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IMpemioxeHbl MoOIEIbHBIE CTPYKTYPHBIE MEXaHU3Mbl MEPEXOJO0B MEXAY KPUCTAUIMYECKUMHU BOTHBIMU
memamu I — Ic, IV — Ic u V — Ic. YcraHOBIIEHO, YTO IIpH pea3aliiy IIPeIIOKESHHOIO MeXaH3Ma I1e-
pexona I — Ic coxpaHsieTcst omHa U3 TpeX CUCTEM 0€CKOHEYHbIX NapaJIeIbHBIX LIETTOYEK U3 CMEXHBIX IeK-
CaIIVKJIOB, BBITSTHYTHIX BoIb HartpasieHust (0001) mpna I1; oTH 11enouky CTaHOBSITCS MapauIeTbHBIMU O~
HoMy u3 HarpaBieHuii (211) npaa Ic. Ipu peanusanuu npenioXeHHOro Mexanusma nepexona V — Ic co-
XpaHSIIOTCS 00€ CUCTEMbl OECKOHEUHBIX MapajlIeIbHbIX LEMOUYEeK U3 CMEXHBIX TeKCALIMKIIOB, BHITSIHYThIX
BooJsib HaripasyieHuii [101] u [10—1] apma V; oHM CTAHOBATCS BBITSIHYTHIMU BIOJIb ABYX HampaBieHuii (211)
npaa Ic, mapauterbHBIX OmHOM 13 ero m1ockocteit {120}. ComracHo IpemIoXKeHHOMY MEXaHI3MY ITepexoaa
IV — Ic, coxpansitoTcst ropprpoBaHHbIE TOBEPXHOCTU 13 FeKcallMKJIoB. Bo Bcex Tpex ciayJyasix nmpu nepe-
XoJle coxpaHsieTcst 3/4 Bcex BOIOPOIHBIX CBsI3el, a 1/4 cBs3eiil nepectpauBaercs. [lokazaHo, 4TO CTPYKTY-
po1 ab00B 11, IV 1 V cocTosIT U3 0OMHOT0 M TOTO Xe CTPYKTYPHOTIO 3JIeMEeHTa, KOTOPbIii B ciTyyae jpaa V cier-
Ka MOIU(PUIIUPOBAH.
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BBEAEHWE

Hayuynas nesrenpHOCTh HuKoJass AjekcaHapo-
Bnua bBynbeHKOBa OblIa IOCBSIEHA W3YYECHUIO
CTPYKTYPHBIX MEXaHU3MOB (PU3UKO-XUMUYECKUX
MPOLIECCOB B KPUCTAUIMYECKUX M HEKpUCTAIMYe-
CKUX TBepabIX Tejax [1]. B yacTHOCTH, O0OJIBIIIOE BHU-
MaHu€ OH YAENsJI MOAEIMPOBAHUIO BO3MOXKHBIX
CTPYKTYpP CBSI3aHHOM BOJIbI U CTPYKTYPHBIX TTepPeX0-
0B B HUX [2—6]. [TocTpoeHHBIe M MOJENIbHbIE Ta-
paMeTpUYEeCKUE CTPYKTYPhl CBSI3AaHHOU BOJNbI COOT-
BETCTBYIOT MO METPUYECKUM MapamMeTpaM, CUMMET-
pUM W TOMOJOTMU OuOMoOJieKyJaM, KpucTauiaM
OMOMOJIEKYJ, BUpycaM, OMOJIOTUYECKIM TKaHSIM [2—
6]. Kpome TOro, oHU MOTYT OOBEOIUHSITHCS IPYT C
JIpyTOM 1 00pa3oBbIBaTh UEPAPXUUECKUE CTPYKTYPHI,
TaK KakK SBJSIOTCS TPUONMXKEHUSIMU Pa3IUUYHOIO
YPOBHS K (PpaKTaTbHBIM CTPYKTypaM [2, 6]. OTHOCSI-
masicsi K 3TOMY e KJlaccy CTPYKTYp CTep>KHeBasi
CTPpYKTypa CBSI3aHHOM BOIbl CIOCOOHa 3amacaThb
VIIPYTYIO SHEPTUIO U BBIACIATH €€ TIPU KOOMepaTuB-
HOM MpeBpallleHUU B CTEPXKHEBOU (hparMeHT CTPyK-
Typsl Jpaa Th, mpumyemM pasmepsl 3TOH CTPYKTYPHI U
KOJIMUYECTBO 3alaceHHOM €10 dHEepTruu Copa3MepHBI
TOMY, YTO TIPOUCXOJIUT B OMOJOrMYECKUX Mpolieccax
[5, 6]. Bce oT0 mto3Bommiro Hukonaro AnekcaHapoBu-
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gy BBICKa3aThb U CTPYKTYPHO OOOCHOBATh CMEJYIO U
OPUTMHAIBHYIO MIIEI0 O TOM, YTO TTOA0OHBIC BOMHBIE
CTPYKTYpHI JIeKaT B OCHOBE caMOOpraHu3alum 61uo-
CHCTEM, TaK KaK SIBJISTIOTCS 00IIIeit cCHCTeMOooOpasyto-
e CTPYKTYPHOM COCTaBISIONIIEH OMOCHUCTEM, KO-
TOpasi 110 COPa3MEPHOCTHU ¢ cOOOIT moadUpaeT Apyrue
CTPYKTYpHBIE cocTaBsionue [2—6].

H.A. byjibeHKOB NpeaToXuia MOAEIbHYIO CTPYK-
TYpy U IUIS1 COBEPLIEHHO IPYroro BOAHOTO OOBEKTa
anepuoJMYEeCcKOro CTPOEHUSI — OOJacTeil HEeKpu-
CTaJUINYECKOTO JIOKAJIbHOTO IIOpSIIKAa B BOMTHOM
aMop@dHOM JIbIYy HU3KOI1 TIoTHOCTH [7, 8]. BBLI 110-
CTPOEH CTPYKTYPHBIIA MEXaHU3M KOOIIepaTUBHOM T1e-
pECTPOMKU 3TOM CTPYKTYphl B KpUCTaJLUIMYECKUE
CTPYKTYPHI TUIIA BIOpIIUTA, chasiepuTa U UX MOJIUTH-
mos [8].

