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IIa ocHoBe MeToga MOMEHTOB, IIPDUMEHUMOI'O IIPpU MO0bIX 3HAYEHUAX ImapaMeTpa HeugealbHOCTHU MblLIeBOH

ImiIa3Mbl, 1 Ha OCHOBe 'MIPOJMHaMHNYECKOro moaxomna, CuipaBeajruBOro TOJAbKO MPU MalblX MapaMeTpax Heuuae-

albHOCTH, IIpOBedeHO 0000eHre TeOPHUYM BOJIH U KolebaHUI KOMILIEKCHOH Niaa3Mbl Ha CIy4yail IBYX3KCIOHEH-

IUalbHOro NMOTeHIMala B3auMoAeiCcTBUA. Hona3aH0, 4YTO IIpU MajablX mapaMeTrpax HeuaeajJbHOCTU I'HApPOOgUHAa-

MUYEeCKUH MOOXO0d M MOAXO0J Ha OCHOBE MeToJa MOMEHTOB IIPUBOOAT K OOHOMY U TOMY e OUCIEePCUOHHOMY

COOTHOIIIEHHUIO. HOI{aBaHO, YTO CKOPOCTH IIbliIeaKYCTU4YECKHUX BOJIH B IJIMHHOBOJIHOBOM o6jacTu onpenenaeTrcHa

MaJjioif MOCTOAHHON PKpaHUPOBaHHUA, a B KOPOTKOBOIHOBOM — Goabireii moctoanHoM. [lokaszaHo, 4To B HepaBHO-

BECHOH mnia3me CHKOPOCTB IIbllIeaKYCTUYEeCKUX BOJH OKa3bIBaeTCA 3HAYUTEJIbHO BLIIIE TOﬁ, YTO IIoJgy4YaeTcs IIpu

UCIO0NIb30BaHUU JeGaeBCKOit Teopuu 3KpaHUupOBaHUA OIA paBHOBeCHOﬁ nna3mbl. Takxse Ha ocHOBe rugpoavuHa-

MHUYECHKOro moaxojga noxadaHa BadHOCTH BHIIOUYEHUA CcaMOCOrl1aCcOBaHHOI'O BINAHUA HBIJIeBOﬁ, BJIeKTPOHHOﬁ u

VOHHOM KOMIIOHEHT APYT Ha Opyra, ydyeTa CTOKOB 3JI€KTPOHOB M MOHOB Ha MIblIeBble YAaCTUIBI, IPDUBOOAIIUX K

3aMeTHOMY HN3MeHeHUIO IapaMeTpOB IOoTeHIruamna B3aMMO/IeiiCTBUA MbIIEBbIX YaCTHUII.

1. Beemenwne. IlbiieBas miasma HMIKPOKO PAcCIpo-
CTpaHeHa B MpPUPOAE U B TEXHOJOTUYECKUX TMIa3MeH-
HBIX ycTaHoBKax. [Jifi ee NIMAarHOCTMKU CErOAHA 4YacTo
UCMONb3YIOTCA METOMbI, OCHOBAHHbIE Ha MCCIeJOBaHU-
AX peaklVM MbLIEBOM KOMMIOHEHTHI HA BHEIIHUE Mepuo-
Ivdeckue BosmelicTBuA. IITM WccienoBaHUA MMO3BOJIA-
IOT ONpefeNuTh MOTEHIUAl B3aMMOMEHCTBUA 3apfKeH-
HBIX MBIIEBLIX YacTWIl B miasMme. KoneGaHuA MbIIEBON
IIa3Mbl BHayalle paccMaTpPUBalNCh Ha OCHOBE THIPOIM-
namuyeckoro (I']) mopxona [1], u 6bLIM MOLYyYeHBI AUC-
IePCUOHHbBIE COOTHOIEHUA IJIA MbLIEaKyCTUYECKUX BOIH
(ITAB). 3ateMm Gblia co3faHa TeOpUsA MBLIEPEIIETOUHBIX
sonu (II[IB) [2] Ha ocHOBe paccMOTPEHUSA YMOPALOYEH-
HBIX B KPUCTAMNIMYECKYIO PENIeTKY MbLIEBBIX YaCTHII.
Ianee oba momaxoma MHTEHCUBHO Pa3BUBAINCh U YTOUYHA-
auch (moppoGHee cM. 0030p [3]), HO mpuU 3TOM 3apsAKa
MBLIEBBIX YACTHUIl HEM3MEHHO paccMaTpUBajiach Ha oc-
HOBe mpuGnuenua orpanuuennsix op6ut (II00), a mo-
TeHIMal B3auMOIeACTBUA Monarainca qebaeBckuM. B He-
pPaBHOBECHOIi MIa3Me, B KOTOPON HEPaBHOBECHOCTb CO3-
IaeTcA CTOKAMM BIEKTPOHOB U MOHOB Ha MbLIEBbIE Yac-
TUIBI, @ 0GPATHBIE YMUCCUOHHbIE TIOTOKM OTCYTCTBYIOT,
MOTeHIal B3aUMOIENHCTBUA MbLIEBBIX YAaCTHI[ OTIUYA-

De-mail: fav@triniti.ru
2)D. Ballester, L. Conde.

eTcA oT gebaeBckoro [4]. Takxe MpU MOBBIIEHHBIX aB-
neuuax HenpuMmenuMmo II00. IloaTomy TpebGyetca 0606-
IleHNe TeOpUHU NblIeaKyCTUYECKUX BOJH Ha ciyuail He-
paBHOBeCHO! MbLIEBOM MIa3Mbl, YeMy U MOCBAIllleHa Ha-
cToAman pabora.

