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TEH30p CBEPXTOHKOIO B3aUMOJEWUCTBUS;, OOO3HAYEHUE
HEBBIPOXKAEHHOTO COCTOSIHMS; IIOLIaAb MOJ KPUBOM
norjoueHus crekrpa DITP

[JIaBHbIE 3HAYEHUST aKCHUaTbHO-CHUMMETPUYHOTO TEH30-
pa CBEpPXTOHKOI'O B3aUMOICHCTBUS

KOHCTAHTa M30TPOITHOTO CBEPXTOHKOTO B3amMMOJEiiC-
TBUSI; 0003HAUEHUE OPOUTATBLHO HEBBIPOXIEHHOIO CO-
CTOSIHUS

WHAYKIMS BHELIHETO MAarHUTHOTO TOJIS

pe30HaHCHOE 3HayeHWe WHAYKIIMM BHEIIHErO0 MarHut-
Horo noiis (By = hvy/gP)

KOMITOHEHTa BEKTOpa MarHUTHOW WHAYKUIWM MarHuT-
HOTO TO0Ji TIepHeHAuKYIsipHas (mapajjienbHasi) Oocu
CUMMETpUU

—pacCcTosIHUE MEXIy TOYKaMU MaKCHUMaJIbHOTO HaKJIO-
Ha NepBOU MPOU3BOIHOU JTWMHUU TTOIJIOIIECHUS
MOJIOBMHA IIIMPUHBI JIMHUU TIOMJIOLIEHUSI Ha MOJIOBUHE
BBICOTBI

abCoIIOTHOE 3HAUYEHUE MEePIEeHINKYISIPHOH KOMITOHEH -
Thl aKCUAJbHO CUMMETPUYHOTO TEH30pa CBEPXTOHKOIO
B3aUMOJEHCTBUS

CKOpOCTb CBeTa

SHEPTUS OUMOJb-AUIIOJIBHOTO B3aMMOACICTBUS; Tapa-
METp pacllieruieHus B HyJeBoM mone, D' = D/gB; 0603-
HayeHUe TepMa COCTOSIHUS C CYMMapHBbIM OpOUTATbHBIM
MOMEHTOM Tipu L = 2

IJIaBHbIE 3HAUYEHUSI aKCUATbHO-CUMMETPUYHOIO TEH30-
pa IUMOJIb-AUIIOIBHOTO B3aUMOACHCTBUS

rmapaMeTp pacllelieHuss B HyjleBoMm mone, E = E/gf;
0003HaUeHUE NBYKPATHO BBIPOXKICHHOTO COCTOSTHUS

— DHEPIUs DJIEKTPOHHOTO YPOBHS ij

OHEPIuA SJICKTPOHHOIO II€pexoaa
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3apsiz JIEKTPOHA; 0003HAUYEHUE ABYKPATHO BBIPOXKICH-
HOT0 OpOUTAIBHOTO YPOBHS

0003HaYeHUEe TepMa COCTOSIHUSI C CyMMapHbIM OpOu-
TaJbHBIM MOMEHTOM Mpu L = 3

OTHOCHUTEJIbHOE YCUJIEHWE CUTHAJIa

g-(hakTop 371eKTpOHa

g-takrop siipa

— U3OTPOMHbIN g-akTop

8xx> gyya & —
— HaIIpsAKCHHOCTb BHCHIHEIO MAarHUTHOIO ITOJISA

— HanpsAXK€HHOCTb MAarHUMTHOTIO I10JIA OT dApa, obnanmarolie-

~

[j-KOMIIOHEHTA g-TeH30pa

IJIaBHBIE 3HAYECHMSI aKCUAJTbHO-CUMMETPUYHOTO g-TEH-
30pa

JIMaroHaJIbHbIE KOMIIOHEHTHI g-TEH30pa

TO MarHUTHBIM MOMEHTOM, NEWCTBYIOIIEE Ha IJEKTPOH
HamnpsLKeHHOCTh  3¢(MEKTUBHOTO MArHUTHOTO  TIOJ,
JIEUCTBYIOIIEE HA BJICKTPOH

noctosiHHasi TlnaHka

CIUH S7pa; TOJHBIN SAEPHBIN CIIMH paguKala
Z-KOMITOHEHTA SIIEPHOTO CIIHA

MOMEHT KOJIMYECTBa IBUKEHUS; OOMEHHbIM MHTETpas
KBAaHTOBOE YMCJIO MOMEHTa KOJIMYECTBA IBVKCHUS
KOHcTaHTa boibliMaHa

CYMMAapHBIA 3JI€KTPOHHBIM OpOUTAbHBIA MOMEHT KO-
JINYECTBA ABUXKECHUS

opOuTaTbHOE KBAHTOBOE YMCJIO JJIS1 3JIEKTPOHA; OpOu-
TAJIBHBIN YIJIOBOM MOMEHT 3JIEKTPOHA

aMIUIMTYyJa CUTHAJIa «IIPOMEXKYTOUHOIO» 3TajloHa
Macca IpOTOHA; aMILUTMTYa BBICOKOYACTOTHOM MOMYJIsI-
LUK

macca dJIEKTpoHa

MPOEKIINS SIICPHOTO CITUHA

MPOEKIUS JIEKTPOHHOIO CITMHA

YUCJIO TTapaMarHUTHBIX 1IEHTPOB

3aCeJIEHHOCTh 3JIEKTPOHHOTO YPOBHS

paccTosiHue (MeXIy 2JEKTPOHOM W SIAPOM WU MEXKIy
3JIEKTPOHAMM)

NOJIHBIM 3JEKTPOHHBIA CIIMH;, CYMMAapPHbIA CIMHOBBINA
YIJIOBOM MOMEHT; O0O3Haue€HHWE TepMa COCTOSIHUSI C
CYMMapHBIM OpOUTAJIbHBIM MOMeHTOM nipu L = 0
CIMTMHOBBIN YIJIOBO MOMEHT 3JIEKTPOHA (CITUH 3JIEKTPO-
Ha); MPOeKIMSl MAarHUTHOTO MOMEHTA 3JIEKTPOHa
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TeMmIieparypa CUCTEMbl MO aOCOJIOTHOM IKaje; 0003-
HauyeHUe TPEXKPATHO BHIPOXKAEHHOTO OPOUTAIBHOIO CO-
CTOSTHUS

0003HaUYeHNE TPEXKPATHO BHIPOXKIECHHOIO OpOUTAIBLHO-
TO YPOBHS

OCH CHCTEMBbI KOOPAMHAT

aMIUIMTYa KPUBOM TMOTJIOLIECHMS

— IIOJIOBMHA aMIUIMTYObI HepBOfI HpOI/IBBOILHOﬁ KpHBOﬁ

MOTJIOLIEHUS
3apsam simpa

YTOJI; CIIUH ¢ TIpoeKimei +1/2

MarHeToH bopa; cniuH ¢ mpoekuuei —1/2

SIIEPHBIA MarHeTOH

paclilerieHue MexXay YPOBHSIMU 9HEPIUU d-2JEKTPOHOB
B TIOJIC JIUTAHIOB OKTa3APUIECKON CHMMETPUHU
pacllieTIeHue MEXIY YPOBHSIMM DHEPTUM d-2JIEKTPO-
HOB, CBSI3aHHOE C TETParoHaJbHBIM MCKaXKeHUEM OK-
TadIPUIECKON CUMMETPUU IIOJIST JIUTAHIOB; WHTEPBaJ
CKaHUPOBaHUS

KOHCTaHTa CIWH-OPOUTAIIBHOTO B3aMMOACHCTBUS; KO-
3¢ GULIMEHT CMEIIMBAHUS COCTOSIHUI

CITMHOBBIM MAaTHUTHEI MOMEHT 3JICKTpOHA
OpOUTaAIbHBIM MAarHUTHBIM MOMEHT 2JIEKTPOHA
MAarHUTHBIA MOMEHT sipa

YacToTa paarovyacToTHOTO monst (vy = gBBy/h)

yroJ

BpeMsI XXKU3HU

yIJIOBas yacToTa

YacToTa TPUILIET-CUHTJIETHOTO TIepexoaa

JacToTa TPUILIET-TPUILICTHOTO TIepexona

KOHCTaHTa CMUMH-OPOUTATLHOTO B3aUMOJEHCTBUS
CITMHOBAS TUTOTHOCTh HECTIAPEHHOTO 3JIEKTPOHA B TOUKE
Aanpa

YToJI MeXIy HampaBIeHUSIMHU KBAaHTOBAaHUS SIIEPHOTO
CcrMHa
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BBEJEHUE

3HauuTeNbHBIE 00beM HWH(OPMAILIMM O CTPYKTYpe CTaOWUJIbHBIX
MOJIEKYJl 1 HEYCTOMUYMBBIX MHTEPMEINATOB UCCIEA0BATEIN MOJYYalOT
TIpA U3YYCHNU PE30HAHCHBIX IEPEXOM0B MEXIY pPa3IMYHBIMU SHEp-
TETUYECKUMU COCTOSIHUSIMU 3TUX YACTHIL MPU MOTJIOIIEHUHU SHEPTUU
BHEITHETO M3JIy4eHUs. JIMama3oH 3HEpruM KBaHTa M3Iy4YeHU, WC-
MOJb3YEMBIX [UIST TIOJIyYeHUs CIIEKTPOB ITOTJIOIMICHUSI Pa3HBIMU Me-
TOIaMHu, MOXET M3MEHSITbCS B MHTepBaje Oosee AeCSATU IMOPSIKOB
BEeIMUYMHBL oT ~10° 3B st Y-U3IYYEHUS 10 ~107% 5B 1pu MCMONb-
30BaHMM paguousiyuenust (1 3B = 1,602 - 107" Ix = 1,602 - 1072
spr = 2,418 - 10® MTI'11). YpoBHM 3HEPreTUMYECKUX COCTOSTHUI YacTUll
MOTYT OBITb KaK COOCTBEHHBIMHU, TaK U TIOSBISIOIMIMMUCS B HUX B
pe3yJibTaTe UCIOJIb30BaHMS BHELIHUX BO3ACHCTBUI, Hampumep, Mpu
TTOMEIIIEHNH CUCTEMBI BO BHEIIIHEE TT0JIe, T.e. YPOBHU OTPaxKaloT Kak
BHYTPEHHUE B3aMMOIEMCTBUS B YACTHUIIAX, TAK U UX B3aUMOACHCTBUS
C BHEIIHEW CPeaoi.

Otkpeitie E.K. 3aBoiickumM B 1944 r. sBiIeHUS pPE30HAHCHOTO
TOTJIOLIEHUS BJIEKTPOMATHUTHOTO M3JTYYeHMST TTapaMarHUTHBIMU CO-
JIIMU (XJIOPUIOM MapraHlia, cyjJbhaToM MeAu U T.I1.) B MTOCTOSSHHOM
MarHUTHOM MOJie MPU CTPOTO ONpPeAeJeHHbIX OTHOIIEHUSIX WHIYKIIMU
TMIOCTOSTHHOTO MarHUTHOTO TIOJISI K 9aCTOTE BJICKTPOMArHUTHOTO M3JTy-
YeHUS MOCTYKUJIO OCHOBOM MeTona 3JIEKTPOHHOTO MapaMarHUTHOIO
pe3oHaHca (BI1P). DToT MeTon ABJIsSETCSI B HACTOSIIIEE BpeMsl OTHUM
13 CaMBIX PAacIIPOCTPAHEHHBIX, TTOCKOJBKY TaeT BO3MOXHOCTh BBISIC-
HEHUSI CTPYKTYPbl U XMMUYECKUX CBOWMCTB MapaMarHWUTHBIX YaCTHII,
MMPUHUMAIOIINX YIaCTHEe B Pa3IMIHBIX IpoIeccax.

Meton DITP (B aHIIOA3BIYHOM TUTEPATYPE UCIIOIb3yeTCsl aO0peBu-
arypa ESR, electron spin resonance, wiu EPR, electron paramagnetic
resonance) MCIOJB3YeTCs TMPU MCCICIOBAHUU CUCTEM, COIEpKalllux
YACTHUIIBI, JEKTPOHHBIE 00OJIOYKM KOTOPHIX 00J1agaloT MarHUTHBIMU
MoMeHTaMHu. Jlaxe KpaTKoe IepedyucIeHre OOBEKTOB MCCIeTOBAHUS
metonoM OIIP cBumeTenbCTBYET O BO3MOXKHOCTU €T0 IIMPOKOTO MC-
mojb30oBaHMs. TakKMM 00beKTaMU MOTYT OBITh pagudKaIbl M MOH-pa-
JIWKaJbl (YacTUILIbI, 00Jagalolie OTHUM HeCapeHHBIM 3JIEKTPOHOM),
OMpangnKaibl ¥ MOJIEKYIbl B TPUIJICTHOM COCTOSTHMM (YaCTHIIBI, CO-
JIepXale IBa B3aMMOACHCTBYIOIIMX MeEXIy CO0OH HecrapeHHBIX
BJIEKTPOHA), MOJUPAAUKAIbl U UOHBI 3JeMeHTOB 3d-, 4d-, 5d-, 4~ n
S/~Tpy1il, KOTOpble MOTIYT MUMETh B CBOEM COCTaBE HECKOJbKO B3a-
MMOJEHCTBYIOIIMX MeXIy coOOi HecnmapeHHbIX 2JeKTpoHOoB. Ilapa-
MarHeTH3M OOHApYXKMBAIOT TaKXKe CHUCTEMBI, comepKalue aedeKThl
B TBEPABIX TeJIaX C M30BITOYHOM WJIM HEAOCTAaTOUYHOM 3JIEKTPOHHOI
TUTOTHOCTEIO.
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1. MATHETU3M BDJIEKTPOHA U SJIEP

1.1. MarauTHbBIA MOMEHT ¥ MOMEHT KOJIMYECTBA IBIZKECHHSA

Hecmorpst Ha To, uTO, 0 MHeHMIO P.MeliHMaHa «C TOYKM 3pESHMS
KJIaCCUYECKO MEXaHMKM YECTHBIM ITyTEM IIOHSITb MArHUTHBIE 3(-
(bexThl HEBO3MOXHO, ITOCKOJIBKY 3TH 3(PDEKThl — SIBJICHUS LIETUKOM
KBaHTOBOMEXaHUYECKKME», MCIIOIb30BAHME KIIACCUYECKUX IPEICTAB-
JICHUI B OIpPEAC]ICHHOM MX YaCTU [UISl IOHUMAHMS CYTH SIBJICHUS SIB-
JISIETCST TIOJIE3HBIM.

C TOYKU 3peHUS KIACCUYECKOM MEXaHUKU IPU IBWXKEHUU 3JIEKT-
pOHa IT0 KPYroBOii OpOMTe BOKPYT SIIpa MO NeCTBUEM KYJIOHOBCKUX
CWJI MEXIy MarHUTHBIM MOMEHTOM [l; 2JIEKTPOHAa Ha opOWTe — Be-
JUYMHA |; PaBHA MPOU3BENCHUIO TOKA [ TIOJOXUTEIHLHOTO 3apsiia Ha
TUTOIIAIb:

w, = I'n = [ev/2nr] - 7 = evr/2,

1 opOMTaJIbHBIM MOMEHTOM KoJmdecTBa aBrkeHus L (L = mvur) cy-
LLIECTBYET COOTHOILICHUE:

eL W e

=—, Te. ,
He 2m L 2m

rne e U m — abCOJIOTHbIE BEJIMUYMHBI 3apsiia U MAacChl TOKOSI 3JieK-

TPOHA, a U — CKOPOCTb ABVKEHMS JIEKTPOHA IO OpOUTe paauyca r.

Jns synekTpoHa, 3apsii KOTOPOTro OTpUIIaTeIeH, BEKTOPbl MarHUTHO-

L r0O MOMEHTa M MOMEHTa KOJWYECTBA IBM-

>KEHMs1 HarpaBJieHbl B IMPOTUBOIIOJOXHbIE

CTOPOHBI IO OTHOM TIPSIMOU TIEPITEHINKY-

JIIPHO TI0CKOCTU opbuthl (puc. 3.1). Ilo

KJIaCCUYECKUM TIpeACTaBICHUSIM, JIEKTPOH

v COBEpLIAET €llle ¥ BPaIllEHUE BOKPYT CO0-

m, e CTBEHHOH OCH, PE3YJILTATOM YETO SIBJISIOTCS

i BO3HMKAIOIINE CITMHOBBIT MAarHUTHBIN MO-

Puc. 3.1. MarHUTHbIA MO- MEHT |lg U CIIMHOBBII MOMEHT KOJIMYECTBA
MEHT |, 1 MOMEHT KOJU- nBMKEeHMUS S, IpudeM Lg/S = e/m.

4ecTBa ABvXeHWs L npu TakuM o0Opa3oM, IS YUCTO OpPOUTAIIb-

BpalLeHMM SNeKTpOHa MO yaro  npykeHMs BMEKTPOHA OTHOLICHHE

Kpyroeow opburte

MarHUTHOTO MOMEHTA K MOMEHTY KOJINYeC-

TBa ABMKEHUSI, MArHUTOMEXaHUYECKOE OTHOLIIEHUE, B €AMHULIAX e/2m
paBHO €AWHUIIE, a JIJIT YUCTO CITMHOBOTO ABIDKEHUS — IBYM.

Wcnonb3ys aHaloruoo ¢ KJIaCCMYECKOU Teopueil, B KOTOpOil aHep-

TSI MarHUTHOTO MOMEHTA |l B TIOJIe C BEJIMYMHOM MarHUTHOW WH-

OyKIIMA B paBHa CcKajlsspHOMY Tpou3BeAeHuio W'B = uB cosO, rme

1. Maznemusm arexmpona u adep 205

0 — yroys Mexay MOMEHTOM M HallpaBJIeCHUEM MHAYKIIUM MAarHUTHOTO
OJIsI, B KBAHTOBOM MeXaHMKE MAarHUTHBI MOMEHT MOXHO OIPEICIUTh
KaKk KO3(h(GULUMEHT MNPONOPLUMOHAIBHOCTY, CBSI3LIBAIOILINI 3HEPIUIO
CHCTEMbl B MAarHUTHOM I10JI€ ¢ BEJIMYMHOI MHAYKIIMU 3TOrO I10JIS.

B xiraccnyeckoit MexaHnKe JaHHOMY MOMEHTY KOJIMUYECTBA IBIXKE-
HHS OTBeUaeT OECKOHEUYHOE YMCIIO BO3MOXKHBIX COCTOSTHUI C OMHON 1
TOM Xe sHeprueii. B KBAaHTOBOM MeXaHMKE YMCJIO COCTOSIHUI, B KO-
TOPBIX MOXET HAXOAUTHCS TaKasl CUCTeEMAa, OTPAaHUYEHO W OHU 3adaHbl
BEJIMYMHONM KOMITOHEHThI MOMEHTA KOJIMYECTBa ABMXKEHHUSI B HEKOTO-
POM BBIOpaHHOM HaIpaBJIEHUM MJIsI CUCTeMbl (IJi OMpenesIeHHOCTU
BBIOMpAeTCsl HaIlpaBJeHe, COBIIafalollee ¢ HallpaBIeHUEM UHIYKLINU
B MarHuUTHOTO MOJIsI, OCh z). TakuM 00Opa3oM, KJIaCCUYECKUI OOBEKT
C MOMEHTOM KOJIWYECTBA ABMKEHUS J B KAUECTBE z-KOMITOHEHTHI MO-
KET UMETh JII00YI0 BeIUYuHy Mexay —J u +J. B KBaHTOBOII MexaHUKe
CUCTEMA C 3aJJaHHOM HEPTUEN MMEET XapaKTEPHOE YUCIIO j, KOTOPOE
MOXKET OBITb Ha3BaHO KBAHTOBBIM YMCJIOM MOMEHTa KOJMYECTBA JBU-
>KEHUST WIN CIIMHOM, TaKOe, YTO Z-KOMIIOHEHTa MOMEHTA KOJINYEeCTBa
JIBUXKCHUS MIPUHUMAET TOJAbKO OJIHO M3 3HAYCHMMA:

Jh. G-Dh, _G=Dh_jh
b b

b

2n 2n 2n on’

rne 4 — nocrosiHHas [lnaHka. 3HaueHue j MOXET OBbITh TOJIBKO LIEJIbIM
WIN NOJYUENbIM (2] JOJKHO OBITh 1I€JIBIM YMCJIOM), & YUCIO BO3MOX-
HBIX COCTOSTHUM C OOHOM U TOM XK€ dHeprueil sl JAHHOTO CIUHA j
OyneT paBHBIM (2j + 1) u Kaxkjaoe U3 HUX CTOJIb K€ BEPOSITHO, KaK U
J1060€ Apyroe.

B merone BOIIP mpu nosydeHuu uHOOpMaLUU O CTPYKType U
3JIEKTPOHHOM CTPOEHMH TapaMarHUTHBIX YacTHUI[ JIEXKUT TO OOCTOSsI-
TEJIBCTBO, UTO 3JIEKTPOHBI M HEKOTOPHIE sipa 00JIamaroT MarHUTHBI-
MU MoMmeHTaMu (Ta6ia. 3.1) u ux moBeleHHE MOMUYMHSIETCS 3aKOHAM
KBAHTOBOM MeXaHMKU. DJIEKTPOH 00JalaeT CIMHOBBIM MAarHUTHBIM
MOMEHTOM g = gBS, rme P = eh/4nmc = 9,2731 - 107** JIx/Tn —
aTOMHas eOWHWIIA MarHUTHOTO MOMEHTa WIM MarHeToH bopa
(e =1,60219 - 107" Kn u m =9,109558 - 107! xr — 3apsim u mac-
ca 9JeKTpoHa; h = 6,626196-107°* JIx - ¢ — mnocrosiHHast IlnaHKa;
c=2,997925 - 10® M/c — cKopocTh cBeTa), g= 2 — OTHOLIEHUE CITH-
HOBOTO MAarHMTHOTO MOMEHTa K MEXaHWYeCKOMY B eIMHUIAX e/2m,
S = 1/2 — KBaHTOBOE CIIMHOBOE YMCJIO WU CIUH 3JEKTPOHA.

ITpoToH, oOMamarOIIUi TOJMOXUTEIbLHBIM 3apsioM, TOXE HMEET
CIIMHOBBIM MarHUTHBIM MOMEHT, TOJBKO BEJIMYMHA OTHOIIEHUS Mar-
HUTHOTO MOMEHTA K MOMEHTY KOJIMYECTBA IBIKCHUS IS KakIOi U3
STUX YaCTHUII OyIeT TaKoil, KaK MOXHO OBLJIO OXWIATh IUIS MPOTOHA,
JBIKYIIErOCsl IO KPYroBoil opobuTe BOKPYT 2JIEKTpOHA (HAYaJlo CUCTe-
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MBI KOOPAMHAT MEPEHECEHO C sApa Ha 3JIEKTPOH), C COOTBETCTBYIOLLECH
3aMEHOI BEJIMUMHBI U 3HAKa 3apsija U MacChl ABIKYILENCS YaCTUIIbL.
CHOuHOBBIM MarHUTHBIM MOMEHT €CTb U Y 3J€KTPUUYSCKU HEUTPATIHbHOMN
YacTULIBl — HEUTPOHA, JISI KOTOPOTO TPEAIoNaracTcsl IpOCTPaHCTBEH-
HOE paslelieHMe B Ipenaesiax YacTULbl DJICKTPUYECKMX 3apsioB pas-
HOIO 3HaKa, HO OJMHAKOBOM BeIWYMHBL. M3MepeHus IMoKa3ajli, 4To
MarHUTHbIE MOMEHTBI MPOTOHA W HEWTpoHa paBHBI 2,792782 By u
—1,913148 B cOOTBETCTBEHHO, T/ie SINEPHBIN MATHETOH:

By =— = 505095 - 1077 /T,
dnMc
M = 1,6726 - 107%" xr — Macca NpOTOHa;
oT™MeTHM, 4TO By/P = m/M = 0,5446 - 107>,

Cocrosiiue 13 MPOTOHOB WM HEHUTPOHOB SAApa XUMUYECKUX 3Je-
MEHTOB Takke MOIyT 00JjiafaTh MAarHUTHBIMM MOMEHTaMM. BenuunHa
MarHMTHOTO MOMEHTa sIapa paBHA Uy = gyPyl, TIE gy _ MaTHUTOMEXa-
HUYECKOe OTHOIICHWE I sapa, [ — KBAaHTOBOE YMCIIO PE3YIbTHPY-
IOLIEro CruHa sapa (CIuH siapa). Slapa ¢ YeTHBIM YKMCJIOM IPOTOHOB
(4eTHbIe Z) W YETHBIM MAacCCOBBIM UHMCJOM siipa M30Toma obJjamaroT
HYJIEBBIM CITMHOM, sIpa C HEYSTHBIMA MACCOBBIMU YHUCJIAMHU sIIep
WMEIOT TIONYHENBIN CITUH, sSapa ¢ HeYETHBIMUA Z M YETHBIMU MAacco-
BBIMM UKCJIAMU SACP MUMEIOT LBl CITUH.

MarHuTHbIe XapaKTepUCTUKU JJIs1 OOJIbILIMHCTBA YCTOMYUBBIX U30-
TOMNOB XMMMWYECKMX BJIEMEHTOB MpuBedeHbl B TaOia. 3.1. 3HaueHwus
gvBa/gB B Tabnuile ecTh BETUYMHBI, TIPOTIOPIIMOHATBHBIE OTHOIIEHUIO
MarHUTHBIX MOMEHTOB COOTBETCTBYIOIIUX SAep K MarHUTHOMY MO-
MEHTY 2JIEKTpOHA; KO3(POULIHUEHT NpONnopLMOHATLHOCTY paBeH 21.

1.2. B3aumopeiicTBie 4acTuil, 00,1a1aI0IIUX MATHUTHBIM
MOMEHTOM, C MOCTOSIHHBIM MATHUTHBIM MOJIEM

B orcyTcTBHME BHELIHEr0 MarHUTHOTO MOJISI COOCTBEHHbIE MAaTHUT-
Hble MOMEHTBI YaCTHI] OPUEHTUPOBAHBI B MPOCTPAHCTBE CIIyYallHbIM
00pa3oM U cpedHssl dHeprus F; 4acTull OIpeaesisieTcsl TOJbKO TeM-
nepaTypoit cucrembl. Bo BHellIHEM MarHUTHOM IIOJI€ C BEJIMYMHON
MarHUTHOM WHAOYKUMK B raycc (WUIM B MarHUTHOM IIOJI€ C HaIIps-

XeHHocTbio H spcren'), Gmarogapsi B3aMMOAEHCTBMIO MAarHUTHBIX

' Bpcren (D) — HaNMPSKEHHOCTh TAKOTO MATHUTHOTO TTOJS, MATHUTHAS MHIYKIIUS
KOTOPOTO B Cpelie C MarHWTHOM MPOHMIIAEMOCTBIO ¥, 3aIOJIHSIOIIEH MPOCTPAHCTBO
nosist, paBHa y raycc (I'c): H = B/y. HanpsokeHHOCTb MarHUTHOTO TIOJISl — BEJMYMHA,
He 3aBMCHMasi OT Cpelbl U YMCICHHO paBHAasi MAaTHUTHOW MHAYKLIMM B BaKyyme WU B
BO3Iyxe (BeJIMYMHA y BaKyyMa IMPUHSITA PABHOU €IMHULIE, 3HAYSHUE y BO3IyXa OTJIM-
yaeTcs OT €AUHULIBI Ha 1078%).
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Tabauya 3.1

Hpnpomioe CoAepKAHME U MATHATHBIC XaPAKTEPUCTUKH CTAOWJILHBIX M30TONOB
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MOMEHTOB YaCTHI] C BHEITHUM MarHUTHBIM ITOJIEM WM B COOTBETCTBHU
B MpaBUJaMM KBAaHTOBaHUsI KOMITIOHEHTa BEKTOPa 3JEKTPOHHOTIO CITH-
Ha mg (MW SOepHOTO CTIIMHA M;) B 3aJaHHOM BHEITHUM MaTrHUTHBIM
MoJieM HampaBJIeHUM MOXET MPUHUMATh TOJbKO OTHO M3 3HAYEHMI
JMCKPETHOro Habopa 4yuces, He MpeBbIIaoIUX M0 abCOMIOTHON Be-
JmyuHe S (wiy 1), u OTIMYaIoIIMXCS APYT OT Apyra Ha €IUHUILY.
IIpoexiuss m; BeKTOpa 3JEKTPOHHOIO CIIMHA Ha HampaBJieHME
WHAYKIIMM MAaTHUTHOTO TIOJNSI MOXET TIPMHWUMATh 3HadeHus +1/2,
€CJM CIMH OPUEHTUPOBAH IO HAMPABICHUIO MHAYKIMU (CL-CITHH)
n —1/2, ecniM COWH OPWEHTUPOBAH IIPOTUB HANpaBICHUS WHAYK-
uvu nons (B-criuH). OOpa3oBaBilivecs: Ba aHCaMOJIsl 2JEKTPOHOB
B MAarHUTHOM I0JIe C MHAYKLMEeHd B OyayT UMeTb DHEPTUM, paBHbIE
u, B=m,gPBB=(£1/2)gBB. CnenoBaTesbHO, paclIeTUIEHNE MEXIy
YPOBHSIMU DHEPIUU aHCAMOJIeH 2JIEKTPOHOB 3aBUCHUT TOJIBKO OT BEJM-
YMHBI UHAYKIIMY MarHUTHOTO ToJist U paBHO AE = g BB (puc. 3.2).

Ey
+(1/2)gBB
Puc. 3.2. Cxema aHep- B
reTM4ecknx  YypoBHeW (1/2)gBB
ONS 9NEKTPOHOB B me=-+1/2 (a)
MarHWTHOM MoJe C WH-

aoykupen B ~——mg=-1/2(B)

DHepruu sSACpHbIX YPOBHE B MArHUTHOM MOJIe C BEIMYUHON UH-
OYKIUU B MOTYT ObITh OMNpEAesIeHbl aHAJOTUYHBIM O0pa3oM C yye-
TOM pa3HBIX 3HAKOB 3JIEKTPUYECKMX 3apsiioB 3JIEKTPOHA U spa:
— g\ByM;B, Tne M; — KOMIIOHEHTa BEKTOpa CIIMHOBOTO MOMEHTa
siipa B HAIpaBJIeHUU UHIYKIUM BHEUTHETO MAarHUTHOTO MOJs (B Ha-
MpaBJeHUH z).

PacnipeneneHue CMHOB BJEKTPOHOB MEXIY IBYMSI BO3MOXHBIMU
COCTOSIHUSIMU OTPEAEIISIETCS YCIOBUEM TEIUIOBOTO PAaBHOBECHUS B CUC-
Teme. OTHOILLIEHUE 3aCEeIECHHOCTEH YPOBHEU NBYX aHcaMOJieil 3J1eKT-
POHOB 3a/iaeTcs 3aKoHOM bosbliMaHa:

B
o _ exp(_i)
nB kT ’
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rae k — KoHctaHTa bosibiiMaHa u 7' — TeMmepaTypa CUCTEMbI MO
abcommoTHOU 1miKane. CleaoBaTebHO, MPU TEIJIOBOM PAaBHOBECUU CY-
LECTBYET HEOONBLIONH M3OBITOK B-CIIMHOB (1) MO CPABHEHHUIO C KO-
JINYECTBOM CIIMHOB B COCTOSIHUM O (#,) U Pa3HHULIA B 3aCEJIEHHOCTSIX
YPOBHEN YBEIUYUBAETCS C POCTOM BEJIWYMHBI MHAYKIIMM MAarHUTHOTO
MOJISI U MPU MOHWXKEHUU TEMIIEPATYPbl CUCTEMBI.

1.3. B3anmopeiicTBHe 4acTHIl, 00JIa1AI0IMMX MATHATHBIM
MOMEHTOM, C MEPEMEHHBbIM 3JIEKTPOMATHUTHBIM MOJIEM

Ecam Ha cuctemMy 3JIEKTPOHOB B TIOCTOSTHHOM BHEITHEM MAarHUT-
HOM TI0JI€ ¢ MHAYKLMEH B HalOXUTb MEepeMEHHOE 2JEKTPOMATHUT-
HOe TIoJIe ¢ SHeprueil KBaHTa /v, MarHUTHAs KOMITOHEHTa KOTOPOTO
HAXOOWTCS B TIJIOCKOCTU, TEPNEHAUKYISIPHON HampaBieHuo B, To
MPU BBIMOJHEHUU YCJIOBUS pe3oHaHca (hv = gBB), B cucteMe 3J1eKT-
POHHBIX CITMHOB OyIyT HAOII0AATHCS MHAYLIMPOBAHHBIC TIepEMEHHBIM
3JIEKTPOMATHUTHBIM TIOJIEM TIEPEXOAbl MEXIY COCTOSHUSIMU o U f3.
BeposTHOCTH TIepexOmoB MeXAYy IUCKPETHBIMA HEBBIPOKICHHBIMU
YPOBHSIMU 3Hepruu (Ko3((UUUEHThl DUHINTEHA) IJI1 MPOLEeCCOB
ToTJIoNIeHUsT (Tiepexon 3 — o) W BBIHYXIEHHOTO M3JTyJYeHUs (Tiepe-
Xon oo — [3) paBHbBI Mexay coboit. [TockobKy 3acCeleHHOCTh HUXKHE-
IO YPOBHSI MPEBBIIIACT 3aCEJIEHHOCTh BEPXHEro, TO MPU HATOXKEHUU
TIePEMEHHOTO 3JIEKTPOMATrHUTHOTO TIOJISI M COOIIONEHUN YCIIOBUS pe-
30HaHca HabomaeTcs rnorjaouieHue sHeprud. OnIHAKO yepe3 KakKor-
TO TIPOMEXYTOK BPEMEHM, 3aBHUCSINNI OT MOIIHOCTH TIEPEMEHHOTO
3JIEKTPOMAarHUTHOTO TIOJISI, 3aCEJIEHHOCTH YPOBHEN MOTYT CTaTh OJM-
HaKOBBIMU W TIOTJIOIIEHNE SHEPTUU TTPEKPATUTCSI.

1.4. Ilponecchl CIMHOBOM peslaKCAIMA

PaccmaTtpuBast cucTeMy, COCTOSIIIYIO TOJIBKO M3 3JEKTPOHOB, He-
00X0IMMO MOMHUTH, UYTO B pealIbHOM CHUCTeMe BCErJa MPUCYTCTBYIOT
Spa aTOMOB WJIM HOHOB, NMPUMECHBIE aTOMbI W MOJIEKYJBI M T.II.,
Ha3pIBaeMble OOOOIIEHHBIM TEPMUHOM «peIIeTKa». YCJIOBHE TEILIO-
BOTI'O paBHOBECHUS TpeOyeT, YTOOBI MEXKITY JIEKTPOHAMHU U «PELIETKON»
CYILIECTBOBAJIO B3aMMOJIEICTBUE, O0yCIaBIMBalolIee Iepeaayy u30b-
TOYHOM DHEPrUU CIIMHA Ha CTEIEHU CBOOOIbI «pELIETKN» U IIPUBOIS-
1ee K MepeoprueHTalMd CIIMHA. DTU MPOLIECCHI, T.e. O0e3bI3TyJyare/ib-
HBIE TIEPEXOIBI MEXITy CITUMHOBBIMU COCTOSTHUSIMU O, U [3, TIPUBOASIIIINE
CHUCTEMY 3JIEKTPOHHBIX CIIMHOB B COCTOSIHUE TEITJIOBOTO PaBHOBECHS,
Ha3bIBAIOT CHWH-PEIIETOYHOM peiakcauuein. B meicTBUTEIbHOCTH
MPOLIECCHI CITMH-PELIETOYHOM peJlaKCalluy CYIECTBYIOT BCeraa, Mpu-
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YEM CYLIECTBEHHBIM SIBJSIETCS TOT (DaKT, UTO «pELIETKa» BCETAa Ha-
XOAUTCS B COCTOSIHUM TEIUIOBOTO paBHOBecHs. DTO O3HAYaeT, 4To
BEPOSITHOCTU CaMOMNPOU3BOJIbHBIX O€3bI3yYaTe/IbHbIX CIIMHOBBIX I€-
pPEXOIOB MEXAY COCTOSSHUSIMU O U [3 HE PaBHBI, KaK 3TO ObUIO IS
WHAYLUHUPOBAHHBIX TEPEXONOB, a UMEHHO, BEPOSITHOCTb MEPEXO0B,
CBSI3aHHBIX C TIOTE€pPEil IHEPTUU, CYLIECTBEHHO BHIIIE BEPOSITHOCTU
TepexXo0B, CBSI3aHHBIX C €€ «HaKoIuieHueM». KuHetnka Oe3bl3inyda-
TEJIbHBIX TMEPEXOA0B OMUCHIBAETCS SKCIIOHEHUMAIbHON 3aBUCUMOC-
TBIO U XapaKTepU3yeTcsl BPEMEHEM CIIMH-PEelIeTOYHON perakcaluu
T\, KOTOpOE MOXET OBbITh OMpPENEICHO €lIe KaK BpeMs XXU3HU CIIUHA
B 00Jiee BHICOKOM MO SHEPTUU COCTOSTHUU.

Kpome cnmH-pelieToyHOl pefakcaluy B TBEPABIX TeJIaX U XWM-
KOCTSIX CYLUECTBYIOT IMPOLIECCHI, BBI3bIBAIOIIUE W3MEHEHUE OTHOCHU-
TEJIbHBIX SHEPTUl CIIMHOBBIX COCTOSIHUIA. DTU MIPOLIECCHl MOTYT OBITh
OXapaKTepU30BaHbl BpEMEHEM CIMH-CIIMHOBOM penakcaiuu 75. Bpe-
MEHa CIUH-PEIIeTOYHON W CIUH-CIIUHOBOW pefakcalluy CBSI3aHbI
MEXIy C00O0Ii, MOCKOJBbKY 3TO XapaKTEPUCTUKM pEeIaKCAlMOHHBIX
MPOLIECCOB, KOTOPBIE OIPEAECISIIOTCSI B CBOE OCHOBE B3aMMOJIEIC-
TBUSIMU MEXIY CIIMHAMU U UX OKPY>KEHUEM.

