H3parenbcTeo UTN3I PAH ISSN 2949-0553

COBPEMEHHAA
JNERTPOAMHAMMEA

HaYuHbIA DELeH3UPYeMbIN KYPHaAN

B/IMAHUE BZIM30CTM KOPOTKO3AMbBIKATENA K UCCNEAYEMOMY OBPA3LLY HA U3SMEPEHME
MATEPUA/IbHbBIX MTAPAMETPOB B KBA3U-TEM MPUBJMMKEHMM B NMOJIOCKOBOW JIMHUA
MBaHoB l.A., MeTtpos A.A., Po3aHos K.H.

2023 ", No4 (6)



DejrepaabHOE TOCYIAPCTBEHHOE OIOPKETHOE YUPEXKIeHUE HAYyKU
NucTuTyT TEOpEeTUYecKoi 1 NMpUKITHONW JIEKTPOIMHAMUKH

Poccuiickoit akajeMun Hayk

Kypnan ocnoBan B 2022 rojy

Boimyck Ne 4 (6)

CoBpeMeHHas 3JIeKTPOANHAMUIKA

HAY4YHbI PeleH3UPYyeEMbI KYPHAJI

ITon penakiueit akagemuka PAH A.H. Jlarapskosa

Mockgsa, 2023



DerepalibHOE TOCYIAPCTBEHHOE OIOMKETHOE YUIPEXKICHUE HAYKH

WacTUTyT TEOpeTHIecKol n MPUKJIAIHON JEKTPOINHAMUKY Poccuiickoil akajieMun HayK

ISSN 2949-0553

COBpeMeHHaH QJIEKTPOANHAMUKA
Hayunbrit pertensupyemsorii )xypuaj. Uzmnaércs ¢ okradbps 2022 roma.

BrixomuT onuH pa3 B JiBa MecsIia.

Ne 4 (6)

aBTYCT - ceHTsaA0Oph 2023
Irasnniti pedaxmop akagemuk PAH A.H.Jlarapskos

Pedaxyuonnan xoanezun: k.1.1. H.II. Bajmabyxa, k. T.H. K.M. Backos, a.¢.-m.1. A.Il. Bunorpaos, 1.¢.-
m.H. A.A. Jlopodeerko, a.d.-m.u. B.H. Kucenn, k.d.-m.u. K. Kyrens, a.¢d.-m.1. A.M. Mepanukud,
a.d.-mH. AA. Ilyxos, a.¢.-m.H. A.JI. Paxmanos, n.¢.-m.H. A.B. Poxkos, 1.¢.-m.H. K.H. Posanos,

k.T.H. I.A. Peokukos, a.¢.-m.H. A. K. Capsrues, k.¢.-m.H. B.C. Cosocun

Adpec pedaxuyuu:

125412, r. Mocksa, yi1. Uxxopckas, 1.13, cTp. 6
reit., dakc 8 (495) 484-26-33

sn.mouta electrodynamics@mail.ru

3as. pedaxyueti E.B. 3enesuu

Komnwvromepras eépecmra: E.B. 3eneBua

CsugerenbcTso o perucrpamun D Ne DCT77-83666 or 26.07.2022 1.

IToxmucano B mevars 16.10.2023. Tupax 30 sK3.

© UTIID PAH, 2023



Conepkanune HoMepa

Teoperndeckasi 3JIeKTPOANHAMUKA

Kanmos B.B.
VIIPABJIEHUE OTPA>KEHMEM U ITPOXO2KJIEHNEM CBETA C I10-
MOIIIBIO AKTUBHOU IIJIASMOHHO! METAIIOBEPXHOCTH

Bonpocsl 3KCIepruMeHTAJIbHOM 3/IeKTPOANHAMUKI

Wsanos I1.A., Ilerpos /I.A., Pozanos K.H.
BJINAHUE BJIN30OCTU KOPOTKO3AMBIKATEJIA K UCCJIEAYEMO-
MY OBPA3LY HA UBMEPEHUE MATEPUAJIbHBIX ITAPAMETPOB
B KBA3H-TEM IIPUBJINYKEHNIN B IIOJIOCKOBOI JIMHUN . . . . .

BoruncianreabHas 3J1€eKTPOJNHAMUKA

lNunemytnuaos P.B., Mensmmux H.JI., Conocun B.C., ®éxopos C.A.
OOPMUPOBAHUE JMATPAMMBI HATTPABJIEHHOCTU HINPOKO-
IIOJIOCHON AHTEHHBI JIJI UCIIOJIb3OBAHIYA EE B KAUECTBE
OBJIVUHATEJIA . . . . . .

MeTroaudyeckue 3aMeTKu
Vinogradov A.P., Dorofeenko A.V.
QUASISTATIC (LOCALIZED) PLASMONS: FROM LANGMUIR TO
FERRELL . . . . . . . . e
Bunorpanos A.Il., Jlucsucknit A.A.
KOMMEHTAPUI K CTATBE A. CMEKAJISI <K KBAHTOBOW TEO-
PUN PACCEAHUA> . . . . . . . .



YIK 535.1, 535.016, 537.8

VIIPABJIEHUE OTPAXKEHUEM I IIPOXOXKJIEHUEM CBETA
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AnHoTanus

IIpenoxken HOBBIN ITOAXOM K CO3JAHHUIO METAIIOBEPXHOCTEH HA OCHOBE KOMOHMHAIMN IACCHBHBIX U
aKTHUBHBIX MeTa-aTOMOB. VcciieoBaHbl ONTHYECKHE CBOMCTBA TaKUX MeTarnoBepxHocTeil. [lokazano, aro
TIpY OIIPEJICJIEHHOM BBIOOpE MapaMeTpPOB METAITOBEPXHOCTH ITPH M3MEHEHUH MOIIHOCTH HAKAYKUA BO3MOXKHO
3bdeKTUBHOE NEPEKITIOUEHNE MEXK Y ITOJHBIM [IPOXOK/IEHUEM U ITOJHBIM OTPayKEHUEM CBETA.

KuroueBbie cjioBa: aKTUBHBIE METAITOBEPXHOCTU, META-aTOMBI, IIa3MoHnKa, PT cuMMeTpusi, HCKITIOIN-
TeJIbHbIe TOYKHI

EDN AAARHA

doi:10.24412/2949-0553-2023-46-4-19

BBenenune

B nacrostiee BpeMst aKTUBHO UCCIIEAYIOTCS METAIIOBEPXHOCTH, TO €CTh IIOBEPXHOCTU, OOPA30BaHHBIE
HAHOYACTHUIAMU, KOTOPbIE 00/Ia/IAI0T PE30HAHCHBIMH CBOMCTBAMU U KOTOPbIE YACTO HA3BIBAIOTCS METa~-aTOMAMUI
u MeTa-MoJieKysiaMu. MeTarmoBepxXHOCTH UMEIOT 0COObIe CBOIICTBA, U MPEJIIO/IAraeTcs, YTO OHU MOT'YT OBITh
OJIE3HBIMY JIJIs CO3/J[AHUS HOBBIX YCTPOICTB yIpaBJIeHUs CBETOBBIMU HOTOKamu [1,2], a Takxke g co3manust
nanobuocencopos [3,4]. Cpeau MeranoBepxHocTeil 0c060e MECTO 3aHMMAIOT AKTUBHBIE METAIIOBEPXHOCTH,
TO €CTb TaKhe METallOBEPXHOCTH, CBOMCTBa KOTOPBLIX MOI'YT IIPOM3BOJIBHO U3MEHATHCH BO BPEMEHHU U B
mpocTpascTBe. OOBIYHO B KAUECTBE YIPABISIONIX IapAMETPOB PACCMATPUBAIOT U3MEHEHNE MeOMETPHIECKIX
[apaMeTpOB WM arperaTHOro COCTOsIHUsI HaHovacTurl [5-13].

B nacrosieit pabore MbI IIpeICTABUM HOBBII [TOJIXO0/T, KOTOPHIA 3aK/II0YAETCs B ONITUIECKOM YIIPABJIEHUN
MIOTJIOIIEHNEM B METa-MOJIEKYJIaX C ITOMOIIBIO BHEIITHETO ONTUYECKOrO TOJIsI. JTa MeJb JTOCTUTAETCs Iy TeM
HCIIOJIb30BaHUA MeTa-MOJIEKYJI, KOTOPBbIE COCTOAT U3 NAaCCUBHBIX U aKTUBHBIX HaHOYACTHIL.

Ilox akTHBHBIMU HAHOYACTUIIAMY B IAHHOM pabOTe MbI IOHUMAaEM IIJIA3MOHHBIC HAHOYACTHIIBL, [IOKPBITHIE
CJI0eM aKTHBHDIX MOJIEKYJI KPACHTEJIs, KBAHTOBBIX TOUEK HJIN IIEHTPOB OKPACKH. AHAJIOIHYHbIE AKTHBHDIE
HAHOYACTUIILI y7Ke MCIIOIb30BAJINCH s JIEMOHCTPAIUK IUIA3MOHHOIO cnaszepa (nasepa) [14]. Ilaccusubie
HaHOYACTHIIBI UMEIOT aHAJOIHYHYIO CTPYKTYPY, HO 6€3 MOJIeKYJI KpacuTeJId.

DddexTuBHA TUIIEKTPUIECKAs IPOHUIIAEMOCTh AKTUBHOM KOMIIOHEHTHI HAHOYACTUIBI (HAIIPUMED,
0060J109KH) BOJIU3U PE30HAHCA 110JI ¢ AKTUBHBIMU MOJIEKYJIAMU MOXKET ObITh MPUO/IMKEHHO ONMCAHA BbIParKe-
umewm [15, ¢. 111],

Eshell = Eshell,0 + 525gain
6€gain = —icow%7

(1)

TIIE Eshell,0 - AUITEKTPAYECKasd IPOHUIAEMOCTD 0e3 aKTUBHBIX MOJICKYJI KDACHTENA, 1o - HHBEPCUA HACEJICHHO-
CTH, OIlpejiesisieMasi THTeHCUBHOCTBIO HaKadKu, () - KOHIIEHTPAIs aKTHBHBIX MOJIEKYJI, [i2] - HEINATOHAIHHBIA
MaTPHUYHBII 3JIeMEHT OllepaTopa JIUIIOJIbHOIO MOMEHTa MOJIEKYJ/IbI KPacUuTeJlsl, Tp - BpeMs peJlaKcalliy I10J1s-
pu3aIuu.

* ABTOp, OTBETCTBEHHBIN 3a Iepenucky: Bacunuit Bacunsesna Kimmmos, klimov256@gmail.com
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IIpu MasI0it MHTEHCUBHOCTH HAKAYKH WM B €€ OTCYTCTBHE WHBEPCHUS My OTPUNATETbHA, U JUIJICKTPU-
Jeckas mpoHuaeMocts (1) cooTsercTByeT morsomatonieit cpene. IIpu 10CTATOYHO GOJIBINON NHTEHCHBHOCTH
HAKAYIKA WHBEPCUS HACEJIEHHOCTU Ng CTAHOBUTCS TOJIOXKUTEJIBLHON, a Cpejia CTAHOBUTCS yCHauBaloiei. ['eo-
MeTpHusd IpeJiylaraeMoil MeTalroBepXHOCTH TTOKa3aHa Ha puc. 1.

B mannoii paGore onTuueckue CBONCTBa KOHKPETHBIX AKTUBHBIX MeTAaIloBepxHOcTeil (cM. puc. 1) omu-
CBIBAIOTCA IIyTEM CaMOCOINIACOBAHHOI'O CYMMHUPOBaHUsS BKJIAJI0B OT U3JIy4YeHUH OT/IeJIbHBIX MeTa-MOJIEKYJ,
KOTOpPDIE AIITPOKCUMUPYIOTCA TOUCIHBIMU JUMONAME. JnaiekTpudeckas: TPOHUIIAEMOCTb METa-aTOMOB CUUTA~
eTcd cymecTBytonieil u 3ajannoit. [Ipeamonaraercss TakxKe, ITO METAIOBEPXHOCTH HAXOJIUTCI B BaKyyMe.

Pucynok 1 — l'eomerpursi MeTarioBepXHOCTH, COCTOSAIINEH U3 MeTa-MOJIEKYJI U3 JBYyX MeTa-aroMoB. CHHUIT I[BET COOT-
BETCTBYET MeTa-aTOMy C IOTEPsSIMH, B TO BPeM#d KaK KPaCHBII IIBET COOTBETCTBYET aKTUBHOMY METa-aTOMY, KOTODbIH
MOXKeT KOMIIEHCHPOBaTh IIOTEPH B MEepPBOU dacTule. P-mepuon pemerku

Onrtudeckue cBoiicTBa MeTa-MOJIEKYJIbI, COCTOHIJ_[eﬁ N3 aKTUBHOI'O U IIaCCUBHOTI'O
MeTa-aTOMOB

Tak Kak pasMephl IUIA3MOHHBIX METa-aTOMOB MAJIbI 110 CPABHEHUIO C JIJIMHOIN BOJIHBI, TO UX MOXKHO
OIMCHIBATH TOYEYHBIMHU JIUNOJISIMUA. B CiIyuae IIA3MOHHOIO MeTa-aToMa ¢ aKTHBHON MM NACCUBHOMN 060I0YKOM
(cM. puc. 2) ero JUIOJIbHAS MOASPU3YEMOCTD nMeer BH/ [16]:

o s (Eshen—1) (ec+ 2emen) + Flec— eshen) 1+ 2esherr) 5 ( e >3 <1
shell (Eshell + 2) (EC 4 255hell) + 28 (eshenn — 1) (EC — Eshell) ) Ropenr

(2)

JIerko BUJIETH, YTO MOJAAPU3YEMOCTD (2) BCErja MOKHO IIPEJICTABUTD B BUJE
3€Cc —(
a=R"=—1, (3)
ec+p
rae R, p, q - HeKOTOpbIe KOHCTAHTHI, 3aBUCSIIIE OT ITapaMeTPOB OOOJIOUKM:

_ 2eshen(1-8)—2—-0
9 = Eshell (T+28)esnen+B—1°

_ Eshe (1_B)+B+2
p= 2€shell Eshc}”(léﬁJrl)JrQ(l,ﬂ) ) (4)

3 _ p3 (14+2B8)esheni+8—1
R = Ripenz, 2841120 5) -

Hanpumep, B yactHoM ciaydae Rgpen/Ro = 1.1 1 egpenp = 2.1 — 0.5¢ (yeunmaromas cpejia) umeeM

ec—0.117) — 0.7 e+ (e, —0.11)4) — 0.7
_ C c
(ec—0.14i) +2.4 (el + (e, — 0.14) i) + 2.4’

o= (0'96Rshell)3 (0'96Rshell)3

()
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Pucynok 2 — I'eomerpust n1a3MOHHO HAHOYACTHUIILI C 0OOIOUKOM

rae € u €5 > 0 - meficTBUTe/bHAS M MHIMAS 9aCTH AUIIEKTPUTIECKON IPOHUIIAEMOCTH ILIA3MOHHOTO SIPA.

U3 (5) xopoio BUJHO, YTO aKTUBHAs 000JI09Ka IPUBOIUT K 3(POEKTUBHOMY YMEHBIIEHHUIO II0TE€Ph B
HAHOYACTHIIE.

1T KOHKpEeTHOCTH B JaJIbHEHIEeM MBI OyIeM HUCIIOJIb30BaTh JJIsI MOJSIPU3YyEMOCTeH aKTUBHOIO M

TIACCUBHOTO METAa-aTOMOB BBIPAXKEHUST

~ e1—1 - g9 —1

3 3

= Ry——, Qg = Ry~ ) (6)
€1 €9+ 2
KOTOPBIE COBIIQJIAIOT C MOJSIPU3YEMOCTSIMUA OJTHOPOJHBIX C(HEePUIECKUX HAHOUACTHUIL pajuyca Ry ¢ mpoHUIae-
MOCTSMH €1, £2. PaccMoTpenne Jpyrux 3HaYeHuil apaMerpoB p, ¢ B (3) IPOBOJUTCH AHAJIOTUIHO.

TeomeTpusi OIHON MeTa-MOJIEKYJIBI, COCTOSIIEH U3 IBYX C(HEPUIECKUX METa~-aTOMOB C MOJISIPH3YEMOCTSI-
mu (6) mokazaHa Ha puc. 3.

Pucynok 3 — I'eomerpust MeTa-MOIE€KyJIbI, 13 MHOXKECTBA KOTOPBIX C/Ie/IaHa HAIa METAIOBEPXHOCTH. KarK1plit Mera-
aToM — 3TO cdepudeckas JdacTuIEa panuyca Ry << A ¢ IU3JIEKTPUYIECKOI IPOHUIAEMOCTBIO €1 WJIM €2 COOTBETCTBEHHO

Ob1mast Teopusi ONTUIECKUX CBOMCTB MeTa-MOJIEKYJIBl U3 JIBYX C(hepruaecKuX HAHOYACTHUI] N3BECTHA KAK
JIJIsl 9ACTUIl IPOU3BOJILHOTO pasmepa [17], Tak u jis HAHOYACTUIL, IJle MOXKHO IIPEeHeOpedh 3ala3blIBAHU-
em [18-21]. st n1a3MOHHBIX HAHOYACTUIL €CTECTBEHHBIM CIIEKTPAJILHBIM [IAPAMETPOM BJISETCS HE 9acTOTa,
a IN3JIEKTPUYECKasl IPOHUIIAEMOCTD, U IIO3TOMY B JAJIbHEHIIIeM Mbl OyIeM HCKATh TaKHe 3HAYEHUS TUIJIEK-
TPUYECKOHN ITPOHUIIAEMOCTH, ITPU KOTOPOIl B MeTa-aToMe, MeTa-MOJIEKYJIE NN META-IIOBEPXHOCTH BO3HUKAIOT
PE30HAHCHI WJIN JIPyrue 0COOEHHOCTH. Pe30HaHCHBIE YaCTOThI MOXKHO 3aTeM HalTH, €C/IU HCIOJIb30BaTh TOT
WM WHOU 3aKoH aucnepcuu. Hampumep, B citydae 3akoHa gucnepcun Jpyre

Wplasmon
e(w)=1- pTy (7)
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3Had PE30HAHCHYIO JIMIJIEKTPUYECKYIO IIPOHUIIAEMOCTb, MOXKHO HAHTH U PE30HAHCHYIO YaCTOTY:

Wplamnon
w = —2asmon 8
1—¢(w) (®)

Ha puc. 4 nokazaHnbl 3aBUCHMOCTH PE30HAHCHBIX 3HAYEHUHN MUIIEKTPUIECKON ITPOHUIIAEMOCTHA MeTa-
MOJIEKYJIBI, TTOKA3aHHON Ha pUC. 3, B OTCYTCTBHUE MOTEPh OT PACCTOSHUSI MeXkKy MeTa-atomamu [18,19]. Hiist
BBIYHCJIEHUS] 9TON 3aBUCHMOCTHU HCIIOJIb30BaIach bucdeputieckas CUCTeMa KOODJIMHAT, B KOTOPOil IIepeMEHHbIE
pPa3/eJIAIoTCs, & YJIOBJIETBOPEHNE TDAHUYHBIX yCJIOBHN HAa IIOBEPXHOCTH chep IPUBOJUT K OECKOHEUHOI
crucTeMe JIMHEWHBIX 110 € OJHOPOJHBIX ypaBHEHUH, HETPUBHUAJIbHOE PelleHre KOTOPOif BO3MOXKHO TOJIBKO IIPHU
BBIIIOJIHEHUN 9TUX JUCIHEPCUOHHBIX yPaBHEHUN.

Pucynok 4 — 3akoH AuCIEpCAN UIIEKTPHIECKAX MPOHUIIAEMOCTEH METa~-MOJIEKYJ/Ibl B 3aBUCUMOCTH OT PACCTOSHUS
MeXJy JByMsi c(DepHUECKUMM HAHOYACTIAMHU B IpeHeOperkeHMu 3anasjpiBanuneM (a) m = 0 (ocecuMmerpuvHble
kosiebanust) u (b) m = 1 (konebaHust nepHEHAUKY/ISPHbIE OCH). B HuKHel dacTu rpadUKoB Ha PACCTOSTHUSIX
Ri12/2Ro < 1.2 BUAHO BO3HHKHOBEHHE HOBBIX MO (M-MOZBI), YTO CBHIETEIBCTBYET O IMEPEXOJIE B PEKUM CHIIBLHOTO
B3aMMOJEHCTBYUS MeXKly MeTa-aToMaMu. KpacHble JIMHUK - 9TO JUIOJbHBIE KOJIe6aHNUsI, 3eJIeHble - KBAPYOJIbHbIE U

T.1. [18-20]

Kak Buguao u3 puc. 4, upu GoJIbIIUX PACCTOSHUAX MeXKy Mera-aroMamu Ris/ (2Rg) > 2 B3aumoseii-
CTBHE MeKJly HUMH OY€Hb MAaJIO, U B CIIEKTPE IPUCYTCTBYIOT TOJBKO IPOJIOJbHBIE (L - MOIbI) U IIOIIepeYHble
(P - IVIOJII)I) KO.He6aHI/I5{ C JUJIEKTPUIECKUMU ITPOHUITAEMOCTAMMU, 6JH/13KI/HVII/I K PE30HaHCHbBIM IITPDOHUIIAEMOCTAM

N30JIMPOBaAHHBIX MeTa-aTOMOB
n+1
En (UJ) = - ) (9)

n

rjie 1 OlpeJIesisieT MyJIbTUIIOIBHOCTD ILUIA3MOHHBIX KoJiebaHuii n30aupoBantoii cpepudeckoii qactunpt [18-20].

CuibHOE B3anMoeicTBIEe MEXK 1y JUITOJBHBIMUA MOZAMHA U MOZAMHU 00Jiee BHICOKOH MyJILTUIOJLHOCTH
M30JIMPOBAHHBIX METa-aTOMOB BO3HUKAET Ha PaccTosiHusX Ris/2Ry < 1.2, mie mpocTpaHCTBEHHAs! CTPYKTYPa
MOJI CHJIBHO MEHSIETCS M JIasKe BOZHUKAIOT HOBbIe MOl (M - mMognr). [TosToMy fijisi KOPPEKTHOCTH MbI Oyiiem
Jlajiee paccMaTpuBarh ciaydail Ris/2Rg = 1.2, korga npub/uKeHue MeTa-aTOMOB TOYEUHBIMU JIUIIOJISME €IIe
KOPPEKTHO.

ﬂI/IHOJIbHI:Ie MOMEHTBI ME€Ta-aTOMOB B M€Ta-MOJIEKYJIE C YyIeTOM HNX KBa3UCTATUYIECKOT'O JUIIOJIBHOI'O
B3aHMO,ZLefICTBHH 1 BHEHOIHEro OJHOPO/IHOI'O I10JIfA EO MOYKHO ONHUCATh CUCTEMON ypaBHeHI/Iﬁl

«0
d; =&y (Eo + Eo (I‘l)) = | Eg+G (1‘1 — I‘g)dg ;

-0 (10)
dy = a2 (Eg+E1(r2)) =a2 | Eg +G (r1 —r2)d; |,
e
1) R, R
GY (R)= - 432 1v=1,2,3 11
o () = — s 3 (1)

- KBagucrarndeckas (yuknusa ['punra aumonabHOro ncrodnunka u Eg - BHenTHee o€,
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Pemias ypasuenust (10), MoxKeM HANATH JUIIOJIBLHBIA MOMEHT METa-MOJIEKYJIbI IIPU PA3JIUIHBIX OPUEHTA~
IUAX BHEIIHEI'O II0JIA:
(d1 +az + 4;3—(*)
i2
dtot,z = dl.z + d2,z = R EOZ7 (12)
(1 _ 4a1a2)
RS,
(541 +ag — 2&13&2)
Ry
dtot,x = dl,x + d2,:c = EOa:- (13)

(1- %)

Ucxong uz (12) u (13), moaspusyemMocTu MeTa~-MOJIEKYJIbl MOXKEM IIPEJCTABUTh B BUJIE TEH30DPA C IUATOHAIb-
HBIMHU KOMIIOHeHTaMu [21]:

R3¢3 3 4 3_ 0.9
oM — M 083 (& + & —ay Oéz)7 (14)
v 56—041042
R3&3 (183 + 08 + 4o«
oM — 563 (an€ 2§ 1 2)’ (15)
6674041042

riie £ = Ri2/Ro > 2, a1 U g — JUIOJbHBIE TIOJIAPU3YeMOCTH H30JIMPOBAHHBIX MeTa-aToMoB 6e3 dakTopa Ry,
TO €CTh
&1 — 1 g9 — 1

= , Qg = .
! e1+2 2 €9+ 2

(16)

Vuer Briaia 6osiee BBICOKIX MyJIBTHIIONEH B IOJISIPU3YEMOCTh METa-MOJIEKYJIbl TAKKE BOSMOXKeH [18-22],
HO B JIAHHOHN paboTe JJIsl MOJIyIeHNs] HAIJISTHBIX aHAJIUTUIECKUX PE3YIbTATOB Mbl OTPDAHUIMMCS CJIyIaeM
csiaboro B3aumoueiicteusa Ria/ Ry > 2.4, KOrja BbICIIUMU MYJIBTUILIOJISIME MOYKHO IIPEHEOPEUb.

CobGcrBennble KoebaHus B U30JIMPOBAHHOIN METa~-MOJIEKYJIe BOSHUKAIOT B CJIydae, KOIJa 3HAMEHATEb
B (14) mam (15) obpamarTcs B HyJb, TO €CTh KOTJIA

56 - 52041042 =0= (51 + 2) (52 + 2) 56 = ﬁ2 (61 — ].) (62 — 1) . (17)

[Tapamerp 8 = —1 coorBeTCTBYeT COOCTBEHHBIM KOJEOAHUSM C IUIOIBHBIM MOMEHTOM, TEPIEHINKYISPHBIM
ocu MeTa-MoJIeKysl (ocu X Uy Ha puc. 1), B T0 BpeMst Kak [3 = 2 COOTBETCTBYeT COOCTBEHHBIM KOJIEOAHUSIM C
JIUIIOJIbHBIM MOMEHTOM, NapaJlIe/IbHbIM OCH MeTa-MOJIEKYJI (OCh Z Ha puc. 1).

