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IIpuBonATCs pe3yabTaThl HCCIEIOBAHNS THAPOTEPMAIBHBIX OJIarOPOIHBIX ONAIOB. YCTAHOBIEHO, UTO THIPO-
TepMaJIbHbIE OMaNbl OTIMYAIOTCS 110 HAHOCTPYKTYPE M PEXKHUMY 00pa30BaHMsI OT IK30TEHHBIX 0JIaropoHbIX
omnasoB. OHHU CIOKEHbI OoJiee MEJIKUMH II00Y1aMu, M B HUX OTCYTCTBYET CTPYKTYPUPOBAHHOCTh HAHOYACTHUI]
10 3aKOHAM TUTOTHEHIIEeH yaKOBKH, KOTOPas Tak XapaKTepHa i 3K30T€HHBIX 0JaropoAHbIX onanos. B mpo-
necce popMUpOBaHUSI OHU NO/IBEPraJIUCh THEBMATOJIMTOBOMY OT)KUTY P BO3/I€iiCTBUIO BBICOKOTEMIIEpATypHO-
IO T1apa MpH NOBBILIEHHOM JIaBJIeHUH. BiusiHue TepManbHbIX 9 (GEKTOB IPUBEIO K 00pa30BaHHIO JIBYMEPHBIX
(hOTOHHBIX 30H B XaOTHUYECKOH OIaIoBOM Marpuie. ITH (POTOHHBIE 30HbBI CO3aHbI CETKAMH, STYEHKH KOTOPBIX
o0OpasoBaiich B pe3yJsibTaTe TepMajibHbIX a3 dexToB o npuHuuny Trueex benapay. UIMeHHO 3TH cTpyKTypH-
POBAaHHBIC OJIOKH ¥ TOHKHE IIEHKHU MPUBOJAT K CIICKTPAJIbHOMY Pa3JIOKCHHUIO CBETA U BOSBHUKHOBCHUIO MPpU3a-

IUH.

Knrouesvie cnoea: 6,aropoaublii onaj, HaHOCTPYKTYpa, [lpumopse, Janbuuii Boctok.

BBEJIEHUE

Cpenu o0MHPHOTO ceMeNHCTBa aMOP(HBIX U CJ1ab0
PaCKpHUCTAIIM30BaHHBIX MHHEPAJIOB BOAHOIO KpEeMHe3e-
Ma OIaropoAHbIi omaj 3aHUMaeT ocodoe MecTo. OH BBI-
COKO IICHUTCA 3a UI'PY LUBCTA B PA3JIMYHBIX YaCTAX BUIU-
MO¥ 00acTH crekTpa, MoNy4rBIIy0 Ha3BaHue Tonanec-
ueHus Y (puc. 1). UccnenoBanus nocaeIHux JeT moKa-
3aJld, YTO 9K30TE€HHBIN ONaropoIHbii onan (Hampumep,
ABCTPANIMICKUI) TpeAcTaBiIsieT COOO0W KIacCHYeCKU
TPEXMEpPHBIH (POTOHHBIN KpHCTAILT*, 3ampenieHHas ¢o-
TOHHasg 30Ha KOTOPOIro HAXOAUTCA B BUAUMOM Juara3o-
HE AJIEKTpOMarHuTHoro usiydenus [1, 6, 9]. Hanopas-
MepHasi TpexMepHas CTpyKTypa (POTOHHOI'O KpUCTaJlIa
(momy4mBIIast HA3BaHUE (POTOHHOM PEIICTKH) MO3BOJIIET

NepeaaBaTh KOTEPEHTHBIM CBET B ONTUYECKOM JHAIa30-
HE JUIMH BOJIH ¢ MMHUMAJBbHBIMH TOTepsMUu. DPOTOHHAS
peleTka mpeacTaBiIsieT coOO0i MauKky TOHKHUX JBYMEp-
HBIX JU(PaAKIMOHHBIX pemeTok. CuuTaercs, 4To JUIs Co-
3nanust padotatomeit ThoToHHOM perreTknY 10CTaTouHO
JecATH Takux cioeB. [1ogo0HBIE CTPYKTYyphl HUMEIOT
OTPOMHOE 3HAYCHUE AJISI ONTHUECKOI CBSI3M M BBIYHMCIH-
TEJIbHON TEXHUKH.

Ha nmpumepe 5K30T€HHBIX OJaropogHBIX OMaJOB
YCTaHOBJIEHO, YTO omnanecueHus (GhoToHHAs 30HHas
CTPYKTypa) BO3HHUKAET B pe3ysbTare Au(pakiun 1eKT-
POMAarHMUTHBIX BOJIH HA OOBEMHOW MPOCTPAHCTBEHHOM
peieTke, 00pa3oBaHHON YacTUIIAMHU KpeMHe3eMa cde-
PHUECKON MM HUKOCA3APHUECKON (pOPMBI. DTH YaCTHUIIBI

*C obmieil Touku 3peHUs GOTOHHBIM KPUCTANI SBISIETCS cBepxpelneTkoi (crystal superlattice) P cpenoii, B koTopoit
HNCKYCCTBEHHO CO3JaHO JIOMOJHHUTEIBHOE MOJIe C MepHOAOM, Ha MOPSIIKH MPEBBIMAIIINM IEpHOI 0CHOBHOI pemeTku. J{ns
(HOTOHOB Takoe IoJIe MONYYaloT NEPUOAMYECKUM H3MEHEHNEM KoddpuuueHTa npeaomMiaeHus cpeasl P B o1HOM, ABYX HiIn
Tpex uzmepeHusx (1D-, 2D-, 3D-¢poToHHBIE CTPYKTYpPBI, COOTBETCTBEHHO). Eciin epnox onTHYeCcKOW CBEpXPEIIeTKH CpaB-
HUM C JUIMHOHM DJIEKTPOMArHUTHON BOJIHBI, TO MOBEJCHHE ()OTOHOB KapJUHAIBHO OTIMYACTCS OT UX IOBEJCHHS B peIIeTKe
0OBIYHOTO KPUCTAJJIA, Y3JIbI KOTOPOTO HAXOIATCS APYT OT Apyra Ha pacCTOSIHWH, MHOTO MEHbBIIIEM JUIMHBI BOJHEI cBeTa. [lo-
TOMY TaKHe pelIeTKH M moiy4uian ocoboe Ha3zBanue P ¢poronnsie kpuctamiasl (I. XKXysukuH. JIaGupuHTH (GOTOHHBIX KpHUC-

tayuioB, TKomneroreppaV, Ne30, 2001).
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Puc. 1. l'upporepmanbHbIil 6J1aropoAHBIH OMal MEeCTo-
poxaenus Panyxnoe (Ilpumopse).
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Puc. 2. Mectononoxxenue MecTopoxkaeHus PagyxHoe
(Ceepnoe IIpumopse).

