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Bomnpocsl, KOTOpbI€ BEIHOCATCS HA SK3aMEH
10 JAHHOMY pas3Jeiry

1. OnbITHOE 000CHOBaHNE KOPILYCKYJISIPHO-BOJIHOBOI'0 IyaJIU3Ma BelllecTBA.
I'umore3a ne bpoiiyis, BosiHbI 1e bpoidisa. *

2. CooTHolIeHUE HeonpeaeaeHHocTeiil ['eii3eH0epra kak mposiBjieHue
KOPILYCKYJISIPHO-BOJIHOBOI' 0 1yaJIM3Ma BellecTBA.

3. BoaiHoBas pyHKuus, ee puznyeckuii cMmpic. YpaBHenue llpequnrepa ais
CTALMOHAPHBIX COCTOSIHHUIA.
4. Pemnenue ypaBHeHus lllpennnrepa ajs 4yacTuubl B 0JJHOMEPHO# 0eCKOHEYHO
rjy0oKoi NpsIMOYI0JiIbHOM MOTEHUHAJIBHOH sIMe.
. TyHHeJIbHBIN 3 PeKT.
. KBaHTOBBIV TapMOHUYECKUN OCUAILIIATOP.
. [Ipumenenue ypaBHenus lllpennnrepa A onucaHus aToma BOJIOPOJA.
. ''maBHOe, OpOUTA/IBHOE U MATHUTHOE KBAHTOBbIEC YHCJIA, UX PU3HMUECKUIT
cmbica. CnuH JiekTpoHa. [Ipunuun [Mayau. Pacnpenenenue 3j1eKTPOHOB B
aToMe IO COCTOSIHUSIM.
9. Pacmenuienne HepreTHYECKMX YPOBHeii aTOMOB NPHU 00Pa30BAHUM MOJIEKY.JI.
10. TenioBBIe KOJIEOAHUS KPUCTALIHYECKOH peieTku. TemioeMkocThb
KPUCTAIMYECKO pemieTKkH. DOHOHBDL.

11. ®yukuus pacupeaenenusa ®epmu-Aupaka. Ee puznueckuii cMmbic.
BripokaeHue 3JIEKTPOHHOIO ra3a.

12. TlonsaTHe 0 KBaHTOBOU cTaTHUCTHKE bo3e-DitHnITeiHa.

13. Biusiare Temmepatypsl Ha pacipeeeHIe JIEKTPOHOB MPOBOAMMOCTH B
METaJlIe MO 3HEPTUAM. TEenI0eMKOCTh 3IEKTPOHHOTO rasa.

14. D1eKTPONPOBOIHOCTH METAJLIOB. 3ABHCUMOCTb OT TeMIIEPATYPBHI.

15. DnnemMeHTHI 30HHOI Teopuu. Pacienienue 3HepreTHYeCKUX YPOBHell aTOMOB
U 00pa3oBaHue JHEPreTHYECKUX 30H B KPUCTAJLIIAX.

16. MeTaJLiibl, IM3JIEKTPUKH U NOJYNPOBOTHUKH ¢ TOYKH 3PEHUsI 30HHOMH
TeOpHUHU TBEPAOIO TeJa.

17. CoOcTBeHHBIE MOTYNPOBOAHUKH. JJIEKTPONPOBOAHOCTh U €€ 3aBUCUMOCTh
OT TeMIIePATYyPhl.

18. IlpumecHbIE MOJTYNPOBOAHUKH. DJIEKTPONPOBOIHOCTH H €€ 3aBUCHMOCTb OT
TeMIIepPaTyphbl.

19. ®oTONpPOBOAMMOCTH MOJTYNPOBOTHUKOB.

20. KoHTaKT 3JIeKTPOHHOI0 H AbIPOYHOT0 MOJYNPOBOAHUKA (P-N mepexona), ero
BOJIbT-aMIIEPHAsl XapaKTepucTUKa. @u3nuyeckure npoueccsl B P-N mepexose.

21. Ilpunan paboTH TPAH3UCTOPA.

22. CocrtaB saapa. [ledekt macchl M JHeprusi CBsi3u siipa. BzaumojeiicrBue
HYKJIOHOB, si/IePHbIe CHJIbI. Y CTONYUBOCTH s/1ep.

23. EcTrecTBeHHAasl pa/INOAKTHBHOCTD. 3aKOH PAJHOAKTHUBHOI0 pacnaja.

24. SInepHble peaKIuM U 3aKOHBbI coxpaHenusi. [I[pumeneHnue siepHON IHEPTUM B
HAPOJHOM XO03s1iiCTBe.
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25. Peaknuu fiefieHUs M CHHTE3a aTOMHBIX SI7IEp.
26. DaeMeHTapHbIC YACTHIIBI, X KIACCU(PUKAINS ¥ B3aUMHASI IIPEBPANaeMOCTb.

*] [puMeyaHue: BBEIACJICHBI OCHOBHBIC BOIIPOCHI.
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CoaoepxaHme KOHTposnibHOMN paboTbl Ne6

Tembl HOMeEpa 3a71a4
1. Jlnvna BoHBI e bpoiins 601 - 610
2. CooTHomeHnue Heonpeaenennocrei [ eiizendepra 611 - 620
3. Ypasuenue [llpeaunarepa 621 - 630
4. TernmoeMKOCTh TBEPIBIX TEJ 631 - 640
5. KBanToBas cratuctuka ®epmu-/lupaka 641 - 650
6. DIEeKTPOIPOBOTHOCTH TBEPBIX TEII 651 - 660
7. SImepHbie peakiuu. PagnoakTHBHOCTH 661 - 670

PaccMoTpyuM 37€MEHTBI TEOpUM MO KaXIOW M3 YKA3aHHBIX TE€M W MPUMEPHI
pelIeHus 3a7ad.

Tema 1. JJTMHA BOJIHBI JIE BPOMJISL.

N3yuenne mpupobl CBETa MOKa3ano, YTO HApsAy C BOJHOBBIMU OH OOJajaeT
KOPIYCKYJISIpHBIMU ~ cBOMcTBamu. Takum oOpa3oM, B ONTHYECKUX SIBJICHUSX
MPOSBIISICTCS KOPITYCKYJIIPHO-BOJTHOBOM Ayanu3M (JIBOWCTBEHHOCTH) cBeTa. B 1924r.
Jlyu ne bpoiinb BBIABHHYJ TUIIOTE3Y, UYTO IyaJH3M HE SBISIETCS OCOOEHHOCTBIO
TOJIBKO ONTHYECKUX SIBIICHUM, a UMEET YHUBEpCaIbHOE 3HaueHue. JIBukenue aro0oi
YACTHUIIbl, COTJIACHO J¢ DbpoWito, sBISETCS BOJHOBBIM MPOLIECCOM, JJIMHA BOJIHBI
KOTOPOTO

h (1.1)

A=—
p



rone p - HMITYJIBC YaCTUIbI, h - mocrosanas ITnanka.

I'unote3a ne Bpoiins Oblia BCKOpE MOATBEPIKACHA SKCIIEPUMEHTAIBHO (OIBITHI
JaBuccona u JIxepmepa 1927r.). BoaHOBBIMEH CBOMCTBaMHU 00JIaJal0T BCE Teja, HO
MPOSIBJISIFOTCS. OHU TOJBKO JIJISL YaCTHUIL ¢ Majoi Maccoil (MUKpOYACTHIN), TaK KaK JJIs
HHX JIJIMHA BOJIHBI A€ bpoitns mocratouHo Benuka. [Ipuyuem, MukpoyacTuia A0JDKHA
HaxOJIUThCSl B YCJIOBUSX, KOTJIa €€ JIJIMHA BOJHBI A€ bpoilns Oyaer couszmepuma c
pa3MepaMu TOM 00JIaCTH MPOCTPAHCTBA, B KOTOPOM YacTHIla JBHkeTcs. Hampumep,
MpU JIBIDKEHUU DJIEKTPOHA BHYTPU TEIEBU3MOHHON TpPYyOKH, JUMHEHHBIE pa3MEphI
KOTOPOM HAMHOTo OOJibllie AJWHBI BOJIHBI Ji€ DBpoiyis »JeKTpoHa, YYUTHIBATH
BOJIHOBBI€ CBOMCTBA 3JICKTPOHA HE MMEET cMbIcha. [Ipu ABMKEHUU Ke€ DIIEKTpOHA
BHYTPH KPHUCTAJIJIa, PACCTOSIHUE, MEXKAY aTOMaMH KOTOPOIO IO MOPSAAKY BEIHMYUHBI
PaBHO €ro JJIMHE BOJHBI A€ DpOWiisd, y4YHUTBHIBATH BOJHOBBIE CBOMCTBA JJIEKTPOHA
HEO0OXOIUMO.

3amava. Haiitu nmuny BomHBI ne bpoiins A s 25IeKTpoHA, MMEIOIIETO
KHHeTH4ecKyto sHepruto: a) Wi = 10 k3B; 6) W, =1 M»3B.

Jlaso: W, = 10 3B =10* 5B = 10* -1.6 -107%° J1x
W, =1 M>sB =10°5B = 10° 1.6 -10*° T

M—2 -7
Pemenne. [lnmmua BonHBI ne bpoiins ompenensercs mo ¢dopmyne (1.1).
WIMnysibe 9acTHIBI P JUIS CKOPOCTEH, MaJIbIX IO CPABHEHHIO CO CKOPOCTBHIO CBETA B
Bakyyme (V << C), paBeH
p=mv.
YdYuTBIBasi, YTO UMIYJbC MOXHO BBIPA3UTh Yepe3 KHHETUYCCKYIO JSHEPTHUIO
mv =+/2Wm , s IIMHBL BOJIHEI Jie Bpoiiis momyyaem

PR (1.2)

v 2Wm
Ecimm ke CKOpPOCTb 4YaCTHLIbI HCJIb3d CUHUTATb M&JIOIZ 10 CpaBHCHHIO CO
CKOpPOCTBIO CBE€TA B BaKyYMe, TO I/IMHyJIBC qaCTulibl, COIJIaCHO pCHHTI/IBHCTCKOﬁ
TEOpUH, paBEeH

rue mo - Macca MOKOS YaCTHIIBI.

BBIpa)KeHI/IC HMHYJIBC& qcpe3 KI/IHCTI/I‘—ICCKYIO OHCPIUIO B 9TOM cnyqae NMECT BU/
W 2
p=[2Wm g+ .
.2




JInvHa BoJIHBI 1€ bpoiins, ciieqoBaTeabHO, paBHA

A= h = . (1.3)
2Vm g+
C

2
Bumno, uto ¢popmyina (1.3) nepexoaut B popmyiy (1.2), eciin wieHoM —,~ 1o
c
cpaBHeHMIO ¢ wieHoM 2Wm ; MOKHO IpeHeOpeys.
2
O1eHKa MOKa3bIBAaET, YTO B Cllydae a) WieH —,~ cocrapyser meHee 1% ot

c
uynena 2Wm ;. CnenoBartensHo, monb3yeMcst popmynoit (1.2), u3 KoTopoit momydaem
34
6,63 10 =122-10"% .

V210 16-107° .91.107%
Jlns cimydast 6) monb3yemcest popmysioii (1.3),u3 KoTopoit mosryuaem

=34
Ay = 65310 =0,87-10 " u.

fLo® 1610 f
(3-108)
Otser. a) 1 =122-10"2;6) 1 =087-1071% .

2.10°.16-10° .91-107% +

Tema 2. COOTHOIIIEHME HEOITPEJEJIEHHOCTEN I'EM3EHBEPT A

B  kimaccuueckoii = MEXaHMKE ~ TOYHOCTH

ONpeAEICHUS KOOPJAWHATHI u UMITYJIbCa

= MaTepuarbHOW TOYKM B OJIMH U TOT K€ MOMEHT

BPEMEHM B MPUHIIMIE HE OrpaHUYeHa. BOJIHOBEIE ke

A X >0 CBOWCTBA MUKPOYACTHUIL OTPAHUYUBAIOT 3TY TOUHOCTD.

