi IIIJIBHOCTI Ha aroMax OOpy MNPU3BOAWUTH J0 30UIbILICHHS
eHeprii 3B'sa3ky ls-piBHs B. OmnHak, mpu po3risiii €KCHEPUMEHTATBHUX JaHUX 31
30UTBIIICHHSIM KOHIIEHTpallii aTtomiB Fe crmocTepiraeTscsi ogHOYacHE 301IBIICHHS
€HEPrii 3B'A3KY 5K §- TaK 1 p-€JEKTPOHHUX CTaHIB OOpPY, L0 € pe3yIbTaTOM 3POCTAHHS
nokamizamii d-enexktponiB I[IM Ha 3B'S3Ky, W0 NPUBOAUTH 10 3O1TBIICHHS
"expaHnyBaHHs" aToMiB OOpy 1 SK HaCHiAOK, 30UIBIICHHS YacTKHM KOBAJICHTHOI

CKJIaJ10BOi1 y 3B's13Ky [IM-B.

5.2 Cyomopcrkictb i MoOpgos10riuHi 0c00IMBOCTI MOBEPXHi aMOP(HOro CIJIABY

Feg,SiyB14 ipu TepMiuHiii 00po0i

CyOmopcTKICTh BU3HAYAETHCA 3a JIOMOMOTOI MPEIU3iHUX METOJIB 1 3ac00iB
JOCTIPKEHHSI TIOBEPXOHb, TAKUX, SK CKAHYIOUHH TYHEJIbHHM 1 aTOMHO-CHUJIOBUH

MIKPOCKOIIH, 5Kl BOJIOAIIOTH aTOMHOIO PO3JUIbHOI 3/aTHICTIO. CyOIIOpCTKICTh
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bopMy€eTbCs ~ TOBEPXHEBHUMH  HEPIBHOCTSAMU 3  XapaKTEepHUMH  poO3MipaMu
HAaHOMETPOBOTO TOPAKY, 1Mo BUCOTI 10 100 #y 1 mo kpoky — 1o 1000 xu. [Ipupona
CyOIIOPCTKOCTI BM3HAYAETHCS BHYTPINIHBOIO CTPYKTYpPOIO TBEpAOro Tina, ii
nedexkTaMu, a TaKoXK MPOILIeCaMy B3a€MOJIIi MOBEPXHI TBEPIOTO TiJia 3 HABKOJIUIIHIM
cepenoBHIIEeM (OKHCIICHHSI, aIcOpOITis).

CyOmopcTKICTh BITHOCUTBCS JO0 HAHOTEOMETPIi TBEPAOTo Tija 1 BU3HAYa€E MOro
HaMBaXJIMBIIII €KCIUTyaTaliiHi BaacTuBocTi. [lepin 3a Bce 3HOCOCTIHKICTD BiJ TEPTH,
MIIIHICTh, TEPMETUYHICTD 3'€/IHaHb, XIMIYHA CTIMKICTD 1 T.1. BuxigHa cyOIIopcTKiCTh
€ HACJIIJJKOM TEXHOJIOTTYHOTO MIPOLIECY OTPUMAHHSA aMOP(pHUX CILIABIB.

B pe3ynbrari HarpiBaHHS NapaMeTpyd BHUXIJHOI IMIOPCTKOCTI, SIK MpPaBUIIO,
3MIHIOIOThCS. L[[poMy MoOke OyTH JeKuIbka MPUYMH, OJHIEI0 3 OCHOBHUX €
penakcailiiiii mpoiiecd B aMop(dHOMY 3pa3Ky, SIKi CYNpPOBOXKYIOThCSA ITpoliecaMu
pocty 1 TpaHchopmarii kiactepiB. [Ipu 1mpomy Takox BiOyBalOThCS MPOIECH
cerperarii €JIeMeHTIB J0 IMOBEPXHi, 10 MPU3BOJAATH JI0 XIMIYHOI HEOJHOPITHOCTI
CKJIaNy, IKa 3yMOBJIIO€ 3MiHY €JIEKTPOHHOT CTPYKTYPH 1 BIIACTUBOCTEH MOBEPXHI.

AmMopdHI MeTaneBl CIulaBU JOCIIKYIOTBCS JIOCUTHh JaBHO 1 BCEOIYHO, OJIHAK
TeMa 3QJIUIIAETHCS JI0 KIHLA HE JTOCTIPKEHOI0 1 1ikaBorw. Jljis mocmimkeHoi cepii
CIUIaBIB aBTOpaMH HAMHUCAHO Psij cTatei, 30kpema [276-279]. TyT Mu po3riasHeMo
pEe3yNbTaTH JOCHIPKEHb METOJaMU BHCOKOBAKYYMHOI TYHEJIBHOI MIKPOCKOIII Ta
CHEKTPOCKOMIT aTOMHOI PO3AUIBHOI 3AaTHOCTI MIOPCTKOCTI, MOP(OIOriyHUX
0COOJIMBOCTEH 1 €JIEKTPOHHOI Oy0BH amopdHOTro MeTaneBoro craBy Feg,SiyB4 mpu
TepMiyHi 00poOll B IIMPOKOMY Jiama3oHi TeMmiepaTryp — BiJ KIMHATHOI
temmnepatypu (KT) mo 700 °C.

Ha puc. 5.8 HaBeneHi 3HIMKHA TYHEIBHOTO MIKPOCKOMNA TMOBEPXHI aMOpGhHOTO
MetanieBoro craBy Feg,Si4B4 nmpu temneparypax 350 °C, 375 °C, 400 °C , 425 °C,
450 °C, 475 °C.
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Puc. 5.8. CTM-306paxxennst Feg,S14B 4 3a pisHuX TemmnepaTyp HarpiBy.

SAx BugHO 3 puc.S.8, 3HIMOK moBepxHi Tpu 400 °C xapakTepuszyeThCs
30UTbIIEHHSIM ~ po3Mipy 4acTMHOK. OpHaK Tpu  MOIABUIIEHHI  TeMIepaTypu
CIIOCTEPITAEThCSA 3MEHINEHHS CEPEIHBOr0 iX PO3MIPy 3 ICTOTHHM PO3KHIOM iX
MIPOCTOPOBUX TapaMeTpiB. SIKIIO BpaxyBaTH, 110 PO3IaJl YACTUHOK MaJOMMOBIPHUIA,
TO 3MEHUIEHHS PO3MIpYy YAaCTMHOK MOXHA TMOSCHUTH 3a PaxyHOK IOBEPXHEBOL

cerperariii KJlacTepiB MaJuxX po3MipiB 110 ~ 5 HM.
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Buxonsun 3 HaBemenoro puc. 5.8 1 Tabn. 5.4, MOXXHA CTBEpPKYBaTH, IO B
iHTepBaii Temieparyp A0 475 °C BinOyBaeTbcss MOHOTOHHE 301JIBLICHHS MapaMeTpa
R, — MakcUMaJIbHOT Pi3HHMIII MIX BUCTYIIAMH 1 3amaJiiHaMU TI0 JecaTu Toukax. [Ipu
bOMY 30€piraroThCsi 3HAUEHHS MapamMeTpiB R, — CEpelHbOTr0 apU(PMETHUHOTO
aOCONIOTHUX 3HA4YE€Hb BIOXWIEHb 1 R, — CEpeAHbOro KBaJAPATUYHOIO 3HAUCHHS
BIIXWJICHb MPOQUII0, 3a JEIKUM BUHATKOM B o0Ousacti Temneparyp Oxusbko 400 °C.
[IBummie 3a Bce, Mae MICIIe CYTTEBE 3POCTAaHHS PO3MIPY KJIACTEPIB MPHU 3arajlbHOMY
36epexeHHi TeHaeHMii 3pocTanHs napamerpa R.. Temmeparypa 400 C ams naHoro

CIUIABY € OJIHIEIO 31 CXOJMHOK MOP(OJIOTTUHHUX NIEPETBOPEHD MTOBEPXHI.

Tabnuus 5.4. 3miHa mapamMeTpiB MIOPCTKOCTI BIJ TEMIIEPATYpPH HArpiBy

amopdHoi cTpiuku Feg,Si,B14

T, °C R,, HM Ry, HM Ryis, R,, oM Sratio
HM
350 0.208 0.268 2.18 2.88 1.13
375 0.224 0.291 2.65 3.08 1.14
400 0.333 0.423 2.67 3.04 1.14
425 0.222 0.277 2.30 3.15 1.09
450 0.204 0.261 3.20 4.42 1.09
475 0.200 0.252 2.23 4.21 1.09
500 0.544 0.686 4.60 5.27 1.16
550 0.503 0.640 3.94 4.42 1.15
600 0.190 0.242 1.59 1.73 1.05
700 0.532 0.655 3.87 4.40 1.06

s CTM 3uiMkiB TemnepaTtyp 10 475 °C xapakTepHe piBHOMIPHE I0JI€ 3HIMKa
06e3 ocobmuBocTei. Y Toil wac sk s Temmepatypu 475 °C 3HIMKH MaroTh psif
ocobnuBocTei (puc. 5.9).
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CroocTtepiratoTeCsi 3Ha4H1 3a po3Mipamu kiactepu A0 20 wm, MpU CEPeTHHOMY
po3Mipi KiacTepa o MO0 3HIMKA ~ 3 wu. llomaneine aeTasbHE JOCITITKEHHS
MOKa3aJio, 10 BEJUKI KJIACTEPH YTBOPUWIIMCS IUISIXOM 3JIMIIAHHS MajHuX 13 CEpeIHIM
po3MmipoMm ~ 3 um. [Ipu 11bOMy BHCOTa BETUKHX KJIACTEpPiB HE3HAYHA B MOPIBHSIHHI 3
TonorpagiyHUMHU PO3MipaMu 1 CTAHOBUTH OJIM3bKO 3 Hm (puc. 5.10 a).

[Ipuposa yTBOpEHHsS BEIMKHX KJIACTEPIB 3AJIMIIAETHCS HE3'ACOBaHOK. MoxHa
NPUITYCTUTH, IO MPH MMiABUILEHH] TEMIepaTypu MOBEIIHKa MaJIUX KJIacTepiB Haraaye
Kparuli piAMHU, SKI OparHyTh A0 YTBOPEHHS MACHUBHUX KIJIACTEPIB 3 METOIO
NOHW)KEHHST eHeprii kiactepa. OTKe MIABUILIECHHS KIHETUYHOI €Heprii KIacTepis,
TOOTO 1X PYXJIUBOCTI, MPU3BOJIUTH 0 KOAJIECIICHINT 1 KOAryJsslii Maaux KJIacTepiB B
Benuki. L{g Te3a mie OiibIne MiATBEPIKYETHCS, SIKIO PO3MVISHYTH 3HIMOK IMOBEPXHI
npu temrepatypi 500 °C. CrnocrepiraloTbCs MacuBHI KJIACTEPH, IO CKIIAJAIOTHCS 3
MajuxX, MIXK SIKAHMH YTBOPWJIMCS YITKI Mexi po3auty. [lpu 1pomy BeamunHa
3araru0JIeHb TaKOXK CTAHOBUTH OJM3BKO 3 MM, 11€ MOYKHA IMo0auuTu Ha puc. 5.10 b.

HeoOxinHo BigzHauuTH, 1o came 3a 500 rpamyciB Llenbcis crocTepiratoTbest
IHTEHCHBHI peJakcalliifHi mporiecu B amopdHomMy crasi. Sk BugHO 3 Tabmuill 5.4,
BIIOYBA€EThCS  3HAUYHMM  CTPUOOK MapaMeTpiB  CEPEeAHBOr0  apu(pMETUYHOIrO
a0COJIIOTHOTO BIAXUJIEHHS MPOQIII0, CEPEAHBOTO KBAJAPATUIHOTO BIIXWJICHHS, CYMH
cepeliHiX aOCOMIOTHUX 3HAYEHb 1 3HAYEHHS MAaKCHUMAJIbHOI PI3HMIN MK BUCTYIIAMH 1
3amaguHamMu. CTM  3HIMOK moBepxHI HaOyBae crneuu@iudi  Mop¢oIOorivHi
OCOOJIMBOCTI B TIOPIBHSHHI 31 3HIMKaAaMU TpU OUIBII HU3BKUX TeMIEparypax.
YTBOpEeHHS HAHOCTPYKTYp MPaBWIbHOI ()OPMH Ha MOBEPXHI aMOpP(HOro CIUIaBy €
BEJIbMH I[IKABUM EKCIIEPUMEHTAILHUM (HaKTOM, SKUW JOCHUTH BaXXKO Tepel0adnTH.
Ckopilll 3a Bce Ma€ Miclie CUTYallisl Iy>Ke Jajneka BiJl pIBHOBaXHOI MPH SIKIA MOXKITUBE
YTBOPEHHSI TOJIKONOAIOHMX HaHOoKpucTamB. [Ipumitaum dakrom npu 500 °C crano
YTBOPEHHSI HAHOCTEPXKHIB ~ 90 M y HOBXKHUHY, MHUPHUHOW ~20HM 1 Y BHUCOTY
Onmu3bko 12 M 10 MM MOXEMO CIHOCTepiraTd Ha pUCYHKax 2 1 5 BIAMOBIAHO

(puc. 5.10 ¢).
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Puc. 5.9. CTM-306paxxenns Feg,Si4B 4 3a Temmepatyp 475 °C - 550 °C.




126.0x126.0 nm

E1.50 €370 E4.00

, 190 4

160 320 480 640 800 80 160 240 320 400 80 160 200 320 400
nm nm

Puc. 5.10. a) CTM-300paxxennst noBepxni AMC Feg,Si,Bj4 npu temmnepatypi
475 °C, b) CTM-300paxenns noBepxai ACM Feg,Si4,By4 ipu Temmnepatypi 500 °C

¢) Ha"nocTpuxHi Ha noBepxHi AMC Feg,S14B 14 pu Temnepatypi 500 °C.

[loganeine miABUIEHHS TeMreparypu 3paska a0 550 rpagyciB llenncis
MPU3BOJUTH JI0 MOJANBIIOTO 301IBIIEHHS CEPETHBLOTO pOo3Mipy KiiactepiB (puc. 5.9) i
JEAKOr0 HE3HAYHOIrO 3MEHIIEHHA mapamerpiB R, R, R, Ta R, (tabdn. 5.4). Ognak,
nojanbie MiABUIIEHHS Temmeparypu jgo 600 °C  mpu3BOguTh J0 CYTTEBOTO
3MEHIIICHHS TapaMeTpiB, K1 XapaKTePU3YyIOTh MOPCTKICTb.

3MEHIIIeHHS MapaMeTpiB MIOPCTKOCTI, OYEBHUIHO, MOKHA TOSICHUTH 32 PaxyHOK
pE3yNbTATIB MPOIECY KpUCTAi3allii, B pe3yiabTaTi 4Oro Ha HAHOPIBHI BiOYBA€ThCS
BUPIBHIOBAHHS MOBEPXHI KPUCTAIIYHUX 3€peH. XapaKTepUCTHUKa JaHUX MapameTpiB
MOPCTKOCTI Ry, Ry Rijis ,R. M S,q1 IPENCTABICHA Y BUIIIA1 Ipa@ivyHOi 1HTEpIIPETALii
Ha puc. 5.11 1y Tabm. 5.4.

Bensmu 1mikaBoto ocoOnuBicTiO ¢dopmyBaHHS HaHopenbedy mnpu 700 °C €
YTBOPEHHSI TEPACOBUX CTPYKTYpP, 3 XapaKTepHUMH po3Mipamu: AoBxkuHA ~ 200 Hwm,

mupuHa 120 #v 1y BucoTy 6au3bko 20 Hm, 1110 IpeACTaBIeHO Ha puc. 5.12.

213



%

zjis

ratio

?

R
R

a

300 350 400 450 500 550 600 650 700 750
T,°C

Puc. 5.11. 3anexnocti mapamertpis R,, R, R, Ta R, BiJ TemMIiepaTypH 3pa3Ka.
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Puc. 5.12. CTM-300paxkennst ¢opMmyBaHHs HaHopenbedy Ha mnoBepxHi AMC
Feg,Si1,B14 mpu Temmneparypi 700 °C.

214



Jlesiki CTymeHi Tepac BUXOASATh IUIACKMMHM Y BEJIHKIA MPOTsHKHOCTI. Taki
YTBOPEHHSI OMHCYIOTH Tiporiec ¢dopmyBaHHsS HaHOkpuctaniB mpu 700 °C. Beapmu
MacuBHi kpucrtanu Ouibmie 0.2 Mkm mpu 700 °C BKa3yloTh Ha Te, IO MPOIIEC

KpHUCTai3allii MaiKe 3aBEPILINBCA.

5.3 Tyneabna cnekrpockoniss AMC Feg,SiyBy, npu Tepmiuniii 00po0ui

CrexkTpu TyHENbHOI CIEKTPOCKOMIi OyJlIM OTpHUMaHl Ha KJacTepax MOBEPXHI
amopdHoro MertasneBoro cmiaBy Feg,SiuByy nmpu 350 °C 1 400 °C 3 giametpom
~ 5.0 Hyu. AHani3 MIUIBHOCTEN EJIEKTPOHHMX CTaHIB IS KJIacTepiB B Toukax 1 1 2
MOKa3aB 3HAYHY iX cXO0XICcTh. Iliku B obOnacti 3aiiHsaTHX ctadiB 10 3.0 eB (puc. 5.13)
ONMUCYIOTh 3d cTaHu 3amiza. HasBHICTH JIBOX OCOOJIMBOCTE — OCHOBHOTO ITIKY
O0JIM3BKO 2.5 eB 1 HU3bKOGHEPTeTUYHOTO MKy Ha ~ 1.8 eB, BKazye Ha pO3IIEIIIICHHS 1,
OTX€e, Ha T10puau3aiito 3d cTaHiB 3aii3a 3 p- cTaHaMU KpeMHiio abo 6opy (puc. 5.13).
Ha HaBeneHux CIieKTpax 4iTKO BUHO JOKAJIbHI MAaKCUMYMH SIK Y BaJ€HTHIN 30H1, TaK
1 B 00J1aCT1 BUIbHUX CTaH1B. [I[puMITHO, 1110 TOJIOBHI MAKCUMYMH B 00J1aCTSIX BUIBHHX 1
3aMHATUX CTaHIB JIOKAJI30BaHI Il PI3HUX KJIACTEPIB B OJIHAKOBUX EHEPTreTUYHUX
obnactsx. Jms 000X KiacTepiB OCHOBHUM MakCMMyM B 00JlacTi BUIBHUX CTaHIB
3HaXOJUThCS ~ 2.5 eB. OnHakoBa TOBEIIHKA KPUBUX IIUIBHOCTEH EJIEKTPOHHUX
CTaHIB JJIsl HABEJICHUX KJIACTEPIB BKA3y€ HA 1ICHTUYHUN XIMIYHHUI CKJIaJ] KJIacTepiB.
Jlnst  3a3HaYeHMX KIJIACTEPIB  CIOCTEPITaeTbCsl MEPEepO3NOia  IHTEHCUBHOCTEHN
roJIOBHUX ocoOnuBocTed cnekTpiB. [Ipu 30epe’keHHI €HEepPreTUYHOTO MOJOKEHHS
OCOOJIMBOCTEH CITOCTEPIra€ThCs TEPEPO3NOALT IHTCHCUBHOCTEH MIXK 3alHATUMH 1
BUIbHUMH CTaHaMu. Taky MOBEAIHKY, CKOPIII 32 BCE, MOXHA IMOSICHUTU 32 PaxXyHOK
3MEHIIICHHSI IIJIBHOCTI €IEKTPOHHUX CTAaHIB y BaJEHTHIN 30H1 kiactepa 1. diznyHO0O

IPUPOJIOI0 TAKOTO 3MEHILIEHHS MOKe OYTH pi3Ha KOHLIEHTpALIis 3aJli3a B KJIacTepax.
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Puc. 5.13. CTM-3HIMOK TMOBEpXHI 1 TYHENbHI CIEKTpU y BKazaHUX Toukax AMC
Feg,S14,B14 pu 400 °C, a) mudepeniiitna 3anexHicts dI/dV y Touri 1;
0) nudepenItiiina 3ainexHicTh dI/dV y Tourti 2.

3 tabnuii 5.4 BuUgHO, 10 HarpiB 3paska g0 400 °C npu3BOIUTH JO 3HAYHHX
3MiH yCiX napameTpiB MmopcTkocTi. Ha HaHOpiBHI BiAOyBaeTbcsd CyTTEBA 3MiHA
MOP(QOJIOTIYHUX OCOOJMBOCTEH TMOBEpXHI. MarTh Miclle OmHcaHi B po3auil 3
MeTaMop¢o3u TOBEpXHEBUX KiiacTepiB. [loBepxHeBa cerperarfist JeTKuxX eJIeMEHTIB JI0
MOBEPXHI MaTepialy MNpU3BOAUTH A0 MNposBy onucaHux edekrtiB. HeobxigHo
BiBHaunt, mo i1 AMC cknamy Feg,SiyBj4 3a3Hadena Ttemmeparypa mpu
0araTorogMHHINA BUTPUMII € HAMOLIBII XapaKTEPHOIO ISl IHTEHCUBHOI KpUCTai3amii
amop(uoro cmiuaBy. OpHak, HE CHOCTEPIralOThbCi YITKO CHOpPMOBaAHI KpUCTANH, a
npUOJIM3HO HYJIhOBA NIUIBHICTH EJEKTPOHHUX CTaHIB Onu3bko 0 eB BKazye, IO
dbopMyBaHHs KJIACTEPiB BIAOYBAEThCA 3a MEXaHI3MOM, OJIM3BKUM J0 MeEXaHI3My
dbopMyBaHHS MOJIEKYJISIPHUX OpOiTasei.

[Tomanpmmii HarpiB 3pa3ka a0 temmepatypu 425 °C, sk BumHo 3 puc. 5.14, He
NPU3BOJUTH 10 3MIHM PO3MIPIB KJIAacTepiB, a TAKOXK HE CIOCTEPIraeTbCsl 1CTOTHUX
3MiH B MUIBHOCTI €JIEKTPOHHUX CTAaHIB TAKOTO POy KiacTepiB. ['0JOBHUIT MaKCUMyM
KpPUBOi 3alHATOI YaCTUHU IIUIBHOCTI €JIEKTPOHHUX CTaHIB 3MILIYEThCSI B 00JaCTh
BUCOKHX €Heprii 3B's3ky Ha ~ 0.5 eB. Y Toil 4yac K TOJIOBHMH MaKCUMyM KPHUBOIi
IIUTPHOCTI BUTPHUX CTaHIB 3aJIUIIAETHCS JIOKATI30BaHUM y Tik ke oOmacti. JlaHwmii
(dhakT MOXe CBIJUMTH HAa KOPHUCTH IMOJAJIBIIOTO Mpolecy (HOopMyBaHHS KPUCTAJIB 1

BIIXO/y BiJl IPUHLUITY (POPMYBaHHS KJIACTEPIB 10 MOJIEKYIIPHOMY MEXaHI3MY.
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Puc. 5.14. CTM-3nimok moBepxHi Feg,SiyBi; Ta audepeHiiiina 3aiexHicTh

ety

dl/dV y BepXHbOMY JIIBOMY KYTKY.

