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Bormpocs! co3nanust ¥ UCIIOIB30BaHUS MUKPO- U HAHOMETPOBBIX AHTEHH JJIs TEHEpaLuU U IIpUeMa dJ1eK-
TPOMAarHUTHOTO M3JIyYEHHs BCE €Ile aKTyaJlbHbl Kak B ()YHIaMEHTaJIbHOM, TaK M B MPUKJIATHOM aCIIeKTaX.
C yMeHbIIIEHHEeM pa3MepOB aHTEHHBI 4aCTOTa 3JIEKTPOMArHUTHOTO U3JIy4YEHHUS yBETUNINBAETCS, @ MOIITHOCTh —
nagaet. [ yBemudeHuss MOIIHOCTH U3Iy4YeHHs OOBIYHO MPUMEHSIOTCS TepUOMUEcKHe (B IPOCTPAHCTBE)
AEKTPOAMHAMUYECKUE CTPYKTYpHI. Llens paboTsl — HalTH BO3ZMOYKHOCTh IPUMEHEHHS MH)KEKIIUU U (KBa3H)-
OammcTHYecKoro aApeiida oJMHOYHBIX AIIEKTPOHOB BHYTPH U30THYTHIX YITIEPOAHBIX HAHOTPYOOK JIJIsl 31Ty~
YEHUS EKTPOMArHUTHON BOJIHBI B MUKPOBOJIHOBOM JIMAINIa30HE U ONPEIEIUTh NapaMETPhl U3JIy4aTeIbHON
CUCTEMBI, KOTOPBIE BIMSIFOT HA MOLIHOCTb M3JIy4EHHUS.

PacueTHbpIM ctocoOOM B paMKax KJIAaCCHYECKOHN 3IEKTPOJMHAMUKY TTOKa3aHa MPUHIUITHAIBHAS BO3MOXK-
HOCTb I'€HEpalui MIEKTPOMArHUTHOTO H3JIy4eHMs TUTareplioBOro JUana3oHa OTOKOM OJMHOYHBIX 3JIEKTPO-
HOB BHYTPH I0JIOM M30THYTOM JTUAIEKTPUUECKON YIIIEPOTHON HAHOTPYOKH.

YCTaHOBIIEHO, YTO CHEKTPOM M MOIIHOCTBIO TOTO M3JIYyUYEHHMs] MOXKHO YIpPaBiIsATh, BAPbUPYs IIOT-
HOCTB MTOTOKA AJIEKTPOHOB, JTMHY W KPUBHU3HY MOJIOH HAHOTPYOKH.

Pesynbrarsl paboThl MOTYT OBITH UCIIONB30BaHbI TIPH Pa3zpadOoTKe MUKPOMUHHATIOPHOTO HCTOYHUKA MH-
KpPOBOJIHOBOTO 3JIEKTPOMArHUTHOTO M3JIy4€HHsI Ha OCHOBE M30THYTOH YINIEPOAHON HAHOTPYOKM B TEXHHKE
0CCKOHTAKTHOM 30HI0OBOM MUKPOCKOTIHH.

KuroueBble ci1oBa: W30THYTas IMONasl yIiIepogHas HaHOTPYOKa, MOTOK OJUHOYHBIX AJICKTPOHOB, DIICKTPO-
MAarHUTHBIA U3JTydaTesb, JIEKTPUUECKUN NTUIOIbHBIA MOMEHT.
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Abstract

The problems of elaboration and application of micro- and nanometer sized antennas for the generation
and reception of electromagnetic radiation is still relevant in both fundamental and applied aspects. With de-
creasing antenna size, the frequency of electromagnetic radiation increases, and its power decreases. To in-
crease the radiation power, the periodic (in space) electrodynamic structures are used. The aim of the work is
to find the possibility of application of injection and (quasi)ballistic drift of single electrons inside curved car-
bon nanotubes for emission of electromagnetic waves in the microwave range and to determine the parame-
ters of the radiating system that affect the radiation power.

By the calculation within the framework of classical electrodynamics it is shown the possibility in prin-
ciple of generation of electromagnetic radiation of the gigahertz range by a stream of single electrons inside
a hollow curved dielectric carbon nanotube.

It was found that the spectrum and power of this radiation can be controlled by varying the electron flux
density, length and curvature of the hollow nanotube.

The results of the work can be applied for elaboration of a microminiature emitter of microwave electro-
magnetic radiation based on a curved carbon nanotube in the engineering of contactless probe microscopy.

Keywords: curved hollow carbon nanotube, stream of single electrons, electromagnetic emitter, electric di-
pole moment.
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BBenenue

[Ipsimast (Hen3orHyTast) OHOCTEHHas YIVIEpO-
Hasi HAHOTPYOKa — 9TO MoJiasi HWIMHAPUYECKasT Ma-
KPOMOJIEKY/Ia C HAaHOMETPOBBIM JIHAMETPOM M MH-
KpoHHOU JummHOU [1]. YHHKaThbHBIE MEXaHHUECKHE
[2] u snexTpuueckue [3] CBOMCTBA OXHOCTECHHBIX
YIJIEPOAHBIX HAHOTPYOOK JAIOT BO3ZMOXXHOCThH HM3TO-
TaBJIMBATh Ha UX OCHOBE YCTPOICTBA 3IIEKTpoMexa-
HUKH, HAHOAJICKTPOHUKU U PATHOONITHKH [4—7].

Pacder sanexTpoMexaHNnIeCKIX U OMTOAIEKTPOH-
HBIX YCTPOWCTB M3 YIIIEPOTHBIX HAHOTPYOOK METO/a-
MU KBAaHTOBOW (DM3WKH M XUMHH (U3 MEPBBIX MPUH-
LIMTIOB) BCE ellle HEBO3MOXKEH [8], mosTomy cozna-
HUEe (pU3MUECKOl MOJENH, OTpaKaIoIIed JKCIepH-
MEHTAJIbHO JTOCTHKUMYIO CUTyauuto [6], siBisieTcs
aKTyaJIbHOH 3a7aueil.