IMepexomaMu MexXIy KPUCTANIMYECKUMU BOIHBI-
mu tbaamu H.A. BynbeHKOB He 3aHuMalcs. OgHako
U3y4eHHEe BO3MOXHOCTH B3aUMHBIX KOOIIEpAaTUBHBIX
MpeBpallleHNII CTPYKTYP KPUCTAIMIECKUX BOTHBIX
JIBIOB II03BOJINIIO ObI OOBSICHUTH Ha 3TOM OCHOBE He-
KOTOpPBbIE OCOOEHHOCTH KMHETUKM (Pa30BBIX MEPEX0-
JIOB B BOJIHBIX JIbIaX ¥ BO3MOXHOCTB IIEpexoaa B Tep-
MOOMHAMMNYEeCKM HepaBHOBECHYIO (ha3y IpH 3amaH-
HBIX YCJIOBUSIX TIepexoa.
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B Hacrosmiee Bpemst n3BecTHO 18 KpucTamimde-
ckux ¢a3 BomgHoro Jbaa [9, 10]. Bo Bcex HUX, Kpome
Jbaa X, CYILIECTBYIOIIETO IPY OUYeHb BHICOKMX JAaBJic-
Husax (Berae 70 I'Tla), Monekyabl BOObl COXpaHSIIOT
CBoI0 1ieJIocTHOCTh. HabitogaeTcst 0oJibliioe Kojimye-
CTBO NEPEXOJ0B MEXIY 3TUMU KPUCTAUIMYCCKUMU
dazamu [9]. Ux MOXHO pa3neanTh Ha IBa TUIIA: MEX-
Iy KPUCTAJUTMUYCCKMMU JIbIaMU C OJWHAKOBBIMU
KMCJIOPOTHBIMU KapKacaMUu, KOTAa MEHSIETCSI TOJIBKO
CTeNleHb IIPOTOHHOM YHOPSIIOYEHHOCTH, W MEXKIY
JIbIAMU C pa3HbIMU KUCJIOPOAHBIMU KapKacaMu, KO-
raa MeHsieTcsl Besl cTpyKrypa. Ilepexonbl ¢ M3MeHe-
HUEM KHUCJIOPOMIHBIX KAPKACOB He BCeTna NPUBOIST K
obpa3zoBaHuIO (pa3bl, TEPMOAMHAMUYECKUA CTAOUJIb-
HOM NpU 3aJaHHBIX SKCIEPUMEHTAILHBIX 3HAYCHUSIX
JIaBJICHUS U TeMIlepaTyphl Itepexoaa. Bo MHOrux ciy-
JasiX MOXHO TIPEAIOJIOXKUTD, YTO TEePEXOabl MEXKIY
KPUCTAJTIMYECKUMU JIBIAMU UMEIOT KOOTIepaTUBHbBII
XapakTep, KOIIa 4acTh MOJIEKYJ BOIbI COINIACOBAaH-
HBIM 00pa3oM MeHSIeT CBOM IMO3ULIMM U TTapTHEPOB
10 BOJAOPOIHBIM CBSI3SIM, UTO BBI3LIBAET U3MEHEHUE
BCEM CTPYKTYPHI.

Ecnu BomHbIe JIbOBI, MOJy9aeMble IIPU BHICOKOM
JIaBIEeHUM, oxXJaguTh 0o Temreparypsl ~100 K u 3a-
TeM CHU3UTh JaBJIEHUE OO aTMOC(HEpHOro, T0 OHU
MOTYT JOJITO COXPAHSIThCS B TAKOM 3aKaJICHHOM Me-
TacTaOMIILHOM COCTOSTHUU TIPU aTMOc(epHOM OaB-
JIEHUM U HU3KUX Temnepatypax. [1pu nocnenyoiiem
HarpeBe IIpU aTMOC(EPHOM IaBJICHMM MHOTHE W3
9THUX JIBAOB CHavaJjla MpeBpallalTcs B MeTacTaOWIb-
HbIl Kyouueckuii jen Ic, a yxke TOJIbKO ITOTOM B CTa-
OMIBHBIN rekcaroHanbHbIM 1en Th [9]. HenaBHO OBI-
JIO YCTAaHOBJIEHO, UTO BO MHOTHUX CJIy4asix 3TO HE UM-
cteiii ien Ic, a MmoauTun, B KOTOPOM HEKOTOpPEIE
COCEIHME CIIOU U3 TeKCAarOHAJIBHBIX IIMKIJIOB COEI-
HEHBI IO 3aKOHY I'eKCaroHaJIbHOM, a He KyOM4ecKoi
yrakoBku [11]. Takoii nen 6b11 Ha3BaH Jjen Isd, kak
comepxkanuii 006a Buaa COCTEHIKOBKM COCEIHMX CJIOEB
U3 TeKCaroHaJabHbBIX IIUKJIOB B HEOMPEIEJIEHHOM CO-
OTHOILIEHUU 1 nopsiake (stacking disorder).

J1o mocnegHero BpeMeHM CYUTaIOCh, YTO “Hanbo-
Jee Kyomueckuii” nen Isd moirygaercss HarpeBaHUEM
3akaneHHoro Jpaa Il mpu arMochepHOM maBIeHUN
WJIM 3aMOpakKMBaHUEeM HaHOKAIIeb TepeoXIaxKaeH-
HOW BOABI B BaKyyMe (COOTBETCTBEHHO, 73.3 u 78%
COCTBIKOBOK CJIOEB IT0 3aKOHY KyOMJeCKOM yITaKOB-
k) [11]. OnHako HegaBHO OTKauMBaHueM raza H, us
KJIaTpaTHOTO TUApaTa BOIOPOa C BOMHOM COCTaBJISI-
IO1IEeH, U30CTPYKTYpHOIi abay Ic, Obu1 moayyeH “uu-
cThiit” sien Ic 6e3 rekcaroHaJibHbIX COCTHIKOBOK CO-
CETHUX CJIOEB M3 rekcauukioB [12]. Takxke yncThIi
sren Ic OBIT MoJTydeH HarpeBaHUEM 3aKaJICHHOTO JIbIa
XVII npu atmocdheprHom ngasinenuu [10]. Umes B Bu-
Iy 9TO OOCTOSITEJILCTBO, a TakxKe OOJIbIIYI0 KyOouue-
CKYIO COCTaBJISTIOIIYIO Jibaa Isd, mmoygyaemMoro us 3a-
KaJICHHBIX KPUCTATMYECKHNX JIHIOB BHICOKOTO IaB-
JIeHUs] HarpeBaHUeM MpU aTMOCHEpPHOM IaBJIeHUMU,
nmajee OymeM M3ydaTh CTPYKTYPHBIE MEXaHU3MBI UX
IIePEXOIOB B 9TUX YCIOBUSIX UMEHHO B Jiex Ic.

