Jlekus Nel6

deppoMarHeTHKM U aHTH(EeppPOMArHEeTUKHU
1. O6menHas moaeb (peppoMarHeTuka

MaruuTHoe ynopsiioueHue.

[enbIit psax KpUCTaIIOB 00J1a/1ae€T YIOPSAI0YEHHON MAarHUTHOM CTPYKTYpPOH.
DTO 3HAYUT, YTO B OTCYTCTBME CTOPOHHETO MAarHUTHOTO TIOJS CpelHee
(kBAaHTOBOMEXAaHMYECKOE) 3HAYCHHWE MArHMUTHOTO MOMEHTA, 10 KpaiHel Mepe,
OJIHOTO M3 aTOMOB B KaXKJI0M 3JIEMEHTAPHOM siueiKe KpUCTalia OTIIMYHO OT HYJIS.

B mpocreiiiiem  THME  MarHUTOYMNOPSJOYEHHBIX  KPUCTAUIOB — —
¢eppomarnerukax (Fe, Ni, Co, Dy) —pennee 3HaueHHe MarHUTHBIX MOMEHTOB
BCEX aTOMOB HMEIOT OJMHAKOBYIO OPHEHTAIMIO, €CIM TOJBKO TeMIiepaTypa
dbeppoMarseTuka He MPEBOCXOJUT OMPENETCHHON KPUTHYECKON TeMIepaTyphbl —
temriepatypbl Kropu. biarogapst stomy dbeppoMarseTuku 007a7at0T CHOHTAHHBIM
MarHUTHBIM MOMEHTOM, TO €CTh, MAaKPOCKOIMYECKHMM MAarHUTHBIM MOMEHTOM,
OTJIMYHBIM OT HYJIS B OTCYTCTBUE BHEITHETO MAarHUTHOTO TIOJIS.

B  Oonmee  CIOXKHBIX  MarHUTOYMOPSJOYCHHBIX  KpUCTAIAX  —
antudeppoMarnerukax — (K MX YHCIy OTHOCATCS KapOOHAThI, OE3BOJHBIC
cyabdathl, OKUCIbI, pTopuasl mepexoanbix MetaioB Mn, Fe, Ni, Co) —cpeanue
3HAYCHHUST MAarHUTHBIX MOMEHTOB aTOMOB (B OTCYTCTBHE BHEIIHETO MAarHUTHOTO
HO0JIsI) KOMITCHCHPYIOT JAPYT JApyra B Mpeaeiax KaKIOH JJIeMEHTApHOU SUYCHKH.
WubiMu  crioBaMu, aHTHU(QEPPOMArHETHK TMPEJCTaBISET COOOM COBOKYMHOCTH
HEKOTOPBIX MOJAPEmIeTOK (MX Ha3bIBAIOT MATHUTHBIMU IOJPCIICTKAMH), IS
KaKJI0M M3 KOTOPBIX CpEHEE 3HAUYEHUE MATHUTHBIX MOMEHTOB aTOMOB OTJIMYHO OT
Hynsa. Takas MarHWTHas YHOPSAOYEHHOCTh WMEET MECTO, €CIM TeMIiepaTrypa
aHTU(EeppOMarHeTUKa HIDKE OINPEACIICHHOW KPUTHYECKOW TeMIeparpbl —
Temneparypsl Heens.

CymecTByeTr emie OAWH THUIl MarHUTOYMOPSIOYCHHBIX KPUCTAJUIOB —
(heppUTHI, KOTOPHIE COCTOST U3 HECKOJIBKIX MarHUTHBIX MOAPEIIETOK, MATHUTHBIE
MOMEHTHI KOTOPBIX, B OTJIMYHUE OT aHTU(HEPPOMArHETUKOB, HE KOMIICHCUPYIOTCH,
Tak 4TO (eppuT 00JaJaeT CHOHTAHHBIM MArHUTHBIM MOMEHTOM. Deppuramu
SBJIIOTCSI, HAIPUMEP, COCAMHEHHUS MEPEXOJHBIX METAIOB THINA KOMILJIEKCHBIX

coneit MNO [IFeZO , 3Y203 [5F6203 ¥ JIpYyTHE.