OJIHOPOJIHBI 10 pa3Mepy, YIIOPsI0YEHBI 10 3aKOHY TpaHe-
LEHTPUPOBAHHONW KyOMYeCKOH MM TI'eKcaroHaJIbHOM
YIIaKOBOK M CO3/JaI0T CBOEOOpa3Hyl0, XOPOLIO y3HaBae-
MYI0 HaHOCTPYKTypy Onaropoanoro onaina [4, 19, 20].
OHaKko Nog00HBIE CTPYKTYPBI MOTYT OBITh OJHO-
MEpHBIMHU U JAByMEpHbIMH. Kak 1moka3zann Haim uccie-
JIOBaHUS, IPUMEPOM TaKUX MHUHEPAJIOB MOTYT SIBISTHCS
THJpOTepMajbHbIe OJIarOpOAHbIEC OmNabl, 00Nagaroe
[IPEKPACHOI omasecleHuel Ha AByMepHbIX (OTOHHBIX
30HaX B XaOTHUYECKOH omanoBoiil marpure [2, 3]. IIpu-

yeM (OTOHHAsT 30HA, BO3MOXKHO, CO3JACTCS OJHOU
JU(PPAKIIMOHHON PEIIeTKOH, a He TOJIbKO KOMOMHAIMCH
13 JIECSITU CIOEB. B 3TOM OTHOIICHNH PUPOHBIE IPUME-
PBI (POTOHHBIX KPHCTAJUIOB MOTYT OKa3aTh CYIIECTBEHHOE
BIIMSHHE Ha CO3/JaHNE HOBBIX HAHOMATEPHAJIOB.

B 80-x rogax mponutoro croneTus Ha cesepe [Ipu-
MOpBSI B U3MEHECHHBIX MO3/THEMEJIOBBIX aHJIE3UTAX CEBE-
PSAHCKOU CBUTHI ObLITO 0OHAPYKEHO MECTOPOXKIEHHUE OJia-
ropogHoro onana (puc. 2). Hexotopsle nccnenonarenu
CUMTAJH €T0 aHAJIOTOM SK30TCHHBIX OIarOpOJIHBIX OMa-
noB Asctpanuu [10, 21]. OnHako HalU UCCIEAOBAHUS
MoKasalli, 4To 3TO He Tak [2]. B maHHOii cTarke mpuBo-
JSITCSI PE3yIbTaThl H3YUEHHUs] THAPOTEPMAIbHBIX OMAJIOB
[Ipumopss u, U1 CpaBHEHUS, HPU3UPYIOIIUX OMAJIOB U3
KaifHO30MCKUX aHne3uToB Dduonuu.

METOJUKA UCCJIEJOBAHUS

Bbun mpoBeseHbl UCCIIeI0BaHNSI HAHOYPOBHEBOI
(10°P10° M) cTpyKTypbl 6JIAropoHOTO Ofajga Ha aTOM-
HO-CHUJIOBBIX CKaHUPYIOIIMX MHKpockomax (ACM)
Solver 1 NTEGRA Aura ¢pupmer NT-MDT (. 3eneno-
rpan). [Ipu u3y4eHnn HaHOCTPYKTYPBI UCIIOIb30BAIUCH
kaHTenauBepsl Mapku NSG10 ¢ paanycom 3akpyrieHus
octpus 10 HM u pe3oHaHcHo# yactotoit 190P325 kH.
Kanmubposka npubopa u oTpabOTKa METOAUKH CHEMKH
[IPOBO/IMIIMCH Ha JTU(PPAKIIMOHHO penieTke ¢ IeproIoM
3 MKM M MaTrpHlle CHHTETHYECKOro oraa, s CpaBHe-
HUS UCTIONB30BATNCH 00pasIlbl MPUPOAHOTO ABCTPATHil-
CKOro 6;aropojHoro omnana. MUKpOCTpyKTypa HUCCIeI0-
Bajach Ha AJIEKTPOHHBIX CKAHUPYIOIIUX (PacTPOBBIX)
mukpockomnax (CEM) JEOL/EO JSM-6490 u EVO 50
XVP Zeiss Ha 00pasnax, HAMbUIEHHBIX 30JI0TOM.

HccnenoBanust CTPYKTYpBI ONIAJIOB Ha aTOMHO-MO-
aexyisipaoM yposHe (107 M) GbUTH MPOBEAEHBI HA PEHT-
reHoBckux audpakromerpax JPOH-3 u D8 DISCOVER
(CuK | MOHOXPOMATH3HPOBAHHOE U3ITYYEHHE).

W3yyanuck Kak cBeXHe CKOJIbI, TaK ¥ MOJUPOBAH-
HBIE TIOBEPXHOCTH, IMPEIBAPUTEIHHO HPOTPaBICHHbIC
pa3baBieHHOH MIaBUKOBON KHCIOTOH. B BEIOOpKE MpH-
CYTCTBOB&JIM pa3HbIe 110 CBOMM BHELIHUM IPHU3HAKaM
OmaroposHsle onaisl: Oenble GapPopoBUIHBIE, KETTHIC,
CBETJIIO-KOPUYHEBBIE ITPOCBEUUBAIOIIIE, MAaTOBBIC U JIP.
OnanecueHnus B oOpasnax Habmroganack B KpacHO-
OPaH)XEBBIX WJIM 3€JICHO-TOJIYOBIX TOHAX.