OTMeTHuM, 9TO C YMEHBIICHHEM pa3MepoB pa-
JIMOAHTEHHBI YacTOTa M3JIyYCHUS! YBEITUYMBACTCS, a
MOIIHOCTH U3Ty4eHus nmagaet. [loaroMy B aHTeHHAX
C pazMepaMH aKTUBHBIX JIEMEHTOB MHOT'O MEHBIIIHU-
MU JIJTUHBI BOJHBI U3ITyUEHUS JUTS YBEITUYCHUS MOIII-
HOCTH MPHUMEHSIOTCS TIEpUoJUecKre (B MpoCTpaH-
CTBE) JIEKTPOANHAMUYECKHE CTPYKTYpHI [9].

Hens paboThl — pacyeTHBHIM CIIOCOOOM yKa3aTh
BO3MOJKHOCTb IIPUMEHEHUSI U30THYTON YITIEPOIHOMI
HAHOTPYOKH B U30JISITOPHOM COCTOSIHUH, BHYTPH KO-
TOPOI ABMXKYTCS] ONMHOYHBIE SJIEKTPOHBI, IS TTOJTY-
YEHHSI SIEKTPOMArHUTHOTO M3YyYEHHSI B MUKPOBOJI-
HOBOM /IMarna3oHe JUINH BOJH.

31ech 3aMEeTHM, YTO JIEKTPOH, IBIKYIIHICS 1O
WMCKPUBICHHOW TPAECKTOPWH, M3IyYaeT MpH JF000M
COOTHOIIEHWH MEXIY CKOPOCTHIO, KPUBHU3HOM Tpa-
eKTOpHUH U (pa30BOH CKOPOCTHIO IJIEKTPOMATHUTHBIX
BOJIH B OKpY’KaroIiei anektpoH cpexe [10, 11].

PaccmoTpuM OTHOCTEHHYIO YTIIEPOIHYIO HAHO-
TPYOKY, TTaCCHBUPOBAaHHYIO C JIBYX CTOPOH BOJIOPO-
JIoOM (M3BHE U BHYTpPH), TaK 4TO MPOBOJUMOCTD yTJIe-
POIHOTO KapKkaca TpyOKu mpereopexumo mana. (M3-
BECTHA MaCCUBAIMS BOAOPOAOM TpadeHa (Oecriene-
BOTO TMOJYIPOBOJHMKA), CONPOBOXKIAIOIIAACA TIpe-
BpameHreM rpadena B uzonsTtop — rpadan [12].)
B kauecTBe »IEKTPUUECKUX KOHTAKTOB (Karoda M
aHo/1a) K YIJIEPOAHOM HAaHOTPYOKE MOTYT MCIOIB30-
BaThCs «aTOMHBIE» KOHTAKTHI [13]. B wacTtHOCTH, B
KauecTBe KaTola C HU3KOW BEJIMYMHOW PabOTHI BBI-
X0Jla JIEKTPOHOB MMOJ JeHCTBHEM CBeTa MOTYT HC-
MOJIb30BATHCS METAJUIMYECKNE HAHOYACTHIIbI, aKTH-
BUPOBaHHBIC TIe3UeM U KuciaopoaoM [ 14]. s moimy-
YEHHsI OJIMHOYHBIX AJIEKTPOHOB BHYTPH HAHOTPYO-
KM MOXXET OBITh peajn30BaHa CXeMa KYJIOHOBCKOM
JIe3bIHTETPAIH CIa0BIX AMEKTPOHHBIX MTOTOKOB [ 15].

Hanee, Ui OQMHOYHBIX AJICKTPOHOB, HCITYIICHHBIX
(poTo)kaTomoM, HEOOXOAMMO CO3AATH YCIOBHSI JJIsI
JBIDKEHHUS] MX OT KaTo/ia K aHOAY I10 TPASKTOPUH, KO-
TOpasi HaXOAUTCSI BHYTPH YIICPOJAHOW HAHOTPYOKH.
HaHpHMep, BHCIITHUM HCTOYHHMKOM MArHUTHOI'O ITIO-
TSl CO3JaTh TaKylo KOH(UTYpaluio MarHUTHBIX CH-
JIOBBIX J]I/IHI/II>'I, ‘ITO6I)I JIMHAM MarHUTHOM WHAYKIUN
COBIIAJAJIM C M30THYTOH HAHOTPYOKOW. 371€Ch MOXK-
HO BOCIOJIb30BaThCsl AaHAJIOTUEH CO CXEMOM co3a-
HUSI KOHQUTYpAlid MarHUTHOTO TOJIS IS TOJTyde-
HUSI MAaTHUTOAPEH(POBOro (M3ruOHOr0) dIEKTpoMar-
HUTHOI'O H3JIYUYCHUSA PCIATUBUCTCKUX IJICKTPOHOB
[16, 17]. Utak, monast yriaeponHas JU3IEKTPUIeCKast
HaHOTPYOKa paccMaTpUBaeTCs Aajiee Kak dJIeKTPOH-
HBIN «BOJIHOBOIY.