3 ypaxyBaHHSIM 30€peXEeHHS CepeHHOTO PO3MIpPy KIJIACTEpiB MPH HArpiBaHHI,
30UTBIIEHHS KIJIBKOCTI MAKCUMYMIB Ha KpUBHX dl/dV BKa3zye Ha IHTEHCUBHUH MPOIIEC

KpHUCTai3ailii BCepeIMHI KJIacTepiB 1 YTBOPECHHS KBa31KPUCTATIB.
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Puc. 5.15. dI/dV cniextp 15t MIKKIACTEPHOI 00J1ACTI.
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Puc. 5.16. a) — CTM-3uimok noBepxHi Feg,S14B 4 (HarpiBanns g0 500 °C) ta
nudepeHuiiia 3anexHIicTb dl/dV, xapaktepHa mist 3 touok; b) — CTM-3HIMOK
noBepxHi Feg S4By, (HarpiBanus no 550 °C) ta nudepenuiiina 3anexHicts di/dV,
xapaktepHa s 2 Touok; ¢) — CTM-3nimok noBepxHi Feg,Si4,B4 (HarpiBanas g0
600 °C ) Ta mudepeniiiina 3anexHicTs dI/dV, xapakrepHa mist 3 Touok; d) — CTM-
3HIMOK noBepxHi Feg,Si14B14 (HarpiBanus no 700 °C ) ta nudepeHiiiiHa 3anexHICTh

dl/dV nng Bka3aHOI TOUKH.
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XapakTepHOIO OCOOJHMBICTIO € CIEKTPU TYHEIbHUX EJEKTPOHIB, fKI Oynu
OTpUMaHI B MDKKJIAcTepHi obOmacti (puc. 5.15). Buxomsum 3 aHamizy KpuBOi
HIUTBHOCTI €NIEKTPOHHUX CTaHIB MOKHA CTBEP/UKYBATH, IO MIKKIACTEpPHA 00JIACTb
Ma€ TOW k€ MPUOTU3HUN JIOKANbHUNA XIMIYHUM CKJaj, 10 1 KjJacTepu. BimbIIicTb
OTpUMaHUX 3ayie’kHOCTeN dI/dV Bka3zye Ha Te, 10 MDKKIAcTepHa 00JIaCTh 3HAYHO
omkue 10 dha3u a-3aiiza.

YTBOpeHHS chepuuHUX CTIMKUX KiacTepiB Ha ocHOBI Fe-Si abo Fe-B mBumamie
3a Bce BIJOYBA€ThCS Ha CTafll HAIIBUJIKOIO OXOJOKEHHS PO3IUIaBy 3a MEXaHI3MOM
npioputeTHocTi 3B's13Ky Fe-Si ta Fe-B nag Fe-Fe, a He cerperariii 1erkux eJ1eMeHTIB B
npolect CTPYKTYpHOI penakcamii. JlaHui BHUCHOBOK MIATBEPIKYETHCS HASBHICTIO
aHAJIOTTYHHUX KJIACTEPIB Y BUXIAHOMY aMOp(PHOMY CIUIABI.

[Topanpmmii HarpiB 10 475 °C He NpU3BOANUTH 0 SKICHUX 3MIH B IIPOBIIHOCTI
OKpeMHX KJacTepiB, IO MIATBEPIKYEThCA CHEKTpaMH, 3HATUMU SK  JUIS
MEXKKJIaCTEPHUX 00JIacTel, Tak 1 I OKpeMHuX KiacTepiB (puc. 5.16).

Haiibinpimn xapakTepHi 3MIHM criocTepiralothes mnpu temmeparypi 500 °C 1
ume. [Ipu 500 °C mnoBepxHs HaOyBae 30BCiM 1HImUN BuUrisn (puc. 5.16 a).
Crnocrepiraerbcs 3JMIAHHS KJIACTEPHUX YTBOPEHb B PE3YyJbTaTl 4Oro (OPMYIOTHCS
00'eMHi yacTuHKU. OTpuUMaHi JUIsi TPHOX PI3HUX TOYOK, 3ajexHOCTI dI/dV MarTh
CXOKMH XapakTep, 110 J103BOJISIE TOBOPUTHU TNPO AESIKY OJHOPIIHICTH MOBEPXHEBOIO
niapy 3 HeBEJIMKUMU QIYKTyalisiMu y (pa3oBOMY CKIIaJil 3pa3kKa.

HarpiBanus qo0 550 °C ocoOnuBUX 3MiH B €JIEKTPOHHY CTPYKTYpPY KJIacTepiB
PI3HUX PO3MIpPIB HE BHOCUTb, 110 MOXHA 0aunTH Ha puc. 5.16 6. Tak MoxxHa 6aunTu,
o audepeHiiaibHa 3a1eKHICTh CTPYMY BiJl HallpyTd Ma€ YiTKO BUPaXeHy (popmy,
sKa XapakTepHa I MpoBiMHUKIB. Cxoxka GopMa KpUBUX ISl JBOX Pi3HUX KIIACTEPIB
(puc. 5.16 a, 5.16 6) n03BOJIsIE 3pOOUTH BUCHOBOK, 1110 3pa30K MPH JIaHii TeMIiepaTypi
Ma€ TOBEPXHIO BJIACTUBY TMEPEBAXHO MPOBITHUKAM 3 MaJMMHU KOHIICHTPAIlISIMH
KpEMHII0 1 60py.

AHaJIOTIYHY KapTHHY MOXHa CIocTepiratu 1 s temmneparyp 3paska 600 °C 1
700 °C (puc. 5.16 B, 5.16 1). Tak 11 pi3HUX TOYOK CKaHYBAaHHA NMPUTAMaHHI SIK KPUB1

3 METaJICBOIO MPOBIIHICTIO TaK 1 3 HEBEJIMKUMH JOMIIIIKAMH.
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Buxonsuu 3 aHamizy CeKTpiB €IEKTPOHHUX CTaHIB MOXKHa 3pOOUTH BUCHOBOK
po Te, M0 Tpoliec KpucTamizailii mounHaeTbes 3 Temmeparypu 350 °C ta TpuBae ax
1o 550 °C. Iloganplile MiABUILIEHHS TEMIIEPATYpH HE IPUBOAUTH 1O ICTOTHUX 3MIH B

KPUBUX IIIIBHOCTEH €IEKTPOHHUX CTaHiB.

5.4 CTpykrypHa pejiakcauis nosepxti amopgnoro cmiapy Fe;;SigBs

[Ipouec Bignanxy aMopHOTO CIIaBy IPH TEMIIepaTypax HUXKYE TeMIepaTypu
CKJIyBaHHSI CYINPOBOKY€EThCS, K BIJOMO, CTPYKTypHOwO penakcariiero [130]. Taka
penakcarlisi MpU3BOJAUTH JI0 3MIH B PO3TAlllyBaHHI aTOMiB B aMOp(HIN CTPYKTypi 1
MO>KE€ BUKIIMKATH SIK TOIOJIOTIYHI, TaK 1 KOMIO3ulIKHI 3MiHA. Ha mepmomy erami
CTPYKTYpHa peakcailisi Bii0yBa€eTbCs B OCHOBHOMY 3a JIOTIOMOT'OI0 KOMIIO3MIIIHHOIO
BIOPSIKYBAaHHA HA MaJMX BIJACTaHSAX 1 MOB's3aHa 3 AUGY3IHHUMH IPOIIECAMH.
Kopensuis atomHoi OynoBu amopdHOI CHONyKH, BUKIMKaHA NUQPY31€I0 aTOMIB Ha
MajuX BIJICTAaHAX Y MPOIECI BiJMaiy, CIpSIMOBAaHA TOJIOBHUM YHMHOM Ha YTBOPECHHS
BIOPSAKOBAHUX CTpPYKTYp o-Fe abo o-Fe(Si). Ilpm upomy ¢dopmyBaHHS
HaHOKpucTamuHux ¢a3 o-Fe abo a-Fe (Si) Moxe cynpoBomKyBaTUCA 3MEHIICHHIM
BUTBHOTO 00'€éeMy 1 BHYTPINIHbOI HAMpyrw, W10 NPU3BOAUTH 1O YTBOPCHHS
penakcoBaHoi amMopdHOi (a3u 1 J0 TMOJIMIICHHS MAarHiTOM'SIKMX BJIaCTUBOCTEH
amop(HOTO MaTepially, BUKJIMKaHE (OPMYBaHHSM HEBEIWKHX KJIACTEpIB 3aji3a 3
PI3HOIO MarHiTHOI BHOPSAAKOBaHICTIO [245]. IIpu mpoMy B pa3i HaHOKpHUCTami3alli
3aJ1i3a aTOMHI KJIacTepy MOXKYTh YTBOPIOBATHUCS B MeXaX JIEKIIbKOX HAHOMETPIB 1 0€3
cyrTeBoi nu(y3ii, Tak SIK BOHM MalOTh HEBEJIUKY €JIEMEHTapHy KOMIPKY
(a = 0.286 Hm), 110 MICTUTBH BChOTO JBa atoMu [280].

Hudys3iiiHi mporecu Ha TOBEPXHI CTPIYKK MPOXOMASTHh MIBUANIE 1 B 3HAYHO
Outbmmx MacmTabax, HDK B 00'eMi amopdHOrOo MaTepialy, IO TMOJETTIyE
dbopMyBaHHS HaHOKpUCTAIYHOI (a3u 1 Beae 10 (HOPMYBaHHS CTPYKTYpH TIpH
MEHIUX TeMIlepaTypax 1 3a MeHmud dyac. J[ng HeBiANAICHOiI CTPIUKH

CHOCTepiFaCTI)C}I XapaKTEepHa «TCKCTypa», IKa BU3HAYACTHCA HAIIPAMOM PO3JIMBY IIpHU
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orpuMaHHi amopduux cTpidok. Ilpodimi mopcTkocti moBepxHi (puc. 5.17, k)
BKa3yloTh Ha HepiBHOCTI 10 13 wm. IloBepxus ctpiuku (puc. 5.17,a) TumoBa st
aMmophHUX MaTepiajiB 1 He MICTUTh Oyab-SKUX CTPYKTYPHUX ocoOnmBocTed. Tosi sk
300paKE€HHS TIOBEpPXHI 3pa3ka, BigmajieHoro mipu Temmeparypax 300 °C
(puc. 5.17,B,1) 1 350 °C (puc. 5.17, 1, €) npeacrapisie cOO0I0 3epHUCTY CTPYKTYPY,
Ha SKIM YITKO BHUJIHO TOYaTOK (OpMyBaHHS KJacTepiB 3 po3MipaMH B JICKUJIbKa
HAHOMETPIB 1 GOPMOIO MOBEPXHI, OJIM3BKOT 10 CHepUuIHOi.

[Tpu temneparypi 350 °C Ha geskux AUISTHKAX crocTepirajiacs KapTHHA, sKa
npuBeneHa Ha puc. 5.17, 1. CnocTepiratoTbesi MOpU 3 XapakTEPHUM PO3MIPOM 10
4 Hm, YTBOPEHHS $KHX TOB'SI3aHO, IIBUAIIE 3a BCE, 3 JErKO JIETIOUUMU
KOMITOHEHTaMH, 1110 YTBOPIOIOTHCS MIPU OTPUMaHH1 aMOP(HOT CTPIUKH.

CnocrepexxyBane Ha puc. 5.17,e¢ QopmyBaHHA KpuUCTaIiB 31 CHEPUUHOIO
MOPQOJIOTi€I0, BUKJIMKAHE, IIBUJIIIE 32 BCE, IIBUAKAM HArpiBaHHSIM JOCIIKYBaHOI
ctpiuku. [losicHIO€eThCS 11€ TUM, 110 A amopduux cnonyk tuny Fe-B-Si marpis 3
PI3HOIO MIBHJIKICTIO MPU3BOJIUTH 10 (POPMYBaHHS KPUCTAJIB 3 Pi3HO MOP(OJIOTIEO
[281, 282]. HarpiBanHs 3 HEBEJMKUMU MIBUAKOCTSIMH MPU3BOJIUTH A0 (HOPMYBaHHS
KPUCTAIIB 3 JICHJIPUTHOIO (PO3Taly’KE€HOK) MOPQOJIOTi€r0, TOMI SK BiANan MpH
BEJIUKHUX HIBUIKOCTSAX MOXKE MPHU3BOIUTH JI0 YTBOPEHHS KPUCTAIIB, IO BOJOIIOThH
PIBHOBICHOIO MOp(ororiero. BUKIMKaHO 1€ TUM, 1110 MIBUJKE HArPiBaHHS MPUBOIUTH
JI0 TIOJIMIIEHHS TPOIECY YTBOPEHHS 3apOAKIB 1 A0 3MEHIICHHS IIBUIKOCTI POCTY
kpuctaniB [283], B pe3ynbTari 4oro BiIOYBAa€ThCsl (POPMYBaHHS MILTLHOYITAKOBAHOT
HAHOKPHUCTAIIYHOI CTPYKTypH. i1 KpUCTaNiB HEBEJIMKOTO PO3MIPY, OTPMMAHUX B
MpoIleCl TaKoro IMIBUIKOTO HArpiBy, 3a3BUYail CIOCTEPIraeTbCcsi KOMITAKTHA
PIBHOBICHA CTPYKTYpa, MOAIOHA 10 TIpeicTaBieHol Ha pucyHky. [Ipumyckaerses [131,
281, 284], mo Taka piBHOBICHAa MOP(OJIOTis € €HEepPreTUYHO OLIbII BUTIAHOIO HpPH
dbopMyBaHHI KpPUCTATIB HEBEJIMKOTO pO3MIpy, TOMI SK 30UIBIIEHHS KPHUCTAIIB,
BUKJIMKAHE 1X 3POCTaHHSM, BHUIIE JIEIKOTO KPUTHYHOTO PO3MIpPY, CYIMPOBOKYETHCS

3MiHOIO X MOpGOJIOTii.
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Puc. 5.17. IloBepxus amopdHOi cTpiuku, HeBianmaigeHoi (a, 0) 1 BIANAJCHOI TPHU
temrepatypi 300 °C (macmtad 20 #m 1 10 #m BiamoBimHO) (B, T'), TOBEPXHS
amop(dHOi cTpiuky, BiameneHoi npuremiepatypi 350°C (macmrad 20um) (1,

€); Ipod il MOPCTKOCTI MOBEPXHI aMOP(PHOT CTPIUKHU (3K).
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Mopdormoriss HaHOKpHCTaNiB O€3mocepeHb0 BIUIMBAE HA iX MAarHiTHI
BJIACTUBOCTI. BUKIMKaHO 1€ THUM, IO KOEPIMTHUBHA CHUIa [JI KPUCTATIB, IO
BOJIOJIIIOTH JICHAPUTHOIO MOPGOJIOTIEI0, BUSBISETHCS BUILO0, HIK JUIS KPUCTATIB 31
chepuunoro Mopdomoriero [131]. Takum YMHOM, TONIMIIEHHS MAarHITOM'SIKUX
BJIACTUBOCTEN amMOp(HUX CTPIUOK 1 1X TEMIIEpaTypHO-4acOBOi CTaOIIBHOCTI MOXE
OyTH NOCATHYTO HUISIXOM (OpPMYBAaHHS HAHOKPHUCTAIIB, IIO0 BOJIOAIIOTH C(HEPUUHOI

MOPQOJIOTI€I0, 32 TOMOMOTOIO iX BIANATY 3 JOCUTH BEIMKOIO IIBUIKICTIO HATPiBY.
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Puc. 5.18. TloBepxus amopdHOi cTpiuku, BiamaigeHoi mpu Ttemmeparypi 350 °C
(macmrad 10 #m) (a); Biamamenoi mpu temmeparypi 400 °C (macmtadbu
20 m, SHm 1 po3mip pucynky 100x100 xwm (r) (6, B, T); npodiib

HEpIBHOCTEH MoBepxHi 3pa3ka npu temmepatypi 400 °C (m).
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[lomanpiie 301MbIICHHA TEMIEPATypu BIANANY CYMPOBOIKYETHCS 1CTOTHHM
30UTBIIIEHHSIM PO3MipiB KiactepiB (puc. 5.18). OmHowacHO 31 30UIBIIEHHSAM iX
po3mipy Ha puc. 5.18 MoOXHa MOPOCTEKUTH TpyrnyBaHHs (puc. 5.18, 6) okpeMmux
KJIACTEpiB 10, TIEBHO, € TEPEIyMOBOIO s (DOPMYBAHHS CTPYKTYpP, IO BOJIOIIIOTH
o1npIn ganexkum nopsiakoM. [Ipodine HepiBHOCTEHM MOBEpXHI 3pa3Ka MMpu TeMIlepaTypi
400 ° C (puc. 5.18, 1, Mmapkep Ha puc. 5.18, r) XxapakTepu3yeThCsl 3HAYHO MEHIIUMHU
nepernagaMi BUCOT y MOPIBHSIHHI 3 BUXITHUM 3pa3KkoM 1 CTaHOBUTH ~ 0,3 Hwm.

[Topanpiia 3mMiHa MoOp(oIOrii TOBEPXHEBUX HAHOKJIACTEPIB, 110 BUHUKAE ITi]T
yac Bianamy (puc. 5.19), IlIBuame 3a Bce, MOB'sI3aHO 13 31ITKHEHHSIM 1 MOJAIBITUM
3MUTTAM JIEKUIbKOX KjacTepiB. [lpuyomy yTBOpeHI Ha mMONEpeAHiX CTaaisx
HAHOKPUCTAIM BHUCTYIMAIOTh IIEHTPAMHU TOJAJBIIOI KpHUCTali3alii. XapakTepHe
CIpsIMOBaHE BIOPSAIKYBaHHS YTBOPIOBaHUX KiacTepis, [lIBuamie 3a Bce, MOB'sI3aHO 3
YMOBaMU MIPUTOTYBaHHS - HAIIPSIMKOM PO3JIUBY po3IuiaBy (puc. 5.19, a). DopmyBaHHs
MOBEpPXHI aMOP(HOI CTPIYKU, IO B MPOIECI BIANATY CYNPOBOIKYETHCS 3MIHOIO
MopdoJiorii HAHOKJIACTEPIB, MPU3BOAUTH, SIK OyJIO 3a3HAYEHO BHIIE, JI0 JIOKATbHUX
KOMITO3UIHNX 3MiH. Tak, Bimomo [242], mo st amopdHUX 3pa3KiB, BiAMATICHUX
Opy TEBHIA TeMIlepaTypl 1 Yacl MpOrpiBy, BiANanl CYHNPOBOXKYETHCS MOIIIOM
amopuoi ¢da3m Ha AB1 ¢a3u, SKi BOJOMIIOTH PI3HUM CKJIAJOM. Y pE3yJbTari
Bi/IOYBA€ETHCSI YTBOPEHHS TBepnoro po3uuny o-Fe (Si) 1 cnonyku Fe,B, mpu npomy
30UTbLIEHHS] TEMIEPATYPH BIJNAy TPU3BOIUTH 10 30UblIeHHs BMICTY (a3u Fe (Si).
[Tpu nmonanbioMy 301UIBIIEHHI TEMIEpAaTypu BiIOYBa€ThCS KpHCTai3allis CHOJIYKH,
sKa B OUIBILIOCTI BUIAIKIB MPOTIKAE B ICKUIbKA CTAIH 1 3aBEPIIYETHCS PO3KIAIaHHIM
BUXIJTHOTO TBEPAOr0 PO3UYMHY B CyMIIl KpHUCTAIIYHUX (a3, SKi nepedyBaroTh y
piBHOBa3l. YTBOpEHHS Ha TOBEpPXHI aMop(dHOI CTPIUKM B TIPOIECI BIAMATY
BIIOPSJIKOBAHO1 CTPYKTypHu o-Fe (Si), BiiOyBaeThbcs sk BHACHIAOK aToMapHoi audy3ii
Ha KOPOTKI BIJICTaHi, TaK 1 3a JOIMOMOTOI0 3JIUTTSA OKpeMUX HaHOKpuctainiB. [Ipu
IbOMY y 3B'SI3Ky 3 THUM, II0 MiDKaTromHa BifactaHb Fe-Si Oinbma Biactani Fe-B i
omm3bka 110 BiActaHi Fe-Fe (mo crtae mie Ouiblll BUpa)X€HWM B TIPOILIECi BiAmaty),
audy3is MOpU3BOAUTH 10 TOro, MO0 aroMd Si npu (HOpMyBaHHI KpPUCTAIIYHOT

CTPYKTYpH 3aiMarOTh MicCIls aToMiB 3aji3a [130].
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Puc. 5.19. IloBepxus amopdHOi cTpiuku, BiamaseHoi npu Temmeparypi 550°C
(macmtad 5, 20 u 10 um) (a—-8), BianmaneHnoi npu Temieparypi 600°C

(macmtab 20 HMm) (T).

Takum ymHOM, B TIpoILIeCi TPOTPiBY aMOP(GHOTO CIUIABY, IO CYNPOBOIKYETHCS
CTPYKTYPHOIO peiakcaili€ro, BiAOyBaeThCs OUIBIINNA MEPEepPO3NOST aToMIB O0py B
nopiBHsHHI 3 atroMamu Fe 1 Si. Takuii nepepo3noAia Npu3BOAUTE 10 TOTO, 10 aTOMHU
Oopy, AKi Oynau pPO3TAIIOBaHI B €HEPTeTUYHO HECTIPUATINBUX MICISX, HA SKUX BOHU
OMUHWINCS B PE3yJIbTAaTl IIBUAKOTO OXOJIO)KEHHS PO3IUIaBYy, B MPOLECI BIANATY
PYXalThCs JI0 CHEPreTUYHO OUIbII BUTIAHUX TO3MWIINA, IO TPU3BOAUTH [0
crabumizamii  amopdHOi CTpykTypu. TakumM YHHOM, B TIpOIECi MEPBUHHOI
KpUcCTaTi3allii ciuiaBy BiIOyBaeThCsl BIATOPTHEHHS O0py 1 popmyBanHs ¢azu Fe;Si.
[Tpu oMy 001acCTi, 110 OTOUYIOTh KPUCTAIN, MICTATh BEJIMKY KOHIEHTPALIII0 aTOMIB

O0opy B MOPIBHSHHI 3 007aCTAMH, 110 MICTATh Kpuctayu [131]. Bee 11e roBoputh npo
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Te, MO (OPMYBaHHS CTPYKTYp, IO MPU3BOMAATH JO BHOPSIKOBAHOCTI HA CEPEIHIX
BIJICTaHSX, € OJHUM 31 CHOCOOIB JIOKaJdbHOI cTallmi3alli B MpoIeci CTPYKTYPHOI
penakcarii. Lli mpouecu, IlIBumme 3a Bce, € BU3HAYaJbHUMH TIpU (HOPMYBaHHI
CTPYKTYpH Ha TMOBEpPXHI aMOp(HOi CTpiyuKkH, BiamaneHoi mpu temmneparypi 600 °C
(puc. 5.19). MikpocTpykTypa Ili€i TOBEpXH1 SBJISIE COOOK IIIJIBHY YHAKOBKY 3
HaHOKpHUcTamiuHux 3epeH o-Fe (Si), mo 3HaxoasaThesa B amopdHiil matpuill 6opuaa
3amiza. [Ipu oMy OCOOIMBOCTI, CIIOCTEPEXKYBaHI B MPOIIECI KPUCTali3allii, IeBHO,
MOB'A3aHI 3 HEOAHOPITHUM 3apOJAKOYTBOPEHHSM 1 3 TMOJAJBIINM aCUMETPUUYHUM
NOIIMPEHHSAM (PPOHTY KpucTamizamii B aMop@Hiid Marpuil. MeTogoM TyHEeIbHOI
CHEKTPOCKOMii OynM OTpUMaHl CHEKTpU, W10 XapaKTEepU3ylOTh IMIUIBHICTh
CJICKTPOHHUX CTaHIB B MpihepMieBCKOM 007acTi Ha MOYATKOBOMY 3pa3Ky 1 Mpu
temnepatypi 500 °© C. Ha mouarkoBomy 3pasky mik A (puc. 5.20, a) 1 miku crpana 1
371iBa BIJ] HBOTO XapaKTEePU3YIOTh TiOpuan30BaHi d-CTaHW 3aii3a, JOKali30BaHI B
eHepretuyHoMmy iHTepBam 2-4 eB. ChocTepiraeTbcsi TakoXX Oarata CTPyKTypa
BUIbHUX cTaHiB - miku B, C 1 D, mo 3Haxoastecs Ha ~ 0,2, 1,3 1 1,8 eB Buie piBHs
®epwmi. [ligBumenns Temmneparypu n0o 500 °© C iCTOTHO BIUIMBa€E Ha IMIUIBHICTH
3aHATUX 1 BUIBHUX €JIEKTPOHHUX cTaHiB (puc. 5.20, 6). OcobnuBicTh miky A (puc.
5.20, 6), mo xapakTepusye d-CTaHU 3aii3a, B [IbOMY BHUIIJIKYy JIOKaJIi30BaHa OJIMKYE
1o piBas depwmi, 6;m3pko 1,5 eB.

