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AHOTAIIA

Pesa B.I. Brinu BakaHCiil Ha €HEPreTUYH1 XapaKTEPUCTUKU €JIEKTPOHIB Ta
MO3UTPOHIB Y HEMEPEXiTHUX MeTallax 1 3apsKeHuX kinactepax.— Kpamidikarriii-

Ha HAayKoOBa Ipals Ha MpaBax PYyKOIIHCY.

Hucepranis Ha 3000yTTS HayKOBOTO CTymeHs KaHaujgata ¢i3HKo-
MaTeMaTHYHUX HayK 3a crerianbHicTio 01.04.07 — “¢disuka TBepmoro Tina”.—

[HcTuTyT Metanodizuku iM. I.B. KyparomoBa HAH Vkpainu, Kuis, 2018.

Juceprailisi mpucBsuY€Ha BUBUCHHIO BIUIMBY BaKaHCIM Ha KIHETUKY Ta €HEp-
reTUKy NO3UTPOHIB y 3D-meTanax, eHepreTUYHUX XapaKTePUCTHUK MeETaJIeBUX
KJIACTEPiB, TAKUX SIK MOTEHII1aJ] 10H13allii, CIOPITHEHICTh 10 €NEeKTPOHA, CHEepris
Kore3ii, eHeprisi IUCOoIliallii Ta eHepris YTBOPEHHs BAaKaHCIN Ta iX aCUMIITOTHUK.

VY moneni 3omMmepdenbaa eNIeKTPOHHOTO a3y 13 BHKOPUCTAHHSIM ‘‘30J10-
TOr0” MpaBUiia MEPEXOiB, BBAXKAIOUH, III0 OCHOBHUN BHECOK Jal0Th (epMiiBChbKI
CJICKTPOHU, OTPUMAHO BUpA3 JIJIsi KUMOBIPHOCTI JIOKaJ13allli MO3UTPOHA y BaKaHCIi
metaty. Lle m103Bonuiio, BUKOPUCTOBYIOUM €()EKTUBHUMN €JIEKTPOH-BaKaHCIMHUI
MOTEHIIIaJl MOZeIl CTabUILHOTO XKele, po3paxyBaTh MMOBIPHOCTI B 3aJI€KHOCTI
BiJl €HEprii KBa3iBUIbHUX MO3UTPOHIB 1 TEMIIEPATYPU METAITY.

dopmyna ansg UMOBIPHOCTI JIOKajdi3alii MO3UTPOHA y BaKaHCI MeTaiy
OTpUMaHa y MPUNYIICHHI, IO €HEPTis MO3UTPOHA BUTPAYAETHCS Ha 30YIKEHHS
CJICKTPOHHO-JIPKOBUX Tap. EHeprooOMiH Moke MPOXOAUTH TAKOX 1 MO KaHAIy
aKyCTUYHUX (POHOHIB Y TOMY BUMAJKY, SIKILIO €HEPris 1 IMITYJIbC Mepeaadl MeHIIl
1e0aiBChKHUX.

Po3paxyHok eHepreTuyHoi Ta TeMrepaTypHoOi 3aJ1eKHOCTI KMOBIPHOCTI JIO-
Kajizaiii BUKOHAHO 3 BUKOPUCTAHHSM PO3PAXOBAHUX XBWJIHOBHX (PyHKIIIN 1 ca-
MOY3TOPKEHUX MPOQ1TiB BAKAHCIHHUX MOTEHITIANIB JIJIsl €JIEKTPOHIB 1 TO3UTPOHIB

B Al, Cu1Zn. Y mupokoMy IHT€pBaJli EHEPTiil 3HaU€HHS WMOBIPHOCTI B OJIMHU-



1[I0 yacy Ha OJMHMYHY KOHILEHTpalito Bakauciit ~ 10 ¢!, a B morpiiiniit Touri
mics ycepensenns ~ 10' ¢™1, mo 3a nopsakom BenuumHM 36iraeThes 3i MIBHA-
KICTIO aHITUIALI].

[Ipu iHXXeKIli TO3UTPOHIB Yy METalu 3 BiJ’ €MHOI0 POOOTOI0 BUXOAY CIO-
CTEpIra€eThCsl IHTEHCUBHA 3BOPOTHA €MICisl O3UTPOHIB, 1[0 HE BCTUIVIM MPOAHI-
rimoBaty. FIMOBIPHIM € pesKuM, KOJM BiJIbHi MO3UTPOHN MOXKYTh PO3CiIOBATHCS
Ha BaKaHCISIX 3 YK€ JIOKaJi30BaHUMHU MO3UTpoHaMU. Taka B3aeMojis Ja€ icTo-
THUW BHECOK B €HEPril0 OCHOBHOI'O CTaHy MO3UTPOHIB (BUHMKAE 3CYB JHA 30HU
MPOBIHOCTI).

BpaxoByroun, 1m0 mo0iu3y MOBEpXHI METaly: 1) KOHIIEHTpallisl BaKaHCIH
M1JBUILICHA, 11) TPUTOBEPXHEB]1 BaKaHCIi 3apsKeH1 MO3UTPOHAMHU, CTBOPIOETHCS
JBOBUMIPHHI “NOTEHLIaNbHUN Oap’ep”, AKUil 4aCTKOBO OJIOKYE 1 BiIOMBA€ Bijlb-
Hl HU3bKO-CHEPreTUYH1 MO3UTPOHU Ha3al B 00’€M, /i€ BOHU ¥ aHIrUII0I0Th. Po3-
pPaxyHKHU JI03BOJISIFOTH MOSICHUTH 3CYB B €HEPreTUYHOMY PO3IMOALII TO3UTPOHIB
3BOPOTHOI €MiCii, SIka CIIOCTEPITa€eThCsl B €KCIEPUMEHTAX.

3anpornoHOBaHO MOCIIOBHY MPOIEYPY 3HAXOKEHHS aCUMIITOTUYHOI 110~
BEJIIHKM POOOTH BUXOAY €JIEKTPOHA Ta MOTEHIIAly 10H13al[li BEIUKUX METaJIeBUX
KJIACTEPIB, 10 MICTIATh BakaHcii. [Iponenypa 6a3zyeTbcs Ha onepeaHbO BUPIIIE-
Hil 3a7a4l PO PO3CISTHHS €JEKTPOHIB Ha MOHOBakaHcii B 3D-meTani MeTooM
Kona-Illema B mozeni “ctabiabHOTO Xemne”.

OTpuMaHO aHaNITUYHI BUpa3u JUisi pOOOTHM BHUXOJY HAIiBHECKIHYEHHOTO
MeTaJry, CIpaBeJIBl B JIHIMHOMY HAaOJMI)KEHH1 3a BIJIHOCHOIO KOHIICHTPAIIIEI0
BaKaHCil C,. BcTaHOBIIEHO MEXi 3aCTOCYBAaHHSI IaHOTO BHPa3y 3 YMOBU PO3KJa-
NaHHA XiMIiYHOTO MOTEHIialy 3a CTYIEHAMH 3BOpPOTHOro pamiyca R™': R > 4.5
HM 1 R > 6 am g Na 1 Al BignoBigHO.

3anponoHOBaHUM MiAXiJ € MEPCHEKTUBHUM JIJIsl €KCIIEPUMEHTAIBHOTO BU-
3HAYEHHS KOHIIEHTpAIlId TOYKOBUX Je(EKTIB a00 JOMIIIOK B KJIacTepax METajiB
3 BUKOPHUCTAHHSAM IONEPETHBO PO3PAXOBAHUX JIOBKHH PO3CIIOBAHHS EIEKTPOHIB

Ha B1ANOBIIHUX JedekTax B 3D-Merani. OTpuMani aHATITUYHI BUPA3H € 3pYUHHU-



MU JIJIs aHATI3y pe3yabTariB (POTOI0HIZAIINHIX eKCIIEPUMEHTIB. 3 1X JOMOMOTro10,
30KpeMa, Moke OyTH BHM3HAu€HAa KOHIIEHTpallls BaKaHCIH B KiacTepi MOOIU3Y
TEeMIIepaTypu IiaBieHHs. [Ipu moTparisHHI eKCIIepUMEHTAIBLHOTO 3HAYEHHS T10-
TeHmiany ioHizarmii I[P (abo cropiguenocTi go enektpony EA) Ha omHy 3 po3-
paxoBaHMX PO3MIPHUX 1 KOHIIEHTpauiiHux 3anexHocrel [P(c,, R) aBromarnyHo
(bikCyrOThCSl po3Mip KJIacTepa 1 KOHIIGHTpaIlis BaKaHCIH MpH 3a/1aHiil TeMmepary-
pi.

Metonom Kona-Illema, BHKOHaHI CaMOY3TO/KEHI OOYMCIICHHSI TOBHHX
CHEPTiid, eNIEKTPOHHUX PO3IO/LIIB, MOTCHIIAILHUX MpO(]UIIB Ta BIACHUX 3Ha-
YeHb EJICKTPOHHUX CHEPTreTHYHUX PIBHIB JIJIsi HEUTPAIBHHX, TO3UTUBHO Ta HEra-
TUBHO 3apsiPKeHUX JIePEeKTHUX Ta CyHUIbHUX Kiactepi. Lle mo3Bonuio mpose-
CTH TIpsIM1 OOUMCIICHHS €Hepriil aucolrialii, koresii, yTBOPEHHS BaKaHCIi, CIIOpi-
JTHEHOCTI JI0 €JICKTPOHIB 1 MOTEHIllaly 10HI3allli, a TAKOXK EJIEKTPUYHOI €EMHOCTI
kiactepiB Rby, Ky, Nay, Liy, Mgy 1 Aly (N < 270) ta xnactepis (N > 270),
10 MICTSTh MOHOBakaHcit0. [103uTHBHUIA 3apsi/ KiacTepa NPU3BOIUTH /10 3MEH-
IICHHS Pajilycy €JIEKTPOHHOI XMapu Ta 3MEHIICHHS €JICKTPUYHOI €MHOCTI, He-
TaTUBHUN 3aps]l IPU3BOJUTH 10 MPOTHIICKHOTO eekTy. Pesynpratn oO04nCIIeHb
MOPIBHSHO 3 aCUMNTOTUKAMU JIJIsl 0e31e(pEKTHUX KIIACTEepiB.

Po3paxoBaHo KBaHTOBO-PO3MIpHI 3aJIEKHOCTI €HEPrii yTBOPEHHS BaKaHCIii
3a mexaHidMamu IIIoTTK1 1 “BuIyBaHHS MyXHplLs , BU3HAYEHO iX aCHUMMTOTH-
YHY MOBEAIHKY. PO3MIpHI aCUMOTOTUKHY IMX JIBOX MEXaH13MiB BiIMiHHI OJIUH BiJl
OJTHOTO 1 ¢J1abo 3asekarh BiJI YKCJIa aTOMIB B KjacTepl. Big3HaueHo cuiibHI po3-
MipH1 (QIyKTyallii eHeprii yTBOPEHHSI BakaHCIi JJisi MaJIUX KJIacTepiB. Xapakrep
PO3MIpPHO1 3aJIeKHOCTI €Heprii yTBOPEHHs BAaKaHCII BiJl HAJTUIIKOBOTO 3apsiay
y KJIacTepl BM3HAYAETHCS IMOBEMIHKOIO IMOTEHINaTy 10HI3aIlli KjiacTtepa Ta MOro
CHOPIIHEHOCT1 EIEKTPOHIB.

Kurouosi ciioBa: [lo3utpoH, BakaHCis, KiacTep, HaATpaTka, MOJIEIb “‘cTa-
OUTBHOTO jKeJie”’, TOTEHI I 10H13a1lii, CIIOPITHEHICTh A0 €IEKTPOHA, SHEPTis KO-

resii, eHeprisi JUcoIliallli, eHeprisi yTBOPEHHs BaKaHCII.
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ABSTRACT

Reva VI The influence of vacancies on the energy characteristics of

electrons and positrons in non-transition metals and charged clusters.— Manuscri-

pt.

Thesis for the degree of candidate of physical and mathematical sciences,
specialty 01.04.07 — Solid State Physics. — G. V. Kurdyumov Institute for Metal
Physics of the N.A.S. of Ukraine, Kyiv, 2018.

The dissertation is devoted to research of the influence of vacancies on
the positrons kinetics and energy in 3D - metals, the energetic characteristics of
metal clusters, such as the ionization potential, electron affinity, cohesive energy,
dissociation energy, and the energy of vacancy formation and their asymptotic
behavior.

In the Sommerfeld model of electron gas using the “ golden ™ transfer rule,
assuming that the main contribution is given by Fermi electrons, an expression
for the probability of positron localization in the metal vacancy are obtained.
This allowed to calculate the probability, depending on the energy of the free
positrons and metal temperature using the effective electron-vacancy potential of
a “stable jelly” model.

The formula for positioning probability of positron in the metal vacancy
1s based on the assumption that the positron energy is spent on the excitation
of electron-hole pairs. Power exchange can also take place on the channel of
acoustic phonons in the case when energy and transmission momentum are less
than Debye ones.

The calculation of the energy and temperature dependence of the locali-
zation probability is done using calculated wave functions and self-consistent

profiles of the vacancy potentials for electrons and positrons in Al, Cu and Zn.



In a wide range of energies, the value of the probability per unit time and defect
concentration is ~ 104 s™%, and in the triple point after the averaging ~ 10! s72,
which coincides by the order of magnitude with the rate of annihilation.

When positrons are injected into metals with negative output work, there
is an intense reverse emission of positrons that had not been anigilated. It is
probable that a free positron can dissipate in vacancies with already localized
positrons. Such interaction gives a significant contribution to the energy of the
ground state of positrons (there is a shift in the bottom of the conduction band).

Taking into account that near the surface of the metal: 1) the concentration
of vacancies is elevated; 11) near-surface vacancies are charged with positrons; a
two-dimensional “potential barrier” is created, and partially blocks and reflects
free low energy positrons back to the volume where then they are annihilate. The
calculations allows us to explain the observed shift in the energy distribution of
reemitted positrons.

The sequential procedure for finding the asymptotic behavior of electron
exit operation and the ionization potential of large metal clusters containing
vacancies is proposed. The procedure is based on the previously solved problem
of electron scattering on monovacance in a 3D metal by the Kon-Shem method
in a “stable jelly” model.

The analytical expressions obtained for the operation of the half-infinite
metal yield are valid in the linear approximation with the relative concentration
of vacancies C,. The limits of the application of this expression are determined
from the condition of decomposition of the chemical potential by degrees of the
reciprocal radius R"™::R > 4.5 nm and R > 6 nm for Na and Al, respectively.

The proposed approach is promising for the experimental determination
of concentrations of point defects or impurities in metal clusters using pre-
calculated scattering lengths of electrons in corresponding defects in 3D-metal.
Obtained analytical expressions are convenient for the analysis of the results

of photoionization experiments. With their help, in particular, the concentrati-
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on of vacancies in the cluster can be determined near the melting point. When
the experimental value of the ionization potential IP (or electron affinity for
EA) falls into one of the calculated dimensional and concentration dependences
of IP(cy, R), the cluster size and the concentration of vacancies at a given
temperature are automatically captured.

Self-consistent calculations by the Kon-Shem method of total energies,
electronic distributions, potential profiles and eigenvalues of electronic energy
levels for neutral, positively and negatively charged defective and continuous
clusters are performed. It allowed to perform direct calculation of the energy
of dissociation, cohesion, energy of vacancy formation, affinity to electrons and
1onization potential, electrical capacitance of clusters for Rby, Ky,Nay, Liy, Mgy
and Aly (N < 270) and clusters (N > 270) which containing monovacancy. The
positive charge of the cluster leads to decreasing of electronic cloud radius and
to decreasing in the electric capacity; the negative charge leads to the opposite
effect. The results of computations are compared with the asymptotics for non-
defect clusters.

The quantum-dimensional dependences of the energy of the vacancy
formation according both the Schottky mechanisms and the blowing of the
bubble are calculated, their asymptotic behavior is determined. The dimensional
asymptotics of these two mechanisms are different from each other and weakly
dependent on the number of atoms in the cluster. Strong dimensional fluctuati-
ons of the vacancy formation energy for small clusters were noted. Character of
size dependence for energy of vacancy formation vs excess charge in the cluster

determined by behavior of cluster ionization potential and electron affinity.

Keywords: Positron, vacancy, cluster, superlattice, “stable jelly” model,
ionization potential, electron affinity, cohesive energy, dissociation energy,

energy of vacancy formation
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BCTYII

AKTyanbHicTh TeMu. Teopis maBiaeHHss OpeHkens A TBEPAUX TL Tie-
pendayae ctpulOkonoiOHe 301IbIICHHS] KOHIIEHTPAIlll BaKaHCIM y MOTpPiiHINA TO-
YIIi, @ TAKO’K 3MEHIIICHHS] €HEPTil YTBOPEHHS BaKaHCIN 31 3pOCTaHHSIM iXHbO1 KOH-
uenTpalii [ |-3]. PiBHOBa)kHa KOHILIEHTpAIlisl BAKAHCI PO3PaXOBY€ETHCS, BUXOIAUN
3 TEPMOAMHAMIYHHUX MIpPKYBaHb 32 HAsIBHOCTI IaHUX I110/I0 €Heprii yTBOPEHHs Ba-
KaHC1i, BeJIMYMHA SIKOi MOKe OyTH OTpUMaHa 3 AaHUX MO3UTPOHHOI aHITUISIIIHHOT
cnekTpockomii [4—12].

VY Toulll TUTaBIEHHS BIJHOCHA KOHIICHTpAIllsl BaKaHCIHA C, y MeTajlaX CKJja-
Jla€ 4aCTKM BiJcOTKA. He3Bakaroun Ha Taki Mail KOHIIEHTpaIlii, BaKaHCli MarOTh
ICTOTHUY BIUTMB Ha BJIACTMBOCTI TBepAMX TUI. Ilepin 3a Bce 11e CTOCYEThCS MPO-
neciB camoaudysii, qudy3ii TOMIIMIOK, PyXJIUBOCTI 10HIB ToIo. BakaHcii Takox
BIUIMBAIOTh HA TUTOMY TEIUIOEMHICTB 1 00’ €M MpHU TEIJI0OBOMY PO3IMIMPEHHI KPH-
CTaJIiB.

MonekynsipHO-AUHAMIYH1 JOCJIIIPKEHHS TIJIaBJICHHS MTOKa3y0Th, IO 1/1ealTb-
HUU KPHUCTAJl TUIABUTHCS 332 TEMIIEpATyp 3HAYHO BHIIUX, HIXK TaKi JJIST KPUCTAITY,
KWW MICTUTH BakaHcli. EHeprisi yTBOpeHHs BakaHCIH € HalOUJIbIIl BaXKJIMBOIO Xa-
PaKTEpUCTUKOIO BakaHCiM. ExcriepuMeHTalbHl 3HAaYEHHSI €Heprii yTBOPEHHS Ba-
KaHCli mToONMM3y MOTPIMHOI TOUKHM BiOMI JiJIsi O0ararboX pEeYOBHH, Y TOMY YHCII
JUTSI HU3KA METAJIB.

HaanpoBiguuii cTaH Mallux HaHOKJIACTEPIB Oe3MocepeHbO MOB’I3aHUM 13
SBUILEM MapHOI Kopessii. CrnaproBaHHS €JIEKTPOHIB MPHU3BOAUTH 10 CHUIIBHOL
MoaudiKkallli eHepreTUYHOro CrekTpy. IcHye rimoresa, M0 NEPEeXoau y HaIIPO-
BIJIHUI CTaH Bi0yBalOThCA Yy KJlacTepax, eIEeKTPOHHI 0OO0JIOHKHU SIKMX MOBHICTIO
3anmoBHeHHI [13, 14]. ¥V 3anoBHeHUX cepuyHUX OO0O0JIOHKAX, BEPXHI 3allOBHEHI
CJICKTPOHHI €HEpPreTUYHI PIBHI € CHJIBHO BUPOKeHUMH (''Mariui 4mcia aro-
MmiB"). HasiBHICTB y KJTacTepi HaBITh OJIHI€] BaKaHCIi, SIK MOKa3aHO B JUCEpTaIlii,

MOJKE TIPUBECTH J0 3MIHM MaridHUX YUCEJ aTOMIB.
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Skio piBHOBa)KHA KOHIICHTpAIlis BaKaHCIH y MeTalax € Majol BeIUYU-
HOIO, TO TIPU paialliiHAX TOIIKO/KCHHIX 11 3HAUCHHS MOXYTh CKJIQJIAaTH JIeCSI-
TKH BI1JICOTKIB.

VY cyyacHUX TEXHOJIOTISIX, /&6 BUKOPUCTOBYIOTHCS HaHOMAarepiajiu, aTOMHI
KJIacTepu, abo OCTPIBILIEBI IUTIBKU, 1CHY€ HEOOX1IHICTh IarHOCTHKHU, KOHTPOIIO
nedeKTiB Ta BU3HAYCHHS 1X €HEPreTUYHUX XapaKTepUCTUK. Po3paxyHKH Takux
XapaKTEePUCTHK, SIK MOTEHIlian 10HI3alli, CIOPIAHEHICTh O €IEKTPOHA, €HEepTis
Koresii, eHepris Aucoliallii Ta eHeprisi yTBOPEHHs BaKaHCI MOXYTh OyTH BUKO-
pHUCTaH1 JJisi KOHTPOJIIO Je(PEeKTIB 1 TeMIepaTrypu TUIABICHHS MalluX METAJIEBUX
4acTUHOK. BoHM HEOOX1HI TaKOX TPU MOJICTIOBAHHI KOMIIO3HMIIIMHUX 1HCTPY-
MEHTAJILHUX MaTepiaiiB, MPU Ppo3poOIll METali30BaHUX 1 KJIEHOBUX MOKPUTTIB
TOLLIO.

3a CBOEIO MPUPOAOIO TTO3UTPOHU UYTIUBI 10 Je(DEKTIB B 00’ €M1 CepeIOBHU-
12 1 MOXKYTh BUKOPUCTOBYBATUCS ISl BU3HAUCHHSA K 1X THIY, TaK 1 IX KOHIICH-
tpamii [4-11]. KpiM Toro, mo3uTpoHH B3a€MOJIIOTH 13 MOBEPXHEIO TBEPIOTO Ti-
Ja pI3HUM YMHOM, BHACJIIJIOK YOTO CTAIOTh IIHHUM 1HCTPYMEHTOM JOCIHIKCHHS
¢b13uku moBepxHi [15-24]. Ilo3urpoHHa aHITIIAIINHA CIIEKTPOCKOITis, sika 0a3y-
€ThCSl HA BUKOPUCTAHHI MMy4YKIB MOHOCHEPTETUYHUX MO3UTPOHIB [19-21,25-28],
Ha CbOTOJIHI € OJTHUM 13 KpaluX METOIB pO3’si3aHHS II€T 3a/1a4i.

3B’A30K po0OTH 3 HAYKOBHMH NPOrpamMaMu, IJIAHAMH, TeMaMH. Tema
JUcepTaliiHoi poOOTH TOB’si3aHA 3 TEMATUKOK HAyKOBUX POOIT, IO BUKOHY-
Bajucs Ha Kadeapl MIKpPO- Ta HAHOEJIEKTPOHIKK 3amopi3bKOro HalllOHAJIBLHOTO
TEXHIYHOTO YyHiBepcuTeTy: “Po3MipHI eleKTpoHHI e(DEeKTH B MeTajleBUX HaHO-
CTPYKTypax 1 HaHoaedekTax merany’ (3arBep/xeHo Hakazom MOHY Ne 1193
Bix 25.10.12 p., Homep nepxkaBHoi peectparii 0113U001097), a Ttakox Kade-
JpalibHUX JIEPKOIOMKETHUX TeM “TeopeTHuHe Ta eKClIepUMEHTaIbHE JI0CIiIKe-
HHS €JIEKTPOHHUX e(EeKTIB B MIKpPO- Ta HAHOCTPYKTYPHHUX Martepianax’ (3aTBep-
mxeHo HakazoMm 3HTY Ne 81 Bim 2.3.2012 p., Homep peectpartii 04312), “Mo-

JITIOBAHHSI IIPUCTPOIB, CTPYKTYP 1 MaTepiaiaiB MIKpO- Ta HAHOEJIEKTPOHIKK (3a-
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tBepmkeHo HakazoM 3HTY Ne 220 Bix 14.04.2015 p., Homep peectparrii 04315),
B SIKMX 3/7100yBau OyB OJIHMM 13 BIJIITOBIAaIbHUX BUKOHABIIIB.

Merta i 3aBaaHHs AociaigxkeHHsl. BCTaHOBUTH 3aKOHOMIPHOCTI BIUIMBY
PO3MOJIITY Ta KOHIICHTpAIlli BAKaHC1i Ha TOBEAIHKY IMO3UTPOHIB 3BOPOTHOI €MICIi.
Bu3HaunTy BIUIMB BakaHCIA HA €HEPTreTUYHI XapaKTEPUCTUKU MaJMX METajJeBUX
KJIacTepiB.

JIJist JOCSITHEHHS MOCTAaBJICHOI METH HEOOX1JHO Oys0 PO3B’si3aTH HACTYIHI
3aBJAHHA:

— JIOCIIINTH KIHETUKY JIOKaTi3aIlii 1HKEKTOBAaHOTO IO3UTPOHA y BaKaHCISAX
MeTally 3a pI3HUX TeMIlepaTyp;

— JIaTH 1HTEepIpeTalito 0COOTMBOCTEN EHEPreTUUHOTO PO3IO/ITY TO3UTPOHIB
3BOPOTHOI eMicli 3 MeTajiB 13 BiJI’€MHOI0 pOOOTOI0 BUXO[Y, SIKI CIIOCTEpI-
raloThCsl B €KCIIEPUMEHTAX;

— MPOBECTH PO3KJIAJIaHHS TMOTEHIlay 10HI3allil Ta CIOPITHEHOCTI 10 ele-
KTPOHA JUIS KJ1actepa Y (QYHKIIOHATBHUM PSI/T 32 MaJOK BEIMYMHOKO Bij-
HOCHOI KOHIICHTpAIlli BaKaHCIH Cy;

— CTBOPHUTH KOMIT IOTEPHHI KOJI Ta MPOBECTH CaMOY3TOKEHI PO3pPaxyHKHU
CHEPreTUYHUX XAPAKTEPUCTUK KIIACTEPIB 13 MOHOBAKAHCIEIO Ta CYIUIBHUX
MeTaJIeBUX KJIACTEPiB, MOPIBHATU Ta MPOAHAII3YBATH PO3MIPHI 3aJI€KHOCTI
BIJITOBIJTHUX BEJIMYMH;

— JOCHIAUTH PO3MIPHY 3aJI€KHICTh EHEPrii yTBOPEHHS BAKaHCIM y MaIuX Me-
TAJICBUX KJIacTepax.

O0’€eKT JOCTiTKEeHb — METaJIeBl CUCTEMH, 1[0 MICTITh BaKaHCII.

IIpeamer pociizkeHb — CHEPTETUYHI XapaKTEPUCTUKH METAJIEBUX CUCTEM
3 BaKaHCISIMU.

MeToau aocjizkeHb BUOMPATUCS BIAMOBIIHO JO MOCTABJICHUX 3aBJIaHb.
J{1st po3paxyHKy €JIeKTPOHHHUX 1 MO3UTPOHHUX XapaKTEPHUCTHK METaJIIB BUKOPH-
cTtaHo (popmainizM (QyHKIIOHAIA €IEKTPOHHOI Ta MO3UTPOHHOI TYCTHHHU Ta MOTO

peamizarii — camoysroxkeHoro merony Kona-Illema [29]. B saxocti moneni Meta-
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Jy BUKOPHCTAHO MOJIENb “cTablnbHOrO *eine” [30],B sKiil eleKTpOH-eIeKTPOHHA,
10H-10HHa Ta EJICKTPOH-I0HHA B3a€MOJIl yCEPEIHIOIOThCA 32 00’€MOM KOMIPKHU
Birnepa-3eiiTiia, TOMy €HEpreTHUHI XapaKTepUCTUKU METAIly ONUCYIOThCA “‘B Ce-
peIHbOMY .

HaykoBa HOBU3HA 0O/1epKaHUXPE3YIbTATIBIIONSTAE B HACTYITHOMY:

— ¥V Mozeni cTabUIbHOTO Keje PO3MISHYTO HEMPYKHE PO3CISTHHS MO3UTPOHIB
Ha BaKaHCISIX METaly, B Pe3y/lbTaTl 4Oro OAep:KaHO BUpPA3 HJsl 3aJEKHO-
CTH WMOBIPHOCTI JIOKaji3alii MO3UTPOHA y BaKaHCIi BiJ WOTro €Heprii 1o
JoKajizalii Ta TeMrneparypu metany. [licns ycepeqHeHHs 10 eHeprisix Tep-
MaJli30BaHUX IO3UTPOHIB 3HAYEHHS MBHAKOCTH JIOKATI3aIlili MO3UTPOHA Y
BaKaHCIi 3a TeMmIrepaTrypy TOIUICHHS € MEHIIMM 3a MBUAKICTh aHITLIALII,
ajie 3a MOPSAKOM BEITMYMHH 301ra€ThCs 3 HEIO;

— Ha ocHoBi aHanizy KOHIEHTpaIliil BakaHCiil Ta iHkekToBaHux y 3D-meran
MO3UTPOHIB BIIEPIIIE JAHO IHTEPIPETAIIIO 3CYBY CHEPTETUIHOTO PO3TOILITY
MO3UTPOHIB 3BOPOTHHOI €MICii, 110 CIIOCTEPIraeThCs B €KCIEPUMEHTaxX. 3
ypaxyBaHHSAM MPHUIIOBEPXHEBOTO APy BaKaHCIH, 3apsIKEHUX JIOKali30Ba-
HUMU TIO3UTPOHAMHU, SIKMH CTBOPIOE JTBOBUMIPHUM Oap’€p ISl MO3UTPOHIB
3BOPOTHBOI €MiCli, CaMOy3TO/IPKEHO OOYMCIICHO BEJIWYMHU Oap’e€py Ta Bij-
HOCHOI KOHIICHTpAIIll BaKaHCI{ y TaKOMY JBOBUMIPHOMY IIIapi;

— Po3pobneHo aHamiTHYHY TEOPII0 BaKaHCIMHOTO BIUIMBY Ha POOOTY BUXOMY
CIEKTPOHIB 3 HemepexigHux 3D-meTaniB 1 moTeHIian HoHI3aIll BEIMKUX
KJIacTepiB, AKI MICTATh BAKaHCI1, 110 I03BOJISIE TOIMIITUTH SKICTh IHTEPIIpe-
Talli eKCliepuMEHTaIbHUX JaHUX MO €JIEKTPOHHUX BIACTUBOCTSAX MeETalle-
BUX KJlacTepiB. Po3paxoBaHo 3yMOBIIEHUI BaKaHCISIMU 3CYB €HEprii OCHOB-
HOTO CTaHy EJICKTPOHIB Yy CEpHUUYHOMY METAJICBOMY KIIACTEpPi, MpEICcCTaB-
JIGHUM CEepIEr0 PO3MIPHUX TMOMPABOK, Ta BH3HAYEHO MEXKI 3aCTOCOBHOCTH
BI/IMOBIJTHOTO PO3BMHEHHS 3a CTETICHAMHU OOEPHEHOTO pajiyca KiacTepa;

— Metonom Kona-Illema Briepiiie po3paxoBaHO KBaHTOBO-PO3MIPHI 3aJIe’KHO-

CT1 MOTEHL1ally HOHi3a1lii, CIIOPIIHEHOCTH 3 €JIEKTPOHOM, EJIEKTPUUHOT €M-
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HOCTI, €Heprii Koresii, AucoIiaIii Ta yTBOPEHHS BakaHCIT JUIsl 3apsAKEeHUX

MaJiuX KJIacTepiB 13 MOHOBaKaHCI€0 Ta 0e3 Hel (11t mopiBHSHHS). Po3mipHi

3aJI€KHOCT] [IUX BEJIUYUH “OCHWIIOIOTE’ 13 HAOMIKEHHAM 10 1XHIX aCHUM-

NITOT, 1110 BU3HAYAIOTHCS BIJIMOBIIHUMHU XapaKTEPUCTUKAMU HECKIHUEHHHUX

3D-3pa3kiB. MariuHi 4mciia atoMiB ajisi Oe3faedeKTHUX KIIacTepiB 1 Kila-

CTEepIB 3 BAKaHCIEIO BIIPI3HSIOTHCS, OCOOIMBO JJII MAarHil0 i aJtOMIHIIO.

HasiBHiCTH HaBiTh OJIHIET BaKaHCIi ¥ OAMHUYHOTO 3apsiAy y KiacTepi Mpu-

BOJIMTH JIO TIOMITHUX 3MIH BCIX XapaKTEPUCTUK OCTAHHLOTO. XapaKTep po3-

MIpHOT 3aJI€KHOCTI €Heprii yTBOPEHHs BaKaHCIi BiJl HAJIMIIIKOBOTO 3apsiay

y KJIacTepl HIJIKOM BU3HAYAETHCS PO3MIPHUMHU 3aJI€KHOCTIMHU MOTEHIIATY

HoHI3al1li KJ1acTepa Ta CIOPITHEHOCTH 3 €JIEKTPOHOM.

I[IpakTnyHe 3HAYeHHA OJepP:KaHUX pe3yJbTaTiB. OfepikaHi pe3ylbTaTH
MOXYTh OyTH BUKOPHCTaHI y HayKOBil, BUpOOHMYIH Ta OCBITHIN cepax.

V nayrosiu cgepi. Bukonani B qucepraiiiiHiii po60oTi MOJIeIbHI PO3paxyH-
KU JIO3BOJIAIOTH MepeadayaTtd 3MIHM €HEPreTUYHUX XapaKTePUCTUK METAIeBHX
KJIACTEpIB 3a HASIBHOCTI BAaKaHCIM; JAlOTh 3MOTY OLIHUTH BUTIAHICTH YTBOPEH-
Hsl BaKaHCIM 1 cTaOUIBHICTh METAJIEBUX KJIACTEPIB PI3HOIO PO3MIPY Ta CTPYKTY-
pu. Teopist mokamizaiii 1ae MOXJIMBICTh BU3HAYUTH TEMIIEPATYPHY 3aJI€KHICTD
HIBUAKOCTI JIOKaJIi3a1lii MO3UTPOHIB y BaKaHCISIX METaly Ta JAaTd 1HTEpIpETaIiio
SHePreTUYHOTO 3CYBY IMO3UTPOHIB 3BOPOTHOT eMicii 3 MeTaiy 3 BiJl’EMHOIO pOOO-
TOIO BUXOAY BIAHOCHO JIHA 30HU MPOBITHOCTI MO3UTPOHIB.

YV eupobnuuiti cghepi. Po3paxoBaHi MIBHAKOCTI JOKaji3allii MO3UTPOHIB y
BaKaHCISIX METaJiB MOXYTh OyTH BUKOPHUCTAH1 y MO3UTPOHHIN N1arHOCTHUI, sIKa
0a3yeThCs Ha METOJII BUMIPIOBAHHS 4Yacy >KUTTS JJIs1 BU3HAUCHHS KOHIIEHTpAIIil
nedekTiB y J0CiKyBaHOMY 3pa3Ky. BenmnunHa eHepreTUYHOro 3CYBY MO3UTPO-
HIB 3BOPOTHOI eMicii MOke OyTH BUKOpPUCTaHa JIJIsi BU3HAUYEHHS MPHUIIOBEpXHE-
BOT KOHIIeHTparlii nedekTiB. Po3mipHa 3a1€KHICTh €HEPTeTUYHUX XapaKTEPUCTHK
MeTaJeBUX KJIAcTepiB BijJ KOHILEHTpaIlll BakaHCId MOxe OyTH BUKOpPUCTaHa s

KOHTPOJIO 1€(PEKTHOCTI METaJIEBUX KJIACTEPIB.
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B ocsimmuiii cghepi. Pesynbratu OCHIIKEHb JOMOBHIOIOTh PO3AUIN KypCiB
“@di3uka TBepaoro Tina’, “dizuka HU3LKOBUMIPHHUX cucTeM”, “XiMisi HAHOCTPY-
KTypoBaHUX marepianiB” 1 “di3uka HAaHOKJIACTEPIB 1 TOHKUX TUIBOK, SIK1 BHKJIA-
JaloThesl OakaliaBpaMm 1 maricTpam kKadeapu MIKpO- Ta HaHOEJIEKTPOHIKH 3aro-
PI3bKOTO HAIIOHAIBHOTO TEXHIYHOTO YHIBEPCUTETY.

Oco0ucTuii BHECOK JUCEPTAHTA I0JIATa€e y MPOBEACHHI CaMOCTIHHOTO IO~
HIYKy Ta aHaJli3l JiTepaTypHHUX JDKepes 3a TeMOK aucepTarlii. 3 MarepialiB J10-
CJIIJPKEHb, BUKOHAHMX 3a CIIBMpAalll 3 HAyKOBUM KEPIBHUKOM — JI-poM (pi3.-mar.
Hayk, ripodecopom IlorocoBum B.B. Ta xana. ¢i3.-mart. Hayk, gorieHToM babiuem
A.B, 510 pe3ynbTaTiB Ta BUCHOBKIB AMCEPTAIlli BKIIOYEHO JIUIIIE Ti, IO OACpKaH1
aBTOpoM ocobucto. [locTaHoBKa 3aia4, METH JOCIIIKEHHSI, BUOIp TEOPETUYHUX
1 YMCIIOBUX METOJIB IX aHali3y, a TAKOXK OOTOBOPEHHS OTPUMAaHUX PE3YNbTaTiB
IIPOBOIMITUCS. PA30M 13 HAYKOBUM KEPIBHUKOM.

3n00yBauy OpaB MOBHOIIIHHY y4acThb Ha BCIX eTamax JOCIHIJKEHHS B yCIiX
OINyOJIiKOBaHMX POOOTaX: MiJ Yac MPOBEACHHS aHAJITUYHHUX PO3PaxXyHKIB, pPO3-
POOKHM KOMIT IOTEpHUX MPOrpam, IHTEpIpeTalii OTpUMaHUX Pe3yibTariB, 0hOpM-
JeHHs Ta TmyOmikaii HaykoBuUx poOIT. Y pobotax [12,31-38] nuceprant OpaB
0e3rmocepeiHI0 y4acTh Y BUBUYEHHI JIITEpaTypHUX JKEpeEs, OTPUMaHHI 0a30BUX
CHIBBITHOIIICHb, PO3POOIIl MPOTPAMHOTO KONy, B OJIepKaHHI Ta 0OTOBOPEHHI pe-
3yJbTATIB.

VY pobotax [12,31] nuceprantom Oysi0 MPOBEAECHO PO3PAXYHOK IIBUIKOCTI
3aXOIUICHHSI BAaKaHCIEIO y MeTajl MO3UTPOHA, B 3aJIeKHOCTI Bl HOTO eHeprii, a
TaKOXK TEMIIEPaTypHOI 3aJIEKHOCTI IIBUKOCTI JIOKaJIi3allli TepMali30BaHUX TO-
3UTPOHIB y BakaHcisix Al, Cu Ta Zn.

VY poboti [32] 3m100yBa4 IPOBIB PO3paXyHOK TEMIEPaTYpPHOI 3aJI€KHOCTI
poOOTH BUXOly €JIEKTPOHIB Ta MO3UTPOHIB 3 Al.

VY poborax [33,34,37] aBrop nuceprailii mpoBiB 0OUHMCIECHHS MOTEHIIATY
10H13a11ii Ta CIOPIAHEHOCTI J0 €JIEKTPOHY BEITUKUX METalIeBHX KiacTepiB Na Ta

Al, o MicTaTh BakaHcli. BusHaueHO MeXi1 3aCTOCYBaHHS JaHOI MOJIEIII.



23

VY pobotax [35-38] mucepTaHTOM MPOBEJIEHI CaMOYy3rO/IKEH1 pO3paxyHKU
MOBHUX €HEPTii, MOTEHUIMHUX MpOo(dUIIB Ta BIaCHUX 3HaY€Hb EHEPTETUYHHUX PIB-
HIB KJIACTEPiB 13 MOHOBaKaHCi€0 Ta 0e3 Hei, /i mopiBHsAHHSA. Ha ocHOB1 4oro
Oynu TIpoBeeHI MpsiMi OOYMCIICHHS KBAHTOBO-PO3MIPHUX 3aJIeKHOCTEH TOTEH-
miaiay 10HI3alii, CHOPITHEHOCT] A0 €JIEKTPOHA, EJIEKTPUYHOI €MHOCTI, €HEeprii
Kore3ii, mucoliamii Ta yTBOpeHHs BakaHcii s kiactepiB Rby, Ky, Nay, Liy,
Mgy 1 Aly (N < 270). BuznaueHo MeXi 3aCTOCOBHOCTI JJAHOTO ITiIXO.Y.

OCHOBHY 4YacTHHY OTPUMAHUX HAyKOBHUX PE3yJbTATIB MPEICTABICHO [H-
CEpPTAaHTOM Ha MICIIEBUX Ta MDKHAPOAHUX KOHPepeHiisnx [39-44].

Amnpo0auis pe3yJbTartiB gucepranii. Pesynsratu podotn q10moBiIanucs i
OOrOBOPIOBAIMCS T Yac: MOPIYHIT HAYKOBO-IIPAKTUYHOI KOH(EPEHIIil cepes Bu-
KJIaJa4yiB, HAyKOBI[IB, MOJIOJIUX YYEHUX, acmipaHTiB 1 ctyneHtiB 3HTY “Tuwxnens
Hayku”’ (3amopixoks, 2015, 2016, 2017); mikHapOIHOT HAYKOBO-TIPAKTUYHOT KOH-
depenii “CyuacHi npo0iemMu 1 JOCITHEHHS B Tally31 paJlOTEXHIKHU, TEJIEKOMYHI-
Kalii ta iHdopmaniiHux TexHosorii” (3anopixoks, 2016).

Iy6aikamii. Pe3ynpratu nuceprariiiiHoi poOOTH TipeAcTaBiieHo y 15 my-
omikamisix [12,31-44], 3 skux 9 — crarti y ¢$axoBUX MNEPIOJUYHUX HAYKOBUX
KypHaJIaxX YKpaiHd 1 3apyOixoKsi, sIKI BXOJSATh O HAyKOMETPUYHUX 0a3 JaHUX
Web of Science ta/abo Scopus, 6 — myOmikarii y MaTepianax 1 Te3ax HayKOBHUX
KOH(EpEeHIII.

Crpykrypa i o0car mucepramii. /(ucepramiitHa poboTa CKIagaeThCcs 13
BCTYIY, YOTUPHOX PO3/ILIIB, 3araJIbHUX BUCHOBKIB, IEPEIIIKY BUKOPUCTAHUX JIKE-
pen, mo MicTuTh 169 HalimMeHyBaHb. 3arajabHUM 00CAT aucepralii ckiagae 165

CTOPIHOK, BKJItouarouu 4 tabmuill ta 41 pucyHoK.
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PO3JILT 1
JNESIKI METOIA JTOCJUKEHHS EHEPTETUYHUX
XAPAKTEPUCTHK METAJIIB

[lepmmit po3ain aucepraiii IPUCBIYECHUN OMNISAY METOMAIB MO3UTPOHHOI
AHITIIAIIMHOT CIEKTPOCKOIII, a TAaKOK METOMIB (hOPMYyBaHHSI 1 TOCIIKEHHS Me-
TajgeBux kiactepiB. L{i muTaHHS OTpUMAaIOTh MOJANBIINNA PO3BUTOK Yy AUCEpTa-

iKHIK poOOTI.

