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1 2 NN
H He SS
K 1,00794(7) 4,002602(2) AM
oo Mepuoaunyeckas cuctema 3fieMeHTOB 095 a2 Ton Toom
I BoAOPOA renmit HA3BAHVE
15’ 1s? 3K
3 4 3 6 7 3 9 10 _ p AH.O
Li Be B C N (0] F Ne| NN - arounsii .A. OUrypLoB
6,941(2) 9,012182(3) 10,811(7)|  12,0107(8)| 14,00674(7)|  16,9994(3)| 18,9984032|  20,1797(6) Homep; SS — cum-
L 453,69 16151560 2742|2349 4200|3800 4300|6305 77,36|54,08 90,253,553 8503|24,56 27,07 Bon anemeHTa;
lithium beryllium boron carbon nitrogen oxygen fluorine neon
I nuTHiA Gepunnuit Gop yrnepon asor Kucnopoa hrop Heom AM - aTomHasi

1 2 2, 1 2, 2 2, 3 2, 4 2, 5 2, 6 macca; Tnn — TeM-
(He)2s (He)2s’ (He)2s°2p (He)2s°2p’ He)2s°2p He)2s"2p’ (He)2s°2p He)2s°2p neparypa nnae-

Na” Mg® A" SIS P[® S[7 CI™ Ar| rewn 0 Tan - PU3UKA OA CTYOAEHTOB

M | 220072 24005008 2eowtsas) 2008550)| 0973761 32066(6)|  35asanee) o 39.048(1) Temneparypa

370,87 1156|923  1363|933,47 2792|1687  3173|317,3  550|388,36 717,9|171,6 239,11/838 87,3 nexns (K); 3K —

m sodium magnesium | aluminum silicon phosphorus sulfur chlorine argon ANEeKTPoHHasn
HaTpuiA MarHun anoMuHU KpeMHui dochop cepa xnop apro KOH(bVII’ypaLlMH

e)3s e)3s’ le)3s"3p e)3s’ e)3s’ e)3s’ e)3s’ e)3s’
Ne)3s' Ne)3s® Ne)3s’3p' | (Ne)3s?3p® Ne)3s?3p® Ne)3s?3, Ne)3s?3p® Ne)3s?3p®
2 2

K™ cal sc Ti® V[ Cr® Mn[® Fel” Col® Ni Hactb 7

39,0983(1) 40,078(4) 44,955910 47,867(1) 50,9415(1) 51,9961(6) 54,938049 55,845(2) 58,933200 58,6934(2)

336,53 1032|1115 1757|1814 3103 1941 3560 2183 3680|2180 29441519 2334/ 1811 3134|1768 3200( 1728 3186
potassium calcium scandium titanium i i iron cobalt nickel
Kanun Kanbumin cKaHauin TATaH BaHaaui Xpom MapraHey xKeneso kobanbT HUKenb KBAHTO BAH ¢M3M KA
N (Arjas’ (Arjds® (Arjas’3d' | (Ands’3d® | (Arjds’3d’ | (Ar)ds'3d® | (Ands’3d® | (Ar)as’3d® | (Ards’3d’ | (Arjds’3d®
29 30 31 32 33 34 35 36
v Cu™ Zn[" Ga” Ge As Se Br|™ Kr
63,546(3) 65,39(2) 69,723(1) 72,61(2)| 74,92160(2) 78,96(3) 79,904(1) 83,80(1)
1357,8 3200(269,2 1180(302,91 2477|1211,4 3093|1090 887|494 958/ 265,8 332/ 115,79 119,9
copper zinc gallium germanium |  arsenic selenium bromine krypton
meaL uMHK rannui repmaHui MbIWbAK cenen 6pom KpUNTOH

3(7Ar)4s'3d“’ 318504523&" (3;\84523.1‘“4;)' ::345’3d‘“4p’ Z&ijdszadm‘tpj ::345’3«1‘“4;)‘ ::§4szsd‘“4p5 ﬂ“’ad'“«tp“ - - O U TL I N E Of PH YS I C S fo r S TU D E N TS

Rb Sr Y Zr Nb|™ Mo Tec Ru Rh Pd
85,4678(3) 87,62(1)| 88,90585(2)|  91,224(2)| 92,90638(2) 95.94(1) [98,9063] 101,07(2)|  102,90550 106,42(1)
312,46 961(1050 1655(1799 3609|2128 4682|2750  5017(2896 4912|2430 4538|2607 4423|2237  3968(1828,1 3236
rubidium | strontium yttrium zirconium niobium i T i rhodium palladium
py6uavii CTPOHLMI WTTpMI UMPKOHMIA HUOGMI MonuéaeH TexHewumit pyTeHuin poawit nannagui
O (Kr)ss’ (Kr)ss® (Kr)ss’ad' | (Kr)ss’ad® | (Kr)ss'ad® | (K)5s'4d® | (Kn)5s™4d® | (Kn5s'4d’ | (Kn5s'4d® | (Kr)5s°4d™ <l
v 48 49 50 51 52 53 54 < 7
Ag Cd In Sn Sb Te I Xe P

107,8682(2)| 112,411(8)| 114,818(3)| 118,710(7)|  121,760(1) 127,60(3)|  126,90447 131,29(2)
1234,9 2435(594,22 1040|429,75 2345/ 505,08 2875(903,78 1860|722,66 1261|386,85 457,4| 161,4 165,1
silver cadmium indium tin antimony tellurium iodine xenon
cepe6po xaamuit wHaWi onoso cypbma Tennyp Vioa KCEHOH

(Kn)5s'4d" | (Kr)5s%4d" | (kn5s%4d'5p’ | (kr5s%4d"5p? | (kn)5s%4d"*5p? | (kn5s?4d'*5p* | (kr5s%4d'5p° | (kr)5s24d'*5p°

Cs/® Ba Lal* Hf|® Ta™ W® Re[® 0s|” 1r|® Pt

132,90545  137,327(7)| 138,9055(2) 178,49(2)| 180,9479(1) 183,84(1)|  186,207(1) 190,23(3)  192,217(3)|  195,078(2)
301,50  944| 1000 2143|1193 3743 | [2506 4876 3290 5731|3695 5828|3459 5869 3306 5285|2739 4701|2041,4 4098
cesium barium lanthanum hafnium tantalum tungsten rhenium osmium iridium platinum
ueamii 6apuit namTan racpHmi TanTan BonbGpam peHmit ocmuit vpuami nnatuHa

P (Xe)6s' (Xe)6s® (Xe)6s?5d" | [Xe)6s%4f'*5d2| (Xe)6s’af'5d° | (Xe)6s’4f'*5d* | (Xe)6s?41'*5d° | (Xe)6s?41'*5d° | (Xe)6s?4f'*5d” | (Xe)6s '4*5d°
3

vi” Aau® Hg® TI® Pb® Bi* Po® At* Rn

196,96655 200,59(2)( 204,3833(2) 207,2(1) 208,98038 [208,9824] [209,9871] [222,0176]
1337,3 3129|234,3 629,88(577 1746 600,61 2022| 544,4 1837|527 1235(572 337]| 202 21,3
gold mercury thallium lead bismuth polonium astatine radon
3onoTo PTYTH Tannui cBuHel BUCMYT NONoHWiA acrar papoH
(Xe)6s'atsa” | (Xejos'ar*sa” | (Hg)ep’ (Hg)ép® | (Hg)6p’ (Hojop® | (Hg)6p® | (Hg)ep®
88 89 04 105 106 107 108 109 110
Fr Ra c Rf Db Sg Bh Hs Mt "Uun
[223,0197]|  [226,0254]| [227,0277] [261,1089] |  [262,1144]|  [263,1186] [264,12]|  [265,1306] [268] 1269]
Q 300 [677]| 97: 2010|1323 573
y|| | francium radium actinium rutherfor- dubnium | seaborgium | bohrium hassium | meitnerium | ununnium
paHumn paavin aKTUHUIA dium
(Rﬂps‘ (Rm.,sz (Rn)7szsd‘ (Rn)7s’51'“6d> | (Rn)7s’5f"*6d’ | (Rn)7s’5f“6d" | (Rn)7s’5f"6d° | (Rn)7s’5f"6d° | (Rn)7s’5f‘6d’ | (Rn)7s’5f"‘6d’
LANTANIDES—JIAHTAHOWUObI ACTINIDES—AKTUHOWUAbI

58 Ce 59 Pr 60Nd ﬁle GZSm 63 Eu 64Gd 65Tb 66Dy 67H0 68 Er 69Tm 70Yb 71 Lu

140,116 140,9077 144,24 [144,913] 150,39 151,964 157,25| 158,9253 162,50| 164,9303 167,26 168,9342 173,04 174,967

cerium | praseo- | neody- | prome- |samarium | europium |gadolinium| terbium | dyspro- | holmium | erbium | thulium |ytterbium | lutetium
dymium mium thium sium

uepwit _ |NpaseoauM| HeoauM |npomeTuit | camapui | eBponui |rafonuHWi | Tepbuin nmcn})osm ronbmun 3pbun Tynuia wuTTep6Un | noTeunn

6s°4f'5d" | 6s’af 6s°4f’ 6s°4f 6s4f° 6s’4f’ | 6s’4f'5d’ s’ 6s°af® | es’af'’ | es’af” | es’af” | es’af'* |6s’af'sd'
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90 Th 91 Pa 92 U 93 Np 94 Pu 95Am 96Cm 97 Bk 98 Cf 99 Es lWFm IOIMd 102Nb 103Lr

232,038 231,036 238,0289| 237,0452 [244] [243] [247] [247] [251] [252] [257] [258] [259] [262]
thorium | protacti- | uranium | neptuni- |plutonium |americium| curium i californi- | einsteini- | fermium del i |E\ﬁ_"e"-
nium um u um vium cium 201 3
Topwin | nporakviwi | ypaW | HenTywwii | nnyTom | Kopui ¥t | Kanudpopruin | sz | hepmmit " | HoGenuit
Tofedt | Ts'sfed | 7o%sped’ | Teisted’ | Terst | et | 7sorod’ | 75t el R el
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CmpoeHue amoma

1. Mogenu atoma TomcoHa u Pesepdopaa

MpencrtaBneHne o6 atomax, kak O HedesnuMblx Mesbyaliwux Yacmuyax
gelwjecmea BO3HWKIO eLlé B aHTUYHbIE BPEMeHa.

Ax. [x. TOMCOH, nccrneayst OTKNOHEHWE B 3NEKTPUYECKUX Y MarHUTHBIX NOMAX
yacTuul, Mcrnyckaemblx nog AencTeuem ceeta (PoTOIMEKT) OMKPbIT 3/1EKMPOH.
MockonbKky Macca arnekmpoHa okasanacb B OeCSmKU mbICSY pa3 MeHbuwe Macc
amomos, TOMCOH Npeanoxun Modesib CIMPOeHUs1 amoMa, COrnacHO KOTOPO aTom
npeactaBnseT CobOM HenpepbiBHO 3apsiKeHHbIA MNOMOXWUTENbHBIM 3apsaoM Lwap
avameTpom ~107°M B KkOTOpBbIF "BKpanneHbl" aNeKTPOHbI ("kak U3IOM B MyAMHT").
[apmoHunyeckne  konebaHUsi  3NEKTPOHOB  OKOMO  MOMOXEHWW  paBHOBECUS
(rapMOHMYeCKMe OCUMMNALUN) ABMAOTCA MPUYMHOWM M3NydYeHus (Unn normoLweHus)
MOHOXPOMaTUYECKNX BOSIH aTOMaMMm.

OpHako, B akcnepumMeHTax JleHapda NO pacCesHWI0 3NEKTPOHOB U B
akcnepumMmeHTax Pe3epghopda no paccesHUo O -4acTuL, Ha TOHKUX MeTannyeckmnx
nnéHkax, Oblfo nokasaHo, 4To

ny4yoK a-4acTtuy

MCTOYHUK \ 3KpaH no4Tu BCE yacTtuupl
\ MULIEHb

npoxoaunu yepes donbry, 6es
paccedHuss WNM  OTKMOHASACH
Ha OYeHb Manble  yrhbl
nopsagka 1-3°. W TOMbKO
HeKoTopble M3 HWUX (ogHa K13
10000)  oTKMOHANWCbL  Ha
bonblune yrnbl, nopsgka 135—-180°. Mockonbky a-vactvua B 7300 pa3 Tsxkenee
3MNeKTPOHa, TO MPUYMHOWM TaKOro paccesiHUs He MoXeT OblTb €€ paccesiHue Ha
anekTpoHax. Pesepdopa npeanonoxun, YTo paccesHue a-4acTuubl MPOUCXOAUT Ha
NONoXMTENbHOM 3apsae 6onbLUoi Maccel — "sdpe” aToMa, pa3Mep KOTOPOro, O4eHb
Man Mo cpaBHeHWo ¢ o6béMom atoma (auametp ~107"wm). (Hanpumep, B 1 m*
nnaTuHbl "o6beM" sigep paseH 0,3 Mm°.)

Moatomy & amome, nodaenswwas 4yacmb KOMmMoOpo2o cOCmoum U3 rycmoeo
rnpocmpaHcmea, 3/1eKmMpPOHbI He MO2ym Haxo0umbCsl 8 CMamu4yecKoM pagHo8ecuU.
WX yCTOMYMBOCTE MOXET ObITb TONBKO AUHAMUYECKON, KaK Y MnaHeT B aCTPOHOMUN.

Pe3sepgpopd npeonoxuvn nnaHemapHyro Modesns amoma. CornacHo
Pesepdopay, atom npeacrasnsieT cobort cucTemy 3apsgoB, 8 UEeHmpe KOTOopomn
PaCMoONOXeHO MosIoXKuUmenLHoe 0po ¢ 3apsaoM Ze, pasmepom 107°-107"m u
Maccol, npakTUyYeckn paBHOW Macce aTtoMa, a B80Kpye sdpa, B obnactu c
fMHeHBIMK  pasmepamn ~107"°wm, o 3aMKHymbiM opbumam OBwxeTcs Z
3NeKTpoHOB, 06pasysi 3/1eKmpPoHHY0 060J104Ky amoma.

BTopoin 3akoH HbloTOHa ANs anekTpoHa, ABUXYLLErocs Mo OKPY>XHOCTWU nog
OencTBMEM KyNTIOHOBCKOWN CUIbI

Ze-e mEU2
4n80r2 o
rae m, U U — Macca W CKOpoCTb 3NIeKTPOHa Ha opbuTe paguyca r, €, — anekTpu-
Yeckasi nocTosiHHas. Mpn r = 107w CKOPOCTb ABWKEHUS 3NIEKTPOHOB U ~ 10°m/c, a

ycKopeHwue UZ/ r ~10%2 M/c%. CornacHo Knaccu4eckoil anekTpOAMHAMMUKE, YCKOPEHHO
OBUXKYLUMECS  OMEKTPOHbl  [OSDKHbI  M3MyYaTb  OMEKTPOMAarHUTHbIE  BOMHbI U
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35.MonynpoBogHUKOBbIE AMOAbI U TPUOoAbl (TPAH3UCTOPbI)

OOHOCMOPOHHSISI (6eHMuIIbHas) NPOBOANMOCTb p-N-nepexoia UCrnonb3yeTcs
B MosiynpoeodHuKoebix duodax, cogepxaliux oauH p-n-nepexoq. o KoHCTpyKuun
OHU [ENATCSt HA MoYeYHble Y MI0CKOCMHbIe.

B moueuHbix guopgax p-n-nepexon obpasyeTcsi B
TOYKe KacaHusi MeTannmyeckoro koHTakta 1 u nonynpo-
BoAHMKa 2 (Hanpumep, B TOYEYHOM repMaHMEBOM
avone auddysnst antoMUHNS B n-repMaHun obpasyeT B
repmaHuu p-criov). TexHOMorns W3roToBNEHUs repma-
HWEBOrO M/I0CKOCMHO20 AMOAA ONUCaHa BbILLE.

p-n-Tlepexodbl 06nagaloT He TONbKO MPEKPacHbIMW  BbIMPAMASIOLLMMM
CBOMWCTBaMW, HO MOryT BbITb MCNOMbL30BaHbI TakKe AMS YCUINEHUs, a eCrin B CXemy
BBECTM 0OpaTHyt0 CBSA3b, TO U AN reHepauun anekTpudecknx konedbaHuii. Mpubopsl,
npegHasHayeHHble AnA 3TUX Uenen, MnonyYunu Has3BaHue MorynpoBOAHUKOBBIX
TpUoZoB unu mparHaucmopos. 3obpeteHne TpaHauctopoB B 1949 r. cuutaetca
caMbIM 3HauuTenbHbiM KM306peTeHnem XX Beka M Bbino otmeuveHo B 1956 ropy
HoGeneBckow npemuen.

TpaHauctopbl MoOryt ObiTb TMRA n-p-n U Tuna p-n-p B 3aBUCUMOCTU OT
YepenoBaHUs obnacTer ¢ pas3nMyHON NPOBOAMMOCTbLIO. /151 npuMepa paccMOTpUM

Omutrep  Baja K}J‘U‘le]ﬂop Tpuog Tuna p-n-p. Paboune "anexktpoab!”
\

TSN IO eI e ta T e T e Te T Te SO 00,0 0,0 00
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Tpuoda, KoTopbiMu  saBnsoTcs  6asa
(cpeaHss YacTb TpaH3UCcTopa), IMUTTEP U
KonnekTop (npunerawwme k 6ase ¢ 06enx
CTOPOH 06nactm C  WHbIM  TUNOM
NPOBOAUMOCTM), BKMHOYAKOTCS B CXEMY C
- NMOMOLLIO  HEBBINPAMMSIOLMX KOHTaKTOB

— MeTannnyecknx npoBoAHUKOB. Mexay

aMuTTepoM U 6asoit npuknagbiBaeTcs
NOCTOSIHHOE CMeLLaloLlee HanpshkeHne B NPSIMOM HanpasneHun, a mexay 6ason n
KOMMEKTOPOM — MOCTOSIHHOE CMeLLaloLee HanpskeHme B 06paTHOM HarnpaBeHuw.
YcunuBaemoe nepemMeHHoe HarnpsbkeHue noaaércsi Ha BXOOHOE COMpOTUBIIEHME
R, a ycuneHHoe — CHUMaeTCs C BbIXOOHOMO CONpoTUBNEHust R

BX ’

Rnux llsblx

BbIX

MpoTekaHwe Toka B LUenu aMuTTEpa OBYCNOBMEHO B OCHOBHOM [BWXEHWEM
ObIpOK  (OHM  ABNSATCS OCHOBHBIMW HOCUTENAMWU TOKa) M COMPOBOXAAETCS WX
"BnpbICKMBaHNEM" — UHXekyuel — B obnacTb 6Gasbl. [NpoHukwne B a3y AOblpku
AnbdyHAMPYIOT NO HAaNpPaBNEHWUIO K KONMNEKTOPY, NPUYEM Npu HEOOMNbLION TONLWMHE
6a3bl 3HaUMTENbHAsA YacTb MHXEKTUPOBAHHbIX ObIPOK AOCTUraeT KomnnekTopa. 3gecb
ObIpKM 3axBaTbIBaAlOTCS MONeM, AeNCTBYOLWMM BHYTPY Nepexoda (NpUTSrMBatoTcst K
oTpULaTENBHO 3apsHKEHHOMY KOJMEKTOpy), BCNEACTBME Yero W3MeHsieTCs TOK
konnekTopa. CnegoBaTenbHO, BCAKOE U3MEHEHMNE TOKa B Lienu aMUTTePa Bbi3biBaeT
M3MEHEHWE TOKa B Lienu KonnekTopa.