KYPHAJI ®UZUYECKOU XUMUU

CTpyKTypHbIE MEXaHU3Mbl TEPEXOJ0B 3aKaJleH-
HBIX JIBIOB Ipu aTMocGhepHOM aaBjieHuu B Jien Ic
MPENCTaBJISIIOT UHTEPEC B YACTHOCTU TOTOMY, YTO B
9TOM cCilyyae Tepexoi MPOUCXOAUT B MeTacTabuiib-
Hy10 (hazy Ic, a He B cTaOMIBHYIO ITPU YCIIOBUSIX TIEpe-
xona a3y Th. Tak Kkak mpu HU3KUX TeMIlepaTypax
nepexoaoB 1uddy3us 3aMmensieHa, MOXHO TpPenno-
JIOXXUTb, YTO OHU TMPOUCXOISIT MO KOONEPaTUBHOMY
CTPYKTypHOMY MexaHu3my. Panee [13] ObL1 onucan
BO3MOXHBIA MEXaHU3M Tepexojia 3aKaJIeHHOTO Jibla
II B men Ic, omHaKo oKa3aiock, YTO 3TO OITMCaHME He-
nojiHoe. B HacTosiiieli padoTe moka3zaHo, YTO CTPYK-
Typs! a600B 11, IV 1 V cocTodT 13 ogHOTO 1 TOTO XKe
CTPYKTYPHOTO 3JIEMEHTA, TOBEJAEHO 10 KOHIIa ONUCca-
HME CTPYKTypHOro mexaHusMma nepexoga Il — Ic u
paccMOTpeHbl BO3MOXHbIE MEXaHU3Mbl TIEPEXOJ0B
V-olIculV-lIc.

CTPYKTYPHIJIBAOB Ic, II, IV V
Kpucranner snpga Ic onuceiBaloTcs MpOCTpaH-

CTBEHHOIi Tpynmoii Fd3m, ux Kybuueckasi ajeMeH-
TapHas siaeiika ¢ mapamerpoM a = 6.350 A comepxuT
BOoceMb MOJieKyJ Boabl [14]. Bo nbay Ic aTombl Kuc-
JiopoJla 3aHUMAlIOT NMo3ulu atomMoB C B CTPyKType
aimma3za. Kak n B cirygae npaa Ih, Bo npny Ic HaOmoma-
eTCsl TIOJIHAsl OpPUEHTAllMOHHAs Pa3ymnopsiIouyeH-
HOCTb 10 BO3MOXHbBIM TMOJIOXEHWSIM TPOTOHOB BOJIbI
Ha BOJIOPOJHBIX CB3SX.

Crpykrypa apga Il mpuHamieXuTr K IIpOCTpaH-

cTBeHHOIi rpymnmne R3c. Ee pomb6oanpuueckas aie-
MEHTapHas syeiika onuchbiBaeTcsl mapameTpamu a =
=778 A, o = 113.1° u comepxuT 12 MOJIEKYJI BOIBI
(COOTBETCTBYIOILIIME TlapaMeTphl TreKcaroHajJbHOMI
AUCHKY e, = 12.92, ey = 6.23 A, 36 MoOMEKYT BOIIBI)
(puc. 1a) [15]. OHa cocTOUT U3 reKcaroHaJbHbIX Ka-
HajoB (puc. 10), HO 3TU KaHaJIbl CBSI3aHbI MEXIY CO-
0o0if mHaue, 4yeM B cTpyKType 1h, 1, B oTtmaue ot 3Toi
CTPYKTYpPBI, COCTaBJICHBI 13 YEpPEIyIOIIUXCsI TeKca-
LIMKJIOB JBYX TUITOB: TOPUPOBAHHBIX 1 O0Jiee TII0C-
kux. CoceqHue KaHajbl CABUHYTHI IPYT OTHOCUTENb-
HO JIpyra Ha TpeTh Nepuoaa Baojb ocu ¢. CTpykTypa
MOJIHOCThIO yMOpsiIoueHa MO PacMoJIOXEHUIO MpOo-
TOHOB.

Ctpykrypa abaa IV [16] Takke mpUHAIIEXUT K

NpOCTpaHCTBeHHOIt rpynmne R3c. Ee pomGoanpuye-
cKasl 2JIeMeHTapHas sueiika OMMChIBaeTCs MapaMeT-
pamu a = 7.60 A, oo = 70.1° u comepxut 16 MoaeKyI
BOIBI (COOTBETCTBYIOIIME ITapaMeTpPhl TeKCaroHajlb-
HOI1 STYEHKU gy, = 8.74, ¢ = 17.05 A, 48 monexyi
BozbI) [ 16]. CTpyKTypa COCTOUT U3 CHIIBHO TOpUPO-
BaHHBIX CJIOEB 13 TeKCAIIMKIIOB, B KOTOPBIX OHA YeT-
BEPTh TEKCAIIMKJIOB “TIPOTKHYTa” CBI3SIMH MEXKIY
MOJIEKYJIaMU coceqHux ciioeB (puc. 1B, 1r) [16]. Bo
aeay IV HaOGnawopmaeTcss MOJHAsT OpMEHTallMOHHAas
pa3ynopsimo4eHHOCTD MO ITOJIOXEHUIO IIPOTOHOB.
Crpykrypa nbaa V (puc. 1) [17] npuHagiIexXuT K
NpoCTpaHCTBeHHOM rpymme B2/b. Ee MOHOKIMHHAsA
Ne 1
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Puc. 1. Crpykrypsl abnoB 11, IVu V. Crpykrypa nbna I1: Bun B1osb ocu ¢ (a) v B HarpaBieHUU ETZ TO] (6). Jlen I'V: moBepxHOCTb

