maBa 9. CtaumoHapHoe ypaBHeHue LLipeavHrepa

Oco00€e MecTO 3aHUMAaIOT 3aa4u, B KOTOPBIX NOTCHIUAJIbHAA SHCPIUs 3aBUCUT TOJIBKO KOOPAUHAT:

Takue COCTOSIHHSI Ha3bIBAIOTCS CTANMOHAPHBIMH, TaK KaK B HHX COXPAHSETCS SHEprus cucremsl E.
OtcyTcTBHE SIBHOW 3aBHCUMOCTH TIaMWJIBTOHHAHAa OT BPEMEHH II03BOJSIET BBIIOJHUTH pa3lelieHUe
NepeMEeHHBIX. BOTHOBYIO QYHKIHIO HIIIEM B BUIE MTPOU3BEICHUS

1) Wt = f -y,

Muosxurens f(t) orpaxkaer BonHOBYIO NPUPOLY YacTHIl B KBAHTOBOM Teopuu. MBI B 5TOM yOeauMcs, Koria
BBIBEJIEM JJIs HeTo siBHOE BEIpakeHue. [loncrasum (1) B ypaBHenue lllpenunrepa (BockMmas riasa, (1.8)):

. df (t) o~

lh'\v(r)-T= f(t)-Hy(r)

¥ paszieiuM 00e yacTu paBeHcTBa Ha npoussenenue T (t)-y(r):

LA 1 Hy(r)
dt f  y(r)

JleBast 4acTh 3aBHUCHUT JIMIIb OT BPEMCHH, a IMpaBas — TOJBKO OT MPOCTPAHCTBEHHBIX KOOPIMHAT.
CrnenoBatenbHO, OHA 00€ paBHBI OJHOW W TOW YK€ KOHCTaHTE:

LA 1 Hy@ _ o
dt f  y(r)

Jlerko Y6CZ[I/ITI>C$I, YTO KOHCTAHTAa HMECT PA3SMCPHOCTL ODHCPTHUH. Taxum 06p3.30M, HMCEM JBa

YpaBHEHUSA
df i
2a — =——E-f,
(23) dt )
(2b) Hy =E-y,

NprYEM BTOPOE IOKA3bIBAET, YTO KOHCTAHTAa pasjielicHus E 1elicTBUTENHO paBHA SHEPTUHM CHCTEMBI.
3aBUCUMOCTH BOJTHOBOUM (PYHKITUHM OT BPEMEHH Moay4daeM u3 (2a):

3) f(t) :exp(—%Etj.



Wrak, BpeMeHHOW MHOXHUTEIb CTAITMOHAPHOTO COCTOSIHHS SIBJIICTCS OCIMUIIUpPYIOIMEH (yHKINeH. DHeprun
E coorsercryer uacrora = E /7. Cnenosarensno, Gpopmyina (3) B TOH ke Mepe OMMCHIBAET COCTOSHUE C
suepruei E, kak exp(iot) — xonebanus Ha yactore .

[IpocTtpaHcTBeHHAs YacTh BOJHOBOM (PYHKIMH YZOBIETBOPSIET ypaBHEHHIO (2b), KOTOpoe ¢ y4&€Tom
BeIpaskeHu (1.7) BOCbMOIl I1aBBI 7S onieparopa [ aMHIbTOHa MOXKHO MEpenucaTh Kak:

(4) A\u+2h—T[E ~U(r)]y =0.

Mp&1 noyuannn cranuonapHoe ypapHenue Llpequnrepa. Ilomaas BorHOBas QyHKIMS HMEET B

W (r,t) = exp —%Et (r).

II10THOCTB BCPOATHOCTU B CTALITMOHAPHOM CJIydac HE 3aBUCHUT OT BPCMCHH. B camom ACJe, KBaapar

MOMYJISI BpEMEHHOTO MHOXUTEINS (3) paBeH eAMHUIIC:
2

i i i
exp| ——Et || =exp| ——Et |-exp| +—Et |=1.
P fi P fi P 7]

CrenoBarenbHo, BeposstHocTh W HallTH 4yacTWIly B TOM WM MHOM ToYke mpoctpancTBa (popmyna (2.1)
BOCBHMOM T'JIaBbl) ONpPeNeIeTCS UCKITIOYUTENbHO KOOPANHATHON YacThi0 BOTHOBOM (DYHKLINU:

(5) W) |¥ry) =|wr)|.