MarnuTtHasi ynopsiioueHHOCTb (peppo- U aHTU(EPPOMArHeTUKOB BO3HUKAET
Osarosiapsi KOppeasiusiM MEXIy HalpaBJICHUSIMU CIIMHOB AJIEKTPOHOB OTIEIbHBIX
aTOMOB 3THUX T€J, MArHUTHBIA MOMEHT KOTOPBIX MMEET B OCHOBHOM CIMHOBYIO
npUpoAy. ITa KOppessius 00yCIOBI€HAa B CBOIO OYEpEb B3aWMOCBSI3bIO MEXIY
POCTPAHCTBEHHONM CUMMETPHE BOJHOBON (PYHKIMU M BEIMYUHONW CyMMapHOIO
CIIMHA CHCTEMbI AJIEKTPOHOB. Takash B3aMMOCBS3b, SIBISIONIASCA CIEICTBUEM
OPUHIMIA HEPa3IMYMMOCTH OJIMHAKOBBIX YACTHI], MPUBOAUT K 3aBHUCHUMOCTU
OHEPTUU CUCTEMBI OT BEJTMYMHBI €€ MTOJTHOTO CIIMHA, TaK KaK BOJTHOBBIM (DYHKITUSIM,
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0o0JafamuM  pa3audyHON MPOCTPAHCTBEHHON CHUMMETpHUEH, COOTBETCTBYIOT,
BOOOIIIE TOBOPS, Pa3INYHbIE 3HAUEHUS SHEPTHUH CUCTEMBI.

CyIecTBeHHO, YTO MPHU 3TOM raMUIIbTOHUAH CUCTEMBI MOXKET HE COJIEPKaTh
4JICHOB, ONKCBHIBAIOIIUX MAarHUTHBIE, TO €CTh, PEIATUBUCTCKHIE, B3aUMOCHCTBHS.
Tak 4TO peub HAET O YUCTO KBAHTOBOM 3(d(dekre, CBA3aHHOM C TEM, UTO
ANIEKTPOHBI MOTUMHAIOTCS cTatucTiuke depmu-upaka. IToT 3pPeKT Ha3bIBaeTCA
0OMEHHBIM P PEKTOM, a O 3aBUCUMOCTH SHEPTHU CUCTEMBI OT BEITMUNHBI ITOJIHOTO
cnuHa (TO €CTh, O 3aBHCUMOCTH JHEPTHH OT CBOWCTB CHMMETPUU BOJHOBOM
(yHKIIMM) OOBIYHO TOBOPST, YTO OHA 00YCIIOBIIEHA OOMEHHBIM B3aUMOICHCTBHEM.

Mouieky.ia Boaopoaa.

XapakTep OOMEHHOTO B3aMMOCHCTBHS MPOLIE BCErO0 OOBSICHUTH Ha TMPUMEPE
MOJIEKYJBI ~ BOJOpOJA, JBa  DBJEKTPOHA  KOTOPOM  3JNIEKTPOCTATUYECKU
B3aMMOJICHCTBYIOT MEXAY COOOM U ¢ 000MMH MPOTOHAMH MOJIEKYJIBI.

['aMUIbTOHMAH CUCTEMBI 3JEKTPOHOB NPU 3aKpEIUIEHHBIX Ha 33aJaHHOM

PaCCTOSIHUU SiApaX UMEET BUJ:

2 4 12
H=Pi*tP 21,1 1 1 1 1 (0.1)
2m My T T T T2

e Py, P, - ONEPaTOPbl UMITYJIbCA ICKTPOHOB, M U € - UX Macca U 3apsif U I, -

paccrosiHre Mexy dactuiiamu (1,2 —MHIEKChI 3JICKTPOHOB, a,0 - uHIeKCHI siep).
Tak kak H He CcOmEpKUT YJICHOB, ONMUCHIBAIOIIMX MArHUTHOE B3aWMOJICHCTBHE
3JIEKTPOHOB, TO BOJHOBYIO (DYHKIHIO CHCTEMBI D3JCKTPOHOB (J MOXKHO
IPEICTaBUTh B BHUJAE MPOU3BEACHUS IPOCTPAHCTBEHHOH @(ry,I,) U CIHMHOBOH

X(0,,0,) BonHOBBIX (HyHKIHUIA

W(nour,o,) =@, )x(0,0) (0.2)

(0,0, - IpOEKIIMU CIIUHOB JIEKTPOHOB Ha HEKOTOPYIO OCB).

OyHKIMA Y JIOJDKHAa ~ ObITh,  corjmacHo — mpuHoumy  [laymm,
AHTUCUMMETPUYHOM OTHOCUTENIFHO OJHOBPEMEHHOM NMEPEeCTaHOBKU KOOPAUHAT U
CIMHOBBIX MEPEMEHHBIX 3JEKTPOHOB. DTO 3HAYUT, OYEBUIHO, YTO CUMMETPUYHOM
CIIHOBOM BOJIHOBOI byHKIMN COOTBETCTBYET AHTUCUMMETPUYHAS
IpPOCTpaHCTBEHHass (QyHKHMs U Haobopor. Dymkuus x(0,0,) Oyzder