Mopeab 1BUKeHHS] OAMHOYHBIX
3J1eKTPOHOB BHYTPH H30THYTOM
YIJIepOAHO HAHOTPYOKH

PaccMoTpuM monyro yrieponHyo HaHOTPYOKY,
CKaTyI0 MEXIy JByMsS METAJNIMYeCKHUMH JIEKTPO-
JlaMH, paccTossHue D MeXay KOTOPHIMH MEHbIIIE ee
JUTHHBI L B Pa30THYTOM COCTOSIHUH (CM. PHCYHOK 1).
[Tycts T— Bpemst ApeiioBOro mposieTa OHOTO JIEK-
TpOHA OT Karoja o anona. M3 karoga B HAHOTPYOKY
Yyepe3 paBHBIE MPOMEXKYTKH BpeMeHHU T < 7 MHKeK-
THUPYIOTCSI OJJMHOYHBIE JIEKTPOHBI C MOCTOSHHOM 10
BEITUYMHE CKOPOCTHIO U <K ¢, TME ¢ = (eouo)fl/ % _ cKo-
pOCTB CBETa B BaKyyMe; &, = 8,85 nd/M — anekrpu-
4ecKas IoCTOsIHHAs, |, = 1,26 MKI'H/M — MarHuTHas
MOCTOsIHHASA. PaccMOTpuM BO3HUKaloOIIee U3TydeHe
ANIEKTPOHOB B HAHOTPYOKE Ha PACCTOSIHUSIX OONBIIHX
ee JIUHBI (B TaK Ha3bIBaeMoOW nanbHel 3o0ue). Ilo-
CKOJIBKY 3JIEKTPOHBI IBHXKYTCS IO U30THYTOM Tpaek-
TOPUH, TO TOSBIISIETCA AIEKTPUUECKUN IUMOIbHbBIN
MOMEHT CHUCTEMBI (HAHOTPYOKa + AIIEKTPOHBI B HEM)
C HEHYJIEBOM BTOPOW IMPOU3BOJHOM MO BPEMEHU f.
Tak Kak 3J€KTPpUYECKUN JUIIOJIBHBIM MOMEHT yIile-
POIHOM HAHOTPYOKH C IBIDKYIIIMMCS B HEHM OMHOY-
HBIM JIEKTPOHOM HE PAaBEH HYIIO, TO MOJKHO TpEeHe-
Opeub KBaJpYIOJIbHBIM U MArHUTHO-IMITONIBHBIM U3-
JyYEHUSIMH, a OTPAaHUYUTHCS PACCMOTPEHHEM JIUIIIb
nunonbHoro m3nydenws [ 10]. Cornacno [11, 18], un-
TEHCUBHOCTb JTUMOJBHOTO 3JIEKTPOMATHUTHOTO H3-
Jy4eHHsI SIIEKTPOHA B TpyOKe:

2

2
d dQ,

2

1 /e

dl(n) =
(@) 4w 4nc?

p|xn

@)

rae dl(n) — KOMUYeCTBO PHEPTHH, H3TydaeMo JIBU-
KYIIUMCSI BHYTPH HAHOTPYOKH 3JIEKTPOHOM 32 €IIH-
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Pucynok 1 — DriekTpoH (e ) BHYTPH IMOJOH YIIEPOITHON
HAHOTPYOKHU JITHHOH L, ckaTolt Mexay karogoM (x = 0) u
aHOJOM (¥ = D) U BBITHYTOU B TNIOCKOCTH Xy

Figure 1 — Electron (e) inside hollow carbon nanotube
of length L, which is compressed between cathode (x = 0)
and anode (x = D) and curved in the xy plane

HUIy BPEMEHH BHYTPb TEJIECHOTO yria d{) B Ha-
MpaBJIeHUH €AMHUYHOTO BEKTOpa N, HalpaBICHHO-
TO OT 2JIEKTPOHA K HaOmrofarento; p(¢) — AUMIOIbHBINA
MOMEHT ABMXYILErocsl B TpyOKe OJMHOYHOIO K-
TPOHA B MOMEHT BPEMEHH ! (BEKTOp P HaIlpaBJeH OT
SIIEKTPOHA K aHOJY).

[Ipu Takom BbIOOpE KOOPAMHATHBIX OCEH X, ¥, Z,
Kak IO0Ka3aHo Ha pUCYHKe |, B 000K MOMEHT Bpe-
MEHH TpyOKa C 3JIEKTPOHOM 0ONafaeT JUMOIbHBIM
MOMCHTOM P C KOMIIOHCHTaMH p, U p,. PackpbiBas
KBaJ[paT BEKTOPHOTO Mpou3BeneHus B Gopmyie (1),
u uHTErpupys dl(n) B cepudeckoil cucteme Koop-
JHAT (z = rcos0, x = rsinf cos@, y = rsinb sing) o
BCEM HallpaBJICHUAM N, MOJy4YacM IIOJIHYIO MHTCH-
CHUBHOCTD JJICKTPOMAarouTHOI'O U3JIYyYCHUS BJICKTPO-
Ha, JIBUXKYIIET0Ccsl BHYTPU HAHOTPYOKH:

J= JHo/ey | d?

6nc’ | di?
2
_ Mo/ d’p, dzpy ?)
6mc? dr? dr?

YT1oOBl OXapaKTepu30BaTh CHEKTP H3Iy4CHHS
9JIEKTPOHA BHYTPH IOJIOH HAHOTPYOKH, BBEIEM KO-
au4ecTBo 3Heprun dE,, U3Ty4eHHOH B BUIE SIIEK-
TPOMAarHUTHBIX BOJIH C YIJIOBBIMH YaCTOTaMH ® = 27f’
B uHTepBaie dw/2n = df, cnenys [10, 11]:

JE. - \/Ho/so ’ d(D _
@ ch2 dr? a? 2n
MO/SO d* px dzpy do
> -, 3
dt 2r

IJIe MHJCKC ® MPU KOMIIOHCHTaX BEKTOpa d2p/dt2,
0003HauaeT 3HaYCHUS UX Pypbe-00pa3oB B TOUKE M
(B IpOCTpPaHCTBE YINIOBBIX YaCTOT):

~+00

dzp ’ dzp ’
d—zx = d—zx exp(imt) dt 5
t t
+00
dzp ’ dzp ?
dtzy = dtzy exp(iot)dt . 4

