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OEIUAf.[ XAPAKTEPHCTHKA PAEOTH 

AKTyaJioHOCTb TeMH orrpe,:neJI.fieTC.fI K8K 06'beKT8MU llCCJl8llOB8Hil.fI (TO

tJetJHHe neitieKTH B KB8HTOBHX KPilCT8J!Jl8X Il OllHOMepHHe o6pa30BaHilfl COJ!Il

TOHHOro TilIT8 B TpeXMepHHX U KB83Il0llHOMepHHX CTPYKTypax), T8K Il MeT0-

,:0:0M nccJie;noBaHnfl. OHa o6ycJIOBJ!IlB8eTCfl T8KJK8 CJie;nyromnMH o6CTO.fITeJio

CTBaMil. 

Teopnfl ne(l)eKTOB B KpilCT8JIJl8X .fIBJif!eTCfl BBiKHOti o6JI8CTolO qJil3IlKll 

KOH,:neHcnpOB8HHOro COCTO.fIHllfl, 8KTY8JibHOCTo KOTOpoti orrpe,:neJif!eTC.fI 60Jio

mnM BJIUfIHUeM ;neqJeKTOB Ha qJU3IltJeCKUe CBOilCTB8 TBep,:nb!X TeJI, 8 T8Klite 

60JiolliUM nporpeccoM COBpeMeHHOti TeXHOJIOrHll B OBJia;neHHU B03MO~HOCToID 

yrrpaBJI.fITb CBOi1cTBaMU TBep,w,ix T8Jl nyTeM BBeneHilfl B HUX neqieKTOB orrpe

neJieHHOrO Buna U KOHUeHTpauun. Bcfl COBpeMeHHa.fI MUKp03Jl8KTpOHUKa q;BK

TiltJeCKll OCHOB8H8 Ha UCITOJlo.30B8HUU CB0:1CTB pa3JIIltJHHX neqieKTOB. Bee 

6oJiomee aHatJeHne npu 3TOM rrpuodpeTaIDT rrpH6opu, padoTa!OU\He rrpH Hil3KnX 

U CB8pXHH3KllX TeMrrepaTypax, Tpedyromne 3H8Hilfl crreuH~IlKil H03KOTeMrrepa

TypHoro ITOBeneHU.fI neqieKTOB. Oco6Hl1 UHTepec B 3TOM OTHOllieHUil rrpencTaB

Jl.fI_eT llJ!llHHOrrpo6e~H8.fI MUrpaUHfl neitieKTOB. Tipll HH3KilX TeMnepaTypax o6HtJ

Hble 8KTUB8UUOHHhle MeX8HU3Mhl nepeHoca Tep.FIIDT CBOID 3IN18KTl1BHOCTo U 

ycTynaroT MeCTO KB8HTOBHM npoueccaM - TYHH8JloHOMY H Kpay11,110HHOMy-. 

B rrocJiennee Bp8Mfl B03HUKJI8 H 6ypno pa3BHB88TC.fI HOB8fl o6JiaCTo 

q:u3llKI1 TBepnoro TeJia - (p113l1K8 KB8HTOBllX KPl1CT8JIJ!OB. OHa OXB8TllB8eT K8K 

Kp11CT8JIJlll 11nepTHHX raaoB, T8K M Tfll!{8Jlh!e MeT8JIJlbl (nnodnl!,rraJIJiannti 11 

np.) C paCTBopeHHHMU B HUX Bonopo;nHHMH rrp11MeC.flMU. HBJlflf!Co no cymecTBY 

HOBbIM COCTOfIHHeM BemecTBa, KB8HTOBble Kp11CT8JIJIH BHOCfIT 3H8tJHTeJioHHe 

113MeHeHHfl B COBpeMeHHlle rrpe11,CTBBJieHa.fI O KOH]leHC11pOB8HHOM COCTO.fIHilH.

HandoJiee flpKO HOBHe, KB8HTOBl18 CBOHCTB8 B T8KllX open.ax npOflBJlflIDTC.fI 

HM8HHO B KB8311'rnCTHtJHOM rroBeneHHU 11,eqieKTOB - B8KaHCl1il U rrpHMeceil. B 

TBepnoM reJIHU npencK838HO H o6napy~eHO HOBOe f!BJI8Hl1e - KBBHTOBBfl n111I>

¢Y3Ufl neQ€KTOB. F;raronapfl KB8HTOBllM 3Jxj_€KTBM reJiul-1. .fIBJl.fI8TCfl e,nnHCTB8H

HllM BemecTBOM, B KOTOpOM pacCJI08Hl1e TBepn11x paCTBOpOB rrponcxonHT 38 

BpeMeHa, llOCTYITHlle 3KCITepHM8HTBJloHOMY HB6Jiro;neHHID. H30TOIT!l reJIH.fI fIBJlfl

IDTCfl rrpencTBBHT8JlfIMH nByx KBBHTOBHX CT8Tl1CTHK,- 6o3eBCKOil H q:epMHeB

CKOU, a Kar.enHl-1. !13 HllX KpllCT8JlJIH3yeTC.fI B Tpex MOllll.qJUKaill1f!X. TaKllM o6pa-

30M, TBepnH~ reJil1il - 3TO mecTo KBBHTOBHX KpHCTBJIJ!OB, COCT8BJI8HHHX U3 

BTOMOB Boero nByX H30TOITOB. 3TO - YHHKBJloHHfi 06beKT llJ!fl TeopeTUtJeCKO

ro U 3KCIT8pllMeHTBJloHOro nccJie;noBBHilfl KBBHTOBllX CBOHCTB·neq:eKTOB rrpn 

Hl13KHX TeMrrepaTypax. C npyrol-1. CTOpOHll, reJIHil - TpannUHOHHOe BemecTBO, 
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OEIUAfl XAPAKTEPMCTITKA PAEOTbl 

AKTyaJibHOCTb TeMU orrpe,neJI.fl8TC.fl KaK 06'b8KT8Mil ilCCJI8,IJ;OBaHM.fl (TO

'l8'IHU8 neqieKTH B KBaHTOBUX KpllCTaJIJiaX il O,IJ;HOM8pHU8 o6pa30BaHll.fl COJIH

TOHHOro Tuna B TpeXMepHUX ll KBa3ilO,IJ;HOM8pHUX CTpyKTypax), TaK H M8TO

Il,OM ilCCJI8Il,OBaHM.fl. 0Ha 06ycJIOBJ!MBaeTC.fl T8KlK8 CJI8Il,YIDlllilMil o6CTO.flT8Jlb

CTBaMil. 

Teopll.fl neqieKTOB B KpilCTaJIJiax .flBJ!.fl8TC.fl BaJKHOti o6JiaCTb!O rlJM3ilKH 

KOH,IJ;8HCllpOBaHHOro COCTO.flHll.fl, aKTyaJibHOCTb KOTopoti orrpeneJI.fl8TC.fl 60Jib

llillM BJ!il.flHHeM neqieKTOB Ha ipil3il'I8CKLl8 CBOHCTB8 TBepnux T8JI, a TaKJKe 

60JiblliilM rrporpeccoM COBpeMeHHOll T8XHOJIOrllil B OBJianeHllll B03MOJKHOCTbID 

yrrpaBJI.HTb CBOUCTBaMll TBep,nux T8Jl ITYT8M BB8Il,8Hll.H B HilX neq:eKTOB orrpe

neJieHHOrO Bttna il KOHU8HTpaUMH. Bc.H COBpeMeHHa.fl MllKp03Jl8KTpOHilKa q;aK

TLl'l8CKH OCHOBaHa Ha ilCIIOJI~30BaHllll CBO?.CTB pa3Jlil'IHUX neqieKTOB. Bee 

6oJibmee 3Ha'leHne rrpn 3TOM rrpuo6peTBIDT rrpn6opu, pac5oTB!Oll\ll8 rrp11 Hll3KHX 

ll CB8pXHll3KHX T8M!IepaTypax, Tpe6yIDWil8 3H8Hil.fl crreuui11K11 Hil3KOT8M!I8pa

TypHoro ITOBeneHil.H neg;eKTOB. 0oo6uti llHTepec B 3TOM OTH0lli8Hlll1 rrpencTaB

Jl.H~T ,IJ;JlllHHO!Ip06el!{Ha.H Ml1rpaU11.H neq:eKTOB. ITpu Hil3KllX TeMrrepaTypax o6u'l

HU8 8KTllBaUllOHHhl8 MeXaHtt3MU rrepeHoca T8p.HIDT CBOID :Jqi{l€KTllBHOCTb il 

ycTyrraIDT M8CTO KBaHTOB!:lM rrpoueccaM - TYHH€JlbHOMY il Kpayn,ttOHHOMY. 

B IIOCJienHee BpeM.H B03HttRJia ll 6ypHO pa3Bl1BaeTC.fl HOBa.H 06JiaCTb 

g;l13llR:1 TBepnoro TeJia - ipil3liKa KBaHTOBUX KpilCTaJIJIOB. 0Ha OXB8THBaeT K8K 

Kpl1CT8J!JIU ilH8pTHHX ra30B, TaK M T.Hl!{8J!H8 MeTaJIJIH (mrn6nt:, !IaJIJia,IJ;Mti il 

np.) C pacTBOp8HH!:lMM B HUX BOil,OpOil,HUMl1 !IpilM8CRMll. HBM.HCb !IO cymecTBY 

HOB!:lM COCTO.HHil8M BemecTBa, KB8HTOBUe KpHCT8JIJIU BHOC.HT 3H8'lilT€JlbHU8 

il3M8HeHil.H B COBp8M8HHH8 rrpe11,CT8BJ!8H!rn O KOHil,€HCllpOB8HHOM COCTO.flHilil. 

Han6oJiee .HpKO HOBl:18, KB8HTOB!:le CBOHCTBa B T8KHX open.ax rrpO.HBJI.HIDTC.fl 

llM8HHO B KB83il'l80Til'IHOM ITOB8Il,8Hllll neq:eKTOB - BaKaHCllll ll rrpttMece.11. B 

TBepnoM reJillll rrpe11,CK838HO ll o6napyl!{e!IO HOBO€ .HBJI8Hll8 - KB8HTOBa.fl nmp

lU3ll.H Il,81!,€KTOB. EJiaronap.H KBaHTOBUM 3JxJeKT8M reJittti .flBJI.H8TC.H €Il,llHCTB€H

H!:lM B8Ul8CTBOM, B KOTOpOM paCCJI08Irne TB8pll,HX pacTBOpOB !IpOl!CXOil,ilT 38 

BpeMeHa, Il,OCTYIIH!:l8 :3Kcrrepmv:eHT8JlbHOMY na6JIIDil,8H!1ID. H30TOIIU reJIH.H .HBJI.fl

IDTC.H rrpencT8BilT8Jl.HMil Il,Byx KB8HTOBUX CT8TllCTilK.- 6038BCKOll il g;epMtteB

CKOll, a Ka2tnuti 113 HIIX KpllCT8J!Jlll3Y8TC.H B Tpex MOJ\ilipilK8Ull.flX. TaKllM o6pa-

30M, TBepnH~ reJittti - 3TO mecTb KB8HTOBHX KpllCT8JIJIOB, COCT8BJI8HHUX ll3 

aTOMOB Boero nByx H30TOIIOB. 3TO - YHilK8JlbHUti 06'b8KT Il,Jl.H T80p8Tll'l8CKO

ro ll 3KC!IepttMeHT8JlbHOro llCCJ!€Il,OB8Hll.H KB8HTOBUX CBOHCTB·neg;eKTOB rrpn 

HH3KHX T8M!IepaTypax. C npyrofi CTOpOHU, reJIHll - TpanttUHOHHOe BemecTBO, 
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des KOTOporo HeMh!CJIUMa HU3.KOTeMnepaTYpHaH TeXHU.Ka. IT03TOMY nsy'!eHUe 
ero CBOiICTB KBR B lKlLD;KOM, TaK U B TBep.n;oM ·coCTOJrnlrn, UMeeT BaJKHOe 
rrpaKTU'!eCKOe 3Ha'!eHue. 

B rrocJie.n;Hue I'O,!Ul ITOHBUJIHCI, HOBh!e nepcrreKTUBHhle KB83UO,[(HOMepHh!e 
npoBO.U:HUKU, B KOTOphIX HOCUTeJIHMU TO.Ka HBJl.fil()TCH HOBhle B03ClylKI\eHUH co
JIHTOHHOI'O Tuna ( KUHKU ), Bhl3B8HHhle CTPYKTYPHhIMU .n;etpeKTaMU, peII1eTKU. Te
opuH COJIUTOHOB B T8KUX CTPYKTYPaJC - '!8CTI, 6ypHO pa"3BUB8IOUlelicH TeOpllll 
HeJIUHefiHhIX HBJieHUH 11 COJIHTOHOB, 8KTY8JibH8H ,n;JIH MHOI'UX OdJiaCTell coBpe
MeHHOfi ®U3UKU - ip13HKU M8I'HeTH3Ma, ITJia3Mhl, H6JIUHeHHOll onTUKU, rn,npo
.n;uHaMUKU, 3JieMeHT8pHhIX '!8CTHU U .n;p. 

IT03TOMY npHMeHeHne KB83U'IaCTU'IHOI'O no.nxo.na K yKa38HHh!M Od'beK
T8M pacnpOCTp8HHeT KB8HT0Bhl6 u.ne~ H y.Ka3h!BaeT Ha HOBhl8 3qqle.KThl KaK B 
noBe,n;eHUH TO'!e'!HhIX Il.8cp6.KTOB, T8K U B noBe,n;eHHU CJIO~Hh!X HeJillH8liHhIX 
odpa30B8HHll COJIHTOHHOI'O Tuna. 

HaKOHeU, KB83U'I8CTH'!Hhlll no.nxo.n aKTYaJI8H .Ka.K O.n;llH H3 HandoJiee 
MOlIIHhIX M8T0Il.OB COBpeMeHHOH KB8HTOBOll Teopuu TBep.noro TeJia, KOTOphlil 
lipHM8HH8TCH HK TaKHM Tpa.n;nuuoHHh!M Od'beKT8M,.Ka.K M8T8JIJihl, lIOJIYnpoBo.n~ 
HUKU H .n;p. IT03TOMY .U:8JibH8lilll88 pa3BHTH8 H COB8pllleHCTBOB8HU8 3TOI'O Me
To.n;a UMeeT npHMoe OTHOIIl8HUe K IllllpOKOMY Kpyry npo6JI8M, BhIXO,D;HlllllX .n;a
JI8.KO 38 p8MKH T80pllll Il.8cp6KTOB. 