1.1 Metoau MO3UTPOHHOI AHITVIALIHHOI CIEKTPOCKOIIIl

[HTepec HayKoBIIIB Ta TEXHOJIOTIB JI0 MO3UTPOHHOI MPOMEHEBOI AHITLIs-
uirinoi criekrpockornii (ITTTAC) npu nocnimkenHi kiactepiB [4, 5] moBepxXHEBUX
mapiB, IJIBOK [15], MeX po3Aily Ta MPUXOBAHUX IIApIB y TBEPAUX TLIaX IO-
cTiiiHO 3pocTae [ 6-24]. IcHye 6arato iHITUX MeTOIB, 110, 5K 1 [ITTAC, uyTnusi
70 HU3BKHMX KOHIEHTpariil nedexris (puc. 1.1).

AHITIIAIIHI XapaKTePUCTHUKH Y-KBAHTIB CHJIBHO 3aJIeXKaTh B1J] JIOKAJIBHOTO
OTOYEHHS MICIIb AHITUISIIT Ta BUKOPUCTOBYIOTBCS JIJISl TOCIHIIKEHHSI KOHIICHTpa-
1ii 1epexTiB, TaM JIe BUKOPUCTAHHS IHIIMX METOIB HEMOXJIUBE.

MeToa MO3UMTPOHHOI MYYKOBOI AHATIISAALNINHOI CIEKTPOCKOMII 3aCHOBA-
HUW Ha: BUKOPUCTAHHI MPOMEHIB MOBUIBHUX MO3UTPOHIB [19-21,25-28], 1m0 Mo-
KyTb OyTH IMIUIQHTOBaHI Ha pi3HY MIMOWHY [45] y MIKpOHHOMY Jiarna3oHi, i3
3YIIUHKOIO Y 3pa3Ky; CIOPITHEHOCTI O3UTPOHIB 10 AIISHOK TBEPAUX TIJ 3 HU3b-
KOIO TYCTHHOIO, TaKUX K MOPHU Ta BakaHcii [&,28,46-51]; Ha aHIrIAIl MO3U-
TPOHIB Ta E€JIEKTPOHIB 3 BUIIYCKaHHSM y—KBaHTIB, 110 HECYTh 1H(OpMAIlIIO TIPO
eJeKTpoHHEe oToueHHs [19-21,26,52,53].

AHITLIALIST €JIEKTPOHHO-TIO3UTPOHHUX Tap CYNPOBOKYETHCS BUITPOMIHIO-
BaHHSAM NapH (QOTOHIB i3 3aranpHOIO eHepriero 2mMc? (Mc? = 511 keB — enepris

MacH CIIOKOIO elleKTpoHa). be3 TpeTboro Tina, 110 B3a€MOi€ 3 aHITUTIOIOYO00 Ma-
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POI0, 3aKOHM 30€pEekKEHHS €HEPrii 1 IMIMYIbCY BUMAraloTh BUIPOMIHIOBAHHS JIBOX
a00 OUIBINIOI KUTBKOCTI (DOTOHIB. BHCOKOEHEPTeTUYHUN TTO3UTPOH JIy>KE IIBUIKO
tepMmaiizyerbes (3a ~ 1 — 10 1c) Ta qudynaye (a00 3aX0MIIIOETHCS e eKTamu),
MMOKH HE TPOAHITLTIOE 3 eeKTpoHoM (puc. 1.2 (a)). JledekTHi cTaHU YTBOPIOIOTH
MOTEHLIAJBHI MU JJIs1 TO3UTPOHIB, SIK HACIIOK, BOHU MOXYTb OyTH 3aXOILIEHI
nedexramu (puc. 1.2 (6)). [lonoxxeHHs: nedexTy BHU3HAYAETHCS BCTAHOBJICHHSIM
eHeprii Ta po3MipiB MydKa, MPH LOMY MMO3UTPOHH KOHIEHTPYIOTHCA B 00’ €Mi
~r?d, mer ~ 1 MM ta d - 10 5M (puc. 1.2 (a)).

Jxepesia mO3UTPOHIB. [71e1 MOHOGHEPIeTUUHUX MTO3UTPOHIB Oysia 3armpo-
noHoBaHa B [54]. OqHak MO3UTPOHHI NMPOMEHI1, 3 JOCTATHHOIO JJISI MPAKTUYHOTO
3aCTOCYBaHHS IHTEHCUBHICTIO, 3’ ABHIIMCS Jiniie micis 1950 p. 13 mosiBoro BUCOKO-

e(eKTUBHUX CIOBUIHHIOBAYIB, 1110 KOHBEPTYIOTh IIBUJIKI MO3UTPOHU Yy MOBUIbHI

10°

2
(=]
. STM/AFM
® 10°t STM/AFM o 10 f J
¥a) =
. VL : | OM
B, OM o 10 TEM
= 10° F O
) S
= 10} = 1071
< TEM XRS g
jan 1077 B < 102 L
2 3
-E 10° b i
| g1
g :
10—IO-I L L L L L L L L M 10-4 -I L L L L L L L L
10°10° 10* 10”7 10° 10° 10* 10° 10 10" 10° 10* 107 10° 10° 10* 10° 10
I'mubuna, M I'mubuna, M
a) 0)

XRS — peHTreHOCTpYyKTypHU aHalli3 Ha OCHOBI CHHXPOHHOTO BHUITPOMIHIOBaH-
Hs1; NS — HEUTpoHHE po3citoBaHHs; TEM — mpoCBITIIOI0YNH €J1eKTPOHHUN MIKPO-
ckorr; OM — onTtuunuii Mikpockor; STM — ckanyrounid TyHEJIbHHIM MIKPOCKOIL
AFM — atomuuii cupoBuii Mmikpockorir;, Positron Spectroscopy — nmo3uTpoHHa aHi-

TUISAIIAHA CIIEKTPOCKOTIIS

Puc. 1.1. TlopiBHSIHHSA Pi3HUX METOMAIB JIarHOCTUKH 32 MOMJIMBOCTSAMH J10-

CIKeHHS po3Mipy (a) Ta KoHIeHTpailii (0) AedeKTiB y HaHOMaTepiaiax
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MOHOEHEPIeTUYHI MO3UTPOHH.

Haii01np111 yacTo 1711 yTBOPEHHS MMO3UTPOHIB HU3BKUX €HEPriil BUKOPUCTO-
BYETHCS BUPOOHUIITBO €JIEKTPOHHO-TIO3UTPOHHUX TAp y MPUCKOPIOBaYaX BUCO-
KUX eHeprii [55] abo pamioakTuBHHMI posnaj suaep [56]. Ilepmmit Mmeton 6asy-
€THCSI HA EJIEKTPOHAX BUCOKOi €HEprii, 10 CHOBUIHHIOIOYHCH Yy PEUYOBHHI, BH-
IPOMIHIOIOTH (DOTOHH, Y MPOIIEC] TAIbMIBHOTO BUIIPOMIHIOBaHHS. SIKIIO eHepris
¢doToHa BIBIUI OUIBIIA 32 EHEPTil0 MAcH CIOKOKO €JIEKTPOHA, TO MPOAYKYIOThCS
no3utponu. Y meroai [IITAC 3 BukopuctaHHsIM pajilOaKTUBHUX 130TOIIB MOXKYThb
BukopucroByBatucs “1C, 3N, 120, 18F, Ne, 22Na, 26Al, 44Ti, °'Ni, ®8Co, %Cu
Ta %8Ge. Yacrime 3a Bce BUKOPHCTOBYIOTH i30T0M 2°Na.

CHoBiTbHEHHS JTOCSATAETHCS IIJISTXOM BUKOPUCTAHHS BiAMAJICHOTO KpPUCTa-
JIYHOTO Marepianxy Ha mepeAHiil yacTuHi abo mopsi 3 paaiOaKTUBHUM JKepe-

JoM. MarepiajaoM, IpHUIATHUM JJiE BUKOPUCTAHHS Y SIKOCTI CHOBUIbHIOBAYa, €

® ®@ @ @ @ @
I@ @ ®@ @ @ @
d ~ MM g MeB ® @ @ & @)@
d ~ MKM 1 keB
®@ ®@ @ @/ @
TR T e e ey S eB -
e e e e e @ @
o ld oo, oA SleB
20000 RO B @ ®@ ® ® @ @
:::::: .;5;2;2;2;;;2;2;2;(;; P ® PP D@
a0 9 @ e e @ e
a) 0)

Puc. 1.2. IMmnanTanis mo3uTpoHa y 3pa3ok, 10 MICTUTh BaKaHCIi Ha Pi3HY

MOUHY (2) 3 MOXKJIMBICTIO MOTO JIOKai3aIlii y BakaHCIi Ta MOAaNbIIOl aHIT1ISIIT

B Hill (0)
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Mmarepiaj 3 BIJ €MHOIO poOOTOr0 BuXOAy mno3uTpoHa [57]. Ilpu BukopucTaHHI

IHTEHCUBHHX IMO3UTPOHHHUX HpOMeHiB MOXHa JOCATHYTH TOYKOBOI'O ITPOMCHIO

miaMeTpom ~ 1 MKM.

1.1.1 Metoa KyTOBOro po3moAisty aHiriisuiiHux (poToHiB

[Ipu aHIrIAIIT TO3UTPOH-EIEKTPOHHOI TAPU CIIOCTEPIra€ThCS BIAXUICHHS
KyTiB 6 ~ p/(MC) y-xBaHTiB 3 eHepriero 511 keB Bix aHTHKOMUTIHEApHOCTI (pHC.
1.3 (a)).

TakuM YuHOM, mpene3idHi BUMIpU 06 B3IOBXK pI3HUX HANPSAMKIB MO-
KyTh OyTH BUKOPUCTaHI JJI PEKOHCTPYKIIli IMIYJIBCHOTO PO3MOJALTY €JIEKTPOH-
No3UTPOHHUX map. TexHika, M0 BUKOPUCTOBYETHCA y LIMX BUMIpax, BioMa SK
KyTOBUH PO3MOJALUT aHITUIAIHHUX PoToHIB, a00 Angular Correlation of Annihi-
lation Radiation (ACAR). B ACAR Bumipax 3anucyoTbcs KiJIbKOCT1 CHIBIAiHb
3 e”epriasmu (=511 keB). KinbkicTh cmiBnajgaHb MOB’s3aHa 3 IMIYJILCHOIO TY-

cTHOW. TexHika BH3HAYEHHS IMIYJIBCHOTO po3mnoaury 3a gornomororo ACAR

3

S
'; 6 ... ..~
O A
q 7777777777777777777777777 CE; 4 & ".
22 "
P ) pz ,,,,,,,,, = Zn -+ Mg cce.l,
a e E) 0 °°° o0 0 N N N ® e 0.940%". 0
5 -15 -10 -5 0 5 10 15
0x10°, pajiaH
a) 0)

a — cXeMma aHIrUIsAii MO3UTpoHa; 0 — eKCIIepUMEHTAIbHO OoTpuMaHa [58] 3aie-

YKHICTb KUTBKOCTI aHITUISAIIMHUX y-KBaHTIB Bia 6 niiss Mg (e) Ta Zn (e)

Puc. 1.3. Metoa KyTOBOTO pO3MOILTY aHITUIALUIKHUX (HOTOHIB: 6 — KyT BiJI-
XWJICHHS XBUJIbOBUX BEKTOPIB AHITUIALIMHUX y-KBAHTIB Py Ta P, Bl aHTHKOINI-

HEPHOCTI; @ — KyT M) XBWJIHOBUM BEKTOPOM MO3UTPOHA ( Ta JIIHIEIO aHTUKOJII-

HEapHOCTI pq Ta P,
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onucana B [59].

1.1.2 Metoa AonIuIepiBCbKOr0 yIIMpeHHs

JlonmuiepiBcbkuii 3cyB Oyzie BUSHAYATHUCS OCOOJIUBICTIO €IEKTPOHHOTO OTO-
YEHHsI HAaBKOJIO MICIIS aHAruIAIil MO3uTpoHa. JJIsl HEpensITUBICTCHKUX €JIEKTPO-

HIB JIONTUIEPIBCHKUH 3CYB aHATUISALINHUX y-KBAHTIB JAETHCS BUPA3OM

oE =cp/2,

7€ P-KOMIIOHEHTA IMITYJIbCY MapH y HaIpsiMi pO3MOBCIOMKEHHS y-KBaHTIB. Jlom-
MJIEPIBCHKHM 3CYB 1HAMBIYaIbHOI aHITUISIIIAHOT JIIHIT Oy/1e MPU3BOAUTH J0 YIIIH-

pEHHS aHaruIiiHOro GOTOMaKCUMyMa, 1110 3a3BUYail HA3WBAETHCS JOMILICPIB-

llggepeno . 10 | ,.~
Na S s '.:.
@ .E 0s | ::' ‘3,.
Y Y ' : X
—V\,égA»- DB % ; :
11 el ST el = 06 | FwHM=26keB ¢ * FWHMX1 4 keB |
VA 3pasok NV = SN <> <
5 04 | ; " '
o : L :
AD(C AD(C 9 v :
5 02 ¢t : GaAs “‘ ®Sr .
(CriiBraginms §~ i .'-;,
T 0 . : i M i
506 508 510 512 514 516
SHepris y-KBaHTIB, keB
a) 0)

a — cxeMa MO3UTPOHHOT aHITUIALINHOI CIIEKTPOCKOMIT METOJIOM JOMILIEPIBCHKOTO
YIIUPEHHS; 0 — 3aJIeKHICTh IHTEHCUBHOCTI aHITUISIIHHUX y-KBaHTIB BiJ iX eHep-
rii [19] (monokpuctamiunuii AsGa (e) Ta AsGa micis minactuyHoi nedopmarrii

(e) Ta i30TOmy 8°Sr (9))

Puc. 1.4. Metoa nonmiepicbKoro yudpeHHs
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CHKUM YIIUPEHHSIM.

MoxnuBe po3KiIaiaHHs aHITUISIIHHOTO (OoTOMaKCuMyMa 3 METOI BH3HA-
YEHHsI IMITYJIbCHOTO PO3MOALTY. /s 11boro 3a3Buyail BUKOPUCTOBYIOTH MPOCTUI
napametp GopMu, 0 XapakTepu3ye (GOTOMaKCUMyM. 3a3BUUYail BUKOPHUCTOBYIOTh
nBa mapametpu: S (mns popmu) Ta W (mms xBoctiB KpuBHX) [26]. [Tapamerp S
BU3HAYAETHCS SIK CIIBBIIHOIICHHS HApPaXOBaHOTO YHUCIA CHiBNaAaHb (TOOTO Iwio-
1) Y HEHTpaJbHIi 00NacTi CHEKTPAIBHOIO MKy A0 3arajJilbHOr0 HapaxoBaHOTO
qyCiIa CiBHaAaHb(TUIONI1) Y MaKCUMyMi, a W BHU3HAYA€THCA SK BIIHOIICHHS Ha-
PaxoBaHOTO YMCIIa y 00JIaCTl XBOCTIB, 0 3araJIbHOTO HAPaXxOBAHOTO YHCJIA CIIiB-
naganb. [lapamerpu S Ta W Bu3Hauatoth (HopMy OJHOBUMIPHOTO IMITYJIbCHOTO
PO3MOILITY.

BuxopucranHs npocTux napameTpiB, Takux sk S Ta W, gae BUUEpHHY i1H-
dopmariito rpo gedekTy TUIY 00’ €MiB BIIKPUTOTO TUITY Ta BHYTPIIIHI €IEKTPHY-
Hi noJisi. AGcoutoTHI BennuuHu S Ta W napaMeTpiB MaroTh Mainy (Gi3U4Hy 3HAYH-
MICTh, TOMY 1110 BOHM BH3HAYAIOTHCS MOJOKEHHSIM BIKOH, BUOpAHUX 32 BU3HAYE-
HHSM. BigHOIEHHS 3MIHU IMX TapaMeTpiB JI03BOJISIE OTPUMYBATH 1HGOPMAIIIIO
npo oOnacti anirumili. Baacmigok 1mporo, mapamerpu S ta W 3a3BuUYail HOp-
MYIOTBCSI BITHOCHO BEJIMYMH, 1[0 BIACTHBI Oe3nedekTHuM 3pazkaM. HopmoaHi
BEJIMUYMHUA MOXXYTh OyTH MOpPIBHSIHI JJIsi PI3HUX 3pa3KiB Ta PI3HUX EKCIEPUMEH-
TaJbHUX YCTAaHOBOK. OCKUIbKY MapaMeTpH JONIUIEPIBCHKOTO YITUPEHHS BUMIPIO-
IOThCS Ty>K€ MIBUJIKO, TO BOHM YaCTO BUKOPUCTOBYIOTHCS JIJIsl BUSHAYCHHS MOPIB-

HSJIBHOT 16EeKTHOCTI 00’ €KTIB.

1.1.3 Metoa BUMIpy 4yacy KUTTSH

TpuBanicTh XUTTA MO3UTPOHA Jla€ 1HPOPMAIIIIO TIPO €IEKTPOHHY T'YCTUHY
CEPENIOBHUINA, Y IKOMY B1I0OYBaETHCS MPOIEC aHATUIALII. Y TaHHOMY MeToi (puc.
1.5 (a)) anamizyerbcs yacoBuid po3noaii aHiruraninaux ¢otoHiB N(t) (puc. 1.5

(6)). CriexTp ckiamaeTbes 3 HAOOPY KOMITOHEHT 3 BiJIIOBIIHUMH IHTEHCHUBHOCTSI-
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MU | 1 XapakTepHUMH 4YacaMu Tp, N = 1,2,3... — uncno kaHaliB aHITUIALII.
AmHamni3 3apeecTpoBaHuX (OTOHIB 3aCHOBAHWM Ha PIBHIHHI

N _ = In gty (1.1)

NO = Th

[Ipn N = 2 maeTbest HA yBa3i, 0 OJJHA YAaCTHHA MO3UTPOHIB AHITLIIOE B
00’eMi 3pa3Ka 1o3a BakaHCIsIMU, 1HIIA — JOKAII3Y€EThCSl y BAKAHCISAX, a TIOTIM aHi-
riunoe B HUX. TakoMy JTBOKOMIIOHEHTHOMY HAOJMKEHHIO BIJIMOBIIaI0Th HACTYIIHI

Kepyoul PiBHAHHS

No = (= — WC)Np + v/, (1.2)

Ny = —AyNy + nCyNp, (1.3)

ne Np 1 Ny — yucino BiIbHUX MO3UTPOHIB B 00°emMi ) MeTamy 1 JOKaJIi30BaHUX Y

6
I[)Kepe J10 YHoanxy | 10
PM
“Na |27 meB ' [MTowaTok
SCA B
1.27 MeB|[ MCA | & 'Y
o
() S 'E*
IIAQ_‘ ‘ED J\ % 104 L
SCA t -5
511 keB 10°
’Y v ’Y3yHl/lHKI/I* 3yHHHKa
NN/ | PM
511 keB 511 xeB - ,
10 '
3pasox o 1 2 3 4 5
t, HC
a) 0)

a — cxema IMO3UTPOHHOI aHITUISAIIAHOI CIEKTPOCKOIi BUMIPY 4acy >KHUTTS; O —
3aJIe’KHICTh THTEHCUBHOCTI aHITUISIIMHUX Y-KBAHTIB B1J] 4acy JKUTTS MO3UTPOHIB
[19] y 3pa3kax MOHOKpucTaliyHOro Si () Ta Si micis miacTudHoi aedopmarrii

(®)

Puc. 1.5. Meton BuMipy dacy ®UTTS
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BaKaHCIIX B MOMEHT 4Yacy l BiAMOBiAHO; V' — KiJIBKICTh 1HKEKTOBAHMX y MeTaj
MO3UTPOHIB B OJIMHMITIO Yacy; Cy = Ny/Ny — BIIHOCHA KOHIIGHTPAIIisl BAaKaHCIN T10
BIIHOIIICHHIO JI0 aTOMHOI KOHIeHTpaIii; Ap 1 Ay — BIAMOBIAHI MIBUIKOCTI aHITI-
sl (Apy = 1/Tpy, T - HaC KUTTS) ; vy — WIBUIKICTH JIOKANI3alli HA OJIMHUYHY
KOHIICHTpAI[i}0 BaKaHCIH.

B pesynbrari pimenns cuctemu piBHsAHB (1.2) 1 (1.3) naHoMy HaOIMKEHHIO
B Bupasi (1.1) BiAMOBIAAtOTH CHIBBIAHOIICHHS

1 1
No = Np(t =0), — = = +WwnCy, T2=T1y, (1.4
T1T  Tp

lb=1—1,= My (1.5)

-1
WCy + 7" — Ty

ExcniepumenTtanbHi 3Ha4eHHs o, |1, Tp, 7y BUBHAYAIOTHCS 13 CIIBBIAHOIIIC-
HHsA (1.1), a moTim, BukopuctoByroun Bupasu (1.4) i (1.5), 3HaxoauThCs A00Y-
TOK WCy. OHY 3 BEIIMYUH Vy, a00 C, JIOBOJMTHCS PO3PAXOBYBATH TEOPETHIHO.

[IpuiinaTo BBa)kaTu, 10 B €KCIIEPUMEHTI MOKHA (DIKCYBaTH BEIWYUHU C, B Jlla-

nasoni (1077, 107%).

1.1.4 3BoporHa emicisi mo3uTpoHiB. Bumip podoru Buxoxy

[103uTpOHU 1HKEKTYIOTHCS Y 3Pa30K, 1, PO3CIIOI0YUCH HA (DOHOHAX, IIIBHUJIKO
TEPMaJIi3yIOTCA.

BaxxinBoo XapaKTepUCTUKOIO CTaHy MO3UTPOHIB y METalll € iX podoTa BU-
xony nosutponis Wy [60,61]. Pobora Buxony enekrponiB We 3 MeTaiy 3aBxKan
NO3WTHUBHA (METaj JyIsl €JIEKTPOHIB € MOTEHIIaIbHOI siMOI0). Pobotu Buxomy
€JICKTpOHA 1 MO3UTPOHA BH3HAYAIOTHCA CBOIMH OO’ €MHUMH CKJIAJOBHUMH 1 TO-
BEpPXHEBUM JIUNoIbHUM Oap’epom. Jis omnux meraniB (Na, Li, Au, Ag) poGora
Buxony nosutponis Wy > 0, a mna pany immmx (Al, Ti, Cr, Fe, Ni) W, < 0.
OcTaHHBOMY BHIIAJIKy BIATOBI/IAa€ CIIOCTEPEKYBaHA B €KCIIEPUMEHTAX 1HTEHCHB-
Ha 3BOPOTHA €MiClsl 1HKEKTOBaHMX MO3UTPOHIB. Merann, y akux W, < 0, € no-

TEHIIIaJIbHUM 0ap’€poM JjIsl HaTITAlounuX MO3UTPOHIB (puc. 1.6).
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Puc. 1.6. Enepretuuna aiarpama Jyisi MO3UTPOHA, 1H)KEKTOBAHOTO y METall,

y axoro W, < 0

[To3utpoH, BBeAeHUN B TBEpE TLIO 3 eHeprieio B 1 keB mae BUCOKY HMO-
BIPHICTh JOCSITHEHHS TEIJIOBOi PIBHOBAard 1 MOBEPHEHHs /0 IMOBEPXHI, 1€ BIH
MOXKE€ CIIOHTaHHO €MITyBaTH 3 MIHIMAJIbHOIO KIHETUYHOIO eHepriero (puc. 1.6).
Ll eHepris JOpIBHIOE 32 BEJIMYMHOI HETaTHUBHIN 32 3HAKOM POOOTI BUXOAY IO-
3UTPOHA 3 MaTepiary. Y TakoMy BUIIQJKY MOXKIIMBE BUMIPIOBaHHS POOOTH BHXOLY
MO3UTPOHA HA OCHOBI aHaII3y €Heprii MO3UTPOHIB 3BOPOTHOT eMiCli.

KyToBuii Ta eHepreTHyHU pO3MOALUIM PEEMITOBAHUX MO3UTPOHIB MOXKYTh
OyTH OTpUMaHi 3 BUKOPHCTAHHSIM MOJM(DIKOBUHUX METOJIB CTaHAAPTHOI eJie-
KTPOHHOI crekTpockomnii. [TogiOuuii iHCTpyMeHT OyB BUKOPUCTAHUW MJisi OTPH-
MaHHSl €HEPreTUYHOrO PO3IMOJALTY MO3UTPOHIB 3BOPOTHOI €MICIi 3 YUCTHUX Me-
TaJEBUX MMOBEPXOHb. Y KEPOBAHOMY MArHiTHUM MOJIEM MO3UTPOHHOMY MpOMe-
HI HEMOXKJIMBE BUKOPUCTAHHS 3BUYAWHUX HaMiBCPEPUUHUX Ta IMITHAPUUHUX
aHaI13aTopiB, TOMY SIKICHI BUMIPIOBaHHSI €HEPTETUYHOTO PO3MOALTY BUKOHAHI 3a
JIOTIOMOTOI0 aHaJi3aTopa “rajbMyO4oro ejaekTpuyHoro nojs’ . [anbpMmyroue ene-
KTPUYHE TI0JIE 3aBepTa€e MO3UTPOHH 3BOPOTHOI e€Micii 3HOBY Yy 3pa3oK, /i€ BOHU
aHITUTIOIOTh y MOBEPXHEBUX CTAHAX, TUM CaAMUM CHUTHATI3YIOUU MPO BEITUUYHHY

noJisi (Ipu 1IbOMY MOPIBHIOIOTHCSI YacH KUTTSA B 00’€Mi, HA MOBEPXHI Ta Ha Je-
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dekrax).

TunoBuil CHEKTp MO3UTPOHIB 3BOPOTHOI eMicii, “IpoiHTEerpoBaHUil” 3a
eHepriero, nokasanuii Ha puc. 1.6. loro oTpiuMaHO BiJHOCHHM 3CYBOM 3pa3ska Ta
YIOBUIBHIOIOUMX CITOK aHajizaTopa. B 1mijgomy, mei Thm aHami3aropiB BUMIPIOE
JIMIIE OJTMH KOMIIOHEHT — eHeprito. Y [62] aBTopu mokaszajiu, 110 BUKOPUCTAHHS
CIJIBHUX (DOKYCYIOUMX TOJIB MOXKE 3MEHIIMUTH CyMapHY €HEprit0 peiMiTOBAHHMX
NO3UTPOHIB (M1 OyAb-KUM KYyTOM) KpIM OJIHOTO HAIpsiMy, y SIKOMY IPOBOJS-
ThCs BUMIipIoBaHHs. Uepe3 cuibHe Mar"iTHe ()OKYCyBaHHS I METOJ BHUMAarae
MO3UTPOHIB 3 eHepriero 1 keB 1 Ouiblle, ame aBTOpU MOKA3yHOTh, IO 111 JaH1
MOXYTh OyTH CKOMOIHOBaHI 3 OararbmMa TEXHIYHHUMHU NMPUHAOMaMH, 1 TaKUM YH-
HOM OTPUMAEMO TaKy K 1H(OpMaIilo Mpo KyTH Ta €HEPrito, K 1 3a JOMOMOTOI0
HamiBC(EPUYHOTO aHAJI3aToOpy y €JIEKTPOCTATUUHIN CUCTEMI.

OnHuM 3 OOMEXKEHb EJNEKTPOCTAaTUYHHUX aHAJII3aTOpiB € Te, 10 BOHU HE
MOXYTh JIETKO BUMIPSATH aOCONIOTHI IHTEHCUBHOCTI, a00 MOTYKHOCT1 3BOPOTHOI
emicii. 3 aHaJ1i3aTOpPOM TajJbMyIOUOT0 IMOJIS 1€ TOCUTh IPOCTO, OO AETEKTYETHCS
JUIIEe Ta YaCTUHA MO3UTPOHIB 3BOPOTHOI eMIcCii 13 3pa3ka, eHeprii SKUX JIeXKaTb
HIKYE €HEPT1i raJlbMyI04oro 1oJs, Ta Buie podorn suxoxy W, < 0. XBicT Buco-
KOEHEPTETUYHOTO PO3IMOALTY (POPMYIOTh BChOTO JACKUIbKA BIJCOTKIB MTO3UTPOHIB
3BOPOTHOT eMicii.

Taki xapakTepuCTUKH, SIK KyTOBUN PO3MOALT (POTOHIB aHITLIALIT, Yac KUT-
TS Ta poOOTa BUXOAY MO3UTPOHA, € JKepeloM iHdopmarlii, 30kpemMa, po aede-
KTHHUM CTaH 3pa3Ka.

[Ile B po6oti [63] Oyno momiveHo, 1mo Ha TpaHsx kpuctramiB Al 1 Cu, mo-
YUHAIOYM 3 KIMHATHUX TEMIEparyp 1 BUIIE, MK €HEPreTUUYHOr0 PO3MOILIY TO-
3UTPOHIB 3BOPOTHOI eMicii (puc. 1.6) 3MIIIIOETHCS Bropy 3a IIKaJIOK EHEepTii
II0ZI0 OCHOBHOTO cTaHy B MeTaii Ha BenuunHy AU ~ 1 eB (anasoriuna cury-
aIfisl 3 XapakTepHUMH 3HaueHHAMH AU U1s pi3HMX METajiB cIiocTepirajacs B
po6orti [64]). Cxoxuii pe3yapTar MaB Micile Micisi 0OpOOKU MOBEPXHI 10HAMU ap-

roHy (III0 MPSIMO BKa3ye Ha poJib Je(PEKTIB), a TAKOXK MICIS OKUCICHHS TTOBEPXHI
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Al. Onnak, He3Bakar0yu Ha, 37aBajocs 0, OYEBUAHY POJIb BaKaHCIH, BEIMYMHA
iX pIBHOBa)XHOI KOHIICHTpAIlll BUSIBUJIACS HEJOCTATHHOIO JJIsi TOSCHEHHS 3CYBY
PO3MO/ILTY MO3UTPOHIB 1O €HEeprii P 3BOPOTHIN emicii [64].

VY mouyaTkoBHX CITpoOax MOSCHEHHS JIaHOTO SBUIIA, I 3CyB PO3MOILTY IO
CHeprisiX MOSCHIOBABCS LIBUIKUM 3aXOIICHHAM HETEPMali30BaHHUX MMO3UTPOHIB
BIPTyaJIbHUMHU PE30HAHCAMHU, KI PEali3yloThCsl MO3UTPOH-BAKAHCIHHUM IMOTEH-
iajgoM (IMB., HaMpUKIad, [65,00] 1 mOCUIaHHA B HUX). Y HACTYMHHUX poOOTax
15 Bepcis Oyna mijjlaHa KpUTHYHOMY aHali3y Ta BiA3HAYEHO HE3HAUHUN BHECOK
TaKOr0 MEXaHI3My B KIHETHKY MO3UTpOHIB [67]. Jlocl eKcriepuMEeHTaIbHO CIO-
CTEpEKYyBaHUM 3CYB y PO3IMOILIl MO3UTPOHIB 3BOPOTHOI €MIcCii Tak 1 HE JICTaB
aJIcKBaTHOI 1HTEepHpeTallii, o poOUTh HEOAHO3HAYHUMH BHMIPIOBAHI 3HAYCHHS
poOOTH BUXOYy MO3UTPOHA.

[TITAC nae nocuth AeTanbHy iH(MOpMaIiito mpo cran 3D-3pa3ka, ogHaAK s
JOCITIKEHHS! HU3bKOBUMIPHUX CHUCTEM, TAKHX SIK KJIACTEPH, HA JAHHUN MOMEHT,

OUTBII JOLUIBHUMH € Mac-CIEKTPOMETPHUYHI Ta KaJIOPUMETPUYHI METO/IH.

1.2 Mac-cneKTpoMeTPUYHI Ta KAJOPUMETPUYHI METOAM AOCJIiIKEeH-

HSl BUIbHHMX KJIacTepiB

Excnepumenmanvni memoou popmysanusn i 00Cni0MHceHHA Kaacmepis

Ha cboroani ¢i3uka KiacTepiB € OJHUM 13 MEPCHEKTUBHUX HAIPSIMIB Cy-
yacHoi ¢izuku. [1ig TepminoM “kiacTep” po3yMilOTh aTOMHY arperarito, sika Mi-
CTHUTb BiJ] JEKIJILKOX OJIMHUIIb JIO AECATKIB 1 COTeHb THCSIY aromiB. Kiactepu va-
CTO HA3MBAIOTh ‘‘HOBOIO (ha3010 PEUOBUHM , OCKUIBKHU 3aBASKHU AUCKPETHINA CTpY-
KTypl €eHEPreTUYHUX PIBHIB 1 BEJIMKOMY 3HAYEHHIO BIJHOIIICHHS TOBEPXHsI/00 €M,
BOHHU BHUSBIISIIOTH HOBI BIIACTUBOCTI, BIJIMIHHI BiJl BIACTUBOCTEH K OKPEMHX aTo-
MIB, 3 IKUX BOHHU CKJIQJIAlOThCS, TakK 1 BIacTuBocTe 3D-pevoBunu. di3nyHi Bia-
CTHUBOCTI KJIACTEPIB 3aJIe’KaTh Bl THIY Ta KUTBKOCTI aTOMIB 3 SIKUX BOHH CKJIaJa-

10Tbest [08]. Po3MipHI 3al1e’KHOCTI BIACTUBOCTEW CBITYaTh MPO HASIBHICTH Mepe-
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X0/ly MaTepially 3 KJIaCTepHOTO CTaHy B MacUBHUMN. Po3yMiHHS 3aKOHOMIpHOCTEH
UX 3QJISKHOCTEN Ja€ MOXKIIMBICTh OTPUMYBaTH (pyHIaMEHTalbHI 3HAHHS Ta BU-
KOPUCTOBYBATH 1X y MPAKTHYHUX IIJISAX.

Cepen KiacTepiB MPOCTUX PEUOBHH OCOOIMBE MICIE 3aliMaroTh KJlacTe-
pH METaJliB, IO MOSICHIOETHCS 0COOIMBOCTAMU IXHBOI EIEKTPOHHOI CTPYKTYPH 1
BITHOCHOIO MPOCTOTOI0 YTBOPEHHS. MeTalieBi KilacTepu € BaXKJIMBUM MPUKIIATIOM
ckinyeHHOi depmi-CUCTEMH 1 32 CBOIMH BJIACTUBOCTSIMU 0araro B YOMY aHajo-
ri4Hl aTOMHUM sifpaMm [69]. MertaneBi KiacTepu MarOTh MEPCIEKTUBH BUKOPH-
CTaHHsI, B SIKOCT1 KJIFOYOBUX €JIEMEHTIB B MpHIajaX HAHO- W OMTOCJICKTPOHIKH.
MacuBH po3MIpHO-CENEKTUBHUX KJIACTEPIB CTAHOBIISATH IHTEPEC I O10TEXHOJIO-
Tl Ta TeTepOreHHOTro KaTaiizy. 3 MOy MPaKTUYHOTO BUKOPUCTAHHS IIIKABUMU
TaKOX € KIJIACTEPHI MYyYKH, Ta iX 3aCTOCYBAHHs B IMpOIECaX HAMUICHHS TOHKUX
IUTIBOK, 0OpOOJICHHS MOBEPXOHb, YTBOPEHHS HOBUX MarepiaiiB, 30KpeMa KOMIIO-
3UTIB 3 YIPOBAIKEHOIO KJIACTEPHOIO (Paz3oro.

Memoou ymeopenns Kniacmeprux nyukie. 3a yMOB TEPMOJAMHAMIYHOT PiB-
HOBaru ra3 abo mapa 3aBXJI1 MICTUTh MEBHY KUIbKICTh KJIAcTepiB. 31e0UIbIIOTO,
11e KJIAaCTEPH MaJIOT0 PO3Mipy, MEPEeBaKHO auMepH. YacTka KiacTepiB O1IBIIOTO
PO3MIpYy €KCITOHEHIIMHO 3MEHIIYEThCS 31 3pOCTAaHHAM PO3MIpY KilacTtepa, SKIIO0
eHeprisi 3B’53Ky B KJIacTepl € PyHKIIIE€I0 HOTO PO3MIpY.

Aepeeayin 2azy. CyTh METOJy arperarlii ra3zy Taka: TBepAud abo piakuit
Marepiaj BUNAPOBYIOTh y CEPENOBHUIIE, IO SIBISE COOOI0 XOJOMHUMN 1HEPTHUU
ra3. PedoBruHy BHITApOBYIOTH 3a JIONIOMOTOIO CIICHIAIbHUX Te4eil abo TyroBOTO
pO3psiTy, BUKOPUCTOBYIOTh TAKOXK IMIYJIBCHI PO3psian. AToMu a00 MOJIEKYJIH BU-
NapOBYBAHOI PEYOBUHH, CTUKAIOYHNCH 3 YACTUHKAMHU XOJIOJHOTO Ta3y, OXOJIOMKY-
IOThCS, BHACIIIJIOK YOTO BIJOYBAETHCS KOHJEHCAIllS BUMAPOBYBAHUX YACTHHOK 1
yTBOpPEHHS KiactepiB. Merogom arperaiii razy (GOpMyIOTh KJIaCT€PU BEITUKOTO
po3mipy (N < 10000, ne N — KiIbKICTh aTOMIB, 3 SIKMX CKJIAJJA€THCS KIIACTED.
Knacrtep metany noznaunmo sik Mey (Me — Bin cnoBa Metal).

Eposia nosepxni. B 1bOMy METO/I1 3aCTOCOBYIOTh BUIQJICHHS aTOMIB YX MO-
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JeKyJ 3 MOBEPXHI TBEPAOrO Tija abo PIAMHM 3aBASKU 3ITKHEHHIO 3 MOBEPXHEIO
BaKKHUX 10HIB, BIUTMBY IHTEHCUBHOTO JIA3€PHOTO BUIIPOMIHEHHSI, IMITYJIbCHOTO JTy-
TOBOTO PO3Psy a00 €IEKTPUIHOTO OISl BUCOKOI HATIPYTH.

lonne posnunenus. B OCHOBI METOAY PO3NMWIICHHSI JIKATh MPOLIECH, SKi
BiIOYBaIOTHCS MPHU 3ITKHEHHI Ba)KKUX BUCOKOCHEPTETUYHUX 10HIB 3 TBEPJIOIO Mi-
HICHHIO. SIK MillleHb BUKOPUCTOBYIOTh TBEPIAUH (3aMOpPOXKEHUIA) Ta3 abo piIuHY.
Bix 3iTKHEHHS BHCOKOEHEPTeTHMYHOTO MOHA 3 TOBEPXHEI MIIICHb PO3IMUIIOE-
ThCs . [I0TIK po3nuIeHOT pEYOBUHM Pa30M 3 aTOMaMH 1 MOJIEKYJIaMH MICTUTh Jie-
Ky YaCTHMHY HEUTpaJbHUX a00 HMOHI30BaHUX KiacTepiB. METOIOM PO3MUIICHHS
OTPUMYIOTh NMEPEBAKHO KIACTEPH HEBEJIMKOTO PO3MIpy, SIKI XapaKTepU3YIOThCS
JIOCUTH IIUPOKUM PO3KHUJIOM 3a eHepriero (mpubmauzno g0 10 eB).

Vmeopenns kxnacmepnux nyukie y connogux Odxcepenax. OnNHOpIHA KOH-
JIeHCAallisl Ta3y MPU PO3IIMPEHHI B TIPOIIECi BUTIKAHHS 13 COILIA € OJHUM 13 HalTIO-
HIMPEHIIINX METO/IIB YTBOPEHHS KiacTepiB. ['a3 criouaTky rnepedyBae HaJ| COMIIOM
y PIBHOB@XXHOMY CTaH1 3a TeMIepaTypH o 1 TUCKY Po. Uepes oTBip y corui mei
ra3 BUTIKa€ y BaKyyMHY KaMepy, IPU IbMY BiH PO3IIUPIOETHCS, MPUCKOPIOETHCS
Ta aailadaTUIHO OXOJIOMKYEThCsA. Komm BHACTIZIOK OXOJO/KEHHS a3 CTa€e Iepe-
CUYCHUM, TIOYMHAIOTH yTBOpIOBaTUCS KiacTepu. OTke, y MOTOLI PEYOBUHU OyJie
cyMill KiactepiB i razy. st Toro mob oTpuMaru 3apsipKeHi KiiacTepu Hali3By-
KOBHH MOTIK Ta3y, 110 MICTUTh HEUTpaibHI KJIACTEPU PI3HOTO PO3MIpPY, ONMPOMi-
HIOIOTH ITOTOKOM €JIEKTPOHIB a00 yIbTPadioIeTOBUM BUIPOMIHEHHSM, BHACIIIOK
4yoro Bi10yBaeThes (hoTomMCOIIAIlIsS HEUTpaTbHUX KiacTepiB. Kimactepu pizHOTO
PO3MIpY 1 3apsy, siIKi YTBOPIOIOTHCS MIPU IIbOMY, JE€TEKTYIOTh 3a JOTIOMOTOIO Mac-
CTIIEKTPOMETpA.

Jlasepnuii memoo ymeopenns memanesux kiacmepig. Lleil MeToq BUKOPH-
CTOBYIOTH JIJIsl OTPUMAaHHSI KJIaCTEPiB METaiB, HaIlIBIPOBIIHUKOBUX Marepiaiis,
dynepeHiB, a TaKOXK KJIACTEPHUX 1 aTOMHUX IMY4YKiB TYTOIJIaBKUX elleMeHTiB. Ha
puc. 1.7 HaBeneHO MOMEPEUHHI Tepepi3 IMIMYIbCHOTO JpKepena Al popMyBaHHS

KJIACTEPHUX IYYKIB.
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Puc. 1.7. IMnynbcHe JKxepeno A OTPUMaHHS KJIACTEPHHUX ITy4KiB MeTa-

miB: I — nazep, 2 — 30Ha (OpPMyBaHHSI Ta OXOJIOKEHHS KJIacTepiB, 3 — 3pa3ok,

CTPHKEeHb (MeTall, HalmiBIPOBIAHUK, BYTJICIIb)

Memoou oocnidixicennsn i 0emexkmyeannsa Kaacmepis. YCi pO3IISIHYTI BU-
1€ METO/M Jal0Th 3MOTy (POPMYBATU MYUYKHU KJIACTEPIB PI3HOTO PO3MIpY, 1110 MO-
B’S13aHO 3 CYTO CTAaTUCTUYHUM XapaKTepoM BIJIMOBIIHUX MpoiieciB. Haitmomm-
PEHIIIUM METOAOM JIIarHOCTHKHU KJIACTEPHUX MYYKIB € Mac-CIEKTPOMETPUUYHHIMA
aHaJ3.

3a MM METOIOM KJIACTepHUU IMYyYOK MPOMYCKAIOTh Yepe3 10HHE JKepe-
J10, JIe KJIACTePH 10HI3YIOThCS €IEKTPOHHUM yaapom abo dotoHamu. Mac-aHami3
MPOJYKTIB 10HI3aIlli J1a€ MOXKJIUBICTh OTPUMATH PO3IOALIT KJIACTEPIB 32 PO3MI-
pamu. BaxximBo BpaxoByBaTH, 10 BHACIIJIOK (pparMeHTallii, sika BiAOyBa€ThCS B
10HHOMY JIPKEpeli, B Mac-CIEKTPl CIOCTEPIratoThCs HE TUIbKHU MIKH, 10 BIAINO-
BIJJAaIOTh NIEPBUHHOMY KJIacTepy, a i MiKu, sIKi BiMOBIIAIOTh HOro (hparMeHTam.
®parmenTailisi KJiacTepiB BiOyBarOTHCS BHACHIIOK ABOX MPUYMH: CTPYKTYpPHOT
pelakcaiii 1 HaJJIMIIKY €Heprii, sika MepelaeThCcsl KiacTepy B IMpoleci 10H13allii.
[lepexin B OCHOBHMI CTaH 10HI30BaHOIO KJacTepa, M0 MOTpedye MiHIMalbHOI
eHeprii 30y/KeHHs, € agiabatuuHuM (popMa Kitactepa He 3MIHIOEThCs ). BepTu-

KaJIbHUM MOTEeHL1al 10H13a11i peanizye npuHuun @panka-Kongona (To6To BUKUT
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eJICKTPOHA 3/11MCHIOETHCS 0€3 CYyMyTHBO1 3MIHU T€OMETPIi) 1 3aBXKAM MEPEBUIILYE
aglabaTUYHUM, 10 TTOB’S3aHO0 31 30y/KEHHSIM KOJWBAJIbHUX CTYIICHIB BUIBHOCTI.

