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YACTD I: ®OHOHBI B KPUCTAJIJIAX

[TepBag yacTh Kypca B GOJIBIION CTENeHH OCHOBaHA HA MUCTOYHHKE [1], KoTOpBIi HE sB-
Jigercs obuieJocTynHbiM. B 10 ke Bpems, o0cyK/aeMbie TeMbl Pa300paHbl B MOHOI'PadUIX

[2,3] u u3BecTHBIX KHHUrax [4,5].

JInreparypa 1o gactu I:
[1] A.1O. Kuraes, neknuu 110 kypcy «PoHOHBI» 11 4 Kypca 9epHOTOJOBCKOM T€OPrpyIIbl
(UTD um. JIJ. Jlangay PAH), ocens 1996.
[2] B.JI. Typesunu, «Kuneruka doronubx cucrem», M.: Hayka, 1980.
[3] A.M. Kocesnu, «OCHOBBI MEXaHUKY KPUCTAJLIAYECKOH pemérkuy, M.: Hayka, 1972.
[4] E.M. JTudmmn, JL.IL. [Turaesckuii, «Pusndeckas kunernkay («Teopernueckas dbusnkas,
tom X), M.: @uszmaraut, 2007.

[5] Y. Kurrean, «KBantoBasi Teopust TBEpabx Tesry, M.: Hayka, 1967.



I. IIPUBJIN2KEHNA

Bynem ropoputh 0 poHOHAX (T.€. 0 KoslebaHusix aroMoB) B Kpucrasiax. (ITouarue hporona
seeeno VL.E. Tammowm B 1932 1)

[Tpubsimkenns:

1) AnnabaTura: Marexrp <K Mzpa. I10CTE YCpETHEHNUS 0 OBICTPBIM (3JIEKTPOHHBIM ) CTeIIe-
HSIM CBOGO/IBI OCTAETCA SHEPIUsl B3aUMOIEHCTBIS ATOMOB, 3aBUCAIIAS OT KOOPIHHAT ATOMOB:
U=U(ry,...,ry). DHEPrHs CBI3U UMEET «ATOMHBIH» MacmTad, T.e. F., ~ 13B.

2) TapMmornYeckoe TpubInzKeHne (BBIIOJHACTCS XyZKe, M037Ke Mbl GyIeM o6CyKIaTh OT-
KJIOHEHHsI OT 9TOI0 HPUD/IHKEHHUS ).

u < @ — MaJble OTKJIOHEHHsI aTOMOB OT IIOJIO?KEHHII PaBHOBECHS I'j. U =T — T'j.

U = Ug j o, TJIE & — HOMED SA9€HKN, j — HOMEp aToMa B sideiike, (v = T, Yy, 2 — KOMIOHEHTa
BEKTOpa OTKJOHeHus. yid KpaTkocTu OyjeM 0003HaYaTh HAOOP MHJEKCOB OJIHON OYKBOIA:
A= (a, j,a).

TapMoHnYecKoe TpubanKenne (paboraer 10 TOUKH ILTABJIEHU):

1 Eey
U= EDAXUAUX: D~ —

(1.1)

a?’

Kosddunuenrsr Dyyr — cunoble nocrosuabsie. CuMmmerpus: Dy = Dyy.

II. CIIEKTP

w(k;) — cuexkTp. Beero ecthb 3p BeTBeil cekTpa, e p — YHCJIO0 aTOMOB B 3JIeMEeHTapHOH
dyeiike.

Kunernueckas JHEepPrud:

1 .
K = 5 Z mis. (2.1)
A
ypaBHeHI/Ie JABUZKCHUA:
m]‘ib\ = —D)\)\IUX. (22)
Jlns uy(t) = e “tuy noayuaem
ijQU)\ = D)\,\/U)\/. (23)

IS Ug j o = €0, ,, 0603HAUAA (], @) = 7, TOTyIaem

mjw?vy = Doy (K)o, (2.4)



TpanciguoHHAs HHBAPUAHTHOCTB!
Day ety = Dyy(@’ — a). (2.5)
Junamudeckas MaTpuna:
Dy (k) = Z "D, (a). (2.6)
a

C,zgeﬂaeM 3aM€HY T~ = /M ;V,, TOI'Ja YPABHECHNE ABHU?KCHNS IIDUHAMAECT BHJ

_ va’(k)

2
W Ty = T

. (2.7)

mgmg

Matrpuna B IpaBoii 9acTH UMeeT pasMep 3p X 3p, w? — eé coOCTBeHHbIe YUCIA.

JlucriepcuoHHOe ypaBHEHHE:

D,y (k
W6y — Dyl | _ 0 (2.8)

mjmj/

[Tpu zanannom k 3To anrebpamtdeckoe ypaBHeHHe CTelleHH 3p OTHOCHTeNbHO w?. Pazmble

peniennd — pa3HbI€ BETBH CIIEKTDA.

III. JJIMHHOBOJIHOBLIN IPEJIEJL, k — 0

U MHBapHAHTHO OTHOCUTEJBHO OJHOPOIHOTO CABHTA Ua jo F+ Uaja 1 Us. COOTBETCTBYIO-
mas MOJa UMeeT HYJEBYIO SHEPTHIO.

Teopema ['onacroyna. Eciaum npu HEKOTOPOM OZHOPOIHOM IpeoOpa30BaHUKM IHEPIHs He
MEHSIETCSI, TO ITOMY TPEOOPA30BAHUIO COOTBETCTBYeT Msarkasg Moia (w — 0 npu k — 0).

Ha s3bIke MATPHUIIBI CHJIOBBIX MOCTOSTHHBIX TPAHCISIIUOHHAS MHBAPUAHTHOCTDL O3HATAET,

qT0
> Dageatgiar = 3 Dy (b) =0, (3.1)
a/ ]’/ b’j/
Bcenomunas, uro
Doy(k) = Z Dw’(b)eikb7 (3.2)
b

HOJIy YaeM

D(j.0)(37,a1)(0) = 0. (3.3)



Benomunas ypaBHeHUs TBUZKEHUS
s oz
MW ja = Dija(grar) (K)Vjar (3.4)
1 nojarad B HuX kK = 0 1 vjq = ¥y, BUJIUM, 9T0 w = 0 gBjIgeTCs COOCTBEHHBIM 3HAYEHUEM.

Takum o6pazoM, Mbl yOEUIUCH, 9TO T. ['0JI/ICTOYHA BBIIOJTHSIETCS.

MoO2KHO 10Ty uuTh 4yTh Gosibiie: moa0xkuB B (3.4) k = 0 u npocyMMupoOBaB 110 j, 01y Yaem
w?(0) Z m;v; = 0. (3.5)
J

[Tosromy B nesiom pu k — 0 ects e Bosmozknocru: o w(0) = 0, ambo Y. m;v; = 0.
[Tepsorit cayuait — akycTudeckne KojebaHus (Bce aTOMBI OJTHON 3JIEMEHTAPHOU AYEHKHN KO-
Jebmores B hbaze), BTOPOR — ONTHYeCKHe (ATOMbI OJIHOM J1eMeHTaPHOI T9eiiKi KOJeOTI0TCs
TaK, YTO MEHTD TIKECTH AIeHKH OCTAETCs B TTOKOE). E]

Ecau KpucTtasr n30TpolieH B OTHOIIEHUN CBOUX VIIPYTHUX CBOWCTB, TO €CTh OJ/IHA MTPOJI0 Th-

Had aKyCTHYeCKad BETBb M AB€ IIOIIEPCYHLIE (CKOpOCTI/I 3BYKa OJid OBYX IOIEPEYHbIX MO

DaBHBI ).
S S
CooTHOIIIEHHE OPTOrOHAIBHOCTH: COBGCTBEHHBIE BEKTODBI xga) = mjvj(.a), OTBEYAIOIINE
Pa3HBIM HOMEPAM MO/ S, JOJZKHBI OBITH OPTONOHAJIBHBI, TIOITOMY
(), (") _ /
E mv;, Vi, =0  mpms# s (3.6)
j)a

MpbI MOKEeM HOPMHPOBAaTh COOCTBEHHBIE BEKTOPDI ’UJ(Z) KaK yIroJiHO, (pU3nIecKre aMILIHTYIbI

KOJIEOAHUH Vo OYIYT BHIPAZKATHCS UePe3 HUX ¢ TOMOIIBIO PA3MEPHBIX AMILUTATYIL Wy
Vjo = Z wsv](-z). (3.7)
S
Bri6epem cieIyrontyo HOpMEpPOBKY: [

S mjul ol = Mo, (3.8)
7,

L Cwm. Jlesuros, [lutos, 3amada 1. (Knaccudeckas mernovka OCHUILIATOPOB).

2 B momosHeHme K li MOKHO MOJIYYHUTh €€ OJIHO MOJIE3HOE COOTHOIIEHUE:
o) — —]\/[ 0410
ja Vi3 = 055" %apB-
B mj

L7151 3TOTO HYKHO YMHOXKHUTD 1’ Ha vgf/)j ¥ MIPOCYMMWPOBATH TIO S.

U sro coorrorenne, u (3.8) Ha camMOM Jejie TIPOCTO CJIEACTBHUS TOTO, YTO ¥ — COOCTBEHHbBIE BEKTODHI

SPMUTOBON MATpuipl. A BeCOBblE MHOXKHUTEIM BO3HUKJIA [MOTOMY, 9TO 3TO He Marpuinia D, a marpuna

D/ mjmj/.



(s)

rae M — nonnas mMacca siaementaproii staefikn. Ilpu stom vy, — Ge3pasmepHble BEKTOPEL.

Akycrumdeckass Moma ¢ HOMEpOM [3: U(B) = 0,5 mpu k = 0. Ona oproronanpHa 00O

ONTHYECKON Mode, IIO3TOMY

Zm] o = 0 = ij (3.9)

Taxum ob6pa3oM, MBI BUIUM, ITO IMEHTP MACC B ONTHYECKON MoJe AefCTBUTEIHLHO HEe CMeIla-

ercd.

IV. CUHIVJ/IAPHOCTHN BAH XOBA

HYCTI) Mbl BbIYHCJIAEM BEJIWMYUHY THIIA SHEPI'HHU (I/IJII/I TEILIOEMKOCTL U T.,IL.). HpI/I 9TOM

BO3HUKAIOT MHTEI'PDaJIbl BU A

/f kd :/f(w)y(w)dw, V(w):/é(w—w(k)) <2d:>d. (4.1)

Buech v(w) — IIOTHOCTH COCTOSHMUIA.
Hanpumep,
E= / “Ellf)) dk_ (4.2)
exp = 1 (2m)¢
Hanomunasnka (byHKIEsT OTHOI HepeMeHHOI/I)I
3 (9(e) = il = o). (4.3

[TnorHoCTH cocTostHMi (M5 HarasaHocT B 2D):

<
—~
S
~—
Il
&
| =
=
=
o,
2l
o}
—~
e~
e
~—

w(k)=w
B 3naMeHnarejie BOSHHKAET I'pyIilioBad CKOPOCTb.

dw

(4.5)
Kpurnaeckue Toukn v(k) = 0, B HEX 0COGEHHOCTH IIJIOTHOCTH COCTOSTHHN. DTO HA3BIBACTCSI
cuarysipuoct Ban Xosa (Van Hove singularities), onu mator 60sibITiol BRI B BHIUUCIsI-
eMYI0 BeJIMIMHY. DTO 00OIasd Bellb g BCeX TUIOB KBA3WIACTHUIl, HE TOJbKO /i (POHOHOB.

CxkazkeM, 1D nemnodyka aToMOB €O CHIEKTPOM, OCIAIIAPYIOIIUM MEXKIY Wmin ¥ Winax- BOJIA3H

SKCTpeMyMa

w(k) = wy + A(k‘ ko)?, v(k) =~ A(k — ko). (4.6)



Torna
1 1

- X —F/—.
Ulkmhoty /2ol / |w — wol

(4.7)

v(w) o

V. YACTOTHAA 3ABUCHUMOCTH JUSJIEKTPUYECKON
INPOHUITAEMOCTU

Ceer B3anMoeficTByer ¢ onTuaecKiuMi (hOHOHAME (TT0YeMy He ¢ aKyCTHYeCKHMU — YBH-
JUM 9yThb 1m037ke). QOHOHBI JA0T BKJIA B AUIIEKTPHIECKYIO MPOHUIIAEMOCTD &(w). DTO Be-
JIMYHHA, KOTOpad IJId MOHOXPOMATHYIECKOIO IIOJIS OIpedeaseT CBI3b HAIPIKEHHOCTH dJIeK-

TPUIECKOTO MOJIST U HIEKTPHIECKON MHIYKIHH:
D = ¢(w)E. (5.1)

£(00) ompe/iesieTcst 3IeKTPOHaMHU (HApYIIaeTcs aauadarudeckoe npubamkenne). MoKHO
sanucarh £(w) = £(00)+4mx(w), rue sx(w) — AudjeKTpUYecKas BOCIPUUMIUBOCTH (POHOHOB.

By/ieM paccmaTpuBaTh OJHOPOHOE 3jeKTpuieckoe noje (k < a~'). Ypasuenne jpuze-
HUA IIPU HAJIMYIUUW TTOJIA:

mjb'ja == _Dja,j’a’(())Uj’a’ + Qan. (52)

MmeM pemrenue g cMeIeHus B BUjae v X e ! rie w — 4acToTa moss. Pemrenue MoxKHO

Pa3JI0KUTh 110 (POHOHHBIM MOJIAM KaK
_ (s)
Vjo = E WsVje, (5.3)
S

(s) “ .
rjie v;, — COOCTBEHHBIE BEKTOPBI AMHAMHUYECKON MATPHIIbL:

Dja,j’a’(O)UJ(-;Sg/ = mngv](-z). (5.4)
[ToxcraBisgeM-moy yaem:
— Z mjw%](f;)ws = — Z mngv](f;)ws + ¢ E,. (5.5)

CobcTBeHHbIE BEKTOPDI v](-z) Oe3pa3MepHbIe, a Vj, U Wy UMEIOT Pa3MePHOCTD JJINHBI.

[Ipumensis onepanuio

S )% (5.6)
ja
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M MCIIOJIb3Ysl OPTOHOPMHPOBAHHOCTD ((3.8)), maxommm

Zja jo q]

ST w2) . (5.7)

Ws =

Kombunarus
= v (5.8)
J

uMeeT cMbICT 3 (MEKTUBHOrO JUMOIBHOIO MOMEHTA, COOTBETCTBYIONIEro s-Toit Moje. Takum

obpas3oM,
(S)E
w, = 2l Fo (5.9)
M(w? —w?)
[Monsipusanus (TouHee, TUMOJIBHBIA MOMEHT OJHON 9JIeMEeHTApHOI sueiiKn):
g5
Pa = ZUNQJ Zws ]oz q; = Zwsqa = Z mEﬁ (510)

J s
TyT CTAaHOBHUTCA ACHO, IIOYEMY MbLI pacCMaTpUBaeM HMEHHO OIITHYECKUe CbOHOHbII aKyCTH-
YeCKue He MMCEloT AJHUIIOJBbHOI'O MOMCHTA. Yrob6b1 IOJIy4UTb ILI/IHOJ'IBHBII'?I MOMEHT €INHHNIIbI
00béMa, HYKHO eIlle YMHOXKHTh Ha KOHIeHTpaIuio N s/eMeHTapHbIX sT9eek B BelnecTBe. B

pe3yabTaTe MOJIy9aeM TEeH30D AWIEKTPUUECKON MPOHUTIAEMOCTH:

Nq(s) q(S)
o s
€a = &, 4 -_— 5.11
o) = 2as(00) +47 D 3ea— (5.11)
OtBer K 3aga4e OyjeT UMeTh BH/]I
(1) = £(00) + (5.12)
e(w) =¢€(o0 ) )
Wi — w?

PaccMoTpuM Temepb TpéxMepHblil Kyondeckuii kpuctaaa., Cuntaem k < a~*
ITyctb MbI BO3OY2K1aeM COOCTBEHHYIO ITPOIOAbHYIO MOy. Torma

V-D=0 = k-D=0 = D =0, (5.13)

nosroMy €(wj) = 0.

Terepb mycTh MbI BO30Y K/ 1aeM COGCTBEHHYIO MoepedHyto Moay. Ecmm w/c < k, 1o
VXxE=0 = kxE=0 = E =0, (5.14)

mo9TOMY £(W, ) = 00.



11

Efeh
e
g™
0‘ '521 LQ; &
Puc. 1. e(w) maa caydast ofHON omTuveckoit Mozbl. B Hammx obosmadenusx = w,, O = wj|-

Nureppan gacror, B koropom €(w) < 0 — 310 061acTh HENPO3paYHOCTH Kpucrasia. |PucyHok us

kauru B.J1. I'ypesnda «Kunernka hboHOHHBIX cucTeM>. |

HOJIy‘IeHHbIe COOTHOIIEeHUd O3HadaroT, YTO

W] = Wo, (515)
A
2 2

C TouYKM 3peHHs IKCIepUMeHTa A HAOpaMYO Hem3BecTHO. M30aBissch oT HeE, MOKeM IIe-

perncars (5.12) B Buze

W) 5.17
€ =c _, .
(w) (OO)w2 v (5.17)
IPHYEM JACTOTHI W) ¥ W CBA3aHbl cooTHomenuneM JIngnana—Caxca—Temnnepa:
2
w
1 <(0)

wi  e(00)
Ecn me npeanonarars ycaosus w/c < k, TO i MONEPEYHbIX KOJeOaHWil Hy KHO MHUCATH:

vxB--18B L ki E-YB (5.19)
c Ot c

Ecin BemecTBo HemaranTuo, 1o Mmozkuo 3amenutb B na H. Toraa, npumenssa onepanuio kx

U UCHOJIB3Y4 eIé oJH0 ypaBHenue Makcsesia

kx H=—2D, (5.20)
C
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I[I0J1y4daceM COOTHOIICHUE

k= Ze(w). (5.21)

Puc. 2. /Ie BerBu moiapurtonos wi2(k) u ase acummrorukn w = ck//e(0) n w = ck/\/(00).
[TonsipuTOHBI — 5TO MOTEPEYHbIe ONTHYECKHe (DOHOHDI, B3ANMOIEHCTBYOIINE C HIEKTPOMATHUTHBIM

II0JIeM.

VI. TEOPUA VIIPYI'OCTHU OJ4d AKYCTUYECKUNX KOJIEBAHUI

ATOMBI B 971eMeHTapHOIl s4ueiike KoeOa0Tca B ¢das3e, BOJTHOBOI BEKTOP MOJIbI IIPEIII0 Ia-
raercs MaJbiM, k < a”!. B 3ToM ciaydae cMelleHne o4eHb MeJJIeHHO MeHseTcd B IPOCTPaH-
CTBE U BEIeCTBO MOXKHO CUMTATh HeIpepbIBHOU cpenoit. Torma paboraeTr Teopust yIpyrocTH.
B rapmonunveckoM npubJ/IMKEHUN IHEPIUi0 Yyupyroi jedopMalnu MOXKHO 3allUCaTh depes

TeH30p AedopMaIun

i = % (gz] + Z—ZZ) (6.1)
B caydae u;; < 1 Kak

E = %/dr)\ijkluijukl. (6.2)
[[Tose3no monmmars, uro ciydail du;/0x; = —O0u;/0x;, B KoTOpoM TeH30p Aedopmarum

3aHYJISETCS, COOTBETCTBYET MOBOPOTY. |
[Tycrb Ha BerecTBo JeidcTByOT cuiibl f;(r). D10 npuBoauT K AeOpMalu U U3MEHEHUIO

SHEPIruu:

0u;
OF = /dr)\ijklduijukl = /dl’)\i]’kl%ukl. (63)
J
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BBoxag mongTue TeH3opa yIpyrux HAIpPsAXKeHUi
05 = NijriUxt, (6.4)

MOZKEM HaIluCaTh

(du;) 00y 0 00;;
E — g Vo Y Pk AT G A N R Y Sar e
) /draw o, /dr( ou; O, + o, (azjéul)) /dr o, 5uz+/dSaU5umJ

(6.5)
C ,ZprFOfI CTOPOHBI, U3MEHEHNE SHePIruu MOXKHO 3alluCaTb Yepes3 JeficTBHE BHENTHUX CHJI:
OF = /drfﬁul + 5Esurface‘ (66)
Hac HHTEepecyeT 00bEéMHAs 9aCTh. BI/I,ZLI/IM7 9TO YCJIOBHEM DaBHOBECHSA ABJIACTCA
0cri i
al’j

Benuuaunbl \jj; COCTaBISIOT TEH30D MOJyJiell ynpyroctu. B u30TponHoM ciiydae MOXKHO
JIOKa3aTh, YTO OH 33JIaéTCs JBYMsI HE3aBHCHUMBIMH IepeMeHHbIME, Ko duinuentamu Jlams

A u p (Bropoit kosdduruent Jlams j1 — 9T0 MOJIY/Ib CBHATA) :E]

Nijkt = A0k + p(0indj1 + 6idji). (6.8)
CobcrBennble KoaeOauus:
.. anj
0 ﬁuk 82uk
= ( Nim—— ) = N ——, 6.10
al'j ( akl 8@) Jklal’jal‘l ( )
OTKYy/Ia TOJIydaeM

— pw2ui = —)\ijklkjkluk. (611)

3 Tlokaskem, Kax xKodddummenTsr JIaMd CBA3aHBI ¢ MOTYIEM BCECTOPOHHEro cxkarus K. Moaysh BCeCTOpOH-

HEro C:KaTusi BBOIMUTCS CJIEIYIOMIIM 00Pa30M:

9
uij = 30, 0y = —poiy, OV =w=e,
P

K=-%,
g

T7e p — JaBJIEHUE.

IIpu sTom

2
Oij = NijkiUi = Aijukk + 20t = (/\ + 3M> £dij,

TIO3TOMY
2

K=X+-p.
+3u
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BamnucelBag BOJIHOBOM BEKTOD C IIOMOIIbIO HaIlPpaBJIAIOIIUX KOCUHYCOB,

kj = I/jk’, (612)

w(k) = cs(V)k, (6.13)
a CKOPOCTH 3BYKA C; HAXOJIUTCSI U3 JIUCIEPCHOHHOTO YPABHEHUSI

}pci&k - )\ijlele‘ =0. (614)

VII. AHTAPMOHUW3M U TEIIJIOBOE PACIHIMPEHVE

ITomumo IapMOHNYECKOI'O €CTb TaK2K€ aHI'aDMOHNYE€CKUE BKJIa/Abl B 9HCPI'UIO ,ZLerOpMaI_LI/II/I

KpHCTa/lJIa, TJIABHBII U3 HUX — KyOM4YeCKuii:

1 1
U= B ; Dyyvuyuy + 6 /\;/ Koruxuyy. (7.1)

MozkHo caenaTh mpeodbpasoBanue Pypbe u 3anucarh KyOUdecKnii aHrapMOHU3M B BHIE

Us = Z K(q,q',q")uque g (7.2)

qq/ q/l

BCJ’IG,ZLCTBI/IG TpaHCﬂHHI/IOHHOfI I/IHBapI/IaHTHOCTI/I JOJI2KHO BBIIIOJITHATHCA yCﬂOBI/Ie
/ "
a+d +q"=0. (7.3)

31ech cofiepKaTcst pasandnble nporecchl. O6paTuM BHUMaHUe Ha ciaydail ¢ = 0 (310

COOTBETCTBYET OJIHOPOJIHOMY DACIIMPEHHUIO, T.e. HAC HHTEPeCcyeT BKJIAJ
/ /
E K(0,d', —q ) upugqu_qg- (7.4)
q/
DTOT BKJIAJ] OMUCHLIBACT CIBHT YACTOTHI (POHOHOB 33 CIET OJAHOPOIHOTO PACIITHPEHHUS:
0ij- (7.5)

(:Us,q = ws,q(l + 75)7 U5 =

3ech 7 — koucranTa [ proHaiizena. J[jist MHOIIX BEIECTB OHA OKA3BIBAETCS MPUMEDHO PaB-
HOW —2. DTO 00YCJIOBIEHO TE€M, 9TO MEYKATOMHBIE CHUJIBI B PA3JIMYHBIX BEIECTBAX UMEIOT

IMOXOXKHU BUI.
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CsobojtHasg SHePrus ¢ yIETOM BKJIAJIOB OJIHOPOJIHOIO PACIIHPEHUs U CBOOOJIHOIO (POHOH-

HOIr'o ra3a.

Ke?
F = T + th(E),

riae K — MOIyJIb OJHOPOIHOTO CyKATH, aE]

Fon = TZln (1 - 6_%> )
5,4

Munanmmsupyem F' 1o e:

oF 8Fh
=0=Ke
e + Og

Haiiném mocsientee ciaaraemMoe:

hws ,q aw
OF, e h=5=1
6—5 = Z —hwgq = WZHW Mg = YEph.
sq 1l—e T 5.
[TosTomy mosrydaem

YTO O3HAYAET, YTO € PACTET C TeMIIEPATyPOii.

VIII. KBAHTOBAHUE ®OHOHOB

(7.6)

(7.7)

(7.8)

(7.9)

(7.10)

nsq < 1 nupu T' < Tp u naobopor, ng, > 1 upu T > Tp. O6srano Tp ~ 100-1000 K.

Nmes B Bupy popmyabt
_ qa (S7q)
uaajza - : : € 4 /sza7 : : ws7qvj a
a
BBEJIEM HOPMaJIbHbIE KOODAMHATHL (s q = V NW; q:

Ua, j,oo = \/— Z ezqa Qs,q7

rae N — 4ucjo g49eex BO BCEM KpucraJiie. By,ZLeM HCIIOJIb30BaTh COOTHOIICHMUA

Q' =0 <U<s,q)>* _
5,9 - S j7a - j:a )
* Tlosicuenne x dbopwmyme (7.7):

ph_ZF(“ﬂ Z Tane n/ :—TZInZe_"hwqu/Tz
s,q

:7TZII1 ey q/T—TZIIl<176

(8.1)

(8.2)

(8.3)

h&s,q
T .
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KOTOpBbIe MOJTy4aloTCsl CIeyIOMmuM 06pa3oM. Bo-1epBrIX, v, , — cOOCTBEHHbIE BEKTOPBI JIH-
Hammdeckoil Marpunpl D(q). B 3azade mpl jokasssam, uro DI = D u D(—q) = D7(q).
Orciona D(—q) = D*(q). [osToMy cOGCTBEHHBIE BEKTOPHI MOYKHO B3SITH TAKHMH, YTOOBI
HU3MCHEHUE 3HaKa HMMIIYJ/IbCa IPUBOANUJIO K KOMIIJIEKCHOMY COIIPDAZKEHUIO. A ,ZLaJIb]lIe MOZKHO
CKa3aTh, YTO Uy j, — BeIeCTBeHHad (PYHKIMHA, HO3TOMY /s €€ (pypbe-obpasa v QS q 13-
MEHEHHNEe 3HaKa MPpUBOAUT K KOMIIJIEKCHOMY COIPDAKEHUIO. STO ﬂaéT HY>XKHO€ COOTHOIIIEHNE
u s ().
B HOpMaJIbHBIX KOODJIHHATAX TIOJIYIaeM
K _ 1 2 iqa+iq’a (S 701
=3 Zm]u/\ = Z Z Zm e vja o Qs,qQS q- (8.4)
A a,j,a s,q s',q'

YUUTBIBAA COOTHOIIICHUAE
i(g+q')a _
E e = Nig,q'» (8.5)

yeaosue Hopmuposku (3.8) u coornomenust (8.3)), monyuaem (moreHnmaIbHAS SHEPTUSA BbI-
GUCJISIeTCs] AHATIOTHYHO )
M 52 M 2 2
-5 Z |Qs,q’ ) U= 7 Zws,q‘Q&q’ ) (86)
s,q s,q
rae M — macca 3JaeMeHTapHOR sdefik.

