IIpumep SKCIEPUMEHTAIbLHON YCTAHOBKH LISl HCC/IE10BAHNSA PE30HAHCOB
HACBLIIECHH MOIJIONIEHUs B YaCTOTHOM 00JacTu renepanuu CO,-1a3epa
HHU3KOI'0 A1aBJICHU.

Onucanne SKCIIEpUMEHTAIBHON YCTAHOBKU. X0/ ONMCAaHKs BAOJIb Ja3€PHOTO JIyYa.
OcHOBHas 4acTh ONTUYECKOM CXEMBI YCTAaHOBKM IIPUBEAEHA HA CIEAYIOLIEM
PHCYHKE.

p-n-mazep

1 * SiF,-KIoRETa
2
5 H j Lr[l .

WccnenoBanusi mpoBoastrcs B usnydeHun CO,-nazepa. AKTHBHas razoBas
cMech paspsaHon TpyOku nazepa. Konebanus monexysst CO,.

Monekyna CO, wmmeeT Tpu KojeOaHMs: CUMMETpUYHOE, nehopmarmoHHOE,
HECHMMETPHUYHOE.

i ™

JF

['myxoe nazepHoe 3epkaio.



I'epmanmneBoe OPIOCTEPOBCKOE OKHO JIA3EPHON TPYOKH.

Boasgnoe oxnakneHue.

WcTouHuk nuTaHus, HanpsbKeHKE, CrUjla TOKa, 0aJuIacTHOE COMPOTUBIICHUE.

JudpakunoHHas penieTka B KaueCTBe BBIXOJIHOIO 3epKaia, FOCTUPOBKA Jia3epa,
BBIBOJI U3JTyYEHUS B HYJIEBOU MOPSAOK NUPPAKIUY.

Cnextp uznyuenuss CO,-l1azepa HU3KOTO JABJICHHUS, IIEPECTPOMKA T'€HEPALINU
M0 BpalllaTeIbHBIM KOMIIOHEHTaM KoJie0aTenbHbIX epexoaoB CO,.

[Ise30Kepamuka.

Wpucosas quadparma.

Ocnabutenu CaF, — ¢mrooput unu GTopua KaibLus.

KouTpons nyua Gymaroii, KOMUPOBAILHOW OyMaro, »KuAKOKPUCTATUINYECKOM
TJICHKOM.

[TomynpoBOIHMKOBBIN Ja3ep.

CoBMellieHre KPacHOTO U MH(PAKPACHOTO JTy4eH.

TeneckonnuecKu paClIupUTESb JIyya.

Cornytas ktoBeta. Hamyck rasa SiF,. OTkauka KroBeThI, KieeHble okHa BaF,.

dortoconpoTtusiienue. Pazrepmernsanus. [10apHOCTS BKIIOUEHHUS.

B pabote uccnepoBanics CHeKTp HachleHus mnoriomnieHuss SiF, Toinbko B
gacToTHOM obnactu nepectpoiiku (+40M1y ) CO,-nazepa BONMM3U LEHTPOB JUHUUN
renepaiun  P(28)—P(40) BpamaTenbHONH CTPYKTYphl KOJEOATEeIbHOTO Mepexoaa
00°1-02°0 ¢ mentpom 9.7 MKM. B 3ToOif y3KOi 4aCTOTHON OGIACTH CIIEKTpAa HAMH
3apeructpupoBaH 631 pe3oHaHC HACHIIIEHUS MOTJIOIICHHUS.

[ToTpatum HEKOTOPOE BpeMsl OOBSICHEHUIO TAKOTO U300MUus JuHui cnekrpa. C
ATOM WEJbI0 PACCMOTPUM CTPYKTYpy YypoBHeM u uH(ppakpacHoro (MK) cnekrtpa
MoJIeKybl SiFy.

Monexkyna SiF, B HeBO30YXIEHHOM COCTOSSHUM TIPEICTaBIsieT CcOOOM
NpaBUIBHBIA TETPadip, B BEPIIMHAX KOTOPOTO HAXOMAATCS aTOMbI (pTOpa, a B IEHTpPE
— aToM KpeMHHs. MoJieKyna UMeeT TOUEUHYIO Tpynny KyOuueckoi cummerpuu 7y
[51] (cChUIKM 1O YEpHOBHUKY MOEH HE3allUIIEHHOW JOKTOPCKOW JUCCepTallvu).
DneMeHTaMHy Tpynibl SBISOTCS 4 MOBOPOTHBIE OCH cuMMeTpun C; U TpU 3€pKaJIbHO
MTOBOPOTHBIE OCH CUMMETPHH S;, COBNALAIOLIME C TPEMs MOBOPOTHBIMH ocsiMu C,.
Ocu C, Hac uHTEpECOBATH HE OYIYT.

Kaxnas u3 uyetsipex oceit C; mpoxoauT dYepe3 aroM (Topa B BEpIIMHE
TEeTpa’apa W 4Yepe3 aToM KPEMHHUS B LEHTPE TEeTpasapa. ODTHUM YETBIPEM OCSIM

o 27
COOTBETCTBYIOT § Omepanuii CHMMETPUA — 3TO TIOBOPOTHI Ha YTJIbI i? BOKPYT

KaXXI0l OCH CHMMETPHH.
Kaxxas u3 Tpex 3epKajIbHO-IIOBOPOTHBIX OCEH CUMMETPHH Sy POXOIUT Yepe3
CepeluHbl CKpEIIeHHbIX pebdep Terpa’apa. Ocu S, B3aMMHO OpTOroHanbHbl. Ilpu

o 27
MMOBOPOTE MOJIEKYJIBI BOKPYT KaXKI0M OCH Ha YTroj iT 1 OTPKEHUH OT TUIOCKOCTHU

NEPIEeHIUKYISIPHON OCH CUMMETPUH MOJIEKYJa MepexoauT cama B ceds. TpeM ocsim
S COOTBETCTBYIOT 6 MpeoOpa3oBaHUi CHMMETPUHU.



[Iate aTomoB Mousekynsl SiF, umeror 15 cremenelr cBoGoabl. M3 HUX TpH
CBSI3aHbI C NIOCTYNATENbHBIM JIBUKEHUEM MOJIEKYJIbI, KaK 1eoro. Eiie Tpu crenenu
CBOOOJIbI 10 YMCIY YIJIOB DWjiepa CBSI3aHbI C BPAILIEHUEM MOJIEKYJIbI, KaK LEJIOoro.
OcTtanbHble JEBITH CTETIEHEW CBOOOIbI OTHOCATCS K KOJIEOAHUAM MOJIEKYJIbI.

Yacte konebanuit moisekynbl SiF, BeIpOXJeHa, 4TO OMNpeessieTcss BBICOKOU
CUMMETpHUEH MOJEKysbl. MoJleKyjla MMeeT OJHO HEBBIPOKICHHOE KoyebaHue Vi,

OJHO JBaXAbl BBIPOXKIEHHOE KoJI€OaHHE V,, M JBa TPHXKIbl BBIPOKIECHHBIX
KOJICOaHHs V3 U V4. JTH KoJeOaHUsA B CyMME 00pasyloT 9 KoyeOaTeNbHbIX CTEEHEN
cBoOoabl. KonebaTensHble KBAaHTOBBIE YHCIA ATHX KojeOaHui Oynem 0003HAYaTh,
KaK ny, np, n3, ny.

HeBelpokaeHHOE KosebaHME V| HE HapyllaeT CUMMETPUM MOJIEKYJIBL.

Mouekyna pu 3TOM COBEpIIaeT KojiebaHue, coxpanss mogobue camoit cebde. [lpu
kojeOanuu cBs3u Si-F Mexay LeHTpadbHBIM aTOMOM KpEMHHS U aToMaMH (ropa
OJTHOBPEMEHHO OJIMHAKOBO yIJIUHSIOTCS U OJHOBPEMEHHO YKOPaYUBaIOTCA.

B nBaxnabl BBIPOXKIEHHOM KoyeOaHuM Vv, cBsa3u Si-F He u3MmeHsAwoT cBoeil

munbl. Tetpasap monexkynsl SiF, uMeer Tpu mapel ckpeineHHbIX pebep. Ilapa
CKpEIIEHHbIX pebep Mnpu KoiaeOaHMM V) IOBOPAYUBACTCS BO BCTPEUHBIX

HaIIPaBJIEHUSAX BOKPYT 3€pKAIIbHO-IIOBOPOTHOU OCH S, COEAUHSIOIIEN CEPEAUHBI ITUX
pedep. Ilpu Takoil nedpopmannu TeTpasapa aToMbl GTOpA, HAXOMALIUECS HA KOHLIAX
Ka)k110ro pedpa, IBUratoTCsl IO MOBEPXHOCTU C(ephl, B LIEHTPE KOTOPOH HAXOAUTCA
aToM KpeMHus. Kaxplil atoM TOpa CHMMETPUYHO PaCIOIOKEH OTHOCUTENIBHO TPEX
B3aMMHOOPTOTOHAJIBHBIX Ocel S,. Torna yrisel MeXly HalpaBJICHUSIMU [IEPEMEILICHHUS
aToMa (Topa AOKHBI OBITH paBHbI APYr IPYry W paBHbl 277/3, Tak Kak Majble
nepeMeleHust aroma (ropa HPOUCXOIAT B IUIOCKOCTH KacaTelbHOM K cdepe.
CrnenoBatenbHO, IEPEMEIICHUE B TPETHEM HAIIPABICHUN MOKET OBITh BBIPAKEHO, KaK
JUHeWHass KOMOMHALMsA TEepeMEIIeHU B JBYX MEpBbIX HampaBieHusX. [loaTomy
KOJIeOaHUE V) OKa3bIBAECTCS ABAXKIbI BBIPOKACHHBIM, a HE TPUXK/bl BBIPOKICHHBIM