Uem,ro H8CTO.fillj8tt padOThl HBJIH8TCH pa3BHTU8 H npuMeHeHue KBa3U
~aCTH'IHOI'O no.nxo.na K .n;eqieKT8M B rul8HTOBhIX KpHC.TaJIJiaJC, Kpay.n;noHaM H 
COJIHTOH8M B KB83llOil.HOM8pHhIX CTPYKTYPaJC, a TaIOKe C03Il.8HH8 lIOCJI8,D;OB8-
T8JII,HOtt HeJillHellHOfi KB8HTOBOll TeopnH,.n;llHaMHKH .ne~pMupyeMoro TBep.n;oro 
TeJia C KB83H'!8CTH'IHHMH B036y~eHHHMH • 

TaKaH aa.n;a'!a BKJIIO'I88T B ce6H Ka~ COCT8BHhl8 '!8CTU lIOCTpOeHHe 
MHKpOCKOnH'!eCKOfi T80pHH ,D;8ql8KTOB B KB8HTOBhIX KpHCTaJIJiaJC U Bh!HCHeHHe 
KB83H'I8CTH'!HhIX CBOHCTB HOBhIX 3JI8MeHTapHhIX B036y~eHHfi ~ ,neqieKTOHOB, a 
TaIOKe lIOCTp08Hll8 KB8HTOBOH TeopHH Kpay,n;noHOB H COJIHTOHOB H Bh!HCHeHHe 
BJIHHHHH KB8HTOBhIX 3qql8KTOB Ha HX ,neJIOK8JIH38UHIO H npeBpameHue B HOBhle 
KB83H'I8CTllUhl - COJillTOHHhl8 BOJIHhl. 

0CHOBHhl8 F83YJII,T8Thl .n;nccepTBUHH MOirno oxapaKT8pH30B8TI, CJie,nyIO-
lllHM odpaaoM: · 

L IlocTpoeHa MHKpOCKonn'!ecKaH KBaHTOBM Teop1rn TO'!e'!HhIX ,neqieK
TOB B KpHCTaJIJiaJC npu HU3KUX T8MnepaTJPruc. Ha OCHOBe MHKpOCKOnH'IeCKOil 
MO,D;SJIH noKa3aHo, 'ITO TO'!e'!Hhl8 ,neqieKThl B KB8HTOBhIX KpUCTaJIJiaJC ,neJIOKa
Jill3YIOTCH R npeBp8lllaIOTCH B KBaau'!aCTUUH - ,neq:eKTOHhl. Ilo.JIY'!eHa BOJIHoBaH 
gJyHKUHH KBasurapMOHU'!ecKoro KpUCTaJIJia C ,neqieK!OHOM. 
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2. Hail,neH 3aKOH .n;ncnepcllll H Bee ,nRHa.MH'I8CKll8 xapaKTepnCTRKll 
,netpeKTOHOB • .UJIH 3TOI'O pa3BUT HOBblli MeTO_Il,, Y'IHTh!B810lIIHll BJIUHHUe "o6Jia.Ka" _ 
ffYJI8BhIX q-OHOHOB, 6e3 UClIOJib30B8HUH TeOpllU B03MYllleHl1ll. IlOJIY'!eHa 38BH
Cl1MOCTb ,nuHaMU'!eCKUX xapaKTep11CTUK OT ,naBJISHUH ( MOJIHpHoro 06'beMa) • 
PesyJil>T8Thl Bh!pa~eHh! 'Iepe3 M8KpOCKOITl1'!8CKl18 xapaKTepUCTUKH cpe,nhl. 

3. PaccMOTpeHO pacceHHUS .n;eq€KTOHOB Ha ,neqie.KTOHaX u ITO.Ka38HO, 
'ITO U3-38 Y30CTU ,netpeKTOHHOil 30Hhl C~'IeH11e pacceHHUH MO~eT 6h!Tl, 8HO
M8JII,HO 60JiblllllM. PaccMOTpeHO pacceHHUe BaKaHCUOHa Ha npUM8COHe C y'!e
TOM aHU30Tponuu .KpUCT8JIJIU'I8CKOI'O rroTeHUUaJia U ITOJIY'I8HO ce'!eHue pac
ceHHUH B 6opHOBCKOM rrpu6JIH~eHUU. 

4. PaccMOTpeH npouecc ,neJio.KaJiusauuu ,neq€KTa u onpe,neJieHu xa
paKTepHoe BpeMH U CKOpOCTl, ®poHTa BOJIHhl ,n;eJio.KaJiusanuu. 

5. PaccMOTp8Hhl KOJIJieKTUBHh!e CBOITCTBa ,necl,€KTOHOB n onpe.n;eJieHa 
RX cTaTUCTU.Ka B 3aBUCUMOCTU OT CTaTUCTUKH ,neqieKTHUX aTOMOB, aTOMOB 
MaTpUUhl .KpncTaJIJia n pellleTO'IHOI'O Tuna n.eqieKTa. IlOK838HO, 'ITO C noHn
~eHneM KOHUeHTpaunu .ne~e.KTOB pOJII, CT8THCTHKU B03pacTaeT. 

6. PaccMOTpeHa KHHeTn.Ka .n;eqie.KTOHOB~ IloJiy'IeH nx K03qxpuuneHT 
,D;Uffi3UH B ~HOHHOM rase U B o6JiaCTU .ne~eKTOH-neqieKTOHHOI'O pacceHHUH. 
ITOJIY'I8H8 UHTeprrOJIHUUOHHM"~PMYJia Il.JIH R03q¢nuneHTa ,D;Uffi3UU npHMeco
HOB B TBepil,OM reJiun. PaccMOTpeHO BJIHHHile neqieKTOHOB Ha T8ITJIOeMKOCTb 
U TenJIOITpOBO.U:HOCTI, KBaHTOBOro KpUCTaJIJia. 

7. Ha OCHOBe pesyJil>T8TOB pa3BUTOM Teopun npoBe,neHa o6ia60T.Ka 
3Rcnepl1M8HTaJII,Hh!X .n;aHHh!X no .n;llffi3UU npuMecell 3He B TB8pil.OM He H 
orrpe,neJieHU IIIUpUHa ,neqieRTOHHOil 30Hhl U C8'!8HU8 ,neqieRTOH-neqieKTOHHOro 
pacceHHUH. 06pa60T.Ka Tex ~e naHHUX ITO ,npyruM TeopnHM ,naBa~a 3H8'IeHHH, 
3aHn~eHHh!e Ha 2-3 nopH,D;.Ka. 

8. PaccMOTpeHO BJIHHHHe ,neqieKTOHHUX B036y~eHl1li Ha CTPYKTYPY 
KpllCTaJIJIU'I8CKOi1 perneTKU. Ilpe,ncKa3aHhl .n;Ba 3~.KTa -_Ba.KaHCUOHHOS O'IH
UleHne KpUCTaJIJia OT npnMecel n BaKaHCllOHHOS o6pa30BaHne aapo,nh!lllell 
HOBOft qi83h!. 

9. IlocTpOeHa HSJillH8llHM TeopHH ,IU!.H8MHKU KpUCTaJIJia_c KB83H'!ac
TU'!Hh!MU B036y~eHHHMH. C~pMyJIH_pOB8Hhl ypaBH8HUH HSJIHHeilaon Teopnn 
ynpyrOCTU. IlOJIY'JSHa CaMocorJiacoBaHHM cncTeMa HSJIUHSllHhIX ypaBHS!l,Rfi 
.n;llHaMllKU, COCTOJllIIM ll3 CBR3aHHh!X Me~ C060fi KllH8TU'I8CKOI'O yp8BH8HllH 
JJ,JIR KB83HtJaCTlltJHOI'O raaa, ypaBHSHllli HSJIHHetllioll Teopnn ynpyrOCTll H 
ypaBHeHul1 MaKoBiiJIJia ( B c.JIY'!ae aap.RJKeHHIDC KBaantJaCTHU). 

10. :. Ha;•·/ OCHOB8 peayJibTaTOB n. 9 lIOJIY'I8HU ypaBHSHllH MHaMHKll 
MeTaJIJIOB n BHBe,neHa ~pMJJia ,n.JIR ITJIOTHOCTH TO.Ka B MeTaJIJie npn Ha.JIH'IHH 
nponaBOJibHOl1, aaBncmnen oT BpeMeHn ,ne~pManun. 
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11. Bll'IHCJieHa ITJIOTHOCTb pacrrpe.n;eJieHHR .nel!)(3KTOHOB B .TBep,n;oM 4He, 

BpamaromeMCR C ITOCTORHHOH CKOpOCTbro B CBepxTeeytieM reJIHH~II. 

12. IToJIY'{eHO ypaBHeHne ,IJ;BHllteHHR MR ITJ!OTHOCTH KBa3HHMrryJ!bca. 

ITOKa3aHo, qTo rrpn H06OJibllillX OTKJIOH0HHRX OT paBHOB0CHR T0H3Op ITOTOKa 

KBa3HRMrryJibCa n.naroHaJieH H nponopunoHaJieH T0pMO,Il;HHaMHqecKOMY noTeH

UHMY .fl. rasa. C noMomoro ypaBHeHnil ,IJ;BHJlteHHR MR KBa3RRMITYJibCa pac

CMOTp0HO pacnpocTpaHeHH0 BTOporo 3BYKa B ,Il;H3JI0KTPHKaX. 

13. PaccMOTp0HO H0JIHH0HHO0 B3aHMo,n;ettcTBHe ,Il;01!)(3KTOHa C BH3BaHHOH 

HM lite ,n;eqx:>pMaunett perueTKR. ITo:ita3aHO, qTo OHO MOJ!teT npHB0CTH K o6pa-
3OBaHHID CBR3aHHOro COCTORHHR ,Il;01!)(3KTOHa C qx)HOHaMH - H0JIHHettHoro .ne

ip:lKTOHa. O.n;HOMepm,n H0JIHH0llHHtt ,n;eip3KTOH MOJ!t0T ,IJ;BHraTI,CR CKBO3I, KpHC

TaJIJI C nOCTORHHOtt CKOpOCTI,ID H 603 H3M0H0HHR qx:>pMH ,n;ewopMaunn. C Ma

TeMaTnqecKOtt TOqlill speHHR HeJIHHeilHHe ,n;eip3KTOHH HBJ!.fIIOTCR HOBHMR COJIH

TOHHlilMH perueHHRMH HeJIHHelrnoro ypaBH8HHR Illpe.n;nHrepa C BHCIDHMH H8JIHHett

HOCTRMH. Onpe,n;eJI0HH ,n;nHaMnqecKRe xapaKTepHCTHKn COJIHTOHOB. 

14. ITocTpoeHa KBaHTOBaR TeOpHR Kpay,n;nOHOB B KpHCTaJIJiax npn HH3-

K11X TeMnepaTypax. IToKasaHo, qTo Kpay.n;noHH npeBpamaroTcR B KBasnqacTn

uu - Kpay,n;HOHHHe BOJIHH, ,Il;BHJKYmH8CR B,Il;OJII, KpHCTaJIJIOrpa~nqecKRX ocen 

KaK "JierK11e" CBO6O.n;Hue qacTHUH. 

15. IT01m3aHo, qTo npn ,n;oBOJibHO o6mnx rrpe,n;noJiollteHHRX nHHHHHr co

JIH TOHHHX B036YlltneHHtt B KBa3HO,IJ;HOMepuux CTpyKTypax Tnna noJinaueTllJ!eHa 

Ha perueTK0 H8BO3MOllteH BBH,n;y cymecTBeHHO! poJIR KBaHTOBHX a~KTOB. Ta

Kne BO36yllt,n;eHHR npeBpamaroTCH B KBasnqacTHUH - COJ!llTOHHHe BOJIHH. 

16. PaCCMOTpeHO B3aHMO,n;eilCTBH0 Kpay,IJ;HOHHHX BOJIH C KOJie6aHHRMll 

pemeTKn. IToKasauo, qTO Kpay,n;noHHaR BOJIHa MOJ!t8T ,IJ;BHraTbCR co CKOpOCTI,Kf 

6OJibmen CKOpOCTH 3BYKa B KpHCTaJIJie. PaccMOTpeHO qepeHKOBCKOe H3JIYqe

HHe qx)HOHOB Kpay,n;HOHHOtt_BOJIHOtt. 

Hay1rnoe n rrpaKTHqecKoe sHatJeHRe. HaytJHoe sHatJeHRe pa6oTH saKJIIO

tJaeTCR npexne Beere B KBaHTOBOM no.nxone K TBKllM O6beKTaM (npRM8CRM, 

BaKaHCHRM, Kpay,n;noHaM, coJinroHaM n ,n;p.), KOTopue ~aHI>me paccMaTpnBa

JIHCb nOJIYKJIBCCH~ecKR. B .nnccepTaunn Ha OCHOBe MHKpOCKonnqecKott TeOpHH 

8TllX O6beKTOB BllJ!MeH HOBHtt THn HX ITOBe,n;eHHH - KorepeHTHOe ,Il;BHJlt0HHe. 

BBe,n;eHU B paCCMOTpeHne HOBUe 8Jl0M0HTapHue BO36yllt,n;eHHR - He.imHettHue 

,n;elp3KTOHH H COJIHTOHHUe BOJIHU. 'lPacClJHTaH!il, HX ,Il;HHaMHl!eCKHe H KHH0TH

lJ0CKne xapaKTepHCTHKR,. IJpe,n;CKB3aH!il 8q$=iKTlil,. He RMe!OOUle KJiaccHqecKoro 

aHa.nora. IloJIY'{eHHaR B ,n;nccepTauHH BOJIHOBaR qlyHKUHR KBaHTOBoro KpHCTaJI

Jia nOCJIYlKWia OCHOBOtt ,ll;JlR pacqeTa pa3JIH'!HHX cneKTPaJ!bH!ll npORBJieHlltt 

,Il;01!)(3KTOHOB B 8~KTe Mecc6ayepa, npn pacceRHHH HeilTpOHOB, B cneKTpax 

flMP H .n;p. 
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B ,n;nccepTaunn nocTpOeHa TeOpHH .n;nHaMnKR ,n;eqx:>pMHpyeMHX TBep,n;ux 

T0Jl C KBa3HqacTHqHUMR BO36yllt,n;eHHRMH. ITpRM0HHMOCTI, 8TOtt Teopnn KaK K 

KBaHTOBlilM KpHCTaJIJiaM, TaK R K TaKRM BalltH!ilM 06beKTaM,K8K MeTaJIJIH R no

JIYnpOBO,ll;HHKR, o6ycJIOBJIHBaeT ee npaKTnqecKoe 3HatJeHne. 3HatJHT0JlbHaR 

tJaCTb n,n;ett n pesyJII>TaToB ,n;nccepTaunn MollteT c ycnexoM npnMeHHTbCR n K 

,n;pyrHM CHCT0MaM H RBJI8HRRM (MeTaJIJIH C Bo,nopo,n;HlilMR rrpHM0CHMH, KBa3H

O,Il;HOMepHaH ,IJ;llffi3HH B,IJ;OJII, ~HCJIOKauHtt H T • .n;.). 