MpuknaabiBas Mexay SMUTTEPOM U 6a3oi NepeMeHHOe HanpsiKeHUe, NonyyYMm
B LMW KOMMeKTopa MepemMeHHbI TOK, @ Ha BbIXOQHOM COMPOTWUBIEHUU — Mnepe-
MEHHOE HanpskeHve. BenvuuHa ycuseHusi 3aBUCWUT OT CBOWCTB p-N-Nepexonos,

Harpy3o4HbIX COMPOTMBNEHWI W HanpsikeHust G6aTtapen b, . O6biuHO Ry >R,

nostomy U,

nepemeHHoro Toka, Bblgensiemas B R, . , MoxeT 6biTb Gonblue, Yem pacxogyemas B

Lienu aMuTTEpPa, TO TPaH3UCTOP AaéT U ycuseHue MoOWHOCMU.

>U,, (ycuneHne moxeT gocturatb 10 000). Tak Kak MOLYHOCTb

KBaHTOBas humsuka
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Teépable Tena, npeacrasnswowme cobor ahEHEKTUBHO MOMUHECULMpyowme
MNCKYCCTBEHHO MPUIrOTOBIEHHbBIE KPUCTaMMbl C YY>XEPOAHLIMU MPUMECAMU, MONYYNn
Ha3BaHWe Kpucmasninogocgopos.

7 Ha npumepe KkpucTannodochopos paccMoTpUM
W/,//,{/é/j/f////zg///f MEexaH13Mbl BO3HWKHOBEHUS (DOCEOPECLIEHLIMN C TOUKM
|

A A A A /
3peHMs  30HHOW Teopum TBEPAbIX Ten. Mexay
BaneHTHON 30HOW W 30HOW MPOBOAMMOCTM KpuCTanmo-
doccopa pacnonaratoTcs NpUMECHbIE YPOBHU akTuBa-
A A Topa A. [OAnA BO3HWMKHOBEHMWSI AMUTENbLHOMO CBEYEHUS
KpucTannodgochop  [OIMKEH  codepXaTb  LIEHTPbI
3axBaTa, WNU MOBYLWKW Ans 3nekTpoHoB (f14, JIo).
OnutenbHOCTb npouecca MurpaummM 3nekTpoHa [[o
MOMEHTa pekomMbuHauum ero ¢ MOHOM akTuBaTopa
onpeaenseTcsi BpeMeHeM NpebblBaHWsi 3NEKTPOHOB B JTOBYLLKaX.

34. KOHTaKT 3/IEKTPOHHOIO U AbIPOYHOro NONyNnpPoBOAHUKOB (p-n-nepexon)

paHuLa CONPUKOCHOBEHWA ABYX MOYyNpOBOAHWKOB, OAUH M3 KOTOPbIX UMeeT
3MNEKTPOHHYIO, a APYron — AbIPOYHYI0 NPOBOAUMOCTb, HA3bIBA€TCH 3/IEKMPOHHO-
ObIPOYHLIM r1epexodom (VNN p-n-Nepexonom).

p-n-NMepexoq 06blMHO cO3gaéTca Mpu  cneynanbHon
06paboTke KpucTanmnos, Hanpumep, MNpU BblOEPXKKE MNMOTHO
NpUXaThLIX KPUCTANMOB repmMaHns (n-Tuna) u uHaus npu 500°C 8 @
Bakyyme (a) atombl uHAMA AWDOYHAMPYIOT Ha HEKOTOPYH
rnybuHy B repmaHuii, obpasysi NpoOMEXYTOYHbIA CION repMaHus,
oboraLéHHOro nHanem, NPoOBOAMMOCTb KOTOPOro p-tuna (6).

OneKTPOHbI U3 N-NOMYNPOBOAHMKA, FAe WX KOHLEHTpauus
Bblwe, 6yayT anddyHanposaTtb B p-nonynpoBoaHuk. Ouddysus 6)
ObIpoK npoucxoaunTt B obpaTHOM HanpasneHun. B n-nonynposoa-
HUKe Wu3-3a yxoda 3NeKTPoHOB BOMM3M rpaHuLbl OCTaétcs
HECKOMMNEHCUPOBAHHbIN M10/10KUMerbHbIU 06bEMHbIU 3apsi0 HENOOBMXHBLIX NOHWU30-

O6nacrs BaHHbIX [OHOPHbIX aToMoB. B p-nonynpoBogHuke wu3s-3a
nepexona yxopa Ablpok B6nm3n rpaHuubl obpasyeTcs ompuyamerib-

HbIll  O06BLEMHbIU 3apsi0  HENoOABMXKHBIX  MOHW30BaHHbIX
akuenTopoB. 3TN 00bEMHbIE 3apsabl CO34aloT 3anuparo-
wull pasHOBECHbIU KOHMAaKmMHbIU C€r10U, NPEensTCTBYOLWMNA
OanbHewLemMy nepexomy 3NeKTPpoOHOB U [AbIPOK.
ConpoTuBneHve 3annparoLlero Criost MOXXHO U3MEHUTb C MOMOLLbI0 8HEWHEe20

anekTpudyeckoro nons. Ecnu HanpaeneHve BHewHero nons FE coBnagaer cC
HanpaBneHnem E Momnsi KOHTaKTHOro Crosi (a), TO 3anuparoLLmii Cioii paclumpsieTcst
W ero conpoTuene-

Kpucrann Ge p-runa

4

L s

Kpucrann

Ge n-tuna %

T
n-THn j++ |-
R b

@ mom 2 pom o nown % prun HWe Bo3pacTaer -
g o0 N Biben ol 4 Il o Takoe HanpasreHne
<o lttpl—=l o» | o 1tl- =0 1 HasblBaeTcsl 63anu-

e S e v
1t = :

< -— npaBneHue  BHeLU-

Hero nonsi NPoT1BO-

MOMOXHO TMOMK KOHTaKTHOro cnost (6), TO nepeMelleHMe 3SMEeKTPOHOB M AblpOK

NpUBEOET K CY)XEHUI KOHTAKTHOrO CIlosi U ero COMPOTUBMEHUE YMEHBLUUTCS — Takoe
HanpaBneHue Ha3bIBaeTCs MPOMYCKHLIM (MPAMbIM).
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BCMeACTBUE 3TOrO HEMPEPLIBHO TepSTb 3Hepruto. B pesynbtate
3MNeKTPOH OyaeT npubnuxkatbCst K SAPY U B KOHEYHOM CYETE
ynadém Ha s10po.

Kpome Toro, knaccuyeckas nnaHeTapHas Mofenb atoMa He
06bsiCHSIem JluHeli4amo20 cnekmpa amomos.

2. JlnHenyaTbIW CNEKTP aToMa Bogopona

OKcrnepuMeHTanbHoOe UccrneaoBaHNe CNeKTPOB U3NYyYeHUs] paspeXeHHbIX ra3oB
(oToenbHbIX aTOMOB) MoKasanu, YTO XapaKTEepHbIN [MHEWYaTbIi CNEKTP KaX4oro
anemMeHTa npeacrtaBnsieT cobon cepun NUHWUIA, MOSIOXKEHUE KOTOPbLIX MOXET ObITb
OMUCaHO NPOCTbIMU AMMUPUYECKUMU hopMynamu. Tak, MONOXeHWe NMUHWIA aToma
Bogopoaa B BuMAUMOM obnacTu cnekTpa onuckiBaloTcs ¢hopmynoli banbmepa

%:R’(%z—zz), U (v:%) ANS 4acToT: V:R(%z—zz) (n=3,4,5,..),

roe R'=11-10'm", R=R-¢=3,29-10" ¢' - nocmosiHHas Pudbepaa.
Mo3aHee, B ynbTpadmoneToBol obnacty bbina obHapyxeHa

cepus JlalimaHa: V=R(%2—%2) (n=2,3,4,...),

a B MHdpakpacHon obnacTtu

cepus MaweHa: v=R
cepusi Bpakema: v=R
cepus lNgyHOa: v=R

cepusi Xameppu: v=R

Bce a3t cepum MoryT 6bITb onvcaHbl 0606wWéHHoll gpopmynoli banbmepa

11
V:R(_z__zj’
m n

roe m=1,2,3,4,5,6 onpegensieT cepuio, a n=m+1,m+2,... onpeaenser
oTaenbHble NUHUM 3To cepun. C yBenUUEeHUEeM 7 NUHUKM cepun CBNUKarTcs;
3Ha4YeHMe 71 =00 OnpeaenseT 2paHuUUy cepuu, K KOTOPOW CO CTOPOHbI GOMbLUMX
4acTOT NPUMBIKAET CMIOLIHON CrEeKTP.

AHanoruyHble cepum 6bInu BblaeneHsl B NIMHENYaTbiX CNeKTpax aApyrux aToMos.

3. Mocrynatel Bopa

[ns oObsCHEHNs1 3aKOHOMEPHOCTEN B NMHeNYaTbIX cnekTpax bop obbeguHun
nnaHeTapHyto mogenb atoma Pesepdopga ¢ runoteson [MnaHka O KBaHTOBOW
npupoge ceeta. Teopus atoma bopa ocHoBbIBaeTCs Ha ABYX NOocTynarax:

(I) NepebIt _noctynar Bopa (mocmynam cmayuoHapHbiX COCMOSIHUL):
cyujecmeyrom cmayuoHapHbie (He N3MEHSIoWNeCs CO BPEMEHEM) COCIMOSIHUS
amoma, Haxo0sicb 8 KOMmopbIX OH He u3yYyaem 3Hepauu. CTauMOHaPHbIM
COCTOSIHWSIM aTOMa COOTBETCTBYIOT CMayuoHapHble opbumai, N0 KOTOPbIM ABWKYTCS
3NeKTpoHbl. Kaxaoe craumoHapHOe COCTOSIHUE XapakTepuayeTcsl orpedesiéHHbIM
(BMCKpeTHbIM) 3HauYeHWeM SHepruu. [BMXKEHUE SMEKTPOHOB MO CTaLMOHAPHbLIM
opbutam He corpogoxdaemcsi U3ny4eHNeM 3NEeKTPOMarHMTHbIX BOJH.

lpasuno keaHmosaHusi op6um Bopa yTBepXpaeT, UTO 8 CmMayuOHapHOM
COCMOSIHUU amoma 3/1eKmMpPOH, 08u2asicb Mo Kpyeosol opbume, OO/mKeH umemb

KBaHTOBas chumsmka



7-4

K8aHMOBAHHbIE 3HAYeHUsI MOMeHmMa UMMynbca, YAOBNETBOPSIOLME YCMOBUIO
mur, =nh (n=1,2,3,...),
roe m, — macca areKTpoHa, U — €ro CKopocTb Ha n-ii opbute paguyca 7,
h=h/2m).
(IT) Bropoit nocrynat Bopa (npasusio yacmom): npu nepexode amoma u3

00HO20 COCMOSsIHUSI 8 Opy20e UcnycKkaemcs unu noziaouwaemcsi o0OuH ¢homoH
C 3Hepeuel

hv=E, -E,,
pasHolU pa3HOCMu 3Hepauli coomeemcmeyruux CMmayuoHapHbLIX COCMOsI-
Hull.

Uanyyenve (E,, <E,) npoucxoouT npu rnepexofe atoma U3 COCMOSHUS C
60OnbLUEl 3HEpPruen B COCTOsIHNE C MEHbLUEN 3Hepruen (Mpu nepexone dreKkTpoHa ¢
opbuTtkl 6onee yganéHHom OT sapa Ha ONVKHIOK K sapy opouTy).

Mornouwlenne dotoHa (£, > E,) conpoeoxaaeTcs nepexoaoMm atoma 8
cocmosiHue ¢ 66nbluen aHeprmen (nepexop anekTpoHa Ha bonee yganéHHyk oT
aapa opourty).

Ha6op ecee03MOXHbIX OUCKPEMHbIX YacTOT KBAHTOBbIX NEPEXOAOB

v= En — Em

h
onpenenaet nuHelYamabil criekmp amoma.

4. OnbiTbl PpaHka u Fepua

B onbitax ®paHka u Mepua 6bINo sKkcrnepumMeHmarnbHO 0OKa3aHO Cyu,ecmeo-
8aHUe 8 amomMax cmauuUoHapHbIX COCMOSIHUL.

OneKTPOHbI, aMUTUPOBaHHbIe kaTtodoM K, paszoHsitomcs B obnactn 1 nop

OefcTBMEM YCKOPSIIOLLLE Pa3HOCTU NOTEHLMANoB @

K ] [ A .

_D! 2 : I_. mexay katogom u cetkon C,. B obnactm 2

L. 13 SMEKTPOHbI  MPOXOOAT Yepe3 mnapbl  PTYyTM U

G G pocturaior aHoga A. [lepsoe Bo36yxaéHHOE

COCTOSIHME aTtoma pTyTM umeeT aHeprmio 4,86 aB. lNMpu yBennyeHun yckopsoLero

noTeHuMana ¢ [0 3TOW BENMUYMHBI, COyAapeHnsl SNEKTPOHOB C aTOMaMu CTaHOBSITCA

486 HEeynpyrumn: 3MeKTPOH OTAAET KMHETUYECKYHO SHEPIUHO

I aToMmy, Bo30Oyxgas  nepexos M3 OCHOBHOMO

4,86 3HEPreTUYeCcKoro COCTOSHUS B NEpBOe BO3BYKAEHHOE

486 COCTOsIHVE (Mo2/IouWeHUe SHepPrMm atoMamu pTyTm) —

moK 8 ycmaHoeke pe3Ko ymeHbwaemcs. [pu

JanbHevilwem  yBenuueHun @, nopgobHoe ke

nosedeHve Toka Habnwpgaetcs Npu  SHeprusix,

KpamHbIx AE =4,86 3B, koraa QNEKTPOHbI

MCNbITbIBAKOT 2, 3, ... HEYNpyrux coygapeHun. Takum

obpa3oM, B aTtoMe [eNCTBUTENbHO CyLLECTBYIOT

. | . CTauMoHapHble COCTOsIHMA (NOATBEPXAEHWE NepBOro

0 3 10 15°¢.B  noctynata Gopa).

Bo36yxa€HHblE aTOMbl PTYTW, NEPEXOAA B OCHOBHOE COCTOSIHUE, U3Jlyqarom

KBaHTbl CBeTa C AMNVHOW BOMHbI X:hc/AE:255 HM (noATBEpXOEeHWEe BTOPOro

nocrynara bopa).
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B 30HY NMPOBOAMMOCTU B Crlydae nonynpoBogHuka n-tuna (puc.(6)) unu n3 BaneHTHon
30Hbl Ha aKUermopHble ypO8HU B CIly4ae NnorynpoBoAHuKa p-tuna (puc.(B)).
lMpumecHasi ¢homonpogoOuMocmb ANs MNONYNPOBOAHWKOB N-TUMA — YUCMO
3/1EKMPOHHasi, AN NONYNPOBOAHWKOB P-TUMA — YUCMO ObIPOYHAEs.
Takum obpasom, ecrim hv>AE ana coBCTBEHHLIX MOSYNPOBOAHMKOB, U

hv > AE, nns npumecHbIx NonynpoBOAHWUKOB, TO B MOMYNPOBOAHNKE BO3OYxaaeTcs
¢boTonpoBoanMocTb (3aecb AE, — SHepriisi akTUBaLMM NPUMECHbIX aTOMOB).

OTciofja MOXHO OMpefenuTb KpacHyr 2paHuyy d¢ghomonposodumocmu —
MakcumarnbHyt0  ANWMHY  BOSHbI, NpW  KOTOPOWM  ewé  doTonpoBOAUMOCTb

. ch ch
BO3GYyxaaeTcs: A :E, Ao :E NS COBCTBEHHBLIX M MPUMECHBLIX NOMynpo-

n
BOAHWKOB, COOTBETCTBEHHO.

Hapsgy ¢ nornoweHueM, nNpuBOASLMM K MOSIBNEHWUIO (HOTOMPOBOAMMOCTH,
MOXeT MMeTb MeCTO MOorfoLLeHVe cBeTa ¢ obpa3oBaHNeM 3KCUMOHO8, KOTOPOe He
« MpUBOAMT K (POTONPOBOAMMOCTU. BKCUMOH — 3ITO

KBasuyactvua, npeacraensowas cobon CBA3aHHYO
napy 9aneKkTpoH—Ablpka, KoTopas MoxeT cBo6oAgHO
* nepemeLyaTbcs B KpucTanne. OKCUTOHBI
« BO30OyxgalTcs POTOHAMM C SHEPIUSAMU MEHbLUMMU
3HEepruu 3anpeLléHHON 30Hbl U MOTyT ObITb HarMsAHO
npeacrtaBneHsl B BuAE  MOAENW  CrapeHHbIX
e anekTpoHa (e) wn gablpkn (h), ABMXKYLWMXCA BOKPYr
» OOLLero LeHTpa Macc, KOTOpbIM He XBaTWUO SHEPTUK,
4YTOObI OTOPBATLCA APYr OT Apyra (Tak Ha3blBaeMbIi
aKcumoH BaHbe-Momma). B LenoM 3KCUTOH 3MeKTpU4ecKkn HewTpaneH, noatomy
3KCUTOHHOE MOrNoLLEeHNe CBeTa He NPUBOAUT K YBENUYEHUIO POTONPOBOANMOCTH.