KOJIcOaHUEM.
B Tpukael BBIPOKIECHHOM KOJICOAHMU V3 LEHTPAlbHBII aTOM KpEeMHHs

CMellaeTcs BJIOJIb OHOM U3 ocell Sy, a Bce aTroMbl (TOpa MpHU 3TOM CMEIIAIOTCS BO
BCTPEUHOM HAINpaBJICHUU. 3aT€M BCE aTOMBbI JIBWXKYTCA B OOpaTHOM HamlpaBlICHUHU.
Monekyna uMeeT TpH OCH CHMMETPHUHM Sy, MO3TOMY KOJIEOAHUE V3 TPHIKABI

BBIPOXKICHO.
B Tpmxnapl BBIPOKICHHOM Kojle0aHMM V4 OJHO U3 CKpPELICHHBIX pedep

TeTpadpa YUIMHSIETCS, a BTOPOE MPH 3TOM yKOpadyuBaeTcs. 3areM HaobopotT. Tpu
napsl CKPELIEHHBIX PeOep OMpeAeatoT KPATHOCTb BEIPOXKACHHS KOJIECOAHUS V.

YacToTel KoseOaTeNbHBIX IEPEXOJOB V], Vo, V3, V4 U3MEPEHBI B paboTax [52,
53] u npeacrasiensl B Tadd. 1.1.

Tadmuma 1.1
YacToThl K0o1e0aTeIbHBIX MTEPEX00B MOJICKYJIbI SiF .

V] A, 800.6(3) cm™' [52]




Vs E 264.2(10) em™ [52]
V3 B 1027.9768(12) cm™ [53]
V4 2 388.5(3) em™ [53]

3necs Ay, E, F) — CHMBOJBI HENPHUBOAMMBIX NPEACTABICHUN TOYEYHON

rpynnbl Kyonueckoit cuMMmeTpuu 7, K KOTOPOl OTHOCATCS MOJIEKYJIbI TUMA XY 4.
Konebanust v u v, He CO3[ar0T OCLHUUIUPYIOLIETO AUMNOIBHOIO MOMEHTA U B

ATOM CMBICJIE SIBJSIFOTCSL 3alPEIICHHBIMH B JIUIIOJILHOM TPUOIMKEHUN TIEPEX0JaMU.
B cniektpe nornomenus u u3nydeHus raza SiF, oTu xoneOaHus HE MPOSBISIOTCS, HO
OHU TIPOSIBJIIFOTCS B CIIEKTPE KOMOMHAIIMOHHOTO PACCESTHUS, KOTOPBIH IS MOJIEKYJIBI
SiF, uccnenosancs B pabore [52].

B pabore [53] wacToThl KoneOaHMH V3 U V4 H3MEPEHBI MO JOILIEPOBCKH

YIIUPEHHBIM CHEKTpaM IOIJIOIIEHUs, MOJYyYEHHBIM INPU HU3KHUX TEMIIEpaTypax c
IOMOIIbIO IIEPECTPANBAEMOI0 JUOAHOIO J1a3€epa.

IIpy wW3MEHEHMHM TOJIBKO OJHOIO M3 KOJIEOATENIbHBIX KBAHTOBBIX YHCEN
KoJie0aTeNIbHbIE YPOBHHM HEPTUU PACIIOJIOKEHBI TIOUYTH SKBUAUCTAHTHO, a KOJeOaHus
pa3HbIX THUIOB CJIA00 B3aUMOJEHCTBYIOT JpPYyr C JApPYyroM, MOITOMY DJHEPIHs
K0J1€0aTeIbHOTO YPOBHS MPUOIMKEHHO HAXOIUTCS 10 hopMmyie

EKOJZ =nmVvy tnyVy +n3v3 +nyvy (1.21).

KonebarenbHbli ~ CHEKTp  MOIJIOLIEHUS  MOJIEKYJBl  OIpENessieTCs
KoJIe0aTEeIbHBIMU YPOBHSIMU 3HEpPIUM M mpaBwiaMu otOopa. s monekyinbsl SiFy
pa3pelieHHbIMY B JIUIIOJIBHOM MPHUOIMKEHUH MEPeXoJaMu SBISIOTCA NEPEXObl C
Any =1 n Angy =1, TaKk Kak B KOIE€OaHUAX V3 U V4 CMEIIEHHE aTOMOB IPUBOJUT K

MOSIBJICHUIO AJIEKTPUIECKOTO JAUMOILHOTO MOMEHTA MOJIEKYIIHI.
Nudopmannio 0 BBICOKHX BO30YKIEHHBIX KOJEOATEIBHBIX YPOBHIX SHEPTUU
MOJIy4YarOT U3 CTIEKTPOB MOJIOC TMOTJIONIEHUSI KPATHBIX U KOMOWHAIIMOHHBIX YacTOT
BHJA 7;V; + NV ;, TO€ N; U n; — LEIbIe YNCIa, V; U V; — COOCTBEHHBIC YaCTOTHL. B
pabote [53] m3MepeHa aHTAPMOHUYHOCTH KOJICOAHWN — YMEHBIICHUE BEIMYUHBI
KOJIe0aTeIbHOTO KBaHTa (KpacHOE CMEIICHHE KoJeOaTeahbHOW IMOJIOCHI) C POCTOM
KOJIe0ATEeIbHON SHEPrUM HIXKHETO YPOBHSI TOTJIOMIAIOIIETO Tepexoa. JTH JaHHBIC
npeacTaBieHbl B TaOu. 1.2, rme mpuBeneHa pasHOCTh MEXAy HabmogaeMon
KOMOMHAIIMOHHON 9aCTOTOW M CYMMOM 4acTOT COCTaBIISOIIUX €€ TIEPEeX0/I0B.

Tabmuma 1.2
[TonmpaBKKM Ha aHTAPMOHUYHOCTbH KOoJieOaHui MoJeKybl SiFy.
KombOunanmonHnas yacrora Tlonpaska B cM™
2vy -0.53
Vi +Vvy -0.60
3vy -1.11
V] +Vvy +0.66
vy +V3 -1.5558




V3 +vy -1.0906
V3 +2vy -3.77
VI +V3 -3.854
2v3 -3.66

VI +V3+2vy -6.3654
2vi+v3 -8.84
3v3 -25.68

B pabote [53a] mpoBemeHo cpaBHEHHE pPE3ynbTaTOB wu3MepeHuid [53] ¢
TEOPETUIECCKIMH pacueTaMHu.
CpaBHeHnue dyacTtoT KojeOanuii modekynsl SiF, (tabn. 1.1) ¢ TemoBoi

o o k ET . -1
3Hepruen ki1 TpU KOMHATHOM TEMIIEPAType e 200 cM mMOKa3bIBAET, YTO
TEIJIOBOM HHEPruM JOCTATOYHO [IJIi 3aMETHOTO 3aceeHHUs BO30YXKIAEHHBIX
KOJeOaTeNbHbIX YpOBHEW sHepruu. B pesynbrare npu KOMHATHOM Temmeparype
criektp SiF, comepxuT 60JbII0e KOJUYECTBO MEPEX0A0B TaK Ha3bIBaEMbIX '"Topsunx"
KOJIe0aTeNbHBIX MOJIOC C MOTJIOLIEHUEM CBETa U3 BO30YXKIEHHOIO KOJeOaTeIbHOrO
cocrtosgHusA. MM, Tak ke Kak moiocam V3 U V4, COOTBETCTBYET IIOIVIOIIEHHE C

U3MEHEHHEM KOJIeOaTeNbHBIX KBAaHTOBBIX 4Hcel Any=1 wm Ang=1, HO U3

BO30y KI€HHBIX KOJICOATEIBbHBIX COCTOSHHIA.
JIuanyn ropsumx KoneOaTenbHbIX Mmojgoc ¢ Any =1 (OygeM HX Ha3bIBaTh

ropssYMMU I10JIOCAMH KOJIeOaHMsl V3 ) MONaJaloT B Ty ’K€ YAaCTOTHYIO 00J1acTh, YTO U
JVHUM OCHOBHOM IOJNOCHI V3, M B obmacte nepectpoiiku CO,-naszepa. I'opsume
H0JIOCHl KOJe0aHHs V3 3HAYUTEIbHO YCIIOKHSIOT CHEKTp moriomenus. Tak, u3 631

pe30HaHCa HachllleHus1 mnoryomeHuss B SiF,, 3aperucTpupoBaHHBIX HAMH TPU
KOMHATHOM TeMIepaTrype, TOJbKO JBa OTHOCATCS K pa3peuieHHbIM JIMHUAM
HOIJIOLIEHUS] OCHOBHOM KoyeOaTenbHONM MOJOChl V3 [54], ocTanbHble BbI3BaHBI

HNOMIOMAOIMMY  IEpEX0JaMH TOpsAYuX IO0JNOoC KojebaHus V3 WM Clabo
3aIpELICHHBIMY IIEPEXOAaMH OCHOBHOM MOJIOCHI V3 .

Beime wMpl oOcyamnu  KoneOaTenbHYH0 CTPYKTYpPY YPOBHEH | CHEKTpa
mouekyibl SiF,. Tlepeiinem Terneps kK pacCMOTpEHUIO 00J1€€ TOHKOU CTPYKTYPHI.