PE3VJIbTATBHI HCCJEJTOBAHUM

CTpyKTypa 0OnaJjioB Ha aTOMHO-MOJIEKYJISPHOM
YPOBHe. YCTAaHOBJICHO, YTO OOJBIIMHCTBO OIaropoaHbBIX
OTaJIOB MUpa OTHOCHTCS K Trpymnmne A, mo [15], wmm
I rpynme, mo [20]. OGBIYHO OHU COCTOSIT U3 OJJHOPOIAHBIX
10 pa3Mepy 4YacTHIl JUOKCUAA KpeMHe3eMa mapooopas-
HoO#l hopmbl ¢ iuamerpom oT 150 1o 450 HM, yropso-
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Puc. 3. PentrenorpaMmsel 6;1aropoaHbIX ONajgoB A-Tumna
(ABctpanus), K-T-tuna (nmcesgomopdosa mo IepeBy)
n K-tuna (mectopoxaenus Panyxuoe).

YEHHBIX 110 3aKOHAM I'paHCICHTPUPOBAHHOU KyOHmuec-
KO WM rekcaroHajJbHOW ymakoBKH. IIpocTpaHcTBO
MEXJy TIOOylaMH 3aloHEHO aMOp(HBIM KpemHese-
moM. Ha PEHTICHOIrpaMMax TaKue Omajibl JAar0T HIUPO-
KHMM pa3MbIThII MAaKCUMYM B pailOHE ITIaBHOI'O dKCTpE-

MyMa a-kpuctobanuta (4.1A), kakoBoii u GbLT HAMH TO-
Jy4YeH AJSl CHHTETUYECKOTO, a TAKKe IS SK30TCHHBIX
aBcTpanuiickoro (puc. 3) M Ka3axCTaHCKOTO HATypalib-
HBIX omanoB. OMHAKO IPYruX JHUHHUH o-KpUCTOOamnTa
(unu IpyruxX MHHEPAJIOB) Ha HUX HET.
PeHTreHoCTpyKTYpHBII aHAIU3 OIAJIOB MECTOPOXK-
nenuil [IpuMopbs okasai, 4To B paliloHE IJIaBHOI'O IKCT-

pemyma (4.1 A) npuCyTCTBYIOT SPKO BBIpaKEHHBIE TTHKH,
T.€. OHHU CJIOXKEHBI O-KpHucTobanuToM. Ha penTreHorpam-
Max (pHc. 3) MPUCYTCTBYIOT TOJIBKO €T0 JHMHHUM, TOTJA
KakK JINHUU APYTUX MHUHEpajoB He oOHapykeHbl. CrTe-
MeHb KPUCTATIMYHOCTHU B Pa3HbIX OMajax HeoAnHakoBa P
B OJIHUX HapsIy C O.-KpPUCTOOATUTOM NPHCYTCTBYET J0-
BOJIBHO OOJIBIIIOE KOJMYECTBO aMOP(PHOTO KpeMHe3eMa,
B JIPYTHX €r0 MPAaKTUYECKU HET. AHAJIOTMYHBIC PEHTTE-
HOTpaMMBI ObUTH MOMYYEHbI U IS ONajoB Dduonuu.
TaxkuM 00pa3oM, HPU3UPYIOIINE OMAIbI MECTOPOXK-
npeauit IIpumopbs U Dduomun OTHOCATCS K JPyromMy

cTpyktypHomy Tuity P K-onaner, mo knaccudukarmu [15],
v I tun o [20]. OHu clio’KeHbl OKTa3IPUUECKUMHU Ha-
HOKPHCTAJIIAaMU O--KpHcToOanuTa. CIuTaeTCsl, YT0O UMEH-
HO TaKHE€ ONAaJbl ACCOLUHUPYIOT C JABOBBIMU MOTOKAMU
[4]. I uMeHHO TaKOTrO THIIA OMajbl ObUIA OIUCAHBI B CO-
BPEMEHHBIX T'MIPOTEPMAIIbHBIX cucTeMax [16].

Cpenu NPUMOPCKUX OMNANOB MPUCYTCTBYIOT U
npeacraButenu Tperbeit rpynnsl P KT-omamsr (puc. 3),
OJTHAKO CPEAM HUX HE OTMEUEHBI MPU3UPYIOIINE Pa3HO-
BUAHOCTU. DTH OMAJBI 3aMENIAI0T MAJICOPEBECHHY U Ha
PEHTreHOIpaMMax UMEIOT ABA YETKO BBHIPAXKECHHBIX ITHKa,
COOTBETCTBYIONINX ABYM MHUHepaiaM P o-kpucrobamuty
U O-TPUANMHUTY.

CrnenyeT OTMETUTh, YTO MU JIETANbHBIX HCCIEN0-
BaHMAX B IPHUMOPCKUX OJIaropofHBIX Omajgax OTMEUaroT-
Cs1 BKJIIOUEHUS MOJIEBBIX IIMATOB, NIMHUCTBIX U HEKOTO-
PBIX Apyrux MuHepaynoB. OJHAKO MX KOHIIEHTpAIUs Ha-
CTOJBKO Majla, YTO Ha PEHTIeHOTpaMMax XapaKTepHbIE
pedIeKChl 3TUX MUHEPAJIOB OTCYTCTBYIOT.

CTpyKTypa onajoB Ha HAHOYPOBHE. DK30T€HHbIE
U TUAPOTEPMATIbHBIC ONANbI OTUETIANBO PA3IHUAIOTCS HA
HaHOypoBHe. Kak yke HEOJHOKPaTHO TOBOPUIOCH U
SCHO BUJHO Ha MPUBEACHHBIX pUCyHKaX (puc. 4 A, b),
HK30TEHHBIC OMAJBl COCTOAT U3 MPOU3BOJILHO OPUCHTH-
POBAHHBIX OJOKOB, KOTOPBIC CIOXKEHBI ITO0yIaMHu pas-
MepoM ~200 HM, IJIOTHO YNaKOBaHHBIMM II0 I'€KCaro-
HAJILHOMY WJIM KyOHYeCKOMY 3aKOHaM.

bnaropoaHsie ke onansl FTHAPOTEPMATIBLHOTO MPO-
HCXOXKICHUSI UMEIOT COBEPIICHHO JPYTYI0 HAHOCTPYKTY-
py. Pasmep moOyn nuokcuaa KpeMHe3eMa 3/1eCh Bapbh-
pyet B mipenenax 40P90 um. MHorna onu o6pasyror 6o-
Jiee KpymnHble arinoMeparsl, pazmepoM 10 200P300 uwm,
HO B JI0OOM Cllydae UX IMPOCTPAHCTBECHHOE MOJIOKECHUE
HE COOTBETCTBYET 3aKOHAM IUIOTHEHIINX YHaKOBOK (Ky-
OMYeCKO MM reKCaroHalbHOM).

