maBa 10. bapbep 1 sima KOHeYHOU rMyOUHbI

Bplmie Mbl MO3HAKOMHIIUCH ¢ TEMU CBOMCTBaMH YacTHUL], KOTOPbIE HE HAOMIOAAIOTCS B KJIACCHYECKOMN
MexaHuke. K HUM OTHOCATCS: BBIPOJKICHUE DHEPreTUYECKUX YPOBHEH B OTCYTCTBHE BHEIIHUX IIOJICH,
JUCKPETHBIA CIIEKTp B3HEPrUM B IOTEHUUAIBHOW sME M «IIPOCAYMBAHUE» YACTULBI B KIACCUYECKU
HEIOCTYNHYIO 001aCTh MOTEHIIMAIBHOT'O MOPOra.

B sT0ii raBe OyzAeT mpogoKeHO O0CYKACHNE YHCTO KBAHTOBBIX SIBICHWH, HMMEIONINX OTHOIIEHHE K
aTOMHOM (u3uKe. MBI MO3HAKOMUMCS C TYHHEIbHBIM 3(P(EKTOM — TMPOXOXKICHHEM YaCTHIbI CKBO3b
MOTCHIUAIbHBIN Oapbep KOHEYHOU mupuHbL. Jlanee yoeaqumcs, 4To B MOTCHIIMAILHON sSIME HE BCETJa €CTh
IMICKpETHBIC YPOBHH JHEPIHH, €CIU TIIyOnHa MBI orpaHnyeHa. Hakonern, B cBs3u ¢ addexkrom Pamzayspa
OYJyT pellIeHbI 3a/1a4K O PACCESIHUH Ha MOTSHIIMAILHOM O0aphepe U MOTCHIIMAIBHOMN sIME.

10.1. lomeHyuanbHbIlU 6apbep

[NorenumanbHeii Oapbep, B OTIMYHE OT PACCMOTPEHHOTO B NpeNbIAyLIel IJ1aBe MOTCHIUAIbHOTO
mopora, IMeeT KOHeUHyto mupuHy. I'paduk 3aBucumocty U(x) n300paxeén cuHUM 1iBeToM Ha puc. 10.1.1.

Ulx) |

Yo

0 L x
Puc. 10.1.1. NMpAMoyronsHLIA noTeHuMansHslii Gapeep.

[loTennmanbHas 3HEprusl paBHa CBOEMY MOpOTroBoMy 3HaueHHIo Uy BHyTpu npomexyTka [0, L], a cHapyxu
oOpamaercs B HyJIb. DHEpPTHsl HAIETAIONIeH YacTUIlBl £ OTMe4eHa 3eIEHOH TMHUEH, Kak 1 Ha puc. 9.4.1.

B npenpiaymeit riaaBe Mbl YCTaHOBMIIM, YTO KBAHTOBYIO YAacTHUIy MOXHO OOHapyXWTh M B 00JjacTy,
3anpeméHHol I KIaCCHYEeCKOro JBIDKEHHSA. XOTSA BEpOSTHOCTh OOHApYKEHUS OSKCIOHEHIMAJIHHO
YMEHBIIAeTcs 110 Mepe yJaIeHus OT Iopora, TeM He MEHee, B TOUKe X = L 0OHa MMeeT HEKOTOpOe OTIMYHOE
oT HyJs 3HaueHue. CrenoBaTenbHO, YacTUIa MOXKET MPOHUKHYTH CKBO3b IOTEHIMANbHBIA Oaprep. Takoe
SIBJICHUE HA3bIBAIOT «TYHHEJIBLHBIM 3(h(HEeKToM).

3/1ech MBI HaNMIIIEM OCHOBHYIO (hOpMYJTy TYHHEIIEHOTO 3 deKTa B €€ mpocTeiiieM BapuaHTe, UCXOsl
W3 pelIeHHUs 3a/1a4M O IMOTEHIIMAIBHOM Mopore. A UMEHHO, OyIeT pacCCMOTPEH CiTy4ail CHIBHOTO 3aTyXaHHUs
MIPOXOISIICH BOJHBI Ha TIPaBOU TpaHHUIle Oapbepa:

1.2) W(lL)<1.

