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AHOTAIIIA

Iloavosuti B. €. MonenoBanHs MOIMUPEHHS TJIa3MOH-TOJIIPUTOHHUX XBUJIb B
mapyBaTux cTpykTypax. — KpaJidikaliiiina HayKoBa Ipalisd Ha 1TpaBax PyKOIUCY.
Hucepratiisi  Ha 3j100yTTsi HAayKOBOI'O CTylleHs JloKTopa isocodil 3a
crerianbricTio 113 “Ilpuknagna matemaruka’ (11 “MartemaTuka Ta cratucTuka’).
— Hamnionasbuuit yuiepcurer “JIbBiBcbKa moJiitextika’, JIbsis, 2021.

Huceprarniiina poboTa HPHUCBsiY€Ha  JAOCJIJPKEHHIO IPOLECY IO PEHHS
HOBEPXHEBUX I1JIa3MOH-TIOJISPUTOHUX XBUJIb B I'€TEPOICHHUX CTPYKTypax jlieJie-
KTPHK /METaJ /IieJIeKTPUK Ha TI'PAHUI JIeJeKTPUK/MeTajq Ta BIUIMUBY Ha HUX
TOBIIUHU METAJEBOTO MPOIMIAPKY, YMOBHU €JIEKTPOHEUTPATBHOCTI Ta KYJIOHIBCHKUAX
KOPEJISIIi eJIEKTPOHIB MeTaJTy.

[TIjisixoM MaTeMaTUYHOIO MOJEJIOBAHHS 3aJI€2KHOCTI YACTOTU BiJ| XBUJIHLOBOI'O
BEKTOPA PO3IJITHYTO pi3HI MeTajeBl Mpomapku, Taki gk cpibio (Ag), 3051010
(Au), amowminiit (Al), 1uist sIKUX XapaKTepHa BUCOKA KOHIEHTpPaIlisl HOCITB 3apsijLy.
[Ii merasieBi mpomapkum 3aTHUCHYTI MiXK JIl€JIeKTPUKAMU, SKUMU MOXKYTh OyTH
BaKyyM, Sty 94U 1HII TOJIMEpHI CIIOJYKH TOIO. J[JIsT 3HAXOJPKEHHST JaCTOTHOTO
criekTpy (ab0 JUCIEPCIiHONO CIEeKTPY) B YCIX BUIMAKAX MOYATKOBO PO3B’S3YEThCs
CUCTEeMa, MaKPOCKOIYHUX piBHsAHBL Makcsesa Jijiss KOXKHOI'O OKPEMO B3SITOIO
cepesloBHINA. 3aCTOCYBaBIIM 1HTerpaJjbHe mneperBopeddst Dyp’e crmouaTky 3a
TACOBOIO 3MIHHOIO t, a MOTIM i 3a KOoOpAuHATAMu (X,y) B IJIOIIHHI METAJEBOTO
IPOIIApPKy Jla€ B PE3yJbTaTli CUCTEMY XBUJIBOBUX PIBHAHBL. © BUIMAJIKAX, KON
MeTaJIeBUil  TTPOIIAPOK PO3IJISJIAETHCS  sIK JIBOBUMIPHA €JIEKTPOHHA CHUCTEMa,
JHEJIEKTPUYHA POHUKHICTD SIKOT 3aJ/1€2KUTh TIJIbKK Bijl 4aCcoBOT 3MIHHOI/4acToTu
(cucTeMa XapakTepU3YEThCsI TIIBKH YaCOBOIO JIUCIEPCIEI0), XBUJILOBE DIBHSHHS
B o0OslacTi MeTaJly Ma€ aHAJITHIHWH pO3B’S30K. Y BHIAJKaX, KOJU K
JHeJIeKTPUIHA TIPOHUKHICTH MeTaly € TakoK (QYHKI[E KOooOpauHAT (cucTemi
BJIACTHBA, 1IPOCTOPOBA  JIUCIEPCisi) JUIsi OTPUMAaHHs AHAJITUYHOTO DPO3B’SI3KY
HeoOXiTHO (POPMYJIIOBATH J0JATKOBI MO/Ie/IbHI NpuiyineHas. OTpuMaHi po3B’sI3KH,
B KOXKHOMY 3 ONHCAHUX BUIIAJIKIB, 3IMHUBAIOTHCA MiXK CODOI0 BUKOPUCTOBYIOUH

YMOBH HEIEePEPBHOCTI €JIeKTPOMATHITHUX II0JIIB HA I'PAHUISAX CEPENOBUIL. I3 mux
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YMOB B II0AaJIbIIIOMY OTPHUMYETLCA ILHCHepCifIHe piBHHHHH JLJIST 00YNCJICHHS 3HAUCHD

9aCTOTHOI'O CIIEKTDPY MJIa3MOHIB.

st 3HAXOJPKEHHSI YaCTOTHOIO CIEKTPY IJIA3MOHHWX XBWUJIb  BarKJMBO
3MogiesiioBarn  MertasieBuit  npomapok  [80]. Y 3naumiii  kiabkocri  pobir 3
JTIOCTIJIPKeHHSI TIOIMUPEeHHs TJIa3MOHHUX XBHJIb 3 II€I0 METOI BHKOPHUCTOBYETHCS
kiacudaa Teopia pyne-Jlopenna. Ilompu Bei memosikm i€l mogeni (80, 81,
30KpeMa HeXTYBaHHS B3a€EMOJIEI0 €JICKTPOHIB Ta 10HIB I'DATKM, MPUIYIIEHHS, 110
JIOB2KMHA BIJIBHOI'O 11POOIrY €JIEKTPOHIB HE 3aJI€2KUTh BlJ| TeMIIePaTyPH, 1isi MOJIEJIb
JIUIS MeTaJieBUX IIPOIIapKiB, TOBIUMHA SKUX HEe € HaHOPO3MIPHOIO, JIa€ JIOBOJI
XOpOIlle y3roJPKeHHsI 3 eKCIIePUMEHTAJILHUMN JaHuMu. lIpuw MaremarndaHomy
MOJIEJTIOBAHH] Ha TMEePIIOMY eTalll TJIa3MOHHUN CHEKTP PO3PaxoBaHO I MOl
Jpyne Ta TOpIBHAHO i3 pe3yJbTaTaMy, OTPUMAHUMHU JIJIT KBAHTOBOI MOJIEI
xaornanux da3 (RPA). MeraseBuii npomapok, B IbOMY BUIAJKY, PO3IJISTHYTO
dk 2D enexkTpoHHy cucremy ILUIOIIA SIKOI € 0E3MEXKHO BEJIMKOIO B TOPIBHSIHHI
3 po3MIpoM JoCiipKyBaHOl cucremMn B3J0BxK (Z. Pesyibraru MojeoBaHHst
MOKA3aJu, IO JJIs MaJHX 3HauYeHb XBHJIBOBOI'O BEKTOPa 3HAYEHHA YaCTOTHOIO
CIIEKTPY B 000X BHUIIAJKaX IPAKTUUIHO CIIBIALAI0Th, IPOTE 3HAYHO BiJIPI3HAIOTHCS
JUist OLIBINIMX 3HAYEHb XBUJIbOBOIO BeKTopa. Lli pesysbraTu y3rojpKyloThes 3
pe3yJibTaTaMy OTPUMAHUMU B IHIIKX HPallsiX OIVISHYTHUMU B XOJIi BAKOHAHHS 1[bOI'O

JIOCTILIKEHHSI.

Hacrynnum 3aBjanHsM 1€l poOOTH OYJI0 JIOCIIJI>KEHHST BILJIMBY MTPOCTOPOBOT
JIIcIiepcil Ha MOBEJIHKY YacTOTHOI'O CIEKTPY, 30KpeMa Jijisi BHUIAJIKy aTOMHO-
TOHKHUX METAJEBHUX ILIIBOK. Y il MOJEJI MeTasl PO3TJIATAcThC AK eJTeKTPOHHUIMA
ra3 MoMiIieHuit y MoTeHIaJbHy sIMY, CTIHKaAMH KOl € JlleJIeKTPUIHI cepeJIOBUINA.
Llst Mojiesib JI03BOJISIE JIOCIIIUTH 3aJIEXKHICTH JIIEJIeKTPUYIHOI TPOHUKHOCTI BiJI
Z KOOPJIMHATH Ta BpaxyBaTW 3aJeXKHICTh MMOBEIIHKM YaCTOTHOTO CIEKTPY BIJ
TOBIIKUHK MeTasy. OCKIIbKM, B 3aIIPOIIOHOBAHIN MaTeMaTUIHIA MOJIEI TOITUPEHHST
IJIA3MOHHUX XBUJIb, SIK Y2Ke 3a3HadaJioch, JUCIepciiiHe pIBHAHHSA 3aJI€2KUTh Bl
PO3B’sI3KY XBUJIbOBOI'O PIBHSIHHSI, TO JJisi OTPUMAHHS aHAJITUIHUX 1X PO3B’sI3KiB
3aCTOCOBAHO PO3KJIaJ, MarHITHOI HAIPYKEHOCT1 10JIs 38 MaJiuM IIapaMeTpoM, Jie
y POJII MaJioro IapaMeTpy B3dTO BIJIHONIIEHHS MIXK PeaJibHOIO JI1eJeKTPUIHOIO
IPOHUKHICTIO Ta 11 ycepegHeHHAM IO 2 KoopjuHari. Pesynbrarm orpumani

3 JIOIIOMOI'OI0 MaTE€MaTUYHOTO MOJICJIOBAHHA JIJIsd CTPYKTYpH IapaMeTpu KOl
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BIJIOBIIAIOTH TETEPOTEHHIN TIasMoHHiil KoHbirypamil Si0y/Ag/Si nokasyworh,
MO I METAJIEeBUX IJIIBOK, TOBINHA SKAX BUMIPIOETHCSI B ATOMHUX MOHOIIAPAX,
pe3yabTaTi JJIsi MOJeJ 1MOOY0BaHOT TYT Kpallle y3TO/PKYIOThCS 3 €KCIIePUMEeH-
TaJbHUMU JIAHUMU B TOPIBHsIHHI 3 Mojie/uito Jpyje Ta npu 30uibIIeH] KiJbKOCTI
MOHOIIIAPIB TMPAMY€E 3HUIY JI0 3HAUEHDb PO3PAXOBAHUX B paMKax Mmojeni pyme mms

0JIHAKOBUX (PIBUUHUX HapaMeTpiB obJiacTeil JOC/IIKYBAHUX CTPYKTYP.

[Toripu e, mo nodygsoBa Mojesi, sKa JIO3BOJIMJIA BUBUYUTU BILJIMB TOBIIUHU
MeTaJjly Ha 4YacTOTHUIM CHEKTP IJIA3MOHHUX XBWJIb HaOJIM3WJIa  Pe3yJibTaTu
MOJIEJTIOBAHHS JIO €KCIIePUMEHTAJbHUX JIAHUX, M0/IaJibllle MOKPAIeHHs pe3ybTaTiB
MOJICJIIOBAHHS BUSABUJIOCH HeoOXijHuM. [t 1mporo OyJio PO3IJISTHYTO J0JIaTKOBI
MOJI€JIbHI PUITYIIEHHS 111010 TOT'0, siKi (PI3UYHI siBUIIA Ta, POIECU MOXKYTh Kpallle
onucaTu 00’€KT JOCIJIPKEeHHST Ta MOKPAIUTH OTpuMaHi pe3yabraTu. IIpuHarinno
HEOOX1JTHO 3ayBaxKWTH, IO yCI HACTYIHI PO3MIAHYTI (DI3UYHI MPOIECH MaloTh
KBAHTOBY NPHUPOJIy Ta OB si3aHl 3 MOBEJIHKOIO €JEeKTPOHIB B MeTaJieBiit cucremi
Ta IXHIM NPOHUKHEHHSM B 30HU JIIEJIEKTPUKIB Ha IPAHUIAX JOTUKY 3 METAJIEBUM

MIPOIITAPKOM.

3 YMCIeHHUX [OCTIKEHb BIJIOMO, IO I HAHOPO3MIPHUX ATOMHO-TOHKHX
MeTaJeBUX ILJIIBOK KBAHTOBO PO3MIpHI edeKTu BIJIIparoTh CYyTTEBY PpOJb B
MOBEJIIHITI METaJIeBOI CUCTEMU TOMY JIOTIYHUM € TPUIYINEeHHS, 10 BpaxyBaHH:A
muX edekTiB TakK caMO BIJIMHYTb Ha IIOBEJIHKY IJIA3MOHHOI XBWJI, sKa
MOTNUPIOETHCs 110 TTOBEpXHI MeTasry. [louaTkoBo 3a1pornoHOBaHO PO3TJISIHYTH BILIVB
IPOHUKHEHHS €JIEKTPOHIB B 1Iap JlieJIEKTPUKA dYepe3 KOPEKTHE BpaxyBaHHs
YMOBHU €JIEKTPOHEATPAJbHOCTI B paMKax Mojiesi “»Keje’ Jijisi CUCTEeMHU eJIEKTPOHIB
yepe3 jioBejieHuil (haKT, sIKWii I0JIsira€ B TOMY, IO INMPHHA IIOTEHIaJbHOI SIMU
€ OLJIBITOI BiJ TOBIMHM MeTajy. ¥ PIBHUX PO3BIJKAX MOKa3aHO, IO TaKe
BpaxyBaHHs BeJie JIO OTPUMaHHs KOPEKTHUX 3HAUYEHb JijIsi XIMIYHOI'O MOTEHIia/1y
[4 Ta OCIUJIAIINHOT KAaDTUHU MOr0 MOBEJIHKU B 3aJI€2KHOCT] BT TOBIIUHU METAJLy.
OcklJIbKH BiJI XIMI9HOIO IOTEHIaJy 3aJjexKaTh 3HAUYCHHSX XBUJIBOBOI'O BEKTOpa
Depwmi, siKUit B CBOIO 4epry BU3HAYAE YUCJIO PIBHIB PO3MIPHOINO KBAHTYBAHHS
B MeTaJii. 3acTOCYyBaHHSI OIMMCAHOI MOJEl JIO PO3PaxyHKIB IapaMerpiB CUCTEMU
MOKA3aJ1 3HATHE IMOKPAIEeHHS Y3rOMKEHHs 13 eKCIIepUMEHTAJbHUMA JTAHUMU JIJIs
Si0yAg/Si Ta, GLABIT TOrO, MOKA3aHO, M0 YaCTOTHHUI CIIEKTD MIa3MOHA, TTOBTOPIOE

3aJIEXKHY B1J] TOBIIUHU XapaKTEPHY OCIUJIATIINHY MOBEIIHKY XIMITHOTO TTOTEHTIIAJTY.
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Jo1aTKoOBO MMOKAa3aHO, IO XapaKTep TaKol KapTUHHM B 3HAUHIM Mipi 3aJ€XKUTDH BiJI
KOHTIEHTPaIlil BIILHUX HOCIIB 3apsjy B MeTaJi. TaKoXX BiJ3HAYAETHCS IMTOMITHE

3aTyXaHHS aMILIITYIM OCIUJIAIIN 31 301JIbINIEHHSIM TOBIIWHU MeTaJIeBOI IJIIBKH.

[Tojtasibiiie  yjlockoHaJieHHsi MOjesii  1oJisirae  y  ciupobl  BpaxyBaTu BILINB
eJICKTPOH-EJIEKTPOHHOI B3aeMOJIil (KyJIOHIBCHKUX KOpeJisliii). B ymoBax omucanux
paHiiiie JIOC/A1JI2KeHO eJIeKTPOHHY CUCTeMY Ta 3HalijleHO 3HadYeHHs JIJis XIMIYHOI'O
HoTeHIlaly 3 BpaxyBaHHsAM I1ii€l B3aemojii. Bapro Tyt ojpady 3a3HaunTH,
10 pO3LJIs) BIUIMBY KOPEJIALI OOMEXYEThCst TYT 1X BKJIQJIOM Yy XIMIYHUi
MOTEHIla]l Ta HeXTYEThCSI IUM BKJAJIOM B yCl IHIN TapaMeTpu CHUCTEMH.
Orpumani pe3yabraTi MaTeMaTHIHOIO MOJETIOBAHHS Jal0Th J0Ope Y3TOMKEHHSI
3 eKCIepUMEHTAJbHUMU JaHUMU TIEPEJIOBCIM 3a paXyHOK TOTrO, IO pO3paxoBaHl
3HaYEHHS JIJIT XIMITHOTO TTOTEHIaJy aTOMHO-TOHKOI MeTaJeBol IJIIBKKA HallKpailie
BIJIIIOBIJIAIOTL peaJibHUM JaHUM. DBigMiueHa BHINE OCIUMJIAIINHA ITOBEIIHKA,
JaCTOTHOT'O CIEKTPY CIOCTEPITaEThCA 1 B IIUX yMOBaX, aJie XapaKTepPU3yeThCst
3HAYHO OLJIBIINOI aMILIITYJIOI B 3aJ€2KHOCTI BiJ| TOBIIMHM METAJEBOI ILJIIBKU Ta,

BIJIMTOBIJIHO, KIJIBKOCTI PIBHIB PO3MIPHOTO KBAHTYBaHHSI.

CyTh JOCTIIPKEHHST TTOMTUPEHHST MIa3MOH-TIOJITIPUTOHHNX XBUJIb B CTPYKTypPax
JHEJIEKTPUK / MeTaJ1 /JlieleKTPpUK B il poboTi 1noJisirae y HOC/IIIOBHOMY POIEC
MOOYIOBY MaTeMaTHIHOI MOJIE, TTOUYNHAIOTH BiJT PO3TJISLY METAJEBOTO MPOIIAPKY
gk 2D mpoBifHOl cucTeMu Ta 3aCTOCYBaHHS KJIACHIHUX 1 KBa3iKJIaCHIHUX MOJIeJIei
MPOBIJIHOCTI JI0O BpaxyBaHHsI B (DYHKIIT JIi€JIEKTPUUIHOI MTPOHUKHOCTI KBAHTOBUX
edexTiB, sKi panimne He OpaJuch J10 yBaru. Takuil mijaxij JI03BOJIKUB IIOKA3aTH SIK
1 B IKMX yMOBaX JOCTATHIM € BUKOPUCTAHHS KJACHIHHUX IMLIXOJIB 1 gKI € X MexXKl
3aCTOCYBaHHd, Ta MPU AKNX YMOBaX BapTO YCKIJHIOBATA MaTEMATUIHY MOJENTH
edpekTaMm, sKi BayKJIMBI TLILKM JIJIsi CUCTEM 13 TIeBHOIO po3MmipHicTio. ITokazaHno,
0 BpaxyBaHHS IPOCTOPOBOI jJucHepcii Ta KOPEKTHE 3acTOCYBaHHS YMOBU
eJICKTPOHEUTPAJILHOCTI JIJId HAOJVMXKEHHS HE3aJIeXKHUX EeJEKTPOHIB JIa€ MOMITHO
Kpallle y3ro/KEHHS 3 eKCIepUMEHTOM Ta BUABJLE CHeNudiday XapaKTepHy
MOBEJIIHKY YaCTOTHOIO CIeKTpy. Bijixij| ke Bij| po3rJisijly eJIeKTPOHHOI CUCTEMHU STK
HEB3aE€MO/I1I0901, & TOUHIIIE, BpaXyBaHHs KYJOHIBCHKUX KOPEJIAIIi, jae HallKpalle
Y3TOJIKEHHsI 3-TIOMIXK yCiX PpO3poOJIeHnX y ik poboTi Mopeneir. OCHOBHUM
IPaKTUIHUM 3700y TKOM TPOBEJEHOIO JIOCTIPKEHHST € BCTAHOBJIEHHS (DaKTy,

o AJid aTOMHO-TOHKHX MeETaJIeBUX IJIIBOK HeO6Xi,ZLHO BpaxXOByBaTHU KBaHTOBY
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IPUPOJIY TMOBEIIHKN €JIEKTPOHIB B MeTaJIl 1 11e JIO3BOJISIE Kpallle PO3YMITH TTPUPOJTY
JIOCJIJIZKYBAHOT'O TTPOIECY Ta OTPUMATHU SIKICHO Ta KIJLKICHO Kpallll pe3yJbTaTH.
Karowo081 caosa: 1a3MoHIKa, TOBEPXHER] TIIa3MOH-TIOJISIPUTOHY, JTUCTIEPCIiTHE
PIBHSIHHS, JIIeJIEKTPUYIHA, MTPOHUKHICTh MeTaJly, aTOMHO-TOHKA MeTaJeBa IJIIBKA,
MaTeMaTUIHe MOJICTIOBaHHA TOIMMUPEHHSA MOBEPXHEBUX TIJIa3MOH-TIOJISIPUTOHIB,

eJIEKTPOHENTPAJIbHICTD, KYJOHIBChKI KOpPeJsIil.



ABSTRACT

PolovyiV.Ye.  Modeling of plasmon-polariton propagation in stratified

structures. — Qualification scientific work on the rights of a manuscript.

The thesis for the Philosophy Doctor (Ph.D.) degree in specialty 11 “Applied
Mathematics” (11 “Mathematics and Statistics”). — Lviv Polytechnic National
University, Lviv, Ukraine, 2021.

The dissertation is devoted to the research of the process of propagation
of surface plasmon-polariton waves in heterogeneous dielectric/metal/dielectric
structures at the dielectric/metal boundary and the influence of metal layer
thickness, electroneutrality conditions, and Coulomb correlations of electrons in

a metal.

Various metal layers, such as silver (Ag), gold (Au), aluminum (Al), which
are characterized by a high concentration of charge carriers, are considered by
mathematical modeling of the dependence of frequency on the wave vector. These
metal layers are sandwiched between dielectrics, which may be a vacuum, Si0,
or other polymeric compounds and the like. To find the frequency spectrum
(or dispersion spectrum) in all cases, we initially solved the system of Maxwell’s
macroscopic equations for each medium. Applying the integral Fourier transform
first for the time variable ¢ and then for the coordinates (z,y) in the plane of
the metal layer results in a system of wave equations. In cases when we consider
the metal layer as a two-dimensional electronic system whose dielectric constant
depends only on the time variable/frequency (the system is characterized only
by a time dispersion), the wave equation in the metal region has an analytical
solution. In cases when the dielectric constant of the metal is also a function
of coordinates (the system is characterized by a spatial dispersion) to obtain an
analytical solution, it is necessary to formulate additional model assumptions.
The obtained solutions in each of the mentioned cases are connected using the
conditions of continuity of electromagnetic fields at the boundaries of the media.
From these conditions, we obtain the dispersion relation for the calculation of

values of a frequency spectrum of plasmons.

To find the frequency spectrum of plasmon waves it is important to model the

metal layer [80]. We used the classical Drude-Lorentz theory for this purpose in
7



a significant number of works on the study of the propagation of plasmon waves.
Despite all the shortcomings of this model [80,81] in particular, the neglect of
the interaction of electrons and lattice ions, the assumption that the free path
of electrons does not depend on temperature, this model for metal layers with
thickness bigger than nanoscale gives a fairly good agreement with experimental
data. During mathematical modeling in the first stage, the plasmon spectrum was
calculated for the Drude model and compared with the results obtained for the
quantum Random Phase Approximation (RPA) model. In this case, we consider
the metal layer as a 2D electronic system with area that is infinitely big compared
to the size of the studied system along OZ. The simulation results showed that for
small values of the wave vector the values of the frequency spectrum in both cases
are almost the same but differ significantly for larger values of the wave vector.
These results are consistent with the results obtained in other works reviewed in
this study.

The next goal of this work was to study the effect of a spatial dispersion on
the behavior of the frequency spectrum, in particular for the case of atomically
thin metal films. In this model, we considered the metal as an electron gas placed
in a potential well, the walls of which are dielectric media. This model allows
us to investigate the dependence of the dielectric constant on the z coordinate
and take into account the dependence of the frequency spectrum behavior on the
thickness of the metal. Since in the proposed mathematical model, the propagation
of plasmon waves, as already noted, the dispersion relation depends on the solution
of the wave equation. Then to obtain analytical solutions for these equations, we
used the expansion of the magnetic field strength into a series on powers of a small
parameter. This parameter is the ratio between the real dielectric constant and
its average value calculated along the z coordinate. Mathematical modeling for
the structure with parameters that correspond to the heterogeneous plasmonic
configuration Si0O9/Ag/St show that for metal films with a thickness that is
measured in atomic monolayers, the results for our model have better agreement
with experimental data compared to the Drude model and with the increasing
number of monolayers goes from the bottom to the values calculated for the Drude

model with the same physical parameters for the areas of the studied structures.

Although the construction of the model, which allowed to study the influence
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of metal thickness on the frequency spectrum of plasmon waves, brought the
simulation results closer to the experimental data, further improvement of the
simulation results was necessary. To do this, we considered additional model
assumptions as to which physical phenomena and processes can better describe
the object of study and improve the results obtained. It should be noted that
all the following physical processes are quantum in nature and are related to the
behavior of electrons in the metal system and their penetration into the dielectrics

zones at the boundaries of contact with the metal layer.

Numerous studies have shown that for nanoscale atomic-thin metal films,
quantum-dimensional effects play a significant role in the behavior of the metal
system, so it is logical to assume that these effects will also affect the behavior
of the plasmon wave propagating on the metal surface. It was initially proposed
to consider the effect of electron penetration into the dielectric layer due to the
correct consideration of the electroneutrality condition in the "jellium" model
for the electron system due to the proven fact that the width of a potential
well is greater than the metal thickness. Various investigations have shown that
such consideration yields the correct values for the chemical potential 1 and the
oscillating picture of its behavior depending on the thickness of the metal. Because
the values of the Fermi wave vector depend on the chemical potential, which in
turn determines the number of levels of dimensional quantization in the metal. The
application of the described model to the calculations of the system parameters
showed a significant improvement in the agreement with the experimental data for
Si05/Ag/Si and, moreover, it was shown that the plasmon frequency spectrum
repeats the thickness-dependent characteristic oscillating behavior of the chemical
potential. Additionally, it is shown that the nature of such a picture largely depends
on the concentration of free charge carriers in the metal. There is also a noticeable

attenuation of the amplitude of oscillations with increasing thickness of the metal
film.

Further improvement of the model is an attempt to study the influence
of electron-electron interaction (Coulomb correlations). Under the conditions
described earlier, the electronic system was investigated and the value for the
chemical potential was found taking into account this interaction. It should be

noted here that the consideration of the influence of correlations is limited here by
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their contribution to the chemical potential and we neglect this contribution to all
other parameters of the system. The obtained results give good agreement with
the experimental data, primarily because the calculated values for the chemical
potential of the atomically thin metal film best correspond to the experimental
data. The above-mentioned oscillating behavior of the frequency spectrum is
observed in these conditions but is characterized by a much larger amplitude
depending on the thickness of the metal film and, accordingly, the number of

levels of dimensional quantization.

The essence of the study of the propagation of plasmon-polariton waves in
dielectric/metal /dielectric structures in this work is the sequential process of
building a mathematical model, starting from the consideration of the metal layer
as a 2D conducting system and the application of classical and quasi-classical
conductivity models, which were not previously taken into account. This approach
allowed us to show how and under what conditions the use of classical approaches
is sufficient and what are their limits of application, and under what conditions it
is necessary to complicate the mathematical model with effects that are important
only for systems with a certain dimension. Showed that taking into account the
spatial dispersion and the correct application of the electroneutrality condition for
the approximation of independent electrons gives a significantly better agreement
with the experiment and reveals a specific characteristic behavior of the frequency
spectrum. The departure from the consideration of the electronic system as non-
interacting, or rather, taking into account Coulomb correlations, gives the best
agreement among all the models developed in this paper. The main practical
achievement of the study is to establish the fact that for atomically thin metal
films it is necessary to take into account the quantum nature of the behavior of
electrons in metal and it allows to better understand the nature of the process and
get better and quantitatively better results. The main practical achievement of
the study is to establish the fact that for atomically thin metal films it is necessary
to take into account the quantum nature of the behavior of electrons in the metal
and it leads to a better understanding of the nature of the process and yields

qualitatively and quantitatively better results.

Keywords: plasmonics, surface plasmon polaritons, dispersion relation,

dielectric constant of metal, atomically thin metal film, mathematical modeling
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of surface plasmon-polariton propagation, electroneutrality, Coulomb correlations.
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Beryn

AxkryanbHicTh Temm. [lonpu Te, mo JBa OCHOBHUX O00'€KTH BHUBUYEHHSI
HAYKH [JIA3MOHIKH NOBEPTHEST NAAGSMOH-TLOAADUMOHU Ta AOKANZ08GHE NOBEPTHES]
NAA3MOH-NOAAPUMONY TIOYAJIM BUBYATUCS 1le Ha nodarky 1990-x [1], 3okpema
B upangx rta A, Sommepdenbna [2|, WM. Ieunike [3] wa Byua [4], i@
Termep IOBEPXHEBI ILJIa3MOH-TIOJSPUTOHN BIIKPUBAIOTHCA JIJIA 3aCTOCYBAHHS Y

PIBHOMAHITHUX KOHTEKCTax 1 cdepax, Ta 3HAXOAATD Jie/1ajl HOBI 3aCTOCY BAHHSI.

Ha cygacnomy etari, mjaa3MoniKa 3aB/gIy€e CBOEMY CTPIMKOMY PO3BUTKY TOMY,
0 JIJIsI BUBYEHHs SIBUII, $Ki OINWCYE I HayKa HasBHI yci HeoOxijiHI 3acodwu,
a caMme: TexXHOJIOrl Jiist 1OOYJIOBU CTPYKTYP y HaHoMacliTadax, BUCOKOTOYHI
Ta BUCOKOUYTJIUBI ONTUYHI TEXHOJIOTI JIJI BUMIPY XapaKTEPUCTUK, MOTYXKHI Y

O0YHUCTIOBATLHOMY IIJIAHI 32CO0M MOJIETIOBAHHS.

BazoBuM 3acrocyBaHHsIM ILJIA3MOH-TIOJIAIPDUTOHHUX XBHUJb B TaK 3BaHUX
MJIA3MOHHUX CTPYKTypax (ToOTO, CTPYKTYpax, B sIKHX 30y KYIOThCS MIa3MOHHK)
€ CTBOPEHHsI Ha 1XHIi OCHOBI KOMITAKTHMX BUCOKOYYTJIMBUX OINTUIHUX XBUJICBOJIIB
|1, 5], mrasmonnnx 6iocencopis [6-8|, mpusHaUEHUX JJTs1 BUBUCHHS PI3HOMAHITHUX
aHaJli3iB Ha HagBHICTL joMimKoBux pedoBun, JIHK ta xaii nikiB y peaspbnmx
BIIPIBKax 4Jacy TOI0, pobOTa SIKMX 3aCHOBaHA Ha edeKTl Pe30HAHCY ITOBEPXHEBUX
mwiasMoniB 9] ra upucrposix Jsiazepuoi crerockomnii [10]. Takox, ockijibku,
Ha HaHOMAacHITabaX ILJIa3MOHU XapaKTepHU3YIOThCsl BHCOKOMIO JIOKAJI3AIIEn Ta
3POCTAHHAM 1HTEHCHUBHOCTI, TO IIEPCIICKTUBHOIO IaJly33l10 € KepPYBaHHS XBUJISIMU
cBiTsia came Ha HaHoMmacinTabax. logaTkoBO BapTO BIJ3HAYUTH, IO IIE€ OJHUM
BaXKJIMBUM 3aCTOCYBaHHsIM ILJIA3MOHIKKM € BUKOPHUCTAHHS B $IKOCT1 IIPOBIJIHOI'O
marepiaiy mianapuoro rpadeny [11-15|, sxuii 3abesnedye BUCOKY AKTHBHICTH
HOCITB 3apsity |13,16] Ta, ik HACIIOK, Beie 10 MEHIIMX BTpaT mia3MoHis [14,15,17).

[ime ojiHe IepCleKTUBHE 3acCTOCYBaHHS ILJIAa3MOHIKM, sKe BJlacHE HaC Yy

i pobori ¥ Ha#bLIbIIEe IIKaBUTUME, — 1€ BUKOPHUCTAHHS It 30Y/»KEHHs
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MJIA3MOHHUX XBHWJIb IeTEPOTCHHUX CTPYKTYP MeTaJl-ieJIeKTPUK, 30KpeMa TaKHhX
K, JIICJIEKTPUK /MeTaJ, MeTaJs /IieJIeKTPUK UU JIeJIeKTPHUK /MeTaJ / riesiekTpuk |1,
18-25,27|. Bukopucranns pisHux marepiaJjis Jijisi MeTajy 9u JHeJeKTPUKIB JIal0Th
3MOT'y OTPUMATH TJIA3MOHHI XBUJIL 3 PI3HUMU IHTErPAJbHUMU XapPaKTEPUCTUKAMUA,
SIK-OT YaCTOTOIO UM JIOBYKUHOIO TTOITAPEHHSI.

3Bazkaruu Ha IMIHUPOTY 3aCTOCYBAaHHS, PISHOMAHITHI BJIACTHBOCTI IHUX XBUJIb
Ta 3rajJl@aHy y»Ke HasBHICTh HEOOXIJIHOrO IHCTPYMEHTapilo JiIst TPOBEJICHHS
JIOCJILJIPKEHHSI, STK MaTEeMaTUYHOI'O TaK # eKCIIepUMEHTAJILHOT'O, 18 TEMaTUKa, TaKOXK
MPUTSTYE yBary 6araTboX BUCHUX €KCIepuMeHTaTopis [25,27,29-32].