OpHako (OoTOHHAS 30HHAsI CTPYKTYypa B TAKUX OIa-
Jax CyIIECTBYET, O YeM SICHO CBHJCTEILCTBYET NMPHUCYT-
CTBHUE CJIOEB C SYCHCTHIM cTpoeHueM (puc. 5). Takue
CJIOM CO3/1aHBI CEThIO, KOTOpasi 00JaaeT CTPOroi ymo-
PSIOUCHHOCTHIO sTUeeK, Kak B OJIDKHEM, TaK U JaJbHEM
nopsiikax. Pazmep siueek B OlaropofHbIX Onanax BapbH-
pyer B mpexaenax 1/2 cnexrpa Buaumoro csera (200P
350 am). Ecim pasmep siueex Oosbiie (HaMu ObLIH
BCTPEYCHBI CIIOU C pa3MepoM suerku okoio 500 HM),
OTajJeCLEHIINA B OMajie He HAaOIIogaeTcs.

Kax BuaHo u3 pucyHkoB (puc. 5 APB), sueiikn
cetu obpazoBanbl Menkumu (40P90 HM), XaoTHUeCKH
pacIoyIoKEHHBIMH Io0ynamMu. B y3max siaeek 3TH mio-
Oynbl 4acTo 00pa3yrOT arioMePaTOBbIe CKOTIIICHHS, CPaB-
HUMBIE 110 BEJIMYUHE C Pa3MEPOM CaMOM sYEHKH, TOrzna
KaK CTEHKHM MOTYT OBbITh BBOE TOHBIIE. B HEKOTOPBIX
ciydasx (GUKCHUpYeTCs TeKCaroHallbHas KOH(QUTYpaus
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Puc. 4. benpiii 01aropoHbIH 0Mall 3K30rEHHOT0 MPOUCXOXKAeHUS (ABCTpaius).

A P rpanuna 6ioxoB, b P uepenoBanue ciioeB ¢ rekcaroHaidbHON U KyOudeckoil ymakoBkoil. ®oto Ha ACM.

siYeeK, OJJHAKO BBICOKAsl CTEMEHb JMarcHe3a TuipoTep-
MaJIbHBIX OTIAJIOB YaCTO MACKHPYET UX NIEPBOHAYAIBHYIO
¢dbopmy. B meHee MmeTaMOp(H30BaHHBIX OMalaX WHOTIA
yaaeTcs 00OHAPYKUTh KOHIICHTPHUUECKU-30HATIBHOE pac-
MOJIOKEHHUE 00y, (UKCUPYIOIINX, BEPOSTHO, KaHAIBI
TPAHCIIOPTHPOBKU THUAPOTEPMAIBHOTO pacTBopa (pHC.
6B). B nuareHe3upoOBaHHBIX OMajaX TaKWe KaHAaJbI
OOBIYHO 3aMOTHEHBI NIMHUCTHIMUA MUHEPAIaMH.

Ha nannom sTane HaMu OOHApPYIKESHBI [1Ba THIA (O-
TOHHBIX OJIOKOB P euHUYHBIC TOHKHE IICHKU U MaKeThI
IJICHOK. B TOHKHX IIEHKaX, KaK BHIHO U3 PUCYHKA
(puc. 5A), suencrast CTPYKTypa HE PaclpOCTPaHAETCS
m1y6oko BHYTph omajna. CeTh 3/1eCh, BEPOSTHO, OIHO-
CJIOMHAsl ¥ MMEET TOJNIIUHY, CPABHUMYIO C pa3MepoM
saeiiku. Kak HamMu Oblmo mokazaHo panee [3], CHU3Y U
CBEPXY TaKHE CIUHUYHBIC CETKH MEPEKPBITHI OMATOBBI-
MU CIIOSIMH C Xa0TUYECKOH YIaKOBKOH r100yi. B pesyib-
Tate 00pa3yeTcsi TOHKAs IICHKA JAByMEPHOTO (hOTOHHOTO
KpucTaia, obecrneuynBaromero 3PQeKT onanecueHIINH.

[MakeTsl UMEIOT OOBEMHBIN xapakTep (TOJIIMHA
OKOJIO 3 MKM), YIOPSAOYEHHas CeTKa 3/IeCh pacroa-
raeTcs MeprHeHIUKYISIPHO K MIOCKOCTH MOBEPXHOCTH
(puc. 7b). IloBepXHOCTH MaKeTa CIOKECHA XAOTHUECKU
pacnonoxXeHHbIMU TI00ynamu (puc. 7A). OgHako Ha
OOKOBOM cpe3e MmakeTa BUAHA YIOPSIOUYCHHASI CTPYK-
Typa, B KOTOPOW UMEIOTCSI PparMeHThl KyOudeckoit u
reKcaroHalbHOW yMakoBOK. [101 BEpXHUM CETUATHIM
cnoeMm (puc. 7b) HaxoasATcs eme, Mo MEHbIIEH Mepe,
JIBa YIOPSIOYCHHBIX CIOs-CeTKU. Pa3mep rinobysn B
TOM 00pasie cocraBisieT mpuMepHo 90 HM, a sUeeK
(otBepctuit) P oxono 200 HM. Cyast mo JaHHOMY NIpHU-

Mepy, IEPUOJUYHOCTh ONTHUYECKON CBEPXpPEIISTKH B
nmakerax cosjgaercsi komOumHanuei rinolyn kpuctoba-
JIUTa ¥ OTBEPCTUH MEXKJy HUMHU U MOXKET UMETh Oosiee
CIOXHYI0 KOH(QUTypamuto, 4eM OOBbIYHbIC TIIOTHEH-
mue ynakoBku. Hampumep, Ha puc. 8 mokasaHo, 4TO
o0yl U SYEHKH 00pa3yloT NBYXYpPOBHEBYIO TeKca-
TOHAJIBHYIO pemeTky. [Ipu 3ToM pa3mep BHYTpPEHHETo
reKcaroHa, Co3/JIaHHOTO T100ylaMu, B JIBa pa3a MEHb-
e BHENIHero, o0pa3oBaHHOTO s4YeHKaMH. 37eCh Ke
MOXKHO 3aMETHUTh, YTO CaAMHU IIIOOYIIbI PEACTABISIOT CO-
0011 CKOIIEHUS MEJIKUX C(PEeponaoB, pa3mMep KOTOPHIX HE
npesbimaet 50 HM.