KBanTyeTrcsi He TOJIbKO SHEprus KojaeOaHWs MOJEKYJbl, HO W SHEpPrus ee
BpamieHus. BenuuMHa — MUHMMAIBHOTO — BpalaTeNbHOIO  KBaHTa  OOpaTHO
POIOPIMOHANIbHA MOMEHTY MHEpLUU MoJeKkyibl. Monekyna SiF, umeeTr onuH u TOoT
K€ MOMEHT MHEpPUUU OTHOCUTEIBHO JII0OOM OCH, MPOXOASIIeH uvepe3 ee LEHTP.
OObekThl, OOJafaroNIMe TaKUM CBOWCTBOM, HAa3bIBAIOTCA CHEPUUYECKUMU WU
IIApOBBIMU BOJYKaMH. Teopusi ypoBHEH SHEPruu U MpaBuiia 0TOOpa KosiedaTeabHo-
BpalaTeIbHBIX CHEKTPOB I MOJIEKYJ MIAPOBBIX BOJIYKOB TOIPOOHO HM3JIOKEHA B
MoHorpaduu [51].




Kaxxnpiii konebatenbHbI ypOBEHb SHEPTUU UMEET BpalllaTeIbHbIE TOypPOBHH,
pasnuyaromuecss KBaHTOBBIM YUCJIOM J — ITOJIHOIO MOMEHTA KOJIMYECTBA JABUKCHUS.

Bpamarenbsabie ypOBHU PpacroOJIOKEHbI HE SKBUIAMCTAHTHO: Eep =BJ (J +1). s

Moekynbl SiF4 BpalaTensHas ocTosiHHas uMeet 3Hauenne B = 0.13814 cv™ [55].
[lpaBuna otbopa AJ ==Z1 omnpenenstoT BpallaTeNbHYI) CTPYKTYpPY
K0JIeOAaTeIbHOTO Tepexofa B BHUJIE IOJOCHI TOIJIOMIEHHS W3 JBYX BeTBeH P —
JJIMHHOBOJIHOBasi BETBb M R — KOPOTKOBOJIHOBas BeTBb. Kpome TOro, eciu
KOJIeOATeNbHBI TEepexo]  CBSA3BIBAET COCTOSHUS MOJIEKYJBI C  pa3jIMyHOU
cCUMMeTpueil (B 4acTHOCTH AJs IOJOCHL V3), TO paspemieH mepexon ¢ AJ =0,

KOTOpBI 00pa3yeT O BeTBb KOJeOaTeIbHON MOJIOCHI.
CroxeHue IByX OpTOrOHaJIbHBIX KOJIeOaHU! co cABUTOM (pa3bl 77/2 MPUBOAUT
K BpameHuto. IIpu Bo30yxIeHHHM TPHUXKIbl BBIPOXKAECHHBIX KOJICOAHUHN V3 HIH V4

K0JIe0aHUSI OTHOCUTENBHO IKBHUBAJIEHTHBIX OCEMl MOJIEKYJIBI MOTYT CKJIAJIbIBAaThCS C
pas3upiMu (a3oBbIMH cABUTaMu. [Ipu 3TOM atombl BHYTpU Mosekyiasl SiFs moryt
COBepIIaTh BpallaTeIbHOE JBMKEHHE, a MOJIEKYJIa TPUOOPETAET MOMEHT HMITYJIbCA.
KonebGaTenbHbIi MOMEHT HMITYyJIbCa MOJIEKYJIbl CKJIAJbIBACTCA 10 KBAHTOBBIM
MpaBWJIaM C YHCTO BPAIATEIbHBIM MOMEHTOM HMMITYJbCa, 00pa3ysi MOJHBIA MOMEHT
MMITYJIbCA MOJIEKYJIBI.

COOTBETCTBEHHO IMpPU PACCMOTPEHHHM BpallaTEIbHONW CTPYKTYpbl CHEKTpa
CIIENlyeT Y4YUTBIBAaTh, YTO OJHOKPATHO BO30YXIEHHBIE KOJIECOAHUS V3 U V4 UMEIOT

KoJ1e0aTeNIbHbIIT MOMEHT KOJMYECTBA ABMKEHUA. KBaHTOBOE YMCIIO KOJIEOATEIBLHOTO
MOMEHTa UMITyJbca /; =1 npu OAHOKpAaTHOM BO30YXKAE€HUM KoJebaHus V;, rae i =3

wi i =4 [56]. Ilpu n-xkpatHOM BO30YXI€HUU OJTHOTO M3 ATUX KOJIeOaHUI KBAaHTOBOE
YUCIO [; MOXKET NpUHMMAaTh 3HadeHusa [ =n, n—2, n—4, .., KOTOPBIM

COOTBETCTBYIOT pa3iuuHble 3Hepruu [57, 58]. MoMeHT umIynbca KoJIeOaHUS —
BEKTOp, IIO3TOMY YPOBEHb JHEPIHH C 3aJaHHBIM 3HAYEHHEM [; UMEET BBIPOXKICHHE

2[; +1 mo mpoeknuu BEKTOpa /; Ha COOCTBEHHYIO OCh MOJEKYJIbl. OHAKO MPOECKIMs
MOMEHTa HUMIIyJIbCa SBJIAETCS IUIOXMM KBAHTOBBIM YHUCIOM npu /; >1, mostomy
YPOBEHb JHEPIUU C 3aJaHHBIM 3HAYCHHEM [; paclajgacrcs He Ha IMOAYPOBHH C

3aJJaHHOU MPOEKIMEN, & Ha MOJAYPOBHU C Pa3IMYHON cuMmmerpueil: A4, E, F.
KonebaTenpHple MOMEHTBI KOJIMYECTBA IBUXKEHUS [3 M [4 CKIAaIbIBAIOTCS

MEXIy COOOM M C YUCTO BpallaTeIbHBIM MOMEHTOM KOJWYECTBA JIBIDKCHHSI R Kak
BEKTOPBI, 00pa3ys MOJHbIA MOMEHT KosnuecTBa ABuxeHus J . [Ipu puxcupoBaHHOM
KBAaHTOBOM YMHCJIE IIOJIHOTO MOMEHTa HMIyJbca J BEJIMYMHA CaMOro IOJHOTO
MOMEHTA UMITYJIbCA U 3HEPTUsl YPOBHS 3aBUCAT OT BEJIMYHMH M B3aUMHOW OPUEHTALIMU
BEKTOPOB /3, [4 M R, Tak KaK Ha €IUHUILy X KBAaHTOBBIX YMCEJ IPUXOJUTCS PA3HOE

KOJIMYECTBO MOMEHTa UMITyJbca. Bo3HUKaromas TakuM o0pa3oM CTPYKTypa YpPOBHS,
BbI3BaHHAs B3aMMOJICHCTBUEM KOJICOaHHS 1 BPAIlICHUs1, HA3bIBACTCSI KOPHOJIUCOBOM.
BpamarenbHoe M KOPUOJIMCOBOE PACIICIUIEHHME YPOBHEM MMEET OJUH M TOT XK€
MOPSJIOK BEJIMYUHBI.

B npocreiimem cirydyae OJHOKPaTHO BO30Y:KIACHHOTO KOJECOAHMS V3 WM V4

npu [ =1 ypoBeHb 3Hepruu c 3agaHHbIM J uMmeer Tpu 2/+1=3 KOpHOIHCOBBIX



nogypoBust R=J -1, J, J+1. B HmwKHEM KOIeOATEITLHOM COCTOSIHUA MOJICKYJIBI
KOPHOJIMCOBO paciieryieHne orcyrctsyer 2/+1=1u R=J.

BnusiHue KOpHOIMCOBOrO0 B3aMMOJCHCTBHS Ha BpAILATEIIbHYIO CTPYKTYpPY
CHEKTpa OmpeNesseTcss NpaBuiaMu OTOOpa, KOTOpbIE pa3pelaloT Mepexobl ¢
AR =0, HO BBINOJHAIOTCA HE CTPOro, MOITOMY B CIIEKTPE TMOSBIAIOTCS CIabo
3anpelieHHble JIMHUM KOPUOJIUCOBOM CTPYKTYpbl. Eciau 3TuMu cinabbiMU JIMHUAMU
npeHebpedb, TO JUIA MOJIOC NOIJOIIEHHS V3 U V4 M3 OCHOBHOIO KOJE€OaTeIbHOTO

COCTOSIHUSI KOPHOJIMCOBOE PACLIEIIJIEHNE YPOBHEN HE YCIIOKHAET CTPYKTYPY CIIEKTpa.
JICHCTBUTENBHO, TOCKOJBKY HAa HWXXHEM YpPOBHE KBAaHTOBOE YHCIO R HMeeT
€AUHCTBEHHOE 3HaYeHue R =.J, TO pa3pelIeH TOJbKO OJMH NEPEX0] KOPUOJIUCOBOU
CTPYKTYpPBI B KaXKJI0 IMHUY BPALIATEILHON CTPYKTYpPbI KOJIEOATEIbHOTO IEPEX0/a.
JIpyrum nposIBJICHHEM KOPHOJIMCOBOIO B3aUMOJCHCTBUS SIBJIIETCS U3MEHEHUE
YaCTOTHOTO PACCTOSIHUS MEX]y BpalllaTeJIbHBIMU KOMIIOHEHTaMU KOJIeOaTeIbHOU
[IOJIOCBL. DTO U3MEHEHHUE CBS3aHO C U3MEHEHMEM KOJIMYECTBA MOMEHTA HMIIYJIbCA,
OPUXOASIIETOCS Ha €IMHHUIY KBAaHTOBOTO uucina J. YaCTOTHBIA HMHTEpBal MEXKIY
BpallaTeIbHBIMU KOMIIOHEHTaMU 0€3 yueTa KOPHUOJIHMCOBOTO B3aUMOICHCTBUS
cocTaBisieT 2B, rane B — BpamarenbHas NOCTOsHHAsA. YacTOTHBIM MHTEpPBAN C