CUMMETPUYHON, €CIM CYMMAapHbIi COMH S 000uX 3JIEKTPOHOB OYIET paBeH
equnuie, S=1, u anTucummeTpudHont, ecmu S=0. [ToaToMy npocTpaHCTBEHHAas
4acTh BOJHOBOM (DYHKIMU Oyje aHTUCHUMMETPUYHOU nMpu S=1 U CUMMETpUYHOU
npu S=0. M»I Oyznem 0003Ha4aTh 3TH (YHKIUH COOTBETCTBEHHO uepe3 @, (r,,r,)

u Pg(r,r,).
[Ipenmonaras, 4To B3aMMOJACHCTBUE MEXIYy aTOMaMU SIBJISIETCS CIa0bIM, U
qTo 06a OHHU HaxXxogAaTCA B OCHOBHOM COCTOsSHHUH, MOKHO HpI/I6J'II/I)KCHHO HOCTpOPITL
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Gynxuuu  @,(r,r,) m Pg(r,,r,) ¢ MOMOLIBIO BOJHOBBIX (DYHKLUH 3IEKTPOHA,
JBYOKYILETOCS B KYJIOHOBCKOM TIOJI€ KQXKIOTO U3 siIep:
1

Ps(ry,r ) :m

{$(ra) 8 (ra) + 8 (ra0) 8 (1)} S=0, (0.3)

¢a<r1,r2)=ﬁ{¢(rﬂ)¢(rm)—¢(ra2)¢(rb1)}, s=1

rIe ¢(r m) - HOpMHUpOBaHHasl BOJTHOBas ()YHKITUSI aTOMa BOJIOPOJIA, «COCTOSIIETO»

u3 | -ro anektpona (i =1,2) u a -ro sapa (@ =a,b) u
yzj.dr1¢(ra1)¢(rb1)' (0.4)

3HaueHUsl SHEPTrUU MOJIEKYJbl B cocTosiHUAX ¢ S=1 m S=0 cBsa3aHbl ¢
Gynxuusamu @,(r,r,) 1 @g(r;,r,) COOTHOMEHUAMH

E.() =J.dr1dr2¢a(r11r2)H Ga(rur ), (0.5)
E (= jdrldr2¢s(rl,r2)H Ps(r,r ).

B sTHX MHTerpanax omyIleH 3HaK KOMIIEKCHOTO CONPSDKEHUs, Tak Kak @y(r,,r,) u
¢s(r,,r,) SABIAIOTCSA BELIECTBEHHBIMH B CUIIy HPEAIONOKEHHS O TOM, YTO aTOMbI

HAXOJATCSA B OCHOBHOM COCTOSHHMHU. IIOACTaBisisi Crojia MPHUBEJACHHBIC BBHIIIE
BBIpaskeHUsS 101 P,(r,,1,) u @g(r,,r,), Haiflnem

_ Ar) - B(r) _ Ar) +B(r)
E (n="A—="1, E (n="A—=1, 0.6
T BT 0
rae
Ar) = [dr,drUg*(r,)@*(ry,).
B(r) = [ dr,dr U@(r.)p(r)@(r. )b (ry,)
u

U :ez(; i__l__l] 0.7)
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(B BBIp@XKCHHUSX IS E. (r) m E. (r) oTOpoIlIeHbI HE 3aBUCSIIHE OT I CaraeMbie,

HPE/ICTABISAIONIAE COOOM DHEPrHI0 JBYX aTOMOB BOJOPOJA, HAXOMASIIMXCS Ha
OECKOHEUYHOM PACCTOSIHUU JIPYT OT JIPyTa).

Bemuumaa A(r) ompezaenser, OYEBUAHO, 3JIEKTPOCTATUYECCKYIO SHEPTHIO
B3aMMOJICHCTBHSI JIByX aTOMOB B MPEAMOJIOKECHUHU, UYTO KKIBIA M3 DJIEKTPOHOB
<OKECTKO» CBsI3aH C OJAHUM sapoM (37eKTpoH 1 ¢ smpoM @, 3JEKTPOH 2 ¢ SApOM
b), a Benmnuuna B(r) - ux oOMeHHyio sHepruio. IlocineaHee Ha3BaHHE CBSI3aHO C
TeM, uro BenuumHa B(r) mpexacrtaBiser co0O  MAaTPUUHBIA  DJIEMEHT
JMCKTPOCTATUYECKOM  SHEpruM  B3auMoJeicTBUs  dnmektponoB U mexay
COCTOSIHMEM, B KOTOPOM DJIEKTPOH 1 <«IpMHAIUIEXHMT» Sapy & U DIEKTPOH 2
CIIPUHAIIICKHUT» Aapy D, U cocTosHMEM, B KOTOPOM 3JIEKTPOH 1 WCIpUHAIIICIKUT
aapy b ¥ 27eKTpoH 2 «IpuHAIICKUT APy a.