OCHOBHUH TIK BUIbHUX CTaHIB TAKOX 3MILTy€eTbcs B 01k piBHsA Pepmi 3 ~ 2,8 eB
mo 2,4 eB. Omxe, mpu Temneparypax Omuszpko 500 °C croctepira€TbCsi 1CTOTHE
3MEHIIIEHHS BIACTaHI MK OCHOBHUMH OCOOJMBOCTAMH 3aMHITHX 1 BUIBHHUX
€JICKTPOHHUX CTaHIB, a TAKO 1CTOTHE NIEPETBOPEHHS BAJIEHTHOI 30HU 1 30HU BUIBHUX
ctaHiB. OXOJIO/PKEHHS BUXIJTHOTO 3pa3ka J0 TEMIIepaTyp PIAKOTO a30Ty MPU3BOJIUTH
n0 3MiHM MopdonoriyHoi OyAOBM TOBEpXHI, MpeAcTaBieHoi Ha puc. 5.21.
Crocrepiraerbcst  SCKpaBO BHUPaKEHE YTBOPEHHS JOBracTHX KIAcTepiB 1 iX
xapaktepHa opieHTamis. Jlanuit GaxkT H03BOJSE 3pOOUTH BHUCHOBOK, LIO CTPYKTYpHa
penakcauisi XxapakTepHa 1 JJis HU3bKHX TemiepaTyp. OaHak mpu IIbOMY BHUHHMKAE

MUTAHHS PO MEXaHI3MU TaKoi pesakcarlii, 0 BUMAarae moAajblInX AOCTIIKEHb.
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Puc. 5.20. CnekTpu MWIIBHOCTEHN €JIEKTPOHHUX CTaHIB, OTPUMAaH1 METOJAOM TYHEIbHO1

CIEKTPOCKOIIi: BUX1AHMIA 3pa3ok (a), micist Bianamy mpu S00°C (6).

Puc. 5.21. IloBepxHsi amopdHOI CTpiuku: IpH KIMHATHIM Temriepatypi (Macmitad

20 um) (a), mpu temmeparypi —189°C (macmtad 10 um) (0).
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Y mpoueci Biamady Ha TOBEPXHI CTPIYOK BiAOyBaeThCs (HOpMyBaHHS
HaHOKpucTamiunux ¢a3 a-Fe abo a-Fe (Si), mo 3naxonatecs B amop¢Hiid MaTpui,
[0 BUKJIMKAHO JIOKaJbHOI cTabimizamiero amopdHoi cTpykrypu. I[lpu mBHaKOMY
BiANami CTPIUOK JO HEBEIMKUX TEMIeparyp, Ha iX TOBEpXHI (QOPMYIOTHCS
HaHOKJIacTepu 3 Mopdosoriero, Oau3bkow n0 chepuunoi. Taka wmopdotoris
KJIACTEepiB € HaWOUIbII ONTUMAJIBHOIO 3 TOYKU 30py JOCATHEHHSA Oa)kaHuX
Mar"HiTOM'sKMX BJacTHUBOCcTed aMopduux cTpiuok. CHocTepexyBaHi pO3MIpH
HAHOKPHUCTAIIB MIPU MOMIPHUX TeMIIepaTypax BiAMAIY MalOTh po3Mip OJu3bKO 15 HM,
10 MOYXHA MOPIBHATH 3 JIOBKMHOIO MAarHiTHOI OOMIHHOI Kopensuli. Taka xapTuHa
pPO3MOTYy CEePeAHBOTO pPO3Maxy KjacTepa MPU3BOJUTH 1O MPOCTOPOBOTO
yCepeaHEHHsS MArHITHOI aHi30TpOINi Ta, SK HACIIAOK, JI0 ICTOTHOTO 3HMKCHHS
KOEPLUUTUBHOI CUJIH.

VY mporeci nporpiBy aMop(pHOro CriaBy, 1[0 CYIPOBOIKYETHCS CTPYKTYPHOIO
penakcari€ro, BiAOyBaeTbCs OUIBIINN TEPEepO3NOoALT aTroMiB OOpy B TMOPIBHAHHI 3
atomamu Fe 1 Si, 1o npu3BoAUTH 10 30UIbIIEHHS cTabimi3aiii aMmop(HOi CTPYKTYpH.
3aJie’)KHO B JIOKQJIbHOI ATOMHOI BHOPSAAKOBAHOCTI, IO BIUIMBAE HA TMPOIIEC
3apOJIKOYTBOPEHHS, (POPMYIOTHCS HEBEJIMKI 00JacTi HAaHOKPHUCTANTIB, SKI Ha PaHHIX
CTaisAX KpUCTai3alii po3aiieHi Mik coboro amopdHoro (a3oro 1 00'€qHYIOTBCS 31
30UTBIIICHHSIM TEMIIEpaTypH 1 yacy nporpiBy. CrocTepira€ThCsi 3MilIeHHSI OCHOBHOTO
NiKy, 10 XapakTepusye d-30HY 3aii3a, B CTOPOHY piBHs Pepmi, Mpu nepexoil BiA
KiMHaTHOI Temneparypu 1o temrepatypu 500 °© C. BctaHOBIEHO CyTTEBE 3MEHIIICHHS
BIJICTaHI MK OCHOBHHUMH OCOOJMBOCTSIMU 3aHHSATHX 1 BUIBHUX €JIEKTPOHHUX CTaHIB

npu nepexo/ii 1o Temmnepatypu 500 © C.

5.5 EXAFS — nocaimxxkenns AMC Ha oCHOBI 3aJi3a

OparM 3 BaXIUBUX (DAKTOPiB, IO BIUIMBAIOTh HAa BIACTHBOCTI PEYOBHUHHU €
Horo cTpykTypHUi ctaH. Po3rmsia ¢izmuHux Momened 1 NPUHIUINB OpraHizaiii

HCBIIOPAAKOBAHMUX MCTAJICBUX CHCTCM JO3BOJIAE C(i)OpMYJII-OBaTI/I pad 3arajbHHX
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MOJIO’KEHb, MPABHIIBHICT AKX MOXE OyTH €KCIIEpUMEHTAIbHO OOIPYHTOBaHA IPH
nochikeHHl peaidbHo cuHTe30BaHUX AMC. Ilpu mpomy B TepMmiHaxX CTPYKTYpHOI
CaMOMOAIOHOCTI, 1HBApiaHTHICTh JJI1 HEYHOPSJAKOBAHMX METAJICBUX CTPYKTYP
JOCATAETHCS IUIIXOM MHOXKHHHOCTI HA0OpY TaKWX BUIAJKIB, TPU SIKUX PEATI3YETHCS
peanbHa KapTuHa ekcriepuMeHTy. CTaHOBIIEHHSI METOAOJIOT1i BUBYEHHS BIIACTUBOCTEMN
1 cuntesy AMC mnpusBeno 10 3HAYHOTO MPOrpecy B I HEOCSHKHIA o0sacTi Ta
dhopMyBaHHIO HATTPSIMKY JOCTIDKCHHS (D13MKH HEBIIOPSAKOBAHUX METAICBUX CHCTEM.

AMC npenctaBisIOTBCS  CKJIAJHUMH  O0'€KTamMH, YMOBU (POpPMYyBaHHS,
CTaOUIBbHICTh, (PI3MYHI 1 XIMIYHI BJIACTHBOCTI SIKUX BHU3HAYAIOThCS OaraTrbMma
¢dakropamu. Tomy, MeTOnW, SIKI NPETEHIYIOTh Ha aJ€KBaTHUM CTPOTUU OIHC
peajqpHOr0 Marepiandy, IMOBHHHI BpaxOBYBaTH BCE pPI3HOMAHITTS (akTopiB, IO
BIIMBAIOTh HA HaOyTTs BIacTUBOCTER. Y 1pomy ceHcl, meton EXAFS cnekTpockomii
€ OJTHAM 3 HaWBAXKJIMBIIIUX THCTPYMEHTIB BHUBUCHHS CTPYKTYPH HEBIIOPSIKOBAHUX
METaJIEBUX CHCTEM.

Merton EXAFS-cnekrpockomnii (Extended X-ray Absorption Fine Structure) na
CHOTO/HI € HAMOUTBIIT IHPOPMATUBHUM TIPH JOCIII>KEHHI HEBIIOPSIIKOBAHUX CHUCTEM 1
3aCHOBAHMI Ha BUMIPIOBAHHI MOAYJALII KOe(ill€eHTa MOTIMHAHHS PEHTI€HIBCHKOTO
BurnpomiHtoBaHHs nipu eHeprisx Ha 100 - 1000 eB Bumie K abo L-kparo nornuHaHHs
nocimimxkyBaHoro aroma. Amxamiz  EXAFS-cnexktpiB  m03Boniie  oTpuMyBaTH
1H(poOpMaIliI0O MPO CTPYKTYpPHI MapaMeTpu - BU3HAYaTH MIDKATOMHI BIJCTaHI Ta
KOOpAMHAIIIMHI dYWcja B OTOYSHHI aTOMIB 3aJaHOTO XIMIYHOTO CJIEMEHTA.
VuikaneHicTh MeTony EXAFS-cmekTpockonii mossirae B ToMy, 10 BiH Ja€
MOJKJIMBICTh JOCTIKyBaTH JIOKaJbHE aTOMHE OTOYEHHS HABKOJO aTOMIB KOKHOTO
COpPTY HE3QJICKHO, 110 BUT1IHO BIPI3HSAE HOTO BiJ IHIIWX METOJIB MPH TOCHTIIKEHHI
CTPYKTYpPH HEYNOPSIKOBAHUX MaTepiajiB 1, 30KpeMa, aMOp(OHUX METaJIeBUX CIIJIaBIB.

Cepen nux amop(hHUX METaJIEBUX CIUIaBIB 0COOJMBO BUAUISIIOTH JIB1 MiATPYIIH,
Kl MaloTh HAWOUIbII IIMPOKE MpPAaKTUYHE 3acTOCYBaHHA: Ha ocHoBl Fe, 1m0
XapaKTepU3yIOThCS MaKCUMaJbHOIO 1HAYKIIED HacuyeHHs, 1 Ha ocHoBi Co, 110
MalOTh 3HHUKAlOUe Majy MAarHITOCTPUKIIIO, IO MPHU3BOAUTH 10 MaKCHUMaJbHOI

CIIPUUHATIMBOCTI 1 MiHIMQJIbHUX BTpaT.

229



[IpeacraBnene TyT MOCTIIKEHHS MaJi0 HAa METI BUBUWUTH 3MiHY OJMIKHBOTO
nopsinky (bIT) B amopdrmx crutaBax Ha ocHOBI Fe-B mpu pisaux neryBaHHsS

MeTaJIaMH 1 METAJIOITaMU.

5.5.1 Cnaasu cucmemu Fe-Co-B

B cucremi Fe-Co-B Oynu nocnimxeni K-kpai nmornmHanHs 3aii3a 1 KOOaJIbTy B
HacTynHux ckianax: Fe;3Co1,B1s, FegsCo17B1s, FegsCos1Bys, FegoCo,5B5, a Takox K-
Kpaif nornuHanHs 3aii3a B AMC FegsBs.

B pamkax mikponeoHopigHoi moaem 0ynoBu AMC, y Bcix gocmipkeanx AMC
MO>KHA IPHUITYCTUTH HASIBHICTb, IPUHANMHI, IBOX TUIIB 001acTeil: 3011HEHuX O0poM,
0 CKJIAJAI0ThCs TMEpPeBaXHO 3 aroMiB Mertany (TBepauit pozuun Co B a-Fe) i1
oOnacTeilt, 30arayeHrX OOpOM, IO XapaKTEPU3YIOThCS OJIMKHIM MOPSJIKOM IO THUITY
optopombiunoro 6opuna (Fe, Co);B. Otxe, neryBanns kob6anstoM AMC Ha OCHOBI
3aiiza (B IOCHIPKEHOMY HaMU KOHIIEHTpalliifHoMy iHTepBaii Bix 12 no 25 at.%) He
MOBUHHO MPUBOJUTH A0 ICTOTHOI 3MiHU TonojoriyHoro bII.

Y tabmumi 5.5 mnpencraBneHi mnonoxeHHs ®Dyp'e-tpanchopmantie  (DT),
OTpUMaHUX Big 000x MeTtaneBux kommoHeHTiIB AMC. Sk 1 mnependauanocs,
JIETYBaHHsI KOOAJIbTOM HE POOUTH ICTOTHOIO BIUIMBY Ha monoxkeHHs miky OT, kpim

craBy 3 21 at. % Co.

Ta6nuis 5.5. [TonoxkeHHs rosioBHOro Mmakcumymy dyp'e-Tpanchopmant 3amiza i

KOOaNbTy B aMOP(HUX CIIIIaBaXx.

Cknag Rpe, A Reo, A
FegsBis 2.4926 -
Fe;Co1,Bys 2.5052 2.4392
FeesCo17B;5 2.5047 2.4076
FesCoy1Bys 2.5262 2.4184
FegoCoysBi5s 2.5090 2.4242
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Ha puc. 5.22 1 5.23 naBeneni (®T) K-kpaiB nornmunanns Fe 1 Co mocmimkennx
AMC. lInsa Bcix AMC nonoxenss nepiioro miky @PPA naBkosno aromi Fe 3mimeno
B 01Kk OUIBIIMX BIJICTaHEH MOPIBHIHO 3 moJyiokeHHM Tika ®PPA naBkoso atomis Co,
TOOTO WMOBIPHICTH PO3TAIlyBaHHS aTOMIB Ha OUIbII KOPOTKUX BIJCTAHSAX HABKOJIO

atomiB Co BHIIIE, HI)K HaBKOJIO aToMiB Fe.

0.55. 1- K-edge Co
0.50. 5: Keedge Fe a)
0.45
0.40
0.35.
0.30.
0.25.
0.20.
0.15.
0.10.
0.05.

a.u

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0
R. A

0.55.  Keodae G

- A-edge Lo
84512 2- K-edge Fe b)
0.40 |
0.35.
0.30 |
0.25 ]
0.20.
0.15 ]
0.10.
0.05 |

a.u

0.0 05 1.0 1.5 2.0 2.5 3.0 3.5 4.0 45 5.0 5.5 6.0
R. A

Puc. 5.22. IlapmianeHi ®PPA naBkono aromiB Fe 1 Co gns AMC
Fe73C012B15 (a) 1 AMC F€68C017B15 (6)
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0.55. 1- K-edge Co
0.50. 2. Kodge Fo a)
0.45.
0.40.
0.35.
0.30.
0.25)
0.20
0.15)
0.10.
0.05.

a.u

0.0 0.5 1.0 1.5 2.0 25 3.0 3.5 4.0 4.5 5.0 5.5 6.0
R. A

ey 1- K-edge Co

822 2- K-edge Fe b)
0.40.
0:.35.
0.30
0.25
0.20 |
0.15 |
0.10.
0.05

a.l

0.0 051.0 1.5 2.0 25 3.0 3.5 4.0 45 5.0 5.5 6.0
R. A

Puc. 5.23. TlopiBusiaas napuianbHux ®PPA naBkono aromiB Fe 1 Co

JJIA AMC Fe64C021B15 (a) 1 AMC Fe60C025B15 (6)

OtpumaHuil pe3yiabTaT MOKE CBIAYMTH MPO OLIbILY HWMOBIPHICTH YTBOPEHHS
mikpoobOnacteit 3 BII mo tunmy OopuzaiB kobanbTy, B mopiBHsHHI 3 BIl mo Tumy
OopuiB 3aii3a (TUM OLIbIIe, IO €HTAJIBIIIS YTBOPEHHS 00pHaa KOOANbTy HIKYE, HIK
Oopuna 3amisza). A OCKUIbKM HaWKOPOTIIA BIICTAaHb MK aTOMaMU B OPTOPOMOIYHOMY
oopuni CosB gemo menmie, HiX y opropombiunomy Oopuai FesB, me 1 Moxe
MPU3BOJUTH JI0 CIIOCTEPEKYBAHOTO €PEKTY.
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5.5.2 Cnnasu cucmemu Fe-Cr-B

B cucremi Fe-Cr-B 6ymu nocmimkeni AMC ckimaniB FessCrgsBys, FessCrigBys,
Fes73Cry7,B1s, Fes;CryoBys. 3a manmmum poGotm [285] mpm kpucramizamii AMC
cuctemu Fe-Cr-B yTBOpIoroThcs TBepAui po3uuH Ha OCHOBI o-Fe 1 MeracTabinpbHUN
oopun (Fe, Cr);B. Xpom B a-(a3i po3TamoByeThCS BHUMAJAKOBUM YHUHOM, MHOTO
koHreHtpaiis B o-pasi s AMC Fe;sCroBs cknamae 3+5 ar.%, (to6to B 2-3 pasu
MEHIIIE B TMOPIBHSAHHI 3 HOro BuUXiJHOKO KoHIEeHTpaiietro B AMC). Takum 4yuHOM,
B1J10yBa€ThCs 3011HEHHS 0-(a3u XpoMoM 1 30araueHHs im 6opuaa (Fe,Cr);B.

3a MaHMMHM BUMIPIOBaHHS TEMIIEPATypHOI 3aJIeKHOCTI elieKTpoonopy [285],
neryBanHs xpomMoM AMC Ha ocHoBi Fe 30iiblIye Temmeparypy IMOYaTKy ix
KpHUCTai3alii, TOOTO MiABUILYE iX TEPMIUYHY CTaOUIbHICTD.

TakuM 4YMHOM, B paMKax MiKpoHeodHopiaHoi mojaem OymoBu AMC moxxHa
npunyctutu, mo B AMC 3 Bwmictrom Cr 8.5 ar. % MOXJIMBa HasBHICTb,
MIKpOTpyIlyBaHb, MPUHAWMHI, JBOX THUIIIB: MIKpooOiacTel, 301qHEHUX OOpoM, IIO
CKJIQJAI0ThCA MEPEBAYKHO 3 aTOMIB MeTaily (TBepAuil po3uuH Xxpomy B a-Fe abo y-Fe) i
MikpooOacTel, 30araueHux 6opom, 1o xapakrepusyroThes bII no tuny (Fe, Cr);B, a
st AMC 3 27.2 ar. % Xpomy, MOXJIMBA 1€ 1 HAsBHICTh 30arady€Hux XpoMOM
MikpooOacTei 31 ctpykryporo tumny (Fe,Cr),B.

Ha puc .5.24 naBeneni @T K-kpaiB nornunanns Fe 1 Cr B AMC Feq45CrgsBis u
Fes73Cry7,B1s, a B Tabmuii 5.6 monokeHHs Ta iHTeHCUBHOCTI MakcuMyMiB OT. ko
B 3MiHI nosiokeHHs nepioro niky @T K-kparo nmorivHaHHs 3aii3a HeMae KOpessiii
31 3MIHOIO KOHIIEHTpalii Xxpomy B AochimpkeHnXx AMC, To 301IbIIEHHS BMICTY XpOMY
3 8.5 mo 27.2 at. % npu3BOAWUTH JO CYTTEBOTO 3MIIIEHHS B OIK MEHIIMX BiJCTaHEH
nepmioro miky ®T K-kparo nornuHaHHS XpoMy 1 IEIKOTO 3MEHIIIEHHS 1HTEHCUBHOCTI
niky. [lIBuamie 3a Bce, 1ie MOB'A3aHO 3 ICHYBAHHAM MIKpOOOJacTeil 3 1HIIUM THUIIOM

BIT 8 AMC 13 BmicTom xpomy 27.2 at. %.
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Tabmus 5.6. [lonokeHHs Ta IHTEHCUBHOCTI MEPIIOTo 1 TOJI0BHOTO MiKiB OT

Fe 1 Cr B amopdHUX crutaBax

Ckian

RFe(l)a A

IFe(l)

RCr(1)> A

Icrary

RF69 A

RCD A

FegsBis

2.0647

0.2774

2.4926

Fe7sCrioBs

2.0464

0.3211

2.0705

0.2383

2.4822

2.5646

Fes;Cr3Bis

2.0537

0.3371

2.0338

0.2057

2.4905

2.5222

0.55..
0.50 |
0.45.
0.40]
0.35]
0.30
0.25.]
0.20]
0.15 |
0.10,
0.05 |

a.l

1 ~FegBys5

2- Fe,Cr,,B,s K-edge Fe
3- Fey,Cr,,B,s K-edge Fe

0.0 0.5 1.0 15 2.0 25 3.0 35 40 45 5.0 5.5 6.0

0.55.
0.50 |
0.45.
0.40]
0.35.
0.30]
0.25.
0.20 |
0.15 ]
0.10,
0.05 |

a.l

R.A

1- Fe,sCr,,B,s K-edge Cr

2- Fe4,Cry,B,s K-edge Cr

b)

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 45 5.0 5.5 6.0

R.A

Puc.5.24. Iapuiansai ®PPA naBkoso aromiB Fe (a) 1 Cr (6) B gocmimkennx AMC

cucrtemu Fe-Cr-B.