Mera 1 3aga4vi JOCJII2KEHHd. Y dAKOCTI 00’cxkma JIOCHIIIKEHHS BH-
OpaHO KOJIEKTUBHI 30yJXKEHHSI €JIEKTPOHHOI TYCTHMHU Ha TOBEPXHI MeTaJy
— masmon-noJsipuronti  xsuai  (IIIIX) y  rereporennux crpykrypax jiese-
KTpuK /MeTas / pieqektpux (JM/I).

IIpedmemom nocijizkenns € nomupenns [HIIX y JIM /I, Ta BIJIMB KyJIOHIBCHKIX
KopeJisiit Ha gacroruuit criektp IIIIX, e jiesieKTpuky po3ristHyTo sik abCOJTIOTHO
HEIPOBIJIHI CepejloBUIa, a MeTaJeBl MPOIapKd € aTOMHO-TOHKI MeTaJieBl IJIIBKU
(ATMIT).

Mema poboru — MojiesoBaHHs IIpolieciB 30y/pKeHHs Ta nomupenns [IITX,
BUBUYEHHs 3aJiexkHOoCTI toBejiinku [TTIX Bij xapakTepucTuk MarepiaJiB CTPYKTYPH,
SIK-OT JIeJICKTPUIHUX NTPOHUKHOCTEN cepetoBuil, Topimuuan ATMII, kymoniBcbknx
KOPEeJIATIA.

st nocsirHeHHst MeTu cPOPMYJILOBAHO TaKi 3a460aHHA:

® BUBUCHHS BILIMBY YaCTOTHOI Ta, IPOCTOPOBOL Jciepcii (HecralioHapHocTi)

Ha nomupenns [I1IX;

® BCTAHOBJIEHHS 3aJIeXKHOCT1 MIiXK TOBIIMHOI METaJIeBOr0 IMPOIIapKy Ta

10BeJ[IHKOI0 YacTorHoro ciexkrpy TIITX;

e QopMyIIOBaHHs aJIbTEPHATUBHOIO J0 Mojesi JIpyje 4m alpoKcuMariil

punajgkosux das (RPA) migxogy mo omucy JiesieKTpudHOl TPOHUKHOCTI

® JIOCJIJIKeHHsI BILIMBY YMOBHU €JIEKTPOHEHTPAJbHOCTI Ta MIiKeJeKTPOHHOI

B3aeMOJIT (KYJIOHIBCHKUX KODEJISIIIT).
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[Iloj0 MeTOaiB JOCJIiAXKEHHS, TO JJIsi IIOIIYKY BUPIIIEHHS MTOCTAaBICHUX
3aBJIaHb IIPOBEJICHO eTall 100y 10B1 0a30BOI MAaTEMATUIHOI MOJIEJI JIOCII?KYBaHOI'O
SIBUIIA, 13 MOJAJBIIM JOMOBHEHHSIM, CIIPOIEHHSIM UM YCKJIAHEHHSIM OTPUMAHOI
MOJIeJIl, B 3aJIe’KHOCTI Biji YacTUHU ab0O XapaKTEPUCTUKU IMPOIECY, Ha sAKiil
aKIIeHTyBaJaCh yBara PO BHUKOHAHHI KOHKPETHO B3ATOIO 3aBJaHHSA. 30KpeMa,
OyJ10 BUKOPHCTAHO KJACKHYHI METO/I MaKPOCKOIIITHOI €JIKTPOJIMHAMIKH, KBAHTOBO

MeXaHIuHI METOJU JIOCJIJIP>KEHHSI MTOBEJIIHKY €JIEKTPOHA B MPOCTOPOBO-00MEXKEHUX

CTPYKTYypax.

MatemaTtmany Mojzesnb Ta yci 11 ojlep:KaHi Bapiallil mepeHeceHo y IporpaMHnii
KOJI 1 IMPOBEJIEHO eTall KOMII' IOTEPHOIO MoJjieoBaHHsg. Lle 103BoJMI0 oTpumaTn
YACTOTHUM CIEKTD JJisi KOXKHOI'O BHIIAJKYy Ta, B OKPEMUX BHUITQJIKAX, JOBXKHUHY
normupenns I1TIX.

Bepudikariro ojiep)kaHnx pe3ysibTaTiB MPOBEJIEHO siK TOPIBHIOYM 1X 3
eKCIIePUMEHTAJLHUMY JaHUMU JIJIs QaHAJOTTIHUX CTPYKTYP, TaK 1 BAKOPUCTOBYIOUN
arrpoOoBaHl METOIN MATeMaTHYHOTO MOJETIOBAHHS, a TAKOXK B XOJl Ipe3eHTallli
Ta 0OrOBOPEHHSI Ha HAYKOBUX KOH(QEPEHIIISX, 30KpeMa i MiXKHApPOTHUX.

HaykoBa HOBmM3HA o0jiep:KaHUX pPe3yJbTaTiB IOJsira€ y PpPO3B s3aHHI
HAYKOBOI'O 3aBJIaHHS PO3BUTKY MaTreMaTudHUX METOJIB MOJAEJIOBAHHS TOIIUPEHHS
IJIA3MOHHMX 30y/2KEHb B CTPYKTYypaxX 3 aTOMHO-TOHKHUM IIPOBLJHUM IIPOIIAPKOM.
3a pesyjabraraMy JUCePTAIifHOl POOOTH BU3HAUEHO MEXKI 3aCTOCYBAHHST MOJIEJI
Hpyne jieeKTpUIHOl HPOHUKHOCTI METaJIeBOI'O HPOIIAPKY, SIKIIO TXHsI TOBIIMHA
CTAHOBUTD BiJl KIJTBKOX JI0 JiecaTKiB aromaux Mouomapis (MII) i B mapasneabromy
BCTaHOBJIEHHI (paKTy IepeBard 3acTOCYBaHHS KBAHTOBOMEXaHIYHOI'O OIUCY

JIEJIEKTPUIHOl TPOHUKHOCT] B IIbOMY KOHKPETHOMY BUTIAJIKY.

e Buepine joBejieHo HEOOXITHICTL BpaxyBaHHsI KBAHTOBOPO3MIPHUX e(eKTiB

upu posrusai ATMII.

e DBiepiiie 1okazaHo BIUIMB YMOBHU €JIEKTPOHEHTPaAJILHOCTI B MeTaJii Ha

yacrtoruuit cnektp II1TIX.

e Brepie nmokazaHo BIJIUB KYJOHIBCHKHX KOPeJIiil B MeTaJi Ha JaCTOTHHI

ciiektp TTTTX.
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e Bmepirne Bij3HaueHo, 1110 TOBEIIHKA CIEKTPY 3ajeKuTh Bija ToBiman ATMII

Ta KYJOHIBCHKUX KOPEJIAIiil.

IIpakTnyHe 3HAYEHHS OTPHUMAHUX PEe3YJbTATIB IOJSATAE Y OTPUMaHHI
kKapTuau nomwupeHns [IIIX Ha moBepxHi yabTpaTOHKHX MeETaJeBHX IIPOIIAPKIB.
Orpumani pesyabrari, Ha JIYMKY aBTOpa, JOMOBHIOIOTH YSIBJIEHHS IPO MPUPOJLY
BuHukHeHHsi Ta nomumpenns [IIIX y  JIMJI crpykrypax Ta 10Ka3yloTb
B3a€MO3B’SI30K I[bOI'O SIBUINA 3 IHIIUME (DIBSUIHUMU STBUIAMHU.

Ocobuctnit BHecokK 3700yBadva. 3ajiadl JOC/IiKeHHs Oya0 chopMyJibo-
BaHO HAyKOBUM KEPIBHMKOM pODOTH JIOKTOPOM (PI3UKO-MATEMATHIHUX HAaYK,
zaBijyBadem Kadejpu npukiajnol maremaruku [I. I1. Kocrpobiem. ¥V crisbHux

myOJIiKAIlisIX aBTOPOM CaMOCTIHO BUKOHAHO:

e aHaJliTUYHE JlOCJijpKeHHst 3ajiadl  nomupenns  [IIIX y  rereporenniit
mia3zMonniit JIM/I cTpykTypi, Ha OCHOBI cucTeMHW piBHsAHL MakcBena Ta
YMOB HeNepepBHOCTI eJIeKTPOMArHITHUX IOJIIB MIPU PI3HUX BaplaHTaxX OIUCY

eJieMenTiB crpykTypu [33];

® DPO3pPaxoBaHO Ta TOPIBHSIHO 3HadYeHHsi dvacToTHOro crektpy [IIIX s

mojiesieir JIpyje Ta xaorudHux (a3 MpOoBIJIHOCTI MeTaJIeBOIO IPOIIAPKY

(33,37, 38);

® DPOBIJISHYTO Ta JOCJIIZKEHO PI3HOMAHITHI KBAHTOBI miaxoan o omucy ATMII

3 BpaxXyBaHHSIM IIPOCTOPOBOI JIUCIIEPCIT;

® JIOCJIJIXKEHO 3aJIe2KHICTh YacToTHOrO ciekTpy IITIX Big ToBIIMHEN MeTaaeBoro
npomapky B pamkax omnumcy ATMII maa mabmmKeHHs HEB3aEMOIIOUNX
eJIEKTPOHIB Ta, PO3TJISJLY TEH30pa JIEJEKTPUIHOI MPOHUKHOCTI, 8 OTPUMaH]
pe3yJibTaTh MOPIBHSHO 13 pe3yJibTaTaMy OjepxKaHuMu Juist Mojesi pyse Ta

eKcIiepuMeHTa bHuMy Jarumu (34,39, 41];

® BHBYEHO BIJINB YMOBH €JEKTPOHEUTPAJHLHOCTI Ha XapaKTepy IOBEJIIHKY

gacTtoTHOro crektpy IIIIX Ta mopiBHSHO 3 eKClepuMeHTAJbLHUMA JaHUMU

35,40, 43].

21



® DO3IJISIHYTO MOJieJib TOoBemiHKu ejekTpoHiB B ATMII 3 BpaxyBannam

KYJOHIBCHKUX KOPEJIAIIl Ta pO3PaxoBaHO 1X BILJIUB Ha JIOCHLIKYBaHY CUCTEMY

[36,42-46].

Orpumani  pesysbrard OONOBOPIOBAJIKCH, AHAJJI3YBAJUCH, 1HTEPIPETYBAJNUCDH
aBTOPOM IIHOI'O JIOCJIJI?>KEHHsI Ta CIIBaBTOPaMU IIyOJIiKalliil KOJEKTUBHO.

Anpobartig pe3yabrartiB gocaikeHHA. OCHOBHI Pe3y/IbTaTh JIOCIJI>KEHH ST
JIONOBIJIaJTUCh Ta, 0OIOBOPIOBAJIMCH Ha KoH(pepeHIisix Ta ceminapax: 11th, 15th
International Scientific and Technical Conference Computer Sciences and
Information Technologies (JIbgiB, 2016 Ta 36apax, 2020), International Conference
on the Experience of Designing and Application of CAD Systems (CADSM)
(IMosstna, 2019), Modeling, Control and Information Technologies: Proceedings of
International Scientific and Practical Conference (Pisme, 2019), Nanotechnology
and nanomaterials (NANO) (JIssis, 2019 Ta 2020), 16-ta Bigkpura naykosa
KOHepeHIlist [HeTrTyTy NpuKIagHOl MareMaTnku Ta (QyHIAMEHTAJIbHUX HayK
(JIbsis, 2020), XXII International Seminar on Physics and Chemistry of Solids
(JIesiB, 2020), IEEE 11th International Conference “Nanomaterials: Applications
& Properties” (Opeca, 2021).

ITyoaikarrii. [1ig yac BUKOHAHHS AUCEPTAIIITHOTNO JOCIKEHHsT OITy0IiKOBAHO
14 naykoBux npariib, 3 Hux: 4 crarri y (axoBux HayKOBUX BUJAHHAX (1HJEKCOBaHi
y Scopus) [33-36,46] ta 10 Te3 kodepentiii Ta ceminapin [37-43].

CrpykTypa Ta obcdar auceprarrii. /[uceprariiiina poboTa CKJIaJa€ThCA 13
aHoTaIlll, BCTYIYy, YOTHPHOX PO3J1JIB OCHOBHOI YaCTWHW, 3araJijbHUX BUCHOBKIB,
CIMCKY BUKOpucTanux Jikepes 13 144 mnafimenysanb, 1 jomarky, mictuth 40

pucyHkiB, b Tabiuib. [lopHuit obcar auceprariii 120 cTopiHOK.
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Oragn girteparypu

Y 11bOMY PO3ILJII HABEJEHO OIJIfAJ podIT, 3ifiCHEHUI 11 Yac HAIIMCAHHS I[bOT'O
JIOCJILJIPKEHHSI, TeMaTHKA, IKUX CTOCYEThCA K 1 MATeMaTUIHUX MOoJiesieil 30y 12KeHH
Ta TIOMUPEHHs TJIa3MOH-TIOJIIPUTOHHNX XBUJIb B PISHOMAHITHUX TIeTEePOreHHUX
IJIA3MOHHUX CTPYKTYpPax Tak 1, 4aCTKOBO, OCHOBHUX aCIEKTIB eKCIIepUMEHTAJIbHUX
METOJIIB JIOCJIIKeHHsI. AKIIEHTOBAHO yBary Ha TOMY, K OCHOBHI XapaKTepUCTUKH
Ta BJIACTUBOCTI JIOCJIJHUKK 1€l TeMaTUKd OepyThb JIO yBarvw Ta HaMaralOTbCs
oTpuMaTH B CBOIX poborax. PosriisinyTo icHyloui MeToju Ta MOJEJl OIUCY
HOIIUPEHHS IUX XBUJIb, BKA3aHO IXHI MEpeBaru, HEJOJIKA Ta MEeXK1 3aCTOCY BaHHS.
B ocrOBHOMY 30Cepe/KEHO yBary Ha CTPYKTypax JIeJeKTPUK /METas/ TieJeKTPUK

YU IHIIUX CXOXKUX 33 XapaKTePUCTUKAMU 00’€KTaX BUBUCHHH.

Ha cydacnomy eram po3BUTKY MIKPOEJEKTPOHIKNA ICHYIOTH TEeXHOJOTIUHI
MOXKJIMBOCT1 JIJIs BUTOTOBJIEHHS TJIOCKUX TEPIOJUIHUX CTPYKTYP 3 MeTaJeBUX
eJIEMEHTIB CKJIaJIHOT (hOpMU Ha JileJIeKTPUUHIN 1IKJ/Ia/1111, XapaKTepHi po3mipu
SIKAX CIHIBMIpHI 3 JIOBXKMHAMHU XBWJIb OJIMXKHBOIO 1H(pPaAIepBOHOIO 1 HABITH
ONTUYHOTO Jliana3oHiB. Taki CTPpYKTypH, TaK 3BaHl IJIaHApHI MeTaMaTepiaJid,
JIAIOTh MOXKJIMBICTH KOHTPOJIIOBATU €JIEKTPOMArHITHI TOJIsI, & JIOCTIJIPKEHHs 1X
BJIACTUBOCTEN MOXKe IPUBECTU JIO CTBOPEHHSI HOBOI'O ITOKOJIIHHS KOMIIOHEHTIB
PUCTPOIB (DOTOHIKH.

Y naHuii yac akTyaJIbHOIO € PO3pOoOKa METOJIB JIOCIIPKEeHHsT HAHOCTPYKTY-
POBAHMX CEpPEJIOBUIN 1 YIPaBJiHHA IX OCHOBHUMM XapakTepucrtukamu. CydacHi
TEXHOJIOTIYHI MOXKJIUBOCT1 CTBOPEHHS HAHOCTPYKTYDP BUBOJIATH MTPOIECH B3AEMOJIIT
BUIIPOMIHIOBaHHs 1 PEYOBUMHM Ha MaciiTabu, MeHIl JIOBXKUHKM XBUJI CBITJIA.
@oTOHHI CTPYKTYPH, IO MOEJHYIOTH (PYHKIOHAJBHICTH 1 KOMIAKTHICTD, IIKaBi
JUIL CTBOPEHHsI HOBHMX IIPUCTPOIB, B AKHMX BiJIOYBa€TbCs epEKTHUBHE YIIPABJIHHIA

MPOIIECOM B3a€MO/IIT CBITJIa 3 PEYOBUHOIO.

Ak BijloMO, TPU B3aEMO/IiT €JIEKTPOMATHITHOIO BUIIPOMIHIOBAHHS 13 MTPOBIJIHUM
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CepeJIOBUINEM TI0JIe HErJTHOOKO TIPOHUKAE Y HBHOTO (TakK 3BaHE SIBUIIE CKiH-eDeKTy
[1]). e mpaBuio st MeTaiB BUKOHYETHCS ¥ JOBOJI IMIHPOKOMY IHTEPBAJIL 4aCTOT.
[Tpu oMy, y MeraJl TPOHWKAE JIMIIE HE3HAUYHA JaCTUHA BUIPOMIHIOBAHHS, IO
najiae Ha Hboro. Ilpore, y O/imkHbOMY iH(ppaUepBOHOMY Ta, Jiialla30HI BUIUMOI'O
CBITJIa BJIACTUBOCT1 MeTAJIB Takl, IO eJeKTPOMartiTHe ToJie TTPOHNKAE BCEPETUHY
MeTaJly Ha 3HAYHO OLIbINY IVTMOWMHY, aHiXK JIOBXKMHA XBUJ, a JiCHA YacTHHA

JIIeJIEKTPUYIHOI ITPOHUKHOCTI MeTaJy HaOyBa€ BiJI' €EMHUX 3HAUECHD.

[Tporiecu momwupennuss XBuJib B €JIEKTPOHHIN IJIa3Mi CTAHOBJIATH 1HTEpEC s
psiy obsiacteit (pi3vKu, TaKux sK acTpodis3uKa, IOINUPEHHsS paJliOXBUJIb B
ionocdepi, dizuka 1a30BOI0 PO3Psijly, TEOPisd €JIEKTPOHHO-BAKYYMHUX IPUJIA/IIB,
pizrKa HaAIIBIPOBIIHUKIB Ta Teopid MeTaJsiB. ToMy mepiii podoTH 1O JIOCTIIXKEHHIO
XBUJIb y Tia3Mi 3’sBusucs e B cepeumi XX cr. [47-49].

Ocob/iuBicTIO ILIa3MM, $Ka BIAPI3HsAE I1 BiJI CEpPEJIOBUIN 1HIIOI IIPUPOJIH,
MOJISATAE Y ICHYBaHHI Y HIill MOB3JIOBXKHIX €JEKTPOMATrHITHUX 30y/XKeHb Ha3BaHUX
J1Ia3MOBUMHU  XBUJIsiMK. [l1a3MOHM — KBaHTU XBUJIb €JEKTPOHHOI TI'yCTHUHHU, IO
BUHUKAIOTH B TBEPJMX TiTax abo MoOJu3y X TMOBEPXHI BHACIIJIOK KOJEKTUBHUX
KOJIMBaHDb €JIeKTPOHIB MPOBIHOCTI BiiHOCHO ioHIB. Taki mia3MoBi KOJUBaHHS, SKi
OB’ si3aHl 13 KOJIMBAHHSMU €JICKTPOHIB B 00’eMi KpuCTaay Ha3MBarOTh 00 €EMHUMUI

IJIA3MOBUMHU KOJIMBAHHAMU aD0 00’€MHUMMU ILJIA3MOHAMMU.

Tepmin mma3zmoH OyB BBejeHuit B 1952 poii amepukaHChbKUMU (pizukamu
. Taiincom i JI. Bomom [50, 51| st jrocsiijizkeH st JaJIeKOCSXKHUX  €JIEKTPOH-
eJIEKTPOHHUX KOPEJAIiil Ta MpU TEOPETUIHOMY OITHCI XapaKTEPUCTUIHUX BTPAT
eHepril eJIeKTPOHAMH, TIT0 TPOXOJIIThH KPi3h MeTasn [52]. V po3sunyTiit HUME TEOpil,
Il BTpATH NPUTTUCYIOTH KOJEKTUBHUM KOJIMBAHHSIM BUIHLHUX €JIEKTPOHIB Yy MeTaJIl,
dKi Oynm HasBaHi “TazmMoBuMu XBuisamu . Llg Teopis 6asyerbes Ha TMOAIOHOCTI
eJIEKTPOHHOT'O Ta3y MeTaJly 13 KJACHYHOIO IJa3MOIO 1 BIJIPI3HAETLCS BT MOJEJ]
KJACUYIHOl TIJIa3MU THUM, IO KOHIIEHTPAIls €JeKTPOHIB Y eJEeKTPOHHIN Tia3mi
Metasly € Beslkoio (ne &~ 5-10%2cm™?), a remueparypa — jyxe nusbkow (T < Tr),
TOMY JI0 11 OMUCY CJIiJT 3aCTOCOBYBATH KBAHTOBY CTATUCTUKY, a HE KJIACHIHY.
Tomy enexkTpoHHUIT Ta3 MeTaJy MPU HU3LKUX TEMIIepaTypax CJiJl pO3TJIAIATH TK
KBAHTOBY IJIa3My, a 11 KOJIEKTUBHA, TIOBEJIHKA MPOSBJISIETHCS Y €KPAHYBaHHI MOJIst

3apsJiiB Ta Y 1J1a3MOBUX KOJHMBaHHSX.

OckiJbKM  TIJIA3MOHM — 1€ KBAHTOBaHI KJIACWYHI IJIa3MOBI  KOJIMBaHHSI,
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OIBIICTL 1X BJACTUBOCTEl MOXKHA OJlep:KaTh 0Oe3mocepeTHbO 13 PiBHSIHD
Makcsesta. O0’eMHI 1IJIA3MOHK OIKUCYIOTH KOJMBAaHHS €JEKTPOHIB IPOBIJIHOCTI B
ob’emi kpucraJsa. Hacrora TmjasmMoHa JIOPiBHIOE T1a3MoBiit vacrori. [liazmonn
€ KBaHTaMU TOB3JIOBXKHIX KOJUBAHHS €JEKTPOHIB BIJIHOCHO TMO3UTUBHUX 10HIB Y
ob’emi mazmu. 3arajbHe 30y/KEHHs, dKe BKJIOYAE PYX 3apsajiy 1 MOB’SI3aHOTO
3 HHUM eJeKTPOMArHiTHOTO TOJis, HA3WBAOTh ab0 MOBEPXHEBUM ILJIA3MOH-
MOJITPUTOHOM Ha, TJIOCKIN TpaHuill, abo JIOKaJI30BAHUM TTOBEPXHEBUM T1JIa3MOH-

HOJIIPUTOHOM JIJIsl 3aMKHYTOI TOBEPXHI MAJIOl YaCTKH.

PozpisusaioTh 00’€MHI MJIa3MOHH, siKi OIMUCYIOTH KOJUBAaHHSI €JIEKTPOHIB IPO-
BIJTHOCTI Bcepe/InHI KpHUCTaJa, 1 MOBepXHeBl Maa3MoHu. [[ma3zMoHn mommupioioThes
Y3JI0BXK MeXK1 TIO[Iy MeTas-JleJIeKTPUK. 3a CBOEI MPUPOJOI0 TTOBEPXHERI
IJIA3MOHU € KBAHTAMU KOJIMBaHb €JIEKTPOHHOI I'YCTUHU METAJIy, 1110 MOIUPIOIOTHCs
Y3JI0BXK #loro Mexi 3 JiieJIeKTpUKOM. BoHM MOXKYyTh icHyBaTH B 00JACTi
HEMTPO30pPOCTl MeTasly 1 € CWJIHBHO JIOKAJI30BaHWMW B TIPOCTOPI HA ONTHIHUX
yacrorax. Taki KOJMBaHHs MOXYTh BIJIOyBaTuCs Yy JIBOBUMIPDHUX CTPYKTypax,
HAITPUKJIAJ] HAa MeXi merast/miesekTpuk. [loBepxHeBi K maasMoOHUW — Tie KBAHTH
KOJIUBAaHb €JIEKTPOHHOI I'YCTUHM MeTaJly, IO MOMINPIOI0THCA TIIbKU Y3JI0BXK MOro

MeXK1 3 JIIeJTeKTPUKOM.

Y TBepJMX Tijax, CBITJIO0 4acToTa sIKOI'O MEHIIa BiJl 11J1a3MOBOI 4acToTH He Oy/ie
IIPOHUKATHA B TeBepJie TLIO, TO/Al K CBITJIO YacTOTa SKOTO IepeBakKae IJIa3MOBY
MOXKe IPOHUKATH BcepeJuny Hboro. Ilpm mpoHmKHeHH] eJIeKTpOMAarHiTHOI XBHJI
B MarepiajbHe cepejioBullle BijOyBaeTbCsi  (POPMYyBaHHS HOBOI XBWJ, IO
PO3IOBCIOJKYETHCs 110 pedoBrHI. BijiMiHHICTHL HOBOI XBMJI BiJi BUXIJHOI 110JIsiIa€
B TOMY, IO Hpu 11 MOIIMpEHHI BiJOYBalOTbCs IPOIECH, IOB'si3aHi HE TIJIbKU
3 KOJIUBAHHSMM €JIEKTPUYHOI'O 1 MarHITHOI'O IIOJIB, & i 3 PyXOM 3apsji2KeHuX

JACTUHOK yCepeIuHl PEIOBUHM.

[TongpuTonn € ckIaJeHUMH KBa319aCTUHKAMM, $AKi BUHHKAIOTH BHACIILIOK
B3a€MO/Iil (POTOHIB 3 €JIeMEHTapHUMU 30YyJI2KEHHAMHU CEPEJIOBUINA — OINTHYHUMU
¢doHOHAMM, €KCUTOHAMM, IJIA3MOHAMM, MArHOHAMK Ta, IHIITUMHU, siKi HA3UBAIOTHCS
BIJIIIOBI/IHO (DOHOH TOJISIPUTOHAME, EKCUTOHHUMMU T10JAPUTOHAME  (CBITIIOEKCH-
TOHAMHU), i Tak Jaji. B3aeMomisi eseKTpOMATHITHUX XBUJIb 13 30yKJICHHSIME
cepesioBUINA, SKI MPU3BOJATL JO I1X B3B’S3HOIO CTaHy, CTAa€ HANCHJIbHIIINM,

KOJIM  OJIHOYACHO TX YacTOTH 1 XBUJIBOBI BEKTOPH CHIBIAJAIOTh (PE30HAHC).
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Y 1bOMY BHIIQJIKY YTBOPIOIOTHCA 3B'd3aHI XBHUJIL, TOOTO TOJSIPUTOHH, HAKi
MAalOTh XapaKTepHuii 3akonoMm jauctepcii w(k). Ix emepria ckmagaersbes 9acTkoBO
3 eJeKTPOMArHiTHOI 1 YacCTKOBO 3 eHepril BJIaCHUX KOJIEKTUBHUX 30Y/KEHb
cepesioBUIla. [CHyBaHHs IOJISIPUTOHIB CTBOPIOE IE€PEJIYMOBH JiJisi HOIIUPEHHS B
KPUCTAJI MMO3/IOBXKHUX €JIEKTPOMATHITHUX XBUJIb.

ExcrnepuMenTaJbHO TOBEPXHEB] €JIEKTPOMArHiTHI XBHUJI Ha TPAHUIN 3 METAJOM
oyno BusiBjieno Pobeprom Bygom B 1901 pomi, #K aHOMaJil y clekTpax
BijIOMBaHHs Bl MeTajieBUX JupakiiHuX I'PATOK 1 BIJIOMI sIK I'paTdacTi aHoMaJil
Byna [53, 54]. Ix inTepmperania sniiicnena Y. ®@amo y 1941p., axmii moB’s3aB
aHoMaJIil 13 30yJI>KeHHsIM IIOBEPXHEBUX XBUJIb, OJHAK, HE IHPOACHUBIIU IIPUPOJLY
nux xsuib [55]. Buepiie y3srojpkene pO3NOBCIOJRKEHHsSI KOJIMBAHb OHNTHIHUX
poHOHIB 1 ejieKTPOMAIHITHOI XBUJIl, TOOTO CHEKTP HOJSPUTOHIB, OYJIO TEOPETUYHO
nocrimxeno K.B. Tosmmmro 1 K. Xyanrowm |56, 57].

HeTasibHiIIe JIOC/IJI>KEHHsT TTOBEPXHEBUX TJIA3MOH-TIOJIIPUTOHHUX XBUJIL OYJI0
BukoHano mizuime P. Piui. [Jocnijpkyoun criekTpu XapakKTepUCTUIHUX BTPAT
eHeprii eJeKTPOHIB BiH B poboTi [58] Brepie mokaszas, MO B TOHKAX METAJEBUX
MJTIBKaX IJIA3MOHHI XBHWJII MOXKYTH PO3IOBCIOJIKYBATUCA OJU3BKO IO TTOBEPXHI
Merasy. B januit vac aKTHBHO BHBYAIOThCS I[JIA3MOHHI MeTaMarepiajd —
HAHOCTPYKTYPH, 1110 BKJIIOUAIOTh B cebe MeTasieBl Ta, JieJIeKTPUYHI [1apu, Ta MaloTh
BJIACTUBOCT1, K1 BIIPI3HAIOTLCSA BIJI MaTeplasiB, IO 3YCTPIYalOTLCSI B TPUPOJIL.
TunoBuM NpUKJIATOM € CTPYKTYPH 3 HETATUBHUMU 3HAUCHHAMH JIIEJTeKTPUIHOI Ta

MarHiTHOI MTPOHUKHOCTE.

1.1 Cxema 30yaKeHHd TIJIA3MOHHUX XBUJIb

OcKiJIbKU 1JIa3MOBI  KOJIMBAHHS MAlOTh [O3J0BXKHIO mHoJspusanio |1, 51], To
JUTsT X 30yJIPKeHHS He MOYKHA 3aCTOCYBAaTH TOMEpPevHi eJeKTPOMATHITHI XBUJI.
[Tpore, 30ymKeHHsT 00’€MHUX IIJIA3MOHIB MOXKHA 3/IIHCHUTH HAIIPSIMJICHUM IIOTOKOM
YaCTUHOK.

[ToBepxHeBl 11J1a3MOH-TIOJIIPUTOHU  MOXKHa 30YJ>KyBaTH €JIeKTPpOHAMU abo
¢doronamu. Ilpu BuKopucTranHi (OTOHIB 16 HEMOXKJIUBO 3POOUTH OE31OCepeIHbO,
aJie MOyKHa, peaJji3yBaTh 3 JOIOMOI'OI0 IIPU3MHU, I'PATKU UK JiedeKTa Ha [TOBEpXHI

MeTaJTy.
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Meron BuMIpIOBaHHS €HEPreTHYHUX BTpaT, $AKi BUHHUKAIOTH BHACIILIOK
Judpaxiil Ha TOHKHX ILIBKaX MeTaJly € IOIIMPEHUM MeTOJAOM 30y/I2KeHH
MOB3JIOBYKHIX [JIA3MOBUX XBWJIb. KOJIM €JEKTPOHU PO3CIIOI0ThCs, 1X €eHeprisi
nepejaeTbess B 00’emuy rmiazmy. CkiiajoBa BEKTOpa PO3CIIOBaHHs, MapaJsesbHa
MOBEpPXHI, MPU3BOJUTL JIO YTBOPEHHS TOBEPXHEBOIO TIJIA3MOH-TIOJISIPUTOHA.
ExcrnepuMeHnTaJbHO ICHYBaHHS IUX 30Y/?KEHb IPOSIBISETHCs Y MOSABI J0JIaTKOBOIO
MKy B CHEKTPl €HEePreTUIHUX BTPAT. 3a3HAYMMO, M0 SKIIO B EKCIIepUMEHTaX
3 BUKOPUCTAHHAM HU3bKOEHEPreTUUHUX MYUYKIB €JEeKTPOHIB MOYXKHQ, BUSIBUTH
MOBEPXHEBl TIJIA3MOHHU, TO AaHaJi3 CIEKTPY €eHEepPreTHIHUX BTPAT IIBUJIKHUX
eJIEKTPOHIB, IO MPOUIIIN UYepe3 TOHKI IJIIBKA MeTaJy Ja€ 3MOry JIOCIIUTH
3aKOH Jiucrepcil maa3mMoniB. st 30y2KeHHs TOBEPXHEBUX T1JIa3MOH-TIOJIIPUTOHIB
3 JIOIIOMOI'OIO €JICKTPOMAIHITHIX XBUJIb HEOOX1IHI cleliaJabHl METO/IM Y3I'0J[>KEHHSI,
sIK TO METOJ, I'PDATKOBOI'O BBejeHHsl, abo mpu3moBoro saejenns. I11o6 doron
30y/IUB IIOBEPXHEBI IIJIA3MOH-IIOJIIPUTOHM BOHK OOH/JIBA IIOBMHHI MaTH OJ{HAKOBY
qacToTy Ta iMiysnabe. OpHaK i J1aHol 9acTOTH BLIBHWUN (OTOH Ma€ MEHITHif
IMITYJIbC, HI?K MOBEPXHEBUU IMOJISPUTOH, TOMY 110 1XHI 3aKOHU JucHepcli — pi3Hi.
[{s1 HEeBIMOBIIHICTD IMITYJILCIB € IPUUMHOK TOTO, IO BUILHUN (POTOH B IPOCTOPI
He MoxKe Oe311ocepeHbO YTBOPIOBATHU 3B sA3aHUI CTAaH ILJIa3MOH-IIOJISAPUTOH. 3 TI€El
K TNPUYUHA TTOBEPXHEBUHM TJIa3MOH-TIOJIIPUTOH Ha TVIaJIKIN MeTaJieBlil MOBEepXHI
HE MOXKE€ BUIIPOMIHIOBATU €HEPrilo y BUIVISL BLILHOIO (POTOHA Yy JEJIEKTPUK,
SIKINO JieNeKTPUK ofauHopiaamii. [g HecymicHicTh aHaJ0TIigHA BiJICYTHOCTI ITepeaadi,
siKe BIJIOYBA€TbCs IIPU IIOBHOMY BHYTpPIIIHbOMY Bijbupanui. IIpore, 3B’si3yBaHHs
(GOTOHIB y TOBEPXHEBUI T1JIa3MOH-TIOJISIPUTOH MOYXKHA JIOCSTHYTH BUKOPUCTABIIN
cepejIoBUILE 3B's13KY, Take sik npusMa [63,64] abo rparka [1]. e jo3Bosisie ysroguru

XBHUJILOBI BEKTOpU (POTOHA 1 MOBEPXHEBOI'O I1JIA3MOHA.