2. ucnepcroHHOe ypaBHeHHEe Ha OCHOBe Me-
Toga mMomeHTOB. ['/l mogxon cmpaBemsuB TOMLKO MPHU
MalbIX NapaMeTpax HeuJealbHOCTHU, TO3TOMY HE0OX0O M-
MO pa3BUTHE TeOpuHU KoleOaHUil MbINeBOH MIa3Mbl NPU
NPOMEe}KYTOYHBIX M BBICOKMX 3HAaUEHUAX [apaMeTpa He-
ugeansHocTd. B paGore [5] mnA cunbHOHeMpmeanbHOlM
NbIIEBOU N1a3Mbl ObLT NpenoxeH MeTOJ KBa3UIOKalu-
30BaHHBIX 3apAN0B, B KOTOPOM HcCHOJb30BajlcA AebaeB-
CKMI NOTeHIWal B3aUMOJIEHCTBUA U He YUYUTHIBAINUCH
CTOKU DIEKTPOHOB M HMOHOB Ha MblLIEBble UacTUIlbl. B
HacTosAmell pa6oTe Teopusa KonebaHUi NbLIEBOH KOMIIO-
HEHTBI pa3BUBaeTCA HA OCHOBE MeTOJa MOMEHTOB, KOTO-
pbIii cBoOOJEH OT YKa3aHHBIX HEJOCTAaTKOB U, B OTIAUUNE
OT TOAXOIa, WUCHOIb30BaHHOrO B [5], cmocoGeH ydecThb
3 (PeKrThI 3aTyXaHUA KOJJIEKTUBHBIX [IPOIECCOB.

Kak norasano B pabote [4], B HepaBHOBeCHOII m1a3me
[IpY MOBBIMIEHHBIX JaBIeHUAX MNOTeHIHal B3auMOOeHCcT-
BHUA ONNCHIBAETCA CYMMoO#l OByX moTeHnuainoB IOkaBbl
C pa3HbBIMU 3apAfaMU U NOCTOAHHBIMU dKPaHUPOBaHUA.
®ypbe-06pa3 napHOro MOTeHIMana B3auMOJeiCTBUA TbI-
JeBBbIX YacTUI] MOKHO [IpeICTaBUTh B BUIE
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o (k) = T2 1), (1)

rie Z; — 3apAn MbLIEBBIX YacTHUI] B 3JIeMEHTapHBIX 3a-
panax e, ¢pyuruuda ¢ (k) OnA HEIKPAHUPOBAHHOIO KYIO-
HOBCKOTO TIOTEHI[MAala TOMIEeCTBEHHO paBHA eJUHUIE, a
B HEPaBHOBECHO!1 MIa3zMe MMeeT BUJ

0 0
1.2 1 2
C(k) =k <k2+kf+k2+k§>’ 2

k1 u ky — moCTOAHHBIE YKPAHUPOBAHKA B HEPABHOBECHOM
nnasme [6, 4], a mapamerps! 61 u 0, paBHbI

k2l k2 RS o2 k2

= —d =" 3
e-m " Twer o ¥

6, =

3mecy k2 = k2, + k3;, k3. = 4dme’no/T., ki, =
= 47r62n0/Ti, Nep = Mjp = No — KOHIEHTpALUA BJIeK-
TPOHOB ¥ WOHOB B HeBO3MYIIeHHO# munasme, 1., T; —
TeMIlepaTypa 3JeKTPOHOB M WOHOB B 3HEPreTUYECKUX
enunuuax, x> = s} — 32 = —S_[Zy, 3% = —ge/Zd,
%2'2 = _Si/Zda S_ =8 - Sea Se = So/Daa D, - K03(-
¢unuent nuddys3un 3apAMeHHbIX YacTHUI] IIa3Mbl COpTa
o (0 =e,i), S; — CTOKM NIA3MEHHBIX YACTHUIl HA MAKPO-
YyacTHUIy, KOTOpble B CTAlMOHAPDHOM COCTOAHWU PABHBI
opyr apyry: Se = S; = S. Ormerum, uto 6; + 05 = 1.

Ilpenmonomxum cylnecTBOBaHWE HUANEKTPUUECKOM
¢byusuuu mnasmel, €(k,w). Torma mMeTos MOMEHTOB
MO3BOJIAET CBA3aTh XapaKTepHYIO 4acTOTy ciabo3aTy-
Xaroleil JTeHIMIOPOBCKOW MOJBI IbIIeBOM KOMIIOHEHThL
B muasMme, wy, (k), ¢ OTHOIIEHHEM YEeTBEPTOTO U BTOPOTO
4acTOTHBIX MOMEHTOB (yHKIHMM MOTEPb B cucreme [7]:

Cy (k)
2 1) — _ .2
A0 = G =B VB FTH], @
rie wpg — TbUIEBaf MUIA3MeHHAA 4acTOTa: w2, =
=  4me’Zingo/ma, C, (k) = —%ffooow”_l X
x Ime ! (k,w)dw, V(k) — BnacoBckmii BHKian B
IucrepcuIo,
3k?2 k2c2
k) = =_4d
17,
= -1 iJi \Dy 5
V)= gy [ P50 -1 S 05 p 0, )
0 =5

S (k) — craTudeckuil cCTpyKTYPHBIN HaKkTOp ObLIH,

3 P k2 1 p?
f‘(p’k)_1_4_lc2_(4k2+§m *
P+ -%)" [(p+k)?+k
16pk? (0~ k) + 12
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ng, Ty — KOHIEHTpALKA U TeMIlepaTypa MbLIEBON# KOM-
TNOHEHTBI, Ty — Macca IbIIeBbIX YacTul, ¢ = 3Ty/mq.

Nucnepcuonnoe ypaBHeHue (4) cOOTBETCTBYET CIIy-
yato ciaboro 3atyxanusa I[IAB. B cayuae manoro Koppe-
JALUOHHOTO BKIajia, BBeld CTONKHOBEHWA C HelTpalb-
HBIMU YacTHULAaMU ¢ 3Q(HeRTUBHOM YacToTol vy (CM. HU-
me), u3 (4) mony4YuM AUCIEPCHOHHOE ypaBHEHUE

0 0
. _ 122 2 ! :
w(w+ivg) =k [Cd+“’pd(k2+k%+k2+kg>].
(8)