Y4ETOM KOPHOJHUCOBOTO B3aMMOJICHCTBUS 2B(1—§ ), rne ¢ — TOCTOSIHHAs
Kopuonuca. Ee 3Hadenue s nonocel vy SiFy ¢ =0.55 u qna vy ¢ =-0.05 [53].

bosee TOHKOM, yeM BpamarenbHass U KOPHUOJIUCOBAsL CTPYKTYPBHl YPOBHEW,
ABJISIETCA TAaK Ha3blBacéMas TOHKas CTPYKTypa. KOMIIOHEHTBI TOHKOM CTPYKTYpBI
pasnuyaroTCad  3HAYEHUAMU KBAaHTOBOIO 4Yucila Rg — NPOEKUHH YHCTO

BPAlIaTEIbHOTO MOMEHTa MMITyJbca R Ha OCh CHMMETPMHM MOJIEKYIBl .
KoMITOHEHTBI TOHKON CTPYKTYPbI XOPOLIO Pa3jIn4aroTcs APYr OT APYra TOJbKO IpH
yCIOBUH R — ‘RS‘ <<R.

Monekyna Buga XYs OTHOCHUTCS K IIAPOBBIM BOJYKAM, MOMEHT HWHEPLUU
KOTOPBIX HE 3aBHCHUT OT HAIIPaBJIECHUS OCH BpALICHUS MOJIEKYJbl. TOHKas CTpyKTypa
YPOBHEM MOJIEKYJIBl CBA3aHA C TEM, YTO MOJIEKYJa IIO-Pa3HOMY pacCTATMBACTCS IIPU
BpallcHUM BOKpPYr ocu cuMmmeTpun C; W IpU BpAIIEHUH BOKpyr ocu S, Ilpu
PACTSHKEHUU MOJIEKYJIBl YBEIMYMBACTCA €€ MOMEHT HMHepuuu [ M yMEHBIIAeTCs
SHEprusi BpalllEHWs, TaK KaK BEJIMYMHA BpallaTeIbHOW '"MOCTOAHHOU" B B
BEIDAKCHUH JUIA BpaIlaTebHOW SHEPIUM MOJEKynbl Eg, :BR(R+1) oOpaTHO

1
IPOIMOPIHOHAIEHA MOMEHTY UHEPLUU MOJIEKYJIbI B ~ 7

B wmonekyne SiF, arombl ¢rTopa ropasgo cuiibHee B3aUMOJEHCTBYIOT C
LEHTPAIbHBIM aTOMOM KPEMHHUSI, YeM MeXay co0oil. B TakoM cityyae neHTpoOexHoe
pacTshKEHUE TpU BpALIEHUU BOKPYr ocu S, OyJeT cuiibHEe, YeM MpU BpalleHUU
BOKpYT ocu C;. COOTBETCTBEHHO, YPOBHHU SHEPTUU C OAMHAKOBHIM 3HAUEHHEM YHUCTO
BpallaTeIbHOr0 KBAHTOBOTO YMciia R, HO BpallleHUEM BOKPYT ocH Sy, OyAyT UMETh
HECKOJIbKO MEHBIIYIO SHEPTHUI0, YEM MPHU BpallieHuu BOKpyT ocu Cj.

PaccMoTpyM OIHMH ypOBE€Hb SHEpPrUUM KOPUOJMCOBOM CTPYKTYpBHl. ITOT
YpPOBEHb HMMEET TOHKYIO0 CTpPYKTypy. Ha JeBOM »HEpreTMdyeckoM Kpar TOHKOMU
CTPYKTYpbl HaXOAUTCS YPOBEHb SHEPruH, s KOTOPOTO BpalIEHUE MOJIEKYJIbI



IPOUCXOIUT BOKPYT OCH cuMMeTpuu Sy. IIpr 3ToM KBaHTOBOE 4nCIO Rg , TIPoeKIuH

YUCTO BpalaTCJIbHOTO MOMCHTA HWMIIYJIbCa Ha OCb MOJICKYJIbI S4 JOCTHUTacT
MAaKCHUMaJIbHO BO3MOKHOI'O 3HA4YCHHA U COBIIAAA€T C KBAHTOBBIM YHUCJIOM R camoro
YUCTO BPalIATCIIbBHOIO MOMCHTA UMITYJIbCa RS4 =R. I[J'ISI COCCAHETO YPOBHA TOHKOM

CTPYKTYDBI BBINOJIHAETCS YCIOBHE Rg ’ =R-1, u Monekyna BpallacTCsi YK€ HeE
COBCEM BOKpYr ocu Sy s cienyromero ypoBHs Rg A =R-2 u T. 1. Ha ngpyrom
Kpar0 TOHKOU CTPYKTYPBl HAXOIWUTCSI YPOBEHb, I KOTOPOIO RC3 = R, 1 MoJeKyna
Bpaiaercst BOKpyr ocu Cjs. st coceqnero ypoBHs RC3 =R-1wurt 10

[IpaBuna orOopa sl JTWHUNA TOHKOW CTPYKTYPBI pPa3peliaroT MepPexobl C
ARg =0, B ciydae paspelIEeHHOIO IE€pexoja KOPUOJIMCOBOUM CTIPYKTYpPBI, B

NPOTHBHOM CJlydya€ HUKAaKMX OrpaHudyeHud Ha ARg Her [56]. OtcyrcrBue
orpaHMyeHudl Ha ARg U1 c1a003alpelIeHHbIX JHMHUN KOPHOJIUCOBOW CTPYKTYPBI

CIEKTPA U JIMHUU TOPSIUUX KOJIEOATENBHBIX [10JIOC B OCHOBHOM OIPEAEIISAIOT OOraThli
HaOJII0JaeMbIi CLIEKTP HACBIILEHUS NOTJIOMIEHHUS MOJIEKYJIbl SiFy.

Kaxnpiii ypoBEeHb SHEPTrUU TOHKOW CTPYKTYpbl UMEET ele 0ojiee TOHKYIO
CTPYKTYpPY, KOTOPYIO TpPHHSITO  Ha3blBaThb cyneproHkod. TeopeTuueckoe
PAacCCMOTPEHHE TOHKOM M CYNEPTOHKOW CTPYKTYpP YPOBHEH 3HEpPrHH MOJIeKYJbl SFg,
KOTOpasi TAaK’Ke OTHOCUTCSA K IIAPOBBIM BOJYKAM, BIIEPBHIE ObLIO MPOBEACHO B paboTe
[59]. XoTsa monekyna SF¢ umeer Toueunyro rpynmny cummerpuun O, a He T, Kak
monekyna SiF,, onucaHue TOHKUX M CYNEPTOHKUX CTPYKTYp MX YPOBHEW SHEpPIHH
KAUYE€CTBEHHO COBIAJAET. OJKCIEPUMEHTAIBHO CYINEPTOHKOE PACILEIJICHUE JIMHHUMA
CHEeKTpa OBbUIO BIEpPBbIE OOHAPYKEHO W HUHTEPIPETHPOBAHO IpPU HAOIIOACHUU
CIIEKTpa HACBIIIEHMS TIOTJIONIEHHUS 711 MojieKybl SiF, B padote [60].

Monekyna SiF, umeer 3 5KBUBaJEHTHBIX 3€pPKAJIBHO-IIOBOPOTHBIX OCH
cummeTpun  4-ro mnopsaka S, KOTOpPBIM, Kak YK€ OOCYKJaJoCh BbILIE,
COOTBETCTBYIOT 6 omnepauui cummerpud. Kpome Ttoro, Monexkyina wumeer 4
DKBUBAJICHTHBIX OCU cUMMeTpuH 3-r0 nopsanka (3, KOTOPBIM COOTBETCTBYIOT 8
onepauuii cuMmMeTpud. COOTBETCTBEHHO 3TOMY KaKJblii YPOBEHb TOHKON CTPYKTYPBI
MMEET KPaTHOCTh BBIPOKIEHUS, PABHYIO YUCIY ONEpaluid CUMMETPHM JUIsl JAHHOM
ocu [61]. YpoBeHB ¢ onpeneaeHHbIM 3HAYCHUEM Rg , AMEET KPaTHOCTh BBIPOK/ICHHS

6, a ypOBEHb C OIPEEICHHBIM RC3 MMEET KPaTHOCTb BBIPOXKIACHUS 8.