®opmyna (5) okoHuaTensHo mposicHseT cMbica Gynkiuu f(t). [locienHas onmucHBAaET BOMHOBBIC CBOWCTBA
CTallMOHAPHOTO COCTOSHISI, HO HUKAK HE BIHMSET HAa MECTOIOJIOKEHNE YaCTHIIBI.

B omHOoMepHOM ciydae (4) CBOIUTCS K OOBIKHOBEHHOMY AH(GEepeHINAIEHOMY YPAaBHEHHIO BTOPOTO
MopsiIKa

,  2m
(6) \V+?(E—U)\VZO-

HItpuxom panst KpatkocTH 00O3HaueH oneparop AupQepeHIUpOBaHHS IO CIUHCTBEHHOM
IIPOCTPAHCTBEHHOM KOOPAMHATE X:

B nanpHeiieM Mbl pPaccMOTpPpUM HECKOJIbKO 3aaa4 Ijisd HpOCTeﬁH.IHX OAHOMCPHBIX MOTCHIIUAJIOB.



9.1 Ceobo0Hass yacmuua
Pemum YpaBHCHUC (6) npeamnojarasi OTCyTCTBUEC BHCIITHUX HOJ'ICﬁ, TO €CTbh, KOT'/1a ITOTCHII K AJI U paBcH

HYJITIO:

, 2M
(1.1) v+ P v =0.

Bgeng 0603HaueH1E

V2mE

(12) k="

2

MOJIy4aeM ypaBHEHHE TapMOHUYECKOH QyHKIMN

(1.3) " +k*y=0.

Ero nBa nuHeHO HE3aBUCHUMBIX PEIICHUS PABHBI:

(1.4) vy, =C, exp(ikx), v, =C, exp(—ikx).

Bens gacroty

O=—,

h

nepenuiemM BpeMeHHyIO YacTh BOJHOBO (byHK]_[I/II/I B BUJEC
f(t) = exp(—imt).
[onnas BomHOBas PyHKIMSI paBHA

(1.5 Y(x,t)=C, exp[i (kx — (ot)]+ C, exp[i (kx + (ot)}.

Taxum o6pazom, pemeaueM ypaBHeHHS (1.1) SABISIOTCS IBE TUIOCKHE BOJIHEI, pACIIPOCTPAHSIONINCCS B
MIPOTHUBOIIOJIOXKHBIE CTOPOHBEI. MBI CHOBa BEpPHYJHUCh K CBS3M MEXAY CBOOOJHOW dYacTHIEH U
MOHOXPOMAaTHUYECKON BOJHOM.

®opmymna (1.5) wurrocTpupyer BaxxHOE CBOWCTBO MHKPOMHpPA. A IMEHHO, OTHOMY 3HAYCHUIO SHEPTHH
MOYET COOTBETCTBOBATh HECKOJIbKO Pa3JIMYHBIX KBAHTOBBIX COCTOAHMU. Takue ypOBHM 3HEPTUU NMPUHSITO
Ha3blBaThb BBIPOKIACHHBIMHM, a YHUCJIO KBAaHTOBBIX COCTOSSHMM — CTENEHBIO BBIPOXKICHUS, WIH
CTATHCTHYECKUM BecOM. B naHHOM ciyyae CTaTHUCTUYECKUHA BEC paBeH JIBYM, COOTBETCTBEHHO YHCIY
BO3MOKHBIX HaIpaBJIEHUW JBUXKEHUSA BOJHBI. SIBIICHUE BBIPOXKICHUS SBIISETCS TUIUYHBIM JJIsi KBAHTOBOU
MEXaHHKHU.

B ciydae oIHOMEpPHOIO IBMKEHUS BBIPOKIAEHUE OIPEHEISAETCS MMEHHO BO3MOXXHOCTBIO YaCTHLIE
cBOOOJIHO JBUTATHCS B 000MX HampaBieHusX. [lokaxkeMm, 4To ecnu e€ NBIKEHHE OTPaHWYEHO XOTS OBl C
OJIHOM CTOPOHBI, TO BBIPOXKJIECHHUE UCUE3aET.