Juarene3. HemeramopdrzoBaHHBIE pa3HOBUIHOC-
TH TUIPOTEPMAIIbHBIX OJArOPOAHBIX OMANOB CO Chepu-
yeckoi hopmoit rmobyn cpear MPUMOPCKUX 00pasioB
BcTpeuaroTcsi HedacTo. OOBIYHO YaCTHIIBI OMAIOB M-HHS
PanyxxHoe 1edopMUpOBaHbI U HIMEIOT JUCKOBUIHYIO, KO-
HYCOOOpa3Hy0 WIH NpsAMoyroisHyto ¢opmy [3]. Kak
MpaBuiio, cepuuecKkne HaHOMHAMBHUABI TecHO Tcmas-
HBIY Apyr ¢ apyrom. OHH 00pa3yroT TPYNIbl U3 JABYX-
Tpex u Oonee Tepocmmxcs Y 4acTull, pa3opBaTh KOTOPhIE
0e3 HapylIeHHUs IEJIOCTHOCTH MPAKTHYECKH HEBO3MOXK-
Ho. Korga 570 mpoucXoauT B pe3yiabTaTe XUMUYECKOTO
TpaBleHUs, MOBEPXHOCTh cep HUKOTAA HE ObIBaeT
rnagkor. Ha Heli Bcerma uMeroTcst BOJIOCOBHHBLIC,
WTOJIbYAThIE MU OyTPUCTBIE OCTATKH HEIOPACTBOPUBILIE-
rocst Mmarepuana. lHorna ¢pukcupyercs mepexoll oT 3ep-
HHUCTOM TEKCTYpHI K CTEKJIOBUAHON. Bece 310, Hapsany c
MIPUCYTCTBUEM KPUCTAIIINYECKOHN (a3bl, CBUACTEIHCTBY-
€T O TOM, YTO OIaJIbl MOJIBEPTAINUCH BO3JICHCTBUIO BBICO-
KHX TeMIIepaTyp.



X50,000 0.5um

Puc. 5. braropoaHsiit rugporepmanbHblil onai, M-¢ Pagyxuoe (ITpumopse).

A P mnockast aBymMepHas sigeuctas cetka, b P ¢parment cetku, B P rekcaronansuerit Motus siuenctoit cetku. @oro va CEM.

4

Puc. 6. braropoxnnsrit oman, Dputpes (Adpuxa).

A P siueucrast ceTka B ruApoTepMaibHOM onane, b P orcyTcTBue ynopspoueHHocTH r1o0yi, B P kanaia Ha MOBEpXHOCTH THAPOTEPMaIbHOro Onaropoauoro omnana. ®oto
Ha ACM.
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Puc. 7. [TakeT mieHOK B O1aropogHoM ruapoTepMaibHOM omaie, M-¢ Pagyxuoe (IIpumopse).

A P xaoTuuecku ynmakoBaHHBIE TIOOYIBl MOBEPXHOCTH MakeTa, b P ymopsimoueHHbIe ceTuarsie c1ou Ha O0OKOBOM cpe3e oOpasna, B P rekcaronanbHbIIl MOTHB yIIaKOBKH

r1obyn 6okoBoro cpesza. Poto Ha CEM.

OBCYXKIEHUE PE3YJIBTATOB

[IpuBeneHHBIE AAaHHBIC OAHO3HAYHO CBUICTEINb-
CTBYIOT, UTO THJPOTEPMAJIbHBIEC OBl OTINYAIOTCS IO
HAHOCTPYKTYpE U PSKUMY 00pa30BaHUS OT SK30T€HHBIX
OaropogHbIX onajioB. Tam, rae IpUCYTCTBYIOT C(EpHI,
OHHM TECHO CPOCIHCh U COCTABIAIOT CAMHOE IEN0e C
MEXK3EpHOBBIM KpeMHe3eMoM. [IpucyTcTBHE AUCKOBU-
HBIX ()parMEHTOB, COCTOSIIMNX U3 00JIEe MEIKUX YILIO-
IICHHBIX HAaHOWHIWBHUAOB [3], yKa3bpIBaeT Ha TO, YTO B
HEKOTOPBIX CIIydasix cepou/ sl MOABEPIINCH AehopMa-
MU B TIpolecce mpeodpazoBanus onana. Muorna ¢uk-
CHpYETCsI IEPEXOA OT 36pHUCTON TEKCTYPHI K CTEKIOBU/I-
HOH. Bce 310, HapsAy ¢ MpUCYTCTBHEM KpHCTaINYEC-
KOH (ha3bl, CBUAECTEILCTBYET O TOM, YTO OMAaJIbl ITOIBEP-
TaJINCh BO3JICHCTBHUIO BHICOKMX Temmeparyp. Kak moxka-
3aJIM HKCHEPUMEHTANbHbBIE HCCIICIOBAHMS, MOJO0HBIN
pe3yIbTaT MOXET OBITh JOCTUTHYT IIPH TEPMOOOPadOTKE
orayia meperpeTsiM BOAsSHBIM napoM [7, 8]. I[lpu sTom
cheprr TemekaroTcay Apyr ¢ Apyrom, ycTaHaBIUBas
MIPOYHBIC CHJIOKCAHOBBIC CBA3U. I10BBIIIIEHHOE TaBIICHHE
rapa BBI3BIBACT TOJIHYIO PACKPUCTALIN3AINIO aMOpdHO-
ro KpeMHEe3eMa, HapylleHHe CTPYKTypupoBaHus chep B
0J0Kax M MmoTepro upuzanuu. /laske yacTUYHAsS pacKpuc-
TauM3anus  aMop(pHOTro KpeMHe3eMa IPUBOAUT K
00BEMHBIM M3MCHEHHSAM, UYTO SBISETCA MPUIHMHON
00BEMHBIX 1e(PEKTOB M PACTPECKUBAHUS, TAK XapaKTep-
HBIX JJIs1 ONIAJIOB MECTOpOXIeHUS PamgyxHoe.