33.JlloMuHecUeHUUst TBEPAbLIX Ten

JllomMuHecyeHyueli HasbiBaeTCsd U3Ny4YeHue, Un3BbLITOYHOE Mpu  AaHHON
TemnepaType Ha TENnoBbiM MW3Ny4YeHUEM Tena W UMelLllee ANUTENbHOCTb,
66nbLIY0 Nepuofa CBETOBbIX kKonebaHuin.

BewectBa, crnocobHble nop OEWCTBMEM PasnMYHOrO poaa BO30yXAeHWN
CBETUTLCS, HA3bIBAIOTCS JIIOMUHOGOpaMu.

B 3aBucuMmocTy oT cnocoboB BO3GYXAeHUs pasnuyaloT: ¢homosIroMUHeCyeH-
yuro (No OencTBMEM CBETa), PeHM2eHOIIOMUHEeCYeHYyuro (nog OeNCTBUEM PEHT-
rEHOBCKOrO U3nyyeHusi), kamodosiroMUuHecyeHyuro (nog AEVACTBUEM 3I1EKTPOHOB),
paduonromuHecyeHyuro (Npy BO3OYXOAEHUM siAEPHBIM  M3MyYEeHUEM, Hanpumep
Y -M3ny4YeHneM, HEMTPOHamu, NPOTOHaMMN), XeMUJTFOMUHECUeHyuUro (NMpyu XMMmiec-
KMX MpeBpalleHusix), mpubosroMuHecyeHyuro (Npu pacTupaHuy Unu packasbi-
BaHUW HEKOTOPbIX KPUCTANMoB). Crextp nornowesns  Crextp

Mo ANWUTENbHOCTM CBEYEHUSI YCIIOBHO pa3nuyatoT: (s03ByuennT)  JUOMMHECUSHLMM
¢nyopecuyeHyuro (t < 1078 C) n ¢ghocghopecyeHyuro —
CBeYeHWe, NpoJoIKaloLleecs 3aMeTHbIN MPOMEXYTOK
BpeMeHU nocre npekpaileHns Bo3byxxaeHus.

Yxe B NepBbIX KONMUYECTBEHHBLIX UCCINEAOBaHUAX
TNIOMUHECLEHUMN  BbINIo  cHOPMYNUPOBaHO  npaeusio
Cmokca: pnvHa BOIHblI JIIOMUHECLEHTHOTO M3nydeHusi Bcerga Gonblue AnWHBbI
BOIHbI CBETa, BO30YyAUBLLETO €ro.

A

A.H. OrypuoB. ®u3suka 0518 cmydeHmoe
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crnyyae 3TOT ypOBeHb pacnonaraeTcsi OT AHa 30Hbl MPOBOAMMOCTU Ha PaCCTOSHUU
AE, =0,0133B <kT, noatomy yxe npu O0OGbi4HLIX TemnepaTypax Tennosas

3Heprus JocTatoyHa Ans nepebpocKyu INEKTPOHOB C MPUMECHOTO YPOBHSA B 30HY
npoBOAVMOCTH.

Mpumecu, sBRAOLNECH UCTOYHUKAMKU 3NIEKTPOHOB Ha3biBalOTCsi QOHOpamu, a
3HepreTM4ecKkme ypoBHN 3TUX NpUMecent — OOHOPHbIMU YPOBHSIMU.

Takum obpas3om, 8 nosnynposodHUKax n-murna (OOHOpPHasi NpUMech) peanu-
3yeTcsl 3/IeKMPOHHbIU MexaHU3M NPOBOAUMOCTH.

MonynpoBoAHVKN Ha3blBalOTCA ObIPOYHLIMU (MW MOYNPO8OOHUKaMU
p-TMna) ecnv npoBOAMMOCTb B HUX obecneumBaeTcs [Ablpkamu, BCeacTBue
BBELEHUS MPUMECH, BaNEHTHOCTb KOTOPOW Ha eOUHUUY MeHbWe 8arleHmHocmu
OCHOBHbIX amoMo8.

Hanpumep, BBegeHwe TpéxBaneHTHOM npumecn 6Gopa (B) B Matpuuy

YyeTblpéxBaneHTHoro repmanns (Ge) NpuBoaUT K MOSIBNEHUIO

c B 3anpeLyéHHON 30He MPUMECHOr0 3HEepPreTU4ecKoro YpoBHS

A He 3aHATOro anekTpoHamu. B pgaHHoOM cnyyae aToT

AE] YPOBEHb pacrnonaraeTcs OT BEPXHEro Kpasi BarieHTHOW 30HbI

A g Ha pacctosiiun AE , = 0,08 3B. OnekTpoHbl 13 BaneHTHO
‘A

30Hbl MOTYT MEpPexoauTb Ha MPUMECHBIA YPOBEHb, foKanu-
3ysicb Ha atomax 6opa. ObpasoBaBLUMECS B BarleHTHOW 30HE
ObIPKM CTAHOBSITCSt HOCUTENSIMU TOKa.

Mpumeck, 3axBaTblBaloLiMEe 3MEKTPOHbl W3 BaNeHTHOW 30Hbl, Ha3biBAKTCSH
akyenmopamu, a 3HepreTUyeckne YpPOBHW 3TUX NpUMEcern — akuyernmopHbIMU
ypoeHsiMu. B nonynpogodHukax p-murna (akuenTopHasi npuMech) peanuayeTcs
ObIPOYHbIU MexaHU3M NPOBOAVMMOCTY.

Takum o6pasom, B OTnMYMe OT COOCTBEHHOW MNPOBOAMMOCTM, MMPUMECHast
nposodumocms 0bycriogrneHa HocumessiMu 00HO20 3HakKa.

32.doTONPOBOANMOCTbL NONYNPOBOAHMKOB

®omonposodumMocmb MoynPos8oOHUKO8 — YBENUYEHUE 3NEKTPONPOBOAHOCTU
NOSyNPOBOAHMKOB NMOA AEeNCTBMEM 3MIEKTPOMArHUTHOMO M3Ny4yeHusi — MOXeT GbiTb
CBsi3aHa CO CBOWCTBaMM Kak OCHOBHOMO BELLECTBA, Tak WU COAEPXALUMXCA B HeM
npumecen.

a)

Cob6cTBeHHas ¢oTtonpoBoaumocTb. Ecnun  sHeprus

(boTOHOB Gonblie WMPUHBLI 3anpeléHHoi 3oHbl (Av > AE),

3MNEeKTPOHbI MOryT ObiTb NepebpoLleHbl U3 BaneHTHON 30HbI B
30Hy MNPOBOAMMOCTM (@), 4TO nMpuMBEOET K MOSIBIIEHUIO hv
[00aBOYHbIX  (HEpaBHOBECHbIX)  3MEKTPOHOB (B 30He
NpOBOAMMOCTU) W OblpOK (B BaneHTHOM 30He). CobcTBeHHasi
hoTONpPOBOANMOCTL OOYCNOBMeHa Kak 3MeKTpoHaMu, Tak U
OblpKkamu.

NpumecHasa doTonpoBoanMOCTb. Ecnu nonynpoBogHWK COaepPXUT NpuMecH,

6)@ OO e <A i sovopron e,
AEp

" A

| ——

v

AE

oToH pomkeH obnagaTb  3Hepruen
hv=AE[, npu akuyenmopHol mnpumecu
hv=AE,. Tpu norrnoweHnn cBeTa

F————————+ pUMEeCHbIMM  LEHTPaMy  MNPOUCXOAUT
== nepexop 3neKTPoOHOB ¢ OOHOPHbIX yposHel

A.H. OrypuoB. ®u3suka 0518 cmydeHmoe
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5. CnekTp aTtoma Bogopoga no Bopy

PaccMoTpum  [BuxeHWe anekTpoHa B BOAOpodonofoGHoi — cucTeme,
orpaHNYMBasiCb KpYrosbiMM CTauMoHapHbIMKU opbutamu. BTopoi 3akoH HbloToHa

Ze-e mev2 mev2 1 Zé
— = (opyras dopma: —%—=————) ” yCrnOBME KBaHTOBaHWe
4ngyr r 2 2 4neyr
MOMeHTa uMmnynbca: m,Ur, =nh, — NO3BOMSIOT MOMYYUTb paguyc n-i
CTauMoHapHOM OpOUTLI INeKTPoHa n E
-4 = 9B
2N -AaTe 7\_
pEnt——= (1=1,23,0.). e\ oo oo 03
m,Ze 5 Z 0,54
y N 4 Tt -0,84
Ana eodopoda (Z =1) papnyc nepsoii op- 3 G oo 1,5
61TbI anekTpoHa (nepesiii 66poeckuii paduyc) Mawena Bpaxera
2 -3,38
h”-4me _ 2 C ’
ag=r=—->"2=5,28-10"m. Banepa
me
lMonHasi aHepa2usi 3/1eKMPOHa B BOOOPOI0-
nofobHoW cucTeMe CknafblBaeTcs U3 KUHeTWde-
CKOWM 1 NOTEHLUMANbHON SHEPrun
Fe mev2 _ Ze* __ 1 Ze*
2 4meyr 2 4neyr
U, C y4ETOM KBAHTOBAHUS OpOUT 7, , MOMy4nM
2 4 _
__1Z'me (n=1,2,3,..) ! Copm 13,35
n Pt et R ]
}12 8/’1285 aiimana,

rae 3HaK MUHYC O3Ha4aeT, YTO AMEKTPOH HaxoAMTCS B CBA3AHHOM COCTOSIHUN.

Llenoe uucno n, onpegensiollee aHepreT4eckie ypoBHM atoma, Ha3blBaeTcs
2naeHbIM K8aHMoEbIM YUCIOM. JHepreTuyeckuii ypoBeHb ¢ n =1 HasbiBaeTca
OCHOBHbIM (HOPMaJslbHbIM) YPOBHEM, @ COOTBETCTBYIOLLEE €My COCTOSIHME aToma
Ha3blBaeTCs OCHOBHbLIM (HOPMasbHbIM) cocmosiHueM. YpoBHn ¢ n>1 wu
COOTBETCTBYIOLLME UM COCTOSIHUSI HA3bIBAIOTCS 8036YKOEHHBIMU.

MpuoaBas n LENoYMCrEHHbIE 3HayeHWsi, monyyaem [Ans atomMa Bogopoda
3HepreTU4eckMe YpPOBHW, MpPeACTaBMEHHble Ha PUCYHke. MuHMManbHas aHeprus
atoma Bogopopa E; =—13,559B. MakcumanbHas aHeprus E, =0 npn n=oo

Ha3blBaeTCA 3Hepauell uoHu3ayuu aTtoma (npu E =FE_ npoucxoaut oTpbIB

ONEeKTpOoHa OT aToma). I'Iepexo,u, M3 CTaulMOHaApPHOro COCTOAHUA 1 B CTaUlMOHapHOe
COCTOAHMEe m conpoBoOXOaeTcd ncnyckaHnem KBaHTa

4 4
hv=En—Em=—%[%—%)=/m(%—%), e R=—¢~.
8h'eg\n™ m m- n 8h’g;

TeopeTunyeckoe 3HauyeHMe R XOpOLLO cornacyeTcsi CO 3HaYeHWEM MOCTOSIHHOM
Punbepra, onpegenéHHbIM aKkCnepuMeHTanbHo.

Teopuss bopa cbirpana OrpoMHyl0 pofib B CO34aHUM aTOMHOW (OU3VKKU, B
pasBUTUM aTOMHOW U MOMEKYNSIPHON CMNEKTPOCKOMUM, HO €€ BHYTPEHHSSI MPOTMBO-
PEeYMBOCTb — COEAMHEHNE KIMAacCUYECKUX U KBAHTOBbLIX NPeACTaBlIeHUn — He MO3BO-
NUNM Ha €€ OCHOBE OOBACHWTL CMEKTPbl MHOFO3MEKTPOHHBLIX aToOMOB (Jaxe
NPOCTENLLEro U3 HUX — aToMa renusi, cogepallero NoM1MO sapa ABa 3MNeKTpoHa).

KBaHTOBas chumsmka



7-6

OcHOBHbIe MOHSIMUSI K8BaHMOBOU MexaHUKU

6. KopnyckynspHo-BOJIHOBOM Ayanu3m CBOMCTB BellecTBa

KBaHTOBass MexaHvKa, cO3faHHas [Ansi OnucaHUsi CBOWCTB  KBAHTOBbIX
06BbEKTOB, OCHOBbLIBAETCS HA NpeanonoxeHuu Jlyv e Bpoins o ToMm, YTO Tak e Kak
CBETYy MNpWUCYLUM OOHOBPEMEHHO CBOWCTBA YacTuubl (KOPMYCKymnbl) W BOJHbI
(nBOMCTBEHHAs KOPMYCKYINSAPHO-BOMHOBAA Mpupofa CBeTa), Tak W 3J1eKMPOHbI U
nobbie dpyaue Yyacmuuybl Mamepuu Hapsidy ¢ KOPRycKynsipHbIMU o6nadarom
mak)xe 80JIHO8bIMU ceolicmeamu.

KaxkgoMy 06BbeKTy MpUCYLLUM Kak KOPMYCKYNAPHbIE XapakTEPUCTUKU — 3Hepaust
E v umnynbc p, Tak W BONHOBblE XapaKkTEpUCTUKW — Yacmoma Vv W OnuHa

80JIHbI A

COOTHOLUEHNSI MEXAY KOPMYCKYNSIPHbIMW W BOJTHOBLIMU XapakTepucTUkamu
yacTuL Takve xe, kak ans otoHos: E=hv=hew u p=h/\.

Takum obpasom, moboi Yactuue, obnagatowen uMnynscom (B TOM 4Ynucne u
Yyactuue, B OTNMYMe OT (POTOHa, obnagatollelt maccoil Mokosl), corrocmaesnsemcsi
80/1HOBOU NPOoYEeCcc C ANVHON BONMHBI, onpedensiemon no oopmyne ge Bpouns

Zomg- A= ﬁ

Pomen TIRECTIUHAE p
Mnotesa ge bponnst 6bina nogTeep-
,//,i/ XOeHa 9KCnepumeHTanbHO B oOnbiTax Mo
Tyon \:{5: andpakumn aneKkTpoHOB Ha MOHOKpUCTannax
SIEITPOHOE ~ MeTanmnoB — eCTeCTBEHHbIX AN(PaKLMOHHbBIX

pelwéTkax — U Ha MeTaIMYecKknx MnEHKax.
Oaxe B cnydae 4pesBbl4alHO cnabbix
My4YKoB, KOrAa KaXKAbli SMEKTPOH MPOXOAMIT MPensaTCTBME HE3aBUCUMO OT ApPYrux
3NEKTPOHOB MyyKa, hopMupoBanach AndpakunMoHHas KapTuHa Kak B Npoxogsilem,
Tak 1 B OTPAXXEHHOM Ny4Ke 3NEKTPOHOB.

lMonHass aHepausi yacmuuybl onpegensieTca 4acrtoton BonH Ae bpowns c
MOMOLLIbHO COOTHOLLEHUS

E=hv.

Takum 06pa3oM, KOprycKynsipHO—80/IHO8oU Oyanusm — yHU8epcasbHoe
ceolcmeo mamepuu.

370 CBOWCTBO CyLlECTBEHHbIM 00pa3oM MposIBNSEeTCA TOMbKO  Ansi
MUKpoo6Bexkmoes. [Ins Makpockonuyeckux Ten AnnHbl BoNH ae bponns ncyesatolle
Manbl (Tak, Hanpumep, 4vacTtuue maccon 1T, OBWXKyLenca co ckopocTbio 1 m/c,
COOTBETCTBYET [AfMHa BoOnHbl fAe bponna c k:6,62-10‘31|v|) M BOJSIHOBbLIMW
achbdpekTamm npeHebperatoT.

7. HekoTopblie cBOMCTBA BonH ae bpounnsa

PaccmoTpum cBOG0OAHO ABMXKYLLYHOCSH CO CKOPOCTBIO U YacTuLly Maccomn .
PasoBasi ckopocTb BoSH Ae bponns

o _ho E_mc ¢*

v =—=—= =
a3
T Tk p omv v
T. e. (pasoBas CKOpoCTb BonH Ae bBpoivina 6onbwe cKkopocTM CBeTa B Bakyyme
(T. k. c>V).

)
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3a CYET TENnsoBOro BO30YXKAEHUA WMWM 3a CYET BHELUHEro MCTOYHMKA, CNoCOBHOro
nepenaTb anekTpoHam aHepruo AE .

30.CobcTBEHHas NPOBOAUMOCTb NONYNPOBOAHUKOB

MonynpoBoaHukamu siBnsitoTca TBEpAble Tena, kotopble npu 7 =0K umetoT
MO/THOCMBIO 3aHSIMYK 3NEKTPOHAMU easieHmHyro V' 30Hy, OTAENEHHYH OT 30HbI
npoeodumocmu C cpaBHUTENLHO Y3KON 3anpeuw,éHHOU 30HOoU. CBOMM Ha3BaHUEM
OHUW 0653aHbl TOMY, YTO UX MPOBOAMMOCTb MEHbLLIE 31IEKTPONPOBOAHOCTU METaroB
1 GorbLue 3MeKTPONPOBOAHOCTU AUINEKTPUKOB.

PasnuuaoT co6cmeeHHble U npuMecHble Nosynpo8odHUKU. Cob6CTBEHHLIMU
nonynpoBOAHUKAMU SBMSIOTCA XMMUYECKM YMCTbIE NonynpoBoAHUkK (Hanpumep, Ge,
Se), a Mx NPOBOAMMOCTb Ha3bIBaeTCst cO6CMeeHHOU NPo8oduUMOCMbIO.

Mpu T=0K wn oTcyTcTBUM BHELIHero BO36yxaeHUs

c COBCTBEHHbIE NOMYNPOBOAHVKM BeayT cebs Kak ANINeKTpukn.