9.2. OGHoMepHoOe d8uKeHue, o2paHU4YeHHOe ¢ OOHOU CMOPOHALI.

IlocTtaBuM BOIPOC, HACKOJIBKO MOTYT Ppa3iIM4aThCsl BOJHOBbIE (GYHKLIUHU W U o, SIBIAIOLINECS
penieHueM ypaBHeHHs (6), €ClIM OHH ONHCHIBAIOT COCTOSIHUSA, IPHHAJUIeKAIINE OAHOMY M TOMY 7K€ YPOBHIO
sHepruu E. [Ipennomnaraercsi, 4To yacTHIla MOXKET IIBUTAThCS HEOTPAHMYEHHO TOJBKO B OJHOM M3 JIBYX
HanpasieHHd 1o ocu X. IlokaxeM, yTo 00e (QyHKIMM ONMHUCHIBAIOT OJHO M TO K€ KBAaHTOBOE COCTOSHHE.
[TockonbKy OHHM YAOBIETBOPSIOT YPaBHEHHUIO (6), MBI MOXKEM 3aIlcaTh

v _2m v
Vi_My_g)=¥
\lfl h2( ) \l.]z

nimn

Yy, = sy, =0,

B mocnennem PaBEHCTBE HpI/I6aBI/IM " BBIYTEM IIPOU3BCIACHUC \ll; \ll'z . ITocie aToro craHOBUTCS SCHO, 4YTO

OHO ABJISACTCA HpOHSBO,HHOfI CJICAYHOLICTO YPAaBHCHHUA:
(2D vy, -y -y, =const.

Tenepr Bocmosb3yeMcsl yCIOBHEM OIPaHUYEHHOCTH JBMKEHHS B OJJHOM M3 HampaslieHUH. B Hampasnenum,
KyZla 4acTHLA IBUTAThCS HE MMeEeT IpaBa, 00e BOJIHOBBIC QPyHKIMM oOpamaroTcs B HyJb. ClenoBaTensHo,
KOHCTaHTa B IpaBoii yactu (2.1) paBHa HYJIIO, TaK YTO

!

Vi Vi
Vi ¥,

ITocne MMOBTOPHOTO UHTCTPUPOBAHUS ITOJTYIUM

Yy, =C-y,.

CornacHo nyHkTy «[lpuHIUMD cynepro3uinum» paszaeina 2.1 BOCbMOW TJIaBbl, BOJHOBBIC (DYHKIIHMH,
pas3InvaroNINecs JUIIb OCTOSIHHBIM MHOKUTENIEM, OTIUCBHIBAIOT OHO U TO K€ COCTOSIHUE.

Wtak, BBIpOXKIEHHE OTCYTCTBYET, €CIM ABMXCHUE YACTHUIIBI BJIOJb NPSIMOM OTpaHHMUYEHO XOTs OBl C
OJIHOH CTOPOHBI.



9.3 Yacmuua e nomeHuyuasnbHOM siWUKe

PaccmoTpum 3amady o MpSMOYTOJBEHOM MOTEHITHANBHON siMe ¢ OECKOHEYHO BBICOKMMHM CcTeHKamu. Ha
puc.9.3.1 eit cooTBETCTBYET MOTEHIHAI cleayoniero suaa: B mpomexyTke 0 < X < L oH paBen

0 L X

Fac. 93.1. MoTeHUWasHaA AMa
¢ BECKOHEMHD BLICOKMMMA CTEHKEMKA

HYJIIO M YacTHIA TaM JBIDKETCS CBOOOHO, a 3a mpeaeiamu 3Toro uHtepBaia (X < 0 u X > L) moreniman
paBeH Oeckoneynoctu. B obmact 0 < X < L ypasnenne lllpegmnrepa cogurca x (1.1). B 3amaue o
CBOOOZHOM yacTUIe MBI TONYYMIN OCLHMIIIMPYIOLUINE PEUICHHUs, KOTOPbIE 3alHCald B BHJIC SKCIOHEHTHI C
MHHUMBIMH TIOKa3aTenssmu +ikX. Celiuac Ham ymoOHee MNepefiTH K SKBUBAJIECHTHOMY IPEICTABIEHHMIO,
COZIepIKaIlIeMy CHHYC U KOCHHYC:
(3.1) w(x) = Asin(kx) + B cos(kx).
Koncrauter A, B u K Haliném u3 rpaHu4HbIX yciIoBMA ¥ HOPMUPOBKH BOJHOBOW (QyHkuuu. Ha crenkax
BOJIHOBas (yHKUMs oOpaiiaercst B Hylb, TaK KaK B CHJIy OECKOHEYHOCTH IOTCHLMAIA YaCTHLA HE MOXET
BBIITH 32 mpeesnbl nHTepBaia 0 < X < L. IlepBoe rpaHuYHOE yCIIOBHE AAET
y(0)=0 = B=0,

YTO MO3BOJISET YTOUHHTS (3.1):
y(X) = Asin(kx).