Bcenenctsue cyiecTBOBaHMS MPOLIECCOB peNaKcalluy, JUHAS TOT-
JIOIIEHUSI DHEPTUU MEPEMEHHOT0 3JeKTPOMarHUTHOIO TOJII HE MO-
KeT ObITh onucaHa O-GyHKIMel, Kak 3TO ClefyeT U3 YCJIOBUS Pe30-
HAHCHOTO MOIJIOLLEHUSI SHEPTUU, a OYAET UMETh KOHEUHYIO LUUPUHY.
YivpeHue JMHUYA Pe30HAHCHOTO MOTJIOLIEHMS SHEPTUH JOKHO MO/ -
YUHSTBCS COOTHOLIEHUIO HEOMPENEIEHHOCTU, KOTOPOE ISl SHEPTUU
3JIEKTPOHHOTO YPOBHS E ¥ BpeMEHU XU3HU 3JIEKTPOHA HA 3TOM YPOB-
HE T, MOXET ObITh 3amucaHo Kak AE - At > h/2n (B KaueCTBe OLIEHKU
BEJIMYUHBI AT MOXHO UCIIOJIb30BAaTh BPEMSI pejlaKCalliu).

2. IPUPOJA MATHUTHBIX B3AMMOJIENCTBUI
B IIAPAMATHUTHOW YACTUILIE
C DJIEKTPOHHBIM CIIMHOM S = 1/2,
COIEPXKAIIEN IIPA C MATHUTHBIMU MOMEHTAMU

OCHOBHBIMM MAarHUTHBIMU B3aMMOIEUCTBUSIMU B IMapaMarHUTHBIX
yacTuliax ¢ BeauyuHon S = 1/2, comepxallux siipa ¢ MarHUTHBIMU
MOMEHTaMU I, BO BHEIIIHEM MarHMTHOM MOJIe SIBJISIIOTCSI B3aUMoIeiic-
TBMSI CITMHOBBIX MATHUTHBIX MOMEHTOB 2JIEKTPOHA U SIIEP C BHELITHUM
MarHUTHbIM TOJIEM, CIIMHOBBIX MAarHUTHBIX MOMEHTOB 3JIEKTpOHA U
sIep MexXay co0oi, opOUTaJIbHOI0 MarHUTHOIO MOMEHTA 3JEKTpOHa
C BHEIIHUM MAarHUTHBIM I10JIeM, CIIMHOBBIX Y OPOUTAIbHBIX MOMEH-
TOB 3JIEKTPOHOB.
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CHsATHE BBIPOXICHUSI DHEPreTUYECKMX YPOBHEH HeCIapeHHBIX
BJIEKTPOHOB U SIep, 00JaJa0IIUX CIIMHOBBIMU MarHUTHBIMA MOMEH-
TaMu, TIPU B3aUMOAECHCTBUU C BHEILTHUM MarHUTHBIM ToJieM (3¢ dexT
3eemMaHa) U SHEPTUSI B3AUMOJEUCTBUS CITMHOBBIX MATHUTHBIX MOMEH-
TOB BJIGKTPOHOB U SIIep C BHEUIHUM MAarHUTHBIM I10JieM (2Heprust
36€MaHOBCKOI0 B3aMMOACKCTBUSI) ObLIM PAacCMOTPEHbl HAaMU BBHIIIIE.
Huxe 6ymyT paccMOTpPEHBI JI€KTPOH-SIIEPHbIC W CITMH-OPOUTAIbHbBIC
B3aUMOJICUCTBUS.

2.1. DaeKTpoH-siAepHbIe B3aNMOAECHCTBHS

DHeprust B3auMOIeHCTBUSI CITMHOBBIX MATHUTHBIX MOMEHTOB 3JIEK-
TPOHA U siIpa ONpEeAeJIeTCS MATHUTHBIM MOMEHTOM SIpa M IIPUPO-
Joi opourtanu (s, p, d unu f), Ha KOTOPOM HAXOAUTCSI HeCTapeHHbIN
3JIEKTPOH.

M3BecTHO, 4TO s-0pOUTAIb 00JamaeT chepuIecKoil CUMMETpHE 1
nMeeT KOHEYHYIO TJIOTHOCTh HEeCTIAPEHHOTO JIEKTPOHA B TOUKE si/pa.
B03MOXHOCTb peaju3aluyd TaKOro COCTOSIHMSI IIPUBOAMT K KOHTaK-
THOMY (hbepMH-B3aUMOIEHUCTBIIO CITMHOBBIX MArHUTHBIX MOMEHTOB
3JIEKTPOHA M siApa. DHEPrusi KOHTAKTHOTO (hepMHU-B3aMMOICHCTBUS
HE 3aBMCUT OT OpMEHTAlLIMY MapaMarHUTHOW YaCTHUIIbl OTHOCUTEIbHO
HamnpaBJIeHUs] WHIYKIIMYA BHEITHETO MAarHWTHOTO TOJIS, T.C. SIBIISET-
CS M30TPOITHOM, M OIPEACISETCS TOJbKO MarHUTHBIMA MOMEHTaMHU
3JIeKTPOHA U Siipa ¥ CITMHOBOM TUIOTHOCTHIO HECTIAPEHHOTO 3JIEKTPO-
Ha B Touke sapa, [yl

Epo = 81/3h) g B gy By Iwol.

KoHTakTHOE (hepMU-B3aUMOIEHCTBUE MTPOSIBISIETCS HE TOJIBKO TOT-
Jla, KOTma HecapeHHBIM 3JICKTPOH JIOKAJIMN30BaH Ha s-OpOMTaN, HO
Y TIpU JIOKAJIM3allMK HECMapeHHOIro 3JIeKTpOHA Ha p-opouTanu (Miau
d-, unu f~opoutansx). DTo ABJISIETCS CIEICTBUEM TOr0, YTO OpOUTaIU
pa3JIMYHBIX TUIOB TEpEeKpbIBAlOTCS B MpocTpaHcTBe. Ha puc. 3.3 B
KayecTBe MpuMepa MoKa3aHbl pe3yJbTaThl pacyeTa MPOCTPAHCTBEH-
HOTO TIepeKPBIBAaHMS 3JIEKTPOHHBIX OpPOMTANICH Pa3TMIHON TTPUPOIBI
nns wona Ti*™.

BceenctBue B3anMOIeCTBUS 3JIEKTPOHOB MEXITY COOOM 2JIEKTPOH,
HaXOISIIUICS Ha p- WU d-opOWTaIu, TOJSPU3YET Mapy S-3JIeKTPO-
HOB, NMPUBOIS TaKMM 00pa3oM K OMpeneJeHHOU IMJIOTHOCTM Hecna-
PEHHOTO 2JIEKTPOHA Ha S-OpOMTAIM M K TIOSBICHUIO COOTBETCTBYIO-
1LIeTO M30TPOMHOro B3auMoaeicTeus (puc. 3.4a, 6).

BzanMHOe BIMSHHME 3JIEKTPOHOB, HAXONSIIMXCS HaA Pa3TMIHBIX
OpOUTANIAX, MOXET MPOMCXOAUTh HE TOJIbKO TOTIa, KOraa opOuTaiu
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Puc. 3.3. PapynanbHasa cocTaBngowas pacnpeneneHns anekTpoHHOM naoT-
HOCTM Ha 25- (— — — =) , 3s- ( ) n 3d- (-----) op6uTansx noHa Ti**

(B0

Puc. 3.4. Nonsipuaaums anekTpoHoB (T), 3aH1MaloWmMX BHYTPEHHIO (&) 1in

BHeLHIo (6) s-opbuTtanb, p- (M d-) 3NEeKTPOHOM CO CrUHOM [3. dnek-

TPOHHO-CMNUHOBbLIE KOHOUIypauun ans c¢-opbutanu Bo ¢parmeHte C-H ¢
HecnapeHHbIM 3N1eKTPOHOM Ha 2p,-opbuTtann atoma yrnepoga (B)

MNpUHAAJIeXaT OJHOMY aTOMY, HO U C DJICKTPOHAMM Ha MOJIEKYJSIPHBIX
opourtansix. BzauMoaeiicTBe HECIIapeHHOro 3JIeKTPOHA, JIOKAIM30-
BAaHHOTO Ha p,-OpOMTAIM aToMa YIJepola, ¢ G-3JeKTPOHAMU CBSI3U
C—H BcneacTtBue 0OMEHHOIO B3aMMOACUCTBUSI, TP KOTOPOM 3HEP-
TeTUYECKM OoJiee BHITOJHOM SIBJISIETCS KOH(UIypalLus, n300pakeHHast

2. ITpupooa mazrummvix 63aumo0eticmeuti 8 napamaznummott wacmuye... 2 1 5

cjeBa Ha puC. 3.46, TPUBOAUT K YACTUYHOU IOJISPU3AIINMI DIIEKTPO-
HOB G-CBSI3U U MOSIBJICHUIO TUIOTHOCTU HECHAapeHHOIo 3JeKTPOHA Ha
1s-opbutanu atoMa Bogopona, T.e. K (pepmu-B3aumopaericteuo. KoH-
¢urypanuu, nzobpaxkeHHbIe HA pUC. 3.46, OUEHb BaXXHBI, IIOCKOJIbKY
OHHM TTOKA3bIBAIOT BO3MOXHOCTD TTOSIBIICHUS TUIOTHOCTH HeCcTlapeHHO-
TO 3JIEKTPOHA, JIOKAJTM30BAaHHOTO Ha p,-OpOMTAIM aToMa yriaepoaa, Ha
1s-opOuTanu aToMa BOJOPOa, CBSI3aHHOTO G-CBSI3bIO C 3TUM aTOMOM
yriaepoja.

Eciu HecnapeHHBI 3JIeKTPOH JIOKAJIM30BaH Ha OpOUTAIU APYroi
MPUPOABI, KOTOpass MMeeT HYJIEBYIO CITMHOBYIO IIOTHOCTb B TOUKE
s7pa, U HAaXOAUTCSI Ha KaKOM-TO PAacCCTOSIHUM OT siipa, B3aumMOJeiic-
TBUE MEXIY CIMHOBBIMU MAarHUTHBIMM MOMEHTaMU 3JIEKTPOHA U siapa
OCYIIECTBIISIETCS TI0 TUTIONb-IUTIOIbBHOMY MEXaHW3My M TaKoe B3au-
MOJEUCTBUE SIBISETCSI aHM3OTPOMHBIM. DHEPIUsl 3TOr0 B3auMojeiic-
TBHS 3aBUCUT HE TOJHKO OT BEJIMYMHBI MATHUTHOTO MOMEHTA sIpa 1
CpeIHEeTo PACCTOSTHUS MEXIY SIIPOM U HeCapeHHBIM 3JIEKTPOHOM, HO
W OT OpUEHTAIINU OpOUTAIN HECIapeHHOTO 3JIEKTPOHAa B TIPOCTPAHC-
TBE OTHOCHUTEJILHO HAIMPABJICHUS BHEIIHETO MArHUTHOIO ITOJISI:

3cos’0—1
Eiiio = ngNBNmImS T <3cos’o—1 >,

rae ¥ — paauyc-BeKTOpP, COCAMHSIOIIUI IEKTPOH U AP0, O — YroJ
MEXIY ¥ U TJIABHOI OCBIO opOUTaiu, 6 — yroja Mexmy IJTaBHON OChIO
opOUTaNM W HampaBjJeHWEM MarHUTHOrO MoMeHTa siapa (puc. 3.5);
CKOOKM <> 03HAYAIOT CPEIHIOI BEIMYMHY. 3HayeHms1 <3cos’ol — 1>
LIS py, ~OpOuTaneit papubl +4/5, a na d-opouraneit — +4/7 (114
d.), +2/7 (ana d,,, ,,) 1 —4/7 (s dp_pp, ).

BekTop marHutHoro
MOMeHTa sapa \;

Puc. 3.5. K pacuety sHeprum gun-
NONb-AUMNOMIBHOMO  B3aMMOAEN-
cTBUS (0OBSACHEHUS! B TEKCTE)

Takum o0Opa3oM, 3Haue€HHE M30TPOIHOIO CBEPXTOHKOIO B3aHUMO-
JNEWCTBUSI OmpenessieTcs A0Jei S-COCTOSIHUSI B BOJIHOBOUM (DYHKIIMU
HECMApPEHHOr0 3JIEKTPOHA, a BEJIMYMHA aHU30TPOITHOTO CBEPXTOHKO-
ro B3aMMOMEHCTBUS naeT MHMOpMAIIMIO 00 3JEKTPOHHOMN IJIOTHOCTHU
Ha YIJIOBBIX opOUTasiX (p-, d- v f~TUIIOB).
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2.2. CnuH-0pOMTAIbHOE B3aUMO/IeiiCTBIE

CocCTaBsIOIIMMU YIJIOBOTO MOMEHTA 3JIEKTPOHA SIBJISIIOTCS €0
CIIMHOBBLIM U OpPOUTANIbHBIA MOMEHTHI. BaxkHO 3HATh, B KakKOil CTe-
TMEHU 3TU MAarHUTHbIE MOMEHTBI B3aUMOJAEHCTBYIOT MEXIY COOOIA.
s HecmmapeHHOro 3JIeKTpOHAa B pajiuKaje, CTaOMJIM3MPOBAHHOTO B
MaTpulie, BKJIaJ OpOUTAILHOTO MOMEHTAa HE3HAYMUTEJIEH, MOCKOJIbKY
opbuTanu (UKCUPOBAHbI B CUCTEME MOJIEKYJISIDHBIX CBSI3€ CUJIbHBI-
MU 2JIEKTPOCTATUUYECKMMU B3aUMOJEUCTBUSIMU U BBIPOXKICHUE MEXITY
HUMU TIOJIHOCThIO CHSTO. TakuM o0pa3zom, 1jis1 OOJNbIIMHCTBA paau-
KaJloB B OCHOBHOM HEOOXOAMMO paccMaTpuBaThb TOJbKO CIIMHOBBIA
MarHWTHBIA PE30HAHC, a OPOMTAJIBbHBIA MOMEHT MPAKTUYECKU <«3a-
MoOpoxeH». [lpakTuyeckud, HO He MOJHOCTbIO. CHUH-OpOUTAIbHOE
B3aMMOJENCTBUE (B3aMMOJENCTBUE CIMHOBOTO U OPOUTAIBHOIO MO-
MEHTOB 3JIEKTPOHA) SIBJISIETCS] BO3MYILIEHHWEM, CMEIIMBAIOIIUMM BOJI-
HOBblE€ (DYHKIIMMY OCHOBHOTO COCTOSIHUSI C BOJHOBBIMU (DYHKIIMSIMU
BO30YXXJIEHHBIX OPOUTATbHBIX COCTOSIHUI pamuKaia, YTo MPUBOAMUT K
OTKJIOHEHUIO BEJIWYUH g-(haKTOPOB PaJuKaaoB OT YUCTO CIHUHOBOTO
3HAYEHUSI. DTO OTKJIOHEHUE MOXKET ObITh KaK IMOJOXUTEIbHBIM, TaK U
OTpULIATeIbHBIM. DHEPrusi CIMH-OPOUTAILHOTO B3aUMOIECTBUS MO-
KeT OBbITh OXapaKTepu30BaHAa HEKOTOPBIM YCPEAHEHHBIM UYMCIOBBIM
KO3((ULMEHTOM — KOHCTAaHTOW CHUH-OPOUTAIILHOIO B3aUMOJeiic-
TBUS A, pacCUMTAHHBIC BEIWYMHBI KOTOPBIX JUISI HEKOTOPHIX aTOMOB
NpuBeIeHHI B Ta0J. 3.2.

Tabauua 3.2
KoHcTaHTBI CIMH-0POUTAILHOTO B3aMMOJIENCTBHS
AJIs1 HEKOTOPbIX ATOMOB
Atom | X, cm ! || Atom | A, em! || Atom | A, em ! || AToM | ), em7!
Li 0,2 F 270 S 382 Ge 940
Be 1,0 Na 17 Cl 586 As 1550
B 10 Mg 20 K 58 Se 1688
C 28 Al 75 Ca 105 Br 2460
N 76 Si 149 Zn 386 Rb 237
(0] 151 P 299 Ga 551 Cs 554

Hawnbonee 3HaUMMO CIUH-OPOUTATBLHOE B3aMMOJEHCTBUE IPOSIB-
JISIETCSI B MHOTOBJIEKTPOHHBIX aTOMax WJIM MOoHax (cM. paszen 5.1).

3. Csepxmonxas cmpyxmypa cnexmpos I IP napamazrummvixuacmuy co cnurom S=1,/2 2 1 7

3. CBEPXTOHKAA CTPYKTYPA CIIEKTPOB BIIP
HHAPAMAT'HUTHBIX YACTULL CO CIIMHOM S = 1/2

3.1. @opmaan3M NOCTPOEHUSI CBEPXTOHKOM CTPYKTYPBI
H30TPONHBIX CHEKTPOB

B mocTosiHHOM MarHUTHOM II0Ji€ C MarHUTHOW WMHAyKuUuei B
HecllapeHHBIE 3JIEKTPOHBI MapaMarHUTHBIX YacTHUIl pasfeisITcsS Ha
JIBe TPYIIbI: ¢ BEIWYMHOM MPOEKLIMU MArHUTHOTO MOMEHTa dJieK-
TpOHA Ha HampaBjieHWe WHAYKIMU TTOCTOSHHOTO MArHUTHOTO ITOJIS
S=+1/2 u §= —1/2. PazHOCTb BHEPruii MEXIy STUMM 3€€MaHOB-
CKVMMM YPOBHSIMM 3aBUCUT OT BEJIMYMHbI MAarHUTHOW MHAYKIIMU B u
paBHa AE = g3 B. B onpeneneHHOM TPUOIUXKEHUU MOXHO CUUTATD,
YTO siapa, oONagaol[Me MAarHUTHBIMU MOMEHTaMU [y U CIOUHOM 1,
OyIyT OpPMEHTHPOBAHHI B ITOCTOSHHOM BHEITHEM MarHUTHOM TIOJIe
TaKM 00pa3oM, YTOOBI MPOEKIIMS MarHUTHOTO MOMEHTa siipa Ha Ha-
MpaBJiecHUe WHAYKIUUA TTOCTOSTHHOTO MAarHUTHOTO IIOJIT M3MEHSIACh
oT +1 no —1I yepe3 enununy. Kaxnasg u3 27 + 1 pa3auuHbIX OpUeH-
TallMii MAarHUTHOIO MOMEHTA spa CO3JaeT B MECTE PaCIOJIOXKEHMUS
3JIEKTPOHHOTO CIMHA JIOKAJIbHOE MarHUTHOE I0JI€ U TaKUM 00pa3oM
B cucteMe OyaeT 2/ + 1 pa3HbIX JJOKAJIbHBIX MAaTHUTHBIX TOJIEH, COOT-
BETCTBYIOIINUX Pa3HBIM IT0 BEJIMYMHE M 3HAKY MTPOCKIINSIM MarHUTHBIX
MOMEHTOB $SI7Iep Ha HallpaBJieHHWEe BHEIIHErO0 MarHUTHOTro moJjisd. Be-
JIMYUHBI 3TUX JIOKAJbHBIX ToJei coctasar a, (I — 1)a,...., (=1 + 1)a,
(—Da, tne a — BenMWYMHA U3MEHEHUS JIOKAJIHBHOTO MAarHUTHOTO TIOJISI
MpU U3MEHEHUU MPOEKIIMM MAarHUTHOIO MOMEHTA siaApa Ha €AUHMILY.
DHeprum pas3INIHbBIX SICPHBIX OPUCHTALIMI TPU BEIMIMHAX WHIYK-
LIMM TIOCTOSTHHOTO BHEIIHEro MarHUTHOIO TIOJISI, MCITOJIb3YeMbBIX B
BKCIepUMeHTax no HaOmwoaeHuto criektpoB DIIP, nmpakTuuecku He
pasnuuatotes (Uy ~ 107y, rae py= g\fyl ¥ p = gPS — MaruuTHbIE
MOMEHTBI SIIep W 32JIEKTPOHA COOTBETCTBEHHO) W, CJIeI0BaTEIbHO,
YUCII0 HECTTAPEHHBIX 3JICKTPOHOB, MCITBITHIBAIOLINX JACCTBHE KaXKI0-
ro u3 2/ + 1 pa3HbIX JOKJIbHBIX MATHUTHBIX TOJIeH, OyAeT MpUMEPHO
onnHaKoBEIM. Eciit B Takoii cucTeMe MHAYIIMPOBATh TIEPEXOIbI MEXKIY
36€MAaHOBCKUMM YPOBHSIMU MEPEMEHHBIM 3JIEKTPOMATHUTHBIM TIOJIEM,
TO sl Kaxjaoro u3 2/ + 1 3HaueHuit MoJjisi MOXHO OylneT HaOIoaaTh
JIMHUY PEe30HAHCHOTO TMOMIOLIEeHUSI. DTU JIMHUU OyayT HabaonaTbes
MPU 3HAYEHUSIX UHAYKIIMA BHELIHETO MarHUTHOTI'O MOJISI paBHbIX

B,—Ia, B,— (I— a, ..., By— (—I + Da, B, — (—Da,

rIe BeJIu4yuHa B, ornpejesisieTcsl u3 cooTHoueHust By = hv, /g .
Takum oOpasom, cBepxToHkass crpykrypa (CTC) cmekrpa DIIP
CHUCTEeMbl, B KOTOPOIi HecHapeHHbIe 3JEKTPOHbI B3aMMOACUCTBYIOT C
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OIHUM THUIIOM SIep, 00JaMaroIInX CITMHOM /, TIpUYeM KaKIbIi HecIa-
PEHHBIN 2JIEKTPOH B3aMMOAEMCTBYET TOJBKO C OAHUM SIAPOM, OymeT
cocTosATh U3 21 + 1 paBHOOTCTOSILIMX KOMITOHEHT PaBHOM MHTEHCHUB-
HOCTHM C PacCTOSIHUEM a MeXIy KOMIIOHEHTaMH, Ha3blBaeMOl KOHC-
TaHTON CBEPXTOHKOIO B3auMopeicTBus, koHcTaHToil CTB.

IIpocreiiiieit cucteMoii, B koTopoit ooHapyxuBaetrcsa CTB, siBisi-
€TCs1 aTOM Bomopoja. s MarHUTHOro MOMEHTA siipa aToMa BoJopoa
BO3MOXHBI JIB€ OpMEHTAllMd OTHOCUTEIbLHO HampaBJieHWs BHEIIHETO
MarHUTHOro mojs ¢ m; = +1/2. Kaxnmass U3 Hux OyIeT JaBaThb CBOit
BKJIaJl B BEJIMUYMHY MHAYKLIMU TMOCTOSIHHOIO MarHUTHOTO IOJIsI, B KO-
TOPOM HAXOAUTCSI HECITAPEHHBIN 3JIEKTPOH, W TTO3TOMY PE30HAHCHOE
norjouleHue OyaeT HadaoaaThest He npu By, a npu B' = By — a/2 n
npu B" = B, + a/2, T.e. B ClleKTpe aTOMOB BOAOpoaa OymyT HaOI0-
JaTbCs ABE JIMHUM PE30HAHCHOTO IOIJIOIICHUS PAaBHOW MHTEHCHB-
HocTH (puc. 3.6).

Ecnu HecmapeHHBIE 3JEKTPOHBI B MapaMarHUTHBIX YacTUIaX B3a-
UMOAEHCTBYIOT C HECKOJBKUMM MarHUTHOSKBUBAJEHTHBIMU SIAPAMU,
T.e. sigpamMu ¢ paBHbIMU KoHcTaHTamMu CTB u mMmeromummy opguHa-
KOBbI cniuH I, To cxemy crniektpa DI1P MOXHO MOJydyuTh MyTeM Mo-

E\
m=t2 =12
- s
- 4”"”
hv, - =
~J._
~J \\\\¢\
m=+1/2 °
B

Bl BO B//
1
H rnepsas npou3sogHas
v crnekTpa nornoweHns
1
7

Puc. 3.6. 3aBUCMMOCTb 3HEPreTUYECKUX YPOBHEN HECMAPEHHbIX 3/IEKTPOHOB

B MOCTOSIHHOM MarHUTHOM MOfe C BENNYMHOW MHOYKUMW B Npu NOCTOSIHHOWN

4acToTe V MMKPOBOJIHOBOIO M3ny4yeHus B npucytctBum aapa ¢ [ =0 (----- )
mncl=1/2 (—)

3. Csepxmonxas cmpyxmypa cnexmpos I IP napamazrnummvixuacmuy co cnurnom S=1,/2 2 1 9

CJIeI0BaTEIbHOTO paclleIJIeHUs] 2JIEKTPOHHBIX YPOBHEH Ha KaXIoM
U3 siiep, YUUThIBAsI UX KBUBAJIEHTHOCTb B MAarHUTHOM OTHOLIEHMMU.
Bce nuHMuU crniekTpa B 3TOM ciyyae, KpOMe CaMbIX KpallHuX, OymyT
SIBJIATBCSL PE3YJbTaTOM HAJOXEHUsI HECKOJBbKUX JIMHUM, T.€. CHEKTP
OyJeT CcOCTOSITh M3 psiia paBHOOTCTOSIIIMX Ha KoHcTaHTy CTB kom-
MOHEHT ¢ MaKCUMaJbHOW MHTEHCUBHOCTBIO B LIEHTPE U CUMMETPUY-
HO YOBIBAIOIIMMU MHTEHCUBHOCTSIMU JIMHUM K KpasiM criekTpa. Kak
BUAHO U3 puc. 3.7, cnektp DITP yacTtulibl, B KOTOpPOil HecrapeHHbI!
9JIEKTPOH B3aMMOIEMCTBYET C ABYMSI SKBUBAJECHTHBIMU IPOTOHAMH,
OyJeT COCTOSITb M3 TpeX SKBUIMCTAHTHBIX JMHUK C paccCTOSIHUEM
MEKIy HUMU, paBHBIM KOHCTaHTE CBEPXTOHKOTO PACIIECIUICHUS, M OT-
HOCUTEJbHBIM pacrpeaeeHueM UWHTEHCUBHOCTEN, paBHbIM 1:2:1.

E)

Puc. 3.7. 3aBUCUMOCTb 3Hepre-
TUYECKUX YPOBHEN HECMapeHHbIX
9NEeKTPOHOB B MOCTOSHHOM Mar-
HWTHOM MOJiIE HaNPSXKEHHOCTbIO H
NPy MOCTOSHHOW 4acToOTe V MUK-
POBOJIHOBOrO W3Mly4EHUS B MpU-
cytctBum ggpa ¢ =0 (——-— )s
B MPWUCYTCTBMM OJHOro siapa C

I=1/2 (----- ) U B NPUCYTCTBUUN
ZBYX MarHUTHO3KBUBANEHTHbIX r;_’a\_‘;“g’_’a\_‘;l
anepcl=1/2 (—)

1 : 2 : 1

MoxHO ToKa3aTh, UTO €CJIM U3BECTHO pacnpenesieHue UHTeHCHUB-
HOCTeW JIMHUM NI ciiydas n — 1 SKBUBAJICHTHBIX SIep CO CITMHOM
1, To pacnpeneneHue A n SIAEP MOXET ObITb MOJYYEHO MPOCTHIM
cymmupoBaHueMm 21 + 1 psiioB, CMEIIEHHBIX 10 OTHOLIEHUIO APYT K
JIpyry Ha oauH 1ar (Ha onHy KoHctaHTy CTB). Ha cxeme 3.1 npuBe-
JIeHBI IPUMEPBI pacrpeaeieHs] MHTEHCUBHOCTEH JTMHUI B CIIEKTPax
OI1P m1g HECKOJIBKUX 3HAYEHUU 1 U 1.

Brilie ObLIO paccCMOTpPEHO TOCTpoeHUEe cxeMbl criekTpa DIIP mis
MapaMarHUTHBIX YacTHIl, COMEPXKAIIWX OOHY TPYIITy MAarHUTHOIK-
BUB&JICHTHBIX smep. OaHako Haubojiee YacTo BCTPEYaIOIMUICS CIy-
yaif — TapaMarHATHBIE YaCTHUIIBI ¢ HECKOJIBKUMU TPYIIIaMM MarHWT-



220 Iaea 3. AeKTPOHHBII NapaMarHUTHBIN pe30HaHC

Cxema 3.1

NHTeHCMBHOCTH JIMHUIA /I 7 SKBUBAJEHTHBIX Aa1ep Co CNMHOM 1

I=1/2 n=1 1 1

2 1 2 1

3 1 3 3 1

4 1 4 6 4 1

5 1 5 10 10 5 1

6 1 6 15 20 15 6 1
I=1 n=1 111

2 1 2 3 2 1

3 1 3 6 7 6 3 1

4 1 4 10 16 19 16 10 4 1

5 1 5 1530 45 51 45 30 15 5 1

6 1 6 21 50 90 126 141 126 90 50 21 6 |1
1=3/2 n=1 11 11

2 1 2 3 4 3 2 1

3 1 3 6 10 12 12 10 6 3 1

4 1 4 10 20 31 40 44 40 31 20 10 4 1
I=2 n=1 11111

2 1 23454321

3 1 3 610151819181510 6 3 1

4 1 4 1020355268 80 8580 68 52352010 4 1

HO3KBUBAJICHTHBIX siiep (Ipyrra MOXET COCTOSITb U U3 OIHOTIO siipa).
IMoctpoenue cxembl cnekTpa DITP Takux yacTuil HeOOXOOUMO HAUM-
HaTb C OMpeAesieHUs] TPYI MarHMTHOSKBUBAJIEHTHBIX siiep (B HEKO-
TOPBIX CIIy4asx 00 3KBUBAJCHTHOCTH SIIEP MOXKHO CYyIUTh MCXOAS W3
CHMMETPUU MapaMarHUTHOW vacTuubl). [ToCKONbKY MarHUTHOHEIK-
BUBAJIEHTHBIE SIIpa XapaKTepU3YIOTCSl Pa3IMYHbIMU BeJUUYUHAMU [; U
koHcTtaHT CTB g;, moctpoeHue cxemnl cnekrpa DI1P mpoBoauTcst Kak
pacieruieHue Kaxaoi JuHuu CTC oT mepBoii Ipynibl MAarHUTHO3K-
BUBAJICHTHBIX SIIEp Ha TPYIITY JUHMI, COOTBETCTBYIOIIMX B3aMOAEIC-
TBUIO CO BTOPOW TPYIIONA MarHUTHOSKBUBAJICHTHBIX SIEP CO CBOEH
KOHCTaHTOW CBEPXTOHKOTO B3aumoneucTBus u T.ja. IlociaesoBaTesib-
HOCTb PAacCMOTPEHUSI B3aMMOMACHMCTBMSI HECIapeHHOIro 3JEKTPOHa ¢
rpynIaMyu MarHUTHOSKBUBAJIEHTHBIX SIIep HE UMeeT 3HaUeHMsI, OIHAKO
yao0Hee HAaYMHATh MocTpoeHue cxembl criektpa DIIP ¢ paccmoTpenus
B3aMMOJICHCTBUSI HECHAPEHHOIO 3JIEKTPOHA C IPYIIOi MarHUTHOIKBU-
BAJICHTHBIX SIIEp, UMEIOIINX MaKCUMalibHY10 KoHcTaHTy CTB.
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Takum o0Opa3oM, YMCIIO, ITOJOKEHUE B CIIEKTPE M COOTHOILICHME
WHTEHCUBHOCTEN JIMHUI OIpeaenseTcsl MpUpoJol M YUCIOM Iapa-
MAarHUTHBIX S1Iep, C KOTOPbIMU B3aUMOECHCTBYET HECITApEHHbBIN 3J1eK-
TPOH, a TaKKe dHEeprueil B3aMMOMAEMCTBUS HeCIIapeHHOro 3JIeKTPOHa
C KaXIbIM MapaMarHUTHBIM SIIPOM, KOTOpasl OTpakaeTcsl B BEJIMUMHE
koHcTtaHThl CTB.

IIpocroTa u3noxkeHHBIX Bbille dakTopoB, omnpeaesiomux CTC
CMEKTpa, MOXET MPUBECTU K JIO(KHOMY BBIBOJY, UTO MHTEpPIIpeTals
AKCMEPUMEHTAbHBIX CIMEKTPOB WHAMBUIAYAJIbHBIX IapaMarHUTHBIX
YyacTULL MpEeACTaBIsieT MPOCTyIo 3aaady. [eiicTBUTeIbHO, OCHOBBIBA-
SICh HA Pa3yMHBIX COOOPAKEHUSIX, UIST KOHKPETHONM XUMHUUECKON CHUC-
TEMbl MOXHO TPEANOJOXUTh KOHEYHbI U YACTO HE OYE€Hb OOJbIION
Habop MmapaMarHUTHBIX YacTUll, IPUHUMAIOIIUX YyYacTUe B XUMUYEC-
KOM Tipoiiecce. s Kaxmoro TuIia rpearnojiaraeMoii mapaMarHuTHOR
YacTULBI MOXET OBbITh MocTpoeHa cxema criektpa DITP u cpaBHeHue
3TOI CXEeMBbI C DKCIIEPUMEHTAIbHBIM CIIEKTPOM MO3BOJISIET YCTAHOBUTD
NpUpoay MapaMarHUTHOM yacTulibl. PealbHO HA 3TOM MYTU BO3HUKAa-
€T PSII OCJIOXKHEHUM, CBSI3aHHBIX C TEM, UTO HECITAPEHHBIN 3JICKTPOH
B3aMMOJIEHCTBYET HE CO BCEMU MapaMarHUTHBIMU sApaMu, BXOISILIM-
MU B COCTaB MapaMarHUTHON YacCTHUIIbl, YTO HE BCETAa U3BECTHBI BeJIM-
yuHbl KOHCTaHT CTB, ocnoxHeHus, CBSI3aHHbIE C MOJIEKY/ISIPHOI TH-
HAMUWKO# MapaMarHUTHBIX YaCTUIl 1 MHOTUMHM JAPYTUMU TIPUIHHAMU.

Tem He MeHee, MOXHO C(OPMYJIMPOBATh HEKOTOPHIE TOJOXKEHUS,
3HAHWE KOTOPbIX MOXKET CYIIECTBEHHO OOJIErYUTh WHTEPIPETALIMIO
u30TpornHoro criekrpa JI1P:

a) TOJIOXKEHUSI JIMHUI CIeKTpa MHAUBUAYaJbHOW IapaMarHUTHOM
YacTULbl JODKHBI ObITh CUMMETPUYHBI OTHOCHUTEIbHO LIEHTpa
CIIeKTpa;

0) paccTossHME MeXIy ABYMSI COCEIHUMM HauboJjiee yAaJleHHBIMU OT
LeHTpa JMHUSIMU BCEeTAa PaBHO MUHUMAJIBHON BEIWYMHE KOHC-
tanTel CTB;

B) cxeMma CIleKTpa JO0JDKHA COOTBETCTBOBATb 3KCIEPUMEHTaIbHBIM
MOJOXEHUSIM JIMHUM B OCOOEHHOCTM IO KpasiM CIeKTpa, Ioc-
KOJIbKY BEPOSITHOCTb MCKaXXeHUSI KpallHUX JIMHUI CIeKTpa u3-3a
HAJIOXKEHUS IMHUM CYIIeCTBEHHO MEHBIIIE, YeM B IIEHTPE, a OTHO-
CUTEJIbHbIC aMIUTUTYIbl JUHUN PeaibHOIO CIEKTpa AOJKHbBI COOT-
BETCTBOBAaTh KPATHOCTSIM BBIPOXIEHUS JIMHUI B CXeMe CIIeKTPa;

I) MakCMMaJbHO BO3MOXHO€ YHUCJIO JMHMN pPaBHO MPOU3BEICHUIO
BeqnunH (2m; I; + 1), tae m; — 4UCIO SKBUBAJIECHTHBIX SIAEP CO
COUHOM [; B (-0l rpymiIie, Al BceX TPYMIL.