Mpu noBbilWEHWN TemnepaTypbl 3MNEKTPOHbl C  BEPXHUX

AE YPOBHEW 8asieHmHol 30Hbl V' MOryT ObiTb nepebpoweHsl Ha

HWXKHWE YPOBHU 30HbI posodumocmu C . MNpu HaNoxeHUn Ha

v KpucTann BHELLHero 3MEeKTPUYECKOro nons OHMN

nepemMeLLaloTca NPOTUB NOMS U CO3[AI0T 3MEKTPUYECKUIA TOK.

MpoBoamMmocTb, 0o6ycroBneHHass 3neKkTpoHamW, Ha3bIBAETCH  3JIEKMPOHHOU
npoeodumMocmbio N NPOBOAMMOCTbLIO N-TuNa (negative).

B pesynbtaTte nepexodoB 3NEKTPOHOB B 30HY MPOBOAMMOCTW, B BaneHTHOMW
30HE BO3HUKAIOT 8aKaHMHbIE COCMOSIHUS, TMONyduBlUME HassBaHue AbIpok (hole,
nokasaHbl Ha pucyHke GenbiMu Kpyxkamu). Bo BHellHeM mone Ha 37O BakaHTHoe
MECTO MOXET NepeMecTUTbCH COCEOHWIA BamneHTHbI 3NEKTPOH, MpW 3TOM Ablpka
"nepemectutca” Ha ero mecto. B pesynbTaTte Abipka, Tak Xe Kak 1 nepellewni B
30HY NPOBOAMMOCTW 3MEKTPOH, ByaeT ABUratbCa MO KpUCTaniny, HO B HanpasneHuu
NPOTUBOMONOXHOM ABWKEHWIO 3nekTpoHa. PopmanbHO 3TO BbIMMAAUT TaK, Kak ecrnm
Obl MO KpucTanny ABuranacb 4Yactuua C MONOXMTENbHbIM 3apsAoM, paBHbIM MO
BenuuuHe 3apsay anekTpoHa. [MpoBoAMMOCTb COGCTBEHHBLIX MONYNPOBOAHUKOB,
obycrnoBneHHas KBasuyacTulamu — Ablpkamu, HasbiBaeTcs ObIPOYHOU MpPoeo-
dumMocmbHo VNV P-NPOBOANMOCTBIO (pOsitive).

B cobcmeeHHbix nonynpogodHuUKkax HabniogaeTcs, Takum 06pa3oMm, 3srek-
MPOHHO-ObIPOYHbIU MeXaHU3M NPOBOAVMOCTY.

31.MMpumecHas NpoBOANMOCTbL NONYNPOBOAHWUKOB

lMposodumocmpb  nonynpo8oO0HUKO8, ODOYCnoBMNeHHasi npuMecsamMu (aToMmbl
NMOCTOPOHHMX 3NEMEHTOB), TEMNMOBLIMK (NMYCTbIE Y3Mbl UMW aTOMbl B MEXA0Y3MMN) 1
MexaHuyeckumu (TpeluuHbl, AWUCrokaummn) aedeKktamu, Hasbieaemcs npumMecHoU
npogodumMocmbio, a CamMu MNOMyNPOBOAHUKN — MPUMECHbLIMU [10J1yrpPo8osHU-
Kamu.

MonynpoBOAHUKN Ha3bIBAKOTCA 3/IEKMPOHHbLIMU (ANW Mosynpo8odHUKamMu
n-Tuna) ecnv nNpoBOAMMOCTb B HUX obecneynBaeTcsi U3BbITOYHLIMU 3MIEeKTPOHaMM
npuMecKu, BareHTHOCTb KOTOpoW Ha eduHuyy 6onbwe

¢ 8asIeHMHOCMU OCHOBHbIX armomos.
D AE) Hanpvmep, natvBaneHTHas npumechb Mbiwbsika (As) B
AE maTpuue yeTbipéxBaneHTHoro repmanus (Ge) uckaxaeT none
PeLETKN, YTO MPUBOAUT K NOSBMEHWIO B 3anpeLLyéHHON 30He

%V SHepreTMyeckoro ypoBHaA D BaneHTHbIX  3MEKTPOHOB
MbILWbsKA, HA3LIBAEMOro MPUMECHLIM ypoeHeM. B paHHOM

KBaHTOBas humsuka
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PaccmoTpum BooGpakaembli npouecc ob6beauHeHUss N TOXAECTBEHHbIX
E atomMoB B kpucTann. [loka artombl
HaxogAaTcAa Ha 3Ha4YUTENbHbIX PACCTOAHUAX
r opyr  oT  pgpyra, OHU  UMelT
TOXOECTBEHHbIE CXEeMbl 3HEepreTUYecKux
ypoBHel. o mepe cOnuxkeHns aTomoB
BOJHOBbIE (DYHKLMWN BHELUHUX 3M1EKTPOHOB
aTOMOB Ha4MHalOT NepekpbiBaTbCcA U,
BCneacTtene npuHUmMna I'Iaynm, Ka)K,quVI n3

— o
& - ypoBHeil pacluennsetca Ha N rycto
§— _ pacnonoXxeHHbIX NOAYPOBHEN (paccTosiHue

Yposhu cBoGonHOro atoMa

r Mexay — MoAypOBHSIMU AE~10_2238),
0obBpa3syoLwmx mosrocy Unn paspewéHHyro 3Hep2emu4ecKyro 30Hy (3alUTpUXoBaHbl
Ha pucyHKe). BonHoBble (YHKUMU BHYTPEHHMX SMEKTPOHOB NNOGO COBCEM He
nepekpbiBaloTca, NMOO nepekpbiBalTcs crnabo, NO3TOMY YPOBHWM BHYTPEHHUX
3MeKTPOHOB NBO COBCEM He pacLuennstTcs, nmbo pacennsatoTcs cnabo.

Pa3peluéHHble aHepreTnyeckne 30Hbl pasgeneHbl 30HaMy  3anpeLyéHHbIX
3HaYeHWUn 3Heprun, HasblBaeMbiMW 3anpeuwéHHbIMU 3Hep2emuYyecKUMU 30Hamu.
B HUX 2neKkTpoHbl HaxoauTbcst He MoryT. LUvpuHa 30H (pa3peluéHHbiX 1 3anpe-
LWEHHbIX) HEe 3aBUCMT OT pa3mepa kpucTtanna. PaspeléHHble 30HbI TEM LLUMPE, YeM
cnabee cBA3b BaneHTHbIX 3IEKTPOHOB C SAPaMMU.

29. MeTannbl, AN3NEKTPUKA U NONYNPOBOAHUKN

B 30HHOM Teopuu TBEPOOro Temna pasnuMyns B SMEeKTPUYECKUX CBOWMCTBaX
pasHblX TUNOB TBEPAbIX Ten OObACHATCA 1) LIMPUMHON  3anpeLLEHHbIX
3HEpreTM4ecKMxX 30H U 2) pasnnyHbIM 3aMnofIHEHWEM Pa3peLUEHHBbIX AHEePreTUYecKmx
30H.

BaneHmHoOU 30HOU Ha3blBAETCH 30HA, NMOSIHOCTLIO 3anOfIHEHHASA 3IIEKTPOHAMMU.
3oHol npoeodumMocmu HasblBaeTCcs 30Ha, MO0 YaCTUYHO 3amnofiHeHHasi

3MeKkTpoHamu, nnbo ceoboHas. a 6)
MeTannsbl. 3oHa 3oHa

a) Ecnn camasi BEPXHAS 30Ha, NpPOBOAUMOCTY MPOBOAMMOCTH
COAepXaLLas SMEeKTPOHbI, 3anonHeHa Wb

alnpeluicHHas 30Ha

YacCTWYHO, TO 3HEPTMU TEMMOBOro ABWKEHUS OBnacTs nepe-
3MNEeKTPOHOB (kT~10’4sB) [0CTaToOuHO, HacTniHo KpBITHS 30H
YTOBbI 9NEKTPOHbLI NepeLuny Ha CBOBOHbIe Sancnietias BanettHas
ypoBHM B 30He (cTanu cBobodHbIMM), sofia S0Ha

obecneunBas NpOBOAMMOCTb METANOB.

©) Ecnn BaneHTHas 3oHa nepekpbiBaeTcA CBOOOOHOM 30HOW, TO obpasyeTcs
2ubpudHas 30Ha, KOTopasi 3anoSfIHEHa BaNeHTHbIMW 3NIEKTPOHAMM NULLb YACTUYHO,
4yTO Takke obecrneunBaeT NPOBOANMOCTb METAMNNNYECKOro TUNa.

OWN3neKTpUKKU 1 NonynpoBOAHMUKMU. e 2)

B cnyyae auanekTpuka (CM. pUCYHOK 3oHa
() wupnHa AE 3anpeluéHHOM 30HbI Hec- | PooAnMocTH 3ona

. nposoaAnMOCTU

KOJ‘IbK60 3B; Tennosoe OBWXeHUE He MOXET  34npemenmas
nepeGpocuTb  3MEKTPOHbI U3  BarneHTHOM 30Ha £ ¢ Sanpemenmas soxa
30Hbl B 30HY NMPOBOAUMOCTU. Y

B cnyyae nonynpoBogHuka (CM. pucy- BaneHTHast BaneHTHas
HOK (2)) wWupuHa AE 3anpeLlléHHOM 30HbI soHa soHa
~ 13B, noaTomy Takoit Nepebpoc BOIMOXKEH [anekTpuk MonynpoBoAHVK

A.H. OrypuoB. ®u3suka 0518 cmydeHmoe
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2n
WcnonbaosaHbl cooTHowenus: E =hw, p=hk, k= o BOMHOBOE YMCHO.

pynnoBas ckopocTb BonH ae Bponns
. do d(how) dE

dk d(rk) dp’
[na ceoboaHon yacTuubl £ = w/m2c4 + p2c2 , No3aToMy
_dE p02 B p02 B moc? _

U=—=—F——-" = 5
dp Jm?ct + p202 E mec

[pynnosas ckopocTb BonH Ae bBbpownns paeHa ckopocTu 4vactuubl. VHbIMK
cnoBamu, 8osiHbI Oe Bpolins nepemewatomesi emecme ¢ Yacmuuyeu.

Ona doToHa

E mc? p02 mec?
v(l)aSZ_:_:C 7] U=—= =cC

2

p mc E mc

8. CooTHoLEeHue HeonpeaenéHHOCTEN

[lBolicTBEHHAsi KOPMYCKYsiPHO-BONTHOBas NMpupoAda MUKpoYacTul, onpegensiert
elé OaHO HeobbIYHOE, C TOYKM 3PEHUS KNacCUYecKMX MnpeacTaBreHuin, CBOWCTBO
MUKPOOOBEKTOB — HEBO3MOXHO OOHOBPEMEHHO MOYHO orpedesiums KoopOuHamy u
uMnynbC Yacmuupl.

B camom gene, NocKkonbKy Kaxaol YacTuue COOTBETCTBYET BOMTHOBOM MPOLIECC,
TO HEONpPeaenéHHoCTb "MEeCTOMONOXEeHUA" YacTuubl Mopsifka ONVHbI BOMHbI Ae
Bpoiins Ax~A U Knaccuyeckoe MOHATME TpaeKkTopuu TepseT cmbicr. [Ona
MaKpOCKOMUYECKNX 06BHEKTOB ANMUHbLI BONH Ae Bpoins ucuyesatolwe marnbl, NO3TOMYy
OISt HAX MPUMEHNMO MOHATUE TPAEKTOPUUN ABUKEHMS.

B o6Liem cnyyae 3TO CBOWCTBO MUKPOOOBLEKTOB Ha3blBAETCH COOTHOLIEHUEM
HeonpegenéHHocTeu MenseHbepra:

MukpoyacTmua He MOXET UMETb OOHOBPEMEHHO OMPEAENEHHYH KOOpAMHATY
(x,y,z) v onpedenéHHyl0 COOTBETCTBYIOLLYIO MPOEKLMIO UMMyNbca (px,py,pz),

NpUYEM HeonpeaenEéHHOCTU 3TUX BESMUMH YAOBIETBOPSIOT COOTHOLLEHUSIM
AxAp, 2 h, AyAp, 2 h, AzAp, 2 h,

T. €. npoussedeHue HeornpedenéHHocmel KOOpOUHambl U coomeemcmeyrowel el

MpoeKyuU uMnynbca He Moxem 6bimb MeHbLWe 8esTUYUHbI nopsidka h .
CooTHOLlEeHMEe HeonpeaenéHHOCTeN NposBnseTcs B gudpakumm yactuy. MNyctb

MOTOK YacTuL, ABWXETCS BOoNb ocu Y ¢ umnynbcom p . Jo NpoXoXaeHWUs YacTuubl

yepes Lienb, cocTaBnsolwas eé umnynsca p,. =0, Tak yto Ap, =0, a koopauHaTa
z §, 7N X SIBNSIeTCS COBEPLUEHHO HeonpeaenéHHoMn.
seposIHOCITIN B MoMeHm NpOXOXAEeHWs YacTuLbl Yepes Lenb
HeonpeaenéHHoCTb KoopauHaTbl X YacTuubl

CTAHOBMTCS paBHOW WuvpuvHe wenn Ax.
Bcneoctene  gudbpakummn  vactuubl - 6yayT
ABUraTbCsl B Npefenax yrna 2¢, roe ¢ — yron,
COOTBETCTBYIOLUUIA MNEPBOMY AU PaKLUOHHOMY
MUHUMYMY. Takum obpasom, HeonpeaenéHHOCTb
B 3Ha4YeHWM cocTaBnslowen BOOMb OCU X

HYermpansiiz
MEHCLUMYM

KBaHTOBas chumsmka
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Apx:psm(pzxsm(p. C papyroit cTopoHbl, Axsin@=A - ycriosue nepsBoro

AndpaKkLMOHHOro MUHMMYMa (cTp. 6-15). CnepoBatensHo AxAp,. = /h. Mockonbky
YacTb 4YacTuy nonagaeTt 3a npegenbl NEPBOro AMMPaKUMOHHOIO Makcumyma, TO
nonyyaem BbipaxeHne AxAp, >/, T. e. COOTHOLLIEHWE HeonpeaenEéHHOCTEN.

CoomHoweHue HeonpedesiéHHocmel — KeaHmMoeoe o2paHu4YyeHue
nPpUMeHUMOCMU Kjlaccu4ecKoli MexaHUKU K MUKPOO6bLekmam.

[na MUKpoyacTuubl He CyLLeCTBYET COCTOSHWN, B KOTOPbIX €€ KoOpAMHaTbI U
COOTBETCTBYIOLUME MM MNPOEKUMM MMMYyNbCa MMeNnu Obl OOHOBPEMEHHO TOYHbIE
3HaYeHus.

Ons HeonpepenéHHocTn aHeprum AFE  HEKOTOPOro COCTOSIHUSI CUCTEMbl U
npoMexyTka BpeMeHn Af, B TeYeHMe KOTOPOro 3TO COCTOSIHME CYLLIEeCTBYET, Takke
BbIMOJIHAETCHA COOTHOLLUEHMNE HEONPEAENEHHOCTEN

AEAt > 1.

CnepoBatenbHO, cUCTEMA, MMeoLWasl cpeaHee BpeMsl XU3HU Af, He MOoXeT
ObITb OXapakTepu3oBaHa ONpefenéHHbIM 3Ha4YeHMeM 3aHepruu; pasbpoc 3Heprum
AE:h/At BO3pacTaeT C YMEHbLUEHMEM BPEMEHU XWU3HW CUCTEMbI M 4acToTa

nanyuéHHoro hoToHa Takke AOMKHA MMETb HeonpeaenéHHocts Av=AE/h, T.e.
CMeKTpanbHbIe NMHAM AOMKHBI UIMETb KOHEUHYIo lnpuHy  dv=v +AE/h.

9. BonHoBas hyHKLUMA U e€ cBOMCTBA

MHTeHcMBHOCTL BONMH Ae Bponna B gaHHOM TOYKe NpPOCTpaHCTBa CBs3aHa C
YMCMOM YacTul, MNONaBWMX B 3Ty TOYKY, O YeM CBUAETENbCTBYIOT OMbIThbl MO
andpakumm mMukpodacTtul. MoaTomy BOMHOBbIE CBOWCTBA MUKpodacTuy Tpebyet
CTaTUCTMYECKOro (BEPOSTHOCTHOIO) NOAX0AA K UX OMUCAHUIO

[na onucaHna noBefeHUst KBAHTOBbLIX CUCTEM BBOAUTCS 80JIHO8asi (hyHKUUs
(opyroe Hassanve — ncu-gpyHkyusi) W(x,y,z,t). OHa onpegensieTca Takum

o6paszom, 4ToGbl BepoATHOCTL dw TOro, YTO YacTuLa HaXoauTCA B 3MNeMeHTe
o6wéma dJ , 6bina pasHa

dw=“{’2‘dV.
dusnyecknii cmbicn MmeeT He cama dyHkuma Y, a kBagpat e€ mopyns

2 R .
|‘P| =yy*, KOTOpbIM 3a4aéTca MHTEHCUBHOCTb BONH Ae bponns (3gech yr-

. 2
YHKUMSA, KOMMNeKcHo conpshkéHHas ¢ V). Benuuuua “I" dw )
= =¥l

MMEEeT CMbICIT MJIOMHocmMu eepossmHocmu p,, a cama Pw _W
BornHoBass  ¢yHkums V¥ wumeer cmbicn  amMnaumyodbi

eepossimHocmu. Ycsoeue HOPMUPOBKU eeposimHocmeul +o0
nosly4aeTcs U3 TOro, YTO BEPOSITHOCTb CYLLEECTBOBAHWUS YacTuLibl |\y|2 drv =1
roe-nMbo B NPOCTPaHCTBE paBHa eauHuue  (MHTerpan

BblYMCNAETCA NO BCEMY GECKOHEYHOMY NPOCTPAHCTBY). *

BonHoBas dyHKuMS, XapakTepusyloLlas BEpOATHOCTb 06HapYXXeHWs AeiCTBUSA
MUKpOYacTULpbl B dnemeHTe ob6béma gomkHa ObiTb 1) KOHEYHOU (BEpOSATHOCTL He
MOXeT ObiTb Gonblue eauHuubl), 2) 0GHO3Ha4YHOU (BEPOSITHOCTL HE MOXET ObiTb
HeOof4HO3Ha4yHOW BenuuuMHOW) u 3) HenpepbieHOU (BEPOSATHOCTb HEe MOXeT
MN3MEHATHLCSA CKayYKoM).
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STonynpospay-
KOTOPbIMM MOMeLLAETCs akTUBHas cpena (kpuctann JEMan Lol
unu kioeeta ¢ rasom). ®otoubl B u C, OBuxy- \ \
LWMecs nog yrnamu K ocu Kpuctanna Unm KioBeTbl,
BbIXOAAT W3 aKTMBHOM cpeabl 4epe3 GOKOBYHO Anmubyas cpedn

NnoBepxHoCcTb. POTOHbI A, [ABWXKYyLWMecs BAOMb
OMNTMYECKOWM OCU, MNOCIIE MHOTOKPATHOIO OTPaXKeHUs
OT 3epKan v ycurieHns B aKTUBHOW cpefe, BbIXOOAT
Yepes nornynpo3payHoe 3epkano, co3gaBas CTPOro
HanpaBneHHbIi  CBETOBOM  MYyYOK  KOTEPEHTHbIX
(POTOHOB.
CBoWCTBa Na3epHOro U3ny4YeHus:

1. BpemeHHasi u rnpocmpaHCcmeeHHasi Ko2epeHm-

Hocmb. BpeMsi korepeHTHocTM T~107c, uto
COOTBETCTBYET AnuHe KOrepeHTHOCTM

I=ct~10°m, 4To Ha cemb MOPSAKOB BbIlLE, YeM Anst OBbIYHLIX WCTOYHUKOB
ceeTa.

