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B akTHBUpOBaHHBIX KpUCTA/IaX MOHU3UPYIOIIIee U3JIydeHUE BbI3bIBAaCT 0Opa3oBaHUE MTPUMECHBIX AcdeK-
TOB IIPH TIEPEXO/Ie MOHOB IIPUMECH U3 TPEXBAJIEHTHOTO B IBYXBaJIECHTHOE coCcTOsTHUE. [IpenioXkeH moaxoxn
K M3yJeHUIO BIUSHUS SHEPTeTUUECKOro MojoxkeHus: R*T-1oHOB B 30HHO#1 cxeme KpucTamios CaF, Ha cTe-
IeHb YCTOMYMBOCTY MOHOB aTOMOB PEIKO3eMETbHBIX 2JIEMEHTOB B IByXBAJICHTHOM COCTOSTHUU B pe3yJibTaTe
nepexona IeKTPOHHBIX 4f"-cocTostHuit R>T — R*T-MOHOB Mo nefCTBHEM MOHM3MPYIOLIETO M3TydeHHs.
H3yuyeHbl mpoliecchl TPSIMOTO M 06paTHOTO (DOTOXPOMU3MA, IPOUCXOASIIINE Ha IIPUMECHBIX Ae(eKTax, CBSI-
3aHHbIE COOTBETCTBEHHO C OKPAIlIMBAaHUEM aKTUBUPOBAHHBIX KPUCTAJLIIOB MOJ, ACHCTBUEM Y-U3TYUYEHUS U
obGecuBeurBaHueM Ton AeiictBueM Y®-usnydeHus. [IpemroxkeH MexaHu3M (OTOXPOMHOTO IIpeBpallie-
HUSI, YYUTHIBAIOLIUIA y4acTUe B TIpOLEcCe paauallMOHHO-HaBeIeHHBIX LICHTPOB OKpacku. PaccMoTpeH Ba-
neHTHEI Iepexon 2T — R** B mpencrapnenuu peakuuu orookucnenus. [1o pesynsTaTaM pacueToB 13-
MeHeHUs sHepruu [166ca npoaHaIu3upoBaHbl BO3MOXHOCTU U YCJIOBUSI MPOTEKAHUS PEaKIIMU NOHHOTO
MpeBpalleHUs B 3aBUCUMOCTHU OT BHIIa MOHU3HUPYIOIIETO U3TyYeHUs, BO3ICMCTBYIONIETO Ha KPUCTAJLIBI C

R*" -nonamu.
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BBEJEHUWE

Ilon neiicTBrEM Y-U3TYyYEHUS] B aKTUBUPOBAHHBIX
KpUCTaJlJlax MPOMCXOAUT YaCTUUYHOE BOCCTaHOBJIE-
HHUE TPEXBAJIEHTHBIX MOHOB IIPUMECH JIO IBYXBaJICHT-
Horo coctosiHus. [locneqHue xapakTepusyroTcs ce-
pUMell UPOKUX MOJOC MOMIOIIEHUS B BUAMMON U
Y®-006acTsax crekTpa, 00yCIOBICHHBIX pa3pelieH-
HBIMU IIepexoJaMH1 B cMeIIaHHyIo 4f/—5d-060104-
Ky. Kpome TOro, B akTuBUpOBaHHBLIX R3*-noHaMu
KpUCTaIax IIeJIOYHO3eMENbHbIX (PTOPUIOB MO
Bo3aelicTBMeM noHusupylomero nsnydenus (MHN)
MPOUCXOIUT TMepexoa 3TUX Cpeld U3 paluallMOHHO
YCTOWUYUBBIX B pPaguallMOHHO YYBCTBUTEJbHbBIE C
dopmupoBanueM ¢oroxpomMHbeix PC+ u PC-1eH-
TPOB OKPacCKU, KOTOPbIE MEHSIFOT CBOM LIBET MPU BO3-
neiictBun UM paznnunbix BunoB. KoHdurypanus
BaJIEHTHBIX 3JIEKTPOHOB aTOMOB JIAHTAHOUAOB MO-
KET OBbITh BBIpaXKeHa 0011eit popMynoit 42145401652,
Yy HUX JOCTpauBaeTCsl TPETUIl CHapyXU dHEepreTuye-
CKUii ypoBeHb (4f-momypOBEeHb) IIPU ONMHAKOBOM
KOJIMUECTBE DJIEKTPOHOB HApY>KHOTO 3HEpreTuye-
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cKoro ypoBHs (6s%). [IJig peaKko3eMeIbHbIX KOHOB B
IUBJIEKTPUIECKUX KPUCTAJLJIaX XapaKTepHO MpeuMy-
LIECTBEHHO TPEXBAJIEHTHOE cocTosiHUE (R3T) 3a cuer
yaaJeHUs 3JIeKTPOHOB C 4f"-0001049eK. B oTneabHBIX
Clly4asixX 3a CYET OTPhIBA SJIEKTPOHOB C BHEIIHEH 652-
000Ji0uKr TUOO OT €6 KOMOMHAIIUM C BHYTPEHHEM,
9HepreTHYecku OoJiee BBITONHOI 4f~000J0YKOI,
MOHbBI MOTYT MPUOOPETATH TAKXKE IBYX- U UEThIPEXBa-
JICHTHbIe cocTosiHUs. WIcKJtoueHue COCTaBisSIIOT
noHbl Gd, nmeromue 5d'-060J104Ky, IIPU yIAIEHUN
3JIEKTPOHA C KOTOPOU OHU MOTYT IMTPHUOOpPETaTh OMHO-
BajieHTHOE coctostHue (Gd*!). B kpucramiax MeF,
(Me = Ca, Sr, Ba) ¢ 607b1110i1 3aIIpelieHHOM 30HOM
(33) 60mnee 10 3B ypoBHM R*"-MOHOB pacIIONIOXEHBI
H1Xe JHa 30HbI mpoBoaumMocTu (3I1) Ha 3HaUUTEb-
HOM 3HEpPreTUuYecKoM pacctosiHuu A E, u uHIyuupo-
BaHHbBIN NpU Bo3aercTBUMM Ha Kpuctaul MU snek-
tpoH e u3 3I1 nokanusyercsa Ha f-obonouke R3*-
HOHa, B pe3yibTare uero R** + le — R**. B kpucraji-
Jlax ¢ Hebonboi 33 (Hanpumep, CdF, Takxke co



NCCIEJOBAHUE OBPASOBAHUA PAIMALIMOHHO-CTUMYJINPOBAHHBIX 69

CTPYKTYpoii paoopura, ¢ 33 < 8 3B) nz-3a 6amzocTu
nHa 311 K BHelIHeMy BajleHTHOMY R>'-ypoBHIO 251€eK-
TpoH e n3 311 nokann3yeTcd Ha BHEITHEH s-000JT0UKe
U He yJacTByeT B 00pa30BaHUU XMMUYECKOM CBSI3U,
nostomy R3*-1OH He MeHsieT 3apsana. Takum obpa-
30M, TIpUPOAa U3MEHEHUS 3apsia MPUMECHOTO MOHA
3aBUCUT OT DHEPreTHMYECKON OJIM30CTH BaJIEHTHBIX
4f-opouraneii R**-nonos k 3I1.

METOJIMNKA SKCITEPUMEHTA

I1pu BeIpalliMBaHUM KPUCTAJUIOB TOJyYeHHUE OTI-
TUYECKU COBEPIIEHHBIX 00pa3lioB 3aBUCUT OT pac-
npeaeyeHusl TeMIeparypbl B pacillaBe U pacTyllieM
KpUCTaJlie, BJIMSIONIET0O Ha BO3HUKHOBEHMWE KOH-
LIEHTPAIIMOHHOIO TMEPEeOXJaXIeHUsI, KOTOpoe TIpH-
BOAUT K MOP(}OJIOTrnYecKuM aedeKkTamM B BUIe BHYT-
pPEHHel Mo3auvHOM CTPYKTypbl oOpa3siia. [1pu Beipa-
IIMBAaHWU AKTUBUPOBAHHBIX KpUCTALIOB 3(hdEKT
KOHILIEHTPAlLlMOHHOTO MepeoXIaXKIeHUS TOJIXKEH yCy-
ryOJISIThCS ¢ yBEJIMYEHUEM KOHIIEHTPallMY aKTUBATO-
pa B kpuctajmie. OgHako B ciyyae BbIpalllMBaHUs
KPUCTAJIJIOB CO 3HAYMUTEJIBbHO OKpalllMBaIOIIUMU
IIPUMECHBIMU MOHamu (Harpumep, Pr’t, Nd3*, Er’t)
MOCJEeIHUE CIYKAT JTOMOJTHUTEIbHBIM MCTOUHUKOM
reperpena, MPeIsITCTBYIOLIETO TTePEeoXIaKICHUIO Ha
rpaHulle pocTa aKTUBUPOBAHHOTO KpHCTalljia, Oia-
rojaapsi B3auMOJICCTBUIO TETMJIOBOTO U3JIyYeHUS TUT-
JISl ¢ TIOMIOIIEHWEM MOHOB aKTUBAaTOPOB B COOTBET-
ctyouieM MK-nuamazone [1]. CornmacHo 3aKoHY
cMmeleHust BuHa [2], cBsi3bIBalolero Makcumaib-
HYIO JUIMHY TEIJIOBOTO M3JTydYeHUsI aOCOTIOTHO Yep-
HOTO TeJla ¢ €ro TeMIIepaTypoii, UMeeT MECTO COOT-
HOIIIEHWE

xmax Tl'l.}'[ = b!