Ecmm 310 ycrioBue BBIOIHEHO, TO aMIDIUTYAa OTPaXEHHOMN BOIHBI HEBEJIMKA, ¥ B TIEPBOM IPUOIMKEHUN e
MOXHO HE y4HThIBaTh. Torja OTBET moiydaeTcs cpasy. B oGmactu x > L dyacTuiia CHOBA JBHIKETCS
cBOOOIHO, CTIEIOBATENHFHO, BEPOSITHOCTD MOXOXKIEHHU Oaphepa B MPUHATOM MPHOIIKEHIH MOXXHO OIICHHUTH
KaK

|W2 (L)|2 _ o2kl

W(L)~ >
|, (0)

(00o03HaYCHHS COOTBETCTBYIOT pazaeny 9.4 mpeasimymiel TiaBbl). [loacTaBisas cioga BeIpaXeHUE IS k, U3
(9.4.7), moxyyuM OKOHYATEITHHO

(13)  W(L)~exp —%,/2m(U0—E)L



Ycaosue (1.2) BHIMOTHASTCS, €CITH TTOKA3aTEh YKCITOHSHTHI BEJTHK 0 a0COFOTHON BETTHIHHE.
®opmyiy (1.3) MOxHO 0000IIUTE Ha COydYail MOTEHIIMATHLHOTO Oapbepa Mpou3BOILHON (hopmbl. Eciu
¢yukims U(x) MEHSETCS OT TOYKH K TOYKe, Kak TO Moka3aHo Ha puc. 10.1.2, To

U

UU o e

0 Ax L X
Puec.10.1.2. NoTeHuwansHblid Gapsap NnpovasonsHoR dopMsl.

mocTymaeM ciexyrommM oopasom. Marepsan 0 < x < [ pa3duBaeM Ha y9acTKH IIHHON Ax;, B mpemenax
KaXJI0T0 U3 KOTOPBIX MOTEHIMAIBHYI0 S3HEPTruio U; MOKHO CUMTATh TOCTOSIHHOM. BepositHocTh W; TOTO, 4TO
JacTUIA MPOUIET 37eMEHTapHbIN ydacTok, nomydaercs u3 (1.3), 3amenoit Uy Ha U; u L Ha Ax;:

W, =exp —% 2m(U, - E)-Ax;

B cuny He3aBUCHMMOCTH OTHENBHBIX 3JIEMEHTapHBIX COOBITHH, BEPOSTHOCTh MPOXOKICHHS dYepe3 Bech
Oapbep paBHA NPOU3BEICHHIO

W(L)= HW = exp —%Z,Dm(Ui —E)-Ax,

B mpenene pa3buBaeM Bech HMHTEpBal Ha OCCKOHEYHO Mallble HPOMEXKYTKH dX W 3aMEHAEM CYMMY
HUHTErPaJIOM:

(1.4) W(L)=exp —%jw/Zm(U(x)—E) dx

[epeiiném kK U3M0XKEHUIO PU3MUECKHX SBICHHUH, B KOTOPBIX UMEET MECTO TYHHEIbHBIN 3P deKT.

Mpumepbl TyHHenNbHOro acpdekra

CaMbIMH W3BECTHBIMH TMPOSBICHUSIMH TYHHENBHOTO Od(¢eKTa SBISIOTCSA SIEpPHbIE pPEaKIud |
XOJIOJHAsI SMUCCHSI METaJJIOB.

1. Cunres saep.
BriepBrie 3amauy o cimsiHuu OBYX saep pemwn ['amos. [IpuMepoM Takoi peakiuu sSBISETCS CIHUSHUE BYX
siIep AEUTEpHs B O.—4acTULY:

d(n, p) + d(n, p) — He(2p, 2n).

Peakmus cumHTE3a — DdK30TepMHUYEcKas. [paduk TOTEHIHATLHOW OHEPTHU B3aWMOICHCTBHUS sACp
cxeMmarudecku mpusenéH Ha puc. 10.1.3 cuHIM LBETOM.
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Puc. 10.1.3. JHeprua B3aMmModeAcTemna agep.

BuyTpu snpa paguyca R, Haxomutcs IiIyOoKas NMOTCHIMaNbHAs sIMa, a CHAPYXXH PAacIOIOXKEeH Oapbep

MepPeMEeHHOT0 MPOdUIs, 00YCIIOBICHHBINH KYJIOHOBCKHUM OTTAJIKHBAHUCM:

U, <0 r<Ry
Ur)= 2
ZZ,e SR,
r

B touke r = R, moTeHIman Tepmut paspsiB. BeicoTa £, mopora cocrasiusier okono 100 x3B. IMeHHO Takyto

SHEPTUI0 JOJDKHBI HMMETh sAapa ACHTepHs B KIACCHYECKOM MEXaHHKe, YTOObl INpeomosieTb Oapeep M
o0pa3zoBaTh o—dacTully. B HeHCTBUTENBHOCTH MMEET MECTO TYHHEJBHBIH 3(QQEKT, U B SIPO CHOCOOHBI
IIPOHMKHYTh YaCTHLBl C MEHbIIEH dHepruedl. PacuéTsl MOKa3pIBalOT, YTO TEPMOSIAEPHBIE PEAKLUH MOTYT
3¢ PEeKTHBHO MPOTEKATH MPH Temrieparype Beero 10 kaB.

