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M3zydeHo pacripocTpaHeHUE 3JIEKTPOMAarHUTHBIX BOJIH B Cpejie ¢ yriiepogHbIMU HaHOTpyOKamu. Chopmy-
JIMPOBAHO MPUOJIMKEHUE O TOM, YTO CIIyJaifHbIM HAKJIOH TPYOOK OTHOCHUTEBHO OCH, TIEPIIEHINKYIISIPHOM
BOJIHOBOMY BEKTODY UMITYJIbCA, TIOAUYMHSIETCSI HOPMAJIbHOMY pacripene/ieHUIo M J0CTaTOYHO MaJl. BeiBeneHbI
aGhdeKTUBHBIC ypaBHEHMS Ha BEKTOPHBIN MOTEHITMA JIEKTPOMAarHUTHOTO 1oJis. [IpoaHan3npoBaHa 3aBU-
CHMOCTb KOMITOHEHT TOJISI UMITYJIbCa OT IUCIIEPCUN paclpeie/ieH!s] HaKJIOHA YIJIEpOIHbBIX HAHOTPYOOK.
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BBEIAEHUE

OnHoit 13 Tpo6IeM HETMHEIHOI ONITUKY SIBJISIET-
Cs1 TOMCK CPeabl AJ1s1 CTA0OMJIBHOIO pacIpOCTPaHEHU S
UMITYJIbCOB B Heli. B mepByto ouepennb 3TO BasKHO JIJIST
MMPaKTUYECKUX MPUJIOXKEHUI, a UMEHHO, I pa3pa-
OOTKU COBPEMEHHEBIX YCTPOMCTB B 00JIACTM OITO-
DJIEKTPOHUKU U (POTOHUKH [1—4].

M3BecTHO, 4YTO OOHUM M3 CIIOCOOOB CTAOMIM3U-
poBaTh UMIIYJIbC, SIBISICTCSI BHEAPEHUE B HEJIMHEI-
HYIO Cpely YIJIEpOIHLIX HaHOTpPyOok [5, 6]. 3mech
oA cTabMjIM3alueit Mbl MOHMMAEM JIOKAJIM30BaH-
HOE pacIIpOCTpaHEHHUE DJICKTPOMATHUTHOM BOJIHBI.
OTMETHUM, 4YTO IIOJHOOHEIE YCTOMYMUBBIE CTPYKTYPHI
SIBJISIFOTCSI COJIMTOHO-IIOAOOHBIMM 1 ACJISITCS Ha IBa
KJIacca: KOHCEepBaTUBHEIEC U TMCcUTIaTuBHEIC [7—11].
Mp1 OynemM paboTaTh B KOHCEPBATUBHOM pEXUME,
T.€. CYMTaeM JMCCUNALIMIO SHEPIrUM MMITyJIbca Ipe-
HEOpEeXMMO MaJIO.

PaHee aBTopamMu U3y4eHO pacnpocTpaHEeHUE M-
mynbca B MaccuBe YHT, B mpubnvkeHnN, KOTAa yroJ
HaKJIOHa HAaHOTPYOOK onnHakoB [12]. [TokazaHo, 4yTo
¢ moMonibio yria HakimoHa YHT Kk ocu musnekTpude-
CKOTO KPHMCTaJlJIa MOXHO YIIPaBJISITh HE TOJIBKO aM-
MJIMTYA0M, HO U TONEPEYHOM IIMPUHON UMITYyJIbCA.
OnHako MCIob3yeMoe MPUOIMKeHUE UACATU3UPY-
eT peajbHyl0 cuTyanuio. IloaToMy mpencTaBiseTcs
BaXHBIM M3YyYUTh BIMSIHWE pPa3HON OpUEHTALUU
VHT Ha 3BOJIOIUIO 3JIEKTPOMAarHUTHOTO UMIIYJIbCA
B TAKOM MAaCCHUBE, IIOCKOJbKY 3TO OOJIbIIIE COOTBET-
CTBYET 9KCHEPUMEHTAIbHBIM 00pa3iiaM, BbIpallleH-
HBIX Ha MNOMIIOXKE HaHOTPYOOK. CTOUT OTMETUTh,
YTO CYIIECTBYeT 2 KJIacca METOAOB IS BbIpaBHUBA-
HUdg onHol nim Heckoiabkux Y HT o 3amanHoii ocu.
IlepBBIii mpenmosaraeT BhIpaBHMBAaHUE BO BpeMs
npoliecca pocta HaHOTPYOoK [13, 14], BTOpOii — BBI-

paBHMBaHUE TIPOUCXOIUT MOCJIE BhIpaliuBaHus [15].
OmHako TIpy 3TOM HeJb3sl moctndb 100% pesynbrata
n yacTtb YHT ocTaeTcst OTKIIOHEHHOI OT BEpTUKAJIb-
HOM OCH.