OOMeHHasi  dJHEprusk  OTJIWYACTCS  BaXHOW  OCOOCHHOCTBIO:  OHA
9KCTIIOHEHIIMATIBHO OBICTPO YOBIBAET C PACCTOSIHUEM MEXY SApaMH, B OTJIHYUE OT
MEJJICHHO CIHaJarolield SHEPrMM KYJIOHOBCKOTO WX B3aUMOJCHCTBUSA. ITO
00BSICHSIETCSI TEM OOCTOATENILCTBOM, 4TO B B(I) BXOIUT mpou3BeeHNE BOJIHOBBIX

(yHKIMIT 5IEKTPOHOB, <WIPHUBS3AHHBIX» K pasHeIM sapam, @(r,,)@(r,) u
@(r)P(r,,) . Hoatomy B(r) 3aBucut oT TOro, B Kakoil Mepe <«I1epeKpbIBalOTCS»
BoJIHOBBIE P(I,;) U P(I;), @ ITO «IEPEKPHITUE» IKCIOHEHIIUAIBHO YMEHBIIAETCSA

¢ poctoMm I'. Ha 3ToM OCHOBaHMHM MOYKHO CKa3aTh, YTO OOMEHHOE B3aWMOJICHCTBHE
SIBJIICTCS KOPOTKOACHCTBYIOLTUM.
KadecTBeHHO X011 M3MEHEHUSI BEITUYNH Em(r) u EH(r) ¢ poctom I, TO

€CTh, PACCTOSIHUSL MEXIy sSIpaMH, MOKa3aH Ha pUcyHKe. M3 pucyHKa BUAHO, YTO
ZIBa HEBO30Y)KJCHHBIX aTOMa BOAOPOJIa MOTYT 00pa30BBIBATh MOJIEKYITy BOAOPOIa
(kotopoit coorsercrByer KpuBas E () ¢ MHHMMyMOM) TONBKO IpH

aHTUNIAPAITICTPHON OPUEHTAINH CITMHOB 00OMX AJIEKTPOHOB.

E
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DTOT nmpuUMeEp HATJISIIHO TOKA3bIBAET, YTO YUCTO KBAHTOBBIN 3pekT oOMeHa
DIIEKTPOHOB TPUBOAUT K A(P(HEKTHBHOMY B3aUMOJICHCTBUIO MEXIy aTOMaMH,
CYIIECTBEHHO 3aBHUCSIIEMY OT CyMMapHOTO CIIMHA aTOMOB, XOTsI CITMHBI aTOMOB U
HE BXOJIAT SIBHO B UCXOJHBIA (MUKPOCKOITUYECKUI) FraMHJIbTOHUAH COBOKYITHOCTH
aTOMOB, YYHTHIBAIOIIUI TOIHKO JIEKTPOCTATHUECKOE B3aUMO/ICHCTBHE.

OOMeHHOe B3aMMOJCHUCTBHE, JIeKallee, KaKk IMOKa3bIBaeT PACCMOTPEHHBIN
IpUMeEp, B OCHOBE TOMEOIIOISIPHON XUMUYECKOU CBSA3H, OOBSCHSACT TAKXKE TPUPOTY
dbeppo- u anTH(EppOMArHETH3MA.

B orianume oT MOJeKynsl BOIOpPOAA, Ui KOTOPOW OOMEHHas SHEprus
orpunatrensha (B(r) <0), Gmaromaps 4eMy COCTOSHHME C CYMMAapHBIM CIHHOM
S=0 oxkaspiBaeTcs 00aIAONIMM MEHBIIIEH YHEPTUEH, YeM cocTosHue ¢ S=1, B
dbeppoMarHeTuKax COCTOSHHUIO C OOJIBIIUM CIIMHOM COOTBETCTBYET MEHBIIAs
DHEprus, TaK YTO B OCHOBHOM COCTOSIHMM ()eppOMarHeTHUKa CIIMHBI BCEX aTOMOB
UMEIOT HapajuieabHyto opuenraiuio (I"efizenoepr, @penkens, Jopbman).

Jlsis Toro, 9T00BI MaTEMaTHYECKH OMHCAaTh OOMEHHOE B3aUMOJCUCTBHE IS
MarHeTUKOB, BBEJIEM B paCCMOTPEHHUE OTepaTop

H=-J(r)SS, +E(r) (0.8)

rae S u S, - oneparops! ciiiHOB 31eKTpoHOB U J(r),E(r) - HekoToOpbIe QyHKIMN

oT [, KOTOpBIE MBI MOAOEpeM TakuM 0Opa3oM, 4TOOBl COOCTBEHHBIC 3HAUYCHUS
omeparopa H, nmelcTByrImero B TMPOCTPAHCTBE CIHUHOBBIX IEPEMEHHBIX,
COBIAAIN CO 3HAYCHUSIMH dHepruu E (r) m E, (r).