234




Ha puc. 5.25 na napmianpaiiit ®PPA HaBko0 aTtomiB 3amiza B JOCHIIHKEHUX
AMC d4iTKO BHJHO HasBHICTH IUIeYa HAa MPaBOMY CXMJIl MEPIIOTO MiKy B 00jacTi
BigcraHeii r ~ 3.0 + 3.1 A, npuuomy criocTepiraeTbcs 4iTka KOpessilis iHTeHCHBHOCTI

IIHOTO TTOOIYHOTO MaKCUMyMY (TUIe4a) 31 3MIHOIO BMICTY XpOMY B CILIaBI.
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0.50 | 2- K-edge Fe

0.45.
0.40.
0.35]
0.30 ]
0.25]
0.20 |
0.15]
0.10
0.05 |

a.u

0.0 0.5 1.0 1.5 2.0 25 3.0.3.54.0 4550 55 6.0
R. A

0.55, . Kesdra it

- K-edge Cr
8451(5) 2- K-edge Fe b)
0.40 ]
0.35]
0.30]
0.25]
0.20]
0.15]
0.10;
0.05 |

a.l

0.0 05 1.0 1.5 2.0 2.5 3.0 3.5 4.0 45 5.0 5.5 6.0
R. A

Puc. 5.25. TopiBusauns napuianbaux ®PPA naBkosio aromiB Fe 1 Cr mist

AMC Fe75Cr10B15 (a) ta AMC FC53CT32B15 (6)

Hna mnapuianbHoi DPPA HaBKoJIO aTOMIB XpOMY TaKOX CIIOCTEPIraeThes

HasBHICTh HEBEJIMKOTO HAIUIMBY Ha mpaBomy cxuii nepuioro mky ®PPA B o6macTti
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TUX K€ BIJICTaHEH, MPOTE 31 3BOPOTHOIO KOPEIALIEI0 IHTEHCUBHOCTI I[LOTO HAIIUBY 3
BMICTOM XPOMY B CIIJIaBax.

[Ipu 30UIbIIEHH] TeMMepaTypy BiAmandy BigOyBa€TbCs 3MiHA THUITY IPaTKH, IO
yTBOpIOEThCS mpu  Kpuctamizauii AMC  weractrabinbHOro Oopumay. TIparka
mpocTopoBoi Ipynu [-4 mepexoauTh B IPaTKy MpocTOpoBoi rpynu P4,/mn 1 gami B
MPUMITUBHY IPATKY

14=P4,/n=P

Jns pizaux tuniB BIl rimoreTMyHo MOXIMBUX y I CHUCTEMI, TUIbKU JIs
oopuna Fe;B 31 crpykryporo P4,/n iCHYIOTh HAMKOPOTIIN Mi’)KaTOMHI BiJICTaH1 MeTal -
MeTaia B 001acTi 3HayeHb 1 ~ 3.0 + 3.2 A, JUTSL SIKUX Ha KpuBid napuianbHoi ®PPA s
uux AMC criocTepiraeTbcsi NOOIYHUN MAKCUMYM.

Takum ynHOM, B nociimkeHnx AMC He BUKIIIOUEHO 1CHYBaHHS MIKPOOOIacTeH,
KpIM [epepaxoBaHuX paHilie, 3 TonojoriunumM bl 3a ntuMu Tppoma TUIaMu.

BpaxoByroun, mo neryBaHHs xpomMoM AMC Ha OCHOB1 3aii3a IiJIBHIIYE
TEeMIIepaTypy IMOYaTKy KpHUCTaji3aiii, MOXXHA MPHUIYCTUTH, IO JI0O0ABKH XpOMY
cnpusitoTh  yTBopeHHto B AMC wmikpooGnacteir 3 BII 3a Tumom  Ouibiin
«BUCOKOTeMIIepaTypHoi» moaudikarii 6opuna (Fe, Cr);B 31 crpykryporo P4,/n.

B pamkax wnporo mnpunymeHHs Jg00pe TMOSCHIOETHCS KOpEsiis 3MiHU
IHTEHCUBHOCTI LIOr0 MOOIYHOro Makcumymy (mpu r ~ 3.0 + 3.1 A) 31 3MIHOIO
koHueHntpaiii xpomy B AMC. Ockinbku nist AMC 3 BmicToM xpomy 8.5 at.% xpomy,
MEeBHO, ICHYIOTh MiKpooOjacTi 3 TomojioriunuM BII Tunmy Oopumy 31 CTPyKTYyporo
P4,/n, 36araueni XxpoMoM, MIPUIOMY XPOM B HUX PO3TAIIOBYETHCS HEBIOPSIKOBAHO,
Ha napiiianbHoi ®PPA HaBKOIO aTOMIB XpOMY CIIOCTEPITaeThCsl HATLIMB B 00IACT1 T ~
3.0+3.1 z&, OJIHaK 1HTEHCUBHICTh MOT0 3HAYHO MEHIIIA, HDK 1 mapiianbHoi OPPA
HaBKoJIO aromiB 3amiza. B AMC 3 BMmictoM xpomy 27.2 atr.% cmnoctepiraerhes,
IIBU/JIIIIE 32 BCE, BXKE 30BCIM 1HIIMI TUI TomojoriyHoro bII HaBKosIO aTOMIB XpoMy
(mpo 1€ CBIMYWTH 3MEHIICHHS IHTEHCHBHOCTI IJIeYa 1 3MIMIEHHS MEPIIOro IiKY
napuiansHoi ®PPA B cTopoHy MeHmux BincraHeil). Buxonsum 3 pesynbraTiB
mozaentoBanHss EXAFS-cnektpiB, a Takoxxk Toro ¢akty, mo s crpykrypu Cr,B

HAWKOPOTIII BiACTaHI MeTan - meTtan ictorHo Menmii, HiK 11 (Fe, Cr);B, moxna
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npunyctutu, mo a1 AMC 3 27.2 ar. % Cr moxinuBe iCHyBaHHS MiKpooOjacTen
30araueHux xpomoMm i3 TtomojyoriyauMm bBIl Tumy (Cr, Fe),B. Ilpm mnpomy Ha
napiiansHii @PPA HaBkono atomiB 3amiza B AMC 3 27.2 ar. % XpoMmy BHIHO
301IbIIEHHSI IHTEHCUBHOCTI Tuieya mpu r ~ 3.0 + 3.1 A, 110 B paMKax BHCIJIOBJIECHUX
MPUIYIIEHb MOXE OYTH MOB'A3aHO 3 IEPEXOI0M aTOMIB XpOMy 3 MikpooOiacteii 3 BII
tuny 6opuna (Fe,Cr);B 31 ctpykrypoto P4,/n B MikpooOaacTi, 10 XapaKTepu3yrOThCs
BII tuny (Fe,Cr),B.

[TopiBusinua mapmianbHux OPPA HaBkono atomiB 3amiza 1 xpomy (puc.5.25)
NPU3BOJIUTH /O OYEBUIAHOTO BHCHOBKY MPO ICTOTHE PO3XOKEHHS JIOKAJIHHOTO
otoueHHsa atoMiB Fe 1 Cr B nocmimxenux AMC.

Otpumasni pe3ynbratu MetogoM EXAFS-cniekrpockonii AMC cucrem Fe-Co-B 1
Fe-Cr-B noOpe IHTepIpeTyroThCsl B paMKax KJIACTEPHOI MIKPOHEOJHOPITHOT MOJENI
oynoBu AMC. [nsa pocmimxyBanux AMC mnoka3aHa MOXIIUBICTh 1CHYBaHHS
MIKpooOJlacTeli HACTYNMHUX THIIB: MIKpooOyiacTei, 30aradyeHux OopoM, III0
xapakrepu3ytoTscs BII mo Tunmy 6opuis, a Takox MiKpooOiacTeit, 301 IHEHUX 00poM,
[0 CKJIQJAIOThCS MEPEBAKHO 3 aTOMIB METalliB; II MIKpOOOJAcTi, B CBOIO HEpTy,
XapaKkTepU3yrThbCsl HasBHICTIO JBOX TumiB  bBII, 1o BiApi3HAOTBCA s

MIKpOTpyInyBaHb, 30arauenux [1M,, 1 MikporpymyBanb, 30araueHux [IM,.
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BUCHOBKHA

HakonuuenHs gaHux 3 aTOMHOI 1 enekTpoHHOI OynoBu AMC € HeoOX1THO0
YMOBOIO JJis TOOYJIOBM MPHUHIMUIIB OpraHi3aili HEBMOPSAKOBAHUX METAIeBUX
CTPYKTYp. Y 3B'I3Ky 3 ILHMM EKCIEPHUMEHTaIbHI JOCHIPKEHHS TeMIlepaTypHUX
penakcaliiHuX TpoIeciB 1 11X BIUIMBY Ha aTOMHY, C€JIEKTpOHHY OyJ0By Ta
Mopdooriudi  ocobnuBocti moBepxHi AMC B mporieci 0OpoOKH € OgHUM 13
BOXUJIMBUX 3aBIaHb. MeToAaMH CKaHyIO4Oi TYHEJNIbHOI MIKPOCKOMIlT aTOMHOI
pO3aUIBHOT 3AaTHOCTI, TyHenbHO1 crnektpockomii, POC 1 EXAFS cnexrpockomii
JOCIIIJIPKEHO BIUIMB IMPOLIECIB TEMIIEPATYpPHOI peslaKkcalii, 10 BUHUKAIOTh HAa PaHHIX
CTaaisIX KpHCTami3alli, Ha MOp(OJOriyHl OCOOJMBOCTI MOBEPXHI Ta EJIEKTPOHHY
OyIIOBY CILJIaBiB.

Jlns BuximHMX amMop(HUX CIUTaBIB Ha OCHOBI 3aiiza, 30kpeMa FegSiyB, 1
Fe;;SisB5, xapakTepHa HasBHICTP 3HAYHOI'O OKHCHEHOTO IOBEPXHEBOIO WIapy Ha
rbuny 710 150 #m. Kpim 3B's13kiB C-C B 11bOMY I1api BUSIBJICHO 3B'SI3KH, XapaKTEPHI
JUTSL CKITaIHUX ByreneBux crnoinyk C=0. Y okucHEHOMYy 1api Ta Ha JeAKid BIACTaHi
miciasi HbOro He 3adikcoBaHo Oopy 1 iHoro crnoiyk. CrocTepira€TbCsi 3HAYHA
MOBEpPXHEBA Cerperailisi KpEMHII0, KOHIIEHTpAIlls SIKOTO 30€piraeTbCsi MOCTIMHOK SIK B
OKHCHEHOMY IIapl TakK 1 MO JOCHIDKYyBaHIA TiaMOWHI CTpiuku. B o0'emi ctpiuku
BUSIBISIETHCSL TIPUCYTHICTH KapOiny kpemHito Si-C, a TakoX HE3HauyHl KUIBKOCTI
KUCHIO Ta a30Ty. OcCKiIbKM MiDKaToMHa BijcTaHb Fe-Si Oinbiie Biactani Fe-B 1
omu3pka 1o Biacrani Fe-Fe nudysis mpusBoauTe 10 TOro, MmO aroMud Si TpH
(bopMyBaHHI KPUCTAIIYHOI CTPYKTYpHU 3aiiMaroTh Micus aTowmiB 3amiza. LlIBumme 3a
BCE - 1Ie OJIMH 3 MOXJIMBMX MEXaHI3MIB MOBEPXHEBOI cerperailii kpemHito. OTxe, B
polieci CTPYKTYPHOT perakcailii, BiI0yBa€ThCsl OUIBIINN TIEPEPO3NOILT aTOMIB 00py
B mopiBHsSHHI 3 aromamu Fe 1 Si. Byrnenps Ha moBepxHi nocmimxkyBanux AMC B
OCHOBHOMY B OKHCHEHOMY CTaHi, B TOW 4ac sK B 00'eMi BIH 3HAXOJAUTHCS y BUTIIAII
CHOJYK 13 KpEMHI€EM, IIBUIIE 32 BCE, Y BUIIIAL KapoOiny kpeMHito. CriocTepiraerbes
XOpoIIla pO3YMHHICTh 00PY B 00'€Mi CTPIUKH.

MeTogoM TYHENbHOI CIEKTPOCKOMIi BHUSBICHO 00JIACTI 31 3HUKEHOIO

MPOBITHICTIO, IO XapakTepHOo g yTBopeHHs HaHoda3z Fe-Si ta Fe-B.
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CroctepiraroTbCsi ICTOTHI HEOJHOPIAHOCTI MIUIBHOCTI €JNEeKTPOHHUX CTaHIB Ha
MDKKJIACTEPHUX MeXaX, M0 CBIAYMTH MpO iX CKiIagHy opradizamito. PiBenr ®depwmi
JTOCTIDKYBaHUX  CIUIAaBIB  3HAXOJUTHCS B  JIOKAIBHOMY MIHIMYMI IIIJIBHOCTI
CJICKTPOHHMUX CTaHiB, M0 BiAmoBinae kputepito Harens-Tayka mnpo yTBOpEeHHS
amop(dHoro crany.

JlocniKeHo MapaMeTpu  HAHOIIOPCTKOCTI Y HIMPOKOMY TEMIIEpaTypHOMY
iaTepBam Big 77 K mo 1000 K. BcTaHoBieHO, 1m0 HAHOMIOPCTKICTh 3aJICKUTh BiJl
TeMIiepaTypHoi  00poOku  crpiuku.  HaifOumbmia  mIOPCTKICTH — BIJMOBIJA€
temneparypuoMy iHTepBany 750 — 850 K. BcraHoBieHO TeMIiepaTtypHl 3aJIe’KHOCTI
napaMmeTpiB IOPCTKOCTI R, R, R ji;Ta R, juia cmaBy Feg,S1,B14 B 1HTEpBami HarpiBy
Bil RT po 700 °C. Cnoctepira€TbCsi HE MOHOTOHHA 3aJICKHICTh IapaMmeTpiB
cyOmoctkocti Big Temneparypu. [lpu Temmneparypax Omuszpko 500 °C BigMiueHO
YTBOPEHHSI HAHOCTPYKTYp NpaBWIbHOI (pOpMHU y BUTIISAAlI CTprokHIB. O4YEeBUAHO, B
yMOBaxX JaJeKuX BiJ PIBHOBAXHUX, BI1JIOYBA€ThCA YTBOPEHHSA TOJKOMOMIOHUX
HAaHOKpHUCTaNIB 3aiiza. B ymoBax wMaibke mnoBHOT kpuctamzamii npu 700 °C
CIIOCTEPITalOThCS  TEPACOBl CTPYKTYPH, IMpPH JACSIKOMY 3MEHIICHHI MapaMeTpiB
HAHOIIOPCTKOCTI 3a JOMOMOIOI0 YTBOPEHHS MPAKTUYHO PIBHUX IUIOLIMH OLIBII HIXK
200 HM.

36umpmenass BMicty atomiB Co y AMC cuctemu Fe-Co-B npusBoauth, 3TiJHO
EXAFS-nocnigkens, 10 3MEHILEHHSI pajilyca Mepiioi KOOpAUHAIINHOI chepu aToma
O0opy, 3MeHIIeHHs 00'eMy eJeMeHTapHOi KOoMipku B KpucTtamiuHomy crasi (Co,
Fe);B, 1110 Bkazye Ha MOCUIIEHHS 3B'sI3KY MEPEX1THOTO METaIy 3 00poMm.

Otpumani pesyibratd metogoM EXAFS-cnekrpockonii angs AMC cucrem Fe-
Co-B 1 Fe-Cr-B nobpe iHTepnpeTyroThCS B paMKaxX KJIACTEPHOI MIKPOHEOIHOPITHOT
mozeni o6ynosu AMC. Ins nocnimkyBanux AMC mokazaHa MOXJIMBICTh 1CHYBaHHS
MiKpooOJlacTeii TphOX THIIIB: MiKpooOnacTed, 30aradeHux OopoM 1 IO
XapaKTEePU3YIOThCS OJIMKHIM MOPAIKOM IO TUILY OOpHUIIB, a TaKOX MiKpooOacTeid,
301IHEHUX OOpPOM 1 110 CKJIQJAl0ThCs IEPEBAXKHO 3 aTOMIB METaJiB; 111 MiIKpOOOJIaCTI,

B CBOIO UEPTry, XapaKTEPHU3YyIOThCsI HASBHICTIO JIBOX THIIB OJIMKHBOTO MOPSAKY, L0
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BIJPI3HAIOTBCA U1 MIKPOTPYIyBaHb, 30aradyeHuX MEpPIIMM MEpPEXiTHUM METalloM, 1
MIKpOTpYITyBaHb, 30aradyeHuX APYTUM MEPEXiTHUM METAJIOM.

JleryBanns xpomoM AMC Ha OCHOBI 3aj1i3a MPU3BOJUTH JIO MOSIBU BHUPAKEHOTO
no6iuHOTO0 MakcumMyMmy Ha maprianeHiii @PPA HaBkoyio aTOMiB 3ajii3a B 00iacTi
Bigcraneil r ~ 3.0 + 3.2 A. IcHyBaHHS I1i€i 0COGIMBOCTI MOB'A3aHO 3 YTBOPEHHAM B
AMC wmikpooOnacTelt, siki XapaKTepu3yloTbCsl OMMKHIM MOPSJIKOM 0 TUITY OOpHIIB
(IIM;, TIM,);B 3i crpykrypoto P4,/n. Ilpu mpoMmy mosiBa mojiGHOro MOOIYHOTO
MakcuMyMmy He Oyio 3adikcoBano s napiianbHux ®PPA naBkono aromiB Fe B
AMC cucremu Fe-Co-B.

Ockinbku Oopua 31 CTpyKTyporo P4,/n € OuUIbIll «BHCOKOTEMIIEPATYPHOIO»
Moaudikaiiero 6opuay, HiX OOpum 31 CTPYKTyporo 14, MOXIMBICTH YTBOPEHHS B
AMC wmikpooOnactei, o xapakrepusytotrbes bII mo tumy 6opumy 31 CTPYKTYpOrO
P4,/n, Mu moB's13yeMo 3 MUTAHHSAM BIUIMBY PI3HUX JIOMIIIOK HA TEMIIEpATypy MOYATKY
YTBOPEHHsI 00pUIHOI (ha3u Mpu KpUcTamizailii 3 aMop(HOro cTany.

Y mpoueci Bianaldy Ha TIOBEpPXHI CTpiYOK BiAOyBaeTbes (opMyBaHHS
HaHokpucTtamunux Qa3 a-Fe abo o-Fe (Si), mo 3HaxonaTbess B amopdHiil Matpuii,
10 BHUKJIMKAHO JIOKaJbHOI cTalumizamiero amopduoi ctpykrypu. Ilpu mBuakomy
BIJIMAJIl CTPIYOK [0 HEBEIMKUX TEeMIeparyp, Ha iX TMOBEpXHI (POPMYIOTHCS
HaHOKJacTepu 3 Mopdororieto, Omu3bko0 A0 cdepuunoi. Taka Mopdoioris
KJIACTEpIB € HaWOUIbII ONTUMAJIBHOK 3 TOYKH 30py JOCATHEHHSA Oa)kaHuX
MarHiTOM'SIKUX BJIACTUBOCTEH aMOP(HUX CTPIUOK.

CnocrepexxyBaHi  po3MIpM HAaHOKPUCTAIIB TMpU MOMIPHUX TeMIlepaTypax
BIJIMIaTy MAIOTh PO3MIp OJIU3bKO 15 HM, 1110 MOKHA MOPIBHATHU 3 JIOBKUHOIO MAarHiTHOI
oOMiHHOI Kopemsmii. Taka kapTWHAa pO3MOAUTY CEPEeTHBOTO pO3Maxy KiacTepa
NPU3BOJUTH 10 MPOCTOPOBOTO YCEPEAHEHHSI MAarHiTHOI aHI30TpPOIIi Ta, K HACTIAOK,
JI0 ICTOTHOTO 3HWKEHHS KOEPIMTHUBHOI CcwiM. B mporieci mporpiBy aMopgHOTo
CIUTaBy, IO CYHPOBOKYETHCS CTPYKTYPHOIO PENaKCAIli€r0, BiIOYBAETHCS OlTBIIHIA
nepepo3mnoAia aroMiB 0opy B MOpiBHSHHI 3 aroMamu Fe 1 Si, 1m0 nmpu3BoAuTH 110
301IbIIeHHsT cTadumizamii aMopdHOT CTPYKTypu. 3alIeKHO B JIOKAJIbHOI aTOMHOI

BIIOPSIKOBAHOCTI, 10 BIUIMBAE HAa TMPOLIEC 3aPOJKOYTBOPEHHS, (HOPMYIOTHCS
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HEBEJIMKI 001aCTI HAHOKPHUCTAIB, SIKI HAa PaHHIX CTAIAX KpHCTami3alii po3auieH] MK
cob6oro amopdHO0 (a3or0 1 00'€THYIOTBCSA 31 30UIBIMIEHHAM TEMIEPAaTypH 1 Yacy
nporpiBy. CrocTepiraeTbCsi 3MIIIEHHS OCHOBHOTO TIKY, IO XapakTepu3ye d-30Hy
3amiza, y Oik piBHs @DepMmi, Hpu NEpexoi BiJ KIMHATHOI TeMIEpaTypu 0
temriepatypu 500 °C. BcTaHOBIIEHO CyTTEBE 3MEHILIEHHS B1JICTaHI MI)K OCHOBHHMH
OCOOJIMBOCTSMHU 3aWHATHX 1 BUIBHUX €JICKTPOHHUX CTaHIB IMPU MEPEeXoal 10
temrepatypu 500 °C.

BcranoBiieHO MeXaHI3MU CTPYKTYpHOI pelakcailii amMmop(HOro MeTaaiqHOro
criaBy Feg,Si,Bi4 B Temnepatypromy inTepBaini 77-1000 K, ski xapakTepu3yroThCs
pPOCTOM KJAcTEpPIB Ta YTBOPEHHSIM HAHOPO3MIPHUX MOHOKPHUCTAIIYHUX CTPHKHEH
3aJi3a Ha MOBEPXHI 3pa3kiB. [lapameTpu cyOIIOPCTKOCTI HAOUPAIOTH MaKCUMaTbHUX
3HaueHb 1pu 630 K. O6 emH1 3MiHM NOB’s3aH1 3 YTBOPEHHAM HaHo(a3 Tuny Fe-Si
Ta Fe-B Ta aHoManpHOIO TIOBEMIHKOIO iX MDKKIACTepHUX oOjacTed, 1o
XapaKTepU3yIOThCS TOHMKEHOIO TMPOBIMHICTIO. 3O0LIBIIEHHS TYyCTHMHH 3pa3ka 3
BIIMAJIOM CYIPOBOXKYETHCSI 3MEHIICHHSIM paJilyCy MEepIIoi KOOpJuHaIiiiHOT chepu

3aJ1i3a Ta 30UIBIIEHHSIM B3aEMO/IIT 3a113a 3 METAIOIIOM.
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PO3JILI 6

HAHOKOMIIO3UTH HA OCHOBI BYTJIEHEBUX HAHOCTPYKTYP TA
HAHOJUCIIEPCHOI'O AITATUTY KAJIBLIIIO

6.1 AnaTuTONOAIOHI CTPYKTYpPH: CHHTE3, BJACTHBOCTI, 3ACTOCYBaHHS

[IpobGnemu exosioriyHoi Oe3neKku Ta 370pOB'S JIOAWHH, MOJOBXKEHHS XKUTTS 1
MONMIMPEHHS HOTO 3a MEXi IJIAaHETH CTAIOTh VIS JIIOJICTBA TOJOBHUMH IHUTAHHIMH
MOYaTKy TPEThOTO TUCAYOMITTA. [IpM 1IbOMY OJHUM 3 TPUHIIMIIOBUX 3aBJlaHb Ha
IbOMY MUISAXY € JOCHIDKEHHS Ta po3poOKa TEXHOJIOTIA OTPUMaHHS MaTepiaiiB
MEJUKO-010JIOTIYHOTO Ta EKOJOTIYHOTrO NpH3HA4YeHHS. 3a piBHEM myOmikaimiil Ta
00" €MOM TPOBEACHUX AOCTIPKEHb Y IIbOMY HANPSAMKY araTUTH 1 anaTUuTonoIi0HI
CIOJIYKM 3aiiMaroTh oOjaHe 3 nepmux wicup [114, 286-289, 290-294]. o
130CTPYKTYPHUX CHOJYK Tl 3araJibHOI HA3BOK — alaTUTH BIJTHOCHUTHCS BEIIHKE
cimeiictBO: M;o(XO4)sY, (M = Ca, Sr, Ba, Pb, Na, Mn, Cd, Fe, K, Li,
pinkicHo3zemenbHi enementu (P3E); X =P, Si, Ge, As, Cr, N, V, S; Y =F, Cl, OH, O,
Br, J, CO;).