['parka Mae eplojuny CTPYKTYDY, $Ka OLIHUCYETbCA CBOIM XBHJIBOBHM
BeKTOpOM. [leit BeKTOp MOKe JIomaBaTHCs JI0 XBUJIBOBOI'O BEKTOPa ITOBEPXHEBUX
IIJIA3MOH-IIOJIIPUTOHIB, 1110 CIpusie 30JiMKeHHIO TIpadikKiB 3aKOHIB JUCIEPCIl
doToHa Ta MmIasMOHA. I PATKOBE BLIraJIyKEHHsI Y3TOKYE XBIJIBOBI BEKTODH,
30L/IbIIYIOUM I1apaJieJibHy CKJaJ0BY XBHJIbOBOI'O BEKTOPA HA BEJIUMYUHY, SIKA
BiMOBiTae mepiogy rparku. lleit MeTom wmae BupimagbHe 3HAUCHHS JJIdA
TEOPETUIHOIO PO3YMIHHS BIUIUBY IHOPCTKOCTI IMOBEPXHi. DBijibIn Toro, mpocrti

130J1bOBaHI 1OBEpXHEBl JiepeKTH, Taki sK KaHaBKHU, MLJIMHK abo rodpoBaHi
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MOBEPXHI Ha IJIONIMHI, 3a0e3Meuyi0Th BUMNPOMIHIOBAHHS Y BIJIBHMI TPOCTIP 1
TOMY ILJIA3MOHM Ta IOJSIPUTOHU MOXKYTb 3J1ICHIOBATH OOMIH €HEpPIi€lo, a OTKe,
B3aEMOJIISATH. 30KpeMa, JJIsT MeTaJeBUX ILIBOK 13 1epdOpoOBAHOI MOBEPXHEIO,
0 MICTUTH [EePIOJUIHO PO3TAIIOBAHI OTBOPU CYOXBUIHLOBOI'O PO3MIpy Oy/in
BCTAHOBJIEHI aHOMAJBHO 3HAUHI KoedimienTn mpoxokents ceitia [59-62]. [Tpu
PIBHUX YIOPSAJIKYBAHHSX OTBOPIB MOXKHA JOOUTHCS K 3HAYHOI'O IIiJICUJICHHS
IIPOXO/PKEHHsT CBiTJIa, TaK 1 #oro mnocsiaabsenHs. Taki BJIACTUBOCTI CIPHUSIOTH
CTBOPEHHIO PI3HOMAHITHUX I[PUCTPOIB KEPYBaHHS CBITJIOM, $Ki MOXYTh OyTH
JACTUHOIO 1HTErPAJbHUX CXEeM Ta CIPUATH CTBOPEHHIO ONTUYHHUX €JIEeMEHTIB i3

HalrepeJl 3aJadnuMu OIITUIHUMU BJIACTUBOCTAMM.

HaitiipocTiiioo Mojesjiio MOBEPXHEBOI CTPYKTYPH, Y sKili MOXYTh BUHUKATH
MMOBEPXHEB] MJa3MOH-TIOJIAPUTOHH, € TIJIOCKA MeyKa PO3JIIY MIXK HeMOTJIUHAIOUNM
JIeJIEKTPUKOM 13 JIOJIATHOIO JIMCHOIO YaCTUHOIO J1eJeKTPUIHOI ITPOHUKHOCTI
1 NpOBIJIHUM  CEPEJIOBUINEM MeTajy, I0 Ma€ BiJI€MHY JIICHY 4YacTUHY
jienekTpuaHol  mpoHukHoCTi. OTXKe, NMOBEpXHEBAa XBUJISI MOXKE ICHYBaTH Ha
MeXK1 PO3JIY JIBOX CEpPEeIOBUIN 13 MPOTUIEKHUMHM 3HAKaAMHU JIHCHUX YaCTHH
iX JIeJeKTpUIHUX IPOHUKHOCTEH, TOOTO Ha MexXi Merajy 1 JiieJIeKTpUKA.
Yarojkents (a3 Jijisi TOBEPXHEBUX IJIA3MOH-TTOJIIPUTOHIB MOYKHA JIOCSATHYTH JIJIsi
TPUIIAPOBOI CTPYKTYPH, MO MICTUTH TOHKY METaJIeBYy ILJIIBKY MIiXK JIBOMa JIBOMA
JIeJeKTPUIHUMHI IIapaMy i3 PI3HUMH JIIEJCKTPUIHUMU TPOHUKHOCTAMU. Y TaKiii
CTPYKTYPi, IPOMiHb, IO BiJIOMBCS BijJ Me€xKi IOJIIYy MIXK JIEJeKTPUKOM, SKUil
BIIIT'PAE POJIb TPU3MHU 1 TITAPOM METAJTy MaTUMe CKJIAJI0BY IMITYJIbCY MapaJeabHy 10
MeK1 MOy JOCTATHIO JiJist 30YJIPKEHHS 11JIa3MOH-1I0JISIDUTOHHUX XBWJIb Ha, MEXK1
TOJIITYy MeTaJI-IieJeKTPUK 13 MEHIINM 3HAaUYeHHAM JIieJeKTPUIHOI TPOHUKHOCTI. Y
Mifl cxeM MOPYIIYeThCs TTOBHE BHYTPIITHE BiIOMBAHHHA, MO 1 CIPUIWHSE TyHEJIbHE
MPOXO/PKEHHST TIOJIIB Ha TPAHUI MeTaJl-JIIeJIEKTPUK 13 MEHIIOI0 JI1eJeKTPUIHOIO

HPOHUKHICTIO.

CyvacHl TEXHOJIOTII JIal0Th 3MOT'Y CTBOPEHHS TaKWX HAHOCEPEIOBUIN Y SAKUX
B3aEMO/Iisl BUIIPOMIHIOBaHHSI BiJIOYBAE€ThCs y 00’ €Max JIHIHI PO3MIPU SAKUX MEHIII
aHIXK JIOBXKUHA XBUJIL CBITJIA, 110 11aJla€ Ha HUX. HaHOpo3MipHi npucTpoi poToHIKH,
MO TMOEJHYIOTH (DYHKIIOHAJBHICTL Ta KOMIAKTHICTH CTBOPIOIOTH IEPEyMOBH
JIUIsT CTBOPEHHS TaKWUX MPUCTPOIB, SIKi 3MOXKYTh e(PeKTUBHO KepyBaTH IPOIECOM

B3a€MOJIIl CBiTJIa 13 PEYOBUMHOIO. [, $KINO TOBEPXHEB] I1J1a3MOH-TIOJISTPUTOHN
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MOIIUAPIOIOTHC  B3JIOBXK TIJIOCKOI MeXK1 TOJLIY TMPOBITHUK-TIETeKTPUK, TO B
HAHOCTPYKTYPaX YTBOPEHUX 13 METaJy MOXKYTh ICHYBaTHU JIOKAJI30BaH] TIOBEPXHEBI
MJIA3MOH-TIOJIAPUTOHN. BOHM € eJIeKTPOMAarHiTHOI XBHJICIO, 10 [OB’s3aHa 13
KOJIEKTUBHUMU 30YJI>KEHHSIMU  €JIEKTPOHHOI [LJIa3MKU  HAHOYACTUHKU. BaxKjuBo,
Mo 1pobjeMa  JIOKAJJI30BAHUX IIJIA3MOH-IIOJIIPUTOHIB IIOB’s3aHa 13 3aJa4ei0
PO3CIIOBaHHS €JeKTPOMArHITHUX XBUJb YaCTUHKAMU MeTaJdy pO3MIpH SAKUX
MEHII BiJ| JIOBXKUHM XBUJII 11aJ1al090T0 BUIIPOMiHIOBaHHS. KpiM HAHOCTPYKTYP
YTBOPEHUX 13 MeTaJiB, OBEPXHEB] IJIA3MOH-TIOJISAPUTOHN MOXKHA 30y/2KYBaTh 1 B
JIIeJIEKTPUIHNX HAHOBKJIIOUEHHAX MOMINIEHUX Y CEePEeJIOBUINE MeTaJy.

[HmuM TpUKIaJ0M HAHOCHUCTEM, Y AKX MOXKJINWBI IJa3MOH-TIOJSIPUATOHHI
30y/pKeHHsT € Tak 3BaHl ¢oronHi kKpucraau. lIle jiesekTpuuni Marepiajin
JUISL  IKMX  XapaKTepHl MeplojiniHa  MOJLYJsIlsd [MOKA3HUKA 3aJOMJICHHS, sKa,
peasii3yeThes JIOAaBaHHSAM y OCHOBHE CEpeOBUINE YacTOK 13 IHIUM 3HAUYEHHAM
JIieJIeKTPUIHOl IPOHUKHOCTI. Po3Mmipu dacTok, 1o A0maloTh cepejioBUIlle MOBUHHI
OyTH CIIBPO3MIPHUMHU 13 JIOBXKUHOIO XBUJIL, K& MMOIMIUPIOETHCS Y CEPEJIOBUIIL.

[Ile ojuuM TUIIOM MaTepiaJiB, JJsI SKUX MOXKHA, KePYBATH (POTOHHUM BiJII'yKOM
€ MeTaMaTrepiaju. Y OCTaHHIX PO3MIpPH Ta MEpPIOJUIHICTL PO3MIMIEHHS IEHTPIB
PO3CIIOBAHHS 3HAYHO MEHI BIJI JIOBXKUHW XBWUJI, $fKa B HUX TOMTHPIOETHCS.
3aBJIsIKK TOMY, 110 PO3MIp HAHOYACTHHOK € CyOXBUJILOBUM, €JIGKTPUUIHA 1 MArHITHA,
CKJIAJIOBI XBUJII, SIKa IOIIMPIOETHCSA CEPEJIOBUIN He 3B’si3aHi MiXK €000, a TOMY
JIIeJIEKTPUIHY Ta MarHiTHY NMPOHUKHOCTI MOXKHa, 3MIHIOBATH HE3aJEXKHO, MIJISIXOM

ij1oopy (popMu po3Cir0I0UNX HAHOBKJIIOUEHbD.

1.2 Mogeai onucy ma3MOHHUX XBUJIb Ta IMPOBIIHOTO

cepeaoBHIIA

Bzaemo/iito eleKTpoMaruiTHUX IIOJIB 13 cepeJIOBUINEM MOXKHA, OMKUcaTH 0a3yUunCh
Ha 3aKOHaX KJIACUIHOI eJIeKTPOIMHAMIKK, 30KpeMa, Ha piBHAHHAX Makcpesa. Ha-
BITh BUBYAIOUN B3aE€MO/III0 €JEKTPOMATHITHOTNO BUITPOMIHIOBAHHS 13 MeTaJJaMy axK
JI0 HAHOMETPOBUX MacIITabiB, MOXKHA, BUKOPUCTABIIN KBa3iK/JIaCUIHE HAOJIM>KEHHSI,
OCKIJIbKU €HePTeTUIHUI CIIEeKTP €JIEKTPOHIB y MeTaJIax € KBa3iHenepepBHUM. ToMy
IpU PO3IVIsLAl OaraThboxX 3ajiad eJeKTPOIUMHAMIKHA METAJiB MOXKHA, OOMEXKUTHCS

KJQCUYHUMMU YSIBJIGHHSAMU 1, B TaKUil CrociO, BUBYUTH TOBEJIHKY €JIEKTPOHIB Ha
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MOBEPXHI B 3aJICXKHOCTI BiJT 9acTOTH. P0O3B’ 130K piBHsAHL MakKcBesia A BUAIKY
HEMAarHITHAX CEPEIOBUII A€ YMOBH PO3MOBCIOKEHHS MOIEPEUYHIX Ta MO3T0BXKHIX

XBUJIb, K1 BIIPIZHAIOTHCA CBOIMU 3aKOHAMU JTUCTIEPCIT

st onucy TakMx IPOIECIB  BUKOPUCTOBYIOTH CHUCTEMY MaKPOCKOIIYHUX

piBHIHb Makcpesia:

oD

VxH=J+—

. M

0B

E=-——

v ot
V-D =p, (1.1)

V-B=0,

B = uuogH,

D = ey E,

3 BIIIOBJIHUMU KPAE€BUMHU YMOBaMHU.

Y BUITQIKY, KOJIA BJIACTUBOCTI TPOCTOPOBO OJTHOPIIHOIO CePEIOBUIIA 3aJIeXKaTh

BiJI KOOPJIMHAT Ta, 9acy, TOOTO

D = D(r,t),B= B(r,t),

r=(z,y,2).

pu 3acTOCyBaHHi epersopents Oyp’e ocTaHHE CHIBBIHOIIEHHS HAOYBAE BULJISLY
[1,89]
D(k,w) = epe(k,w)E(k,w). (1.2)

BacTocyBaBIIK OIEparin poTopa J0 JApyroro piBHsgHHs cuctremu (1.1) Ta
spaxysasim, mo V- E(k,w) = i(k- E(k,w)) i cuiBeignomennst (1.2), orpumyemo

k(k - E(k,w)) — KE(k,w) = —e(k,w)i—jE(k,w), k=lkl. (13

Ocranne pisusinasi 3a ymosu k | FE(k,w) jnae 3akon jucrepcii monepedHux

eJ'[eKTpOMaFHiTHI/IX XBUJIb
2

2 C
B e(k,w)

a 3a ymosu k|| F(k,w) npuxojumMo J10 JMCIEPCIiHOrO PIBHSIHHS JIJIs TOB3/I0BXKHIX

w k2,
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XBUJIb

e(k,w) = 0.

EjlekTpoMartitTHe 10Jie TOBEPXHEBOI'O  IJIa3MOH-TIOJIIPUTOHA B ILJIOCKO-
MapyBaTOMYy CEpPEeJIOBUIII, 10 MICTUTH I[Iapu MeTaJdy Ta JeJeKTPUKa MOXKHA
3HAUTHU 13 pO3B’A3KIB PiBHAHL MaKcBeia Ipu BUKOPUCTAHHI YMOB HEIIepEpPBHOCTI
TAHTEHIIaJTbHUX CKJIAJIOBUX MOJIA Ha MeXKaxX IOJJy 1 BUMOTH TOTrO, IOOU ToJe
me3aJi0 Ha HEeCKIHYeHHO BeJIMKINA BiJICTaHl Bl 30BHINTIHIX TPAHUIL CTPYKTYPH.
Buepiie onuc moBepxHeBUX XBHUJIb Oy/10 3J1HCHEHO HPU PO3B’SI3KYy 3aja4di PO

MOIIIUPEHHST PaJIIOXBIIIb B3JI0OBXK MPOBITHOI moBepxHi [65)].

1.2.1 Mogenp /Apyne AieJeKTPUYIHOI IPOHUKHOCTI METaJIy

st 3HaxojpKeHHsI PO3B’si3kKiB - oTpuManux piBHsHb Makcsesa y  Dyple
IIpeJICTaBIeHHI, 30KpeMa, IOCTa€ HeOOXITHICTL y MOJEJIOBaHHI JIieJIeKTPUIHOL
MPOHUKHOCTI MeTajieBoro Tpomapky €(r,w). Tyr posmigayro Hafimpocrinry

MOJIEJIb JIeJIeKTPUIHOT TPOHUKHOCTI, 110 0a3yeThes Ha Teopil metasis Ipyje.

Y BUNQJIKY, KOJU PO3JIsAaloTh (DYHKIT JIIeJeKTPUIHOI MPOHUKHOCTI Ta

HMPOBLIHOCTI MeTaJly [PU HAsBHOCTI JIUIIIE YaCTOTHOI JUCHEPCT
€ =¢€(w) ta o =o(w) (1.4)

ONTHUYHI BJACTHBOCTI MeTaJy OMHUCYIOTH TJIA3MOBOIO MOJIEJIIO 800 K MOJEJIIIO
Hpyne [1]. YV uiit mogesni ejeKTpoHH B MeTaji POBLJISJIAIOTHCS sIK  BLIbHMIL
€JIEKTPOHHUI Ta3 B sKOMY y OJIMHII 00’eMy nepedyBae mn. eJIeKTpPoHiB. Y Hiit
ITHOPYETHCS  €JIEKTPOH-eJIEKTPOHHOIO B3aEMOJIEI0, & €eJIEKTPOH-I0HHY B3a€MO/III0
13 T'paTKOI0 TMOB'A3YIOTH 13 JIi€I0 JWCHNATHBHOI CHUJU TaJbMyBaHHSA, SKa
XapaKTepU3yeThesl 9acToTolo Yy = 7 1. Bemmauny 7 [1, 80| naswsaioTh wacom
peJiakcallil, K1l € cepejiHiM 4acoM pyXy €JIEKTPOHa 110 MpsAMiit 0e3 3iTKHeHb. I,
OCKLJIbKH, Maca 10HIB — JIy»Ke BeJIMKa MOPIBHAHO 13 eJIeKTPOHAMU, TO 1X BBaXKaIOTh

HEPYXOMHUMMU.

Mogens Hpyne orpuMana i3 po3rigaay JauciepcHol Mojeni Jlopenma — moeni

rapMoHiuHOro ocrussitopa [80] B sikomy nosepraroua cusia Ta Pe30HAHCHA 4acTOTa
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nopiBHIOIOTE (. PiBHSIHHA pyXy €JeKTpoOHA Ma€ TaKWii BUTJISI:

m—s +my— = —ekl(r,t) (1.5)

TYT M - Maca eJeKTPOHA.
Takox, OCKITbKY I'yCTUHA CTPYMIB BU3HAUAETHCS STK

d
J = —Ned—j’ — —New, (1.6)

0 Jla€ Take Judpupeniiaibie piBHIHHs Jis J

dJ Ne?
=g = — 1.
dt " (m )’ (1.7)

N — KiIbKicTh BUIBHUX HOCIIB 3apsjiy 13 3apsijioM e. Po3B’g430K I[bOTO PIBHSAHHS,

skio J(r,t) = Jope ! € rakum

(—iw — ) Jo = (%) E,, (1.8)

110 €KB1BAJICHTHO
. Ne?
(—iw—7)J(r,t) = — | E(r,1). (1.9)

Jnsa cratnaaux modiB w = 0

J(’I", t) = 0'0E,
Ne? (1.10)
o)y — —.
mry

Bennuuny oy Ha3uBalOTh cmamuynoto nposidnwicmio. BigmoeigHa dumnamivuna

nPosioHIcMb® MaTUMe BULJISII;

o(w) = — (1.11)

Ojniero 3 yMOB 3acTocyBanast Mojeni Jpyae € Te, 110 3MINEeHHsT OCIUJIsATOPa,
OBUHHE OyTH MEHIIIUM BiJl JOBXKWHY XBUJI £ <K . fKINO, KpiM TOrO, PO3TJISHYTH
rapMOHIUHY 3aJIeKHICTH NOJIB Bl 4acy, a came E(r.t) = Ege ™" ta x(t) =

xoe!, ryr Ey - ejekTpuune 10Je B HOJIOXKEHHI PIBHOBArM €JeKTPOHa, a Lg -
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KOMILJIEKCHO3HAUHA, aMILTTy1a, T0 [80]

d*x dx

Jie, mv‘fi—f — cuita onopy pyxosi, —eEge™! — cuna, mo jiie 3 GOKY eJeKTpUIHOro

110Jis1. Po3B’si30k Jijisi 3mitenns € mae surisi [1,89):

e

x(t) = E(t). 1.13
) = i Ty B (113)
a nojsipusaiis P = —n.ex 1noB’s3aHa i3 3MIIMIEHHIM €JIEKTPOHIB BUPaXKAEThCsI
3aJIEXKHICTIO )
p—__ " (1.14)
m(w + iyw)
Ocramnne pazom i3 (1.14) nae
W2
D= 60( ] )E
W+ 1yw
(1.15)
Nee?
Wy = :
P €om

Wp — IJIA3MOBA YACTOTa BIILHOTO esiekTporHoro rady [80]. 3sijcn maemo Bupas st

e(w) )

B R
(@) w? + iyw

(1.16)

3ayBayKMMoO, 10 3aJI€KHICTh MIXK JIMHAMIYHOIO TPOBiIHICTIO 0(Ww) Ta €(w) y i
MOJIesIl 3a1aeTbes criBBiHomennsim [80, 89|
o(w)

e(w) =1+ — (1.17)

[Ipn wacrorax w < w), MeTas 30epirae cBol MeTasieBl BJ1aCTUBOCTI. A Jijis 4acTOT

TAKUX, MO wT > 1, 1e JI03BOJIsSIE€ 3HEXTYBATH JIOJAHKOM iyw, o gae |1, 80]

wQ

e(w)=1- w—g (1.18)

AK y»ke 3a3HavaIOCh Y ONJIsijil, OCHOBHI BMCJiAM Jijisi Mojesi Apyae moxkHa
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oTpumaTn i3 piasgHHA Boabnmana [104]:

drd_ (9 119)

dt ot
ne  f(v,r,t) — &yskiigs posnoginy Makcsemia-Bosbiivana, st Kol
f(v,r t)drdv — XKiabKiCTh €JEKTPOHIB y OJMHUIL 00’eMy dr, TIBHJIKICTDH

. 9 . . .

SKUX B Mexax Bijl v Jo v + dv y uac t, a (a—{> drdv — KUIbKICTH €JIEKTPOHIB
. ’ . C . . o )

y omuuuii o6’emy drdv (y daszoBomy mpoctopi), siki cmpsiMoBaHi B 1eili 00’'eM

BITKHeHHsSIMU 3a dac dt. PiBHsHH:A BKasye, M0 MIBUIAKICTH 3MIHH PO3IOJILIY

f(v,r,t) 3piBHOBaXKyeThCsl MIBUJKICTIO i1 3MIHM 3a paxyHOK 3iTKHEHb. Y

naitpocrimiit popmi Bupas jyisi 3itkHenb mae Taky dpopmy [105]:

<%{> _f=) (1.20)

c T

TyT fo — YHKIIS posnoglry B cTaHl crnokoo, a f — QyHKIIS PO3MoaiIy
HEPIBHOBAXKHOI'O CTaHy, $KWI BUHUK BHACJIJIOK 30BHINIHLOIO 30ypeHHsi. [Ipum
posrisii mogjesi Apyne Jlopenir y cBoiii Teopil BUKOpHCTaB i fy BUpa3 Jst

posnojiny Borbnmana-Makesesra [105]

fo(v) = no%e_ , (1.21)

|

B sikomy ng = N/V — konneHTpallis 4actuHok B ojunii odb’emy, 5 = kgT', kg —

nocrifina Boabivana, € = 1/2mov?. Jlo1aTKoBO BBEIEHO YMOBY HOPMYBAHHS
/ fo(v)dv = ny. (1.22)
14

1.2.2 KBpa3zikjgacudHi OiaXoau 0 MOJEJIOBAHHS IMONINPEHHS

IIJIA3SMOH-IIOJIAPUTOHHNX XBWJIb B IMIapyBaTUX CTPYKTYpaxX

Bukopucranis KJaCHYHOI CTAaTUCTUYHOI MexaHiKu 1 posnojiay DBosbiimana-
MakcBesiia BUKJIMKaJIO T1eBHI 11pobsiemu y reopil nobymposaniit Jlopeniom (us.
[105]). Tomy Sommepdenb BUKOpUCTaB HOBHiI Ha TO# 4Yac MPUHIUI 3a00POHU
[Tayni |106] Ta cratuctuky Pepmi-/ipaxa [107,108]| it posrisinys efekTpoHHuUil ra3

HpyJie 3 KBAHTOBOI TOUKU 30DY.
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[Tpunycrtumo, 110 €JeKTpoH IMOMiMeHn y Ky 13 CTOPOHOIO [, a TOTEeHIAJ
BeepeinHi Kyba — mocriitauii. 3aramproBimomo 98], mo Taky cucTemy MOXKHA

ornucaru craiioHapuum piBasiHasM [pepinrepa

—%V2\Il(r) = EV(r), (1.23)

sIKeé Ma€ PO3B’SI30K
1 . h2k?
U(r) = ——e*" B = ——. 1.24
(r) W, (1.24)
[Ipunycrusiim, 1mo Ha cucTeMy HakJajeHi nepiognvni kpaiosi ymosu W(r + 1) =

V(7). Toxi orpumyemo, 1o

2
k, = Tﬁny, n,=0,£1,£2, ..., v=1x,v, 2,

(1.25)

3ayBaXKMMO JI0JIATKOBO, 110 (GyHKIT |k) yTBOPIOIOTH TOBHUI OPTOHOPMOBaHUIT

Oazuc, a, orKe

(k') = /V AT (1) Ty (1) = B

1.26
D () () = o(r' — 7). (120
k

Jani ckopucraemoch mpunimnom 3abopouu Ilaymi [106], skuit crBepmKkye, 1mo B
0araTOYaCTUHKOBIM cucreMi HeB3aEMOMIIOUNX (pepMIOHIB J(BI OJIHAKOBI YaCTUHKH
He MOXKYTh nepeOyBaTh y OJHOMY KBaHTOBOMY CTaHi. ¥ Mojesi 3oMmepdesnia

KBAQHTOBUU CTaH 1103HA4Yal0Th
{k7 0} = (kCE? kya kza 0-)7

TyT o onwucye cnin dactunu. [Ipm Temmeparypi T° = 0 Tigpkn N HalHWUXKUIAX
eHepreTHIHUX piBHIB Oy/1yTh 3aiiuaTi N esekrponamu. Beisium Benuuanny kp (gKy
HA3UBAIOTH XBUJILOBUM BekTOpoM Depmi), sika BKadye Ha KUIbKICTH k HalBHIINIX

3allOBHEHUX eHeprerudHux piBHiB. Toul KijabKicTh dacTuHOK N BU3HAYAETHCS
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K 98]

— _ 2V 3
N= > 1= g /mpd k. (1.27)

k<kp,o

[Ticoist inTerpyBamns OTpuMyeMo Take criBsigrorments [105]:
k3 = 3m*ng. (1.28)

Bpermiti orpuMaeMo Bupasu it eHeprii €p, MIBUJIKOCTI vp Ta Temneparypu 1g

Depwmi

5 = 5"WE Tp=—. (1.29)
Oyuxkiis posnojiiny Pepwmi-/lipaka € Takoio

1
elei—m)/B 1’

n; =

B =kpT, (1.30)

Jie €; — eHeprisi YaCTHHKY B KBAHTOBOMY CTaHi 4, a p — Ximiuauit morentmian [80).

[Ipn mynbosiit Tepmmeparypi 1" = 0

1 ife< €r,
fole) = (1.31)
0 ife> €F,
a npu ckindeniit remnepatypi (1 # 0)
= L 1.32
fole) = ey (1.32)

SHadgeHHsT XIMITHOTO TOTEHINAIY siK (GYHKINT Temmepatypn 1’ 3aJ1a€ThCsT yMOBOIO
> folera) = N. (1.33)
k.o

HaJii, BUXojstuu 3 HPUIYIIEHHs, 0 HasiBHe ejiekTpuune noje £ = Fe; Ta

rpajient temmneparypr VT = %Le; posrismeMo po3s’si30K piBHsAHHES BosbiMaHa

Ox
y dopwmi [80,105]

1.34
m v, Y Ox (1.34)

OckinbKy y piBHAHHI HagBHMI BHecok Bim VI, To T Ta p 3ajexaTh BiJ

f:fO_T(_eE8f0+ 8f0>

36



KOOPJMHATH &, IPOTE €HepTid € — Hi. TOMy MM MOXKEMO 3aIIUCATH, IO

dfy  0fyda
Ea ) 833 537 (1.35)
=
160 ok _ ki __0l(=07 30 (1Y) L
ox " 9e oz 5oz ' "oz \pB

BpaxyBapmiu, 1110 € = %va MM TaKOXK OTPUMYEMO, IO:

d fo _ Ofy Oe . o
ov, Ot Ov, T 0e

(1.37)

Tenep nigcrasusim (1.32), (1.36), (1.37) y (1.34) Ta BuKOpucTaBI® OTPUMAHWIA

Bupas st f(€) y piBHsiHHI Jiist rycTuHu ¢TpyMmiB j, [80]:

thﬁwﬂMM@ﬂ@:

e afy £08 50 (1Y) _
_6/0 dsvmg(g)T%(_ a€>(€E+5ax+B (B)) -

= ( ’F + e;gi) / devig(sﬁ( a‘f) 1
+%% i dsvig(s)f( — %)
Tyt g(e) — rycruna enekrpornux crauis [80,105]
g(e) = 2 320[ (1.39)
o — ximignmit norenmian npu T = 0. Toknasmm v? = %% MaEMO
Jr = <62E+eﬁaax (g))Kl +%Z—BK2, (1.40)
ne K, 3a1aHO BUpa3oOM
K= —0 /OO ds( - %) et/ (1.41)
mpy' ~ Jo
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1o dbyskmio Moxua mogat Tak [105]:

o n+1/2 T o & n+1/2
K, = 375 | M () + gﬁ ﬁ(s 7€) |eey |- (1.42)
M, ©
I[pu T'=0
1o n—1
K, =— : 1.43
0 o) (1.43)
Ao BiJicyTHI rpajiieHT TemMiepaTypu, To6To g—g =00
je = €2EK, (1.44)
1 g T' = 0 maemMo
2
jo = M) (1.45)
m
[Toznauusiim )
5y — 0T o) (1.46)
m

OTPUMYEMO BUPA3 AHAJOTIYHUIN JIO BUpA3y JJIs CTATUUIHOI MPOBLIHOCTI B MOJIEI
Jpyjie, 3 BpaxyBaHHsIM 4acy 3aryXxaHHsi T Ha noBepxHi Pepwmi.

Hanpukinenps 3ayBakKuMo, 110 BUpa3 JiJjisd JUHAMITHOI ITPOBIJIHOCTI TaKOXK Oy/Ie
cuiBnazary i3 BEpasoM ojep:kanuM y Mogesi pyne. Moro moxua orpuMari
noxsapin E = Ege ™! ta J = Joe ™! (nus. nanpuxias [109,110])

Kesasixracuure nabaruocenns Tomaca-Depmi

Habmmxkennst Tomaca-®@epmi [111] moxkHa ofiep:KaTu, SKINO POITIISAHYTH
peakIlio CHCTEMU €JIeKTPOHIB Ha CTaTUYHMI 3apsy ¢. OriJHO alpOoKCHUMAaIiil
Tomaca-@epwmi, FKIO MPOCTOPOBO HEOJHOPIHE 30ypeHHsi 00ypPEHHsI 3MIHIOETHCS
HOBLJILHO Ha BIJICTaHsX CIIIBMIPHUX 13 Mi2KaTOMHUMMU, eHepriio Pepmi TakoK MOKHA,
po3MIsiiaTh siK (PYHKINO, 110 IOBLIBHO 3MIHIOIOETHCA y mpocTopi. Tomy MoxKHA

3alliCaTn

V2o (r) = —4nqd(r) + 4medp(r). (1.47)

ne ¢(r) — moBHuMit moTenniag y maasmi, 0p(r) — 3MiHA KOHIEHTPAI] €JIeKTPOHIB,
CTIpUYWHEHe BHECEHHSAM TOYKOBOTO 3apsay ¢. & wmogeni Tomaca-@Pepwmi mipm
IIPOCTOPOBO HEOJIHOPIIHOMY 30ypeHHi, 110 MOBLJIHHO 3MIHIOETHCsSI Ha BIJICTAHSIX

HMOPSIJIKY MiKaToOMHUX, eHepriio depmi TaKoyK MOXKHA, PO3TJIAIATH SIK (PYHKIIIO
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IIPOCTOPOBUX KOODPJIWHAT, IO MOBIIBHO 3MIHIOETHCI. TaKUM YHHOM, MOXKHA

3alluCaTu

h2k2
2m

ne ep — eneprigs @epmi mpu BiICYTHOCTI moTeHIiany ¢(r). Ko 1e piBHIHHS

=cr+ €¢(T’),

BUKOPUCTATH JIJIsl OJICpyKaHHs y JiiHItHOMY HabJmKeHH] jijist dp(r) Ta mijgcraBuTu

3Hajiiennii Bupa3 y piBusuHs (1.47), 1o iforo poss’sizkom Oyje [111]

o(r) = Lebrer,
T

Jie
6mne?
krrp =] ——
EF

Jie krp — rtak 3Banuii xBusiboBuii BekTop @epmi. Orike, moJsipusaliisi, BUKJIMKAHA
3apsiJIOM, CIPUYMHSIE €KpPaHYBaHHS IOJIS ILOTO 3apsijly Ha BijcTaHi OJIM3bKO
Arp = k}]{j s KoHnenTparliiil eJIeKTpOHIB, XapaKTepHUX JIjId METaJiB, BeJIUINHA
A7rp — CHIBMIpHA 13 BIJICTAHHIO MiXK YaCTUHKAMU, TOMY €KPaHYBaHHS BUSBJIAECTHCS
JIOCTATHBO €(DEKTUBHUM.