B kauecTBe mpumepa IMpoaHAIU3UPYEM CBEPXTOHKYIO CTPYKTYpPY
criekrtpa OIIP pamukanos (CF;),N—O° (puc. 3.8a). Snpamu, obGia-
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JAIOIMMUA MAarHUTHBIMM MOMEHTaMU, B 3TOM paauKaye SIBIISIOTCS
PF (npuponnoe conmepxanue 100%, 1= 1/2) u “N (>99%, I=1).
MOXHO TIpEANONIOKUTh, YTO BCE IIECTh saep (GTopa SKBUBAICHTHBI
u, ciepoBatenbHo, CTC crnekTpa DIIP paccMaTpuBaeMbIX paguKanoB
JIOJKHA COCTOSITh U3 TpuILieTa (oaHo siapo ¢ I = 1) cenTeToB (11IeCTh
MaTHUTHOSKBMBAJICHTHBIX smep ¢ [ = 1/2) ¢ COOTHOIICHUEM MEXIY
OTHOCUTEIbHBIMM MHTEHCUBHOCTSIMU JMHUI B Tpuruiete 1:1:1, a B
centere — 1:6:15:20:15:6:1; ob1ee oXMmaeMOe YUCIO JTUHUI JOJDKHO
OBbITb paBHO ABaAllaTU OAHOMY. IIpuBeneHHBINI Ha PUCYHKE CIEKTP
JIEMCTBUTEIBHO COCTOUT M3 IBANIIATH OXHOM JIMHWH, OMHAKO OTHECe-
HHUE TIpeArnoyiaraeMbIX TPYMI JUHUI He CTOJb o4eBUAHO. Mcronb3ys
onHy u3 KoHcTtaHT CTC (paccTosiHMe Mexay IByMsl HauboJjiee yaa-
JIEHHBIMHU OT 1LIEHTpa JIMHUSIMM BCETAa paBHO HaMMEHBIIIECH BEITMIMHE
CBEPXTOHKOIO pAaCIIEeTUIeHNs), MOXHO BBIIEIUTb COOTBETCTBYIOIIME
rpynmbel JuHuii. OY4eBUIHO, YTO HAaWMMEHBIIIee pacileruieHne HaOIro-
JaeTCcs B CEITeTe, a He B TPUIUIETE, TaK KaK COOTHOILIEHUE UHTECHCHUB-
HOCTeI IBYyX KpallHUX JWHUI paBHO 1:6, a He 1:1. [lamee yxe JieTKO
BBIIEAUTH BCE TPU TPYIIIbI U3 CeMU JUHUK (puc. 3.86).

a
/// / \ 25MTJ‘I
15:6:1 : 20:15:6 : 15:20:15 : .... 6
1 6 i5 : 20 : 15 : 6 : 1
1 6 : i5 : 20 : 15 : 6 : 1
1 6 : i5 : 20 : 15 : 6 : 1

Puc. 3.8. Cnektp 3P pagukanos (CF3),N—-0° (a) n ero nHtepnpetauus (6)
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3.2. IloHgTHE CHJIBHOIO M CJIA00r0 BHEIIHEr0 MATHHUTHOIO IOJIA.
Oco0eHHOCTH KBAHTOBAHMSA JJIEKTPOHHOTO H SJEPHOTO CIIMHOB
BO BHEIIHEM MATHUTHOM II0JIe

OnucaHHbIA Bbile popMmanu3M moctpoeHus u aHanuza CTC uzo-
TPOMHBIX CIIEKTPOB MOXET OBITh MCIIOJb30BaH, eciau sHeprusi CTB
3HAYUTEIbHO MEHbIIIE IHEPTUHU 36€MaHOBCKOTO B3auMoaencTaus. Oxn-
HAaKO peajbHOCTb COCTOUT B TOM, YTO M 3JICKTPOH U SIIpa HAaXOHsATCs B
MarHUTHBIX MOJISIX, SIBJSTIOLIMXCS JUIS 9JIEKTPOHA pe3yabTaTOM BEKTOP-
HOM CYMMBI HAIIPsSDKEHHOCTH BHEIIHETO MAarHUTHOTO ToJisT H (BEIle
HCIIOJIB30BAJICA 0oJiee ameKBAaTHBI TEPMUH <«UHIYKILUS BHEIIIHETO
MarHUTHOTO MoJjst», B, HO, yuuTbiBas, uyto B = H/y, rtne y =1 —
MAarHUTHas TTPOHUIIAEMOCTDb BO31Iyxa, OYyIET MCIOIb30BaThCS TEPMUH
«HaMPSIKEHHOCTh BHELIHET0O MArHUTHOIO IOJISI») M HaNpPSKEHHOCTH
MAarHUTHOTO TIOJII, CO3MAHHOTO SIIPOM, a I sapa — pe3yJIbTaToM
BEKTOPHON CyMMbl H M Hamps>KeHHOCTM MarHWMTHOTO TOJIsSI, CO3MaH-
HOTO 3JICKTPOHOM B TOYKE SIApa. DHEPTUS B3aNMOICUCTBUSA SIICPHOTO
CIIMHA C MAarHUTHBIM II0JIEM, CO3daBaeMbIM HECIAapEeHHBIM 3JIEKTPO-
HOM B TOUKE s1/Ipa, €CTb SHEPIUsl CBEPXTOHKOIO B3aUMOAEUCTBYSI, MO-
3TOMY BO3MOXHO 0003HAYEHME BTOPOTO CJIaraeMOT0 BEKTOPHOM CyM-
Mbl Kak H_. BeauyuHBI BTOPBIX ClaraeMbIX 3THUX BEKTOPHBIX CYMM
MOTYT cylllecTBeHHO paznuyatbesi. Ecniu H > H,, To 3T0 — ciyvait
CWJIBHOIO MarHuTHoro moJjs, ecau H < H, — ciay4ail ciaboro mar-
HUTHOTO TT0JIST; BO3MOXXHBI TAKXKE M TIPOMEXYTOYHBIC BapUAHTEI.

7151 MHOTMX OPTaHWYECKUX PAInKaIOB, Y KOTOPBIX U3 sIaep, 00a-
JAIOIIMX MAarHUTHBIMU MOMEHTaMU, OCHOBHBIMU SIBJISIIOTCSI TIPOTOHBI
(MarHUTHBIN MOMEHT MIPOTOHA CYIIECTBEHHO IPEBHIIIIacT MAaTHUTHBIE
MOMEHTHI APYTUX SIAEP, BCTPEUAIOIIMXCSI B OPraHMYECKUX paauKaiax,
KpoMe saep dpropa u docdopa), TUITUYHBIM SIBISIETCS Cydaid, Koraa
3¢ deKTUBHOE MarHUTHOE ITIOJIE B TOYKE Sapa 3aMETHO OTIMYAeTCs
OT BEJIMYMHBI U HAMPaBJAEHMSI BHEIIIHETO MarHUTHOro noJjisi. Pacuerst
MTOKAa3bIBAIOT, YTO BEJIMYMHA MAarHUTHOTO TTOJISI, CO3IaBaeMOro HecIla-
PEHHBIM BJIEKTPOHOM, JIOKAIM30BAaHHBIM Ha p.-OpOUTaIM aroMa yr-
Jleposia, B TOUKE siApa aToMa BOAOPOAA, CBSI3AHHOTO C 3TUM aTOMOM
yrjiaepoaa, cocrapisieT Beauunny oonee H,, > 11000 I'c, Torma Kak Be-
JIMYWHA MarHUTHOTO TIOJIST, CO3aBAeMOTO IIPOTOHOM B TOYKE JIOKAJTH -
3auuu 3ekTpoHa ~ 20 I'c. HanpskeHHOCTh BHEIIHETO MarHUTHOTO
MoJIsl MpU HAOMIONEHUH PE30HAHCHOTO MOIJIOIIEHUSI OpraHUYEeCKUMU
pamuKajgamu st HamboJjee pacnpocTtpaHeHHoro tumna DI1P-cnekrpo-
MeTpoB coctapisieT BennuuHy H ~ 3300 I'c. Bro nmpuBOAUT K TOMY,
YTO TSI OPTAaHMYECKUX PaJNKaJIOB 32 OCh KBAHTOBAHMS CIIMHA HecIa-
PEHHOTO 3JIEKTPOHA B XOPOIIEM MPUOIKEHUNT MOXET OBITh TIPUHSTO
HampapieHue H, npuHUMaemMoe 3a OChb z, TOrJA KakK OChbl0 KBaHTO-
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BaHUS CITMHA MarHUTHOTO MOMEHTA smapa OyaeT HaIlpaBlieHHE ITOJIS
H, 4, ABIAIOIIETOCS BEKTOPHOM cymmoint H v H,,.

Takum 06pa3oMm, MpHU CPAaBHUMBIX 3HAYCHUSIX SHEPTUI CBEPXTOH-
KOIo 1 36eMaHOBCKOTO B3aMMOIEWCTBUI, KBAHTOBAHUE 3JEKTPOHHO-
IO M SIIEPHOTO CITMHOB MPOUCXOIAT OTHOCUTENIBEHO OCeil ¢ pa3ImIHOi
OpUEHTAlLIEel 1 TIpeHeOpeYh BIMSTHUEM MarHUTHBIX TOJIeH, co3aaBae-
MBIX X- U y-KOMIIOHEHTaM1 MarHUTHOTO MOMEHTA SIpa Ha 2JIEKTPOHE,
yKe Helmb3s. MI3MeHeHre HallpaBiIeHUST JIEKTPOHHOTO CITMHA, TTPOWIC-
XOJs1lIee MPpY TMepexone 3JAeKTPOHA MEXIy 36eMaHOBCKUMU YPOBHSI-
MW, TIPUBOAUT K M3MEHEHWIO HampaBieHUs H, W, clemoBaTeIbHO,
K M3MEHEHMIO HANpPaBJICHUA ¥ BEJIMYMHBI NMONA 4, ABIAIOLIETOCH
OCblO KBAaHTOBAaHUS SIAEpHOTO crivHa (puc. 3.9).

loty )

1B
la?)

H,.(+)
Ho(-) ¥1B,)

Hop (1) = H,, + H () o

Hscbtb(_) = HBH + HCT(_)

Puc. 3.9. KBaHTOBaHWe A0epPHOro cnmHa € y4eToM NoKaJibHOro noJig, 06yc-
JIOBJIEHHOI0 CBEPXTOHKVM B3aMMOLENCTBMEM

3.3. Caurn smnuii CTC, nosBieHne 3anpemeHHbIX Nepexoaos
W pacileiieHusi BTOPOro nopsijika npH peaju3anud BApUAHTA
€J1200ro BHEUIHEr0 MATHUTHOTO MOJIs

BaxxHbIM ciencTBMEeM TOTrO, YTO HAIlpaBJIEHUSI Oceil KBAaHTOBaHUSI
W BHEPIruM B3aMMOIECHCTBMS 3JIEKTPOHA M spa TpHU TepeopreHTa-
LIMM CIMHA B3JEKTPOHA MOTYT CYILIECTBEHHO Pa3jivyaThbCs, SIBASETCS
YMEHBILEHUE <«KECTKOCTU» 3allpeTa Ha MPOTEKAHUE 3JIEKTPOHHBIX
MepexofoB C ONHOBPEMEHHON MepeopueHTalMell SAepHOTO CIIMHA.
B cucreme, B KOTOpOii B3aMMOJEUCTBUE 3JEKTPOHA CO CIIMHOBBIMU
dbyHKIMSAMU O U B IPOUCXOOUT TOJBKO C OZHUM SIAPOM CO CITUHO-
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BbIMU (QYHKUMAMU oy, o'y, B’y 1 By KpOME «pa3pelleHHbIX» Ie-
pexonoB (aa'y) <> (Ba''y) 1 (af’y) <> (BB x) cTaHOBSTCS BO3MOX-
HBIMU TaKXe <«3allpelieHHbIe» paHee Tepexoabl, (aa'y) <> (BR'y) u
(ap’'y) < (Ba''y), C OTHOBPEMEHHBIM M3MEHEHUEM BJIEKTPOHHOTO U
SIIEPHOTO CITMHOB, MPWYEM IBa «3alpelleHHBIX» Tepexola B CIEKT-
pe DOIIP Bcerma OymyT HaXOAUTBLCS BHYTPU COOTBETCTBYIOLIUX ABYX
«pa3pelieHHbIX» MepexoaoB. MHTeHCUBHOCTU JUHUIA B criekTpe DI1P
«pa3peIIEHHBIX» MEPEXOMO0B MPOMOPIIMOHATBHBI cosz((;/Z), a «3arpe-
IIEHHBIX> TepexonoB — sin’(£/2), rae { — yron Mex.y HanpabieHHU-
SIMA KBaHTOBAaHMUS SIACPHOTO CITMHA.

B xauectBe mntmocTpauuu Ha puc. 3.10 mpuBeneHa cxeMa YpOBHEM
st atoma Bogopoaa (S = 1/2, I =1/2) u nepexoaoB MpU MOCTOSIH-
HOM HanpsDKeHHOCTH BHEITHETO MAarHMTHOTO TMOJIA 0e3 y4yeTa 1 ¢ yJe-
TOM JOTMOJHUTEbHBIX CIBUIOB DHEPIeTUYECKUX YPOBHEN COCTOSIHUI
TIpYA U3MEHEHUHY BEJIMUMHBI U HanpaBieHU 3G GEKTUBHOTO IO, SIB-
JISTIOIIETOCS OChI0 KBAHTOBAHUS SIIEPHOTO CIMHA. IpyruMu clioBamu,
cXeMa DHEpreTMYeCKUX YPOBHEW MJIST aToMa BOJOpONa pacCuMTaHa B
nepBoM (0e3 ydyeTra) U BTOPOM (C y4E€TOM) MOPSAKE TEOPUU BO3MY-
IIEHU. DHEPrUM YpOBHE B MEPBOM MOPSIAKE TEOPUU BO3MYLIEHUI
MOKHO 3ammcaTth Kak

_ gpB _ gnByB | a

E, +=,
2 2 4
_8BB  gyByB a
Br=m+" 7
o= 8BB_g\ByB _a
3 2 2 4

E4 — _@ + gNB—NB+ ﬁ,
2 2

rae a — xoHcrtanta CTB ¢ mporoHoMm, a B — BeJInMyuMHa WHIYKLINU

BHEIIHET0 MarHUTHOTO TTOJI.

Yder BIUSHAS MarHUTHBIX TTOJIEH, CO3IaBaeMBbIX X- M y-KOMITOHEH-
TaMM MarHUTHOTO MOMEHTA siipa Ha 3JeKTpOHEe, HEe MU3MEHSIeT DHEp-
ruit ypoBHeit 1 (lo,oy>) u 4 (|BSy>) M IPUBOAUT K YTOUHEHHBIM
3HaueHUAM 3Hepruii ypoBHei 2 (| By> + A | Booy>) 1 3 (| Boy> —
- MaeBN >):

E, = gPB i gvBnB _a., a’ ,
2 2 4 4B(gB+gnBn)
_gBB _ gvpyB _a a

2 2 4 4B(gB+gnBn)
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Cxema

Puc. 3.10.
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BunHo, 4To 17151 paCCMOTPEHHOTO Cliyyasi «pa3pellieHHbIe» JIUHUU B
cnektpe DIIP (nepexonsl E; <>FE; u E, <> E,), paccuuTaHHble BO BTO-
pOM TIOPSIAKE TEOPUH BO3MYIIEHUI CMEIIAIOTCSI B CTOPOHY OOJBIINX
SHepruil (WIM B CTOPOHY Oojiee HU3KUX IMOJei), HO pacluerjieHue
MEXIy JUHUAMU He M3MEHSETCS M0 CPaBHEHUIO C PaCCUNTAHHBIM B
TIEPBOM IIOPSIKE TeOPUU Bo3MyllieHni. CMeIMBaHue COCTOSTHUM 2 U
3 NPUBOIUT K HEKOTOPOl, OTVIMYHOMN OT HYJIsSI, BEPOSITHOCTHU Mepexoaa
MEXAY COCTOSTHUSAMM | <> 4 m 2 <> 3, KoTopasi mpoIopluroHaIbHa
BeJIMUNHE ~a’/4B°, 1 VMHTEHCUBHOCTU <«3alpelleHHBIX» JUHUIl, CO-
CTaBJISIIONIECH BEJIMUYMHY =~a/2B OT MHTEHCUBHOCTU <«pa3pelIeHHbBIX»
JIMHUIA CIIEKTpA.

B cnexkTpax pamukagoB ¢ HECKOJbKHWMM 3KBMBAJCHTHBIMU sIapa-
MM TIPH YCJIOBUM CJIA00OTO BHEIIHETO MAarHUTHOTO TIOJIST HabOIomaeTCs
YMEHbILIeHUE BBIPOXIEHUS HEeKOTOpbIX JuHUi. Crnektp DIIP panu-
ka1oB ?C°F;, NMEIOIIMX TpY SKBUBAIECHTHBIX sipa dropa (1= 1/2),
SBJIIETCS WITIOCTpaleil HeOOXOMMMOCTH yJyeTa MOIpPaBOK B paMKax
TEOPUU BO3MYILIEHUI BTOPOTrO MOpsiAKa, TMOCKOJbKY siapa ¢Topa 00-
JIagaloT OOHUM M3 CaMBIX OOJIBIINX MarHUTHBIX MOMEHTOB. B paMmkax
TEOpPUU BO3MYILEHUIA TTepBoro nopsiaka crekTp BIIP atux panguxkanon
OyZeT MpeacTaBisiTb COOO KBapTeT PaBHOOTCTOSIIIMX APYT OT JApyra
JINHUIA ¢ COOTHOLIEHUEM MHTeHcuBHOcTel 1:3:3:1. PacueT momnpaBku
A x sxeprun CTB B pamkax Teopnu BO3MYIIEHU BTOPOTO MOPSIIKa
TIPUBOIUT K BBIPAKEHUIO

_ 2 I(I+1)-1I?
2¢BB

rne a — xkoHctanta CTB ¢ saapom ¢drtopa, [ u I, — NOAHBIA saep-
HBII CIIWMH pafguKana Ijis OmpeleJeHHON smepHON KOH(UTYpalnn
u ero z-xkommoHeHta (ecau I, =3/2, to [=3/2, u ecm I, = 1/2,
to [=1/2 u 3/2), T.e. COCTOSIHUSI C OOHUM U TeM Xe 3HauCHUEeM
I, OyayT uMeTh pa3HylO0 MOMpaBKy, a, CAeA0BaTebHO, U 3HEPIHUIO,
B 3aBUCUMOCTHM OT 3HaueHus /. JIerko mojydyuTb, 4YTO 00e BHEIIHHUE
JIMHUM KBagpayIwieTa, Uik KOTOpeIX [, = +£3/2, cMellleHbl B CTOPOHY
HU3KUX Tofieit Ha 3(a’/4g BB), a Kaxzas U3 BHYTPEHHUX JUHUIA, JUIS
KOTopbIX I, = £1/2, pacuiernsieHa Ha JBe KOMIIOHEHTbI: JUHWUU, IS
KOTopeIX / = 1/2, cMelleHBl B CTOPOHY HU3KUX ToJieit Ha a’/4gBB, a
JIMHUM, TSI KOTopbiX [ = 3/2, cMellleHbl B CTOPOHY HU3KUX TOJIeil Ha
7(a*/4gB B) (puc. 3.116).

IMonpasku k sHepruu CTB mo Teopuu Bo3MyIIEHUIA BTOPOTO MO-
psAIKa HEBEJIWKW W IOTIONHUTENIBHBIC PaCIICTIICHUS HaOIIOmaroTCs
AKCMEPUMEHTAIBHO ISl TapaMarHUTHBIX YacTHUIl, MMEIOIIMNX B CBOEM
coctaBe sipa ¢ GonpmMmy KoHctantamu (smpa H, “F, 3'P u 1.11.)

A

b
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MepBbin I I
nopsiAoK | | | !
Bropoii (| (| i a
nopsaoK ——>3 Puc. 3.11. Pacwennenve
BTOPOro nopsiaka Aans
14,45 MTn kBapTteTta 1:3:3:1 oT Tpex
> 9KBMBANIEHTHbIX S4ep C

6 I=1/2 (a); 6 — cnekTp
MNP (B Buae BTOPOI
npou3BOAHON) paaukana

F;C*

TOJTBKO B XKUOKOW (haze, Korma JUHUU CIIEKTpa TOCTATOYHO Y3KHUeE.
Yuer CTB BTOpOTO TMOpsiIKa MpPU aHAJIM3€ CIEKTPOB HEOOXOAUM BO
n30exXaHne BO3MOXKHBIX OIIMOOK TIPU OTIpeIeIeHINN TIPUPOILI M TOU-
HOTO 3HaUeHMS g-(haKTopa TaKMX MapaMarHUTHBIX YaCTHII.
Benuuunel casuroB tuHuit CTC cniekTpa OT OJHOTO siapa CO CIu-
HOM [, pacCUMTaHHBIC IO TCOPWHM BO3MYIIECHHMIT BTOPOTO IOPSIKa B
ennHULAxX a’/4B (a — koHcranta CTB), nmpuBeneHsl Ha cxeme 3.2.

Cxema 3.2
I1=0 0
1=1/2 1 1
I=1 2 4 2
1=3/2 3 7 7 3
1=2 4 10 12 10 4
1=5/2 5 13 17 17 13 5
1=3 6 16 22 24 22 16 6
1=17/2 7 19 27 31 31 27 19 7

3.4. IIpencrapiieHne CBOMCTB AHU3OTPOMHbIX B3aMMOIEiCTBHIA
B BHJEe TeH30pa

AHanmu3 criektpoB DI1P B mpeamnosoxkeHun ckaasipHOCTU g-dak-
TopoB U KoHcTaHT CTB Tak, Kak 3TO ObUIO ONMCAHO BHIIIE, BO3-
MOXEH JHUIIb B YCIOBUSIX BBICOKOW TMOABMXKHOCTU MapaMarHUTHOI
YacTULIbI, HallpMMep B HEBSI3KOM pactBoputesne. OmHako, BechbMa
4acTO 9KCIIEPUMEHTATOPY MPUXOIUTCS aHAIUM3UPOBaTh cieKTphl DITP
napaMarHUTHBIX YaCTHULI, CTAOMJIM3UPOBAHHBIX, HAIIpUMEP, B TBEPIbIX
BellleCcTBaX INpU ACUCTBUM PA3TMUYHOTO TUMA M3IydeHHi (poTonms,
VOHU3UPYIOLIME U3IYYeHUS) UM TIPU MEXaHUYECKUX BO3AEiCTBUSX.
B ycioBugX orpaHMYEeHHON ITOABMKHOCTH TapaMarHUTHBIX YaCTHIL
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MPEIIoJIOKEHNE O CKAISIPHOCTY BEJIMUMH, XapaKTepU3ymILIUX B3au-
MOJICICTBME€ MAarHUTHBIX MOMEHTOB 3JIEKTPOHOB U SIIep MeXIy coOOoi
U C BHELIHUM MarHUTHBIM MOJIEM, UCIIOJIb30BaTh HEJIb3SI.

3eeMaHOBCKOE U CBEPXTOHKOE B3aMMOJCHCTBUS B MapaMarHUTHOM
YacTULE XapaKTepU3YIOTCs BeIMYMHAMU g-(akTopa, g, M KOHCTAHT
CTB, A, 3aBUCAIIMMU OT OPUMEHTALIMM MapaMarHWUTHON YaCTULbI OT-
HOCUTEJIbHO HallpaBJIeHUs] BHELIHETO MarHMTHOTO MOJis, T.. 9TU Be-
JIMYWHBI SIBJISTIOTCSI aHU30TPOITHBIMU.

OTKJIMK aHM30TPOITHOM CHUCTeMbI Ha BHeEllIHee (U3UYECKOe BO3-
neiicteue (criekTp DITP sBisieTcst OTKJIMKOM CHUCTeMBbI Ha BO3ACHCTBIE
BHEIITHETO MarHUTHOTO U TIEPEMEHHOT0 3JIEKTPOMArHUTHOTO TIOJIEH)
HEeJIb3s1 OMKCaTh OJHOM MOCTOSIHHOM. [/ GOJbLIMHCTBA (DU3MYECKUX
CBOWCTB { Takoe OMUCAHUE BO3MOXKHO JIMILIb C UCIOJIb30BAHUEM JIE-
BSITU MapaMeTPOB U MOXET ObITh MPEACTABIEHO B BUAE CUMMETPUY-
HOI MaTpullbl, KOTOpas SBJISIETCSI TEH30POM BTOPOIO paHra:

Gi G Ci
Ci Sy Ci
Ci Ck/ Cik

Kak mpaBuiio, i1 aHU30TPOMHBIX CUCTEM MOXET OBITh HAIEHO
TPU OCOOBIX HANpaBJIeHUs, HA3BIBAEMBIX IJITABHBIMU OCSIMU, JJISI KO-
TOPBIX OTKJIUMK CHUCTEMBI C;; C; WM Cyy COBIANAET IO HANPABIECHUIO
C BHEIWIHUM BosueiicTBueM. Eciu xe Benmuunbl C;= C; U OTIMYHBL
OT (4, TO TOBOPSIT 00 aKCUATbHONH CUMMETPUU TaKOro (hU3UYECKOTO
CBOICTBA U MPU €ro ONMKUCAHUU UCTIONb3YIOTCS Cleaylolue o00o3Haue-

Hust: ;= C;= G Q= G,

3.5. AHM30TpONHSA 3€eMAHOBCKOTO B3aUMOIEHCTBHSA

B ycnoBum pezonanca (Av = g BB) durypupyer BennurHa g-dak-
TOpa MapaMarHUTHOW YacTWIIBI M, KaK IpaBWJIO, OHA HE paBHA g-
(akTopy cBOOOAHOrO 3JeKTpoHa g, = 2,0023. Kak yXe roBopuIoCh
paHee, B aTOMe WJIM MOJIEKYyJie HEeCITapeHHBIN 2JIEKTPOH o0JIamaeT He
TOJIBKO CIIMHOBBIM, HO W OIpEACJCHHbIM OPOMTAIbHBIM MAarHUTHBIM
MOMEHTOM. B3amMmomelicTBe OpOUTAIbHOIO MOMEHTAa C BHEIITHMM
MAarHUTHBIM TIOJIEM TIPUBOIUT K TIOSBICHUIO OPOUTATLHOTO IBIKE-
HUSI B IUIOCKOCTH, IEPICHAMKYJSIPHOW HAaIlpaBJICHUIO BeKTOopa B.
Cy1iecTBOBaHNE B ITApaMarHUTHOM YaCTUIIE CHCTEMBI MOJICKYJISIPHBIX
opbuTayieli IPUBOAUT K TOMY, UTO B 3aBUCMMOCTH OT OPHMEHTALlUU
YaCTUIIBI OTHOCUTENIBHO HAIpaBJICHUS TTOCTOSTHHOTO MATHUTHOTO
IOJIS1 UHAYLUPYIOTCSI «BO30YXKICHHBIC» COCTOSIHMS, CBSI3aHHBIE C IIe-
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PEX0JIoOM HeCTlapeHHOTo 3JIEKTPOHA Ha OpOUTAIM C pa3inyarolIUMUCs
9HeprusiMu. Pe3ynbTaToM B3auMOAEMCTBYSI OpOUTATLHOTO MAarHUTHO-
ro MOMEHTa C BHCIIHMM MAaTrHMTHBIM TIOJIEM SIBJiIeTCSl M3MEHEeHUe
3(hGEKTUBHOTO 3HaUYeHUS g-(akTopa mapaMarHMTHOW 4acTUIIbI B 3a-
BUCHMOCTH OT €€ TTPOCTPAHCTBEHHOM OpUEHTAIIMN OTHOCUTEIHLHO Ha-
MpaBJIeHUs] MHAYKIIUM BHEITHETO MAarHUTHOTO TTOJIS.

B kauectBe mpumepa paccMoTpuM ¢parMeHT >N—O° a30TOKMC-

Horo paaukana (puc. 3.12); A MPOCTOTbI PACCMOTPEHUST TTPUMEM,

> > YTO HECIapeHHBIN 2JIEKTPOH HAXOAUTCS Ha
P.-OpOUTANIU aToMa Kuciaopona'.

Ecnu BekTtop B HampaBieH BIOJb OCU

Y x, T0 opOWTaNbHBII MOMEHT BO3HUKAET 3a

N CUET MEPEXOIOB p, <> P,, €CIIU BIOJb OCH Y,

N 0 TO OpPOMTAIbHBII MOMEHT HaOJIogaeTcs 3a

/ X' CdeT mepexomoB p. <> p,, a €CIH BIOTb OCH
z, TO OpOUTAJIbHBIIA MOMEHT paBeH HYJIO (B
IUIOCKOCTU Xy HEe3aroJIHEHHBIX OpOuTasieit
HeT). [TOCKOJIbKY p)-OpOUTallb ABJISETCS Op-
Puc. 3.12. Cxema opOW- GuTAILIO HEMOAEIEHHON Maphl JIEKTPOHOB,
Taneit gparmenta >N-0° 3 5, _opGuTans yuacTByeT B 06pa30BAHUE G-
A30TOKNCHBIX PAAVKANOB  cpasy Mexxay aTOMAMU a30Ta M KUCJIOPOAA,
TO SHEPIUU BO3OYXKIECHUS NIEPEXOIOB p, <> Py U p, <> p, OYIyT pasiny-
HBIMU U g-(PaKTOp a30TOKMCHOTO paauKaja OymeT MMeTh pa3Hylo Be-
JIMYMHY B 3aBUCMMOCTU OT OPUEHTALIMM ITAPAMarHUTHOM YaCTHULIbI OT-
HOCUTENIPHO HaIlpaBJICHMS MHIYKIIMU BHEITHETO MAarHUTHOTO TTOJIS.

CienoBaTesibHO, aHU3O0TPOINMS 3€eMaHOBCKOIO B3aWMOJEHCTBUS
BO3HMKAET BCJICACTBUE B3aMMOACHCTBUSI CITMHOBOTO MarHUTHOTO MO-
MEHTa 3JIeKTPOHA ¢ MarHUTHBIM IOJIEM, MHIYLIMPOBAHHBIM M3MEHE-
HHEM ero OpOUTaIbHOTO MOMEHTA 2JIEKTPOHa.

B ciyyae mpou3BOJIbHON OpUEHTALMU MOJEKYJISIPHOW CUCTEMBbI
KOOpAMHAT paaukana, 3¢h¢eKTUBHOe 3HauyeHue g-(hakTopa MOXET
OBITH OIMMCAHO ACBATHIO KOI(DGUIIMEHTAMH, CBSI3BIBAIOIINMHU OTKIUK
CHUCTEeMbI 1O OCSIM KOOPAMHAT B 3aBUCMMOCTM OT HampaBJeHUS BEK-
TOpa WHIOYKIWY BHEITHETO MarHUTHOTO mojig. Habop 3Tux koaddu-
IIMEHTOB, 3allMCAHHBIM B BUIE MATPUIIbI, HA3bIBACTCS g-TEH30pOM U
SBJISETCS] TEH30pOM 2-TO paHra’.

! HecrnapeHHbIil 9/1eKTPOH B a30TOKUCHBIX PaidKanaX 3aHMMaeT Pa3pbIXIsIOILyIo

n-0pOUTaIb, 00Pa30BaHHYIO p.-OPOUTAISIMU aTOMOB a30Ta M KUCJI0poJa.

2 VICTHHHBIM CHMMETPUYHBIM TEH30POM BTOPOTO PaHra, T.e. TEH30POM, y KOTO-
poro (; = (j;, ONMMCBIBAETCS BEJIMYNHA g’ U COOTBETCTBYIOLIME DIEMEHTHI TEH30pa SB-
JISTIOTCS KBajipaTaMu MCKOMBIX 3HaueHuit. (To ke camoe MOXHO CKa3aThb U O TEH30pe
CBEPXTOHKOTO B3aMMOJIEHCTBUS A, T.€. MCTUHHBIM CUMMETPUUYHBIM TEH30POM BTOPOIO
paHra OMuChIBAe€TCsl BEJIMYMHA A2.)
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MOXHO OTpeneauTh MOJIEKYISIPHYIO CUCTEMY KOOPAWHAT, B KO-
TOpPOI MaTpHIia g-TeH30pa OyIeT AMaroHajJbHOI; TMaroHaJIbHBIE 3JIe-
MEHTBI SIBJISTIOTCSI TJIABHBIMM KOMITOHEHTaMU g-TeH30pa M 0003Haya-
10TCA KAK &y, &y YU &

AHanIM3 g-TeH30pa a30TOKMCHOTO paauKajia MPUBOIUT K CIEmylo-
LIMM BBIPAKCHUSIM UL [JIABHBIX KOMIIOHEHT B MOJICKYJISIDHOM CHUC-
TeMe KOOPAMHAT:

gxx:2 1- & ’ gyy:2 1- ’ Mgzz:z’
E, —E, E,—E
IJe A — KOHCTaHTa CIHUH-OpPOMTAIBLHOTO B3aWMOIEHCTBUS IJIs1 aTo-
Ma Kucjiopona, a E, u E,, — SHEPTUU p,- U p,-OpOUTAJIEll paauKaia
COOTBETCTBEHHO, [y — 3HEPTUS p,-OpOUTAIU, HA KOTOPOU JIOKAJIN30-
BaH HECHAPEHHBIH 51€KTpoH. Bennuunel E, — Eyu E,, — E;otpuna-
TeJbHBI U OJIU3KU MO aOCOJIOTHBIM BeJIMUMHAM BHEPTUSIM G —> T*- U
n — m*-nepexoqoB. Clea0oBaTeJbHO, INIaBHbIE 3HAYEHMSI g-TEH30pa

A30TOKMCHOI'O paguvKajla MOXHO 3aIlliucaTb B BUJ

8o =2| 1+ > gyyzz 1+ ng.=2,

nm* on*
T.€. KOMIIOHEHTBI &y, U g, IPEBOCXOIAT g, (= g,.) Ha BEJUYUHBI 22/
E, .+« v 20/ E  « COOTBETCTBEHHO.

YBenuueHue Uiu yMeHbllIeHHe TJIaBHbIX 3HAUeHUI g-TeH30pa 3aBU-
CUT OT 3HaKa Pa3HOCTU SHEPTUU B 3HAMEHaTeJsIe WieHa, yUYUThIBarolle-
ro CIIMH-OpOUTaIbHOE B3auMogeiicTBue. Eciu mosiBieHue opouTaib-
HOTO MOMEHTA TPOUCXOAUT MpPU Tepexoie 3JEKTPOHOB 3aMOJHEHHBIX
000JI0YeK (B pacCMOTPEHHOM IPUMEPE ITO BJEKTPOHBI HaA P~ WU
Dy-OpOMTaIsAX), TO PasHOCTb SHEPIUil OTpUUATEIbHA, €CIM IOsBIIE-
HUEe OpOUTAIILHOIO MOMEHTA MPOUCXOAUT TMPU TIepexojie JIeKTPOHOB
He3arnoJHEHHBIX 000JI04eK, HAIpUMeEpP MPU BO30YKIACHUM HECIapeH-
HOTO BJIEKTPOHA Ha pa3phIXjsolIde c*-opOouTaiu (3HEPruu TaKux
Tepexoa0B OJM3KM O aOCOTIOTHBIM BEJIMUMHAM K SHEPTUU T —> G*-
MEePEX0/IOB), TO Pa3HOCTb DHEPruii — BEJIMYMHA MOJOKUTEIbHAS.

CBs13b MeXIly BeJIMUMHOU g-akTopa pajukajia ¢ IJIaBHbIMU 3Ha-
YEHUSIMU g-TeH30pa MOXET ObITh BbIpaKeHa CJIEAYIOLIUM 00pa3oM:

g= \/gix cos’oL+ g5, cos’B+ g2 cos’y,

TJIe COSOL, COSP M COSY — KOCHHYCHI YIJIOB MEXIy HallpaBJIeHUEM BEK-
TOpa B U COOTBETCTBEHHO OCSIMU X, ¥ M Zz MOJIEKYJISIPHON CHUCTEMBI
KOOpAMHAT MapaMarHUTHON YacCTHUIIbI.
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Takum o6pa3om, g-TeH30p COAEPXKUT MHPOPMALIMIO O CUMMETPUN
00J1acTy IeoKaaIu3aly HECTIApEHHOI0 2JIEKTPOHA, O HAJIMYMU B pa-
JMKaJie HEeIOAeJeHHBIX Tap 3JIeKTPOHOB, 00 UX OpUEHTALlUU OTHOCHU-
TeJIbHO OpOUTAIN HECMapeHHOIo 3JIeKTPpOHA U T.II.

3.6. AHM30TpONNS JUIOJIb-AUNOJIbHOTO0 B3aMMOAEHCTBUS

B mapamMarHUTHBIX YacTHUIIAX B3aMMOMAEMCTBUS MEXIY SJIEKTPOH-
HBIMU CIIMHAMM, €CJAM CYMMAapHbIA 3JEKTPOHHBIA CIMH YacTUILIbI
S > 1, m MexXay 2JIEKTPOHHBIM U SIACPHBIM CIIMHAMU, 32 UCKITIOUEHM -
eM DepMU-B3aMMOICHCTBUS, OCYIIECTBISIOTCS TI0 TUIIOJb-IUII0JNb-
HOMY MEXaHU3MYy.

B kmaccuyeckoM ONMMCaHUM AMIIONb C MAarHUTHBIM MOMEHTOM M
CO3/1aeT Ha PacCTOSIHUU ¥ JIOKAJbHOE MAarHUTHOE I10Jie HaIpsSIKEHHO-
ctbio H,o = 11/r. DHeprus AUMOJb-IUMOILHOTO B3aUMOIEHCTBUS
JBYX MarHUTHBIX IWTOJIEl paBHa:

3(ur)(pzr)
M2~ 2
D=

r 3 ’
[Je I — paJuyc-BEeKTOp, HAIlPaBJICHHBIA OT OJHOIO OUIIONS K APYro-
MYy, a MMy, W4T U Pr — CKaJISIpHBIC TIPOU3BEICHUST COOTBETCTBYIOIIMX
BEKTOPHBIX BEJIMUYMH.
Panee ObLI0 NPUBEICHO BBIPaKEHME JJISI SHEPTUU AUIIOJIb-TUTIOJb-
HOTO B3aMMOJIECUCTBUS JIEKTPOH-SIIEPHBIX COCTOSTHUN C Mg W My :

3cos?0—1 5
Epso = gBgNBymmy <r—3> <3cos‘o—1>.