rne 7, — TouKa ruiaBjieHus1 KpucTtaia B KenbBrHa,
b — KOHCTaHTa, MOJIydeHHAasl U3 3aKOHa U3Ty4eHUsI
INnanka u paBHas 0.29 cm K [3]. IIpuHsB BO BHUMa-
HUE CPEIHIO TeMIlepaTypy IUiaBJIeHUs KPUCTAIOB
CaF, c npumechlo NepeyrcieHHbIX B HACTOS 111l pa-
0oTe penkozeMeabHbIX MOHOB paBHoit 1700 + 20 K,
Amax HATPETOTO THUTJISI MOJIKHA JIEXaTh B MHTEpBaJe
1610—1690 aM (¢ yueToM nieperpesa). B aToit UK-06-
JIaCTU CIIEKTpa MOIJIOIIeHUE Ha f—f-TIepexoaax ¢ oc-
HOBHOTO Ha BO30YXIEHHBIE YPOBHU HMMEIOT MOHBI
Pr** (nepexonsi *H, — 3F; ), Nd** (nepexon *I,,, —
— *I;5,~,) n Er’* (mepexon */,5,, — *I;3,,). UMeHHO
B KpUCTaJUIaX ¢ JAHHBIMU aKTUBaTOpaMuy MpakTuye-
CKM OTCYTCTBOBAJia MO3auW4Hasl CTpyKTypa. OueBuI-
HO, YTO YBEJIWYEHUE KOHILIEHTPALIMU ITUX MpPUMEC-
HbIX HMOHOB TIPU COOTBETCTBYIOIIEM YBEJIUYEHUU
UK -mrorsronteHnst TOJKHO YMEHBIIATh 3P @EKT KOH-
LIEHTPALIMOHHOTO TIePeOXJIaKICHNSI. AKTUBUPOBAH-
Hble KPUCTAJJIBI C MEHBIIUM TOTJIOIIEHEM B TaH-
Hoit MK-061acTu mposBIIsioT OOIBIIYIO TEHASHIIAIO
K KOHIIEHTPAIlMOHHOMY TIepeoXIaKaeHUIO.
KPUCTAJIJIOTPA®US Ne 1
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Jlnst cuHTe3a YUCThIX MOHOKpHcTauioB CaF, : R3*
(R** = Ce*", Pr’**, Nd**, Eu’*, Yb>") c koHLIeHTpaLu-
el HOHOB akTuBaTopa 10 1.5 Mac. % OGbUIH UCTIOIB30-
BaHBI MEJIKOAUCIIEpCHBIC TTOpoInKu GupM “Alfa Ae-
sar”, “Bernd Kraft” u “JIAHXUWUT” c conepxxaHuem
OCHOBHOTO BellecTBa He MeHee 99.99% c mocnenyio-
el NOMOJHUTENbHOM OYUCTKON OO COAepKaHUS
OCHOBHOTO BeliecTBa He MeHee 99.995%. TToCKOIbKY
IIPUCYTCTBUE KMCJIOpoAa B KpHUCTaUIaX (TOPUIOB
3HAUUTEIbHO YXYIIIAeT MX OITUYECKYIO Mpo3pay-
HOCTb M BBI3BIBAET JIONOJHUTEIbHOE TTOMIONIEHUS B
Y®-nuara3oHe ¢ MaKCUMYMOM Iipu 197 HM, B Kade-
CTBE TTOTJIOTUTEIISI KUCIIOPOIa B IINUXTY JTOOABIISIIICS
nopomok PbF, Puratronic® dupmer “Alfa Aesar” c
colepXXaHWEeM OCHOBHOIO BelIeCTBA He MEHee

99.997%.

IIpoiiecc MOATOTOBKY IIMXTHI U CUHTE3 MOHOKPM -
CTaJIJIOB COCTOSIJIU U3 ABYX ATAIoB. Tak, ¢ 1eJIblo yBe-
JIMYEeHUsI HACHIITHOIO Beca ILIMXTHI M BO M30eXXaHue
BO3HMKHOBEHUS KUIISIIIETO CJI0sI IIPU BAKyyMUPOBa-
HUU TIEPBBI 3Tan BKJIoYasa B ceOsl TOJIydeHUe TBEp-
JIOTO CIIEKa B ammapare Cyxoro OpMKEeTUpPOBaHMSI.
151 9TOrO MIMXTY MOCJIe CMEIIMBaHUS TNIOTHO HAOu-
BaJii B TpaUTOBBIN TUTENb B (hopMe “JIOJOUYKU” U
3aKphIBaJIM KpbIIKoil. [Ipy 3ToM B KayecTBe MaTe-
puaja TUTJISE MCIOJb30Bad BBICOKOIJIOTHBIN M30-
cratudeckuit rpadput SGL Carbon mapku R4550, uc-
KJTIOYAIOIINIA aAre3uIio CO CIIEKaeMbIM MaTEpHAJIOM.
®opMy MBIIOKHULBI TUIJISI TIPOCKTUPOBAIN TaKUM
o0pa3oM, UTOOBI TOTOBBLIM CIIEK, WU3BJIEKACMBbIN U3
Hee MOCJIe yCaaKu, IOBTOPSUT (POPMY M3JI0XHUIIBI
TUIJIS IJI1 CMHTE3a KpUCTaJlIa, TEM CaAMbBIM YBEJIMUIN -
Basi HACBITTHOM BEC MCXOMHBIX KOMIIOHEHTOB. 3aTeM
MIpeaBapuTEIbHO IETa3MpOBaHHYIO IIMXTY, IIOMeE-
IIIEHHYIO B II€Yb C YIJIErpaMTOBBIM TEILIOBBIM Y3JIOM
(YI'TY), narpeBanu go temriepatrypbl 200—250°C ¢
MOCJIeIYIONIeil BBIIEPXKKOM B T€UEHME HECKOIbKUX
4acoB B BakyyMme. [lanee TUresab ¢ KOMIOHEHTaMU Ha-
rpeBaiu a0 Temrepatypbl 700—750°C u BelIepK1UBa-
JI1 B TeueHHe 8 4. 3aTeM TUTEeIb IPOIOJIKAIN Harpe-
BaThb 10 TeMiiepatypbl 1300°C B U30GBITOYHOI aTMO-
chepe (202.7 xIla) cMecu MHEPTHOrO Tra3a aproHa
(Ar) u ¢ropoBomopona (HF). IlonydeHHBI cIiek
BBIAEPKUBAJIM B TeueHUE 12 U C TTOCAeayIONINM NHEP-
LIMOHHBIM OXJIAXKACHUEM 10 KOMHATHOI TeMITepaTyphl.