Paccmotpum, nanpumep ocu C;. Monekyna SiF, MoxkeT Bpamatrbcst BOKpYT
KOKI0M M3 8-MM SKBUBAJEHTHBIX oceil C;, €ciM pa3iaudarbh MPOTHUBOIOIOKHO
HaIlpaBJICHHBIE OCH BpalleHus. Haxonsch B COCTOSIHUM C ONPEAECIEHHON SHEPIrUeH,
Ka)Xk1asi MOJIEKyJla OJJHOBPEMEHHO BpAIAETCsl BOKPYI BCEX ITHUX OCEM B KBAHTOBOM
cmbicie. B Tom cMmeiciie, uyTO BONHOBas (QYHKIUS MOJEKYJIbl B COCTOSHUU C
OTIpE/ICNICHHONW SHEPrueil paBHa CyMME BOJHOBBIX (DYHKIIMM COCTOSIHUN BpalleHUs
BOKPYI' JKBHUBaJIEHTHbIX ocel Cj;. BonHOBBIE (PYHKIHMHM MOTYT CKJIaAbIBaThCS C
pa3HbIMM aAMIUIMTYJHBIMM M (a30BBIMH MHOXKHTENISIMH, oOpa3yss NpuU 3STOM
HOIYypOBHU (C pPa3sHOW CUMMETpUEH) CYNEPTOHKON CTPYKTYpbl OJHOTO YpPOBHS
TOHKOM CTPYKTYBI.



Ecnu e paccMOTpETh COCTOSIHUE BPAIIECHUS MOJIEKYJIbI BOKPYT TOJIBKO OJHOMU
U3 SKBUBAJIEHTHBIX oceil C3, TO 3TO COCTOSIHHE MPEACTABISAET CO00M Cyneprno3uIuio
COCTOSIHUM C OIpeleneHHol sHepruen. Kaxaon sHeprum E; COOTBETCTBYET CBOM

i

BPEMEHHON MHOKHTENb BOIHOBON GyHKIuu e 7' . B pesynpTaTe uepes HEKOTOPOE
BpEMsI BOJIHOBBIE (DYHKIIMM CJIOXKATCSA TaK, YTO MOJIEKyJIa OyJeT BpamaThCs BOKPYT
npyroit ocu C;. HactoTra 3TUX TaK Ha3bIBAEMBIX TYHHEJBHBIX MEPEXOJI0B MEXKIY
COCTOSIHUSIMM BPAILCHHSI BOKPYT SKBHUBAJIEHTHBIX OCEM CUMMETPUH MOJIEKYJIbl pABHA
YaCTOTHOMY PacCUICIUVIEHUIO YPOBHEH 3SHEPrUU CYNEepPTOHKOU CTpykTypsl [60, 61]. C
OPYTOW CTOPOHBI CYNEPTOHKYIO CTPYKTYPY YPOBHEW, KaK U TOHKYK) CTPYKTYpY,
MOKHO pacCMaTpHUBaTh, KaK pe3yabTaT IIEHTPOOEKHOTO PACTHKEHUS MOJICKYIIbBI [62].

Ecnan kBaHTOBOE YMCIIO MPOEKLUHUH YHCTO BPAIIATEIBHOTO MOMEHTA MMITYJIbCa
Ha OCb CUMMETPHH COBIIAIAET C CAMUM KBAHTOBBIM YHMCJIOM YUCTO BPAILATEIBHOTO
MOMEHTa uMITyibca (Rg W= R v RC3 =R), TO pU BpalIEHUU MOJICKYJIbI BOKPYT

ONPENECICHHOW OCH CHMMETPUHM TYHHEJIBHBIE IEPEXOAbl MEXIY COCTOSHUSMHU
BpalICHUs BOKPYI DKBUBAJICHTHBIX OCEH 3aTpyAHEHbl. Hu3kas yactora TyHHEJIBHBIX
[EPEX00B O3HA4aeT ciaaboe pacllelUIeHHe YPOBHEW CYNEpTOHKOW CTPyKTyphsl. U,
Hao0OpOT, MO MEpPEe TOro, Kak KBAaHTOBOE YMCJIO MPOEKIHMH YUCTO BPAIIATEIbHOIO
MOMEHTa HMITyJIbCa BCE 00J€€ OTIMYAeTCs OT KBAHTOBOI'O YHCJA CaMOr0 YHUCTO
BpalIaTEJIbHOTO MOMEHTA HMIIYJIbCA, YacTOTa TYyHHENBbHBIX IIEPEXOJ0B BCE
Bo3pacTaeT. OIHOBPEMEHHO BO3pACTaeT pacCILEIUICHUE YPOBHEH CYNEPTOHKOM
CTPYKTypbl. W, HakoHel, Korga pacLICIUIEHWE YPOBHEHW CYNEPTOHKOW CTPYKTYpPBI
JNOCTUTaeT PACIUCIUICHNUs] YPOBHENW TOHKOM CTPYKTYpPBI, CTAHOBUTCS HENOHATHBIM, K
KaKOMY YPOBHIO TOHKOM CTPYKTYPBbl OTHOCUTCS TOT WJIM HHOW YPOBEHb CYIIEPTOHKON
CTPYKTYypbl. KBaHTOBOE YHCIIO MPOEKIMH YUCTO BPAIIATEIIEHOTO MOMEHTA UMITYJIbCA
Ha OCb CHMMETPUU MOJIEKYJbl CTAHOBHUTCS B 3TOM CMBICIE IUIOXMM KBaHTOBBIM
gucioM. MolleKyna npu 3TOM Bpallaercss TakK, 4YTO y HEE HET ONPEIEICHHOIO
3HAYEHHs NPOEKIUM YUCTO BPAIATEIBHOTO MOMEHTa HMITyJbCa HU Ha OCb
CUMMETPHUH Sy, HM Ha oCb C3.

B Takom cmyuae ans o0O3HAu€HHA YpPOBHS JHEPIMU BHYTPU TOHKOH H
CYIEPTOHKON CTPYKTYp HE€ HCIIOJB3YETCsl 3HAYEHHWE KBAHTOBOI'O YHCJIA IPOECKIIHMU
YUCTO BpaLIaTEIbHOIO MOMEHTA HMMIYJIbCA Ha OCb CUMMETPHUHM MOJEKYJbl. Jlms
0003HAYEHUS YPOBHEH HCIOJB3YIOTCS CHUMBOJIBI HENPHUBOJUMBIX TPEACTABICHUI.
CumBonbl 4] U A, COOTBETCTBYIOT HEBBIPOXKIECHHBIM YPOBHSIM JHEPIUU, CUMBONI £

— JBa)KJbl BBIPOKACHHOMY YPOBHIO, [] U [5 — TPWKIbI BBIPOKIECHHBIM YPOBHSM.

[IpaBuna orbopa g KoeGaTelbHO-BPALIATEIFHOTO MEPEX0Ja pa3peliaoT
NEPEXO/Ibl TOJBKO C COXPAaHEHUEM CHUMBOJIA HEMPUBOJUMBIX IPEICTABICHUM,
NOATOMY CYNEPTOHKAasl CTPYKTypa JIMHHUM CIIEKTpa MOBTOPSAET CYINEPTOHKYIO
CTPYKTYpPY YPOBHEN SHEPIUHU.

B mnpenenax ogHOW JIMHUM TOHKOW CTPYKTYPBI CHEKTpA JIMHUUA CYNEPTOHKOU
CTPYKTYpbl 00pa3yloT KiacTep WM MyjibTUILIeT. Mosekyinam Ttuna XY, u XY
COOTBETCTBYIOT KJIACTEpbl OJMHAKOBBIX THUNOB. THI KiacTepa ONpenesaeTcs
OCTaTKOM OT JIEJIEHHUsI KBAHTOBOT'O YKCJIa MPOEKIUHA YUCTO BPAIIATEIIBHOTO MOMEHTA



HMITYJIbCa Ha OCb CUMMCTPHU MOJICKYIJIbI. Tun KJIacTepa onpecAcisiCTCsa OCTaTKOM OT
ACJIICHUA Ha 3, CCJIM BpalICHUEC MOJICKYJIbI IIPOUCXOOUT BOKPYI' OCH C3 , 1 OCTaTKOM

OT A€JCHUA Ha 4, €CIM BpallleHHe IIPOUCXOAUT BOKPYT ocu Sy [59].
Bpamiennro BOKpyr ocu S4 COOTBETCTBYIOT CJIEIYIOIIME KIIACTEPHI:

04 TO=4,+F,+E

14TO=F1+F2

< (1.22).
24TO=E+F2+A2

34T0=F1+F2

3neck 0003HaYEHUE KiacTepa, HanpuMmep 1y, 03HAa4yaeT, 4TO OCTATOK paBeH 1
Opu JAeleHun Rg , Ha 4; T O o3Hauaer, 4TO COCTOSHHUS 14 oOpasyror OGazuc

NPOCTPAHCTBA, B KOTOPOM peanu3yeTcs MpeNCTaBlICHHE TPyNIbl BpaiieHuid O
(cmoTpu, Hanpumep, [62]).
Bpamenuto Bokpyr ocu C3 COOTBETCTBYIOT CIIEIYIOIIUE KIACTEPHI:

O3TO=A1+F1+F2+A2
3T0=FK+E+F (1.23).
2;T0=FK+E+H

B skcnepumente [60, 63] kinactepbl CynepTOHKOW CTPYKTYpPhl MOXHO HaWTH
[0 XapaKTEpHbIM OTHOILIEHUSAM aMIUTUTYJl PE30HAHCOB M OTHOLUEHUSM WHTEPBAJIOB
MEXy PE30HAHCAMU.

Tak knacrep AFFA wMeeT OTHOUIEHUS AaMIUIUTYd pe30HaHCOB 5:3:3:5 u
oTHouienue uurepBasioB 1:1:1, kmacrep FEF — 3:2:3 u 1:1, AFE — 5:3:2 u 2:1,
mynbTaILier FF — 1:1.

Ha6monenne B cmektpe SiF; XapakTepHbIX MyJIbTUIUIETOB IO3BOJISET
OTOXJAECTBJISITh CIIEKTPAJIbHBIE KJ1acTepsl [60].