Hanum Ka4eCTBEHHOE oOBbsSICHEHUE 3TOTO

a yTBepxkaeHusd. OmnpeneneHHas jIMHA BOJHBI €CThb

ﬂ ” ﬂ XapaKTEePUCTHUKA HUJICATU3UPOBAHHON OECKOHEYHOM 110

/l A MPOTSKEHHOCTH MOHOXPOMATHYECKOMN BOJIHBI,

UUUU onuckiBaeMor cunycouaon (Puc. 2.1a). JlroOast ke
AX

peasbHas BOJIHA, B TOM 4YHCJE BOJIHa A¢ bpois,
3aHUMaeT KOHEUHYIO 00JacTh MPOCTPAHCTBA, KaK
TOBOPSAT, SBJSETCS BOJHOBBIM makeroMm (Puc 2.10).
MareMaTu4ecKl BOJHOBOM ITaKET MOXKET OBITh
Prc. 2.1, NPEACTAaBICH  KaK  pe3yJbTaT  CYNEPIIO3UILINU
CHUHYCOHU/I C pa3JMYHBIMU JJINHAMU BOJIH, YACICHHBIE
3HAUYCHUA KOTOPBIX JIE)KAaT B  ONPEACICHHOM
nnana3zoHe AA . [lockonbKy amvHa BOJTHBI e bpoiis

e

6

MonoxpomaTndeckas BOJIHA U
BOJIHOBOW MAKET



Y MMITYJIbC YaCTHIBI CBsI3aHbI cooTHomeHueM (1.1), To SICHO YTO, €CJIH JJIMHBI BOJIH
JeXaT B HEKOTOPOM [uarna3oHe AA, TO B HEKOTOPOM JAuama3zoHe AP JIeKaT |
3HAUCHUS UMITyNbca. Bennumaa AA a, ciemoBaTenbHO, AP pacTeT MPU YMEHBIICHUN
pa3MepoB BOJIHOBOro mnaketa AX. Pa3mep BOJHOBOTO MakeTa XapaKTepu3yeT
HEOMNpPEACICHHOCTh KOOPAMHATHI MHUKpoUYacTHIlpl. M3 ckasaHHOro ciemyer, 4To
YMEHBIIIEHUE BEIUYMHBI AX TPUBOAUT K YBEJIMUCHHUIO HEOTPEIETCHHOCTH UMITYJIbCa
Ap. TelzenOepr mokasajg, 4YTO CJIETAHHOE YTBEPXKIEHUE MOXKHO BBIPA3UTh C
MOMOIIBI0O  CUCTEMBl HEPABEHCTB, KOTOPbIE€ HA3BIBAIOTCS  COOTHOIICHUSIMU
HEOMPEACICHHOCTH

AX-Ap, 27, (2.1)

Ay -Apy 21, (2.2)

Az-Ap, 2h, (2.3)
rae  AX,Ay,AZ - HCONPEACNCHHOCTb KOOPAMHAT 4YacTHUBL, Ap,,Ap,,Ap,

HEOMPEACICHHOCTh MPOCKIUM MUMITyIbCa HAa YKa3aHHbIE OCH KOOpJUHAT; #i :2— -
T

nocrosHHas I lnanka ¢ yeproi.

CoOoTHOIIEHUEM HEOMPEIEICHHOCTH CBSI3aHbl TakXKe BpeMsi MpeObIBAHUS
YacCTUIIbI B HEKOTOPOM DHEPreTUYECKOM COCTOSHMH At ¢ HeonpeaeIeHHOCTHIO
SHEPTUHU ATOTO COCTOSTHUSA AE :

AE -At>h. (2.4)
[IpuMeHUTENBHO K AJIEKTPOHY B aTOME ATO O3HAYaeT cieaymiiee. B crarmonapHom
COCTOSIHUM aTOM MOXKET HaXOJUThCS KaK yrogHo Aojro At — oo. MIMeHHO mosTomy

OQHCPIUusgd OTOro COCTOAHHA HMMCCT BIIOJTHC OIIPCACICHHOC 3HAYCHHC AEcmau —0.

«Bpemsi Ku3HH» BO30YKJIEHHOI'O COCTOSIHMSI aTOMa MMEET KOHEUHYI0 BEJIMYHUHY
-8
nopsinka At = 10 °c. CinemoBarenbHO, HEOMPEACICHHOCTh YHEPTUN DTOTO COCTOSHUS

koHeuyHa. AE

h
6036 ZE. Ecimn npm mepexoie 3JIEKTpOHAa U3  BO30YKICHHOTO

COCTOSIHHSI B CTAI[HOHAPHOE aTOM MCITYCKaeT KBaHT cBeTa (POTOH), TO SHEPTHSI 3TOTO

(oToHa OyAET UMETh TAKYIO K€ HEONpeaeaeHHocTs AE - .

3agauva. [Ipu nepexoae u3 Bo30YXIAEHHOTO COCTOSIHUS B CTAllMOHAPHOE, aTOM
3a BpeMsd T = 10°® CEKYH/Ibl HCITYCTHI (DOTOH, JJIMHA BOJIHBEI KOTOporo A = 0,55 MKM.
OrneHuTe BEIMUUHY HEOMPEACICHHOCTH, C KOTOPOM MOXHO YCTaHOBUTH KOOPJIMHATY
(oTOHA B HANpaBIICHUH €r0 JIBWKECHUS, a TAKKE OTHOCUTEIIbHYIO HEONPEIEIEHHOCTD
€ro JITUHBI BOJIHBI.
Jlano: A = 0,55 mxm =0,55-10 °wm.
1= At=10"5c.

AX=7 AN/ N —=7
Pemenune. HeompeneneHHOCTh KOOPAUHATEI MOXKHO OIEHUTHh Tak: AX ~ C-At,
I7€ C — CKOPOCTh cBeTa. YMCIEHHO 3TO JaeT AX ~ 310%10°% =3 m.



st ompeneneHus OTHOCUTENBHOW HEOMPENEICHHOCTH JUIMHBI  BOJIHBI

BOCIIOJIb3YEMCSl COOTHOILIEHHEM HeornpeaeaeHHocTu ['eiizenbepra st sHepruu
BO30YXJIEHHOTO COCTOSIHUSI U BPEMEHHU NMPEObIBAHUS B 3TOM COCTOSIHUU

AE-At=h. (2.5)
3HaK paBeHCTBa B 3TOHM (opMylie 03HAYAET, UTO MIIETCS MUHUMAIbHO BO3MOXHAs
HeompeAeneHHocTh  3Heprun  AE .  Beime  ormedanoch, 4TO  Takyl — Ke
HEOMpPEACICHHOCTh OyAeT HMETh U UCHyIIeHHbI atoMoM ¢oToH. Ilockoibky
3Heprus (OTOHA CBs3aHA C YAaCTOTOM CBETOBOHM BONHBI (hopmynoit Ez; = hv, 10
HEOMpPEACICHHOCTH JHEPrud (POTOHA COOTBETCTBYET HEONMPEEIECHHOCTh YaCTOTHI
paBHas

Av=AE/h . (2.6)
YacToTy MOKHO BBIPAa3UTh Y€pe3 JJIMHY BOJIHBI B Bakyyme v = ¢/ A. Ucnone3ys sty
dhopmylly MOKHO HAlTH CBSI3b MEX Iy nuddepeHnanraMu 4acToOThl U JJIMHBI BOJHBI:

dv = —-Sdj.
/12

Omnyckasg 3HaK MHHYC, KOTOPBIM O3HA4aeT, 4YTO YBEJIWYECHHUIO YaCTOTHI
COOTBETCTBYET YyMEHBIIIEHHE JJIMHBI BOJIHBI, W, 3aMEHUB 3HaK auddepeHimana
3HAKOM HEOIPECIICHHOCTH, MOTYyYUM

Av=£AA.
/12

[Toxcrasiss nocieanee Beipakenue B (2.6), a, Takke HCIONB3ys COOTHOIICHUE (2.5),
uMeeM
C
— AL =—.
A At -h
VuuteBasg, uto h = 27/, nns OTHOCUTENBHONM HEONPENETEHHOCTH [UIMHBI BOJHEI
¢doToHa U3 mocieHer GOPMYIIBbI TOJTyIaeM
AL A
A 27nCAt
[ToacTaBiasis B 3TO BRIpAKCHHUE YHCIICHHBIC 3HAYCHUS, TIOTYIHM
AL 0,55-10° B}
: ~3-10°.

A 27-3-10°-10°
OtBer.~3 M, ~3-10°%.

Tema 3. YPABHEHUE IIPEJIMHT'EPA

Bropoii 3akoH HpIOTOHA, SBISSCH OCHOBHBIM YpPAaBHEHUEM KJIACCHUYECKOU
JVHAMUKY, TO3BOJIAET, 3HAs HA4YaJIbHbIE YCJIOBHS, PACCUUTHIBATH IOJOKEHUE U
CKOPOCTh YacTHIbl B JIt0OOOM MOMEHT BpeMeHH. B Mukpomupe nrobasi yacTuia
onuckiBaeTcsa BosiHOU Ae bpoinsa. CiaegoBaTenbHO, HEOOXOIUMO UMETh YPaBHEHUE, C
MOMOIIBK0 KOTOPOTO MOYKHO PACCUUTHIBATH MAPAMETPhl TAKOW YaCTHUIIbI-BOJHBI JJIS



m000M TOYKHM MPOCTPAHCTBA B JIOOOM MOMEHT BpeMeHHU. Takoe ypaBHEHHE OBLIO
npemioxeno penuarepom (1926r.):

—h 8‘P+8‘P+8‘P +U‘P:iha—‘{’,
2m\ ox*  oy* oz’ ot
rae m — macca vactuusl, U(X,y,z,t) — noreniuansuas saeprus; 1 =+/—1 - MHMMas

equHuna; t — Bpems; X,Y,Z — KOOpJAHUHATBHL. DTO YpaBHEHUE SBISETCS OCHOBHBIM
3aKOHOM KBaHTOBOW HEPENSATUBUCTCKON MEXAHUKHU.

HckoMol BETMUMHON MPH PENIEHUH 3TOr0 YPaBHEHUS SIBJISIETCS BOJIHOBasA W —
¢bysakmus (ncu — QyHKIOMA), KOTopas B OOIIEM Ciydae 3aBUCHUT OT KOOpJIWUHAT U
Bpemenn V(Xx,y,z,t). Cama Y — ¢QyHkOus He uMeeT (U3NYSCKOTrO CMBICIA.

~ 2 ~
®uznyeckuid cMbIca UMeeT kBaapar mMoayis Y — ¢yHkuun ‘LP‘ , KOTOpBIM paBeH

INIOTHOCTHU BCPOATHOCTH O6H21py>KI/ITB 4aCTUIy-BOJIHY B I[aHHOI\/,I TOYKC IIPOCTPAHCTBA
B I[aHHI)IP'I MOMECHT BPEMCHU.

=
dv
rne dW - BeposATHOCTH OOHAPYKUTH YACTUIy B IpeAeaax OECKOHEYHO Majoro
oobema dV . YrtoObl KBagpaT MOAyJs NCH — (QYHKIMH COOTBETCTBOBAI CBOEMY
(U3UYECKOMY CMBICTY, cama TCH - (PYHKIMS JAOJKHA OBITh KOHEYHA, OJHO3HAYHA U
HEIPEPBIBHA, a €€ MPOU3BOJIHbIE — KOHEYHBI U OJTHO3HAaYHbl. KpoMe TOro, moCKOJIbKY
BEPOSITHOCTH COOBITHS, KOTOPOE 003aTENIbHO IPOU30MIET, B MATEMATHKE CUUTAETCS
pPaBHOM €AMHMI], TO 3TOMY, TAaK Ha3bIBAEMOMY, YCIOBHIO HOPMHUPOBKH JIOJKHA
YAOBJIETBOPSITH U NICU — (DYHKITUSI.

Ecnu moreHuumanpHas SHEPryus 4YacTULBI HE 3aBUCUT OT BpeMeHu, 1o V¥ —
(YHKUMIO MOXHO 3aMEHUTh MPOU3BEAECHHEM JBYX (PYHKIUH, OgHAa M3 KOTOPBIX
3aBUCHT TOJBKO OT KOOPJMHAT, a APYrasl - TOJIbKO OT BPEMEHMU:

P(xy.2) = y(xy.2)e().

Takas 3ameHa no3BoisieT pa3outh ypaBuenue lllpeaunrepa Ha na. OnHo U3
HUX 3aBHCHUT TOJIBKO OT KOOPJMHAT, OHO HAa3bIBA€TCA CTALlMOHAPHBIM YpaBHEHHUEM
[peaunrepa, a Bropoe — oT BpeMmeHU. lIpu 3TOM pelieHue BTOPOTrO ypaBHEHHS,
OKa3bIBAETCs, HE BIUSAET HA HCKOMYIO IUIOTHOCTh BEPOATHOCTH:

w(x,y,z,t) =lw(xy,z)"

Cranmonaproe ypaHenue IlpeawHrepa mjis OJHOMEPHOTO JABUKCHUS
YJACTHIIBI BJIOJIb OCH X HMMEET BU]I
L’ diy
2m dx*
rae E — momHas sHeprust 4aCTHUIIHI-BOJTHEI.
PaccMoTpuM ¢ KBaHTOBO-MEXaHWYECKOW TOUYKH 3PEHHS 3a7ady O MOBEICHUN
YJACTHIIBI, HAXOJAIEHCS B OTPAaHMYCHHON 00JacTH mpocTpaHCTBA. bynmem cuuTarth,
YTO YACTHUI[A MOXKET MEPEMEIaThCsl TOIBLKO BAOIb OCH KOOPIWHAT X , IPUYEM, JJIS
BBIXOJIa 3a Mpeaesibl o0JacTh HEOOXOJIUMO COOOIIUTh YacTUile OEeCKOHEYHO

+Uy =Evy,



O0onpuIyto 3Hepruto. Muaue rosops, pemuM ypaBHeHue lllpenunrepa nis yacTuusl,

HaxoJsIIeics B OJHOMEPHOM, OECKOHEYHO IIyOOKOH moTeHuuanbHOU siMe. Bynem

CUMTATh OTEHIMATBHYIO YHEPTUIO YaCTUIBI BHYTPH SIMBI paBHOU HYIIO (puc. 3.1):
U=0mpu0<x<I;

0o U=oompux<0,x>l.

‘U 1 | Torma ypaBHenue Illpenunrepa s
| obmactn 0 < x <
2 42 2
A e a8 2 ey, o,
2m dx 2 dx*  A°
Brenem o6o3HaueHue
o 2m
ke = — E. (3.1)
h
Torna ypaBHeHHE TPUHUMAET BUJ
0 ¢ Ty
4 1 — 1 k?y =0.
dx 2
Puc. 3.1, PemenueM  3TOro  ypaBHEHHUS  SIBIIACTCS
byHKIMS

3aBHCHUMOCTb IOTEHIUAIBHON :
SHEPTUH OT KOOPAMHATHI W(X ) =Asin(kx +a),
2m
n?