CrenoBateibHO, KOHCTaHTa aHu3oTponHoro CTB (sHeprus nepexoaa
MEXIY COCTOSIHUSIMU Mg, M; U Mg, M;_ |) PaBHA:

<3cos’o—1>
Asszo = gPe by = 3 3 cos’0— 1),
2 <r’>

IIe I — pagnyc-BEeKTOp, COSAMHSIOMMNI 3JIEKTPOH U SIIpPO, 0L — YTOJ
MEXAY I U IIaBHOM OChIO p-OpOMTAaIv, Ha KOTOPOM JIOKAJIM30BaH He-
CIIapeHHBIN 2JEKTPOH, 6 — yroys Mexmy IJIaBHOU OChblo OpOUTaIU U
HampaBJIe€HMEM MarHUTHOTO MOMEHTA SIpa, a CKOOKHU <> 0003HA4YaroT
CPEIHIOI BEJIMYMHY. DTO BbIpaxkeHHUE MOJYYEHO B IMPEATOJOXKEHUU
CHJIBHOTO MarHMTHOTO TIOJIsI. B mpenroioxkeHnn craboro BHEIIHETO
MAaTrHUTHOTO TOJIS SHEePTHUs IUIOIb-IUITOILHOIO B3aMMOIEMCTBUS 3a-
BHCHT OT O Kak (3cos’0 + 1)
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CregoBaTelbHO, KOHCTaHTa aHMW3OTPOITHOTO B3aMMOIEUCTBHUS 3a-
BUCHUT OT OpPMEHTALMU MapaMarHUTHON 4YacTUIIbl OTHOCHUTEIbHO Ha-
TpaBJieHUsT WHAYKLIWY BHEITHETO MAarHUTHOTO TTOJIST M M3MEHSETCS B
uHTepBage or A= a + 2b 1o A, = a — b (B clyyae CHUIBHOIO BHE-
IIIHET0 MAarHUTHOTO T10JIs1) U B MHTepBaje oT a + 2b 1o a + b (B ciayyae
CJ1abOro BHEIIHEro MarHUTHOIO MoJisl). 3aBUCUMOCTb 3(PPeKTUBHOTO
3HAYEHMST aHM30TPOIHOM KOHCTAHThI OMUCHIBAETCS BhIPAKEHUEM:

Aazm = 4|2 cos’0+ A} sin26,

e A= a+ 2b, A, = a — b (B ciyyae CUIBHOTO BHELIHETO MarHuT-
Horo noiyst) wiu a + b (B ciaydyae cjaaboro BHEIIHET0 MarHUTHOTO
noJjist); b — abcoiloTHOE 3HaUeHue MePHeHINKYISPHON KOMITOHEHThI
AQHU30TPOMHON YacTh aKCUAIbHOCUMMETPUYHOIO TE€H30pa CBEPXTOH-
KOro B3amMozeicTBus. I HecmapeHHOTO 3JIEKTPOHA, HAXOISIIIEeTO-
cs Ha p,-opOUTaIM, aTOMa 3HaAYeHUE

b= z gPgnB
5 <>
HamomHuM, uyto KoHcTaHTa n3otponHoro CTB

_ 2
a = (8m/3) g Ben BnIWols

e |yo> — cnuHOBas TIOTHOCTH HECTIAPEHHOTO MEKTPOHA B TOUKE

aapa.

3.7. DKcnepuMeHTaIbHOE ompe/ieieHie KOMIOHEHT TeH30POB
3€eMaHOBCKOI0 M CBEPXTOHKOI0 B3aMMOAEHCTBUIA

OmnpeneneHre MarHUTHO-PE30HAHCHBIX ITapaMeTpPOB (KOMIIOHEHT
TEH30POB 3€eMaHOBCKOIO M CBEPXTOHKOI'O B3aMMOIEHCTBUIT) BO3-
MOXHO JIMIIbL B TOM CJIydyae, KOTJa MHOABMXXHOCTb IapaMarHUTHOM
YaCTUIIBI MaJla HACTOJIbKO, YTO HE IPOMCXOIUT YCPEAHEHUSI aHU30T-
POMHBIX B3aMMOJEHCTBUII. B pacTBopax, Korma pagukaja 3a IIpoMe-
KYTOK BpPEeMEHM, MaJIblii 10 CPaBHEHHUIO C BPEMEHEM IIpeObIBaHUSI
BJIEKTPOHA B COCTOSIHUMU C OIpPEAeCHHON 3Heprueit (Iisl paguKaioB
B pacTBopax BpeMeHa penakcauuu 1), T, = 1076—107° C), TIpUHMAaET
BCE BO3MOXHbIE OPUEHTALIMM OTHOCUTEIBLHO HAIIpaBJIICHUS BEKTOpa
WHIYKLIUYA BHEITHEr0 MarHMTHOIO IOJISI, aHM3OTPOITHBIC YacTW Mar-
HUTHO-PE30HAHCHBIX IMapaMeTpPOB YCPeaHsoTCS A0 Hys. Curyauums,
KOIJa He MPOMUCXOAUT YCPEeIHEHUs] aHU30TPOMHbBIX B3aUMOICHCTBUIA,
MOXET OBITh peajn30BaHa, eCIM paguKajbl CTAOMIM3UPOBAHbI B MaT-
pulle, UCKIOYAIOIEH WIM CUJIBbHO OrpaHMYMBAlOLIECi BpalllaTeIbHYIO
U TIOCTYIATEeNbHYI0 IU(PQPY3MOHHYIO MNOABMXKHOCTH YaCTHI; KpOMe
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TOTO XejaTeJbHO, YTOObl MOJIbHOE COOTHOILIEHWE YacTHll Iapamar-
HUTHOTO COENMHEHUs M MaTPMIbl COCTABISUIO BEJWYMHBI MOpsIKa
1077—1073 (mpu TaKmX pa36aBIeHUSIX PAKTUUECKHN UCKITIOYAETCS B3a-
WMOJEHCTBUE NTapaMarHUTHBIX YaCTUIL APYT C APYTOM).

MakcumanbHbIii 00beM UHGOPMAILIUU MOXET ObITh MOJYYEeH, eCIU
MaTpuliell SBASETCS MOHOKPMUCTa/Ul, B KOTOPOM TlapaMarHWUTHBIE
YaCTHUIIbl BBICTYIAIOT B POJU «Ionupymolieil» nod6aBku. ITockonbKy
KOMITOHEHTbl TE€H30POB aHU30TPOITHBIX B3aUMOAECUCTBUI, OOYCIOB-
JICHHBIE MOJIEKYJISIPHOU CTPYKTYpPOM ITapaMarHUTHOM YaCTUIIbI, OJ-
HO3HAYHO CBSI3aHbl C CUCTEMON OCEil KpUCTaJlIa, METOA ONpeaeaeHUs
OCHOBBIBACTCS Ha aHaAJIM3€ YIVIOBBIX 3aBUCUMOCTEN 3(h(GEKTUBHOMN
BEJIMUUHBI g-(paKTopa MmapaMarHUTHBIX YaCTUIL MPU Pa3IUYHBIX OpU-
€HTaLMSIX MOHOKPHUCTAJIJIA, OCYILECTBISIEMbIX €r0 TMTOBOPOTOM B TpexX
TUTOCKOCTSIX, U3 KOTOPBIX KAK MMHUMYM JBE€ JOJKHbBI ObITb B3AUMHO
neprneHauKyasapHbl. Haubosiee mpocThIM SIBJISIETCS Cydyaid, Korma u
TPEThS TJIOCKOCTh MEPIEHANKY/ISIpHA ABYM OCTaJbHBIM. 3a1aya Tako-
ro poja peiaemMa, €Cid HeT MPErsITCTBUI JJIs TOJYyYeHUs «I0TUpO-
BaHHOTO» MOHOKpPHUCTaJIJIa, HO JOCTATOYHO TPYIOEMKa.

Ecnu HeoOxonuMo 3HaHME TOJBKO IJIaBHBIX 3HAYEHUI MarHUTHO-
PE30HAHCHBIX MAapaMeTPOB, TO BO3MOXHO MCIOJIb30BAHUE PACTBOPOB
MmapaMarHUTHBIX COCAMHEHUI B AIMaMarHUTHBIX CTEKJIO00pa3HbIX WU
MOJIMKPUCTAJIMYECKUX MaTpuIlaX, YTO CYIIECTBEHHO YMpOIaeT 3a-
JIavy, TOCKOJIBbKY OTIamaeT HeOOXOMMMOCTh B TIOJIYYEHUM <«IOTMUPO-
BAaHHOrO» MOHOKpHUCTa/Jla C 3aJaHHON MPUMEChIO MapaMarHUTHOIO
COeIHEHUSI.

3.8. ®opma mnuuii B cnekrpax DIIP
HEOPHEHTHPOBAHHBIX CHCTEM

Cnektp OIIP mapamMarHMTHBIX YacTUI[ B OMAMarHUTHBIX CTEK-
JIOOOpa3HbIX WM TOJUKPUCTAUIMYECKUX MAaTpULAX SIBJISIETCSI OTH-
Oarollieii OOJIBIIIOTO KOJMYECTBA CIIEKTPOB, COOTBETCTBYIOLLIMX BCEM
BO3MOXHBIM OPUEHTALMSIM PAAUKAJIOB, U Pe3yJbTUPYIOLINIA CIIEKTP
JOJKEH pacIpoOCTPaHsIThCSl HA BEChb MHTEpBal 3HAYEHUM WHAYKLUU
BHEIIIHET0 MarHUTHOTO II0JISI B, KOTOPKII OIpeneIsieTcsl BeIMYnHaAMU
KOMITOHEHT g-TeH30pa MapaMarHuTHOM JacTulibl. Kak Oymer mokasa-
HO HUXXE, JUHUM HE paclpeielisiioTcs 10 BCeMy MHTepBaly 3HaUeHU I
B paBHOMEpPHO, YTO JaeT BO3MOXHOCTb B OOJIBIIIMHCTBE C/Iy4aeB Ha-
omonartb criekTpbl DIIP mocrtaToyHOi MHTEHCUBHOCTH.

Hns Toro 4ytoObl npeAactaBuTh cede Bua crniekrpa DIIP npu pas-
HOBEpOSITHOM OpPUEHTALMM MATHUTHBIX AUIIONEH IpoaHaau3upyem
BO3MOXHBIM 3KcrepuMeHT. [loMecTumM Majblil MOIUKPUCTAILINYE-
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CKUI1 obpasel, comepXKalnii mapaMarHUTHBIC YaCTUIIbI, MarHUTHBIE
CBOICTBA KOTOPBIX MOTYT OBbITh OMUCAHbI B OMpeneeHHOM MpUOJIu-
JKEHUU CBOMCTBAMU MAarHUTHBIX OUIIOJICH, B LIEHTPEe HEKOTOPO cde-
pbl (puc. 3.13). B kauectBe
Mepbl OpUEHTAlUMU YIOOHO
BOCTIOJIB30BAaTbCA  TTOHSITH-
€M TeJIECHOIO yIja, B KOTO-
POM  OPUEHTUPOBAHbI OCU
CUMMETPUM MATHUTHBIX AU-
noyieit. ng moJukpucTa-
JIMYecKoro oOpasia MOXKHO
yYTBEpXAaTh, UTO MPU PaBHO-
BEPOSITHOU OPUEHTAIINU OCEM
B MPOCTPAHCTBE, KOJIUYECTBO
MarHUTHBIX JUTOJEH, comaep-
JKaIMXCSI B €IMHUYHOM Te- ;
JIECHOM yIJie, OJUHAKOBO. ]

Eciu cuctema mMmeer ocb Puc. 3.13. neMeHT NOBEpPXHOCTUN chepbl
CUMMETPUHU BBILLE TPETHETO (0GbsICHEHMS CM. B TekcTe)
nopsijika, TO TOBOPSIT 00 aKCUaJIbHOM CUMMETPUU CUCTEMbI, KOTOpast
MpearnoaraeT paBeHCTBO IBYX M3 TpeX IJIaBHbIX 3HAUEHUI g-TeH30-
pa:

21 r?sind do

&xx = gyy =81,8: = gH'
Torma

oy = \/gi sin0 + g||2 00526,
rae 6 — yros MeXmIy HampaBJeHHMeM WHIYKIIMM BHEIIHETO MarHUT-
HOTO TOJISI U OChI0 CUMMETPUU MTapaMarHUTHOM YacTUILIbI, U B JTIOOOM
MoJie ¢ BEJTMYMHON MarHWUTHOW WHAYyKIMU Mexny B, = hv,/(Bg) u
B, = hvy/(Bg) pe3oHaHCHOE MNOIJIOIIEHUE OYIET UMETh MECTO B TEX
cUcTeMax, IIJIsl KOTOPbIX BBIMOJHSIETCS YCIOBUE

_ hv,

B\/gi sin’0 + g”2 cos’0

JoJis yacTHIl, y KOTOPBIX Yroi 0 HaxomuTcsl B MHTEpBasie OoT O mo
0 + db, paBHa

By

AN = 27 sir;ede _ sinede.
4mtr 2

[Ipu ycnoBuM, 4TO BEPOSITHOCTH MEPEXOIOB HE 3aBUCHUT OT yria 0,
U npuHUMas Bo BHUMaHue, yto dN = A(B)dB, tne A(B) — ¢yHKLus
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(1)0pr1 JIMHUU IMOTJIOIICHUA OT BCJIMYMHDBI MHAYKIIUM BHECIITHETO Mar-
HMTHOTIO I10JId, ITOJYYUM, YTO

AB)=Lsin0 2.
2 dB

OrnpenennnB MPOU3BOAHYIO dB/dO, MOXHO TIOIYINTDL SIBHBIA BUI
dyukuun A(B).

Bun auHuM mornolleHUs s ClaydyailHbIM O0Opa3oM OpUEHTUPO-
BaHHBIX B IMPOCTPAHCTBE YACTHIl C AKCUAIBHON CUMMETpHE g-TeH30-
pa ¥ He UMEIOIIUX B CBOEM COCTaBe siaep, 00JagaoluX MarHUTHBIMU
MOMEHTaMM, MpeACTaBieH Ha puc. 3.14.

®opma auHUM TornolneHus: cnekrpa DIIP ciayyaiitHbIM oGpa3om
OPUEHTUPOBAHHEIX B IIPOCTPAHCTBE ITapaMarHUTHBIX YaCTHII, XapaKTe-
PU3YIOLIMXCS TPEMS [JIABHBIMU 3HAYEHUSAMU g-DAKTOPA (g # &)y 7 &.2)

il

[

[S]

]

I

o

b

]

I

o

[

T

X

300

a
6

)(/gL

G

Puc. 3.14. a — PacyeTHble GOpPMbl IMHUIA NornoweHns ans 6ecnopsaoyHo
OPUEHTUPOBAHHBIX MapaMarHUTHbIX 4acTUL, UMEKLWMX OCb CUMMETPUN NO-
psoka n > 3 (g, > g;), B otcytcTBue CTB 1 B NPeanonoXeHnn pasimyHbix
LIMPUH COCTaBNSIOLLMX nopeHueBbix nuHuii: 1, 10, 50 n 100 I'c (7-4 cooT-
BETCTBEHHO); 6 — cnekTp OlNP «371eKTPOHHOM BakaHCKW» B NMOPOLLKOBOM 00-
pasue kpuctannuyeckoro MgO, nmeroLwero TeTparoHasbHyl0 CUMMETPUIO
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1 He UMEIOIIINX B CBOEM COCTaBe slep, 001a1afoIIMX MAaTHUTHBIMA MO-
MEHTaMU, U ee MepBOil MPOM3BOAHON, a TaKXKe XapaKTepUCTUUYECKUE
TOYKM, COOTBETCTBYIOLIME &y, &, U &, IPUBEIEHBI Ha puc. 3.15.
IIpouenypa ompeneiaeHUsT 3ie-
meHTOB TeH3opa CTB Toxnaect-
BeHHAa PacCMOTPEHHOM BHIIIE TTPO-
Leaype OIpeaejeHus] 2JeMEHTOB
g-TeH30pa. 3aMeTUM, UTO IHEPTUIO
CTB B TBepAbIX Te1axX MPUHSITO Bbl-
paxkaTh B Merarepiiax, IoTOMY 4TO
€IVMHMIIBI YaCTOTHI, YMHOXKEHHBIE
Ha 3HayeHue mnocTosiHHoW IlnaH-
Ka MpeACTaBIsIIOT Co00il MCTUH-

HbI€ €IUHULILI SHEPTUU, TOrIA Kak 9o Iy 9z
COOTHOIIIEHUE MEXIY EIWHULIAMUA [

WHAYKIIMA MAarHUTHOTO TIOJNSl U 6

SHEPTeTUYECKUMU E€IWHUIIAMA 3a- 9,

BUCUT OT 3(P(PEKTUBHOU BEJTUUMHDI

g-akropa 11 paccMaTpuBaeMOro Y
HamnpaBiaeHus. Jisi mapaMarHuT- g,

HBbIX MOHOB YacTO BHEPIUI0 CBEPX-

TOHKOTO B3aMMOJICICTBUST BbIpaxka-

1

IOT TAKXXE B CM ;. Puc. 3.15. PacyeTHble HOpMbI Nu-

HWIA nornoweHns (a) v nepson

A MTI'n = 0,280247(g/g,)a mTa, NPOU3BOAHON NMHUM MOrMOLEeHUS
I MI'u = 6,6252 - 107 9pr = (6) ona 6ecnopsaaoyHO OPUEHTUPO-
=3,3356- 10> cm . BaHHbIX NapaMarHUTHbIX 4acTuL, He

n MMEIOLLMX OCY CUMMETPUN NOopsiaKa
by HAIMIUN OAHOTO WM HE- > 3 g greyreTeure CTB v B npea-

CKOJIBKUX siZIep, OOMANAIOIMX Mal-  nponoxeHnu, 4To gy, > 9> O
HUTHBIMA MOMEHTaMHU, CIIEKTPhI

CTAHOBATCS 60Jiee CIOXHBIMU U MPU UX MHTEPIpEeTalMu MOTYT BO3-
HUKHYTh HEOTHO3HAYHOCTU. OMXHON M3 MPUIMH BTOTO SIBISIETCS TO,
YTO OIpeAeSIeHHbIE U3 YIVIOBBIX 3aBUCUMOCTEHl KOMITOHEHThI TE€H30-
pa A’ aI0OT BO3MOXHOCTb OTpPENEIeHUsS] TOJIBKO aGCOMIOTHBIX 3HA-
YeHU# (C TOYHOCTHIO O 3HAaKa) KOMIIOHEHT T€H30pa CBEPXTOHKOIO
B3anmoneiictBusa A. Ha puc. 3.16 npuBegeHbl HECKOJIBKO TTPUMEPOB
crnexkTpoB OIIP 1 naHbl BO3MOXHbIE MHTEPNPETAUM ISl paaiuKaloB
c ogauM stmpom ¢ I = 1/2 (puc. 3.16a) u 1 (puc. 3.166) 1 aHU3OTPOII-
HBIMU MarHUTOPE30HAHCHBIMU TIapaMeTPaMMU.

Korma panukansl cogepkar siipa ¢ HaTu4MeM U30TOMOB B 3aMETHOM
€CTECTBEHHOI MPOMOPLIMU, TO PETUCTPUPYEMbI CIIEKTP SIBSIETCSI CY-
TIePITO3UITMEN CITEKTPOB 1T KaXKIOTO M30TOIA ¢ MHTErpabHBIMU WH-
TEHCUBHOCTSIMU, COOTBETCTBYIOLIMMU WX TTPUPOIHOMY COAEPXKAHUIO.
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Puc. 3.16. TunuuHble cnekTpbl MNP paavkanoB, coaepXawux OOHO SAPO
co cnuHom 0,5 (a) nnn 1 (6) ¢ pasnNYHbIMM COOTHOLLUEHUSIMU KOMMOHEHT
TEH30POB 3€EMAHOBCKOr0 M CBEPXTOHKOrO B3aMMOLENCTBUMA

3.9. HekoTopbie NpyYMHbI, NMPUBOISINNE K M3MEHEHUIO INHPUHbI
OTIeJIbHbIX JHUI B criekTpax DIIP

o cux mop Hamu MpeanoJiarajochb, YTO BCE JUHUM B CIEKTpPE
OIIP uMeoT onMHAKOBYIO LIMPUHY, U B TaKOM Cjydyae aMILIMTyIa
quann 2Y' (cM. pasmen 6.2) B CIIEKTpe, 3alTMCAaHHOM B BUAE TTepBOM
MPOU3BOAHOM, MEHCTBUTEIBHO TMPOIMOPLUMOHATIbHA WHTEHCHUBHOCTHU
(P) mepexonma, KOTopasi, B CBOIO OUYepelib, ONpPeAesIeTcs] BepOSITHOC-
ThlO peajin3aliui COOTBETCTBYIOIIETO SIE€PHOTO COCTOSIHUSI B paauKa-
Je. CyllecTByeT HECKOJbKO MPUYMH, MTPUBOASAIIUX K TOMY, YTO IIIM-
pUHBL TUHUK (AB, ) B IpeeIax OMHOTO CIEKTPa UMEIOT pa3uyHbIe
3HayeHus1. T1ocKoMbKy B XOpolleM MPUOIUKEHUHN CBI3b MEXIY yKa-
3aHHBIMU BEJTMYMHAMU 3a1aeTcs Kak P ~ 2Y'(AB, ), TO CTAHOBUTCS
IOHATHBIM, YTO MPSAMAas MPONOPUUOHAIBHOCTbL MEXAY aMILIATYIOMN
MPOU3BOAHON M MHTEHCUBHOCTBIO Mepexoaa He MOXKET ObITb COOJII0-
JIeHa.

OCHOBHOIl TIPUYMHON, TPUBOMAILCH K pas3iM4usIM B ILIMPUHAX
JmHuil B criektpe DIIP, saBasercs aHM30Tponusl 3€¢eMaHOBCKOIO U
CBEPXTOHKOTO B3aMMOICUCTBUI B paduKajlax, pa3jinyvde B OpHEHTa-
nusx g-teHsopa u teHzopa CTB v BpeMeHHast 3aBUCUMOCTb SHEPIUun
3TUX B3aMMOJIEUCTBUIA, KOTOpasi ONpeesisieTcs UHTEHCUBHOCTbHIO Opo-
YHOBCKOTO IBUXXEHHUS paavKajia KakK LeJ0ro U ero OTAeAbHbIX TPYII.
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B oOiem ciiydyae ObUIO MOKa3aHO, YTO IIMPUHBI JUHUK B CIIEKTpE
BI1P MoryT ObITH IPUOIMKEHHO OMpeae/IeHbl Kak

ABye W+ CM;+ Y EM?,

rae M; — cymmapHasi z-KOMIIOHEHTa KBaHTOBOIO 4HCJa SIAEPHOrO
CIIMHA IS (-0 TPYIIMbI MOJHOCTbIO DKBUBAJEHTHBIX siaep, W, C u
E — xoadduuuentsl. s ciydast mapamarHuTHoil yactuisl ¢ CTC,
00YCJIOBJIEHHOII B3aMMOJEHCTBUEM HECHApeHHOIo 3JIEKTPOHA C Of-
HUM SIIPOM, 3aBUCUMOCTb IIUPUHBI IMHUU OT CITMHOBOTO KBAHTOBOT'O
yucia m;B CIIEKTPe MOXET ObITh MpeAcTaBieHa Kak

2
ABMeu(c ~o + Bml + ym;,

IIe o — YieH, BKIIIoYalmnii Bce 3(PMEeKThl YIIMPEHMS, ONMHAKOBBIE
JUIST BCeX JIMHMI crekTpa; B — Ko3hGdUIUEeHT, KOTOPbIA 3aBUCUT OT
aHu30Tponuu g-teH3opa u TeH3opa CTB u omnpenensercs npousBe-
JEeHUEM aHU30TPOITHBIX yacTeit g-TeH3opa u TteHszopa CTB; y — ko-
3 duUIIMeHT, KOTOPBI 3aBUCUT TONbKO OoT aHu3orponuu CTB u om-
penensieTcsl KBaipaToM aHM30TpOoIHOM yactu TeH3opa CTB. Oba stu
Koa(hGULKMEeHTa colepXaT B cede TakxKe IMapaMmeTp (Bpemsi Koppesi-
1IU1), XapaKTepU3YIOIINii MHTEHCUBHOCTh OPOYHOBCKOTO IBUKCHMUS
napaMarHUTHOW YacTuubl. JIoCTaTOYHO MPOCTHIM MPUMEPOM, WJLTIO-
CTPUPYIOLINM CKa3aHHOE, SIBJISIETCSI CIIEKTp MoHa BaHamuia (S = 1/2,
1=17/2), uMmeromii aKCUaJIbHOCUMMETPUYHbBIE g-TEH30p M TEH30p
CTB (puc. 3.17).

YacTo Ha IpakTUKe HAOJIIOMAeTCs U3MEHEHUE IIIMPUHBI JUIIb He-
KOTOpBbIX JUHMUI B criekTpe DITP, 4yTOo MpUBOAUT K CYLIECTBEHHOMY
M3MEHEHUIO (POPMBI CITEKTPa M MOXKET IMPUBECTH K €T0 HEBEPHOI MH-
TeprpeTauuu. DTo sIBJIeHUE, Ha3bIBAEMOE aAJIbTEPHUPOBAHUEM JIMHUIA,

332,9MmTn
mo o+l 45 L3 41 .1 8 5 7
2 2 2 2 2 2 2 2
—{10 mMTn |=—
— B

Puc. 3.17. Cnektp 3P pacteopa oo VO?' (S = 1/2, | = 7/2) B Tonyone,
3aperncTpupoBaHHbin npu 236 K
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HaOJI0JAeTCsT KOTma 3aBHUCAIIee OT BPEMEHHM CBEPXTOHKOE pacIlern-
JIeHUEe Ha WIASHTUYHBIX SApaxX MOAYJUPYETCS OPOYHOBCKUM ABMKE-
HUeM B mpoTuBodasze. SIBiaeHMe albTepHUPOBAHMS JMHUM MOXKHO
MPOWJLTIOCTPUPOBATh Ha TpUMeEpPe aHMOH-paguKaia TUHUTPOAYpOJa,
CBepxTOoHKasi cTpyKTypa crekrpa DITP koTtoporo obpasyetcst 3a cueT
B3aMMOJIEMCTBUS MAarHMTHOTO MOMEHTa HECIapeHHOTO 3JIEKTPOHA C
MAarHUTHBIMU MOMEHTAaMM NIBYX SKBMBAJICHTHBIX, T.. UMEIOIIUX PaB-
HBle ycpeHeHHbIe Bo BpeMeHM KoHcTaHTsl CTB, sinep '“N (puc. 3.18).
7151 aHMOH-paAMKaIOB TaKOTO CTPOSHMSI MUHUMYMY SHEPIMU COOT-
BETCTBYET COCTOSTHUE C OZHOM HUTPOTPYIIION B IIOCKOCTH apoMa-
Tueckoro Kosbla (koHctanta CTB Ha siape "N 3Toit HUTpOrpymmsI
~1,4 MmTn), a apyroii — B IJIOCKOCTU, MEPICHAMKYJSIPHOM apoma-
TYecKkoMy Kombly (koHcranta CTB Ha stape N stoit HuTporpym-
nel ~ 0,05 mTn). CnegoBarenbHO, aHMOH-PAAVKAaIbl IUHUTPOLYpPOJa
MOTYT CYIIECTBOBAaTh B IBYX 3KBUBAJICHTHBIX COCTOSHUAX A m b, a
nsMeHeHne koHctaHT CTB ompenesnsieTcss BBIBOZOM HUTPOTPYIIIHI U3
TUTOCKOCTH apOMAaTHYECKOTO KOJIbIIa TTPH TTOBOPOTE.

B o6siacTu MeyieHHOTO TipeBpalleHus A <> b 10JkeH Habo1aTh-
cs CIIeKTp, MpuUBeAeHHbIM Ha puc. 3.18a. Ilpu yBeauyeHUM CKOpPO-
CTHU TIpEBpAIlleHNS JIMHUHN, COOTBETCTBYIOIINE OMMHAKOBEIM SIICPHBIM
KoHdurypauusM A u b (omunakosbie M = m; + m;), OyayTr cme-
IIaThes K cpemHeMy (CpeaHeB3BeIIeHHOMY) 3HA4eHWIO, KaK ITOKa3aHo
Ha puc. 3.186. BugHo, yto tpu aunuu, ¢ M =0 (0, 0) u M = £2, He
CMEILIAIOTCSl U OCTAlOTCS Y3KUMM, TMHUU ¢ M = £1 cTaHyT 1IMpe, Tak
KaK OHM XapaKTepH3yIOTCS 3aMETHBIM CIBUTOM, IBe JUHNU ¢ M = (
(—1, + 1) cmelaroTcst 0COOEHHO CUJIBHO M TPAKTUUYECKU HEe HaOJIIo-
JIAlOTCS B CIIEKTpe, a BMECTO HUX HabIIomaeTcs OgHa y3Kash HecMe-
weHHasa auHust ¢ M = 0 (0, 0). Bun criekrpa DI1P nuHuTpomyposa
pyu KOMHATHOM TeMIlepaType moka3aH Ha puc. 3.18e.

B mnHacrosiee BpeMs IIMPOKO TPUMEHSIIOTCS METOMBI ITapamMar-
HUTHOIO 30HIa U NapaMarHUTHON METKM ISl TeCTUPOBAHUSI CBOMCTB
OKpY:XE€HUsI B HEKOTOPOW MUKPOOOIACTH BOJIM3W TTapaMarHUTHOM
«pPEenoOpPTEepPHOIi» TPYMIIBI MPU M3YYEHUU €€ TOABMKHOCTU. TakKumu
«pPEeTOPTEPHBIMI» 30HIAAMHU W METKaMU B TTOHABJISIOIIEM OOJBIIIHC-
TBE CIy4yaeB CIIyKaT paauKajibl, MMEIOIINEe B CBOEM COCTaBe Iapa-
MarHUTHBIA a30TOKMCHBIN ¢parmMeHT >N—O°. Kax mpaBuio UCIosb-
3yeMble paguKajbl SBIISIOTCS CTAOWIBHBIMUA M CTPYKTypa MX TaKoBa,
YTO 3aMECTUTENIM MPU aToOMe a30Ta UMEIOT OJMHAKOBBIE WX OJU3KMeE
3JICKTPOHHBIC CBOMCTBA M HE CoAepXaT B OMKailleM OKpYKEeHHU
A30TOKUCHOTO ¢hparMeHTa (B [-TIOJIOXXKEHUM K aTOMy a3oTa) siapa ¢
MaTHUTHBIMA MoMeHTaMM. CBepXTOHKasl CTPYKTypa CIEKTpa TaKUX
paguKajoB SBISIETCS PE3YJIbTAaTOM B3aMMOACHCTBHUS MAarHUTHOTO MO-

a(N)~0,05mTn a(N)~1,4mTn

QO o0
N N m a
A-1-1 000 11
HSC/CH3 H3CCH3 m:; 101 101 101
210 101 012
O/N\o /N\ : \\\\ //, : \\\ /'/// :
| N , |
a(N)~1,4mTn  a(N)~0,05 mTn VAN AV 6
A 5 \\ 7
B
1™MTn

Puc. 3.18. Cxema cnekTpa paavkana, cogepxawero ngea saapa c
m;; = mp =1, npu moaynaumm kKoHctaHT CTB B npoTtuBodase B cny4vae,
Korga 4yacTtoTa B3aMMHOIM0 NpPeBpPaLLEHNS MHOMO MEHbLLIE YaCTOTbl NepeMeH-
HOrO 3NEKTPOMArHUTHOro MNONs paguocnekTpomeTpa (a); Npu CPaBHUMbIX
YacToTax B3aMMHOro MNpeBpaLleHss U MEePEeMEHHOro 3/IEKTPOMAarHUTHOrO
nons (6); B — cnektp 3P aHWoH-pagvkana auHutpoaypona B MDA, 3a-
PErnMcTpPUPOBaHHbIV NPU KOMHATHOM TeMnepartype

Puc. 3.19. Cnektpbl 3P
pactBopa AOn-TpeT-6yTn-
Nla30TOKUCHOro pagukana
B 9TaHone: a — npun 77 K
(cTeknoobpasHaa maTpu-
ua); 6 — npu 142 K (Ba3-
202 K KU pacTteop); B — npu
292 K (pacTtBOp HM3KOWN
BA3KOCTHN)
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MEHTa HECMapeHHOIo 3JIeKTpOHA C MarHUTHbBIM MOMEHTOM OJHOTO
ampa (YN, 7=1) u opueHTanMs TIaBHBIX OCeil MPAaKTUYECKH aK-
CUAJILHOCUMMETPUYHbBIX g-TeH30pa 1 TeH3opa CTB B mpocrpaHcTBe
coBmangaer. B pacTBopax yMepeHHOI BSI3KOCTH CKOPOCTh BpallleHUS
paavKalia JoCTaToOuYHa ISl MIOJTHOTO YCPEeAHEHUsI aHU30TPOITHBIX B3a-
MMOJEICTBUI, OOHAKO CYLIECTBEHHO OTIMYAIOIIMECS MEXIy coOoii
CMEILeHUs] JUMHUI TapajjelbHOW W MepHeHAUKYISIPHOM opueHTa-
1uii, coorBercTBytomux m; = 0, + 1 u —1, nTpuBOASIT K pa3inyHbIM
LIUpUHAM Bcex Tpex JuHuii (puc. 3.19), npuyem Buza cnekrpa DI1P
CYILIECTBEHHBIM 00pa30oM 3aBUCUT OT MHTEHCHMBHOCTM W XapakTepa
IBIDKEHUSI «PETIOPTEPHOI» TPYIIIIHL.

M3 ckazaHHOro BbIllIE CTAHOBUTCSI MOHSATHBIM, YTO OJMHAKOBAsI
LIMPUHA JIMHUM MO BCeMY CHEKTPY — WIeaJUu3UpPOBAHHOE MpeacTaB-
nenue. [IpuuyuHbI, TPUBOASILINE K HEOAMHAKOBOMY YIIMPEHUIO JIM-
Huit criekrpa DIIP, ocinoxusior criekTpsl DI1P n nx nHrepnperamuio,
OIHAKO aHaJW3 YIIMPEHUI 3a4acTyio JaeT BO3MOXHOCTh IMOJYYCHUS
BaXKHBIX CBEJICHUI KMHETUUECKOTO XapakTepa.

4. CUCTEMLI C S = 1 (bUPAIUKAJIIBI 1 PAIUKAJIbBHBIE
ITAPBI, MOJIEKVYJIbI B TPUIIVIETHOM COCTOAHNN)

4.1. bupaaukaabl ¥ paadKajbHble NMapbl

Mg yactui ¢ S = 1, K KOTOPbIM IMPUHAAJIEKAT OMpaauKaabl U pa-
JUKaJIbHBIC Mapbl, MOJIEKYJIbl B OCHOBHOM U BO30YXIEHHOM TPUILIECT-
HBIX COCTOSTHUSX (MOHBI B d >-COCTOSTHMM OYIyT paCCMOTPEHBI HUXE),
KpOM€ PAaCcCMOTPEHHBIX paHee U XapaKTepHBIX Al cucteM ¢ S = 1/2
36€MaHOBCKOTO Y CBEPXTOHKMUX B3aUMOJEUCTBUI TOSIBJSIIOTCS T1O-
MOJIHUTEJIBHO €lle JBa CYLIECTBEHHbBIX MO SHEPTUM B3aUMOACHCTBUSI:
OOMEHHOE U AWMOJIb-AUMOJbHOE B3aMMOIEHCTBUSI MEXAY HecIapeH-
HBIMU 3JIEKTpOHAMM. DHEPruss OOMEHHOro B3auMMOIENCTBUS MPUBO-
JUT K pasie/ieHUI0 YPOBHEH CHHIJIETHOTO W TPUILIETHOTO COCTOSI-
Huil (puc. 3.20a), a sHeprust AUMNOJb-AUMOJbHOTO B3aUMOAECHCTBUS
CHUMAET BBIPOXACHUE MEXIY TPUILJICTHbIMU YPOBHSIMU C Pa3HBIMU
3HAUCHUSIMU Mg J1ake B OTCYTCTBUE BHEIIHETO0 MArHUTHOTO MOJISI
(puc. 3.200).

MexaHu3M OOMEHHOTO B3aMMOACHCTBUSI UMEET KBAHTOBOMEXaHU-
YeCKyl0 MPUPOAY U CBSI3aH CO CIIOCOOHOCTHIO 3JIEKTPOHOB K JI€JIO-
Kanu3aluy U B3aUMOJACHCTBUIO MEXIY ABYMsl AEIOKAIM30BaHHBIMU
B MPOCTPAHCTBE 3JIEKTPOHHBIMM CIIMHAMU TyTeM UX oOMeHa. DHep-
Tl TPUIUIETHOTO COCTOSIHUSI OMpaauMKana OTJIMYAETCS OT 3HEPTUU
€ro CUHIJIETHOTO COCTOSIHMSI Ha BEJIMYMHY DHEPruM OOMEHHOro B3a-
MMOJEICTBUS. DHEPrusl TakKOoro B3aMMOACHCTBMSI paBHA BEIMYMHE
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a |S, Ms> 6 T_
M, = +1

M= 0 | T
—" | 0
Jh 11,0): To T-ypoBHU M= —1 i
4 s |
[1,-1); T E i T,
3Jh . D
_ov 0,0);S _
7 0,058 M0 |
-ypPOBHU
—B J J+a J+a+B

Puc. 3.20. DHeprum COCTOSHUIA AN CUCTEMbI U3 OBYX B3aMMOLENCTBYIO-

LMX SNIEKTPOHOB: @ — MPU HaJIMYMN TOJIbKO OOMEHHOro B3aMMOLENCTBUS;

6 — npu HanMuMnm OOMEHHOrO0 M CBEPXTOHKOrO B3aMMOOENCTBUN ; <—>

— nepexoabl Mexay TPUMIETHbIMU COCTOSIHUSIMU («pa3peLleHHble» T-nepe-

X0[bl), <~ — — — Nepexoabl MeXy CUHIIETHbIM N TPUMIETHLIMU COCTOSIHU-
AMN («3anpeLLeHHble» S-nepexoabl)

0OMEHHOTO WHTerpaja J M XapaKTepHu3yeT CTeIeHb IepPeKPBIBAHUS
opOuTaeii 3JIeKTPOHOB (Ha pacCTOSTHUM KOBAJIEHTHOM CBSI3U BEJIUYM-
Ha J~ 10° cM™' 1 yOBbIBaeT MO Mepe YBEIMUYCHUS] PACCTOSTHUST MEXIY
CIMHAMM 1O 3aKOHY, OJIM3KOMY K 3KCIIOHeHLMaabHOMY). TToBeneHue
CUCTeM C OOMEHHBIM B3aMMOJACUCTBUEM 3aBUCUT OT COOTHOIICHMUS
BEJIMYMHBI OOMEHHOTO MHTETpajia M SHEPTUN TeTUIOBOTO ABVKECHMUSI.