Tenepb MOZKHO IIPpOU3BECTH KBaHTOBaHHUE 110 aHaJIOI'MHU C TapMOHUYECKHM OCHUJIJIATOPOM,

B KOTOPOM
2
P mwx i 1
H=— = hw - 8.7
om 2 (a “r 2) ’ (8.7)
a= | 22 4L (8.8)

B namem ciayqae

A h R R
Qs,q = —<a8,q + ai,—q)v (89)

. . [hMwsq . R
P, q = —i4/ Tq(as,q — ag_q), (8.10)

9TO O3HAYACT (T.K. dgq X € “oal)

Pig=MQ,q. (8.11)

YVdauThiBas, 4TO

|Psql? = PigPs_q, (8.12)
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MOZKEM IIepelinucaTb raMmuJbTOHUAaH B BUIE

P, 4|2 2 1
H= Z(‘ al + ’q\QS,qF) Zhwq< ,qas,q+§). (8.13)

BGJII/I‘{I/IHy TEeIJIOBbIX (bJ'IYKTyaLLI/Iﬁ HOJOXKEHUIT aTOMOB MOZKHO BBIACHUTDL, IOCHUTAB IIPU

3a/ITAHHON TeMIepaType CJeayiolniee cpeaHee: E]

(Uajalia,j,s) Z UJ ‘, ilatd) *(Qs.a@sa) - (8.14)

7qs7q

PaCCMOTpI/IM IIoJiyduBIieecd cpejHnee OT HOPMaJIbHbIX KOOPAWHAT:

h
(QuaQut) = 537 (s al o) v+ ). (8.15)
S?q S 7q
HewnysieBoil pesysibrar B 3TOM CpPeJIHEM HOJIYyYUTCS TOJbKO B ciaydae 8 = s, ' = —q:
<Qs qu *q> = L <<as an > + <CLZ —qas fQ>> =
e 2Mws o woed ’ ’
= ——— (Nsq+Ns—q+1). (8.16)
2Mw;s o 4 4
B pesyasrare (8.14) maér:
1 S 1 S, $,q)* h 1
<ua,j,aua,j7ﬁ> = N ~— UJ( aq ‘, <Qs,qu > = N SZ;UJ(}aq)UJ(}Bq) Mws,q (n&q + 5) .
(8.17)

B npenese 6eckoredroro kKpucramia (00béM V' — 00) cymMMma 10 q mpeBpaiaercs B MHTe-

Ipa:
Z S, ax N 1
<ua:] aua,J 6 / ] a ] B8 Mws’q (ns,q + 5) . (818)

YacroTa okKa3zaaach B 3HaMeHaTeJie, II0O3TOMY 0COOCHHO BasKHbI MATKHE MOIBI. Y AKyCTH-

YeCKUX MOA W X ¢, MIO3ITOMY BKJIA/J KBAHTOBbIX CbﬂyKTya]_[I/IIU/I nMeeT BUI

dd
/ —d% : (8.19)
w q

B pasmepnoctn d = 1 Bo3HHKaeT WHMPAKpACHAS PACXOIUMOCTH, TOITOMY OECKOHETHBIX
OJHOMEPDHBIX KPUCTAJIJIOB HE CYINECTBYET.

Bxiaya remoBbix duiykTyaruii umMeer Bu/I

1 d
/—nqddqoc /M (8.20)
W q

5 Cwm. Jlesuros, Hluros, 3axaga 38. (Paykryanuu cMerieHuil perdTkn).
) > YKTY: p
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[Ipu HEeHYEBOU TeMIlepaType U MaJIbIX ¢ A MATKUX MOJ, IMeeM

= 1 (8.21)
Ng = ————— & —. .
! ef?—l hw

[TosTomy akycTudeckue hbOHOHBI JAIOT CJAEAYIONINI BKIAI B TEIIOBbIE (DIYKTYAIWH:

d
d—f. (8.22)

q
B pasmepnoctax d = 1,2 Bo3uukaer nHppakpacHas pacxoauMocTb. C 0JTHOMEPHBIMU KPH-
CTaJ/IAMH BCE COBCEM ILIOXO, PACXOJUMOCTh CUJIbHad. B jJByMepHOM ciydae — Jjiorapud-
MHYECKas, HO BCEe PABHO DECKOHEUHBIX JIBYMEPHBIX KPHCTAJIOB He CYNIeCTBYeT. B 1e/oMm,
poJib bIyKTyanuii pacTéT ¢ MOHUKEHHEM PA3MEePHOCTH (MeHbIIe coceiei, (hJIyKTyaIun Jier-

4e pacpoCTPAHITHCS ).

31ech HYZKHO OTOBOPUTHCS, 3aMETHB, 9TO PeYb HJIET O UUCTO OJHOMEDPHBIX U JIBYMep-
HBIX KpUcTajaax. MoxKeT BOSHUKHYTH BOIPOC: a Kak xke rpaden? lexo B ToMm, 9To rpaden
IIpU COOCTBEHHOM IBYMEPHOCTH BJIOXKEH B TPEXMEPHOE MPOCTPAHCTBO. 1103TOMY BO3MOMXKHA
psibb, JleJlafolias ero He COBCEM ILIOCKHMM, a KPOMe TOro HOMHUMO JjedopManuil B ILI0CKO-

CTH MMEIOTCH TaKzKe nonepednbie jgedopmanuu. B pesyabrare paccykJIeHue ¢ JIBYMEPHBIM

HHTErPUPOBAHUEM 110 K IpadeHy HeIPUMEHUMO H OH OKa3bIBACTCA CTaOUIbHBIM.

IX. PACCEAHUE 3BYKA HA IITPUMECHA

PaccmaTtpuBaem Todeunnrit gedext. Hampumep, 370 MOXkKeT OBITH aTOM NMPUMECH, 3aMe-
AN 0CHOBHOM aToM pemérku. Ot npumecu ecrb aBa addekra: 1) y Heé apyras macca,
I09TOMY MEHSIeTCsI KHHeTHIeCKas SHeprusi, 2) oHa IO-APYroMY B3aMMOJAEHCTBYET ¢ COCeJI-
HUMH aTOMaMHU, [O3TOMY MEHSIIOTCS CHJIOBble KOHCTAHTHI (TOTeHNnnas bHast sHeprus). Jis
IPOCTOTHI OyJIeM FOBOPUTH 00 M30TOMMIECKOM PACCETHUH, KOT/Ia BayKeH TOJBKO MePBBIi 3d-
bekT. MI3MeHeHre Macchl TTPH 9TOM MOYTH BCErjia MaJio (3a UCKJIIYEHHeM CJIY4IaeB BOIOPOIA
U Teius), OYJIeM CIUTATH er0 MaJbIM MApaMeTPOM U JIIATh TEOPUIO BO3MYIICHMUI.

Bribepem Hadajio oTcuéra B TOYKE PACIOJIOXKEHUS npuMecu. Torjaa BoO3MYyIIEeHHe UMeeT

BHUI

om . V (5m
5H = TUSJ’Q =

dq A" (sq) (s'.a)
27T)5v] aq Uj,aq Qs,qu’,q’Ws,qu’,q’- (91)
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[Toacrasisem Q) yepes a (kak B (8.15))) 1 HAXOIUM MATPUIHBIN FJEMEHT, BXOJSIIHN B 3aIUCH

H=Hy+ ) Vogalaq.

a,9’

Vom h h
qu/ = —NT Mw'&q Mws/’q/ (U’U)wsquslyq/.

BepOHTHOCTb nepexoaa B € JMHUITY BPEMEHH:

OH umeer BUJ,

dq 2w
_ / W?|qu/|25(hwslq/ ~ usg).

YVdauTbiBas, 4TO

g — <
5(ﬁws/q/ — hwsq) - %
(mockosbky ¢ = dw'/dq'), momyaaem
dw 27 [Vgg|* 4nq? , ¢
Q- ¢ oy Tt

MaTtpuunblii 3/1eMeHT BeJIET cedsd Kak

om h h
Vaat = —7( . M/M_w“ Mw/ww' x Vww'.

HOSTOMy JaCTOTHOE IIOBEeACHHE CeHEHUA pacCCedHrd OKA3bIBAECTCA CJICIYIOIIMM:

do dw 4
—— X —— X W

dQy — dQ

Paccegnre ¢ TakuM 3aKOHOM Ha3BIBAIOT P3J1€€BCKHUM pacCCedHnueM.

X. KNMHETNYECKOE YPABHEHUE JOJIdd ®OHOHHOT'O TA3A

9.2)

(9.3)

(9.4)

(9.5)

(9.6)

Bynem nepxkarb B TOI0BE 33/1a4y O MPUJIOKEHHOM T'DAJIUEHTE TEMIEPaTypPbl, B Pe3yJib-

TaTe 9Yero 4depe3 pemeTKy HadMHAeT Tedb Temao (T.e. ¢oHOHbI). B sroMm ciaydae mveercs

HPOCTPAHCTBEHHAS HEOJIHOPOJIHOCTH MAKPOCKOIImYecKoro Maciiraba. Torma yao0HO HCIOIb-

30BaTh IIpeacTaBJIeHHUEe CbOHOHHbIX BOJIHOBBIX ITaKeTOB (BOJIHOBOfI ITaKeT — 9TO CYIEePIIO3UI N A

MOHOXPOMATUYECKUX KOJIeOAHUN PEMIETKH, ITPUHAJIEKAIINX K OIPEJIeJAEHHO BeTBU, 3aHU-

MaoIasi OrpAaHNIeHHY0 061aCTh B IPOCTPAHCTBE). Fj Ecyin y BOTHOBOTO makeTa pa3Mep da,

TO pazbpOC UMITYJIbCOB COCTABJSIONINX €ro KoebaHuii nmeeT mopsinok 0k ~ 1/a.

6 Hepexo;g K OIMUCAHHUIO C IIOMOIIIBIO BOJTHOBBIX ITaKETOB MOXKHO paCCMaTPUBATh KaK KaHOHUYECKOE npe06—

pa3oBaHue.
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IIpegnomaraem

L>a> A (10.1)

rie L — pasmep obpasna (HampuMep, B HANpaBJICHHH IpaJueHTa TeMieparTypsi). [lepsoe
YCJIOBHE 1I03BOJISET MOBOPUTH O KOOpJUHATE Iakera r. Bropoe ycjosue o3nadaer 1/0k >
27 /k, 1.e. k > 0k, T.e. MOXKHO POBOPUTB 00 OIPEJETEHHOM UMITYJIbce Takera k.

B pesynbTare, o makeTax MOYKHO TOBOPUTH KaK O YACTHIAX C KOOPAUHATON U UMIYIHCOM.
Nx nanbiie u OyjeM Ha3biBaTh (POHOHAMH.

Beeném dyHKIMIO pacupeenenns B (Ga3oBoM mpocTpancTse f (T.e. IIOTHOCTH BEpO-
ATHOCTH B (DA30BOM IIPOCTPAHCTBE), TAK YTO YUCJIO (DOHOHOB B MHTEDBAJIE MMILYJIBCOB U
KOOD/IMHAT €CTh

d3kdV

f(r,k,t)W. (10.2)

Bakon gucnepcun w(k, r) MOXKET 3aBHCETH OT KOODJIMHATHI B HEOJHOPOIHOM CJIydae.
YpaBHeHHUS JBUKEeHUS (MOKHO BBIBECTH, HO He Oy/JeM 3TOro AeJaTh /s SKOHOMHH BDe-

MeHH, (bAKTHYECKH BCe CBOIUTCSA K TOMY, 9TO w siBisiercst dyHKnneir lamuabrona):

dr Ow(r,r)
—_— = —— 1 .
it~ ok (10.3)
dk Ow
—_— = 10.4
dt or (10-4)
Ecau uncio dbononos durcuposano, 1o df /dt = 0, 970 NIPUBOIUT K yPABHEHHIO
of of. of.

nJjin

of = of owof
TR b (10.6)

Ecsm ke ecTs mporeccsl, B pe3yJibTaTe KOTOPBIX 9HCI0 (POHOHOB MOXKeT MEHAThCH, TO B IIpa-
BOIl 4aCTH CTOUT TaK HA3BIBAEMBIil HHTErpa cToikHOBeHUH I, (f) [MHOrIA ero 0603HAYAIOT

(Of /Ot)er mm (df /dt)e;| — B pesysnbraTe mOgyHaeTCsl KHHETHYECKOE yPABHEHHE

of _0f owof
E +Vg - E@ = ICT(f) . (10'7)

B unTerpas crojiKHOBEHMIT MOIYT JlaBaTh BKJIAJ Pa3HbIe HPOIECCHI, HALIPUMED,

-[CT — 1ph-ph + Iimp + ]b, (108)
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rJie TepBblii BRI — u3-3a (HOHOH-(DOHOHHOTO B3aNMOJEHCTBUs (AHTAPMOHU3M ), BTOPOH —
OT paccedHUs Ha MPUMeCcdX, TPeTUH — OT pacCcedHUs Ha CTeHKaX. YCJA0BHe MPUMEHUMOCTH

KHH.YpaBHCHHUAD:

wr > 1, (10.9)

r7e T — BpeMs ¢BODOTHOTO Mpobera MeKJly CTOJKHOBEHUSIMHU (T.e. T BEJUKO MO CPABHEHUIO
C MePHOJOM KOIeOAHUil PeréTKn).

IIpn yuére amrapMoHm3Ma OT/JeIbHBIE (DOHOHHBIE COCTOSHHS HE CTAIlMOHADHBI, MEXKTY
HUMUI ITPOUCXO/IAT KBAHTOBBIE Mepexoibl. e aHrapMOHU3M MaJjl, TO MepPeXo/bl PeTKH, a
MezK Iy HuME (bOHOHBI BeIyT cebsl KaK CBODOTHBIE YACTHIB (AHAIOTUS ¢ MOYTH UeATbHBIM
razom). IIpu poHOH-DOHOHHBIX CTOJIKHOBEHUSIX YUCI0 (POHOHOB MOZKET HE COXPAHATHCS (OHH
MOTYT POZKJIATHCSH U yHUITOKATHCH ).

Paccemorpum sinneiinbiit koaddurnuent renionpooanoctu. B 3ToM ciiydae B cucremMe ecTb
c1a0BIil TpAaMeHT TeMIEPATYDHI, TeMIlepaTypa sBasercd dyHKINet KooparHATH. B TO Ke

BpeMs, w OT I He 3aBUCUT. B T-mpubamkenun umeeM

of  f—fo of
v =i (10.10)

rie yukus pacupeaenenus f caabo ormyuaercsa or paBHoecHoit fo. [lorok Temia 060-

saaanm Q. Torma

(10.11)

MaJtocTh 37eCh y:Ke COIEpP:KUTCS B IpaJueHTe TeMIIepaTypbl, IOITOMY f MOXKHO 3aMEHHUTD

Ha fo. B pesysbrare

s = / g%’;g Thw(k)vi(k)vj(k)%. (10.12)

Huskue remueparypst (T < Tp):

3TD/2T4
hw 1 T x*dx
~ dk~k2hw2-——~—/

8 / T g T e | s

o T? (10.13)

0

— 3akon Kasmvmpa. [

" Jro GammmcTuaeckuit (KHyAceHOBCKHi) pexkum. JIpyrue pexkumbl: anddy3nonHbI, Myaseiiaes, BTOPOi

3BYK.
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XI. B3AUMOJIENCTBUE ®OHOHOB

Byksa v 3amgaTa CKOpOCTHIO, OyleM 0003HAYATH COOCTBEHHBIE BEKTOPBI JUHAMUYECKOM
MaTpuIbl OYKBOi € (mossgpusamus kosebanuii). A GyKBa a 3aHATa ONEPATOPOM YHUUTONKE-

Hus, 6yaem obo3Hadarh BeKTOp ddeiiku OykBoit R. Torma

,/ Z \/_ (ars +a'y,). (11.1)

Dueprus jaedopMaIiid TMEeT BI

U=Up+ Y Di(R—R)(u(R) - u(R))*+
R,R/

+ Z Ki(R-R,R-R")(uR)—u®))(u(R) — u®")) (u®R) — uR")).
R,R/,R"
(11.2)

AHrapMoHHYecKoe caraemMoe JaéT

(%)3 Y KR-R,R-R/) Z )(k//)x

R R/ RH k k/ k//
- ; / 1/ 1/ " 1.7/ / 1.7/ "
X (ay + aik)(ak/ + aik,)(ak// + aT_k,,) (e’kR — e“‘R> (e“‘ R_ kR ) <e“‘ RY_ k'R ) )

(11.3)

B1ech ecTh pasHble Ipolecchl (Ipo mporecchl aaa U a'a'a’ He ropopum, moToMy 4TO B
IJIaBHOM TIOPsiJIKE B paMKax 30J10Toro npasuia @epmu oHu He cpabOTAIOT — B HUX HEJIb3s
VAOBJETBOPUTH 3aKOHY COXpaHEHUd 3HEPTUu; B TO YK€ BpeMs OHH MOTYT JaBaTh BKJIAJ[ B

GoJtee BHICOKHE TIOPSIIKNA TEOPUH BO3MYIIEHHH KaK BHPTYAJTbHbBIE TPOIECCH ):

Cimgnue: axay aT_k,, ,

Pacnan; akaik,aik”,
NPUYEM aMILIATY/bI 3TUX IPOIECCOB YMHOXKAIOTCS Ha

kK +K")R (1 _ 6ik(R’—R)> (1 _ ez‘k’(R”—R)) <€ik”(R’—R) _ 6ik”(R”—R)> ' (11.4)

N3-3a cymmmponanus o R nepBwiit MHOXKHUTEIH 6T 4TO-TO TUIA Jeabra-pynknuu. Ho Ty

HY2KHa HEKOTOpad OCTOPOzKHOCTb.
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Kak mbr hpopmynupyeMm 3aaay o kpuctasie? OObIYHO pacCMaTpPUBAETC PEIIETKa ¢ JIUC-
KPETHBIM PACIOIOKEHAEM aTOMOB U epUOInIecKuMu Tpan.ycaosusivu, u(L) = u(0). Bemo-

munast opmyy (11.1), mornMaeM, 9T0 J0JKHO GBITH
el =1, (11.5)

nosromy k nmuckperHsl ¢ marom 27/ L (MMEHHO 5TO Mbl © HMeeM B BH/LY, KOTJa TIHIITEM CYMMY
110 k). To ecTh, OrpaHHYeHHOCTD KOOPIMHATHI CBEPXY MPUBENA K THCKPETHOCTH IPU MAJIhIX k.
AHaI0ruvIHO, JTUCKPETHOCTH MOJIOXKEHHH aTOMOB HAa MAJIBIX PACCTOSHUSAX IMPUBOIUT K Orpa-
HUYEHHOCTH k cBepxy (T.e. MBI MOXKEM CUMTATH K JileXKalluMu B mepBoil 30He BpuiuiosHa).

B pesynprare,

2 L
kx:%n, n=0,...,-", (11.6)
2
k, € (0, —W> . — < ky < . (11.7)
ay Ay Ay

Basucnbie BeKTOpBI 06paTHON PEIIETKH:

271'[3.2 X 8.3]

b = (11.8)

aj - [32 X ag}.
Tax Bort, u3-3a cymmuposanus mo R B dopmyne (11.4) cymma (k + k’ + k") mosrkna 66iTh

paBHA HYJIIO0 C TOYHOCTBIO /IO BEKTOpPA 00pATHON penéTku:
k+k' +k"=b. (11.9)

B pesysbrare anrapmonnueckoe caaraemoe ((11.3) moxkHO nepenucarh Kak

1
H,, = — Z B(akak/aT_k,, + akaT_k,aT_k,,), (11.10)
VN b
rue
B(k, K k") = ( f )3/2 ! > KR-R,R-R)x
2M Vww'w” g giR-R

% (1 _ ez‘k(RLR)> <1 _ ezk/(RLR)) (eik”(RuR) _ 6ik“(R'uR)) . (11.11)

JIBa cinaraembix B ramuabronnane ((11.10)) SpMUTOBO CONPSIZKEHBI APYT APYTY U OMUCHIBAIOT
obpaTHbIe IpyT Apyry nporecchl. [lepoe — 5710 causiHue (JBa B OJHH), & BTOPOE — DACHa/|
dbononos (oaun B apa). Ecau b = 0, 1o 310 N-nporecc (mopmanbhsiit). Ecan b # 0, 1o 310

U-mporiece (Umklapp — mpornece nepebpoca).
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DHeprus J0JKHA COXPAHITHCS,
wk) wk') —wk”) =0 (11.12)

(BepxHUIl 3HAK — CJIMsIHUE, HUKHUIT — pacman). [Ipu 9TOM 10J1e3HO UMeTh B BUJY COOTHO-
TIeHn st

w(—k) = w(k), wk+b) =w(k). (11.13)

Ob6cynum nekoropsie ocobernoctu N- u U-rporieccoB. Mbl roBopuM 0 TpEX(MPOHOHHBIX TIPO-
neccam. B N-mporeccax Bce Tpu DOHOHA MOTYT OBITH JIJIMHHOBOJHOBBIMHE, & MOT'YT OBITH KO-
POTKOBOJTHOBBIMU (T.€. ¢ JUIMHOM BOJTHBI MOPSIIKA MEKATOMHOTO paccrostus). B U-nporecce
110 Kpaiiueii Mmepe 1Ba hOHOHA U3 TPEX JIOJIKHBI ObITH KOPOTKOBOJIHOBBIME (OJIMH — B HAYAJIb-
HOM, OJIMH — B KOHEYHOM cOCTOsiHuH). Tpernii MoKeT ObITE JIOOBIM. DTO MOKHO YIJIAIEThH

N3 3aKOHOB COXPaHEHUA UMITYJIbCa U SHEPIUN:

k1 + k2 + k3 = b, (1114)
ki 4 ky — ks =0, (11.15)

re & B MOCJeIHEM PaBEHCTBE (3aKOH COXPAHEHUsT YHEPTUH) COOTBETCTBYET CAUSHUIO U PAC-
nay cooTBeTCTBeHHO. MoxKHO cuntath, 9To ki m k3 — KOpoTKOoBoJIHOBBIE. Ecim ke Tperwuit
dbonon ko syimunOBOMIHOBLI, TO k1 &~ k3, a k1 ~ k3 ~ b/2, n0yromy HavdabHbI UMILYJIbC
k; cMeHsiercss Ha OYTH NPOTUBOIOJOXKHBIH —ks ~ —ki, orcioga m HazBaHUe <«IIPOIECCHI
nepebpocas.

Teneps BBISICHUM BHJI HHTerpaJia CTOJKHOBEHUI, 00YCIOBIEHHOTO B3auMoieiicTBrueM ho-
HOHOB. PaccMOTprM BKJIAJ OT pacmaHOTO CJIAraeMoro akatk,aik,, B raMIJIbTOHWAHE B3aM-
MoJleiicTBUS. ¥ Hac 3ajada cTaTdu3ndecKas, TOITOMY HHTETpas CTOJKHOBEHUil OyleT 3a-
BHUCETb OT YUCEJI 3AII0JIHEHHUS YYaCTBYIONINX B IPOIECCE COCTOSHMI, HO TUM Mbl 3aiiMEMCS
9yTh mo3ke. CHaYaIa PACCMOTPUM 33129y KBAHTOBOMEXaHUIECKY0, B KOTOPOI €CTh MCXO/I-
HbIil (poHOH, a 00a KOHEUHBIX COCTOsiHHMSA CcBOOOAHBLI. Torja mo 3o/0ToMy TnpaBuiy Pepmu

MOXKHO HAIIUCATh BEPOSATHOCTH IIePeXoJia B eUHUILY BPeMEeHU:
2w N2
wpi = = |(f [ Hus| )" 0(Ey — E;). (11.16)
B namem ciy4ae sta obiasa popmyaa gaér

271 | B|?
Wik k" = f% (hwr — hwir — Awgr) o+ b (11.17)



25

— 3J1eCh MBI €II¢ YIIM KPOMe 3aKOHA COXPAHCHHA SHEPIUH 3aKOH COXPAHCHUs KBA3UHMITY.Ih-
ca (¢ TOYHOCTBIO JT0 BEKTOPA OOPATHON PeIéTKn ).

MuTerpas CTOIKHOBEHHI — 9TO CKOPOCTh U3MeHeHUd (hyHKIMU pacipeieenud. Iia un-
TEPECYIONIEro HaC cocTostHu (¢ JaHHol (yHKImeR pacupeenenns) pacuajiHoe CJAaraeMoe

JA€T KaK MPUXOJHBIH, TaK U YXOJHBII MPOIECCHI:

ng + 1 N ng — 1
IPUXOJ yxon,
’I’Lk.// — 1 nk” nk’” —I— 1

31ech mocepeanune HamucaHa (pyHKIHS pacipeaeaeHus, CKOPOCTh U3MeHEeHUsT KOTOPO# Hac
uHTEepecyer (TOYHee, MHTEPeCyeT HAC CKOPOCTh U3MeHeHust (DYHKIUHA Ny, a 10 k u k' Mbl

oToM OyzieM CyMMHPOBaATH). [T/t yXOMHOTO TPOIecca moJIy daeM:

(f |Hys| %) = (ngg — 1nge + 1, npr + 1}akaT_k/CLT_ku Mg, s Y = /g (e + 1) (nger + 1),
(11.19)

JIsist TpUX0IHOTO:

<f ’HBS‘ Z> = <nk,nk/, N1 akaT_k,aT_k,, ng + 1,nk/ — 1,nk~ — 1> = \/(nk + 1)nk/nku. (11.20)
B pesynbraTe

]CT/paCH = Z Wr—k’ k" [—nk(nk/ + 1)(7%// + 1) + (nk + 1)nk/n;€u] . (1121)
k/7k//
O6H_I€€ YTBEPZKACHNEC: paBHOBECHALA beHKI_[I/IH pacnupeaeseHud 3anyjadeT nHTerpaJr CTOJIK-

nosenuii. [IpoBepuM 3T0 Ha JaHHOM TTpPUMeEpE:

—ng(nar + 1) (g + 1) + (g, + V)ngomnger = — foe/T freh" /T fIr 4 h/T g0 g1 f11 —

— o fLf (-JM’W”)/T + eh“’/T) 0. (11.22)

[TosTOMY HYKHO OTKJIOHEHHE OT paBHOBeCHON (bYHKINU pacupeenenus. [lycTs oTkiIoHEHTE

— TOJIBKO B Ny, = fo + 0n, TOTma Kak ny # Ny paBHoBecHble. Torma u3 (11.21) mosyuaem
—on(fo+ 1)(f§ + 1)+ onfify = —=on(fo+ f§ +1). (11.23)

B ckobke kombunammst (f + f{) IpuBOAUT K MHAYNIHPOBAHHOMY DACIa/Iy, a 1 — K CIOHTaH-

HOMY pacIaJy.
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Ecau B nponeccax, omucsiBaeMbix dopmystamu (11.10) u (11.11]), Bce Tpu donona axy-

cruyeckue, To Hac uHTepecyoT Masble K, K, k” u b = 0. B 3roMm ciyyae MOKHO BHISICHUTD,
KakK BeIer ceba B.

Ecu Benomuuts 3amucs (7.2)), o B npegene mambix q, q', g7 umeercs cieayouee coo6-
paxkenwue. [Ipu q — 0 akycTnaeckue KosebaHust MePEXOIAT B TPAHCIAINIO (Mapasie bHbIil
MIEPEHOC PENeTKY Kak Ieaoro). Takoe JBUKEHHE He MOYKeT M3MEHWTh IHEPTHI0 CHCTEMBbI,
IOSTOMY IIPH MAJIBIX ( AHTAPMOHMYECKHH BKJIAJ B SHEPIUIO JOJKCH 3aBUCETH HE OT CAMOTO
CMEIICHNS, a JINIIb OT €r0 IPOCTPAHCTBEHHBIX IPOM3BOMHLIX. TaKoe ke paccyzKIeHue BepHo
U Jid JIBYX JIPYIHX UMILYJibcOB. [loaTomMy B JIJIMHHOBOJIHOBOM Iipejiesie aHapMOHUYECKHe

KO3 DUIMEHTHI JTOJI2KHBI BeCcTH cebst Kak
K(a,q',q") «< qq'q". (11.24)

Ha s3wixe dopmystst (11.11) 3170 03Ha49aeT, 910 PUTypUPYIOIIas TaM CyMMa BeIET cebs
kak kk'k”. Ilosromy B nesnom B ciaydae N-IPOIECCOB ¢ TpeMs aKyCTHIeCKUMHU (DOHOHAMME

nmMeeM

B < Vww'w", (11.25)

rjie KO3 PUIUEHT TPOHOPIIUOHATBHOCTH — (PYHKIUS OT YIJIOB, OIIMCHIBAIONIUX HAIIPABJICHHS

UMITYJIBCOB.
YunteBag ((11.25)), mummem
% = AR wiwp wir . (11.26)
MoOzKHO HOJIyYHTD OIEHKY
A~ %év’ (11.27)

rje V' — o0bém Becero kpucrasia. MoxKHO 9T0 Jie/iaTh, HAYMHAS C BbIPAYKEHU JIJIsl aHapMO-
HHYECKOI QHEPIuu: Mpu CMEIEeHN aTOMOB Ha BEJININHY IIOPAJAKA ME2KaTOMHOTI'O PaCCTOAHM A
@y AaHTAPMOHMYECKAsT YHEPIHUs B pacdére Ha OJUH aTOM — MOPSIKA ATOMHOM (a Ta — mopsiji-
Ka mc’, Tae m — CpeJHdAdg Macca aToMa pemérkn), moyromy B dopmyste (11.2) momyuaem

Ki(R1, R, R3) ~ mc?/ad u T.0. Ho MO2KHO 9TO c006pa3uTh u mo pasmeproctu. 13 dopmyan

(11.17) u (11.26) caenyer, uro pazmeprocts A ecth obpaTHas sHeprus. [Ipu 5ToM 9Ta 6yKBa

MOYXKET CKJIa/bIBAThCsl M3 MUKPOCKOINHNYECKUX ITapaMeTpoB ag, M, C W IMOJHOrO 00béMa V'
(dypre-nipeobpazosanust u T.1.). MOKHO CHadYasIa MPOBEPHTH, YTO 3ABHCHMOCTH OT V' MMeer

B A o< 1/V. Torna HY>KHYTO pasMepHOCTb MBI TOJIy M, 00€3pa3sMepuB 0ObEM € MOMOIIHIO

aj u caenas sHepruo mc?. Aro u paér onenky (11.27).
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AHaIOTHYHO, JJIsl TPOLECCOB CUSHUS (paccestHus)

Iejen = Y Wi |- -], (11.28)
k/’k//
rie [...] — em. 3amaay 4, a
2m | BJ?
wk,k"—)k” = ﬁ% (wk + wk’ — wk”>5k+k/+k”,b' (1129)

XII. BPEMY CBOBO/JHOTO IIPOBETA OT B3AUMO/JIENCTBUS
P®OHOHOB

Bpemsa penakcanuu 7 onpenesnsgeM Tak:

5nk
[ = ——2. 12.1
. (12.1)

Ot gero 3apucut: 7 = 7(7T,w). Baxno, aro npu 3T0M T He 3aBUCAT OT GYHKIMU PACTIPeIe-
JIEHUS Nj. JTO O3HAUAET, UTO paboTaeT T-NpubImKenue — popMmysia COOTBETCTBYET
NMEHHO TAKOMY BHJLY.