Ia puc.l wnpencraBunensr 3aBucumoctd wi (k),
IedcTBUTENbHON YacTU 4acTOThI, OT BOJIHOBOIO BEKTOpa
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Iuc.1l. Mucnepcuonusie kpusble IIAB nna melaeBbIX yac-
THI] ¢ IOTHOCThIO g4 = 1.5 I"/CM3 mpu ng = 10° em~ 3,
Qion = 10 cm 3.}, T. = T; = 300 K, Ry = 1 MEM,
ki = 2190.31 em™', Zg; = 193.37, wpa = 4151 ¢,
Vi = Wpd, ca = 0: 1 — p = 1 Topp, ks = 26.61 cm™',
6: = 0.500, #> = 0.500; 2 — 10 Topp, k2 = 84.13 cm™ ',
61 = 0.499, 6> = 0.501; 3 — 100 Topp, k2 = 266.07 cm™ ',
61 = 0.493, 6> = 0.507; 4 — 760 Topp, k2 = 733.49 cm™ ',

61 =0.437, 62 = 0.563

B IUIa3Meé C BHEIIHMM MCTOYHMKOM HWOHHM3alUK rasa,
paccyMTaHHbIe M3 [AUCHEPCUOHHOrO ypaBHeHUA (8).
B pacuerax 3amaBanoch, YTO YacTOTa CTOJIKHOBEHUMN
NBLIEBBIX YACTHI[ C aTOMaMM HeWTpanbHOro rasa (Cm.
HUKe) paBHa MIa3MeHHOH NMbLIEBOIl YacTOTe Vg = wpq
(nmpu »TOM yCI0BMM 3HaueHHWE BONHOBOTO BEKTODA, IPH
NOCTUHEHNH KOTOPOro IOABIAETCA HEHYIJeBOe pelleHne
w1, IPUMEPHO COOTBETCTBYET MeHbIei U3 MOCTOAHHBIX
sKpaHupoBanus). Takme momaraiock, 4to ¢g = 0.

N3 puc.1 BugHo, uto B obaactu k ~ ky yactota [IAB
GLICTPO pacTeT C POCTOM BOJIHOBOIO BEKTOpA, a 3aTeM B
obnact ks < k < k; BbIXOOUT Ha HackimeHue. Ilpu
manbHeiIIeM yBelWYeHHM BOJIHOBOIO BeKTopa B objac-
™1 k ~ ki cHOBa HauMHaeTCA POCT 4YacToThl. IITo roBo-
PHUT 0 TOM, UTO P MalbIX 3HAUEHUAX BOIHOBOTO BEKTO-

2*
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pa rpynmnoBas CKOPOCThb NblIeaKyCTUYEeCKHUX BOJH OIpe-
IelnfieTcA MeHbllIell MOCTOAHHON BKpaHUPOBaHUA, a MPU
fonbinux — Gonbileit mocToAHHOU. [lelicTBUTENLHO, U3
(8) B ciiyyae CHILHO OTIMYAIOLIMXCH IOCTOAHHBIX DKPa-
HUPOBAaHWA MBI MoNydaeM, 4To Ipu k ~ ky < ki rpym-
MoBafd CKOPOCThL OMpeeNfieTCA COOTHOIIEHUEM

vy = JO1 o Wpd B2 !
Todk ke (1403) 2\ 6 - x (1+257)

(9)

anpu k ~ky > ko

Wpd 01 1
Vop R —— ,  (10)
Tk (14222 1= x4 (02— ) /N

roe )\1 = k/kl, )\2 = k/kz, X = (Vd/2wpd)2.

W3 Beipaennii (9), (10) Buano, uto mpu k ~ ky <
& ki rpynnoBas ckopocThb ITAB onpenenseTca MeHblieit
MOCTOAHHOW YKPAHUPOBAHUA U OKA3LIBAETCH BEIMUMHOMN
MopAnKa wpq/k2, a B 06nactu k ~ k; — Gomblueit mocto-
AHHOM AKPAHUPOBAHUA U ABIAETCA BEIUYNHOM MOpAIKA
wpd/k1, 4TO XOpoIIO BUIHO U3 PHC.2, HA KOTOPOM IIpef-
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[uc.2. 3aBucumocth rpynnoBoii ckopoctu IIAB ot Boi-
HOBOro BeKTopa (mapaMeTphl MIa3Mbl Kak Ha puc.l): 1 —
pacuet Ha ocHoBe (8), 2 — corxacto (9), 3 — coraacuo (10)
(mpu pa3HBIX JaBIEHUAX HTU KPUBbIe MPAKTUUYECKU COBIA-
Iany, MO3TOMY NpHBeleHa KPUBafA TONLKO ANA NaBIEeHUA

1 Topp)

CTaBleHbl 3aBUCHMMOCTHU TpymnoBoii ckopoctu ITAB ot
BOJIHOBOI'O BEKTODA.

Boo61ie roBopf, Takafa CUTyalluAd UMeeT MeCTO TOJb-
KO B M30TepMHUYecKOll uiau OnM3Koi K Heil mia3Me, B
Kotopoit 0; =~ 0, =~ 1/2. B HemsoTepMuuecKoi mias-
me mpu T, > T; umeer mecto 6; ~ 0, 62 ~ 1 (oc-
HOBHAfl 3aBUCUMOCTb 3TUX BenuuuH oT T, u T; mpu

k1 > ks Boipamaetca dopmynamu: 0 ~ T;/ (Te + T;),
02 ~ T,/ (Te + T;)), B 3TOM ciiy4ae rpynnoBas CKOPOCTh
GyZneT 3aBHCETh TONBKO OT MeHbIeil TTIOCTOAHHON BKpa-
HupoBaHuA. B paBHoBecHoil nmnasme k; = kg, ka = 0,
0, = 1, 62 = 0, mo’TOMY CKOPOCTbH MHIIEBOr0 3BYKa
omnpenenseTcA oOpaTHOM JIUHON Ne6aeBCKOro KPaHKUPO-
BanuA. IlockonbKy B HEpaBHOBECHO# MMia3Me MpH [aB-
JIeHuAX oxoio 760 Topp u Hume kg > ko, TO B Taxoii
nnasme ckopocth ITAB Gymet B kg/ks > 1 pa3s Beiue,
YeM B pPaBHOBECHOA.

IOna Bepudpuranum teopuu ITAB Ha ocHoBe meTona
MOMEHTOB TPOION UM U3y YeHNEe BOTHOBBIX CBOMCTB MbI-
aeBoit nna3mbl B 'l mpubnuseHuu.