MacmTab CynepTOHKOM CTPYKTYpbl ONPEEIseTCS 4YacTOTOM TYHHEIbHBIX
IIEPEXO/I0B U MEHAETCS OT KpalHE MaJIbIX BEJINYMH IIPU ‘RS‘ =R (nmopsnka 0.001 I'g

s CFa, vy, P(54) [61]), SKCIOHEHIIMAIBHO BO3pacTas ¢ POCTOM R—‘RS‘ 0 TeX

op, MOKa MaciTad CynepTOHKOM CTPYKTYphl HE JOCTUTAET BEIMUMHBI PACIIECIUICHUS
TOHKOM CTPYKTYpbl. DTUM OOBSACHSAETCS TOT (PAKT, UYTO JIMHUM TOHKOM CTPYKTYpPBI
XOPOLIO Pa3IMYMMBbI TOJIBKO IPU YCIOBUU R — ‘RS‘ <<R.

Cneayer OTaM4aTh ONMCAHHYIO BBIIIE CYNEPTOHKYIO CTPYKTYPY CIEKTpa OT
CBEPXTOHKOU CTPYKTYpHI [61, 64, 65]. CBepXTOHKasA CTPYKTYypa CBI3aHa C Pa3IndHON
OpUEHTAllUei MAarHUTHBIX MOMEHTOB SJIep OTHOCUTEIBHO OCH CHMMETPUHU
MOJIEKYJIbI, TO €CTh, CBSI3aHAa C JHEPIrUel B3aMMOJICUCTBHUS MAarHUTHBIX MOMEHTOB
AJIep C MarHUTHBIMH TOJISIMH MOJIEKYJIbl. XapaKTepHbI MacimTad 3TOM CTPYKTYpHI
(1—100) x['t. CnemnoBaTenbHO, CBEPXTOHKAS CTPYKTypa CHEKTPa MOXKET OKa3aThbCs
Kak Ooyiee TOHKOW, Tak W MEHee TOHKOH, 4YeM CYINEpTOHKas CTPYKTypa.
DOKCNEpPUMEHTAIBHO CBEPXTOHKASI CTPYKTYpa MOJIEKYJIIPHOTO CIIEKTpa Ha0It01a1ach,
Hanpumep, B [66, 67]. Tak B [67] meTomom HachiuieHus mnoriomieHus B SFg



uznyueHus 10.4 mxm CO,-na3epa ObUIM MONTY4EHBI PE30HAHCHI ¢ mHpuHOM 1.5 k[’ u
paccTossHMeM MeXay coceaHuMu JuHusIMU 5-10 k['n. UTtoObl gocThuh Takou
paspemiaronieii cnocoOHOCTH NoTpedoBaslach KiOBeTa JJIMHOM 18 M W nuameTpom
70 cM, ¢ maBnenueM SFg 107 Topp, mpy MOLIHOCTH Ja3epHOrO JIy4a HECKOIbKO
mukpoBarT. Eme Gosblime pasMepbl KrOBeTbl, Huskue masieus (2%¥10° Topp) u
celeKIMsa MeIeHHbIX Moaekyn (I, = 0.6 K) mossoiauiau aBropaM padoTsl [8]
noyuuTh pe3oHaHchl B OsO, mupunoit 80 I'u. B pabote [7] B uznyuenun He-Ne
jmazepa ¢ AnuHOM BOdHBL 3.39 MKM HaOMIOAATMCh PE30HAHCHl HACHIIICHUS
noryomennss B CHy B mponeTHsIx ycnoBusx npu temmneparype 77 K ¢ mmpuHoii
50 I'u. TeopeTrueckoe pacCMOTPEHUE CBEPXTOHKON CTPYKTYphI CHEKTPA, YUCIEHHO
COBIIAJIAIONIEE C IKCIIEPUMEHTOM, JaHO B [65].

NHTrepecHass BO3MOXKHOCTh MCCJIEJAOBAHMS CBEPXTOHKON CTPYKTYpBI CIIEKTpPa
OTKPBIBAETCS NMPU CKAHUPOBAHUM MATHUTHOTO (WJIM 3JEKTPUUYECKOTO) MOJII BMECTO
CKaHUPOBAHUs YacTOThl CBeTa. B 3TOM cilyyae N1B€ OJHOHANpPaBJIECHHBIE CBETOBBIE
BOJIHBI C (PUKCHPOBAHHOM pPa3HOCTHIO YAaCTOT MPOIYCKAIOT Yepe3 Ta3 HHU3KOIro
naBiyieHHsi. CBEpXTOHKAs CTPYKTypa AK€ CKpbITas OJHOPOJHBIM YIIHUPEHUEM JIMHUU
OpU CKAaHUPOBAaHWM MATrHUTHOTO IIOJIS BBI3BIBAET W3MEHEHHUsS B IPOMYCKaHUU M
MOJISIPU3ALUM TPOXOIAIINX Yepe3 Cpely CBETOBBIX BOJIH [68, 69].

B 3aknroueHne oTMETUM, YTO KaXK/IbI YPOBEHD CYNEPCBEPXTOHKON CTPYKTYpPhI
UMeEET BBIpOXkAeHUE 2R +1, CBA3aHHOE C PA3IUYHBIMU BO3MOKHBIMH NPOCKUUSIMHU
YICTO BpaIlIaTeIbHOTO MOMEHTa HMITyJlbca R Ha J1a00paTOpHYIO OCh Z, TaK Kak

omepaTopel R, Rg, R, B3auMHO KOMMYTHPYIOT. Harmomuum, 4o Rg — mpoexkuust R
Ha OCb CUMMETPHM MOJEKYJbl . BbIpoxkaeHue mo R, MOXKET ObITb CHATO TOJBKO

BHEIIIHUMH JTA00PATOPHBIMU TIOJISIMH.

Takum o6pazom, cnekrp SiF,, ©HaOmIOgaeMbIii METOJOM  HACHIIICHUS
MOTJIONICHHUSI, TIPEACTABISAET COO0M CIOXKHYIO CTPYKTYpY. Bo-TiepBbIX, OH CONEPKUT
IEepEX0bl OCHOBHOW IOJOCHI V3 M COOTBETCTBYIOILUX TFOPAYMX II0OJIOC KOJIEOaHUs

V3. BO-BTOpBIX, MCTOJ HACBIICHHA IMOIJIOMICHHA IMO3BOJIACT pa3pClIUTbh TOHKYIO H,

BO MHOT'MX CITy4asX, CyIEpTOHKYIO CTPYKTYpbl CIIEKTpa. B-TpeTbux, JIMHUH TOHKOU
CTPYKTYpbl Pa3JIMYHBIX BpAIATEIbHBIX KOMIIOHEHT MOTYT MEPEKPHIBATHCS MPHU
Oonpnx 3HaueHusix J. B yeTBepThIX, HAOMIOAAEMBIA CHEKTP MOXET COJEPXKAaTh
nepexoAbl  cllabo3ampelieHHbIX  KOPUOJIUCOBBIX  mepexogoB ¢ AR#0 wu
COOTBETCTBYIOLIUMX MM pPaspelICHHbIX MepexonoB ¢ AR¢#0 u coxpaHeHHEM

CHMBOJIa HENPHUBOAUMBIX IPEACTABICHUN. B MATBIX, NMpPH €CTECTBEHHOW CMECH
2 .
M30TONOB B CIIEKTPE MOSBISIOTCS JHHUM TMOTIOMICHHS MOJeKyn - SiF, (6.2%) u
30G: . 28q: 29G: A
SiF4 (4.2%) [70]. M30TONMYeCcKuiA CABUT MOJIOCHI V3 ~ Si-~ S1 COCTAaBIAET 9 ¢M , a

8G1-Si — 18 cm™! [53], 4TO MO3BOJISET JIMHHUSIM TOJIOC PA3HBIX U30TOINOB YaCTUYHO
HAKJIAAbIBATHCS APYT Ha Apyra. OTOp UMEET €AUHCTBEHHBIN YCTOMYUBBIN U30TOII PF.

[lepeunciieHHbIE TPUYMHBI 3aTPYIHSIOT WACHTU(GUKAIMIO JIUHUN CHEKTpa
HACBIIICHUS TTOTJIONIEHUS, TO €CTh OMPEEICHUE MOJTHOTO Habopa KBAHTOBBIX UUCEN
DHEPreTUYECKUX YPOBHEW, CBSI3aHHBIX NepexoAoM. B HacTosmuid MOMEHT
CHEKTPOCKONTMYECKON WH(OpPMAIUU TOCTATOYHO I MACHTU(DUKAIUA BCEX JIMHHUMA



OCHOBHOM IOJIOCHI V3, HO HEAOCTATOYHO JUIA MIEHTU(QHUKAMN JIMHAN TOPAYHUX M10JI0C
KOJIcOaHus V3.

BepHemMmcs Tenephb kK pacCMOTPEHHIO CIIEKTpa HACHIICHHS moTJomeHus SiF,.
Konebanune v; monanaer B 001acTb NEpecTporku 4acToThl reHepauun CO, -

Jazepa HU3KOrO JaBieHus Ha JuHusAX P(28) — P(40) BpamaTeabHONW CTPYKTYpbI
kosneGarensHoro mepexoga 00°1-02°0 ¢ ueHtpoM 9.7 MKM, YTO M ONpEHENseT
uHTepec K Monekyne SiF4 B CIEKTpOCKONWU HachllleHus mnorjomeHus [71-74].
CnabocTh MeTOZIa HACHIIICHUS TOIJIOMIEHUS COCTOMT B Y30CTH JHara3oHa
nepecTpoiku HcToyHMKa cBerta. Jnsa v3 SiFy — 3T0 nepectpoiika 4acTOTHI

renepanuu CO,-nazepa B nuama3zone +40M[y BOIW3M LEHTPOB JIMHUM T'e€HEpaIUU.