Opnnako HanboJee NHTEPECHON UepToil TuapOTEp-
MaJIbHBIX OJJaTOPOAHBIX OMNAJIOB SIBISIETCS HAJMYUC ABY-
MEpPHBIX (POTOHHBIX KPHUCTAJUIOB BHYTPH XaOTHUECKON
omnajaoBoi MaTpuisl. OCHOBOM ATUX (DOTOHHBIX KPHCTAI-
JIOB ABJISICTCS MEPUOAMYECKAs CETKA, pa3Mep SUEeHKU KO-
TOPOI COMOCTABUM C AJUHON BOJHBI CBETA B BUANMOM
nuamnasoHe. lekcaroHanbHas KOH(Uryparus sueikH,
(uKcupyemas B HEKOTOPBIX 00pasnax, a TaKkke yrnopsao-
YEeHHOCTh SYEEK II0 3aKOHAM IUIOTHEHINEeH ymakoBKH
CBHUJICTEIILCTBYIOT O HECTYJaHOM ee 00pa30BaHUM.

[TonoGHbBIE CTPYKTYpBI 00pa3yioTcs B pe3ynbTare
TepMaJIbHOM KOHBEKIMY 1 U3BECTHBI B (QH3UKE MO Ha3Ba-
HueMm Tiueexk benapaV. Ecam xuakocTs momorpeBaeTcs
CHHU3Y, TIPH JTOCTIDKEHUH HEKOTOPOH KPUTHUECKON TeMIe-
paTypbl HAUMHAETCS €€ KOHBEKIUs: 00JIee HarpeThle HIXK-
HUE CJIO KUAKOCTH PACIIHPSIIOTCS, CTAHOBSITCS Jerye 6o-
JIee XOJOHBIX BEPXHHUX, BCIUIBIBAIOT HABEPX, TAM OXJIaXkK-
JIAIOTCS M CHOBA OITYyCKAIOTCS U T.1. B KHUIKOCTH BO3HMKA-
10T KOHBEKTUBHBIC STUCHKH, aHAIOTHYHBIC TUESTHHBIM CO-
TaM, P BepTHKaIBHO PaCcIONOKEHHBIE BIIOTHYIO APYT K
JpYyTy LUIMHAPHI MIECTUTPaHHON (opMel (sueiiku bena-
pa). JlBmkeHne KUIKOCTH CTAOMIH3UPYETCS ee BA3KOC-
TbIO, T.K. CHJIBI TPCHHS HANpaBiICHbI IPOTUB Hero. XKuj-
KOCTh TTOJJTHIMACTCS BHYTPH STYCHKU BIIOJTb €€ OCH, pacTe-
KaeTCs 110 BEPXHEMY OCHOBAHMIO, OIYCKaeTcs Mo OOKo-
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Puc. 8. ®parmeHT nByXypOBHEBOW (POTOHHOM PELIETKH.

Juametp BHyTpenHero rekcarona P 300 um, BHemmHero P 600 HM.

BBIM TpaHsAM M COOMpaeTcs MO HIKHEMY OCHOBAHHIO K
€ro cepeAivHe U HalpaBisieTcs CHOBA BBepX (puc. 9). Bos-
HUKaeT IWHAMHYECKas yImopsIo4eHHas CTpyKTypa. Ecin
IIPY 3TOM B pe3yJbTaTe Mepenaaa TeMIeparyp Ipoucxo-
JIAT KOAryJsus B )KUJKOCTH, TO 00pa3yronmecs ro0yIbl
OyIyT CKaIIMBaThCS MO MEPUMETPY AdeeK, 00pasys yIo-
PAIOYSHHYIO PEIIETKY C OMHAKOBBIMHU STYCHKAMH.

B nacrosiee BpeMs onucaHbl TP MEXaHU3Ma BO3-
OyXJIeHHs] TePMUYECKOW KOHBEKIIMH MpU MOJ0TpPEBE
cHugy. [lepBblii MEXaHU3M, PENEEBCKUA, TPUBOJUTCS B
JIECTBUE CHUJION TIJIaBy4eCTH, KOTOpas TOPOXKJEHA
00BEMHBIM pacUIMPeHNUEM XKHUJIKOCTH U3-3a Harpesa [14].
Bropoit Mmexanu3M npuBOIUTCS B JEHCTBUE Pa3HOCTHIO
CHJI IOBEPXHOCTHOTO HATSXKEHUS, BOSHUKAIOIIEH M3-3a
3aBUCHUMOCTHU CHJI TIOBEPXHOCTHOTO HATSHKEHUS OT TEM-
neparypsl, P tepmokanmnspasiM 3¢ dexrom [17, 18].
TpeTnii MexaHU3M CBSI3aH C BO30YXKICHUEM TEPMOIIEKT-
puueckoro ddexra [S] B KUIKOCTIX C JOCTATOUHOM a1-
IEKTPUIECCKON MPOHUIIAEMOCTbHIO, TAKOH, YTO BO3HHUKA-
IOIUI B KUIKOCTH OOBEMHBIN 3apsi HE YCIIEBAET KOM-
MICHCHPOBATHCS.