Ha BTopoMm sTamne mist cuHTe3a MOHOKPHCTAJIOB
¢GTOPUIOB MCIOJIB30BAJIM METOH TOPU3OHTAIBLHOM
HaIpaBJIeHHO! KpUCTaJIM3allud C IIPUMEHEHUEM
YITY. Ilpouecc cuHTe3a 3aKJII0YAJICS B CICAYIOLIEM:
TOTOBBIU CITeK MOMEIIAIN B POCTOBOI TUTEJIb U Aera-
3UPOBAJIM B KPUCTAJUTU3ALMOHHOI €YU IPU ITOCTO-
aHHoM aapiaeHuun 10~3[1a B TedeHMe HECKOJIBKMUX Ya-
coB. Jlajiee IpOBOIMJIM BBICOKOTEMIIEpaTypHYIO Jie-
razalMio cleka B 4YeTblpe OJTamna. Ha mepBoM
TeMneparypa nocturajia 250°C ¢ mocnenyoolleii Bbl-
JIEP>KKOM TBEPIOro CcIieKa B TeUEHME 8 4, 3aTeM TeM-
nepatypy nogauMaiu g0 500 u 750°C ¢ mocaenyio-
meil BRIIEpKKOM He MeHee 4 4 Ha KaxKJIoM >Tarle.
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Ha cnenytoiem srarie TeMIiepaTypy yBEIUIUBAIIA 1O
900°C u BeIIEpXXMBaH elile B TeueHue 4 4. [1pu aTom
MoAaBaJii CMECh MPEOBApUTEIIBHO OCYIIEHHOTIO
MHEPTHOro ra3a aproHa (Ar) BBICOKOM YHCTOTHI
(99.998%) u droposomopona (HF) no n36eiTOuHOTO
nasieHus 202.7 xIla. ITocie gerasanuu crieka TeEM-
rneparypy IOOHMMAaINd A0 pacCIUIaBHBIX 3HAYECHUMN U
BBIIEPKMBAIU B TeUeHUE 14 9 10 TIOJTHOM TOMOTEHM -
3alMu paciuiaBa. [1py cuHTe3e MpOoTSKKa IIPOX0auiia
CO CKOPOCTBIO 4 MM/4, TI0 3aBEPIICHUUN IIPOTSIKKU
IMPOBOIWIM OTXWI B JIBa 3Tara ¢ BBIACPXKKON TpuU
temneparype 1100°C B TedeHue 8 U U TTOCIeyIOLIEM
OITyCKaHWU TeMIepaTyphl co cKkopocThbio 30°C/4. OT-
METHM, YTO OoJiee MOAPOOHO NMPUMEHEHHE JaHHOTO
MeToJa IS BBIpAlllMBaHUsT MOHOKPUCTAJIIIOB (hTO-
punoB B YI'TY paccmorpeHo B [4].

M3 BbIpallleHHbIX KPUCTAILJIOB JJIs1 UCC/IETOBaHWI
ObLIM BbIpe3aHbl U OTHOJMPOBaHbI 0Opa3lbl B BUIE
mwiactuH pasmepoM 10 X 10 X 2 mm. McToyHUKOM
WU cinyxun paguonyxma °°Co (ucrounuk T'MK-7-4,
aKTUBHOCTB paanoHykinaa *°Co B uctrouHuke ~2.18 x
X 10" Bk) Ha ycraHOBKe Y-oOiydeHus: ['VT-200.
JauTenbHOCTh 00aydeHuss oopasuoB M no mo3bl
2700 I'peit coctasmsita 30 MmuH. CIIEKTPHI TTOTJIOIIE -
HUg CHUMaIM Ha crnekrpogoromerpe CdD-56.
B xkauectBe wucTtouHuka Y®@-cBeTa HCIIOIb30BAIU
KceHoHOBYI0 Jlamiy (150 BT) BrICOKOro maBlIeHUS
Hxcuil50-2 (A = 185—900 HM) €O CIEKTpaIbHBIM
pacripeneieHMeM UHTEHCUBHOCTU U3aydeHus : 350 HM
(20%), 400 um (57%), 500 am (97%), 550 aM (Do
100%), 600 1M (97%), 700 um (60%). O6GayYeHHBIE
Y-KBaHTaMu oOOpaslbl MOABEpraaid BO3AEUCTBUIO
Y®-cBera 10 UBMEHEHUS OKpAcKU (B TeueHue 150 MuH).

PE3VIIBTATHI 1 UX OBCYXIEHUWNE

IIpu BeIpallMBaHUM aKTUBUPOBAHHBIX KPUCTaJ-
noB CaF, : R** B pesyiabrare reTepOBAJIEHTHOTO 3a-
MeleHns noHoB Ca’t KpUCTaJUIMYEeCKON MaTpULbL
TPEXBAJIEHTHBIMY MOHAMU IIpuMecH R>* BOZHUKAIOT
COOCTBEHHBIE Oe(EeKThl B aHMOHHOM ITOApPEIIETKE,
KOMIICHCUPYIOIINE 3a CYET MeXKy3elIbHBIX F~ MOHOB
obOpa3youuiicss U30BITOYHBINA TTOJOXUTEIBHBIN 3a-
psn. IlpuMecHoe paguMallMOHHOE OKpalluBaHUE
KPUCTAJIJIOB IIPOMUCXOIUT B pe3ybTaTe BaJIEHTHOIO
nepexona R3* — R*"-MOHOB aKTMBaTOpa IIPU BO3Eii-
CTBUU Y-KBAaHTOB 3a CYET MOIIOLIEHUS] BO3HUKAIO-
IIMX 3JIEKTPOHOB, JTOKAJIM30BAaHHLIX HA BHYTPEHHUX
obosoukax R**-nonos. CienoBarteabHO, MPOLIECCHI
MOHU3ALUN U MIPUCOSAUHEHUS 3JIEKTPOHOB MOXKHO
paccMaTpMBaTh B paMKaX OKHCIUTEIbHO-BOCCTAHO-
BUTEJIbHBIX peaKlMii, 0COOEHHOCTU YCIOBUIA TTPOTE-
KaHUSI KOTOPBIX XapaKTEepU3YIOTCSI 3HAYCHUSIMU W3-
MeHeHUs nmoteHInaia [mo6ca. BageHTHEBIN mTepexon,
R** — R nmon Bo3neiicTBUEM Ha KPUCTAJLIBL CBETA OT
ncroyHukoB MM MoxHO paccMmarpuBaTh KakK MHpoO-
ecc GOTOOKUCIEHUS C MomoleHueM R3T-noHamu

Ta6muna 1. Biusaue sHeprum ncrounukoB MM Ha npo-
TekaHue hOTOOKUCTUTETBHBIX RO — RXT-peakuuit

AG(YD), | AG(pent- | AG(Y),
ATom Zn |1y, xoB IESB ) reH()I? k3B Ka(]?
Ce 58 91 ~91 ~31 —1210
Pr 59 94 ~94 ~34 —1206
Nd 60 97 ~97 ~37 —1203
Eu 63 107 ~107 ~47 —1193
Gd 64 111 ~111 ~51 —1189
Tb 65 114 ~114 ~54 —1186
Ho 67 121 ~121 ~61 —1179
Er 68 125 ~125 ~ 65 —1175
Tm 69 129 ~129 ~69 —1171
Yb 70 132 ~132 ~72 —1168

CBOOOIHBIX 3JeKTpoHOB M3 3I1 KpucTamindeckomn
MaTpUIBL. DTOT NPOILECC MOXHO 3aIlicaTh B BUIE

D+A—[D*+Al—>[D"+A]=[e+R"], (1)

rne D — noHop (3I1 kpucTtaninyeckoil MaTpULIbI);
A — axuenrop (R3*-non); [D* + A] — KoMILIEKC, 06-
pasylonuiica B pesynbrare Bcrped D* u A; A~ — R**-
uoH; [D* + A7] = [e + R*"]" — noH-paguKaabHAas a-
pa — TIPOOYKT TlepeHoca 3JeKTpPOHA B KOMILIEKCe
[D* + A].

HM3meHeHue sHepruu [u66ca AG nipu potookuc-
JIeHUU nMeeT Buz [5]:

AG =1, - E, - E}, [KIIx/Monb], 2)
e /

/, — TOTeHUUAI WOHU3ALMU R**-noHa; E, —
SHEPIUS CPOICTBA K 2JIEKTPOHY R3*-noHa (13-3a oT-
HOCHUTEJIbHO MaJIbIX 3HAYEHU B pacyeTax He YYUTHI-
Basiach); Ej, — sHeprus ksaHra cserta M.

DHeprus MoTeHIMajda NOHU3AUU JIST TeJIMerno-
JOOHBIX aTOMOB pacCYUThIBaeTCs 1Mo popmyie [6]:

I, =2Ey(Z,-0.25°, (3)

rae Fy — sHeprust atoma Bopoponaa (13.6 aB); Z, — 3a-
psi siapa aToMa PenKo3eMebHOTO 3JIeMeHTA.

B tabin. 1 nmpencraBiaeHbl pacueThl d3Hepruii [1166-
ca peakuuii hotookucneHus R>* — R*" npu Bo3aeii-
CTBUM Ha KPUCTALIBI ¢ R3"-MOHaMU pPa3InyYHbIX KC-
TouHukoB UU.