Arrpo6arum pa6oTU.I OCHOBHUe pesyJII>TaTH .n;nccepTaunn ,IJ;OKJia,IJ;HBaJillCI, 

,Ha CJie,n;yromnx MeJK,eyHapo,n;HHX ll HaunoHaJ!bH!lX KOHl!)(3P0HUHRX H lliKOJiaX: 
' 
: X, XII, XXIY MeJK,n;yHapo.n;Hue KOHip3peHUHn cTpaH-tJJieHOB CSB no 4}R-

isnKe H T0XHHKe Hll3KnX TeMnepaTYP (BapHa 19'71, CeKemip3xepBap 1973, 
1EepJIHH 1985 ) 

XXII, XXIII BcecorosHue coBemaHnH no qinsnKe HH3KRX TeMnepaTyp 

!<KHmHHeB 1982, TaJIJIHH 1984) 
' MeJK,n;yHapo.n;HaR KOH!p3p0HUHR no qlll3HKe KBaHTOBHX KpHCTaJIJIOB 

:(T6MHCH 1974) 
· YI, VIII HaunoHaJ!bHUe KOHip3peHUHH no qinsHKe (Co¢nR 1973, 

BH.nHH 1976 ) 
II, III HaunoHaJ!bHue KOHqepeHUHH MOJio,n;ux 4]RsnKoB (Co~nH 1974, 

BH.nHH 1976 ) 
HBUHOH8J!l,HaH mKOJia "HeJIHHeffHUe HBJI0HHH H HeCT86HJ!bHOCTH B KOH-

,n;eHcnpoBaHHOM COCTOHHHH BemecTBa" (rllJl~l!HU81975) . 

II, III MeJK,n;yHapo.n;HUe mKOJIH no qlR3llK8 KOH.n;eHCHpOBaHHOro COCTO

HHM (BapHa 1982, BapHa 1984), 
I HauHoHaJ!bHuff KOHrpecc qM3HKOB C Co4}RH 1983 ) 

III Mex,eyHapo.n;Huff CHMnosnyM no B96prutHYM npo6JieMaM CT8TllCTH

qecKoA MexaHHKR (.IlY6Ha 1984) 
YI 06maH KOH!p3peHUHH no 4'H3HKe KOH.n;eHCHpOBaHHoro COCTOHHHH 

EBponettcKoro 4MsntJecKoro o6mecTBa (CTOKrOJ!bM 1986 ) 

Ily6JIHK81JHH: no TeMe .nnccepTauHH orry6JIHKOBaHO 24 CTaTI,H. Hs 

orry6JIHKOBaHHHX 17 T09HCOB H pesrue ,IJ;OKJia,IJ;OB Ha KOHqepeHUHHX B CITHCOK 

BBTOpcKRX pa6oT B KOHUe aBTOpeqepaTa BKJIIO'i0HH 4 T03Rca. 

CTpyKTypB ,rumcepTBIUUI: .IbrncepTauHH COCTOHT HS BBe.n;eHHH, Tpex 

qacTett, co,n;epllt8.lllHX 9 rJiaB H 44 naparpaipa, saKJiroqeHHR, 4-x npMollteHntt 

H CITHC!ta JIHTepaTJPH H3 167 HaHM0HOBaHnlL Co.nepl!tllT 252 CTpaHHUH, 15 

pncyHKOB H 5 Ta6JIHU. 
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CO.llEP1K4fillE .llMCCEPT AUIDI 
Bo BBe,D;8Hllll KpaTKO OTMeqeHhl oco6eHHOCTll KBasnqacTnqHoro TIO)LXO~a K TBep,n;hlM T8JiaM n, B qacTHOCTll, K ,n;eqieKTaM B KBaHTOB!lX KpllCTaJIJiax ll 

COJillTOHaM B KpllCT~~ ll KBa3llOD;HOMepH!lX CTPYitTYPax; BBO,D;RTCR OCHOB
Hhle IlOHRTllR, YKa3h!BaJOTCR CMhlCJI ll M8CTO paccMaTpnBaeM!lX B ~ccepT8Ullll 
npo6JieM, qJOPMYJillpyIDTCR U8Jib ,n;nccepTaunn ll OCHOBHhle·noJioJKeHllR,. B~BllraeMhle Ha 3all!ll.TY, B KpaTKOtl !Jx)pMe ll3JiaraeTCR'CTpyKTypa ll ,n;aeTCR pacnpe,n;eJieHne MaTepnaJia no rJiaBaM ,n;nccepTaunn. 

B nenBoil qacTn ~ccepTaunn paccMOTp8Hhl ,n;eqieKThl B KB8HTOBhlX 
KpllCTaMax. l30JiblllllHCTBO pesyJihTaTOB 3,n;ecb OTHOCHTCR K B8K8HCHRM ll 
npnMeCRM B TBep,n;ux ll30TOnax reJinR, XOTR HeKOTOphle ll3 HHX HM8IOT OTHOmeHne ll It ,n;pyrHM KBaHTOBhlM CllCTeMaM, B qacTHOCTH, K IlpHM8CRM BO,n;opo,n;a B T~8JihlX M8T~ax. 

IlepBhl8 ,D;Ba naparpacpa llMeIDT BBO,D;Hhlff xapaKTep. B HllX .n;aHhl KpaTKll8 CB8,D;8HllR O TB8p,D;OM reJIHll KaK O KBaHTOBOM KpHCT~en O TeopeTnqecKHX MO,D;eJIRX H M8TO.ll.ax onHC8HHR KBaHTOB!lX KpllCT~OB 6es ,n;eqieKTOB. 06pa
meHO BHHMaHne Ha oco6eHHOCTH B OTIHC8HHH .n;eqieKTOB H Ha OCHOBHhle OTJIH
qHJI sanaq, CTORII!ll.X nepei Maccnqecitoii n KBBHToBott TeopHRMH ·neilieKTOB. 

. KaK BTiepBhle 6~o YK83aHO AanpeeBUM H JinqnmueM, B KBaHTOB!lX 
KpllCT~ax ,n;ecpeKTl:l o6pasyIDT HOB,YIO BeTBb 3JI8M8HT8pHhlX B036yJK,n;eHntt •. Ilo-3TOMY OCHOBHOH sanaqeff RBJIReTCR_HaXOJK,n;eHHe 3HepreTHqecKoro CTISKTpa (3aKoHa ,n;HCnepcnH ) 3THX B036YJK,r,;8HHH. 

8HepreT.0qecKOMY cneKTPY .neilieKTOHOB TIOCBJimSHa I'JI~Ba I. B Heil Ha OCHOBe MHRpOCKOTIHqecKOH MO.D;8JIH noKa3aHO, qTo Toq_eqm~e ,n;eqieKTU ((BaKaH- i 
CHH H IlpllMSCll) B KBaHTOB!lX.. KpHC~aJpiax .n;eJIOKaJIH3Y_IOTCR H_ npeBpamaIDTCR B KBasnqacTHUll - .n;e<peKTOHhl, COCTORHHS KOTOpux onncuBaeTCJI Hei RX nQJIO~ .lKSHHeM B KPHCT8MHqecKott pemeTKS, a IlX KBa3HHMIJY.1II,COM _ -.r H 3aKOHOM ~CIIepCHH E(it) , )lJIR BuqHCJISHHR 3~K<)Ha .n;ncn.epcruI pa3BHT.HOBUH Me-• 

,_, ' ' j • 
' •• TO.ll., JqHTh!BaIDII!ll.lt 683 IIOMOII!ll. TElOplrn B03MYmeHHH pOJib gx)HOHHOi! "my61f!, 

corrpOBO.lK.D;alOOlelt .n;e<peKT , B MO.D;eJIH HCTIOJib3Y8TCR KBa3HrapMOHHqecKoe 
1IpH6JIHJK8HHSOn.0caHHR KPHCTaMa, a .n;e<peKTOH paccMaTpHBaSTCR B rrpn6JIH
lK8Hllll CHJibHOH CBR3ll, qTo orrpaB.n;aHO BBH.D;Y MaJIOH CKOpOCTH .n;e<peKTOHa no 
cpaBHeHHIO co CKOpOCTbIO 3Byxa, H Il03BOJIR8T Hai!TH 38KOH ,n;HcrrepcHH B aHaJIHTHqecKOM BH.D;8 1J,11JI Bceil 30Hll EpHMI03Ha, B 3TOM IlpH6JIHJK8HHH Bll.D; 38KOH8 ,n;Hcnepcnn orrpe.n;eJIJteTCR ~B~HCTBBMH CHMM6TPUH peUieTKH, a mnpnHa 30HU rrponopuHOH8JI:E,Ha aMnJIHTy.n;e B8p0RTHOCTH rrepexo.n;a A KpllCTaMa B COCTORHHB C .n;e<peKTOM B coce,n;HeM ysJie KpHCTaJIJIHqecKOH pemeTKll, Il0Ka38HO, qTo B reKcarOH8.JII,HOA IlJIOTHO-yrraKOB8HHOH cpase 4He .n;e<peKTOHHM 30Ha COCTOHT H3 ,n;Byx BSTBett, YCJIOBHO. H83B8HH!lX HaMH aeycTHqSCKOM H OTITHqecKott: 
E ClJ-A{'/-'t(Q5'§,~§~ "Ral_ GcS ka-/1.+Bccs--;.il,Clr.,iil,.~§} q_ - 2. 2. 2-+- .2 2 2. 2 p~ 

, 
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... C - 1. 1 'f3 ,\ - 1. 1 fi ) :.. ,ra r.n;e a.= t,0,0), a
2
=\-2 ,-2 ,0;, a 3=\- 2 ,2 ,0, C=(O,O,V"j-). 

WHpllH!:l 30H paBH!:l cooTBeTCTBSHHO .!la"= 7 A , ..10 " = 5 A . Y onTnqecKOH sottl:l nMeeTCR meJib Uinpnuoil 3A . TaKllM o6pasoM1_.n.ecpeKTOHH!:lll cneKTP saHn-
MaeT aHepreTnqecKntl nHTepBaJI 8A. 

BeJinqnHa A RBJIReTCR ocHoBHhlM napaMeTpoM Teop1rn. tJepes Hee Bhl
paJKaIOTCR BC€ ,f(I!H8MI!qecKI!8 xapaKT8pHC!HKH .n.eg:eKTOH8. ITpn MaJih!X 3H8'!8-
HI!RX BOJIHOBOro .BeKTOpa (Ka<< :1. ) 38KOH .n;ncnepcnn KBaupaTW-leH. Torna 3CJ)
qJeKTI!BH8R Macca m*~n 2/Aa2 , a cpe.n;HRR CKOpOCTb U=itAa2/n , B H3-JiaraeMotl T80p11ll B8Jil1'IHH8 A pacCM8TpHB88TCR K8K M8Tpll'IHb!M 3Jl8M8HT rre
pexo,n;a M8l!UlY COCTORHHRMH KpI!CT8JIJI8, COOTB8TCTBY!Oll1I!MH TIOJIOlKSHHRM ne
qJeKT8 B ,D;BYX coce,n;HI!X Y3JI8X peweTKH: 

2.S( d ,,, ;) ) i A = Fl 1JI_ ;:i- 't'l - - 1Jf - ;, ~ d X' 'Z -,,Xi +1' Z+&' t7X, 
( 1) 

rne xi - Koopn,rnara peaJibHO rrepeMemarn1erocR aroMa f.n:JIR BaKa11cnn x .. 
eCTb KoopnHH8T8 8TOM8, rrepexoum11ero Ha ee MSC TO), d'x=n .dx , a 1J!._ -

-"-•"' I( oz. qyHKUI!R COCTORHHR KpllCT8JIJl8 C JIOK8JJl130BaH!rnM B ysJie 'l- .n.eq,eKTOM, B 
KB83nrapMOHll'I8CKOM rrpn6JIH*8Hllll HM8IOWBR ~nn 

1 ... f/~ 
1 If (~ei Wo) { 1 o ..., ,. } '!'_(x)= 

3
~ exp -

2 .,,,(x-x,Cv(iz)(x-x)) 
,z. (rrtr) " 

0 

• 

(2) 

" 3.n.ech w 0 -
KBa.n.paTHHH KopeHh ns MaTpnu1,1 yrrpyrnx Koaqxpv.uneHTOB, X -

paBH0BeCH!:le IlOJJO~eHHR aTOMOB. 
TakoM IIO.UXO.ll. o6na.n.aeT p.f!J10M npenMYmecTB no cpaBHSHHIO C M8TO.n;8MR, OCHOB8HH11MH Ha rrepeKph!Tllll 0.ll.HOqacTnqHWC BOJIHOBblX q1yHKUlli1 coce.D;HHX aTOMOB, aHaJiorH'IHhlX npenMYmecTB8M,.n.e6aeBCKOil TeopnH no cp8BH8Hlll0 C attHmTefiHOBCKOi1. OH IT03BOJIReT TaKllte sarrncaTb BOJIHOB,YIO qJJHKUI!ID ne~eKTOH8 B RBHOM BRJ{e ll HCIIOJ!l,30B8Tb ee ',n;JIHpaccMOTpSHHR pa3JIHqH!lX_CIIBKTp~bHIDC 

rrpoJIBJieHHfi necf)eKTOHOB. Hcrron:osoBaHH~ no.nxo.n: naeT B03MOlKHOCT:E, BHpaSHTb 38KOH ~crrepcnn -qepe3 MaKpOCK0IIINBCM8 xapaKTepnCTHM cpe.D;hl ll .D;BS no
CTORHH!ie ( 5 ' 'S' t ) ' 38BHC.llll!ll.e TOJII,KO OT CBOttCTB cHMMeTpH.1! peweTIW: • - t . 

E
m.SI)~ -.S: .!!!.!.. A= !L 0 01 e • e , · o> 

r.n;e s - CKOpOCT:0 aByKB, m .;. Macca 8TOMa, 0 - TeMrrepaTYp8 .IJ.e6aR. ITocToRHHM 'S'
0 

rrpocTHM o6pasoM cruraaua c qacJioM~onaJKro1mnx coce,n;e~ -
-s. se Vi¥'- vi- i .. 