3HavHA TOJICPAHTHICTh TAKUX PEYOBHUH JI0 KUBUX TKAHWH 1 BEJIMKHH BIJICOTOK B
mitocdepi 3emuti TOpsa 3 OCOOTUBOCTSIMHU €IIEKTPOHHOI Ta KPUCTATIYHOI CTPYKTYPHU
BU3HAUYAlOTh iX Oe3nocepe/Hid BIUIMB Ha PI3HOMAHITHI aCMEeKTH TEXHIYHOTO,
€KOJIOrIYHOro  Ta  OIOJOTIYHOrO  3acTOCyBaHHsA.  Marepianu  Ha  OCHOBI
anaTUTOMOMIOHUX CHOJYK, OKPIM TPaIHUIIIHOTO 3aCTOCYBaHHSA B €JIEKTPOHILl, B HAYII
PO MOBEPXHIO, NMPU CTBOPEHHI KBAHTOBUX T'€HEPATOPIB, B MEIUIIMHI, MOXKYTh 3HANTH
3aCTOCYBaHHS B OOUYMCIIOBAJIbHIM TEXHIiIll, B 00JacCTI KOMYHIKaIlIHHUX 3ac0o0iB Ta
smart biosensors 1 bioelectronic devices, y KOCMIYHHUX JOCTIKEHHSIX, B CHEPTETHIIl, B
HAHOMEJIUIIMHI, MaTH 4lJibHE Miciie B HaHOO1oHIM [295-301]. 3a ymMOBHU BUpIIIECHHS
psily HayKOBHUX 1 TEXHIYHUX MPOOJIEM 31 CTBOPEHHS amaTUTOMOAIOHUX MaTepiaiiB 3
HEOOXIHUMHU T[apaMeTpaMH, iX BHUKOPUCTAHHS B Hayll 1 MpakTUll oO0iIse

peBodtorIiiiHi 3MiHu. KocmiuauMm areHcTBOM NASA HenogaBHO MpUHATA Iporpama
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Advanced Life Support B pamkax sikoi KOMIUIEKCHI JOCIIKEHHS araTUTONOII0HUX
CIIOJTYK TIPOBOASTHCS 3 METOIO BHKOPHUCTAHHS iX, K JDKEpelia TPYHTOBOTO (ocdopy i
KHCHIO, JIJISI IOBTOCTPOKOBHUX KOCMIYHHUX MiCIH 1 moceneHb Ha Micsii Ta Mapci [302].
CporosiHi 3 YNEBHEHICTIO MOYKHA CKa3aTd, IO y Cy4YaCHOMY MarepiajJo3HaBCTBI

chopMyBaBCsl HOBUI HANpPsIM - allaTUTO3HABCTBO.

6.1.1 Enexmponni enacmusocmi cmexiomempuuHux anamumis

3HaHHS €JNEeKTPOHHOI OyAOBM € MEpPeayMOBOIO JUIsl TNPOTHO3YBAHHS PALY
BJIACTUBOCTEHN, LIO0 MOB’SI3aHI 3 EJIIEKTPOHHOIO CTPYKTYpOIO pedoBUHU. [ns psamy
amaTUTIB Ta anaTUTONoA1I0HUX croiiyk M o(XO4)sY, (M = Ca, Sr, Ba, Pb; X =P, V,
As; Y = F, Cl, OH, O) cnekTtpalbHUMH (peHmeeHi8CbKa HomoeieKmpoHHa,
PpeHmeeHi6cbKka eMicilina ma ONMUYHA CNeKmpOCKONis) Ta KBAaHTOBOMEXaHIYHUMU
Meronamu (JIMTO, TdI) noka3zaHo, IO CTPYKTypa 3alHATOT YaCTUHU BaJIEHTHOI
CMYTY Ma€ BUPAXEHUI 30HHUN XapakTep 3 pi3HOI0 NpoTsxHICTIO miacmyr [303-307].
BusiBieHO 1B €HEpreTMYHO pO3MiICHI CTPYKTYpHI 0OJacTi - BEpXHS 4YacTHUHA
BAJICHTHOI CMYIM 1 HWXHS YacTHMHA BaJ€HTHOI CMYIM - CyOBaJIGHTHI CTaHWU.
CTpykTypa cepelHbOi YaCTUHU BaJCHTHOI cmyeu (obaacmi 6aleHMHUX CMAHIE 3
enepeicto 6i0 ~ 14 0o 19 eB) cnabo BUpakeHa, 0OCOOJMBO NIJisi BAaHAJAATHUX CHOJYK.
OcHOBHMII BHECOK Yy (opMyBaHHS TOJIOBHMX OCOOJMBOCTEH BEPXHbOI YACTUHU
BaJICHTHOT CMYTH BHOCSITh T10pHAM30BaHI S-, p- 1 YaCTKOBO d-€JIEKTPOHHI CTaHU 10HIB
Metany 1 ocdopy (abo eanadito uu muw sxy). CTpykTypa CyOBaJCHTHUX CTaHIB
BU3HAYAETHCS § CTaHaMH KUCHIO 1 pocdopy (puc. 6.1).

BceranoBneno, mo migrpaTka KHCHEBUX TETpaelpiB € BH3HAYAJIBHOIO Y
dbopmyBaHH1 (GOpPMHU 1 TOJIOBHUX OCOOJIMBOCTEH IMOBHOI WIUIBHOCTI E€IEKTPOHHUX
CTaHIB JIOCJ]IJKYBaHUX anaTtutiB. EnekTpoHHa Oy/oBa anaTuty MajaouyTiuBa 10 TUITY
aHIOHA Ha OCl ¢ aX JI0 iX BHJIAJICHHS, 110 HA MPAKTHUIIl MPOSBISIETbCA B JaOLIBHOCTI
CTPYKTYpH 100 1€l mo3uii (puc. 6.1, a) [308].

Kanbliii B aToMapHOMy cTaHi Mae 4s° eIeKTPOHHY KOHQIrypaliro BaJeHTHHX

esniekTpoHiB. O/IHAK, B CIIOJIYKaX 32 paXyHOK IPOMOTYBAHHS S €JIEKTPOHHOI 'YCTUHHU B
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d 060710HKY BigOyBaeThcsi cyTTeBe ii 3aceneHHs n0 ~0.3 enektpona. Ilpu mpomy
e(eKTUBHUI MOTEHIIIaM AJIsl d-eJIEKTPOHIB Ma€ JIB1 IOJIMHU, IPU LIbOMY JIpyTa J0JIMHA
3HAXOAMTHCA HA BiJcTaHi ~3 A, mo 3a06e31euye CTINKICTh XIMIYHOTO 3B 513Ky KaJbIlIO
y CIOJyKaxX, 0coOMMBO HaHomucriepcHuX. OmHAaK, UIsi MAaCHBHUX CHHTCTHYHUX
MOTIKPUCTANIIYHUX 3pa3KiB MOKa3aHo, 10 y ¢GopMyBaHHI POpMU KPUBUX L,-CIIEKTPIB
KJIBI[II0 B KaJbI[IEBUX alaTUTaX 3HAYHY POJb BIAICPalOTh aTOMHI €(EKTH 1, SK
HACJIJIOK, Y4acTh d-CTaHIB KaJbllil0 B YTBOPEHHI 3B'SI3Ky HIBEIbOBAHO iX 3HAYHOIO
JIOKaNI3alli€l0, OYEBUJIHO, Yy BHYTPIIIHIA JTONHHI e(EeKTUBHOTO MOTeHIany [286].
Crocrepiraerbcs CyTTeBa MOAIOHICTh CIEKTPIB d-€NEKTPOHIB KaJbILIIO IJs PI3HUX
CIIOJIYK KaJbllil0 — KapOOHATy Kajbllil0 3 IUIOMIMHHOK opieHTamiero CO; Ta
dbTopoanaTUTy Kajblliio 3 MPOCTOPOBOIO opraHizaiiero POy (puc. 6.1 (0)).

HasiBHICTh JIBOJIOJTMHHOTO MOTEHIIAy [Ji1 BAJICHTHUX EJEKTPOHIB KaJblIilo,
MOTJIO CTaTH OJHIEID 3 MEPEAYMOB MPUPOJHOTO BUOOPY amaTuTy KaJblilo, SK
010JIOTIYHOTO MiHepaja, a MpU TMOJAJBIIMX JOCHI/DKEHHSIX HaJae MOXKIIUBICTD

NOSICHEHHS PsAY (P13UKO-XIMIYHUX MPOLIECIB B HATUBHIM KICTIII.

CaCO,

Ca (PO, F

T T T T T T T 1
348 350 352 354 356 358

E.eB

T T T ' T : ‘ : g
-25 -20 -15 -10 -5 0
E, eB

Puc. 6.1. TloBHi uiineHOCTI cTaHiB (@) Ta L,-criekTpu Kamblito (6) B ciosykax [114].

CTBOpEeHHS HOBUX MaTepialiB 13 3aJaHUMH BJIACTUBOCTSMU HEMOXKIIHUBO 0€3
IIMPOKOTO BUKOPUCTAHHS HOBUX (DI3UYHUX METOJIB JOCTIIHKEHHS PEUOBHUH 1 METO/IIB

KBaHTOBO-MEXAHIYHOTO MOJCIIOBAHHS X EJIIEKTPOHHOI CTpykTypu. Hamm Bmepime
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KBAaHTOBOMEXaHIYHUMH MeTonamMu (7@[) oTpuMaHO MPOCTOPOBHUIM  PO3MOILT

BAJICHTHUX CJICKTPOHIB 1 BCTAaHOBJICHA CIICKTPOHHO-CHEPTEeTHYHA CTPYKTypa

3a3HAYCHMX AlaTUTOIOAIOHUX CTPYKTYp (puc. 6.2) [309-311].

= 0.0001
@ 0.0010
@ 0.0079
8 0.0595
® 0.4453
| 3.3943

Puc. 6.2. IlpoctopoBuii po3MOMLT €IEKTPOHHOI WIUIBHOCTI Yy «IpHu]epMiiBChKiii

obnacti» B iHTepBam eHepriii [E(HOMO)-12.0 eB, E(HOMO)] (nisopyu) Ta

HE3aMHATOI YaCTHMHU BaJeHTHOI cMyrd B 1HTepBaii eHeprid [E(LUMO),
E(LUMO)+13.0 eB] (npasopyu) nns Ca;o(PO,)sCl,. Po3nonin HaBeaeHuit st

momuaH (0; 0; 1), mo npoxoauTts yepe3 Touky (0; 0; Y4) [114].

®docdaTHl CHOMYKHM  XapaKTEpU3YIOThCA  MAajoOl0  BIAMIHHICTIO  00'eMy
PO,-TeTpaenpis, 1mo Bka3ye Ha iX BUCOKY cTiiikicTb. CrioTBopeHHs PO,-teTpaeapis
3MeHIIyIOTbesl B psfil Mejo(PO,)sCl, — Meo(POy)sF, — Meo(PO,)s(OH),, ne
Me=Cd, Ca. BctaHoBi€HO 3apsOBl CTaHHW, JIOBXKHUHHM 3B'S3KIB 1 00'€éMH 10HIB Y
JOCIIKYBaHUX CIIOTyKaxX. 30Kpema, IOKa3aHOo, IO 3apsii 10HIB MeETaly Mallo
3MIHIOETBCA MpPU 3MIHI THUIY aHIOHA, PO3TAlIOBAHOTO HAa BiC1 IIOCTOTO MOPSAKY.
Crocrepiraerbcst 3pOCTaHHS MPOCTOPOBOI  JIOKami3alii eJeKTPOHHOI MHIIIBLHOCTI
MeTaldy 1 KHCHIO TOONM3y sfaep s BaHAJaTHUX amaTWTIB y TMOPIBHSHHI 3
dbochaTtHumu ananoramu [114].

Po3paxoBani mapameTpu eJEeMEHTApHUX KOMIPOK KaJIbI[IEBUX 1 KaaMI€BHUX,
dbocdaTHuX, BaHAAATHUX 1 apCEHATHUX, XJIOPO-, PTOPO-, OpOMO- 1 TIPOKCOANATUTIB
3HaXOJAThCS y TapHId BIAMOBIAHOCTI 3 EKCIEPUMEHTAIbHUMHM JIaHUMHU. 3
enepretnyaux nepeayMoB Cao(PO4)¢Cl, Ta Caio(POy4)¢F, yTBOpIOIOTE MpOCTOPOBY

rpynty P6y/m, a He P6; [312-314]. Anatutu 1 anaTUTONOIOHI CIOJYKH BaKKHUX
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MeTaniB 30epiraloTb Ty K TEHIEHIII0 (OpMyBaHHS BAJICHTHOI CMYTH, IO 1

KaubIlieBuid amatut [114, 315-318].

6.1.2 [3omop¢hui 3amiwenns 6 cmpyKkmypi anamumy

BusHauanbHUil BILIMB €(EKTIB ONMKHBOTO MOPSJIKY Ha BJIACTUBOCTI TBEPAOIO
TiJla HAaOYHO TMPOSIBIAETHCSA y BIAMIHHOCTI BIACTHUBOCTEH KPHUCTAIB OJHIET 1 Ti€l XK
Ipymny, 0 MalOTh OJTHAKOBHM CTPYKTYPHUN MOTHUB, aJie Mi/JIaHl Pi3HUM 130MOpHHUM
3aMIIIEHHSIM. 3HauHa “TMyXKICTh KPUCTAJIIYHUX IPAT allaTUTIB BU3HAYAE CIAOKe IoJie
JIra”aiB 1 J03BOJSIE MPOBOAUTH 130MOPQHI 3aMILIEHHS B IIMPOKOMY I1HTEpBai
CIIBBIIHOIICHL eJieMeHTIB. CITIBBIIHOIIEHHS KUIBKOCTI 1 THUITy aTOMIiB JIONIAHTIB
CYTTE€BO 3MIHIOE PI3HI BIJIACTUBOCTI 0A30BOro Marepiany, 30KpeMa, Moaudikaiis

P3M iCTOTHO 3MIHIOE ONITHYHI BJIACTUBOCTI.

i~ Ca,CsLa(VO,)(OH),
\—— Ca,RbLa(VO,),(OH),

: Ca,KLa(VO,), (OH),
Ca,NaLa( VO R (OH)
Ca L|La(VO ) (OH)
] Cam(VOA)G(OH)Z

Iy

-25 -20 -15 10 5

Ca,KLa(PO,)(OH),
Ca,La(PO,),(OH),
CaK(PO,),(OH),
Ca,(PO,),(OH),

-25 -20 -15 10 5 0

Ca,NaHo(VO,) (OH),
CagNaGd(VO“)G(OH)2
Ca,NaSm(VO,),(OH),
Ca,NaNd(VO,),(OH),
CasNaLa(VO4)6(OH)2
Ca,(VO,)(OH),

Puc. 6.3. [IoBHI MUIBHOCTI €JIEKTPOHHUX CTaHIB crioyyk [114].
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Hamu mnpuBeneHi JOCHII)KEHHS BIUIMBY TE€TEPOBAJICHTHUX 130MOPQPHHUX
3amirens ionis Ca®” i Sr*" y xarioHHiii miarpaTui pochaTo- Ta BAHAIATOANATHTIB (3¢
cxemoro 2Me* =Ln’*+A*, Ln=La, Nd, Sm, Gd, Ho; A=Li, Na, K, Rb, Cs) Ha
3aKOHOMIPHOCTI (pOpMyBaHHS E€JIEKTPOHHOI OyJOBH anmaTUTOMOMIOHUX crionyk. JlaHi
Oynu otpumani y Buaumii, [4, YO 1 peHTreHiBcbkiii 00J1acTi MpU CMiBCTaBICHHI 13
KBAaHTOBO-MEXaHIYHUMHU pO3paxyHKaMH. [ToBHi IiIJTLHOCTI CTaHIB
130MOp(HO3aMIIIIEHUX alaTUTIB MPUBEACHI Ha puc. 6.3 [319].

I3omopdue 3amimennst ionie Ca’" i Sr** y karionmiit miarparui ¢pocdaro- Ta
BAHAMATOAMATHTIB (3a cxemoro 2Me* =Ln’*+A*, Ln=La, Nd, Sm, Gd, Ho; A=Li, Na,
K, Rb, Cs) abo iX romMoBaJICHTHI 3aMIIICHHS 10HAaMU 3d-METaJliB YW MarHilo Majo
3MIHIOE CTPYKTYpPY 3alHSATOT YaCTUHU BAJICHTHOI CMYTH, sika 30epirae BUPaKCHHM
30HHUN XapakTep 3 PI3HOI MNPOTSKHICTIO OKPEMHUX IMIJICMYT - BEPXHS YacTHHA
BaJICHTHOT CMYTH 1 HIDKHA YacTHHA BaJICHTHOI cMyTHU. [Ipu npbomy 3d-meranu MaroTh
IIEpEBAKHE BXOMKEHHA Y Me () I03ULIiI0 CTPYKTypH anaTtuty [114, 286].

3amilieHHs] METaliB y CTPYKTYpl anmaTUTy Ha €JIEMEHTH Y BHCOKOBAJIECHTHHUX
CTaHaxX MPaKTUYHO HE BUBUAIHUCS. EHepris 3B's3Ky 4f-eNeKTpOHIB aTOMIB YpaHy
oim3bka 70 Takoi y cronyii UQOs, 110 BKa3zye Ha Te, 1[0 BOHU MAalOTh MaKCHUMAaJbHY
JUTSl aTOMIB ypaHy BajeHTHICTh. OIHAaK, B ypaHBMICHOMY allaTUTi 3CYB €HEPTii 3B'SI3KY
4f-enexTpoHiB 3HauyHO OUTbmKi, HiXK a7 UQO;, mpu 1IbOMY CIIOCTEPITa€ThCs 3HAYHO
OlbllIa IIMPUHA JIIHII CIEKTpa, TOOTO Mae Micue ePeKT Manoi KUIbKOCTI PEeYOBUHU
abo “xmactepHuit” edekr [114, 286, 320].

BusiBneno 36iunbiieHHst criBBigHomeHHss Ca/P i HaHOAUCIIEPCHUX 3pa3KiB 3
yacoM ix 30epiraHHs, 10 nependayae Mirpamio aTomiB KaJbLil0 J0 MOBEPXHI MpPH
KIMHATHIN Temreparypi i Moxe OyTH Ba)KJIMBUM IPHU TOSICHEHHI1 SIBUI ‘“‘BUMUBAaHHS
KaJIbLI1I0 B O10r€HHUX HEOPTaHIYHUX YTBOPEHHSX.

Jlst crexiomerpuyHoro ckiany Ca-I"All Bigaomenus Ca/P nopisaioe 1.66, Tomi
SK JUTs 3pa3Ka 3 YaCTKOBHMM 3aMIIEHHSIM KaTioHa Ha ypaH BigHomieHHs Ca/P ckiamae
1.60, mo xapakrepy3ye AedIIUT aTOMIB Kajbllif0. TakuM YMHOM, 3aMIiIICHHS KaJIbIli0
YpaHOM y TIJPOKCOAMATUTI 3MEHIIy€e BiTHOMICHHS MeTan/pochop Ha mMOBepxHI

3pa3ka. Bzaemomis MiX anmaTUTOM 1 10HAMHM METaTiB y PO3UMHI BU3HAYAETHCS
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PO3UMHEHHSIM amaTUTy, L0 TNPUBOAUTHL A0 YTBOpeHHS Mertano-pocdariB. Hosi
docdaTtu 3apoKYIOTHCS Ha MOBEPXHI allaTUTy, IO Ji€ SIK KaTaai3aTop Ii€l peaxitii.
[TokxazaHo, 1110 BXO/’KEHHS aTOMIB YpaHy B CTPYKTYpY T'JIpOKcOoanaTuTa BiA0yBaeThCs
nepeBaxkHO B Cap)y MO3ULII0, 110 BIJKPUBAE NEPCIEKTHBY KEPOBAHOI'O CTBOPEHHS
MaTpUllb JJIsl JOBFOCTPOKOBOI'O 3aXOPOHEHHS pPa/llOaKTUBHUX BIAXOAIB Ta IHIIUX
TokcukaHTiB [114, 321-323].

[Tpu nocnimkeHHI KaTIOHHUX 130MOp(HMUX 3aMIIIEHb B CTPYKTYpl anatuty Oyau
BIIEpILIE CHUHTE30BaHO, CIEKTPaJIbHUMU 1 KBAaHTOBO-MEXaHIYHHMHU METOJaMH
JOCHIIPKEHO 3MIHM B €JIEKTPOHHIA MIJACUCTEMI OpH 130MOP(HHUX 130BAJIEHTHUX
3aMIIIEHHSX B TETPAOKCUIHUX anaTuTONO10HUX CITOJTyKax pany
Ca1O(P04)X(VO4)y(AsO4)Z(OH)2, A€ X = 1, 2, 4, y= 1, 2, 4, = 1, 2, 4 (x tytz= 6)
@opmMa BaJEHTHOI CMYTH Ma€ BUPAXKCHUM 30HHUM XapakTep, SKAW BHU3HAYAETHCS
BHECKOM PpI3HUX TpyIl eJeMeHTIB. BepxHs dacThHa BaJleHTHOI CMYru chopmoBaHa
€JIECKTPOHHUMHU cTaHaMmu TeTpaeapiB X4 3 aToMaMH Kajblii0. JJHO BaJ€eHTHOI CMYTH
B OCHOBHOMY BH3HAUYa€ThCS §-CTAaHaMM KHCHIO CHUIBHO 3 §- 1 p-ctaHamu ¢ocdopy,
Mun’ Ky 1 Banazito [114, 307].

st komipkoBo HeBnopsiAkoBaHUX cucteM Caio(PO,)x(VO4)sx(OH), npu 3mini
cuiBBigHomeHHs: (PO4)/(VO,4) “anrapMoHI3M™ KOJWBaHb y KPUCTATIYHUX TIpaTax
3aJIeKUTH B1J] KOHIICHTPAILlll OCIUISATOPIB MEBHOTO TUIY. Taki 3MiHHU JIOKAJIbHI 1 3a
JIOTIOMOTOI0  HAaIpPaBJIEHUX 3aMIllIEHb MOXXHA CTBOPUTH HEOOXIJHUN MPOCTOPOBUI
pO3MOMALT “aHTapMOHIYHOI” CKJIAJOBOI B KPUCTaJi, IO BIAKPUBAE TIEPCICKTUBY
KOHTPOJIbOBAHOT ~ 3MIHM  TEIJIOMPOBITHOCTI,  Koe(dillieHTa  TeMIepaTypHOro
PO3LIMPEHHS Ta IHIIUX MapaMeTpiB y KPUCTaJi, 110 BU3HAYAIOTHCS aHTapMOHIZMOM

KOoJIuBaHb Ipatku [114, 324].