3. JucnepcroHHOe ypaBHeHHe NbLIEBOIl mia3s-
MBI B TUAPOAUHAMHUYECKOM NpUGIUKeHUU. Ypas-
HeHUe ABUMEHUA MbINeBoi KommnoHeHTwl B ']l mpubnu-
JKEHUU MMeeT BUJ

dV,

dt

raoe V4, pg — HalpaBJieHHad CKOPOCTh U JaBleHUe Mblie-
BBIX YacTHUIl, cOOTBeTcTBeHHO, Fs — cuna Ctokca. Cu-
JIOMl MOHHOIO yBIleYeHHA B C1a0OMOHM30BAHHOMN ILIazMe
HpPY MOBBIMEHHBIX JAaBIEHUAX MOMHO npeHe6peub. B Ha-

mgqng + Vpg + ngFs = eZgn4E, (11)

crosmlell paboTe paccMaTpPUBAIOTCA TOILKO KolnebaHUA ¢
BOJIHOBBIM BEKTOPOM, HallPaBIE€HHBIM EPIEeHIUKRYIAPHO
HAMpaBIeHWIO CUIbI TAMECTU, U HANPAKEHHOCTHU DIEK-
TPUUECKOT0 MOJA MNPUIIEKTPOIHOTO Clofl (dIeKTpocTa-
THYecKasA CUJIa U CUIIa TAMECTH YPABHOBEIIMBAIOT APYT
npyra). Cuny CTokca ompefenum Kak

Fg = 67T770’CRdvd,

rae 7o — OUHaMudyeckas BA3BKOCTb rasa, K — mompas-
ka KannuHrema, yuyuThIBaoollad OTKIOHEHUA OT 3aKOHA
CToKca py KOHeuHbIX 3HaYeHUAX yucna Kuymacena — or-
HOLIEHUA [JIMHBI IpoGera aToMOB rasa K pajuycy bLie-
Boil yactuiel Ry. IlTa mompaBka 3amaBaiach COTJIacHO
[8]. YpaBHenue (11) momonHuUM ypaBHEHMEM HEIPEPHIB-
HOCTH:

on
AL v/ (ngVgq) =0. (12)

ot
IMocne mpouenypsl IWHeapusaluud U Tepexoma K
dypbe-koMnonentam, us (11), (12) nonyuum (uHAEKCHI

kw onyckaem):

—i (w+ivg) mangoVa + ikcfmdndl =eZingE, (13)
—iwng; + ingokVg =0,
rie
67no Ry 9 1 Op
= — = 14
Vi my ’ cs my Bnd ( )
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3Iech U gajlee BeJIUMUYMHBI ¢ nHAeKcoM “0” oTHocATCA K
HEeBO3MYIIIEHHBIM 3HAUEHUAM, ¢ UHIeKcoM “1” — K Ma-
apiM BoamywenusaM (Vg u E camu ABAoTCA Bo3MyLie-
HUEeM, HEeBO3MYLIeHHbIe 3HAYEHUA KOTOPBIX paBHbI 0).

Ipu onpegeneHry CKOPOCTHU MBLIEBOTO 3ByKa U3 BTO-
poro ypaBHenus (14) HyHO UMeTb B BHUIY, UTO eciu
XapaKTepHoe BpeMA Kolebauuii 7, = 2mw ' 3HAUUTENb-
HO MpeBbINIaeT XapaKkTepHOe BPeMf pellaKkcalui SHepruu
MLIIEBRIX YACTHIl B CTONTKHOBEHUAX C HEWTpalbHBIM ra-
30M, TO Mpou3BoAHAfA GepeTcA MpPU MOCTOAHHON SHTPO-
1K, a eClid peann3yeTcA NPOTUBOMONOMHBIN ClyYail, To
npu nocTofHHoi TeMmnepatype. OTmerum, uto I'll 1 Ku-
HETUYEeCKU MOAXOAbI MPUBOAAT K Pa3HbIM Ko3dduiu-
eHTaM B (opMyJe, CBA3bIBAIOI[EH CKOPOCTh 3BYKa 3apfi-
#EHHBIX YacTHUIl C TeMmepaTypoii (cM., Hampumep, [9]).
Boo6iiie roBopsfi, CKOPOCTh 3ByKa TaK#e 3aBUCUT OT Ma-
pameTpa HeujeanbHOCTU Yepe3 3aBHCHMOCTbH [aBleHUf
OT HTOr0 MapaMeTpa, HO BBUOY Maloro BIUAHUA Cg HA
IUCMEePCUOHHbIE COOTHOIIEHWA, Mbl Ha 3TOM He Gyaem
IMosTomy nanmee mis OLeHOK Oyaem
MCMONbh30BaTh (POPMYNy KHHETHUYECKOU Teopuu coriac-
Ho (5), TO eCThb MONOHMM, UTO Cs = C4.

Ina ycTaHOBIEHWA IMCIEPCUOHHBIX COOTHOIIEHM
GyneM MCXOOUTh U3 JUANEKTPUYECKON MPOHUIAEMOCTH
MLIIEBOM MIa3Mbl, AIf ONpeNeTeHUus KOTOPOH BOCHONb-
3yemca (opMmyiioil, cBA3bIBaiOLIEll MOIHYIO MIOTHOCTH
TOKA C AUAIEKTPUYECKOH NPOHULAeMOCThIO [9]:

OCTaHaBJIMBaTbCA.

