Jlekmus Nel

KonnencupoBanHoe COCTOSIHHE KAK aHCAMOJIb B3aMMOAECTBYIOIIHAX

YACTHIL.

1. DemMeHTapHbIe YACTHLLI B KBAHTOBOW MeXaHMKe.

2. CTpyKTypHBIe eIUHHIBLI BemecTBa. PoJib CTPYKTYPHBIX €IMHHMI B
(opMupoBaHMHU CBOICTB KOHACHCUPOBAHHBIX CPe/l.

3. Slapa. DieKTpOHHbIE 000JT0UYKH.

4. MoJieKyJIbl.

5. CraTucruka aHcamoOJiei CTPYKTYPHBIX eTUHMII. Cuiibl
B3aUMOJAEHCTBUS.

[Ipexxne ueM nepenTu K U3JI0KEHUI0 MaTepuala, CBI3aHHOIO CO CBOMCTBAMHU
TBEPAOrO Tela KaK KOHJCHCHPOBAHHOTO COCTOSIHMSI BEIIECTBA, HEOOXOIUMO
ONPEIEIUTHCA C OCHOBHBIM MOHATHEM. UTO Takoe KOHJIEHCHPOBAHHOE COCTOSIHUE
BeniectBa? Kak ero MoxxHO onpenenuts? JlaBaiite HauHeM ¢ Tasza. ['azoo0pa3Hoe
BEIECTBO COCTOMT M3 TMIAHTCKOro umcia gactui. Hampumep, B lem® Bosmyxa
comepxntest mopsiaka 10°° mMomekysr. To ecTh, ra3 ecTh CHCTEMa MHOTHX YacTHIL,
WM, MOKHO CKa3aTh, I'a3 €cTh aHcaMOJb yacTuLl. JKUAKOCTH U TBEPABIE TEJA TOXKE
SBIIIIOTCA CHUCTEMaMM MHOTMX YacTHI, Wiau aHcamOismu vactul. Ho B ueM ux
OTIIMYME OT raza? ['a3 MOXeT ynepKUBaThCsl B OIPENEICHHOM 00bEME TOJIBKO B
TOM CJy4ae, €ClIM OH HaXOJIUTCS B KakoM-Inbo cocyzae. BHe cocyaa Monekysbl
WJIM aTOMBI r'a3a pasnerarorcs. B To ke BpeMs 4acTHIIbI, COCTABIISIOIINE KUAKOCTD
WIM TBEPJOE TEJIO BHE cocylna He pasneratorcsi. OueBUAHO, ra3oo0pasHble U
KOH/JCHCUPOBAHHbBIE CPENbl OTIUYAIOTCS XapaKTEPOM B3aUMOJEHUCTBUS MEXKIY
COCTaBJIAIOIIMMHU MX 4YacThaMu. OTCrofa CIeNyeT €CTECTBEHHOE OIpElEICHHE
KOHJICHCUPOBAHHOTO COCTOSIHMSI: 3TO aHCamMOIM YacTHll, 00beM KOTOPBIX MpHU
3aJJaHHBIX BHEUIHUX YCJOBHUSX OINPENEISIETCS B3aUMOJECUCTBHEM  MEXKAY
gactuuamu. [lo 3Toil mpuumHEe HEOOXOAWMO CHAayaja HAMOMHHTH, Kak
NOHUMAIOTCS YAaCTULbI B KBAHTOBOM MEXaHUKE.

3.]'IeMeHTapHLIe YacTULIbl B KBAHTOBOM MeXaHHKEe.

Bce mpencraBineHns 00 aHCaMOIISIX JJIEMEHTApHBIX YacTUL B KBAHTOBOM
MEXaHHKE OCHOBBIBAIOTCS Ha DKCIEPUMEHTANbHBIX (akTax. Ilo sTOM mpuynHE B
a0COIIOTHOM OOJIBIIMHCTBE CIIy4aeB HEIb3sl OTBETUTHh HAa BOIPOC <«II0YEMY TaK?».
Hanpumep, H3 BKCIEpUMEHTa CIEIyeT, 4TO DJIEKTPOMAarHUTHAs BOJHA MOXKET
OOMEHHMBATBbCA C BEHIECTBOM DJHEPrUEW JHMIIb KBaHTaMu dSHeprud. Ilostomy
DJIEKTPOMArHUTHYIO BOJIHY MOXKHO PAacCMAaTpPHBaTh KaK IOTOK HEKMX YacTHIl C
sHeprueil E u umiynbscom p,,
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rae C - CKOPOCTh CBETa. JTH BBIPAXKEHHsI CBSA3BIBAIOT SHEPTHUIO U UMITYJIbC (DOTOHA
C YacTOTOH (W ¥ BOJHOBBIM BEKTOPOM K COOTBETCTBYIOIIEH €My ILIOCKOM
MOHOXPOMAaTHYECKOH BOIHBI C HAIPSIKEHHOCTBIO 3JIEKTPUYECKOIO 1101

E(r.t) = E,exp(i (at—kr)). (2)

BonnoBeie cBoiicTBa (OTOHOB MPOSIBISIIOTCS B OKCIEPUMEHTaX IO
mudpakuuu 1 uHTepdepeHunu. Takum o0pa3oM, 3JIEKTPOMArHUTHBIE BOJHBI
00J1a1a10T OJTHOBPEMEHHO BOJIHOBBIMU M KOPIYCKYJISIPHBIMU CBOMCTBaMH. CMBICI
¢yukuun E(r,t), ecam paccMarpuBaTh BOJHBI KaK MOTOKU (DOTOHOB, 3aKJIFOYACTCS
B ciuenyromeM. O4UeBUAHO, 4YTO IUIOTHOCTh BSHepruu BojaHbl W He JoipKHA
3aBUCETh OT TOIO, Kak 3Ty BOJHY paccmaTpuBaTh. C OIHOH CTOPOHBI, KaK Mbl
3HAaeM, IUIOTHOCTb 3Hepruu BoJIHBI W mOpONopHUOHAbHA KBaApaTy MOIYJIS
HaIPSHKEHHOCTH 3JIEKTPUYECKOTO TOJISA:

W ~|E(r,b)[". (3)

B kopmyckynspHOH k€ MHTEpIpeTalyy IUIOTHOCTb SHEPrHU MPONOPLMOHANIbHA
MWIOTHOCTH (pOTOHOB N

W~N,. (4)
CHCI[OB&TCJ'II)HO, IIJIOTHOCTH (1)OTOHOB MMponopuuoHalIbHa KBaJApaTy MOAYJIIA
HaMpsKCHHOCTHU SJICKTPHICCKOT'O I10JIA.