2 Pacman siopa.
[Tpumepom mporiecca, 0OpPaTHOTO CHHTE3Y SIIIEP, MOXKET CIYKHUTh O—pacma;

(1.4) (Z,A) — He(2p, 2n)+(Z-2, A - 4).
3nech A — MaccoBOE YMCIO XUMHUYECKOTO JIEMEHTa (CyMMapHOE YUCIIO MPOTOHOB M HEHTPOHOB B siApe), a
Z — uucino npoToHoB. Peakuus (1.4) 3axiouaeTcss B IPOHUKHOBEHUH O—YaCTHIIBI CKBO3b MMOTEHIIMAIBHBIH
Oapbep U3 sAapa B 001aCTh NEHCTBUS KYJIOHOBCKUX CHIL.

3 XonoaHasi 3MHCCHSI METAJLIOB.
DHepreTUYeCcKUe YPOBHH 3JIEKTPOHOB B METAJIIC OTPaHUUICHBI CBEPXY Tak Ha3bIBaeMol sHeprueit depmu Er.
DNeKTpOHBI HE MOKUIAIOT METAIJI, TaK KaK HAaXOAATCS Iepel MOTeHIHaIbHbIM O0apbepoM Uy, obmanaromum
MPAKTHYECKH OECKOHEYHOW MPOTSKEHHOCThIO. JTOT Oaphep Ha mpaBoM ueprexe puc.10.1.4 HapucoBaH
cuHell JuHHeH. 3enéHbIM IBETOM moMmedeHa sHeprusi depmu, a uépHbIe JTMHUM HM300pakarT YPOBHU
SHEPIHH.

Uy Utx)
MeTann BaKYYM MaTann

Ug Uo

Ef ———ou ] Er

X X

Pwc. 10.1.4. BnuAHWE aNexkTRMYackons Nana Ha QopMy moTeHuwansHorn bapeepa.

B anektpuyeckoM monie ¢ HampsbKEHHOCThIO &€ TOTeHIUWanbHas SHeprus U(x) NHHEHHO 3aBHCHUT OT

KOOPAWHATHI X, OT CUMTHIBA€MOM OT IMOBEPXHOCTHU IIPOBOAHUKA:
U= U() - eEx.

Ha mpaBom pucyHke 3aBucumoctb U(x) oOo3HaueHa CHHHMM IBeTOM. DQQEeKTHBHAs TOJIIMHA Oapbepa
CTaHOBUTCS] KOHEUHOH, U, KaK CJICICTBHE, C IOBEPXHOCTH MeTalJla HAUWHAET BBIXOAUTH MOTOK 3JIEKTPOHOB.



AHanorum us Krnaccm4yeckom MexaHuku

ToBapnsiit oe3 Ha puc.10.1.5 npeogonaeBaeT COPTUPOBOYHYIO TOPKY. ToUueuHbIi 00BEKT ObLT ObI

Puc. 10.1.5. NMpoTsxéuHoe Teno
I'IPE’D.E[D.I'IEBHET BOIBbILIEHHOCTE.

BEIHYX/ICH Pa3BUTH OOIBIIYI0 CKOPOCTh, TAK KaK OH BECh Cpa3y JOJDKEH repeceub BepmuHy. Ho 1okomoTuB
BBE3’)KAET CHadJaja caM, TIOTOM IIePBBI BaroH, 3aTéM — BTOPOM M Tak gaiee. TakuMm o0pazoM, Ioe3n
«TepeTeKaeT» yepe3 TOpKy Io JacTsM, Kak TyceHuna. Pemenue HectarmonapHoro ypasHenus Llpegunrepa
MOKa3bIBA€T, YTO 3Ta AHAJIOTHS YaCTUYHO COOTBETCTBYET KapTHHE NPEONONIeHHS Oaphepa BOIHOBBIM
MAaKeTOM, TPEICTaBIAIONINM YacThily. [lepBoHadanpHBIN mMakeT pa3duBaercss Ha Oojiee MEJNKHe, 9acTh U3
HUX TPOXOIUT Yepe3 MOTCHIIMATLHEIN 0aphep, a OCTaIbHBIE — OTPaKaroTCsl.

10.2. [lomeHyuanbHasi iMa KOHe4YHOU 2J1y6UHbI

[ToTenmuanbHast sitMa MPSMOYTOIBHON (HOPMBI cXeMaTrdeckn n3o0pakena Ha puc.10.2.1.

Uix)

Ug
E

0 L X
Puc. 10.2.1. MoTeHuMan:Han AMa KoHEHOR rnyGuHEl.

3aBucuMocTh U(x) BeIpakaeTcst yHKIIHeH

U, x<0
Ux)=:0 0O<x<L
U, x>L.