B nasnbueiimem Mbl Gy1eM BBIAEIATH JIBA CJydas PACCMOTPEHUS METa-MOJIEKYJIbl. IlepBolil cirydaii —
910 MeTa-MosieKysibl ¢ PT (parity-time) cummerpueii [22]. Dot caygail peanusyercs, Korga

€ (I?yv Z) =¢" (.Z', Y, _Z) ) (18)

WM B HAIEM CJLydae:
/! - _ 1 / -1
g1 =¢ +ie’, eo=¢& —ie'. (19)

3aech * 0603HAYAET KOMILIEKCHOE COIIPSIPKEHHE. DTOT Cirydaii 60siee HHTEPECEH C TEOPETHIECKON TOUKH 3PEHHUS,
TaK Kak I103BOJIsieT HaiiTu ocobble (exceptional) cobcrBeHHble KOTEOAHMS CHCTEMBI.

Bropoit ciayuail MeTa-MoJIEKyJI, KOTOPBI MBI OyeM PacCMaTpuBaTh, — 9TO HECUMMETPUYIHBIE CUCTEMBI,
B KOTOPBIX OJTHA YACTHUIA UMeeT (DUKCUPOBAHHYIO MHUMYIO YaCTh JIMIJIEKTPUIECKON IPOHUIIAEMOCTH, B TO
BpeMd KaK MHHMad 4acThb JPYroil MOXKET U3MEHATHCH 110 BeJIMYUHE U 110 3HAKY IIOCPEJICTBOM OIITHYECKON
Hakaaku (cM. (1)). Dror Gosee obmmit caryvait Gostee aleKBATHO ONMCHIBAET BO3MOYKHBIE IKCIEPUMEHTAJBHbIE
peaju3anuu JAHHOTO IIOJIXOJA.

B nepsom ciyuae €] = —ej = &’ u aucuepcuonnoe ypasuenue (17), cBasbiBaoiiee Mex Ly coboii
JIEACTBUTENLHYIO ¥ MHAMBIE YaCTH ITPOHUIIAEMOCTEH AKTUBHON U MACCUBHON HAHOYACTHUIIHI, TPUHAMAET BH/I:
2 / 2 72 6 / 2 "2

A=3 ((5—1) te )—g (& +2)%+") =0. (20)

BecbMa BayKHO, 9TO B 9TOM CJIydae JUCIEPCHOHHOE YDABHEHUE SIBJISIETCS YeTHON (hyHKIMel MHUMON JacTn
JII3JIEKTPUYIECKOit byHkImm €”.

Vpasuenue (20) oupezesnger JUCIEPCUOHHYIO CBA3b Mexkty & u £”. C reoMeTpuyecKoil TOUKM 3peHust
3TO pellleHre ONUCHLIBACTCA OKPYKHOCTBHIO

(¢ —5’*)2+€”2 =2 (21)

C IEHTPOM B TOYKE

e =—(26°+5%)/(° - 57 (22)
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U PaJIiyCcoM
r = 386]/(¢° — 5%). (23)

Takue PT cummverpuanble pemnenusi ypasaenusi (20) cymecrsytor npu €’ < e/ = r* u cooTBETCTBYIOT

HE3aTYXAMOINM 3JIEKTPOMATHUTHBIM KOJIEOAHUSIM, HECMOTPS Ha IIPUCYTCTBUE TMOTEPh W YCUJIEHUS B MeTa-
MOJIEKYJIE.

B HecumMmerpuuHOM caydae € # —ef mucnepcenonnoe ypasHenne (20) WMeeT HeTPUBHAJIBHBIE DEIeHUs]
1P BBINIOJIHEHUN yCJIOBUI

e £ - (21)

” "no_
€] X €y = £ — 52
Pemenne nucnepcuonnoro ypasraenus (17) B IpOU3BOJIBHOM Clydae [MOKA3aHO Ha PHC. D

Pucynok 5 — Pemenne nucniepcuonsoro ypasuenusi (17) mist £ = Ri2/Ro = 2.4. KpacHble u cuHUe KPUBBIE COOTBET-
cTByIOT nonepednbiM (3 = —1) wim npomosbabiM (3 = 2) KoeGaHusAM, COOTBETCTBEHHO. UepHbIe TOUYKH 0D03HAIAIOT
UCKJIIoUnTENIbHBIE (exceptional) TOUKM, B KOTOPBIX IIPOUCXOJUT CMEHA PEXKUMa COOCTBEHHBIX KOJI€OaHMI

BaMKHyTBIe KPyI'H Ha puc. 5 coorsercrBytor PT cummerpuynoMy pemenuto (21), B To BpeMsi Kak
runepboJIbl, JIeZKalye B IIOCKOCTHU, IePHEHIUKYJIPHON IIOCKOCTH KPYTOB, COOTBETCTBYIO perneHuio (24).
Yepuble ToUKM 0603HAYAIOT UCKIIOYUTEIbHbIE (exceptional) TOUKM, B KOTOPBIX IIPOUCXOJUT CMEHA PEKUMA
COOCTBEHHBIX KOJiebaHuit. ITo perenne 0600IIAET pelenne, HafiJIeHHOe JIsl IByXMEPHOTO ciydast [23).

Eme pas mogdepkHeM, 9TO IIpH PACCMATPUBAEMBIX HAMU HAapaMeTpaxX NPU OIMHUCAHUHA ONTHYECKUX
CBOWCTB METa-MOJIEKYJIbl MOXKHO NpPEHEOpedh MOJAMHU (0JIee BBICOKOH MYJIBTUIIONBHOCTH TI0 CPABHEHUIO C
JNOJBHBIMA. J1J1sT ToATBEpKAeHNs 9TOro haKTa HA PHC. 6 MOKA3AHBI PEIIEHUS [UCIIEPCHOHHOTO yPABHEHNUS
st PT cnMMeTprndHOi cucTeMbl n3 JByX ¢epUUecKNX HAHOYACTHI] KOHEIHOTO pasMepa ¢ yIeTOM BCeX
MmysibTHnONEH [21].

3 31010 pucyHKa XOpOINO BHUIHO, 9TO IIPU PACCMATPUBAEMBIX Hamu napamerpax (Ris/2Rg > 1.2)
MOXKHO TIpeHeOpedsh MomamMu 0oJjiee BHICOKOW MYIBTHIIOIBLHOCTH. 1Ipr MEHBITHX PACCTOSHUIX MEXKIY cdeprude-
ckumu Haaodacturamu (Rio/2Ry < 1.18) MOl HAUMHAIOT CIAMBATHCH, U JJisl OIUCAHUS ONTUYECKUX CBOWUCTB
METa-MOJIEKYJT Ha TAKUX PACCTOSTHUAX TPeOyeTCs ydeT MyJIbTUTIONENR 60Jiee BHICOKUX TTOPSIKOB.

Sq)d)EKTI/IBHaﬂ IMOJIAPU3YyEMOCTb METa-MOJIEKYJIbI B METAaIIOBEPXHOCTHA

Ob6pa3yromme MeTanoBepXHOCTb METa-MOJIEKYJIBl B3aNMOIEHCTBYIOT MEXK Ty cODOI U MO3TOMY BbIpazke-
Hus Jid noigpusyemocreil (14) u (15) noskubl 6biTh MOaUbUIUPOBAHDBI. [Jis HAIVISHOCTH Mbl BHIYUCIAM
3bdeKTUBHbIE TOIAPU3YEMOCTA META-MOJIEKYJI B CJIydae HOPMAJIBHOTO ITaJeHIsI CBETA HA METAIOBEPXHOCTD.
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Pucynok 6 — Pemenne qucnepcnonnoro ypasuenus gyt PT cuMMeTpudHO#N CHCTEMBI U3 IBYX C(OEPUIECKUX HAHOIACTHUIT

KOHEYHOTO pa3Mepa € y9eTOM BCeX MYJIBTUIIONEH B IIIOCKOCTH €] = —e5 = Ime ( 3Ta miocKocTh MokazaHa Ha puc. 5)

JUIsL DA3JIMIHBIX paccTosiHuil Mexay dactuiiamu Ri2/(2Ro). KpacHble Kpy»KOUKHI OKA3bIBAIOT UCKJIIOIATENbHBIE TOUKH.

Kpacublii kBaspaT nokaspBaer 06JacTb ¢1ab0ro BAMSHUS BBICIIUX MYJILTHIIONEH HA JUIOJIbHBIE MOIBI, Ri2/2Ro > 1.2,
Ree ~ —2. B s70it 06/1aCTH AUCIIEPCUOHHBIE KPUBBIE SIBJISIIOTCS KPyraMu, KAk U Ha pUC. b

B ciayyae cuMMeTpUYHON KBAJIpATHON DEIIETKH ¢ IEPHOJOM P I JIUNOJBHBIX MOMEHTOB MeTa-
MOJIEKYJI, KOTOPBIE CIATAIOTCSA TOUYETHBIMU, MOYKHO HAIIMCATH CAMOCOIVIACOBAHHLIE yPABHEHUS, AHAJOTTIHBIE
ypasaerusMm (10),

i#£] i£j

TSI TIOJISIPUBATIAY A IATOIIErO CBEeTa BJIOJIb OCU Y WA Z COOTBETCTBEHHO. B (25) R;; = R; — R; - paccrosanusa
MeZK/]y Y3JIaMU PeIeTKH,

Gyy (Rij) = G2 (Rij) = Gaa (Rij) = G (Ryj)
JMArOHAJIbHBIE YJIeHBI TeH30pHON GyHKn ['puna ypasHenust Makcsesta [24],

(1 - ZkoR) BikoR
R? R

G, (R) = |k3 (6, —m,n,) + (3n,m, —6,,)

pv

7/”L7V:172’3 (26)

U i, j - COCTABHBIE MHJIEKCHI, XapAKTEPU3YIOIIHe [IOJI0XKEHIe MeTa-MOJIEKYJl B penterke, ¢ = (m,n), j = (p, q).
Pemenne ypasuennit (25) umeer Bu
Dy = a;ifEOya Dz = aingOZa (27)

rie afl);f a?:f - 3 deKTUBHBIE TOIAPUIYEMOCTH META-MOJIEKYJ/IbI C YIeTOM UX B3aUMOJIEHCTBUS:

—1 —1
adlf = (1/aM —R)7, gl = (1/a —8) 7, (28)
rIae
1 eikgRjo ) ) )
i#j j#0 0
IIpu BBIBOJIE (29) HCIIO/Ib30BaH TOT (PaKT, ITO 9—22 = 2—22 = % B CcJly4ae CyMMUPOBaHUS 10 CUMMETPUYHON
penieTrke.

Momaras B (29) Rjo = Pvm? + n2 = PR, nomny«nm

fr— M _Q/p3 V- M _Q/p3
O‘Zy - (1/ayy o N/P ) ) agz - (1/azz - N/P ) ’ (30)

10
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eim\/ m2+n?

3_ 1 2 2. .02\ _ - 24 2
N—2m2-§2¢0m< +1/(m® +n?) —iz/vVm —|—n), (31)

e ¥ = koP - pasmepHblii mapamerp pemerTku. Pemterounsie cymmbl (31) HOHMMAOTCs Kak IIpeset, B
KOTOPOM IIOTEPU B OKPYKAOIIEM META-II0BEPXHOCTH IIPOCTPAHCTBE CTPeMsITCsI K HyJto, kg = ko + id, © =

koP +i5P,5 — 0.

st 3¢ppeKTUBHOrO BbIMUCIEHHsT PeIeTouHoi cyMMbl (31) pasmesnum ee Ha jBe dacru: oguy ¢ n =0 u
npyryio ¢ n # 0 (em. puc. 7).

Pucynok 7 — Pasbuenune pemeroqnoit cyMMel Ha 9acTh ¢ 1 = 0 (KpacHble KPY?KOYIKHU) U BCe ocTasbhoe ¢ n # 0 (uepHble
KPY?KOUKH )

B pesysibrare Takoro pasOueHus MOJIyIuM

~ 11\/m72 .
R 5 L0 (o8 17 (m) — /i) +
© izy/mZin?

IDEDY

n#0 m=—o0

S (2741 (m? +0?) —ia/VmZ 4 n?) =

N|—=

§ i (2% 4+ 1/m? — iz/m) +

m
m=1

) ) eizmﬂ/,:i;;ﬁ (IQ + 1/ (mz + n2) _ ZI/\/TW) —

(32)

oo
c— (2% +1/m? —iz/m) +

m=1
o0 o0 2 2
2 10 izy/ me+n
n; (* = % am) m;w S

Permerounnie cyMMbI ¢ 1 = () BBIPayKaloTCsl B IBHOM BHJIe depes noimsorapudymdeckyio dbynkmmio Liy, (e'F).

st 3 hEKTUBHOTO BBIYHUCIEHUST PEMIETOTHBIX CYMM ¢ 1 7 () 1e1eco00pa3Ho UCIOIH30BAThH TPeodpas3o-

11
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panue (cM. [25, cTp. 489))

e 1T Rpn

S (mHél) (lnl) +4 Y Ky (|n (2mm)? — x2)> . (33)

m=—oo Rpn

U3 (33) BugnO, uTO 3TA CyMMa yObIBaeT Kak 1/y/n Tpu cTpeMmyeHnn n K GECKOHETHOCTH, ITO U TPUBOIAT K
KOHETHOCTHU BCEX PEIIEeTOYHBIX CYMM. B pe3ysibTaTe pPereToIHble CyMMbI MOXKHO TIPEJICTAaBUTD B BU/IE:

R =R + N,

Ny =ima? Y HY (an) +inz 3 %Hl(l) (xn)+
n=1 n=1

422 30 3 Ko (nwy) +4 Y L Y 2, Ky (nay,)
m=1

n=1m=1 n=1

Ny = 22 Liy (eix) —txLig (6“") + Lis (e“’) ,

rne r = koP - pasMepHBIil mapaMerp pPemeTKku, a T, = 1/ (27rm)2 — 2. Bee cymmnl B (34) cxomsites,

&)
y 1 1
Hanbosiee IPOBIEMHBIN WIEH - 9TO CyMMa Hé ) (zn). YuuTbiBas, 9T0 aCHMITOTHKA Hé ) (z) mpu Gosbrux
n=1

1 2 i(z—m
Hé)(z)zwge( /),

MOYKHO TIOKa3aTh, YTO U 3Ta CYMMa CXOJAUTCsA. Puc. 8 TakKe IMOKA3BIBAET, UTO 9Ta CyMMa CXOIUTCH, XOTId U
MeJIJIEHHO.

apryMeHTax nMeeT BUJL

oo
1
Pucynok 8 — CXxoauMOCTh CyMMBL Y H(() ) (zn) B 3aBECHMOCTH OT YHUCJIA YIEPKAHHBIX WJICHOB pu = = ko P = 1.75.
n=1
KpacHble TOUKH- JeficTBUTEIBHAA YACTh CYMMBI, CHHUE TOYKHU - MHAMAs 9aCTh.

I'padux 3aBucuMocTn N=2R; +Ry orz = ko P mokazan Ha puc. 9.

13 puc. 9 BEAHO, 9TO MHUMAs 9aCTh PEIIETOYHON cyMMbl N obpamaerca B 0 B KBA3BUCTATHIECKOM
pexume (x = koP = 0), te

R(0)=C(3)+7°/3+8m > % > mKy (2rmn) ~ 451681, (35)

n=1 m=1

a TakxKe B ciydae x = ko P = 3.07 ~
N (3.07) = —15.98. (36)

12
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Pucynok 9 — I'paduk 3aBucumocTu pemrerodnoit cymmbr X = N; + Ny oT pazMmepHOro napamerpa pemerku koP.

Kpacnast kpuBasi — neificrBure/ibHast YacTh N, CHUHsIsI KpUBasl- MHAMAs 9acThb N

B PT cummerpudsoM ciydae Mera-MoJekyl ) = —ef = &’ u B ciryuae JeficTBUTEIbHON PEIIETOYHON CyMMBbI
N IucrepcroHHBIE KPUBBIE CHOBA UMEIOT BUJI, OKPYZKHOCTEI

/ 2

(¢ —elgp)’ +e? =ehp (37)

C IEHTPOM B TOYKE
2 6 N3 _ 3
oo PR G258 (38)
& +8) ((1-26)¢-5)

¥ C PAJILyCOM
@ (-6 e—p)

~ ~ 3 ~
KOTODBIE Y7KE€ 3aBUCST U OT pereTounbix cymm G = YR (z) = (%) R (). Eciu ycmosue PT cummerpun He
BBITTOJTHSIETCS, HO PEIIeTOYHasl CyMMa OCTaeTCs JeHCTBUTEIBHOI, TO

/ / " " 112
e =egp, el xei =—"gp. (40)

Ecau ke perierounasi cymma INpUHUMAaeT KoMIuleKcHble 3Hadenus G = G’ + iG” (1o, Kak npaBmio, Tak
7 €CTh), TO JWMCIIEPCUOHHBIE KPUBBIE UMEIOT BCETO JBE BETBU, CHMMETPHIHBIE OTHOCUTEIHHO OCH £ = € m
HaYMHAIOIINECd U3 TOYKU

— 93
el =¢ef =0;¢' = Lﬂ " 53 (41)
WJIN U3 TOYKHU
6@«// 6
€] =65 = —— ¢ —3;
4G”2§6 + (6 _ 53 + 2G'§3)
(42)

(B 20 (8428 42008 ) + 4G
1Ges + (8- + 2@/53)2 '

3aKOHBI IUCIIEPCAN B KBA3UCTATHIECKOM ciryuae ko P = (0 u B ciiyyae pemeTku ¢ pa3MepPHBIME [TapaMETDAMMU

koP = 0.58, kg P = 1.57, ko P = 2.5 u kg P = 3.07 nokas3annl Ha puc. 10, 11.

W3 puc. 10, 11 BugHO, 9TO UCKJIFOYUTEbHAS TOYKA IOSIBJISETCS HE TOJIBKO JIjIsl OJMHOYHONW MeTa-
MOJIEKYJIbI U B KBA3UCTATUIECKOM pPEXKUMe, HO TakxkKe u B ciydae ko P = 3.07, To ecTb B ciiydae JOCTATOYHO
PEJIKOIT PEIeTKN, KOTJa HET MOTePh Ha M3JLy IeHUE.

13
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()

Pucynok 10 — 3aKoH ANCIHEPCHU JAUIIEKTPUIECKHUX [IPOHUIIAEMOCTE! JIst M30JMPOBAHHOrO JuMepa ko P = 0o (KpacHblii
BET), JIsl PEIIETKU B KBA3UCTATHIECKOM pexkuMe ko P = 0 (CuHUII UBeT) M JyUIsi PEIIETKU B PEXKUME C 3alla3/[bIBAaHIeM
koP = 0.58 (uepnsiit), ko P = 1.57 (cupenessiit), ko P = 2.5 (xkeursiit), ko P = 3.07 (3esenslit) (mpogosibHAst OpUEHTALYSE
nosis1). YepHble TOUKH 0603HAYAIOT MCKJIIOYUTENbHBIE (exceptional) TOUKH, B KOTOPBIX MPOUCXOJUT CMEHA PEsKIMA
cobGcTBeHHBIX Kostebannit. Jljisi HArvIs,IHOCTH [IOKAa3aHbl PA3JIMUHBIE IIPOEKIMU TPEXMEPHBIX KPHUBBIX

14
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()

Pucynok 11 — 3akoH AUCIEPCHI AUIJIEKTPUIECKHUX [IPOHUIIAEMOCTE! JIst H30JMPOBAHHOrO JuMepa ko P = 0o (KpacHslil
I[BET), JUIs PEIIETKH B KBA3HCTATUYECKOM pexkuMe ko P = 0 (cuHuii 1(BeT) U JJIsi PEIIETKH B PEXKUME C 3alla3/IbIBaHneM
koP = 0.58 (uepnslit), koP = 1.57 (cupenessiit), koP = 2.5 (xkenrsiit), koP = 3.07 (3enensiit) ( nmonepedunas
opueHTanus 1noJist). YepHble TOUKE 0003HAYAIOT UCK/IIOYATENbHBE (exceptional) TOYKH, B KOTOPBIX IPOMCXOAUT CMEHa
peKuMa COOCTBEHHBIX KosieOanmit. JIyis HAIVIA/[HOCTH MOKA3aHbI PA3IMIHBIE TPOEKIA TPEXMEPHBIX KPUBBIX

15
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OTpa)KeHI/Ie u IIpoxoxKJieHre cBeTa IIpyu HOpMaJIbHOM IIa/IeHUU CB€Ta Ha aKTUBHYIO
MeTallOBEPXHOCTb

PaCCMOTpI/IM CHa4aJIia Cﬂyqaﬁ, Kor/la IoJidpu3aliisd CBeTa HallpaBJIeHa BJIOJIb OCHU Z, TO €CTb B/I0JIb OCHU
MeTa-MOJIEKYJIbI:

Ei, = (0,0,1)Ege ko, (43)
B srom ciyaae magaronuii MOTOK HEPTUU PABEH
C

Sin r =
’ 8

Eg, (44)

a Kaxkzas MeTa-MOJIeKyJla U3-38 CUMMETPUH PEIIeTKH COrJIacHo (27) nmpuobperaer OAuH U TOT K€ JUIOJIbHBLIT
MOMEHT:
_ e

Bekrop I'epria mosist, n3irydaeMoro perneTKoil TaKuX JUTIOJEel, UMeeT BUI,

exp (ikg |r — ropn
Hz:pzz p( 0| m D (46)

m,n |I‘ - rmn‘

Jlu1st HAXOXKJIeHUsI TI0JIsT OT PEIeTKH JIUIOJIel BOCIIOIb3yeMcsl T aecTBoM Beiiss [26, c. 65 - 75]:

exp(ikor) _ L//dk dk exp(ik,z + ikyy + iks|x|)
r 2w yeE kg, (47)

ky = \/k3 — k2 — k2; Rek, > 0;Imk, > 0

u dopmyoit cymmuposanust Ilyaccona [27, c. 170, (36) |

> exp (ik.Pm) =27 » 8 (kP — 27m). (48)

B pesynbrare BMecTO (46) mOMTy M

Hz — ip};zﬂ Z exp(ikz,nx"l‘iky,m,y"rik'z,mn‘xl)

z,mn
m.n

(49)
kx,mn = k(% - ki,m - kg,rm kyym = %Tm’ kz n = %Tn

ITpu kg P < 27 (310 COOTBETCTBYET PEXKUMY METAMATEPUAJIOB, & He PeKUMY JAudPaKIMOHHOI PEIIeTKN) Bee
WIEHBI ¢ M, N # (0 9KCIOHEHINAIBHO 3aTYXAIOT IIPH YJAJEHUN OT METAIIOBEPXHOCTH (9BAHECIIEHTHBIE BOJIHBI),
7 JaJbHee HOJIe OIMCHIBAETCS TOJIBKO OJIHUM HeHOM ¢ m,n = 0:

exp (iko |v — Tppn|)  ip.2m exp (iko |x|)
M. =p.» == : (50)
i v — Tyl P ko
CooTBeTCTBeHHO, I10JIe, N3JIydaeMoe MeTa-MOJIeKyIaMi, UMeeT BHI:
’i()éefonk027T .
E, =k, = ZZT exp (iko |z|) . (51)

st OTPakKeHHOr0 U MPOXOIAIIErO TOTOKOB SHEPIHH U KOI(DMUIIMEHTOB OTPAXKEHIUA U IIPOX0XKIEHUS COOTBET-
CTBEHHO MMeeM:

2
__ cm e 21.2
SRz az]zc | Egkg

= 2p1
. o (52)
cE, 2irkoal?
St = |1+ Bl |
_ Srae _ A7k eff|?
R=g = "p |O‘z |
(53)
. 2
_ Strw 2irkoallf
=g = ‘1+ P>

,ZLJIH Honepequﬁ TOJIAPU3aAA UMeeM aHAJIOTMYHbIC BbIpazKeHUs1, B KOTOPbIX HaJ0 3aMCHUTDH MMOJIAPU3YEMOCTU
eff ef f
Qg — Oéyy .

16
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Beipaxkenus (53) ©UMeIOT HOJIIOC IIPH BBIIOJIHEHUH PEIIEHNs IUCIEPCHOHHOr0 ypaBHenus (e puc. 10, 11).
C busnueckoil TOUKHM 3pEHUsT 3TO 03HAYAET BO3ZHUKHOBEHHUE IEHEPAIIUH, ITO He OYE€Hb HHTEPECHO NTPUMEHH-
TEJLHO K YIPABJICHUIO BXOAAIIAMY IIydYKAMU CBETa.

C mpakTuaeckoil TOUKH 3peHns H0jIee MHTEPECHBIM MIPEICTABIISETCS HAXOXKIEHNE YCIOBUM, TIPU KOTOPBIX
MaJloe U3MEeHEeHUe HAaKadyKH, TO eCTh MHUMOI YacTU JUIJIEKTPUYECKOHN IIPOHNUIIAeMOCTH aKTUBHOI'O MeTa-aToMa,
IIPUBOIUT K CYIIECTBEHHOMY M3MEHEHHNIO KO3 MUIINEHTOB OTPaKEHNS U IIPEJIOMIIEHNUS.

st meMoHCcTpanun Takoil BO3MOXKHOCTH Ha pHC. 12 MOKa3aHbI 3aBUCUMOCTH KO3(M(OUITMEHTOB OTpa-
JKEHUS W MIPOXOXKJIEHWSI B 3aBUCUMOCTH OT MHUMON YacCTU AUIJIEKTPUIECKON MPOHUIAEMOCTH aKTHUBHOTO
MeTa-aToMa U IIEPUO/ia PEIIeTKH.

(c) (d)

Pucynok 12 — Basucumocts koadduimenrta orpaxkenust R (kpacHast kpupasi) u npoxoxjenust T (cuHsisi Kpuasi)

CBETa Yepe3 aKTUBHYIO METAIIOBEPXHOCTH OT MHUMOW YaCTH JUIJIEKTPUIECKON MPOHUIAEMOCTH aKTUBHOIO METa-aToOMa

€¢ain U OT Tepuoga P. HopMmasibHoe majienue ceeTa. Y TaccuBHOTO Mera-aToMma &' = 0.3. [lonspusamusi momepex

ocu Mera-Mosiekynbl a) koP = 0.1, & = —2.02605, b) koP = 0.58, ¢’ = —2.02605, c) koP = 1.268, ¢’ = —2.02605,
d) koP =175, &' = —-1.97

W3 37010 prcyHKa BUJHO, 9TO IPU MaJsieHbKOM nepuoje pemerku (koP = 0.1) upyn nsMeHeHUN MHUMOIL
YaCTU TOKA3aTessl MPEIOMJICHIsST aKTUBHON YacTulibl Becero Ha 0.005 moJiHOe OTpakeHue CMEHsIeTCs Ha, TOJTHOe
MPOMYCKAHWE, YTO MOJTBEPXKIAeT IMePCHEeKTUBHOCTh IpeJyTaraeMoro moaxona. 1lpu yBenudennn mepuoma
3aBHUCHMOCTb CTAaHOBUTCA MeHee OCTPOIt, HO, TeM He MeHee, XOPOIIIO BbIPaKeHHOI.