N, (r, ) ~[EQ, . (5)

Otcroga cienyer, 4To MNpu AUPPAKIMKA U HMHTEpPEpeHLMH pacipeneeHue
IUIOTHOCTH (OTOHOB HA DJKpaHE JOKHO COOTBETCTBOBATH pacCIpesielieHue
IUIOTHOCTH DHEPTUU B IU(paripoBaHHON BosHe. To ecTh, Makcumymy E(r,t)

JIOJDKEH COOTBETCTBOBaTh MakcumyMm N (r,t). Ho nHukakum skcnepuMeHTOM

Heb3d 3aduKcUpoBaTh APOOHYIO dYacTh HdHeprum ¢otoHa. [losTomy cueTdymk
(GhOTOHOB OYyJET PErUCTPUPOBATH WIIM KBAHT DHEPTUU /() WM HUYETO. Y UNTHIBaS,
YTO HANPSDKEHHOCTD AJIeKTpryeckoro nois E(r,t) ects BenmuunHa HenmpepbIBHAS, a
HE JUCKPETHAs, BO3HHKaeT Bompoc 00 wuHTepnperanuu (opmynsr (5). C
HEU30€)KHOCThIO TPUXOIWM K BBIBOIY, YTO TomagaHue (OTOHA Ha DIKpaH
HEOOXOMMO TPAKTOBATh KaK BEPOATHOCTHBIN MPOIIECcC, IPHUEM €r0 BEPOSTHOCTD
OTIpeIeNsAeTCs INIOTHOCTHIO SHEPTUU NudparupoBaHHON BOJHBI. IHBIMU CIIOBaMH,
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BEJTUYMHA ‘E(r,t)‘ OTpeNeNsieT BEPOSTHOCTh HAXOXJeHUs (POTOHA B JaHHOMU

TOYKE IIPOCTPAHCTBA.
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AHAJIIOTUYHO, TIOTOK JIEKTPOHOB (YaCTHUII C SHEPTHEH —— ¥ UMITYJIECOM )
m

mudparupyeT  Kak =~ IUIOCKas ~ MOHOXPOMAaTH4eckass  BOJHA. OJTO  TOXeE
sKcriepuMeHTanbHbIl (akT. [loBeneHre CBOOOTHOTO 3JIEKTpPOHA MO aHAJIOTHHU C
(hOTOHOM TaKKe MOKHO OMUCATh COOTBETCTBYIOIIEH BOJTHOBOU (PyHKIMEH

w(r,t)=Aexpi (at—kr)), (6)
p2

rae w=m u Kk =%. dusnueckuit cMbica GyHKIH Y(r,1) 3aKkI04acTcss B TOM,

YTO KBaJpaT €€ MOAYJIA

(O =@ et (7)

ONPENEIISIET BEPOATHOCTh HAXOKICHHUS AJIEKTPOHA B TOYKE [ B MOMEHT BPEMEHU
t. DNexkTpoHy Kak 4YacTULE CTaBUTCA B COOTBETCTBHE BOJIHA BEPOSTHOCTH,
Ha3bIBaeMas BOJHOM e bpois.

Takum oOpa3zom, dYacTuibl 00JIAJAIOT BOJHOBBIMHM, a BOJIHBI —
KOPITYCKYJISIPHBIMU CBOMCTBaMH. JTO KBAHTOBOMEXAHUYECKUH AyaJIn3M.

OOBIYHO THUN YACTULBI M €€ COCTOSHUE ONPENEISIOTCS TMOCTOSTHHBIMU
XapaKkTEepUCTUKAMM — MAacCOW, 3apsAIoM M JUHAMHYECKHMM XapaKTEPUCTHUKAMHU
KOOpAMHATOM, UMIYJbCOM DJHEpPrueu, crnuHoM. B kiaccuyeckoil (u3uke 3Tu
XapaKTEPUCTUKH MOJHOCTBIO ONPEACIISIIOT COCTOSHUE YAaCTULBI KAaK MEXaHUYECKOU
cuctemMbl. B KBaHTOBOW K€ MEXaHMKE HA JUHAMUYECKUE XapaKTEPHUCTUKH
HAKJIQIbIBAIOTCS OTPAHUYEHMS, CBS3aHHBIE C NPUHLUIIOM HEONPEIEICHHOCTH
['eitzenoOepra:

ApAX~h, DEAM~. (8)

Otcrofa BHIHO, YTO 3TO €CTh OTOOpPaKCHHWE TOr0, YTO YACTHIA B KBAHTOBOM
MEXaHUKE HE SBISIETCA TOYCUHBIM OO0OBEKTOM. MHBIMH CJIOBaMH, TOYHOE
OJTHOBPEMECHHOEC 3aJlaHKe TMHAMUYECKHUX XapaKTEPUCTHK YACTHIIbI HEBO3MOXKHO M
aumreHo cmbicia. CooTHoleHHWe HeompeaeiaeHHocTed (8) ykaspiBaeT mpenen
NPUMEHUMOCTH MOHATHH KITACCUYECKOH (PU3MKH K KBAHTOBBIM OOBEKTAM.