£}
N
|

~11
2. Cmpoeaasi MoHoxpomamuyHocms (AL <107 " m).

10
3. Bonbluas nmomHocms Momoka sHepauu (xapakTepHble Benuumntbl ~ 10" Bt/m?)

4
4. OyeHb Mmarsoe yanoeoe pacxoxdeHue ryyka (B 10”7 pas meHblue, Yem y Tpagu-
LIMOHHBIX ONTUYECKMX OCBETUTENBHbLIX CUCTEM, HANPUMep Yy NpoXekTopa).

AnemeHmbi huzuku meépdozo mena I

A.H. OrypuoB. ®u3suka 0518 cmydeHmoe

Teépdoe Kpucmanmnuyeckoe mesio paccMaTpuBaeTcs B 30HHOU meopuu
meépobIx meJs1 KaKk CTPOro nepuoamyeckas CTPYKTypa, B KOTOPOM aTOMHble sapa
co3falT nepuoaudeckoe arekTpuyeckoe none. 3agjava CoOCTOUT B ONMUCaHWUM
NOBELEHMUS 3MEKTPOHOB B 3TOM More.

TouyHoe pelueHue ypaBHeHus LLpeavHrepa Ans Takon CUCTEMbl HEBO3MOXHO U,
NosTOMY, WCMOMb3YHT pasfuyHble Yynpollalwue mpubnuxeHusi, NO3BOMsOLLME
CBECTM 3afavy MHOTMX Ten K OOHOSMEKTPOHHOW 3agjave 06 OOHOM 3EKTPOHE,
OBWXYLLEMCS B 3aaHHOM BHELUHEM none.

B oOcHOBe 30HHOW TeopuMM RnEeXWUT Tak HasbiBaeMoe aduabamu4veckoe
npubnuxeHue.

KBaHTOBO-MexaHW4yeckasi cuctema pasfensieTcsl Ha mskénble n  nézkue
YacTuubl — siApa W 3NeKTPoHbl. [MOCKONbKY Macchl U CKOPOCTM 3TUX 4acTul,
3HAYUTENBHO Pa3NMYalOTCs, MOXHO CYUTATb, YTO ABWXEHME INIEKTPOHOB NPOUCXOANT
B Mofe HEenoaBWXKHbIX SAep, a MEANeHHO [OBMXKYLIMEecs sapa  HaxoasTcs B
YyCpeaHEHHOM MoJie BCEX 3MeKTPOHOB. lMpuHUMas, 4To siapa B y3nax Kpuctannuye-
CKOM peléTkn HenoaBWXKHbI, OB8UXEeHUe 3/leKmpoHa paccmampusaemcsi 8
10CMOSIHHOM repuoduYyeckom rnose sidep.

Hanee wcnonb3yeTtcs npubnmxkeHne camocozsiacoeaHHo20 mnons. B3anmo-
OeNCTBUE [aHHOrO 3NeKTpoHa CO BCEMM [APYrMMU  3MeKTpOHaMM 3aMeHsIeTCst
OENCTBMEM Ha HEero CTauMOHapHOrO 3feKTpUYeckoro mnons, obnagatoLllero
NepMoOaNYHOCTLIO KPUCTaNNNYECKON PeLUETKN. DTO nomne co3aaéTcs ycpeOHEHHbIM 8
npocmpaHcmee 3apsi0oM gcex Opyaux 3/1eKMPOHO8 U 8cex s0ep.

Takum o6pas3om, B pamMKkax 30HHOM TeOopMM MHOFO3MEeKTPOHHas 3afada
cBOOMUTCH K 3agadve 08UXEHUSI 00HO20 3/IEKMPOHa 60 6HEWHEM epuoouYeCKOM
rone — ycpeaHEHHOM U CornacoBaHHOM MoJie BCEX SAep W NEKTPOHOB.

KBaHTOBas humsuka
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BbiHyXaeHHoe  uanyyeHve  (BTOpUYHblE  (DOTOHLI)  MOXOecmeeHHOo
BblHY>XAawWeMy (NepBUYHbIM (POTOHAM) — OHO MMEET TaKyl Xe 4acToTy, a3y,
nonsip13aumio, HanpaeneHue pacnpoCcTpaHEHNs.

CnepoBaTenbHO, BbIHY)XOEHHOE  U3NyYeHUe Cmpo20 KO2ePeHMHO C
BbIHY>XOAKLWMM U3MNyYEHUEM, T. €. UCNYyLLEeHHbIN (DOTOH Heomu4umM OT (POTOHA,
nagaroLlero Ha aTom.

McnyweHHble poTOHbI, ABWrassCb B OAHOM HanpaBneHWu U BCTpeyast
BO30OYXAEHHbIE aTOMbl, CTUMYNUPYIOT BbIHYXOEHHbIE MNepexoabl — MNPOUCXOANT
pa3MHoXeHne POTOHOB.

Ona Toro 4Tto6bl MPOMCXOOWNO YCUIEHUE W3MyYeHUs, HeobXoaAMMO, YTOObI
UHMEHCUBHOCMb  BbIHYXOEHHO20  U3/y4eHusl TNpeBblllana  UHMeHCU8HOCMb
noanoweHUsi omoHos. A pOna  3TOro HeobxoguMmo, 4TOObl  3acenéHHOCTb
BO30Y>XAEHHOTO COCTOSIHUA (Y4NCMO aTOMOB B BO3GYXOEHHOM COCTOSHWMM) Obina
Gonblue, YeM 3acenéHHOCTb OCHOBHOTO COCTOSIHUSI (Y4MCMO aTOMOB B OCHOBHOM
coctosiHuM). Takoe TepMoAMHaMWYEeCcKn HepaBHOBECHOE COCTOSIHME Ha3blBaeTCsl
cocmosiHUeM ¢ uHeepcuel HaceslEHHocmeu.

Mpouecc nepeBoda CUCTeMbl B COCTOSIHUE C WHBEpPCUEN HacenéHHocTewn
Ha3bIBaeTCA Hakaykow (OCYyLLEeCTBMAETCS ONTUYECKMMM, INIEKTPUHECKMU U APYTUMM
cnocobamu). MiHBepcHasi cpena, B KOTOPOW MPOUCXOAMUT yCUIeHWe najatollero Ha
Heé nydyka cBeTa, Ha3biBaeTcs akmueHol. 3akoH Byrepa [ =I,exp(—ox) ans

TakKux cpea nmeet ompuqameanbm koaqbd)uuueHm noarsiowjeHusi.

28.Masepbl

OdpeKkT ycuneHnss U3NyYeHMs B aKkTUBHbLIX Cpefax MCcnomnb3yetcsa B
ONTMYECKUX KBAHTOBbIX reHepatopax, unu nasepax (Light Amplification of
Stimulated Emission of Radiation — LASER).

Jlasepbl nogpasfensaoTca:

— 1o murny akmueHol cpedbl (TBEpAOTENbHblE, ra3oBble, MOMYNPOBOAHUKO-

Bbl€ N XWUAKOCTHbIE);
— 10 MemodaM HaKkayku (OMTU4eckue, TENMOBbIE, XMMUYECKNE, ANEKTPONOHM-
3aUMOHHbIE 1 Ap.);

— 10 pexumMy 2eHepayuu (HenpepbIBHOO UM UMMYMbLCHOrO AENCTBUS).

MepBbii _TBEPAOTENbHbIA Na3ep — PYOMHOBLIW (AnWHA BOSHbI U3MNYyYeHUs
694,3 HmM) — paboTaeT NO TPEXYPOBHEBOW cCxeMe: Hakauyka KpucTanna pybuHa
Bessnysarensuwii (A20s  C mpumecsio  (~0,03%)  Cr’)
nepexoxn nepeBoaMT atoMbl XpoMa B BO3OYXOEHHOEe
KOpPOTKOXMBYLLEEe COCTosiHMe 3 (nepexop
2 1-3), ¢ KoToporo npoucxoaut 6esbi3nyya-
TenbHbIN Nepexos B AONroxusyliee (MeTa-
cTabunbHoOe) coCcTosiHMe 2 — MpouCXoauT
"HakonneHne" aToMOB XpOMa Ha ypoBHe 2.

[Mpyn JocTaToMHOM MOLLHOCTU Hakadkm
1 X KOHUEHTpauus Ha ypoBHe 2 Oyger
ropasgo 6ornblue, Yem Ha ypoBHe 1, T.e. BO3HWKaeT UHBEPCHasi HacenéHHOCmb
ypoeHsi 2. (CnoHTaHHble nepexoabl 3—1 B AaHHOW CUCTEME HE3HAUYUTENbHbI).

Kaxabin OOTOH, CrnyvyamHO POAMBLUMICHA NpPU CrMOHTaHHOM nepexoge 2—1,
MOXeT NopoAWTb B aKTUBHOW cpeae NaBnHYy BTOPUYHBLIX (DOTOHOB.

[na  MHOrokpaTHOrO  yCWUReHWs Nnas3epHON reHepauuMum  UCMonb3yeTcs
ONTMYECKUI pe3oHaTop — B NMpocTelilem crnyyae — napa obpalléHHbIX ApYyr K Apyry
napannenbHbiXx (UNW  BOTHYTLIX) 3epkan Ha obLlen OonTUYEeCcKoW Oocu, Mexay

Haxauka
CroHTaHHbIH epexon

A.H. OrypuoB. ®u3suka 0518 cmydeHmoe
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BonHoBasi (byHKLI,VIH no3BONAeT BblYUCIUTL CpedHue 3HadYeHudA q)I/ISI/I‘-IeCKI/IX

BENMYMH, XapaKTepu3ylLmnX AaHHbI MUKPOOGbEKT. Hanpumep, +%0

cpefHee paccTosiHue <r> UMeeT BUA: <r> = I r|‘P|2dV
BonHoBas yHKUMA yaoBrneTsopsieT npuHuMny —0

cynepno3uummn: eciiv CUCTEMa MOXET HAXOAUTLCS B Pa3UYHbIX

COCTOSIHUSIX, onucblBaeMblx BOJIHOBbLIMU hyHKLMAMM W= ch\yn

¥Y,¥,,...¥,,...., To oHa Takke MOXeT HaxoguTbLCH B "

COCTOSIHUKM,  OMWUCbIBAEMOM  NIMHEWHOW  KOMOMHauvenm aTux QyHKuMn (roe
C, (n=1,2,...)— nponsBonbHble, BOOGLLE roBOPsi, KOMMIEKCHbIE YNCNa).

CnoxeHune BONHOBbIX MYHKUNI (aMMnnUTyA BEPOATHOCTEN), a He BEPOATHOCTEN
(onpegensiemblx kBagpatamMu MoAynei BOMHOBbIX (DYHKUMIA) MPUHLMIMANBHO
OTNMYaeT KBaHTOBYIO TEOPUIO OT KIacCUYeckow CTaTUCTUHECKON TEOpUU, B KOTOPOWA
ONs He3aBUCUMBbIX COOLITUI cnpaBeanuBa meopema CrI0XXeHUsi 8eposimHocmed.

10.O6uwwee ypaBHeHue LlipeauHrepa
OcHo8HoOe ypasHeHuUe HepensimueucmcKol K8aHmMoeoul MexaHUKU UMeeT BUZ

2
—h—A‘P +U(x,y,z,t)- ¥ = iha—qj,
2m ot

2 2 2
h 0 0
rae i=——; m - macca 4actiupl; A=—+—+—5 - onepatop Jlannaca;
2n ox~ oy° Oz
i =+—1 - muumas egunuua; U(x,y,z,t) — noteHumanbHas yHKUMS YacTuulbl B
cunoBom rone, B Kotopom oHa gswketcs; W(x,y,z,f) — uckomasi BonHosas

DYHKUMA YacTuULbl.
YpaBHeHVWE [OMOSHSETCS YCMNOBUAMW, HaKnagblBaEMbIMW Ha  BOMHOBYHO
dyHkumio: (1) BonHOBas yHKUMSA [OMKHA OblTb KOHEYHOW, OOHO3HAYHOM U

oY oY oY oY
—— POMXHbI BbiTb HEMPepbIBHbI;

ooy oz o

2 .
(3) dyHKUMs ‘LP‘ [OMmKHa ObITb MHTErPUPYEMA; 3TO YCIOBKE B NPOCTEMLLKX Cryvasx

HenpepbiBHOW; (2) Npou3BoaHble

CBOAUTCA K yCNOBUKO HOPMUPOBKA BepOﬂTHOCTeVI.

11.YpaBHeHue LlipeauHrepa Ansi cTayMoOHaPHbIX COCTOSHUM

BaxHbiM YacTHbiM _cnyyaem obuwero ypaBHeHus LUpeguHrepa, sBnsetcs
ypasHeHue LlipeduHzepa Ons cmayuoHapHbIX COCMOSIHUL, B KOTOPOM WCKNOYeHa
3aBucumoctb W OT BpemeHu W, NO3TOMY, 3HaYeHUsl dHepauu 3TUX COCTOSIHWUN
ABMATCH hUKCUPOBAHHBLIMU (HE U3MEHSIIOTCSA CO BPEMEHEM).

B atom cnyyae cunosoe none, B KOTOPOM ABMXETCH YacTuua, CTaumMoHapHO,
T.e. pyHkuma U =U(x,y,z) He 3aBUCUT FBHO OT BPEMEHW W WMEET CMbIC/T

nomeHyuanbHoU 3Hepauu. PellueHne ypaBHeHUs MOXET ObITb NpPeAcTaBneHo B BUae
npousBefeHns AByX OYHKUMIA — DYHKLUUU MOsIbKO KOOPAOUHam v OYHKUUU MOJILKO

E
epemeru Y (x,y,z,t)=vy(x,y,z)- exp(—i;tj, rae E — nonHas aHeprvsi yactuubl.

YpaBHeHue LLpeauHrepa

h> E E E E
——exp| —i—t |- Ay +U -y -exp| —i—t |=ih| —i— |-y -exp| —i—t
5 Xp(lhj\v pr(lhjl(th\pr[lh)

KBaHTOBas chumsmka
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rnocre ynpoLueHui npuobpeTtaeT Buz
2

I Ay rUy=Ey wm A\y+2—T(E—U)\y=0
2m /]

— ypaBHeHue LlpeavHrepa ans crauMoHapHbIX COCTOSHUM.
dur3nYeckUii CMbICN MMEIOT TONLKO pe2ysiIsipHble BONHOBbIE (DYHKUUU — KOHEYHbIE,
00HO3HaYHble U Hernpepbi8HbIE 8MECMe CO C8OUMU MepsbiMU MPOU3BOOHbIMU. TN
YCMOBWS BLIMOMHSAOTCA TOMbKO MpW onpefenéHHoM HaGope E. 3T 3HayeHusi
3Hepa2uu HasblBATCS CO6CMEEHHbIMU. PelleHNsl, KOTOpblE COOTBETCTBYIOT
COOCTBEHHBIM 3HAYEHUsIM 3HEPruM, HasblBaTCA CO6CMEEHHbIMU (OYHKUUSIMU.
CobcTBeHHblE 3HayeHust FE  MoryT o06pasoBblBaTb Kak HEMPEpbIBHbIA, Tak U
OUCKPETHBIN psid. B mepBom criyyae roBopsiT 0 Hernpepbi8HOM (U CrIOWHOM)
crniekmpe, BO BTOPOM — O QUCKPemHOM CrieKmpe.

12. 0BuXeHne cBo60gHOM YacTULbI

Ons ceo6ogHon yactuusl U(x) =0 (NycTb oHa ABWXKETCS BOOSb OCU X ).
2

0 2
PeweHuem ypasHeHusi LLipeduHaepa 6_\; + h—’;ﬂ Ey=0
X
i(Et —
6ydem ¢byHkyusi Y (x,t) = Aexp(—iot + ikx) = Aexp(—%j ,
E
roe A=const, o= o k= %— BOJIHOBOE YWCMO — MOXET NpuHUMaTb niobble

X

NONoXuTenbHble 3HaveHus, £ = — HenpepbI8HbIU CNEKTP SHEPTUIA.

2m  2m
Takum o6pasom, cBobodHas KBaHTOBasi 4acTula OMUCbIBAETCs MNIOCKOM
MOHOXpoMaTnyeckon BonHon ae Bponnga. 3Tomy cOOTBETCTBYET He 3aBucsLas OT
BPEMEHWN MMOTHOCTb BEPOSITHOCTU OGHapyXeHUst 4YacTuubl B [OaHHOW TOYKe
2 2 .
npocTpaHcTBa |‘I’| :T‘P*:|A| , T.€. BCE MoNnoxeHns cBoBOOHON 4acTuubl B
NPOCTpPaHCTBE ABNATCA PABHOBEPOATHBLIMMU.