Meron Tomaca-@epmi gae 3a10BIIbHI Pe3yJIbTATH Y BUIAKY BEJIUKAX JOBXKIH
XBUJIb, KOJIM BUKOHYETHCS YMOBaA TMPO TOBLILHI 3MIHW MOTEHINATY Ta 33 YMOBH
62/7‘0 << €p, TOOTO y BUIAJKY, KOJU ICTOTHUMK € 3MIHM IIOTEHIaJbHOI eHepril,
AKa Mae MOpsLIIOK €2 /7g, Je To - BiicTaHb MiZK YaCTHHKAMH.

[Ipm posrasi ekpaHoBaHOTO KYJOHIBCHKOTO MOTEHTATY Mojiesib Tomaca-Pepwmi
IPUBOJIUTH JIO BUPA3y Jiisl JieJIeKTPpUIHOT TpoHukHOCTI [111]

@+ ke
€ETF — T

1.3 YwuciaoBi MeToau JOCJOLIXKEHHS ILJIA3MOHHUX XBUJIb

1.3.1 Meroa dyp’e-mon

[TormupennM MeTOJOM YUCETHHOTO MOJIEJIOBAHHS TMONMPEHHS €JIEKTPOMATHITHUX
XBUJIb y cepejouili € meros dbyp’e-moz (auruiiichkoro rigorous coupled-wave

analysis, RCWA) [71-75]. 3acrocyBanus nepersopennst Qyp’e mpu po3s’si3yBaHi
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I epeHIiaIbHIX PIBHIHD OB sI3aHE 3 THM, 110 BOHO 3MIiHIOE IHTerpaJbHi 3TOPTKH
y 3BUYaiiHl 100yTKH. 30KpeMa, iHTerpaJibHa (popMa B3a€MO3B 13Ky MIXK 1HYKIIEIO

Ta HATPYXKEHICTIO ejleKTpoMartiTHoro nosst [89,90]

D(r,t) = /e(r,t —t)E(r,t)dt, s,

B(r,t) = /,u(r,t —{)H(r,t)dt

IIpHU IX [IPeJICTaBJICHH] 3 JIOIIOMOIOI0 1HTerpaJjbHoro nepersoperds Pyp’e 1o gacy

1 .
E(r.t) = E/E(r,w)e“"tdw,

1 .
D(r,t) = ﬁ/D(r,w)emdw,

) (1.49)
B(r,t) = — | B(r,w)e“'dw,
\/277/
1 .
H(r,t)= — [ H(r,w)e“'dw,
\/271'/
HaOyBa€ BUTJIALY
D(r,w)=¢r,wEr,w,
(r.0) = e(r ) E(r.) )

B(r,w) = p(r,w)H (r,w),

ne e(r,w) i p(r,w) — dyp’e-obpasu JieleKTpUIHOT Ta MarHiTHOI TPOHUKHOCTE

1 —iwt
G(T,W) = \/—Q_W/E(T,t)e dt,

1 —iwt
p(r,w) = E/M(T,t)e dt.

OkpiM 9acTOTHOI JucIepcil, y mogibHuii crocid, MoXKHA PO3IVISHYTH BUIIAJIOK TaK

(1.51)

3BaHOI IIPOCTOPOBOI JIMCIIEPCil, KO KPIM 3aJe2KHOCTI BiJ yacToTu (hbyp’e-0dpas3u
JUeJIGKTPUYIHOT Ta MATHITHOI MPOHUKHOCTI € (DYHKI€I 1 XBUJIBLOBOI'O BEKTOPA
e(k,w) i u(k,w).

Meton dyp’e-Mmoj € eeKTUBHUM YUCEJTbHIM METOJIOM PO3B’sI3aHHS PIBHSHD
Makcsesuta. [TouarkoBo 11eit MeToj1 6yB po3podJIeHuit 110 MOJIETIOBaHHA U PAKIIIT

IJIOCKOT eJIEKTPOMArHiTHOT XBUJI Ha nepiojuunux judpakiiiinux penrirkax [61,
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62]. Ilizuimie 6yno 3ampomoHOBAHO psif MOAUDIKAIIN METO/y, sIKi PO3MIUPIOIOTH
chepy #Oro BUKOPHCTAHH:, 30KpeMa JiJIsi pO3B’sA3yBaHHs 3aja4d Judpakiil Ha
HENepioANIHUX CTPYKTYPax, BKIOUHO 13 MOJIEII0OBaAHHAM I paKINl XBUIEBOIHIX
MOJI, LIOB sI3aHOT 13 HEOJHOPIiHOCTsIX XBUJIEBOLY [61,62].

Y wmeromi dyp’e-MOJi KOMIIOHEHTH eJeKTPOMArHITHONO IOJsd 1 TEeH30p’
JIIJIEKTPUYHOI 1 MarHITHOI IPOHUKHOCTEH CTPYKTYPU 3alUCylOTh Yy BUIVISJI]
“obpizanux’ psaiB @yp’e. Y 1pOMY BHUIQJKy PO3B’s30K 3ajadi Jaudpakiiil
3BOJIMTHCsI JIO PO3B’si3yBaHHs 3a/ladi Ha BJACHI 3HAYEHHs 1 BJIACHI BEKTODPH
B KOXKHOMY 3 IapiB CTPYKTypHu. lIpm 1mpoMmy HEOOXiJHO pPO3B’SI3aTH CHCTEMY
JIHIMHEX aJiredpaluHuX PIBHAHD, $Ki ONMCYIOTh I'paHMYHI YMOBH, IIOB’s3aHi 13
HEMEePEePBHICTIO TaHTEHIIAJbHUX CKJIAQJOBUX €JeKTPOMArHITHOTO TOJs Ha MexKax
mapiB  CTPYKTypu. 3 METOI0 IOKpalleHHsT 301KHOCTI Ta  CTIHKOCTI MeTojLy
BUKOPHUCTOBYETHCSA Pi3HI METOIUKH, 30KpPeMa, MOKPAIECHNN aJITOPUTM JIJIsI MaTPHUIlL
IIPOXO/I?>KEHHsI IIPU MOJICJIFOBaHHI OararoliapoBuX CTPYKTYp, abo daKTopu3allis
psiis Pyp’e. Bouu jalorh 3MOry 1CTOTHO NPUCKOPUTH 301XKHICTH Jjijist 1T M-
HOJISIPU30BAHOI'O 118/1aJ0Y0I'0 BUIIPOMIHIOBAHHS 1IPU MOJIEJIIOBAHHI CTPYKTYP, 1110
MicTaTh nepdopoBaHi mapu Metaay. MeTton dpyp’e-Mo;1 HIUPOKO 3aCTOCOBYIOTH JIJIsT
BUDIIICHHS 3aBJaHb JUMpaKIlil IIJIOCKUX XBUJb HA JBOMIDHHX Ta TPUBUMIPHUX

OaraToInapoBuxX MEPIOJMIHUX CTPYKTYPaX, & TAKOXK JIJIsT BUIIAJIKIB HEIEPIoMIHUX

crpykryp |76].

1.3.2 Meroa TpaHcdep-maTpuiii

s po3B’sI3yBaHHs 3a/1ad MONMIMPEHHs] XBUJIb B IJIOCKOIIAPYBATUX CTPYKTYpPax,
abo y cepeJloBHII, TTOKA3HWK 3aJIOMJICHHSI STKOI'O € HelepepBHOIO (DYHKINE BiJL
KOOPJIMHATH, 3DYYHO BUKOPUCTOBYBaTH METOJUKY TpaHncdep-marpuii [77]. Meros
TpaHchep-MaTpuIlh Ja€ 3MOTY 3a TAHTEHIAJHLHUMU TMPOEKIIAMU eJeKTPUIHOL
HAIIPYKEHOCT] 1 MAarHiTHOI 1H/TyKII1 MOJIs Ha MOBEPXHI OY/Ib-sIKOTO Iapy OJep:KaTh
iX 3HaYeHHS s Oyb-sIKOl IJIOIMHK TTapaJieibHOI JI0 MeXKi TOJILIY BCepenHi
IILOTO Iapy, a TAKOXK 1 Ha foro Jpyriit mexxi. OCKiIbKY XBUJIEBIJL 13 HENEPEPBHOIO
3aJIEYKHICTIO MMOKA3HWKa 3aJOMJIEHHS B1JI KOODJIMHATU MOYKHA TOJIATU K BEJIUKY
KIJIBKICTh TOHKUX I1apiB, B SKUX IOKA3HUK 3aJOMJIEHHS MOXKHa HPUIHATH 3a

KOHCTAHTYy, TO MeToJi TpaHchep-MaTpHUIb MOXKHA 3aCTOCYBaTH JJisi BUBYEHHS
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XapaKTEPUCTUK PEXKUMIB MOITUPEHHS Y XBUJIEBOJIaX MOKA3HUK 3aJIOMJICHHS STKOTO
3aJIe2KUTH BiJl KOOPUHAT.

Pipusinus, ski onwucyiors nomupenass TE uan TM xBunb y  xBujieBoji
Bi1oBK oci OX 3a3Buyaili HA3UBAIOTH OJHOBUMIDHUMMU CKAJSIPHUMK PIBHAHHSIMUI
leapmronsna peskumy TE Ta TM Bianosigno. BoHo Takok Bijjome sIK OTHOBUMipHE
CKaJIAPHE XBUJILOBE PIBHAHHS, K€ MOXKHA 3aCTOCOBYBATH JIO PIBHUX 130TPONHUX

Ta HEMATHITHUX JIEJEKTPUIHUX [JIAHAPHUX TIBKOBUX cTPYKTYp [90].

d*U,
dx?

+ (kon} — %)W, = 0, (1.52)

ne Vv, = E, — s TE, abo W, = H, — juiss TM xBuiib, kg — XBUILOBE YKCIIO, 110
OIIMCYE MOITUPEHHs XBIJIb BaKyyMi, a [ — XBUJIBOBE YUCJIO 1-I'0 IIapy CepeIOBHIIA,
y dKoMy BJIOBXK oci 0x mommproeTbes XBuJsis. Tpancdep-maTpulls, sKa 0B SI3ye

TE xButo y j-my 1mapi i 11 3HadeHHsaM y j — 1-my mapi
A NVl R e (1.53)

Ma€ BUIVIA

. cos(k;ih, Lsin(k;h;
M; = (?J) g sinkshy) (j=1,2,..1). (1.54)
—kjsin(k;h;) cos(k;h;)
[TijicraBuBIm BUpa3 st XapaKTepPUCTUKK 110Jist Y J-MYy 1apl y Bupas juis j + 1-
ro Mapy MOCTIIOBHO I8 BCIX IMIApiB CUCTEMU TTPUXOIUMO JI0 TAKOTO MATPUIHOTO

PIBHAHHST

Uiz) \ oo [ Wi(xo)
v ) I i ) (1.55)

sdKe Jla€ 3Mory ojepxKkaru 3HadeHHst QyHKIil W ra 11 1MOXiJ{HOI Ha OJIHOMY
Kpal CKIHYeHOrO MPOMIXKKY 3a BIJOMUMU 1X 3HAUCHHIMM Ha NOpoTuae:kHomy. Lle
PIBHSIHHSI 3pYUHE JIJIsl UNCeJIbHOI peaJisdallil, OCKIJIbKI BIAIIYKaHHs HOT0 pO3B 3Ky
3BOJIUTHCS JIO IepeMHOXKYBaHHs Marpuils [78]. Ichye 1 inma Bepcisi 1poro MeToy,
1110 HOCUTh HA3BY METO/| aHAJITUYHOI TpaHcdep-MaTpulll, sika 0COOJIMBO CTiiKa, J10

YUCJOBUX ODUUCIEHb, KOJU KIJBbKICTH IMapiB Ha siKi po30MBAlOThL CepeJIOBHINE 13
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3MIHHUM MOKA3HUKOM 3aJIOMJICHHS Jy2Ke Besnka |79)].
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PO3JILIT 2

MaremaTnune MoaeIIOBaHHS IIOIIUPEHHS

IIJIASMOH-1IIOJIAPUTOHHNX XBUNJIb B

CTPYKTypax

JlieJIEKTPUK / MeTaJl / TieJIeK TPUK

2.1 Pe3yabTaTén eKClepumMeHTAJbHUX TOCJiIXKEHb

st posyminHsi MexaHi3miB 30yipkenHst Ta nomwupenHs IIIIX we Tigbkn 3
TEOPETUYHOI TOYKKM 30Dy, aJje # 3 [HPaKTUIHOIO MONIsijy (eKclepuMeHty),
a TaKOX JUI MJATBEP/KEHHS SK MPaBUJILHOCTI 3alIpOIOHOBAHOI  MOJIeN],
TaK 1 3alllKaBJIEHOCTI HAyKOBOI CIJILHOTH B TaKOMY JIOCHIJKEHHI Yy poboTi
POBIJISTHYTO  JpKepesa, sKi  MICTSATh DPe3ysbTaTd  HPAKTHIHOrO (HATYPHOIO)
BuBueHHs nomupennst TTITX.

3-momixk umcaennux (Hamp. |25, 27, 87]) eKcrepuMEHTAJIBHUX JOCITiKEHD
PO3TUITHYTUX TIPU HAIKCAHHI I[I€T pOOOTH JIJIsT BBEJIEHHSI B KOHTEKCT HEOOX1THOCTI
nodyjioBu MaremaTudnol mojiesi nomupenns IIIIX B rereporenHux crpykrypax
dieaexkmpur/meman/diesexmpur, ne y posi merany sucrymae came ATMII, a
He JIOBIILHOI TOBIIMHM 3pa3Kh, y NHBOMY IYHKTI 3TrajlaH0 pe3yJabTaTh TPbOX
JIOCJTIJIPKEHb, TIPOBEJICHUX CaMe JIJIs TOHKUX MeTaJIeBUX MPOITapKiB.

[TpunnunoBa cxema POBEJICHHS €KCIIEPUMEHTAJIbLHUX JIOCJI/PKEHb TOIIUPEHHS
[ITIX B crpykrypax dieaexmpur/ATMII/dieaexmpur po3rasHyTHX Yy Tiii pobOTI
€ Tako: Ha TOBCTY (y CHIBBIJHOIIEHH] 13 pO3MIipaMy DEIITH YaCTUH CTPYKTYPH)
JUEJIEKTPUUHY MJIKJIaJIKy HAHOCSTH TOHKY METaJIeBy IJIIBKY — 3a3BU4Yail MeTaJ i3

BEJIMKOIO KIIBKICTIO BibHUX HOCITB 3apsiay Al, Au, Ag. Ilicisi woro Ha merad
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HAHOCATHL TOHKMI map miejekTpuka. 30ymxkenns I[IIIX ma rpanuni cepeaoBuiy
dieaekmpuk/memas BiIOYBAETHCS MIJISIXOM BIUIUBY Ha MOBEPXHIO METAJY BY3bKOIO
MyIKa MOHOXPOMATUIHOTO CBITJIa — Ja3epa.

Onucana rerepocTpyKTypa Jlocaijpkena y pobori [87], a came Ha jiiesiekTpudny
M IKIAIKY TIOKCHITy cuiimiio S10y HameceHo 300ty Au MIiBKy TOBIKUHOK H0nm.
Hami 110 KOHCTPYKINIO MOKPHUJIXM IMapoM mojiMepy TopimmHOIO 1150nm. [dnda
30y pkennst TITIX Ha Mexi cepejloBull JIeJeKTPUK /MeTaJ OTpUMaHy CTPYKTYPY
HIJICBITHIIN JIa3€POM 3 JIOBXKHUHOIO XBujl 632.5nm Ta dacroroo mysbcaiil 250 fs.
Y HaBeJIeHOMY EeKCIIEPUMEHTI OTPUMAHO pPE3YJIbTATU JIJIsi DJIUOMHU TPOHUKHEHHSI
IIIIX [gpp B 30JIOTY TLTIBKY.

[nimmit - ekcriepument [25] O6yB  npoBejeHMit  HaJ CTPYKTYPaMu B SKHUX
naporiyBaju Hanocrpiuku ATMIT Ag(111) 3 kouTposibOBaHUM piBHEM MOHONIAPIB
(ML) nma miesexkrpuaniit migkaaam Si(111). Ha xkoxmy 31 HAHOCTPIMOK HaHECeHO
toukuit (1.5nm) map nBookncy kpewminio (silica). Emincomerpis |26] npoBogunacs
3 gornomoroo cucremn SOPRA GES-5E s xyTiB majinns B mexkax 60 — 75°.
Tyt nokazano, 1o s 1iiBok ToimHoo B 10 — 20 mMoHomapiB orpumMai
xapakrepuctuku 111X [1]: ontuune s3aryxanus, dbakrop edexkrusrocti (quality
factor), emepris mIa3sMoOHa 3HAYHOI MIpOI BapilOIOTHCA 31 3MIHOW KUIBKICTIO
monormapiB. Orpumani y crarti ekcrnepuMmeHTaygbHl gani st crnektpy [IITX
BUKOPUCTAHO JIJIsl HOPIBHSIHHS 3 PE3yJibTaTaMu CUMYJIsALT IIPOBejeHiit y 11iit podoTi.

Y inmowmy gociijkerni |27] TpoBeseHO EKCIEepUMEHT JiJist TAKUX I[IKABUX
ribpuHIX CTPYKTYP K TpadeH Ha KiTbKaIapoBoMy OJ1aropoHOMy MeTaJi (Hatp.
Au). ¥ Hiii Tex mnokazano, mo nosejinka 11X 3HauHO©0 Mipo0 3ajekuTh Bij|
K1JIbKOCTI 1IaPiB MeTaJly, Ta 110B SI3YI0Th 1€ 13 BILIMBOM PI3HOMAHITHUX KBaHTOBO-

po3mipaux edekTiB k-0t 3aryxanns Jlangay |28], Tormro.

2.2 llocranoBka 3aja4i IHOMIMPEHHH
IJIA3MOH-TIOJISPUTOHHUX B CTPYKTypaxX

JlieJIEKTPUK /MeTaJl / ieJIeK TPUK

CTpyKTypa st SKOI OyJIyeThbCsd MaTeMaTHIHa MOJE]b CKJIAJAEThCSI 3 JIBOX

HEIIPOBIJIHUX CEPEeJIOBUIN — JIEeJEKTPUKIB MK SKHMH “3aTUCHYTO  aTOMapHO
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TOHKY (PO3MIPOM BiJI KIJTbKOX JI0 KLIBKOX JIECSTKIB HAHOMETDIB) METAJIEBY ILTIBKY

(ATMII). Hastani Mu BUKOPUCTOBYBATHMEMO TaKi MEXKi CepeOBHUIII:

;

Oy axmo z > /2,
Q=190 axmo —1/2<z<1/2, (2.1)

(23 sKmo z < —1/2,

ge | - ropmmaa ATMIIL. fx  OaumMmo TMJIONIMHKM TOJIIY  CEPEJIOBUIL €
IJIOCKOTIAPAJIEIbHUMH.

CucreMy KoopJimHAT BHOpaHO TaK, IO MeTaJ JIeXKUTh B momuii X OY Takum
YUHOM, IO caMa ILJIONUMHA I'eOMETPUYHO PO3JIljisge HOoro Ha JiBl PIBHI YaCTUHM.
[Tommupennst TIIIX rakoxx Oyme BigOyBatmcss B tonmai XOY B HaNpsMKy

JI0JIATHIX 3HAYEHb T.

IELL|H]

Puc. 2.1: Cxemaruune npejcraBjieHts CrPyKTYPY JHEJEKTPUK /MeTasl / JIIeJIeKTPUK.

Bynemo BBaxkarwm, 1o jiejeKTpudni (GpyHKII HEIPOBILIHUX cepeaoBuin {2y Ta

Q3 € dyHKIIAMA JINAIIE 9aCOBOI 3MIHHOI t:

€1 — 61(t), €3 — 63(t), (22)

a mienekrpuuna dyakiis ATMIT (cepenoBurie )s) 3a7€KUTH K Bij 1acoBoi

3MIHHOI TaK 1 BiJi IPOCTOPOBUX KOOPJIMHAT, TOMY 11 MOXKHA, 3allMCATH Y TaKUii CIIOCIO

€a = €7, 1), r = (2,9, 2). (2.3)
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[IpoBiHICTb Vv JiE€JIEKTPHUKIB BiJICYTHS, a, OTXKe

o1 =0,03=0. (2.4)
Mg ATMII mpoBigHicTh TaKOXK 3aJI€2KATH BiJl KOOPAUHAT K 1 (DYHKIIS €9

o9 = 0o(7,1). (2.5)

Ak nokazye excrepument [1], nommpenns ITTIX siokanizosane y mixkdasmiit
001aCTI KOHTAKTy HakIaIKu-aienekTpuka (21 ra ATMII €.
Jljisi MATEeMaTHIHOTO OIKCY TAKOro mporecy Bukopucraemo |1,89,90] cucremy

Makpocroniuuux pisastab Makcsesia:

oD
V X H—J—i—ﬁ,
0B
ot (2.6)

V-D=p V-B=0,
B = popH.

VxFE=—

3 KPAEBUMU yMOBAMU Ha MeXKax KOHTaKTy JiBOX cepejosull [89,132]:

n x (Ey— Ey) =0,
n- (D — Dy) = p,
nx (Hy— Hy) =J,
n-(By — By) =0,

(2.7)

Jle . — OJIMHUYHUI BEKTOp HOpMaJi, Hampamiennit B mjomuny z > (0. Ileprme
PIBHSTHHSI CTBEPJXKYE, 110 POTOP BEKTOpa MarHiTHOI Hanpy»KeHocti noss H
BU3HAYAETHCSA $IK BEKTOPOM I'YyCTUHU €JIEKTPUIHOIro crpymy J Tak 1 3MiHOIO
BEKTOpa EJIeKTPUIHOI HAMPYKeHocTi monsd. Jlpyre piBHIHHS CTBEp/KYE, IO
POTOP BEKTOpA EJIEKTPUIHOI HATIPYKEHOCTI ToJist X CTBOPIOETHCST 3MIHOIO BEKTOPA,
maruiTHol injykiil B. Tpere piBHsiHHS BUpaXkae 1ot (haKT, 0 JIXKEPEJIOM BEKTOPa,
eJieKTpuaHOT 1H/yKIIT D) € BlJibHI eJIEKTPUUHI 3apsijik, I'YCTUHA SKUX p. deTBepre

CTBEPJIKYE, 10 MaTrHITHE T0JIe € COJIEHOITAJbHNAM 1, IK HAC1I0K, MArHITHAN MOTIK
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Uepe3 3aMKHYTY MOBEPXHIO 3aBXK ¥ JopiBHIOE Hyso [89,90]. Tyr - — cransipumii
JI0OYTOK, X — BEKTOpHMI 100yTOK. [Jo1aTKoBO Haa/li BBaXKaTUMEMO, 110 30BHIIIHI
3apsijin p B 00J1aCTI KOHTAKTY JIIEJIEKTPUKIB Ta MeTaJsy BijcyTHi, TooTo V - D = ()
Ta PO3MJIsAIATUMEMO HEMATHITHI cepeoBuIa (b = 1.

Y  BHIAJKY HECTAIlOHAPHOTO MpOIecy Ta HEOIHOPITHOIO CepeIOBUINA
nomupennsa [II1X, okpim wacoBol amcmepcii, mporec XapaKTepU3YEThCS TaKOXK
HasIBHICTIO TTPOCTOPOBOI AucTiepcii. A 11e, B CBOIO 9epry, 03HAYAE, 110 B3AEMO3B I3KH

mik Bekropamu E ta D E ta J € nejiokaibHuM i MaloTh HacrynHy ¢gopmy [89):

D(r,1) :/ / dr'dt'e;(r. vt —t)E(r', 1), (2.8)
vV T

J(r,t) //dr’dtaz r.r' t—tE(r' 1), 20,

i=1,2,3,

ne o(r,r',t —t') — mposimuicte ATMIL, V' — o6’em obsacti B sikiii BU3HAUEHO
byukrii €(r, 't —t') ra o(r,r',t —1).

OckiJIbKY B ONMKCaHIH MOJE BCl XapaKTePUCTUKU CePEJIOBUII € OJHOPIIHIME
110 4acoBiit 3MiHHINA ¢, TO cucremy piBHsHb MakcBejia 3pydHO 3allMcaT 4epel
Oyp’e-300pakenns sekropis H, E, D, B.

Beejiemo gacope @yp’e neperBopeHHs Y TaKuil crocio

1) =5 [ dofwye, fo) = [ depe (2.10)

Crouarky smiiicnnmo Dyp’e-nipeperBopertst st (DYHKINH JIieIeKTPUIHOT

IPOHUKHOCTI Ta MPOBIJIHOCTI, TOOTO 3alUIIEMO

“+o00

1 - /
e(r,r',t —t') = g / e(r, ', w)e =t
T

e (2.11)

1 : /
o(r,r',t—t) = QW/a(r,rl,w)eW(t_t).

—00
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O6uncauMo 3Haue azip 2BUY qp D0 - [pg peprioro BEpasy MaeMmo
qUCINMO 3HAYEHHS BUPasiB “—5-= Ta . JIJisl MepIoro BUpasy MaeM

(3 BractuBocTeil neperBopents Oyp'e):

400 +00
8B('I°, ) o 1 8 zwt W / 1wt
el / dwB(r,w)e =5 dwB(r,w)e™". (2.12)

—00 —00

OD(r.t . . .
SHAXOJXKEHHST 3HAUCHHSI 8(:) € JIeIO CKJIQJHIIMKMM B 3B'SI3Ky 13 HasiBHICTIO

e(r,r’,t —t'). Bpaxosytoun (2.11), js D(7,t) maemo, 110

400
1 , /
D(r,t) :%///dr’dt'dwe(r,r’,w)ew(t_t)E(r’,t'). (2.13)
V 7 -

Beismm E(r',w) sk
B, w) / B #)e (2.14)

OCTATOYHO OTPUMYEMO BUpas Jyisi D(r, t):
400
1 :
D(rt) = 2—/ / dr'dwe(r, v’ ,w)E(r' w)e™". (2.15)
7r
V —o0
3ayBayKMo, 10 aHAJOTITHO MOXKHA TojiaTy Bupas s J (7, 1), a came
1 / ! / iwt
J(r,t) = . dr'dwo(r, v, w)E(r',w)e™". (2.16)
0

Bukopucrasmu (2.15), maemo, 11o:

0D(r //dr dwe(r, v, W) E(r' w)e™". (2.17)

t

Banumemo Dyp’e-mpe/icTaBJIeHHST IEpHIIOro piBHSIHHS MakcBena JJIsi yCix
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obmacreit §2. s mporo migcrasumo (2.15) ta (2.16) y Bupasd ana V x H

+00 +00
D . 1 ,
VxH=J+ oD _ —V X / dwH (r,w)e™" = / dwV x H(r,w)e™! =
ot 2rm
| +00
//dr dwe(r, ', W)E(r,w)e™" + + o //d 'dwo (r, W) E(r,w)e™"
77

(2.18)

abo

Vx H(r,w) = iw/dr'e(r,r',w)E(r',w) + /dr'a(r,r',w)E(r',w). (2.19)
v v

Hamni mpurnycrumo, 1o st ATMIT (obsacts §2y) MOXKHA 3HEXTYBATH BILTHBOM
KpaeBux edekriB y miomuHi X OY . Ile npunyieHtst € KOpeKTHUM, SKINO ILJIOIIa,
IIOBEPXHI € MAKPOCKOTITHO BEJIMKOIO, T0OTO S — 00 [92]. Bastsuu 1ie 10 yBaru, mu
Oysiemo BBaxkaTu, 1o T = (7|, 2). Bpaxosyioun ne, MOxKHa 3alucaT BUPA3U Jiist

hyHKIIT TieJIeKTPUIHOI TPOHUKHOCTI Ta MPOBIIHOCTI CEPEIOBUIIL TAK:

/ / /
61(?”‘” — T||,Z,Z ,t —1

o€1(t —t)o(ry —m)0(z — &),
o€2(r)| — 7, 2,6 —t)0(2 — 27),
o€s(t — t")o(r) — 7))o (z — 27),

to(z — 2,

M

(2.20)

)
o (1) — rh, 2,2t —1)
es(r) — ’rh, 2,2t —1)

oa(r =1, 2,2t =) = JQ(TH — 7,2t —
TyT §(2) — pesbra Gynkuis Hipaka [91]. Hajani y Bukiiajikax omyckarumemo JiieJie-
KTPUYHY IPOHUKHICTDL BAKYYMY € Ta CTATUYHY HPOBIIHICTL 0(, BUKOPUCTOBYIOUYH
iX pu noTpedi.

Ak mpomixkHMIT pesysibTaT 3anuieMo Taki Bupasu st V X H B obsactsx (2,

QQ, Qgi

Qli
V x H(r,w) =iwe (w)E(r,w); (2.21)

V x H(r,w) = iwes(w)E(r,w); (2.22)
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QQC
V x H(r,w) = z’w/dr'|e(r| — 7, 2,w) E(r), z,w)+
Qo
—|—/d’rf|a(r| — 7, 2,w) E(r|, z,w).
Qo

(2.23)

Cupocrumo orpuMane st obsiacri 29 piBHsinHs (2.22), 3acrocyBaBiiu J10

€(r)| — 7, z,w) nepersopennst Pyp’e no sminmiii ) — r|;

+00

/ dges(gq, 2, w)e' @I, (2.24)

—0oQ

1
(2m)?

E(TH — ’l"h, z,w) =

e
q = (¢,9y), dg = (dg,, dg,),

(g7 = 7)) = ¢u(z = 2") + q,(y = ¥/).

Maewmo:
/dr?e(m — rh,z,w)E(rﬁ, Z,w) =

Q)
1 +00
~ (2n) / / dr| dges(q, 2, w) B (r) — r{), z,w)e @177 =
Qg —0o0
+00

1 ‘
(2 )2 / quQ(q7Z)w)E(q’Z’w)eZ(q’rH)’
T

TYT
Blg.2.0) = [ drB(r], zw)e o),
Qy

Amnasoriyno nepersopumo (2.16)

400
1 ‘
/drﬂO(rl — 7|, 2,w) E(r), z,w) = )2 /dq0-2(q7Z’M)E(q’zaw)ez(q,r).
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Ocrarouno maemo Bupas s V X H:

+00

V x H(r,w) = (22:)2 /dqeg(q,z,w)e(q’rl)E(q,z,w)+
1 +0o0o R
e /dq(h(qaZaw)e(q”"f”E(q,z,w)-

Bamnuiemo renep cucremy piBusiib (2.21)-(2.23) y (g, z,w) npejcrapienti;

N Qli
Vx H(r, z,w) =iwe (w)E(q, z,w); (2.25)
y €23:
Vx H(r, z,w) =iwes(w)E(q, z,w); (2.26)
y €
) +00
V X H(va) - (QZ;:)Q / dq62(q7ZJM)G(q’Th)E(q)Z7w)+
. (2.27)
1 /
+ 5 | daa. =)V B(g. 2).

Yci mofadibInl BUKJIAIKU HaJlall CTOCYBATHMYThHCS €JIEKTPOMArHITHUX XBHJIb
MOJIPU30BAHNX B ILJIONTUHI M IIHHS, JIJIA AKX BEKTOP HAIIPYKEHOCT] €JIEKTPUIHO-
ro noJist E napasesbunii muomuni naginast - TM (Transverse Magnetic)-xsuib [1].

Bekropu E ta H B 11bOMY BUIIQJIKy € TAKUMU:
H=(0,H,,0), E=(E,0,E,). (2.28)

[Ipoananizyemo pisusinas V - B(r,t) = 0 ta B = pugH niusa TM-xBusib.

o,
y

OH
,0):0 =

V'B(Tat) :MO(Oa Oy
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Ile oznavae, mo H, He 3aJ1e2KUTH BiJI KOODJUHATH Y, 1 TOMY:
H,=Hy(x,z1). (2.29)

s snaxomkenns ocobmuBocteit E y Bunagky TM-XBuiab Ui MOYATKY

3alMINeMO 3HaUeHHs Jiist Bupazy V X K.