. w
Jo = _ZE (Ea,B - 50:,8) E,B’ (15)

rie Jo, Eg — KOMIIOHEHThI BEKTOPOB MJIOTHOCTH TOKa U
HalPAKXEeHHOCTH BHEIIHero 3IeKTPUYECcKOro Nolf, a3 —
cumBon Kpouekepa, a, 3 = x,y, z. Ilonusiit TOK ABIAET-
cA CYMMOii 3IeKTPOHHOT0, MIOHHOTO TOKOB M TOKa 3apf-
JKEHHBIX NBLIEBBIX YacTUI:

J=J;+J.+ 14

[lna ompeneneHua OUAIEKTPUYECKON MPOHULAEMOCTH
MBITEBOM MIa3MBI C yUETOM NePEeMEHHOCTH 3apsa mbLie-
BBIX 4acTHUI MMeeM CHUCTeMY, BRIIOYAIOWYIO yPaBHEHU A
(11), (12) u ypaBHenus GanaHca 3apsfa MbLIEBBIX Yac-
THll, GanaHca YKclia SIeKTPOHOB ¥ MOHOB:

0Z4/0t+ (Va-V)Zy = ~Zg(Baini — Baene)
One /0t +V (neVe) = Qion + VionNe — Beinine—
—Bae | Za| nane,
On;i/0t +V (n;V;) = Qion + VionNe — Beinine—
—Bai | Zg| nani,
(16)
rle Ne, N; — KOHIEHTPALUN BIEKTPOHOB M MOHOB, CO-
OTBETCTBEHHO, je = NeVe = —D.Vne — penE, j; =
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= nVy; = —D;Vn; + puinE, pe, p; — mNOABUIMK-
HOCTH BIIEKTPOHOB M VOHOB, COOTBETCTBEHHO, [4.|Z4l,
Bai | Z4| — ko3 ULMEHTH peKOMOMHALNN SIEKTPOHOB U
MOHOB Ha TbBIIEBBIX YacTULAX, (Qjon — MHTEHCUBHOCTH
00beMHO} MOHM3AUUU BHEIIHUM HMCTOUHUKOM, Hampu-
Mep, NMYYKOM OBICTPBIX DIEKTPOHOB, Vion yacToTa
HMOHM3alUU raza cCOOCTBEHHBIMHU 3JI€KTPOHAMU MIIa3MbI,
Bei — KOBDDUIUEHT 3NEKTPOH-UOHHONW peKOMOWHAIUH.

Kak HeogHOKpaTHO O0TMevanock paHee (CM., HaIpH-
mep, [10, 11]), koabduuneHT peKoMGUHALNY HOHOB Ha
NBITEBLIX YacTHUIaX B CTAllOHAPHBIX YCIOBUAX GIU30K
K JaHKeBEHOBCKOMY, I03TOMY IIPU NOBBIIIEHHBIX JaBle-
HUAX rasa [0N0UM, UTO

Bai = 4mep;. (17)

3aBUCHUMOCTh KO3pdhulreHTa peKoMOMHAIUKM DIEKTPO-
HOB OT 3apffa NbIIeBbIX YacTUl] 3afallM COlVIacHO aHa-
TUTHYecKo# Teopuu 3apanku (Zy < 0) [10, 12]:

2
Bae = 4mep. exp (Zde ) . (18)
TeRd
IIpu HU3KKMX maBieHUAX ra3a KO3hDOUINEHTHI peKoMOu-
Haluu MoxHO 3amaThb Ha ocHoBe II00, wak 3To mena-
10ch, Hanpumep, B pabore [13], B KoTOpO# HccienoBa-
JOoCh BIMAHME Ipoliecca 3apAAKYM Ha JUCIEPCUOHHbBIE CO-
OTHOIIeHUA 6e3 yueTa CUIbI COMPOTUBIEHUA HEHTpalb-
Horo raza. B cranuoHapHOM, HEBO3MYIIEHHOM COCTOA-
uun Vg = V., = V; = 0, a HeBo3MYyIlleHHbIe 3apAn Zqo,
KOHIIEHTPALUU SIEKTPOHOB Tleg U MOHOB N;o ABIAIOTCA
pellleHHeM CHCTeMbl CTalUOHAapHbIX ypaBHeHuit (16) c
HYyJeBBIMHU JeBbIMH dacTAMU. Boobiue roBops, HeBO3-
MYIIeHHbIe 3HAUEHUA MOMHO 6paTh M3 UMCIEHHBIX pac-
YeTOB 3apANKHU NbLIKNHOK, a hopMmyisl (17), (18) ucnoanb-
30BaThb ANA BBIYUCIEHUA U3MEHEHUil cKkopocTeil rubenu
SIEKTPOHOB ¥ HMOHOB Ha MBLIEBBIX YacTHUILAaX NMPU U3Me-
HEHUU MapaMeTpoB MIIa3MBbl.

Ilocme mnpouenypsl nuHeapuszanuy, mepexoma K
Gbypbe-KOMIIOHEHTAM U HEeCJOMHBIX Tpeo6pa3oBaHuil U3
(16) naa BO3MYIEHWI KOHLEHTpALUM BIEKTPOHOB U
HOHOB HaXOJUM:

a1l Q12 41 _ zk_E b1 (19)
a1 a2 Tel 4me \ b, ’
rie
a1 = k2, + Se (1 + Zaot) L=,
Zao
o~ 2 2 2 Mo
a2 = —iwe + k° — ki, + kg, +
Neo
= Ndo Ye
15 |20 (14 Z,0) 22|
Teo ( 0¢) Z 4o
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Sewzd
Zao [w (w + ivg) — k2c2]’

by = k3. —

_ n ~ (n ;
az = —iw; + k* + k2; ne°+Si (ﬂ + l) ,

i0 nio  Zdo
2 2 T Vde
a9 = _kii + ksi — Sl ,
Z g0
% o
2 Sitpq ~ w
b2__kdi_ . 5210 Wo = 5
Zao [w (w + ivg) — k2c2] D,
2 .

kz_ﬁemao fo S iS  nao S
i D, ’ RyT.” ' w+ivenngo’ Y

S = Seo = Sio, Seo = —Bae0Zaone0, Sio = —BaiZdaonio-

XapakTepHOe BpeMf 3apAIKH MBIIEBBIX YaCTUI] ONpee-
NfAeTCA BhIpaKeHUEM

Zd062

Ve = —BaiNio R—T
dLle

OTMeTHM, YTO MBI U3y4aeM NblIeakyCTHUECKHE BOI-
HBI, KOTOpbIE OBIBAIOT TONLKO MPONONLHBIMH, MOITOMY
B ypaBHeHHUA (13) BXOAAT TONbKO MPOJOIbHBIE COCTaB-
NAIOLIYE BOIHOBONO BEKTOPA M HAIPABIEHHOH CKOPOCTH
mbITeBbIX yacTul. C y4eTOM CKa3aHHOro, U3 ypaBHeHU
(13) naxonum

iwE wzd
At w(w +iv) — k2c2’