[lockonbKy 4YacTHIIa HE MOKET BBIWTU 3a Mpeleiabl OECKOHEYHO TIiyOOKOn
MOTEHIMAIIBHOM SIMbI, UHaY€ TOBOPS, CTEHKHU SIMbl a0COJIFOTHO HENPOHULIAEMBI JJIS
YacTHIIbl, BEPOSITHOCTh OOHAPYKUTh €€ BHE MBI BILJIOTh 10 TOYEK C KOOPJIAWHATAMHU
X =0, x =1 paBHa nymto. Tak kKaKk B OJHO TOYKE MPOCTPAHCTBA HE MONKET OBITh
IBYX Pa3JIMYHBIX 3HAYEHUW BEPOSITHOCTH OOHAPYKUTh YACTHUILY, TO U BHYTPH MBI Yy
€€ rpaHull BEpOSITHOCTh OOHAPYKUTh YaCTHUILY TAK)KE JIOJKHA OBITh paBHA HYJIIO. DTO
O3HAYaeT, 4YTO s MCH-(QPYHKIMH, KBaapaT MOAYJIS KOTOPOM €CTh IIOTHOCTH
BEPOATHOCTH, BBIMOJIHAIOTCS CIECAYIOIME TPAHUYHBIE YCIOBUA !

w(0)=w(l)=0.
Hcnonb3ys nepsoe rpaHUYHOE YCIOBUE, ITOIYYaeM:
w(0)=Asin(k -0+ ) =0, cnemoBarensho, Sina =0, u o =0.
Hcnosnb3ys BTOpoe rpaHUYHOE yCIIOBUE, ITOJIYYaeM:
w(l)=Asin(kl) =0, cnenoBarensho, kl =nz,

rae k = E.

rie KBAaHTOBOE WYHMCIO N MOXKET NpUHHUMATh 3HaueHus N =12 3...(3HaducHHE
n=0,10mycTHIMOe C MaTEeMAaTHYSCKOW TOYKH 3pEHUs, HE HMeeT (DHU3UIECKOTro
CMBICJIA, TaK KaK IPU 3TOM ICH-(YHKITUS TOJTy9aeTCsl paBHOW HYJIIO BHYTPH MBI JUJIS
JTr00BIX 3HAUYEHUH KoOpaAuHAThl X ). Mcmonb3ys cBsa3b K u E (3.1), momxyunm

ﬂ'zhz 2
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Takum o0Opa3oM, MpU JIBUKEHUHM YACTUIIBI-BOJIHBI B OTpaHUYEHHOM 00JacTH
MPOCTPaHCTBA, ypaBHeHUe lllpennHrepa uMeeT pelmeHne JIUIb JIJs ONPEACICHHBIX
(KBaHTOBBIX) 3HaucHUN MOJAHOW »HHeprun. OHU Ha3BIBAIOTCA COOCTBEHHBIMU
3HAQYEHUSIMU, & COOTBETCTBYIOIIUE UM MCU-PYHKIIMHU — COOCTBEHHBIMU (DYHKIUSMH:

W(x):Asin(?x).

BepoaTHOCTh U TJIOTHOCTHh BEPOSITHOCTU OOHAPYKUTh YACTHUILY B OECKOHEUHO
MaJioif 00JacTH OJHOMEPHOTO MPOCTpaHCTBA OX BHYTPH SMBI, CJI€IOBATENIBHO,
PaBHBI

dw = A2 sinz(?-x]dx, w|” =A% sinZ(?-x].

I'paduku 3aBUCUMOCTH TUIOTHOCTH BEPOATHOCTU OT
KOOPAWHATHL JUIsl Pa3IUYHBIX 3HAYEHUH KBAaHTOBOTO 1 n=3
quciia N TOKa3aHbl HA PHC.3.2. ‘IV -
3agaya. CoOCTBEHHbIE (PYHKI[MH, ONUCHIBAIOLINE
COCTOSIHME YaCTHIIbl, HaXOASAWIEKHCAd B OJHOMEPHOU
OECKOHEUYHO ITyOOKOW MOTEHI[MATBHOMN sIME, UMEIOT BU/T

w(x)=A sin(? X). Hcrnonb3ys ycioBHE HOPMHPOBKH, n=2

OIPEJENIUTE TOCTOSIHHYIO A.

Pemienue. Ilockonpky — 4acTuma,  COTJIACHO
YCIOBHUIO 3aJayd, HAXOOUTCA B HEKOTOPOM MECTE Puc. 3.2.
NPOCTPAHCTBA, TO BEPOSTHOCTH OOHAPYKUTb €€ B  [[IOTHOCTH BEPOSTHOCTH
AMAaIa3’oHe 3HAYCHUH KOOPAMHATBI — o0 < X <+00 PaBHA  gaxOiKIEHUS YACTHIGI B
CQUHULIE: aMe

+00
W = J-Mzdx —1.

O06s1acTh HHTETPUPOBAHUSA MOYKHO OrpaHUYNTh AuanazoHoM 0< X < |, Tak kak
BHE 3TOr0 JIMana3oHa rncu — (yHKIUsl paBHA HYJIIO!

|
2

‘”Asin(?-x] dx =1, A2 sinz(?-xjdx =1.

0

0
Ortcrona cnenyer

AZG —LlLsin(zT”n - |)] ~1; A2
7

Tema 4. TEIIJIOBBIE CBOVICTBA TBEPJIbIX TEJI
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Monekybl, U3 KOTOPBIX COCTOSIT TBEPbI€ TeJa, CUIILHO CBSI3aHbI IPYT C
IPYroM U 3aHUMAIOT TOJIOKEHUS COOTBETCTBYIOIIME MHUHUMYMY OJHEPTHUH HX
B3auMojieicTBUS. OCHOBHOM (pOpPMOM NBUKEHUS 3TUX YACTUIL SBISIOTCS KOJeOaHUs
OKOJIO  TOJOXKEHHS  paBHOBecHS.  AMIUIMTyJIa  KoJieOaHMM  COCTaBIseT
HE3HAYUTEIbHYIO YaCTh PacCTOSTHHS Mex Ay Moiiekyinamu (=~ 0,05%).
CornacHo KJIacCHUYECKUM TMPEJCTaBICHUSIM KpUCTa, coctosmuid u3z N
MOJIEKYJI, KOTOPbIE paCCMATPUBAIOTCS KaK MaTEepUaIbHbIE TOUKH, SABJISIETCS CUCTEMOMN
¢ 3N komebaTenpbHBIMH CTENIEHSMH CBOOOIBI. Ha Kaxayro W3 HUX TPUXOIUTCS B

1 . 1
cpeanem sueprus KT (E KT B BHIE KHHETUYCCKOH U > KT B BuAE MOTEHIIHAILHOM

sHepruu), rae K - mocrosiuHas bombimana, T - abcomoTHast Temreparypa. M3 atux
MPEICTABICHUN BbITEKaeT 3akoH /[ltomoHra — IITh, KOTOpBIM yTBEpkKIOAET, YTO
MOJISIpHAsT TEINIOEMKOCTh BCEX KPHUCTAUIOB OAWHAKOBa W paBHa 3R, rome R -
YHUBEpCaJibHasl Ta30Basi MOCTOSIHHAS. DTOT 3aKOH, KAaK MOKA3bIBAET OIBIT, XOPOIIO
BBITIOJTHAETCS JIJII MHOTMX XMMUYECKH MPOCTHIX TEJl B KPUCTAIIIMYECKOM COCTOSIHUU
IpU  BBICOKUX Temmeparypax. [Ipy NoOHMXKEHUHM TeMmepaTypbl TEMIO0EMKOCTh
yObIBaeT, CTpPEMSICb K HYJIIO NOpu NpUOIMKEHUH aOCOIIOTHOM TeMmepaTyphl
kpuctaymia k OK. Tlpm »>TomM BOAM3M HYIS TEIUIOEMKOCTh HW3MEHSETCS

MPONOPIUOHAIILHO T 3

C Touku 3peHHs KBAHTOBOW MEXaHUKHU aTOMbI XUMUYECKH MTPOCTOTO TBEPAOTO
Tena SBISIOTCS, TMpU KOJEOAHUSX € Majoll aMIUIUTYJ0i, TapMOHUYECKUMU
KBAHTOBBIMU OCIHWJUISITOPAaMH. DHEPIrusi TaKOro OCHUUISITOpa MOXKET NPUHUMATH

TOJBKO IHCKPETHBIH Habop 3HaueHmid E =(n+ %)ha) r€ KBAaHTOBOE YHUCIO

n=0L1273,..., mpuueM W3MCHCHHE KBAaHTOBOTO YHWCIAa N Ha CIUHUILy MPUBOIUT K

M3MEHEHHUIO HHEPTUU OCHWIIATOpa HAa OJWHAKOBYIO BeIMUYUHY, paBHYIO AE =7w®.
Bennmunna N =0 cooTBeTCTBYET HaWMEHBIIIEH, TaK HA3bIBAEMOH, HYJIEBOM SHEPTrUU

konebanuil £ = %ha) :

Teopusi TEMIOEMKOCTH KPUCTAUIMYECKUX TEJ, YUYUTHIBAOIIAS KBAaHTOBAHUE
KojiebaTenpbHOM dHepruM, OblJIa co37JaHa OWHINTEHHOM W BIOCJIEIACTBUU
ycoBepuieHcTBOBaHa Jlebaem. Teopus DitHIITEiHA TaeT TUIIb KAaU€CTBEHHO BEPHBIN
X0 3aBUCUMOCTH TerioeMKocT oT Temmeparypsl BOmu3u OK. Teopus Jlebas maer
KOJIMYECTBEHHOE COOTBETCTBHUE OINBITHBIM JITaHHBIM.

B otnnuune ot DitninTelina Jlebail yden, 4To KoiaebaHus aTOMOB KpUCTalJIa HE
SIBJIAIOTCS HE3aBUCUMBIMH. (CMEIIEHHE OJHOI0 aroMa OT IOJIOKEHUS PaBHOBECHS
MPUBOJUT K CMEIICHUIO COCEJHHX C HUM aToOMOB. B pesymnbrare B KpucCTasie
BO3HUKAeT Oerymias BosiHA. J[OWIs [0 TpaHUIl BOJIHA OTPA)KAaeTCsl M HAUYUHACT
pacupoCTpaHsATbCA HABCTpedy Magaroneit BoaHe. [lpw ClIO)KeHHM STUX BOJH
o0pa3yloTcsi cTosiurie BOJHBI. M3 Teopuu CTOSYMX BOJH H3BECTHO, 4YTO JJIMHA
Oerymmux BOJH A, 32 CUET CIIOKCHHUS KOTOPHIX 00pa3ylOTCS CTOSYUE BOJHBI, MOKET
MMETh TOJBKO JHUCKPETHBIM HAOOp 3HAYC€HWM, KOTOpPHIE CBS3aHBI C pa3Mepamu

12



2L
KpucTtaiia L B HampaBiieHWM pacmpOCTpaHEHHUs BOJHBI QPOpMyJIoi: A, =—, rae
n

n=123,... - HOMep rapMOHHUKH.

Kaxxnmas crostuas BOJIHA, ¢ TOUYKM 3pEHUsI KBAHTOBOW MEXAaHHKH, IIPEACTABISAET
coOOl KBAHTOBBI TapMOHUYECKUN OCHWIIIATOP W OOBIYHO HA3BIBAETCA MOJOW.
OHeprus MOJbl C 4acTOTOM @; CKJIAaAbIBACTCA U3 NMOPLMMH, PAaBHBIX &; =hw;. JTa

noprusi (KBaHT) SHEPTUHM YIPYTUX KoJeOaHUH cpeibl HazbiBaeTcs poHoHOM. BaxHO
OTMETHUTh, YTO B CPEAE, COCTOSIEH W3 NUCKPETHBIX aTOMOB, PACIOJOXKEHHBIX Ha
paccrosHun O, AIMHA BOJHBL HE MOXET OBITh MeHbHmie 4eM A, =2d. Dto

O3HAYAEeT, YTO IUKINYECKAs 4acTOTa YIPYIUX 3BYKOBBIX KOJeOaHU, BO30YKIaeMbIX
IIPU paclpOCTPAHEHUH BOJIH 10 KPUCTAJLTY, HE MOKET OBITh OOJIBLIE YEM

27V,
Omax = I ' (4-1)
min

rae V,, - CKOpOCTb 3BYKOBBIX BOJNH B Kpuctamie (B Teopun [lebGast V,, cumraercs

OJIMHAKOBOM JISI BCEX JIJTUH BOJIH).