€1 €2 eé3
o o0 0 OF OE, OFE OFE
VXE = = et (S-S e (230
. or oy 02| Yoy \or 9z %oy (2:30)
E, 0 FE,
Orpumane crissigromenss (2.30) pasowm i3 pisasuauam V x E = —0B/0t naothb
HACTYIIHI CITIBBIIHOIIEHHS:
. oE, . <8EZ B 6Ex) e OE, e 0H,
Yoy~ “\ar ~ o2 oy Mg
OFE,
oy
Y (2.31)

OE. OE,  0H,

ox 0z MOW’
OE, 0

y

Ocranne BKasye Ha Te, 10 KOMIOHEHTH eJIKTPUIHOIO 10JIs, 4K 1y Bunajiky 3 Hy,

HE 3aJ1€2KaTh Bl KOOPIMHATH ¥, TOOTO
E,=FE,(x,2,t), E, = E.(x,2,t). (2.32)

Posp’si30k cucremu (2.25)-(2.27) mykarumemo Jijist €JIeKTPUIHUX OB, SKi €

ojiHOpiHUME B HanpsMmky oci OX y obmactsix €21 Ta (23:
E(r,w) = E(z,z,w) = E(z,w)e™", (2.33)

k., — XBUJILOBUI BEKTOP y HAIPAMKY nomupenns [TITX.
Bpaxomyioun Taky moBeiHKY esiekTpuanoro mojst  FE(r,w), 3sHaiijgemo

AHAJIONTYHY 3aJIEXKHICTH Jijist MarHiTHoro nosst H (1, w).
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s mouaTky obuncanmMo 3uadenns V X H

€1 €2 €3
lo o o|  oH, 0H,
VxH= G 8y 92 = —€ G + es3 o (234)
0 H, 0

Ockinbku y obmacrsx {2y ta {23 € cnpaBeyiuBuM crissignomenns (2.21) ta (2.22),

TO ocTaHHE (2.34) MOXKHA TIOJATH Y BUTJISII

H H :
VxH= —61% + 63% = iwei(w)e* (e B, — esE.,), i = 1,3,
1110 1€

0H ’
;;r) = —jwe;(w)e™E, (2, w),

0OH ’
y(’l’) _ —iwei(w)elkmez(z, w)) (235)
ox

i=1,3.

Y 3B's3Ky 31 CXOXKICTIO piBHAHbL B obJiactsax €2y Ta (3, IPUPOIHIM €

npunyienus, mo Hy(x, z,w) Mae ananoriuny i3 E, ,(z, 2, w) dopmy
Hy(x,2,w) = Hy(z,w)e*". (2.36)

Hacrynnum kpokowm suaiijiemo crpykrypy E(g, z,w) B obaacri Qy (ATMII).

E(q, Z,W) = /d'rilE('rh, Z7W)6_i(q7ri|) — //dxdyE(Z,w)eikxxe_i((hfv""qyy) —
Qo

= [dacitme [ ayB(z, e = @nV B w)o(h - 0)6(a,)
(2.37)
3ayBayKMo, 10 aHAJOrIIHA TOTOXKHICTH crpaseymBa 1 st H(q, z,w), Tak sK

Bupazu jJjisd noJis B ra H matorh 10100y cTpykTypy. Tomy

H(q,z,w) = (2n)*H (2,w)d(k, — q.)0(q,). (2.38)
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(2.37) Ta (2.38) pasowm i3 (2.27) ma0Th:

VXH@%”:”//@Mmmwwmwwﬂwwwwe%wm+

+//mmﬂm¢wwwwwwww%=%wm:

= iweg(ky, 2, w) E(ky, 2,w) + 09(ky, 2, w) E(ky, 2, w),
(2.39)

e
E(k,,z,w) = E(z,w)e"", (2.40)

Y pesysabrari cucrema piHsinb (2.25)-(2.27) y (g, z,w) upejcrasieni s

obutacreit {21 Ta (13 € TaKOIO
V x H(ky, z,w) = iwe;(w)E(ky, z,w), i = 1, 3; (2.41)
Y Qy
V x H(ky, z,w) = iwey(ky, 2, w) E(ky, z,w) + 09(ky, 2, w0) E(ky, 2,w).  (2.42)

1yt E(ky, z,w) = E(z,w)e"*, a H(k,, z,w) = H(z,w)er"
Hani 3acrocyemo omeparop poropa (VX) 0 OTpuUMaHWX DIBHSHb Ta

BUKODHCTAEMO BIJIOMY 3 BEKTOPHOIO aHAJI3y TOTOXKHICTH |91]
VxVxA=V(V-A)-VA. (2.43)

Maemo

—V?H (k,, z,w) = iwe;(w)V x E(ky, z,w), i = 1,3;

—V?H (k,, z,w) = iwey(ky, 2,w0)V X E(ky, 2,w) + 0a(ky, 2,0)V X E(ky, 2, w).
(2.44)

Tyt BUKOPUCTAHO T€, IO

V-B=pV -H=0=V -H=0. (2.45)

99



Bupasumo V x E depe3z H. /a5 11bOro CKOPUCTaAEMOCH CITIBBITHOIIIEHHSIM
V X E(TH, zZ, w) = —in(’l“H, z, (,u) — —inOH(r||> z, w) (2.46)

JI0 IKOTO 3acTOCyeMO nepersopennsa Pyp’e mo 7

+00 +00
V x /qu(q,z,w)ei(q’”') = —iw,uo/qu(q,z,w)ei(q’r”), (2.47)

Ta CKOPHCTaEMOCh Bupasamu (2.37) ta (2.38):

—+00 +00

v x / / dgnda, B (2,w)0 (ks — q.)3(q,)e/ % e —
. _+oo+oo

- _ZCU,LL() / / dQIdeH(Z7w)6(kgj - Qx)é(Qy)eiqwxeiqyy,
V X E(ky,z,w) = —iwpugH (ky, z,w). (2.48)
Maemo

—VQH(kx,z,w) = w2u06i(w)H(k}x,z,w), 1=1,3;

—V2H (ky, z,w) = wpoes(ky, 2, ) H (ky, 2, w) + wpoos(ke, 2, w0) H (kg 2, w).
(2.49)

Tomy B obuactsix €y ra Qg (nieaexkrpuxn) s V X H (ky, z,w) orpumyemo

2 A SR L
—V°H (ky, 2,w) = _<daz2 + e + sz)H(Z’w)e S
_ 2
— —<@ = kx>H(z,w).
OcTaTo4HO B yCiX 00JIACTIX MAEMO CHCTEMY PIBHSIHB
d’H
d(?W) + (l{;gel(w) — k’g)H(z,w) = O7 7 = 173’ <2_51)
z
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d*H
THE D) |20y 2w) — B2)H(2.0) = 0,
dz 5 (2.52)
V(kxa - W) — 62(k$7 Z,CU) - .—00_2(]%:7 Z7w)7
1€gW
TyT ki = w?/c?.

3ayBaXKuMo, 10 y pa3i BiACYTHOCTI BuMymytodoro nojis J = 01 romy
V(ky, z,w) = €(ky, 2, w), (2.53)

a B 1[boMy Buma Ky piBastHHs B 00acti ATMII € Takum

d’H(z,w)

7.2 + (kfea(ky, z,w) — k2) H(2,w) = 0. (2.54)

KpaiioBi ymoBamu B 0bsacTsX MOTHKY cepenoBuil (2.7) (yMOBH 3IIHBAHHS)

IOJIaMO TaK

n X (Eqy(l/2,w) — E1(1/2,w)) = 0,
n x (Ha(1/2,w) — Hi(1/2,w)) = J (ks, /2, w),
n - (Bs(l/2,w) — B1(l/2,w)) = 0,
n X (E3(—1/2,w) — Ex(—1/2,w)) =0,
n X (H3(—1/2,w) — Hy(—1/2,w)) = J (ky, —1/2,w),
n - (Bs(—1/2,w) — Ba(—1/2,w)) = 0.

(2.55)

TYT HE HaBEJEHO yMOBU B sikux (irypye rycruna p(r,w), OCKiJIbKU BUpA3 st
Hel € HeBIJIOMUM, TOMY HaJaJji BiJIIIOBIJHA yMOBa He OyJe BUKOPHCTOBYBATUCSI.
Y HOJAJbIIOMY, Hpu po3miisijii yMoB (2.55) OygeMo BHKOPUCTOBYBATH YMOBH

3aTyXaHHs TOJIB Ha HECKIHUYEHOCT1, a caMe:
{H(2,w), B(z,w)}. 5100 = 0 (2.56)

Cucrema (2.51), (2.54)

d*H
THw) 4 (126 (w) — ) H(z,0) = 0, i = 1,3,
d261{§'2( ) (2.57)
<z, W ) 2
— 5+ (Kealke, z,w) = k) H (z,0) = 0,

57



pa30M 3 yMOBH 3MMUBaHHs (2.55) Hai0Th MaTeMaTnaHy Mozesnb nommpenns 111X B

crpykTypi JIM/I:

% + (kjei(w) — k2)H(z,w) =0, i = 1,3,
d2IjC[Zi,z,w) + (K2ea(ky, z,0) — k2) H(2,w) = 0,
n X (Ez(l/2,¢d) — El(Z/Q,W)) = 0,
n X (H2(l/27w) - Hl(l/2>w)) - J(kxa Z/Qaw)7 (258)

n - (By(l/2,w) — B1(l/2,w)) = 0,
n x (Es(—1/2,w) — Es(—1/2,w)) =0,
n x (Hs(—1/2,w) — Hy(—1/2,w)) = J(ks, —1/2,w),
n - (Bs(—1/2,w) — Ba(—1/2,w)) = 0.

2.3 Bucoosku

Y 1bOMY PO3JIJII BUKJAJEHO TEOPeTHUHI 3acaand MmoOyJIOBH MaTeMaTUIHUX
mopeneit mommpenna 11X B crpykrypax AM/I. Posrasgmnyro cucremy piBHAHDL
MakcBesia MaKpOCKOIIYHOI €JIKTPOJIMHAMIKM 3 HEJIOKAJIbHUMU 3B’si3KaMU MIXK
Bekropamu D 1 E ta J i E, 100TO 3 BpaxyBaHHSM 4YacOBOI Ta ITPOCTOPOBOI
JUcIepcil  Ta  JIOCALIXKEHO OTpUMaHl  CHIBIIHOIIEHHS 3acTOCOBYIOUH JIO HUX
nepergopenna Pyp’e mo wacy Ta IIaCKOMy BEKTODY 7| B KOXHIA 00sacTi
CTPYKTYpPH. SO0KPeMa JIJIsi METAJIEBOIO MPOTTaPKy 3HANIEHO XBUILOBE PIBHSIHHS Y
pasi, KoJjiu JiiesieKTpudHa, (PYHKIIIS € 3aJIeXKUTh BlJl KOOPJAUHATH 2 Ta JIJIs BUIIAJIKIB
BIJICYTHOCT1 Ta HasBHOCTI BUMYIIyIOUoro moJs. IlobymoBano Ta chopMyaboBaHO

KpaeBy 3ajady MoaemoBanis nomupennd [IIIX B crpykrypax JAM/I.
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PO3JILIT 3

KBanToBl Moje/il nomupeHHs
ILJIA3MOH-IIOJIAPUTOHHUX XBIJIb B

IIapyBaTUX CTPYKTYypPax

Makpockorniunuit po3riisi)i eJIEKTPOHHOI MiJICUCTEMU MeTaJjly Ma€ Ty TepeBary, Iio
pU JIOCTATHBO HU3BKUX TEMIIEPATypax 1 MaJux 9acTOTaX Ta XBUJIbOBUX BEKTOPaX
BIH JIa€ 3MOTY OJiepyKaTh TOYHUI pe3yabTaT. 3a3BUvail #oro He MOXKHA BBayKaTH
IIOBHUM, OCKIJIbKM BiH HE MOXKe OyTU BHUKOPHCTAHWI JIJIS OIUCY MIKPOCKOIIIYHUX
SIBUIIL, KOJIM CYTTEBY POJIb BIJIIIPalOTh KOPOTKI XBUJI 1 BUCOK] 4acTOTH 30Y/[PKEHb.

KBaHTOBYy cucremy MOXKHa PpO3IJIsJIaTU $K MOJIEJb IIOBEJIIHKU €JIEKTPOHIB
IPOBIAHOCTI y MeTajiaX. Tomi y il Mojesi BIJIMB MEPIOJUIHO PO3TAIIOBAHUX
10HIB y MeTaJiaX HaOJUKEHO OIHUCYIOTHh sAK OJHODPIAHHUI MO3UTUBHO 3apsi?KCHU
don. Takoxx y bOMy BUITAJIKy BaXKJIUBUMU JIJIsi OJJHOPIJTHOI €JIEKTPOHHOT CUCTEMU
€ KOJIEKTUBHI 30yJKEHHsI €JIKTPOHIB B MiJioMy, ab0 IJIa3MOBI KOJMBaHHS. 3
OTJISIIY Ha Ile, BIOPsJIKOBaHl KOJUMBAHHS B IJIa3Ml 1 eKpaHYBaHHS — HEPO3PUBHO
noB’s13aHl ABUIA. KoJin eJIeKTpOHM HaMaralounch €KpaHyBaTH PO3MOJLIT 3apsiry,
BOHU TPOJITAIOTH PIBHOBAaXKHE TOJOXKEHHS, a TOTIM MOBEPTAIOTHCS Ha3aJl, 3HOBY
HPOJIITAIOTH TOUKY piBHOBAIM 1 T.)1. TaKMM YMHOM, BUHUKAIOTH KOJIMBaHHS 1100J113Yy
ctany piBHoBaru. [loBepTaiodoio cuioio, Mo COPUYINHSAE 11i KOJTUBAHHA, € CepeJIHe

CaMOYy3rOJ/IzKEHe T10J1€ BCIX €JIEKTPOHIB.
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3.1 KBaHTOBI MeTOJ ONMCy AleJIEKTPUIHOI (pyHKITII

METAJIEBOI'0 IPOIIAPKYy B IMIApPyBAaTUX CTPYKTypax

Jlingrap |70] pospaxyBaB (byHKIHIO JEJEKTPUIHOI MTPOHUKHOCTI B HADJIMZKEHI
xaornaanx a3z (RPA), sacrocyBapimy Meroj; camMOy3rojzKEHOrO MOJisi  Ta
BUKOPUCTABIIU JJIsi JiiesieKTpudHol crupuitasitausocri x(q,w) [1,90] 11 snauenus
JUIST HEB3AEMOJIIOUOr0 €JIEKTPOHHOIO Ta3y.

[TocniyioBanit KBaHTOBMII Ta MIKPOCKOMIYHMM MiAXiJ[ JO BHUBEJIEHHS BUPa3y
st €ppa(q,w) peanisysaau Epenpaiix 1 Koen [112]. st BuBejenHst aBropu
3aCTOCYBaJIM METOJI PIBHsIHb PyXy Juisds Marpuil rycruau. Habsmxenns RPA,
y IBOMY TMiJXOJi, MOJArae y JiHeapusalii piBHsHHS pyxy s Y(q,w). Le
HAOJIM>KEHHsI BUHUKJIO IIPYM BUBYEHHI IIPOIECIB €KPAHYBAaHHS 1 KOJEKTHBHOI
HOBEJIIHKU €JIEKTPOHHOI IJIa3MK 1 3aCHOBaHE Ha, (PIBMIHOMY NPHUIIYIIEHHI, 1110 34
IIEBHUX YMOB CYMOIO €KCIIOHEHT, siKi XaOTUYHO 3MIHIOIOThCH MOXKHA 3HEXTYBaTH
IOPIBHSAHO 3 KIJIBKICTIO ejeKTpoHiB N B cucremi. 3BiJICHM IOXOAUTH 1 Ha3Ba
bOrO HaOJIMKEHHs. 3a UM HaOJMKeHHsIM Jiist €(q,w) Ha eJeKTPOH i€ He
TLILKKM 3OBHIIIHE 110JIe, a ¥ 10Jie, CTBOpeHe ycima iHmuMu ejekrponamu. Lle
HAOJIMKEHHsI IPU3BOJIATD 10 BUPA3Y IS JIHCHOT €p Ta YIBHOI €7 YaCTUHU (DYHKITT

JieJeKTpUIHOT TPpOHUKHOCTI €(q, w) Jlinarapma [70]

2 1 + 2 2 2
er(q,w) :1+C‘]T—2F{—+ZE[<(M qo/ m) —1) In

w — qulh + ¢*/2m ]}_

¢ |2 4q (qui)? w~+ qv% + ¢?/2m
(w— ¢%/2m)? w— quh — ¢*/2m
032 —1])In 0 _ 2 ;
(quy) w+ qup —q*/2m
2 2 2 2 P
T qrp PP w—q°/2m q q
SO v S Cnk L0 SR S NP
2.¢* q (qup) 2m om
P 2
Tqrp W 0 q
— IR * <y < gl — 2
72

EI(Q,W):O, WZQU%_“_,

2m
ne vp = hkp/m, kp = \/2meg/h.

Y pobori [92] BuKOHAHO CaMOy3ro/KeHUH PO3PaXyHOK Peakilii JIBOBUMIPHOIO
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eJIeKTPOHHOTO Ta3y, SIKWil JaB TaKWil caMuii BUpa3 s MOJIPU30BHOCTI, K 1
y TPUBUMIDHOMY BHUIAJKY. 3arajJbHUl BUpa3 JJisd MOJSIPU30BHOCTI CUCTEMH JIJIsi

eJIEKTPOHIB, 1110 3HAXOATHCA y Tiomuui z = 0, mae Burjsiy [81]

X(q UJ) o 6_2 lim foEk - f05k+q
’ q21% a0 Ekrq — €k — hw — tha

ne fo — dyukuis posnoginy @epmi-ipaka, (2 — moma cucremu. IlijicyMoByBaHHst
CJLJ] TTPOBOJIUTHU TIO0 BCIX OJIHOEJEKTPOHHUX CTaHAX 3 XBUJILOBUM BEKTOPOM k i
eHepriero ;. Bupas Ju1sa mossipu30BHOCTI i30TPOIHOTO JIBOBUMIPHOTO €JIEKTPOHHOTO
rasy i3 KBaJpaTHUIHUM 3aKOHOM jamcrepcii €, = h2k? /2m i XBUJIBOBUM BEKTOPOM
@epmi kp npu remieparypi abCOJIOTHOIO HyJIst 3allMCAHUN Y BUIVISIJI CYMH JIBOX

JOJIAHKIB Y = X R + i), KOXKEH 3 sIKUX Mae Takuii Buriisiy [81]

1 1

2 2 2 2
q q mw q mw
- _C. - —1| -C —1
kp (Qkp hkp(]) " (2/<:F * hqu> ’

(
| | |
XI:G<L 1—(q —m“> —D+1—<q+m”> ,

=G

7\

=
=

2kr  hkpq 2k hkpq
Jie
o _2méns
n2kpg?
Comsgn (Gt )i Da0, sl
Cy=0. Dy—=1, Z ih”;;“’q <1
kp =$.

Jle Ng — IIOBEPXHEBa KOHIEHTPaIllsl HOCITB.

st craTUYIHUX IOJIB BUPAa3 Ui JIEJeKTPUIHOI CIPUIHSTINBOCTI HaOyBae
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BUTJIAY

X(q,0)|g<2n, = € <1 + %> :

q
s Ak? 1/2
X(q,0)|g>ak, = € 1+% 1_( _q_2F> 7

Jie X — CTaTu4Ha JileJIeKTpUIHa MPOHUKHICThH CEpPeIOBHUIIA.

YMOBH iCHYBaHHS MJIA3MOBHX 30y/I?K€Hb BU3HAYAIOTD 13 piBHAHHS [81]

x(gq,w) = 0.

Y BUIIaJKY BE€JIMKUX JOB2KHWH XBUJIb 1€ piBHHHHH npuBOJUTL 10 TAaKOI'O piBHHHHH

, €W’ mew?
9 —— = \5-_>
c2 2mnge? |’

10 JIJIsl 3aKOHY JUCIepcli 1ae

2nge*q 3 4 4
W~ ——— + —qvp.
me i

[Lnasmonu B jBoBuMipHuX (2D) esieKTpOHHUX cucTeMax BiJ[PI3HSIIOTHCS Bif
00’eMHUX 1 MOBEPXHEBUX IJIA3MOHIB. Y HIKaJIHHOK 0cobJmBicTIO 2D 11a3MOHIB €

ix ciekrp npu w — 01 g — 0 [81]:

WQD(Q) =

Tyr ¢ = (¢u,qy,0) — XBHILOBUIT BEKTOP B ILIOMIMHI €JIEKTPOHHOIO IAPY, M -
edpekTBHA Maca eJEeKTPOHIB, €.f7(¢) — edeKTHBHA JjieJeKTpUTIHA POHUKHICTD

HaBKOJIMITHLOI'O CE€peJIOBUIILA.
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3.2 KBaHTOBI MojeJIi AieJIEKTPUIHOI (PYHKIIIT MeTaJIeBoOTro

IIPONIAPKY 3 BpaxXyBaHHAM IIPOCTOPOBOI AMCIIEPCii

AK yx)e 3rajiyBaJjiocs, BayKJIUBUM MOMEHTOM B Hallli#l pobOTI € Te, 10 YCi BUKJIA KK

B [IOTIEPEIHHOMY PO3/ILJI TPOBOJIMIINCH 3 BpaXyBaHHsIM IPOCTOPOBOI jtucrepcii (2.8)
D(r,t) = //dr’dt'ew(r, v t—t)E(r't). (3.1)
vV T

(2.8) Bkasye, mo BekTop iHpykiii I) Bu3HaUYae BEKTOp HampykeHocTi moss F
He B TOH ke camuil MOMeHT uacy ¢, a i3 meBHOIO 3arpuMmkoio t (dacoBa abo
4acTOTHA JMCIepcist), Ta He B Tii »Ke caMiit TodIl npocTopy T, a 31 3miieHHsM 17
TOOTO IpK HASBHOCTI IMPOCTOPOBOI JucIepcii. ¥ OLIBIIOCTI BUNAJAKIB HABITH JIJIst
IPOBIJIHUX CEPeJIOBUII BILIUB IIPOCTOPOBOI JIUCIEPCIl € 3HUKOMHUM Ta MOXKe OyTu
3HEXTYBaHUM Ha BijMiHy Bij dactorHol jucnepcii [95], siky ciiij| BpaxoByBaTu y
nepeBaxkHiit O1/1bIIOCT 3aJia4, 1110 BuHUKaOTh 1ipu jociijizkenni [TITX. TIpore, sk
y2Ke 3a3Ha9aJI0Ch Y OTJIA/ JJITepaTypH, CydacHUil cTaH TPOAYKYBaHH IIJIa3MOHHIX
PeTEPOreHHNX CTPYKTYD MEeTaJ /IieJIeKTPUK YU JIEJeKTPUK /METaJ /e IeKTPUK
|25, 27] nossosisie Burorosiasitu ATMIT rosmmuoro 5 < [ < 100nm. Hus
TAKUX CTPYKTYP, OKPiM KBaHTOBOpO3MipHUX edekrtiB [100]| 3Haunwmii BIiuB Ha
3apsi/KEeHl YACTHHKE B O0JIACTI KOHTAKTY JIEJEeKTPUK(BAaKyyM)/Meras, a, OTXkKe,
i wa TITIX [113-118] wmae HasiBHICTH EKCIHOHEHTHOrO “xBOCTA”  €JIeKTPOHHOI
rycruHd, sKuii “nponukae’ B JiesieKTpuK (Tak 3BaHuii edeKT KBaHTOBOIO
“mporuknenHs”’ (quantum spill-out)) y 3B’s3Ky 3 TyHesoOBaHHSM Kpi3b Oap’ep
[117]. Taka xapakTepHa MTOBEIiHKA BKA3y€ Ha T€, IO JIJIs KOPEKTHOTO 3HAXO [2KCHHST
XapaKTEePUCTUK Ta TapaMeTpiB TaKoro POJIy CUCTEM BaXXKJUBUM € IPaBUJIbHE
BpaxyBaHHsI BILIMBY ITPOCTOPOBOI juctiepcii jiesexkrpudanol npounkuocti ATMII.
Jljist movwaTKy posrisHeMo Mojiesih onucany y [121]. V miit pobori mocmignuku
PO3TJIAHY/IN eKpaHyBaHHsd IMOTEHIIAJbHOTO PO3CIIOBAHHS JIJIA HOCIB 3apsamy Y
ATMIT 3 norenrjasom Ienuis-Temepa [122]. Posrisig nporo norenmniasy jae
3MOI'y BpaxyBaTW MIXKYACTUHKOBY B3aEMOJIIO Ta, K HACJIJIOK, €KpaHyBaHHS
eJIEKTPUTHOTO TOJIsT CIPUIUHEHE THE0 B3aeMogIiero [123] ta orpumaru anamiTuaHIi

po3B’s130K piBHAHHA [LIpeginrepa s 3aps/KeHOl YaCTHHKU B IIOTEHIaJbHIN gMi
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[122].
3a3HaYAEThCs, 10 CTATUYHY JII€JIEKTPUUHY (DYHKINIO MPOBIIHOI JUCIEPCHOL
CUCTEMHW MOYKHA BHUPA3UTU dYepe3 MATPUIHWN eJeMEHT TIOTEHIaIy eJIeKTPOH-

esiekTpOHHOT B3aeMOoJil M. [124] rta nonsipusaniituuii oneparop I1(0, q):
E(Q) - 1 + MeeH(07 Q)7 (32)

M., = /drdr"lf*(r)\ll*(r’)U(r,r')\IJ('r)\IJ('r’), (3.3)

11(0, ¢) = / g(€)<— %) de. (3.4)

ryr U(r,r’) — norenijaj ejieKrpoH-eJIeKTPOHHOT B3aeMoil, fo, sik 1 pamirue,
dyukmnisg posnojainy Pepmi-Jlipaka, € — eHepriss HOCIS 3apsIy.

laminbromian H Takol 6ararouacTHHKOBOI cucTeMu Mae Buryss (98, 122]:

N N/ g2
H=S"H(r)=— LA+ U ), 3.5
St = =3 (G Ui (33)
B sikomy U (r;) — opHouacrunkoBuii norenniai, a A; — oneparop Jlamiaca [91] -oi

YJaCTUHKHU.

0> 0> 0*
x? * y? * 0z}

Hajtasii, jionycruBiig 0OMeXeHIiCTh pyXy HOCITB 3apsijly B CUCTEMi TLILKHU 110

A; =

oci OZ, seaxarumemo, 1o U(r;) = U(z) ra 3mogesnioemo U(z) mojgudikoBanum

notenmiagoM Ilemnga-Tennepa.

R, A= 1)

2m cosh?(az)’

Ulz) = (3.6)
Tyt A > 1, a — nmapameTpu HOTeHIiaJjy, IIOB's3aHi 3 TVIMOMHOIO Ta IIUPUHOIO
samu BijnosigHo. CrieKTp eHepril Ta XBUJIbOBa (DYHKIIisl HOCIIB 3apsijly JIJIsT I[HOTO
norexiiay € jgoope Bijomumu [122,123], oMy TyT MU IPOCTO CKOPUCTAEMOCST yXKe
TOTOBUMU (hOPMYJIaAMHU:

h2
ey = — 0 ()\()\ T - (A= V)Q), (3.7)

’ 2m
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- %ei(kmwrkyy) <0‘(A - ”95?15 s 1)) P(2), (3.8)

TYT ¥ HOMEP KBAHTOBOI'O CTAHY JIJISl STKOTO CIIPAaBEJIJINBO V' < A, S — IJIOIA CUCTEMU
B mwionmul XOY, I' — rama-dbyukria [91], a P\(z) — dyuknia Jlexxkanapa [91].
Takox J10J1aTKOBO HaBejeMo TyT orpumanuii y [125] Bupas jyis rycrunu cranis

eJiekTpoHiB g(&):

777122@ €—Exv), (3.9)

Tyr O(+) — dynkia Xesicaiina [91].
Bukopucranust Hasejgenux supasis s (3.7), (3.8), (3.9) jgae 3mory

pospaxysarn Bupasn Jis M. B kBanTosiii rpamum v = 0 a 11(0, ¢) [121]:

M, - tme(a) )’ (3.10)
ece — S - | — cosec | — , .
- S 2xq \ « 200
S, [A]
0(0,9) = —5 > folzan)- (3.11)
v=0

Hpa ocranui BWpasum pasoMm i3 (3.2) malorh ocrarodHMii BUpa3 st QyHKIT

JIIEJIEKTPUIHOI TTPOHUKHOCTI

mn?e’ 7\’ g\’
€(0,q) =1+ S fo(eoa) (&) cosec <2—> : (3.12)

(07

BiiMiTUMO TaKOXK 1€ OJIMH BaKJIMBUI MOMEHT, sAKUI MOJISATAE Yy TOMY, IO Yy
BUIIQJIKY, KOJIM XBUJbOBUI BEKTODP ¢ € 3HAUYHO MEHIIWUI BlJI IpaMeTpy «, KOTpuii

BIJIIIOBI/IA€ 32 MUPUHY TOTEHITATBHOT MU (¢ < () CIIPABEJIJIUBUM € TBEDJIYKEHHS,

mq 2 mq
cosec | — | ~
2 2c

3aCTOCYBaHHS SIKOTO, B CBOIO Yepry, Ja€

1110

2me?

€(0,q) =1+ hxq

folgo,1)- (3.13)

Ille oxna BapTa yBaru Mozesb posrisayTa Ckitoncrpynom [134] i onmce y miit

MOJIeJIl TICHO OB si3aHUil 13 BUIle3rajlaHuM epeKTOM KBaHTOBOI'O “NPOHUKHEHHS .
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Lleit edexT Mae 3HAUYHUI BIUIMB HaA ONTHYHI BJIACTHBOCTI HAHOPO3MIPHUX
METAJIEBUX CTPYKTYP 10 sakux moxkHa Binmectn it ATMII, ta mosBossie sriaanTu
piski cTpubKM JjiiesiekTpuaHOl (DYHKIT B OKOJI TOBEPXOHD MOjILLy cepejosui [113].
Y Hill “ONPOHUKHEHHsI T'YCTUHU €JIEKTPOHIB B 00JIaCTh JIieJIeKTPUKa PO3PaXOBaHUit
3 BUKopucTanusam Mero y dyukiionany rycrunu (DFT) B mogeni “xene” [117,118,
137]

Ternszop jiesleKTPUIHOT TIPOHUKHOCT €(2, 2/, W) CKIaJaeThest 3 JOKaIbHOT L Ta
HesioKaJibHOl [N [, KOMIIOHEHT, X04a ¥ caMUMU aBTOpaMu 3a3HavYa€ThCst, 1110 TaKuit

OIHC € JIOBOJI “TpyouMm’.
€(z,2',w) =er(z,2,w) —enr(z, 2, w) (3.14)

L-xommionenTa € i30TPOTHOIO Ta OMUCYETHCA KJIaCUIHoI0 Mojesio pye.

e*n(z)

mep(w? + iyw)

er(z, 2, w)=(1- §(z — 21, (3.15)
ryr I — opuununa marpuis, a n(z) — 1pocTopoBo 3asekHa QYHKIIis eJeKTPOHHOT

TYCTHHE po3paxoBaHa BukopucroByoun DFT [117):

kr
) = = [ kU = R (3.16)

B sakiit Wy (z) — xBuiboBa (DYHKINSA, 10 OMUCYE MOBEIHKY €JICKTPOHA Y METAJeBii
TJTIBITL, & BIJIMOBIIHA TTPOCTOPOBO 3aJI€XKHa TJIA3MOHHA YaCTOTa € TaKOIO:
e*n(z)

wy(z) = —=. (3.17)

meop

[lomo N L-KOMIOHEHTH, TO BOHA BIJIOBIJAE 3a AHI3OTPOIIID B CHUCTEMI Ta
OTPUMYETLCA 1 TEH30pa, IMPOBITHOCTI METaJIeBOr0O IPOIIapKy oTpuMaHol Kejepom

[119] na ocrosi mMeToiy xaoTudrux dha3 ta Mae Taky Hopmy:

1 Jnm(qu)Jm n(q’zl)
/ _ - o ) ? d . 318
GNL(Z,Z ,w) 27T260hw2 ;/f s (q) w_{_z'fy_|_wm — Wy q ( )

Y upomy pisusini fy, ,(q) Bupaxkae pisuuigo pisuis Pepmi Mizk JjBoma cranamu
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3 eHepriamu €, = hw,, Ta €, = hw, BiANOBIHO, & J,,, — MATPUYHUIl €JEMEHT
IIOBEPXHEBOT'O CTPYMYy, KU 3aJIe’KUTh BiJI BUIVIANY XBUJIbOBOI (byHKIl W, 1110

BIJIIIOBIIa€ cTaHy 3 eHepriewo &, = hw,.

: eh .
Jnam = —5—(2iqAnm(2) + €3Bym(2)), (3.19)
TyT
Anm = Un(2)¥;,(2),
L OU,(2) O (2) (3.20)

Ak 3azHavaeTbcd B caMmiii  poOOTI  AHI3OTPOIHY YaCTHHY IIPOHHMKHOCTI
yCepeJIHEHO, 110 Jla€ B pe3yJbTari cryniHdacty QYHKIH BiJANyKy 1 edekt
“HPpOHMKHEHHs BXOJUTH TLIbKU B L-KOMIIOHEHTY, a edeKT Mi>K30HHOI'O IIEePEXO/Ly
B 00J1aCT1 JeJeKTPUKIB Oy/ie OIUCAHO Yepe3 Jienlo “MTy4uHy Moaudikalliio miel K
KOMITOHEHTH. 3 II€I0 METOI0 BBEJEHO (PYHKIINIO BIATYKY €JIEeKTPOHIB METaJy, siKi €

I[IJIKOM JIOKaJII30BaHl B MexKax MeTaJjy- »KeJe’:

€bound — 6meml(w) - ebulkz(w)- (321)

O6’emua QyHKITSA BITYKY €k (W), fKa BKITIOUAE B cebe 00’ €MHY TIA3MOBY 4aCTOTY

_ 2
wpy = y/ne2/mey, Gaxruino € KiacuiHoo Mojesto Hpye

w2

epup(w) =1 — —L— 3.22
butk (W) Pt iw ( )
a Emetag(w) — EeKCIEePUMEHTAJIbHO OTpuMaHa (PYHKIs BIIIYKY MeTajy (,[LJIH

3HAUEHDb JJIs Hararhox OiaropofHux MerasiB jguB. Hampukiaja [120]). Bpemrri,
Pe3yIBbTYIOUHil BUpa3 Jjisi L-KOMIIOHEHTH MOYXKHA mojaru y Takiit popmi [134]:

wy(2)

- m + (65(Z> - 1)@(|Z‘ - l/2> + Gbound(w)G(l/Q - |Z|)7 (3‘23)

er(z,w) =1

ne jopatok (e5(z) — 1)O(|z] — 1/2) Bijguosijgae 3a BIIMB CTIHOK-JI€JI€KTPUKIB.