ITpm pacuerax AG ObUIM B3SITHI CIICAYIOIINE 3HAYE-
nus E,,: YO-nucrounuk (A =400 am) — 3.1 X 1077 xoB;
peHTreHOBckoe u3nyuyeHue 60 koB; y-usmyuenue
(°°Co) — 1.3 M3B (1300 kx3B). Cpennue TaGIM4IHbIE
3HaueHus AG npu nepecuere B [KX] ©uMeroT ropsia-
ku: Y®-nucrounuk ~10~7 (AG ~ 0); penrren ~10~18
(AG ~ 0); y-usnyuenue ~ —1071¢ (AG < 0). Takum 06-
pa3oM, COMIaCHO 3TUM U TaOJUYHBIM TaHHBIM U3MeE-
HeHuit AG B ciiydasix peHTreHOBcKoro u Y(M-o06my4e-
HUS peakins POTOOKHUCISHMS 6€3 BHEIITHETO MOABO -

KPUCTAJJIOTPA®US Ne 1
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Ta6mmua 2. DHepreTuuecKue mapaMeTpsl 5d- u 4f-yposHeit R3-, R™?-noHoB B CaF,
CaF,:R** CaF:R**
E(5d), B E4f),»B |fd,»B(um)| AE;, 3B E(5d),»B | E(4f),»B |fd,»B(um)| AE,, 3B

Ce 9.5 5.5 4.0 (310) 5.5 11.7 10.8 0.9 (1377) 0.7
Pr 9.5 4.0 5.5 (225) 4.0 11.6 10.7 0.9 (1377) 0.8
Nd 9.5 2.7 6.8 (182) 2.7 11.6 10.6 1.0 (1240) 0.9
Sm 9.5 2.4 7.1 (175) 2.4 11.6 8.8 2.8 (443) 2.7
Eu 9.5 1.1 8.4 (148) 1.1 11.5 7.5 4.0 (310) 4.0
Gd 9.5 ~0.2 9.3 (133) ~0.2

Tb 9.5 5.0 4.5 (275) 5.0 11.6 10.7 0.9 (1377) 0.8
Dy 9.5 3.8 5.7 (218) 3.8 11.6 10,6 1.0 (1240) 0.9
Ho 9.5 2.5 7.0 (177) 2.5 11.6 10.6 1.0 (1240) 0.9
Er 9.5 2.0 6.9 (180) 2.6 11.6 10.6 1.0 (1240) 0.9
Tm 9.5 2.7 6.8 (182) 2.7 11.7 8.8 2.9 (428) 2.7
Yb 9.5 1.0 8.5 (145) 1.0 11.7 8.0 3.7 (335) 3.5

Jla dHepTruu (Harpumep, AOTMOJHUTEILHOIO Harpesa
KpucCTajljla) HEBO3MOXHAa, a B cliyyae BO3JeCTBUS
Y-KBaHTOB MpU OoTpuliaTeIbHOM AG peakiivsi MOXeT
MPOTEKATh CaMOMIPOU3BOJIBHO B TIPSIMOM HaIlpaBfie-
Huu. [1py 5TOM B MEPBBIX ABYX CilydyasiX HarpeB Mo-
KeT MPOUCXOAUTh no BosneiictBueM MU 3a mepuon
BBIIEPXKKU.

B [7] npennonaranock, 4To 1 KpuctaiuioB MeF,
(Me = Ca, Sr, Ba) B psiny Ln-OHOB OTHOCHUTEJIBHOE
SHEPreTUYECKOe MOJIOXeHue 4f-coctosaHuil R¥ - u
R’ -MOHOB NPaKTUYECKU HE MEHSIETCH; TOJOXKEHNE
5d-cocTosIHU U 9HEepTreTUYeCcKue 3a30Pbl MEXKIY HU-
MU 060uX TUIOB R*"- 1 R’>*-MOHOB 3aBUCAT OT JIK-
TFaHIHOTO OKPYXEHUS U B MAJIOM CTeleHu OT Ln-1noHa.
B Tabn. 2 npuBeneHbl 3HEPreTUYECKUE ITapaMeTphl
OCHOBHBIX 5d- 1 4f-ypoBHeii R3*- u R**-1MoHOB OTHO-
CUTEIBHO MOTOJIKA BaJIEHTHOM 30HbBI (R3") 1 nHa 311
(R*") B xpucrauie CaF,, a TakXe 3HEpPreTU4ecKue
3a30pbl AE, u AE, BajeHTHBIX opoutaieii 4f( R, R*?)
Kk motosky B3 n nay 311 coorBeTcTBeHHO (E= 11.53B
s CaF,). [IpuBeneHHbIe B Ta0J1. 2 3HAUYCHUS B3SIThI
u3 cxeMbl ypoBHeii kpucramia CaF, : RY3, R™2, no-
CTPOEHHOIA M0 aHAJIOTMHK ¢ JaHHbIMK 115 BaF, : RY3,
R*? [8], kotopslii coBnamaer ¢ CaF, o BceM Kpu-
crajuiorpadMyeckuM U CTPYKTYPHBIM MapaMeTpam,
BKJIFOYAsl CHMMETPUIO U pa3Mepbl TUTAHAHOTO OKPY-
XXKeHUsT (TOCTOSTHHBIE pelreTok: a,= 0.6 HM s
BaF,; a, = 0.55 um mia CaF,).

3Hauenus AE (ta6u. 2) g 4f-coctognuit R - u
R**-vionoB B CaF, N03BOJISIOT ONpENEINTh, KAKKE U3
9THUX MOHOB OYIYT SIBJISITHCS JIEKTPOHHBIMMU JIOBYIII-
KaMM, a Kakue — AblpodyHbIMHU. 1o maHHBIM [8] Te
4f(R*") MOHBI, YPOBHM KOTODPBIX DPACIIONOXEHBI C
AE> 1 3B nuxe gHa 311, aBiasgtorcs “rmydookumm”
(cTaOMIBHBIMM) JIOBYIIIKAMHM 3JIEKTPOHOB (HAIIpHU-
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mep, Sm?*, Eu?", Tm?" | Yb?"), a 4(R*") uonsl ¢
ypoBHsIMU Ha A E >> 13B BblIllIe MOTOJIKA BaJICHTHOM
30HBI — IBIPOYHBIMU JIOBYIIKamMu (Hanpumep, Ce’",
Pr3*, Tb3*, Dy?*"). Tak, wonsl Eu*", Sm** u Yb**
JOJIKHBI OTHOCUTBCSI K aKTUBHBIM 3JIEKTPOHHBIM JIO-
BYLLIKaM, IOCKOJIbKY MHpPU MHONIOIICHWM 3JICKTPOHA
OHH IIPEBPATSITCSI B COOTBETCTBYIOIIME IBYXBaJICHT-
HbI€ MIOHBI, OCHOBHBIE 4/-ypOBHM KOTOPHIX PaCIOJIO-
keHbl Ha 1.5—4 3B Huke 311. CornacHo 3HaYECHUSIM B
Tab. 2 i R**-uoHoB ¢ yBenuyeHneMm A E, BeposT-
HOCTBb Tiepexona 3apsga +3 — +2 yBeIumymBacTcs,
0COOEHHO 3TO MOJKHO KacaTbesl Sm, Eu, Tm u Yb.
C npyroii cropoHsl, uoHsl Ce?*, Pr2*, Nd2*, Tb?*,
Dy?*, Ho*", Er** MOXHO OTHECTH K IBIPOYHBIM JIO-
ByIIIKaM, TaK KakK IpM 3axBaTe IBIPOK OHM IIpeBpa-
TSTCSI B COOTBETCTBYIOIIME TPEXBAJEHTHBIC UOHBI C
4f-ypoBHSIMU Ha 2—5 3B BbIllIe TTOTOJIKA BaJIEHTHOI
30HbI. CTaOMIBbHBIC JIOBYIIKY HOCUTEICH MpeacTaB-
JISTIOT MHTEPEC B KaUeCTBE CHUHTWLISITOPOB 1 (DOTO-
XpOMHBIX cpell. B KauecTBe mocaeaHuX HanOOIbIITN i
UWHTEpeC NMpU Y-OO0JIy4eHUU KPUCTAJIOB, MO-BUAU-
MOMY, JOJIKHBI IPEACTABISATh CPEAbl, AKTUBUPOBAH-
HbIE TpexBaJlIeHTHbIMU noHaMu Sm, Eu u Yb. I1o oc-
HOBHOMY HCIOJb30BAHMIO MOHBI PEIKO3€MEIbHBIX
2JIEMEHTOB MOXHO MOIEIUTh Ha TPYIIIbl aKTUBATO-
POB JJI1 KPUCTAJIIUUYECKUX CUMHTUILISITOPOB U aKTH-
BaTOPOB 15 J1a3epHBIX KpucTauioB. K nmepBoii rpyri-
ne B OONBIIMHCTBE ciIydaeB oTHocsTcs noHbl Ce, Pr
u Eu, xo BTopoii — Pr, Nd, Tb, Ho, Er, Tm, Yb.