2 
B!i6paHHHtt cnoco6 OIIHCamur c IIO~OmhD CaMOCOrJiaCOB8HHOtt M8TpHUH W .D;aJI B03MOllHOCT:E, TaKllte IIO~HTb 3aBHCHMOCTb wnpn-· 

Hli 30Hli OT MOJIJII)HOrO 06~eMa; BwmcneHHhle 3HaqeHHR .ll.JIR mnpHHhl B8KaH
CHOHHOtt 30Hhl B reJIHI! IIOK838Jm xopome~ cornacne C 8KCII8pHM8HTaJibHhlMll .n.aHHUMH n c pesyJihTaTaMn 6oJiee no3nHH! Teopntt. )lorroJJHHTSJihHOe non-
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TBepJKnemie 110JJytieHO B nnccepTar.urn (§ 18) 11pll cpBBHeHllll TeopeTlltJeCKHX 
ll 3KC11epnMeHTBJ!bHblX 3HBtJeHllll ,IJ,JI.FI Tel1JIOeMKOCTll TBepnoro 3ire B o6JJBCTll 
BblCOKOTeMnepaTypHOll BHOMBJil!ll. ]IJI.FI KpllCTBJIJIB C MOJIHpHb!M 06'beMOM 
Vm = 24,454 CM3 110JIY'{eHa :rneprirn BKTllBBUllll f

0 
= 6 ,6·5 K ll IIIllpllHB 30Hbl 

A= 6, 42 K. IloJiytJeHHB.Fl "110CTO.F!HH8.Fl rproHail3eHa" ,ll,JI.Fl illllpl1Hbl 30Hbl TBKJKe 
xopomo corJiacyeTC.Fl C 3KCnepl1MeHTBJ!bHb!Mll pe3yJJbTBT8Mll. 

rJJaBa II 110CB.FIIIJeHa CTBTl1CTllKe neweKTOHOB. ]Ie~eKTOHbl 110.F!BJI.F!RlTC.Fl 
He B BBKYYMe, a B pemeTKe ll3 tJBCTllU, 110,IJ,tJllH.F!RllllllXC.FI onpen;eJieHHOll CT8-
Tl1CTllKe. Il03TOMY 110Ben;eHne BOJIHOBOll ltYHKUllll KpllCTBJIJIB C neqieKTOHBMll 
11pll 11epecTBHOBKBX 38BllCllT KBK OT CTBTllCTllKll neipeKTHblX BTOMOB, TBK ll 
OT CTBTllCTHKll BTOMOB MBTpllUb1.Blpe3yJil>TaTe CTaTHCTHl(a ,ll,8Q]8KTOHOB,B006-
lll8 roBOP.fI,H8 COBIIa,n:aeT co CTaTHCTHl(BMll Eo3e-3fiHll!T9HHa WI11 Eo3e-)Ulpa.Ka,' 
KBK 3TO MMeeT MeCTO WI.FI 06bltJHblX tJBCTllU. CymecTBeHHYRl pOJib nrpaeT TBK
JKe JJ;llCKpeTHOCTb pemeTKll - ne(teKTbl p83Horo pemeTOtJHoro THl18 - BTOMbl 
BHenpeHll.f! IIJIM 3BMememrn, Bbl3BBHHble 0,ll,llHBKOBb!Mll BTOMBMll, rrpeBpBIIJBRJTC.f! 
B ne<IeKTOHhI, 110UtJHH.F!RlIIJUeC.FI p83HbIM CTBTUCTUKBM. lI03TOMY, B npnmrnne, 
nepexon nprrMeCHOro BTOMB BnenpeHll.Fl B y3eJI MOJKeT 6bITb 38TPYUHeH TBKJKe 

neo6xou11MocTbRJ "11epexona B npyryro CTBTllCTney" u npeono;rennH attepre
TlltJecRoro 6apbepa 11op.fI,IJ,Ka sHeprnu 1epMll. 

Boo6me roBOp.FI, TeM11epaTypa BblpOlKUeHll.Fl ,IJ,e(_peKTOHHOro ra3a MBJIB: 

T ~ A-X
2

/ 3 (4) 
0 

ll IIOHlllKBeTC.f! C YMBHbmenneM ROHUeHTpaunn. TeM He MeHee,poJib CTBTllCTllRll 
C 110HlllKe!ll1eM ROHUeHTpBUllll neq,€RTOB B03p8CTBeT, B tJeM MOJKIIO y6ennTbC.Fl, 
eCJill ytieCTb, 'ITO B38llMonefiCTBll8 MBJKUY ne:teKTOHBMU B RpllCTBJIJIBX o6paT
HO rrpo11opunoHBJ!bHO TpeTbeil CTe11eHll paCCTO.FIHH.FI, n,cJien;oBaTeJibHO, snep
rn.fI B38!1MOUeilcTBll.fI neteRTOHOB 11po11opmrnHBJibH8 l1X KOHUeHTpau1rn X : 

E= ¼ =V.x r3 a 

CJie,IJ,oBaTeJibHO, 11pll MBJiblX KOHUeHTpBUll.FIX To ~ ~ x~t » i. 
E V., 

C 110MOIIJbRJ MeTona, llCl10Jlb30BBHHOro EoroJIRJ60BblM, HB~,IJ,eHa 38BllCll-
MOCTb CTBTllCTllKll neifeKTOHOB OT CTBTllCTHKll 11pnMeCHblX BTOMOB, CTBTMC
TllKll BTOMOB MBTpllUbl ll Tl1118 neif,eKTB. PacCMOTpeHO KllHeMBTlltJBCKOe B3811-
M01l;8UCTBl1e neif;eKTOHOB. IlOK838HO, 'ITO 11p11 onpeneJieHHblX YCJIOBll.FIX neqieK
TOHbl 1101l;tJllH.F!RlTC.Fl napacTBTllCTllKe, no11ycKaRl1llett N-tJaCTlltJHOe ( N- tJllCJIO 
Y3JIOB ) ~8110JIHenne KruK.nOro ypoBH.Fl, . HO He COBl18,ll,BKlUe:l co CTaTllCTIIKOl! 

]IJKeHTllJ!e.B 0,ll,HOMepHOM CJ!Y'l88,npn ytieTe TOJ!bKO o6MeHa MeJKny 6Jil1JK8llllll1Ml1. 
COCBWIMH, neqieKTOHbl MOJKHO paCCMBTpllBBTb .KB.K qiepMllOHbl. 

B rJJaBe III paCCMOTpeHa KllHeTllKB necf)eKTOHOB, B ROTOpoil HBll60Jiee 
HpKO npo.FIBJI.FIBTC.Fl KB83lltJBCTlltJHOe IlOBenettlle neqJeRTO~OB. 

PaccMOTpeHlle HBtJHHaeTC.Fl C npouecca neJIOKBJ!ll38UllH TOtJBtJHoro ne
q:eKTB. I!OR838HO, tJTO B HBtJBJibHble MOMeHTbl BpeMeHH neJIOKBJlll38U11.Fl ll,IJ,eT 

8 

.\ 

\ 
·,I 

6bICTpO, ll BepOHTHOCTb HBXOJK.UeHll.Fl neWBKTB B HBtJBJ!bHOM ysJie YMeHbillBeTC.Fl 
RBan;pBTlltJHO BO BpeMeHU. IlOJIYtJBH cpe,UHllll KBan;paT paccTO.F!Hll.f!' npoilneH

HOro ne4)€RTOHOM 38 BpeM.FI t; 
1~ Vf -/;; 1; (o2) = -2 a.- 'l:" = -, 

l 't"o 1 o A (5) 

a TaKJKe ypaBHeHue He11pepblBHOCTll ,ll,Jl.Fl npouecca ,IJ,eJIOK8Jlll38Ullll ll CKOpOCTb 
®OHTB BOJ!Hbl neJIOK8Jlll38Ullll V' = '/Jii Aa/'li.. BpeM.FI ,IJ,eJIOKBJill38Ullll BBK8HCllU 
B TBep,ll,OM reJillll ouennBaeTC.Fl ~. 10-11 C, a ll;Jl.Fl 11pnMeceil ~ 10-

6
0. 

]IJI.FI KorepeHTHOro 110Ben;eHH.Fl ne4)€KTOB Heo6XOUllMO, tJT06bl Bee BpeMeHa CB0-
60,IJ,Horo 11po6era 6blJill BeJIUKll 110 cpaBH€HllRl C BpeMeHeM neJIOKBJIU38Ullll -z;"o• 

3TO YCJIOBlle HBKJIBll;blBBeT cymecTBeHHble orpBHlltJeHll.Fl HB no11yCTllMble KOH

ueHTPBUllll neqieRTOB, CBO,IJ,.FimlleC.FI K HepaBeHCTBY 

XO- <<1, (6) 

rne 0- - cetJeHne pacce.FIHll.FI (B ennnnuax a. 2 ). 

Han60Jiblllllll llHTepec 11pen;CTBBJI.FIRJT a(l)feRTbl, CB.Fl38HHbl8 c ,ll,llip~ysneil. 
B HllX Han6oJiee tJeTKO 11po.FIBJI.F!RJTC.Fl KB83lltJBCTlltJHble CBOllCTBB neq;eRTOHOB 
ll llX OTJ!lltJlle OT npyrnx KB83lltJBCTllU. B nnccepTBUllll 110K838HO, tJTO 11pllH
lilll1ll8JlbHYRl pOJib B KllHeTlltJeCKllX .FIBJieHll.F!X nrpaeT illllpllHa anepreTtttJeCKOll 
30Hbl _A. Ee He06XO,ll,llMO cpaBHllBaTb KBK C T~Ml1epaTypoil, TBK ll C xapaK
TepHOil 3Heprnefi neq;eKTOH-neci,eRTOHHOrO B3Bl1MOUeMCTBll.Fl Vo. ]IJI.FI 11pnMeceff 
B TiiepnoM reJillll Vo~ 10-2 K. BeJ!lltJllHa Vo· OK83blBBeTC.Fl HB UBB 11op.Fin;Ka 
MeHbIIJe lllllpllHbl BaKBHCllOHHOil 30Hbl ( ~5 - 10 K) ll Ha n;Ba 110p.fI,IJ,KB 60JibIIJe 

lllllpllHbl 11pttMeCOHHOM 30Hbl ( ,.._, 10-4 K ) • 

Marra.FI lllllpllHa 11pllMeCOHHOV. 30Hbl panttRBJ!bHO MeH.FIBT xapaKTep 11pouec
ca pacce.FIHll.FI. B OTJilltJlle OT lllllpOK030HHblX KB83lltJaCTllU 11pllMeCOHbl paccell

BaRJTC.Fl He HB Mpe neweKTB, a Ha OKpyJKaromeM ero Me,ll,JleHHO MeH.FIRJIIJeMC.Fl 
110Jie ,ll,Bl!)OpMBUllll. B TBBpUblX TeJiaX B38llM01l;efiCTBlle TOtJetJHblX neWeKTOB 

MOJKHO 3811llC8Tb B BllUB 

lf'Ci> = V cn/a":in 
O rr /, (7) 

rne ,IJ,JI.FI KpllCTBJIJIOB n = 3 l:'l :fJYHKUll.FI HanpaBJieHntt 1'° (n) nctJesaeT npn 
ycpenHeHl:'111 110 yrJiaM, a B npocTpancTBe1rno-11soTpo11nofi cpene n = 6 ll 

¼ = e,on.st. 
EJiaronapR MBJ!Oll lllllpnHe 30Hbl BORpyr neqeKTOB C031J;BRJTC.Fl 60JibIIJHe 

o6JIBCTll, HenocTyl1Hble MR RBB3ritJBCTHU. Mx JlllHeAHblil pasMep 
f/n 

R
0 

= a (V./.1) . cs> 
Il0:3TOMY cetJeHlll! ne:teKTOH-neqieKTOIIHOrO pacceRHll.Fl OR83blBBRJTCH BHOMBJibHO 

60JiblllHMH 2/n 

a-~ rra.1
{:) . (9) 

KaR l10K838Jin A11,npeeB I! Jinijrulll\,Y3RBH rrpHMeCOHH8.f! 30Ha npimonnT l:'l 

R CBoeo6pa3HOMY 38XB8TY KB83l:'JqacTHU He TOJibRO B MHH11MYMBX yrrpyroro no-
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TeHu;iaJra' HO ll B MecTax C 6OJibllillMll rpan11eHTa'.Vl11 IIOJIJI. ITp11 3TOM saxBaT 
BO3MOlKeH KaK B IIOJie IIpllTHHeHHH, TaK I! B IIOJie OTTaJirurnamrn. OH npOllC
XOI(llT B Tex C.1IytraHX, Kor.na nrnpirna 3OHhl OK83hlB8eTCH MeHblIJe ns:1eHeHllH 

IIOTeHllllllJia lf'(r) Ha !l:.,IHHe IIOCTOHHHO:! perueTKI!, T.e. eCJill /Vlf/a?, Ll , 
OTKy.na CJienyeT, 'ITO IIpll IWHlleHTparrnHX 

3 
A -X>Xc=(-v.)11+1 (10) n • 

Bee neJeKTLI 6ynyT JIOK8JI<i3OB8Hhl. ,UJIJI rrp.11Mecei1 3ire B TBep.noM '1IE) Xc~1%. 

EoJiee TO'IH1le oneHKil MO:KHO IIOJIY'IllTb, eCJill yt,eCTb, 'ITO B peaJibHhlX 
YCJIOBllHX 3KCIIepnMeHT8 T >> Ll I1, CJien;oBaTeJibHO, BLIIIOJIHHlOTCH YCJIOBllH 
IIpllMeHllMOCTll KBa3nKJiaccntremmro 11pll6JIH%eHHH 

B 3TOM CJiyt,ae 

(Ka/-
2
)) ~ 

0 

2. 

o- ~ TTa!l( ';) n-1. 
YcJIOBlle (11) BhlIIOJIHHeTCH ll rrpn BhlIIOJIHeHHH HepaBeHCTBa 

2. 

A(j)n-2«T<Ll. 
0 

B STOM cJiytrae Ka.~ Vr/A° 11 cetreHHe pacceHHHH 
' 1 1 

CT'~ TTa.2.fV,,') n-i 
lrAi' . 