YroObl 00BEAMHUTH JTUCKPETHOCTH M HENPEPBHIBHOCTH, B KBAHTOBOU
MEXaHUKE BBOJIUTCS MOHATHE «moyie». KaXaoMy COpPTYy YacTHIl COOTBETCTBYET
ompeneneHHoe rmose. Hampumep, ¢oToHamMm — 3IEKTPOMArHUTHOE IIOJIE,
3JICKTPOHAM U MO3UTPOHAM — 3JICKTPOH-TIO3UTPOHHOE IMOJIE, ME30HAM — ME30HHOE
nojge u T.J. [lojie Kak MPOCTAHCTBEHHO HEMPEPBIBHAS Cpela MOXKET TaKKe
paccMaTpuBaThCS KAaK HEKOTOpas JAMHAMHYECKas CHCTEMa, KOTOpas MOXKEeT
HAXOJHUTHCS B Pa3HbIX JUCKPETHBIX HMITYJIbCHO-IHEPTETHUECKUX COCTOSIHUSX.
Husiee COCTOSIHME 3TOM CHCTEMBI Ha3bIBAETCS BAaKyyMOM IOJIA. JTO 0cC000e
COCTOSIHME MaTepHH, IPU KOTOPOM YaCTHIIBI OTCYTCTBYIOT. [losIBIICHHE YacTUI] Ha
¢oHe Bakyyma Ha3bIBa€TCS €ro BO30YXxaeHHeM. Bo30ykacHHE MPOMCXOIUT



JTUCKPETHO, ITyTEM MOSBJICHUSI OTAEIbHBIX MOPIUI, KBAHTOB YHEPTUM U UMITYJIbCA.
KBaHTBI 3HEpruuM HA3BIBAIOTCS DJEMEHTAPHBIMH BO30OYXKICHUSIMU TMOJIeH. OTU
BO3OYXKJEHUSI W OMNPENENAIOTCS KaK YacTHUIbl. ODHEPrus 3JIEMEHTapHBIX
BO30YKJIEHUM OTPEIESIOT MAacCy YacTHUIIbI:

E=mc’. (9)

Ho kuHeTnueckass sHeprus CBs3aHa TaKKe C HMMIIYJIbCOM YacTulbl. Husmiee
3HaYEHHE SHEPTUU BO30YKIEHHUS COOTBETCTBYeT HUMMyjibcy P=0. D10 u ectb
MUHHUMAaNbHAas HEPTUs, He0OX0oAUMas Al pokaeHus yacTulibl. Ero onpenensercs
Macca MoKOsl YaCTHIIBI.

DHeprusi poKIEeHUsI Tapbl BO30YKAECHHUM 3IEKTPOH-TMIO3UTPOHHOTO MOJIS
(ayeKTpOHA M MO3UTPOHA) COCTABIISIET MPUOIM3UTENBHO 1 M3B, YTO COOTBETCTBYET

mMacce  Mokos  odekTpoHa M, ~10°  kr.  Dueprus  BO30OyxkaeHHS

9JICKTPOMArHUTHOTO TIOJISI HAYMHAETCS C HyJIsS. DTO 3HAYUT, YTO Macca TOKOs
¢hoTOHA paBHIETCS HYJIIO.

Pasmuynple  monst  MOTYyT — OOMEHHMBATBCS ~ DHEPrHEH, TO  €CTh,
B3aMMOJICHCTBOBATh JIPYT C JPYroM. DTO B3aMMOJICHCTBHE OIPEACISeT CHIIbI, C
KOTOPBIMHM YaCTHIIBl JCHCTBYIOT APYr Ha apyra. [lapamerp, xapakTepu3yrOIIHii
B3aMMOJICHCTBHE YaCTHII, HAa3bIBACTCS WX 3apsoM. B 3aBHCHMOCTH OT TOTO, C
KakuM TIOJIeM pPacCMaTPUBAETCsl B3aMMOJCHCTBHE, MOXHO TOBOPUTH 00
AIIEKTPUUYECKOM 3apsijie (IpU B3aUMOJICHCTBHUH C AJIEKTPHUUECKUM T10JIEM), ME30HOM
3apsiie (MpU B3aMMOJCHWCTBUM C ME3OHHBIM TOJIeM) M T.Ja. MTak, ajeMeHTapHbIe
YaCTHUI[BI MOYKHO PacCMaTpHUBaTh KaK 3JCMEHTapHbIC BO30YXKICHHS KBAHTOBBIX
TIOJICH.



I[I/IHaMI/I‘IeCKHe YPaBHECHUA 1JId YACTHUII.
Kak Ml 3HACM, HaIIPsSXKCHHOCTb JJICKTPUYCCKOro  II0JIA IIOCKOM
MOHOXpOMaTI/I‘ICCKOI‘/’I BOJIHBI YAOBJICTBOPACT BOTHOBOMY YPABHCHHUIO.