MOJEJIb M OCHOBHBIE YPABHEHUAA

PaccMoTpuM  HeNWHENHYI0 AUSJIEKTPUUECKYIO
cpeny, B KOTOPYIO MOMEUIEHBI YIJIEPONHBIE HAaHO-
Tpyoku. Ocu HAHOTPYOOK 00pa3yloT ¢ ochio OX yroi
o, (i — HoMep HaHOTpYOKM). HanpasieHue aieKTpu-
YeCKOTO IT0JIsI B Ha4aJIbHbIA MOMEHT BpEMEHU COBIIA-
JIaeT ¢ ocbio OX, BOJTHOBOII BEKTOP HampaBJIeH BIOJIb
ocu OZ (puc. 1).

Panee Mbl paccMaTpuBaju Ciiydyail OTKJIOHEHMS
ocu YHT oT BepTuUKaJIbHOI, 4YTO TpeOOBaJO ydeTa
BTOPOI Moysipu3anuu 1ojs [16, 17] B ypaBHEHUSIX
Makcgemta. [Ipu 3ToM MMesn MecTo cleaylolue
YpaBHEHUS Ha IBE KOMIIOHEHTbI BEKTOPHOTO MOTEH -
1yajia B cly4yae OIMHAaKOBOTO HAaKJIOHAa BCEX HAHO-
TpyooK (yroa o) [12]:
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Puc. 1. CxematnuHO€ U300pakeHE TEOMETPUM 3a1aUH.

3IeCh YYTECHO, UTO BEKTOPHBII IOTEHLIMA WUMEeT

BUL A = (A4, (r2,z,t), A, (r2,z,t),0) U TUIOTHOCTH

+oo

BEJIOHEHKO

- . 2 . 2
3JIEKTPUYECKOIO TOKa j = (j (r ,z,t), b (r ,z,t),O),
n,, n, — IMOKA3aTeJIn MPEJTOMIIEHUS B HATIPABIEHUHN X

U ¥ COOTBETCTBEHHO, ¢ — CKOPOCTbH CBETa, € — 3apsii
3JIEKTPOHA, My — KOHLIEHTPALIUS JIEKTPOHOB,

b, —Zq qu[dpcoqu)

0 1Bz
exp(—e p'.s) /kBT
1+exp(—£~:(p',s)/kBT)’

@)

kg — mocrostiHas bosblimMana, T — temrieparypa, a,, —
KO3(OUIIMEHTHl B Pa3IOXKEHUU 3aKOHA IUCIIEPCUU
3JIEKTPOHOB £(p, §) B psn Pypbe, Y, — UHTErpai nepe-
CKOKa 2JIEKTPOHOB MeXIy cocemHMM y31amMu B YHT.

Vuartem, uto orkioHeHne ocu YHT ot BepTukamm
JIOCTaTOYHO MaJio (T.e. cocTapJisieT He ooiee 0.122 pan,
YTO MO3BOJISIET CAeNaTh PAa3JIOKEHUE B Psi). DTO I103-
BOJISIET CUUTATH O, — 0 ¥ IPOU3BECTH CIECAYIONINE 3a-
MeHbI B (1): cos o= 1 — 0.50> u sin oL = OL.