Mertoq pelieHus: aHaJOTHYeH MPUMEHEHHOMY B TPEABIAYIINX 3a7adaX, OJHAKO Pacu€Thl B TaHHOM CIIydae
6omee rpomo3aku. OTIUYrE BOTHOBOW (PYHKIIMH M SHEPTETHUECKUX YPOBHEH OT TeX, KOTOPBIE MOTyqat0TCs
B 3amade O OECKOHEYHO TIyOOKOH MOTCHIIMANBHONW SME, MBI IOJIYYHUM C TIOMOIIBI0 KadeCTBECHHBIX
paccyxxnaeHuit. g 5TOro Mbl CHayala YTOYHHM HEKOTOpBIE CBOMCTBA OJHOMEPHOTO YpPaBHEHHUS
Ipenunarepa. Ilepenncas ero B popme

2
v h
y6exmaeMcs, 9To 3HaK (x) coBmanaet co 3HakoM \J"'(X) npu U> E 1 94TO UX 3HAKK NPOTHUBOIOJIOKHEI IPU
U < E. B niepBoM cirydae (pyHKIHS UMEET IOJIOKUTEIbHYIO KPUBU3HY, BO BTOPOM — OTPHUIIATEIHHYIO.
Paccmorpum cHauana ciyuaii U > E. EMy COOTBETCTBYIOT Y€ThIPE Pa3HBIX BApUAHTA COOTHOIICHUS MEKIY
3HaKaM¥ QYHKIMH, ¢€ IepBON ¥ BTOPOH MPOU3BOIHBIX:

Ne 1] 2 3] 4
v i B
\V" + —
Wv + _ + —

Bce onu MoryT OBITEH ONKMCAHBI SKCTIOHEHTOM



v ~ be

C JCWCTBUTENBHBIM IMapaMeTpoM k, TIOJOXHUTEIbHBIM WIH OTpulaTenbHbIM. Kak BumHO Ha puc.10.2.2,
MIEPBBINA ¥ YeTBEPTHIA BAPUAHTHI HE TOIATCS s PU3NYIECKUX MPUIOKEHHUH, TAK KAK OHU OITUCHIBAIOT

WX 4
1. 2
L HeT aa
Tﬂ'
X
3/ =-. 4
4/ HET °,
5
aa ¥

Puc.10.2.2, KpUBslE C NONCHWTENHONA KpARMIHoE: L= E,

($YHKIMHN ¢ OECKOHEYHO BO3PACTAIOIINM MOIYJIEM NPU YBEIUYCHUH X.
Brisichum moBenenue BomHOBOW ¢yHKIwE npu £ > U. Ha puc.10.2.3 mpuBeneHsl BCce BapHaHTHI
KPUBBIX C OTPUIIATEILHON KPUBU3HOM.

WX

]

S

FUC, U 2.3, KPUBEE C OTPMUSTENEHON KPVBWIHOW, U < £

OHn# xe nepedrciIeHbl B cIeAyIoel Tabauie:

Ne 1] 2 3 | 4
v + -
‘.V” +
V' + — — +

TenepL AJIs1 OMMUCaHUA BCCX KPHUBBIX MOAXOAUT (l)YHKLII/ISI
v ~ cos(kx + ).

Takum oOpazom, mpu yciaoBum £ > U peannsyroTcs OCHWUIMPYIOIINE pemieHus, ecnu ke E < U, 1o
BOJIHOBasi (DYHKIMSI SKCIIOHEHIIMAILHO 3aTyXaeT. YUET rpaHUuHBIX YCIOBUH — HENPEpPBIBHOCTH BOJHOBON
¢yHKIMM BMecTe ¢ € NepBOH NPOM3BOAHOM — BCE 3TO COOTBETCTBYET OJHOBPEMEHHOM IMOIATOHKE
aMIUTATY Bl b B OKCTIOHEHIIMATBHOM opMme 1 (a3bl ¢ B IPENCTABICHUN TAPMOHUYECKOH (DyHKIINH.

Bepuémca k paccMarpuBaeMoil 3amade. IlocTtpoum kadecTBeHHO peuieHue i ciydas E < Uy B
eHTpe, 0 < x < L, penieHne OMUCHIBACTCS TAPMOHWYECKON (YHKITHEH, a 10 KpasM OHO IKCIMOHCHITHAIEHO
3aryxaeT. ['paduk BOJIHOBOM (YHKIMHM cXeMaTHUeCKU n300paxEH Ha puc.10.2.4. Mensist $hazy oCHMUISIHANA
Y aMIUTUTY /bl KCIIOHEHT, MBI CLIMBAaeM
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Puc. 10.2.4. "ClumsaHwe" BONHOBOA dyHKLWK,

BCE TPHU ydacTKa 00JIaCTH M3MEHEHUs BOJIHOBOM (yHKIMH. Bece 3TH omeparuy aHaJIOTUYHBI T€M, YTO ObUIH
BBITIOJIHEHBI B MIPEABIAYIICH I1aBe, KOT/ia MBI Pellaiu 3a/1ady O YacTHIle, HANETaIoIel Ha MOTECHIIUAIbHBIN
mopor. Puc. 10.2.4 amamornuen puc. 9.4.2. CommmBKka BO3MOXKHA JIUIIH B TOM CITy4ae, €CIH BHYTPH SIMBI
YKJIaJbIBACTCS 1IEJ0€ YHCIIO TMONYBOJH. TakuM 00pa3oM, CHOBA IMOJydyaeM KBAHTOBAHUE JYHEPTeTUUECKUX
YPOBHEH.