Mac-cnekmpomempuunuii memoo. JIjis po3nUICHHST KJIacTepiB 3a Macamu
Ta HACTYITHOTO JCTEKTYBaHHS BUKOPHUCTOBYIOTH MAacC-CIIEKTPOMETPH IEPEBAKHO
y JIBOX BaplaHTax: CTAaTUYHOMY 1 AMHaMi4HOMY. CTaTHUHUN BapiaHT BUKOPUCTO-
BYIOTbH 13 3aCTOCYBaHHSIM MMOCTIMHUX MarHiTHUX a0o enekrpuyHux mnoiuis. Cena-
parlisi KjactepiB BiOyBaeThCs 3a BIIHOIICHHSIM Macu 10 3apsany. [lpuman mae
HA/I3BYKOBE COIUIO, SIK JDKEPENIO KIIACTEpiB, CUCTEMY HPHUCKOPIOBAIBHUX JIH3
Ta JIBa CEKTOPU — MArHITHUM 1 eleKTpuyHui (koHaeHcartop). o nuHamMidHUX
CIIEKTPOMETPIB 31 3MIHHUMHU TOJISIMU HaJekKaTh YaCOIPOJIITHI Ta IUKIOTPOHHO-
PE30HAHCHI Mac-CIeKTpoMeTpH. YacomnpomiTHI Mac-CIEKTPOMETPHU 3aCTOCOBYIOTh
3aBISKH LIUPOKOMY J1alla30Hy Mac, SKi po3AuIsIoThCs. Jlkepenom KiactepiB €
HA/I3BYKOBE COIUIO abo J1azepHa abusllisl, MPOTe PO3AUICHHS KIacTepiB IPYHTYE-
ThCS Ha PI3HIN MIBUAKOCTI (2 OTKe, 1 4aci), aKy HaOWpae 4acTUHKA B €JIEKTPH-
YHOMY MOTEHIIIaJl MPOJIITHOT 0a3u CIEKTPOMETpa.

Y OHMKJIOTPOHHO-PE30HAHCHOMY MAacC-CIIEKTPOMETP1 3apsKeHa YaCTHHKA
PYXa€eThCs MO KOy B OJHOPITHOMY MAarHiTHOMY MOJIi, TPUYOMY ITUKIOTPOHHA
94acToTa He 3aJIeKHUTh BiJI MBUIKOCTI 3apsypkeHol yactuHku. [Ipukinagaroun pa-
J10YAaCTOTHUHM IMITYJIbC, YACTOTA SIKOTO 30ITa€ThCS 3 IUKIOTPOHHOIO, JOMararo-
ThCS MOIVIMHAHHS Ha M1 4YacTOTi, 11O BIJMOBIJAE 3aJaHUM Maci Ta 3apsmy, i
OJEPXKYIOTh Mac-criekTp (puc. 1.8).

Hactynna BakiuBa omepailiss Ha HUISIXy YTBOPEHHS 1 JOCIHIKEHHS Kiia-
CTEpIB — II€ JETEKTYBAHHS KJIACTEPHUX 10HIB. 3a3HAYMMO, 1110, 3 OJTHOTO OOKY,
JIETeKTYBaHHS TOBUIbHUX HEUTpAbHUX KJacTepiB MalioeeKTHUBHE. 3 JPyroro
00Ky, e(peKTHUBHICTh peecTpallii KJIACTEPHOTO 10HA ONM3bKa 10 OJUHMII, SKIIO
BiH MPUCKOPIOETHCS O KIHETUYHOI €HEPrii B JEKUIbKA KIJTOCIEKTPOHBOJIBT.

Memoo ougpaxkyii enekmponie. B metoai nudpakiiii enekTpoHiB MoTpiOHI
no0pe KOJIIMOBaHI1 eNeKTpOHHI mydku (aiamerpom 611 100 MKM y TI0LIMHI po3-

citoBaHHs) 3 eHepriero mpuodauzHo 50 keB Ta cTpymMOoM eneKkTpoHiB y JeKlIbKa
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Puc. 1.8. Cxema npunagy CHeKTPOCKOIIT JUIsl IETEKTyBaHHS KJIACTEPHUX
10H1B: [ — JpKEpeIo KiacTepiB; 2 — Mac-CIIEKTPOMETPH; 3 — My4OK (DOTOHIB MOTY-

YKHOTO JIa3epa

Mikpoamrep. ElekTpoHu, 10 NepeTUHAIOTh KIACTEPHHUH MyYOK MiJ] MPSIMUAM KYy-
TOM, JAl0Th TU(PaKIHY KapTUHY, 1110 3alUCYEThCA Ha (HOTOIIIIBKY. OTpuMaHy
mudpakiiiHy KapTUHY MOXHa po3ludpyBaTH Ha OCHOBI JI00pe BiJOMHX MOJIO-
XKEeHb Teopii sBUIla AUPPAKIi, IO CIIOCTEPIraeThCs BiJl KPUCTAJIB Ta MOPOLIKIB.

Memoo posciosanns ceimna. PeneeBcbke po3citOBaHHS JaBHO BXKE BUKO-
PUCTOBY€ETHCS /IS BU3HAYEHHSI CEPEIHbOIO pajilyca KJIACTEpPIB 3 PO3MIpAMH Y
JeK1IbKa JIECSATKIB aHTCTpeMiB. B oCHOBI meTomy iexuTh Teopis Mi mist pos-
CIIOBaHHS €JIEKTPOMATHITHUX XBWJIb Ha OJHOPIAHUX CHEPUYHUX YACTUHKAX, IO
MaloTh KOE(IIIEHT 3aJIOMJICHHS N Ta MarHiTHy cnpudHsTmBicTh u = 1. Jlxe-
pesiom iH(opmallii mpo po3Mipu KIacTepiB y JOCHIIHKYBAHOMY MyYKy € KapTHHA
PO3CIIOBaHHS CBITJA, SIKa CTA€ SBHO XapaKTEPHOIO, KOJIM PaJilyC KIacTepiB CTa€
MOPIBHSIHUM 13 JIOBKWHOIO XBUJII BUIIPOMIHIOBAHHS.

3ynuHIMOCS KOPOTKO Ha ekcriepuMeHTax 3 BuMiproBanus |P(R) mertamis. V
HarpiTy mi4 MOMIIadd MeTas, HampHKJIaJ, HaTpid, 1 HarHitTanu OydepHuil ra3
(Ne, Ar, Xe), THCK sKOrO migrpumyBamy noctidiauM (~ 10° ITa). B cTinmi neui
poOmIM Masuii oTBip (COIIO), SIKUM 3’€IHYBAB M4 3 KAMEPOIO, THCK ra3y B SIKii
OyB Habararo HWX4YuUM. Tak JOcCsAranu HaJA3BYKOBOTO BUTIKAHHS MapH HATPIIO 1
Oydepnoro razy B kamepy. B mporieci poroionizaiii HeHTpaabHI KoMITIEKCH Nay
BTpavyaJid €JIEKTPOHU 1, OyAyUYH MO3UTUBHO 3apsAKSHUMHU, MIOTPATUISUIA B KBAAPY-

NOJIBHUIM Mac-aHalli3aTop, Jie OJHOYacHO BuMiproBaiucs BigHomieHHs M/(€AN)
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1 cuna ctpymy (M — maca kiacrepa, Q = eAN — iioro 3apsan). Tunosi po3mipHi
3QJICKHOCTI nomeHyiany ionizayii HaBeAaeHo Ha puc. 1.9.

Kanopumerpiss — BuMiproBaHHS TEIJIOBUX €(EKTIB (KUIBKOCTI TEIJIOTH),
110 CYNPOBOKYIOTH (h13UMUHI, XiMIuHI @00 Oiojoriuni mpouecu [72-74]. Kano-
PUMETPisi BUKOPUCTOBYETHCS ISl BU3HAYEHHS MUTOMOI TETNIOEMHOCTI (KIJIbKOCTI
TeIu1a, HeOOX1THOTO /I MIABUINECHHS TEMIEpaTypu OAMHMII Macu abo o0’emy
PEUOBUHU Ha OAMH TPajyc), TEIJIOTU IJIaBJIECHHS a00 BUMAPOBYBaHHSA (KIJIBKOCTI
TeIu1a, HeOOX1THOTO IS TJIaBJICHHS 200 BUIMAPOBYBAaHHS OJUHUII Macu abo 00’-
€MY PEYOBHHH) 1 TETUIOTH pPeakiliil (KUIbKOCTI TeIia, 0 BUAUISIETHCS a00 MOTJIHU-
HAETHCA B XIMIYHUX peakiisnx). [cHye OaraTo pi3HUX THUIIIB KaJloOpuMETpiB [74].
BoHu MOXyTh OyTH, JOCUTH MIHIATIOPHUMH, 11100 BUMIPSITH TeTUI0(i3UyHI Biia-
CTHBOCTI JIEKUIbKOX MUIrpamiB pedoBuHH. Kamopumerpu 3acTOCOBYIOTHCS IS
BUMIPIOBaHHS TEIUIO(I3MYHUX BIACTUBOCTEN MarepiajiiB B IIMPOKOMY Jiara3oHi
TeMIeparyp — Maibke Bia adcomtotrHoro Hyms (-273,16° C) [72], no Temnepartyp,
1o nepesunryots 1000° C.

Kanopumempia knacmepie. HaliiomupeHIUM METOJIOM KaJIOPUMETPH-
YHUX BUMIpPIOBaHb KiactepiB € ¢portodparmenTailis. BoHa BUKOPUCTOBYEThCS 1151
BUMIPIOBAHHS BHYTPIIIHBOT €HEprii KiacTepiB 3 B1IOMOIO Temmeparypor. Exc-
NepUMEHTAaJIbHA MPOIEAypa PO3ALISIIACH HA JIBA €TaIlu:

1. KnacrepHi 10HH yTBOPIOBAJIKMCH Y JIKEpENi rasy, TepMali3yBajucs y
ra3onoAiOHOMYy relii 3 KOHTPOJIbOBAHOIO TEMIIEPATYpoto (i/leajbHa TEeIIOBa BaH-
Ha); Mac-CIIEKTPOMETP BUKOPHCTOBYBABCS ISl BIAOOPY KJIacTepiB OJTHOTO PO3Mi-
py. TakumM YMHOM OTPUMYIOTH KJIACTEPH BIJJOMOTO PO3MIpY 1 BIIOMOI TeMIepary-
pu T;

2. Jlami xnacTtepu OMPOMIHIOBAJIHUCS JIa3epOM 1 MOrIMHAIN (OTOHU TEB-
HOT €Heprii, 0 MPU3BOAMIIO JI0 CTYHIHYACTOTO 301IbIIEHHS BHYTPIIIHbOI €HEPTii
KJIacTepa 1 B PeIlTi 0 BUMIAPOBYBAHHS KIJTbKOX aTOMIB.

3a 0MOMOT0I0 IPYroro Mac-CleKTPOMETPY OTPUMAHO PO3MIPHUI PO3MOILT

dbparmenTiB. et po3noaut 1o0pe po3aUIsA€ThCs HA TPYIH MIKIB, IO BIANOBIIA-
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Puc. 1.9. ExkcnepuMeHTanbHI pO3MIpHI 3aJI€KHOCTI MOTEHIANy 10HI3aIlil

kiactepiB metani: a — Al; 6 — K, Na ta Li
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I0Th PI3HIHM KUIBKOCTI MOIIMHEHUX (POTOHIB, SK MOKa3aHo Ha puc. 1.10.

KinbkicTh aromiB, 110 BUIMAPYBAJIMCS, 3aJIEKUTh BIJ] 3arajbHOi BHYTpI-
IIHBOT €HEeprii KjacTepa, sika € CyMOIO MTOYaTKOBOI TEIJIOBOI €HEpPrii MIIC eHep-
Tisl MOMIMHEHUX (POTOHIB. SIKIIO Temmeparypa TEIJIOBOI BAaHHHU 3MIHIOETHCS, TO
3MIHUTBCS TAKOXK 1 BHYTPIIIHS €HEPrisi OOpaHUX KIACTEPIB 1, TAKUM YUHOM, KiJIb-
KICTb aTOMIB, 1110 BUIAPOBYIOThCA. ['pynu (parMeHTiB 3MIIIYIOThCS MO MKl
Mac, SK MokazaHo Ha puc. 1.11, mo mo3Bonsie modyayBaTu KajaopiiHy (TEIIoBY)
KPUBY 1 3HANTH 11 MOX1IHY (TETIOEMHICTB).

Ilst ¢popma OLiHKM HaHUX € YIOCKOHAJICHHSM METOIUKHU [75-77], ne mns
BU3HAUCHHSI KAJIOPIMHUX KPUBUX BUKOPHUCTOBYBAJIHUCSA JIMINE MO3ULIi Tpyn (pa-
TMEHTIB. Y MOJICpHI30BaHIi METOMUII JoAaTKoBa 1HGOpMaIlsl OTPUMYETHCS 3

BUMIPSIHUX PO3MOJLIIB (PparMeHTIB, TOMY IO aTOMH 3TPYINOBaHi y (parMeHTu

B(E)

E eB

EHeipl“iSI
—————
Temneparypa

Na,,,
T=240 K

IHTEHCUBHICTH

0 5 10 15
Uucno BUnapeHnx aTomiB

Puc. 1.10. ®otodparmenTauiiinuii Mac-crexrp knacrepis Naj,, 3 Temie-
paryporo T, hy — KBaHT J1a3epHOr0 BUIIPOMIHIOBaHHS. EHEPreTUHUHUN PO3MOALT

Pt (E) oTpuMy€eThCst 3 IbOTO CHIEKTpPA
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Ha eHepretuyHomy posmnoaim (puc. 1.10). ¥V mipy Toro sx kjaacTtepu TepMmalli-
3YIOThCS B TEPMOCTaTi, BOHM HAOyBalOTh KAHOHIYHOTO PO3MOALTY BHYTPIIITHIX
edepriii Pr(E), sxmit nmponopiitinuii yuciy gocrynaux craniB N(E) (daxrop

bonsumana [78]):
Pr(E) «< N(E) exp(-E/kgT) = expS/ks — E/kgT), (1.6)

ne S = kgInN — enrpomist cucremu. Oyukiist Pr(E) Hece B cobi noBHY Tep-
MoauHaMidHy iHpopmariito. OOnaBa KaHOHIYHUN 1 MIKPOKAaHOHIYHUN PO3MOILIN
MOXyTh Oyt orpumani 3 Pr(E). KanoHiuHa kpuBa KaJOpilHOCTI SBJIsSIE COOOO

MOHOTOHHO 3pOCTar04y 3aJeKHICTh CEPEIHBOT CHEePTii

(E) = f EP;(E)dE,

B1JI Temneparypu | TeruioBoi 0aHi. TermmoeMHICTh KacTepy, TAKUM YUHOM, 3aB-
JKJIM TIO3UTHBHA, 110 JOBEASCHO aHAMITHYHO [78-81].
KanoHiuHa KpuBa KaJIOPIHHOCTI BU3HAYAETHCA MO-pi3HOMY. [0 KpHBY MO-

*Ha Oylo O OTpUMAaTH, SIKIIO BUMIPIOBATH TEMIIEpaTypy 130Jb0BAHOTO KJlacTe-

01 23 4 5B q hv=4.eB

Temneparypa, K
3

200

5 10 15 20
Uwuco BunapeHux aTomiB

o . : N
Puc. 1.11. ®orodparmenTaniinuii Mac-cuekTp Kunacrepis Naj,, Ak (yH-
KIIisl TEMIEpaTypH, Ty — TeMIepaTypa IJIaBICHH [[bOTO KIacTepy, (| — JaTeHTHA

TeruioTa $ha3oBOTO MEPEX0Ty
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pa (BUKOPUCTOBYIOUM HECKIHYEHHO MAJHM TEPMOMETD), SIK 3aJICKHICTh BiJl HOTO
eHeprii. Konu kiactepu 3 po3noJIiyioM 3a €HEprisiMy 3aJUIIaoTh JKEepeao, BOHU
TaKOXX MaroTh Po3noAaLl 3a Temneparypamu T,. Jludepenniroroun (1.6) 3a enep-

ri€ero oTpuMaeMo Bupas [78]:

89S\
T:%ﬂ =T, (1.7)

Takum yuHOM, SIKIIO KaHOHIYHUI eHepreTuyHuii po3noain Pt (E) mae exc-
TpeMyM npu eHeprii E.y, To Bimnosimna T, nopiBrioe T. IHmmmu crnosamu,
KJacTep 3 eHepriero Egy Mae kaHOHIUHY TemIiieparypy, piBHy T. Takum yuHOM,
MOKHA OTPUMATH KaHOHIUYHY KPUBY KaJIOPIMHOCTI HUISIXOM MOOYn0BU E.y B 3a-
JICKHOCTI BiJl Temnepatypu Oani T 3 naHux, HaBeJeHUX Ha puc. 1.11. 3a3Buyait
PIZHUI MK KAaHOHIYHOIO 1 MIKPOKAHOHIYHOIO KPHUBOIO KaJOPIMHOCTI HE3HAUHA.
Janeko Bix (a3oBOTo Mepexory KpruBa po3NolTy OJIM3bKa JI0 TayCCOBOI 1, TAKUM
YUHOM, cepefHs eHepris (E) 1 HallOuibin iMOBIpHA eHepTis Eqy Malike 11eHTH-
yHi. [le mpaBmio He gie, mobmm3y (Ha3oBoro mepexomdy, A¢ CHTPOIIS S KiIacTepy
(Maoi cucTeMHu) MOXKE AEMOHCTPYBAaTH OCOONHMBICTH — MPOTHH 31 3BOPOTHOIO
KPUBU3HOIO, SIK IOKa3aHO Ha puc. 1.12.

s ocobnuBicTh Oyna mepeadayeHa i po3paxoBaHa HEOJAHOPA30BO y pobo-
Tax [82-86]. JIBa mMiKaBUX HACIIAKHA 3BOPOTHOI KPUBHU3HH 3QJICKHOCTI €HTPOTIi
B1JI €HEeprii:

1. MmixpokaHoHiuHa KpuBa KanopiitHocti T,(E) mae HeraruBHuii Haxwu,
TOOTO BIAIIOBIJHA TEIUIOEMHICTh CTa€ HEraTUBHOIO;

2. kaHOHIUHHUH po3noxain eneprii Pt (E) mae 6imonansHy cTpykTypy [86].
Tomy cnocTepexxeHHsI 6IMOJATBHOCTI € MPSMUM JOKa30M HETaTUBHOI TETIOEM-
HOCTI [76, 86, 87].

BuxopucroBytoun dopmynu (1.6) 1 (1.7), MoxkHA OOUMCIUTH BIAMOBIAHI
posnoainu eneprii Pr(E) npu temneparypi miasnenns T, sKi oka3aHi Ha puC.
1.12. V pa3i CXOAUHKO-TIOAIOHUX KPUBHUX pPO3MNOALIT € rayccoBum. lllupuna 3a-

HITPUXOBAHHOTO MPSIMOKYTHHKA, SIKH Ma€ Taky x 1uiomy, sk Pr(E), 3amaerbes
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dbopmMyInoro

I =T+/2rkgc +q, (1.8)

ne ¢ = 0E/0T — TennmoBa eMHICTh MOOIM3Y (ha30BOTO TMepexoy. JlareHTHa Temino-
Ta ( JOPIBHIOE TOPU3OHTAIBHIA YAaCTHHI KPUBOiI KaJOPIMHOCTI, SIK MOKa3aHO Ha
puc. 1.12. Tlepmmit unen y (1.8) oOymoBiIeHN KaHOHIYHUM PO3IOAIIOM E€Heprii
3a Temneparypu T [78]. Jns moaentoBaHHs crieKTpiB ¢oTtodparMeHTalii Bpaxo-
BY€THCS PO3MOJUT JUIsl PI3HOTO YKCiia MOIIMHEHUX (DOTOHIB, a OTIM BOHU 3Ivia-
JDKYIOTBCS, 11100 BpaxyBaTH PO3LIMPEHHS, CIIPUYHMHEHE MPOIEecoM (hparMeHTallii.

Jlist Toro 1mo6 mpoBecTH 1ie BUMiproBaHHs, noTpiOHo 3Hatu I'. Creprry
BUMIPIOETHCS TEMIIEpaTypa IiaBlieHHs |, aHanoriuno puc. 1.11, ais ¢hoTtoHiB 3

PI3HOIO €HEPri€lo, a MOTIM TEIJIOBA €MHICTh C Ta JJATEHTHA TeIioTa J.

FiTiise >d< hv=327¢B

270{ i
260 f oy
250 -
240 -

Temneparypa, K

270 1
260 1
250 14
240

hv =3.41 eB

10 15
UYuciio BUMIapeHUX aToMiB

Puc. 1.12. XapakrepHi KpuBi /i KjIacTepa no0iusy (pa3zoBoro nepexomy



46

Sk 1 OLIBIIICTH XapaKTEPUCTUK HU3BKOBUMIPDHUX CHCTEM, TeMIIeparypa
IJIaBJICHHS KJacTepa CWIbHO 3aJICKUTh Bl MOro po3mipy. Ockiibku (1yKTya-
1li TeMreparypu IUIaBJICHHS JTOCUTh 3HA4H1, 3HAXOKCHHSI 3aKOHOMIPHOCTI MIXK

IMUMHU BCIMYMHAMHU € aKTyaJIbHOIO 3a1a4YCHO.

1.3 BB po3mipy Ha Temneparypy IJIaBJIeHHS KJacTepiB

VY pobotax [88,89] po3mIsHYTO TEPMOIUHAMIKY KIIACTEPa, SIKUA TTaBUTHCSI.

3anuiemMo XIMIYHHMA TOTEHII1a] aTOMIB METaly Y BUIVISIAL PO3KIAay

u 8/1 O (T = To)?
“u (P - Po)2
P Po)(Tm—T
" aPZ 2 aPaT( )(Tm = To) +

3a ymoBHu Tg — Ty < To, Tp — Temneparypa mnasneHssa 3D-metany.

BuxopucroByrouu cniBBigHomeHHs ['166ca-/roiima

-Vdp+SdT +mdu =0

TUTSL IJIS1 pO3paxyHKy Koe(DillleHTIB pO3KIIaJaHHs, MU MOXKEMO 3alicaTy HACTYIIHI

PIBHSIHHSA:

_ S__m_V
T m_ 3P m
Fa_ 95 Co Pu __1ip 3
aT2 T T’ oPAT  p20T ~ p’

JIe S — EHTpOIisl Ha OJAMHUINI0 MacH, p — T'YCTUHA aTOMIB, ¥ — KOEQIILIEHT 130-

TEPMIYHOTO CTUCKaHHs, Cp — IMTOMA TEIUIOEMHICT IIPU MOCTIHHOMY THCKY, @ —
KOE(IIIEHT JIHIHHOTO PO3IIMPEHHS.

Axmo Mu OyaeMo TMO3HA4YaTH PiJIKy Ta TBEPAY YACTUHY KilacTepa, BHUKO-
PHUCTOBYIOUM iHJEKCH | Ta S, TO pIBHSHHS pPIBHOBaru PiJiKoi Ta KPHUCTATIYHOI

YAaCTHUHU KJIACTEPY M| = Mg TEIEP MOXKHA 3AIUCATH SIK
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P-Py Ps—P
0= u(To, Po) ~ (o, Po) + (5 = (T = Tg) # =2 = ===
S

Cy,-C
— P (T~ To)? = 2(Py — Po)? + 22(Ps — Po)?
2TO I s

a a
+3[= (P, = Po) - =(Ps— Po) | (T — o).
P Ps

Bemnunnu S, p, @, Cp, 1 y OepyThca npu Temmeparypi To Ta THCKy Po.
Oo6unBa nmapamerpu To Ta Pg MOXXyTh OyTH 0OpaHi TaKUM YHHOM, 11100 BOHU BiJI-
MOB1AaJIU, BIAMOBIIHO, TEMIIEPATypl Ta TUCKY MOB’A3aHUX 3 MOTPIHHOIO TOUYKOIO
00’emuux (a3. Tenep mu moxkemo 3anucaru Bupas ) (To, Po) = us(To, Po) 1 Bu-
KOPUCTOBYBATH PIBHSIHHSI PIBHOBAru JJIsl pO3paxyHKy BeauuuHu O = T,/ To, mo
€ MIPOIO BITHOCHOTO 3HMKEHHS TeMIIepaTypH ILIaBJICHHS.

Tuck P, y kparui Bupaxaerbcsi piBHsIHHAM Jlaruiaca,

20
P = Pew+

Jie o — MOBepXHEeBU HaTAT, R — paniyc kpamii (piAKoro kiactepy), Pexy — THCK
y ra3oBid ¢azi. s Manux cucteM BEIHUUHOIO Py MOXHA 3HEXTYBATH, TaK SIK
P} > Pey. Tuck P) moxxe OyTu moB’si3aHmil ciBBiAHOMIEHHSIM 07/R 3 Temmepa-

Typoto To, SIK 3alMCaHO Y PiBHSIHHI

g g
—| == 11-(n + Th—=T
ne n = —(1/0)00 /0T Bu3Hauae BINHOCHHUN HAaXWJ TaK 3BaHOI HPSIMOI JIiHIi

ETBemn.
VY Bunaaky kpuctany Kropi-Byneda (c. 286 y [90]) mokazano, mo ¢op-
MaJIbHO MOKHA BBECTU C€KBIBAJICHTHHH TUCK Pg, SKMH 3a1a€ThCS CIIBBIIHOIICH-

HAM:
2
hi

Jlasi BUKOPUCTOBYIOThCS MPUXOBAaHA TEIUIOTA TuiaBjieHHs L = (§ — Sg) Tp Ta

Ps = Pexi +

T€OMETPUYHE CIIBBITHOIICHHS
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CHpaBeUIMBE ISl MAJIUX YaCTUHOK cepuydHoi Gpopmu.

YMoOBa piBHOBAru Mixk piJIKOIO Ta TBEPOK YACTUHOIO KJIACTEpy MOXKe OyTH

2
Ys—OIl| —
Pl

[O'S (s — 2as) — o (1 — 20) (&5
Y

3anucaHa y BUIVISIAL

Cps— C
+ "ST"'TO(l - @)

0=L(1-0)-

s'Ss

2

s'Ss

3

To(1-0)

1
3

+

L
)(svﬁ—)amz(g—ls) , (1.9)

psl'2

1€ 0°s — IOBEPXHEBUI HATST TBEPAOIO Tijia.

Hexrtyroun unenamu apyroro nopsaky y (1.9), maemo Bimomuit Bupas

2
psLrs

1-6=

HabnuxeHHs: mepuioro mopsiiKy MPU3BOAUTH 1O CHiBBiAHOLIEHs [100ca-

Tomcomna.

1300
1100

N 900
700

500

300 1 PRI IR N (YR SN NS S NSNS S RSN US ST ST SR S SR ST S NUT S S RS S R
20 40 60 80 100 120 140 160 180 200 220

D, A

Puc. 1.13. 3anexHicTh TeMIepaTypH IUIABICHHS YaCTHHOK 30J10Ta BIJ iX
po3mipy (D = 2R), ekcniepumenT — Touku [89] Ta TeopeTuuHi kpusi (1.9) mus

pI3HUX 3HAYCHb MApaMETPiB
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Jlpyra ymMoBa pIBHOBAIM Us = {g JO3BOJSE€ OTPUMATH BMpA3 Ul THUCKY
y raszoBiii ¢asi (tuck HacuueHoi mapu). Ha puc. 1.13 mpuBeneHo pesynabratu

PO3paxyHKIB y MOPIBHSIHHI 3 BUMIPIOBAHHSMH.

1.4 Meron pyHKIiOHAJA TYCTUHHA

YeniHui po3BUTOK TEOPii MOBEPXHEBUX BIACTUBOCTEHM METalllB BU3HAUAE
CaMOY3TOoJ[>KE€Ha Teopisl pIBHOBAYKHOTO CTaHy HEOJHOPITHOTO €JIEKTPOHHOIO Ta3y
— Mmetop ¢yHKIioHana ryctunn [30,91-96]. BinnmpaBHOIO TOYKOIO JJIsI BU3HAYE-
HHSI TPOQLIIB €JIEKTPOHHOI TYCTUHHU Ta MOTEHIaly € BapialiiHuii MpUHIMI
XoenoOepra-Kona-MepmMina.

Xoenb6epr 1 Kon nmokazanu [97], o eHepris oCHOBHOTO cTaHy cucteMu 3 Ne
CJICKTPOHIB B 30BHIIMIHBOMY ITOJI1 10HIB € ()yHKITIOHAJIOM HEOJHOPITHOI KOHIICH-

Tpaii enekrponiB N(r). Llei dpyHkioHa Moxe OyTH MPEICTABICHUN Y BUIVISII

E[ng] = —fdrv(r)n(r) + % ffdrdr’% + G[n], (1.10)

ne G[n] e yniBepcanbauM yHkIitionasoM Bijg N(r). YMoBorw MiHIMyMy (YHKIIIO-

Haja (1.10) npu ¢ikcoBaHIi KITBKOCTI €JIEKTPOHIB
f drn(r) = Ne

_ OE[n]
H= on(r)’

€ piBHsaHHs Eiinepa-Jlarpanxa:

(1.11)

sIKe BU3HAYa€ ICTHHHY KOHIEHTpaIlito N(r) B cucreMi. 4 — MHOKHUK Jlarpamxa,
KWW CIIBHAJAE 3 XIMIYHUM HOTeHI1anoM eeKTpoHiB 1pu Ng > 1. Enexrpocra-

TUYHHMH TTOTeHIIal ¢(I') cucTeMu BU3HAYa€eThes piBHAHHAM [lyaccoHa
V2p(r) = —4re[n(r) — Zni(r)], (1.12)

ne ni(r) — KoHIeHTpallis 10HIB (KOHIICHTpAIlisl IO3UTUBHOTO 3apsiay JOPIBHIOE

KOHIICHTpAIlii 10HIB, TOMHOXXEHIM Ha BaJCHTHICTh Z), SIKi CTBOPIOIOTH MOTEHITIAI
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V(r), e — enemenTapauii no3utuBHUM 3apsa. Tomi (1.11) MoxxHA TpeACTaBUTH Y

BUIJISI
oG[n]
on(r)

PiBastaas (1.12) 1 (1.13) m03BOASIOTh BU3HAYUTH PIBHOBAKHHUM PO3MOALT

p=ep(r) + (1.13)

ryctuau N(r) i 3a0e3mevyoTh CaMOy3TrOKCHHS ISl KYJIOHIBCHKOTO MOTEHITIaTy
¢(r).
VY3aranbHeHHs Teopemu XoeHOepra-KoHa st HEHYIBOBUX TEMIIEpaTyp

nposeaeHo J[. Mepminum [98].

1.4.1 Mogeas 3D-mMeTany: cTadJIbHE XKeJie

Jlist cuctemu 3D metan-BakyyMm 3 TUCKOM P Ta 06’emoM V 3anucyerbes Be-
JUKAW TEPMOJMHAMIYHUN TToTeHIian Q[N] y BUnIsai GyHKIIOHATY HEOJHOPITHOT

CJICKTpOHHOI KoHIeHTparttii N(r):

aln = Gln - u f drn(r) + f dr ()[N(r) - p(r)] — AF f drp(r)
(Vs f dr 6(r — R)[N(r) = p(r)] = PV. (1.14)

[Mepmmit nonanok y (1.14) — G[n] — yHiBepcanbHuii (QyHKITIOHAT, 0 BiIOBII-
a€ MOJIeJIl 3BUYAHHOIO KeJe 3 CHEPri€l0 €5 = & + Exc, IO MPUITATAE HA OJUH
CJICKTPOH; i — XIMIYHHUI MOTEHIla)l eIEKTPOHIB; TPETI 10AaHOK BpaxoBye eie-
KTPOCTAaTUYHY B3a€MO/III0 B HEOJHOPIAHOMY MeTall (€ — OIMHUYHUM MO3UTUBHUMN
3apsia); OCTaHHI J1Ba OJJAHKH BPAXOBYIOTh CTPYKTYpYy 10HHOI migcuctemu [30].
Po3nonin nmosutuBHOTO 3apsay o(r) 3a1a€ThCsl OJHOPITHUM BCEPEIUHI METaNy 1
piBHUM HYIIO 11032 HUM. Bektop R BifmoBizae Mexi MeTan-Bakyym; 6 — OquHU-
YHa CcTymniH4YacTa QyHKIIIs.

[To3HaYMMO PUCKOIO 3BEPXY 3HAUCHHS BEJIUYUH B 00CSI31 OJTHOPIAHOTO Me-
tany. EHepris Ha oIUH €JIEKTPOH B 00’€Mi CKJIaIa€ThCSA 3 KOMIIOHCHTH 3BUYAM-

HOTO JXeJle, eHeprii MajenyHra 1 IICeBIONMOTeHITIaIbHOI TOITPaBKU
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_0Ae _ _ _
<6V>WS = na—ﬁg =e+eEt+HWR, WR= Zﬂeznrg,
9ze? 2
n = —-— _ —_——

ne Wr — ycepenHeHa 1o Komipui Birmepa-3eiitia (pamiyca ro = ZY%rg) pisnu-
I MK TICEBIOTIOTEHITIAJIOM 10HA 1 €JIEKTPOCTATUYHHUM MOTEHI[IaJIOM OHOP1THO-
ro MO3UTHBHO 3aps/keHoro (oHy, I — pajaiyc MnceBaomnoTeHmiany Amkpodra,
em(N) — eneprist MazenyHra TOYKOBHX IOHIB 3 BaJCHTHICTIO Z, 3aHYPCHUX Y
OHOPITHUH, HETATHUBHO 3apsPKEHUH (OH, € — BIIACHA EJICKTPOCTATUYHA CHEPTisI
OJTHOP1THOTO HEraTuBHOTO (DOHY BCcepe/iMHI KoMipKu. KoHIIeHTpallisi eIeKTpOHIB
3a/l0BOJIbHSIE YMOBI 373N = 1.

Y naniii poOOTI BUKOPHUCTOBYBABCS BHpa3 i KOPENALIHOI eHeprii
Perdew, Zunger [95], y Bumisiai mapamerpu3aiii pe3ynstaTiB aBropiB Ceperley,
Alder [99].

s Mozaenb BXKe MPOAEMOHCTPYBajia CBOIO 3/1aTHICTh OMHUCYBAaTH MEXKY PO3-
JUTY JUIsl TUIOCKUX Ta KPUBHUX METAJeBUX MOBEPXOHb, TOMY B Iill MOJeil B JU-

cepTaliiHii poOOTI pO3PaXOBYIOTHCS XapaKTEPUCTUKH BaKaHCIM Ta KiacTepiB.

1.5 3araabHi coniBBiZHOIIEHHS IS NMOTeHUiady ioHi3amii Oe3mede-

KTHOI'0 KJIACTepa Ta CIOPiIHEHOCTI 10 eJIeKTPOHY

[Torenmian ionizamii [Py Ta criopinuenicts a0 enekrpona EAyn Bu3Havaro-
ThCSl PI3HUISIMU MTOBHUX E€HEPTiil KiacTepa, skui Mictuth N aromis,
+
IPn = EN — En,
(1.15)
EAN = En — EN,
+ Ne_l - Ne+1 coe .
ne By = B, Ey = B — eneprii cdepu pagiycom Ry 3 HaaaMImkoBMM
N . . .
sapagom Q = +€, Q = —e, Eny = E° - enepria meirpansnoi chepu (Q = 0).

Ne = ZN — noBHE YHUCIIO BAJICHTHUX €JEKTPOHIB y HEUTPAIbHOMY KJlacTepi.
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Axmo xnactep cpepuyHuil Ta cyuiubHUE (Oe3nedexTHumit), oro panaiyc
BU3HAYAETHCS SIK:

Ry = N*%rg,

VY KBa3UKIACUYHOMY HAOIMKEHH1 YCIIIIHUM € MIAXiJ, y SIKOMY MOKJIUBE
PO3KJIaaHHsI XIMIYHOTO TOTEHII1ay BaJEHTHUX €JIEKTPOHIB HEUTPaIbHOIO KJja-
crepa u(Ry) 3a cTyneHsSMH 3BOPOTHOTO pajiyca FTN1 [100, 101], 1 BigmoBigHe

po3kiaganHs muTomoi moBepxHeBoi eHeprii o(Ry) (liquid drop model):

HRN) = po+ g + & + ORY),

+ % + O(Ry),

Jie BEIMUMHU Ug Ta 0" BIAMOBIIAIOTH MJIOCKiM moBepxHi 3D-Merany (Ry — ).

(1.16)

01

O-(RN) =00+ Rn
3 yMOBHM MexaHI4HOi piBHOBaru kiactepa B [102, 103] orpumani npaBuia
CyM, 30KpemMa

20
H1 =5

201 #iﬁ

(1.17)
M2 =5 — 55 5#1(51—5),

ne 01 = o1/oo.
Haragaemo auckycito B Jiitepatypi npo KoedilieHTH @ 1 8 NepIIux po3Mip-

HUX TONPABOK MOTEHIIATy 10HI3allil Ta eHeprii NpUuIunaHHs

Py =Wo+ag,

p (1.18)
EAN =W - B

Benuunan @ = 3/8 ta f = 5/8 Oynu oTpumaHi 3 BUKOPUCTAHHSIM CHII
306pakenHs. IlotiM Gyno 3’sicOBaHO, IO BeMMUMHU o = 1/2 — p1/€? Ta B =
1/2 + p1/€ MicTATH mapameTp i1, XapaKTepHHUIl I KOXKHOTO MaTepiaiy, Tak
camo, gk 1 Wy [23].

JIns Manux KiacTepiB TaKUM MIX17 aHATITHYHOTO PO3KJIaJIaHHS € HeKOpe-
KTHUM, 1 JIJI1 HUX TOTPIOHO CMOYaTKy BMITH PO3paxoByBaTH MOBHY €HEPTilo, 1110

€ CKJIaJHOI0 TTPOOIEMOI0 1 TOTPeOy€e BUKOPUCTAHHS CYTIEPKOMIT FOTEpa.
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1.5.1 Oco0auBocCTi po3paxyHKy KiHETHYHOI eHepril eJIeKTPOHIB KJa-

cTepa

Jlns cynuibHOTO (0e31eheKTHOTO) KilacTepa

p(r) = no(Ry — ),

ne n=3Z/ (47rr8) — KOHIIHTpAIlisl OJHOPITHOTO €JIEKTPOHHOIO rasy, Z — BaJeHT-
HICTh MeTaly.
[ToBHy eHeprito MeTaneBoi cepu 3arucyoTh y BUINISLAL PyHKIIIOHATY eJle-

ktpoHHOi ryctuan En[N(r)]:
Eu=To+ 5 [ dro)ne) - p()+
\[d%nakma)—AEj}Pux0+

<wmif&mqumm,QW)

Ji(S

T = isi - f d3r n(r)Ves(r)

— KIHETUYHA €HEepTisl HeB3aeMOJII0YNX eJeKTpoHIB KUIbKICTIO Ne = ZN. OcTtan-
Hi aBa wienn y (1.19) BpaxoBYIOTb CTPYKTYpYy 10HHOi MiJICHCTEMHU, a TaKOX
CJICKTPOH-10HHY B3a€MOJIII0 Y BHIISII TICEBAOTOTEHIay Amkpodra (auB. me-
tami y [104, 105]).

VY Bepcii Kona-Illema npodine eaekrponHoro posmomiay N(r) 6esnede-
KTHOTO KJIacTepa BHUPAXKAETHCS 3a JOIMOMOTOIO OJHOCIIEKTPOHHHUX XBUIBOBUX
byHKIIH

N
n(r) = > ()P, (1.20)
i=1

XBuib0BI (DYHKIIT i/j Ta BIACHI 3HAYEHHSI €HEPriil & 3HAXOJATHCS PIIICH-

HsM cuctemu piBHsHb Kona-Illema

2
T2 (0) + Ven (1)) = (1) (1.21)
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3 e(peKTUBHUM OJTHOEICKTPOHHUM TMOTECHITIAJIOM

Verr (1) = €p(r) + Vie(r) + (VIws O(Ray — 1),

10 BKJIFOYAE CIICKTPOCTATHUYHUU ¢P(I) Ta OOMIHHO-KOPENSIIMHUA ITOTCHIIAT
Vic[N(r)] B LDA. Bimnik eHeprii mpoBOAMTBCS BiJl BAKyyMHOTO piBHS, TOOTO
eHeprii eJIeKTPOHa 3 HYJbOBOIO KIHETHUHOIO €HEPri€l0, pO3TalIOBAHOTO Ha Be-
JMKINA BIACTaHI1 BiJ 3pa3ka (mpu I > Ryy), 16 HeMae CTOPOHHIX 3apsiiiB.
[TpocTopoBwii pO3MOALT €IEKTPOCTATUIHOTO ToTeHITIaTy ¢(I') 3HAXOTUTHCS

pimenHsaM piBHaHHS [lyaccona

V2g(r) = —4re[n(r) — p(r)] (1.22)

npu (ikcoBaHi YMOBI

f ) dr 4nr?[p(r) - n(r)] = Q/e, (1.23)
0

ne Q — cymapHwmii 3apsij KiacTepa.