Bropoe ycnosue
y(L)=0

HaK/IaJpIBaeT OTPaHMUCHNS Ha BEIMYMHY BOJIHOBOTO 4KCJa YacTHLbL. B camom nene, u3 ypaBHeHUS
sin(kL) =0

BBITCKACT

(3.2) kL=mn,n=12,...

3naueHue N = 0 He UMEET CMBICIIA, TAK KaK B ATOM CJIydae BOJIHOBas (PYHKIIMsS TIOBCIOJIy PaBHA HYJIIO, YTO
03HauYaeT OTCYTCTBUE YACTHIIHI B ANINKe. TakuM 00pa3oM, Mbl IOTYUYHIIN PEUICHHE

v, (X) = Asin(n%x).



Koncranty A Haiiiém u3 ycioBus HOpMHPOBKH ((popmyiia (2.7) BOCBMOI T1aBbl):

A= |2
L

auist moboro N. Mtak, HopMupoBaHHas BOMHOBas QyHKUUS N-TO COCTOSIHUS paBHA

2 . T
3.3 X)=,/—sin| n—X
(3.3) v, (%) . .

CobOcTBeHHOMY BeKkTOpY 3amadn (2.3), cornmacHo (2.2), COOTBETCTBYET COOCTBEHHOE 3HAUECHUE DHEPTHUU

k2h?
2m B

2
g,n’.

(34) E =

n

3)1601) BBCJICHO 0003HaUeHUE € UL DIEMEHTAPHOI'0 KBaHTa DHEPIUn:

212
nh
(3.4a) & ="—7
2mL
Mer HOHy‘{I/IJ'II/I Z[I/ICerTHBII\/’I BHGPFGTPI‘IGCKI/II\/'I CHeKTp, HNHBIMU CJIOBAMHU — KBAHTOBAHHC 3Hepr1/11/1.

CocTosiHHE, B KOTOPOM YaCTHIIAa UMEET caMoe HU3K0€e W3 BCeX BO3MOXHBIX 3HAYEHHE YHEPIrHH, TPUHATO
Ha3plBaThb OCHOBHBIM. B paccmarpuBaeMoi 3ajjadye OCHOBHOE COCTOSIHME OTBEYaeT 3HadeHuto N =1.
OcTtanpHbIe YPOBHH SHEPTHH HA3HIBAIOT BO30Y:KIEHHBIMH.

OO0patiM BHUMaHWE HA TO, YTO B MOTEHITHAIBHOM SIIIUKE SHEPTUS HE MOXKET MPUHUMATH HYJIEBOTO
3HAYCHUS:

i’
3.5 E =E =——.
(3-5) "oomL?

OO®bsicHeHre 3ToMy (hakTy JaéT COOTHOIICHHWE HeompenenenHocred ['efizenOepra. Eciu Mbl nokanusyem
YaCTHILy Ha OTPE3KE JUTUHOM L :

AX~ L,

TO OHA MOJYy4YacT UMITYJIbC

h h
Ap~—~—,
P AX L

a, CJICJ0BATCIbHO, €€ MUHHUMAaJIbHas SHEPrus COCTaBUT

2 2
E_~ (4p)° _ h_z’
m mL



YTO C TOYHOCTBIO JO YHMCICHHOI'O MHOXHUTCIIA COBIAAACT C BEJIMYMHOM 80. Taxum 06pa30M, qacTtuna

MHUKPOCKOITUYECKOM MacChl HE MOXKET HAXOJUTHCS B COCTOSHUU IIOKOS, €CId OHA 3aKII0YeHa BHYTPHU
OTpaHHYEHHOH 00JIacTH.

®dopmyisl (3.3) u (3.4) NOKa3BIBAIOT, YTO BOJHOBAs (DYHKIIMS OJHO3HAYHO OMPEACIACTCS 3HAUCHHEM
sHepruu. Takum 00pa3oM, B JaHHOM Cllydae BBIPOXKJICHHE HE HMEET MeCTa, B COTJacHd C OOIIUM
PEe3yNIbTaTOM, MIOYYSHHBIM B MPEIBITYIIEM pa3/ele.

ol ._\ /f_x\: g/ ANVAVAN

N TN
1m.1__///_\

0 0.5 : 0 0.5 1
Purc, 932 Bonrosas dyHILWA (CNEE3) W BEPOATHOCTE (Cnpasa) Lna n=1,2 3,