Pacemorpum cnadgajia N-mrporecchr.

Y4auroiBaga
Ak
k

umeeM (k 3azmano, o k” unrerpupyem; upu kazxaom k' rperuit Bosnosoii Bekrop k” onpejie-

JIEH OJIHO3HAYHO, ITOATOMY TOJBKO OJHO HHTETDHPOBAHHE)

1 A3k ;o i
Yarém emg, 9To 2
iy = <L (12,5

[Mostyunwm orenkn 1/7 JJ1s1 HECKOIBKHX CJIyYaeB:
1. CrmonTanubIil pacma.

OcHOBHO#M BKJIaJ JaéT 06JacTh w ~ w' ~ ", B pe3ynbrare (yIuThIBasg, 4TO Wp =

ckp = c/ap)

: 5 5 5
1 hajw®  hadw? [ w h w hwp w
—_ ~J 5 = 5 _— = —2 _— = Q_)D —2 _— .
T ) enpacn. mec mc Wp mag \ Wp mc Wp

(12.6)
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OmeHuM YHCIEHHO MapaMeTp, KOTOPHIi 3/1eCh BO3HUK (cuuTtaeM ¢ ~ 1 KM/c):

hwp h 1027
" aome 5-1078- (10272103 - 102) - 10°

~ 107 (12.7)

Pacnaz xomoaaoro GoHoHa (MHIYIIMPOBAHHBIN ).

Xonomubiit boHoH o3HavYaeT hoHOH ¢ hw K T. V3-3a 3aKOHA COXpaHEHWsS SHEPIUU
13 XOJIO0HOTO (POHOHA MOTYT POAUTHCSA TOJBKO ABa XOJA0AHBIX. OCHOBHON BKJIa JA€T
obnactb hw ~ hw' ~ hw” < T, npu arom f(w) ~ T /hw. Tloay4aercss koMOuHaNS
BUIA

W (fur + furr)- (12.8)

1 th w4T
— ~ — | —=. 12.9
(TN ) WHI.PACTI. P (mc2 ) ha)sD ( )

Commsiaue 111 XOJIOAHOTO (POHOHA.

B pesyabrate

B srom caywae hw < T, npu 3ToM (HOHOH, ¢ KOTOPBIM CJIMBAEMCS, MOYKET OBITH Tell-
JoBbIM ¢ hw' ~ T, Torja m nosydaiomuiics GpoHon Oyger TemioBbiM. IMeHHo 3roT
caydail gaér ocHoBHOW BKJIax: fw' ~ hw” ~ T. Tlpu stom B pasnocru (f — fur),
exongameit B hopumysy (12.4), kaxoe ciaraemoe nopsiKa eIMHAIGL, & PA3HOCTH MaJa
o napamerpy fw/T. Ho 310 emé He Bcé. B 3TOM cilydae ecTb XUTPOCTD, CBSI3aHHAS
¢ pmenbra-dyuknueir d(w + w' — w”), obecneunBaroneit 3aKOH COXpAHEHUS YHEPTUH.
eno B ToMm, 4TO ecau Bce Tpu (POHOHA HPUHAIIEIKAT OMHOW AaKYCTHIECKON BETBHU
C OJIMHAKOBOIl CKOPOCTBIO 3BYKAa, TO 3aKOHBLI COXPAHEHUs] SHEPIMU U MMILYJIbCA JAI0T

COOTHOIICHU A

k+k'+k" =0, (12.10)
k+k -k =0, (12.11)

W €JJMHCTBEHHBINH BapUaHT (IPU 3aJaHHOM K HCXOTHOrO (DOHOHA) STUM COOTHOIICHUSIM
VJIOBJIETBOPUTH — T0 HAapaBuTh K’ u k” B10J1b TO 2Ke MpsiMOii (MHAYE TI0 HEPABEHCTBY
tpeyroabuuka k + k' > k”). Toraa yriosoe unrerpuposanue 1o d>k’ Bbipoxaercs
(IpUBOANT K MHTErPUPOBAHUIO 110 JINHUH, & HE 110 MOBEPXHOCTH, KAK MOTJIO OBl OBITH).
Buaunt, HEOOXOAMMO ydacTwe (DOHOHOB JBYX Da3HBIX BeTBeil (MU 3TOM TEIJIOBbIe

dononsl k' u k” 10MKHBI OTHOCHTHCS K OJHOH BETBH — IEPEKIIYUTH BETBb IIPH
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CTOJIb MAJION pa3HUIle U MEZKJYy UMIYJIbCAMHU, U MEXKJY SHEPTUdMHU, HEe MOJYIUTCH; a
BOT MCXOJHBIN XOJOHBIN (DOHOH JTOJI2KEH OBITH ¢ JPYToi BeTBH). Torna
/

Owyr
awklj k = c'kcosf = w% cos b, (12.12)

w” — w' = W_k" — Wk =

rie 6 — yroa mexiy k u k' &~ —K”. Tlojcrasiss 910 B jejibra-pyHKIHIO, 01y YaeM

/ 1 /
Slw+w —w’) =94 w—wcos) =—5(1—Scosh). (12.13)
c w c

Takum oOpa3oM, MOJYyUIUIACh JONOJHUTEIbHAS CTEIeHb W B 3HAMEHATE e, a JeIbTa-
bYHKIMSA CHEMETCS YIJIOBBIM HHTETpUpOBaHHeM B d°k’, IOSTOMY B IIeJIOM M3 KOMOH-
Hanuu dw' 0 (w~+w’ —w”) Mbl 3apabaTeiBaem Ge3pasMepHBI Tapamerp w'/w (a paHbie
MOJIYYAIN €INHUIY, T.K. TOBOPIIN, UYTO NeAbTa-(DYHKINS CHIMAETCS HHTerPUPOBAHM-
eM 110 4Jacrore). HeobXoauMo yTodHITb, 9TO TaKOe BO3MOXKHO TOJBKO ecau ¢ /¢ > 1,
T.e. UCXO/HBIT (POHOH J101:KEeH ObITH C BETBU C HE CaMoil OOJIbINOI CKOPOCTHIO, T.€. OH
SIBJISIETCS TIONIEPEIHBIM. A B PACCMOTPEHHBIX BBITIE CJIYYastX PAciaia HCXOAHBINH (hOHOH
M3-33 HEPABEHCTBA Tpeyroabuuka k < k' + k" ne Moxer ObITH ¢ BETBU ¢ HAUMEHBIEHT
CKOPOCTBIO 3BYKa; OOIBIIAX WX MAJIBIX IAPAMETPOB B 3TOM CJIy4dae He BOSHUKAET, T.K.

HET pa3/jeieHud MacLITaboB YaCTOT.

B pesyibrare nosiydaercss KOMOMHAIMS BU/IQ,

/

www” (for — fwn)ﬁ ~ wT*, (12.14)
w
B urore
1 hLL)D (.UT4
— ~ — | = 12.1
() o () 219

Pacuaji u cimgnue TerjioBbix (pOHOHOB.

Ouenky Jyist caydast hw ~ T MOKHO TIOJy4UTh W3 BbIIENPHBEIEHHBIX GopMysT (OHI

BCE CTHIKYIOTCS B 9TOM CJIydae):

1 Awp T \°
— ~wp | — .

— 12.16
™ mc? hwp ( )

[Ipomeccwr mepedbpoca it TEMJIOBBIX (POHOHOB.

[Ipu T' < Tp UCXOAHBIH UMITYJIBC TEIIOBOr0 (POHOHA HEAOCTATOYEH sl ITPOIECCa

nepebpoca, moTOMY pacuajbl (HU CHOHTAHHbBIE, HU WH/Y[MPOBAHHbIE) HEBO3MOXKHBI.
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CausgHus BO3MOXKHBI, MBI MOXKEM PACCMOTPETH CJIHSHKE ¢ JIOOBIM (DOHOHOM — 3TOT
IPOIIECC MOYKET COIAEPZKATH MAJIOCTh U3-38 (DYHKIHMH PACIpPeIe/IeHns], HO OH BO3MOXKEH.
OcuosHo# BKIa 6yaeT oT w' ~ w” ~ wp (HaM HYKHBI GOJIBIITNHE YACTOTHI, YTOOBI BBLIT

nepebpoc). Tloaydaercs koMOuHaIMS BHIA

wwBw" (fur — fur) ~ Twhe /T (12.17)

B pesyabrate
— ~ — | — : 12.18
U wD (ch) TDe ( )

XIII. TEIIJIOITPOBOJAHOCTDb PEIIETKU IIPU HU3KNX TEMIIEPATYPAX
(T < TD)

OrrankuBasick ot ¢popmystsl (10.12) n ucnonb3ys moHsATHE YIAEIBHON TEIIOEMKOCTH (hO-
HOHOB C UMILYJILCOM k, Cpn(k) = O(hw(k) fo)/OT, mbl MmozkeMm BMmecto ((10.13) 3amucars To xe

CaMoe UyThb B JIDYTOM BHUJIE:
7~ /dgk‘ - cpn(K)le, [ =crt. (13.1)

Eciu xxe 7 He 3aBucur o1 k (a Mbl HUZKe Oy/IeM paccMaTpUBaTh TeIJIOBbIe (DOHOHBI, JJIsl KO-
TOPBIX 3TO MOXKHO CUYUTATH CIIPABEINBBIM, T.K. X YaCTOTA 33/IaHa TeMIIEPATYPOil), TO HHTe-
IPUPOBAHUE OTHOCUTCS TOJTHKO K TEIJIOEMKOCTH Ha UMITYJIbCE U JIAET B PE3YJIbTATE YICIHHYIO

TEIIOEMKOCTD € YYETOM BCEro CeKTpa (IIOJHYI0 B 9TOM CMBICIIE):
3 ~ cpple. (13.2)

Mpbi cunTaeM, 9To ecTh 0Opa3el] ¢ HEKOTOPBIM IIOMEPEIHBIM Pa3MepOM d, & TeILIONPOBOIHOCTD
MbI U3MepsieM BJ10J1b 0bpasna. [Ipu caMbIix HUBKHX TeMIiepaTypax JInHa CBOOOIHOTO mpobera

OTPEJIeISIeTCS PACCesTHUEM Ha, CTEHKAX, NO3TOMY [ ~ d, 9TO ¢ y4éTOM
T\’ TY\°
. (hc) v (TD) (123)

) (1)3d. (13.4)

JaeT
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1o — 3axon Kasumupa T2, KOTOpBIii MBI yzKe TI0JIydaIH [CM. — Telepb Mbl YTOYHHU-
JIM, 9TO 3a T TaM Bo3HUKaeT|. CooTBeTCTBYeT GALIUCTHICCKOMY (KHYICEHOBCKOMY HA THJIPO-
JUHAMHYECKOM SA3BIKE) PeXKIMY — (GOHOHBI PACCEHBAIOTCS HA CTEHKAX, MEYK/IY PACCETHUSIME
JeTAT 110 HPAMOM.

IIpu cambix Huzkux 1T’

d<Ily < ly. (135)

Bakon T° paboraer, moka d < ly, rae |y obycaoBIeHa HOPMATBLHBIMA MpOIeccaMi. | pa-

auna — T7:
1 1 wp (TW\°
It _wp 13.6
d TNC "}/ (TD) ’ ( )
OTKYJa
1 1/5
T, =T : 13.7
' Y (dk’D7> ( )
Ecsim B3gTH d ~ 1 cM, TO MOJIy4aeM ONEHKY
5-108\"° T
T, =Tp | — ) ~2Z2. 13.8
PTep (1 : 10—3) 10 (13.8)

C nosbimerneM 1 yOBIBAIOT [y U [y, TO9TOMY MOYKeM MOTACTh B PEXKHM
Iy <d<ly. (139)

I[Ipu T' > T} nmonydaem [y < d. Kazamoch 0bI, TOrma B popmyie IPOCTO HYKHO
B KadecTse [ B34Th [y. OHako, BCE HECKObKO xuTpee. /le/10 B TOM, 9TO MpU BBIYUCICHUH
TEeIJIOIIPOBOAHOCTH BazKHbI ITPOIECCHI paCCedHnd, MEHATOIINEe UMITYJILC CI)OHOHHOI'?'I CUCTEMEI B
neoM. PaccestHre Ha CTEHKaX OTHOCHIOCh MMEHHO K TakKuM mporeccaM. A BoT N-IIpoIeccs

HOJTHBIHT UMITYJIBC (POHOHHON CHUCTEMBI HE MEHAIOT:
dnk
Z k== Z hkIex = 0. (13.10)

[TosTomy pexkum JBUKeHUsT (DOHOHOB WU3MEHUJICHA, HO H3MEHEHHEe TMOJTHOTO UMITYJIBCA TI0-
HpekKHeMY OyJIeT OIpeJeaThCs PAcCesHueM Ha CTeHKax.
OHako, MeXK /Iy CTeHKaMu aBrKenne quddy3uoe ¢ mmarom [ . YTobbr mpoiiTn paccrosHme

d, uyxxHo ciaenath (d/ly)? maros, mo3TOMY TOJIHAA JJTMHA, KOTOPYIO HaJ0 TPOJIETETh IO

2
L ~ Ly ( d ) | (13.11)

In

CTOJIKHOBCHHA CO CTeHKOI7I7 eCTh
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B pesynprate

TNC c3 Tp

D10 HazbiBaeTcsa obaacth ['ypiuzku: myaseitieBo Tedenre GOHOHOB (Kak TpH (JTaMHHADHOM)

2 L o (T\°
3~ Cpp——C ~ w—Dv (—) d?. (13.12)

TeYeHUH BA3KOIl XKUJIKOCTH 10 TPyOe), (POHOHBI PACCEMBAIOTCS HA CTEHKAX, HO JI0 HUX JIETSIT
HE MO TPAMON.

[Tpn manbueiinrem pocte 1" BKI09aTcs U-TTporiecchl 1 MBI MOYKEM TIOMACTD B PEKAM

d2
ly < —. (13.13)

In

DTO TPOUCXOIUT TUpU 15, TAKOM UTO
leﬁ' = lU, d2 = lNlU = C2TN7'U. (1314)
IIpu aTom
k3 c ( T )2 T

s~ epplpe = 2= [ =— ) €To/T, 13.15
phlU -\ T, (13.15)

Taxkoit 3akon O6bL10 moayden Ilaitepiicom. DTta GyHKIUg yOBIBAET ¢ POCTOM TEMIIEPATYPHI
npu T < Tp/2.
B obpasnax ouenb MajibiX pa3MepoB d MOXKET OKa3aTbCs, 4TO ¢ POCTOM TEMIIEPATypPb

ly ~ Iy crajio panbiiie, 9eM [y cTaja0 MeHbIe d, T.e. UMeeT MeCTO CUTYaIlus
d<<ly ~ly. (13.16)

Torna obnactu 'ypazxu ne Gymer, mocte T cpasy moiigéT SKCIOHEHTA.

XIV. PACCEAdHUWE HA ITPUMECYAX

Bpems cBoboiHOrO 11podera MOKHO 3allUCATh Yepe3 CeYeHUue PaCCesiHus:

1
— = Njco. (14.1)
T
Baxon Pajies: 0 o< w. TIpedakrop MOKHO BOCCTaHOBUTH 110 pasmeproctu: o < (RS /ct)w,
rie R — pa3smep npumecu. Yurém, yro R ~ a u O6yjaeM 10 BO3MOXKHOCTH HCIIOJIH30BaTh

wp ~ c¢/a. Emg nomken ObITh Ge3pa3MepHbIii MHOKHUTEh, OMUCHIBAIONINN CHTY TPUMECH.

Hanpumep, ji1a H30TONMYECKHX OpUMeceil MoaydaeTca MaaocThb (6m/m)?. B pesyabrare

1 om\ 2 3 w \*
—=(—) Nya’wp|— | . (14.2)
Ti m wWp
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Benomunas BeiBoz Koddpurmenta remronpopogaoctr ((10.13) mpu HE3KHX TeMmIeparypax
(T < Tp), MBI MOXKEM TPUCIOCOOUTD €ro K CJIYYaK, KOrJa PACCEesHUE OMPeIessiercs Mpu-
Mecamu. [Ipu BeIBoze 3akoHa Kasmmmpa 13 bopMyIBI IIpeII0JIATAIOCH, ITO
T HE 3aBUCHUT OT YaCTOThI, YTO B JAEHCTBUTEJIHLHOCTH MOYXKET ObITh 0DYC/IOBJIEHO PacCesHueM
Ha CTE€HKaX. ECJII/I Ke pedb I/I,ZLeT O IpuMecdx, TO 3aBUCUMOCTH OT YaCTOTBI €CTb, IIO3TOMY

noacrasum ((14.2)) B (10.13):

hw 1

7~ /dk KPrihwe® - (14.3)
T2 sh? 22

[Tepexo/isi K MHTErPUPOBAHUIO IO W U AHAJU3UPYS MOBEJICHUE MHTErPAJIa HA MaJblX W, Ha-

1 d
%oc/dw-uﬂ—w'ioc/ d (14.4)

wt w2 w?’

XOIUM

T.e HHTerpaJ pacxoautcsa. Ho 3To mpocTo o3Ha9aeT, 9To paccesHusd Ha TPUMECIX CAMU II0 ce-
Oe He MOTYT aTh KOHEYHOTO TEIJIOBOTO COMPOTUBJIEHUS, JIJIT STOTO HEOOXOIUMO BCIIOMHUTH
00 OCTAJLHBIX MeXaHU3MaX paccesHus. B To ke BpeMs, paccesHure Ha MPHUMeCIX MOXOXKe
Ha IPOIECCHl Iepedpoca B TOM CMBICJE, YTO B 3THUX NPOIECCaX HE COXPAHSETCS MUMITYJIBC.
[TosTomy mpn 7; < Ty pOJb HMPOTECCOB Iepedpoca MePeXoANT K MPUMECHOMY DAaCCesTHHIO, U
B (bopMysIaxX HYKHO 3aMeHsITh Ty — T; (KOHEYHO, HY?KHA AKKYDPATHOCTh, HO B HEKOTODBIX
CJydasgx UMEHHO TaK).

[Tonesno emé nMeTh B BUIY CIAEIYVIONYIO KAPTUHY PeTaKCalnu (PYHKITUU paclpe/ieeHus
3a CUET pa3IMYHBIX MpoleccoB. Bor ecth 7; o« 1/w?, a ecTh Ha MaNBIX YacTOTax pacces-
HUE XOJOJIHBIX (DOHOHOB Ty X 1 /wlﬂ [Toaromy 1pu MaJyiblX w UMeeM Ty < T; U paccesHue
onpenensgercd Ty. Ho N-mporecchl He NpuBOAAT K pesakcanum uMmiyibea. [loaromy Oymer
ITPOUCXOIUTH CJEYIONIast JIBYXCTyneHvdaras pejaakcanns. CHadasa HepaBHoBecHas (OyHKIUS
pacrpeieleHust Ny 3a BPeMeHa MOpsIKa Ty OYIeT PeIakcupoBaTh K PABHOBECHON (pesiak-

calisl 10 YUCJIY YaCTHUIl), HO ¢ HEHYJIEBOI CpelHeill CKOPOCThIO (OmpeessieMoii HCXOTHBIM

pacrpeieIeHueM ) :
hw — ku >k VK
. —Xu _ 2k Vil 14.5
Nk Jo ( T ) ) u Ek ~ ( )
A yke 3aTem 3a BpeMs# T; OTPEIAKCHPYET HMITYJIbC:
hw — ku hw
— | = — . 14.6
o (MK gy (R (14.6)

8 BcrioMnHaeM, 4TO sl CIIOHTAHHOTO PACTIAIA 7']\_,1 X w®, I8 WHIYIUPOBAHHOTO PACHa/a XOJIOTHOTO (o-

HOHA& T&l X w4, JJIsI CJIMSTHUST XOJI0THOTO (POHOHA T&l X w.
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Ecau xe, HA000pPOT, T; < Ty, TO CHaYaJa paclpejiesieHUue 33 BPeMs T; OTPeJaKCHpPYeT
0 UMIYJIbCY K HEKOTOPOMY OJHODOJHOMY, HO HETEIJIOBOMY (IPUMECH YIPYTHe, MO3TOMY

HallpaBJ€eHHUA UMIIYJIbCOB OHHU II€epeMElInBalOT, HO CaMU MMIIYJILCBI HE MeHHIOT):
nk — Nk = Ny, (147)

a 3aTeM 3a BpeMs Ty HPOM30MIET pesakcalys K paBHOBECHON (DYHKIMEU pacIpe/ e/ IeHHs:

ne = fo (%) . (14.8)

XV. BTOPOM 3BVK

DoHOHHBI ra3 MOX0XK HA ra3 OOBIYHBIX JACTHIl, OCOOEHHO TP HU3KUX TEMIEPATYPax, KO-
ra paccesiaus 00ycaoBIeHbl N-poreccamu (a nporeccaMu mepebpoca MOXKHO mpeHeGpeds ),
Ty < Ty. B 3TOM cirydae 3aKOHBI COXpaHEHUS SHEPIUU W UMIYJIbca — OOBbITHBIE. B 00bIU-
HOM Ta3e MOXKeT PacHpOCTPAHSIThCSA 3BYK (Kosiebanust I0THOCTH). OKa3bIBAETCS, UTO B rase
dOHOHOB TOZKE MOI'YT paciupocTpaHdThcs Kojebanud maornoctu. Kosiebanus miornoctu ¢ho-
HOHHOTO ra3a (T.e. KoJieOaH!sT TeMIIePaTyPhl) HA3BIBAIOTCSA BTOPBIM 3BYKOM (epBbIii 3BYK —
9T0 caMu (DOHOHBI).

Hy:xHo0, 9T00BI TeMmepaTypa ycreBaja yCTAaHOBUTHCS JOKaJIbHO. Ecan w m A — gacrora

1 JJIMHa BOJIHBI BTOPOI'O 3BYKa, HY?KHO BBIIIOJTHEHHUE yCJIOBI/Iﬁ
wr <1, 1< (15.1)

Kun.ypasuenue |f(r,k,t) = ny(r,t)]:
8711{ 8nk
o o

PUYEM U = ¢, TIOITOMY JIJIsl BEKTOpa MOYKHO Hamucarh v = ck/k.

= I, (15.2)

[LnoTHOCTD SHEPrUU U UMITYJIbCA (DOHOHHOI'O ra3a:

d3k
E(r) = Wﬁwknk(r), (15.3)
d3k
Hommoxum (15.2) wa fuwwy, n ma hk u DpOMHTETPEPYEM TI0 HMITYIbCAM:
OE(r) , 0 / d3k / d3k
—hk’l - e hc‘-) [CT7 155
ot Con ] @ap M | 2k (15:5)
OP;(r) 0 &k hkik; d3k
— = [ ——=hk;1.,. 15.
ot +C€9Tj/(27r)3 koK /(27r)3 (15.6)
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B IIPpaBbIX YaCT4dX IIOJY4YalOTCd HYJIH B CHJY 3aKOHa COXPaHEHUA JHEPTUU U UMIIYJbCa IIPU

HOPMaJIbHBIX CTOJKHOBEHUAX:

dr d*k
aP 3k

Kpome Toro, yauTsiBasg, 4TO BTOPOIl 3BYK sBJjsgeTcs cJ1abbIM BO3MYIIEHHEM U He Hapylia-

eT M30TPONHUI0 (PYHKIHME pacipejieaeHus 1m0 kK, MoxkeM Ipeodpa3oBaTh BTOPOE CjlaraeMoe B

nesoit wacru ([15.6) caexyromumm o6pazom:

o [ &k koK 10 [ dk

B pesysbrare ypasuenus ((15.5)-(|15.6) npuaumaror Bu

E
_aat +AdivP =0, (15.10)
oP 1
— +-grad E =0 15.11
5 3o : (15.11)
OTKYIa CJIeIyeT

PE 2

— — —AFE=0. 15.12
ot? 3 0 ( )

D10 BOJIHOBOE ypaBHEHHE JUIl BTOPOTO 3BYKA, €ro CKOPOCTb ecTh ¢y = ¢/v/3. Moxkuo emé
CKa3aTh, YTO BTOPOil 3BYK — 9TO KOJIEOAHUsI TeMIIEPATYPHI.

[Ipo pacupocrpanenue TeMieparypbl Mbl OObIYHO JIyMaeM KakK PO JIMCCUIIATUBHbII 11PO-
necc. [Touemy ke 31ech He3aryxarolrne BOIHbI? MHbBIMEI CJIOBAME, €CJIU JTOKAJbHO BKAYAThH
sHepruio, noyemy Oymuer ve auddysns (ypaBHeHHe TIIONPOBOIHOCTH]), & PACTPOCTPAHEHHE
BOJIH (BOJIHOBOE ypaBHenue)? Jlejo B TOM, 9TO Mbl YU TOJBKO N-IIPOIECCH, TPU KOTOPBIX
HOJIHBIYT TMITYJIbC (POHOHHOI crCcTeMbl coxpaHseTcs. Fen ke yuects U-Tiporiecchl Wi pacce-
SIHUe Ha MPUMECSX, TO BOSHUKAET BO3MOXKHOCTH COPOCUTH UMITYJIbC (PEIIéTKe WIN MPUMECIM
COOTBETCTBEHHO), W 9TO HPHUBEAET K Juddy3un.

DKCIEePUMEHTATHLHO HADIIONATH BTOPO 3BYK MOZKHO, HAIIPUMED, 3aIllyCKasd UMITY/IbC TEIl-
JIa C OJIHO¥ CTOPOHBI U JIETEKTHUPYS €r0 MPHU TOMOIIH CBEPXIIPOBOJSIIEr0 OOJIOMETPa C JAPY-
roit cropoubl (Hampumep, cM. V. Narayanamurti, R. Dynes, “Observation of Second Sound

in Bismuth”, Phys. Rev. Lett. 28, 1461 (1972)).
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XVI. CTPYKTYPHBIE CBOMICTBA TBEPJBIX TEJI (METO/IbI
PACCESIHIS)

BamyckaeM B Kpucrajmdeckuii oGpaser BosiHy, ¢1a00 B3aUMOIEHCTBYONIYIO ¢ KPHCTAI-

Ja0M (HampuMep, MejJIeHHble HeliTpoHbl, pentren). Ha Bxome — BostHa ¢ uMmmysabcom K, Ha
/ 2

BbIxoge — BoaHa k'. BeposrHocTs paccesnns wy; oc |[M|* (oHa e mpomopunoHaibHA cede-

HUIO paccestHus). [Ipu srom

= (f] /eik/rV(r)eikrdgr |3) (16.1)

rie |i) u |f) — HaYaTBHOE M KOHEUHOE COCTOsIHHE 00pasla, a MOTEHIHAT B3aUMOIeHCTBHSI

BOJIHBI M 00PA31a MOYKHO 3aIlMCATH B BUJIE CYMMBI [0 ATOMAM:
= g Vi(r —rp). (16.2)
l

Omnpenenus Bekrop paccesnus K = k/ — k, moxkem 3amucars unrerpa B (popmysie (16.1))

KaK

Z/ e K (e — ) (r — 1) = Y Vi(K)e K (16.3)

l
Takum obpazom,

|M* o

Z Vi( fzKrl

l

ZVV* —iK(r;—rm) (164)

B morennuaste (16.2) ecth KorepenTHasi 4acThb (OJLI/IHaKOBaH JUIsT BCEX aTOMOB) U J106aB-
Ka, pasHag JJIg PA3HbIX aTOMOB (O0YCJOBICHA JOKAJTLHBIME JTeMDEKTAMEH KPUCTALIHICCKONR

peHléTKI/I NJIN TEIJIOBbIMU KOﬂe6aHI/IHMI/I dTOMOB!:
Vi =V 46V, (16.5)

Eciu mexny Besmanuamu 6V, u §V,, HET KOPPEJSIIK, TO CTATHCTHYECKOe CpejiHee (1Mo aH-

caMbJII0) UMeeT B

= V> + 6|V ]2, (16.6)

ITO3TOMY

IM[? + NV (16.7)

V(K)> ek

l

[TepBoe ciiaraemoe — KorepeHTHOE 6PIrTOBCKOE paccestHue (pe3yabrar nHTepdhepeHIni BOJH,
paccesiBIIMXCS Ha Pa3HbIX aToMax ), Bropoe — auddy3Hoe paccesinue (3HaeT PO OJNH ATOM,

He 3HAeT PO UHTePGhEPEHITHIO).
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PaccMoTpuM KorepeHTHOe paccesHHe, yUuTsd, 9TO €CTh PaBHOBECHBIE TOJOXKEHHUS aTOMOB
1 MaJble CMellleHus OTHOCHTeNbHO HUX, I} = R; + u;. Torma or paBHOBECHBIX MOJOXKEHU

IIOJIYyYUTCA:

Mo V(K) ) e ™ = V(K)Nokp, (16.8)
!
rje b — ar060it BekTop obparHoit pemérku. [losydaiorcs OP3rTOBCKHE MTHKH.