Tak xak

1 1 1
3152=5(51+52)2—§(521+522)=—25(s+1)——j, (0.9)

TO COOCTBEHHBIE 3HAUEHHUs oleparopa S;S, PaBHBIL —2—31 npu S=0 u %1 npu S=1.

[Tostomy cobcTBenHble 3HaueHuss H Oynyr coBmagate ¢ BenmduHamu E (r) mu

= (r), ecnu MOJIOKHUTH

J(r)= ETl (r)- ETT (r), (0.10)
E(N=SE, (N+5E, ().

Benawuuna E(r) ompenensier, O4eBHIHO, CPEIHEE 3HAYCHHE SHEPTHH AaTOMOB
(mapaysienbHON OpUEHTAIS CITUHOB 3JICKTPOHOB COOTBETCTBYET CTATHCTHUECKHIA
Bec 3/4, a aHTHUIIapaIlJICIbHON OpHUEHTAIMH - cTaTucTHYeckuid Bec 1/4), a J(r) -
oOMeHHyt0 9Hepruto. OTBICKasCh OT 3TOW CpeJAHEHd DJHEPrud, OOBIYHO
paccMaTpHuBalOT TOJbKO TepBoe ciaraemoe B Boipaxkenuu (0.8), 3aBucsiiee ot
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CIIMHA DJIEKTPOHOB. Ero HA3bIBAIOT raMUJIBTOHHAHOM OOMEHHOTO B3aUMOCHCTBUS
AJIEKTPOHOB M 0003HauaroT uepe3 H,

H.=-J(r)SS,.

Mpb1 nonyyninn 0OMEHHOE B3aMMOJIEUCTBHE, paccMaTpyBasi KOHKPETHO MOJIEKYITY
BoZoposa. Ho k HeMy MOXXHO MpUiTH U3 Oosee 00IMX COOOPAKEHUM, UCXOs U3
TpeOOBaHMsI  MHBAPUAHTHOCTU  TaMWIbTOHMAHA  B3aUMOJICMCTBUSL  YACTHII
OTHOCUTEIBLHO MPOCTPAHCTBEHHBIX BpAICHUM.

JIeliCTBUTEIBbHO, TIOCTaBUM BOINPOC O HAXOXKJIEHUU Hambojee o0OIIero
BBIpDQKEHHUS Ui TaMWIbTOHMAHA B3aWMOJICUCTBUS JIBYX OJMHAKOBBIX YAaCTHII,
Mpernoaras, 4rTo OH 3aBUCHUT TOJIBKO OT KOOPAWHAT U CIMHOB YacTull. Tak Kak u3
OIIEpPaTOPOB CIUHOB YacTULl S, M S, W pajuyc-BEKTOpa [, ONPENEIAIOUIEro UX
OTHOCUTEIFHOE TMOJIOKEHUE, MOXHO MOCTPOUTh TOJBKO TpPU HE3aBUCUMBIX
MHBApUAHTA OTHOCUTEIBHO MPe0oOpa30BaHMil MPOCTPAHCTBEHHBIX BPAIICHHM

r, SS, (rs)(rs,), (0.11)

TO WCKOMBIM TamMuibTOHHMaH H MoxeT ObIThb MPOW3BOJBHOM (YHKIUEH 3TUX
nHBapranToB. Bmecto (rS))(rS,) ynobHee BBecTH HHBapHaHT

S.LZ :3(n81)(n82) _S§2 (0.12)

r
rae N = L U 3anucath H B Buze

H=1f(r.SS,Sy,). (0.13)

rae f - mpousBosbHAS QYHKIMS TPEX HE3ABUCHMBIX TIEPEMCHHBIX.

Ecnu cnuH kaxpoit u3 yactuil paseH 1/2, To 3TO BbIpaXKEHHE MOXKET ObITh
3HAYHUTEIBHO YIPOIICHO Onarojaps CleayoeMy CBOWCTBY crmHa 1/2: mobast
1ieJ1as1 MOJI0KUTENbHAs CTENEeHb MATPULl SS, U S ,, a TAKKE NPOU3BEJICHUE TAKUX

CTENEHEN BbIPAXKAarOTCA B BUIC JIMHEHHOU KOM6I/IHaHI/II/I CaMHUX JTHUX MaTpul "
CI[HHH‘IHOﬁ MaTpHIIbL. OTO CBOHCTBO SBJISCTCS CJIICACTBUEM H3BCCTHOI'O
COOTHOIICHMA AJIAA KOMIIOHCHT CIIMHA 1/2

i 1
3S zégklmSn +Zo-kl :