B ynpyroii cpene BAOJb HEKOTOPOTO HAIPABIECHUS MOTYT OJHOBPEMEHHO
pacpOCTPAHATHCS TPU Pa3HbIE HE3ABUCUMBIE BOJIHBI C OJUHAKOBBIMHU UKINYECKUMHU
YaCTOTaMH @, OTJIMYAIOIIMECS TMOJSpU3ALUEN: OJIHA MPOJOJIbHASI BOJHA U JIBE
MONEPEYHbIE  BOJIHBI, TMOJIIPU30BAHHBIE BO  B3aUMHO  IEPIECHAUKYISPHBIX
HalNpaBJICHUSIX. YUWUTBbIBAg OTO, MOXHO HAWUTH YHUCIO PA3IMYHBIX MOJ,
NPUXOMAIIUXCA Ha €IUHUIY oObeMa KpHUCTala, YacTOThl KOTOPBIX JIEXKAT B

JIAATIA30HE OT @ 10 @ + dw :
2
3w
27V,
MakcuManbHyI 4acTOTy KOJNEOaHHH @, HAXOJST, MPUPAaBHHUBAs IOJIHOE

4yrciao (POHOHOB K YHCITy CTereHed cBoOombl 3N B eamHuIle odbema (N - 4YHCIIO

aTOMOB B €JIMHUIIE 00bEMa):
(0] (0]

h h 2 3
3n= | dN(0)= 3“2) do =
27V, 21V,

Otcroma

3 [a 2
Omax =V5, V067N,

Hcnonb3ys nociaeaHown GopMyiry, MOKHO MOIYYUTh
2

dN (w) =9n do.

wmax
Tenepb MOXXHO BBIYHMCJIUTbL BHYTPCHHIOIO OJSHCPTHUIO TCIIIOBBIX KoJIcOaHui
CANHUIIBI o0BemMa KpucCTajia:
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@

max

U= J.<8(a))>dN,

0
TJIe CPEIHsS SHEPrus KoJieOaHW KBAaHTOBOTO ocIiuuIsAsTopa (Mombl) < &(w) >,

0e3 ydera HYJEBOW OHHEPruu KoJeOaHUM, Kak JOKa3bIBA€TCS CTATUCTUYECKOU

(bu3uKoi, paBHa
ho ’
expl — | -1
KT
rae K - mocrostuaas Bonmbivana.

Torga ygaenbHass TEMIOEMKOCTh KpHUCTaUla MNP IOCTOSHHOM OOBbeEME
IIOJIy4aeTCs paBHOMN

<elw)>=

D e hw4 exp hﬁ
du 9na KT

dT 2
Pmax o Z{exp(i;o] —1}

BBenem xapaktepuctudeckyro temmneparypy Jebas 6 :

.

ho
0 =—m, (4.2)
K
)
Kpome Toro, BBEIEM NIEPEMEHHYIO X = D
Toraa popMyna 11 yaenbHOU TEINIOEMKOCTU IPUMET BUA
0

3 i 4
T e*x “dx
oy =9nk| — -
0

IIpu T << (oOmacTh HU3KUX TEMIIEPATyp) BEPXHUU Mpelnei B IMOCICTHEM
MHTETPAJIE MOKHO 3aMEHUTh Ha o0 . Ecin, Kpome TOro, y4ecTh, 4TO MEXAY yACIbHOU

c
¥ MOIIAPHOH TEIIOEMKOCTBIO CYIIECTBYET CBSA3b C, = ML, rae U - MOJIApHas

U
Macca, TO JJII MOJISIPHOM TETJI0OEMKOCTH KPUCTA/lIa MPU MOCTOSSHHOM 00beMe MOYKHO
MOJTyYUTh

_127°R
50°
Jns Beicokux Ttemmeparyp (T >>6), packiaapiBas SKCIIOHCHTY B PsI IO

T3,

MOl

a o
MaJIOMy HapamMeTpy E H OrpaHUYMBasACH JABYMS YICHAMHU psaaad, O MOJIAPHOHU

TENJIOEMKOCTH IT0Jy4YuM 3aKoH Jlrononra-Iltu:
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C,on =3R.
3agauya. Omnpenenure NPUONMKEHHO CKOPOCTh 3ByKa B ajiMase, 3Has, 4TO
nebaeBckas Temmeparypa anma3a paBHa 1860K wm paccrosHMe MeXITy aromMamu
d =154 anrcrpema.
Hano: 6 =1860K ;

d=154 A

v, =7

36
Pemrenne. Ompenenuts CKOpPOCTh 3ByKa B aliMa3e MOXXHO C TIOMOIIBIO

BhIpaxkeHwusI (4.2)
— hwmax

k
Hcnons3ys ¢popmyimy (4.1) u yautsiBas, 9to A, =2d, moxyaum
_h-2nv,

2d -k

Bripaxkaem V., 1 IPOBOJUM BBIYUCIICHUS

_d-k-6 _154-1077.138-107 -1860
T hr 105-107%* .314
[IpoBepuM enquHULY U3MEPEHUS .
S ) 3 0 IR Gl e
* 1] Lo -c c

0

=114-10° /"

Otger. V,,=11,4-10° m/c.

Temsr 5,6. KBAHTOBAS CTATUCTUKA ®EPMU-INPAKA,
SJIEKTPOITPOBOJHOCTD TBEPbLIX TEJI

1. B wu30IuMpOBaHHBIX aTOMax »JJIEKTPOHBI HAXOASITCS B JAUCKPETHBIX
DHEPreTUYECKUX COCTOSIHUAX. Y  OJMHOYHBIX aTOMOB OJHOTO  3JEMEHTa,
PACIIOIOKEHHBIX HA TAKUX OOJIBIINX PACCTOSHUSX I, UYTO B3aUMOJECHCTBUEM MEXKY
HUMH MOXHO TpeHeOpedn (I >>a, rlie a - MOCTOSTHHAS KPUCTAJUTMYECKOM PEIIeTKH),
SHEPIUsi COOTBETCTBYIOIIMX SHEPreTUUYECKUX YPOBHEH aOCOJIIOTHO OJIMHAKOBa. Tak
KaK TIOTCHIIMAJIbHASI SHEPTHsI B3aMMOICHCTBHS 3JIEKTpoHa ¢ siapom atoma U oOpaTHO

nponopuyuoHaibHa PpacCTOAHHUIO MCXKAY HHUMHU U~ —,TO aTOM ABJICTCA AJIA
r

AJEKTPOHA MOTEHUMAIBHOM AMOM, BHYTPH KOTOPOM DIJIEKTPOHBI HAXOASATCA Ha
OTIPEICTICHHBIX SHEPreTHICCKUX ypoBHX (puc 5.1).
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a ' i]

Puc 5.1.
3aBHCHMOCTh OTCHITMAIBHON SHEPTHH JICKTPOHA OT €r0 PaCCTOSHUS J0 Sapa.
a — JUIsl IBYX M30JIMPOBAHHBIX aTOMOB; O — JJIT OJJHOMEPHOHN KPUCTALITUIECKOM
peIIeTKH

[Ipu cOnmxeHnn aTOMOB B3aUMOJICHCTBUE MEXKly HUMU pacteT. M3 puc. 5.1,6 BumHO,
YTO MOTEHIUAJIbHBIE KPUBBIE COCEIHUX aTOMOB YaCTUYHO MEPEKPHIBAIOTCS U JAIOT
pe3yJbTUPYIONTUE KpUBBIE (CTUTOIIHBIC TUHUH), TPOXOISAIINE HUXKE HYJICBOTO YPOBHS
noreHiuanpHo sHeprun OO. Ilpu 3TOM miId BcexX JJIEKTPOHOB B aToMax
yYMEHbINIAETCsl Kak mmmpuHa (r~a), Tak M BHICOTA IOTCHIHAILHOTO Oaphepa

(cpaaum  U;,3 m Uj,3), OpuuyeM [y BaJ€HTHBIX OJIEKTPOHOB  BBLICOTA

MOTEHIIUAILHOTO Oapbepa MOXKET CTaTh HIXKE HMX DHEPreTUYecKoro YypoBHS B
W30JIMPOBAaHHOM aTtoMe. B 3TOM ciydyae BaJEHTHBIE JJIEKTPOHBI MOJIYYarOT
BO3MOXHOCTh JIETKO TNEPEXOAUTh OT OJHOrO aroma K Jpyromy. Takue
000OIIECTBICHHBIE KPUCTAJJIOM SJEKTPOHBI HA3bIBAIOT CBOOOJHBIMHM, a UX
COBOKYITHOCTb — 3JIEKTPOHHBIM T'a30M.

B3aumopelictBue aToMOB B KPHUCTAJIE CYIIECTBEHHO MEHSIET CTPYKTYPY
DHEPreTUYCCKUX YPOBHEH diekTpoHOB. [lpm cOmmwkermrm N  aTOMOB KaxKIbIid
DHEPTreTUYECKUN YPOBEHb H30JIMPOBAHHOTO aroMa pacmieruisiercss Ha N odeHb
OJIM3KO PaCIONOXKEHHBIX YPOBHEW, OO0pa3yloIIUX 30HY pa3pelieHHbIX JHEPTUil.
Pa3zperiennbie 30HbI OTAEIEHBI APYT OT ApYyTa 3aNPEHIEHHBIMU 30HAMMU.

Pacmiersienrie pasHbIX ypoBHEH He oauHakoBo. HaumOonbliee paciierieHue
WCTIBITHIBAIOT BBICOKO PACIIOJNIOKECHHBIE YPOBHHM KaK 3aHATHIC, TaK W HE 3aHATHIC
anekTpoHamu. [loaTomMy 30HA, COOTBETCTBYIOIIAS BAJCHTHBIM  3JIEKTPOHAM,
OKa3bIBAECTCA  IIMPOKOH. JlJI1  3JNEKTPOHOB, PACIOJOXEHHBIX HA  HUKHHUX
AHEPreTUYECKUX YPOBHSIX aTroMa, MOTEHUIUAIbHBIA Oaphep, MOcie CONMKEHHUS,
OCTAaeTCsl OYECHb TPYAHO MPOXOJAUMBIM, IMO3TOMY COOTBETCTBYIOIIUE SHEPTETUUECKUE
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YPOBHH IIPAKTHUECKH HE pacuieruisitores (puc. 5.2). Cieayer OTMETHTb, YTO IMUPHHA
30H HE 3aBUCHUT OT pa3MmepoB Kpuctaya. [losTroMy, yem OoJibllie aTOMOB COIAEPKUT
KPHUCTaJUI, TEM TECHEE pacloJIaraloTcsi YPOBHH BHYTPU Pa3pelIeHHOW 30HBI. [l
KpUCTaJa, COCTOSIIIET0, HAIPUMED, U3 10% aromos, PacCTOSIHUE MEXKIY COCETHUMU
YPOBHSIMU 30HBI COCTABIISIET TPUMEPHO 10 3B.

E E |

@l

| 2

% ———t —— N=4 z

b2 E
W U T — n= U 5
SR RS ES

= =2 'EIEJ
E e S

=

L corce s ) N=1{ 3

g S -

5 —

0 a r

Puc. 5.2.

Cxema 00pa3oBaHUS YPHEPTETUUECKUX 30H IIPU COTMKESHUH aTOMOB
( a — mocTosTHHAs PEIIeTKH KPUCTAaJLia)

2. CyIecTBOBaHHE JHEPTETHUECKUX 30H MO3BOJSET OOBSCHUTH C CAWHOW TOYKHU
3pEeHUS CYIIECTBOBAHME METAJUIOB, ITOIYIPOBOAHUKOB U TUJICKTPUKOB.

DJIEKTPUYECKHUE CBOMCTBA TBEPIBIX TEN 3aBHUCAT OT XapaKTepa 3aroJIHEHUSA
ANEKTPOHAMHU Pa3pPEUICHHBIX M OT IIMPUHBI 3alpEHIEHHbIX JHEPreTUYECKUX 30H.
3aloaHEHWE DBJIEKTPOHAMHM JHEPreTUYECKHMX YPOBHEHM B PA3pEIICHHOM 30HE
OCYILIECTBIISIETCA B COOTBETCTBMHU C mNpuHuunom Ilaymnm, cormacHo KOTOpoMy B
CUCTEME HE MOXKET OBbITh Jaxe JBYX JJIEKTPOHOB C OJMHAKOBBIM HAaOOpPOM BcCeX
KBAaHTOBBIX 4Hcesl. B aroMe »TUMU yucaaMu SBJSIIOTCA. N - TJIAaBHOE KBAHTOBOE
uncio, | - opburanbpHoe, M - MAarHUTHOE, S - CIIMHOBOE.