3akJiroueHue

Takum ob6pa3oM, B HACTOsIIEH paboTe TPeIoyKeH U TeOpeTUIecKrn 0O0CHOBAH HOBBIHM MOIXOM K YIIPaB-
JIEHUIO TIJIA3MOHHBIMU METAIIOBEPXHOCTSIME C TIOMOIIBIO YIIPABJIEHUs IIOTEPSIMU B METa-aTOMaX.

B manmoit pabore /st MOJIy9eHUS TTPOCTHIX AHAJUTUIECCKUX PE3YJIBTATOB OBLI PACCMOTPEH CJIyvail
METa-aTOMOB B B CHEPUIECKUX YACTHUI[ OJIMHAKOBOTO PAJUYCa C OJUHAKOBON JIEHCTBUTEIHHON JACTHIO
nponuraemoct. O6O0IEHNe HA MeHee CHMMETPUYHBIN CJydail MOXKHO IPOBECTH B IIOJHOW AHAJIOTUU C
TTO/TXO/I0M, M3JI0’KEHHBIM B paboTe, a BOSHUKAIOIIUE TPU ITOM JTOTOJTHUTEIbHBIE YIIPABJSIONIAE TapaMeTPhl
TO3BOJIAT IIPOBECTU JIOIOJHUTEJIFHYIO ONTUMHU3AIIAIO IIPOIIECCa YIIPABJIEHUS OTPaKEHNEM U ITPOXOXKICHUEM
CBeTa Yepe3 MeTaIlOBEPXHOCTD.

MoxkHO Takzke Gojee TOUHO ONUCATH PAUAIMOHHBIE IOTEPH N30JUPOBAHHON MeTa-MOJEKyYI bl |28, 29),
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HO 3Ty MAJIyIO IONPABKY II€JIeCO0DPA3HO YUIUTHIBATH TOJIHKO IPHU IIOATOTOBKE KOHKPETHOI'O SKCIIEPUMEHTA.
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CONTROL OF LIGHT REFLECTION AND TRANSMISSION USING
AN ACTIVE PLASMON METASURFACE

Klimov V.V.*!
L P.N. Lebedev Physical Institute, Russian Academy of Sciences, Moscow, Russia

* klimov256@gmail.com
Abstract
A new approach to the creation of meta-surfaces based on a combination of passive and
active meta-atoms is proposed. The optical properties of such meta-surfaces have been studied.
It is shown that with a certain choice of meta-surface parameters and changing the pump
power, effective switching between complete transmission and total reflection of light is
possible.

Key words: active meta-surfaces, meta-atoms, plasmonics, PT symmetry, exceptional points
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Annoranus

YucjaeHHO U 9KCIIEPUMEHTAIBLHO MCCJIEI0OBAHO BIUSHUE OJIM30CTH PACIIOJIOXKEHUsT 00pasiia K KOPOTKO3a-
MBIKATEJJII0 HA Pe3yJbTaT U3MEPEHUsI MArHUTHON U JUIJIEKTPUUIECKON IIPOHUIIAEMOCTEN B OJIHOIIOPTOBOI
TIOJIOCKOBOH M3MEPUTEJIbHOU sdelike B CDAaBHEHUU C U3MEPEHUAMH B JIBYXIIOPTOBON IIOJIOCKOBOU SYEHKe.
Mertomom MonTe-Kapiio u 9ucIeHHBIM pacyeTOM METO/IOM KOHEYHBIX 3JIEMEHTOB IPOU3BEIECHO CDaBHEHUE
MOTPEITHOCTH PA3HBIX METOI0B n3Mepenusi. [lokazaHo, YTO METO/I U3MEPEHHsI Ha OCHOBE 3aKOPOYEHHOMN
OJIHOIIOPTOBOI TOJIOCKOBOM STYEHKM CIIOCOGEH 06ECTIEYNTD IITUPOKOIIOJIOCHBIE U3MEPEHUSI C BBICOKOIW TOYHO-
CTBIO TOJIbKO MArHUTHOM HpoHUIaeMocTu. VIaMepeHue ke Ju3JIeKTPUIECKON TPOHUIIAEMOCTH C BBICOKOM
TOYHOCTBIO BO3MOXKHO TOJILKO B y3KOM JHAalla30HE YacTOT. JIByXmoproBas JIMHHS, C JPYTrOil CTOPOHBI,
MO3BOJISIET MTPOBOJIUTH IIMPOKOIIOIOCHBIE U3MEPEHUsI C BBICOKONW TOYHOCTBIO 0DOMX MATEepPUAIbHBIX Mapa-
METPOB.

KaroueBsle cioBa: nosiockosas junaus rnepenadn, CBY uamepenns, namepenre MarHuTHOM IIPOHUIIAEMO-
CTH, U3MEPEHNe IMJIEKTPUIECKONH TPOHUIaeMocTr, KBasu- TEM npubunkenne
EDN AQITKT

doi:10.24412/2949-0553-2023-46-20-29

BBenenune

B nacrositiiee Bpems Hanbosiee MOy ISPHBIMA METOIAMU IMUPOKOIMIOJIOCHBIX U3MEPEHUN TUIIeKTPUIe-
CKHUX M MArHUTHBIX CBONCTB MATEPUAJIOB SBJSIOTCS KOAKCUAJIBHBIA METOJ U KBa3UONTHYIeCKuil MeTo, [1].
OJtHAKO 9TU METO/BI He SBJISIOTCA yHUBEpCAJIbHbIME. CyIEeCTBEHHBIM OIPAHUIEHUEM KOAKCUAJIBHOTO METO-
Ja SIBJISETCsT HEOOXOINMOCTD U3TOTOBJIEHUS 00pa3Iiia CIIeuaabHON (hOPMBI M BBICOKAsT 1YBCTBUTEJIHLHOCTD
TOYHOCTH W3MEPEHUs] JUIJIEKTPUIECKON TPOHUIIAEMOCTH K JIFOOBIM BO3IYIIHBIM 3a30paM. Vcrosb3oBanue
KBA3UONTUIECKOTO METO/Ia TPpedyeT DOBINNX M0 pa3Mepy 00pasIoB Jjis HU3KOUACTOTHBIX M3MEPEHMUIA.

OTH OrpaHUYEHHsT MOYKHO ODOONTH MCIIOJIL30BAHUEM IOJIOCKOBBIX JIMHUH Hepeaadu, e HeOOIbIIo
obpaszer] YaCTUYHO 3all0JIHSIET IMIOIEPEYHOe CEeYEHUEe ITOJIOCKOBON m3mepuTesbHON sueiiku. CraHIapTHBIM
IMOAXOI0M IIOJIOCKOBOI'O METOJA SIBJISIETCsI UCIIOIb30BaHUE OJHOMO0BOrO KBas3u-TEM npubiukenus, npu
KOTOPOM OTJIMIUEM PACIPOCTPAHSIONIEHCA BHYTPU M3MEPUTEIHHON STYEHKN JIEKTPOMATHUTHON BOJTHBI OT
TEM-Boaubl npenebperaior [2—-10]. CyiecTByoT Tak»Ke MeTObl, KOTOPbIE yUYUTBIBAIOT MMOPUIHYIO IPUPOLY
PACTIPOCTPAHSIIOIIAXCST MO/ B TIOJIOCKOBOM JIMHUM W BBIXOAAT 3a pamkn kBasu-TEM mpubmmxenuns [11-13].
OjHako u3-3a UX OOJIBIION CJIOKHOCTH OHH HE MOJIYIHJIA IIHPOKOTO PACIIPOCTPAHEHMUS.

[Tpu ucnosibzoBarnu cranmapTHOro KBazu-TEM npubimkeHnst BO3HUKAET CJI02KHOCTb B OIIPEIEICHUT
TPAHUI TPUMEHUMOCTH 3TOro npubirkenus. Jljis mpoBeIeHns JOCTOBEPHBIX N3MEPEHMIT HEOOXOIUMO 3HATD,
KaK BJIUSET CTelleHb OTKJIOHEHUS PACIPOCTPAHAIONIEHCS B U3MEPUTEIHHON A4ueiiKe 9JIEKTPOMATHUTHON BOJIHBI
or TEM-Monpl 1 npu KaKAX YCJIOBUAX 3TO OTKJIOHEHHE CTAHOBHUTCS CYIIECTBEHHBIM U JOMHHUPYIOIINM
MCTOYHUKOM TOT'PENTHOCTU M3MepeHusi. JlomomHuTe/bHas CJI0XKHOCTh BO3HUKAET 1O MPUYUHE TOTO, UTO

* ABTOp, OTBETCTBEHHBIN 3a nepenucky: IlaBen AsexceeBuu VBamos, p.ivanov.a@mail.ru
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rpanuIia IpuMeHnMOoCTu KBasu-TEM mpubiamkenns: 3aBUCAT HE TOJHLKO OT KOHQPUTYpAIUHW, pa3Mepa u
reOMETPUN CaMOil M3MEPUTENbHON sT9eifkn, HO U OT pa3Mepa U Marepuasa obpasma [6]. [lostomy omenka
rpanutibl TpuMeHnMocTu KBasu-TEM npubsikenus: TOJIBKO 9aCTOTOH BOZHUKHOBEHUSI BBICHIUX MOJ| B IIYCTOIT
U3MEPUTEJILHON d4eiKe ABJIAeTCd HeJOCTaTOYHOM].

Pacnpocrpanensl Kak oiHOIOPTOBbIE [2—7], Tak u aByxuoprosbie [8—10] MeTonbl U3MEPEHHsT HAa OCHOBE
TOJIOCKOBBIX JIMHU{T 1epeadn. MeTombl Ha OCHOBE OTHOITOPTOBONH KOPOTKO3AMKHYTOH TIOJIOCKOBO sTIefiKM Jalre
BCEro MPUMEHSIOT JIjIsI U3MEPEeHUsI MAarHUTHON MPOHUIIAEMOCTH TOHKUX IIJIEHOYHBIX MaTepuaJsioB. B obmem
cllydae, HOJIy9eHre BTOPOr0 MATEpUaJIbLHOrO HapaMerpa (JIU3JIeKTPUIeCKOH TPOHUIAEMOCTH ) OCYIECTBIISIETCSI
[IPUMEHEHUEM Psijia OAX00B [2, 14], KoTopble MOXKHO pa3jesuTh Ha jBe Kareropuu. Ilepsas Kareropus
BKJIIOYAET TIO/XObI, OCHOBAHHBIE HA AIIPUOPHON MH(OPMAINH, B KOTOPBIX IMIJIEKTPUIECKAS IIPOHUIIAEMOCTh
OIIpe/IesIsieTCs TPUOJIMKEHHO HA OCHOBE U3BECTHBIX JAHHBIX O AMIJIEKTPUIECKUX CBOHCTBAX BCEX KOMIIOHEHTOB
U3MEPUTENHLHON CUCTEMBI, KOTOPhIE HE YUUTBHIBAIOTCSA KAJIUOPOBOTHBIMU IPOIEypaMu. TaKwe MOIXOIbI IMeeT
HUBKYI0 TOYHOCTBb U IIPEJIIOJIAra0T CJIabyI0 3aBUCHMOCTD PE3YJ/IbTaTa W3MepPEeHUsI MATHUTHON MPOHUIIAEMOCTHI
OT JIM3JIEKTPUYIECKOI MPOHMUIAEMOCTH 0Opa3iia. Bropasi Kareropusi BKJIIOYAET IOJXO0/IbI, OCHOBAHHBIE Ha,
IBYX HE3ABHCUMBIX U3MEPEHUSX KOd(PMOUIMEHTa OTPAKEHUs, IOy IAeMbIX IIyTEeM BHECEHUS U3MEHEHU B
U3MEPUTETHHYIO KOH(MUTYPAIINIO, TAKAX KAaK M3MEpPEHNe UCCIIeLyeMOro obpasa B JIBYX Pa3HBIX ITOJO0KEHUSX,
n3MepeHne o0Pa3oOB PA3HOIl JJINHBI, BBEIEHIE JIOIOJHUTEIBHOr0 00pas3ia ¢ N3BECTHBIMU CBOMCTBAMU MJIN
MIPUJIOYKEHNE BHENTHETO MMOCTOSHHOTO MATHUTHOTO TIOJIsT JIJIsT HACBIMIEHUsT 00pa3Iia.

Ecin uccsemyembie 00pasifbl IPeICTABIAIOT COD0IT KOMIIO3UTHBIE MATEPUAJIBI, BKIIOUAs METAMATEPHAJIBI,
9bsl TOJIIIMHA CYIIECTBEHHO OOJIbIIIE, YeM y OOBIYHBIX IJIEHOK, U M3MEPEHNE KOTOPHIX BO3MOYKHO TOJIBKO IIPHU
YaCTUYHOM 3aII0JTHEHUU M3MEPHUTEJILHON sueifiKu, TO OIpejiejieHne KOPPEKTHOIO CcIIocoba U3MEPEHHsT TaKUX
00pasIoB B OJHOMOJOBOM IPUOJIMAKEHUU OCTAETCSI AKTYAJBHBIM.

B pabore mposeseno ucciieoBanme BIUSHAS OJIM30CTH PACIOJIOXKEHNsT 00pa3ia K KOPOTKO3AMBIKATEIO
Ha U3MepeHrne MarHUuTHON U JIN3JIEKTPUYECKOil IPOHUIIaeMOCTell YNCIeHHBIMU U 3KCIIEPUMEHTAJIbHBIMUA METO-
namu. [lokazamo, 9To MeTO U3MepeHHs Ha OCHOBE 3aKOPOUYEHHON OIHOIIOPTOBOMH MOJIOCKOBON STIEHKN MOXKET
06eCIeunTh IMIMPOKOIIOJIOCHBIE U3MEPEHUS ¢ BHICOKON TOYHOCTBIO TOJIBKO MAarHMTHOW IpoHUIaemMocTu. V3me-
peHue XKe AUJIEKTPUYIEeCKON ITPOHUIIAEMOCTH C BBICOKOM TOYHOCTHIO BO3MOYKHO TOJIBKO B y3KOM JIHAIIa30HE
qacToT. JIByXmoproBasi IWHUS, C APYTOHl CTOPOHBI, TIO3BOJISIET MTPOBOINUTE MTAPOKOIIOIOCHBIE M3MEPEHUST C
BBICOKO} TOYHOCTBHIO O0OUX MATEPUAIBHBIX [TaPAMETPOB.

Mertoap! ucciiemoBaHus

B nacTosimeit pabote ObLIM PaCCMOTPEHBI B TUTIA METOJIOB M3MEPEHUs Ha OCHOBE OJIHOTIOPTOBOM
3aKOPOYEHHON TTOJIOCKOBOM M3MEPUTEJILHON SYUeHKU M Ha OCHOBE JIBYXIIOPTOBOI TOJIOCKOBOU stueiku. Mx
BHEITHUI BUJI TIpejicTaBiieH Ha pucynke 1. Obe s9eiikn UMET OJMHAKOBBIE Pa3MeEPHI ITOTIEPEYHOIO CEUEHUs,
COOTBETCTBYIOIINE XapakTepucrudeckoMy umiemancy 50 Om. fdeiiku nMeroT cieayroniue pa3Mepsl: IMUPUHA
I[IOJIOCKOBOI'O IIPOBOJHUKA (II0JIOCKA) COCTABJIAET 8,7 MM, TOJIIMHA HOJOCKA — 1 MM, PACCTOSIHUE OT MOJIOCKA
10 9kpaHa — 2 MM. CBsI3b si4eeK ¢ KOAKCUAJBLHBIM IIOPTOM BEKTOPHOI'O aHAJIM3aTOPa Ieleil OCyIecTBIeHa
qepe3 KOaKCHAJIbHO-IIOJIOCKOBBIN IIepexo/I.

Pucynok 1 — Bug ogsonoproBoii (csieBa) u AByXIIOPTOBOH (CHOpaBa) IOJIOCKOBBIX A9€eK. 1 — KOPOKO3AMBIKATEIb,
2 — moJiocok, 3 — nopt, 4 — obpasern. B AByXIOpTOBOil s4eiike Mocse KaJubpOBKH KOPOTKO3AMBIKATEIb CHUMAETC U
BMECTO HEro yCTAHABJIMBAETCS 00pasert
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Yder BiIMAAHUS HEOIHOPOIHOCTEN M3MEPUTENHHON STIefKU, COCPEIOTOYEHHBIX B 00JACTH KOAKCHAIHHO-
ITOJIOCKOBOTO TI€PEX0/Ia, OBbLI OCYIECTBIEH TPUMEHEHHEM KaJNOPOBKH II0 CMEIAeMOMY STAJIOHY - KOPOT-
KO3aMBbIKaTeJ1o [15], B KauecTBe KOTOPOrO UCIOJIB3YeTCsl OJIBUYKHASI METAIIINIECKasi CTeHKa. 11pu 3ToM B
JBYXIIOPTOBOI sTYeiike KOPOTKO3aMBIKATE b IIOCJIE KAJUOPOBKY CHUMAETCsI, & BMECTO HETO PaCIIOJIaraercst
obpaszeir.

B sxcnepumente n3mepenust K03 OUIHEHTOB OTPAYKEHHsT U IPOXOKICHNS JIEKTPOMAIHUTHON BOJIHBL
OT HCCIIelyeMbIX 00pA3I0B BHYTPH M3MEPHUTEJBHBIX [OJOCKOBBIX S9€eK POBEJIEHbBI [P IIOMOIIH BEKTOPHOTO
anasusaropa neneii (BAIT).

PesynbpraTsl sxcriepuMenTa CpABHUBAIOTCHA C YUCIEHHBIM MOJEINPOBAHUEM METO/IOM KOHEYHBIX dJIe-
MeHTOB. 1Ipn MoznenmpoBanny n3MepuTeSbHBIE TOJIOCKOBbIE TYEHKHU OBIIIN IIPEJICTABIIEHBI B BUJIE YYACTKOB
SKPaHUPOBAHHBIX II0JIOCKOBBIX JIMHUH Ilepeadyn C HOIlepevYHbIMHU pa3MepaMy, aHAJIOTUYHBIMU ddeiikaM, UcC-
MOJIB3YyEeMbIM B dKcmepuMenTe. [Iuranne JTUHIN OCYIECTBIISJIOCH INIOCKUMU TTOPTAMU Ha IPAHUIAX YIACTKA
JIMHUU, ITO TMO3BOJIUJIO YCTPAHUTD BIUSHIE KOAKCHAJIHLHO-TIOJIOCKOBOTO mepexona. Takas MoJIesib TO3BOJISET
[OJTYYUTh BBICOKYIO TOYHOCTH IIPU UCIIOJIH30BAHUN MEHBIUX BBIYUCIUTEILHBIX pecypcoB. CpaBHEHUE pe3yiib-
TATOB pacdeTa B PACCMaTPUBACMOM YaCTOTHOM /IMAIIa30HE IIOJIHON MOJEIU OTKPBITONH IIOJIOCKOBOHN dAYeiiKy,
IUTaHWe KOTOPOU OCYIIeCTBIAETCS KOAKCUAJIBHBIMUA ITOPTAMU Yepe3 KOaKCHAJbHO-IIOJIOCKOBBIN IIepexo, 1
6oJtee TPOCTON MOJIEH yIacTKa SKPAHUPOBAHHOM [TOJIOCKOBOIT JINHUN IIEPEJIatu C IVIOCKUME [IOPTAMHU [TOKA3aJI0
WX TPEHEOPEKUMO MAJIOE Pa3Iudue.

Jl1g TIoJIyYeHus U3 pe3y/IbTaTOB U3MEPEHuil MarunTHOM p = u' — iu” u nussekTpudeckoii € = ¢’ — ig”

[IPOHUIIAEMOCTEH HEeOOXOMMO 3HAThH JIBA HE3aBUCHMBIX S-TapaMerpa obpasia. B ciydae JIByXIOpPTOBOit
ST9efKYM HE3aBUCUMBIME S-ITapaMeTPaMU SBJISIFOTCS KO DUIMEHTHI OTpakKeHusl U [TPOXOXKJIEHNSI, U PACIeT
{4 U € BBIIOJHAETCS C UCIOJb30BanueM Merona Hukoscona—Pocca—Yupa [16]. B omnonoprosoit sueiike B
KadecTBe JBYX HE3aBUCHMBIX [IaPAMETPOB UCIIOJIb3YIOTCH KOI(MMUITNEHTHI OTPAXKEHUS IIPU JBYX PA3HBIX
cMereHnsx d; o0pasia OTHOCUTEIHLHO KOPOTKO3aMBIKATE IsI. JIJIsT TTOBBIMIIEHNsST TOTYHOCTH U3MepeHuil obpa3ers
B U3MEPUTEJIBbHBIX d9efKaxX PaCIIOJaraJjcs BIIOTHYIO K II€HTPAJBbHOMY IIOJIOCKY IIPU ITOMOIIY IIOJIKJIAIKA
n3 meHoracTa. 11oBbImeHne TOYHOCTH JOCTUTAETCs 38 CIET TOTO, UTO 00pas3el] pacioyaraeTcs B 00JacTu
HanbOOJIbINEel KOHIIEHTPAIIUU 3JIEKTPOMATHUTHOTO TOJIS.

Bxommoit nmmieanc Zyyx yIacTka JUHAN, 3AII0JHEHHOTO 00Pa3IioM, PACIIOJIOKEHHBIM CO CMEIEHNEM OT
KOPOTKO3aMbIKaTe s Ha paccTosnue dy, Oy/IeT UMeTh BUJT;:

Zo — fspd th(2Tids /N) + \/Bapd /€5 th(2Tid/Espa fad/A)
Eabd \/Hodd/Espy + th(2midy /N)th(2mid, /Espaliapa/N)

r7e d — jyimHa 00pasiia BAO0JIb BOJHOBOIO BEKTOPA SJIEKTPOMATHUTHON BOJIHBI, dy — PACCTOSIHEE OT 00pasIia, /10
KOPOTKO3aMBIKaTeJIsI, A — JIJIHHA 3JIEKTPOMATHUTHON BOJIHBI. D(MGMEKTUBHBIE MATHUTHAS [lohgy U JAUIIEKTPH-

(1)

JecKad €3¢>Cb IIPOHUITACMOCTH XapaKTepUu3yroT HEOJIHOPOIHO 3all0JTHEHHBI yY49aCTOK JIMHUU, COCTOHH.[I/IIZ us
MaTepuaja 00pa3ia U He3AMOJTHEHHOTO BO3/IYIIIHOTO MpocTpancTBa. CBsi3b MeXK 1y KOI(MMUIMEHTOM OTpazke-
HUS U BXOJHBIM UMIIEIAHCOM YYIACTKA U3MEPUTEIbHON SIEHKN ¢ 00Pa3IOM Zyy, BRIPAYXKAETCI B CJIEIYIOMIEM
BUJIE:

Zpx — 1

R=22"_
Zpx +1

(2)

Jlnst y4aeTa HEIOJIHOTO 3alloJHEeHHUsl TIONEePEeIHOro CedeHusl JIMHUU OOpa3loM M YCTAHOBJICHHUS CBIA3H
MexKly (DAKTUIeCKMMU MaTepuabHbIMU Hapamerpamu obpasua (u, €) u 3¢bdeKTUBHBIMU apaMeTpaMu
YIaCTKa JHHUA (flspdps Esdpdp), OBLT HCIONB30BAH BapHANNOHHBIN Meroz [17,18]. BapuammoHHbIit MeTOL
BXOJHUT B IPYIILY KBa3HCTATHYECKIX METOJIOB U HO3BOJISIET BBIPA3UTH I(MDGMEKTHBHYIO MATHATHYIO [logd 1
JUIJIEKTPUYUECKYIO E5dpdy IIPOHUIIAEMOCTH CJIELYIOMIM 06PasoM:

L C
Hodd = Too Sabd = (3)

rine L u C' — yjenbpHast WHIYKTUBHOCTb U €MKOCTD 3aloJiHeHHOM jinauu, a Lo u Cy COOTBETCTBYIOT IIyCTOM
suHun 6e3 obpasna. 3uadenust L, Ly u C, Cy onpeiessijinch pu MOMOIIHU Bhipaykenust byHKnuu ['puHa miist
KOHKPETHOI KoHpurypanuu JimHuu. 3Hadenne (pakTUIecKoil MAarHUTHON U JIN3JIEKTPUYIECKOl IIPOHUIIAeMOCTell
BBIUUCJISIETCSI IIPY TIOMOIIH [IPOIELYPhI OINITHMU3AIUH.

,ZLByMH OCHOBHBIMHU NCTOYHUKaAMH IIOI'PENTHOCTHU U3MEPEHHA MaTE€PHUAJbHBIX ITIapaMETPOB ITOJIOCKOBBIM
METO/IOM IIpU YaCTUIHOM 3allOJTHEHUU ABJIAIOTCHA IIOT'PEHIHOCTDb U3MEPEHUA S—napaMeTpOB o6pa3ua u BJINAHUE
IIPOJOJIBHBIX KOMIIOHEHT 3JIEKTPOMAI'HUTHOI'O IIOJIA B obsiacTu PaCIIOJIO?KEeHU A 06pa3ua, HaJIn4Yne KOTOPBLIX He
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YYIUTBHIBAETCS IIPUA PAcIeTe MATHUTHON U JAUIJIEKTPUIECKOI IpoHuIaeMocTeil. I OleHKr BAMAHNS TOrPENTHO-
CTU M3MepeHus S-napamMeTpos ObuT npuMener Meros Monrte-Kapiio. B kadecrse ciydaiiHol BeJIMIUHBI ObLIA
B3$ITa IIOIPEITHOCTD OIIPEJIeJIeHHsT MOLYJIsl S-IIapaMeTpOB, MAKCUMYM KOTOPOIO ObLI OIPAHUYEH 3HAYEHUEM
- 60 1B, uro coorBercTByeT TOuHOCTH U3MepeHus BAIL. MakcumaJsibHasi MOrPENIHOCTh U3MepeHus (ha3bl
npunsTa paBuoit 0,1 rpaj. 3a pe3ybTUPYIONLYIO TOIPEITHOCTD MATEPUAIBHBIX TIAPAMETPOB IIPUHSITA MAKCHU-
MaJIbHAsl MOTPENTHOCTD 13 ¢POPMOBAHHOTO Habopa HanabiX u3 1000 ciryuailHbIX M3MepeHuil, IOy 9eHHOTO
HCIIOJIb30BAHUEM I€HEPATOPA IICEBIOCIIY YaHBIX YHCEJI.