M3 TeKCalIMKIJIOB, BU BOJIb OCH ¢ (B); COGAMHEHUE COCEIHMX MOBEPXHOCTEN U3 reKCalMKIOB

I); KpUcTajiorpauyecku pas-

JugyHble aToMbl O MoKa3aHbl pa3HbIMU LIBeTaMmu. Jlen V, Buna Bnoib ocu ¢ (). [Tosnoxenust atomoB H B mpoToHOHEYIOpsiio-

yeHHBIX Jibaax IV u V He ykazaHBbI.

aJIeMeHTapHas sTIeiika OIMMCHIBAeTCs ITapaMeTpaMu a
=10.35,6=9.22,c =7.54 A, vy = 109.2° u conepxut
28 mosexyn Boasl. Jlem V pasyrnopsimodeH 1o moJjio-
JKEHUIO TIPOTOHOB.

Oka3sanock, uto ap4bI 11 1 IV cocTosaT 13 ogHOTO
M TOrOXe CTPYKTYpHOro 3jieMeHTa (puc. 2a, 20),
KOTOPHBIN B 3TUX JbIax o0pa3yeT o0JacTu, MPOTSI-
KeHHBbIe BIoJib HanpaBieHuit (0001) (och ¢) mpma 11

(puc. 2r, 2m) n (111) (puc. 2e, 2x) nbaa IV. Bo b1y

V 3TOT CTPYKTYPHBIl 3JIEMEHT JIUIIb CIeTKa MOIU-
¢unmponBan (puc. 2B) u oO6pa3yeT aHAJIOTUYHBIE
JKYPHAJT ®U3NYECKOW XUMWNU
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obJylacTu, MPOTSIXKEHHbIE BAOJb HanpaBieHuii [101]
u [101] (puc. 23—-2i1).

CTPYKTYPHbI MEXAHU3M IMEPEXOJIA
JIBOA IT B JIEJ Ic

B cTpyktype npna Il cTeHKu MeXny reKcaroHaslb-
HbIMU KaHaJlaMM TIPEICTaBJSIIOT COOOI MOJOCH U3
reKCalMKiIoB B KOH(MopManuu “Kpeciao”, BBITSHY-
ThI€ BIOJIb OCH ¢ (CpemHsIsl YacTb 00J1IaCTU Ha pUC. 2T).
TTomoOHEBIEC MOJIOCHI MPUCYTCTBYIOT TAKXKE B CTPYKTY-

2023
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Puc. 2. JIene 11, IV 1 V Kak cocTostime u3 OMHOTO CTPYK-
TypHOro 3sjeMeHTa. OOILIMI CTPYKTYPHBIM 3JEMEHT
sabnoB 11 u IV B nByx opueHTtanusx (a, 6) U OH Xe, HO
cierka MoauULIMPOBAHHBINA B CTPYKType Jbaa V (B).
Oo6uactu Bo abaax 11, IV u V, cocrosiiue U3 3Toro CTpyk-
TYPHOTO 3JIEMEHTa W BBITSIHYThIC BIOJIb HAIpaBJICHUIA
(0001) mpma 1T (r); (111) abza IV (x) u [101] u [101] nbna
V (i1). Bua Ha sTi oGyiactu Boosib HarpasieHust (0001)
ema 11 (n); (117T) mema IV (e) 1 [101] (3) u [101] (n) B on-
HOM M TOM Xe dparMeHTe jibaa V.

pe nbna Ic, rae OHU BBITSHYTHI BIOJIb HATIPABICHUIA
(211) 3TOM CTPYKTYPHI.

Ha puc. 3a mpuBeneHo pa3OueHHe CTPYKTYpPHI
meaa Il Ha ogmHAaKOBBEIE 061aCcTH, M300pakKeHHBIC HA
puc. 21, KOTOpbie HEe OTpaHUYEHBI I10 OCH ¢ U COJIEP-
KaT OIMHAKOBO OPUEHTUPOBAHHLIE ITOJIOCHI U3 TeK-
CalIMKJIOB B KOH(popMaluu Kpeciio. [Ipu nepectpoii-
K€ HEKOTOPbIX BOJIOPOAHBIX CBSI3€M B OOHOM U3 TAKUX
obnacreii (cM. puc. 30, 3B) U ocaeAyIOLIeH peyaKca-
11 3Ta 00JIaCTh IIEPEXOIUT BO (PparMeHT CTPYKTYPHI
apaa Ic, n3o0paxkeHHBI B IBYX MPOEKLMSIX Ha PUC.
3r u 3n. I3 Takux ¢pparMeHTOB, CABUTAsl UX, HO He
MEHsIsI X OpPHMEHTAlluM, MOXHO COCTaBUThb OoJjiee
KPYIHBIN (pparMeHT cTpyKTypHhI Ic, 4TO 1 n300paxke-
HO Ha puc. 4a u 40.

Taxkmm o6paszom, B cTpykrype Jibaa I MoxHO 1mo-
pBaTh BCE CBSI3U MEXIY OAMHAKOBO OPUEHTUPOBAH-
HBIMHU 00JIACTSIMU, IEPECTPOUTH KaxKIyIO TaKylo 00-
JIacTh BO (pparMeHT CTPYKTYpHI Jibaa Ic u coennHuTh
9TU (pparMeHThI B OIMH OOJbIION (hparMeHT CTPYK-
Typhlibaa Ic. ITpu aToM coxpansttoTest 7/12 Bcex CBsI-
3eit crpykTypsl abaa 11, a 5/12 ot o61Iero uyncia cBsi-
3eii mepecTtpauBaioTes [13].