1.6 3araabHi BUCHOBKH Ta (pOPMYJIIOBAHHS 3aBJAAaHb JO0CJIIIKEHb

JleTanbHUM aHaAI3 JITEpATyPHUX JXKEPell T03BOJISIE 3pOOUTH HACTYITHI BU-
CHOBKHU:

1. HocnikeHHsT METalliB 3 BaKaHCISIMU METOJIaMH BUMIPY 4acy *KHUTTS, MO-
3UTPOHHOI AHITUISAIIAHOI CIEKTPOCKOMIi MOXKIIMBE JIMIIE 32 YMOBH HasiB-
HOCTI JJaHUX PO MIBHJKICTh 3aXOTUICHHS BaKaHCIEI 1HXKEKTOBAHHX Y Me-
Taj no3uTpoHiB. L5 3anaua posmisiaanacs nuiie ¢incbkoro rpymnoto (Puska,
Manninen) [66] ans Na npu temmeparypi “a0CoOTHOTO HYJS” B MO
“mpocroro (HectabinpHOTO) xene” [106]. Bxe micas myomikarii [66] 3’ s1Bu-
nacs pobota [30], y sKi# 3a1ponoHOBaHa MOJCIb “CTabUIBHOTO kKeje”, 110
JT03BOJISIE TIPOBOJUTH OOYMCIICHHS ISl TEXHOJOTIYHO BAXKJIMBUX METAJIIB,
Hanpukiag Al. OkpiM 1IbOTO MPEACTaBIsE ITHTEPEC BpaxyBaTH BIUIUB TEM-

neparypy Ha JOCIHIIKYBaHI XapaKTePUCTHUKHU.
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2. B pobori [63] O6yno momiueHo, 1o Ha rpansx kpuctamis Al 1 Cu, mouu-
HAIOYU 3 KIMHATHUX TEMIIEpaTyp 1 BUIIE, MK €HEPreTUYHOTO PO3MOILITY
MO3UTPOHIB 3BOPOTHOI eMicii (puc. 1.6) 3MIMIIOETHCS Bropy 3a IIKaJIO
€Heprii 1oJ0 OCHOBHOrO cTaHy B Metani Ha BenuuuHy AU =~ 1 eB (ana-
JIOTIYHA CUTYyallisl 3 XapakTepHUMHU 3HaueHHAMH AU nist pisHUX MeTaniB
crioctepiranacst B po6oti [64]). He3Bakaroun Ha, 3maBanocs 0, O4EBUIHY
pOJIb BaKaHCIH, BEJIMYMHA iX PIBHOBA)KHOT KOHILIEHTpAIlll BUSBHIIACA HEIO-
CTaTHbOIO JJIsi MOSICHEHHS 3CYBY PO3IMOALTY MO3UTPOHIB MO €HEprii mpu
3BOpOTHIN emicii [64]. Jloci eKcriepuMEeHTalIbHO CIIOCTEPEKYBAaHUN 3CYB
y PO3MOIiJIl MO3UTPOHIB 3BOPOTHOI e€Micii Tak 1 He JICTaB aJICKBATHOI 1H-
TeprpeTali, 1o poOUTh HEOJTHOZHAYHUMHU BUMIPIOBAH1 3HAYE€HHS pOOOTH
BUXO/Y MO3UTPOHA. TakuM YMHOM JOCIHIJKECHHS Ta MOSCHEHHS JTaHHOTO
SIBHILIA TPECTABIISIE 3HAYHUN THTEpEC AJI O3UTPOHHOI J1arHOCTUKH.

3. JlochimkeHHs TeMmepaTypHOi 3alie’KHOCTI pOoOOTH BUXONY E€JIEKTPOHIB 3
MeTaliB 100pe Bigomi. OgHAK MOCITIIKEHHS 3aJIeKHOCTI POOOTH BUXOAY
Ta MOTEHIllaly 10HI3alii KJacTepiB BiJ KOHIIEHTpalii 1e(eKTiB HIKOIU He
BUKOHYBaiucsA. [{t0 3agadyy MOXJIMBO BUPINIMTH aHAIITHYHO. Takuii pe-
3yJabTaT MOXKE OyTH KOPUCHUM JUISi BU3HAUEHHS XapaKTEPUCTHK METAIIB,
10 MICTSTh BaKaHCIi, B T.4. pajiamiiiHO MOMIKOKEHUX METaJiB.

4. BruiuB BakaHCId Ha €HEPreTHYHI XapaKTEePUCTHKU KJIACTEPIB 3a BUKIIIO-
4eHHsM omuHUYHMX PoOIT [107, 108] daktnuHo HE mocmimkyBaBcs. Mo-
’KHa 3alpPONOHYBAaTH MPOCTY MOJIETh OAHOPIAHOI chepu 3 MOHOBAKAHCIEIO
y LEHTPI, SKa J03BOJIUTH MPOBECTU CaMOY3TO/KEH1 OOUMCIICHHS PsIIy Xa-
PaKTEepUCTUK, BKIIOYAIOUM 1 €HEprio YTBOpeHHs BakaHcid. Llg 3amaua €

BCJIbMHU aKTYyaJIbHOIO.
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PO3ILJ 2
KIHETUKA TA EHEPTETHYHI XAPAKTEPUCTUKHU ITO3UTPOHIB
Y 3D-METAJIL, IKUHA MICTUTH BAKAHCII

Y nanomy po3aini aucepTalii JOCHKEHO KIHETHKY JIOKaji3allli y BakaH-
Cii 1H)KEKTOBAHOTO y METaJl MO3UTPOHA 13 BpaxXyBaHHSIM OCOOJMBOCTEN MOTO PO3-
citoBaHHs B oOJsiacTi BakaHCli. BUKOHaHO po3paxyHOK WMOBIPHOCTI JOKai3alii
no3uTpoHiB y MoHoBakaHcisax Al, Cu Ta Zn sk ¢yHKIiT Temnepatypu. Bakauncis
MOJIeIIoBajacs MOPOKHUHOIO pajilycy KoMipku Birnepa-3eitiia y Moxeni cta-
01npHOTO Xee. CKOPUCTABIIKCH “3070THM TIpaBHIIOM TiepexoiB depmi-/lipaka,
Ta BBKAIOYH, 110 CHEPTis MMO3UTPOHA BUTPAYAETHCS HA 30Y/KCHHS €IICKTPOHHO-
JTIPKOBUX Map, oTpuMaHa (popmysa MIBUIKOCTI JIOKai3allll MO3UTPOHA Y BaKaHCI1
MeTany gk (QyHKIis Horo eHeprii. [y Tepmali3oBaHHUX MO3UTPOHIB OOUHUCIIE-
Ha TeMIepaTypHa 3aJeKHICTh MIBUAKOCTI Jokamizalii. [lo6nusy norpiitHoi To-
4Ky (TUIABJICHHS), 11 3HAYEHHS BUSBUIIOCS 3a MOPSAJIKOM BEIMYUHU, OTU3BKUM 10
MIBUAKOCTI aHITIAL].

Ha ocHoBI1 nomnepenHix pe3yibTariB 3 OLIHKK BIUIMBY BakaHCid Ha po0o-
Ty BUXOJIy BUIBHHMX ITO3UTPOHIB, BIEPIIE PO3MISIHYTO JOJATKOBUI BILUIUB MOOIH-
3y TIOBEPXHI METaly 3aps/DKEHUX IMO3UTPOHAMU BakaHCIH. Y HaOmmkeHH1 2D-
HAATPaTKU, MPOBEACHI OLIHKK BEJIMYMHU MPUIIOBEPXHEBOIO BakaHCIHHOTO Oap’-
epy. [lokazaHno, 1110 TPUUMUHOIO 3CYBY €HEPreTUYHOTO PO3MOJLIY MPU 3BOPOTHIN
eMicii MO3UTPOHIB, BUSBICHOTO y €KCIIEPUMEHTAX, € O10Kana — “BiIOUTTS HU3b-
KOCHEPreTUYHUX MO3UTPOHIB BaKaHCIMHUM Oap’epoM Hazaj y 00’€M, /i€ BOHU Y

MOTATBIIIOMY 1 aHITUTIOIOTb.

2.1 IBuakicTh JoKagi3alii MO3UTPOHA Yy BaKaHCIl MeTaJLy

EnexTpoHHO-TTO3UTPOHHA aHITLIALIS JAa€ YHIKaIbHY 1H(opMaIiito mpo o0’-

eMHY [0, 8], mOBepXHEBY [7] €JIEKTPOHHY CTPYKTYpPY TOYKOBHUX AC(PEKTIB YUCTHX
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marepiaiiB Ta ix okucniiB [9, 0], a Takox kepamik [109] Ta nanoctpykryp [11].
Benukwuii iHTepec mposBIsETHCS 0 MUTaHb JIOKATI3aIlil TO3UTPOHIB HA TOYKOBUX
nedexTax Ta eJeKTPOMarHiTHUX macTtkax [6, 110].

Sk nokazano y miaposaun (1.1.3) 13 oTpuMaHOro eKCIepUMEHTAIBHO Ya-
coBoro posmnonainy anirumsiiiaux ¢otoniB N(t) (muB. puc. 1.5) MOKHA 3HAWTH
n00yToK W,.Cy. OnHy 3 BelIHUYUH vy a00 Cy JOBOIUTHCA PO3PaXOBYBaTH TEOPETH-
yHO. OCKUIbKM MO3UTPOHHA AHITUIALINHA CHEKTPOCKOMIS BUKOPUCTOBYETHCS SIK
METOJ] BU3HAUCHHS KOHIIEHTpalii 1e(heKTiB TEOPETUUHUN PO3PAXYHOK HIBHUAKOCTI

JIOKaJIi3alii vy € aKTyaJbHUM.

2.1.1 Moaean JokaJjizamii

BianosigHo no “3onortoro” mpasuia depmi-Jlipaka, MoBHY WMOBIPHICTh
Nepexoay MO3UTPOHA B JIOKAJTI30BaHUM CTAaH B OJMHHUIIIO Yacy BH3HAYAIOTH Y
BUIIISAL [66]

2 2
v="" ) PiPiIMi¢o(Ei — Eo). 2.1)
i, f

ne Pj 1 Ps — IMOBIpHOCTI IOYaTKOBOTO 1 KIHIIEBOTO CTaHy cucreMu, M; ¢ — MaTpu-
YHUM eJeMeHT mnepexony, E; 1 E — moBHI eHeprii cuctemu. YMoBa 30epexeHHs

eHeprii QiKCyeThCs AenbTa-PyHKIIIEIO;

h2
E-Ei=5_—+ E° + ﬁ(kz —K?), (2.2)
P

hZQZ . . b . 9
1€ e — KIHETHUHA SHEris I103UTPOHa, E® — eneprist 38’3Ky MO3UTpOHA

ee 2 . e
y BaKaHCIi, %b(k2 — K'®) — eHeprisi, MO IEPENAECTHCS CIEKTPOHY, § — XBUIBOBOI
BEKTOp MO3UTPOHA 0 30ymkeHHs, K Ta K’ — XBUIbOBI BEKTOPHU CIIEKTPOHA [0 i
nicis 30yIKeHHs, My 1 Mg — Mack NO3UTPOHA Ta EJNIEKTPOHA.

Jlasii BUKOPUCTOBYEMO 3aKOH 30€pekeHHs eHeprii y BUIIISII

2Me 72y
72 2 _ _ b
K-k =27 Agp, Agp:_z p+E. (2.3)
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Ta IMMO3HAYCHHA

k+q=K".

Bubepemo cucremy koopauHar (puc. 2.1) TakuM 4YUHOM, 11100 BEKTOp (

JexaB y ropusoHTanbHil miomuHi (Keky). Toni
gz = O, k/z = _kz,

k/x = kX + qx, k/y = ky + qy.

Ta

K2 =12 = (K5 + Ky +K2) = (K + K+ K2)
= O + 20k + G + 20Ky = 2Ol + Gy ) + 07 (2.4)

[Tpupisntotoun (2.3) Ta (2.4), OTpUMAEMO PIBHSHHS 3B’ SI3KY

: 2
2kqsing cos(p — ¢') + ¢ = h—rgeAgp. (2.5)

Hamni Bupa3 (2.5) miactaBusgeTses B (2.2).
Tenep enepreTuyHa 3ajJeXHICTh UMOBIPHOCTI 3aXOIUICHHS MO3UTPOHA Ha-

OyBae BUIVISY:

2r
v(e) = - D 2PiPuig My o *6(E; - E), (2.6)
k q

2 . 242
ne i — Ef = h—mqu sinfcos(p — ¢’) + g—nl — Agp, a MHOXKHUK 2 XapakTepusye

3aceneHicTh crany K. MarpuyHuil eJ1eMeHT 3alucyeTbes SK:
Mgq = fdrfdr' P (r, r')V(r - )P (r,r), (2.7)

ne Wi, 1) = P (Oys(r), Wir,r') = yR)ys(); ¥, ¥f i yf, v§ — xBuboBi
dbyskuii g0 1 micnas 30ypeHHs mo3uTpoHa (B Todlll I) 1 elexkTpoHa (B Toull r’),
BiZnoBiIHO; V(r —T1’) — €IeKTPOH-TIO3UTPOHHUH KYJIOHIBCHKHI MOTEHIIIa. Buko-
PHUCTaHHSI NIEPIIOTO MOPSAKY Teopii 30ypeHHs B popmynax (2.1) — (2.7) Bumarae

IPOBOAUTU OOYUCIICHHS ISl He30ypeHOi MO3UTPOHOM BaKaHCII.
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Po3scisanii
CJIICKTPOH

|
~
/‘ ~
~
~~
IInomuna
[aiHHA

—_—

Puc. 2.1. Cxema po3scitoBanHs enektpona. 6§ = kk,, ¢ = qK,, ¢ — KyT Mix

npoekuieto Bekropa k Ha mnomuny (Kyky) Ta Biccro (Ky)

B cuny cepuunoi cumeTpii 3a7a4ui XBUIbOBI (DyHKIIIT BUTBHOTO MO3UTPOHA,
o0epeMo y BUITISI XBUII1, 110 PO3CIIOETHCSA HA CHEPUUHOMY TOTECHITIAI:
I o
Ple) — 1 AP (@) ryMay+ym p
wP(r) = vaz > eTOLY@)] YU (r), (2.8)
=0 m=-|
Q- i 00em, i = V-1, Y" - ' iKn; oF
e HOpMYIOUUi 00°eMm, | , Y| — chepuuni rapmoniku; dasu o, (),
panianbHa QYHKIIST PO3CISTHOTO MO3UTPOHA, 110 PO3PAXOBYETHCS JJIsI CaAMOY3TO-
JHDKEHOTO Mo 110 BaKaHCII.
J71st T0Kani30BaHOrO MO3UTPOHA XBUJILOBA (PYHKIIISI TIPUITMAE BUIIISI
00 I’
p — m p
OED IR AGIEA))
=0 m=—1I"
m . . . . . . p
ne Y, — chepuuni rapMOHIKY; paaianbHa QyHKIIS JOKali30BaHoro RY mosutpo-
Ha, 10 PO3PaXOBYETHCS JIJISI CAMOY3TO/KEHOTO MPOQLII0 BaKaHCI].

Ha puc. 2.2 naBeieHi eHepreTHyHl JiarpaMy €JIeKTPOHIB 1 MO3UTPOHA B
OKOJII OIMHMYHOI BakaHcii Al, moOynoBaHi 3a pe3ylibraTaMU CaMOY3TOKEHUX
po3paxyHkiB poOiT [1 11, 112] B Moaeni cTab1apHOTO XKemne MeTany. BakaHncis mis
CJICKTPOHIB SIBJIsIE COOOI0 MOTEHIIWHUIM Oyrop, a ajis MO3UTPOHA — sIMY, B SIKiH
peai3y€eThCs JINIIE OJWH €HEPTeTUYHUN PIBEHB JJIs MO3UTPOHA, S-CTaH. Y Bij-

MOBIAHOCTI 10 YMOB 3aCTOCOBHOCTI BUpa3y (2.1) Ay HamIMX pO3paxyHKIB CIiJl
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BUKOPHUCTOBYBAaTH €HEPreTUYHUHN CIEKTp HelnePOPMOBAHOI JIOKAII3AIIE€I0 TOTeH-
HidHOI siMu. SIK BUIUIMBAE 3 puc. 2.2, dopma MM JJig TTO3UTPOHIB 1 Oyrpa s
CJICKTPOHIB JaJIeKl BiJl MPSMOKYTHHX, a BEpXiBKa Oyrpa JIeKUTh BUIlE (PepMiiB-
CHKOTO PiBHSI €JIEKTPOHIB Maixe Ha | eB.

[Ipu mocnimoBHOMY OmnMuCi XBWJIbOBI (DYHKIIT €EKTPOHA y BiJMOBIIHOCTI

3 €HEepPreTUYHOI0 Jiarpamor0 JJisi €JEKTPOHIB Ha pHC. 2.2, TaKOX MaroTh OyTH

4

Enepris, eB

-12

-16 1 1 !
0 1 2 3
r/r,
vg’ff(r) — mpoisIi TOTEHIIHHUX EHEPTii eJIeKTPOHIB Ta MO3UTPOHIB sl HE30Y-

penux (CymiaeHi JiiHii), Ta 30ypeHux (IIyHKTUpHI JIiHII) BaKaHCii; &F — eHepris
®epmi, 110 BIAPAXOBYETHCS BiJ JHA 30HH MPOBIIHOCTI €EKTPOHIB; Wg’p — po-
OOTH BUXONY €JEKTPOHIB Ta MO3UTPOHIB 3 METajJy B HEXTYBaHHI HasBHOCTI Ba-
KaHCI1H; £p1 — €Heprii 3B’sA3Ky MO3UTPOHA y HE30ypeHiil BakaHCIi 111 OCHOBHOTI'O

(I = 0) ta nepmoro BipryansHoro (I’ = 1) piBHIB eHeprii

Puc. 2.2. O6’enqnana eHepreTuyHa jaiarpama Juisi BUIbHUX MO3UTPOHIB Ta

CJICKTPOHIB 1Mo0n3y BakaHcii Al
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3anucaHi y BUIVSLAL, aHajoriyHoMy (2.8). BHacnigok nporo B (2.6) HeoOximHe
BUKOHAHHS 14-KpaTHOTO YMCENbHOIO IHTETpyBaHHS 1 MiICYMOBYBaHHSI.

Sk BUMYIIIEHE CTIPONIEHHS, SIK 1 B poOoTax [65,66], OyneMo HeXTyBaTH po3-
CIIOBAaHHSIM €JIEKTPOHIB Ha BaKaHCii, TOOTO HASBHICTIO MOTEHIIIHOTO Oyrpa s
eJIEKTPOHIB Ha puc. 2.2. lle crnpolneHHs 3HIKYE TOUHICTh MOJIEN, MO-TMepiie, B
HaAMNIIKaBIIIOMY Jl1aria30H1 €HEePriid, a Mo-apyre, MoOJnU3y BaKaHCIi, e 0JHOYACHO
MOBUHHI 3HAXOJUTHUCS MO3UTPOH 1 €IEKTPOH, OOMIHIOIOYUCH EHEPTIEIO.

BianoBigHO 10 1IbOTO MPUMYIICHHS XBWIbOB1 (DyHKIIT MAatOTh BHIJISI TIJTO-

CKHX XBUIJIb

1 ..
Yi(r') = ﬁé“, (2.9)

ye(r) = %é@ﬂ)*’. (2.10)

[TincraBnsroun Bupasu (2.8) — (2.10) y (2.7), orpumaemo
1 f * Ciler’ i ’
Mg = — [ dr|yP@)| ¢P(r)- f dr'e K dk+ DTy (r - p)
9.4 \/ﬁ [ [ ] f

= fdr [wip(r)]*gl/?(r)-fdr'eiqr/V(r—r')

Bpaxyemo, 1o f dr'éd”V(r - r’) = Vq€% — Busnauenns ®yp’e Binodpa-
JKEHHS.
Tomi,
Mgq = fdr[ ip(r)]*‘ﬁ?(r) - Vge

BUKOPHUCTOBYIOYH PO3KJIaJaHHS
I//
47rZ DY @Y @ (ar),

|// rn//_ |//

OTPUMAEMO:
M@J,qudr [wip(r)]*‘p?(r)'vqeiqr

-5 [ [Z PRCRNEOIRACTAG

3/2
Q 0 m=-I
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|//

i Z ORI Ve Y Y IV @1 @i (ar)

__|/ |// Orn//__l//

|II

UES Y ele e 3 Y v @r

=0 m=—| I7=0 m=—1"

i Z IR I"fdm[Yf“()] YT@YT(E) (2.11)

=l

g (1) = f drrVeu?, () RE (1) jy. (ar). (2.12)
0

ne Vq — ®@yp’e-BijoOpakeHHsT KYJIOHIBCBKOTO INOTEHIialy (OTPUMAaHUHU SK pe-
3ynbTar BHOOpyY crpomierux ¢yHkimii (2.9) ta (2.10)), ji» — chepuuna GyHKIIis
beccens. I3 cTpykrypu migiHnTerpaibHoro Bupasy (2.12) BUIIHO, 10 BUKOPUCTA-
HHS PEaTICTUYHUX XBWIbOBUX (DYHKIIIH €JIEKTPOHIB, a HE TNIOCKUX €JIEKTPOHHHX
XBHJIb, TIPU3BEJIC 10 MEHIIOrO 3Ha4YeHHs |y 1 (I).

Hanani y dopmyni (2.12) mu yTouHioeMo Vg, BpaxoByIO4YM €KpaHyBaHHS
3apsly MO3UTPOHA Y BUIVISIL

ré 1
o* e(q.r)’

4= -
ne €(Q,r) — mienekrpuuHa (QyHKIIIS B3a€MOJIIFOYOTO HEOIHOPITHOIO €IICKTPOH-
HOTO Ta3y, 10 BPaxoBy€ €JNEKTPOCTATUYHY, KIHETUYHY Ta OOMIHHO-KOPEJSIiNHY
B3aemonito (muB. Jonatok b), Ha BimMiny Bia motenmiany Tomaca-®depmu, 1o
BUKOPHUCTOBYBABCSl aBTOpamu y [66].

Y dopmyii (2.11) nocratHim € Bukopuctanus 3HadeHHs |’ = O (B BakaHcil

peanizyeThes TUTBKU OJIMH 3B’ si3aHuit cTaH). Tomi Y0 () = TaK SIK IPU LbOMY

2\/”
sHaueHns Y] (T) He 3aJIeXKUTh Bil KyTiB.

|//

Mgq = (gg/)z Z Z (-i)'e '5p(g)YmﬂZ Z i (@]

=0 m=-| I""= Om”— [

xz—ﬁl.,m” [artr@rye ® )
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Tak six chepuuni pynkuii € Bnacuumu pyHkuismu omneparopy Jlamnaca y

chepuyHiil cUCTEM1 KOOPAMHAT, BOHU YTBOPIOIOTH OPTOHOPMOBAHY CUCTEMY:

fda?Y.”‘(r‘) Y)Y (O] = 61 Smmr

ae O 1»Omm — cuMBosI KpoHekepa

Toni (2.13) nmpuiime BUTIISIA

Mg = ‘3’;2 ZOn;( )'0)'e™ @] Y@ '°f'
(477 ol m m
= Zomzl @I Y@ (‘)2'\‘}'

s | Mg,ql2 OTPUMAEMO:

4
|M9,q|2 = Mgq - Mgq" = (47)° Z Z aiof [Y™(@)]* Ylmm 10

93/2 Om——I \/_
(4”)2 N 50\ ot ey 1,00
o 2 Zé @M@
A
- ™) Z Z e IYM@)]" \ﬁmﬂhmz Z &Y @Y @] v
=0 m=-|
Jlami  MpOIHTETrpyeEMO | Mg q | ? 3a  dog  BpaxoByioum, i

[ dogY™ @ [Y" @] = 611 0mum:

4 p_ p
fdaﬁlMg,QF ()’ ZZe“‘S MNioilyor

» Z V@M @) [ dor @I @)

m=-| nr=

-y Z 2 Y @@L

m=—|
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BuxopucroByroun Teopemy ckianaHHs cheprUuHUX FapMOHIK

2I+1

ZY| @Y @] =

m=—|

2 (4n)® 5
f dog[Mga| = ~5- D@+ )i,
1=0
[epetinemo B (2.6) Bix migcyMoBYBaHHs 110 iHTerpyBaHHs 3a K 1 Q:

3thdqq Z(2|+1)|IOI
2+2

hek
fd kPkPk+q5(—q sindcos(¢ — ¢’') + Z—r::e - Agp) (2.14)

OTPUMAEMO

Vi—o () =

Posrnsuemo B (2.14) interpan 3a d°k. BukopuCTOBYIOUM BIACTHBICTH

nenbTa-PyHKIi

6 (L —n)
S (F F() =0
@)= 2. aezag, F @
3HAXOJIUMO TOX1THY
d (#%kq 2P kg .. )
@ —SIﬂOCOS(cp (,0)+ ﬁ —AED) —E Slﬂ@Sln((p—(p)

1 KOpeH1 apryMeHTy J-(yHKIIi1 BIIHOCHO ¢

2meAsp . q2
=¢ + arccosi 2.15
P12=¢ 2kq S (2.15)

VBenemo nosHauenns X = Q/Ke, Y = MeAep/(7%k2), ke = (3mNe)Y/3, Ne —
KOHIICHTpAIlisl OJTHOPITHOTO €IEKTPOHHOIO a3y B 00’eMi Mertany. Toji 1HTerpy-

BaHHS 0—(YHKIIT 32 ¢ Jae

h2q2
fdgoé(—smecos(go ')+ me - Ae )

2r
Me fd ( 6 (¢ — 1) 0 (¢ — ¢2) )_
—— | do|— + — =
|[n2kqgssing| ) Isin(gr — @)l Isin(p2 — ¢')|
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2 2
Me _ - Me . (2.16)
_ Mep, 2 : y ke
[n2kq sing) - \/1 - ( AL ) hexicysirfo - [ (£ - 5) ]
3 (2.15) Ta ymOBH
MeAg, — q2 k
1>sing> |2 1| _2EF
2kgsing x 2|k
3HAXOAMMO 00JIACTh BU3HAYCHHS KyTa 6 B iHTepBaii [0, x]:
TENep — X\ ke |
6, = arcsin 2—>— :arcsin(z——)— 0> = 7t — 61, 2.17
! ’{2qu [ka_Zﬂl @.17)
1 3miHHOI K:
meAgp g y X
kK> |—=——-=|=ke|= - =|. 2.18
“h2 q 2| TIx 2 (2.18)
[nTerpyBanHs Bupasy (2.16) 3a kyrom 6 3 ypaxyBanusm (2.17) nae
ome [ i
2Me f 40 sing _
hqu e AR 2
n st - (Eyr)
2% Aep—q
U= cos#, du= —singdo, =1- ( : )
TxAe q2 =2 Aep—Q2 -
Up = \/1 — ( 2k; \/ p q
u\|‘>  2x
f _ __mearcs.n() _zme
hqu Vaz — 2 7i2kq all, h2%kq
110 JIO3BOJISIE TICPEUTH JI0 OCTATOYHOTO iHTerpyBaHHs (2.14) 3a K.
[Tpu nynwvoBiit Temmneparypi (T = 0)
Pe = O (K| —ke), k> key1-2y, (2.19)

ne ® — onuHauyHa ctyniHvacta ¢yHkimis. ['panuti inTerpyBanHs 3a K Bubuparo-

Thest 3 yMOB (2.18) — (2.19).

A 2
Me P_Q‘g kg—%Agpgkp,To6T00§ySX—X7

Skwo |32 T 2



ke
f dk k = k2y
ke \/1-2y
SK110 kﬁ—@—?Agp_ h—”?% %’Skp, TOOTO ‘x <y<x+%, 10
ke
k2 Yy  X)\2
Kk=-F 1—(———)
f d 2 [ X 2 ]
kel -3
HOua T >0
1
Py =
expla(k2 - k3)| +1
Pk/ = 1— 1

exp|Aep + (k2 — K)| + 1
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_ _ 1 :
e @ = 5. HUKHA rpaHuIs IHTErpyBaHHS 3a Kk Bu3HauaeTbest ymoBoto (2.18).

Po3B’ 130k Mae BUIIIAT

27T 1 1
me f dk k ___|1- —
w2 K- ke
'%%—%l exp( . kBTF) +1 eXp(Agp + o ﬁ) 1
r kexp(ﬂ T ";;f)
th f AS K2 k2— kF 2 ke-k2 -
sy exp e+ T )+ 1) (exp(zme : kBTF) + 1)

%Ie?

A= exp(Asp) X = exp( 2 K- kF)

2me  kgT _
2 As
o ok o=l
27rm§kBT fd
h4q A 1 Ax+1 x+1

w2 k-

spr(,, 1ol e
h'q exp(%) -1 exp(%e : k;;(é) +1

ko
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Ae
—ZﬂmngT [1 - e ]In 1+ ! —zexzp(—ﬁ)
o U em(ir) -1 | exp(f )+ exp(-12)

B

9

_ MeAep _q

Takum ynHOM

2 ® N
vo(g,T):ﬂzh—rTrEz 0 dqqz(2|+1)l'?0"
=0
2, 0<y<(x-x/2),
g 2 2 ?12). T=0;
a1 Orx=x22] =82 <y < (x+¢2), T=0; (2.20)

0, Yy B IHIIOMY BUIAJKY;

kT [1+(A-1)In|1+(@-AY/(B+AY, T>o.

ne A= eXp[Asp/(kBT)], B= exp[a(kg - ké)], Ko = kely/X — X/2|. Y KOHKpeTHUX
oOurCaCHHAX MU oOMekuncs 3HadeHHsaM | = 10 B Bupasi (2.20).

VY Bunaaky komu Q y (2.20) oOpaHo sk 00’€M, IO MPHUIIATA€ HA OIWH
aToM IpaJiky, IIBUKICTh JOKai3allii Oyae OTpuMaHa y po3paxyHKy Ha OJJUHUYHY
KOHIICHTpAIlit0 Ae(heKTy.

Sxio nepen 3axOIJICHHSIM BaKaHCISIMUA MO3UTPOHU TEPMalli3oBaHi, TO AJIs
IHTepIpeTalli eKCIepUMEHTAIBHUX JaHUX HEOOX1THO OINepyBaTH YCEPEIHEHOIO

BEIIMYUHOIO (£ = g/ 2mp)

2 * e
mFWfo dep VEp vo(ep, T)e . (2.21)

Vke nist KIMHaTHUX TEMIIeparyp yac TepMaliizailii CTaHOBUTh BChOTO KiJib-
Ka TKOCeKyH [67].

dopmynna MBUAKOCTI 3aXOMIEHHs o3uTpoHa (2.20) oTpumana uist mpore-
CiB, B SIKUX €HEpris MO3UTPOHA BTPAYAETHCS Ha 30YIKEHHS €JIEKTPOH-IIIPKOBUX
nap. EneprooOMin Mo)ke TpOXOAUTH TAKOX 1 MO KaHay 30yIKeHHS aKyCTHUHHUX
(OHOHIB B TOMY BHUIIAJIKY, SIKIIIO €HEPT1S 1 IMITYJIbC Mepeiadl MeHIIe 1e0aiBChbKUX.

Jlnst Al eneprist 38’513y EP mosurpona B Bakamcii Ginblie, Hixk Temmeparypa Jle-

0ag Tp = 394K ~ 30 meB.
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2.1.2 Pe3yabraTH PpO3pPaxyHKiB IIBHAKOCTI 3aXOIUVICHHS NMO3UTPOHA
BAKAHCIEI0 TA eHEePreTMYHUX XaAPAKTEPUCTHK JIOKAJTI30BAHOIO

MO3UTPOHA

EdexruBHMIA MOTEHITIAN I TO3UTPOHA ngf(r) CKJIQIA€ThCS 3 KOMITOHEHT,
onHa 3 skux (Eg) onmucye HeenekTpocTaTHuHy MO3UTPOH-10HHY B3a€EMOJIIO B KO-
XKHIN 3 KoMipok Biraepa-3eiitiia paaiycy ro (ro = 2.66, 2.99, 3.33ap ans Cu, Al,
Zn, BignoBiaHo). Enepretuyna giarpama ajisi MO3UTPOHIB Ha puc. 2.2 moOymo-
BaHa 13 3HaueHHsIM Eg = 4.77 eB, sxe BukopuctoByBasniocs Hamu panimie [112].
BenuuuHa eHeprii 3B’s3Ky MO3UTPOHA B BakaHCii EP = —gg B JaHOMy Habmm-
JKEHH1 BU3HAYAETHCS TTOJIOKEHHSIM €HEPT1l OCHOBHOTO CcTaHy £y < O mo3uTpoHa B

3 METOAMYHHUX MIpPKyBaHb, IS PO3PaxyHKy IIBHIKOCTI 3aXOIUICHHS II0-
3utpoHa B Al oOurciieHHs BUKOHaH1 Takox 1 31 3HaueHHIM Eg = 10 eB. Ilpu
TaKOMY BEJIMKOMY 3HaueHH1 Eg sima 1inkom Moxke OyTH 3aMiHEeHa MPSIMOKYTHOIO,
o BiAMOBigae mMozaeni podotu [65]. He3Baxarouu Ha Te, 110 Take 301IbIICHHS
Eo npussene no “xaractpodiuHoi”’ po30DKHOCTI 3 €KCIEPUMEHTAIbHUM 3HAYCH-
HM POOOTH BUXOJY KBa3iBibHUX MO3UTPoHiB W', IIpeCTaBIsA€ThCS KOPHCHHM
MOPIBHSIHHS 3 CAMOY3IO/UKEHUMU pe3yibTaraMu poootu [66], B AKii aBTOpU BHU-
KOpUCTOBYBaM 3HaueHHs Eq = 7.2 eB.

Ha puc. 2.3 (@) Ta (6) HaBeneHi po3paxoBaHi 3a Gopmynor (2.20) mBu-
KOCT1 3aXOIUICHHSI BakaHCi€l0 Al BUIBHOTO MO3UTPOHA B 3aJIEKHOCTI BiJ HOTO
eHeprii Mpu TPhOX 3HAYEHHAX TEMIIEpaTypH 1 ABOX 3HaueHb Eg. TemoBe po3im-
pPEHHS MeTajy HaMU He BpaxoByBajocs (CepefHs BIACTaHb Mk atoMamu Al mipu
3miHi Temneparypu Big 300 K no T, 3miHI0€THCS TpUbIu3HO Ha 1 %). ['padikamu
Ha puc. 2.3 (a) BiNOB11al0Th 3HaUeHHS &9 = —4.16 eB 1a &1 = +3.97 ¢B, a puc.
2.3 (6) — 3naueHHd B Ta0n. 2.1. SIk BUIIIMBA€ 3 PUCYHKIB, OCHOBHUI BHECOK J1a€
p-xomnonenTa (I = 1y dopmymi (2.20)), sika hopMye TepuInii MaKCUMyM 3ajie-

KHOCTI Vo(&p) Mo6aM3y pe3oHaHCHOI eHeprii. 31 3MeHIIeHHAM Eq el Makcumym



14 -1

v, 107°C

14 -1

vy, 107°C

a — 1 inouHu smMu Eq = 4.77 eB; 6 — misa riinbunm smu Eg = 10 eB
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Puc. 2.3. IlIBuakicTe 3axomieHHA BakaHCi€lo Al BUIBHOTO MO3UTPOHA B

3aJIeKHOCTI BiJl MOr0 €Heprii mpH TPbOX 3HAUYECHHAX TeMmIiieparypu metany. s

T = 800K npuseneni BHecku S, p, d, f —xoMIioHeHT
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Tab6u. 2.1. Camoy3rokeHi 3Ha4eHHs eHeprii & ocHoBHoro (I’ = 0) i mep-
moro BipryanbHoro (I’ = 1) ctaHiB mo3uTpoHa B HE30ypeHIM BaKaHCII JNESKUX

MeTaliB. 3HaYeHHS HaBEJEHI 3T1HO 3 BIJIIKOM €Heprii Ha puc. 2.2.

Benuuuau| Al | Cu | Zn
Eo,eB | 4.77 | 490 | 4.63
g0, eB |-0.74/-0.30,-0.56
e,eB | 1.86 | 1.22 | 1.71

3CYBA€ThCS B 00JIACTh BUCOKUX €HEPTiil 1 posmmBaeThes. Ha puc. 2.3 (a) ta (6)
mis T = 800 K naBeneni Baecku S, P, d, f —xommonent. B mimomy, ¢opma kpu-
BUX Ha puc. 2.3 (a) y3romKyeThCsl 3 aHAJIOTIYHUMHU B pobOoti [66] mpu T = O,
OJIHAaK CIIOCTEPIraloThCs BIAMIHHOCTI B YHCIOBHMX 3Ha4YeHHAX Vo(gp), 3yMOBIIEHI
BIZIMIHHOCTSIMUA MOJIEJIEN.

Ha puc. 2.4 npuBeneHa paaiaibHa P-KOMIOHEHTA XBUILOBOT QYHKIIIT JJist
PI3HUX €HEeprid po3CiOBaHHS MO3UTPOHA. 3 HAOIMKEHHSIM 10 PE30HAHCY XBH-
J60Ba (DYHKIIISI BCE OLIBII JIOKATI3YETHCS B OKOJII BaKaHCI.

Ha puc. 2.5 npuBenena po3paxoBana 3a (2.21) TemneparypHa 3aleKHICTb
IIBHJIKOCTI 3aXOIUICHHSI TepMalli3oBaHHUX No3UTPOoHIB vo(T) Bakaucismu Al, Cu
Ta Zn. 3 HUX HalCUJIbHIIIA 3aJIeKHICTh A1 Cu Ha MOPSAOK MEPEBUIILY€E 3HAYCHHS
st Al JIist mopiBHAHHS HaBEICHO PO3paxyHOK Takox st Eg = 10 eB (Al). Sk
Mu 0a4uMO Ha mpuKiaal Al, He3Ba)karouu Ha 3HAYHI BIJIMIHHOCTI KPUBHUX Ha PHC.
2.4 ta 2.5, npu ycepeIHEHH] 111 BIJIMIHHOCTI (aKTUYHO CTUPAIOTHCS HA pHC. 2.5.
OcHOBHUI BHECOK SIK 1 paHille Ja€ P—KOMIIOHECHTA.

3a 101moMOTor0 po3paxoBaHuX BeaudrH vo(T) MOXKHA OIIHUTH TEMIIEpaTyp-
HY 3aJIeXKHICTh 1HTEHCUBHOCTI |2 y (1.5). JI7s bOro BUKOPUCTOBYEMO TEPMOIM-

HaMiYHE BM3HAYEHHS BIJIHOCHOI PIBHOBA)XHOT KOHIICHTpAIlll BaKaHCIH y BUTTISAII

cy(T) = 10 2e>/kegrev/keT, (2.22)



0.2

0.0

Puc.

- 0.1
50

AL E, =477 ¢B

1-0.3¢eB;
2-0.7 eB]
3-1.3¢B;
4-19¢eBj

N

r/a,

8 10 12

- p . o .
p—xBuI ug,l:l(r) JJISl PI3HUX €HEPriii £p PO3CIAHOIO MO3UTPOHA

20 —————————

—— AI(E, = 4.77 ¢B)
— — AI(E,= 10 eB)
--—Cu

- - -7n

1.5
o
= I
— 10 t
S L
>o
0.5 +
0.0
0.2
Puc.

Ji31pOBaHHUX TMO3UTPOHIB, pO3paxoBaHa 31 3HaYeHHsMH Egp 3 Tadm. 2.1.

Tm = 933 1358 693K mgusa Al, Cu, Zn, BiAIIOBIIHO

71

2.4. KoopauHaTHa 3alieKHICTh paaiaibHOl XBUJIBOBOI (PYHKIIIT

2.5. TemmeparypHa 3aJIeKHICTh IIBUAKOCTI JOKaji3alii TepMa-
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ne Sy = 7kg — Benmmumna entpomii, &, = 0.66 eB — enranpmis (abo eHepris)
yTBOpeHHs BakaHcii B Al [64], ¢,(Tm) ~ 3- 1073, dopmyna (2.22) Ta 3HauYeHHS
nmapaMeTpiB J1at0Th MPUOIU3HO B 7 pa3iB OLIbIINI 3HAYEHHS KOHIICHTpAIlii, HIXK
BrKoprcToByBanucs Hamu y [32]. JInsg Al 15(T) =9-10°1a0.11mpu T = 0.6 Ty
1 T, BIAIIOBIIHO.

HasiBHICTD “NOpOKHIX™ BaKaHCIW MPU3BOIUTH A0 3MIIICHHS JHA 30HHU IPO-
BIJIHOCTI BUIbHUX MO3UTPOHIB [ | | 2]. BuHMKae mUTaHHS, 32 SIKHUX YMOB 3apsKEH1
MO3UTPOHAMHU BaKaHCIi MOXYTh BIUIMHYTH Ha €HEPIil0 OCHOBHOTO CTaHy BUIBHUX

MO3UTPOHIB.

2.2 OuiHka poJii BaKaHCiii B eHePreTHYHUX XapaKTepUCTUKAX MO3HU-

TPOHA. AHAJI3 3BOPOTHOI eMicil

2.2.1 OwuiHka BakaHCIHHOr0 BHECKy B po0OTYy BHXOAY €JIEKTPOHIB i

MO3UTPOHIB 3 METAJIIB Ta KJacTepiB

[lorenuian iownizamii IP BimpHOrO KilacTepa aromiB meTtaiy, ab0 OCTPIBIS

Ha MAKIaALN, MOKe OyTH MPEICTaBICHUN y BUMIISAII JBOX JIOMAAHKIB:
IP = We + €?/2C, (2.23)

ne We — po6oTa BUXOLy eleKTpoHiB, €%/2C — eIeKTpoCcTaTH4HA eHEPris 3apsIKH,
C - enexrpuuHa eMHICTh. OOMIBA TOAAHKH 3aJie’KaTh Bl 00’ eMy 1 GopMH KJiia-
CTepa/OCTPIBIlS Ta XapaKTEPUCTUK MiAKIaAKH. KiacTepHi eKCriepuMeHTH JeMOH-
CTPYIOTh HasIBHICTh MOHOTOHHOI 3aj1KHOCTI 1 kBaHTOBUX ocumisiii IP(N), ne N
— YUCJIO aTOMIB Y KJlacTepi. BHacminok Toro, 1o KiacuuHi METOJIM BUMIPIOBAHHS
poOOTH BUXOJy €NIEKTPOHIB JAOTh Pi3HI 3HAYEHHS il BEIMYUHU, IPOMOHYETHCS ii
BUMIipIOBaTH, NiHiliHO excTpanomooun 3Hadenns |IP(N) B koopaunarax N3 B
obmacte N — oo [68].

PoGotn BUXOIy €JIEKTPOHIB 1 MO3UTPOHIB 3 METaldy MOXYTh OyTH TIpe-
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CTaBJICHI Y BUIVISAL CyMHU:
WeP = WP + sWGP, (2.24)

ne Wg’p — TPAAUIIIITHO PO3PAXOBYETHCS METOAOM (DYHKIIIOHAITY TYCTUHH XapakTe-
PHUCTHKA, IO CKIAAA€ThCA 3 00’ €MHOT KOMIIOHEHTH 1 TOBEPXHEBOTO JUMOIBLHOTO
Oap’epy. ¥ pobotax [113,114] 6ynu oOunciaeHi poOOTH BUXOJY HAHOILIIBOK MPO-
cTtux MeTaniB (2D — enekTpoHHUM ra3) B KOHTAKTl1 3 PI3HUMHU A1CJICKTPUUHUMHU
migknaakamu. Hanpuknan, pobora Buxomy enekTpoHis y Bakyym W( 3 HaHOILII-
BOK Al, HaHeCEeHMX Ha MIAKIAJKY 3 AI€JIEKTPUIHOI MPOHUKHICTIO € = 4 Ta € = 9,
3MmeHIryeTbess Ha 1 ta 1.3 eB, BignmoBigHo [113]. BigHocHO mux 3HaYeHb BHa-
CJIIJIOK KBAHTOBUX PO3MIPHUX OCIMJISALIN 3MiHA POOOTH BUXOAY 3MIHIOETHCS Ha
+0.2 a6o +0.25 eB na migknagkax SiO; (€ = 4) a6o Al,O3 (e = 9) [114].
Bemmmunna SWSP y (3.13) — 1e momnpaBka 10 06’€MHOT KOMIIOHEHTH PO-
00TH BUXOay, 0OyMOBJIEHA HasBHICTIO BakaHcii B metami [111, 112]. 3a ymoBu
WP < |V\/§’p| nepeadadaeThCsl ciaabka 3aJeKHICTh JUIOIBHOTO Oap’epy Bif
KOHIIEHTpallli BakaHcil. Bukonani nns Al pe3ynaprarn 00YUCIEHb B paMKax IiJi-

xony poOit [111,112] MmoxxyTh OyTH anpokcuMoBaHi GOpMYIIOr0
SWEP ~ —ASPc,, (2.25)

ne A®* =12 9¢eB, ta AP =5,5¢B.