Ono pacTeT C rrom1lKeHneM TeMnepaTyp.11 no 3HatreHHH, 
2, 

( 11 ) 

(12) 

( 1 J) 

( 14) 

( 15) 
c, ~ 1Ta2(V..)n-1 

max A . 
O6paTHhlM rrpeneJibHhl!i CJiytratl' COOTBeTCTBYIOIIU!H pacceHHlll(} MenJieHHOM traCTll-
llhl Ha 6h1CTpoy611BaIOI!jeM IIOJie, MOlKeT llMeTb MeCTO rrpn pacceHHHll BaKaHCHOHa 
B 11sOTporrnoil cpene rrpH T << 6 . B STOM c;rytrae 

( 
V. )Y.e a-~ '5, 65 ,,-a,2 2A . (16) 

ECJill BaKaHCllOH pacceHBaeTCH Ha BaKaHCHOHe, TO Ya~ m s2 ( S - CKOpOCTb 
sByKa) , A ~1 K 11 <r~50a,2: 

llpH pacceHHHH BaKaHCHOHa Ha IIpllMeCoHe MOlKeT peaJIH3OBaTbCH C!1TY-

a11HH, Kor.na Ll>> Y,; . B 3TOM c;rytrae cnpaBe)J,JIHBO 6OpHOBCKOe rrp116JI11lKeHHe, 
H san;atra MOlKeT 6h!Tb perueHa C yt,eTOM TO'IHOU yrJIOBOM saBHCllMOCTH IIOTeH-. 
1IHaJia ( 7) • )IJIH ey611treCKllX KpllcTaJIJIOB V_ (ii)= '\/:

0 
rcn), rn;e 3 0 • 

I'(n)=L n~ - ~ . B 3TOM CJIYtiae 1J;Htpf€peH1Ill8JibHOe cetreHHe paBHO 
i=I • 5 

J * 2(Va)2r2- 1J2 ~0-=225a A' (n)&f. · ( 17) 

EcJill .neipeKTOHhl IIO)J,'IllHHIDTCH CT8TllCTllKe ~epMn-)lnpaKa, TO npn 

TeMnepaTypax HlllKe TeMnepaTyphl BblpOlKI(eHnH cetieHne pacceHHllH SaBUCllT 
KaK OT TeMnepaTyphl, TaK ll OT KOH1IeHTpa11nn: 

v., 2/J (-A)3 o-~T-;:- , T< Ax , x> -v.: AX D • 
( 18) 

IO 

. I 

IIpoBe.neHHOe pacCMOTpemie nocTaTO'IHO .ILJIJI BhlHCHeHHH KorepeHTHOH 
ll;Hq,tysnH rrpu HH3KllX TeMrrepaTypax, Korna pacceHHlle Ha TeIIJIOBhlX ¢oHoHax 
MOlKHO He yt,HTblB8Tb ( HYJieBh!e ll,OHOHhl He HapyruaIOT rrep.llOIU1'IHOCTb KpHCT8JI
JI8, ll pacceHHHe Ha HHX He rrpoHCXOJL.llT). EcJIH KOH1IeHTP81!.llH .neq,eKTOB no
CT8TO'IHO MaJia, TO ll;JI.llHa CBO6O1J;HOro rrpo6era f = a/(Y.2xo-). ( 19) 

YCJIOB.lle KOrepeHTHOCTll e>> CL COBII8)],88T C YCJIOBll8M (6). EJiaro,napH 60Jib~ 
IllllM 3HatreHllHM cetieHllM pacceHHllH OHO•OKa311BaeTCH 6oJiee CJI86blM, '18M 
ycJIOBlle npnMeHHMOCT.ll rasoBoro npu6JilllKeHllH 

-3'l2 -t 
X(O- (O- =1X

0 • (20) 

KoH1IeHTp81lllH X0 OK83b!Ba8TCH TaKJKe He M8Hbllle KpllTlltreCKOfl KOH1IeHTpa1Illll 

Xe (10), npn KOTOpoif HacTynaeT JIOKaJIH381!llH .neq,eKTOHOB. IIosTOMY npo
ij8CC JIOK8Jill381!llll MOiKHO paccMaTpllBaTb B TepMHHax KBasntraCTllll. 

KoH1IeHTpa1IHOHHble o6~acTH MOlKHO pas6HTb no CTeIIeHHM MaJioro rrapa
MeTpa s .. Ll/v.; 

..L 
X < S n-1 I. - rasoBoe npu6JinJKeH11e~ 

3 ' 3' 
II. S n-i( X ( (!/n)'ntt - 06JiaCTb _B381lMOI(8MCTBYIOl!jllX KBa3ll'I8CTHll, 

ll 
III. X > (s/n)'nf:'t - o6JI8CTb JIOKaJill3OBaHHhlX .neq;eKTOHOB. 

B o6JI8CTH I K03ippll1!1leHT nmtqiysun 

D=-:1-~A. 
1 6~ xcr 0p 

llJill, IIO.ILCT8BJIHH 0- ll3 ( 12). UMeeM 

.1.2 
D ~ --1 V.x 

-/is op = za:- ( 21 ) 

(22) 

Kos¢¢llllll8HT nrri<py31lll B o6JI8CTH II Bhl'IllCJIHJICH MHOI'HMll aBTOpaMll. B 3TOM 
O6JiaCTll )J,JillH8 CBO60)],HOro npo6era orrpe.neJIHeTCH pacceHHlleM Ha rpaHH1!8X 
3HepreTntieCKOll 3OHhl, H D MOlKHO sanncaTb B Bll)J,e 

.d.2 
D ~ -llil (2J) 11 \I,; X 5 • 

06JI8CTb III paccMaTpHBaJiaCb B pa6OT8X KaraHa c COTpyI(HllK8Mll. 

CymecTBeHHO, 'ITO B (22) ll (23) 38BllCllMOCTb OT lliHpllHhl 3OH11 O~ll
H8KOBa. IloaTOMY rrepexon H3 o6JiaCTH I B TI He CBH38H C ll3MeHeHH8M sa
BllCllMOCTll DOT MOJIHpHOro o6~eMa. TaKoe IIOBe.neHHe 6hlJIO O6HapylK8HO 
SKCIIepuMeHTaJibHO B pa6oTaX Pntiap.nca C COTp., HO He H8lIJJIO o6~HCH8HllH B 
B paMKaX paCCMaTpllBa8MhlX TaM MO)J.eJieH. 

B cymeCTB8HHO KBaHTOBOH O6JiaCTll K03Q¢HlIH8HT .nH!N\Y3HH q,epMlleB-

CKllX .ne¢eKTOHOB l1MeeT Bill( 37r2 a.2 A'' 
D =--- , (24) 

F 8 t, V., T2 
a B CJiyt,ae 6oseBCKllX B036yJKneHllH 

2 A.2 
D ~ 2 5 ..E:_ - (25) B ' o-1:, T 
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CRe.JJ.YeT, KOHeqHo, llMeTb B Buny,qTo ecM 6ose-3fililllTefiHOBCKM KOHneHca

UllH BO3MOJKHa, TO na~e He60RblliOil rpanneHT XllMHqecKoro ITOTeHURMa ITpll

BonuT K CBepxTeeyqeMy ITOTOey ne(j;:eKTOHOB, KOTOpHfi MO~eT OKa38TbCH oc

HOBHh!M. 

IlpaBllRbHHil yqeT 38BllCllMOCTll KllHeTuqecKHX xapaKTepllCTllK OT llillpH

HU 3OHU llMeeT 60RblliOe 3HaqeHue ,n.JIH cpaBHeHllH Teopllll C 3KcrrepuMeHTOM 

n, B qacTHOCTll, ITpll OITpeneReHllll llillpllHU ITpllMeCOHHOli 3OHH ll3 naHHHX ITO 

nn,ppy3llll. HeITOHllMaHne pOM 60RbllillX ceqeHnfi pacceHHllH KaK pe3yRbT8Ta 

Y3OCTll 3OHU,BO MHOrllX pa69Tax ITpllBOnHRO K 38Hll~eHuro Ha 2 ITOPMKa 

oueHKll WllpllHH rrpllMeCOHHOli 3OHU B reRllll. 

C ITOBHllieHueM TeMITepaTypu Bee 6oRee cymecTBeHeyro poRo urpaeT pac

ceHHlle neqieKTOHOB Ha TeITROBHX iOHOHax. IlOCKORbKy'cKopocTb ne(j;:eKTOHa 

MaRa ITO cpaBHeHllID co CKOpOCTbID 3ByKa S , OCHOBHYID pORb nrparoT nByX

WOHOHHUe ITpoueccH. PacceHHlle 10HOHOB Ha neweKTOHaX paccquTaHOHa OCHO

Be TeOpllll ]uqmuua. IloK838HO, qro ceqeHue pacceHHllH HMeeT BllU 

rue 

do---,= - K 2nn, a.J2, (: v;,)2 
4 I 

KK 2." :·\ 

L - i "" [~ - - ,,~ 0a - - } 2 nn,- 1., 2 ,,L LnR1 /\RR.n•R2 . 
.c.tn.Sa-crRR •:2 . 

1 .2 .. .a J 

ii= °K , n'= K' , dSl.= 2.uu,n.rxd.o(. ~ol = nn' 
· K K 1 ' 

(26) 

(27) 

a 11;;,1 

- Ma;pnua BO3Myll!eHllH, Vo - o6'beM ~e!!Kll. B CRyqae BaKaHCllll 

B ITPOCTO~ ey6uqecKOM perneTKe 

.,_.. t'.- ... ,,2. 
L-nn•=i..nn/, (28) 

a B CRYqae ITpllMecu (28) H806XOUllMO YMHOMTb eme Ha llHTeHCllBHOCTb BO3-

MYme1rnH 0: , 3aBllC.fimyID KUK OT yITpyrux MonyRefi, TaK ll OT MaccH ITp!i!Me

Cll. IloKa3aHO, qTo B WQHOIIHOM rase neqieKTOH nBll~0TCH ,KUK TH~eJiaH qac

Tlllla B ra3e RerKllX. TaKoe ITOBenemrn CBH38HO C HH3Kl1Ml1 TeMrrepaTYpaMn 

T<< Bp , Bp=1is/2a.. B aToM cRyqae MHHa u BpeMH cBo6onHoro rrpo6era 

paBHH COOTB0TCTBeHHO 
_.1~ 9 

I= Vi a c(p) L &~) 
~.a;, Op VA \ T) ' 

i- = 'to E(p) (_ &p) 9 
°'-,c; &p lrJ , Ol-/'-1,2.7 (29) 

a K031PllllUUeHT nuqiq,ysuu HMeeT BUU 

1) = ~ (-E(P!)
2
(- ~_)

9 
r 3oc.o; 0p/ Tl 

rne qepTa O3HaqaeT ycpenHeHue rro TeMITepaTYpe. 
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(JO) 

(; 

I. 

'i 

l 
Ci 

l 
~ 

I I ,, 
! 

I 
! ·/ 
.I 

I 
' \j 
l!., 

r 

-

_ EcRu T>)ll, KaK aTo uMeeT MecTo nRH rrpuMecoHoB B reRna, TO 

c(p) = .A , U 

. 2.10,,)9 
1>-r- = 2,'r as (-~) (-;1. 

EcRu ~e T,, < T < .A , To ne(j;:eKTOHu Mo~no paccMaTpnBaTb 

cKnfi ras u E(P) = f T . Torna 

D :::: 059 E:i.. /&~)' 
s , er;; l-r-;. 

COOTBeTCTBeHHO BpeMH CB06onHoro·rrpo6era 

(31) 

K8K 60RbUM8HOB-

(32) 

?;: = ,{ {8 'Z:"o (-0~\8 (J3) 
5 ' 0: Tl· 

Ilpu T<T., K03qfJJUUlleHT .UU•J'(fil'3U0. 38BUCUT OT CTantCT0.Kvl ne(feKTOHOB. 

B CRyqae 6o3eBCKO~ CT8T0.CTU~U 

D ~ ~(- 0p) 7 
C34l 

B a; T , 

a B CRyqae cTaTHCTllKll ~epMU 

D "' ~ x 'f/3(~)2.( BP)~ 
,: a; 0p T . (35) 

,UeBHTyro CTeITeHb TeMrreparypu B (30) u (35) MO~HO ITORYqHTb ll3 ITpOCTUX. 

ifH3nqecKllX coo6pa~en0.iL Tpn CTene11n CBH38HU C qncROM (J;JOHOHOB, qerupe_ -

C ceqeHUeM pacceHHUH (26) ' 11 ,UBe - C He3itxlJeKT0.B!IOCTbro ITepenaqn llM

ITYRbca, ITp0. CTORKIIOBe11uu "RerKC)Z qaCTllUH C THJK8ROfi". CymecTBe11110, on-

118KO, qTo B (30)- (35) B KaqecTBe TeMITeparypHoro rrapaMerpa BxonuT Be

Rnq1ma 0P = 1; s /2. a ' a He TeMrrepaTYpB .Ue6aH fl ::::: 8 0p . ITO3TOMY KO-

3:lq:nu0.e11T nmppy3UII OTRnqaeTCH · OT llCITORb3OB8HHOro B HeKOTOpux · .n;pyrl!X 

pu6orax Ml!OlKHTeReM ~ 10-6 . HcITORb30B8H0.e HerrpaBl!RbHoro nn1JIY3HOlll!Oro 

39Ko11.a ITpl1BO.UURO K ,3a!ln~el!Hh!M s11aqenn.fIM .URH llillp0.IIH ITpH!VeCOIIHOH 3O11H B 

reAl!U 118 2 - 3 ITOpHnKa. 