BekTopa cmeriennsg MOKHO pa3/ioKHUTh HA (pypbe-rapMoHuKu. PaccMoTpuM OJIHY U3 HUX:
r; = R; + asin QR;. (16.9)

Torna

K (R;+asin QR)) KR ' — oA
M g \Rumrasiniete) e 1 —4Ka =
> S )

l
_ Z {6_iKRl _ % (e—i(K—Q)Rz _ e—i(K-&-Q)Rz)} ' (16.10)
l

[TosTOMy B jOHOIHEHEE K OCHOBHBIM GPITTOBCKUM MHKAM (0 ) MOSBISIOTCS €IIE U CATE-

aaTHl (Ok,Q+b U Ok, —Q+b). TAK MOKHO «YBHJIETH» CMEICHHUSI.

XVII. HEVIIPYT'OE PACCE4HUE HEMTPOHOB

Waest cocrout B TOM, 4TO paccenBasi Ha KPUCTAJLIE HERTPOHBI HEYIPYTIUM 00Pa30M, ¢ BO3-
Oy ierreM (POHOHOB, MbI MOXKEM, JICTEKTHPYS BBLICTAIONINE HEHTPOHBI, TOJAYIUTH THGOP-
Maruio o poHoHax B KpucrtaJsie. J[jag mpocToThl OyeM paccMaTpUBAThH CJIydail KyOM4ecKoro
KPHUCTAJLIA ¢ OJHUM ATOMOM B 3JIeMEHTApHOI suelike (H30TpOIHAS CPesia).

PaccMoTpuM BepOSTHOCTD paccestiis (IPOHOPIHOHAIBHYIO CEUCHHIO PACCESHHES):
2m
we = €|M|25<8f‘|—h&)—52‘), (17.1)
M= (f]> e™HV(K), K=K-k (17.2)
!
3nech |i) u | f) — Ha9aIBHOE M KOHEYHOE COCTOSHIE KPHCTALITA, fiw — IepeTaHHast KPHCTAILTY
SHEPTHs.

[Tpeanmomnaras, 4To o6pas3eln HAXOAUTCS B COCTOSHUH |i) ¢ BEPOATHOCTBIO p; (TubOCOBCKOE

pacIpejiesieHne), moJLy4aem

w = 2%IV(K)I2 > pi (Al €™ f) (fle ™ i) o(ep + hw — &5). (17.3)

Lmsi, f
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Vcmonb3ys HHTErpaJbHOe IpeJicTaBIeHre AeabTa-QyHKINE 1 Teii3eHdeproBcKoe mpecTaB-

JIEHUEe OIEepaToOpPoB,

1 .
2mo(es + hw —&i) = & / dt ¢'Cr/hrw—ei/t (17.4)

iHot/h

e o N (O (17.5)

MOZKEM HaIInCaThb

1 ] - 7 r; —1ITIrm
‘ﬁlwmffm’“t > i (il eSO f) (f 7m0 i) =

Lmgsi, f

K)|2 / dt et Z <€iK1‘l(0)€*iK1‘m(t)>T : (176)
Im

rze (...); O3HA4aeT KBAHTOBO-MEXaHHYECKOe CpeJIHee I CTATHCTHIEeCKOe cpeHee (ru6OCoB-
ckoe) mpu Temmeparype 1.
DTOT pe3yJIbTAT TMOJAE3HO CB3aTh C BEJIMYUHON, HAZBIBAEMON THHAMUICCKUM CTPYKTYD-

HbIM (bakTopoM (U sBJistioneiicss Gbypbe-06pa3oM KOPPeJsiinOHHON DYHKIUE IJI0THOCTENH ):

S(K,w) = /dt et Z <€iKrl(0)e—iKrm(t)>T _
l,m

/dt BPr dr' e EETD (e 0)p(r 1)) g (17.7)

rJ1e ouepaTop IJIOTHOCTHA (TOque, KOHueHTpaHI/H/I) €CTh
t)=> 65(r—mr(t). (17.8)
l
Takum o6pasom,
1
= ﬁ|V(K)|QS(K,w). (17.9)

HaMm ny:xno pazobparbcst ¢ BbIpaykeHuEM
_ iKr;(0) ,—iKrm,(t)
SK,t)=> (e C (17.10)
Im
BanuieM omepaTopbl KOOPAMHATHI Uepe3 PAaBHOBECHBIE IOJIOXKEHHSI aTOMOB H OIEPaTOPbI

CMeIIeHnsd:

I‘l(O) =R, + lll(O), (17.11)
F(£) = Ry + (1), (17.12)
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TOTIa,

_ Z o K(Ri—Rin) <eiKuz(0)e*iKum(t)>T. (17.13)

[Ipobsiema ¢ IKCIIOHEHTAMH, COJIEPYKANUMEI OMEPATOPHI CMEIEeHs, COCTOUT B TOM, YTO OIle-
paropbl u(t) B pasHble MOMEHTHl BDEMEHH He KOMMYTHDYIOT. UTOOB B 3TOM yOeauThCs,

3alluiieM X BO BTOPUYHO KBaHTOBaAHHOM BH/JIE:

\/ Z Cas (agse™™ + aLse_i“’m) ; ©m = qR,, — wq st. (17.14)
VWas

Torna
h €qs€q’s’ . e . . ) .
[ul(O), um(t)] = —— i Gl W (5qq/538/ezqu iq' R +iwgrgt 6qq’535’€ iqR;+iq' R, Wq/s’t) _
2MN \/ o
q,9,s,s’ quwq S
1h sin Lim
= UN o m = @u(0) = em(?). (17.15)
Qs as

TakuM 00pa3oM, KOMMYTATOP AEHCTBATENIHHO HE HOJb, OJHAKO SIBJISETCS THCIOM.
BenomanMm mosiesHbii (pakT U3 KU3HE oleparopoB. Eciau ectb omeparopsl A u B Takue,

qTo

[A,[A, B]] = [B,[A, B]] = 0, (17.16)

TO

A B _ ,A+BL[AB] (17.17)

[TockoapKy y HAC KOMMYTATOp — YHUCJI0, 3Ta (HOPMYJIa B HAIIEM cIydae paboraeT. Takmm

obpa3zom,
Z ezK R;—R,) <61K(ul —Wm t))>T eé[Kul(O),Kum(t)]. (1718)

[TockoabKy B M30TPOITHOIT cpejie Bce (DOHOHHBIE KOJIEOAHUS ¢ 3a1aHHBIM BOJTHOBBIM BEKTOPOM
q BBIPOXKJICHBI, MBI MOZKEM BBIOpATH OJIHO U3 TPEX HAIIPABICHUN MOJSPU3AIUN HaPaJLIe/h-

upiM K. Torma

Z oK(R—Ron) <61K w(0)—tm t))>T eKTQ[u(D),u(t)]7 (17.19)

rje u — aMILTUTyAa Kojebanusd Baoab K. i rapMOHHYECKOrO OCHUIIATODA

(K uO-un®)y o~ O =um®)?),, (17.20)
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PacuuceiBag cpeaHee B 9KCIIOHEHTE, IIOJIY TaeM:

h 1 . A A A 9
2 _ 107 (0 1Om (t T —ip(0 —1Pm _
((0) =) = e 2 5 (e (71 =) s (e = i), =
= 51N Z w_q <aqaq + aqaq>T (2 —2cos ) =
q
h 1
q Ya

3ech cyMMuUpOBaHue 110 (TPEM) BETBSAM CIEKTPA IIPOLAJIO, T.K. JIJIsT KAZKI0T0 ¢ Mbl OCTaBHJII
OJ/IHY BETBb, Y KOTOPOil mojgpu3aiud mnapaJjieabua K.

Cobupast Bcé BMecTe, IMOTydaeM

S(K,t) = ZeiK(R’_Rm) exp

[ hK*? i8I g, — (1 — cos o) (2nq + 1)_

o 2MN . Wq ]

B K (R hK? i Sin @, + (2ng + 1) cos <plm_
e QWZe KRi—Rn) oyp) [2MN w: . (17.22)

lym q _

rae B HOCﬂe,ZLHeIL/'I 3allUCH MbI OTIC/JINJIN He3aBI/ICHHLI/IIL/'I OT BpeMEHH MHOXKHUTEJIb

: (17.23)

hK? 2ng + 1
—oW _ _ q
‘ _eXp[ NN 2 Wq

q

HasbiBaeMbIil pakTopom /lebas-Yosiepa.
B obmrem caydae, He BbIOMpPas HAIIPaBIeHUs TOJIPU3AINN CIEIHATLHBIM 00pa30M, MOYKHO

zanucarh daxrop /lebas-Yosiepa B Bujie
e =exp (- (Ku)*),).

[Tpeobpasyem 3aBucsamniuii oT BpeMeHn MHOXKUTeNb B (17.22), yauTbiBas, 9T0 apryMeHT
9KCIHOHEHTHI MaJl B CUTy 60Jb11oro N (ocTaBJisieM IepBblii HOPSIIOK, T.e. TIpeHebperaeM MHO-

robOHOHHBIMH HPOIECCAMH )

; hK* 1 ‘ ,
S(K,t) =e 2V Z e K(Ri—Rm) {1 BTN Z o [(ng + 1) + nge”"¥m] } —
I,m q a

_ i — th 1 i — W,
=) {4 SR 2 o [(na e RO ety
Im q

+ nqei(Rl*Rm)(K*q)e*i“’qt} }. (17.24)
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31ech Tpu ciaraeMbix — 910 (i) ynpyroe paccesiaue, (ii) HeyIpyroe paccesiHue, Mpu KOTOPOM
Hefirpon ucnyckaer (oHoH u (iii) Heympyroe paccesiHue, Mpu KOTOPOM HEHTPOH MOLJIOIIAET
donon. Paxrop Hebas-Yoanepa onuChHIBaeT YMEHbITEHHE TMKOB PACCESTHUS U3-3a TEILIOBOTO

ABHU2KCHUA aTOMOB.
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YACTD II: 9JIEKTPOHDBI B METAJIJIAX

U3moxkenue 91oif YacTh B OCHOBHOM cJremyer kuure [1]. Takzke MOryT OKa3aThesl MOJIe3-

HbIMU KHHTH [2,3].

JIureparypa 1o yacru II:
[1] A.A. A6pukocos, «OcHOBBI Teopun MeTawnosy, M.: @uzmarant, 2009.
[2] E.M. JTudmmn, JI.IT. [Turaesckuii, «Pusnueckas kuuernkay («Teopermuaeckas dbusnkas,
tom X), M.: @uszmariaut, 2007.
[3] E.M. Jludmum, JLII. Tluraesckuii, «Craructudeckast dpusnka. Jacts 2.» («Teopernde-

ckas dbusukay, rom 1X), M.: @usmariut, 2004.
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XVIII. KHNHETUYECKOE YPABHEHWUE J1JI¢ 9JIEKTPOHOB B METAJIJIE

Oyuxmus pacrpegeenns B ha3oBoM npoctpanctse: f(t, r, p). Mensiercsa 3a c4ét cTONK-
HOBEHHH JIEKTPOHA € JAPYTUMHU djeKTpoHamu, (poronamu, u jedexramu kpucrajiia (npu-

MEeCHBIe ATOMBI, CTPYKTYpHBIe dedexTsl). Kun.ypaBaenne:

af
Y. (18.)

rae I..(f) — unrerpas cronkuosenuii. llockoabky

r a _

2=V - =B, (18.2)
MOZKEM H&HI/IC&TLE]
af of of
. A — 4c¢T . 1 .
5 Vo T eEss = la(f) (18.3)

Paccmorpum paccesnue na mpumecdx B OOpHOBCKOM npudnzkennu. BeposgTHocTh pacce-

AHUA B € JTHUILY BpEMEHU:
27 9 d*p’
w=— [ |Vup|d(e(p) —e(p))—==V, 18.4
T [ Worel5:0) = o) 5 (18.4)
rae Vpp — MaTpUYHBIH 9/eMeHT 3HePruy B3auMoAeHCcTBUA 3JIEKTPOHA ¢ IPUMECIMH, PacIIo-

JIOZKEHHBIMH B TOYKaX Rz

V(r) =) v(r—Ry). (18.5)
MaTpuunblii 371eMeHT O6epéTcsa MexKIy 0710XOBCKHUMHU (DYHKITHSIMU:
1 .
—— Py (r 18.6
e ) (156

[31ech V' — 00béM obpasia, mosromy mepuogndeckue (GYHKIHH Up(r) HOPMHPOBAHBI HA

equnuiy|. ITosromy
1 —ip’r/h ipr/h, *
Vorp = % E /v(r — R,)e P/ /fup,(r)up(r)d‘?r. (18.7)

Hpe,ZLHO.HO)KI/IM AJid IIPOCTOTBI, 4TO IIpUMECH OJUHAKOBbBI U 3aHUMaIOT 3KBUBAJICHTHBIC 110JI0-

JKeHUsT B si9eifkax Kpucrasna (T.e. PACIOJOKeHBl COydaiiHbIM 00pa30M B HEKOTODBIX y371aX

9 B cayuae GOHOHOB TpeThe CIaraeMoe B JIeBOH JaCTH MMEJIO BH

dk@ifi ow Of

dt 0k~ Or Ok

¥ UI'PAJIO POJIb TOJIBKO B OCOOBIX CIIydasdX KPyIHOMACIITaOHON HEOIHOPOJHOCTH PEHIETKH.
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MePUOINIECKON PENETKN, UMEIOIIeN Ty 2Ke MePUOJIUIHOCTD, YTO U KPUCTAJINYIECKasl PEnIeT-
Ka). Torma MOXKHO CABHHYTH HepeMeHHyI0 HHTerpuposannii Ha R; u ydects, uro up(r) —

nepuoandeckast (pyHKIH:

1 - ) 1 -,
Virp = v Z e~ (P’ —P)Ri/h / v(r)e P _p)r/ﬁu;,(r)up(r)d?’r = Z P —p)Ri/hvp,p.
(18.8)
Torna
2m 1 2\ —i(p ~p)(Ri—R) A
w=""0 [l e TOe(p) ~ ) o (189)
ik

B cymme u3-3a OBICTPHIX OCHUJLIAINN 00paTsTCS B HYJIb BCe cjaraeMmbie Kpome ¢ = k, To-
STOMY

Z e~ 1P —P)(Ri—Ry)/h N;, (18.10)
ik
rae N; — 4ducjo mpumeceii.

B pesynpraTe
d3 p/
(2mh)3’

w= "7 [ oo P3(=(p) ~ <(p) (18.11)

e n; — KOHIEHTPalud NPUMeCeid.
o cux mop MBI JIyMaJIu TPO OJIMH JIEKTPOH. Temeph yITEM, YTO 3JeKTPOHOB MHOT'O, OHI
ONMCHIBAIOTCA (byHKIMe# pacupenenennd. [I1s 3aJaHHONO UMIY/IbCAa P MOTYT OBITH YXOJI-

/

Hble npornecchl (p — p’) u upuxomnsie nporeccel (p’ — p). Yrobel nponece nponsomiéi,

HAYaJIbHOE COCTOAHUE JOJIZKHO OBITH 3aII0/JIHEHO, KoHeuHoe — c¢BoOoaHO. [loaromy

I (f) = Q%nl / ‘Up’p‘Q —f(p)(1 - f(p/)) + f(P/)(l — f(p))]d(e(p) — 5(p’)) (jﬂ-zl)fi =
= %n / lvpo|* L (P) = f(P)] (e(p) — a(p’))(ir%g, (18.12)

WNuTerpupoBanue B UMIYJIHLCHOM HPOCTPAHCTBE 3aIUIIEeM CJIeAyIOImuM obpaszoM. IlycThb
dS — s1eMEeHT U309HEPreTHIECKOil HOBEPXHOCTH £(P) = CONSt B UMILYJILCHOM IIPOCTPAHCTBE.
Torna

d*p = dSdp,, (18.13)

rje dp, obo3HadaeT MHTerpupoBanue 1mo HopMmaau K dS. [Ipu aTom

de de

dp n —
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[TosTomy

de
d’p = dS—. (18.15)
v
IL1oTHOCTH COCTOAHMHI (B pacdéTe Ha OHY MPOEKITHIO CHI/IHa) TOrJIA MOYKHO 3aIIiCaTh KaK

U(e) = / %. (18.16)

Takum obpasomM,

IalF) = 2o [ o P10 — S0 - (1817)

(p)(2mh)*
rJle HHTerpupoBanue BeaéTcsa mo mosepxuoctu €(p') = (p).

PapuoBecrnas ¢pyHKIUsST pacupesenenns fy 3aBUCHT TOJBKO OT JHEPTUHU, MOITOMY HHTE-

rpajl CTOJIKHOBEHHI 3aHY/ISeTCs. DTO 3HAUUT, YTO B HEIO HA CAMOM Jejie BXOJUT TOJIBKO

OTKJIOHEHHE OT PAaBHOBECHON (DYHKIIUU:

f=fo+ fi. (18.18)

MpbI OyseM paccMaTpuBaTh TOJBKO CHTYAIMU, KOIJA BHEIIHEE JIEKTPUYECKOEe 10Jie U I'Da-
JIMEHT TeMIepaTyp MaJjbl, B 3TOM CJydae OTKJIOHEHHWe OT PaBHOBECHOH (QyHKIMH MaId:
|f1l < fo.

B uzorpomHoM ciaydae M303HEpreTwdeckasl IMOBEPXHOCTh — 3TO cdepa, U BbIparKeHUs
YIPOIIAIOTCS. Vprp 3ABHCHT TOJIBKO OT yriia § Mexkay p’ u p (KOTOpBIe PABHLL IO MOJIYIIIO), &
uHTErpupoBanue 1o dS’ npeppaliaercs B HHTErpUPOBaHEE 110 TeJIeCHOMY yIiy. [I0CKOIbKY

p2dQ 47p?
v(e) = / v(2mh)3 - v(27h)3’ (18.19)

MOZzKEM HalluCaTb

() = [ WO ) - Ae) L (18.20)
rue
W(6) = Q%niw(e)m(g). (18.21)

[TycThb ecrh caboe 3JeKTPUIecKoe 1oJe (AHAJOTHIHO JIIsi MAJIOTO TPAJIMEHTa TeMIIepa-
Typbl). f1(P) MOMKHO OBITH CKaISIpOM, JuHeitHbiM 110 E (B mepsom npubsnzkenun). [losromy

OHO JIOJIZKHO UMETh BHJ

fi(p) = PEn(e). (18.22)
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Torna
—= —.1 dQ2
Ier(f) = PEn(2) | W(0) |cos(p', B)  cos(p, E)| T (18.23)
m
TTongpHas oChb 2z y HAC HAIPABICHA BIOAL P. MoxkeM namucars
pPE=7pE. +p E,. (18.24)
Henum wa p' E, noxydaem
Cos(ﬁ) = cosf Cos(];ﬁ) +siné sin(p/,f]) COS(@). (18.25)

Wurerpuposanue B (18.23) Benéres o sin 0dfdp, rie yribl onpeae/sioT HAPAB/IeHIE BEK-
—_—
topa p’. Exnncreennas Benndnna, koropas 3asucut 0T ¢ — 310 cos(p’|, E| ), u uarerpupo-

BaHue 1o dp 3aHyadeT cOOTBeTCTBYIoMee ciaaraemoe. [Tomy4aaem

I() = (PE)(e) [ W(6) lcost — 1 = (18.26)
TO €CTh MBI HOHy‘II/IJH/I, qgTo
I.(f) = —ﬁ, 1o /W(H)(l — cos 9)@ (18.27)
T T A7

DTO npuMep HPUMEHHMOCTH T-TIPUOIUKEHUSI.

XIX. INPOBOAMNMMOCTD, OBYCJIOBJIEHHAZ ITPUMECAMMN

[Iycts B MeTasuie ecTh OiHOPOIHOE djtekTpudeckoe mose E. B kun.ypasmnenun (18.3) uc-

4e3a10T MePBhIe JIBa YJeHa, OCTAETCs

of K
D op == (19.1)

r7ie B JIEBOI 9acTH MBI 3aMeHmW I [ Ha PaBHOBECHYIO (DYHKIHIO fj, T.K. SJEKTPUIECKOE MOJIe

craboe. Ilpu 3Ttom fy 3aBUCUT TOJTBKO OT SHEPIUH, TTOITOMY

dfo B dfo O _ dfo
ap ¢ dp =V 9% (19.2)

D10 gaér

fi= —eEVT%. (19.3)



47

[L1oTHOCTD 9JEKTPHIECKOTI'O TOKA BhIparKaeTcs depe3 (PYHKIUIO PACIpe/Ie/IeHHS CIeTyI0-

UM 00pa3oM:

. d’p

DOyuxrus fo(e) 3aHyasier HHTErpas U3-3a HEYETHOCTH MOABIHTEIPATBHOTO BHIPAZKEHHUSI, 0

3TOMYy BMecTO [ MOKHO HamucaTh fi. [lomydaem

j= —262/V<VE)T%I/(€)CZ€§. (19.5)

Eciau dyukius v(e) MeIIeHHO MEHSAETC B OKPECTHOCTH € = fi IUPHHBI T, TO MOYKHO CUH-

TaTb

0
8_j2] ~—0(e — p). (19.6)

B m3oTponHOM cirydae, mHTerpupys IO yIJIaM, MOJydaeM pe3yabTaT

(19.7)

Ecyiu 1onoHuTe IbHO PEIIoIOKUTL MOJIEJb CBOOOIHBIX 3JIEKTPOHOB, TO MOy UM

mp my 2me

o
2
Ne = 2/V(8)d€ = 2V(,u)§u, (19.9)
0
2 2
o= 26 2y 30 _ MeCTT (19.10)

— dopmyana pye.

XX. TEIIJIOIITIPOBOJHOCTDBb

B cityuae MeTa 1/i0B B TEILIONPOBOAHOCTD €CTh KaK (DOHOHHBIH, TaK U 3JIEKTPOHHBIH BKJIAI,
npuaéM OOBITHO 3€KTPOHHBIH BK/Iaj Gosbiie (Hampumep, oH juneer mo T npu T — 0 B
oruuane or T2 n1g HoHOHOB). PaccMOTpHM 3/1eKTPOHHYIO TeILIOIPOBOIHOCTD.

Jlas pacdéra TemIonpoBOIHOCTH MOYKHO MOJTh30BATHCS MOJETHIO CBOOOIHOTO 3JTEKTPOH-

HOT'O ra3a, HO MBI 6y,ZL€M IIOJIB30BaTbhCA MOJECJIbI0O KBASHUIaCTHUI 1 Ha 9TOM IIpUMEpe IIO3HaKO-
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MHUMCA C KUH.YpaBHEHHEM OJId KBa3SHYaCTHIL. Nx CIIEKTP, 3apdd U CKOPOCTDL.

exs = €5gn ¢, (20.2)
ol¢] _Oe_p
Vi = I =vsgné, v = oo my (20.3)

rjie Mbl Y4JIH, 9TO B paMKax Teopun (pepMmu-Kuiakoctu Jlangay sdekTuBnas Macca KBa3u-
JaCTUIL My MOXKET OTJIMYIAThCA OT MacChl PeaJbHBIX JIEKTPOHOB.
Pasnosecnas dbynknus pacupejeieHusi KBa3u4dacTUIl €CTh

1

e (20.4)

fo=

X¥M.IOTeHIuA JI KBa3HUACTHUIL PaBeH HYJII0 — 3TO YCJIOBHE MUHHMYMa TepMOJIAHAMEIYIC-
CKOTO TOTEHINANA 110 YUCIY YacTHI (KOTOPOe He 3aJaHO0).

Kun.ypapuenue jij1s1 KBa3udacTUIL UMEET BU/I
of f—Jo

af%—vsgnf—f—l- eEsg f—z— ; (20.5)
ot T

IPHIEM 7 JIJIsT KBA3HYIACTHUIL TAKOE K€, KaK JIJIs JeKTPOHOB, T.K. B HErO BXOJIUT KBAIpAT
3apsijia.

[Tpeamonokum, aro ecth caabbiii rpaguent remneparypot (f = fo + f1). Torga B neBoit
9aCTH KUH.yPABHEHHS OCTAETCS TOJBKO BTOPOil unen. Temmneparypa B 3TO# 3a/1a49€ 3aBUCUT

OT KOOPJIMHATHI, IIO9TOMY JieBas 4aCTb [pHOOpeTaeT BI/IIIET]

20.6

fi= 5(2@0( vT). (20.7)

[losToMy KuH.ypaBHeHHe JTa€T

[InorHOCTH IOTOKA 3HEPTHU:
8\§| d3 / / 20fy , d02
/ S5 evhi 2P 2 h v(YVT)7w(e) 51l %o (20.8)

10 Jcnonp3yeM cooTHOIIEHUE

9fo _ _IEl <3fO>
aT ~ alel)
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Paz6epémcs ¢ unrerpasom no dé. Ilockoabky

dfo 1 B 1

Ofo _ _ _ , 20.9
del AT aR(E/aT) | T/ 209
OJLY 9aeTCsl CJIe/ Iy IolIee:
of 1 [ ede , 7 22dz 72
20 g — — > = _9T = -27*—. 20.10
/g a|§| AT | ch?(£/27) ch? z 6 ( )
B pesynpraTe Haxoaum
= —xVT A 20.11
q=—»VT, o= [v TV(&)LZN. (20.11)
CpaBHuBast 3TOT Pe3yJbTar ¢ HpoBoAUMOCTHIO (19.7), Haxoaum
2
x o
— = — 20.12
ol 3e? (20.12)

— 3akon Bujemana-@paniia, KOHCTaAHTA B TPABOil YacTH HA3bIBAETCs MOCTOSAHHOM JlopenTia.
B aHm30TpOMHOM Cilyvdae TaKoe XK€ COOTHONIEHWE TOTYYUTCS MeYKIY TeH30paMHU TeTLIo-
IPOBOJHOCTH ¥ JIEKTPONpoBoaHOCTH. HO 3T0 BCé mirg ynpyroro paccesnus. Eciau ke pac-

cestHUe JIEKTPOHOB 1epecTaéT ObITh YIPYI'MM, 3aKOH HE BbIIIOJIHACTCH.

XXI. PACCEAdHWVE HA ITPUMECHYAX

B peanpHBIX MeTasTax CIeKTPHl £(P) U AMILIATYABI PACCESHUST YCTPOEHBI CJIOKHO, TI0-
9TOMY TOYHO IOCHUTATDHL IPOBOJUMOCTDL U TEILJIOIIPOBOAHOCTD U3 HEPBLIX IPUHIIUIIOB TPYIHO.
HO MOXKHO OTHOCUTEJ/IBHO JIETKO HauTHu OOpAIKHN 9THUX BEJIUYUH W UX 3aBUCHUMOCTDL OT TE€M-
nepaTyphl.

PacecmorpuMm paccegnane Ha puMecdX. [IycTs X — cedenne paccednus 37eKTPOHOB Ha MPH-
MecdX, ero xapakTepHad peauanna 2 ~ 1071¢ em?. IlyeThb 3,1eKTpoH 1posieTes paccTosgnue [.
[Ipu 5TOM OH CTOJIKHETCS ¢ IPUMECSIMHU, HAXOAAIUMUCSI B 00béMe I, Ecian n; — mI10THOCTD
npuMmeceii, To Bcero crojkHoenuit n;Xl. JIanna cBoboaHOro mpodera COOTBETCTBYET TOMY,

9T0 OyIeT TMOPSAKa OHOTO CTOJKHOBEHHSI, TIO3TOMY

1
[ ~ . 21.1
> (21.1)
[ToxctaBum 1o B dpopmyay pye:
.y ne€’T N nee?l N nee? . (21.2)
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U0 9JEKTPOHOB OOBIYHO TOTO ZKe MOPSIKA, YTO U YHCIO aTOMOB, TOITOMY 1;/Ne ~ ¢;
— TIOps/IKa aTOMHO# KOHIEHTpAIUH IpuMeceil. YUTéM Tak:Ke, 9T0 cKopocTtn Pepmu B Me-
Ta/IaX OOBIYHO MOPAJKAa HECKOIbKHX eauumi Ha 10%cMm/c, T.e. Ha aBa MOpAIKa MeHbIIE

ckopoctu cgeta. [lostomy €2 /hv ~ 1. B pesymnbrare

hv h 0%
“ PoCia MR G ¢ ( )

Dra BesmunHa (0CTATOYHAS MPOBOJUMOCTD) HE 3aBUCHT OT TEMIEPATYPHI.
TemwnonpoBoHOCT, Kak cieayer u3 onpejeienus [cm. (20.11)], umeer paszmeprocTh
spr/cem - ¢ - K. Haitném eé u3 3axona Bumemana-@parmra (20.12)):

2 9 1061 10% 1
nw=—0ol ~ =T ~ T ~
3e2 3-52-1072%3pr-cm ¢ c Ci  3pPr-cm-c
103° Ipr K  10° T »spr
~— == 2 P (21.4)
¢ cm-c-K° spr? ¢ 1Kem-c-K

XXII. 3JIEKTPOH-2JIEKTPOHHOE PACCEAHUE

Paccmorpum mportiece paccessHust i KCXOJTHOTO 3JI€KTPOHA, HAXOISIerocsa Hal (pepMu-
MopeM. Pazbepémcs, Kak yCTPOEHBI UMIIYJIBChI. DJIEKTPOH 1 paccenBaeTcd Ha 3JeKTpoHe 2,
TOJTYYalOTCsT 31eKTpoHsl 1/ u 2'.