6.1.3 Enexmponna cmpykmypa HecmexiomempuyHux ma HeénopsoKo8aHUX

anamumie

Crexiomerpuune BigHomeHHs Me/X mist anatuTiB M ((XO4)sY, mopisHioe 1.66.

[le#t mnapamerp MoOK€ 3MIHIOBATUCH B I[IUPOKOMY I1HTEpBaji, 30KpemMa st
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riApoKcoanatuTy Kamibiito Big 1.42 mo 1.71, mo CBIAYKTH MPO BHCOKY CTIMKICTD
rpatkd. BigxuimeHHs ~ XIMIYHOTO  CKJIaAy  TiJPOKCOAMaTUTY  KajibIil0  Bif
CTEX1OMETPUYHOTO0 MPUBOJUTH 1O TociadieHHs 3B's3kiB P-O B Mexax MIONIMHU
n3epkanbHOi cumetpii. B [U-cmekTpax mnornvHaHHA 3pas3KiB, 3 MajuM BMICTOM
TAPOKCUIIBHUX TPy, BIACYTHI JiHIT TiOpamiiaux koauBanb OH -rpyI 1 BUSBISIOTHCS
ninii mo6mmsy 440 cm™' i 460 cm™', xapakrepHi mis Tpukanbuiiidochary. [Ipuunna
TAKOTO SBHINA Y BiJICYTHOCTI 10HIB KHCHIO Y BIAMOBITHUX BY3JaX KPHCTAJIIYHOT
IpaTKy, 110 3yMOBIIIO€ YTBOPEHHS JI0JAATKOBUX €HEPreTUYHUX PIBHIB Y 3a00pOHEHIN
30HI - TaK 3BaHWX "HIEHTpPiB 3a0apmiieHHs". JIiHIi NMOTJMHAHHS €JIEKTPOMAarHiTHOTO
BUIIPOMIHIOBaHHSl TakKMMH 3pa3kamu Oyid BHsIBIEHI B oOnacti eHeprid 2.4 eB.
Amnanoriuni ninii mornuHamms mo6am3y 2400 cM” imenTHdikoBami y crekTpax
BIIOMBaHHs  ynbTpagucnepcHux 3paskiB  Ca-I’'AIl  OloreHHOro mMOXOKEHHS.
3pocTatoua TpH IbOMY IHTEHCHUBHICTh ONTHYHOIO BiJIOMBAHHS B KOBTO-YEPBOHIN
YaCTHHI CIIEKTpa O0YMOBIIIOE BIAMOBIAHUI KOJIp KiCTOK [325].

[lepeBaxkHa KUIBKICTh alaTUTYy KICTKH 3HAXOJIUTHCS B HAHOAUCIEPCHOMY CTaHi.
Metonom EXAFS-crniekrpockornii HaMH JOCTIIKEHO OJIMKHIM aTOMHUM TOPSJIOK B
HEBIOPSAKOBAHUX (AMOpHUX) anaTUTaX KaJbLI Ta CTPOHILII0 CHHTETHYHOIO Ta
O10reHHOro Mmoxo/pkeHHd. [lokazaHo, 1m0 3pa3ku aMOp(HOro TipPOKCOANATUTY
CTPOHIIIIO XapaKTEePHU3YIOThCSI KJIACTEPHOIO OYyA0BOIO 3 MOXIMBUM CTPYKTYPHUM
bparmenToM Sro(PO4)¢ — XapakTepHUM ISl IPATOK TIPOKCOAMATUTY CTPOHIIIO O€3
BpaxyBaHHS T1IPOKCUIBHUX TpyT (puc. 6.4 a).

[TopiBHSIHHS EXAFS-cnexTpiB CUHTETUYHOTO HAaHOJUCIIEPCHOTO
TAPOKCOANaTUTy KaJbIli0 1 MiHEpaly KICTKH (HAHOKPUCMANIYHUL 2i0poKcoanamum)
MOKa3aJio, IO CTYIIHb MOPSAKY [ KICTKM MeHmmi (puc. 6.4 6). Ilepma
KOOpAUHaIlIifHa 000JI0HKA HABKOJIO KaJIBIIIIO 1ICHTUYHA, ajie O1IbII BUCOKI O00JIOHKH
MarTh MEHINy IHTEHCHUBHICTh, BKa3ylOUM Ha 3pocTatounii Oe3man 31 301IbIICHHIM

BIJICTaHI BiJl KaJIBIIIO.
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Puc. 6.4 XapaxkTepHuil KjJacTep CTpYKTYpH aMOP(HOTO rpOKCOANaTUTy CTPOHIIIIO
(a) Ta aTOMHI PYHKIII1 pO3MOJILTY B HAHOJUCIIEPCHOMY T1ApOKCOANaTUTI

KaJIbIIi10 1 MiHepau KicTku(6) [286].

6.1.4 Hanocmpyxmypu Ha 0CHO81 anamumis Kaivyilo ma ix 3acmocy8anHs

OpnuM 3 BaXJIUBHX (DAKTOpIB, 110 BITUBAIOTH HA BIACTUBOCTI, € CTPYKTYPHHIA
ctaH pedyoBHHH. CBOTroJIHI, OKpPIM TPAAMLIMHUX METOMIB CHUHTE3Y MOHO- Ta
MOJIIKPUCTAJIIB, IIMPOKO BIiIOMI M E€K30THMYHI METOJM CHHTE3y HAHOMOPOUIKIB 1
TOHKUX TIUIIBOK AamaTUTONOMIOHMX CIIOJNYK, 30KpeMa, CHHTE3 TiJpOKCOanaTury
KaJIbLIII0 B JIBOBUMIPHO-KpUCTaNI4yHIN (opmi. B 1ijoMy cTaHOBIEHHS METOIOJIOTii
BHBUYEHHS BJIIACTUBOCTEH 1 CHHTE3y HAHOCTPYKTYpP MPHUBEJIO A0 3HAYHOI'O MPOrpecy B
Ui HEOCSHKHIA obmacti 1 (QOopMyBaHHIO HANpSIMKY JOCHIKEHHS  (Pi3UKH
HaHOMATEpialiB, y TOMY YMCI ¥ amaTUTONOAIOHUX HAHOCTPYKTYp [326]. SkicHuii
MIPOPUB HAYKOBOTO Mi3HAHHSA (B13MKH KOHJEHCOBAHOTO CTaHy, IO XapaKTEPHU3yEThCs
3MIHOIO MIKpOOO’€KTY AOCHIKEHHS 3 aToMa, MOJIEKYJU MPUPOJHOTO MOXOIKEHHS
Ha Kiactep, QynepeH, HaArpaTKy, KBAaHTOBY TOUYKY 1 T.J., IITyYHO CTBOPEHUX, HAJa€
OUThII MIMPOKI MEpPEeAyMOBH HAYKOBO OOrPYHTOBAHOTO TOIIYKY 1 MPOEKTYBaHHS

MaTepianiB 3 KOMIIJICKCOM 3aJaHHuX BJIACTUBOCTEH.
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Ha cporoani mepcrekThBa 3acTOCyBaHHS MaTepiajiB Ha OCHOBI allaTUTIB
Oe3mocepelHbO TMOB’S3aHAa 3 JOCHIIPKEHHAMU HaHOpo3MipHHX 3pa3kiB. I[llupoxe
3aCTOCYBaHHS T1IPOKCOANaTUTa Kajbllil0 B MEAUIIMHI IS YCYHEHHS JAe(heKTiB KiICTOK
1 mikyBaHHs mepenomiB [327-329] Bumarae mOpOBEACHHS JOCTIIKEHb (PI3UIHUX

BJIACTHBOCTEH alaTUTIB IMPUPOIAHOTO ITOXOIKCHHA.

MeTtonoM 305b-redb TEXHOJIOTII HaMHM MPOBEACHO CHHTE3 Ta OIHUCAHO
MOP(OJIOTit0 HAHOIMCIIEPCHOTO ANATUTY KAJIBIIIO 3 THTOMOIO OBEPXHEI0 ~550 M7/T,
OJMM3BKOIO JI0 Takoi B HaTUBHIA KicTui (puc. 6.5 a). HanoaucnepcHuii anaTut
XapaKTepPU3y€e€ThC MOHOMOJAIBHUM PO3IOAUIOM YacTOK 13 cepelHIM po3MmipoM ~40
HM. 30Jb-T€JIb TEXHOJIOTISl J03BOJIIE OTPUMYBATH TOMOIE€HHI HaHOIUCIEPCHI
HOPOILIKH T1IPOKCOANATUTy KajbI[ll0 BUCOKOI YMCTOTH Ta [03BOJIIE B IPOILIECI
CUHTE3y KepyBaTH MOP(QOJIOTIEI0 Ta CIIBBIAHOIIEHHAM aMOp(HHI KOHAEHCAT —
KpucTtaiaiyHa ¢aza oTpumyBaHux nopoukiB [330, 331]. Bci etanu TEXHOJIOTTYHOTO
MPOIIECY EProHOMIYHI, €KOJIOTIYHO Oe3meyHl Ta He MOTPeOyIOTh BEIHUKUX
BUPOOHMUHMX IUIONI Ta MOTyXHOcTeil. Ha ocHOBI mpoBeneHux (yHIaMeHTaIbHUX
JOCIIKEHb  (PI3UKO-XIMIYHMX  BJIACTUBOCTEH  amaTuTiB Ha  0Oasi  IM®
iMm. ['.B. KypatomoBa cymicio 3 mpod. B.A.Jlyokom (IIIM im. .M. Dpanyesuua)
pO3p00JIeHa TEXHOJIOTIS CUHTE3y 010CyMICHMX (DYHKIIOHAJLHUX HaHOMATEeplaliB Ha
OCHOBl amaTUTy KajbIlll0 Yy BUIVISIAI TOHKHX IUIIBOK, HAHOMOKPUTTIB Ta
HAHOJUCIIEPCHUX TOPOMIKIB (puc. 5 a), sKka BKIOYae B ce0e BUKOPUCTAHHS
O1OMIMETHYHMX YMOB CHHTE3y Ta HOBI TEXHOJIOTIYHI DIMICHHS W00 OCAJKEHHS
MOPOIIIKIB Ta OTPUMAHHS TUTIBOK Ta MOKPUTTIB [332-334]. ObnacTio 3aCTOCYBaHHS
TaKMX HAaHOMATEepiajiB MOXKYTh OyTH pi3HI raixy3l MeIULUHU (ivMniaumu OJis Xipypeii,
3Y00npome3sy8ants, BUSOMOGIEeHHs 0I0NI02IUHO aAKMUBHUX 000A80K, KOMNOHEHmMU
3YOHUX nACM Ma KOCMEemuyHUX 3acoois).

Metronamu SIMP, POC ta xBaHTOBO-MEXaHIYHOI'O MOJCIIOBAHHS BCTAHOBJIEHO
MEXaHi3M B3a€EMOJIii HAHOPO3MIPHOTO amaTUTy KaJIbLil0 3 OPraHIYHUM MaTPUKCOM
HATHBHOI KICTKH, IO  3JIMCHIOETHCA 3a JOIOMOIOI0 BOJHEBHUX 3B'SI3KIB MIXK
KapOOH1IbHOI Tpymoio KonareHy 1 OH-rpymoro amatuTy 1 HOCHUTH CHIPSMOBAHHIA
XapakTep 3 BUPAXKEHUM BOJIHEBUM 3B's13KOM (pHcC. 6.5 0).
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Puc. 6.5. Ilpenapatu Ha OCHOBI TIPOKCOANMATUTY KaJbIlil0 (@) Ta cXema B3aeMOJIIi

anatut-koJiareH (6) [114] .

Hanomatepianu sk (pyHKIIOHaNbHI CynepaacopOeHTH MOTEHUINHO 3HaYUMI IS
BHCOKOYYTINBHX METOJIB KOHTPOJIIO T4 OYMIIEHHS HABKOIHMIIHEOTO CEPEOBUINA. 1X
aHOMaJIbHA peakKIlifHa 3JaTHICTh OOYMOBJIEHAa BEJIUKOI KUIBKICTIO 00IpBaHUX
XIMIYHHX 3B'SI3KIB 1 BACOKOIO IMTUTOMOIO MTOBEPXHEI0. BpaxoByroun MIMPOKUiA Jlianma3oH
HECTEeXIOMEeTpli CKJIaqy amaTuTy Ta BHUCOKY CTIMKICTh TpaTKd 10 paaialiifHOro
ONMPOMIHEHHA  Ta  KUIBKOCTI  Je(eKTiB,  3ampolOHOBAHO  BHKOPUCTAHHS
HAHOJIMCIIEPCHOIO T1IPOKCOANATUTY KAJIBI[II0 B IKOCT1 MAaTPHIIl JIJIsi TOBFOCTPOKOBOTO
3aXOpOHEHHS TOKCHYHHMX Ta PaJioakTUBHUX BiAxomiB [335]. BcTaHoBiI€HO BHCOKY
cop6uiiiny 3mathicts 10 H,O Ta *’Sr HaHoposmipuux kpuctamis amatuty. CopOiis
St Ha HAHOJMCIIEPCHOMY ATIATHTI 3 HACTYITHHM MIEPEBEACHHAM HOro B KPHCTAIIYHH
cran npu 650 °C npusBoauth 10 30-TH KpaTHOrO 3HMKEHHS ITOKA3HUKA IeCOpOLii
i3oTomy i3 cTpykTypm amaruty. J{ns HamifHOro BHIAJEHHS pamioHyKIiza St 3
BOJHOTO PO3YMHY 1 JOBTOCTPOKOBOTO YTPUMaHHS HOTO B CTPYKTYpi amaTury,
azcopOI11ir0 HEOOX1THO MPOBOJIUTA HA HAHOJUCIIEPCHOMY T1IPOKCOAMATUTI KaJbIIIIO 3

MOJAJIBIINM TIEPEBEICHHSIM HOT0 B KpUcTaaiuyHui ctax [114].
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6.2 HaHOKOMIIO3UT HA OCHOBI TIPOKCOANATUTY KAJbIII0 TA YJILTPATUCIIEPCHOTO

rpadiry

Po3po6ka TexHOJOTiH OTpUMaHHS HOBUX KOMIIO3UTHHMX MaTepiaiiB Ha OCHOBI
rigpokcoanatuty Kainbliito (I"AIT) - xiMiuHOTO aHaora MiHEpally KICTKH, IEPII 3a BCE
CIpsIMOBaHa Ha IMOJIIIIESHHS BJACTUBOCTEH HasBHUX OloiMIIIaHTaTiB Ha ocHOB1 ['ATlL
[Ipn BiTHOBIEHHI KICTKOBOi TKAaHWHH, OJHIEI0 3 BAXKIUBAX YMOB BHUCTYIIA€
CJICKTPUYHA MPOBITHICTh IMIUIAHTA, 110 HEOOXITHO JJII MPOXOKEHHS €NEKTPUUHUX
HEpPBOBUX IMITyJbCiB. CaMe TOMY OCTaHHIM YacOM TOJOBHA yBara JOCIIJIHUKIB, IO
3aiiMarOThCAd CHUHTE30M 1 BJIACTUBOCTSAMU KOMIIO3HMTIB Ha ocHOBI ['All, mpuainena
npo6sieMi BHCOKO1 eleKTponpoBigHOCTI. Ilpu npbomy, /uisi OTpUMaHHS KOMIIO3UTY
MOXHa BHKOPUCTOBYBAaTH a00 TOJIMEP 3 BUCOKOIO EJEKTPOIMPOBITHICTIO, SKHUI
BOJIOJIIE O10TONEPAHTHOCTHIO, abo pi3HI ByrjeneBi warepiaau. KpiM Meauko-
OiomoriyHuX 3actocyBaHb, ['All ocTaHHIM YacoM BUKOPHUCTOBYIOTh Y CEHCOPHHX Ta
IHIIMX MIKpOEIEKTpOHHUX NpucTposix. Komnosutu Ha ocHoBi ['All i1 ByrieueBux
MaTepiaiaiB BOJIOJIIOTh BUCOKOIO TEPMIUHOIO CTIHKICTIO. Tak crexiomerpuunuid ['ATl
3aMIIa€eThes CTikuM 3a Temneparyp 10 1350 °C. B poboti @.Yena Ta iH. [336] Ha
OCHOBI T1APOKCOANaTUTOBUX HaHOJPOTIB 3anpONOHOBAHUI IU3aitH
esiekTporipoBigHoro mamnepy. OCKUIBKM €JIEKTPOHHI MPWIAad CHPUWHSTINBI 10
HABKOJIMIITHBLOTO CEPE/IOBUINA, HAIMPHUKIIAJ, BOJIOTOCTI, 3ara3oBaHOCTI ab0 BHUCOKOI
TEeMIIepaTypHy, TO KIOYOBOK YMOBOIO JOCTIPKEHb B IIbOMY HAMPSIMKY 3aJTUIIAETHCS
NOJIMIIEHHS iX MPUKIAIHUX BJIACTHUBOCTEH, 30Kpema enekTporpoBigHocTi. Lliif
npo0emMi IpUCBSYEHO psif MyOmiKkaliid, 30kpema [336 - 341].

Bimomo, 1 B TOMy umchi 3 Hammx poOiT, M0 HATUBHA KICTKA BOJOJI€ 3HAYHUM
'€30€JIEKTPUYHUM €(EeKTOM, 10 Tepeadayac BUKOPUCTAHHS KOMIIO3TIB Ha OCHOBI
TIPOKCOANATUTy KNI 1 YIBTPAIUCIEPCHOTO TpadiTy B SIKOCTI 3aMiHHHKIB
KicTku. Y poborax [342-344] moka3aHO, IO 30BHIIIHS €JIEKTPUYHA CTUMYJISALIS
MOIIKOJIPKEHOT KICTKA CHpHsUIa TPOrPECUBHOMY 3aro€HHIO. TakoX BUKOPUCTAHHS
BYTJICIIEBUX HaHOMAaTepiaiiB, 30KpeMa, BYTJIELIEBUX HAHOTPYOOK, ICTOTHO MOKpAIye

MEXAaHI4H1 BJIACTUBOCT] IMILIAHTIB.
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VY naniif poOOTI HAMM CHHTE30BaHI KOMIO3UTH HA OCHOB1 HAaHOJIUCIIEPCHOTO
T1IPOKCOANATUTY Kalblliio, YIbTPAIUCIEPCHOTO TpadiTy, LETIOI03HUX BOJOKOH Ta
eJIEKTPONPOBIAHOTO €TMOKCUAHOTO OJiromepy. Taki KOMIIO3UTH BOJIOJIIOTH BUCOKOIO
TEPMIYHOIO CTIMKICTIO 1 MOXYTh OyTH BUKOPHCTaHI B PI3HUX MEAMYHUX 1 TEXHIYHUX

LIJISX.

6.2.1 Memoouka ompumanms 3pasKise

Jlnst oTpuMaHHS CTPYMOIIPOBIIHUX 3pa3KiB KOMIIO3UTIB OylIM BUKOPHCTaHI
HACTYNHI OCHOBHI PEareHTH: YOTHUPHbOXBOJHHMM KPHUCTAJIOTIAPAT HITPATY KaJbLIO
(Ca(NO;),*4H,0), nBaHaaIATUBOJHUN KpUCTAJIOTIApaT Kucioi codi pocdary Hatpiro
(Na,HPO,*12H,0), rigmpokcun  amonito  (NH4,OH), BosokHa  1emtoso3u,
yIbTpAIUCIIEPCHU TpadiT, EMOKCUIHUN OJIIroMep, 3aTBEP/KyBad EMOKCHUIHOTO
OJIITOMEpY.

MeTonuka oTpuMaHHs 3pa3KiB Oyia HacTynHOo [294]:

Ca(NOs),*4H,0 40r Ta Na,HPO,*12H,0 40T oOKpemMO pO3YMHSIUCA B
JTMCTWIbOBaHIN BOJI mpu HarpiBaHHi. Ilicns poszuunenHst po3zuun Na,HPO,*12H,0
nonasaBcs 710 po3unHy Ca(NOs),*4H,0, npu 1iboMy mapasnenbHO J0/1aBaBCs TYIU K
T1APOKCHU aMOHII0 JJIs MATPUMKH KUCIOTHOCTI He MeHIT Hik 10. Ilicns monaBaHHS
TIIPOKCUTy aMOHIIO PO3YMH 3aJMIIaiM Ha 1.5 roavHu TpiTHCS NpHU MHOCTIMHOMY
nepeMiltyBadHi, aaii B po3uuH gonaBaim 10 r ymprpagucnepcHoro rpadity i1 4 T
LETI0JIO3HUX BOJIOKOH, IMICJISI YOr0 PO3YMH 3ajuiiand Ie Ha 24 roauHu 0e3
nepeMillyBaHHsl 1 HarpiBaHHs. B pe3ynpTaTi NpoBeAeHUX oOmepaliil MpoTAroMm
3a3HAYEHOTO Yacy BiOyBaJloCs BHUIAJAHHSA OCAQAy - TIPOKCOAMATHTY, YaCTUHKHU
SKOTO 3HAXOJWJIHNCS Yy Mi’)KBOJIOKOHHOMY TIPOCTOPi IIENIONI03U MOPSIA 3 YaCTHHKAMHU
rpadity. Ilicns  3akiHueHHs 24  TOAMHHOTO  TMEpioAy  YTBOpEHa  maca
BiA(1IBTPOBYBAJIACS 1 BUCYIIIyBaIacs.

3 Bucymenoi macu ['AIl + rpadit + menroa03H1 BOJIOKHA Y (TOPOILIACTOBIM
dbopmi dopmyBaBcs 3pa3ok 3amaHoi ¢GopMH 1 po3MipiB. 3pa3oK MPOCOUYBABCS

PO3YMHOM ETMOKCHIHOI CMOJIH 1 3aTBEP/IXKyBaya 1 MpOrpiBaBcs MPOTIroM 1 roJiMHu.
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Otpumano nBa Bumu 3paszkiB: | - kommos3ut Ca;o(PO,)s(OH),+rpadit+
niemroo3Hi BojokHa; I - kommosut Ca,o(PO4)¢(OH), +rpadit+ientono3ni BoigokHa
+eMOKCUIHUN OJTirOMeEp.

Jis MOCHiPKeHHA JaHUX KOMITO3UTHUX MatrepiaiiB Oylu 3amydeHi MEeTOIu
CKaHyI0uOi eNeKTpoHHOi Mikpockormii - CEM, peHTreHiBcbkoi (HOTOENIEKTPOHHOI
cnekrpockomnii - POC, MeTos eHeproaucnepciiHoi peHTreHIBChKOI CIIEKTPOCKOMIT -
EJIPC.