~laROCTb lliHpll!IH ITpUMeCOHIIO.Z 3O!1LI B ,U8!111OM CRyqae l!Meer ue·oiKnnaH

Hoe npOHBRe1rne. KaK 6HRO ITOK838!1O AH.n;peeBH'Vf, ll3-3a Toro, qro lliUpl!118 

3O11H HBRHeTCH 118l!Me!lblli0.M 3HepreTnqecKJIM rrapaMeTpOM, O11a BurranaeT ll3 

1111TerpaAa 'cTORKHOBeHn!i B romernqecKo:1,1 ypaB11emm. B pe3yRbTaTe raso

K11HeTv1qecKoe ITpll6Rn~e11ne URH.UWf¢y3UH OK83HBaeTCH cnpaBeURllBU:1,1 ll rrpu 

TeMITeparypax' 6Rll3Kl!X K n:e6aeBCKOH (ll MH Ml!II CBOCon11oro npo6era 

. MeHbllie ITOCTOHH!IOH perneTKU ). 3TOT ~e pe3YRbT8T 6uA ITORYqen paHbllie n:py

I'l!M MeTonoM KaraHOM U MUHrepoM. K COlK8Rel!ll3J, crrpaBeTI:J1l!BOCTb 38KOl!a 

( 30) npu TeMITepaTypux, 6RJ!3KMX K .ue6aeBCKO,i, ue,'lb'3H ITpoBepnTb B reJ1llll, 

TBK KBK KpllCT8RR ITRaBIITCH paHbllle, a aKTHB8Ul!Oll!l8H n:wI;qy3HH naqmm

eTCH rrpu 3HaqnTeRbHO 6oRee Hll3KllX TeMITepaTypax. 
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B nrrccepTaililll IlOJIYqeHa IlHTeprrOJIRIIllOHH8H iopMyJia, OililCb!BaIDmaH 
KorepeHTHYJO KB8HTOBYID Ullffi3llID B reJillll BO BCeM OOJI8CTll ee cymecTBO-
B8HllH: 

-1 '5B { a (-r)9} D = _P 2.Yz XO- + o<.o;; 2 -
as~ 0 

T 0P . (36) 

H3 cpaBHeHllH 3TOH ¢opMYJibl C 3KCrreprrMeHTOM BnepBble Ob!JI8 orrpeneJieHa lliil
puHa rrpuMecoHHOH 30HbI B reJiuu. H3 Hee cJienyeT TaRJKe TeMnepaTypa ¢oHoH
Hofi JIOK8~38llllll rrpnMeCOHOB 

( 

y. 
T=0. 11.22.A)g 

1< P ol. o; 0p . (37) 

Il TeMrrepaTypa rrepexona Il3 OOJI8CTll ne¢eKTOH-ne¢eKTOHHOro B OOJI8CTI, ne
if~KTOH-qx)HOHHOrO pacceHHilH 

T* = T,,. I [1/9 • (38) 
3HaHrre 3THX TeMnepaTyp Il03BOJIHeT oueHttTI, UJIIUIY rrpo6era rrpnMeCOHa. <J)op
MyJia (36) naeT B03MOlKHOCTI, TaRJKe orrpeneJIUTb ceqeHue ne¢eKTOH-ne¢eKTOH
HOro pacceHHllH TT3 naHHbIX no Ullffi3llil. Ilpu 3TOM 3KcrrepnMeHT8EDHb!e 3H8-
qemrn xopomo corJiacyIDTCH c rrpe;ncKa38HHh!Mtt TeopeTnqemrn. HaKoHeu, tt3Y
qaH 3KCrrepllMeHT8JlbHO 38BTTCllMOCTI, UilqxpJ3TTTT OT MOJIHpHoro OO'beMa, I/J3 (36) 
MOlKHO IlOJIYql1TI, "IlOCTOHHHYID fpIDH8ll3eHa" UJIH llillpllHb! 30Hbl. 3HaH IlOCTOHH
HYID fpIDH8ll3eHa UJIH ceqeHllH pacceHHllH ~ ll3 U8HHblX no UTTffl3ll11 B OOJiaCTTT 
Hll3KOTeMnepaTypHoro IlJl8TO, MOJKHO CYUTTTI, 0 38Bl1Cl1MOCTl1 ceqeHl1H pacceH
Hl1H OT llillpl1Hb! 30Hbl 11 Bb!HCHl1Tb, KaK MeHHeTCH 3T8 38Bl1CllMOCTI, C KOHUeH
Tpau11eti. TmrnM o6pa30M, HarrpnMep, OTCYTCTBHe ll3MeHeHllH ,r.,. C KOHUeH
Tpauueti HBJIHeTCH IlOUTEepJKneHlleM npaBHJ!bHOCTll 38KOHa (22). 

B § 18 paCCMOTpeHa TeITJIOeMKOCTb ne¢eKTOHHOro ra3a KaK B CJIYqae 
coxpaHHIDmerocH, TaK rr HecoxpaHmomerocH q11cJia ne¢eKTOHOB. TipoBeneHu 
pacqeTbI UJIH Kpl1CT8JIJIOB C rrpoCTOM Ky6rrqecKOH ll O.II.K. pemeTKOfi. IlpoBe
neHO cpaBHeHrre C 3KCrrepnMeHT8JlbHb!Mll naHHb!Mll B OOJI8CTl1 "BbICOKOTeMrrepa
TYPHOll 8HOM8Jllll1", 0 KOTOpoti rrpenrroJiaraJIOCb,qTo OHa llMeeT B8K8HCllOHHblll 
xapaKTep, HO YUOBJieTBOpnTeJibHoro TeopeT11qecKoro OO'bHCHeHMH He Ob!JIO: 
H3 3Toro cpaBHeHllH orrpeneJieHbI napaMeTpbI B8K8HCHOHHOfi 30Hb!. 

KaK rrpaBHJIO I H8Jillq1,rn ;nei;€KTOB YMeHomaeT TermorrpoBOUHOCTb Kpl'C
T8JIJia , qTo CBH38HO C Bbl3B8HHUM 11Mll pacceHHl1eM !pOHOHOB ll npyr11x sJieMeH
TapHbIX B030YJKneHl1fi. 3TOT s1qieKT I B ITpllHIIUITe I .OCT8eTCH 11 IlOCJie U8JIOIW
Jil138Ul'lll ne¢eKTOB. OnHaKo rrpu UOCTaToqno Hl13KllX TeMrrepaTypax IIOHOHH8H 
TeITJIOilpOBOUHOCTI, pe3KO yMeHomaeTCH, B TO BpeMH K8K Ullippy3llH ne¢eKTOHOB 
B03pacTaeT. )Ieq,eKTOHHaH TeITJIOITpOBOUHOCTI, paCCMOTpeHa B § 19, rue 110-
JIYqeHbI OCHOBHb!e TeMrrepaTypHble ll KOHUeHTpaUHOHHb!e 38Bl1CllMOCTl1 KaK B 
"KJiacc11qecKofi" (T>T,, ), TaK 11 B cymecTBeHHo RB8HTOBOtt (T<T,, ) 06-
JiaCTll. 
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B rJiaBe IV paccMOTpeHa CTPYKTypa KBaHTOBoro KpllCT8JIJia C .ne,teK
T8Mll. HaJiuqne neJIOK8Jlll30B8HHUX neq:€KTOB CT8Bl1T IlO-HOBOMY BOITpOC 0 
CTpyKType OCHOBHOro COCTOHHl'IH KB8HTOBoro Kpl1CTaJIJia. 0U11H 113 B03MOlKHb!X 
sN,eKTOB ( COCTOHHlle C HYJieBb!Ml1 neq:eKTOH8Ml1) paCCM8Tpl1B8JICH AnnpeeBb!M 
11 Jiwjlu11ueM. B n11ccepTau1111 paccMoTpeHo "pa3yrropHno'urnarou1ee" 11etlcTBne 
ne¢eKTOHOB B OCIIOEHOM COCTOHHl111. PacCMOTpeHa MoneJib KBBHTOBOro Kpl1C
T8JIJI8, COCTOHmero l'.13 8TOMOB UBYX COpTOB. IlOK838HO, qTo B Ta Kott CHC
TeMe B38!1MOneficTBHe MeJKny B8KaHCHOH8Ml1 corrpOBOlKll;aeTCH po;KnemieM II YHl1-
qToJKeHHeM rrp11MecoHHb!X B030YJKneH11tl. B38l'.IMOUelicTBHe B8K8HCIWH8 C np11Me
COH8Ml1 MOJKeT rrp1rnecT11 K ·JIOK8Jll138Ul1!1 E8K8HCHOHa B onpeneJieHHOZ 06JiaCTil 
Kpl1CT8JIJia, a TaJOKe K T8KOll rrepecTpofiKe aTOMOB B STOW OOJI8CTl1, KOTOpaH 
06ecrreq11BaeT M8KCHM8JlbHOe IlOHHJKemrn 3Hepruu Kpl1CT8JIJI8 ~a cqeT ymnpeHHH 
BakaHC!10HHOfi 30Hb!. 

IlOita3aHO,qTo rrpa H9HYJI9BOH TeMIIepaType MeJK.UY BaKaHCliOHaMli li rrprr
MeCOHaMli llOHBJIH8TCH 3qxlJ8KTliBH08 OTTMKIIBaHH8, He HMe~ee KJiaccrrqecKo
ro aHMora.OHO HBJIH8TCH CJI8,UCTBli8M Toro o6C'l'OHT8Jil,CTBa, 'ITO ,U8JIOKa
JIH38ll11H B8K8HCHl1 rrpHBOUHT K IlOHHJKeHHID 3HeprHH KpHCT8JIJia Ha BeJIH'll1HY 
1::,. /2 . )IJIH rrpeBpameHHH B8K8HC11H B KB83!1'!8CTl1UY I onnaKo I Tpe6yeTCH 
xopomaH rreprronnqHOCTI, pemeTKU. TI03TOMY B8KBHCllOH'YCTpanBae?' T8RYID 
rrep110n11qHOCTI,, Bb!TeCHHH rrpnMec11 • 1:J:l1CJIO "oq11meHHbIX" Y3JIOB O;ILHUM Ba-
K8HCl10HOM 

Al::::! !!.. .,,-f rrA )
3
15 

3 l2TX' , (39) 

rue X 1 
- KOHUeHTp81lHH npnMecell B HeoqumeHHOil 00JJ8CTl1. !10K838HO TBKJKe, 

qTo B8K8HCl10Hb[ C TBKOTT CTPYKTYPOJ1 HMeIDT npyry10 paBHOBeCHYID KOHUeH
rpaumo Xv, 38B1!CHIJ1YIO OT '!l1CJia Bb!TecHeHHllX rrp11Mecei1 Nx : 

. x = exp{-~ - 2-Nx} (40) 
" 7' 2 , 

r.ne If> - 3Heprl!H UHa B8K8HCl10HHOi1 30Hbl. 

)Ipyro1 8@ieKT, CBH38HHb!tt C KOHe'!HOCTbID llil!pl!HH BaKaHCl!OHHOli 30Hbl, 
IlOJiy'!eH B §22. TIOK838HO, qTo 1!3-38 pa3Jil1'!HbIX mnpuH BaKaHCllOHHb[X 30H 
B UBYX ip838X, CBOOOJJ;HBH 3Heprl!H Kpl!CT8JIJI8 C ;neJIOK8JIH30B8HHbIMH BaKaH
CIIHMH MOJKeT OK838TbCH HUJKe B TOll rpa3e, KOTOpaH Ilpll JIOK8JIH30B8HHblX 
B8K8HCl1HX MeHee Bb!rOUHa. TI03TOMY BOKpyr B8K8HCHOHOB Mory'l' o6pa30B8TI,
CH 3apOUHllil1 HOBO~ 183bl. 1:J:HCJIO qacT11U B 3aponume 

4 (_rrA ) 3/s Al::::: 3 7T\ 2 1J , (41) 

rue i - TerrJioTa rrepexo,na • 

BTopaH '!8CTI, ;n11ccepT8UHll IlOCBHl!jeHa IIOCTpOeHUID IIOCJieUOBaTeJibHOli 
HeJIHHellHoit T~Opl!H UllH8MllKll ne(p:lpMnpyeMoro TBepnoro TeJia C KB83ll'l8C
TJ1qHb!Mll B030yJK;neHl1HMI!. B geiJ: paCCMOTpeH11e He orpaHl!'!eHo P8MK8Mll Te
opun ne¢eKTOB. Heo6XOU11MOCTI, Teop11H, o6'beUllHHIDme?. B en11eyID Cl1CTe-
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MY ypaBH8Hl1H Teoprrn ynpyrocT11, K!1H8Tl1qecK08 ypaBH8HH8 EoJibUM8H8 H 
ypaBH8Hl1H MaKCB8JIJl8 Oll1.Yll188TeH 11 Ilp11 paceMOTp8Hl111 T8Kl1X Tp8)JJ1Ul10HHhlX 
o6b8KTOB,K8K M8T8J!Jlhl 11 IlOJiyilpOBOJl,Hl1Kl1, Hee OTeyTeTB118 B8ebM8 el1JibHO 

orpaHnqHB88T B03MOJKHOeTI1 KB8311qaeTllqHoro nonxona. IlpllHUHilH3JlbH8H 
TPYUHOeTb Ilp!1 noeTp08Hllll.T8KOll T80pllll eoeTOHT B TOM, qTO KB83llllM
IlYJibe HBJIHBTeH xopOillllM KB8HTOBhlM qneJIOM TOJ!bKO B 11Jl,83JlbHOll nepllOnH
qeeKOtl perneTKB, 3aKOH Jl,llCilepellll K3K nepllOAI\qeeKaH qiyHKilllH OT KB83.Il
llMilYJibea onpeueJieH TOJKB TOJibKO B 3TOH elleTBMB. C npyroil eTOpOHhl, Bee 
38K0Hbl eoxpaHBHllH ll Jl,llH8MllqeeK!1e ypaBHBH.IIH 38Il.IleblB8IOTeH B Jia6opaTop
HOll Jl-elleTeMe OTeqeTa.C TOqKJ1 spemrn KB83.IlqaemqHoro Oillle8HllH ode e11e
T8ME1 H8p8BHOBllp8BHE1, 11 xapaKTepneT!1Kl1 KB83.IlqaeTllU B HllX HB CBH38Hhl 
npeo6p830B8Hl1HMll raJillJl8H, ,llJIH T80pllll TBepnoro T8JI8 3T8 npo6JIBM8 HB 
HOB8R, HO Jl,0 e11x nap 6bIJI8 perneHa TOJ!bKO B JlllHBllHOM Ilp.I16JilllK8Hl1.II. 

Hatt60JI88 eymeeTBeHHhlil BOilpOe Ilpll 3TOM - 0Illle3Hll8 nttHil.M.II.Kll KB8-

3llqaeTllU B H8eT8UllOH8pHO ueitopMllpOB8HHOll perneTKe.Ilpll TOqHOM 0Ill'le3Hllll 
Bee w11s11qeeKI1e BeJI11q.I1.Hbl, xapaKTep11s11py10m.I1.e KBas11qaeTl'lizy, KaK .II B He
neqiopMllpOB8HHOM KplleT8JIJI8, HBJIHIOTeH nep110Jl,.I1.qeeID1Mll qiyHKilllRMll KB33.Il-
11MllYJibea, OUH3KO llX nepnonbl HBJIRIDTeH q,yHKilllRMll K00p1l,.IIH8T ll Bp8M8Hll. 
I'p3Hl1Uhl 30Hbl 5pl1JIJII03H8 38BlleHT Ilpll 3TOM HB TOJ!bKO OT neqiopM8Ul1ll B 
U8HHblTT MOMBHT Bp8M8Hl1, HO l1 OT eKopoeT!1 perneTK!1. EeJI.II npoBeeTI1 pa3-
JIOJK8Hl18 Beex B8JII1qm1 IlO eTeneHHM BBKTOpa eMemeH!1H p81II8TKI1, TO B Bhl
p8lK8HllRX n,J]H qlll3llqeeK!1X BBJIHqllH B03HllK88T KalliymaHeH H8Il8pllOJl,llqHoeTb, 

l1 KllH8T!1qeeK08 ypaBH8Hll8 eT8HOBllTeH HeeoBMeeTllMhlM e yeJIOBlle~ Il8pllO

n11qHoeTl1 WJ'HKilllll paenp81l,8JI8HllH. 