IlepBbiit 31eKTpoH — BHE (bepMmu-cdephl, BTOpoii HYKHO OpaTh BHYTpU. 1’ u 2/ 10712KHBI

ObITh BHe (bepMu-cdepsl, n3-3a npuniuna [laymm. Coxpanenne uMIyabca:

p1 + P2 = P} + Ph, (22.1)

P1, PPy > Po, P2 < Po (22.2)

Ob6patnoe BpeMsi cBOOOIHOrO mIpobera — MOPSIIKA BEPOATHOCTH PACCEIHUSA B €IUHHILY

BpPEMeHH:

1
- /5(51 + &y — &) — &) dP*pad’p). (22.3)

Uurerpuposarh mo p), HE HYKHO, T.K. ITOT UMIYJIbC (DUKCHPYETCS 3AKOHOM COXPAHEHHSI
UMITyJibca. VIHTerpupysi mo yriry Mexkay P U P’, Mbl MPOHIEM KOH(MDUTYPAIHIO, TPH KOTOPOI
B JIOIIOJIHEHWE K 3aKOHY COXPaHeHUs UMITYJIbCA BBINOJHUTCS 3aKOH COXPAHEHUS SHEPIruH.
[ToaToMy MOYKHO CYHTATH, YTO ITO HHTEIPUPOBAHUE CHUMAET JIe/ThTa-(PYHKIUIO OT IHEPTHIi.

OcraéTcst HHTErpupoOBaHUe 0 MOJIYJISM BEKTOPOB Dy U D).
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Bynem npeamnosararh, 94rto p; O6JHU3KO K pg. Torja Bce ocTajibHBIE UMITYJIbCHI 1O MOJIY-
JI0 TakkKe OJU3KM K po. B pesysibrare oba TpeyroJbHHKa Ha pPHCYHKe (pi,p2,p1 + P2 ¥
P1,P5,P1 + P2) MOUTH COBHAJAIOT MEXKY CODOH U SBJISIIOTCS PABHOGEIPEHHBIMU. Y TJIBI T10-
YTHU COBIIQ/IAIOT, MOITOMY U3 PAaBEHCTBA CyMM NPOEKIHiI Ha OCHOBAaHUE CJeayeT IPUMEepPHOe
PaBEHCTBO CYMM MOJYyJeil: p; + py & pj + ph. YIUTHIBas BEJUYHHBI MOAYyJeii BEKTOPOB,

dbopmyast (22.2)), moayaaem, 9TO HHTErPUPOBAHNE [0 Do U D) OTPAHUYCHO HA WHTEPBAJIBI

2po — p1 < p2 < po, po <P} < p1+p2— o (22.4)
Orcrona
/dpgdpll S _2p0)2 (22.5)
TO €CThb X
e 2. (22.6)

[Ipu xoueunoit Temmepatrype & ~ T, a 11g 0be3pa3zMepuBaHus Y HAC €CTh XUM.TIOTEHIIHAT [i.

[Toaromy noJsiydaeM OIEHKY

1
T~ i (22.7)
ITosromy (e* ~ hv)
g Ml (Y I ()2 oy (22.5)
mT? h/ mp\T m \ h T
Omnenusas h/py ~ 1078 M, nomygaem
o ~ 101 (ﬁ)ch (22.9)
7 . :
W3 3akona Bunemana-PpaHia oneHIBaeM
o 2
e o ) jgel (P10 PN
3e? 3-52-1072%pr - cm c 2m T
1019 . 1016 5 1 spr 1
~—+——(05-107" — ~ 10— = 22.10
apF-CM-c( SpF) T cm-¢ T ( )

Boob11ie-T0 371eKTpOH-37IeKTPOHHBIE CTOJIKHOBEHUS HE SABJIAIOTCS YIIPYTHMU, T.K. 3JIEKTPO-
HBbI OOMEHUBAIOTCS YHEPTUeit, odToMy 3aKoH Bunemana-®pania e 00s13aH OBITH IPUMEHUM.
Ho ma camoMm jieste ero HEMPUMEHHMOCTH CBS3aHA C TeM, UYTO BO3ZHUKAIOT JBAa PA3HBIX Bpe-
MEeHH T — JJIT UMIYJIbCHOW U SHEPreTHYecKoil perakcanuu. g ee cTOTKHOBEeHUI 3HepTrun
3JIEKTPOHOB MOpsgaka 1, U nepejiada SHEPruu TOTO Ke HopsaKa. VIMIyIbebl nopsijaka po, U
nepejgada HMITYJIbCa TOTO ¥Ke opsaka. [loaTomy oba mporecca pesrakCcarimy IPOXo T OHHA-
KOBO 3 eKTUBHO, U UX T OJMHAKOBBIE. TakuM 00pa30M, HOBOT'O MapaMeTpa He BO3HUKAET,

U B pe3yjbrare 3akoH Buaemana-®@pamna 1o nopsjiKy BeJHIUHBI pabOTaeT.
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XXIII. S9JIEKTPOH-®OHOHHOE PACCEAHUE

ITpu gedopmanuu penréTku BozHuKaeT nossipusanus P(r) (cefiuac paccmarpuBaeM pe-
méTKy B HenpepbiBHOM npejeste). Ionsipusanuonnpiii 3apsi| equnuipl 0obéMa ecrs div P, a

dHepIruLd BSaI/IMO,ZLefICTBI/IH JIEKTPOHOB C 9THUM 3apAJ0M DaBHAQ

e / Q(r — ') divP(r)d*r. (23.1)

Bes skpanuposanus s1ipo ObL10 Obl YHCTHIM KYJOHOBCKUM B3auMmojeiicrsuem: () = 1/|r —
r’|. OaHako, W3-3a SKPAHUPOBKH OHO CTAHOBUTCST KOPOTKOJeHcTByomuM. Canrasi aTOMHBIE

PACCTOSTHIST MAJIBIMHU, MOKEM CUUTATD sIIPO JeabTa-DyHKIHIeii:
Q(r —1') ~a*i(r — 1), (23.2)

T7e @ UMeeT TOPSIOK aTOMHOTO MPOCTPAHCTBEHHOTO MacmTada, a ~ 1078 cm ~ 1/po. To-
JISIPU3AIAI0 MOYKHO OIEHNTh Kak P ~ neu, rje n — IJIOTHOCTh ATOMOB (MOPSIKA MIOT-
HOCTH 3JIEKTPOHOB), U — cMerenue. B3anmoseiicreue comepxkut div P, nosromy B dypbe-

KOMIIOHEHTY BOMJET ikuy WU —ik‘uL, IpH TOM YTO JJIs JJIMHHOBOJIHOBBHIX (hOHOHOB w = ck.
, w

Vie ~ iea’n—u. (23.3)
c

B nepsoM nopsiake Teopuy BO3MYIIEHHH €CTh IPOIECCHI, COOTBETCTBYIONIE MATPUIHBIM
SJIEMEHTAM () U aL, T.€. IPOLEeCCaM € IIOJIOMIeHHEeM WM MCIyCKanueM oxHoro ¢ponona. Ha-
mpuMep, sl UCIHyCKaHusi OyIeT MATPHYHBINA deMeHT (ny + 1| aL Ink) = vVni+ 1, 1 mb

nosyanm (N — 9HCI0 31eMeHTapHBIX g4eek, M — Macca 1eMeHTapHOi s9eiikn):

, h(ng + 1) Y2 g€ (hw(nk + 1) V2o
Vp—hk,p ~ —Z€2CL2TL (W) E ~ —’Lna,3; N C\/M. (234)
[Tockonbky na® ~ 1, €%/a ~ p3/m, cv/ M ~ vy/m, noaydaem
C(hw(ng + 1)\
fohk,p ~ —1Do (T) . (235)

PaccmorpuM tenepb npe/ie/ibHbIe CJIy4an BHICOKUX M HU3KHX TEMIEPATyp.

1. Boicokue temneparypol, T > hwp. Haunbonee BeposgTHO HCIIyCKaHHe M ITOTJIONEHUE
doHOHOB ¢ OGOMBIIIME YHEPrUdMU, MOPAAKA hwp. BepodTHOCTH paccesdHus ¢ HCIyCKAHUEM
¢doHOHA paBHA
Vd3k
(2m)?

W= 2% / Vo miel20 (£(p) — £(p — hk) — Fuo(k)) LK. (23.6)
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Henbra-pyHKnuio B 3T0# (bopMyIe MOXKHO 3aIICATH KaK

2 . 2 27.2
5 P__M_Mk) _ @_hk_hw(k) _ s (s TR mw
2m 2m m 2m hpk 2p pk
(23.7)

B namem npenene hk/p ~ hkp/po ~ 1. Kpome Toro, mw/pk ~ mec/py ~ ¢/v < 1. [losromy
Jesbra-yHKIHs cpaboTaer pu HHTErPUPOBaHnE 10 yriiaM (npuaém cos f ~ 1, 1.e. HOHOHBI
MMEIOT IMTHPOKOe yIJIoBoe pacupeesenue. Naterpuposanue nenbra-pyHKnun mo d°k gadrt

MHOZKHTEJIb MTOPAIKa

_ Mmpo
5(.. )Pk ~ Lk 23.8
( ) hpo D"~ hg ( )
B marpuuHOM 37€MeHTe B3anMOICHCTBAS MOYKHO B3ATh
T
lrene~ —. 23.9
Nk + Nk th ( )
B pesynbrare
1 1pdT T
oW 28 23.10
T hh3n h ( )
[Tosromy
ne€?t  h po\2? p T
~ — ~— (=) &~ 1008 1 23.11
T T (ﬁ) T T° (23.11)

Taxum obpaszoM, npu Beicokux 1’ mosydaem p o< 1.
[Tockonbky hwp < T, sHepTHS FJTEKTPOHA NMPH CTOJNKHOBEHUSX TMOUYTH HE MEHSIeTCs, T0-

TOMY CTOJKHOBEHHS MOYTH yupyrue, u paboraer 3akoH Bugemana-Ppanna. Orcioma

1019 016
» = const ~ ——— -0.5-10"Yspr - kg ~ 10° L

23.12
apF-CM ¢ c-em- K ( )

2. Huzkue remueparypsl, ' < hwp. OcHOBHYIO posib urpaior (GOHOHBI ¢ dHEprUeil hw ~
T, mo3TOMY 3HEprHUsi JEKTPOHOB CYIIECTBEHHO W3MEHSIETCS MPH KaZKJIOM CTOJTKHOBEHUH.
Nmvnysbe dhoroHOB Topsiaka fiw/c ~ T'/c, a UMIYIbC 3JEKTPOHOB MOPSIIKA Po, MTOITOMY
OTHOCUTEJIbHAS BeJTNINHA U3MEHEHUS UMITYIbCa JIeKTPOHA TTPU KaKI0M CTOTKHOBEHHH €CTh
T/cpy ~ T/hwp < 1. To ectb sHeprus MeHsIETCS CHIBHO, a MUMIYIbC c1abo. [losromy
STOT CJAyYail TPOTUBOMOJIOXKEH YIPYTUM CTOJKHOBEHUSIM, IPU KOTOPBIX, HA0DOPOT, SHEPTHS
MEeHHeTCs €1a00, a UMIYJILC CUIbHO. 13-3a 3Toro npumendatsh Bujemana-Ppanna neib3s.

Ho MoxkHO BBecTH pasubie 7 Jjisd 3JIEKTPO- U TEILJIONPOBOIHOCTH. J[Jig TEIIONPOBOIHOCTH
Kazkji0e cToJKHOBeHNe 3(hDeKTHBHO (MMITYJIbC TIepeJaéTest ¢1abo, 3aT0 SHEPIHs TTePeIaéTest

XOPOIIIO), TOSTOMY COOTBETCTBYIOMIEe T; MOKHO Haiithm kak W' cm. dopmyry (23.6). B
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neabra-gyukmun (23.7) Teneps umeem hk/py < 1, a TpeTbe caaraeMoe Mo-MpeKHeMY MaJio
B Mepy ¢/v < 1. [Tosromy fenbra-hyHKIHs OMpeeeHHO cpaboTaeT IPU UHTErPUPOBAHUK
o yriam (mpuuém cosf < 1, T.e. uMmysabe (hOHOHA MOYTH HEPICHIUKYIAPEH UMITYIHCY

9JeKTpoHa). B pesysbrare OCTaéTCHE]
1,7 m pok?T Do T\? T \*T
W~ —pP—V k2~ ~ — ) T~ (— =. 23.13
PONm ok m2n - 12(po/R)? \ e hop ) B (23.13)

JIIst BBIYUCIEHUST TEIIOTPOBOJIHOCTH MOYKHO UCTOAB30BaTh 7; ~ 1/W. Ilosromy (mepsoe

COOTHOIIEHHUE aHaJIOTHYIHO TOMY, YTO MBbI IIOJIy4daJin AJigd CI)OHOHHOfI TeHJIOHpOBO,ZLHOCTI/I)E

s~ clv ~ ey ~ mp0T<@)2 (@>22 ~ ﬁ <@)2 ~

Bo\m) \T ) T em T
2 B\ 2
~ (T > hwp) (%) ~ 10° ( TD) - sz. 2 (23.14)

Tenepnb mojrymMaeM po 3JEKTPOHPOBOIHOCTD. KOT/ia Mbl BHIBOJAMIN HHTETI'PAJI CTOJTKHOBE-
HU J7Is TpUMeceil U ToJIyda/n U3 Hero BpeMs CBOOOIHOTO mpodera , dakTuyeckn
UCIIOJIB30BAJIOCh TOJBKO TO, YTO MMIIYJIbC JIEKTPOHA IOYTH HE MEHHeTCHd 10 MOIYJIIO IIPU
CTOJIKHOBEHHSX. DTO M ceidac CpaBeJInBO, OITOMY MOJIYUEHHYIO TOT/1a (hopMymny A T
MOXKHO MPUMeHATh. B 3roit dhopmysae yurém, 4To yron paccesuus 6 10 TOPSIIKY BeJTHIHHBI

paBeH OTHOIIEHHUIO UMITYJIbCAa (POHOHA K UMILYJIbCY 3JIEKTPOHA!

hk T
0~ —~—— 1. 23.15
Po hwp ( )
[Tosromy ([18.27) maér
[ — T\'T
—~ W02~ — | — 23.16
Te (9) (th) h ( )

[B W (0) 6yner aeabra-hbyHKIMsI, KOTOPas TPOCTO JACT MPABUJILHOE 3HAYeHHE § T/ 3HAKOM

yepennenusi|. CpasauBast 5ToT pesyabrar ¢ (23.10]), Bmecro (23.11]) MoxkeMm cpa3y HamucaTh

4 4
o ~ (T > hwp) (%) ~ 1016% (%) . (23.17)

L Cwm. Jlesuros, ITInTtos, 3amaua 28 (Bpems Ku3HM KBa3W4acTUIll). TaMm HYKHO BBIYUCIATH COOCTBEHHO-

SHEPreTUIECKYI0 9acCTh /I JIEKTPOHOB m3-3a paccesHusd wHa ¢ononax npu 1 = 0. Eé maummas gacrs

ompesieNsieT 3aTyxaHue Kpazmdactuil. 1pw |¢| < wp momydaercs

r 3
12pic?

ImX(e) =

rae ( — Oe3pa3MepHasi KOHCTAHTA, IJIEKTPOH-(POHOHHOTO B3anMOIeicTBusi. B HareMm »Ke BbIYUCICHUHN 3a-
TyxaHue kBazuwdactui, — 370 W, a 94T0ObI CPABHUTH PE3yJIbTaThl, BMECTO 1 HAI0 B3ATh IHEPTUIO0 KBA3BHU-
yacrulipl (TeMieparypa, COOCTBEHHO, BO3HMKJ/IA KAK XapAKTePHAs BeJUYuHa 10l suepruu). Buaum, 4ro

C TOYHOCTBIO JI0 YUCIEHHOTO KO3 MDUINEHTA PE3YIBTATHI COBIAIAIOT.

12 J71eKTpoHHAS TEMTOEMKOCTb MOYKET OBITH 3aIlCcaHa KakK

o — MPo
Y R
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Takum o6paszom, npu Huskux T nosydaem p o< T° (3akon Bioxa-I'pronaiizena).

Bakon Bunemana-®paHiia B 9TOM Caydae He BBIIOJIHAETCsS, BMECTO HErO MOJIydaeM
2
»w T T
-~ (23.18)
o e \ hwp

XXIV. TEMIIEPATYPHAMY 3ABUCHMMOCTD ITPOBOAJNUMOCTHN N
TEIIJIOITPOBOJHOCTHN

Mubi paccMaTpuBam MEXaHU3Mbl PACCEAHUA MO-OTJE/JABHOCTU. Fcjin Ke OHU JeHCTBYIOT
O/THOBPEMEHHO, TO B CJIy4Yae PeJKHUX IPOIECCOB BEPOSITHOCTH PacCesHUs JIOJIPKHBI CKJIAbI-
BaThCsl (MpeHebperaeM HHTEPQEPEHIHeil pA3IHIHBIX MPOIECCOB PaccesHus ). B aToM cirydae
JIOJIZKHBI CKJIAIBIBATHCS COMPOTUBICHUs (T.K. OHH MPOTIOPIMOHAIBHEL 1/7) — mpasuio Ma-

tuccena. [Tosromy npu Huskux temmeparypax (T < Tp) MOXKHO OXKHJIATH
p=c+al?+bT’, (24.1)

rJie CJI0KeHbI BKJAJIbI OT IpUMeceil, 3/IeKTPOH-3JIEKTPOHHOIO U 3JIEKTPOH-(DOHOHHOT'O pacce-

sguud. s TenjionpoBoJHOCTH UMeeM

1 d
— = — 4 fT+ T 24.2
=gt T+y (24.2)

[TepBBle aBa BKJIaIa MOTIMHSIIOTCS 3akoHy Buaemana-Ppanna, TpeTuii — HeT.
[Tpu Beicokux Temueparypax (1I' > Tp) 06BIYHO OCHOBHOI BKJIAJL TAET 3JIEKTPOH-(DOHOHHOE

paccesinue:

p = BT, » = const. (24.3)

DJIeKTPOH-3JIEKTPOHHOE TIPU STOM MHOIO MeHble: conocrasiss (22.8) u (23.11)), monyuaem

e-e T
Pee L2 <1 (24.4)
Pe-ph H

Mepy ancrorsr 06pasia SKCIePUMEHTAIBLHO 9aCTO ONEHUBAIOT ¢ moMotbio RRR (residual-

resistivity ratio). B maease — 510 oTHOIIEHHe CONPOTHUBIEHNS IPU KOMHATE U TIPH HYJIE,

300 K
rRR = PBOK) (24.5)
p(0 K)
B peaJbHOCTH GepyT HAMMEHBIIYI0 JOCTYIHYI0 Temmeparypy (xors Obl reaumesyio, 4.2 K).
Yewm sTa BemanHa 60JIbITIe, TeM duie o0paser] (T.K. 0OCTATOYHOe COMPOTHBJIEHNE OTIPeIeIsI-

eTCsl MPUMECSIMHE).
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XXV. KHUH.YPABHEHWE IIPY HAJINYNN MATHUTHOTI'O I10JI4

[Ipu Ha/M9IUN 3AEKTPUIECKOrO U MArHUTHOIO IO/l JTUHAMHUKA JIEKTPOHOB CYIIECTBEH-
HO 3aBUCUT OT TONOJOTHH (DEePMU-TIOBEPXHOCTU. B 3TOM Bolpoce y00HO FOBOPUTH PO BCIO
obpaTHY0 PeIméTKy (He TOJbKO MEePBYIO 30HY BpuiurosHa). DHeprusi 3aBUCAT OT KBa3H-
MMIIYJIbCA TIePUOJNIECKH (¢ TIEPUOJAMHU, OTNPEIeIsIeMbIME BEKTOPAMH OOPATHO pPenréTKH).
I303H€EpreTuIecKne TOBEPXHOCTH (B YaCTHOCTH, (hepMU-TIOBEPXHOCTH) TAKKE MEPUOITIHBI.

[TockombKy AUHAMHKA CBI3aHA C JIBUKEHEM JI€KTPOHA M0 (DePMU-TIOBEPXHOCTH, BayKHO,
sBJIsieTCsi Jd (bePMU-MIOBEPXHOCTh 3aMKHYTO# (He JOXOIUT J0 TPAHUIL HepBOil 30HbI Bpui-
JII09HA) W OTKPBITOH (JIOXOAUT /10 TPAHUIL M TIEPUOJAUIECKI TPOJOJIZKACTCSI JTAJIBIIIE ).

PaCCMOTpI/IM AJIEKTPOH B MAalrHUTHOM TII0JI€e. ypaBHeHI/Ie JABUZKCHUA:

dp e
— =—-|vH| =F. 25.1
P v (25.1)
V3MmeneHne sHePruu:
de  Oedp
it opdt (25:2)
13 sTtux ypaBHeHuii cjiejpyer
£ = const, p. = const, (25.3)

rje B KauecTBe OCH 2z BLIOpPAHO HAaIlpaB/IeHHe MarHUTHOTO moJst H.

Taxum o6pa3oM, B HMIYJIHCHOM HPOCTPAHCTBE TPACKTOPUA — ITO CEUYCHHE H309HEp-
FeTUIECKONH MOBEPXHOCTH £(P) = const MIOCKOCTBIO p, = const. Y 3aMKHYTO# dbepmu-
HMOBEPXHOCTH BCE CeYeHUsl — 3aMKHYyTbhbie KOHTypa. Eciaum dbepMu-moBepxHOCTH OTKpPBHITas,
TO ceYeHue MOzKeT ObITb KaK 3aMKHYTBIM, TaK U OTKPbITHIM (HpO,ZLO,H}KaIOH_H/IMCH 110 BCeil
0OpaTHOMN peréTKe).

ypaBHeHI/Ie OBUZKECHHUA B KOMIIOHCHTaX:

dp, e dp e
— o H s 25.4
at et dt ¢’ (25:4)

Bospoaum B KBajipaT u CKJIabIBaeM:

dp2 + dp;

e\ 2
ot = (—) (v + 02)H”. (25.5)

c

Ob6oznauas dl = \/dp? + dp; s1eMenT J|IMHbI TPACKTOPHHE B UMILYJIbCHOM HPOCTPAHCTBE, Mbl
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MOZKeM HalluCaTb

c dl c dl
dt = —— t=— — 25.
eHv,’ eH | v’ (25.6)

v = /vi+ vl (25.7)

B ciydae 3aMKHYTO#l TPaeKTOPUU MHTETIPAJI 110 3aMKHYTOMY KOHTYPY JIaéT NEPUOJ, JTBUZKE-

HU:
c dl
T=—¢ —. 25.8
eH | v, ( )
[Lromaae cedenus p, = const Haércst KHTErPAIOM
S = /dpxdpy. (25.9)

Ho ynobnee nepeiiti oT 3TUX JIEKAPTOBBIX KOOPAUHAT K AHAJIOTY MOJSIPHLIX, HHTEIPUPYI B
IJIOCKOCTH p, = const BI0OJIb KOHTYPOB &€ = const m 1mo HOpMa/n K HUM. KoJabIo Mexay

KOHTYPaMH € €, pa3JIHYAIONIMMUCI Ha de, B JAHHOM MeCTe MMeeT ITUPUHY

de de

Y100bI MOMYYUTH ILIOMALL KOJbIA, HAJIO0 B3ATh MHTErpaJ 1o dl, a ILIOMAIb CeUYeHHsS B

S = /de%%. (25.11)

pe3yJjbTare paBHA

Comnocrasiiss ¢ ([25.8]), mosrygaem

c 05
T=——. 25.12
eH O¢ ( )
Ompeie M Tak HA3BIBAEMYIO «ITHKJIOTPOHHYIO MACCY» (MMEET CMBICJI JIUTITh JJTsT 3aMKHYTHIX
opbuT)
1 0S8
My = — —. 25.13
21 Oe ( )
[Tepuon, ABMZKEHHS MOMKHO 3aIIHCATEL 9€pPe3 JAPMOPOBCKYIO YaCTOTY:
2 eHd
T=— 0= . 25.14
Q7 myc ( )

Eciu BuyTpu opdbutsl € = const — 06/1acTh MEHDINNEH 3HEPruu, TO M, MOJOKUTETHHO
(3J1eKTPOHOTIONOOHBIE HOCHTE/IH; HampuMep, TodTH myctas 3oHa). HaoGopor — Torma m,

OTPUIATETBHO (JBIPOYHONOO0HBIE HOCUTEIN; HATIPUMED, TOUYTH 3al0THEHHAST 30HA).
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Ot ABUZKEHHUA B UMIIYJILCHOM IIPOCTPaHCTBE MO2KHO HepeﬁTI/I K JIBU2KECHHIO B KOOPJAUHAT-

HOM MPOCTPAHCTBE. YpABHEHUE [BUZKEHHsI [IePEIieM B BH/IE
e
dp = —[drH]. (25.15)
c

DTO 03HATAET, ITO MPOEKIHS TPACKTOPUH JTEKTPOHA HA ILJIOCKOCTh, eprneH Ky asapayo H,
ompeiesigeTcs TPaeKToOpueil B MMITYJIBCHOM TMPOCTPAHCTBE C TOYHOCTHIO 10 3aMEHBI

C C

— —— — —
v ery’ Y eH

D (25.16)
B TO BpeMsl KaK I0 z HPOUCXOJUT JBUKEHHE CO CKOPOCThIO v, = 0J¢/0p,. Eciau cedenue
bepMu-TIOBEPXHOCTH TLIOCKOCTBIO p, = const — 3aMKHYTOE, TO TPAeKTOPHUs — CIUPATh C
ocbio BJoib H. Ecjin TpaekTopusi OTKpbITa B MMIIYJILCHOM I[IPOCTPAHCTBE, TO OHA OyJer
OTKPBITOI U B NPOCTPAHCTBE KOOPIHUHATHOM.

B npucyrcrsum MarHuTHOIO MoJif YJA00HO HepeiTu OT p, U P, K HOBBIM HE3aBHCUMBIM
nepeMeHHBIM — 9HEPIUN € U «BPeMeHH JIBUZKeHUS 110 TPaeKTOPUu»
o [l

t) = — .
! eH (N

(25.17)

[Tpu HasMYUu SJIEKTPUYECKOro 110J1s (a HUzKe Mbl OyjIeM PACCMATPUBATH TAKYIO CUTYAIHIO)
9TO yzKe He HCTHHHOE BPEeMsi, a HeKOTOpas (DYHKIUS P, U p,. Kak MbI yzke 3HaeM,
di
/dpxdpy = /de—, (25.18)
vl
II03TOMY B HOBBIX HEPEMEHHBIX HHTEIPUPOBAHUE 110 MMILYJIbCHOMY IPOCTPAHCTBY IIPpUOGDe-
TAeT BUJL,
/dpxdpydpz = %/dtldsdpz. (25.19)
[Tpu HAIMYMK TOCTOSHHBIX U OJHOPOJHBIX 3JEKTPUUECKOIO U MATHUTHOIO OJICH KUH.y PaABHEHUE
MOXKHO HAIMCATh B BHJE |paHbiie y Hac Obu10o f(f,r,p); Tenepsb sIBHONH 3aBHCHMOCTH OT t
HET, 3aBUCUMOCTH OT KOOPAMHATHI I' TOXKE HET, & OT TPEX KOMIIOHEHT P MEPEXOAUM K TPEM

HOBBIM HepeMeHHI)IM]

aof . of . Of .
g e e S L (F). 925.2
TR R (f) (25.20)
IIpu sToMm
_Oedp _dp
= oo = Var (25.21)

p = S[vH] + ¢E, (25.22)
C
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OTKY2

¢ = evE, (25.23)
b, = cE,. (25.24)

[Tepemennas ¢; mozKHa OBITH ONpee/IeHa U3 ypaBHeHuil nmkenns suaa (25.4), B koropbix
HET 9JICEKTPUYICCKOI'O IOJId. HO B peaJIbHOCTHU I3TO OTJIMYHE IIOYTU HUKOI'a HE BazKHO (eCJII/I
TOLKO MarHUTHOE TOJe He 9KCTPeMaIbHo c1aboe), T.K. oobrano (v/c)H > E. [ TTostomy

t; ~ 1. B pesyabrare nosydaem

of  of of
—— + —evE + —¢eF, = I..(f). 25.2
o, + 52V +8p26 , (f) (25.25)

Bynem mapamerpuzoBarb OTKJIOHEHHE (DYHKIIMU PacIpesejeHus OT PaBHOBECHS HOBOIA
dyuximeit :
Oe

Ceiiqac MbI paboTaeM B HE3aBHCHMBIX IIEPEMEHHBIX €, P, H t1, HOITOMY fo HY?KHO CUATATH

(25.26)

He3aBuCsIed oT p, (u or tp, camo coboii). XoTuM JIHHeapu30BaTh KUH.ypABHEHHE 1O ).
DIEKTPUIECKOe ToJIe CUNTaeM CJIa0BIM M BKJIAJIAMH, COAEPKAIIUMHI IpOou3BegeHue 1 u F,

upenedoperaem. [loaromy nosydaem

fo 0y  Ofo -
9e o1, + e evE = I..(f), (25.27)
OTKyJa
a_w — ]1(17/)) = evE, (2528)
oty

rae Mbl 00O3HAYNIN (
ICT (.fO - % )
B
L(y) = I £ 2. (25.29)
T 0
ITo t; onKHBI OBITH rpaH.ycaoBud. Fe/in TpaeKTOpHUd 3JEeKTPOHA 3aMKHYTasd, TO Y 107K~

Ha 3aBUCETh OT {1 MEPUOANYECKU (I/IHTepBaﬂ UHTErPUPOBAHU 110 {1 B 3TOM CJIy4ae — OJUH

noiHbI epuo). Eciu TpaekTopus OTKpbITas, TO (DYHKIH 1) JTOJKHA ObITH KOHEYHOI.