Boiee neranbHOE paccMOTpeHME IIOKA3bIBAET, YTO
npu nepexone II — Ic MoXeT cCOXpaHUTBHCS TaKxXKe
MMOJIOBUHA CBSI3€ MEXOy COCEOHUMM OIMHAKOBO
OPMEHTUPOBAHHLIMU  OOJIACTSIMM,  BBITSIHYTHIMU
Bnoab ocu ¢ npaa I1. Ha puc. 4B, 4r 3T0 MOKa3aHo Ha
npuMepe nepectpoiiku ¢pparmeHTa jgpaa 11 u3 aByx
TaKMX CBSI3aHHBIX MEXIY CO00il coceqHUX 00nacTeil
BO pparmMeHT Jen Ic, m3o0pakeHHBIN Ha puc. 4a, 40.
BunHo, 4To nosoBuHa CBsI3eii MeXIy COCEAHUMU 00-
JacTsIMu coxpaHsieTcs. IIpoBepeHo, 4To BO (dpar-
MmeHTe Jipna II, cocrosiiemM M3 MHOTMX OIMHAKOBO
OPUEHTUPOBAHHBIX 00/1aCTE, BHITSTHYTHIX BIOJIb OCHU
¢, COXpaHEHNE COOTBETCTBYIOIIEI ITOJTOBUHBI CBSI3CI
MEXIy COCEAHUMM O0JIACTSIMM HE MEIIaeT X COorjla-
COBaHHOMY Mepexoay B eAUHBIN LeJbHBII (hparMeHT
apna lc.

W3 puc. 36, 4B BugHO, 4TO 2/3 aTOMOB 006pa3yioT 3
CBSI3UM BHYTPM paccMaTpMBaeMbIX o0JacTeil U OIHY
CBsI3b MEXIy HUMH, a 1/3 aToMOB — 2 CBSI3U BHYTPU
obnacreit n 2 Mexxny HUMU. TakuM o6pa3oM, Ha CBSI-
31 BHYTpU objacTteii mpuxoautes (3 X (2/3) + 2 X
%X (1/3))/4 = 2/3, a Ha cBI3U MeXOy OOJIACTSIMU —
(1 x(2/3)+2x(1/3))/4 = 1/3 Bcex cBazeit. Tak Kak
Mpu paccMarpruBaeMoM MexaHusme nepexona I[I — Ic
BHYTpU OOJacTeil COXpaHSIIOTCS BCe CBSI3U, KpoMe
IBYX, T.e. 14/16 cBs3eil BHyTpU obyacTeil, a MexXIy
00J1acTSIMU — TMOJIOBUHA CBSI3€i, TO BCEro MpU Mepe-
xone I — Ic coxpansercsa (14/16) x (2/3) + (1/2) X
%X (1/3) = 3/4 Bcex cBsI3eil UCXOMHOI CTPYKTYpHI, a
(2/16) x (2/3) + (1/2) x (1/3) = 1/4 Bcex cBsi3eii ne-
pecTpauBaeTcs.

MoxHO TiepecuyuTaTh COXpaHSIONIUECS CBSI3U
IpyruMm criocooom. Ha puc. 4B mokaszaHbl CBSI3U 00-
JIaCTH, BBITSIHYTOM BOOJb ocH ¢ abaa I1, Tosnbko ¢ ox-
HOI1 ee cocenHelt Takoii ke obmacTthio. Eciam ke yun-

XKYPHAJI ®U3NYECKOM XUMHUU  Ttom 97 Nel 2023
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[0001]

Puc. 3. K mepexony II — Ic. Pazdouenue ctpykrypsl jibna 11 (BuI BOoJIb OCH ¢) Ha OTMHAKOBO OPMEHTUPOBAaHHbBIEC 00JIaCTH, HE
orpaHu4eHHbIe BnoJib HapasiaeHust [0001] u copepzkaliiye nojaochl U3 TeKCalluKIOB B KOHMopMaLuu “kpecio” (a). OgHa mo-
nobHast obnacth, Bun neprieHauKyasipHo [0001] (6) u Bmons [0001] (B). BugHa monoca m3 reKcaumkioB B KOH(GOpMalnu
“Kkpeciyo”, aroMbl O IBYyX U3 HUX MTepeHyMepoBaHbl ([—2—3—4—5—6u 1—2—7—8—9—10); nByMs1 TUHUSMU NIEPEUYEPKHYTHI CBSI-
31, KOTOpbIe Hamo pasopsath (//—12, 15— 16 v aHAJIOTUYHBIE), a INTPUXOBBIMU JTUHUSIMU 0003HAYEHBI CBSI31, KOTOPbIE HAIO0
obpazoBaTth (/12— 13, 14— 15 v aHaJIOTUYHBIE) IJIs IIepexoaa yKa3aHHOTro (¢hparMeHTa CTpyKTyphlI Jbaa 11 Bo hparMeHT CTpyKTy-
pol pna Ic. TlomyyeHHBIN parMeHT CTPYKTYpHI Jibaa Ic, Bun neprneHnukynasipHo (112) (r) u Bnonb (112) (m); atomsr H (D) He
yKazaHbl. Ha puc. 6—1 cooTBeTcTBYyIOIIME aTOMBI O 0003HaYeHbl OMMHAKOBBIMY HOMEPaMU.

THIBaTh €€ CBSI3U CO BCEMU YETHIPbMSI €€ COCETHUMU
00J1acTsIMU, TO U3 pUC. 4B MOXHO BUIETh, YTO TPU
paccMaTpuBaeMoM MexaHu3Me Iepexoma Il — Icy
OIHOM TPETU BCEX aTOMOB COXPAHSIETCS BCE YEThIpe
CBSI3U, Y €111 OTHOM TPEeTU — TPU U Yy TIoCeqHel Tpe-
T — IBE CBSI3M, TO €CTh Bcero coxpansercs (4/3 +
+3/3+ 2/3)/4 = 3/4 cBazeii.

Taxk kak B cTpykType apaa I ecTb Tpu pa3mmuHbIX
OpUEHTAlIMU TOJIOC C TeKcaluKjiaMu B KOH¢popmMa-
1IMK “Kpecio”, a B CTPyKType Ic HeT ocu cuMMmeTpun
TpeTheTo MopsIaKa BIOJb HanpasiaeHwuit (211), To mpu
paccMOTPEHHOM KOOIEpPaTUBHOM MEXaHU3MeE Tepe-
xona II — Ic u3 MoHokpucrtamia apaa I1 MmoxeT nmosy-
yaThCsl TEKCTypa M3 HAHO- WIM MUKPOKPHUCTAJIOB
nbaa Ic ¢ HanpasiaeHueM (112), mapajieIbHbBIM OCU ¢
HUCXOIHOIo MOHOKpucTaia I1.