PentreniBcbki (DOTOENEKTPOHHI CHEKTPH JOCHIKYBAaHUX KOMIIO3HUTIB OyiH
OTpUMaHI Ha (OTOENEKTPOHHOMY criekTpoMeTpi pipmu “JEOL” - “JSPM-4610" 3
BUKOPUCTAaHHAM HeMoHoxpomartuuyHoro MgK, (1253.6eB) peHTreHiBcbKOro
mxepena. Ilim yac TpoBeNEeHHS EKCIIEPUMEHTY BaKyyM B aHAIITUYHIA Kamepi
cranosuB 107 ITa, TouHicTh BU3HAYCHHS eHeprii 383Ky enextpoHis 0.1 eB. 3 ormsay
Ha JIOCHDKCHHS TIPOBIJHUX  BJIACTUBOCTEM  KOMIIO3WMTIB, TIPU  OTPHUMaHHI

(bOTOCHGKTpOHHI/IX CHCKTpiB CJIEMCHTIB Ha IIOBCPXHIO 3pa3Ka 30JI0TO HC HAHOCHJIOC.

5

&
e
| wp:875mm VEGA3 TESCAN " BE300 |  wp:15.08mm

View field: 207 pm Det: SE View field: 415 pm 100 pm

SEMMAG: 467 x | Date(midly): 12/18/18 Performance in nanospace SEMMAG:333x | Date(m/dly): 1212018 Performance in nanospace

a 7

Puc. 6.6. CEM-300paxennst 3pa3kiB Ca;o(PO4)s(OH), + rpadiT + 11e1105103H1 BOJIOKHA
(a) Ta Ca;o(PO4)s(OH), +rpadit + MeNr0NI03HI BOJOKHA + EMOKCHIHHM

osiromep (0).
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BI: 3.00 WD: 15.08 mm VEGA3 TESCAN
wo:s7smm | )0 0)0000] NESICIE AN View field: 104 pm Det: SE 20 ym
SEM MAG: 1.33kx | Date(m/dly): 12/20/18 Performance in nanospace

View field: 104 pm Det: SE 20 pm
SEM MAG: 1.33 kx | Date(m/dly): 12/18/18 Performance in nanospace

-

8
WD: 8.75 mm VEGA3 TESCAN| BI: 3.00 WD: 15.08 mm VEGA3 TESCAN

iev fum | DetSE View field: 20.8 um Det: SE | 5um

SEM MAG: 4.67 kx | Date{m 2118118 Performance in nanospace SEM MAG: 6.67 kx | Date(midly): 12/20/18 Performance in nanospace

0 | wn:897mm VEGA3 TESCAN BI: 2.00 WD: 5.00 mm VEGA3 TESCAN|

View field: 2.08 ym ‘ Det: SE 500 nm View field: 1.92 pm Det: SE
SEM MAG: 66.7 kx | Date(m/dly): 12/18/18 Performance in nanospace SEM MAG: 72.2kx | Date(midly): 12/20/18 Performance in nanospace

0 e
Puc. 6.7. CEM-300paxkennst 3pa3kiB Ca;o(PO4)s(OH),+rpadiT+iientono3Hi BOJOKHA

(a, 86 0) Ta Ca;o(PO,)s(OH),trpadiT+iientono3Hi BOJOKHA+ EMOKCHIHHMA

osiromep (6, 2, e).
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6.2.2 Enexmponni enacmugocmi

Y wmanomy 30imemieHHi Ha CEM 300paxenHsx (puc. 6.6) crocTepiraerbes
1ICTOTHA BIIMIHHICTh y Mopdoorii 3pa3KiB. Kommno3ut
Ca o(PO4)s(OH),trpadit+iientono3ni BojiokHa (puc. 6.6, a) sABIsS€ COO0K OKpeMi
MacuBHI cepornogiOHi ¢parMeHTH, Yy TOH dYac SK MPUCYTHICTH EMOKCHUIHOTO
OJIITOMEPY B CTPYKTYpl JAPYroro KOMIIO3UTY (puc. 6.6, 0) CHpusjio YTBOPEHHIO
BOJIOKOH, 5IK1 3B'SI3yIOTh YaCTHHKH.

31 30UIBILICHHSIM PO3ALIBHOI 3JATHOCTI MOXHA CIIOCTEpIraTu TpaHCchOopMallio
MOPQOJIOTIYHUX 0co0IMUBOCTEN 3pa3kiB (puc. 6.7). Sk BugHO npu MacmTadbl 20 MKM
(puc. 6.7 a, 6) y 3pa3ky | cnoctepiratotbcsi 00'€eKTH MPABUWIBHOI (POPMH 3 PO3MIPOM
Bil 1 1o 10 MKM, TOAl SIK APYTHl 3pa3oK MOKa3ye Maike OJHOPiIAHY MOpP(]OIOTIyHY
KapTUHY TI0 BCiM JOCHIKyBaHIi moBepxHi. B aeskuii Bunaakax Ha 3paszkax | diTko
CHOCTEpIraliCs IUIACTUHHM pI3HOI (opMU 3 BHUIIEBKa3aHUMU po3MipaMu. [l
MEPIIOTo 3pa3Ka XapakTepHa HAsIBHICTD MOP 13 po3mipaMu 10 1.5 mxM. OueBUIHO, 110
MPUCYTHICTh EMIOKCHIHOTO OJIITOMEPY B IPYTOMY 3pa3Ky MPHU3BOAUTH 10 HEMEPEPBHOI
KapTUHU 0€3 TOp 1 YITKO CIOCTEPEKYBAHUX MIKPOOO'EKTIB.

[Ipu nmepexonai no Ounbinoro 30iabIneHHs (puc. 6.7 B, T) y 3pa3ky | meranbHO
CIOCTEPIraloThCsl IBOBUMIPHI 00'€KTH 3 po3MipoM 110 3 MKM. Takoxk MOKHa OauuTH
JIOBTracTi BOJOKOHHOIOAIOHI BKJIFOUEHHS 3 TUMH K XapaKTepHUMH po3mipamu. [Ipu
bOMY K 30UIbIIEHHI JPYrHil 3pa3oK JAEMOHCTPYE 3HA4HI BIAMIHHOCTI, SKi
XapaKTEPHU3YIOTHCS MOHOTOHHICTIO CIIOCTEPEKYBaHOI MoBepxHi. OHAK, TPHU I[LOMY B
3HAYHIA YaCTHHI MOBEXHI CIIOCTEPITalOThCSA XapaKTepHi BKIIOYEHHS 13 po3mipom 1.0 -
2.0 mxm. Jlns mepmioro 3paska MPUMITHO CIOCTEPEXKEHHS TOp 3 1€ MEHIINMHU
po3Mipamu.

Ha nanopiBHi 17151 000X 3pa3KiB XapaKTepHa HAsIBHICTh BOJIOKOH 3 JIIAMETPOM ~
20 aM 1 npoTspkHicTIO 10 300 HM. OTXxe oJaBaHHS €MOKCHIHOTO OJIIrOMEpy Majio

3MIHIOE MOP(OJIOTIUHI TapaMeTpu APYToro 3pa3Ka Ha HAHOPIBHI.
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Puc. 6.8. POC-cnextpu Cls 3pazka Ca;o(PO,)s(OH), + rpadit +11e1107103H1 BOJIOKHA.

MeronoM  peHTreHiBcbkoi  (oroenekTpoHHoi  crnektpockomii  (PDC)
BCTAHOBJICHO ICTOTHY BIJMIHHICTh B €JIEKTPOHHIA CTPYKTYypl CHHTE30BaHUX
koMro3uTiB. IlopiBHsuibHMit anamiz POC cnektpiB (puc. 6.8 1 6.9), Ha dKux
npenacrasieni crektpu C 1s 000X KOMIO3WTIB, MOKa3aB, M0 B 3pa3Kax MPHUCYTHI
3B's13kM — C — C —, a TakOX 3B'I3KH, XapaKTepH1 JUIs CKJIAQIHUX BYIJICLIEBUX CIIOIYK
uny —C -0 —-T1a C=0.

CriekTpu BYTJICLIO JUIsl KOMIIO3UTY 3 BMICTOM €MOKCHAHOTO OJIIFOMEPY MaroTh
OLBII CKJIAJIHY TOHKY CTPYKTYPY, OCKUJIBKM B €MOKCHUIHOMY OJIITOMEPl MICTUTHCS
3HaYHa KUIBKICTh PpI3HUX BYIVIEIEBUX 3B'A3KIB. [lOJOKEHHS KOMIIOHEHTIB
po3kiagadds crekTpiB C 1s eneKTpoHIB Il 000X KOMITO3HMTIB HaBEJICHO B TaOIMIT

6.1.
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1007

50 /

Puc. 6.9. POC-cniektpu Cls 3paszka Ca;o(PO,)s(OH), +rpadit + 1mienrono3Hi BoIOKHA

+ €MOKCUTHUM OJIiTOMED.

Po3knananHs CHeKTpiB Ha KOMIIOHEHTH NPOBOAMIOCS 31 30epexeHHsIM
XapaKTEePHUX MIUPUH Ha TMOJOBUHI BUCOTH IS BIAMOBIIHMUX 3B'SI3KIB BYIUICHO. Sk
BUJIHO 3 HABEJICHUX €KCIEPUMEHTAIBHUX AaHUX YKCIo 3B'sa3kiB O-C-O (miku 0Ju3bK0
287.6 eB) mis 000X 3pa3KiB 3aMIIAETHCS MPAKTUYHO OHAKOBUM. CriocTepiraerbes
BEJIMKA PI3HOMAHITHICTH 3B's13KiB C-O 11 epIoro 3paska, o CBIAYUTH MPO OUIBITY
PI3HOMAHITHICTh JIOKaJLHOTO OTOYEHHs aToMiB Byruiento. [Ipu npomy 4mcio 3B's13KiB
HE MOCTHUKOBOro Byrjemio Tunmy C-O- iCTOTHO 3MEHIIYETHCS B APYroMy 3pasKy.
Januit paxT kopentoe 31 3MiHOIO mUpuHU diHii O s, y npyromy 3pasky, sika Ha ~ 0.9
eB menme Hixk B mepmiomy. Lle cBimuuTh mpo OiiblIe CTPYKTypHE BIOPSIKYBAaHHS

aTOMIB BYTJICITIO.
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Tabmuus 6.1. Enepris 38'sa3ky (eB) 1 mmpuna va nomosuni Bucotu (IITHIIB) (eB)

JHIM OCTOBHHX PIBHIB aTOMIB JJOCTIIKYBAaHUX CITOJIYK

Cnoinyka Ols P2p | Ca2psp Cls

284.1(1.7) —C=C-
285.4 (2.0) -C-O-

Komrmosur
531.7 134.0 | 348.1 287.6 (2.0) —C-O-
(Cayo(PO4)s(OH),
(3.9) (4.0) (3.0) 289.8 (2.0) —C=0O
+rpadiT+ientonosa)
291.2(2.0)0 —-C=0O
293.6 (2.3) carenit
284.1 (2.0) —-C=C-
Kommosut 286.3 (2.0) —C-O-
(Cayo(PO4)s(OH), 532.2 347.3 287.7 (2.0) —O-C-O-
+rpadiT+uentonosza+ (3.0) (2.0) 289.0 (2.0) —-C=0O
EMOKCUTHUHN OJIITOMED) 290.1 (2.0) —-C=0O

290.9 (2.0) -C=0

531.2 133.3 347.3
Ca;o(PO4)s(OH), -
200 | 24 | 0

VY apyromy 3pasky crocrepiraerbces 301UIbIIECHHS BITHOCHOT YacTKu 3B's13KiB C =
O 1 C-O B 3arasibHOMY OajaHCi BYTJELEBUX 3B'A3KiB. BuUXoasuu 3 BiAHOIICHHS
EKCIIEpUMEHTAJIbHUX IHTeHCUBHOCTEH TikiB ~ 290.0 eB, MoxxHa cTBepKyBaTH, IO
napamMeTp 301IbIICHHS 3HAX0AUThCs B iHTepBa Bix 1.3 no 1.4. Ilik, mo 3HaXoauThCs
B IepiioMy 3pa3ky mnpuOiam3Ho Ha 293.6 eB xapakrepusye careliTHy CTPYKTYpYy
CIeKTpa ByIiemro. Moro BiCyTHICTE y JpyroMy 3pa3Ky BKa3ye Ha iCTOTHY 3MiHy
KPUCTAJIIYHOrO TOJII B OKOJI aTOMIB BYIJIELIO. 30UIbIIEHHS KUJIBKOCTI KOMITIOHEHT
pO3KIIaZlaHHsT B JAPYroMy 3pa3Ky TaKOX BKa3dye Ha 30UIBIICHHS KIJIBKOCTI
HEEKBIBAJICHTHUX IMOJIO)KEHb BYTJIEIIO Y CIIOMIYII 3 EHOKCHIHUM OJIITOMEPOM.

Amnani3 nanux POC 060x kommno3uTiB nokaszas (puc. 6.10, 6.11, ta6a. 6.1), mo

OPUCYTHICTh B CTPYKTYpl KOMIO3UTY OJUIOMEpa MPU3BOJAUTH A0 MEPEPO3MNOALTY
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3apsay aromiB. Sk BuaHO 3 Tabmumi 6.1, mMomudikaiiss KOMIO3UTY EMOKCHUIHUM
OJIITOMEPOM MPHU3BOAMTH 10 3MEHILIEHHS! HEraTUBHOTO 3apsAay Ha KHUCHI 1 301IbIIEHHS
HOro Ha aToMax KaJyblIlilo, [0 BKa3y€ Ha 3MEHIICHHS 10HHOI CKJIaJI0BOI XIMIYHOTO
3B'SI3KY B 3araJIbHOMY OaJlaHCl XIMIYHOTO 3B'A3KY.

[TpumitHo, 110 A1 KoMno3uty | penTreHodoroenekTpoHHi JiHii eaemeHTiB Ca,
P, O maroTp "ks10HH" 1 3MINIYIOTHCS B O1K BEJIMKUX €HEPriH, 0 CBITYUTH TIPO 3aPSIKY
3pa3ka B mpoiieci 3ioMKH. [IpyuoMy IHTEHCHBHICTD AYyOJETHUX JIIHIA 7S MEPIIOTO
3pa3ka iCTOTHO Outbie. Y Toit ke yac POC crekTpu KOMIO3UTY 3 EMOKCHIHUM
OJIITOMEPOM HE MaloTh JIBIMHUKYBaHHS JiHIM, Hanpukiaa (puc. 6.11). [le cBiguuth
npo Te, 0 B 3pa3Ky | OpHUCYTHI SIK CTPYMOIpPOBIAHI (parMeHTH, IMOB's3aHl 3
rpadiToM, Tak 1 (parMeHTH, SKI BUSBISIOTH J1€IEKTPUYHI BIACTHUBOCTI, BJIACTHBI
rigpokcoanatuty. CEM 3o00paxeHHss 3pa3ka [, oTpumMaHe 3a JONOMOIOIO
€HEeproJUCIepCIiHOI PEHTICHIBCHKOI CIIEKTPOCKOMII MiATBEPAXKYE, IO BYIJIELb
pPO3MOAUICHU 10 KOMIIO3UTY HEpiBHOMIpHO (puc. 6.). Y japyromy 3pasky,
MPUCYTHICTh €MIOKCUIHOIO OJIiroMepy 3a0e3nedye NepKOIALINHUN e(heKT NpOoBITHUX
JIUJISTHOK 1 SIK HACIIJIOK 3pa30K MPOSBIISiE€ TIPOB1IHI BIIACTUBOCTI.
[[lupuna Ha mosoBuHI BHcOTH crnektpa Ca 2p g JOCHIIXKYBaHUX CIOJYK
3MIHIOETBCA Maibke B 2 pasu. Tak s CTeXiOMETPUYHOIO amaTuTy KaJbliio -
Ca o(PO4)¢(OH),, BiamoBiaHO 10 Tabmaui 2, BOHA CTAaHOBUTH 2 €B. V Toit ke Jac s
KoMIio3uty | mupuHa Ha monoBuHI Bucotu Ca 2p-cnektpa craHoButh 3.9 eB. Ilpu
nepexosi no komnosuty II IITHIIB 3umxyetses qo 3.0 eB. Takoro pony pe3ynbraTt
CBIIYMTH MPO T€, 1[0 HAHOJAUCTICPCHUHN amaTUT KaJIbI[II0 MalOYU Ha MOBEPXHI 3HAYHY
YaCTHHY aTOMIB KaJbIII0O TPU B3a€EMOJIII IMiJI Yac CHUHTE3y KOMIIO3UTIB YTBOPIOE
3HAYHY KUIBKICTh 3B'SI3KIB, IO MPHU3BOATH 0 BEJIMKOI KITHKOCTI HEEKBIBaJECHTHUX

MMOJIOYKEHB KaJIBIIIO.
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HasiBHICTP  ICTOTHOI  KUIBKOCTI  KaJbl[lIl0 HA TIOBEPXHI HE  TUIbKHU
HAHOJUCIEPCHOTO amaTuTy, a ¥ KOMIIO3UTIB MiATBEP/KEHA EIEKTPOHHO-
MIKPOCKOIIIYHUMHU  AochipkeHHs MU (puc.  6.12).  CrnoctepiraetbCs CyTTEBHM
MaJMHOBUHN OKpAac 3HIMKA, 110 SK 3a3HAYEHO Ha MaJiTpi, XapaKTepHO sl KucHio. [1pu
oJIiroMepHu3aIlii X TMepIIOro KOMIIO3UTY BIIOYBA€ThCA ICTOTHE BIOPSAIKYBAaHHS 1
CKOPOYEHHS KUTbKOCTI HEEKBIBAJIGHTHUX IOJIOKEHb aTOMIB KaJibllit0. | TakuM YMHOM
y apyromy kommosuti HIHIIB Ca 2p cnekTpa iCTOTHO 3MEHIIYETHCS B MOPIBHIHHI 3

KOMITO3UTOM .
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Puc. 6.11. O 1s POC-cnektp 3pa3zka Ca;o(PO4)s(OH), +rpadit +iemnrono3Hi BOJOKHA

+ €MOKCUTHUM OJIiTOMED.
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MHorocnoitHas kapta 34C 1

[antble kapTsl 'l

Puc. 6.12. CEM 3o00paxenns 3paska Ca;o(PO4)¢(OH), + rpadir + uemntono3ni
BOJIOKHA, OTpPHMaHE 3a JOMOMOTOI0 EHEPTOAMCIEPCIHOI PEHTIeHIBCHKOI

CIIEKTPOCKOTIIi.

[Tonmoxennss makcumymiB Ca  2p-cmektpa st kommosuty I 1
CTEXIOMETPUYHOTO amaTUTy 30iraloThCsi, B TOM Yac SAK I KOMIO3UTy [
CIIOCTEPITAEThCS ICTOTHE eHepretuuHe 3mimieHHs 710 0.8 eB B CTOpOHY BHCOKHX
EHEepriil 3B'A3Ky, 110 BKa3ye€ Ha ICTOTHHMM BIAXIJl €JIEKTPOHHOI MIIJILHOCTI 3 aTOMIB
Kaybllito. BigHocHO moBeniHKM MakcuMyMiB O 1s piBHIB BIJ3HAYAEThCS 1CTOTHA
CUMOATHICTb.

[Ipu mepexo/ii 10 KOMIIO3UTY ICTOTHO 3MIHIOETHCS TIOJIOKEHHS 1 IIUPUHA JITHIT
docdopy (Tabmn. 6.1), mo € HacaiaKOM cyTTeBOI nedopmartii pochopHUxX TETpaeapis i
SIK HACJIIJIOK HAsIBHOCT1 3HAYHOT KITPKOCTI HEEKBIBAJIGHTHUX TOJIOXKEHB (pocdopy, 1m0

MO3HAYAEThCS Ha MUpHHI JiHii P 2p.
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BUCHOBKHA

Bnepmie  CMHTE30BaHO ~ KOMIIO3UTH  HAa  OCHOBI  HAHOAMCIIEPCHOTO
TiApOoKcoanaTUTy KaybIlilo 1 HaHoaucHepcHoro rpadity. JdocmimkeHo MopdoioriyHi
O0COOJIMBOCTI Ta €JIEKTPOHHY OYyI0BY KOMIUICKCiB. BcraHoBieHO, 1m0 Moaudikaris
KOMIIO3UTY Ha OCHOBI HAHOJWCIIEPCHOTO amaTHUTYy, YJIbTPaTUCIEPCHOTO TpadiTy,
LETI0JI03HUX BOJIOKOH EMOKCHJIHUM OJIITOMEPOM 3 3aTBEPKyBaueM MAa€ CYTTEBUM
BIUIMB Ha KOMILJIEKC BJIACTUBOCTEH OTPHUMAHOIO MaTepiaiy, 30KpemMa MPU3BOAUTH JI0
BUHUKHEHHS €JICKTPOIPOBITHOCTI 3pa3Ka.

PosrnsiHyTi nmHUTaHHS — €NEKTPOHHO-CHEPreTUYHOI OyJO0BH, B3a€EMO3B'S3KY
aTOMHOI Ta €JEKTPOHHOI OyIOBH, a TakKoX (PYHKIIOHAIbHUX BJIACTHBOCTEH
CUHTETUYHHUX 1 MPUPOJHUX aNaTUTIB 1 aMaTUTOMOIIOHUX CIOJIYK, a TaKOX MUTaHHS
MPAKTUYHOTO 3aCTOCYBAHHS HAHOKOMIIO3WUTIB HA OCHOBI amaTUTy Kajbllil0 Ta
HAHOJMCIIEPCHOTO ByTJIeH0. JOCHIPKEeHO MeXaHI3MH B3a€EMO/IIi HAHOPO3MIPHUX
YaCTMHOK amaTUTy 3 BYIVICIICBUMU HaHOMarepiaiamu. BcraHOBIEHO, 1110
MoAM(QIKALlS aNaTUTy BYIJIELIEBUMU HaHOMaTepialaMd MPHU3BOAUTH O YTBOPEHHS
MOJICKYJIIPHUX KOMIUIEKCIB 1 BIOPSAJKYBAHHS CTPYKTYPH 31 30UIBIIEHHSM YaCTKH
KOBAJICHTHOT CKJIAJ0BO1 B 3arajlbHOMy OajaHCl XiM3B’s3Ky. BIUIMB po3mipHOTO
e(eKTy HIBEIIOETHCA 3a PaxyHOK 3HAYHOTO BUIBHOTO 00’€éMy Ta CTaOULIBHOCTI
KPUCTAIYHOI TpaTKH amaTuTy. Bu3HaueHo, 1m0 JuIs OUIBIN ONTHMAaIbHOI B3aeMOIl
anaTUTy 3 BYIVICLIEBUMU HAHOTPYOKaMHM MpPU YTBOPEHHI KOMIIO3UTY HEOOXigHa
noniepeiHs (PyHKITIOHAI3a1lisl HAHOTPYOOK.

Po3pobnieHo Ta BIOCKOHAIEHO s METOAIB CHHTE3Y HAHOIMCIIEPCHUX 3pa3KiB
amaTUTIB Ta OTPUMAHO HAHOKOMIIO3UTH 3 BHCOKOIO TIMTOMOIO ITOBEPXHEIO.
3anponoHOBAaHO HOBI METOAM OTPUMaHHS HaHOMAaTepialdiB Ha OCHOBI amaTuTy
KJIBIIIO JIJISI TIOTPEO MEIUIIMHH.