JIJist ONeHKM BEJIMYMHBI IPOJIOJIbHBIX KOMIIOHEHT B O0JIACTH PACIIOIOXKEHNsI ObUIN BBEJICHBI JIBA YUC-
JICHHBIX HHTErPAJIbHBIX [IapaMeTpa, XapaKTepusyonmx 3(GdEeKTUBHYIO JIOII0 IPOIOIBHON KOMIOHEHTH
JIeKTpHdecKoro noss (Ag) u MaranTHOrO Hosid (Ap):

E|ldvV H)|dvV
Ap = Jv.IEil -100%,  Ap= Jv [Hi -100%, (4)
|Ex[? + [ Er[*dV Fv, v/ H|? + [H[2dV
e |Epl, |H| u |E¢|, |Ht| — aMmmTyasl 0pogoJbHOM U IIONEPEYHON COCTABIISIONAX SIEKTPUIECKOrO U

MAarHATHOTO ToJieit, a V; — obbem obpa3ria.

PesynbraThl m nx obcyxkKjieHue

st uccteioBaHust OBLI UCIIOJIB30BaH 00pa3erl KOMIIO3UTHOrO MaTepuasa pasmepom 70x10x0,4 mm. B
KadecTBe KOHTPOJIbHBIX JTAHHBIX BBICTYIIAIN PE3YIbTAThl N3MEPEHN B KOAKCHAJIbHON sdueiike MeTogoM Hukosr-
cona—Pocca—Yupa, KOTOpble CINTAIOTCS JIOCTATOYHO TOYHBIMU. JaCTOTHBIE 3aBHCUMOCTH JIAIIEKTPUIECKON 1
MarHUTHON IPOHUIAEMOCTEN UCCiIeLyeMOoro o0pasiia KOMIIO3UTHOI'O MaTepHasa, H3MePEHHbIE B KOAKCUAJIbHOIM
sg4eiiKe, MIPEJICTABICHBI HA PUCYHKE 2.

Pucynok 2 — YacTtoTHBIE 3aBUCUMOCTH KOMILJIEKCHBIX JUIJIEKTPUIECKON M MATHUTHOM MTPOHUIIAEMOCTEH MCCIeyeMOTO

obpa3iia KOMIO3UTHOI'O MAaTepUaJia, M3MEPEeHHbIE B KOAKCHAJIbHOI siueiike. CHHUE KPUBBIE OTHOCITCS K JHIJIEK TPHIECKOIA

IIPOHUIIAEMOCTH, 3HAYEHUsI KOTOPOU OTJIO?KEHBI Ha JIEBOM BEPTUKAJILHOM ocu. KpacHble KpUBBIE OTHOCATCS K MATHUTHON
IPOHUIIAEMOCTH, 3HAYEHUS KOTOPOI OTJIO?KEHBI Ha IIPAaBOii BEPTUKAJIBHOI Oocu

Ha pucynke 3 mpeicTaBiIeHbl 9KCIIEPUMEHTAJILHBIE Pe3yJILTATHI M3MEPEHNsT MArHUTHOM W JU3JIeKTpUde-
CKO¥ TTPOHUIIAEMOCTHU MUCCIIELyeMOTO 00pas3na KOMIO3UTHOTO MATEPHAJA B OJHOIOPTOBON W JIBYXIIOPTOBOM
ITOJIOCKOBO# sT9€fiKax B BUJIE MOIPENTHOCTH OTHOCHTETHHO KOHTPOJIBHBIX JAHHBIX KOAKCHAIBLHOIO M3MEPEHUsT
(1551, 192D

o

JI1s1 MCKITIOUeHNsT B3aMMHOTO BJIMSIHUSI TTOTPEITHOCTENH M3MEPEeHHsT MAaTePUAJIbHBIX [TapaMETPOB IIPH
WCTIOJIL30BAHUY OJIHOMIOPTOBON SYEiKN OBbLIa TMPOBEJEHA OT/AEIbHAS ONEHKA MOTPENTHOCTH JIJTs KaXKIO0TO
mapamerpa. st 9Toro u3 KoadpuimenTa orpakeHns 00pasia, HaXOAAMErocs Ha OMPEIeIEHHOM PACCTOSTHUN
OT KOpOTKO3aMbIKaTess dy, 1m0 dopmysnaMm (1) u (2) ObLIM BBIYKUCIEHBI JUJIEKTPUYECKAs U MarHUTHASI
IPOHUIIAEMOCTH 110 OTAEILHOCTH IIyTeM IHOACTAHOBKM TOYHOIO 3HAYEHUS BTOPOTO MaTepUaJIbHOTO IapaMerpa,
M3BECTHOTO U3 KOHTPOJILHBIX JaHHBIX. TaKoil MOJIX0/I MMO3BOJISIET ONPeIeIuTh MUHIMAJIBHYIO TOrPEITHOCTD
M3MEPEHNs KayKJ0TO MATEPHAIBLHOTO ITAPAMETPa JIJIS KazKJIOT0 MOJIOKEHHs 00pa3na B M3MEPUTEIbHOM SJeiike.
[Tosry9eHHbBIE TOIPENTHOCTH MMO3BOJISAIOT CYJUThH O TOM, KAKUe JBa HE3ABUCHMBIX M3MEPEHHsT OOECTIEINBAIOT
HaUOOJIBIIYI0 TOYHOCTD M3MepeHust. JIjist 0JHOOPTOBOH AYEHKYU MIPEICTABIEHBI PE3YJIbTATHI U3MEPEHUS B
Tpex ToJIoXKeHus1 obpasna: BIuoTHyo K K3 (d; = 0 mm), Ha paccrostanu 5 MM ot K3 (d; = 5 MM) u Ha
paccrosianu 10 MM ot K3 (dp = 10 mm).

PesynbraThl 9ucieHHOr0 MOIEIMPOBAHNS METOIOM KOHEYHBIX 9JIEMEHTOB IIPOIECCa M3MEDEHM MATHUT-
HOI U IMJIEKTPUIECKON ITPOHUIIAEMOCTH HCCIIEIYEMOro 00pas3iia KOMIIO3UTHOIO MaTEPHaJIa B OJIHOIIOPTOBOI
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Pucynok 3 — HacToTHble 3aBUCHMOCTH IIOTPEITHOCTU HU3MEPEHUs] KOMILIEKCHBIX IWIJIEKTPUIECKON M MATrHUTHON
IIPOHUIIAEMOCTEN MCCIEAYEMOr0 06pa3a KOMIO3UTHOTO MaTEPUAsIa B OJHOIMOPTOBON U JBYXIOPTOBOM MOJOCKOBBIX
A4eiiKax, HOJy4eHHbIe B 9KCIIepUMEHTe

U JBYXIIOPTOBO# MOJIOCKOBOII sideiiKax IpeJcTaBIeHbl HA pucyHKe 4. B wmciieHHbIX pacderax 3a dhakTUIecKune
3HAYEHNs MaTePHAJIbHBIX IIapaMeTPOB 00pasiia MPUHATHI PE3YIbTAThl KOAKCHAJIbHBIX U3MEPEHNUI.

Pucynok 4 — YacroTHble 3aBUCHMOCTH IIOPENTHOCTH HU3MEPEHUsI KOMILIEKCHBIX JUIJIEKTPUYIECKON M MarHUTHOM
MIPOHUIIAEMOCTEH HUCCIIeyeMoro obpasia KOMIO3UTHOIO MaTepraJja B OJHOIOPTOBOM U JIBYXIIOPTOBOI ITOJIOCKOBBIX
sTYefiKax, HOJIyYeHHbIE IIPU IOMOIIM YUCJIEHHOTO MOJEJINPOBAHUS METOJIOM KOHEYHBIX 3JIEMEHTOB

PesynbraTnl sKcmepuMenTa W YHCIEHHOTO MOJEJIMPOBAHUS UMEIOT CXOXKWE YPOBHU ITOTPENTHOCTEN
U3MEPEHNs, ITO IO3BOJIMJIO IPOBOAUTD JAJIbHENINNI aHAIN3 JIEKTPOMArHUTHBIX BOJIH, PACIPOCTPAHAIONINXC
BHYTPU M3MEPUTEIHHON S9eliKi, YUCIeHHBIMU MeTofaMu. HekoTopoe pazindne MexK/ 1y IKCIIEPUMEHTOM U MO-
JIeJTMPOBAHNEM BO MHOT'OM CBSI3aHO C IIOIPENTHOCTBIO OIIPEJIe/IeHNs] TeOMETPUYECKNX PA3MEePOB U3MEPUTETbHO
siuefiku 1 00pasiia, a TaKyKe HeTOYHOCTHIO IO3UIHOHUPOBaHUS 00pas3iia BHYTPU TIEHKU.

JJist ONEHKU CTENeHN BJIUSHUS IPOIOIbBHBIX KOMIIOHEHT JIEKTPOMATHUTHON BOJIHBI HA PE3Y/IHTATDHI
n3MepeHnii ObLT BBITIOJIHEH pacdeT mapamerpoB Ay u Ap JUis uccseryeMoro oopasia KOMIO3UTHOTO MaTEePHAJIa,
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(pucyHOK 5).

I/I3 PUCYHKa 5 BHUJHO, 9TO MaKCUMaJIbHOE 3HAYCHUEC Sd)d)eKTHBHOﬁ J0JIN IIPOJOJIBHBIX KOMIIOHEHT
JIEKTPUIECKOT'O MOJIsT HADJIIOIACTCs IPU PACIIoIoKeHnn obpasiia BoTHyo K K3. [lpu ynamenun obpasma o
KS SCth)eKTI/IBHaH J0JIA ITPOAOJIbHBIX KOMIIOHECHT 3JICKTPUYIECKOI'O IIOJIA CHHUXKAECTCA U JOCTUraeT MUHUMYMa B
MPEJIEJIBHOM CJIydae JBYXIIOPTOBOH siIeiiku, Tjie 3HAYeHNe MEeHbIIe MAKCUMyMa Ha MOPsIoK. DddeKTuBHAS
J10JId TIPOJAOJIBHBIX KOMIIOHEHT MaI'HUTHOI'O IIOJIA B HI3KOYaCTOTHOMN O6JIa.CTI/I BO BCeX CJIydadX umMeeT OJNHa-
KOBO HM3KO€ 3HadeHwue. IIpu mepexose K BHICOKOYACTOTHON 06/1acTH HAOIIONAETC HEOOIBIIOE YBEJINICHUE
BEJINYNHBI AH C yBeJIM9CHUEM CMEICHU A o6pa3ua oT KS, YTO BbIpazKaeTCd B YMEHBIIICHUU BerHeﬁ JaCTOTHhI
HU3MEPUTEJIbHOI'O Aualla30Ha C HU3KHUM YPOBHEM IIPOJOJILHBIX KOMIIOHCHT MAaIrHHUTHOI'O IIOJIA. yBeJ’II/I‘IeHI/IG
3¢ bEKTUBHO 10/ TPOIOIBHBIX KOMIIOHEHT B BBICOKOYACTOTHOM 00JIACTH 00bSICHSAETCS TOBDIIIIEHNEM BKJIAIA
BbBICIIUX MO/JI.

Pucynok 5 — Hacrornas 3aBucuMocTb napamerpoB Ag u Ag Juis uccieayeMoro obpasia KOMIIO3UTHOIO MaTepruaja
P PaCIOJIOXKEHUH B OJHOIIOPTOBON sTUeiiKe Mpu pasHoM cmerneHnn or K3 u B AByXIIOPTOBOi stueiike

TOUT OTMETUTH, ITO MapameTpel Ap u Ay 3aBHCAT OT MaTepuas u er MEpOB . Ipn
Crour orme , 4TO IapaMe A Ay 3aBucAT OT MaTepuaJja odopasua u ero pasmepos [19]. IT
YMEHBIIEHUH TOJIIMUHBLI 00Pa3Na UM yMEHBIIEHUH €r0 JU3JIEKTPUIECKON MM MATHUTHOM MTPOHUIIAEMOCTH
3HaYeHUs apamMeTpoB Ap u Ay CHUXKAIOTCS.

st pazjiesieHus BKJIa1a IPOJIOILHBIX KOMIIOHEHT 9JIEKTPOMATHUTHBIX ITOJIEHl ¥ TOTPEITHOCTH U3MEPEHUS
S-mmapaMeTpoB B OOIIYI0 MOTPENTHOCTh M3MEPEHUs MATEPUAIBHBIX [TApPAMETPOB OBLJ ITPOBEIEH AHAJIN3 C
ucnosibzoBannem merona Morre-Kapio. Ha pucynke 6 npencraBieHbl pe3yIbTaThl pacdeTa MOTPEITHOCTH
onpeiesieHnsl MATePHAIbHBIX TapAMETPOB UCCIIEAYEMOT0 00pasiia, moayderubie MeTomoM Momrte-Kapiro.

Pucynok 6 — ITorpemnocTb n3MepeHnsi KOMILUIEKCHBIX JIMJIEKTPUYIECKON M MATHUTHON IIPOHUIIAEMOCTEN TECTOBOTO
KOMIIO3UTa, paccuanTanHast merojoM Moure-Kapiio

U3 pucynka 6 BuiHO, 9TO METO MI3MEPEHUS B OJIHOIIOPTOBOII IIOJIOCKOBOH siYeiiKe MMeeT OUeHb BHICOKYIO

25



CospemenHnas snekrpoguHaMuka, Ne 4 (6), aBrycr - ceHTa0ps, 2023

MOI'PEITHOCTD OIPEJIEIEHUST JUIIEKTPUIECKOH TPOHUIIAEMOCTH HA HU3KUX 9ACTOTaX. DTA IOTPENTHOCTD 3aBUCUT
OT BeJIMYMHBI ¢aBura obpasna or K3. JljmHa ncroas3yeMoil B paboTe OJHOIIOPTOBOI sTYefiKu He [T03BOJISeT
[IPOBOJIUTH U3MEPEHMUsI C CYIIECTBEHHO OOJIBIIUM CJIBUIOM JIJIsI JIOCTUXKEHUsI OOJIbIIEl TOYHOCTH Ha HU3KUX
qactorax. CyIIecTByeT Tak»Ke OrDaHUYeHUe, CBI3aHHOE C HEOOXOIMMOCTHIO COOJIIOJEHUSI PACCTOSIHUS OT
KOAKCHAJbHO-TIOJIOCKOBOTO IIE€PEX0JIa IPU PA3MEIEeHnn 00pasia, 9TO HYXKHO JJIsi YCTPAHEHUS BIIMSHUS
3aTYXaIOMUX BBICIIMX MOJ, OT MEPeXojia.

Tak xkax BOsm3u K3 paciiosioxkes MUHUMYM 3JIEKTPUIECKOI'O [TOJIsT M MAKCUMYM MArHUTHOIO TIOJIsI, TO JIJIst
MOJTyYeHNsT BBICOKOW TOYHOCTU M3MEPEHUs! JUIJIEKTPUIECKOM IPOHUIIAEMOCTH 00PAa3ell IOIXKEH PACIOIATATHCS
na paccroguuu ot K3, 6iuzkom ¥ A(2n — 1)/4 upu n=1,2,..., 94T0 COOTBETCTBYET MOJOKEHUIO MAKCUMYMOB
JIEKTPUYIECKOro 110711, MaKcuMyMbl MATHUTHOTO TIOJIst paciosioxkensl Ha A(n — 1)/2 npu n=1,2,. .., mosromy
[IOT'PENTHOCTD OIPE/IeJIEHNs] MATHUTHON ITPOHUIIAEMOCTH B OJIHOIIOPTOBO# siueliKke Ha HU3KUX YACTOTaX [IpU
pactosiozkernr 06pasiia 0kojo K3 MuHUMAJIbHA.

Takum 00pa3oM, 3aKOpOUYEHHAS s9eiiKa MOXKET ODECIIeUnTh IMUPOKOIIOJIOCHBIE TOYHBbIE M3MEPEHUS
TOJIBKO MArHUTHOM MPOHUIIAEMOCTH 110 IPUYUHE TOTO, YTO B HEll (PUKCHUPOBAHO TOJBKO ITOJIOKEHIE MAKCUMYMa,
MarHUTHOI'O TOJIs HA KOpOoTKo3aMmbIkarese. [lostoxkenne ke MaKCUMYyMOB 3JIEKTPUYIECKOTO IIOJIsi 3aBUCUT OT
YaCTOTHI, IIOITOMY U3MEPEHUE JTUIJIEKTPUIECKON ITPOHUIIAEMOCTH C JJOCTATOYHON TOYHOCTHIO BO3MOXKHO TOJTBKO
B Y3KOII I110JI0CE YaCTOT.

JIByxmopToBas sdeiika He NMeeT JIOKAJTN30BAHHBIX MAKCHMYMOB 3JIEKTPOMATHUTHON BOJIHBI, ITOJIOZKEHIE
KOTOPBIX 3aBUCHUT OT YaCTOTHI, II03TOMY IIPU JIIOOOM IOJIOKEHNU 00pa3Iia BHYTPHU SYEHKU OHA IT03BOJISIET
IIPOBOJIUTH U3MEPEHMsI C BBICOKON TOYHOCTHIO KAK MArHUTHOI NMPOHUIAEMOCTU, TaK U JTUJIEKTPUIECKON
IIPOHUIIAEMOCTH.

[Tosryaerubre pe3yabTaThl MO3BOJISIOT CIIEIATh HECKOJIBKO BBIBOIOB. Ha HM3KMX YacTOTaX MOTPEITHOCTH
M3MEpEeHUs] MATePUAJbHBIX TaPAMETPOB B OCHOBHOM OIIPEJIEJISIETCSI TOTPEITHOCTHIO U3MEPEHUsT S-TIapaMeTpPOB.
C yBesimueHmEM YaCTOTHI YMEHBIAETCS BKJIAJL OT IOI'PENTHOCTH S-1IapaMeTPOB U YBEJIMIHBAETCI BKJIAJ,
[IPOJTOJIBHBIX KOMIIOHEHT JIEKTPOMATHUTHOTO I0JIsT B 00J1acTH 06pasIia.

Pacnosoxkenne o6pasia 6/M3K0 K KOPOTKO3AMBIKATEIO TPUBOIUT K BOSHUKHOBEHHIO OOJIBITION IIPO-
JOJBHOM KOMITOHEHTBI JIEKTPUYIECKOrO IO B O0JIACTH PACIOJIOKEHHNS 00pa3Iia, KOTOpast YMEHBIIAETCS IIPU
yAaseHnn obpasiia u JOCTUraeT MUHUMYMa B JIBYXIIOPTOBOH JimHUM (pUCYHOK 5). ComocTaBisis pe3yibTaThl,
[IpeJiCTaBjIeHHbIE Ha PUCYHKaX 4, 5 1 6, MOXKHO CJIeJIaTh BBIBOJI, YTO IOIPENTHOCTH OT IIPOJIOJIBHBIX KOMIIO-
HEHT CUJIbHEe BJINSIeT Ha MOIPENTHOCTD OIpEJeIeHNs MHUMOI YaCTU MaTepHAJbHBIX IapaMeTpOB, UYeM Ha,
HOT'PENTHOCTb U3MEPEHN NeHCTBUTEIbHOU JaCTH.

Pucynok 7 — IlorpentHocTs onpejesieHrsi MArHUTHON IPOHUIIAEMOCTH UCCJIEYEMOro 06pa3iia KOMIO3UTHOI'O MaTepuaa
B METOJIe U3MEPEHMUSsI, TJIe UCIOJIb3YEeTCsT TOJBKO OIMH KOI(MMUITHEHT OTparKeHnsi 06pasia, pacloI0oKeHHOTO BIIOTHYIO
k K3. Pacuer npounssenen meromom Monre-Kapiio

Ecisin m3mepenne 1uaieKTPUIECKO TPOHUTIAEMOCTH He TpebyeTcs, a MHTepecyeT TOJIbKO MarHUTHAS
[IPOHUIIAEMOCTD, TO 3aKOPOYEHHAsI OJHOTIOPTOBAs siUeiKa C IPUXKATBIM BILIOTHYIO K K3 06pasiom mMoxkeT
obecrieanThb OOJIBIIYI0 TOYHOCTh U3MEPEHUs MarHUTHOW ITPOHUIAEMOCTHU 10 CPABHEHUIO C JIBYXIOPTOBOi
AIeHKOH. DTO CIPaBeIINBO, ecau dPPeKTUBHAA NJIEKTPHIecKas MTPOHUIIAEMOCTh 00Pa3Ia Esgpd WMEET
3HaYeHNe, OJIN3KOE K eJIMHUIIE, YTO BBIIOJIHIETCS B CIyUYasX OUeHb TOHKHX 0OPa3IoB 0 CPABHEHUIO C 3a30POM
B sUeiike MeXK/Iy TOJIOCKOM W SKPAHOM. DTO MOXKET OBITh TAKXKe CIIPABEJJINBO, €CJIA JINIJICKTPUIECKas
[IPOHUIIAEMOCTb 00pa3iia ObLIa OlpeeIeHa APYIUMA METOJIAMU, ¥ BO3MOYKHO HCIIOJIH30BATH €€ 3HAYEHUE [IPU
W3MEpPEeHNN MArHUTHON ITPOHUIIAEMOCTH B OJHOIIOPTOBOM ITOJIOCKOBOII sTueiike.

Metomom MomnTte-KapJiio 6b11a paccanTana MOTPENTHOCTD OMPEeIe/IeHNsT MATHUTHON MTPOHUIIAEMOCTH
HCCIIeyeMoro obpasiia KOMIIO3UTHOIO MaTepUaJia B METOJe U3MEPEHUs, [JIe UCIOJIb3YeTCs TOJIBKO OIUH
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koaddunuenT orpakenus obpasia, paciosiozkentHoro siotHyio k K3 (pucynok 7). IIposeuneno cpasue-
HUE Pe3yJIbTaTa MOJICTAHOBKY JINIIEKTPUYIECKON TPOHUIAEMOCTH, PABHON €/IMHUIE, U MTOJICTAHOBKH TOYHOTO
3HAYEHUS] JIUDJIEKTPUIECKOI [TPOHUIIAEMOCTH. SHAUEHUE IefCTBUTEIbHON YacT 3(PPEKTUBHON TU3JIeKTpHUYIe-
CKOM ITPOHMIIAEMOCTH Es¢,d, PACCMATPHBAEMOT0 00pa3Iia HAXOJAUTCA B Ipesesax or 1.7 mo 1.8 B BEIOpaHHOM
YaCTOTHOM JTUAIIA30HE.

W3 pucynka 7 BUIHO, 4TO IpeHEOPEKEHIE TUITEKTPUIECKON TPOHUIIAEMOCTHIO IIPU U3MEPEHUNU PACCMAaT-
puBaeMoro obpasia KOMIIO3UTHOI'O MaTEPUAJIA, TPUBOIUT K PE3KOMY TTOBBIIIEHUIO TIOTPEITHOCTH C YBEINIEHUEM
9aCTOTHI. DTO MOATBEPXKIAET HEOOXOMUMOCTh TOYHOIO OIIPEIEIEHUsT IU3JIEKTPUIECKOI TPOHUIIAEMOCTH 06pas-
0B, TOJIMIHA KOTOPBIX CPABHUMA C BEJIMIUMHON 3a30pa M3MEPUTETHLHON SIeHKH.

3akJiroueHue

B pabore 66110 nccaem0BaHO BAUSHEE OJU30CTA KOPOTKO3AMBIKATE ST K MCCIEIyeMOMY O0OPa3Iry Ha
pe3yJIbTaT M3MepeHnsl MaTepHaIbHBIX [MapaMeTpPOB B MOJIOCKOBOI sueiike. [IpoBesieHo cpaBHenne MeToI0B
U3MepeHusl Ha OCHOBE JIBYXIIOPTOBOIl M OJIHOIIOPTOBOI 3aKOpPOYeHHOI siyeek. IloKa3aHO, 4TO BJIUSIHEE HA
TOYHOCTH U3MEPEHUs] JUIJIEKTPUIECKON IIPOHUIIAEMOCTH TIOIPEITHOCTH U3MEPEHUs S-IIapaMeTpoB oopasiia
CYIIIECTBEHHO OOJIBITIE B OJHOIIOPTOBOM METOJIE M3-3a JIOKAJIM30BAHHOIO MUHUMYMA JIEKTPUIECKOTO TIOJIS
BOJIM3M KOPOTKO3aMbIKaTe . KpoMe TOro, npu HErmoJHOM 3aIll0THEHNN OIEePETHOr0 CEeUYeHUsT N3MEPUTETbHOM
[TOJIOCKOBO# STIEHKH MCCIIeAyeMbIM 00pa3IoM OJIM30CTh 00pa3iia K KOPOTKO3AMBIKATEIO CYIECTBEHHO yBEJIH-
YUBaET CTENEHb BJIMSHUS MIPOJIOJIHHBIX KOMIIOHEHT 3JIEKTPUIECKOTO IOJIs, UTO SIBJISIETCS JOMOJTHUTETHHBIM
HUCTOYHUKOM IIOIPEITHOCTY U3MEPEHUS JUIJIEKTPUIECKON IPOHUIIAEMOCTH BOJIM3HM KOPOTKO3AMBIKATEJIS.