Oco6GeHHOCTU pelueHun AnA AsMbl KOHEYHOW FMYyOUHbI

SIMa KoHEeUHOH TITyOHMHBI 00BbeIUHSAET B ceOe CBOMCTBAa OECKOHEYHO TITyOOKOH SIMBI M IIOTEHITHAIBHOTO
Oaprepa. BHyTpH sIMBI UMEET MECTO OCIHIUIMpYIOIee peiieHue, a npu x <0 u x > L BoJHOBas (QyHKIHUS
«IPOCAYMBACTCS» HAPYXKY. BBINIe MBI MONYYMIIH, YTO BEIMYMHA MPOCAYMBAHMS PACTET C YMEHBIICHUEM
Moxynsa pasHocTH Uy — E|. IIpocaurBanne BBI3BIBAET PACTATHBAHNE Y3JIOB W, KaK CIEICTBHE — CHHIKCHHE
ypoBHe# 3Hepruu. Yem BhIIIE JISKUT YPOBEHb, TEM Jaiibliie 3a mpeaeibl orpe3ka (0, L) yXoIuT BOJHOBAS
(GyHKIMS. DTO 03HAYAET, YTO C YBEIIMYCHUEM KBAaHTOBOTO YMCIIA 71 B OOMbINCH Mepe BO3pacTaeT PacCTOSIHUC
MEXIly y3JaMH, a BMECTe C HUM — U JITMHA BOJHBL. HamoMHuM, 4TO 3HEpTUs oOpaTHO MPOMOPIHOHAIBHA
KBaApaTy neOpOonIeBCKOMN JIMHEI BOJTHEI:

2

E=L ok,
2m i

CrnenoBaTenbHO, C POCTOM 7 YPOBHH OIYCKAarOTCA BCE ITyO)ke MO CPaBHEHMIO C UX IOJIOKCHHEM B SIME C

OecKOHEeYHO BhICOKMMHE cTeHKamu. Ha puc. 10.2.5 u300paxeHbl ypoBHU dHeprun E u rpaduku BOJHOBOI

(GYHKUIMY B CpaBHEHHU ¢ OECKOHEUHO Ty0oKoii smoii. CneBa moBTOpeHa JieBast yacThb puc. 9.3.2. CMerienue

MIEPBOrO YPOBHS HEBEJIMKO, U1 TPETHEr0 OHO — caMoe OOJIbILOE.

9 N\ //K\ _ __;;a"':“l\.\_ S S N

Puc. 10.2.5. CpapHerue nMel KoHeIHOR rnySuHe Ll (cnpasa)
C GeckoHEYHo My BoRoA NOTEHLMANEHoR AMOR (cnesa).

Emé omHO BakHOE CBOMCTBO sSIMBI KOHEUHOW TNTyOMHBI 3aKJIFOYAETCS B TOM, YTO y He€ BOOOIIE MOTYT
OTCYTCTBOBAaTh CBsI3aHHBIE cOocTOsHUS. Jlokanuzyem wactuiy B obnactu Ax ~ L. MUHAMaIBHO BO3MOXKHAs
9HEPIUsl Emin, CBA3aHHOTO COCTOSIHHMSA IOIY4YaeTcsd W3 COOTHOIICHHUS HEONPEAEICHHOCTEW, TI€ TOYHOCTH
JIOKQJIM3allMK YaCTHULIBI [T0JIaraeM paBHOM MIUPUHE SIMBI L:

Ap > Hh/L.

Orcrona crienyet



2 2
o A R
m mL

CBsA3aHHBIE COCTOSHHUS CYHICCTBYIOT, €CJIN
E min < UO

TO CCThb IIPH BBIIIOJIHCHUHN HCPABCHCTBA

2

UL’ >—
m

2
ITonoxenne ypoBHs omnpezensercs mnpomssenenneM U L°. Cps3aHHBIC COCTOSHHS HMEIOTCS JHOO y

JIOCTaTOYHO IIUPOKOH SIMBI, JINOO B JOCTaTOYHO CHJIBHOM Hoje. Ecnu npu dukcupoBaHHOW mupuHe L MBI
Oyznem yMmeHsbaTh Uj, TO JUCKPETHBIN yPOBEHb MOCTENIEHHO [TOJHUMAETCS HaBEPX, ONMKe K TPaHULE SIMBI,
M HacTYNUT MOMEHT, KOTJla YPOBEHb «BCIUIBIBET» B KOHTHHYyM. To ke camoe mpou3oHaér, eciau B
3aganHoM nose Uy OyeM yMeHbIIaTh pa3Mep SIMBI L.