13 Hampuwmep, Bo3bMéMm MarautHOe mose 3emmn, Hy ~ 0.5 9, u npeanonoxum, utro E = (v/c)Hy. Mycts
COLPOTUBIICHNE IPU KOMHATHOMN TeMuepaType onpeaenserca pononamu, M. Gopmyay (23.11). Torma ans
TOKA, MBI TIOJIY YUM

j=0E ~ 1016% L. %Ho ~ 10 % 1072 0.5%.

Yro6sr nepesectr B CU, Hago momennTsh Ha Koddduiment 3 - 10°, onpenensonmii mepexon OT eINHMIII

sapaga CI'CY k K, nosromy j ~ 10% A /cm?. Tlpu Takux ITOTHOCTAX TOKA METAJT MCHAPUTCS.
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XXVI. 90PEKT XOJIJIA 1 MATHUTOCOIIPOTUBJIEHUE B CJIABOM
MATHUTHOM IIOJIE

PacemorpuMm citaboe MarHuTHOE I110JIe B paMKaX M30TPOIHON MOJEIU € HCIOJIb30BAHUEM

T-npubanKenus (caaboctb moss oymer o3nauarh Q7 < 1). B arom cayuae

Li(y) = —%- (26.1)
Kun.ypaBnenue npunumaer Bu/l
o Y
— + —=ev(ty)E 26.2
atl + T €V( 1) ? ( )

JIuneiinoe HeOJHOPOHOE yPABHEHUE, METO/ BAPUAIIMU ITPOU3BOJILHON MOCTOAHHO:

U(t) = alt)e 7, (26.3)
g—z = ev(t))Ee/7, (26.4)

B pPe3yAbTaTe peleHrne 3alluChiBAeTCs B BUJIE

t1

w(tl) = /€V(t2)E€(tlt2)/Tdt2. (265)
C

Koncranra C' go/zkHa HAXOAUTHCA U3 TPAH.yC/I0BUA. B n30Tponnom ciydae Bce OpOUTHI
3aMKHYTBHI, TO3TOMY (DYHKIMH ) ¥ V JOJKHBI OBITH MEPUOTTICCKUMH.

Ecsn nocranoska IKCIIEpUMEHTA TaKOBa, 4TO TOK TEYET TOJBKO B T-HallpaBJieHUU, TO

2
. . Ne€™T
Jy = 07 Jz =

E,, (26.6)

=

E, = OrE,. (26.7)

Takum 06pa30M, B HallleM HpI/I6J'II/I)K€HI/II/I MaTrHHUTHOE I10JI€e HEe MeHACT IPOBOAUMOCTL, HO ITPpH-
BOAUT K BO3HHKHOBEHHIO IJIEKTPHUICCKOI'O II0JId, INEPHEHAUKYJIAPHOIO TOKY MU MalHUTHOMY

0110, D710 3pdpekT Xo1a. XoAT0BCKas KOHCTAHTA ONpeIessdeTcs CJIeIYIONHIM 00Pa3oM:

E 1
vo— (26.8)

- Hj, neec

Ry

Ecyin Bcé-rakm wHTEpECOBATHCSA MaJIOW MOMPABKOW B MPOBOJAMMOCTH OT MArHUTHOTO TIO-

Jid, TO eé MOXKHO OIEHUTH CJIeIYIOMHM 00pa3oM. TpaeKTOpHH 3JI€KTPOHOB B MArHHUTHOM
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110JIe HCKPUBJIAIOTCS (B cJaboM moste 910 caabbiit 9 dekT), mosromy 3a BpeMsi CBOGOIHOTO
npobera 3JeKTpoH OyIeT IPOXOIUTH PACCTOsSHUE [ BIOJb JYIU, a BIOJbL HaIpPaBJCHHS TO-
Ka (T.e. BJ0Jb BHerHero nojs E) — menbinee paccrosiaue. [Tostomy addekTuBHast qiuHa
¢BOOOHOrO MpoOera B HAIPABAECHHH TOKA YMEHBIIAETCs, 3TO JOJKHO MPHBOAUTH K POCTY
COIIPOTUBJICHHA.

B marauTHOM 10JI€ B ILIOCKOCTH TY JIBUYKEHHE ITPOUCXO/IUT M0 OKPYKHOCTH, HMeoIei
JAPMOPOBCKHUH pajinyc
v Cpo

r; = — = ) 26.9
L=q eH ( )
[TycTh MexKIy ABYMd pacCedHUsIMH Ha HPUMECSX JIeKTPOH IIPOXOAUT AYTY C YIJIOBBIM pas-
MepoM 2, Torna | = 2rpp. Ilpu 3ToM BIO/IL HAPABAEHUS TOKA OH MEPEMECTUTCS Ha pac-

CTOSIHUE, PABHOE JIJIMHE XOP/Ibl, Ha KOTOPYIO ONHUPAeTCs Jyra. PazHocTb JJIMH JyT'd U XOP/Ibl

COCTaBJIdeT

3 l 2
2rpp — 2rp sing & TL;O ~1 (-) . (26.10)
rL

Takum obpaszoMm, addeKkTHBHAS JINHA CBOOOIHOrO Mpodera BIOJIb HAIIPABJIEHUs] TOKA OTJIH-
9aeTcd OT | B MEHBIIYIO CTOPOHY HA BEJHUUHY, HMEIOILY IO OTHOCATEIbHbIN mopsaaok (1/rp)? ~
(27)%. B pesy/ibrare 10j1ydaeM HOJOKUTEILHOE TOIePeYHOe MalHUTOCOIPOTUB/IeH!e (Mar-

HUTHOE T10J1e TIePIeHTUKYISIPHO TOKY )

Ap ~ p(Q7)2. (26.11)

XXVII. 9®PEKT XO0OJIJIA B CUJIBHOM MATHUTHOM IIOJIE

PaccmorpuMm mpeeibHBIN caydail CHIBHBIX MArHUTHBIX Tojei, (7 > 1, mig ciaydas
IPOU3BOJILHOTO SHEpreTHyecKoro cnekrpa. Harre pacemorpenue ciaeyer padore [1.M. JTud-

mutt, M. 9. Asbesn, M. Karanos, ZK9T® 31, 63 (1956)]. B 3aade ecth Manbiii mapamerp

v = 1/Q7, u MbI Oy/ieM HCKATb PeIleHne B BIJIE Psijia
V= e e~ (27.1)
k

METOJIOM TOCJIeI0BATeIbHBIX Tpubamkennit. HaMm OyeT BayKHO, YTO MHTErPAJ CTOJKHOBE-
uuit [1(¢) nuneen orHocuTenbHo 1. CHadana Mbl He OymeM MpeanoJaraTh 3aMKHYTOCTh

opOuUT, XOTH MMO3:Ke IMepeiiéM UMEHHO K 9TOMY CJIydalo.
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MaruuTHOe TOJIe BEIUKO, a t; o 1/H, mo3ToMy mepBoe cllaraeMoe B KHH.ypDaBHEHUH

(25.28]) 6oab1Te ocTampHBIX. Takum 06pa3zoM, B HYJIEBOM MPUOTUKEHUN

%o _y,
otq
B nepeom npubanmkenun
O
— =1 = evE.
ot 1(0) = ev
Bo BropoM 1 manbHeHIINX TpUOINKEHUIX
Oy,
atl 1<¢k 1) ) )y
[Torygaem
1/10 = CO;

t1

P = / [11(Co) + ev(ta)E]dty + C = Py + O,

0
t1

Q/Jk:/h(d}kl)dtz—l-ckE@;k—FCk, k:2,3,...

0

(27.2)

(27.3)

(27.4)

(27.5)

(27.6)

(27.7)

Koncranter C' 31ech He 3aBUCAT OT ty, HO MOTYT 3aBHCETH OT € W p,. X MOoXKHO Haii-

TH, ycpeJaHuB 10 Bpemenu ypasuenus (27.3)-(27.4). B cuiny orpanudennoctu i ycpemae-

HEEe POU3BOIHOMN BCeraa AaéT Hy b (B CIydae OTKPBITHIX OPOUT HY’KHO HHTEIPUPOBATH 10

OECKOHEYHOCTH, KaK M HAIMCAHO; B CJAy4Yae 3aMKHYTBIX JIOCTATOYHO ITPOMHTEIPUPOBATH IO

HOJIHOMY HEepPHOLIY ):

_ T
g_;/i - T}EnooTil J g_fldtl = T}iinoo M —0
[losTomy momydaem
—11 (1)) = evVE,
—Ii(¢) =0, k=12 ..
OTKY/Ia
—1,(Cy) = evE,

—L(CY) = L(Yy), k=12, ..

(27.8)

(27.9)
(27.10)

(27.11)
(27.12)



63

OTUMHU YpaBHEHUSIMH OIpeIeNdioTcs KOHCTaHTh .

Tenepb 0T TPOU3BOJILHBIX OPOUT HEPEIEM K CIydalo 3aMKHYTHIX opout. [Ipu atom v,
W Uy TePHOJUYIHBI, TO3TOMY U, = U, = 0. I3 ypasuennsa (27.11) momyuaem, aro Cj MoKeT
3aBUCETh TOJILKO U, .. [losTomy BKJIa b1, IpONIOpHHUOHAJILHLIE [, u Fy, MOTYT OBITH TOJIBLKO

B 11. Belpazkada v, u v, u3 ypabHeHuil JBUKeHUs, I10JIydaeM

t1

b= / ( Do, + 2 E) it + [ [1(Co) + eo.lta) Bt + G = (27.13)
- % [—Ez(py(t1) — py(0)) + Ey(pa(tr) — pa(0))] + / [1(Co) + evs(t2) EL] dby + Ch.

(27.14)

OcraBuimiicst uHTErpaJl B LEJIOM IpoLopiuuonaien F,, obosnadum ero ¢(ty)E,.

Haitném komMmoneHTy TOKA j,.. I3 00rmeit hbopMysIbl A71d TOKa MOJIyYaeM

T
) 2e°H 2e dp
Jx 27Th / pz/¢1 tl (% tl dtl 7Th)3 /dpz/l/)l(tl)d—ldt =

T T
2e ¢ dp c dp
= ) - =y —E - y
(27h)3 /dpz{ H ‘”/(py(tl) py(0)) dl, dt; + q y/(px(tl) px(o))dtl dt+
0 0
T T
dpy dpy
0 ! 0 !

3asucumocts p, ot Bpemenu nepuoandna: p, (1) = p,(0). 113-3a sroro o6pamarorcs B HOJIb:
nepBbIii WHTErpas B GUTYPHBIX CKOOKax, cojep:kamias p,(0) dacTh BTOpOro MHTErpasa u

JeTBEPTHIH uHTerpas. Ocraéres

T T
) 2e c dp dp
=—— [ dp.{ =E, ty) ydt E (t1)—=2dt 27.1

0 0

PaCCMOTpI/IM TY-KOMIIOHEHTY T€H30pPa IIPOBOAMMOCTH:

Dy 2ec
= —=dt d dp, =
Uacy 27TFL BH/ pz/pac dtl 1= 7TFL)3H/ pzj{px py

= m/dpz [Se(pz, 1) — Sn(p=, )] - (27.17)
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3nech Se u S, — ITO IO cedeHuil (PepMU-ITOBEPXHOCTH ILIOCKOCTBIO p, = const Jijis
CIyYaeB, KOTJA BHYTPHU KOHTYpPa HAaXOAUTCS 00JIACTH MEHBITUX WU OOJIBINIMX dHEPTUil co-
OTBeTCTBEHHO. [l ABIPOK MoIydaeTcs APYroi 3HaK, T.K. UX JBUKEHHE MO OpOWTE MPOTH-
BOIIOJIOYKHO JIBUZKEHUIO 3JIeKTpoHA. MbI 1ipejnoaraeM, 4To MOI'yT ObITb U 3JIEKTPOHHbBIE, U
JBIPOYHBIE YIACTKN (PePMU-TIOBEPXHOCTH, M METAJI HEKOMIIEHCHPOBAHHBIN (N # Ny, ).

B pesysibrare maTerpupoBanus mno dp, OyayT MOAYyYAThCd OOBLEMBI UMITYJILCHOTO IPO-
CTpaHCTBA Vp, 3aKJIIOUEHHBIE BHYTPU COOTBETCTBYIONIEH 4dacTu depMmu-noBepxHoctu. OHE

CBA3aHbl C [IJIOTHOCTBIO COOTBETCTBYIOINUX KBasUYaCTHIL, COOTHOIIECHUEM

2V
= 27.18
" 2rh)y (27.18)
[Toaromy
Oay = %(ne —np). (27.19)

Sra GhopMyIa COXpaHAeT CMBICJ TAKKe U B CJIyTae, Koraa (hbepMHI-TIOBEPXHOCTH OTKPBITAst, HO
IIpY JJAHHOM HAIIPABJICHHH II0JIF BCE €€ CedeHus IJIOCKOCTSIMH P, = const 3aMKHYTHL B 3Tom
caydae 1moJ Ve HyzKHO IOHUMATh 0ObEM, OrpaHUYeHHBIH (hepMU-TIOBEPXHOCTHIO U TPAHAMU
30HBI BpuutosHa (BeTUIWHBI 1, U 1), TOTAA MOIYT 3aBUCETH OT HAPABJEHUS MOJIS).

dopmya — PEe3yJIBTAT TEPBOTrO MOPsIKa M0 7y (0OpaTHTe BHUMAHUE, 9TO T BBITA-
JI0, T.K. TIePBbIii TOPSIJIOK 110 Y O3HAYAeT 0 ~ 0¢/T).

Emé ogaum caeacTeuemM pesyabrara IS j, ABALETCS TO, YTO B MEPBOM IIOPSIKE
110 7y MBI HOJIYYUJIN KOHEUHBIH Pe3y/IbTar I 0,.. B TO Ke BpeMs, B pACCMOTPEHHOM HAMHI
IIEPBOM IIODsiJIKE 10 7 ToJydaercd o, = 0. [lostomy o0,, — 110 KpaiiHeil Mepe BTOpOro
opsAIKa 1o 7. PaccMaTpuBasg ypaBHEHHA B CJICAYIONIEM IIOPAIKE, MOKHO yOCIUTLCA, 9TO
TaKOii BKJIAJ JEfiICTBUTENIBLHO €CTh. AHAJOTHYHO TOMYIAETCsS, ITO 0y, X 7, 04y X 2. B 1O
JK€ BPeMH, 0., — HYJEBOr0 IOPSIKA.

Taxum 06pa3oM, BBIIAEAAS SBHO TJIABHBIC MOPSIKH 10 7Y, MBI MOXKEM 3alHCATh TEH30D
IIPOBOIMMOCTH B BUJIC

V2yy Vzy Vs
Ol — 7aym 72ayy 'yayz . (27.20)
VOze VQzy Az
B npenene H — 00 BCe KOMIIOHEHTBI KPOME 0, CTpeMaATca K Hy/ar0. Du3udueckn 310 ¢Bs3a-

HO C JIOKAJIM3aluel 3JeKTPOHOB Ha OpOUTaX, MAJBIX 10 CPABHEHHUIO C JJIMHONH CBOOOIHOIO
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Hpo6era; KOHEYHOCTD K€ 0,, CBd3aHa ¢ TeM, YTO JBHXKeHHE B/J0JIb MaIl'HUTHOI'O II0JId BCerJa

UHGOUHATHO.

Jlng meHzopa conporunieHus (KOTOPbIi 0OpATHBI MO OTHONIEHHUIO K T€H30PY MPOBOJIH-

MOCTH) B IJIABHOM HODSIJIKE 110 7Y MOJIyIaeM

bmc 7_1 bxy bxz

= —1
Pik = | Y ' bye by, bys | (27.21)
bzx bzy bzz
rie
b (yyQzy — gy I 1
T T I Ty — I
Qg Ay Az Qo
Apglzy — QpQzyg 1
byy = ) byz = s (2722)
Ay Aya Az gy
1 a, a
y 2T
bzz = ) b:cz = ) byz = - .
Az QgyQzy Qyp Qi

XO0JIJIOBCKME KOMIIOHEHTDIL Oy U Py, B 9TOM HPUOIMZKEHUN OKa3blBaIOTCH OOPATHLIMH JIPYT
Jpyry. B obiiem ciiydae, KOHETHO, COOTBETCTBYIONNE KOMIOHEHTHI TEH30POB MPOBOIUMOCTH
M CONPOTHBJIEHWs He CBA3AHbBI JIPYT C JAPYTOM TAKHM MPOCTHIM COOTHOIIEeHHEM (o0parmarh
Hy2KHO MaTpuiy). O6parum BHUMaHUE, 9TO Opu H — 00 JHATOHATBHbBIE KOMIOHEHTHI Oy, U
pyy (B OTIIHMHE OT 04, U Oyy) BBIXOJAT HA KOHEUHbIE 3HAYECHHSI.

g KOHCTAaHTHI XOJI1a 0Ty YaeM:

E .1 1
v Puz - . (27.23)

R = —= = =

XXVIII. TEPMOSJIEKTPUYECKWE $IBJIEHWNA

Mpm1 yxke paccMaTpuBaand MPOBOJAMMOCTD W TEIIOMPOBOTHOCTE. Tenepb pacCMOTPHUM CJIY-

vail, Korjila OJJHOBPEMEHHO €CTh U dJEKTPUUeCKoe ToJe, U TPAJUEeHT TeMIepaTyphl:

j=oE+ VT, (28.1)
q=~E+ (VT (28.2)

(mouemy Hammcano (, a He — 3, 00CYUM IyTh MO37Ke).
[TepexpécTabie KOID@MUIUEHTH! 5 1 Y CBA3aHBI COOTHOIIIEHNEM, CJIETYIOTIIM W3 TPUHITHIIA
CUMMETPHUH KWHeTHYeCKnX Kod(ddunuentos Ousarepa. [Ipunnun 3akaovdaercs B ClIeayio-

meM. [lyers K cucTeMe IpuIozKeHbl 0600MEHHBIE CUIBI [, . .., F),, O] BIUAHHEM KOTOPBIX
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B CHCT€ME€ BO3HUKaIOT O606Hl;éHHbI€ TOKH J17 “ e, Jn, CBA3aHHbIE C CHJIaMH COOTHOINEHUAMU
k

HyCTb IIpu 3TOM CUJIBI 1 TOKW ONpeEaeJIEHbl TaKUM o6pa30M, 9TO MPOU3BOAHAA 1TO BpEMEHU

SHTPOIINH CUCTEMBI 3aICHIBAETCS B BUJIE
i
Torga npunnun OH3arepa yTBep:KaaeT, 9T0 MaTpuna K03 GuIneHToB CAMMeTPUIHA!

Yik = Vki- (28.5)

B mamem ciiydae m3MeHeHHe SHTPONUE BO BPEMEHH IIPOMCXOAUT 110 JABYM HpUUYMHAM. 34
cuéT paboThl JIEKTPUIECKOTO TOJSI B eIuHHIe 00bEMa B €IMHUILY BPEMEHH IUCCHITHPYET
sueprus jE. Kpome Toro, n3-3a TemnaoBoro moToka u3 e InHUIb 00bEMa 32 €IMHUILY BPEMEHN

YXOIHUT KOJHIEeCTBO TeIIOTH div q. YuuTbsiBas, 910 0Q) = T'dS, monydaem

. E3_ divqg ;4
S—/Tdr /—T d°r. (28.6)

B3sB 1o wacTsim BTOpPOIt MHTErpaJi, MoJIyIaemM

2 [IE 3 1Y 5
S—/Tdr+/qV(T)dr. (28.7)

Bosbmém B kadecTBe 0GOOIIEHHBIX TOKOB j m q — Torga, cornacHo (28.4), 06o0menmbMu

cwnamn ssasioreas —E/T n —V(1/T) = (VT)/T?. Tlepenncoisas (28.1)-(28.2) B Buze
E vT
j=—-oT <——> + pT? (-) : (28.8)

T T2
() e (). 0

u3 coorHomenust (28.5)) monyuaem
v =—pT. (28.10)

B peanbrOM sKCHIEpUMEHTE Jierdye KOHTPOJMPOBATDH JEKTPUYECKHUI TOK, YeM 3/IeKTpUUe-

cKoe T10Jie BHyTpHu obpasiia. [Tosromy mepernuiiieM cOOTHOTIEHNS B BUJIE

E = pj + QVT, (28.11)
q=1I1j — VT, (28.12)
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rje
1
o o o o
N3 coornomenust (28.10) caemyer, aro
BT
I=QT, sx=-——( (28.14)
o

Jlns peasbHBIX METaJIJIOB IEepBoOe cjiaraeMoe B (hopMyJse Jjsd 3 BCerja MHOIO MEHbIIe
BTOPOTO (B 5TOM MbI yoeauMcs HuzKe). VIMEHHO HO9TOMY, BMECTO JIefiCTBHTEIHHOIO BBIUUC-
JieHust s (B TIOCTAHOBKe 33Ja4i ¢ OTCYTCTBYIONUM JIEKTPUIECKAM TOKOM), MbI PAHBIIE HA
caMoM JieJie BBIYuc/stin —( (T.e. paccMaTpUBaId 3aJ1a4y 0e3 JEKTPUIECKOTrO TOJsT — Ha
CaMOM JIeJie, OHO €CTh, HO UM MOYKHO IpeHeOpedb).

N3 ypaBuenus ceIyeT, 9TO TP HAJIMINAN T'PA/IHEHTa TeMIEPATYPhI JazKe B OTCYT-

CTBHE JIEKTPUIECKOTO TOKa Oy/eT BO3HWKATH djaekTpudeckoe moie E = QVT — sadbdekr

3eebeka, Bo3HUKaeT Tepmo-3.7.c. Eciu 3anucats E = —Vi, 1o noaydaem dopmyiry s
nuddepeHraIbHON TEPMO-3.11.C.:
dip
_ = 0. 28.15
A (28.15)

Haiiném auddepenmaabayo TepMo-3.1.c. (Koadduriment () st #30TPOIHOTO MeTAJLIA
B IIPENOJIOKEHNH YIIPYTOCTH CTOJKHOBeHMI. Kak ¥ IpH BBIYHCIEHHN TEILIONPOBOIHOCTH,
OyzmeM paboTaTh B MPEICTABACHUN KBA3WIACTHII, TOITOMY IHIIEM KHH.ypaBHeHHE B (hopme

[20.5):
of of of _ f—=1l
o +vsgn§ +eEs op — (28.16)

HpI/I‘IéM T dJid KBa3dudacCTul TakKoe 2Ke, KaK J1Jid 4aCTUll, T.K. B HEI'O BXOAUT KBa/JApPaT 3apd/la.

[TpenmotokumM, 9TO €CTh CJ1aboe TEKTPHIECKOe MoJie U CAAObIl IPAJUEeHT TeMIepaTypPhl
(f = fo+ f1, fi < fo). Torna B seBoii yacTu KWH.ypaBHEHUH OCTAIOTCS BTOPOil W TpeTwii

wieHbl (B KOTOPBIX (DYHKIIUIO pacipe/ie/ieHus] HYKHO B3sITh PABHOBECHYIO), KOTOPbIe HMEIOT

B
ngn§ﬁ =vsgné (afo) VT = — 3] (8f0) sgné(vVT) = —% (%) (vVT),

or 9l¢| 9l¢]
(28.17)
cE sgnfaa—{f = eEsgné (g@) %f)’ = (S‘J;) eEv. (28.18)

4 HamoMuHaTKA:

1 of _ I¢l <5fo> 23

h=gamv ar =~ 1 \ale) o
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HOSTOMY KHH.YpaBHECHHE IIPDUHUMAET BUL

(%) [eEV - %(VVT)] = —é. (28.19)

ILnorHOCTD AJIEKTPHIECKOTI'O TOKaZ[T_SI

i=2 [esmo) Sgnf)fl / i

0 0 d§2
= —262/V<VE>TI/( )8|J;O\ d£— + 2e /V(VVT)TV(S)%WJQCZ yr
o 2¢? dfo £ dfo
= —?E/?}QTV( )a|€|d§ /UQTV(€)?wd§. (2820)

[IpaBas gacThb 31ech comep:kKuT KodddunuenTtol o u 3, cm. (28.1)).

[Tockosibky
dfo 1 1
=0 - 28.21)
¢ (
8[§| 4T ch >F
npu T — 0 maér —0(§), AJst 0 moJaydaeM yzKe W3BECTHBIH HaM pe3ysbrar |[cMm. dhopmyiry
(119.7))]

o= —(*TV),. (28.22)

DopmyJaa st  IpH HAJIXYUE SJIEKTPOH-IBIPOIHON cuMMerpun (€ <> —&) naéT Hyab u3-
3a HEYETHOCTH TOJBIHTETPATBHOTO BbhIpakeHud 10 . [losToMy HYKHO yUHTBHIBATH CJIabyIO
aCUMMETPHIO:

(v*71v). = (vi1V), +£ (v TV ) - (28.23)

Torma Mbl MOJIyYaeM HHTErpaJ BHIA, ¢ KOTOPBIM Mbl YK€ BCTPeEYaIUCh [cM. DOopMyIry

(20.10)|:

5= 2€dUTV /528]"0 _ 2 d(v? TV)H.2T2/00x2dI:_%M.2T2_W_2_
|| 3T du ch?z 37 du 6
2r? _d(virv)
__r " 98.24
0T (28.24)
B
pe3yJibrare o _5 B 2T dln(UQTV)M (28.25)
o 3e du ' '
15 Menonpayem
3
i L
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Jlnst caydas, KOrJia Mbl paccMaTpUBaeM CBOOOTHBIE 3JIEKTPOHBI, PACCEUBAIONINAECS Ha MPH-

MecsTX, 3aBUCUMOCTD OT [ TIOJT TPOU3BOIHON CJIe y0IIast:

T = %, [ o const, VX VX /L (28.26)
[TosTomy
%;T”)u _ % (28.27)
Torma monydaem o
Q= 5 ; (28.28)

Tenepb MOKHO BepHYThCA K bopmyiie (28.14) 1 00bACHUTD, HOYeMy MbI CUUTAIH 3 R —(.
Cornacho 3akony Bujgemana-DpaHiia, BEIYUCIABIIAICS HAME 3 (KOTOpasi, HA CAMOM JIeJie,
—(), uMeeT MopsiIIoK

1

’ ~ ;O‘T. (28.29)

B 10 ke Bpems, cortacuo ([28.14)), Mbl penebpersin cieayroneil BeJTnanHoi:

27 1 \?
BT Q2o ~ —oT (-) , (28.30)
o e L

9TO ONPABIAHO B CHJIY MaJoro napamverpa 1'/pu.

MamocTh TepMOJIEKTPUIECKHX SBJIEHUIT IO 9TOMY mapaMeTrpy — oormee gBieHne. OOBIYHO
OBIBAET TaK, YTO MPU HAJTWMIWH JIEKTPOH-TBIPOIHON CHMMeTPUH IDPMEKT 3aHYIIeTCs, & YIET
cIa00i aCUMMeTPUH JTaéT MMEHHO TaKyI0 MAJOCTbh.