Cnin 3a3Ha4UTH, 110 HABITh MPU KIMHATHIM TeMIlepaTypl 4ac 3aXOTUICHHS
MO3UTPOHIB BAKAHCISIMUA CTAHOBUTH BCHOTO KLJIbKa MIKOCEKYHI, 1 BC1 BaKaHCIi BU-
SBIIIOTHCS 3aAMHATUMHU MO3UTPOHAMU. TOMY E€KCIIOHEHIIIITHE TeMIlepaTypHe 3po-
CTaHHS KOHIICHTpallli PIBHOBAXXHUX BAaKAHCIM YITKO MPOCTEKYETHCS 3 POCTOM
TEMIIepaTypHy, aX 10 TeMIlepaTypu IuiaBieHHs. CHEKTpU aHITUIAIIT TOILIsIO-
ThCS Ha MIKH, BIJMOBIIHI KaHAJIaM aHITUIAMIT BIIBHUX €JIEKTPOHIB B OJHOPIIHO-
My MeTajil 1 Ha HEOJHOPITHOCTIX: BaKaHCISIX, JOMIIIKAX, JUCIOKAIISIX, TPIIIU-
Hax 1 B moBepxHeBuXx craHax [!15]. Hampukinan, gac xuTts B ogHopinHoMy Al

Tp = 160mc 1 B BakaHcii 7y = 240mc. Y Metanax 3 BiJ’éMHOIO pOOOTOI0 BUXOIY
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no3utpoHa (Al, Ti, Cr, Fe, Ni), B ekcriepuMeHTax, CIIOCTEPITAEThCS IHTCHCUBHA
3BOPOTHA €MICIs MMO3UTPOHIB, 1110 HE BCTUINIM aHIruToBary. s yactuna mo3utpo-
HIB PO3CIIOETHCS HE CTLILKU Ha MOPOXKHIX BakaHCIAX (dhopmyna (2.25) BianoBiiae
came IIbOMY PEXKHUMY), CKUJIbKM Ha BaKaHCISIX, BXKE 3apsAJKEHUX JIOKaJT130BaHUMHU
no3utpoHamu. Tomy 1 hopmyroro (2.25) ams MO3UTPOHIB 3’ SIBISITBCS TOAATKOBI
CKJIa/IOBI.

BukopucTtoByrouu i OLIHKM MOTEHIa] €KPAaHOBAHOTO 3apsy MO3UTPO-
Ha, JIOKaJI130BaHOTO B LIEHTP1 BaKaHCIi, MOMpaBKa /10 MOTEHLIWHOT eHeprii ginb-

HO20 TIO3UTPOHA BUITIAAA€ HACTYIIHUM YHMHOM

R, e2
(€5¢,)° = ny i dr 4nr2(Te‘r/”‘TF) (2.26)

ne Atg — JOBXKHHA eKpaHyBaHHs B HaOmmkeHHi Tomaca-®epmi. Bignosigawii

JIOTIATKOBUI BHECOK B pOOOTY BHUXOJy IMO3UTPOHA 5W\f) (2.25) mae BUISA;
—(ed¢. )y ~ —FPc,, (2.27)

ne FP = 8,9 eB.

Bigznaunmo, mo B (2.27) He BpaxOBYEThCSA “pO3MUTICTH” MO3UTPOHA IO
oOnacrti, 1o NpuOIU3HO BJIBIUI MEPEBUIIYE 00’ €M BaKaHCIi, TOMY B MOJAJIbIIIOMY
1 oriHka (2.27) moBUHHA OyTH YTOYHEHA.

KonuenTpaiiis BakaHCIi, 110 yTBOPIOIOTHCS B peE3yNbTaTi pajialiiHuX
YIIKOJDKEHh B MeTajaX, MOXE€ CTAaHOBHUTH JIECATKHU BIACOTKIB [115, 116]. Buko-
pucrtoBytoun dopmyau (2.25) B axocTi omiHounux npu C, = 0.033 3cyB poOit
BUXOJly CTaHOBJIATH 3Ha4yHi BeauunHu: OWE ~ —0.5 eB ta WP ~ -15¢B, a
3 ypaxyBaHHsM (2.27) nme —1.77 eB. flk mu Gaunmo, BakaHCiWHUN e(eKT nae
3HAYHO OUTBIINI BHECOK ISl TO3UTPOHIB, HIK JJIS €JIEKTPOHIB.

B poGori [117] npoBeneHi BuMiproBaHHSI poOIT BUXOy €JIEKTPOHIB 1 MO3HU-
TPOHIB ISl IesIKUX Kpuctanorpadiunux rpaneit 3D-monokpucramna Al. 3okpe-
Ma, MIATBEPIKEHO HEPIBHICTh W(elll) > (6100) > W(elloy TECTYIOUU pPEe3yJIbTaTH.
Po6otu Buxoay nozutrpona WP i enxekrpona W€ BumipsiHi, BiIOBIIHO, 3 TOYHI-

ctio =30 meB ta +£50 meB npu aBox 3nauenusix temmneparyp 20 K ta 300 K
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(muB. puc. 2.6). Ims Al(111) B Mexkax TOYHOCTI BUMIPIOBaHb CIOCTEPITA€THCS
3HaKO3MIHHA MOBEAIHKA POOOTH BUXOAY MO3UTpPOHA. OIIHIOIYN KOHIICHTPAIIII0

PIBHOBOKHHMX BaKaHCIN y BUIVISIAL:
cy(T) = Be&v/keT, (2.28)

ne B=1.67[115], &, = 0.66¢eB [116], BuopucroBytouu dhopmynu (2.25), 1erko
npocrexutn 3aiexxHocti WEP(T) ax no temmeparypu miasienus T, = 933 K.
Bracuninok toro, mo Cy(Tm) = 5- 1074, BakaHciiiHuii BHECOK B pOOOTH BHXOLY
MPAKTUYHO HEMOMITHUHM JJISl TIJIOCKOI TTOBEPXHI (3HAUCHHSI TEMIIEpaTypHUX Tpa-
mientiB dW€/dT Benukoro umcia MeTaiiB mpeacTaBicHi B pooori [118]).
OuiHUMO Ternep HasBHICTh PIBHOBOXXHUX BaKaHCIA B OCTPIBLSIX 1 TUTIB-
kax. JloTpuMyrourch BUCHOBKIB poOoTH [ | 1 9], KOHIIEHTpallisl BaKaHCIH B KiacTe-

pax/ocTpiBLAX METaJliB MiBUIIEHA B TOPiBHSAHHI 3 3D—cTanom 1 Moxe OyTH Bpa-

01 L L IR L S AL LAV L S AL A B R B B B
— > A1) 0 I 1426
0 am- . _:
0.1F i AN 1422
| S \ b
D ool (100) | ~—— {1 X
- i Al N 14.18 o
E i =< .\\\ E 4 14
-0.4 | =~ WM Elat
05°L | ~ NN
r 3D-meran | Cdepa, R=1.5uam ~ AN 4.10
_06 T R TS S ST S R AP R S T N S T S S T SR BRI VI VI

0 100 200 300 400 500 600 700 800
T,K
Puc. 2.6. TemneparypHa 3ajIe:)KHICTh pOOOTH BUXOTy €IEKTPOHIB 1 ITO3UTPO-
HiB /s TpaHed 3D-antomiHiIO (CylLiIbHA JiHIA, TOYKU — BUMIpoBaHHS B [117]);
po3paxyHok [u1s cepu paniyca R = 1.5 um 3a Gopmynamu (2.25), (2.28), (2.29)
(MyHKTUpHA JiHISA) 1 3 ypaxXyBaHHAM MoMpaBku (2.27) nist MO3UTPOHIB (ILITPUX-

MyHKTUPHA JIHIs)
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XOBaHa 3a JOTIOMOTOI0 PO3MIPHOI 3aJI€KHOCTI eHeprii yTBOpeHHs BakaHcii [120]
r'o

£(R) = gv(l - sﬁ), (2.29)

ne o — paaiyc koMipku Birnepa-3eiitua (paaiyc Bakaucii), R — paauyc kinactepa
(R = N¥3rp). Jlna xnacrepa, mo cknagaetses 3 N = 10° atomis (R = 1.5 um),
eHeprisi yTBOPEHHs BakaHCIi 3MeHInyeTbes nmpubian3zno Ha 30%. BuxopuctoBy-
oun popmynu (2.25) — (2.29), Ha puc. 2.6 Ha PoHni BumiptoBanb 3D-Al (111)
y [117] moOymoBanuii BiAMOBIAHNN BHECOK BaKaHCI B poOOTY BUXOIY €JIEKTPO-
HIB 1 TO3UTPOHIB JJIsI IBOTO KJIacTepa.

B po6ori [121] (muB. Takox [15]) maHi MOsSICHEHHS] aHOMAJIBHO BUCOKOT €Mi-
Cii €JICKTPOHIB 3 OCTPIBIIEBUX METAJICBUX IIJIIBOK, HAHECECHUX HA Pi3HI MAKIAIKH,

MpH MPOTIKAHHI Yepe3 HUX CICKTPUIHOTO CTpyMy. CTpyMm emicii:
| ~ g 'P/keT®) (2.30)

ne T€ — piBHOBa)kHA TeMIIEpaTypa MeperpiToro eJIeKTpoHHOro raszy. Hari omiHku
B [105] Bka3ywTh, 110 Temieparypa 1€ MOXe JOCSATaTH TUCSY KEJbBIHIB IMPH
pPIBHOB)XXHOM KIMHATHIM Temrieparypi T. SIkumio BKIIOYUTH Tenep B Gopmyiy
(2.30) 3anexnicte WE Big ny (2.28), To edekr emicii Oyae e OiLIbII MOCHICHO
B e W /keT* pa3. Jlesikoro mocuiaeHHs emicii MOJKHA O4YIKYBaTH 1 BiJl 3aJIEKHOCTI
emaocti C(ny) mist ocTpiBiLiB a00 BUIBHUX KJIAcTepiB MeTany y dopmyii (2.23)
(mns cyuutbHMX IiBOK C = 00).

HasiBHiICTH KJIacTepiB aToMmiB, IO MICTSATh KJIACTEPH BaKaHCIHA, MOXKIIUBO
3a aHaJori€eio 3 Oylb0alIkoo, M0 CIIOCTEPIraloThCs BCEPEANHI MIKPOKpANeIbKu
Trejiio.

[ HapemiTi, TUTaHHS TPO BIUIMB KBAaHTYBAaHHS CIIEKTpa E€JICKTPOHIB B Ha-
HOTUTIBKM METajly Ha €HEprilo YTBOPEHHs BakaHCIM Aoci He nociimpkeHuit. [ei
BaKaHCIMHUN €(deKT MOBMHEH BKJIOYaTH B ceOe KBAHTOBI PO3MIPHI OCIMIISIIIT
NOpsii 3 MOHOTOHHOIO 3aliexkHICTIO BUAY (2.30), 1 BIANOBIIHO BU3HAYATH KOH-

IEHTPAILIII0 BaKaHCIHM B TUIIBKaX, KJIAcTepax, 1 iX TeMrepaTypy MJIaBICHHS.
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2.2.2 AmHaJi3 3BOPOTHOI eMicil

[Ile B poGoTi [63] Oymo momivueHo, mo Ha rpansx Al (111), (100) 1 Cu
(100) xpucraniB, MOYMHAIOUM 3 KIMHATHUX TEMIIEpaTyp 1 BUIIE, MK €HEPreTH-
YHOTO PO3MOUTY MO3UTPOHIB 3BOPOTHOI €MICIi 3MIIYETHCS Bropy 3a IIKaJIOIO
€Heprii 110/10 OCHOBHOIO CTaHy B MeTali, Ha BenuunHy AU ~ 1 eB (ananoriyna
CUTYallisl 3 XapakTepHUMHU 3HaueHHIMH AU n7ist pi3sHUX MeTaliB crocrepiranacs
B po0oTi [64]). Cxoxkuil pe3ynbTaT MaB Miclie Mmiciisi 00poOKH 10HaMU aproHy Io-
BEpXHI (110 MPSMO BKA3ye Ha poJib Ne(EKTIB), a TAKOXK IMICIsl OKUCICHHS MOBEPX-
H1 Al. OgHak, He3BaXkaro4uu Ha, 37aBajiocs 0, OYEBUIHY POJIb BAKAHCIH, BEIMYNHA
iX pIBHOBQ)XHOI KOHIICHTpAIlll BUSIBUJIACS HEJOCTATHHOIO JJIsi TOSICHEHHS 3CYBY
PO3MO/ILTY MO3UTPOHIB 1O €HEPrii IPH 3BOPOTHIN emicii [64].

VY nodarkoBUX cripoOax MOSICHEHHS SIBUIIA, LIEH 3CYB PO3MOJILITY MO €Hepri-
SIX TIOSICHIOBABCS IIBUAKUM 3aXOIUICHHSIM HETEpPMasli30BaHUX MO3UTPOHIB BipTYy-
AIBHUMH PE30HAHCAMHU, IO Peasi3yloThCsl MO3UTPOH-BAKAHCIHHUM MOTEHI1aJI0M
(muB., HanpukIiIam, [65,60] 1 mocuIaHHSA B HUX). Y HACTYNMHHX poOOTax I Bep-
cist Oylna miJiJaHa KpUTUYHOMY aHai3y 1 BI3HAYECHUW HE3HAUHUM BKJIAJ] TAKOTO
MEXaHI3My B KIHETHKY MO3UTPOHIB [67]. {lo cux mip 3CyB, 110 €KCIIEPUMEHTATIb-
HO CIIOCTEpIraBcsl y pO3MOALUI MO3UTPOHIB 3BOPOTHOI €MICli, TaK 1 HE OTpUMaB
aJIcKBaTHOI 1HTEpHpeTallii, 1o poOUTh HEOAHO3HAYHUMH BHMIPIOBAHI 3HAYCHHS
poOOTH BUXOYy MO3UTPOHA.

CydacHi makeTu mporpam s ab initio oOuucieHb (AMB., HANPUKIAJ,
[10, 122]) mo3BOASIOTH PO3PAaXOBYBATH JIUIIE €HEPrii JIOKai30BaHUX MO3UTPO-
HIB, aJIC HE €HEPTOOOMIH BUCOKOCHEPTETUYHUX MO3UTPOHIB 3 HEOTHOPIIHUM eJie-
KTPOHHUM Ta3oM MeTaily, TOMY pO3IJIsi i€l MpoOJeMy B paMKax MOJEII Kele
Oy/lie aKTyaJTbHUM.

VY namux momepenHix pobotax [31,111,112], B pe3ynbrari camOy3romxke-
HUX OOYHCIIEHb B MOJENl CTa0UIBHOTO jKelie, BIeplle 3HAWACHHUM 3CyB eHeprii

OCHOBHOTO CTaHy €JICKTPOHIB 1 MO3UTPOHIB B MeTajaX B 3aJEKHOCTI BiJl KOH-
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IEHTpaIiid BakaHCii. Po3momin BakaHCii MOIETIOBATIOBABCS OMHOPiAHOIO 3D-
Hajarparkoro. Lleit miaxig Mmoxxke OyTH BUKOPUCTAHUM JIJIsl IHTEpIIpETallii eKcrepu-
MEHTaJIbHUX OCOOJMBOCTEH €HEPTeTHYHOTO PO3IMOALITY MO3UTPOHIB MPH iX 3BO-
POTHIN eMicii.

[Ipu imxekIii B 3pa30Kk MO3UTpoHIB 3 eHeprieto ~ 0.5 keB Humu “3amira-
eTbes” 00°eM Q ~ ng, e Xo ~ 1 MM — paaiyc myuka ta d ~ 5 HM — mOnHA
NPOHUKHEHHS MO3UTPOHIB. Takum ynHOM (2 1 € TUM ePEeKTUBHUM 00’€MOM, B
SIKOMY PO3ITPYETHCS CLIEHAPIN aHITUISAIII.

Jxepeno mae N = 10° nosutponis B immynsei TpuBamicTio At = 300HC.
Toxi wmcno Mo3WTPOHIB, “TOTOBMX~® MO aHIrUIALii, omiHIOeTbCa K Np =
Ni/(Ati/7) = 10° (n1s Al 1, = 163 1ic). IligcTapnsroun 3HAaYEHHs, EPEKOHY-
€MOCSI B MPUOIU3HINM PIBHOCTI YMCiIa PIBHOBAKHUX BAaKaHCIH 1 MO3UTPOHIB MpHU

TEeMIeparypi MIaBleHHs Ty, TOMY:

Cu(T)NaQ2 < Np.

TakuM 4UHOM, MOXKHA TIPUITYCTUTH, 1110 NPHU OyIb-SIKUX TEMIIepaTypax BiJi-
OyBa€ThCs HACUYEHHS BaKaHCIM MO3UTPOHAMU 1 BUIbHI MO3UTPOHH, 1110 3aJTUIIU-
JIUCS, TIPY 3BOPOTHIM eMicii OyayTh pO3CIIOBATUCS Ha 3apsKEHUX BaKaHCIsX.

TepMmoanHamika HE J1a€ BKa3iBOK HAa ME€XaHI3M yTBOPEHHS BakaHCiH. OqHUM
3 JoKeped BaKaHCIM MPUUHATO BBaXKAaTH BUIBHY MOBEPXHIO. SIKIIO YSABUTH
3D—3pa3ok y BUIISAII Kyl pajiyca R, To moTyXHICTh Jkepena o0’€MHUX Ba-
KaHCIi Oyne BU3HAYaTHCS, 3 OJHOTO OOKY, BIAHOUICHHSIM MOBEPXHI 0 00’eMy 1
oyne —» 0 sk R — oo, a 3 iHmoro 00Ky, HECKIHUEHHUM 4YacOM BCTAHOBJICHHS
pIBHOBaru. 3pa3ok B pe3yJbTaTi CBOI0 BUTOTOBJICHHS 3aBXK/1 MAa€ HEPIBHOBAXKHY
(miaBuIIeHY) KOHLEHTpaliio AedekTiB. B pe3ynbrari penakcaiiii 1 KOHIEHTpa-
115 MparHe J0 CBO€T TEOPETUUHOI MeX1 (2.22) mpOTATOM HECKIHYEHHOTO TPOMIXK-
Ky 4acy.

Po3rsiHemo MexaHi3M yTBOpPEHHS BaKaHCII sIK pe3ysibTaT cyOiiMallii aroMiB
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Kpuctana B BakyyM (auB. puc. 2.7). llIBuakicte cyOmiMalrii aromMiB 3 OJUHUII

MOBEPXHI MOke OyTH obuuncieHa sik [123]:

us(T) = wansvsexp[l— (h+ kaTr)/kaT1, (2.31)

JI€ Wa — CTATUCTUYHA Bara 4YaCTUHOK NapH (wa = 3), Ng — MOBEPXHEBA KOH-
HEHTpalig atomiB (Ng = n§/ 3), Vs — KOJIMBaJIbHA YacTOTa aTOMIB (PEKOMEHIY€EThCS
B [123], sk 11 qmmepy; vs = 8.58- 10 ¢ nua Al, [124]), h- eHepris cyoima-
1ii (TabnmyHa BenmuuuHa 1 Al h=3.32 eB). 3a ananoriero 3 pobororo [125], B

K1l BUKOPUCTAHO BAQJINNA T€OMETPUYHHUM MPUKOM, SIKUW BCTAHOBJIIOE MPOCTHI

[Iap 2 [ap 1

yTL
z
e I
7 N
/ Vo I\
I
I : |
\ a2 1/
\BaKchvyl
— —-— 1

[ToBepxHs

Metan z<0 Bakyym z>0

Puc. 2.7. IntocTparist cyOaimariii Ta yTBOpEHHsI MIOBEPXHEBOI BakaHcli. Bep-
TUKaJIbHA ITPUXOBA JIiHIS — MOJIOKEHHS MEX1 METal-BaKyyM B Mojeli xene, d —
BIJICTaHb B3JIOBX OCI Z MK KpUCTaJorpadiuHUMU IJIOIIMHAME, TapaiebHUMU
noBepxHi (Xy). [lo3HaueHe MITPUXOBOIO JIHIEI KOJIO — JIyHKA (BaKaHCis), YTBO-

peHa miciisi BUNapyBaHHs aToMa
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3B’SI30K MK MATOMHMH MOBEPXHEBUMH EHEPTiIMH 171€albHOI MIOCKOI MOBEPX-
HI 09 1 TOpPOBAHOI MOBEPXHI 3 MEBHOIO KPHUCTATIOTPAPIUHOIO YITAKOBKOIO Oface
npoBezieMo MojepHizamito hopmynu (2.31).

[Ipu BuianeHHi (BUNapoByBaHHi) aroma 3 00’ €My HEOOX1AHO CTBOPUTHU HO-
By MOBEPXHIO Iuiomiero Ay = 4ﬂrg, a TpU BUMAPOBYBAHHI 3 MOBEPXHI — ILIO-
NIy MEHIIYy Ha BEIWYMHY IUIomli Ag KyIThOBOTO CETMEHTa BHCOTOIO g — d/2,
d — Bimcranb Mik KpucramorpadiuHuMHU ICIomMUHAMK. BBepemo koedirieHT
Brace = 1 — Ag/Ag. TlincTaBnsroun 4ucioBi 3HAYCHHS, OTPUMAEMO Liace = 0.756 Ta
0.672 nns fee(111) Ta (100), BignosigHo. Tenep y dopmysi (2.31) 3pobumo 3a-
MIHY h— Ptace = ,Bfaceﬁ. [Iporec cybOmimarrii aToMiB B BaKyyM 3 IUIOIII TTOBEPXHI
PIBHOI IJIONII MTy4YKa MO3UTPOHIB XS 3a yac 7y = 2481c reHepye nooOnu3y noTpii-
HOI TOUYKH XgTVUS(Tm) ~3-108 12 9. 10 HEPIBHOBAKHUX MOBEPXHEBUX BaKaHCIN
s fee(111) Ta (100), BiamoBiano. 1l 3HaYeHH O6IU3BKI 10 YMCa PIBHOBAKHHUX
BakaHcii 1 no3utponiB Ny B 00’emi Q. Kytn, pebpa Tepac Ha moBepxHi OymyTh
JHKEpEJIoM MiJBUIIEHOT CyOiMallii, a OTXkKe 1 KepeJIoM HEPIBHOBAXKHUX MOBEPX-
HeBUX BakaHcii [126]. HaBeneHi MipKyBaHHSI BKa3ylOTh Ha KaHajl IMiJABUIICHHS
KOHIICHTpAIIll BaKaHCIH MOOJNU3y MTOBEPXHI 3 POCTOM TeMIEpaTypH.

Sk BUIIIMBAE 3 eKCHIEPUMEHTY [63], 3CYB PO3IOALTY MO3UTPOHIB MPH 3BO-
potHiii emicii AU ~ 1 eB mis Al (quB. puc. 2.2) 1 He 3aJeXKUTh BiJl TEMIIEPATypH.
3 iH10ro 60Ky piBHOBa)KHA KOHIIEHTpAIlls BAaKAHCIM 3aJIeKUTh EKCITOHEHITIATbHO
BiJl TEMIIEpaTypH 1 TOMy BUKOPUCTaHHS BUpasy (2.22) B sIKOCTI poOOYOro HEMO-
KITHBE.

[Ipumyctumo, 110 y NpUIOBEPXHEBOMY IIapi 3pa3Kka iICHye HEPIBHOBAXKHUMN
PO3MOIINT BaKaHCIM 13 3pOCTaHHSAM iX KOHIIGHTpaIlli Ha moBepxHI. (s omiHKH

PEACTaBUMO 1€ MPOQiIb Y BUITISAI CXOAMHKH:
n(2) = (2.32)

y KoopauHarax puc. 2.7. B obmacti z < —L Bakancii ¢popMyloTh TPUBHUMIPHY,
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a B obmacti —L < z < 0 — gBomipHy TIparky 3 pamiycamu cdepuunoi RSP i

AJTTHAPUYHOT R\Z,D KOMIPOK, BIJIMTOBIIHO:
4 3 2
r (RO P = 1, x(RO) P =1

Toni ¢pynkuii po3noainy (2.32) BiJiNOB11a€ MOTSHIIHHUNA TPOQPLIb 1J151 BUIb-

HUX TO3UTPOHIB

(OVerr)y” + (650,077, z< -L,

U2 =
(OVe)2P + (@0, )2P, —L <z<0,

ne (OVeg)y < 0 — ycepenHenuit 3a 00°’eMOM HAJKOMIPKH BHECOK BiJ €(EKTHB-
HOTO TIOTEHIIaTy MOPOXKHINA BakaHCIi; (€0¢, ), > 0 — eneKTpoCTaTUIHUN BHECOK
B3a€MO/I11 JIOKAJI130BaHOTO 1 BIJILHOTO MO3UTPOHIB.

3D BuNaAoK Po3MIAHYyTHi i ouinenuii y [112] Ta npu ¢3P = (ro/RP)3 ~

1073 BHecoOK #oro ckiagae +8 meB. V BUITAJIKY JBOMIPHOI TPaKH

o @ +L/2 0 " o
(OVer)i~ = 21 dz | dop[v(r) — Vgl (2.33)
L Joie2 0
n2P P(p) 2
(85¢, )3 = e f f d3rddr 'lf_(zll (2.34)

ne o= AJ(RPY — 2,1 = \[p2+ 2, Vo — 3HaueHHs Vo.() ganexo Bix BakaHCi.

Bupasu (2.33) ta (2.34) € dbyHKIISAMH TBOMIPHOI KOHIIEHTpAIlli BaKaHCIH
c2P = n2P/(Ln,). Ha puc. 2.8 npuseneni 3anexnocri (2.33), (2.34) i ix cymu Bix
c2P mpu L = 2rq, To610 C2° = 1.5(r0/R2P)3.

3 puUCYHKy BUIUIMBa€, 10 BenuuumHa Oap’epa B 1 eB gocsraerscs mpu
c2P ~ 0.2%. JlokxuHa XBUJIi MO3UTPOHA Takoi eHeprii mopiBHaHa 3 R2P. Takum
YUHOM EKpaHyrounid e(eKT 3apsHDKEHUMHU TOBEPXHEBUMHU BaKaHCISIMH HHU3bKO-
CHEPreTUYHUX TMO3UTPOHIB MOXE OyTH MPUYMHOIO 3CYBY PO3MOILUTY IO €Heprii
MO3UTPOHIB TIPH 3BOPOTHIN emicii 3 metaniB. [lo6au3y Temneparypu miaBieH-
H e(peKTMBHA Maca IMO3UTPOHA PI3K0o 30UIbINyeThCs [127], 1m0 poOUTH IpaTKy

3apsAKEHUX MMO3UTPOHAMH BaKaHCIM OUIBII CTIMKOIO 0 pO3May.
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Crnig 3a3HauMTH, IO TOJOXKEHHS JIHA 30H MPOBITHOCTI €IEKTPOHIB 1 MO-
. . 6 We’p . con o 3D
3UTPOHIB, X POOOTH BUXOIY 3aJIe)KaTh BiJ KOHIEHTpalli BakaHCii N~ B

MeTal 1 TieIEKTPUYHOI KOHCTAHTH MOKPUTTS (€):
WE(ny, €) = W5(€) + SWE(P), WP(NSP, €) = WY + sWJ'(n3°) — AD(e),  (2.35)

Wy = ~TgP — (OVer)v®, (2.36)

ne Tg’p — EHEeprisi OCHOBHOIO CTaHy €JIEKTPOHA/MO3UTPOHA B HAJIKOMIpII
Burnepa-3eiitua pazgiycy RSP, Tg’p > 0. B minomy pns 3D-Haarparku
WEP(nP) < .

Jlns imeanpHOro koHTakty BenuumHa AD(e) < 0 y (2.35) — me 3wmi-
Ha MOBEPXHEBOI0 JHUIOILHOTO Oap’epy BHaciifgok mokputts, AD(1) = 0. s

Al/Al,O3, € = 9, AD(9) ~ -2 eB [128]. Taka 3MiHa MOxe OyTH NPUTHIYCHA

[\

Enepris, eB

0.1 0.3 0.5 0.7 0.9

2D
c, ,%

Puc. 2.8. PoszpaxoBaHi 3aj1€5KHOCTi KOMIIOHEHT (Ve 2P (LITPUX-TTyHKTUPHA
ninis), (€5¢,)2P (IuTpuxoBa MiHisA) Ta iX cymu (CylilbHA JiHis) BiJl KOHIEHTpALi

BaKaHCI y nmpunoBepxHeBomy mmapi Al
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301IBIIICHHSIM KOHIIEHTpAIli MOBEPXHEBUX OJAMHOYHMUX BAKaHCIN 1 X KiacTepis, a
TaKOX 1HIIUX Je(EKTIB COPUSIOTH JIoKami3alii mo3utpoHis [9, 10].

VY 3B’s3Ky 3 nepepaxoBaHUMM (paKTOpamu JiarpamMu Ha puc. 2.2 OyayTh
“nedopmyBarucs’” 1O BEpTUKAI, 3aJI€KHO BlJ KOHIEHTpAIlli BakaHCIA B MeTal
1 MOCTIAHOT MOKPUTTS €. BiA3HAUMMO TaKOX, 1110 HAABHICTh BaKaHCIM HE 3MIHIOE
KOHIIEHTPAII}0 OJHOPITHOTO €EKTPOHHOIO ra3y B MeTalll, ajieé 3MIHIOE KIHETH-
YHY €Heprito (4ieH Tg’p e (3.4)), Tomy nunonbHUN O6ap’ep HA YUCTIN 30BHINIHIN

ngP

oBepxHi, a oTxke i Bemmanan W, s 3D-Merany 3anexarts Big NSO, s HeBe-

3D
nV

JUKHAX BEJITMYHH 3aJICIKHICTIO Wg”p(n\,) MH 3HEXTYBAJIH.

2.3 KopoTki BUCHOBKH

BukonaHo po3paxyHOK 3ajieKHOCTI WMOBIPHOCTI JIOKadi3allii MO3UTPOHIB
y BaKaHCISIX BiJl €HEeprii BUIbHUX MO3UTPOHIB 1 TemmepaTypu metany. Llg 3amada
BUpIIIEHA 3 BUKOPUCTAHHSIM PO3pPaXxOBaHUX pPaHillle XBUILOBUX (YHKIIIHN 1 caMo-
y3rO/PKEHUX Npo(diiB BAKaHCIHHUX MOTEHIIIAJIB JIJIsl €JICKTPOHIB 1 MO3UTPOHIB B
Al, Cu i Zn. B mupokoMy iHTepBani eHepriii 3HadenHs iimosipHocti ~ 1014 ¢ 1,
a B MOTPiiiHii Touri micns ycepeanenns ~ 10M ¢!, mo 3a mopsaxoM BenuunHM
301rae€ThCs 31 MIBUAKICTIO aHITUISIII.

3po0IIeHO OLIIHKHY CHIBBIAHOLIEHHS KUIHKOCTI MO3UTPOHIB 1 BakaHciil. L{i-
KOM HMOBIPHUM € PEXHM, KOJIU BUJIbHI TO3UTPOHU OyAyTh PO3CIIOBATHCS Ha Ba-
KaHCISIX 3 YK€ JIOKAJII30BaHUMHU TO3UTpOHAMHU. Taka B3aeMoJlis Ja€ 1CTOTHUMN
BHECOK B €HEPIil0 OCHOBHOIO CTaHy MO3UTPOHIB. Y pa3i MiJIBUILIEHOT KOHIIEHTpa-
11i BakaHC1i M00IM3y MOBEPXHI 1 iX 3apsiIKU I0JIe BAKaHCIM Ha MOBEPXHI METaLy
MOJKE CTBOPIOBATH JIBOMIpHUI “Oap’ep”. Lleit 6ap’ep BiOUBaE HU3BKOCHEPTETH-
YHI TIO3UTPOHU Ha3aa B 00’€M, Jie BOHHU 1 aHITLIIOIOTh. Take SKICHE MOSCHEHHS
MOJKHA 3aIllPOTIOHYBATH MPHU TPAKTYBaHHI OCOOJIMBOCTEH B €HEPreTUYHOMY PO3-
MO/l TO3UTPOHIB 3BOPOTHOT €MicCii, IKHI CIIOCTEPIra€ThCsl B EKCIIEPUMEHTAX.

OcHogHi pe3ynbrat Po3niny 2 omy6iikoBaHi B podortax [12,31,32,40-42].
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PO3/IIT 3
PO3MIPHA 3AJIEJKHICTH MOTEHIIAJTY IOHI3AIITI
METAJIEBOT'O KJIACTEPA, II[O MICTUTH BAKAHCI{

JIs HeBENMKHMX KJIACTEPIB MOTEHIIAN 10HI3aIlli BU3HAYAETHCS YUCEIIbHU-
MU METOJIaMH, a JUIsl BEJIMKUX KJIacTepiB — poboToro Buxoay 3 3D-metamny 3
YPaxyBaHHSM NEPIIMX PO3MIPHUX MONpPaBoK ~ Ryl, 0GyMOBICHNX KPHBU3HOIO
noBepxHi [23, 129].

VY nmaHoMmy po3aui IucepTallii MPOMOHYEThCS METOH, Y SIKOMY KOMOIHYIO-
ThCSI CAMOY3TO/IPKEHI PO3PaXyHKH MOHOBAKaHCIi y MeTalli 0e3 ypaxyBaHHs 30B-
HIIIHBOI MOBEPXHI Ta PO3PAaxXyHKH B MOJENI CTAOUIBLHOTO Kejle i METaly 3
OHOPITHUM 00’€MOM Ta TUIOCKOIO IMOBEPXHEI0, ajie 3HMKEHOIO T'YCTUHOIO aTo-
MiB, 3yMOBJICHOIO ICHYBaHHSIM JIPOK-BAaKaHCIH 3 BIAHOCHOIO KOHIICHTPALIEIO Cy.
BukopucTtoByroun C, sIK MaJluid mapaMeTp, yCl eHePreTUH1 XapaKTepUCTUKU Me-
TaJdy pO3KIANAlOThCA y (QYHKIIOHANBHHUM psan. UneHu po3kiany 3 HyJIbOBUMH
CTyNEHSIMU Cy BITHOCSTHCA 10 0e371e(h)eKTHOTO MEeTally, a JJIsl PO3PAXYHKY JIiHIMN-
HUX 3a Cy WICHIB MOTPiOHI TIIBKHU XapaKTEPUCTUKU 0€31e(EKTHOrO MeTaly.

[IporioHy€eThCst TaKOK TOCIIIOBHA TMPOIIETypa 3HAXOKEHHS MOTCHINATY
10H13alli BEJIMKOTO METAaJeBOro Kiacrepa 3 pajaiycoM Ryy, KUl cKilagaeTbes 3
N aromiB Ta mictuTh N, Bakanciil. Y HaOmmxeHH! €(pEeKTHBHOTO cepeioBHILA
JUIsL @HepTii OCHOBHOTO CTaHy €JEKTPOHIB moOynoBaHa Teopis 30ypeHb 3a Maju-
mu napamerpamu R,/Ryny Ta Ly/R, (R, Ta L, — cepenns BicTanp MiXK BaKaHCIIMU
Ta JIOBXKMHA PO3CIIOBaHHS €JIEKTPOHIB Ha BakaHCIi, BiANoBiAHO). OTpuMaHi aHa-
JITAYHI 3aJI€KHOCTI MOXYTh OyTH KOPHCHI MPH MPOBEICHHI aHaJI3y pe3yJibTa-
TiB ()OTOIOHI3AIINHUX EKCTIEPUMEHTIB Ta JIJIi BU3HAYEHHSI PO3MIPHOT 3aJIEKHOCTI

KOHIIEHTpAIlli BAKaHCIi, B TOMY YHUCJI1, MOOJINU3Y TeMIIEpaTypH IJIABIIHHS.
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3.1 Haarparka BakaHcCiii y MeTaJii

Po3paxyHOK €HEpreTMUHHUX XapaKTEPUCTUK TBEPAOTO TUIAa IPYHTYEThCS Ha
KOHIIEN1i TpaHCIAUIMHOI cuMeTpil Ipatku. Tomy, 1100 BpaxyBaTy BIUIMB BaKaHCIH
Ha poOOTYy BUXOJY €JEKTPOHIB 3 METajy, JOBOAUTHCS MPUITYCTUTH 1X MEPIOJIU-
YHE pO3TalllyBaHHs y BUIVISAL “Hanrpatku’” B Metaii (puc. 3.1). Jluie B npbomy
BUIAJIKy MO>KHA TOBOPUTU MPO BAKAHCIMHMUI 3CyB JHA 30HU MPOBIIHOCTI e€lie-
KTPOHIB.

CKaHICTh TOJISITAE B TOMY, III0 00’€M MeTally, BHaC/IJOK HasBHOCTI Ba-
KaHCI{, € HEOAHOPITHUM, TOMY METOJIOM (PYHKIIIOHAJy T'yCTMHHM B MOJEJI YKeJe
NOTPIOHO BUPINIYBATH TPUBUMIPHY 3a7a4dy. Y OJAHOBUMIPHIN 3a7a4l HEMOXKIMBO
OJTHOYACHO OmHcaTtu Hallp cPepUyHO-CUMETPUYHMX BAaKAHCIM 1 MIIOCKY 30BHI-

IITHIO ITOBCPXHIO MCTAJY.

AtoMm Hankomipka  Bakancis

Puc. 3.1. Imroctparrist Haarparku BakaHcii Cy ~ 2- 10 3.V mogerni eeMen-
TapHa KOMipKa-0araTorpaHHUK BaKaHCIHOT HAATPaTKU TPATUIIAHO 3aMIHIOEThCS

Ha cdepy Toro x 00’ eMy
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VY meprioMy HaOIMKEHHI iepeadadasocs, 10 BaKaHCIi HE B3aEMOIIOTh Ue-
pe3 iX Maiy KoHIleHTparito. [IpoTe iICHYI0Th €KCIIEpUMEHTH, SKI TTOKa3yIOTh, 110
B JICAKWX METAJICBUX CHCTEMaX CIOCTEPITA€ThCS YaCTKOBE yHOPSAKYBaHHS Ba-
kaHcii [130], ToOTo eHeprist yTBOPEHHS BaKaHCI MOBUHHA 3aJI€KaTH BiJ iX KOH-

IEHTpaIlii.

3.2 BakaHCiliHUI1 3CyB JHA 30HM NPOBIHOCTI €JIEKTPOHIB

PosriistneMo MeTaneBuit 3pa3ox, mo ckiamgaeTbes 3 N atoMiB Ta MicTUTh Ny

BakaHCIi. YMOBHO mojiiauMo oro Ha Ny Haakomipok Birnepa-3eiitia paaiycom

3 1/3 3 1/3
= | ——- n = s
Ry (4yrnac\,) > To (4yrna)

ne N, G, = Ny/N — KoHIIEHTpaIlis aToMIB Ta BITHOCHA KOHIICHTpAIlis BaKaHCIH,

BIJIMOBIZTHO, a I € pajgiycoM KoMipku Birnepa-3eiTiia, 1110 MiCTUTh OJIUH aTOM.
Krnactepu atoMiB MaroTh NEPIOAUYHY CTPYKTYPY, IO HOCUTh HE TpPaHCIIs-
iiHuM, a chepuunuid xapakrep (puc. 3.2) [131]. g nepioguyHicTs 00yMOBIIEHA
chepuyHUMHU TIapaMH aTOMIB (aTOMHUMH OOOJIOHKaMH, a00 KOOpIWHAIlIMHUMU
chepamu). 3a TaKUM MPUHIUIIOM MOXKHA PO3MIISIIATH 1 CUCTEMY BaKaHCIN y KJiia-
cTepi 3 po3noauioM y chepudHux 00osoHKax (mmapax chepu). BianosinHo, Haj-
koMipkoBHi “muffin-tin” moTeHIIaa 3aMIHIOETHCSL HA CPEPUUHO CUMETPUUHUIM.
XBUITHLOBY (DYHKIIIFO OCHOBHOTO CTaHY €JIEKTPOHAa BH3HAYUMO XBUJIHLOBUM

PIBHSIHHSM

2 Ny
2P0 + [ver(1) + Zl] OVer (1 - R)|¥() = &p%(),  (3.1)

B SIKOMY BakaHCIi 1leHTpoBaHl B Toukax Rj, R < Ryy. OnHoenekrponHuil ede-
KTUBHUH MOTEHI[1a]l HABMUCHO TMPEACTaBICHUN TaKUM YUHOM, 110 CHepuyHO CHU-
METPUYHMIA TOTEHIHAT Veg(r) GopMye THO 30HM HPOBITHOCTI 1 MOBEPXHEBHI
Oap’ep, a Very(r — R;) — i-y Bakancito (puc. 3.3). V (3.1) enepris &p sBIsIE

co00r0 3CyB JIHA 30HU TPOBIAHOCTI BHACHIIOK HAsIBHOCTI BaKaHCIM.
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Bakanciiina 00010HKa
ATOM

aKaHCI1g

Puc. 3.2. ImtocTpariss HaArpaTKu BakaHCIM y Kiactepi 31 cepruyHoro mnepi-

OJINYHICTIO
1_
I
E
Z 0.5
=
2,
=
0
0
| 0
B a4l | 8
=3 ' I
.E -2'E
o -8 1 &
O (]
12 ¢
’ 1-6
-16

Puc. 3.3. IIpodini enekTpoHHOTO PO3MOALTY Ta €EeKTUBHOTO MOTCHINATY

B 00’eMi Ta mo6Iu3y MI0CKOi moBepxHi mMetany (R — oo) [111]
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[Ipunyctumo, 110 MOTEHIIIIHE MoJIe HAAKOMIPOK BOJIOJI€ TPAHCIISIIIHOO
nepioauuHicTio. Terep XBuiIboBa (DyHKIIS €IEKTPOHA OCHOBHOTO CTaHy MOXKeE

OyTH 3amucaHa y BUIJISIL

Y(r) = y(ru(r), (3.2)
ne ynxis y(r) (aas 3D merany y(r) ~ € ¥ ) momymoeTbes Ha MacTadi Mixk
BakaHCisiMU QyHKIie0 U(r). @yHkiis U(r) € cyneprno3uIliero MpOCTHX PIllicHb
Burnepa-3eiitiia Uys(lr — Rj|) Bcepenuni koMipku, nmeHTpoBaHi y R;.

Jlani BeIUUMHY &p NPEICTABUMO Y BUINISIAL CyMHU
gp = 0 + &M, (3.3)

g0 = To + (Verr IR, » (3.4)

ne Tp € BIacCHUM 3HAYEHHSIM KOMIPKOBOI €HEprii; (OVefgy)rR, — YCEpPEIHEHUN 3a
00’€MOM HAJIKOMIPKM BHECOK MOTEHIIIMHOI €Heprii BiJ €JeKTPOH-BAKAHCIHHOTO
noteHmiany oVegy(r) = Verv(r) — Vef, 1€ Ve — MOJOKEHHS THA 30HU TPOBIIHOCTI
y BIZICYTHOCTI BakaHcii (puc. 3.3).

JIns Haarparku:

h2
—%VZ + Vet (1) — To| uws(r) = 0 (3.5)

3 'PaHUYHHUMH YMOBAMU:

Vuws(Nlr=r, = 0, Uws(")lr=L, = 0, (3.6)

ne Ly—11e momkuHa po3CirOBaHHS €JIEKTpOHAa Ha BakaHcii (ta6m. 3.1). Jlns ene-
KTpOHA BaKaHCIs sSBIsi€ COO0I0 MOTEHIHUN Oyrop, Tomy L, > 0.