10.3. PaccesiHue Ha nomeHyuasibHOM riopoze

3agaya craBUTCS CleAyIOIUM oOpa3oM. Yactuila, ABHUrasch cieBa HalpaBo C dHeprueil £, HametaeT
Ha NOTeHUUaNbHEIN O6apbep Uy < E, pacnonoxxeHHslit Ha puc. 10.3.1 B Touke x = 0. I'paduk Ppynxmun U(x),
KaK M IIpexnae, 0003Ha4uM CHHUM IIBETOM, a SHEPrUI0 4acTHIbl — 3€JIEHBIM. B Kiaccuueckoil MexaHuKe
YacTHIIA TPEOI0IEBACT OPOT, UCIIBLITHIBAs HEKOTOPOE TOpMOXxkeHue Ha yuactke (0, L). O0cyaum moBeneHne
KBaHTOBOW yacTHUbIl. CTpelKaMy OMeUeHBI

Ux)

0 »

Puec. 10.3.1. YacTvua HaneTasT Ha NOTEHLMANEHEIR Nopor.

aMIUTUTY /A TIaatonieil BoJHbI (A), a Takxke npommeamei (B) n orpaxénnoii (C) BoiH. AHANOTHYHas 3a7a4a
yke Obla pellieHa B YETBEPTOM pasfelic NPeIbIAYINCH IIaBbl, HO JUIsl Cayd4asi, KOTrJia HEPIrus YacTHUIIbI
MEHBIIIC BBICOTHI MOpora. TaM Mbl YOSIWIHCh, YTO CYIIECTBYET BEPOSTHOCTH NMPOHUKHOBEHHUS YaCTHUIIBI
BHYTPb MOPOTa. 371ECh K€ Mbl YBUJMM, YTO YaCTHIIA MOXKET HUCIBITATh OTPAKEHHUE, HECMOTPS HA TO, YTO &€

SHEPTHUS MPEBBIIIACT BEICOTY Oaphepa.
[puctynum k pemenuto 3aga4uu. [1o ananoruu ¢ pasuenom 9.4 BBeéM ClieAyoNue 0003HAYCHUS:

2mE

(la) k="

TS 00JTacTH CJIeBa OT Oapbepa u

(3.1b) k, = —\,2m(E—UO)

h

crpasa ot 6apeepa. OueBuaHO, k, > k, . 3armuiem ypasaenue Lllpexunrepa mist kaxaoi u3 odacreii:



yi k', =0
yi ks, =0

CneBa ot Oapbepa BoaHOBast (DyHKIUS paBHA CyMME MMaJjaroliel ¥ OTpaXEHHOHN BOJIH,

(3.2a) vy, = A-exp(ik,x) + C-exp(—ik,x),

B TO BPEM:I KaK CIIpaBa OT pa3pbIBa PACIIPOCTPAHACTCA TOJIBKO MPOLICAIIIAs BOJIHA:
(3.2b) v, = B-exp(ik,x) .

I'pannunbIe ycnoBus

v,(0) = w,(0),
v (0) v,(0)

ObLTH BBIBEIEHBI B paszene 9.4 npensiaymiei riaBel. HamoMHNM, YTO OHU OTPaKalOT OTCYTCTBHUE MIPOLIECCOB
POXIEHHUS ¥ TMOeIH YacTHLl, a TAK)Ke€ OIPaHUYEHHOCTh NoTeHuuana. C X IOMOIIbI0 MBI MOKEM BBIPa3UTh
JIBa HEU3BECTHBIX IapameTpa B (3.2) uepes TpeTuii, Hanpumep, Tak:

A _B 1+£ ,
2 1
(3.3)
c -Bl_k
2 k,

Koaddumment otpaxkeHust R paBeH OTHOLICHUIO KBAAPATOB aMIUIUTY/] MAAAIOIel 1 OTPasKEHHOM BOJH:
2

U

-, [1-—¢

(3.4) EH: k =k 2: L
| [af - kv, U,

1+,/1-

OTcrofma BHJIHO, YTO BEpPOSTHOCTh OTPAKEHHUS OTIMYHA OT HYyJIS NpU JIOOOM 3HAuYe€HUH DSHEPTUU
HaJeTaoIel yacTHIpl. B 3ToM mposBisitoTes e€ kBaHTOBBIE cBolicTBa. [IpaBna, mpu £ ~ U, oTpaxenuem
MOXHO HpeHeOpedb, 4TO COOTBETCTBYET Kilaccuyeckomy ciydato £ > U, .