Bo3moxHbI Tpu ciydas, m3o0paxeHHbie Ha puc 5.3. B ciaydae «a» 37eKTpOHBI
3aMOJIHAIOT BaJIGHTHYIO 30HY HE MOJHOCThIO. [loaTOMy 10CTaTOYHO COOOIIUTH
ANEKTPOHAM, HAXOASIIUMCS Ha BEPXHUX YPOBHAX, COBCEM HEOOJBIIYIO SHEPTHUIO
(~lO'23 sB) g TOrO, YTOOBI TIEPEBECTH UX Ha OoJiee BHICOKKE ypOBHH. JlocTaTouHas
SHEPrusl MOSBISAETCS NpU HarpeBaHuun kpuctamia yxke Ha 1K. Jlaxke HeOoibiine
ANEKTPUYECKUE TOJs MOTYT COOOLAaTh JSTUM JJEKTPOHAM JOMOJHUTEIbHYIO
SHEPTHUIO0, EPEBOS UX elle Ha Oosiee BhICOKUE YpOBHU. [103TOMY 37E€KTPOHBI MOTYT
YCKOPSIThCSL TOJIEM B TaKUX BELIECTBAX MpH JIIOOBIX TemmepaTypax. B kpucranie
MOSIBIIACTCS YMOPSIOUEHHOE JIBMXKEHUE JJIEKTPOHOB MOJ ACHCTBUEM TOJS, T. €.
aJeKTpuYeckuil ToK. Kpucramn ¢ mogoOHOM cXeMOM 3aIlloIHEHHS YHEPreTHUYSCKUX
YpOBHEH IpeAcTaBiIseT co00i MeTasl.
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Puc 5.3.
3amoHeHNE YHEPTETUUECKUX 30H mpH Temmeparype T=0K:
a — B MeTaJiax; O — B MOJYMPOBOJIHUKAX; B - IUIJIEKTPHKAX

3angmpie

Ecnu npu temmnepaType paBHOM aOCOJIOTHOMY HYJIIO BEpPXHsSi 30HA, HA YPOBHSX
KOTOPOW €CTh 3JICKTPOHBI (BaJCHTHAs 30HA), MOJHOCTHIO YKOMIUICKTOBaHA HMH, a
BBIIIIC JICKAIIas pa3pelicHHas 30Ha (30Ha MPOBOJMMOCTH) HE COJEPIKUT AIEKTPOHOB,
TO BEIECTBO HE MOXKET MPOBOJUTH ANNEKTpUUYECKUM TOK. OJHAKO, €CIU IIUpUHA
3alpeIlleHHON 30HbI HEBEIMKA U COCTABIISIET HECKOJIBKO JIECSTBHIX SJEKTPOHBOJIBTA
(cmyuaii «0»), 3HEpPrus TEIUIOBOTO JBIDKCHUS aTOMOB KPHCTaUIa, WIH SHEPTHUs
MOTJIONIEHHBIX UM (DOTOHOB OKa3bIBAETCS JOCTATOYHOM AJIsl TOTO, YTOOBI NMEPEBECTH
4acTh OJIGKTPOHOB W3 BAJCHTHOM 30HBI 4Yepe3 3alpelieHHYI0 30HY B 30HY
npoBOAUMOCTH. OJHOBPEMEHHO CTaHET BO3MOXHBIM TEPEXO0Jl  DJIECKTPOHOB
BAJICHTHOW 30HBI Ha €€ OCBOOOJMBIIMECS BEpPXHUE YPOBHHU. Takoe BEIIECTBO
Ha3bIBAETCS COOCTBEHHBIM MOJIYITPOBOHUKOM.

Ecin mmpuHa 3amnpemeHHod 30HBI BelUKa (HECKOJIBKO 3JICKTPOHBOJIBT),
TEIJIOBOE JIBMXKEHUE HE MOXKET COOOIIUTh 3aMETHOMY YHCITY 3JIEKTPOHOB BaJICHTHOM
30HBI YHEPTHIO, HEOOXOIUMYIO ISl IEPeX0/ia B CBOOOIHYIO 30HY. B 3TOM ciyyae «B»
KPUCTAJL SIBJIICTCS AUAICKTPUKOM.

3. DIIEKTPOHBI TPOBOJIMMOCTH B METAJIIE MOKHO pacCMaTPUBATh KakK Ta3
CBOOOJIHBIX YACTHI] IPU YCIOBHH, UTO UX B3aUMOJECHCTBHE C KPUCTATUIMUYECKOMN
PELIETKON YUYUTHIBACTCS ITyTEM BBEJICHUSI 1JIsI SJIEKTPOHOB BMECTO PeaibHOM MacChl,
TaK Ha3bIBaeMoOM, 3(heKTUBHOM MACCHI.

KonunyecTBoO pa3nuyHbIX KBAHTOBBIX COCTOSIHUM, MPUXOAAIIEecsd Ha € AMHUYHBIHI
WHTEPBAJ SHEPTHH, )T KpUCTAIIA SIUHUIHOTO 00bhema paBHo [1,4]:

1 (2m % A
g(E):—2 — E/2. (5.1)
2 \ h
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Benununna ¢(E) Ha3bIBaeTCs MIOTHOCTHIO COCTOSHHMIA.

PacnipenenieHne  CBOOOJMHBIX — JJICKTPOHOB IO  KBAHTOBBIM  COCTOSIHHSIM
ormuckiBaetcs  (ynknuedn @Depmu-{upaka f(E). Dra ¢yskums onpenenser

BEPOSITHOCTb TOTO, YTO COCTOSIHUE C IaHHOM 3Heprue E 3aHsATO 37eKTpOHOM

f(E)= 1

exp(E;TEF] +1

B stoit popmyne Ep - sueprus ®@epmu. B meranne, npu T =0K , B BaneHTHo

(5.2)

30HE BCE COCTOSIHMA BIUIOTh 10 Er 3aHATHI anexTpoHamy, a Beime Ep - cBOOOIHBI.

Taxum o6pazom, npu T =0K , BeposATHOCTD 3aIOJTHEHHS 3JIEKTPOHAMH COCTOSHHH C
sHeprueii E <Ep paBHa enuHMIle, a BEpOATHOCTh 3AIOJIHEHUS COCTOSIHUH C

sneprueir E >E - paBHa Hymro (puc.5.4,a):
f(E)=1,ectm E<E, T =0K (5.3)
f(E)=0,ecrmu E>E, T =0K.

]E'[Ej i {(Er}
T=0HK 300 30 OK
1,0 1,0 >
i
T — _..._.,_:._

{ i
e > T e e
9 £, E ‘:' KTE&T  E

a o T
Puc. 5.4.

Oyukuus pacupenenenus Pepmu-/upaxa:
a — ipu Temneparype T=0K; 6 — nmpu T>0K

Bemnuunast Q(E) m f(E) mas ouens y3koro amamazona suepruii dE  MoxHO

CYUTATh MOCTOSHHBIMH. TOT/1a YHUCIIO AIEKTPOHOB, UMEIOIINUX YHEPTHUI0 B HHTEpPBAJC
or E mo E +dE , B enunuie o0beMa KpucTaia paBHO

N(E)=f(E)g(E)dE . (5.4)
Torna B uHTEpBasie sHepruii or E; 10 E, KomuuecTBO YacTHIl OMpeaenseTcs Kak
E;
N =j f(E)g(E)dE.
=

Hcnonb3yst 3TO BBIpaXKEHWE, TMOXYy4YuM QGOPMYITy Il KOHIICHTpAIlUU
AIIEKTPOHOB B MeTasuie nmpu Temmneparype 1 =0K :
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3 3
1 (2m % 1 (2m % 3
27\ h 37\ h
0
[Tomyynm 3aBUCHMOCTH 3Hepruu @depMH OT KOHIICHTPAIUH JJICKTPOHOB B
BasieHTHOM 30He pu | =0K :

E, :%(ann)%. (5.6)

[Ipy TOBBIIEHHM TEMIEPATYPHI SJIEKTPOHBI IMOJYYAIOT BO3MOKHOCTH
MepexouTh Ha Oojiee BBICOKHE SHEpreTudyeckue ypoBHH. Ho mMoBbIIATH CBOIO
DHEPIrUI0 MOT'YT TOJBKO 3JIEKTPOHBI, Haxondmuecs BOim3H ypoBHs Pepmu Ep, Tak

KaKk Hke Ep Bce cocTostHus 3aHATHL. TeruioBas SHEprus, MoJlydaeMasi dJIeKTPOHAMH
~ 300K , umeet nopsimok KT = 0,02538B, a E = (3+10) 5B, nmostomy

TEIUIOBOMY BO30Y KJICHUIO TOJIBEpracTCs JUIIb He3HAUNTEIbHAs 101 (MeHee ~1%)
o0IIero Ymcia DJJICKTPOHOB B BaJCHTHOH 30HE MeETajla, JHEPrus KOTOPBIX
ornuuaercss or Ep He Oonmee uwem Ha BenmmumHy KT (puc. 5.4,0). OyHkuus

mpu T =T

KOMH.

pacmpeneneHuss MpPU 3TOM pa3MbBIBaeTCs, HO He3HaunTenabHO. CremoBaTensHO,
KOHIICHTpAIUsi CBOOOJHBIX DSJECKTPOHOB B MeETayule MPAKTUYECKA HE 3aBUCUT OT
TEMIIEPATYPhI B C XOPOIIIeH TOYHOCTBIO OmpeneseTcs BeipakenueM (5.3).

3aMeTHM, YTO BEPOSTHOCTH 3anonHenust yposus E- npu T >0K pasua 1/2.

3agaya. KoHueHTpanusi CBOOOAHBIX D3JIEKTPOHOB B  METalllie paBHA

n=5-10%%cu ™. Haiinure cpeiHee 3HAYCHHE YHEPIUH CBOOOLHBIX HIEKTPOHOB IPH
aOCOJIIOTHOM HYJIE.
Jlano: n=5-102cu 2 =5-10%8 5,73
T =0K

(E)="?

Pemenune. CpegHio SHEPrUI0 HaAWJIEM KaK OTHOIICHWE IIOJHOW SHEPrUH
CBOOOJHBIX JJIEKTPOHOB B eauHMIlE oO0bema E K KOHIICHTpAlMu CBOOOIHBIX

NOJIH.
3JIEKTPOHOB N :

(E)=—nom., (5.7)

I[lpu T =0K Bce oHepreTwdeckue YpOBHH BIUIOTH JO EF 3aHSTHI

anekrponamu. C yuetom Beipakenuit (5.1), (5.2), (5.4) naiinem E
Ee

3
c  _fene)- jE_H/ E%dg__@_gqéz. 59)

NOoJIH.

572
0

[Moncrasmsis (5.8) B (5.7) u yuutbiBas Gopmysl (5.5), (5.6), Haxomum:
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3h° 2
(E)=1- ax?n) 3.
[IpoBepsieM enUHUILY U3MEPEHHUS
,ZZofcz . c? ,ZZofcz
E = = =
[(E)] o Jiowe

Ke -

Brraucionm <E > :
3.1,05% .10
E)=
E) 10-9.1.107%

Pe3ynprar moka3plBa€T, 4YTO C TOYKM 3pEHUS KBAHTOBOW TEOpUU TIpHU
a0OCOJIIOTHOM HyJIe OJJIEKTPOHHBIM Ta3 B MeETaUle HMEET DSHEPruto, KoTopas
COOTBETCTBYET TEMIIEPATYPE, B €€ KIIACCUYECKOM ITOHUMAHUH, PABHOU

T9Jl caza — ﬁ . 300K ~ 30000K .
' 0,025

4. PaccMOTpUM 3JIEMEHTHI TEOPUHU JJIEKTPOMPOBOJHOCTH COOCTBEHHBIX U
MPUMECHBIX TTOJTYIIPOBOTHUKOB.

Beime rosopuiiock, uto monympoBomgHuKH Tpu | =0K  sgBusiorcs
mmaiekTpukamMu. OHU UMEIOT HEOOJBIIYI0 IMUPUHY 3allpPENICHHONW 30HBI, MTOATOMY
yKe TpHU TeMIiepaTypax OJU3KUX K KOMHATHOM, BCJIEACTBHUE TETUIOBOTO BO30YKICHUS
MIPOUCXOMIUT TEPEX0J] YaCTH DJIEKTPOHOB C «IIOTOJIKA» BAJICHTHOW 30HBI HAa «THO»
30HBI POBOIUMOCTH. [IpHr 3TOM MPOBOAMMOCTH MOYITPOBOTHUKA 00YCIOBIHBACTCS
KaK STHMH ODJICKTpOHaMH (DJICKTPOHHAs COCTABJISAIONIAS MPOBOJAUMOCTH), TaK H
MOSIBUBIIMMHKCS B BAJICHTHOM 30HC BaKaHCHSAMHU — «IABIpKaMu»  (IbIpOYHAs
COCTABJISIONIAS MMPOBOJUMOCTH). DJICKTPOHBI, MEPEHISANIne B BaJICHTHYIO 30HY W
TBIPKH, PACTONIOKCHHBIE B BAJICHTHOW 30HE MOTYT MEPEMENIaThCsl TOJ ACHCTBHEM
MPWIOKEHHOTO K TMOJYIPOBOJHUKY BHEIIHETO JJIEKTPUYECKOTO IO, TO €CTh
SBIIIIOTCS HOCHUTEISIMH TokKa. llporiecc oOpa3zoBanusi (reHepanuu) 3JIEKTPOHHO-
IBIPOYHBIX TIAP TPHU TOCTOSHHOW TeMIlepaType MOJYyNPOBOJHUKA YpPaBHOBEIICH
oOpaTHBIM TIPOIIECCOM PEKOMOMHAIIMKA  CBOOOJHBIX JJCKTPOHOB U JBIPOK.
OnucaHHBIA TIpOIECC, MPU KOTOPOM KOHIICHTPAIUU SJIEKTPOHOB MPOBOJUMOCTH U
JBIPOK OJMHAKOBBI (N = p), xXapakTepeH JUII COOCTBCHHBIX IMOJIYIPOBOJIHHUKOB.

2
(3-3142 .5.10% )% —468-10 e =299

VnaenbHass ~ ANEKTPONPOBOAHOCTE o (BenmuwHA,  OOpaTHas  yIEIBHOMY
CONPOTHMBJIEHUIO BEINECTBA O =1/p) I 3THX MOJIYNPOBOAHMKOB OIPEAEIAETCS

BBIPAXKECHUEM

o =€Nnu, +epu, =en(uy +,up) (5.9)
TAe Hpp - TOABMKHOCTB 3JICKTPOHOB M ABIPOK, KOTOPAs XapaKTEPH3YeT CPEIHION0
IpeiihoByI0 CKOPOCTh HOCUTEIEH TOKAa TMOJA JACHUCTBHUEM JJIEKTPUYECKOrO TOJIS

Vo
eIMHIYHOM HapsvKeHHOCTH (U = —- ).