1 9°E(r,t)
AE(rt)=———=, 10
=== (10)
2
rae A :F - onepatop JlanmambGepa. B oluiem ciyyae 3M€KTpOMarHUTHOE TOJIe
r

ONMCHIBACTCS ypaBHEHUsAMU MakcBemna. YpaBHeHUss MakcBeiia SBISFOTCS
JTUHAMUYECKUMHU YPABHECHUSIMU JJIs1 DJIEKTPOMArHUTHOrO 1oJis. OHM Ha3bIBAIOTCS
TaK B CHJIy TOTO OOCTOSITENIHCTBA, YTO OMHUCHIBAI0 JUHAMHUKY, TO €CTh, Pa3BUTHE
WM DBOJIIOLMIO TOJs BO BpeMeHHU. [[MHamMuuyeckhe YpaBHEHHUSI MOKHO €IIIe
Ha3bIBaTh YPABHEHUSAMH ABMXKEHUS MU TMOJISI WIM YPAaBHEHUSIMU 3BOJOIUU. B
CUJIy M3JIO)KEHHOTO BBIIIE, JOJLKHBI CYIIECTBOBATH U YPABHEHMSI, ONMMCHIBAIOIINE
JTUHAMUKY 3JIEMEHTAPHBIX YaCTUI] B KBAHTOBOW MexaHuke. Ham u3BecteH npumep
TAaKOro ypaBHeHUs —3TO ypaBHeHue [lIpeaunrepa:

ih%z/l(r,t) =Hy(r 1), (11)

rac H - orcparop I"'amuneTOHA JJId 94aCTHUIbl, MJIM 'aMUJIbTOHHUAH. 910 YpPaBHCHHC
YacToO 3alIUCBIBAIOT B BUJC.

ihiw(r,t) = —h—zAw(r,t)+V(rW(r 1), (12)
ot 2m

rac V(r) - BHCIIHAA 110 OTHOIICHHWIO K YaCTHUILIC ITOTCHIXAJIbHAA OHCPI'rs.

O APyrux BHAAX JHUHAMHWYCCKUX ypaBHeHI/Iﬁ a4 CHUCTEM 4YaCTull B
KBAaHTOBOM MEXaHHUKE IIOTOBOPHUM II037KC.

CTpyKTypHbI€ eIUHUIIbI BelIeCTBA.

KopnyckyJIsipHO-BOJIHOBass MPUPOJA YaCTULl IPUBOAUT K TOMY, 4YTO
0o0pa30oBaHHOE AITHMMM 4YacTHLIAMHU BEUIECTBO B KOHJAEHCHPOBAHHOM COCTOSIHUU
IPEJCTaBIsIET COOON CHHTE3 JUCKPETHOTO M HempepblBHOTO. KopryckyispHble U
BOJIHOBBIE IIPEJICTABIICHNS MOKHO Ha3BaTh JBYMs IIPOCKLUSAMU CBOMCTB MAaTEPHH,
JIBYMSI CTOPOHaMH OJHOM W TOH ke peanbHOCTH. OOHAKO CYyIIECTBYET
ONpENEIICHHAss MepapXus B OpraHU3aluyd  CTPYKTYpPbl KOHJIEHCHUPOBAHHOIO
BemiecTBa. Mbl 3HaeM, YTO HYKJIOHBI (HEMTPOHBI M MPOTOHBI) 00pa3yroT sapa. B
COOTBETCTBUU C MPEJCTABICHUSAMHU COBPEMEHHOW (DM3MKH MPOTOHBI M HEHTPOHBI
COCTOSIT M3 KBAPKOB M INIIOOHOB. HO snpa sABISAIOTCS CIIOKHBIMU CUCTEMAaMH,
COCTOSIIIMMU M3 OOJBIIOTO YHCIa KBapKOB, TJIIOOHHBIX M ME30HHBIX IOJIEH,
B3aUMOJICUCTBYIOIIMMH  JIpyr ¢ japyroM. OpHako  nOpu  W3y4YEHUU
KOHJICHCUPDOBAHHBIX  CHCTEM  CYIIECTBEHHBl  TOJIBKO  MaKpPOCKOIIMYECKHE
napaMeTpbl SAep, BCIEACTBUE YEro MOXHO OIPaHUYUTBHCS OOIIENPUHATON



HYKJIOHHOW MOJENbI0. Sapa ¢ 3JeKTPOHHBIMU O00O0JOYKaMU OOpa3yl0 aTOMBI,
aToMbl — MOJIEKYJIbl. BO3HMKAET BONpOC: BCErna Jin HyXKHO <3pETh B KOPEHBY», TO
ecTb, HCXOIUTh W3 TMEPBUYHOM KapTHHBI, paccMaTpuBas BELIECTBO Kak
COBOKYIIHOCTh BCEX D3JIEMEHTapHbIX dacTHUl? Wi MOXHO OrpaHMYUTHCA
paccMoTpeHueM OoJiee CIOXHBIX o00Opa3oBaHuii (Hampumep, suep, aTOMOB,
MOJIEKYJI) U YK€ U3 HHX CTPOHTH OMNKcaHKe BemecTBa? Kak yCTaHOBUTBH IpaHHILY
MeXIy Oojee MNpOoCThIMU U 0Oojiee CIOXKHBIMH OOBbEeKTaMH? DTa TpaHHUIIA
OTIpe/eINsAeTCs MOHATHEM «CTPYKTYypHas €IWHUIA BeliecTBa». YacTHuilbl, KOTOphIE
MOKHO paccMaTpuBaTh KakK <OJIEMEHTapHbIe» B MOCTPOCHHUH TEOpUHU
KOHJCHCUPOBAHHBIX cpef, OyleM Ha3blBaTh CTPYKTYPHbBIMH eIHMHULIAMU
BeuecTBa. [log CTpyKTypHBIMH €IMHUILIAMU BelecTBa OyaeM MOHUMATh YaCTHUIIbI
WIM KOMIUIEKCHl YacTHIl, SHEprus oOpa3oBaHUs KOTOPBIX CYIIECTBEHHO
NPEBBIIIAET SHEPTUIO0 B3aUMOJCHCTBUS MEXIYy HUMU U KUHETHYECKYIO SHEPTHUIO
ux aswkeHus. [lon sHeprueil oOpa3oBaHus THOApasymMeBaeTcs: A OTAEIbHBIX
YacTUI] — DHEPrusi, HeoOXoauMmas JUIs HMX POXKAEHUS, AJII MHOTOYACTHYHBIX
KOMILJIEKCOB — 3HEPTHs CBSI3M YaCTUIl B HUX.