JIns cpaBHEHHs YacTOTHOE PACCTOSHHE MEXKIY COCEIHMMH JIMHUSAMU T€HEpauuu
npumMepHo S5 [T

OcHOBHOHM 3ajayeil, CBSI3aHHOM CO CHEKTPAMHM HACBILIEHUS MOTIJIOLIEHUS,
ABIseTCA pacmuppoBKa CHEKTpoB. PacmmdpoBka CcOCTOMT B  OINpeAeICHUH
KBAaHTOBBIX YHMCEJ YPOBHEW 3HEPIHH, KOTOPBIE CBS3aHbI INEPEXOAaMHU, PE30HAHCHI
KOTOPBIX HAOJIOalOTCSl B CIEKTPE HACHILIEHUS morjomieHus. Yacte 3Toil 3amauu,
CBs3aHHAs C pacuIM(ppPOBKOI MEPEXOJ0B U3 OCHOBHOTO KO0JI€OATEILHOTO COCTOSIHMUS,
Ha CErOJIHS pelIeHa.

B pabGorax [54, 75] moyiydeH cHeKTp KoJieOaTelbHO BpallaTeJIbHOM IMOJIOCHI
KoJie0aHus V3 IIyOOKO OXJaXIEHHOro oOpasua SiF,, orpaHMYeHHBIN JOIUIEPOBCKUM

VIIHPEHUEM  CHEKTpalbHbIX JuUHUK. CHEeKTp TOJY4eH C HCIOJIb30BAaHUEM
nepecTpauBaeMoro AUOJHOTO Ja3epa. Ha ocHOBe pe3ynbTaToB M3MEpEHUs CHEKTpa
aBTopaMm pabot [54, 75] ymamock OmNpeneanTh OCHOBHBIE MOJCIIbHBIE KOHCTAHTHI
HIDKHUX M BEPXHHMX YPOBHEH SHEpPrHMM MHEPEXOJOB MOJOCHl MNOIJOMIEHHUS V3 U3

HUKHETO KOJIEOATEIIbHOTO COCTOSIHHS MOJIEKYJIbI SiF,.
Jlnst ananm3a crektpa B [54] ucmons30Baiach anmpoKCUMHpPYomas Gopmyiia
(1.24):

VP(J)zm—nJ+pJ2—qJ3+sJ4+...+(g+hJ+lc]2+...)I74

vo(J)=mvl (J+1)+wa? (T +1) 4.+ (2g +ul (T +1)+.) Fy

VR(J)=m+n(J+1)+p(J+1)2+q(J+l)3 +s(J+1)4+...+(g—h(J+1)+k(J+l)2+...)174

3neck Fy — (QYHKIMH TeTpasApaibHO aJalTUPOBAHHBIX TEH30PHBIX
OIepaTopoOB YETBEPTOrO paHra; m,n,p,q,s,g,h,k,v,w,u — CHEKTpaJbHbIE
KOHCTaHTBI, ONpeesisieMble U3 SKCIIEPUMEHTAIbHBIX TaHHBIX.

[lony4yeHHble U3 SKCIEPUMEHTa KOHCTAHTHI MO3BOJIMIM DPACCUUTATh JIMHUU
cnektpa MoJekynsl SiF,, a cpaBHEHHME pacCUMTAHHBIX JUHHUM C HAOII0JaEMBIMU
pPE30HaHCAMU HACBIIIEHUS TOTJIONICHNS MO3BOJIMIO YTOUHUTH 3HAYEHHUS] KOHCTAHT U
uaeHTU(pUIUPOBaTh 51 JIMHUIO MOTJIOMIEHUS. DTH JIMHUHU MOMA/Ial0T B CIIEKTPAIbHYIO
00JacTh pEerucTpalui CIEKTPOB HACHILIECHUS ToriomuieHus ¢ nmomoursio CO,-1a3epoB
C pa3HbIM M30TONMHMYECKHM cocTaBoM. Kpome Toro, nuama3oH uccieroBaHUS BOJIU3U
HeHTpa Kaxaon nuauu renepanun CO,-nazepa ObUT pacHIMpEH 3a CUET MPUMEHEHHS



CABHUIa 4acTOThl MpU AUQPPAKIMKU CBETOBOW BOJHBI HAa Oeryiiel yJabTpa3BYyKOBOU
BOJIHE (aKycTOONTHYECKass MOAYJISALMS) U goBeaeH a0 £200 My .

B mnpepenax mnepectpoiiku CO;-azepa HU3KOTO [aBIEHHS C OCHOBHBIMU
M30TOMIaMU YTJEPOAa U KHUCIOPOAA OKa3aJMCh TOJBKO JBa PE30HAHCA HACHIIICHHUS
MOTJIOUICHHs, COOTBETCTBYIOLIMX  MOIJIOIIAIONIMM  [EpexojaM W3  HIKHETO
K0Je0aTeNbHOTO COCTOSIHUSL MoOseKyabl  SiFy,. D10  HambonbmMi  pe30oHaHC
Hacelmenus noryomnieHus B SiF, B wactoTHo# oOmactu nepectpoiiku CO,-nazepa Ha
muaun P(30) momocel 9.7 MM, uaeHTUGUIIMPOBAHHBIM B pabotax [54, 75], kak
nepexor F,” BpamarensHoll muHEE R(53) KoxeGaHms v3 Moaekynsl SiFs, n
uMeromuii yacroty v = 1037.4341 em™. 3nece F 1(9 ) 03HauaeT 9-10 KOMITOHEHTY THIIa
F; B npenenax BpamarenbHol JmHuKA R(53). I Ha n€eBOM Kparo JIMHUM YCHUJICHUS
P(34) CO,-nazepa [54, 75] HaxoaUTCsl pe30HAHC, COOTBETCTBYIOIIUI nepexony F A
R(16) v3 SiF, ¢ yactotoit v =1033.4872 cM™'. OcTalbHbIE PE3OHAHCHI, JOCTYIHbIE
HAOJIIOICHUIO Ha Hallled HSKCIEePUMEHTAIbHONW YyCTaHOBKE [76], COOTBETCTBYIOT
nepexoJjaM ropss4mx MoJioc Kojaebanus vy U c1ad03arpenieHHbIM IIEPEX0AaM.

Humxe Ha pUCYHKE NIpUBEACHA 0JI0K-cXeMa AKCIIEPUMEHTAJIbHOM YCTAHOBKHU.

' A X — —’“ >"J
10
CO, laser 1 o f {;5 -
6" |y
1 127 18 % ;s 21
CO, laser 2 + SLF4 17 ] X _HW_ 20
L/
13T T 19 1.0 kHz % |
14
4acTOTOMEp ] X

OKcrepuMeHTalbHas YCTAHOBKA COCTOUT U3 TPEX YacTe.

IlepBas yacte — 310 onopHelii CO,-nazep 1 u cucrema ero craOuiIM3aLUu.
N3iyyeHre onopHOro Jiazepa SBISAECTCS YACTOTHBIM PENEPOM JUIsl KOHTPOJI 4YacTOTHI
nepectpanBaemoro CO,-nazepa 2.

Bropast yacTe yCTaHOBKM — 3TO INEpPECTPAMBAEMBIM 10 YACTOTE TI'E€HEpaLUU
CO,-nazep, H3Iy4eHHE KOTOPOTO AaKTUBHO CTaOWJIM3HPOBAHO IO YacTOTE C
peryJmpyeMon 4aCTOTHOM OTCTPOMKOW OTHOCHUTENIBHO YaCTOThI OIIOPHOTO JIa3epa.



TpeTbss 4acTh YCTAaHOBKM — aBTOMATU3UPOBAHHASI CUCTEMA PETHCTPALINU
pE30HAHCOB HachlllleHUss mnorjomenus B SiF, HaOmomaemMpix B H3IyYEeHUU
nepecTpanBaeMoro Jjiazepa.

Crabunuzanus omnopHoro CO,-mazepa 1 TPOMCXOAUT 10 HYJIO TNEPBOM
NPOU3BOJHON 3aBUCHMOCTHM MOIIHOCTH CBETa Ha NPUEMHUKE 7 OT YacTOTHI
reHepanuu jazepa. CuUrHan ¢ NpUEMHUKAa CHHXPOHHO JIETEKTHPYETCS Ha 4acToTe
MOJYJSIIIMM YacTOThl TeHepauuu Jiasepa. [lociae CUHXpOHHOroO MAETEKTOpa Ha
MEepEMHOXKUTENIE 9, HaANPSIKEHHE, CIIIAKEHHOE M yCWiIeHHoe ycuiurtenem 10,
MOCTYNAaEeT Ha MbE30KEepaMUKy Jiazepa | 1Jid yrnpaBlieHHs] 4aCTOTOM €ro TeHepaluu.