OnHako pa3mepsl siyeek beHapa, MOJTy4YeHHBIX B
9KCIIEPUMEHTAX, HAMHOTO IMPEBBIMIAIOT Pa3Mepbl Sueek,
YCTaHOBJICHHBIX HAMHU B THJPOTEPMAIIBHBIX OJaropo-
HBIX onanax. M3sectHo [14], yTo mpu momorpeBe CHU3Y,
B OTKpBITOU cucteme TiuteHka xuakoctuPnomioxkay ¢
CYIIECCTBYIOUINM MEPICHANKYISIPHO TOMI0XKKE IpaUeH-
TOM TEMIIEPaTypHl Yepe3 HEKOTOPOE BpPeMs 3a CUET KOH-
BEKI[MOHHOTO JABW)KCHUS YCTAHABIMBAIOTCS CTAIIHOHAP-
HbIE MEPUOINYECKHE CTPYKTYpHI (sueiiku benapa). Mx
pasMepbl BapbUPYIOT OT COTEH MUKPOH J0 €IMHHIl MHJI-
JUMETPOB, U OHU 3AIOJHSIOT BCIO MOBEPXHOCTH IOA-
noxku. [Tpu 3TOM TpasiveHT TeMIepaTyphl sSBISETCS He-

>
o W

Ti>T>

Puc. 9. Mosnenb KOHBEKIIMOHHON A4YEHKHU 11O NPUHLIHUITY
Taueiliku benapaV.

T>T, P remneparypHublii rpaguent, L P nunelinsil pasmep
siueriku, H P BeicoTa stueiiku.

0OJIBIINM (JIO COTHU TPASYCOB), & TOIIINHA CIIOS KHJIKO-
CTH HE MPEBBIIIACT OJHOTO0 MUJUIUMETpa. B sxuakocTax ¢
BBICOKOH IJIOTHOCTBIO, €CJIH TOJIIIMHA UX CJIOS HE Ipe-
BbIIIaeT MuwmuMerpa [ 18] u oHu pacrnosnararoTcs Ha Io-
JIOIPEBAEMBIX TTOJUI0KKAX, MOXKET TPOSIBUTHCS TEPMOKa-
nUUIpHBIH 3¢ ¢dekT [17], KoTOopHIi Takke IPUBOAUT K
(dopmupoBaHuio syeek beHapa ¢ pasmepamu 10 eAMHHIL
MuunMeTpoB. [Ipu momorpese cBepxy ¢ rpaJueHTOM
temnepatypsl or 1000 o 10000 °C tBepmoe BemecTBo
HNPUXOAUT B COCTOSIHUE paciuiaBa. [IeprneHuKyIspHO K
MOBEPXHOCTH BO3HUKAET TEPMOIIEKTPUUYCCKHN dPPeKT
[11P13], xoTOpHIii 0OEecTieunBaeT KOHBEKIIMOHHOE Tepe-
MeIMBaHKue CBepXy BHU3. [IpH 5TOM BO3HHMKAIOT IIEPHO-
JMYECKHE CTPYKTYPbI C pasMepaMu 10 JoJIeil MUJUTUMET-
POB TIpH IITyOMHE paciiiaBa B COTHH MUKPOH.

BeposiTHO, B ciiyyae ¢opMupoBaHus 0I1aropogHbIX
THJPOTEPMANIBHBIX OIAJIOB, 00Pa3yIOIIMXCS B TPEIINHAX
TOPHBIX TIOPOJI, HEOOXOJUMO YYUTHIBATH OOJIBIINE JaB-
JICHUsI TIEPErpeToro mapa, HaChIEHHOT0 HAHOMETPOBBI-
MU TPaHyJIaMH OKCHJa KPEMHHUS [IPU MaJIOM I'pajIueHTe
temnepatyp (e 6onee 200 °C). Pazmeps! rpanyn B Oina-
TOPOJHBIX THIPOTEPMAJBHBIX OlajiaX M3MEHSIOTCS OT
JIECSITKOB HAHOMETPOB JI0 HECKOJIBKHX COTEH HaHOMET-
POB, YTO CYLIECTBEHHO MEHbIIEe HaOJIIOlaeMbIX paHee
s4yeek benapa, popMHUpyeMBbIX 110 OAHOMY U3 TpeX Mpe]-
JIO)KEHHBIX MEXaHH3MOB. JTO MOXET OBITh CBS3aHO C
Y30CThIO TPEILIMH B TOPHBIX TIOPOAAX, BEICOKHMH JIaBJie-
HHEM M CKOPOCTBIO MTPOXOXKACHHUS MEeperpeToro mnapa, a
TaKKe C BEPTUKAJIBHBIM I'PaJIMEHTOM TeMneparypbl. Ta-
KO COYeTaHHe TapaMeTpOB JIOJKHO IIPUBOANUTH K BBICO-
Kol ckopocTH hopmupoBanus siueek benapa. Ilockoabky
pexUMbl QYHKIIMOHUPOBAHUS THIPOTEPMATIbHBIX HCTOY-
HHUKOB, BBIHOCSIIMX HA TIOBEPXHOCTh 3EMIIN )KUIKOCTH C
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Pa3IUYIHOI MIOTHOCTHIO U COCTABOM, MOTYT U3MEHSATHCS
BO BPEMEHHU B 3aBUCHUMOCTH OT KOJIMYECTBA IEPETPETOro
napa B U3BEP>KEHUH, TO 3TO JOJDKHO MPUBOJIUTH K M3Me-
HEHHUIO yCJIOBUIl (popMHUpPOBAHUS U pa3MepoB GopMupye-
MbIX siueek benapa. Kak Obl10 moka3aHo HaMu, B OTHOM
oOpasie 0JaropoJHOTO TUAPOTEPMATBHOTO OTana Ha
Pa3HBIX YPOBHAX (POPMHUPYIOTCS TUOO OTAEIBHBIE CIIOU C
MEPUOUYECKON B MJIOCKOCTH CTPYKTYpOH, Ueperyemble
¢ aMOp(MHBIMH CIIOSIMH U3 TMOKCH]IA KpEMHHUS, JTHOO0 Ha-
omogaeTcs popMupoBaHue HAOOPOB TIOCKOCTEH C Tie-
PUOIMYECKON YIIAaKOBKOHU I'paHyl B BEPTUKAIBHOHU U, C
00JBIION BEPOATHOCTHIO, B TOPU30HTANBHOHN IIOCKO-
cTax. B aToM cityyae HEOOXOAUMO MPEANONOKHUTH, YTO
paboTa THAPOTEPMANBHOTO MCTOYHHUKA IEPHUOTUYECKH
U3MEHsATach BO BpeMeHH. HalOmiomamuch OTHeIbHBIC
BBIOPOCHI THAPOTEPMAIBHOTO Tapa, KOTOPhIE YepeoBa-
JTUCH cOo c1abbM Tu(p(Qy3UOHHBIM NEPEHOCOM Tapa u3
HCTOYHMKA C IOBBIIIEHHON KOHLEHTPALUEH TpaHyl AU-
okcuaa kpeMHus. B mepBom ciydae (opmuposancs
CJIOH ¢ IEepHOANYIECCKUM YepEIOBaHUEM CTPYKTYp, a yBe-
JUYEHUE IUIOTHOCTU AMOKCHJA B Iape U yMEHBIICHHE
€ro CKOpPOCTH M JAaBJICHUS MIPUBOAUIH K (POPMUPOBAHUIO
HEYTOPSI0YEHHOTO CJIOA TUOKCHAA KPEMHHUs. 3aTeM HC-
TOYHHMK HauyMHAJ paboTaTh MEPHOIUIECCKH U C BBICOKOM
JacTOTOM, BRIOpAchIBasi HOPLUHU IEPErPeToro mnapa ¢ He-
KOTOpOM IUIOTHOCTBIO AMOKcHAa Kpemuwus. IIporecc
(opMHUPOBaHMS YIOPSJOUCHHBIX CTPYKTYp MOBTOPSIICS
B Ka)XJIOM TOCJIEAYIOImeM GOPMUPYEMOM CIIOE, YTO MPH-
BOJMIIO K 00Pa30BaHUIO CTOIKU YIOPSIOYCHHBIX CIIOEB.
[Ipu aTOM pa3mep AUeek 3aBHCEN KaK OT JAaBICHUS Tepe-
IPETOro mapa, Tak M OT CTETIEHH e€ro HACHIIIEHHOCTH I'pa-
HYJIaMH JTHOKCHA KPEMHUS.