CTPYKTYPHbIM MEXAHU3M ITEPEXOJA
JbIOA V B JIEN Ic

Kak BumHo u3 puc. 23, 21, cMeXHble 00JacTH,
NpoTsLKeHHbIe BOoJb [101], o6pa3yioT ciou, mapani-
nenbHBIe TIocKocTH (010), KOoTOpBIe YepenyioTcst C
AHAJIOTUYHBIMU CJIOSIMU U3 TaKUX K€ CMEXHBIX 00-

JacTeil, HO TPOTSDKeHHbIX Broib [101]. TommmHa
BTUX CJI0EB, U3MEPEHHAas1 He TIePIEeHINKYISIPHO 10~
JKYPHAJT ®U3NYECKOW XUMWNU

oM 97  Ne 1

BEPXHOCTH cJiosl, a BIoJib ocu [010], paBHa b/2, rue b
— IIepuo BIOJb 3TOI OCH.

IMnockoctsimu (010) cTpyKTypy Jibaa V MOXHO
pa3ouTh TaKKe Ha OOMHAKOBBIC CJIOM TOJIIWHONI b,
colepxXalllde CMEXHbIe 00JIaCTU, IIPOTSKEHHBIE
BroJib [101], miau Ha Takue Xe CJI0U, HO ColepKallIue

CMeXHbIE 00J1acTU, TPOTSLKEHHbIE BIOJb [IOT]
(puc. 5a). Ha puc. 56 nszobpaxeH OnuH TaKoi CJIO.
ITokazaHo, Kakue CBS3M HYXXKHO B HEM pa3opBaTh,
YTOOBI OH MOT IIEpEiTH B CJIOH co cTpyKTypoii Ic. Bce
9TU CBSI3U HAMPSKEeHbI, TaK KaK MPpUHAIJIeXaT YeThl-
pex- u TopUPOBaHHBIM MSITU3BEHHBIM 1IMKJIaM. [To-
cJie pa3pbiBa 3TUX CB3€id, 00pa30BaHUsI HOBBIX CBSI-
3eil, ykazaHHBIX Ha puc. 50, U TTocenyolleil peak-
cauMu cjoit Jpaa V, mapajienbHbIii TJIO0CKOCTH
(010), mepeiimer B cioii Jpma Ic, mapajienbHBIN
miockoctu {210} ctpykTypsl Ic (puc. 5B). I1pu aToMm
CTaHET BO3MOXHBIM 00pa3oBaHUE HEIOCTAIOIINX
CBSI3eil B MOJIy4eHHOM (pparMeHTe abaa Ic.

I1pu1 momo6HOM MexaHmM3Me Tiepexona pparMeHTa
Jibaa V, COCTOSIIIETO M3 HECKOJbKUX CJI0€B, TaKWX
Kak M300paxeH Ha puc. 506, Bo ¢hparMeHT Jibaa Ic me-
PECTpOIKHU CBsI3eit MeXAy aTOMaMU COCEIHUX CJIOEB
He TpeOyeTcsl, YTO YCTAaHOBJIEHO HEMOCPEACTBEHHOM
npoBepkoii. [Ipy 3TOM coOXpaHSIOTCS LIEMOYKU U3
reKcallMKJIOB, U Jiexallue BHYTPU CJI0eB (royobie

2023
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[0001] "

—_—

(8)

(r)

Puc. 4. O0benuHeHe IBYX (DparMeHTOB CTPYKTYpHI Jibaa Ic B ee Gojiee KpYIHBINA (hparMeHT, BUI TTEPHEHINKYISIPHO (a) 1
Brosib (0) (112). [MonydyeHue 3Toro hparmeHTa Jibaa Ic U3 IByx cocenHMX OAMHAKOBO OPMEHTUPOBAaHHBIX oOJacTteii ibaa I1, ma-
PaJIETBHBIX €TO OCH ¢, BUI TTepHeHINKYISIPHO (B) 1 BOob (T) [0001]. AToMbI 0OmHOI 00J1aCcTH 3aKpallleHbl KPACHBIM IIBETOM,
a ipyroii — cuHUM. CBSI31, KOTOPbBIE ITPU 3TOM IEPEXOJIe Pa3pbIBAIOTCS, 3aU€PKHYTHI IITPUXAMU; 00pa3yIolIUecs: CBSI3U 000-
3HAYEHBI IITPUXOBBIMU JIMHUSIMU; aTOMbI BOAOPO/A HE YKa3aHbI.

aTOMBI Ha PUC. 5), U COCTOSIIIINE U3 TPAHUYHBIX aTO-
MOB COCEIHMX CJI0eB (KpacHble M CMHUE aTOMbI Ha
puc. 5).

Jlerko rmocuuTaTh JOJIO CBsI3Eeii, KOTOPhIE HEOOXO0-
JIMMO TIePECTPOUTH IIPU JaHHOM MEXaHU3Me IIepeXo-
na BJien Ic. Ha puc. 56 okoJjio kaxmoro u3 14 aToMoB,
MPEICTaBISIONINX CO00M MOBTOPSIOLIMIACS par-
MEHT CJIOS JIbAa V, ITOAIMCAaHO YMCJIO COXPaHSIOIIMX -
Cs BOIOPOIHBIX CBSI3e (C YYETOM COXPaHSIOLINXCS
BOIOPOOHBIX CBs3eil Mexny ciosMmu). JIBa aTtoma
KUCJIOPOJia COXPaHSIIOT IB€ BOJIOPOAHbIE CBsI3U, 10 —
TPHU CBSI3U U ellle IBa — YeThIpe CBsI3U. Becero Ha aToMm
coxpansieTcst (1/4)(2 X 2 + 10 X 3 + 2 X 4)/14 =
= 21/28 = 3/4 cBaseii, kak u nipu nepexone I — Ic,
paccMOTpeHHOM BhIlIe. OqHa YeTBEPTh CBSI3EH mepe-
CTpauBaeTcsl.