Ecnu ucXoaHBIMH CTPYKTYPHBIMH €AMHUIIAMH BEIIECTBA SBISIOTCS aTOMBI
WIN MOJIEKYJbI, TO SHEPTusl CBA3H DJIEKTPOHA C SIPOM WJIM aTOMOB B MOJIEKYJIE
JOJDKHA OBITH OOJIbIE KUHETUYECKOM PHEPTUM UX JBUKEHUS W DHEPIHU UX
B3auMojieiicTBus. [lpu 3TOM yciaoBHM COXpaHseTCs HHIUBUAYAIbHOCTH aTOMOB
WM MOJIEKYJI BO BCEM MHTEpBAJIe TEMIIEPATyp, B KOTOPOM CYIIECTBYET BELIECTRBO.
Ho ecnu mnpu KoHAeHCAMM CHIJIBI B3aMMOJCHCTBUS HACTOJIBKO BEIUKH, YTO
VHIMBUIYAIbHOCTh UCXOJHBIX aTOMOB MM MOJEKYJ TE€PSETCs, TO UX YK€ HEeb3s
paccMaTpuBaTh KakK CTPYKTYpHbIE €IMHMIBI BemiecTBa. [Ipumepom sBisercs
kpuctamn noBapeHHor com NaCl. B stom kpucramne mon Na ogHOBpeMeHHO
cesizan ¢ 8 monamm Cl. Kpucranmn NaCl mpencrasmser coboit rurantckoe
o0pazoBaHue, CTPYKTYPHBIMH €IMHHUIIAMH KOTOPBIX siBisitoTcst He atomMbl Nau Cl,
a ux uoHsl./pyroil mpumep — metayuibl. KoJJIEKTHBHU3UPOBAHHBIE AJIEKTPOHBI
00pa3yloT 3JEKTPOHHYIO XHUAKOCTh, 3allOJHSIONIYI0 pEIIeTKY, OO0pa30BaHHYIO
HOJIOKHUTEIHHO 3aPSXKEHHBIMU HOHHBIMH OCTOBaMH.

OnHako »HHeprus pOXKACHUS JJIEKTPOHA U TMO3UTPOHA U DHEPTH
pacuierieHus siapa Bceraa OoJbllle SHEPTUU CBSA3H 3JEKTPOHOB U SA€P B JIIOOBIX
BEIECTBAaX (KPOME BEIIECTB B IKCTPEMANBHBIX YCJIOBHUSX, HampuMmep, sIepHOM
matepun). IlodTOMy siipa W OJEKTPOHBI BCETAa SBISIOTCS CTPYKTYPHBIMH
enuHuUaMu BemiecTtBa. CTPYKTYpHBIMH €IUHHUIIAMH SIZIEp SBJSIIOTCS HEUTPOHBI U
NPOTOHBI (HYKJIOHBI), TaK KaK OJHEPITUs WX pPOXACHUs (Harpumep, SHEPrHs
pOXKIEHUS Taphl TMPOTOH - AHTHIPOTOH) HAMHOTO OOJbIIE JHEPTUU
B3aMMOJICHCTBHUS HYKJIOHOB B siape. OpHako, 3HEprusi mepexoia HYKJIOHa U3
HENTPaJIbHOTO B 3apsSKEHHOE COCTOSTHIE MEHBIIIE SHEPTUU CBA3U HYKJIOHOB B SIIpE.
[losTOMy mpHUNHUCHIBaTH KaXJAOMy HYKIOHY 3apsl, WHAWBUIYaIU3HPOBATH
HEUTPOHBI ¥ IPOTOHBI, HENB35. CTPOro roBOpsi, CIEAYET paccMaTpUBaTh AAPO Kak
CHCTEMY HYKJIOHOB C HEKOTOPBIM OOIIUM 3apsIOM.

PaccmoTpenue KOHAEHCHUPOBAaHHOTO COCTOSIHMSI BEIIeCTBAa Kak aHcamOJIs
CTPYKTYPHBIX €IMHUI] CYIIECTBEHHO YIIPOIIAET caMmy 3a/ady.



Poab cTPpYKTYpPHBIX eMHUL B (POPMUPOBAHUM CBOMCTB KOHACHCHPOBAHHbBIX
cpen.

CBolicTBa KOHIEHCUPOBAHHBIX CPEZ ONPEACIISIOTC!

CaolicTBamu sii€p aTOMOB.

CTpyKTypoO# 3JIEKTPOHHBIX 000JI0YEK aTOMOB.

CunaMu B3aUMOJIEUCTBUS MEXAY CTPYKTYPHBIMU €IMHUALIAMH.
CraTrucTUKOM, ONUCHIBAIOUIEH TOBEICHUE aHCAMOJIEN CTPYKTYPHBIX €UHULL.

honNPE

SAnpa.

BaxxHeMllMMH ~ XapakTepUCTUKAMHU  SiA€p KaK CTPYKTYPHBIX — €QUHUI]
BEIIECTBA SBJIAIOTCA Macca (ompenenseMasi YuciIoM HYKJIOHOB), 3apsii (YCIOBHO
YHCJIO MPOTOHOB), MEXaHWYECKUI MOMEHT KoJmuecTBa ABmkeHus L, =7l , cniuH

(I - simepHOE CHMHOBOE YHCJIO), MPEICTABISIIONINI BEKTOPHYIO CYMMY CITHHOB
HYKJIOHOB M MX OpOUTaNbHBIX MOMEHTOB. CIIMHBI MPOTOHOB U HEUTPOHOB PaBHBI
il 2. OpOuTanbHbIe MOMEHTHI IPHHUMAIOT TOJILKO 3HAYSHHSI, KpaTHbIC 7. Takum
o0Opa3oM, szipa, COCTOSIIME U3 HEYETHOrO YHCJIa HYKJIOHOB, UMEIOT MOJYIIEIbIe
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1
crunbl (1 = E’ E ,-..) ¥ TIOMUUHsIOTCS cTatuctuke depmu-Jlupaka, a U3 4eTHOTO —

uenble cimubl (1 =0,1, 2,..) u noguuHs0TCA cTaTHCTHKE bo3e-DiinmiTeiHa, 0 yeM
noroBopuM Hmke. OTMeTHM, 4TO crnuH, paBHbIH Hymo (| =0) umeroT sapa,
COCTOSIIITME U3 OJTHAKOBOTO YKCJIa IPOTOHOB U HEUTPOHOB.