Ha puc.9.3.2 uzobpaxenst BoiHoBast pyHkuust y(X) (cinesa) u BepositHocth W(X) (cripaBa) 1uist TpEX mepBBIX
snaueHuit N = 1, 2, 3. 1o ropu3OHTaIBHONW OCH OTIIOKEHO oTHOmEHUE X/L.UEpHBIM 1BETOM 00O03HAYEHO
OCHOBHOE COCTOSIHUE, CHHUM — N = 2 1 3enéupiM — N = 3. [Ipsamele nuaMN napatensabie ocu X (1, 4 u 9)
OTMEYaIOT 3HauCHME PHeprun. B Tex Toukax, rae BosHOBas (GyHKLUSA oOpalaercs B HyJb, YaCTHIIA HUKOI 1A
He Oyjaer oOHapyxeHa. DTO MPOTUBOPEUYMT NPEIACTABICHUIM KJIaCCHUECKON MexaHuku. Hynmsam ¢yHkimu
W(X) cOOTBETCTBYIOT y3JIbI CTOSYMX BOJIH B TCOPUH KOJICOAHHIA.

IlopcuuTtaem uuciao y3/10B BOMHOBOM (yHKunH. DYHKIMS, ONUCHIBAIOIIAS OCHOBHOE COCTOSIHHE
YJacTHUIlbl, OOpamaeTcst B HyJIb TOJIBKO Ha KOHIIAX MHTEpBajia, a BHyTPH HEro OHA y3JI0B He uMeeT. B mepsom
BO30Y>KIEHHOM COCTOSIHUM BOJIHOBas (YHKIHMs MMEET POBHO OAMH KopeHb BHyTpH otpes3ka (0, L), Bo
BTOPOM — JiBa M TaK Jajee. 371eCh MPOSBILIIOTCA OOIIME 3aKOHOMEPHOCTH OJHOMEPHOIO ABMXKEHUS. B
MaTeMaTHKEe W3BECTHA TaK Ha3blBaeMas OCLWUISAIMOHHAS TeopeMa, CIpaBeIuBasl Ui AMCKPETHOTO
cnektpa oSHeprud. OHa CBS3BIBA€T ApPYyr C JPYroM HOMEpP BOJHOBOH (YHKIMM W YHCIO Y3JIOB.
[lepenymepyeM coOCTBEHHBIE 3HAUEHHSI ONEPaTOPa C MOMOILBIO YKCIa N, IPUHUMAIOIIETO CICAYIOINH Pl

3HAYECHHUI:
N

A uMeHHO, QYHKIHS Wn(X), COOTBETCTBYIOIAs N+1-My 1O BenuyrHE COOCTBEHHOMY 3HaueHHIo Ep,

NP KOHEYHBIX 3HAYCHUSIX apryMeHTa oOpamiaercst B HyJb poBHO N pa3. Ecim, kak B paccMmarpuBaeMoit
3ajaye, 4acTUIa MOXKET HAXOIUTHCS TOJBKO HAa OTPAHHUYEHHOM OTPE3KE OCH X, TO pedb MAET O HyJLIX
(GYHKIUH n(X) BHYTPH 3TOTO OTpe3ka. BoHoBast GyHKIIMS OCHOBHOT'O COCTOSIHHS y3JIOB HE UMEET.
[170THOCTE BEPOSATHOCTH, COOTBETCTBYIOIIAsA OYEHb OONBIIMM 3HaYeHHSM N, OBICTPO OCHMIUIUPYET

(pnc.9.3.3). B cnmyuae npubopa ¢ KOHEUHOH pa3peliaroieil CHOCOOHOCTRIO B €0 anepTypy MmonaaaeT MHOTO
IIUKOB, ¥ MBI TAKMX OCLMJULILMNA He 0OHapy>kKuM. Tak KBaHTOBasi MEXaHUKa IEPEXOJUT B KIACCHUYECKYIO.

JlnuHa BonHbI ne bpoins

2n 2L
nT T T T

k n

n

A



| | il

0 0.5 1

Pue. 9.3.3. BONHOBEA QYHKUWA B KNACCWYECHOM Npegene.
B KJIacCHYecKoM mpenesie N >>1 3HaunTenbHO MEHbIEe pa3mMepoB cucteMbl L. DTo ciydail reomeTpudeckoii
OoNnTUKM (KTacCMYECKOH MeEXaHWKH), KOrJa BOJHOBBIMH CBOWMCTBAMHM YAaCTHLBI MOXXHO TIpeHEOpeyb.