Jd = eZdOVdndo = (20)

I/ICHOJIb3yﬂ pPa3HOCTh BTOpPOro U TpeThero ypaBHe-
HU# (16), mocjie JWHeapu3allMy U Mepexola K (pypbe—
KOMINIOHEHTaM JJii Cy MMBI SHeRTpOHHOﬁ A UOHHOW IJIOT-
HOCTell TOKa nojay4dyaem:

kJe; = we (ni1 — ner + Zginago) - (21)

Teneps, oTbickaB pemenue cuctemsl (19) u nogcra-
BuB ero B (21), us (15) monyuum BbipaeHHe LA HPO-
IOIBLHOM IUAIEKTPUUECKON POHULAEMOCTH, IPHPABHAB
KOTOpOE HYIIO OKOHYATEelIbHO MOILYYHUM AVCIEPCHOHHOE
ypaBHeHUe

2
Wpd

Cw(w+ivg) — k22

€, = +

n (bra2a—b20a12) (1+7;) — (b2a11 —b1a21) (1+7e)

a12021 — Q11022

=0.(22)

IIto ypaBHeHHe MOKHO paccMaTpUBaTh Kak KyGuueckoe
ypaBHeHHe OT nepeMeHHoil k2, pelieHue KOTOPOro naeT
Tpu AucnepcuoHHble KpuBble k (w) = kg (w) + ikr (w),
60 KaK ypaBHeHWe 4eTBepTOHl CTeMeHW OT YacTOTHI,

KOTOpOe, B CBOIO Ouepelb, MPUBOIUT K UYETHIPEM JIUC-
NepCUoHHBIM KpUBBIM w (k) = wq (k) — iws (k). OTme-
THM, YTO 3afaHue JefCTBUTENbLHOr0 BOIHOBOTO BEKTO-
pa CoOTBETCTBYeT 3ajaye O COGCTBEHHBIX KoleGaHUAX
IIa3Mbl, TIPU 3TOM AeHACTBUTENbHAA YaCTh YaCTOTHI wy
ompenenfaeT cOGCTBEHHYIO YacTOTY KoneGaHUil ¢ 3amaH-
HOH HpoCTpaHCTBeHHOI (opmoii, a MHMMAafA 4acThb wa,
B 3aBUCHMOCTM OT 3HAaKa, olpefeNfeT 3aTyXaHWe WU
yculenue KoieGaHuii. A 3amaHue OeficTBUTENLHOrO 3HA-
YeHHUA YacTOThI COOTBETCTBYET 3ajaue O paclpocTpaHe-
HUM B [NIa3Me BOJIH, TeHEePUPYEMBIX C 3TON yacToToi. B
HTOM cllyyae NelCTBUTeNbHAf YacTh BOTHOBOIO BEKTOpPA
onpeznensieT $HasoByIO CKOPOCTh Vpp, = w/kR, a MHUMasA
yacTh ky, B 3aBUCHMOCTH OT 3HaKa, olpe[elsaeT 3aTyxa-
HYe WU yCUIEeHUe BOJHBI C PACCTOAHUEM.

Ianee yuTeMm, YTO Kak XapakTepHOe PeKOMOUHAIIU-
OHHOE BpPEMA DJIEKTPOHOB M HMOHOB Trec = v/ 20eiQion,
Tak M XapakTepHOe BpeMfA 3apAOKM MbLIEBBIX YACTHII
Teh =V, MHOTO MeHblIe 06paTHOl Nia3MeHHOi JacTo-
ThI MBLIEBOM KOMIOHEHTHI, MO3TOMY B KoabduiueHTax
a;; ypaBHeHus (22) momHo monomuth w = 0. B sTom
cliyuae JUCIEPCUOHHOe ypaBHeHue (22) mpuHUMAaeT BUI

w(w+ivg) = k* |2 + wf,d 2 — + b2 —
E2+k;  k2+k,
(23)

rjie HOBbI€ MIOCTOAHHBIE SKPAHUPOBaHUA, NOMOJIHUTEIBHO
YUuThIBaloIue rubenb 3JIEKTPOHOB X1 MOHOB B [IJ1a3Me Ha
MbIJIEBbIX YaCTHUIlaX, OoNpeaenfdArnTCA COOTHOLIEeHNeM

K, =1 (a + /a2 - 4Da) : (24)
roe

a=010+(1+’Yi) (ki—%f) +(1+75) (k§e+%§),

n; n ~ N
2 10 2 Ted 2 2 do
ao:ksen +ksi _kie+%—+si_.’

e0 N0 ni0

Do = (1) [ (62— K2) + 3 (12,22 - 42, ) |+

e0

(L) (kk neo kk) -
N0

Zando

+ |:(1 +7e) + %= '78] (kge%? + kZz e) :

1430

Bennuuner v, (0 = e, i) B paccMarpuBaeMoM clrydae cTa-
HOBATCA JefCTBUTENbHBIMU:

S nao

_ RyT, ngo
Vo = ===
Veh Moo € Ngo
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IMapameTpst 61, O paBHbI:

—2
Qg — k2

R
ky — ko

NucnepcuonHoe ypaBHeHue (23) orauuaercda ot (8)
TONLKO TEepeonpeieeHHbIMU 3HAUEHUAMH MOCTOAHHBIX

—2
kl — O

glzﬁa
B - Fs

0> = (25)

SKpaHMpOBaHMA U BeauuuH A1, f,. IITo ykasbIBaeT Ha
TO, UTO MPOIECCHl TUGEIN 3IeKTPOHOB ¥ MOHOB Ha Mhlje-
BBIX YaCTHUIIAX MEHAIOT MOTEHIMAN UX B3aMMOAEHCTBUA.
leficTBUTENbHO, pacCCMOTPeHUe 3anauu 06 dKpaHUpoBa-
HUM BBIGPAHHOM MBLIEBOM YACTUIIBI IOATBEPAAAIOT 3TOT
BBIBOI.