BBIBO/IbI

TakuMm 006pazoM, THAPOTEPMATIBLHBIC HPU3UPYIOIINE
omajbsl M-HUA Pajy’KHOE OTIMYAIOTCs 110 HAHOCTPYKType
U PeXHUMY 00pa3oBaHUs OT YK30TEHHBIX OJIarOpOJIHBIX
omnajoB. OHU CIIOXKEHBI Oojiee METKUMH To0yIaMu, U B
HHUX OTCYTCTBYET Ta CTPYKTYpPHPOBAHHOCTh HAHOUACTHUI]
110 3aKOHaM IUIOTHEHIIEeH yIIakoBKH, KOTOpasl TaK Xapak-
TEpHA JJIsl HK30T€HHBIX OJaropoAHBIX omayioB. B mpo-
necce (opMUPOBAHUS OHU MOJBEPraIucCh ITHEBMATONU-
TOBOMY OTKUTY P BO37€MCTBUIO BEICOKOTEMIIEPATYPHOTO
napa Ipu MOBBIIICHHOM JIABJICHHH.

B 10 xe BpeMs, BIMSHHUE TEPMaJbHBIX 3()()EKTOB
IpPUBEIO K OOpPa30BAHMIO JBYMEPHBIX M TPEXMEPHBIX
(hoToHHBIX 30H (POTOHHBIX KPUCTAIIIOB) B XaOTHYECKOU
onangoBoi marpuiie. IMEHHO 3TH CTPYKTYypHUpOBaHHBIC
OJIOKM U TOHKHE IJICHKH MPHUBOJAT K CHEKTPAIbHOMY
Pa3JIOXKECHUIO CBETAa U BO3HUKHOBEHHUIO mpusanuu. Po-
TOHHBIE 30HBI CO3/1aHBI CETKAMHU, STUCHKH KOTOPBIX 00pa-
30BAJINCH B PE3YIbTATE TEPMAIBHBIX A(P(PEKTOB MO MPUH-

uny Draeex benapaV, Mexanusm oOpa3oBaHus (HOTOH-
HBIX 30H OCJIOXHACTCA HCPABHOBECCHBIMU YCIIOBUSIMU P
OOJIBIIMMU AABJICHUSMH IIEPETrPETOro Mapa, pasHoil cTe-
IMECHBIO HACBIICHUA HAHOMETPOBLIMU I'pPAHYJIaMU OKCHUIa
KPEMHUS, OTHOCUTECIBbHO MaJIbIM I'paIUCHTOM TEMII€pa-
Typ U NyJbCAllMOHHBIM XapakTepoM Ipoiecca. B pe-
3yJbTaTe CaMOOPraHU3alUH C(HOPMUPOBAIUCEH CIOKHbIE
JBYXypPOBHEBBIE CTPYKTYPBI YIIOPSJIOYEHHUS, BIUAIONIUE
Ha CIIEKTPaJIbHOE Pa3JI0KEHHE CBETa U BO3ZHUKHOBEHUE
UpHU3ALINH.

PaGora BhImonHeHa npu (UHAHCOBOH MOAJACPKKE
JABO, mpoextst Ne 06-3-A-08-313, 09-3-A-08-416, 09-3-
A-02-028.
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Pexomenoosana k neuamu A.1U. Xanuyrxom

S. V. Vysotskiy, N.G. Galkin A.V. Barkar, E.A. Chusovitin, A.A. Karabtsov

Hydrothermal precious opals of the Raduzhnoye deposit (North Primorye): the nature
of opalescence

The results of investigation of hydrothermal precious opals are cited. Hydrothermal precious opals are recognized
to differ in their nanostructure and the regime of their formation from exogenic precious opals. They are made
up of smaller-size globules, and they show no structuring of nanoparticles by the laws of tight packing, which
is so characteristic of exogenic precious opals. In the process of formation they were subjected to pneumatolytic
annealing P a high temperature vapor impact accompanied with elevated pressure.

The thermal effects resulted in the formation of 2-D photon zones in the chaotic opal matrix. These photon
zones were created by the grids, whose cells formed as a result of thermal effects, according to the principle of
Benard cells. It was those structured blocks and thin films that result in spectral decomposition of light and

iridescence.

Keywords: precious opal, nanostructure, Primorye, Russia.