KBaHTOBaHHE 3HEprMH HPH 3TOM TOXKE CTAHOBHTCA He3aMETHBIM. PasHocTh sHepruit AE, . . Mexmy

YpOBHAMU ¢ HoMepamMu N U AN npu OOJBIIMX 3HAYCHUSX N MOXKET OBbITh BBIYMCIECHA C TTOMOILBIO
npousBoAHOM ¢pyHkumu (3.4) mo N:

dE

(3.6) AE =—="-An=2ng,-An.
dn

n,n+An

ITpu yBenuYeHWH KBAHTOBOTO YMcia N SHEpreTHUecKas Mieidb MEXKIY JABYMs COCCIHUMH ypOBHsAMH (A N =
1) pactér MemIeHHEE, YeM DHEPTHUS YPOBHEH:

AE 2
3.7)  —==
(3.7) =

n

TakuMm 00pazoM, CHIBHO BO30YXIEHHBIC COCTOSHHS B KJIacCHUeCKOoM mpexaene (N —> 00) MpaKkTHYECKH
CIIMBAIOTCS APYT C APYTOM M 00Pa3yIoT CHEKTP, OJIN3KUN K HENPEPHIBHOMY.



HekoTopble npumepsbl

1. MakpocKonHu4ecKas 4acTrIa B MaKpOCKOMuueckux mMacmrabax: M= Ir, L = lem. [{ns veé

2

~10™*3pr ~ 10** 5B.

g~
0 mLZ

Takyro BeNUYUHY U3MEPUTHh HEBO3MOKHO. OLIEHUM BEIMYUHY KBAHTOBOT'O YKCIIA MPU CKOPOCTU JBUXKEHUS V
=1 cm/cex. Kuretndeckast sHepTHsi ~ MV2 cOCTaBISIET OKOJIO 1 3pT.
[To popmyme (3.4) olleHUM HOMED YPOBHS:

1

= 107,

DHepreTHUecKas MeIb MEX/Iy COCCIHHMH YPOBHAMH, COrIacHo (3.6), coctaiser okomxo 107 spr.

Ora BenMYMHA CIMIIKOM Maya, 4YToObl €€ MOXHO ObUIO OOHapyXuTh. TakuMm 00pazom,
MaKpOCKOITUYECKAsl YacTUI[A HAXOMUTCS HAa OYCHb BBHICOKOM KBAHTOBOM YPOBHE, a PACCTOSHHE MEKIY
COCETHUMH YPOBHSIMHM HACTOJBKO Majlo, YTO KBAHTOBBIX CBOMCTB MBI HaOmionaTh He Oyaem. [lostomy
SHEPreTUYEeCKHUI CIIEKTp SIBJIAETCS MPAKTUIECKH HEMPEPBIBHBIM, B COOTBETCTBHH C (3.7).

2. DIEKTPOH B MAKPOCKOIMYECKUX MacmTadax amuu: M~ 1027 r, L ~ 1 cm. 3xech
g0~ 107 3B.
OT0 TakKe HeHa0Io1aeMasi BeIMIHHA.

3. Dmekrpon B atrome: L ~ 10-8 cm. B aTOM Ciyuae KBaHT SHEPTrUH

€0~ 1053B

OKa3bIBACTCS CPABHUMBIM C SHEPTHEH OCHOBHOTO cOCTOsHUS aTtoma ((opmyina (2.2.1) pasmena 1.2.2
MEePBOH TTIaBBHI).

[IpuBenénHBIe TPUMEPHI TIO3BOJISIOT CAENAaTh CIEAYIOINE BEIBOIBL. JIMCKPETHOCTH SHEPTETHIECKOTO
CHEKTpa 3aMeTHA TOJBKO 11 MUKPOCKONMMYECKUX YACTHILl B MUKPOCKONMUYECKMX MaclITadax. DHeprus
MaKpOCKOMMMYECKUX YaCTHI[ Ha JIOOBIX Macmradax, a TaKkke MHUKPOYacTHI[ B MaKpPOCKOITMYECKHX
Macmrabax UMeeT CIEeKTp, TPAKTHIECKH HEOTIMIUMBIA OT HEIIPEPBIBHOTO.