Vron mexny HanpaBiaeHusiMu [101] u [10 T], BOOJIb
KOTOPBIX BBITSIHYTHI LIETIOYKM K3 TeKCALIMKJIOB BO

KYPHAJI ®U3NYECKOUN XUMUU

by V, coctabisieT ~72°. I[Tnockocts (010), B KOTO-
poit Jexxar HaIlpaBJICHUSI pacIpOCTPaHEHUs IIEIo-
4yeK, IepexoauT B ogHy 13 miaockocreii {210} apma Ic
(puc. 5B), a HampaBJIeHUs 1IEMOYeK U3 TeKCAUKIOB
Bo 7y Ic cranoBuTes (211). B rurockocTtu, Hampu-
Mep, (210) npaa Ic MOryT HaXOAUTHCS TOIBKO ABa Ha-
npasinenust (211): [121] u [12 1], yron Mexay KOTOpbI-
MU paBeH arccos(2/3) = 48°. Takum obpazoM, npu

Iepexoe Yyrojl MeXay HallpaBJIeHUSIMU IBYX CUCTEM
LIETTOYEK U3MeHsIeTc ¢ 72° no 48°.

CTPYKTYPHBI MEXAHU3M IMEPEXOJIA
JIbOA IV B JIEX Ic

Penrarommmm ¢pakTopoM B IIPEAIOXKEHHBIX CTPYK-
TYpHBIX MexaHu3Max nepexoqoB Il — Icu 'V — Ic gaB-
JisieTcsl Haauuue (pparMeHToB Jbaa Ic (6ecKoHeuHbIX
HEeNpepbIBHBIX LIEMTOYEK U3 CMEXHBIX T'€KCAILIUKIOB)
Ne 1

TOoM 97 2023
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(@)

[120]

[210]
=0

(8)

Puc. 5. I1epexon V — Ic. Pazouenue crpykrypsl Jbaa V (Bud Brnoib [101]) Ha ciiou, napaiienbHble TtockoctsiM (010), comep-
Xalllme CMeXXHbIe 00J1aCTH, MPOTsKeHHbIe BOoJb [101] (a). OnuH Takoii cinoii, Bun BnoJib [010] (0). AByMsa TMHUSIMM HIepeUepK-
HYTHI CBSI3U, KOTOPBIE HAJIO pa30pBaTh, a IITPUXOBBIMU JIMHUSIMU 0003HAYEHBI CBSI3U, KOTOPBIE Hallo 00pa3oBaTh, YTOOBI yKa-
3aHHBII (hparMeHT CTPYKTYPHI Jibaa V CIOXUIICS BO (hparMeHT CTPYKTYphI Jibaa Ic ¢ nmocienyonmmM oopa3oBaHMEM HELOCTal0-
mux cBsizeit. [MonyyenHsiii ¢pparmenT apaa Ic, Bun Baoan [001] (B). [omyOGbiM 1iBeTOM 0003HAYE€HBI aTOMBI KHUCJIOPOA,
o0pasymlire BOIOPOIHbIE CBSI3M TOJIBKO BHYTPH CJI0SI, KPACHBIM U CHHUM — UMEIOIIIME BOIOPOIHbBIE CBSI3U C aTOMaMM COCEJI-

HUX CJIOCB; aTOMbI BOAOpOJa HE YKa3aHbI.

B 00JIaCTSIX, IIPOTSDKEHHBIX BIOJIb HaIlpaBJICHUM
(0001) (ocu ¢) mbma I (puc. 2r, 21) u (101) mpra V
(puc. 23—2ii). B aHajormyHbix oOnactsax jpaa IV,

OPOTSLKEHHBIX BAOJb €T0 HallpaBIeHUM <11T> (puc.
2e, 2X), NogoOHBIE LICTTOYKH M3 CMEXKHBIX TeKCalluK-
JIOB OTCYTCTBYIOT, TaK KaK 3TU O0JIACTU COCTOST U3
OIHOTO CTPYKTYPHOIO 3JIeMEHTa, HO B IBYX Pa3idd-
HBIX opueHTauusx (puc. 2a, 20). [ToaToMy CTpyKTYyp-
HBII MexaHu3M mepexona IV — Ic, Buaumo, oTimya-
eTCS OT CTPYKTYPHBIX MeXaHU3MOB Tiepexonos I —
IcuV-—-lIc.

Jlen IV coctouTt m3 roprpoOBaHHEIX MTOBEPXHO-
CTeli U3 MCKaXKeHHbBIX TeKCallMKJIOB (puc. 1B), mapa-
JenbHbIX {111}. OHM TOMOJOrMYECKN KBUBAJIECHTHBI
TTOBEPXHOCTSIM M3 IeKCcalluKJIoB BO Jbaax Ic (mapai-
nmenabHbIX {111}) u Th (mapamiaensabix {0001}). B [16]
OIMKMCaH CIOCO0 MEepPecTPOiKU CTPYKTYphI Jibaa Ic B
CTpYKTypy Jbaa IV ¢ coxpaHeHueM BceX CBSI3eii BHYT-
PM TaKuX MapajjieJbHbIX TOPPUPOBAHHBIX TTOBEPX-
HOCTEN U MEPECTPOMKOM BCEX CBSI3ZEM MEXIY HUMMU.
st Takoil mepecTpoKY cHavajla pa3pbIBalOTCs BCE
CBSI3U MEXNY MNapauIeIbHBIMU TOo(GpUPOBAaHHBIMU
MOBEPXHOCTSIMU M3 IeKCAILIMKIIOB, 3TU IIOBEPXHOCTU
BBIBOPAYMBAIOTCS HAaM3HAHKY (BBIITYKIOCTA CTAHO-
BSITCSI BITYKJIOCTSIMM 1 HA00OOPOT), a 3aTeM 00pa3yioT-

JKYPHAJI ®UBNYECKON XUMUU
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CSI HOBBIE CBSI3U MEXIy ImoBepXHocTsIMU. [Ipu aTtom
OIHA YeTBEPTh 13 HUX “TIPOTHIKAET”’ TeKCAILIMKIIbI CO-
CEIHUX TOBEPXHOCTE 1 00pa3yeT CBSI3U MEXIY He-
COCEIHMMH ITOBEPXHOCTSIMU, a TeKCALIMKIIbI [TIOBEPX-
HOCTEM, He “IIPOTKHYTBIX TaKMM CBSI3SIMU, MCKaXKa-
JOTCSI, YTOOBI OBLIO BO3MOXHO 0O0Opa3oBaTh CBSI3U
MEXAY COCEIHUMHU To(GpUPOBAHHLIMU ITOBEPXHO-
CTSIMMU.