13.YacTMua B ogHOMEpPHOW MPSAMOYrofibHOM "noTeHuManbHou sime" c 6ecKo-
HEYHO BbICOKUMM "cTeHKamun"

_I r PaccMoTprM ogHOMEpPHYI0 "noTeHumnanbHyo amy"
1 1 o, x<0
Ux)=|0, 0<x</
U] U=0 U—»eco
o, x>I
. roe [— wupuHa "ambl", a sHeprus OTCYMTLIBAETCS OT ee
0 ! x [gHa.
YpaeHeHve LpeauHrepa ana craumoHapHbIX COCTOSIHWI B Npeaenax simbl
o’y 2m o* 2mE

—2+—2E\u:0 unm —\2V+k2\4/:0, roe | —
ox h ox

3a npegenbl "ambl" YacTulua He NPOHWMKAET, MO3TOMY BONHOBAas (PYHKLUMS BHE
"ambl" paBHa Hynio, criegoBaTernbHO, Ha rpaHuuax "sambl" HenpepbiBHAs BONHoBas
DYHKLMA Takke JomKHa obpallaTtees B HyMb

w(0)=y()=0.

hz
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INMHMM B cnekTpe KOMGWHALIMOHHOTO PacCesiHUst G 4acToTaMu V=V, —V;,
MEHbLUMMW 4acToTbl v, Mafalollero cseTa, Ha3blBaOTCA CMOKCO8bLIMU (Urn
KpacHbIMU) criymHuKamu.

MuHvm ¢ yvactoTamn v =v,+V;, BGONbWUMKU V,, Ha3bIBAOTCA aHmu-

cmokcoebiMu (N ¢huosremoesIMuU) cnymHUKamu.

KeanmosomexaHu4eckoe ob6bsicHeHUe aghgpekma PamaHa: KOMOGUHALMOHHOE
paccesiHue cBeTa €eCTb MpoOLEecC Heynpya2o20 "CTONKHOBEHUSA" OTOHOB C
Mofekynamm, B KOTOPOM OAMH (pOTOH nornowiaeTcs U oauH (POTOH MchyckaeTcs
MOIEKYION.

Ecnn asHeprun ¢poTOHOB OAMHAaKoOBbl, TO B paccesiHHOM cBeTe Habnogaetcs
HeCcMeLLEHHas NNHUS.

Ecnn monekyna nog oenicTBMEM CBETa NepenaéT B BO3OYXAEHHOE COCTOSIHUE,
TO MCNyLWeHHbIN HOTOH OyaeT MMETb MEHbLUYK YacTOTy — 803HUKaem CmMOKCOo8
(KpacHbIl) criymHUK.

Ecnn monekyna nepenaét n3 BO3OYXOAEHHOTO COCTOSIHUSE B OCHOBHOE, TO
MCNyLWeHHbIN POTOH ByaeT umeTb BOMbLUYIO YacTOTy — 803HUKAEM aHMUCMOKCO8
(¢puonemoenit) cnymHuk. WHTEHCMBHOCTb (OMOMETOBbIX CNYTHUKOB pacTér C
TemnepaTypoWn, a KpacHbIX NPaAKTUYECKN HE U3MEHSIETCS.

27.NornowexHne. CNOHTaHHOE U BbIHYXAEHHOE U3nyvyeHue

PaccmoTpum ABa KBaHTOBLIX COCTOSIHUS C 3Hepruamn £ n Ej .
1. NMornoweHue. Ecnn atom HaxoanTcs B OCHOBHOM COCTOSIHUM Mornouenne

1, TO nog [OeNCTBMEM BHELLHEro M3My4yeHUsi MOXEeT OCyLLecT- E,
BUTbCS BbIHYXKOEHHbIV Nnepexos B BO3BYXAEHHOE COCTOsiHVE 2, 4
NPUBOASILLMIA K NOTTIOLLEHNIO N3NYYEHUS. N

2. CnoHTaHHoe u3nyYyeHue. ATOM, HaxoAdsicb B BO30Y>KOEHHOM

COCTOSIHAM 2, MOXET CMOHTaHHO (6e3 BHEeLHWX BO3OENCTBUN) 1 E
nepevTM B OCHOBHOE COCTOSIHWE, UCMyckas npu 3ToM (POTOH C 1
aHepruein hv =E, — E|. Mpouecc ncnyckaHust hoToHa BO3GYx- CnoHTaHHoe
O8HHBIM aToMOM 6e3 8HewHux eo3delicmeull Ha3blBaeTCs nanyuenune
CMOHMAaHHbLIM  u3slyyeHueMm. Yem Gonblue BepoATHOCTb <~ | E

CMOHTaHHbIX MEepPexodoB, TEM MeEHbLUe cpefHee Bpems XWU3HW
atoma B BO30OYXOEHHOM COCTOSIHMM. Tak Kak CMOHTaHHble -
nepexodbl B3aMMHO He CBA3aHbl, TO CMIOHMAaHHOEe U3/lyYeHue l-—‘ E
HEKO2epeHMHo. l
3. BblHyXOeHHoe uanydyeHue. A. JMHWITENH AN 00bACHeHUs HabniogasLLerocs
Ha onbITe TepMOANHAMUYECKOro paBHOBECUSA MeXAy BELLEeCTBOM U UCMYyCKaeMbiM U
nornowaemMbiM MM U3fy4YeHWemM MoCTynMpoBasn, YTO MOMMMO MOrMOWEHNs 1
CMOHTaHHOro N3Ny4YeHns AOMKEH CyLLeCTBOBaTbL mpemudl, Ka4ecmeeHHO UHOU mur

83aumodelicmaus. Ecnu Ha  aToMm, HaxogsALunesa B BbiHyXaeHHoe
BO30Y)XOEHHOM COCTOSIHUM 2, OEeNCTBYeT BHELUHee M3NyYeHue C H3/TydeHne
yacToToli, ydoBneTeopsioller ycnosuo hv=FE, —E;, To 2w=—g———F,
BO3HWKaeT 6bIHYXOeHHbIU (UHOYyyupoeaHHbIl) nepexod B v _m,m
OCHOBHOE cocTosiHue 1 ¢ m3nyyeHnem POTOHA TOW Xe 3Heprum

hv = E, — E; dononHumesibHO k ToMy (hOTOHY, MO AehCTBUEM | Y £

KOTOporo npowu3owén nepexod. Takum obpasom, B npouecc

BbIHY)XXOEHHOTO U3rny4YeHuss BOBriedeHbl dea ¢homoHa: nepsuydHbIli  ¢hOMOH,
BbI3bIBAKOLMIA (CTUMYNUPYIOLLUIA) UCNyCKaHWe U3ny4vyeHns BO30YXAEHHBIM aTOMOM,
N 8MOPUYHBILU ¢hOMOH, NCMYLLEHHBIA aTOMOM.

KBaHTOBas humsuka
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KonebartenbHasi _3Heprusi, npu_HebonblUMX 3HaYeHusIX KoneGaTenbHoro
KBAHTOBOrO 4ucrna v, onpegensieTcs opMyrion Afsi SHeprMu rapMOHUYECKOro
ocuunnaTopa

Ekonz(v'i_%)hm (U=0,l,2,...).

Mpw aTom Npaeuno ot6opa Ansa konebaTensHOro KBaHTOBOro YMcna
Av=+1.

BpawatenbHas 3Heprus Mornekynbl, BpallatoLleica C YrroBOW CKOPOCTbHO
®,., U UMetoLLielt MOMEHT UHepLMM | OTHOCUTENbHO OCK, NMPOXOAsLLEi Yepes LEHTp
o €€ nHepummn, paBHa
= g 1ol _Ue) _M?

BPAL ) 21 21’
rne M=Io, - MOMeHT wumnynbca
MOJEKybI.

MoMeHT uMmnynbca KeaHmyemcsi no
3aKOHY

M=hn|jj+1) (=0,12,..),
rie j — epawamenbHoe KeaHMmMoeoe

quciio.

CnepoBartenbsHo, epauwjamesibHasi
3Hepausi MONeKymnbl MOXET UMEeTb TOJIbKO
KBaAHTOBaHHbIE 3HAYEHUS

g _PiGD
epatt 21 '
MpaBuno otbopa 0ns epawamernibHO20
KeaHmogo20 yucrna
Aj ==1.

Mpy nepexoge W3 OQHOrO 3HEPreTUHECKOro COCTOSIHUA B ApYyroe, C y4éToMm
npasun oTbopa, MOornoLaeTcs Unu ucrnyckaetcss oToH ¢ aHeprueit AE =hv. Ha
pucyHKe npeacTaBrieHa CXeMa YpPOBHEW 3Hepruu ABYyXaTOMHOW Monekynbl (4ns
npuMepa NpeacTaBneHbl TONbKO ABA 3MEKTPOHHBIX YPOBHS: OCHOBHOE 3NEKTPOHHOE
COCTOSsIHME U r1epgoe 8036YKOEHHOE ANEKTPOHHOE COCTOSIHME).

TunuyHble MONeKynsipHble CNeKTpbl MNPEeACTaBnstoT CcobOM CO8OKYyrnHocmMb
nosnoc (monocamsie crnekmMpbi), KOTOpble B CBOK O4epefb COCTOSIT U3 OFPOMHOIO
yncna HacTONMbKO TECHO PACMOSIOKEHHbIX NIMHUIA — MEPEXodoB Mexay SHepretu-
YECKMMU YPOBHSIMU, YTO MX MOXHO Pa3fenuTb, TOMbKO MCNOMb3ysi CeKTpanbHble
Np1bopbI BLICOKON pa3speLuatoLlen Curbl.

Bosbyxaentoe cocTosHue
3NeKTpoHa

OCHOBHOE COCTOAHWE
BNEXTPOHA

KoneBaTenbHuie yposHU

BpaularensHbie YPOBHN

il

3NeKYPOHHbLIE YPOBHU

26.KombuHaumnoHHoe paccesiHue ceeta (adodekt PamaHa)
Ecnn Ha BeliecTBO (ras, >XWAOKOCTb, MPO3pauyHbli KpUcTann) nagaeT CTporo
MOHOXPOMAaTUYECKUIA CBET C 4acTOTOMN V,,, TO B CMEKTPE PacCesHHOro ceeta Hapsady

¢ yacmomolu Vo UCMOYHUKa WN3ny4eHus Habnrodaromess AonosiHUMenbHbie

JIUHUU C 4actotamn V=V, iVi, rae v; — 4acToTbl KonebaTenbHbIX WK
BpallaTenbHbIX NepexoaoB paccenBaronX MONeKyrn.

A.H. OrypuoB. ®u3suka 0518 cmydeHmoe
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OTUM rpaHUYHbLIM YCIIOBUSIM YAOBMNETBOPSIET pelleHne ypaBHeHus LpeanHrepa

. nm 2mE
y(x)= Asinkx+ Bcoskx npn B=0wu k :T. Mockonbky k> = e TO
n*n’h?
= (n=1,2,3,...) — cobcmeeHHbIe 3HaYeHUs1 3Hepauu.
2ml

o’

MWHMMansLHO BO3MOXKHOE 3HaUYeHNe aHeprnm min = .
2mi?

Takum o6pasom, 3Heprusi yacTuubl B GECKOHEYHO BLICOKOW NOTEHLManbHOM
"ame" NpMHMUMaeT NuLWb onpeaenéHHble QUCKPETHbIE 3HAYeHNs, T.e. KeaHmMyemcs.
KBaHTOBaHHble 3HaueHUst aHeprun E, Ha3bIBAOTCS YPOBHSIMU 3Hepauu, a

4Yyucno n, onpeaensamwulee sHepreTm4yeckne ypoBHM 4acTtuubl Ha3blBaeTCA aJ/1a8HbIM
KeaHmMoebIM YUCJIOM.

. NTm .
Cob6cmeeHHble 80JIHO8ble  (byHKUUU \un(x):Asme, c y4étom

! !
HOPMMPOBKM J-O\yi (x)dx= AQJ.O sinz%xdx =1, 6yayT umeTb BU

a n 6 2 2 . nm
JE ¥, (x) l:)‘ W y,(x)=,[=sin—x (n=1,2,3,...)

E| 3E, 3 ! !
A4 Ha pucyHke nsobpaxeHbl rpaduku
COBCTBEHHBIX (DYHKUMIA (@) U MMOTHOCTb
E, b E ,  BEpOATHOCTU (6) obHapyxeHus yacTuupl
2 Ha pasHbiX pPaccTosHMAX OT "CTeHOK"

E, 1E, 1 AMbI, onpe;:leznﬂelvlaﬂ BbIpaXXeHVeM
£
* v =y, @ @)

14.MpoxoxaeHne 4vacTulbl _Yepe3 noTeHuuanbHbii _6apbep. TyHHenbHbIN
addekt
PaccmoTpum npocTenwnii noTeHumanbHbli 6apbep MpPsSMOYyrornbHon hopMmbl
(Bbicota U v wupwvHa /) Ansi ogHOMEPHOro ABUXEHUS YacTuLbl

0, x<0 (obmactpl)
U(x)=qU, 0<x<!] (obmactp?2)
E<U 0, x>/ (o6macts 3)

______ R Bua BOMHOBLIX (PYHKLMIA, SIBSIHOLLMXCS
peweHnamn ypaBHeHus LpeguHrepa ans
obnactert 1, 2 n 3 (CM. pUCYHOK U Tabnuuy)
0 7 > CBUAETENLCTBYET O TOM, YTO:

V.9 1) Bobnacmu 1 BonHoBas YyHKUMA
: npeacrasnset coboii cymmy [OBYX
NMOCKUX BOMH — [ABWXYyLleica B
WAWAWR CTOpPOHY Gapbepa M OTpaKeHHOW OT

Oapbepa.
2) Bobnacmu 2B cnyyae E<U:

a) U

KBaHTOBas humsuka
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3) B obsmacmu 3 wvmveeTcs TOMbKO BOMHa, npoweawas 4Yepe3 6Gapbep
(B3 =0), koTopas uMeeT BUA BOSIH Ae Bpoiins ¢ Toi e AIMHOM BOMHbI, HO
MEHbLUEN amnnTyao0Nn.

06- YpaBHeHne
nacTs WpeauHrepa Ob6uee pelueHve Pewenwve npu E<U

2

1 —aa;gl +hMy =0, | y(0) =4+ Be™ | y(x)= 4"+ Be™
2

? 88)\;2 +qPy; =0, | yy(x)= 4T+ Bye ™ | yy(x) = dye P4 By
2

3ﬂer k2 _ sz 2 _ 2m(E - U)

w1 n?

Takum obpa3om, KBaHTOBas MexaHuKa MPUBOAMT K MPUHUMNNANbHO HOBOMY
cneunduyeckoMy KBaHTOBOMY SIBfIEHMIO, MNOMy4YMBLUEMY Ha3BaHWE TYHHEINIbHOro
addekra, B pesynbTaTe KOTOPOro MMKPOOOBEKT MOXEeT "MporTn" CKBO3b
noTeHumanbHbI 6apbep.

[nsa onncaHusa TyHHenbHOro adpdekTa NCMonNb3yOT NOHATUE Ko3ghguyueHma
npo3payHocmu D noTteHumanbHoro Gapbepa, OnpenensieMoro Kak OTHOLUeHUe
KBagpaTtoB Mogynen npowedwen M nagawowen  BonHel. [Onsa  cnydas
npsIMOY20/1bHO20 NOoTeHUManeHoro 6apbepa

2
’ D:&:Doexp(—%JZm(U—E)j.

2
|4
Ons noTeHuuansHoro Gapbepa NpPOW3BOINLHOM
E . W hopmbl
| X
| [ - 2
1 | D =D, exp —%J' 2m[U(x)— E]dx

0 =z X X

Rl

MpoxoxaeHne 4YacTuubl ckBO3b 06nacTb, B KOTOPYH, COIMAacHoO 3akoHam
KNaccu4yecko  MeXaHWKW, OHa He MOXET MPOHWUKHYTb, MOXHO MOSICHUTb
coomHoweHueM HeornpedenéHHocmel. HeonpedenéHHocTb umnynbca Ap Ha

otpeske Ax=1[ cocTaBnsietr Ap > h/l. CBsA3aHHasi ¢ 9TUM pas3bpocoM B 3HAYEHUSX
2
(Ap)

m
4YTOOLI NONHas 3Heprn4a 4Yactuubl OKasanacb 6onbLue noTeHunansHoM.

nMvnynbca KMHeTudeckas aHeprua MOXET OKa3aTbCs JOCTAaTOYHOW ANis TOro,

15. JIuHEeMHbLIN rapMOHUYECKUIN OCUUIINIATOP B KBAHTOBOW MeXaHuke

JIMHENHBI rapMOHMYECKUIA OCLMANATOP — CUCTEMaA, coBepLualowas ogHOMep-
Hoe ABWXEHWe Nog OevCTBUMEM KBasWynpyron Cumbl, SBASIETCA MOAESbO, KOTOpas
4acTo MCNOMb3yeTCs NP ONUCAHUM KITACCUYECKMX N KBAHTOBbBIX CUCTEM.
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~ 11 Vo /

v=R(Z-0) (mz nzj’ ’
rae R - nocrosHHaa Pupbepra, m=12,3,... ;/
onpeaenset PEHTrEHOBCKYH0 cepuio ‘)&
(L,M,N,...), n npuHUMaeT LenoYnCreHHbIe ,@
3HaveHns, HauyvHas ¢ m+1 (onpemenset § ug(Ld}A—
OTAENbHYI0 NUHWIO O, [,Y,... COOTBETCTBYOLLEN y“V
cepun), © — TMOCTOSAHHAasA 3KPaHUPOBAHWS, A —
yuuThIBaloLLas 3KpaHMpoBaHue [aHHOro /
3aMeKTpoHa OT aToOMHOro  sapa  Apyrumu

anekTpoHamu atoma. 3akoH Mo3nu 06bI4HO g 2 4# &  Z
BblpaxatoT hopmyrion Jo= C(Z-0) (C n G — KOHCTaHTblI).