3HAK HANpPsKEHUS MOCJI€ CUHXPOHHOTO JAETEKTUPOBAHUSI 3aBUCUT OT TOrO, Ha
KaKkOM CKJIOHE pPE30HaHCa HaxXOJUTCS YacToTa reHepauuu Jazepa. Cucrema
cTabWIM3aIuy yAepKUBAeT 4YacTOTy TEHEpalliyd OIMOPHOrO Jja3epa Ha OJHOM U3
PE30HAHCOB HAaChIMEeHUsT Tnorjomenus SiF,, TouHee Ha 3HAYCHUH, KOTOPOE
COOTBETCTBYET HYJIIO MEPBOM MPOU3BOJAHON 3aBUCUMOCTH MOIIHOCTH HA MPUEMHHUKE
cBera 7 OT 4YacTOThl TEHEpalMud OIMOPHOro Ja3epa, Ha HYJIEBOM 3HAYCHHUH
HaAMpPsHDKEHUS] C CAHXPOHHOTO JIeTeKTopa 9.

Hccnenyercs criekTp HachlleHus noriomeHus raza SiFy.

Ha »skcnepumeHTanbHOW YCTaHOBKE HAOJIOAANUCh CHEKTPbl HACBIIICHUS
norjomieHusa raza SiF, B mpezaenax nepectpoiiku yactoTsl reHepanuu CO,-nazepa
HU3KOTO JaBiieHusl Ha auHuaX reHeparuu P(30)—P(38) BpamarenbHON CTPYKTYpHI
koseGarensHoro mepexoxa 00°1-02°0 ¢ mentpom 9.7 MkM. B criekrpe HaGmoammch
JAVHUM MOIJIONIEHUS KOJeOaTelbHOU MOJoCchl V3 Molekynsl SiFy u  ropsumx

KO0JICOATENIbHBIX II0JIOC KOJICOAHMS V3. HpI/IMCp 3aBUCMUMOCTH MOIIIHOCTH Ha

MpUEMHUKE 7 OT YacTOTHI TeHepaIuu ja3epa | B mpenenax mepecTporKu ja3epa Ha
9 07 (A0

muaun P(30) xonebarenbroit momockl 00°1-02°0 reneparnuu CO,-na3zepa mpuBeaeH Ha

CJIETYIOILIEM PUCYHKE.



2 3 4

YacroTa renepanuu nazepa | crabunuszupyercs mo peoHaHcy 4.

O6cynum Tereph pabOTy BTOPOM YAaCTH yYCTAHOBKM — CHUCTEMBI TPUBSI3KU
NEPECTPAUBAEMOTO Ja3epa K 4acTOTE OMOPHOTO Ja3epa.

HMcToyHMKOM CcHUrHajma Uil CHUCTEMbl AKTUBHOM YaCTOTHOW IPUBSI3KU
nepectpauBaemoro CO,-nmazepa 2 sBIseTCS NpUEeMHUK OueHuid 13, Ha KoTOpoMm
unTeppepupyet uznydenue nByx CO,-nmazepoB. Yactora OMeHMI NBYX Ja3epoB ¢
npuemMHuka 13 mpeoOpasyercs B HampsbkeHue. HampspkeHue ¢ BbIXoja
npeoOpazoBarenst 14 cpaBHuBaeTcs Ha au@depeHIuanbHOM ycuiauTene 15 ¢
YOPABJISIIOIIMM HANPsSKEHHEM C KomIbloTepa 16 M mocie yCWIeHHs] MOJAETCs Ha
nbe3okepamuky CO,-nazepa 2 1 ynpasieHHs 4aCTOTOM €ro reHepauuu.

Cucrema cTabUIM3alMK YaCTOThHI IEPECTPAUBAEMOTrO Jiazepa 2 aBTOMaTHUYECKU
yAEpPKUBAET 4YaCTOTy Jiazepa 2 TaKoW, YTOOBI Pa3HOCTh HAINpPSDHKEHW Ha BXOJax
ycuwiurensa 15 ocraBanmack paBHOW Hymo. IIpu 3TOM HM3MEHEHWE HANPSIKEHUS C
KOMITBIOTEpA HM3MEHSET CTaOMIM3HUPOBAHHYIO YACTOTy Jiazepa 2, YTO MO3BOJISIET
MEJIJIEHHO NIEPECTPAUBATh €TI0 YACTOTY € MOMOIIBIO KOMITBIOTEPA.

CucremMa perucTpanyu pe30HAaHCOB MCIOJIb3YET CUTHAJ C NMpHeMHUKA 19, Ha
KOTOPBIM HM3JIy4YEHUE MEPECTPAUBAEMOro Ja3epa 2 IMOMaJaeT IOCJe IABYKPATHOTO
NPOXOXKJIEHUsI KIOBEThI 4 ¢ uccienyeMbiM razom SiF,. DIeKTpUYecKHil CUrHaj C
npueMHUKa 19 CHHXPOHHO JETEKTUpYETCs MepemMHoxuTeseM 20 Ha yJIBOCHHOU
gacToTe Moy sy nepectpanBaemoro CO,-nazepa (u onoproro CO,-nazepa, 4To B
JaHHOM cly4yae HeBaxHO). IIpuMep OSKCHEpUMEHTAIbHOW KPUBOM C JBYMs
PE30HAaHCAaMHU HACBIIIECHMSI MOIJIOIEHUS IPEICTABICH Ha PUCYHKE.



1 MH=

[Tpy CUHXPOHHOM JI€TEKTUPOBAHUU HA YABOCHHOW YAaCTOTE MOYJISLIMA CUTHAT
Ha BbIXOle epeMHOXuUTENs 20 MponopirOHaIeH BTOPOH MPOU3BOIHON 3aBUCUMOCTH
MOIIHOCTH CBeTa Ha npuemMHuke 19 ot yactotel reHepauun CO,-nazepa 2. Jta ke
mapa pe30HAHCOB B 3aBUCHMOCTHM MOIIHOCTH Ha NpuUeMHHKE 19 oT 4acToThl
reHepaluy jazepa 2 BUAHA Ha MPEbIIYIIEeM PUCYHKE, KaK apa pe30HaHCOoB 2 U 3.

Kak BuOHO W3 CcpaBHEHHUs JABYX PHUCYHKOB, CHUCTEMa HAKOIUIEHHS CHUTHaJa
MTO3BOJISIET 3HAYUTENBHO YBEIUYUTH OTHOIIEHHE CUTHAJ-IIIYM.

Mou 3KcriepuMEHTANbHBIE PE3YIIBTATHI.

Tak, HanpuMmep, B Mpeenax MnepecTporku jiasepa Ha auHuu P(32) B cnekrpe
HACBILIEHUS TOTJIOIIEHUsI CUMMeETpUuyHOW Mosekynsl SiF, (Ha pucyHke HuUXKeE)
HAOJIOIaeTCsl XapaKTEePHbIH MYIbTUIUIET CYNEPTOHKOW CTPYKTYpbl CHEKTpa —
mynbTuILier AFFA ¢ cootHomenueM ammutyn 5:3:3:5 v untepsanos 1:1:1.

1. WUBanoB 3.U., KpsuioB MN.P. Caresiursl MyJIbTHUILIETOB CYNEPTOHKOM
CTPYKTYpPBI CHEKTpa HACBIIIEHHOTO MOTJIOoUeHUsT MoJeKynbl SiF,. // Onrt. u cnekrp.

2000, T. 88. Bein. 4. C. 568-580.
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Pe3onaHchl 2, 3 u 4 Ha HTOM PUCYHKE — OTO CTOJIKHOBHUTCIIbHBIC

MIEPEKPECTHBIC PE30HAHCHI JIEBOM AF mapbl cieKTpaibHbIX JIMHUMA, apbl FF 1 ipaBoi
napel FA cooTBercTBEHHO. B OgHOHAIIpaBIEHHBIX CBETOBBIX BOJIHAX 3THUM
CTOJKHOBUTEIIBHBIM  TMEPEKPECTHBIM  PE30HAHCAM  COOTBETCTBYET  JBOMHOU
ONTUYECKHM PE30HAHC CaMblii MpPaBbli Ha CIEAYIOIIEM PUCYHKE C 4YacTOTOU
npumepHo (1.866+0.006) MI'.

2. UBanoB D.U., MUmxecun X.X., KppuioB N.P. Cnexktp HachIlllleHHOTO
MOTJIONIEHUSI TIOMMYTHBIX CBETOBBIX BOJH B TeTpadTopuae kpemuaus. // OnT. u CIeKTp.

1992, T. 73. Bem. 1. C. 123-129.



31ech HAUOOJIBIINN
CTOJIKHOBUTEIIbHOMY TEPEKPECTHOMY PE30HAHCY IMaphl CIEKTPATIbHBIX JIMHUN JIeBas
nuHus A — mpaBast TuHUA F, OMHOBPEMEHHO CO CTOJIKHOBHUTEIHLHBIM MEPEKPECTHRIM
pE30HAHCOM TMaphl JWHWK TpaBas A — mneBas F. DTW CTONKHOBHTEIbHBIE
MePEKPECTHBIC PE30HAHCHI COBIAAIOT C PE30HAHCAMH JIMHUH MOTIIONICHUS jeBas F u
npaBas F, moaToMy Ha mpeasiIylieM pucyHKe OHU HE BUIHBI. PE€30HaHC ¢ 9acTOTOM

-15

-10

PE30HAHC

(3.72+0.01) MT'

yyTh OoJbiie (5.58+0.05) MI't cooTBeTCTBYET nape JuHUM AA.

9KCHCpI/IM€HTaHBHa}I YCTAaHOBKA IJIA Ha6J'IIOI[€HI/I$I PC30HAHCOB HACBIIICHUA
IMOrJIOMCHUA B OAHOHAIIPABJICHHBIX CBCTOBLIX BOJIHAX 1/1306pa>1<eHa Ha CICAYIOLIEM

PUCYHKE.
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