Kpucrasuisl ¢ npuMecsio nonos Ce®t gpnstorcs
OMHUMHM W3 IIUPOKO MCHONL3YEMbIX B KadecTBe
CUMHTWUISATOPOB. DTO OOYCIIOBJIICHO CBEYEHUEM
noHoB Ce’" Ha pa3peleHHBIX MEXKOH(PUTYPALIMOH -
HBIX 5d — 4f-nepexoaax ¢ BLICOKMM CBETOBBIM BBIXO-
JOM U BBICOKNM 6bICTpO£[€I7[CTBVICM HaAHOCEKYHIHOI'O
nuarnasoHa. Y noHa Ce3", UMeIolLero 3J1eKTpOHHYIO
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KoHpurypauuio [Xeld/154°6s° B none KyOouueckoii

cummerpuu CaF, (tip. rp. Fm3m—0,f ) C cUMMeTpuen

nonoxenus C,, karroHa Ca>*, KoTopblii 3amelnaer-
ca noHom Ce*", CHATHE BBIPOXIEHUS SHEPreTUYE-
CKUX YPOBHEM 4f-COCTOSIHUS IIPOUCXOIUT C pacllerl-
neuueMm Ha Ty,-, T5,-, A,,~ypOBHHU, a 5d-COCTOSTHUS —
Ha ypoBHu E, u T, [9, 10] ¢ mormoaHuTeIbHBIM pac-
nieruieHueM Ty, Ha G, E , Es/,-TIOMypOBHU B pE3YJib-
TaTe CHUH-OpOUTajbHOTO B3auMmoneilcTeus [11].
B cniektpe nomtomenust kpucramia CaF, : Ce*" na
puc. 1 B YD-o6mact 40000 cm~! (220—260 HM) Ha-
OJIIoJaloTCsl TPU YIIMPEHHBIE moyiockl A, B, C, 4To,
COMJIACHO TIPUBEIEHHON Ha pUC. 2 cxeMe paclierie-
Hus yposHeil Ce’"-noHa B KyOMUECKOM KPUCTAJLIN-
YECKOM MO0JI€, COOTBETCTBYET MEXKOHMUTYpallMOH-
HbIM niepexofaM 4f (T',) — 5d (T5,), a moaydeHHbI’
CMEKTP CBsI3aH ¢ LIEeHTpaMu KyOUUeCKO CUMMETPUH.
IMonoca D nipu 31940 cm~! (313 um), comtacHo [12],
MOXeT NnpuHamiexathb nepexony 4f (7T),) — 5d (E,).

Ha puc. 2, 3 nmpuBeneHbl CIEKTPhI MOTIOMICHUS
1ieHTpoB okpacku (I1O), HaBeAeHHBIX B KpUCTaJLJIaxX
CaF, : Ce** nocie y- u ocienyroiiero Y®-o01ydeHusI.

ITpoBeneHHbIe UccienoBaHus KpucrauioB CaF, :
: Eu?" nmokaszanu, 4to yxe B mpouecce BoIpallBaHUS
B YITY npoucxoguT 4acTUYHOE BOCCTAHOBJICHUE
TPEXBAJICHTHBIX MOHOB 0 IBYXBAJECHTHOIO COCTOSI-
HUS, U HaOmonaercda nepexon Eu’™ — Eu?'. OrMe-
THUM, UTO Ha CTEMEHb OKHUCJEeHUs +2 JIJAaHTAaHOUIOB
BJIMSIET BeIMUYMHA XMMUWYECKOro rmoreHuuana E° [13].
I1o >Toii mpuYMHE AByXBaJIEHTHBIE PEOKO3EeMeJIbHbIE
MOHBI 00pa3yloT CTAaOWJIbHBIE COEMUHEHUSI U3 COOT-
BETCTBYIOILIMX TPEXBAJICHTHBLIX COCTOSIHUIA MpU II0-
DIolIeHUun 3jeKTpoHa. IlpuyeM B psgy pemkose-
MEJIbHBIX 3JIEMEHTOB UTTEPOUIA UM €BpOIUii UMEIOT
caMmblit Hu3Kkuit norenuman (E°(Eu’*/Eu?t) = —0.429 B
n E°(Yb*"/Yb?*) = —1.205 B), uTo co3maeTr nmpeumy-
ILIECTBEHHYIO CTAOMJIbHOCTb IBYXBaJ€HTHBIX COEIU-
HEHMIA 3TUX 3JIeMEHTOB. BEICOKUIT BOCCTaHOBUTEIIb-
HBIIl MOTEeHIUAaj, OOYCIOBJICHHBIA HPUCYTCTBUEM
rpacgura, odbecrieynBaeT (opMrUpOBaHIE HEOOXOIU -
MOTO 3apsoBOro cocrosaHus aktusaropa (Eu?') B
kpuctajaiax. Ha aToT (pakT yka3bIBalOT CIIEKTPhI MO-
roleHus BoipalieHHbIX B YI'TY kpuctamnos CaF, c
WOHAaMU €BPOIIUsI, B KOTOPbIX OMHOBPEMEHHO ITpHU-
CYTCTBYIOT IIOJIOChI TEPEXOIOB, IpUHAMIEKAIINX
noHaMm Eu*t u Eu?*. Ha criekTpe puc. 4 nomiouieHue
B obsactu 560—640 HM npuHamiexutr uoHam Eu’t
(nepexon 'Fy —>D,), a B o6mact 270—340 HM — 06y~
CJIOBJICHO BHYTPMLIEHTPOBBIMU MEXKOH(MUTypalm-
OHHBIMU TEpeXoJaMU 3JIEKTPOHOB C OCHOBHOIO
8, />~COCTOSHUS 4f7-KoH(UrypaLUU B 30HY CMELIAH-
HOIl 4/°5d'-xoH(urypauuy Ha BO30YXIEHHOE CO-
crosiiue °P; , nonos Eu?*.

Ha puc. 5 ipyBeneHbI CIIEKTPHI MTOTJIONICHUS Y- U
Y®-006s1y4eHHBIX KPUCTAJJIOB C MIOHAMM €BPOIHUS.
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Puc. 1. CrieKTpbl NONIONICHUST HEOOJy4EeHHOTO KPUCTAI-
na CaF, : Ce** npm 300 K. Ha BcraBke mokasaHa cxema
pacuieruieHus1 4f- u 5d-COCTOSIHUI U 3JIEKTPOHHBIE TIepe-
xonbl MoHoB Ce’™ B KyOMYEeCKOM KPUCTATIUYECKOM
noe.

DF
0.6 -
0.5+
0.4+
0.3+
0.2+

0.1 7I 1 1 1 1 1 1 1 1 1

200 300 400 500 600 700 800 900 1000
JlivHa BOJTHBI, HM

Puc. 2. CriekTp nomiouieHus y-o0Jly4eHHOTo KpucTajuia
CaF,: Ce’*.
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Puc. 3. MI3ameHeHWe MHTEHCUBHOCTH TtornomieHus 1O
npu 380 HM mocie YD-006nydeHus, MpeaBapuUTeIbHO
Y-o6mydeHHoro (puc. 2) kpuctama CaF, : ce.

KPUCTAJIUIOTPA®UA  Tom 68 Ne 1l 2023
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Puc. 4. Cniexrp nomromennst kpucrawios CaF,: 0.5 mac. %
Eu?* mpu 300 K.