B cayuae ManocTu BAMAHMA MbLIEBOH KOMIOHEHTBI
Ha CBOMCTBA IIa3Mbl, TO €CTh MPH BBLIMOIHEHUM YCIO-
BU ngZy <K MNeg, NgZqg < Njp, BCEMU UJIeHAMHU, CO-
IepRallMK CTOKM WM Lapamerpel 7., 7v; B (24), (25),
MoHO npeHeGpedb. B aTom ciyuae coorHomenue (24)
MepeXoqUT B BbIpameHue MIf ONpeneleHrA NOCTOAHHBIX
SKpaHUpOBaHUfA, NpuUBefeHHOe B [6, 4], a (25) nepeiiner
B (3). CuexoBaTenbHO, JUCIEPCUOHHOE ypaBHeHHe (23)
B Cllyyae Maloro BIWAHUA MbLIEBOM KOMIOHEHTHI Ha Ma-
pamMeTpshI mia3Mel nepeiiget B (8).

4. O6cymaeHue. YuciaeHHble pacueThl MoKa3aiu,
4TO JUCIEPCUOHHbIE KPUBbIE MPAKTUYECKU He MEHAIOT-
cAl npy mpeHeGpeeHnr YacToTol B wieHax (w + ive),
M03TOMY Jajiee Bce pacyeThl MPOBeleHbI 6e3 yuera 3a-
IepKM B M3MEHEHUN 3apsAfia MbLIeBbIX YACTUIl MPU U3-
MeHEHUM MapaMeTpPOoB MIa3Mbl. AHalU3 IUCHEPCUOHHBIX
ypaBHeHuii (8), (23) nokassiBaeT, 4TO OHM UMEIOT pellle-
Hye w (k) ¢ OTIMYHOI OT HyNIA JeHCTBUTENLHOM YacThIO
TONLKO MPU BBIIONHEHUH YCIOBUA 2wpq > Vg.

Ia puc.3 npuBeneHbl AUCIEPCUOHHBIE KPUBLIE KO-
JeKTUBHBIX KoneGaHuii [JIA yCIOBH MIa3Mbl B MONOMKU-
TeIbHOM CTOIOe B NbLIEBBIX 3KclepuMeHTax [14] B ap-
roHe, BbIUKCIEHHbIE U3 ypaBHeHUA (22) OTHOCHTENbHO
w, IpUYeM TMOKa3aHbl NeHCTBUTEIbHAA U MHUMAA 4acTH
YacTOThI TONBKO [JIA PElIeHUs C HAaMMeHbIel MHUMOMN
YacThIO, TO €CTh C HAMMEHBbIIMM 3aTyXaHUeM B ILIa3Me.
Bunno, uto ¢ Ko3)OUUMEHTOM TpPEHUHA, BHIYUCIEHHBIM
u3 Beipamenusn (14) ouA ObLIEBBIX YacTHI C IIOTHOC-
thio 1.5 r/cm® (cmenanubix M3 MenaMuH(OPMAaTbAeTH-
Ia — Takuhe YaCTUILI MHUPOKO UCTIONb3YIOTCA B MBLIEBHIX
SKCIEPUMEHTAX ), MbI [0IyYaeM TOILKO MHUMBIE pelie-
HMA, TOITOMY B Ila3Me HecaMOCTOATENLHOro paspania
IIpU ATUX YCIOBUAX GyOyT HaGMIOOATbCA TOJBKO 3aTy-
xatomue nbineBble BonHb! (cM. [3]). IITo cBAzaHo ¢ Goab-
UM 3HaueHWeM Ko3(h(uIMeHTa COMPOTUBIEHUA TbLie-
BBIX YACTHI] B aproHe U C CHUJIbLHLIM KPaHUPOBAHUEM.
Ilo Hy#HO OTMETUTD, uTO cuia CTOKca COOTBETCTBYET
IBUEHUIO YeIVMHEHHONW cepruecKod 4acTWIbl, a IJif
cllyyas KONIEKTUBHOTO JIBUMEHNA MBIIEBBIX YACTHI KO-
apOULKNEHT vy MomeT GbITh U MeHblle (MoApOGHee CM.
Mucema B AMRIT® Tom 91
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Muc.3. 3aBucumoctu peiictBuTenbHoit (a) U MuHMMO (b)
yacTell uYacTOTBI OT BOIHOBOTO BEKTOpa B aproHe IpH
ng = 10°> cm™ 3, Qion = 10™ e 3.¢c™}, T. =1 5B, Ry =
10 MEM (neo = 1.123 - 10° em™3, njo = 5.717 - 10° ecm 3,
Zg = —4.594 - 10*, vgo = 672.1 ¢}, wpg = 311.84 ¢,
k1 =850.782 cm ™, ks = 45.273 ecm™ !, kg = 633.905 cm 1)

vd

OTHomeHUA — yKa3aHbl Ha pucyHKe. TouKku — pacueT c
Vd,

y4eToM IIPOU3BOAHLIX II0O BPEeMEHHU B YPaBHEHUAX famnaHca

BIEeKTPOHOB U MOHOB B (22), clulomHble TMHUU — Ge3 yueTa
u3 ypaBHeHus (23)

[8]). Tawxe o6paTuM BHHMaHWMe Ha TO, UYTO KO3(DU-
[IMEeHT CONPOTHUBIEHUA 0OpaTHO MPONOpPLUOHANEH Macce
IbITEeBbIX YacTHUI[ U [IPU KX 3aJaHHOM pa3Mepe MOMKeT
ObITh JErKO0 YMeHbIleH Ha MOPAJOK BhIGOPOM MaTepua-
Jla ObLIEeBbIX YacTull ¢ 6onbliell II0THOCThIO, HAIpUMep,
CBHHIA, 30JI0Ta U T.O.