[lincTaHoBKa BUpa3y ISl XBUIHOBOI (DYHKIIIT €IEKTPOHA:

_ A sin[go(r — Ly)]
uws(r) = N7 o (3.7)

Y Apyry rpaHudHy yMOBY Ja€ piBHSIHHSII

tg[do(Ry — Lv)] = qoRv = 0, (3.8)
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Tabm. 3.1. Pesynbratu po3paxyHkiB MmetojoM Kona-lllema 1oBkuH po3cis-

HHS €JIEKTPOHIB Ha MOHOBakKaHCiax [111]

Metan| Cs | Rb| K | Na| Li | Cu |Mg| Zn | Al | Pb
Z 1 1 1 1 12123 |3 ] 4
rs,8 |5.63/5.23/4.86|3.99|3.28|2.11|2.65|2.31|2.07|2.30
Ly, a0 |4.85/2.38|2.26|1.85|1.52|1.56|2.02|2.10|1.93|2.47

3 AKOI'O 3HAXOAUTHCA
hZ 2
"%

To = )
0 2m

(3.9)

B3aemogist enexTpoHa 3 BakaHCISIMU MO)Ke OyTH OMHCaHa TakoX 3a JOTo-
MOTOI0 ONTHUYHOTO HaOmkeHHsT Depmi:

3L,
C2md

To (3.10)

Tyt caig 3a3HaunTH, MO po3paxyHku 3a (3.9) ta (3.10) y3romxyroTbes
OJMH 3 OJAHUM THM Kpalle, YuM MeHIie C,. Pimenns piBasab (3.8) ta (3.10),
Hanpukiazn, A Al npu ¢, = 0.01 npusBoaute 1o 3HaueHbp 1o = 0.0388¢eB Ta
0.0296 eB, 110 BKa3zye Ha MEHIIY TOYHICTb ONTUYHOTO HAOIMKECHHS.

Benununna (0Veg )R, ¥ (3.4) BU3Ha4aeThcs B HAONMIKEHHI CEPEAHBOTO MO
BHPa30M

3 Ry
(OVeff IR, = —CV3 dr 47r26Ve (1),
47TI'O 0

B SIKOMY 3pY4HO mijacTtaButu R, = roCy, 173,
BukopurcToByroun urcenbHE pIlIEHHS 3aJ1a4l PO PO3CISHHS €JIEKTPOHIB Ha

BaKaHCIMHOMY ToTeHIiam [ 1 11], Mu Mokemo 3amucaru:
8(0) — A1CVa (311)

ne A; =4.10eB 113.3 eB misg Na 1 Al, BiAIIOBIAHO.
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[TincraBumo (3.2) ta (3.5) y piBHsSHHSA (3.1), iK€ MICIsA MPOCTUX MEPETBO-

peHb Moke OyTH Mepenucano y BUIVISIL

H_, 1 < Viws(o)
— V2o N IWSEIY 4 vea(r) — D) y(r) = 0, (3.12)
2m m ; Uws(0) o

ne o = |r - Rjl.

Bupas (3.12) MiCTUTh “KOMIIOHEHT MOTEHLIAJIBHOTO MPOQPUII0” Y BUITISAIL
nepexpecHoro wieHa. Ile MokHa po3misaaru sk 30ypeHHs. Panime anamoriysi
IpOLEAYPHU MPOBOAMWINCS B HECKIHUEHHUX 17IeaIbHUX MeTanax AJisi po3paxyHKiB
CHEPTiii OCHOBHOTO CTaHy 1 €()eKTUBHUX Mac eleKTpoHiB [132], [133] 1 mo3utpo-

HiB [134],
72k?
2Mer

Y [132] 1 [133] OyB BuKOpHUCTaHUN HAOIP KOMIPKOBUX XBUJIBOBUX (YHKIIIH.

£ =

VY [134] dyskuis ¢(r) Oyno poskiaaeHa B HaOIp IUIOCKMX XBHIJIb Y KPHUCTAI.
Sk BUABHIIOCS, BIUIMB BakaHCid Ha €(EKTUBHI MacH €JEKTPOHIB 1 MO3UTPOHIB

He3HauHui [111,112].

3.3 PobOora Buxoay ejieKTPOHiB 3 3D-MeTauty, 10 MiCTUTH BaKaHCIi

B nucepraitii nponoHyeThcsa MiAXiJl, Y SSKOMY KOMOIHYIOTbCS PIILICHHS 3a-
Jayl 11si MOHOBaKaHCii B MeTaji 0e3 ypaxXyBaHHS 30BHIIIHBOI MOBEPXHI, a Ta-
KOX PIICHHS JJIs METally 3 IMJIOCKOIO MOBEPXHEI0 Ta OJHOPIAHUM 00’ €MOM, aie
3HIKEHOIO TYCTHHOIO aTOMIB BHACIIJIOK HAsSBHOCTI HAAIPAaTKU BaKaHCIN y peaib-
HOMY MeTail. Y 1bOMY BHUIIAJIKY, e(peKkTuBHA poOoTa BUXOAY eleKTpoHIB Weg 3

MeTay MO)Ke OyTH TIpeICTaBlIeHa Y BUIJISAI CyMHU
Wi = WO + sWPUK L WE, (3.13)

ne WP — xapakTepucTnKa, IO TPAAMI[IHO PO3PAXOBYETHCS METOIOM (yHKITO-
HaJly TYCTUHH Ta CKJIAAA€ThCs 3 00’ €MHOT KOMIOHEHTH 1 TIOBEPXHEBOTO JAUIOIb-

Horo Gap’epy, OWPUk = —g0 _ 3cyp ocroBHOTO cTamy emextponis y merani,
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OB’ sI3aHUI 3 HAABHICTIO HAJIPAaTKU BaKaHCIii, Oe3 BpaxyBaHHS ii BIUTUBY Ha IO-
BepXHEBUI AunonbHuil 6ap’ep, a W! — mompapka U1 po6OTH BUXOJY TillOTETH-
YHOTO METajy 31 3HHKEHOI T'YCTHHOIO, 10 00yMOBJICHA HASBHICTIO BaKaHCIM 1
BpPaxOBY€ BILJIMB BaKaHCIM HAa MOBEPXHEBUM JUMOILHUNA Oap’ep.

Me:xa 3acTocOoBHOCTI Bupasy (3.13)
W < sWERUK o« WO,

B pamkax merony Kona-Illema i Mmozgeni crabiuibHOrO %ene B poooti [111]
CaMOy3rO/IPKEHO BHpIIIEHA 3a/1a4a PO PO3CIIOBAHHS €JIEKTPOHIB HA MOHOBAKaH-
cii B Mmetaniax. O0uucieHi ¢a3u po3CitOBaHHS 1 YABJICHHS CUCTEMH BaKaHCIH, sIK
“HaArpaTkyd’ B MeTajli, IO3BOJIMIU 3HANTH 3CyB €Heprii OCHOBHOTO CTaHy eJje-
KTPOHiB B 00’emi MeTany. Bemmunaa SWEUK 5 (3.13) — ne Bakauciitnuii BHecOK
B 00’ €MHY KOMIIOHEHTY po0OOTH BUXOAY 0€3 ypaxyBaHHS BaKaHCITHOTO BHECKY Y
PHUIIOBEPXHEBUI TUTIONBHUN Oap’ep.

3anuiieMo BEJIMKUNA TEPMOJMHAMIUHUEN moTeHmian Q[N] cucremMu mertal-
BakyyM 3 TUCKOM P Ta 06’emom V, y BUDIsiAl QyHKIIIOHATY HEOAHOPIAHOI eje-
KTpOHHOI KoHIeHTpamii N(r) (1.14).

J1Jis HaTMlIBHECKIHYEHHOTO METaJly [BICh X MEPHEHANKYISIPHA MTOBEPXHI PO3-
aury metan (X < 0) — Bakyym (X > 0)] piBHOBaxkHH# po3moaiia N(X) 3a710BOJIbHSIE

piBHsiHHIO Eitnepa

u(X) = ep(X) + (Vs 0(—X) + 5109 = const, (3.14)
a eJICKTPOCTaTUUHUI moTeHmian ¢(X) — piBasiHHIO [Tyaccona
d? _
o= () - p(], P =X, Gl =0 (19

3 ymoBu u(X)=const BUIUIMBAE PIBHO3ZHAYHICTH BHOOPY KOOpIMHATH B
(3.14). 3py4yHO NPUUHATH X = —00, JIe TPAAIEHTHI TOJAHKH 00EPTAIOTHCS Y HYJIb.

Toni poGoTa BUXOy €JIEKTPOHIB MOXKe OyTH 3HaiifieHa SK:

West = —p(—00) = —p.
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[IpoBenemMo MOPIBHSAHHS MK CYIUIBHUM METAJIOM 1 METaJoM, IO MICTHUTh
BakaHcii. MexaHi3M yTBOPEHHsI BaKaHCIi TyT He BaxuBuil. Lle moxe OyTu mexa-
Hi3M 3a [lloTTki abo “BujyBaHHS BakaHCI, 3anpornoHoBaHui B [ 135]. Baxiugo,
110 YUCJIO aTOMIB B 3pa3Ky HACTUIbKU BEJIMKE, 110 Y MI>KBAKaHCIHHOMY 00’ €M1 Ty-
CTHHA PEYOBHHU TaKa XK, SIK 1 B CYIIIBHOMY 3pa3Ky.

[IpoBenemMo ycepenHEHHs KOHIIGHTpAIlli 3aps/iB MO BaKaHCIMHINA KOMIpIl
Haarpatku (puc. 3.1). B pe3ynbrari 15010, yMOBa €JIEKTPOHEHTPAIBHOCTI B 00°-
eMi “HOBOTO, 0e3/1e(heKTHOr0” MeTally Ma€ BUIIISL:

Zn,
1+c¢,/

n=p= (3.16)

1ie Ny — KOHIIGHTpaIlis aToMiB, C, — BITHOCHA KOHIICHTpAIlis BakaHCii (06e3po3mip-
HUW MaJIUil mapamerp).
[IpoBoasiun po3kiiafaHHs B psiji 32 MajauM C, B yMoBi (3.16), Ta 0OMexyro-

YKICh HYJIBOBOIO Ta MEPIIOI0 CTYMEHSIMH MalOCTi 3a Cy, 3aIHUIIEMO

n=n+nlc, nt=-n° (3.17)
ae nd — KOHIIEHTpAIIisl JIEKTPOHIB CyIIIbHOTO MeTany (C, = 0).

3.3.1 C,-po3kiajaHHA

3a ananoriero 3 podoramu [100, 101], B sKUX pO3BUHYTO METOJ| BU3HAUE-
HHSI PO3MIPHUX MONPABOK €HEPreTUUHUX XapaKTEPUCTUK CHEPUUHUX KIACTEPiB
pamiycy R B Mozeni crabinbHoro sxene (1/R — po3MipHuii manuii mapamerp),

3alIMIIEMO XapaKTEPUCTUKHU METally, 0 MICTUTh BAaKaHCIi, y BUNIAAL
_ 0 1 _ 0 1
n(x) =N (x) +m()cy + ..., p(X) =p"(X) +p (X)cv + ...,

$(X) = %) + ' (Cy + ..., (X)) = pO(X) + (e + - ..

Lle no3Bossie posknactu piBHSAHHA (3.14) 1 (3.15) B QyHKIIIOHATIBHUI PSII.

OOMEXUBIIMCh HYJILOBUM Ta MEPIIMM MOPSIKOM PO3KIaJaHHs (BEpXHI 1HJIEKCH
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“0” 1 “1”, BIAMIOBIAHO), MAEMO:

0
12(X) = ep?(x) + Zgo + <5V>8vs 0(—X) + rpalieHTHI YWICHH,
0 0
w(X) = ept(X) + nl(x)@( 0)2 +n Mg—\r_/‘ZWSO(—X) + rpamienTtHi wiean, (3.18)
240,1
T - a0 - p% (). Mre0) =0 (3.19)

V Bupazax (3.18) g° = n%(X)e (no(x)) — 00’eMHa T'yCTHHA CHEPrii y HaOIMmKEHH]
nokanbHO1 rycTuHu (LDA).

IIpn X = —oco, oTpUMy€EMO:

-0 _ ago M,()e
ono
_ L 0% 00w —
1 _ o1 1 WS _ 1 1(R0/20 v/ OV | _ 1,
u = ep +nW naT—e(ﬁ +n|:n(88‘1) +(gJ)]——We/CV.

[aterpyBanus B (3.19) npusBoauth 10

¢t = —4re f dxx[no’l(x) - po’l(X)] . (3.20)

Bnacmigok Toro, mo BakaHCIHE 3MIIIEHHS €JIEeKTPOCTAaTUIHOTO TMOTEH-
iaay B 00’emi ¢1 0oOyMOBJICHE JUIIIE 3MEHIIEHHSM CEPEIHbOI KOHIIEHTpAIlii
CJICKTPOHIB Ta 10HIB B MeTalli, MO aHAJIOrii 3 CaMOCTUCHYTHMH KjacTepaMu

[100,101], ne edpext 3BopoTHHUH, 3amicTh (3.20) 3anuiiemo:

¢t =1 (") (3:21)
Tyt i gani “mTpux” o3Hayae moxigHy mo N°.

BHKOpHCTOBYIOUHM BHpa3 I 00’€MHOr0 Momyins cruckamHia B° =

(M°)3(£%)”, a Takox opmymu (3.17) ta (3.21), ocraTouno

BO
Wt = leﬁ)(ao) + (n— + n0(&9)’ )] (3.22)
B pesynbrari Takoro mijgxoAy BaKaHCIWHUN BHECOK B pOOOTY BUXOJY elie-

KTpOHA BU3HAYA€THCA BUKIIIOUHO XaPAKTCPUCTUKAMHA 6€3ﬂ€(1)CKTHOFO MCTaly.
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3.3.2 Po3paxyHOK BaKaHCiiHHOr0 BHECKY y po00Ty BHXOAY

VY HaBeneHUX BUIIE TOYHUX (QOopMyrax €IMHI BEIUYMHH, SKI BUMAraroTh
CaMOY3TrO/DKEHUX OOUMCIICHh — 1€ 3HAYCHHSI €JICKTPOCTATHYHOTO MOTCHIIANy B
06’€eMi 1aJeKo Bij reomerpuuHoi Mexi Meraiy ¢° Ta Horo noxigsa (¢°). Y tabu.
3.2 HaBe[ieH1 3HAYEHHSI KOMIOHEHT (POpMYJ B 3aJIeKHOCTI BiJl TeMreparypu. Ak
MU 0auuMO, BHECOK BiJI TOBEpXHEBOTO Oap’epy ~ (¢°) B WL ny’Ke 3HaYHHui. Bin
KOHKYpYE B (3.22) 3 00’eMHMM BHECKOM (CyMa JOJJaHKIB B KpyIIIHUX Ayxkax). [Ipu
HarpiBaHHI METAJIIB Y TBEPIOMY CTaHi, 3MiHa PO3PAaXOBAaHUX BEJIIMYUH IIPHUBE/ICHA
Ha OJIHY BaKaHCII0, CTAHOBUTH BIJICOTKH.

s 6e3nedextaux Al ta Na, BiamoBigHoO, WP = 4.30¢B, WP = —0.59 ¢B.

Hwxue, y BiamosigHocTti 3 (3.13), 3anumieMo:
W2 = oWk 4w

W = WO+ WL = WO 4+ sWoUk L wi, (3.23)

B minomy, semmunan W' Ta Welﬁ B1JI’€MHI 3a 3HaKoM. Mailke y BCIX BH-
najKax JIeBOBY 4acTKy e(eKTy cTaHOBUTH BennuuHa oW, (tabm. 3.2).

BuxopuctoByroun BennuuHy eHeprii yTBopeHHs BakaHcii &, = 0.66 eB
[136] 1 TepmMonMHAMIYHE BU3HAYEHHS BIJHOCHOT PIBHOBAXXHOT KOHIIEHTpAIlli Ba-
KaHCi#, g Al B Toumi IuIaBieHHS OTpUMaHO 3HaueHHA Cy(Tm) ~ 1073 [115].
OTxe, BHECOK PIBHOBAXHUX 00’€MHHUX BaKaHCi B poOOTYy BUXONYy €JIEKTPOHIB
ctaHoBuTh npuomu3no —0.018 eB, 3a manumu poGotu [117], BenmymHa KOH-
IEHTpAaIlii TOBHHHA OyTH 3HAYHO BHIIE, TOJI, BIAMOBIAHO, 1 €(EKT BiJl BaKaHCI
30UTBIINTHCS y Oarato pasis.

Maui neszanexui napamerpu R i ¢, 3°4BIsIOTECA U 3aCTOCYBAHHI LUX

M1IXOMIB IO KJIACTEPIB.
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Tabn. 3.2. Benuuunu (B €B), orpumani 3 po3paxyHkiB meronom Kona-
[lema nns GezmedexTHOrO MeTanmy y mojeni ctabinpHoro >kene [101], BakaH-
CiiiHMI1 BHECOK y po0OTy BUXOHYy eNeKTpoHiB (3.22), po3paxoBaHi il PI3HUX

TeMIeparyp; ap—O00PIBChKUI paaiyc

’

1%, 80| T.K |—e(¢°) | BY/A” |A°(s9) | Wi/e, | -We /c,
A112.055| 0 | 3.0353 |5.6588|2.54215.1656
2.070( 300 | 2.9907 |5.4195(2.4882(4.9172| 8.38
2.078| 466 | 2.9678 |5.2893(2.4602|4.7817
2.101|933 | 2.9026 |4.9476|2.3814|4.4264
Na|3.906| 0 | 0.8281 |2.0227|0.09251.2871
3.959| 186 | 0.8056 |1.8636]0.0723|1.1303
3.990( 293 | 0.7725 |1.7725]0.0611|1.0682| 2.97
4.012|371| 0.7838 |1.72010.0532|0.9895

3.4 Po3mipHuii BaKaHCIiiHUI BHECOK y MOTEHUIaJ ioHI3aWil Ta cropi-

JAHEHICTh 0 €JIeKTPOHY

SAxmo B kiactepi Mictuthest N, BakaHC1H, TOJ1 HOTO pajiiyc

1
Ruv = (N + N)Y3rg ~ Ry (1 + éc\,) ; (3.24)

a BiTHOCHA KOHIIeHTpalis BakaHciid C, = Ny/N = (ro/ RV)3, ne R, — paxiyc Ha-
nrparku Buraepa-3eiiTiia, 1o npumnaaae Ha OJHy BakaHCI0 B kKiactepi (puc. 3.1).
[lepenbauaerses, mo Ryy > R,.

3a ananoriero (1.16) mist kiactepa 3 BakaHCISIMU B aCHMOTOTUYHOMY Ha-

OM>KeHHI BUKOPUCTOBYEMO BUPA3u

R Ry - 20w (3.25)
_ M1 H2 & '
EANV - Weﬁ - m - % - 2Cny’

ne Weg 3amgano (3.13), (3.22) Ta (3.23). Ocranniii gnogaHok B (3.25) — eHepris
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OJTHOPA30BO 3aPSHKEHOI CPepH 3 eIEKTPUYHOIO EMHICTIO

1
CN,v = RN,V ~ Cy (1 + §Cv)

y BIAMOBIAHOCTI 3 BU3Ha4CHHAM (3.24).

Hami 3amicte (1.18) B nmucepraiiii BUKOPUCTOBYETHCS IeplIa poO3MipHa

ACUMIITOTHKA e2
a 1
IPN =Wo + ——= = — - —=
N ot N3’ @ org &
— (3.26)
BE 1 M1

EAN:WO—W, ﬁ:2—r0+e2,

J€ BEJUUHMHH (1 = [1/To, o = t2/ rg MaroTh PO3MIPHICTh €HEPTI.

[Ipunyctumo, 110 y BEIUKUX CPEPUYHUX KIACTEPIB MOTEHIIIMHE I0JIe Ha-
JIPATKH BakaHCIH Mae “cepuuny nepioguunicts” 1 pynkuis ¥(r) y (3.2), ska
3MIHIOETHCSA B MacilTadl BChOTO KJIACTepa, MOIYIIOETHCS 3a IOMOMOTOI0 (PyHKITIT
u(r). Toxi rpanuuHi yMoBH Y/(I') Ha MEXi PHU3BOIATH JIO JUCKPETHOIO €Hepre-
TUYHOTO CIIEKTPY €JIEKTPOHIB.

BusHaunMo eHepriio OCHOBHOTO CTaHy €JIEKTPOHIB B TOTEHIIWHINA sMi
Ver(f) BCBOTO KIIacTepa y BUMAAKY HECKIHYEHHO TIMOOKOT MPSIMOKYTHOI SIMU.
Tomy BennumHa XBUIKOBOI (DYHKIIIT TOBMHHA OyTH Malia Ha MOBEPXHI KJacTepa.

['panuuni ymoBu st (3.12) HaOyBaroTh BUIIIANY:

Y(Nl=ry, = 0. (3.27)

Pimmenns Mmoxke OyTH OTPHMAaHO IIISTXOM po3kiananHs GyHKIil ¢ (r) mo Oa-
3UCY XBHJIbOBUX (DYHKI[IM HECKIHUEHHO IMIMOOKOT MOTEHIIaIbHOI SIMU. Y LbOMY
sumnazky 4ieH £y (3.3) Moxke 6yTn 3amucanuii AK:

h2ﬂ.2
2mRe |,

e = + OV (N )Ry, - (3.28)

Omneparop 6V(r) y (3.12) BUKOPUCTOBYETHCS Y SIKOCTI 30ypeHHSI,

72 A Vuws(o)
oV(r) = —— .Z‘ MV.
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JliaroHaJIbHHI MaTpUYHHUI eJIeMEHT npejcTanise codoro noie oV(r),

(OV)ry, = f dr y(r)oV(r)y(r), (3.29)

r<RN,\,

yCepeHEeHE 32 OCHOBHOM CTaHOM 3 KBaHTOBUMH yuciamu Ny = 1,1 =0

1 2 sin(rr/Ryy)
y(r) = v\ Ruy - :

IIpocra oninka ansg (0V)g,, Aa€ HEOUIKyBaHUN PE3yNIBTaT:

W R,
mRe RN,V ’

Vuws
(V)R ® <(Rv )(RN,VWV;D)> ~
Uws
ne (...) To3HaJae IHTErpyBaHHs 3a 00’eMOM Kiactepa. 31aerhes, HiOu (OV)g,
nponopuiitna (R,Ryy)™t. B boMy BUnajKy iepapXis 4ieHIiB y HAIIOMY PO3KIa-
nanHi (3.28)) Oyne mopyleHa, TOMY IO TMOTEPEIHIN YieH MPONmOpIiHHUH FTNZV.

OnHak HMKYE MM ITOKA)KEMO IIOSBY JOJATKOBOTO 4ieHa B (OV)g, , MPONOPIIN-

HOIo é‘: (RV/ RN,V))
I—v I—v 1

= =Yl <1,
3 R~ 1o
Lle € pesynbrarom iHTerpyBanHs (3.29) nmo kyrax.
VY 3B’513Ky 3 TUM, 1110 30ypeHHs 6V(I') BiiOyBaeThcs y MaciTadi HaIpaTKH,

y (3.29), Oyne AOUITBHO MEPEUTH A0 IHTETPYBAHHS MO HAIKOMIPI 3 BUKOPHUCTA-

HHsM Qopmynu [piHa:

W
Vi, = 5= 2, [ drv{inluws(e)] 7020
i=1 O;

2 Ny

h

= —— | Vil — | V22

o 2. nuws‘ :Rvggds /4 fdr nuwsVy-|,
- S; Qi

ne Q; — e 06’em, 3a ymoBu L, < 0 < R,.
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Poskmanemo dyHkiriro 1//2(r) , 110 TIOBIJIbHO 3MIHIOETHCS Y MaciTadl Ha-

KOMIPKH, Y TPaJleHTHUHN pAJl B OKOJI1 KOXKHOTO R;,

i) =y (r) A sz(r) (r ~-R) + %Vzwz(r) r:R(rz —2rR; + R + ...

BukoprcroByroun po3kiagaHHs MOXITHUX 32 MajluM mapameTpoM o/Ry =
R,/R;, Mu MokeMO B34TH TOXIJIHI 32 ¥ B IIEHTpax Komipok R;,

dy*(R) dZwZ(R)&][:de(R) ll O(R&)‘

2
VW ( )R|>>Rv l dR| dRZ R, dR| RZ

r
r’

V2lﬁz(r)|Ri>>R\, - Vzlﬁz(l’)L:Ri i O(R/%/Rz)
Toni:
_ R [ dAR)
(VR = —5— ; l ar N tws) LRV

r
X 9§o|sF - v2¢2(r)' . fdr Inuws|. (3.30)
=R
Si Qi
BuxopucroBytouu Bupas (3.7), MU OTpUMAEMO:

(nuws)|_, =5~ + 0.

Unenu nij 3HakoM cymu y (3.30) MaroTh NPOTUIICKH] 3HAKH.

[HTerpas mo moBepxHi i-i KOMIPKHU OIIHIOETHCA TOYHO (IUB puc. 3.4),

3n R<R,

1-
(3.31)
Ry
‘R»  R>R.

9§d8— ZnRéde cos@; — 6) sing; = ZﬂR\Z,{

Otxe, iHTErpyBaHHs 3a KyramMu Ha R > R, nae nogarkoBy cTymiHb (po3-

kiananssa) R,/R. Tenep, 6epyun no yBaru daktop R,/R 3 (3.31), nmepexogumo
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Puc. 3.4. Cxema oO4MCIIEHHS 1IHTETpaIy MO MOBEPXHI i-i KOMIPKHU

BIJI MM1JICyMOBYBaHHs 110 iHTerpyBaHHs y (3.30) 1 oTpuMaemMo

N2l 3 dd(r) 3D,
ZTﬁz—fdrr o (3.32)

[Ticns mepexomy BiJ MiJICyMOBYBaHHSI 32 HOMEpaMH KOMIPOK /10 1HTETpy-
BaHHS 32 00’eMOM Kiactepa, apyruil wieH y (3.30) moxxe OyTH 3BeneHUU 10
IHTErpyBaHHS 3a WOT0 MOBEepxHEI0. BiH HIBENIOETHCS, BUXOASAYM 3 TPAHUUHHUX
yMmoB (3.27). Ocratouno BukopuctoBytoud (3.31) 1 (3.32), Mu mMaemo nepiuui

HEHYJIbOBUU YJIEH

2.2

(OV)Ry, = — (3.33)

Dyt + O( & E],
2mRy,, Riv Ry
ne D1 = 12Dg/n. Jlo uncna BIAKMHYTUX YJICHIB BIJTHOCSTHCSI TaKOK BHECKH Y
EHEprilo BiJl “3a60pOHEHOT0 06’ eMy” y KOXKHii kKoMipIi (~ &), 00yMOBIIeHi mpu-

CYTHICTIO “TBEpAMX CEPJLIEBUH’, THIIUMHU CIOBAMU, FPAHUYHUMHU YMOBaMH JIJIs

KOXXHOT KOMIPKOBO1 (DYHKITI1.
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B pesynbrari, BukopuctoBytouu (1.17), (3.25), (3.28) 1 (3.33), ocrarouna

dbopmyna s IOTEHIaTy 10H13a1lli Ma€ BUTIIS!

3 3

her? 2 Ly
1-=c,—D;—~ 1/3) . (3.34
zmrg( o~ Diel) | (334

€ 1 1 — 2
1Py = Wery + 117 (1 - —cv) + o l—,uz(l - —cv)

TyT MU 3HEXTyBalu po3MipHOIO 3anexHicTio SW2UK i Bakanciitnoro 3ae-

JKHICTIO (1 1 .
3.5 AmHaJjgi3 aCHMIOTOTHYHHMX HAOJMAKEHb Ta PO3PaXyHKH

VY 3B’A3Ky 3 1IMM, @ TaKOX BUKOPHUCTOBYIOUM YMOBHU CHEPUYHOI MEPio/Iiu-
yHocTi (3.2) 1 (3.6), MiHIMaIbHUN PO3MIp KIACTEPy 3 BaKaHCIAMH MOxe OyTu
oOpaHuii 3 yMOBHU iCHyBaHHA oOnHi€i oOononku HagkoMmipok. IIpm ¢, = 0.01
JUISL TIEPIIMX JBOX KOOpAMHATHHX c(ep, 3araibHa KUIBKICTh aTOMIB y KJacTe-
pi N = 13001 5500, mo nns Al Bignosigae Ryy = 1.8 1 2.9 M, BianoBigHO.

[Ipote Oimbm mocCHiAOBHUM Oyzie BHOIp 00JacTi 3aCTOCOBHOCTI BHpasy
(3.34) 3 yMOBH pO3KJIaJJaHH XIMIYHOTO IMOTEHIIay €JIEeKTPOHIB y Pl 3a CTy-
neHsiMu 3BopoTHOro paaiycy (R, < Ryy)

h?n?

5
2mr0

N3 > i, +

YV CcBOO "Uepry Iie MpH3BOANTH A0 3HadeHb N > 9.68- 10° (R ~ 4.5 um) Ta
N > 545.10* (R~ 6 M) m1s Na Ta Al, BignosimHo.
Benuki po3mipu KiacTepiB MOXKYTh JIE€TEKTyBaTUCA y eKcriepuMeHTi. Ha-

npuKiIaa, y pooori [137] nonmoBiganocs npo GoToeaeKTpOHHY CIEKTPOCKOIMI0 Ta

dixcanito Kynoniscskoi npabunu (Ec = €2/Ry) ioHi30BaHNX KiacTepis Al 35000

3 TouHicTIO mpubmm3Ho 1072 eB.
BinnosinHi BUpa3u sl CHOPIAHEHOCTI esekTpoHy EANy oTpumyroThes 3

(3.34) 3aminow @ — —0.
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[Ipu BuBeneHHi (3.28) ans COpOIIEHHS MU BUKOPHUCTOBYBAJIU T'PAHUUYHY
ymoBy (3.27). Lle He BpaxoBye po3TiKaHHS €JleKTpoHiB. Haiimpocrimum crioco-
O0oM mosicHeHHsI €(DEeKTy PO3TIKaHHS € BUKOPUCTAaHHS Teopii 30ypeHs [ | 38], Oepy-
YM JI0 YBard KiHIEBY DIMOMHY CPEPUUHOT AMH ~ Ve, Ver = —6 1 -16 eB s Na
1 AL, Bianosinuo (Puc. 3.3). [ns chepuynoi siMu HEMae aHATITUYHOTO PIllICHHS,
a s KJacTepHoro kyba pesynbrar Bigomuid [139]. Lle o3Hauae, 1mo B 1bOMY

e3yabTari ~ A2 i Kyba 3 HEMPOHMKHUMH CTIHKAMH HEOOXiTHO TTOMHOKHTH Ha
Y.

4 4 (43
e )l ).

ne ko = V—2MVgr. Owuinka posTikanHs npusBene 10 nossu uieny —A/NY3 p

AYKKY

octanHii myxmi B (3.34), ne A~ 1 qna Na 1 Al. Takum 9uHOM, O4EBUIHO, 11O

IIPU BUBEACHHI 1ILOTO WICHY MU 3HEXTyBaJIu uieHaMu nponopiidaumu 1/N.
Tomy, BpaxoByroun C, < 1, ymona (3.27) oOMexye 3HaYeHHs C, 3HU3Y.

Sk Hac/iI0K, HEXTYBAHHS €JIEKTPOHHUM PO3TIKAHHSAM, 3aCTOCOBHICTH (HOPMYIIH

(3.34) MOXIMBE 32 YMOBH

1/N<c,=N/N < 1.

HwxHst po3MipHa rpaHuiis, A¢ i7es HaJKOMIPKHU Tpaloe — 11e Bl Haarpa-
TkOB1 00onoHkH (N, > 55). BukopucTtanHs 1150ro MeToay AJisi OHIET 000JIOHKHU
HagkoMmipku (Ny = 13) — 1ie Bke excTpamnosiis.

Buxopucranss mux pesynapTariB i yMoB cepuuHoi nepiogudHocTti (3.2) 1
(3.6), MiHIMaNIBHUI PO3MIp KIACTEPy 3 BaKaHCIIMU MOXKHA OTPUMATd 3 YMOBU
HasIBHOCTI ofHIET 000m0HKH HaakoMipok. [ ¢, = 0.01 1 mepmmx ABOX KOOPIHU-
HalIMHUX cep HATKOMIPOK, 3arajibHa KUIbKICTh aromiB B kiactepi € N = 1300
1 5500, mo Bianosinae Ryy =~ 1.8 1 2.9 um ans Al, BianosigHo.

Bemuuuna 61 B (1.17) BU3Hauanacs HEoqHOPa3oBO [23]. Mu BHUKOPHUCTO-
BYEMO pO3paxoBaHi B MOl cTabuIbHOTO keie [132] 3HaueHHs 01 = 01/0g =

0.32rg, 0.57rg nna Na 1 Al, BigmoBimHo [01 = y/2B Tabn. VI pobotu [140]].
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ExcriepumentanpHi 3HaueHas Wy = 2.75eB, IP; = 5.14 eB 1 Wy = 4.28 ¢B,
IP; = 5.99 eB, a takox 0g/Bg = 0.70 ag u 0.40 ap misg Na 1 Al, BiAmoBIIHO,
B3sT1 3 [141].

Ha puc. 3.5 nna Na naBenena 3anexHocTs (3.34). BHacmigok Toro, 1o
dopmymna (3.34) nae 3HauenHs [P Bcroro Ha 10% BuIlle eKCTIEPUMEHTAIBLHOTO,
nependavanocs 3a BUMIprOBaHHIMH [Pyn<100 TS MariyHuX KiIacTepiB (IUB. pHUC.
28 B [68]) 13 3acTocyBaHHsAM (3.34) Bu3HauaTH ictuHHI 3HaueHHS Wyp. Excriepu-
MeHTalbH1 3HaueHHs W Ay psiy MaTepialliB CHJIBHO 3aJI€XaTh BiJl METOIUK
BUMIpIOBaHHA. Taka moBeIHKA IEMOHCTPYEThCS Ha puc. 3.5 3anexHicTio (3.34),
110 oOy10BaHa ISl IBOX 3HaY€Hb KOHIIEHTpallii BakaHciit ¢, = 0; 0,05 1 3mymrye
HAC aKIEHTYBAaTU yBary Ha MeXIl 3acTOCyBaHHs Bupasy (61), 1 OUIbII JeTalbHO
JOCIIIIATH 111 3aJI€KHOCTI TOOIHU3Y MOYaTKy KOOpPAMHAT.

Puc. 3.5 n03Bossi€ BUBHAYUTH TOYHICTH MOJEI 1 11 aJIEeKBaTHICTh 3a PI3HUX
ymoB. Ha puc. 3.5 HaBeneHi 3aJeXHOCTI AJis BeNUKKUX kiactepiB Na 1 Al, po3pa-
xoBaHi 3a popmymnoro (3.34) ans 3nadens ¢, = 0.001 0.01

V Mipy 3pocTaHHsS KOHIEHTpaIlii BakaHciii 36impmyerses 3mimenns O,
Came Ha 1110 BeJIMYHMHY 3CYBa€ThCs 3HaYeHHS poOoTH Buxoay Wy Ha BiCi opJiuHaT.
BepTukalbHUMU IITPUXOBUMHU JIIHISIMU TMO3HAYEHI MEX1 3aCTOCYBaHHS JIAHOTO
po3kiaganHs. Mo)kHa BiJI3HAYUTH MOMITHY BaKaHCIWHY 3aJIeKHICTh KPUBHUX, SIK
JUTS TIOTEHITIAy 10H13aIli, TaK 1 JJIs €Heprii NPUINIMaHHS eJIeKTPOHIB.

[IpencraBiaeHuil miAXiJ € MEPCIEKTUBHUM JUJISl €KCIIEPUMEHTAIBHOTO BU-
3HAYEHHS KOHIICHTpAIlIi TOYKOBUX Jie(eKTiB a00 JOMIIIOK B KJIacTepax METaIB.
JI1s1 IbOTO MOTIEPEIHRO MOTPIOHO PO3pPaXyBaATH JIOBKHUHY PO3CIFOBAHHS €JIEKTPO-
HIB Ha BiAnOBIIHOMY AedekTi B 3D-Metani. 30kpema, Moke OyTH BUPIIICHE IH-
TaHHS MPO KOHIIEHTPAIIII0 BaKaHCIA B KJAacTepl NMpU TEMIIEpaTypl IJIaBICHHS.
BuxopucroByroun puc. 3.5 ik CITKy 3Ha4€Hb, NIPU MOMAIaHHI €KCIIEPUMEHTAb-
Horo 3Ha4yeHHs [Py Ha ogHy 3 KpuBHX, (ikcyeThes BenmuuHa Cy(N) mpu 3aganiii
TeMIeparypi.

3araJbHUM HEIOJIIKOM MOJIENeH TUITY “¥Keje’” € MPUITYIIEHHS PO 11eaIbHY
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Enepris, eB

0 0.05 0.1 0.15
N—l/3
Puc. 3.5. Po3mipni 3anexunocTti [P (BepxHi kpuBi) 1 EA (HM>XHI KpUB1) 1715

Benukux kiactepiB Na 1 Al 3a popmysoro (3.34)
chepuuny Gopmy KiacTepiB aTOMiB METaIy.

3.6 KopoTki BUCHOBKH

VY nmaHomy po3aiii 3amporOHOBAaHA MOCIIOBHA MPOLEAYpa 3HAXOIKEHHS
poOOTH BUXOJy €JIEKTPOHA 1 MOTEHINaay 10HI3allli BEJIUKUX METaJeBHX KJacTe-
piB, 11O MICTATh BaKaHCIi, sika 0a3yeThCsl HA MOMEPEIHBO BUPIIICHIN 3a7a4l Mpo
PO3CISTHHSI €JIEKTPOHIB Ha MOHOBAaKaHCIl B MacHMBHOMY MeTain meronoM Kona-
[Ilema B Mozeni cTabiIbHOTO KETe.

Otpumani pe3ynbraTd Juisi pOOOTH BHUXOJY HaMiBHECKIHUEHHOTO MeETaly
CHpaBeUIMBI B JIIHIMHOMY 3a C, HAOMMKEHHI, a TAaKOX 3a MPUITYIICHHS PIBHOCTI
HYIIO TUCKY B MeTai. Y MonpasKku ~ C2 Bxke yBilmyTs moxigni dA®P/dny (us.
(3.11)). Jns ix oGuucieHHs HeOOX1THO BUKOPUCTATH METOAUKY podoTu [111].

Camoy3sromkeni mpodiial MOTeHIaliB BUKOPUCTOBYIOTHCS JIJIST BU3HAYCHHS

BAaKaHCIMHOTO 3CyBY €HEprii OCHOBHOIO CTaHy B MeTaJeBOMY KiacTtepi-cdepi y
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BUIVISAL cepii po3MipHuX nonpaBok. [lepenbayanacs chepuyna nepiogudHICTh B
po3TalllyBaHHI BakaHCId. Bu3zHaueHO MeX1 3aCTOCYyBaHHS J1aHOTO PO3KJIAJIaHHS
3a CTymeHsMHU 3BopoTHoro pamiyca R R > 45 umi R > 6 um gus Na i Al,
BI/IIIOB1THO.

Yepes Te, 1110 KOHIIEHTpAIlls pIBHOBAKHUX BakaHCiM y 3D-meTanax ekcrno-
HEHIIaIbHO 3aJIeKUTh Bl TEMIEpaTypu, MOBEPXHEBa €HEpris Ta podoTa OyayTh
MICTUTH, KPIM JIHIHHUX TEMIIEPaTypHUX 3aJIEKHOCTEH, MOB’A3aHUX 3 TEIIOBUM
PO3IIUPEHHSIM, TAKOK €KCIIOHEHIIaJIbHY 3aJIeKHICTh, Ky MOYKHA OYIKYBaTH MO-
Omu3y Touku miaBniHHSA 3D-MeraniB. MoxIIMBO (€KCIIOHEHIIIaIbHA TeMIIepaTyp-
Ha 3ajexHIcTh) Oyne mictutu sk IP, Tak 1 EA nia Hanoknacrepis.

[IpencraBieHuil MiAXia € MEPCIEKTUBHUM JUJISi €KCIIEPUMEHTAIBHOTO BH-
3HAYEeHHs] KOHIIEHTPAIi TOYKOBHX JIe(peKTiB a00 TOMIIIOK B KJIacTepax METalliB.
JIJ1st 11bOTO MOTEPENHbO MOTPIOHO PO3paXyBaTH JOBKUHY PO3CIIOBAHHS €JIEKTPO-
HiB Ha BiAnoBiAHOMY fedekrti B 3D-metani. OTpumaHi aHaMITUYHI BUpa3u 3pyUHi
JUISL aHAJi3y Pe3yJbTariB (POTOIOHIZAIINHUX EKCIEPUMEHTIB. 3 iX JOMOMOTOI0,
30KpeMa, Moke OyTH BHM3HAu€HAa KOHIEHTpAllls BaKaHCIH B KiacTepi MOOIU3Y
TEeMIIepaTypu IaBieHHs. [Ipyu moTparisHHI eKCIIepUMEHTATBHOTO 3HAYEHHS T10-
TeHuiany ionizamii [P (abo eneprii npununands EA) Ha oiHy 3 po3paxOBaHHUX
pPO3MIpHUX 1 KOHIIEHTpamiifHuX 3anexxHocTeil [P (abo EA), aBromatnaHo (ikcy-
€ThCSI PO3MIp KJlacTepa 1 KOHIIEHTpaIlis BaKaHCIH Mpu 3aJaHiil Temneparypi.

OcHogHi pe3ynbrati Po3niny 3 omyOmnikoBaHi B poborax [33,34,37,39,43].
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PO3JILT 4
EHEPTETAYHI XAPAKTEPUCTHUKH MAJIUX METAJIEBAX
KJACTEPIB, 1[0 MICTSTh MOHOBAKAHCIIO

Ile¥t po3ain aucepTallii TPUCBSIYCHO AOCTIIHKEHHIO KBAHTOBUX PO3MIPHUX
e(deKTIB y MallX KJacTepax METalliB, 3 BaKaHCIEIO y HEHTpi. K 1 B momepeaHix
po3aiIax, BUKOPUCTOBYBaJacs MOCHb ‘cTabinbHOro” xene 1 meton Kona-Illema.
Bracninok toro, mo moaioH1 3a1a4i moTpeOyrTh BUCOKOT TOYHOCTI OOYHCIICHB,
BUSIBIJIOCHh HEOOXITHMM 3ajJyuyeHHsl cynepkomn torepa. CaMoy3rojpkeHi po3pa-
XYHKH TIPOCTOPOBOTO Pa3MOJUTy €IEKTPOHIB, IMOTEHINIAIIB, €HePrikd aucolialli,
Kore3ii, yTBOPEHHSI BaKaHCIi, CIIOPITHEHOCTI JI0 €JIEKTPOHA Ta MOTEHI1aly 10H13a-
uii cynuibHuX KiaactepiB Rby, Ky, Nay, Liy, Mgy 1 Aly (N < 270) ta knactepis,
o MicTaTh MoHoBakaHcio (N > 12) npoBoaunucs Ha knactept CKIT-3 Inctu-

tyty Kibepuetuku im. B.M. I'mymkoBa HAH Vkpainu (Rpeak = 7.4 Tflops).

4.1 @opmyaBaHHS 3a1a4i

OpnHa 3 TOYOK 30py Ha IUIABJICHHS TBepAuX Tl [|] mepenbadae cTpuOKo-
nmoai0He 30UIbIICHHST KOHIICHTpAIlli BAaKaHC1H B MOTPIAHIN TOYIIl, a TAKOK 3MEH-
IIICHHSI €HEeprii YTBOPEHHS BaKaHCIM 31 3pOCTaHHSAM iX KOHIIGHTparii. Y TodIll
TIJIABJICHHS KOHIIEHTpAIIsl BaKaHCIM B MeTajlaX CTaHOBUTH YaCTKHU BijcoTka. He-
3Ba)KalO4YM HAa HACTUIBKK MaJjll KOHIICHTpAIlll, BaKaHCIi CHJIPHO BILIMBAIOTh Ha BIa-
CTHBOCT1 TBEPIUX TiI.