Ha mu3kux gacrorax TOMUHUDYOMUI BKJIaJ B PE3YJbTUPYIONLYIO MOTPEINTHOCTh M3MEPEHUsI HECeT
[TOT'PEITHOCTh M3MEPEHNsT S-TlapaMeTpoB 00pasiia Kak JijIs OJIHOIIOPTOBOTO, TaK ¥ JIJIsl JBYXIIOPTOBOTO METOIOB.
C yBeJin4eHMEM YACTOThI YMEHBIIAETCS BJIUSIHAE IIOMPEIIHOCTYA U3MEPEHUST S-IIapaMETPOB U YBEJIMINBAETCSI
BKJIa OH_II/I6KI/I, CBA3aHHOII ¢ HaJU4YNEeM IIPOJOJIBHBIX KOMIIOHEHT 3JIEKTPOMAIrHUTHOI'O IIOJIA B O6JIa.CTI/I
PAaCIIOIOKEHNsT 0OpasIia.

Brimo moxkazaHno, 9T0 METOT U3MEPEHMST Ha OCHOBE 3aKOPOUEHHOI OTHOMIOPTOBOM MOJIOCKOBOI STueiikn
MOXKET 00eCIeYUTh NIMPOKOIIOJIOCHBIE H3MEPEHUS C BBICOKON TOYHOCTBIO TOJIBKO MArHUTHOW IIPOHUIIAEMOCTH,
JTIJIEKTPUIECKAsT YKe TPOHUIAEMOCTh MOXKET OBITh OINPEJIeJIeHa ¢ BLICOKOW TOYHOCTHIO TOJBKO B Y3KOI TIOJIOCE
qacToT. JIByXmopToBast JUHUS, C JPYTOil CTOPOHBI, ITO3BOJISET ITPOBOIUTH MMUPOKOIIOJOCHBIE H3MEPEHUST C
BBICOKOI TOYHOCTBIO 000OMX MATEPUAIBHBIX TAPAMETPOB.

Ecan mer HEOOXOMMMOCTH B U3MEPEHUN JTUIIEKTPUIECKON ITPOHUIIAEMOCTA U WHTEPEC MIPEICTaBIISIET
TOJIBKO MarHUTHAas POHUIAEMOCTb, TO UCIOJb30BaHNE 3aKOPOYEHHONU OJIHOIIOPTOBON SAYEHKU C IPUKATHBIM
pstoTHy0 K K3 obpasiom, Moxker 0becriednTb OOJIBITY0 TOTHOCTh U3MEPEHUs] MATHUTHON ITPOHUIIAEMOCTH
10 CPABHEHUIO C JABYXIIOPTOBOI STIEHKO. DTO BEPHO B CIydae OUEHb TOHKUX OOPA3IOB MO CPABHEHUIO C
3a30pOM B sTU€iiKe MEKIy TOJJOCKOM M 9KPAHOM. TakrKe 9TO CIPaBEeIINBO, €CIN 3HAUCHNE TUIICKTPUIECKOIT
TIPOHUIIAEMOCTH 00Pa3Ia yKe U3BECTHO U3 JPYTUX METOIO0B U MOYKET OBITH UCIIOIH30BAHO MPU U3MEPEHUH
MAarHUTHON ITPOHUIIAEMOCTH B OJHOIIOPTOBOM IIOJIOCKOBOI sd4elike.
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Abstract

Influence of proximity of the sample to the short-circuit wall in the measurement of
permeability and permittivity in a single-port stripline measurement cell has been numerically
and experimentally investigated, in comparison to measurements in a dual-port stripline
measurement cell. The comparison of the accuracy of different measurement methods was
carried out using the Monte Carlo method and numerical finite element analysis. It is
demonstrated that the measurement method based on the shorted single-port stripline
measurement cell is capable of providing broadband measurements with high accuracy only for
permeability. Accurate measurement of dielectric permittivity, on the other hand, is possible
only within a narrow frequency range. In contrast, the dual-port line allows for broadband
measurements with high accuracy for both material parameters.

Key words: strip transmission lines, microwave measurements, permeability measurement,
permittivity measurement, quasi-TEM approximation
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AnHoTaus

B nmanHoit pabore mpescraBiieHbl BADUAHTHI MOJIEPHHU3AINY [IIMPOKOIIOJIOCHON aHTeHHBI Satimo SH2000
myTeM u3MeHeHus: (POPMbI KOHBKOBOT'O MEPEX0/Ia, MPUMEHEHUsT GOKOBBIX CTEHOK M yCTAaHOBKU (ha30BOroO
KOPPEKTOpa B BUJIE PACCEUBAIONIEH JIMH3bIL. Bbljia co3/ilaHa KOMIIbIOTEpHAs MOJEb UCXO/IHON aHTEHHBDI.
DKCIEPUMEHTAIBHO HOATBEPKIEHO, YTO pa3paboTaHHas JIEKTPOINHAMUYECKAsT MOJIEIb AHTEHHBI II03BOJIsI-
€T TOJIyIUTh XapaKTEPUCTUKHU U3JIYIEHHUsI C TOCTATOIHON TOIHOCTBIO. MeTo0M MHTerpaIbHbIX YpPaBHEHMIIT
B nporpamMaoM nakere FEKO 6bL10 nccieoBaHo BIAUSIHUE TUTIOB MOJAMMDUKAIINNA aHTEHHBI HA (DOpPMY
JparpaMmbl HalrpasjieHHOCTH. 1IpoBe/ieHO cpaBHEHME IOy YeHHBIX B pe3y/IbTare MOAUMUKAINN aHTEHHBI
JauarpaMM HaIPaBJIEHHOCTHA C COOTBETCTBYIONIMMU JUArPAMMAMU UCXOMHOM aHTEHHBI B MOJIOCE YACTOT.
Paccmorpeno Tpu momudukanuu anrenHsl. Vcnonb3oBanue pazoBoro KOppeKTopa paciiupsieT Juarpammy
HaIpaBJIeHHOCTH B E-1tockocTr. YCTaHOBIIEHO, ITO IIPUMEHEHHNE HEOOJIBIINX JOIOJHATEIHHBIX CTEHOK B
mommdukarnuun H-crenkn nozsosster B H-mtockocTu cy3uth aquarpaMmy HampasieHHOCTH. Pacmupsromumii-
Cs1 KOHBKOBBIH [T€PEX0/I CIIOCOOCTBYET TaKXKe PACIIMPEHUIO JAuarpaMMbl HaIPaBJIEHHOCTH B E-1tockocTu
¥ II03BOJISIET YMEHBIINTh aCUMMETDPHIO (DOPMBI JUArPaMMbl HAIIPABJIEHHOCTH B IVIABHBIX IIJIOCKOCTSIX.
[Tokazano, YTO MOAEPHU3AINST AHTEHHBI ITO3BOJISIET CO3JATh Oojiee CTAOUIBHYIO IO POpME U pazMepam
JMarpaMMy HAIIPABJIEHHOCTH B II0OJIOCE YACTOT ¢ KO3 MUIMEHTOM HepeKpbITHs 6osibine aByX. [lonyyennas
dopma JuarpaMMbl HAIIPABJIEHHOCTH IO3BOJIET PACCMOTPETh MOJIEPHU3UPOBAHHYIO aHTEHHY B KadeCTBe
obJtydaTesisi KOJUINMAaTODA.

Koarouessie ciioBa: anrenna Busanbau, FEKO, obsiy4aresns, ¢pa3oBblii KOppeKTOp, AuarpaMMa HalIpaB-
JIEHHOCTH
EDN BBLGEU

doi:10.24412/2949-0553-2023-46-30-37

Bsenenune

Bazkneitmeit xapakTepucTUKON paguodu3naecKoro U3MEPUTEILHOTO CTEH A, SBJISeTCsT HepaBHOMED-
HOCTDb PaCIpeIe/IeHnsT aMILINTY/IbI U (a3bl Mo B padodeit 3oue. KoMmakTHbBIE TOUTOHBI 00ECIIETMBAIOT
GoJiee BBICOKYIO TOUYHOCTH m3MepeHusi [1] xapakTepucTuk paccesiHusi OGbEKTOB U TAPAMETPOB U3JIyIeHUsT
AHTEHH B 33/[aHHOM I10JI0CE YACTOT 110 CPABHEHUIO C JPYTUMU M3MEPUTEIbHBIMU cTeH1aMu. Vcrosib3oBanne
KOJITUMUDPYIOIIEro YCTPOHCTBa B BUJE 3€pKaJia I JIMH3bI O3BOJISET HOJIYIUTh BO BCEM PAabOUeM JHalia30He
9ACTOT TIOCTOSTHHYIO [0 CBOUM pa3MepaM 00JIacTh MPOCTPAHCTBA, B KOTOPOR PACIPOCTPAHSIETCS KBA3UILJIOCKAs
BostHa. QUM 13 (HaKTOPOB, BIUSIONUX Ha HEPABHOMEPHOCTD PACIIPEIESICHUS TI0JI B pabodeil 30He, SIBIISIeTCS
nmuarpavma HanpassaerHoctn ([ITH) obmyaarens [2].

OcHoBHble TpeGoBaHus [2] K obiydaresnsim caenyrormue: mupusa JIH nomkHa c1abo 3aBuceTh OT
qacToThl, JIH mo/mKHa mMETh MOYTH TMOCTOSTHHBIN YPOBEHDb B ONPEIETIEHHOM CEKTOPE YIJIOB U OBICTPO CIIaJaTh
K KpasM KOJLUINMAaTOPa.

Haunb6osiee pacnpocTpaHeHHBIMA OOy 9IaTeNsIMUA KOJIMMATOPA, SIBJISIFOTCS PYIIOPHbIe aHTeHHBI [1, 3].
Hanubrit Buj obsrydareseil nuMeer psij HEIOCTATKOB, B YaCTHOCTH, I HUX xapakTepHo cyxenme JIH c

* ABTOp, OTBETCTBEHHEIH 3a nepenucKy: ['uasmyrannos Pycnan Bamepresud, psevduch777Qgmail.com

30 (©2023 UTIID PAH


https://doi.org/10.24412/2949-0553-2023-46-30-37

CospemenHnas snekrpoguHaMuka, Ne 4 (6), aBrycr - ceHTa0ps, 2023

pocrom wacrorel. B smreparype [1,4| onmucansr pazamdmbie cnoco0bl yCTpAHEHHsT 3TUX HEJIOCTATKOB. [lodaTn
noctosinHas mupuaa JIH obydaresns B mosioce 9acTOT MOXKET OBITh JIOCTUTHYTA 38 CUeT UCIIOJIHL30BAHUST
dbaanna [5] win rodpuposantoro pynopa [6]. s obecriedenns: 6osiee pe3KOro Crajia aMILIATYIbI 0TS Ha,
Kpasix 3epKaJjia KOJIJIMMATOPa IPEJJIOZKEHO UCII0Ib30BATh CIIelUaIbHbIE TOMIONIAINIIE HACAIKY J1JIs pyropa [7].
DTO0 crrocobCTBYET 3aMETHOMY YMEHBIIIEHUIO yPOBHEH OOKOBOro m3iryueHus. B KadecTBe 0bIydaTesss TAKXKe
paccMaTpHuBaJICs PYIop ¢ u3joMoM obpasyiomieit [8,9]. Janubiii pynop umeer o6acTb ¢ IOYTU OJUHAKOBOIL
AMILUTUTYI0N 1oJig B nojioce 9actor 20 % oT IeHTpaJbHON 9acTOTHI.

B nociiensee Bpemsi ocoboe BHUMaHWE YIeIsSeTCs MPUMEHEHUIO aJIINTUBHBIX TEXHOJIOTUH TIPU MO-
JEPHUBAINHN XapakTepucTuk obsrydaresteit. C momorbio TexHosioruu 3D-nmevaru Obljia U3roTOBJIEHA JIMH3A
C TPaJIUEeHTHBIM IOoKazareseM pejgomienus [10]. Ucnosb3oBanue Takoil JIMH3bI IIO3BOJIMIIO CYIIECTBEHHO
YBEJIMYATH U3JIyIaeMy0 MOIIHOCTh AHTEHHBI B TJIABHOM JieniecTke. B masbHeitmen [11] 6buta necrenosana
BO3MOXKHOCTH MWHTETPUPOBAHUS TPATUECHTHON JTMIJIEKTPUIECKON BCTABKU HEMOCPEJICTBEHHO B OOJIyYaATE b,
MIPEJICTABJIAIONINN CODO MPSIMOYTOJIbHBIN BOJIHOBOI. [loKa3aHO, 9TO IpUMEHEHNEe TU3JIEeKTPUIECKON BCTABKHU
MMO3BOJISIET CHU3UTH YPOBEHH OOKOBBIX JIEIIECTKOB.

IIpu w3mepeHnn pa3IUIHBIX XapaKTEPUCTUK PACCETHUS O0bEKTOB, TAKIX KaK d(PHEKTUBHAS IO
paccestaust (DI1P), B 3aBUCHMOCTH OT THIA CTEH/A BaXKHO UMeTh obsryuaressb ¢ 3anannoii JTH. Hanpumep,
B KOHHYECKOH Kamepe [12] MCTOUHHMK W3/Iy4YeHHUs] YCTAHABIMBAETCS B BEPIIMHY DACIHIUPSIOIAIC IacTh
6e3axoBoit kKamepnl (BOK), noromy Gosbmoe 3uadenue umeer 1oiabko JIH B ruasuom senecrke. Ocoboe
BHUMAaHHE B [IOCJIEHEEe BPEMS yJIEJIsI€TCs IPOOIeMATHKE UCIIOIH30BAHNS PYIOPHBIX AHTEHH, IPUMEHIEMbBIX
[IPU TIPOBEJIEHUN W3MEPEHUT B KOMIIAKTHBIX TTOJHUroHax |9, 13|, wim npu nccienoBannu cBORCTB MATEPHATIOB,
TakuxX Kak KoabdUImenT orpakennus, Ha GucrtaTudeckoMm crere [14].

Henbro HACTOsITIEH PAOOTHI SBJISETCS UCCIIEI0BAHUE CITIOCODOB MOINMUKAIINY IMHPOKOIOJJIOCHO! AHTEHHBI
IJIs TToJTydeHusi Oosiee crabmibHON mmmpuabl JIH 1m0 gacToTe B IiIaBHBIX IIOCKOCTSAX ODJIYyYIATEIs.

ITocTanoBka 3aga4un

B kadecrBe mcxomHON Momen obIydaTess pacCMaTPUBACTCST AHTEHHA ¢ KOHBKOBBIM TIEPEXO0JIOM THIIA,
Satimo SH2000. /TanHast anTeHHA B MUPOKOH mosoce dactor (8-18 I'T'y) mMeeT mouTn moCTOsIHHBIHA K03 dbu-
[IUEHT YCUJIEHUSI U, CJIEJOBATELHO, YCTONYNUBYIO OT YaCTOTHI JUATPAMMY HAIIPABJIEHHOCTH, UTO O3BOJISIET
paccMOTpeTh ee B KadecTBe ObJIydaTeliss KOJauMaropaoro kommiekca. Omgaako B E-mtockoctu quarpamma He
MIOJTHOCTBIO Y/IOBJIETBOPSIET TPEOOBAHUSAM, TIPEIbIBIAEMBIM K O0JIyIaTesIM KOJUIMMATOPA, U HYK/IAETCS B
MO UKATIAMN.

s pacuera /IH anTenan n ee Moaudukauii ObLIa CO3MaHA MOJIEIb aHTEHHBI ¢ UCIOJIb30BAHUEM
makeTa JJIs dJIeKTpoanHamudeckoro momenunposannsa FEKO. Pacuer JIH mpoBomuiicss MeTog0M MOMEHTOB.
Hcnonb30Baiach HepaBHOMEDHAsS CETKA ¢ XapaKTePHBbIM marom A/12.

st TpoBepKU KOPPEKTHOCTU DJIEKTPOIMHAMUIECKON MO AHTEHHBI OBIJIN ITPOBE/IEHBI YUCIEHHBIE
pacueThsl u 3KcrepuMeHnTaabHble usmepenust JIH. Ha puc. 1 npejictaBieHbl pacCduTaHHBIE U U3MEPEHHbBIE
ceuenns /IH B rmaBHBIX TtocKocTax Ha vacTtoTe 16 I'T'm. Pesyabrarsl yncieHHOrO pacdera U SKCIIEPUMEHTA,
HAXOMATCHA B COOTBETCTBUM JPYT C IPYTOM, KPUBBIE HE UMEIOT CePbe3HbIX pasimauil. (Pe3ysbrarsl 4ucieHHOro
pacdera u sKcnepuMenTa oraunvaiorca na 0,2 1B, m 3T0 yKa3bIiBaeT Ha TOYHOCTH PACUIETOB JjIsi BHIOPAHHOIT
JIEKTPOIMHAMUIECKOH MOJIETIN AHTEHHBDI )

(a) H-tutockocthb (b) E-mwockoctsb

Pucynok 1 — JIH anTeHHBI B nCX0HOM BH/ie, dacTtora 16 I'T'ix

Ha puc. 2 uzobpazkennr cedenns JIH anrennnr Satimo SH2000 B rIaBHBIX IJIOCKOCTSIX JJIsT ITATH
qacTOT. MOXKHO OTMETUTD HAJIUINE TaK HA3bIBAEMOM «ITOJOUKH» B auanazone 8 — 12,5 I'l'm — cexTop yrios ¢
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npuMepHo nocroguubiM 3nadenneM JIH, a takxke ciaaboe criaganme JIH k 30 rpagycam B H-mmockoctu. B
E-mrockoctu IH B muanasone gacror 15-18 I'T' uMeer peskue criajbl B ceKTope yrioB o 15 rpajgycos. C
poctoM 1dacToThl Hab/omaeTcs cyxkenne /JIH. MoxKHO OTMeTUTh CcyiiecTBeHHble pa3andus B ceuenusx JIH B
[JIABHBIX IIJIOCKOCTSIX.

(a) H-mmockocts (b) E-nnockocrsb

Pucynok 2 — Pacuernnie JIH anTeHHBI B NCXOHOM BH/IE

Haymmaue «monoukm» B JIH B moJioce 4acToT siBASETCS MPEUMYIIECTBOM it obsydaresns. OmgHaKO
Iys obirydaresis, KaK IPaBWIO, Tpebyercs mpumepHO onmHakoBas ¢opma JIH B ryIaBHBIX IIOCKOCTSIX.
CymecrBennas pasuutia B opme JTH s E- u H- mmockocreit siBiisieTcst cepbe3HBIM HEIOCTATKOM 00Ty daTest
7 (paKTOPOM, U3-3a KOTOPOI'O €ro mpuMeHenne Masio3dpdekTuBHO.

HobaBsss MeTaJUINIECKUE WA JUIJIEKTPUIECKUE JIEMEHTHI B KOHCTPYKITIIO aHTEHHBI, MOYKHO CYTIIe-
crBenno meuaTh ee JITH. B mamnoit pabore mpecraBiensl pa3pabOTaHHbIE BUABI MOINMUKAIINN HCCIIELyeMOi
MTUPOKOTIOJIOCHON aHTEHHBI, TTO3BOJIsTomue n3MeranTsh JIH B 3aannoit mosroce 9acTor.

Suaduenus IH paznuaabix Moaudukanuii cpaBHUBAINCH MEXK Iy co0oil u ¢ pesysbratamu pacderos JIH
aHTEeHHBI B UCXOIHOM BUJIE.

UccnenoBanme monuduKanmii

(b)
(a) “H-crenku” (b) “Pactmpuress”
a

“Pacceusaresn”’

Pucynok 3 — Buabl Moaudukaiuit aHTeHHbI

it yeTpaHeHUS HEIOCTATKOB, YKA3aHHBIX BBIIIE, TPEJIATaeTCs MCIOJb30BATH CJEIYIONINE MOJIN-
dukanun. Ha puc. 3 nzobparkens! Bugsl moaudukamnumii antenasl. Ha puc. 3a mokazana momaudukarms
“PaccemBaresib’, MPeICTABIIAIONIAT COOOM PACCEUBAIOIIYIO JIUIITUIECKYIO JIUH3Y C PAIUyCaMU KPUBU3HBI
B E-mtockoctu 100 MM, H-mtockoctu 250 MM, BBITTOJTHEHHYIO U3 MIEHOILIACTA C JIMIJIEKTPUYIECKON TPOHUIIA-
emocTbio 1,1. Duumunrudeckue JUH3LL [15] AKTUBHO NIPUMEHSIIOTCSI IPU MOJEPHU3AINY aHTEHHO-(DUIEPHBIX
ycrpoitctB. B Hamem ciiydae JinH3a BOrHyTas, ¢ pa3HbBIMHU pajuycamMu KpuBu3Hbl. /lannas momudukarmst
npusBana pacmuputh [IH anrenusr B E-mockocTn 3a cueT CyImecTBEHHOrO 3aMejIeHnsi BOJIHDI, PACIIPOCTPa-
Hsrolneiicss B1ob E-crenok antennsl. [Ipu sTom oxxuaercs, 9To JIMH3a HAYHET OKA3BIBATH 3aMETHOE BJIASTHIE
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ma /IH B BBICOKOYACTOTHOW WacTHW pabOUero amarma3oHa, B KOTOPOH y MPOTOTHUIMA ITPOMCXOIUT 3aMETHOE
CyZKeHHe JTrarpaMMbl.

Moaudukanusa “H-crenku” (puc. 3b) crocobeTByeT HUBEJIMPOBAHUIO TIOJIOUYKY B 00JIACTU HU3KUX YACTOT.
Bokosbie MeTasimyeckue BcraBku [16] yBeamauBaioT pasmep aneprypbl, TeMm caMbiM cyzkas JJH B H-mockocrn.
B namewm ciry4ae BbicoTa CTeHOK pasHa 15 % OT BBICOTBI aHTeHHBI. I3BECTHO, YTO OOBIYHBIA PYIIOP UMeeT
PaBHYIO MIUPUHY JUAIPAMMBI B [VIABHBIX IJIOCKOCTSIX TPH COOTBETCTBYIOIIUX COOTHOIIEHUSIX CTOPOH.

Momudukarus “Pacmmpurens’ MO3BOJUAT yCTPAHUTH HEMATUBHBIE MOCIEACTBUS Moaudukaruii “Paccen-
Baress’ u “H-crenkn”, a Takake ymenbmuTh acummerpuio JIH B rimaBHbIX mwrockocTsax. B mannoit mogndukaun
TOJIIIIHA KOHHPKOBOT'O II€PEXO0/Ia JINHEHHO PACTET OT PE30HATOPA 10 AIEPTYPHI AHTEHHBI. Y TOJIIIEHNE KOHBKO-
BOTO TIEPEX0JIa IPOUCXONT 33 CUET MOOABIEHUS METAIMIECKAX KJIMHOBUIHBIX BCTABOK (pHUC. 3C) € YIJIOM
paciupeHust KJIMHa PABHBIM D I'PAJIyCOB.

Ha puc. 4 uzobpaxena JIH antenusr Satimo SH2000 u eé momudukanun “PaccemBaress’ B TyIaBHBIX
mrockocTsx. B H-mmmockoctu B o61acTi HU3KUX 9acToT Habsmomaercsa nepexon JIH u3 “mosmoukn’” B BOPOHKOOO-
pazuyio ¢popmy. Moxuo ormeruTs yimupenne /IH B 0benx mmockocTsx u coxpanenne acummMerpun JIH.

(a) H-miockocrs (b) E-mutockoctsb

Pucynox 4 — Ceuenus TH Satimo SH2000 (Crutomuas) u mopudukanun “Paccensarens”’ (ILyHKTHpPHAsT)

Ha puc. 5 uzobpaxkena IH amrenusr Satimo SH2000 u eé momuduranun “H-creHKH” B IIaBHBIX
mrockocTax. B H-mtockoctu HabmomaeTcst peskoe cyxxenne /IH kymomoobpasuoit hopMbl B inamna3one 8-
12.5 I'T'i. B obsactu BbIcOKUX YacToT He3HaunTe pbHoe yinupenne JIH. B E-miockoctn /IH me3nauunTeibHO
cy3miach, HAOIIOMaeTCss HEOOIBINOE YMEHbBIIEHNE aCHMMETPUH.

(a) H-mockoctsb (b) E-mutockocTts

Pucynok 5 — Ceuenns JJH Satimo SH2000 (Cruromnas) u mogudukanun “H-crenka’ (myHKTHpHAS)

Ha puc. 6 uzobpaxkena /IH anrennst Satimo SH2000 u eé moudukarun “Pacrmpuresns”’ B TiIaBHBIX
wrockoctax. B H-nmockocTu Habironaercs HesHaunTesibHOE cyxkenue JIH u noBbllieHne ypoBHs 3HAYEHNH
nosiouku B jauarnasone 8-12.5 I'T'm, BeencrBue dero ymenbmaercs acumMerpudaocts JIH. B E-mmockoctu JIH
cTaJIa IHIpe BO BCEM HCCJIELYEMOM IUAIIa30HE.

IToka namenenus: B JIH MOXKHO cUnTaTh MAJJIBIMU, JOMYCTHUMO MIPEIIOIATaTh, ITO 00 UHEHNE MOJIH-
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(a) H-mmockocts (b) E-tutockocthb

Pucynok 6 — Ceuenust JIH Satimo SH2000 (Crutomnast) u Mogudukanuu “Pacimpuress” (IyHKTUPHAST)

duKanmii MO3BOJIUT JOMOJHUTH IPENMYIIECTBA, OMUCAHHBIX BbIle MonuduKarmii. PaccMoTpuM o0beIuHeH e
JAHHBIX MOIMMUKAINIA C [EJIbI0 CHHTe3a uX npeumytnecTs. Ha puc. 7 npezncrasiena momudukanus “Obben-
HeHue”, TPeICTABISIONAas cOO0 MHTErpaInuio MOANMUKAIINN, PACCMOTPEHHBIX BBIIIIE.

Pucynok 7 — Momudukanus “O6benmaenne”

Ha puc. 8 nokazausr /JIH anrennnt Satimo SH2000, u eé mogudukanun “O0beannenne”’ B NJIABHBIX
mwrockocTsx. B H-mmockoctu yposens nosoukn crag Boime. @opma JIH Bo BceM mcciteryemom auamna3oHe
9acTOT CTaJia KyIosoobpasuoii. B obnacru yrios o 15 rpaaycos JIH crama mupe, a BHe 3101 0obsractu
HabsofaeTcs peskoe craganne. B E-mtockoctn /IH crama mupe Bo BceM dacToTHOM nuana3one. Habmomaercs
HE3HAYNTEJIbHAST ACHMMETPHS.