Hcnonb3yst 3TO COOTHOIIEHUE, JIETKO MPOBEPUTH, HATPUMED, UYTO

(8152)2 = 1_36 _%8152’



3.1 1
8_122 = 3 +§Slsz__2812

_ _1
S,(SS,) =(SS) S12—251:-
OTcroma cieayer, uTo, pa3nokuB GyHknuto f B ps 1o cTerneHsM ee apryMeHTOB,
raMHJIbTOHMAaH H MOHO TIPEICTaBUTh B BUJIC

H =U,(r)+U,(r)SS,+U {r)S,,, (0.14)

roe U (r), U,(r), U,(r) - HekoTopble (YHKIUH OT pPACCTOSIHUS MEXIY
gacTuiiaMu. HarmoMHuM erme pas, 4to 3ta popMyiia CpaBeaiuBa TOJBKO B cliydae
YaCTHUIL|, UMEIOMX crul 1/ 2.

C mepBBIMH IBYMsI ClIaraeMbIMU B 3TOW (hOpMYJie MBI yXKe TTO3HAKOMHIIIUCH
BBIIIIC, TPU PACCMOTPEHUH MOJCKYJIbl Boaopona. YTo KacaeTcs TpPeThero
cllaraeMoro, TO B Cllydae JBYX OJJICKTPOHOB OHO IPEJACTaBISET SHEPTHIO HX
MarHUTHOTO B3aWMOJCHCTBHS, TO €CTh, DHEPIHIO B3aMMOJCHCTBHS MarHUTHBIX

2
eh eh en) 1
MOMEHTOB 3JICKTPOHOB, Rsl U RSZ' IIpu sTom U,(r) = (Rj R DTa sHEprus

. 1
comepxur 1mo cpaBHeHuto ¢ U, (r)+U,(r)SS, no0GaBouHBII MHOXUTEIb P

2
\Y o
(TO‘-IHCC roBopsi, MHOKXUTCIIb (Ej , TAC V - BSJIMYMHA IOpAOKA CPEAHECHU CKOPOCTH

9JICKTPOHA B aTOMC). B ClIy4da€ MOJICKYJbI BOAOPOJa B aTOME Mbl HC YUUTLIBAIN
ATOM 9HCPIuu, MMEIONICH PEIITUBUCTCKOEC MPOUCXOKICHUE, TaK KaK VK C.

OOMeHHbBI TaMHJILTOHUAH (epPOMATHETHKA.

[lepeiineM Tenepb K yCTaHOBJICHHUIO BUAa TaMUJIbTOHUAHA (heppoOMarHeTuka.
['maBHBIM BONIPOC, KOTOPBIM HAC HHTEPECYET, 3aKIIOYACTCS B BBIICHEHHUH
XapakTepa JHEPreTHUeCKOro crekrpa (eppoMarHeTuka BOJU3M OCHOBHOTO
COCTOSTHUS, KOTOPOMY, KaK MOKa3bIBAE€T OMBIT, U KAaK JOJDKHA OOBSICHATH TEOPHUS,
COOTBETCTBYET NapajjieibHasi OPUEHTALMs MAarHUTHBIX MOMEHTOB OTIEIbHBIX
aTOMOB.

Ecnu mpenmnosioxkuth, 4To KpUCTAILT (POPMHUPYETCSI aHAJOTUYHO MOJIEKYJIe
BOZOPOZA, TO €CTh, U3 OTHAEIBHBIX ATOMOB, KaXIbId M3 KOTOPBIX COIEPKUT IO
OJIHOMY DJJIEKTPOHY B OCHOBHOM COCTOSHMM, TO HCIIOJB3Yysl YyKa3aHHBIN
raMUJIBTOHUAH, MOXKHO MPUOJIMKEHHO HANTHU YHEPreTUUYECKUE YPOBHU KpHCTAJLIA.
OpHako i uccienoBaHust Oojiee  OOMIMX — CIIyd4aeB  MUKPOCKONIUYECKUMN
raMWJIBTOHMAH SBJIIETCS CJIMIIKOM  CIIO)KHBIM, UYTOOBI MM MOXHO OBLIO
HEIOCPEJICTBEHHO MMOJIb30BaThCA. [[03TOMY €CTECTBEHHO MOIBITATHCS NEPEUTH OT
MUKPOCKOIIMYECKOT0 TaMWJIbTOHMaHa K TaMUJIbTOHHAHy, HUMelouemMy Oosee
IPOCTYI0O MAaTEMAaTUYECKYIO CTPYKTYpy M MNPUBOJAIIEMY B TJIABHBIX 4YepTax K
TaKOMY JK€ JHEPreTUYECKOMY CHEKTPY, KaK M HCXOJIHBIA raMHUJIbTOHHAH. DTOT
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nepexoj, MOKHO TMPOM3BECTH AHAIIOTMYHO PACCMOTPEHHOMY BBIIIE MEPEXOIy OT
MUKPOCKOIIMYECKOTO TaMWJIBTOHHAHA JIBYyX aTOMOB BOJOpPOAa, K OOMEHHOMY
raMIJIbTOHHAHY, HMEIOIeMy 0ojieeé TMPOCTYI0 CTPYKTYpPY, YeM HCXOJHBIN
raMuiIbTOHHaH. [Ipu 3TOM, KaKk MBI BUJENH, €CIH PeYb UAET 00 SHEPreTUIeCKUX
COCTOSTHUSIX, BO3HUKAIOIIUX M3 OCHOBHBIX COCTOSHHH JIByX aTOMOB H
OTIMYAIOIINXCS TOJBKO 3HAUYEHHEM CYMMapHOTO CIWHA S, TO HCXOTHBIN
raMHJIbTOHHAH YKBUBAJICHTEH OOMEHHOMY FaMIJIbTOHUAHY.