9.4 BbicoKul nomeHuuasibHbIU Mopoa

CormacHo KIacCHYECKOM MCXaHHKE, yaCTula, HaJICTasa Ha MMOTCHIMAIbHBIN nmopor, NpoCKak1uBacT €ro,
€CJIn eé OHEPrus J0CTAaTO4YHO BCJIMKa. B MMPOTUBHOM cjrydac OHa OTpaXXacTCs oT

Ul
UE}

-

0 ¥
Puc.9.4.1. MoreHuMansHLIR nopor,
Oappepa. B KBaHTOBOIl MeXaHHWKE CHUTyalus CcJIOXKHee. PacCMOTpHM TOTEHIMAaN, HW300paXEHHBIM Ha
puc.9.4.1. I'paduk moTeHIMAEHOM YHEPTHUH N300pakEH cuHel muHuei. OHa oOpaimiaercs B HyJIb B 001acTH
OTPHUIATENLHBIX 3HAYEHUI apryMeHTa U paBHa noctosHHoi senmurne UO mis X > 0:

0, x<0
U X = 0.

4.1  UXx)=

0°
B Touke X =0 mnoreHnmanbHas SHEPrUs TEPIMT pa3pbiB. DHEPrus Haueramouiei yactuusl E nomeuena
3eJEHBIM IIBETOM. B 3TOM pasmene Mbl OyaeM CUMTaTh, YTO SHEPTHs YACTHIIBI MEHBIIIE MOTCHIHATHHOTO
Oapbepa:

(4.2) E <U,.

B knaccuueckol MexXaHMKE TaKoe€ HEpPaBEeHCTBO O3HAayaeT OTpakeHHe dvacTuilbl. Ilepexomum K
pewenuto ypasHenus [lpeaunrepa. s oTpuniaTenbHbIX 3HAYEHUN apryMeHTa OHO 3allMChIBAETCS Kak

14 2m
(43)  yi+ e Ey, =0,
a B o0mactu X =0 umeer Bug

" 2m
@4 -5 (Uy-E)vy, =0

Pemenne 3THX ypaBHEHHHN JOIDKHO yIOBIETBOPATH CIEAYIONIUM YCIOBHUSIM:

(4.5a) |\4/| < oo,
(4.50) w,(0) = wy,(0),
450) w0 = wy0).

Vcnoene (4.5a) OrpaHMYEHHOCTH BONHOBOH (DYHKIMHM BBITEKAET M3 TOTO, YTO BEPOSATHOCTH ||
O0OHapyXHTh YaCTHUIy B TOH WM HWHOW TOYKE IPOCTPAHCTBA IOJKHA OBITh KOHCYHOW BEITUYHHOM.
TpeboBanue HemnpepbIBHOCTH BOJMHOBOW (yHKIMHU (4.5b) OoTpaskaeT OTCYTCTBHE IMPOLECCOB POXKIACHUS U
AHHUTWIIALMN 4YacTul. HempephIBHOCTH NEpBOM NPOW3BOJHON SBISETCS CIEICTBUEM OIPAaHUYEHHOCTHU
nmoTeHrana. s BeiBoga (4.5¢) yeIMHUM BTOPYIO IPOM3BOIHYIO B JICBOM dacTd ypaBHeHms lllpemuarepa

(6):

,  2m
(4.6) WZ?(U—E)'W-



Ecnu Bce BeTMUMHBI B TPaBOM 4acTH OTpaHUYEHBI:

|E U \|l|<oo ,

2 b

TO U3 (4.6) clieyeT OrpaHUYCHHOCTh BTOPOU MPOU3BOIHON BONIHOBOM (QyHKIMU. OTCIOAa, B CBOIO O4Yepe/lb,
BBITEKAaeT HeNpephiBHOCTE Y . B mpemblayiem pasiene IOTeHIMan Ha kpasx unTepata 0< X <L

obpamancs B GeckoHeuHocTh (puc. 9.3.1). MiMeHHO TaM TiepBas NpoM3BoAHas \J' TEPIMT pPas3phIBI,

NPUBOMSIINE K U3JIOMaM BOTHOBOM (pyHKIMH B Toukax 0 u L.
[Ipuctynum k pemieHuto 3anayu. BBeném BoHOBEIE Uncna

J2mE  _ J2mU - E)

o h

2

¢ KoTopbIMH ypaBHeHUS (4.3) u (4.4) nmpeobpa3yroTcs B

v+ k12\|fl =0,
v; =Ky, =0.

[lepBoe ypaBHeHHE MMEET OCHMIUTUPYIOLIME pemenus, ananoruunsie (3.1). Ho ceituac Ham ynoOnee
NepeiTy K UX 3KCIIOHEHIIMATbHOMY MPEACTABICHUIO C MHUMOM €AMHULICH:

v, = Aexp(ik x)+ Bexp(—ik,x) -

Perienne BToporo ypaBHeHUs1 — JIMHEHHAss KOMOMHAIMS YOBIBAIOIIEH U pacTyIeld SKCIIOHEHT:
v, = Cexp(—k,x)+ Dexp(k,X) .