25.MonekynsipHble CrneKTpbl

Monekyna — 370 HauMeHbLUAs YacTuLla BELLECTBA, COCTOSILLAs U3 OAMHAKOBbIX
WUNN PasfUYHbIX aTOMOB, COEOMHEHHbIX MexXAay COOOM XMMWYECKMMMU CBA3SIMU, U
ABNAOLLAACA HOCUTENEM €ro OCHOBHbIX XMMUYECKMX CBOWCTB.
Xumunyeckne cBasn obycnoBneHbl B3aMOLAENCTBUEM BHEWHUX (8arleHMHbIX)
3MNeKTPOHOB aTOMOB. Hauboriee yacmo B Morekynax BCTpeyalTcsa ABa TMNa CBA3M:
1) UoHHas cesi3b OCYLLECTBNSETCS KYNOHOBCKUM MPUTSXKEHMEM aTOMOB Mpw
rnepexofe ariekTpoHa OT OAHOro aToMa K Apyromy (Hampumep, B Monekyne

NaCl: Na*---Cl7)

2) KoeaneHmHasi cesi3b ocyllecTBnsieTcst npyu o606LLIeCTBNEHUN BaNeHTHbIX
3MIEKTPOHOB [BYMS COCEOHUMW aTomamu (BCIEACTBUE HEpPasnUuMmMocTu
TOXAECTBEHHbIX 4actuu). HarnggHo wMoxHo npeactaButb cebe, 4TO
3MNEKTPOH KaXZoro atoma MOIeKynbl NpoBOAWUT HEKOTOpOe Bpems y sapa
apyroro atoma (obmeH anekTpoHamu). Takoe cneuuduyeckn KBaHTOBOE
B3aMMOAENCTBINE Ha3blBaeTCs 0OMEHHbLIM e3aumodelicmeuem.

Monekyna sBnsieTcA KBaHTOBOW CUCTEMOM; OHa OMUCLIBAETCH YpaBHEHUEM
LpeaouHrepa, yuuTbiBalOWMM O8UXEHUE 3/IEKMPOHO8 B Mofekyne, KosnebaHus
amomos B MOreKyne, spawjeHue MOoJeKysbl. PelleHne aToro ypaBHEHUs — OYEHb
crnoxHas 3agada, kotopas (y4uTblBas OFPOMHOE pasnuunme B Maccax 3fEKTPOHOB U
sanep) obblvuHO pazbueaemcsi Ha dee: NSl ANEKTPOHOB U SiAep.

OHepru N30nN1MpoBaHHOM MOSEKYIbl MOXHO NPeACTaBUTL B BUAE CyMMbl

E~E +E, +E

Bpar ’

rae EBJ'I — QHeprna OBMXXeHUaA 3NeKTPOHOB OTHOCUTENBbHO Aaep, EKOJ'I — 3Heprmsa Ko-
nebanuit apep, Ey,, — 3Hepris BpalleHns spep. COOTHOLIEHME MeXay HAMM
m m
Ean :EKOJ'I :EBan.I =1: M :ﬁ'

roe m — Macca 93J1eKTpoHa, M - BelM4nHa, mMmerLada nopAaaok Maccbl daep

m - -
aToMoB B Morekyre. I ~107° +107. MoaTomy: E, > E o > Eypoy-

Maciutab sHepruit: E, ~1+109B, E = 1072 +107"9B, E, ,, ~107 +107 3B

Bpall
Kaxodass u3 3Hepeu[l KeaHmyemcsi u onpedennemcn KeaHmoebiMu
qyucnamu.

A.H. OrypuoB. ®u3suka 0518 cmydeHmoe
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MpuHumn Maynu, nexawyin B OCHOBE CUCTEMATUKU 3anofHEeHWs] SNEKTPOHHbIX
COCTOSIHUA B atomax, OOBACHSET NepuoanyecKyld CUCTEMY  3NEMEHTOB
O.W. MeHngeneeBa MOBTOPSIEMOCTbIO B CTPYKType BHELUHWX OGOMoyek y aToMoB
POACTBEHHbIX 3NeMeHTOB (CM. CTp. 7-32).

24.PeHTreHOBCKME CNEeKTPbI

CambIM pacnpoCTpaHEHHbIM MCTOYHUKOM PEHTTEHOBCKOrO U3NyYeHNs SBNSETCs
peHTreHoBckasi Tpybka, B KOTOpOW BbineTawlue c
katoja K anekTpoHbl GomGapaupytT aHond A
(aHTMKaTOA), M3rOTOBMEHHBIN W3 TSXKEMbIX MEeTannoB
(W, Cu, Ptnt.pg.).

PeHTreHoBCKOE M3nyyeHue, UCXoasiLlee U3 aHoaa,
COCTOWUT W3 CI/IOWHO20 CreKmpa MOPMO3HO20 U3JTyYeHUs, BO3HUKAIOLWEro npu
TOPMOXEHNN JNEKTPOHOB B aHoAe, W JluHeldamoz20 criekmpa Xapakmepu-
cmMuYecKo20 U3Jly4eHusi, onpeaensieMoro Matepuarnom aHoaa.

TopMO3HOE W3y4eHNe UMEET KOPOTKOBOMHOBYIO PaHuLy A, HasbiBaemyto

2paHuuyel Cr/IowHo20 crekmpa, KoTopasi COOTBETCTBYET CUTyaLuMun, Npu KOTOPOW
BCS 9HEPrusl 9MeKTpoHa NepexoauT B 3HEPTUIO PEHTIEHOBCKOTO KBaHTa

E o =hv. =eU,
roe U — pasHocTb noTeHuua-
NIOB MeXay aHoAOM U KaToLOM.
U=t048 [paHn4Has anvHa BOMHbI

c ch ch
Mmin = ==
max eU Emax
U=3018 He 3aBUCWUT OT MaTtepuana aHo-
na, a onpegensieTcs TOMbKO
HanpsikeHnem Ha Tpybke.
JNlnHmn  xapaktepucTtude- 00,03 AT
At 7 CKOrO W3MyYeHusi BO3HMKaOT B
pesynbTate MNepexofoB 3NEKTPOHOB BO GHYMPEHHUX
060orio4kax aToMOB, KOTOPbIE UMEIT CXO4HOE CTPOEHUE Y BCEX dNeMeHTOB. [oaTomy
CNEKTPbl XapaKTePUCTUYECKOrO W3NYyYeHUsT pPasHbiX 3MEMEHTOB WMMEKT CXOAHbIN
XapaKTep, OHWM COCTOSIT U3 HECKOMNbKMX cepuii, obosHavaembix K, L, M , N n O.
a0 Kaxpass cepusi, B CBOWO oO4epedb, COAEPXKUT
v HebonbLION Habop oTAeNbHbIX TIMHUIA,
0603Ha4YaeMbix B nopsigke yOblBaHUS ANUHbLI
BOSHbI MHAeKkcamu o, B, v, ...

Mpn  BO3OYXAEHWM  3MEKTPOHOM  (Mnn
OTOHOM) M3 aTomMa ypansetca OOWH U3
BHYTPEHHUX 3MEKTPOHOB, Hanpumep, us K -cros.
OcBoboauBLLeecs MeCTO MOXeT OblTb 3aHATo
3MNEeKTPOHOM M3 Kakoro-nubo BHelwHero cros (L,
M , N nt.4.—npu atom Bo3HukaeT K -cepus).

Mpw yBenuyeHnm aToMHOro Homepa Z BecCb
PEHTIEHOBCKUIA CMEKTP CMEeLLaeTcs B KOPOTKOBOI-
HOBYIO YacCTb, HE MEHsISi CBOEW CTPYKTYpbI.

3aKkoH, CBA3bIBAKOLINA Y4aCTOTbl TNUHUKA C
,;_;;‘;,'H aTOMHbIM  HOMepoM Z  WCMycKalowero ux

arneMeHTa, Ha3biBaeTCsi 3akoHoM Mo3snu:

I U=50n8 max

)
T

Humencubracmes
>
T

N>
T

A

e
Y

M

[ M-y
;4

T
L-~cepus

g

/4
ia?imifmr L-cepu]

~
)
Lostyrvaiene K-

Vg
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[MPYXMHHBIN, PU3NYEeCKA M MaTeEMATUYECKUA MasTHUKM — MPUMEpPbI Knaccu-
YECKNX rapMOHMYECKMX OCLIMITNIATOPOB.

2
mmyXx

[MoTeHUManbHasa 3aHeprnsi rAapMOHNYECKOro OCUMMNATOpa paBHa U:T,

rae o, — cobCcTBeHHasn YacToTa konebaHuin ocuMnnaTopa, m — macca 4acTuubl.
Knaccuyeckuin ocumnnaTop He MOXeT BbINTWM 3a npegenbl "NoTeHumanbHon
"

AMbI" C koopauMHaTaMn  —x, . <X SHX

YpaeHeHue LlpeduHzepa [Ansi CTaUMOHApHLIX COCTOSIHUIA  KBAHTOBOIO

Uj ocuunnsaTopa
Py 2m z magx’ —0

- 5 PERrT) S

n=2 E;=3hw, ox h
roe £ — nonHas sHeprust ocumnnsitopa.
n=1 E, =5hey Cob6cmeeHHble 3HaYeHUsI 3Heprun Ans 3Toro
1 ypaBHeHUst
n=0 Ey=3hw, 1
0 - En=(n+5jho)0 (n=0,1,2,..)

Takum 06pa3oM, 3Heprusi KBaHTOBOTO OCUMUMNsATOpa KeaHmyemcsi (MOXeT
MMeTb NUWb [UCKPETHble 3Ha4YeHWs). YPOBHWU 3HEPrM  PacronoXeHbl Ha
ONHAKOBbIX PACCTOSHUSIX, PaBHBIX 710 .

1
MuHumansHas _3Heprus Eozgh(’)o HasblBaeTcsl aHepaueli Hyneebix

KoniebaHuli.

CyLLeCcTBOBaHNE 3HEPrnM HyneBbIX konebaHuii — TUNMYHO KBaHTOBbLIN 3dpdhexT
— NpsIMoe creacTBME COOTHOLLEHMS HeonpeaenéHHOCTEN.

Yactmua B siMe ntobor hopmbl HE MOXET HAXOAUTLCS Ha €€ AHe, NOCKOSbKY B
Hynb  obpalwaeTca WMMNynbC YacTuubl W €ro  HeonpedenéHHocTb, a
HeonpeaenéHHOCTb KOOPAMHATLI CTaHOBUTCS OGECKOHEYHOW, YTO MPOTMBOPEYMUT, B
CBOI o4epesb, YCroBMi0 NpebbiBaHNs YacTuLbl B "NOTEHLMaNbLHOM ave".

lpasunamu om6opa B KBaHTOBOW MeXaHUKe Ha3blBalOTCA YCrOBUS,
HaknagblBaeMble Ha U3MEHEHUs1 KBAHTOBbIX YMcern.

[ns rapMOHMYECKOro OCUMNNSATOPA BO3MOXHbI MUWb Nepexodbl Mexay
COCeIHUMU NOAYPOBHSAMU, T. €. Nepexoabl, yAOBNETBOpsAOLWME npasusly omb6opa

An=+1.

CnepoBaTtenbHO, SHEPrUsi rapMOHUYECKOro OCLMNNATOpPa MOXET U3MEHSITbCS
TONMbKO MopuusAMK A W rapMOHWYECKUA OCLMMNATOP McnyckaeT W nornowiaet
3HEPruo KBaHTaMMm.

KBaHTOBO-MexaHW4yeckoe pelleHve 3ajayn O KBAHTOBOM  OCUMNnATOpe
nokasblBaeT, YTO UMEETCA OT/MYHas OT Hyns
BEPOSATHOCTb 0oBHapyXuTb yacTtuuy 3a

npedenamu obnacmu  —X. SX<AX

Ha pucyHke npuBedeHa  KBaHTOBas
MMAOTHOCTb BEPOSITHOCTU obHapyxeHus
ocuunnsaTopa npu n=1, UMelowas KoHeuHble

3Ha4YeHna ona x > Xmax

KBaHTOBas humsuka



Keanmoeas ¢huzuka amomoe u Mosekyn

16.AToM Bogopoaa B KBAHTOBOW MexaHuke
Ha npumepe BogopoaonodoGHbIX aTOMOB — NPOCTEMLLNX aTOMOB, COAePXKaLLNX
€OVHCTBEHHbIN BHELLHWI 3MEKTPOH, — PACCMOTPUM OCHOBbLI CUCTEMATMKM KBAHTOBbIX
coctosiHMIn aTtomoB. [Mone BogopoAonodobHoro atoma — 3TO
npumMep ueHmpasibHo20 nons. B Takom none ygoGHO MCNonb- 1z
30BaTb cghepuyeckKyro CUCTEMY koopamHaTt: 7, 0, ¢.
MoTeHUManbHas 3Heprusi KynoHOBCKOro B3auMOAeNCTBUS ____9
3MNeKTpoHa C aTOMHbIM SApoM, obnajarowmm 3apsigom Ze (ans -~

aToma Bogopoga Z =1) ) ’ y
EU} U(r) =-— Ze Z
7 />/6/7 4negyr '
Of 7 TO€ 7'— paccTosHMe MexX/y 3IIeKTPOHOM W SiOPOM.
Ey CraumnoHapHoe ypasHeHue LLpeanHrepa
E; E 2m Ze*
Ay+—| E+ y=0
E 7 4ngyr
! TOMbKO MPU COBCMBEHHBIX 3HAYEHUSIX IHepauU
1 7%mé®
E, =22 (1=1,2,3,..)
n~ 8h’gg

(T.e. AN QMCKPeTHOro Habopa oTpuuaTenbHbIX SHEPTUIA (K8aHMoOeBaHuUe 3Hepauu))
MMeeT peLleHus, yaosneTopsiowme TpeboBaHUsIM OOHO3HAYHOCTM, KOHEYHOCTU U
HENPEepPbLIBHOCTU BOTHOBOM pyHKUmK (7,0, )

BelpaxeHue ans E, coBnagaet ¢ nonyveHHLIM B Teopun atoma bopa.
Hwxaiwumit ypoBeHb E; — 0CHOBHOII, BCe OCTasbHble — 86036y XAEHHbIE.

Mpun E <O pgBwxeHue anekTpoHa — cesisaHHoe, npu E >0 — ceo6odHoe
(aTom uoHu3syemcs).
OHeprua E =E, =0 pocturaetcs npy n=00.
4

OHepausi uoHusayuu amoma godopoda  E,=—FE, = 812% =13,553B.
€

CobCTBeHHble BOMHOBble yHKUMM Y =V, (7,0,¢) onpegensiotcs Tpems
KeaHMOoEbLIMU YUCnamu: 251aeHbIM 11, op6uManbHbIM | | Ma2HUMHBLIM 1 .

17.KBaHTOBbLIE Yucna

— [naBHOe kBaHTOBOE 4MCNO 7 onpegendetr J3Hepeemu4YyeckKue ypoeHU
3J/IeKmpoOHa B aToOMe

n=1,2,3,...
—  Op6uTtansHoe kBaHTOBOE Yncno / npu 3a4aHHOM 7 MPUHUMAaeT 3HadeHUs!
1=0,1,2,...,(n—1).
1 onpegenseT BenUUMHY MOMEHmMa umnysbca (MexaHu4eckul opbumarnsb-
HbIU MOMEHM) 3NEeKTPoHa B aToOMe

L =hJl(I+1).
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E.
pacnpegenexue Makcsenna—-Bonbumana <Nl-> = Aexp (ﬁj , roe

A= exp(%j. Takum 06pa3om, Npu BbICOKMX TemnepaTypax oba "kBaHTOBbIX" rasa

BeayT cebsi nogobHO Knaccuyeckomy raasy.

22.NpuHumn Naynu

CucteMbl 3NEKTPOHOB ((hepMUOHOB) BCTpe4arTCcs B Npupoe TONbLKO B
COCTOSIHUSIX, ONUCbIBaeMbIX aHTUCUMMETPUYHLIMU BONTHOBbLIMU (PYHKLIUAMMU.

OTcloga crefyeT, 4YTO ABa OAMHAKOBBIX 3MIEKTPOHa (hepMUoHa), BXOOSLMX B
OOHYy CUCTEMY, He MOryT HaxoOMTbCA B OOWHAKOBbLIX COCTOSIHUAX (MHaye npu
nepecTaHoBKe BONHOBasA PyHKUMSA Obina Obl YETHON).

(OTMETUM: B OAUHAKOBOM COCTOSIHUM MOXET HaXoamuTbCs Noboe vmcno 6030HOB.)

Hpyzas opmynuposka npuHyuna [laynu: B OQHOM U TOM e aTome He
MoOXeT ObITb Gornee OAHOro 3MeKTPOHa C OAWHAKOBbLIM HAGOPOM 4YeTbIPEX
KBaHTOBbIX 4Yucen #u, [, m, m,.

23.PacnpegeneHue 351eKTPOHOB B aTOMe MO COCTOSHUAM
COBOKyI'IHOCTb ONIEKTPOHOB B MHOIO3J1IEKTPOHHOM atomMe, MMerLwmnx oaHo n 1o
X€ TMaBHOe KBAHTOBOE YMCIO 71, Ha3blBaETCsl 3SIeKMPOHHOU 060/104KOU.
MakcumanbHoe 4ucno ONEeKTPOHOB, HaXoAdALWMXCA B COCTOAHUAX onpeae-
NAEMbIX AaHHbIM FMaBHLIM KBAHTOBbLIM YMCIIOM, PAaBHO
n—1
Z(n)=> 2021 +1)=2n".
=0
B kaxmoit M3 oBGornoyek aMneKkTpoHbl pacrnpegenstoTcs no rnodobosioykam,
COOTBETCTBYIOLUUM JaHHOMY [ .
Mockonbky [ npuHumaet 3Hadenne ot 0 go n—1, 10 yucno nodo6onoyek
pasHo rnopsiOkogomy Homepy n 060sI04KU.
KonunyecTBo aneKkTpoHOB B NofoGoroyke onpenensercs KBaHTOBbIMU YuCHaMm
m W mg — MakcuMarbHO€ YUCIIO 311eKMPOHO8 8 100060104Ke ¢ OaHHbIM | pasHo
221 +1).
O6o3Ha4yeHns obonoyek, a Takke pacnpenenieHve aMeKTPoHOB No oborioyukam
1 nogobonoykamM npeacTasreHbl B Tabnuvue.

maBHoe
KBAHTOBOE YMCIO 1 2 3 4 5
Cumson o6ornouyku | K L M N 0]
MakcmumanbsHoe
UMCIO 3NEKTPOHOB | 2 8 18 32 50
B 06onoyke
Opb6utanbHoe
KBaHTOBOG‘-WICJ'IOlOOlOl2012301234
no;:CL:JGN(I)?'l%iKM Is |25 |2p | 3s |3p | 3d | 4s |4p | 4d | 4f | 5s | Sp | 5d | 5f | 5S¢
MakcumanbsHoe
YMCNO SNEKTPOHOB | 2 | 2 | 6 [ 2 | 6 |10 2 | 6 |10|14] 2| 6 [10|14]|18
B nogobonoyke

A.H. OrypuoB. ®u3suka 0518 cmydeHmoe
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21.MoHATMA 0 KBaHTOBOM cTaTUCcTUKe Bo3e-QnHwTenHa n Pepmu-dupaka

AHanornyHo KrnaccuyeckMm CTaTUCTUYECKMM MeTodaMm, MNPUMEHSIEMbIM B
MONEKYNApHON huanke Ansa mccrnepoBaHus G0MbLIOro Yucna nodobHbIX 00bHEKTOB
(aTomoB, Monekyn), ANS KBaHTOBbIX CUCTEM, COCTOSILLUUX W3 OFPOMHOIO 4ucna
HepasnUUNMbIX TOXOECTBEHHbIX KBAHTOBLIX YacTuUL, MNOOYMHSAIOLIMXCS 3aKoHaM
KBAHTOBOW MEXaHWKW, MPUMEHSIOTCSt METObl K8aHMoe8ol cmamucmuku.