JluameTp szipa UMEET MOPsI0K 10*® m. Ha tabure IIPUBEJICHBl OCHOBHBIE
XapaKTePUCTUKHU IJIEKTPOHOB, HEUTPOHOB U MTPOTOHOB.

Yacruna Macca 3apsna, Kn Cnun, 7
KT a.€c.M.
DNeKTpoH 9,10910%* | 0,000548¢| —1 602210 1/2
ITpoton 1,673m0* | 1,0072¢ +1,6022110" 1/2
Hetitpon 1,67510% | 1,00867 0 1/2

SAnpo ¢ | #0 o6magaeT MarHUTHBIM JUIOJBHBIM MOMEHTOM [,
MPONOPUHUOHAIIBHBIM CIIUHY SI/Ipa

fhy = yhl (13)
ﬂI[CpHOC TAPOMAarHuTHOC OTHOLICHHUE J/ - OTHOIICHHWEC MAarHUTHOTO MOMCHTA sapa
K €0 MOMCHTY KOJIMYCCTBA ABWKCHUS LN IMPUHATO BbIPpAXXaTb 4YCPC3 CAUHUILY
THPOMAarHuTHOIO OTHOIICHUS

Y, =el2m, (14)

(€ m M, - 3apsn M Macca NPOTOHA COOTBETCTBEHHO). Torna




Y=9%,
rae g - saepHslil dhaktop Jlanae, u

Hy = 0¥l = gpg ! (15)
Bennuuna
eh
N _
He 2m.c

Ha3pIBAETCS  SAEPHBIM  MarHeToHoM (4 =5,050010%spr/I'c).  JlumomnbHbiit

MarHUTHBIA MOMEHT Hy OOBIYHO HU3MCEPACTCA B AACPHBIX MAarH€TOHax ,Ugl .

C HaNM4KeM CIUHA | SJICPHOTO MArHUTHOTO MOMEHTA CBSI3aHbI: 1) siiepHbIi
MarHeTH3M, 2) MarHUTHOE B3aUMOJICHCTBHE C MAarHUTHBIM MOMEHTOM JJICKTPOHOB
Ha OpOHMTax aTOMOB, BBI3BIBAIOIIEE CBEPXTOHKOE PACILEIVICHHE SHEPreTUYECKUX
YPOBHEM ITUX DIEKTPOHOB.

B ocHOBHOM, HEBO30YXIEHHOM COCTOSHUU IUJIOTHOCTh 3JIEKTPUYECKOTO
3apsga  sagpa  — dertHas GyHKOUS — koopawHaT. [loaToMy  TOCTOSIHHBIN
AIIEKTPUYECKUI TUMOIbHBII MOMEHT sJIpa B ’TOM COCTOSIHUM PaBeH HYJ0. O HAKO
Bce snmpa ¢ | =1 o06magatoT SIEKTPUYECKUM KBAAPYMOIbHBIM MOMEHTOM.
KBagpynonbHbli ~ MOMEHT  CBf3aH C  OTKJIOHeHHeM  (opMmbl  siapa
(TPOCTPaHCTBEHHOTO paclpeesieHUs] 3apsija) OT CQHEpUveckoil W pacTyT C
yBenuueHueM pasmepa sapa. [lpu | <1 sapa umeroT chepruieckyro CHMMETPUIO, U
UX JJIEKTPUYECKHUI KBaJAPYIOIbHBII MOMEHT PABEH HYJIIO.

B3aumopneiicTBue  3JIEKTPUYECKOrO  KBAAPYIMOJIBHOIO  MOMEHTa  C
HEOJHOPOJHBIM BHYTPEHHUM OJJIEKTPUYECKUM IIOJIEM B BEUIECTBE MPUBOJIUT K
CHATHIO  BBIPOXKIEHUS  DHEPreTUYECKUX  COCTOSHUM, COOTBETCTBYIOLIETO
pPa3IMYHOM OPHUEHTALMHU SAECPHOTO CIIMHA OTHOCUTEIBHO DJIEKTPUYECKOIO IIOJIS.
OTO SBASETCS NPUYMHOM SIEPHOTO KBAJAPYMHOJBHOIO PE30HAHCA, KOTOPBIN
HAO0JI0/JaeTCsl B OTCYTCTBUE BHEITHETO MarHUTHOTO MOJIsl, B OTIMYKE OT SIAEPHOTO
MAarHuTHOTO PE€30HAHCAa, B KOTOPOM PACIIEIUICHUE YHEPTETUYECKOTO YPOBHS sIpa
BBI3bIBAETCS BHEIIHUM MATHUTHBIM TOJIEM.

Kpome TOro, B3amMOAEnCTBUE INEKTPUYECKUX KBAAPYIIOIBHBIX MOMEHTOB
AIep C DJIGKTPOHAMHU BBI3bIBAET TAK HA3bIBAEMOE CBEPXTOHKOE pACILECIUICHHE
DHEPreTUYECKUX YPOBHEMN 3JIEKTPOHOB B aTOMAX U MOJIEKYJIaX.