3akJrroueHue

[IpoBeneno uccaenoBanre MOIMMUKAIINY IITHTPOKOIOJIOCHOW AHTEHHBI J1jisi (DOPMUPOBAHUS ¥ Hee CIIeIn-
aspHOit hopmet JTH. Paccmorpenst Tpu Monudukainm aHTEHHBI, KOTOPBIE TO3BOJISIOT IIOJIY YUTh OIIPEIeIeHHbIE
m3menenns JIH anTennnl. Vcnonb3oBanue paccenBatorieit uu3nl pacmmupseTr JIH B E-miockoctu. Hammame
HEeOOJBIUX JTOMOJHATEHLHBIX cTeHOK B Moaudukarmu “H-crenkn”’ mozsosisier B H-mtockoctu cysurs JIH.
Pacmmmupstioruiics KOHbKOBBIH TTepexo;i crtocoocTByeT paciupennio JIH B E-mmockocTn.

[Tokazano, 9TO UCIIOIBP30BAHMEM BCEX PACCMOTPEHHBIX MOAMMUKAIII BMECTe MOKHO CHOPMUPOBATH
JH, mpuemeMyIo JjisT UCIIOIH30BAHNS JAHHON aHTEHHBI B KadecTBe o0Jydaresst KosauMaropa. [Ipu sTom
nosryaennas /JIH mmeer 6osiee ctabuibayio hOpMy U pa3Mepbl B IVIABHBIX IJIOCKOCTSX B ITOJIOCE YACTOT C
KO3 DUITMEHTOM ITePEKPbITHS 2,25, YeM y UCXOIHON IIMPOKOIIOJIOCHON aHTEHHbI.
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(a) H-tutockoctsb

(b) E-tutockocts

Pucynok 8 — Ceuennst JTH Satimo SH 2000 (Cutomnas) n mogudukanyn “O6beautenne” (LyHKTUPHAS)
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Abstract

In this paper options for upgrading the Satimo SH2000 broadband antenna by changing
the shape of the ridge transition, using side walls and installing a phase corrector in the form
of a diverging lens are presented. A computer model of the original antenna was created.
It was experimentally confirmed that the developed electrodynamic model of the antenna
makes it possible to obtain radiation characteristics with sufficient accuracy. Using the
method of integral equations in the FEKO software package, the influence of types of antenna
modifications on the shape of the radiation pattern was studied. A comparison was made of
the radiation patterns obtained as a result of modifying the antenna with the corresponding
patterns of the original antenna in the frequency band. Three modifications of the antenna are
considered. The use of a phase corrector expands the radiation pattern in the E-plane. The use
of small additional walls in the H-wall modification makes it possible to narrow the radiation
pattern in the H-plane. The expanding ridge transition also contributes to the expansion of the
radiation pattern in the E-plane, and makes it possible to reduce the asymmetry of the shape
of the radiation pattern in the main planes. It is shown that upgrading the antenna makes it
possible to create a radiation pattern that is more stable in shape and size in a frequency band
with an overlap coefficient of more than two. The resulting shape of the radiation pattern
allows us to consider the modernized antenna as a collimator irradiator.

Key words: antenna Vivaldi, FEKO, irradiator, phase corrector, radiation pattern
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Abstract

We review main results in electrostatic aspects of plasmonics. Although many applications of plasmonics
require full-wave approach, plasmon resonance has an electrostatic nature. In this paper we focused on
fundamentals of plasmonics, which are easier understood in the electrostatic approximation. We also
touch upon a history of first insights in resonances in subwavelength electromagnetic systems.

Keywords: plasmonics, localized plasmons, plasmon resonance, electrostatic approximation
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1. Introduction

Recently electrodynamics of media with negative values of permittivity and/or permeability has
attracted huge interest in the literature [1-13|. Basic phenomena in this field, such as, e.g., SERS [6,14-20],
SPASER, STM [21], and numerous effects observed in metamaterials [1-13], are related to plasmon resonances.
All these phenomena can be united by a single term—plasmonics.

A characteristic feature of plasmonics, which singles it out from ordinary optics and electrodynamics,
is that main phenomena in plasmonics occur on scales that are much smaller than the wavelength of light in
vacuum. This endows plasmonics with many features of near-field optics and makes it to be in great demand
for modern technologies.

Since the “stage”, on which events in plasmonics take place, is small, plasmonics is akin to physics of
magnetostatic waves [14,15,22] with the only difference that magnetostatic phenomena occur in the microwave
range, while plasmonic events are observed in optics. As well as in the description of magnetostatic waves,
the majority of phenomena of plasmonics can be treated in terms of the quasistatic approach. This is related
to the fact that the spatial derivatives in Maxwell’s equations greatly exceed the time derivatives, which,
therefore, can be neglected.

In this paper, we review plasmonic systems, which may be considered in quasistatic approximation.

2. The frequency of plasmon resonance

The term “plasmon” has appeared in plasma physics to describe longitudinal collective oscillations of
electrons (Langmuir waves') in plasmas. On average, plasma is quasineutral, this means that the mean local
charge equals zero. Assume that, at a certain moment of time, a fluctuation in the charge distribution arose;
namely, all particles of like charges in a plane layer with cross section ABCD (see Fig. 1), e.g., electrons,
are spontaneously displaced in the same direction by distance z. As a result of this spontaneous charge
separation, a plane capacitor is formed, inside of which homogeneous electric field ' = enx, appeared, where
e is the electron charge, and n is the electron density. This field will act on a single uncompensated electron

*a-vinogr@yandex.ru
IThe term “plasma” itself has been introduced by Irving Langmuir [23]
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with force F = eE = e?nz, so that the equation of motion of such an electron has the form

e 2
E=—— — (1)

The solution to this equation is a harmonic oscillation with a frequency w, = /e?n/m, which is
referred to as the plasma frequency.

b
(b) ©

Fig. 1 — Charge separation as a result of plasmon oscillations

If the fluctuation has the shape of a sphere rather than of a layer, the field inside of the fluctuation
region will also be homogeneous. Indeed, uncompensated negative charges in the examined fluctuation
will shift outside from the surface of the initial volume by the distance dz = xcosy (R and ¢ are the
spherical coordinates fixed to the center of the fluctuation); as a result, on the surface of the surface charge
do = nex cos @ appears. Mathematically, this problem is equivalent to the problem on the field inside a
dielectric sphere with the polarization P = nex. As is well known [24], the field E inside of this sphere is
given by 47 P/3. Substituting this field E = 4wenx/3 into Eq. (1), we arrive at the equation governing motion
of an oscillator with the frequency equal to

leZn
Wsp = 3m :Wp/\/g

For the fluctuation having the shape of an ellipsoid, the field in it as a result of the charge separation
will be n; P, where i = x,y, z coincides with one of the principal axes of the ellipsoid, while n; is the
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depolarization factor [25]. Correspondingly, the resonant frequency will be given by wepa = wpy/Na. Note
that ny +ny +n. =1 [25]. For a circular cylinder whose axis is directed along the x coordinate, we have

ng =0, n, =n, =1/2, and we, = w,/V2.

3. Description of the plasmon resonance in terms of the permittivity

In order to describe plasmon oscillations, microscopic description methods have been developed,
which take into account quantum effects, and so on [18,19]. However, in view of the collective character
of oscillations, the description of plasmons in terms of the permittivity is often employed. In this chapter,
we restrict ourselves precisely to this approach. To estimate the permittivity, we consider plasma in the
free-electron approximation [1,6,21]. In other words, we will assume that the field generates the current
J = nev, where v is the average velocity of electrons. Microscopic Maxwell’s equations are reduced to the

wave equation
enO*E drp 0
According to Newton’s second law, mi» = —eE. This finally yields the following closed equation for the
electric field:
1 O°E  4rune?

VXVXE=——
% c? Ot? 2 m

3)

For its solution in the form of plane wave exp (—iwt + ikr), we obtain the dispersion equation

cw)=1-—. (5)

The condition w = w, of excitation of the volume Langmuir oscillations (see Eq. (1)) looks now as
€res = €(w) = 0. We note that this condition is unambiguously related to the geometry of the problem
defined by plane wave. In the case of a spherical geometry, plasmon oscillations are excited at the frequency
w = w,/3, i.e., at resonant value of permittivity &,es = —2. In the case of an ellipsoid,

Eres — _(1/na + 1)a

in particular, for a cylinder, €,.., = —1. Note that, in all these cases, the dipole moment d induced by external
field F as well as polarizability o = P/ (EV') become infinite. Here V' is the particle volume. In particular,
for a sphere that consists of a material with €;,; and is placed into a medium with e.,;, we have

_ i Eint — Eext
4m €int T 2€€It

(6)

(%

In other words, at resonant values of permittivity a zero field can cause a finite response of a plasmonic
particle. This means that plasmon oscillations are nonzero eigensolutions of the Maxwell equations—plasmons
that exist in the absence of an external field.

It is worth emphasizing that the values of permittivity at which the plasmon resonance is observed
are independent of the particular form of the frequency dispersion. Thus the resonance can be observed
at resonant values of permittivity even in materials with a permittivity dispersion different from (5). The
frequency of the plasmon resonance, more exactly, the negative value of the permittivity at which it is
observed, is determined by the geometry of the problem. Indeed, the equation div (¢E) = 0 for plane waves
E ~ exp (—iwt + ikr), which define the planar geometry, is reduced to the following equation

e (w)kE = 0. (7)
At £ (w) # 0 the solution is a transverse travelling wave, while, at £ = 0, the localized longitudinal
oscillations of the electric field may appear. It is the case of the Langmuir resonance. It is evident that the

curl of this field is zero and, therefore, the magnetic field is also zero. The latter fact means that the vector
potential can be neglected and the electric field can be considered to be the gradient of the scalar potential.
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4. Multipole resonances of a plasmonic particle

As we have seen, if the symmetry of the particle changes, the resonant value of the permittivity also
changes. The same effect may be achieved by changing the symmetry of the field distribution. Even if the
shape of the plasmonic particle is specified, the resonance can be observed at several values of the permittivity,
corresponding to excitation of multipole plasmons, such as quadrupole, octupole, etc.

For simplicity, let us consider a spherical plasmonic particle. As is well known, in a homogeneous
electric field only an electric dipole moment may be induced in the sphere. In order to excite a higher-order
(multipole) moment the sphere should be placed in an inhomogeneous field. The inhomogeneity of the field
can be caused by different reasons. For example, it can be created by a periodic inhomogeneity in the space
of an incident plane wave, or by an inhomogeneity formed by neighboring inclusions in a composite material,
or by some other inhomogeneity of the system, such as, e.g., corners, sharp edges, tips, and so on. In any
case, the field of a plasmon is the solution of the Laplace equation that vanishes at infinity.

The problem on excitation of a small sphere by an inhomogeneous field of the form of o = 'Y}, (0, ¢)
is reduced to solving the Laplace equation [2]

10 (ade), 10 (4 ooe\ 1 o
r2 Or (T 81") t 2sind 09 (Smﬁaﬁ) * r2sin®9 02 0 ®

In order to find its solution, it is convenient to use the method of separation of variables. By substituting
the solution in the form of ¢ = R (1) © (J) ® (¢) into (8), we arrive at the systems of equations

A (r?LR)—I(l+1)R =0,

gy (si0°099) — 0 + 11+ 1)0 =0, )
d’d (b _
dp? +m® =0,

the solution of the first of them is given by

B
R(?"):A?J‘Frlﬁ,

while the solutions of the other two equations are Legendre polynomials P/™ (cos?) and exponentials
exp (£imy). At 0 = +m, the second equation has finite solutions only at [ > |m| [3]. For the potentials inside
and outside of the sphere, ©;,; and @, respectively, the well-known expressions are obtained

Pint = aTl)/l,m (07 ¢) s | Pint (T = 0)| < 00
(10)
Pext = Tl}/l,m (0, SD) + b?"i(l+1)yrl,m (07 QS) 5 | Pext (T = OO)| < o0,

where Y] ., (6, ) are the spherical functions:

20 +1(1— |ml)!

Vi (Orp) = (1) /2 | 2L B

1/2 '
] P (cos ) ™.

In a sphere that is placed in an inhomogeneous field of the form of

Yo ~ TlYi,m (97 ¢) )
multipole moment a arises, which has a pole at

[+1
e = - e (1)

(problem 2.1). At [ = 1, a dipole resonance occurs, and the field inside of the sphere is homogeneous
(see [13,26]). At [ > 1, the field inside of the sphere is inhomogeneous. With an increase in the order of
multipole [, the field inside of the sphere concentrates near the surface,

Pint = a/rlyrl,m (03 ¢) 3

and, in this respect, the solution can be called the surface plasmon. At [ — oo, the spacing between
poles sl(lll)t decreases. Moreover, this leads to the appearance of a point of condensation of poles at 51(;:) ) =

—Eext [3,6,11,12,14,24-33].
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For a plasmonic sphere with permittivity (11), the excitation frequencies of corresponding resonances
may be easily estimated as

2 2 2
w [+1 w w

o T =’ = 2 - w2 =" 12

Eint w2 I Eext w [1 ¥ (l ¥ 1) gert/l] |00 wsu'rf 1+ ot ( )

To solve the problem for dielectric cylinder we should consider cylindrical coordinates. The Laplace equation

takes the form [15]
16( 8@) 1 0% 0%

ror \"ar ) TrEape T =0 (13)

r

or

Assuming that the field is perpendicular to the cylinder axis we can search for solution independent

of z. Substituting into the Laplace equation the sought solution in the form of ¢ = R (1) ® (), we arrive at
the systems of equations

d dR m _
o (rgy) = 2R =0,

(14)
32;; +md = 0.

The first of them has the solution R (r) = Ar™ + T%, while the solution of the second equation is
exp (+mep). This yields the following well-known expressions for the potentials inside and outside of the
sphere, w;nt and et + o, respectively:

Yint = ar™ cos(my), | @int (r =0)| < o0,
(15)
Gext = br~ ™ cos(my), | Yext (r = 00)| < 0.

In a cylinder placed in an external homogeneous field that is described by potential ¢.,; = cos (myp), a
multipole moment appears, which has a pole at

Eint = —Eext; (16)
(problem 2.2).

In other words, all the multipoles of the cylinder have resonance at one and the same value of the
permittivity and one and the same frequency.

5. Plasmon resonance in a system of particles (plasmonic nanolens)

The plasmon resonance can be used to enhance the local field strength [17,34]. Let us consider a
scheme that has been proposed in [34]. In this work, a finite chain of metal nanospheres was examined. Let
R; denote the radius of the ith nanosphere and d; ;11 denote the spacing between the surfaces of the ith and
(7 + 1)-th nanospheres. Then, the system is constructed implying that the self-similarity takes place, i.e.,

Riy1 = kR, diiy1 = Kdit1i42 1=1,2,...N,

where & is a certain constant that is smaller than unity (see Fig. 2). At x << 1, the local field of the
ith nanosphere is only insignificantly perturbed by the field of the (i 4+ 1)-th nanosphere. Due to the plasmon
resonance, the local field near the largest nanosphere is enhanced compared to exciting field Ey by a factor of
Q, where @ ~ Ree (w) /Ime (w) is the quality factor of the resonance, and ¢ (w) is the relative permittivity of
the metal of which nanospheres are made of, and w is the frequency of the exciting field. The local field of
the first, largest nanosphere can be considered to be homogeneous on the scale of the second nanosphere,
and it can be treated as an external exciting field. Therefore, near the second nanosphere, the field will be
enhanced Q? times. By continuing this construction, we find that, near the n-th nanosphere, the local field
will be equal to Q"Ey >> Ey. For example, for a really achievable value Q ~ 10 and n equal to three?,
we find that the local field near the smallest nanosphere is E,, = 103Ej. If this nanolens is used in Raman
spectroscopy, then, in accordance with the presented estimate, the Raman scattering will be enhanced by a
factor of (E/Eg)* ~ 1012 [18].

Really, it is necessary to take into account the mutual influence of nanospheres. This mutual influence
manifests itself in that all the nanospheres are involved in the resultant oscillation, so that its frequency
becomes different from the resonant frequency of an individual sphere. The main consequence is that the
stronger enhancement is obtained for not-too-small ; but, when a smaller nanosphere can rather strongly
affect the field of a larger nanosphere. In this case, the greatest enhancement is achieved in between the
smallest spheres.

2The size of the smallest nanosphere is restricted by the electron free path length in the metal; i.e., at optical frequencies,
this radius should be chosen to be not smaller than 5 nm.
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(a) (b)

Fig. 2 — (a) Geometry of a nanolens consisting of three metal spheres with the radii R1, Rz, and Rs being equal to

45, 15, and 5 nm, respectively; the spacings di2 and d23 between the surfaces of the corresponding spheres are equal

to 4.5 and 1.5 nm, respectively. (b) Enhancement coefficient of a local field in relation to the coordinate in the gap
between the spheres. The figures were taken from [6,19]

The efficiency of the proposed scheme was verified in the course of the numerical simulation using the
multipole spectral expansion method [21], which is based on the spectral method in the differential form [1].

6. Spatial distribution of the field energy under plasmon resonance conditions

When studying complex systems that consist of several plasmonic particles, it is also necessary to
take into account that, at plasmon resonance, the fraction of energy that is contained outside of a plasmonic
particle, namely, in the dielectric, is always smaller than the fraction of energy that is concentrated inside of
plasmonic particles [2].

Let us consider a limiting losseless case. In accordance with the Kramers—Kronig relations, the
permittivity of a metal has the form [25]: epr = €00 — wg Jw?, where e, is the constant that does not depend
on the frequency. Depending on the shape of a plasmonic particle or on the space distribution of a set of such
particles, there is a frequency or the negative value of the permittivity of the metal, at which the plasmon
resonance is observed; i.e., there is an eigensolution that differs from zero at a zero external field. A particular
feature of this eigensolution is that the field tends to zero at infinity.

The following relation can be written:

JocE-EdV = [,D-EdV = — [, D - VpdV
: (17)
== [V'(SQD)—<P§'D}dV:§SQg0(Dn)ds:0

Then, by dividing the whole volume into a part that is occupied by the dielectric and a part that contains
plasmonic particles and assuming that the permittivity distributions inside of these volumes are homogeneous,
we obtain

/ EDE-Ede—/ eqE-EdV. (18)
Qp Qum
The energy stored in the plasmonic particle has the form
1 dwsM
Uy =— E - EdV. 19
M7 8 /Q o dw (19)

where

‘E
s o

dcleM _ d {w (E:w_ w ﬂ =200 — M > —EM, (20)
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that yields

% —
UM:ﬂ/ E .- EdV. (21)
8 Qs
The energy stored inside of the dielectric is given by
1
Up = — €DE~EdV:7/ emE - EdV. (22)
8 Qp Qm

For the ratio of these energies, we have

Uy (2600 —em) Jo,, E-EdV (2600 —eM)

— = = > 1. 23

UD —e’:‘MfQME'EdV —EM ( )
Assuming that the losses in the plasmonic particle are small and using (18), we can obtain the following
estimate for the quality factor of the plasmon resonance, Q) = %:

d[wRe{:iiiw(w)] fQM E-EdV +¢p (w) fQD E - -EdV B dRee (w) /dw

@=w 2Imens (w) [, E-EdV ¥ Tmeyy (w)

(24)

An impression can be formed that, for the restricted system, the quality factor of the resonance does not
depend on the particle shape or on the mutual arrangement of particles. However, the geometrical factor
determines the frequency of the resonance, which, in turn, determines the value of ;s in expression (24) for
the quality factor.

To conclude we should emphasize that appearing singularities are related to overidealization of the
problem. In the reality, losses are always present in the system, which shifts the frequency of the resonance
to the complex domain. At real-valued frequencies, all quantities prove to be finite. Moreover, at low Joule
losses, it is necessary to take into account losses for the emission of radiation. In this case, the quasistatic
approximation is inapplicable (see [13,26]), and it is necessary to solve the exact problem [11,12].

Fig. 3 — Quality factor of the plasmon resonance of an ellipsoid of revolution in relation to the ratio of its axes a./ax
(a unit value of this ratio corresponds to a sphere). The material of the ellipsoid is silver

7. The Ferrell solution for a plasmon on a thin film

We note that the above-described enhancement of the field in the nanolens is a collective plasmon
resonance in which the electromagnetic oscillation is localized not on a single inclusion [35,36] but, rather, on
a system of noncontacting particles. The manifestation of this phenomenon is most clearly pronounced upon
consideration of a plasmonic composite—a dielectric matrix filled by inclusions with a negative permittivity. At
certain concentrations, which depend on the magnitude of the negative permittivity, the effective permittivity
of the composite has a pole [34] that is related to the excitation of a collective plasmon, which involves all
particles and which is not restricted in the volume of the composite. It is clear that the external field at the
resonant frequency should lead to the excitation of an infinitely large polarization, i.e., to the appearance of
strong local fields.
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Thus, we logically pass to the consideration of quasistatic problems for boundaryless objects. In essence,
these solutions are transitional between localized and propagating plasmons.

In the late 1950s, works by Ritchie [37] and, later, by Ferrell [38] have been published in which energy
losses of an electron beam in a metal foil were considered. It was shown that a part of losses is associated
with the excitation of collective oscillations of electrons on the boundary surface of the metal film (see the
discussion in [34]).

It turned out that, even in the planar geometry, the equation div (¢€E) = 0 can have solutions that are
more complicated than the Langmuir plasmon solution (1). Following [38,39] consider a metallic layer of
thickness 27 to be situated in the (z,y) plane. Then, it follows from the symmetry of the problem that two
solutions should exist at a given value of 7, one of which is symmetric with respect to the plane z = 0, while
the other solution is antisymmetric. Correspondingly, we will seek a solution of the equation div (e grad ¢) =0
inside of the layer in the form

o1 = cos (kx) (" £ e7F%).

Using the condition that potential ¢y turns to zero at |z| — oo and the continuity condition of the potential
on the plate surface, we obtain the following expressions for the value of the potential outside of the plate:

©;7T = cos (kx) e ** ("™ £ e P )er at z > T,
07 <77 = cos (kx) e (e7* £ eFT)ek at 2 < —7.

In order to obtain the solution in the whole space, it is necessary to join the normal components of
the electric induction, edp/dz, at the boundaries. As a result, we obtain the eigenvalue and eigenfunction
problem, which lies in finding a value of the permittivity at which a symmetric plasmon,

ek'r efk'r
) = o), (25)

and an antisymmetric plasmon,
(ek‘r _ 671{}7’)
(ekT + e—k‘r)’

€(w)=— (26)

(see [12]) propagate (see problem 2.3). For the permittivity of the plasma e = 1 — w2 /w?, the corresponding

frequencies are given by
1 —k1/2
W = wp/ %. (27)

8. Field enhancement in an apertureless SNOM

The use of near fields in optical instruments makes it possible to overcome the Rayleigh resolution
limit [40,41]. In particular, near fields that arise upon propagation of waves through small (subwavelength)
holes are used in aperture schemes of scanning near-field optical microscopy (SNOM) [25,42]. In the majority
of the schemes of this type, the light enters the system via a tapered optical fiber with a metal-sprayed
coating. The resolution of the instrument is determined by the cross-section of the tapered end of the fiber.
The subwavelength resolution can be achieved if the fiber end is an evanescent waveguide. In this case, the
intensity of near fields in the SNOM aperture configuration is very low, which lowers the sensitivity of the
method.

This drawback is eliminated in apertureless methods of SNOM, in which the incident electromagnetic
wave excites a plasmon on the metal tip. The nanofocusing of plasmons on the tip end [?,40] makes it possible
to create fields of high intensities in a small (subwavelength) region of space [43]. At a specially chosen
geometry, the tip ensures the enhancement of the field intensity by a factor of up to 10* [44]. As a result of
the scattering of the electric field of the plasmon by a sample under study, a far field arises the intensity
of which (in some schemes, its phase as well) is registered and is used to retrieve the image of the sample.
SNOM systems will make it possible to obtain images with a spatial resolution of about 20 nm [45].

The field on the tip end can be found analytically if the shape of the tip is approximated by a certain
simple surface, e.g., by a paraboloid of revolution (a similar solution for a parabolic cylinder was presented
in [46]). In this case, it is convenient to pass to the parabolic coordinate system [47]:

T =0TCosp,
y = oTsiny, (28)

z = (7'2 — 02) /2.
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The surfaces of constant values of coordinates and are paraboloids of revolution, which are defined,
respectively, as
z= (2> 4+ y°) /20% — 0%/2 (29)

and
z=— (22 +¢?) J2r° + 77/2 (30)
(see Fig. 4a).

The surface of the metal tip is one of paraboloids with a constant value of . It follows from (29) that
the value of ¢ is connected with the radius of curvature of the tip end py by a simple relationship o = ,/pg.

(a) (b)

Fig. 4 — (a) Distribution of squared field modulus |V®|? in a plasmon wave on the tip end; (b) dispersion curve of a
plasmon on a gold tip with a radius of the tip end of p = 20 nm

If the radius of curvature of the paraboloid is assumed to be much smaller than the wavelength,
kopo << 1, the problem can be solved in the electrostatic approximation; i.e., the electric potential can be
found from the Laplace equation A® = 0 taking into account that ® and e9®/0n are continuous on the tip
surface and that ® turns to zero at infinity.

In parabolic coordinates, the Laplace equation for axially symmetric solutions, which do not depend
on azimuthal angle ¢ of the sought solution, takes the form

10 od 10 od

e (=) =o0. 31

o do <080)+78t (787) (31)
Then, we will separate variables ® (0, 7) = S (¢) T (7) and denote the separation constant by r (4 = é% (U%) =
%%a% (T%—z) = —k). As will be shown below, the choice x > 0 ensures an exponential decrease of the solution

along the line 7 = const, i.e., with increasing distance from the tip.

Function T (7) is the solution of the zero-order Bessel equation. The solution that is bounded on the
tip end has the form T = Jy (y/k7). Function S (o) is the solution of the modified zero-order Bessel equation.
Inside of the tip, the solution that is bounded at zero has the form S (o < \/pg) = Io (v/ko), whereas,
outside of the tip, one should choose the solution that decreases at infinity, S (0’ > \/;TO) = aKy (v/ko). The
unknown coefficient is determined from joining the conditions S (\/ﬁ - O) =5 (\/ﬁ + 0) and €5’ (\/ﬁ — 0) =
S" (/P + 0), which lead to the dispersion equation for « (w):

o D) _ B () )
I (V) Ko (yip)

The corresponding dispersion curve is shown in Fig. 4b, while the field distribution is presented in Fig. 4a.