HanomHum, 4YTO 8 MoseKkynspHOU ¢hu3uKe Krnaccudeckux cucmem pacnpegene-
HWe YacTuL uaearnbHOro rasa no 3HEpPrUsiM BO BHELUHEM noTeHuuansHom none W
npv 3agaHHol Temnepatype 1 onuckiBaeTcsa pacrnpedeneHuem bonbuymaHa

n=n, exp(—K , rae k — nocrosiHHas BonbLmaHa.
kT

B kBaHTOBOW cTaTUCTUKE Takke WcnonbayeTca modesns udeasnbHoO20 2asa
Keasuyacmuu, NPU4EM OCHOBHOW XapaKTEPUCTMKON AaHHOrO KBaHTOBOIO COCTOSIHUS
C [aHHbIM HabopoMm [ KBAHTOBLIX YWCEN, ABMAETCH Yucs0 3amosiHeHus N,
yKasblBalollee CTeneHb 3arnofiHeHWs AAHHOTO KBaHTOBOIO COCTOSIHMSA 4YacTuuamu
CUCTEMbI, COCTOSAILLEN U3 MHOXECTBa TOXAECTBEHHbIX YacTuu. Ons cucteM yactul,
06pa3oBaHHbIX 6030HaMu, 4Wcna 3arosIHEHUs MOryT MpUHMMaTh Nobble uernble

sHavenus: 0,1,2,.... Ons cuctem yvactuu, oBpasoBaHHbIX ¢hepmMuoHamu, yvcna

3anoJIHeHNA MOryT NpUHUMAaTL NULb ABa 3HAYEHUA: 0 ansa cBo60AHbIX COCTOAHUN U
1 Ansa 3aHATbIX. Cylea BCEX YMCen 3anofiHeHUs AormkHa ObITb paBHa 4ucny Yacrtuy
cuctembl. KBaHTOBas ctaTucTvka NO3BONsSeT nogcyvrtatb cpeaHee 4ucno 4acrtuy B
AaHHOM KBAHTOBOM COCTOAHUN, T.€. onpeaennTb cpeaHune Yncna 3anofiHeHna <N1> .

UdeanbHbilli 2a3 u3 6030HO08 — 603e-2a3 — ONWCbIBaeTCs KeaHMoeol
cmamucmukol bo3se-3UHwmeliHa.

Pacnpepnenenune bBoze-dnHWTENHAa — 3aKOH,
BbIP&XAKLWMIA pacnpefeneHne 4YacTul no sHepreTu- 1
YECKMM COCTOSIHUAM B G03e-rase: Npu CTaTUCTUHECKOM <Ni> T
paBHOBECMM M OTCYTCTBUM B3aUMOAEICTBUA CpeaHee exp(’“) 1
YMCIO YacTUL, B [ -M COCTOAHMM C 3Hepruei E; pasHo: kT

3oecb kK — noctosHHas bBonbumaHa, T — TepMmoauHamudeckasi (abconoTHas)
TemnepaTypa; [L— XUMUYecKul nomeHyuan — mepMoOuHamuyeckas GyHKYUs
COCMOSIHUS, ONpefensiowas N3MeHeHNE BHYTPEHHEN 3Heprun (1, BoobLue rosops,
OpYyrMx TepMOAMHAMUYECKMX NOTEHLMANoB) CUCTEMbI NMPU U3MEHEHNUM YMUCHa YacTuL
B CMUCTEMe, MpWU YCMOBWMM, YTO BCE OCTaslbHble BEMUYMHBI, OT KOTOPbLIX 3aBUCUT
BHYTPEHHSAS 3Heprust (3HTponus, ob6beM, M T.A.), UKCUPOBaHbI. XUMUYECKUN
noTeHuMan HeobXoAMM ANs ONMUCaHUs CBOWCTB OMKPbIMbIX cucmem (CUCTEM C
nepeMeHHbIM YMCIIOM YacTuL).

UdeanbHbil 2a3 u3 ¢ghepMuoHoe — ¢hepmu-2a3 — ONUCLIBAETCA KeaHMoeol
cmamucmukol ®epmu-fupaka.

PacnpegeneHue ®epmu-finpaka — 3akoH, Bblpa-
XKawoLwuii pacrnpedeneHme YacTvy Nno sHepreTUyYeckum <N->: 1
COCTOSIHMSIM B hepmu-rase: npu  CTaTUCTUHECKOM ! E —pn '
paBHOBECUM W OTCYTCTBUMW B3aWMOAENCTBUA cpedHee exp(’ij+l

4YMCNO YacTuL, B [ -M COCTOSIHUM C 3Hepr|/|el7| Ei pPaBHO:

Mpyu  BbICOKMX  TemnepaTypax, korga exp((El- —p)/kT) >1, oba
pacnpegenexus bose-OnHwTeriHa n Pepmu-fupaka nepexogdT B Knaccuuyeckoe

A.H. OrypuoB. ®u3suka 0518 cmydeHmoe

— MarHutHoe KBaHTOBOE YMCAO 71 MPW A4AHHOM [ MPUHUMAET 3HaYeHus!
m=0,x1,x2,...,%x1.
1 onpefensieT eesIudUHY MOMeHMa UMynbca 31ekmpoHa 8 3a0aHHOM Harpas-
neHuu. Tak opbuTarnbHbIA MOMEHT UMMYMbCA SNEKTPOHA Zl MOXET UMeTb NULLb

Takue OpMeHTaLmMW B NPOCTPaHCTBe, NpU KOTOPLIX Mpoekyust L, sektopa L, Ha

HanpasneHue 8HeWHe20 MagHUMHO20 M0/ NPUHNMAET TONbKO KBAHTOBAHHbIE
3HaYeHus, kKpaTHble /i (MpocmpaHcmeeHHoe KeaHMoegaHue)
L, =mh.
Z

2 2% Takum o6pa3om, BeKTOp Zl MOXeT npuHumatb 2/ + 1
5 ,’ OpuveHTaLui B MpocTpaHcTee. Ha pucyHke mpuseaeHl
A BO3MOXHblE OpUEHTaLMKU BEKTOPOB L; ANst SNeKTPOHOB C
° I=1(a)n =2 (6).
—# _ﬁ COOTBETCTBEHHO, B MAarHUTHOM Tofle YpPOBEHb C
8

o

2 rMaBHbIM KBaHTOBLIM YMCROM 71 pacluennsertcs Ha 2/ + 1
noaypoesHen — aghgpekm 3eemaHa.

PacwenneHve ypoBHeN SHepruM BO BHELUHEM
3NeKTPUYecKoM none HasbiBaeTcs aghgpekmom LLmapka.

B kBaHTOBOW MexaHuke ksadpam moOyrisi 80/1HO80U hyHKUUU onpeaensieT
8eposimHocmb  OGHapyXXeHWUsi anekTpoHa B eAuHuue obbéma. BeposiTHocTb
0BHapy>XeHNs 3NeKTpoHa B pasHblX 4acTsiXx aToMa pasnuyHa. ONeKTPOH Npu CBOEM
OBWKeHMM Kak Obl "pa3masaHn" no Bcemy oObEMY, 0bpasys asiekmpoHHoe obnako,
NNOTHOCTb (ryCTOTa) KOTOPOro XapakTepuayeT BEPOSITHOCTb HAaXOXAEHUS SNEKTPOHa
B pasnuyHbIX TO4Kax o6bEma aToma.

KeaHmosble yucna n u | xapakmepu3sylom pasmep u ¢hopMy 371eKMpPOHHO20
obriaka, a K8aHMOB0e YUC/I0 ™ Xapakmepusyem OpUeHMauur 3/1eKMpPOHHO20

a)

i=0
=8, S-anexmpons A, I
- —@@t ]
g - mevs ) P
!
d-anexmponer
z_ m==2
’ K
} !
o I
D Sy
m-|+3 i\ T-anexmpons

m=-2 m=-3

KBaHTOBas chumsmka
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obnaka e npocmpaHcmee. B aTtomHOM chm3mKke, NO aHamnorMm co CrekTpoCKOnuewn,
COCTOSIHVE 3MeKTpoHa, XapakTepuaytoweecsi kBaHToBbIM uncrioMm [ =0, HasbiBaeTcA
S —COCTOSIHMEM (3MIEKTPOH B 3TOM COCTOSIHUM Ha3blBAETCs § -3NeKTpoHoMm), [ =1 —
p -coctosiHuem, [ =2 — d -coctosiHuem, [ =3 — f-cocTosiHWEM U T.A,.

Ha pucyHke nokasaHbl epaghuyeckue usobpaxeHus (nosspHbie ouazpamMmbi)
NNOTHOCTE BEPOSITHOCTU AN S-, p-, d- U f -3NEeKTPOHOB M COOTBETCTBYIOLLEE
KaXKgoMy CIyyalo MpocmpaHCMeEeHHOe KeaHmosaHue — Takas OpueHTauus
OOpoBCKMX OpOWT, nNpyM KOTOPOM MNPOEKUMs MOMEHTa WMMynbca UMeeT
COOTBETCTBYHOLLEE 3HaYeHue (Hanpumep, =27 ana [ =2, m=2).

18.MpaBuna ot6opa

Mepexodbl MexXay SNEeKTPOHHbLIMU COCTOSIHUSIMU BO3MOXHbI TOJIbKO B TOM
cnyvae, ecnu:

1) uameHeHvne Al opbumarnbHO20 K8aHMOB020 yucna | ynoBneTBopsieT ycro-

BUWIO
Al =+1,
2) nameHeHme Am Mas2HUMHO20 K8aHMOB020 uyuc/a m YOOBNETBOPSET
yCroBwio
Am=0,+£1.

Tak, Hanpvmep, B aToMe Bogopoda nepexodbl np — 1s (n=2.3,...) obpa3sytoT
cepuio JlaiimaHa, a nepexogpl np — 2s, ns > 2p, nd ->2p (n=3,4,...) — cepuio
Banbmepa.

19.CnuH aneKkTpoHa

OnekTpoH o06nagaetr cob6CcmeeHHbIM HEYHUYMOXUMbIM MeXaHU4eCKUM
MOMEHMOM UMnNysbca, He CBSA3aHHbIM C ABUKEHWEM 3EKTPOHa B NPOCTPaHCTBe, —
CIMUHOM.

CnnH Obln obHapyxeH B akcriepumeHmax LlmepHa u
lepnaxa npy NPOXOXAEHWW Y3KOro My4ka aToOMOB BOAOPOAA,
HaXOASLMXCS B S -COCTOSIHUM Yepe3 CUnbHOe HeofHOPOAHOoe
marHutHoe none. B atom coctosiHum [ =0, MOMeHT umnynbca

Ly =n4JI(I +1) =0 v marHnTHOe none He [OIMKHO BbINO BAMSTHL

Ha OBWXeHne aToMoB. OHAKO My4YOK aTOMOB PacuWensisfcsl Ha
dsa nydka, cneposaTenbHo, 6biflo OGHapyXeHO NpPOCTpaH-
CTBEHHOE KBAHTOBaHWE MEXaHM4YeCcKoro MOMEHTA, He CBsi3aH-
HOrO C Op6UTanbHLIM ABMKEHNEM SMIEKTPOHA.

Yacto cnuH anekTpoHa Hazsisi0HO NPEeACTaBnsioT, Kak
MOMEHT MMIynbca, CBA3AHHbIA C BpalleHWEM 3MeKTpoHa — TBEPAOro wwapuka —
BOKPYr CBOEW OCM, HO Takas MoAefib MpUBOAUT K abcypOHoMy pesynbraty —
NHerHasa CKOpOCTb Ha MOBEPXHOCTM anekTpoHa B 200 pa3 nmpeBbllaeT CKOpPOCTb
ceeTa.

Moatomy criedyem paccmampueams CrUH 3NEKTPOHA (U BCEX ApYrux
MUKpOYACTUL) KaK 6HYmpeHHee HeombemiemMoe KeaHmoeoe  c8olcmeo
MUKpoyacmuubl: NOA0BHO TOMY, KaK 4acTuLbl UMEIOT Maccy, a 3apsiKeHHble YacTuLbl
— 3apsAga, OHW MMEIOT eLwLé 1 CMUH.

CnnH L, kak MexaHN4eCKnii MOMEHT, KBAHTYeTCA MO 3aKOHY

L, =h\s(s+1),

A.H. OrypuoB. ®u3suka 0518 cmydeHmoe
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rAe s — CMUHOEOe KeaHMmMosgoe 4qucso. Mpoekums L chnvHa KBaHTyeTCst Tak, 4To

BekTop L, MoxeT npuHumatb 2s+1 opueHTaumit. Tak kak onbiTbl LLUTepHa u
1
lepnaxa 0GHaPYXXWUNKU TONbKO ABE OpUeHTauum cnuHa, 1o 25 +1=2, otkyga: s = E

Mpoekuust L, =7mg, roe m,— MazHUMHoOe CrUHO80e K8aHMo8oe 4YuciIo,

1

KOTOpOE MOXEeT UMETb TOJIbKO ABa 3HAaYEeHUA: my = t—.

Takum 06pa30M, COCMOosHUe 3/1eKmpOoHa 8 amome onpedenﬂemc,q Ha60pOM
YyembIpéX K8aHMOBbIX YUCeT.

rmasHoro n (n=12,3,..),
opbutanbioro [ (1=0,1,2,...,n-1),
marHutHoro m  (m=—1,...,—1L,0,+1,...,+1[),

1 1
MarHuTHOrO CiMHoBoro My (my = +E’ - E).

20.MpuHUMN HePa3NUYUMOCTU TOXKAECTBEHHbIX YacTul. DepMMUOHbI U 6O30HbI

B kBaHTOBOW (hM3UKE YacTULbl, UMEKOLLIME OA4MHAKOBbIE (hM3MYecKne CBONCTBA
— Maccy, aneKTpUYecknin 3apsig, CNvH 1 T.4. SABMNATCS mMoxdecmeeHHbIMU.

TpuHyun Hepa3nUYUMOCMU MOXOECMEEeHHbIX Yacmuuy: mMoX0ecmeeHHbIe
yacmuuybl 3KCIepUMeHmMarbHO pasuyume He803MOXHO.

OT0T pyHOameHmMarbHbIG (OCHOBOMOMAraoLWwmn) NPUHUMMN KBAHTOBOW (U3UKK
He MMeeT aHaora B knaccuyeckon usuke. B knaccmueckon mexaHuke oavHaKkoBble
YacTULbl MOXHO pasnMYMTb MO MOMOXEHU B MPOCTPAHCTBE W OTCRNeauTb WX
TpaekTopuio. B KBaHTOBOW MeXaHWKe, MNOCKOSMbKY MOHSATWE TPaekTopun IULLIEHO
CcMbICNa, TO YacTuLbl MOSIHOCTLIO TEPST CBOK WMHAMBUAYANbHOCTb W CTAHOBATCS
HepasnMYnuMbIMU.

MaTemaTnyeckas 3anucb NpuHLMNA Hepas3nMyYMMoCTm

2 2
|W(xlsx2)| =|\V(x2’x|)| ’
rae x; n X, — COOTBETCTBEHHO COBOKYMHOCTb NMPOCTPaHCTBEHHbIX U CMWHOBbLIX
KoopaAuHaT nepBOI7| n BTOpOIZ yacTtuy,. BoamoxHbl aBa cnyvas:

W(x,X%) =w(xy,x) n WX, ) =—w(x,x).

B nepsom criyyae BOMNHOBasi DYHKUMSI CUCTEMbI NPU MEPEMEHe 4acTul,
MEeCTaMu He MeHsIeT 3HaKa; Takas hyHKUMS Ha3bIBaeTCs CUMMEemMpPUYHOU.

Bo emopom criyyae npu nepemMeHe YacTul, MecTamu 3Hak BONTHOBOW (DYHKLUMUM
U3MEHSIeTCH; Takas PYHKLMS Ha3bIBaETC aHMUCUMMempuYyHoU.

Mpn aTOM XapakTep CUMMETPUN HE MEHSIETCS CO BPEMEHEM, Takum obpasom,
ceolicmeo cumMMempuu WM aHmMucumMMempuu - Mpu3HaK GaHHO20 muna
Yyacmuuabl.

Cummempusi 8011HO8bIX (hyHKUUU onpedensemcsi CIUHOM Yacmuy,.

YacTuubl ¢ nonyuesnbiM CAMHOM (HanpuMep, 3MeKTPOHbI, MPOTOHbI, HEWTPOHbI)
OMNUCbLIBAOTCA  aHTUCUMMETPUYHBIMU  BOMHOBBIMU  (PYHKLMSMU U NOAYUHSIOTCS
cratuctuke Gepmu-fupaka: 3TM YacTULbl Ha3blBaTCA ghepMuUoHamu.

Yactuubl C HyneBbIM MNW LENOYUCIEHHBIM CNMHOM (HanpuMep, TT-Me30Hbl,
(POTOHbI) ONUCLIBAOTCH CUMMETPUYHBIMU BOSTHOBBLIMU (PYHKLMSAMU U NOAYUHSIOTCS
cTatucTuke bose-OMHLITENHA; 3TN YacTULbl HasbiBalTCA 6030HamMu.

KBaHTOBas humsuka
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