Hame rmaBHOE TpenmnosioKeHWe 3aKJIF04aeTcss B TOM, YTO MBI TOJIYYHM
MPaBUIBHYIO (DU3UYECKYI0 KapTUHY DHEPTeTUUYECKOTO CIEeKTpa (eppoMarHeTHKa
BOJIM3M €ro OCHOBHOTO COCTOSIHHSI, €CJIH 3aMEHUM MHUKPOCKONMUYECKUN
raMuJIbTOHHAH eppOMarHeTHKa CyMMONH OOMEHHBIX TaMUJIbTOHHAHOB Pa3JIMYHbIX
nap ero atoMoB (Ooyiee TOYHBIA BBIBOJ, TAKOTO TaMWJIBTOHHMAHA TPHUBEACH B
pabotax boronrobosa u Tsi0mukoBa).

ITycte Bce aTtombl (eppomarHeTrka wmero cnuH 1/2. Torma oOMeHHBINH
raMWJIbTOHMAH  (eppoMarHeTHka, KOTOPBIM MBI 3aMEHSEM  HCXOJHBIN
MHUKPOCKOIIMYECKHI, OyIeT UMETh BUJ CyMMbI rammiibToHnaHoB (0.8)

He==2 3 (Rin)SS, (0.15)

I£m

rae § u S, cHuHBl aTOMOB, HAaXOIAIMXCA B |-M M M-M y3max pemieTku U

J (le) - HeKoTopas GpyHKIHS OT paanyc-Bekropa R, , coenuusromero | -it u m-

Im?
i y31el (CyMMHpOBaHHE MPOU3BOAMTCS IO BCEM MapaM aTOMOB KpHUCTaslia). JTa
byHKIMSI, HOCSIIas Ha3BaHUE OOMEHHOTO MHTETpaja | -ro ¥ M-ro aToMOB, O4YEHB
ObICTpO  (IKCIIOHEHIIMAIBHO) YOBIBAGT C YBEIUYECHUEM PACCTOSHHS MEXITY
aTOMaMH, TaK KaK OHa OINpPEAENSETCs CTENEHBI0 MEPEKPHITHS BOJHOBBIX (DYHKUINN

aTOMOB. HOG)TOMy IMPAaKTHUYCCKN BCIMYHHA J (le) OTJIMYHA OT HYJIA TOJIBKO B TOM

ciydae, eci | -ii 1 M-i aTOMBI SBJISIFOTCS COCEAHUMH, TIPH STOM

IRy~ €<, (0.16)

rIe a - MOCTOsAHHAs pemeTkn u ¢ - YNCICHHBIH mapamerp nopsaka 0,1,

OTIpEICTISIEMBIN CTETICHBIO IEPEKPBITHS BOJTHOBBIX (DYHKITHI COCETHUX aTOMOB.