HMoHusupyroliee n3aydyeHWe BbI3bIBACT OKpaIllu-
BaHME KPUCTAUIOB 3a CUYEeT 0Opa30oBaHUs JEKTPOH-
HO-abIpouHbIX 11O (F-11eHTPOB), a TaKXKe JOMOJIHU-
TEeJIbHO B CJyyae aKTUBUPOBAHHBIX KPUCTALIOB,
MPUMECHBIX Ne(EeKTOB MpU Nepexone IMPUMECHBIX
MOHOB M3 OMHOIO BaJIEHTHOTO COCTOSIHUSI B Ipyroe
(R** — R?"). CienoBaresbHO, HAXOOACh B IBYyXBa-
JIECHTHOM COCTOSIHUM, PEIKO3EMEJIbHbIE MOHBI Y4acT-
BYIOT B popMupoBaHuu GpotoxpoMusix PC*- u PC-
LIEHTPOB OKpacku. B maHHBIX KpUCTaJIax Mpu paau-
ALMOHHOM OKpAIMBAHUM TPEXBAJIEHTHbIE MOHBI R,
Mepexos B JByXBaJEHTHOE COCTOSIHUE, OOYCIOBIIM-
BatoT opmupoBanure PC*-mieHTpoB okpacku. [1pu
IIOCJIEOBATEIbBHOM BO3AeicTBUM Y/ YP-U3TydyeHus
Ha AaKTUBUPOBAHHbICE TPEXBAJICHTHBIMU pEIKO3e-
MEJTbHBIMU MOHAMU KPUCTAJJIbI (pIroopuTa Mpouc-
XOJIUT WHIAYLUMpPOBaHWE U MpeoOpa3oBaHUE NPYT B
Ipyra HaBeleHHBIX ¢poToxpoMHbIX PC*- 1 PC-1ieH-
TPOB OKPACKU C Pa3IMYHbIM CTPYKTYPHBIM COCTABOM
0 CPABHEHMUIO C COCTOSIHUEM KpUCTaJljia 10 00Jyue-
HUSI, UTO TPOSIBISIETCS B W3MEHEHUM ONTUYECKMX
CBOICTB, B TOM YMcCJie 1iBeTe oKpaluuBaHus. [1ogo6-
Hble (poToxpoMHbIe mpeodOpazoBanus 1O B akTuBHU-
poBaHHBIX R**-nonamu kpucraiax CaF, cBasaHbl ¢
KOMIIJIEKCHBIM B3aMMOJAECHCTBUEM 3apsiioB MOHOB
MMPUMECH CO CBOOOIHBIMHU BJICKTPOHAMM, BO3HUKAIO-
IIMMHU B pe3yJibTaTe Y-00JIydyeHUs U MepeMellaoliy-
MUCS 110 KPUCTAJLTy aHUOHHBIMM BakaHCUsIMU. J{aH-
Hoe npeoOpa3oBaHue 0OpaTUMO U MIPU NeHCTBUM Ha
Kpuctaym YM®-cBeTa — KPUCTAI BO3BpaIllaeTCs B
MepBOHAYAILHOE BJIEKTPOHEHTpaIbHOE COCTOSIHUE,
a M3MEHEHHas MoJ NelCTBUEM Y-KBAaHTOB OKpacka
KpHUCTaJljla MpOosIBJISIET CTpEeMJICHME WJIM BO3Bpallia-
eTcd K nepBoHadaiabHOMy Buay [14]. Cxema ¢oro-
XPOMHOTO IpeBpaiieHus B kpucrawiax CaF, : R** us
MEPBOHAYATIBHOIO COCTOSIHUS (10 OOJIyYeHUS) MO-
JKET ObITh MPENCTABIEHA B BUNIE TAIOB:
Ne 1 2023
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Puc. 5. Cniextpe! nontouieHus kpucraiia CaF,: 2.5 mac. %
Eu?t npu 300 K B nuamasoHe JUIMH BOJH, HAaBOIWMBIX
L O: 1 — HeoGyyeHHOTO, 2 — Y-00IIy4eHHOTO, 3 — ¢ Y-
ob1yyeHneM mnocie y-ooaydeHust kpucrauia CaF,.

Branl — [(Ca’ + R +F)+ V.13
Bran 2 — [(R™ +e,) (e, + VeI’

Bran3 — [(R* +e,+e,) + V).

B ar0if 3anucu obGpazoBaHUS U (POTOXPOMHOTO
npeobpazosanust PC*/PC-LeHTpoB ¢ yuactueM F-1ieH-
TPOB OKPACKM B 00J1ydeHHbIX Kpuctaiax CaF, : R**
NPUHATEL 0003HavYeHus: F, — noH F~ u3 mexnoys-
JISI, KOMIEHCUPYIOIINI M30BITOUHBIN (1) 3apsm,
o6pasytowuiics npu 3ameieHnu Ca?* R**-noHamu B
kpuctaie CaF,; V.+ — OBIPOYHAsSI BAKaHCHUSI B KPH-
craJutMyeckoi peinerke mo F~; e, — cBoGomHbIe
3JIEKTPOHBI, 0Opasyloliuecs B 30He NMPOBOAUMOCTH
KpUCTaJLIa MPU Y-00Jy4YEHUH; €3, — (DOTOIICKTPOHBI,
oOpasytolivecs B peadynbTare ¢otonoHuszauuu O
npu YO-o6nyueHun; (e, + VF+) — 1O, obpazyroiuiics
npu y-06mydeHnu kpucramna CaF, : R (R +e)* —
doroxpomusiit PC*-uentp; [(R* + e, + ¢4)]° — do-
TOXPOMHBIN 3JIeKTpoHelTpanbHbIld PC-11eHTD.

OTanbl MeXaHU3Ma, OTMEUEHHbIE B CXeMe, O3Ha-
4aroT cieayloliee:

—aman 1 (cucmema 0o 0bayueHus) — dNEKTPOHE -
TPaJILHOE COCTOSIHUE KPUCTAIIMYECKON KaTUOHHOM
noapenreTku kpucrauia CaF, : R,

— aman 2 (cucmema nocae y-006ay4enus) — AHLY LU -
poBaHHBIE CBOOOIHEIEC 25IeKTpOoHBI M3 311 00ycioB-
JUBalOT oOpa3zoBaHue R*T-MOHA, HEYCTOHYMBOIO
PC*-uienTpa B BHIE IOJOXUTEIBHO 3apSKEHHOTO
KaTuoH-panukana (R** + ey)+ U BJIEKTPOHHO-IbIPOY -
Horo (e, t VF+) F-neHTtpa okpacku, 06pa3oBaHHOIO
3aXBaTOM e, BaKaHCHEH VF+;
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Ta6mmua 3. CrekTpajibHO-a0COPOLMOHHbBIE XapaKTEPUCTUKM HEOOIYYEHHBIX U OJBEPTHYTHIX Y-O0IyYEHUIO KPUCTa-
JoB CaF,, akTUBUPOBaHHBIX TPEXBAJIEHTHBIMU PEIKO3EMEIbHBIMU HOHAMU

Jlo o6nyueHnsT IMocne o6nyueHMsT
WoH | Bajenr- Mepexon Amaxs D BasneHT- Mepexon Amaxs D,
HOCTb HM HOCTb HM
Ce +3 | 4fCFs;) — 5d 260% 0.35 +3 4f(Fs5) — 5d 260% 0.42
4R T,,) — 5d(E,) 313 0.10 - - —
Pr +3  |3H,—°3P, 440 0.22 +3 3H,— 3P, 440 0.10
3H, =3P, 470 0.17 3H,— 3P, 470 0.08
SHy— 3P, 480 0.12 3Hy,— 3P, 480 0.04
3Hy— 'D, 600 0.12 3H,— 'D, 600 0.02
+2 |y 2y, 340 0.42 +2 oy — 2 ) 340 0.50
Nd +3+ |y > 2Py, 430 0.03 +3 oy — 2Py )y - -
o — 4Gy ) 460 0.04 oy — 4G ) — —
o — %Gy, 520 0.17 o — %Gy, 520 0.14
o — %Gy 580 0.70 o — %Gy 580 0,50
Hop—* S 740 0.83 o — 483 740 0.60
1y, — *Hy 790 0.84 15/, — *Hy 790 0.58
o —4Fs ) 860 0.45 o — Fs ) 860 0.25
+2  [PLEfMY — 4°5d 330% 0.70 +2 SLAY — 4£5d 330% 0.90
Eu +3  |7F,—°D, 590 0.1 +3 "Fy— 1D, 590 1[0}
+2 | 88;,(4f) — 454 320 0.2 +2 88:,(4f) > 4f°5d | 320 0.70
Yb +3 | 2Fy, > Fs) 980 0.45 +3 2F; ) — Fs)y 980 0.37
+2 | 4% > 48354 350 0.35 +2 471 — 47354 350 0.63

anIMe‘{aHHe. l'[poqepkn — HasioxxeHue nosiockl 11O Ha COOTBETCTBYIOILILYIO CIICKTPAJIbHYIO IMHUIO; 2KUPHBIM I_HpI/I(l)TOM B CTOJIOIIAX
Du DY BbIICJIE€HbI MHTCHCUBHOCTU MEPEXOA0B MOHOB B IBYXBAJICHTHOM COCTOSIHHUM OO U ITOCJIC 'Y—OGIIy‘ieHI/IH Kpucrasia.

* Tpurer.

— sman 3 (cucmema nocae YD-obayuenus) — obpa-
30BaHME YCTOMUYMBOIO 3JIEKTpoHelTpaspHOoro PC-
LIEHTpa B pe3yabTare ¢doTonpucoequHeHuss Kk PC*-
LEHTPY 2JIEKTPOHA €4, 00PasyloLIErocs: B pe3yyibrare
¢doTonoHU3aLMY, TPUBOASIIEH K pa3pylueHUio F-
LIEHTpA.