3apsan siapa onpenensieT BEIMUYUHY PEeITUBUCTCKUX 3(P(PEKTOB B BEIECTBE,
B YaCTHOCTH, PHEPTUIO0 CUH-OPOUTANIBHOIO B3auMoaecTBUsl. CIMH-OpOUTAIBHOE
B3aMMOJICUCTBUE — B3aUMOJICMCTBHE COOCTBEHHOTO MArHUTHOTO MOMEHTa
AJIIEKTPOHA C MAarHUTHBIM TMOJIEM, CO3JaBa€MbIM OPOUTAIBLHBIM JBUKEHUEM
anekTpoHa. lloTeHuuanpHas DHHEPIrHsT HJTOrO B3aUMOJAECHCTBHS  HA3bIBACTCS
SHEeprueul cruH-opOuTaIbHON CBsi3u. OHA OMpeeNnsaeTcs CKOPOCThIO V JIBHXKEHUS

2
3IIEKTPOHA U MPOMOPLHUOHATIEHA (V/ C) . Tak Kak CKOPOCTb JBUKEHHUSI SJICKTPOHA B
aToMe OIpeNemsieTCs 3apsAIoM Sapa, SHEPTUs CIUH-OPOUTANIBHON CBSI3U OOJbIIE Y



TSDKEJIBIX aTOMOB. B pe3ynbraTe CHMH-OpOMTAIBHOIO B3aMMOACHCTBHUS COCTOSHHS
3JICKTPOHA C PA3IMYHBIMHM IPOCKIMSIMH CIIMHA OTJIMYAIOTCS CBOCH OSHeprueit
(criuH-OpOMTAIBLHOE PACIIEIICHHE).

PaccMOTpHM HECKOJIBKO MOAPOOHEEe CMUH-OPOUTAILHOE B3aUMOJICHCTBUE B
arome. B aromax Bcerja MMeeTCss BHYTPEHHEE MAarHHTHOE II0JIe, CO3/1aBacMoe
OpOUTAIBHBIM JIBH)KEHHEM JJIEKTPOHOB BOKPYT siiep. PaccMOTpHM 3IIEKTPOH,
JBIDKYIIMIACS B aTOME IO KPYroBOW OpOHTE CO CKOPOCTBIO VBOKPYT sipa C
sapsiioM €Z . B cucreMe KOOpAMHAT, CBS3aHHOM C AJIEKTPOHOM, SIIPO JBHIKETCS
BOKpPYI' 3JIGKTPOHA CO CKOpocThio —V. Tem cambiM co3fgaercss TOK —Zev.
MaruuTHoe mosie H 3Toro Toka B TOYKE, I/Ie HaXOIUTCS SJIEKTPOH, PAaBHO

S I
crit’ mycr

rae | = [r : p] - OpOUTANIbHBII MOMEHT UMITYJIbCA AJIEKTPOHA.

H= l, (16)

3

Oueprus B3aumoaeictBust W COMHOBOIO MAarHUTHOTO MOMEHTA 3JIEKTPOHA

M =-eS/m,c
(S - cnuH 3jeKTpoHA) ¢ MarHUTHBIM TojieM H B cucTeme oTcuera, CBA3aHHOM C
9JICKTPOHOM, 3allMIICTCA B BUC

e Ze zZe?
W=-(MH)=——=_(Sl)=—=(9). (17)
m,C mycr mac’r

B wucxomnoit cucreme otcyera mocie mnpeoOpazoBaHui JlopeHlia MoOsBIsSETCS
MHOXHTENb 1/2. PaccMoTpuM j1ajnee BhIpakeHUe

(s) _[r.plS

rs r3

BcnomanM nanee, 9To KyJIOHOBCKHM MOTEHITAAT ONIPEALIieTCs] (pOpMyIIon

(18)

Z 2
U(r) e —_e,
r
B CI/IJIy yero €ro I‘paI[I/IeHT HUMECT BU
2
Ou(r) = Ze3r |
r
OTKyZa
Ou(r) _r
ze*> ¥

[Moncraisist 3T0 BeipaxkeHue B (18), momyunm



(8)) _[Bu(n).p]s
rs ze?
C y4eTOM uero BeIpakeHue 11t s3Heprun W oOpeTaeT BU/IL:

_ze[0u(r),p]S _[DU(r),p]S
W= 2mec2ze? - 2.2 :
mycZe 2m;c

(19)

Hns  osnextpoHa S=7hH/2. Takum o00pa3oMm, D>HEpPrus CHHH-OPOUTAIBHOTO
B3aMMOJICHCTBHSI BO3HHMKACT B PE3yJbTaTe IBMKEHHUS 3JEKTPOHA OTHOCHTEIHHO
Aqpa; IEKTPOH JBMXKETCS B 3JIEKTpUUECKOM mojie siapa. [lostomy B kpuctaiie
CHUH-OpOUTATbHOE B3aMMOJICHCTBUE SBISETCS CIEICTBUEM JBUKECHHS 3JIEKTPOHA
B HEOJTHOPOJHOM 3JIEKTPHUUECKOM T0JIE PELIETKH.

Cxema pacueta B 3TOM clyyae TOXE TMPUMEHHMA, €CIH 3aMEHUTh
IIEHTpaJbHOE TI0JIe aToMa B BeipakeHnu (19) mepuomudeckum monem kpucraumia. B
obmiem ciyuae W ornpenensiercsi BEJIMYMHON IpaJlieHTa MOTeHIIaa.

DJIeKTPOHHAsAA 000/I09KA aTOMOB.

CTpyKTypa 2J1eKTpOHHON 000JI0UKH aTOMOB OIIPENEISAET
1. CTpykTypy XMMHYECKHUX CBSI3€H, MX SHEPTUIO U B3aUMHYI0 OPHEHTALUIO, U,
KaK MPaBWJIO, CTPYKTYPY KPHUCTAILIA.
2. MarHutHelii OpOUTanbHBIA MOMEHT M CIIMHOBBI MarHUTHBIA MOMEHT
aTOMOB.
3. CTpyKTypy PHEpreTHUECKUX YPOBHEH U ONTUYECKUE CBOWCTBA ATOMOB.