B »3TOM raMmibTOHMAHE PACCTOSIHUS MEXKIYy AaTOMaMH CYUTAeTCs
3aJlaHHBIMU, a JWHAMHUYECKUMHU TIEPEMEHHBIMU SIBIISIIOTCS TOJIBKO OTEPATOPHI
CIIMHOB aTOMOB, KOTOpBIE JEUCTBYIOT (a, ClieZ0BaTeIbHO, U CaM T'aMHJILTOHHAH
H.) Ha BOJHOBYH (QYHKIMIO CHUCTEMbI, MPEACTABISIONIYI0 COO0OW (QYHKIIUIO

TOJILKO OT CIMHOBBIX IEPEMEHHBIX, HO HE OT MPOCTPAHCTBEHHBIX KOOPAMWHAT
YaCTHIL.
s heppomarneTnka OOMEHHBIN UHTErpai MOJIOKHUTENEH
J(Rn)>0,

Im
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Oyaroymapsi 4eMy B OCHOBHOM COCTOSIHMH CITMHBI BCEX aTOMOB UMEIOT OJIHY U Ty Ke
OpHEHTAINI0. JTa OPUEHTAIlUsA, OJTHAKO, HE BBIJCIICHA, €CIIM yYUTHIBATh TOJBKO
oOMeHHOe B3amMojelicTBue. HampaBiieHue 3TO ompeensercs pelsTHBUCTCKUMHU
B3aMMOJICHCTBHUSIMH, O KOTOPBIX PEYb IIUIA BHIIIIE.

BaxxubiM cBo¥icTBOM 0OMeHHOTr0 ramuibroHuana (0.15), koTopselii 00BIYHO
Ha3bIBACTCSl Taii3eHOEPrOBCKMM T'aMHUJIbTOHHAHOM (TOBOPAT TaKXKe O MOJCIH
deppomarnetuka [aiizenOepra, moapazymeBasi TOJ O3TUM (EppOMarHEeTHK,
KOTOpBIA onuchkiBaercs rammwibronnanoM (0.15)), smmsiercs TO, dYro OH
KOMMYTHUPYET ¢ K&KI0W U3 IPOSKINil CYMMapHOTO CIiiHa (heppoMarHeTuka

S:.ZS . (0.17)

JIeCTBUTENBHO, HCHOJIB3YSd HW3BECTHBIE MEPECTAHOBOYHBIE COOTHOCLIHUS IS
OIEpPaTOPOB MPOEKIHM CITMHA aTOMa

[Sa’ Snﬂ} = igaﬂySqu

(a,[3,V - KoOpAMHATHbIE MHIEKCHI), JIErKO yOEIUThCS, YTO

(S +Su)(SSm) =(SSm)(S +Su)
U TI0O3TOMY
H.S=SH..

OTtcrona cleyeT, 4TO €CIM YYUThIBATh TOJIbKO OOMEHHOE B3aUMOJICHCTBHUE,
TO KBaJIpaT MOJIHOTO CIIMHA CUCTEMBI U €Tr0 MPOEKIMs Ha KaKylo-T1u00 OCh OyIyT
KBAaHTOBOMEXAHUYECKHUMH HHTETpPAJIaMH  JBWUXKEHUSA, TO €CTh, OOMEHHOE
B3aHMMOJCHCTBHE CaMO II0 ce0e HU3MEHUTb JOTHX BEJIMYHMH HE MOXKET. OTO
00CTOSITETLCTBO SIBISIETCS COBEPIICHHO TMOHSTHBIM, €CIM BCIIOMHHUTH, YTO C
MUKPOCKOITMYECKOW TOUYKH 3pEHUS OOMEHHOE B3aMMOJIEUCTBHE — 3TO YHCTO
AIIEKTPOCTATUIECKOE B3aMMOJICUCTBUE C YUETOM CUMMETPHH BOJHOBBIX (YHKITAN
CHCTEMBI.

Kak yxe yka3pIBaJoCh, MarHUTHBIH MOMEHT (eppoMarHeTMKa HMEET B
OCHOBHOM CHHHOBYIO Tpupoay. IlodToMy MOXKHO ONpEACIUTh OmIepaTop
MJIOTHOCTH MarHUTHOTO MOMEHTa ¢eppomarieTuka M (r) B TOYKE I' KaKk CyMMY

M (r):ZyOZI:SJ(r -R,), (0.18)
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en .
rae [ :ﬁ - marHeToH bopa, R, - paxuyc-BeKTOp, ONpEAENAIOMUMA TOJOKEHNE

| -ro y3ma KpUCTaTTMUECKOM PEIICTKH.
['amunbTOHMAaH OOMEHHOTO B3aMMOJECHCTBUS MOHO BBIPa3uTh 4Yepes

o1reparop MmiIOTHOCTH MarHuTHOroO MOMEHTA

-1 ridr'd(r-r’ .
H,= Z(Z—%)Zded I(r=r M (rM(r’)

Jlerko Y6CI[I/ITI>C}I TAKKEC, YTO OIICpaTOphI HpOCKHI/Iﬁ IINIOTHOCTHU MArHuTHOIO
MOMCHTA YAOBJCTBOPAIOT KOMMYTAIIMOHHBIM COOTHOMICHUAM

[Mi(r).M,(r")]=2igM, (r)o(r =r").