Bupas (3.18), skwuii BijimoBiiae 3a aHI30TPOMi0 B MeTasi TexkK Ji€ B 00IacTi
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O(|z| — 1/2) Ta mae Takuit ocTaTOUHUIT BUTIISIL:

g2 5F en)O(er — &)
NL = wdeofﬂ (w+iv)? Z Jmn — R(w+iy)?

Emn = €m €n, (324)
2m 9
Gmn = ﬁ <\Ijm|2’\ljn>| Emn

Haocranok 3sayBaxkKmmo, IO OTpUMaHa MOJEJb Ja€ 3MOTY OTpUMAaTH Jiese-
KTPUYHUN TEH30p 3allMcaHuil y JlaroHaJibHOMY BUIJISJl B sIKOMY KOMITOHEHTHU

OIIMCYIOTbHCA HaBEJECHUMHU TYT JIOKAJIbHOIO Ta HEJIOKAJbHOIO KOMIIOHCHTAaMN

€r, 0 0
e(z,w)=10 ¢ 0|, (3.25)
0 0 €Ep

€p = €1, + ENL@(‘Z| — l/2)

OcTaHHBOIO PO3IJISTHEMO MOJIEb JIIeJIEKTPUIHOIO TEH30pa Y HU3BKOPO3MIPHUX
cucremax [94]. YV wiii B pamkax dopmasizmMy MaTpHIl TYCTHHH PO3TISHYTO
BIIJIUB BUMYTIYIOUOTI'O TapPMOHIYHOTO BEKTOPHOTO €JIEKTPOMATrHITHOTO MOTEHIlAJa
A(r,t) = A(r)e ™' Ha eJeKTPOHHY CHCTEMY DPO3PAXOBYETHCS BUKOPUCTOBYIOUH
KBAHTOBY Teopito 30ypenb [97,98| myist ramisbroniana cucreMu

H=Hy+ H,
.2

=2 v, (3.26)
m
0H=—(p-A+A-p)

MaTPHUIIl T'yCTUHU

(3.27)
Ta MaTPUI[l TOBEPXHEBUX CTPYMIB

3 - 50 + 557
2 (3.28)
63 =——A(r" t)o(r' —r).

mc
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Y m@x BUpazax P — ONMepaTop IMIYILCY, & Pg Ta J, TYCTHHA 3apsAJiiB Ta ONepaTop
CTPYMIB 3a YMOBH BiJICYTHOCTI BUMYIIYIOUOTrO (30ypIOIOYOr0) MOJsd, a MOTEeHIHal
V(r) Mosiesioe BIJIMB JIEJIEKTPUIHUX TTOBEPXOHb.

Bijiomo [126], 1110 TeH30p jiiesiek TpUUHOT IPOBIIHOCTI MOXKHA MOJIATH TaK:

i
e(r,r') =0(r' — 7)o, + —mJW(r, r'), (3.29)
w

ae 0,,(r, r") — Tensop nposinnocTi MerajieBoro mpomapky |94, 127, 128]:

1€
(1) = S )P 1)t
2 _ _
ie fo—fa €a—ep—ihy « (3.30)

X(WH(r)puVa(r) — Wa(r)p, W (r)) (W (7)), Vs (r') — Us(r')p, Vo (r'),

TyT W, € XBIJILOBOIO (DYHKIIIEIO €JIEKTPOHA, B €JIEKTPOHHOMY Ta3i, SKUil 0OMeKeHu it
B OTEHIIAIBHOIO siMOIO V (7°) 3 KBAHTOBUM YHCJIOM (v. PasoM jiBa ocranHi piBHAHHS
1 3aCTOCYBaHHS oTlepaTopa IMIYJIbCY Jdal0Th 3araJbHUI BUpa3 JJjisi KOMIIOHEHT
W, v ={x,y, 2z} JieJeKTPUUHOIO TeH30pa:

GAW(T7 rl) = E,E}V) (Ira ’I",) + 6/(123 (’l", ’I"/),

Viw?
e/(}y)(r,r’) = (1 — Nw]; Z fa]\Ifa(r’)|2) S(r' — 1),

h? Vw

2) (/) €a—Eg— iy (3.31)
G (T 7) 4meQZsa—€35a—55—hw—ih7

X (W(r)VuWa(r) — Wo(r)V,U5(r))x
X (WL (r)V, Ws(r') — Wg(r)V, Wi (7).
Ockijibky HaJlall HAC B POOOTI IIKABUTUME TLJIBKH KOMIIOHEHTa, ZZ, TO TYT

HaBeJIeMO BHPas3M, sKi OTpUMaHi came js Hel. Hampukman y Bumajgky, KOJu

norentiasg V(1) BiAMOBIjae MOTEHIiaTy HECKIHIEHHO TIMOOKOT MOTEHIAIBHOT SIMU,
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i 98]
\/geikzeiky sink,z if0<z<l,

\Ijkmvkyakn -
0 if 2 <0, z>1, (3.32)

™™

oy = 1
[
TO OTPUMYEMO, III0
Vw? -
el(z,2) = (1 - ; (k% — ki)sm%nz') 5(2 — 2),

w2 I 00 k2 2 k2 (k2 —+ Zkz)
@) N AWy Rp — Rp 1 w\""w g
€22 (r’ r ) anl2w? ; m:;;ém k%@ — ]{721 ( T (k% - k%@)z _ (’ZCL% + Zk’zy)2> -

X (ky sin kp, z cos kypz — ky, sin ky, 2 cos kp, 2) X

X (ky, sin k.2’ cos k2" — kp, sin k2 cos k'),
(3.33)

Jle np — MaKCcuMaJibHa KIJbKICTH PIBHIB PO3MIPHOIO KBAHTYBAHHSI

lkp

2mw
ngp = |— ,kfj:—kQ—
T

R

(1) (1) (1)

J10/1aTKOBO 3ayBaKUMO, 1110 B IbOMY BHIAJIKY €. = €34 = €yy .
Taxo»X BaKJIMBO HaCAMKIHEIb BIIMITHTH, 1110 38 YMOBH OJHOPIJIHOI MeTaJjeBol

IJIIBKY, TOOTO, KOJIM CHPABJXKYETHCs CIIBIHOIIEHH S
2 2 2 1.2
|k — ko | < K2, k3.

PO3TJIAHYTa MOJIEJIb CIIBIAIA€ 13 KJIACHIHOI0 Mojesio pye.

3.3 JlociigpKeHHd BILIMBY YMOBU €JIEKTPOHEHTPAJJIbHOCTI
Ta KYJOHIBCHKIX KOPEJIAIliii Ha CIIEKTP
MJIa3MOH-TIOJIIPUTOHHIUX XBUJIb
BifgpmicTh momepeiHbO  PO3TIAHYTUX MOJeNiell TpaKTYIOTh TOBEPXHI MOy

CepesIoBUIN, K TakKil, Ha SKHX BIJIUBH (PISUUHUX XapPaKTEPUCTHK CEPEOBUIIL

3MIHIOIOThCS cTpUOKONoioHo. Tobro, BB Ha noBejinky [IIIX okpemo B3siTOrO
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CepeJIoBHINA, OOMEXKYETHCA #OT0 TreoMeTpUYHOI Meskel. HacmpaBmi, Taxmii
HiJIX1JT He € IIJIKOM KOPEeKTHHM, OCOOJIMBO, KOJM MU HaMara€MOCh TOUHIIIE
ormmcatn nopeainky [IITX wa mosepxui ATMII, mist sxwx BIUIMB PO3MIPDHUX Ta
KBAHTOBO PO3MIpHMX €(DEKTIB, SIK y>Ke 3a3Ha9aJIOCh, € 3HAUHOIO MIPOIO CyTTEBHM.
Hanmani y npoMy MADYHKTI MH pPO3IJISHEMO SKAM YHHOM B OKOJII T'PaHUIb
0J1lJIy obJiacTeil MOXKHA BpaxyBaTH KpaiioBl edeKTH, OMKUCYI0UH X depe3 yMOBY
eJIEKTPOHERTPATHHOCT] I KYJIOHIBCHKI MIXKEJIEKTPOHHI KOPEJIATl Ta BUPAXOBYIOUH

BIUIMB 1uX sBulll Ha crekTp TTTTX.

3.3.1 VYmMoBa eJIeKTPOHEATPAJIbHOCTI

Posrisijy yMOBH  €7IeKTPOHEHTPaJbHOCTI B (HAJ)TOHKAX METAJIEBUX ILTiBKAX
MPUCBSICHO IUMAJIO pOOIT, sk sero gapaimux [140], tak it 6igbm cyaacaux [100),
141,142] y sikux nJiiBKa pO3JISJIAETHCA K CUCTEMa, HEB3AEMOJIIIOUNX €JIEKTPOHIB.
Y pobori [100] j10BOJEHO Ta HAOUHO HOKA3AHO, 110 3araJbHOIPUAHATHEH 11111 J10
BpaxyBaHHS YMOBH €JIEKTPOHEHTPATLHOCTI JIJIT MEeTaJIeBUX ILIIBOK, Y OCHOBI IKOT'O
JIE2KUTH MPHUIYIIEHHS, M0 MAPUHA MOTEHIIAJbHOI IMH € PiBHOIO I'eOMEeTPHUUHI
MMUPUH] TIJIIBKU, € HEKOPEKTHUM 1 BeJie JI0 Pe3yJIbTaTiB, K1 He Y3TOJKYIOTHCS 3
BijloMuMu. Xo4a, JiJisi [IOBHOTU KapTUHU, BApTO 3a3HAYUTH, 10 J0 1€l podoTn
Takox OyJu omybsikoBani mparii [143,144| B sikux Oysio BpaxoBaHO il 1eil MOMEHT,
aJie y HUX OyJIO B34TO HEKOPEKTHI 3HAUYCHHS JIJI BiJCTaHel MiXK CTIHKaAMKU MeTaJry
Ta Mexel mnoreHiiajabHOl simu. Ilpore, He3Barkalouum Ha 1eit (akT, pe3ysibTaTn
OTpUMAaHI JJId XIMITHOTO TTOTEHTIATY [ B TTUX pobOTaxX JOBOJI JTOOPE Y3TOMKYThCs
13 B2Ke BIJIOMUMU B JIITepaTypl pe3yabTaTaMu.

Ak OyJ0 ckazaHo paHilie, KOPDEKTHE BpaxyBaHHs YMOBHU €JIEKTPOHEHTPAJILHOCTI
Jla€ KOPEKTHI 3HaueHHs I XIMIYHOTO MOTEHIaJdy [t Ta HOro MOBEJIHKY
B 3ajJexXHOoCcTi Bij ToBmmun Ta Marepiaay ATMII. as 1miel poboru Ta
MoJjiesieii, ToOy/IOBaHUX Yy Hil, IIe € BaXJMBUM, OCKIJIbKU XIMIUHHI IIOTEHIiaJ
Mae Oe3mocepejiHiil BIUIMB Ha 3HaYeHHs XBUILOBOTO BekTopa Pepwmi kp. A
caMe 4Yepe3 HbOTO MU BU3HAYAEMO KIJIbKICTH PIBHIB PO3MIPHOTO KBAHTYBaHHS
y cymi s mogeni jiesektpudnol mponukunocti ATMIT (3.33) posrustayTol
B IIOIEPEJIHBLOMY PO3JiJil, Ta $KYy Hajaji MH OyJeMO BUKODPHUCTOBYBATU IIPU

HpOBeﬂeHHi MaT€MaTN4YHOI'O MOJIECJIIOBaHHA.
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Um)

—

Dielectric Metal Dielectric

Puc. 3.1: Ilorenmiannna sima.

Tyr Mm OyaeMo MOJENIOBATH CHCTEMY HEB3a€MOJIIOUNX €JIEKTPOHIB Yy
ACHMETPUYHIN TPAMOKYTHIH MoTeHmiaibHiil siMi ckindennoi rumbuan (puc. 3.1).
Ho/1aTKOBO MU TLJIbKK BPaXOBYBaTUMEMO TYT IIPOCTOPOBY JIUCIIEPCIIO B3JIOBXK OC1 £
HeXTyoun Heto B mtormual X OY) a ToMmy Maemo, 1o rH—r" = 0. Taxe mpumyTeHs
€ JIONyCTUMUM B YMOBaX pO3TJIsiTyBaHOI reoMeTpil 3aja4di B skiil miomuny X OY
MOXKHa BBaXKaTH HECKIHUYEHHO BEJMKOIO B MOPIBHSHHI 3 TOBIUHOIO TJIIBKH.

Y 1pomy BUIAJKY AK QYHKIHIO Jie ek TpuuHol IPOHUMKHOCT €o(7)| — rh, 2,2 w)

(1)

MU BUKODHCTAEMO €;; KOMIIOHEHTY JIEJEKTPUIHOTO TeH3opa (3.33)

nmaaz

2
/ / w /
€(0,2,7,w) = ex(z,w)d(z — &) = 1——7rn;2;(k12;—ai)|¢n(z)\2 8(z— 7).

(3.34)
CTiHKI/I AMU MOJICJIIOEMO TYT aCUMETPUYIHUM HOTeHHiaﬂOM
(
Uy akmo z <0,
U(z) =40 saxmo 0 < z <, (3.35)
\Ug AKITO 2 > Ly

Tyt [, — mmpuna norediiajabaol ssmu, TyT U; — poboTa BUXO/Y €JIEKTPOHA, JIJIsi

mienextpukis Mixk skumu 3arucayto ATMIT [80]. Oyukis

U, (r) = ge“k-rn)gsn(z). (3.36)

€ XxBUIhOBOIO yHKIIiEo eekTpona y ATMII, orovenoi morenniaaipbHuMI CTIHKAMH,
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a ¢,(z) — po3B’s30K crarionapuoro piBusuus [lIpeninrepa

W d
2mdz?

On(2) + U(2)dn(2) = Won(2), (3.37)

3 OJIHOPITHUMH KpaiioBuMu ymoBamu Jlipixiie Ha Kpasgx aMu

U, (r)] v, (r)|,_, =0, (3.38)

=0 2=ly

Tyt W — NOBHA eHerpis, sika MeHIa TJIMONHU TTOTEHIIAIBLHOT SIMHU.
Posp’sizytoun (3.37) 3 mnorenniansom (3.35) rta BpaxoByouu ymosu (3.38)
oTpuMyeMo, 1o (auB. Hamp. [101]):

)
2_ .2
LeViimaz gakmo z < 0,

S1

¢n(2) = C(a) { sin(az + arcsin -) gkio 0 < z < I,
| sin(ady, + arcsin &)e”V 5-02(-l) g 2 > 1, (3.39)
2
5 = h—?Ui i=1.2

Tyr C'(a) — HOpMAaTTi3y0Ua cTasa, IKy OTPUMYEMO 3 YMOBU HOPMYBAHHS

[lonp=1. (3.40)

1 33JIA€THCA BUPA3OM:

2

sin(aly ) cos(al, + 2arcsin &) '

Cla) =

3 5 3.41
l, + (a/s1) + (o/s2) 1 ( )

2_ 52 2_ 2 «
\/81 (67 \/82 «

Haui, 3acTOCYBABIN yMOBHU TIAIKOCTI (bYHKIIT ¢y (2) HA Mexkax smu z = 0 Ta

2=l
On(—0) = ¢u(+0), du(=1) = dn(+1),
dpn(=0) _ dpn(+0) don(=l) _ den(+l) (3.42)
dz B dz ’ dz o dz

i ymoBu HopmyBatHs (3.40), orpuMyeMo TpaHCIEHJIeHTHE ajirebpaidHe PiBHsHHS
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JIJIsT 3HAXOJPKEHHS 3B sI3aHNX KBAHTOBUX CTAHIB (v,

. Oy . Oy
aply = mn — arcsin — + arcsin —. (3.43)
S1 S9

MakcuMaJjibHe YUCI0 3B'A3aHUX CTAHIB Mynq, 3HAXOAUTEMO PO3IVISHYBIIM TOUYKH
JIOTUKY CIMeMCTBa KPUBWUX, K1 BU3HAUAIOTHCS MPABOI0 YACTUHOIO PIBHIHHS Ta
upsimMol y = L, AK pesysibrar 0JIepKyeEMO BUPa3, AKUl BUSHAYAE My
1 , . min(sy, S2) . min(sy, So
Nmae = | — | Lumin(sy, $2) + arcsin —————= + arcsin —’) , (3.44)
v S1 S92
Jle KBaJpaTHl Jy»KKH MO3HAYAIOTh B3ATTs 1101 dacTund. OCKIIbKH, SIK yKe
3a3HAYAJIOCD, IMIPUHA MTOTEHIIAJILHOL IMH € Oiabioo 3a Tosimuay ATMII, To gs

BpaxyBaHHsI YMOBH eJIeKTpOHe#TpasbHocTi mokagemo [100, 102]
ly =1+ dy + do, (345)

Je d;, ¢ = 1,2 nosnavatoTh IMOWHY TTPOHUKHEHHS €JIEKTPOHIB B Jli€JIEKTPUIHI
cepejioBuia (juB. puc. 3.1)
Bupasu ns d; 6ysno orpumano y [102]:

3 2 3 2 ; k
T il S—’—1+ 9 — i) aresin - . i=1,2. (3.46)

d; = -
Yy iy Ve =l 5

Y ocraHHBOMY PiBHSIHHI XBUIHOBHI BeKTOp Pepmi kp = /2mu/h € HeBioMuM Ta
HOBUHEH OyTH BU3HAYEHUH 13 YMOBU €JIeKTPOHEHATPAJIHLHOCTI.

YMOBa €JIeKTOHEHTPAJIBHOCTT JiJIst HAIIOT cucTeMu Mae Takuii Bursi [100]:
poSl = en,. (3.47)

3 1bOro BHUpa3y, SKIIO B3ATH BHUPa3 /Il KOHIEHTPAIl eJeKTPOHIB M. Yy

HEB3aEMOJIIIOUOMY €JIEKTPOHHOMY Ta3l MPU HU3LKUX TeMIepaTypax

S nma:}c
ne=3 Ok —q’—a*) =% (ki —aj)
q,x n=1
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0.635

0.625

10 15 20 25 30 35 40 45
C L

Puc. 3.2: Xsunvosuit Bektop @epwmi. Yepsoni mrpuxosi minii - (a) kp = Krpuik;
Cuni cyrubhi siinii - (b) L, =1+ dy + da

Ta MPUITYCTHUBIIH, 10 KOHIEHTPAIlisi TO3UTUBHOTO 3apsijy € Takoio [100]:

e
 4mrd

Po

TO OCTATOTHO OTPUMYEMO, IO JIJIsT BAKOHAHHS YMOBH €JIeKTOHeHTpasibHoCTi (3.47),

CJILJI BBAXKaTH:

2 1 Nmazx
s n=1

Pospaxyrok xBuiboBoro Bekropa @epwmi 3a dopmymown (3.48) ta mopiBHsHHS
3 KJIACHIHUM MiaxomoM st pisaux topmua ATMII nmokasye, 1o i3 3011bIIeHHIM
ropmmarn ATMII snadennst xBuanoBoro BekTopa PepMmi 3HU3Y HAOIMKAETHCS JI0
fioro 00’€MHOI'0 3HAUYEHHS, IIPU [bOMY CIIOCTEPIra€ThCH XapaKTepHa, OCIUJIsIIHA,
KapTHHa, dKa IMOpOJKeHa JIUCKPETU3all€lo PIBHIB PO3MIPHOTO KBAHTYBaHHSA Y
MOTeHTiaIbHi aMi (puc. 3.2).

st 3naxoykennst yacrornoro criektpy HIIX, sk yxke 3a3Havasocs, morpioHo
posruistnyTn piBHsinast Makesesa (2.54) st ATMIT 31 3mo/ies1b0BaH010 DyKHIIERO
JiejieKTpuuHOl npoHukHocTi. [Ilob6 oTpumarTn aHAJITHUUHHE pPO3B’'I30K DPIBHSIHHS

(2.54) 3 mienekrpuanoo dyukimieo (3.34) npeacraumo (3.34) TakuM THHOM:

e2(z2, 7, w) = (e2(l,w) + alea(z,w))d(z — 2'), (3.49)
e
) =1 [ et =1- 29N AT G
el,w) = 5 i €a(z,w)dz = T 2 = k) |on(2)], :
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e(z,w)

0.92

0.9 H

0.86 -
L

. . . . z [nm)
C 0 1 2 3 4

Puc. 3.3: [iesiekTpuuna NHPOHUKHICTH MeTaJieBOl IJIiBKU [ = Hnm upu 4dacrori
(OO

o = 4.

a

EXE)] / 6a(2)Pdz = o
3.01

- 14P(5 (;;+1>+%(1 cos(2hD)) + (5 — 1) sniei)).

BayBaxkuMo TyT, 1m0 ycepeanents (3.50) € JOMycTHMUM, OCKIIBKY JieIeKTPUTHA
byrkiis (3.34) 3HAUHO BLAXUISAETHCS Bljl KOHCTAHTHOIO 3HAYECHHSI TIIIbKK HA KPasiX
smu (puc. 3.3).
ITizcrasumo (3.50) y (2.54) i orpumMyemo
O*H,(z)
(9—52 + (kg(ez(l,w) + aAey(z,w)) — ki)Hy(z) = 0. (3.52)

Poss’stzok pismstams (3.52) st Hy(z,w) MOXHA IHMIYKaTH y BHMVISAL Psijly 110

CTEICHSIX 7), IPUUHABIIN UOr0 38 MaJIUi ITapaMeTp, TOMY

Hy(z,w) =Y n"Hp(zw). (3.53)
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[TizcraBusmmm (3.53) y (3.52) orpumaemo cucreMy andepeHIiaJbHIX PIBHSIHD

0 % + (kje(l,w) — k2)Ho(2) = 0,
1, 0*Hi(z) 2 2 g2
I + (kge(l,w) — k3) Hi(2) = —kjnAe(z, w)Ho(z), (3.50)
n' 0 1;[;2(2) + (k;ge(l,w) — ki)HZ(z) = —k:gfr}Ae(z,w)Hi_l(z).

st MmozesioBantst BBy ymoBu esiekrponeiirpaiabnocti ATMIT wa criekTp
IIIIX mu posrisinemo nynvose nabnuzkenust Hy(z,w) ~ Hy(z,w).

Y 1bOMY BHIAJKY JUCHEpCiiiHe DPIBHAHHS JJIs 3HAXOKEHHSI CIEKTPY MAa€

BUTJIA]T
a2 _ R/e t ke ks/e + k3/€27 (3.55)
k)l/El + k2/€2 k3/€3 + k2/€2
k2 =k —kie;, i=1,2,3, (3.56)

1o crisnajiae i3 pesysnbratamu orpumanumu B [1,133]. Tyt €1 = €(w), €2 = €(I, w),
€3 = €(w).

st orpumanoi mogiesii (3.55) MPOBEEHO Psiji KOMITIOTEPHUX CHMYJISTINA JITsT
CTPYKTYP 3 apaMeTpaMu IIapiB, iK1 BIINIOBLIAIOTH TAKUM peaJbHUM ILJIa3MOHHUM
crpykrypam: Vacuum/Ag/AlsOs, SiOs/Ag/AlyOs3, Vacuum/Ag/Si. Hani nis
cuMyJIsIT ojgano y tad. 3.1. Yei napamerpu jyist Ag posmimienoro na S% mijiKJiari
B34TO 3 [138,139] Ta [25].

Crpykrypa €1 €2 | Ui(eV) | Uy(eV)
Vacuum/Ag/Al,Os |1 |9 |9.855 | 8.505
Si0,/Ag/Al,O; |4 |9 87556 | 8.505
Vacuum/Ag/Si 1 ]13]9.855 |5.805

Tabs. 3.1: Ilapamerpu CTpyKTYp, BAKOPUCTAHI B KOMII' IOTEPHUX CUMYJISIIAX.

7



>
21
04
. ’/ { | 0.2
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L(ap) bl )

Puc. 3.4: 3anexmnicrs uacroraoro crnexkrpy IIIIX Bim Topmmum ATMII mna
Vacuum/Ag/Al,Os. Yeproni qinii - mogens dpyje (ep(w)), cuni ginii - €3(ly, w).

Ha puc. 3.4 nokazano pesyiabTaTh CUMYJIANIl JJisd “JIOBOJI BEJMKUX TOBIIUX
ATMII B konrekcri miel mojesi — 1000 + 1020 6opiBchbKuUX paJiiyciB Ta, MOPIBHSIHO
OTpUMaHI pe3yabTaTH 3 aHAJOTIUYHUMHU JAHUMU OJIep:KaHUMU JJis1 Mojesii Ipyne B

sKiit 3HexTyBano 3aryxanuam [1] mia Vacuum/Ag/AlyOs.

1 —

e(w,ly) = ep(w) (3.57)

€ &,

Bauumo, 1110 HaBITH JJIsi TAKUX TOBIIUH CIOCTEPIra€ThCsd 3HAUHA PIBHUIA MIXK
3HAYEHHIMU PO3PAXOBAHUMU JIJISI HACTOTHOI'O CIEKTPY, HPOTE COCTEPIraeTbCs
TJIaBHEe HAOJMKEHHS 3HU3Y JI0 3HAUEeHb PO3paxoBaHUX JJd Mozaeni pyre.

Ha pwc.3.7, 3.5 ma 3.6 mnokazaHO pPe3yJbTaTH KOMII'IOTEPHOI CUMYJISIIT
nomupentst  [IIIX B crpykrypax Vacuum/Ag/AlsOs, SiOy/Ag/Al,O3 1a
Vacuum/Ag/Si nns ATMII rosmunoio ~ 10 + 50 60piBchbKUX pajiiycis.

k, = 0.05(nm™1)

| [ ‘, 10 15 20 25 30 35 40 45 50

ST ‘ TTTTT L(ap)
33; " , ke = 0.2(nm™1)
&

’ 0.4
0 | 0.2 . . . . . . . )
0 10 15 20 25 30 35 40 45 50

10 20 30 40 50 . -1
L(CLB) ]‘.Ir(n7n’ ) L(“R)

Puc. 3.5: 3anexmnicrs uacroraoro crnekrpy IIIIX Bim Topmmunm ATMII mna
S10y/Ag/AlyO3. Yepsoni ainii - (a) kp = kppur; cunl aiuii - (b) L, = [+ dy + do

Y T1ab.3.2 HaBesieHO pe3yJabTaTH MOPIBHAHHS CHMYJBOBAHUX JAHUX 3

ekcriepumentom [25] st crpykrypu Vacuum/Ag/Si rosiimHa $IKOT CKJaJae
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ky = 0.05(nm™1)

10 15 20 25 30 35 40 45 50
L((ZU)
ke = 0.2(nm™1)

' 0
10 20 30 40 50 ky(nm™) o120 S sz) % 40 45 %0
L((ly) B

Puc. 3.6: 3Sasexuicts uacrornoro crnektpy IIIIX Big tomman ATMIT s
Vacuum/[Ag/Si. Yepsoni jinii - () krp = kppug; cuni ainil - (b) L, =1+ dy + do

k, = 0.05(nm™1)

10 15 20 25 30 35 40 45 50
L(ag)
k, = 0.2(nm™)

10 15 20 25 30 35 40 45 50
L(agp)

Puc. 3.7: 3Banexuicrs uacrormoro cmexktpy IIIIX Bix Tosmuan  ATMII
Vacuum/Ag/AlgOg. I‘IepBOHi JIIHIT - (a) kF = kaulk; CWHI JIHIIT - (b) lw = l+d1 —|—d2

[ ~ 2.4um abo = 43.54 GopiBebkux pajiycu. Ha xanb, y mpari [25] mpejgcraBieno
JMaHl TUIBKM Ui MaJiiX 3HAYCHb XBHJILOBUX BEKTODIB (K, é 0.1nm*1). Tum
HE MEHIII, MU MOXKeMO OaduTH, IO 31 3POCTaHHSIM 3HAUYEHb XBUJIBOBOI'O BEKTOPA
k; PO3XOJPKEHHsI MIXK CUMYJIbOBAHUMHU Ta €KCIEPUMEHTAJbHUMU JIAHUMKM TAKOXK
3pOCTaE. 3a3HAYMMO TYT TaKOXK, IO Xo4a i i crpykrypu Vacuum/Ag/Si
PI3HUIA MK MojiesI0 pyae Ta MoJesiFo BAKOPUCTAHOIO B CUMYJISAII] IPAKTHIHO

BIJICYTHSI MU HaBOJIMMO 1 111 jiaHi Jijisi (pOpMyBaHHs MOBHOTH KapTUHU.

3.3.2 KyJoHiBCbKi KOpeJisriil

Hesnauna pisamig Mk 3HadeHHAM BekTopa Depmi  po3paxoBaHUM st
ob’emHOr0o Marepiajay Ta 3HadenHsMu orpumanumu st ATMII 3 BpaxyBammsm
YMOBH €JIEKTPOHEHTPAJIBHOCT]I CHPUYMHMIIA TaKOXK, SK CBIJYaTh pe3yjabTaTH
MOJICJIIOBaHHSI, 3MiHy 10BejiHKu dacToTHoro cuexkrpy IIIIX ra pemo xparie
Y3TOJIXKeHHS 3 €KCIIEPUMEHTAJbHUME JAHUME Y TTOPIBHAHHI 3 KJIACHIHOIO MOJIEILITIO
Hpyne, xoua it He Jay:Kke 3Ha4dHe. Tomy, JIOTIYHO, HAIIMM IOJAJBIIAM KPOKOM
Oye crpoba MOKPAIUTU HAIy MaTeMaTUIHY MOJIeJib, 100 JOCATHYTH KPAIIOro

CHIBIAJIIHHS 3 eKCIEPUMEHTOM. 3 IIE€I0 METOIO, SIK 1 B MONEPEIHHOMY BHIIA Ky, MU
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k, =~ 0.028nm ™" k, ~ 0.049nm "
B @ (0 (@ [k @ [0 (@
0.02731 | 1.272 | 1.272 [ 0.62 | 0.04824 | 1.774 | 1.776 | 0.8
0.02753 | 1.279 | 1.280 | 0.62 | 0.04847 | 1.778 | 1.780 | 0.8
0.02776 | 1.287 | 1.288 | 0.62 | 0.04870 | 1.781 | 1.784 | 0.8
0.02799 | 1.294 | 1.295 | 0.62 | 0.04892 | 1.785 | 1.787 | 0.8
0.02822 | 1.302 | 1.303 | 0.62 | 0.04915 | 1.789 | 1.791 | 0.8
0.02844 | 1.309 | 1.310 | 0.62 | 0.04938 | 1.792 | 1.795 | 0.8
0.02867 | 1.316 | 1.317 | 0.62 | 0.04961 | 1.796 | 1.798 | 0.8

Tabs. 3.2: llopiBHsHHS 3 eKcrepuMeHTOM i cTpykTypu Vacuum/Ag/Si,
ropumuoio |~ 24nm.(a) — krp = krpur, (b) — lw = { + di + do, (e) -
eKCIIepUMEHTaJIbHI JIaHl. ag - OOPIBCHbKMIT paJiiyc.

PO3IISIIATUMEMO TTPOHUKHEHHsT eKCIIOHEHTHOrO “XBOCTa B JIIEJIEKTPUK B PaMKax
MOJIeNTl “7Keie”; ajie BpaxoBYIOUH KYJTOHIBCbKI Kopessil |99, 129].
[TosepxHeBnii MOTEHINAT 3MOJEIIOEMO MPSIMOKYTHOIO MOTEHIAIBLHOIO SIMOTO

Oe3KiHevYHOl IVIMOUHY Ta, 3 HIUPUHOIO [y,

oo gk z < 0, z > 1,
U(z) = (3.58)
0 axmo 0 < z < [,.

4K y>Ke 3a3HAYAIOCH TAKWH MOTEHTIIAJ JOMYCKAE AHAJITUIHNN PO3B 30K PIBHIHHS

[Ipeniarepa g eIeKTPoOHA

h? d?
___\Ijn U \Ijn = Wnllln )
() + U ()W (r) (r) 550
r = (TH, z),
3 OJIHOPITHUMHY I'paHnIHUME yMoBamu /Jlipixiie Ha Kpasx amu
W (7)]:=0 = ¥n(r)]:=1, =0, (3.60)

U, (r) = \/gei(k'r)gbn(z). (3.61)
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on(z) nnst norentiany (3.58) mae m06pe Bijomy dhopmy:

2Zgin(az) axmo 0 < z < Iy,

Ga(z) =4 VT (3.62)

0 kim0 2z < 0z > [,,.