We note that, on the surface of the metal,

0 = +/Po,
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the solution has an oscillating character, as in the Ferrell problem. With increasing distance from the tip in

the direction along the tip axis,
T=14224+px V2z,
the potential takes the form

@ = Iy (/Ep) Jo ( 2k (p + z)) x sin (\/QE) /(2/%)”4.

Therefore, the behavior of the field has an oscillating character. However, unlike the exponentially decreasing
Ferrell solution, this solution decreases at infinity according to a power law, which is related to the change in
the radius of curvature of the tip along the z axis. The concentrating (focusing) of the field on the tip end is
called the nanofocusing effect.

The oscillating character of the solution can be described by introducing the local wavenumber
k = 0v/2kz/0z = \/k/2z. The electrostatic solution presented above is valid only in the range in which the
wavenumber k >> w/c. Therefore, the electrostatic approach is applicable in the neighborhood of the tip:
koz << Kk/2ko.

In the literature, other shapes of the tip are also considered, which refer to various schemes of scanning
tunneling microscopy (STM). Thus, in [48], the dispersion of plasmons excited between the tip in the shape of
a hyperboloid and a metal plane was determined. As in the case considered above, plasmons have a continuous
spectrum and the field concentration due to the tip effect.

STM schemes that operate with localized plasmons were also realized. Thus, in [38], the sample was
“probed” by the field of a plasmon localized on a nanoparticle that is placed on the tip of an optical fiber.
The plasmon is excited by a far field. The sensitivity and the resolution of this scheme are on the same order
as those discussed above.

5. Conclusions

Thus, plasmonics has passed a long way from first notes of longitudinal plasma resonances to
contemporary applications in microscopy and sensing. The main feature of plasmonics, resonance in
subwavelength structures, is manifested in enhancement of Raman scattering (SERS), perspective plasmonic
lines and interconnects. We hope that simplified electrostatic approach adopted here allowed deep understanding
of plasmonics.
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AHHOTALIUSA
TIpoBemen 0630p OCHOBHBIX PE3YJILTATOB 110 3JEKTPOCTATUYIECKUM ACIEKTaM ILJIa3MOHUKH.
XoTsI MHOTME TPUMEHEHUS TIJIA3MOHUKY TPEOYIOT 3JIEKTPOJIMHAMUIECKOrO MOIX0/1a, TLIa3MOH-
HbBII PE30HAHC UMEET IJIEKTPOCTATUYECKYIO NPUPOAY. B 9TOH craTbhbe MBI COCPEIOTOYMINCH
Ha, OCHOBaX ILJIA3MOHUKH, KOTOPBIE JIErde IMOHATH B 3JIEKTPOCTATAYECKOM IPUOIuKeHnr. Mbl

TakK2Ke 3aTparuBacM UCTOPUIO IIEPBbIX HpeILCTaBJIeHI/Iﬁ B obJracTu PE30HaHCOB B Cy6BOJIHOBBIX
QJIEKTPOMAaruouTHBIX CUCTEMaX.

KuroueBbie cioBa: IIa3MOHMKA, JIOKAJW30BAHHBIE IJIA3MOHBI, IIA3MOHHBIN DPE30HAHC,
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Annoranusa

Pa6ora Cmekasst 1acTo paccMaTpuBaeTCs KakK IPEAIIOChIIKA K OTKPBITHIO KOMOMHAIMOHHOIO paccesi-
Hus. B nannoit 3ameTke mokasaHo, 4To, xorst CMeKaJb OHUM U3 HEPBBIX PACCMOTPE] HEYIPYTroe PACCEsiHUe
GbOTOHOB, PACCMOTPEHHBIH UM MeXaHU3M HeyIPYIOCTU HUKAK He CBS3aH C BHYTPUMOJIEKY/ISIPHON JUMHAMHE-
KO sIZiep MOJIEKYJIBI U sIBJIEHHEM KOMOMHAIMOHHOTO paccesHusi. Mexannsm, paccmorpenusiit CmekaseM,
CBsI3aH C BO3MOYKHOCTBIO M3MEHEHUsI COCTOSIHUS 3JIEKTPOHHOM Io/ICUCTEMBI. Bostee Toro, uccemoBannoe
UM sIBJIEHHE, B OTJIMYNE OT KOMOMHAI[MOHHOI'O PACCEsTHUsI, MOXKHO HAOJIIOIATh U IIPU PACCESTHUH CBETA HA
aromax. OcunoBroe BHnManue B Crarbe CMeKasIs yIeJIeHO BOIIpOCy 06 oTmade IIPU UCIyCKAHUH (HDOTOHA.
YueT nu3MeHeHUs] KHHETHIECKON SHEPIUH MOJIEKYJIbI IIPUBOAUT K JIOIOIHATEIBHON HEYIIPYTOCTHA PACCEsIHUS
1 IIO3BOJISIET TIOJIyYUTH MONIPABKK K U3BeCTHOM dhopmyste paccesiuus Kpamepca u I'eitzenbepra. B xatuecrse
MIPUJIOYKEHUsI TIpejiaraeTcst mepeBo cratbu CMeKasst Ha PYCCKUN U aHTTIUACKAN SI3BIKH.

KuroueBble ciioBa: HeyIIpyroe paccesHie, OTAa4ua Py U3IydeHnn (HPOTOHA, 3aKOH COXPAHEHUS SHEPIHH
¥ UMITYJIbCa

EDN BRFAUF

doi:10.24412/2949-0553-2023-46-50-57

Ipex e Beero, unras crarbio Cumekass (Adolf Smekal, Zur Quantentheorie der Dispersion,
Naturwissenschaften IT (1923), 873-875, doi:10.1007/BF01576902), HyKHO IOMHUTH, YTO OHA HAIIMCAHA HA
3ape KBAHTOBOW MEXAHWKH, U B HEil OTPaKEHbI MHOTHE MOMEHTBI KBAHTOBOH MEXAHWKH, JUCKYTHPYEMbIE B TO
BpEMSI.

B cBoeit crarbe Cmekasb [1] 0606mun pabory Komnrona [2] Ha 3amady o paccesinun BhOTOHA Ha
MOJIEKYJIE TIPU yUYeTe U3MEHEHUs] He TOJIBKO €€ KHHETUIECKON, HO U BHYTpEHHeH 3Heprun. V3MeHenus: BHYT-
perseit saeprun CMeKasIb TPeInoaraj KBAHTOBAHHBIMU, CBA3BIBAA UX C MEPEXOJAMU MEXKIY COOCTBEHHBIMU
COCTOSTHUSIMU 3JIEKTPOHHOMU TIO/ICUCTEMBI MOJIEKYIbl. CMeKaJIb BBEJI TIOHSATHE O «IOCTYIATEbHBIX KBAHTOBBIX
HepexoJiax», IIPU KOTOPBIX MPOUCXOIUT HEYIIPYTOE PACCESHUE CBETA. DTH MEePEXO/(bl BOSHUKAIOT IIPU OCBEIEHUH
aTOMa, MJIA MOJIEKYJIBI MOHOXPOMATHIECKUM 3JIEKTPOMATHUTHBIM IT0JIeM Jii060# yactorsl v. [Ipeanoraraer-
Cs1, 9TO M3HAYAIHLHO aTOM MJIA MOJIEKYJIa HAXOJATCS B CBOEM M-OM 3JIEKTPOHHOM KBAHTOBOM COCTOSIHUU C
sueprueit F,, u 00/aai0T HAYaIbHON MOCTyIATEILHON CKOPOCTHIO v;. [To CMeKato, Ipy «II0CTynaTeIbHOM
KBAHTOBOM IIEPEXOJIE» CYIIECTBYET OIPEJIEIeHHAs] BEPOATHOCTD B €MHUILY BPEMEHI C’,’}l’f;; epeiTu MoJIeKyJIe
0JT, JIECTBHAEM TIAJIAIOIIEr0 U3JIyYeHUsl U3 M-TO B N-€ JEKTPOHHOE KBAHTOBOE COCTOsIHUE, U3MEHUB CBOIO
CKOPOCTD MOCTYNATEJHLHOIO JBUKEHNS KaK 110 BEJIMYNHE, TAK U 10 HAIIPABJIEHUIO, HA OKOHYATEIBHYIO CKOPOCTh
vy. IIpu sTOM HCIycKaeTcs u3iIydenne 4acToTol /. HavaabHoe U KOHETHOE COCTOSIHUS NOJIZKHBL OBITh CBI3aHbL
3aKOHOM COXPAHEHUSI SHEPIUU U MMITYJIbCA.

B npeamooxkennn o 6eCKOHETHON Macce MOJIEKYJIBI CJIEIyeT OXKHUIATH, ITO CKOPOCTH MOJIEKYJIBI He
MEHSIeTCsI, 8 TOUYHEee, C TOYHOCTBIO 110 JIOIJIEpOBCKOTO CMEIIeH sI, YTO MOJIEKYJIA [IOKOUTCs, 1 IIPEJICKA3hIBAEMOe
Heynpyroe paccesiane CMeKaJIst JIOJKHO onuchiBaTbesi hopmyioii Kpamepca n Teitzen6epra [3] (em. Takske [4]),
KBaHTOBOMEXaHUYIECKUl BBIBOJL 3T0 (hopMyJibl ObL1 nipemiioxked B paborax [5-7]. Ilpumenenue dbopmyiint
Kpamepca u Teitzenbepra k cucreme, obsragaromeil Kak AUCKPETHBIM, TAK M HEIPEPBIBHBIM CIIEKTPOM, IIPEIIIO-

* ABTOD, OTBETCTBEHHBIH 3a nepenucky: Asnekceii [lerposuu Bunorpaznos, a-vinogr@yandex.ru
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JlaraeT CyMMHPOBaHUE 110 JIUCKPETHOMY THANA30HY U MHTEIPUPOBAHUE 110 HEIPEPLIBHOMY JHara3ony. JhderT
Cmekastst CBOJIUTCsI, TAKAM 0Opa30M, K MEPexXo/ly MOJIEKYJIbI DU PACCESTHUU Ha Helt (DOTOHA ¢ HEKOTOPOI BEpo-
ATHOCTBIO B MHOE BO30YKJICHHOE 3JIEKTPOHHOE cocTostuue!. OHAKO B TAKOM MPUOJIIKEHIN HE YINTHIBACTCS
3aKOH COXPaHEHUsI UMITyJIbca. TOYHOe OmmMcaHne aKTa paccesHusi, KOrJIa B Pe3yJIbTare MoJIyvdaeTcs (pOTOH
C U3MEHEHHOU YacTOTOIl M aTOM B M3MEHEHHOM COCTOSAHUU, JOJIZKHO YUUTBIBATH OT/Ia4y, UCILITHIBAEMYIO
aroMoM (MoJieKyJIoii) npu u3iaydenun dporona. [lonbiTke 910 yuecTs u nocesiieHa pabora Cmekasis.

B cayuae ke KOMOHHAIMOHHOTO (HECMEKAJIOBCKOIO) PACCEsTHUS MOJIEKYJIbI IIPEJIIIOJIATAI0TCS PAMAH-
aKTUBHBIMU: ¥ HUX OTCYTCTBYIOT coorBercTByomue VK mepexoasl Ha dacToTax, HAOIIOIAEMBIX ITPU KOM-
OuHanmMoHHOM paccesiann. HeyipyrocTs CBS3bIBaeTCH ¢ BO30YXKIeHNEeM BUOPOHOB, KBA3UIACTUIL KOJICOAHMIT
OIHOI U3 CB#A3€ell aToMOB B MoJjieKyse. [Ipupona sTux kosebanuii 94ncTo KBAaHTOBAas, TAK KaK CTaOMIbHOE
COCTOSTHIE aTOMOB B MOJIEKYJIE CBSI3aHO C B3aMMOJEHCTBHEM ITOJICUCTEMBI 3JIEKTPOHOB C TOJCUCTEMOI sijiep.
Tax 4T0 BUOPOHBI B HEKOTOPOM CMBICJIE OIUCHIBAIOT KOJIJIEKTUBHBIE KOJIEOAHMS BCEX sJIEp B MOJIEKYJIE, B3a-
MMOJIEHCTBYIOIINX MEXKy cODOI Yepe3 3JIeKTPOHHYIO mojcucremy. [leHTpaibHYI0 pOJIb IIPU 9TOM HI'PAET
KBAHTOBOMEXAHIIECKNI XapaKTep 9TOT0 B3aUMOJIEHCTBUs. B KiraccmaeckoM ciiydae paBHOBECHOE COCTOSTHUE
9TUX JIBYX IOJCUCTEM HEBO3MOYKHO.

3aMeTuM, UTO MpU CMEKaJOBCKOM HEYNPYTOM DACCesHWUH, BO-TIEPBBIX, IpearaeMblit 3¢bdekT 10KeH
HaOJII0JATHCST HE TOJILKO TIPH PACCesTHUM HA MOJIEKYJle, HO U Ha aroMe [10], BO-BTODBIX, CMEKAJIOBCKUil CIBUT
I pacCesHIN Ha HeBO30OYKIEHHOM aTOMe MMeeT TOJIBKO KPACHOE CMEIIEHHE, B OTINYNe OT KOMOHHAIOHHOTO
paccesiHUsl, KOI/Ia HAOJIIOIAIOTCS W KpacHoe (CTOKCOBCKHI CHI'HAJI), U CHHee (AHTH-CTOKCOBCKHN CHIHAJ)
CMEIIEHHs], IPUYEM BeJMIMHBI 9TUX CABUTOB [0 MOJLYJIIO COBIIAAIOT.

IIpu KOMOUHAITMOHHOM paCCesTHUU BOIIPOC 00 OTIade, KOHETHO, CyIIECTBYET, HO OH HE OIMCHIBAETCSI
CTOJIb IMIPOCTHIM TIOJIXOJOM, KaK pa3BuBaeMblii B pabore Cmerass. Tak Kak UMITYJIbC OTIAYHA U3JIY 9€HHOTO
doToHA MOXKET MPUBECTH HE TOJHKO K M3MEHEHUIO CKOPOCTHU BCEHl MOJIEKYJIbI, HO U K BO30Y2K/ICHUIO KOJIEOAHI
JNpyTuX cBst3eit Mexkry aromaMu. OOBITHO IPU PACCMOTPEHNN KOMOUHAITOHHOTO paccestiust STuMu 3 derravu
MTOJTHOCTDHIO TIPEHEOPEraroT.

C »roit Touknu 3penus pabora CMekasis nMeeT HE3aBUCUMYIO IIEHHOCTh, TAK KAK OHA [TOCTABUJIA OYEHb
WHTEPECHBII BOIIPOC O POJIM OTHAYH [IPU U3JIyIeHUU. SICHOrO OTBETA HA STOT BOIPOC HET U HA CETOIHSIITHUI
JICHb.

[Turuposanue crarbu CMeKassi Kak sIKOOBI [IpeJIcKa3bIBaoleil KoMOuHaImoHHoe paccesiue [10-16], o
BCeil BUIMMOCTHY, CBSI3aHO C HEJIOOIEHKON BaXKHOCTH Pe3yaIbTaToB paboTsl Pamana. CchLIKM, CBS3BIBAIOIITE
crarpio Cmekasts ¢ adpdexkrom Pamana, KOHIIEHTPUPOBaIN BHIMAaHUE HA OTKPBITHH PaMaHoM HEympyroro
paccestaust ceeta. OIHAKO MPUPOJIA ITOTO HEYIPYTOro paccesaust o0 CMEKaJIIo OIpeIesisijiach KBAHTOBBIMI
HepexoiaMu JIEKTPOHHOI HOJICUCTEMBI U OT/Ia4deil IPU U3JIyYeHUH, B TO BpeMs KaK IIPH KOMOWHAIIMOHHOM Pac-
CesTHUU OHA CBSI3BIBAETCSI C MOJYJISIIUEN 3TUX COCTOSIHUI BUOpAIMSIMU CBSI3U aTOMOB B MoJjieKyse. OTMedeHHbIe
CwmekaJsieM siBJIEHUSI OTHOCSITCSI, CKOPee, K JIOIIJIEPOBCKOMY CMEIIEHUIO B (DJIIOOPECIICHITNN.
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IIpnnoxxkenne 1

A. Cmekauib. K KBaHTOBOI Teopuu paccesiHusi cBera (IepeB. Ha PyCCKHl sI3bIK
A.TI1. BunorpaioB)

K. T. JapBun HeJaBHO OIyOIMKOBAJ UCCIEI0BAHME 110 KBAHTOBOI Teopun paccesuus csera (Nature
110, 841, 1922; Proc. Nat. Acad. Amer. 9, 26, 1923; Nature 111, 771,1923), koropas, Ha IE€PBbIHA B3I
OCTaBJIIET BECHbMA IMOJIOKUATEILHOE BIIEUYATIEHIE, HECMOTPSI Ha HEKOTOPbIE HEPEITEHHBIE TTPOOJIEMBI.

71t ero paccyKJIeHUi sIBJISeTCsl CYNIECTBEHHBIM IPEJITOIOKEHIE O CIIPABEJJTMBOCTUA BOJTHOBOW TEOPHUH
B cBOGO#HOM BakyyMme. OH CIMTAET MOJIEKYJIbI Ta3a (aTOMbI), HAXOSNIIUECs [0, BO3ACHCTBIEM U3JLy YeHUs,
TIOKOSIIIUMIUCS U JIOMYCKAET, 9TO OHM, C HEKOTOPOl BEPOSITHOCTHIO, CIIOCOOHBI UCIIyCKATh BTOPUYIHbBIE Chepu-
YECKHEe BOJIHBI, 9ACTOTHI KOTOPLIX COOTBETCTBYIOT KBAHTOBLIM CIIEKTPAJIBHBIM YaCTOTAM MOJIEKYJI (aTOMOB).
HeszaBucumo oT TOYHOCTH OIIpe/ieIeHNs HEKOTOPBIX JleTajlell OIMMCAHHON KAPTHUHBI, MOKHO IPUNATH K COOT-
HOIIIEHUSIM, OIIMCBIBAIOIINM PAacCCESHUE, B KOTOPBIE, U TO BJISETCS CYIIECTBEHHBIM ITPOIBUYKEHUEM BIIEPE]T,
BXOJAT KBaHTOBBIE YACTOTHI MOJIEKYJIPHBIX YACTUI] BMECTO KJIACCUYECKHUX JIEKTPOMArHUTHO-MEXaHUIEeCKIX
CODCTBEHHBIX 9aCTOT YACTHUIIHI.

Hezasucumo or /lapBuna, aBTOp 3THX CTPOK y2Ke JABHO JeJIajl [IOXOXKHUE MOIBITKH IOCTPOUTH COOTHO-
meHns ykasansoro tuma (Wien. Anz. 1922, s. 79; Naturwissenschaften 11, 411, 1923); HO pe3y/abTaThl 3TUX
MOTBITOK TTOKA3AJIMCh €My OeCIIOJIe3HBIMHU I10 IPUINHAM, KOTOphie /lapBUH He cunuTaer OYeHb CEPbEe3HBIMU, a
WMEHHO, YKa3aHHBIM JlapBUHOM CI10cOO0M HEBO3MOXKHO ODECIIEUNTh CTAIMOHAPHBIN DAJIAHC SHEPIUU MEXK LY
M3JIy9eHneM U BEeIeCcTBOM. Bpoduem To, 9TO CTAIMOHAPHBIH OAJIAHC SHEPTHH MEXKTy M3JIyIeHUEM U BEIIECTBOM
HeJIb3s1 00eCcIIednTh YKa3aHHBIM BBIIIE HOAX00M, moHuMan u cam Jlapsun. Ilens HacTosIel craTbu COCTOUT B
TOM, 4TOOBI IIPOJIUTH CBET HA TOT BOIIPOC, & TAKyKe PACCMOTPETH HoJiee 110 IPOOHO BOIIPOCHI BOJTHOBOW TEOPUHU
U TIPEJIJIOKUATH PA3yMHBIE TIEPCIEKTUBLI JIJIsl PEIICHUsT BOZHUKIIUX TPYTHOCTEN.

1. Yro kacaercst BOJIHOBOI Teopud, TO MIUPOKO PACIPOCTPAHEHO MHEHHUE, YTO TAaK KAK OHA CIIPABEIJIINBA
JJId BaKyyMa MeXKJIy KBAaHTOBBIMHM aTOMaMH, TO B CBA3HU C 3TUM 3JIeMEHTapHbIE IIPOIECChl U3/IyYeHNA MOXKHO
CIUTATh IIE€PUOJUICCKUMU. HpO6JIGI\/IaTI/I‘{HOCTb yTBEPXKAEHUA O NIEPUOJUIHOCTU I10JId COCTOUT B TOM, 4YTO, IIO
CYTH, OHO OTHOCUTCS TOJIBKO K BAKYYMY U IIO9TOMY OCTAETCS IKCIEPUMEHTAIHHO HEKOHTPOJUPYEMBIM (Mbl
HE MOHCEM IKCNEPUMEHMAALHO ONPEIEAUNL, YN0 NPOUCTOOUM SHYMPU AMOME), IIPUHIAI COOTBETCTBUS
Bopa, moxoxke, Takyke HHYEro He TOBOPUT B IOJIB3Y ITOTO yTBepKjeHudA. [l TOro, 9Trodbl 3TO MOHSATH,
HY?KHO TOJIBKO IPEJICTABUTH, 9T0 B MakcBesui-JIopeHTieBCKOil 9/1eKTPOoInHAMUKE TIEPUOIUIHOCTD U3JIyIaeMOit
BOJIHBI 0DYCJIOBJIEHA TIEPUOIUIHOCTHIO KOJIEDATEIHHOIO JIBUKEHUS JIEKTPOHOB, KOTOPbBIE CIIEINAJIBHO IIPeJ-
[IOJIAral0TCs KBAa3UyIIPYTO CBSI3aHHBIMEU C ATOMOM TaK, 4TOOBI 9acTOTa KOJIEOAHUI CTajIa SHEPTrO3aBUCHMOIA.
Nmenno gacTora 3TUX KOJIEOAHUIN ABJISIETCS OCHOBHBIM IIAPAMETPOM BOJIHBI, 8 HE JIJIMHA, BOJIHBI, C KOTOPOIA
CBsI3aHA TIEPUOINIHOCTD, HAOJIOIaeMast B BAKyyMe, U KOTOpasi CTAHOBUTCsT BA’KHOI TOJIBKO OjIaromapsi CKOpo-
CTU PACIPOCTPAHEHUS CBETA. DJIEMEHTAPHBIN MPOIECcC U3JIyIeHns B KBAHTOBOM Teopuu Bopa MoxkeTr ObITh
MIEPBOHAYAIBLHO 0XapaKTEPU30BaH TOJIHKO BEJTHIUHON, NMEIOIeil pa3MepHOCTD ' 1 UMEHYeMO# «9IacTOTO»,
a He «JUIMHOI BOJIHBI». OJIHAKO, ITOCKOJIBKY 3TO YHCJIO IPUHIUITHAJIBHO OTJIMYAETCsI OT MEXaAHUIECKUX Ya-
CTOT, XapaKTEPUIYIOMUX NEePUOJANIECKOe NN KBAa3UIEPUOANIECKOe BHYTPEeHHee JBUKEeHNEe 3JIeKTPOHOB B
aToMe, U3 IIePUOJAUYHOCTH 3TOTO JIBUXKEHUA y2Ke Heslb3s ClesIaTh BBIBOJ, YTO HCIIyCKAaeMOe U3JIydeHUe TOXKe
nepuoimaeckoe. Kcim ternepb OCyIecTBATH Hepexol] K MPeIey «IJINHHBIX> BOJIH, TO U3 IIPUHIIAIIE COOTBET-
CTBHS CJIEJIyeT, 9TO «IACTOTHOE» UHCJIO, BXOJIAIee B ycioBre Bopa, JOKHO aCUMITOTHIECKN CXOIUTHCHA K
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qacTOTe MEXAHMIECKUX KOJIEOAHNI BHYTPEHHETrO JBUYKEHUST PACCMATPUBAEMOI aTOMHOM cucTeMbl. OmHaKO
BBIBOJ], O IIEPUOJIUYHOCTHU IIOCJIEJHETO C IIEePUOJUIHOCTHIO PAJUAIIMOHHOIO IIPOIlecca OCTAETCsA B IIPUHITUIIC
HeJI0Ka3aHHbBIM.

2. V3BecTHBIN BBIBOA, DWHIITEHHOM 3aKOHA M3aydeHust IlIaHKa CIpaBeIinB TOJBKO IS aTOMHOI
CHUCTEMBI, HAXOIAIIENCA B SJHEPTETUIECKOM PABHOBECUH C U3JIyUeHUEM, U TOJbKO JIS TOKOSIIUXCA MOJIEKYJT
W aTOMOB, U, €CJIM HAa HUX BO3JIEHCTBYET UCK/IIOUYUTETHHO MOHOXPOMATHYIECKOE M3/IydeHUne, Ha UX COO-
CTBEHHBIX CIIEKTPaJIbHBIX JacTOTaX. JIerko BUJIETh, UTO JOIYIIEHNs, BBEIEHHbIEe DUHIITEIHOM, SBJISIFOTCS
€IMHCTBEHHO BO3MOYKHBIMHU, €CJIM MBI OIPAHUYNMCS PAMKAMHI BBIBOJA JUHINTEHHA, B KOTOPHIX AIMIPOKCUMAIINST
JeCTBYIONIUX, HO JIO CUX IOP HEUM3BECTHBIX MPUYUHHBIX 3aKOHOB C IOMOIIBIO BEPOATHOCTHBIX IIPEJIIIOJIOKEHU
cunrtaercd gocrarouynoii. Ho Torna us BbIBOga DIMHINTEHHA TaKyKe CJIELYET, YTO JII000e BJINAHNE U3JLy IeHUs
JII000#1 JaCTOTHI, BHI3BIBAIOIIEE PACCESHUE, B C/IyUae MOKOSIIIXCI MOJIEKYJI 00sI3aTeIbHO JOJI2KHO IMPUBOIUTH
K IIPOTHUBOPEYHUIO CO BTOPBIM 3aKOHOM TEPMOJIUHAMUKNA MAKPOCKOIIMYECKOro u3jydeHust. C ydeTomM 5Toro
pe3yJibraTa HaM KasKeTCsl, UTO, JiayKe HE3ABUCUMO OT KAKUX-JIMO0 BO3parKeHuii 00 MCIIOIb30BAHUN BOJIHOBOI
TEOPUH, BBIMIEYIIOMSHYTHIM JAPBUHOBCKUAM U BCEM ITOJIOOHBIM MM COOTHOIIEHUSIM JJIsi PACCESTHUS BHIHECEH
npuroBop. IIpuBegeHHOe BBIIE YTBEPXKIACHUE O TOM, 9TO B IIPEXKHUX MOMBITKAX JlapBuHa u aBTOpa He yIaBa-
JIOCh 00eCIIeYNTh HEPYITUMOCTH IHEPTETUIECKOr0 DaTaHca MEeXKIY U3IyUIeHHEM W BeIeCTBOM, Teleph CJIeIyeT
PacCIpoOCTPpaHUTh U HA TO, UYTO TaKO Oa/laHC B MPUHITUIIE HEBO3ZMOXKEH IIPU MOKOATINXCSI aTOMAX U MOJIEKY/IaX.