Hanee paccMOTpUM MOZENb, B KOTOPOII OTKJIOHE-
HHME yrjla HakJoHa TpyOook oT ocu OX MOoJ4YMHEHO
pacnpeneneHuio Iaycca ¢ nucnepcueit 62. B atom
cllydyae HEOOXOAMMO BBIYMCIUTD CJEAYIOIINE UHTEe-
rpaJjibl IJISI TIEPBOTO YpaBHEHUS CUCTEMBI (1):

aeqA, 2}( (aqu2 ) ( o’ j
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G\/_TC I ( 2c C (52
2 2
! I OL—cos(&qu ocz)cos(&qA2 (x) exp (— a—zj do.,
G\/thm 2 2c c c 3)
400
aeqA, 2} (aquz ) ( o’ j
sin os| ——=o |exp| ——= |da,
G\/_TC J. ( ¢ P
aeqA, 2)0 (aqu2 j [ o’ j
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G\/_TC -[ ( 2c c 20°
U UISI BTOPOTO ypaBHEHUS CUCTEMBI (1):
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Torma mocnemHue ciiaraeMble B 000nxX ypaBHeHUX (1) IpuHUMAIOT BUA!
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PE3VYJIBTATHI 37eCh He IIPUBOAUM B CUILY €TI0 MaJioit ”H(pOpMaTuB-

YUCJIIEHHOI'O MOJEJIMPOBAHUA

Cuctema ypaBHeHuii (1) u (5) mocnie obe3pazmepu-
BaHMS OBUTa pellleHa C WCIOJb30BaHMEM KOHEYHO-
Pa3HOCTHOI'O METO/Ia C HAYJIbHBIMU YCJIOBUSIMU BUIIA:

2 2
A, = Uexp (— Z—zj exp [—;—2] ,
e r

/
2v,U § §
iAl =—J5—¢exp _Z_2 exp _r_2 ,
dt I I [

d
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(6)

rae U — aMIlUINTyga 9JICKTPOMAarHMTHOIO MMITyJIbCa
Ha BXoze B cpeny ¢ YHT, /, /. —mmupuHa umitynbca
BIIOJIb COOTBETCTBYIOILIMX HAIIPABJICHUN.

ITponemMoHCcTpUpyeM TUTTMYHBIE I'pahUKU IBOJIIO-
LIMU BJIEKTPOMATHUTHOTIO TOJISl TPU €r0 pacnpocTpa-
HEHWU 1o oOpasily Ha puc. 2 A KOMITOHEHTHI TT0JIST
E, (c yueTom, uto E, = c~'0A4,/0t).

PucyHOK 2 neMOHCTpUpYyeT moTepeyHoe pacIuIbl-
BaHUE NMEepBOil KOMITIOHEHTHI UMIYJIbCa, HO U CTPEM-
JIeHUE UMIIyJIbca MIPUHSATH (hopMy Kosblia. YTo Kaca-
€TCSI BTOpPOIi KOMITOHEHTHI (rpaMK KOTOPOM MBI

MN3BECTUA PAH. CEPUSA ®USNYECKAA  tom 87

HOCTH), TO OHA JIOKAJIU3YETCs B HECKOJIbKUX TOUKaX
MPOCTPAHCTBA, YTO paHee IJIsI ONTUYECKU aHU30-
TPOIHBIX Cpell He Habmomanock [12, 16] u oGbsICHSI-
eTcs pa3HbIMHU yriaaMu HakiioHa YHT.

Bnusnaue nucniepcun pacrnipeneneHus yrios YHT
Ha pacnpocTpaHeHUue MNpeaeIbHO KOPOTKOIO MUM-
nyJibca IIpeacTaBIeHo Ha puc. 3.

BunHo, yTo pa3dopoc 3HaueHUl OTKJIOHEHUS yTia
HakioHa YHT x ocu OZ okaswbIBaeT CylIECTBEHHOE
BJIMSIHUE HE TOJbKO Ha (hopMy MMMyJbca, HO U €T0
ammuinTyny. O6paTuM BHUMaHMe Ha “mpede3r”, Bo3-
HUKAIOIWH 3a UMITYJIbcoM. PU3nIecKu 0ObSICHUTD
€ro MpU4YMHY O4eHb IpocTo. B (5) moa 3HaKoM CUHY-
ca TIOSBJISIIOTCSl KBaJipaTUUHbBIE cllaraemble, Mpu Ma-
JIBIX aMIUIMTYAaX Takue XK€ KBaJpaTU4HbIe ciarae-
MbIE TIOSIBJISIIOTCSI B CaMOM ypaBHeHMU. BcienctBue
3TOTO MPOUCXOJIUT BBITIPSIMJIEHUE UMITYJIbCA, BO3HU-
KaeT KBa3UIIOCTOSSHHOE 3JIEKTpuueckoe Tojie. Tak
Kak JJis TepuoAUYeCcCKOTO 3aKOHa AUCIICPCUM IS
3JIEKTPOHOB TOSIBJIEHUE KBa3UIIOCTOSTHHOTO ITOJIST
MPUBOAUT K TIOSIBJIEHUIO INTApPKOBCKOMW JIECTHUIIBI,
JIaHHas JIeCTHUIIAa BO3HUKAET U B Ha1lleM ciyyvae. Ile-
peXobl TIO IITAPKOBCKOM JIECTHULIE Mbl U HabI101a-
eM Kak “mpe0e3r” Ha puc. 3.