—00

Onpenemum (d’p,/dt*), nns TpyGku. JIumons-
HBI MOMEHT OJIHOTO DJIEKTPOHA, HaXOJSIIErocs
BHYTPU HAHOTPYOKH Ha PACCTOSHHM X(f) OT IOJIO-
JKUTEIHHOTO 3JIEKTpoa (aHoma), paBeH pfcl) = ex(?)
(ero (ypwe-obpa3 p(l) ). Bocmonme3yemcst Tem, d9TO

(dzp(l)/df )o = Obzpfcl)m,x = (dx/dt),/(—i®), Torma:
T T
p)(cl)m = eJ-x(t) exp(iot)dt = ef div/dt exp(iot)dt =
0 v ®
D
=ex, = %jexp[imh(x)/v]dx , 5)

e e = 1,6:10" Ki — anemenTapnbiii 3apsia, T — Bpe-
Msl IBUOKEHHUS DIICKTPOHA BHYTPH U30THYTON TPYOKH
OT Karojia K aHOy, U — CKOPOCTH dJieKTpoHa. B dop-
myste (5) Bemauua hi(x) = jo(l + (y'(g) 2 ge = [(D* +
+d*1®)"?/n| E[nx/D, a*n*/(D* + a*n*)] — 3aBucHMOCT
JUTMHBI Ty TH, TPOWJICHHOTO AJIEKTPOHOM B TPYOKe OT
KOOPJIMHATHI X; [ — pacCTOSIHHE MEX]y IEKTPOAa-
MH, y(x) = asin(nx/D) — ypaBHEHHE, ONPEICISIONIee
dopmy cxaroil HaHOTPYOKH (cM., Hapumep, [19]),
BEJIMYMHA @ TAKOBa, UTO MOJIHAS JJTMHA KPUBOH paB-
na L = (2D/n)E(-a*n*/D?); 3necy E(n,m) u E(m) —
HETIONIHBIA ¥ TIOJHBIA JIUIMNTHYECKUE WHTErPaIbl
Jlexxannpa Broporo poxa [20, 21].

IIpencraBuM AUNONBHBIA MOMEHT LIETIOYKH Clie-
JIYIOIIUX APYT 32 IPYTOM depe3 MPOMEXYTOK Bpeme-
Hi T= T/N 3JIeKTPOHOB BHYTPH HAHOTPYOKH KaK CyM-
MY AMIIOIBHBIX MOMEHTOB OT N OTJENIbHBIX JIEKTPO-
HoB p., = Y4 p'V(k,T). Ecii B MOMEHT BpeMeHH ¢
JUTIONBHBI MOMEHT KaKOTO-TO BBIIEJIEHHOTO 3JIEK-
TpPOHA €CTh ex(f), TO AMIOJIIbHBI MOMEHT JJIEKTPO-
Ha, CJICTYIOIIETO 3a BBIACICHHBIM, paBeH ex(? — T).
Tornma nyst MEMOYKK CIEAYIOUINX APYT 3a Apyrom N
JJIEKTPOHOB, OJHOBPEMEHHO JBIIKYIIMXCS BHYTPH
M30THYTOH HAHOTPYOKH, C ydeToM (5) ToydaeM:
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T+(k-1)t

Ze

k=1

X[t —(k=Dt]exp(iot)dt =
(k-1)t
T
ej x(t)exp(iot)explio(k —1)t]dt =

0

IM=

D

= i explio(k —1)t] Z.—eJexp [Mj dx
k=1 © v

0

(6)

rnme T = L/v — Bpemst TIpoJieTa 3JCKTPOHA BHYTPH
TPYOKH MEKIy KaTOJIOM U aHOJIOM.
AHAJIOTMYHO, JUISL P, TIOJyYaeM:

D
] f (”(q @ ()

0

ZGXp [io(k—1)t
k=1

Comniacao opmynam (6) u (7), dypbe-oOpa3
JUIOJIFHOIO MOMEHTA JIBWKYIINXCS BHYTPH HAHO-
TpyOKH N SJIEKTPOHOB TPEACTABISETCS KaK MPOU3-
Benenne dymkuum Y-, explio(k—1)t] u dypwe-
o0pasa JAWMOJILHOTO MOMEHTa OJIHOTO 3JIEKTpPOHA
= (ie/m)_[o explioh(x)/v]dx, v aHATTOTHYHO IS
p;”m. OT0T cnoco0d HaXOXKAEHHs TUIOIBHOIO MO-
MEHTa 2JIEKTPOHOB B TPYyOKEe MOXKET OBITH 0000IIECH
Ha CiTyyaii, Korma MpoMexyToK BpemeHu T = 7/N He
SIBIISIETCSI TIOCTOSIHHBIM, a8 M3MEHSETCS HM3BECTHBIM
00pa30oM OT 3JICKTpOHA K 3MeKkTpony [10, 22].

W3 (3)—(7) nns sHEpruu, U3MydeHHON N OmHO-
BPEMEHHO JBIKYIIUMUCS (Ipei(yromnmMm) BHYTPH
M30THYTOH TPYOKH DIIEKTPOHAMH, HAXOTUM

\ Ho/Eg o

E(N) =
3nc?

0

Jm (P +1py I)

0

sin ((D’CN /2) do

n*(0t/2) o - ®

B popmyne (8) yerpemum N dopmaiibHO K Oec-
KOHEYHOCTH ((pakTruecku st N >> 1). B aTom ciry-
Yae MHTCHCHBHOCTbH M3IIY4YEHHS OIHOTO JJIEKTPOHA,
yCpeaHeHHas 10 BpeMeHH B uHTepBaiie 0 <7< 7, BbI-
pakaercst Kak:

1= limm.