Paccmorpum ctpyktypy cnektpa DIIP Oupanukanos, cOCTOSIIUX
U3 OBYX COCOMHEHHBIX MEXIy Co0Oi OpraHMYecKnM (parMeHTOM
OIMHAKOBBIX a30TOKHMCHBIX PaJMKalOB, YIYUTHIBAsS TOJBKO H30TPOII-
HBbIe 3eeMaHOBCKOE, 0OOMEHHOE M CBEPXTOHKOE B3aMMOIEUCTBYS, TIPU
YCIIOBUM, YTO SHEPIUsI OOMEHHOTO B3aMMOICHCTBHS J SBISIETCS T10-
CTOSTHHOUM BEJTMYUHOM.

Ha puc. 3.20 noka3zaHa yIpoliieHHast KapTUHA SHEPTUil COCTOSTHUIA
CHUCTEeMbl U3 IBYX B3aMMOIEHCTBYIOLIUX 3JEKTPOHOB B IPEIIOJIOXE-
HUU MOJIOXXUTEIPHON BeTMYMHEI J (BeTMUnHA J TTOJIOKUTETbHA, KOTIa
OoJjiee HUBKYIO DHEPIMIO MMEET CHUHTJIETHOE COCTOSIHME, M OTpHlia-
TeJbHa, Koraa 6osiee HU3KYIO 9HEPIUIO UMEET TPUILJIETHOE COCTOSIHUE)
U TIpY YCJIOBUM CHMJIBHOTO BHEITHET0 MarHUTHOTO TOJs. IS Takoro
«HYJIEBOTO» TPUOIMKEHMSI, Tojlarasl 4YTO KOHCTaHTa H30TPOITHOTO
CTB |a| < |J | (m1s1 a30ToKUCHBIX panuKkanoB KoHctanta CTB Ha siipe
*N cocrasnser Bemuuny ~ 1,4—1,6 MTn = 40—45 MTI' = 0,00133—
0,00150 cM™'), 3aBUCHMOCTb SHEprii IBYX M3 TPeX TPUILIETHBIX
YPOBHEW OT B MoXeT ObIThb ompeneneHa Kak FEy. = tg BB+ hJ/4
(BemyuHa J BeIpaxkeHa B eIMHUIIAX YaCTOThI), SHEPIUST TPUIUIETHOTO
YPOBHS C HYJIEBOI TPOEKIME CyMMapHOTO 3JIEKTPOHHOTO CITMHA Ha
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HanpasieHne B — xaxk E, (= hJ/4 n 5Heprusi CUHIJIETHOTO YpPOB-
HA — Kak Ey, = —3hJ/4.

Coyyait, korma |a| >>|/|, MOXHO paccMaTpuMBaTh Kak JBE HEB3au-
MOJEICTBYIOLINE CUCTeMbI ¢ S = 1/2 u [ = 1, 1 U3OTPOMHBII CIIEKTP
OIIP takux OupanukaaoB OyaeT WACHTUYEH CIIEKTPY aHAJIOTUYHBIX
MOHOPAINKAJIOB: TPU PAaBHOOTCTOSIIINX JUHUY PaBHOIN MHTETPaIbHOM
MHTEHCUBHOCTU C PACCTOSIHUEM MeEXAy HUMU DPaBHBIM KOHCTaHTE
CTB. Ecim sHeprueit CBepXTOHKOIO B3aMMOACHMCTBUS IO CPaBHEHUIO
C BHeprueil oOMEHHOIo B3aMMOJIECICTBUS IIpeHeOpedb HEIb3s, T.€.
korna |a | ~ |/ | (puc. 3.206), TO IPOMCXOAUT CMEIIMBAHUE TPUTLIETHO-
1o Ty U CUHIJIETHOTO S-COCTOSIHUM U JUIsl KaXIOU mapbl 3HAUEHUM m,
u my (m, ¥ m, — TIPOEKIIMH SAEPHBIX CIIMHOB ABYX sizep “N, kaxmoe
U3 KOTOPBIX MOXET MpUHUMaTh 3HaueHus +1, 0) HabomaeTcs 1o ve-
ThIpE MEPEX0a C UBMEHEHUEM OOLLEro JIEKTPOHHOIO CIIMHA OUpagu-
KaJbHOUM YaCTHIBI Ha eOWHMUILY: «pa3pelieHHbIe» nepexonbl T, <> T
(T-mepexoabl) U «3ampelleHHbIe» Hepexonbl T, <> S (S-mepexomsr).

Yacrotbl T- 1 S-nepexonoB paBHBbI:

my + m, _'_J—\/Jz+az(m]—n12)2

O =0)—a 5 5

my+m, +J+\/J2+a2(m1—m2)2
2 2 ’

(DSZ(DO_CZ

e )= g fBy/h. DHeprum 3THUX TIEPEXONOB pPaBHBI AW U h®g CO-
OTBETCTBEHHO, 4 MHTEHCHMBHOCTU UX MPOIOPLIMOHAIBHBI BeJIMIMHAM
{1 + &} nns T-nepexongoB u {1 — &} a1s1 S-nepexonoB, Tae

J
\/J2 +a2(m1 —mz)2 '

E=

Kak yxe 6buto ormeueHo, nipu J/a~ 0 (|a| >|J|) cnexrp DIIP
COCTOMT M3 TpexX JMHUI, COOTBETCTBYIOIIMX MOHOPAIUKATIbHOMY
¢parmenTy. C yBenmuueHMeM OTHOIIeHUs J/a BUA CIEKTpa HeIpe-
PBIBHO MEHSIETCS: TMHUU, COOTBETCTBYIOIINE OAMHAKOBBIM MPOEKIIM-
aM 060MX smepHBIX cuHoB *N (w1 HUX m; — m, = 0) He U3MeHsI-
IOT CBOETO TMOJIOXKEHUS M HaxoIsATCs Bcerna npu (o — y)/a = £1, 0,
YeThIpe JIMHUM (C m; — m, = +1), pacrojIoXXeHHbIE TTOMAPHO W CHM-
METPUYHO OTHOCHUTEJIBHO IIEHTpa CIEKTpa, CMEIIAIOTCS K TPeaeiib-
HoMmy (mpu J/a — o) nonoxeHuw (® — wy)/a = +0,5 u aBe TUHUU
c m; — m,= 12 cMemaTcs CUMMETPUIHO OT CBOMX IE€PBOHAYAIb-
HBIX MOJIOXEHUI mpu (® — ®y)/a = =1 K IpeaeabHOMY MOJOXEHUIO
(o — ®p)/a=0. (Jlunuu S-nepexogoB Npu yBeaudeHUU J OBICTPO
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CMENIAIOTCSl K KpasiM CIIeKTpa CUJIbHO YMEHbIIAsICh B MHTEHCUBHOCTU
u npu J/a > 2 oHU MpakTUYeCKy He HabIoaatoTcs B criekTpe.) Cxema
JIMHUI n3oTponHoro cnektpa DITP a3oTokucHoro dupaaukana rnoxka-
3aHa Ha puc. 3.21.

B xauecTBe wtroctpauuu Ha puc. 3.22 npuBeaeHbl ciekTpbl DITP
OMpanMKalioB C pa3IMIHBIMUA 3HAYCHUSIMH J/a.

Taxkum o06pa3om, BUI M30TPOIHOIO CIEKTpa OuMpaarKaia 3aBUCUT
OT PHEPruu OOMEHHOTO B3aUMOJECWUCTBUSI U OMPEIEISIETCSI a0COJTIOT-
HOM BEJIMYMHOI OTHOIIEHUSI dHEPTUM OOMEHHOIO B3aUMOIEUCTBUS
K 9HEPruM CBEPXTOHKOIO B3aMMOJIECUCTBUSI: B M30TPOITHOM CIIEKTpe
OIIP Oupagukana ¢ OAMHAKOBBHIMU paIuKaJbHBIMU (QparMeHTaMu
BCErJa MPUCYTCTBYIOT OCHOBHBIE KOMIIOHEHTBI, COOTBETCTBYIOLIUE

J
a
NN -
AT 10
I
IR 1
Lt I l II I
ST R v 10
Sl s 0,5
Puc. 3.21. Cxembl M30T- *,'i||| ik ilw 0,3
ponHbIX crnektpos JlP o it
6upagmkanoB as3oTOKMC- ﬁl" i” “Iﬁ 0,2
HOro TWMma npu pasnuy- il il e 0,1
HbIX COOTHOLLEHMAX J/a. i
JIuHuK,  OTMeuYeHHble  *,
OTHOCATCS K 3anpeLleH- 0
HbIM S-nepexonam m—acoo +1 0 o
a 6 B
1,5mTn 1,5mTn 1,5mTn
L | L | L |

Puc. 3.22. CnekTpbl MNP pactBOpoB OupaankanoB B 6€H301€e Npu KOMHaT-
Holi Temnepatype: a — "ROSOR®* (J/a = 0,2); 6 — "RCOOCOOR® (J/a = 0,5);
B — "ROCONHCOOR’ (J/a ~ 1,0)
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CMEKTPY MOHOpaAMKaJbHOIO (pparMeHTa, MpuyeM Kaxjaas OCHOBHas
quHus CTC oka3biBaeTcsl OKpY>KEHHOH nyOJaeToM JIMHUI, 00YCI0B-
JIEHHBIX CYyILIECTBOBAHUEM OOMEHHOTO B3aMMOJEHCTBUSI, C pacLIerie-
HUEM B ay6iieTe, paBHBIM |J |.

HMHrepripetanivsi aHU30TPOMNHbIX crieKTpoB DITP GupaaukanoB siB-
JISIETCS CJTIOXHOMW 3amavyei, MOCKOJIBKY KPOME W30TPOITHBIX B3aUMO-
JNEHCTBUI HEOOXOAMMO YYMTHIBATh APYrue (pakTopbl (aHW3OTPOITHBIE
36eMaHOBCKOE, OOMEHHOE U CBEPXTOHKOE B3aUMOJECHCTBUSI, MAarHUT-
HOE IUMOJIb-AUIIOJbHOE B3aMMOJEHCTBIE paIUKaIbHBIX (DParMEHTOB).

4.2. JIanoJib-aunoibHoe B3aUMOJIelCTBIE MEXKIY 3JeKTPOHAMH,
TOHKas CTPYKTYpa CIEeKTpa

DJIEKTPOH CO CIIMHOBBIM MAaTrHUTHBIM MOMEHTOM W = —gf.5, co-
3/aeT Ha PACCTOSIHUM F OT ce0sl JOKAIbHOE MAarHUTHOE TOJIe Harpsi-
xeHHoctbio H,,, = +p/r (puc. 3.23).

OT B3aMMOJEHCTBYIOLIMX MEXIY COOOH MO AWUMOJb-IUIOJIbHOMY
MEXaHW3My 3JICKTPOHOB, TIPMHAIJICXKAIINX ABYM IIEHTpaM paguKab-
HOI maphbl, TIpu (UKCUPOBAHHBIX 3HaUYeHUSIX » U O, B cnekTpe DIIP
OyayT HabmogaTbesl ABe JUHUM (puc. 3.24a). DTU JIMHUU — TOHKas
CcTpyKTypa cnektpa OIIP, spasioiascs pe3yabTaToOM B3aUMOIEHC-
TBMSI MAarHUTHBIX MOMEHTOB 2JIEKTPOHOB, B oTauuue ot CTC cnekrpa

A Ho b ° °
4 fy Y Yhe
0 fu.
i)y

Puc. 3.23. PasnunyHoe pacnonoxeHme MarHUTHbIX OMMNONEN ABYX B3aMMO-

OENCTBYIOLLMX 9NEKTPOHOB: @ — Ly, napanneneH H,.; 6 — W, aHTunapan-

neneH H,,; B — yron 6 mexay W, u H,, (90° < 6 < 0°) ; HanpaBneHue H,g,
NnokasaHo 3aMKHYTbIMWU TIMHUSIMU
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a

I ‘ I '&'&'wm....‘,.... h

Puc. 3.24. ameHeHne $OpMbl INHUM MOMAOLWEHU NpY AUMOSb-ANMNOSb-

HOM B3aUMOLENCTBM B 3aBUCUMOCTU OT B3AMMHOW OpUeHTaun gunonem n

PaCCTOAHUSA MeXAy HUMK: @ — NpU GUKCUMPOBaHHLIX r 1 0; 6 — npu Gukcu-
POBaHHbIX r; B — NP HEPUKCUPOBAHHbIX I 1 O

x

OIIP, gsasionieiics pe3yJbTaToOM B3aMMOIEUCTBUS MarHUTHBIX MO-
MEHTOB HECITADEHHOrO 3JIEKTPOHA U siaep. BennunHa pacuiernieHust
D' (B eqpyHMUAX 110J1s1) Wi D (B eAMHULIAX SHEPTUM) MEXIY JTUHUS-
MU TOHKOW CTPYKTYpPbl, BOBHUKIIIEH BCAEACTBUE TUITOIb-IUITOIBHOTO
B3aMMOJIEWCTBUS MAarHUTHBIX MOMEHTOB 3JICKTPOHOB B Tape, paBHA

D _3gBB3cos’@—1) 3B(3cos’0-1)

D = ~
B 253 3

9

MOCKOJIBKY g ~ 2. BUIHO, YTO B 3aBHCHMOCTH OT B3aMMHON OpHEH-
TalUK AUTIOJIEH B Tape, KOTopasi oIpeiensieTcsl yrioM O, BeIMuMHa
pacILeIUIeHHsT MEeXY JIMHUSMK TOHKOI CTPYKTYPBI MOXKET MEHSThCSI
B LIMPOKKX Tpefenax: or D ~ 6B/r no D, ~ —3B/r (puc. 3.246).

JIMHUM TOHKOM CTPYKTYphl CIEKTPOB PaAMKAJIbHBIX Map MOIYT
OBITh CYIIECTBEHHO YIIMPEHbI KAaK BCIECACTBUE aHU3OTPOIMU SJIEKT-
POH-3JIEKTPOHHOTIO B3aMMOJEHCTBUS, TAK U M3-3a pa3dbpoca paccTo-
SHUI MEXIy LEHTpaMH JIOKAIM3aLUKM HECTIapeHHBIX JIEKTPOHOB B
mape (puc. 3.246).

AHaJI3 TOHKOI CTPYKTYpBI CIIEKTpa ISl PagvKaIbHBIX Map, CO-
CTOSILIINX U3 OJMHAKOBBIX (MM GIM3KMX 110 MATHUTHBIM XapaKTepucC-
TUKAaM) PaJvKalOB aHAJIOTMYEH aHAIM3y TOHKON CTPYKTYphl CIIEKTpa
JUTS MOJIEKYJT B TPUIUIETHOM COCTOSIHMM B IIPEATIONOKEHUH MX aKCHU-
aJbHON CUMMETPUM.

4.3. MoJieKyJibl B TPHILIETHOM COCTOSIHMAM, mapametpsl D u E

Ecau sHepreTuyeckuii MpoMexkKyTOK MEXIY TPUILIETHBIM U OJIM-
>KaMIIMM CUHIJIETHBIM COCTOSTHUSIMU TaKOB, UTO HE MPOUCXOIUT CMe-
IIMBAaHUSI 3TUX JIBYX COCTOSIHMM, MOXHO pacCMaTpMBaTh IEPEXObI
TOJIbKO MEXAY TPUIUIETHBIMU YPOBHSIMU. 11 cUCTEMBI U3 IBYX B3a-
MMOJIECTBYIOIIMX BJEKTPOHOB B MAarHUTHOM I10Jie BO3MOXHBI TPU
BO3MOXHBIE OPUEHTAIIMU TIaphl 3JEKTPOHOB C MPOEKUUSIMU Mg CyM-
MapHOTO CIMHOBOTO MOMEHTA Ha HampaBjieHWe WHAYKLIUU BHEIIHETO
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MOCTOSIHHOTO MarHUTHOTO 110Jis1 paBHBIMU +1, 0 u —1. Ecau He mipu-
HUMaThb BO BHHMMaHME CYILIECTBOBAHME BHYTPEHHUX 3JIEKTPUUYECKUX
noJjiell B KpUCTAJUIMYECKUX U aMOP(MHBIX BelllecTBax, TO IJisd 000UX
paspeleHHbIX TepexonoB (mg= 0> mg=+ 1 u mg= —1<> mg=0)
yCJIOBUE pe30HaHca OyAeT UMETh MECTO MPU OJHOM M TOM XK€ 3Haye-
HUM HAIPSDKEHHOCTU BHEIIHETO MarHUTHOTO moist (puc. 3.25a).

B peanbHbIX KpucTa/uiax U B aMOpP@HBIX BeUIECTBax BCerma cy-
1IECTBYIOT BHYTPEHHUE OBJIEKTpUUECKUE TI0JIsI, KOTOpble CHUMAIOT
BBIPOXIEHUE YPOBHEN C pa3sHbIMU KBAaHTOBBIMU uuciaaMu (3¢ ¢exr
IIrapka), HO BBIPOXIEHHWE YPOBHEW C ONMHAKOBBHIMU KBAHTOBBIMU
yycjIaMM pa3HOTO 3HaKa He cHUMaeTcs. B pesynbraTe nBa paspe-
LIEHHBIX Mepexoaa OyayT perucTpUpOBaThCSl MPU Pa3HbIX 3HAYCHUSIX
WHAYKIIMA BHEIIHEro MarHUTHOro mnoJjs (puc. 3.256). Jast cuctem c
OPTOPOMOMYECKOI U Oojiee HU3KO CUMMETpPUEl BCe TPU COCTOSTHUS
OyayT HEBBIPOXAEHHbIMU (puc. 3.256).

DHepruu ypoBHEN TPUIUIETHON MOJIEKYJIbl MOTYT OBITh BbIPasKEHbI
C MCMOJIb30BaHMEM JBYX He3aBUCHUMBIX MapameTpoB D u E:

D D D
W, = 3 —E W= 3 +E u W, =-2 3
ITapameTpnl D u E, 3aBUCSIIME TOJIBKO OT PACCTOSTHUSI MEXY JBY-
Ms 3JIEKTPOHAMU € MapajieIbHBIMU CITMHAMU, Ha3bIBAIOTCS MapameT-
paMu paclleruIeHUsI B HYJI€BOM MoJie U B €IUHUIIAX SHEPIUU MOTYT
OBITHb BBIPAXKEHHI CIAEAYIOIINM 00pa3oM:

3g2B2 r2 -3z 39282 % — x>
D=EE oy nE= )

4 P r ’
A A mg=+1 A mg=+1
mg=+1
= D —+ E|
c mg=0 3 mg=0 B c mg=0
e 2L 8,D
T 3 -2
m 3
mg=—1 >
mg=-1 mg=—1
—_—
B
a 6 B

Puc. 3.25. DHeprnn COCTOSHUI 1 nepexompl A8 CUCTEMbI C CyMMapHbIM
3MIEKTPOHHBIM CMNMHOM S = 1: @ — B OTCYTCTBME PAaCLLENMNEHNS B HYJIEBOM
none; 6 — NPy HaNIM4YMM pacLLEnIeHns B HYJIEBOM Mone, akCasbHOW CUM-
MeTpun 1 B || Z; B — npn Hanuinn pacLuensieHns B Hynesom none n B || Z
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IJIe ¥ — pacCTOsIHME MeXy 3JeKTpoHaMu. VI3 MpuBeIeHHBIX BbIpaxke-
HUIA BUIHO, 4TO MapameTp D XapaKTepu3yeT OTKJIOHEHUE CUMMETPUU
JUIIOJBHOTO B3aMMOIEHCTBUSI MEXIY 3JEKTpOHAMU OT chepuyecKoi
CUMMETpPUH, a mapaMeTp E — OT aKCUAIbHOU CUMMETPUU.

Ha pwuc. 3.26 mpuBeneHbl cXeMbl YPOBHEW SHEPTUU IJISI BO30YXK-
JIEHHOTO TPUILJIETHOTO COCTOSIHUS Ha(TaiMHa U BO3MOXHbIE Tepexo-
JIbl MEXIY YPOBHAMMU. {19 KaX10l OpUEHTALIMU, KOTJa HalpaBjieHue
BHEIIIHETO MArHUTHOIO TIOJISI COBIMAAAET C OJHON M3 OCeMl MOJIEKY-
JISpHOI cucTeMbl KoopauHaT (X, Y u Z), BOBMOXHBI T10 JBa «pa3pe-
LIEeHHbIX» (Am; = +1) 1 OAUH «3anpelleHHbI» (Am, = £2) nepexoabl.
OTMeTuM, 4TO B 3aBUCUMOCTU OT BeIMuuH D U E v sHeprum KBaHTa
PaauMoyYacTOTHOIO MOJIsI AVy, KOTOPBI OMpenessieTcsl TUIIOM MCIOJb-
3yeMOT0 parMoCHEKTPOMETPA, HEKOTOPhIE MePeXo/ibl MOTYT HE peru-
CTPUPOBATHCS.

OHeprus, cM ™ OHeprus, cm ™! OHeprus, cm ™!
041 Bl|x 04 Bl|lY 04 Bl||z
] N _ < ]
0,21 < 021 A4 8 021 _«g
P s = &
03| 2 zy 0- “_’l o 0N
IR ¥4 | § ] d
-0,2- X _0,2 -0,21 =
01 03 05B,Tn 01 03 05B,Tn 01 03 05B,Tn

Puc. 3.26. 3aBUCUMOCTb 3HEPIrUiA COCTOSIHUI OT MHAOYKLUMW BHELLIHEro mar-
HWUTHOrO MONs Ansa Monekyn HadTanMHa B HU3LWEM TPUMIETHOM COCTOSIHUMN
(ykasaHbl pe30HaHCHble 3HaYeHus nepexonos, Tn - 10%)

4.4. ®opma cnekrpa DIIP Ajig TPUIIETHBIX MOJIEKY
B HEOPMEHTHUPOBAHHBIX CHCTEMAX

Ha pwuc. 3.27 npuBeaeH CHEeKTp OPUEHTUPOBAHHBIX CIyYailHbIM
00pa3oM TPUILIETHBIX MoJyieKya ¢ napamerpamu D' u E'. CtpyKtypa
CIIeKTpa MOXET ObITh OMnucaHa 0e3 ydyeTa 3JeKTPOH-SACPHbIX B3au-
MOJICEMCTBUIA, 9HEPTUsI KOTOPbIX MHOTO MEHbIIE SHEPTUU DJEKTPOH-
3JIEKTPOHHBIX B3aUMOAECUCTBUI, U SBJIETCSI TOHKOW CTPYKTYpOM
crnektpa DIIP. ITapameTpsl D' u E' [Jist TPUTLIETHBIX MOJIEKYJ TiepAeii-
TepoHaTaIMHA MOXHO OIPEACIUTh U3 IKCIIEPUMEHTAIBHOTO CIIEK-
Tpa, MPEeICTaBJEHHOI0 Ha 3TOM e pUCYHKe (mepexoibl Am, = 12,
pacnoiararoluecss IpuMepPHO B «IMOJJOBUHHOM» T0JI€, UMEIOT MaJIyto
VIJIOBYIO 3aBUCHMMOCTb, OOBIYHO HE pa3pellieHbl U PerucTpUpyrOTCS
KaK OJUH TEPEXOm).
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X

3961 4291

Puc. 3.27. a — KpuBasi npon3BoAHON NMHUM MOrnoWweHus ans 6ecnops-
[OYHO OPUEHTUPOBAHHbLIX TPUMJIETHBLIX CUCTEM NpU AaHHbix D', E'. MNoka3sa-
Ha TONbKO 06nacTb «pa3pelUeHHbIX» nepexodoB (AMg= +1); Touku, oTMe-
YEHHbIE «x», COOOTBETCTBYIOT PE30HAHCHbIM 3HA4YEeHUSM MOAsd, KOorga OHO
OPUEHTUPOBAHO BAOJIb OAHOW U3 INaBHbIX Oceil cuctem; 6 — cnekTtp AlP
BO30OYXAEHHbIX TPUMIETHBIX COCTOSIHUI NepaeritepoHadTanMHa B CTeK-
noobpasHon yrneesogopoaHor martpuue npu 77 K (AMg= +2 — obnactb,
COOTBETCTBYIOLLAS «3aMnpeLleHHbIM» MNepexoaam; NuHum B obnactm g = 2
npuvHagnexar cBoboaHbIM pagukanam, ob6pa3oBaBLUMMCS M3 NepaenTepo-
HadTannHa; yka3aHbl Pe30HAHCHbIE 3HAYeHUsa nepexonos, T - 104)

IMapameTp E oTivyeH OT HYJS UISI CUCTEM C OPTOPOMOMYECKOM
WK ¢ OoJiee HU3KOUM CUMMETPHUE, TSI CUCTEM C CMMMETPHUE BBIIIIE
opTopombuueckoir — £ = 0.

Ha pwuc. 3.28 npuBegeH TeopeTMYECKM PacCYUTAHHBIN CIIEKTP
OITP opveHTUPOBAHHBIX CIyYailHbIM 00pa30M TPUILIETHBIX MOJIEKYII,
HMMEIOLIUX aKCHUAaJbHYI0 CUMMETPHIO, OflpeaesieHue nmapamerpa D' s
KOTOPBIX M3 CIIEKTpa TMPEICTABIICTCS OUEBUIHBIM.

5. 3d "-Howvl nepexo0nsix Memaiios 8 Kondencuposanmoll pase 25 1

X ! y v
—>» B

—

I
I
I
I
I
I dl
|D] 2

I >

Puc. 3.28. KpuBasi npon3BOAHON NUHUW MnornoweHns ans 6ecrnopsaoyHo
OPVEHTUPOBAHHbLIX TPUMJETHLIX CUCTEM MPU AAaHHOM 3HadeHun D' (E'=0).
MokasaHa Tonbko 061acTb, COOTBETCTBYIOLLAS «Pa3PELLEHHbIM» NEPEXOAAM;
TOYKU, OTMEYEHHbIE «x», COOTBETCTBYIOT PE30OHAHCHbIM 3HAYEHUSIM MON4,
Koraa OHO OPMEHTMPOBAHO BAOJNb ocu Z (KoslokosioobpasHas gopma) unm
nepneHanKynspHo ocun Z

5. 3d"-MOHBI NEPEXOJHBIX METAJIJIOB
B KOHAEHCUPOBAHHOU PA3E

CyuiecTByeT OOJBILION KJIacC MapaMarHUTHBIX CHUCTEM, ISl KO-
TOPBIX Jaxe KaueCTBEHHOE IMOHMMaHUE CIEKTPOB HEBO3MOXHO 0e3
pacCMOTPEHMS He TOJIBKO MapaMeTpoOB MapaMarHWTHOM YacTUIIbI, HO
U CBOKMCTB ee OKpyxkeHus. [IpumepaMu Takux CUCTEM CIyXaT MOHBI
aJIeMeHTOB 3d-, 4d-, 5d-, 4f- n S5f-Tpymnmn ¢ He3anmoJHEHHBIMU d- U f-
9JIEKTPOHHBIMU 000J0uKaMu. [ToCKOJbKY MHTepIpeTalusl CeKTpOB
OITP nmapamMarHMTHBIX MOHOB TpeOyeT 3HaHUs CIlelMaIbHbIX pa3iesioB
(bu3UKM 1 MaTEeMaTHUKU, PACCMOTPUM TOJIbKO OCHOBHBIE OCOOEHHOCTHU
aTuX crekTpoB DIIP B kpucraminueckoil haze Ha MpuMepe UMEIOLIUX
YaCTUYHO 3aIlOJIHEHHBIE d-OpOUTalyd HMOHOB 3JIEMEHTOB nd-TPYIIII,
KOT/a MOJIOXKUTEIbHO 3apSKeHHbI MOH MeTajljla HAXOJUTCS B OKPY-
JKEHUM OTPULIATESIbHO 3apSIKEHHBIX WJIM HEUTPAJIbHBIX JIMTAHIOB.

5.1. BekTopHas Moaeb OPOMTAILHOTO M CIIMHOBOTO MArHETH3Ma
000J10YKH MHOTO03JIEKTPOHHBIX ATOMOB, CIIHH-OPOHUTAJIBHOE
B3aMMOJEeICTBUE

OnucaHue KBAaHTOBBIX COCTOSIHUI 3JIEKTPOHHOU 000J104KM MHOTO-
3JIEKTPOHHBIX aTOMOB, KPOME 3aJaHUs YKCe 2JIEKTPOHOB C [JIABHBIM
U OpOUTAIbHBIM KBAaHTOBBIMM UMCJIaMM TpeOyeT 3HAHMSI €€ MOJIHBIX
BeKTOpOB opoutanbHoro (L) u ciuHoBoro (S) momeHTOB. (Cpasy ke
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3aMETHM, YTO BEKTOpHAas MOJIEIh — JIMIIb CIIOCOO OIMMCAHMS, WC-
MOJIb3yeMBbIi JUISI HATJISITHOCTMU. )

OpOuTajibHOE KBaHTOBOE YUCIO L, OMpeaessiioliee CyMMapHbIi
BEKTOp OpOMTAJIBHOTO MOMEHTa L, B cilydae IjIsl ABYX 3JIE€KTPOHOB C
KBaHTOBBIMU YWCIIaMU [} W [, IMeeT cieayolne BO3MOXHEIC 3Hade-
HUSIL:

L= ll + lz, ll + 12_ 1,..., ll — 12 (ll > 12)

Benuuunbl BekTopa L 1 cyMMapHOro opOMTajJbHOIO MarHMTHOIO
MOMEHTA |l; PABHBI

L:%JL(LH) M, = 4eh JLL+1)
T mc

COOTBCTCTBCHHO. HpOBKHI/II/I 9THUX BCKTOPOB Ha HanpaBJICHUC MHIAYK-
IOV BHECIIHETO MArHMUTHOTIO IIOJIAA OIIPEACIIANOTCA B €AMHHIIAX /’l/ZTE
Op6I/ITaJ'II>HbIMI/I MAarHMTHBIMM KBaHTOBBLIMU YUCJIaMU

m, =—L,—(L—1), .., (L— 1), L.

ﬂ,)’[ﬂ CYMMAapHOro CiimMHOBOIro MOMEHTA M COOTBCTCTBYIOLLICTO €MY
MAarHuTHOTO MOMCHTA UMCIOT MECTO COOTHOIICHMUA:

S=2i SS+D, ws=—"Js5+)

T 21tmce
u mg=-—S,—(—1),.,—1),8

7151 OOJBIIMHCTBA DJIEMEHTOB TTEPUOANYECKON CUCTEMBI TTOTHBIN
VIJIOBOI MOMEHT KOJIMYECTBa ABMKEHMST J MHOTO3JIEKTPOHHOI 000-
JIOUKU SIBJISIETCST BEKTOPHOM CYMMOI pe3yJIBTUPYIOIIETO OpOUTaIbHO-
ro 1 pe3yJbTUpylollero cnmHoBoro MoMeHToB: J = L + S. TTosHoe
YIJIOBO€ KBAHTOBOE YMCJIO J IPUHMUMAET CJSHYIOIINe 3HAUCHMS

J=L+S8S L+S—1,..,L—-S8S+1,L—3S5,
YUCI0 KOTOPBIX paBHO 285 + 1 ecniu L > S, u
J=S+L S+L—1,..,S—L+1,5—1L,

YUCI0 KOTOPBIX paBHO 2L + 1 ecnu L < S. BeauunHa BekTOopa

J:£1/J(J+l),
T

MPOEKIIMM BEKTOpa Ha HallpaBjieHWe WHIAYKLIMWU B BHEIIHEro mar-
HUTHOTO TOJIsI B €IMHULIAX A/27 ONpPEeessiioTCs pe3yJbTUPYIOIIMMU
KBAHTOBBIMU YHUCIaMU

my=—J,—(J—=1), .., (J— 1), J.
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Kak BumHo u3 puc. 3.29, croxeHnne Mmexanmdeckux (S m L) n mar-

HUTHBIX
eh eh
Ws = JS(S+1) I/IHLZM«[L(L-I-I)

21tmce

MOMECHTOB BJICKTpOHHOﬁ 000J104K1 aToMa M3-3a MarHUTOMEXaHU4Ye-
CKOUW aHOMaJIuU CIIMHA BEKTOp CYMMapHOro MarHuTHOro MOME¢HTa |
COCTaBJICT C CyMMapHbIM BEKTOPOM MECXaHMNYCC-
KOro nBvxXeHus J yroia

my

JIT+1)

otnuyvaromuiicsa ot 180° (M, — mpoekuusi cymmap-
HOTro MarHUTHOTO MOMEHTa Ha HampaBjieHue BeK-
topa J).

IMpeueccus BekTopoB L u S BoKpyr HampaB-
JIeHUs1 BekTopa J MpUBOAUT K TPELieCCUU BOKPYT
9TOT0 XK€ HaMpaBJI€HUsS M MarHUTHBIX MOMEHTOB
M, n Mg Ecmu Kaxnplil U3 BEKTOPOB MarHUTHBIX p,. 3 59 Croxe-
MOMEHTOB Pa3JIOKUTh Ha MapaUIENIbHYIO U T€P- yue  mexaHuuec-
NECHAUKYJIAPHYIO  COCTAaBJIAIOIIME  KOMIIOHCHTBI kyx ©M MarHUTHbIX
OTHOCUTEJIBLHO HampaBjieHus BekTtopa J, To 3(d- momeHTOB anekT-
(peKTUBHBIII MArHUTHBIA MOMEHT 3JEKTPOHHOI POHHON 06004KM
000104K1 aToMa OymeT paBeH CyMMeE Hapasijieiib- aroma
HBIX MPOEKIMI OPOUTAIILHOTO U CIIMHOBOIO MarHUTHOIO MOMEHTOB

cosZJ "B =

By =pn; cosZL"J + pgcosLS ™ J,

TOCKOJIBbKY 3HAUYEeHWs TIEPICHINKYISIPHBIX COCTABIISTIONINX KaXKIO0TO
13 BEKTOPOB B CPEHEM BO BPEMEHHU 3a MEPHUOJ BpallieHUs OYIyT paB-
HBI HYTI0. Mlconb3yst cTaHmapTHBIE TPUTOHOMETpUIECKUEe (POpMYITBI
MOXHO TOJIYYUTh, YTO

LIL+D)+J(J+1)-S(S+1)

cosZL"*J =
2JL(L+1)J(J +1)
n
cos/SAJ = S(S+1)+J(J+1)—L(L+1)'
Torna 2S(S+1)J(J +1)

h
p=g I ) ——,
4tmce

ra¢ BECJINYMHA
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1 JUAD+SS+D) - LL+D
B 2J(J +1)

&

HasbiBaeTcs hakTopoM JlaHze 51eKTPOHHON 060I0UKH .

[IpaBuia BEKTOPHOTO CIIOXKEHUSI OPOUTATBHBIX M CITMHOBBIX MO-
MEHTOB IS 3JIEKTPOHOB B MHOTO3JIEKTPOHHOM 000J0YKe (CHayvaja
CKJIa[IbIBAIOTCSl OpPOUTATIbHBIE M CIIMHOBBIE MOMEHTBI 2JIEKTPOHOB, a
3aTeM Pe3yJIbTUPYIOIINE MOMEHTH — B TIOJIHBIN YIJIOBOM MOMEHT) CO-
oTBeTcTBYIOT LS-cBsiu Paccena—CayHuepca (teopeme Paccena—Ca-
yH7Aepca), KOTopasl OIpeAeisieT, YTO eCJIM aToM, HaIllpuMep, WMeeT
JIBa 3JIEKTPOHA CO CITMHOBBIMM YIJIOBBIMH MOMEHTAaMH S§; U §; U Op-
OUTAJIbHBIMU YIJIOBBIMU MOMEHTaMu /| U L, TO CyLIECTBYET BO3MOX-
HOCTh B3aMMOJEMCTBUS ABYX CITMHOBBIX MOMEHTOB (S, C §,) M JBYX
opOuTaIbHBIX MOMEHTOB (/; ¢ /), TakKe KaK ¥ BO3MOXKHOCTb B3aMMO-
OeUCTBUSA 8, C L, 1 §, C [}, ¥ TOTa pacCMOTPEHHBIE B3aMOICHCTBUS
MOKHO PACITOJIOXHUTh B Pl 8§18, > Lih, > sl = 5,0, > 5,5, = s5/,. Tlpn
TaKOM PACCMOTPEHUU PA3ZHOCTA DHEPTUU COCTOSIHUU 3JIEKTPOHHOM
000JIOUKM C pa3IMYHBIMU MOMeHTaMu L 1 S Gojblie, yeM pa3HOCTU
9Hepruii ¢ JaHHbiMU L 1 S, HO pasnuuHbiMu J, T.e. C pa3IUYHBIMU
B3aMMHBIMM OPHMEHTALIMSIMU 3aJaHHBIX IO BEJIMUYMHE BEKTOpPoB L u
S. B oTcyrcTBUE ApYrux, KpoMe 3JeKTPOCTaTMUECKUX, B3aMMOJeiic-
TBUI MEXIY SJIEKTPOHAMM KaKAbI SHEPTeTHUECKUIl YPOBEHD C JTaH-
HeIMU L 1 S B COOTBETCTBUU C BO3MOXXHBIMM OPUEHTALMSIMM ITUX
BEKTOPOB OTHOCUTEIBHO HaIpaBJIeHUsI BEKTOpA MHIYKIIMW BHEIIHETO
MarHuTHOro Iosst obut 661 (2L + 1)(28 + 1)-kpaTtHO BoipoxneH. ITox
BJIMSIHUEM CYILECTBYIOLIUX B MHOTORJEKTPOHHON 000JI0UKEe MArHUT-
HBIX B3aMMOACHCTBHII 3JICKTPOHOB MOXKET IPOMCXOAMWTH pPacIerie-
Hue (2L + 1)(25 + 1)-kpaTHO BBIPOXIEHHOTO YPOBHS C 3aJaHHBIMU
L 1 S Ha COBOKYITHOCTH OJIM3KUX IO SHEPTUM YPOBHEU C pa3TMYHbBI-
MM 3HAUEHUSMU ITOJTHOTO MOMEHTa J; 4MClIo TaKuX ypOBHEH paBHO
28+ 1,ecm L > S, wmm 2L + 1, ecim L < S.