Amnajgorus C KJIaCCHYECKOM MEXaHUKOM Ha6J'IIO,I[a€TC$I TAKXXC TIPU MaKCUMAJIbHO BO3MOXHOM
IIOHM>KCHUU DJHEPIruM 4YaCTHUIBI. Ecim Bemuumna FE IMPAKTUYECKHU HE OTIMYACTCSA OT BBICOTHI ITOpOra:

E-U,~ E, to x03QbHUIMEHT OTpaXKeHNs CTAHOBUTCS OJM30K K eMHHIE. B KiIacchdeckoil MexaHuKe 3ToT

pe3yabTaT COOTBETCTBYET OTPAKEHHIO YacTHIIBI OT Oaprepa, ecnu £ < U,



PaccmoTpum Temepb HMHOM BapuaHT 3aJaud: YacTUIA «ajaeT u3-3a mnopora». Ha puc.10.3.2

Li(x)

] X

Puec. 10.3.2. YacTuua "cneTaeT" ¢ noTEHUMANEHOM Nopora.

00J1acTH ClieBa W CIipaBa OT pa3phbiBa IMOMEHSIINCH MecTaMu 1o cpaBHeHHIO ¢ puc.10.3.1. [loaToMy MOXHO
BOCITOJIB30BAThCS PEUICHUEM TPEIBIAYINCH 3aJadd, BBHIMOIHUB 3aMEHY k1 & kz. Torma Bmecto (3.3)

TOJIYYUM:
A :é 1+£ ,
2 k,
(3.5)
c B[k
2 k,

Koadpdumnment orpakenus mpeapimaymeM ciydae. OgHaKo, UMeeTCs M CyIIeCTBEHHOe pasnuuune. Jlerko
yoenutbes, uto 3Haku C u A B (3.3) omuHakoBbl, a B (3.5) — mpoTUBOMONIOKHEI. TakuMm 00pa3om,
MaJaromas 1 OTpaxxEéHHast BOJIHBI HAXOATCS B TPOTHBOdA3e.

B xmaccudeckoit pu3uke nMeeTcs aHaJIoT 3TOTO SIBJICHHS. B TpeTheM paszelne maToi TiaBhl MpuBeIcHa
«ONTUKO—MEXaHU4ecKas aHaJOTHs»: UMITYJIbC YacTHIBl p WM BOJHOBOE YHCIO A SABISAIOTCSA aHAIOTaMHU
MoKa3zaressi MpeJoMIICHHsI 71, TpUUEM n sABIseTcsl pacTyiied ¢yHkumeid k. M3 onTuKM W3BECTHO, YTO
OTpakeHHE OT ONTUYECKH OoJiee TUIOTHOH cpenbl (3.5) mpoucxomuT 06e3 n3MeHeHus (asbl, a PH OTPAKCHUN
oT MeHee IUIOTHOW cpensl (3.3) ¢aza mensercs Ha m. WTak, B mepBoM ciiydae (majJeHWe Ha IIOPOT)
MPOUCXOAMT MOTEPS MOTYBOJIHBL.

COoii (ha3pl MMeeT BaKHBIC MOCIEACTBHS /IS pAacCesHHS Ha MOTCHLHMAJIbHOW siMe. B camom nene,
MOTEHIMAIBHYIO SIMy MOYKHO COCTaBUTH M3 JIBYX IOpOroB. Ecim Mexmy AByMs pa3pbIBaMH yKJIaIbIBACTCS
[eJI0e YHCIIO TIONYBOJH, TO JIBE OTPaKEHHBIC BOJHBI KOMIICHCHPYIOT IPYT Apyra, U OTpakEHHas BOJIHA
npomanaer. Tak Kak AeOpoiiyieBcKas JUIMHA BOJTHBI CBSI3aHA C MMITYJICOM YacTHIIBL, TO «IIPOBAID OTPAKEHUS
UMEeT MECTO JUIi YacTHIl ONpEeNeNEHHBIX SHEpruil. PaccMoTpuM paccesHHe Ha IOTCHIMAIBHOU sMe
nosxpobOHee.

10.4. PaccesiHue Ha nomeHyuasibHoOU siMe

3agaua IpeAplIyIIero paszesa MO3BOJUT HaM HOHATh MHTEPECHbIC KBAaHTOBBIE (G QEKThI, NMEIOIINe
MECTO IIPU paccessHUH Ha MoTeHIanbHoH ssMe. Ha puc. 10.4.1 mpucyTCTBYIOT aMILTUTYBI YKE MATH BOJIH:

Uix)

Puc. 10.4.1. PacceaHwe Ha NOTEHUMANEHON A ME.