KsanToBi uncina «, 1 MakCUMajbHa KUILKICTDH 3B SI3HUX CTAHIB 1,4, 38Ja€ThCS

TakuMu criBBijHomeHHsiMu |98, 99):

™ lka
n— 75 » Tbmazx — 5 3.63
=77 - (3.63)

AK 1y BumajKy 3 yMOBOIO €JIEKTPOHEUTPATBLHOCTI IMUPUHA MOTEHIIAIbHOI MU
[, € OLIBINOI BiJI MUPUHKU MeTaJieBOl IJIIBKU [ Ha TEBHY BEJIMYUHY. Y I[OMY
BUIIQJIKy BOHA BUIPIBHATUMETbCS Ha 3aJiexKHY Bijl XBUJIbOBOIO BekTOopa Depwmi

BenInHy d 3 000X OOKIB ILTIBKH.

Ly =1+ 2d,
3m w2 (3.64)

d(kr) =
(hr) = Sr T 820,

TOOTO BeuunHa d € PYHKINE HeBIIOMOI kp Ta TeOMeTPUYHOI MUPUHU MeTaly [.

Ocrarouano |99]

[ 16k2.12 4 24rkpl + 2572

3.65
2 8kp 8kr (3.65)

Y 1iit Mojedi TpPOMOHYEThCsT BPaXyBaTH KYJIOHIBCHKI KOPEJAIil depe3 iXHii
BIIJIUB Ha XIMIYHUI MOTEHIIaJ 4 1, 9K HaCJ1JIOK, Ha YUCJO PIBHIB PO3MIPHOIO
KBAHTYBAHHS Myq, TLIBKU Ha, JIEJEKTPUUIHY (PYHKIIO, HEXTYIOUHU 1X BILJIMBOM Ha,
periTy CKJaJIOBUX CUCTEMHU.

MogemoBatu fienekTpuany GyHKIio €0, 2, 2/, w) OygeMo sk i B mormepeHbo-
MYy BHUIIQJIKY.

Kowmrm'torepHa cumysisiiss OTPUMaHOl  MOJIeJl  MPOBOJMJIACA JUJIss  CTPY-
KTYyp 3 [apaMeTpaMu, sK1 BUIIOBIJIAIOTH peaibHUM IJIa3MOHHUM CTPYKTypaMm
Vacuum/Ag/Al,Os, Vacuum/Ag/Si, SiOy/Ag/Si (Ta6.3.3). Amamoriqno [0

MOTIePETHBOTO MYHKTY yCi mapamMeTpu B3ATo 3 pobitT [25,138,139).
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CrpyKTypa €1 | € ky ~ 0.028nm~ ! | k, ~ 0.049nm ™!
Vacuum/Ag/Al,Os3 |1 |9 (a) |(b) |(e) |(a (b) | (e)
Vacuum/Ag/Si 1 |12 0.696 | 1.288 | 0.62 | 0.889 | 1.784 | 0.8
Si0Oy/Ag/Si 24|12

Tabs. 3.4: TlopiaBHsiHHS 3 €KCIIEPUMEHTOM JIJIst
Tabn.  3.3:  Tlapamerpu  crpykrypu SiOy/Ag/St y BUNAIKY MIiBKE TOBIIH-
CTPYKTyp, BHUKOpucTami B Howo [ = 43.5a¢ 6opiBcbkux pajiycu. (a) — 3 Bpa-
KOMII IOTEPHUX CUMYJIALIAX.  XyBaHHSM KYJOHIBCHKUX KopeJisriii, (b) — 3 moBHuM
BPaXyBaHHSIM YMOBW €JIEKTPOHEHTPAJIHHOCTI.

0 o 20 40 60 80 100 120
L(ap)

Puc. 3.8: Banexuicts gacrorroro crexktpy Bijg Toiman ATMII gast crpykrypn
Si09/Ag/Si 3 BpaxyBaHHSIM KyJIOHIBCbKUX KODEJISIiii.

PesysibraT KOMIT'IOTEPHOI CUMYJISIIT JIJIsST 3HAXOJPKEHHSI 9aCTOTHOTO CIEKTPY
w(ky) st crpykrypu Si0Oy/Ag/Si 3 BpaxyBaHHsIM KyJIOHIBCbKMX KOpeJIstiiiii
300pekeHo Ha puc.3d.8. TyT YiTKO HOMITHI OCHHUJSIN] CHIPUIUHEH] FK KBaHTOBO
po3MipHUMK edeKTaMu TakK 1 (JyKTallisiMi €JeKTPOHHOI I'YCTHUHM Ha I'PAHMIL
JHEJIEKTPUK /MeTaJl CTUKY CepeJIoBuIll. TakoXK BapTo BiJ[3HAYUTH, 10 aMILITY/a
OCIMJISIIA 3MEHIIYETHC 31 3POCTAHHSIM TOBIIMHKM ILJIIBKU, TOOTO, 3MEHIIYETHCS
BILIMB 3a3HAUYCHUX eEKTiB.

[TopiBHsiHHST 3  OTpUMAHUMK  JAHUMW  JJIsT  [JIA3MOHHUX  CTPYKTYD
Vacuum/Ag/Si and AloO3/Ag/Si 6e3 BpaxyBatHsi KyJOHIBCbKUX KOPeJIsIiii Ta
3 TOKA3YIOTh 3HAYHUII BILIUB Kopessiiii wa wactorauit cnextp [MIIX w(k,) s
ATMIT (pwuc. 3.9 ta puc. 3.10). IlopiBHsiHHS XK 3 pe3yibTaTaMu eKCIIepUMEHTY |25
nuist crpykrypu SiOy/Ag/Si [25] (tab.3.4) cBiguuTh Npo Te, IO BpaxyBaHHs
KYJIOHIBCbKUX JIA€ JIJIsi 4YaCTOTHOI'O CIHEKTPY 3HAYHO Kpallle Y3rOJRKEeHHS 3

EKCIIEpUMEHTAJIbHUMU JTaHUMMU.
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3 k, = 0.05(nm™1)
S
/§|5~\ E
[\8}
5 - P
< a2 020mT)
05 3/27‘
-
ﬁ\o 1 1 L L L L L |
R 10 15 20 25 30 35 40 45 50
T ez L(ap)
015 T 50
101}\\ “ i
_ 0 i 15
ka(nm™) L(ag)

Puc. 3.9: IlopiBasginHEa 3a/e:KHOCTI 9acTOTHOTO crekTpy Bif Topmman ATMII mia
crpykrypu Si0Oy/Ag/Si. Yepsoni jinil — ymoBa ejieKTpOHEHTPAIBHOCTT; CUHI —
KYJIOHIBChK1 KOPEeJISIIii.

30 30

20 20

ky(nm™t) g L(ap) ky(nm™) x L(ap)

Puc. 3.10: IlopiBHsiHHS 3aJjeKHOCTI dacToTHOrO crekTpy Bij Tommuan ATMII
st ctpykryp a — Vacuum/Ag/Si ta b — AlyO3/Ag/Si. Yepsowni Jinii — ymosa
eJIEKTPOHERTPATHLHOCT]; CUHI — KYJIOHIBCHKI KOPEJISIIIT.

PospaxyHnok jjd acuMeTpudHOI HPsIMOKYTHOI IMOTEHIAJbHOI SIMU 3 Bpaxy-
BaHHSIM KYJIOHIBCHKUX KOPEJISIiii BUMarae moOyJI0BU CKJIAHINIOI Mojesi. Tomy
CIIOYATKY OIIHMMO BIUIUB ACUMETPUYHUX CTIHOK Ha KYJIOHIBCHKI KOPEJIAIll BBIBIIN
MojenpHuit Koedimient K, KMl 3aa€ThCs CIIBLIHOIIEHHSIM MiK XBUJILOBUM
BekTopoM Pepmi y Oe3kiHUeHO IIMOOKi siMi 06e3 IMOnpaBKKM Ha KyJIOHIBCHKI
KOpeJIstiiil kg iy £, 10 3HAUCHD IHOIO 2K BEKTOPA 3 BPAXyBaHHAM IIMX HOIPABOK kgm £

Fiing

K=—— 3.66
kF,inf ( )
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kF.ins 3HaX0MMMO 13 criBignontents [130]

3 Nmaz,in 7T2
27=3 = ;i f kl%’,mf — l—(nma%mf + 1)(2nmax,inf + 1) ) (367)

w,inf

Y AKOMY ly jng — IIUPUHA HOTEHIIAJBHOI AMU 3aJIC2KHA BiJ KF i f-
. . . C
Y rTakiiff Mojiesi MM IIPONOHYEMO MIyKaTH 3HadeHHA depmi-BekTopa Kkp B
aCUMETPUYHIM TOTEHIaJbHIN Ml 3 BpaXyBaHHSIM BILIMBY KOPEJAIIH K JJ0OyTOK
BBEJICHOI'O MOJjieJibHOrO KoeditienTa K Ha kp nopaxosBaHuit B Takiii xKe simi 6e3

IIOIIPABKHU Ha KOPEJIAIil, TOOTO IOKJIaIaEMO:

kS = Kkp. (3.68)

C

Tak s1K, OKpim kg, HAC TaKOXK I[KABJATHL BIMOBLIHI KBAHTOBl YHUCTIa

C

rap Ta IIUPUHA IOTEHIIAJbHOI dAMU lg(kg)

IXHd MaKCuMaJibHa KILJIbKICTH 71
MH CKOPHUCTAEMOCA JIJIsI 3HAXOKEHHS IUX BEJWYWH BIIMNOBIIHUMH BHpa3aMHu

orpumanumu it ATMII 3 BpaxyBanusaM eeKTpOHEATPaJIbLHOCTI, a caMe:

. e
oznlg = mn — arcsin — + arcsin —,
S1 59
1 , . man(sy, S . man(sy, Sy
NG = | = 1Smin(sy, s2) + arcsin min(s1, 57) + arcsin min(s1, 52) :
" o1 52 (3.69)
C
ly =1+ di+dy,
2m ,
S; — ﬁUZ 1 = 1, 2.

PesyiibraTu po3paxyHKiB 10aH0 B TabuIll 3.5. O0Unc/IeHHS IPOBOAUINCST JIJIsI
rosimuH wiiBku [ = 10 + 50 GopiBcbkux pajiyca (ag). Ak 6adnmo 3 oTpuMaHuUX
pe3yJIbTaTIB PIBHUIST MiXK pe3yabTaraMyi He3HauHa — B IepeBarkHiil OlIbITOCTI
y TPEeThOMy 3HaKy Iicjst KoMu. KiJIbKICTh BUINAJKIB, KOJU 3HAUYEHHS CIEKTPY
w(kp) i3 KyJOHIBCHKOIO B3a€MOJIIEI0 MEHIIA BiJl 3HAUECHb 063 TAKOTO BPAXyBAHHS
nepeBaxkaioda (mpubau3Ho BiBiul Olabiie — 3616 g0 1969 3 5585 mposejeHux
O0UIHCIICHD ).

[TisicymMoByOUM MK MOXKEMO CKa3aTH, IO X04a PI3HUIA MiXK JBOMa MOIEJISIME
HasABHA, aJjie HABITH Iie JIOBOJI “Tpybe”’ MpUIIYINeHHS Ja€ 3MOI'Y CTBEP/XKYBATH, 10

aCUMeTpII0 MOXKHA He BPaXOBYBATH.
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k, | w(kp) | w(kE) A

[ = 10&0

0.0091022 | 0.4176192 | 0.4159653 | 0.0016539252
0.0159288 | 0.5721606 | 0.5678336 | 0.0043270311
0.0250309 | 0.659788 | 0.6531173 | 0.0066707077
0.0341331 | 0.6962631 | 0.6884192 | 0.0078438605
[ = 25&0

0.0091022 | 0.4296499 | 0.4351148 | -0.005464896
0.0159288 | 0.6051573 | 0.621113 | -0.015955668
0.0250309 | 0.7125119 | 0.7392965 | -0.026784623
0.0341331 | 0.7593011 | 0.7920886 | -0.032787524
[ = 43&0

0.0091022 | 0.43597 0.5823444 | -0.46374432
0.0159288 | 0.6236694 | 0.7122253 | -0.088555882
0.0250309 | 0.7436734 | 0.7978894 | -0.054215925
0.0341331 | 0.7974989 | 0.8392481 | -0.041749187

Tabs. 3.5: Pesynbrarn cuMysidnii Jjid BpaxXyBaHHs BIUJIWBY acuMmeTpiil. Ileprwit
CTOBTIEIb — 3HAYEHHsI XBUJILOBO'O BeKTOpa y 1/mm, japyruii — 3HaYeHHs
YaCTOTHOTO CIEKTPY Y BUIAJIKY HECKIHYEHHO TJIMOOKOI MOTEHITIAJIBHOT SIMU, TPeTiit
— 3HAYEHHsl YaCTOTHOI'O CIEKTPY 3 BPaXyBaHHSAM MOJICJILHOTO KOeMIIieHTy,
YeTBEPTUN — PIBHUIE MIXK 3HAYEHHSIMU B TPETHOMY Ta HY€TBEPTOMY CTOBIIIISX.

3.4 BucHoBKU

Y oMy pO3Jiji aKIEHTYEThCS yBara Ha TOMY, IO PO3IVIS] METaJJeBOro
upowapky /ATMIT sik KBAHTOBOT 1JIa3MU € 3arajoM JIOLUIbHIIIMI, OCKIJIbKY B
YaCTUHI BUIAJIKIB TaKM X1 JJA€ TOUHI pe3yJibTaTh. 3 OIVIsIly Ha 1€, I0YaTKOBO
PO3TJISTHYTO Ta TTPOaHaJI30BaHO MOJIE/Ih Xa0TUIHUX (pa3, sika 0a3yeThest Ha edeKTax
€KpaHyBaHHS Ta KOJEKTUBHOI MOBEJIHKKM eJeKTPOHHOI 1ta3Mu. [loOyjioBano
rpadikn GYHKINT JieJeKTPUIHOT TPOHUKHOCT] “pI3HUX MeTaJeBUX MPOIIAPKIB Ta
MOPIBHAHO 3 Moo pyre.

SIK1

Hasi  pos3rstHyTo MOJe/l  JIe/JIeKTPUIHOT TPOHUKHOCTI, JIO3BOJISIIOTh

jgociiyuTu BB - nipoctopoBol  jgucnepcii  wa ATMII.  Cnouarky onwucano

IPOCTYy MOJeJb IPOBIJIHOI JUCIEPCHOI CHCTeMHM B SKiil Jjsg  Toro, 1100

BpaxyBaT! MiXKUYaCTUHKOBY B3a€MOJIiI0 3acTocoBano morentian [lemsa-Temmepa
Ta MATPUIHUN €JIEMEHT TTOTEHIIAIy eJIeKTPOH-eJEKTPOHHOT B3aEMO/III.
TOYHOCTI

[likaBima Mojiesib 3 TOYKKM 30py sK 1 MOJIEJIOBaHHSA TaK 1
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ONKMCY TOBEIHKN JIeJIeKTPUUHOl (DYHKINR Ha TIpaHUIEX JOTUKY CEpPeIOBUIIL
nobyoBaHa Ha e@deKTi KBAaHTOBOIO “TIPOHUKHEHHsI ~ eKCIIOHEHTHOI'O XBOCTa
eJIEKTPOHIB B JiiesiekTpuk. [lokazano, 1mo Bukopucropytoun DFT Mmoxkna onucarn
116 NPOHUKHEHHs 4Yepe3 Po3rJist)| PYHKIIT I'yCTUHU €JIEKTPOHIB $K 3aJIe’KHOI BiJ|
IIPOCTOPOBOI KOOPAMHATU Z. BinMmiueHo, 1o BpaxXyBaHHS 3a3HaYeHUX edeKTiB
JIO3BOJISIE 3TJIAJUTH PI3KUH cTpuOOK (DYHKINT JIieJIeKTPUIHOI MPOHUKHOCTI Ha
I'PAHUIIAX CEPEJIOBUIII.

Posriisiyi  iieieKTpudHOro TeH30pa  100YyI0BaHOIO B paMKax (opmasizmy
MATPUIl T'YCTUHU Ta 3aCTOCOBYIOUM TEOpifo 30ypeHb 110 MAJOMY IapaMeTpy J1aB
B pe3yJibTaTi BUpa3 JiJjis JlilaroHaJbHOI 22z KOMIOHEHTH TeH3opa. OTpuMaHuii BUpa3
3aCTOCOBAHO MMPU BpPaxyBaHHI YMOBU €JIEKTPOHEHTPAIBHOCTI B MOJIE1 TIOTTUPEHH S
ITIIX B crpykrypi JMAJ. VY niii mogeni, MerajeBuii IPOIAPOK PO3TJISTHYTO
B MeXkax MoJiesi “Kese’ dK eJeKTPOHHY CHUCTEeMY TOMINEeHy B aCUMETPUIHY
HOTEHIAJIbHY MYy CKIHUYeHHOI ryimbunu. Pe3ysibTaru MoJIe0BaHHS IOKa3yIOTh,
MO, B TMOPIBHAHHI 3 KJACHYHUMW TIJIXO/IaMW, KOPEKTHE BpaxXyBaHHSI YMOBU
€JIEKTPOHENTPAJILHOCTI Jla€ PE3YJIbTaTh JIIsi 4aCTOTHOI'O CIEKTPY, sKi Kpalle
Y3TOKYIOThCS 3 €KCTIepUMEHTOM Jijist cTpyKTypu Si0y/Ag/Si. Takox miis 1iel Ta
IHIIX 3MozenboBanux cTpyKTyp JAJl mposBiserncs xapaKTepHa OCIUJIAIIRHA
KapTUHA HEBEJIMKOT aMIUITYJM $K (YHKIS TOBIIMHU MeTaJly, siKa Halpsamy
3aJIEXKUTh BlJ| [MOBEJIHKM XIMIYHOI'O MOTEHIIAJy PO3PAXOBAHOI'O B TaKUX Ke
JpiznuHEX yMOBax.

3 MeTO0 OKPAIIKUTHA OTPUMAaHI IIPX PO3IJIsi/li BILIUBY YMOBU €JIEKTPOHENRTPaAJIb-
HOCT1 Pe3yJibTaTh, a caMe, OJIep>KaTh Kpallle Y3roJXKEeHHs 3 eKCIIepUMEHTaJIbHUMU
JIAHUMM B [bOMY PO3JLJIL  PO3IVISHYTO BIUIMB KYJOHIBCbKHUX KOPEJIAiit  Ha
yacroruuii cuexktp IIIIX. ITpoBenennii anasmis ¢cBigunTs, 1mo jis ATMII Tosmmnoo
~ 10+ 20 MIII (1IMHI ~ 2.4xM) iXHIil BIUIMB € 3HAYHUM. 3aJIeKHICTH YACTOTHOTO
ciekrpy IIIIX Big toBmmum ATMII Takok xapakTepusyeTbCsi OCHLJISIIHHOIO
KAPTUHOI JIJIs1 TIa3MOHHUX CTpYyKTYyp Vacuum/Ag/Si, Vacuum/Ag/AlyOs,
Si049/Ag/AlyO3 3 HOCTYIOBUM 3MEHIIIEHHSIM AMILTITY/IN OCIUJISTI# 31 3pOCTAHHSM
toBimuHKU. [IpoTe, K 1 y BUNAJKy BpaxyBaHHS YMOBH €JEKTPOHEHTPAIHLHOCTI
Vacuum/Ag/Si amiuiityna ocuuisiiiii € MeHIl [HOMITHOK YMM JiJIsi 1HIIUX
cTpyKTyp. HaiiBaxkyiuBiluM pe3yabTaToM, MpOTe, € 3HAYHO Kpallle y3TOJ»KeHHsI

3 EKCIEPUMEHTPAJbHUMHU JIAHUMK UUM JJIsl IHIIUX PO3IVISHYTHX B Il poboTi
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Mojiesieit, IO TOBOPHUTHL MPO 3HAUYHUN BIJINB KYJOHIBCHKHX KOPEJAIiil Ha
xapakrepuctuku [IIX mmsa ATMII.

Y mijioMmy, 3HAUYEHHs, OTPUMAaHI MPU CHUMYJSIINA 10OYJOBAHUX B IHOMY
PO3ILIL MoJiesielt MOKa3yIoTh, 10 BpaxyBaHHS JIMCKPETHOI MPUPOJIA XBUIHOBOIO
BekTopa ®PepMi B 3a/I€KHOCTI Bij piBHIB posmipuoro ksantysanis B ATMII Ta
MTPOHWKHEHHS €JIEKTPOHHOI TYCTUHU B TIJIONIAHY JieJeKTpUKa JJIs YIbTPATOHKUX
MJIIBOK MaloTh 3HaUHWM BAMB Ha vactoTHuii crektp IITIX i gaa xapakTepHux
IJIA3MOHHUX CTPYKTYP HOBUHHI OyTH BpaxoBaHi IPU aHaJi3i eKCIIePUMEHTaJbHUX

JaHUX.
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PO3JILII 4

MaremaTnune MoaeIIOBaHHS IIOIIUPEHHS
I1JIA3MOH-IIOJISPUTOHHUX XBIJIb B
peaJibHIX CTPYKTypax

JIieJIeKTPUK /MeTaJl / TieJIeK TPUK

4.1 Ilma3zMOH-IOJAIPUTOHHI XBWJI JJId BUMAJAKY HAATOHKIIX

MeTaJIeBIX MPOINapKiB

Orpumani y posjial 2 juiss cucremu piBHAHL MakcBesa BIIIOBIJHI XBUJIBOBI
piBagang (2.51) ta (2.52) moxkna po3B’s3aTH 3a0e3MEUMBIN  HEOOXITHI 15
TAaKol IIPOIEJypH KpaioBl yMOBHU, sKi MOXKHA BBECTH BHKOPHUCTABIIN YMOBU
HerepepBHocTi  BekTopiB Hapyxkenocri H rta E [89, 132] Ha reomerpuuniii
rpaHUil HOJLLY cepejoBull, B 1omuHax z = +I/2 rta z = —[/2. Tlpore,
TYT MM JIEIO CIPOCTHMO 3aBJaHHs 3POOUBIINKM MOJICJIbHE IPHUINEHHS B MeEXKax
sskoro posrusimatnMemo ATMII sk 1BOBUMIPDHY €JIeKTPOHHY CHCTEMY, JIJIsT STKOT
BUKOHYETHC yMOBa 2kp ~ 1.

Posnouremo 3 Toro, 1o 3HaiijieMo po3B’s30K i piBHsIHB (2.51) B obsacTsx

JIleJIEKTPUKIB.

H) (w,2) = et 4 Cyle v,

| (4.1)
ki = \/k%—I—k(Q)EZ’, 1 = 1,3

YmoBu 3aracanng EM mos1iB Ha Oe3KIHEYHOCTI

{H7 E}z—>:too — 0
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- . : 1
BU3HAYAIOTH (hOPMY PO3B’SI3KY y KOXKHI 3 obacteit. Tomy B obiacti ()4 01( ) =0
i

HY = Ae k2 A=Y, (4.2)

a B obmacti {1y C’ég) =01

HY = BeM*, B=c. (4.3)

Y cucreMax B SIKHX IIPOCTOPOBA, JICIIEPCist BICYTHsT ab60 € 3HUKOMOIO, 3B’ 130K
nosis H ta E st TM xBusb € rakum (nus. (2.35) abo [1,133]):

g _ ;L oH,
B — g
§ WENE; Y
abo .
Ea(}) . Ae M7
weoer (4.5)
EW = — i Ae™h7,
¥ WepE]
k
Ef’) =i Beks%
Wepe
ko 3 (4.6)
E®) = - Be sz,
N WEpEs

Ak zazragasiock uire, podrsiy ATMII sk BoBUMIPHOT €JIeKTPOHHOT CUCTEMHT
JIOBBOJISIE JIEIIO CIPOCTUTU YMOBHM HEIEPEBHOCTI I10JIIB, K1 B I[[bOMY BUIIAJIKY

noTpibHO “3mmTr’ B maomuHl z = (. YMOBH 3IIUBAHHSI B MAIOTh BULJIsI)T HABEICHU

y (2.55)
n X (H3(—0,w) — H1(+0,w)) = J(ks, z,w),

(4.7)

n - (Bs3(—0,w) — B1(4+0,w)) = 0.

[ToBepxuesuii ctpyM J B 00J1aCTI JOTUKY Ma€ BUTJIS]T
J = Js(ky,z=0,w) = Ju(ky, 2 = 0,w) = 090 (kyyw) By (ky, 0, w), (4.8)

y KoMy FE, — HampyKeHICTh eJIEKTPUIHOTO ToJIst B mtomual 2 = 0.

[TijicraBuBiim orpumani pesyibraru Juist komrnonenT EM nosist H ta E B ymoBU
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smmBanis (4.7) Ta 3amasum nopmanb = (0,0, 1) maemo

1 3 —
Hy( J(40,w) — H®(=0,w) = —J,(ky, 0,w),

y
(4.9)
EM(+0,w) = EP (-0, w)
Crani A ta B orpumyemMo 3 cucTeMU PIBHSAHD
ki
A — B = Aoyo(k;,w)- :
TWeper
ke s (4.10)
A— = —-B—.
€1 €3

Henynbosuit poss’sizok (4.10) icHye, sIKIO BU3HAYHWK BIITOBIHOT CHCTEME

A = 0:

k k k
Sl 1+i——0p0 | +— =0, (4.11)
€3 WEpEq €1

10 Y BUCJLI Jla€ JUCIepclitie CIBBIIHOMEHHS JIJIs HaIlol MOJIe

e1(w)  e(w) 000 (ky, w)
= — . 4.12
]{31 + kg iWEO ( )

Tyr BaxKJIMBO 3ayBaKUTH, IO TaKUil ¥Ke XK BUpa3 OyJI0 oTpuMano y pobori [11]
JIJTsT AHAJIOTIYHOI TeTepOreHHOl Ia3MOHHOI CTPYKTYpH, Tiibku y posi ATMII 6yno
B35TO T'padeH, KUl € 1IJIKOM JIBOBUMIPHOIO CTPYKTYPOIO.

JlJ1st 110/1aJIbIIOr0 JIOCJIIJPKEHHST MOJIe/Il Ta OTPUMAaHHS 3HAYEHb [1JIa3MOHHOI'O
cnexkTpy IIIIX My moBwHHI 3a/1aTH 3HAMEHH I TIeJeKTPUIHUX TPOHUKHOCTEN €]
Ta €3 Ta 3a/1aTH MOJICJBHUIT BUpa3 Jyist mpoBiHocTi Metasy o(k,,w). diemekrpuani
TPOHUKHOCTI TYT MU OpaTUMEMO y TaK 3BaHOMY BUCOKOYACTOTHOMY HAOJIMXKEH] JIJIsi
SKOro €(—00) = const, a Jijisi IPOBIJIHOCTI TYT BUKOPUCTAEMO 3Ia/laHl yyKe HAMU
mogeni Hpyme Ta RPA.

[IpoBignicts y moneni Apyne mae BUT/IA

€2EF 1

mh w4 i1

000 (ky; = 0,w) = (4.13)
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BiBmn 6e3po3MipHi 3MiHHI
¢ =—,w=— (4.14)

OTPUMAEMO 3Hepo3Mipere jucrnepciitne crisignoments (4.12) masa momeni (4.13)

€1 €3 8 1

kRS - w*(kpag) w* + 171’
k= /g2 + Mei(w)w?, (4.15)
Er 1k hr—1

“ome T T Ep’

A*

TYT ag — pajiyc bopa.
Takox, Hajla1i M1 BUupakaTuMeMo J100yTok krag yepes nmapamerp Lesi-Mann-

Bpakuepa 7, [136,137], sikuit Busnauae kounenTpariio ejexrponis 8 ATMII:

3

2/3
krag = (E> Ts. (4.16)

[IposiBiin mporeaypy 3uepo3mipents g mogeai RPA mu orpumyemo

€1 €3

KR

w = (e (-5 1) e (3o 57 -))
wr )= (v -0 (13 -5)) -2 (4 5)))

= —(x1(¢", ") +ixa(q¢",w")),

M

2
=
¢* (krao)
= *
CiI—q,DiZO q*zlzw—>|< > 2,
g + < q
q
w*
Cyi=0,Dy=1 q*:i:—* < 2.
q

(4.17)
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4.2 BpaxyBaHHd TOBHIMHU METAJEBOTO HNPOMIAPKY HA

CIIEKTP IJIASMOH-IIOJIAPUTOHHNX XBUWUJIb

[TpumiTHO, 1110 HepeBarkHa, OLIBIIICTD PO3IVISHYTUX KJIACHUHUX, KBa3IKJIACHIHUX
Ta KBAHTOBUX MOJIEJIEH JIeJIEKTPUIHUX TPOHUKHOCTEH Ta mposigrocrein ATMII
HEe MICTSATh B €00l 3aJjiexKHOCTeH Biji HPOCTOPOBUX KOOPJIMHAT, 1110 B IEBHIi
Mipl HakJaJla€ oOMeXKeHHs Ha JIOCJIKeHHsI BIIuBY Ha crekTp I[IITX posmipHux
edeKTiB, MIPOCTOPOBOI JUCHEpCil UM IHIIMX XapaKTepHUX HEJIOKaJbHOCTEI,
OB sI3aHUX 13 TIpoCcTOpoBUMEU KoopaumHaTtamu. Cepes pobdiT, y ssKUx OyJu ornmcaHi
Bulle3rajlaHl pyHKIIIl, K 3a/eXKHi Bij| IPOCTOPOBUX KOOPJMHAT BAPTO BIJIMITUTH
|135] Ta yxe 3ragani mamu surme |94, 134]

[Toanbimit pO3BUTOK MOjIeJi y Hallliil poboTi MU MaTHUMEMO 0e3I0Cepe/IHbO 3
mojiesii pospobuienoi Kypbaiibkum [94], ockisibku BoHa HaiiblIbIle HAJAETHCSA JIO
anaJiiTuaHoro onucy notupents X y Bunajiky, skio JiejeKTpuKku, siki 0To4uy-
totb ATMII, Bosoif0oTh KapIMHAJBHO PI3HUME (PIBUIHUME XapaKTEPUCTUKAMHI Ta
mu Gepemo jo ysarn topumnay ATMII.

Busejientst Mogiesii, po3nodHemMo 3 Toro, 1o Jyisi onucy GyHkuil €(qg, z,w) mu
BUKOPUCTOBYBATUMEMO JIUIIEHDb JTIaTOHAJIBHY KOMIOHEHTY Te30Pa JIieJIeKTPUIHOL

IIPOHUKHOCTI

w

652 > fn|\Ifn(r’)\2> 5(r — ). (4.18)

e(r, 1’ w) = (1 -

n

Y (418) w, = \/4mn.e?/m, — nnazmosa uacrora |1, 80|, n. — KoHIeHTpanis

eJICKTPOHIB B MeTajeBoMy Tpomapky, f, = O(e, — ep) — dbyuxiia @epwmi-lipaka
[94,96], ©(x) — dbyuknis Xesicaiina [96], ep — enerpis Depwi [80,96], r = (r), 2).
OyukIis

U, (z,y,2) = \/gei(k"r)gbn(z) (4.19)

e xBUIbOBOIO GyHKIig |98] esekTpoHa B MeTaseBOMY MpPOMIAPKY, a ¢,(z) €

PO3B’SI3KOM PIBHSHHSI

W d
 2mdz?

Pn(2) + U(2)Pn(2) = Won(2), (4.20)
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gke € piBugaHaM Illpenminrepa, 1o ommcye MOBEIIHKY eJEeKTPOHA B MeTaJeBii
mwrisni [98]. [Mosepxuesmii morenriag U(z) MOIeNIO€ HASBHICTH MOBEPXOHD, sIKi
0OMEXKYIOThH TIIBKY:

)
Uy saxmo z <0,

U(z) =40 saxmo 0 <z <, (4.21)

\UQ SIKINO 2 > [,

Je | — ToBimHa MeTajeBol iiBku. Poss’s30k pisasiabs (4.20), sikuii 3a10B0JbHAE

yMOBH ¢(z — £00) — 0 MOXKHa TOJIATH TakK:

(AeX”,Xl = \/%—’Q(Ul — W) if 2 <0,
On(2) = § C1€%% + Coe™% k= /22 if 0 < 2 < I, (4.22)
| Bevt,xo = \/2;1—?((]2 W) ifz>1

Crani A,Cy,Cy, B Buznauumo i3 yMOB HenepesHOCTI ¢,(z) Ta riajkocti
(mudepentiiioBHOCT ) dgi’l;f) XBUILOBOI (bYHKINT Ha Mexkax z = 0 Ta z = [:
¢n(_0) - ¢n(+0)7 ¢n(_l) - ¢n(+l)7
A (—0) _ dgn(+0) dgn(—1) _ den(+) (4:23)

dz dz = dz dz

1 YMOBHU HOPMYBaHHSI

[lonp=1. (4.24)

3 9KOI 1 BUTIIMBAE, 1Mo ¢(z — £00) — 0.