HeJillHelHaH TeOpllH neipopM11pyeMoro TBepuoro T8JI8 e KB83llqaeTll~Hhl
Mll B036YJKU8Hl1HMll noeTpOeHa B rJiaBe V. OHa BKJIIOqaeT B ee6H K8K eoeTaB
HYIO qaeTb HBJlllHBTTHYIO Teop1110 ynpyroeTl1, KOTOpyro yuo6HO qiopMyJI.I1.pOB8Tb, 
BBOUH MR Oll!1e8Hl1H Il0JIOJK8Hl1H Y3JIOB p8ill8TKI1 JJ,lleKpeTHble KOOp1l,llH8Tbl 
/Vol.el, t.) , OTeqllThlB8!0111ll8 q11eJIO lll8I'OB IlO p81II8TK8 e HaqaJia KOOpUllH8T 
uo naHHoro Y3JI8. KaJKUh!TT war npll 3TOM eoBil8Jl,88T e JIOKaJibHhlM 3HaqeHtteM 
3JI8MeHT8pHblX BeKTOpOB TpaHeJIRUHi1 acL . TaKllM 06pa30M, paeeTOHHllB MeJK

UY Y3JI8Ml1 

di = a"'-d!V« + ft dt, 

rne ft = - a /Vo(. - eKopOeTb peW8TK!1. EeJill paeeM8TpI1B8Tb IlJIOTHOeTb 
o(_ 

3Hepr1111 £0 (-s, i"'.)) K8K !WHKUll!O 3HTpOil1111 ~ l1 MBTpllqeeKoro T8H3opa 

Od_E8THOi1 perneT~ goLJl= a.°'a..ft, TO B !13Jl8I'8eMOfi T80p1H! Il0TOKI1 M8eeh! 

j , 3Hepr1111 Q 11 IlMilYJibea f(K 11MeIOT BIIU - . 
j = S'o U, 

'fl. == ½ 1.l ft + 'ii_ol..( ii. .11 ft) a;.,,,+ T-s -ft+ f, . (42) 
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n~_ ( F )ot..fl .• 
ill. - - cs;.)3 +- 9ot._fi a. a,/( +-_P,, U,: UK+ Jr,;K_, (43) 

rne 

~fi = - 2(-;:~1 , F = E- rs. 
Tip11 3TOM u11ee11naTl1BH8H WYHKUllR 

R = _ - vr _ rr.. Ju.. = ,;e. -;;Jr 'Jr + u. u 1 r t,K JxK •K ;)x, 'Jx/( 1,,dm •"- em, 
a TeH30p eKopoeTll neipopM8U11ll 

• :1 (;Ju.. "Jul() 
lt =- - +-

ill. 2 'JX 'dX· 
,K " 

He IlpBUilOJiaraeTeH M8JlhlM. 

BaJKH08 MBeTO B T80pllH 38H11M88T yeT8HOBJI8Hl18 eBH3ll M8JKJJ,y tiyHKUllBit 

raMllJibTOH8 I-/ (p,'ri, f.) JJ,.nR KB83llqacT!1Uhl B JI-C11CT8M8 11 38KOHOM n11c-
Il8pCllll £ (i<, t"·-4) B C-Cl1CT8M8 (CBH38HH0:1 C perneTKOll ) • ,llJIH 3Toro 
11CilOJ!b30B8HO TO o6CTOHT8JlbCTBO, qTO B KD8311!tll8ee11qecKOM np116JI!1lK8Hlll1 
qiasa BOJIHOBOll C.PYHKUllll 33TpaBoqHoil qaCTllUbl \3Jl8KTpOH3, np11Mee11) eoBna

,naeT C neac'i'Bl18M S ( N~ t) , ll llCilOJ!b30B3Hbl Tp8HCtJOpM8U110HHbl8 eBoli
CTBa BOJIHOB0:1 trYHKUll11, Tipll 3TOM K8HOHJ1qeeK11 conpRJKBHl!blM C U11CKp8THOfl 

, Mal- 'JSo ~ -
KOOpJl,llH3TO.:J: llf OK83\>1B8eTCH 11HB3pll3HTHbl.:J: KD831111MilYJibC Ko<..= d,,yo<.= /<. aol-

( S
0 

- ,netlcTBllB B -C-ctteTeMe ) • B 3THX o6osnaqeHllHX 

Hci!,V,t)=c+pit-fmu..2
, 15= J(."'-a."'-+mft, C44) 

rne 38KOH Jl,l1Cll8pCHl1 C ( ar,L.. ('p-m u), <Jol..fi) - nep110Jl,11l!8CK8H li,YHKU11H 

p C nep11onoM 2TT ha"'- . ,Ilpeo6pa30B8Hl18 JKB 3Heprun HM88T raJillJI88BCK!1it 

BHU 

c(- - _L • .... 'JE 1 ..:.2. 
c p,rz.;-i-) = B +mu ;)p + 2 mu , (45) 

<Iiymunrn H (p, z, I:.) Henep11ou11qna, onnaKo 11Menno TaKaH tffHKUllR 
06eeneq11BaeT nep11on;nqnocTo ,pyHKUHll pacnpe,neJIBHllH KBas11qacTllU f(p, i, -/;) 
11 HHB8pl18HTHOeTb KI1HeT11qecKoro ypaBHBHllR npn 38M8H8 p ,_ p + 21rtia..ot.. 
B Jl,llCC8pT8Ul1ll KI1HeTnqecKoe ypaB!l8Hll8 38Ill1C8HO B q;opMe, HB conepJKameil 

Henep11on11qecK11x qJieHoB: 

el..J- +- a dB f:Jf) - a ;}f {"it +-(VE), -
d -1: al. .;, -") ~ zi'1o:o(, o(.. J Kot. "'-1; K.,._ 

'dE - ➔] -+ 1 " (46) 

,. - m ~ [a..,s, '?,()tu. ~ F = I 1-, 
r,ne I - orrepaTop cTOJIKHoBeHnil, F - BHBIIIHRH cnJia, f-t. =- ;-t +(iiv), ll nmp
if.epemrnpoBanue no KOOpll,11H8T8M l1 Bp8M8Hll npo11cxon11T npn llOCTOHHH!lX /<o(., 
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3aBllCllMOCTb rpaHUU 30HH Ep11JIJIID3Ha OT KOopnnHaT ll BpeMeHl1 npnBO
.IJ:l1T K HeKOMMy-TaT11BHOCTll onepaunr1 l1HTerp11poBaHl1.fI no el' p 11 n11:I$)peHUl1-
poBaHl1.fI no ,{ 11 t . RoMMYTaTOpbI onpe,neJIHIDTC.fI HeKOTopmrn 11HTerpaJiaMl1 
OT qJyHKU1111 pacnpeneJieHl1.ff no rpaH11ue 30HbI EpllJIJIIDSHa. B CJiy'la.fIX, Korna 
TeMnepaTypa He MaJia no cpaBHeHl1ID C w11p11Hofi 3HepreTl1'leCKOfi 30HH KBa3ll
'lBCTl1U,TaK JKe KaK 11 np11 Cl1JlbHOM OTKJIOHeHl111 OT paBHOBeCl1.fI, qJyHKUll.fI pac
npe,neJieHll.fI f OTJill'lHa OT HYJIH Ha rpaH11Ue 30HbI EpllJIJIIDSHa, ll yKasaHHa.fI 
HeKOMMyTaTUBHOCTb cy111ecTBeHHa. AnaJiorll'lHa.fI CllTYaUll.fI B03HllKBeT ll B Me
TaJIJIBX c OTKpbITHMll noBepXHOCT.fIMll ~epMll. 3Ta TPY.IJ:HOCTb Cll.JlbHO Oil1YI11BeTC.fI 
B JIUHeMHbIX TeopnHX ns-sa YKB38HHOH BHWe KBJKYI11ellC.fI Henepuo,nll'lHOCTll B 
BHpaJKemrnx .D:Jl.fI g,IJ3ll'leCKHX Be.Jlll'IHH. Bee 3Tll Tpy,nHOCTll MOJKHO o6ot1Tll, 
eCJill BMeCTO f (Kol.) 'i[J t) BBeCTil B paccMOTpen11e nepeHOpM11pOBBHHYID qJyHKUllID 

lp = f(Kc<.,"iz,i:)/~ ) 9 = otJ g.o1. .,B • 
nJIR Hee KUHeTU'leCKOe ypaBHeHlle 11MeeT Bll.D: 

· J:.-{ · - 'iJE. cJ { - ( elit 'P + a,,vv ( a + a.. oL ;) 1<.) "(> - cJ K."'- . 'f aoL VE + m ol t. ) -
(47) 

~£ r- ... J-..4..;. - F ... J rA,,, - m 'f J1<..,s 0-cL 0-.J! ·wt.. u - a"'- 'f = r, 

rne .D:11g_xp8peHUllpOBaHUe no 'Z ll t npoBO.IJ:llTC.fI npll noCTO.fIHHbIX 
3YJibT8Tbl Bl1'lllCJieHllil npHBO.D:.fITC/I K o6bI'IHl1M nepeMeHHilM ( /< , ~ 

Ko<... Pe
ll.Jlll p, iz ) 

saMeHOM 
- g d J 
a.o(. :J1<.°' - aK - -ap ' 

a llHTerpMH no sone EpnJIJIID3Ha CBH3aHH COOTHOIDenneM 

<f ... )= (2.1r/;J35d'pf(p/l.,t) ... = ~ (2,,~J35d3
1<«fc,,11.,ri,i:) ... = 

-3f s s cl. (48) = ~11ti) J 'f<1<.o1..;z, -1:) ••• !!I «'f--->>; dz= d 3
N Vj.. 

IloJIHa.fI CHCT8Ma ypaBHeHH8 .IJ:HHBMHKH IlOJIY'leHa ll3 38KOHOB coxpaHe
HH.fI. If3 3TOfi CllCTBM!l BHBenenbI ypaBH8HH.fI nnnaMHKH MeTaJIJIOB. IlpH 3TOM 
rIO'l'OKH anepr.m Q li HMITYJJbC8 nit: HMBIOT BHIJ;: 

,ii 
·.! r,ne 

fl.;, - E. u. + <e ;~ > -½ uL :1, + (n;.I( + -1:i.1<) u."- + s~ 
nil<= - t,I< - (a;_., -<A.t~f > +E,,<J<L.fl) a~ at_+ f ".:"K -

- T ( U,: ie,c + u,j.,) 
' t. = .i. {B- B - 2" B~:i. } UC /+TT ,. tc. ,,c 

MBKCBeJIJIOBCKHI T8H30p MarHHTHoro ITOJIJI, 
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(49) 

, "Jc ;:t C - .. ] ... ..:. m-,. 
A"'.ft = d9'''-.ft ' ::; = tm [ E'. B ' 'J = f u - e Je ~ 

a le - IlJJOTHOCTb 3JJeKTpll'l8CKoro TOKa B CliCTeMe, CB.fI38HHOfi C pemeTKofi: 
-:- 'JE Je = - e < dp :f > . (50) 

IlOJJHa.fI CHCTeMa ypaBHeHH.it n:HHBMHKH M8TBJJJia COCTOMT, TBKHM o6pa-
30M, H3 KHHBTH'lecKoro ypaBH8HH.fI, ypaBHeHH.fI coxpaH8Hll.fI llMTIYJJbCa 

;} ( ..;.) n m cJie; t:Jt f u +- VJ( i.lC = e J-t , (51) 
ypaBHeHHfi MaKcBeJJJJa H ypaBHBHHJI KBasHHehpaJJbHOCTM 2(2rrfi)3'Jfd\,t r, 
rne 2 - CYMMapHbiti sap.fI,n HOHOB 8JJ8M8HT8pHofi ITTefiKH. 

B § 30 IlOJJy'l8HO ypaBHeHne .IJ:BllE8Hli.fI MH TIJJOTHOCTll KB83HHMTIYJJbCa. 
OHO sanncaHO B BH,ne 38KOH8 coxpaHBHH.fI. IlOK838HO, 'ITO B KB83MpaBHO
B8CHOM CJJy'lae T8H30p IlOTOKa KB83HHMTiyJJbC8 nnarOHaJieH H nponopUMOHaJJeH 
TBpMOMHBMHtJ:eCKOMY IlOT8HUHa.JIY J2 . 

B § 28 ITOJJy'leHa <popMy-Ra IJ;JIJ1 IIJIOTHOCTH TOKa B MeTaJJJJe npn HaJJM
'lHH rrpOH3BOJJbHO.it HecTauHOHapno~ ne<popMBUHH. IloKasano, 'ITO TOK liMeeT 
BH.D: • 

le= 8-(B- ~CUJttl)(E +~[it BJ+-:~+ r;; 1:'->' (52) .... - . r,ne er( 8) - TeH30p rrpoBO.IJ:HMOCTH He,ne<popMHpOB8HHoro ,MeTaJJJJa •.. 
B § 29 ITOJIY'l8HO pacnpene~eHHe B8K8HCHOHOB B TBepn~M 4H~. Bpama

!OOleMCJI B CBepxTeKy'leM reJJHH-II. 

~HHeapH30B8HHM .n:HHBMHKa pacCMOTpeHa B rJJaBe VI. B npHMeHBHllli 
K ,netpeKTOHHOMY rasy JJHHeapnsoBaHHOe KHH8TH'l8CKOe ypaBHeHHe MMeeT BH.IJ: 
ypaBHeHH.fI ~OKKepa-IlJJaHKa~ IloKasaHo, 'ITO BpameHne KpHCT8JJJJ8 BJJH.fI8T Ha 
.nnif:qiysnro 'lepes He.nnaronaJJbHHe. KOMITOHeHTH KoaiWinuneHra .nnippyann.B HM
ny~bCHOM npocTp8HCTBe. B npHMeH8HHH K M8TBJJJJ8M BH.IJ: KHH8TH'l8CKOro ypaB
H8Hli.fI rronTBepE,naeT pe3yJJbT8~H, TIOJIY'leHH!le npyrHMll 8BTOp8.MH nyTeM Me
Hee CTpororo paCCMOTpeHHJI. 