Kak m cremoBajo 0XwWmaTh, €CIM OPOMTAIBHBIII MOMEHT B3JIEKT-
poHHOI1 000704k OTCyTCTBYeT (L =0), TO J=S 1 gy/=g5=2, a
JJI1 YucTo opouTagbHoro MmoMeHTta (S=10), To J=L u g =g, = 1.
Kpome Toro Jierko BUIETb, YTO ISl pa3IMYHBIX YPOBHEN MYJIbTUILIETA
(mpu paHHbIX L 1 S) dakrop Jlanae usmeHsieTcs: 1Mo cBoeit BeJIUUUHE
B OIIpeIeICHHBIX TpeesiaX, COOTBETCTBYIOIINX KCTPEMAaTbHBIM 3Ha-
YyeHUsIM KBaHTOBoro uucia J: eciu L > S, 0 J= L+ Su

S
1+ >g >1-—>
L+s_ & L-S+1

' ®opmyna ms dakropa Jlange He mpuMeHMMa K cocTostumio Ds, [UTsE KOTOPOTo

§=2,L=2uJ=0 (cM. Huxe Tabm1. 3.6; misa J = 0 3HaueHue g;= L + 2).
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necm L< S, toJ=85*Ln

1+

>g, > S+1 ‘
S+L S—L+1

DHeprust CIUH-OPOUTATHLHOTO B3aWMOICHCTBUST TIPEACTABIISIETCS
HEKOTOPBIM YCPETHEHHBIM YMCJIOBBIM KO3(h@MUIIMEHTOM — KOHCTaH-
TOH CHUH-OPOUTAIBHOTO B3aUMOICHUCTBUSI. B MHOIO2JEKTPOHHBIX
aToMax, y KOTOPBIX HaOJIOmaeTcs CYIIECTBEHHOE SKpaHWpOBaHUE
3apsiia sapa 2JeKTPOHAMU BHYTPEHHUX 000s104eK, 3(DGhEeKTUBHOCTh
CITMH-OPOUTATILHOM CBSI3W XapaKTepHU3YeTCs IMapaMeTpoM CITMH-Op-
ouTanpbHOro B3aumoneicteus & (mapamerp [puddura), mponopiu-
OHaJIbHBIM 3((hEKTUBHOMY 3apsay siapa Z.;, Ha OpOMTaId KOTOPOro
JIOKQJIM30BaH HECITApEHHBIN 3JIEKTPOH, U 0OpaTHO IMPOMOPIIMOHAIb-
HBIM BeJmunHe <r°>:

Z. e

eff

2m’c? <>’

rme m U e — Macca M 3apsifi 3JeKTpoHa, ¢ — CKOpPOCTb CBeTa, ¥ —
CpemHee pacCTOSTHME HeCIapeHHOTo 3JIeKTpoHa oT sapa. Ilpm aHa-
JIU3e BJIMSIHUSL CIIMH-OPOMTAIbHON CBSI3M Ha KBAHTOBOE COCTOSIHUE
aToMma, WUIM TepM, KaK TIPaBUJIO, MCITOIb3yeTCs IapaMmeTrp A, KOTO-
pBI ONMKMCBHIBAET CBOMCTBA TaHHOTO TepMa M MEHSIETCS TIPY ONMCAaHUU
CBOMCTB Apyroro tepMma: A = ££/28, tne S = Xs; — crMHOBasT MYJIb-
TUIUIETHOCTb COCTOSHUSA (3HAK «+» UCIOIB3YETCs, KOrJa BHEIIHAA
000J10YKa 3aMoJIHEHa MeHee YeM Ha MOJIOBUHY, 3HAK «—» — KOraa
BHEIIHsS1 000JI0UKa 3arojHeHa 0ojiee YeM Ha IOJOBUHY).

Bxian opOuTaibHOrO MOMEHTa K CIIMHOBOMY MPMBOAMT K CMe-
IIWBAHUIO OJIM3KOJIEXKAIINX TEPMOB Pa3IMUYHON CUMMETPHH, TTIO3TOMY
€ro HeoOXOOMMO, B YAaCTHOCTH, YYMTHIBAThb MPHU aHaIU3e CIIEKTPOB
MapaMarHUTHBEIX MOHOB. [JIaBHBIMU (paKTOpaMU, OIpeAeIISTIONINMUI
KOHCTaHTBI CIIMH-OPOUTATBLHOTO B3aMMOICHCTBMS, SIBISIOTCS 3apsil
MOHA, CUMMETPMSI U CUja KPUCTAUIMYECKOIO I0JIs1, OIpeaessione
TOPSITOK PACTIONIOKEHHST W TIPUPOILY TEPMOB, Ha KOTOPBIX HAXOMSTCS
BJIEKTPOHBI (CM. Tabi. 3.3).

5.2. DnemMeHTHI TEOPHH KPUCTAJLIMYECKOTO MOJIS;
3Hepruu d-opouTaieii B KPUCTAIMYECKHX TOJISX
PA3JINYHON CMMMETPHH

Kak mpaBuio, MOJOXUTEIbHO 3apsKeHHBIM MOH MeTajlia MMeeT
B CBOEl KOOPIMHAILIMOHHON cdepe oTpullaTeIbHbie MOHBI WU Heli-
TpaJIbHbIE MOJIEKYJIbI, KOTOPbIE B TEOPUM KPUCTALIAYECKOTO ITOJIS
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Tabauya 3.3

PaccunTanHble BeJMYHHBI KOHCTAHT CHIMH-OPOUTAILHOIO B3aNMOAEACTBHS
JUIsi CBOOOHBIX MOHOB 3JIEMEHTOB 3d-TPyNmbl Pa3JHMYHOIl BAJIEHTHOCTH
(&, eM™") 1 B moAX MMraH0B pasmudHOl cummeTpun (& u A, cM ')

AJIEHTHOCTh
DJjieMeHT 0 1 2 3 4 5 6
Sc 67 53 80 - - - -
Ti 111 88 121 | 155 - - -
\" 158 136 170 | 210 | 248 - -
Cr 223 222 230 | 273 | 327 380 -
Mn 239 254 300 | 352 | 402 475 540
Fe 391 356 400 | 460 | 514 590 665
Co 517 456 515 | 580 | 650 715 790
Ni 603 (d°s") 603 630 | 715 | 790 865 950
Cu 817 (d°s?) | 828 (d°s')| 830 | 890 | 960 | 1030 | 1130
Caaboe CuibHoe Caaboe
Hon . OKTa3/IpHyecKoe OKTad/IpHyecKoe TeTpasipniecKoe
Tepm oCHOBHO- 2 TepMm OCHOBHO- 2 TepM oCHOBHO- k
r0 COCTOSIHUS™® r0 COCTOSIHUSA™® r0 COCTOSIHMA™®
Ti*" | 155 T, 155 Thg 155 °E 155
V3210 T, 105 3Ty, 105 34, 105
V| 170 4A2g 57 4A2g 57 4A2g 57
Cr?* | 230 SEg 58 3T,g —115 ’T, 58
Mn**| 300 54,4 - 2T, —300 54, -
Fe?" | 400 Ty, —100 Ay, — E —100
Co*" | 515 ‘T, -172 ’E, —515 ‘4, -172
NiZ* | 630 3A2g —313 3A2g —315 T, —315
Cu?" | 830 2Eg —830 2Eg —830 T, —830

* Ob6o3naueHus A(a), E(e) u T(f) — HEBBIPOXIECHHBIC, NBAXIbI BBHIPOKICHHBIC
U TPUXKIbl BBIPOXAECHHBIE COCTOSIHMSL (OpOMTaIN), COOTBETCTBEHHO. MIHIEKChl g U u
HCTIONB3YIOTCSl Ul 0OOO3HAUEHHUsI YETHOW M HEYETHOW CUMMETPUM COOTBETCTBEHHO;
uHaeKChl 1 ¥ 2 0003HA4Yal0T COOTBETCTBEHHO YETHYIO M HEUETHYIO CUMMETPHIO MO
OTHOLIEHUIO K ornepauuu noopota Ha 90° BOKpyr oceii x, y wiu z.

paccMaTpuBalOTCsl KaK TOYEUHble OTpULIATeNIbHbIE 3apsiibl WU Au-
moju. JIuraHopl IeMCTBYIOT Ha 3JEKTPOHBI BHEITHEH 000JOYKM MOHA
meTaia (d-2JeKTPOHBI) JIBYMSI BO3MOXHBIMU IYTSIMU: CO3JaHUEM
3JIEKTPOCTATUYECKOTO TIOJIST OTPULIATEIbHBIX 3apsaaoB U 0Opa3oBaHU-
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€M CBSI3U MEXIy OpOUTAISIMU JIMTAHIIOB U d-37eKTPOHOB. BeieacTeue
B3aMOJIEHCTBUSI 3aCEJEHHBIX OpOUTAIel C OPOUTAISIMU OKPYKAIOILIMX
WOH JINTAHIOB M HEPaBHOMEPHOCTU 3TUX B3aMMOIEUCTBHUIA, BO3HU-
KaeT HEPaBHOMEPHOCTh B paclpeleeHUN JIEKTPOHHOM IIJIOTHOCTH,
SHEPTUM Pa3IMUHBIX d-OpOUWTaNleil CTAHOBATCS pa3MUHBIMU. Takum
00pa3oM, JIMTAHIbl TPUBOMAT K CHSTHIO BBIPOXICHUSI SHEpPreTHIeC-
KUX YPOBHEH d-371€KTPOHOB LIEHTPAJbHOTO MOHA B MOJIE JIUTAaHIOB.
7151 O0TBITMHCTBA COSAMHEHUI TTepeXOTHBIX METAJIJIOB XapaKTepHa
OKTasIpuyecKas reoMeTpusl JUTaHIHOTO OKPYXKEHMS LIEHTPaJIbHOIO
noHa. B coeqmHEHMSIX ¢ TaKOW TeoOMeTpHUeil TUTAaHIHOTO OKPYKCHMUS
SHEpruu opouraneit d: u dy_p yBENMUMBAIOTCs (OpOMTAIM HATIPABJIE-
HBI TIPSIMO Ha JIUTaH/Ibl) TI0 CPABHEHUIO C SHEPrueil opouranei d,,, d,,
u d,, (puc. 3.30); pa3HOCTb MEX]y SHEPTUSIMU OpOUTAJIe STUX TUIIOB
(A) — paciueruieHue B mosie aurannoB. [IpakTuka rmoxkasbiBaeT, YyToO
HAeaTbHBIE CTPYKTYPhl KOOPAMHAIIMOHHOTO OKPYXEHMS C TPYITIOi
cumMmerpun O, B KOMIUIEKCaX BCTpevaroTcs penko. Ha umeanbHyio
OKTa3IpUUYECKYI0 CTPYKTYpYy KOOPIMHALIMOHHOTO OKPYKEHUSI, KakK
MPaBUJIO, HAKJIAMbIBAIOTCS TeTparoHaJIbHOE, POMOMYECKOe WU TpH-
roHajabHOe UCKaxxeHus. [Ipu TeTparoHalbHOM MCKaXKeHWM JIMTAHIbI,
pacITOIOKeHHBIE TI0 OCH z MOTYT OBITh OJMKe K MOHY MeTajla MIu
Jajblle OT Hero, 4YeM YeThIpe JUraHAa B MJIOCKOCTU Xy; IPU POMOU-
YeCKOM — K TeTparoHaJIbHOMY MCKaXKCHMIO TO0aBISIETCS CMEIICHUE
JIUTAHIOB, JieXKallMX Ha OCU X WJIX OCH y; MPU TPUTOHAJTBHOM MCKa-
JKEHUU JIMTaHAbl Ha JABYX TPEYTOJbHBIX I'PaHSIX, MEPHEHIUKYISIPHBIX

&

dya- y2 dye

dZ X

Puc. 3.30. ®opmMbl OAHOBNEKTPOHHbIX d-opbuTtanei
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D4d On Td Oh Cav Dan Dan
[MX12] [MXs] [MXs] [MXa4] [MZ+] [MXs6] [MX5Y] [MXaY2] [MXa]

Nkocaspop AHTK- Ky6 Tetpasgp Cdepwnu. OkTaspgpsbl Oktasgp  Mnockuin
npusma cUMMeTpus (TpaHc) KBagpar

Puc. 3.31. PacwenneHune d-opbuTtanein B Nonsx pasfnyHo CUMMETPUN

OCU TPEThero IMopsiaka, CMEIIAloTCs K MOHY MeTalja WJId OT Hero.
Ha puc. 3.31 npuBeaeHbl cXeMbl paclleruieHus1 d-opoutajieil B mose
JIUTAHJOB C Pa3IMYHON CUMMETpUEIA.

IMocnemoBaTeIbHOCTL  3aTIOJTHEHUST 3JIEKTPOHAMU  d-OpOuTaeit
MOHA 3aBUCUT OT CUJIBI MOJISt TUraHaoB (Tabu. 3.4). Ecau nose nuraH-

Tabauua 3.4
PacnosiokeHue cnuHOB d-3JI€KTPOHOB B BHICOKOCIHHOBBIX
W HU3KOCIMHOBBIX OKTA3JPHYECKHX KOMILIEKCAX

Yucao BricokocnnHOBbIE HuskocnuHoBbie
onon | Ao | s | du | da | dos | Coun S| dy | d | d | da| days | Conn S
1 T —|=1—=] = 1/2 T === = 1/2
7 JONN N [ T U S iy B
€T I P S 9 e P (R ¥/
7 I N MO 0 o I A S [y B
SR B O o B R Y22 B R % ) R B 7
6 [Nt 2 NN N = = | o
7 NN YT 32 IN NN — 1/2
8 NN (N 7 1 NN (N 7 1
9 [N ININ[T N 12 NN N[ N 1/2
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JIOB cjlaboe 1 BeJMYMHA A MEHbIe, YeM KYJOHOBCKas M OOMEHHas
9HEPTYU BJEKTPOHOB B CBOOOAHOM MOHE, TO B I0JI€ JUTAHAOB DJIEKT-
POHHBIE KOH(PUTYpallM KOHOB OyIyT BHICOKOCTIMHOBBIMU. Eciu 1ose
JIUTAaHIOB CWIbHOE M 3HayeHHEe A CYIIECTBEHHO IPEBBIIIAET KYJIO-
HOBCKYIO U OOMEHHYIO SHEPIrMM 3JeKTPOHOB, TO 3JIEKTPOHBI CHavasa
OyayT 3aHUMaThb TpY OpOUTAIU C OOJee HU3KOU BSHEprueit, mpyu 3ToM
9JIEKTPOHHBIA CMUH MOCTUIaeT MaKCMMAaJIbHOTO 3HAYEHMUS, PaBHOIO
3/2, ¥ TOJIBKO TOTHA, KOTAA YUCIIO d-3JIEKTPOHOB OyIeT OOJbIIIe IIec-
TH, OHM HAYHYT 3aHMMaThb OopouTamu d.: de_, TIPU 3TOM 3JIEKTPOH-
HbI CIMH JOCTUTAET APYroro MakCUMaJIbHOTO 3HAaYeHUsI, paBHOTIO 1,
T.€. BJIEKTPOHHBIE KOH(PUTYpAIIMX MOHOB B CHUJIBHOM ITOJI€ JINTAHIOB
OynyT HU3KOCITMHOBBIMM.

5.3.0003HaueHns1 ¥ CBOKCTBA TEPMOB OCHOBHbBIX COCTOSTHHIA
3d"-noHOB B 10JI€ JIMTAHAOB OKTA3IPHYECKOil CHMMETPHH

B Tabn. 3.5 npuBeneHbl 0003HAUCHUSI CUMMETPUM OpOUTalIeil aTo-
MOB TI€PEXOAHBIX METAJLJIOB ISl pa3IMYHON TeOMETPUU KOOpAUHAII-
OHHOI'0 OKpYXeHUS (CM. MOosiCHeHue K Tabi. 3.3).

s mapaMarHUTHBIX MOHOB BaXKHEHILIMM B3aMMOJEUCTBUEM SIB-
JIIeTCSl CIIMH-OpOUTATIbHOS, M OCHOBHBIMHM BEIWYMHAMU, OTIPEIEIIs-
IOLLIMMU UX CBOMCTBA, SIBJISIIOTCSI CyMMapHble CIMHOBBIA U OpOUTAITb-
HbIi MOMeHTHI. JIJIs1 yKa3aHUsl 3HAUEHUSI CYMMapHOTO 3JIEKTPOHHOTO
OpOUTATLHOTO MOMEHTA JJIsI aToMa (WJIM MOHA) MPUMEHSIOT 0003Ha-
YeHUsI, IPUHITEIE B crieKTpockornuu: S, P, D, F u t.n. ins obo3Ha-
YeHUS TepMa COCTOSIHUSI MOHA MPUMEHSIETCSI CUMBOJI, COOTBETCTBYIO-

Tabauua 3.5

CummeTpusi opouTAseii mepexoHbIX METALIOB B KOMILIEKCAX

Artomubie opoutamm | Oxkrtasap O, | Terpasap T, | Ksagpar Dy,
s ag, a a,
Dx M 2] e
Dy N 2] e
D. Hy 15} ay,
dy, by 2] by,
d,, by b €
dyz Iy b €s
d> € © g
doyp e, € by,
];yz Ay a ayy
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wuii L aroro noHa (L — cyMMa MakCUMajbHO BO3MOXKHBIX 3HAUEHUI
OpOUTAIbHBIX KBAHTOBBIX uucea / uisl d-saekTpoHoB, ecau L = 0,
10 S, ectmt L =1, 10 P,ecitu L =2, 10 D, ecim L =3, To Fu 1.1.).
WHpexkc cieBa BBepXy YKa3blBaeT Ha MYJIBTUILUIETHOCTH (25 + 1), a
CIpaBa BHU3Y — Ha 3HaUYE€HUE KBAHTOBOTO yucia J MOJTHOr0 MOMEHTA
noHa. BenmunHa J MoXeT npuHUMaTh 3HayeHus ot L + Smo [L — S |;
YaCTHUIIbl, HAXOSILIMECSI C COCTOSHUSIX C Pa3HbIMM 3HAYCHUSIMU J
XapakKTepU3YyIOTCsl Pa3IMYalOIUMUC SHEPTUSIMU  B3aUMOJEUCTBUS
MEX]y CIIMHOBBIM U OpOUTaibHbIM MoMeHTaMu. (MHaekchl S u J uc-
MOJIb3YIOTCS TAKXKE 11 0003HAUYEHUSI MOJTHOIO CIIMHOBOTO KBAHTOBO-
ro YMCiIa TTapaMarHUTHOM YacTUIIBI M BEJIMYMHBI OOMEHHOTO MHTET-
paja, OIHaKO U3 KOHTEKCTa BCEraa MOHITEH CMbICT 0003HAUYEeHUi S 1
J B KOHKpeTHOM ciiydae). OpOUTaibHOE BBIPOXKIEHUE KaXI0ro Tepma
MOXXHO OIpeAeSnTb, UCITONb3ys MpuHUMN [laynu, coriacHO KOTopo-
MY B aToMe (MJIM MOHE) HEe MOXET ObITb 3JIEKTPOHOB C OJMHAKOBBIM
Ha0OpOM KBaHTOBBIX YKced (IJIaBHOIO, OpOUTAILHOIO U CIIMHOBOIO):
opOuTaIbHOE BHIPOXKACHUE TepMa C KBAHTOBBIM UKCJIOM TOJHOTO Op-

Tabauua 3.6

CsoiicTBa cB00OAHBIX 3d "-HOHOB B OCHOBHOM COCTOSHHUH
H TEPMOB OCHOBHBIX COCTOSIHHiA B M0JIe JIUTAHIOB OKTA3APHMYECKOl CHMMETPHHI

i & - 1 1
: =, E5| EE | EE | g3t
- KsanToBbie ync- Q2 Eg g2 - SEE
5 & | na ocHoBHOrO =3 g g Bz $=¢ ;%5
= ; COCTOSIHHS E g g2 £5 2 z "E’ $S8
= Es = S ] =)
< g% g% F% | Bg | 2z
= =2 =
S L J o &) S =
1 (172 2 32| 5 Dy b 2T, na
2 1 3 2 ’F, tzgz 3 T, Ia
3/2 3 3/2 7 4F3/2 tZg3 4A2g HET
3.1 5
b, e, E HET
4 2 2 0 5 5Dy 2% b e
t2g Tvlg aa
3.2 6
b, e A HeT
5 5/21 0 |5/2 1 6. B 8 lg
/ / 5/2 tzgs 2T2g na
4,2 5
b, e T; a
6 2 2 4 5 5 D, 2 g 1 2 I
Ly Ay, HET
5.,2 4
h,e T na
7 3/21 3 |9/2 7 4F, s ©8 g
/ / 9/2 tzg6 . egl 2 E, Het
8 1|31 4 7 ’F, heeg 3Ang HeT
9 12| 2 |5/2| 5 2D heel ’E, HeT
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ouranbHOro MomeHTa .S paBHo 1, tepma D — 5, tepma F — 7. Ecin
d-0060J10YKa MOHA 3aMOJIHEHA MEHee YeM HaroJOBUHY, TO OCHOBHBIM,
HU3LIMM [0 3HEPIuH, SIBJSETCS COCTOSHME MOHA C MWHUMAaJIbHBIM
3HayeHueM J, eciau OoJjiee YyeM HAIlOJIOBUHY, TO HHU3IIMM IIO 3HEp-
TUU SIBJISIETCS COCTOSIHME MOHA ¢ MaKCUMaJlIbHBIM 3HaueHueM J (cMm.
tabi. 3.6).

5.4. Uepapxus B3aMMOAEHCTBUI B HOHE, HAXOAALIEMCS B TOJIE
JuranaoB. Teopembl Kpamepca u fAna—Tennepa

ITpy HaTMUMKM B YaCTULIE HECKOJbKUX B3aUMOJEUCTBUIN pa3IMYHO-
ro TUIA BaXKHO MPEACTaBIATh UX UEPAPXUIO MO dHEpruu. s noHoB
BJIEMEHTOB 3d-TpyIIbl BO3MYILUEHUsI, IEUCTBYIOLLIME Ha 3JEKTPOH-
HYI0 000JIOYKY LIEHTPAJIbHOTO aToMa, MMEIOT CJEAYIOLINE BEJIMYM-
HbI BHEPIUU: NEKTPOCTATUYECKOE B3aUMOACHCTBUE MEXAY MOHAMU

(KpUCTAUTMYECKOe TOoNe WM Tosie juraHnoB) — ~10% em™!, crmH-

opourtansbHoe — 10*—10° cM !, 271eKTPOH-21eKTPOHHOE AUMOIBHOE —
107'=1 cM™!, ameKTpoH-simepHBIE AHM30TPOITHOE M M3OTPOITHOE —
1072—-10*em ' (1 em '~ 3 - 10* MT'1, ecniut sHeprust B3anuMoeiicTBUS
CpaBHMBAeTCS ¢ KOHCTAHTAMM pacCIIeIICHMS, BhIpakKeHHBIMH B T,
TO JUISI TTapaMarHUTHBIX YacTHUIl C g ~ 2 DHEPrusl B3aMMOICHCTBUS B
1 cm™ ! mpuban3UTeNLHO paBHA KOHCTaHTe pacuieruieHus B 1 Th).

B otnmmume oT opraHMYeCKMX paguKajoB, IS KOTOPBIX Pa3HUIIA B
SHEPIYsSIX OCHOBHOTO M BO30OYXXACHHBIX COCTOSIHMI BeJMKa M BKJIal
CITMH-OPOUTATILHOTO B3aMMOACHCTBUS BBIpAKaeTCsA JHUIIbL B Majoit
MoMpaBKe K 3HAUYECHUSIM IVIABHBIX 3HAaUEHUI g-TeH30pa paaukania, JIs
WOHOB COOTHOIIIEHWE MEXIy SHEPTUSIMU KPUCTAJUTMUECKOTO TTONS U
CITMH-OPOUTATILHOTO B3aMMOIEUCTBUS MMEET pelllafoliee 3HaUeHUEe 1
CIIMH-OpOUTAIbHOE B3aMMOMEICTBYE, CMEILIMBAIOIee OCHOBHOE CO-
CTOSTHME C BO30OYKICHHBIMM, SIBJISICTCSI BaXHBIM MEXaHM3MOM pac-
LIETUIEHUsT 3JEKTPOHHBIX YPOBHEH SHEPruyd MOHA B HYJEBOM IIOJIE.
XapakTep paclIeTUIeHUs] SHEpPreTUYeCKUX YPOBHEH MapaMarHUTHBIX
MOHOB KPUCTAJUIMYECKUM T10JIeM (TI0JIEM JIMTAHIIOB) B CWJIBHOM CTe-
MEeHU 3aBUCUT OT CUMMETPUMU DTOTO MOJIs.

JIBe BaxkHbIX Teopembl (TeopeMa Kpamepca u teopema Ana—Te-
Jiepa) OIpeAesIIIoT BEpOSTHBIN BUI CIIEKTpa MOHOB DBJEMEHTOB Ile-
pexonHbIx rpymm. CorjaacHo obuieir Teopeme Kpamepca anekrpudec-
KH€ CUJIBbI (CHJIBI TI0JIS1 JIUTAHAOB) HE B COCTOSIHMU TOJHOCTBIO CHSITD
BBIPOXKIEHNE DHEPTETUYECKUX YPOBHEW CUCTEMBI, colepxKalleil He-
YETHOE YHMCJIO JIEKTPOHOB, KOTOPOE MOXKET OBITH CHATO TOJBKO IIPHU
HaJIOKEHUU MarHuTHoro mnoJjs. ChemoBatefbHO, IS JIOOOH CUCTe-
MBI C HEUETHBIM YMCJIOM BJIEKTPOHOB MOKHO TONyYUThH criekTp DITP.
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Teopema Ana—Tennepa yrBepxaaer, 4yTo Haubojiee yCTOMYUBBIM CO-
CTOSIHUEM HEJIMHENHON CUCTEMbl aTOMOB SIBJSIETCSI TaKOe, KOTOpOe
00J1agaeT BO3MOXHO MEHBIIEH CTEITEHBIO BEIPOKICHUS.

B OGosblIMHCTBE CilyyaeB NEMCTBYIOlEE KPUCTAIMYECKOE IT0JIe
MOKHO Pa3JIOXKUTh Ha IBE COCTABJISIONINX: CHIIbHOE TT0JIe KyOuecKoi
CUMMETpUU U ciaboe mosie 6oJjiee HU3KOW CUMMETPUM (TPUTOHAJb-
HO#l WM TeTparoHajabHoit). Kybuueckoe mosyie co3aaeTcs JIUMraHIaMu,
PacITOIOKeHHBIMH B BepIIMHAX OKTa3Apa, HEHTP KOTOPOTO 3aHMMaeT
napaMarHUTHBINA WOH. [ 3d" a;meMeHTOB pa3Mephbl OKTasapa ompe-
JEIAI0TCS TUAMETPOM TTapaMarHUTHOTO MOHA M CIa00 M3MEHSIOTCS
MPH Tepexojie OT OMHOTO BJeMEHTa K IPYroMy; ClIeloBaTeIbHO, CHUJia
MoJisi KyOUYeCKOH CUMMETPUM TaKXKe MPAKTUYECKU HE U3MEHSIETCS.
TpuronaxbHOe M TeTparoHAJIBHOE TIONSI CO3MAIOTCS BCEMU MOHAMU
«pelIeTKh» U UMEIOT CUMMETPUIO TMOCieaHeil U, KpoMe 3TOro, OHU
BO3HMKAIOT M3-3a JAeOopMaIlii OKTasapa BCICACTBUEC HEOKBUBAICHT-
HOCTH JIMTAHIIOB U/WJIM BCIAEACTBUE MMOHUKEHUSI CUMMETPUU KOOPIH-
HAIIMOHHOTO OKPYKEHMUSI.

Tak y 3d'-uoHa B ToOJe OKTA3APUUYECKOil CUMMETPHU HIDKHUM
OpOUTAIbHBIM YPOBHEM OYyIeT TPUILIECTHBIA, a BEpXHUM — IyOseT-
HBIIA. DyeKTpoHHass KoHdurypauust 3d®-mona ommmuaercs or 3d'-
MOHA N06aBIeHUEM TIATU d-31eKTPoHOB. Tak Kak KOHUrypauuu d°
COOTBETCTBYET TepM °S, Ha KOTOpBIN IeiCTBUE KyGMYECKOro OIS
MPaKTUYECKN HE CKa3bIBaeTCsl, KAPTUHA pacIleTUIeHUs] OpOUTaTIbHBIX
ypoBHeii 11s1 06oux ciaydaes (3d' u 3d ) Gyner onunakosa. Kondu-
rypaimio 3d’ MOXHO paccMaTpHBaTh KaK 3arOHEHHYIO OGOJIOUKY C
OIIHOM «IIBIPKOi1». AHAJIOTMYHOE COOTBETCTBUE OyIdeT MeXIy KOHMU-
rypaumsivu 3d® u 3d*. Tlostomy B ciayuae 3d° u 3d* mocnenosarens-
HOCTb HEPIreTUYECKUX YPOBHEU OyaeT oOpaTHOIA.

Tt KoHbUTypalmii, obpasyonmx F-tepmbl, B caydae 3d° u 3d®
HVKHUM OpOUTAIbHBIM YPOBHEM OYJET CUHIJIETHBIN, KOH(Urypaiu-
sMm 3d” 1 3d* coOTBEeTCTBYeT 0OpaTHAsI TTOCIEIOBATEIBHOCTD YPOBHEH
¥ TIO3TOMY HIKHHUM SIBJIIETCSI TPUTUIETHBIN YPOBEHb.

ITockoabky B Merome DIIP Hac MoxkeT MHTepecoBaTh TOJIBKO ca-
MBI HUXXKHUMA BJIEKTPUYECKUI YPOBEHb, BO3HUKAIONIUKA B IIOJIE OK-
TadIPUIECKONl CUMMETPUU, BaXKHO, SIBJISIETCS J TaHHBI YPOBEHD
MPOCTHIM WU BBIPOXKICHHbBIM.
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5.5. Tonkas crpykrypa cnekrpoB DIIP d"-uonos
B KpUCTa/UIMIeCKuX nmoJisax cummerpuu O, u Dy,

Ha puc. 3.32 npuBeaeHbl CXeMbl, [OKa3bIBalOlIMe HM3MEHEHUE
SHEPTUI HIDKHUX YPOBHEH ST d"-MOHOB B KPUCTATMYECKUX TIOJISIX
cummetpuu Oy, u Dy;,. T1peaBapuTesbHO 3aMETUM, YTO U3BMEHEHUE T0-
JIOXKEHUI YPOBHEW HE CJIEMYET MPOCTBIM COOTHOIICHUSM, KPOME TEX
cJyyaeB, KOrja BEKTOP MHAYKIMM BHEIIHEro MarHUMTHOIO IOJISl Ha-
TIpaBJieH TapajuleJIbHO WKW TePIeHIUKYISIPHO TJIaBHOM ocu (OCH z).
B wensix ympoleHusl pacCMOTpEeHUSI B NpUBEAEHHBIX Ha puc. 3.32
CXeMaxX pacCMaTpHUBAIOTCS TOJTBKO DHEPTeTHYECKUE YPOBHHM, XapaKTe-
pU3YIOIINE OCHOBHBIE COCTOSTHUS MOHOB, ¥ KOTOphIX / = (), a BEKTOp
WHAYKIMM BHELIHEr0o MAarHUTHOIO TOJISI HaIlpaBjeH IO OCU z, T.e.
£= g

3d'-Mowns! (nanpumep, noust Sc2*, Ti**, VO**, Cr’*, Mn®", Mo’"),
JIJIS1 KOTOPBIX BJIEKTPOHHBIM criuH S = 1/2 (puc. 3.32a). OpbutanbHoe
BBIPOXIEHNE DHEPreTUYECKHUX YPOBHEH CBOOOTHBIX MOHOB PaBHO 5.
OcHOBHOE paclleryieHue A B IoJie JUTaHAOB OKTa3ApUYECKON CUM-
METPUHU, JOMOJHUTEIBHOE pacIleIieHne O, CBSI3aHHOE C TeTparo-
HAJIbHBIM MCKaXXeHUEeM OCHOBHOM CUMMETPUM, U CIIMH-OpOUTATbHOE
B3aMOJCHCTBHUE TIPUBOIAT K JIOKAJTM3ALMU €IMHCTBEHHOTO HeCIIa-
PEHHOTO 2JIEKTPOHA HAa HUKHEM KpaMepoBCKOM ypoBHe. CHSITHE BbI-
POXIECHNST B KPAaMEPOBCKOM IyOJIETHOM YpOBHE MPOUCXOIUT TOJIBKO
MNpY HAJIOXKEHUU BHelIHero MmarHuTHoro nojis. Criektp BITP Ha6o-
JaeTCcsl MpU YCJIOBUM OOJBIION BEIMYMHBI O U MPU HU3KUX TeMIle-
paTypax, TTOCKOJIbKY SHEPIHsI CITMH-OPOUTATHLHOTO B3aMMOICCTBYS,
clesiaBlliasl HYUXKHUM YypOBeHb KPaMEPCOBCKUM, KaK IMPaBUIO, HEBe-
mmka (=100 cm Y.

3d*-Wouwl (Hanpumep, uonsl Tic", V**, Cr**, Mn®*, Mo*"), mnsa
KOTOPBIX 2JIEKTPOHHBbIN criuH S = 1 (puc. 3.326). OpOuTanbHOE BbI-
POXJIEHWE SHEPTeTUUECKUX YPOBHE CBOOOIHBIX MOHOB paBHO 7. Oc-
HOBHOE pacllelJieHUe B 1oJie JIMTaHI0B OKTa3ApUIeCKOi CUMMETPUU
MIPUBOIUAT K TPEXKPATHO BHIPOKIACHHOMY IO SHEPTUU HIDKHEMY 10
sHepruu ypoHIo ° T (opburtanu xy, xz u yz). TeTparoHanipHOe McKa-
SKeHMe OKTasmpa (pacTssKeHHE 0 OCH z) TIPUBOIUT K TOTIOJTHUTEThb-
HOMY paclIeIJIEHUIO O U CIBUTAET OPOUTAIN XZ M Yz HUKE YPOBHS X).
CnuH-opOUTaIbHOE B3aMMOIEHCTBUE MPUBOAUT K TOMY, UYTO COCTO-
STHAST ¢ my, = 1 OCTalTCs BBIPOXKIECHHBIMUA BCJICACTBUE aKCHAIBHOM
CUMMETPUU JIUTAHAHOTO OKPYKEHUSI, HO MEXIY 3TUMMU COCTOSTHUSIMU
" cocTtostHUeM ¢ m, = () MMeeTcs paclieTuieHde B HYJIeBOM IIOJIe, Xa-
pakTepuszyemoe BennunHoi D. Ilpu HaIOXXEHUM BHEIIHETO MATHUT-
HOTO TMOJISI CHUMAETCsl BbIPOXIEHUE YpoBHEH ¢ m, = +1 U B 3aBUCHU-
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r
5 T2

mg=+2
°D
54,
SE +2 Ms=+1
531 i13D
[VEEN _

5 I Ms =0
On Dah c.o.
Mg=_
mg=_92
On D4h c.0.
—>B
A
mg=+5/2
) Me=+3/2
+5/2
6 6A 6A 4Dk
\i 5 ! L{+3/2 Mmg=+1/2
;+1§2
Oh D4h C.0. 2D
ms=—1/2
ms:—3/2
= On Dsh  c.o. Ms=-5/2
——>»B

Puc. 3.32. BnvaHune kpucTtannndecknx nonet cummetpumn O, n Dy, cnnk-
opbuTanbHOM CBA3UM M MHAOYKUMW BHELUHEro MarHUTHOrO MOJIS Ha HUXHME
YPOBHU aHeprum d"-MoHOB (cTpefnikamu <> nokasaHbl JMP-nepexoabl B
HaMNpPaBNeHNU WHAYKLUMM BHELLUHEro MarHuTHoro nons): a — d '; 6 — d 2,
YpoOBHU mg+ 1 — KpamepcoBckue nyonetbl; B — d 3, ypoBHu mgt+3/2 n
+1/2 — kpamepcoBckue ayénetbl; r — d *, ypoBHU my+ 2 1 +1 — kpamep-
coBckue aybneTsl; 4 —d °, ypoBHU my+ 5/2, +3/2 1 +1/2 — kpamepcoBckue
nybnethbl
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MOCTH OT BEJIMYMHBI D) MOTYT HaOIIOAAThCS BCE WU YaCTh TIEPEXOI0B
(Ha cxeMe TOKazaH OIUH «pa3pellieHHbI» U OAUH «3alpelleHHbI»
Mepexobl).