OTMeTHM, 4TO €CJIM BCe HOBBIC CBSI3M OYIYT HE C
COCEMHUMHU MOBEPXHOCTSIMU, a OyayT “TIpOTHIKATh”
MX Yepe3 TeKCallMKJbl, TO MOJYYUTCS CTPYKTypa
apnoB VII u VIII.

ITo-Bunumomy, nepexon IV — Ic mpoucxoaut no
TaKOMY kK€ MeXaHU3My, HO B OOpaTHOM IIOpSIIKe:
CHayvajia pByTCSI CBSI3U MeXIy TOopUPOBaAaHHBIMM IT0-
BEepXHOCTSIMU (B CTpyKType Jjbaa IV oHu cameble
IUIMHHEBIE), 3aTeM MCKaXXeHHbIE TeKCAIIUKIbI IIPUO0-
peTaoT NpaBWIbHYIO GOPMY, TTIOBEPXHOCTU BEIBOpa-
YMBAIOTCS HauW3HAHKY M O0Opa3ylTCs HOBbIE CBSI3U
MEXIy HIMH, COOTBETCTBYIOIINE CTpyKType Ic. ITpu
B5TOM B CTPYKTYpe coxpaHsieTcs 3/4 CBsA3CiA.

SAKJIIOYEHHUE

Takum 06pa3oM, NPEAIOIOXKEHO, UTO MEPEXOIbI
MEXIY KpUCTANIMUECKUMU (pa3aMu MOTYT OBITh KO-
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OMEpaTUBHBIMU, KOTJIA COMIACOBAHHO W3MECHSIOTCS
TOJIOXKEHUSI aTOMOB CTPYKTYPbl U HEKOTOPBIE CBSI3U
MEXIy HUMU. DTO MpencTaBlieHUe 0Ka3aloch BeCbMa
TUIONOTBOPHBIM TSI OTIMCAHUSI BO3MOXHBIX CTPYK-
TYPHBIX MEXAaHU3MOB MEPEXOA0B B BOIHBIX CUCTEMAX.

PaHee ObUIM paccMOTpPEHBI MOJOOHBIE KOoMepa-
TUBHBIE CTPYKTYPHBIE MEXaHU3MEI IIEPEX0d0B Orpa-
HUYEHHOM 00JIAaCTH JTOKAJILHOTO MOpsaKa B aMopgd-
HOM JIbJly HU3KOU MJIOTHOCTH B jieA Ic 1 omTHOMepHOM
CTEPXHEBOM CTPYKTYpHl (OOHOMEPHOTO KpHCTajlia
KOHEYHOI TOJIIIIUHBI) B CTEP>KHEBOI (DparMeHT JIbaa
Ih. KoHuenuust koonepaTUBHBIX CTPYKTYPHBIX Me-
XaHM3MOB IEPEXOI0B OKa3ajach IJIOAOTBOPHOI U
IUIST ONMCAHUS IIEPEXOIOB MEXIY TPEeXMEPHBIMU
KPUCTAUTMYECKUMU CTPYKTypaMu, 4TO IOKa3aHO B
HacTos1Ieil padoTe Ha IIPUMEPE NEePEXOI0B 3aKaIeH-
HBIX J1600B 11, IV 1 V B MeTacTabunpHEI JIen Ic mpn
aTMOC(EpPHOM JIaBJICHUMU.

Crpykrypsl 1600B 11, IV 1 V cocTosT u3 ogHoro u
TOTO X€ CTPYKTYpPHOTO 3JIeMEHTa, cjleTKa Moaudu-
OUpOBaHHOTO B ciydae gbaa V. M3 aTtoro ameMeHTa
o0Opa3oBaHbI 00JIACTU, TIPOTSIKEHHBIE BIOJIb HANTpaB-

nenmii (0001) (ocb ¢) abma 11, (11T) mpxa IV u (101)
abeaa V. Bo npaax II u V atu obiactu comepxat 6ec-
KOHEYHbIE LIEMOYKN M3 CMEXHBIX FeKCalluKJIOB, Ta-
KHe Xe, KaK U BO Jbay Ic Bmosib HampaBneHuit (211)
9TOi CTPYKTYphl. Bo npay IV B aHamornyHbix odja-

CTSIX, TIPOTSKEHHBIX BAOJIb HANIPpaBJIEHU <11T>, rno-
JIOOHBIC LIEMOYKHU U3 FeKCALIMKIOB OTCYTCTBYIOT.

IIpu peanuzanuy MOCTPOSHHBIX MOACIBHBIX KO-
OIEPATUBHBIX CTPYKTYPHBIX MEXaHMU3MOB B cllydae
nepexona Il — Ic coxpaHsieTcst omHa U3 TPeX CUCTEM
napajjieabHbIX TOACUCTEM OECKOHEUYHBIX LenoveK
M3 CMEXHbBIX FeKCalIMKJIIOB, a B cllydae nepexona V —
— Ic coxpanstioTcst 06e crucTeMBbl OECKOHEUHBIX 11e-
MOYEeK M3 CMEXHBIX FreKCcallMKIoB. B ciydae mepexo-
nma IV — Ic coxpansgrorcd roprupoBaHHEBIE TTOBEPX-
HOCTH U3 TeKCalMKJIOB. Bo Bcex Tpex ciydasix mpu
nepexoje coxpaHsietcst 3/4 Bcex BOAOPOMHBIX CBSI-
3eit, a 1/4 cBsA3eii mepecTpanBaeTcs.
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