E
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YpoBenb sHeprun depMu B COOCTBEHHBIX IOJYNPOBOJHUKAX PACIIOIOKCH
BOJIM3M CEepeIMHBI 3anpenieHHOM 30HbI (puc. 5.5,a).

El

a o

= e —

At

] R e e EF

s g g e

..... ' —— _—Er

a e il e rm————
_ P

- -
o - —-
—— s e i el PR = — ~ -
I

' - ] B

Puc. 5.5.
Pacnonoxenue ypoBHs 3Heprun @epMu U MPUMECHBIX YPOBHEN B
MOJTIyIIpOBOAHUKAX Tipu Temmeparype T=0K:
a — COOCTBEHHBI; O — TOHOPHBIN; B - aKIIENITOPHBIH

DNEeKTPONPOBOAHOCT COOCTBEHHBIX MOJYIPOBOJAHUKOB YBEIUYHBACTCS C
pOCTOM TeMIepaTypsl T ¥ 3aBHCHUT OT LIMPHHBI 3aNPCIICHHON 30HBI E !

S , (5.10)

O =09 eXp _ﬁ

rae K - mocrostaaas Bonmbivana.

DNEKTPONPOBOAHOCTH MPUMECHBIX MOTYHIPOBOHUKOB 00YCIIOBIIEHA HATMYHEM
B HUX NMPUMECHBIX aTOMOB, BAJICHTHOCTb KOTOPBIX OOJIbINe (OHOpHAS TPUMECH), WIIH
MeHbIIe (akienTopHas NpPUMECh) 4YeM Yy COOCTBEHHBIX aTOMOB. BBejcHue B
COOCTBEHHBIN MOTYIPOBOJAHUK MPUMECH MPUBOAUT K TMOSBICHUIO B 3aMpPEIICeHHOU
30H€ COOCTBEHHOI'O MOJYNPOBOJHHKA MPUMECHBIX YPOBHEU SHEPIHU, KOTOPbIE HJIS
JIOHOPHBIX MOJYIMPOBOJIHUKOB PACIIOI0KEHBI BOJIM3U THA 30HBI TPOBOAUMOCTH, a IS
aKIENTOPHBIX — BOJU3M IMOTOJKA BajieHTHOW 30HBI (puc. 5.5, 0, B). [lockonbky
3HEprus akTuBauuu npumece AEp m AE, MHOro MeHblIe IUPUHBI 3aNPEIEHHON
30HBI, TO YK€ TPHU HU3KHX TeMIepaTypax (IeCSITKH KEIbBHHOB) B MPHUMECHBIX
MOJIYIIPOBOHUKA TOSIBISIOTCS HOCUTENU TOKA: AIEKTPOHBI — B IOHOPHBIX, JIBIPKUA — B
akuenTopHbIX. [Ipu 3TOM yaenbHas 3JIEKTPONPOBOIHOCTD JIs MOJYIIPOBOAHUKOB N —
tuma (I0HOpHOI0) U P — THNa (aKIEITOPHOI'0) ONMPEACIIIETCS COOTBETCTBEHHO:

o =eNu, u o =epu,

Tun HocuTeneilT Toka MW WX KOHIUEHTPALUIO MOXHO  OMNPEACIHUTH
AKCHEPUMEHTAIBLHO C MOMOIIbIO 3 dekTa Xoia Mo 3HaKy U BEJIMUYUHE MOCTOSHHOU
Xomma Ry .

JIist monynmpoBOAHMKA N — THUMA, Y KOTOPOTO OCHOBHBIMU HOCUTEISIMU TOKa
SIBJISIFOTCS DJIEKTPOHBI
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A
R H ="
en
IJIA TOJYIIPOBOJHUKA P — TUIIA, Y KOTOPOIO OCHOBHBIMU HOCUTCIISIMU TOKA ABJISAIOTCSA

JBIPKA

RH :As
ep
st cooctBeHHOTO (N=P)
<A Mot
en u, + uy

rae e =16-10""° K1 n, p — KOHIEHTPALHS SICKTPOHOB H ABIPOK COOTBETCTBEHHO, A
- K03(pdULHEHT, 3aBUCALIMNA OT MEXaHU3Ma paccesHUsl HOcHuTelled Toka. B ciyuae
paccesiHUS HOCUTENEH TOKAa Ha TEIUJIOBBIX KOJEOAHUSX KPUCTAINIMYECKOW PEelIeTKU
MOJIYNIPOBOJHUKA, YTO OOBIYHO HAOIIOAeTCsl NP TeMmreparypax OMU3KHX U BBIIIE

3

KOMHaTHOU, A = Y ~117 . Jlyist METaJJIOB U BBIPOXKICHHBIX MOJTYNPOBOJHUKOB A =1.

JloTIOTHUTENbHBIE HOCUTENHM TOKAa B TMOJYIIPOBOJHHUKAX MOTYT BO3HUKATH 3a
caer moriomienus cBeta  (poronoB). Ilpm  3ToM, KpoMe  yHmeiabHOU
AJIIEKTPOIIPOBOTHOCTH  OOYCIIOBJICHHON TETUIOBEIM  BO30Y)KIIEHUEM, TMOSBIISCTCS
MPOBOJAMMOCTE O0YCIIOBJIEHHAS BHYTPEHHUM (PoTOdhPeKkToM:

oc=07 +0y.
B cnydae coOCTBEHHOTO MOTYIPOBOTHHUKA (DOTOTPOBOAMMOCTH PaBHA
e =€-An(uy, +,up)’
rae AN - 49ucio map SJEKTPOH — JbIPKA, BO3HHUKIINX TPH TOTJIONEHWH KBAaHTOB
CBETA.

3agaya. Bo ckoibKO pa3 BO3pacTeT 3JIEKTPONPOBOJHOCTH OOpaslia KpeMHUs

IpU HarpeBaHUM ero oT Temmeparypbl T, =283K no temmeparypsl T, =293K ?

[llnpuna sanpeeHHo# 30Hbl 1 Kpemuust E y =110798 .
Hano: T, =283K ,

T, =293K,
E g = 110758
%)
0,
Pemenue. 3aBUCUMOCTh DJIEKTPOIIPOBOJIHOCTH (o COOCTBEHHBIX
MOJIYNIPOBOAHUKOB OT TeMIEPATyphl | omnpenensiercs Gopmyoi
E 9
o =0yexXp| ————
2KT
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Briuucnsis ¢ moMouipio 3Toi (OpMysbl OTHOLIEHUE 3JIEKTPONPOBOJHOCTEN
MpY 3aJaHHBIX TEMIEpPATypax, MoIydaeM

E .16-1071°
ﬁzexp_g(i_i):exp 1107-16 1023 ( 1 — 1 ]22,2
o1 2k (T, T, 2.138-10 283 293

OTBeT. DNEKTPONPOBOAHOCTD YBEIMUUTCS B 2,2 pa3a.

Tema 7. AJJEPHBIE PEAKIIUN. PAJIMUOAKTUBHOCTD

PaMOaKTUBHOCTBIO HA3BIBAIOT CaMOIIPOM3BOJIBHOE NPEBpALIEHUE OJHUX
ATOMHBIX SJIEP B IPYTHE, CONMPOBOKIAAEMOE UCITYCKAHUEM DJIEMEHTAPHBIX YACTULL.

OtnenpHbIE PAIMOAKTUBHBIE SApPA NPETEPIEBAIOT IPEBPALIEHUE HE3aBUCUMO
apyr ot gapyra. [lo3ToMy MOXHO CUYUTaTh, 4YTO KoiudectBO siaep AN pacn !

pacmagaonmxcs 3a 04eHb KOPOTKUI MPOMEKYTOK BpeMeHH Ot , mpomopIioHaaIbHO
KaK YUCITy HWMEIMUXcs HepacmaBmmxcs siaep N, Tak U 3TOMY MPOMEXKYTKY

Bpemenu dt :
dN = AN - dt, (7.1)

pacn
rome A - XapakTepHas I KaXIOT0 pPaJMOaKTUBHOTO BEIIECTBA KOHCTAHTA,
Ha3blBacMas IMOCTOSHHOW pacnaga. M3 dopmynsr (7.1), mepexons K OmHOU
nepemenHoi N (t) - KoaMdYecTBY szep, OCTABIIMXCS HEPACHABIIMMHCS K MOMEHTY
BpEeMCHH t W MHTErpHpys, MOJIydaeM 3aKOH PaJHMOaKTHBHOTO pacraja BEpHBIN s
JHOOBIX, @ HE TOJIBKO MAJIBIX, IPOMEKYTKOB BPEMECHHU:
N (t) =N, exp(-At), (7.2)
rae N - KoJau4ecTBo siAep B IEpPBOHAYAIBHBI MOMEHT BPEMEHH.

Bpewms, 3a xoTopoe pacmamaeTcs MOJOBHMHA I€PBOHAYAIBHOTO KOJHWYECTBA
sqep, Ha3bIBAETCSA TMEPHOJIOM Todypacmana [ }/ Mexay 5STUM BpeMEHEM U
2

HOCTOHHHOﬁ pacnaﬂa CYH_ICCTByeT CHCI[YIOH.[&H CBA3b.
In2 0,693
T, =& _ 509 73
oA 2 (7.3)

AKTHBHOCTBIO padnuoOaKTHBHOI'O BCIICCTBA HA3BIBACTCA BCJIMYMHA, pPaBHasd

orHomenuto uucna pacmanos dN ,,.,3a manoe Bpems dt k 3TOMYy MpOMEKYTKY

Bpemenu. U3 (7.1) mist akTHBHOCTH TIOTyYuM (HOpMYITy

dN pacn
— P )N (7.4)
dt

3agaya. CKOJIbKO aTOMOB pajJioHa pacnajgaeTcs 3a OJHU CYTKHU U3 10° atomoB?
Hano: N -10° IIT.,
t=1cyr.,
T, =382 222
=3,82 cyt. ma “ggRn
!
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N

Pemienue. Bpemsi, B TeueHHEe KOTOPOTO pacmaJarTcs aTOMBI pajloHa, UMEET
TOT K€ MOPSAIOK BEJIMYUHBI, UTO U MEPUOJ MOdypacnaaa 3Tux auep. CineaoBaTenbHo,
BpeMs t Henmb3s cuuTarh ManbiM. Mcmonw3ys dopmyny (7.2), mid KonmdecTBa
pacnaBIINXCS SEp MOTydaeM

-t
Npacn.:NO_N(t):NO(]‘_e )
Wcnonb3ys (7.3) v OACTABIISAS YHCACHHBIE 3HAYCHHS, TTOTYIUM

N .., =10°(1-0,8330)=167000 mr.

pacn.

pacn. -

Oteet. Yncno pacnaBmuxcs 3a cyTku saep paBao 167000 .

Tabnuiia BapuaHTOB 3a7a4
K KOHTPOJIbHOU paboTe Ne 6

Howmep Howmepa 3amau
BapuaHTa
0 601 611 621 631 641 651 661
1 602 612 622 632 642 652 662
2 603 613 623 633 643 653 663
3 604 614 624 634 644 654 664
4 605 615 625 635 645 655 665
9) 606 616 626 636 646 656 666
6 607 617 627 637 647 65 667
/ 608 618 628 638 648 658 668
8 609 619 629 639 649 659 669
9 610 620 630 640 650 660 670

3AZIAUM

601. Haiimute nmuHy BOJHBI ¢ Bpoiiis aekTpoHa, JIETSIEero co CKOPOCTHIO
10° em/c, u mapuka maccoii 1r, JBUKYIIETrocs co ckopocthio 1 ecm/c. HyxHo nu
YYUTHIBATh BOJTHOBBIC CBOWCTBA JICKTPOHA W MAPUKA MPU aHAIU3E UX
B3aMMOJICUCTBUS C KpUCTAITIOM? PaccTosiHIe MEX Ty aTOMaMH B KPUCTAJIJIC TIPHHSITH
pasubiM 0,7 HM. Macca mokost aextpona mo = 9,1-10°" kr.

602. Beraucnute ayuHy BOJHBI Ae bpoitis mis teroseix (T = 300K )
HEUTPOHOB. ClIeNyeT JIN YUYUTHIBATh BOJIHOBBIE CBOMCTBA HEUTPOHOB MPU aHATIU3E UX
B3aMMOJICUCTBUS C KpUCTAIIoM? PaccTosiHre MEXTy aTOMaMu B KPHUCTAJIIE
npuHATh paBHBIM 0,5 HM. Macca okost HeUTpoHa My, = 1,675-10% kr.

603. Kakyto sHEpruto Hy>KHO COOOIIUTD ANEKTPOHY, YTOOBI €T0
nebpoiineBckas AIMHA BOJIHBI yMeHbImiach oT Ay =100um no A, =50mnm ?
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604. Beraucnurte JIMHY BOJIHBI e Bpoityis mpoToHa, mpoIieamero
YCKOPSIONTYIO Pa3HOCTH MOTEHITMANIOB, paBHY10: 1) IMB; 2) 1I'B. Macca mokos

npotona m, =1672 107 ke

605. Onpenennute SHEPTUIO K UMITYIILC DJIEKTPOHA, UMEIOIIETO JTMHY BOTHBI
ne bpoinsa A =01nm . Macca mokost 3JeKTpoHa My = 9,1.10° kr.

606. [Tpoton obnagaeT kuHeTHYECKOM dHEeprue 1 =1kaB . Onpenenure
JOTIOJTHUTENbHYIO HEprui0 AT , KOTOPYIO HEOOXOAUMO €My COOOIIUTH AJIsl TOTO,
9TOOBI JTMHA BOJIHEI 1e bpoiins ymenpmunacek B 3 pasa.