9
Nowo NT ( )

Tax xak lim,_, [sin(xN)/x] = nd(x), T0 PyHK-
st sin(wtN/2)/sin(wt/2) mpu N >> 1 BeneT cebs B
OKPECTHOCTH ) = 2mk/T ON00HO AenbTa-(QyHKIUH

nd(w — ®;), TAe k — 1eI0e MOJIOKHUTEIBHOE YHCIIO.
JelictBuTensHO, cortacHo [21], umeem:

m sin(mtN/2) _

. ) =¢] =

Noo  sin(ot/2)

(D—)Ll)k

— Jim pSREN) s /2)__5(8)
e

IIpeobpasyem kBampar nensra-QpyHKIUA CIEHy-
fomuM 06pasom (cM., Hapumep, [23]):

sin?(wtN/2) _

lim ——
sin” (wt/2)

Jim -0, =¢]=
00}
, sin?(eTN/2) 3
(net/2)? -
sin(etN/2)
net/2 a

=lim =
N—ow
e—0

=7d(et/2) lim

N—>0
e—0

N

=1d(et/2) Al/im % j exp(

e—0

etk

i— |dk =~

N7d(e) . (10)

Jor=2

[loncrasnss Beipaxkerne (8) B (9) n yunThiBas
(10), momywaem (B mpenene N > 1):

-N

v Jugle
_ 0 0 4 1) 2 1 2
=21 =3 TZ op (| P i P 1V ). (11)
k=1 7TC k=1
IIe o, = 27tk/T; k — 11€110€ MONOXKUTEIBLHOE YUCIO.

Pe3yabrarsl n 00cyx1enne

BenuurHa MOIIHOCTH 37IEKTPOMAarHUTHOTO H3-
Ty4yeHHs Ha JaHHOW yactore f, = ©,/2n = k/t 3aBu-
CUT OT uncia N 3JeKTPOHOB, OJHOBPEMEHHO U TO-
PO3HB ABHXKYLIMXCSI BHYTPH TPYOKH, IUTHHBI TPYOKH
L, pacctosguust D Mexy KaroJloM U aHOJIOM, Apeil-
¢doBoit ckopocTH 3ekTpoHa U, Bpemenun T = L/v
[IPOJIETA OJHUM JIEKTPOHOM BCEH JUIMHBI L U UHTEP-
BaJsia BpeMeHu T = T/N ciieoBaHuUs AJIEKTPOHOB.

[Mpu 3amansbix napamerpax (k=1,2,3,...,N; L,
U, T) MOILIHOCTb U3Iy4YeHus /, Ha JaHHOU 4acToTe
3aBHCHT OT paccTOAHUS D MeXy 2IeKTpogamMu (Ko-
TOpPOE OTBEUAET 3a «M30THYTOCThY TPYOKH). Pe3yib-
TaTel pacyera no ¢opmyne (11) ¢ yuetom (6) u (7)
WHTEHCUBHOCTH U3Iy4eHHUs N 3IEKTPOHAMH, OJIHO-
BPEMEHHO HaXOISIIUMHUCS B HAHOTPYOKe M JETSIIH-
MU JIpyT 3a APYroM Ha paccrossauu vt = vT/N, B 3a-
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PucyHok 2 — 3aBUCHMOCTh MOIIHOCTH k- TapMOHHKH
AIIEKTPOMArHUTHOTO M3JIy4EHHs OT paccTosiHusi D Mex-
JIy DJIEKTPO/IAMH TIPU CIIEAYIONIUX TapaMeTpax CHCTEMBbI:
L =100 mxm; k=1, 2, 3 (kpuBbie 1, 2, 3); v = 3-10° M/c;
N=3;1=T/3

Figure 2 — Dependence of power of k-th harmonic of elec-
tromagnetic radiation on the distance D between electrodes
for the following parameters of system: L =100 pm; k=1,
2,3 (curves 1,2, 3); v=310m/s; N=3;1=T/3

4
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VN ey
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Pucynok 3 — 3aBUCHMOCTh MOIIHOCTH k-ii TapMOHUKH
9IEKTPOMArHUTHOIO M3IYy4YECHHsI OT YaCTOTHI f, = /21
npu napamerpax cucremsl: L = 100 mxm, D = 0,3L, v =
=310 m/c; N=3,4,5,6 (xpuBsbie /, 2, 3, 4). llITpuxoBbie
JIMHHUY MTPOBE/ICHBI I YI0OCTBA BOCIIPHUSITHS

Figure 3 — Dependence of power of k-th harmonic of
electromagnetic radiation on the frequency f, = ®,/2n
for the parameters of system: L = 100 um, D = 0.3L, v =
=3-10°m/s; N=3, 4, 5, 6 (curves I, 2, 3, 4). The dashed
lines are guides to the eye

BHCHUMOCTH OT PacCTOSTHHAA D MeXly KaTOIOM U aHO-
JIOM IIPHUBEJICHBI HA PUCYHKE 2.

Pe3ynbprarel YMCIEHHOTO pacyeTa 3aBUCHMOCTH
MOIIHOCTH U3Iy4eHHs [, Ha k-If FTapMOHUKE OT HOMe-
pa rapMOHHKH & IPUBEJCHBI HA PUCYHKE 3.