( 

IloKaaaHo, 'ITO JIHHeapH30B8HHOe ypaBHeHne .D:JIJI KB83HHMITYJJbCa Bupa-
EaeTC.fI TOJJbKO 'lepes Ilp0ll3BO~H!le OT T8pMO.IJ:HH8.MH'l8CKOro IlOT8HUHaJJa _Q. 

J.2J2 V = dJ2 ~v. ;)i',c I( . :} x, , (53) 

rne V - npefiifx)BaJI cKopocTo· rasa, . .11rpaIDmaJI pOJJb TepMO.IJ:HHB.MH'leCKofi ne
peMeHnotl. C IlOMO~bID (53) pacCMOTpeHO pacnpocTp8H8HHe BTOporo 3ByKa B 
nHsJJeKTpMKax, .conepJKa!qHX 6oseBcKlle KB83H'l8CTHUH C npOH3BOJJbHl1M 38KO
HOM nncnepc.11.11, KaK B CJJYlJae coxpaH.filDlllerocH, TaK n Hecoxpan.1rromerocH 
'IMCJJa KB83H'l8CTMU. PesyJJbT8TbI BHpaJK8H!l 'lepes TepMO.IJ:HH8.MH'l8CKHe qlyHK
UHli rasa. 
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~acTb III pacnpocTpaHReT imen KBasnqacTnqHoro non,xona HaHe~nHeH
HHe o6pa3OB8HllR, cpe.n.n KOTOpHX Han6o~billllH llHTepec npencTaB~RIDT o6pa-
3OB8HllR CO~llTOHHOrO Tnna. IToKa3aHO, qTO O.ll.HOM8pHH8 CO~TOHHH8 B036y~
.ll.8HllR MoryT cymecTBOB8Tb ll B Tp8XM8pHOM KpllCTaMe. 

B r~aBe VII paccMOTpeHH H8~llH8HHH8 .n.e¢eKTOHH no~RpOHHOrO Tnna 
B O.ll.HOMepHHX ll Tp8XM8pHHX CTPYKTypax. ITpnpo.n.a H8~llH8HHOCTll CBR3aHa C 
38BllCllMOCTbID ynpyrnx nocTORHHHX ll 3aKOHa nncnepcnn OT .n.e¢QpMaunn KpllC
TaJma. KaK Bll.ll.HO ll3 ( 49 ), paBHOB8CHOMY COCTORHllID npn t . ... O , ft= O co-ll<. 

OTB8TCTBY8T T8H3OP HanpR~8HllH 
( 

. 0( } 

L.;I( = O:.ft + E0 g."'-fl)a.;, al(= < A.:ic J- >. (54) 

Ec~n ..:i..K He 3aBllCRT OT BO~HOBOro ~eKTopa, 3TO paBeHCTBO 03HaqaeT, 
qTo .n.eqiopMaunn KpllCTaMa nponopunoHa~bHH pacnpe.n.e~eHnro .n.e{!leKTOHOB 
( f) . IToKa3aHO, qTo aHa~ornqHoe yc~OBll8 llM88T M8CTO ll npn KBaHTO
BOM paccMOTpeHllll,ll qTo OHO npnBO.ll.llT K noRB~8HllID B ypaBH8Hllll llipe.n.nHre
pa He~nHeHHHX ~eHOB Tlma CaMOB03,JJ,8liCTBllR. 3a.n.aqa yc~omReTCR HMnqneM 
B raMll~TOHllaHe .n.e{!leKTOH-qJOHOHHOro B3allMO,U,8HCTBllR q~eHa C KllH8Tllqec
KOH 3Heprneil, yqnTHBaromero pMb ll3OTOnnqecKoro 3q¢eKTa. MaTeMaTnqecKH 
sa.n.aqa CBOnHTCR K Haxo~e.HllID CO~TOHHHX pemeHllH H8~llH8HHOrO llHTerpo-

nnit¢epeHUll~HOrO ypaBH8HllR 

aa. · a'a .:l 2 

it, - = (e.+T +U)a- .LA- - . /a.t
2
a + ;;-1; 0 0 2. ~x2 m s'-(4-.ft') 

A..t .ftJI. 4-
+ I"- ,, .I .If/a./ a., 

.&;ms O-.ft 
r.n.e p.= "'-: , m

0
· - Macca .n.e{!leKTa, .ft= 1r/s , v - cKopocTb co~ToHa, 

(55) . 

- A..2 f tat" rl.x T= au != .ft.a. 
lf,, - t-.J,2 J (!-"5 1a12)2 ' o J, o ' /" 4.-.J,'- . 

Ec~n µ > 0 , 'ITO COOTB8TCTByeT TR~e~OMY .n.e{!leKTY, llCKOMOe c~-

TOHHOe pemeHne llM88T Bll.ll. 

ti
{ ti,.~~ ei(K'X-C.:Ji-'f') 

a.(Xi)= - - -------~-, L ~ [ i + s..ech,z. cli 2 x-'z-vi J2 , 
(56) 

r.n.e K= 1i tr/A - BO~HOBOH BeKTOp CB060.n.Horo .n.e{!leKTOHa, 
2 R.R 

L = ~ u.- 1t2) -'L ~ = ~ . n 2 = !:... ~ 
0 .r tl1.1z ' • A" ' ., 3 ~.(i-.ft2)'-

1i <.,) = C + _1;_z.u_z. +- ( i+-R.l) tJ - _A_ n ' 
o .A .r o (2l)"'" ( 57) 

l/,, = :~)2- (t-~'-)5Z,2 (u (L- tJ.,z/,Z)- 5 tJi_Z'/.). 

20 

Ec~n _,.M- { 0 , pemeHne ypaBH8HllR ( 55) llM88T BllU, aHa~orll'IHH~ 

( 56) - ( 57) , r.ne c~e.n.yeT saMeHHTb tz - i 'l . 
Co~llTOHHHe o6pa3OB8HllR (He~nHettHHe .n.efeKTOHH) 3HepreTnqeCKll 

6o~ee BHronHH, qeM CB06OUHHe .ne{!leKTOHH, a llX 3iptJeKTllBHH8 M8CCH 6~113-
Kll no Be~nqnHe. IToKa3aHO Ta~e. qTO He~nHeilHHe .ne{!leKTOHH CO~llTOHHOro 
Tllna BO3HllK8IDT B6~ll3ll I(Ha 3HepreTnqecKOZ 3OHH. TaK, ec~n 3iptJeKTllBHaR 
Macca CBO6o.nHoro .ne{!leKTOHa OTpnuaTe~Ha, OHll ITORB~RIDTCR B KOpOTKOBOR

HOBOli qacTll cneKTpa. 

B r~aBe VIII nocTpoeHa KBaHTOB8R Teo·pnR KpaynnoHOB. C TOqKll 
speHHR ne~nneilnoil Teopnn Kpay.nnon RB~ReTGR ynnKa~bHOil MoneRoID onno
MepHoro o6pa3OB8HllR B TpexMepHOM KpllCTaMe, BHrOll,HO OT~nqaromencR OT 
KBa3llO.ll.HOMepHHX CTPYKTyp, COCTaB~eHHHX ll3 c~a6o B3allMO.U8HCTByromnx 
uenoqeK. B .nnccepTaunn llCIIO~b3OBana MOU8Rb <IipeHiteJIR-KOHTOpOBOll, K KO
TOpoil .n.o6aBR8HO B38llMOU:8HCTBll8 C. qJOHOH8Mll. ITOK838HO, qTo Kpay.n.1rnHHaR 
KOHJ;nrypaunR B neqiopMllpOB8HHOli pemeTKe llM88T BllU: 

.x-n 
!(rt,X)=; (i+1J.xx)an.ct1(e4), (58) 

r.ne Mnna Kpay.nnona 

fv = lV:t-v1/c 2 , l= (1+!'1x.,J(2~~;,)f/: 
m - Macca aToMa, c - cKopoCTb sByKa B KpaymrnHnou uenoqKe, A - aM

rrRnTyna rrepnonnqecKoro · rroTenuna~a, ·cos.naHnoro aToMaMn pemeTKn, A.:1e -
T8H3Op neqiopMaUllll ; 0Gb X BH6pana BU:OJib Kpay.nnoHHOii uenoqKll. 

8neprllR KpayunoHHOH KOHlf,nrypauun B KOHTllHyaRbHOM rrpne5RllJK8Hllll 

paBHa 
2mc2 

E = 2£ ·~ ( J. -+-c,IC "'-;,1e) I .J5 = V-/c, 
TT V !-)!,-

(59) 

rue c,K. - K03¢¢llllli8HT!l B p83RO~811llll 3Heprnn no Ma~ .ne~opM8UllRM. 
3q¢eKTllBH8.fI Macca )A, Kpaynnona YM8Hbill88TCR C pOCTOM ero n;IllHH 

2.m 
P=-;-q. 

TaKllM o6pa3OM, B KOHTllHYaRbHOM rrpn6~lllK8Hllll Kpaynnon RB~R8TCR 
CO~llTOHOM TO!IO~ornqecKoro Tnrra, .n.nHaMnqecKne xapaKTepnCTllKH KOTOporo 
ae saBnCRT OT Koop.n.nnaTN x ero uenTpa. Ilpn KRaccnqecKoM paccMOTpe
nnn 3TO BHpOlKU:8Hll8 CHllM88TCR, ec~n yqeCTb .nncKpe_THOCTb pemeTKll. B 
.nnccepTaunn IIOK838HO, qTo ona rrpo.RBM8TCR B C031(8Hllll 3qxlieKTllBHOrO 
rrepnonnqec1toro rroTeHUtta~a Vex) c nepno.n.oM pemeTKn n sKcrroHe11un~-
no MMott r~6nnoil: · 

U 
i .2 -u2 t 

(X)= 2 ¼_C0521TX 1 UI. ~ me e. (60) 
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OnHaKo, KaK noKa3aHo B nnccepT8Ullll, sanaqa O TIOBeneHllll KpaynnoHa B 
TaKOM" rroJJe He HBJJHeTC.fI KJJaccnqecKOl1, a KBaHTOBOiL nJJ.fI oueHKH BeJJnqn
HH KBaHTOBHX 3IJ-qJeKTOB BBeneH rrapaMeTp 3 = l{µ. a.2/f,!I., aHaJJornqHHfi 
rrapaMeTpy ne Eypa. MaJJoCTb sToro napaMeTpa osHaqaeT, qTo nm1Ha·BOJJHLI 
KpaynnoHa MHOro 60JJbllie TIOCTOHHHOH perneTKH. TaKI!M o6pa30M, 6JJaronapH 
KBaHTOBLIM 3qJq'8KTaM KpaynnoH neJJoKaJJnsyeTCH ll npeBpamaeTCH B KBa3ll
qacTllliY - Kpayn.noHHYIO BOJ!flY. HaiineH saKOH n.ncrrepCllll H sqxf,eKTHBHaH 
Macca HOBOro B036ylKI\eHllH. 

TioKa3aHo, qTQ KpaynnoHH8H BOJJHa MO~eT nBijraTbCH co CKOpOCThIO, 
60JJbllie CKOpOCTU 3ByKa B KPllCTaJJJJe. PaCCMOTpeHO qepeHKOBCKOe ll3JJYqeHne 
g;OHOHOB KpaynnoHHOfi BOJJHOll. 

B TIOCJJen.HeM fJJaBe IX paccMaTpllB8IOTCH COJ!llTOHHLie BOJJHLI B KB83ll
OlJ.HOMepHHX CTpyKTypax. :JJJeKTpOH- q,oHOHHOe B38llMonefiCTBlle B TaKllX 
CTpyKTypax MO~eT rrpnBeCTll K oCipa30B8HHIO COJJHTOHOB TIOJ!HpOHHOrO nrna. 
3TOT CJJyqa:J paccMOTpel! B § 43. Bo3MO~Hhl Ta~e CllTyaunn, Karna 3JJeKTpOH
:t,oHOHHOe B38ll'v10.a;eMcTm!e npirnonnT K nepecTpO:iKe KJJaccnqecKoro OCHOBHO
ro cocTOHHI1H (nepexon TiaaepJJca) c ynBoem1eM nepnona perneTKH. Tipn STOM 
KalKI\H'.t aTOM uerroqm-1 OIW3b!BBeTC.fI B "UBO~HOM HMe". AHaJJOrnqHaH CHTY8UllH 
B03HllKaeT B ITOJJllBUeTnJJeHe, rne pacITOJJO~eHne BTOMOB B onpeneJJeHHHX Mll
HllMyMax CB.fI3aHO C qepe,IJ,OBaHll8M UBOV-Hb!X ll ennm1qm1x 3JJeKTpOHHLIX CBH38:1. 
3aMeHa onHo:! rrocJJenonaTeJJbHOCTll, sepKBJ!bHOll en, npnBOUllT K CTPYKTYPHOMY 
neweKTY, auaJJornqHoMy 6JJoxoncKofi cTeHe B qieppoMarHeTHKax, TaKne neqieK
Thl OITllCblBUIOTC.fI TOITOJJOrnqeCKl1Mll COJJHTOHaMll ( KllHKaMn ) ll nrpaIOT Ba~yIO 
pOJJb B rrpoB01l;llMOCTll BemecTBa. 0.a;Ha ll3 npo6JJeM snecb - npoCiJJeMa IlllH
HHHra COJ!llTOHOB Ha perneTKe. B nnccepT8lillll IlOKasauo, qTo B MOlJ,eJJH 'f>* 
ll MoneJJll illy-llipnqxl:epa-Xeerepa KBBHTOBHe 3q:¢€KTH npllBOTI.HT K neJJOKaJJH3~
Ullll COJ!llTOHa ll Kero rrpeBpameHll!O B KBa3nqacTHliY - COJIHTOHHYIO BOJJflY.
ITosTOMY B 3TllX MoneJJHX TIHHHllHr ·coJJMTOHOB Ha perneTKe HeB03MOEeH,H llX 
JJOKaJJnsannH nonHa Ha6JJ10naTbCH B6JJH3H npHMecen n npyrruc neqieKTOB pe
meTKH. 

B 3aKJJKJ'l'eHllll nonBon.HTC.fI HTorn ll npoBOUHTC.fI KpaTKOe oCicyEneHne 
HanCioJJee cymecTBeHHhlX pe3yJJbTaToB. 
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