PiBHOBa)kHA KOHIIGHTpaIllisl BaKaHCIH OOUMCIIOETHCS 3a HASBHOCTI €HEprii
YTBOPEHHS BaKaHCIi, sika MOXe OyTH OTpHMaHa 13 CHEKTPYy aHITUIALIl TO3UTPO-
HIB, JIOKaJ130BaHMUX y BakaHCisX. [Ipu Takiii mpoiieaypl KOHIIEHTpaIlisi BaKaHC1i
3QIMIIAETHCS BUIBHUM TTapaMeTPOM.

HannpoBigauii cTaH Majaux HAHOKJIACTEPIB 0€3MOCEepPEHbO OB’ SI3aHUM 3

SIBUILIEM NapHO1 Kopeusiii. CraproBaHHs €IEKTPOHIB MPU3BOAUTH JJO CUIIBLHOT MO-
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mudikaiii eHepreTUuHOro crekTpy. OviKyeTbes, 10 Mepexoind B HAAPOBIAHUIMA
CTaH B1I0YBAaIOThCS Yy KJIaCTEpax, €JIEKTPOHHI OOOJIOHKHU SIKMX MOBHICTIO 3aIOB-
HeHHl [13, 14]. V 3anoBHeHuX cepuyHUX 000JOHKAX, BEPXHI 3allOBHEHI eJie-
KTPOHHI €HEPreTUYH1 PIBHI € CUJIbHO BUPOKEHUMU (''Mariudi yucia atoMip").
HasiBHICTH HaBITh OJIHI€1 BakaHCIi, K MOKa3aHO B JHMCEpTAaIlii, TPU3BOAUTH JI0
Moaudikaili Mari9yHUX YMUCel aTOMIB.

B excnepumentax Oyno BCTaHOBJIEHO, IO TeMIIEpaTypa IUJIABICHHS BiJlb-
HUX KJIacTepiB 1 KJacTepiB Ha MIAKIAAL1 3MEHIIYETHCS 31 3MEHIIEHHSM iX PO3Mi-
piB. [HTEepmpeTali Ta MOJIETIOBAHHIO IILOTO ME30CKOIMIYHOTO SIBUILA MPUCBSIYCHO
3HaYHA KUIBKICTBh poOIT [142—147].

CyyacHi Mac-CIEKTPOMETPUYHI Ta KaJOPUMETPUUYHI METOJIH JI03BOJISIIOTH
JIETaNbHO JOCIIHKYBATH MPOIIEC MEePEATIaBICHHS 1 IJIaBJICHHS METalleBUX KJa-
CTEpiB, AKI CKIAAAIOTHCA 3 JIIUMIBHOTO uyncia atoMiB [148—151]. V nuroBanux
po0oTax MoKa3zaHo, 110 TeMmIepaTypa IUIABICHHS OKPIM PO3MIPHHUX OCIMIISIIIHN
Ma€ po3MipHI aHoMamil (Hanpukian, s Al), K1 He ONMUCYIOTHCS TPOCTUMH MO-
nensimu [ 148, 150]. Takoxk moka3aHo, 110 B Mpolect TuiaBieHHs qudy3is moBepx-
HEBHUX BaKaHCIM B 00’€M OLIbIN BUTIJHA IS KJIACTEPIB 3 HE3AIIOBHECHUMH €Jie-
KTPOHHUMHU OOOJIOHKAMM, HIXK JJIsI KIacTepiB 3 MariyHUM 4YHUCJIOM aToMiB [ 149].
i ¢pakTh CTUMYIIOIOTH MIABUIIEHUN THTEPEC A0 PO3yMiHHS (Da30BOTO MEPEXOay
3 TBEPJOTO B PIAKUIA CTaH, SIK KOH(DIrypauiiHoro 30y/1KeHHsI BaKaHCI B KJiacTe-
pax.

[Tonynsippa Touka 3o0py [152-154] 3 mo3uiii TEPMOJUHAMIKU: MOOIHU3Y
TEMIIEpPaTypy TUIABJIICHHS CHEPris YTBOPCHHsI BaKaHCI TUM MEHIIE, YUM MEH-
i€ KjacTtep, a KOHIEHTpallis BakaHCIA HE 3aJeXuTh BiJ oro po3mipy. OmHak
TepMOJAMHAMIKa HE Jla€ BKa31BOK Ha MEXaHI3M YTBOPCHHS BaKaHCIM, TOX MUTaH-
HSl TIPO PO3MIPHY 3aJICKHICTh €HEPrii YyTBOPEHHS BaKaHCIH, 1X KOHIICHTPAILIIIO Ta
3B’SI30K BAaKaHCIH 13 MPOLIECOM ILIABICHHS 3QJIUIIAETHCS BIIKPUTHM.

EnepreTuyHi XapakTepUCTUKU TBEPAUX KJIACTEPIB IHTECHCUBHO BUBYAJIKCS B

PI3HUX MOACNAX 1 MIIX0AaX, BKIIFOUAIOUH TPhOXKOOPAMHATHO Je(OPMOBAHE JKeJie
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1 ab initio cumynsuiro (quB. [68,69, 155-159] 1 mocunaHHs B HUX).

HesBaxaroun Ha Te, IO €HEPreTUYHI XAPAKTEPUCTUKU CYLUIBHUX Me-
TaJIeBUX KJIACTEPIB PO3PaXOBYBAIMCH HEOJHOPA30BO y PI3HUX MOJEHSAX (IUB.
[68, 156, 159] 1 mocunaHHs B HHUX), CAaMOY3TOJKEHI PO3paxyHKU €Heprii yTBO-
pEeHHSI BakaHCii B KJacTepax 1 BIUIMB Ha HE1 KBAaHTYBaHHS €JIEKTPOHHOIO CIie-
KTpa J0ci He BUKOHYBanucs. KpiMm 1miel 3a7a4i, OHIEIO 13 aKTyalbHUX 3a1ad4, Kl
MOKHa C(OPMYIIOBATH Yy 3B’SI3Ky 13 IUIABICHHAM MajOpPO3MIPHUX arperaris, €
JOCITIJKEHHS] PO3MIpHOT MOBEIIHKY MOTEHIIIally 10H13a1lii KJIacTepiB, 10 MICTATh
MOHOBakaHCir0. OTpUMaH1 3aJIEKHOCTI MOKYTh OyTH KOPUCHUMU MPH TTPOBEICH-
HI aHaIi3y pe3yibrariB (POTOIOHIZALIMHUX EKCIIEPUMEHTIB, @ TaKOX JIsl BU3HA-
YEHHSI PO3MIPHOI 3QJIEKHOCTI KOHIIGHTpAIlll BaKaHCid, B TOMY YHCIIi, MOOIHU3Y
TEeMIIEpaTypu MIIaBJICHHS.

Mertoro gaHoro po3aity aucepralii € po3paxyHok metogom Kona-Illema B
MOJIeJ1 CTabUIBHOTO KeJle HUIOro Habopy eHEePreTHYHUX XapaKTepUCTUK KilacTe-
piB, sIKi MICTATh MOHOBAKaHCIIO, 110 JTO3BOJMJIO BCTAHOBUTHU, 30KpeMa, SIK PO3-
MIpHY MOBEJIIHKY €Heprii yTBOPEHHS BaKaHCIi, TaK 3aJeXKHICTh BiJ CIOCOOy i

YTBOPEHHS.

4.2 Moaeab MeTaeBoi cpepu 3 BAKAHCIEI0 B IIEHTPi

VaBiMo MeTaneBuii kiaactep y Bunsiai cepu. bynemo nopiBHioBatu xapa-
KTEPUCTUKU cdep 13 OJHAKOBOIO KUIBKICTIO atoMiB N P HYJIbOBI TeMIeparypi.
[Tpu npomy pazaiycu cyuuibHux cdep Ry 1 chep 3 MoHOBakaHci€ro y HeHTpl Ryy

BIJIPI3HSAIOTHCSI OJUMH BIJl OJTHOTO:

Ry = N*ro,
4.1)
RN,v = (N + 1)1/3r0,

ne o — paaiyc enemeHTapHoi komipku (Biraepa-3eiiTiia), mo npumnagae Ha OJuH
aToMm.

VY wmopgeni cTabiIbHOTO >Kejl€ MOHOBAKaHCIIO TMPEACTABISAIOTH Y BUIVISIL
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chepruHOi HEUTPaIbHOT IPKU PaliyCy o Yy OZHOPITHOMY MO3UTUBHO 3apsipKe-
HOMY (POHI, IKMI CTBOPIOETHCS 10HaMH. PO3MOJILIT MO3UTUBHOTO 3apsly KilacTtepa
3 BAKaHCIEIO 3aMUCYETHCSA 3 BUKOPUCTAHHSAM OJUHUYHOI CTYMIHYACTO! (PyHKIIIT

Xesicaiiaa:
pv(r) = né(r — ro)d(Ryy — ). (4.2)

[ToBHy eHeprito MeTaneBoi cdepu, 3 BaKaHCIEIO Y LEHTPI, MPEACTABUMO Y
BUDIIsII (pyHKITIOHAMY enekTpoHHOi ryctunu Eny[Ny(r)] 3a ananoriero 3 En[N(r)]
[23] (HmxHIM 1HACKC "V'"'03HAUAE, IO XapaKTePUCTHUKA BITHOCUTHCS JI0 KIacTepa,
10 MICTUTh BakaHCiio, TOOTO 3 ypaxyBaHHsM (4.2). Ctucia cxema 0OYUCIICHBb
BuKjageHa y Po3nimi 1 ta B Jlonarky b.

[IpocTopoBHii PO3MOALT EIEKTPOCTATHUYHOIO MOTeHINany ¢y(f) 3HaX0au-
ThCsl pitieHHsIM piBHsIHHS [lyaccona (3.15), 3 ypaxyBanusam (4.2), npu ¢dikco-
BaHii ymoBi (1.23).

Cdepuuna cumeTpist 103Bossie po3aiiuTu 3miHHL y (1.21). B nboMy Bumau-
Ky OHOEJIEKTPOHHI XBUJIHOBI (PYHKIIIT Ta €HEPTii XapaKTepu3yOThCs palialibHUM
N, Ta opOiTaNbHUM | KBAHTOBUMH YHCIIaMU. Y HAIIUX PO3paxyHKaX KpPOK JIUC-
Kkpetu3aiiii 3a I' ckianas npuommsno 0.002ay, ap — 6opiBehkHit paaiyc. UncenbHe
pILIEHHS CUCTEMHU XBWJIbOBHX PIBHSIHB 1 piBHAHHS [lyaccoHa mpoBomauiocs me-
tonoMm Hymepoga.

Ha puc. 4.1, 4.2, 4.3 naBeneHi npodiiai eIeKTPOHHOTO PO3MOALTY, 1 ede-
KTUBHOTO MOTEHIANY JUIsl CYIIUIBHOTO KJacTepa 1 KjacTepa 3 BaKaHCIEIO Y IICH-
Tpi, sIK1 MICTATH oziHaKkoBe unciio aroMmiB N = 12. Ha pucyHky no3Havexi pajiycu
BakaHcii 1 kiactepiB (Z = 1 ta ro = 3.99a9 g Na; Z = 2 ta ro = 3.34a9 ns
Mg; Z = 3 T1a ro = 29989 nns Na). Pagiycu iX Bipi3HAIOTHCS BIATOBIIHO 10
Bu3HaueHHs (4.1). Ha BcTaBkax mpouTIOCTPOBAHUN X1J] €JIEKTPOHHUX MPOQUIIB 1
NOTEHILIaly JdaJieKko BiJ kiactepiB. He3paxkaroun Ha Te, IO €EKTPOHHI PO3MOAI-
JM IIBUJKO 3MEHIIYIOTHCS, XBOCTU MOTEHIIAJIB MPOCTATAIOTHCA JaleKo (po3pa-

XYHOK MpoBoAuBCS npubiu3Ho 10 I = Ry + 900ap). [ns 3apsamxeHnx kiactepin
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CJICKTPOCTATHYHHUMA MOTEHIIIA 3a MEXaMU TOBEPXHI aCUMOTOTUYHO CHAJa€ K
Q/r. Jlnsa BeNMuKUX KiacTepiB, MPOCTOPOBUI MPOQ1Ib €IEKTPOHIB CTAE CXOKUM
Ha Tpodi1b MOOIN3Yy MOBEPXHI HAMIBHECKIHYEHHOTO METAITy, SIKWM MICTUTH Be-
JUKY KUIBKICTh (DPIJICIEBCKUX OCHUJIALIN. 3HaaeH] Tpodii J03BOISIOTh 00UN-

CIIUTU TMOBHY eHeprito kiacrepa (1.19).

4.3 TIloreHuiaJj ioHi3anii Ta CIOPiIAHEHICTH 10 eJIeKTPoHAa. MarivyHi Ta

HeMariyHi Kjacrepu

Krnacrepu aToMiB MatoTh CTPYKTYpHY MEPIOIUYHICTb, SIKa HOCUThH HE TPaHC-
JSUIAHUN XapakTep, a Ma€e BIACTUBICTh ‘“‘cepuunoi nepioauunocti”. Lsg nepio-
JTUYHICTh 00yMOBJIeHa C(hepUYHHUMHU LIapaMu aToMiB (KOOpAUHAIIMHUMU cepa-
MH). 3a aHAJIOTI€I0, IJIs KJIacTepPiB 3 BAKAHCISIMU MM MO>KEMO BBECTH MiHIMaJbHE
yrcno N = 12 uro Bignosigae chepruuHOCTI 3a7ayi.

[H11a 0COOIMBICTE, MIPUTAMAHHA TUTBKU METAJIEBUM KJlacTepaM, 00yMoOBIie-
Ha MIpOIO 3allOBHEHHS €JIEKTPOHHHUX OOOJIOHOK, 31 30LIBIICHHSIM KIJTBKOCTI aro-
MmiB. Kiactepu 3 3allOBHEHMMH €JIEKTPOHHUMHU OOOJOHKAMH MAlOTh MiJBUIICHY
CTaOUIBHICTh B TIOPIBHSIHHI 3 KJIACTEPAMHM IHILIKX PO3MIpiB, 0OOJOHKU SIKUX Yac-
TKOBO 3amoBHEH1. [Ipu N — co, pi3HUIS MK MariyHMMH 1 HEMariYyHUMHU KJ1acTe-
pamu 3HHKAE.

o ananorii 3 cyuiibHUMU Kiactepam# (1.15), moTeniian ioHi3aii Ta cmo-

PIAHEHICTh A0 eNIeKTpOHa i Ae(EKTHOTO KJacTepa BU3HAYAIACH SIK:

II:)N,V = Eﬁ’v - EN,V’ (4 3)
EAN,V = EN,V - N,V’

ne E{, = Emev_ 1 Eny = E,’:l'e\;r 1o e”eprii cepu paaitycom Ryy 3 HaUIMILIKOBUM
3apsgoM Q = +e, Q = —e, Eny = Emev — eHepris HeTpanbHOi chepu (Q = 0).
Ha puc. 4.4, 4.5 naBeneni pesynsratu oouncieHs [P 1 EA, mis skux mokHa

MPOCTEKUTH PI3HUII0O MK CYIIUIBHUMU KJlacTepamu Ta JepekTHuMHU. [3 pocTtom
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Enepris, eB
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Puc. 4.1. Camoy3romxeHo po3paxoBaHi Mpodisii €IEKTPOHHOTO PO3TOILTY
N(r) Ta epeKTUBHOTO MOTCHINANY Veg(r) JUIS 3apsUDKCHUX Ta HEHUTpPaIbHHUX CY-
HUIBHUX KJIACTEPIB (CYIUIbHI JIiHIT), Ta KJIACTEPIiB 3 BAKAHCIEIO y LIEHTP1 (IITPH-
xoB1 JiHi1), Rb Ta K 110 micTaTe ogHakoBy kibKicTh atoMiB N = 12, 1 - Q = —€,

2-Q=0,3-Q=+e
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Puc. 4.2. Camoy3ropkeHo po3paxoBaHi Mpodisii eIEKTPOHHOTO PO3MOALTY
n(r) Ta epexTrBHOrO MOTEHINANY Ver() IS 3apsAHDKCHUX Ta HEHTPAIBHHX CY-
HUTBHUX KJIacTepiB (CyLUIbHI JIHIT), Ta KJIACTEPIB 3 BAKAHCIEIO Y LEHTP1 (IITpHU-
xoB1 JiiHiT), Na ta Li 110 MicTTh 0HaKOBY KUIbKICTh aToMiB N = 12 1 - Q = —€,

2-Q=0,3-Q=+e
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Puc. 4.3. Camoy3ropkeHo po3paxoBaHi mpodisii eIEKTPOHHOTO PO3MOALTY
N(r) Ta epexTUBHOTO MOTEHIANY Veg(F) JUIS 3apsDKEHUX Ta HEUTpPAIbHHUX CY-
HUIBHUX KJIACTEPIB (CYIUIbHI JiHIT), Ta KJIACTEPIiB 3 BAKAHCIEIO y LEHTP1 (IITPH-
X0B1 JiHIT), Mg Tta Al 1mo MicTATh OgHAKOBY KuIbKicTh aromiB N = 12, ] —

Q=-62-Q=0,3-Q=+e
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Eneprisa, eB

Enepris, eB

Enepris, eB
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N

Puc. 4.4. Po3mipHa 3aexHICTh MOTEHINany 10Hi3amii [P Ta ciopigHeHocTi
no enektpony EA s Li, Na ta K, obumcneni 6e3nocepennbo 3a GopmynaMu
(4.3) mist cymibHUX KiIacTepiB (e) Ta KIAcTepiB 3 MOHOBAKaHCIE€HO (©); eKCIe-
pUMEHTaJIbHI 3HaueHHs HaBezeHl (+ Ta X) g Li [160], Na [68,71] ta K [68].

[ITpux myHKTHpHA diHIA (—-—) — acHMITOTHKA (3.26)
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N, mounnatouu 3 12, 1sa pizuuns aias Na moxke ckinagata 0.1 + 0.5 eB (mmsa Al
— npubnmu3Ho BABIYl Outbiie). Jlitepu s, p, d, f, g, h, 1, j, k, | BigmoBizaroTh
opOitansHuM yrciam | = 0, ..., 9. MakcumaibHa pi3HUI MK CYIUTbHUMU KJia-
cTepaMu 1 Ae(DEKTHUMHU CIIOCTEPITAETHCS TP TEPEXol 3 TOBHICTIO 3alIOBHEHOT
00O0JIOHKM HA TOPOXKHIO. Y Mipy 30utbiieHHs N, 11 pi3HULS HIBEIIOETHCS.

Jlns 3pyuHoCTi pe3ynbrati HaBeneHi y koopaunarax N~Y/3, Jlns xnacrepin

~1/3 _

3 MOoHOBakaHcie€ro C, = 1/N, Tomy icHye BianoBigHicT N ey HalIoMy

M
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: | | ]
4 - :
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Puc. 4.5. Po3mipHa 3aiexHICTh MOTEHIany 1oHi3amii [P Ta ciopigHeHocTi
1o enekrpony EA mns Mg ta Al, obuucieni 6e3nocepentbo 3a popmymnamu (4.3)
JUISL CYLUIBHUX KJIacTepiB (®) Ta KJIAcTEepiB 3 MOHOBAKAHCIEIO (0); €KCIIEPUMEH-
TaJibHI 3HAUYCHHs HaBeeH1 (+ Ta X) s Mg [71], Al [68,70]. Lltpux myHKTHpHA

JiHiA (- —) — acumnroTuka (3.26)
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Bumaaky C, — O mpu N — oco. SIkio BakaHcis He OfHA, ajie X KOHIICHTpAIIis Ma-
Ja (BakaHCIi HE B3aEMOJIIOTH OJ[HA 3 OJHOIO0), 32 HAITUMH PUCYHKAaMH MOKJIUBO
SKICHO B1JICT€KYBaTH 3aJI€KHICTh CHEPreTUYHUX XapaKTEPUCTUK BiJl KOHIIEHTpa-
11 BakaHCIH.

[Torenmian 10Hi3awii Ta CIIOPIAHEHICTD 10 €JIEKTPOHA IEMOHCTPYIOTh CUJTh-
HO OCIIISITOPHY MOBEIIHKY, 3yMOBJICHY CPEPHUIHOIO 000JIOHKOBOIO CTPYKTYPOIO.
Bonu nparayte 10 Wy aCHMOTOTHYHO TOCHUTH MOBLIBHO, 1[0 0OYMOBJICHO BHCO-
KM OpOITAIPHUM BUPOHKCHHSIM 1 BEIMKUMHU KyTOBUMH KBAaHTOBUMH YHCIAMU
|. 3a pe3ynpraTamMu eKCIEPHMMEHTIB OCLMIIALIT Habararo ciadim. Buxing 3a pam-
ku LDA 1 Bukopuctanns local spin density approximation (LSDA) no3Bosie
3MEHIIUTHA OCIIUJIISLIII.

BuxopucroByrouu teopemy Kynmenca, popmynu (4.3) MokHa nepenucatu

y BHIJISII
_ _HO &
IPN,V —_ _SN,V + ZC+ s
N,v
w_ €
EAN,V = _8N,V - ZC_ 5
N,v

ne 8',:'1(3/ 8',;}{/ Ta Cy, — €Heprii BepXHiX 3alHATHX/ HIKHIX HE3aHHATUX €JIEKTPOH-

HUX opOiTasieil kiactepa 1 eJIeKTPUYHI €EMHOCTI, BIITMIOBIIHO.

Ha puc. 4.6, 4.7 naBeneHo CreKTpH JyIsl CylIIbHUX KiactepiB Na, Mg 1 Al
Puc. 4.6, 4.7 neMOHCTpy€ 3alIOBHEHHS €IEKTPOHHUX 0O0JIOHOK B Mipy 301IbIICH-
Hs yKclia eaekTpoHiB. CylUIbHUMH PUCKAMU MTO3HAYEHI 3alIOBHEHI, @ TOYKOBUMU
JIHISIMHU — HE3allOBHEHI (BIPTyalbHi) €JICKTPOHHI PiBHI. Takok Ha PUCYHKY TIO-
3HA4YEH1 BEPXHIN 3alHATHI 8“0 (Touka Ha CYLUIbHUI JIIHIT) 1 HXKHIN HEe3alMHATUI

LU . . .
ey (KpYKOK) eHepreTH4Hi PiBHi.

HO LU

Ny = Env ® H(Rny). MakenmansHi

JI1s 4acTKOBO 3aIIOBHEHUX OOOJIOHOK &
3HAYCHHSI 8“8 BIJIIIOB1AIOThH MOBHICTIO 3aIlIOBHEHUM OOOJIOHKAM, a MaridHl 4YKcia
aromiB N** nist chepUUHHUX CYUUTBHUX KJIACTEPIB 1 KJIACTEPIB 3 BAKAHCIEIO HE B

BCiX Bumajgkax cmiBnagaoThk. s Na (Z = 1) orpumani 3HaueHHs N** = 2, §,
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Puc. 4.6. Cnextpu cyuuibHux (O/m) Ta nedextHux (O/m) xinactepiB Li,

Na ta K, Ha sxux mo3HaueH1 BapxHii 3aiiHsaTuil HO(0), Ta HUXHIA HEe3aWHATHN

LU(e) piBHi
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18, 20, 34, 40, 58, 68, 90, 92, 106, 132, 138, 168, 186, 196, 198, (230), 232,
(252), 254. lna Mg (Z = 2) N** = 4, 9, 10, 17, 20, 29, 34, 45, 46, 53, 66,
69, 78, 93, 98, (99), 115, (116), 126, 127, 134, 153, 156, 169, 178, 199, 204,
219. llna Al (Z = 2) N*™ = 6, (30), 44, 46, 52, 62, {66}, (84), (102), {104},
{136}, 146, {154}, (180), (202), 204. B kpymux ayKKax HaBeJcHI Ti 3HAYCHHS

U1l 1eeKTHUX KJIacTepiB, sIKI HE 301ratroThCsl 3 BIAMOBIIHUMH JIJIsI CYIUIBHUX

KJIaCTepiB, a y (PIrypHUX — HABIAKHU.

HO LU

31 30uIbIIEHHAM Ryy BeIHYUHU
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Puc. 4.7. CnekTpu cyniibHUX Ta AepeKTHUX KiactepiB Mg ta Al

_gN,V Ta _gN,V’ OCHUWJIIOIOTH Ta HPArtLyTb

Do—
golicBNaR=y

DN —
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10 —u(Ryy) pu R — oco. AMrmmiTya ociuisiiii criagae npuOIu3Ho sk 1/ R,3\LV.

[ToBeprimocs 1o puc. 4.4, 4.5. Tloznauanmo A(IPy) = IPny — IPN. Ha mep-
v morsa, HecrnoaiBanuM € 3Hak A(IPy) > O (Kpy»KKH pO3TaIlioBYIOTHCS BHIIIE
TOYOK mpu ofHOMY 1 Tomy K N). BUHSATOK cTaHOBIATH Kiactepu 3 TakuMu N,
NpU KX MaKCHUMalbHUI BHECOK JAlOTh PiBHI 3 HU3bKUMU | (S, P 1 4acTKoBO
d—op0irtani). Ha puc. 4.4, 4.5 1i By3bKi 001acTi pO3TaIlioBaHi Mi>k BEPTUKaIbHU-
MU IITPUX MYHKTUPHUMU JIIHISIMH.

3 anamizy acuMnToTHYHOI oBeninku |1Py,, 1 |Py BummmBae, mo A(IPy) < O.
OcHOBHaA BaKaHCIMHA 3aJIEXKHICTh MICTUThCSA Y poboTi Buxomy Wo(c,) < Wo(c, =
0) [31].

VY pasi MaJiux KJIacTepiB 3 MOHOBAKAHCIEIO ICTOTHUM CTa€ 30ypeHHs BiJ| Ba-
KaHC11, KOHIIEHTpAIlisA K01 Cy ~ 1/Rﬁ|. SIk BUTUIMBAE 3 MOBEIIHKH Ve y(I') Ha pHC.
4.2,4.1, 4.3, enekTpoHU “‘BUAABIIOIOTHCS BAKAHCIEIO 3 LIEHTPY KjacTepa J10 Mo-
BEPXHI 1 TPYMYIOThCS, TOJIOBHUM YHHOM, Y chepuaHoMy mapi g < I < Ry. A npu
iHTerpyBanti (1.19) y cepuynux xoopaumHaTax came g o0lacTh 1a€ OCHOBHUMN
BHECOK B eHeprito. Lle miaTBepaKyeTbcs CEKTpaIbHUMU 3HAUEHHSIMU €HEPri,
BIJIMOBIIHUX TOYKaM (KpyXKam), Hanpukiaa, Ayt Na Ha puc. 4.4, 4.5. lnsa Naj»
OTPUMAaHO 3HAYCHHS &p =0, |=0 = —4, 925 (-4,577)eB, g91 = —3,871 (-3,831)eB,
8(';(2)’LU = —-2,595(-2,708) eB, a Takox mius Naig — £9p = —5,073 (4, 755) eB,
go1 = —4,177 (4,135)¢B, 832 = -3,119(-3,189)¢eB, g'i,% = —2,787 (-2,048)
eB.

I3 3poctannsim N BHecok BiJl 00’eMy KiacTepa CTa€ BCE€ ICTOTHIIIE, 1 B
ACUMIITOTHII TOYKHU 1 KPYKKH Ha 4.4, 4.5 MIHSIOTBCS MICIIMU, TOOTO PI3HMIIS
A(IPN o) CTa€ HEraTUBHOIO 32 3HAKOM.

O6uncieni 3a hopmynamu (4.3) camoysromkeni 3uauenns 1P, EA, £7° Tta
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eV no3BonsoTe HaM, ckopuUCTaBIIMCH BUpa3aMu (4.3), po3paxyBaTH €MHOCTI

= e Cry = €
Y 2(Pay + R0 2(EANy + ERS
1) 1) 4 4)
e? 2CT . Cx (4.
C N,v*~ N,v
N Vv = = .
’ HO LU — _ O+
IPN,V + 8N,V — EAN,V — gN,V N,v N,v

Amnanoriuni popmynu anst Cy BIANOBIIAIOTH 1 6e31eeKTHUM KIIacTepaM.

VY KJacuuHii eJIeKTPOCTaTHUIll, EMHOCTI MPOBIAHUX c(hep BU3HAYAIOTHCS
ix 30BHIIIHIMU paaiycamu Ryy. [llopcTkicTh moBepxHi Ha aTOMHOMY MaciiTall
(aromu MaroTh OOMEXKEHU 00’€M) HE J03BOJIIE TOYHO BCTAHOBUTH Mexy [161].
VY Mogeni ene MeXl 10HHOTO OCTOBY 3aBKJIM BIJIIIOBIIAE KoopAuHara I = Ryy.
OnHak eJeKTpOHHA XMapa Bce OUIbII 1 OLIbII “BUIIECKYETHCS 32 MEXKY OCTOBY
B Mipy 3MeHIIeHHs Horo paniyca Ryy. biibmr toro, Take “BurieckyBaHHS” 3a-

JCKUTH BiJl 3HAKy HAJJIMIIKOBOTO 3apsiay kiacrepa (auB. 1). YV 3B’S3Ky 3 IUM,

+

sBennuunu Cny, Cy,

51 CKLV JOPIBHIOIOTh OJMH OJTHOMY TIJIbKH B aCHMIITOTHIII
mpu N — oo.

Ha 4.8 nna K, Na, Li, Mg ta Al npeacrasieHi pe3yibTaTd OOYHCIICHb
emHoctell Cy Ta Cny, HOPMOBAaHUX Ha cBii paaiyc Ry ado Ryy (aromni onuHu-
111), BiAmoBigHO. Haii0inpia BiAMIHHICTE cHioCTepiraeTbes aus iHTepBamiB N, B
SKUX B110yBa€ThCA 3alIOBHEHHSI S— Ta P— €JIEKTPOHHUX 00O0JIOHOK. 3HAKO3MIHHA
pI3HHIISA
Cnyv/Rny — Cn/RN

HO LU

BU3HAYAETHCSI, TOJJOBHUM YHHOM, CITIBBIJIHOIICHHSM BEJIMYMUH £ Ta £ A
pizHux | B CyninpHHX 1 JePEKTHUX KIACTepax, sIKE MOXKE 3MIHIOBATUCS B 3alie-
KHOCT1 BiJl TOJIOBHOTO KBaHTOBOTO uucia. €EMHICTh Je(EKTHUX KIAcTepiB MPH
3allOBHCHHI 00OJIOHOK 3 MajuM | Ouiblie, HIXK y CYIUIBHUX, a JIJIS BEJIUKHX |
CIIOCTEPITa€eThCsl 3BOPOTHE CHIBBIAHOIICHHS.

BuxopucroByroun excnepumenTtaibhi gadi it N = 1 (aroma) Na (1P =

5.14¢B, EA; = 0.55¢B, R; =rp), a Takox yMOBY 8TO = 8'iU JUTSI HE3aITOBHEHUX

000JIOHOK, B SIKOCTI TECTY OTPUMAEMO BEIIUYUHY Cfﬁ/ ro = 1.8. Lle 3navyenHs go-
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1.1

1.2

1.15

Cy/R

1.1

1.2

1.15

1.1
1.2

1.15

0.45

Puc. 4.8. Po3aMipHa 3aJIe’kHICTh HOPMOBAHUX €EMHOCTEH OTpPUMAaHMX 3a Qop-
Mynamu (4.4) mis CymiIbHEX KjacTepiB/kiactepiB 3 MoHoBakaHciero K, Na, Li,
Mg ta Al (---/A, —/o Ta ——/0O BIANOBIAHO, TO3HAYAIOTH MTO3UTUBHO 3apsIKEHI,

HEUTpaJIbHI Ta HETaTUBHO 3apsDKIICHI KIacTepu)
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Ope Y3roKyeThCs 3 pO3paXxOBaHUMU BEIIMYMHAMU JIJIi HAMMEHILIUX KJIacTepiB.
JIJisi He3aMKHYTHX €JIEKTPOHHUX OOOJIOHOK KJIACTep MOXKE MaTh HUXKIY CHME-
TPII0, HAMPUKJIAJ, chepoinaabHy.

Edexr 3apsiku BUPaKa€eThCS B TOMY, IO €JIEKTPUYHA EMHICTh KJIACTEPHUX
aHIOHIB Ta KaTIOHIB 3aJIC)KUTh BiJl 3HAKY HAJIJTUIIIKOBOTO 3apsny. HopmyBaHHS eM-
HOCTEH J103BOJISIE JaTH MPOCTY 1HTEPIPETAIII0 pe3yabTaraM OOYUCIICHb: HAJJIH-
IIKOBUW B1 €MHUHN 3apsi]i MPU3BOIUTH O €(PEKTUBHOTO 301IBIICHHS €IEKTPOH-
HOI XMapu (pajiycy) KiacTepa, a MEHIIA KUIbKICTh €JIeKTPOHIB (HaAJUIIKOBUM
MO3UTUBHUY 3apsijl)—/10 3MEHIIEHHS pajilycy 1 eMHOCTI. Lle AKicHO miITBepIKy€-
ThCS TIOBEIIHKOIO €JIEeKTPOHHMX TpodutiB Ha 4.1, 4.2, 4.3.

VY po6ori [ 162] okpiM BUMIPIOBaHHS TEIIOBOi EMHOCTI KJIACTEPHUX aHIOHIB
Ta KaTioHiB Alzs 70 po3paxoBaHi MOTEHIIANIM 10HI3aIli Ta eHeprii NPUINIaHHS.
Po3paxyHku mpoBeneHi MeTo1oM (YHKIIIOHANy TYCTHHH 32 YMOBHU IJ100a71bHOTO
MIHIMyMY TOBHOI €Heprii Juisi pi3HUX KOoH(Iirypauid aromiB. Pesynsratu mnpen-

cTaBieH1 Ha puc. 9 y [162] anpokcuMOBaH1 HaMH y BHUIJISII

IPy = (417 + 3.97N"3) B,
EAN = (3.88— 3.05N"13)¢B.

Ha >xanp, He3Bakatoun Ha CKJIAJHICTh OOYMCIICHb, Y IIUX BUpa3ax HE BiJI-
TBOPIOETHCS BEJIMUYMHA pOOOTH BUXOAY (MOpiBHIOWOYH 3 hopmyroro (3.26)), a Ta-
KO BeMWYWHA Wy y KoedimieHTax « Ta (. 3 |IPy 3Haxogmmo y aTOMHHMX OnU-
Humsax ui1 = —0.37, a 3 EAy p1 = +0.17. Haragaemo, mo u; ~ +0.1 au. mus
Na [129,163].
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4.4 Emneprii guconiamnii Ta koresii

Enepris qucorianii HelTpansHOTO MeTaneBoro (Me) kiacTepa y BiJIOBII-

HOCTI 3 peakirieto Mey — Mey_1+Mey Bu3HauaeThesl pi3HUIICIO TOBHUX CHEPTii

98 = [En_1 + Ead — En = N&SoM— (N — 1)80
ﬁl'S’J“ = gﬂlis — 1PN + IPnZ1, (4'5)

e8> = el + EAy - EAy1.

VY Mozeni cTabIbHOTO Kele eHeprisi atoma Eg4 — 11e moBHA eHepris MeTa-
neBoi chepu paziyca ro.

BumiproBanHs eHeprii aucoliarii KJacTepHUX 10HIB METaJIiB 1 OTCHINATY
10H13a111i KJIacTepiB MPOBOAMIIKCS HEOTHOPA30BO 1 IETAIIFHO KOMEHTYBaIUCA [68,
70,71,164,165]. TpanguimiiHo, 3a UMK JJAHUMH PO3PAXOBYETHCS €HEPris Kore3ii
HEUTpaIbHUX KIIACTEPIB.

" _ 11e eneprist 38’s13Ky (aTOMiB B KJIa-

3a BU3HAYEHHAM, €Hepris xoresii e —
cTepi), 10 MPUMAJAE HA OJAMH aToM. BOHA BHM3HAYAETHCS PI3HUIICIO CYKYITHOI

eHeprii N BUIBHHX aToMiB 1 €Heprii kjacrepa, o ckianaerbes 3 N aToMiB

£5%N = (NEgt — En)/N = Eg— En/N. (4.6)

coh _; £80N = £Nrg). OGuucneni namu 3nauenHs £°(rg) =

I[Ipu N — o0, &
3.97 eB Ta 1.16 eB, Bianosinno mist Al ta Na, 1o6pe y3ropkyroTbes 3 eKcrie-
pUMeHTaIbHNME 3HaueHHAMHE 5" = 3.39 eB rta 1.11 eB (auB. po6oty [140] Ta
NOCWJIAHHS Y Hil).

PiBHsSHHS 3B’ 513Ky Ma€ BUIJIS;

coh Z dis 4.7)

AcUMNTOTHKA PO3MIPHOI 3aJ€XKHOCTI eHeprii koresii (4.6) siBisie co0oro

BIJIOMHI KJIAaCUYHMIA pe3ynbTat [ ]:

20' 0
NatRN

8CN°h = 8C0h(r 0) — (4.8)
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JIe OCTaHHIN TOMaHOK MOKe OyTH 3amucaHo sik —Zup/Ry.
Cnin 3a3HaunTH, 110 1M1e B poborax dpenkens 1 JIenrmropa Oyino momideHo,
IO JUIS ICSIKUX PEYOBUH IIPH HU3bKUX TEMIIEPaTypax JOTPUMYETHCS YHIBEPCAIIb-

HE CHIBBIIHOIICHHS

4an o/qQ=~2/3,

CKJIaJICHE 13 CIIOCTEPE)KYBAaHMX BEJWYWH: CEPEIHBOI BIJICTaHI MK aToMamH [,
MUTOMOT TIOBEPXHEBOI €Heprii ¢, 1 TEIJIOTH BUIAPOBYBaHHS ( (IMB. TaOIUIlO
B [161]). BukopucToByroun 1e CiBBIIHOIICHHS, aCHMOTOTUKY (4.8) MOXXHA Tie-

penucary y BUIVISIL, 3pYYHOMY /IS OL[IHOK:
e ~ &°\ro) [1- (4/9N3|.

Jlani, BuxkopucroBytouu dopmynu (4.8) 1 (4.5), BUABISIEMO CIIBHAIIHHS

ACHUMIITOTHK 8°N°h u sf\'l's

20 0
NaRn

&dis — M) — (4.9)

[{ikaBuM € BH3HAUEHHS BIUIMBY 3apsJIKM Ha €HEPril0 Koresii KiacTepis.

BukopucroBytoun BuszHadeHHs (4.6), Ef = E“e_l, Ey = E,Zleﬂa

en = Ea— E§/N

Ta (4.3), pi3HUILIIO eHeprii Kore3ii 3apsKeHOTr0 Ta HEHUTpaJbHOTO KiacTepa Mo-

JKHAa BU3HAYUTH Y BI/IFJ'ISI,Z[i:

AN = gfoht _ gooh —llF’N,
A N (4.10)

A" = ~EAN

Ha puc. 4.9, 4.10 1 4.11, 4.12 cmiBcTaBieH1 3aJie)KHOCTI €HEPTiid JMCO-
mianii Ta Koresii JUisi CyIUIbHUX Ta JAe(EKTHUX (HEHUTpaJbHUX Ta 3apsIKCHHX)
kiactepiB. Ciig BIA3HAYUTH, 110 HAJIMIIKOBUN TMO3UTUBHUN/HETATUBHUN 3apsi]l
MPU3BOJINTH JI0 3MEHIIICHHS/301IbIIICHHS] €HEPT1i AucoIialii Ta Koresii.

Posmipna 3anexHicth eHeprii aucomianii Ha puc. 4.9, 4.10 cknamaeTbcs

3 KBAaHTOBUX OCIWJISIIIIII HABKOJO CBOET aCUMOTOTHKU. Y IE€PEKTHOrO Kiactepa,
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Puc. 4.9. PosmipHa 3anexHicTs eHeprii aucomianii %' cyminpaux Kmacre-
piB/kiactepiB 3 MoHoBakaHciero K, Na ta Li (---/A, —/o Ta ——/0O BIANOBIAHO,
MO3HAYAIOTh MO3WTHUBHO 3apsJKEH1, HEUTpaibHI Ta HETaTUBHO 3apsDKJICHI Kila-

CTEpH); X — EKCIIEPUMEHTAJIbHI 3HAYeHHS [ | 66 ]; MITPUX MyHKTUPHI JIIHIT — aCUM-

nrotuka (4.9)
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NpU BENUKUX |, 3HaUCHHS gﬂlif/ PO3TAIIOBYIOThCS BUILE, HIXK Y CYIUIBHOTO KJa-
cTepa, a i MaluX | BOHM MIHAIOTBCS MICIISIMH.

JIist cyuinbHUX 1 AeEeKTHUX KJIAcTepiB, KPIM 3MiHU MOPSJIKY 3alIOBHEHHS
CJICKTPOHHMX PIBHIB, CI1J] 3a3HAYUTH TAKOK CYTTEBY PI3HHUIIIO B MOBEIIHII €HEp-
rii gucorianii 3 0IHaKOBOO KijibKicTio atoMiB N: st manux | eHepris aucoriartii
CYLUIbHUX KJIACTEPIB 3MEHIIYEThCS 13 3pocTaHHsAIM N, a neQeKTHUX — 301IbIIy-
erbest. [lopiBusiHHs ganHuX puc. 4.9, 4.10 1 4.11, 4.12 nmiaTBepaXKye TOYHICTH

dopmynu (4.7), a TaKOXK MOSICHIOE BIIMIHHICTh Yy PO3TalllyBaHHI JIOKaJbHUX Ma-

kcuMyMiB Ha puc. 4.9, 4.10 1 4.11, 4.12. Po3paxyHKOBi 3aJI€’KHOCTI sﬁlo\t‘ po3Ta-

25
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g 15

2 1.0
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= 05
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Z 05
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g 2.0
1.0

Puc. 4.10. Po3MmipHa 3ajIe:KHICTh €HEprii Jucoriarii gdis: x — CKCIICPUMCH-

TaJibHI 3Ha4eHHs [ | 65] — XpecTu; MTpUX MyHKTUPHI JIiHIT — acHMITOTHKA (4.9)
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IIOBYIOTHCS OJIIKYE JJO €KCIIEPUMEHTAIbHUX 3HAaU€Hb, OTpuMaHuXx npu T = 150

dis

K [165], Hix 8,‘il°h. Bigznaunmo, mo nodmusy (a3oBoro mepexoiy BEIMYUHU &y,

BU/ILJICHI 3 BUMIPIOBaHb TEMIIEPATYpH IJIABJICHHS 1 TPUXOBAHOT TEIJIOTHU MEPEX0-
1y, MOKYTh OyTH HEraTUBHUMH 3a 3HaKoM [ 1 50].

Takum yuHOM, MOXKHA 3pOOUTH BUCHOBOK, 110 HAHO1IBII CTAOUTBHUMU O€3-
ne(eKTHUMHU KJIacTepaMu € Ti, Y SKMX OCTaHHIMU 3alIOBHEHUMHU € PiBHI 3 MaJIUM
|, a nis nepexTHHX — HaBmaku. B exciepuMeHTax po3MipHI OCIIHISIIT gf\'lis, iMo-
BIpHO, MPUTHIYEH] TemreparypHumu edexkramu (auB. puc. 9 B [164]).