OHeprusi U3JIyuyeHHUs] pacCMOTPEHHON CHCTEMBI
MMeeT MaKCHUMYyMBI IIPU HEKOTOPBIX 4acTOTax, 3Ha-
YeHHUs KOTOPBIX OMPEIEINAIOTCS MPOMEXKYTKOM Bpe-

menu T = T/N crnenoBanust apyr 3a apyrom N diiek-
TPOHOB BHYTPH HOJION HaHOTPYOKH. MoIHOCTE U3-
Jy4EHUS [IPU MOCTOSIHHOW JUTHHE TPYOKHU 3aBUCHUT OT
PacCTOSTHUS MEXKLy KaTOJOM U aHOAOM, CKMMAIOIIN-
MU TpyOKy. Takum 00pa3om, omydaeM HacTpauBae-
MBIl TI0 MOIIIHOCTH / ¥ YacToTe /= /27T UCTOYHUK
AIIEKTPOMATHUTHOTO MU3JTy4YCHHUSI.
U3 pucynkoB 2 u 3 BHIHO, YTO M CHEKTPOM, U
MOIIHOCTBIO «HU3THOHOT0» JMEKTPOMArHUTHOTO W3-
JY4EeHUS MOXKHO YTMpPaBIsTh, H3MEHSS KPHUBH3HY
M30THYTOH MOJI0H HAHOTPYOKH, a TAKIKE YHCIIO AIIEK-
TPOHOB, ABMXKYIINXCA B Hei. OTMeTHM, 4TO, coryiac-
HO npuHLUIy [tolreHca, cymMMapHOE 3JIE€KTpoMar-
HUTHOE M3Jy4Y€HHE C KOHEYHOTO yYacTKa yIIIEpOj-
HOW HaHOTPYOKM ecTh pe3ylbraT UHTep(epeHIH
ANIEKTPOMATHUTHBIX BOJH, HMCHYIICHHBIX 3JIEKTPO-
HOM B Ka)XXJIOH TOYKE CBOETO IIyTH BJI0Jb HAHOTPYO-
KW OT Karona K anony [22, 24, 25]. Iloatomy st geT-
HOT'O YHciia IEKTPOHOB N BHYTPH HAaHOTPYOKH H3-

JTydaemas dJIEKTpOMarHUTHAas SHEPTHSI MEHBIIE, YeM
JUISI HEYETHOTO V.

3akJroueHue

PacueTHBIM cIOCOOOM B paMKax KJIacCHYeCKON
JIEKTPOANHAMUKH MOKa3aHa MPUHLUIIHAIBHAS BO3-
MOYKHOCTb T'€HEpalluy 3IEKTPOMarHUTHOTO M3IIyde-
HUSl TUTareploBoro Auana3oHa OJMHOYHBIMHU JJIEK-
TPOHaMHU, IBWKYIIMMHUCS BHYTPH H30THYTOH IH-
ANIEKTPUUECKON YIIIepOAHON HAHOTPYOKH.

[IpencraBnsgercs MNEpCNEKTUBHBIM HCIOIB30-
BaHHE TAaKUX HAHOTPYOOK B KaueCTBE MHUKPOMHHU-
aTIOPHBIX HMCTOYHWKOB MHKPOBOJIHOBOTO 3JIEKTPO-
MarHUTHOTO U3ITy4eHUS B OECKOHTAKTHOM 30HIOBOM
MUKPOCKOIHH JIJIsl U3MEPEHUS JIOKAIBHBIX AJIEKTPH-
YECKHMX U MarHUTHBIX MTapaMeTPOB HAHOCTPYKTYPH-
POBaHHBIX (KOMIIO3UTHBIX) MaTepHAIIOB (CM., HATIPH-

Mep, [26]).

Pabora BeImoONHEHa npu mojyiepkke [ocynap-
CTBEHHOH IPOrpaMMbl HAay4yHBIX UCCleloBaHUi Pe-
crryomuku bemapych «Konseprenmus-2020» u be-
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The work was supported by the Belarusian
National Research Program ‘“Convergence-2020"
and Belarusian Fund for Fundamental Research
(grant No. FI18R-253). The authors are grateful to
V.V. Mitsianok and A.l. Benediktovich for discus-
sions on the research topics.

293



Ipubopul u memoowvl usmepeHuil
2018.—T. 9, Ne 4. — C. 288-295
Toxnonckuiit HA. u op.

Devices and Methods of Measurements
2018, vol. 9, no. 4, pp. 288-295
Poklonski N.A. et al.

CHHCcOK HCIOJIb30BAHHBIX HCTOUHHKOB

1. Xapramosa, M.B. DnekTpoHHBIE CBOHCTBa OIHO-
CTCHHBIX YIJICPOIHBIX HAHOTPYOOK M HX IPOU3BOIHBIX
/ M.B. Xapnamona // YOH. — 2013. — T. 183, Ne 11. —
C. 1145-1174.

2. Treacy, M.M.J. Exceptionally high Young’s
modulus observed for individual carbon nanotubes /
M.M.J. Treacy, T.W. Ebbesen, J.M. Gibson // Nature. —
1996. — Vol. 381, Ne 6584. — P. 678-680.

DOI: 10.1038/381678a0

3. Laird, E.A. Quantum transport in carbon nanotubes
/ E.A. Laird [et al.] / Rev. Mod. Phys. — 2015. — Vol. 87,
Ne 3. —P. 703-764. DOI: 10.1103/RevModPhys.87.703

4. Jensen, K. Nanotube radio / K. Jensen, J. Weldon,
H. Garcia, A. Zettl // Nano Lett. — 2007. — Vol. 7, Ne 11. —
P. 3508-3511. DOI: 10.1021/n10721113

5. Kleshch, V.I. Electromechanical self-oscillations
of carbon nanotube field emitter / V.I. Kleshch, A.N. Ob-
raztsov, E.D. Obraztsova// Carbon.—2010.—Vol. 48, Ne 13.
—P. 3895-3900. DOI: 10.1016/j.carbon.2010.06.055

6. Nanoelectronics and information technology: Ad-
vanced electronic materials and novel devices / Ed. by
R. Waser. — Weinheim : Wiley, 2012. — 1040 p.