I1pu pe30HAHCHOM TMONIOIIEHUH IINPOKOIOIO0C-
HOTO CHEKTPAJIbHOTO W3IydeHUs Xe-jiaMibl JIKcIn
150-2 (A = 185—900 uMm) B monocy F-1ieHTpa, Ipen-
CTaBJISIIONIETO COOO0M mapy “3neKTp0H—VF+”, IIpoucC-

XOIUT (POTOMOHU3AIINS C OTPBIBOM 3JIEKTPOHA U pa3-
pymeHneM cootBetcTByloniero 11O. Kak cienyer n3
CITEKTPOB Ha pHC. 2, 3, 5, 3HAUUTEIbHOE TTafecHIE NH-
teHcuBHOCcTU nomtouieHus 1O mocne Y®-06ayue-
HUSI CBUIETEJILCTBYET O TPOMCXOISIIEM IIpoliecce
dorouonuzanuu 1O B kpucrauiax CaF, ¢ nonamu

Ce*" u Eu’", KoTOpBIil IPUBOIUT K PE3KOMY U3MEHE-
HUIO 1IBETa OKPACKU, paHEe HAaBEIEHHOMY Y-KBaHTa-
MU. BreipalieHHbIl HeoOnydeHHbll Kpuctamt CaF, :
: Ce3* 13 6eCLIBETHOTO NMPEBPAILAETCH B KOPUYHEBO-
pPBLKMIA mocie Y-O0JIy4eHUsI U MPAaKTUYECKU oOec-
LBeYMBaeTcs nocJie Bo3aeiicTeus YP-cpera. Pe3yiib-
TaT WM3MEHEHHUS OKpacKM HaIISIIHO IIOKa3aH Ha

crekTpax (puc. 2, 3) pe3KuM M3MEHEHUEM HHTEH-
cuBHOCTU TomtoiieHus Toaockl LHO mpu 380 HM.
O6nyyenue kpucramwios CaF, : Eu** B teuenue 20 Mun
Y-KBaHTaMU COMPOBOXKIAETCS 3aMETHBIM U3MEHEHU -
€M OKpaCcKHU KpHCTaJIa OT pO30BOI0 1IBETa MOCJIE BbI-
palmiMBaHusl 10 (HUOJETOBOrO IOCJE Y-OOJyYeHUS .
ITpu BeIIEpXKe oA YMD-UCTOYHUKOM CBETa B TeUYeC-
Hue 2.5 94 uHTeHCUBHOCTD Irka 11O mpu A = 560 HM
nagaeT n0 3 pa3 ¢ UIBMEHEHMEM OKpacKy KpUcTalia,
MpUOIMXAIOLIENCS K TIEPBOHAYAILHOIA, T.€. 10 Y-00-
nydyeHusi. HabGmromaemble B 000MX ClIydyasiX SIBJCHUS
o0paTUMOro M3MEHEHMsI OKpacKM BeIlleCTBa IO
neiictBueM Y@ yKasbIBalOT Ha Ipolecc (POTOXPOM-
HOIro IIpeBpallcHUsi. 3HAaYUTEJIbHOE YMEHBIICHNUE
MHTEHCUBHOCTHU IT10J10¢ nornouieHus 11O nmociae YO-
00JIy4yeHUsI C 3aMETHBIM U3MEHEHUEM Y-HaBeIeHHBIX
LBETOB OKPACKM HAaOJII0NAI0Ch TAKXKeE 1711 MOHOB Pr3*
u Nd3*.

B Tab61. 3 mpuBeneHBI CIIEKTPOCKONMYECCKUE Xa-
PaKTEpPUCTUKU BCEX MCCICAOBAHHBIX B paboTe KpU-
cramios CaF, : R3* ¢ unentudukaumeit MEXMyIbTH -
IUIATHBIX 3JIEKTPOHHBIX IEPEXONOB IOIIOIICHMUS,
MpUHAIIeXalUuX HOHAM ITPUMECH B Pa3IMYHBIX Ba-
JIEHTHBIX COCTOSIHMSX, M YKa3aHHUEM ONTUYECKMUX
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NCCIEJOBAHUE OBPASOBAHUA PAIMALIMOHHO-CTUMYJINPOBAHHBIX 75

%

Puc. 6. 3aBUCUMOCTb CTENIEHU OTHOCUTEILHON YCTOMYM -
BOCTHU JABYyXBaJICHTHOTO COCTOSIHUSI IPUMECHBIX MOHOB OT
MOHHOTO paauyca B Y-00Iy4eHHbIX KpUCTaLIaX.

IJIOTHOCTEH IMOIIOILEHUST HEOOydYeHHBIX (D) U Y-00-
Jy4eHHbIX (D,) MaTepuasos.

B naHTaHOMOHOM psITy 3JEMEHTOB CTEIEHb IO-
CTEeTNIEHHOTO 3amnoJHeHus 4f-opouTaseii J1eKTpoHa-
MU OOYCJIOBIIMBAaeT IUIABHOE W3MEHEHHE CBOICTB
peIKO3eMETbHBIX MOHOB (MOHHBIX PAIUYCOB, CTEIIe-
Hell OKUCJIeHUsI, DHEPruii MOHMU3ALIMM, CPOJACTBA K
SIIEKTPOHY U ap.). [To Mepe 3amoTHeHUS 31eKTPOHA-
MU BHYTPEHHMUX 4f-0opOuTayieii yMEeHbIAIOTCS pagny-
cbl R-atoMoB 1 R**-1OHOB (f-cXaTue) 1 TeM OOJIbLIE,
YyeM cujibHee 4f-opOuTajb IMPUTATUBAETCS K SIAPY U3-
3a YIUIOTHEHUSI SKPAaHUPOBKU IOH ACHCTBUEM BO3-
pacrarolero 3apsiga. B ciyyae KOHEYHOTO B peIKo-
3eMeJILHOM Dpsiy MOHAa WUTTepOusl 3aBeplliaeTcsl 3a-
nojHeHHe 4f-opoutanm 14 3jIeKTpoHaMM, KOTOPbBIE
HACTOJIBKO IUIOTHO 3KPAHUPYIOT HAPYKHYIO 65%-000-
JIOUKY, UTO C Hee TOBOJIBHO JIETKO YXOMIST IBa BHEIII-
HUX BJIEKTpOHA, MpUIaBasi MIOHY CTeTIeHb OKMCICHUSI
+2. TakuM 06pa3oM, B peIKO3EMEILHOM PSIIY BEJIU-
YMHA SKPAaHUPOBKU SAEP f-2JIEKTPOHAMMU BIUSIET KaK
Ha pa3Mepbl MIOHHBIX PAIUyCOB 2JIEMEHTOB, TaK U Ha
COCOOHOCTh 00pa3oBaHUsI R-aTOMOM JBYXBaJICHT-
HBIX PeIKO3eMeJIbHbIX UOHOB.

PacueTsl MPOLIEHTHOTO COOTHOLIEHNUS 3HaYeHUil D
u D, xpuctawio CaF, : Pr**, Nd**, Eu*", Yb*" (Ta6u. 3),
MIPOBEJEHHBIE IO (POPMYJIE

{100 — (D/D,)100} [%],

TTO3BOJIFUIA ITOCTPOUTH 3aBUCUMOCTH (puc. 6), TTOKa-
3BIBAIOIIYIO BIWSHUE BEJIWYMHBI f-dKPAaHUPOBKH

Ta6muna 4. M3sMeHeHe CyMMapHOTO ITOIVIOLIEHMST D, (%)
Ha MEXMYJIBTUIUIETHBIX Iepexonax R+ -1uoHoB B CaF, nou
rocJje Y-o0yryuyeHus

Ho o6ny- |Ilocne o6iy-
How yeHus, XD | 4eHud, EDY DY’ %
Pr3t 0.63 0.24 38
Nd** 2.99 2.07 69
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Dy, % Yb(82%)

Nd(69%)

Pr(69%)

|
|
|
2 273 4 AE,

Puc. 7. 3aBUCUMOCTB 10711 TPpeoOpa3oBaHUsI IPUMECHBIX
MOHOB U3 TPEXBAJICHTHOIO B IBYyXBaJCHTHOE COCTOSTHUE
rmocJie Y-o0JIydeH st KpUcTasia.

(f-cxkaTus1) Ha U3MEHEHUE IBYXBaJEHTHOIO COCTOSI-
HUS PENKO3eMEbHbIX UOHOB B Y-OOJYYEHHBIX CO-
CeMMTHEHUSX.

Ha puc. 7 nokazaHo M3MeHeHUEe A0JU WOHOB B
R3*-cocrosinuu B kpuctauiax CaF, : R** mocie y-06-
JIydeHUs 11 DJIEKTPOHHbBIX MEPEXO10B TpeXBaJIeHT-
HbIX MOHOB Pr, Nd, Yb B 3aBUCMMOCTI OT 9HEpPreTH-
yeckoro 3aszopa AE, = E(4f)R**" (tabn. 2). CooTBer-
CTBYIOIIIME W3MEHEHUS [OoJield paccuuTaHbl Ha
OCHOBAHUU MPOLIEHTHBIX COOTHOIIIEHUI CyMMapHbIX
3HaYEHMI onTUYecKux IotHocred X[(D,/D)100%]
CIHEKTPOB TOMIOIIEHNSI YKa3aHHBIX MOHOB, MpUBE-
JIeHHBIX B Ta0j. 4. [TonyyeHHas1 3aBUCUMOCTB (puc. 7)
MOKAa3bIBAET YBEJIUUYEHUE TTPOLIEHTHOTO COAEPKAHUSI
R**-nonos B kpucrawiax CaF, : R** mociie y-o6iy4e-
HHS OT 3HEPTeTUUECKOro 3a3opa (puc. 8) Mexmy Ba-
JIEHTHBIMU opouTtanamu 4" (R*) NOHOB U TTOTOJIKOM
BaJICHTHOM 30HbI KPUCTAJUIMYECKOM MAaTPULIbI.