CraTtucTuka ancamoJiell CTPYKTYPHBIX eIHHUII.

CratucTuka OIpenenseT XapakTep pacHpeleeHUsl YacTULl 110 dHEPreTHYECKUM
cocrosiHUAM. Ecnu yactuiel 001anar0 NoayleablM COIMHOM, TO OHU MOAYUHSIOTCA
cratuctuke Pepmu-/upaka u npunuuny [laynu, cormacHO KOTOPOMY B KaXKIOM
COCTOSIHMHM C 33JJaHHBIM 3HAYEHHUEM MMIIYJIbCA U CIIMHA MOKET HaXOAUTHCS TOJIBKO
OlHa 4YacThma. YacTuupl ¢ LEJNbIM CIIMHOM OIMCBIBAKOTCS CTaTUCTUKOW bo3ze-
OnnmrerHa. [Ipu 3TOM B KaXIOM COCTOSTHUM MOXXET HaXOAMTHCA JII000€ YMCIIO
vactun. Ilpn pacnpenenennu ®epmu-upaka BepostHocTh fo  Haxoxnenus

YaCTHIIBI B COCTOSIHMM C dHepruei E, (MOXHO Takke TOBOPHTH O YHUCIE YACTHUI
Ng B COCTOSTHMH C 3Heprueil E,) nmpu temmeparype T omuceiBaercst pyHKIHEH

1

E.—H ),
k,T

rae [ - XAMUYecKui nmoteHmmai, K, - mocrosHHas boibimana.

fo =

n

(20)
exp

(Pucynkmn)



Ilpu E, <y m T=0 f_ =1, T0 ecTs, Bce COCTOSHUSA C TaKOH d3Heprueu

sanonHensl. Ilpu E, > u T=0 Bce cocrosaHus cBoboaHsl. Takoe
pacripenielieHue SIBISIETCS CIEICTBUEM JIByX TpeOOBaHM — MUHUMAaJIbHOCTH
sHeprun W mnpuHmmna I[laymu. Ouepruss E., cooTBeTcTBylOmas rpaHuIe
3alOJTHEHHBIX COCTOSTHUM, HasbiBaeTcst 3Heprueid depmu. B obmem cimydae
oHepruio DepMU MOKHO ONPENENUTh KaK dHEpruio, mpu koropoi fe =1/2, To
ects, E. = . IIpu T >0 pacnpeneneane @epmu pazmassiBaeTcs (PUCYHOK).

ITpu pacnpenenenuu bo3ze-OliHIIITeTHA BEPOATHOCTh YaCTUIIE HAXOIUTHCS B
COCTOsIHUM C 3Heprueil E. Bbipaxaetcs Gpopmymoi

oz (21)

expEI'lb;_’u -1

Ipu E, > n T=0 f. =0, anpu E, - ¢ fg - o (Gose-siiHmreinoBCKAS

KoHaeHcanws). [Ipy HanuaMy B3auMOAEeUCTBUS (CHJT OTTAJIKMBAHWS) KOHICHCAIUS
BCEX YaCTHI[ Ha HWXKHEM YypoBHE (TO €CTh, B OJHOM H TOM JX€ COCTOSIHHH)
CTAaHOBHTCS HEBBITOJHOW 3HEPreTUYCCKH, TaK KakK OOJIbIIAas MJIOTHOCTh YacTHI] B
OJTHOM COCTOSHUW TPUBOJWT K YBEJIUYCHHUIO TMOTCHIMAIBHOW SHEPTHUH
B3aMMOJICHCTBHS 32 CYET CHJI OTTAIKHBAHHS. DHEPreTUYCCKU BBITOJIHO, YTOOBI
IUIOTHOCTH COCTOSIHM B OCHOBHOM COCTOSTHUM YMCHBIIIMJIACh, U IOTEHITHAIbHAS
DHEPrus MOHU3UIACH 3a CUET MepPexXo/aa YacTUIl B 00Jiee BRICOKHE YHEPTETHUCCKHE
coctosiHus. [IpUHITO TOBOPUTH, YTO B3aWMOJEHUCTBHE MPUBOAUT K HMCTOIICHUIO
003€e-dPIHIITEHOBCKOIO KOHECH cATa.

Cratuctuka aHcamOneill ompemenseT TNPAaKTHUYECKH BCE  CBOMCTBA
KOHICHCUPOBAHHBIX COCTOSTHUH: TETMI0EMKOCTb, TETIONPOBOAHOCTD,
AIIEKTPOTIPOBOTHOCTh, MATHETH3M.

Cuibl B3aMOIeHCTBHAL.

Cuibpl B3aUMOJEICTBUS ONPEETSIOT

1. Crpykrypy.

2. XecTKOCTh CUCTEMBI.

3. XapakTep cnekTpa KojeOaHui 4acTull B KOHACHCUPOBAHHOM cpefie.

4. Jlnst 3apspKeHHBIX 4YacTul (Hampumep, MOHOB M JJIEKTPOHOB B METallIax)
OJlHA CHCTEMa IOJAPU3YET APYIYH0, YTO IPHUBOAUT K BO3HUKHOBEHMIO
HOBOT'O THUIIA B3aUMOJECHCTBUSA, XapaKTEPHOTrO M1 KOHACHCUPOBAHHBIX CPEJl
— NOJIAPU3ALMOHHBIX CHIL.

B gacTHOCTH, € TaKMM B3aMMOJEHCTBHEM CBSI3aHO SIBJICHUE CBEPXIPOBOJUMOCTH.