7. Lee, S.W. Nanoelectromechanical devices with
carbon nanotubes / S.W. Lee, E.E.B. Campbell // Curr.
Appl. Phys. —2013. — Vol. 13, Ne 8. — P. 1844-1859.
DOI: 10.1016/j.cap.2013.02.023

8. [vauxoe, I1.H. DneKTpOHHBIE CBOWCTBA U MPHUME-
Henne HaHOTPYOOK / I1.H. IpsukoB. — M. : BUHOM. Jla-
Ooparopus 3Hanmid, 2015. — 491 c.

9. bpamman, B.JI. OcBoeHue TeparepieBoro aua-
MMa30Ha: WCTOYHUKK W Tnpmiokenus / B.JI. Bparman,
A.T. JlutBak, E.B. CyBopoB / YOH. — 2011. — T. 181,
Ne 8. — C. 867-874.

10. bamvieun, B.B. COOpHUK 3aa4 110 JICKTPOANHA-
muke / B.B. Bareirun, M.H. Tonteirun. — M. : HULL PX ],
2002. — 640 c.

11. Griffiths, D.J. Introduction to electrodynamics /
D.J. Griffiths. — Cambridge : Cambridge University Press,
2017. — xviii+600 p.

12. Elias, D.C. Control of graphene’s properties
by reversible hydrogenation: evidence for graphane /
D.C. Elias [et al.] // Science. — 2009. — Vol. 323, Ne 5914.
—P. 610-613. DOI: 10.1126/science.1167130

13. Knasciok, A.JI. ®opmupoBaHue M CBOWUCTBa
METAJTHMYECKUX aTOMHBIX KOoHTakToB / A.JI. KnaBcrok,
AM. Canenxwuii / YOH. — 2015. — T. 185, Ne 10. —
C. 1009-1030.

14. Honne, D.JI. TyHHenbHbIA MexaHU3M (HOTOdD-
(eKTa B aKTUBUPOBAHHBIX 1IE3UEM U KHCIOPOIOM METal-
nueckux HaHouactuuax / 3.JI. Homne // YOH. — 2007.
—T. 177, Ne 10. — C. 1133-1137.

15. Buikos, B.I1. KynoHoBcKasi 1€3bIHTErpalusl clia-

OBIX ANMEKTPOHHBIX MOTOKOB U (hotoorcuersl / B.I1. Beikos,
A.B. Tepacumos, B.O. Typun // YOH. — 1995. — T. 165,
Ne 8. — C. 955-966.

16. Knenuxos, H.I1. 3ny4eHne pOTOHOB U SIEKTPOH-
HO-TIO3UTPOHHBIX map B MarauTHOM 1tone / H.IT. Knernmkos
/I KOTD. —1954. - T. 26, Ne 1. — C. 19-34.

17. Tepnos, U.M. CUHXpOTPOHHOE W3ITyucHHE /
WM. Tepnos // YOH. — 1995. — T. 165, Ne 4. — C. 429-
456.

18. Schwartz, M. Principles of electrodynamics /
M. Schwartz. — New York : Dover, 1987. — viii+344 p.

19. Cueyxumn, /[.B. O6mmuii kypc ¢pusukn. B 5 1. T. L.
Mexanuka / JI.B. CuByxun. — M. : ®usmarmut; 131-Bo
M®TH, 2005. — 560 c.

20. Kopw, I CripaBOYHHK TIO MaTeMaTHKe (71 HAyd-
HBIX pabotHuKOB 1 umkeHepos) / I. Kopa, T. Kopa. — M. :
Hayka, 1977. — 832 c.

21. CrnpaBoYHMK MO CHEHNUAIbHBIM (QYHKOUSIM C
dopmynamu, rpaguKaMu ¥ MaTeMaTHYECKHUMHU TaOiuIa-
mu / mox pen. M. A6pamosuna, M. Cturan. — M. : 1979.
-832c.

22. Onn, B.A. K Bompocy 0 KOTepEHTHOCTH CHH-
xporporHoro u3nydenus / B.S. Omm, B.M. CenyHos,
B.®. 3anmemex // U3B. By3oB. ®muka. — 1988. — T. 31,
Ne3.-C. 8-11.

23. Curenxko, A.I. Teopus paccesaus / A.I. Cuten-
ko. — Kues : Buma mxomna, 1975. — 256 c.

24. Bonomosckuii, M. Hu3kouaCTOTHOE H3IIydyeHUE
PEISATUBUCTCKUX YACTHILl, ABWKYIIUXCS IO JIyre OKPYX-
Hoctu / b.M. Bonotosckuii, A.B. CepoB // KITD. —
1992. - T. 102, Ne 5(11). — C. 1506-1511.

25. Aganacves, C.A. TIoTOKU SHEPTUU TIPH HHTEP-
¢epenmm 1exTpoMarHUTHEIX BoH / C.A. AcdaHacbkes,
JI.N. Cemennos // YOH. —2008. —T. 178, Ne 4, — C. 377—
384.

26. Reznik, A.N. Quantitative determination of sheet
resistance of semiconducting films by microwave near-
field probing / A.N. Reznik, E.V. Demidov // J. Appl.
Phys. —2013. —Vol. 113, Ne 9. — P. 094501 (9 pp.).

DOI: 10.1063/1.4794003

References

1. Kharlamova M.V. Electronic properties of pristine
and modified single-walled carbon nanotubes. Phys. Usp.,
2013, vol. 56, no. 11, pp. 1047-1073.

DOI: 10.3367/UFNe.0183.201311a.1145

2. Treacy M.M.J., Ebbesen T.W., Gibson J.M. Ex-
ceptionally high Young’s modulus observed for individ-
ual carbon nanotubes. Nature, 1996, vol. 381, no. 6584,
pp. 678-680. DOI: 10.1038/381678a0

3. Laird E.A., Kuemmeth F., Steele G.A., Grove-
Rasmussen K., Nygard J., Flensberg K., Kouwenhoven
L.P. Quantum transport in carbon nanotubes. Rev. Mod.