Ne 12 2023
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Puc. 2. 3aBCHMOCTb HANPSIKEHHOCTH KOMIIOHEHTBI 3JIEKTPUYECKOTO 1osist E7 OT KOOPAMHAT B pa3IMYHbIe MOMEHTbI BDEMEHU
(6 =0.001) =0 (a); 3 (6); 4 (6). EnuHuua 1o ocsiM r, Z COOTBETCTBYeT 2 1075 M. E\jax — MAKCUMYM HaIPSKEHHOCTH 3JIEK-

TPUYCCKOTIO MOJIA JJIA Ka’KO0ro MOMEHTA BpEMEHU.
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Puc. 3. 3aBUCHMOCTB HaINIPSIKEHHOCTH KOMITOHEHTBI SJIEKTPUUYECKOTO oISl £ OT KOOPAUHAT MpH ¢ = 3 [UTSI Pa3HBIX 3HAUEHUI
6 = 0.001 (a); 0.005 (6); 0.01 (8). Cpe3sl Wjisi pUCYHKOB (a—8) (2).

SAK/IIOYEHHME

Takum o6pa3zoM, ITOCTpoeHa MOJIEb U BEIBeAeHA
cucreMa 3(pHEeKTUBHBIX YPaBHEHWI, OTTMCHIBAIOIIINX
pacripocTpaHeHMs NpeleIbHO KOPOTKOIO ONTHYe-
CKOTO MMITYJIbCa B Cpelie C YIJIepOTHBIMI HAHOTPYO-
KaMH C y4eTOM MX CIIy4aifHOro HAKJIOHA. YCTaHOBIIE-

N3BECTHUA PAH. CEPUA OUBNYECKAA

HO, YTO KaYECTBEHHO MOBEIEHUE KOMIIOHEHTHI MOJIST
F, aHaJIorTMYHO MOBENEHUI0O KOMIIOHEHTHI E|. BbIsB-
JICHO CWJIBHOE BJIUSIHWE NUCIIEPCUU pACTIPEAeICHUS
HakKJIOHa YIJIEPOJHBIX HAHOTPYOOK Ha XapakKTepu-
CTHUKM 3JIEKTPOMarHUTHOIO UMILYJIbCA IIPU €ro pac-
TIIpOCTpPaHEHMWH B TaKoii cpene. HabmrogaeMblie ocm-
Ne 12
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JISILIMY TIOJIS B Cpefie C YIJIEPOIHBIMU HAHOTPyOKaMu
CO CJy4yailHbIM HAKJIOHOM SIBJISIIOTCSI TIPOSIBJIEHUEM
MEPEXOIOB MO ITAPKOBCKOW JIECTHUILIE.

ABTOpBI BhIpaXawT OnaromapHOCcTb MUHUCTED-
CTBY HayKM W BBICIIeTO o6paszoBanus PD 3a momn-

JIEePXKKY MUCCIEAOBAaHUS B paMKaX rocy1apCTBEHHOTO
3agaHus (tema FZUU-2023-0001).
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Propagation of extremely short optical pulses in carbon nanotubes
with a random tilt
N. N. Konobeeva® *, [M. B. Belonenko]*

“Volgograd State University, Volgograd, 400062 Russia
*e-mail: yana_nn@volsu.ru

We studied the propagation of electromagnetic waves in a medium with carbon nanotubes. An approximation
that the random tilt of the tubes relative to the axis perpendicular to the wave vector of the momentum obeys
a normal distribution and is sufficiently small was used. Effective equations for the vector potential of the
electromagnetic field are derived. The dependence of the momentum field components on the dispersion of
the distribution of the slope of carbon nanotubes was analyzed.

Keywords: carbon nanotubes, random tilt, extremely short optical pulse
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