607. Uemy paBHO BOJHOBOE YHCIIO SJEKTPOHA, MPOIIEIIETO PA3HOCTh
noternuanioB U =240B ? HagansHyI0 CKOPOCTH 3JIEKTPOHA MPUHSATH PABHON HYIIO.

608. Onpenenute JIMHBI BOJH J1e Bpoiisis o - YacTHIIBI U TPOTOHA,
MPOMIEIITNX OJUHAKOBYIO YCKOPSIOIIYIO pa3HOCTh noTeHnuanoB U =1kB . Macca

IIOKOSI O - 4acTHLel M, = 6,64 .107% KT, TIPOTOHA M, =1672 .107%" kr. HauanbHble

CKOPOCTH YaCTHII TPHHSITH PAaBHBIMH HYJIIO.
609 DiexTpoH, ABHKYIIMICS co ckopocThio V =5000 xu/c, monanaer B

OJIHOPOIHOE YCKOPAIOIIEE DIEKTPHIECKOE T0JIe, HANpshKeHHoCcThI0 E =108/cm .
Kakoe paccrosiaue | 1omKkeH mpoRTH SIEKTPOH B IIOJIE, YTOOBI JUIMHA BOIHBI 1€

Bpoiins snextpona crana paBHoit 1A ?

610. 3apspkeHHAs YacTUIA, YCKOPEeHHAs pa3HOCThI0 moTeHnnanoB 200B, nmeer
JUTHY BOJIHEI e bpotins, pasayro 0,002aMm. Halinute Maccy 3Toi 4aCTHIIBI, €CITU
M3BECTHO, YTO 3apsJl €€ YUCICHHO PaBeH 3apsay dICKTPOHA.

611. Mcxons U3 COOTHOMIEHUS HEOTPEISTCHHOCTEH MEXK Ty UMITYJIHCOM
YJACTHIIBl ¥ COOTBETCTBYIONIECH KOOPAMHATOMN, OTICHUTE SHEPTHIO OCHOBHOTO
COCTOSIHHS aTOMa BOJIOPOIA.

612. DiIeKTpOH JIOKATU30BaH B 00,1aCTH C THHEHHBIM pasmepoM | =Lwkm .
Cpennee 3HaueHUE er0 KHHETUYECKOH dHeprun E =458 . Ouennre ¢ mOMOIIbI0
COOTHOIIICHUS HEOMPEICICHHOCTEN OTHOCUTEIHHYIO HEOTIPECIICHHOCTh CKOPOCTH
AJIEKTPOHA.

613. Atom ucnyctun potoH ¢ anuHoi BoHBI A =800mMm .

[TpomomkutenbHOCTh M3MyueHus: 7 =10nc. Onpeaennute HAMOOIBITYIO TOYHOCTh
(AA/A), ¢ KOTOPOI MOXKET OBITH M3MEPEHA JUTMHA BOJIBI H3JTy4EHHS.

614. CBoOOIHBII 21EKTPOH B MOMEHT BpeMeHu t =0 mokanu3oBaH B o0yiactu
NPOCTPAHCTBA C TMHEHHBIM pazmMepoM AX, = 0lum (mopsmok pasmepa aTtoma).
Ornenute 007aCTh JIoKamu3amuu AX 3TOTO AJIEKTpoHa ciycTs Bpemst At =1c.

615. Mcmoas3yst COOTHOIIIEHHE HEONPEACICHHOCTEH, OIEHUTE IHPHHY |
OJTHOMEPHOU MOTCHITUAIBHON MBI, B KOTOPOH MUHUMAJIbHASI YHEPTHUS JIEKTPOHA
E min =105B.

616. UmmysCHBIN pyOWHOBBIH JIa3ep ¢ BHIXOMHON MOMHOCTRI0O W =21 Bm
CO37aeT UMITYJIbC JIUTETHLHOCTHIO T =10Hc . OnleHnTe HANOOIBITYI0 TOYHOCTh
AE/E , ¢ KOTOpOI MOXKET OBITh ONPENEIICHA SHEPTHUS U3TYIECHHUS.
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617. Bpemst s)xu3HuM 7 BO30YXKIECHHOTO siApa mopsiaka 1Hc, mirmHa BOTHEI A
vznyuenus pasua 0,1um. C kakoil Hau6obInel ToaHocThi0 AE/E MOXKeT ObITh

oTpe/ieNieHa SHEPTUS U3ITyUeHUs ?
618. Bpewms xu3HHM aToMa B BO30YKIeHHOM cocTosiHUH 7 =10wnc. Boruncnure
MIUPUHY CHEKTPATbHON TUHUH H3IydeHuss AA , ecii HauboJIbIas MHTEHCUBHOCTh

CBETa MPUXOAUTCA Ha AnnuHYy BoHBI A =4200A.

619. OnennTe HaMMEHbBIINE OMUOKH, C KOTOPHIMU MOXHO OTIPEAEIIUTh
CKOPOCTb 3JIEKTPOHA, MPOTOHA U IIapuKa Macchl M =1ue, eciu KOOpAHMHATHI
YaCTHUIIBI U [IEHTPA IIapuKa OMPeeNIeHbl ¢ TOUHOCThIO AX =1wmxm . Macca mokos

3JEKTPOHA My = 9,1-10'31 Kr. Macca mokost mpoToHa m b =1672 107 k.

620. PannonokaTop mocChUTaeT UMITYJILC JIIUTEIBHOCTRIO 7. PaccTosiHue 10
yIAJIEHHOTO O0BEKTa JOJKHO OBITh U3MepeHo ¢ TouHOCTh AX = 800m . Uemy nomkna
OBITh paBHA JUTUTECIBHOCTh UMITYJIbCA U KaKOBA JJOJDKHA OBITH IIIMPUHA TTOJIOCHI
9acTOT A® , KOTOPYIO JOJDKEH PONYCTUTh YCUITUTENh IPHEMHNKA?

621. Yactuma Macchl M HAXOIUTCS B OJTHOMEPHOU MPSIMOYTOTHHOM
MOTEHIMATIBHOM sIME ITUPUHON | ¢ aOCOTIOTHO HEMTPOHHUIIAEMBIMU CTEHKAMHU:
U(x)=0 opu 0<x <l uU =00 BHe 3TOr0 nuTepBana. Haiigure coOCTBEHHEBIE

3HAYCHMSI SHEPTUU U HOPMHPOBAHHBIC COOCTBEHHBIC (DYHKITUU YACTHIIBI.

622. Yactrma Maccsl M HAXOIUTCS B OJTHOMEPHOU MPSIMOYTOTHHOM
MOTEHIMATIBHOM sIME ITUPUHOM | ¢ aOCOTIOTHO HEMTPOHHUIIAEMBIMU CTEHKAMHU:
U(x)=0 opu 0<Xx <l uU =00 BHe 3TOr0 MHTEpBana. Haiigure oTHOIIEHHE

pasHoctu AE |, .1 SHEpruii coceHUX yPOBHEW K oHEpruu E |, yacTuibl B Tpex
cIydasx: N=2; N=95 N-—> o,

623. Beraucnure TeMiepaTypy UACATBHOTO Ta3a, CPEIHsIS KHHETHYECKas
AHEPIUs MOCTYNATENIbHOTO ABUKEHUSI MOJIEKYJI KOTOPOTO paBHA MUHUMAJIbHOM
SHEPIrUH SJIEKTPOHA, HAXOAIIETOCS B OJHOMEPHOU MPSIMOYTOJIbHOM MTOTEHIIMATbHOM

sive wupuHoit | =108 cu ¢ aGCOMOTHO HEPOHUIAEMBIMH CTEHKAMM.

624. Yactrma Macchl M HAXOIUTCS B OJTHOMEPHOU MPSIMOYTOTHHOM
MOTEHIMAIBHOM sIME IIMPUHON | ¢ aOCOTFOTHO HEMTPOHHUIIAEMBIMU CTEHKAMHU B
OCHOBHOM JHEpPreThdeckoM coctosiann. Kakosa BepositHocTh W 00HApPYKUTH
YJaCTHITY B KpalHEeW YETBEPTH SIMBI?

625. [Ipu xakoii MUpUHE OJHOMEPHON MPSIMOYTOJILHOMN SIMBI C a0COTIOTHO
HEMTPOHUIIAEMBIMU CTEHKAMH JUCKPETHOCTh SHEPTETUYECKOTO CIIEKTPa MIEKTPOHA U
MPOTOHA YK€ JJIS MIEPBBIX YPOBHEHW CTAHOBHUTCS CPAaBHUMOM, HAIIPUMED, CO CPEIHEH
KHHETUYCCKOW PHEPTHEH JaHHBIX YacTHIl pu oObraHOM Temmeparype (oxoso 300K).
Macca mokost 3JIeKTpoHa My = 9,1-10'31 KI. Macca nokost mpoToHa

m, =1672-10""xe.

626. DIIeKTpOH HAXOAUTCS B OTHOMEPHOU MPSIMOYTOIHHON MOTEHITNATBLHOM
siMe UpHHOH | ¢ aOCOMOTHO HEMPOHUITAEMBIMHU CTEHKaMH. B KaKuX TOYKax BHYTPH
sMbl (0 < X <) MIOTHOCTH BEPOATHOCTH HAX0XKICHHUS YACTHIIBI HA BTOPOM H
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TPETHEM DHEPTETHUCCKUX YPOBHSIX OJMHAKOBHI? BEIYHCINTE TIIIOTHOCTH
BEPOSITHOCTH ISl 3TUX ToueK. Pemenne mosicHuTe rpaduKoMm.

627. Yactrma Macchl M HAXOIUTCS B OJTHOMEPHOU MPSIMOYTOTHHOM
MOTEHIMAIBHOM sIME ITUPUHOMN | ¢ aOCOTIOTHO HEMTPOHHUIIAEMBIMU CTEHKAMHU B
OCHOBHOM JHEpreTudeckoM coctosiann. Kakosa BepositHocTh W 00HApYXUTH

1 2
YJaCTHITY B Mpejeax 00JacTu §| <X < § |?

628. DieKTpOH HAXOAUTCS B OTHOMEPHOU MPSIMOYTOIHHON MOTEHITNATHLHOM
sime mupuHor | = 01nm ¢ aGCOMOTHO HEMPOHUIIAEMBIMU CTeHKaMu. OnpeeuTe B
AJIEKTPOH-BOJIbTaAX HAUMEHBIITYIO PA3HOCTh YHEPTETUIECKUX YPOBHEH.

629. DieKTpOH HAXOAUTCS B OTHOMEPHOU MPSIMOYTOIHHON MOTEHIINATBLHOM
siMe ¢ aOCOJTFOTHO HEMPOHUIIAEMBIMU CTEHKaMH, IIMPHUHA KOTOPOH MPUHUMAET
suaueHus: | = 0lum; 1um; 10mm; 0,020; 01w . Onpenennre pasHOCTH SHEPTHM

AJICKTPOHA Ha TICPBOM M BTOPOM JHEPreTHUECKHUX YPOBHIX. OICHUTE MTOTyICHHBIC
pe3yabTaThl C TOYKU 3PCHHSI MMPOSIBIICHUST KBAHTOBBIX CBOMCTB paccMaTpUBaeMOi
CHUCTEMBI.

630. Yactrma Macchl M HAXOIUTCS B OTHOMEPHOU MPSIMOYTOTHHOM
MOTEHIMAIBHOM sIME ITUPUHON | ¢ aOCOTIOTHO HEMTPOHHUIIAEMBIMU CTEHKAMHU B
BO30YKICHHOM 3HepreTndeckoM coctossau (N =3). Onpeaenure, B KAaKUX TOUKAaX
uaTepBaia 0 < X < | mI0THOCTH BEPOSITHOCTH HAXOKACHUS YaCTUIBI HMEET
MaKCHMaJIbHOE U MHHHMAJILHOE 3HAYCHUE.

631. Jlimsa HarpeBaHus MeTaJIMYecKoro npeamera maccor m =100z ot

temneparypsl T, =20°C 1o T, =50°C monsenena Teruora Q = 8300 Jorc .

OmnpenenuTe U3 KAKOTO METAJUIA ATOT MPEAMET, €CIIN ISl HETO YKa3aHHBIN HHTEPBAJl
TEMITepaTyp BHIIIEC XapaKTePUCTUIECKON Temmepatypsl Jlebas.
632. MosnsipHas TeII0eMKocTh C,, cepebpa mpu T =20K pasHa

165 [Jorc /(monw - K') . Beramciure Temneparypy Hebas 6 ;, nomaras, uto T <<6 5.

633. OnpeaennuTe KOMMIECTBO TEIUIOTH Q , HEOOXO0IMMOE JIJIsST HarpEBaHMS
m =202 moBapeHHol conu Ha AT =2K , eciiu HarpeBaHUE MTPOUCXOIUT OT
temnepatypsl T =2K .
Xapaktepuctuueckyio Temneparypy Jlebas 6 ; nns NaCl npunsate pasnoit 320K .