Takum oOpa3zoM, 3Ta 3aBUCUMOCTb TTOKa3bIBaeT,
YTO B TIPEACTABJIEHHOM DPSIy PpPenKO3eMeIbHBIX
MOHOB CHUXeHue noau R**-nonos B CaF, : R** ipu
Y-0GJIydeHUU CBA3aHO C TeM, 4TO R**-HMOHBI ¢ 6OJIb-
M 3a30poM AE| (Pr u Nd) oTHOCUTETbHO MOTOJIKA
BAJICHTHOM 30HBI SIBJISIIOTCSI ABIPOYHBIMU JIOBYIIIKA-
MU U, HA000pPOT, ¢ MeHbIIUM 3HaueHueMm AE, (Yb) —
2JIEKTPOHHBIMU JIOBYIIKaMU. Tak, 3JIeKTPOHHbIE JIO-
ByIIKK R*" mocie y-06iIy4eHHs MPU TOMIOIIEHUN
CBOOOIHBIX 3JIEKTPOHOB IPEBpPAIIAIOTCS B JIBIPOY-
Hble JoByIIKM R2*. TIpsimMast 3aBUCUMOCTb MEXILY 110~
miouieHueM (D,) ¥ 9HEPTeTUYECKUM IMOJIOXKCHHUEM
4f-0o60mouku (AE,) cooTBeTcTByIOIIUX R**-MOHOB
YKa3bIBaeT, YTO YMEHbIIIEHUE CyMMapPHOTO MOTIJIOIIIE-
Hus criekTpoB kpuctawio CaF, : R** mocie y-06uy-
YEeHUSI CBSI3aHO C YBEJIMUYEHUEM BEPOSITHOCTU Mepe-
xona 3apsiga +3 — +2. OcobeHHO, KaK BUIHO U3 pUc. 7,
910 Kacaercsa noHoB Yb** ¢ AE; = 1 5B u xapakrep-
HOW IS 9TUX MOHOB CTETEHbIo oKucieHus +2. Takum
o6pasoM, noH Yb3" B cuity ykazaHHOI 0COOEHHOCTH
9HEPreTUYECKOTO MOJIOXeHUs 4/-000JI0UKH, B OTJIM-
yue o Pr3t u Nd3*, asngercsa cepxaddeKTUBHOM
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Puc. 8. Pacnonogxenue sHepreTudeckux 4f'-ypoBHeit
KoHbUrypauuit R°" -MOHOB OTHOCUTEJILHO TIOTOJIKA Ba-
JIEHTHOI 30HBI B KpucTasuie CaF,.

3JIEKTPOHHOM JIOBYLIKOW, a BOCCTAHOBJIEHHBIA 10
cocTosIHUS Yb?' He CTAHOBUTCS IBIPOYHOI JIOBYLI-
KO, a ocTaeTcs ABYXBaJ€HTHBIM, YTO MPUBOIUT K
BBICOKOII BEPOSITHOCTH BaJICHTHOTO IIpeoOpa3oBa-
HuA B3 — R*' 1 HAKOIUIEHMIO 5TUX MOHOB B PE3YJIb-
tare y-o6aydeHus. [1o cpaBHeHuio ¢ Yb** nonsr Pr3*
u Nd3*, 6ynyum 1o cBoeii Ipupoe J5IpOYHBIMHU JIO-
BYILLIKAMU, TEMOHCTPUPYIOT MEHBIIYIO TEHACHIIUIO K
npeoOpa3oBaHUIO B IBYXBAJEHTHOE COCTOSIHUE, TaK
KaK CTpEMATCS NOITIOTUTH OOpa3yrolIrecs Mpu Y-00-
JIyYeHUU OBIPKA U CHOBA IPEBPATUTBLCI B TpeXBa-
JICHTHOE COCTOsiHUe. M3 JaHHbIX TabJ. 3 BUTHO, YTO
TaKMM BBIBOJaM COOTBETCTBYIOT COOTHOIIIEHUS 3Ha-
deHuii D,, MPEeBOCXOISIIIKE B OOJIbLICH CTETICHH 3Ha -

yeHus D 11 noHoB Yb U B MeHbllIeii cTerneHu i Pr
n Nd.

SAKIIIOYEHUE

IMpennoxeH MexaHuU3M (OTOXPOMHOIO MpeBpa-
wenus B Kpucrawiax CaF, : R** ¢ yyacTreM 3J1eKTpOH-
HO-JIBIPOYHOTO F-1IeHTpa B 00pa30BaHUU YCTOMYMBOTO
anekTpoHenTpaasHoro PC-1ieHTpa B pe3ynbrare (poTo-
npucoenHenns K PCY-1ieHTpy a5mekTpoHa, o6pasyio-
1erocs B pe3ysibraTte GOTOMOHU3AMU F-1IeHTpa mox,
neiictBueM Y®-uznyyeHus. [IpuBeneHbl SHepreT-
YecKUe MapaMeTphl OCHOBHBIX 5d- U 4f~ypoBHeil R3*-,
R**-IOHOB OTHOCUTENBHO ITOTOJIKA BaJIEHTHOM 30HbBI
(R*") n nHa 30HBI MpoBoauMocTH (R>") B KpHcTaie
CaF,, koTopbie ONpeessioT COCTOSIHUE JIEKTPOH-
HBIX U JIBIPOYHBIX JIOBYIIIEK B KpucTaylie. [TokazaHo,
4TO NpH Y-00 1yueHnn Kpuctamios CaF, : R** Ha me-
pexoll peaKo3eMebHbIX NOHOB M3 TPEXBaJIEHTHOIO
COCTOSIHUSI B JIBYXBAJIEHTHOE CYILIECTBEHHOE BJIUSI-
HUE OKa3bIBaeT IOJIOKeHUE B 3allpellieHHON 30He
KpUCTa/Ia SHEpreTnyeckux 4/-, R3*-ypoBHeil oTHO-
CUTEJIBbHO MOTOJIKAa BaJIEHTHOU 30HBI. OmpeneneHa
pOJIb JJAHTAHOUIHOTO CXaTWsl, MPOSIBISIONIETOCs B

YMEHBIIIEHUM MOHHOIO paauyca 3JIEMEHTOB PEIKO-
3€MEeJIbHOTO Psiia U BAUSIONIETO Ha UBMEHEHUE IBYX-
BaJIEHTHOTO COCTOSIHUS PENKO3E€MEBbHBIX NOHOB B Y-
OOJIyYeHHBIX COemMHEeHUsIX. [ BaJIEHTHOTO IIepe-
xoma R** — R*' B ipencraBieHUN POTOOKUCIUTEIb-
HOM peaKIMU IO PACCYUTAHHBIM U3MEHEHUSIM DHEP-
ruu [166¢ca npoaHaIM3UpPOBaHbl 0COOEHHOCTH YCJIO-
BMII NpOTEKaHMSI JAaHHOrO Mpolecca s CilydaeB
BO3IEHCTBUAA HA KPUCTALILI ¢ R¥T-MoHaMu peHTre-
HOBCKOTO, Y®- 1 Y-00aydeHusi. O0bsicCHEHA TTPUPO-
J1a paAualMOHHOM YCTOMYMBOCTU KPUCTAJLINYECKUX
MaTepUaJIoB C IPUMECHIO MOHOB Yb", B KOTOpBIX HE
HaBOASTCSI LIEHTPBl OKpacKyd MOJ BO3AeiCTBUEM
OO0JIbIIMX 003 Y-00IyYEeHUSI.

Pa6ora BeITTOTHEHA ITPpU (PMHAHCOBOI MOAACPXKKE
HUWL “KypuaToBckuit ”HCTUTYT” (mpuka3z Ne 2758
or 21.10.2021), MuHuCTepCcTBa HAyKW U BBLICIIETO
00pa3oBaHMs B paMKax BEITIOJTHEHUS padoT 1o ['ocy-
napctBeHHoMmy 3amaHuio OHUIL “Kpucramiorpa-
¢us u poronnka” PAH, a rakke Poccuiickoro ¢poH-
na QyHIaMEHTaJIbHBIX WCCJIeNOBaHUN  (TpaHThI
Ne 19-29-02007, 20-08-00278, 20-08-00211, 19-29-
02018).
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