D10 BCE OBLIO JI/Ist M30TPOIMHOTO MeTaJjia. B obiem ke cirydae BMecTo hopmy.t —
Oy/IyT aHAJOTHYHBIE BbIPAYKEHUS C TEH30PHBIMEU KO3 umenTamu:

E; = Z PikJk + Z Qi ViT, (28.31)
k k
G = Z Wik gk — Z #iViT. (28.32)
k k
[TpuHnun cuMMeTpur KHHETHYEeCKUX KOIDMPUITMEHTOB B 3TOM CJIydae COODIIaeT, 9To

Pik = Pki; Hik = Hi, Wik = T Q- (28.33)

XXIX. TEPMOMATHUTHBIE ABJIEHNA B CJIABOM MATHUTHOM ITIOJIE

Ecin x merasy mpuioKeHO MarHuTHOe moje, To ypasuenust (28.31))-(28.32)) coxpans-

I0T CBO# BHUJ, HO KOI(DDUIUEHTH HAYMHAIOT 3aBUCETh OT MArHUTHOTO 1oJid. [Ipu BbIBOjIE
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HPUHIUIIA CUMMETPUU KHHETHYECKUX KOIDPUIUEHTOB HCIOJIb3YeTCd CHMMETPHUs ypaBHe-
HUH MEXaHMKH 110 OTHOIIEHHUIO K OOPAIleHHWIO BPEMEHH, IIO9TOMY HYKHO YU€CTb, U4TO IPH

TaKoOM OOpaIleHn: MATHUTHOE TI0JIe MeHgeT 3Hak. B pesynbrare, BMecto ([28.33]) momyaaercs
pic(H) = pri(—H),  su(H) =504(-H),  Ii(H) =TQk(—H). (29.1)

Hanvyane MarsuTHOTO MOJI MPUBOJIUT K aHU30TPOIUN JazKe B CIydae H30TPOIMHOT'0 MeTaJl-
Jla, O3TOMY COOTHOIIEHUS OCTAIOTCH TEH30PHbIMU. B TO ke BpeMsi, HEKOTOpPOe YIIPOIIeHue
BO3HUKAET, €CJU OrpaHnyduTbesd Juneinbivu 1o H wienamu, yaursiBas, uro H — akcnasib-

Hblit BekTOp, Toraa Kak K, V1, q u j — nossgpubie. [1o3ToMy B mpaBbIX 4acTdX ypaBHEHUIH

(28.11))-([28.12]) moryT mumb mostBuThes wiens [H X jl u [H x VT:

E = pj+ R[H x j] + QVT + N[H x VT, (29.2)
q=1j+ B[H x j] — VT + L[H x VT]. (29.3)

W3 npunnuna cumverpun KuHeTn4deckux kodddunmentos ciaemyer, aro B = NT. Oraocu-
TeJIbHBIA HOPSIOK HOBBIX BKJAIOB B 9TuX ypasHenuax — 7. Hanpumep, RH/p ~ Qr.
Bnech cuauT Kyda pasHbix agdekros. [lycts H cmorpuT 1o z, a TOK Tedér BIOIL T.
Bropoii 4nen B — 910 3derr Xomna (mpu yeaosuu VT = 0) [obparure BHUMAaHUE:
paHbIe MBI HOJMyYaau coorHomenns R = 1/0,,H, 0,y ~ 00/, OTKyna cieyer npuse-
néHHas Bhire onenka RH/py ~ Qr|. A ecan mocraButh ycaosue g, = 0, T0o 370 Oy1er Tak

HazbiBaeMbIit ajgunabarudeckuit apdexkr Xosuia:

BHj,
gy~ BHj, —xV,T =0 = V,T~ %j : (29.4)
O3TOMY
B
E,~ RHj, +QV,T = (R + %) Hj,. (29.5)

[Toste o ocu y MoOXKeT GHITH CO3MAHO He TOJBKO TOKOM 10 = (3ddekr Xosra), HO u

rpajuenToM remueparypst o . Ipu yerosun j =0, V, T = 0 u3 (29.2)) moxyaaem
E,= NHV,T. (29.6)

910 HazwbIBaeTcs dhdexkTom Heprera.
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XXX. TEPMOMAT'HUTHBIE ABJIEHNA B CUJIBHOM MATHUTHOM IIOJIE

B paszaene [XXVII} nocsaménnom sdbdexty Xosia B CHIBHOM MATHUTHOM TOJI€, MBI BbI-
YUCJIAIM TEH30PBl Oy, U P = 0, B upegese Q7 > 1. MOKHO BBIMUC/IUTD U JAPYTHE TEH-
30pHbIe KO3(DDUIUEHTHI B YPaBHEHHUAX — B 3TOM mpejesne. Ycaosue 27 > 1
mojipasymMeBaer OOJIBIIYIO JUIMHY CBODOIHOIO Ipodera, Mo3TOMY €CTeCTBEHHO PacCMOTPeTh
CAydYail HISKHX TeMIIepaTyp, KOTJa pacCcesHue 3JeKTPOHOB Olpejensercs mpumecaMu. [Ipu
9TOM CTOJKHOBEHHS yIpPYTHE.

[Toctynas amagsornano BeiBogy (28.19)), Mmozkem nmpuBecTr o6miyto 3anuck (20.5)) Kuu.ypaBHenus

JJIs KBa3U4aCTUILl K BUJILY

of § dfo
—— — lerp —_ — —_ — —_. 1
o, I (f1) |:€EV T(VVT)] Jie] (30.1)
B fi momxubl 661Th BKIasbl oT E u VT, mostomy Oyner ucKaTh €€ B BHIE
afo 5 afO

[TocKOMBKY CTOMKHOBEHHS YIPYTHUE U SHEPTHUSA COXpPaHSeTCd, B HHTerpaJje CTOJKHOBEHMIT
MHOYKHTEJIN, 3aBUCAIINE OT SHEPIUH, BBIHOCATCS 3a 3HAK WHTerpaJa. B pesyabrare, 1 u @;
VJAOBJIETBOPAIOT OJIMHAKOBBIM ypaBHEHUSIM BHJIA

i
oty

— Ieo (W) = v;. (30.3)

Tak Kak rpan.yciioBust jijist 06enx dbyHKIME 0MHAKOBBI, IOy 4aeTcst, 4T0 DYHKIHHA TPOCTO
PaBHbBI JIPYT APYTY,
Vi = ;. (30.4)

Ecau ot dopmyn ais j u q nepeiitu K 3amucu (28.31)-(28.32), B koTopoit Bipazkensr E
U (, TO IOJIYYAETCS CBA3b MeXKY TeH30paMM JUHEHHOTO OTKJIMKA:
Pk = 0 Qik = — Zpilﬁm (30.5)
1
Iy, = Z Vil Plks Hik = Z%zﬂlmﬁmk — Gik- (30.6)
l I,m

Kak u B pa3gesie mpo TepMO3IeKTprIecKue IBJIeHnd, MOKHO IOKa3aTh, YTO MEPBOE cIarae-
MO€ B IIPaBoil 9acTu pOpMYJIBI /I 3¢, Maao 1o napamerpy (T'/u)?, mostomy

2T
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Takum obpazom, 3akoH Bumgemana-®panna s ciaydad YOPYrUX CTOJKHOBEHUI MMeeT
MECTO W IPHU HAJUYIUU CHJIIBHOTO MATHUTHOTO TIOJIS.

[TosTOoMy 3aBHCUMOCTH OT MATHUTHOTO TMOJS Y 3¢, TaKas e, KaK y 0, — CM. POpMyJTy
, KOTOPYIO MbI MOJIyYn/in, paccmarpubas 3¢ dext Xoj1ia B CUJIBHOM MArHUTHOM II0/I€.
B gacTHOCTH, KOMIIOHEHTBI 24, U 2, (171 CIydasi, KOI/a 2 HAPABJIEHO IO MAIHUTHOMY II0-
JII0) [l 3AMKHYTHIX TpaekTopuil yobiBator kak 1/H2. TIo3TOMY MarHUTHBIM T10JIeM MOYKHO
NOJABUTH JIEKTPOHHBIHM BKJIAJ B TEIJIOMPOBOIHOCTD, BBIIETUB, TAKUM 00pa3oM, (DOHOHHYIO
TEIJIONPOBOJHOCTh (KOTOpast OT MAPHUTHOTO MOJIsl HE 3aBUCUT). A BBIKJIIOUUB MOJIE, MOYKHO
YBUJIETH JIODABKY OT 9JIEKTPOHOB.

Teneps paccMOTpuM TEH30P TEPMO-3.71.C. ()i, KOTOPBII BBIPpAYKAETCA Uepe3 P U k.

Tenzop [, (Kak MOKa3aHO B peleHnH JOMAIHell 3a/a9i) 3aBUCAT OT MATHUTHOT'O TOJIST TAK

JKe, KakK 0, — cM. dopmyary (27.20):

VCow  VCay VCaz
Bik = | =vcay Y2y YCye (30.8)

—VCaz —’chz Czz
— 3J1eCh Mbl YU4JIHd aHTUCUMMET DU HeJUarOHAJIbHBIX 3J€MEHTOB 110 IlepecTaHOBKE UHIEKCOB
(cencrBue npuniuna OH3arepa W JUHEHHOCTH [0 MATHUTHOMY MOJH0). JIOMHOXKaeM cieBa

Ha —p; |caydail 3aMKHYTBIX TpaekTopuii Ha nosepxHocTd PepMu B HEKOMIEHCHPOBAHHOM

merasuie, cM. opmyy (27.21)], nonyaaem
Vew VWay Vaz
Qi = | Wy Vyy Vye (30.9)

VWex VWay Vzz

IIpu sToMm
Vaz = bupyCay, (30.10)
Vyy = —byaCay, (30.11)
1 y9UTHIBad aHTUCHAMMETPHIO by, = —b,,, TOTydaem
Qe = Quy = bayCay. (30.12)
Y nac

By 17T 0
By ATT O 30.13
= 2 = 2 (3013)
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a byy CBA3AHO € COOTBETCTBYIONMUM KO3bdHIMEHTOM B TeH30pe 0y, [cM. dbopmysr ([27.20)),

(27.22))|, B pesyabrare yero

1 1 1
by = —=—"—"=—""—. (30.14)
Oya Ay Ouy/"
Takum obpazom,
7T 0
Qxx ny ?@ In Oxy (,U) (3015)

A IIOCKOJIbKY B CJIy49a€ 3aMKHYTbIX TpaeKTOpI/Iﬁ B HEKOMIIEHCUPDOBAaHHOM Me€TaJljie 'y HaC

noaydasnachk popmysta (27.19)) a1 X0I0BCKOR TPOBOAUMOCTH, HAXOIUM OKOHYATEIHHO

Qa:ac - ny = _6_ hl[ne(,u) - nh(lu“)] (3016)

B pesysbrare, nmonepednast TepMo-3./1.C. H30TPOIHA, HE 3aBUCAT OT BPeMeHH CBOOOIHOIO
npobera u OIpPemessieTcsl TOJBKO IHePreTHYeCKHM CIeKTpoM. [Ipom3BogaHast, BXomdmas B
a1y dopmyiy, XapakTepusyer crnekTp (a mosydenHas (opmyna Jaér cnocob onpeaeauTh

9Ty XapaKTEPUCTUKY U3 SKCIEPUMEHTA).

XXXI. HOPMAJIbHBIN CKUH-3®DEKT

PaccMoTpuM MeTasT B BBICOKOYACTOTHOM 3J€EKTPOMArHUTHOM moJie. (OKa3bIBaeTcs, ITO
IPU STOM TOJIe TPOHUKAET TOJIBKO B TTPUIOBEPXHOCTHBIN CJIOH MeTa/lla — 3TO HA3bIBAETCS
CKUH-3PDEKT.

PaccmoTpuM cHavasta ciaydail JOKaIbHOTO COOTHOIIEHHS MKy MOoJeM H TOKOM, j = oK
(3TOT cayuail Ha3BIBAETCS HOPMAJIBHBIM CKHH-3(DMEKTOM; JIJIS MPOCTOPBI CUATAEM MeTaJLT

M30TPOTHBIM). YpaBHeHuss Makcpesia:

1 0H
tE= - 2= 31.1
ro c ot’ (B1.1)
ir, 4
rotH= —j=""4E. (31.2)
C C

Tokamu cMmernenust TpeHe6pers (B MeTaLIax 9T0 Xopoliee IPUBINKeHne IPU He CIUITKOM
BOJIBIIKUX IACTOTAX).
ITpe/mosiaraeM CJIeAYIONLYI0 TEOMETPHIO: MeTa/l 3aHUMAeT MOJYIPOCTpaHcTBO & > 0,

BOJIHA ITaJlaeT 1o HopMaJu, npuuéMm E nanpasieno nmo y, a H — o z.
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Bysiem uckarb perenue, mponoprmoHasibaoe exp(ikr — iwt). Ilogcrasiasem, moaydaem

ikE, = “H,, (31.3)

c

4
—ikH, = —"¢E,. (31.4)

c

[Toxcrapasist 0JHO B APYTO€, HAXOANM BOJHOBON BEKTOP:
dmiow . 2mow .

kQZT, k:k1+Zk2: 2 (1"—2) (315)

[1yOuHa TPOHUKHOBEHHSI [OJIsT B MeTAJI (TOJIIHHA CKIH-CJIOS ):

1 c?

- ko ~V 2row

(31.6)

CpoiicTBa MeTa LJIa B BLICOKOYACTOTHOM JIEKTPOMAIrdUTHOM I10JI€ XapaKTEePpU3YeT IMOBEePX-

HOCTHBIN UMIIeJAHC Z (KOMILIEKCHAS BEJHIHHA):

7_ _BlO)

ijy(x)dx

R — akTuBHag 4acTh uMIeganca, X — peakTuBHasd. /[jig ux onpejeieHus MOKHO U3MEPATh

— R—iX. (31.7)

AMILTUTY/Y U a3y BOJHBI, OTPAKEHHON OT MOBEPXHOCTH MeTasia. Vi u3aMepsaTb n3MeHeHue
CBOMCTB pe30HATOPA IPHU IOMEIIeHHH B HEro o0pasia KOHEIHBIX pa3sMepoB. AKTHBHAS 9acTh
R Tak:ke MOKeT OBITH HaiieHa MO BBIAEICHUIO TEIlIa B MeTaJjlle, T.K. OHA ONpeIe/sieT OTepH
SHEPI'UH BOJIHBI DU OTPAYKEHUH.

DTO onpe/ieseHne MOBEPXHOCTHOTO NMITEIAHCA MOYKHO TPeodpa30BaTh K APYTrOMY BHJLY C

oMot ypaBaenust Makcsesta (31.2):

E,0 47 E,(0
7 = % = _WHy—EO; (31.8)
c ¢ 11,
A ¢ momomipio ypaBuenus Makcseia (31.1) Temepb MOXKHO HAIIUCATD
47 E,(0 4
_ B _ dre (31.9)

T ¢ H0) 2k
O6pature Banmanue, aro dopmyas! (31.8) u (31.9) cipaBeauBbl pu J060i CBSI3M MEZK LY
juE.

B ciayuae xe J0KagbHOI CBs3H, noacTasss (31.5), Haxoanm

drw 27w
Z =\— =/—(1—1). 31.10
\/ic% 2o (1-4) ( )
Takum, oOpa3zoM B cjlydae HOPMaJIbHOrO CKUH-3pdeKTa nmeeM
2
R X — /2™ (31.11)

c2o
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XXXII. AHOMAJIBHBINI CKUH-9®DEKT

N3 dopmyn (31.6) Buano, 9To TiIybMHA CKHH-CJIOS O JIOJIZKHA YMEHBIIATHCS € YMEHb-
MIEHHEeM TeMIepaTyphl (H3-3a pOCTa 0), a Tak¥kKe ¢ yBeJudeHneM 4acToThl most. C apyroi
CTOPOHBI, IIPU MOHUKEHUH TeMIIepATyPbl pacTeéT jIjinHa cBOOOHOTO 11pobdera [. [Tosromy npu
HU3KUX TEMIEPATYpax M BBICOKUX 9acTOTaX 0 MOZXKET CTaTh MeHbire [. B arom ciaygae Jio-
KaJIbHAS CBsI3b TOKA C TojieM j = o, ocHOBaHHAs HA TPEIIOJOKEHUN OTHOPOIHOTO MO,
nepectaéT paboraTh, T.K. [I0JIe CTAHOBUTCHA HEOIHOPOIHBIM Ha MAacIITabe JJIUHBI CBOOOIHOIO
npobera.

Paccmorpum mpenen 0 < | — 3ToT caydail HA3BIBAETCS aHOMAJIbBHBIM CKHH-3(MMEKTOM.
[IpoBesém yupoménuoe paccykJeHue, KOTOpoe 3aTeM IOJITBEPJAUTCH PACYéTOM Ha OCHOBE
KUH.ypPaBHEeHHs. ByjeM canrarh, 9TO B CKHH-3(DdEKTe yIACTBYIOT JIUIIb 3JTEKTPOHBI, TBU-
JKYTIHECs] TIOYTH MapaJiie/IbHO TPAHUIE, & CJIeOBATEIHLHO JTOJIT0 HAXOSIIUECS IO 1eiiCTBI-
eM JIEKTPUYECKOT'O I10JId ¥ TaKUM 00pa3oM oTOHUpalIoIue Y BOJHBI JacTh €€ suepruu. Te xe
3JIEKTPOHBI, KOTOPBIE JIBUZKYTCs MOJ, KOHEYHBIM (He MaJbiM) YIJIOM K IPAHUIE, OBICTPO T0-
KHJIAI0T 00JIaCTh CKMH-CJIOS, H MBI OYJeM CUUTaTh, YTO B CKHH-3(M(EKTe OHU He YIACTBYIOT
(HeabdekTuBHbBI ).

JloJtst TaKMX 3JEKTPOHOB B CJIydae W30TPOIHOTO CIIEKTPa PABHA JI0JI€ TEJIECHOTO YIJIa,
B KOTOPOM JIEXKAT WX HMITYJIbCHI. BbIOepeM TOJSIPHYI0 CHCTEMY KOOPJAWHAT TaK, 9TO TI0-
BEPXHOCTH — ITO YKBATOPHUAIbHAS MJIOCKOCTh. EC/IN UMITYIHC 97I€KTPOHA, MOUTH Hapasiie eH
ILIOCKOCTH, OH OCTAéTCsl TAKOBBIM HA JIJIHHE CBOGOIHOrO mpobera (3areM 3JeKTPOH PaCcCeu-
BAETCS MO/, BOODIIE TOBOPst, GOJIBIIMM YIiIoM). [109TOMY Takue 3JeKTPOHBI 3aHUMAKOT HH-

repBast df ~ 6/l upu 0 ~ 7/2, a 3na4ur
dQ) ~ 27 sin 0df ~ 2w /l. (32.1)

[TnorHOCTH 3bGEKTUBHBIX (yUaCTBYIONNX B CKIHH-3(D()EKTE) 3JTeKTPOHOB TOIA €CTh

dQ o
5 ~ e~ ~ TNe. 22
Mooy ~ T ym ln (32.2)

[TockoJIBKY MPOBOJUMOCTD IIPOINOPIHUOHAILHA YHCAY JEKTPOHOB, 3hdeKTuBHAS MPOBOIU-

MOCTDb TaKzKe JOJIZKHa OBITD IIO0JaBJICHA:

o o
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I3 gectHOro pemenus (cm. pazzges XXXII) okasbiBaeTcsi, YT0 MOXKHO 3alUCATDH

ooy = 10—, (32.4)
kl
rje a ~ 1 — neiicTBUTEIbHBIN KO dunuent. 3aMena ko Ha k clpaBejIMBa 110 HOPSJIKY
BEJIMYUHBL (TAaK OBLIO B HOPMAJIBLHOM CKHH-I(deKTe, TaK OKAXKeTCss U B aHOMATBLHOM). ITo-
9TOMY HETPUBHAJILHOCTH (DOPMYJIbI B TOM, YTO KOMILIEKCHAs CTPYKTYPA Tygg TaKaL
JKe, KaK y KoMOuHAnuu i/k. D10 HeJb3s yraJaTh, 370 OePETCst U3 YeCTHOTO perrennst (03:Ke
MBI TO MOy 9IUM).
Bozbpmém Tenepb hopmyty 115t k2 M TIOJCTABAM B HEE 0ygq, BMECTO 0. [lomyuaercs
ypaBHenue Ha k, KoTopoe JaéT
1/3
k= (WTW) P s (32.5)
c?l
3/iech MBI OIpEJIEIEHHBIM 00pa30M BbIOpaJiM KyOudecKuii KopeHb u3 —1. 9710 ObLIO cle-
JIAHO U3 YCJOBUs YOBIBaHHUs pellleHus Hpu x — o0o. OOpaTuM BHUMAaHHE, YTO IO MOPSIIKY
BeJINYUHEIL k; U k9 COBIATAIOT.
[nybuna ckuH-CJ108 — BeJIMYMHA, OOpaTHasd MHUMO YacTu k, M03TOMY
2l 1/3 1

0= dTaow sin(m/3) (82.6)

B 1o :xe Bpems, nojcTaBiss k, I MOBEPXHOCTHOI'O UMIIEIAHCA TIOIYYaeM

AT w Ar\ 7 TN L 2\ rrwn2s (1P
= —_—— = _— —_— —271'/3 = —_ —_— —_ — 9
Z c k < c? ) (aa) ‘ (a) <02> (0’) (1-iva).  (327)

BazkHbie ciiejicTBHS:
o 7 o w?? (a mpu HOpMATBbHOM cKHH-3DdeKTe 66110 Z o< w'/?)
e X = /3R (a upu nopmaibnom ckun-scddekre 6p110 X = R)

o Kombunamusa o/l = n.e?/py He 3aBUCHT OT TEMIEPATYPbl U OMPEICIACTCS TOJIBKO

JIEKTPOHHBIM CIIEKTPOM.

12, On JOJ2KeH HaYMHAThCH JIMHEM-

Mozkno nocrpouth rpaduk sasmcumoctn B! ot o
HBIM y9acTKOM (HOPMAaJbHBI CKHH-3}EKT, BHICOKHE TeMIepaTyphl) a 3aTeM BbIXOIUTH Ha
KOHCTaHTY (aHOMAJbHBIN CKUH-3(DhEKT, HU3KHe Temreparyphr). Takas 3aBHCHMOCTD Jieii-

CTBHUTEJILHO Ha6JHO,ILaeTCH B 3KCIIEpUMEHTE.
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OnenuM, Ipu KaKUX 9acTOTaX MOXKHO HAOJI0aTh aHOMAaJIbHBIM CKHH-3(MdeKT. BosbMéM

dbopmyay (31.6) ais § u morpebyem 0 < [. D10 maéT

2 2 2h(312n,) /3 137 /3\ /3
e C ¢ (7rn) _ 3 < (32.9)
2wol?  2mnee?l? 2mnee?l3 2 \7 n??l
Bzas n. ~ 10%2 cm3, mosydaem B IpaBoil 9acTH IPAMEPHO
137 (3\'/? 100 31072 eu®
=22 ~_C 200 o =2 (32.9)
2\« n??l (1022)2/3]3 ¢ B c

Jng caydas | ~ 1072 em (Taxoif, HanpuMep, MOKeT GBITH JJIMHA CBOOOJHOrO Ipobera B

06JIaCTH OCTATOYHOTO COMPOTUBJIEHHS ), TOJIYIAeM w > 107 ¢~ 1.

XXXIII. AHOMAJIbHBI CKUH-3®®EKT. PEINIEHUE KNH.YPABHEHU S

Bynem paccmarpuBarh npegen 6 < [ W IPH 3TOM CIUTATH METAT AaHH30TPONHBIM (T.€.
OJIs U TOKH JIeZKAT B IJIOCKOCTH Y2, HO HE 00A3aTeIbHO HALPABJICHDI BO/Ib OUPEICIEHHBIX
oceif). Ha camom ferte, emnié mam monagoburcs yeaosue 0 < vp/w. Ciaydail BBIIOIHEHHS
STHX JIBYX YCJIOBHI HA3BIBACTCS MPEICTBHO AHOMATBHBIM.

CJ102KHOCTD AHOMAJILHOIO CJLydast CBSI3aH C TeM, YTO CBsi3b TOKA U 10Js Lepectaét ObiTh
nokasbHoit. Haftném o1y ¢BA3b (OTK/INK TOKA Ha cjaboe JIeKTPHYIECKOe MOJIe).

DYHKIUIO paclpeie/IeHus UIEM B BUJIE

_ 9
f=to- oy, (33.1)
rorad ] & 2 ds
. P 2
Jo = 2€/Uaf(27rh)3 = ) /UOﬂﬂ?, (33.2)

rJie Mbl yaIn, 910 0 fo/0e &~ —d(€ — 1), B OCTAIOCH HHTETPUPOBAHEE 110 (DEPMHU-TTOBEPXHOCTH.
VY ja €CThb TOJBLKO KOMIOHEHTHI Y U 2.
Kun.ypaprenne HanumeM B Toil ke dpopMe, KaK MBI IIHCAJINA PaHBIIe JJIs CIydas pacce-

AHULA Ha IIPHUMECAX:

g—l—va—f—%eE

o f—h
ot or op T

(33.3)

16 Hanomanm npeobpa3oBanne HHTErpasa [0 UMITYJIbCaM K HHTErPATTy [0 W309HEPreTHIeCKOi TOBEPXHOCTH
u 1o sHepruu [cM. [18.15):

d*p = dsﬁ
v
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Ha camomMm jese mucarh MHTErpaJl CTOJKHOBEHHII B Takoit (popMme s aHU30TPOIHOIO Me-
Tas1a Hesb3sg. Ho! Bo-mepBoix, B mpenebHO aHOMAJIBHOM CJIydae OTBET BooOIme He Oymer
3aBHCETH OT 7. A BO-BTODBIX, OKA3bIBAETCSI, YTO B HAIIEM CJIydae MHTErpPaJ CTOJKHOBEHUI
JIEHCTBUTEJILHO UMeeT TaKylo (hOpMYy, TOJILKO T 3aBUCUT OT P.

[Moncrapass ciona f, noayvaem KuH.ypasHeHue B Buje (y E, €CTh TOJbKO KOMIOHEHTHI

Y U 2Z; OT BpeMeHU BCE 3aBHUCUT KaK e_w)

0
— w + vx—w + f = eB,v,. (33.4)
or 7
Henmm Ha v, TepeMUChIBaeM B BHE
oYy Y Vq 1 1 /1
— + — =eby—, —=—|-= 33.5
83: + Lx € Ve Lx Vg (7— Zw) ( )
Mero/1 Bapualiuu 1pou3BOJILHON TOCTOSIHHOMN:
w(x) = A(w)efx/Lz’ Ale—t/lz — eEaU—a. (33.6)
Vg
B pesysnprare Haxoaum perneHne
Y(x) = et /eEa(wl)U—ae“/LIdml. (33.7)

c

Koncranty C' HyKHO HaXOIUTh W3 TpaH.ycaoBuil npu x = oo u x = (. Bo-mepBoix, 1) — 0
upu r — 00. Bo-BTOpbIX, JIOJKHO ObITH I'PaH.yCJ0BUE HA CBODOJHON HOBEPXHOCTH, KOTOPOE
3aBUCUT OT THIA MOBEPXHOCTH.