3d3-Uonsl (Hanpumep, nonsl Tit, VZ*, Cr’*, Mn*", Mo*"), nna
KOTOPBIX 2JEKTPOHHBIN crivH S = 3/2 (puc. 3.32¢). OpOouTasibHOE BbI-
POXIeHNE SHEPreTUUEeCKUX YPOBHE CBOOOIHBIX MOHOB paBHO 7. Oc-
HOBHOE paclleJIEHUE B MOJIe JIMTAHIOB OKTadApUYeCKO CUMMETPUU
MIPUBOINT K YETBHIPEXKPATHO BBIPOKICHHOMY HUXKHEMY IO SHEPTHU
ypoBHIO *4,. OCHOBHBIM MEXaHM3MOM CHSITUS BHIPOXIECHUS SIBIISIETCS
CIIMH-OpOUTATTLHOE B3aMMOIEUCTBIE M YPOBHSIMU SHEPTUM B HyJle-
BOM TI0JIE SIBJISIIOTCS IBa KPaMEpPCOBBIX AYOJIETHBIX YPOBHSA. Maraur-
HOE€ I0JIe CHUMAET BBIPOXIEHUE W TMPU YCIOBUU, YTO pacllierieHue
B HYJICBOM II0JIe HE CJIMIIIKOM BEJIMKO, BO3MOXHO HAOIIOACHUE TpeX
JUHUIA noroieHus. Eciu paciieruieHre B HyJIeBOM ToJie 0oJibliioe,
To Tiepexon (+1/2 <> +3/2) Habmonate Helb3s1, mepexon (—1/2 <> —
3/2) HabmomaeTcsa B BBICOKMX TOJISIX, a nepexon (+ 1/2 <> —1/2) Ha-
OJromaeTcst Beerma.

3d *-Nonwl (Harmpumep, nousl Cr*t, Mn**, Fe*', Mo*"), s xoto-
PBIX 3JEKTPOHHBIN criuH S = 2 (puc. 3.32¢). OpOburtaibHOE BbIPOXIE-
HUE SHEePreTUUECKNX YPOBHEHN CBOOOTHBIX MOHOB PaBHO 5. 3HAUCHUS
m, MOTYT NMMPUHUMATh 3Ha4YeHus +2, =1 u 0. B kpucraiiuyeckom moJje
HU3KOM CHUMMETPHUHU, BCICACTBUE CITUH-OPOUTAIBHOTO B3aMMOIECHC-
TBUSI M TIPU HAJIOXEHWM BHEIIHETO MArHUTHOTO TIOJNSI BBIPOXKICHUE
MEXY YPOBHSIMU TMOJHOCTbIO CHUMaeTcs. BO3MOXHBI 4eThlpe pas-
pelLlIleHHBIX Tepexoaa, OJHAKO OTMETHM, YTO ITOCKOJIBKY JJISI MOHA C
S = 2 KpaMepCOBCKOE BBIPOXIEHME OTCYTCTBYET, TO PE30HAHCHOTO
TIOTJIONIEHUST BOOOIIE MOXET He HaOJOAaThCsl, €CJIM paclleTuIeHUe B
HYJICBOM I10JIe IOCTaTOYHO BEJIUKO.

3d >-Wonsl (Hanpumep, nousl Cr', Mo', Mn**, Fe*"), mwis xo-
TOPBIX 2JIEKTPOHHBIN cniuH S = 5/2 (puc. 3.320d). OpburtaabHOe BHI-
POXIEHUE SHEPreTUYeCKUX YPOBHE CBOOOIHBIX HOHOB paBHO 1. BbI-
COKOCTTMHOBBIE KOMIIJIEKCHI C TIAThIO HECITApEHHBIMU 3JIeKTPOHAMU
MMEIOT OIHY KOHMUIypaluio, TaK Kak ISITh 3JEKTPOHOB 3aHMMAIOT
MSITh d-opOuTayiei MoHa MeTalla. B 3ToM ciydyae MOXHO OXWIATh,
YTO CIIMH-OPOUTAIBHOE B3aUMOIEHCTBUE OYyIeT HECyIIeCTBEHHBIM, a
pacllerjieHue B HYJEBOM I0Jie MajibIM, HO HE PaBHBIM HYJIO, TakK
KaK d >-MOHaxX HaOJIONAeTCS 3HAUYUTEIBHOE SJIEKTPOH-3JIEKTPOHHOE
JIUTOJb-IUIOJIbHOE B3aMMoOIecTBUE. B pe3yabTate 3TOro B HyJeBOM
MoJie  IIECTUKPATHOE CITMHOBOE BBIPOXICHHME YACTUYHO CHUMAETCS
JI0 TpeX KpaMepcOBCKUX OyOJaeTHBIX YpoBHeil. B cnektpe OIIP B 3a-
BUCHMOCTH OT BEJIMYMHBI pACIIEIUIEHUs B HYJIEBOM IOJIe¢ BO3MOXKHO
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HaOJIIoieHUe MO0 BceX, MO0 YacTU JIMHUIA TOHKON CTPYKTYpbI; Tie-
pexon (+1/2 <> —1/2) HabnomaeTcs Bceraa.

Ecnmu sHeprusi g 3B Benuka 1Mo CpaBHEHWIO C BEJIMUYMHAMU pac-
LIETUIEHU B HYJEBOM II0JIe, MOXXHO HaOJ0gaTh pe30HaHCHOE ITOoT-
JIOUIEHWE HEPIUU B pe3yjabTare MepexoaoB m, <> (m; + 1). DHepruu
285 + 1 ypoBHeil npuOIMKEHHO AAIOTCS COOTHOLLIEHUEM:

3cos’0—1 m> —S(S+1)
2 3 ’

E=gBBmg+D

rae 6 — yroam mexay B m ocklo z. MHTEHCMBHOCTM JTMHUIA TOHKOM
CTPYKTYphI B criekTpe DITP a5 nepexonos m, <> (m, + 1) npornopiiu-
oHanbHBbI BenmnuuHaMm (S + m, + 1)(S — my); Tak mnss S = 3/2 poix-
HBI HAOJIIOMATHCS TPY JIMHUU C OTHOCUTEIbHBIMU MHTCHCUBHOCTSIMU
3 :4: 3. Perucrpanus noaHbix criektpoB DITP mMoHoOB, comepxamimx
6oJiee OIMHOTO HECITAPEHHOTO 3JIEKTPOHA YacTO COIPsDKEHa C OIpe-
JCJIICHHBIMU CJIOXXHOCTSIMM, IIOCKOJIBKY 3SKCIICPUMEHTAIBHO MOXET
PETUCTPUPOBATHCS TOJIBKO YaCTh TOHKOM CTPYKTYpHI criekTpa, a CTC
CITEKTpa MOXeT OBITh Hepa3pellleHa.

TakuM o6pa3oM, M3 CIEKTPOB MOXET OBbITh ITOJydeHa MH(opMa-
Us 0 TTapaMeTpax paclleIIeHUs B HyJIeBOM II0Jie, mapameTpax D u
F, a B cityuae S = 5/2 moxeT ObITh noyiyueHa KoHctanta CTB. Benu-
ypHa D = §2/48 — Mepa UCKaXXeHUSI CUMMETPHUM KOOPIMHALIMOHHOTO
OKPYXEHUS HEeHTPAIBHOTO MOHA, MPOITOPIMOHATbHA KBaApaTy KOHC-
TaHTBI CITMH-OPOUTAJIBHOTO B3aMMOICICTBHUSI M1 0OPATHO ITPOIIOPIIMO-
HaJlbHA pasHUIlE SHEPTUI OCHOBHOTO W BO30OYKICHHOTO COCTOSIHMIA,
KOTOpBIE MOTYT OBITh CMEILIaHbI CIIMH-OPOUTAIbHBIM B3aMMOICHCTBU -
eM. Bemnmunaa E — Mepa acCMMMETPUYHOTO MCKaXXKeHUs; mapaMmerp E
paBeH HYJII0, €CJIM CYIIEeCTBYET aKCUaTbHAsi CUMMETPHST KOOPIUHAIIM -
OHHOI'0 OKPYKEHHUSI, T.€. eCIu uMeeTcs ocb cummetpun C, (n > 3).

PaccmoTpenue cxeM IJIT MIOHOB B BBICOKOCITMHOBBIX COCTOSTHUSIX
3d ° (nanpumep, nousl Fe?*, 1151 KOTOPBIX SJEKTPOHHBII CUH S = 2),
3d " (mampumep, nonsl Fe', Co**, Ni*", wisa xotopsix S = 3/2), 3d®
(nanpumep, nonst Co", Ni**, Cu®*, nn1a xoropsix criur S = 1) u 3d”°
(narpumep, moHbl Ni*, Cu?", mis kortopbix S = 1/2) aHAIOTMYHO
IPOBEJIEHHOMY paHee ISl MOHOB B cocTostHUAX 3d *, 3d °, 3d * n 3d '
C TOM JIMILIb PAa3HUIICH, YTO TeIeph 3HAK ITOTCHIIMAIa KPUCTAJUIMYEC-
KOTO TIOJIST JOJKEH OBITh M3MEHEH Ha IIPOTUBOTIOIOXKHEIN, TTOCKOJIBKY
BMECTO 3JIEKTPOHOB pPaCCMATPUBAIOTCS «IbIPKW», Y MOPSIIOK YPOBHEN
HEeoOXOIMMO M3MEHUTh Ha OOpPATHBINA.

AHaIN3 BIMSHUS TETPAdAPUUYECKOrO IOJISI HA MOHBI B TeX Xe ca-
MBIX KOH(UTYpalMsIX HEOOXOMMMO nejiaTh IPU MHBEPCHOM ITOCIIe-
JMOBAaTEILHOCTU 3HEPTETUICCKUX YPOBHEH B KPHUCTALIMYCCKOM IIOJIE
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TETPARAPUIECKON CUMMETPUN TI0 CPABHEHUIO C MOCIEI0BATEIBHOC-
ThIO DHEPTETUYECKUX YPOBHEW B KPUCTAJUIMYECKOM IOJIE OKTA3IPU-
YEeCKOM CUMMETPUU.

5.6. CTC ot sinep mMeTaiioB

Taxk kak MHOTUE siapa MeTauioB 3d-Tpymnibl 00JagaloT OOJbIINMU
MarHUTHBIMM MOMEHTaMHu, TO B crekTpax JDIIP yacto Habmiomaer-
ca Ttakke u CTC, xoropasi, eciu COUH siapa paBeH I, COCTOUT U3
21+ 1 1MHUM ONVMHAKOBOW MHTEHCUBHOCTHM, HAXOASIIMXCS Ha MpU-
OJIM3UTESIbHO PaBHBIX PACCTOSIHUSX APYr OT Apyra. TeH30p, ONUChI-
atoimii CTB, Kak npaBuiio, sIBJsieTCs aHU30TpOINHbIM. M3oTporHast
yacTh TeH30pa CTB 00ycnoBieHa KOHGUTYpAallMOHHBIM B3auMoeiic-
TBUEM, TIPU KOTOPOM OCHOBHOE COCTOSTHME 35°3d " CMEIIMBAeTCS C
BO30YXIEHHBIMHU COCTOSHUAMM Tuma 3s'3d "4s', B pesyabTate uyero
BO3HMKAeT HeobxoauMas ajisd nosiieHus uzorponHoro CTB cnuHo-
Basl TUIOTHOCTb HECITApEHHOTO B3JIEKTPOHA Ha S-OpOUTAISIX. AHM3OT-
porHas vacTh TeH3opa CTB sBiseTcst pe3yabTaToM 3JEKTPOH-sIep-
HOTO JMITOJIb-IUITOJbHOTO B3aMMOJEMCTBUSI MAarHUTHBIX MOMEHTOB
3JIEKTPOHA U sIep U B3aMMOACHCTBUS MEXIy OpOMTaTIbHBIM MOMEH-
TOM 32JIGKTPOHA MU MarHUTHbIM MOMEHTOM $pa; BKJAJ IMOCAEAHEro
B3aMMOJIEMCTBUSI B aHU3O0TPOITHYI0 4acTb TeH3opa CTB 3aBucur or
3¢ (HEKTUBHOCTU CIUH-OPOUTANIBHON CBI3U. ClieqoBaTeIbHO, KOMII-
JIEKCbl, KOTOpblE MMEIOT aHW30TPOIHBIN g-TEH30p, Bceraa o0JaaaroT
u aHu3orpornHbiM CTB.

Kpome CTC B criekTpax DITP KoMmieKcoB nepeXoaHbIX METaJIOB
HEpenKo HaOJIoAa0TC paclleruieHusl, 0O0yCIOBIEHHbIE B3aUMOIeic-
TBMEM MarHUTHOI'O MOMEHTa HECIapeHHOTO 2JIEKTPOHA C MarHUTHBI-
MU MOMEHTaMU sijiep JUTaHI0B MPU 00pa30BaHUM KOBAJIEHTHOM CBSI3U
MEXIY d-2JeKTpOHAMHU LIEHTPAJIbHOIO aTOMa U OPOUTAISIMU JIMTaHaa,
a TakXke BCJAEACTBUE MPSMOIO AUMOJIb-AUMOJIbHOTO B3aUMOIEHCTBUS,
KOTOpBIE B JIUTEpAType HA3bIBAIOTCS JOMOJHUTEIbHON CBEPXTOHKOM
crpykrypoii (ICTC).

5.7. OTiMYne MOHOB pelKO3eMeNbHbIX 3JIEMEHTOB M AKTHHOUIO0B
OT HOHOB MEPEeXOAHbIX METAJLIOB

4f-DNeKTpOHBl MOHOB JIAHTAHOWIOB XOPOIIO 3KPaHUPOBAHBI OT
BJIEKTPUUYCCKUX IIOJIe JIMTAaHAOB 3aIl0JIHEHHBIMU O00J0YKaMu 3d-,
55- ¥ 5p-37€KTPOHOB M OTIMYAIOTCSI OT MOHOB 3JIEMEHTOB TpyIin md "
(m = 3—5; n = 1-9) cnabbiM B3aUMOAEHCTBUEM C KPUCTAIINYECKUM
MoJIeM, OJHAKO B 3THUX CHCTEMAaX peaiu3yeTcsl JOCTATOYHO CHJIBHOE
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CIIMH-O0POUTATILHOE B3aMMOIEMCTBUE 3a CUET OOJIBIIOTO 3apsaaa sapa
roHa. MoHbl aKTUHOUAOB TMPOSIBJISIIOT MHOT'ME U3 CBOMCTB, XapakTep-
HBIX IJI1 MOHOB JIAHTAHOWIOB, HO KOHCTAaHTHI CITMH-OPOUTAIBLHOTO
B3aMMOJEUCTBUS IJIsI MOHOB aKTUHOHUAOB MMEIOT HECKOJIBKO OO0JIb-
1LIYIO0 BEJIMYMHY U B OTJWYUE OT 4 f~3J1eKTPOHOB, 5/-3JIEKTPOHBI MpPU-
HUMAaIOT yJacThe B 00pa30BaHUM CBsI3eil ¢ muraHgamMu. s MeTaunoB
AKTUHOUIHOIN TPYMIbl XapakTepHbl MOHBI Tuna (O—M—0)"", koto-
phle TIPEACTABJISIOT CO00M JTMHEITHBIE KOMIUIEKCHI ¢ TOMUHUPYIOIINM
BJIMSIHUEM KHCJIOPOAHBIX aTOMOB. B 4YacTHOCTH, y LEHTPaJIbHOIO
nona B UO,*" (anexrponnast konduryparms 5f '6d '7s %) Bce ueTbipe
BJIEKTPOHA UCITOJIB3YIOTCS M1 00pa30BaHUsI KOBAJIEHTHBIX CBSA3EH U Y
HEro HeT «MarHUTHBIX» DJEKTPOHOB.

6. AIITTAPATYPHBIE U METOANYECKUE ACITEKTDBI
METOJA SIIP

6.1. YcTpoiicTBO paaMocnekTpoMeTpa

ITpuGop 151 06HapyKEHUST PE30HAHCHOTO TOTJIOLIEHUS B CUCTEME,
conepKalleil YaCTUIbl ¢ HEHYJIEBbIM 2JIEKTPOHHBIM CITMHOM, JOJIKEH
BKJTIOUATh B ce0sl MCTOYHUKU TIOCTOSTHHOTO (BHEIIHETO) MAarHUTHOTO
MOJIS ¥ MePEeMEHHOTO 3JI€KTPOMArHUTHOTO TOJIS, a TaKXKe YCTPOHCTBO
IUTST JETEeKTHPOBAHUS TIOMIOLIEHNS B oOpasie. M3mydeHne MCITONb-
3yeMoro B criekrpomerpax DIIP ucToyHmKa mepeMeHHOIo 3J€KTPO-
MarHUTHOTO TMOoJs1 (MUKPOBOJHOBOIO M3y4YeHUs) SIBSIETCSI MOHO-
XpoMaTtyecKM. [1OCKONIBKY PacCTOSTHHE MEXIY SHEpPreTHYeCKUMU
YPOBHSIMM 3aBUMCHUT OT MarHutHoro noss, crnektp OIIP momyyator
CKaHMPOBaHWEM BEJWYMHBI MHAYKIIMW BHEITHETO MAarHUTHOTO TTOJIS.
B 3aBMCHMMOCTM OT YacTOTBbI/IJIMHBI BOJHBI MEPEMEHHOTO 3JIEKTPO-
MarHUTHOTO TIOJIS CYIIECTBYET HECKOIBKO THITOB PaglOCIIEKTPOMET-
poB, paboraromux Ha yacrorax: ~250,0 I'Tu/~0,12 cm, ~150,0 I'Tu/
~ 0,2 cm (D-monoca yactotHoro auamasona), ~34,2 I'Tu/~ 0,8 cm
(Q-nomoca), ~18,3 I'Tu/~1,5 cm (K-momoca), ~9,2 I'Tu/~3,2 cm (X-
noisoca), ~2,7 I'Tu/~10 cm (S-nonoca).

BcaencTBue psaa SKCIIepUMEHTATBHBIX W TEXHWYSCKUX TpeOOBa-
HUil Hauboyiee pacIIpPOCTPAaHEHHBIMU SIBISIOTCS PaTUOCIIEKTPOMET-
pbl X-nuamazoHa. biok-cxema Takoro mnpubopa MNpeAcTaBieHa Ha
puc. 3.33.

1 — «CucreMa Mariura» obecrneymBaeT CTaOMIbHOE, OMHOPOIHOE
MarHMTHOE TT0JIe ¥ COCTOMT M3 TOHKO PETyJIMPYyeMOTo OJIOKa IMUTAHUS
MarHuTa, TMO3BOJISIONIETO JMHEMHO W3MEHSATh BEJMYMHY WHIYKIIMU
MAarHUTHOTO TIOJIST BO BPEMEHM; TSI HEIMOCPEACTBEHHOTO JTETEKTUPO-
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Bnok nctoyHmnka Cuctema Cuctema pe-

CBY-u3nyyeHus pesoHatopa TEKTUPOBAHUS
Cucrtema Cuctema
MarHuTa Mooy nsauUmMn

Puc. 3.33. bnok-cxema paguocnektpomeTtpa IIMP X-guanasoHa

BaHUS M3MEHEHU MHAYKIMU MAarHUTHOTO TOJISI U €r0 CTaOUIn3aluu
HCIIONB3YIOTCS TaTYMKKM Ha ocHOBe addeKkTa Xosuia.

2 — «bnok ucrounuka CBY-uznyueHus» BKJIIOYAET B ce0s1 UCTOU-
HUK MUKPOBOJHOBOIO M3Jy4yeHUs (KJIUMCTPOH), €ro OJIOK MUTAaHMS U
YCTPOMCTBA, YIIPABISIONINE YACTOTOM M MHTEHCUBHOCTHIO MUKPOBOJI-
HOBOTO M3JYYCHUS U U3MEPSIOIIME 3TU MapaMeTphl.

3 — «Cucrema pe3oHaTopa» COCTOUT M3 YCTPOMCTB, IpeaHa3Ha-
YEHHBIX IS pa3MellieHusT oOpasiia, a TakKe ISl HallpaBJIeHUs ITydYkKa
MUKPOBOJHOBOTO U3JIy4YeHUsI Ha oOpasel] U KOHTPOJIST 32 MOILIHOCThIO
MMagaInero M MCXOMAIIETO M3 pe3oHaTopa M3IydeHHs (pe3oHaTop,
BOJIHOBO/IbI, JIETEKTOP).

4 — «CHuCTeMBI IETCKTUPOBAHMS ¥ MOIYJISIINN» TTPUHUMAIOT, YCH-
JIUBAIOT U PETMCTPUPYIOT CUTHAJ, OTBEYAIOLIMIA MOMIOLIEHUIO 00pa3-
IIOM MWKPOBOJTHOBOTO M3JTy4eHUS.

B crmektpomeTpax misi yMEHBIIEHUS BKJIaga B PETUCTPUPYEMBIN
CHUTHAaJl HU3KOYACTOTHBIX LIIYMOB UCIOJb3YeTCS MOAYJIMPOBAHUE CTa-
THYECKOTO MAarHUTHOTO TIOJIST TIepeMEHHBIM MarHUTHBIM TIOJIEM C Ma-
JIOI aMILIMTYAOM, UTO MO3BOJISIET OTPAHUYMTD BKJIA[ IIIyMa YaCTOTaMHU,
OJIM3KUMU K YaCTOTe MOAYJISLINU. MOIyJIsIus Ha OOBIYHO MCITOIB3Y-
emoii yactote B 100 xI'11 (Ha 3TOit yacTOTe BKJIaJ COOCTBEHHOTO IiIyMa
JETEKTOpa SIBJSIETCSI MUHUMMAJIbHbIM) JOCTUTAETCsl MOMEIIEHUEM Ka-
Tymek ['elbMrosbiia ¢ KaXXmoll CTOPOHBI Pe30HaToOpa BOOJbh OCH WH-
JOYKIMU BHELIHEro CTaTM4ecKoro MarHuTHoro nossi. Eciu ammiutyna
MOIYJISILIMY MaJia TI0 CPaBHEHUIO ¢ IMMPWHOW JIMHUM, TO aMIUIMTYIA
JETEKTUPYEMOT0 CUTHaja OyaeT MpUMEpPHO IMPOIOpLMOHAIbHA Ha-
KJIOHY KPWBOW TIOTJIONICHHS B IIEHTPATBbHOM TOYKE MOMYJIHMPYIOIIETO
nosis (puc. 3.34) u, cienoBaTesbHO, s MajJblX aMIUIMTYA MOIYJIs-
LIMM BBIXOJHOW CUTHaJ OydeT IMpeAcCTaBIsITh COOOIl MEepByIO MPOU3-
BOIHYIO CHUTHAJIa TIOTJIOIIEHUs (MHIYKIMS BHEITHETO CTaTHYECKOTO
MAarHUTHOTO TOJISI MOAYJIUpPYeTCs B mpeneiax B, u Bj, Mpu 3TOM TOK
yepe3 IeTeKTOp M3MEHsIeTCsl B Mpeneax i, u iy).
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i Ha Bbixoge 100 kM — geTekTopa

Tok peTekTopa

N/

B, B,

100 'y, — Moaynsaumsa nons

Puc. 3.34. BnuaHue HuskoamnamtyaHor 100 ku-moaynsaumm Ha BbIXOAHOW
TOK AeTekTopa

6.2. @opma JuHNM NoryomeHns cnekrpa DITP

JIuHUS pe30HaHCHOTO TOIJIOIIEHUSI B pacTBOpax MMEIOT JIOPEH-
ueBy dopmy, Y= a/(1 + bx?). JIUHUS pPE30HAHCHOTO IIOIJIOIICHUSI
paguKaloB, CTAOMIM3UPOBAHHBIX B TBEPIAbIX MAaTpUIlaX, YacTO Tped-
CTaBJISIIOT COOOM CYIEepIIO3ULIMI0O MHOTUX JUMHUI U ee dopMa Oau3-
Ka K rayccoBoil gopme, ¥ = a-exp(—bx’). B 3THX BBIpaXeHMSIX X U
Y — BeMUMHBI, TPOMOPLIMOHATbHbBIE BEIUUYMHE MHIYKIIMY BHEIIHETO
MarHUTHOTO TIOJII M WHTEHCUBHOCTU KPWBOM ITOTJIOIIEHUST MUKPO-
BOJTHOBOM MOIITHOCTH, @ U b — KOHCTAHTBI, XapaKTepHbIE IJIsT JaHHOM
dopmel muHUKM. PopMma TUHUK peabHoro crekrpa DIIP, kak mpa-
BWJIO, SIBJISIETCSI OOJIee CIIOKHOW M MOXET OBITh OIMMCaHa «CBEPTKOM»
rayccoBOW U JIOPEHIIEBOI (OpM JIMHUIA.

ITockonbky cniekTpsl DITP peructpupyroTcss oObIYHO B BUAE Iep-
BOW IMMPOU3BOJHON KPUBOM IOTJIOLIEHUS, AHAIMTUYECKUE BBIPAKECHUS
JUIT HEKOTOPBIX ITapaMeTpoOB, XapaKTepU3YIOIINX HOPMHPOBAHHBIC
JIOPEHIIEBY U TaycCOBY (hOPMBI TUHUY B BUIEC KPUBBIX MOTJIOIICHUS U
X TIEPBBIX MPOU3BOAHBIX (pUc. 3.35), mpuBeneHbl B Tab. 3.7.
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Tabauya 3.7

AHAaIMTHYECKHE BBIPAXKEHHS IS HEKOTOPHIX MAPAMETPOB HOPMHPOBAHHBIX JIOPEHIIEBOM U rayccoBoii Gopm JMHMIA
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6
a
0,31 0,31
1 KAaKC : YM&KC
0 0
0,21 0,2
- 2 4
o J YMaKC 0- / 2YIMaKC
-0,21 -0,2 —| He— ABwmakc
— < ABMaKC — 1/2
—> AB1z Bo
Bo

Puc. 3.35. KpuBble MOrnoweHnus U nx nepsbie NMPON3BOAHLIE JTOPEHLIEBOM
(a) v rayccoBoli (6) dopm nuHUIA

6.3. BbiGop 3KCIepUMEHTAIBHBIX YCJIOBHi
3aNHCH CTIEKTPOB

Br160op aKcrniepuMeHTaIbHBIX YCIOBUIA 3alMCH CIIEKTPOB BKJIIOYAET
B ce0s1 Kak orpejeeHrue TPMBUAIbHBIX YCIOBUM, TaKMX KaK HEOO0XO-
IVMBIN IUarna3oH CKaHWPOBAHUS WHAYKIIMM BHEIIHETO MAarHUTHOTO
MOJIs U YCWIEHWE CUTHaJla, TaK U BbIOOP aMIUIMTYIbl BHICOKOYACTOT-
HOW MOIYJASUMU WHAYKIIMM BHEUIHErO0 MAarHUTHOTO TOJISI U YPOBHS
MMKPOBOJHOBOI MOIIIHOCTH, ONTUMAaJbHbIE BEJIMYMHBI KOTOPBIX MO-
I'YT ONpenesiTbCsl TpeOOBaHUSIMU BKCTIEPUMEHTA.

ONTUMaNbHYIO BEIWYMHY aMIUIMTYIbl MOIYJISILIMA MOXHO OIIpe-
Jaeauth B 1/3—1/4 oT 3HaueHUsI pacCTOSIHUSL MEXAYy TOUKaMU MaKCH-
MaJIbBHOTO HAaKJIOHA caMOM Y3KOM JIMHUU PETUCTPUPYEMOTO B KOHK-
PETHBIX 3KCIIEPUMEHTATbHBIX YCIOBUSIX CIEKTpa.

OnTuMasibHOe 3HaY€HUE YPOBHS MMKPOBOJHOBOU MOIIHOCTU ISt
KOHKPETHBIX YCJIOBUIl SKCIIEPUMEHTAa MOXKET OBITH OIpEeAesIeHO Kak
MakKcHUMaJjbHOe, TIpU KOTOPOM coOJIt0JaeTcsl JIMHelHas 3aBUCUMOCTD
aMIUIMTYIbI CUTHAJIA OT KOPHS KBaJApPaTHOTO U3 3HAYEHUS] MOIITHOCTHU
MMKPOBOJHOBOIO u3nyyeHusi. Heobxoaumblii ypoBeHb MOIITHOCTH A0-
CTUTaeTCsl OcJiabJieHMeM M3Iy4yeHUST KJIMCTpoHa aTTeHioatopoMm. Oc-
JnabneHve usMmepsiercsa B meuuoenax (nb wiaum dB) u u3MepeHHas B
Jelubesnax pa3HOCTb YPOBHEM MOIIIHOCTU OMpPEAeIsieTcsl Kak

10lg (P1/Py),

rae P, 1 P, — MOIIIHOCTb U3JTy4eHHUS KJIUCTPOHA U MOLLIHOCTb U3JTyye-
HUSI B PE30HATOPE PAaUOCIIEKTPOMETPa COOTBETCTBEHHO.
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6.4. Onpenenenne g-hakropa

OnpeneneHue g-akropa U3 IKCIIEPUMEHTAIbHBIX CIIEKTPOB, 3a-
pPEeTUCTPpUPOBAHHBIX Ha pamuocnekTpomerpax DIIP, obopymoBaHHBIX
MarHeToMeTpaMu M YacTOTOMEpPaMu, MO3BOJSIONIMMU U3MEPSITh B
YCIIOBMSIX OKCIIEpUMEHTa OJHOBPEMEHHO WHIYKIINIO B MarHUTHOTO
MoJist U pabouylo YacToTy v pubopa, He MpeacTaBsieT 0COObIX CIOXK-
HocTeil. Eciim pagmocmieKTpoMeTp He MMeeT TaKuX IPpuOopoB, TO OI-
peneneHue g-¢akTopa MPOBOIAAT OTHOCUTEIBbHBIM METOIOM, IIPU KO-
TOPOM CUTHAJ MUCCIETyeMOTO BEIlleCTBA 3alIMChIBACTCS OMHOBPEMEHHO
C CUTHAJIaMM IBYX 3TaJIOHOB, g-(aKTOPhl KOTOPHIX U3BECTHBI. TaKUMU
STaJIOHAMM MOTYT ObITh o0 -mudenwn-f-nukpuiaruapasun (JOIIT,
g=2,0037 £ 0,0002), mudeHunokuch azora (g = 2,0065 £ 0,0002)
w1 uoHsl Mn?* B MgO (g = 2,0023 + 0,0002). Ecu pasHocTbh UH-
OYKIIMM MarHUTHBIX TTOJIell MeXAy IIEHTpaMM CITEKTPOB CTaHOapTa
u obpasua, AB, ., He npeBbillacT 1% 1o CpaBHEHMIO ¢ MHAYKLIMEN
MarHuTHoro noss B, To g-dakrop uccienyemoro obpasua, g, MOX-
HO OIpeNeNUTh Kak

8x = 8er — AB)c—\:’r'gCT/ BCT‘

Yacro, npu onpeaeneHun g-hakropa HEM3BECTHOIO CUTHAa MC-
MOJIb3YIOTCSI U3BECTHbIE 3(pDEeKTUBHBIC 3HAYEHUST g-(PaKTOPOB TPETh-
el U YEeTBEePTO KOMIIOHEHT CBEPXTOHKOM CTPYKTYyphbl criektpa DITP
JMaMarHUTHOPa30aBIeHHOrO TBEPIOro pacTBopa MOHOB Mn’™ B
MgO, 3aperucTpupoBaHHOTO TPU KOMHATHOU TeMmepaType, U U3-
BECTHOTO PACCTOSIHMSI MeXAy KoMmoHeHTamu (g; = 2,0328 + 0,0001,
g = 1,9812 + 0,0001, AB;_,= 8,676 + 0,005 mTm). Ecm g; > g, > g4,
MOXKHO TT0Ka3aTh, YTO

8384ABy_,4

g, = 83— 84
84AB;_,
83~ 84

rne AB,._; — paccTosiHue MeXy CUTHAJIOM o0paslia U TPeTbeil KOM-

TIOHEHTOM, TTOCKOJIBKY IPU OJHOBPEMEHHOM 3aIllMCU CUTHAJIOB CTaH-

Japta U obpasua gB = const; aHAUIOTUYHOE BBIPAXEHUE MOXHO BbI-

BECTM M TIPU HUCMOJIb30BAHUU UYETBEPTOM KOMIOHEHTbl B KaueCTBE

«ONOpHOM». I3BECTHBI U OPYIUe CUCTEMBI, B KOTOPBIX BO3MOXHAa Ie-

Hepalusl TTapaMarHUTHBIX 4YacTUll ¢ g-(pakTopamMu, U3MEPEHHBIMU C

Xopolileil TOUHOCThIo (Tabu. 3.8).

CniekTpoM IMaMarHUTHOPa30aBJIEHHOrO TBEPAOro pacTBOpa MO-

HOB Mn’" B MgO MOXHO BOCIOJIB30BaTbCS M ISl KAJIUOPOBKH pa3-

BEPTKU T10JI5I, MOCKOJBKY ¢ TouHOCThlo +0,005 MTn m3mepeHsl pac-

b

+AB, ;3
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Tabauua 3.8
DTaJIOHHbIE MAPAMATHUTHbIE YACTHUIILI 1JIs1 A0COTIOTHOTO ONpeaeeHust
g-(pakTopa
Won-paaukaist PacTBopurein g-Daxkrop

AHUOH-panuKal

HadTATMHA Jumetokcuatan/Na (—58 °C) | 2,002757+0,000006

AHUOH-panuKal

JumeTtokcuatan/Na 2,002671+0,000003
rnepujicHa

Karnon-panuxan

neprers H,S0, (98%) 2,002583+0,000006

KarnoH-paukan H,S0, (98%) 2,002604:0,000007
TeTpaleHa

AHUOH-paauKa

C,H,OH ¢ KOH (23°C) | 2,004679+0,000006
n-0eH30CEMUXUHOHA

Karnon-paaukan C,HsOH (abcomoTHbIi,

Blopcrepa roy6oro 23 °C) 2,0030510,000012

CTOSTHUSI MEXITY KOMITOHEHTaMU CBEPXTOHKOM CTPYKTYpbI CIIEKTpa,
3aperucTpUpPOBAaHHOIO MPU KOMHATHOI Temrmepartype: AB,_, = 8,238,
AB2_3 = 8,457, AB3_4 = 8,676, AB4_5 = 8,901 n AB5_6 = 9,119 mTo.

6.5. I3mepeHne KoJnM4ecTBa MapaMATHUTHBIX IEHTPOB
B o0pa3sie

OOBbIYHO KOJIMYECTBO MapaMarHUTHBIX LIEHTPOB B 0Opaslie u3Me-
PSIIOT OTHOCUTEIBHBIM CITOCOOOM IyTeM CPaBHEHMSI MHTEHCHUBHOCTEH
curHajoB DITP u3yyaemoro oobekra U CTaHAapTa ¢ U3BECTHBIM KO-
JIMYECTBOM TMapaMarHUTHBIX 4acTUll N, NPUBEIEHHBIX K OIMHAKO-
BbIM YCJIOBUSIM peructpauuu. OJMHAKOBbIE YCJIOBUSI perucrpaluu
MoJpa3yMeBaloT, 10 MEHbIIE Mepe, BBIMOJHEHUE CAEAYIOIIUX YCIIO-
BMIA: a) paCTBOPUTEM WM MaTpUILbI Y CTaHAapTa U obpasia, a TaKxKe
HUX reomerpuueckue (Hopmbl AOJKHBI ObITh OAMHAKOBBIMU ISl TOTO,
yToOBl pacnpeneieHue CBUY-monsa B pe3oHaTope ObLIO MIACHTUYHBIM
Mpu 3alUMCU CUTHAJIOB 00paslia U cTaHaapTa; 0) aMIUJIMTYbl CUTHAJIOB
OIIP cranmapra u MccieayemMoro oopasia JOLKHBI ObITh TTPOITOPLIM-
OHAaJIbHBI \/FO (Py — momHocth CBY-monis1), T.e. HU CTaHIApPT, HU
oOpa3zel] He JOJKHBI HACHIILIAThCS.

VYcioBue «pacTBOpUTEIM WJIM MaTpullbl Yy cTaHaapTa W oOpasua
JOJIKHBI OBITH OMMHAKOBBIMHU» YaCTO TPYIHO BBIITOJHUMO U IS TOTO,
YTOOBI YYECTh MPU PETUCTPALIMM CIIEKTPOB pa3ivuyue, a Takxke JUIS
ydyeTa JAPYrux BO3MOXHBIX M3MEHEHUHN YCIOBUM, TaKuMX KakK Ko3(-
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(bULIMeHT 3amoJIHeHUsT pe3oHaTopa U M3MEeHEeHWe Pe30HaHCHOM yYac-
TOThI TOMJIOLIEHUSI, B PE30HATOPE YCTAHABJIMBAETCS <«IIPOMEXYTOU-
HbIil» cTaHAAPT. DTOT CTAHIAPT HAXOAUTCS B PE30HATOPE MOCTOSIHHO
(B 4aCTHOCTH, OH MOXET OBITb 3aKpeIUIEeH Ha OOKOBOII CTEHKE Mpsi-
MOYTOJIbHOTO Pe30HaTopa); KpoOMe TOTO, CUTHAJ «ITPOMEXYTOYHOTO»
CTaHIAPTa IOJDKEH OBITh CTAOWJIBHBIM M MMETh TaKyl0 OPMEHTAIIUIO,
YTOOBI €ro JUHUS IMOIJOLIEHUST He MepeKpblBaIaCh C CUTHAJIOM HU3Y-
yaeMoro obdpasua. OmHUM U3 YIOOHBIX BApMAHTOB TAKOTO <«ITPOMEXKY-
TOYHOTO» 3TAJIOHA MOXET ObITh KPUCTALI KOpyHAa (OKCUI aTIOMUHUS
¢ mpuMechio noHoB Cr'"). JIMHUM TOHKOil CTPYKTYphl MOHOB XpoMa
00J1a1aI0T 3HAYUTEJILHOM aHU30TPOIME M IBe M3 HUX PACIIOJIOXKEHBI
B CIIEKTpPEe, 3aperMCTPUPOBAHHOM Ha paguOCIEKTpOMeTpe X-auana-
30Ha, ipuMepHo 1ipu 0,23 u 0,43 Ti, T.e. OCTaBISIIOT CBOOOIHBIM OT
CHUTHAJIOB AMAIa3oH B 00JaCcTH perucTpalydy OpraHMYeckKux paauka-
JIOB U MOH-paaukaoB (g = 2) B untepnaie ~0,2 Ti.