IIa puc.3 mpexcTaBieHbl OUCHEPCUOHHBIE KPUBBIE,
NOMy4YeHHbIe C YMEHbUIEHHBIMU K03ddULNEeHTaMH CO-
OpoTuBIeHUA. BugHo, YTO NpU yMeHbIIEHNU 3HaYe-
HUA Koadduimenta Bcero Ha 15% wuam Gonee mosBisA-
IOTCA pelleHuf JUCIEePCUOHHOI0 YpaBHEHUA C YacTOTOiH,
uMelolell JefiCTBUTENbHYIO YacTh, HOATOMY BO3MOMHO
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HabnojeHre BBIHYK/IEHHBIX KojieOaHUil MbIIeBOH muas-
mer. Ila puc.3 mowasanwl peiieHus ypaBHeHus (23) c
HaMMeHbllleil MHUMOI YacThiO, KOTOpbIE XOPOIIO COria-
cylored ¢ pemeHusaMu (22), TO ecTh NPOM3BOAHBIE IO
BpeMeHU OT 3apfAfia MbINeBbIX YACTHUIl U KOHIEHTpaluii
ANEKTPOHOB B YPaBHEHUAX 3apANKU U GalnaHca He BIUA-
ioT Ha cneKkTp I[TAB. A npeHeGpeskennie BIUAHNEM TIbLIE-
BOii KOMIOHEHTHI HA MIIOTHOCTD MIIa3MbI, TO €CTh 3aMeHa
ypaBHenus (23) Ha (8) NIpMBOIUT K 3aMETHOMY M3MeHe-
HUIO [MCIEepPCUOHHBIX KpuBbiX. IITO yKa3bIBaeT Ha Bam-
HOCTb yuyeTa CTOKOB BIEKTPOHOB M WOHOB Ha MbIIEBbIE
YacTHUIIBI.

Ila puc.4 npuBegeHbI 3aBUCMMOCTH BOJNHOBOTO BeK-
TOpa OT YacTOThI B aproHe MPHM TPEeX Pa3HbIX JaBIEHU-
Ax. BugHo, 4To game mMpU MAaNbIX YacTOTax HeT JUHEN-
Hoit 3aBucumoctu kg (w). IlpuBenennas Ha puc.4 wap-

L L 1 L 1 L 1
0 50 100 150 200
® (sﬁl)

Muc.4. 3aBucumoctu felicTBUTenbHoi (a) u MuuMoit (b)
yacTeili BOJHOBOI'O BEKTOpa OT YacTOThl B aproHe nnda
vy = 0.85v49 U3 mucmepcuoHHOro ypasHenusa (22): 1 —
p = 100 Topp, k1 = 510.517 cm™ !, k» = 36.689 cm !,
Zg = —1.8597 - 10*, wpg = 126.242 ¢, vy = 525.953 ¢~ %;
2 — p = 200 Topp, k1 = 607.133 cm !, k2 = 36.123 cm I,
Zg = —2.6199 - 10*, wpg = 177.845 ¢, vy = 551.135 ¢ 1;
3 — p = 760 Topp, k1 = 850.782 cm !, ka2 = 45.273 cm !,
Zg = —4.5938 - 10*, wpg = 311.836 ¢, vy = 571.290 ¢ *

THHA [I0XO0Ka HA SKCIEePUMEHTalbHbIe Pe3yabTaTshl [15]:
1) umeerca MakcUMyM Ha KpuBbHIX kg (w), mpudyeM mo-
JoKeHrne MaKCMMyMa CIBUraeTcAd B CTOPOHY MEHbIINX
YaCcTOT C yMeHbIIEHHeM JaBleHus, Kak u B [15]; 2) kpu-
Bbie k7 (W) C POCTOM YacTOTHI BHIXOIAT HA HACHIUEHUE,
a 3HAUeHMA MHUMBIX YacTel BOJHOBOTO BEKTODA NpPEeBhI-
IIAIOT 3HAYEHUA JeHCTBUTENbHBIX YacTei.

3akmiouenue. B HacTosmeil pa6oTe BlepBble pas-
BUTA TEOpPUA MbLIEAKyCTMUYECKMX BOJIH B HepaBHOBeC-
HOWi NBLIEBOM IIa3Me C Y4YeTOM IBYX3KCIIOHEHIHalbHO-
ro BU[a NOTEeHKala B3auMOIeCTBYA MbLIEBbIX YaCTHII.
[ITo npuBeno K MOABIEHUIO HOBBIX 3aKOHOMEpHOCTei B
nosenenuu [IAB, KoTopble He ONUCHIBAIOTCA W3BECTHBI-
mMu Teopuamu. IlokasaHo, 4To Teopua KonebGaHuil u
NbLIeakyCTUYeCKUX BOJH B MbLIEBOU MiasMe Ha OCHOBE
rUIPOAMHAMMUUYECKOro MOAX04a U Ha OCHOBE MeTola Mo-
MEHTOB NPK MaJlbIX [lapaMeTpax HeuIealbHOCTHU IPUBO-
IAT K OJHOMY ¥ TOMY #€ NHMCIIePCMOHHOMY COOTHOIIE-
HUIO. YCTaHOBIEHO, YTO y4eT BIMAHUA MbLIEBOH KOM-
IIOHEHThI HA CBOWCTBA IIa3Mbl IIPUBOAUT K 3aMETHOMY
U3MEHEeHHWIO MapaMeTpoB NOTeHIWala B3aMMOIeHCTBUA
NBLIEBBIX YaCTHI, HO BUI OUCIEPCUOHHOTO ypaBHEHUA
IUIA NbLIeaKyCTHYECKUX BOJH IIPH 3TOM OCTAeTCH Heus-
MeHHbIM. IIyHO OTMETHUTBh, 4TO ABYXIKCIOHEHIMAb-
HBIA B[ MOTeHIMaNa B3aUMOJeHCTBUA MOIyUYeH B paM-
Kax Molenu fideek 3eliTua-Buruepa, moaTomy B ciydae
CWJILHOTO BIWAHKA MbLIEBO/ KOMIOHEHTHI Ha CBOWCTBa
NbLIEBOM MJIa3Mbl 3Ta MoJelb TpefyeT yTOUHeHHUH.

IacTosamas pa6oTa BeINoAHeHa Npu nognep#ke Iloc-
nayku (IR # 02.740.11.5096, rpaut # II111-3239.2010.2)
u MunucrepcTBa o6pazoBanua u Hayku Wcnanum (mpo-
ext MENE2007-67406-C01&C02/FTN).
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