3. Kazkercst, 9T0 BOIIpOC KBAHTOBOIM TEOPUU O PACCESTHUS CBETA IMMPOJIBUTACTCS B OU€Hb KOHKPETHOM
HAIpaBJeHnn: 6e3 ydeTa MOCTYIaTeIbHOIO JIBUXKEHUS He CyIIEeCTBYET PaJHaIliOHHOro paBHoBecus! BakHoCTh
9TOI0 yTBEPKIEHUS IIPUMEHUTEJIBHO K YHCTO TEIIOBBIM BO3JEHCTBHAM Ha O0JIydaeMoe BelecTBo (cama
TeMa TEIIOBOrO M3JIyUeHNs B TIOCJIE/IHEE BPEMSsI BBINUIA U3 MOJIbI! ), BEPOSITHO, He TPEOYeT IOMOJHUTENbHBIX
nosicHeHuit. Takoii »Ke BBIBOJI MOYKHO OBLIIO OBI CIEIaTh, XOTS M MeHee KPATKO, CJIETysl XOPOIIO N3BECTHOMY
COO0OpaKeHU 0 JUHINTEHA O COXpAHEHUH UMITYJIbCA; TAK KAK XOPOIIO MOHSITHO, YTO HEOOXOIUMO yINTHIBATD
BJIMSIHUE TTOCTYIATEIBHOTO JBUYKEHHUS JTa2Ke [IPU PACUIETEe JaCTOT CIEKTPAJbHBIX JuHuit. T.0. ciemanHnoe BhIie
YTBepzK/IeHIe COXpaHdAeTCd U 3/leCb, HO B MeHee IIPO3PadyHOM BH/IE.

4. Ctporo roBopsi, BBIBOJ, DUHIIITEHHOM 3aKOHA MU3/iydeHus [IJ1aHKa OTHOCUTCS TOJIBKO K IIOJIIO U3JTY-
YeHUsl, B KOTOPOM IIPEJICTABJIEHBI TOJBKO CHEKTPAJJIbHBIE YACTOTHI TOI'O TUIIA ATOMOB M MOJIEKYJ, KOTOPbIE
HUCIIOJIB3YIOTCS B HACTOMINEe BpeMd; Bce JPyTue 4acTOThI, Ha KOTOPBIX JOJXKHO TaKKe IIPOUCXOJIUTH Pac-
CesTHUe, MCKJIIOYAIOTCI caMu coOOil, UTo, HAapuMep, o0ecreInBaeTcs YaCTOTHRIMA yeaoBusaMu bopa. U3
SUHINTEHTHOBCKOTO 3aKOHA PACCESIHUsI, KOTOPDHIN MOXKHO CIUTATH SMIMPUIECKH 3aJaHHBIM Ha, JI000i JacTore,
CJIEJIYET, UTO MPU KAXKJIOM JIEMEHTAPHOM ITPOTECCE UBJIYUEHUS WM ITOTJIOMEHNST KOJTUIEeCTBO SHeprun hy u
HAIPABJIEHHOIO UMILYJILCA MV /¢ NOJKHBI UTPATDH TY YK€ POJIb, YTO U IIPU U3JIyYEHUU CIEKTPAJILHBIX 9aCTOT
smann. [TockobKy n3 onmcanust DUHINTETHA 9TO Cpa3y HE CJIeIyeT, HeOOXOMMMO MOMIEPKHYTh, YTO CYIIe-
CTBOBaHME TAKOI'0 HAIIPABJIEHHOI'O MMITYJIbCA, BO3HUKAIONIErO IIPU B3aUMOJICHCTBUN U3/IyYEHUA C BEIIECTBOM,
MOX>KHO BBIBECTH, KPDOMe ero abCOJIIOTHON BEJIMYNHBI, yKe U3 3aKOHA CMellenns Buna, T.e. 9T0 He Tpedyer
KBAHTOBO-TEOPETUIECKOTO paccMOoTpeHusi. V3 3aKoHa M3/TyUeHnsi, KOTOPBI /st 9TOM eI MOYXKHO CYUTATH
SMIIUPUYECKN 38 [AHHBIM JIJIsl JIFOOBIX YaCTOT JUCIIEPCHH, CJIEJyeT, YTO abCOIOTHBIE BeJauauHbl hy u hv/c
JOJIKHBI UTPATH TAKYIO K€ POJIb [IPU B3aUMOJIEHCTBUN U3/TyYeHUs JIIOOON 9acTOThI ¢ BEIECTBOM, KaK ¥ IIPU
U3JIyYeHUU CIEKTPAJIbHBIX JIMHUM.

5. DT0 OTKPBITHE IO3BOJISET CIEJIaTh BbIBOJ, O BOSHUKHOBEHUU I10J] JIEHCTBUEM MOHOXPOMAaTHUYECKOIO
U3JIyYeHUs] KBAHTOBBIX II€EPEXOJI0B HOBOT'O THIIA, KOTOPBIE JIJIsl IIPOCTOTHI B JIaJbHENUIIIEM MOTYT Ha3bIBATHCS
<IOCTYIIATEJbHBIMA KBAHTOBBIMU TIepeXofaMmy. s KaxK0oro aToMa WM MOJIEKYJIbI, HAXOSIIIXCS B CBOEM
M-M KBaHTOBOM COCTOSIHUU C dHeprueil F,, m 00Ja1afomuX MOCTyIaTeJbHON CKOPOCTHIO U, MPOU3BOJIHHO
OPHEHTHUPOBAHHOI OTHOCUTEILHO HAIIPaBJIEHUd I1aJIeHNs CBeTa YaCTOThI V, CYIIEeCTBYET olpejie/ieHHas BEPOAT-
HOCTb B €JIMHUIY BpEMEHHI C’]f;f;/ IIepeiiTy aToMy IO, NEHCTBUEM H3JIyUYeHUs JII00ON YaCTOTHI U3 M-TO B N-€
KBaHTOBOE COCTOSIHHE U M3MEHUTb CBOIO CKOPOCTH MOCTYIIATEJILHOTO ABUYKEHHs Ha v’ Kak 110 HallpaBJICHUIO,
Tak ¥ 10 BEJUYMHE, U UCITyCTUTDH IIPU 3TOM BTOPUYIHOE M3JIyUeHHNe YaCTOTHI L.

Cunrast, 9T0 3aKOHBI COXPAHEHUS SHEPIUH U UMILYJIbCA JIJIsI TAKOTO MPOIECCa B TOTHOCTU BBITIOTHSAIOTCS,
JIETKO yBUJIETH, UTO OTAa4da hy'/c, cBsA3aHHAs ¢ MCIyCKAHMEM BTOPUYHOTO M3JIyUeHHs JacTOThl v/, Gyzer
UMeTh UHOe HAIPAaBJIeHHe, YeM OTJada hv/c, BOSHUKANAs IPH <IOMVIOIEHU» [ePBATHOIO W31y IeHUsI
qacToThl V. K npenebpeds peiSTUBUCTCKUME MOTPABKAMEI U CYUTATH MACCY MOJIEKYJIbI TIOCTOSHHOM 1
paBHOT M, TO 3aKOH COXpaHeHUs SHEPIUHA O3HAYAET, UTO

M2 My'?
v +Em+hu:Ty+En+hu’

Yacrora ' MoxKeT OLITHL KaK 00JbIlle, TaK U MeHbIIe v. HeTpyaHno y6eanTbes, 4TO TaKnue «IIOCTyIa-
TeJIbHbIE KBAHTOBBIE [I€PEXO0/IbI» HE MOT'YT HAPYIIUTh PAJUAIMOHHOE PABHOBECHUE, €CJIU JIJIsI KayKJI0I0 TAKOTO
[IpoIiecca MPeIIosaraTh ene U CyIecTBOBaHne OOPATHOTO. Y YUTHIBas BO3MOYKHOE N3MEHEHUE HAIIPABJICHUS
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U3JIy4eHus, BHI3BAHHOI'O 3TUMHU IIPOIECCAMU, B C/Iydae m = n HYKHO IIpeJlosaraTb yIpyroe paccesnue, a B
cIIydae m # n MOYKHO FOBOPHUTBH O HeynpyroM. llocsennue mporecchbl, 09€BrIHO, TIPEBPAIAIOTCS B PeabHOe
HOIJIOIIEHNe WK UCITycKaHue hy tpu obsyuennu (Diiamreiin), ecan v/ = 0 wm v = 0:

MO 4 B + o= M2 4 B, (En > Ep)

MO 4 By +ho = M5 4 Byt o' (Ba < Bw).

Eciin npeneGpeds TpaHCISIMOHHBIMI YJIeHAMU, KOTOpbIe, Kak mokasas LlIpejauHrep, nmpuBogar K
abdexty Hommepa, TO 3T OTHOIIEHNST CTAHOBATCS TPOCTO MJICHTUIHBIMU YACTOTHOMY ycaoBuio Bopa. Kak
BUJ/IHO U3 TECHOI CBSI3U MEXKJIy PACCEsIHHEeM U JIUCIIEPCUEil, MOXKHO OXKUJIATh, YTO MOXKHO OyIeT IpUiTH K
HOBOMY BBIBOJIY 3aKOHa u3jydeHusi [[J1laHKa U K KBAHTOBO-TEOPETUYECKON MHTEPIIPETAIINN PACCETHUS Iy TEM

’
COOTBETCTBYIOMel HHTepIpeTanuy Besgmauna C)LY, .
)

Bes ,HaﬂbHefIIHI/IX BBbIUYMCJIEHUIT MOXKHO TaKKe YBUIETH, 9TO paBHOBECHbIE 3HAYCHNA OTAC/IbHBIX BEJIMYINH,
IIOMHUMO HEKOTOPBIX CPEJIHUX 3HAYEHUIT BEJIUINH Cgl’,l;,/, MOI'yT 3aBUCETDH JIUIIb OT pa.3HOCT€I7I 3H€pFPII71, Xapak-
TEePU3YEMbIX KPUTUYICCKUMU CHECKTPAJIbHBIMUA YaCTOTaAMU MOJIEKYJI; TOTJIa BKJ/JIIOYEHNE B OIMMCAHUEC DacCedHud
IIOCJIEAHUX, a HEe KaKHUX-TO MEXaHUYICCKUX TaCTOT KOJI€684HI/IIL/'I7 opeacraB/ideTcd ¢ CaMOr'o HavdaJla B KaKO#-TO

CTEeIeHN SICHBIM, KaK TOTO TpeOyeT SKCIePUMEHTAIbHBINA OIIBIT.

ABTOp XOTe] OBl OCTABUTHL 3a COOOW IPABO BEPHYTHCA K ITUM M HEKOTOPBIM JAPYTUM BOIIPOCAM
B CB3W C CaMbIMU TocjaefHuMu coobpaxkenusamu Jlagepubypra u Paiixe (von Ladernburg und Reiche
Natiurwissenschaften 11, 584, 1923) a 3arTeMm HaJeeTcs, 9YTO CMOXKET JIATh B APYIOM MECTe€ HEKOTODbIE
JIOTIOJTHUTEIHHBIE TIOJAPOOHOCTH O BBIBOJIE CAMOI TEOPUH PACCESTHUS.

6. Brillle IPpUHSITO MOJIOXKEHWE O TOM, YTO sIBJIEHUsI PACCESHUsI MOI'YT OBbITh, IO CYIIECTBY, IOHSITHI
TOJIBKO Ha OCHOBE OAJIAHCOB YHEPIUU U UMILYJIbCA, HE CUUTAsl, KOHEUHO, 00si3aTe/IbHOIO MCIOJIHL30BAHUS
KJACCHIECKON Teopruu B MPUOJIMKEHNN «IJIMHHBIX» BOJIH. EC/IM 9TO OKAXKETCsT OCYIIECTBUMO B YKA3AHHOM
CMBICJIe, TO OyIeT MOKAa3aHO, YTO, B OTJIMYNE OT IKCIEPUMEHTOB, YIOMSHYTHIX B Hadaje, MOHATH BOJHOBOI
TEOPUH M, B YACTHOCTH, BOIIPOC O PACIPOCTPAHEHUHU CBETA 3J1eChb He UI'paroT HUKakoi posu. Cepbe3Hoii
MOJIJIEP>KKON TAKUX HAJEIK]] ABJIAIOTCS PE3Y/IbTaThl 10 PACCESIHUIO JIOCTATOYHO KOPOTKOBOJIHOBBIX PEHTTEHOB-
CKUX JIy4eil, B 4aCTHOCTUA OOHAapyKeHHOEe 3/1eCh CHUXKEHWE YaCTOTHl BTOPUYHOTO U3JIyYEHUsl, PACCESTHHOIO
BOOK; 1 BecbMa ycreniabie Teopun roro ssienus A. X. Komnrona (Phys. Rev. 21, 483, 1923) u I1. [ebas
(Phys. ZS. 24, 161, 1923) BbITEKAIOT HENOCPEICTBEHHO U3 M3JI02KEHHBIX BBIIIE [OJIXO0J0B JJisi OYEHb DOJIBIINX
sHadennit v u V. HecoMHeHHO 1 TO, 4TO IIpeAfoaraeMbIM UCHOIL30BAHIEM 3aKOHOB COXPAHEHUs! SHEPIUH 1
UMITYJIbCA B JAJIbHENIIeM HeJlb3sl OyJIeT OrpaHudIuThC. 1IpecraBiisiercs, YTo BCIKOe N3MeHeHe HallpaBJIeHNs
CBETOBOTO JIy4a OYIEeT CBS3aHO C IPOIECCAMU, BECbMa CXOJHBIMU II0 CBOEI IIPUPOJIE C OIUCAHHBIMU BhIIIIE
«IIOCTYTIATEIbHBIMU KBAHTOBBIMU [TEPEXOIAMU>.

®opmMaJIbHOE TIPUMEHEHNE PACCY:KIeHNI JHHIITeliHa 00 UMILYJIbCaxX IIPUBOANT, B IPUHIIUIIE, K H3Me-
HEHWIO YaCTOTHI UJIN K OCJIA0JICHUIO CBETa MPU KaXKJIOM IIPOIECCe OTPaXKEHUs, TPEJIOMICHUN U UM PAKIUH,
CJIEJICTBUEM Yero cTajio 0oJjiee KOHKPETHOE, HE3aBUCUMOE OT PACCMOTPEHHBIX BBIIIE BOIIPOCOB, BHICKA3LIBAHIE
V. Hysita (Proc. Nat. Acad. Amer. 9, 158, 1923). BoJiee BHUMATENBHOE PACCMOTPEHUE IIOKA3LIBAET, ITO
MOJIyIeHHBIE B Pe3y/IbTaTe OTKJIOHEHUsT OT KJIACCHIECKON BOJTHOBOIT TEOPUHM MOTYT OBITDH JIETKO HHTEPdEpO-
MeTpudeckn u3Mepenbl. OIHAKO, BO3SMOXKHO, €Ille JAJIEKO [0 TOr0, KaK OCYIIeCTBATCS TaKhe HAaAEXKIbl Ha
Oy/yIree, KOTOpble BO MHOTOM OBLIKM ObI IIPUTOMHBI /I PA3PYyIIEeHUs JOTMbI O HE3aMEHUMOCTHU BOJTHOBBIX
cooOpasKeHHil B OIITUKE OTPAYKEeHUsI U UHTePMEpPEHITNH.

IIpnnoxkenne 2

Smekal A. On the quantum theory mia light scattering (translation into English
A. A. Lisyansky)

C. G. Darwin has recently (Nature 110, 841, 1922; Proc. Nat. Acad. Amer. 9, 26, 1923; Nature 111,
771, 1923) published a study on quantum theory of dispersion, which leaves a very good impression at first
glance, despite some difficulties.

For his reasoning, it is essential to assume the validity of the wave theory in free space. He considers the
gas molecules (atoms) under the influence of radiation to be at rest and supposes that they can emit secondary
spherical waves with a certain probability, the frequencies of which correspond to the quantum spectral
frequencies of molecules (atoms). Regardless of the accuracy of some details of the described picture, one
can obtain relationships describing scattering, in which, and this is a significant progress, instead of classical
electromagnetic-mechanical eigenfrequencies, quantum frequencies of molecular particles are included.

Independently of Darwin, the author of this note has long been making similar attempts to construct
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relationships of the specified type; but the results of these attempts seemed useless to him for reasons that
Darwin does not consider as very serious, namely, it is impossible to ensure a stationary energy balance
between radiation and matter using the method used by Darwin. However, the fact that the above approach
cannot ensure a stationary energy balance between radiation and matter was understood by Darwin himself.
The purpose of this article is to shed light on this issue, as well as to consider the wave theory in more detail
and to offer reasonable prospects for solving the difficulties that have arisen.

1. As far as the wave theory is concerned, there is a widespread opinion that one can safely regard
the wave theory as valid for the vacuum, outside of the quantum atoms and, in connection with this, can
regard the elementary radiation processes as periodic. The problematic nature of the assertion about the
periodicity of the field is that, in essence, it refers only to the vacuum and, therefore, remains experimentally
uncontrolled (we cannot experimentally determine what happens inside the atom); Bohr’s Correspondence
Principle also seems to say nothing in favor of this assertion. In order to see this, one only needs to imagine
that in Maxwell-Lorentzian electrodynamics the periodicity of the emitted wave is caused by the periodicity
of the oscillatory motion of electrons, which are specifically assumed to be quasi-elastically coupled to the
atom, so that the oscillation frequency becomes energy-dependent. It is the frequency of these oscillations
that is the fundamental parameter of the wave, but the wavelength, which only becomes important through
the speed of the light propagation. In Bohr’s quantum theory, the elementary radiation process can initially
be characterized only by a quantity with the dimension of Hz and called “frequency,” not “wavelength.”
However, since this quantity fundamentally differs from the mechanical frequencies that characterize the
periodic or quasi-periodic internal motion of electrons in an atom, the periodicity of this motion cannot be
used to conclude that the emitted radiation is also periodic. If we now make the transition to the “long” wave
limit, then from the correspondence principle, it follows that the “frequency” quantity entering into the Bohr
condition must asymptotically converge to the frequency of the mechanical oscillations of the internal motion
of the considered atomic system. The inference from the periodicity of the latter to that of the radiation
process remains, in principle, unfeasible.

2. The well-known derivation of Planck’s radiation law by Einstein is valid only for a molecular system
in thermal equilibrium with radiation; moreover, the molecules or atoms must be in rest and exposed to
exclusively monochromatic radiation at their own eigenfrequencies. One can see that the assumptions used
by Einstein are the only possible ones if we limit ourselves to the framework of Einstein’s derivation, in
which the approximation of the acting, but still unknown causal laws, by means of probabilistic assumptions
is considered sufficient. But then Einstein’s derivation also states that any influencing of radiation of any
frequency, causing scattering on molecules at rest, must necessarily lead to a contradiction with the second
law of macroscopic radiation thermodynamics. In view of this result, it seems to us that even despite any
objections based on the use of the wave theory, the above-mentioned Darwinian and all similar dispersion
theories of scattering are doomed. The statement that in previous attempts by Darwin and the author, one
cannot ensure that the energy balance between radiation and matter should now be extended to the fact that
such a balance is, in principle, impossible if atoms and molecules are at rest. stationary.

3. Based on this fact, the question of the quantum theory of light scattering seems to be moving in
a very specific direction: radiation equilibrium does not exist unless the translational motion is taken into
account! The importance of this statement with regard to the purely thermal effects on irradiated substance
(the actual subject of heat radiation has recently gone out of fashion!) probably requires no additional
explanation. The same conclusion could be drawn, albeit less briefly, following the well-known Einstein’s
consideration of momentum conservation; it is well-understood that the influence of translational motion
must be considered even in calculating spectral line frequencies. Thus, the above statement is also valid here,
but in a less transparent form.

4. Strictly speaking, FEinstein’s derivation of Planck’s radiation law refers only to a radiation field in
which no other than the spectral frequencies of the type of atoms or molecules used are represented; all
other frequencies, which must give rise to scattering processes, are excluded by themselves by the derivation,
which e.g. provides by Bohr’s frequency conditions. For the frequencies mentioned first, Einstein shows
that with every elementary emission or absorption process in which the amount of energy hv is converted
according to the frequency , the conversion of directed momentum hv/c is also linked. Since the following is
not immediately apparent from Einstein’s description, it should be emphasized that the existence of such a
directed momentum occurring in the interaction between radiation and matter can already be deduced from
Wien’s displacement law, apart from its absolute size, i.e. not as quantum theoretical conclusion needs to be
considered.

5. This discovery allows us to conclude about the occurrence of a new type of quantum transitions
under the action of monochromatic radiation, which, for simplicity, can be further called “translational
quantum transitions."
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For each atom or molecule, in its m-th quantum state with energy F,, and having a translation velocity
v, arbitrarily oriented against the direction of incidence of the light, there exists a certain probability per
unit of time Cﬁl’fj}, to transition from the m-th to the n-th quantum state under the action of radiation of any
frequency, changing its translational velocity to v’, both in direction and in magnitude, and at the same time
emitting secondary radiation of frequency v’. Assuming that the laws of energy and momentum conservation
are exactly fulfilled for such a process, it is easy to see that the recoil hv'/c associated with the emission of
secondary radiation of frequency v’ has a different direction than the recoil hv/c arising from the “absorption”
of primary radiation of frequency v. If we neglect relativistic corrections and assume the mass of the molecule
to be constant and equal to M, then the law of conservation of energy means that

M2 ]\4’/2
21/ +Em+hu:Ty+En+hu.’

The frequency v’ can be either greater or smaller than v. It is not difficult to see that such “translational
quantum transitions” cannot violate the radiative equilibrium if the existence of the reverse process is assumed
for each such process. Taking into account the possible change in the direction of radiation caused by these
processes, in the case of m = n, one has to assume that scattering is elastic, and in the case of m # n, it is
inelastic. The latter processes, obviously, turn into real absorption or emission hr under irradiation (Einstein)
ifvy=0o0rv=0:

M 4B, +ho=M2 4 E, (B > Epn)

M2U2 —|— Em + h’U = M§,2 + En + hﬂ]/ (En < Em) .

namely, if one neglects the translation terms, which, as Schrédinger has shown, result in the Doppler effect,
then these relations become simply identical to Bohr’s frequency condition. As can be seen from the close
connection between scattering and dispersion, one can expect to be able to arrive at a new derivation of
Planck’s radiation law and a quantum-theoretical interpretation of the scattering by the corresponding
interpretation of the quantities C’,’fl’;/ . Without further calculations, one can also see that the equilibrium
values of individual quantities, in addition to some averaged quantity values, can only depend on the differences
in energies characterized by the critical spectral frequencies of molecules; then the inclusion of the latter,
rather than some mechanical oscillation frequencies, in the description of scattering seems to some extent
to be clear from the outset, as required by experimental experience. The author would like to reserve the
right to come back to these and some other questions in connection with the most recent considerations by
Ladernburg and Reiche and then hopes to be able to give elsewhere some more details about the derivation
of the scattering theory itself in another place.

6. In the above, it is assumed that scattering phenomena can essentially be understood only based on
energy and momentum balances, not counting, of course, the obligatory use of classical theory in the “long’
wave approximation. If this proves feasible in the sense indicated, it can be shown that, in contrast to the
experiments mentioned at the beginning, the concepts of wave theory and, particularly, the question of the
propagation of light play no role here. Serious support for such hopes is provided by the results of scattering
of sufficiently short-wavelength X-rays, in particular the decrease in frequency of the secondary radiation
scattered sideways that was discovered here, and the very successful theories of this phenomenon by A. H.
Compton (Phys. Rev. 21, 483, 1923) and P. Debye (Phys. ZS. 24, 161, 1923) follow directly from the above
approaches for very large values of v and v/. It is also undoubtedly the case that the proposed use of energy
and momentum conservation laws cannot be limited in the future. It seems that any change in the direction
of a light beam is associated with processes that are very similar in nature to the “translational quantum
transitions” described above.

)

The formal application of Einstein’s reasoning about momenta leads, in principle, to a change in
frequency or to a weakening of light in each process of reflection, refraction, and diffraction, as a result of
which a more specific statement, independent of the issues discussed above, was made by W. Duane (Proc.
Nat. Acad. Amer. 9, 158, 1923). A more careful consideration shows that the resulting deviations from
classical wave theory can be easily interferometrically measured. However, it may still be far from the time
when such hopes for the future will be realized, which would be largely useful for destroying the dogma of
the indispensability of wave considerations in the optics of reflection and interference.
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Abstract

The Smekal’s work is often seen as a background for the discovery of Raman scattering. The
present note shows that although Smekal was one of the first to consider inelastic scattering of
photons but the mechanism of inelasticity considered by Smecal is in no way related to either
the intramolecular dynamics of the molecular nuclei nor the phenomenon of Raman scattering.
The mechanism considered by Smekal is associated with the possibility of changing the state of
the electronic subsystem during scattering. Moreover, the phenomenon studied by Smecal, in
contrast to Raman scattering, can also be observed when light is scattered by usual atoms.
The main focus of Smekal’s article is on the issue of recoil during photon emission. Taking into
account the change in the kinetic energy of the molecule leads to additional inelasticity of
scattering and makes it possible to obtain corrections to the well-known scattering formula
by Kramers and Heisenberg. The translation of Smekal’s article into Russian and English is
offered as an appendix.

*
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