Sk mokazaHo Ha puc. 4.11, 4.12, eHeprist kore3ii 3apsAKEHUX KIACTEPHUX
aHIOHIB 1 KaTIOHIB BIAPI3HAETHCS Bl HEUTpaIbHUX KiacTepiB. HaayuiikoBuii mo-
3UTUBHHU 3apsj MPU3BOAUTH JI0 3MEHIICHHS €Heprii Kore3ii yepe3 30UIbIICHHS
CHJI €JIEKTPOCTATUYHOTO BIAINTOBXYBAHHS, a HAJJIMIIKOBUN HEraTUBHUN 3apsijl
IPU3BOJIUTH 10 MPOTHIIEKHOTO eekTy. XapaKkrep MOBEIIHKH €Heprii Koresii 10-
HI30BaHUX KJIACTEPIB LILJIKOM OMUCYEThCs hopmyrioro (4.10).

JIoriuHuM € IpUITYIIeHHS, IO TeMIlepaTypa IUIaBIeHHS KacTepa “mpsMy-
€’ 3a eHepriero Koresii (a TOYHIIIE 3a €HEPri€r JMCOIlialli), TOOTO 3apsIKOI0
MOYKHA KEepyBaTH TEMIIEpaTypoOrO TUIaBJICHHs KiacTepa. CIiBCTaBICHHS HAIIOTO
puc. 4.10 3 eKCIepuMEHTAJILHOIO PO3MIPHOIO 3aJICKHICTIO TEIJIOTH TUIABICHHS
aHIOHIB Ta KaTioHiB Alzs 7¢ (puc. 4 B [162]) BKa3ye Ha 1X KOpETSALiO.

Po3paxyHky 3 nepiux npuHUuIiB (ab initio) eHeprii yTBOpeHHs BaKaHCIi B
MeTanax MPUCBSYeHa 3HaYHa KUTBKICTh poOiT [136]. Y Mozeni cTablIbHOTO Kee
ta liquid drop model enepris koresii atoMa 1 eHeprisi yTBOPEHHs BaKaHCIi JOCITi-
mxeHo B Bursaal Padé posknaganns [140] (muB. takox [161]). ¥V mo3naueHHAX

pob6otu [161] pesynbratu [140] BUTIAIaI0Th HACTYITHUM YHHOM

SCOh(I'o) = 47TI'(2)0'0 (1 + 51/[’0 + 52/!'(2)) R 8vac(l'0) = 47Tr(2)0'0 (1 — 51/!’0 + 52/]’5) .
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Enepris xoresii, eB

Enepris xoresii, eB

M

)

2

)

S

~

= :

Qm) 04 ‘ 0.4 A _

= P A~ _
0.3 - %002 03 04 05 06 07 08 09 10 A 1

1 L L L L 1 L L L L 1 L L L Au
0.25 0.3 0.35 0.4 0.45
N

Puc. 4.11. PosmipHa 3anexHicTs eHeprii xoresii £°°" cymineHEX KimacTe-
piB/knactepiB 3 moHoBakaHciero K, Na ta Li (---/A, —/o Ta ——/0O BiAMOBIAHO,
MO3HAYAIOTh MO3WTHUBHO 3apsKEHI, HEUTpaidbHI Ta HETaTUBHO 3apsDKJCHI Kila-
CTEpH); X — EKCIIEPUMEHTAJIbHI 3HAYeHHS [ | 66 ]; MTPUX MyHKTUPHI JIIHIT — aCUM-
nrotuka (4.8). Ha BcTaBkax mpuBeneH1 pe3ynbTaTu 1l 0e31ePeKTHIX Ki1acTepiB

y BChOMY pO3paxOBaHOMY Jliaria3oHi
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4.5 BniMB KBAaHTYBAHHSl CIIEKTPY €JCKTPOHIB HA €HEpPril0 YTBOPeH-

HS BaKaHCIl

OO6uucneni HemonaBHo y [111], 3a gomomMorow ¢a3 po3CiroBaHHS elie-
KTPOHHHUX XBHJIb HAa BaKaHCIHHOMY MOTEHIliaMI, 3HaUeHHS £.2¢ = £8qrg) = 0.38,
0.33, 0.73 Ta 1.00 eB, BignmosigHo mns Li, Na, Mg ta Al, y3romxyroTbCs 3 €KC-
nepumMeHTaabHuMM 3HadeHHs MU 0,38 eB, 0.335 eB, 0.84 eB ta 0.73 eB [140].

BuxopucToByroun Bennanan £°°(rg) Ta £Y34(rg), a TaKOX 3HAYCHHS O2/ r2 =
—-0.13 (Na), —0.015 (Mg), +0.22 (Al) 3 [140], maemo 61/rg = 0.32 (Na), 0.54

(Mg), 0.57 (Al). Benmnuunan 61 Ta 9, HE0oOXigHI s MOOYAOBH aCUMMTOTHUKH

Enepris xoresii, eB

Enepris xoresii, eB

2.4 _ 702 03 04 05 06 07 08 09 1.0 Al yaN

0.25 0.3 0.35 0.4 0.45

-1/3
N

Puc. 4.12. PosmipHa 3anexuicts eneprii koresii £ s Mg ta Al; excrie-
pUMEHTaNbHI 3HaYeHHS [ | 65] — XpecTH; ITPUX MYHKTUPHI JIiHIT — aCUMIITOTHKA

(4.8)
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eHeprii yTBOPEHHS BaKaHCII.

vac

N.v HC IIPOBOANIIMCS, BHACII1-

Jlnst kJacTepiB caMOy3To/PKeH1 OOUHMCIICHHS £
JIOK HEOOXITHOCT1 JeTali3allii Mmpolecy yTBOpPEHHs BakaHcli. ToMy CTaHOBUTH
1HTepec 3’sCyBaHHS BUT1HOCTI YTBOPEHHS BaKaHCII 3a JIBOMa MEXaHi3MaMHU.

Mexanizm HIoTTKi: 13 CyIIBHOI cepu BUIAPOBYETHCS aTOM, a B KIHIIEBO-

My CTaHi BaKaHCIsl paJlycoM I BUSIBISETbCSA B LIEHTP1 chepu:
vac;Sh_[E +EL'|_E - N COh—(N—l) coh 411
€Ny T LEN-Lv a N = Néy EN-1,v» (4.11)

ne En-1,v — eHepris cdepu 3 BakaHCI€ B LEHTPl (lap MK I =gl = Ry-1,y
mictuth N — 1 aTomiB).

Sk BumHO 3 puc. 4.13, 4.14, 4.15 g‘,(,i‘;’blow(N) Mae HeJHIHHMN Xapakrep,
BOHA 3POCTAa€ TPU 3aMOBHEHHI €HEPreTHYHUX PiBHIB 3 MaiuM | Ta cnamae mpu
3allOBHCHHI CHEPreTUYHUX PIiBHIB 3 BeNUKUM |. Ile MOKHA MOSCHUTH THM, IO
pU YTBOPEHH1 BaKaHCII:

1. 3MiHIO€THCA KOHGITYpallis MOTEHIIANbHOI MU (puc. 4.1, 4.2, 4.3);

2.  XBWIBbOBOT (DYHKIIIT €JICKTPOHIB 3 MayuM |, 1110 OyJu JT0KasIi30BaHi Te-
PEBaXXHO B LIEHTP1 BUILTOBXYIOTHCS 13 00’ €My KJlacTepa 3a MexXi HOro MmoBepXHi;
XBHJIbOBOI (DYHKIIiT €IEKTPOHIB 3 BEIHKUM |, CHIBHIIIE JTOKATI3YIOThSI B MEXKaX
10HHOTO OCTOBY KJIacTepa;

3. 3MIHIOIOTHCS BJIACHI 3HAYEHHSI €HEPriid BIJMOBIIHUX PIBHIB.

L1 ¢pakTopu Aar0Th BIAMOBIAHUN BHECOK Y IMOBHY €HEPTIIO 1 SIK HACIIJIOK Y €Hep-
rit0 YTBOPEHHS BaKaHCIi.

3apsiika KjacTepy BIUIMBAE HA €HEPT1I0 YTBOPEHHSI BaKaHCIi 1HAKIIIE HIXK Ha
eHeprii kore3ii Ta AucoIliamii HAUIUIIOK €JIeKTPOHIB MPU3BOAUTH 10 301IbIICH-
HSl €JIGKTPOHHOI XMapy Ta €JIEKTPOCTATUYHUX CHJI BIIIITOBXYBaHHS, IO CHpPUSE
YTBOPEHHIO OPOKHUHU, IO3UTUBHA 3apsJiKa KJIACTEPY Ma€ MPOTUIICKHUN €(EeKT.

CyTb 1HIIOTO MexaHizmy [161], npu skoMy 4mclio aTOMIB B cepi HE 3Mi-

HIOETHCS, y “BHYBaHHI MyXUPIs-BaKaHCII pajiyca g y HeHTpl cepu:

£X2SP = By — En = N (52— £5°0). (4.12)
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V minoMy XxapakTep 3aleXHOCTI €Heprii yTBOPEHHS BaKaHCii g‘,if\‘;’Sh(N)
(puc. 4.13, 4.14, 4.15) noaiOHMI 10 MOTIEPEAHLOTO MEXaHI3My, 32 BUHSITKOM TO-
ro, 110 JUISHKH, JI€ 3MEHIIYIOThCSl €HEPTisl YTBOPEHHS BaKaHCIi MPU 3alOBHEHHI
000J10HKH 3 BesiukuM | Oubin nostori. [y Manux | criocrepiraeTbesi 3BOPOTHHIMA
eeKT.

[TopiBusaHs (4.11) Ta (4.12) 1EMOHCTPY€E BUTITHICTH IHIIOTO MEXaHI3MY

CHIBBIIHOIIECHHIM

vacSh _ vacblow dis
8NN _'gNN 4_8NN° (413)

JIoCIigMMO acCMMITOTUKY €Heprii yTBOpeHHs BakaHcii. [i posmipHa 3aie-
YKHICTh BU3HAYAETHCS PI3HUIICIO IOBHUX €HEpriit cdep, po3paxoBaHux 3a popmy-
namu (4.11) ta (4.12) npu N — oo, 1 3BOAUTHCS A0 PI3HUII TOBHUX MMOBEPXHEBUX
CHEPTiil.

Jlis MexaHi3My BUIYBaHHsS MyXupls BukopuctoByemo (4.3), dbopmyny
Ruv = Ry (1+ %{3), ne { = ro/Ry < 1, Ta yrpuMytoun noTpiOHUN TOPSIOK

PO3KJIaJaHHA, MAa€MO

S0 = 4R 70 (1+ 01/Ru + 02/ R,

RN
+ £"9ro) — 4nR& oo (1+ 61/Ry + 62/ R4 (4.14)

2
= £(rg) [ 1+ .
( 0)( 3N/3(1~61/ro + 52/@)

Jlia mexanismy Llottki, y BignosigHocti 3 (4.13) ta Ry-1v = Ry, acum-

NTOTUKA BU3HAYAETHCA Ccymoro BupasiB (4.14) ta (4.9). AcumnrToTuyHa 3ale-

vacSh

Ny clabo sanexutsh Bin N, a 3anexuicts (4.14) 1eMOHCTpy€ 3MEHIIE-

KHICTb &
HHSI €Heprii yTBOpEHHs BakaHCii 3 pocToM N, 110 y3roJKyeThCsl 3 BUCHOBKaMU
pobotu [167,168] ane nporupiunth [152—154].

AcumeTpuuHi po3MipHi 3aJI€XKHICTI €Heprii yTBOpeHHs BakaHcii (4.14) mo-

JKHa SIKICHO TOPIBHSTH 3 pe3yibraramu [167] B aKoMy eHeprii kiactepa 3 Ba-

KaHCIIMH a00 0e3 HuX Oyju po3paxoBaHl Ha OCHOBI alPOKCHUMAIIMHUX (HOpMYIT
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cuiibHUX 3B’ s13KiB. [IpeacraBnenns Bupasy (4.14) i dopmi
g\lij?\(/;blow/g\cfc -1+ C/Nl/S,

mu orpumann i 3HadeHHs C = 1.21,1.501 1.03 gnsa Na, Mg 1 Al, BianosizaHo,
nopiBHsHO 13 C = 1.331 1.46 qs Cu 1 S-Ti13 [167].
Ha puc. 4.13,4.14,4.15 naBeneHi pe3ynbratd OOYMCICHb €HEPT1i YTBOPEH-
Hs BaKaHCIM 3a qBoMa MexaHizMamu. L[i oOuucieHHs miaATBEpKYIOTh HOpMYITy
(4.13), a came, BUTIHICTh BUAYBaHHS BaKaHCII. YC1 3aJ€KHOCTI CHIILHO OCITHITIO-
vacblow

10Tb. Jlns nesxux N, ocobnuso nns Al, 3HaueHHs &, CTalOTh HETaTUBHUMU

y By3bKHX niana3zoHax N.

vac, Sh
e eB

vac, blow
€ , B

0.26 0.28 030 0.32 0.34 036 0.38 0.40 0.42 044
N—1/3
Puc. 4.13. Po3paxoBaHi 3HaueHHs €Heprii yTBOpeHHs MoHOBakaHciii K
gﬁ\fSh (4.11) Ta g‘,(ﬁ\‘;’blow (4.12) nnsa seiiTpanbHux (o), MO3UTUBHO(A) Ta Hera-

TUBHO(O) 3aps/KeHux KkiactepiB. LITpux myHKTUPHI JiHIT — acunToTuku (4.14)

ta (4.13). Topu3oHTaNBHI IYHKTUPHI JTiHIT — £/2¢ = £Y8qrg) = 0.38 ¢B

oo
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VY crarti [108] moBigOMIsSiEThCS MPO pe3yiabTaru ab initio pO3paxyHKIB
kjactepiB Nan=s5147309 L0 JIEMOHCTPYIOTh IKOCaxeapasibHUM picT. B kiactepi
eHeprisi GopMyBaHHsI BakaHCIi 3aJ€KUTh BIJl MICIsS, /1€ BOHA yTBopuiacs. Ba-
KaHCisl B LIEHTpl a0o0 13 Mepiioi aTOMHOI OOOJIOHKH, SIK BUSIBIISIETHCSI, BUMAarae
JUIsL CBOTO YTBOPEHHS Habararo OLIbIIOL €Heprii MOPIBHAHO 3 IHIIUMU CTaHAMU B
kiactepax. byno npoBeneHe nopiBHAHHS Hamux pe3yibrati i [108] (Tabma. 4.5).

Pi3HuIIs MK €Hepri€lo yTBOPEHHS BaKaHCIM y 3apsKEHOMY 1 HEUTpasb-
HOMY KiacTepi 3a oboma mexauismamu (Ey — Ey_; | + Eat Ta B — Ef ) Moxe

OyTH TIpeCcTaBiIeHa y BUIVIS/I CIIBBIIHOIIICHD

vacSh+ _ vacSh

SN,V = SN,V + |P|\|_1’V — 1PN,
vacblow,+ __ vachlow

SN,V = SN,V + IPN,V — |P|\|,
vacSh- _ vacSh

8N,v = 8N,v — EAN_]_’V + EAN,

vacblow,— __ vacblow
SN,V = SN,V - EAN,V + EAN

Hageneni oOuncnennss B LDA BiAnoBinawTh HyNIbOBIM TemmepaTypi. Mo-
KJIMBO, TPU TYCTHUHI aTOMIB, IO BiJMIOBiJIa€ KIHIIEBUM TeMIIepaTypam, 3HHXKe-
HO1 cuMeTpii GopMHU KIIacTepiB, a TakoK BUKOpucTaHHO LSDA 1 0OMIHHO-
KOPEJSLINHOT eHeprii, CHUIbHI OCHMJIALII €HEPreTUUHUX XapaKTEpUCTUK Oyre
YaCTKOBO MpUTHIYEHO. B ycsikoMy pasi, po3MmipHa MOBEIHKa pe3yibTaTiB Mpsi-
MHUX O0YHCIIEHb 100pE y3ro/KYIOThCS 31 CBOIMU aCUMITTOTHKAMHU.

VY kBa3iTepMOIMHAMIIl BUTIIHICTh MOSBYA BaKaHCIH B KJacTepi MpH KiHIIE-

vacblow

Bili Temmeparypi T, Moxe OyTH OLIHEHA 3 yMOBH 3MIHU BLIbHOI eHeprii AF

CHUCTCMHU

AFKla\tl;blow — g\lila\tl;blow _ TAS\,(la\c/;blow <0.

Bnacnigok Toro, 1o npu BUIyBaHHS BaKaHCIM YMCIIO 10HIB B KJIacTepi HE

3MIHIOETHCS, EHTPOMIMHUIN BHECOK (POPMYETHCS TUIBKHW BUPOJKEHUM €JIEKTPOH-
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, Sh
Svac ; eB

vac, blow
€ , eB

vac, Sh
"> eB

vac, blow
€ , eB

026 0.28 030 0.32 034 036 038 040 042 0.44
N—1/3

Puc. 4.14. Po3paxoBaHi 3Hau€HHsI €HEprii YTBOPEHHS MOHOBakaHciil Na Ta

Li. TopusoHTabHi TyHKTHPHI JiHIT — £'2° = £Y89rg) = 0.33 eB(Na); 0.38 eB(Li)
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W W
S D

, Sh
8Vac , eB

N
S WD

—_—
S WD

vac, blow
€ ,eB

Coom b WLL
houououwow

vac, Sh
e ,¢cB
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N ow A
o o

O =
o O

vac, blow
€ , eB

1.0
20 |
BB —

026 028 030 032 034 036 038 040 042 0.44

-1/3
N

Puc. 4.15. Po3paxoBaHi 3Hau€HHsI €HEPTii yTBOPEHHSI MOHOBaKaHciii Mg Ta

Al. Topu3oHTaJIbHI MyHKTHPHI JTiHIT — £Y2¢ = £39(rg) = 0.72 eB(Mg); 1.00 eB(Al)

oo
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Tabn. 4.1. Po3paxoBaHi 3HaU€HHsS €HEprii yTBOpeHHs MOHOBakaHcii (B eB

U1 KitactepiB Na

N 8\@;% 8\|<Iz’i\c/;blow

Lz pobota | [108] | s podota | [108]
55 1.80 1.35 0.49 0.49
147 1.58 1.18 0.66 0.43/0.63

HUM Ta30M. BiamoBigHWi BUpa3 Mae BUTIIA
5/3 T 2 00
vacblow __ 2n kB 2[.,1/3 1/3
TAS, = %(?) f drr [nN’V(r)—nN (r)]. (4.15)
0
Jist o6uuncnens B (4.15) OymyTh moTpiOHI PIBHOBaXKHI MPOQ1Il pO3MOILIIB
CJICKTPOHIB B Mojell cTabiapHoro sxene npu 3aganux N ta T. Ilpu HynboBii

temnepatypi Ta N = 12 i nmpodini npeacrasneni Ha puc. 4.2, 4.1, 4.3.

4.6 KopoTki BUCHOBKH

Metonom Kona-lllema, B Momeni cTabiIbHOTO JKeJie BUKOHAHI CaMOy3ro-
JOKEeH1 00uucieHHs] TpoduIiB paialbHUX PO3MOILIIB €JIEKTPOHIB 1 MOTEHIIIaliB
CYIUTBHUX KJIACTEPIB 1 KJIACTEPIB 3 BakaHCI€0. e 103BoMmI0 BIepine BUSHAYUTH
MOBHY €HEPTiI0 HEUTPAIBHOTO 1 3apsJKEHOr0 Je(eKTHOTO KjacTepa, Ha OCHOBI
4Oro MPOBEAECHO MpsAMI OOUUCIICHHSI €Heprii Aucollialli, koresii, yTBOPEHHs Ba-
KaHC1i, CIOPIAHEHOCT] eJIeKTPOHIB 1 MOTEHIIaNy 10HI3allli, a TAKOXK €NEeKTPUUHOI
emHOCTI. Pesynbratn obunciens ana K, Na, Li, Mg 1 Al mopiBHsHI 3 acHMIITO-
TUKaMU 1 pe3ysbrataMu ajsi 0e3ne(eKTHUX KIIacTepiB.

[ToTeHiian 10H13a1li 1711 HAMMEHIIIOTO KJlacTepa 3 BaKaHCI€w OubIe (TIpu-
omus3uo Ha 0.5 eB nmnsa Al 1 va 0.1 eB g Na), HiX 171 CyIUIBHOTO KiiacTepa.
MakcumanibHa Pi3HUIIS CHOCTEPIraeThCsi MPHU MEPEXO/l 3 MOBHICTIO 3allOBHEHOT
00O0JIOHKH Ha MOPOKHIO. Y Mipy 30utbiieHHst N 1151 BIAMIHHICTh 3HUKae. Mariui

YKClia aTOMIB JJIs CYIUIBHUX KJIAcTEPIB 1 KJIACTEPIB 3 BAKAHCIEIO BIAPIZHIIOTHCA,
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ocobmuBo s Al

HopmoBaHni eeKTpruHi €eMHOCTI KJIacTEPIB 3aBXKIW NEPEBULLYIOTh OJIUHU-
I[}0 1 MICTATh KBaHTOB1 po3MmipHi duykryarii. [Ipu npomy, ns nedextHux Kia-
CTEpPIB 3 YACTKOBO 3allOBHEHUMH €JICKTPOHHUMH OOOJOHKAMU €MHICTH MOMITHO
OlnblIIe, HIXK JUIsl CYHIUTBHUX KJIaCTEpiB.

Po3mipHa 3asiexHicTh eHeprii Kore3ii MiCTUTh JIOKallbHI MakcumymHu. Kia-
CTEpH, IO iM BiAMOBITAIOTH, € OUIBII CTIMKUMH, TOOTO MAarOTh GUIBII 32 Be-
JUYUHOIO €HEepTii 3B’sA3KY, MUCOINAIlii 1 yTBOPEHHs BaKaHCii, HDK IXHI CyCiAH.
JIJist MalleHbKUX KJIACTEPiB TAKMMH MakCUMyMamu 3 poctoM N 3aBeprnyeThcs 3a-
MTOBHEHHS YE€PIroOBOi €JIEKTPOHHOI 00010HKHU. [lookeHHsT MakCUMyMIB JiJis ede-
KTHUX 1 0e31e(eKTHUX KJIacTepiB pi3HE, 1110 0OYMOBICHO HE TUIHKU BIAMIHHICTIO
iX po3MipiB, a i XapaKTEepOM MOBEAIHKM XBUJIbOBUX (DYHKIIINA €IIEKTPOHIB.

Enepris xoresii 3apsipKeHUX KJIACTEPHUX aHIOHIB 1 KaTIOHIB BIAPI3HIETHCS
BiJl €Heprii Kore3ii HeUTpalbHUX KiacTepiB. HaamumkoBuii MO3UTUBHUMN 3apsi
IPU3BOJIUTH 10 3MEHILIEHHS €Heprii uepe3 30UIbIICHHS CHII €JIeKTPOCTaTUYHOIO
BiJIIIITOBXYBaHHS, & HAJUIMIIKOBUH HETaTWUBHUMA 3apsiji MPU3BOAUTH JO MPOTHUIIE-
JKHOTO e(eKTy.

Brnepiiie po3paxoBaHi KBaHTOBO-PO3MIPHI 3aJI€KHOCTI €HEPrii yTBOPEHHS
BakaHcli 3a mexaHizmamu [lloTTki 1 “BuayBaHHS MyXHpls’, 1 BA3HAYEHI X aCHM-
NTOTUYHI TeHaeHwii. Big3HaueHo cuibHI po3MipHi QuykTyanii B yciil oGnacti
po3MipiB KiIacTepiB. PO3MipHI aCHMIITOTHKY IUX JBOX MEXaHI3MIB BIIMIHHI OJTUH
B1JI OZTHOTO 1 CJIa0KO 3aJIe’KaTh BIJl YMCJIa aTOMIB Yy KJIacTepl. XapakTep po3MIpHOi
3aJIeKHOCTI €Heprii yTBOPEHHsI BakaHCIM Bl HAJIMIIKOBOIO 3apsay y Kiacrepi
BU3HAYAETHCS MOBEAIHKOIO MOTEHITIANy 10HI3aIlil KJIacTepa Ta CIIOP1THEHOCTI eJie-
KTPOHIB.

I3 3poctannasm N, Ha TUTIHKAX MK MaKCUMyMaMH, €Hepris aucorriaiii abo
MOCTIIHO 3pocTae, abo Mae JIOKaJIbHUN MIHIMYM, a €Heprisi yTBOPEHHsI BaKaHCIH
MOHOTOHHO CIIaJIa€.

Puc. 4.9 — 4.15 BKa3yoTh, 110 BC1 XapaKTEPUCTUKU 3aPSJKEHUX Ta HEW-
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TPaJIbHUX KJIACTEPIB BIJIPI3ZHAIOTHCS OJUH BiJ OIHOTO. PO3yMHO mpumycTutu, 1o
3apsJKaHHS MOYKE KOHTPOJIFOBATH TEMIIEpaTypy IUIaBICHHS KilacTepiB (JIMB. puC.
4 y [162]). Po3paxynku y [ 58] 103BOJIAIOTH BUSBUTH JIOCUTh TOHKY B3a€MOJIIIO
MDK T€OMETPUUYHUMH Ta €JEKTPOHHUMH e(deKTaMu OO0O0JIOHOK 1 BUCBITJIUTU TOM
¢dakT, MO KBAaHTOBO-MEXAaHIYHHM OIMUC METAJEBOTO 3’€IHAHHS Ma€ BUPIIIATb-
HE 3HAYEHHS /I KUTbKICHOTO PO3YMIHHS KOJIMBAaHb TEMIIEpATyp IJIABICHHS, 110
CHOCTEPIraloThCsl €KCIIEPUMEHTAIBHO.

OcHoBHi pesynbsratu Po3niny 4 omy6miikoBaHi B poboTtax [35-38,44].
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OCHOBHI PE3YJIBTATHU I BUCHOBKH

VY nucepraiiii TEOPETUYHO BCTAHOBJICHO 3aKOHOMIPHOCTI BILJIMBY BaKaHCIM
Ha KIHETUKY JIOKaji3allii, EHepreTuKy Mo3uTpoHiB y 3D-meranax Ta Ha €Hep-
TeTUYHI XapaKTePUCTUKH 3aPS/DKCHUX, BEIUKUX 1 MaJIMX METaJIeBUX KJIACcTEPiB,
30KpeMa:

1. ¥V Mozeni cTabUIBLHOTO KeJie PO3MISIHYTO HENPY>KHE PO3CISTHHS O3UTPOHIB
Ha BAaKaHCISX METally, B PE3yJIbTaTi 4OTro OJEpPKaHO BUPA3 JJIsl 3aJICKHO-
CTI MMOBIPHOCTI JIOKami3alii MO3UTPOHA y BakaHCIi Bif HOro eHeprii no
JoKaui3alii Ta Temrneparypu merany. Po3paxyHKku BUKOHAHO 3 BUKOPHUCTa-
HHSIM CaMOY3TOPKeHUX MpOoQLIiB BaKaHCIMHUX MOTEHINATIB 1 XBHJIbOBUX
¢ynkuii no3utpoHis B Al, Cu 1 Zn. Ilicis ycepeaHeHHs 10 €HEprisix Tep-
MaJli30BaHUX IO3UTPOHIB 3HAYEHHS IIBHAKOCTH JIOKATi3aIli MO3UTPOHA Y
BaKaHCii 3a TeMmepaTypu ToraeHHs, Hanpukiaag Al, ~ 10 ¢! mo men-
e MIBUKOCTI aHITUIALII, aje 3a MOPSIKOM BEIMYHHH 30Iirae€Thes 3 HEIO.
dopmyna Tl MBUAKOCTI JIOKaJi3arii JO3BOJISE IMiABUIIIUTH TOYHICTh 3HA-
YeHb KOHIEHTPAIIIl BAKaHCIH y 3pa3Ky, OJepKaHUX 3a JaHUMU TO3UTPOHHOI
MPOMEHEBOT aHITUISAIIHHOT CIIEKTPOCKOITI].

2. Ha ocHOBI aHami3y KOHIEHTpAIliil BakaHCi Ta iHkekToBaHuX y 3D-meran
MTO3UTPOHIB BIIEPIIIE JIAHO THTEPIPETALIIIO 3CyBY €HEPTETUYHOTO PO3MOILITY
MO3UTPOHIB 3BOPOTHBHOI €MICli, 110 CIOCTEPIraeThCsl B €KCIIEPUMEHTAX. 3
ypaxyBaHHSIM MPHUIIOBEPXHEBOTO APy BaKaHCIH, 3apsKEHUX JIOKaJi30Ba-
HUMU TO3UTPOHAMHU, SIKUH CTBOPIOE JABOBUMIPHUN Oap’ep i MO3UTPOHIB
3BOPOTHBOIT eMicii, 171t Al camoy3ropkeHo oOurcaeHa BeTUnIMHa BiIHOCHOT
KoHIIeHTpalli BakaHciii ~ 0.2% y TakoMy ABOBUMIpPHOMY Iapi, sIKiil Bif-
MOBIJIa€ 3CYB CHEPreTUYHOTO po3noauty y 1 eB.

3. BUKOpUCTOBYIOUH JOBXKUHY PO3CIIOBaHHS E€JIEKTPOHIB Ha BakaHCisx (Oop-
HIBCbKE HAOJIMKEHHS), PO3POOJICHO aHAJITUYHY TEOPI0 BAaKaHCIMHOIO

BIUIMBY Ha poOOTYy BUXOAY €JEKTPOHIB 3 HemnepexiaHux 3D-metaniB 1 mo-
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TeHIIlaJI HOHI3aIlii BETUKUX KJIACTEPIB, sIKI MICTATHh BakaHcii. Po3paxoBaHo
3yMOBJICHHI BaKaHCISIMHU 3CyB €HEPrii OCHOBHOTO CTaHy €JIEKTPOHIB y cde-
PUYHOMY METaJIEBOMY KJIacTepi, MPEACTABICHUIN CEPIEr0 pO3MIPHUX MOMpa-
BOK, Ta BU3HAYEHO MEK1 3aCTOCOBHOCTH BIJIMOBIJTHOTO PO3BUHEHHS 3a CTe-
neHsMu obepHeHoTo pajiyca ki1actepa R N > 9.4-10° (R> 4.5 um) Ta
N > 5.46-10* (R> 6 M) nisa HaTpiro Ta amOMiHIIO BiamoBiaHO. OTpuMa-
Hl aHAJIITUYHI BUPA3U JO3BOJISIOTH MMiJBUIIUTH TOUYHICTh 3HAYCHb KOHIICH-
Tpallii BakaHCii y BETUMKHUX KJIacTepax, OTPUMAHUX 3 aHaJi3y pe3ysbTaTiB
(dhoTol0OHI3AMIWHNX EKCTIEPUMECHTIB.

. Meronom Kona-Illema Bniepire po3paxoBaHO KBAHTOBO-PO3MIpHi 3aJICKHO-
CTI MOTEHITay WOHI3alli1, CIIOPITHEHOCTH 3 €JIEKTPOHOM, CJICKTPUYHOI EM-
HOCTI, €HEpriid Koresii Ta AMcCOIlamii I 3apsHKEeHUX MaJluX KJIacTepiB
Rbyn, Ky, Nay, Lin, Mgy 1 Aly (N < 270) 13 MmoHOBakaHciero Ta 063
Hel (711 mopiBHAHHS). Po3MipHI 3aI€KHOCTI ITUX BEIUYUH ““OCHUITIOIOTH”
i3 HAGMIDKEHHSAM 10 iXHIX pPo3MipHHX acuMnToT ~ R i mpsmyiors 10
BIJIMOBIJHUX XapaKTepuCTUK HecKiHueHHuX 3 D-3pa3kiB. BecTanosneHo, 1o
MariuHi 4ucja aromiB JIsl 0e31e(eKTHUX KIIAacTepiB 1 KJIACTEPIiB 3 BaKaHCI-
€10 BIAPI3HIIOTHCS, OCOOJIMBO JIJIT MarHiio ¥ antoMidito. HasBHICTE HaBITH
OJIHI€1 BaKkaHCIi ¥ OAMHUYHOTO 3apsly y KilacTepl MPUBOIUTH JI0 MOMITHUX
3MiH BCIX XapaKT€PUCTUK OCTAHHBOTO.

. Meronom Kona-Illema po3paxoBaHO KBaHTOBO-PO3MIpHI 3aJI€KHOCTI €HEp-
rii yTBOPEHHS BaKaHCIi y 3apsKEHUX MaMX KJacTepax 3a MeXaHi3MaMH
HlotTki Ta “BUAyBaHHSA MyXWUpLs . ACUMITOTH PO3MIPHHUX 3aJICKHOCTEH
JUIL [IMX JBOX MEXaHI3MIB € BIAMIHHMMH OJHA BiJ 1HIIOI Ta ciaOKo 3a-
JeXaTh BIJl YMCIA aTOMIB y KJacTepi. XapakTep pO3MIPHOT 3aJIKHOCTH
€HEeprii yTBOPEHHS BaKaHCI1 B1J HaJJIUILIKOBOTO 3apsiAy y KiacTepl LIJIKOM
BH3HAYAETHCS PO3MIPHUMH 3JICKHOCTSIMH MOTEHIIISUTY HOHI3AIlli KilacTepa

Ta CHOpiI[HeHOCTI/I 3 CJICKTPOHOM.
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Jlonarok b

HienexTpuuna QpyHKIList

JienextpuyHa QyHKISE HEOJHOPITHO B3aEMOJIIIOUOTO €JIEKTPOHHOTO Trasy

MOke OyTH 3amucaHa y BUIVIsilL [ 169]:

Arre?
E(qa r) =1- FHGG(CI’ r)'
Skmo yepes
meke (1 1-¢° '1+§ 29
I1 =———|= =
ol =~ 252 (2 e M) T
MO3HAYUTH MOJISIpU3aALIHY (YHKIIIO B HAOIMKEHHI Xa0TUYHUX (a3, To
I1o(0)
[ee(0. 1) = )
” 1+ ZEG(q, r)IIg(0)
ae
_ OF (.dexc d2eye 5
Gc(q, r) - 47Te2 (2 dne + Ne dng + g(ne)q ’

OIUCY€E BIUIUB €IEKTPOH-EIEKTPOHHUX KOpessiii. B atoMuux ogunuisx Xaprpi

dyHkIi0 g(Ne) MOXHA 3aIUCaTH:

21 30ne(r) = 1,

g(n) ~ 1 (0.0216+ 0.01302+ 0.0349), ;

rs r

Je Exc — OOMIHHO-KOpEJIAIiiiHA €Hepris Ha OJUH €JICKTPOH Ta3y KOHIICHTpaIli

Ne(r).
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Jlonatoxk B

IIpumiTku 10 nporpamMu

Po3paxyHku pOBOAMIMCS B aTOMHINA CHCTEM1 OJIMHUIIL XapTpi (€ = M =
h = 1). Kpox muckperuzariiii mo koopauHati N, cranoButs npudnmusno 0.002a.
UucenwbHe iHTerpyBanHs piBHaHHS [llpeninrepa, 1js moiryky XBUJIbOBHX (yH-

K11t mpoBoauiocst Merogom Hymepona. [louaTkoBe HaOIMKEHHS Ma€ BUTTIS!

oV)ws + Ve —4eB, r < Ry,
Veff(l’) _ < >WS XC N (Bl)
0, r >Ry,
. % . % 1.0529
(%) (%) 01423, (_zva +0‘3334)
OVws = 52 4rg 3 2
S s (1+1.05295 + 0.3334 )
o 3ng 01423(“%( C1 ))
T
c C 3
U=1+——+ i 10529\/7 0.3334{/:,
Mo A
2 1 1.0529
2(97\%  1(9r\®., 1_,. 0.2846% ( 245 )
lc= —1—Z S+6—Z I’2+—Z3r2+ 9 > 2
5 n 5 (1+1.0529yF5 + 0.33345)

Jlami, Ha HacTymHOMY Kpoli, BBaxarouu, mo N(rs) = 3/(4nrd), a rs zanexurs
BiJl KoopAuHaTH I (I's — oo mpu I > R), y BCIX BHUpa3ax [3a BUHSATKOM JI0JaHKa
(OV)ws Ta Ag] BUKOPHCTOBYEMO 3aminy Ng — N(r), rs — rg(r).

Bupimenns piBHsiHHS (3.15) y cpepuuHMX KOOpAMHATAX 3 TPaHUYHUMU

ymoBaMu @ (r)/dr|i-e = 0 Ta ¢(c0) = 0 mMae BuIIIA

¢(r)=47re{jfL f A 12[n(r) - p(r')] + f dr' In(r’) - p(r )]} (B.2)
0
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Ha nepmuriit iteparii BUKOpUCTOBY€EThCS BUpa3 (B.2) 3 enexkTpoHHOIO KOHIIEHTpa-
1iero, pospaxoaHoro ais (B.1). [Ipu moganbiioMy BUKOPUCTAHHI IIbOTO BHUpa-
3y, 3MiHa Veg(r) Oyme HACTIIbKHM BEIIHMKOIO, 10 MOXKE IMPH3BECTH 0 HECTIMKOCTI
pimenHs. Jig 3a0e3neueHHst 301KHOCTI 1TepaliifHOro MPoIIeCy, MU 3MYIII€H] BU-
KOPUCTOBYBATH IITYYHUU MPUHAOM 3B’A3KY PO3paxoBaHUX NpoduliB Ha N-U Ta

(n — 1)-if iTeparii, a Tako TOYHOTO BupakeHHs (B.2):

¢n(r) = a¢n—1(r) + b¢(r),

JIc 3HAYCHHS BaroBux Koe(imlieHTiB @ Ta b moB’s3aHi CHiBBIHOMIECHHM & + b =
1. JIna manmux kiactepiB (N < 10) mouaTkoBi 3HaueHHs & Ta D BUOMpAIOTHCS
pieaumu 0.7 ta 0.3, BinnoBigHo. B iHmmMx Bumaakax BukopuctoByeTrbes b = 3/N.
Onuak y Mipy 301IbIIICHHS YKcIia ITepalliid, ko BoHo nepeBuirye 200, Bubip b
BUMarae Moaudikarii.

Beenemo BennunHy AVeg(r) — cymapHa 3miHa npodinio Veg(r) Ha naHii
irepamii. Jns xoedimienTa 7 = AVer/N; KpUTHUHE 3HA4eHHS 7g ~ 8- 1071°
a.0. Ner — € EMIIIPUYHO BU3HAYCHUM IEBHUM IPAHWMYHUM 3HAYCHHSM, TIPH STKOMY
po3paxoBaHa 3MiHa NPOQIII0 CTA€ MOPIBHIHUM 3 YUCEIHHOI MOMUIIKOIO I[HOTO
oOuncieHHs. TakuM YMHOM, BOHA XapaKTEPHU3y€e€ MAKCUMAJIbHY TOYHICTD, 3 SKOIO
Moke OyTH oOuucieHuil npodine npu oOpaHomy tumi aanux (80-tu OiTHOMY

long double, Tounicts 19-20 aecsaTruunux 3HaKiB). OCTATOUHO:

b=0b/250 1> 8-1071,
b=0b/100 8-101 >y >8-10716,
b=0b/10,7<8-10716
Ha KOKHIN COTIH iTepartii.

I'pannunumMu ymoBamMu it BupitieHHs: piBHsHHs [IIpeninrepa € piBHICTh
HYJIIO pajlaibHOI XBWJIbOBOI (DYHKIIIT HA MOYATKy KOOPJMHAT 1 HA HECKIHUEHHO-
cti. [lomyk BIacHMX 3HAYEHb XBUJIBOBUX (PYHKIIIH MPOBOAMBCS METOJOM IpH-
CTPUIIOBAaHHS, CIIOYATKy 1HTEpBall eHeprii po3ouBaeTbes Ha 200 piBHOBIIIATE-

HUX TOYOK (3HAU€Hb €HEprii), AJsi KOXKHOI 3 SKMX 3HAaXOJIUThCA XBUIbOBA (yH-
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KITiS, IO PO3PaxOBYEThCS BiJ MOUYaTKy KoopawHar (IleHTpa kiactepa). CurHa-
JTI3yIOUUM TTapaMeTpoM, B JIAHOMY BHWIIAJIKY, € 3HAUYEHHS XBWJIbOBOI (DYHKIIIi B
ocTaHHIi po3paxoBadiii Toumi (I ~ R+ 900ap). Ili 3HaueHHs 30epiraroThCs B
MacHB, ITICJIsI 3aIIOBHEHHSI SIKOTO MPOBOAMTHLCS MEPEBIPKA Ha 3MIHY 3HAKA MIXK
CYCIIHIMU KOMIpKaMHU, B pe3yibTaTi 1€l nepeBipku POPMYy€eTbCS MACUB, IO Mi-
CTUTh NMOKKYMKH HA BIJIMOBIIHI IHTEPBAJIU €HEPTiH, B IKMX 3HAXOASATHCS BIIACHI
3HAYEHHS] XBUWJIOBHUX (DYHKIIIM, 3HAXOMKEHHSI TOYHUX 3HAYECHb SKUX 3A1MCHIOE-
ThCSL METOJIOM IOJIOBUHHOTO J1JICHHS.

Opnnak TounocTi long double He BucTadae st OTpUMaHHS TTOBHOI XBHJIBO-
BO1 ¢yHK1ii. ToMy MOBHa XBUJIbOBA (PYHKIIISI BUXOAUTH 3 2 YACTHH: MepIa po3pa-
XOBYETHCS BiJI MOYATKY KOOPJMHAT TiJ] Yac MOLIYKY BIACHUX 3HAUYEHb (B I[bOMY
BUIIAJIKy BPAaXOBYETHCS JIMIIE 3HAK XBUJIBOBOI (PYHKIII MiJ OCTaHHIM TOUIll, a
MOIIYK 311HCHIOETHCS A0 TUX TP, TOKU 3HAYCHHs €HEPrii He TepecTae 3MIHIOBA-
THUCS, B CHIIy 0OMEKEHOT TOYHOCTI); JIpyra po3paxoBY€EThCS 3 TUM )K€ 3HAUCHHSIM
eHeprii 3 HalJaIbII0l TOYKH, OOMJIBI BOHU 3IITWBAIOTHCS B TOUIIl, BiAJATICHIN Bl
MOYaTKy KOOPJMHAT Ha BiACTaHb R+ Io/2, TiCIs 4OT0 po3paxoBy€EThCSI HOPMYBa-
HHSI.

J11s1 3HAXO/IKEHHSI €JIEKTPOHHO1T TYCTUHHM HEOOX1/THO PO3MOIIIUTH €JIEKTPO-
HU TI0 €HEPreTUYHUX PIBHSX, 3aIOBHEHHS B110YBa€ThCS TAKUM YHHOM, 100 MOB-
Ha €HEeprisi cucTeMu Oylia MiHIMalbHAa.

ITepaniiinuii mporec MOBTOPIOETHCS 0 THX MIp, MOKU HE Oyle TOCATHYTO
Ner » UM HE Oyjie TEpPEeBHINECHO 3aJlaHe YKCiIo iTepalrid (iX 4uciio mpuiManocs
2500, ognak miporiec 301KHOCTI 3a3Bu4ait 3akinuyerbest Ha 700+ 1100ireparisx).

[licns 3aBepilieHHS 1TEPALIMHOTO TIPOLIECY PO3PAXOBYETHCS OOMIHHO-

KopersiiiiHa enepris [95]

0.1423 3 55—
Exc[n] = _1 + C1 " G - 4_7[ Y 37T2n(r).
¥ In()

1 MOBHA eHepris knactepa 3a popmynoro (1.19).
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