I'pannunsie ycnoBus (4.5) naroT Tpu ypaBHEHUS:

(a) = D=0,
(b) = A+B=C,

) = A—Bzi%c.

1

C ux nomonisio kKoHcTauThl A 1 B MoryT GbiTh Beipakenst uepes C:

A :% 1+i% =a-exp(ip);
(4.7) :
C -k .
B =— 1—|—2J =a-exp(-ip).
S

MEI BBenmu 0003HaYEHUS



a—g 1+k—22 = arct ﬁ
2\ ke PTEERT

Takum 06pa3zom, B obmactu X < 0, Tie IBUKECHHE PAa3peIICHO M B KIACCHUYSCKONW MEXaHUKE, MbI TOJTyYaeM
OCIMJUTHPYIOIIEE PEIICHUE

(4.8) v, = a{exp[i (kx + (p)] + exp[—i (kx + (p)]} =2acos(kx+o).

OHO TIpeACTaBIIAECT CIIOXKEHUE IBYX BOJH paBHOM aMImuTynmbl. IlepBoe ciaraeMoe OIMMCHIBAET
MaJIal0NIy10 BOJIHY, BTOPOE — OTPaKEHHYIO, UX CyMMa — CTOSAYYIO BOJIHY.

IMepeiiném k obmactu X > 0, 3anpemiEHHON Ui JBMKEHHS Kiaaccuueckol dactuiel. Koncranty C
yI0o0HO BBIPA3HUTh Uepe3 mapaMeTpsl d U O:

C=A+B=ae"+ae ™ =2acose.

PellieHreM 371eCh SIBJISETCS SKCIIOHEHIMABHO 3aTyXarolas (QyHKIus
(49)  wy, =2acos¢-exp(—k,x) .

Ha paccrosiuun X, = 1/K, ona yGpiBaer B € pas. COOTBETCTBEHHO, BEPOATHOCTh OOHAPYKHUTH YACTHILy HA

2
paccrostauu X0 OT mopora paBHa |\|/2| ~0.1. ®opmyna (4.9) mokassIBaeT, YTO KBAHTOBAS YACTHIA MOXKET

MPOHUKATH CKBO3b MOTCHIMATBHBIN Oaphep JaXke B TOM ciydae, Koraa eé sHeprusi E MeHbIne ero BbICOTHI
U0. B nipezene knaccuueckoit pusnku BennurHa X0 CTPEMHUTCS K HYJIFO BMECTE C TIOCTOSIHHOM [1naHKa.

Yewm Goubire sHeprust E gacTuis, Tem qanbiine IpoHNKaeT OHA B KIIACCHYECKH 3alPEIIEHHYI0 001acTh
newkenus. Ecmu mbel Oynem yBenuuuBaTh dHepruto E, npubmmxas eé x U0, To Bemuumna X0
HEOTPaHWYEHHO pPacTET. DTO COOTBETCTBYET KIACCUYECKUM IPEACTABICHHUAM O TOM, YTO YacTHLA C
sueprueit E >U, nomxHa GecrpensTcTBEHHO NPOXOAUTH MOTCHIHATIBHBIH Gapbep.

[ompobyem OOHApYKHUTh YacCTHIy B OKpecTHOCTH Touku X0, Hampumep, IMOACBETHB €€ (OTOHOM.
YacTtuua OyneT J0Kanu30BaHa B IPOCTPAHCTBE C TOUHOCTHIO

AX ~ X, -

CornacHo NpUHIMUITY HeomnpeaenéHHoctel [alizenoepra, Mbl COOOIUM €1 UMITYJIbC

h h
Ap~—~—,
AX X,
TO €CTh, HaCTHIIA l'[pI/IO6peTaeT JOOIIOJIHUTEIIbHYIO SHEPT'UIO
2
A woonk

2m - 2mx;  2m

BenuuuHa sHeprum, MOJIYyYEHHOM 4YaCTUIIEHW, MO3BOJISIET IOCIEIHEW MPEeOoJoJieTh MOTECHIMAIbHBII
Oaprep. Takum 00pa3oM, MOJCBETUB YaCTHILy, MBI MOKEM OOHApYKUTh €€ B 00JacTH, HEJOCTYIHOMN s
KJIACCHYIECKOTO ABMKCHIUS; HO €€ DHEpTHs OYIET MPEBHIIATh IOPOTOBYIO.
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