294



IIpubopsr u memoosv usmepeHul
2018.—T. 9, Ne 4. — C. 288-295
Toknonckuii H.A. u op.

Devices and Methods of Measurements
2018, vol. 9, no. 4, pp. 288-295
Poklonski N.A. et al.

Phys., 2015, vol. 87, no. 3, pp. 703-764.
DOI: 10.1103/RevModPhys.87.703

4. Jensen K., Weldon J., Garcia H., Zettl A. Nanotube
radio. Nano Lett., 2007, vol. 7, no. 11, pp. 3508-3511.
DOI: 10.1021/n10721113

5. Kleshch V1., Obraztsov A.N., Obraztsova E.D.
Electromechanical self-oscillations of carbon nanotube
field emitter. Carbon., 2010, vol. 48, no. 13, pp. 3895—
3900. DOI: 10.1016/j.carbon.2010.06.055

6. Nanoelectronics and Information Technology:
Advanced Electronic Materials and Novel Devices, ed.
R. Waser. Weinheim, Wiley, 2012, 1040 p.

7. Lee S.W., Campbell E.E.B. Nanoelectromechani-
cal devices with carbon nanotubes. Curr. Appl. Phys.,
2013, vol. 13, no. 8, pp. 1844—1859.

DOI: 10.1016/j.cap.2013.02.023

8. Dyachkov P.N. [Electronic properties and applica-
tion of nanotubes]. Moscow, BINOM. Laboratoriya zna-
nii, 2015, 491 p. (in Russian).

9. Bratman V.L., Litvak A.G., Suvorov E.V. Master-
ing the terahertz domain: sources and applications. Phys.
Usp., 2011, vol. 54, no. 8, pp. 837-844.

DOI: 10.3367/UFNe.0181.201108f.0867

10. Batygin V.V., Toptygin .N. [Collection of prob-
lems in electrodynamics]. Moscow : NIC RHD, 2002,
640 p. (in Russian).

11. Griffiths D.J. Introduction to Electrodynamics.
Cambridge, Cambridge University Press, 2017, xviii+600 p.

12. Elias D.C., Nair R.R., Mohiuddin T.M.G., Moro-
zov S.V., Blake P., Halsall M.P., Ferrari A.C., Boukhvalov
D.W., Katsnelson M.I., Geim A.K., Novoselov K.S. Con-
trol of graphene’s properties by reversible hydrogenation:
evidence for graphane. Science, 2009, vol. 323, no. 5914,
pp- 610-613. DOI: 10.1126/science.1167130

13. Klavsyuk A.L., Saletsky A.M. Formation and
properties of metallic atomic contacts. Phys. Usp., 2015,
vol. 58, no. 10, pp. 933-951.

DOI: 10.3367/UFNe.0185.201510a.1009

14. Nolle E.L. Tunneling photoeffect mechanism in
metallic nanoparticles activated by cesium and oxygen.
Phys. Usp., 2007, vol. 50, no. 10, pp. 1079-1082.

DOI: 10.1070/PU2007v050n10ABEH006368

15. Bykov V.P., Gerasimov A.V., Turin V.O. Coulomb
disintegration of weak electron fluxes and the photocounts.
Phys. Usp., 1995, vol. 38, no. 8, pp. 911-921.

DOI: 10.1070/PU1995v038n08ABEH000101

16. Klepikov N.P. [Radiation of photons and electron-
positron pairs in a magnetic field]. Zhurnal Eksperimen-
tal’noi i Teoreticheskoi Fiziki [Journal of Experimental
and Theoretical Physics], 1954, vol. 26, no. 1, pp. 19-34
(in Russian).

17. Ternov I.M. Synchrotron radiation. Phys. Usp.,
1995, vol. 38, no. 4, pp. 409-434.

DOI: 10.1070/PU1995v038n04ABEH000082

18. Schwartz M. Principles of Electrodynamics. New
York, Dover, 1987, viii+344 p.

19. Sivukhin D.V. [General course of physics]. In
5 vols. Vol. 1. [Mechanics]. Moscow, Fizmatlit; MIPT
Publ., 2005, 560 p.

20. Korn G.A., Korn T.M. Mathematical Handbook
for Scientists and Engineers: Definitions, Theorems, and
Formulas for Reference and Review. New York, Dover,
2000, xx+1130 p.

21. Handbook of Mathematical Functions: with For-
mulas, Graphs, and Mathematical Tables, ed. M. Abramo-
witz, [LA. Stegun. New York, Dover, 1970, xiv+1046 p.

22. Epp V.Ya., Sedunov V.M., Zal’'mezh V.F. Coher-
ence of synchrotron radiation. Sov. Phys. J., 1988, vol. 31,
no. 3, pp. 180-182. DOI: 10.1007/BF00898217

23. Sitenko A.G. [The theory of scattering]. Kiev,
Vishcha shkola, 1975, 256 p. (in Russian).

24. Bolotovskii B.M., Serov A.V. Low-frequency ra-
diation of relativistic particles moving along the arc of a
circle // Sov. Phys. JETP, 1992, vol. 75, no. 5, pp. 815-817.
Available at: http://www.jetp.ac.ru/cgi-bin/r/index/e/75/5/
p815%7a=list (accessed 15.10.2018).

25. Afanas’ev S.A., Sementsov D.I. Energy fluxes
during the interference of electromagnetic waves. Phys.
Usp., 2008, vol. 51, no. 4, pp. 355-361.

DOI: 10.1070/PU2008v051n04ABEH006502

26. Reznik A.N., Demidov E.V. Quantitative determi-
nation of sheet resistance of semiconducting films by mi-
crowave near-field probing. J. Appl. Phys.,2013, vol. 113,
no. 9, pp. 094501 (9 pp.). DOI: 10.1063/1.4794003

295