Mui 6yjiem nipejinosaraTh, 9TO CBOOO/IHAS TOBEPXHOCTD 3epKaJibHast. 1oraa B M30TPOITHOM
MeTaJlle IIPU OTPasKeHHU Py U P, COXPAHSAJIUCH Obl, a p, MeHAI0 Obl 3HaK. B anuzoTponnom
caydae BCE HEeCKOJBKO cioykHee. [I0cKOTBbKY MOBEPXHOCTh TPAHCIAANMOHHO WHBAPDWAHTHA B
IVIOCKOCTH Y, KOMIOHEHTHI Py, U P, MO-IPeXKHEMY COXPAHAIOTCA. A BOT BMECTO H3MEHEHHST
3HaKa P, Telepb HaJo TpeboBaTh coxpanenue dneprun. OO603HAUUB OTPAKEHHOE 3HAYEHUE
3a p.,, MBI Tpebyem

e(Pas Py, D2) = €Dy, Dy, P2)- (33.8)

B m3orpomroM ciaydae 66110 OBl pl, = —p,, HO B OOIIEM CIydae 9TO HE TaK.
Bocnosipzyemcest Tem, 9T0 B Ipeie/ibHO QHOMAJTLHOM CJIy4dae HaM BayKHbBI MOYTH KaCATE b
HbIE TPAEKTOPHUH, ¥ KOTOPBIX U, A2 (. DTO 3HAYUT, UTO

Oe

a_pm = Uz = CL(py:pz) (pac - Q(py;pz>> ) (339)
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OTKYIa
_ a(py, p-)
2

113 coxpanenus p, U p, IpU OTPAKEHUN CJIeJyeT IPUMEePHOE COXpaHeHue v, ~ Je/0p, U v, &

3 (pe — a(py, 2))* + €Dy, p2)- (33.10)

0¢/0p,. Yo ke KacaeTcst v,, COXpaHEHHEe YHEPIUU TIPU Tepexoe oT v, < 0 K HEKOTOpOMY
vy > 0 o3magaer, 9To npu 3roM KoMbunauus (p, — ¢(py, p.)) Menser 3uak. Cie10BaTe/IbHO,
vy = a(py,p:) (P2 — q(py, p>)) Menser 3nax. PyHKIUSA PACIpeNETEHHS IPH OTPAYKEHHN HE

MEHLETCH, OITOMY Ha 3ePKaJbHONW IPpaHUIe JOJKHO OBITDH

#(Umavyavz):: ﬁ(__vxavy7vz)~ (33.11)

I'pan.ycsioBue nipu x — 0o onpegesnser koactanty C npu v, < 0. JleiictBuresbHO, B 3TOM

z/Lg

caydae e~ pacTér Ha OECKOHETHOCTH, TI0ITOMY Heobxoaumo bpats C' = oo:

x

Yo, <0 I/eEa(Il)v—ae(xlx)/lefﬁ- (33.12)

x
[e.9]

—z/Ly

IIpn v, > 0 3kcmoHeHTa € yobiBaeT na Geckoneunoctu. A koncranta C' JI0KHA

onpesessiThes U3 rpan.ycjaosusd npu ¢ = 0:

/Ul‘ x

0 0
/eEa(atl)U—ae“/L”dxl = —/eEa(xl)v—ae_“/L”datl, (33.13)
v
c )

riae B HpaBOIU/I JaCTW MBI HallUCaJN TaJalOIe Ha T'PaHUILY YaCTUIIbI (OHI/I COOTBETCTBYIOT
—v, < 0, 1 MBI 5TO YWIH, B YACTHOCTH, W3MEHUB 3HAK L,). Mbl UMeeM JIeJ10 ¢ HEKOTOPhIM
pacmpeesenuem mossi E,(r) BayTpu obpasna, T.e. mpu x; > 0. Hasaitte orobpasum 310
pacmpeaeaeHne CAMMETPUYIHBIM 00pa3oM Ha obacTh 1 < 0 U caemaeM 3aMeHy Ty — —Iq B

uHTerpaJie B npasoit yactu. [Ipu 3ToM Mbl IOJIyYHM TOYHO TAKOH yKe HHTerpaJji, Kak u CJIeBa,

TOJILKO MHTErpupoBanue uaér or —oo. [losromy C' = —00, U B pesyabrare
Vo T —T
Y, >0(2) = / eEq (1) el = Py (33.14)

[Toacrapisiem HaiileHHBIE TIPU PA3HBIX 3HAKAX U, pelieHns B GOPMYJLy JJIsi TOKa U 000-

3HAYAEM Ny = Vg /Ut

T o0

) 2e? NN ez NN ez
o = Gy /dS - 8 /Eﬂ(ml)e ( 1>/de$1_/ as" B/Eﬁ(xl)e (e=21)/ Lo g,

ng >0 —00 ng <0 T

(33.15)
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B nocJjaeaHneM HHTerpaJie HSMEHHM 3HaKH BCEX CKOpOCTefI, TeM CaMbIM IIpHUBeE/d €0 K HHTEe-

rpajy 1o n, > 0:

x o0

. 262 N o .
Jo = (2xh)3 / a5 nf /Eﬁ(xl)e ( “/Lxdxﬁ/Eﬂ(xl)e( ke gy, | —
nz>0 o J
262 nanﬁ 7 —|z—21|/La
ngz>0 —00

DTO BBIparKeHHE MOYKHO IMEpPeNucaTh B BUJE CBEPTKH € SAPOM:

o= / Kog(z — 1) Eg(y)day, (33.17)
2e? nang 1 n 1/1
K = —Q0" dS—Lelel/nz —=Z=-Z—iw]. 1
() Grh) / S - e 1, I=L o \s w (33.18)

Ng >0

Paccvorpum dypre-obpas H;Lpazm

(27h)3 ny 14 (Lngk)?

o0
2
Kos(k) = / Kop(z)e—tody — —° / gglels  __ Ln. (33.19)
—00 ng >0

s onucanus ckun-sdderra Baxkubl k ~ 1/0. [lpu 3T0M mpemesbHo aHOMATBHBIH CTydaii
COOTBETCTBYeT ToMy, uTo L/6 > 1. 3uaunt, u3bexkarh GOJIBINON BeTHINHB B 3HAMEHATETe
MOZKHO TOJIBKO TIpH |n,| < 1. DT0 Kak pa3 COOTBETCTBYET Hallleli KaueCTBEHHON KapTHHE,
CBA3aHHON ¢ Ba*KHOCTbHIO IIOYTU KAaCATEJAbHBIX TPACKTOPUIl.

[Tepeitném ot mHTErpasa Mo pepMU-NOBEPXHOCTH K HHTEIPAJTY IO yTJaM, OMpe e IaIOTIIM

HalpaBJIeHHEe HOPMAJH K 3TOW MOBEPXHOCTH (ITO HANDABJIEHNE COBIIAQJAET C HAPABJIEHHEM

CKOpOCTH V = Jg/0p), B3sIB B KauecTBe NOJISIPHON 0ocH OCh . MOXKeM Halucarh

das
s = — 22 33.20
0,9) (33.20)

rjie Mbl BBEJIM TayCCOBY KPUBU3HY (DEPMHU-TIOBEPXHOCTU B TOYKE, IJIe HATPABICHUE HOPMAJIH
ecth (0, p); oHa obpaTHa MPONU3BEIEHHIO TJIABHBIX PAJNYCOB KPUBU3HBI B 9TOH TOUKe: 3¢ =

1/R1 Ry. B pesyibrare HOJIyaeTcst

2 7T/2
4e? Nang L
Koylk)=—— | d in 6d6 - . . 21
s (k) (27rh)3/ gp/sm x(0,¢) 1+ (Lkcos)? (3321)
0 0

17 B cayuae Rey > 0 nveem
o0

7zkx7'y|m|d _ )
/ e Xz 72 T k‘2

— 00
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Orpannuenue n, > 0 37eCh YITEHO T€M, 9TO MO § Mbl HHTEIPHPYEM TOJBKO JI0 T /2.
Us-3a Lk > 1 nupu xapaktepubix k ~ 1/§, MBI MOXKeM €pa3y CKa3aTh, 9TO CYIIECTBEHHDI

JINIITb MaJible SHaYeHUd COS 07 IIO3TOMY MOXKHO 3aME€HUTDb

#(0,p) — x#(p) = 2(1/2,p). (33.22)

Ocraéres cire Iy il HTerpas mo cos 9:@

1 Lk
Ldp 1 dy 1 s
e = —arctg L|k| =~ —. 33.23
J v = [ = e = g (82.25)
0 0
[Tosromy mnosrydaercs
42 2 2B
e T NaNg e“Bas
Ka k — d . — R 3324
)= G | e S = v (33.24)
0
rie
27
T
B, :/ 7P 33.25
g /) (83.25)

— TEH30D B IIOCKOCTH YZ.
Wrak, MBI BBIpA3U/IM TOK Yepes IoJie U Teleph MOKeM 00PaTUThCA K ypaBHeHuIM Makc-

Bes1a. OOBIYHBIM 00pa3oM U3 ypaBHeHUi MakcBesuta mOTyInaoch Obl

10 47 0j
rotrot E = graddivE — AE = 5 rot H = _0_7278_.215 (33.26)

Bekrop E 3aBucut or KOOpAMHATHI X, HO HE UMEET OJHOMMEHHOI KOMIIOHEHTBI, TIOITOMY

div E = 0. [TockoabKy Hallle pelmeHne 3aBUCAT OT BpeMeHH KakK e ! voykeM mammcath
2 .
0°FE, 4riw .
> = ———% Ja- (33.27)
ox c

Ho Ham emg HyzKHO y4eCTh, 4TO IPU BBIBOJIE BbIPAXKEHUS JIJIsi TOKA 4€Pe3 110J1€ Mbl 11PO-
JIOJIZKUJIN TI0JI€ CUMMETPHYIHBIM 06pazom B 06acTb & < 0. DTO 3HAYMT, 9TO HA IPAHAIE 1O~
JIYIHIICST M3JI0M, 1 ipousBoaHas ckader ot —FE'(0) k E'(0). To ecth TakuM TproKOM MbI 1008~

BHJIE BO BTOPYIO MMPOU3BOHYIO MOJIs IO KOOPIUHATE JIUITHIOW Aesbra-dyukuuio 2E'(0)0(z).

18 KomiuiekcHocTh Besinuuubl L He Melaer [oc/ie/HeMy COOTHOLIeHuIo. IIpoiie Bcero B 3T0M y6euTbes,
BOCIIOJTb30BABIIKCEH JTOrapU(OMUIECKUM MPEJICTABICHUEM JjIs APKTAHIEHCA:

1+ 2z

11—z

t '
arc Z = —1n
8275
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Eé namgo kommencupoBaTh IpH MOJACTAHOBKE HaIlero peirerusd B popmyry (33.27):

E'(x) — 2B (0)5(z) — — 2T / Kop(z — 21) (1) das. (33.28)

c2

[Toce bypbe-nipeobpazoBaHus MOTYyYaeM

ie’w Bag

— —Fg(k).
wh3c? |kl s(k)

— KB, (k) — 2E!(r =0) = (33.29)

D10 cucTeMa IBYX ypaBHeHUi (T.K. 37ech «, 3 = y, z). BoibepeM ocH B IIOCKOCTH 42 BIOJb
IJaBHBIX oceil Tenzopa B,g. Torga ypaBnenns pacHemnigioTcs Ha [Ba COBEPIIEHHO aHAJO-

ru9HbIX: 0jHO A By, u By, apyroe — niua B, u By. Kaxjoe umeer Buj

ie’w B
—K’E(k) —2F' (v =0) = ————F(k 33.30
( ) (.’L’ ) 7Th302‘k’| ( )7 ( )
OTKYJ1a
2E'(x = 0) c*wB
E(k) = — A - 33.31
(k) = -1z —ib/|k| Th3 e (33.31)
[ockonbky E(k) aétno mo k, MOKEM HAIUCATDH
I dk T dk 2E'(0) [ kcoska
Ex)= | —e*B(k)=2 [ == cos(kx)E(k) = — dk 32
@) = [ Sretm =2 [ S eostho)B) = -2 [R5k s
—00 0 0
OTKyda HaXOAUM I10JIe Ha IIOBEPXHOCTH!
CO2E0) [k, 2E'(0) 2mes
POy == /k:3—ibdk__ T 3L (33.33)
0
Takum obpazom, )
E 4 i /6
O _ _ 4 (33.34)

B(0) 332U

Tenepb BciomMuHaeMm ojtHy U3 (POPMYJI I TOBEPXHOCTHOTO UMIIeIaHca U ypaBHenune Makc-

BeJlJ1a.
dr E,(0) dE, iw
Z=—q — = —H, 33.35
c ]—IZ(O)7 dx C ’ ( )
OTKY2
4riw E,(0) 82 , w {rd/3 . B2/
7= FI0) (1= iV8) 5 = o (1= iV8) ey (33.36)

OTBeT 3aBUCUT TOJBKO OT XapaKTePHUCTUK (PePMU-TTOBEPXHOCTH, HO HE OT CBOHCTB pacces-
aus. [loaToMy n3mepenne NoBEPXHOCTHOTO UMIIEJAHCA MOYKHO UCTIOJIH30BATD JIJIs1 BHISCHEHUST

depMH-XapaKTepPUCTHK.
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XXXIV. KBAHTOBBIE S®®EKTHI B MATHUTHOM BOCIIPUNMYNBOCTHU
SJIEKTPOHHON CUCTEMBI

Vposuu Jlangay s cBOOOIHBIX 3JIEKTPOHOB:

2
P eh
= H2n+1)4+ == = — 34.1
e =upH(2n+1) om’ Hp 2me ( )

KparHocTs BbIpOXKAeHUS mponoprnuonajbaa H. Yuciao ypoBreit B mHTepBaJsie dp, paBHO
(cTMHOBOE BBIPOKJIEHNE 3/1eCh He YIUTHIBAEM )

eHd Vdp,

¢ (2rh)?

(34.2)

Paccmarpubag nonpasku nopsiaka (pupH/p)? X TepMojuHAMHYECKOMY HOTeHIHasTy 2,

noayvaeM (comHOBBIH) mapamarnerusm [laymm u (opOutanbublii) mnamarnernsm Jlangay:

X;ma 1 2
Amm 2 Xnapa = LBV (1) 34.3
Xnapa 3 P B ( ) ( )

Eciii e 4yTh 06001UTD 3a1a4y, B34B H30TPOLHBLL ClIeKTp € = p*/2m.,, TO B JuaMarHeTH3M
Jlannay Oymer BXOIHTH MAacca 1M, CBI3aHHASI ¢ OPOUTAJBHBIM JIBHZKE€HHEM. A CIHHOBBII
MarHeTHu3M OIpeJessieTcss MarneToHoM bopa, coiepkaluM Maccy CBOOOIHOTO JIEKTPOHA.

B pesyisbrare

N _ _% (ﬁ)? (34.4)

Xnapa s

Tax MOXKHO TTpOCTEHTIIMM 00Pa30M O0bACHUTH, TIOYEMY CYIIECTBYIOT JUAMArHUTHBIE MeTaJl-
JbL (M, MOXKeT BBITh JTOCTATOYHO MAJIA).

Eciin cpaBHUTB paccTosiHue MexKIy YPOBHAME figH ¢ XUM.HOTEHIUAIOM, TO JIJIs XapaK-
TEPHBIX 3HAUEHUH MATHUTHOTO NoJist mopaaka 1 Tn nomygaercs

pH

1074 (34.5)
o

Ksanrosbie apdekTsl CBA3aHbl ¢ JUCKPETHOCTHIO YPOBHEH, MOITOMY JIOJIZKHBI COJIEPZKATDH
CTeIIeHH HTOT0 OTHOIIEHHSI (CTeleHb 3aBUCAT OT KOHKPETHOTO paccMarTpiBaeMoro s¢hbdexra).
HawuboJjiee cyimecTBeHHBI JIOJIKHBI OBITH BBLICOKOJIEYKAIINE YPOBHU, JJIsi KOTOPHIX padoTaer
KBa3UKJIACCUKA.

KBasukiaccuieckoe KBaHTOBaHHe YPOBHEH MOXKHO PAaCCMOTPETh /I TPOU3BOJIBHOTO

CIIEKTPa. B HPpUCYTCTBUU MAal'HUTHOI'O 110JI5 UMIIYJIbCbhl 3aMEHAIOTCA Ha

P=p-— EA. (34.6)
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Bzas A, = Hz, A, = A, = 0, nosydaem

0 o e
P, = —ih—, P, = —ih— — “Hxz. 34.7
g Y ! dy ¢ * (34.7)

O6osunauus Y = (¢/eH)P,, obHapyKuBaeM, 4TO 9Ta BEJIUYMHA UTPAET POJIh KOOPIHHATHI,

KaHOHUYECKU COUPAKEHHON uMILyIncy Py
[P, Y] = —ih. (34.8)

JI1s1 3aMKHYTBIX OpOUT paboTaeT MpaBuiIo KBanToBaHus bopa-3omMepdenbaa:

1
]f PAY =2mh(n+7),  hl<y. (34.9)

To ecTb

omehH
f P,dP, = Wec (n+ 7). (34.10)

VHTerpan B J1eBOil 9acTH — 3TO ILIOIIAIb, OTPAaHIIeHHAsT TPAEKTOPHell 9 IeKTPOHa. A Tpaek-
Topus (p, = const, € = const) — ITO ceUeHUe MOBEPXHOCTH TTOCTOSHHON SHEPTUH TLJIOCKOCTHIO

p. = const. IToaromy
2mehH

S(e,p,) = (n+ 7). (34.11)

CKOIBKO COCTOSIHUIT MPUXOIUTCS HA OJIMH yPOBeHb u mHTEpBas dp,? Boobie, uucso cocro-

AHUN ONPeJIeJIAeTCa THTEeIPAJIOM

Vdp,
dP,dP,. 1.12
(2mh)? / e (34.12)

WNurerpan 3j1ecb — 3T0 IWIONIA/Ib B ILIOCKOCTH P, = const. Ha ojiuH ypoBeHb HPUXOAUTCS
wiormaas AS = 2wehH/c.
[TosToMy mCKOMOE 9UCTI0 COCTOSTHU JaéTcst Takoit ke dopmysioit (34.2)), kak u 1715 ¢BO-

DOJIHBIX JIEKTPOHOB.

XXXV. D0PEKT IJE TAASA-BAH AJIb®EHA

[Tapamarnerusm [ayau u guamarnerusm Jlangay — sdbdekrsr nopsaaka (ugH/p)? B rep-
MOJMHAMAYECKOM MOTEHIMAe. Tenepb Mbl H3YUYUM CJELYIONIYIO MONPABKYy B CIydYae MpPOus3-
BOJILHOTO criekTpa. OHa MeHbIe, HO OBICTPO OCHUJLINPYET ¢ MATHUTHBIM TOJIEM, TTOITOMY eé

IIpou3BOoaHad 110 H moxer HpeBSOﬁTI/I BKJIa/J OT MOHOTOHHOM YaCTH MArHUTHOT'O MOMEHTA.
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Teopernuecku 10T 3hdekt GbLT npeackazan Jlanaay (1930) u sxcrnepuMeHTATBEHO OGHADY-
xker qie Taasom u Ban Asbdenom (1930). Corydaii mpou3BOJIBHOIO ClEKTpa OBLT PACCMOTPEH
B pabore U.JIndbmuna u Kocesnua (1955).

TepmogunamMuyeckuii mOTEHIHA:
Q=—T> In[l+4 k"], (35.1)

e cymma Oepércst 1Mo BCeM COCTOSHHAM. Y UUTBHIBasl KPATHOCTH BBIPOXKIEHHUS YPOBHeil u

nepexoid K I/IHTeI‘pI/IpOBaHI/IIO o dpz, HOJIy 9aeM

_ €o(n,p2))/T
= 27rh2 c Z/ln [1+ et dp., (35.2)

rjae 0 = £1 — upoekius cuuna, £, = £(n,p,) + ougH.

Hanbie npuvennm Gopmyiay [lyaccona |ns Bemecrsennoii dbyukmun f(n)]:

- [ stoin 255" [ st .
s k=179

rjie @ — YHUCJ0, JeKalee MeXK/Iy IMeJbIMA 3HAYeHUSAMU Ng — 1 1 ng. DTy HOpMYTy MOKHO

JI0Ka3aTh cJeayonuM odpa3oM. BozpMéM dhopMyry nepecyMMHPOBAHUS HyaCCOHaH

o0

Z dz—n)= Z e*mike (35.4)

n=—oo k=—0o0

YMHOXKUM Ha f() W mpomHTErpupyeM oT a g0 00. [lepBbiil WieH crmpaBa COOTBETCTBYET
k = 0, a Bo BTOpoM 00beuHeHbl BKIaJL 0T k u —k.

[Ipumenum dopmyny Ilyaccona K cymme 1o n, KOTopasg CTOHT B TEPMOJIMHAMHUICCKOM

notennuase 2. OcuuIIupyiomas J4acTh () BO3HUKAET M3 BTOPOrO HMHTerpaJja, OymeMm pac-

CMaTpUuBaTb TOJILKO €r'o:

VTeH [ [ :
_ _ (po—e(n,p2))/T7 27ikn
= —2Re E Iio, Iy = (2rh)c dn / dp.In[1+ e PNIT) ¢ . (35.5)

a

19 PaccMoTpuM HpaByIo 9acThb. IIpu £ = n cIpaBa mosTydaercd GeCKOHETHOCTD. 1IpH & # n MOMKeM CIBHHYTH

TIepeMeHHyio cymmupoBanus k — k + kq, 910 1aéT

oo o
§ eQTrzk‘q: _ e?ﬂzklw E e?‘n’zkw.

k=—o00 k=—o00

Hockosbky €*™1% -£ 1 npu x # n, 970 O3HAUAET, 4TO Y, €2™*% = (. IIpu 9TOM mpaBas 4acTb

—0o0
nepuonnyHa Mo x ¢ nmepuogom 1. Ocramock MpoBepuTh HOPMUPOBKY. [IponHTErpHpyeM NMpaByo YacTh MO
MaJIOMy MHTEPBaJy BOKPYI HYJd:

omika >, sin2mke B sin2rke .
/Z e = 3, T*/Tdk*'

k=—oc0 k=—o0 oo
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3/1ech BMECTO [t — £,(N, p,) MBI HAUCATH i, — £(N, P, ), THE iy = pt + opupH.

Ot mHTErpupoBaHud 1O dn nepeiiaém K de:

Pz max (5)

VTeH [ _ on(e,p:) on;
o= VI s el / OnlE,P2) amiknene) g, a5 6
g (2mh)2%c eln [1+e ] PR P (35.6)
0

Pz min (5)

Hukuuit npejiesl nHTErpupoBaHus 110 SHEPIUU MOJOKEH PABHBIM HYJIIO, HO 9TO HEBAaXKHO,
T.K. CYIIECTBEHHA OKAXKeTCH JIUIb OKPECTHOCTH (PepMU-TIOBEPXHOCTH.

2mikn(epz)  Gricrpoocruiupyiomas byHKmusa (Kba-

B unTerpasie mo dp, MHOXKHTEJb €
3UKJIACCHKA, N BEJUKO), MOITOMY OCHOBHOII BKJIaj OyIeT OT OKPECTHOCTEH IKCTPEMYMOB
apryMeHTa, U Mbl OyIeM HUCIOJIb30BaTh METOJ IepeBaJa. [IycTh n jgocTuraer skcTpemMyma
Opn P, = Pzm:

1 /0%*n 5
n(e,p.) = np(e) + 5 (a—pz>pm (D> — P2m)” (35.7)

Bosinsu sxcTpemyma uHTErpasi no dp, npeBpaiaercs B

on 2iknm, [ . o*n 2
(g)m e / exp {mk,‘ (3p§)mx dx. (35.8)

WaTerpana JierKo B3ATh, MOBEPHYB KOHTYD HHTETPUPOBAHWA B KOMILIEKCHON ILIOCKOCTH. B

/iy a B cryaae (0°n/0p?), < 0 — 3aMeny

>—1/2

(35.9)

cayaae (0°n/0p?),, > 0 nenaem 3ameny r = e

r = e "/*2. B pesynbrare

i - *n 2 +im/4 i 0*n
/exp {mk’ (a—pg)mz } dr = et/ /exp [—Wk: 8_]92

—00 —0o0

, 92

D10 mast’

9’n

~1/2
52 ) . (35.10)

VIeH — [ o dn o

T . = deln [1 (po—e)/TT Fim/4 m - 2mwiknm k

k —(27rh)2cz/ € n[ +e } e I e
™ o

re cymma 0epércs Mo BeeM SKcTpemyMmaM GyHKuuu n(e, p,). IlpuMeHnM mHTErpupoBaHme

10 qaCTHM, HaIllucaB
dn omik 1 .
m | mikn g L omikng, 35.11
de T ok (35.11)

20 Mbl mokem 3amenuts On(e,p,)/0e na dn,,/de, 1.x. B Touke 3xcrpemyma dn/dp, = 0.
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[IpouHTErpupOBaHHBIN YeH He HPUBOIUT K OCHM/LISIUOHHON 3aBUCUMOCTH OT 1oJid. Ormyc-

Kast ero u y4uThiBasi, aro |9*n/dp?|, — memtennas (pyHKIMs, TOLydaeM

w 2mikngy, 82 -1/2
‘ o (35.12)

~ VeH 4 e
I , = :|:7,7r/4/d
g (27h)%c - 2mik3/? Z € “eE=n/T 11 op?|,,
m 0

B umcauresne cront GyHKImA 2™ Fm  GhIcTphle OCIMIIAIANT KOTOPOH IeJaf0T HHTeTpaJl Mo
de oYeHb MAJIBIM Be3Je KpoMe 00JacThu € — i, ~ 1, B KOTOpOil OBICTPO MeHseTcsd 3Ha-

menaresib. Cama ke GyHKIUA Ny, (£) B 9T0H 00/1aCTH MEHSETCsl [JIABHO, HOITOMY MOXKEM

HAIICATH
N,
N (€) = N (o) + (8_> (€ — o). (35.13)
€/
B pesysbrare mnoaydaem nrrerpas
? 62Triknm i 27rik:pT(Bnm/8€)M, ) —iT
d - T 27miknm (fo ) d —-T 2miknm (o) '
/ © e po)/T +1 ¢ / . er+ 1 ‘ sh [2m2kT (Ony, /O2) 1, |
0 —00
(35.14)
Torna
- TeH e2miknm (ko) 2, |~1/2
B = —ot Z - o (35.15)
2(27h)2ck3/? h [2m2KT (Onm /O€),,] | OP2 1, .,

Tenepb HyzKHO HOJCTABAATH 9TO Bhipazkenue B -norentmar (35.5) u cymmmposars 1o o.
[Tockompky Mbl cunTaeM pupH < @, Bo Bee acTu hOPMYIBl KpoMe ObICTPOOCITUIUPY IOIIETO

2miknm (o)

MHOXKHUTEJIL € MBI MOXKEM NIOACTABUTD [y ~ [U. A AJId 3TOT'O0 MHOZKHUTEJIAd MOZKEM

HalluCaTb

Z 627riknm(ug) _ 627rik:nm(u) Z 627rik(8nm/88)uauBH _ 627riknm(u) .9 cos [27rk(anm/85);LHBH] )

(35.16)
N3 dbopmyasr (34.11)) mnaxommm
¢S,
m R ) 35.17
" e (35.17)
[Tosrygaem
Z [ VTeH Z 62m'knm(,u)ii7r/4 COS [QWICMBH hH ] c 825 —-1/2
T (2mh)2ck3? sh [2m2kT—%=m,] 2mehH  Op?|,, ,
(35.18)

2! TIpu nepexofe K MHTErPHPOBAHEIO 110 T HUKHMII IIPEIes MOYKHO 3aMEHHThb Ha — 00,
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OkoHYaTEeIbHO, COOMpast BCE BMeCTe, HaXOIUM

. 1% ehH 1 RSV A ¢S, m
Q= I — oy E—*
23/27 /213 ( c ) ;m*(umzm) ‘8p§ - ; k372 sh(kN) COS{ ehH 4] o8 {W me]’
(35.19)
N 21T em., S i@_S
 ehH Yo Qe

BykBoit m, MbI 3/1€Ch 0GO3HAYUIN MACCY JEKTPOHA (UTOOBI OTJIHYATH €€ OT WHIEKCA CYM-
MUDOBAHHUST 1M [0 YKCTPEMATBHBIM CeYeHUsIM (DePMU-TIOBEPXHOCTH ).

Orcroia moIydaemM OCIULIAPYIONIYI0 9aCTh HAMAarHUIeHHOCTH:

- 1 09
M = ~ VB (35.20)

uddepennupoBarb HyKHO HauboJiee ObICTPO MEHLIOIUECS MHOXKUTEIM — KOcuHychl. [To-

TOMY

. 1 en\*? | S 2 A
- _ - /2 om

M= 23/27/23 < c > H Z m.

023 3
k172 sh(kN)
k=1

op?

. cS,, T My
S1n {kﬁ + Z:| COS |:7TkE:| .

(35.21)

m,p

[Tonyuunach ciokHag (pyHKIHS MArHUTHOTO IIOJIs, COJIepzKallias YIeHbl pa3IudHOMN Ie-
PUOJIMYHOCTH. BKJIaJbl OT IKCTPEMAJIbHBIX cedeHUuH (hepMHU-TIOBEPXHOCTH KKl HMEIOT

cBoit mepuos mo 1/ H, paBHbIH
1 2rmeh

H ¢S,

(35.22)

OTHU MepruoIbl He 3aBUCAT OT TEMIIEPATYPHI.

TemmeparypHas 3aBUCHMOCTb aMILUTHTY/T OCITHJLIAIIA onpeesaercs MHoxKuTeaeM A/ sh(k\).
[Tpu A > 1 B cymMme JIOCTATOYHO COXPAHUTH JIUTID WieH ¢ k = 1, U OCIUJIISIIINYA UMEIOT SKCIIO-
HeHIHAIbHO MaTyto ammautyay. [ipu A < 1 (auskue remneparypsi) umeem A/ sh(kA) ~ 1/k,
T.e A BbimagaeT. OIeHNM pe3yabTaT B 3TOM CIyYae.

JI71sT OTIEHOK BO3BMEM My ~ My, S ~ p%. Torma

_ 1 h 3/2
M~ — (e—) HY?p. (35.23)

C

HGOCHI/IJIJH/IpyIOH_[aH JaCTh HAMAaIrHUYeHHOCTH UMeeT IMOPAITOK

o TMePo
~ :uB h3

My ~ 12v(p)H H. (35.24)
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[TosTomyf?]

M m >1/2
—~ > 1. 35.25
Moy (NBH ( )

Taxum 00pa3oM, Ipu HU3KHX TeMIIEpATypax OCHULIAPYIONAsd YacTh JAéT OCHOBHOM BKJIA
B HAMArHUYE€HHOCTH. DTO CBA3aHO € BBICOKOM YaCTOTON OCIUJLIAIMMA, KOTOpash CHIBHO yBe-
muauBaeT 3hderT npu guddepeHnnpoBaAHNHN.

Ocnuiasiiun TaKOro Ke THIIA, HMET MeCTO B KMHeTHYeCKHX dBaeHnsax. Hampumep, oc-

s npooaumoct — adbdert [ybnukosa—ae Taasza (1930).
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