Bnepmie  cuHTE30BaHO ~ KOMIMO3UTH  HAa  OCHOBI  HAHOJWCIIEPCHOTO
TIPOKCOANATUTy KaNbLi0 1 yIbTpaaucrnepcHoro rpadiry. OTpumaHo aBa BUIH
3paskiB: I - xommo3ut Cajo(POy4)s(OH),trpadiT+uenronosni BojokHa; II -

Ca o(PO4)s(OH), +rpadit+ 1memtono3H1 BOJIOKHA +eMOKCUIHUIN oiiroMmep. Metogamu
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CJIEKTPOHHOI ~ CKaHyIO4Oi MIKPOCKOMIi Ta PEHTTEHIBCHhKOi  (HOTOETEKTPOHHOT
CHEKTPOCKOMIT TOCTIIKEHO CTPYKTYPHI OCOOIMBOCTI Ta €JIEKTPOHHY OyJ0BY 3pa3KiB.
Kommno3sur I sBisie co0010 CroayKy, B SKii IPUCYTHI MIPOBIIHI 1 HEMTPOBIIHI CKJIAOBI.
Moaudikatiisi KOMIO3UTY €TMOKCHIHUM OJIITOMEPOM 3 3aTBEPKYBaueM IMPU3BOAMUTH
JI0 TIOSIBU TIPOBIJTHOCTI y MaTepiaiy.

Komnosutu wmaroth pizHy OyJOBY IOBEpPXHI Maike Ha BCIX Macmradax
lepapxiyHoi OyZ0BH, OJHAK, OyJI0 TOKA3aHO, 110 JOJAaBaHHS €TIOKCHUIHOTO OJIIroMepy
MaJjio 3MiHIO€ MOP(OJIOTIUHI TapaMeTpH 3pa3ka Ha HAHOPIBHI.

Anaini3z POC nanux 000X KOMIO3UTIB MOKa3aB, 110 JoAaBaHHs rpadity ado /
Ta E€MOKCHUJHOTO OJIITOMEpPY ICTOTHO 3MIHIOE 3apsiIOBUIl CTaH aTOMIB 1 MPUPOIY
XIMIYHOTO 3B'I3Ky B 3pa3Ky. JloJgaBaHHS €HNOKCHIHOIO OJIITOMEpPY OO CKIaxy
KOMIO3UTY MPU3BOJIUTH JI0 3MEHIIIEHHSI HETAaTUBHOTO 3apsily Ha KUCHI 1 30UIbIICHHS
HOoro Ha aromax KajbI[il0, II0 BKa3ye€ Ha 3MEHIICHHS 10HHOI CKJIaJ0BOi XIMIYHOTO
3B'SI3KY B 3araJIbHOMY OaJlaHCi XIMIYHOTO 3B'SI3KY.

Oxpim 3B'sa3kiB -C-C- B [OOCHIPKYBaHHUX CIIOJIYKAaX BHSIBJIEHI 3B'SI3KH,
XapakTepHi I CKIaaHuX ByrieneBux crnoiyk tuny C-O-1 C = O. [ns komnosuty 11
CIIOCTEPIra€eThCs 30LIBIIEHHS BIIHOCHOI YacTKH 3B's13K1B C = O B 3arajibHOMy OasiaHcl
3B'I3KiB BYTJICIIIO.

Mikpockoniuni Ta POC paHi mokas3anu HasBHICTh BEJIHMKOI KUIBKOCTI SIK
CJICKTPONPOBIHUX TaK 1 HEMPOBIAHUX JUISHOK B Kommo3uTi [. BcTranoBieHo
HAsSBHICTh  TMEPKOJAIINHOTO  edeKTy, SAKUH  OPU3BOAUTH 1O  HE3HAYHOI
eJIEKTPONPOBITHOCTI KOoMIO3UTY I. JloJlaBaHHSI €MOKCUHOTO OJITOMEPY B KOMITO3UT
I cnpuse ¢dopMyBaHHIO 3HAYHO OUIBII MIHUX 3B'SA3KIB MK MPOBIAHUMU
dbparmeHTamMu 3paska i, K HACHiAO0K, KOMIO3UT Il € 3HAaYHO OUIBIIT OJHOPITHUM IO
MPOBIAHOCTI 1 TPOSBIISIE BIIACTUBOCTI MPOBIAHUKA.

OTprMaHi KOMIO3UTH MalOTh BHCOKY TEPMIUHY CTIMKICTh, BIJIACTUBY
T1IPOKCOANATUTY, 1 MOXKYTh OyTH MEPCNEKTUBHUMHU Y BUKOPUCTAHHI JJIS1 IIMPOKOTO
CIEKTpa 3aCTOCYBaHb. TaKMM YMHOM BCTAaHOBJIEHO, 110 MOAM(IKALIS KOMIIO3UTY Ha
OCHOBI HAHOJMCIIEPCHOTO amaTUTy, YJIbTPAIUCIEPCHOTO TpadiTy, LETIOI03HUX

BOJIOKOH C€IIOKCHMJIHUM OJ'IiFOMepOM 3 3aTBCPIKYBAUCM Mac€ CYTTEBI/Iﬁ BIIJIMB Ha
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KOMILJIEKC BJIACTUBOCTEH OTPUMAHOTO MaTepiaimy, 30KpemMa MPU3BOAUTH [0
BUHUKHEHHS €JICKTPOIPOBITHOCTI 3pa3Ka.

JlonaBaHHsI €MOKCHIHOTO OJIITOMEPY Majio 3MiHIOE MOP(]OJIOTIUHI MmapaMeTpu
3pa3ka Ha HaHopiBHi. i kommo3uty Il cmoctepiraerbcst 30UTbIICHHS BIAHOCHOT
yacTku 3B'13kiB C = O B 3aranbHOMY OayaHci 3B'sI3K1B BYTJICIIIO.

OTpuMaHi KOMIIO3UTH MalOTh BHCOKY TEPMIUYHY CTIMKICTh, BJIACTHUBY
TIAPOKCOANaTUTy 1 MOXKYTh OYTH TEPCIEKTUBHUMH Yy BHKOPHCTAHHI JJISI IIHPOKOTO
CIIEKTpa 3aCTOCYBaHb.

BcraHoBiieHO, 1110 OCHOBHMUMH  OCOOJHMBOCTSIMH  €JIEKTPOHHOI  OylOBU
PO3MIISTHYTUX CHOJIYK € MOJ10HICTh K-CIEKTPIB KaJbllil0, @ TAKOXK 1CTOTHA JIOKAJ13a1is
d-o0osionku Kanbllito (y BHYTpIIIHIA 00JacTi e(EeKTUBHOTO TMOTEHINaly), IO
BU3HAYae 1i aTOMapHUU XapakTep.

Po3pobneHo MeTonMKy OTpUMaHHS KOMIIO3UTIB T1IPOKCHUAINATUT KaJlbIIiIO-
BYTJICLIEBl HaHOMAaTepialid Ta MPOBEACHO JOCTIKEHHS IX AaTOMHO-EJIEKTPOHHOT
OynoBu Ta (DI3UYHUX BJIACTUBOCTEH CIHEKTpPAJIbHUMU MeETOoJaMHu. BcTaHOBIEHO
30UIBIICHHS €JIGKTPOHHOI TYCTMHM Ha aToMax KaJbIlllo JUIi  KOMIIO3HTIB
TPOKCUATNIATUT KaJbIIF0-BYTJICIIEBI HAHOMATEpiaik, SIKe OOYMOBJICHE HasIBHICTIO Y
KaJIbIlit0 3d piBHA, IO 3aPOIKYETHCS.

Pesynbrat  AOCHiIKEHH MOXYTh OyTH BHKOPHUCTaHHI TIPU  CTBOPEHHI
OlomarepiajiB HOBOTO IMOKOJIHHS JMJii 3 pEryJbOBaHUMH MAKPOCTPYKTYPHUMH
XapaKTEePUCTHKAMU JIJIsi  3a0€3Me4YeHHs] HAHOCTPYKTYPHOI Oprasizailii MeBHUX

€JIEMEHTIB JIJIsSl PETYJIFOBaHHS 1X 010JI0T1YHOT MOBEIHKH.
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OCHOBHI BUCHOBKH

1. Bmepumie B ymoBax HaJBHUCOKOTO BakyymMa Ta 0€3 OXOJIO/DKEHHS 3pa3ka
CHHTE30BaHO CaMOBIIOPSIKOBaH1 IreKCcaroHaJIbHO-IIpaMiaibHl HAHOCTPYKTYPH Ml
Ta 30JI0Ta HAa MOHOKpHUcTaniyHiii moBepxHi Si(111) 7x7, mexaHizam ¢opMyBaHHS
SKUX BHU3HAYAETHCS OCOOJMBOCTSIMHM TOBEIIHKM EJIEKTPOHHOI TYCTHHU Ha Kpasx
MOHOATOMHUX MA0JMH pocTy. KpaitHi aromMu maOnuH MaroTh OUTBII BUCOKUN
CHEepreTUYHUN CTaH 1 TOMY, K HAaclJJOK, PICT KOXHOi HAcTYNMHOI MOHOATOMHOI
IUIOLMHY MMOYMHAETHCS HE BiJ il Kparo, a 3 MEBHOI XapaKTEPHOI BIACTaHHI ~3 HM Bij
Hel, sika 3a0e3meuye pelakcallil0o HEOJHOPITHOCTEH TYCTUHU €JICKTPOHHUX CTaHIB,
10 1 BU3HAYAE MipaMiJlajJbHy GOpMYy YTBOPEHbD.

2. BcraHOBIIEHO, IO CUMETPIsl MOBEPXHI 1HTEPPENCY MOHOKPUCTATIUHOI IIOIIUHA
Si(111) 7x7 € pgeTepmiHyOUOI B MEXaHI3Ml POCTY T'€KCaroHaJIbHO-IIpaMiTaIbHUX
CTPYKTYP Mgl Ta 3010Tta. CaMOBHOPSJIKOBaHI TIeKcaroHaJIbHO-TIIpaMiIalibHi
HAHOCTPYKTYpH 30JI0Ta Ta MiJl IPU BUCOKOBAKYYMHOMY TEPMIYHOMY HaHECEHHI
dbopmytorbest smmie Ha Si (111) 7x7 mmomuui, Tomi sk anst miomuHua Si (110)
CIOCTEPIraloThCs JUIIE MOHOIIAPOBI I€KCAaroHalbH1 YTBOPEHHS.

3. Bmepmie oTpuMaHi MOHOIIAPOBI JYCOYKOBI CTPYKTypu 30Ji0Ta. HasiBHICTB
TOYKOBUX JIe()EKTIB B MOHOIIIAPOBHX JIAMEIIAX 30JI0Ta JETEPMIHOBaHA HEOOXI1THICTIO
MiHIMI3alli eHeprii. MeTogaMu 30HAOBOI MIKPOCKOMIi IMOKa3aHa MOKJIMBICTb
BUTBHOTO ICHYBaHHS MOHOIIIAPOBUX CTPYKTYp OJaropoHUX MeTamiB 06e3 iHTepdeicy.
4. ArtomapHO miacka IuliBka Ag He Moxe OyTH OTpHMaHa Ha HaliBIPOBITHUKOBIM
noBepxHi MOHOKpucTtany Si (111) 3a 1onomMoror TepMiYHOr0 HaHECEHHS B yMOBax
HAJBHCOKOTO BakyyMy IMpu KIMHaATHIM TemnepaTypi. BinOyBaeTrbcst yTBOpEeHHs
JeKUIbKamapoBux 2D KiIacTepHUX YTBOPEHb, IPOTPIiB SIKUX MPHU KUIBKACOT rpajrycax
[lenbcis TpU3BOAUTH 1O iX PO3TATYBAaHHS B aTOMHO pPIBHE TOKPHUTTS IOBEPXHI.
YTBOpeHHs  epekTy  “KOBApH~® ~ OMNHCYETbCS ~ MEXaHI3MOM  €JIEKTPOHHOTO
BUPOIIYBaHHS.

5. Tpaucdopmaris rpanuips 2D MOHOIIAPOBUX KIJIACTEpiB Cpidia Ha TMOBEPXHI

Si (111) 7x7 npu nomipsomy Bifmam 10 350 'C mpu3BOIUTH 10 MOSBH TOMOIOTYHIX
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HeoHopiagHOCTeH rmmOuHOoI 10 0.04 HM, K1 JeTepMIHOBAHI BIICYTHICTIO MOBHOI
pernakcailii Mi>KaTOMHUX BiZICTaHEeH y MDKKIIACTepHINA 00JacTi.

6. BcraHnoBneHo ciabKy B3a€MOJIIF0 MOHOIIIAPOBHUX IMOKPHUTTIB Ag 13 MiAKIAIKOIO,
IO TIPU HE3HAYHOMY MPOTPiBI O3BOJIAE OUYUIIYBATH MOHOKPUCTAIIYHY MOBEPXHIO
BiJl MeTally 13 BIATBOPEHHSAM pEKOHCTpyHoBaHoi moBepxHi Si (111) 7x7.
3anponoHOBaHUI METOJI TOBFOCTPOKOBOTO 30€pEKEHHSI PEKOHCTPYHOBAHO1 MTOBEPXHI
Si(111) 7x7 moxe OyTH BHUKOPHUCTaHO IJIsl 3aXHUCTy TaKUX MOHOKPHCTaJIIYHUX
IOBEPXOHbB BiJl pyIHYBaHHS.

7. BcTaHOBIEHO MeXaHI3M BIOPSAAKYBAaHHS HYJIBBHUMIPHHUX HAHOCTPYKTYpP HIKEIIO
HAa MOHOKPHCTAJIIYHUX T[OBEPXHSAX KPEMHII0 TMpU BaKyyMHOMY TEPMIYHOMY
HaHeceHH1. CuMeTpis po3TallyBaHHs KIaCTEPHUX YTBOPEHb 3d-MeTasiB Ha MOBEPXHI
Si(111) 7x7 mnoBTOprOE CUMETpIIO MIAKIAAUHKA. Bu3HauaabHUM  (HaKkTOpOM
BUCTYNAIOTh TPAHUIl JIBINHUKYBAaHHS, SIKI 1HII[IIOIOTh JIHIAHE BIOPSIKYBAaHHS.
TepMiuHe HaHECEHHS HIKENI0 03 OXOJIOJKEHHS 3pa3ka y HaJBUCOKOMY BaKyyMi Ha
noBepXHIO MoHOkpucTaiy Si(111)7x7 3 nomanpmmM BiANagoM MOPUBOAUTH 0
yTBOpeHHs kiactepiB NiSi, 3 XapaKTepHUM PO3KUIOM 3a po3MipoM HaBkosio 1.0 HM
Ta 00JIaCTIO X JOKaJi3allii B3JJOBX I'PaHUIIl ABIMHUKYBAHHS KpPUCTAITY.

8. BcTaHOBIIEHI HAHOTPUOOJIOITYHI MapaMeTpu cyOomopcTKocTl R, Ry Rjis R. Srasio
JUTSl TIOBEPXHEBO HAHECEHUWX HAHOCTPYKTYpP HIKEIIO 1 OJaropoJHUX METaliB, Ta iX
3aJIEKHOCT] Bl TEXHOJOTIYHMX MapaMeTpiB HaHeceHHd. [lpum OGararocragiiiHomy
HAHECEHHI Ma€ MiCIle 3pOCTaHHS PO3MIpy KIAcTepiB 31 30epeKCHHSM TEHJICHIIIT
3pOCTaHHS MAaKCUMAaJIbHOI PI3HHUILII MK BUCTYIIaMHU Ta BIIaJUHAMHU.

9. Tepmiune HaHeceHHs 1HAIO Ha moBepxHio Si(111)7x7 1 Si (110) iHimiroe
YTBOPEHHSI KJIACTEPIiB MPaBUIILHOT KyOiuHOi (hopMH, 10 CBIMUUTH PO (HOPMYBaHHS
HAaHOKpUCTaMB  1HAII0. BcTaHoBiena auHamika  TpaHcopMmalii  T'yCTUHHU
SJICKTPOHHUX CTaHIB In Big okpemoro kiactepa (po3mipom ~ 10 HM) Ha oBepxHI Si
(111) 7x7 1o TpOHOBOTO MOKPUTTS MOBEPXHI MOHOKPHCTAJNA 3 TOBIIMHOIO MOKPUTTS
~40 M. ['ycTHA €IeKTpPOHHUX CTaHIB MOKPUTTS 3 TOBIIMHOKO ~40 HM BIJIOBIIAE

T'YCTHHI €JIEKTPOHHHMX CTaHIB MAaCHUBHOTO 3pa3Ka.
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10. BcranoBneno manuii BrutuB noBepxHi InSe (0001) ta GaSe (0001) Ha reometpito
YTBOPIOBAHUX HAHOCTPYKTYp MiAi 1 30JI0Ta MNpPH iX TEPMIYHOMY HAHECEHHI Y
BHCOKOMY Bakyymi 0€3 OXOJIOJIP)KEHHS 3pa3ka. MexaHi3Mu YTBOPEHHS HAHOCTPYKTYP
Mifi 1 30JI0Ta Ha BaH-Aep-BaalbCOBUX MOBEPXHIX MOHOKPHUCTANIB HE MOXYTh OyTH
OJIHO3HAYHO ONHCaHl BIJIOMHMHM MEXaHI3MaMH pOCTy. BakyymHe TepMiuHe
HaHeceHHd Cu 1 Au Ha moBepxHI0O MoHokpuctana InSe (0001) mpu omHakoBUX
yMOBaX HAaHECEHHS JIEMOHCTPYE Pi3HI MEXaHI3MH OCAJDKEHHS 3 aTOMapHOi METaJIeBOi
ra3oBoi (aszu. s mimi XxapakTepHUI MOHOMOJAIBHUI PO3KU]I PO3MIPIB KJIACTEPIB
(~10.0 M), B TO# Yac sk 7151 30J10Ta (POPMYIOTHCSI MOHOIIIAPH JIAMEJIEBOI CTPYKTYPH.
11. BcraHoBiieHO ~ TeMIlepaTypHI  3aJ€XKHOCTI  TPUOOJIOTIYHHUX  IapaMeTpiB
HAHOIIOPCTKOCTI aMOp(HHUX METAJEBUX CILIABIB Ha OCHOBI 3aii3a R, R, R ;Ta R, B
intepBasi HarpiBy Binm KT mo 700 °C. Penakcariiiini TemrepaTypHi MpOIECH B
aMOp(PHUX MeTaJIeBUX CIUIaBaX CYIMPOBOIKYIOTHCSI YTBOPEHHSIM Ha MOBEPXHI 3pa3KiB
HAHOCTPYKTYp TMPaBWIbHOI (HOPMH Yy BUIJISAI CTPUKHIB — HAHOKPUCTAJIB 3aii3a.
MoHokpucTanu 3ai3a Ipy NOMIPHUX TEMIEpaTypax BiANaly MalTh po3Mip OJIU3bKO
15 HM, 10 CHIBPO3MIPHO 3 JOBXKHMHOK MAarHiTHOI OOMIHHOI Kopensii. Takwuit
PO3MOIIT CEPEIHHOTO PO3MIPY KJIACTEPIB MOXKE MPU3BOJAUTH JO MPOCTOPOBOTO
yCepeaHEeHHS MAarHiTHOI aHI30Tpomii Ta, SK HACIIJIOK, JO ICTOTHOTO 3HIKCHHS
KOEPLMTUBHOI CUJIH.

12. MetonoMm TyHenbHOT ciekTpockomnii B AMC Ha oCHOBI 3aiti3a BUSIBJIEHO 00J1acTi
31 3HIDKEHOIO TPOBIAHICTIO, [0 XapakTepHo mis Hanoda3d Fe-Si ta Fe-B.
CrnocrepiratoTbCsi ICTOTHI HEOAHOPITHOCTI TYCTHUH €JIEKTPOHHMX CTaHIB Ha
MDKKJIACTEPHUX MEXaX, IO CBIAYMUTH MPO iX CKIAJHY opraHizaiii. B mpoieci
TepMi4HOi 00pOOKH aMOp(HOTO CIUIaBy, IO CYHMPOBOKYETHCS CTPYKTYPHOIO
penakcarni€ro, BiIOyBa€ThCS OUIBIIMK TEPEepO3NOALT aTOMIB OOpYy y MOPIBHAHHI 3
atomamu Fe 1 Si, 1110 npu3BoauTh 10 30UIbIIEHHS CTabi3a1li aMOp(hHOT CTPYKTYpPH.
PiBenp ®epmi [IOCHIIKYBaHUX CIUIABIB 3HAXOAUTHCS B JIOKATHHOMY MIHIMYMI
I'YCTUHU €JICKTPOHHMX CTaHiB, M0 BiAnoBijgae kpurtepito Harens-Tayka mnpo

yTBOpeHHsI amopdHoro ctany. llpu mepexonl Big KIMHATHOI TeMIepaTypu 0
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temnepatypu 500 °C ryctuHa 3ailHATHX €JNEKTPOHHUX CTaHIB XapaKTepPU3yeThCs
3MIIIEHHSIM OCHOBHOTO TIIKY d-30HM 3aii3a y Oik piBHSI Depmi.

13. lna Buxiguux noBepxoHb AMC Ha OCHOBI 3aii3a XapakTepHa MPHUCYTHICTb
OKcHIy Ta KapOimy KpeMHilo, O0Op Ha TOBEpXHI 3HAaXOAUThcs y crmomyui BN.
KoHreHTpartliss KpeMHII0 Majo 3MIHIOETHCS MPU MEPEeXOoji BiJl MOBEPXHI J0 00 emMy
3pa3ka. B 00'eMi 3pa3ka BCTaHOBJIEHA HAsSBHICTh HE3HAYHO! KUIBKOCTI BYIJICIIO Ta
KHCHIO, 1110 3 OTJISiIy Ha BCE, BU3HAYAETHCS TEXHOJOTIYHMMHM YMOBAaMHU OTPUMAHHS
CIUIaBIB.

14. Buepmie oTpumaHo TiOpuAHI HAHOCTPYKTYPH Ha OCHOBI HAHOAMCIIEPCHOTO
T1POKCOANaTUTy KaJbIiIo 1 HaHoaucnepcHoro rpadity. Jdocaimkeno mopdosoriuti
0COOJIMBOCTI Ta €JIEKTPOHHY OyJ0BY KOMIUIEKCIB. BcTaHoBiIeHO, 110 MoauQiKaIlis
KOMIIO3UTY Ha OCHOBI HAHOJMCIIEPCHOTO alaTUTy, HAHOJAUCIEPCHOro TrpadiTy Ta
LEJIIOJIO3HUX BOJIOKOH EMOKCHIHUM OJIIFOMEPOM 3 3aTBEpPKYBAueM Mae€ CyTTE€BUU
BILJIMB HA KOMIUIEKC BJIACTUBOCTEM OTPUMAHOIO Marepiaity, 30KpeMa MpU3BOAUTH J10

BUHUKHEHHS €JIEKTPOITPOBITHOCTI 3pa3Ka.
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