A — majaromei,
B — npomremiei yepe3 nepBwIiA Oapbep,



D — otpak€HHOH OT TIepBOTO Oapnepa,

F — otpaxénHoii oT BToporo bapbepa,

C — npomeiieit yepes BTOpoit 0apbep.

Awmrimmutyna F' ¢ TOYHOCTEIO 10 moTeph Ha oTpe3ke (0, L) paBHa D 110 MOAYIIIO W IPOTHUBOIIONIOKHA TT0 3HAKY.

Eciu Ha mmpuHe MBI YKJIQJBIBACTCS [IEI0€ YKCIIO MOJTYBOJH, TO B obmactd X < 0 mpousoiaér B3anMHOe

MoTrarIeHre BOJH. DTO SBJICHHE U3BECTHO B Kiaccnyeckor (u3nke Kak 3(p(eKT mpocBeTIeHUs ONTHKY.
PaccmaTtpuBaemas 3amaga mMMeeT cTporoe perieHne. bpocaeM Ha TOTEHIMAIBHYIO MYy BOJHY C

aMIUTUTY 10U A ¥ 3alKChIBAEM BBIPAXKCHHUS TSI BOJIHOBOW (DYHKITMH HA TPEX ydacTKaX:

v, = Aexp(ik,x)+ Dexp(-ik,x) x<0,
v, =Bexp(ikx)+ Fexp(—ikx) 0<x<lL,
v, = Cexp(ik,x) x> L.

[Mapametpsl &y u k; onipenenens B (3.1). 'pannuHblie ycaoBUS 11 BOTHOBOH ()YHKLIMH HA IBYX TPaHULAX

v, (0) =y,(0), yi(0)=y}(0),
W, (L) =y,(L), yy(L)=vyi(L)

MIPUBOJST K CUCTEME U3 YETHIPEX IMHEUHBIX YPaBHEHUN C MSATHIO HEU3BECTHRIMU. Bce HCKOMBIE aMIUTUTY b
MOJKHO BBIPA3uTh 4epe3 OJHY M3 HHUX, Hampumep udepe3 4. Omyckas MpocThie, HO UIMHHBIC BHIYHCIICHUS,
MpuBeIEM OKOHYATEIhHOE BRIpKEHHUE TS KO (HUITMEHTa OTPaKEeHHUS:

B |D|2 B sin® (kL)

- 2
[ 4E[E_, +sin’ (kL)
u\u

W3 »TOro COOTHOIIICHUS BBITEKAET, YTO KOA((UIMEHT OTpakeHUs OOpaIlaercs B HyJIb HE TOJIBKO B yKe
M3BECTHOM HaM CiIy4ae OONBIINX DHEPTHUi Hayeraroniei yactuubl. OTpakeHHe OTCYTCTBYET TakKXe, KOor/a
IIUPUHA MBI PaBHA IIEJIOMY YUCITY TTOTYyBOJIH U BOJIHEI, OTPKEHHEIE OT ABYX KpaéB sSIMBI, TacsAT APYT Ipyra:

E>>U,

R=0 Y
LG;‘, n=12,3,...

[Tonmy4yeHHBIH pe3ynbTaT OOBACHSIET TaK Ha3blBaeMblil 3(dext Pamzayspa, HabmomaeMblii Opu ynpyrom
paccesHUM JIEKTPOHOB Ha aToMax OJaropoAHBIX Ta30B: aproHa, KPUNTOHA U KCeHOHa. OH 3akitodaeTcs B
TOM, YTO BEPOSTHOCTh PACCESHUS PE3KO YMEHBIIIAETCS NMPH HEKOTOPHIX 3HAUEHUSX 3HEPTUU IEKTPOHA, KaK
3TO CXE€MaTUYECKH MOKa3aHo Ha puc. 10.4.2.

R

Em E

Puc.10.4.2. 3gpcperT Pamaayepa.

Hanuuune «mpoBana» MOXHO OOBACHHUTD CIEAYIOUIMM 00pa3oM. ATOM MHEPTHOTO ra3a MpeAcTaBisieT co00i
KOMITaKTHOE oOpa3oBaHHe (3amodHEHHBIC T0/100010ukK). Tak 9TO MOTEHIIHAI B3aUMOJEHUCTBUS B TPyOOM
MpUOTMKEHIH MOKHO 3aMEHHUThH NMOTSHIINATBHOM SIMOH € PE3KO O4epUeHHBIMU KpasiMu. [Ipu onpenenéHHbIX
3HAUCHUAX HHEPTUU AIEKTPOHA Ep, HA OTpe3Ke MIMHOM L MOXKET YJIOKUTHCS LEI0€ YUCIO MONyBOJH. [IBe
BOJIHBI, OTpaXK€HHBIE OT Kpa€B SAMBI, TacATCS, W DJJIEKTPOH TIPOJIETaeT CBOOOTHO, HE WCIBITHIBAS
B3aUMO/CHCTBUS.
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