B kauecTBe OCHOBHOTO 3TajJloHa MOXET ObITh UCMOJIb30BAaH MOHO-
kpuctamn CuCl, - 2H,0, B KOTOPOM KOJMYECTBO MapaMarHUTHBIX UO-
HoB Cu**(§ = 1/2), N.,, omnpenessieTcs Mo pe3yabTaTy B3BElIMBAHUS
MOHOKpHUCTaJIIa Ha MpPelEe3MOHHBIX Becax (KOJMYECTBO MapaMarHuT-
HBIX LIEHTPOB B ATAJIOHE JOJKHO OIMpeAesiTbCsl 00513aTeIbHO He3aBU -
CUMBIM METOJIOM).

IIpu coOnrogeHur 3TUX YCJIOBUM KOJMYECTBO IapaMarHUTHBIX
LIEHTPOB B 00paslie ¢ XOpOlIei TOUHOCTbIO MOXKET OBbITh OMpPEACIEHO
M0 YpaBHEHUIO:

AX ) (al)CT & GCTMCT ) & ’ (T_TC)X [S(S+1)]CT
Ty Ax 8% GyeMy \gy) (T-T), [S(S+D],”

rie A — miowanb Nnojx KpUBOi MONIOWIEHU; [y, — aMIUIUTyla CUT-
HaJla «IIPOMEXYTOUYHOTO» 3TajoHa; & — IIeHa JeJeHUS KOOPIWHATHI
WHAYKIMU TMOCTOSSHHOTO MAarHUTHOTO MoJjisi (MM MHTEepBaJ CKaHM-
poBaHusi); G — OTHOCUTEJbHOE YCUJIEHUE CUuTrHaja; M — aMIuiuMTyna
MOIyIsILMu; g — g-akTop; T — Temmeparypa obpasua; 7, — TeMre-
patypa Kiopu; § — 3JIeKTpOHHBIN CITUH TTapaMarHUTHOM YaCTHUIIBI.

3HaueHue A TpU pErucTpalyy IIepBOil TPOM3BOIHOM CUTHAJA
MOMJIOLIEHUSI HAaXOAUTCS ABOMHBIM MHTErpMpoBaHUMEM. MOXHO Mo-
KazaTh, YTO 3aMeHa MHTETPUPOBAHUSI CYMMHUPOBAHUEM II0 (popmyire
MPSIMOYTOJILHUKOB (TIpolienypa Irpacduyeckoro MHTErpUpOBaHUsI) C
IOCTOSTHHOM BEJIWYMHOM IIIara CYMMMPOBAaHUS, MPUHUMAeMON paB-
HOI1 enuHuIIe, JACT BhIpaskeHUE:

i J

X
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LleHTp
LeHTp cnekTpa

crekTpa a 6
NS |

J..321 «Hynesas» A U 0 I /“k
123..j NNHUA \/\7 \J,/ \/ V
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/

Puc. 3.36. Cxema rpadmnyeckoro MHTErpupoBaHns Npu OOHOKPATHOM (&) u
MHOIOKPaTHOM (6) nepecedyeHnn NMHWeNr cnekTpa «HyIeBon» NNHUK

rae [ U j — HOMepa IaroB B COOTBETCTBYIOLIMX YaCTSIX CIEKTpa, A;
U h; — aMIUIUTYAbl TIEPBOii NPOM3BOAHON B TOYKax i U j (puc. 3.36).
s yMeHbIIEHUST OLIMOKM TIpachUyecKoro MHTErpUPOBAHUSI MUHU-
MaJIbHbl€ 3HaU€HUS [ U j OepyTcsl BOJIM3U LIEHTpa CMEeKTpa, T.€. BOJU3U
HauboJiee MHTEHCUBHBIX JUHUI CIIEKTpa, a BEJIMYMHA 11ara UHTEIpU-
pOBaHMSI HE NOJKHA ObITh OoJjble 1/4 paccTOSHUSI MEXIY TOYKaMU
MaKCHMaJbHOTIO HaKJIOHA caMOil Y3Koi JMHMU criekTpa. Eciau nuHus
CIIEKTpa IO OJHY CTOPOHY OT LIEHTpa CIEKTpa MepeceKkaeT «HYyJIeBYI0»
JIMHUIO, TO BEJIMYUHBI /;; 6EPYTCSA ¢ COOTBETCTBYIOLIMMU 3HAKAMMU.

7. METO/J SIIP-TOMOI'PA®UN

CraHpapTHbit paguocrniektrpoMetrp DITP mocie HekoToporo yco-
BEPILEHCTBOBAHUSI MOXET ObITh UCIOJIb30BAH IS MOJYYEHUS TaHHbBIX
O TIPOCTPAHCTBEHHOM pacIipeleieHU TMapaMarHUTHBIX ILIEHTPOB B
ob6pasue (meton DITP-romorpapuu, EPR Imaging). YcosepieHcTBO-
BaHME MpeaycMaTpuBaeT YCTAHOBKY JIBYX JOIOJHUTEIbHBIX KaTyllIeK
(cnupaneii) I'enbMroablia MeXay pe30HATOPOM M IOJIOCAMM DJIEKT-
pOMarHuTa paauoCclekKTPOMeTpa U CUCTEMbI MX MUTAHMS. YCTaHOBKa
JIOTIOJIHUTEIbHBIX KaTyllIeK MO3BOJISIET CO3/laBaTh B 3aBUCUMOCTU OT
BEJIMUMHBI TOKAa, MPOTEKAIOIIEro Yyepe3 KaTylKW, U3BECTHBINM Tpaau-
€HT 2JIEKTPOMAarHUTHOTO TI0JIs.

CyTb MeTOIa MOXET OBITh JIETKO MOHSTAa Ha IIPUMEpPEe PacCMOTpe-
HUs €ero OIHOMEpHOro BapuaHTa. Bo3pMeM oOpasell, JBe Mayible 00-
JJaCTU KOTOPOTO, comepKalllie mapaMarHUTHBIE [EHTPBI OTHOW TIPH-
pOIbl, UMEIOT KOOPAUHATHI z; = —Az U z, = +Az, B MArHUTHOM M0JIe C
MOCTOSIHHBIM TPagMeHTOM MarHWTHOW MHIYKUUU BAOJb OCHU z, T.€.

B(z) = By + 9B,
0z
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VcnoBue pe3oHaHca mJIS 3TUX ABYX TOYeK oOpasma OymeT colJiro-
JIAThCS TP Pa3IMYHBIX MATHUTHBIX MOJISIX

B1=B0+g—BAZl/IBzzBO_g—B
Torna ‘ z

AB=29BA,
oz

€CTb PacCTOSTHWE MEXIY CUTHAJaMU B eIVMHMIAX BEJIWYWHBI WHIYK-
UM MarHUTHOTO T10Jst (puc. 3.37).

N LN S

4 — mopenbHbiii obpasel, |, N3roTOBNEHHbIN
B, _)_:7/ 13 AnamMarHMTHOro matepmana, CoaepxXxalinm
= |

K 3
1 1
4
N s Puc. 3.37. Tpoctenwasa cxema IlMP-Tomo-
rpadmyeckoro akcnepmmMmeHTa: 1 — 31eKkTpo-
[ MarHuUT PagmMoCnekTpoMeTpa; 2 — KaTyLlku
: :3 FenbMronbLa, HeobxoanMble A NOy4YEeHMUS
- ™ - rpagveHTa MHAYKLUMN BHELIHEro MarHUTHOrO
/B : : \ nong; 3 — pe3oHaTop pPaaMocnekTpoMeTpa;
[
|

hBe 06nacTn C BbICOKOW NIOKaNbHON KOHLLEH-
[ Tpaumen napamarHMTHOro seulectsa (ande-

| | >
77 75 z HUNMUKPUATMAPA3UN)

Takum obGpa3zoM, eciid U3BECTEH TPaideHT MArHUTHOIO IOJS, TO
MOKET OBITh OIPEICICHO PACCTOSTHUE MEXKIY STUMM OOJIaCTSIMU, VIIH,
€CJIM U3BECTHO PAacCTOSIHHME, TO MOXET ObITh yCTaHOBJIEHA 3aBUCH-
MOCTb TpagWeHTa MarHUTHOTO TIONS OT BEJIMYMHBI TOKa depe3 Ka-
tymku I'enbmronbsua. Ha puc. 3.38 nmokasansl criekTpbl DITP nude-
HWITMTAKPUITHIPA3UIa, COCPEIOTOUYCHHOTO B IBYX 00JIacTsSIX obOpasia,
ITOKa3aHHOTO Ha MPEIbIIyIeM pUCYHKE.

Perucrpauusi cieKTpoB NpU pasiMUHBIX YIJIax MOBOPOTa MCCie-
qyeMoro obpasiia B IUIOCKOCTH TIOCNIe COOTBETCTBYIOINIEH 00pabOTKU
JaeT BO3MOXHOCTb MOJYYEHMSI IBYMEPHOH TOMOIPaMMBbI, a MHTEH-
CHBHOCTb CUTHAJIa CITIEKTPa B TOYKE C COOTBETCTBYIOIIMMH KOOPAMHA-
TaMU IMMO3BOJISIET MOJYIUTD MPODMIL pacripeneaeHUsT mapaMarHUTHBIX
yacTull B o0beMe o0pasiia, He paspyiiast ero (puc. 3.39).

Ha puc. 3.40 B xauecTBe nmpuMepa MPUBEAECHO MPOCTPAHCTBEHHOE
pacnpenenenue 2,2,6,6-teTpaMeTII-4-TUAPOKCUITATICPUANH- 1 -OKCH -
Jla B IWJWHIPUYECKON TpaHyse TMTOPUCTOTO MaTepuraja, sBJISIOIIeecs
pEe3yJIbTaTOM TIpoliecca MacconepeHoca 3 pacTBOpa paauKaia BHYTPb
TpaHyJIbI TIPEABAPUTEIHHO BEIMOUEHHOM B YMCTOM pactBoputene [1].
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| AB
41‘ B —~ 3,0 A
-
25A
2,0 A
AB, mTn
)
1
1 2 3
Tok, A
338 ' 340 ' 342

MarnutHoe none, mTn

Puc. 3.38. CnekTpbl MNP obpasua |, copueHTMpoBaHHOIO B pe3oHaTope Kak
nokasaHo Ha puc. 3.37, Npy pPasnUyHbIX BeNNYMHAX TOKa, MPOTEKAKLLErO
yepes kaTywkn Fenbmronbua

6

10

e
[¢)]
[ee]

338 340 342 0 2
MarnuTtHoe none, MThn X, MM

Puc. 3.39. YrnoBasi 3aBUCMMOCTb MHTErPasibHbIX 9KCMEPUMEHTANbHbIX CMEKT-
POB, NoJlydeHHbIX Ans obpasua | (a); 6 — peKkoHCTpynpoBaHHasi TOMorpamMmma
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Puc.3.40. NpocTpaHCTBEHHOE pacnpefeneHne pagukana B obpasue: a —
penbed NOBEPXHOCTU C aMMIUTYLON, NPONOPLUUOHANIBHOW CMMHOBOM MOT-
HOCTU; 6 — KapTa KOHTYPHbIX JINHWNIA

8. METO/IbI IBOMMTHOT'O BJIEKTPOH-SATEPHOTIO
N BJEKTPOH-DJIEKTPOHHOI'O PE3OHAHCA

Ha ocHoBe meroma DIIP Obliu pa3BUTHI ellie ABa MeToda Mcclie-
JIOBaHMSI: METOJ, JBOMHOTO 3JEKTPOH-siiepHOro pe3oHaHca ([ADAP,
B aHIJIOSA3BIYHON JIUTepaType UcIojb3yercss adbopeBuatypa ENDOR)
U METOJ JBOMHOTO 3jIeKTpoH-3jeKTpoHHOTo (ADDP, ELDOR) pe-
3oHaHca. B metome HADAP oOpazel, NmoMmelieHHbIE B MarHUTHOE
rnoJjie, MOABEPraeTcsi OJHOBPEMEHHOMY ACHMCTBUIO JBYX W3JIydeHUI
pPa3IMYHON YacTOThbl, CTUMYJMPYIOLIMX II€PEeXOAbl MEXAYy 93JIEeKT-
POHHBIMUM YpPOBHsIMU (mpaBwia otoopa Am, =1 u Am; = 0, yacrora
CBY ~ 10" T'n) u nepexomsl MeXIy SIEPHBIMUA YPOBHSIMU (TIpaBUIIa
ot6opa Am, = 0 u Am, = 1, yacrora pamuonsnydernsi 10°—10° I'u), B
metozae JIDDP — CBY-u3nydyenuto Ha aByx yactorax. OCHOBOI CIIeK-
TpoMeTpoB JADAP u IIDDP gasasitorcs cnekrpomeTpol DITP, o6opyno-
BaHHBIE CMeLMaIbHBIMU pe3oHaTopamu: B Metoae JADP Heodbxonum
pe3oHaTop, MO3BOJISIIOIINIA TTOABEepraTh o0pasell JelCTBUIO paguoun3-
JlydeHus, a B Metone IDDP HeoOxomuMm OMMOAANbLHBIIN PE30HATODP,
KOTOPBII MOXET ObITh OAHOBPEMEHHO HACTPOEH Ha JIBE YaCTOTHI.

Ha cxeme (puc. 3.41) mokaszaHbl Ilepexoabl, UCIIOJIb3yeMble B Me-
togax ADAP u JIDDP, Ha nmpuMepe CBEPXTOHKMUX B3aMMOACHCTBUIA B
A30TOKMCHBIX pamukanax (S = 1/2, I = 1), IMPOKO UCITOIb3YeMbIX B
BKCIEPUMEHTAIBHOM MpaKTUKe. DHEPIUU YPOBHEH B paccMarpuBae-
MO cUCTeMe MOXHO BBIPa3UTh KakK

E=gPBBm,+ am;m;— gyPyBmy,
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my=+1
N ~ YonBuB
ms=+1/2 / m;=0 \ Lo v, ¢
\ Yy /
m1=—1 ;
a PR §
[e)) 0
>
my=-1
ms=-1/2y/ m;=0 %gg
OneKTpoHHOoe \ _
3eemaHoBckoe \__Mi=+1
pacluennenne CpepxtoHkoe  \

B3aVMoAencTBMe  gnp AMP [39P O33P

BsanmopencTeue sgpa
C MarHUTHbLIM NOJIEM

Puc. 3.41. Cxema, naniocTpupyoLLaa nepexoabl Mexay YPOBHIMU 3HEPrUn
B meTogax IAMNP, AMP, A349P n 193P

Toe g U gy _ DJIEKTPOHHBIN (IJIsI a30TOKMCHOTO panukana g = 2,006)
U snepHblil (st sapa N gy = 0,4038) g-bakTopbl COOTBETCTBEH-
HOo, a — koHctaHTa CTB B azoTokmcHoM pamgmkane (a = 40,6 MI'),
By = 0,50504 spr/> — sigepHbIii MarHeTOH, B — WHAYKLMS MarHUT-
HOTO TOJISI, M, U M; — TIPOEKIIMUA JIEKTPOHHOIO M SIACPHOIO CIIM-
HOB Ha HampaBjJIeHWe MarHUTHOro moias (m,= +1/2, m; =0, +1). B
OIIP HabmopaloTcsl mepexoAbl ¢ 4acToTaMu Vi, V, U Vi (Am,= *£1,
Am;= 0); pa3HOCTb 3HEPruM Mex1Iy Iepexojamu paBHa a. B AMP
HaOJTI0AAIOTCS MePeXoabl ¢ YacToTaMu

vs=a/2 — gyByBu vs = a/2 + gyPyB.

B metone ADSAP omna nuuusa DIIP (Hampumep, ¢ 4acTOTOR V,)
Hacbllaercs: cuibHbIM CBY-usnyyeHueM, Tak UYTO 3aceIeHHOCTHU
ypoBHeil 2 u 5 BelpaBHMBaOTCs, U curHan DIIP ymenbinaercst. Ecnu
onHoBpemMeHHO ¢ CBY-uznyyeHuem Ha oOpaszel] MogaeTrcsl CUJIbHOE
pagrovacToTHOE II0JIe, YacTOTa KOTOPOro paBHA Vv, WM Vs, TO Ha-
CEJICHHOCTM YpPOBHEH 2 M 5 BO3BpalllalOTCSl K PaBHOBECHBIM W WH-
TeHCUBHOCTb JiuHuKU DIIP ¢ yacroroit v, yBenuuuBaercs. CinegoBa-
TeJbHO, ciiekTp JADAP npencrasisier codoil 3aBUCUMOCTb AMITIUTYIbI
HacbllleHHO# JuHUK DITP oT yacToThl pagno4acTOTHOTO U3TYyYEHUSI.
B paccmorpeHHoM ciiydae cnektp ADAP cocTouT u3 ABYX JIMHUIA Ha
YacTOTaX V4 U Vs, 3Hasl KOTOPbIE MOXHO BBIYMCIUTDL BEJTUYUHbBI @ U Zy.
ITpermyliecTBO MeTOAa MPOSIBJISIETCS MPU aHAIU3E CIOXHBIX, TJIOXO
paspelleHHbIX crekTpoB DIIP, mo3BoJsis ¢ BHICOKON TOYHOCTHIO OM-
penensitb koHcTaHThl CTC u npupony siuep.
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B merone ADDOP onna nuuusg SI1P (Harpumep, ¢ 4acToTOM V,) Ha-
omopaetcs npu ciadbom CBY-uznyyeHuu, a apyroi repexon (Hampu-
Mep, C 4acTOTO# Vv;) HachblilaeTcsl cuibHbiM CBY-usnyyenuem. Eciu
B CUCTEME BO3MOXKHBI MEPEXObl, TIOKAa3aHHbIE BOJIHUCTBIMU CTpEIKa-
MU, TO HaChIlLIEHWE JIMHUU C YaCTOTOU V3 BBI3OBET HACKIILEHUE TUHUU
C YacTOTOU Vv, M YMEHBIIIEHNEe ee¢ MHTeHCUBHOCTHU. ClemoBaTesIbHO,
crektp JADDP mnpeacrapisier coboil 3aBUCUMOCTb aMIUIUTYIAbI JIv-
Hum DIIP ot wactoTel BToporo, 6onee momHoro CBY-u3nyyenus. B
paccMOTpeHHOM ciydae criektp JADDP coctouT u3 nByX JUHUI OT-
JIMYarolmxcs 1o sHepruu Ha 2a. Meton JIDDP mosBossier u3yyathb
MeXaHMU3MBI pejlaKcalluy 3aceIeHHOCTeN YPOBHEMN (B OTCYTCTBUE 3TUX
MeXaHU3MOB curHai JIDDP paBeH Hy/N10) M YBEJIMYMBAET paspellaio-
1y criocodbHocTh MeTona DIIP.

9. ITIPAKTUYECKHME 3AJAHUA

9.1. Onpenenenue g-pakropa

Ornpenenure KOMIIOHEHTbl g-T€H30pa M3 3aperuCTPUPOBAHHOIO
Npu KOMHaATHOU Temrieparype criektpa DITP moiukpucTaiiniyeckoro
oo6pazua misg CuCl,2H,0, ucnonb3ys B KauecTBe 3TajlOHA 3amastHbIii
B CTEKJISTHHBIA KaImWIISIP TTOJMKPUCTAI OL,0 -TuDeHUI- - TTMKpWI-
ruapazuna, (CgHs),N—N"—C¢H,y(NO,);, (APII, gronr=2,0037 £
* 0,0002).

TTonayyure yrjioByr0o 3aBUCUMOCTb 3(P(MEKTUBHOU BEIUYMHBI g-
(dakropa cuHmieTHoro curHaaa moHokpucrauia CuCly,2H,0, g,
noMenieHHoro B ammyiy misg DITP-uamepeHuii BMecTe ¢ 3TaJIOHOM
(APIIT). JaMHHYIO OCh MOHOKpPHUCTAIJIa HEOOXOIMMO COPMEHTH-
pOBaTh BIOJIb OCH aMITYJIBI, BEpPXHUI KOHEI[ aMITyJIbl JOJDKEH OBITh
3aKperieH B TOHUOMETPE MU CHaOXEH MPUCITOCOOIEHUEM, MTO3BO-
JISTIOIIMM OMpPENesiTh YIoJl MOBOpoTa oOpa3iia OTHOCUTEIbHO HaMpaB-
JIEHWST BEKTOpa WHAYKIIMM BHEITHETO MATHWUTHOTO TIOJIST; WHTEepBa
M3MEHEHMSI yrjia JoJKeH ObITh He MeHee 180°. JlaHHBIE yriioBoii 3a-
BUCHUMOCTH g,p, = f (0 + 0), npunas 3HaueHne 0y = 0 1Ipy 2,4, = Gyaxes
o0pabarbIBaOTCs M0 (hopmyJie

2 .2 : 2
ga(b = Zvun sin 6+ &maxc €OS e,

MOCKOJIBKY CMMMETPHsI KOOPAMHALIMOHHOM cepsl noHa Cu’" Gmus-
Ka K OKTa3IpUYeCKOM U HaIpaBJeHUE OCeil CUMMETPUHU TaKOBO, YTO
BEKTOP MHAYKIIMHA BHEITHETO MAarHUTHOTO TIOJIST TIPaKTUIeCKW HaXo-
JIUTCS B IJIOCKOCTU XZ MOJIEKYJISIPHOI CUCTEMbl KOOPAMHAT; OIpee-
JISTFOTCSI BETUIUHBI g, Y Gy
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PaccunTanHble BeTMYMHBI CPAaBHUTE C 3HAYCHUSIMU KOMITOHEHT g-
TEH30pa, ITOJIyYSHHBIMU IIPU aHAJIN3€ CIIEKTPa MOJIUKPUCTAIMISCKO-
ro oopasua CuCl,2H,0.

Omeem: g = 81 = 2,23, guac = &) = 2,04.

9.2. OnpenesieHde KOJUYECTBA MAPAMATHUTHBIX IIEHTPOB
B oopasue. (DIIP-n03umeTpusi HOHM3UPYIOMIETO M3TYYEeHHS
¢ ucnoJib3oBanuem L-o-ananuna [2])

JleiicTBue y-nsayueHus uzororma °°Co, Ha mONMKpUCTALINYEC-
kuit L-o-anmanuH, CH;CH(NH,)COOH, npu 77 K npuBoauT mpu
KOMHATHO# TeMIlepaType K CTa0WIM3allMM B BEIECTBE DPaaUKaIoOB
CH,C'HCOOH (a"(CH;) = a* "~ 2,30 MTn, g ~ 2,003).

JJ1st BBITIOJIHEHUST 3aJaHUsl HEOoOXOOUMO IIPUTOTOBUTH 0OOpasell
YUCTOTO TOJUKpUCTAIMYeckoro L-a-anaHuHa (<200 mr) B ammyJse
ns OITP-usMepeHuit M3 crneuuaibHOro copra crekia («JIyuy» unum
CK-4b), He natomero curHana SI1P npu obnyyeHUur; BO3MOXKHO UC-
MnoJib30BaHUE KoMMmepueckux D-amanuHa, DL-ananuna, L-anaHuHa
i B-ajaHUHA ¢ YUCTOTOI Oosiee 99% 6e3 NONMOTHUTEIbHON OUUCTKY.
Bricota o6paslia ajlaHMHa JOJKHA OBITH paBHA BEICOTE 3TAJIOHA, WC-
TMOJIb3yEeMOTO TIPU OMpeeIeHU aOCOTIOTHOTO YKCIIa TTapaMarHUTHBIX
LIeHTpoB. Ob6ayYeHre TPOBOAUTCS MPU KOMHATHOW TeMIlepaType.

M3 nosyyeHHO! 3aBUCMMOCTHU YMCJa CTaOUIU3UPOBAHHBIX paiau-
KaJIOB B 00paslie OT BpeMEHHU 00JydeHUs] pacCUUTaTh MOLIHOCTb JO3bI
TTOTJIOIIEHHOTO M3JTyYeHUs OT MCITOIb30BAaHHOTO MCTOYHUKA, CUUTAS,
yTO IS 03 B MHTepBase oT 2-10° no 10* I'peit BemumMHA pamuaiyi-
OHHO-XMMWYECKOTO BBIXOa CTAOMIM3UPOBAHHBIX PAIUKAIOB (BBIXOI
panukaiioB Ha 100 3B nornoluieHHoO 3Hepruu) pasHa 3.

9.3. OnpenaesieHre KBAHTOBOIO BbIX0A 00pPa30BaHUs W BpeMeHH
JKH3HU TPHIUIETHBIX MOJIEKYJ] KOPOHEHA B 3THJIOBOM CIIHpPTE
npu 77 K

B xBapiieBoil ammyne, ucnosbsytoueiica npu DITP-uzmepeHu-
sIX, TOTOBUTCS obOpasell u3BecTHoro oobema (~0,10—0,12 M) pac-
TBOpa KOPOHEHa B 3TUJIOBOM CITMPTE C KOHIIEHTpallueil He Oosiee
5+ 107 Monb/1 (yoaneHHe KHUCIOpPOAa M3 PACTBOPHUTENS] MOXHO He
MPOBOANTE). [1pUTOTOBIIEHHEII 00pa3el] 00IydaeTcss CBETOM PTYTHOM
JIAaMITbI BBICOKOTO NTABJICHUS, CHAOXKEHHOM Y3KOITOJIOCHBIM CTEKJISTH-
HbIM (PUABTPOM AJISI BBIACACHUSI JUHUM C JJIMHON BOJHBI 313 HM,
B cTallMoHapHOM pexume npu 77 K HernocpeacTBEHHO B pe3oHa-
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Tope paauocriektpoMerpa DITP. Peructpupyrorcs <«3arpeleHHbIR»
(AMgy = 2) n «paspeiueHHbie» (AMg = 1) nepexoabl TPUILJIETHBIX MO-
JIexya kopoHneHa (D = 0, £ = 0).

151 ompeneneHus] BEJIMUMHBI KBAaHTOBOTO Bbixoga @, U BpeMeHU
SKU3HM TPUILIETHBIX MOJIEKYJT T TPUTLIETHBIX MOJIEKYJ KOpOHEeHa He-
00XOIMMO 3anmmrcaTh KMHETUKNA U3MEHEHUS YMciia TPUTLIETHBIX MOJIe-
KyJ OT BPEMEHU MpU pa3InyHOM MHTEHCUBHOCTU IAaJalollero cBeTa
(o1 Iyno 0,21,) u B TeMHoTe (11ocie aeictBus cBeta). CKOpOCTb U3Me-
HEHUS 4YHuca TPUILIETHBIX MOJIEKYJ MO0 M3MEHEHUI0O MHTEHCHUBHOCTHU
nepexona AMg = 2 pacCuuThIBaeTCsl Kak

dN; 15 (hv)> N, 2V

= oo
dt 8 D*+3E* 4 dr’

3T

rme k — KOHCTaHTa, paBHAs OTHOILEHUIO TLIOIIANM TOA UHTEeTpaib-
HOIl KpMBOW TorioleHus: nepexoga AMg = 2 K BeJIMUMHE aMIUIUTY-
IObl 2Y 3TOro mepexoma, mapameTphl pacllieTuIeHUs] B HYJIEBOM IIOJIe
D u E onpenensitorcsi U3BECTHBIM CIIOCOOOM IO JIMHUSIM CIIEKTpa Tie-
pexoga AMg¢= 1, hv — 3Heprusi KBaHTa MUKPOBOJIHOBOTO TOJIsA, N,
U A,, — 4YUCJIO TapaMarHUTHBIX LIEHTPOB B 3TAJOHE M ILIOLIAAb MO
KPUBOI TOIJIOLLIEHUSI 3TaJOoHa, MPUBEAEHHAs! K YCJIOBMSIM perucrpa-
LUK UCccaeayeMoro obpasua.

BenuumHa KBaHTOBOrO BbIXOJA TPUILIETHBIX MoJiekyal @D pac-
CUMTBHIBAETCS KaK OTHOILIEHWE CKOPOCTWM HAKOIUIEHUS TPUILIETHBIX
MoJiekyn dNy/dt B HayaJlbHbIii MOMEHT BPEMEHM K WHTEHCHMBHOCTH
MOTJIOIIEHHOTO apOMaTUUYECKUM COeMHEHUEM cBeTa, I,,.,. BenuunHa
1 or; BBIUMCIISIETCS MCXOMAS M3 BEJWYMHBI MHTEHCUBHOCTU Tafaloliie-
ro cgeta I, onpeneaeHHON MeToaoM dheppruoKcanaTHONH aKTUHOMET-
pUH B YCIOBUSIX, aHAJTOTUYHBIX SKCIIEPUMEHTAIbHBIM, M ONITUYECKOMN
TUTOTHOCTHU MCCJIeyeMOro oopasiia Ha JJIMHE BOJIHbI (DOTOIU3YIOLIETO
CBeTa.

Paccuuraiite mis kopoHeHa BeaumuuHy D Onpenenvre Bpewms
KM3HU T TPUILIETHBIX MOJIEKYJ KOPOHEHa B M3YyYEHHbBIX YCJIOBUSIX.
ITocTpotiTe 3aBUCMMOCTb CTallMOHAPHOMN KOHILIEHTPALIMK TPUILJICTHBIX
MOJIEKYJI OT MHTEHCUBHOCTM Maaaroliero cBeta. Brickaxurte mpeamno-
JIOKEHUE O BO3MOXHOW MPUYMHE HECOOIOJEeHUS] MPOIMOPLUOHAb-
HOCTH MEXIY 3TUMU BEeJUYMHAMU.

Omeem: ® = 0,58 + 0,06, t = 20 c.
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9.4. OnpenesieHne COCTABA PAAUKAJIBHBIX MPOAYKTOB METOAOM
«CTMHMHOBBIX JIOBYILIEK»

MeToa «CIMUHOBBIX JIOBYIIEK» — CIOCOO CTaOMIM3alMM KOPOT-
KOXMBYIIINX PAaAWKaJIOB B pe3yibTaTe peaklUM UX C BBEACHHBIMHU B
HCCIIEAYeMYI0 CUCTEMY OMAMarHUTHBIMM MOJIEKYJaMU aKLENTOPOB.
[Ipu ucroab30BaHUM METOMA aKIENTUPOBAHHBIN paguKal CTAaHOBUT-
cs (hparMeHTOM YCTOMUYMBOTO (B OKCIIEpUMEHTAILHOM MacliTabe Bpe-
MEHM) CIIMHOBOTO AJIIyKTa, COMEPXKallero MHGOPMaIMIo O CTPOSHUN
CTaOMIM3UPOBAHHOIO paguKaia.

a) Hdenmudhuxauus paduxaaos, odpasyrouuxcsa npu y-paduoause
Memanoaa.

AMITYJIBI ¢ BaKyyMUpoBaHHbBIM 10 ~107° Topp pactBopom ~0,01 M
TpeT-HUTPO300yTaHa B METAHOJIE BbIIEPXKMBAIOT B TeueHue ~1,5 ya-
COB B TEMHOTE MpU KOMHATHOM Temmepartype. O6ayyeHue oOpas3lioB
npoBoadaT no ao3el ~0,01 Mpan npu Ttemmneparypax —90...—95° u
—196°C. lCl'IeKTpI)I OITP 06syyeHHBIX 00pa3loB PErUCTPUPYIOTCS TIPU
~—80 °C".

Ormpenennure CTpoeHWE OOPA30BABIINXCS CITUHOBBIX aTyKTOB.
BrickaxkuTe TIpeamnoyokeHWsI O BO3MOXHBIX TIPUYMHAX 00pa30BaHUS
CIIMHOBBIX aJIYKTOB Pa3HOI'O COCTaBa.

OCHOBHBIM CITMHOBBIM aJIyKTOM B 00pasile, OOJYyYeHHOM TIpU
temriepatype ~—90 °C, sasustorcs paaukansl CH;ON(—0*)C(CHj;),
(ay=2950 mTn, agy = 0,150 MTa), a B obpasie, 0OIY4ECHHOM
npu Temreparype —196°C, pamukanst HOCH,N(—O0%)C(CHj;),
(ay = 1,460 MTn, agy; = 0,400 MT).

0) Hoenmugpuxauus paduxaaos, oopasyrowuxcsa npu pacnade

comounuyuamopa o.-gpenurbenzouna, PhC(=0)C(—OH)Ph,,
C UCNOAB308AHUECM 6 KAYeCMEe «CHUHOGOU 106YWIKU»
C-gpenun-N-mpem-6ymuanumpona, PhCH = N*'(—0")—C(CH;);[3]

KBapliieByio amryi1y ¢ BakyyMupoBaHHBIM 10 ~10~° Topp pacTBo-
poM ~0,01 M a-denundenzonHa u ~0,1 M C-benus-N-TpeT-0yTui-

' Hcnons3ylorcs ammyiabl U3 copros crekon («JIyu» win CK-4B), He maroumx
curHayoB DI1P npu obsnyyenuu. Boiaepxxusanue npu ~—80 °C HeoOXoauMo [yisl ycTa-
HoieHust paBHoBecus 2-BuNO <« (~-BuNO),, Tak Kak akUenTUPYeT paauKaibl TOIb-
KO MoHoMepHasi (opma. Bce omepanuu ¢ TpeT-HUTPO300YTAHOM M €ro pacTBOpaMU
JOJDKHBI TIPOBOIMUTBCS TPU OCBELICHUU, C MCIOJIb30BAHMEM CBETa C JIJIMHOM BOJIHBI
350 uM < A < 500 HM, TOCKOJBKY ~-BuNO ¢ BBICOKMM KBAaHTOBBIM BBIXOJIOM (HOTOJIM-
3yeTcst ¢ 00pa3oBaHUEM IU-TPET-OyTUITHUTPOKCUIIA.
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HUTPOHA B GeH30Jjie 00IydaloT CBETOM 365 HM MpM KOMHATHOW TEM-
repartype.

OrmpenenuTte CTpoeHWe 00PA30BABIIMXCS CITMHOBBIX aIIyKTOB. BhI-
CKaXWTe IPEAIOJIOKEHUSI O BEPOSITHOM MeXaHM3Me pacmaaa (oTo-
WHUIIMATOpa W BO3MOXHON TIpwunHe pasnmnumst KoHctaHT CTB Ha
[B-TIpoTOHAX B CIIMHOBBIX AJIyKTaX.

Pabora He TpeOyeT Mep IIPEIOCTOPOXHOCTEI, OTOBOPEHHBIX B
NpUMeYaHUM TTyHKTA a).

Omeem: CIIMHOBBIMU aIIyKTaMu B oOpa3slie, 00pa30BaBLIMMUCS B
00 Iy4eHHOM 00pa3slie, SIBJISIOTCS paguKabl:

PhC( = 0)CH(Ph)N(—0")C(CH,); (ay = 1,400 MTi,
aB,H = 0,445 MT.H)

PhC(—OH)CH(Ph)N(—0O")C(CHj;); (ay = 1,410 mTn,
ag-y = 0,213 MT).

9.5. CeHcHOUIM3UPOBAHHDBIN TPU(DEHUTIAMUHOM pacnan
TpeT-0OyTHaaneTaTa [4]

Bo30yxneHue MoJieKys TpugeHWwIaMiHa CBETOM C JUIMHOM BOJIHBI
313 HM (MCTOYHUKOM CBeTa MOXKET OBbITh PTYTHAasl JlamIla BBICOKOTO
JaBJIeHUsT, CHaOXEHHasl CTEKJITHHBIM CBETODUIBLTPOM LTSI BbIACICHMUS
ATOI JIMHUM PTYTHOIO CIIEKTpa) MPUBOAMUT K X (DOTOMOHM3ALIUU:

hv e
(CeHs)sN —— (CgHs);sN™ + e.

IIpu ncnoab30BaHUU B KAUECTBE PACTBOPUTEIST (MATPUIIbI) BelIeC-
TBa, Y MOJIEKYJ KOTOPOTO CPOACTBO K 3JIEKTPOHY IMPEBBILIAET IHEP-
TUIO0 KaKOi-110O0 CBSA3UM B MOJEKYJe, NMPOUCXOAUT AMCCOLIMATUBHBIN
3axBar dJEKTPOHa C 00pa3oBaHUEM PaIUKAJIOB; B TpeT-OyTuiiaierare
00pa3yroTcs TPeT-OyTUIbHBIE PaguKalbl:

(CH3);COOCH; + ¢ —— (CHj3);C* + CH5;COO".

HccnenoBaHue mpoBOOUTCS C BaKyyMHUPOBAaHHBIMM pacTBOpaMu
TpudeHWwIaMIHA B TpeT-OyTWiaLeraTe ¢ KOHILeHTpammeir ~1072 M
npu 77 K B kBapueBbix amnyiax nisa DITP-uzmepeHuii (oobeM 00-
pasua ~0,10—0,12 M) 1160 HEmocpeACTBEHHO B pe30HaTOpe paauo-
CIIEKTPOMETpa, JUOO ¢ WCITOIb30BaHWEM HE3aBUCHUMOM YCTAaHOBKU
17151 poTonm3a.
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IMosy4ynB 3aBUCHUMOCTb CKOPOCTH HakoIuteHus panxukanos (CH;),C*
OT MHTEHCMBHOCTU Iajalollero cBera (MHTEHCUBHOCTH MaAarolIero
CBETa U3MEHSETCS MPU MOMOILIU CETOK), OMpPENeIUTe MOPSIIOK 1 pe-
aKIMM o0pa3oBaHUs PaauKaIoB MO MHTEHCUBHOCTU.

BrickaxuTe npeanoiokeHus: 0 MexaHu3Me peakiuuu ¢GoToroHn3a-
1y TpueHIaMIHA ¥ BO3MOXKHBIX IPUYMHAX OTCYTCTBUS B CIIEKTpE
DIIP curHana katuoH-pagukanoB (C¢Hs);N™*.

Omeem: n ~ 1,6—1,8.
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