Maemo . .
X1 tX1
=Al-—-— =Al =+ =— :
¢ (2 2@) G2 (2 * 2a>’ (4:25)
B = A(Cos(al) 4+ AL sin(ozl))eXQI, (4.26)
a
1 1 2
|A]* = <— + —(cos(ozl) + M sin(al)) +
2x1  2x2 el (4.27)
Lxi X1 Ll xiy . - '
+§ (@ + 1) + ﬁ(l — cos(2al)) + Z(& — 5) sin(2al)

HaJjii, 3 THX »Ke yMOB HEIePepPBHOCTI Ta IJIaIKOCTI, OTPUMYEMO TPAHCIEIEHTHE
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ajirebpalvHe DIBHSIHHS JIJsl 3HAXOJ/[PKEHHST PIBHIB PO3MIDHOTO KBAHTYBaHHs (v (TUB.

ranp. [97,99])

al =mn — (arcsin (a—h) + arcsin (Q—h> (4.28)
N V2mU; V2mUsy/ )’ '

KopeHi (4.28) BU3HAYATUMYTH BEJUIUHY

W, = —= (4.29)

sAKa € JUCKPETHOIO.

MaxkcuMaabHy KITbKICTh €HEPreTHIHUX PIBHIB Mg, BU3HAUMMO 13 YMOBHI

nmax — [l (lmln(;sl, SQ) —I— arcsin %1"512) _|_ arcsin w>] ,
' 1 ’ (4.30)

2m ,
SZ‘ = ﬁUz, 1= 1, 2.
Y 1poMy BUpa3si KBaJIpaTHI Jy>KKHW TO3HAYAIOTH B3ATTS 1101 YaCTUHH.
Buaitiiemo €(q, z,2',w), ske (2.8) zamaerbest st mogeni (4.18). YV Bucaim

OTPUMYEMO (JleTasi po3paxyHKy HaseneHo B [94]):

2 Mmaz
2(0, 2, #,w) = ealz,0)0(z — ) = (1 - > (H - ki)\cbn(zw)é(z ~ ).

(4.31)
st MoJjiesIioBaHHs BILJIMBY TOBIIMHU [ MeTaJjieBol 1Bk Ha, ciiektp [ITIX TyT
K 1 B monepenix Bunagkax Hy(z,w) ~ Hy(z,w).

il 9uesoBOro MoJieJIOBaHHs JIJIS BEPXHLOTO IMapy B3ATO MOJIETHJICH 13
JIIeJIGKTPUYHOIO MPOHUKHICTIO €7 = 2.3 Ta pobOTOI BUXOAY ejiekTpoHa U] =
4.2 eV .V sikocTl HIKHBOT JIIEJIEKTPUIHOT T KIaAKU B3sTO S1(9 13 J11€JIEKTPUIHOIO
IPOHUKHICTIO €1 = 4 Ta poboToio Buxojy enekrpona U; = 5eV. [ienrekTpuuna

byHKIisT MeTaJeBoro mporrapky (30s0ro) onucyerbes dbynkiieo (4.19)

w2 nnm:l; 2
allw)=1-c—L=> (ki —k)on()] (4.32)
€ n=1
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Ha puc.4.1 nomano pesynbraTt OOUMCIEHHS CHEKTpPY, orpuMmani 3 (3.55) 3
prkopucranasM (3.50), (3.51), aki MOPIBHSAHO 31 3HAYEHHSIMHU OTPUMAHUMH JIJIsI

KJIACUIHOT HesaTyxaiouol mozeni dpye [1].

E |’U€l\3

€(w,l) =ep(w) =1— (4.33)

B SIKiil TIJIA3MOHHUI CIIEKTP He 3aJIe’KUTh BiJl TOBIIMHU [ MeTaJIeBOro Iiapy.

Y Tabauni 4.1 HaBegeHO pe3ybTaTH YUCEJbHUX PO3PAXYHKIB JJIsI 3aJ1€2KHOCTI

W k.c
JaCTOTH W' = —, XBUJIBOBOI'O BeKTOpa k, = — (4.34)
Wp Wp
B1JI, KIJIBKOCT1 PIBHIB PO3MIPEHOTO KBAHTYBAHHS 10y -
[3 Tabmuni jgawx OGadmmo, MO pisHUIS Mk crekrpamu w(k,) s 0060x
MoJiesieit 3pocTag 13 301IbIIEeHHIM 3HaUeHb XBUJILOBOTO BeKTopa k,. TakoxK, BapTo

3ayBaKUTH, 1110 Mpu 30iabineni | 3Hadends w(k,) MOBUILHO MPSIMYIOTh 3HU3Y JI0

3HaUYeHb OTpUMaHuX st Mojesi pyje.

hw [eV]

a5
....... - the Drude model

—— - (6) model 2ML
: O . (6) model 5ML
u — - (6) model 10ML
o - (6) model 15ML
I i W - experiment 10ML [5]
/ O - experiment 12ML [5]

k, [nm™!]
2

0.05 0.1 0.15 0.

; . kbl Pue. 4.2: IItpuxoBa JiHIsT — MOJIENh

Hpyne (ep(w)), cyuinbna (ea(l,w));
b (en(w)) : ~eo(l,w) yeppona — 2MIII; 3enena — SMIL; cunsa
PYAC ACDIW) ), CYIIIBHA = AL W) OMIII; skosra — 15MIIL, IMII ~

0.24nm

Puc. 4.1: IrpuxoBa mgiHisg — MoOaeab

Ha puc.4.2 nokazano pesysabTaTv AHAJOMYHUX OOUYMC/ICHBL JUIs CTPYKTYPH
“S1i/cpibiio/Si0s” i3 rakumu napamerpamu jist jgiesiekrpuis: Uy = 5eV | e = 2.4
ta Uy = 4.8¢eV, ¢ = 11.7 nna St ta S10- BinnosigHo. Ha npoMy K pHCYHKY

I0/JIAHO Pe3YJIbTaTH eKCIepUMEeHTY Jiisd cTpykTypu “Si/cpibio/Si0Oy” orpumani
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B [25]. Lli pesyabraTi MOKA3yHOThH, IO CIEKTP MJIA3MOHIB “BiuyBae’ TOBIUHY
MeTaJIeBoOro mpomapky s [ ~ 50MIII.

Ax BuHO 3 pric. 4.2, 3anponoOHOBaHMI T1IX1 A€ 3MOT'Y sIKICHO MOSICHUTH BILJINB
TOBIIMHKU MeTaJieBoro mnpoimapky Ha criekrp [TTIX.

3ayBaxKnMo, IO EeKCIepUMeHTaJbHI pe3yabraru s croekTpy [IIIX, sxi
ckiraaioThes 3 2-3 MII aromis i Tomy MopesoBanHst €3(q, w, 2) CJIiJ] TPOBOIUTH
caMe JIJIsl TaKUX TOBIIMWH. Y TaKWX MeTaJIeBUX CTPYKTYypax CTAITh CYyTTEBUMU

kBanToBl edpekru [99,100] i TxX BapTO BpaxoByBaTH 1IPU MOJEJIIOBAHHI HOIIMPEHHS

IIIIX B crpykrypax JTA/JIL.
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ea(l, w*) ep(w*)
[(1m) w* w* Nmagz
k=1
100 0.33992328 0.34237082 3395
1000 0.34016832 0.34237082 3357
5000 0.34019295 0.34237082 16789
10000 0.34019603 0.34237082 33579
30000 0.34019749 0.34237082 100737
ki=2
100 0.40974355 0.41421356 3395
1000 0.41021317 0.41421356 3357
5000 0.41025793 0.41421356 16789
10000 0.41026353 0.41421356 33579
30000 0.41026618 0.41421356 100737
k:=3
100 0.42679347 0.43187178 339
1000 0.42732626 0.43187178 3357
5000 0.42737706 0.43187178 16789
10000 0.42738341 0.43187178 33579
30000 0.42738642 0.43187178 100737
k=4
100 0.43313236 0.43844718 3395
1000 0.43368968 0.43844718 3357
5000 0.43374282 0.43844718 16789
10000 0.43374947 0.43844718 33579
30000 0.43375261 0.43844718 100737
Tabur. 4.1




4.3 BucHOBKHU

Y mepmioMy MOYHKTI IBOTO PO3MALIY po3paxoBaHo dacToTHmil crmexktp I[ITIX
B pamkax wmojenpHoro npunyinenasg, mo ATMII moxna posriasaytun sk 2D
POBIJIHY CTPYKTYPY 3 MEBHOI (DYHKIIIEI0 METaJeBOl MPOBIJIHOCTI Ha, 11 MOBEPXHI.
[3 zarajbHMX yMOB HENEPBHOCTI I10JIIB Ha CTUKY JIBOX CEPEJIOBUIL OTPUMAHO
yMOBH 3muBaHHA A TM-nmonsgpu3zoBanmx XBusib. fIK  MoJesi  IPOBIIHOCTI
METAJIEBOrO MpOoIIapKy po3risaayro moxaemi pyme ta RPA. Bimgmauseno, 1o
oTpuMaHe JUcIepciiine PIBHHA aHaJoridHe OTPUMAHOMY B IHIIAX TPAIEgX JIJIs
YUCTO JIBOBUMIPHOT'O MaTepiajy — rpadeny.

Hami 3jiiicHeHo crnpoOy OINHUTH BIIMB TOBIIUHUA METaJeBOI'O IPOIIapPKY
Ha dgacrornmit cruektp IIIIX, B3gBmIKM 3a MOAENb JTi€JeKTPUUHOI TPOHUKHOCTI
KOMIIOHEHTY 2Z TEH30pa JIeJISKTPUIHOI TPOHUKHOCTI, Ta HE BPaXOBYIOUU
JIUCKpeTHOCTI XBUJIbOBOIO BekTOpa Depmi, ajie BpaxoBylOuM KuUILKICTH PIBHIB
poamiproro kBauryBanis. Posrisn ATMII gk 2D egexTpoHHOro ra3y moMimmeHoro
B aCUMETPHUYHY IOTEHIIaJbHy $MYy CKIHUYEHHOI IJIMOMHHU J1ajio 3MOry Ipy0bo
BpaxyBaTW HasBHICTH PIZHUX JIEJeKTPUIHUX cepejoBul Ha kKpasx ATMIIL.
Cumynsanig mobymoBaHOl MOJENl MoKasaJja, M0 TakKa MOJEJb JAa€ 3MOI'Y sIKICHO
OIIHUTH BILIMB TOBHIMHK MeTaJy. OTpuMaHi pe3yabraTi Jijisd pi3Hol Kijgbkocti MIIT
MMOKa3yI0Th, 1110 TaKa 3aJeXKHICTH € 1 BaroMmo BiinBae Ha dactorauit cnekrp ITTIX.

Takox, OTpUMAHO Kpallle y3I0JKeHHSI 3 eKCIIEPUMEHTAJIbHUMU JIAHUMHU.
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BucunoBkmu

Y jucepraliiitviit podoTi BUPIiIIEHO aKTyaJbHe HAyKOBE 3aBjlaHHs — 1100Yy/10Ba
Ta JOCTIJKeHHsT MarTeMaTudHux wmojeseir nomwupenas [IIIX 3 Buxopucranasam
KJACUIHUX, KBa31KJACHIHUX Ta KBAHTOBHX IIJIXOMIB JO PO3IJIALY METaJeBOIo
nporaxky (ATMII).

[Tpu nboMy orpuMaHoO Taki HayKOBI Ta MPAKTUYHI PE3YJIbTATH:

e Jiisi cucTeMu piBHsiHb MakcBesia MaKpPOCKOIIYHOT eJIeKTPOJIMHAMIKY OTPUMa-
HO aHAJITUYHI BUPA3W JIJIsI HAIPYKEHOCTI MOJIB Y KOXKHIil 00JTaCTi CTPYKTYPH
JAMJI y Bumajky, KoJn JieJIeKTpUIHa IPOHUKHICTDL Ta mpoBigaicts ATMII
XapaKTepU3yThCst IPOCTOPOBOIO HEJIOKATBHICTIO (JIMCIEpCiein) — KOHPETHO
B IIbOMY BHMAJKY PO3JIAIAETHCA TIALKNA JUCIPEcis MO KOOPAWHATI 7, a
ATMII B mmomuni XOY BBaxkaeTbcst OE3KIHEUHO BEJIMKHAM Y IMOPIBHSHHI

3 TOBII[MHOIO.

e nokazano, mo ATMII moxwua posrmsymarn 2D mposigny mionuay (10
aHaJjorii 3 rpadeHoM) 3 HEHYJIbOBOI MPOBITHICTIO MeTajy Ha il
mytoruHi. JIjist nepeBipku KOPEKTHOCTI OTPUMAHOI MOJIe Il PO3TJIAHYTO MOJIEJ
uposignocti Ipyiae ta RPA, sika Tako 4acTKOBO Jla€ 3MOI'y BpaxyBarTu
KYJOHIBCHKI Kopessarii. OTpuMaHi pe3yabTaTh IMOKa3aJd JOMyCTUMICTh
TaKoOro Mijxomy Jo MojemioBanns nomwupenns IIIIX B crpykrypax AM/I.
PospaxoBano 3uauenHsi Jyisi dacrorHoro crektrpy IITIX rTa joBxkunu

HOIIMPEHHS [LJIA3MOHHOI XBUJII;

® JIOCJIDKEHO BILIMB TOBIMHU MeTaJeBOro mnpormapky y crpykrypi JAMJIL
Ha dacronuit cuekrp I[IIIX, kosin 3a Mojie/ib Jli€JIEKTPUUHOT TPOHUKHOCTI
METAJTY B3ATO KOMIOHEHTY 22 TeH30pa JIieJIeKTPUIHOI TPOHUKHOCTI. Y TTHOMY
BUIIAJIKy BpaxoBaHO KBaHTyBaHH: eHeprerudnux piBHiB B ATMII B mexax

MOJ1€eJ11 €JIEKTOPOHHOIO a3y, MOMIIIEeHOro B roTeHiiajbHy simy. [TokazaHno, 1o
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it ATMIT rosmmnoro g0 25 MIII 3a1e:xHicTh Bl TOBIINHE HasBHA Ta BOHA
CYTTEBO BILJIUBAE Ha TOBEJIIHKY YacTOTHOTO criekTpy IIIIX. I3 30iabmenHsam
o ATMII 3anex#icTs cTae MEeHI TOMITHOI, a OTPUMAaHI 3HATEHHS

yacrorHoro crekrpy HIIX npsimytors 3uusy jio mojesi Apyiie.

PO3TJISIHYTO BIJIUB YMOBH €JEeKTPOHEHTPAJHHOCTI Ha YaCTOTHUN CIEKTP
IHIIX. Hms nmporo ATMII nmocioikeno B pamMkax Mojenai “kene’ K
HEB3aEMOJIIIOTY CHUCTEMY €JIEKTPOHIB B aCUMETPUIHINA TOTEHIIaJ bHIN sMi
CKiHYeHHOI ryumbunu. 3a Mojesb jienekrpudnol npouunkuocti ATMII B3siTo
KOMIIOHEHTY 22 TeH30pa JIeJeKTPUYIHOl MPOHUKHOCTI 3 BpaxyBaHHAM
nuckperHocTi xBuboBoro BekTopa Depwmi. Ilokazano, 1Mo wacTtoTHMI
cuektp IITIX B miit mojiesi XapeKTepusyeThCsi OCIUJISIINHOI 3aJeXKHICTIO
Bigt rtoBmman ATIIM, mo, B cBOWO depry, CHpPUYMHEHE JIMCKPETHOIO
PUPOJIOI0 BEeKTOpa XBUJILOBOro BekTopa Pepwmi. OTpumani pesyiabTaTw

Kpallle KOPEJIOITHCA 3 €EKCIIEPpUMEHTAJIbHUMHN JTaHUMUA.

Buepite y 11iit pod0oTi BUBYE€HO BILINB KYJOHIBCHKUX KOPEJIsiIii Ha 4aCTOTHUM
cuektp IIIIX. V¥V mnpoMmy BHIAJIKy B MeXKax Bce Ti€l K Mojesi “Keje’ MU
POBIVIAHYJIM €JIEKTPOHHUIN r'a3 MOMIMMEHN B MOTEHIIaIbHY AMY Oe3KiHeTHOT
rmmbunn. ITlokazano, 1o 3Haunuit BrjMB Ha dacroruuit crnekrp IIIIX B
il MoJiesii MalOTh JIMCKPETHUI XapakTep XBUJIbOBOIO BekTopa {Pepmi Ta
IPOHUKHEHHsI “XBOCTa €JIEKTPOHHOI I'yCTUHM B IIap JiejekTpuka. CroekTp
TAKOXK Ma€ OCHUIAIiiny 3ajexkHicts Big tomuuu ATIIM, ase Oiibimd
MOMITHY YUM Y BUITQJIKY ITPOCTO BPaXyBaHHS YMOBHU €JIEKTPOHEHTPAIbHOCTI.
OrpumaHni pe3yjabraTh HafKpalle y3roJKyThCsd 3 €KCIIePUMEHTAJIbHUME

JIAHUMHA Y TTOPIBHSAHHI 3 IHITAMHU PO3TVIAHYTUMUA MOJIEJISIMU.

HaykoBa 1iHHICTb pe3yJsibTaTiB jiucepTalliitHol poOOTH MOJISTAE Y TOMY, 0 B Hifl

pPO3pobJIEHO MaTeMaTUuHy Mojenb nomupenns [IIIX #a moBepxHi yibTpaTOHKUX

MeTaJIeBUX IIPOIIAPKIB, Ta 11 MOSICHEHHIO BUKOPUCTOBYIOUHN SIK KJIACUYHI II1JIXO/IU

Ta, METOJM, TaK 1 MOJEJ KBAHTOBOI MEXaHIKM JIJisi BUBYEHHS BIIMBY ITPOBIIHOTO

cepejioBuIla Ha 1oBe iHKy xapakrepuctuk [ITIX. Orpumani pesyibraTu, Ha JyMKY

aBTOpa, JOMOBHIOIOTH ySABJIEHHS PO IPUPOJY BUHUKHEHHS Ta nomupenHs [TI1X

y crpykrypax JIMJI Ta HnoKa3yroTh B3a€EMO3B'SI30K ILOTO SABUINA 3 I1HIIMMUI

diznuHUMU ABUIIAMU.
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MaTemaruani Mojies1i po3pobIeH] Ta PO3BUHYTI B IUCEPTAIIHHOMY JTOCTIXKEeHHI
MOXKYTb OyTH BUKOPUCTAHHI IPU O0Y/I0BI BUCOKOTOUHUX ONTUIHUX HMPUJIAJIIB, JIist
KX 3aCHOBaHa Ha SABWIN TMJa3MOHHOTO PE30HAHCY, B SKWX B POJII ITPOBIIHOTO
cepeJIoBUINA BUKOPUCTOBYETHCS aTOMHO-TOHKI MeTaJieBl ILIiBKM. Takoxk, BapTo
3a3HAYNTH, IO OTPUMAaHI PE3yJbTaTH MOXKYTh OyTH BBEJIEHI B OCBITHI KypCH
IOB’sI3aHl 3 MaTeMaTUIHUM MOJICTIOBAHHSAM CKJIQJTHUX (DIBMUYHUX CHCTEM Yu

eJICKTPOJIMHAMIKOIO CYIIJIBHUX CEPEJIOBUIII.
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JlogaTok A

TekcTu KoMn’IoTepHuX IIporpaMm

A.1 Pozspaxynok mozaeni pyae Ta RPA ang 2D

METAaJIEBOTO ITPOMIAPKY

with(plots);

ab := 5.29177211%10~(-11) ;

c := 299792458; rs := 2.9;

hh := 1.054571800%10°(-34); m := 9.11093826%10"(-31);
e := -1.602176%10"(-19);

epsilonl := 2.3; epsilon2 := 4;

kfab := evalf((3/(4%Pi))~(2/3)*rs);

Lambda := evalf (kfab~2xhh~2/(4*m~2*c~2%ab~2));

tau := evalf ((2*m*xab~2)*1.3%10~13/(kfab~2*hh)) ;

absQ := sqrt(Re(q)~2 + Im(q)~2);

requation := (epsilonl/sqrt(-Lambda*w~2*epsilonl + q~2) +
epsilon2/sqrt (-Lambda*w~2*epsilon2 + q~2))*kfab/8;

requationl := (epsilonl + epsilon2)*kfab/8/q;

ReKhi := 1/(tau"2 + w~2);

ImKhi := -tau/(w*(tau~2 + w=2));

Khi := 1/(w*(w + tauxI));

points := [0]; ImQs := [1; ReQs := [1; ImQsl := []; ReQsl := [1;
for wi from 0.1 by 0.05 to 2 do
W T Wi,
rl := fsolve(requation - Khi, q);
if type(rl, complex) or type(rl, float) then
r1l := fsolve(requation - Khi, q, avoid = {q = ri});
printf ("r10=%Zg\n", rl);
if type(r1ll, complex) or type(rll, float) then
if 0 < Re(r11l) then printf("r10=)Zg\n", rl);
rl := ri1;
end if;
end if;
ReQs := [op(ReQs), [Re(rl), wll;
ImQs := [op(ImQs), [Im(r1), wll;
end if;
end do;
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A.2 Pos3paxysok 3 BpaxyBaHHaIM ToBmimHN ATMII

with(plots);

Digits := 20;

a__0 := 5.291772109217172x10~(-11) ;

c := 299792458;

g__e := -1.602176620898989%10~(-19);

M := 9.109383561111111%10~(-31);

hh := 1.054571800131313%10~(-34);

Ad := 1.602176620898989%10~(-19);

hhev := 6.58211951440404040404%10~(-16) ;
varepsilon__0 := 8.854187816%10~(-12);

r__s := 3.01;

n__ag := 5.90%10728;

omegalp] := sqrt(n__ag*q__e~2/(varepsilon__0*M));
bm := omegalpl*10~(-9)/c;

W o:= U -> 2*%Ad*M* ‘#msub(mi("a") ,mn("0")) ¢~2+U/hh"~2
Wi := 4; W2 := 4.24;

L[s] :=1 -> 1/1000000000%1/a__0

LL := L[s](30000)

kmax := a__O*sqrt(2*Ad*M*W1/hh~2);

ab := 5.3%10"(-11);

r__s := 3.01;

n__au := 5.90%10°28%ab"~3;

K[F] evalf ((3*Pi~2*n__au)~(1/3));
1__0 :=1 ->1/2*%1 + 3/8*xPi/K[F] +

1/8% (16*K[F]1~2%1~2 + 24xPi*K[F]*1 + 25%Pi~2)~(1/2)/K[F];

LO := evalf(1__0(LL));

r__s := 3.01;
n := trunc(1/2 + (WW1)~(1/2)*LL +
arcsin((W(W1) /W(W2))~(1/2))) /evalf(Pi)) - 1;
vk = [1;
for nIt to n do
rk := fsolve(
k*LL = Pi*nIt + (
-arcsin(sqrt (Ad«W(W1))*k) +
arcsin(sqrt (Ad*W(W2)) xk)
), k =0 .. kmax);
vk := [op(vk), rk];
end do;
hl := index -> sqrt(W(W1) - vk[index]~2);
h2 := index -> sqrt(W(W2) - vk[index]~2);

T2 := index -> 1/2*LL*(1 + hil(index)"~2/vk[index]~2) +
1/2*h1(index)* (1 - cos(2*vk[index]*LL))/vk[index]~2 +
1/4%(1/vk[index] - hil(index) ~2/vk[index]~3)*sin(2*vk[index]*LL) ;
Al := index -> 1/(1/2%1/h1(index) + 1/2%(cos(vk[index]*LL) +
h1(index)*sin(vk[index]*LL)/vk[index])~2/h2(index) + T2(index));

varepsilon__1 := 2.3;
varepsilon__3 := 4;
varepsilon__2 := 1/(2*PixLL*n__au)*sum((K[F]~2 -
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vk[index]~2)*A1(index)*T2(index), index =1 .. n);

= (q, omega) -> sqrt(q~2 - omega~2+*varepsilon__1);
= (q, omega, L) -> sqrt(q~2 - omega~2 + varepsilon__2);
__3 := (q, omega) -> sqrt(q~2 - omega~2*varepsilon__3);

WN =
|

metalHeights := [107(-9), 10%10~(-9), 50%10~(-9), 100%10~(-9)]1;
plotPointsSets := [];
colors := ["Yellow", "Red", "Blue", "Green"];
loopIterator := 1;
points := [[0, 0]];
for it from 0.01 by 0.01 to 4 do
q := it;
coef := (q, omega, L) -> k__2(q, omega, L)*omega~2/(omega~2 - varepsilon__2);
omega__r := fsolve(exp(-(4*k__2(q, omega, LL))*0.5%LL) =
(coef(q, omega, LL) + k__1(q, omega)/varepsilon__1)*
(coef(q, omega, LL) + k__3(q, omega)/varepsilon__3)/
((coef(q, omega, LL) - k__1(q, omega)/varepsilon__1)x*
(coef(q, omega, LL) - k__3(q, omega)/varepsilon__3)),
omega = 0 .. 1, maxsols = 1, fulldigits);

if type(omega__r, ’numeric’) then
print(q, omega__r);
points := [op(points), [gq*bm, Re(omega__r)*hhev*omegalpll];
else
print(q, "noroots");
end if;
end do;

A.3 Po3paxyHOK 3 BpaxyBaHHIM KBaHTOBUX e(eKTiB

a__0 :=5.291772109217172%10~(-11);
¢ := 299792458;

g__e := -1.602176620898989%10~(-19);

M := 9.109383561111111%10~(-31);

hh := 1.054571800131313%10~(-34);

Ad := 1.602176620898989%10~(-19);

hhev := 6.58211951440404040404*10~(-16);

varepsilon__0 := 8.854187816%10"(-12);

r__s := 3.02; n__ag := 5.86%10728; na := evalf(3.0/(4.0%Pi*xr__s"3));
omegalp] := sqrt(naxq__e~2/(‘#msub(mi("a"),mn("0")) ‘~3*varepsilon__0*M));
bm := omegalp]l*10~(-9)/c;

hhev*omega [p] ;

accuracy := 0.1%10°(-8);

‘M&Pi; ¢ := evalf(4*arctan(l));

K[FO] evalf(9.0/4.0%Pi)~(1/3)/r__s;

E[FO] hhev‘Q*K[FO]‘2/‘#msub(mi(;;”),mn(”O”))“Q/(Q*M)*Ad;

W := U -> 2*%Ad*M+* ‘#msub(mi("a") ,mn("0")) *~2+¥U/hh"2;
Ry := 13.60569300985;

U0 := 15.813; WO := 4.36;

WF := w -> w/Ry;
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aa := 2xAd*Mx* ‘#msub(mi("a") ,mn("0")) ‘~2/hh~2;

W1Ev := E[FO0] + WO;

W2Ev := E[FO] + WO - 4.05;

Wi := sqrt(WF(W1Ev)); W2 := sqrt(WF(W2Ev));

MinW := min(W1l, W2); MinWQ := min(WF(W1Ev), WF(W2Ev));

deltaD := (Kf, W) -> sqrt(W"2/Kf"2 - 1) + (2 - W"2/Kf~2)*arcsin(Kf/W);

LB := (Lslab, Kf) -> 1/2+Lslab + 3/8%‘M&Pi;‘/Kf - 3/8%(deltaD(Kf, W1) +

deltaD (Kf, W2))/Kf;

L := (Lslab, Kf) -> LB(Lslab, Kf) + sqrt(LB(Lslab, Kf)"2 + 1/4%°‘M&Pi;‘~2/Kf~2);

MAXIT := 40

solveLProc:=proc(Fn,x1::float,x2::float,xeps::float,n::integer,L::float)::float
local fmid,f,y,dx,xmid,it;
fmid:=Fn(n,L,x2): f:=Fn(n,L,x1):
if (fmid*f>0) then print("Error :LP"); end if:
y:=0:
dx:=0;
if £<0
then y:=x1:
dx:=x2-x1:
else
y:=x2:
dx:=x1-x2:
end if:
for it from O to MAXIT do
dx:=dx*0.5:
xmid:=y+dx:
fmid:=Fn(n,L,xmid) :
if fmid <=0 then y:=xmid end if:
if abs(dx)<xeps or fmid=0 then break: end if:
end do:
return y:
end proc;

solveKfProc:=proc(Fn,x1::float,x2::float,xeps::float,Lslab::float)::float
local fmid,f,y,dx,xmid,it;
fmid:=Fn(Lslab,x2):
f:=Fn(Lslab,x1):
if (fmid*f>0) then print("Error :KF"); end if:
print(f,fmid,x1,x2);

y:=0:

dx:=0;

if £<0 then
y:=x1:dx:=x2-x1:

else
y:=x2: dx:=x1-x2:

end if:

for it from 0 to MAXIT do
dx:=dx*0.5:

xmid:=y+dx:

fmid:=Fn(Lslab,xmid) :

if fmid <=0 then y:=xmid end if:

if abs(dx)<xeps or fmid=0 then break: end if:
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end do:
return y:
end proc;

alphaNum := (n, L, alpha) -> alpha*L - ‘M&Pi;‘*n + arcsin(alpha/W1) + arcsin(alpha/W2)

RetreiveAlphas := proc(L::float)
local nMax, alpha, it, y; alpha := [];
nMax := floor ((L*MinW + arcsin(MinW/W1) + arcsin(MinW/W2))/Pi);
for it to nMax do
y := solvelLProc(alphaNum, 0., MinW, accuracy, it, L);
alpha := [op(alpha), yl;
end do;
return alpha, nMax;
end proc;

lastAlphaVec := []; lastNMax := 0; lastL := 0;
CalcKf := proc(Lslab::float, Kf::float)
local alphaVec, nMax, y, 1it, Lval;
global lastAlphaVec, lastNMax, lastL;
Lval := L(Lslab, Kf);
alphaVec, nMax := RetreiveAlphas(Lval);
y :=0.;
for it to nMax do
if alphaVec[it] < Kf then
y =y + Kf~2 - alphaVec[it]~2;
end if;
end do;
y := 3.0%Lslab + (-1)*2.0*r__s~3xy;
lastAlphaVec := alphaVec;

lastNMax := nMax;
lastlL := Lval;
return y,

end proc;

La := 1 -> 1/1000000000%1/a__0;
plotPointsSets := []; LSMIN := 10.0;
points := []; points005 := []; points01 := []; points02 := [];
pointsExperiment := []; kfs := [];
for LS from 0.1 to 43.6 by 0.1 do
LL:=LS;#La(LS);
kf :=solveKfProc(CalcKf,0.001,MinW,accuracy,LL):
LL:=lastL;
K[F]:= kf;
‘nd__ag‘:=‘n__ag‘*al[0]~(3);
nmax:=lastNMax:
vk:=lastAlphaVec:
iterator:=1:
kfs := [op(kfs), [LS, kfll;
hl := index -> sqrt(-vk[index]~2 + W1);
h2 := index -> sqrt(-vk[index]~2 + W2);
Ca := index -> 2/(LL + vk[index]~2/(W1~2*sqrt(W1~2 - vk[index]~2)) +
vk [index]~2/(W2~2*sqrt(W2"2 - vk[index]~2)) -
sin(vk[index] *LL) *cos (vk[index]*LL +
2xarcsin(vk[index]/W1))/vk[index]) ;
Fn := index -> 1/4*(sin(2*vk[index]*LL -
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2%arccos(vk[index] /W1)) + 2xvk[index]*LL +
sin(2*xarccos(vk[index]/W1)))/vk[index] ;

varepsilon__1 := 1;
varepsilon__3 := 13;
varepsilon2 := 1/(2*Pi*LL*na)*sum(
(K[F]~2 - vkl[index]~2)*Ca(index)*Fn(index),
index = 1 .. nmax
):
k__1 := (q, omega) -> sqrt(q~2 - omega~2*varepsilon__1);
k__2 := (q, omega, L) -> sqrt(q~2 - omega~2 + varepsilon2);

k__3 := (q, omega) -> sqrt(q~2 - omega~2*varepsilon__3);
colors := ["Yellow", "Red", "Blue", "Green"];
loopIterator := 1;points:=[op(points),[LS,0,0 1]:

for it from 0.01 to 0.05 by 0.0005 do

q := it
coef := (q, omega, L) -> k__2(q, omega, L)*omega~2/(omega~2 - varepsilon2):
omega__r := fsolve(

exp(-(4xk__2(q, omega, LL))*0.5%LL) =

(coef(q, omega, LL) + k__1(q, omega)/varepsilon__1)*(coef(q, omega, LL) +
k__3(q, omega)/varepsilon__3)/((coef(q, omega, LL) -
k__1(q, omega)/varepsilon__1)*(coef(q, omega, LL) -
k__3(q, omega)/varepsilon__3)),
omega = 0 .. 1, maxsols = 1, fulldigits):
if type(omega__r, ’numeric’) then

if (g=1.1) then
points005:= [

op(points005),

[LS,Re (omega__r)*hhev*omegalp]]

1:
end if:
if (q=2.2) then

pointsO1:= [
op(points01),

[LS,Re (omega__r)*hhev*omega [p]]
1:
end if:
if (q=4.2) then

points02:= [

op(points02),

[LS,Re (omega__r)*hhev*omega [p]]
1:
end if:
points:=[op(points), [LS,q*bm,Re (omega__r)*hhevxomegalp]l]]:
if (abs(g*bm-0.0488735)<0.005) then

pointsExperiment:=[
op(pointsExperiment),
[LS,qg*bm,Re (omega__r)*hhev*omegalp],0.62]

1:

end:
else

print‘(q, "noroots");
end:
end do:
loopIterator := looplterator + 1

end do:
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