634. Haiinure MakcUMallbHYIO YaCTOTY @, COOCTBEHHBIX KOJIEOaHUM
aTOMOB B KpHCTaJlIe kene3a, eciu npu temieparype T =20K ero ynenpHas
m/lonc

oK~

635. [Tomp3ysce Teopueit Termnoemkoctu [lebast, onpenenure n3menenne AU
MOJISIPHOM BHYTPEHHEH SHEPTrUU KPUCTAJUIA TIPH €r0 HarPEBaHUU OT HYJIS 110
temnepatypsl T =016 ;. Xapakrepuctuieckyto temmneparypy [lebas 6 ; ms

temroeMkocTs C =2,7

JTaHHOTO KpucTaya npuHaTh paBHOW 300K .
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636. [lebaeBckas temmeparypa ceunua 60 ; = 95K . Mcnonb3ys nanuoe
3Ha4YeHue s 6, Haiinure npu remreparype T =95K OTHOLIEHHE TEIUIOEMKOCTH

CBHMHIIA K TEIUIOEMKOCTH, JaBaeMou 3aKkoHOM [[rosmonra-IITu.
637. Halimute xapakrepuctudeckyto temmepatypy Jlebast mis sxenesa, ecnu
MaKCUMaJIbHAs 9acTOTa YIPYTUX KOJIEOAHW aTOMOB B KPUCTAIUNIMYECKON PEIIeTKE

Ve =875-10% 1y

638. DkcnepuMeHTaNbHO YCTAaHOBIIEHO, YTO MpH Temnepatype T, =4K
MOJISIpHAs TEMIOEMKOCTD aprona G, = 0174 /i /(monw - K). Onpenenure
MOJISIPHYIO TEIUIOEMKOCTh aproHa npu T, =2K .

639. Onpenenure TEMWIOTY, HEOOXOAUMYIO IS HArPEBAHUS JIBYX MOJIEH
nukens ot 20 no 30K. Ipunste xapakrepuctuyeckyro temueparypy Hebas 6 ; mis
nukens papHoi 450K u ycnosue T << 6 ; cyuTath BHIIOIHEHHBIM.

640. Beraucnure o teopun Jlebas yneabHyI0 TEIUIOEMKOCTh TEPMaHUS MIPH
temneparype 20K. [punste xapakrepuctuueckyro temueparypy Hebas 6 ; mis

repmanus paBHoi 370K u yenosue T << 6 ; cyuTath BHIIIOTHEHHBIM,

641. Haiinure cpeaHee 3HaueHUE KUHETUYECKON SHEPTUn <E - > JIIEKTPOHA B
MeTaJsie mpu abCoNMIOTHOM HyJIe, eciu sHeprus Oepmu paBHa E ; =698 . Haitnure

CpellHee U MaKCUMaIbHOE 3HAYCHHE CKOPOCTH JIEKTPOHA.

642. Ilonmaras, 4To Ha Ka)KJIbIi aTOM aJTIOMHHHUS B KPUCTAJIC IPUXOIUTCS I10 3
CBOOOHBIX AJICKTPOHA, OTPEICTUTE MAKCUMATBLHYIO YHEPTHIO SJICKTPOHOB MPHU
a0CcoMOTHOM HyJe (TUIOTHOCTH AIFOMUHUS p = 2,7 .10° KZ/ n

643. Onpenennute KOHIEHTPAITUIO CBOOOTHBIX AJICKTPOHOB B METAIIJIE TIPH
temneparype T =0K , ecau sneprus @epmu paBaa E ; =18 .

644. Onpenennute YUCIO CBOOOTHBIX AIEKTPOHOB, KOTOPOE MPUXOAUTCS HA
onuH atoMm Hatpus nipu 1 =0K . Dueprus @epmu 11t Hatpus paBHa E ; =31258,

MI0THOCTH HaTpus p =970 KZ/ M.

645. Bo ckonbKO pa3 yuCiIo CBOOOIHBIX JIEKTPOHOB, MPUXOIAIINXCSA HA OJUH
atom metayia mpu I = 0K Oosbiie B aTlFOMUHUH, 9YeM B METH, €CIIA YPOBHU DHEPTUHU
®epmu cooTBeTCTBEHHO paBHbI E ¢ =11728 u E¢ =7,0oB . [lnoTHOCTH 3TUX

MeTaiioB paBHa: p, =2,7-10° KZ/M3 . Py =89-10° K2/M3 :

646. Kakas mosst cBOOOIHBIX JICKTPOHOB B METaJlIe 00JagaeT SHEPTUEH B
unrepBasie ot E; =05E no E, =E; npu remneparype T =0K .

647. Metamn Haxonutcs rpu Temneparype 1 = 0K . Onpenenure BO CKOJIBKO
pa3 YuCIIO AMEKTPOHOB ¢ KMHETHUecKoi sHepruet or E; =05E¢ no E, =E¢

Oouiblie yKcia 31eKTPOHOB ¢ sHeprueit ot Ey =0 no E; =05E ;.
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648. Halimute OTHOCUTETHFHOE YUCIIO CBOOOTHBIX AIEKTPOHOB B KPUCTAIIIIE
npu temneparype T =0K , sueprust kotopsix E otnmuaercs ot snepruu @epmu E ¢

He 6onee, yem Ha 11 =2% .

649. BripasuTte cpeHIOI0 KBAAPATHIHYIO CKOPOCTh <V;<g> yepes
MaKCHMAJIbHYIO CKOPOCTb V5, MIEKTPOHOB B MeTaute ipu T =0K .

650. Beraucnure snepruto @epmu E ; cBOOOIHBIX 3IIEKTPOHOB B KPUCTAILIE
meau nipu Temrnepatrype T = 0K . [IpuHATE, 9TO Ha KaX I aTOM MEIH MPUXOTUTCS
10 OTHOMY CBOOOHOMY 3JIeKTpoHY. IlnoTHOCTS Men p, =89 .10° KZ/ .

651. KonmeHTparusi cCBOOOTHBIX HOCUTENEH 3apsiaa B KpEMHUHU
n=5-10cx 3, mogBIKHOCTB 2IEKTPOHOB u, =015 m? / (B -c), a apIpok
Hp =005 m? / (B - ¢). Onpenenurte CONMPOTUBICHUE KPEMHHEBOTO CTEPIKHS JUTHHOM

5CM U ILIOMIABIO IOIEPEIHOTO CCUCHUS 2MMY.
652. [l momynmpoBoAHKKA, HMeroIero GopMy kyda co croponoit |, namepeno
conporuBieHue 0e3 ocBelmenus R, u npu ocsemenuu R . Haligure koHIEeHTpanuto

AIIEKTPOHOB AN | IBIPOK AP, 0OYCIIOBICHHYIO OCBEIICHHEM, €CITH UX ITOJIBHKHOCTb
Mo ¥ py,. Cantate An=Ap.

653. ConpoTHBiIeHHE COOCTBEHHOTO TTOJYIPOBOIHUKA MTPU TEMIIEPATYPE
T, =612K pasmo R; =1-10°0m, ampu T, =800K - R, =1-10%Owm . Onpenenure
WIMPHHY 3aMPEMIEHHON 30HbI OTYIPOBOAHMKA E .

654. KpemHueBblit o0pasen HarpeBaeTcs ot Temmepatypsl t; =0°C o

t, =10°C . Kak 1 BO CKOJIBKO pa3 U3MEHHUTCS €ro 3JIeKTpornpoBoaHocTh? LlnprHa
3aIpeLICHHO 30HbI KpeMHus E § =1158 .

655. ToHkas mIacTUHA U3 KPEMHUS MTUPUHONW 2CM TTOMEIIICHA
MEPICHANKYJIIPHO TUHUSIM WHIYKIIUA OJHOPOJTHOTO MarHuTHOro mojst B =0,577 .
[Tpu utoTHOCTH TOKA | =2 MKA / i HAIPaBJICHHOTO BJIOJIb TUTACTHHEI,
XOJIJIOBCKasl Pa3HOCTh MOTEHLMAJIOB OKa3anach paBHoi U |y =2,8B8 . Onpenenute

KOHIICHTPAITUIO HOCUTENICH TOKA.
656. ['epMaHUEBBIN KPUCTAII, IIMPUHA 3AMPEIICHHON 30HBI KOTOPOTO

Ey =0,725B , narpesaror ot temneparypsi t; =0°C g0 t, =15°C . Bo ckonbko pas
BO3pACTaET EKTPONPOBOTHOCTh KpHCTAJIIA?

657. DIIEKTPOIPOBOAHOCT KPEMHHS ¢ IpuMecsM o =1120m L - L.

Onpenenure NOABIKHOCTE (i, U KOHLEHTPALUIO P ABIPOK, €CIN MOCTOSHHAS XO0JLIa

paBHa Ry =3,66-10 4 MS/ Kn . TIpuHSTE, 4TO MOTYNPOBOJHUK 00Ja1a€T TOIBKO
JIBIPOYHOU MPOBOAUMOCTBIO.

30



658. Y nenpHOE COMPOTUBIICHNE KPEMHUS C TPUMECKHIO PABHO
p=1-10 “20m-m. OmnpeznennTe KOHICHTPALUIO IBIPOK P 1 UX TOABHXHOCTE L, .

[TpuHSATE, 9TO TOTYIPOBOAHUK 00JIaJAET TOTBKO ABIPOYHOMN MPOBOIUMOCTHIO.

659. Haiitn MUHUMAaTbHYIO SHEPTUIO 00PA30BaHUS MAPBI «AJIEKTPOH-ABIPKA» B
COOCTBEHHOM MOJYTIPOBOIHUKE, JIEKTPOIPOBOJHOCTH KOTOPOTO BO3PACTAET B
n =5,0 pa3 npu yBennuenuu temmnepatypsl oT T, =300K no T, =400K .

660. Y nenpHOE COMpOTUBIECHUE TepMaHueBOro Gotopesuctopa o =450m -cm .
BcenenctBue ocBelneHUs] KOHIIEHTPAIHS SJICKTPOHOB M IBIPOK ITOBBICHJIACH HA
1-10* cu 3. BeluncanTe OTHOCHTEIBHOE H3MEHEHHE IPOBOAMMOCTH FePMaHHUsI, eCIIH

HOABIXHOCTB DIIEKTPOHOB 4, = 3800 cm? / (B -c), a neipok u, =1800 cm? / (B -c)

661. Kakas nosis paguoakTUBHOTO U30TOMA 2595 Ac pacnanaercs B TeueHue 6
cyrok? ([Tepumon monypacnama T % =10cymox ).
2

662. Haiimute mepuoy moiypacmajia paaInoakTUBHOTO U30TOIIA, €CIIN €ro
akTUBHOCTH 3a 10 cyTok ymeHbImmiach Ha 24% 10 CpaBHEHUIO C TIEPBOHAYAITBHOM.
663. Onpenennute YHEPTUIO, KOTOPYIO HY)KHO 3aTPaTHUTh JIJIsl OTPHIBA HEUTPOHA

oT sumpa HaTpus 2 Na . Macca u3otoma 2;Na pasma m, =22,98977a.e.xm., a u30Toma
“Na - m, =21,99444a.e.m.

664. BoramciiTe SHEPTHIO AAePHOI peakuun 4 Li+1H —/Be+gn.
(m; =7,01605,m, =100783;mg, =7,01693;m, =1,00867a.e..:m.)

665. SImpo ypana 55U , 3aXBaTHB HEHTPOH (N, pa3eNIIoCh Ha JBa OCKOIKA,

IIpu4cM OCBO6OI[I/IJ'IOCB JABa HeﬁTpOHa, a OJJMH U3 OCKOJIKOB ABJISACTCA AAPOM KCCHOHA

15341Xe . Onpenenure BTOPOH OCKOJIOK.

666. DIEKTPOH U MO3UTPOH, UMEBIIIHE OJIMHAKOBHIC KHHETHICCKHIE SHEPTUH 10
T =0,24M>56 , ipu coynapeHU IPEBPATIINCH B IBa OMHAKOBBIX (hOTOHA.

OHpeI[CJ'II/ITC OHCPIrurO U JJIMHY BOJIHBI KAXKJI0I'0 U3 (bOTOHOB.

667. Haiiti Maccy oGpasia ypana “sU , IMEIOLIEro TAKyIO K€ aKTHBHOCTS,

KakK 00pa3ell CTPOHITUS §’§ Sr maccoit m =1we . Ilepuon momypacnazga ypaHa

Ty =45-10° sem , crponrus T, = 281em .

668. OnpenenuTe SHEPrUIO, KOTOPass OCBOOOXKIACTCS B BOJAOPOIHOM OoMOe
npu cuHTe3e lxe renms. Maccel BOAOPOa, IeHTepus, Teus 1 HeHTpoHa
COOTBETCTBCHHO PABHBI:

m,,, =2,01410a.e.m.,m,,;,, =3,01605a.e.m.,

m,,, =4,00260a.e.m.,m =100867a.e.m. .

669. CueTunk ( -4acTHIl, yCTAHOBIICHHBIN BOJHM3U PaIHOAKTUBHOTO U30TOIIA,
npu nepBoM n3Mepenuu perucrpuponain N; =1400 gyactur B MuHYTY, a yepe3 At =4

Heum
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yaca Tonbko N, =400 yactun B Munyty. Omnpenenure nepuoa noxypacnana T %
2

Hn30TOoI1A.

670. Snpo nmutus 3? Li , 3aXxBaTHB MPOTOH, pacmnaaaeTcs Ha IBE (f -4aCTHIIBL.

HamumunTe peakuuio u onpeaeuTe YHEPTHIO, BEICIUBIIYIOCS MIPU 3TOW pPEaKIHH.
Macce! utust pagia m; = 7,01601a.e.m., nporona - m, =100783a.e.m., o -

gacTuuel - M, =4,00260a.e.m..
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